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Foreword

developed 1n,operat1,ons research in the 1940 s stand as some of the most
powerful and_versatile tools for mo.ern management. Until recently, the
complexity of computations underlying these techniques precludad their
extensive use in educational administration. However, as computer coinputa-
tional siipport i becoriing increasingly—indeed comimorily—available to
educators, and the necessary computer programs are now readily obtained,
operations research techniques are beginning to make their unique contrxbu;

tion to the modern educational administrator’s battery of planning and

decision making tools.
The purpose of this book is to prov1de the educational administrator with

a workmg understandlng of the most useful operations research teChmques

and exrerience in using computers to provide the background computations

requxred by each: The emphasis throughout the text is on the prdctlcal appli-

cation of the technlques to edueatlonai problems The text presupposes only

that the user has access to a r'omputer The use of computer programs and

ihe interpretation of their results for decision making are taught in the text;
and ali complex mathematical manipulations underlying the application of

the techniques are left to the computer.
Thls book prov1des a practlcaJ non technlcal 1ntroductlon to operatlons

.;uch should be a vﬁaluable, teachlng vehlcle tor,practlcrlng school admin-
istrators as well as for students and professors of educational and business
administration.

Development of thlS book by the Northwest Reglonal Educational Labo-

ratory was sponsored by the National Institute of Education (NIE) Washlng-
ton, D.C. NIE has demonstrated a continuing commitment to the sponsoring

of research which results in the 1mproveme'1t of education through the appli-

cation of modem technology NIE is particularly plcased to have sponsored

this project which facilitates the application of a powerful technological tool

(the computer) and a powerful set of management tools (operations research)

to the improvement of education: This product fills an especially vital need

today as strains on school budgets together with the public call for improved

management and accountability demand more efficient, effective manage-

ment in the complex and expanding enterprise of education.
Richard B. Otte ) o
Education Technology Specialist
National Institute of Education

vii



] AN INTROducTioN |
Educarional Decision Making
and Opcrations Research

ABOUT THE BOOK

The purpose of this téxt is to provide the prac-
ticing ana future educational administrator with
a working _knowledge of some of the most use-
ful tools of modérn management—the operations
research iechniques of PERT, linear program-
ming, queueing theory, and simulation—using
both hand and computer calculatlons ‘Through-
out the text, practical exercises are giveil which

require the reader to apply the mformatlon just

studied: Answers are included in Appendlx 1.

An understandmg of basic algebra will equip the
reader to handle all hand calculations required;
the text itself guldes the user through the simple
steps of runmng the numerous computer pro-
grams,; assuming only that the programs have
been loaded ontn the available computer and
that the user can obtain any needed guidance
for getting access to the program from the
terminal.

This first chapter is a basy‘ mtroductlon to
the four opeérational research techniques dealt
w1th m tne text and brlefly d1scusses thell prac-
chapter can be used effectlvely as dn advance
organizer for the subsequent four chapters
which explain in detail the use of the several
techniques as aids in complex decision making.

COMPLEX DECISION MAKING
IN EDUCATION

The prmﬂry tocus of an educational administra-
tor's job is on decision making; and the scope of

the administrator’s decision-making responsibili-

ties; extends acroSs the entire educational enter-
prise. In many day-to-day educational problem
situations, alternate solutions are so clear and
well-defined that deciding on the best solutlon
can be intuitive: Most routing problems; such as
whlch teachers to assign to lunch duty or which

of two new teachers to hire, are regularly solved

by familiar, semi-intuitive procedures. An in-
creasing number of educational problems
confronting administrators are, however, so
complex and involve so many possible solutions
that it is difficult or impossible to pick out in-
tuitively the best solutlon

while 7ma1nta1mng or 1mprov1ng qual;ty For
example; the administrator must typically make
the decisions necessary to hold down the costs
of the school lunch program while at the same
time assuring that each child receives a nutri-
tionally adequate meal. He or she must minimize
the cost of buying new textbooks Whlle makmg
sure that the quality of instruction remains high:

He or she must make the decisions required to

negotiate teaching contracts Whlle simultaneously

hoiding the line on costs and ensuring adequate

or 1mproved instruction; bus schedules must be

constructed so that all children are transported

eff1c1ently at a minimum cost; bulldmg mainte-

nance must be scheduled to minimize both cost

and }nterference with instruction. Clearly, ar-
riving at solutlons to problems requiring simul-
taneous minimizing and maximizing of effects

must involve more than intuition.

-
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Planning is another area in which large and
complicated problems arise. Here the admini-
strator faces such questions as: How can a cur-
riculum revision be carried out SO that all the
materials will be ready by the start of school
next year? How do I make sure that all the small

tasks necessary to complete this revxsron get
done in the right order and w1th a minimum of
time wasted? What is the best sequence of
activities for carrying out a revision of the aa-
ministrative structure? What tasks have to be

compléted and in what sequence must they

be done in order for me to be ready for up-
coming salary negotlatlons" What is the best

and most efficient way to carry out a needs-

assessment study for my district? What are the

activities and what is the sequence for preparing
my School’s budget for next year" The solutions
to such planning problems are generally beyond
the scope of simple intuitive decision making.

In addition; the educational manager is often

faced w1th problems of prediction. He or she

must have some rational basis for answering ques-
tlons like: How is the population in this district

gomg to change over the next ten year:? How

many and what kinds of physical plant facilities

witt the district need in the future” How must the

ment changes" What new equlpment must be

purchased in order to meet the future needs of

the students, faculty and commumty"
For each of these complex problems, the
number of p0551ble solutions is large, but there

is usually only a small number of solutions that

will meet all criteria for a successful solution.
That 1s there are only a few solutlons-whlch

ficient plan or which will predict in_ the opt1-
mum manner. These types of problem:s also

require more than intuition.

The administrator’s situation is made addi-

tlonally challenging by the variety of problems

to be solyed including such concerns as racial
integration as mandated by the Supreme Court

aCCOuhtablllty, static or decreasing monetary

support in the face of steadily rising costs,
changing staffing patterns;, and demands for
increased quality of educational practices.

In all these educational administration prob-

lems, two things are required of the administra-

tor he cr she must make dec151ons to sou.re the
problem; and must have tools beyond insight
and intuition with which to work out the de-
cisions. We will first explore exactly what is
involved in the decisions themselves, and then
consider techniques for optimizing the effec-
tiveness of the deécision process.

- Tu perform the job of mcreasmgly complex

decision making with maxzimum effectiveness,

present- day admlmstrators have found they can

make excellent use of all modern management

tools they can command Among the newest

such tools are operations research techniques.

OVERVIEW OF OPERATIONS
RESEARCH TECHNIQUES

The need for special research into large opera-
tions was first recognized as critically important
in the large development and production projects
of the Defense Department and major industries
during the 1940s and 1950s. Here such problems
as the development of effective complex deploy-
ment strategiés, the design and produgtlon of
new weapons systems, and the production of
huge airliners were first encountered:

In order to find the best possible solutions for
these problems, several scientifically based;

highly technical methods were developed. The
applications of these techniques over the years
becarmme known 7 as operatlons research. Although

these 7techmques were orlgmally de51gned for

the point where they have become widely ap-
plicable tools for modern management. They
provide a systematic way of looking at problems
and of generating data that will provide a base
on which to make effective decisions.

To the degree that one faces complex mult1-
faceted problems,; the educational administrator
will find some of these techniques important
aids, perhaps better than methods previously
available. The most uséful operations research
techniques for modern educational administra-

tors are:

PERT,

Linear Programming
Queueing Theory
Simulation



El{llC

Aruitoxt provided by Eic:

EDUCATIONAL DECISION MAKING AND OPERATIONS RESEARCH é

All four -re presented in depth in Chapters 2

tnrough 5. As an introduction to these dezisicn-
n:aking tools, a brief description of each follows.

PERT

The acronym PERT stands for Planning; Evalu-
ation and Review Technique. PERT is a highly
effective procedure for organizing information
about multistage projects. The technigque is
used primarily for planning and. analyzing
project stages or series of activities which are
orientéd towird some goal and are interdepen-
dent. The key feature of the PERT technique is
the PERl chart, which graphlcally displays the
activities involved in a project and their inter-
connection. The PER'I chart forms the basis for
detailed analysis of time elements, critical
sequenices of activities in the progress of the
project, and schedulmg requlrements

An example of a PERT chart is shown in Fig-

ure 1-1 for the slmple pro_]ect of preparing for

4 speech The arrows represent the sequential

activities irivolved in this project.

To see how PERT mrght be used in a typical

educationat problem situation, suppose it has
been demded that your district administrative
structure is to be reorganized. Obviously, the
problem is to complete the reorganization suc-

cessfully, but a great many different; inter-
related activities with varying and varlable time
constraints . will _be involved. To approach this
problem with_the tool of PERT charting and
analysis, the first step to be taken is the deter-
mination of all activities which must be a part
of the reorganization project. Usmg the PERT
chart procedure, the dctivities are laid out in
diagrammatic form to show the order with re-

spect to one another and to the final goa:l——the

completed reorganization. The construction of

the chart systematically clarifies crucial prede-
cessor activities and interconnection points.

Once the chart is complete the time required

for each act1v1ty can be entered on the dragram,

and further analyses can be carried out to iden-

tify where time factors must be manipulated to

ensure the tim. 5 flow of activities, where slack

time may be available; and what sequence of

activities involves the least slack or no slack and
hence needs special aitention: O_n the basis of

each activity in the project can take place .

Ih summary, PERT is a techhique that cah be
the succ,essful and t1mely completlon of com-
plex projects.

_Rehearse _ GiVL :.pm.ch
3 davs 1 day 1 dﬂ
F:nge‘l -1.

Simple PERT Chart. This chart may be interpreted as
follows. Writing the speech must take place before
either the illustrations are drawn or the speech is typed,

and the writing will take three days. Drawing the illus-
trations must be done before the. transparencies are
made, and the drawing will take Y day. Both typing the
spécch {1 day) and. making the transparencies (2 day)
must_take place before the speech is rehearsed. Finally,
the speech must be rehearsed (1 day) before the speech
is given (1 day).

LINEAR PROGRAMMING
Linéar progr'amming is a mathematicai technique

terms of constraints and a smgle measurable
goal. Lmear prograrimirig is appllcable to ptob-
lems in which the constraints and goal can be

stated mathematlcally The purpose of linear

programming is to find the largest or smallest

possible value of the goal that conforms to all
of the restramts
Let’s consider a problem that may be solved

by the method of linear programming. Suppose

that some of the teachers in your school are

having trouble decrdmg how much time they
should spend in large group and individval in-
struction. The need, as you see it, is to decide
how to divide teacher time,between large group
and individual instruction. Further, suppose that
the average class size for your School is 30 stu;

200 mmutesLeach day m group and 1nd1v1dual
instruction. This constraint can bé expressed
mathematically: theé sum of the time spéent in

o8
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rroup instruction plus 30 times the amount of
time in individual instruction (since there arc 30
students who must be individually instructed)
must be equal to 300. The second and third
constraints are that the teacher must spend some
time in each of the two modes of instriction;
the amount of time spent in group instruction
must be greater than zero, and the time spent in
individual instruction must also be greater than
zero. Mathematically we can express these con-
straints as follows:

Tlme) = 300
Constraint 2: Group time > 0
Constraint 3: Individual Time > 0

Flnally, we must formulate the goal as a mathe-
matlcal expresslon Fhe goal is for ea(.h teacher

manner that the students will derive the most
benefit froin theé iastruction they receive. Be-
fore we can formulaté the goal, we must decide
on and quantify the value of group instruction
relative to the value of 1nd1v1dua1 instruction:

For purposes of using lmear prograrnmmg to
solve this problem specrfylng individuel'

struction simply as moré valuable than group
instruction is not sufficient: We must quantify
how much more valuable individual instruction
is than group instruction: Suppose we decide
that individual instruction is five times more
valuable than group instruction. Now we can
express the goal mathematically by:

benefit to students = Group Tlme
+ (5 X Individual Time)

) With thnse quantlfled expressions, the tech-
thues of linear programming can now be used

to calculate a single optimum combination of

group instruction time and mdrvrdual instruc-

tlon time. This optimum combinction of times

wotuld make the value of the goal (benefit to
students) as large as possrble subject to the

imposed constramts Linear programming is a

powerful decision strategy when the solution to

a problem 1nvolves minimizing or maximizing a

goal expressrble in mathematical terms, within

the limits of constraints that can also bée ex-

pressed mathematically.

QUEUEING THEORY

Queuemg theory 1§ aimethod for analyzmg
waiting line or queue problems—that is, prob-
iems in which there are one or more service

‘facrhtnes” and where units of some kind require
1he servnces of these “facilities’’ at various times.
raerv1ce facilities may include school lunch

servers; film projectors, ditto machines, d1strlct

rnaintenance departments; guidancé counselors,
examinations, learning packages, or teachers.
Fhe units of the queue or waiting line may be
students; teachers, committees; typewriters,
automobiles; school buildings, and so forth.
These units (called ‘‘customers’’) do not have to
be physlcally waiting in line, but they must re-
quire service by the facility.

The educational setting abounds in such
waiting-line  situations, often involving large
numbers of customers and complex questlons
concerning needs, time, and available funds:
Queueing theory prov1des a mathematical
framework within which to study the key

aspects of the queueing situation and to deter-
mine such things as what the average length of
the waiting line is; how long a customer just
arriving at the waiting line can expect to wait,
and how much of the time the service facility
is idle: Corresponding information can be syste-
matically generated for hypothetical alternative
Waltlnghne situations in such a way that prac-
tical comparisons can easily be made.

To gain a clearer introductory view of what
queueing theory _provides, consider the fol-
lowmg example. Suppose your district has two
major building repair crews, Assume you have
just been charged with deciding whether to add
a third crew. The goal here is to determine
whether two or three repair crews are needed.
Some of the practical constraints to be taken
into consideration might be such things as the
amount of money available for repairmen or
the amount of time crews may be idle: Ap-

proaching this problem w1th queueing fheory

methods, the repair crews are identified as the

service fa0111t1es and the customers are the
school bUIIdlngS needrng repalrs If you are able
to determine the average time it takes a crew
to repair a school building; you can use queueing

theory to generate the information you will

need to solve the problem. Among other data,

this technique can provide you with information

1y
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about the average waiting time for repair, the
average niimber or buildings waiting to be re-
piaired with two or three service crews, and the
probibilities of the crews being idle. In a case
like this, you would have to make the final de-
cision based on the Lrltel‘ld and constraints
which apply F‘or e\ample syour final decision
on whether o have two or three crews might
depond on the criterion that 1o bunldmg shoutd

wait over two weeks for major repairs:
This c¢xample is one of many possnble situa-
tions in education for which queueing theory

provides a powerful decision-making aid.

SIMULATION )
Simulation is an operations research technique
ft)r fotrriu’la"ti'n’gr and dpérating models 6f ptdb-
lem sltuatlon mto a workmg model of the
problem. When we speak of “model” in this
context; we are reférring to a representation of
the real-world situation which is simpler and
casier to understand and manipulate than the
real-probleini situation. For instance, a mathe-
matical equation may be a model of a real sys-
tem; a set of logical steps can be the model of
a decision process: The prmupzﬂ valuo of a
model-to the administrator is that he or she can
try out a number of different solutions to the
problem on the model without taking the time
or money that would be required if these solu-
tions were tried out in the real-decision context.
It should be noted that PERT, linear program-
ming, and queueing theory are specialized types
of simulation. PERT uses an analysis of a 'p’r'oj'ect
to construct a diagx
project. Linear programmmg develops mathc-
matical equations that are a model of the prob-
lem situation. Queueing theory develops essen-
tially a mathematical model of problem situa-
tions where [there are customers waiting to use a
service. '

to analyze the problem sntuatton mto,lts com-
ponents and to put these components into a
simplified system representing that situation:
One then develops a number of posslble solur
tions to the problem. These solutions are applled
to the simplified system, and the outcomes or
results of the various solutions are observed in

| [y
I~

the model. Thus sintulation is prlmanly a tool
for assessing thie 1mp;1(,t of valjlous possible de-

cisions on the problen. situation:

Let’s take an exampio to see how simulation

works: Suppose that you are interested in de-

termining the need for new school buildings in
your district over the next ten years. The basic
problem Fnay be stated in the qijéstidri “How is

to change over the next ten years‘?” In consul-
tation with an expert in the area of demographic
change, you would analyze theé situation and
identify the constraints and controllable vari-
ables. Using relationships among these con-
straints and controllable variables as specified
by a théory of demographic chiange, you and the
expert would develop a model of demographic
change for your district.

‘This model Wwould relate changes in the
school-age popuilation to such factors as eco-
nomic growth rate, birih rate, age-range dis-
tribuitions in the populatlon number of housmg
starts, changes in the geographlc dlstrlbutlons
in the population, and rate of industrial de-
velopment. In order to find solutions to the
problems 1mplned in the situation, you would
try various combinations of the 1nput factors.
The model would then operate on these input
factors to yleld an ouicome in terms of changes
in school-age population. Your decision on how
many school buildings your district needs in
the next ten years would be a function of the
input data you consider thé most probable for
your area.

As the above example suggests s1mulat10n is
an effectnve technique for mvestlgatmg the prob-

lem situations and prov1dmg information as to

the ramifications of many alternate decisions:
These, then, are four major techniques in

operations research—PERT, linear program-

ming, gueueing the0ry and simulation. In the

foilowing Chapters you will get a better under-

standing of these techmqggs 7and how they can

be applied to the problems of the educational
administrator.

OPERATIONS RESEARCH USING

THE COMPUTER

In complex problém situations, the opeérations
research techniques discussed above will prove
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to be excellvnt ways of orgamzmg information

and generating data for decision making, but the

calculations required can be tedious and time-
consuming for the heavily schieduled administra-

tor. Since these techniques have found a broad
range of uses in management today; however,

computer programs designed to perform the cal-
culations have become readily available.
Educational administrators will often firid

that the manager of the computer center in their
(]Etrl('t or whose services they use; can obtain

prop:ramq that perform PERT, queueing, or
linear | programﬁwihg either from the library of
programs available with their systera or from a

university computer center or user’s group.

Many commonly used simulation programs are
also available from such sources: In most cases

the input informatios needed to run the pro-

grams will be the data regularly requx;ed by the
technique, and output from the computer will

normally be easily mterpreted by the adminis-

trator famlhar with the techmqua involved. The
running of programs will, in most instances, be

left up to the computer = center personnel.
At the end of each of the following four

chapters after each technique is described aﬁnd
hand and computer calculations are both ex-
piamed and demonstrated, a fmal discussion is
given concerning how to obtain and use pro-

grams for that specific techmque
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2 Pert: A PlANNiNq ANd o
Analysis Tool

CHAPTER PREVIEW The PERT planmng and anaiysls tool is a highly effective technique for

structuring and analyzing milistep projects. This chapter is designed_fo give
the reader a working knowledge of PERT organizing method, including the
PERT network, and a clear. understanding of the most important uses
of PERT in administrative project planning. =~

Experience is provided in using computer programs to carty out PERT
analyses of complex pro;|ects typical of the ones educational administrators

amples are used to 1llustrate the appllcatlon of PERT in educatlonal settmgs, ~

i eTy L

although it must be kept in mind that PERT has its greatest use and bene- -

fits in miore complex prOJect planmng At key pomts REVIEWS are mter-

spersed wh1ch reiterate definitions of new terms and prov1de progresswe

exercises on the methods prevxously covered A final exercise requires the

reader to use all the methods involved in PERT network and analysis on a

typical project using a computer program.

éHAPTER AIMS After completlng th1s unlt the reader w1ll be able to command the bas1c

of the material W1ll also prov1de the reader with the skill to use PERT

analyses to communicate with others about pro_]ects and to use computer

programs to perform complex PERT analyses as needed in the actual ad-
ministrative setting.

INTRODUCTION TO PERT

A number of large-scale research and develop- tic missile. At the time of this project’s incep-
ment efforts has been initiated by the Govern- tion, the deslgners needed to plan and execute
ment and private industry during the last two the project as qulckly as pos51tgle however, a
decades. One such project was the Polaris ballis- number of unanswered questions existed: what

1




research was needed and how was it to be

planned? What was the length of time these
research projects would tak - to complete" What

were the stages of devemp.nent and testing

which the successful completlon of the project

would entail" At what date could the United

_ States expect to have an operational Polaris

ballistic missile? To answer these questions the
Navy developed a project planning system called
PERT, for Planning, Evaluation, ari Review
Technlque :

PERT is a planning and schedullng techmque
which provides for systematic analysic and
plannmg of pro;ects in which there is a degree
of uncertainty. It is valuable when thie exact
time needed to complete a project is not pre-
cisely known butcan be éstimated. Fundamentat

to the PERT technique is the development of
a _praphic diagram or network of the sequence

of all activities involved in a prr.)Ject from its
inception to its completion. Thus PERT can be
simply described as a tool for plannlng and
analyzing a pro;ect involving a series of activities

when the duration .of the activities is uncertain

but capable of belng estimated.

A key feature of the PERT network and
analysls is the: method of f1nd1ng the critical
path; or sequence of activities in the project

network: For the manager of any project, this

amounts to determining in advance the sequence

of strategic activities which involves the least

~rpom.for delay and which may therefcre require
specxa:l attention either before or during the

project:
PERT has. fourpartlcular advantages for the
decision maker. First and foremost, it is a

powerful tool w1th which to structure thinking

about many of the tasks confrontlng the de-
cision maker. Second, it offers a versatile,
systematic methodology for the analysis and

planninig of multistage projects: Third; it pro-

vides the decision maker with a useful device

PERT assumes that the Work under cons1d-

eration constitutes a project: Cook defines a
project as ‘‘an organization unit dedicated to

the attainment of a goal—generally the success-

ful completion of a development product on

PE IEﬁ’ AN ALYgiS:
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staff and management E}naﬂy, PERT affords
the manager a practlca:l basis for effective time
management tnroughout the most highly com-

plex and lengthy projects.

P,EBI,,'N EDUCATIONAL

ADMINISTRATION

To the extent that educational administrators
are respons1ble for the management of time and
manpower; PERT is an enormously useful tool.
The following tasks are just a few of the fre-
quently encountered administrative projects for
which PERT is appropriate and useful:

1. Budget. preparatlon )
2. Analyzing procedures for the purchase of
materials and supplies
"""""" feasibility study of admlmstra-

t1ve orgamzatlon

[Jo]
e
Y
=
=
5
)
. R

4. Planning and controlling an educational
_ needs survey

5. Analyzing schedullng procedures

6. Planning a curriculum evaluation

7. Analyzing media scheduling

8. Planning and analyzing maintenance pro-

cedures

,Each of the projects above 1nvolves multlple
activities with complex timetables governing
their completion and interconnections. Without

a methodology such as PERT for organizing and

scheduling complex projects, the adrmnlstrator

may lose considerable time Vdeyelopmg orga-
nizational schemes for strygtnrlng and imple-

menting projects with ‘multiple activities. With
PERT the framework for organizing factors in
the pro;ect is already at hand, and the central
work of structuring and analysis can begin

without delay.

FOUR STEPS

time, w1th1n budget and in conformance with

rat] i

predetermln ed performance specifications:

I'D. L. Cook; Better ,PrOJect Plannmg and Control
Through the Use of System Analysis and Management
Techniques (1967), ERIC ED019 729.

[
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Thus prOJeLts are finite in that they must have
a definite beginning and ending. They must be
comple\{ in that they require a mix of human
and material resonrcos applied tc a series of re-
lated activities: They must be homogeneous,
in that they must be capable of being distin-
guished from other projects. And they must
consist of a well defined collection of interre-
lated activities.

Given such a project, the iollowmg are the
steps involved in a PERT analysis:

Identify the activities involved in the prolect

Construet a network by plctorialiy repre-
scntmg the r(»ldtionships between activities.

Determine the time necessary to complete
euch activity:

Compute the time required to complete the
entire project, the critical path of activi-
ties through the prolect and the times at
which each activity must be completed in
order for the entire project to be completed
on time.

We will consider each of these steps in turn.

1. IDENTIFY THE ACTIVITIES

The first Step in PFRI analysl% of a pl'O_]CCt is
to identify the activities thlch make up the
project. That is, the prOJect must be broken

down into lt§ component activities. The typi-

cal pro_]ect usmg PERT methods in its planning

on the list: For illustrative purposes in our text,
however, we will use simplified examples. As
the first, suppose you want to identify the
activities involved in presenting a new curricu-

you were an ex offwto member of the curricu-

REVIEW

Té:minoiogy 1

lum revision committee and were thorefore not
completely aware of the proceedings. Proba-
bly the first thing that you would do is to get
a copy of the committee’s report and a sample
of the curriculum materials. Then you would
have to prepsre your ialk—that is, outling,
write, and type your presentation. You might
also want some overhead transparencies. Finally,
you muét compléte the activity of giving the

Get curriculum committee report.

Get curncuiurn materials samples:

Outiinweipire§entation
Write presentation:
’1ype presentation 7

Make overhead transparencies.
Make presentation to board.

Because of the simp11c1ty of this example we
have listed the activities in the sequence in

which they may occur, although that is not
necessary. Lists may often refiect a very random
order:

Notice that in the list above,; the activities
comprise a clearly defined set of interrelated
activities, each of which is discrete and has
distinet beginning and ending points. Recall
that for PERT to be applicable, a project’s
activities must exhibit these characteristics.
The above list; then, confirms that the project
may be analyzed using PERT. This is not to
say, however, that it is the particular list you
would have constructed for this project. Your
list could have included quite different activi-
tiés eé'ch of which had discrete and independent
is that PERT 1s an admlnistratlve tool its use
by any individual will necessarily be sllghtly
different. The correct list for any prOJect is the

one that the partlcular admmtstrator feels is

appropriate for his or her purposes.

and anaiyzxng pro_]ects with a definite begmning and end and involving

well defined activities that can be ordered in time.

15
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Exercise 1.

L1st the essential activities that you think are involved in sett1ng up an

elementary school deget
2. List the activities you think are lnvolved i conductlng year- -end staff

evaluations.

li. CONSTRUCT A PERT NETWORK

The socond step in a PERT analysis is to con-
struct a PERT network: This network is a pic-
torial represcntatlon of the interrelationships
among the activitics comprising the project.

To iliustrate the construction of a nétwork,
let’s take a simplified version of the board pre-
sentation prolect in which the activities are
identified as:

Make presentation to the board.

Outline the presentation.

Write the presentation.

To keep track of all the activities in a project,
it is conventional to make a complete list of all
activities involved (not necessarlly in any order)
and to identify each by an 1dent1f1catlon number
(again, not necessarily in any order): A typical
activities list for our sample project is shown in

Figure 2-1.

D Activity Description

1 Make presentation to the board

2 Qutline the presentation

3 Write the presentationﬁri
E:gure 2-1.

Sample activities list.

As you can see, the list gives the verbal de-

scription of each act1v1ty in the center (other

information will be added to the right later on)

and places the identification number in the left-

hand column. The identification numbers give
a clear and convenient way to refer te each
distinct activity in the construction of tne net-
work:

Event Before we construct the network the

event marks the beglnnmg or the end of an ac-

t1v1ty An event, as dlstlngmshed from an
activity, has no t1me duration. The initiating
event represents | the start of a paItlculaI activity

and the termlnal event represents the point at

which the activity is completed Thus; in our

simple example, the first everit would mark the

start of the actmty of outhnlng the presenta-

tion. The first act1v1ty is terminated by _the
endlng event. At this point, the activity which

follows the outllnlng of the presentation is initi-

ated; that of writing the presentation. Since it

dﬁlireictly follows the ending event of Activity 1,

its starting event is concurrent with the ending
event of Act1v1ty 1 and it terminates by its own

We can now construct a PERT network for
our simple example, showing each activity; in
order, and showing their starting and ending
events.

3 i

ot 1 oe. (Wrdeeo o (Make
presentation) presentat fan) presentatic mn)

Flgure 2-2.
PERT Network for Board Presentation Project.
You can see that the diagram in Figure 2-2

represents the project in terms of the flow of
activities and events. The arrows represent

activities, with the identification number of

the éctlwty on the top of the arrow. Thus
stands for Activity 2, which, in our
example, is outiining the presentation. A let-
tered circle denctes an event intermediate

-2,

one act1v1ty and the 1n1t1atlon of another ac-

tivity. Note that the dlagram flows from left to

right, and specifies which activities must be com-

pleted before other activities may begin.
The network in_ Figure 2-2 shows diagram-
matlcally that in thﬁeislmphfled board presenta-

tion project, the first event (event a) is the
beginning of Activity 2 (outlining the presenta-

o
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tion). 'This is followed by the activity of out-
lining the presentation and the termination of
the activity (event b). This, in tum, is followed
by Activity 2 (making the presentation to the
board), which ends in its termiinating event
{event d). Thus the network is a visual repre-
sentation of the order in which activities must
take place for the project to be completed.

Now lét’s return to the complete board pres-
entation project for which we identified the
seven activities on page 9:

éet cu'rricuiu”m committee report
Outllne presentatlon
Write presentation:

Type presentation:

Make overhead transparencies:

Make presentation to board:

Before beglnnlng to construct the network for
this project; we will make a conventional activi-
ties list and assign an identification number to
each activity for our future reference. Our list
might look like that in Figure 2-3.

10 Activity Description

Qetsample currrncurlym materials
Qutline presentation

Write presentation

Type presentation

Mike overhead transparencres
Give presentation

<~V UL DN =

quure 2 3
Activities list /’or comple te board présen tation pro;ect

Remember that activities may be listed ifi any
order and that numbers may also he assigned in
any order that is convenient. Using this list; one
can construct the activity network.

As is conventional, we construct the network
from left to rlght beglnnlng w1th the f1rst

ending event. Slnce PERT assurnes a contmuous
sequence of interconnected activities, the let-
tered circle marking the end event is used simul-
taneously as the starting event of the next
activity du'ectly follow1ng it: For example,

The one exceptlon is ob-

3,@—4-@-

v1ously the final act1v1ty of a project—for exam-

ple, _;7’_’;@)—8;@5 Also note that the initial

which has no arrow leadmg to it. For example,

@—=X>®. When a project has two or more
initial activities that start independently, each
is represented by a separate arrow beéginning
with its own starting event.

With these conventions in mmd we cin now
construct the network for the board presenta-
tion project. From the activities list, we see that
we have two initial events without predeces-
sors—Act1v1ty 1 (get currlculum committee re-
port) and Activity 2 (get sample curriculum
materials); these will be represented by two
separate activity arrows each of which has its

own independent starting event. But, what

about their ending event? We know that; except

for the final ending event of a prOJect the

ending event of each activity marks the begin-

ning event of the next act1v1tyr What activity
follows gettmg the curriculum report and what

activity follows gettmg sample materials? Obvi-
ously, Act1v1ty 3 (outline the presentatlon)
follows bothﬁf&ctwmes 1 and 2—that is, the

beginning event of Activity 3 is the ending event
for both Activities 1 and 2. Therefore, the net-

work must begin like this:

(nnll(n
pPresentation)

anure 2-4
First Three Activities in Board Presentation Project.

Notlce that each event is lettered and that event
d marks the end of Act1V1ty 3. o
To continue the network we need to deter-

mine what actmty follows the ending event

(outlining the presentatlon)—that is, what ac-

tivity Actlvity 3 immediately precedes Since

Activity 4, writing the presentation, can begin

lmrnedlateiy after and not before the end of
Activity 3 we can draw this activity in and

1.14
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,,‘ ’*1’@: - @

tont Hine tRrite

ceantation) Pre sttt iong

Figure 2-5.
Activitics 1 to 4 ofBoard Presentation Network.

What act1v1ty 1mmed1ately follows and cannot
bcgm before the end of writing the presenta-
tion? Clearly, it is typing the presentation,
Activity 5.

o
(I‘.L-.« :
Presentationg

Flgure 2-0
Activities 1 to 5 of Board Presentatzon Network

Now, what follows Act1v1ty 75 (typmg the

presentation) and cannot begin before it?

Activity 6, makmg overhead transparenmes" But

these could be made before the presentatlon is

typed. They could be made even before the
presentation is written; as Activity 4. But they
could in all likelihood not be made before the
presentatlon is outlined; Activity 3. Therefore,

the immeadiate predecessor of Activity 6 is Ac-

t1v1ty 3.
The only activity left which could follow
Activity 5 (*yping the presentation) is_ Activity

7, making the presentation. This Activity can
be added to the network, and as it is clearly the
terminating activity of the project, its ending
event g is the termination point of the project.
Wé have nbw 6hly Activity 6 maki')g 'oV'eI'-

we dlscovered above Act1v1ty 6 is Immedlately

preceded by Activity 3, the outlmmg of the

preseritation. So, we could enter the arrow for

Activity 6 showing its starting event to be con-

current with the ending event of Activity 3,
event d.

[ —— [
(“lllnx Cwrite
presentation) proeseotation)

: PR
P A
P SRR
N B URENN
& ~~\0o~*
. : 1 (n

(lvpe
preseatat ion) pre

—®

~entat ion)

Figure 2-7:
Activities 1 to 7 ofBoard Presentation Project.

(Oat line
presentat fon)

@“;;A. "’Q’(T_“‘“—’O

presantat i) presentat fon)

Flgure 2—8
Activity 6 following Acttmty 3 in Board Presentation
Network.

At this point we have not yet finished con-
structing the network. As you will notice, Ac-
tivity 6 appeéars to end in midair at event & and
is not shown to precede Activity 7 (makmg the
presentation). We must reconstruct the network
in such a way as to show that Act1v1ty 7 is im-

medlately preceded by both Act1v1ty 5 (typing

the preseritation), and Activity 6 making trans-
parericies).
Since PERT conventlons do not allow curved

arrows, we cannot curve the arrow for Activity 6

to run from the ending event d to the starting

event f: However; we can place Activity 6 on a

straight arrow between the ending event d and
the starting event f; then we can draw the
arrow for Activity 4 (writing the presentation)
starting at event d and prcceeding above the
main line of arrows to end in event e. We can
draw a descending arrow for Activity 5 (typing
the presentation) between its starting event e
and at its ending event [, as shown in Figure 2-9:

Now, réading Figure 2~ 9 from left to rlght

you can see that the network details the order

of act1v1t1es in preparing the presentatlon to the
school board and indicates exactly which activi-
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ceentatton)

Flgure 2-9.
Complete Network for Board Presentation Project.

ties must precede other activities so that the
project can be successfully completed. In con-
structing networks, administrators will often
find that several tries are required _before the
correct sequence can ultimately be diagrammed,
showing the exact concurrence of ending and
starting events from the beginning of the project
to the finish.

If the admlnlstrator stops explorlng PER’l
even at this goint, a valuable method has clearly
been acquired for organizing projects. However,
there are taore éléments of PERT analysis which
can be ‘used in planning and implementing
projects.

Once the network has been adequately con-

striicted, the administrator can add the correct

1mmed1ate predecessor for each activity to the

activities list for future reference and for later

REVIEW

Terminoiogy 1.

, R

0y 7

f L)
oS

(Make overhead {tiive

tranmsprrenc ies) presentatfon)

Usé with computer programs. As an example,
Figure 2-10 illustrates the activities list for the

board presentatlon project with immediate
predecessors filled in.

Immediate
1D Activity Description Predecessors
1 Get curriciilufi committee report
2 Get sample curriculum materials
3 Outline presentation 1,2
4 Write presentation 3
5 Type presentation 4
6 Make overhead transparencxes 3
i Give presentation 5,6

Flgure 2-10.

Activities list with immediate predecessors filled in.

PERT NETWORK: a pictorial representation of the interrelationships

among the activities in a project.
2. EVENT: the beginning or ending point of an act1v1ty, represented in a
network by a lettered circle.

Exercises 1.

Usmg the act1v1t1es llSt whlch you developed for the elementary school

budget or the year-erd staff evaluation project in Exercises 1 and 2, page

10, assign identification numbers to activities and construct a complete
PERT rietwork for the pro_]ect

2. Two activities lists for two dlfferent pl‘OjeCtS are g1ven below Draw the
networks for each of these projects and add to the activities lists all
correct immediate predecéssors for each activity. Note that it is often
helpful to construct a PERT network starting with the last activity and
working backward to the first activity(ies).

15
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(a) Activitiés list for project: Prepare a budget reque'st for an eiementéry
school.

10 Activity Désciipt/bh

Obtam class enrollment data.

Obtuin growth factor from past records.
Predict next year’s class enroliment:
Determine number cf classes.
Determine size of teaching staff needed.
Determine number of specialists neec: 1.
Obtain teacher supply requests.
Determine supply needs.

Determine transportation needs.
Prepare budget request.

ogpoc\qo')m O i

e

(b) Activities list for prOJect Pollmg the district teaching staff on their

attitudes toward differentiated staffing.

1D Activity Description w Activity Cescription

1. Prepare questionnaire. 7. Distribute questlonnaxre

2. Prepare me. 10 to staff regardmg poll 8. Collect completed questionnaire.
3. Type memo. 9. Tally results. )

4. Distribute memo. 10. Write report on poll N

5. Type questionnaire. 11. Deliver repotrt to supennte1dent
6. Duplicate questionnaire: 12: Inform teaching staff of results.

3. Select a reasonably limited bioject with which you are familiar and con-
construct a PERT network for it.

The Dummy Activity
At this peint you should nave a good feelmg for prOJect as a whole. A look at Figure 2-11

the basics of a PERT network—activities (repre- shows theﬁ Rtgl!lty of msertmg dummy activities
sented by solid arrows) and events represented in such cases—with the dummy activities in
by lettered circles) accounting for the major place, the network suggests clearly that once the
stages of a project. One additional item is highly project starts (event 0), the two beginning activi-
useful in laying out a diagrammatic network— ties commence: In addition; were the project to
the dummy activity (represented by a dotted end in two independent activities, they could
arrow) which is an artificial activity used to pre- realistically be connected by dummy activities
vent inconsistencies or confusions in networks: to one terminating event. Hence, clarity and
The dummy activity has three special uses; conformity to real-world décision making can
which we will consider one at a time: be added by the dummy activity.

First, whe roject has multiple beginning  So that dummy activities can be individually
or endmg act: - a basic network would show 1dent1f1ed they are given identification numbers
such activitic inning or ending indepen- just as all other activities are. Dummy activities
dently both o: other ‘and of any start or can be numbered as convenient—either in order
finisk of the pro. 45 a whole. For example, as they appear in the network or in sequential
Figure 2-9 shows t ,oard presentation project order after the last act1v1ty number in the net-
beginning with two _independent activities work, as in Figure 2-11.

(getting report and getting materials) and it un- ‘The second use of the dummy activity is in
realistically suggests that each starts spontane- instances where two separate activities have
ously out of nowhere, without relation to the the same immediate predecessor and both im-

24
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xo Lot 1
. .,

(Outtine
prose ntat fan)

’ - ‘r
Y ", o R X e
e e ”'/u i
(Make
"

Figure 2-11.

e ouverhead
transparcacics

presentat ion)

Network for Board Presentation with Single Starting Event.

ﬁiédiéteiy precede the same activity In stich
mstances, the two act1v1t1es share the same be-

PERT network would not be able to show the
distinction between the two. A sunple network

could either show only one of the two activities

(plzcing its 1den.,1f1catlon number :xbove the

arrow between the two shared events) or it

could show the two as indistinguishable (placmg

botl identification numbers above the one ar-

row): The problem with the first alternative is
obviously that of omission; the second alterna-
tive incorporates confusion.

In such cases, dummy act1v1t1es can be used
to distinguish the two activities clearly while
showing them both to begin and end w1th
a common eévent. ThlS can be done by flrst
drawing two separate arrows from the common
beginnirig event and givirng them beparate endmg

events (one being the common event they both

end in and the other bemg wholly artificial):

These distinct endmg events can then be dia-

grammatlcally shown to coincide by irserting a
dotted arrow (dummy) between the artificial

endmg event and the actual ending event both

activities precede

To 1llustrate, suppose ‘that the board presen-

tat’nn proJect required that while you are
writing your presentation and having it typed
and while your overhead transparencies are
being prepared; you also must prepare a brief
written summary of your presentation for the
individual board member<, Elere the two activi-
ties of p'réparing b’Verheads' and preparing a

termination of outlining the presentation) and

end with the same event (the start of making the

presentation). Figure 2-12 shows how a dummy

activity can be incorporated into the network so

as to dlagram the situation clearly. Beginning at

event d (finish of outline), both activities are

{(Prepare
overheads) g -

Comer | ine
presentation)

O——@
(Cive
presentation)

Figure 2-12.
Using a Dummy Activity to Distinguish Two Acthtzes

shown to proceed sepaIatelv to event f(start of

makmg presentation), one preceding directly

and the other proceeding to its ending évent &,
which is then connected by a dummy activity

to event f.
Dummy activities have a third use in net-
works—indicating a preferred sequence of activi-
ties when there is no other need for the speelflc
sequence. Consider the board presentation
project again and suppose that, in addition_to
the new activity of preparing a summary for the

board, you must also plan to distrlbute thls

simmary to the board. Furthermore, suppose

that you want the act1v1ty of writing the presen-
tation to precede the distribution of the sum-

mary, but there is no activity linking the two

activities so as to establish the order of events.

To make the desired preCedence clear in the net-

work, a dummy activity can be inserted, as-

iltustrated in Figure 2-13; where the dummy

activity connects events e (end of writing presen-
tation) and h (beginning of distribution of

summary).
When a network has been completed with

dummy activities, the duminy activities are

added to the complete activities list for the

project The immediate predecessors for each

2
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(Gut line

Flgure 2 13

presentat fon)

{(Make overhead {Give
transparencivs) presentation)

Network for ﬁoard Presentatzon wzth Dummy Acthty Indxcatmg Time Precedence.

dummy activity are listed appropriately on the
activities list.
In summary, the conventlon of the dummy

and coherent PERT networks, whenever there
is a need to:

1. Provide single starting or términation

REVIEW

Terminology

to prevent inconsistencies or confusions in PERT networks.

Exercises 1.

events for projects with multiple starts
_or finishes.
2. Represent two or imore separate activi-
ties which have identical starting and
- endlng events
3. Indicate a desired precedence of activi-

ties where there is no intervening activity

necessitating the sequence.

1. DUMMY ACTIVITY an artlflclal act1v1ty represented by dotted lines

Redraw the PERT network for the budget request project glven in Exer-

cise 2a on p: 14; using dummy activities appropriately.

2. Redraw the netWork for the polling project, Exeércise 2b on page 14,

using dummy activities.

l1i: DETERMINING COMPLETION
TIME AND AVAILABLE SLACK

Once the network has been drawn and the pred-

ecessors clearly established, the next crucial

issues concern time—how long each activity will

take to complete and how long the entire proj-
ect will take to complete. The next step is, then,
to establish the duration of each individual
activity. Once these durations are knowmn, we
can calculate the total amount of time it w111
take to complete the project. In addition, we

can calculate how much delay can be absorbed
by each activity without delaying the project.
In the next section, we will explain how these
calculations can be further used to determine

the “critical path” in the pro]ect—the path or

sequence of activities which is critical insofar as

it has the least or no room for delay.

Actnvnty Durations

’,Ilh,?,l?l‘,gth of time (Duratlon) we must deter-

mine for each activity is the total length of time
involved from beginning to completion; which

2z
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often 1nvolves more tlme 1n preparatlon of the

though it may take only one hour to make
copies of a report, the entire act1v1ty might well
take one or more days to complete 1f time must

back from the copler )

For many projects, tne length of time each
activity will involve is well known from past ex-
perience. However, most educatnonal administra-
tors find themselves confronted regularly with

projects involving act1v1t1es for which duratnons

must be estimated. In such cases, one rule has

become cardmal—when collecting data to esti-

mate act1v1ty durations, go to those most di-

rectly connected w1th executmg the activity.

Whenever this is not done or cannot be done,

there is a high probability that the figures de-
rived from the analysis of the PERT network
w1ll be worthless

mined; it is often convenient to enter therm
directly on the activities list. Durations can
be entered in terms of hours; days, weeks, etc.,
depending on the_ nature of the project. Of
course, the same Durat1on measure should be

example the Duratlon for each actnvnty ln the
board presentation prOJect is shown on the
act1v1t1es list in Figure 2- 14. In this case, all

durations are shown in terms of days Notice

. that the dummy activities that were established

in the board presentatlon network in Figure

" 2.11 are entered on this activity list and are
assigned durations of 0.0 days. Since dummy

activities involve no time, 0.0 is the correct

Duration in all circumstances.

When act1v1ty duratlons are established, they
are entered on the PEPT network under the
arrow representing the appropnate act1v1ty As

an example, if an activity number 1 were ‘‘to

get currlculum commlttee report’’ anc its Dura-
tion were established as 1/2 day, it would be

shown on the network like this:

L (Get carriculum committee reportd

Purat ion

Figure 2-15.
Example of Placement of Activity Duration on Net-
work.

The entire network for the board presenta-
tion project; with durations entered, is illus-
trated in Figure 2-16.

8 P /,\
3
ety
PRy
- O
(OF
>N~ L 1.0 (Outllnc
;\ 9 48V presentation)
S INEN (»3
{ol: ~ -
@

4.0 (Make overhead .1 (Give.

trnnn'purcnc_cu) presentation)

Fugure 2-16.
Board Presentation Project with Duration szes

) _Immediate
1D Activity Description Predecessors Durations {days)
1 Get curriculum commiittee report 8 0.5
2 Get sample curriculum material 9 1.0
3 Outline presentation 1,2 1.0
1 Write presentation 3 2:0
Type presentation 4 1.0
6 Make overhead transparencies 3. 4.0
i Give presentation 5,6 .1
8 Dumriy 0.0,
9 Dummy 0.0'
Figure 2-14.
Activities list with durations for board presentlation project.
¢ \

ERIC
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Pro;ect Completlon Time
Earliest Start and Finish Times. Wrth all activity

. duratlons entered, the network can be analyzed

to determine the pl‘OJECt Completlon Time (€ET).

This analysis is carried out simply by deter-
mining the earliest start and finish times for each
activity in sequence through the final activity.

The Earliest Start Time is calculated for each
activity beginning with the initial starting time
of zero for the project. Thus the Earliest Start
Time for all initial activities is 0. The Earliest
Finish Time is the Earliest Start Time plus the
duration of the activity, or:

Earii(‘st Finish = }EaﬂieSt Start + Duration

Earliest Start Time of,O (zero); had,a ,Duratlon
of 1.5 (days);, then its Earliest Finish Time
would be 1.5 (days)..

~If the initial act1v1ty is always given the
Earliest Start Time of O, how do you suppose
the Earliest Start Times of the fubsequent activi-

ties are calculated" The Earliest Start Time of

each subsequent act1v1ty is; of courseislmply the

latest Earliest Finish Time for all predecessors
for that activity:

Earllest Start Tlme L
= Latest Earliest Finish Time for Predecessors

For exaniple, if activity number 16 is immedi-
ately preceded by activity 12 with an Earllest
Finish Time of 4.5 (days) and by activity 15
with an Earliest Finish Time cf 5.5 (days), then
the earllest point at which act1v1ty 16 could

begin would be 5.5 days—the latest Earliest

Finish Time of all predecesscrs
From the above discussion;, you can see that
the Earliest Start Times and Earliest Finish

Times for each activity reflect the total amount

of elapsed time from the start of the project’s

initiat activity to the start or finish of the ac-
tivity in question:

Each Earliest Start Time and Earllest Finish
Tire is entered on the PERT network for easy
reference while the network is being further
analyzed. These times are conventionally en-
tered in brackets on top of the appropriate
activity arrow, immediately after the activity’s
identification number. Earliest Start is entered

first and Earliest Finish entered second sepa-

rated by a sem1coion For example; if an initial
activity was “get curriculum committee report”
with an act1v1ty Duration of :5 (days), 1t would
have an Earliest Start Time of 0 and an Earllest

F1n1sh Time of 5 which would be entered as in
Figure 2- 17.

jEarliest start; earliest fintsh
~ iib.di.éj_—! :
Ca) I (b

e L

.5 (Get curriculum committee report)

Figure 2-17.

Example. of Placement of Earliest Start and Earliest
Finish Times.

Figure 2-18 shows part of the network for
the board presentation project with the Earliest
Start and Earliest Finish_ times for the two
initial dummy activities and activivies 1, 2, and 3
correctly entered. Let’s follow this example
through, step by step.

3 {1.0:2.0} -
- 2.0} _@
1.0 (Outline prescntntion)
FJgure 2 18 .
Earliest Start and Finish Times forImtlal Dummy Activ-
ities and First Three Acitivities on the Board Presenta-

tion Project Network.

bro;ect is day O, and s1n7ce,the,durnmy actlvltles
have duration times of 0, the Earliest Start and
Finish times for both dummy activities in Fig-
ure 2-18 are 0. The Earliest Start times for
activities 1 and 2 are thern also 0. Since act1V1ty 1
has a duration of .5 days, then its Earliest Finish

is .5 days after the _project has begun Since
activity 2 has a Duration of 1.0 days, its Earliest

Flnlsh 1s 1 0

activity 2 has a Duratlon of 1.0 days, its Earllest
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I‘hat is, the curriculum committee report
(act1v1ty 1) and sample curriculum materials
(act1v1tv 2) must be obtamed before the out-

have been completed by day 1.0 (the Earliest
Finish of act1v1ty 2) Therefore; the Earliest

Time (ET); or the Earliest Finish Tlme for the
whole project; which is very simple. The Earliest
Finish Time possible for a project is, naturally,
the latest Earliest Finish of all activities and is
therefore the same as the Earliest Finish of the
project’s terminating activity.

The entire network for the board presentahon

is shown in Figure 2-19. Earliest Start and
Finish Times have been calculated for all activi-
ties. The total time for the project is CT = 6.1
days (Earliest Finish of activity 7).

Start for activity 3 is day 1.0. Since activity 3
has a Duration of 1.0 days, then its Earliest
Finish is day 2:0.

After calculating these quantities for. each
activity, one proceeds to derive the Completion

-0
/ S CT = 6.1

L [ IR I UM V) R 6 [2.0:6.01 .1 [6.0:6.17

SN : < : 1.
@’;\ 9 N 1.0 'Qutline 1 4.0 (——) : -1 ('—'

0 (/)(7\”3,,/ 1 N ('/ presntation)

) \Qﬁ

Figure 2-19. .
Network for Board Presentation Project Showing Earliest Start and lesh 'imes and Completion
Times.

REVIEW
fermtnoiogv 1 ACTTVITY DURATION: the totai timé lt téi{és to compiete an activity.
9. EARLIEST START TIME: the earliest time in a project at which a given

éétii{it&' Caﬁ begin; for ihitial activities, always 0 (zero) and for other

3. EAR LIEST FINISH TIME: for any activity in a pro_ject the Earllest
Start Time plus the Duration of the activity.
4. COMPLETION TIME (CT): the latest Earliest Finish Time of all the

activities in a project.

Begmmng below are the complete activities lists (including activity Dura-

tioris) for the budget request and the pollmg projects for which you drew

networks in Exercises © and 2 on page 16. Using the networks that you

prevLously drew, insert the Durations and the Earliest Start and Finish
Tinies for each éétiwty and determine CT, the earliest Completion Time
f'or each prn ‘ect.

. ctivities list for project: Preparing a budget request for an elemen:

tary :chool:

Exarcises 1.
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Immediate Durations
1D Activity Description ~ Predecessors {days)
1 Obtain class enrollment data 11 2.0

2 Obtain growth factor from past
B records 12 1
3 Predict next year’s class N o
enrollment o 1,2 1.0
4 Determine number of ciasses 3 .1
5 Deteriine size of teaching staff
needed 4 |
6 Determine number of specialists )
B needed 5 1
7 Obtain teacher supply requests 5.0
8 Determine supply needs , 1 1.0
9 Determine transportation needs 13 3.0
10 Prepidre budget requests 6,8,9 5.0
11 Dummy 0.0
12 Dummy 0.0
13 Dummy 12 0.0

b. Activities list for project: Polling the district teaching staff on their
attitudes toward differentiated staffing.

immediate Durations

1D Activity Description Predecessors (weeks)
1 _Prepare questionnaire 14 1.0

-2 Prepare memo to staff 1

regarding poll .2
3 Type memo 2 1
4 Distribute memo 3 .6
5 Type questionnaire 1 2
6 Duplicate questionnaire 5 .2
7 Distribute questionnaire. 4,6 .6
g Collect completed questionnaire 7 1.0
9 _Tally results 8 4
10 Write report on poll 9 1.0
i1 Deliver report to superintendent 10 1
12 Inform teaching staff of results 10 6
13 Dammy 0.0
14 Dummy 0.0
15 Dummy 12 0.0
16 Dummy 11 0.0

Slack Time . ] ]
The question now arises: How much can each
éctiVity in the brbjéct be délayéd without de-
this questlon the Iatest p0551b1e time that each
activity may be started and fmlshed must be

calculated. Once these latest times are estab-

lished, we can compare them to the Earliest

Q - - -

ERIC

Aruitoxt provided by Eic:

Start and Flmsh Times to see how much each
act1v1ty may be delayed without delaying the

on-time completion of the project.

Latest Start and Finish Times. The Latest

Start and Finish times are calculated from right
to left or backward along the network, begin-
ning at the Completion Time, T, which cannot

be delayed.

26
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‘the Latest Finish for the activities which
immediately rrecede the ending event of the
project is, of course; the Completion Time, T.
The Laiest Start for any activity is:

Latest Start = Latest Finish

- Duration of Activity
For all activities other than those that precede
thé ending event, the Latest Finish is the Earliest
Latest Start of all immediate successor activities.

As shown in Figure 2-20 below, this informa-
tion is entered in brack,e,ts, next to the activity
duration figure. Notice that at this point in the
network analysis we have removed the paren-
thetical activity descrlptlon from below the
activity line to make room for the Latest Start
and Finish Tlmes Henceforth, the act1v1ty de-
scriptions will be omltted from our networks,
to identify each activity we can rely on the
activity identification number always given
above each activity arrow:

- 7.06.0;6.1] ~Z CT = 6.1
U -®
1 {6.036.1]
Latest start —/ k Latest finish

Flgure 2-20.
Placernent of Lutest Start and Finish Times:

Figure 2-21a illustrates the network for ac-

tivities 5, 6 and 7 of the board presentation

project, showmg Latest Start correctly

The calculatmns for these times were made in
the fo‘ﬂowmg way: First, the Latest Finish for
activ::y 7 (giving the bfesentatlon) is equal to
the fml:hmé time of the project, T; or 6.1 days.
The Latest Start of act1v1ty 7 is the Latest Finish
of that activity minus the duration of the ac-
tivity; or 6.0. A similar procedure is employed
for each activity in the network, working from

right to left.

Latest start

. o

LATest finish — o €T = 6.1
Sl b 28i610) S~ 7 16.0i6.1]
o 1 9
GA [2.0:6.0] "1 (5.016.1] —®

Latest seart )) & Latest finish
p- Latest start

Flgqre 2-21a.
Latest Start and Finish Times for Activities 5, 6, and 7
of Board Presentation Project Network.

Lateat finish

ERIC

Aruitoxt provided by Eic:

3 1.0 u]

7 16,036, 1] CT o= 6.1

L1 16,0601

6 [2.0:i6.0]
d-
-~/ 4 [2.0:6.0)

Figure 2-21b.
Board Presentation Project Network with Latest Start
and Latest Finish Times.

Figure 2-21b below illustrates the placement
of Latest Start and Latest Finish Timés on the
entire board presentation project network.

- Let’s consider the calculations for activity 3
(outlining the presentation) in detail. The two
successors to this are activities 4 and 6. Their
Latest Start flgures are 3.0 and 2.0 respectlvely
Thus, since the Latest Flmsh of act1v1ty 3is the

medlate successors of actlvlty 3, the Latest

Finish of activity 8 is 2.0 and the Latest Start

is the Latest F1n15h minus the duration of the
activity, or 20-10=10.
Slack. From the Earliest and Latest Time

figures, we can now make one final calculatton

which will establish how much delay can be ab-

sorbed up to any point-in the pro;ect This 1s

the calculation of the Slack, or S, for each
activity. Slack for an activity is defined as the
arriount of tlme whlch an act1v1ty may be de-
the completion of the pro;ect B

The Slack for an activity is the dlfference be-
tween the Latest Start and the Earliest Start, or
the difference between the Earliest and Latest
‘Finish Times for that activity.

Slack = Latest Start - Earliest Start
~_or o
= Latest Finish - Earliest Finish

Slack is calculated for @ach act1v1ty begmnmg

with the last one on the network and moving

backward to the initial one(s) of the pro;ect

Let’s use the board presentatlon project net-

work as an example and calculate the Slack for

2 ;.
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Ly - o -0, s=0 T = 6.1
@;1 \ ) 7—477 ﬁ+2+)4—69—)——»4\f\ 7 [606!]0
RS 4 [2.0:6.0] ul[b()bl]
NG
ly>
Flgure2 22

Network for Board Presenta tzon Pro;ect with SlaCk(S) Fgures

each activity, one by one. From the complete shown for each activity. As you can see, some

network shown in Figure 2-22 above, you can activities have slack and others do not.

see that the Latest Start and the Earliest Start Once the S for each activity has been estab-

of activity 7 (giving the presentation) is O (zero); lished; it is important to look at the meaning of

for this act1v1ty, the slack is therefpre 0 and is the slack time for each individual activity and

entered as S = 0 above the appropriate arrow: for sequences of activities. For example, while
S for activity 6 is also zero; since the Earliest activity 4 (between d and ¢) has an S of 1 day

Start is again equal to the Latest Start. However, and activity 5 (between e and f) has an S of 1

for activity 5 (typing the presentation), S = 5.0 day, these actually represent the same day. If
-~ 4.0 = 1.0: Continue on through the remainder activity 4 is delayed by a day, there will be no

of the network and verify the Slack figures slack for activity 5.
REVIEW
Terminology 1. LATEST FINISH TIME: for activities immediately preceding the termi-

nating event of a pro;ect Latest Finish Time s aiways €1, the Comple-
tion Time; for all other activities; Latest Finish is earliest Latest Start of

_all immediate successors.
2. LATEST START TIME: the Latest Finish Time minus the Duratlon for

~ that activity.
3. SLACK: total delay time that can be absorbed by activities without

delaying the completion of the project as a whole.

Usmg the networks for the budget request prOJect and the pollmg proj-
ect for which you calculated Earliest Start and Finish Times in Exercises
1a and 1b, pagés 19 and 20, calculate and enter the Latest Start and

Latest Finish Times for each activity.
2. Using the networks from Exercise 1 above, calculate and enter the Slack

. for each activity.
3. Assuming that the budget request proJect from Exercxses 1 and 2 above

must bé completed by Jurie 30 next year, what is the latest date the

project. can start in order for it to be completed on time?

4. Select a relatively limited prOJect with which you aIe familiar; such as’

Exercises 1.

preparing for and holding a board meetmg or starting a new mterséholas-

tic athletic activity. Carry out a PERT analysis of the project, including

the complete activities list, the network, and all time determmatlons

2
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IV. DETERMINE THE CRITICAL PATH

Now we have all the information we need to

establlsh one of the most useful features of a

project: As we stated earlier; the cntlcalpath isa
particular sequence of activities in the PERT net-
work which determines the minimum amount
of time it will take to comiplete the project. It is
called the critical path becaunse the completion
of each activity within the estimated duration
time is necessary in order to complete the proj-
ect within the total estimated time (CT) If one
traces any other sequence of activities or paths

through the network, he or she will find that

each one will take the same or less time to com-

plete than the crltlcai path: That is; there may

be some act1v1t1es in other paths whlch can be

affecting the pro_]ected finishing time. The
amount of this delay is something that we have
just calculated—the total slack for each activity.
Thus, it should be evident that the critical path
has the least possible slack.

To determine the crltlcal path for the board

pr esentatlon example;

2-22: If we work backward through the net-

work; we see that activity 7 has no slack. Of
the two activities preceding activity 7, only
activity 6 has no slack: Only activity 3 pre-
cedes activity 6. And of the two activities
preceding activity 3, only activity 2 has no slack.
The critical path is thus determined. It consists
of the activities in the order 2 -3 =6 - 7.

The critical path is denoted by such a 11st of
the activities on it. It is represented in the PERT
network by. double arrows. Figure 2- 23 gives
the complete network, 1nclud1ng the crltlcal
path; which has resulted from a PERT analysis
of the board presentatlon

In the case we have been examining, there was

no fixed time allotted for the project; but this

is not always true: Many prOJects are allotted a

given time penod or reqmred to be finished by a
certain date. In this case, the critical path may
not have zero slack: Suppose that in our board
presentation example you decided before
beginning the project to start two weeks before
the meeting at which you were to give the
presentation. What you would be _doing, in
effect, is to assign a value to CT of 10 days.
Using this figure, the amount of slack in the net-
work is increased for all activities, as can be seen

RIC

Aruitoxt provided by Eic:

,i\\_o N S=0 CT = 6.1
6 [2.0;6. o] ; F—throrbH
4 {2.0:6.0] ~ 1[606110
Fig’ujgz—zré. - .
Complete PERT Network for Board Presentation

Problem.

§ = 3.9 CT = 10
7

a ‘/:lii - C

Ay

Figure 2-24,
PERT Network for Board Presentation Problem—Ten
Days Allotted.

in Figure 2-24. In this case, the critical path is
the path through the network with the least
amount of slack. However, this obviously turns
out to be the same path as before, 2 -3 -6 - 7.
When the time allotted for a prOJect rs less

than the time requu'ed to Cornplete the pro_]ect

each activity on the critical path will have nega-

tive slack. This can be illustrated by assuming

that we have 7schedu1ed the board presentation
project to begin on Monday and the board
meeting is on Friday of the same week. In
effect; we have assigned a value of 5 days to CT.
Using this figure, we can calculate the slack for
each activity in the network; thé results are
given in Figure 2-25. The critical path is still
that path through the network which has the
least amount of slack? —again, it is 2-3 -6 - 7.

The three cases that have been discussed
above can be combined into one rule for finding

2Remember when working with negative numbers
that -5 is a smeller number than -3.

23
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Figure 2-25.

Network for Board Presentation Problem—Five Days Allotted.

the critical path. The definition which covers all
three cases is: the critical path is that path
through the network which has the least amount
of slack. Using this definition; it makes no dif-
ference whether the slack is positive or negative
or zero. In all practical situations, ho-vever, if
there is. a negative slack in the critical path,
either the project will automatically be com-
pleted after the deadline or some activities must
be completed in less time than was originally
estimated. In every case it will be up to the
administrator to determine the most judicious
course to follow given the particular circum-
stances, whether it is to start early, to cut down

REVIEW

Terminoiogy .
amount of slack.

Exercises oL

the time spent on some of the activities. or to
allow the project to run over deadline.
For most Drojects, the administrator will

obviously want to begin early if possible, in
order to leave extra time throughout in case of
unforeseen delays. This will amount to adding
slack and, for purposes of the network, can
activity. For_example, if a given project has a
Completion Time of 30 days and the administra-
tor decides to start the project 40 days before
the end date, then he would add 10 -lays to the
slack figure for each activity. :

{> CRITICAL PATH: the path through a network which has the least

(a) Use the networks for the budget request project and the polling
project which you have been developing in the last several exercises

 and show on each the critical path:
(b) Assuming that you have ten working days in which to carry out the

budget request project, discuss what decisions you would make

~ tconcerning the planning and implementation of the project.
2. Using the network you developed for your selected project in Exercise

4, page 22, determine the critical path and make any adjus.ments you

deem necessary to carry out the project adequately.

SUMMARY OF PERT SYSTEM &
THE CRITICAL PATH

Through the procedures cutlinéd, it is possible .

to calculate the critical path for any project
which consists of a set of discrete, interrelated
activities for which times for completion are

available. The critical path may be determined
by using the following rules:

1. Construct an activity table which assigns

3u

.



PERT: A PLANNING AND ANALYSIS TOOL 25

a numerical identifier to each activity, 4. Inaright-to-left or backward pass calculate:
. 11sts each activity’s predecessors, and a. Latest lesh = T for all endmg activi-
gives Durations for each activity. ties; or; BLatest Finish = minimum
2. Construct a PERT network of the activi- Latest Start for all successors of the
ties and events: activity;
3. In a left-to-right pass through the net- b: Latest Start = Latest Finish - duration
. work let S = 0 and calculate time of the aotli)ity, ‘
a. Earliest Start = 8 for beginning ac- c. Total Slack = Latest Start - Earliest
tivities or Start = Latest Finish ~ Earliest Finish.
b. Earliest Start = maximum Earliest 5. Find the critical path by determining
Finish for all predecessors of the which = sequence  of  activities or path
activity ; through the netwesk has the least amount
c. Earliest Finish = Earliest Start + dura- of slack.
tion time;
d: T = maxitnum Earliest Finish of all
activities or the finish time assigned:
REVIEW
Exercise Suppose you have just been given responsibility for conducting a school
cenisus. The date is now September 1. In order to plan and execute this
census with maximum efficiency, you decnde to use PERT The table below
gives the list of activities that you have decided will be in the project. Do
th2 followxrl{gasks
(a) Construct a PERT network of the project with all relevant data in-
‘ cluded and identify the critical path.
(b) Determine the starting date so that the report will be ready to present
to the board by May 1. Assume that each week has five working days.
Activity List for Census Project
1D Activity Description Duration (weeks) 1D Activity Description Duration (weeks)
1 Determine information needed Y90 9 Determine number of workers 4
2 Design forms 3.0 10 Print forms 6.0
3 Determine census grlds 2.0 11 Employ workers 2.0
4 Arrange computer processing ° 2 12 Mééimgs with workers 1.0
5 Arrange publicity 4 13 Take census 4.0
6 Order forms ) 2 14 Keypunch data 3.0
7 Write computer programs 4.0 15 Computer analyses 4
8 16 Write final report 4.0

Publicity 4.0

PERT ANALYSIS USING THE COMPUTER
»

PERT WITH PROGRAM GCPATH

The examples that hav- been discussed on the
précéding pages have all been fairly simple in

ERIC

Aruitoxt provided by Eic:

nature and thus were easily solved by hand.
Many of the problems to which PERT is applica-
ble, however, are not as easily solved. Often
there are a large number of activities and com-
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plex relatlonshlps among the activities. PERT

probably finds its greatest utility in those proj-

ects whlch encompass a great number of activi-

ties w1th riumerous interrelations; but large

projects like this are difficult to handle by the
manua.l procedures we have outlmed Fortu-

which do an efficient job of solving large. PERT

network problems In this section we will intro-

duce you to one of them. ]

The program we will use is named GCPATH
and was written in the BASIC program language.
The function of the program is to provide the
PERT network analysis by taking in such initial
information about the activities as Durations
and predecessors and giving back the numerical

flgures for, each. It will also identify which
activities are on the critical path.

THE STEPS FOR USING GCPATH

Complete Actlvmes Llst
Before beginning to use GCPATH; you will
need a complete activities list; including all

activities and dummy activities; predecessors;

and Durations for all activities: To illustrate

how GCPATH works, let’s use again the board
presentation project. The complete activities
list for this project is reproduced in Figure 2-26
below.

Data Statements . )
While ther- are numerous different ways in
general to make information or data available

to a computer program for execution, GCPATH
receives data by means of DATA statements
which the user inputs into the computer. The
form of this statement is:

statement number DATA activity ID, - )
Duration, predecessor, predecessor,:., -1

One DATA s.atement must bé constructed
for each activity in_the project. Since there are
seven activities in_the board presentatlon proj-
ect, we will need to construct seven DATA
statements. Each must have a statement numi-
ber; the first should be 2000.

Let us construct the first three DATA state-
ments in detail:

2000 DATA1,.5,-1
2001 DATA2,1-1
2002 DATA3,i,1,2,-1

The first statement, numbered 2000; repre-
sents activity 1, wh1ch has a Duration of 5

days and has no predecessors. The -1 at the

end of each liné indicates that there are no more

predecessors_for this activity. Slnce each state-

ment must be numbered with a consecutively
higher number, the second is 200%1. It indicates
that activity 2 has a Duration of T day and has
no predecessors. The DATA statement num-

bered 2002 indicates that activity 3 has a Dura-

tion of 1 day and, as predecessor, activities 1
and 2. Each following DATA statement is con-
structed in a similar manner until the list of

activities for the project is exhausted. Figure

Durations (davs)

1D Activity Dé:vEri‘priDn Predecessors

1 Get cumculum cofmmittee report 8 .5
2 " Get sample curriculum material 9 1.0
3 Outline presentation 1,2 1.0
4 Write presentation 3 2.0
5 Type presentation 4 1.0
6 Make overhead transparencies 3 4.0
7 Give presentation 5,6 1
8 Duiitiiy 0.0
9 Dummy 0.0

Figure 2 26

Complete actwmes list for board presentatton project.
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2-27 givps th’e’, compiete list for the board
presentation project.

2000

’

DATA1, 8
g ‘9‘
1
3

5

.1

1 .
DATA42 -1
DATA 5,1,4,-1
4,3 -1

6,-

DATA &,

DATA 8,0,-1
DATA 9,0,-1

Figure 2-27,
Data statements for the board presentation projeci.

Gettmg Access to the Program 7777777777777
Once you have the list of DATA statements

wrntten dOWn you are ready to run the com-

must do is to commumcate to the computer
that you want to run program GCPATH. To
do this, you type the access statements appro-
pnate for your computer.®> For example, it may

be:
GET~GCPATH

tell the computer that you want access to pro-
gram GCPATH.

Next, you must enter your DATA statement for
your project. In this case enter the DATA state-
ments just as they are given in Figure 2-27.
After you have typed each line; press the return
key.® Once vou have entered all the DATA
statements; you are ready to run the program.

To do thls type the run statement appropriate

for your computer —for example, RUN. The
computer will reply by typing out the question:

HAVE YOU ENTERED YOUR DATA ALREADY? YES=1., NO=O
?

3 If you have not operated a computer from a terminal
before consult your instructor for help.
If you make an error in ertering any DA’I‘A state

2000 DA'IG (error nit rpturn)

line correctly-—e g.,
2000 DATA 1, .5, -1,
5 Before begmnmg to use the termmal be sure you

know the access and run statements approprlate for
your computer.

RIC
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ifthe answer is yes, typer‘fi” next to the
question mark. If you should happen to type
“0,” the machine will print out the following
lines:

ENTER THE PROJECT DESCRIPTION IN DATA STATEMENTS
BEGINNING WITH. LINE..2000. .
FOR EACH JOB, GIVE THE PDLLOHING DATA -

JOB NUMBER

TIME REQUIRED TO COMPLETE

PREDECESSOR JOBS (IF ANY)

-1

JOBS MAY BE ENTERED IN ANY ORDE1
AFTER ENTERING YOUR DATA STATEMENTS, RE-RUN THE PROGRAM

In essence, the computer is tellmg you how to
enter your data. You would then enter your

DATA statements and type RUN again. Using

program GCPATH the \.omputer will now ana-

lyze your data: After it is finished it will type
the information in figure 2-28.

RECEN S G ERELEOERSGANS

TN e 3O
Sm ey D e It

oepe
ocpe

\qure 2—2é. )
Computer output for the hoard presentation problem.

The first information the program prints out
(Part A) is a list of the activities in the project
along with their duration time and_ list of the
activities which precede them. This is printed
out so that you may confirm that you have
entered all thé information on the activities of
the project correctly. In Part B, the program
prints out the earllest completlon time of the
project, or T—the minimum number of days it
will take to complete the project. Fmally,
Part C, it prints-out for each activity the Earheét
Start and Finish, tie Latest Start and Finish,

the Slack Time, and whether or not the activity

is on the critical path. For irstance, in Figure

2-28; activity 2 (‘‘get curriculum materials

samples™} has an Earliest Start time of 0 days
and Earliest Finish time of 1 day, a Latest Start

35
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time of 0 days. and a Latest Flmsh time of 1 day,

and a Slack of 0 days and is on the crltlca:lipath
In contrast, activity 4 (“wrlte the presenta-
tion”) has an Earliest Start time of 2 days; an

Earliest Finish timé of 1 days, a Latest Start
time of 3 days, a Latest Finish of 5 days;and a
Slack time of 1 day; and it is not on the critical
path. The critical path through the PERT net-

work is thiis identified by the actmtles that

are labeled CP by the computer program.

COMPUTER PERT ANALYSIS:
AN EXAMPLE

The (.hlef advantage of computer solutlons to
PERT analyses is that they can provide time and
slack figures and designate the critical path
much more qulckly and easily than hand solu-
tions. In addition, the computer is capable of
handlmg very complex pro;ects with a large
number of activities just as easily as it handled
the small example above:

To illustrate the capability of GCPATH to
handle a somewhat more complex project, let’s

look at one final example. Suppose that your

state leglslature passed a law durmg its last ses-

sion requiring each school district in the state

to establish educatlonal goals for each grade

level from first through twelfth within the mext
two years. Assume that you are in charge of this
project for your school and that you come up
with the activities list shown in Figure 2-29.

From this list, you might construct a network

similar to Figure 2-30;

This network would cleaIly iHustrate prede-
cessor activities and the position of dummy
act1v1t1es and you could now complete the
activities list by entering the latter, as in Figure
2-31.

If you hag to rely solely on hand calculatlons
at this point to derive Earliest and Latest Start
and Finish Times, Slack, and the Critical Path,
you would be in for a time-consuming set of
Operatlons With GCPATH available, however,
you could simply make your data statement list
with activity number, Dirations, and predeces-
sors, and GCPATH would give you the full
PERT . analysis; including all activities on the
critical path. Figure 2-32 shows the GEPATH

printout results for the goal specification project:

3 Duration ) . Duration
1D Activity Description {weeks) 1D Activity Description (Weeks)
1 Secure state guidelines 4 11 Generate preliminary set of goals 8
2 Construct committee gundelmés 3 12 Distribute for teacher reaction 4
3 Appoint goal specification committecs 4 13 Call in consultant 6
4 Contact state university education 14 Eompare with goals of other )

department regarding goal _ districts 2

_ specification workshops 6 15 Revise goals &

5 Meet with workshop leaders 2 16 Submit to superiutendent for i

6 Schedule workshops 2 approval . 4

7 Distribute committee guidelines 4 17 Submit to school board for )

8 Conduct workshops 9 ~ approval 8
9 Secure samples of goal specification ) 18 Submit to state department of 7

from other districts 16 education for approval 10

10 Consult or review literatire on 19 Publish, distribute to all teachers 14

goal specification 12 20 Inform commumity of outcomes 4

Figure 2-29.

Activities list for goal specification pro;ect

Q
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Figure 2-30. =
Network for the Goal Specification Project.

1D Activity Description Predecessors Duration {weeks)
1  Secure state guidelines 22 4
2 Constrict cominittee guidelines 1 3
3  Appoint goal specification committees 23 4
4  Contact state university education
department regarding goal N
specification workshops 21 6
5 Meet with workshop leaders ' 4 2
6  Schedule workshops o 5 2
7  Distribute committee guidelines 2,3 4
8 Conduct workshops 6,7 9
9  Secure samples of goal specification - .
from other districts 24 16
10 Consult or review literature on
. goal specification L .. 25 12
11  Generate preliminary set of goals 8,9,10 8
12  Distribute for teacher reaction 11 4
13  Call in consultant ) 11 6
14  Compare with goals of other districts 1 2
15  Revise goals - 26,18,27 8
16  Submit to superintendent for approval 15 4
17  Submit to school board for approval 16 8
18 Submit to state department of )
edacaticn for approval 17 10
19  Publish, distribute to all teachers 18 14
20 Inform community of outcomes 18 4
21  Dumiy 0
22 Dummy 0
23 Dummy 0
21 Dummy 0
25 Dummy 0
26 Dummy 12 0
27  Dummy 14 0
28  Dummy 19 0
29 Dummy 20 0
Eigure 2-31;
Durations.

ERIC
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2000 DATA
2001 DATA
2002 DATA 3,4,23,-1
2003 DATA 4sAs21,-1
2004 DATA S5,2,4,-)
2005 DATA 6,2:5,-1
2006 DATA 7,4,2,3,-1
2007 DATA B,9,6:7,-1
2008 DATA 2, 16:24,-1
2009 DATA 10,12,25,-1
2010 DATA
2011 DATA
2012 DATA 13,6,11,

2013 DATA 14,2,11,-1

2014 DATA 15,R,264,13,27,~1
2015 DATA
2016 DATA
2017 DATA 18,10,17,-1
2018 DATA 19,14:18,-1
2019 DATA 20,4,1%8,-1
2020 DATA
2021 DATA
2022 DATA 23
2023 LATA
2024 DATA
2025 DATA
2026 DATA i
2027 DATA 28,0,19,-1
2028 DATA 29,0,20,=-1

RUN
GCPATH
HAVE YOU ENTERED YNDUR DATA ALREADY? YES=1, N0N=0
71
ACTIV DURATINNS

1 a 22

2 3 i.

3 4 23

a 6 21

S 2 a

6 2 5 N
7 a 2 3
8 9. A 7
9. 14 2a

10 12 25

1t 8 8. 9 10
12 4 11

13 6 11

14 2 11

15 8 26 13 27
16 I 15

17 8. 16

18 10 17

19 1a 18

20 4 18

21 0

22 0

23 0

24 0

2s [s} o

26 o] 12

27 [} 14

28 0 19

29 [s} 20

EARL1EST COMPLETION TIME FnH THE ENTIRE PWOJECT = 78
Figure 2-32. . )
GCPATH Analysis of the Goal Specification Project.

(5]
O
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o _ _EARLIEST _ LATEST_ Lo
ACTIV START FINISH START FINISH SLACK
1. o a 0 a 0 sCPe
22 0 0 0 0 0 *CPe
2 a 7 4 7 0 *Cpo
3 0 a 3 7 3
23 0 0 3 3 3
a o] [ i 7 i
21 0 0 1 : !
5 6 8 7 S !
4 8 10 9 11 1
7 7 11 7 11 0 «CP#
8 it 20 11 20 0 «CP®
9. 0 16 a 20 4
24 0 0. a a 4
10 0 12 8 20 8
25 0 0 8- B o o
il 20 28 20 28 0 *CPe
12 28 32 30 34 2 L
13 28 3a 28 34 0 *CPe
12 28 30 a2 3a 4 .
is 3z a2 34 42 ] *CP*
26 3z 3z 34 3a 2
27 30 30 3a 34 a
16 a2 46 a2 a6 0 «CRe
17 as 54 a6 sa o] +CPe
18 54 64 54 64 0 «Cpe
io 64 78 6a 78 0 «CPe
20 64 68 74 78 10
28 78 78 78 78 0. +CPe
29 68 68 78 78 10
DINE
Figare 2-32. Continued
REVIEW
Exercises Use GCPATH to analyze one of the problems listed below thzat you have

done previously by hand.
1. Preparing a budget request for an elementary scbool from page 14.
2. Polling the district teaching staff on their attitudes toward differenti-
~ ated staffing from page 14.
3. Conducting a census for your school from pave 25:
Your printout will depend upon the exact data you included in your initial
analysis of the project.

USING PERT IN THE EDUCATIONAL SETTING

ORGANIZING; PLANNING, AND
TIME MANAGEMENT

As you can appreciate at this point, PERT pro- analysis are bulldmg a new hulldmg, introducing

vides an invaluable approach to the organization a new instructional program into the curriculum,

of thinking and planning for any project which reorganizing existing programs, budget prepa-

involves a well defined collection of interrelated ration; teachersalary negotiation processes;

activities. Some examples of typical adininistra- planning affirmative action programs, planning

tive projects appropriate for PERT methods of school integration, and conducting needs surveys.
=

ERIC
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Using the network sequence, subprojects can
be broken out of the network and desig-

nated as specific uiits of work to be delegated
Also, using the time flgures from the analy51s,
activities can be systematically scheduled on the
calendar.

Orice a pro]ect 1s under way; the PERT analy-
sis can be used as a valuable guide in managing
the progress of the project in terms of time. Not
only can the PERT-dertived schedules be used;

but the critical path prov1des check points to

which the manager may want to pay particular
attention.

PEKT A5 A COMMUNICATION TOOL

Once a PERT analysis is complete, it provides
ample material for communicating effectively
with subdrdinateq su'péri'oré and any 'others

The network alone provndes a graphlc p1cture
of the intérconnection between activities and
among the subprojects, giving workers a clear

understanding of how their tasks fit into the
overall picture. The specific tlme flgures in-

cluding slack and critical path factors as well
as the resultlng calendar sehedule clarify the
time cornstraints for all concerned

The administrator can summarize the PERT

analysis ir formation in any number of ways in

order to communicate effectively about the
project, depending on the situation.

AVAILABILITY OF COMPUTER
PROGRAMS FOR PERT ANALYSES

As with computer programs for other opera-
tion research téchniques, most adm‘nistrators
find that they can rely on the du'ector of their

computer center or the service agency that

provides computer processing to obtain coms-

puter programs for PERT ana.lyses and to run

them with the data provided by the admini-

strator. Such programs are usually readily avail-

able from the manufacturel of the computer
you have access to, from university computer

centers, or from users’ groups:

There is a great number of different PERT
analysis programs, but they are all basically

the same. They differ primarily in special de-

tails—for example, the exact form of the input
or the features of the output may be some-
what different. Since PERT analyses always
require basically the same initial data and pro-
duce basically the same PERT resultc. admlm-
strators will normally have little difficulty using
whatever PERT program may be available.

ADVANTAGES AND
LIMITATIONS OF PERT

Now that you have some. 1dea of what”PERT
and take the larger v1ew of PERT as a manage-
ment tool. Obv1ously, 71t will not solve every
problem of school admlnlstratlon Yet it does

have advantages (as well as disadvantages) when

employed as a decision-making tool.
Let us consider the advantages first. Wiest
and Levy prov1de an excellent summary of the
777777 for management

in general:’

1. .. . [PERT/CPM techniques] are useful
at several stages of project management—
from the early planning stages, when
various alternative programs or pro-
cedures are being considered; to the
scheduling phase, when time and resource
schedules are la'd out and flnally in the

device to measure actual versus planned
progress.

2: They are straightforward in concept and
easily explainable to the layman_ with nio
background in network theory. Data cal-
culations; while tedious for laige projects,
are not difficult. Basic 'criticél path data
speed for projects with up to 500 or 600
activities. Computer programs are readily
available for larger projects.

3. The network graph displays in a SImple
and direct way the complex interrelations

6CPM refers to the independently developed tech-
nique of Critical Path Méthod, the essentials of which
are incorporated in such general PERT analysis as that
presented in this text. _

7 Jerome D. Wiest and Ferdinand K. Levy, A Manage:
ment Guide 10 PERT/CPM (Englewood Cliffs, NJ.:

Prentice-Hall, 1969).
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of activities whlch coniprise a pl‘OJeC
Mdnagers of various SUdeVIbIOHS of the
project may qmckly pereeive from the
graph how their portion affects, and is
affected by; other parts of the pro_ject

4. Network calculations pinpoint attention
to the relatively small sgbset of activities
in a project which is critical to its com-
pletion. Managerial action is thus focused
on exceptional problems, contributing to
more reliable planning and more effective
control.

5. CPM enables the manager to reasonably
estimate total project costs for various
completion dates. These various trade-off
possibilities, along with other decision

criteria;, enable him to select an optimum
or near-optimum schedule.

6. CPM and PERT are applicable to many
types of projects—from aerospace de-
velopment projects to large construction
and maintenance jobs, from new product
introduction programs to missile count-
down procedures. Moreover; they may be
apphed at several levels w1thm a given
pro_]cct from a single department working
on a subsystem to multi-plant opérations
within a large corporation.

7. As simulation tools, they enable the
manager to project into the future the
effects of planned or unarticipated
changes and to take appropriate action
when such projections indicate the need
for it. Thus, for example, the manager can

qulckly study the effects of crash pro-
grams and can antlclpate 1n advance

rcsuit from shortening certain critical

jobs:

In addition, PERT contains several other ad-
vantages for the educational administrator.
First; and perhaps foremost; PERT allows the
person responsible for the project to éxamine
the entire project systematically and to identify
the activities involved and the relationships
among them; stated briefly, it is an analytical
tool for planning and analyzmg projects. It
benefits the administrator concerned with
obtaining grants from a riimber of funding in-
stitutions in that many such institutions now
réquiré proposals to be accompanied by a

RIC
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management plan similar to PERT. Finally,
PERT offsrs a highly useful method of docu-
menting projects for future use, either in re-
peating the project or in planning new but
similar projects.

On the other side, PERT has several llmlta-
tions arising primarily from the assumptions it
makes about _projects.

First, PERT assumes that a project can be
Subd1v1ded into a set of predlctable, independent
activities. This has been challenged on two
grounds. The first is that it may not be possible
for all the activities whlch comprise a hew
project to be known before the project is
started. This is not unreasonable when a group
of individuals engage in a new project which
they know little about; but for school admini-
strators, it is unlikely that many completely
unfamiliar projects would be initiated. The

second cha:llenge has to do with the identifica-

tion of separate activities within the project.

It maintains that in some cases it is not possible

to sep:n'ate the activities into 1ndependent units.
For instance; the managerial function in a proj-
ect is difficult to fit into the definition of an
activity as having definite beginniug and ending
points within the project. This objection may be
valid for several types of activities. .

The second PERT assumption is that the re-
Iatmnshnps among act1v1t1es can be ccmpletely
each actnvnty connects dlrectl,y into its immedi-
ate successors. The assumption is not valid
where the relationship between activities is con-
ditionial, i.e. the case where the order of activi-
ties is contingent upon the outcome of other
activities: In a curriculum development pro_]ect

for example pubhcatlon of the materials may

hlnge on the successful outcome of the field

trials: If the trials are not successful; the mate-
rials must be revised—otherwise they go to
pubhcatlon PERT has no provisions for this
type of conditional precedence of project
activities:

The third assumption of PERT is that actnvnty
durations may be estimated and are independent
of each other. Since the calculation of the criti-
cal path depends on the time estimates, it is
necessary that the estimates be accurate. But
this is not always the case: when a project is
initiated; the personnel involved may know little
about the duration of thé activities ‘they must

3J
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carry out and their estimates may be inaccurate. This is that it generally takes some time to
There may also be cases where the activity carry out the data gathering and calculations
diirations are not independent. When there is necessary for a PERT analysis. If the project is
only a limited amount of manpower or money fairly small and the time schedule tight, it may
available, for instance, applying it to one activity be moré efficient to do without the analysis.
may result in another activity being slowed However, this saving in time must always be
down or stopped. S weighed against the ultimate cost of poor
Finally, PERT has one characteristic which scheduling and planning for the project.

may prove a disadvantage in some Situations.

FINAL EXERCISE

Choosé a project which is or might be your responsibility and perform a PERT analysis, using GCPATH
to aid in your analysis. You should generate the following:
1. An activities list;

A PERT network of the project;

A PERT analysis by the computer; . T
A verbal description of the critical path, making any advisable adjustments;
Using actual calender dates, schedule the activities for your project.

U\P‘CJQ*"
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7 LiNearR PROGRAVIMING

CHAPTER PREVIEW This chapter introduces the technigue of linear programming as a manage-

CHAPTER AIMS

ment tool for decision making. Linear programiitg is a problem-solvmg
techmque useful in problem sxtuatlons where one quantlty must be opti-

main thhm certain limits. An example of such a prpblem is determmmg

the amount of instructional time to be spent in each of several different
teachmg modes so that the value of instruction to students is maximized

while the limits of teachers and facilities available are observed.

The chapter contams a sampie of a linear programming computer progra:n

and illustrates its use in several different situatiors. At key points; exercises

are given to provide the uiser with experience in usmg a computer program

and applyxhg specific techniques for handling vanous linear programming

problems.

The problems used as examples and exercises in this chapter aré real-world

probleins WhICh have been sxmphfled somewhat in order to illustrate clearly

Ralph A. Van Dusseldorp, D. E. Rlchardson and W J. Foley, Educattonal
Decision- Makmg through Operattons Research, Bost .n: Allyn and Bacon,

1971.

Successful completlcm of this chaptez with its exercises should prov1de the

reader with a basic understandmg of what corstitutcs a linear programming

problerg ,,,}LOVY,EO,,fQLm} mathematical model of the problem; and how to

use a computer program to find the solution. Once these skills have been
mastered; the reader should be able to deal successfully with real-world

linear programming problems in all their ccmni>xity.
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INTRODUCTION TO LINEAR PROGRAMMING

WHAT IS LINEAR PROGRAMMING?

In the course of their careers, edicational ad-
ministrators encountér many problems like the
following:

How can we adjust the salary schedule 50 that
beginning teachers’ salaries are as hlgh as
possible and still remain w1th1n the budget?

Which teachers should we hire in ¢ xder to
maximize the quality of teaching in the

) district?

. How can we have rac1ally balanced schools
while transporting students a minimum
distance from their neighborhoods?

How much time should be devoted to indi-

v1dgai}§ed 71nstructlon in mathematics so

that students are receiving the maximum
possible benefit?

_Although the above problems deal with
widely varied topics, all of them are concerned
with allocating or assigning some resource. In
the first question we are interested in allocatlng
money for a salary schedule. In the second, we
are concerned with assigning teachers to posi-
tions. The third is concermed with the assign-
ment of students to schools, while the fourth
deals with the allocation of class time.

The questions posed above also have another
common characteristic. They are all concerned
with making some quantity as large or as small

as possible (maxtmtzmg or mmtmtzmg) in the

flrst question; the maximum salary of a be-

glnmng teacher; in the second, the maximum
quality of teaching; in the th1rd the minimum
distance students must travel; ,and in the fourth,
the maximum possible benefit in mathematics
instruction. == L o
Problems like those outlined above, which are
concerned with allocating or assigning some re-
source in order to maximize or minimize a cer-
tain result; are called problems in opttmtzatton
Optimizing a quantity can refer to either maxi-
mizing or minimizing it.
Many optimization problems can be solved

using the operations research techmque of llnear

programming. In the past, linear programmlng

has been used principally to solve problems in

the military, industry, and buslness In recent

years; however, the__flexibility and problem-
solving power of linear programming have
proved 1t to be a hlghly efféctive tool for edu-

,,,,,,,,

The term “programmlng” in “llnear program-
ming’’ does not specifically réfer to computer
programming. Rather; it refers to expresslng or
modéling a réal problem situation in mathe-

matical terms. The term “‘linear”’ refers to a

partlcular kind of mathematlcal relatlonshlp

between the varlables or quantltles in the prob-

lem. The reason this relationship is called linear

is that graphs of linear mathematical formulas

are always stralght lines: Each of the formulas

in the model of a partlcular situnation must have
th1s linear relatlonshlp of its varlables before the

techriique of linear programmmg can be applled
A precise deflnltlon of a linear formula 1s given

in the follow1ng example end a more complete
discussion of linear equations appears in the last

section in this chapter.

EXAMPLE OF A LINEAR
PROGRAMMING PROBLEM

To get a first look at how the technlque of lmear
programming works, let’s use a hypothetical
problem borrowed from the bus1ness world.
Suppose a television manufacturer produces two
models of television sets—portable and console
The profit on each portable set produced is

$20, while the profit on each console model is

$25. The maximum capacity of the assembly

lines is 60 port:ibles and 40 consoles per day.
The plant employs 150 assembly -line workers;

all of who can work on either the portablées or

the consoles It takes two person-days to pro-

duce a portable set and three person-days to

produce a console. We assume that all television

sets produced will be sold. The problem is to
determine the number of consoles and portables
to produce each day in order to maximize the
total prefit.

At the outset; this appears to be a problem in
optimization because it involves certain re-

sources to_allocate (assembly lines and workers)

and something to he optimized (the total profit).

4z
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LINEAR PROGRAMMING

The fll’St step 1n solvmg the problem using linear

programmmg is to express it in mathematical

symbols: Let us choose T to stand for the total
daily profit, the variable p to stand for the
number of portable sets manufactured per day,
and the vartable ¢ to stand for the number of
console sets manufactured per day.

Since each portable set yields a profit of $20
and each console set a profit of $25, the total
daily profit can be expressed in the following

équation:
e

20p + 25¢ =T
Since our goal is to find the number of portables
and consoles that should be produced each day
$o the maximum possible profit is made, we
want to find values to_assign to p and ¢ that
yield as large a T a¢ possible.

There are some special terms used in llnear
programming to identify various parts of the
Droblém Thé iriéaédré bf éfféctivéhéSs is thé
mlze—m thls problem, the total dally proﬁt
The mathematical equation expressing the
measure of effectiveness is called the object
function. In this case, the object function is:

20p + 26c=T

From the above equatlon for T, it 1n1t1ally ap-
pears that the manufacturer could maximize

his profit by producmg only console sets ¢

However, the number of consoles that can be

" produced is limited by plant capacity to 46 per

Q

day: This condition is symbolically expressed
by!:

c< 40
In_linear programming a restriction like this is
called a constraint. In terms of the problem; in
finding values for ¢ and p which will maximize
the plant’s daily profit, we are limited or co'ni

be bulld per day
Another constraint is the restriction that no

l'[‘he sign < means ‘‘less than or equﬁal to spc 2 40
is read “c is less than or equal to 40" or “the number of
consoles produced must be less than or eqiial to 40.’
The slun < is read ‘‘strictly less than.” If we had written
“c 2 40," we would have excluded the possibility that
¢ could exactly equal 40. The sign > (the reverse of <)
means ‘‘greater than or equnl to,”” and > of course
means “‘strictly greater than.’

RIC
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more than 60 portable sets can be built per day.
This condition is expressed by:

which indicates that p, the number of portable
sets that can be produced, is less than or equal
to 60.

A th1rd constralnt is that it takes two person-
days to build a portable set and three person-
days to build a console set. When p portables
are built, this production requirés 2p employees
each day. If ¢ consoles are built, 3¢ employees
are needed each day. Only 150 employees are
available to build television sets cach day, so
the third constraint expressed in mathematical
terms is:

150

That is, the total number of employees used to
bulld portable and console television sets must
be no larger than 150

At this point; we have expressed the elements

9p + 3c <

of the television production problem mathe-

matically, in the form of three constraints and
one object functlon The problem s condltlons

statemepts—constralnts . and, object fun(;t;on——
comprise a mathematical model of the problem.

We are now in a position to examiné the for-
mulas in our model and to determine if they are
linear. If they are, we can conclude that the
problem is & linear programmirng problem; that
is, it can be solved using linear programming
techmques ]

A formula (elther an equatlon or_ an in-
equahty) is linear if the variables are only added

and/or subtracted from each other; that is,

variables may not be multlplled or divided E r

each other or by themselves: Real numbers may

be added subtracted multiplied; or divided at

any point in the formula without affecting-its

linearity. A formula with one variable appearing

only once is automatically linear. Study the

following examples of formulas and the discus-
sions of whether or not they are linea.".

Linear—because th. varia-

x + y =0
bles are added together.
3x -4y < Linear—because the varia-

bles are subtracted from
each other: Notice that the
numbers can be multiplied
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by the variables (3 + x and
4 y).

S z+dw+1 Linearbecause the varia-
bles are added or subtracted
from each other. Notice
into variables (x - ¥/2) and
can stand alone (+ 1).

Not linear—because the vari-
ables are multiplied by each

- other.

Not linear—because the vari-

e ables are multiplied by each
other (¥2 means x + x, sO

x is multiplied by itself).
4x +y . T :
— =x Not linear—because the vari-
z ables are divided by each

other (4x + y/2).
Note: There is no limit to the number of vari-
ables allowed in a linear formula.
 Let’s look at the formulas in our model to see
if they are linear:

 9p+8c< 150

20p + 25¢=T
All of them either have variables which are
able: Therefore, all four of our formulas are
lmearformulas and this is indeed a linear pro-

complished these steps:

1. We havée determined that the problem,
one of resources to allocate and a quan-
tity to optirnize, is an optimization prob-
lem and therefore is a candidate for

the technique of linear programming:

2. We have formulated the model by
a. identifying the controilable variables
~ and the measure of effectiveness;
b: identifying the constraints;
c. representing the constraints and mea-
sure of effectiveness mathematically.
3. We have examined the model and deter-
mined that the formulas are all linear.

Mathematical Expression

Statement in Problem

Tvpe of

of Statement Statement

The daily profit should be
maximized.

No more than 60 portable

No more than 40 console sets
can be built per day.

A total of 150 employees are
available; it takes 2 person-

‘ days to build a portable and

3 person-days to build a
console.

Subject to the above constraints,
find p and ¢ to maximize . . .

Object function

20p + 25c =T

p < 60 Constraint
c <40 Constraint
2p + 3¢ < 150 Constraint

21t is tacitly assumed that the number of portables
and the number of tonsoles are greater than or equal to
zero, i.e. t; » 0 and t; » 0. It would make no sense to
talk about producing a negative number of television
sets! It is unnecessary to include the expressions ty > 0

and t, & 0 as coiist /5 in the mathematical model.
When we use a comp _program to solve linear pro-
gramiming problems, we will find _the program auto-

matically assumes that controllable variables cannot
have negative values.

Wi
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Terminology 1 OPTIMIZATION—the maxiraization or minimization of a given quantlty
2. MEASURE OF EFFECTIVENESS—the quantlty to be maximized or

OBJECT FUNCTION—the mathematlcal equatlon expressmg the mea-
_ sure of effectiveness.
5. LINEAR—characteristic of a formula in whlch varlables are only added
to and/or subtracted from each other, thus resulting in the graph of the
~ fonnula being a straight line.
6. LINEAR PROGRAMMING—a problem solvmg techmque useful for real-
life problems in optimization which can be expressed by a mathematical
model 1nvolv1ng linear formulas. |

é. CONSTRAIN”E‘-,—a restnctlon that 1mposes limits on a problem’s solution:
4

Exercises 1. Choose variables to represent the following quantltles for a school:
number of classes in session at any one time;
number of teachers;
number of teacher aides; .
average teacher’s salary;
average teacher aide’s salary;
_number of children in the school.
Now practice translating English statements into equlvalent mathemati-
cal statements by expressing the following conditions symbolically:
a. The niumber of classes in session at any one time is no larger than 65.
b. The number of chlldren is at Ieast 250.
~ orequal to 75.
d. The average teacher’s salary is $2,000 more than the average teacher
aide’s salary.
e. The number of ieachers is between 35 and 40.
2. Whlch of the following formulas are linear?
5x =y S
2/3a - 3b + c=0
¥2+5y +6=1
Be-d=e-3
2mn-6m+5n<0

® RoTin

PRODUCTION PROBLEM

Once the mathematical model for the problem maximizes the expression 20p + 25¢ = T and thus
has been formulated, the search for a solution results in the greatest possible total profit; T.
involves finding the best solution from among What values of p and ¢ will make T as large
many possible ones. The best solution to the as possible? Remember that we are limited in
television production problem is the one that choosing p and ¢ by the following constraints:
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< 60 (hurﬁbér of portables)
¢ < 40 (number of consoles)
2p + 3¢ <150 (number of person- -days)

Let’s try to solve this problem by tr1al and
error; merely to ilustrate how possible solu-

tions to a problem differ from the best solution.
(We will subsequently learn to use the computer

program EPRG to solve linear programming

probleﬂs )
~ Suppose we choose, arbntranly. to manufac-
ture 60 portables and 40 consoles. ,That is, we

choose values for p: and ¢ of 60 and 40 respec-

tively (p = 60 and ¢ = 40).

There are now two things we want to know:
Have we found a possible solution to the prob-
fem and is.this the best solution? We knpw we

have found a posslble solution if our choxcPs

for p and._ ¢ satisfy all the condltlons or con-

straints, of the problem. We have found the best

solution when T, the total daily profit, is as large

as it can possibly be. There are tnerefore three

things we want to check, now that we have as-
signed arbntrary values to p and ¢:

1. Does our choice of p and c satisfy the
B constrannts"
2. If the constralntsi are satisfied, what is the

 resulting daily profit, T?
3. Is this profit as large as it can possnble be?

Using thé arbitrary values p = 60 and ¢ = 40, we
now answer these questions:

1. Are the COnstraints satisfied by p = 60
and ¢ = 40? 7
First constraint: p < 60.
p =60 and 60 < 60;
therefore, this constraint is satisfied.

Second constraint: ¢ < 40.
¢ = 40 and 40 < 40;
therefore; this constraint is satisfied.
Third constraint: 2p + 3¢ < 150. ,
Substituting p = 60 and ¢ = 40, we have
(2 - 60) + (3 40) = 120 + 120= 240.
940 is not less than or equal to 150;
240 is greater than 150. Therefore, p
= 60 and ¢ = 40 is not a solution be-
cause it does not satisfy all the con-
stralnts.

_ Since we have learned we cannot use values
for p and c as laIge as 60 and 40 respectively;
lets try p = 0, ¢ = 40 for a second possible solu-

tion:

1. Are the constraints satisfied by p =0 and
c =407
Ftrst constraint: p < 60.

=0and 0< 60s00<

thl constraint is satistied.

Second constraint: ¢ < 40.
¢ = 40 and 40 < 40; therefore, this con-
straint is satisfied. _

Third constraint: 2p +3c< 150

Substituting. p 0.and ¢ = 40, we have
(2 - 0) + (3 + 40) and 0 + 120 =120
< 150. Therefore, this constraint is also
satisfied.

Since all the constralnts are satisfied, we
can conclude that p = Oandc=401isa
solution to the problem.

2. What is the resulting dally proflt T?
The object functlon is 20p + 25¢ = T.
Suibstituting p = 0 and ¢ = 40; we find
200 + 2540"0+i666— 1000 = T, so

the daily proflt is $1000 if O portables

~ and 40 consoles are produced.
3. Is T as large as it can be?

We don’t know yet. It may beé possible to
choose values for p and ¢ that result in a

larger vaiue for T. Let’s try another set of

values for p and c and see what happens

to the value of T

< 60; therefors,

Agaln we select vwdes for p and c. We know
that c= 40 is as large as allowable according to
the seCOnd constraint: For the next solution;

let’s keep ¢ = 40 and make p as large as possible,

hoping to maximize T. With a little forethought
we can select a value for p which will be as large

as posslble and which together with ¢ = 40 will
satisfy all the constraints.

1. Our first concern is to pick values for c

and p which satlsfy all constraints. Since

we already have chosen the value of ¢ as *

40 whlch satisfles the constralnts, we

geta clue to what value to select forp.
First constraint: p < 60.

40
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] Are all

"Value for p Value for ¢ constraints Value
(portables) {consoles) satisfied? for T

0 40 yes $1000

10 20 yes 700

10 40 yes 1200

10 50 no* it

15 35 yes 1175

15 40 yes 1300

20 35 yes 1275

30 35 not =

30 30 yes 1350

40 20 yes 1300

50 10 yes 1250

60 10 yes 1450
70 10 nof —

*c = 50 violates the constraint that.c < 40:
B 1'p = 30 and ¢ = 35 violates the constraint that
2p +3c < 150 (2°30 + 3-35 = 60 + 105 = 165).
tp = 70 violates the constraint that p < 60.
Table3si. ,
Sample values for p and c; television production problem.

We already know frorn our eaIller at-

tempt that p r‘annot be as large as 60
when ¢ = 40. So we know that any
smaller value that we chose for p will at
teast satisfy this constraint.

Second constraint: ¢ < 40. o
Since we are staying with ¢ = 40, we
know the second constraint is satisfied
regardless of which value is chosen for
p.

Thzrd constramt 2p + 3c 150.

Since we have already dec1ded that ¢

= 40, we can use this fact-to flg.lre out
what restrictions the third c0nstramt
has on the value of p, whlch we have
yet to determme Usmg ¢ = 40, the third
constraint becomes

2p +3:40< 150, or
2p +120 < 150.

From this we can see that 2p < 30,
which means p < 15. Therefore; in
order to satisfy the third constraint, we
must choose a value for p which is not
larger than 15.

Since we want p to be as large as pos-
sible; we chose p = 15. So p = 15 and
¢ = 40 is our new proposed solution.
Because of thé way values for p and ¢

o

a1

were chosen, we can be assured that p
= 15 and ¢ = 40 is a solution, since these
values satisfy all three constraints.

2. What is the total daily profit, T?

T = 20p + 25¢ = (20-15) + (25'40)
=300 + 1000 = $1300
3. Is T as large as it can be?
‘T is larger than it was when we tned
values of p = 0 and ¢ = 40, but we still
don’t know if T is as large as it can pos-
sibly be. Suppose we have tested several
more combinations for p and ¢ and have
summarizeC our findings as in Table 3-1:

From Table 3-1 we can see that there are

many sclutlons to the television productlon

problem—that is;, it is p0551ble to produce the

following number of television sets while satis-

fying the given constraints:

I;ortahlré'si ( ﬁj Consoles (c)

0 40
10 20
10 40
15 35
15 40
20 35
30 30
40 20
50 10

60 10

The combmatlon of p = 60 portables and c
= 10 consoles produces a profit of $1450. If
we could check every possible solutior to thls
problem, we would find that the combination
of p = 60 and c= 10 is the only solution which
produces a daily proflt of $1450, and further-
more, that $1450 is the maximum proflt we
could obtain. We call the values p = 60 and c

10 the optimal solution to this problem; i:e;,
the values p = 60 and c = 10 satisfy the original

constraints of the problem while at the same

time optlmlzmg (in this case, maximizing) the

total daily profit.

Thlsmproblem typifies many problems in

l;nearkprogrammmg in that it has many solu-
tions but only one optzmal solution.®* We

solution at all, while others have an |nf[n!te 7nur,nber of
optimal solutions. See pages 65~73 in this chapter.

47
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all the constraints in the television problem,
but only one set of values will produce the
largest possible profit. (Don’t worry at this
point abont how we know $1450 is the largest
possible prafit, or how we know that p = 60
and ¢ = 10 is the optimal solution. We will later

verify it through use of a computer program:)

 To sum up, in solving the television produc-

tion problem we first expressed the conditions
of the problem as three constraints:
p < 60;
c<40;
2p + 3c < 150:
We then found p and c such that the object
function:

REVIEW

was a maximum: The optimal solution was:

p = 60 portables

¢ = 10 consoles
The maximum value of T was $1450. o

The trial-and-error technique was used tc

illustrate the differéence between the many
possible solutions to a problem and the optimal
solution. It is fairly easy to guess the optimal
solution to simplé linear programming problems
like this one¢, but most practical linear pro-
gramming problems contain far too many vari-

ables for the trial-and-error method to be useful

or even possible. Our next step, then, is to leam

how to solve linear programming problems using
the computer program LPRG.

What is the difference between a possible solution to a linear program-

ming problem and the optimat solution? (Review text pages 39-42.)

Read the following problem, then answer the five questions below.

A school system wants to hire a total of 85 teacher aides for 85 elemen-

tary school classrooms. One aide will be permanently assigned to each

* classroom. Ten teachers have indicated that they definitely need full-

time teacher aides. The rest (75) would prefer full-time aides if possible

but would accept part-time aides: The school system, in an effort to im-

prove community relations, is committed to hiring at least 15 qualified

parents as part-time teacher aides. An additional consideration in hiring

aides is that the school system wishes to qualify for additional federal

funds by increasing staff. To meet the federal requirement, the school

must employ at least 50 teacher aides as staff members. Full-time aides

are counted as one staff member; part-time aides as one-half: The school

ER system wishes to satisfy all the above conditions while at the same time

spending the least amount of money. A part-time aide is paid $7 a day,

a full-time aide $15 a day.
How many full-time and part-time teacher aides should be hired?

(a) What makes this problem a candidate for the linear programming
~ technique of problem solving?

of the problem? Ehoose variable names for these quantities.

(b) Which quantities will be the two controllable variables in the model

(c) What is the quantity we wish to optimize in this problem? Do we

wish to maximize or minimize this quantity? Write this quantity

- mathematically as the object function.

(d) List the constraints on the controllable variables as concisely as

as you can; then express them mathematically. (There are four

constraints.)



LINEAR PROGRAMMING

43

te) Set up a table 51m11ar to the one we constructed for the television

problem and try to guess the optimal solution by vdrying the values
for the controllable variables.

SOLVING LINEAR PROGRAMMING
PROBLEMS BY COMPUTER

THE COMPUTER PROGRAM LPRG

gramming problems is named LPRG: Since you

are now familiar with the television problem,

we will use it as a sample problem to illustrate

how tc use EPRG: In the last section of this

chapter you will examine many examples of

more c. *nplex problems relevant to the field
of educatlonai administration and study their

solutions as given by LPRG.

How to Use l:PRG
The followmg four steps are necessary to solve
linear programming problems using LPRG.

1: Completely formulate the mathematical
model for the problem. Write out in mathe-
matical symbols all the constraints and the

object functlon

object function and constraints, yvl}ereig repre-

sents the number of portables and ¢ the number
of consoles:

p <60
c< 40
9p + 3¢ <
20p + 25c =T } Object function

television problem consisted of the following

} Constraints
< 150/

N We want to fmd values for p and c such that
T the total daily proflt is maxmnzed

Once all the constraints ar;d the object func-

tion have been formulated; you will have to

assign an artificial order to the controllable

variables: It Vdoes not matter what the order is
or what method is used to determine it. All that

is Important is that there is a first variable, a

second variable; a third one; and so on.

In our example; the controllable variables are

p (the run of portables) and ¢ (the number of

consoles): Let us agree (arbitrarily) that p is the
first variable and c is the second.

a;aa;ﬁiaé the first constraint. It says that p is

mathematlcal model_of a problem into ,the
computer using LPRG, we must make sure that
each constraint says something about each con-
trollable variable. Suppose.we rewrite the first
constraint as:

p +0c <60

We have not changed the meamng of the con-

stramt at all In effect, we have just added zero

to the left-hand 51de, in the form of the variable

¢ with a coefficient of zero.* Suppose, further-

motre, that. we write this const*raint again, this

time clearly indicating the coefficient of p is 1:
1p +0c < 60

 We must rewrite all the constraints and the

object function of the mathematical model in

this manner, clearly indicating what the coef-
f1c1ents of the vanables are, a.nd 1ncludmg every

writing the model is to faclhtate entermg corréct
data into the camputer program LPRG.
Here is the revised (but equivalent) model fox
the television problem: ‘
ip +0c < 60 )
Op +1c < 40 l Constraints
2p + 8¢ < 150!
20p +25¢=T }
Notice that we have lined up the equatrons 1)
all p’s and c¢’s are directly under each otherina
column.

The constraints must also be in order LPRG

IS orgamzed to expect all the constramts m-

Object function

“The coefficient of a variable is the number which
multiplies it. The coefficient of 2p is 2; the coefficient
of 3c is 3; the coefficient of p is 1 (p is one p); the co-
efficient of ¢ is 1 (one c).

4y
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and the constraints involving > last. If there is
more than one constraint involving <, their rela-
tive order is unimportant and may be assigned
arbrtra.rlly The same holds for two or more = or
= constralnts

In our example all the constraints are of the

< varlety, so their order is assigned arbitrarily.

Slnce we have a:lready distinguished 1p + Oc
< 60 as the first constramt Op + 1¢ < 40 as the

second; and 2p + 3¢ = 150 as the third, we will
retain this order.

~ The model is now in a form from which we
can easily enter all the necessary information
into EPRG:

2. Run LPRG. To run the computer program
LPRG, first access the program by typingin the
message GET-LPRG.” 5
line (or by typlng READY or otherwrse indi-
cating that you are to proceed), type the com-
mand to start execution of the program: RUN.

The first line the computer types will identify
the nanie of the program: LPRG:

Now you begin to tell the computer about

your linear programmlng problem: You do this

by respondlng to a sertes of questions which

will be typed by the ¢ computer The questions

will be easy to answer when the problem is
orgamzed as the television set problem is orga-

nized in Figure 3-1. Let’s begin:

XF MAXIMX?ING THE OBJECT FUNCTION, TYPE '1°':
IF MINIMIZING THE OBJECT FUNCTION, TYPE °*=-1°'.
71

Slnce we are maximizing the television set
problem, we respond with a 1. The program
continues:

NUMBER OF VARIABLES?
72

This question refers to the controllable vari-
ables only. In the television problem we have
two controllable variables, p and ¢ (the number
of portables and consoles).

5The message | used to access LPRG imay be different
on the computer syst.em you are using, and the com-
mand to begin execution may also be different, so. be
sure you know the correct commands before continuing.
Notice that in this and other discussions involving inter-
actions with the computer, all responses typed by the
user will bé underlined to _distinguish them from com-

puter-generated response. On actual runs, however, no -

underlining will appear.

NUMBER OF CONSTRAINTS?
73

We have listed three constraints in Figure 3-1;
therefore, the correct résponse is 3.

Next, you will be asked how many of the con-
straints are ‘‘less-than’’ (involving <), how many
of them are ‘“‘equality’’ (involving =), and how

many of them are “greater-than” (1nvolv1ng >).

of these. If you do this 1ncorrectly the program

will tell you the data you entered is mconsrstent

and you will have to enter it again. S;nce atl

three constraints in the televrslon problem are
“less- than " we respond to tne questions in the
following manner.

NUMBEI OF LESS-THAN CONSTRAINTS?
73

NUMBER OF EQUALITY CONSTRAINTS?

70

NUMBER OF GREATER-THAN CANSTRAINTS?
10

Now you will begln entenng the constraints

and object function formulas themselves. The

program will ask you to supply the information

contained in Figure 3-1 in an organized manner:

" It begins with the message:

ENTER THE COEFFICIENTS OF THE CONSTRAINTS,
SEPARATED BY CIMMAS.
CONSTRAINT 1 ? 1, O

Recall that both the controllable variables and
the constraints have an order. You must enter
the information using these orders In this case,
the first constraint refers to 1p + Oc < 60. The

coefficients are 1 and 0. Always begin with the

first variable when entering coeffrcrents so that

the coefficient of the first variable is entered

first, followed by the coefficient of the second

varlable and so on until the coefficients of all

the vanables in the eonstramt have been entered.
LPRG knows how many coefficients to expect.
If you enter too many, 1t will consider the last
ones as extra and ignore them. You will get a
message to this effect: If you do not enter
enhough coefflclents, LPRG will print “??”° until
you have entered the correct number of co-
eff1c1ents it will then go on to the second
constraint.
GNSTRAINT 2 7 0, 1
In this case, the second constraint is Op + 1¢

< 40. The coefficient of the first variable (p) is 0

o U
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and the coefficient of theé second variable (c) is 1.
LPRG then goes on to ask for information about
the final constraint.

CONSTRAINT 3 7 2, 3

Sinice the third constralnt is 2p + 3¢ < 150,

the proper response is 2 followed by 3.
At this point, all the relevant 1nformat10n on
the left-hand sides of the constraints has been

entered.* LPRG knows this and will stop asking

about the constraint coefficients. LPRG also

knows whether the constraints involve <, =; or

> from the 1nf0rmat10n entered earlier. The
only remalnlng information about the con-
straints is the numerical values on the right-hand
sides: These values are the subject of the next
question:

ENTER THE RICHT YANC SIDES 7F ALL THE CONSTRAINTS,
SEPARATED BY COMMAS.
160:“0:150

Remember that these values must be entered

according to the order of the constraints. For
this example, we respond with 60, followed by
40; followed by 150.

Now LPRG has_ all of the 1nf0rmat10n about
the constraints. Only one piece of 1nf0rma-
tion is missing: the coefficients of the object
function.

ENTER THE COEFF!CIEMTS NF THE 2 BJECT FUNCT[OM:

SEPARATED BY COMMAS.
120.25

The object functlon is 20p + 25c T so the

f the varlables) is 20 followed by 25. Now

LPRG has all the information necessary about
the television problem

Before it starts ca:lculatmg, however, it gives
the user a chance to correct or change the data

about the COnstraInts and the object function.

If you have made a mistake in entering the data;

this optlon allows you to correct your mistake

easily by retyping the incorrect line of data.
As we have not made any mistakes in entering

the data in this example, the conversation will
be as follows above.

('ln mathematical formulas, a relatlonal operator
such <, 2, or = is what separates the formula_into 2
sides (the right and the left) For exnmple in 3x + 2y
4+ z > 0, the left-hand side is 3x + 2y + 2 and the right-
hand side is 0. In 14a - b = 2¢c +d + %, the left-hand side

is 14a-b and the right-hand side is 2c +d + %.
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VisA 10

1, NO =

Do You
(YES = 0370

CHANGE DR CORRECT THE RIGHT-HAND S1DES?
0 o

VISH TO
1s NO =

M You
(YES =
CHANGE NH CORKECT THE 0BJECT FUNCTION?
0> 70

0 YOU WISH TO
(YES = 1, N =

Now LPRG will begin calculating the solu-

tion to the problem Flgure 3 1 presents a com-

3-1 give the computer’s answers. Let’s look at

them. _
VARIABLE 1 refers to p and VARIABLE 2

refers to c. The maximum value of the ob_]ect
function, i.e., the max1mum dally profit, is
$1450, and will occur when p = 60 portables
and ¢ = 10 consoles. If you will refer back to
page 00 you will see that these answers are the
same as the ones obtained by the trial-and-
etror procedure '

The variables and their values will not neces-

sarily be listed in order in the computer s answers

because of the method the program uses to find

the best solutlon Also sometimes a variable wvill
not be listed under ANSWERS if it has a final

value of zero. This situation is also a result of
the method of solving the problem which is

being used. )
It is p0s51ble that there are no SOluthns to the

problem you are workmg on A s1mple example

television probiem that the number of portables
had to be at least 50 and the number of con-
soles had to be at least 20. With these additional
constraints the model of the problem would be
p < 60 (at most 60 )
portables)
p > 50 (at least 50
~ portables)_
¢ < 40 (at most 40
_. consoles) _
¢ = 20 (at least 20
~_consoles)
150 (manpower
limitations) )

. 7 Constraints

2p+30

(Maximize) 20p + 25¢ } S
= T (total daily profit) Object function

This problem would have no solution because

if we chose p and c to satisfy the first four con-

i
Ji

CHANGE NR CORHECT ANY JF THE CONSTRAINTS?
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RN
LPRG

IF HAXXH!Z!NG THE OBJECT FUNCTION,

TYPE ). ) 7

IF MINIMIZING THE OBJECT FUNCTION. TYPE =l.

11
NUMBER OF VARIABLES? 12

NUMBER OF CONSTRAINTS? 73

NUMBER OF LESS-THAN CONSTRAINTS? 73

NUMBER OF EQUALITY CONSTRAINTS?

NUMBER OF GREATER-THAN CONSTRAINTS?

0

ENTER THE COEFFICIENTS OF THE CONSTRAINTS, SEPARATED BY COMMAS.

CONSTRAINT 1 71,0
CONSTRAINT 2 10,1

CONSTRAINT 3 12,3

ENTER_THE. RIGHT~HAND SIDES OF ALL THE CONSTRAINTS, SEPARATED BY COMMAS.

760,40, 150

ENTER THE COEFFICIENTS OF THE OBJECT F[NCTION; SEPARATED 'BY COMMAS.

120,25%

DO_YOU WISH TO CHANGE OR CORRECT ANY OF THE CONSTRAINTS?

CYES = 1, NO = 0320

BO_YOU @ISH TO CHANGE OR CORRECT THE RIGHT-HAND SIDES?

(YES = 1, NO » 0 20 |

D0 YOU VISH TO CHANGE OR CORRECT THE OBJECT FUNCTIONT

(YES = 1, NO « 0> 70

ANSVERS? -
VARIABLE VALUE
1 60
2 10

fiiE VALUE.OF .THE OBJECT FONCTION IS

THIS VALUE IS A MAXIMUM,
DONE

Flgure 3-1.
Complete Run of LPRG.

stramts the last COnstramt WOuld not be satls-
fied. For example, if we chose p = 50 and ¢
= 20, then:
5.50+3+20=2:50+3¢20=160
whlch is greater than 150 and therefore violates
the fifth constramt above Yop might try other
values for p and ¢ in thxs model to convince

yourself that no solution is po.sible.

Different linear programming programs han-
dlre this situation in different ways. Some pro-
grams give a message ‘that there aré no solutions

and then quit. Others, hke LPRG w111 generate

1450

If it finds some, it Proceeds to locate the opti-
mal solution. If LPRG caniiot find any solutions,
it will ignore the last constrairit and test the re-
maining system for solutions. It will continue to
eliminate constramt.. until it has found a prob-

lem with solitions. Then it will find the optimal

solution. In the case of LPRG, therefore, it is

advisable to check the solutmn generategi against
the last constraint. On occasxon, you will find

that the last constramt is violated by the solu-

tion. It is then up to you to decide if the solu-

tion is acceptable or if the problem must be

revised in some other manner:
Also, LPRG does not distinguish those prob-

lems with an infinite number of optimal solutions
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from problems wh1ch have only one optlmal and produce the same maximum profit of

solution. An example of a problem which has $1500:
an infinite number of opt1mal solutinng would L e
be the television problem, assuming tlhat the p
profit on consoles is $30 rather than $24. The 60 10
model for the problem would then be: gg gg
p <60 7 15 40
¢ <40 Constraints LPRG would give you only one of the above

2p + 3¢ < 150

L o answers for p and c.
(Maximize) 20p + 30¢ =T }

For any linear programming problem, there
w1ll e1ther be no solutlons, one opt1mal~ solutlon

Object function
There would be many optimal solutions to this
problem. For example, all of the following llncd.l' programming problem would never have,
values for p and c¢ satisfy the given constraints for example, exactly two optimal solutions.

REVIEW

Terminology COEFFICIENT OF A VARIABLE: tie number which multiplies the variable.

in what order must the constraints of the mathematical model of a linear
programming problem be listed when using LPRG? Why is this so? (Re-
view text pages 43-44.)
2. How do you go about ordering the controllable variables? When is this
~ order used? (Review text pages 43-45.)
" 3. When runmng LPRG how do you tell the computer whether the object

Exercises 1.

4. Solvé the telev151on problem yourself us.ng LPRG,; and check your

answers with those in the text, page 42.)
5. Using the mathematical model you developed in Exercise 2 on pages 42-
43 (the teacher a1des problem), solve the problem using the compter.

Compare the answers you get from the computer with the answer you

obtained by trial and error.

GUIDELINES FOR FORMULATING
LINEAR PROGRAMMING MODELS

PURPOSE OF THIS SECTION

its apphcatlon to education and also glve P gen-

The precedlng section of thls umt ihtrOClUCed

the skills necessary to solve problems using linear
programming. Later we will present detailed
analyses of problems in educational administra-
tion which can bé solved by the same means.

Before analyzing problems, however, werwant to
discuss why this technique has been delayed in

eral outline for formulating linear programming
models; We hope ‘you will keep this general out-
lme in mind as you work through the problems

in the last section of this chapter. The ideas

presented below shou'd help you recognize ele-

ments and procedures common to all problems

9y



invoiving iihear programming, even jr;rhoug'h”frhe
problems themselves deal with widely diverse
problem areas.

' INEAR PROGRAMMING IN EDUCATION

Educators have only recently begun to use linear

programming to solve educationat problems

There are several reasons for the delay in ap-
plymg the te;hmqqeﬁm this fleld First, linear

programming is a relatively new tool and there

huas not been much time for educational appli-
cations to be developed: Second, very few edu-
cators have become acquainted with this tool
during their professional training programs.
Third; mathematicians or computer programs
needed to provide the solutions to linear pro-
gramming problems have rniot been generally
available to educators.

Probably the single most 1mportant reason for
the delay in adding linear programiming tech-
niques to the battery of educational problem-
solving tuols has been the dlfflculty of expressing
the goals of educational programs in terms that
can be measured ob]ectlvely and of relatmg

these goals to contributing factors. Goals must

be expressed objectively before linear program-

ming tpchmques can be used, since the object -

functxon must be a rnathematical equatlon
This is usually easier in business than in educa-
tion because the goals of business are frequently
expressed in terms of dollars or variables directly
i‘éléted to dollars. In the ‘television manufac-
the goal was to,max1mlze the da[ly prqﬁt w1th
profit expressed in terms of dollars. The rela-
tionship hetween the profit and the controllable
variables (number of portables and number of
console television sets produced) was also
known. Goals involved in education often do
not fall so neatly into terms that can be measured
objectively. For example how often have you

seen the followmg educatlonai goals expressed
ohjectively, that is, in a quantifiable form?

Qualxty of teaching in a school

Student motivation

Teacher effectiveness

Suitability of a teacher for a partlcular course

Efficiency of maintenance scheduling in a
district

a8 THE COMPUTER IN EDUCATIONAL DECISION MAKING

Student citizenship

Student learning

Ability of students to generahze what they
have tearned

Social integration

Just because the above goals are seldom ex-
pressed mathematically does not mean that it is
impossible to do so. The problems presented in
the final section of this chéptét Should giVe you
cation. Of course, lmear prograxnm;ngf-and for
that matter all operations research techniques—
does not claim to be able to quantify every goal
or express every educational problem mmathe-
matically. We are limited by *he degree of de-
velopmént of our mathematical techniques; the
presenice of variables or relatlonshlps which are

unknown to us, and the fact that quantifying

real-life situations may require us to make so

many assumptions that the final results are too
far removed from the real world to be practical.

STEPS IN FORMULATING LINEAR
PROGRAMMING MODELS

Tb help you seé é corrimo'n thread in all linear

"""" and to aid you in
solvmg linear programmmg problems on your
own, a general list of steps in formulatmg
models follows. The steps will be discussed in
detail and 1llustrated by examples from the

field of education and by references to the

television productlon problem and the teacher

aide problem
Smythe and Johnson” list the following steps:

Steps in Formulating Linear Programming
Modeis
1. Recognition of the problem:
2. Formulatlon of the mathematical model:
a. identification of the controllable
variables;

b. choice of measure of effectlveness )

¢. mathematical representation of the

_ object function;

d. identification of the constran.ts
7W|iimm R Smjtﬁé _Jr., and Lth&bd A Jdﬁﬁéon

(Dm..lewood Cliffs, N.J.: Prentice-Hall) p. 187.
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e. matheinatical represéntatlon of the
constraints.

Once all these steps have been accomplished,
the problem is relatively easily solved by a
computer program for linear programming, such
as LPRG. The major difficulty in linear program-
ming lies in the formulation of the problem,
not in the solution.

Recognltlon of the Problem )

In formulating the model of the problem Step 1
i recognizing that an educational problem is
appropriate for solutlon through linear program-
ming. A§ you already know, linear programming
is applicable when it is desirable to establish a
program of action that is optimal in terms of
the effectiveness of reachmg some measurable

goal and when all the familicrs in the model

are linear. The program of action consists of

allocatmg or assigning some type of resource:
Furthermore; this allocation or assignment must
conform to certain criteria, or ccnstraints.

In the television production problem, we were
{ﬁlocatlhé téleViSion set workers and assembly

console . sets to pr,oduce”m order to optlmlze
{ma>._.mize) the daily profit. In the teacher aide
problem;, we¢ were allocating jobs by deter-
mining how many full-time and part-time’ aides
to hire in order to optimize (minimize) the
amount of money required.

Other resources often allocated in educational
situations include:

Teachers and teacher aides

Budget furids

Federal aid funds

Teacher time

Maintenance workers

Audio-visual equipment

School buses

Student distribution in the school system

Class time

€lassrooms
What are some of the things to bé optimized
{either or minimized) within certain constraints
in education? Consider the lists below:

Results to Maximize:

Student achievement

49

Teacher experience
Teacher training
Time for instruction

Avarlablllty of instructional materials

Utilization of facilities

Opportuh}ty for extracurricular activilies

Subject offerings
Nutritional value of school lunches

Results to Minimize:
Cost of:

total education

school lunches

facilities

transportation

interest on bonds

equipment and supplies
Pupil-teacher ratio
Transportation time
Dropour-.
Distance s:u.dents must travel to school
Distance students must travel between classes
Class size -
Underachlevement

All of the items on these lists appeaI to be at

least poter...lal appllcatlons of linear program-

ming in that they are goals to be optimized:

Formalation of the Mathematncal Model

The second step; 2(a), in Smythe and Johnson S

rrocedure calls for identifying the controllable
variables that affect the problem goal.

Sometxmes the resources to be allocated in a

the controllable vanables as m,the teacher aide
problem; where the_controllable variables were
the respective numbers of full-time and part-
time teacher aides to be hii'ed Other times we
not ,e,xactlyi the same thmg as the resources to
be allocated, as in the television problem: here,
the controllable variables were the number of
portable and console sets to be produced whlle
the actual resources to be allocated were the
workers and assembly lines:

In some problems;, we may have to use in-
genuity to express the controllable variables.
Problem 3, pages 61-65, wi! illustrate how to
use controllable varlables to indicate whether

or not a teacher is hired to fill a particular
position.
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7 Step 2(b) is to choose the _measure of effee-
tiveness—some crlterlon that can be ob_]ectlvely

measured. In some cases this step is qmte easy.

Most cost Ob)(‘LtIVEb can be measured In terms

of dollars, as the total daily profit in the tele-

ylslon problem or the cost “of hiring teacher
aides: Student achievement may be measured
by scores on standardized tests. Teacher ex-
perience may simply be the number of years
taught. A goal such as quality of teaching; on
the other hand, may be more difficult to ex-
press in objective terms, but still possible. You
could devise a rating system for prospective
teachers which would indicate their potential
teachlng quality by including such items as
experlence, educatlon recommendatlons ana

1nterv1ews——eas11y translated 1nto numer1cal
scores: The higher the teacher’s score, the
greater his potential for quality teat:hing The
would be the sum of the teacher’s scores on
your rating system.

Step 2(c) calls for the mathematlcal represen-
tation of the object function. That is, aftér we
have decided how to objectively express the
measure of effectiveness, we must write a
mathematlcal equation for this quanity.

The measure of effectiveness for the tele-
vision problem was daily profit, measured in
dollars and expressed by the equatlon

20p + 25¢ = T
where:
p= number of p’ortabies

c= number of consoles

$25 proflt on each console 7
T = the measure of effectiveness = the
total daily profit.
'T’he measure of efféctxveness for the teacher
avde roblem was the daily cost of teacher
ands measured also in dollars and expressed
"' -.quation:

15f+Tp=c

f = number of full-time teacher aides

p = number of part-time teacher aides
$15 = cost of one full-time aide per day
$7 = cost of one part-timé aide pér day

C = the measure of effectiveness = the

totat daily cost of teacher aides

ﬁoth of the above equatlons are of the generai
form:

A-a+B-b=2

where A and B are constants (numbers) aand b

are controllable variables, and Z is the measure

of effectiveness:-

In the equation 20p + 25¢ = T, the constants
were A = 20 and B = 25; and we used the sym-
bols p, ¢ and T instea | of; respectively, a, b; and Z.

In the eduation 15f +7p = C, wehad A = 15
ables f and p. C was the symbol we used for our
measure of effectiveness. Notice that an equa-
tion in this general form; -w¥hich is the sum of
controllable variables miultiplied by constants,
is a linear equation. Recall that the object func-
tions in linear programming problems must be
linear equations.

Of course, we are not restrlcted to only two
controllable varlables for the ob)ect function. If
we had ).ve,qontrollable variables, the objrct

function would be of the general form:

Aa#Bb +Cc+Dd +Ee=2Z
Even when the goa:ls OfE 7hnea{9roigliaimmmg

that contribute-to the fulfillment of the goals.

For example we dlscussed above the poss1b111ty
the sum of the scores of the teachers wh,o,a.re
hired. There may,; however, be other variables
we wish _to include in calculating the total poten-
tial quality of teaching: for example, teachers’
personalitiés will surely be a factor in quality of -
teaching. But how do we express mathematically
the fact that hiring a certain English Department
head will alienate certain other teachers in the
department?

Another example of the dlfflculty in estab-
hshlng relationships between goals and control-
lable variables might occur if we were measurxng
the quahty of mathematlcs instruction in a

school accordmg to the amounts of time stu-

dents spend in large, medium, and small groups

BAS a conventlon for th|s chapter numbers are repre-
sented by upper-case letters and variables by lower-case
letters.

—

Ju



¥

LINEAR PROGRAMMING

and in individual instruction. An administrator
may decide that individual instruction time is
generally more valuable to a student than time
spent in large group instruction. The guestion
is, then, how much more valuable? Twice as
valuable" Ten times as valuable? Often the
effect of a controllable variable on the medsure
of ef fectlveness must be determlned by a sub
jeclive Judgmnnt On the other hand, experi-
ence and research can also prov1de guldellnes to
how much effect a variable may have on a de-
sired go oal.

If the relatlonshlp between the controllable
variables and the measure of cffectiveness is a
subjectlve tudgment or if research on the
matter is not conclusive; linear programming is

a qmck inexpensive way to try out various

hypotheses and observe the resulting effects.
For example; in the problem outlined above,
where an administrator is interested in ascer-
taining how much time should be spent in
various types of mathematics instruction, he or
she may solve the problem several times, each
time varying the relative importance of 1nd1v1du-
alized instruction. The first time he or she may
specify that individualized instriiction is 10 times
as valuable to a studerit as§ a comparable amount
of large group instruction; another time, he or
she may speufy that those types of 1nstructlon
then compare results The results of such a
simulation could be very interesting as a school
district reviews or forms its philosophy regard-

ing individualized instruction and the resulting

schedullng of students

problem, we had the follow1ng constraints:

No more than 60 portables could be produced
daily.

No more than 10 consoleés could be produced
daily.

There were only 150 people available to build
television sets: 3 person-days were required
to produce a portable, 2 to build a console
set.

REVIEW

Exercise 1.

51

In the teacher aide problem, the constraints
were: '

The number of full-time aides plus the num-
ber of part -time aides had to equal 85.

At least 10 full-time aides were to be hired.

At least 15 part-time aides were to be hired.

Artota:l of at least 50 staff members were to

be hired; with a full-time aide considered
one staff member and a part-time aidé con-
sidered one-half staff member.

Some other constraints which mlght typically

be found in educational problems are:

There is only $5O 000 in the district budget

for merlt increases this year

We can only afford to pay a new science
teacher $10,000.

There are only 62 seats in a school bus. )
No child should spend more than one hour

a day riding a schoocl bus.

A school lunch must prov1de a minimum of =

1,000 calories.

A teacher must have at léast one free perlod
per day. -

The enrollment in drivers’ education is limited
to 200 students.

Step 2(e) entails mathematical representation
of the constraints on the controllable variables.
This procedure has been covered before (page
53). Sometimés we need to use real ingenuity
to_ express constraints on controllable vari-

ables. For example, Problem 3 on page 61

illustrates how to express mathematlca:lly the

condition that only one ‘teacher may be hired
for each avarlable posrtron in a school. Recall
that the constraints must also be linear in order
for a problem to be solvable using linear pro-
gramming technionos,

Remember dition, that it w1ll not be
posmble to exj . every constraint in a real
problem situation mathematically. We can only
hope that the simplification of the constraints
imposed by the available. mathematlcs will not
alter the problem to such a degree that the re-
sults from linear programming are not useful

Llst the steps required in formulatlng linear programming models. (Re-

view text pages 48-51.) -
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USING LINEAR PROGRAMMING IN

EDUCATIONAL ADMINISTRATION:
TYPES OF PROBLEMS AND
TECHNIQUES FOR THEIR SOLUTION

GENERAL PURPOSE OF THIS SECTION

This section is devoted to [five typical problems
in educational administration which may be
analyzed using the operations research tool of
linear programming. It may be the most im-
portant section of all, for it is here that the
power and versatility of linear programming
become evident. The number of different topics
to which linear programming is applicable is
traiy remarkable, and undoubtedly more appli-
cations will occur to you as you read.

The preceding four sections outlmed all the
skills necessary to solve any of the followmg
pr()bl('ms I‘hey may seem more dlfflcult ‘than
thore are more controllable variéhiés in each
problem and more constraints on these variables.
There wili always be, however; only one object
function which we wrll want to either maximize
or minimize;, depending on the goal of the
pr()blv -

PROBLEM 1: SCHEDULING CLASS TIME
FOR MATH‘EMA—TICS INSTRUCTION
Statement of the Problem

A school uses a flexible schedulmg pattern
Mathematics classes are to be scheduled for
60 students. The schedule can include large

group instruction with- classes Qrf”60 medium
group instruction with classes of 30, small group
instruction with classes of 15, and individual
instruction with one student per teacher. In each
week, there are 1,2C0 minuces of teacher txme

avallable whl(.h mcludog prcparatlon trmc as

proparatlon “for ea(.h minute of large group
teaching, one minute of preparatlpn for each
minuté of medium group teaching, one-half
mintité. of preparation for each minute of small

group teaching, and no preparation for indi-

vidual ,,i,n’structio’n. Each student must spend at
least 250 minutes pér week in mathematics
¢lass or individual instruction, of whlch at least
5 mmutes must be in 1nd1v1dual mstructlon and

'I‘he school admmlstratnon has placed relative

values for the students on each type of instruc-

tion. The value of a unit of tirr}e of large group
instruction is 2; of medium group 5, of small
group 8, and Of individuat mstructlon 40. That

is, based on his experlehce an administrator has

decided that a unit of time of individual math

instruction is five times better than a unit of
small group instruction, eight times better than
a unit of medium group instruction, and twenty
times better than a unit of large group instruc-
t10n These htimbers were chosen strlctly on the
other administrator might assess the values qulte
differently.

The problem is to determme the amount of
time to be devoted to each type of instruction in
order to maximize the total value of math in-
struction to the students.

Mathematical Model

The measure cf effec.,lveness in thls problem is
the total value of mathematics instruction for
one student. The tota. value of math instruction
will depend upon the amounts of time to be
devoted to each type of instruction. These
amounts of time are the controllable variables:
Suppose we choose the variables I, m, s, and i
to represent the following values:

I =time spent by a student in large group
Insti'uctlon

n = time spent by a student in medium group
1nstruct10n .

s = time spent by a student in small group
instruction ) . -

i =time spent by a student in individual
instruction
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Ihv total value of math instruction will then
be measured by the sum of the time spent in
each type of instruction multrphed by the re-
spectlve relative vatue for that type of instruc-
tion: From the statement of the problem, we
huve the followmg relative values for the differ-

ent types of instructio

Instruction Relative Value

Larée group 2

Medium group 5

Small group 8

Individual 40
'I‘herefore the total vrrlue of mathematics in-

struction for each student will be:

2l +5m +8s+40i=V
where we have arbltrarlly chosen the varmbleV
to represent the total value of mstrqctlcn The
above equation is the ob_]ect function. We are

1ntere<ted in Obtalmng the hrghest quality of

lnstructlon possible, so our goai is to find values
for I, m; s and { which will give a maximum
value to V.

The object function we have just formed ex-
presses the total value of mathematics instruc-
tion for each individual student. If we wished
to know the value of instruction for all 60
students; we would simply multiply the equa-
tion by 60.

Equations for the constramts of the problem
must now hé written. That is. we must express
mathematijcally the limitations on the control-
lable variables.

We first need to calculate how much teacher
time will be needed for large, medium, “‘f‘dﬁ@@n
group instruction and for 1nd1v1dual instruction.
A total of 1,200 minutes of teacher time is avail-
able for preparation and teaching. The class size
for large group instruction is equal to the num-
ber of students taking mathematlcs 50 Just one
section of large group instruction need be con-

sidered. It takes two minutes of preparatlon for

each mmute of large group mstructlon taught.
The teacher time used for large group instruc-

All t.hdt. hdﬁ b(on done to form this equation is to
weight the times in various types of mathematics in-
struction ~ccording to the dssessment of the relative
worth of each type of instruction.

¢
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tion will, therefore, be the time in preparation
plus the time in teaching for one section,; or 2!
+1=3L _

The class size for medium group instruction
is 30, so two sections are needed to accommo-
date all 60 students, It takes a minute of teacher
preparation for each minute of medium group
instruction taught. The teacher time uSed for
medium group instruction will be the time in
preparation plus the time in teachmg multlplled
by the number of sections or 2 « (m + m) =

- 2m = 4m. s

Small group teaching requires one- hélf minute

of preparation for each minute of. teaching: If s

is the time for mstructlon for small groups, then

5s + 5 =155 is the total teacher time requrred

for Onewsmall group: Smce a small group consists
of 15 students and since a total of 60 students
would require four small groups, we must multi-
ply 1:.5s by the number of small groups required
{four): 4 X (1.5s) = 6s. Therefore, 6s is the total
teacher time required for four small groups.-

Individual instruction requires no preparation.
If one student is allotted { minutes of individual
instruction, then 60 students would require 60i
minutes of teacher time per week in 1nd1v1dual
instruction.

Now we.can wr1te the mathematlcal form of
the constramt on teacher tlme teacher t1me is

teachmg of large medlum and small groups and
individuals and is limited to 1200 minutes per
week. The mathematical statement is:

3l +4m +6s+60i< 1200
The next condition we must corjsidér IS that
each studznt must spend ai least 250 minutes
per week in mathematics class or individual in-
struction. This constraint can be expressed by

l+m+s+i> 250!°

rndnvndual mstruct10n and at least 20 mmutes
in small group lnstructlon These conditions are
expressed respectively by:

i>5 s= 20

10 Recall that th. sign > means ‘‘greater than or equal

2]

v
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_ In summary, then, we have formed the fol-
lowing mathematical statements based on the
original problem:

must be first. There are no “equallty con-

straints; all the remaining ones are ‘‘greater-

than” constraints. So we arbitrarily assign
Mathematical Expression Type of
Statement in Problem of Statement Statement.
Teacher time is limited to 1200 31+ 4m + 65 + 60i < 1200 Constraint
rainutes; allow for both
preparation and teaching
time in all types of
_ instruction.
Each student receives at least l+m+s+i=> 250 Constraint
250 minutes of math
_instruction. i )
Each student receives at least iZz5 Constraint
5 minntes of individual
instruction. o -
Each student receives at least s = 20 Constraint

20 miniites of small group
instruction:

Maximize the value of math
instruction, based on
relatwe worth of each

type of mstructlon

(Choose I, m, s, and i Object function
subject to the above
constraints to max:mlze L))

20 +5m + 8s + 40i =

) We are now in a posmon to order the varla-
bles and the constramts and to express the
constraints in a form acceptable to LPRG.

Since we have already referred to I, m, 5, and
i in that order, let’s now formally agree that [ is
the first variable, m is the second, s is the third,
and i is the fourth.

In assigning an order to the constramts recall

that all the “<” constraints must come first;

followed by the ‘="’ constraints, followed by
the ‘=’ constraints. As “3] + 4m + 65 + 60i

< 1200” is the only “less-than’ constraint, it

“l+m +s +i> 250" as the second; i > 5” as
the third, and ‘s = 20’ as the fourth.

Since every constraint must mention each
variable, it is necessary to rewrite the third and
fourth constraints, using coefficients of zero
for the missing variables. :

i> 5becomes 0/ + Om + Os + 11> 5
s> 20 becomes 0+ + 0-m + 1+i + 0+5 > 20
Table 3 -2 summarizes the problem in a form
which is usable for LPRG.

Ist 2nd 3rd qth right-
var var var var hand
| m s i sign side

1st constraint 3 4 6 60 < 1200
2nd constraint 1 1 1 1 = 250
3rd constraint 0 0 0 1 > 5
4th constraint 0 0 1 0 = 20
Object function 2 5 8 40

Table 3-2.

Summeary of school schedule problem.

oy
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REVIEW

1 Solve the class scheduling problem presented above using LPRG, then
verify your answérs with those given on the followmg pages. Reorder the
variables and rvn LPRG again. Are the results the same?

problem (See Flgure 3-2 for the complete listing

w1ll prin* out the fol-
to the class scheduling

of the computer solution to this problem.)

GET-LPRG
RUN
LPRG

TYPE 1.
TYPE ~1.

IF MAXIMIZING THE OBJECT FUNCTION .

IF MINIMIZING THE OBJECT FUNCTION,

71

NUMBER OF VARIABLES? 74
14

NUMBER OF CONSTRAINTS?
X3

10

NUMBER OF LESS-THAN CONSTRAINTS?

NUMBER OF EQUALITY CONSTRAINTS?
OF GREATER-THAN CONSTRAINTS? 73

ENTER THE SEPARATED BY COMMAS.

COEFFICIENTS OF THE CONSTRAINTS,

DDNSTRAXVT I 13,4,6,60 -

CONSTRAINT 2 71.1,1,1 ) o
CONSTRAINT 3 ?0,0,0,1
CONSTRAINT & 70.0.1,0

ENTER THE RIGHT-HAND SIDES NF ALL THE CONSTRAINTS, SEPARATED BY COMMAS.
11200,250,5,20

ENTER THE COEFFICIENTS OF THE Q0BJECT FIWWCTION, SEPARATED BY COMMAS.

?2,5,8,40
DO YOU WISH TO CHANGE OR CORRECT ANY OF THE CONSTRAINTS?
(YES = 1, NO = 070

DO YOU WISH TO CHANGE QR CORRECT THE RIGHT-HAND SIDES?
(YES = 1, NG = 0) 70

D0 YOU WISH TO CHANGE OR CORRECT THE 0BJECT FUNCTIN?
(YES = 1, NO = 0) 70

AISWERS o

VARIABLE VALUE

1 120

2 105

3 20

a s

THE _VALUE OF . THL DBJ‘ECT FCNCTXO‘\I XS
THIS VALUE IS A MAXIMUM.

1125
DONE

anu e 3-2.
Class Scheduling Problem Using LPRG:
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mbUFRS
THE MAXIMUM VALUE NF THE NDBJECT FINCTION IS 1125

THIS ACCHRS _WHFNt .
VARIABLFE 2 = 10%
UARIABLF 1 = 120

YARIABLFE 3 =~ 20

~ VARIABLE 4 = 5
aNY VARIABLES NOT LISTED HAVE O
DONE

The computer pnnts the maximum (or rmnl-
mum) value of the obJeCt function and the cor-

responding values of the varlables subJect to the

given constralnts We see that the maximum

valie of the object function i1s 1125, which

otcurs when variable 2 (whlch is m; the time

spent in er:ledlum -sized group instruction) is
105 (rmnutes) then variable 1 (l time spent in
large group 1nstructlon) is 120; when variable

3 (s, time spent in small group instruction) is
20; and when variable 4 (i, time spent in indi-
vidualized instruction) is 5. In other words, the
maximum value of instruction will occur when
eaeh stlident receives 120 minutes of large group
structlon, 20 minutes of small group 1nstruct1on,
and 5 minutes . f individualized instruction. One
can verify that the original conditions of the
problem are satisfied by substituting the fol-

REVIEW

Exercise. - 1.

lowing values for the variables in the original
constraints:

=120, m =105,

§=20,i= 5

31+4m+63+601 .
=3-120+4-105+6 - 20
+60-5
—360+420+120+300
=1200< 1200

l+m+s+i
=120+ 105+ 20+5 = 250

Optimal solution:

First constraint:

Second constraint:

> 250
Third constraint: . i=5>5
Fourth constraint: s= 20> 20

Checking the value of the object function, we
have:
ol ¥ 5m + 85 + 40i
=2.120+5-105+8-20+40-5
240 + 525 + 16J + 200
1125

One of the constralnts in the class schedullng problem above was based

on a subjective assumption by an administrator regarding the relative

worth of the different types of math instruction (large, medmm, and

small groups and individual 1nstructlon) Usmg only your own intuition;

try to predict how the results of the above problem will change if the

administrator decides that all types of math instruction are of equal

worth What pai't of the math model would have to be changed? After

you have made your prediction; continue reading the text.

Analysns of Exercnse
If it is assumed that all types of math instruction

are of equal worth, the only change that must be

made in the model for the class scheduling prob-

lem is in the object function: Instead of the
object function 21 + 5m + 8Bs + 40: =V, we

would have the new object function:
l+im+s+i=V

Sinice the different types of math instruction

are now assumed to be equal the times spent in

each method of instruction are weighted equally

(all times have a coefficient of 1).

Let us compare the answers to _the cldss sche-
duhng problem usmg thlS new object functlon

Figure 3- 3 for the computer llstlng for the re-
vised class scheduling problem.)

It should not be surpfising that when all
types of instruction are assumed to be of equa]
worth, the time for large group 1nstructlon I

increased. Large group instruction is, after all,

the most efficient form of instruction, in that

all students may be accommodated in the struc-

ture of one large class taught by one teacher.

The large class situation can give a large unit of
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Time Spent B
Assumption About Large Medmm .‘E}maﬂ Indivi Value of
Types of Math Group Group Group Instruction Object Function
Instruction ! m 5 L 7|7 B \Y
Weighted values: 120 105 20 5 1125
Indivicual
instruction much
_more valuable - B B ) B
All types of 260 0 20 5 285

_ instruction equal

Table 3-3: .
Class schedule problem using different weights.
GET-LPBG

RUN

LPRG

(F MAXIMIZING THE OBJECT FUNCTION, TYPE I.
IF MINIMIZING THE OBJECT FUNCTION, TYPE =-1l.
71

NUMBER OF VARTABLES? 24

NUMBER NOF CONSTRAINTS? 24

NOMBEHR OF LESS~-THAN CONSTRAINTS? 21
NUMBER OF EOUALITY CONSTRAINTS? 70

NUMBER NF GREATER-THAN CONSTRAINTS? 73

ENTER THE COEFFICIENTS OF THE CONSTRAINTS, SEPARATED BY COMMAS.

CONSTRAINT ' 1 23,456,560
CONSTRAINT 2 1lsds1
CONSTRAINT 23 70,0,0,1

COVSTRAINT 4 20,8120

ENTER THE RIGHT-HAND SIDES 7F ALL THME CIVSTRAINTS, SFPARATED BY COMwAS.

71200, 250,%5,20

ENTER THE COEFFICIENTS OF THE OBJECT FINCTION, SEPARATED BY COMMAS.

2isds5d,t

DD you WISH-TOD CHANGE 7R CORRECT ANY OF THE CONSTRAINTS?

(YES = 1, NO = 0370

DO YOU WISH T? CHANGE OR CORRECT THE RIGHT-HAND SIDES?

(YES = 1, NO = 0) .0

DN YOO WISH TN CHANGE AR CORRECT THE NBJECT FUNCTINN?

(YES = 1, NO = 0) 20

ANSVERS:

VARLABLE VALUE
1 260

3 20

i 5

THE VALUE OF THE NOBJECT FUNCTION IS 285%
THIS UVALUE IS A MAXIMUM.

DONE

Figure 3-3. , -
Revised Class Scheduling Problem Solved by LPRG:

6o
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time for student instruction while still keeping —
Minimum amount, in grams,

teacher time low. Nutrient réquired each week per 100 children
o , nj 400g (100% RDA)
PROBLEM 2. PLANNING n, 92 (100% RDA)
LOW-COST LUNCHES n; 600g (100% RDA) .
ng 975g (average intake, no RDA establlshed)
ns 1150g {average ifitake, no RDA established)

Statement of the Problem

€onsider the problem of planmng a school lunch ne 20g (100% RDA)
menu. Assume that minimum nutritional re-
quirements for school lunches have been estab- How many pounds of each type of vegetablo
lished. The requirements may be stated in terms should be purchased each week, per 100 chil-
of a day, a week, or a longer period of time, as dren, so that minimum ﬁutritlonal requireme s
long as they are all stated in the same unit of are met while at the same time spending tne
time. A variety of foods is available. The price least amount of money possible?
of each food and the nutrltlonal value ofi each
are known. The prblem is to minimize the cost Mathematical Model
of school lunches, subject to-the nutritional The measure of effectiveness for this problem is
constraints. the total cost of vegetables per week for 100
Specifically, let us suppose that we wish to children. The controllable variables are the
supply six different nutrients to school children amounts of eacH typé of vegetable that can be
using five types of vegetables: peas, lima beans, purchased.
carrots, spinach, and beets. The nutrients are Using the cost per pound for each vegetable
calcium; iron; phosphorus, potassium; sodium, and the number of pounds that rplgt be pur-
and Vitamin €. We will designate the pounds of chased, the total cost for vegetables for iOO
each vegetable purchased for every 100 children children for a week will be:
each week by the variables p (peas), [ (lima oy s ] o e
beans). ¢ (carrots); s (spinach), and b (beets). 7;725p +301 T 18¢ + 295 +.156 = C ,
‘The cost per pound for each vegetable is known, The above equation is our object function;
and the number of grams of nutrient contained and the total cost; C; is the quantity we wish to
in each pound of vegetable is also known. In make as small as possible. In this problem; then,
summary; supposé wé have the information w2 are interested in mmlmzzmg the object
given in Table 3-4. function.
Grams of Nutrient Per Pound of Vegetable - o
o Pounds Cos: per - - o 7
\regetable Purchased Pounrd Calcium fron Phosphorus Potassium Sodium Vitamin C
Peas p .25 .09 .01 .26 44 1.07 .04
Lima Beans 1 .39 12 01 .30 1.01 1.07 .03
Carrots ¢ .19 15 .00 .14 1.01 .15 .03
Spinach s .29 42 .01 17 1.47 .23 1%
Beets b .15 06 . .00 a1 .76 1.07 .01
Table 3-4.

Informaiion for school lunch menu problem.

L L
Furthermore; we w1sh to prov1de every 100 ~On th:eﬁioﬁther hand; we wish to suppiy the re-
children Wwith thé minimum amounts of each quired amounts of nutrients to th: children
nutrient each week given in the following list. from these foods. The minimum amount of cal-
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cium that is needed is 400 grams For every
pound of _peas; .09 grams of calcium are sup-

plied; every pound of beans provides :12 grams

of calcium; and so on: Therefore, for the pur-

chase of p; I, ¢, s, and b pounds of veas, lima
beans, carrots, spmach and beets respectlvely,
( 69p +:12! + :15¢c + :42s + .06b) grams of cal-
cium will be provnded We want this amount
to be at least as large as the minimum required
amount, 400 grams. Therefore, the first con-
straint on the number of pounds of vegetables
purchased is:

.09p +:121 + :15¢ + :42s + .06b > 400
That is, the amount of calcium supplied to 100
children every week from these vegetables is at
least as large as the minimum reguirement (400
grams).

Similarly, we can calculate the total number
of grams of the other nutrrents supplledbyrthe
purchase of these vegetables and specify that
these amounts are at least as large as the mini-
.num requirements for the nutrients: For iron,
the minimum requir ement is 9 grams. Purchasmg
D, l, c and b amounts of peas, lima beans;,
carrots; spinach;, and beets will provide .01p
+:01l + Oc + :01s + Ob grams of iron: We want

S,

this amount to be at least as Iarge as 9 grams
f‘he-refore our second constraint would be ex-

pressed: .
.01p + .01/ +0c +.01s + 0b > 9
~ The requirement for phosphorus is at least
600 grams, so the third constraint would be:
.26p + .31 + .1d¢ + .17s + .77b > 600

‘"¢ last three constraints would then describe

59

the minimum requirements for potassium,
sodium, and Vitamin C:
44p+1011+101c+147s+ 16b =
1.07p + 1:07! + :15c +.285 + 1.07b = 1150
O4p +.081 +.03¢ +.135 + .015 > 20

In summary; then, we have the following
mathematical formulation of th¢ problem:
Find values for p, [, ¢, s, and b which are subject
to the constraints

- 975

09p +.121 + 15¢ + 425 + .06b > 400
.01p + .01/ + Oc + .01s + 0b > 9
.26p + .31+ .1dc +.17s + .17b > 600

> 975
1150
- 20

44p +1.011 +1.01c +1.47s + 76b >
1.07p + 1.07] + .15¢ + .235 + 1.07b =
04p +.031 +.03c +.13s +.01b >

"

and which minimize

.25p +.300 +.19¢c + .29s + .15b = C

Notlce that we have essentlally already as-
signed an order to the variables by the manner
in which we set up the problem That is, we have
always mentloned D, 1 c, 8 and b in that order

So we now offmIa:lly recogmze P is first, { is

second; ¢ is third; s is fourth and b is fifth:

Notice also that all the constraints are ‘‘greater-
than,” so we must assign order arbitrarily. Let’s
use the order in which they were developed.

All the constraints already mention each vari-
able, so there is no need to alter the constraints.
Table 3-5 summarizes the problem in a manner

readily adaptable for use with LPRG.

15t constrdint
2nd constraint
3rd constraint
4th constraint
5th constraint
6th constraint
Objéct function

Table 3-5.

2ng 3rd 4th 5th Right
var var var var hand
17, (e (s (b s,-gr; side
112 15 42 .06 = 460
.01 0 .01 0 = .9

3 14 17 a7 > 600

1.01 101 147 a6 = 975

1:07 15 223 1.07 = 1150
.03 .03 .13 .01 = 20
.30 .19 .29 .16

Summary of variable information for school menu problem.
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cnased in a week for every 100 chlldren in the
school system such that the minimum amounts

GET-LPRG
RUN
L.PRG

=1

i
1
!
t
i
b
i
: NUMBER OF VARIABLES? 5

' UMEER OF EQUALITY CONSTRAINTS?

NUMBER OF CONSTRAINTS? 26

of nutrients are supphed while the cost is made

as small as possible are shown in the list below.
(The computer solution is shown ii Figure 3- 4.)

IF MAXIMIZING THE DBJECT FINCTINN, TYPF 1.
IF MINIMIZING THE 7BJECT FINCTIAN, TYPE =-l.

NOMBER OF LESS-THAN CONSTRAINTS? 20

0

IUM3ER OF GREATER-THAN CONSTRA!VTS? éiL

. JYER THE COEFFICIENTS OF THE CONSTRAINTS, SEPARATED BY COMMAS.

CONSTRAINT |

?2.095.12,.15,+42,.06

CONS " H™NINT 2

CONSTRAINT 3

2.01,.01,0,.01,0

22650350 1450175077

CONSTRAINT 4

2.84,1.01,1.01,1.475.76

CONSTRAINT 5

215075 1=07rv157+23,1.07

CONSTRAINT 6

?.045,.03,.03,.13,.01

ENTER THE RIGHT~-HAND SIDES 7F ALL THE CONSTRAINTS, SEPARATED By COMMAS.

2400556005975 1150:,20

’

ENTER THE COEFFICIENTS 7F THE DBJECT FUNCTION, SEPARATED BY COMMAS.

7.255¢30,.19,+29,.15

DO YOU WISH TO CHANGE OR CORRECT aNY JF THE CONSTRAINTS?

i x (YES = I, NO = 020

i PO YOU WISH TO CHANGE 7R CORRECT THE RIGHT-HAND SIDES?

(YES = I, NO = 0) ?8;

D) YOU WISH.TO CHANGE OR CORRECT THE OBJECT FUNCIION?

(YES = 1, NO = 0) 70

i AMSUERST o
i VARIABLE VALUE.
; [ 81.8836
! 4 818.117
/ s 817. 026

i THE .UALUE OF .THE OBJECT FUVCTION IS 3B0.279

THIS VALUE IS A MINIMUM.
DONE

! F|gure 3-4. e

i School Lunch ProbIem Solved Using LPRG:

,-' Vegetable Améuﬁt Purchased '(pounds)
[Peas @) A 81:8836 °
{ Lima Beans (1) 0
/ Carrots (c) 0
* Spinach (s) 818.117
817.026

Beets (b)

The total cost of the purchase w1ll be “3380 28
needs to be spent on vegetables for 100 chlldren )
for one week in order to supply minimum nutri-
tional requirements. It may easily be shown that

this solution satisfies the orlgmal constraints
by substituting values of p = 81. 8836,1=0, ¢

6o
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= 0, s = 818.117, and b = 817.026 into the set
of consiraints we formulated above.

REVIEW

Although the above solution is mathematically sound, it may not appeal
to school children who are faced with an abundance of spinach and beets
in their lunches: Use your imagination to write additional constraints so

that a larger variety of vegetables will be purchased without sacrificing

nutritional needs: How does the total cost of the rewritten problem com-
pare to the minimum cost above ($380.28)?

2. Do you thmk it 1s reasonable to spend $380.28 per 100 chlldren per

Exercise 1.

v

lem to bring the i prlce down?

PROBLEM 3. ASSIGNING
TEACHERS TO POSITIONS

Statement of the Problem ,

Within a school, four teachmg p051t10ns are to
be filled by four teachers The teaching positiors
and the symbols we will use to denote them are:

A algebra C calculus
G geometry P physics

_ _Each of the four teachers {denoted T1, T2,
T3, and T4 is qualified to fill any of the four
p051t10ns

Based on the Leachers trammg, experience,
and recommendatiors and on the opinions of
the administrators and department heads who
have interviewed them, each teacher has been

given a score from 1 to 10 aeeprdmg to suita-
bility for each of the four positions: A rank of

10 mdlcates that a teacher is extremely well

quallfled tor a p051t10n 5 indicates that a

teacher has average qua;hflcatlons, and 1 indi-

cates that a teacher is not beell suited at all for

a posmon even though he may be quahfled to

hold it: The respective scores are given by the

matrix in Flgure 3-5. For example, T1 has
been given a rank of 5 (average) for C, and T3
has been given a rank of 10 (extremely well
qualified) for A.

Because not many teaLhers have applled for
positions .in the school, these four must be
hired to fill the four positions. Your problem

is to assign teachers to positions so the school

w1llobta1n the m'aximum possibie quaiity of
teaching. '

Positions

A G c p
T a a 5 2
2 T2 5 4 9 7
2
S
a
213 10 9 7 6
T4 8 6 4 2
Elgure 3-5,

Teacher Positzan Matrix:

Mathematical Model

The quality of teachmg in thls probleu. is the
measure of effectiveness and will be calculated
by the sum of the teachers’ ranks for the pusi-
tions they are assigned. Suppose we arbltrarlly
make the following assignment of teachers to
positions:

is assigned to A

is assigned to B

T1 is assigned to P T3

T2 is assigned to C T4

We can indicate this assignment by drawmg
circles in the appropriate positions on the
original teacher-position matrix, as shown in
Figure 3-6. -

The total value of the quality of teachers
hired will be sum of the teachers’ scores for
those p051t10ns



62 THE COMPUTER IN EDUCATIONAL DECISION MAKING

Positions
A G o p

n 4 a s @
§ o 5 4 7
g —
& 13 g i B

s |[® 4 2
Flgure 3—6

Assignment of Teachers to Posztzons on Ma trzx.

Quality of teachers = 10 6 ¥ 9 +2 = 27

Obv1ously,,the hlgher the total sum; the

hgher the potential quality of teaching. Is there

a way to assign tea(.hers @gipgslpions so that the
quality of teaching is greater than 27? In posing
this questmn it is now evident that the problem

can be solved by linear programming. We have

defined quality of teaching as our measure of

effectrvehess, and Have also defmed a means of
want to assign teachers to hos1tlons in order to
maximize the quality of teaching.

In order to form the mathematlcal model for
this problem, we must definé our controllable
variables so that we can numerically indicate
whether or not a teacher is assigned to a cerwiin
position. We will need 16 controllable variables,
named a; b, ¢, d, e, f, & h, i, j, B, 1, m, n, o, p.
Each variable will be associated with the possible
assignment of a teaclier to a position, as indi-
cated in the matrix below:

Positions 7

A G C P

A T

Tl a h ¢ d

2 T2 e f 9 h
7
=

= -

M - -

[ & i i k 1

T4 m n ¢} p

FugureS 7

Variables Shown on Teacher-Position Matrix.

These vanables w1ll all be used to answer the
question, ‘‘Is this teacher hired for thls posi-
tion?” If the xanaolc has value 9, the answer will
be No. If the value is 1, the answer will be Yes.

For example, we assumed arbitrarily that T1 is

hired for P. Then the following values would be

assigned to a, b, ¢; and d:

T1 assigned to P:
a = 0 (not assigned to A)
b = 0 (not assigned to G)
¢ = 0 {not assigned to C)
d = 1 (yes, assigned to P)

We also assumed T2 is assigned to C. Then the
following values for e, f, g and h would occur:

T2 asslgned to C:
e = 0 (niot assigned to A)
f = 0 (not assigned to G)
2 = 1 (yes, assigned to C)
h = 0 (not assigned to P)

- We assumed also that T3 is a:sslgned to A and

T4 is assigned to G, so letfs comp‘ete the entire

set of values for the controllable variables and

compare these values to the teacher-posmon

matrix where we circled scores for this arbitrary

assignment c 7 teachers to positions:

Positions
A G c F
no| 4 4 5 @
" . — p \ -
g 5 o | 4
= —
s [ =
LT3 9 7 6
14 ] ) ] 2
s | |1 |2
Positions
A G c__°r-
1 a=0 | b=0 | c=0 { ¢=1 ]
» 12 és0 | f=0 | g=1 | n=0
5 R LA _
W
o - — - — R
2 T3 i=1 | j=0 | k=0 | i=0
O m=0 | n=1 | 0=0 | p=0
anure 3-8.

Comparions of Teacher-Positioni Matrix and Variable
Values Matrix.

_ Not: e that there are values of 1 wherever a
teacher has been assigned to a position.
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Now that the controllable variables have been
de‘fmed it is easy to express the ob_]ect function
for the quailty of tvachmg (dvnnted by Q) We

take each teacher’s score for each p051t10n

multiply it by the appropriate controllable vari-
able; and add all these maultiples together:

Quaiity of teaching = '4(1 + 46 + 5¢ + 2& + Be

+4f+9g+7h +10i
+9j+ 7k + 6l +8m
+6n+40+2p

=Q

For the arbitrary assignment above, we havé,
substituting values for the variables:

Quality of teaching =4 -0+4-0+5.:0
+4:.0+9-1+7-0
+10¢1+9-0+7-0
+6-0+8-0+6°1
+4.-0+2-0
2+9+10+6

=27=Q
which is the same number we obtained before:

!

To solve a linear programming problem on the

computer we need a mathematlcal expressmn
variables which could elther equal 1 or 0 enabled
us to do this. o . : o

Now that we have developed a mathematical
expression for quality of teaching; what are the
consiraints on the controllable variables? Let’s
agaii, examine the teacher-position matrix
showing the values of the controllable variables
for our arbitrary assignment.

Fu 1L10ns
A 4 . p
I I ] |
no a0 1 )lnr of the
L___I,_ “, o for
; Carh rea
s e 0 3 t 0 j J h= v] 1
:-“ [ S—
Bl ) ‘ ! N I
s [ S R | R R 1-0 1
bt
B m 0 ‘[ n p-0 |
! i ]

cam ot the 1 )

wvalues tor
cach calumn
Figure 3-9.

Mairix with Sum of Values.

uOtl( e that we have mdlcated the sum of the
values of the controllable variables for eac h row
and each column. The fact that the sum of the
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values of the controllable variables for each row
is 1 reflects the situation that only one control-
lable variable in each row has value 1; the rest

of the controllable variables in that row are O.
These values of course indicate that a teacher can
only be assigned to one p051t10n if more than
one controllable variable in a row equaled 1,
the variables would be indicating that a teacher
was assigned to more than one position—a situa-
tibh riét bérrhittéd We cah bé aiS’s'uréd that é
if we spec1fy mathematlcally that the sum of the
controllah’ 'riables in each row must equal 1.
We will nec.. .ne following four equations.

Mathematical Equation

Condition

T1 can be assigned only one

position a+h+e+d=1
T2 can be aSSIgned only otne S
position etf+g+h=1
T3 can be assigned only one i .
_position itj+k+i=1
T4 can be assngned only one
position m+n+o+p 1
Note: Mathematlcally these equatlons by theifiselves

guarantee only that 100 percent of each teacher’s time
will be divided bétween thie four positions and not that
each teacher will spend 100 percent of his time in the
same position. For instance, T1. could spend half his
time on algebra and the other half on geometry and the
first equation would be satisfied (*2# + 2.+ 0 + 0 = 1).
TheSe equations guarantee that one teacher spends all
of his time on the same position only when we add the
extra condition that the variables may only have values
of Oor1l.

For each column in the teacher-position
matrix above, the sum of the values of the con-
trollable variables for this arbitrary assignment
of teachers is also 1. The reason why exactly
one controllable variable in_each column has
value 1 is that each position is assigned to only
one teacher. Having more than one variable
equal to 1 in a coliimn would indicate that a
certain p051t10n has been assigned to more than
one teacher. We therefore want to specify
mathematlcally that each position will be as-
signed to exactly one teacher. We do this by

statmg that the sum of the values of the con-

trollable variables for each column must be 1:

Four equatlons are necessary to express this

constraint:

6; 9
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Condition Mathematical Equation

,oneteacher . a+te+i+m=1

G can be assigned to only
one teacher

C can be assigned to only

_ one tedcher

P can be dwgned to only
one teache

6+/'+j+n=i
cvgt+thk+o=1

d+h+1+p=1

Agam notlcc that these equatlons guarantee each

posi’ion will be assigned to only one teacher if

it is stipulated that all the variables can have
valuu, of 0 and 1 only.

~ In summary, here is the mathematical model
for thi; problem. We wish to find vatues for g, b,
c. d, e f, g h, i, j, k I, m; n, 0, psuch that the

following (.onstralnts are satisfied:

a+b+c+d =1

e+f+g+h =1 Each teacher assigned
i+j+kr+l =1 to one teaching position
m+n+o+p=1,

ate+i+m =1 B - 7
Ltf+h+n =1 Each teaching position
c+tg+k+o =1 has only one teacher
d+h +1+p =1

4a+-;o+5c+2df59+4fj9g+7h+101 ,
+9j+ Tk +6l+8m +6n+40+2p=Q
It is time to prepare the model for input to
LPRG. Let’s agree to use alphabet1cal order for
the variables. Since all the constralnts are

“squality,” we will number them in the order

in which they were developed Notice; however;

that none of the constraints mentions all 16 vani-

ables. Thls means thrat all of them will have to

varlables not originally mentioned in the con-
straint: 'I‘able 3-6 contains a summary of this
problem for use Wlth LPRG

plicitly stated that each variablé must have
values of either O or 1. The reason for this is
that such statements aré not linear formulas
and therefore this problem cannot be solved
using linear programming techniques if they are

included. We will have to be conteint with the

eight constralnts we have and be prepared to

deal with the golution LPRG generates.
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Analys:s of the Solutlon

The computer hstlng for the solution of the

teacher assignment problem is shown in Figurs
3-11. Thc resultmg values for the controllable

variables are:
c=h=j=m=1
a=b=d=n=f5g5iaiz=z=n=o=p=0
which correspond to the assignment:
T3 to geometry (G*
T4 to algebra (A)

T1 to calculus (C)
T2 to physics (P)

Positions

/?/ & c p

Teachers
— -
() ~n
= »
@' -
~ fVe)
3 C]

. Positions
A G o P
m a=0 b=0 c=i d=0
v T2 PO O I IS
5 RGN B
= —
o - - - -
S N
K K i=C j=1 K=0 1=0
T4 m=1 n=0 0=0 p70
Figure 3-10.

Teacher-Position and Variable- Valuc Matrices for Prob-
Icm Solution.

The resultlng quahty of teac‘“lng, measured

by the sum of the teachers’ scores for the as-

signed positions, is the maximum possible figure:
Quallty of teachlng 5+7+9+8=29=Q

Lrnear progmmmlng can be qulte useful to

lems as ‘the One outllned above Thls problem

not too long a t:me since there are only 24 ways
to assign four teachers to four positions. How-

ever, consider the situation of assigning ten

teachers to ten positions: there are over 3%

million ways to make these assignments! It

Le R
Yy



E

LINEAR PROGRAMMING

ist 2nd 3rd iin 5th Hth 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th Right-
var var var var var var var var vyar var var var var var var var hand
(a) (b) () (d) (e} (f) (a) (h) (1) (i) (&) (V) (m) (n) (o) (p} Sign side
st constraint 1 1 1 1 o0 ©O0 o O o 0 © 0 0 O ©0 0 = 1
2nlconstraint O © © ©0 1 1 1 1 o ©0o O O O O 0 0 = i
¢ onstraint 0 0 0 4 3 ¢ 0 9o 1 1 1 1 0 0 0 0 = 1
ath constraint 0 0 © 0o 0o 0o O o o o0 o o0 i 1 1 1 = 1
Sthco craint ) 0 ¢ o 1 0 0 @ 1 0 0o 0o 1 0 0 0 = 1
(6th constramt 0 L 0 0O 0 1 0 O i 0o 0 0 1 0o o0 = 1
‘ e cniraint 1] 0 1 0 0 1 0 0 0 1 0 0 0 1 0 = 1
' % constraint 0 0 0 1 0 ©0 ©0 1 6 0 0 1 ©0 0 o0 1 = 1
1 abject fuaction 4 4 5 2 5 4 9 7 10 ] 7 6 8 6 4

SR - [

TL- e 3-6
Summary of teacher assignment problem.

amine those 3% million a%ngnments in order

to find the optimal asmgnment Such a prOblem
could, however, easily be solved in a few min-
utes using linear programming and LPRG.

A FOCTNOTE ON

O

ASSIGNMENT PROBLEMS

a condition (such as whether or not a teacher is
assigned to a certain position) is fairly common
in operations research procedures and is useful
in a_wide variety of problem... l'or example,
variables could hav: value 1 or U according to
whether or not a school bus travels a specific
portion of a route, or whether or not a studént
is assigned o a first-period Eriglish class.

Here v some variations of assignment prob-
lems which can be solvid using techniques simi-
lar to those above:

assigning students to classes;

makmg up amaster schedule for a high school;

assigning topics to be covered to teachers who
are tea.a-teaching a course;

scheduling use of maintenance eq.upment for
a large school system.

RIC

Aruitoxt provided by Eic:

In some of the assignment problems suggested
above, it mlght be more appropridate to use
numerlcal ranks m‘cordmg to preferences instead

of using scores based on abllnty, as we did in the

teacher assignment problem For example a

group of teachers who are team- teachmg a

course might numerically rank the topics in the

course according to their personai preferences
for teaching each of the topics; the higher the
number for a topic, the greater the preference
of a teacher for teaching it. An object function
could then be for. .ed to represent the total
value_of teachers’ preferences (we might call this
the “happiness total’’). If teachers were assigned
to teach topics in the course so that this object
function was a maximum; we would be making
the assignment which resulted in the greatest
possible satisfaction among the téachers.

PROBLEM 4. BUSING STUDENTS

TO ACHIEVE RACIAL BALANCE

Statement of the Problem )

An inner-city area has nine designated school
bus stops of various racial mixes which are to
feed two newly constructed elementary schools,
Edgar Allen Poe Elementary (P) and Roberl
Frost Elementary (F). Eoch school has room for
not more thar 400 students

7
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GET-LPRG
RUN
LPRG
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IF MAXIMIZING THE ')BJFCT FLNCT!’)’*I; TYPE 1.
IF MINIMIZING THE OBJECT FUNCTION, TYPE -1

71

NUMBER NF VARIABLES? ?16

JUMBEK OF CONSTRAINTS? 18

NiUwHBEH OF LESS=THAN CONSTRAINTS? 70

NiiMBER AF FOUALITY CONSTRAINTS?

8

NUMBEH NF GREATER-THAN CONSTHAINTS?

ENTEK THF COEFFICIENTS OF THE CINSTRAINTS, SEPAKATED BY CO™MAS.

CONSTHAI'\'T l

? l;l;l;l;OrOrO—rO;O;O;0,0;0,0;U:O

CONSTHAINT 2

CANSTRAINT 3
CONSTHAINT &
CONSTHAINT S

C")‘JSTRAIKIT L

CONSTRAING 7

71;0;0;0;1;(

?20,0,0,0,1512121, ;0,0;0;0'0;0;0

.0.1,0.6.6.1.0.0.0

70,1;0;0;0,l;O;0.0;I;Q,—G;O;I;O;O

794-0; 1,0,0,0, 1;0;0,0;1,0;9;0; 1,0

CONSTRAINT 8

705050, 1505000, 15056,05:1205050:1

ENTEH THE RIGHT-HAND SIDES NF ALL THE CONSTRAINTS., SnPAHATLD LY CHWMAS,

T1otrtrdats 1,1,1

FVTLH THF COFFFICIENTS IF THE 9BJFCT FlNCTl’)\I. SFPAHATED By CowMAas.
’0'0;5,275rﬂ;‘h7;10,9;7;6;8.6,0;2

DN YOU WISH.TD CHANGE "JH C’)HRECT ANY JF THE CONSTHAINTS?

(YES = 1, NO » 02?0

Do Yol wiSH TO CHANGE 7R CYRRECT THE RIGHT-HAND SIDFES?

(YES = 1» N0 = 02 ?0

DG _YOU WISH T7 CHANGE QR CORRECT THE NBJECT FUNCTION?

(YES » 1, NO = 0) 20
C

ANSWERS ¢

VAHI ABLE VALUE
3 1

7 o}

8 1

S 0

10 1
t2

13 1

THE_UALUE OF THE OBJECT FINCTION 15 29

THIS YALUE 1S A ™MAXIMUM.

DONE
Figure 3-11.

Teacher Assignment Problem Solved Using I.PRG.

The school voard has determined that all the
students at the same bus stop. will go to the

same. qchool that each of the schools must have

a minimum of 180 black students and 130 white

students, and that all students should be bused

as short a distance as p0551ble ‘The distance
traveled will be measured in student-miles;
which is the total number of miles traveled by

all students (for example, if one student is

bused 3 mlles and another 7 miles; the total

number of student- mlles traveled is 10)

The total number of students per stop, the

number of black students and white students at

each step, and the distance of each stop from

each schoo] are summanzed in Table 3-7.

Let’s arbltranly assign bus stops 1, 2; 3 4

and 5to go to P and bus stops 8, 7, 8,and 9 to

go to F and use Table 3-7 to compute the num-

7%
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Stop Total # Students # Black Students # White St.dents Distance to P Distance to F
1 100 100 0 2 5.0
2 90 80 10 1.0 4.5
3 80 65 15 2.0 4.0
4 75 55 20 1.0 4.5
5 B0 40 40 2.5 2.5
6 85 30 55 2.5 2.0
7 80 .3 45 3.0 2.0
8 70 10 60 4.0 1.5
9 50 0 50 5.0 .3

L

Table 3-7.

Summary of bus stop daia.

ber of student miles traveled. There are 100
studPnu; at bus étdp 1 2 milé§ from P SO thé
is 100 .2 ‘?O mxles The;e are 90 ,s,tud,ents
at bus stop 2, 1 mile from P, making the total
nummiber of student-miles from bus stop 2
90 X 1 = 90 m11e5 S;mllarly, bus stop 3 ac-
counts for 80 X 2 = 160 student-miles, bus StOp

4 for 75 X 1 = 75 student-miles, and bus stop 5
for 80 X 2:5 = 200 student-miles: Therefore, the
total number of student miles traveled by stu-
dents going to P is:

Bus stop 2 Bus stop 3

+ (80 ¥ 2)

Bus stop 1
(100 x 2) + (90 X 1)
Bus qtop 4 Bus stop )
+(75X 1) + (80X 2:5)=
In the same manner we calculate the number
of student-miles traveled by students going to F
as:
Busstop6 Busstop7 Busstop8
(85x 2) +(80X 2) +(70x 1.5)
Bus stop 9
+(50X .3)=170+160+ 105 +15 =450
student-miles.

545 student-miles:

) Thus the total number of student miles trav-
eled is
No. Student-miles traveled by students of P

= 545 + 4J0 995 student-miilecs.

- Let’s see if this busing assignmen* conforms
to the constraints set. The first is that each
school can accommodate no more than 400
students. The number of students going to P is
the number at the first five bus stops, which,
according to Table 3-7, is 100 + 90 + 80 + 75
+ 80 = 425. The number of students going to F

is 85 + 80 + 70 + 50 = 2835. Clearly there are too
many students at P; and so these corn straints are
not satisfied.

~ The next cot of comtralnts has to do with
how many Lick aiid how many white stu:lents
go to each -chool. Again using Table 3-7, &
see that P ha: 100 + 80 + 65 + 55 + 40 = 343

black students ard 0 =~ 10 + 15 + 20 + 40 = 8:)
white students: F b 30 + 33 + 10 + O
black students and 55 + 45 + 60 + 50 = 2]0
white students: Thus, P does not have encagu
white students—each school must have a mini-
mum of 130— and F does not have enough black
students: each school must have a minimum of

“0. So these constraints are not satisfied either.

Our arbitrary assignment of a busing pattern,
th ., does not solve the problem because it
does not satisfy the constraints. Rather than
assigning another pattern and calculating all the
constraints again in hopes of finding a solution
and then trying to find the best solution; let’s
turn our effort to building a precise mathemati-
cal model for the situation, hoping to find it has
all linear formulas so that we can use LPRG to
solve the _problem.

In order to form a mathematlcal model for
this problem we w111 need to define controllable
variables having to do with each bus © op and
where its students go to school: This can be ac-

comphshed by defining two variables per bus

stop; one indicating whether they go to Poe; the
other telling whether they go to Frost. Each
variable will have a value of 1 if the students go
to_the school and O if they do not. Notice that
this technique of assigning variables is similar to
that in the previous problem. For the first bus
stop, we will call the Poe-indicator P1 and the
Frost-indicator F1; for the second, P2 and F2;
and so on through the ninth bus stop, with P9

75



68 THE COMPUTER IN EDUCATIONAL DECISION MAKING

and F9: It should be obvious that for each pair
of variables associated with a given bus atop,

one mast have a value of 1 and the other must

have a value of 0. The following list shows the

values of all 18 variables for ihie busing pattern
discussed earlier—that is;, that the first five bus

stops go to P and the last four go to F.

Bus Stop P md/cator

F-indicator
1 P1=1 F1=0
2 p2=1 F2=0
3 P3=1 F3=0
4 P4 = Fa=0
5 P51 F5=0
6 P6 =0 F6=1
7 P7 =0 F7 =1
8 P8 ~ 0 Fg=1
9 0 F9 =1

variables are, the next step is to formulate the
constraints in terms of them. First, let’s work on
the constralnts that limit each school size to a
maximum of 400 students There will actually

be two constraints in this set, one for P and one
for F. In order to calculate the number of stu-
dents g01ng to P; we need to add up the number
of students at each bus stop to be assigned to P.
But we do not know ahead of time which of
the nine bus stops will be assigned to P and
which of them will be assigned to F, aud this
presents a problem. We do have, however, a
P-indicator for each bus_ stop. The value of the
P-indicator tells us whether or not the students
at that stop are going to P (the value is 1 if they

are, 0 if they are not). Therefore the quantity

Total no. students at bus stop
x P-indicator for bus stop
will bé the total number of students from that
bus stop who are going to P. Notice that if the
students at the bus stop are going to F, the P
indicator will be 0 and so the whole quantlty
vill be 0: So an e*cpresslon which tells the total
number of students going to P is:

Bus stop 1 Bus stop 2 Busstop3
{100 X P1)+ (90 X P2) + (80 X P3)

Bus slop - 1 Bus stop 5 Busstop6
(7‘3/. P4y + (80X P5) + (85x P6)

Bus stop’?
(80 X P7) + (70 X P8) + (50 X P9)

and the constraint that P can have no more than
400 students is expressed by:
100P1 + 90P2 + 806P3 + 75P4 + 80P5 L
+ 85P6 + 80P7 + 70P8 -+ 50P9 < 400
Similarly, the constraint that F can have no
rmore than 400 students is expressed by
100F1 + 90F2 + 8°F3 + 75F4 +80F5
+ 85F6 + 80F7 + 70F8 + 50F9 < 400
Gomg back to the buslng pattern discussed

earlier and using the values of the variablzs as

defmed in the list; we can evaluate the left-hand

side of the P constraints as:

100P1 + 90P2 + 80P3 + 75P4 + 80P5
+ 85p6 + 80P7 + 70P8 + 50P9
-100-1 + 901 + 801 + 751 + 801
+ 850 * 800 + 70-0 + 500
Zi00 +90 F175 +~80 +0
+0 + 0 + 0
= 495

which is the same fxgure we orlglnally calculated

in connectlon w1th th1s set of constralnts

straints concermng the mlnlrnurn number of

black and white students at each school. There

will actually be four of these; one for black stu-
dents at P, one for white students at P, one for
black students at F, and one for white students

at F.
Let S work on the number of black students
at P first. This will be the sum of the nu:nber of

black studentsat a:ll of the bus stops assigned
to P. Again; since we do not know the bus stop

assignments in advance, we must use the P-
indicators. The quantity

No. black students at bus stop
X P-indicator for that stop

glves the total number of black students at that

bus stop who are going to P. Again, notice that

if the bus stop is assigned to F, the P-indicator

will have a value of 0 and the riumber of black

students going to P from that bus stqpivivﬁl be O
also. So, using Table 3-7, an expression of the
total number of black students who are going to

Pis:

Busstop 1 Busstop 2 Bus stop 3
(100 X P1)+(80 x P2) + (65X P3)

"y
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Busstop4 Busstop5 Bus
(55X P4) +(40Xx P5) + (30X P6)
Busstop 7 Busstop8 Busstop9
+ (35X P7) +(10:. P8) + (0 X P9)
and the constiaint that P must have at least 180
vlack stude:tiz is expressed by:
100P1 + 80P2 + 65P3 + 55P4 + 40P5
+ 30P6 + 35P7 + 10P8 + OP9 =X 180
'Sim,iiaxji,y,,, the constraint that F must have at
least 180 black studerits is expressed by:
100F1 + 80F2 + 65F3 + 55F4 + 40F5
+ 30F6 + 35F7 + 10F8 + OF9 > 180
The COnstramt about P’s white students is con-
structed by multlplymg the total number of
white students at each stop (from Table 3- 7) by

the P-indicator and then adding tosether the
number of whlte students at each stop who are

going to P, to get:

Busstop 1 Busstop 2 Bus stop 3
0P1 + 10P2 +15P3

Bus stop 4 Bus stop 5 Bus stop 6
+ 20P4 + 40P5 + 55P6

Bus stop 7 Bus stop 8 Bus stop 9
+ 45P7 + 60P8 + 50P9

So, the constraint that P must have ac least

130 white students is expressed by:

OP1 + 10P2 + 15P3 + 20P4 + 40P5
+ 55P6 + 45P7 + 60P8 + 50P9 > 130

and the constramt that F must have at least 140

students is expressed by:

OF1 + 10F2 + 15F3 + 20F4 + 40F5
+ 55F6 + 45F7 + 66F8 + 50F9 > 130

Evaluating the left-hand side of the constramt

about P’s black students using the variable

values from the sample busing pattern discussed
carlier; we have:

100P1 + 80P2 + 65P3 + 55P4 + 40P5
+ 30P6 + 35P7 + 10P8 + OP9
= 1001 + 80'x + 651 + 551 + 401
- 43800 + 350 + 100 + 00
=100 + 80 +865 + 55 + 40
+ 0 +0 +0 + 0

340 black s'tudentS
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which is the sameé numbér of black students
going to P that we calculated originally.
Although it may seem that we have calculated
all the constraints for this problem, we have left
out a very important set of them: the artificial
constraints we put on the controllable variables
50 that the students at each bus stop are assigned
to only one school. We Wlll need nine of these

constraints, one for each pair of variables which

eqrresponds to one for each bus stop A simple

way of expressing the constraint is:
P-indicator + F-indicator = 1

Here is a list of all nine constraints in this set:

Pl+Fl=1 P6 +F6=1
P2+F2=1 P7+F7=1
P3+F3=1 P8+F8=1"
P4+F4=1 P9+ F9=1
P5+F5=1

__Notice that we are in a situation similar to -

that in Problem 3; namely that we would like

to stipulate that the variables can have values of
0 and 1 only: However; the nine constraints
listed above do not do this. (For instance, the
first constraint would be satisfied by P1 = 3/4
and F1 = 14.) These constraints do guarantee
that each student at each bus stop is assigned to
only one school (the same student cannot go to
both schools). As in Problem 3, we will have to
use these cornstraints, because constraints that
restrict variable ¢:ltes to O and 1 are not linear
formulaf and so their inclusion in the model
would raake thls problem lmposmble to solve

using lmear prograrrgmmg techmques

Finally, we can .turn our attention to the ob-

ject function: Recall that we wish to keer the

number of student-miles traveled to a mlmmum
Since all the students at the same bus stop are
the same distance from their school, we can cal-
culate the number of student-miles traveled by
all the students at that bus stop by:
_No. students at busst - _
X dlstance from ass1gned school
Agam, since we do not know ahead of tlme
whether the students”at the bus stop will be going
to P or to F, we will have to use the P and F in-
dicators. Consider the following quantity:
‘No. students at bus stop
~ X distance from P X P-indicator
+ No. students at bus stop X distance from F
X F-indicator

75
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Notu.e that the first part computes the num-

ber of student- mlles traveled by students at the

bus stop who are going to P, the second part

those who are going to F. Remember that the
students are going to only one school; there-
fore, exactly one of the school-indicators will
have the value of 1, the other O, meaning that
the students will be counted only once, as going
to their assigned school, whichever one that
may be. Since the object function adds an ex-
pressmn like the one above for each bus stop,
it expresses the total number of student-mlles
traveled by all the students to their respectlve
schools. Using the values from Table 3-7, the

object function is:

100(2)P1 + 100(5)F1 +90{1)P2 + 90(4.5)F2
+80(2)P3 + 80(4)F3 + 75(1)P4
+ 75(4.5)F4 + 80(2.5)P5 + 80(2.5)F5
+85(2.5)P6 + 85(2)F6 + 80(3)P7
+80(2)F7 +70(4)P8 +70(1.5)F8
+50(5)P9 +50(3)F9 =M

or

20P1 + 500¥i  + 90P2 + 405F2
+ 160P3 + 320F3 + 75P4 _
+ 337.5F4 + 200P5 + 200F5
+ 212:5P6 + 170F6 + 240P7
+ 160F7 + 280P8 + 105F8
+ 250P9 + 15F9 =M

In summary, we have defined 18 controllable
varlables and a P-indicator and an F-indicator for
each bus stop We are trying to find values fur
the variables that will minimize the number of
student mlles traveled while the following con-
straints are conformed to:

100P1 + 90P2 + 80P3 + 75P4 \  Eath school

+80P5 ¥ 85P6 + 80P7 | can havea

+170P8 +50P9 < 400 | maximum
100F1 + 90F2 * 80F3 + 75F4 (  enrollment

% BOF5 + 85F6 + 80F7 | ©of 400

+ 70F8 + 50F9 <€ 400 ) students

100P1 + 80P2 + 65P3 + 55P4 )

+40P5 +30P6 +35p7 |  Eachschool

+16p% +0P9 < 180 must have
N at least
100F1 + 80F2 + 65F3 + 55F4 180 black

+ 40F5 + 30F6 + 35F7 students

+3J0F8 + 0F9 < 180 /

+ 40P5 + 55P6 + 45P7 Each school
+€~p8 + 50P9 < 130 must have

p at least

OF]. + ]_OF?. + 15F3 + 20F4 130 white
+ 40F5 + 55F6 + 45F7 <tudents
+BOFS + 50F9 < 130

P1+Fl1=1
P+ a1 |  Bach studens
P4+F4a=1 i,?af;,
P5+F5=1 us stop
P6 + F6 = 1 z,a" g,‘i’,

P7+F7=1 oonly .
P8+ F8 =1 one school
Po+F9=1

20P1 + 500F1  + 90P2
+ 405F2 + 160P3
+ 320F3 + 75P4
+ 337.5F4 + 200P5
+ 2005+ 212586 © DOl
+ 170F6  + 240P7
+ 160F7 + 280P8
+ 165F8 + 250P9
+ 15F9 =M

Sirice we have all linear formulas in the mathe-

matical model, we can solve this problem by

using linear programming ‘techniques with the

help ofrthe program LPRG. Before we can use
LPRG; however; we must assign an order to the

variables and to the constraints, and we must

make sure that all the formulas are in an accept-
able form:

We will agree to order the vanables by bus
stop; with all the P-indicators first. The order of
the varlables then, is Pl P2 P3 P4 P5 P6

Thls 1s an arbltrary a551gnment of order Wh]r-h

arises from the preceding dlscussu'm Several

others could have been used ]ust as readily:

Since all the “less-than’ constraints must
~omé  first,

the constraints concernmg the
schools’ maximum size must come first. We will

agree that the constraint for P will be the first
and for F the second (again, this internal order

is aIbltrary) The ‘“‘equality’’ constraints must

come next: the constraints that limit the stu-
dents at each bus stop to being assigned to one
school. We will agree that they will be mternaﬂy
ordered according to bus-stop order. Fmaiiy

come the “‘greater-than” constraints, which con-
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Table3-8. B -
Summary of results for busing problem.
cern minimum enrollments of black and white
students at each school. We will agree to order
these us they were developed—that is; black
students at P, black students at F, white stu-
dents zt P, and white students at F,

Follow ng is a list showing all the constraints
in order and the ObJG‘Ct function. Within each
constraint the variables are also in order. Note
the object function had to be rewritten using
the agreed-on order of the variables.

100P1 +90P2 + 80P3 + 75P4 + 80P5 + 85P6
+ 80P7 + 70P8 + 50P9 < 400

100F1 + 90F2 + 80F3 + 75F4 + 80F5 + 85F6
+ 80F7 + 70F8 + 50F9 < 400

Pl +F1=1 P6 + F6 =1
P2+F2=1 P7+F7=1
P3+F3=1 P8 + F8=1
PA4+F4=1 PO+ F9=1
P5+F5=1

100P1 + 80P2 + 65P3 4 5[’4 + zIOP5 + 30P6
+35P7 + 10P& + 0P9 > 180

100F1 + 80F2 + 65F3 + 55F4 + 40F5 + 30F6

+ 35F7 + 10F8 + OF9 > 180

OP1 + 10P2 + 15P3 + 20P4 + 40P5 + 55P6
+45P7 +60P8 + 50P9 > 130
OF1 + 10F2 + 15F3 + 20F4 + 40F5 + 55F6
+45F7 + 60F8 + 50F9 > 130
20P1 + 90P2 + 160P3 + 75P4 + 200P5
+212:5P6 + 240P7 + 280P8 + 250P9
+ B500F1 + 405F2 + 320F3
+337.5F4 + 200F5 + 170F6
+ 160F7 + 105F8 + 15F9=M
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One last step remains before we are ready to
use LPRG on this problem: rewriting the con-
straints so that all the varizbles are mentioned.
Of course; whenever new variables are added-to
an existing formula the corresponding coeffi-
cient is 0, Table 3-8 summarizes the constraints
and the object function by listing the coefficient
of each variable, the sign of the formula, and the
value on the right-hand side.

Analysis of the Solution

The LPRG run for thls problem is Flgure 3 12
on page 72. The results are summarized in Table
3-9. Note that all the variables have values of
0 or 1 ex: pt for the second and eleventh vari-
ables, P2 ¢..d F2. Since this does not méeet the
school boards spec1f1catlons we will have to

We have a choice how to proceed As a first

strategy, we mlght accept the solution gener-
ated by LPRG and split the students at the

second bus stop between the two schools. ThlS

would mean makmg two tnps to the second bus

stop; one to pick up the Poe students and one

to pick up the Frost students. This also goes

against the school boards’ specification that all
the students from a bus stop go to the same
school. As a second strategy, we might decide
arbitrarily to assign all the students at the
second bus stop to one or the other school. This
would satisfy the school board in that each bus
stop would then be assigned to only one school;
however, if we assign the students to P, P will
have 420 students assigned when it can hold

7
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-
- : :  sSchool to Which Students
Bus Stop P-indicator F-indicator - are Assigned
1 i 0 .. Poe )
2 i i half to Poe, half to Frost
3 0 1 Frost
4 1 0 Poe -
S 0 1 Frost
6 1 0 Poe
7 0 1 Frost
8 1 0 Poe
9 0 1 Frost
Table 3-9:

Summary of Results for Busing Problem:
GET-LPRG

RON .
LPRG

IE MAXIMIZING THE QBJECT FUNCTION, TYPE 1.
IF MINIMIZING THE DBJECT FUNCTION, TYPE -!.
-1

NUWBER OF VARIABLES? 718

NUMBER OF CONSTRAINTS? 715

NUMBER OF LESS-THAN CONSTRAINTS? 72
NUMBER OF EQUALITY CONSTRAINTS? 29
NUMBER 0F GREATER-THAN CONSTRAINTS? 74

ENTER THE COEFFICIENTS OF TRE CONSTRAINTS, SEPARATED BY COMMAS.

CINSTRAINT 1 3100590, £05 75; 40585, 80, 70, 50, 00, 07056702050, 0
CONSTRAINT 2 ‘)E_:jm,0.070}#69{5'0,80.75;86.85.80,56;%6
CONSTRAINT 3  7470,0,0:0205050,0,120505¢ +0:0,0:0
CONSTRAINT 4

CONSTRAINT § 704040505050, 0050501505 0505050:0
GONSTRAINT & 705 05051,050,0,05050,0,051,0,050,0,0
CONSTRAINT 7  7020,9,851787050,0,0,0,050,1,0,0,08,0
CONSTRAINT 8  705.050505051,050,0,050,0,0,0,150,0,0
CONSTRAINT 9 70,050,005 0s4,0,078-0,0.0,0,0,1.0,0

CONSTRAINT 10  70+0,9,05,050,0,1,0,0,0,0,0,0, 0,0,1-9

20,05+

CONSTRAINT 11 ,0+0s0,0,0,150,0,0,0,05

GINSTRAINT 12 700,805 655555 405 305 35, 10,05 05050505 0,050, 0,0

CONSTRAINT 13 205050505 050,0,0,0,100,80,65,55,40530,35,10+0

CONSTHAINT 14 70, 10215228, 40,55, 45, 60, 50, 0505050, 0,050, 0,0

CONSTRAINT 1§  2050:050; D503 05050, 0,10, 15520, 40, 55745568750 —

ENTER THE RIGHT-HAND SIDES OF ALL THE CONSTRAINTS, SEPARATED BY COMMAS,
400,400,151, Latrtrtsistsls 180,180, 140: 150 '

BVTER _THE_COEFFICIENTS OF THE 0BJECT FINCTION, SEPARATED By COMMAS: ..
720}90}160:75,200,2120Speﬂﬂrﬂﬂﬂrzsﬂu500:005:320:337;5;200:1705160:105115

D0 _YoU WISH TO CHANGE OR CORRECT ANY OF THE CONSTRAINTS?
(YES = 1, NO = 0570

DO YOU WISH TO CHANGE OR CORRECT THE RIGHT-HAND SIDES?
CYES = 1, NO = 0) 70

Figure 3-12, .

Busing Problem Solved Using LPRG.

O
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w YQU UISH ™ CHANGE OR CORRECT THE OBJFCT FLNCTION'I

(YES = 1, NO = 0> 70
t

ANSWERS t -
VALUE

VARIABLE

1 1.
2 .5
" 1
5 o]
6 1
8 1.
1 -5
12 1
14 1.
16 !
18 1

THE VALUE OF THE OBJECT FINCTION IS 1530.
THIS VALUE 1S A MINIMOM.

DONE
?igore 3-12 (Continued)

completely satlsfactory It must be recogmzed

only 400, and F will have only 140 black stu-
dents when it should have at least 180. On the
other hand; if we assign the students at the

that the fault is not in LPRG or even in the

technique of linear programmmg; the trouble is

second bus stop to F, then P will only have 135
white students when it should have at least 140.
In either case, the value of the object function
will be changed. If the students go to P it will be
less (1372.5), and if they go to F it will be more
(1687.5). A third possible strategy is to choose
a solution that assigns all the students at a bus
stop to the same_school. But this would mean
that the value of the object function is larger
than the minimum of 1530.

Our inability to state the constraints of thls
problem completely in lmear formulas has re-
sulted in an optl'ral solution which is not

REVIEW

Exercises 1.

that we have taken a basic problem whlch can be
solved by linear programming techniques and

added nonlinear constraints to it. We then ig-
nored the nonlinear constraints, used LPRG to
solve the linear portion of the problem; and

hoped that the solution would also conform to
our extra constraints. This happened in Prob-
lem 3; but in Problem 4 it did not wotk out so
nicely: Since we created this. dilemma irtificially,
it is now up to us to decide which of the con-
straints must be kept and which may be relaxed

and/or ignored.

Which of the strategies outlined above would you choose to adopt for

dealing with the busing problem? Give your reasons.

2. Many factors other than mileage must be con51dered when determmmg

:chool bus routes in real-world situations. Usmg your own experlence,

(a) List as many criteria as you can which could be controllable var

bles in an actual bus routing problem (for example; the length of
time a child must spend on the bus).

(r) Give as many realistic constraints as you can for the controllable
variables you listed in (a) above: For example no child should have

to ride a bus for more than one hour each day.

(c) Give as many examples as you can of different measures of effec-

tiveriess which would be appropriate for a bus routing problem—

for example the total amount of time all school children spend

riding buses should be a minimum.

74
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PROBLEM 5. DETERMINING
A SALARY SCHEDULE

Background

One of the most complex and tlme -const mmg
tasks of the public school admlmstrator is con-
structmg salary schedules; Teachers’ unions;

support staff Orgamzatlons. school board; and

taxpayers all put pressure on the school district

administration to develop an equitable saiary
schedule; and that difficult task must be accom-
plished with a set amount of funds:

Most school districts operate on a fixed-step
salary schedule. This means that there are sepa-
rate schedules for teachers and administratcs;
usually based only on the criteria of advanced
degrees and years of experience. Salary schedul«
revisions typically raise questions not easily
resolved using such a system, for example:

Should the district provide financial incentive
for teachers to obtain collégé credits be-
yond their degree? If so, how should this

__incentive be distributed?

How should teachers’ salaries compare to ad-

_ ainistrator’s salanes"

How should the salary schedule allow com-

pensation for the teacher who is al,ora
department head" Should all department

heads be on a separate schedule from the
teachers"

Should a teacher or administrater in an inner-
city school receive a comparatively higher
salary than a teacher or administrator in
a suburban school? If so; how could we
“build this condition into the schedule"

Should “teaching éxcellence be fmanc1ally

~_rewarded? If so, how'7

How can we revise the salary schedule 50 that
younger teacheis are attracted to the
district?

James E. Bruno has listed a number of criteria

which shotld be part of an effective evaluation

scheme for determmmg salaries in a school dis-

trict: He summarizes these criteria by stating:
An “idkial" salary §bh§'du16 §h6hld be able tb bdnsider
all factors which both teacher groups and school
boards consider important in the evaluation of salary
and to the attainment of the school district objec-
tives. Most important, the salary evaluatirn scheme
should be internally consistent and, if desired; main-
tain the organizational salary hlerarchy It should be

“Ie‘uble e'n"o’ugh howevé? to pemut overlaps in salary
between the various hierarchies (e.g., it should permit
a highly qualified teacher to receive more salary than
a low qualified administrator). Finally; an effective
salary schedale should be able to consider the finan-
-cial constraints placed upon school district resources
available to support the salary structure. This latter
feature could be extremely |mportant in collective
bargammg negotlatlons between teacher unions and
school boards.’

Bruno contends that the traditional fixed-step

salary schedule does not fulfill these criteria.

As an alternative; he has developed a rriathe-

notation, eliminates or ,rev1ses some off the con-
straints, and uses only five evaluation factors in
determining salaries instead of Bruno’s nine.
After you have worked through the problem,
you may want to read Bruno’s complete article.

Statement of the Problem o

You have just completed conductmg sa.lary
negotiation . the teachers and Schoolrboard
in your di- «nd +he fcllowmg general cri-

teria have 'L-en agreed upon by all groups in

determining a new salary schedule:

1. Five ‘district functions” are recognized:
Superintendent {and Assistants to _th~
Superintendent), Administrator {}rinci-
pals; Assistant Principals; Vicé-Principais),
Department Head, Teacher, and Teacher
Aide. The lowest possible salary a per:on
can earn in each of these functions is as

follows:
Superintendent $22 000
Administrator 15,800
Department Head 11,500
Teacler - 8,500
Teacher Aide 6,000

That is, a teacher with minimum qualifi-
cations (B.A. or B.S. degree and no ex-
perience) would receive $8500; the lowest

~ Ujames E. Bruno, “An Alternative to the Fixed Step
Salary Schedule;’ Educational Administration Quarterly,
6 (1970), 26-46; quotation, pp. 29-30:

Sy
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pard Administrator would receive $1 5 800

~ and so on.

2: Five evaluation factors will determlne the
salaries of teachers and administ tors
within the district. Each factor will de-
termine part of each teacher’s or ad-
ministrator’s salary; that is, a teacher or
administrator will be assessed within each
factor and a certain amount of compensa-
tion assigned for that factor. The total
salary of a teacher or admlnlstratc.r will
then be the sum of the amounts from
each of the five evaluation factors: The
cvaluation factors are:

a. Learning envzromner;t Those person-
nel with “difficult” asélénrnents, such
as inner-<ity :,chools will receive more
compensatron from this factor than

personnel in “‘easier’’ assignments, such

~* as suburban or alternative schools.

b. Supervisory responsibility. The more
extensive the supervisory responsibili-
ties of a teacher or administrator, the
greater the salary. ~ ) B

¢c. Academic degree. Personnel with
higher deg'wvs will be rewarded ac-
cordingly by higher salary portions.

d. Work experience. Salary should in-
crease as the Yyears of experience
increase. .

e. Additional college credzts The more
credits beyond a formal ~degree a
district employee accumulates, the
_ greater his salary.

The above evaluation factors are not
meant to be exhaustive: The criteria each
district uses for salary schedules will be

~ different.
3. Because the district has been plagued in
the past by hlgh teacher turnover, it has

been decided to set up the salary schedule
in order to maximize teachers’ salaries.
The top salary a teacher can earn in the
district will be the maximum possible
one under the currént budget. In this
way, the district hopés to provrde incen-
tive to teachérs to remain within the

district.

Your problem is to set up a salary schedule

which conforms to all the above criteria, under

the additional assumption that the current

75

budget allows 18 million dollars for teachers

and administrators’ salaries.

Mathematlcal Model
The measure of effectiveness for thlS problem

will be the amount of money the highest paid
teacher can earn: We want to maximize this
amount in order to fulfill condition 3 above.

We must consider f1ve evaluatlon factors in
determ salaries: environment,

determlnlng ,,,,,,
superv1sory responsrblhty, academ1c degree,

work experience, and additional college credits.

Personnel will be ranked within each factor
accerding to the1r p051t10n5 There will be a

minimum or basic amount of compensation

associated w1th the lowest rank for each factor.

AS a person’s rank increases Wrthrn the factor,

his compensatlon from that factor will increase
according to the relative weight associated with

his rank: The controllable variables will be the
m1n1mum co: npensatlons for each evaluation
factor: There are five evaluation factors, SO we
will need five controllable variables; e, d, w, s,
‘nd c

f‘aetors will work;, con51der the factor oflearmng
environment. In this district, teachers or ad-

ministrators may be ranked as being in a diffi-
cult; medium,; or easy learning environment,

corresponding to whether they are associated

with inner city, suburban, or alternatlve schools

respectively. (These categories were agreed upon
during néegotiations.) If a person receives a rank

of éasy for learning environment (that is; works

in an alternative schoot); he or she will receive a

certain amount of compensation, which we shall

indicate e. This amount, e, is one of our con-
trollable variables: If the ranlung is medium—

that is; if he or she works in a suburban school—
it has been established that he or she shall receive
twice the minimum or basic compensation, or 2e.
A rank of difficult (that is; a position in inhcr-city
schools) will entitle the person to receive three
times the minimum amount, or 3e. Therefore,
the relative weights associated w1th the cate-
gories of difficult, medium, and easy learning
environments are, respectively, 3, 2, and 1.
The amourt of money a person receivi

cording to the difficulty of the learning -

ment is only part of the total salary. T

the salary will be determined by the ar.

84
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or she is ehglble for in each of the other four

evaluatlon factors
A summary of the evaluatnon factors, the

notation for the mlmmum or basic compensa-
trqn for each factor (our controllable variables),

and the relative welghts for determmmg salary
w1th1n each factor 1s gwen m Tablo 3 10 For

thexr 51gmf1cance is drscusced below ,Rememb,er
that the relative weights associated with the

-various categories within each factor are as-

sumed to have béen agreed upon in negotiation.
It should be pointed out also that whole-number
weights are not riecessary. For example, if it had
been specified that teaching in a difficult learning
environment would- pay three and one-half
times the basic amount for that factor or 3.5e,
the relative weight for this category would be
3.5. We have chose:: whole-number weights in
this problem merely for slmphflcatlon

Now that we have defined the controliable.

varlables and the measure of effectiveness; we

must formulate the rnathematlcal model:. The

measure of effectiveness is the highest possible

salary a teacher can earn. Referring to Table
3-1.0; we see that a teacher having the following
ranks within the five evaluation factors can earn
the highest possible salary:

L Salary
Rank and from
. Corresponding Each
Evalaation i-‘acior v Weight Fac ror
Learmng environment Difficult (8) 3e
Supervisory responsibility Class-wide (2) _ 2s
Highest degree PH.D. or Ed.D. (5) 5d
Work experience 13+ years (7) Tw
Additional credits 29+ credits (5) 5c

The total salary (symbohzed by T) that a top

teacher can earn, then, would be:
3e+2s+5d +Tw +5¢=T

We want to find values for the controllable vari-

ables e; s; d, w; and ¢ such that T is a maximum.
Now weée must express the constraints on the

controllable variables. First, let’s assume that

during salary negotlatxons certain guxdelmes

were established for the minimum or basic

amounts of compensation for each factor. For
example, it was agreed that e; the basic amount
paid because of learning environment,; will be

somewhere between $200 and $1000. (The

lower lunit was probably negotiated by the
teachers, the upper limit imposed by the school
board.) We need two mathematical expressions
to indicate these limits on e:

1000 (e will be at most $1 000)
e> > 200 (e will be at least $200)

Similarly, cher guidelihes were set up for s, d;
w, and c. These and the corresponding mathe-
matical equivalents are given in Table 3-11. ,

~ Other constraints on these controllable .vari-
ablés are that we have been given lower limits
on salaries for each of the five district functions.
Recall that these lower limits are:

District Function towesr Sa/ary
Superintendent' $22,000
Administrator o 15,800
Department Head . ' 11,500
Teacher : 8,500

~ Teacher A:de ' ' 6,000

5

' ’Th”e dlstl‘lct has defmlte criteria regardmg the

mlmmum quahflcatloris for each district func-
tion. For example, the teacher who is paid the

least amount would have the following charac-

teristics within each evaluation factor and cor-*

responding salary from each factor:

el

- : Salary
Rank and from
Corresponding Eacn
Eva/uanon Factor Weight Factor
Learning environment Easy (1) le
Supervisory responsibilities Class-wide (2) 2s
Highest degree B.A.(2) 2d
Work experience 0-2 years (1) T

Additional credlts (1)

0-7 credits (1)

TherefOre, the ieast ] pp’s’sihie salary a teacher
could be paid in this district is:
le # 25 +2d + 1w + 1¢

Furthermore; we know this amount must be no

smailer than $8500 Therefore, one of the con-

le+92s+2d + 1w + 1c > 8566

pressions for the minimum salaries for each of
the other district functions. Table 3-12 tabu-
lates the minimum requirements for each of

Q
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. _ o Numbie;riof
contrnd Tatde Relative weight Employees in Weighted
vvaluation b tor Vartanle and _Categories This Category Total
i Loarnig rnyironment T Cdifficult 22d 660
H Comeed i 116¢ 2332
| 1 vany 0 -3
i 202¢
L aperdi ory responsic 5 7 single district wide {Superirténdént; 1 7
ey h district wide {Assistants to 5 30
; .uperlntpndent)
Loangle school wide (Principals) 4 8
' 4 wchool wide (Vicesprincipals, etc. ) 25 10
| 3 department wide a 270
: 2 ¢lass wide A 1200 2400
! ] wtudent wide (Teacher aides) 60 _60
Z2892s
[
S ghe yt s odesing X ¥l » PheD. or EdD 20 100
Podegeies attained . 3 MIA, 120 :
: 3 MJEd. 1100
! R.A. or 8.5 1100
i L ALAL 4
‘ 5126d
Caork eaperie - w 7 134 years _ 16 12
¢ 11 - 12 years 1170 -600
59 - 10 years 300 1500
4 1 - B years 400 16C0
. 3 5 -6 yéars 500 1500
' 2 3 - 4 years 50 100
i 1 0 - 2 years 20 -20
‘ I o )
CAddrtional college c 5 29 + credits. . 600 3000
Coredits 4 22 - 2B credits 500 2000
3 15 - 21 credits 200 600
! 2 8 - 14 credits 50 100
. 1 0 -7 credit- 36 36
o B 1
Table 3-10. -
Evaluation factors in salary schedule model. el
i Controllalle - Mathemctical
Evaluation Factor —Variable Limits _Statements
Learning environment e At most_$1000 e :_ 1000
At least 5200 e > 200
Supervisory s At most-$3000 - 5 < 3000
responsibility At 1east $500 s > 500
Highest degree d At most $2000 d < 2000
At least $200 d > 200
Work experience w Af mOSE 52000 W < 2006 -
At Teast $100 w >~ 100
- Additional credits 4 At most $500- c < 500
At least 5100 ¢ » 100
Table 3-11.

Guidelines for evaluation factor values.

these functions: the last row indicates the mini-

mum salary for caéﬁ and its corresponding lower
lrmt ‘The maximum p0551ble salanes have also

of the cohstrémts since we have not beén givén

any upper limits on salaries.'

121y 45 difficult to set a maximum salary for a teacher

ERIC

Aruitoxt provided by Eic:

Summarizing from the information in Table

3 12, we find the constraints on minimum sala-

ries for the five district functions to be as foHows:

aide. We have assumed here that the hlghest pald teacher
aide wculd work in a difficult learning environment and
would have student-wide responslblhtles 1o more than
a B.A. or B.S. degree; 13+ years of experience, and no
more than 7 credits beyond the Bachelor’s deg‘lee.

8q
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Minimum requirements for five district functions.

. Mathematical State )
District Function Least Possible Sa.

le + 65 8d + 3w +1c

Superintendent > 22,000
Administrator le + 45 + 3d + 1w + 1c = 15.800
Department Head le + 35 +2d + 1w + 1c = 11,500
Teacher le + 25 +2d + 1w + 1c = 8,500
Teacher Aide . 2 6,000

te+1s+1d + 1w + 1c
The on! constraint left to form on the
controllable vaiinbles is the total available

budget for teachers and administrators’ salaries—

(‘xghrtreen million dollars. Referring again to

Table 3-10 .otice that the fourth coiumn tabu-’

lates the number of }.2rsons within the d’strict
who are iri each Catégdry df thé éva '1tiori
flcult ’ l,e,ammg,en,wronm,ents,,1166 persons are
in ‘“medium’ difficulty learning enviroriments,
and rio persons are in ‘‘éasy” learning environ-
ments. The 220 people in the ‘difficult” en-
vironment will each have to be paid three times
the buasic amount for the learning environment
factor, and the 1166 i in “medium”’ environments
twice the basic amount. So, in all, the amount of
money necessary for salaries in the learning en-
vironment factor is:
(220 - 3+1166 - 2) - e = (660 + 2332) - ¢
= 2992¢

Table 3-10 calculates similar figures for each

of the other four evaluat: ‘actors, with the

following results:

S wloney Meécessary
Evaluation Factor for S s

arning environment a9ude
Supervisory responsibility 28325

Highest academic degree 6126d
Work experience 5432w
Additional college credits 5736¢

Since the budget is limited to 24 million dol-
lars for salaries, the ma*hematical expression of

this constiamt on the total money necessary

for salaries is:
2099%¢ + 2892s + 6126d + 5432w
+ 5736¢ < 24000000
The entire mathematical model for this prob-
lem is summarized as follows:

e <1000 upper limits for W

s < 3000 values of minimum

d < 2000 ¢ or basic amounts

w < 2000 for each evaluation .
c <500 factor §
e = 200 lower limits for &
s = 500 ~ values of minimum =3
d >200 %  or basic amounts &
w = 100 for each evaluation

¢ > 100 factor )
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Table 3-13.
Salary schedut: ;. -oblem prepared for input t: LPRG.

e+6s+3d+ 20 ) have only one of the variablés in them, they will
+c¢ .- 22000 7 nave o be rewritten using 0 coefficients for the
e +ds +3d +w minimu: . missing variables. Table 3-13 summarizes the
+eo> 15800 possible ;ﬂai’y écthtéd}_l‘lst'oblem as we ha' 2 prepared it
¥ 16 N - < 1 u
e+3s+2d+uw Sa,la“es. sor g or P -2
 idizan $ each district g ~ Be careful when you mput data lnvo;vmg
+L’ 17:1[7506” function \ & larre numbers. Use commas only to separate
e+25+2d+w = numbers never use them within a number: For
¢ > 8500 ﬁ example, you would not type the number 2992
et+s+dFw as “2,422"; the correct coding would be +2992.”
c > 6600
2999 + ‘2892«\ + 6126d + 5430 budget Analysis of the Solunon
+ 5736¢ < 24000000 ] g€ The computer listing for the solution to the

salary schedule problem is given in Flgure 3713
with the following results (rounded to the
nearest penny):

Find values for e, s, w, and c subjed to the
above constraints and such that the top teacher’s
salary is 4 maximum:

30+ 925+ 5d + 7w + b = 'i; } 'ohj’ect function ot T

Con;ro/'ab/e .
We are now ready to assign an order to the Evaluation Factor . Variable Valae
variables and the constraints and to prepare the S i
model for input to LPRG. The variables have al- Learning environment... e 524.59
ways been referenced in the order e, s, d; W, ¢ Supervisory responsibility s 3000
Highest academic degree d «00

so we will agree to ES? that O,fd,er,,As usual, we Work experience w 1975.41
must h'IVr(:”cIﬂ the lersrsr'-thanr ccr)rrls,tramtsr7f1ristj Additional credits c :
the ‘“‘equalitv’ constraints second (there are o o
none), and the ‘‘greater-than” constraints

thlrd We will agreé that thé uppér limit con-

The correspondmg hlghest p0551ble salary for a

the sixth, the ,lower llm}t (on,stramts are the
seventh through eléverith, and the minimum
salary constraints are the twelfth through six-
teenth. As the upper and lower limit constraints

fr'achnr which we maximized, is $23 901 6
tsing the equations in the last row of Table
-2 and the above values for the controllable

variables; we can calculate the lowest and highest
possible saiarles for each district function:

&4
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IF MAXIMIZING THE OBJECT FUNCTION, TYPE l.

IF MINIMIZING THE OB3JECT FUNCTION, TYPE ~l.
271

NUMSER OF VARIABLES? 75

NUMBER OF CONSTRAINTS? 716 = .
NUMBER OF LESS-THAN CONSTRAINTS? 26
NUMBER 0F EQUALITY CONSTRAINTS? 70
NVFETER OF GREATER-THAN CONSTRAINTS? 710
ENYER THE COEFFICIENTS OF THE CONSTE'NTS, SEPAHATED BY COMMAS.
CONSTRAINT 1 71.0,0,0,0 :

CONSTRAINT 2

CONSTRAINT 3 7050515050
v STRAINT & 70,0,0,1,0 . ’
CONTTRAINT 5 704000051
WETRATNT 72992,2H892,6126. 5432, 5736
o e 2130505050
i 7001:0:0.0
SNSTHALN - 9 205,0,150,0 '

GONSTHAINT 10 70,0,0,1,0
CONSTHAINT 11 7540,0,0+4—
CONSTRAINT 12 71s¢,3,2,1
CONETRAINT 13 hrsdsisi
CONSTRAINT 14 7153i23151
CONSTRAINT 15  ?1.2,2,1,1
CONSTRAINT 16 1,151,151

ENTER THE RIGHT-HMAND SIDES OF ALL THE COYST..:INTS, SEPARATED BY COMMAS.
71000, 3000, 2000, 2000, 500, 24000000, 200, SCC, & 40- 100,100, 22000, 15800, ! 1500, 8¢

ENTER_THE COEFFICIENTS OF THF NBJECT FUNCTION, SEPAKATED BY COMMAS.
73,245,745

i- .. wISY TO CHANG" 7R CORRECT ANY OF THE CONSTRAINTS?
73 = 1, NO = 05?0

DO_YOU WISH TO CHANGE OR CORRECT THE RICHT-HANO SIDES?
CfES = 1, NO = 0) 720

D0 _YOU WI1SH TO CHANGE NR CORRECT THE Q®JECT FUNCTINN?
C(YES = I, NO = 0> 20 ' .

t

ANSWERS! .

VARIABLE VALUE
1 524.589
2 3000.

v 3 400

C 4 1975. 41
5 100

THE VALUE 0T -THE OBJECT FINCTION IS5 23901.6
THIS VALUE IS A MAXIMUM,

DONE

Figare 3-13. . . _ . _ L

Salary Schedule Problem Solved Using LPRG.

1n this case there is not cnough space on onc line to type all the right-hand sides and show
each number one after another; however, LPRG is desigiied to continue t¢ dccept each
number; even if the number appears on the paper to be typed directly over the preceding

. digit. Therefore, when the right-hand margin is reached, just ontinue yping as ustal,

8¢
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Ceowest Possihle Hi qln\{ Pussible

Osstrict Function Salary S’ 1y
~uperintendent 23,7754 RO WY
Administrator 15.800. (J ©. 30164
Department (lead 12:460:00 RTIAE
Teacher 9,400.00 23.901.64
Ivacher Aide 6.006.00 19.301.6+

By substituting the values for the controllablc
variables in the original constraints, we cin see
that all the original constraints have been S 1tls-
ficd. For example, the total amount necessury
for salaries is:

28925 +1,126d + 5132w + 5736¢
2992(524.59) + 2892(3000)
6126(400) + 5432(1975.41)
5736(100)

= 156957328 + 86760C9 + = 50400
10736427:12 + 573600
$2.4000000.40

]
<
ey
o
~

+ o+ o+

+

Notice that this fxgure is 40¢ over the allow-
able budget of $24 mill.on: This error arose not
ber use LPRG calculated m(,orrectly, but from
mumlnw Further; the (\( ess 15 so small that it
does not rcallv re presont a problem. Surely one
person (perhaps the superintendent?) will agree
to accept a dock in pay of -

Oni of the major adva
type of salary schedule i -ompletely
objective: glven any persc, position_and
(nl(,k;_f,rr)tlnd we can quickly ca. ul.xte the salary
For t‘\dmpl(‘ the salary of a principal (admini-
strator; single school re sponsxhxllty\ in a subur-
ban school with an M.Ed , 7 years’ experience,
and 16 credits beyond his or her degree would be:

using this

2e + E:)Q' + 3(1 +dw + 3¢
= ‘>(:)‘71 5‘)) + a(3()00) + 3(400)
I(l‘)7a41) 3(100)

1() 19 18 15000 + 12600
7901.61 + 300

$25150.82

b +

+

il

Reéfor to Table 3-10 for the relative weighte of
the controllable varizbles used above.

Although we will not EO mto detail here, it
is possible to introduce many more constraints

81

into the salary schedule problem. Consider the
following list of possible modifications.

1. The salary schedule could be based on as
many evaluation factors as your computer
viogram can handle. Such criteria as qual-
ity of teaching, inservice trammg,raddl-
tional workloads (for example, coaching),
and priority of subject matter could all be
included.

2. There are many possibilities for measures
of effectiveness in this type of problem:
for example,

Begmmng teacher’s salary (maximize);

Total budget (minimize);

Cumpensatxon for teaching in a difficult
learning environment (maximize the
quantlty e in the previous problem);

Total amount allotted for work expen-
ence (maximize).

3. The model could bs constructed to allow
for certain salary spreads within each
district " ..nction. For example, a con-
straint could be addud specifying that
the least possible salary for some dis-
trict function was not less than a cer-
teiin pércéntagé of the highest poss’ible
specxfxc we could rpake tne (ondltlon
that the least p0551ble teachier's salary was
at least 50 percent of the highest possible

teacher’s salary: If this were $16,000, the
lowest possible teacher’s salary would
hav2 to be $8,000 or more in order to
 conform to this constraint.
4. You could allow for percentage salary
overlaps between district functions. For
example, it would be possible to specify
that tiie highest pald teacher could earn
at least 10 percent more than the lowest
pald department head
the highest salaries for dxstrxct functxons—
for example the highest-paid teacher

must oarn at least $4 00C more than the

6. You couldﬁ set uppui -nu.ts G raamUm
salaries. For example, the :naximum
salary for teacher aides in the previous
problem, $19 301.64, turned out to be
fairly high. This figure is probably not
realistic, and you might want to specify
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a later computer run that the maximum
acher aide_salary 1s no higher than; for
example, $12,000.

A mathématical model for salaries as pre-
sented here is ideal for conducting simulation
studies. An administrator coul! nutline salary
schedules for future years based on pred;gtlons
of how the school hudget will change. Or, he
could assess future budgetary requirements
hased on the reed for morc teachers within
the district: The posnblhtlec arc 1<iless

There is one major limitation in this salary
schedule model: With the large number of con-
straints on only a few controllable variables, it
Is very casy to unknowrngiy construct a prob-
lem which has no solution at all; much less a
“hest” solution: Such a situation would have
ariser in the original salary schedule problem
if we had had a total budget of only 4 million
dollars. With the constraints we put on mini-
mum values for ¢, ¢ ., w, and ¢ it would not
be possible to keep within this budget. We can

R VIEW

easily see this by substituting the minimum
values for the controllable variables in the bud-
get constrairit. This results in a figure greater
than 4 million:
2992¢ + 28925 + 61 :6d + 5432w + 5736¢
= 2992(200) + 2892(500) + 6126(200)
+ 5432(100 + 5736(100)
= 598400 + 1446000 + 1225200

+ 543200 + 573600
= 4386400
The computer program LPRG will teil you

when there are no solutions to a linear program-
ming problem. If that happéns, you can vary
some of the constraiuis until theré is a solution.
The process of adjusting some constraints in
order to find a solution should in itself nrovide
valuable mformatlon an administrator may find,
for example, that demands from the teachers
union are impossible to meet under the current
budget.

’

Exercises 1. (a) Re-solve the salary schedule problem 4ssuming that your budget
is cut by i0 percent. That is, you have been a'lotted $21 6 million

for sa'aries instead of $24 million. Do you

~xpect that the resulting

figures in the salary schedule will all be reduced by 10 percerit when
~ compared to the original salary schedute?
{b) Re-solve the problem dssuming your budget has been increased to
$27 million. What happens to the salary ranges for the district func-
tions? Where does the extra money scem to be channeled?

0o,

Suppose you have a budget of 27 :inillion dollars but you want to pro-
duce a salary schedule in which the salaries of teachers and administra-
tors are not as dlvergent as in problem 1 (b) above. What categories in
'"hlch evalua*x,n factors could you reweight in order to accomplish this
revision. and how W*ould you reweight them? What other constraints

could be included or chzhxggd" Try the Droblem on the computer after

s rer to this ques-

you have made your * predlcho\s (There is no set ar
tion.) -

Cr
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THE MATHEMATICS BEHIND LINEAR

PROGRAMMING

Much of mathvmatus makes use of thz basic
u)mopts of eq 'xcms and inequalities to de-
scribe relationsti. ~s between quantities (vari-
abies): Mathe matical modeling is the practice of
defining such relationships precisely by using
equatlons and moqualmes Once this has been
accomplished; all the power and sophistication
of present-day mathematics can be brought to
hear on the model; and solutions can be found.
Linear programming is an appropriate problem-
solving technique when all the equations and/or
muqualmes in the accompanying mathematical
model are of a specific form —nainely; lincar—
and wlen there is a quantity to be optimized.

LINEAR EQUATIONS AND
THEIR GRAPHS
A linear equaf G or mequallty is one in which
the variabhles n.e added and/or subtracted fro'n
each other or from nvmbers, vanahlo, may not
be multlplled or divided by e mmr or by
themselves. (Jumbers (constants) may be added,
subtracted, multiplied; and/or divided by vari-
ables or by themseives. The general form of a
linear equation is:
Xa+Bb+Cc+...+Xx+Yy+Z22=0
. here the upper-case lettérs represent constants
and the lower-case !ettérs are variables. Linear
inequalities have the same form except that the
equality sign is réplaced with an inequality sign.
~ Lir.ear equations get their name from the fact
that graphs of their solutions are lines.!> Let’s
look 2t an example. Consider the eouatlon 2a
+b = 0. A graph of this equatlon is the set of
all »airs of numbers which when substituted to
a and b makc the eguation true. If we let a = =1
and b = -2 and substituie these values in the
equiation, we get

%aFb=2(1)+(-2)7 2-2=0

B3 prequentiv in mathematics we talk about graphing
equations and inequalities; Technically, we are graphing
all the solutions to an equation (or inequality) rather
than the equations tnemseives: but we will use these two
exutrssions interchangeably.

which is a true statement. If we let a = 1 and &
=1 and substitute these values, we ot
2a+m=2(1)+(1)=2+1=0

which is not a true statement. Th'eir'efore, we say
that a = 1 and b = -2 is a solution to the equa-
fion and » = 1 and b = 1 is 117% » solution. There
avt meny other solutions to this equation; in
fact, there are an ‘nfinite numuer of them:
Some are listed below,

Value of a l/a/up ol b

3 —»6

2 -4

1 -2

9 0

_1 2
-2 4

6

4 'vay to draw pairs of numbers The standard
method is to use a grid with a central point
where each point on the grid reprééénfé one
pair of numbers. i"te central point is called the
origin of the grid and represents the pair of
numbers (0,0). Any other point on the grid is
defmed in relatlonshxp to the orlgm The first
number of the pair (Called the fxrst or horlzontal
coordinate) tells how far the poini is from the

originn in the horlzontal dlrectlon If the first
coordinate is positive; the point is to the right of
the origin; negative; it is fo the left:. The second
number (called the second or vertical coordi-
ate) valls how far the point is from the origin
in the vertical direction: If it is positive, the
p.int is above the orlgm if negative, below. This
graphing system is called a Cartesian coordinate
system, named after its developer, Rena Des-
cartes; a French philosopher and mathematician.
Figure 3-14 is a graph of several points, using
the Cartesian coordinate system. =
Now we are in a posx ion to begin graphmg
the equation Za + b = 0. First, let’s graph the
palrs of numbers in the list on page 00 We will
use a for the horizontal coordinate and b for the

vertical coordinate.

Q’j [

3
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ur o I
vers !

founits
vertical 7 Gnits
f‘7lj114'|"_LLontal

4+, -——»e:
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Fl(iu;n' 3-14.

Random points on a Cartesian Coc.rdinate System.

Noti'cé trhi,xt all of the pairs lie on :t‘hjé sdme 1in’e.
In fact, all other pairs which are solutions to this

el ¥ -
Hounits ‘I'I funits : -2 units
horiczontal horizontal (o, -4, ¢ vertical
(7.-2) e

|

H

i

-6 units ,‘i
vertieallI
3

it

¥4 {0,-6}

|

-—— =
t + +

+—t

Figﬁré 3-15 . . -

Graph of Solution to 2a +b = 0.

the line represent pairs which are solutions to
the equation.

equation are on the same lire and ull points on

T.. ‘ninology

o

or subtracted from each other or from constraints. 7

SOLUTION OF LINEAR EQUATION: a pair of numbers which result
in a true statement when substituted for the variables in the 2quat: sn.
CARTESIAN COORDINATE SYSTEM: a system of naming points in a
plane with pairs of rumbers. , S )

ORIGIN: the central point of a grid, representing the pair (0,0).
HORIZONTAL COORDINATE: tiie first number in a pair, denoting
horizont distance from the oriin. o

VERTICAL CCORDINATE: the second number in a pair, denoting the
vertical distance from the origin.

Find five pairs of numbers which are solutions to the equation a + 2b
+ 1 = 0. Graph these pairs on a grid (use a for the horizontal coordinate
and b for the vertical coordinate) and “hen graph all the solutions to the
equation. o . S
Grapli the equations a + b = 0 and 3a + b + 2 = 0. Hint: as you may or
niy ot reriember from geometry; two points completely determine a
line. Thercfore, it is only necessary to find two points on a line (that is;
two solulions to an equstion) in order to draw or graph that line. An
easy way to find two solutions is as follows. Arbitrarily set one variable
to zero (say a = 0) and find out the value of the second variable. Then
sot the second variable to zero (b-= 0) and find the value of the first. You
now have two solutions to the equation: '
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GRAPHING INEQUALITIES .

Graphing ine ualities is an casy matter once ‘2.4
you know how to graph equatxom Consider the +
mequzﬁlty 9a + b < 0. We are look:nig for all of W-1.7)
the points (pairs of numbers) which make tais o
statement true when the values for a and b are P — S — F——t—t
substituted into the inequality. Certainly : * of SN
the pairs of numbers on the line 2a + b = ( wiso v &L
satisfy this inequality; but there are many others.
Let's pick out a point which is not on the line,
say (-4,1), and see if it is a solution.
2a+b=2(-4)+{1)=8+1=-7<0 : \
Figure 3- 16
raph of 20 + b = 0 plus Szlected Poinis.

The result is a true statzment so {-4, 1) is a solu-
tion. Let’s try (-2, -21.
2a +b=2(-2) +(-2) = (-4 +(-2)=-6<0 solution to the inequality. Thereforé we can
ST sraph the inequality in the following manner.
The result here is also a irue statement. Let’s try grap ¢ Inequality in the toflowing
another point, say (3,1).
2a+652(3)+(i)£6+i£§<6

The result is = faise statement. so this point is

not a solution ! :  :u.gyuality. Let’s try one
last paint, (0;5):
20 +b5=2(0)+(5"0+5=5<0

This also results in a false statement and so (0,5)
is not a solution. Let's-look at our four trial
points on a graph Notice that both of the points
off the line w'ich are solutions to the incquality
lie in the b plare which is below the line, and
that boih of the pints off thé liné which are r
not solution$ to the inequality lie in thé half-
plane which is above the line. If more extensive

testing  were conducted, we woulnr lind that Fiqure 3-17.
évery point in the halfiplane below the line is a Graph of 2a =+ b = J.
REVIEW
Exercise 1. Graph the following inequalities:
a 26<0
b: 8a +1 0

c. a+b>0
d. a-4b 1<0

Hint: op~e the ine is grapitad, it i€ ieceusary Lo rest one ! roint or < “ther
side of ine line. Vhichever ~cint is -+ sciution lies on the side which
should be shaded.

9
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SOLUTION OF LINEAR PROGRAMMING For the purposes of our discussion here, we shall

PROBLEMS BY GRAPHING havée to make the non-negativity cornditions ex-
plicit in the form of two extra constraints:

Now that we have reviewed basic techniques for p>0

graphing lirjozilrrrtjqu:;trions and inequalities, we c> 0

are ready tﬁgrWtﬁtirrjl_lwg)u%‘”éttéﬁ'tibn toward solving . el o
lincar programming problems. “ct’s return to We are looking for pairs of numbers -hich sat-
our original TV set problem. Recall that the isfy all the constraints (the sc™ to the

ConsStrints wore: problem}: Then, from all the solu'- =, -~ wish
to pick the one(s) which givesan + .. value

p < 60 to the cbject function. It will be = * ‘nd all

e 40 the solutions using graphing techni.,..s. we do

2% + 36 < 15'0 it by graphing ail the conrstraint~ and finding the

points which_are 0. all of the graphs. Since they

and the object function to be maximized was: are on all of the :raphs, they are solutions to

each of the inequalities and therefore are solu-

Op be =T tions to the problem, since they satisfy each of

Recall that we assumed the number of both the constraints. In graphing the constraints, we
consoles and portables made would be positive, will use p as the horirontal coordinate and ¢ as
since it makes no sense to produce -10 consoles. the vertical coordinate.

(b) « 30

(c)
p 0 {
o4+
P
g
bt b At
o040 60
‘a}
N )
O URUULE GRS S W S
20 a5 !
+
L are 3-18. )
. Stradints o Televisi-» “roduction Problem.
9 i .
4
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[f we superi, o the rive graphs onto one gr !
and indicate the pot . which are on all five, »
have:

b } l‘)
(iraph of Solutions to Television Production Problem.

Now we turn our attention toward fi'ridin’g the
optimal solution. Suppose that we arl)ltrarxly
set the value of the object funLLmn at 2000 and
graph the equation 20p + 25¢ = 2000:

ruqml 3.20.
(iraph of Solutions with Objecl F unctmn Va.lu of ‘7()()()

Notice that none of the solutlons to the pr,ob,lpm
lie on this line. We can conclude from this that
no pair of numbers which satisfy all the con-
straints will yield a value of 2000 for the object
function.

Let's set the
and examine th-

nh]oct function value at 1600
graph in Figure 3-21.

£
NG
AN
- e
A0 100 N\J20
NS ~

Froure 3-21. .
Graph of Solutions and New Objec' Function Values
of 1000,

Notice that there are many solutions which yield
a profxt of $1000: Notice also the relative posi-
tions of the two lines representing different
vdues of the Ob_]eLt function. The lmes are pdral-
: JOO is under the line with a value of ‘70,0,0.
\" 1ere do you suppose the graph of the line 20p
+ 25¢ = 1500 will fall? Let’s graph it and see.

~

N

20 40 60_  80°\_ 100\ 120

anure 3-22.

Graph of Solulions and New Object Funclion Value
of 1500,

a ploflt of,,$,1500, Also, notice that thls,thlrd
lin¢ 1s parallel to the other two and lies between
them. By this time vou should begin to suspect
the fact th. every new value for the object
function will produce a new line which is paral-
lel to the others. Graphically, then, we are
looking for the highest line which is parallel to
the three we have already generated and which
iritersects the graph of the solutions in at least
one point. It should be clear froi the graph,
that ti:> desired line will go througi. the upper
rizat-hand corner; which is the point (60,10).
‘This is the optimal solution, as we already know,
and the equation of thé line we are looking for
is 20p + 25¢ = 1450.

The - hove dxscusswn was r,resented SO that
the user of these materials has a chance to de-
velop an intuitive notion of what lmear program-
ming problems are all about It is i1ot intended
to be a comple te discourse on the mathematical
tcechnique of linear programming. There are
sevei il other methods of solving linear program-
ming probiéfﬁs The program LPRG uses one of
them (called the two-phase simplex metiiod)
rather than the graphing method used above.
But all of the methods accomplish th¢ same
thing; namely the identification of ail possible
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Fiqure 3-273.
Gruph Showing ()pnmal Sohition:

and the subseqaent
identification of the optimal solution.

OVERVIEW T
ADVANTAGES AND DISADVANTAGES

Weé nave pointéd out seviral disadvanti, 5 ~nG
limitations to the deticion strategy of i{xxfa
programming, along with obvious advantey
for the educitiona administrator. This secticn
summarizes these.

Advantages

The primary advantage of using any operatlonr
rescarch technigue such as linear programming
i$ that it provides a rational basis for decision
making. Any opinion or decision is more be-
lievable and more valid if it can be substant :ted
by hard data: Linear ,)rogramm.ng provides defi-
nite eriteria fo' determining the “‘best’ solution
to a pmblem

Other advantages are:

1. Lmear programmmg provides a format for
svstematic analysis of problems which are
~oncerned with allocating resources in
order to optimize a certain iesult. It
forces the administrator to idéntify tr.-se
variables over which he has control and
the accompanying restrictions on_ those
variables, and to analyze the interrelation-
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xdentxfu,atton of goals and ob ective ex-
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pression of these goals The administroior

is forced to establish the extent to which

er ™ variable affects the goal. Quantlflu-

. of goals is invaluante in terms of

cation and accountability; since it

i:.ps establish whether goals have been
attained and how -well they have been
attained: Such questions as whether edu-
cational goals have been met are of vital
1mf>6f"b5mce to the administrator, since he
is answerable to many groups; including
the federal governmgnt the staté govern-
ment and of course ...e taxpayers.

3. Once the problem has been expressed
mathematically, linear programming com-
puter programs such as LPRG prov1de
the means for obtdining fast answers at

~ little cost.
4. Programs like LPRG also provide a means

for sxmulatmg changes in the linear pro-

gramming problem iii order to see how

the goal and the controllable variables

would be affected if such a change were

implemented.:

Dlsadvantages
The foremost disadvzntage to using linear pro-
gramming is the difficulty ‘n the mathematical

‘formulatlon of real-world situations. Some

problems just do not lend tt.emselves to mathe-
matical expression. With otners; successful

9.,
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mathematical moddling 1s limited by available
mathematical techniques, variibles that are un-
known, and goals that are difficult to cxpress
guantitatively. Even wh(n a problem cin be
expressed  mathematically, the  assumptions
which were necessary for the formulation may

ChHave so (h(mg,vd the problem that the results are

not 'N-ful As computer programniers dre prone
to say, "¢ :.mmgv i1, gdrh e out.” 'I'hAL is; if
the data whl( h go mto t linear programmmg
[)r()hlvm are not valid or repre\sohtatlvo of the
real-world situation; the output from the prob.
lem will neither be correct nor useful. ‘

Linear programming only aids in decision-
making; 1t does not actually make decisions.
Linear programming gives validation and sup-
port to decisions, but it cannot replace the
human administrator who is ultimately respon-
sible for determining courses of action.

SUMMARY OF THE MAIM POINTS
IN LINEAR PROGRAMMI G

Formulating Modeis
A, Recognition of the problem: Lincar pro-
gramming is an operations research tool
used v problems where resources are to
he assigned or allocated in order to opti-
mize some result.
1. Typical resources to be dJlO(dLO(i
education problems:
a. Aoney;
h. Teachers and teacher
¢. Fac ilities;
d. Class time;
. Fquipment.
2. Typical resvits to optimize in cduca-
tion probl(‘ms
HE ’\Iomy 'mml/v ¢osts; maximize
certain sai(m(-s
b. Transportation time: mimimize:
¢, Racial baiance: maximize;
. Quality of instruction: maximize;
e, Faeilities: minimize empty class-
rooms and empty school hus seats.
B. Formulation of the mathematical model.
1. Identification of the controllable vari-
ables (resources);

aides;

Solving
A.

89
Choice of a measure of effectiveness
(quantity we wish to maximize or
~ minimize); ) o
3. Mdthematlcdl representation of the
object function (relate the controlla-
ble variables to the meusure of effec-
~ tiveness);
4. Identification of the constraints (re-
strictions or 11m1ts on the values L f
the controllable variables); )
Mathematlcal representa‘i~:  f th
constraints; B
6. Determination of ‘he lmeautv 5f the
model and hence the model's suit-
dblllty for use of the linear nrogram-
ming technique:

o

o1}

Linear Programming Problems

Types of solutions.

1. Possible solutior:

~ straints;

2. Optimal solutzon sat' "109 all con-
straints and gi. s optimal (maximum
or minimum) value to the object
function.

Possibilities fo* sclutions to linear pro-

gramming problems.

1. l\ldny possible solutions but onlv one
op‘imal solution; ~

2. Nosolviions at all;

3. An infirite number of optimal solu-

satisfies all con-

tions which satisfy all constraints and
give the same optimal result.
Solving linear pxogrammmﬂ
using the computer
1. Formulate mather latical model,
listing ‘‘less-than™ constraints, fol-
lowed by ‘‘equality” constraints,
followed by ‘‘greater-than” con-
straints, and oiject fuaction;
Prepare other necéssasy informatic.:
for input to LPRG: whether object
functicn is to be maximized or mini-
mized; number of constraints; nuinber
of “less-than’’ constraints; numbcr of
“equality’ constraints; number of
“preater- than” constramts
Run tlie “omputer program.
Analyze the results.

prohmms

(o

oo

Yo
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CHAPTER PREVlEW 'Many situations in education require waxtmg lines of a wmtmg period—for

example, students ‘waiting in line to register or equlpment waiting for repair.

To maximize etflciency in these gituations, admlmstrators often need to
- .. answer such questions as, Are the lines too longor waiting penods excessive?
o . - Are more or fewer facilities needed to correct:préblems or to maximize efﬁ- ‘

clency? Queuelng tlieory provxdes a powerful too‘ for analyzmg suchr situa-

a * tions and answering these questions. . J
& . This chapter presents the basic elementl ot queueing theory and dlustrates <

- ’  its many usés in education: Emphasls is on analyzing realistic situatlo‘ns and

interpreting statistics to provide the basis for effective decision -making. An

¢ : N understanding of simple algebra vs;rﬁ equip the reader to fol!ow the stepoby-.

step- discussions of all hand calculations of queueing statistics. In addition,

- the use of compiiter programs to perform: queueing analyses is explained

and demonstrated Exercises ‘provide ginded practlce m ‘using both hand cal-, -

{ » culaf.lons and computer programs ; P '
CHAPTER AIMS After completmg t!us chapter, the reader will be ableJto ‘!E‘E,‘Ell‘? terms spe-
R ' cific to queueing theory,and recognize which situations satisfy the condi-
- g tions” required for applying the theory. He will also be. -able to perform ..
2 queuemg _theory analyses using either hand ealculatlonk or computer pro- .-

7 - grams and to mterpret the results for use in effective decxsxon niakmg
,L.}f,,,,:,,,,,,:7,,,,,, o 7,,;,,;;,,; R ;
INTRODUQTIQN TO QUEHEING THEGRY >

Y

_ THE ELEMENTS OF . .  ina restaugant, and to park their cars in a pnrkmg |
_ - QUEUEING THEORY L - lot; airplanes regularly line up when-arriving®and
R ' departing; lines of cars at a tumpike tol) booth

"In everyday life there are many -situations in . are a cogamon sight. Each of these examples |

involves a queueing or waiting system. Many

which. individuals must wait some.length of time

. for a needed service. People commonly have to
-wait in line to buy a theatre ticket; to be seated

*

other common situations involve similar prob-

lems: situations in wfuch thmgs must be placed
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"

~_in order (ﬁhng, stecking goods), for example, .

“.or in which a certain percentage of items must

be tepaired’ penodlcally 80 that back-up items.

are required:

The operations . research ° techmque called

queuexng theory provides a means for analyzirg
- these queueing’ systems and "obtaining statistics

" that.describe, theif important features; In addi- -

tion; the theory can be used -te- analyze the "
effects of making changes in:the queueing sys- .

tem and determine whether such changes might

" be acceptable or beneficial, In effect; a decision

pupdioniiban gt

. ‘maker can gimulate change$ béfore they are im-

plemented: A~bank manager might use queueing

. theory to- tell him howmuch customer waltlng :

tlme would be affected 1f he were to add an—

-use it to investlgate ‘the effect¥ of constructing

more toll.booths at a tumpike lnterchange

There are, of ‘course; many situations in edu- '
cation ‘that can be effectively dealt with using

queuexng theory. Students waiting to see a coun-.
selor, children waiting ; for appomtments with a
schoof district psycholognst schools - or class
rooms waiting for major repairs by a carpenter,
and purchase orders wmtmg to be filled are all
examples . -

. teristic parts

1 A -queue o? walt}ng hpe of customers
(e.g. wallng 1
_ students waiting to see a counselor)

2. Service facilities which provide a service

or product to the customers (eg the

prOJectors the counselor).

In order to. apply the techniques of queueing )

theonj, .some quangties must be. known (or

estunated) about the customers and the facili-

© ties. These include the number of potential .
customers, - the "”mber of semcefifaﬁc}litres
availakle, the average number of customers

that arrive in any given unit of time to use the

facrhty, and the average length of time required -

to prov1de the service: For example, 300 high™

school students (customers) -may be -advised by

orne counselor (service facility). The students

may ‘'wish_to¥see the counselor at an average rate -

of about four students per day (arrival rate) andi '

from the counselor’s records it might be found,

that an average counseling session lasts 15 min-

utes (length of time requiredto i e service).

Once these quantrtles are

teachers waiting to use projectors; _

own, queuemg' :

thebry can provide mformatwe and useful sta- -

tistics: the ‘averdage waiting tune for an arriving"

., Waiting in- hne, the probablllty that a gwen

' number of cu(tomer&wxll be waiting for service -
at any. given tige, aild the probablhty ‘that the

" service “facility "is idle- (i.e. that there are no-

customers bemg ‘serviced or. waiting in line).
""" theory cdh help answer such

‘questlons as: How many people, on the average,

- are waiting to use the facihty at any given time?

How long should one.expect to_wait’before ‘the -

facility .is available for use? Is the time people

spend waitirig- so" costly: that another facility

would be justified? -Could scheduling. or' re-!

scheduling the, users eliminate any of the wasted

idle time of the facility? . - ‘

In addltlon to providing- data to help answer' -

questions like' these, queueing theory gives the

- administrator a means for exaxmnmg a problem

_* from several different angles -Suppose purchase

orders for a .district seem to be continually

* stacked up and teachers are complaining about

-~ delays in obtaining materials, The orders are
handléd by orne purchasing clerk. An admini- -
strator can usl%.‘ata from §ueueing theoryrto
help decide whether the extra cost of a: second

" cletk would be justxfied in terms of ifcreased

speed. in processing purchase orders. A.ltema-;
tively, the administrator mxght use queueing

- theory to detefmine how many clerks would be

necessary to insuire that most orders would be
processed within a certam number of days Qr,‘-
the administrator might discover in the. course

. of the analysis that the present clerk needs to

be retrained or replaced Or, again, the admmx-

strator mlght discover that far too many pur-

chase. orders are being filled and that it would be

most efficient to anticipate the use of certain

materials and have them on hahd at the begm _

ning of the school year

It is obvious that queueing. theognrs a valu-
able decision ‘strategy  for the administrator
concerned about efficient utilization of time and
facilities: In summary, its four pnmary uses are.
the following: . -

It helps the admlnxstrator to study current '
queueing = systems . (or non-systems) and
to pinpoint’ problem areas and ‘potential
solutions. .

It provides statistics that can be used as cri-
teria for determmmg the “best” solutlon to

-
-
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a problem: For ejrarnple the best Solution
. to the purchase order problem discussed

above might be the specific number

clerks (service facilities) required to insure

-that no purchase order must wait over two

’ days ) be processed. .

It provi es ‘data which may- suggest posslble
changes in the system being studied., Exami-
nation of the purchase order problem for in-
stance, may suggest such posslble ¢hanges as
varying the number of plrchasing clerks (ser-

ice facilities), reducing the frequency of
fpurchase orders by requesting that teachers
.. submit material requirements well €
the schqol year begins, and reducm
amount of time required to proces:

" orders by retraining the clerk.

‘It allows the administrators to test, at a s\nall

the
the

. cost several alternative modlflca;tlons of the °

system and determine the most economical .

or practical course to pursue:

Queueing theory is a rapldly growmg area

- of mathematical inquiry. Many types of models

have been studied in great detail; this cha;p-

fore .-

large populatlons—greater than or equal

to 30-will be clos¢ erough- tofan infi-

; A vy Etaghiieedy

nitely large populatlon for use in practlcal

problems;: -

Waiting Time—the time elapsed from when a

customer loms the wmtmg hne (queue)~ to/-

" the time when servrce ls begun for that

customer. i -
Arrival Rate—the average number of cus-

tomers arnv&irg at the service facility dunng

a unit of time; denoted by A.

“Service Rate—the average number of cus-

tomers -that can be serviced by one service

facility during 4 unit of tune, assumlng -Ho

idle time;; denoted by S

To 1llustrate the use of these terms; let s con- .

sider the situation of a school district’ s pur-:
chasing clerk who receives purchase orders from
all schools in the district. Typically; the time it
takes. to process orders v&nes because of differ-
ences ih gvaxlablhty of 1tems, suppliers’ delivery
schedules and so forth -

for two weeks (ten workmg days) and obtams _

ter will deal specrflcaily wlth‘ types of queuem »~ the following data: .
situations. that have a great many practxcai . o e :
., applications. - - =T Neof : Hours Worked
oo c Orders ' Each Day on -
ot ; Day Q’aaa,’y’ad N Processing Orders
' QUEUEING THEORY TERMS i 1 2.0
: L2 .20 8.0
Following are the basnc terms uspd in queuemg L3 6 5.7
' theory and thelr aefmltlons . L4 7 8.5
. . 5 . 8- i 8.0
,,,,,,,,,, \ _ B
Servtce Factllty-—locatlon at whlch iai service \6 a 3 ‘ 5 ,’D' o
7 19 7:
is rendered (purchasing clerk; machine to be ‘a a ) ah
8 -9 840
used, repairman,-school psychometnst) The o 13 °. 81D
letter F denotes the number of service facili- .- 10 14 S ‘80 .
ties in a queueing situation. 100 Orders = 66-7. Hours

Y

Customer—user of the service facrhty A cus- —
tomer need not be a: person. ‘A machine \
wmtmg for repair is considered a customer
in queueing theory.

'Source Field—the ’populathn of potential

- . .

In thls sxtuatlon the customers are the pur-

chase orders. The service facility is the one clerk

(F = 1).- The source field is 1nf1mte, since a
school district would presumably produce more -

_ than, 30 purchase orders. Since'the clerk re-

’ cewed 100 orders in 10 workmg days the arrwai

rate of customers is an average of 10 orders/day

‘. 30: The letter M denotes the exact size of %lO orders/day). The clerk worked 66.7

such a populatron : hours to- process 100 orders, so we could say he

- An mfimtely large populatlon In generai worked \at the service rate of 1 5 orders/hour

users or customers of the faclhty Two

types of source fields aze considered in

queuelng theory:

‘A small; finite population, 1e legs than

- b
o~ -
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(S = 1.5 orders/hour) Smce queuelpgitheggy - jiihegéiéje, '8 :’ 12 orders/day The average-
requn'es that arrival and service rates be specified ~ waiting time of an order, which wﬂl not, be cal-
‘in the same:time units, we will express the ser- °  culated at this point, would be the average time .
vice rate in-terms of orders per 9ay Assummg * elapsed from when an order arrived in the pur-
~ that the clerk works 8 héurs a day2 . - chasing clerk’s office to the time when the clerk -
Y16 o);ders/hr X 8 b /day 12 orders/day. began to process the order. .
\‘ "‘ . S R . \ ' | '.. -. .:'-';. .,3'1. ".or o T
,, REVIEW | ‘\ A S
| * Terminology 1. QUEUE: waltmghne of.customers. e
y .: 2. SERVICE FACILITY (F): locatian at Which se e is 'reii'de're’d’ -
' 3. CUSTOMER: user of-service facility. 3 -
. 4. SOURCE FIELD:. populatlon of potent;al users; ; unte M is less than 30
_* {.80) and infinite is more than 30 (>30).
5. WAITING TIME: time from arrival at F until.service begms -
6. ARRIVAL RATE (A): average hutuber of drrivals during a unit of time.
: . P -~ - 1. SERVICE RATE (8): average number of customers served by one F
- . o . - during a. umg of t1me _ - . '
e - - .. N * - . . » R " & ’ o, .
s Ei‘e_fei'se R = '., 1 Assume that a school has one ditto machme for teacher use and that sev-

.eral teachers have cOmplamed that they frequentiy have to_ waltoto use .

‘ the-machine because it is busy.:In this situation, suppose the principal
o , keeps track of the uses for 30 days and discovers that the machine was
- used by teachers 480 times and that the total -time the machine #as
3 L ' : actually bemg used was 160 hours. For this sitfiation, what is F (number-
” L I - of facilities)? What is A (arrival rate)? What is S (servxce rate)" Express
' o both A and s in hours : _

-y

Far

. . A
e - T . ) '
.

i CONI%TIONS.FOR GUEUEING THE'ORY L axtlon of mdegendence would be v101ated :
T o l' The fact that customers arrive at randgm
In the queue}pgi s1tuatlorr certain CondItlonS . * time intervals means that arrivals do not
. - - ~must be satisfied in order* for the queueing - follow a particular ‘pattern. If arrivals were
. _theory described here to give useful results. - - consistently most frequent at the begin-
~~ These conditions: arise -hecause of the. mathe- T 'nmg of the day or immediately after the
* o n;gt}gs underlying tpe theory. They are. iie- . * cHange of \class periods, or “followed a
o scnbea Beiow o ..~ - regular schedule such as ane event per half
. : o . hour, this condition would be Wo&ed o
- {1. Arrivals of: éiisfbihéfs Must be ma’ep”e’ - . 2. " Service times are assunted to beﬁgnglfegﬁep:
: dent and occur at random time interva ~ dent over time. Independence of service -
* _ 'Independence of arrivals means that ah #- tipes- over time medns that the service .
-y i arrival is not affected by (is independent .  time for any one custc mer - is,assumed to
L * - of) gther arrivals. For example; if euston - . - be independent of the servicé time for
- ... . iers frequently came to.uise afacility . . any other customer an to ,be unaffected
j : » -~ but saw it was. busy or that a lpng liné .. ~ by ‘such factors as the length - of the line
4 | . - was waiting-and hence they left, thosé - . % . -or the tiredness of workérs;  in -other
Co _arrivals (or honarrivals) would depend on =~ wotds, the service time is assumed neither -
. __ Tothet amvals—wthe customers already using =~ to speed up because the line is longer nor .
A / ' or'walt,l_ng to Use the facility—and the con- " to slow dbwn because w0rkers are tu'ed
1 R o c ot . 5
o :;f_ "'z;‘-__ e :.5": S '." o
| - | ' : e ' : BRI
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Y ply when a facility is first opened, becalise

o it

3. The queuemg system is in e\quiizbirum

- This. means the facility has Been oper-

" -ating long enough for the laws.of proba-

bility on which queueing theory 'is based

to take effect. In general, queueing-theory ~ °

. does not apply. when the facility . first

opens, usually at the begmmng of a day.

e v S GO, S S D 4 -

In some situations at the beginning of the. ~

day there wﬂl be no arrivals before the

facility opens and thé. first m'nvni w@

always be served immediately. In oth
situations, anxibus customers will line up
before a faclhty. opens and all will spend
some time waiting to.use the’ facility.
Therefore, duéﬁe’mg theory does not ap-

-1

the expected waiting time and number \
waiting will .be different than after the '
- facility has been open for a while.

Figure 4-1 illustrates a queueing system

in equﬂxbnum which involves cars in line -4.

at a service station. The drawing suggests
‘that the length of the waltmg line is fairly
constant and customers arrive steadlly

% The amount of time car C has to wait in °

o

mIVING USERS

‘ would slmply dnve up to the gas pump

that there are 1
go to the head
w Once a custom r joins the queue he does .

: Alme until. xt begms service will be a;bout \

~ the same time that car F or any other car’ e

must wait; .

A sxmple example of a system Whlch is
not in equlhbrmm is & serv1ce station
when' it first opens. The first customer
would encounter no waiting ' line—hg.

be zero. This. s1tuatlon, however, applies
only Yo the first few customers. After the

“ station. has been open a° ‘while, it.is as-
sumed. that the atrivals wﬂl settle down'to ",
‘a constant rate; a waltmg hne will formr .
which remains fa.u'ly stable; and the length‘ -

of time each’ customer w1ll have to wait .

* for . gervice will be quite similar: The '

. gystem wotild. then have reached equi- -

. -librium, and queuemg theory could be -

applted.

Customers are served on a. ‘fzrst come, -
first served” basig This condition requires
priority customers who

the waiting line. _

e
L s

. WAITING LINE

USER-C* ARRIVES

.- h ‘..-;E- f &

A ' Waltlng Line bhas Remalned Consta.nt

F;gﬁre 3-1. ¥ >
Illustratxon of “WeII-Behaved ” Queuemg System
= , : * .
«- ) - -

IN WAITING LINE

EI- e
‘fL_dPSED TIME

TN 2

e
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L ’ not leave it until he has been sermced A SR th’e waiting hne is forined Once a waitjng

N "’ customer is_assumed not 'to get tited of . | line forms, fiie service facility falls behind

SR . waiting and-leave before heis servlced: oot in !tﬁ ‘work. ‘P@,F‘!Z,Ek,a some @QJ"

. .. . 6. The arrival rafe of customergmust be‘fess S :;;-catcfhfup yg;ti[ the artivals; llenoefygeigvﬂi
S R , | then ‘the number of customers ‘whocanbe = -.- have & ‘waiting line of customers which;is -
“Zr . ° _ "*serviced during the- same: unjgpf ttmg > i assumedtostayata fmrly constant length

- " - This last_condition- is_particularly impor-"" . v i X : e -

' to.  otant. If customers always arrive at a ser- - Sl - ,'
' Vice faf:ﬂx@ at a.rate. greatér than. the . -SHMMARY GF GGNBI"I'IGNS Feﬁ < :
service facility can handle them, . the . QUEUEING THEGRY PRBBI:EMS o
- waiting” line - will- become longer and. T T
* " " loriger; and thiere will be no agsurance that -~ The condltmns a system mnst meet in order for -
' every: customer will -eventually be sér- . inéhéxﬁé ‘theory to be apphca le are Em?nianzed
' . viced. Specifying that, the earnva;l rate is - below R A S MR : -’f&

- _less than thesemcerateassuresusthataﬂ A T - -
27+ . customers will eventually be serviced:” B R Ar?ﬁais of .customefs are randdm and v
S - For a"queueing system with just one - . independent. ¢ - .o % S
. : . service facility; this condition ‘can be ex- .. 2: Service'times are xfx&ei)endent SRR

.. .. <pressed simply as:‘the arrival rate of the 3. 'eqnhbnuin dystem: | .. - .f --.1; Tt

ot customers ;must be lesstthan the semce . 4. First.come, first served.’ = .- A
' ' rate”—qr;, symbbhcally, A< st L * -, B ’Customers entering the queuemg system
. . For queueing: sxstems with  muitiple, . = s - donot leave until they are derviced...
... . service facilities, if F is the, 1 umbér of i . 6. Rate of -arrivals. must be less .than the '
St ’facﬂltles and S is the service rate for any .- - .rate of service (A < 8 for single. t"acnhﬁr
S Lne facility -(assuming all have the same ’ systems; A’ < 3 S for multxplé‘ ﬁclhty
. .’;;- ,s rvice rate), sthis gonghtlon .cap be g " ,system§) . “ e SR
7, ‘pressed A< F - S:thatis, theamrivalndfte - = L T
- . of customers is less than the total number’ 7 ~Thése condltxons have not been chosen Rtbl-‘ L

-+ % of ‘customers that can be handled by all ' trarily; they are required by ‘the. mathematics:

* - [ service facilities. For exaniple, if one pur- ", 'used in- qnegfemgftfheory The g@meng;ﬂfrgsﬂgftg

chasing clerk can process an average of 12 . from queueing : .theory :équations reflect "the ‘.
orders-a day (S'= 12 orders/day), two E asshmf)tion that ﬂi these Eonalgons are present- .

- .. ~clerks (F = 2)'could process F« §=2-,12 ' .jn the system. Practical problems ‘often’ violate
_so.. s = 34 orders-per day. The arrival rate. of one opPmoré to a certain éxtent, as the Tealities
R - purchase qrders; A; would then have to - .of the+everyday world do not Often’. coi'nc1de .

BRI be less than 24 orders per day for thls ., with the strict. ccmdmons. of mathematlcai _

condltlonto be satisfied: - “ ’theory Small deviations are acceptable, but. 1t;‘

~ At this pomt it may have occun'ed to' - is - important . to- remembe:: that ‘the meagures
L you that ‘we seem to have a paradox con- _ﬂmus de.nved from queuemg theory sh.ould Be (é
L - cemmg arrival"and service rates: if the -  regarded as - approxunatlons to,« rather than :

number of arrivals at a-service facﬂlty is - exact: representatlons of; the real prqblem ~ _f

- . always less than the number who can be vsxtuatm -

< - Servic d how. .does' a - waiting line ever ' -In.the next sectiorf of thls chapter, we apply w“_‘
. form" If we remember that the arrival rate : the above terms and condltlons to three general’

» and the service rate are averages, jhe para- »‘4 g queuemg problem sxtuatlons and ana.lyze eaeh -
dox is easily resolved. : Sometimes the . using  queueing theory The sltuatlons to. be

number of arrivals may be higlier than the exammed are: » - < . : VoL

* average figure, and sometimes it may be . ". . o S

- - lower. It is generally ‘during thg;tl}l}gS“ o1 Inf’ nite Popul‘atzon (30 or more), Singl’e
- C T e then arrivals are greater than average that " Service. Facility.  An ‘example of - this

" . syster is ahigh schopl with one'counselor: .

2o

1 Smce the ‘sign. < _means “less than"’ the possxbxhty - - tof service Eilﬂ!g students: We w’-l,l,ggm‘

thatA =S is also exc]uded from any queueing problem e ‘- ine sxtuatlons in whlch ohe pur(:ha&i'lg

¢ - . '
PR

~ .o o * - = ._'7 y L

™
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clerk ' processes all purchase orders for a

- school, one switchboard operator handles A
s S0 oall caﬂs of a district office, and one repair . -
o facih%jy is uged to service a large popula-\ . ‘_:. S
“tion of school typewriters. ' 38:;" F R &
2. ' Infinite Population, ﬁlullipleServweFaczlz-' 5 Service Facihty
. %  ties. An example: five nurses' (service - - situation in Whl%’
? ' facihtles) serving all the students in a - to review his ‘§hnual - evaluatlon, wrth the N
" school. represents an’ 1nfmlte-populatxon - ,prmqlpal The situation we 4vill -examinef. P
¢ v multxple-semce-facxlitles sltuatlon The S Jlves a ‘school wishing . to ‘determin . o
Ex " ‘examples we will study are: an administea- - - lf >ne science center is sufflclent to serve
.+ tor .considering having two operators . eight teachers , S SN,
ST handle all calls on the district’s switch- " . ST - I
G ae . . s . LT :
T . - . N
S REVIEW R ‘, S . ’ { .
" Exercises ’ B Outllne the con;!;tlons a\queueing problem must satisfy before queuemg 8
r L ‘ o ~ theory can be applied. (Review text pages 94-96.) S )
oo s 7 2. Whatisthe slgmflcaiice of tﬁesé eiipressions" R
ST ‘ : . \A< s. ' .
gty L ;; A<F S (Rewewtextpages96 97) o P
o L D ‘A school dlstrlct switchboard with one opeRxts '.handles about 300 calls
e e ' in one six-hour school day. The operator estimates that it takes about .
v ; R o one minute to_hahdle a typical call to gre?t the caller, determine whom =~ . -
. L v - the caller w1shes to speak to, and t(‘ansf the call). Calls that come i
T " when the operator ig sp!akxng to someone else are placed on hold until
A o th,eoperatorls*‘free ) N . o
B * What is the service faclhty in.this problem" - .
T PR - ’. Who are the customers? ~ : O o -
S c. Is th€ source field iMfinite or finite? L o
T N AP d "Whatis the arrjval rate of - customers" (Express in tune umts of
: L ‘miputes.y | o/ .

If you Were Red Yo determine if one operator was’enough to run‘

‘ £ [P é; What is the servxce 'rate" (Also express in’ mmutes )
O j..", . 7“ . " S ' f.
s " \ . et " the sw1tchb d efficie itly, how would you answer" What crltena, ,

: e TN ey ;.would you. use-in makmg your dec1s1on‘7 (Y¥ou are to use only the :
LT Ty e T above data and your intuition at this point.) '- ’
R R 1 A large city school district -has- 2 full-time psychometnsts Approxl--
D mateljr h35 chﬂdrén must be given diagnostic tests.each month. We will
- 77 .., . topsidera jonth to corist of 20 school days, @ hours'a day: Testsare ' .
- = ., .. -given on a one-to-ohe basis: that is} each psychometrist tests one child |
. « e at a time: Records mdlcate that each child needs -about one hour for ’
" U ews | jesting Y ST
Sl s St Tage eWhat are the service faCﬁltleS in th1s problem" :
Lo AR b Whoarethe customers? ' .
I f,r, $..00, 0 e tIsthe source field infinite or ﬁmte‘7 ) X
S Gt o ..dt What 'is the atrival rate of customers? (Express in time uriits of hotirs.)
LE e Tt R <5 Does the ldxstnqt need to employ another psychometnst" ‘What
3 R S T R ‘:'f;: R | v ;o N ‘:_’:,
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) .Y - cnterm coulc'l ‘you. ~use to make your declslon? (Agsin, use only the '

: - data given m the pmblem and your own judgmént ). ;o

- . - ‘)7 - : = g_ . ‘_ <
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'lNEINITE POPULATION, SINGLE

SERVICE FACILITY PROBLEMS

RN

It 1s _easy to v1sualrze examples of a smgle servme:_i

facility whose users are drawn from an infinite -
-or essentially infinite pdpulation. The purchue' '

ordér situation used earlier in this chapter is 'an

example of a queueing situation with an mfimte '
population of customers (orders) and a single - -

gervice facility. (the one purchasmg clerk). The

' smgle clerk was in charge of processmgﬁ all the

and ! authorlzed seeing which suppliers stocked A
-the | 1des1red
celved the order (according’'to price and speed

em, deciding’ which suppher re-

~ of "delivery), gmd finally placing the. order by
‘phone or mail: We will continue to ude. this
example as we study the application of ¢ queuemg )

theory to infinite popuiatxon, smgle servrce

. facrhty problems

ministration has receiv

complaints from '

R calculaﬁons As\an,

‘the - purchase forms were properly completed '

' Let’s assume that receAi;ly your school ad-.,?"

"teachers that they are having to do without

certain materials: Somé teachers havé- implied

that there are too many purchase orders. for one

clerk; to handfe and it has been suggested that -

You would want toYknow such things. as the

average time an order waits to be processed after

orders waiting on ‘the clerk’s desk at any given

time, and the relative amount of time the pres-

ent clerk: actuaily spengs processmg orders. With

figures llke these in hand, you could present an

effective case before the board for hiring an-'\

other clerk;, if that were your final decision. -
What you would need té do, then, is to calcu-

* late the quantities listed above. The formulas

-

. another purchasing clerk be hired. Before making

. .a decision and presenting the case to the school .
" bajxd; assume that-you, a school administrator, .

. want to ‘ascertain the extent of the ‘proplem.

‘reaching the clerk’s desk, the ayerage nnmher of

1}

10:

- rize them. Th
S

el

] i ; : . -' " B ‘ . .o .

‘q J( . i. . T
them step’ by step, it is nipt necessary to memo-
have been mcluded here to, -

eueing statistics are. cai’buiated

ﬂlustrate how
and what’ mformmo

lB necessary for. these -

many casés be using. cornp ‘programs to carry,'h "

out - iixeuerﬁg analyses. In the. next section we -

“introduce such a program and discuss its usein -

solving - the’ purchm order problem; as an- ex-"
.ample: At this pomt,khowever let’s prod&ed with

_the hand calculatlons go_that you can. claarly %, .

grasp each step in the solutlon of thrs kmd of L
pl’Oblems ] ) ) LA
- At the outset, you can get a good 1dea ‘of the b
arrwal rate of purchase \orders by exammmg the -
clerk’s records for a substantial period of time. .
Let us use the data from pages 93-94.of this =
- ‘chapter, showing that puychase ord rsarriveuit -
" the rate ot' tena day £ -

. o A=10 ordei_: /day '
did the- clerk can usually get them proc ed _\,

L
[
v

.at a sermce rate of 12 a day: :
_8= 12 orders/day

We poy 7have alf the mformatxon we need
anaiyze the probleni using queuemg theorys %_) »

Source field: ;-infimte (more than 30 o ers) :
Customen; B purchasetorders - rg :
Service faclhtnes - " onecletk (E=1)"" L
Arrival rates A =10 orders/day .}
Service rate: ¢ ‘S=12 orders/day R

[ S

satrsfies the condltrons requlred for qiieu

We wﬂi assume that thrs prob1em srtuatx
£E8
_theory: that. the purchase orders arrive at

dom trme mtervals and u;\dependently of one .

to process the
(Réfs are mdependent the system is in equnlb- P
“rium; the purchase orders are processed. in’ the -

k are not difficult; and we will go through each of - order in ‘which théy arrive; the orders do not L

', . . ;_‘

‘\ N

trator ‘wou will in- ",
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leave the clerk s; desk uhtll they are proceSsed
~and the arrival rate is*less than the sérvice rate
(A= 16 ~orders/day is Jess” than 8§ = 12 orders/
d’ay)\ .

Let 8 start our analg_qxs ﬁy determmmg how

much “of -the clerk‘s'?une is oceupied with pro-.

- cessmg orders and ‘how_miich 'of his time is

* wasted: If the-elerk is capabte of processmg 12

. orders,h day (serv,lce rate, S) bt only receives

v .

~ 10'ondérs al day (arrival rate, A), then he is busy
for only part of thé day. The: part of the day
“that he ‘is busy is &he fraction 10/12; the re-
””” gfeler ‘must be free time for.the clerk. This
tnme, when the--clerers not - processing ordets,
is called ldﬂ time. If the clerk is busy for 10/12

of a day, then «he musﬁ be 1dle for 2/12 of, the

)

day, smce oo N,

-2

. 10 .
one j‘ull; day the |part of =1-— .
the day the clerk is busy A2 :
4 : _ 12 10
e e T 1271 |
r _ _ 2 pa.rtofthe.day__.'
. ¢+ 12, theclerkisidle

The' fractions expressing the amount of time
the clerk is busy and idle can also be changed to
percentages The fraction- 10/i2 is the same as
the decimal .83;-50 the clerk is busy for 83 per-
‘idle: for 17 percent of the day. | .

Percentages can also be thought of as prob-

. abllxtles To -say the clerk is idle for 17 percent

of the tlme is .equavalent to saying that the
" probability that.he is-idle.is-.17. That is, if we

_look in on the clerk 100 times during the day,

17 of those times he will be jdle. Our chances of -
. seeing him idle a¥e 17 out of 100, or .17.2 :

. The above dlscussxon shows the intuitive cal-
eulation \for ‘the probability. that -the clerk is
idle. Now, let’s state the genera] fo

' quantity. Remember that we are at the moment

only working with an infinite population, single

. service facjlity problem. We will use the symbols

P(0) (read P. zeroJ to’ indicate the probablhty :

that the service facility is idle, ie:, the proba-

blllty that zero customers are being servxced\and

2probabilities éan take values from_0 to 1, where a
probablhty of 0 denotes an impossible: event

probability of 1 indicates a sure event. PR

4 P

] . N

»

-

.

Jfor this .

)

zero_customers+are waiting for service. In other :
_ words; P(0) denotes the part of the time that the -

service facility is not servicing customers The

' - probability that theé service faclllty is idle is cal- -

culated by this formula

K
<

Iy P(0) = i-‘;-‘

_where A is the average arrival rate and S is the

average gservice rate.
For our piifchase order problem, smce A=10

" orders/day and S=12 orders/day,

- The next quantlty we: wish: to find is how

many orders, on the average, dre wamng on the 4o

_clerk’s desk to be processed. We call this quantity

‘the expected number-of customers waiting forJ

servzce. ahbrevxated u; symbols E(W) (read EW):

In queuemg theory, * expected number”’ means

‘the statistically estnnated average number. The

formula for E(W) is easy to use, but.it does not

have the simple; intuitive explanation that .the
formula for P(0) has. Consequently; you.need

and to accept the equatnon itself on faith:

rrival

and service rates; then E(W), the expectieﬂ mzm- R

‘ber of customers waiting, is:
P |
S(S A)

For the purchase order problem, since A =

E(W) =

WV e

f10

orders;‘day and § =12 orders/day, the ca]cula- ;

tlon of E(W)is ) . 7
S 4(_QL7 ‘ .
E(W) S(S A) 1212 - 10) R ¢
. 100 "7 .

. é . ?§§=42orders

Note that this. quantlty does have unrts;;E(W) .
.= 4.2 customers jor ‘orders. That is; an average
‘of 4.2 orders will be waiting on the clerk’s desk .
at any given time;.or; the average length of the -

waiting Tine of purchase orders is 4.2 orders.

(This number-does not include : any order which

the clerk is‘in the midst of | processing.).

and a V}At this point;.then; we knaow two unportanb
. ings about the system Flrst there isa 17'»

’1' .

oz

".-1,'

. only to undétstand the elements in the forrnula L
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; E(T)

.

-t

'probabxhty that the ;clerk {s 1die second ‘that

the average length -of-‘the waittng line is 4: 2
] e

“The final statistxc of }nterest in thm problem

is"the. average time an order :has to wait in the

" line’ 'before the clerk begins to process it. This

quantity is abbreviated E(T) (read E T). The.

“formula for E(T), the average waltmg time of an

L B E ‘.-I', i <
. E('r)-—%m— oA

',;amval is o o A

' "‘4 . where A is the arnval rate and E(W) is the aver-

age length of the waiting line. .

~':.In the purchase order problem, we k-now
(E(W) = 4.2 orders and A= 10 ortlerslday,
therefore, ; : R
E(W)f 4.2 Sraéis
A 16‘6?&&55}&&5 R

T The mtmtwe reasonmg behind the denvation
. of this formula is as follows: Over long periods -
- of time, we can speak of average arrival and ser-

‘vice rates for a queueing system,,.and of an aver-

; age Wartmg line length, which we, ‘have cailed

“E(W). Because of the steady amvai and service

rates -charantenstlc of a system in equilibrium;

© the -waiting line length, E(W), always remains

fmrly constant; thls means that orders must be

. leaving_the. clerk’s desk- at approxtmately the

same rate as they are arriving: That is; the de-

partixre of the* orders from the waiting line is at

‘the same rate &5 their arrival. If the amval rate

.is A; the departure rate is also A. When an prder -

_joins the wmtmg line pn the clerk’s desk; then; -
-there are E(W) orders ahead of lt whlch are g

order to join the line. wxll be processed after all
orders, in front of it have lgft the line. If: 4.2
orders’(E(W)).are on line and are departing ata
rate of -10 ‘orders/day (A), then an order which:

joins the line must: wait .42 days = 4.2 ordérs .
. E(W)/A. (Note that

divided by 10 orders]day
the departure rate is not the same thing as the
serv1ce rate, S The ‘simple ﬂlustratlon of Car C

'may help you visuahZe the elements of a :
" ‘queueing sltuatlon)

We can now’ summanze ‘all the information

we - have gathered about the purchase order ‘

sltuatlon

‘o
&

. Q_.' P(Q) 1--!--1-!-,-,---—-—-

';ﬂ. -

=04Zdays. ;" ,
tion to examine the gathered data and make a de-

infinite
purchase qrders
oneclerk (F=1) -
A= 10 orderalday
- S 12 ordersfday

| Probabrhty that service facihty is ldle - 17

Source ﬁeld ,
Customers:”
Service facilities:
Arrival rate: .
Service rate:

A - 10 2 -
12 124 A7

\

: Average length of wmtmg iine = 4.2 order&

A“"' : io2 . ioo
S(S A; 12(12 10) 24
AVerage waiting time = .42 days. T
E(W) _42orders _ . .

= 42 days
. A 10 orders/day ; “‘,”,
At this poﬁit,' the administrator is in a posi-

E(W) = = 4.2 orders

£T) =

cision: From the facts; he or she may ‘conclude
that any large stackingup of orders on the clerk’s.
desk is faxrly mfrequent since on. the average '

small—dess than half a day (E(T) = .42 days). _'
Hence; the administrator may feel at this point _

. that hiring another clerk is not justxfled the

present clerk seems to be handling orders. fairly
efficiently. The delay in getting matenals is
probably due more to meff:olency on the sup-

plier’s part than to the school dlstrlct Based
on the observations of the ciirrent sltuatron, the
admmnstrator now has several options open to

hig, He or she may instruct the clerk to work

overtime when orders are heavy, or to order from

fast delivery . supphers regardless of extra cost; or

. he may institute a system for teachers to’ order

" materials at the beginning of the school year:

These suggestlons are by no means the only

' posslble ones. The administrator’s ultiniate de-

cision wxll be based on which strategy he orshe

. feels will best suit the circumstances and what

- specific constraints limit the decision. The school

board, for example, may or may not be amen-’

. able to ‘approving overtime pay for the pur .
“chasing clerk. Queueing theory has helped the

administrator in this ekample to organize his
available data and come to a quick appraisal of

the initial suggestion of. hiring another pur-

' chasmg clerk

»*r
%
.
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Let’s now look at the pro lem of the one..:

switchboand operator fbr thd school ‘district,

used in Exerclie 8°on .page 97. This ip another ‘

. example of an infifiite population, single service

facility queueing theory problem.. The arrjval "

rate of i mcommg calls to the district switchboard

is 300 per day, and the sw1tchbom'd operator

- works a six-hour day.’it is estimated that the

After expressing A = 300 calls per day as the °

equivalent figure of A = .83 calls per mmute 3
we have the following information:.

a

Source field:
Customers:

Service facilities:

mfxmte

incaming calls E
one swntchbgardﬁ E
_ operator (F=1).

Arrival rate: *© A = .83 calls/
. . mmute B )
Service rate: S=1 call/mmute .
-(Again,note A< S) -~ . | |
Then, the probabnllty that the operator is 1dle,
P(0), is ‘
A ss
PO)=1-—=1-— B
T 1 [ .

=. 17 or17 percent of the time

AT (89T
S-4A). 1(1-.83) .

;_2: 41caﬂs‘

E(W) = 5

-',The average waiting time for a call is theni | -

E(W) 4.1 calls
A 83 calls/minute

The statnstnc the adminmtrator would probas '

E(T) ——m 4 9 mmutes_

time of ah incoming call, E(T). He or she may -
feel that alimost five minutes (E{(T) = 4.9 min-
utes) is actually quite a long time for a call {b be

"held, especially ‘when there may be ‘an- urgent A

message for one of the students in- the district. .
In additiop, the data used in this problem has riot

;taken mto aecount the outgomg long dlstance

Therefore the delays before incoming calls are
taken care of are probably greater than is in-

- dicated by the figure E(T).’

At this point, the admlnlstrator probably

' would begm to senously investigate the cost of
" adding another switchboard operator and would

want to obtain estimates of what effect a second

operator wbuld have on ‘waiting times for calls:

The effect of addmg another operator will be

examined in the section in this chapter dealing -

with infinite . populations and multip!e Service

.The average number of i mcommg calls wantmg to faciliti 108-113.
be answered (presumably on hold) is: acilities, pages e ‘
. '\: .‘ ‘ |]
N
o * eV EAL ‘\’ ‘_L'.i -"}
‘ S REVIEW - : o
R T@rrninoiogy; : i IDLE TIME time spent by facﬂnty not servicing customers :
. - 2. P(O):probability that service facility is idle. -
- 3. E(W): expected number of customers waiting for service: -
‘4, E(T): average waxtmg time for a customer. : . 7
: , ) . 3 !
Exercises -, -~ 1. In Exercise 3 on page 97; you were asked to analyze the dnstnct switch- .

board problem mtmtlvely Now that we have calculated P(O), E(W ), and

E(T), how is your first analysis #ffected? Can you use these data to im-

prove your criteria for decision ,makmg in this problem?

‘2: Your public relations officer has made a réquest to-you for an assxstant

He 'reports he has had 210 telephone inquiries in: the last month and

a\kera-ges about that many each month (A school month wﬂl be assumed_ ' o

" 30ne day =6 houn per day times 60 mmutes per .

hour = 360 ‘minutes. 300 calls/360 minutes = .83 calts/

mmute.
’

. .
. .

b
-
~ ¥
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.. computer. can greatly facilitate an.

the system: Hence;. at .this pomt wi%b SR
~ . from manual to computen—based calcula xdns of L
¢ .. queueing statistics. "~ - - S
Y ¢ prog';am ‘to_solve the queuemgtheory equa—- .
“'tions ‘has been written in 'BASIC {Beginner’s
S kli*Pnrpose Symbohc Instructlon Code):-The -
. program, named QUEUE requires * a - minimal
© “amount of .input. Tq
_'you -need . toknow "ot 19 the basic mformgtlon :
..~ - ~about the: problem that you have already learned:'-
to 1dent1fy - »

o : . . —

,,,,,,,,,

'b.” Whoare the. customers? Lo
‘. ¢ Is the source field finite or inﬁnite'? O T
e What is the arrival rate (in terms of‘:ours)? o : Tt
: -~ ve.. What is the service rate. (also in terms oLhours)? o
if. What i the probabllity that the service facility is ldle? ¢
' at is the average léngth of the walting'lme? . _
hat is the : average waiting time for c'ustomerg?' o
S If your-schoel board has set down a policy:-that all public inquine
oo, should be: answered “promptly,” what,wguld your. decision: be -te;

’SOI;VlNG IN FINITE PUPULATION

SINGLE SERVICE FACILITY _

_ 2 QUEUEING PROBLEMSWITH - . - .
. ACOMPUTER: e _j,';,:@

e S

: .As can be seen from the examples ngen thus far,

the abphcation of the gueueing theory formulas; -

'~ even in relatively sl.m'ple problepis; can finvolve

© some. tedlous anthmetxc computatlon Use of a'
admxmstra '
" tor’s ability to gather statistics on queuemg'

mﬁmte) 3

s o 2.. The’ number of service- facﬂfﬁes, I

‘. [:3.. The average arrival rate of customers, A,
S -_ 4. A‘heaverageservxcerate S S v

Jlowing quantltxes on, the

Cemter:w L

-, -

.)

(

e':20 days and G hours:a a day )‘He tdso claims that it takes him half ’an -,

: cntena could you use?

solve a_problem “with it,: -’

SR .. - with finite’ popq-latlons and will “be “discus
- ' L .,‘when we: study the' pgpliems on pages 115'—-117
QUEUE wﬂl calc’u}ate ancL pnnt dut the . fol=:
f the data you :
L pages 93-94 and solve it using the QUEUE "

P(O) ? 7 probabxhty that th‘e faclhty is 1dle :

. or wmtmg (P(M:j 0 for im
flmte source populatxoh)

S or ‘waiting .. s
o CE(WY 4 expected number waltlhg
TOE(T) . fexpected waiting time .- -
. ,-’P(N> L) . probability: that the nlimber of.

S8 Te Lt cuStomers. being: semced or\
' wamng exceedsL IR Tt S

e o

Co e

The quantltles P(G), E(W), and E(Ti have.;al-- ‘;‘ .,

reudy been ‘explained ‘in - this. shapter. P(Ni and '
" P(N >.I3 which will be ﬂlustrated in stibsé
problems, " are: ‘ugeful - when the length the
. waiting line i8 important to ‘a particulsr: prob-
" lem. E(N), the -expected - number: being serviced -
"or ; waiting; "differs - from ‘E{W)," the . expected

S R 2| ':' 'e";number wmtmg, mthat E(N) m(:ludes customersv .
' *-1. The size of the source fleld (fimte or e

“in _the process of being gerviced as well ascusto- -;;
! ers in the waltmg lme, E(W; iri’cludes only the‘. By

| 'average

" 'The quantlty P(M) apphes
‘s " To,see"how. QUEUE. works, let’s take. the pm'f
chase order problem which' was analyzed on

program. | Recall -that, we had the followmg inw :
,'formatlon for thm problem ol RO S

ZLUD . .:v.,;;;"l R

- N Tae doe .
‘! . ;i-'.‘;'\”.-" . P
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<7t 7 QUEUEING THEORY S [ SR

L L, 'mnn souuct FIDLD < A S e
) : i OwINFINITE POPULATION . N ST x
.. S : W 3 FINITE FOPULATION OF S’Izi w Lo o
L ; i -1 TO QUIT T ?
. ‘¥ = NUMBER OF SERVICE ni:n.lnu C e T e FA
. R e tan - Co T Co g
R - A B xwmt nonnn OF ARRIVALS m uii'r ﬂnt . ' s
St . . . e . ‘1 S 4
Cet : : S “$ . Avumx uunm or cusmnns smxn m st nnx o
. v . : ST . P
A \,‘ ProBAR SILITY THAT TME FACILITY IS IOCE:P10Y = Li8667
Gt " EXPECTED NUMBER EITHER BEING SERVICED SR VAITINGI E(N) o s
S S : EXPECTED NUMBER WAITINGs ECW) » -Ae16667  _ . .
EXPECTED VAITING TIWE OF AN _ARRIVALS LIS SR " salesr . -

: -

e 7

€ - T

St U0 IF YOU_NISH PGN): THE PROBABILITY. THAT N USENS ARE BEING.

. - RS . SERVICED OR VAITING. m'l"l 'I’"l 'mlu FOR: K- I1F. NOT, : ’ . . '
.- : L _ ENTER -1 ‘ . .
) s "..- ‘. ' '—1 ot : LIV;*,.'..- ." .“.".’ - ,. ) T . i'
S SO IF YQU WISH PONsC)i ieﬁmmxilﬁ THAT THE NUNBER OF ,
= . . YSERS BEING SERVICED OR- VAITING EXCEEDS SONT NUMBER L,
5i IN'.I’lﬁ 'l’l‘l‘ NWH“ YOR' L-, l' NOT, m'l’tﬁ -l S s
| perh Sapmee. asRs .l T | i
Yoo . O INFINITE POPULATION - 0 U . z .-
A . . M_a FINITE POPULATINN 9' S'tl ﬂ < o ’
. . -;',,.-xmoun‘ . i S e =
: S e : . T T
,,j;;'j " Eiﬁu're a2, -
o 2 - Sample Run of QUEUE Purchase Order Problem. . _
.- . Source field: " infinite * - . 'the computer. The underlmmg w1ll of course, -
» - Customers:» purchase orders o not appear when you actually type entries on.
Service facilities: ;- one clerk (F = 1) . the teletypewriter.
Arrival rate: - ‘A=10orders/day - . ; .- Next, thd®computer will asfx for the type of :
- Service rate. SR S 12 orders/duy Co populatlon by printing the. follownng “
. This basic_information is all we need: A com- .- oTER_jouncr. rimp S " - s
‘plete listing of the computer run of QUEUE - . wIVINiTE RRcaTion oF size g
for_ this ptoblem is shown in Figure 4-2; but ™ - jp ¥wouwmo o 7
<, but , , . .

T let’s start -here by looking at the- program - Lt
- one step at a time. - - (We have underlined the zero to identify it as an
Since the first thing to be done is to tell the -~ item the user types:) -~

computer that you want to run the program - - If we had been dealing with a finite popula- :

.called QUEUE; you would type the appropriate ;. “tion, we would have typed in the actual size of
' statements on the terminal.* For exanmle L the population (denoted by M) instead of 0.1t
‘ 61‘? Tourir T . we did not wish to run the program any f er,;

we would entep -1 and the program would stop; =

Thesé‘ statements have been underlined to in- . The program will next ask for ‘the number of

dicate that they are typed by thei user (yOu). not _service facilities. Since this problem has only one
(a purchasing clerk), a 1 would be entered:  °

‘“ A1t you have never used a terminal to run a-computer , °
program, conault your instructor: It should also be noted * . :
.th-t -statementa_required -by -youi computer to-accem . : - 'W""" v sgmvick "Ql“ﬂ" S
* the. prom'lm'QUEUE and . benln its execution may be. : L : . S o -

different from the sed I thia text (OET-QUEUE and - :
T e e av e by i! program_will next ask for the aVerm

RUN}); be sure you know whnt ntltenimu are -pproprl
; -to for your oaomputuX numbér of arrivals per unit tlme In bur prob-

-— B : ' (-
z > . : . . .
- s Uy . A . e . - . '
. _ rd . Totw . Ll -

.

¥
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* 1P YOU_VISH_piMsL). TNE. PROBABILITY THAT THE NUD

L ,

104

) _Jem ten orde%s per day arrived, Ko a 10 should
be entered as illustrated S

R :wmi 'I% OF ARRIVACS PER UNIT TINE .-

w1ll; ask for is the
served by the

e. In our example, the
clerk can process an average of 12 orders per
day,so a 12 sh'ould be entered after the question

mprk Remember that"the ‘units’ of time for

avemge numBer of gm

facility per wnit of

same (here both are one day)
4

s = ‘VWGI umnu or CUSYOHI'.IS Slﬂm rIn Wl‘l’ Tiuz
’u 3;

We have niow ,input all the information the

.program needs to _calculate the queueirig statis-
tics. After the calculations are made, the pro- -

~ gram will print 6iit the following statistics:

PROBABIL IV THAT THE- npu.m IS IDLET PCOI . -18667
EXPECTED NUWBER EITHER BEING SERVICED 4R VAITINGT ECN) » 5
EXPECTED MUMBER WAITING: K(V) = 4. 16867 _
EXPECTED \VAITING TIME OF AN ARRIVALs E(T) =

«41667

- These flgures, thh the nddxtxon of E(N).
the same ones obtmned on -page 101 usmg

manual calculation: the purchasing clerk is idle
- about 17 percent of the time (P(O) = 17 (whxch

{s :16667 rounded to two places); an average of -

4.2 orders will be waiting to be processed at any

. given and- the expecte
waiting | txme ofa customer. or the aVerage time

from when upn order reaches the clerk’s desk to

whea the clerk: begins to process it; is .42 days; -

or less than half a day (E(T) =..42).

~At this point; the program will ask 3 you if

yot. wish to find P(N), for some N; that is, the

probabihty that exactly N custoimers are in the

. 'wmting line or being serviced For the ﬁme‘

‘ -1 would be entered in. response

R

IBER OF .
USERS BRING SERVICED OR vAltTiNG EXCEEDS BORE VUWMBER L.

" EMTER TNE NUMBER FOR L.  1IF NOT, ENMTEN -1

=
- The iinai option you will be giyeﬁ is-to enter

. -

REVIEW
- Exercises

-

© L R A

:

THE COMPUTER IN EDUCETIONKL DECISION MAKING G

\ some number. L, to ﬁnd P(N > L), the proba-

bility that more than L customers are in the "

waiting line. Agim }eﬂs re]ect that option for -

now; it will be illustrated inals - \-nnple L

[1 YOU VI—SN !(!ln IHE- Pﬁmlﬁlﬁ JHELLUSIIS m .lllﬂ
SKRVICED OR Hll‘l’l!o: ENTER THE NUNBER POR Lo IF N07T,-
INTER -1 .

;ﬁ

At this pomt the program . is fimshed thh the _
data you originally gave it; it is.now ready for
new data, and will- give you the followmg in-"
struotions, which appeared before, in the begin-

. ning of the program

INTER. ”DMI !lﬁ& I
O=INFINITE POPULATION

M = FINITE POPULATION OF SIZE W '
-1 10 QUIT

1

* source field and so forth. If you have no more -

data; enter -1 in response to the questlon mark
and the computer will type

To -see the entire run we jiist made, read’
through the printout illustrated in Figure 4-2.

It is rmportant to remember that the com- - .
puter program for queueing theory will give you

' data, not make your decision. Based on the size

of the source field, the number of setvice facili-
ties, the arrival rate, and the service rate, the -
program will tell you the probability of the

probabihties of cert.am numbers of customers

waiting in line. It will not tell_you ‘whether the - '

expected waiting llne is ‘too long. whether ser-

vice facility is idle too much of the time; whether

you can afford lmother _service facﬁity, or

whether the waiting time for a customer is too .

long These are decisions you must ultimately

make. The data from queueing theory will

often aid you greatly in making your decision;

but queueing theory alone will not make the

decisjons. v

1. Whnt bﬁilc lnformntloﬁ-do we heed to enter into the computer program
QUEUE? (Reviow text pages 102-103: ) . _

1y




T . . [ .. - QUEUEING THEORY s SRR R 3 - 105
U 2. What statistics does QUEUE cg[eglgte’ (Revrew text page 102.) -
3. How does the statistic E(N) differ from E(W)? (Review text page\IOZ)
o . 4 What is the number that must be entered to reject the options of findmg
v : D P(N)andi’(N> L)’(Revrewteiipagei64) ) o
¢t
Let us ,now consxder a gueuemg pmbleu[, ofa @Eé?si’&’@, a‘nJ( 25 for a- semce rate 'of 125
somewhat different type but again‘one involving typewnter§ adawy: =~
a single service facility and an infinite popula- = . - o - ;
~ tion.” Suppose | ‘that a school has alarge number F’“Q_’g,‘,’gf;,:{";g,ﬁ_;*,” ‘
e of typewriters (greater than 30) used for instruc- = W = FINITE POPULATION OF SIZE
* . tional purposes. They also have eight spare type-: = 10" -1 T ouit
Wl"ifers whlqh 7@9@;9@? iiia use when any Of .:t NUMBER 0' S“VICI 'ACIL]TIIS i
the regular typewriters preak down and have to A~= AVERAGE.WUMBER or ARRIVALS PER OOIT TINE
- 'be serit to a local repair shop. Records indicate % iﬁmuz NowBER OF CUSTOMERS SERVED PER NIT. TINE

‘that typewriters break down on the average of

one every ten days and that it takes eight days
for the repair sKop to service a. typewriter and _zllilsztatxstlcs whxch QUEHE then calculates

- return’it to the school. The crucial concern here

. is the possible situation of more than eight type- PROBABILITY THAT THE FACILITY IS IDLE - PCO). ; .2 S
777777777777777777777 EXPECTED. NUMBER EITHER BEING. SERVICED DR VAITING - E(N) =~ 4
writers being out fot repair: the class would be IXPECTED NUMBER VAITING - J_»(!;i. 3.2 -

short one or more typewriters, so at least one EXPECTED VAITING TIMELOF M ARRIVAL = E(T) = L

student would be without a typewnter Thus, . 'That 1s t.he repair shbp lS idle 20 percent of the

it is important to know how often. th;s situation tune (P.(O) :20); an average of 4 typewriters

- might occur. The quantity. which will be of are being serviced or waiting to be serviced (E(W) .

special interest here is P(N > 8}, the probability = OV me e ro -
pngrtﬁthe number of typewriters waiting to be wr?tfz 'ua:tgl tre;:l\::rgz vg:lgt;:gl:uéxze g%: (tg(p.;; :
serviced or in the process of being serviced (N)is - 39). Since our primaty. interest in this problém
greater. thans the number of spare typewriters” g finding P(N > 8)—the probabxhty that more
available (8).° . than 8 typewriters will be tied up in the repair -
_ To analyze this problem using QUEUE, we shop—we will first reject the option” of finding
first need to c;tlculate arrival and serygceﬁratgesﬁ P(N) for some N by entering -1 to this option: -
- Since one typewriter is senf for repair on' the :
average of every ten days, the number of type- IF YOU VISH P(N), THEZ PROBABILITY THAT N USERS ARE BEING.
wrlters gerit per day lE 1/10 iﬁé;éf{);é, A e - '_7 g::;c::? OR VA!'I'ING: DC'I'IR T“t NUMBER !'OR N- l' NOT»

service' period c =1

1 typewrlters/dayﬁ The service period is- eight .

T T -\ ~ "
'i?;’;o e:h:; av;rtgei ;gr:nceev:::teerr's gsdatyp; Then; when the computer presents the next
per day; * yp P 4 " option, we will enter 8 to specify L: -

- summary, then, we have: , - :
. : . IF YOU VISH p(n.t.;. ,rn:ipmulu.xn’ THAT- THE NUMBER OF :
4 : USERS BEING SERVICKD OR VAITING EXCEEDS BOME NWIIR Le 75 e -
Source field: infinite ‘ _ - PNTER THE NUWBIR FOR L. IF NOT. ENTER -1
Gustomers: typewnters needing repmr 8 ‘ : -

Service facilities: one repair shop (F =

Arrival rate: A = .1 typewriters/day * _ The compnter wxll respond 1mmed1etely wnth

Service rate: § = .125 typewriters/day - ' s N\ Sisas
: - i rni AIOTHER | OR -1 10 QUIT

The COmplete computer listing for this prob— ' :
Let'’s hold bff 'on our response to ? for the:

7 lem is Figure 4-3, page 108. The appropriate resp
‘responses by the user would be 0 to'indicate an time being. Now we know that 13 percent of the
infinite source field, 1 to Indicate one service  time (P(N). > 8) = .18), more than 8 typewriters
' facuity. .1 to denote the arrival n;ta of -1 type- will be tied up in the repair shop; that is; 13 per-
~ cent of the time, at least one sgudent will be
T without a typewriter: :

$ Remember, the iliﬁ5§iiiﬁi “'greater than:" ~ As an administrator reviewlng the above-data
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. ENTER_SOURCE_PIRLD_
0=INFINITE POPULATION _
M = FINITE POPULATION or
-i 10 QUIT -

0
’l-_l
20183
a12%
PROBABILITY THAT THE FACILITY
- o : EXPECTED NUWBER_VAITINGY ECV).

!‘ ~ NUMBER OF . sminc: ruc:cnu:s
F- AVERAGE nmnm or mwn.s éta wIT nnl:

EXPEGTED HA/ITINO TIME OF AN mlvﬂ:t

THE COMPUTER IN EDUCATIONAL DECISION MAKING

&

SIZE M

PO
~Ta
iw

5 - amnu Wﬁil“ or CUST@HIRS smﬁ pn mlf ‘tlH!

Lea .,_-__j » .

o' .

1S foLEs p(gﬁ
" EXPECTED NUMBER EITHER BEING SERVICED OR VAPTING: E(N) w 4 -

a__J.8 _ __ Lo . . . . L
l('l‘) - . . ) .

.- w

IF YOU VISH P(N), THE PROBABILITY THAT W USERS ARE BEING - . o S s

you promptly determine thnt students are w:th- :

" out, typewriters too much of the time. You
. would be likely to ask: How many more type-

writers .are needed to reduce the probabihty of

one or more students bemg thhout a typewriter

.to-an acceptable level? The answer to this ques-

tion depends on how much of the time you are

willing to have students without typewriters.

For example, assume that you want students to

_have ‘typewriters available 95 percent of the

time. That is equivglent to stating that you want

enough typewriters so that the probability of

one or more students being without a typewriter
is less than .06. Supposer you decide to see

~whether purchasing one more spare typewriter
will reduce the typewriterless situation ‘to .05 '

probability. Then, you will want to know what
the probabxhty is that more than """

T T '
BCN _» :3, 3 e 10737 :
!NTIR . 'ﬂllﬂ L OR -1 TO QUIT .

That is, more than nme typewriters wxll be fied

11<,|x

. . SERVICED OR mu'rmo. ENTER THE NUMBER FOR Ne IF NOT,
, '_ . ENTER -1I o - . .
a ‘/ 1= ) : °. . . oG e e
: : ? ir You v:sn P(N»L 3 THE Promn.rn THAT THE nuuan or
L USERS BEING. SERVICED OR.WAITING EXCEEDS. SOME NUMBER L.
. [‘ v - lzu':n( THE NUMBER FOR L. I¥ nor. DNTER ~1
CEL ' 8 .
e PN »>8 ) a 13488
: INTER ANOTHER L OR -1 TO oun
- 19 - - .
: BN » 9_ _ ). L10737_ _ “
- INTER ANOTHER L'OR ~1 TO oun
M0 7 :
. P(N > 10 ') = ,08%9 oo
‘e ENTER ANOTHER L OR -1 10 éUii‘ o
o v - ’ ,[
' PN > 11 ) = .06872 .
INTER ANOTHER L OR =1 10 Quit *
e rig .
I PN > 18 ) =  i08498 . . _ .
L PNTER ANOTHER L OR =1 TO QUIT
) 71y . * "
PN » 13 ) = ‘,0a398 )
INTER ANOTHER L OR -1 T0 oun' ' -
7-1
- EINTER SOURCE FIELD.
o . O=INFINITE POPULATION .
: % . M = FINITE PoPuunon OF SIZE M . - : . S
- - =1 10 QUIT - . ST
o =1 v
LoSTE . © DONE
YA . :
et S Figuro 4-3; L
X R ' Sample Run of QUEUE Tﬁypewrit?r oblém

/
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OUEPEING THEGRY
. in the repan' shop about 11 percent of the - buy fractions of ewnters, we w1ll choose L
v f" ime. The probability has decreased from P(N = 13. That is, having 13 spare typewritérs yﬂ;r
> 8) = 13 percent but it is still not 5 percent, assure us that studertts are w1th0/!t typewméfs :
which you decided was an acceptable level. So, less thén 5 percent of the time; . L
you must try P(N > 10), P(N > 11), and so on, Thus, in order to ensur ﬁtjgeogetlcaﬂ! that all .

- until the probability is 6 percent o;less The - . students will have type iters 95 gegcegtfgfithe S
complete ;sequence of requests and rgsponses time, an additional five nachines should bé pur-

~‘for P(N >*‘L’)-W6iild\b’é as follows: = - v chased, since the &chool originaily had 8 spare
' oo typewriters and we want to‘have a total of 18.

Of course, buying additional spare typewnters ) ‘Lj*'.b'; i

. iF YOU_91SH_PENSL3s_THE_PROBABILITY. THAT THE NOMBER OF nal spare Lypev

. - USERS BEING SERUICED DR WAITING EX! )S_ E NUMBER. L. - .
S DVTE; THE NUMBER FOR L. IF NOT, z\?ggg e v was not the only posmble so: u,g?g,t'o,ihe type T
B s cisme o S writer problem. We could have investigated ways
| ENTER ANOTHER L SR =1 T Q01T ' © of decreasing the service time S\(for example,by i . -
e 5. 3a . .10797 S S """ using more than one repair shop), or we could’ '

?nl:gan ANDTHER L R -1 T OUIT - = . have - conslge;edipgymg types ers of better.

‘PN i0 3 =  J08%9 B ‘ ‘quality so the mﬂl rgtgA Wﬁsf taller (i.e. rate
INTEK ANOTHER C OR -1 ™ QUIT S at whlch typewnters broke down and arrived. at . ¢
711 S : adide e piheepihd

PON> 11 ) = .0A878 . - : the service facrgcy for repau's) The final de- E
5.';“,‘,‘"’”"“ L OoR -1 maulT - , cision would then be based on which\modifica-

- PH» I2 ) = 05898 o o - - g — o R
ENTER ANOTHER L 2R <1 T) QUIT - : : tion qf&e ‘queueing system was beist‘lgt?rmsqfi .
s : . ’cost, time needed to make the changes,’and re-g.;'« -

.:\(I:’Eﬂl:%f;tf;i L ',gazj?aﬂ I o o " sulting ngbablh ies of students b’emg

-1 - . :  typewriters. .. -
INTER SOURCE FIELD i ‘ ' B : These examples shiould glve you some 1d’a"of'
: O=INFINITE POPULATION - - ' .

™ .« FINITE PIPOLATION OF sxz: Mo ik o ) how queuemg theory can be applied to si

gey LT OUIT - , et .tions where one has a waltmg line formed by
T _ , s arrivals from an infinite population of custome‘rs
PWE S 4 : and only one facility to serve them. You need

e _ L only to determine two quantities, the average
_ The probability we are interested in; .05, falls ~ number of arrivals per unit time A and the
between 05498 and .04398; that is; the value average number serviced per unit time 'S in:

of L which -makes P(N > L) = .05 is somewhere order to calculate several ubeful characteristics

between_ L=12and L = 13. Smce we cennot of the queuemg systéfh you are mterested in.
} . 3
. o4 '
REVIEW
Exercises D - 1. (af) ,Ve'rify our. manual calculations for the sw1tchboard probiem, pagé
, 101, using- QUEUE . LS

more than six callers are trying to reach the school district, they. will .
get a busy signal. Find P(N >-6) for this problem to see how often

+  calléts to the school district get a busy signal. Would you be satis- -

fied with this answer? If not; what actions would you take?

- S s ‘ ' ; 2. ‘Your school district has one man in charge of refinishing and repairing

~ students’ desks. He claims he-is overloaded with work; and also needs a.

(&) Suppose six outside lines are available_on the smtchboﬂrd When

S ot more storage space for desks waiting for repair. His records show he ‘
~ .., repairs 135 desks:a month, ‘and the average desk needs about 1 hour’s Y

.. .work: Assume the repau'man ‘'works 20 days a month 8 hours a day

Lo ST 115 .

YA

r .
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usmg QUEUE

(a) the probabdlty th

at‘gle repa.lrman is 1dle, :

NMAKING L

(b) the average number of &esks waiting-for repair; -

- (c) -the average timea desk waits for 1 repair; B ) S
+ " (d) the probability that more than 20 desks are waltmg for repalrs or: -
‘ .are being repaired. I

What cntena could you use. m majung your fmai decxslons"

- L . : LT
* - . . 4

_ INFINITE POPULATION, MULTIPLE

" SERVICE FACILITIES PROBLEMS
- AND THEIR COMPUTER SGLUTIONS

Gn page 101 we exammed the 'srtuatlon in

which one svhtchboard operator serviced the

_needs of an entire school 'dxstnct If as a result

of this analysis tWe administrator decided that -

it was desirable to add another operator to the"

staff, he might wish to examine the effects this

‘additional operator would “have on_ telephgne

call . waiting time, operator idle time, and the

average rumber of incoming calls waiting to be

handled. The problem now involves an infinite < -.

population and multiple service ‘facilities: Two

~-conditions (beyond thoserequired for the single

service . facnhty case) are, requlred for thls type of

yblem:
. /; Eéach facrhty must have the same service

rate. :
2. Only a smgle wmtmg line may be formed

) To elaborate bneﬂy on the f‘ t condmon, :

reeall from page 93 that serv1ce rdte was defined

- as the average number of customers ‘which can

-multlple facilities, we 8

to be the rate of one of the facilities; We there- -, .~ .~ . 4 = ,e,,‘,,,f,, ”_'7, o
‘Notice that A and S remain the same as in the

be served by one facxht .per. unit of tlme Wlth

-fore must assume that all service facilities work -

#The second condition spec!fles

stand m one waJtmg hne for ail

servicing. In a situation with four service facili-
ties, for example, we still only have one waltmg
lme, not four

inultlple facilities only on the computer, since

the formulas become very complex and have no .

. totwo,w

2 —
ill consider service rate - _

J.'

obwous mtmtli
problems are quit

_specific effects the addition of another operator ;

would have on the|district switchboard system.

Using the data frgm” the original switchboard

problems,_but chafging the number: of facilities

‘Source fleld infinite = .
Customers: incoming calls
‘Service 111t1es two operators (F 2)
Arrival rate A =.83 calls/minute.
Service rate: S'= 1 call/minute .

' The approptiate uler responses. to the data
requests from QUEUE for thlS multlple-facxhty;'
situation would be e e
ENTER SOURCE FIELD  _ ° A '

: O INFINITE POPULATION : -

M = FINITE POPULATION OF SIZE~M o o
. -1 10 QUIT : o

Qo
F_- NUMBER OF SERVICE FAC!L!T!ES

22
A - AVERAGE NUMBER OF Anruvm.s PER WIT 'rmz

S"ggh\?ERAG! NUHBER OF CUS‘I’OHERS S!RVED PER Wl'l‘ TIH! .- .

1@7_

" problem invoivmg only one operator; service |

. facilities are assumed to operate at the same

rates and calls 7to come into the sw:tchboard
with the same frequency:
The computer * progtam will respond w:th :

values for P(0), E(N), E(W), and E(T); as shown -

in the computer listing in Flgure 4-4, which.

combines the results for the one-operator and

8 Forimulas for multnple faclllty statistics are lncluded )

_ at the end of thls chapter for your reference. -

115

te easy to handle using QUEUE ST

- however, since tha user needs only fo enter the-
appropriate number of facilities for F along w1th' o
the other routine d4ta. -
" Suppose an adm' istrator wanted to see what
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N : C = . L g R
3 ‘QUEUEING THEORY . . ’ ) _ ; 109 -
. N e ._ . RS e g
_ E-Oﬂtﬂt*, S e , . B Sy
; VS, GeEUE - e LT R U
- INTER® SOURCE FIELD ' R o .
3! o . » o-mrxurt:)opu.atxoﬁ ,,,, AT o R , ’
. . K M s _FINITEYFO POPULATION OF SIZEM . . - : - :
; .. =1 T0 QUIT ¥ T L n : ,
. r - NUMBER OF jpwxcz m\cu.xﬂzs : . . e ol
. ?_l S . . '.
X - _AUEWAGE NUWBER OF mwics ‘PER uu-r -rmz
.0 . : .
S - AVERAGE NUMBER OF cus'rouzns SERVED P!R WIT TIME o ‘ Vo0 .
e mmicii'z iﬁiﬂﬁ FACILITY i§ IEs PC0d = o217 : - T
EXPECTED NUMBER ELTHER BEING SERVICED OR VAITINGs EfN) = A.aeeas_.-., .o s
" EXPECTED NUMBER VAITING: E(V) = .4,0523% ) -
.- IXPECTED VAITING TIME OF AN ARRIVAL1 E(T) = a,g8235 - :
‘ " IF YOU VISH_PQ¥); THE PROBABILITY THAT.N_USERS ARE BEING_ ‘ -
LIt . S SERVICED OR VWAITING, INTER THE NUMBER FOR N. . IF NOT,. L
- - . ENTER -1 » : - 2
) Lo el . _ ___ ,,,,’,,,4 __ R N

. 1F YOU: WISH_ PlNaEikﬂll PROBABILITY THKT THE NUMBER’ 0?
USERS BEING SERUICED OR VAITING EXCEEDS_SOME NUMBER La

‘' ___ ENTER THE NUMBER FOR L. IF NOT, INTER -1 ~
. - T - “
) WNTER SOUNCE FIELD. _ . : C Vo e T
O=INFINITE POPULATION o o T - A
M = FINITE POPULATION OF SIZE n o ) o . )
- . =1°70_QUIT . . . )
11 Lo o . . } : . T S
F - NOMBER OF SERVICE FACILITIES L . S ¢ o
i I TR . a -
A - AVERAGI NWB!R 0? ARR!VN.S PER UNIT TIME - . . . ' S . !
7,83 -
‘ S_-_AVERAGE NUMBER OF CUSTOMERS; s-m:b PER ONIT -mn: ]
75.0 )
PROBABILITY THAT THE FACILITY 15 IDLE® PCO) = . 1

.auaa ,
EXPECTED NUMBER EITHER BEING SERVICED OR wuﬂues E(N) =
EXPRCTED NUMBER VAITING:. EC(W)_=__.J7252
mno VAITING TIME OF AN ARRIVALS

1. 00269

l('l" - -

1F YOU UJSH P(N), THE PTDBABII.!‘IY THAT N USERS ARE BEING

\ SERVICED OR wunrié; iirza THE NUMBER FOR N.  IF NOT,
. - INTER -1 . . : )
7’ F YOU VISH gggg»ua gn;ﬁgmusn.xn THAT THE mﬁiiﬁ orF
USERS BEING. SERVICED OR VAITING EXCEEDS SOME NUMBER L,
- . ENTER THE NUMBER FOR L. IF NOT: ENTER -1
?-1 . ) . . .
DMTER_SOURCE FIELD E ’
 O=INFINITE POPULATION . L .
N = FINITE vonmvnou OF SIZE M . . __
__ =1 T0 QuIT o ) - : -
: | T % , y |
oL I Figure4-4 : —re S
o : . : Run of QUEUE—-Switchboard OpemtorProbIems o X L Y 'y

ER

- tw operator problems. Let us_ compare the'

Q

E

Aruitoxt provided by Eic:

RIC

statistics for the one-operator,an,d_ two-operator
problems o page 110.
pares the. pertment statistics between the one-

and two-Operator systems. It shows the dramatic

;mpxovements, in the average number of: calls

waiting and the average-waiting time could be

€ . . S =

This table com- -

-~

anhcxpﬁtéd by addmg the second operator.
Thése improvements are offset, of) course, by

‘the added salary and overhead expense of the

second operator and the increase in idje. time;

to the amount of time not spent in answering

and tramferring incoming cails Presumably’

.

Y

" though' “idle time” in_this ‘instance refers-only -



. probable’ effectiveness of such an addition if he. .

110 "

_ budget; and there is not much thesadmir
can do if the funds for another operator

. of queueing theory miiich more.now that y

,only- art of a queueing problem that could be

~ in & queueing pt

. ! . L

" s

- ' THECOMPUTER IN EDUCATIONAL DECISION MAKING . ~ _ ~ = .°

I

- \ . Cen .
) - : £ G — —
o ,' T one J . -Twos
‘ ; e Oporator v Openatos * - . .~ Change
o Time all facilities are * ": B o
_-idle: P(0) - ‘,17%_, LM% 2%
- Expected numbéi’ol’calls I S
- wiliting:. E(W) : 41 .2 -39calls
Expected waiting time per SR U U N N
_call: E(T) s C 49 2] —47minutes e
- - - - — %

[ .

- some of it could be utilized for other tasks, 'such _
~ as'placing outgoing long distance calls or dging’ = for
E;‘" .-‘ :

clerical -tasks like foldmg memos or sty

envelopes :
An administrator whoﬁ approached the school 1y

' board' to request the hiring of another awitch-

- board operator would have firm ev1dence of the ',

presented the datain the above table. Of course; .

‘the final decision of whether to hire ‘another |
operator will ultlmately depend on’ ‘the. school
strator
ejust
not available. . ~ .

_You can probably apprecrate the usefulness

have seen how it allows you to srmulate chatnge
in the queueing system and gbserve the resulting
effects ﬁulckly and at’ little cost. Usmg this \'
stratégy, you can easlly -determjne how many

facilities are 1dea.l for a. partlcular situation,
‘then make the decision which WIﬂ result in the

. -best possible operation of the system at the least

gsible cost.

e }Luxnber of facilities, however, is not the
. A school administrator could; for ex-
predrct changes in the arrival rate for in-

commg calls; based on projected growth figures.
for his arstnct and then—uslng queuemgtheory—-; :
obtain estimates on the future waiting times for
- calls if he continued to use one. switchboard
operator It m;ght also be realistic to alter the -

- —

yarticular problem and observe
br words, the number of ser-
rrival - rate, and the service
"fﬁ a8 _controllable vnri'ables "

service rate
the results
vice facilities;
rate ;may all i

It is in these ar imulatlon and hypothe- :
_sizing system chan@®® that queueing theory is
most useful.In some of the problems we have
analyzed thus far, it would hq -been possible

Fl
-~

" service

. need to purchas '[all ten ‘stations," or;

‘timp-Gonsuming . way of obtaining the data. In
addition; it is unpossxble to, “observe” the theo- _—
retical effect of addmg another facrhty wrthout
- a toot like queueing theory. - ,
' Stﬂl{rtmrmportanttorememberthét queuemg s
‘theory necessarily gives. only approximations to -
real-life situations.. The.- further the réallife.
. queueing system deviates ﬁ'om _the baslc cond"' L
" tions' noted on’ "pages. 94796 the more the re
sultmg queueing statiﬁtlcs wrll vary frdm what :
v will actually occur. * -
~Let’s consider anothér, example of a multlple
faérhty problem thh an mﬁmte source - -
~ population. Suppose that.a, school ‘has an audlqr CeT
‘tutorial laboratory, which students -in several = -

clasges use. They.come to the laboratory at ran-
Hsten' to
auc 5 There afe- .
ten hstemng statrons, whxch have been leased
on a trial basis. An average of twelve students,

" . direct observation would have ‘beeri’ 2 far more }':‘.;‘i

dom times throughout thé day an

audlotapes as part of their classwork.

.~ an hour come to. the-laboratory, and an ayerage,’

of two students per hour can be sél:ved by each h
listening statlon The school is now.at a point*
: where it wants to purchase the hstenmg statlons
fwer 1s, Does the schoo really. -
uld a . °

been glven to

ust as well?

-smaller number do i -
ng data for this problem ‘

We have the follo
\
: Source field mfmi‘ el
- Customers: studentS\ i :
Service facilities: ten llsterimgstatlons (F= 10) -
Arrival rate: A = 12 students/hour | :
Sep¥ice rate: S =2 students/hour .

R .

»

It is in- approachmg this tyge ofpmblem that a

an admxmstrator can really apprecxate queuemg



Tarf 0 'J;'"'—-;;;f," T
( T aUEuEme'rusony P

‘the falfawing information. (Refer
- _plete .computer hstmg fOr this | pro
4-:5 pages 112—113 ) R a

- theory; he can “piay” Wtﬁ the data. to smmiat?e -

propose;i changes in the system and get results{

qmcld'y and at a'vety small cost. - .

. After making ah; initjal run of- ‘the programq

QgEUE with the above data, assume you ebtain

) the com-
m in anure

A . n;
~ . !

e

T herefore

P(mi + P(N> 10) 04 + 05 =09 .

9 percent of the time! . - N

" This .,result plus the prevxous data may en-

" courdge you to simulate the queueing system

s usmg fewer than ten hstemng facllltles and to o

Cm

L Emmmn;xﬁ fuat THE. rAQMﬁ 1S _IDLEs :PC0) = %6083
EXRECTED NUMBER EITHER BEING SERVICED OR WAITINGs EN> = 6.15195;

EXPECTED, NUMBER WALTINGt (W) = o15ios’ 5 ;.e
-01288

EXPECTED _yu'riuc TINE'OF m ARRIVAL ' ﬁcp -

*
v
‘e

-pbsetve the effect of havmg a smaller numl:?er S

. What d@ these data mltlally mdlcate to the
. admnmstrator" W

i
- — ‘- i
v P E ] v vt '.

c . b . ‘. * .

time,-and waiting line length: If you tried to

‘simulgte the system with fewer than seven facili- '

ties, . you

B All hstemng :stations are aimost never Idle at !
!) _you would receive the message CON-

+ o+ . thesame time (P(0) =:00248). "~ |y
But the average ng;ﬁnﬁbﬁerf of hstenmg stations

in.use at any one tlmersonly aboht6 (E(N)
'—é21e 6.2 or bein

- . would 'stop. The reason for this message is that
' havmg fewer than F i faclhtnes vmlates con-

“

2 T L=

. not be wmtmg if a hstenmg station v&etg

‘available: Therpfere, E(N) = 6:2 indicates

s “that; on the average, about 6 stu&ents are

.*. 5. Since A= 12andS 2 thenqustbe70r.
» more.
. -After your_ smulatnons have been completed
(see Figure 4-5; pages 112—113), you would suin-
- marize your data as follows:: X .

\ ‘ usmg the facilities at. .any gwen time. )

Almast no students are ever waiting in lme,to

use the audlo-tutonal “laboratory (E(W)

= 15195 L : : ' ~
. The waiti g time to use a listering statlon s T " No. of Listéning Stations, F
: aimostml(E(T)"‘ 01266) N ' = = = —
) i , «1 ‘- : 7 .8 9 0.
At this pomt yo‘u may havé cause to su5peét +  Probability that all facilities L
R that having ten listening stations is a luxuryﬁz@ ~ areidleP(0) . 0606 0 0
" good question you may ask here'is; “What isthe . Average number of facilities - . _ 'k o
. . probability that all teﬁnﬁ listening stations are _jn use gt any one time F(N) all 7.1 64 .6.2
. . busy? To get an estimate of the probability that Expected students waiting I
-+ gll stations are bisy, you will need to obtain two E(W) : 37 11 04 02
‘ ' quantities: P(10) and P(N > 10). P(iO) w1ll give ‘Expegted w‘“t'"g time ‘h°‘"'s) .
' ._theﬁgrgbabﬂxty that; ten students are _using the Prggabihty that il 5 statlons - 03 01" 00 00
faciligfies and no students are wajting; P(N }410) in system are in use: - T,

7 - is-the probability. that ten students are usmg the
£acrht1es and. thege is someone waltmg (i.e. more
than - ten: ¢u'btomers .are being. semced or. are .

:~ waiting). The sum of these two quantitlésl hen,
will- gwe “the- probability that all’ teh hstepmg
» stations -are busy, with or w;thout any students

P(F) +P(N>F)

Based on the above data, you could now Justxfy

" the decision to purchase eight listening stations:

you could then be fairly certain that the stations

/Vwantmg PRI s wotlld. receive maximum possible use. At the
: FromiQUEUE we find L s+ same time, the students would not be incon-

' o .o venienced by having only seven listening sta-
S P(:tO) =:04. tions. The expected waiting time for any student -

oo " P(NX% 10)=.05 ‘uging eight facilities is only .1 hour, or6 mxnntes,

R S ¥ 1 A s

<

 of facilities on facility idle time, student waiting - B
GES&‘EB SYSTEM and the computer program o

v uqueuemg system, it iiii.ist be the case that A<F :
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Aruitoxt provided by Eic:

. ST h
'THE COMPUTER IN EDUCATIONAL DECISION MAKING

o »7 . ¥ &

-

DNTER sount:z FIELD L . . B
O=INFINLTE POPULATION 5 - - ) ?
‘M = FINITE POPULATION or stz . A 0

- -ltoourrg St e .

20 e Tt

F = Nwszn or smvxcz ncn:x'nzs T .

210 _ i i

A = AVERAGE uwnn or Ann m.s PER WNIT ﬂnz -

'S - AVERAGE NUMBER OF - cusmzns SERVED PER w'h' TINE
22!

mnasu.rnr ‘I‘HA'I' 'I'HI FAC!I,!IY7,!§, !l’LBl P(O) = ,00243

EXPECTED NUMBER EITHER B!INVGVS!RV!CEDV OR WAITING: E(N) = 6.!5]95

EXPECTED NUMBER VAITING: B(V) = 15195 - - R

ﬁPtC?!D HK!‘I’ING TIME OF AN ARRIVALT ECT) = 01866

IF YOU H’ISH P(N)p THE PROBABILITY THAT N USERS ,ARS B!ING
SERVICED OR VAI'I‘ING; lN'I‘ZR THE NUMBER FOR N. IF NOT»

ENTER -1
'lIO [ 2 ‘ Lol
PC10 e > ,.aiosL, oo o
ENTER MOTH!B N OR -l 'ID QUIT S o o
-1 ¥ : : ® .

IF YOU: UISH P‘Mll.); THE PRJBABII.ng ‘I’HET -THE NUOMBER D!’ ,
USERS BEING. SERSIICED/OR WALTING EXCEEDS_SOME NUMBER L,
L

. BI'I'ER TH! NWB!H FOR IF NOT, ENTER; =]l ’ .
10

PIN>..10 ) = .J0a868 -

ENTER m‘ﬂiﬁ L OR -i‘ﬂ GUIT -
=1 . AV _ .

™~

ENTER SOURCE FIELD :
‘O=INFINITE POPLDAT!ON
‘M.=_FINITE POPULATION OF SIZE H
'I T0O QUIT

0

3 S

F - unun or szavxc: racn.vn:s

? S .
&~ AUERAGE NUMBER OF ARRIVALS PER ONIT TIME SN
MR :
S_< AVERAGE NUMBER OF CUSTOMERS smsz‘Pzn UNIT TIME

3 :

o .
T .

EﬂlBKBILIJ’l IHE'I‘ T!iE FRCIDI? 15 IIIEI P(O) m__200138. _.
EXPECTED NUMBER EITHER BEING SERVICED OR VAITINGS ECN) = '9-66998
EXPECTED NUMBER WAITINGs E(W) = 3.68298

EXPECTED HAi'I‘ING TIME OF AN ARRIVAL?® ECT) = .30690 : .

ir YDU HISl;I P(N)p THE pmsasmni ‘IHK‘[ N US!HS KHB BEINB
: SERVICED OR VAITING, ENTER THE NUMBER FOR N. IF NOT,

INTER =1
A i 7/
PC7 " s __ _ 208769, _.__ : :
INTER ANOTHER N OR'-1' TO aut-r B - ]
-1 . . .

' & USERS BEING _SERVICED OR VWAITING EXCEEDS SOME uunszh Ls
__ | INTER THE NUMBER FOR L.. IF NOT, ENTER -1
2.} ! ‘ .
P(N> 7- ! ) » «10523 ,
INTER momm LOR~1 T0 aurT
(LY

m'r:a SOURCE FIELD

Ty ?OILQISH%:I:E); THE_ pmna:c'xix THAT _THE.NOMBER OF
1

DaINFINITE POPULATION - - -- : : . .

M _=_FINITE "POPULATION OF SIZ! M_
-3 10 QUIT

10
~ = NUMBER OF SERVICE ncu.t'rus

?

.4

L1

A-- AVERAGE NUNBER OF mmvn;s PER INIT rmz

113 S
§ - AV!RAO! NWBER OF CUSNH'RS S!RVID PIR lN!'I‘ TIME

. conunu_ad
]lud(o-?htorial Labomtory Problem.

.

Pt
h\




- . o e : ~
. R a_ueueme THEORY - i it e 113
.o - ez .
\'(0
o . mgm:.xngagr THE FACILMY 1S IDLE1 P(D) }\;‘?ooau- :
. ) " EXPECTED NUMBER, EFTHER ‘BEING SERVICED OR- vAITIN Kty = 7.07098 - -
a S . EXPECTED NOMBER'VAITING: ZC(wi_=_-.1.07094 . . __ . < -
. H .°* EXPECTED WAITING TIME OF. AN mmvw.. ECT) = -ocns K 2 L
D ' R "IF YOU wiIsh PN, THE Pmsegu,;nr ‘I'HA‘I' N USERS ARE azwo ) -
- _ SERVICED OR VAITING, ENTER' THE NUMBER FOR N.  IF NOT, R . .
. - ENTER =1 , - S
: B : o ~
PC8 _de S~ . o »
ENTER AIOTHER N. on -l T™ auIT o .
el . o i BN [ .
IF YOU_VISH P(N>L)s THE PROBABILITY. THAT THE NUMBER OF .. )
USERS BEING _SERVICED OR VAITING EXCEEDS_SOME mmam L,
. __ ENTER THE NUMBER FOR L. IF NOT, ENTER -1 L s
: : 8 ~ . - i )
. : " PN>-8 - 3= 10709 - ; : i
. : INTER APTHER L OR -1 10 Q01T : o
) o L Y G
; SN\« mNTER ,§oggg; FIZLD : Wt o b
P O=INFINITE POPULATION : . 2 iy, .
: co M_=_FINITE POPULATION OF SIZEM ~ - L R T :
: .. - =170 QUIT . \
10 _ . __ R
F- uuuata or SERVICE ncu.xnzs : - - o L \
19 " ‘ C
A - szm\u: NUMBER OF ARRIVALS PER UNIT ﬂnt L ‘ e
e - B <
s - Avaut NUMBER OF CUSTOMERS SZRVED PER WNIT TIME - ’
. 8 - .
PROBABILITY THAT THE FACILITY 1S IDLE:i PO -=- +00R3S - . k
EXPECTED NUMBER EITHER_BEING_ SERVICED OR VAITING: E(N) = & 39!96
EXPECTED NUMBER VAITING: ECW) = .39J9%._ _ .
EXPECTED VAITINO TIME OF AN ARRIVALS ECT) =«  .03866 ) o
IF YOU_VISH_P(N3; THE PROBABILITY .THAT N_USERS ARE BEING- e S
SERVICED OR.WAITING *ENTER THE NUMBER FOE No  1F NOT, .
L ENTER =1 - N .
T . - -
. PC.9 )- 006533 [ - .
INTER ANOTHER N OR -1 10 cun R W e .
-l v - Co : .
IF YOU VISH P(N»L), THE Pmanau.nv THAT THE NUMBER OF" ’ S
N S _USERS BEING SERVICED OR VAITING. EXCEEDS SOME NUMBER 1.. B o
i i . INTER THE NUMBER FOR L. IF NOT, ENTER -1 o e .
. CoL 1’-2 _ . P N
oud PCN>_ 9 1 - .01539 R \ . o
INTER momm L OR -1 T QuUIT Ot «
71 - .- ; A .
- INTER_SOORCE_FIELD e - &,
OmINFINITE POPULATION ) . S
. M _« FINITE POPULATION OF SIZEM - - R o
-1 T0 QuIT o o
. : 7~1 “
e X
DONE ] &
Figure 4-6 Continued ~ , ) *
A :

J

and this time could be reduced by mstxiuﬁng
some such procedure as a sign-up sheet, instead
" of having students come to thee laboratory on a

random basis. - :

ons you, as the admmistra—
) T, veigh before making a final
. decmion hoWever, are:. :

Other: t:bnsi’d,
tor, Vmight wanti

1
& (Would it be wise to:byy eight stations .

How frequently do stations need repuits?

: and hwe one in reserve?)

Q

ERIC

Aruitoxt provided by Eic:

Is the amval rate going to increas@’ gmfi-
cantly in the next few yers as a result of
schiool populatlon growth? >

Will there be a large increase in the nung

ber of students tqkingpcourses whi

‘recjun‘e use of the listening Stat ; ? 2 %

could obtain the relevant data (rate of braak
dowm, increased arrival rates, and so forth) C.

L l
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REVIEW

"ecessary when woi{kmg with an mﬁmte popula- :

facility queueing system; which are not required

Exercises . - - . ' 1. What assumptions _are
: o tioh, multiple servic
. _ o "when working with mﬁmte populatlon, smgle facﬁxty systems? (Revxew )
' : ' . text page 108.) -
2. To obtain the probability that ‘one fzg:;hty is idle and the rest are in .
~ service.in ‘a prohlem involving five service facilities, which of the fol-
lowing quahtxtles would you request? :
a PGB -« P(1) ‘ ‘ . _ .
‘b. -P(0): oode P(4) B : ‘ .

'3, 'Which of the following expresslqng gouldkglve you the probabxhty that *
: all five facilities in a queueing system (F a E) are busy, with or thhout
.- "7 - customers wmtmg? v
B ' .a. E(B) . -Ca P(ﬁ) + P(N> 5)
b. P(5) d. P(N>5B) ..

number of service: facilities in an infinite population queueing. theory

; 4 Based on the examples worked ont in this chapter; as you increase the

problem while holding the arrival afd servnce rates constant, what is the
effect on: '
a. the expected length of the wmtmg lme, E(W)?
b: the expected waiting time; E(T)? .
- That is; do E{W) and E(T) increase, decrease, or stay the same?
‘ _ 5. Analyze the school psychometrist exercise on pages 97-98 usmg the
: ' ;. computer program QUEUE, and compare.the nevgf;nfppggtflgnf you get
i e o . frop QUEUE with your initial intuitive aiffilags. What new information
: : - .. do you have? What criteria might you usé
6. Use QUEUE to answer the following questxon

,aking a final deemon?

‘A school district has 30 bujldings requiring electrical repaxr work on‘a -

random basis. On the average, 1.5 buildings per week require such elec:

trical work. How many electricians are needed it each electrician caﬁ
v . handle 1.7 buildings per week? B ; Cer
&, . 7. Use QUEUE to analyze the following problem ' N

* Suppose you have been put in chgrge of the one-day kindergarten regis-
. tration for your large school district. Based on last year’s tigt
. -average of 94 mothers arrived _per hour to register their children; an nt

took a worker about 12 minutes to complete. registration for each child.

- - . That is, five registrations could be’ processed per hour by any one "e“"

v S - R trntion worker: .
oL _ : " You ‘plan to. -recruit some teachers as registratlon workers, and you
L L can pay. them $20 each for their day’s work. The question is, How many

- teachers should be hired to conduct the registration? There are leveml
criteria you might consider in making your decision: )
~ (a) . You don’t want the mothers tp have to walt in line too long; . :
g {b) You don’t.want to hire more teachers thnn are- ubsolutely neceuary
‘ ~ {i,e. you want to keep costs down). -
- .. () You want to be sure that enough tenchers are used 80 ail regiltrn-

lom can be completed _ ;

zi




OUEUEING THEORY

FINITE POPULATION SINGLE .
'SERVICﬁ FACILITY PROBLEMS AND
THEIR COMPUTER SOLUTIONS '

Up to thns pomt we_ have consxdered only'

' problemss mvolvmg potential customers : froin

~ an _infinite or very large finite source field or
. population (30 or rnore) In actual queueing -

proBlems, we frequently have only a small

number of potentm.l customers. Example‘s’ ot"_

such- populations (< :;-30) would be the fifth _

grade teachers in a suﬁgle buudmg, the buxldmgs

" . in a school district; the teacher aides in a sing

school. In addition, the queuelng theory we have

. considered so far has assumed that the arrival of

customers follows ‘a completeiy random pat--

. tern—that they must arrive mdependently from
an infinite so ons

: these assumptions are pot satisfied.
Different equations: 'must be used to take into
- account the peculla.ntieg of a small sourceé‘popu-
lation. ‘These; hre gwen for your reference in the

. To use . QUEUE for such problems, the only
change we need, to make in our prqcedures is to

-I\

enter  the. ‘exact.-sjize of the population in re-
Asponse “to ‘the program's request for “source _

field."” For - example if we were analyznng a
;queuelng problem where the population was 8
customers the correct response WOuld be

o ENTIR. SOuﬁCI un.n PO,
. OwINFINITK’ mn;anou ,
M = FINITE POPULATION OF sl:.r Cl

-xmoun A

T L o E'

Tow -

et

Irl additlon, there are two dlt'f@rences m the 1n-.

formatlon QUEUE wlll giveus:. . '. iy

i

S 1;; Ins'eead of the qumtnty E(N), we will be'-t-?

. "gwen P(M), the probabihty that all poten-
' tial users

S ) 4 aré’ waitlng T
2.- We will not have the Optlon og obtaimng"

P (N > ,L) for ‘some. L. But.we can calcu-

late probabilities of more than some num-
,be’r;;,’ot cuntomers (L) bemz uemced or

e field. With finite pOpulations '

in the source are being serv;ced

;tb know the 'probabihty that more" than
thrée- of them were ‘being serviced or
wmtxng The probabtllty that more than
three customers are being servited or . .
waiting is the probability that four cus-

. tomers are being. setviced or wmtmg plus

the probability that five customers are

bemg serviced or wmtmg, or P(4) + P(5)

_ Let’s look at_an example_ of a finite popula-

“tion single service facility queueing problem:

The schoot year is 180 days; so

. Eight teachers use a portable science ‘center. Each

requires it an nverage of 18 times per school year of -~
- 180 dnys Each time thie science center is used; it is
for an average of one'day. Is one science center

enough to sel've the teachers satisfactorily?

To calculate 'the ‘arrival rat’e for th"is problem,
we kﬂow eéight tem:hers each need the science

g 'center 18 times in a school vyear. therefore, the

science center is used 8 X 18 = 144 times a year. -

T A= 144 tun’éfs/lBO days .
"= 8 times (or teachers)/déy :

" Since the science center can setvice one t.eacher',
a day, )

long.

- 8= 1'time (or teacher)/day

'Thesinformation we-have, then, is’ -

Source field: finite (M = 8). P
Customers: eight teachers . - -
Service facilities: gue sciénce cerhi‘ =1)
Arrival raté: A = .8 teachers/day 3

- Service rate: 8= 1 teacher/day -

The complete computer riin ‘for this problem

. ,:lB shown in Figure 4-8 on page 116. The-most
important quantity ‘we- would want to examihe: -

is probably E(T), the expected waitlng time,

which is about six days (E(T) = 6.8). A decisiqn <.

to add another science center would depend on : '

the judgment of whether a six-day wait is too

: r" . w1
c i el M

«
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. - \ ) ~ : U : e
. m™TER. ;ounc; nu;n e~ N . . HREIN N ,' -

o ' . _ O=INFINITE POPULATION ;.. ‘ . = S A
- ' ’ ) © .M = FINITE Pdpu.anov or sng N ‘ ) PR P PR
o ' . -.-lmeun o EE : _ S Lot

S
, . . A~ Amae: NUMBER OF mrwu.s nn wn TINE
Vel
’ -« _AVERAGE VUMB:R or CUS‘I‘)HER!’ SERVED m ™NIT HHE
: . "'.L L
s e

"—9 A N muaxu'n THA'I' THI ?ACIL!TY lS ll!.l - PCOY = - -00004.

-~
.

PROBABILITY OF AL Cusmnms VAITING IR BEING sl:avic:n L
. P4M) = SPBASL i o T
. IXPECTED NUMBER VAITING - :(ggj-j .85.7501 : VRN

UPECT!D VAIT!"G TIME OF" Ml AHRIVAL - l('l') - 5-15034

: . r ?otv PISH_PIN;_THE. ymmian:uv THAT | bsns ARE - wnof
‘ smvu::n DR VAITING: ENTER THE NOMBER PR Y. 'IF v'n'. ]

P EINTER -1 - - . L . . : PO

L . pA:] 7; o o X Tk Sl E o Lo d Lo . ~4.,-.,"

. . PR . . ’ - « 00004 oo ) . . T R N R

DITER ANOTHER N OR -1 1 ouIT L . o w IR

PC1 @9e - .00027 . L
JINTER THER N OR -1 TO QUIT oL e S S

o o PCR. e 00ISE. .- O o, , Lo
N e mrtnm’ommnon-lmnuxr P . : S : '
s 3 S Co ‘ : . ST
PC 3 e  L.00789 - :
:qrm AMOTHER N DR -1 T QUIT S
a . R T ST e
‘PC.A. ) e - a0891a_ - R
- INTER morulfh N OR =1 TO QUIT
t ot o .
- Do TPC-8 > w - +09386 - -
; : . INTER ANOTHER N OR -1 .70 QOIT
PC 6 ) . _ +2R3IBI : A - s
: ENTER ANOTHER N OR =1 T oun o e % - 4 '
~ . . ~11_,, oLl S, . ; s - e )
PO Ddomii _ 235813 ! .
mna moruta N OR: =1 ™ ouIT NS

= . “
7 PC 8 ) - « 88651 : Toe
o INTER mo-nu:n NOR -1 1 oun . L
e e Lt M . . . '
s , ENTER SOURCE ru:,n
e . OnINFINITE POPULATION : . oo -
e . . "M-e_FINITE POPULATION IF sirt Mo : - , e
T _ :. =1 10 oUIT A T B R ~
- 1 25 % g . . - . . b .
1L . : , -

S oNE B S S Sl

0F|9Uk’4-6 ; . N . - . i
Sgienceé‘enterl’roblem ' B R D ¢

s

Notice in the’ secOnd half of the computer run ‘tomer 6 being serviced and fone are- 'Wiiti'iig .
«in Figure 4-8 that. the,qup.ntitles Pe); P(1);, . P(2) -would ‘then be the probablhty that one - :
P(2); P(3); P{4); P(b); P(B); P(7); and’ 'P(S) have - customer is being serviced and one is waiting; .+’
_ all been requested. P(0) is; of course; the-proba- . P(3)," (that one is being serviced .and two .are
" - bility that no customers are being serviced or waiting; and so on. Notice that P(8) is the same-
waiting or; equivalently, the probability that the ~as P(M). Both quantltles are the probabxlity that
facility is idle, which was already calculated in = -all potential customers in the source field are
the first half of the run. P(1) is the probabilityi . being serviced or waiting. '
that one customer 8- héing serviced or waiting. ., . There is one miajor difficulty ift depling with
for service—i.e. the probability’ that one cus- ,queueins problems involving finite pppnlatlons s

- seh o ‘:’-'.
. oo . - 4 Vot L . o li,;h PR
IR ! - — . . . X . €
. S o . ] . -~ A co L BB e
- PR A ‘ 1 o N B - Fig Tt s,
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' Terminology =

-Equj&ii@ S L

_ medsige if we attempt‘to.rerun the science cen- *
" tér problem: ugng two service facilities instead

of one: So; we are limited to coryectunng about

. the exdct lmpact of mcreasmg the number of

- - e - v

MVIEW

Q .

QUEUEING THEORY S

Use QUEUE to analyze the followmg problem

117

partial {guidance from the solutions to finite

~_population, single ! servme facility problems. Thus
these equations, though they are applicable in
a number of situations, are not as useful as the
“equations for an mﬁmte populatxon with. smgle
‘or multiple service facilities:

>

1. P(M) probatnllty that alt pot.entlal users in the source ﬁeld are bemg
serviced or are waltmg : -

- 5 are spares;_ The district wants to be fan'ly c8rtain that no more than 5

* buses will ever be tied up in the.repair shop, so that bus routes can

- service facilities to some number greater than
. ohe. It(a generally true that we can get only

A school district has’ 25 school buses; 20 are.used on a day-to-day basm, '

. always be covered: Records show that all 25 buses. need repaxrs on'the ..
o . " averége of one bus every.lO .days. What is the minimum service rate that
o : P will be requlred at the repair shop if the dlstnct wants to be 86 percent’
o .7 .. certain that no more than 5 buses are 4in the repalr shop at one tnne"_ B
: L <8 .

o - - HINT: The probabxlxty that no more than five buses will. be in the reﬁmr »
. we must

.

e shop is P(0) + P(1) + P(2) + P(3) + P(4) + P(5) (Why?) Hence, w

ﬁnd the least possxble S accurate to one-tenth (one decimal place)

-~

v

: Queuemg :beory isa useful dec1sxon makmg tool

for the édmmmtrator There are many waltmg

being rgpalred supply requests bemg processed

B LR .
a

OVERVIEW OF QUEUEING THEORY

mmals for computer-ass1sted mﬁtructlon and\the »

administrator must decide ‘how many. terminals

~ will be needed to adequately serve the stutdents.)
. - Most queuemg theory formilas are not too
‘drffxcult to solve, so many queuemg problems

. patrons phoning the school office, and so forth;

thus there are many situations that lend them-

. selvés to-analysis through queueing theory. The

technique can be used to analyze an existing

waiting line _situation (for example, teachers
camnlain thak thev have to wait too long to use: - .-

ways, using dxfferent parmnet.ers -As" with the

"'f.-especxally conveme_nt when the- admnmstrator.:'
g wishes ‘to ‘analyze a’ problem:in a' number of )

- other ‘operations resedrch technioues. computer
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ABVANTAG ES AND. LlMlTAfldNS
OF QUEUEING THEORY

Queueing theory is a msthemsticyi tool thst can

easily be used by administratérs, efficiency ex-

perts, and other decision. inakers to analyze
_ﬁ%inﬂine problems inore fully. It can be ap-

to any situation which satisfies certain
basic conditions assumed in the mathematics

of the theory. Armed only with the. basic

parameters of the system, the administrator can.

. calculate several statistics that are usefui in cost-
" utilization studies

Queueing theory has several distinct benefits' o

for administrators:

‘studying the current queueing system, en-
abling them to isolate problem dreas of the

" 1. It provides them with a tramework for

existing system and discover possrble .

2. The statistics provxded can function as
criteria for determining the ‘‘best” solux

tion to a problem.

3. The resulting data may suggest possxble
~ changes in the system.

modifications to the system quickly and at
" small cost, in order to determine the most
~ economical and/or practical course to
pursue. :

4. They are able to test several sltematrve '

A

-

v éonie of its limitations are:.

1» The problems 1t can handle must satrsfy T

A

results are only approximations to reul-
 world situations.
2. It 18 a very hmited tool whenever small

' Pim of s Oueuslnn Theory Problem _ o
' 1;' Data to collect about the problem. R

a0 30) are involved.

to describe real-worid situations: The finei iimi-

tation is all too familiar to,anyone in a manage-

ment pogition. One can gather volumes of data

' .. on a particular problem to help determine .the

best course of action; the final decisiod, how- - -

. ever, is made not by mathematics but by humans, B

. who  must take ultimate responsibility for r any
: ‘_decisions made: . | .

.-

'SUMMARY OF THE MAIN POINTS
IN QUEUEING THEORY -

B ..;;_

: - e T T

. - Service facility: location at which service '

.+ isrendered (F). .
* . Customer*user of the “service fscxhty

' Source ' field: popiﬂatmn of potential

. Arrival rate: average number ot customers | ‘

- arriving at the facility per unit time (A)."
Service rate: average number of customers v

serviced by a facility per unit time (S).
2. Statistics to be calculated using QUEUE
. P(O): probabllity that the facility is idle
(no cugtomers’ bemg semced and no
._ customers waiting).

E(W):_
.. waiting for service. .
. E(T): expected waiting tune for an arnvai

. . E(N): expected number of customers

_ waiting for service or being serviced.

expected number of customers\

P(N): probablhty thet N users are bemg )

serviced orwa.ttmg for service.

- Ruitosiai e

users are being serv1ced or are wartmg

P(N > L): probabxhty that more than L

3 'I‘he results 1t nges are averuge “figures:

. it is impossible to determine, for example,

ekactly how long a customer wﬂl hxrve to
wsxt in ljhe

- 4. Queueing theory. yields data but does not

-y

Condltnoms OusqelngTheory . B P ::_

Pl'obllmﬂustSlﬂlfy S

. . Ll e L LT el
- At As B rimhacn e e wandase’ and
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5. Customers entering the queueifig system - ‘Equations for Infinite Population,, .~ . - .
_ do not leave until they are serviced. " Multiple Service Facilities . =~ -
5. Rate of arrivals must be less than the rate T : R
of service (A < S for single facility §
tems; A < F s 8 for multiple facrhty

| ,ymm,, Probability thatall ser- .

vice facilities are idle, ~.- 7/ .

s of Ououolng ﬂiia;y’ i»;asisiﬁi ‘

t.‘ Infinite populatlon amgle service facrhty P Com T e
2. Infinite populatxon. multlple service fa- . S e -,7 " ,’-";,."
cilities; ‘ S T R
Additional condmons needed ’1 Each E(W) ‘= p(o) s Expectea number of
facility must have_ the -same_service, . , customers waltmg for

i‘!servrce ERTR It

rate; 2. Only a smgle wartmg line may (A/S)Hl,

'Y
A

be formed . . . L (AIS)
3; Finite’ populqtnon*smgle semce facillty.: I 'F F' (1-

Lo

: : - G S P E(W) e R ‘ - .
MMARY OF EQUATIONS FOR . “"E(T) A .' R f;ﬁ":;i,&“ tmg”t.@e.f. il
EUEING THEORY Ceu e T IRTEC AR
lrlons for I;_Ifiqgte Po_pulati’o'lir,'. SRR T P(N) = P(O) N UL B ",\ et .
o Sarvice f’d':" LR N R fo< F . ‘Probablllty théth """ SR
AR . : R - . tomers are being ser-
S § -Probabmtythatservme SUROFREI L
BESRIRRE - R S PN —-PO e vrcedorarewaitingi]’or; R
. . r._ i facrhtyrs:die . ., ( ) ( ) 777777 . .Esemce.‘ N o . "":'. '. ‘

V) =~ == Expected number of W U
- S(S-A) - customers warting for B 1fN> F Lo T e -
semce RCER R : :""' A A

LA " Equ on:for Fmi{e Population SR , o

-

n . =~S—-K SRR .Expected numberbemg Single s.me. F.e.my - EA ,’..’,‘.“f S -
' - . ~sérviced or wamnk for B e ‘ ' o

- : service. | (17 i sy ..
R ‘ P(O) ‘P(M) . ( Ay 'Probablhty that servrce .

- facrhty is 1d,le

_ “Ta . .EXPected waltihg tlme
AT foranamval

R E;xpected number of'
S(S A) R o ' R

, customers‘_w’mt_mg for

) =(——) _P(O.)_. Probabllrty of ] N ciiﬁtg;, * =
- A8/ = ' mers being service

o _' e wartmg S
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P(N) = P(M)——l——' Probablhty that Ncgs; : S S oL
(M-N)!  tomers (N <":M) are ' S

N ; waltmg for service .

'-(S)"'" , being serviced or are
A

r L .

RN S FINAL HEVIEW _

. < : : o o~ : : '
' “\r . Exarclus ' - : ‘1. Iden y those of the followmg s;tuatlons that are apphcable to queue
’ o : - _ . theory™For situations that could be analyzed by queueing theory
A _ tify the source field (finite or infinite), the customers, the service §:
BRSO S " ties; typical arrival and service rates, and what srgmﬁcance the ¢ qum_
T S T E(T) and E(W) would have (i.e. what would ‘E(T), the waiting’ time i o
S E . arrival, represent in a particular problem?) ‘NOTE: This exercise is- ‘mes

Ty K . . not only to test -your. ability to~recogﬂfie ‘a_problem -applicable

Cole e

. iqueuemg theory, but also to give you more tideas gbout. where‘ .to

' queuemg theory in educational admmmtratlon; -
L T —_— - (a)- Giving vaccinations to elementary school chﬂdren in adlstnct
c i - .. . .. . (b) School cafeteria lines. - R . o
RTRRNES e ) -,Scheduhng,mamtenaﬁcecrews R T
S .. - (d) “Ticket sales at football games. . - '." . . T cz -

T

(e) Students waiting to see a counselor

{g) Setting up hearings on the school bond ‘issue.

. N “‘"” 'f . ). Creatmg a master schedtle of classes for a large hlgh sch

*
»

* (h) Teachers using a pro;ectxon room to preview films ‘ .

NI (i) . Children waijting for'school buses in the moming.” [ . ° g
0+ e 7 (§): Deciding Whetfrer to hrre another secretary for. the school dlstnct
S : S administration: .- . .
- oo (k) :Schedulmgpnnt-shop orders SRR ") N T X

~ .+ 2. Select one of the above situations with. wh1ch you.; are fam1har obtam
- ©° . realistic data on, arnval and service rateer .and’ use: QUEUE to compute :
R e T - expected waltmg tnm -and expected number-. wmtmg Based on the.re-:
Do R S sults of. your. initial. qlieueing analysis, does thermappear to be a waiting’:

. “line- problem" If 80; how would you solve the problem? If the solution "
"involves changing vanables,vchange them and rerun the program to ob-:
. tain rev1sed queuéing flg'ures Contmue your analysis. and- -revision untjl
e you have reached an effectWe decrslon concemmg the solutlon R '{(:

-ﬂnnén Bawv D Mishaol 1. Magoard- And W“Iiam f‘ Lpun ("nmnhtpr Mndéls in Onem-.
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CHAPTER PREVlEW “This chapter mtroduces the techmque of snnulatlon as.a management tool .
. for dEC}SIOI‘l makmg ‘Simuilation ‘is.a: problem-solvmg techmque ‘which’ allows
. ) -:, - . the user to try out a variety of solutlons, on a-model of the real-world situa-
. oo h;n, where using the real-world situation .itself would be Jimpractiéal. It
: . S 'pnmanly useful in the frequently encountered sltuatlons where ex eriment.
ST E ing with the real sitnation is either too expensive or ‘impossible. Dt
C S . Throughout the chapter, practical. examples mustrate the: apphcatlon, o,f.,' y

simulation techniques and the use of computer pragrams, in. typlcal simula-’

" tions: At key points, exercises, mostly based on ‘sample computer programs, :"":t,
L . eneouragetheusertoapply thetechmquesdescnbed T w e Ty
: N ', '." N N - . . L "., - " " . R .

. reader with a basic understandmg of sxmulatlon techmques and & good feel -

CHAPTER AlMS - Successfui completxon of thm chapter w1th 1]:3 exercmes should provxde the

ST | ¢« for the use of computers in simulations. As a result; the user should be able L
7 . . to readily identify problem situations for which simulation offers an effec- -. EAN

L tive approach and be able to use computer &mﬁiiﬁoii programs, where
g S o appropnaik and ava.llable, to axd m solutlons S _

.....

o wmooucnomrosmumnon

COMBONENTSOFASIMULATIDN R ] Supp&e you were a. school supenntendent .

* about to_approach the school board ‘with a pro-.

Sunulatlon is: ‘the scxence of representmg reahty " posal to ouﬂaw' céndy and coke machines ‘in

PO - .

\-by artrﬁcml means—'The Word elmulate l,s,,de—;: ‘-jh_favor of vendmg machmes that dlspensed

that a techmque for snnula‘tlon can be descnbed

" as a method for giving the abvesarince or affect




presentatlon In this . way, you could find ‘a

" the school board regarding, - healthy food in

. v‘personahtles and attitudes of each of the board. ’

.’ problem; ‘the inputs- were your different argu: *

oo pred1c€»the board’s ‘reaction. to each :

",1’2'4.

‘ would pro;ect how they- wonid react to thz

strategy you feel ‘'would work best. By role-

playmg, you are conductmg a simulation.

- Other everyday uses of simulation are com- -

g;on When you try out your ideas on someone o
* else, you are in effect using the other person to
-simulate some part of the real world for you.

- A commumty advxsory comm1ttee wh1ch pro- '

'i'

courses. of action that the. school dmtnct iscon- .

committee i8 used ‘to give the appearance or

- effect of* the reaction of the entire commumty .
~ Situations like the above are alike ir
spect:- The partictpants are interested in real

v situations which are impombie or zmpractzcal .

" 1o examine dtrectly The real situatibn is called

"the object. system. ‘The’ object system of a simu- -

lation may be as hm1ted 8s a single human bemg

‘or a8 extensive as the United States economy.

Ina- enmulatlon, we do not work du'ectly thh .

" the object system. Instead, weuse a model of the <

. object system—a representatxon of the real situ-
ation; The model in. the example of approachmg

' -vendmg machmes was .your representatlon of

" how the board would react to your various argu-

aments. This model would take into account the

“ "members: - .- _

Using a model of the object system allows us -

. to investigate what will probably happén in t;heQ7

- - real situation under various conditions, ‘called
-the_input to the model. In the school board

" 'ments for healthy food in Vendlfngﬁmachmes

. The _model of: the school board” S

eyl -gg Y

. 'The hypothetical reactlons of the sche

- . are the output of thesunulatlon Thus ‘amodel :

S in a simulation can be thought of as a set of .

rules for d&termmmg hdw , fui:é afe related to

ke in onere- . 2

- basib;of .these responses;

. . . .
} e T e . . : R
. . . . e
N - X Wl

: ;THE COMPUTER IN EPUGATIONAL DECISION MAKING

be used to ‘make mférences about the actual be-'-
‘havior-of thé obfct system, without. the:cost,

* inconvenience, or,danger that might, be entalled-
 if the actual object system were used.

In many simulatiofs, several dlfferent mputs,-,'

. are trjed, to provide the user with a set of alter-
_’natlve outputs
locates .the output whlch is most desirable. to the..

‘user, -

_This - trial-and-error ‘method

" “Thus we can’ thmk of sunulatlon as-a c1rcular_-

‘ process mvolvmg iour stages . f .

gidering is another example of agimulation. The .. 7.

'Form a questlonr about the behavxor of

‘the object system; ~ " - s
Express ‘the question in the form of an

‘input to the model; :

‘Receive an. output from the model;

. If the output is "acceptable,. make m-
" ferenceés from it about the objebt system.

' If hot;go . back: and try other mput :

i:_

L

2
4.

In the fxrst example above, it v&as the school‘ | Anotl&beducatlonal apphcatlor( of simulation

' board. *is. the “in'basket” technijue used by educational .

-administrators. The objéct is to train educatlonai

" :administrators “if- making : decisions  by":having -
' .-thém process golutions . to’ actuale.
" lems. Each trainee has ‘an in-basket; Probléns dre

ﬁhool prob-

tions in his “in-basket.’’ ‘The tramee must then

K presented to him by placing written-.communica-

"act on theproblem, decidepn a course of action;

- prephire a'written sfatement of the solution; and .

place it_in ‘his out-basket The: statement is re-

--'wewed by - the  leaders. of the training sessidn

~and #ppropriate feedback -is‘ prepared and re--
turned to the E%ﬂee through the in-basket. In
th:s case, the model -is the. representation- of a_
scho g drstnct ‘by: ‘trammg leaders. Inputs are the.

istrative - trmnee s responses to the. various

' ‘questlons posed through the- m-basket On the

Sutput ot feedback, is

provided to the trainéé by leaders of the training

seséron The tramee is supposed to make mfer--

&s a Vﬁ'nal examp‘ ' of‘ 1mulat1on, 'le ‘cog-’

uutpu'ts . .
=1t should now be evxdent‘ at ‘the pnmary

‘mirbose of a simulation is to derive information -~

B predlctmn rather than trannng Of pnmary im- .

1"2’- L



> portance to :’eauchﬁ;fé is the need ‘to’ predict tion, that output com s oniy :
. future school enrollments. In order “to make =~ inferences made-abon the object” ‘system- are- |
_ . a number - of population
) growth models have been designed. As input S
e such information as the expected rate -, ™ The simulation - examples given above ﬂius- -
>mic_growth; the bn'th rate; the mor- - trate the four components ofa o

such predictions;

_ they
- of eco

v

COMPUTER SIMULATION.

A Generuhzed Simuiatwn One exampte that cteaﬁy demo

: szmulatfgn as d provess is the typical high.school driver education '
class, Here, _simulation i used as a training device. The: itudént sits . ’
- in, front of a mockup: of the-driver’s. compartment of 6 typical

" . automobile. A highway. scene is projected in front of the student.
The studerit must “drive” the mockup: car so as to stay on.theroad = -

in the highway scene. The model of thecar and}xiyzwuy conditions . -
is provided by the machinery.: The input is the driving 1 reacﬁ'ons.

of the student driver. The output is the feedback to the student by

* the machine which tells him what is hgppening to the car. From - o

. the feedback, the student infers what Yould happen if he were. -~ ...

driving a real ¢ar. Driving is a situation Where it wou{dﬁg 'danger-
ous for the student.to deal initially with the Feal object system;
the simulation allows- him to-learn safely niany.of the principles.

of driving by dealing with only a model of the real situation. The

h componernts of the driver tmining simulatton are illustrated in
Figure5=2. 4 oY

[
1

tality fate, the distribution of séxes; arid the age.

'dlstnbutlon within the present populatlon The - o

sunuiatlon whose p

ember, especm.liy w1th

ary purpose is, predic- - Ayt

l\ ¢

Cewe

from" the modei;

* 'valid only ‘to “the degree that the modei ac-. '
curately reflects the real situation: o

T

mmulatxon :

. .‘",j :

1 We wete mterested in the behavmr of the. .-

model is a set of rules (mathematical equations) -~ -~ ‘object gystem, or real situation. - Sl

relating each Qf these varigbles to the growth in © 2, Thereal situation was exammed mdlreltly N

population for & given geographic area. By using - ' byusinga model o R

a model of population-growth and these input  : 3. Questions. were . ed ‘abolit the. obJect? N
N T factors, it is possible tofouitput predictions about =~ - system by usmg 1ein ‘as mputs to the" S

" pppulation changes within the given geographic . . model.’ : o
area. Educators may then make mferences about o '4.""Inferences were made about the object Lo
future needs in educatxon. : _ X3 i puts i
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T S - ‘ Lo § a highway .

L_auesi':'iﬁn About abjecf §ys€efu lnference ,_1 o . -
B What is the correct reaction ‘when o tight, pusroing of brakes 15 i ~T o
. S e e the car begins to skid? - R 4 e ‘:\ 0. successful reaction to a skid T

7

_MODEL .. R ¥ OUTPUT . -

_'Mechanical = [~ o = car st,ggh i

Representation N ‘ - off highway ]
of Car = ) .

JINPUT - .
“Student applies
brake hard

'OD'IPUT .
Car- bgg{ns to X Lo
| respond; then B B TR S
- slddgs off N . 2 :
. Mg{may

L - ™1 INPUT .- - - A A T R
S L C | student. ises - o L. :
- R . © | 1ight, constant |_ ’ '
. . K brake ) .

I ' | et st A S o
T Stugent'uses : T \‘\ ' A '.'82?23&5 ) I BT S
.o i Hght, pumping -| /., - - .safaly L L B I

o VU e bv‘ake action . P SR . : L
. . DR .o 1 ) X ' ) : . . - — *-47# Ny E R
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DwgramofaDnverTrammngmulatwn S T L PO T TR

S ﬁEViEw f; ",— - ~

wodd. el

ST S '3. MODEL ‘a representahon of a real sxthatlon involvmg rules for deber- '
T e e 'mmmjhowmputlsrélatedtooutput. PRI _ e S e
b . . » .4, INPUT: conditions applied to-amodel. - ¢~ ' - < _; : i:..,--

i : - - T B ;'OUTPUT hypothetlca.l reactions ofamodel tomput. e e

o T
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Lo qLASSESAND TYPESOF SIMULATION
‘-- Le /Man:ciﬁdil-!m 4mc1|me L ) o b ,,,g,
- <. -The ‘examples cited above represent two classes_y . ‘iﬁém

n-’ e e
bf simulations: man-model -and- man-machine, B ‘tion ‘tdke the solutions and actmgasamddel 5:




_ .i N COMPUTER SIMULATIbN' '

' als represented by the dnver educatlon example

The model is operdted by a machme or com-.

. puter, but a human interacts with thd model by

directly pn'o‘{rdmg input and i 18 a vrtal part of the‘

srmulatlon process. ‘
" The use of computers in slmulatlon has be-_

'come mcreasmgly unportant for a number of e

E reasons o

P

1 They can do calculatlons at great speeds, "

- . _take men years to solve by hand.

2. They_ can process masses of data qulckly i-'f‘
and can retneve great volumes of mforma-" .

. tion:in seconds

acting as..an “extension ‘of man’s ‘own

reasoning capacity. The problems, of"

;- course, must first be. translated mto in-
- structxons the computer’ can follow) "

s

Sxmulatxons usmg the cémputei' thus allow us N

o to run - litérally -thousands of mputs through a -

S model of .an ebJect system ‘in relatively shofrt

" .a great mamber. of questions about the
. system . : |

penods of time, enabling us'to ask (and answer) -

Ditarmimnic and Stochastic Slmulations

‘In addition to the division into two ,lasses, ,

- snnulatxons may- also 'be classified accordi

 -two types—determmzstw “and’ stochastic (sto—
gas-tlk), or probabahstxc These are based on the ~

. proceses used-in_the model to represent the.
N object system In determmrstlc simuilations, each

“'input and its corresponding output.is related by .-

‘s

the same set of rules or calculations, so that the'
. same input will always yield the same results, re- '
. . gardless of how many times{it is run through the
, model ‘The driver. education -simulation is an.

example of this type. We know éxactly’ how an- -, .
automobile (the object system) will reaet to
. movements: of the steering wheel and<Cong Fol .

- - pedals and, the’ model is designed..to
. dame; way.*Thus, it is determmed wha,t th
- puts; 6f the model will_be when thefsﬁtugiﬁent in -

R 127

_model wrll be Stochastnc means random, and“' c
stochastic simulations are simulations in which ‘. . =’

some random: element has been incorporated
into the model Thls means that runnmg the‘

'latlon growth simulation. In thls model popula -
_tion growth is affected by a number of varigbles, -’

“but within certain limits it is random? though: . - .

solvmg problems in seconds which would populatlon is growmg, and is affected by the: " -

"birth rate and,the niortality’ rate, it is also af- - S
fected by a number of other factors Wecoud
"build- a' model whlch assumes that the effects =

of all other factors besides birth and mortality | " *

3. They can.solve complex. logical problems, """ rates .are essentially random. Therefore; a ran-

. .dom variable, could be used to represent these -

“factors and it would be incorporated into the. =

- calculation’ of every outpuf The random vari- . S

" able Wifferentiates the stochastic ' srmulatron P
- from the deterministic simulation; - W

‘It ‘many cases, the designer of a model has a”

" choice between making it 'a man-model or man-"

machine - and between makmg it-d istic. . -
or stochastic. The decision is influenced. by the ~ .
\ature of the oblect system and the degree of L
system. - To lllustrate thxs let 8’ consuier the
foilowmg examples L S

i Suppose you are trying to ,declde whether ks
of not to increase the number of buses in your -
district and, if so, by how many buses. One of ; '
“the factoss 'in your de’cmon will be the cost, to

_ roperate ‘each ‘bus for one day. You. want to-
* ! include the increased number of drivers needed,

the initial outlay for buying the additional

! buses, the reduced cost  of gasoline a local dealer . '

“will give. the school drstrrct for buymg in. quan-

tity, and the possible increase in the mainten-~ .

e e o

ance crew.- You could set up a man-model and:: . ..

ask _the' foren;an of tlxe mamtenance crew to . ';:, £

numbers ot extra buses (you prdvrde mput) -

6utputs 'mrght be sccurate enough for ‘you to
' :ake your decision; it i5 pos ] Ve rrthaF-

~the simulation, moves-the steering wheel or steps

on.the accelerator or brake. Whensthe relation: v

O uiur

cage. you would probably have)sdméone ’conf

-u--e . -
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e ."‘ distnct and each of the four factors hsted above, def@fmimsﬂc"j’ fnodels:’ ‘Q 618, - such as’ pi'o-,

+ fhrint. el - T T

“% . and then; using these relationships; comp i"?the",-( fject.ing-‘_._;,fgﬁé' reed;; for . substitute teachers, aré
R output of cost per bus per.day. The model could - almost co e randcnn .and demand a sto-
also be stochastic if, for instance; the mainté-" ‘chastic tpodel i

. nance variable had some random'allowance for . The 'differepce *mherent in ‘ob t sygﬁms

P mechamcai failures rather than a standard esti- -, ~ means that ; él ertlgh sthere .are foln differe’nt

‘ " ‘mate.. per bus ‘The decision’ on which type otf, combuf’ations of type ‘and class; At i not'a wwh

- model ydu would choose for ‘your sxmulatlon 4808 'b]e to céhstruet four. dlfferent iho&els for

. & would: depend on how closely you want the out: - - the san sbhjedt syst‘em In ntogt pa’ses the

« . putsto approx.lmate the objéct system. Ao _ 5t the ob;ect system requiré
© .7 . -+ Some . situations- ‘(objéct systems) - naturally' S 4k )86 -CQE atic X

* lend themseiyes ‘to: one type or class of simula-

tion over the other poss1b1ht1eso.A simulation for

& simulatib process. 'l‘hus,‘the';
odel ﬁéually ‘h#s: only .one or:

- 'desngner of+th

I _,trmmng school admxmstrators naturally“ tends < two real chomqs; #nd they are governed byL.
. ‘toward'a man-model (like the jn-basket method }what the output of the model is to b used for. -
mentioned’ eatlier) because ‘tiere tre so many- ' '’ Simulation of ary objéct systerd ig useful for
human factors mvolved in each decision: On the “a number of purposes; Wejean use. it to éiﬁl&ifr

ir of -the! oBject. systém, to"teach

other hand, simulations for such mtuatlons as; - Pasts be

scheduling .classes, dletermining cost 79871‘71111112 g ':about ‘the objegt ‘?ystém, and to predict future
and population projections—which are zreadliy pglxay;ér of the object system. In this: -course we-
}}shalf be privarily. intergsted pr;edlctmg future

behavxor, ‘because we are uslng slmulatlon as an

‘quantifiable—tend to ~ eall”. for 'man-machine
"models. Some cut-and-dried situations hke de- .

c1dmg on whéi'e to cut a budget suggest usmg Al ‘aid’ for aeclkiﬁn making. - f:.».-_’ [
: € . e B am : Y _";;'. E L ;'-:f’---'_:,;r i
-, B . oo Y - P . . g . A . R Lt . 7. N
N Reerw . e

- e

I

" Terminology 1 MAN-MODEL c1ass of" slmulahogs in which humami are“duectl.
A o e ~volved in both the mpufto -and: operatmn‘%;the model :

.+ 2. MAN-MACHINE: class pf, simulations in Which ¢he- m'o:qeﬁ-'ié;é

. - - - amachine or computer, while hpmans prévide jnput,

- .+ . 3 ‘DETERMINISTIC SIMULATION: type of s;mulanon '
' : - ' tionship between inputs and: outputs 1is: eorggletél
type of. snnula.on

éaicuf on oﬁevery outp

2 4.;;-;STOCHASTIC SIMUIAATIO
g o vanable is mcorporate’d into the

sltlons avmlable; Because of;

arying g semonty one aidé makes $4]hour, tw
the - other three ‘make $3. 25/hour.. Two of ‘the.‘posit
(erght hours per day) and the othe:,fou'x.are th:ee-fourths time, (six hours

. ~{Revnew page 127. ) .
At W have sii axd ,assxgned to lt fp; the next school year, emch

- 'per. day). The principal must include tﬁe mﬁqi- isa}@es m,’m! or her estl-‘




e cowipirren SIMULATION

' asstgnments He or she decides to assxg'n each aide a mnnEer from 1 to 6

N ,, . and rolisadie. Theﬁrsttwoaideswhosenumbenareroﬂedaremimied

to the full-time positions: 1s this simulation based on a man-model or: a:

o “-{-._126-128)

_ netrrme SGHQGL-BUSES -'55
.usme ASIMULATION. -

‘ . ‘usua .:t )

" route for a bus’ to follow in ;ts plckups and de-

- liveries’ so -that’ all- chxldren ‘are picked up and
cos'ts’of transportatlon are rmmmaL Normalls" an -

o routes by hand. The m’am cntenon w111" be that

all ch.xldren shbuld be'plcked up, and . such mat-
s as 'cost  will/;make’ little- dxfferenee it the
tset. But. considet’ the. prdblem more closely. -

- out’ of the hundreds of possible routes each bus

can follow, the admimstrator will most proba-

bly’pxck gut only one or two. Also, he or she can -

... plan only orie route at a time, Usmg a computer,

however, he or she- mxght be. able to try. hundreds

’ of dxfferent routes to see whlch is- the‘best.

.

..Comnonemi of the Bus Rou-tmg Slmulatlon

'I‘he first’ step the administrator must take is to

“state - the problem In this:case; the problem

- gtatement is: What is the best way to schedule
" bus ‘pickups to minimize costs and maxnmze
" . utility of the buses? -

To solve the problem, we can desrgn a simu-
,latron In .order to do so; we-must first decide .,
" what the input variables will bé and what out- .
- put variables we want from {he model; then we

must determine the rules fox relatmg th; Linpu
- to the outputs ST -

' tlon model. m decldxng what V

LRE
;_--J L- PRCSCHIRERE 2, SN A:L--.‘Ixh =

~ BUSRTE. The actual model 1
" grams—a collectlon of mather

_ * input. ‘information
.routes and the tlme and cost of each

- man-machine model? Is lt stochastic or determinlstic? (Review text pages .

'Now_ consider tlle outputs tl:e admmietrator

-wants from the- snmulatlon—what vanous solu- -

Obvibusly, one wants to know the bus routeg, )
- i.e. the path each lgus will follow and the stops -’

it will, make. One probably also wants to know

how long it wﬂl take, each bus- to complete its

route. ‘Finally, he orahe wants to know the cost.:

Thus, the actual bus routes, the time of the routes,

,and coetsmake e up the: outptxt for the' simulatlon.

.. In. this example, we_will assume_that the ad-

mnnstrator 'has a deterministic’ model of bug-
routing which will relate the' inputs to the de-,

" sired outputs. To be used most efficiently, thls '
,j_,model is. best’ represented by a computer pro-

.mformatxon and: genetatmg the reqmred output ;

information. Such a program exlste and is calleﬁ
ed in the pro-'.

and techmques—'wxll not _cancern us here. It is-

" sufficient to know }hat BUSRTE will take the i
d give, as output, the bus -

' Pnparina lnput om for eusn‘re

nt LA Y S,

. ’I‘he input mformat:on must £ fi:stv be put into a-,
- " man rrnﬂn-. :

;'ne;t Other available- input . variables .are the R
number of buses used, theircapacities, the cost .
'per naile of running the buses, aiid their. average
'speed Sincesthe administrator. has some control.
‘over. these mputs they are cslled controllabte
, -évarx'ables S

e

ical equatlons

A
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. 5__ ‘the _gnd should be numbered as ﬂlustrated ’I‘o ‘5_." |
.. - .-digitize a bus stop; we identify the square itis - .7
i For instance, bus stop numbex A8 in the =~ .. . -
S upper nght-hand comer lies i m the squarq whlch-- VR

ments as ther
€. - . After the i
, . : _,;been provlde
. _.chﬂare at: each stop. We' ‘may Icnow that six v el
N - chilk must be picked up at stop number 15; T staten
. we wotild record this information by placinga 6 » 7This - statéme
- . _beside the coordinates for stop 15, as shown: in - . necessary inf
e . the fourth column of Figure 5-4. This ‘process,”  exeention ma
R T too is cartied out foreach stop on themap..; - -Now, 1et%

e BUSRTE must - have this information pro-: our Btisi'ﬁtlﬁ

Al I v memai i o mndlad o TVAMA abada




T _l_kv”)(é’/‘(ﬂlgliﬁrT-T_“‘“ :

vely, starting- w1th 900' . An example
ct DATA statement for BUSRTE is:;: ~

9009DATA10 9 31 3 '_ B
ament contains the mformatxon for ane

sotherewﬂlbeasmanyBATAstate-

there are bus stops.

he information for the last’ bus atop has
rided, a. ﬁnal DATA mtement is nbces-

l

utement‘numba DATA o 0, o o .
ément tells ‘the proglEn 1 an,,;!ie;,,'

infonnation is now

oﬁi:ii:g exja!h_pJe Take the tix;t bgéfswp

S e—a
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Euutop coordlnute:yndttudentuteaéhstopr o

»

Tbe second stop, with coordmates 6 and 8 and - 1. 8017 DA

‘ten chlldren, has the follomng DATA state- A ' '
. ment _ o R

| 9001 DATA26,8 10 R & "QHZIDAI Sy
vThe secqnd DATA statement hns statement : f'; 9022 D,AI 23718—97
~-number, ‘9001;  betause DATA .statements are. 0. K

: numbered consecutlvely. Notice tlfat commas
and no spaces are placed between each\dnta item «
.~ just as the DATA statement form® shown on.

b. page 00 requn'es. D

.- The complete list of I DATA ststements for the .
. bus stop maﬁ'shown in Flgure 5—§ is glven below. s

"_."'-"om: use 4n: ﬂns_'text, ﬁéiiv‘e? BU&R&‘E also
" ‘allows the".option :of using the sample. %tg

(shown' above) withoiit “having :to. enter. each;
- get of data.:We will first look at BUSRTE using -

s Cx 9000 DATA 1,5:4;6 .. . the‘sample data above, whlch are alread sto ,e‘d*
a3 9601 DATA 2,68, 16 : o ._'_ in the program LA ; i
9062DATA3782 —." s SR
= 9008 DATA 4, 9 5.4 . " Eﬁqnn]ng theBUSRTE Progum IR
- "7+ 9004 DATA 5, 9,12 4: . To" ‘run BUSRTE; you. must ﬁrst get acéess to
L .9002 DA%A 6,12,11, 9 ' t_'.he progjram by typmg _ o
- +=% 9006 DATA 7;12;13; 10 . kS .
- . 9007 DATA §;13,18,3. * - .. SR st o :
4., 9008 DATA 9,6,31,8 A *" on. the teletypewnter’__ Tﬁe‘n,tell the propam
: 009 DATA 10,9, 31,3 to begm execution by typm ) ,
. “9010-DATA 1110,28,§ - e ¥ RS
“-9011 DATA 12.12.29. 11" % ' 1 ¢ ;;




.:.,: 132 | |
' After BUSRTE begins to run; lt wﬂl pnnt ‘

BUSKTE *

nnd 1t will thén pnnt out the questlon .

b0 voU VISH w min YOUR OWe_BUS-STOP DATA
_ 'OR_QSE_. ‘THE_DATA FROM_ THE. _EXAMPLE? _ _
mTlﬂ ow DATA =0, USE’ IXMH.E DATA o]

———

cmnplete set of bus stop data frpm Fxgure 5-4.

Let’s assume that
: using that informati

uéhown below:3: .
? T

You wi then e asked ariother aaéaaans -

HAVE YOU_ ENTERED. ormmua SINCE. YOU CALLED 'THIS PROGRMI?

YES =1, NO =85 -IF“IN DouBT. NSPIH YES
T B L

sxttmg) and provxded your own DATA state-

ments; you would type ‘‘1.” The program would
then tell you to call the program and run it

~ 'again. The entire conversation with the com-
puter thus far, would look fike this: :

. f

;;':'E’-lumn : ;‘

DO YOU WISH TO ENTER YOUR W _BUS STOP DATA

OR_USE THE DATA_FMIM_THE EXAMPLE? . %
INTIR NW DATA =0, USE EXAMPLE DATA -n S

»Evt YOU..INTERED aﬂanlu sm‘i:z o cu.u:o ™IS Pm!
YES =1, NO =85 IF IN pouat. Mswn vl:s : e R .
i L
CALL AND RUN BUSRTE Aolm .»_‘ St

nu-u ' ' I

v

ﬁmmme that you ‘have: not entered any new data

in this sitting and -typt “2” after the question

mark: The program wiil now continue by re-.

questirqg from you the coordinates for the loca-
tion of the school:* - 7 o

. ’Undorllnlnn Is uud in the followlnig mmplu to
Indicate ruponun.}by the user as diatinet from com-

puler. generated uxt No such undorllnlnl appnn in
lctuul use, :

4 When rimrrrilnu BUBR’PE’ _you mtat make sure thnt'
atop: the .

the: location of your school ia jiot,alsc.a

. computer will not accept coordlmtoi" or Whe schoo!l
: which are the same as tho coord stes for one gt‘ugo
_bus stops; - - o R

e v

THE: COMPUTER IN EDUGATIONAL DECISION MRKING

ou wish: to run the program
n. In this case, then, you -
type'in “1” du'ectly after the quest;on mark as.

,'5;_ you ‘would respond for ﬂﬁs partich '

BUSRTE * . -

-

; -

N ”

ml"a T"‘ ScmL m”l"lmt s”mTlD BY l COMMA. v

m mTl‘:ﬂ. WOMINGT‘ SmI’.D BE rlnﬂ—m '_WNV_ :
‘53& ‘A(

. a

; Since the nchool ‘ot our map has a verhcal

‘ coordmate of 15 (row 15) and a honzontal co-

«15,17": after. the questlon mark as is shm :
below: .~ . , . : LA
' ':,‘;é'( - RS ’ * o :

aiim

. A I S
Next, the program will reques'f. the capacity of -
the different types. of busés y6u hive available. -
- Let us assume for the sake Bf this pxample that
. you have two types;of’ buses ‘ave '
; passénger biises and 36-passenger Hus
- wish to route the 48-pmenger

is, you want the comiputer to find rputes for all

of the 48-passenger buses_béfore it routes any -

. of the 36-passenger buses. Examm

.;.-' _".

rn: c»ﬁcm OF ‘BACH- vtmcu
YBER_ TMAT . THE COMPUTRR: WILL.
-INTER. ONE-AT. A_TINE'

YOU_VILL u Au.c 1) lm
TYPE:. WHIN INTERING, -RE
RON._ROUTES - IN_ THE ONDEN. EINTERED.

WHEN A OUESTION MARK APPEARS, UP; JO.3 EINTRIES. ENTER
. ©_IF NO_WORE ARK DESIRED. - & S e
- _CAPAGITY 1 . - zl LA ' v
'-c'%%acrr? B, ., Yi ) ‘
, B ;
cancm 3. T " o
"e -

Note that’ you enter “ﬂ” to,:teﬂ the compu

that it has all the busrcapaciti'és it needs. No’

‘. and that , by reordering th¥: types of buses yqu
‘Jénter, you'can chagge. tEJWay the buser ate
~pouted: In; ,ohrqu les ‘lince we. desip'na

48" a8 Hmte 0y capacity and “36”.4s thg
second capagity, ‘gl th& €8-passenger bﬁus wilI,
be ‘routed. before gﬁy of the 36-passenger buses .
! are, routed. I we/'hiid- entered 38" first andy
“48” iecondA fb‘r 18 capacities, al} the' 86-
passeng bum W dyll be routed figst, foll wed
by the’ sengey o7 Mk ves, Al .
"The coh)p’ tor will next iik you for' tha num-
bm‘ ) ¢ach capacity that yop have,
.Jibwl ed.. Bﬁpppw Jor the sake of the example

- that. y es and four
. 86- pdignmﬁ

- 48-passenger buses and four

so¥. The Pl'h‘w\‘it ‘below shoWl
h?ﬂ'}tﬂv‘ comp requ\am _the numbek

um gnd how y9ﬁ, wouls{»respond it

“

" :@hamp}.“ SRR S

R Y R
ﬁ .1";{ i

- o
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imrn THE NUMBER OF 48 . PASSINGER BUSES “12” in response, since there are twelve grld

n‘}nn THE NUMBER OF 36 PASSINGER BUSES - _lines per mile.

4 . b . -~ The final data the computer will i‘equest
B = is ‘the ‘cost per mile to”operate the buses. This
. The compu’ter will next ask for the average - - may be sit ply the cost gfgasohne, ot it may

.

. speed :6f the buses: This information is needed -
_ - . inélude the bus driver’s galary, ‘the cost of ‘main- .
to calculate the ttme taken to complete the bus.. tenance, . admmlstratlv?” costs, ° and insurance.

FQ‘??’,,I??P s suppose that the average speed of
~ your buses is 5 miles per hour;’ takmg into ac- i‘::r;pﬁe Eg fmz um: ftgztziup %ax:;l;oggx

" _count the time necessary to. make all the stops costs‘—gasolme, mnmtenance, drivers’ salaries

and load the students at gach stop The coms,; admuustratlon, and insurance—are included. The '

puters questxon ‘and ‘the: response ydu wouh:! computers qiiei:y and your response woul d--

make are shdwn below:: i , ' appear-iike tins
nnzn T"l AWMGI RATE OF TR‘VU."U" MPH ) . ,E;E 5031' m git; ;“ OPlRIATl WS!S \‘
PR c L s ,
The computer r next needs mformatlon about the# ; o ‘ | ) R
gfrfxc} you are using with your map. It must{Qi: .- Tei;eed :otm;pt;ter r:;:w ti!lbas allulth: mform;;;ouﬁg o
late the distance between stops on the grid iito = ~>°0F thepf:;uued utputs, ;,;;ugg 5 gives -
distanc il 5 g o
" na;ml es. The comp uter wﬂl ask - \ g’leentue list of .mputs exactly as thé computer
’ * - ' 'asks -for them. U 4
NTIH T"t NUHBIH OF GHlD LINES PER HIle : : ’ -
. FOR rximn.t, IF A QUARTER-MILE unw 1S USED, DNTER A - . : °
8 Interpreting the Output of the BN

BUSRTE Program -
We now. consider the output of thls computer

T

In our example, t,h'e, distance between grld“lme '
" is one block, or 1/12 mile; so we would enter simulation. The complete computér.output for
D Yoo GLT-BUSATE PERRE o g - N
T S . BUSRTE ‘ L :
&, " L . ‘ ) . v s
'3_5.' T : «. DO YOU WiSH-T0-ENTER YOUR ow ;Bus ‘I'Ol" DATA
D RR OR_USE_THE_DATA FHOM. THE EXAMPLE? __ . v
$ 4 . INTER OW DATA =0, USE EXAMFLE DATA =1 S - . Do i
L L . : IR & o " o
BT HAUL_YOU ENTERED OTHER DATA SINCE YOU' cn.un THis i‘mcnm :
. : YES «is no =2, I¥ IN DOUBT, MISVER YES
. . 1,777 o B o o .
‘ PNTER THE scnom. CODRDINATES, SEPARATED BY A comm.

THE _VERTICAL. COORD!NATE Smu-D BE FIRST RTINS
‘HS-I’I ~—
. YOU-WiLL . BE lﬂ-: m. IN?EK Tﬂi BAPAB!IYLO! IQBH HIHICE
o TYPE._ . WHEN NJ‘IBING- _REMEMBER THAT THE TOMPUTER VILL
RNE ¥ . : RN muus IN_THE_DRDER_FNTERED. PNTER ONE AT A TIME -
' VHEN A QUESTIIN MARK APPEARSs, UP T) 5 ENTRIES. ENTER

0 IF NO MORE An nrs<rn.

CAPACITY |}
LYY - B .
c‘F'acn'v 2 S N
N ) cancnv, 3 STl S
1_0,,, S j o .
ENTER THE NUMBER OF aa,‘ PASSENGER ausu
12 .
- mnn THE NUMBEA- or 38 Passwazn BUSES . -

7 4 W’rtn THE, AUEHAGE RATE. or “TRAVEL ‘TN MPH
P YER THE NUWBER 07 GAID LINES PEA WiLE:

" ._FOR EXAMPLE, r A OUMITIH-H!LI ﬁﬁlD 18 USED, ENTER- 4

)4
NTER COBT PER MILK n onnam Busks
TR:83

Fluura b~5 - . o o R
Sample Input to BUSRTE Program o ‘ . '
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-our example ls men in Frgure -5-6. Let take

" .. cover . in detail the output one. gets_ from the

" BUYS CAPACITY 48

-

. afte leavmg

computer. The example we. vnll use is Route 1

i : T :
. ROUTE 1 L o
S?OP STUQNTS MINUTES ..
e 6T -
§§ 7 13 _
%0 -6 81.6
21 10 28. 6
. a8 8 . 24 P
.. l ' .36+ 8 ' d
’ e~ T 4946

THE COST-BASED ON $ 2.85 . PER. wiLE 1S 3 9.31
TOTAL STUDENTS a4 _

This output completeiy descnbeé -the route
run by the first bus: It details where the bus will - .
- stop; in what order the stops will be made, how
many children will be picked up_ at each stop, -

and how much time will have elapsed from the

beginning of the route.. This bus stops first at - 3
stop number 6; where it picks up nine. ohrldx;en, ’

having arrived at the stop 6.7 minutes after
leaving the school. The next stop on the route is

_number 23, where the bus picks up 7 more chll- o
dren It arrives at stop number 23 thirteen min- -

after beg

‘first stop. The bus will proceed

ugnl it is filled to capacity or near capacity,

then it will head for the school. The last figure

under ‘“‘minutes’’ gives the time it arrives back at .

the school; for

particular bus route is $9r31 and the t
ber of children picked up.is 44.

At the end of the. prmtout in Flgure 5-6
some summary information about all bus routes

T ngeg This information includes:

1. The stops which are ot i‘eached by any

buses. Im. this example, no stops were‘ ;

mlssed

2. The total ooat for aII routes. '[h this ex-’

le cost for all routes was $31 52,
#t will vary dependmg on the

ample,
This ¢

lagation of the bus stops; the iumber of -

students to:be bused, and the capicities

of the buses.

3. The total time for all routea For this

problem, the totai time was 1681 min-

location of bus stops, the number of stu-

dents to be bused, the capacities of the

buses; and the speed of the buses. .

4 The total number of children plcked up:

THE COMPUTER IN EDUCATIONAI; BEGISION MAKING'

. BUS CAPARCITY 36

nning its route, or 6.3 minutes .

is route, that is 49.6. minutes.

* after the bus began the route. The cosﬁ f this
wum- |

. DONE

-'-

‘moutE 1 R S S A
STOP s'rugnns muuus
.6 : i 9 . €7
L ¥ ey SN T I
. 20 : 8 R TN
81 10 28.6 .
~ee - 8 88 .
4 4 X
B S 6 I T
THE COST BASED ON §' a.as _PER’ wiLE 13'.3 931" - -
BUS CAPACITY 48. TOTAL s'runm-rs an
ROUTE 2 L w
S10P . STUDINTS nwmzs
18 e X
1 6 _ *la-x
' s L 18ey
10 B T CRbe
12 o 1 nn
13 s 8.9
8" . 53749 - ;
_ THE COST, BASED' N 3 a.as ___PER MJLE 1S $ 7. 11.
BUS CAPACI‘I'Y a8 ro'm. s'nmm'rs as o
,- ROUTE, 3 ‘ : .
> ssroP STUDENTS - MINUTES .
-7 10 S - ' . )
3 SR : 1Rl B . 5
1 5 " 16+8 LT
2 10 SR ": TS - r
s 4 - 2%.7
8 -3 T 8.9
S' ']

as.1 : o
THE COST_BASEDON 3 8,85 _ PER MILE 15.3 6.58 - .
T™TAL STUDENTS J4 P IO

MINUTES - L e

STOP . STUDENTS

19 g8 . - o1e._
18 s SRR TIE R
17 10

THE COST_BASED ON' S_8.85 ____ _PER MILE 1S $ 5:59
BUS CAPACITY 36 . TOTAL STUDENTS 32 o

pUTE S_.. . L
. STOP s-runm'rs- MINUTES
IS L . [ U T8
156

'rnt cos-r aas:n ON- s 2.85 PER MILE IS S 2.93
BUS CAPACITY 36 TOTAL STUDINTS 6

STOPS VHERE. sidbﬁns VERE NOT PICKED UP

stop . STUDENTS -

woNE

THE TOTAL COST ¥OR ALL ROUTES IS 3. 3! Sﬁ U
THE_TOTAL _TIME FOR_ALL MOUTES IS5 _168.1 . MINUTES .
161 S'I'UDN'I'S PICKED UP O ‘JO'I' PICKED UP . :

vANT T0 AUV Auun v:’ru SAME BUS STOP uotmﬂov nun
YESw1,N0=0 . | :

.10 s ) . o ¥

»

Elgure 6-8. . L L ) > ,
OutputﬁomBUSRTE St -

T

. and noi p'icked up. In this example, iéi

‘children- were picked up and 0 were not.
picke;i up :

Notice also at the bottom of Figh

5-6 that

" when the computer has finished with' the prob- - - -
" lem you are given an option to use the same bus-

_atop location data again It you do not wish to‘

- e



COMPUTER SIMULATION

tun the program agam usmg-thls data, type <0” !

, a8 indicated aind the:program will. end.
. ‘Several assum‘ptlons made by this computer
program should be emphasxzed

1 All buses begln qu end their routes at the
school.

2 Distances nsed by the program are as the

‘crow flies; that is, the distance between

.. any two bns stops is assumed to be a
,straxght lme

on the total number ‘of ‘miles in the bus
route and the. cost per fmle of operatmg,
the buses. _

the bases of the total number of miles in
the route and the estlmated speed of the
bus. B v:t,

" "The BUSRTE slmulatlon 1s a determxmstlc,

man-machm" sxmulatlon that takes as. mput the .

- map of the school bus stops; the num,

children. at each stop, the number and ca aclty_ '

of buses avmlable, their speed, the«cost per mile,
and the scale of 'the grtd"m:ap It produces as

.. output. a series; of bus routes which minimize

- the distances traveled by each bus and are spe-

cified by a list of stops, the total time to run

each bus route, and the totat cost for each bus

. route; BUSR‘TE allows us to experiment with

" buis routes for a district by varying the capacity
arid number of school buses available:

GET~-BUSRTE
RUN
BUSRTE

DO YOU VISH TO ENTER YOUR OW BUS STOP DATA

135

Own Bus Siop Data o _
As we noted above, BUSRTE allows the user the
optlon of entering any new set of bus routing .
data in.order to simulate other bus routing situ-

atwns, provided you have 24 bus stops or fewer

and can asslgn coordmates to each bus stop

" ‘location.

B you. wish to use BUSRTE in a_new situa-

*.tion; you must first organize the n neﬁa’t& the
' way. the data in the example were organized. '

Colledt the information in a chart similar to Fig-

ure 5-4. With your complete set of dataih hand,

you are ready to run BUSRTE:.. Belaw is. an

- example of how your inftial mteractlon w1th the

program will look. .
You should then enter} your-own DATA state- _

.agam it wxll print out the: same first. questlon

as it always does

BUSRTE

U0 YOO VISH_TO. ENTER YOUR OW_BUS STOP nu'ru
OR USE THE DAYTA FROM_THE EXAMPLE? = -
mﬂ:n OWN DATA =0, USE EXAMPLE DATA -1

You will answer this question by typing 0. The "

computer will respond with a second questlon

ARE YOUR DATA STATEMENTS ALREADY :NT:ntnm
YES =i, NO =2
?
Now you answer by typing 1, since you have

o OR USE THE DATA_FROM _THE EXAMPLE? -
l ENTER OW DATA 0, USE !’XAMPL! DATA -l

10—

ARE YOUR D&TILSTATEME\JTS ALRFADY BITERED‘Ir

’ YES =1, NO =2

fOR !’ACH BUS -STOP, TYPE ONE LINE UITH

THE_FOLLOVING-FORMAT
STISTEHINT 4

DATA STOP #,VERT COOR,HIRIZ CONDR,# STUDENTS AT STOP

STAT!’HENT NUMBIHS STAHT VITH 9000 AND ARE

NUMBERED CONSECUTIVELY
" EXAMPLEI

9007 DATA B8; 143 105 28

AFTER ALL YOUN DATA 18 !NT!’RED- FN'I‘!’H A

K LAST DATA STATEMENT:

84 BOS STOPS ARE NICOVED

DONE -

— NOW TYPE YOUR DATA STATEMENTS AND RN THE PROGRAM AOAIN

9077 DATA Q-0.0-O ; \

v

K

_‘__ﬂ.
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,ah'eady entered your new DATA statements.k .

The pragram then ‘proceeds ‘by - aslnng for the -
. ‘¢oordinatés of - the schiool, bus cap 'j_ties, and -

. the rest of the information necessar

' ate the bus routes. A sample of this nvérsation
o appears be]ow : o ' v
' m-susn'rz e v - r\v:
susnr: : S ny

D0 YOU 9!$H N -INJ'ER YOUR QN 'BUS- S'I'OP DA?A
. OR USE THE DA‘I'A FROM THE EXAMPLE? -

RE\H\W

Ferminology | 1.

. ’ : the administrator or investigator may change or ﬁxampuiate m order to
. % - affect the outcome of the simulation. .. -
CONSTRAINTS: relatlonshlps among ‘the controliable vanaﬂles whlchi e

R

‘Exercises 1.

-CONTROLLABLE VARIABLES va.nables m an object system whxch

" not at liberty to alter: wrthout changmg the substimge of the problem

'mscompb'rsn IN EDUCATIONAL DECISION MAKING "f o

’NTBR ow Bﬂ‘l'ﬁ -0: USt umm;t DA‘I'A =t
© 10

ARE YOUR DATA - srarmmrs nr.n:m mmm B T
YES =1, NO =2 . : _ C
o . .

. ENTER-THE_SCHOOL. uoonniuaus. SEPARATED a'l A oomm. o
: Tl VERTICAL coonnmn-n: SWWLD BE FIRST IR
o0

. . The .outpiit produced by runmng BUSRTE'-"?_;.'_‘
". with your own.data will be in the same format

.8 that shown in Figure 5-6. TH#actual cost . -
projections, of course, will vary dependmg on
the datayouprovxde _' O e

,.‘ »7
_.
]

limit their possbee values and which the admxmstrator or mvestxgator is:

..’;.. .

B 5
. \.,,

In the example from the text we determmed that lt would cost $§i 57 %
and take a total of 168 1 minutes to bus all students in the district t

school each day, using two 48-passenger_ buses and four 36-passenger

; T 7T

-buses. Now, assume you have only four 48-passenger buses and xun the

su‘nulatien again, using the same bus stop location data. Compare the

\ cost and time figures for the new routes to the ones obtamed in the

example. Continue to. assume . that there are 1% grid lines to the mrle,

that buses travel 5 miles per hour, and that the cost of busmg per mile 1 is -

$2.25.

2. Now, assume you have only five §6-passenger buses Use BUSRTE to-

again determine total cost and time figures for bus routes: Then, decide

- ‘ . which of the three situations seems m

most efﬁtnent in terms of time and

cost: the situation of having- four 48-passenger, buses; five 36-passenger

buses; or,two 48-passenger buses and four 36-passenger buses. What other

'conslderatlons would mﬂuence your final decxsxon on the number and

type of buses you should purchase?

‘AN EXPERIMENT USING THE SCHOOL
BUS ROUTING SIMULATION

Suppose that a fire completely destroyed the

school in the preceding example “The district

has the option of rebuilding the school on the

same grounds (15, 17) or building a new school

on one of two other locations. Since the cost of

rebuilding is essentially the same at any location,

one of the criteria for site.location designated

by the school board is that the cost of busing

the students should be no hlgher than it was for
the old school and the amount of time the
children must ride the bus should be as iow as
possible. d
We can use BUSRTE to prov1de relevant in-

formatlon for deciding where the new school .

- should be built: All that is necessary is to run

BUSRTE changing the location of the schopl

each time while keepmg all the other variables




are given by the coordinates 17; 10 and 13, 16:

Suppose we run BUSRTE using these coordl-'

ates,"assuming two 48-passenger buses and four

6-passeng e %
average speed of 6 mph and a cost per-mile of

L $2:265, and assuming that the map grid lines are
' spaced 12 to a mile: These runs are shbwn in

¥

.’:"

-

co . Time of Time of < Awerae~
. School Total . Shortest' . Longest ~ Total~ Time Per
Location Cost Route .. Route Time  Routs®
15,17 $31.52 - 15.6 496 .1’68.1 - 38.6
37,10 $30.56 @ 11.7 52.2 163.0 - 326
13,16. $32. 52 19. 8 463 1734 - 34.7

Figures 56-7 and 5-8.

The following ‘table summanzes the results of

. the first ,un and the two we ]ust made

- " *Calculated by ﬁand—-dmde the total tlme by num- .
- ber of routes. - o sl :

A5 can ‘be seen “from the table above, all
of thé pi‘bfibééd lbcéti’dns Will édﬁt ﬁbOﬁt tl’ié

=t1me to get the- students to the school The 17,.

" 10 location costs slightly less than the others

and takes 5-10 mlnutes less time. From the

point of view of one trip, the differences do not

appear very sxgmflcant When the savings are

realized twice a.day |(once coming to school and

once going home) for every school day of the

year (approxlmatel‘y 180 days), they add up to - '

over the géc'csﬁd,besr location (where the s;:hébl

"™is now). It would be up to the board to decide

whether these savings are important enough. to

" be considerédyin the final location of the school..

~ The problem above is an example of a sxtua- _"'

tion where a simulation can provide information

about a number of alternative courses of action -

when the physical limitations of the situation

make it impossible  to manipulate the object

system itself. Clearly, the school district could

not_rebuild the school in each of the proposed

locations Just to discover how each of them will

affect the busing situation. A simulation is the

,only practical way to obtain-this type' of in-

formation, and the choice of usmg hand calcula-

tions or a computer program will usually de-

pend on. the complexxty of the model and data
involved: :

ébMPuren sIMULATION :

¥ buses are to be used which have an .

“and’ propose " sol

~ Route”1; vxolates ‘the new ¢
Straint, since the first two students are picked

Another Use for the BUSRTE S|mulat|on _ o
- 'In some mstances, smiulatlons not only prov1de' '

sought mformatlon ‘but may ‘point up other '

questions about the object system whlchr had -

not been raised prevrously. For example, in the

preceding bus-routing problem, it tis possrble that- -

" of the members may realize for the first time ;-
. that their students, are; 6n the ‘average;: rxdmg L

They might- ‘consider this unacceptable and' 3
ask the school district to: -study the problem
ions that would.reduce the =~
ip tine to a certaln number

average one-way 1
of minutes. . . - Vo

Lat’s look for a moment ﬂ:/an examiple of thls', I
sort. Assume that as a result/of the previous ex- ‘. -~
‘periment, the school board finally decided to, © .
build the new school at locatlon 17,10. Assume : .

a further decision that, hlle.cost of busing

will have to nde more th
Thls means that the bus r utes to and from the

new school: locatmn will hiwve to involve less one-
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" while the board tries to decide on a new school A T
location using the BUSRTE' ‘information; some

- should remain at a mmlmum, the new bus -
' rolites should be demgned so that no student -
35 minutes one way.’

way time for some studeiits than those of. the -,

original schooi did; it also means that purchasing

: add:tlonai ‘buses. shouid not be considered unless

it is clear that the present six buses- (four 36- N

passenger buses and two: 48-passenger buses)

cannot be routed in a manner which fits the one-

way time constraint.

. To solve 'this probiem posed by our hypo--
— thetlcal school board; we can use the BUSRTE

printout for school ‘location 17,10 shown: in
Figursé b5-7 .as a _starting tgot. Notice that
way time con-

up" (Stop 14) 13.2 mmutes after, the bus stagted

out but are not dropped off at the school until

out—a ride of

52.2 minutes after the bus starte a ride c

39 minutes.” For all the other routes, one-way
trips take less than 35 minutes. Notice also that

Route 1 picks up the most students (45) of all -

the routes.

In order to bring the routmg mto hne w1th
the new constraint, we
reduce the time of Route 1 wrt,hout lengtbemng
any other rdute too inuéh The most 6bvi6us

to use the BUSRTE simulation) to limit ‘the

N
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Figure 5-8 Cantlnuod .

number of students that can be picked up by the °
first bus, decreasmg the time taken for Route 1. -
BUSRTE, we must recogmze, is programmed to
'generaté the most mﬂe-economlcal routes pos-

sible; therefore, we can reasonably assume that

if a given bus picks up fewer students, it will

. make fewer stops and travel fewer miles, thereby

taking less time to complete a one-way trip. .
‘Wsing BUSRTE ‘how can'we redﬁce the:r num-..;jv‘ -

there is no specxal option provided 1;9 do t:hm?s ,
* We know that BUSRTE is programmed. to first
fill all buses of the capacity first specified in a
_run, then fill all those of the capacity: speclfled'
_ sedond; and so forth In our onginal run in Fxg-

: capaclty and second the 36-passengbr capamty,

S This s bne of thqa bulit-in limitations of BUSRTE.
Al _programs have sich limitations which mist be recog-
nized and worked around in order to make maxlmum _
practical use of the simulations,

ALL ROUTES 1S 173.4.-

S

- MINUTES

" NOT PICKED UP
. WANT TO RUN Aqam VITH SAME BUS STOP z.ocanov nA'rAv S : i

(IR Y

this resulted in a 48-passenger '@is being used fai?

the problematic Rotte:1; which in turn resulted:-

in six §t9pfsfbemg magie, picking up 45 students
and requiring’ 39. minutes to deliver the first
students to the school: As long as we continue

BHRSTE will continue to create thls excesslvely

g ‘long route-for the first bus. To reduce the
capacity of the : ‘bus used’ for Route 1; there- -

fore, we need to reduce the first capﬁclty we .
specify. We can do this sunply by entermg
our 36-passenger-capacity. huses first and our
48-passenger-capacity ones: secfgnd- >

Figure 5-9 shows the tomiputer run for this’
experiment. We.can see from the printout that

when we ?ecify the 36-pasaenger capaclty fitst, ,

"Notice that {f 36-passenger buses stiil tum out td
be, too large a capacity for-the first bua'routed, we can

trick one program into reducing Route_1 further by

apecifying first an even lower capaclty bus, even though .

route.

a0

e

. we may plan to keep and use a 36 -passenger bus for the .



" the first 6 students picked-up

ride for. orrly 31 ;

.tide for students on Routé.1 is now well within

o

—s,

m:'r-sﬂ
susﬁ'r:

3metttes *The one-way_ trip

A r.fthe 35-minute maximum allowed by the board.
A:look at the rest of the BUSRTE run confirms
- that this. reduction in plck-ups and time for -
" Route i does not add excessive time to any

O

other of th.e routes' all students are _lcked up

{Stop 11) have to

. time constramt.
Fro'ii;i this example, you can see that a Sunula-

 tioh liké BUSRTE can be helpful both in pointing

- out ‘problematical features involved in existing

- object systems and in expenmentmg with solu-
tlons for them.. .

Sﬁ'l'!

6, S

- and all routes arg. now w1thm the board‘s new‘
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a Midwestern state. The district plans to constrict a new vocatlonal-

Exercises B o - 1 Figure 5-10 on page 143 providess map of a large rural school dlstrict m .
) . o S technical center and three patential sites have been selected; indicated
g , ‘ PL = by letters A, B, and C on.the map. Part of the 'nte:ia for the final selec-

tion of a site 1:; that the ‘cost of busing students, to the voc-tech center

.. must be as low as posgible. The map iric cates i)
.-ups within the district\and estimates, the number of students who will“:* -
" be at each bus stop For e::ample bus stop lis Germantewn, where one ;

. student will be .picked up; stop 2 is Pauline, where there will be. ten

. , students; and so on. Figure 5-11; on page 144; lists the bus stops; thei
: : vértlcal and horizontal coordinates, and.the number ‘of students at each’
Your job is to determine the_total. costs and tlmes for busing all the -
o ."students. to each of the three potential voc-tech center sites. Assume’ (for EEREA
‘ all th?nDe sites) that (1) you have a fleet. of eight mipi-buses, which carry
L ’ - . 20 passengers each; +:(2) each bus travels.at about 40, miles | per hour aleng*
Yol Coo ot 7ifs route; (3) thé cdbt of busing will be about 26 cents per mile;and {4}'
R S n the grid being used has one grid line.per mile. ~ .
- (a) Which location for the center would require the smallest busing cost .
and time required for busing? '
~(b) In your own opinion, Row: 'heavlly should these conslderatlons be -
weighed when the final declsIOn is being made for the:location of
the voc-tech Center? o 3, ¥}

E TR I : R
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Ll comuren smuumeu e e - 143 ¢ i
! “f' 2 Assume that after ;evnewmg the bus routmg quimation for school loca.
* - % tion 17,10 provided by BUSRTE, Figure 5-9, the school board decided | i
o~ thatit is both’ posslble and desirable to rediice the one-way trip maxi- - §
‘mum-to 25 minutes.. Agsume’that minimum cost continues to be im-. ; -
* « -portdant to the: ‘board; 80’ that the ‘pyrchase of any’ ‘new busesfgag be
. considered only if there.is 'mo way to route the present six buses to meet” - .
" the new one-way time criterion: of: 28 minutes Usmg BUSRTE plan the B
beet stratey posslbleto so1ve this. problem o PR S L
=S X ,: S STy
. . . T -t 5 - . m’“

MAKII\LG ENROLLMENT ' G . ggx) ten years? A}ithese questlons‘i'elatetothe o
* PROJECTIONS USING. S © 7 s population’ changes within the school district.

. ASIMULATION - ’ R n order

“*"In order to answer- them;( the adminmtrato; must

. be able to predxct changes in population. More
e ﬁrTzéiEély, they \must:be.able to predict c}ianges
*.v." irt “school enrqnment tor all gradéa m thair L
school districts. . :
- Until recenﬂq
-intuition or long-and Jaborious Hand calculs-.

One linportant problem the eduéatlonal ggd-
mmxstrator taces is. planﬁg for the future. They '
ed w ons like, . how many- Fschool
ed in the néxt ten years? -
hing: staff change to meet

such. predxctions were done by

o 7 =
PR

: the changmg neélls of the community? And how ° tions. But withthe advent . of computers, new - °:
chh is the enroument going tp change in the - methods have evolved whxch greatly sxmphfy the <.
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B pfecesa In"'the following pages we will discuss’
. ettectwe computer simulation tor predictmg
- ichool enroliment cbanges. S
o ’ . 23 e . b . I
ANGTHER COMPUTER. - - T
SiMULATION—ENROH; :
The hext simuleticm program wé_ will be_ dis-
. cussing 18 called ENROLL,”' a deterministic,
- man-machine - simulation. 'I‘he model used in-
ENROLL to .predict school enxollimenta is biied
. “on year-to-year percent changes. Data febxa past
; '..gem areyysed to predict future eniol; sits,

“Essentially, the enrollment in ong grade jor one-.
. year is compared to the enroliment in the pext -
higher grade for the next year. As the uuthpr of .

*the’ simulntton states, “The underlying assump--

tion of the . . . method of projecting enrollments

is that hiltoricnl trends in school distrlct enroll-

. 7_ENROLL Is a revised vonlon of ENRPRO by Robort o

b-N"‘on A . ,',.'.,:;

et

THE comuren IN EDUCATIGNAI; eecuslou MAKING« R

' in the fourth grade in 1977-

-

; amonz xchool districts, _
S fiohét, D, Nelson; "ENRPRO—A xindommn-.g

- ments vnll contmue and w:ll be' mdxcatlve of.;'
- future enrollment trends. " h
To illustrate how the model for enrollment :

ro;)ectiomworge, coneider the followmg enroll- ~

(The dnhes indicate that we are; ndt iutereeted in‘

ment’ data: NP
’ | masgs%' iaia-ﬁ; B ;ﬁ;fimwj
Grdes 780 762" T L
| Grided- .| — . 754 we

those partlcular figures af the moment ) Sy f

MY

o Durmg 1975-76 there were 780 student: in,.v o
. the third grade. In’'1976-77

- students in the third grade’ ;mdi'?S' students in .,
the fourth grade. The questmmwe would like to .

== i Raapubendibetgsssstliihud

gnswer . is,; How .inany pu

To find the ansWex, we need to calcniate the’ :

re were' 762 o

i probably be .

.peréent' chmge in em'onent from gmde 3 to

a changs of 764 —.780 = -26 students. Since

there were 780 _students. to begin with, this is
E. net change of -26]780 = -.033 = -3.3%. In

vthere were - 782 third gradere in 1976-77.1‘1'{3%“ |

1977-78 there:will béa change of 762 X (-8 3%)
f- 762 X (-.033) = .25 students. If 26 stud,ents

“lost’’ between grude 8 and grade 4,'this .. :

‘ projected for grade - 4 dtiring 1977-78 B

snmmﬁiéﬁ

,Whe’n you look ‘at percent changea between |

pércent

"change lndicatee lncreasii)g enro}lrnent Re-

member. also that the -projected. enrollment: .
.based on the Above method i8an educated guess,
~ based on cun'ent trends within a school system. ,

: within & .school system’ and wﬂl also differ

: {’

. Grade 12 Enrollmmt Profection Promm i p 1

.other ‘words, there wasv,a ehange ot -8.3% in .

nieans that 762 - 25 = 737 students wm be .



e ke CL R ) e
o . *.. 'COMPUTER-SIMULATION
AR B D
S 1975:76
0 e el
REE I . Graded =R 75 ‘ -
e R _'s‘;aa;.si;; R Students
in grage 4 -~ - - 4n grade 3 - oo P
-Percent change from grade 3 to grade 4 »ini9%-77_ - .- - in !975-76. R SN
, . 4 ' © .- . students in-grade I4n S
. ’ : ~ T, 1975-76 ,
' ' - 754.780 - s '
e = =26
‘ ) Lo _:Ea . -
S
. . _ = :3.3% ‘ -,"..,. o
- i . ' x o "~Projected eﬂrollmnt ;ﬂ’r:j'.g_ ade 4 " = §tudents in grade 3 o Proiected change
e for 1077-78 in 1976-77 - ;, + n enroltient . . |,
' N = 762+ (.3 x 762 Lo
B e TS 11" S
S R L £ ) PR
AR ' B —
S FJaQrCS-12 ! : 5
o Summary of Calculations ;' "
. ( ' : i o . I s
_ . REVIEW | L HERE
Ao PO e ' - :
" ' Exercise . 1. Suprse you had the data gwen below from the school years 1974—75 "
T and 1976-76, . . SRR ;
o SR . (&) What is the p%rcent chhnge ftom ﬁfthto slxth drade? oo MR
+ ¥ (b Whatw the pro;ected sixth’ grade enrollment for.a1976-77? R
' R g o 1};‘1-75 N 1975-76 . 'jy?é-?z" 7 SN
' ' Grges. . 300, .. 20 =
Lo ' Grade'§ mem 0 THXB0O T g
. , T - R 77777 o 7; 77777777777 ’i %,
How EN‘ROLL Works .. - based on one ;@9}}9&9@9 two. quizzes- Sup- -
.. The ENROLL" cOmputei' simulation makes prov.; - 'pose your g:ades for one student are as»follows'
‘jections based on_ five yéars’ population -and . e Do Ty .
* enirollment data. It uses these data.to calculate . ; ‘Major test, . 90 ... o[ ol
an auérage percent change in enrollment for eagh ... Quizl 5,086 L Ttk
grade; and uses this average percent change as.a-__ " .. Quiz 2 - 75 seh ooy
- basis for making projections. Igstead of counting e SR NI
each year’s percent change equally whenrcalcu- : " In. calculating the studenta quhrt;erly~ grad oo
lating the -average' change. ENROLL uses ,a . you: feel you should count the major ﬁgst more . ",;'-;‘,
weighted average. S g hieavily than the quizzes;.80"you decide fousea I
. - Let’s ‘consider an example using welghted weighted average. Specifically, you: dﬁecideﬁtﬁgt:“ﬁ L
* . averages, Supposé you are a teacher mak{ng out’ the major test;should Lount twice a8 much ag E

quarterly report .card grades. You have only ;. ' either of the. quizzes. "You bmixld then assigx},

' _ three graden tor your utudentu this quarter, ,weights to the gradesaa foﬂows. :

.




s

.l‘

TI-IE compuren m soucA'naNAt. bscmon MAKING B

' hélped ;

T have been n

o

'+.is done; The weights 1, 2, 3

‘.Xii.'_,UsingEfNROLLn'». R - '
| Now let’s work through an example to see how :

- ' . “,‘ ! o . Lo, . . Score #M—’ -
A7 Majortest | e
ST -Quiz 1; o o we BRAPTE SRR

e Quiz® E180 A ﬂ en' in Flgme 5-14 Thele dsta must o
%‘* —— Quiz 2 .;‘ T . : tered into . the computer by DATA mtemen“'-:‘ E
* Now, you. Would 3ust "'ultiply each ocore by ' -which'have the fﬁnowing form : R
1ts “weight, take the sum |of these. products and . . . . o
dlvxde by four to obtain the student’s quarterly - ,ststoment A ' F

average. You divide hy foyE.since the sum nofthe” number- DAT-A age 0 ‘age 1 age 2, Age 3
weizhtsisfour(2+1+1_4)l DY sge4 o L
; - ‘ .»"ststexnent -
e nf&r&r. Weighed Ssore "mumber + 1. DATA Kind, grade 1, gade 2, <
,,,,,, ; - ——— ‘ _ : N grade 4 gradff" 6.
- Mnjortest 90 X 2| = . 180 SR -g}'ﬂie o e‘ ) '
. Quizl B5 x. 1 - 8% . R B LI S
Quiz2° : 75 . X .+ 1| .= . = statement. - T .
o o s 340 o number+2 DATA grade 7, grdde 8, grade 9".' :

. . o . N St graﬂe 10 grade.ll grsde 12~, :

oy v@agmd average = +— = 85 - K3 ‘ :

i : The 1nformatlon mcluded m the three DATA‘

"some scores than to others.

n; ﬁhe tase ‘of ’the
student above, his- good score

of’ ecLual unportance, hrs qu erl " A

s . caN, 7 S

' g‘a}‘ -3 : ,=".;3

: whwﬁ ive ‘more empt@!,tq,, 11}111'1, e,'zrvi!:
mz'Lt im recent years than trends from earlier,
- years. " Figure 5-13 gives. ‘ en liment figures -

- for. grades 1 and 2 for the- ye 1972-73 to
S 1976-7# Four f:erT:ent changés have been calcu- -
id: ENROLL  uses them (to_project the -
- enrollmént in grade 2/for 1977= . Examine the

* data and follow the calculations'to see how this -
nd used in Fig-
ure 5-13 .are. the standar ights; of the pro-
gram’ ahd will be used automatlcally in inakmg ,

( ;-.prOjectxons unless you speclfy otherwxse Y

3

é "
. ENROLL worksa L N

S ;,; The first informatxon the program needs 1s‘at '

' least five years’ (and 'at most 20 yeais’). popula- ;

o tion -and enrollment figures for dhildren of ages

v

on the maj%r test . -

cancel out the eff’ t of his medxocre , #rade 6; and’s

_.This means your first;
;'school year will be: ‘div .
st set of :DATA statements for}.' :

‘; by typmg GET-ENROLL and

‘the first, the ¢
are entered;:

‘Because of the way ENROLL is orgamzed
mt:emallyL DATA ‘statement numbers must

- statements above correspond to one tolumn -
.(one_school year) of the table.in Fxgurej-I& JIn

a for one achool for ages. 0tod

. € .next, for kmdergarten to -

‘begin at 6000-. and be numbered consecutrvely s

ble by 3. .

© . Thus, our
the school year 197172 should look hke thxs
6000 - ﬁATA 686,725:771,774,816:
6001 DATA 819, 595,650 604 698 60“7
' C i ’ 576 P o '—‘ )‘ _. )
6’66’2« DATA 568, 569 589; 602 540 470

ENROLL. 'Whenever Y

the program at the point the program. instructs
you to do so. ‘We: will: demonstrate: thﬁdater on.

- For the present, we will not need to prépare the

JATA. statement' for eacb

' All of the. appropnate DA'PA statements gener-
' ated from. Figure 6-T3.afe’already entered in.
. sh to use. ENROLL'
.. with your own data, you will need to prepare, -

‘it _in this format and enter it apgropnately into: - .

complete set of datii fmm our sample shown m' L

correctly orgemZed nnd entered in ENROLL fer :f- o
(use in sample runs. s i

“:At this, point, ’then, w?are ready to run EN-W' =

‘;.ROLL We begin, as. with the other programs

v i . : Lee
A e o

E
“ﬁeri by typmg S



. - : \”*...
SRR comu-rsh@iiwucxnon ! C , 147
SRR RN 12._11 LLL 4-75 7&-15 ‘,_'55-77 77-73 7;‘ ‘ F :
7 '.G?iiiil 59L '— 605 * ¢ 572 <0, 595 - 5 V564.~4 weighted average | .. - S
r - e 2 e N4 f. 3 9.5, .s J. — we_gnza” ov ®r1.-..
o Grada 2 ~+=ax" ‘a‘ssa ”‘579 "‘5‘69 ¥ o \‘ﬁﬁ  of changes T g L
= —— '_"umﬂ?c i Hﬂ“ﬁta_d Percent. —
- . Years ‘Percent cmngg wﬁghlts ng = N TSN
Z? 73 t0.73-73 -1 18% or -.0118 x - 1 .
73-74. t0i74-75 w -4.30%Cr-.0430 X 2 .=
C|74-35 to 75-76 - -0.53%%or <0053 x '} ..
; 75-76 to 76-77-: . . 27.56% or -.0756 - .x_ - 4 .
: u;igﬁe;a‘;v;;;ae' S e
’ percent change - = -4161
for proJect10ns - T¥2+38 ;
' . -.4161
-.04161 : L
S3.16% : Ck
dntel o B - i
é.‘ + 'Projected.
An enroﬂ
- S0 e 56h + (-23%68) V! _éf";;
o R L . 23 S RN
R A 's't'udénrs I
7 Figurc 5-13. -
- . Calculations for Percent Changa m Enroltment
:
o ’ . i L. py
I ——— i ——
. O AT / -.7,2:7,3 TR T
B Age 0 686 - 649 - .62, ¢ -
Age-1-- | 725 . 688
. Agez T o Wizst
. : oo | Az e 780
R 0 | Aeed o 816" 795 . 73
T T | King. .05 819 768 . 763
e CRT 595" . 605
: " G2 650" . '588
e % GR 3 604 g 606
’ ‘ S &R 4 598 589 ,
- GR:5 . 607 -~ 585 9 . 558 ; ;
) GR'6... - 576 .50 582 , 535 ° 592 - &72. .
" L .GR7. - 855 582 618 - 607 - 603 - s@7 .
: R 569 5500 576 597° 613 77 § .
&R 9 .. 889 - 602 588 642 . 647 627 .
L S| &R0 T 602 . 585 632 - 588 . A7 627
T , GRII ~ 840 - 61 571 599. 590  570° ) .
’ &R 12 470 -~ 519 . 581 - 554 583;_«' '563
R -\'.Fig(jjvgs.ijil" . e .. : . S R o
' Sample Population and EnrollmentDaia forENROLf, : o : I T
77777 not ‘appear . that way when -you aré actuagy_”-.'
' runningtheprogra.m) - S , -
. Thefirstquestlon' Gl s
y : .
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Assumlng for the moment that we wish to use

ENROLL with the data, from Figure. 5-14 the

”asshown L

correct response i ¢

'l‘HE com.urr-:n m EDUCA'NONAL DECISIGN MAKING S .';:

-

wish to use other weights For. now, let us as-
- surhe’ that we’ ﬁwant the standard weights, as
described on pages 145«146 The computers \

i

‘:is a1, NO =2, IF IN nounr. MNSVER r:s » o
. o ) e e
LE L oo RO r
' In our present example, the answer ls “2 » Here
1s a sample of the entire conversatlon thus far:

srr-mmf
RUN
- DNROLL

no You UISH 70, INTER YOUR OW mmu.‘hwr DAT“

* DR USE THE DATA FROM-THE EXAMPLE? - Lo A L

. ﬁfﬁi ow Dﬁfﬁ =0, USE EXAMPLE Dl‘lﬁ i
ml YOU INTERED OTHER DATA SINCE YOU CN.._L!D THIS PR)GRM‘I

YES =1, W a2, !F IN nouar. ﬂlSU!R YES
o ?&

" '° Now, EN ROLL wﬂf pnnt out the questlon

" The' r@p@se ihould be typed in ng‘ht.after the"'- o
question mark. In our example,’ the first year: I ¢
‘1971-12; so the correct response 1s 1971, as K

shown below - , S ‘\

FIRST Ym DF DﬂTA CEeGes - IF 19650660 TYPE 1965) 1197]

Notice that you. enter only the first ‘year- of' '

-the school year The computer will ‘expect . this

response to’ -any’ ~questions - gbout identifying ..
5 school years. The program will then ask the last =
e year of ddta- and in our example, | the answer is-

1976; s1nce our last year is 1976-7 7 LI
] I.AST Y!AR 0!‘ DATA ‘: T l9.76 g ;~. -

: The next date you must g:ve is the first year for.

-which’ you wrsh enroliment pmjectlons to be -

- for pr01ectrons must be- based on frve years
.datd: In our example, this could be either 1976

or 1977, smce we entered data for 197 1 through

R

. lookslrkethxs' L

rmsr vm m mmnoiis ns-m

" \jectiohs réport, is pnnted dlrectly after you type .,

Jooklike_the IQHQMH *:"’,::.:. ' UETRE _.,,.,_::;::,'.

IF ¥OU VISH o 088

srmnm NEFGHTS - u. 2, 2,4)" 'm
CALCULATE_AVIRAG .

_PERCENT CHANGE, 1'?.?! 1,

. rg INTER oru:n vsreurs. TYPE & -

" MTTER FOUR vrmurs. srnmwrp BY CoMNAS, usuzsr YEARS 1
'!.'_":.2'_9. R RS .

" We will g’ii'ié an’ 'éiémﬁié" iatér 'oi* a sitﬁ‘ﬁt_ion'_a- |

‘where you would not use standard weights. R
Finally, the computer will list three diffe rent. L

o options for reports it can make, and -an option

for ending the run at this ‘point; it will then ask.

-_which option the user wishes. Assuming we first

want the Enrollment Projectlons Report we
would typeln “1 » .

nrponr 0 BE annn -

 ENPOLLMENT Pno.mcnons- :
COMPARISON~2 - -

S YEAR T0 YEAR % CHANGE-3 - 1 -

e . WD o

Flgure 5 15 is the entlre computer run as 1t, o
would appear on "tbee teletypewnter paper,
through the point where: -you choose the report -

', to be printed. Figure 5-16, the EnrollmentPro- ;.

1 -in-response to the report. optlon. Because of -

- the size of the Enrollment PrOJectrons Rizport it

is. printed in two parts one below the othepon'- -
the teletypether We have put .the two parts s

‘gide by gide on page 149 sa- that the repOrt is . :'

- easier tg read.

 Projections Report in iFigure -5-16. The left: -

. as the fn‘st year'-

. to 1975-76.
'ROLLMENT
1976 our computer mteractxon on thls questlon

The Er;tollment Pro;ectum Report -I:.et s see

what information ‘is., given in the Enrolhaent

hand portion, entttled PAST CENSUS AND

77 to IQW 81"
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ERIC

Aruitoxt provided by Eic:

OR US v
INTER OW ‘f“'-OJ USK- EXAMPLE DATA -l . .
" I N e TN LTI S
HAVE YOU WNTERED. Om Dl'l'l SINCE_YOU FD THIS 'PR) GRAM?

YES =l» NO --l; N D)UB‘I'; MSVER YES-

| 4 r
5. ‘i _
FIRST Y!AR OF DATA (I-O-u lF 1965-66» ‘I’YPE 1965!

LAST YEAR or nA'rA 71916

FIRST Y!AR FOR' PNJ!C'HONS

IF YOU VISH TO USI STANDARD. V!lGH'I‘S lbﬂ;Gnl! ‘I'O
CALCULATE- AVERAGE _PERCINT CHNGI; TYPE 1 :

10 NTER O THER VEIGHTS: - TYPE 2

L2 UEE .

* REPGRT 10~ BE PRINTED

INROLLMENT Pma:c'nons-

COMPARISON=2 - S iy . o
© YEAR TO.YEAR % CHANGE-3 _ . S
END-2. o B ,

?tﬁ&

11

Figura 5-15 T :
Input and Responses for ENROL 2;

0. w686 . 64

------------------ ceccnvecnas

3449 . 3336

cescicmrescnsmeadvaaadin

GR 1 e 595 . 608 .
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nrmnt INPOLLMENT plio.i:cﬂons =
|911, 1978 . 1979 . . - ‘ig8
1978 - 1979 1980

 MEO %




S0 compuTeRsMULATION

. ‘;'.,;..1;;&-.;«. P ;REVle

' Eii’reiﬁ_ T 1 For p actice in readmgmthe Enrollment Proj‘

g foﬂéﬁnﬁ Eliieiﬁoﬁi, referring to Figure. 5-16
K . B ‘ ro:ected—emo!lment—forthesixt :
, i L jécted tre
‘(d)r How- does the enrollment in kmdergarte
_ the pro;ected enrollment i hndergarten in 1980—81?
The Comparison Report = o ., e

ﬂiﬁﬁé&i&iély after the Em‘&ﬂment Pro;ectxons "'.number 2, ‘the Compmon Report E‘hm can ,'-be""
pnnted only when you have inore than five yea

moii? 70 Ul PH!NT!D

 DNPOLLMENT Pro.mcﬂons-n

COMPARISON=2. -~ - :

] : o YEAR 70 YEAR X cmwul:-a Tl
e . mn-q ’ g
' ' n

YEAR 10 COHPARE PFDJ!C‘HONS

_AGTUAL VS PROJECTED mmwﬁniﬁ FOR 1976
. 'BASED ON DATA FROM 197} . THROUGH 1975

11976

ERIC

Aruitoxt provided by Eic:



THE CGMPUTER IN EDUCATIONAi; DECISION MAKIN

ot enrollmentdata asin ourexamﬂe,ifyou ﬁ' o o
....more than five, the years after the first fivecan -
... be OV?}‘l!}pP?fi with projécted emgllment"ears, s

—compuedThe—purpqseoﬁhismmparbomls o
' determine the. accurdcy - of oir predictions
, .Eigure‘f §;—,1»7* ie »Compﬁrison':Report fo‘r'-our' _

S computer or whrgh year you wmh to’ compare "3contams the. percentage of error.in ;the pro;ec-

predicted .figures. In our example, . tion for each grade and indicates the accuracy of - -

- 1976 rs ’th 2 only . year for whrch we have actual . the slmulatlon s projectrons From_ the last col-’___lv
: . umn ‘in Figure' 5-17 it is evident. that ‘most, of -

e " The. eompanson Report is made up of'fxve ghgfprollgg:‘tron - e-off by not more than 5 per-
’ ' columns. the row labels; the actual enrollment,. .. -cent, which ‘is- quite good  for ‘prediction pur-
" the prOJected enrollment, the. actial - ‘minus the

Poses: The projection. for grade 11;-however, is -

_projected. enrollment;: and the percent error in= ° off by more than 10 percent thm sxzabie margm o
“the sprediction. The ACTUAL ENROLEment - '
column, whxch show’ th_e observed enrollment

; _din be used to mvestlgate and- evaIuate the""';.
1976 at’ the begmnm ,of the sunulatxon The' accuracy of the srmulatronspredlctxons S
: PRQJECTED ENROLLment column contams B T : , S

;/‘-

.+ Exercise . . 1 For practlce in readmg the Companson Report answer the followmg‘

o - - questions (referring to Figure 5-17): . o
‘(a) Which projection for 1976 was: exactly nght" (0% gn'or) L

. (b) How does the pro,]ectlon for total dlstnct enrollmen{ K- 12) com-‘ }

2o, '~ pare to the acthal enrollment? *  : - h e
£ 7 - (c) For -grade 7, how far of£ was rthe pr 'txon from the actual en-. :
,r""f.;?. ) ’ . rOllInent" N .-. S o o ; n
Tha Year-to-Year Percent. Change Raport o e ntrrety in Flgure 5-18 1t is a detarled pxcture o

"“The third report. whxch can be requested is the~“ of the enrollment and population changes that -

Year-to-Yeii- Jercent ‘Change - Report. This is = ~have taken place over. the five years of input

ing ‘3 rif}er the REPORT TO... . data plus one. pro,]ected year. Let’s look at the{:}_;"
BE PRINTED 'computer mqurry Shown in its: portlon for grmiw 1 and 2: v e s

' PAST CENSUS AND mmuuhmr DATA PLUS YR 10 YR z cnmet-:s’
: AL DECIMAL FIGURES AREGP L

. BEDJECTIONS

1973%




* A]
L]
. PAS'I' CBJSUS MD mm:mmr DATA FEUS !R 10 YR f CHNGES
: T CALL DEC!HN.. P!GURIS ARE Plﬂc!NTSJ e
‘ e A .
.. . el A mine
N .. 649 ) ioe
o &
. s =Ge 3R . *
S e . . .
: - ) .
. B . 688 e
Ao . :
' L ]
.
.
. . ARe
Y .
N T - » " K !
. 7 : L.
- C\/ - ° .
: Lo e
N \ L. .. L&
NN e ‘e
.
.
as
L.
v g .
N e ’ .
e A - -
. 3
N [ ]
o
N .
sf,',
Y
=5.09
-2.79

i % ‘mm(

5, s

nim e we
e ,
ot

ERIC

Aruitoxt provided by Eic:



S
-5
L mL

COMFUTER IN EDUCATIONAL DECISION MAKING

years of mput da

,grade to grade. “The top number in’ the second
‘line is the percent change in enrollment from
year to year. For example; the figur®

595 students to 605, while between 1972-73 L
‘and 1973-74 it decreased 5. 46%. (5. 46), from '
605’ to: 572. The second ling of percentages
: descnbes ‘the’ change from  year to yea.r of a’

-were 595 students in first grade in 1971-72 (lmeb R

. no: 1); the following year, 1972-783; thmwere'_ _
no. -

688 students enrolled in second grade

2). This represents -g decrease in one class of .

. 1.18% (second: line of percentages), or -1 18

' ;between grades 1 and. 2.
" The" Year-to-Year Percent Gha:nge Report

; .then, allows us to follow -both: the changes in - - '

' -and the changes in' a_given cl
it progresses from grade to grade., .. -

. ‘The pro,]ectethpercent change from grade 1 I

Exercite . w0 L

lus the prolected ehroll-' .
ment . for 1976-77. .The next two lines are per-.‘_.
. centage indices ‘of: change from year to year and

68 means
that from school year 1971-72 to 1972-73 the

o »stop ENROLLr sunply' by ente _
- choice of report to:be printed. The: program will ~

.f students as - S

SR - report shown i in Figure 5~1é and answer the e following questions:

' -f (a) ‘By what_percentage did enrollment in kmdergarten decreasefromf".__'r..

*inw m_"_n'o'm'-m 'ol‘m'm" )

* % .‘-_l\!v\l' L 3 l'

’:to grade 2 1s[ the wetghted average percent’ )
‘ ,change, as. dmcussed on pages 145—146 ‘The: ﬁg—,.; (
. ure -4. 16% is the wexghted ‘average of: the num-. .

bers -1 18%,,-_-4 3% =538%. and =1 56%. The_ _

~~’is not'a weighted average—that is; -in the {ab]

on page 00; =1.77% is not the weighted: average-i ;

_ of the figures 1.68%, ~5.46%, 4.02% and =5.21%. - -
" The projected percent, chahge within. -grade. 1 was -

~. calculated after the enrollment projection- for
* grade 1 was made Il‘he figi

e =1.77% is simply.
rom. 56 students in grade 1

ring “4r-’ as the;- '

_then end, and DONE (or some- eqmvalent word) .

rwﬁlbetypedout TR

R!POR'I‘ 1'0 Bt PRIN'I‘BD -

WWJLLHWT PMJ!CTIONS-I o

{COMPARISON=8 _ . - Smoo e
;' YEAR.TO" YW % CH‘WBE-S R -
; P mnn i . N

Y >4 :

ear-to-Year Percent Ghange Report nse the 3

1979210 1972787 .




' .comurewsmu TION "',,,'-;r; SRR 1186

oo (b) What the pr03e<:t;edA percent change in kmdergart “.enrollment_-

i o e from 1975-76 to. 1976-772.. - ' L
I S o (c) How does efirollment in. grade 8in 1973-7774};9@1_1:@9 gq epﬁrpﬂment«l’i_
S R A D mggggithhe{qgo!mg year? What percent. change was there? RRRRG
' : ' — 2. Run ENROLL using the same data as in the example above; exceptre= ———-
: \ ‘quest 1977 as, the first year for projections. Produce the Enrollment

T T Projectiéns Report and the Year-to-Year ‘Percent Ghanges Report (you .

L 7 will net be able to produce the. Comﬁéi’ié()ﬁ Réf)oi’f Siiiéé ybu will Biv'é-
B ST no companson year) . S : BRI

: 3 nfring Yonr Gwn Bata ";, a ‘ _IF Yoy WISH romuszps;gggngunxg?ri?ci.% :.-n ro
; - ' CALGULATE- AUERAGE-PE NG P
. I you wish to enter your‘own data rather than | TO ENTER'OTHER WEIGHTS, TYPE 2 e
; ’ 19 “ ’ : z LA _ , ,, ‘k' 'y
.»- using that in Figure 5-14; you respond “0” m'rzn FOUR' wzmm-s. SEPARATED. BY. conm\s. :Aa:.us-; YEARS FIRST:
. when. the ‘computer which type of data_' ‘ A . I

" - should be' used. The cothputer will theh askif .- ff'”i
.. 'the data are alréady entered., 1f they are, respond- - ‘Re
“1”*(yes); and the -program ' will: progress by -
»askmg for the first year of data just as it did . -m

‘when data: from the example were used. If not
égfond “®? (no); and the computer will give in- -
etions for enterang data. A sample follows N

CALCULATE. AUERAGE ‘PERCENT. CH GE, TYPE 1: ¢
m ENTEQR THERSUEI GHTS,, .ffpz g .

: WTER fOU
'A"Plololol

Sk ’ - ‘~. ;

_KIND,. GR 1, GR"2s GR 3, GR-4,-GR-S» -GR & .
» GR '8, GR. 9> GR - 16. en 11 en 1e

Suppose we. wxshed Ltg 71gr;9rfeﬁ some. o{ our .

R, ,data Specifically, suppose that the most recent = .,

.% 7 school year showed atypical trends that wewish: - . |

'?.‘.5“53,253“ Rty +'#7- " toleave out of consideration in.m¥king projec- - "
I et oo v tionsy If all other yem's are equaily nnporta.nt :
T)\»@(}E' Qs GE h AG! 2. ABS 3: AGE ‘3 LR 'We Woula éﬁﬁii 1 1 0 . X

': IF ¥DU 915“ 3‘1 USE TINDRRDAPEXBH‘(S (IpBo 3.6’ ™ U
CALCULATE AVERAGE PERCENT CHANGE. ;;I'YPE T
T0 EN'I'BR OTHER WEIGHTS, TYPE e «.: . . Lot
2 bl R

SBPARAT!” 5\’ Mnmis. Eﬁi IE§T _.‘Y!ﬁRS” 1

r zu: rmsr nan's DATA s-rA'ren”"' 5
00.

»1(1'.'9&65!:749.683 L
585,644

3 ENTER mUR VE[GHTS:
'-?lo]olnD T .

Saffect the calcul ,'on of ercent. changes ‘The

T data used is the-syme data for Grades 1-and 2\

. in the Year-to-Y

" ation in- prOJeqtlons

ENROLL offers the user the ch ":ce Df using” - : r — Grac
~ using the dlfferent welgh_ ng sy

“"standard . weights’ (1,2;3,4) - or. -entering .other
- weights .of his own choosmg If you type in.

" ingtead of “I” in answer to: the computer’s

~:question; we will be asked to enter foilr riixm- " as a Problem Solving Tool

4 @s,asmaié{;&a T i You now know how the ENROLL enrollm




R Lo oLt L U

“UB§ 37T " THE COMPUTERIN EDUCATIONAL DECISIONMAKING - - . *

S o
K 3 e .
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.. . . . Lo .
T o oeede T N :
— vt 2 -_ - -
. (_ . I '._', :‘ Lo Lo . < .
R 4 e . . il - . . " g .
S N .- o - Meaning - mmud dudc A
S~ o . YL wetgnTsUNe T - _rwy_-_a_ : Jment_for 677 :
o FE S . - B 2 344 (standard) Dng {rom pecent_years more . L

: -3 , lporun; than esrlier ynr: M oo
) LI
Y - Tl L
: S ) .. X , L L1,1,0 -t nm m:qn yur 19nond -

L . R . : . rn-ln g_years of cq«al .

: R R Cenp 0,000 - AN mn .mpt the nm
. re . . : TR : T n;an Agnored
i ) ‘ - i : : T,12,2 :
-4 - .
I T Flguris-‘lQ e S
: Effects of tkmg bxff ren

e ¢

eratem In thxs sectlon, 7

m determinmg the future needs of schocl dis- :"cél‘iglféiwae garrjéj: 66@§j&ea ofh w;much they'

. tncts It can help you predlct ‘the fu re; needs may . be in error by. consiﬂtmg

- for teachers, cfassrooms, supplies, taxesd, and the . Report (Figure 5-17; .page’ “151): ” “'The actuai

3 [ =T e - % T e - T s g

dlstnca':budget. ket us consider the proble‘m of ~ rkmdergarten enroilment for 1?76-77 was 699

the pro;ectlon was: ih error by 2. 29 percent or .'
. _ "18 students. An error of this :size. would ;maka -
,-_-begm wnth we can consnlt ‘the, Enrollment- the error in the teac estimate off by at mos “
Brojettions Report (Figure 5-16, pages 149-150), - _one teacher—probably ‘an- acceptable margm o? T

shqwmg;,the enrollment )ro‘]ectlons for the next - cerror-for such predictions. .. :
t C - Here 18 angther .example of the value ot ENT

.,:staff requn:ements by dmdlﬁg the pro;ected eri-. ,' s :pr g
rollment for each grade by the average clads size. you have enrollment and population data entered
The tab]e below ﬂlustrates the calculatlons " for .the last five . years (1972—73 ‘to-1976-77)::
] .-shown in Flgure 5-20. Suppose thet during the.
‘_ ‘last two years a large Ford plant in your dxstnc '

next highest number (The progected enroll- N
nt- ﬁgur below are taken from the-Enroll- -~ . matic -
lon Report) If Our predxqtmns;‘ - 1"5-20 for the

¢ es m enrvllment shown in

et — it

" . W Kindergarten

R

i 7esz7 1 7i7e . 7879 . 7980 1 cgosr ‘ol

Yo e ems . e e
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T B et St e SR SIS S by -—
T . COMPUTER SIMULATION - ... = .*- . . ' .
oo ] B LT i S, R e R . - . . "
LM » Age_or AR Y 2 Lol G e T P L PG 3
. . ©, .| Grade . 72-73 73-74 74-75 1576 _ 1&73 s ' e
e e e ese . e3whs st ‘
e

" new . data and welghts Figure 5-21 shows: the
- input, to ‘the program and: Figure 5-22 shows the
e resultmg Enro]lment Projectlon Report S
L 977-78) by eights es are only a few of the: manyﬁj; -

" to allow.for.the added infiuence of the plant : posmble uses of the-slmulatlon ENROLL. ... - -
closi . .| 7T’ summarize, ENROLL ;i§ an’ enrollment.j.'”; Mo

" Usir data.from Flgure:s-zo the followmg - ! projéction'. program.“which requires as input - ..

DAT" talements will be entered at the appi-o- - census; and ‘enrollmept data for at least: five.
A f**‘ 6'into-EN_ROLL;_ R L previous years. The output m_enronment progec-

1 R - tions, based on percent changes between: -
671,598,720, 4 .. _The predictioh method. used in ENROLL'as-
TA 388,615.479,580,693,983.905° "© ..~ gumes that past trendsin enrollmént’in a distriét ..
A 658,576,699,876,530. | ___ B I 1| | contmue in the futﬁre. Changes can be mad S
565,610,661 56956792 876,688 e, i the'sis el S e Beatranfie o ,
' 6612620,633,582, 620,666 i I il i th w “hts éin Bé &ﬁé& Ea‘ T
- 639,561, 685,4 R 'ngld-—for exaInp e, e elgh ’ S
if-a;i?%;::%%::%é:538:2%2:228'?“. ~co. -4 allow for unusual circumstances. As the author -

551550756254 u.ag .
A S02,562,613:51746 o.sm.azo o

gf the ongmal v‘erslon cautlons, however,.j 7

600,568, 58 23 t53|- 566, GOA

502,463,580,367,420 - - N
T __«55-sﬁa.sn.a?s.szs.uo.szs PRI
"$6253521,544,489,520: 571 -

 their commumtles .need to. perform -a-much .
;. * deeper analysis of enrollmerit ‘trends: Areas w1th'j5 i
- ca great deal of open land a.ndarapld development-f ‘
o0, t9p6s OF

g

welghts wﬂl ‘be;. Clearly, the’ change m‘the last: | could -utilize a- dwellmg—xleld type of - entoll- -
two years should be. welghted less: heavﬂy tha.n L ‘ment prOjectlon study. ‘School districts with .- 7
ee. : inelghborhoo&s expenencing ‘abrupt:- changes‘ A

!
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Loy
; .
Vo
RO Ceg : : - o SRR
R . L. ) . YO nusr mnn amsln s,,ﬁgn,no v:lns or DATA. - . . i . S
e " EACH YEAR REQUIRES' 3.DATA STATEMENTS ~ - - " o
Cootpm T Humt e h T A SN THEY FOLLOVING FORMAT Y oL ¥y
. : i B vING FORMATY - . .y E ‘
3 o o "STATENENT # DATA AGE s AGE 1. AE 2. AGE 3, AGE.A4 - :
- T  STATEMENT ¢ OATA NINO. GA:l, GR 2, OR 3, GR.4» OR S» OR G - . S e
. . ' STATEMENT # DATA,GR 7' GR 8,0 .6R 10; GR 1}, GR 13 - -
’ ‘DAtaA snﬂ:nmrs ARE ﬂmaﬂuo &5&5:3&65?5;; snnﬂuo AT 6000 o
N o - - HERE IS_BW. "EXAMPLE OF THE PIRST vm-s "An snmwrs. sl
: ’ N ’ 8000 OM‘A 667+ 384,591,600 o
: 333705365101‘9'653 ' [ :. . .
. ) 738,585, 844 . PR L o . .
’ : T . NOw, Nna'}o:"‘* w pan siiimmrs ™0 mn m Pmem mam
L e e e : - R I LT d
P . -~ 7 . '." C e - i
I . A
= 5 0 ,§'5| . E TS .
: 0ATA ;ss.usiev ) HE
; oo e T 6004 DATA 675,633,6 563 i  -- :
. . .DATA. 654,57
: ~ : o 6007 OATA uq.eoa.oslwoo.uo.soo.ooﬁ : S : N
- _ - 600B. DATA 645,603,618, 570,604,649 . e L e -
\ : .o - DATA 551.501.625.4!1.!&9 e ' v
‘v
A

OR_US .
m‘rm ow OATA = ..us: zxann.: mms -l_‘ L

20 -
“IS_YOUR, DA‘I'& NZRSADY EV‘I'ERED‘P .

IF mu UISE Jﬁ US! smnm PEIBH‘I‘S C1a 2
. CALCULATE AVERAGE PERCENT 'CHANGE, TYPE l
m NTER orm UE!‘GH‘I'S: T\’P! 2 . .

: LT
7!020606 . ; ; z ) N R
: m:mn'r 1 BE PRINTED - s ‘

" ANFOLLMENT Pm.uéﬂous-i S
COMPARISON-Z _ LU E U FPUN P RV S A
n:m“ro YEAR T CHANGE-3 . . = . STl e T

ERIC

Aruitoxt provided by Eic:
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'tlcula.r school dlstnct. A method that-seems to‘ B

Lu. - mentgiprojections. A “good” enrollnf¥int pro- . give good prdjections for a few years. could be- -
T Jectxdh .depends - on the input data*d#nd on. . come mappropnate as conditloiié in the aisti'iét,-'--
RS whether the pro;ectmn method truly fits a par- . .change - g
. REVIEW : ' ‘;\ .
- 1 'Rerun the plant closure problemf Q’roduce an En):oliment PrOJectlon R,e-
port) using. weights of 4,3, 2,1 and 3;4,1, 1. How do ‘t ‘:‘_results dlffer-' RE
7 from each other? Which- db you think. i§ ‘the “b RS
_is the rationale for your. choice? (Note: It.is not; ‘necessary to:enter the- L
new ﬁATA statements every time you “want fo rerun. ENRULL ‘with
¢ different welghts After they have been entered once; just respéiid “1”
(yes) when the program asks if the DATA" statements are already ente
Do not pe GET- ENROLL between runs or the Data Statements w1ll
: belost LW
e v 205
t6 Be? o
. : L L ) ;:‘;;:;. . : )
. AN EXAMPI:E 'OF A STOCHASTIC S determines what the output will be. For exam- S
: PRGBABII;ISTIC SIMUI;ATIGN T ple, no. matter how, many times BUSRTE isran -
_ R , 4. . usipg the same dat:a exactly thesame bus r’outes -
o0 j-*’i‘he WO prevmus examples Qf computer su‘hu-; . ':f Do
. {aﬁi‘fns p’tesented in_ this chapter were both . - - '°Ro B, "ENRPRO—-A Kmdmte' s
‘ fiﬂic that xs, the mput I@ompletely : Grade lagmblrment Pro]ectieﬁn Program, ;?E‘%‘ SO
F RN 165




, COMPUTER SIMULATi%’}I S e 161

; whll be produced as Qutput - When ggnstrpéting _cent of 100) w111 be absent on any one day -
bus routes the model takes ‘nothing into con- . Since the sybstitutes are available an average of

sideration other than the bus stop data, theloca- - 70 percent of the time, you can figure that an -

tion of the schogl;; he’ average speeai(}f the  average of 7 substltutes (70 percent of 10) will -
buses, the cost per-th m

the number and.  be avallable on any' one day. Therefore; each

T capacrty of the buses (all of which are supplied - . day will have two ‘more substitutes avallable ‘
by the user of the program arid serve as input). ' than are- needed a.n(!»so there ‘will never be a ° T
A great many facets of the real ‘world, how: problem of toolfew substitutes. s
ever, are not determlmstlc Very'seldom,canwe. - - The fallady ‘in - this §onclusion . is_ that it ass ,1

state with complete certainty that mput Awil - sumes_ th&srtuatlon is deterministic. The ; average
S aiwaysiguarantee output B. The number. of days . teacher. aljseritee rate be;gg 5 percent does not_' '
per year that it rains and the amount of time it 'guarantee that f1ve ‘teachers or -fewer’ will be -

'tﬁdfeif? get from home to werk ip the morning absent’ eVery day. It<s possible that 10 teachers
are two examples of_ s1tuat16ns that vary from | will he absent on one day.. Snnllarly, the substl-

year to year or from day to day. Normally, we = tute avgjlability rate of .70 percent does not.

cope wlth this kmd of- varia‘nce by establlshmg guarantee that at least 7 substitiites are. available

average figures ays of estimating certain be- every day. The question remains: what are the

haviors: meteorclogists establish * an’ ‘average - . chances of having a day w1th less tha.n enough /
'yearly rainfall for a given geographical area; and substltutes" i .
each of us develops:his or her own average esti- R 4

. mate of how I “takes to get to work. For .- The Computer Simalation SYBST o
- ' many purposes;; these averages and estiriiates are . SUBST is an example bR ¢ puter sunulatlon

()

‘sufficient. But we"should not forget that these ", of the stochastic situation pd8ed above. It takes e ;

g T .

" and many similar s1tuat§§n§7§refbaswally stochas-  “as input the number ‘of, teachers, the. teacher "
‘tic or.probabilistic in nature; and that knowing . absentée rate, the .number of snbstltuteg, the” N

the average rainfall. will not guarantee, for ex- _ substityte -availability. rate; .and ‘the nugrbér o*f N" ‘

-ample, whether or not-it will rain on a given d&y# ‘days. to’ be simulated. It then snnulateaﬂay by

“Educational’ administration has its share o gen,ératmg a raidbm mymber between’(rand 99

L 'probablhstncﬁ or stochastic; situations; including - for- each’ teacher and; each substltu{;e “Bincein ,
- several we have ajrgady dlscussed—queuemg situ- . this example theé teacher -absence:¥ate ‘is 5 per- . .
atmns”enrollmenﬂ‘pro;]ectlons bus routmg prob- - cent, eac ’ random - teachér number -under 5. R
«lems. While deterministic models cari often be represents” an absent teﬁher.,g?hef computer : =
used; .for ease of model-cohstruction and com- = then counts how many . tel Bchérs are absent. . - .
.putatlonx when simulating . these -situations; --Since in this ekample the hﬁstltute availability ~ = -
‘others will requlr&’models if we are to have rate;is 70 percent, each standom substitute num-- .

-realistic and practigat ‘results. ts lg, 5* ber underjp representﬁa substitute available to ;

“ an example' of a probabilistic 51tuatlon ‘and an ‘teach on the day being'simulatéd: ‘The gornj:iiite;"‘

3 ¢ accompanying ébihputer sunulatlon based*fbn a then counts up the available: substitutes. And fo -

stochastic model. on: each day. is simulated in the 8ame manner;

Suppose you are studymg the avarlablhty\of v and the program’ Eeeps track of the cutcome for

substitute ‘teachers for a certain school. You= - each day andz:*sums it-up in the form of the table

" know that the school has 100 teachers and that show# in Figire 5-23:;

"-they ‘aré absent an -average of 5 percent of‘fhe . * The figgt'cotumn lists the dlfferent values foiv
time, You- -also ‘know that there age 10 substi-  the dlﬂe'rém‘:e between the number of substl-

- tuteg and each is avaxiahle to work an average 6f . tutes neéded and the _number available. If more
9. perceht of the tigne. The question you wish - are_available than are neededi(m which case - )

it 7.3 answer is; how much of the time w111 fewer o ek i8. no need to worry); theinurnber in the -

irst column is negative. If not enough are avail:

sabstltutes be avallable than are needed"

; able this number is posltlye Gonsequently, the

% i3°On- first exammatliofn it would seem that €
- there w1ll always be enough substltutes to cover . Yows with positive numbers in the first colurgn
’for the absént teachers. Since the teachers arﬁ .. 'will be of particular interest to the admlmstrator :

"2' absent an average of 5 percent of the timg, we - The - second column- lists how many days =

iean fngure that an average of 5 teacheri (5 per- each sltuatlon happens F‘or example »m the . .

3




w2 o . HECOMPU‘I’ER IN EDUCAT

o sussrs u::nw .
LESS . L
’ suesrs AVA!LAR.I

i

-

Figurc 5023

on g#ten:five more’ substltutes aren gd; ‘
axrable, there are four days whemrthe "

1 avaxlable qexactiy matches-the number

d ‘there dre five days when- there are

‘ ssubstitutes available. The_ third col-; -

!uelis wwhat percentage “the second-columin ~

16ta] ﬁiiiiib’er of days sunu-

cumulative total of two days when, there will be

four or five ton few _substitutes; and the fifth

“ column: shows that this represents 6.6 pe;ceht

-\

] " ‘.

- sponseg appropnate for our ex.

Syt

of thé days simulated: The botfom entry in the

fourth column will-alway® be ‘the number of -

days, smiulated (30; 'in Figure 5~23), and thé’

bottonY entry in the’ fifth column wxﬂ always be_': ‘

"> 100 percent. .
"Riinning SUBST . In order to userSUBST

: you must issue the appropnat? commands to -

get access to and run the program. Once running; -

. SUBST' will request the several inputs needed
. from you. j‘he first two questlons, ant the re- ;[
e, are‘ ' o

%3;’ ~;‘_,.,

- @ Hmﬁ T!ACHE%S" (HUS‘l B! LESS- TKMI 500) v
a00 .

WHAT -}§ THE 'n:ncutn ABSENTEE - nA-r: T3 i

tl'@ second questxon.'

must - ¢ be a percentag fhe ubientee rate th our

‘example .was_ 5. percent 'so the: x;orrect response
is “B.” The program wﬂl contxnue wlth three

morequestlons.. . _ AR
e Y v - ot .

IONAL beeusnon

Smple Output ofSUBST T

- uow nmv suas-n-ru-rzs-r

: respectwely» s{Pl'xe fourth golumn*m Fxgure 5-23:‘ s
_shpws* (for the row haded “4" that there is'a

- that the simulation will proceed at a faster rite. ._‘-,';,‘ :_-_ .

L USE: SMALLER nuna:ns
N TR

4

-
. »
I

Rnust ﬁt v, :ss 'er eoo). s

L. ..
mm 1s -ru: AvAlLABlL!T’l n.\'r: ron 5uasn'ru‘ras (n 1

170 . ,
: l‘{v‘"\“\’ DAYS AH! ™ BB Sl"mh'l’fﬁ? IHUST BE C!SS Tﬂm 1907
.180 - . . Tan
011,, . ' - . <L

(substltute availability rate) is also'a percentage

At this point,;all’the necessary mformatxorr has ST

been supplied to the program. - ;
«If the numbet of teachers and{or the mxm- :

ber of days speC1fied ‘is .very: ‘Targe, you will

— - . . 3

recelve a Inessage . mdicatuggfthgtixt may take . .
. some ‘time . (over. five mmutes) to'run the simt

lation.!* 'If you do not wint to Y?!t}hm long,’;.:'. S

“you have the ophon of providing different mput :
using a-smaller

Be sure your respbpse ‘to the fourth CIUestlon_" s

ber of teachers or dayst

o'

Thete is an example of the over-flve-mmutes

‘message and the optioﬁ of en@*mg dl‘ferent
1nput - et

THE_ RESULTS OF YOUR ¥ Gili PROBARLY . TAKE. WORE THAN § HINT
‘70 BE PROCESSED. . S T

!
AR U VILLING T0! VAIT-OR.-WOULD YOU RATHER.
N_Pﬂﬂ'

CU!LL!NG 'I'O HA!T-!; Nﬂ !NPUT-I)

SUBST ‘will now proceed w1th the sunulatlon, : o ,.. ,

" informing you of its ‘progress as it goes. ‘The

--final output wijll be a table similar to theonein
Figure 5-23 Figure 5-24 is;a- sample of an Sy
entu'e run of SUBST : - _ '

..;
YL
L.

Rl Thia type of mmuhtion tequu'es a very large numbﬁi

rr ooy

of calculations—over 60,000 to slmulqte 100 teach L

-for one year, Even though computers are very fast,

. still takes aome time to perform such large numben of;% P

calculltions PR S
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£ 7.7 COMPUTER SIMULATION

) suBsT ! g - T
o e . RUAILABILITY OF uasnr,prs TEACHERS '~ -

RO & nmr rmcuznsr EMUST BE LESS THAY r»om R
PRI VIR :mﬁ 1S THE TEACHER Assmns RA‘I‘E ez N

T :u MAvY. SUBSTITUTES‘P musr a: LESS rmw eoo;
e D e v':‘ifr 1S rurxaumv Aalhr? RATE rm sassrnnrrs

YS ARE ‘I") BE SIMULA‘I'ED? (MUS‘I‘ BF

PRI THE.RESULTS. OF_¥I0R. INPUT WGILL PROBABLY TAYE MIRES
. N o 10 PROCESSED. ARE. Y')U VILLING. T VA!]' AR ml" TIR ¢
T LER wuazns FOR INPUT? . HVILLING 19 wur-‘x "N

; SIMULATION 15 9% THE loru mw o :
. Lo T LUSTINE! caccum;rwn. SIMULATINN "15°9Y: THE-20TH DAy’ -
Sweril. 0. PLEASE BE 'PATIENT, SIMULATION IS NOW 9N ‘THE -SOTH DAY

R SIMULATION: FOR ‘ALL DAYS COMPLETE;  CALCUCATIAN 3F rABt.t‘ | ALU!:S !NDE
.- nons vn-u CALCULATING CUMULA‘I‘IUE DAYS. . '
S T A(.f__'gm.arwc % DAYS "

-:bni:“ YRICALCULATIN unu.anu: z nmr
’ suasrs NEEDED . : :

T , u; .You'vmf\'i"o'hi;év‘.rﬁi: -§inin_#ﬂbv‘ .Adalx-;r CYESe 1 weey © L .
L e Ve S
~ T ‘ e . o Flgure 5-24 ) i N
S e . R )
o g
‘ c _ . -
T  REVIEW W ‘_", R
l . .. . . , . N N - B .. . »» - . . N o
‘ - 1 AnSWer the follo\wmg questlons about F:gur’_eS“—’24; R R S
P _"'i" ' (a) How many days were simulated? - -. - ’ T U e
RS '(b) ‘How many days needed four more substitutes than were avaﬂabie? T o
L T (@) For what percentage of: days were two extra subétltutes avgilable? ) :
e : L e
, : *' available than were negded? R S e e
D ; “.(e) What percentage of, to‘tal days su'nulated 1s thm ng‘ure? IPU
L "-1'-'6' | 7,f ' - $

ERI

Aruitoxt provided by Eic:



o ik AN e L i
C e 18877 . S THE eompuren IN EoucATiohAt DECISION MAK'ING
L A , , 2 Rpﬁ SUBST twa trmes usmgtl}e @e n}put as'in Frgure'.'h_-"zr,i;".
e _— ... ".-(a) How do thejfa lescon;ga;gy(rﬂt each other? e
R . (b) Whrch of the three is the nght table?

e ,_"FA SUBST Example SR FER > '§1§7 pﬁyf?rgnmng SUBST_ and modxfy ogijple@@ L
... " . Suppose you are in charge of findmgsubstltutes - according to the output. In light 'of the previous. -
C4 .. for your high sghgol and the district superin- * example, a logical starting place would betorun .
L tendent wants you to provide assurance that. - SUBST using 10 ‘substitutes.: Thlsfw;ilf giveusa. =
.4, there will be a shortage of substitutes no more - - rererence pomt Figure 5—25 13 a mn of SUEST, o
" - than three times during the year. Aksuming there . using this input..: -

. ' are 85 teachers in your school with an absentee' RE

< % . rate of 7 percent, and substitutes in your area -

fonoLoe L dre :;‘miable 65 percent of the time, what is,the -
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1._JI:he _iject system under study must be Computerﬂsgguiatxgns provrde fast results at
expressable in the form of a model. This . relatlvfeigilltftief cost: The computer cari gen-"
may result in an_ overstmphfxed version of " - erate solutions in Einutes that: would take =
“ the real-life problem. = .- people hours or-even years to compute.

) Building models of real- life p’ pblem situ- ' There are usually rbgt'ams available through
.. . 4tions i§ often a compleXx and.tims-
~ consuming - task req"j’f much techmcal

. . expertise. SR P ’requu'edto lev ,op ﬁrstamodéland
8. The- predxctrons and solutlonsf t:rgrn a - . then program can be shared by many -
' simulation problem - are valuable only to- =~ users. [This.is an important Iactormkeepmg, ,
‘the extent that the model for the real-hfe - :the cp ’,t of omputer sxmulatlon reasonable A
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‘are particularly. powerful tools for the edia- . jgequate estimates for an administrator’s per-

precise or comptehensive enough to: provxde

: figures on which to base a school bond nntxatlve.

‘If one: iB consrdermg computer simulations- as .

" . " aids to chrsilgni making, tiien, the first thing- he L
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..... S o : L : - O
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