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ABSTRACT

This thesis designs, develops and tests a computer-assisted system to construct final
examination schedules at the Naval Postgraduate School. The system is based on a greedy
heuristic that produces high quality solutions for 200 examinations in a few minutes on a
personal computer. Comparisons between computer constructed schedules and the manual
schedule for the 1994 winter quarter show the manual schedule’s superiority. Despite this
observation, the computer system’s ability to rapidly produce feasible schedules (approximately
13 minutes compared to 5 days) makes it ideal to assist the schedulers and to conduct policy
studies. One policy study conducted in this thesis shows a reduction in classrooms reserved
solely for final exams has little impact on the quality of the schedule. Another policy study shows

the difficulty of finding any schedule without some students having back-to-back examinations



II.

III.

TABLE OF CONTENTS

INTRCDUCTION

THE NAVAL PCSTGRADUATE SCHOOL

B. FINAL EXAMINATION

EDULING AT NES
C. GOALS FOR THE RESEARCH
1. Shorten Time
2. Improve Guality - Support Scheduler
3. policy Studies

D. METHOD

E. THESIS STRUCTURE

PROBLEM DESCRIPTION

FINAL EXAMS SCHEDULING PROBLEM

<. DIMENSIYONS OF THE NPS PROBLEM

D. SCME ARGUMENTS SUPPORTING THE SELECTION
HEURISTIC APPROACH

E. PREVIOUS DESCRIPTIONS CF THE FROBLEM.

F. CCHSTRAINTS

G. DESIRABLE FEATURES

H. EXCEFTICNS

MEASURES OF EFFECT!

OF THE



DUDLEY KNOX LIERARY
WAL POSTGRADUATE SCHOO!
MONTEREY CA 930485101 0"

2. MOELl. TIME OF EXECUTION . . . . . . . . . . ., . i3
B. ¥ SEATS NEVER USED

C. MCE2. UNSCHEDULED CGURSES. Coe e i3
S. MOE4. ROOM ADEQUACY . . . . . . . . . . L. L L. i9

E. MCES. EXAM T

E DISPERSION . . . . . . . . . . 20

UMBER OF BACK-TC-2ACK EXAMS

ignater.

3. Clique Designator. . . - . . . . . . . . . . 24
24
TIC APPROACH . . . . . . . . . . . . . . . 28
THE HEURISTIC APPROAC 26

i. A Partial Proof of Feasibility Cencerning
urse Conflicts 27

a4 case of Infeasibility Due to Classroom
28
3. A Measure of Course Scheduling Complexi 23
4. » Measure of Period Adeguacy. . . . . . . . 31

A Measure of

m 2dequacy. . . . . . . 32



B.

C.

6.

1.

2.

4

5

&
&.
b.

ANALYSIS

1.
2.

The Heuristic

PROGRAM IMPLEMENTATION.

General Flow Chart.

Period Rarking Flow Chart.

Sets of Constraints.

Coetficients to Determine Complexity.

Course Scheduling Complexity Evaluati

Ruies to Assign Period Scores

Gutput Layout.

Course Assignment.
Courses not Scheduled.

MOEs .

CF MANUAL AND COMPUTER-ASSISTED SOLUTIONS

WINTER QUARTER 1994.

INPUT DATA

E INITIA
ON EVALUATION

Violaticms.

Time to Get a Solution.

MOEs.

Final Examinatior Distriburion Acrcss the

Week.

CCMPUTER-ASSISTED SOLUTICH EVALUATION

Time co Get a Sclution.

MOEs .

vi



VIL.

Final Examination

istribution Across the
Week.
LCIFFERENCES BETWEEN THE MANUAL ANC COMPUTEER-

ASSISTEC SOLUTICNS.

POLICY S7U

ES USING THE COMI

ER-ASSISTED ME'

TWC POLICY STUDIES

RE3ULTS W

TH REDUCTION IN THE NUMBER OF RCOMS

No Rcoms Available in Root Hall.

NOEs wi

no keoms 1a Root Eall.

of Exams, Students

Rocms con First Floor cf Glasgow

Distributiorn of Exams, Students and Reormz for

Every Pericd.

D CCNVERTING DESIRABLE FZ.

RE

T.TS CBTAIN

IHTZ A RIGID CONSTRAINT

s with no Back-to-back Exams Fermits

Sistribution cf Exams, dents and Roo:

period.

LUSIONS
ACHIEVEMENT OF THE GOALS

Snorten Time.

2. Improve Cuality.




3. Policy Studies. 56
B. PCSSIBLE IMPROVEMENTS TC THE HEU 53

<. FUTURE PCLICY STUDIES

i. Graduating Students . . . . . . . . . . L. 58
2. Courses not Enlding & Final Examiraticn 1]
2. Impact of Final Examinations for all Courses 53¢
4. Impact of Refresher Courses S&
S. Impact of  Delaying Final  Examinaticn
Scheduling
6. identify guality Measures . . . . . . . . . &
7. Impact of Using Three Non-consecutive Periods
& D&Y . . . e e 8D
8. Degree of Room Urilizatien . . . . . . . . . &1
2. Using Additional Spaces . . . . . &%
10 on-simultaneity for all Segments

a fourse. . . . . . ... ... B2

11. Impact of Stucents with More Than Four

Examinations Lo e e e e e P3
12. Effect of Different Pericds ea 52
13. Impact of Changes in the Number

Students. 2

GLCSSARY OF TERMS . . 0 . . o . . . . . 64

ACADEMIC RTMENT DESIGNATCRS . . . . . . 13

viii



RPPENDIX C:

REFERENCES

FLOCR PREFEREN

BY DEPARTMENT . . . . . . s}

HIGH LEVEL FLlv

PERICD RANKING FLOW CHRRT . . . . . . . . . 74

FRERTIAL SOLUTION QUTPUT . . . . . . . . . . 75

AL DISTRIBUTION LIST . . . . . . . . . . . . . . . i



LIST OF TABLES

-

COEFFICIEN USEE TO EVALUATE COURSE COMPLEXITY

=

";AI\'bAL SCLUTION
T AND STUDEN

NUMBER OF FINAL EXAMINATIONG,
EXAMINED FOR EACH PERIOC

m

COMPUTER-ASSISTED SOLUTION: NUMBER  OF
TIONS, ROOMS USED AND STUDENTS EXAMINED
io PR .

9

~ASSISTED SOLUTION: NUMBER OF FINAL
ONS, RGOMS USED AND STUDENTS EXAMINED FOR
D WITHOUT ROOT HALL 2nd FLOOR . -
SOLUTION: NUMBER OF FINAL
USED AND STUDENTE EXAMINED FCR
GLASGCW HALL 1ST FLOOR

ROO!
I THOU

I\/ﬁ

.3 COMPUTER-ASSISTED SOLUTION: NUMBER
AMINATIONS, ROOMS USED AND STUDENTS EX.
ERTOL WI NG BACK-TO-BACK EXAMS




EXECUTIVE SUHMARY

The Naval FPostgrad School (NPS), in Monterey,

ers courses during feour separate quarters each

vear. Courses start and finish in @ period of 12 weeks.

e

week of the ccurse is dedicated tc final examinations.

Registrar’s Office are charged with

construction of a final examination schedule complying

with zeveral rigid constraints and, if possible, maximizing

several desirable features. Currently the nal examin.

the schedulers manually in

that lasts one week. The schedule 13

g rules of thumb developed during the last

This thesis designs, develops and tests a compute

stem to nelp the schedulers.

The prcblem cf examination scheduling, or examinaticn

timetabling, is common to many educational

nstitutions and

has been studie¢ previousiy by many authors. T

found in the open literature are designed for the spe

preklems cf those institutions. A gereral defini

problem that cculd ke adapted to the peculiariti

is not available. Although the scheduling proklem can be

modeled

5 & mixed integer progrerming protlem, solving the

problem opt

&:iy is cemmenly conszidered untractable for the

*i



dimensions 2

und at the NPS. Therefore this thesis develops

and solves the problem heuristic

There are three m

in cbjectives fer the system. First, to
snorten the time the schedulers dedicate to final examinaticn
scheduling. Second, to provide a method tc evaluate the

guality of the schedules and therefore, improve them.

to provide a means o obtain, in a short time, high quality
sclurions which allow policy issues to be studied.
Two programs have been developed to meet the objectives.

The first constructs examination sched

les using & greedy

hes

riscic algorithm and evaluates the soluticns obtained. The

seccnd program calculates the same evaluation for schedule

ained ir external file {(the manual schedule).

The heuristic algorithm uses a set of coefficients to

evaluate the scheduling complexity of every exam. Changss

=he values cf these ccefficients modifies the scheduling

of every exam and therefore the solution. The

implemented includes five

fferent sets of

ccefficients tc evaluate the complexity. The user can ch

these coefficients. The MOE‘s permit the user te pick the best

solution. The number five has been chosen arbitrarily based on

an acceptable time of execution, increased probabiiity of

geod sclution and to provide gzsod sclutlons over

Qquarters.
The program was executed using cthe Winter 1994 Cuarter

data and the best computer schedule and the manual scheds




are ccmpared. As expected the quality of che aucomatic

tion is not as high as that of the manual solution, but

B

ot 35 lew as te consider it invalid. The computer schedule is

considersd to ke of high encu quality rhat the schedulers

o

onld use it as a starting peint. In an emergency situation

the computer schedule could be adapted by NES.

Two sample policy studies were conducted to demonstrate
computer system. The first studies the imgact

in the number of classrcoms available for

For

a reduction of 1l classrocms cf several

(all first fioor of Glasgow Hall) a schedule is obtained

concaining ail courses and with only & swall lost of gual:i

ion. The policy

impact of

itting back-to-back examinaticns for the students. The

nd ary schedule that

id not have back-to-

scme students. The best

schedule six examinations,

:acions scheduling by providing

them with a computer-assisted initial soluticn. The Measures
fectiveness cen be applied to any solution by means of
the stand-alane prograr and can be used to compare different
selutions. Finally the quality of the schedules provided by

the computer-

sisted method will suppert a variety of pelicy

scudies.

xiii
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I. INTRODUCTION

A. THE NAVAL POSTGRADUATE SCHOOL

Nava. Postgraduare School (NP§) at

California, is an academi instituticn dedicated Le

the combat effectiveness

Sroups

18G0 scudents. Most

the several Master degrees, some

dual Master and some cthers are involved in a Ph3 program. The

the Master programs varies between one and two and

Most of the curricula begin

such as

different stages of their studies.

endar at NPS is structured intc four three

month guarters., Firal examinaticns are reguired

courses during the final week of each guarter (Monda

“
g
g
&
¢
&

Thursday). The




a course schedule for lectures and a final examination

schedule which takes into account academic and scudent needs.

B. FINAL EXAMINATION SCHEDULING AT NPS

The ccurse schedule and the finazl examination schedule
must be such chat every student can take the courses they
There are a few exceptions to this which are

ed on a case by case basis between the schedulers

»
53
o

rent Curricular Officer.

The problem, in its basic form, consists of assigning thz

to a set of available periods and

that no student has more than one examination

This problem is noc difficult when al

stucdents, in the same stage of their curriculum, are enrolled
in the same set of courses. However, as their studies

students have increasing opportunities ¢ takse

courses in  their own or in other acsademic

7e basic problem cutlined abcve becomes even more Comp.ex

when some rigid constraints are added, such as classsroom

availabiliry, time available, maximum daily number cf exams
per s:tudent, and maximem daily number of exams per professor.

These are cnly some constraints from a complete iist given in

Section II.F, (ther cesirable characteristics of the schedule

are ccrnsidered as additional lower pricrity constraints and

Secrion II.G.



Currently the final examination timetable is produced

manually in a process that tskes cne week and reguires the
zcrplete dedication of very experienced perscnnel. This manual

rocess produces only cne solution tc the prob

er. The £inal
examination scheduling is one of the final steps in the twe

month process of course and final examination scheduling.

several steps.

is necessary to forecast the courses to be taugh: end

for faculty and rooms. This forecasting

Up te a vear in advance of the quarter
Second, an iterative pre-scheduling process is

clearly determine which courses are to be

quarter, what students are going :o take them

at facuity members ere going to teach them. This step is

carried cut at the beginning of the quarter prewvicus to that

e infcrmacion frem the previous step

and & knowledge of available rooms, the next step assigns

™
3
R
-
o
a
I
o
5
o
o
o]
g
o
'
o
"
©
i1

ch course. This process, which lasts

r weeks, 1ls carried cut by ve

perscnnel using manual methods and rules of thumb developed

cnce the cliass

of the guarter.

w



GOALS FOR THE RESEARCH

The present manual scheduling process frequently requires

the schedulers tc work overtime, cthis situation may worsen

the number cf students

the School increases, ctheres are

fewer rooms available, or the number of curricula increases.

if ome of the schedulers is not available, the worklea

o

fer the others becomes insurmeuntable. Irn this situacicn it

very difficult to spend time investigating alternativas not
aimed to solve the immediate problem.
This thesis develops a computer-assisted scheduiing

program te preduce final exam timetables. The goals of this

rese

1. shorten Time

ile it is possible to shorten the time needed te
produce the final examination schedule, this is oniy a smail

part of the total time needed. This goal is ctherefcore

wialitied by the fo

owing observations:

+ The time taken currently by this process is approximately
10 person days. Even when time could be saved ir the
actual process of scheduling the final examinations,
ccllateral work of preparing and entering input data could
reduced very much. Any computer soluticn also
detailed inspectic

+ The esarly date in the previous guarter at which n
in course registration are permitted, causes
registration changes in the first twc weeks
quarter. This fac: limits the value of the
obtained. If the time to produce the final examination
schedule is shorterned, more time cou.é be avaiiable for
the scudents to chooss their next quarter courses and
hopefully fewer changes in registration wou.d occur during

ut



the first twe weeks of a quarter and therefore the final
examinaticns schedule wculd be more valid.

Froviding the students with more time tc decide their next
quarter enrcllment has a limit given by the time necessary
for the Bockstore to get the books necessary for the nex:t
quarser.

Courses and fin, examinations «can’t be scheduled
sim:ltansously since it is desired te assign the final
examination fcr a course to the same rcom used for
lectures, whenever possible. Therefore final examination
scheduling cannot be attempted urtil the course schedule
is finished.

2. Improve Quality - Support Scheduler

is doubtful that any computer-assisted schedulirg

crogram can yield a better scheduls than those generated

possible fo

ers. is

"

& program to capture every single factor taken intec account by

d schedulers.

The computer-assisted process developed in this thesis

schedulers with some informaticn which ceuld

help them in their search for a solution. First, if the

computer can reach a feasible solution they can, at

the same and hopefully improve it. Second, the

can provide the scheduler with

number cf course cont

solution provides a method for evaluating

the quality of different manual or automatic solutions.




3. Policy Studies

If the computer-assisted method provides reasonakiy
acceptable solutions, even when not as good as the solution

provided by the menual process, it would be possible to

perform tests of how the solution is affected by seve

policy variables, like time available, the number of rcoms

able, the number of courses requiring final examinaticn,

ion ¢f several measures of effectiveness would

The steps performed in this thesis tc arrive to a solutien

he fclilowing:

+ Clearly define the objective and secondary goals of the
computer-assisted solution, including the comstraints of
the problem and desired features.

w

uild an electronic data pase of course calls
ss

nments,

o

« Develop & data base of courses, rooms and faculty.

« Develcp Measures of Effectiveness (MOE] for varicus aspects
«f the schedule.

cp & weight-driven exam scheduling heuristic to
v produce schedules and evaluate MOEs.

)

« Perform studies of variot

policy cptions.

E. THESIS STRUCTURE

s structured in the following way:

"

Chapter I presents an introducticn to the problem of
examination scheduling in the NPS.



Chapter II references previous studies at NPS and similar
pronlems in cther instirutions. This chapter alsc defires
NPS's goals, constraints and other desirable featurss.

Chapter 1II defines Measures of Effectiveness (MOE} ©

evaluate solution quality.

defines the data used tc get the nal gxam

Chapter T
schedule.

¥V describes the heuristic method used in the

er VI analyzes the results obtained by the manual
d and tne computer-assisted methed.

xplores two policy studies.

@

I presents che conclusions and recommendations.

the terms used

ndix < presents floor preferences for each

e
scademic department .

cf the program tc

npperdix T is & high level fiow ch
3 ne schedule.

a flow chart of the algcrithm used oz rank

Appendix F presents & sample of the selution outpus.



II. PROBLEM DESCRIPTION

A. THE NPS FINAL EXAMS SCHEDULING PROBLEM

2t NPS chere have been at least two previous actes

ne final exan

inaticns scheduling problem by ccomputer-

isted methods. In 1966 HAMS [Ref.2], the Heurist:ic Academic

r Scheduler was created. This program didn’t succeed due

to irs inabil to get a feasible solution for all the «

Ir 1985 cthere was another attempt by Fiegas [Ref.&]. It
proposes an heuristic alge.ithm in which exams are assigned to

bl cids

thcut any special pre-arrangement. If there are

exars that could not be allccated to any rpericd, icalled
biockasd exams) a new arrangement is made in the order the

sxams are processed by the algorithm, this procedure is =

repeared using scme rules until a feasible scluticn i3

chtained cr th

number of iterations exceeds a pre-est

limin.

B. LITERATURE

In the open terature several apprcaches havs besn made

Zc the examination scheduling. Broder [Ref.5] proposes &

o yield a minimal number of student

scheduling final examinations. The goai is

iteratively evaluacing a non

near set of eguaticas. The

process implemencs a rendom selection of assignmencs. This



hecristic can find many sclutions that are nct neccesarily
sptimam,  but are locally minimal. Lo effort is made ro
improve the sclutiorn cbtained.

The other pcssible approaches te this problem would be to
defire and sclve an integer linear programming model. The

literature about this top apcunds with evidence that this

problem tecomes untractable as soon as the number of

rocm and time ceonstraints grows above some limits.

are certainly exceeded by the NFS problam

= similar problem is studied by Eglese et al. (Ref.1)).

n
o
o
@
a
El
o

produces a timetable for seminars o

rence. The number of

the requirement of some seminar

cijities in the rooms assigned to them

arnd the fact thaft one seminar leader was respon

the seminars. The number of

265,

rticipants

sach one mskes an advance request for the four seminazs in

ruiated by the authors as a mixed

problem. The formulation requires over 15,63

variables, including 6¢ binary variables.



David Johnson [Ref.l1] present a study of

scheduling problem at the University of South Pacific (Fijil.
The dimensicns of the problem are the following:

¢ 10 exam days
20 sessions.

h two sessions each one, making a vofal cf

20C exeminations have tc be scheduled at the end of each
semester.

constraints of the problem are the following:

]
5
o

+ The timetabie must aveid all student conflicts.

+ All

examinations should be completed in at most 2 waeks

120 sessionsi.

+ It must be possik
various exami

le £o accomecdate all candidates in the
ation rooms available.

+ Those examinations with & larger number of candidates
shculd come earlier in the examination period o ailow th
maximum time for marking.

- Wnere a student 1s taking more than cne examinati
should ke spread cut throughout the 2 weel
pessitle so that there is some time {or p
each examination.

For the previous problem an integer linear programming
model is formulated, with the objective functicn of minimizing

the ocverall number of consecutiv

exanmi

nlation presented doesn‘t take into account

imposed in the NPS problem. For the Iarmulation
presented a problem invelving 100 examinations exctended cver

26 sessions and requiring one room for each sxam would lead to



airts ia 96,050 birary variables. The authcr

conciudes that even after improving the Zormulation of th

integer programming wedel, it would not be practical to solve

{Ref.12] ideatifies the problem of finding =&

th the vertex coloring problem,

tc be NP-cempiste. Eis conclusions states:

k_em is expressed mathematically, the numbers
and corstraints become unmanageably large for
size problems.

Lazer, Carter et a&al.[Ref.l13] study <thes classrcom

ssigrment pr

lem. The final exeamination problem matches the

interval classroom assignment Croblem presentec

s shcw the

scluticn (not cptimall to be NPE-cormplete ard

Mest of the approaches to the

screduling problem  reject an integer

methoc because its complexirty. Instead, the commen apgroach is

adoptsd in this thesis is to develop a

gcrithm ct constructs a sclution with reasonable

la good sclutien) &




C. DIMENSIONS OF THE NPS PROBLEK
The dimensions of the NPS problem for the 1394 Winter
Quarter are indicated below. The dimensions are similar for
cther guarcers.
+ Number of students = 1778

Number of classrooms = 74

Murber of periods = 18

essor-exams = 216 (professcr-exam is defined

of conflicts for each course = 7.7

for a course = 81

conflicts for a course = 1

D. SOME ARGUMENTS SUPPCRTING THE SELECTION OF THE HEURISTIC

APPROACH

sderations discussed in the preceding secticn led

s thesis to chocse the approach of developing

an heuristic algerithm as a way of obtaining a gocd, although

necessar e scheduling problem.

s optimal, solutien for t

Other arguments supperting this approach are the folleowing:

1 as room Drefere'\cei, are very ficult to
an integer linear programming model but are
plied in an heuristic model.

+ The heuristic approach follows what is being cdone by hand
& solution. This allows the program to use
that have matured and improved over more than
20 years of accumulated experience.




there are changes in the future, it may be easier to
S or change constrainte in the heuristic algorithm than
in an integer linear programming definition.

. The heuristic program runs in a personal
precictaple time. An integer problem of this dimension, if
were feasible to solve, probably could not be run

¥ on a perscna er

E. PREVIOUS DESCRIPTIONS OF THE PROBLEM.

Tre problem at KPS has studied by Nolan and

cungblocd iRef

coursss for the regular instruction
exams 1rvo‘ves selecting time
and rooms un'lke scheduling
structlicn period, however, only one two-hour time p
ed for each course, regardless of the nuxb
credit hours, frequenciy
siyed te accomedate the

The authors make ar exhaustive descripticn of the final

eramination

hedule problem, the ccnstrai

and “unwritten

rules® of and & step by step description of the

manual process. The salient features of

ions with the course-schedulers f

F. CONSTRAINTS

id be

eduling final exams (R

timetakiz must aveid bo
licks. Mo student or professcr
cne examinaticn at the same time.




C2.- The timeframe available for final examinations is
four days, Monday through Thursday of the 12th week of a
quarter

C3.- The hours available for fina: examinations 1n a day
are from 0800 to 1700,

rses that requize final exam should be given

“period for this purpase.

student can have at most 2 exams per day.

The room or set of rooms used for an exam has to have
a capacity of 157% of the number of students that are
going ra take the exam.

<7.- All segments of a same ccurse should have the exam at
the sarme time, even when they have different professors.
(8.~ Whern thers i3 not a singlie rcom availablie to b
the students of a professcr-exam, the rooms assigned
professor have to be in the same f£locr of the same
building and as clcse as possible, No professcr-axam
should ke assigned to more than three rooms.

CY%.~ There is no limit on the number of exams a faculty
member can attend in a day, but they cannot e scheduled
for back-to-back exams. It is mandatory to have at least
one hour between exams.

culty members cannct be scheduled to attend twe
ferent exams at the same time

2n
o
me

- On request, some exams are preassigned &

A room that has a final exam scheduled my;
screduled for any other event in the hour following the

1at is, no other exam or refresher class can be
ed to begin immediately after the exam.

Graduating students should not be scheduled to
an Thursday morning, since this is the time for t
ticon ceremony.

C14.- Each professor teaching a course has to be assigned
s classroom or set of classrooms for all his scudents
apar: from the classrooms assigned to other professcrs
teaching the same course.

14



5.- Some courses have two professors for the same group

[

of students. In trnis case both rprofessors should e
available the time their final examination Iis
scneduled.

G. DESIRABLE FEBATURES
There some desirable characteristics of the Final Exam

Scnedule that have not been specifically expressed, but after

scheduling have been accepted as

lower priority constraints [Ref.€}, [Ref.7}

These are:

» Di.- It is permitted bur not desi
“wG exams kack-to-bkack.

Gee-1z28

« D2.- No reguirement is established in s what
neurs to use from the 9 hours daily timeframe, but
continuing with the current use by che drilers
erio

4s tc consider will ke (500-103¢,
1

possible it is desirable that
rhe same rocm in which =r
rlace.

desirable rha ms  take place in the
there the department’s cffice is located.

.« DS. case an exam cannct ke held
every depariment has ccme p'efe'e’me;
ernarive buildings. These are expressed in

It is desirable for graduating students not to
on Thursday afterncesn.

is desirable that courses of _evel 1000 and 2006
te scheduled after Tuesday.

+ D8.- Constraint C§ defines a minimw
examinaticons but no maximum. It is de
stude! with as much rocm as possible.




nis the

is initia

implements desirable feature D2 as
a censtraint. When solutions are not found, this constraint is
relaxed to allow for examinations Lo be scheduled an Friday

morning. Al. cther desirable features, except D8 are taken

irtc account to compute the measures of effectiveness

the sclutions cbtained. Some desirable features pos

contradictory goais. For example, an examiraticn period co.

d in terms of examinaticn time distribution across

ek and bad in terms of classrooms available; the opposite

could happen in another pericd.

H. EXCEPTICNS

case a schedule can not be found with the const

in Section IZ

@ following exceptions can be made:

Sxams can be scheduled Friday morming from 0800 to




III. MEASURES QF EFFECTIVENESS

In order to assess the value of the soluticns precpesed as

ar alternative to the system currently in use and in crder ©

cenduct the policy studies cited in Section 1.0, we reed to

establish some consistent, quartitative, measurable and

credikle metrics of how well the new and the

regard to the first goal expressed in 3ecticn I

time cf execution is considered as a MOE o

time required by the current process of

scheduling. additioral time required to prepare data or

arg distribute final documents is not considered.
In regard to the seconéd goal, Improve quality, -che

reszsures of effectiveness (MOE's; have tc take into

consideraticn the interests of the several ¢rcups invelved in

the problem. These are; The School odministration there
represented by the departments;, the School faculty and the

stuadsnts. Each of these groups have independent interesrs

he schedule of final exal

solution satisfactory or not for

« time each examination is scheduled.

tnuilding and room) where the exam takes place.



discrikbution of the examinations across the four days.

number of rooms for a given ex

The Administration is also concerned about the percentage

cf exams included in the sclution.

regard to the third gcal Conduct policy studies, time

is the most important factor to permit the study of new

ded the schedules are of high gual

211 the MCEs can be cormputed with the input cata and the

sclution. 2 stand-alone program is provided to =v

manuaily produced schedule with the same MOES.

mputer program to compute the MOEs makes

welghts on the MOE calculaticns

additional measures cf quality.

A. MOEl., TIME OF EXECUTION

The MOEl expresses the time required fto solve

g problem. MOEl includes the time needed to produce

ssisved

iven number of schedules using the computer

method.

B. MOE2. NUMBER OF SEATS NEVER USED

From the Administration point of view it is impertant

minim. the number of different rooms used £or the

examinations, (how many times a room is used if of no

concern) . The Administration appears to have no preference on

18



the way the exams are distributed along the week, nor about

the particular period in which an exam is scheduled.

ned as thne total number cf seats never used

final examinatiens week and

us available to the

3]

n for other activities. In regard to room use

saving, it 1s nct the same to use 2 small room as to use a

gs room. But 1t is net known what is more desirable

or the

nistration, tc save & large room or to save several rooms

the same total number of seats as the large one. For

large group activities the Administraticn would prefer the

rge rcom te be saved, but for several small group actiivities

ernative is better. Since no infcrmaticn apour thi

a

is assumed that what

seats availakle for the Administration

examinations week. The

ed the better the sclution

MOE3 . UNSCREDULED COURSES.

2B} is defined as the sum cf the number of students for

ail the exams not included in the schedule.

D. MOE4. ROOM ADEQUACY

seems tc be primarily concerned about all exams

eduled ir the t

orting to extra periods. Facu

have a preference for the location assigned to the



examinations. It is desirable that examinations be scheduled

in the same room in which the lectures have taken place
whenever possible. If not possible, the next preference is to
have rcoms assigned in the same building in which the lectures
have rtaken p:race. If neither is possible, it 1s assumed that
the nex: preference is to have roomis) assigned in ths
department building, when this is nct the building where the
lectures takes place. Finally, there are some preferred
buildings because of the proximity to the department building.

MCOE4 is defined as the sum of the number of students of

each exam weighted by a factor determined by the locaticn in

which the exam takes piace.

E. MOES. EXAM TIME DISPERSION

Students, in gene

are concerned about the spread

across the week of their exams. Normally it

preferred o
have the exams as spread-cut as possible across the week. Even

though it

permitted for a student to have two exams in the

e day, it is preferred that this circumstance affect the
minimurm number of students. Even though back-to-back exams are
permitted for students this is

Even though permitted, it is

students have nc exams to take on

afternocn or on

Thursday afterncon. Constraint

its

hedu.

examinations for gradwating students on Thursday morning.



MOES is determinsd by assigning a score to every student's

individual schedule using the following rules:

the student never has two exams in a day, or having
axams ons day, the previous day had nc exam, assign 5
goirts to this individual scnedule.

Mre student has two exams cnly one day, preceded by
ith cne exam, aszign 4 peoints to the

with two
ividual cchecule‘

nt has two non-consecutive da;
3 points te the 1

ive days

1 schedule,

- Subrract one point from the previous scare for ea
tws back-to-back examinaticns have been scheduled.

value cbrained the ket

MZE. The assignment of examinations tc

is penalized when

MOE§. NUMBER OF BACK-TO-BACK EXAMS

students whe have ba

back-tco-pack

two times increases this MOE by two.



Iv. ‘THE DATA

A. CLASS SCHEDULE OUTPUT DOCUMENTS

& the process of class scheduling for the next quarter
has been finished, the scheduling of final exams begins. At
this time the following documents are available:

. St

nt Schedule Cards.

« Imstruct Schedule Cards.

- Regular classrcom and laboratory Schedule Cards.

Sckedule {except the infcormation
ams} .

w

Gescripfion of these documents is made the Glossary of

in Appendix A.

B. DATA AVAILABLE

The i1nput date for the examination scheduling proklem is,

part, contained in the School rmainframe computer.

Unforrunately, some data is not in the mainframe and has tc be

reduced mnanually [Ref.8]. As described in Chapter V

tisn A, the data in the School database is

erted to construct data files on the mainframe.

The data obrained from the dava files in rhe mainirame is

enzered into the program by input files that ceatain:

. Names of the courses requiring final examinatien.



Names of the faculty teaching evary segment of any ccursec.
1f there are two or more professors in a same Segment of
a course, this is alsc known.

« Mumber of students assigned to every professor in each
segment cf any course.

Code for the student cliques taking any course, and number
of students in the cligue.

secture room used during the class period.

« for each ccurse a list of conflicting courses.
The fcllowing information not in the mainframe is also
used by the program:

+ Rooms available for the final examinatrions, including any
perind in which any room is Table.

1

Unavailab any professor at any pericd. This data
e

is encer at exscution time.
+ Special regu ts of room or scheduling time for any
exam. This ic entered manually a: evecution cime.

+ Freferrad buildings 1 eraminations Zor
every departmer in tre code.

+ Existence or not of graduating students in any course.
is contained in a file read by the program.

C. DESIGNATORS USED IN THE NPS SCHEDULING PRCCESS

Tne program uses the same designatcrs

types cf data as those used by the schedulers, with cnly a

rinor medification concerning roem identif cion.

Y
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1. course Designator.

£

an alpha-numeric symbol consisting c¢f two letters am

e letters

cur numbers designates each course. The first tu
designate the academic departmenc which offers the ccurse.
Appendix T ¢ontains the academic department designators.

2. Faculty Designator.

Professcrs are designated by a symbol formed by two

ters, a slash and twe letters. The first twe letter

P

cerrespord to the academic department to which the professor

n2lcngs. The second pair is ogtained frem the professcr’s

name to

3. Clique Designator.

designator is composed of two letters and

ree or fcur digits., The two first levters and two

numbers identify the section in the curriculum to which

que beiongs. The last digits (cne or two) ident

clique in the section.

4. Room Desigmator.

% rcom designator is composed of a letter indicatin

ag where the classroom is placed, cre alpha-nume

ric

icating the floor in the bu

room is placed and two more digits identifying the parr:

room in that floor. In very few occasions a £ifth alphabeti

character i

added to distinguish between two <o

In the program implementarion this fifth character has been



supressed and wherever necessary the room identification

as
beer: given a new numericel identification composed of a letter

and chree dig

TRANSFORMATION OF THE INITIAL DATA

heduling. The output data of the ¢lass scheduling ghase

for thne exam scheduling problem.

problem is solved with structures

that are thought to ke the best for this proklem, rnct rhe

shauld be entered by diskette. An interface program,

this cthesis, reads the data from the

it to the in rhe appropiate

by the program of final exsminations

schedaling. This epproach has the benefit that




V. AN HEURISTIC APPROACH

A. THE HEURISTIC APPROACH

Before the search for a solu

n to the final e

ms

scheduie begins, it is comvenient to check the feasibil

the preblem defined. NWo procedure is available tc tesc if &

ations can be scheduled. But, there are several cases of

detected infessibility such that a significant amount

e saved 1f they are detected befcre trying tc

ition. If infeasibility is detected, the program

user about this eventuality and will continue

saoluy

&

ien ui

3

ing the EXCEPTICKS permitted

A graph can be made in which the nodes are cthe exams

when an exar has a student

with another exam, an arc links both ncdes
case of simultaneous scheduling. Sim

& R / member teaches two courses there is an arc

responding nodes.

It is possible that the con

car be decomposed
in two cr more independent unconnected components. This doss

nct mean, however, that every component car be solved as

were an independent problem. This is because ever when

components of courses can be separated, this only happens with



respect to studen: cligues and faculty conflicts. However, ail

examinations must use the same set of rooms. Thus, the final

all courses is interrelated and has tc be

red as a whele.

1. A Partial Proof of Feagibility Concerning Course
Conflicts.

During the final examination week, sixteen different

pericds are available. A proof of feasibility in regard te

studert azd faculty cenflicts consists of applying

algorithm to cthe conflict graph. Since

is NP-complete, there are no e

for proklems cf the scale of

vertex coloring algorithm can color the cenflict graph with 16

scheduling problem is feasible with

courses. The contrary is not true,

s, since che caloring graph algorithm is an heuristic and not

&n exact method, it could be che case

the graph with 1§ or fewer colors

Thus the success of the coloring algeri « indicates

the feasibility of the schecduling prokliem. The number o

colors needed gives some indication of

erent difficulty

the prchlem.

0
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2. A Case of Infeasibility Due to Classroom Availability.
Every day, four diffevent pericds are available to
schedule exams. However the constraint Cll doesn’t permit a
classroom to be used without at least an hour interval from

exam to exam. This means that every classroom is aval

most cne pericd in the morning and one in the afternocn. That

., a classroom can be used, at most, eight times during the
whole week. Multiplying the maximum number of classrocms

availanle times 8 periods, gives the rtozal number

classroom-periods available. After deducting from the rumber
cttained the cliassrooms-pericds not availakle for any reasocn,
at least one classroom has toc be assignad tc every proiessor-

exam. Therefore if

he number of prefessor-exams is larger
tharn the remaining number of classrooms available, the prociem
kas rnc solution.
3. A Measure of Course Scheduling Complexity.
The heuristic used to sclve the scheduling problem
Zfirst assigns those exams that fcr several reasons are desmed

to be complex to schedule. This complexity is evaluated by

several factors affecting the exam. The reason the heuristic

s apprecach is to facilitate the scheduling cf thess

complex exams (in the scheduling sense) when the constraints
¢f time and classroom have not yet being worsened cue tc the
assignment of cther exams. Therefore it is recessary tc Sort

the courses by their complexity.



The complexity to schedule an exam is a figure chat
expresses how difficult an exam is to be scheduled taking into

these factors deemed to be significant. Those

professors teaching the course
students enroiled in the course.
conflicting courses.

<f courses already scheduled in the course

cossibie periods remaining for the course.

+ Whetner the course has a period preassignment,
» Whether the course has some =arly or late schedule
preference

+ wrether the course has room preassignmer

+ Relation cf number cof remeining conflicts to nurber of
students.

The formuia used to compute the compiexity number uses

several sets cof coefficients, associated

ith the facters

The complexity number ranks, by relat:ve

arade o

f difficulty, the exams remaining to e scheduled.
ore of the facters to determine the complexity number
of an exam 1s the number of remaining courses with which the

course conflicts. Therefcre, once & course has been scheduled,

ne number of conflicts with some of the remainirg unscheduled
courses changes. The complexity numbers are recomputed every

cime an  exam has been scheduled to update the order.

€
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Care is taken sc that a curriculum does not have all

its courses scheduled at the beginning of the week and another

scheduled at the end of the week., To avoid
this the ccmplexity evaluation cf a course takes into account

the percentage of courses in the curriculum nct yet scheduled.

Tre bigger this percentage the greater 1is considered the
cemplexity of the course; this tries to avoid great ineguities

from one curriculum to another.

Courses belonging to the first four quarters of any

curricu

;. when students have compulsory courses end rarels

any electives, dc not have much complexity due to conflicts

professor making them appear more

are. For this reason and to comply

decrement of complexity is applied fo cthese courses.

‘When computing the complexity of a course,

feasible periods for this course are tekenm intoe account.

The number cf conflicts remaining, by itself, does not

full indication of how difficult it is geing tc be to

perisd for the course unless it is related w

When a course has been preassigned

forbidden pericd at w

ch can nct be scheduled,

iz increased to force an early processing to find rooms

available at the preassigned or permitted Ctime.

30



The preassignmen: cf rcom is not given additiocnal

mplexity.

4. A Measure of Period Adequacy.

Cnce <c<ne exam has been selected tc be scheduled

because cf its complexity, it is deter
possible period for it. The

r-exam in the ccurse

student and

mer, & rocm or set of

possible. If all the previcus

is assigned a score depending

&ssrooms selecred, and if the

ragmenting the group

factor has to take into account

velved, since one professor could

classreoms and another a

h

en a professor is assigned as

classrocm he the
alsc rtakes the
ersus otners. 0 eva_uate the

for the exams of highest priority. This is the reason, as will



ve seen later, for a lack of uniformity in the distribution ¢

exams across the weex.
5. A Measure of Classroom Adequacy.

In order to meet desirable features D3, D4 an

ranks possible sets of classrooms taking into
account the following factors:
+ Classrcom is the lecture cliassrcom.

oms are located in the same building the lecturs
e

. Set of rcoms is in che department building.

is in some preferred buiiding.

of rooms in the set of rooms seleczed.

6. The Heuristic

s thesis develops a Greedy heuristic to scive the
prchblem. The algorithm presented is greedy and ssguential

the sense that the courses are scheduled cne at a time

course processed and scheduled is never processed again.
The heuristic determines the scheduling zomplexity of

the exams. Orce this has been done, the most compliex exam is

to Dbe scheduled inm the most convenient pe

available. Tc do this another ranking has to he made about the

adequacy of every period for the selected course. The

algerithm rejects ail impossible pericds and as

to those possible, giving the highest score to the rost

convenient pericd and the lowest to the least convenisnt.

0



Afrer this, the selectec exam is assigned to tne pericd with
highest score and it is assigned classroomis]. Every time an
exam is processed, a new evaluaticn of complexity is made for
the exams remaining to be scheduled. This procedure conzinues

until all exams have been processed. When no valid per

iz is inserted in & list of unscheduled

The sclution obtained is printed cr send to & file.
The weights used te evaluate the scheduling complexity

cf = course, together with the weights given to rank th

3

zermine the schedule obtaired. If nmultiple sets cf

complexity coefficients are used, multipie schedules can be
chrained. The MCE's permit the user to chocss the best

no reason to thnink that the best sex

given problem is goin

@

For scme problems

a sglution that Includes all

several sets of coefficients increases

one exists.
for several different problenms

sets of coefficients will be

How many sets of coefficients to use is an arbitrary

decisicon ktased on the time cf executicn and the pract

identifying many substantially

coefficients {not just fine adiust The

on centains five sets of complexity coefficients,

w
&



which cakes about 15 minutes on a perscnal computer. The user

modify the code very easily to

clude more sets of

but this increases the execurion time

¢ may

B. PROGRAM IMPLEMENTATION.

The program nas been imrlemented in Turbc-P

programs  implemented, the first on

scluticns for the final exan

iration problem. Th

permits the user tc enter some initial conditions such as:

for any examination.
. period Eor any examination.

r any examination.

Mon-availability of any room at any period.

ailakility of any professor at any pericd.

2 stand-alone program has been developed that reads &
previous selution in & given format and evaluates the

correspending MCEs. This permits compa

ohtained by the manual process with those cbrained by

heuristic computer program.
1. General Flow Chart.

Appendix D shows the highest level flow chart of the

final e

amination scheduling program.



2. Period Ranking Flow Chart.
Appendix E shows the flow chart ¢f the period rarnking
process.
3. sets of Comstraints,

ally the constraints

owever,

hose expressed in Section

pessinle to relax the comstraint of 16 periods to 18

=r-cds and tc relax the preassignment of rooms {Exceprions

nts are modified at the same

EZ). Both coastr

4. Coefficients to Determine Complexity.

nere are sets of ccefficients that permit the user

weign: assigned to each factor a

<t schedul: & course, lixe Lhe number cf

Ik cther

stadents, the number cf conflicts of this course

coirses, special requirements, etc.

The pregram performs 5 iterations using S

iciants in erder te £ind a feasibis

is urd after using the S available sets o

the set of cornstraints in fcrce :1s modified and

iteraticns are made using every set of ccefficients.

Through the selection of these coefficients and these

cf period evaltation the performance of ths gpregzam is

modified. The :ask of finding gecod sets of czoefficis

of

requires run: the grogram with

LSl

ficients and then analyzing the results obtained. Since

w
v



the solution obtained does not have a linear relationship with

the variakles, a very small variaricon in a set of cce

ficients

result in totally different soluticns or even not praduce

ituition is of limived value when modifying the

5. Course Scheduling Complexity Evaluation.

The fcrmula used to evaluate complexity is

o
ot
[

foilowing:

2 * Number of professcrs +
B * Nurber of students +
¢ * wumber of remaining conflicts =

D * % of yer unscheduled exams in the cur

* Number of infesasible periods +
F * iremaining conflicts/possible periods)+

G * (remaining ccnflicts/number of students)+

{if exam has a preassigned period +

exam contains graduating students) =

course level 100C or 2000).
The different sets of complexity coefficients used by

the cresent implemenctation are shoewn 3in Takle 5.1

coefficients have been found by a trial and error proces




TABLE 5.1 COEFFICZENTS USED TO EVALUATE COURSE COMPLEXITY
T
COEFF ist SET 2nd SET 3rd SET dth SET Sth SET
A 1Y 5¢ 50 5% 50
B ¢ 24 20 0 20
< 300 80 1 200
L 2 2 2 pd 2
E i 1 1 1 L
F 169 1 0 S0 200
3 g 300 330 60C 19
’ H 43t 238 250
I 400 0 409 407 400
‘ J -200 -300 ~200 -20C
As can be seen, the coefficients D and E have little
impazt 1ir the present implementation, kut provisicn is made
for future modificaticrs.
6. Rules to Assign Period Scores
The routine o consftruct Zepasible
periods, modify the period score in the fcllowing manner:
« 21l period scores are initialized to zero.
. pericd is a preassigned perind for that
on, the score is the maximum integer possible in




« If the course has a preassigned classroom which is
available in the period e period score is Lhe maximin
integer possible in the computer decreased by 100 times
<he number of the period being eva..ated. In 5 way
priority is given to the earlier per:ods.

e rcom found is the lecture rocm for course lectures,
the score is increased by 20

he rcom is in one of the three next mos:t prefered
buildings the score is increased by 2.

- If the set of rooms found is composed of a single room,
the scoze of the pericd is increased by 20.

= If the set of rooms is ccmpoeed of two rooms, the score of
the pericd is increased by 10

+ If there is no room possible in the pericd the score is
assigned a particular number indicating this fac:z.

7. Output Layout.

Since the program developed is not intended for &

final wuser, the cutput i

not comgrehensive. Only the
fcllowing ourputs are provided:
a. Course Assignment.

For every professor-exam unit

rmacion is printed:

CCURSE PRCFESSOR ROCM DAY PERIOD.

2 sample cf the printout 1s shcwn in Appendix F.



b. Courdes not Scheduled.
A list of unscheduled ccurses {if anyiis given. In

1 courses have been scheduled the message is “ALL

SCHEDULED" .
©. MOEs.

The measures cf effectiveness discussed

Chapter

are evaluated ané printed a

er precessing

irarions with each set of coe

cients. Only the time of

MOE1 is not printed.

of seats never used) =

of exars unschedu.ed) =

. iRcom adequacyl =

- MOES. (EZxans dispersion in time) =

MOES. iNumber of back-to-back exams) =

o
b



VI. ANALYSIS OF MANUAL AND COMPUTER-ASSISTED SOLUTIONS
WINTER QUARTER 1$94.

lem of final examinaticns sched

size from guarter to guarter, but not significant

ges because the number of studencs, ©

rses giver,

teaching and room availabillty can change from

quarcter tc the next. For the last four years che number of

udents has remeained betweern 1800 and 2000. The number of

net changed substantially, eithexr. The number

2 more irregular variation from guarter t

guarter. The number cf rooms available has very small

varia

icns except when a new building is added o the set of

ademic buildings, as happened in the Winter Qua

reasons a specific guarter, cthe

has keen selecred to compare the manual and com

solutisns. Blsc, for policy studies conducted in chapter VI
the preblem of the 1994 Winter Quarter is the hase. The

dime:

ns oI tnis problem are shown in Section T

A. INPUT DATA
There is no comprehensive Computer Support for the current

scheduling process. Data on the course requests by the

students is in a School database but is held ¢ s lang snough

rep

rts for the schedulers and thern it is destroved.




The Master Schedule that contains the course and fin
examination schedule is held briefly in electronic form. The

tc courses and special schedul

is available only in hend written form. Professor

radiey with the help of Senior Programming analyst

as developed procedures and a set

programs

data that is avsilakle ir the meinframe and tc

2ally.  This data was used to producs

files.

B. HMODIFICATIONS TO THE INITIAL DATA

itate the program implemen

are assumed to be compesed

cond being a i-}. Since some rooms in

cter such as H-101A, whenever &

srailing alghabe

= character, this has been supr

recm has been assigned a 5 character designator.

nunber has been assigned. For exarple: ronms

201F become H-23¢ and H-291 respective

C. MANUAL SOLUTION EVALUATION

1. Constraint Violatioms.

twe cccassions the censtrainz €9,

have more chan one exam during the same

41



courses taught by the same professor were scheduled for the
same room {presumable at the professor’s request.
2. Time to Get a Solution.

The time estimated to get a sclution by the manual

two experienced perscns working on it

estimated to be close te five days.
3. MOEs.
The manua. solution cbtained by the schedulers has

kesn eval

ated by the program with the following resuits:

. (nuriber of seats never used) = 177
. (number of exams unsclved) = 0

- (zcom adequacy) = 3533

. (exams dispersion in time) = 3346

xber cof back-to-back exams!

4. Final Examination Digtribution Across the Week.

Table §.1 presents the results obtained by the manual

precess, Notice the f£inal examinaten accumulaticn in the first

te

e that more al

and third pericd of each day. Alsc not
exarirations are scheduled ac the beginning of the week than

st

end, This resul

probably coming from a greedy
approach, 1s also observed in the computer-assisted scluticn.
The observed preference of the schedulers for the first and

thirxé pericd of each day is not included in the DESIRABLE
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TRBLE 6.1 MANUAL SOLUTION:
NIPM3ER OF FINAL EX2MINATICONS, ROOY
AND STUDENTS EXAMINED FOR EAaCH

' HMON TUE THEU

2800 # OF EXAMS 28 28 22 20
& CF RCOMS 35 32 25 25

525 515 465 483

pay 4 i C by
* OIF ROOMS € 1 9 ! z

% OF STULDENTS 10c 24 0 24

24 25 12

35 36 21 S
632 617 285

2 7 3 2

2 7 H 4

#0F STUDENTS 3€ 7L cs &2

D. COMPUTER-ASSISTED SOLUTION EVALUATION
1. Time to Get a Solution.

1 the present set of coefficients and the preblem

, five sclut

sorns of the wWinter quarter

a

d centaining all the courses. Any additicnal constrain

clucion. The

-
El
&
S
©




current time tc run the program for five sets of coefficients

nutes on a PC 4861(33).
2, MOEs.

The computer-assisted sclution has been evaluated

th the

me algorithm as the manual sclution, obtai the

foliowing results:

inumber of seats never used) = 7¢é

inurber of exame unsclved) = 0

(room adequacy! = 3

texams

dispersion in time) = 3193

« MCE6 {number of back-tc-back exams) = 1.9

MOEs are considered acceptzble even though the

numier of pack-to-back exams are more than double the num

obtaired in the ranual solution. The minimization of th

figure 1z a DESIRABLE FEATURE cf the program put not a

IONS

ere are no viclations to the consctraincts of

3. ¥inal Examination Distribution Across the Week.

6.2 shows the distribution of the number

rooms and students across the 16 pericds of




TABLE 6.2 COMPUTER~ASSISTEL SOLU :
NUMBER OF FINAL EXAMINATICONS, RCCMS USED
2NC STUDENTS EXAMINED FOR EACE PERICD

MCH TUE WED TT‘
# OF EXAMS 9 a 8
# CF ROOMS 22 11 &
# OF STUDENTS 288 196 422 48
oo f # OF EXAMS 2% 1 0
120¢ # OF RCOMS i 4% 29 s
# OF STURENHTS 617 410 211 Q
# OF EXAME 26 19 11 7
# OF ROOMS 44 33 14
# OF STUDENTS 706 538 238 155
i
# OF EXAMS 12 g 5 1
17013 ROCMS 18 3 1
# QF STUCENTS 254 202 18

E. DIFFERENCES BETWEEN THE MANUAL AND COMPUTER-ASSISTED
SOLUTIONS.

Trere are several notable differences between th

and the computer-assisced solutions. The heuristics &

rputer-assisted solution are these used in the manual
spproach excepr for the very important fact that the program

never reconsiders a previous assignment of exam £o a period

N
)



and roomis:. The schedulers backtrack very often in their
search for an oprimal solution. Tais is not easy to do in a

practical manner with a programming language net desigaed for

Intelligence programming. It is evident from

6.1 and 6.2 that the greedy approach of both

lead to an inbalance of exams during the week. Even

inbaiance is more marked for the computer-assisted
sclution than for the manual solution. This is explained by
the fact that the scheduler can spread the exams once a
solution has been reached and the program ends when & feasible

selution is reached; no further attempt is made to improve it.




VII. POLICY STUDIES USING THE COMPUTER-ASSISTED METHOD.

A. TWO POLICY STUDIES

suggests several policy studies that

are possible to dc by means of the computer-assisted program.

he presert section two pelicy studies are explored.

study have been arbitrarily chosen by

the author. Thirteen add:i

give the user cf te

znt policlies without entering

B. RESULTS WITH REDUCTICN IN THE NUMEER OF ROOMS

rent a

This study is made with twe diff

constraints. In the first case a whole flocr of Roct Ha

supressed. Roat Eall is not considered &

critical as cther

buildings because no curiculum with a large number of siudents

This case wil

decrease by
available, with room sizes between 20 and 45

second test is made cancelling all rocms 1n the

<f Glasgow Eall, which is considered tc ke a

critigal building with 11 assrooms, with room sizes between



23 and 180 (one with size 20, seven with sizes between 30 and

40, two be- een 4C and 50, and one with size 18
1. No Roome Available in Root Hall.

Five sclucions were obtained without modifying the

coefficients used for the regular problem. The MOES obtained

and shown ir Table 7.1 shcw lictle deterioration from the

solution shown in Table 6.2. All cther conditions are the sa

those in the manual solution.

2, MOEs with no Rooms in Root Hall.

+ MCE2 (number of seats never used) = 1€

+ MOE3 (number of exams ncn solved) = O

« MOE4 (room adequacy) = 3118

. {exams dispersion in time} = 3185

. inumber of back-to-back exams) = 117
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3. Distribution of Examg,

period.

TABLE 7
NUMBER OF FINAL

COMPUTE!

WITHOUT ROOT

Students and Rooms for

R-ASSISTEC SOLUTION:
AMINATIONS,
AKD STUDENTS EXAMINED FOR EACE

ROCMS USED

PERIOD

HALL 2nd FLCOR

Every

MoK TUE WED
B 1 20 7
22 14 K
292 205 471 131
25 20 i2 1
= CF ROOMS 36 28 oz
& OF STUDENTS 573 427 176 27
B aMs 24 20 ’ i3 7
% OF ROOMS 42 34 27 B
= UDENTS 572 s38 255
& OF EXaMZ | o1 z ‘ 5 i
4 oF ROOMS 15 ? -
4 OF STUDENTS 181 5

4. MOEs with no Rooms on First Floor

The program was agair

reperted for the regular

selutions withour violating any constraint

problem.

49

using

The

of Glamgow Hall.

the coeff

ent

program  obtains

for all Zive sets



of coefficients. The saluticn considered to have the best MOEs

has the following values:

+ MOE2 {rumber cf seats never used) = 16
+ MOEZ (nurber of exams non solved) = C
+ MOE4 (room adequacy) = 3047

+ MCES {exams dispersion in time} = 3167

+ MOEE (numper of back-to-back exams) =



5. Diptribution of Exams, Students and Rooms for Every
Period.
TABLE 7.2 COMPUTER-ASSISTED SCLUTICN

NUMBER OF FINAL EXAMINATIONS, ROOMS U
NTS EXAMINED FOR EACH PERIOD

WITHOUT GL2SGOW HALL 1ST FLOOR
MON TUE WEL | THU
# OF EXAMS H H i€ B
1690 £ CF ROOMS 21 20 23 s
224 266 421 148
I s 23 o 1
3% 33 15 2
572 488 228 23
I 2 22 11 5
26 S 14 E
574 594 12¢
10 s 1
i8 14 5 1
266 148 73 15

C. RESULTS OBTAINED CONVERTING DESIRABLE FEATURE D1 INTO A
RIGID CONSTRAINT

interesting to test the effects

< forbiding back-

exams has on the soluticn. The reascn for this

dering the cccurrance of back-



o

o-back exams a very important inconvenience. If imposing this

rigid constraint causes a certain number of examinations not

I

d, it could be suspected tha- -tudent conflicts

are the most c¢ritical factor in the ocurrent prcblem.

ncceptable soluricns were obtai :d despite the supression of
12 classrcoms considered critical because their size and
locaticon. This showed that classrcom availability in tha

present situation is far from being critical. If the test now
ccrnductad i3 not able to censtruct solutions as good as those
obtained in Section B of this Chapter we could conclude that
student  conflicts are more critical than classzocm
availability.

Running the program with the same complexity coefficients

mentioned in Chapter V, none of the five sets of coefficients

was able to get a scluticn containing all the courses. The

t =clution was unable to schedule six courses.

MOEs with no Back-to-back Exams Permitted.
The MOEs cbtained differ from those in the regular

proeblemw in an improvement in the number of seats never used,

a detercration in rooms assignment adequacy, ar improvement in

distribution along the week and nf course & toral
improvement in number of back-to-back exams since this is the
new contraint imposed. The time of execution 1s nct
significant and iz of the same order as all previous

exscuticns. The resu

wn
¢



MOEZ (number of seats never used) = 146

. MOE3 !number of exams non solved] = §

. MOE4 (room adequacy! = 2987

.« MOES iexams dispersion = 3228
+ MOES back-to-back exams) = 0

6 exams have not been scheduled, the program can be

ured again with exception El in force, allowing exam

hed:

ied on Friday.

2. Distribution of Exams, Students and Rooms for Every
Period.
Table 7.3 shows the distribution of final examinations

wrer. nc ba

x-to-back examinaticns

with nc examinaticns

pericds contain a greater

cus schedules.



TABLE 7.3 COMPUTER-ASSISTED SOLUTIGHN:
NUMBEE OF FINAL EXAMINATIONS, RCOMS USED
END STUDENTS EXAMINED FOR EACH PERICD
WITH NO BACK-TC-BACK EXAMS PERMITTI.

MON TUE WED | U
|

# OF EXEMS 13 8 14 i M
# OF ROOMS 25 19 25 19
% OF STUDENTS 335 397 387 156
% OF EXAMS 18 E] 7
1260 ‘ & OF ROOMS 24 29 11 E]
| % or sropenrs 345 401 143 109
# OF EXAMS 3 3z ; 14 1z

% OF ROCMS 45 53 1¢
# OF STUDENTS 1035 808 303 226
4 OF EXAMS 1 o I o
1780 i s 1 6 o bl
= OF STUDENTS 1 q [ 4




VIII. CONCLUSIONS

A. ACHIEVEMENT OF THE GOALS
1. shorten Time.
The time required by the pregram to produce a soluticn
is variable depending on the input data and the set of

zoeficients used. For the 1934 Winter CQuarter, the time needed

a 486 DX(33) personal computer has been approximately 15

wever, tils does not provide a good indication of
the time reguiread to find an acceprable solution. wWith

different data and constraints it could be necessary to carry

of coefficient adjustment to ev

complexity and also adjust the weight given to

avery factor influencing the period ranxing process. Eoth

rlex as one would first think. The

nave the most

influerce in complexity

containing the number of remaining

sting period ranking weights it 1s
recommended to start modifying oniy that of the number of

tack-to-kback exams in the peried. Im all, If the preccess is

o
o
S
a
3
@
o
a
"
o
3
2

conducted with small variations tabcut 1C

valuss, and one by one, a process estimated to take 3 hours

zan grodu an acceptakle sclution.



2. Improve Quality.
The guality of the sclutions obtained with the
computer applicaticn are not as good as the sclution obtained

by the manual solution, except in time to get a sclutiocn.

:erefcre, it is thought that a geod use of the program could

be tc generate a solution from which to start a manual process

of improvement, leading tc the lev of guality achieved by

o
I
2

anual sclution, but possibly in a much shorter time.
3. Policy Studies.
Two studies have been conducted, the first tested two

impertant, but t simultaneous, reductions in the number of

rooms available for final examinations. In both reduction
cages, the program was able to £ind several solutions in a
very short time. The quality of the solutions was similar to

that of the Winter Quarter problem solved in Chapter

without any important decerioration in the MOEs. The time of

execution was similar, and therefore it is concluded that the

res a good taol to test fferent classrcoms

potheses. The second policy study triss to

Ik
2

ule without back-to-back exams. The best scluticn

ro-back exams is unable to schedule six



B. POSSIBLE IMPROVEMENTS TC THE HEURISTIC
There are some possibilities te improve the heuristic that

have not been tasted. The schedulers, in heuristic

manu.

methad, preschedule some examinations known

sxpericnce to be the cause of a great deal of difficulty. If

thcse examinaticns are manu prescheduled in the computer-

assiszted procedure, a better sclution may be obtained. Cther

possible  improver consist  in  determining  those
eXaminatlons <ontainin students with 4 or more examinacicrns

and giving them the h

ority to be scheduled. Alsc, a

mcre detained search for adequate ccefficients, both to

g complexity end tc rank p

evaluare schedull

vield irproved resuits.
znother way of improving the scluticn cbtaired is to appls

2 proocess of local search. By this process every possible

interchange of twc exams is studied., and

obtained, the change is performed. This process can

eared until no improving-interchange can be found.

methods such as sinulated anneali

search cculd also be used to imprcve the solution

(Ref. 18] .

FUTURE POLICY STUDIES




These studies are not possible by manual methods given the
lergth of time required to get a solution.

1. Graduating Students

does not contain an exact indication of which courses cental
students who graduate in that final examination wesk. The

xrowledge of this data is important given constraint CL3 wh

forbids graduating students tc make finel exams on T

rsday
moraning. The schedulers currently have tc guess which courses
have graduating students. They typically designate any student
taking a thesis slot and only 3000 or 4007 level ccurses as

graduating. This guess 1mposes an unnecesary restricrion since

In the present research a study has bkeen made to deter

wnich courses contain graduating students. It is of interes:t

= increased accuracy in the input data aifects the

2. Courses not Holding a Final Examination

currently not

1 courses which have a inal

examiration schecduled really hold it ar the end of the course.

0

oretimes the professor vreplaces the final examination

reguirement by some other equivalent reguisite, for example a

per, presentation, etc.



these ccourses were kncwn exactly and in time for

to remove them from the liist of courses

examination, the prcblem would be simplified.
3. Impact of Final Examinations for all Courses

Ir the winter quarter of 1994, 68.5% of the courses

required final examinations. It is interesting to know if it

.s feasible with the current constraints to censtruct a final

schedule contaz

hing all the courses &

the

1f it is neccesary to medify thcse reguirements

4. Impact of Refresher Courses

The refresner courses are neld up tc anc inciuding the

examination week. It is possiblie

rotn refresier course lectures and final examinaticn during

week. A student may so have a

refresher class and one or more final examinaticns. The impact

d influence the

is of interest; it cou

refresher courses schedule. Classrooms

At the rime the final examination is produced,

present manual sclution situation, the courses that every
student is going to take during the next quarter is nct

deiinitely determined. Students have the opportunity to modify



their program during the first two weeks of the guarter. The

cropertion of stu<snts that made some kind of modification to

rneir programs d .ng the £irst two weeks ¢:

guarter was approximateiy 30%. The possible conflicrs

arise in the final examiration schedule kbecause of these
modifications are dealt directly by professor and students.
If the final examination scheduling could be postponed until
he second week of a quarter, better informaticn on
s course enrollment would be available and these late

caticrs could be taken into account.

Identify Quality Measures
The computer-assisted scheduling provides a means to
the sensitivity of different measures of effectiveness

to different input. Some MOEs of interest are difficult tc

ckrain om the marual solution. It is easier to ccnstruct
statistical measures with a computer pregram than recuest
from the schedulers.

7

Impact of Using Three Non-consecutive Periods a Day
Currently four exam periods a day are being used by
the schedulers and these are alsc the periods used by the
program developed in this thesis. This is not a rigid
censtraint but a convention adopted by the schedulers. The twc

hour pericds currently used begin at 080, 135C and

1560. sSince koth professors and rooms require at least an

expty period of one hour between exams, this means that both



can pe scheduled at most two examinations a day, one in the
ancther in the afternoon. The benefit of the

is related to students conflicts

in which to sclve students exam

iliy true. Students can be scheduled IZor back-ro-

rack exams, althcugh this is considered a bad solut

tney cannot be assigned mere than twe examinations in a day.

Su assigning ro a student two examinations in the morning, not

pena.izes the quality of the schedule but it also

prevents any examination far them to be sched in the
Given the daily time frame of C80(0-170f, it might

toc work with three non-consecutive periods a day,

#G0-1600, 1100-1306, 1400-16C0. Another interesting

possibility to explore is the benefits given by an increase of

8. Degree of Room Utilization
know the degree ¢f rcomutilization

for every department to detsrmine

of increasing or decreasing the number of

reoms and ko determine what size of room is needed most.
9. 1Impact of Using Additional Spaces

Tests can ke conducted w

h the computer-assisted

method to determine :the impact of adding additicrnal spaces



such as study rooms, laboratories or conference rooms, to the
1ist of rooms available for final examinations.
10. Impact of Non-simultaneity for all Segments of a

Courge.

One of the constraints implemented currently is that

whnich reguires all segments of a course to have their final

examination scheduled at the same time. What would be the

impact of a relaxation of this constraint on the solution?

this constraint in the program is easy to do.

11. Impact of Students with More Than Four Examinations

e schedulers believe [Ref.7i, that the few students

who have five or rmore final examinations, cause a large

-

rease in the difficulty of the scheduling problem. is of

irrerest to evaluate this impact by constructing a soiution

mits the maximum number of examinaticns aliowed.
12. Bffect of Different Periods each Day

Sin

e the difficulty to get a scluticn sometimes comes

om & room iimitation, sometimes by students conflicts and

sometimes by the no back-to-back constraint concerning

prcfessors and classroom use, it could ke of interest to test

impact of keeping some days with four periods, two in the

@ two in the afternoon, and one or two days wizh

.

hree non-ceonsecutive periods schedule. This schedule would
decrease the zotal number cf periods available, but would

increase the permitted room use from two in a day te tnree in

62



The same 1is applicakle <o

examinaticns a profesor could be asigned in & day.

13. Impact of Changes in the Number of Students.

approximation to future increzs

o
o
0
"
=S

o

=

o

ke dene by increasing i1n the zame

students in

ry course and assignsd

For a ketter study it would ke, prokcably,

e the number of prafessors teaching some

courses.

o
&



APPENDIX A: GLOSSARY OF TERMS

exams - Two exams held in censecutive pericds.

Best_period - The period available tc schedule an exam in

which the partial MGE is optimized. This does not necessariiy
yive the best MOEs for the tatal scheduling sclution.

Classrcom exam capacity - The real cepacity of a room divided

- & two hour period in which & classrocm can

an exam.

Confijicting cpurses - Two courses conflict If they contain at

least a commen student or are taught by the same professor.
Ccurse - A discipline caught by one or more professors, in cne

and reguiring a final examination.

- The personis), assigned to the Registrar‘s

in charge of constructing the final exams

Segmert - When the number ¢f studernts taking a

it necessary to divide chem in smaller grou

different professors and different times or rooms, or

fferent times, each group student

a professor in a period consctitutes a “Ccurse

- The time period, professors and classrooms that

define when, where and by whom an exam is going tc be taken.

ES
&



At this period of time all professors teaching this course

should be free of other commitments. Classrcoms shculd be

every Professor-Exam. All students taking this

free of cther o

exam sh

gations.

Ex.

complexity number - Figure indicatimg the

fficulty of schaduling an exam in relation with others.

Examination Period - A pericd of two hours essigned to caks arn

of a course. It needs Lo be between (800 and 1730 of the

Gays  (Monday through Thursday) assigned for Final

aminations.

exams_week - The four days{Monday through Thurs:

the twelfth week cf a gquarter which Final

cor - Tne set of classroom in the same floor of an acade

nuilding. Twe or more classroom in

crsidered to be close to each cther and are valid Zfor

. assignment .

The situation produced when trying rto

bgzen previc

student

- 2 5" x 8" card on which the

lasses cf a faculty member for the next juarter

There is one £for svery ZIaculty member with

ned during next guarter.

- The classroom in which a Course Segment

during the qu




freassigned period - An exam for which a special reguirament

cf pericd time has been reguested.

- An exam for which a special reguirement of
classroom has been requested.

Erofessor-exam - The exam that a professcr gives

segments of one course he/she is teaching. It requires a
classrcom or set of classrooms independent of other Professor-
sxams, sven in the same course.

Zxam Ciassroom - A set of classrooms assigned tc a

iring an exam period for all his student: the
same course, {could belong to one or More segments) .
Zecular classroom_and Laboratory Schedule Card - & 5" x 8°

the schedule of classes held in the clasrcom

quazter is wrictten. There is one for every classroorm.

asble - The situaticn relative to a classrcom that is

e set of all exams with their professcr

and periods.

Soluzion value - The Measure of Zffectiveness cf the solution

igue - A group of students in tne same curriculum

who take the same courses during the quarzez.

le Card - A 5" x 8" card ¢n which the schedule

of classes of a student clique for the next quarter is

students in rthe same clique have identical

66



Cards and therefore cnly one Card is made

Student
ntaining the names of all students concerned. A =opy is mad

for each student concerned.

been pessinle

- En examination which




APPENDIX B: ACADEMIC DEPARTMENT DESIGNATORS

Administrative Sciences AS

e Courses

Telecommunicaticns Systems Management s
Infcrmazicn Systems Is
Management ¥y
ercnautiszs and astronautics AE

ibmarine Warfare ET

and, Control arnd Communications

nrer Science ls

=lectrical and Computer Engineering =C

onic Warfare EW

Interdisciplinary Courses

Matheratics Mh

Mechanical Ergineering

Materials Science ME

Meteorclogy MR

cral Security Affairs NS

cgraphy

Oceancgraphic Sciences ac

Hydrographic Sciences
Operaticns Research

Cperations Analysis QR
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APPENDIX C: FLCCR PREFERENCES BY DEPARTMENT

cf floor preferences for each depart

decreasing order of preference. The praferences are indicated

by two cnaracters the first one indicates the building and

nd one indicates the flocr in that building. The building

irdicators are:

alligan Hall,

B = Bullaxd Eall,

R = Rcor i,

I - Ingersoll Hall,

= Spanagei Hall,

= GLasgow Hall,

The preferences are:

ARTMENT
ESIGHATOR

K1, H2, I,

is




s2, s3, s4, S1
AE sz, Z2, 13, s2, §3, sS4,
sl, 8B, 31, G3
ST s3, 52, sS4, S1, R2, R1, Bl, B2, .1z, I3,
< s4, s1, o2,
1%, Gi,
s4, 3, . Rl, Bl, B2, Hl, H2, 12, I3,
Ii, Gi, GB, G3.
EC 53, s2, s1, s4, R2, Rl, Bl, BZ, Ei, K2, 12, I3,
11, sz, a3
s3, sz, s4, S B2, 13,
GB, G2
EO s3, sz, s4, S1, Rz, R1, B, B2, zz, I3,




oC $2, 83, s4, si, R2, Rl, I3, 1z, Ii, . GB,
Gl, G3, Bl, B2

GH s3, s4, s1,

ey 83, s4, sl,
Hl, KZ, Bl, BZ

o5 GB, Gi, G3, I2, I3, R2, Rl, Il, S2, S3, S4, s1,
HL, HZ, Bl, B2

FE §1, 82, s3, s4, R1, R2, B1, B2, H1, H2, I3, 12,

RL, R2, Hl, HZ, Bl, B2, 51, 8%,

13, 12, Il.
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APPENDIX D: HIGH LEVEL FLOW CHART OF THE PROGRAM
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APPENDIX E: PERIOD RANKING FLOW CHART
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APPENDIX F: PARTIAL SOLUTION OUTPUT

I

ICIENTS % 1

CEF!

FCR THE SET

PERIO monday (80C

C o=
ROOM 3 = G286

OO

RSE
ROCM 1

FACULTY = NS/JC
RICM 2 = G288; ROU
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