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ABSTRACT

This thesis describes research into the consfruction
of academic téaching timetables with the aid of a computer,

After an outline of the-pfoceSs of.producing the
tihetable And a brief review of existing woik in the field
 of timetabling by computer, an idealised pfobléh used in
the more theoretical work and known as the "timetable"
problem" is contrasted with the feal timefabling situation
© in schools. vIt is conCIuded thatbthe timetable problem is
not a close enough approximation tﬁ_the‘réal problem in
British secondary schools for ﬁork baéea-on it to bé capable
of yielding results that are préoticaliy useful., An heuristic
approach based on as full a descfiption of the real problem
as péssible has therefore been adopted. ('l

Possible methods of data storage are examined and
the choice of an original method for use in practical
development work justified, The various algorithmic Processes
involved in timetable construction are discussed from a
theoretical point of view, The remainder of the thesis deals
with the computer timetabling system whiéh has been developed
and the investigationsfcarried outvand results achieved with
this system;

To be successful the solution of a timetabling problem
almost invariably requires some déparﬁure from the original
. problem épeoification. Anvimportant part.of,this research
.has beeﬁ the developmeht of a fully interaétive version of
'the.timetable COnstructiohvprogram. In this system, user
and computer cooperate in the solution process, with the user

able to modify the problem when necessary in the light of his



-3 -

ewn knowledge and experience and of the detailed
information’oh the current partial timetable presented
by the computer.

I£ is concluded that computer’timetabling is now
technically'feasible at an economic cost. Man-cemputer
interaction in this field offers new possibilities
’whieh_shbuld be further investigated. -

The erifical survey of storage structures and
aléorithms, the basic concepts ﬁnderlying the time-
rtabling‘system produced, particularly the interactive
features, are all believed to be original ana to meke
a significant contribution to knowledge in this field.

Dependence onrthe work’of others; wherever

appropriate, has been explicitly stated in the text.
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GLOSSARY OF TERMS

‘Certain terms are used in this thesis in a
specialized sense and it is important that the meanings
of these terms are appreciated>from the start. They are
divided into four groups: time elements; resource elements;
elements:involving combinations of time and resources;-and'
miscellaneous-ﬁerms. |
TIME ELEMENTS -
1) Period

The period is the smallest indivisible time element
in the timetable and is used as the basic unit of time; In
a British secondary schoolla period is typically 40 minutes,
although all periods in one timetable need not be of equal
duration.
2)' Week, day

The week~is the duration of the'timetable,
typically 35 tor40_perieds. Normally this will occupy a
real week, but this is not neceséarily the case. A week
may be divided iﬁto a number of days each comprising 7 or
8 periods in a typicai_school.
RESOURCE ELEMENTS
3) Class, teacher, room

A class is any group of one or more pupils which
can be treated as an indivisible'unit fer timetabling

purposes. The terms teacher and room are used in their

normal sense, except when qualified by the term multiple
(see 8).
4) Resource

A general term covering classes, teachers and
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rooms.
ELEMENTS INVOLVING‘COMBINATIONS OF TIME AND RESOURCES
5) Lesson, subiject

A lesson involves a teacher (or a team of
teachers) teaching one or more classes in one room for one
or more consecutive periods. The term subject is used to
ihdicate a prescribed aréa of study.
'Example

It has been decided to timetable simultaneously
a set Qf‘three optiohal subjects, Biology, Latin and Art,
available to the Vth form of d'school. Thé Vth form is
divided into two classes Va and Vb. Two double period
lessons and three single period lessons are required
during the week for each subject. Miss Smith takes |
Biology in the Biology laboratory, Mr. Jones takes Latin
in any non specialist classroom and Mrs.'Wilks‘takes Art
in the Art room.
6) Event e(i, z), duration, association

An event e(i, z) is a lesson, or group of lessons
occurring simultaneously, belonging to thé ith requirement
(see 7) for a duration of z consecutive periods. In the
above example the simultaneous occurrence of a doﬁblé
period lesson of Biology,‘Létih and Art constitutes a
double period event. An event will normally be regarded
simply as the time coincidénce.of a speéified set of
resources, withou£ regard to breakdown (if ggy) into

lessons. Thus any event in the example is associated with

the following resources: Miss Smith, Mr. Jones, Mrs. Wilks,

Class Va, Class Vb, Biology laboratory, Art room and one

room from the group of non specialist classrooms.
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7) Requirement 0, Value m(i)

A réquirement 3 is a specification of the number
and durétion.of a set of events e(i, z), all of which are
assdciated with the same resources. Thus a requirement is
associated with the same set of resources as each of the
events which comprise it.

The value m(i) of a requirement Py is an'ordered'!
n-tuple showing the number of eventé of duration 1,2,3,...,n
which have to be scheduled during the week for that :
requirement. The_dimension of the:n—tuplevis the maximum
duration of any event in the entire problem. If this is
5 périods, say, and pi comprises 3 single period events
and 2 double period events, as above, then m(i)'=<3,2,0;0,0>.
8) Resource groups, multiple resources \

Sometimes an event may involve a number of resources
which are not specified uniquely but must be selected from
a groﬁp of resources which are equivalent for thiS‘purposé.
‘Such a group of resources is defined as a resource group
and is usuélly designated by the type of resource involved,
for example room group. In.the example after 5) above, the
Latinvlessohs take place in one room.selected from a room
group, which in this case includes all the non-specialist
classrooms.

| A multiple resourée, always designatéd by type, is
a set of unique resources (see 9) of that’type associated
with an event., Thus Miss Smith, Mr. Jones and Mrs. Wilks
- constitute a multiple teacher.
9) Unique resources, selectable resources

A unique resource is a resource uniquely associated

with a requirement in its specification; a selectable
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resourceAis‘one which has to be selected from a resource
group. In the example Mrs. Smith, Mr. Jones, Mrs. Wilks,
Class Va, Class Vb, Biology laboratory and Art room are
unique resources while the room in which the Latin lesson
is due to take place is a selectable resource.
lé) Event period, teacher period

| The event period ahd the teacher period are units
of activity in a timetabling problem. An event period is
the occurrence of one event for one period, while a
teacher period denotes one teacher teaching éne or more
classes for one period. In the example, each of the double
period events involves two event periods and six teacher
periods.

11) Clashing requirements, tight sets, nearly tight sets,
open sets ' ‘ ‘

Two redquirements Pi and pj are said to clash if
an event of Ps cannot take place at the»same time as an
event of pj because the two requirements are associated
with one or more common unigue resources. A tight set of
requirements is a set of requirements iﬁ which each member
of the set clashes With every other member. The require-
ments uniquely associated with any one resource, for-
example, form a tight set. A nearly tight set is a set
of requirements in which every member clashes with every
other member or every othef member but one. An open set
is any set of requirements which is neiﬁherrtight nor nearly
tight. |
MISCELLANEOUS TERMS
12) Available, suitable

When used to qualify a resource and a period, the
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term available means that the resource is free to be
committed to an event at that period. The term is also
used to qualify a period or set of periods and an event
or requirement. A set of periods {p, p+l,...,p+z-1} is
said to be available for an event e(i, z) or a reqﬁirement
bi if all the unique resources, and enough.selectable
resources belonging to appropriate groups associated with
this event, or this requirement, areravaiiable at each of
these periods. The same set of periods is said to be
suitable for an event e(i, z) if the insertion of e(i, 2z)
at these periods would be acceptable from all points of
view other than resource availability.
13) Conflict, forcing situation

A conflict is said to exist whenever, at any stage
of the construction of a timetable, the partially constructed
timetable is incompatible with a satisfactory final solution.
A forcing situation is said to exist at any stage of
timetable construction if at that stage it can be shown
that all but one of a number of possible alternative steps
will give rise to a conflict.

14) Normal distribution (This term and its definition are
due to Johnston [22]%*).

Events of a requirement are said to occur in a
timetable with a normal distribution if on any day d there
are h events of this requirement (h > 0) and on any other
day there are k events (k > 0) and lh - k| < 1, for all

days d in the week.

% Numbers given in square brackets refer throughout to items

in the list of references on pages 237-240.
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CHAPTER 1 - INTRODUCTION

-l.l The timetabling problem in British secondary schools

This thesis describes research into the con-
struction of academic teaching timetébles with the aid of
a computer. It is primarily concerned with the time-
tabling problem in British secondary séhools, which in
outline is as follows. Given a curriculum spedifying
the courses to be run at the various levels in the
school, the allocation of pupils and teachers to courses,
a defined time étructure with the teaching week
typically subdivided into 35 to 40 periods of about 40
minutes each, and information about the material
resources (rooms and equipment) available, to implement
the curriculum by producing a timetable showing when and
where every lesson isrto take plaée. A universal
constraint is the need to avoid timetabling a person to
be in two different places simultaneously ér two groups
of people to be using the same indivisible facility at
the same time. In addition, most schools have an agreed
pattern of operation covering such matters as avoiding
a high concentration of any subject in any one part of
the weék, and the need for double and triple period
lessons for certain subjects.

The timetabling problem has been successfully
handled in the past by head teachers or senior members
of staff using fairly rudimentary aids, confined in the
main to pencil} paper and rubber.

Recent trends towards comprehénsive reorganis-

ation of the British secondary school system have led to
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larger schools and the desiré for ever greéter
flexibility in schools' curricula so that the education
provided for each pupil matches his aptitude and ability
as far as possible. These developments have increased
the timetabling problem considerably, and indeed the
difficulty of timetabling in such situations is an
important factor in limiting curriculum development.
In his recent book on school organisatioh, Davies [9]
writes
“.....; given a research project of a reasonable oraer,
rules could be generalized by which to devisé economical
means of computerising school timetables from models
produced by headmasters. Until this has been achieved,
«+«.., the comprehensive school is hardly likely to

become the subject of widespread and bold experiments

n
. e 8 0o -

The construction of school timetables appears to
be a natural problem for a computer, and computer
assisted timetabling has attracted attention from the
earliest days of automatic digital computing. In a
British context serious published work dates from the
1961 paper of Appleby, Blake and Newman [2]. Work on
computer timetabling for schools has continued in many
‘parts of the world, the nature and difficulty of the
problem varying from country to country with local
conditions. In the United Statés,'where_the problem is
‘quite different from that in Great Britain, a good deal
of success has been achieved and computefs are widely

used. Until very recently, little real success had
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been achieved in applying computers to British schools
and indeed no British school is yet using computer
produced timetables on a regular basis. The Institute
of Computer Science of the University of London has been
intereéted in this field for the past 7 years and the
present work follows naturally from the lines of
reséérch previously adopted at the Inétitute.
1.2 Related problems

All problems involving the scheduling of meetings
of any kind have a dgeneral similarity with the timetabling
problem in British secondary schools. To set this work
in context the more obviously related problems are
outlined below.

1.2.1 American High Schools

A large proportion of American high schools run
a pupil based system in which evefy pupii has a very
wide choice of optional subjects open to him. Also,
unlike the great majority of his British counterparts,
the American high school pupil may have as much as 30%
private study or "unstructured time".

The starting point for timetabling, or scheduling
as it is known in the U.S.A., is a list of courses to be
offered. A number of sections is allocated to each
course, depending on the number of pupils éxpected to
opt for it, and teachers are then allodated to each
section. A master_timetable or schedule is now created
which takes explicit account of teachers and rooms only.
~If this is done by hand the scheduler will know from his

experience many of those combinations of sections which



should not be scheduled at the same time. The final Step
is to schedule each pupil by presenting his subject
choices to the master schedule and attempting to allocate
him tb a section of each of his chosen courses. This
procedure normally allows some modification of the master
schedule in order that asrmany pupils as possible may be
satisfied, particularly in respect of important subjeéts.
Those who cannot be allocated to any section of one or
more of their chosen courses are asked to change their
choice.

The scheduling of the individual pupils, known
as sectioning, is a most laborious task whén done by handk
and is a very suitable task for a computer. A number of
successful computer scheduling and sectioning systems
are running in the United States. x
1.2.2 European schools

Most European schools have a broadly similar
structure to British secondary schools but with rather
less individual specialization and consequently fewer
complications with regard to choice of subjects by
students. One computer timetabling system is already in
operation in Nérway [36], and has produced timetables
for a number of schools in Scandinavia.
1.2.3 Universities and Polytechnics

Universities traditionally present é less
intrinsically difficult timetabling problem than schools
for two main reasons. Firstly the loading on resources
in terms of timetabled periods per week is usually much

lower, and secondly most students pursue specialized

courses with teaching mainly in only one department.
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Timetables can therefore usually be compiled on a
departmental basis. In recent years, however, the growth
of degree courses cutting across traditional departmental
boundariesAhas tended to complicate this picture somewhat.
Computer programs capable of generating workable University’
timetables have been produced [20, 36] but these are not

- widely used.

1.2.4 Technical colleges

Technical colleges often present a more complex.
timetabling problem than Universities. The loadings on
students and teachers are higher and an additional factor
is the presence of part-time and day release courses
which impose very severe time constraints on the time~
tabling problem. It is believed that no British
technical college uses a computer to produce its timetable.
1.2.5 Short course establishments ‘ - -

As a general rule in the institutions described
above the timetable repeats itself regularly and usually
on a weekly cycle. This is because they are concerned
with what may be called long courses lasting a term, a
year or more. There are, of course, many exceptions to
this rule. Extra-mural departments of Universities,
for example, run a number of concentrated courses on-
particular topics for durations as short as three days.
The main timetable of the institution, however,‘is not
normally affected to any marked degree by such activity
within one department. There are many places, however,
where such courses make up a large proportion of the

instruction, and in some cases all of it, for example:
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training establishments in the services, industrial
training centres, business schools, and computer training
schools.

Short courses are structured very differently
from long courses. Usually successive weeks of the same
course have quite different timetables and such courses
- make ﬁery precise demands on facilities and resources.
The order in Which formal lessons, practical work,
discussion periods, private study and so on occur is
normally critical. Short course establishments usually
have a combination of different courses running simul-
taneously and the establishment itself, and more
particularly depaftments and sets of resources within
the establishments experience peaks and troughs of
activity which can be quite marked. As far as is known
no short course establishment in Great.Britain,uses a
computer for timetabling.

1.3 The preparation of the curriculum

There are two main stages in the production of
a British secondary school timetable. The first is the
preparation of the curriculum, which defines the problem
for the second, the timetable construction phase.

A number of fundamental deciSioné governing the,
framework within which the timetable must{operate have
to be made by the head §f the school before he can start
to prépare the curriculum, even though difficulties met
inbthis and subsequent phases may force changes in
these decisions. The number of periods in the teaching

week is one such decision.
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The curriculun defines the courses to beAmade
available to the pupils in the school. Its preparation,
thoroughly discussed by Davieé [9], is a most important
phase and is a valid subject for research in its own
right. However, it is only relevant to the current work
to the extent that it playé_a vital part in defining the
.probiem which the timetable construction phase has to
solve.

| The VIth form pupils are normally offered a wide
choice of subjects to be taken eiﬁher at advanced ievei
or for_general study. With the tendency towards larger
schools with larger VIth forms, this element of choice
presents increased timetabling problems and at present
many schools arbitrarily restrict the allowable combin-
ations of courses in order to make timetable construction
by manual means a manageablé'operation.

Once the courses and groups of pupils taking
each course have been established, the assignment of
teachers and specialist rooms to individual courses
takes place. A basic rule of curricﬁlum preparation is
that no teacher, room or pupil can be occupied for more
periods than there are in the teaching week. This is a
necessary, but not a sufficient condition for the exist-
ence of a timetéble for any curriculum.

1.4 The timetable construction phase

A'completed timetable must specify when and where
every lesson is to take place. Normally the "where"
element is established either before or after the "when"

element. The allocation of specialist rooms to lessons




-22~-
isipart of the curriculum preparatitn stage, while non-
specialist rooms are usually allocated to lessons once
the time for each lesson has been determiﬁed.

For a small school with few optional subjects and
where a well established pattern has developed timetable
coﬁétruction is not too difficult a problem, although
it can easily fake an experienced member of étaff two
or three weeks. In a large school or one where the head
wishes to introduce extensive changes to the curriculum
it is an exceedingly laborious task which can easily
take two or three months' effort by a senlior teacher,
often the deputy head.

The manual method described by Lewis [26] is to
keep track of all resources continuously on large sheets
of paper or cardboard so that at any time it éan be seen
how any class, teacher or room is occupied at any
period iﬁ the week. The first step is to mark part-time
staff as not available for appropriate periods. Then
various "preassigned" events are inserted, for example,
those based on radio or television progrégg“%hich must
occur at specific times. The timetabling of the bulk
of the events which are not so heavily time constrained
can now take place.

The complex interactions between the various
~elementé in the timetabling problem makeg it necessary
for most people to work one step at a time and since it
is difficult to foresee the effeét of any step on future
possibilities, this limitation makes the selection of

each step most important. The essential questions are:
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1) Which event 18 to be inserted next?

2) At which period or set of periods isj?o be
inserted?

It is worth noting that if a "correct" answer
could always be found to question 2) then question 1)
would be unimportant since insertions would always be
made in a way compatible with a satisfactofy final
timetable. However, no method of insuring this has yet
been found and the order in which events are selected
for insertion remains most important. Fortunately, the
person constructing the timetable has his own experience
and that of others to guide him in this selection. The
general rule is "difficult before easy" and Lewis
amplifies this by suggesting categories of events likely
to prove especially difficult, for example, VIth form
events, those events belonging to sett#ed subjects and
those events which are associated with heavily used
specialist rooms. General rules of this'kind, however,
are not always applicable in particular circumstances.

Once an event has been selected for insertion a
period or set of periods must be chosen for it. It may
be that the state of the partial timetable is such that
no choice is possible; where this is not the case a
number of criteria govern the selection. Thesé criteria
fall into three main groups as follows:

1) Obligatory or nearly obligatory rules based

on educational considerations, such as the
need to spread lessons of important subjects

evenly over the week or to avoid interrupting
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multiple period .events by a long break such
as lunch.

2) Desirable educational features: for example,

- many schools try to avoid having Mathematics
~lessons in the last period of the afternoon.

3) Constraints based on personal preferences: |

for example, married women teachers often
prefer to be free for the first and last
periods of the day if possible.

In general groups 1), 2) and 3) are in descending
order of importance.

Frequently it is found that an event dahnot be
inserted because there are no suitable and available
periods for it (glossary 12). 1In this case there are
three options open: attempting to remove the difficulty
by amending the partial timetable to permit insertion
of the event; modifying the problem in some way perhaps
by relaxing one of the original constraints; adopting
some combination of the two previous courses of action.

Once the time for every event has been decided,
the timetable is completed by alldcating appropriate
non-specialist rooms to lessons.

Inevitably, there is interaction between the
curriculum preparation and timetable construction
phases. Minor changes to the specification of the
timetabling problem during the construction phase are
almost‘inevitable. Difficulties during timetable
construction may also cause major alterations to the

curriculum, particularly if the desired curriculum is

substantially different from that in operation the
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previous Year.
1.5 The role of the computer

Timetable construction is, in the main, a
meéhanistic process which involves keeping check of the
many different elements of the problem. This type of
process is, in principle, weil sﬁited to a computer.
If computers can produce satisfactory iimetables at an
economic cost then much time and effort of senior
members of staff could be saved by using computers in
the construction process.

Apart from this direct benefit in the timetable
construction phase itself, a computer timetabling
system could help at the curriculum preparation stage
by enabling the detailed implications of different
approaches to the curriculum to be examined. It may
also be possible to place fewer restrictions on‘pupils‘
choice of subjects. At the level of the educational
administfator such a system might enable the timetabling
implications of various possible developménts in schools
to be examined guickly and the cost of these developments
in terms of resources determined more accurately than at
present.
1.6 Problems in using a computer

The main problem to be overcome before any of the
possible benefits mentioned in 1.5 can be obtained is to
develop a computer program capable of consﬁructing
timetables which a school coﬁld even consider using in
practice. The difficulty in producing such a program

is due partly to the inherent difficulty of the school
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timetabling problem itself, which involves a highly
complex pattern of interactions between requirements
(glosséry 7) and resources, with most resources occupied
for every period or nearly every period of the week.
Then there is the difficulty of describing the problem
to a computer program,vparticularly those aspects which
‘are difficult to define precisely. Furthermore certain.
features of school life such as the existence of
specially awkward classes of pupils, and the need to
avoid téo concentrated exposure of one teacher to such
classes may be difficult even to admit explicitly!

In any given timetabling problem most of the
rules and constraints can be violated under exceptional
circumstances. When a human being constructs the time-
table he can, when such circumstances arise, decide
which of the possible departures from the original spec-
ification are acceptable, possibly by reference ﬁo his
colleagues. The use of a computer for timetable
construction, however well designed for the purpose,
inevitably introduces a degree of inflexibility, owing
to the iimitations of current techniques of man-computer
communication.

Cost is clearly an important consideration. 1In
general, the use of a computer fof timetabling will
involve clearly identifiable additional expense. This
is not easy to justify in view of the heavy pressure on
educational budgets and the fact that the main direct
benefit of using a computer is a saving of time of staff

who would be employed anyway. Thus a gquantifiable cost

has to be set against a largely unquantifiable benefit.
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Nevertheless, the author has been told that some local
authorities would be prepared to spend up to £200 per
school on a computer produced timetable.
1.7 Survey of existing work \
" In 1968 Folkers published a comprehensive
survey of work on computer timetabling up to that time
in a repert entitled "Timetable Construction by Cemputer"
[15]. His report forms the starting point for this
brief survey. |

Folkers, while acknowledging the difficulty of
giving a clear cut sub-division, identifies three main
categories of published work on computer timetabling.

1) Primarily heuristic methods.

2) Methods based on existence conditions.

3) Methods using mathematicai models.

The word "heuristie" is widely used in the
iiterature of computer timetabling, and before discuseing
- the first categery it is worth a short digression to
examine the different ways in which the word has been
used. As Norman [32] has pointed out, the word was
originally used with the connotation of discovery. It
was in this sense that Archimedes used it when he leapt
oﬁt of his bath on discovering a way to determine whether
or not the gold in Heiro's crown had been adulterated.

A more recent use of the word is to describe a,learning
process, so that a child learns heuristically if he learns
by experiment or by finding out for himseif.

The most widespread use of "heuristic" has the

connotation of intuition or reasonableness: it is in
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this sense that it is iised in the literature on timetabling
to describe strategies and procedures for the solution of
timetabiing problems, the effectiveness of which cannot

be proved analytically.

Folken's first category embraces the predominantly
heuristig approaches which all follow the fﬁndamental
principle of manual timetable construction. That is,
assignments of time periods to lessons of the curriculum
are carried out in a sequence which is determined by
some heuristic criterion concerning the relative
difficulty of such assignments. Several papers falling
into this category are mentioned and the work of Berghuis
et al [3] and Appleby et al [2] are discussed in more
detail as being to some extent representative.

in the second category, based largely on a paper
by Gotlieb [16] published in 1962, the emphasis is
shifted towards the establishment of conditions for the
existence of a solution to the problem as defined by a
given éet of input data using the techniques of combin-
atorial analysis. These conditions, derived from a
theorem on set representatives by Hall [19], are
necessary conditions only; no sufficiency criteria with
respect to the existence of solutions to timetabling
problems with arbitrary input data have yet been
established. Work on the principles established by
Gotlieb has been continued notably by Lions [27, 28],
who has described the incorporation of a procedure based
on these principles in a practical program for constructing

timetables. This incorporates an heuristic algorithm
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for distributing the curriculum requirements over the
days of the week, with the Gotlieb procedure then
applied to the construction of each daY‘s timetable.

The use of the heuristic algorithm for assigning lessons
to days is made necessary by the very heavy demands on
computer storage made by the basic procedure; this
represents a distinct practical limitation.

In the third category, attempts are made to
translate the timetabling problem into a model amenable
to solution by existing mathematical techniques. The
approaches that have been tried include the represent-
ation of the problem in terms of =8k partitioning,
‘notably by Sherman [33], graph colouring (Welsh [34])
and integer programming (Lawrie [Zi]). The work
described in this category is largely thebretical, and
up to the time that Folkers's feport was published none
of this work had reached the stage at which solutions
to praétical problems could be produced. A difficulty
with these approaches is that the timetabling problem
when formulated as a mathematical model is apt to be
prohibitively large. For the linear programming
formulation, for example, Lawrie [24] mentions the need
for lO6 variables to represent a realistic sized problem:

Since the publication of Folkers's report there
have been'important developments in the field.

1.7.1 Heuristic systems

Johnston's 1970 thesis [22] describes an approach

to computer timetabling based on the successive time-

tabling of events which currently appear to be most
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"difficult". If a conflict (glossary 13) is detected,
that is, no time can be found for some event e(i,z){a
retreat strategy is followed. Events are removed from
the existing partial timetable, on a last-in first-out
basis, until an event e(j,z'") isvencountered for which
a choice of times for assignment exists._ AF_this
pdint e(j,z') is re-assigned to a time different from
that chosen previously and the insertion algorithm
proceeds in the hbpe that the previous conflict in
relation to e(i,z) will not recur.

Johnston's main conclusion is that his method
by itself is not effective. However, he does point out -
its potential if embedded in an interactivé system of
computer timetabling, and this interactive approach,
based on a different detailed strategy, is extensively
developed in the.present work.

A gystem which is in operation in New Zealand
has recently (1972) undergone limited trials in Great
Britain with some success, but no accqunt of the
principles on which it is based has been published apart
from a short summary by Groom in [17].

1.7.2 The work of Michalsen

One of the most important works‘on_computer
timetabling yet produced was published in December 1970
by Michalsen [3I], entitled 'A working strategy for
general school scheduling', the English translation of
which became available in July 1972. This gives a
(detailéd description of the principles of the first

commercially successful computer timetabling systém-in
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Europe. The 5ystem is operéféd by Nordata Software Ltd.,
Trondheim and haé prdduced over 100 timetables fér
schools and colleges in Norway, Sweden and Denmark every
vear since 1970.

Michalsen's approach is as follows. Suppose
that s steps in the alloéation process héve been completéd
and the (s+l)th step is about to start. An outstanding
requirement Py is selected whiéh has the minimum
“degreelof freedom", that is, the requirement Py with
the fewest available periods on any day on which an event
é(i,l) must be assigned. (As far as thé internal
operation of the system is concerned, all events have

a duration of one period. Double period events are

represented by two single period events with an

indication that they must occur consecutively on the

same day. Tripie period events are similarly represented.)
| If there is more than one requirement with minimum

degree of freedom then that which has the maximum number

of clashing requirements (glossary 1l1l) is selected for

assignment. Other factors such as a user assigned

allocation priority may also be used to weight the

selection process in favour of certain requirements.

Available periods for an event e(i,l) of require-

ment p; are ranked according to desirable criteria such _

as the need for a normal distribution (glossary 14).

Each period p of rank 1 is then examined and a "clashing

picture matrix" M generated for each, covering all

periods q and outstanding requirements pj Where'M[q,j] =1

if an event e(j,l) could be allocated at period g now
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but not after the aSsignment of e(i;l) to period p, and
O otherwise.

This clashing picture matrix is used to update
a "freedom pictgre matrix" FPM for each period p where
FPM?[q,j] = 1 if an event of p, can be allocated to
period g and O othérwise. Each FPMp is now examined
to establish whether or not certain necessary conditions
'fbr existence are satisfied. The most important of
these is that for every tight set of requirements
(gldssary 11), the number of periods for.which at least
one requirement bélonging to the set is available
(glossary 12) is not less than the total numbér of
outstanding event periods (glossary 10) for all the
requifements in the set. These conditions.are
extensions of the necessary conditions established by
Gotlieb [16] for the existence of a solution to a much
simpler class of problem.

If no period p of rank 1 satisfies the necessary
conditions, then the process is repeated for the periods
in rank 2 and so on. If no period can be found in any
of the ranks the event e(i,l) is removed from the
problem and manual adjustment is necessary. If only
one period is satisfactory then this is selected fér
the aséignment of e(i,l). If more than one period p
: satisiiés the necessary conditions, a measure of the
degree'to which the assignment of e(i,l) to p would
cause loss of freedom for future allocations is computed
for each such p and the period which minimizes this

function is selected for e(i,l).



—-33~

The cycle described is theﬁ repeated for the
(s+2)th step unless a forcing situation (glossary 13)
exists in which case the necessary forced assignments
are carried out before the complete cycle is repeated.

The system is highly successful in its application
to the:timetabling of Norwegian schools. These schools
do not appear to present such a difficult timetabling
problem as British grammar and comprehensive schools,
for two reasons. Firstly they do not have the same
complicated pattern of optional subjects which make
many British secondary schools so difficult from a
timetabling point of view; and secondly they ﬁave a
more flexible time structure with an optional period
at the beginning and end of each day which may be used
in the last resort when tiﬁetabling difficulties bccur.
Despite this there is every reason to believe that the
system, or a modified version of it, would be successful
in Great Britain and indeed one satisfactory trial has
already taken place on a grammar~-technical school in
South Shields [13]. | |
| However Michalsen's method is based on a
combination of exact and heuristic principles and is
not completely general, particularly in regard to
multiple period events, and manual adjustments to the
timetable produced are often necessary. The computer
program is large, some 15000-20000 FORTRAN statements,
and the number of data variables for a school with 20
classes is between % and 1 million, although a high

proportion of these are logical variables requiring
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only single bit storage. Such a program requires a’large
computer systeﬁ and approaches making less expensive
demands for facilities must be worth investigating.
1.7.3 Mathematical models

In a doctoral thesis De Werra [11] examines a
graph theoretic approach to timetabling and describes
a program, EHOR, to construct timetables. Tﬁis program
works through the periods of the week in order,
selécting‘the most favourable combination of events for
assignment at each period. A network is constructed
initially with a node for each class éi and teacher tj'
and an arc representing every meeting of (ci, tj) that
must occur in the timetable. Every arc is allocated a
cost,bwhich is the sum of the "margins" of the
individual resources (ci and tj) and the (ci, tj)
requirement. De Werra defines the margin of a resource
or a requirement as the difference between the number
of pefiods available and the number still to be assigned
to it. That combination of events is selected for each
period which has the minimum total cost, by solving a
least cost flow problem. As each event is assigned the
corresponding cost is set to infinity so that it will
not be reassigned at a later period.

"Unfortunately, while simple one class - one
teacher events can be represented on a network in this
way, more complex events cannot and so De Werra has to
use a two stage algorithm in EHOR. For each'period Ps
the first stage assigns as many "complex" events as

possible and the second selects the optimum combination
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of‘simple events as above. De Werra has‘been foiced
into the same strategy as Lions [27, 2@]; A theoretically
elegant and powerful algorithm has been developed but
/it can only deél with events capable of being described
in terms of this algorithm. Other events must be
catered for by some other heuristic process.
 Dempster [10] has published a paper on a graph
colourihg approach to timetabling following Welsh [34]
and further papers have been promised.

Apart from the question of the size of the
prbblem, already mentioned, a serious drawback of all
the more theoretical work in the second and third
categories is that the problem has to be idealized in
order to make it amenable to solution by the appropriate
technique. 1In his paper Dempster defines such an
idealized problem and calls it the "timetable problem".
All the more theoretical work in this field is based
on the timetable problem or limited extensions of it.

It is therefore appropriate to examine the extent to
which it models the real £imetabling problem in British
secondary schools in order to assess whether an approach
based on the timetable problem is likely to yield useful
results in such schools. A comparison between the
timetable problem and the timetabling problem is given

inAChapter 2.
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CHAPTER 2 - THE "TIMETABLE PROBLEM" AND THE'TiMETABLING
PROBLEM

- This chapter discusses the relationship between
the mathematical problem known as the timetable problem
[lQ] and the problem of constructing a timetable in a
 rea1 school, to be called the timetabling problem. The
timetable problem is defined, compéred with the time-
tabling problem and its practical value assessed.

2.1 The timetable problem

The timetable problem may be represented as a
bipartite multigraph, see figure 2.1, with m classes
cy (ieM={1,2,...,m}) and n teachers tj (jeN={1,2,...,n}),
forming two disjoint sets of nodes, which are conhected
by edges wherever the corresponding class and teacher
must meet. Mﬁltiple meetings give rise to multiple
edges; If there are p periods in the timetabie the
'problem consists of finding a label k, (k=1,2,...,P),
for every edge subject to the restriction that no two
edges incident to a given node have the same label,
that is one teacher can meet at most one class at any
one period and conversely one class can be taught by ét
most one teacher at any one period. The basic problem
may be modified so that in the initial state certain
edges are already labelled, corresponding to preassigned

‘meetings.
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Classes Teachers Classes Teachers

a) The problem in its b) A possible solution

initial state with cl

and't2 preassigned to

to the problem

meet at period 2

' Pigure 2.1

A three period, three class, four teacher timetable

problem represented as a bipartitégmultigraph;

Following Dempster [10] an equivalent definition
involving matrices is as follows. The basic timetable
problem T (R) concerning m classes c; (1ieM) and n° teachers

tj (jeN) is specified by an m x n requirements matrix

R = tp(i,jX] whose (i,]j) element is the required number
of meetings of class cy with teacher tj' Of course R
is just the adjacency matrix of the corresponding
bipartite multigraph. The minimum number of periods in
which a timetable can possibly be impiemented is p,

where p is the maximum of the row and column sums of R.

A solution S to T(R), that is a complete timetable, if

/
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one exists, can be represented as an ordered set of
Pmxn matrices S, (ordered by period k (EePi{l,Z,...,p})).
The sum of each row and column of the period matrices
Sk is at most 1 so that they are sub-permutation matrices.
This expresses the condition specified previously that
one téacher can meet at most one class at any one periodh
and vice versa. | |

~This basic problem may be modified by the inclusion
of a set of preassignments which may similarly be
specified as a set ofvprsub-permutation matrices
', (keP) subject to the restrictionsgfl ', < R.
Example. B

Note: this is the same problem as illustrated in

figure 1.
1 1]
R = |1 10
001 2]
[0 0 0 O] 0100 0000
s'; =]0000 s',=10000 s'é = 0000
|0 0 0 Of 0000 0000Q

A possible solution to the problem defined by the

requirements matrix R and the preassignments specified

1 ol ] 1
by S 17 S 2 and S 3 is
0001 [o100 1000
sl = |01 O Of szf= 1000 s3 = 0010
0010 0001 0001

2.2 A possible extension
It is possible to extend the scope of the timetable

problem by the creation of dummy classes and/or teachers.
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For example, suppose a teacher tj is not available for
assignment at a particular period k. A dummy class c;
can be created and the corresponding element s'k(i,j)
of S'k set to 1, thus making teacher tj not available
to meet any real class at this period.

In a real timetabling situation it is often
necessary for a teacher to meet two or more classes
‘together, apparently contravening the single teacher
éingle class rule mentioned in 2.1. This difficulty
can be removed with the use of dummy'resources,‘
teachers in this case, provided that the corresponding
events can be preassigned. Suppose teacher tjimust
meet classes cil, ciz and ci3 at the same period. This
can be arranged by creating two dummy teachers tj2 and
tj3 and preassigning the following meetings for period k:
c, meets t, , c, meets t. and c. meets t. . This

t1 1 A2 J2 3 13
will ensure that the three real classes are all
availablerto meet tj at period k.

2.3 The timetablinglproblem

It appears to be impossible to find a rigorous
definition of the timetabling problem which is
sufficiently general to embrace the special conditions
and constraints of every school. However, a definition
which covers a broad spectrum of real timetabling
problems is as follows.

A set of réquirements R ='{pi}, i=1,2,...,~is
to be.implemented over a week of P periods, given a

set of resources Q ='{yi}, i=1,2,...,¥Y. Each require-

ment P is specified by its associated resources and
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- i1ts event pattern, as described below.
Associated resources

With Py is associated a set of resources,

yil, yiz,...,yin.
Each resource may be either unique or selectable
(glossary 9).
Eventlpattern
’Requirement Py has a value m(i) (glossary 7)
specifying the number of events of each permissible
duration to be inserted into the timetable and given
by m(i) = <ail, L P
where Z is the maximum duration of any event in the
problem and aij' j = 1,2,...,Z,is the number of events
of duration j for requirement Py
Let there be associated with R a two dimensional
/’x P timetable matrix T = [t(i,p)] which is updated

as timetable construction proceeds and whose (i,p)

element can take one of three possible states:

o 1if an event of requirement Py has been
inserted at period p.
B if it is still possible to insert an
event of requirement Py ét period p.
Yy 1if it is no longer possiblé to insert
an event éf requirement Py at period
p for any reason.
Also associate with R a two dimensional A x 2
clashing matrix X = [x(i,j)] whose (i,j) element is 1
if requirements Py and pj clash (glossary 11) and O

otherwise.



i
The initial'stété‘oflthe timetable matrix T
reflects the initial conditions of the problem.f'In
particular:
1) It any resource, Yj say, is not available tq the
timetable at period p then for every requirement
Py ;ssociated with yj the apprbpriate element_t(i,p)
of the timetable matrix is set tb Y-
2) If an event, e(i,z) say, of requirement Py must
start at period p then the event is inserted into

the timetable so that

t(i,q) o

g = p,ptl,e.,ptz-l

and t(j,q) = vy

¥j such that x(i,3j) = 1.

The problem 1s now to satisfy the requirements
specified by R, that is to provide the necessary
selectable Fesources for each requirementrpi and to
insert every event into the timetable subject to the
constraint that an event e(i,z) can only be inserted
into the partial timetable stafting.at period p if
t(i,q) =8, 9 = p,p+l,...,p+2z-1l, and a number of other
constraints of which the following are the most common:

Multiple period events must not start at

certain periods; for example, ﬁhe last period of

the day.

vaents of a requirement must occur in a normal

distribution (glossary 14).

It must be said that the above definition of the

timetabling problem does not express the more specialized
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and subjective constraints which tend to vary from school

to school.

It is sufficiently realistic, however, to

provide a yardstick against which the timetable problem

may be measured.

2.4 The two problems compared

The two problems are compared in table 2.1.

FEATURE

TIMETABLE PROBLEM

TIMETABLING
PROBLEM

l. Duration of
events

2. Number of
resources

3. Types of
resources

4, Selectable
resources

5. Initial
conditions

6; Constraints

Single period eventgMulti-period

only

Single teacher-
single class events
except preassign-
ments using dummy
resources

Two resource
types, classes and
teachers only

No selectable
resources - all
must be unique

Initial non-
availability of
resources and pre-
assignment of
events is possible

Basic timetabling
constraint only

events of which
the single
period event is
only a special
case

Multi-teacher,
multi-class,
multi-room
events in many
cases

At least three
resource types:
classes, teachers
and rooms

The problem has
both selectable
and unique
resources. Many
rooms are select-
able resources in
practice

As for timetable
problem

Two additional
constraints listed
in 2.3. In any
actual problem

{there would pro-

bably be others

Table 2.1. The timetable and'timetabling problems compared.
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The shortcomings of the timetable problem as a
description of the real situation in a traditionally
structured, class based school are not so serious as
might be thought from table 2.1. 1In such a school the
‘great majority of events, perhaps 95%, would be
satisfied by the timetable problem in respect of
features 1, 2 and 5. The shortcoming in respect of -
featgre 3, lack of provision for rooms, is unlikely to
be important, and the absence of selectable resources,
feature 4, will almost certainly not‘be serious. This
leaves the quéstion of additional constraints such as
the distribution of events over the week, and this can
be circumvented as in the Ontario System [27] by some
heuristic mechanism to split the problem into days so
that an algorithm to solve the timetable problem can
treat each day separately. Some meaﬁs has still to
be found for dealing with the comparatively small
number of events which do not conform to the simple
structure of the timetable problem. Lions has a
supplementary algorithm which deals with the assignment
of such events and he splits requirements up into two
groups, normal requirements which satisfy the timetable
problem and special requirements which do not.

Clearly, however, the timetable problem becomes
steadily less relevant to the real situation as the
strﬁcture of the school becomes more complex. In the
County Grammar School for Girls at Faringdoﬁ, for example,
there were 467 events in one timetable of which only

157 satisfied the simple single class, single teacher,
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single period constraint of the timetable problem.

’In Lions's terms there were 157 normal events and 310
special events: thus in such a school the "normal”
event is itself unusual.

While the'majority of British primary schools
and the older secondary modern schools conform
reasonabl?rclosely to the simple structure 6f the
timetable problem, the situation in grammar and
comprehensive schools has diverged increasingly from
it over the last decade, and it is these schools'with
their more complex structure which present the most
difficult timetabling problems.

It must be concluded that the timetable problem
is not relevant to those real timetabling problems
where a computer might be expected to be most valuable.
Therefore, the approaches based primarily on the time-
table problem have not béen pursued, and the heuristic
approach, which can be tailored to cope with the
timetabling problem as described in this chapter as
well as a wide range of variations, has formed the basis

of this work.
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CHAPTER 3 - STORAGE STRUCTURES

3.1 Data storage and computer timetabling

Much of the literature on computer timetabling
centres on- the quéstion 5f solution algorithms. While
clearly this is important, the closely related question
of how the data for the problem is stored is almost
equally so, but has received considerably less
emphasis. Certain types of storage strﬁcture
facilitate one algorithmic approach but make others
difficult or impossible; others{imposé severe
restrictions on the size of problem that can be tackled.
It is believed that the importance of storage structure
in the field of computer timetabling has been under-
estimated and that an evaluation of the possible
methods of data storage is overdue. Cartesian storage
structures are pre—éminently suitable for the functions
required in the heuristic approach to computer time-
tabling and emphasis is placed on these structures in
the following discussion.
3.2 Essential features

The storage structure must be capable of storing.
the specification of the problem including the |
association between requirements and resources, times
when certain types of event may or may not start,
preassigned events and the initial availability or non
availability of resources. Provision must also be made
for’reéording“the following information, either explicitly
or implicitly, during timetable construction:

1) The assignment of each event to a specific time,
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that is to oné or mofé consecutive peridds.'
The possible times for assigning events not yet
in the timetable. Lions [28] calls this

information the opportunity list.

_The selectable resources which have been

associated with each event. ‘For the purposes
of this chapter it will be assumed that only

rooms can be selectable resources.

3.3 Desirable features

In addition to the essential features described

in 3.2, there are a number of desirable features in a

storage structure, as follows.

1)

2)

3)

Economy of storage. It is important tﬂat the
storage structure is economical in storage,
particularly those parts of it which are
frequently accessed or updated during the
construction process and which should therefore
be held in core store. It may be possible to
overlay some of this data from direct access
backing store, but this leads to significant

and sometimes unacceptable increases in running

time.

Simplicity. The storage structure should be
simple to understand to facilitate system
development and modification.

Rapid access and updating. The time taken to
constructia timetable for a given problem depends
on the number and duration af the operations which
have to be carried out. To reduce this number,

and hence the time, is clearly a desirable aim.
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In certain parts of the construction process the

algorithm used and particularly the interaction

between the algorithm and the storage structure

determine the number of operations of various

types that have to be performed for any given
problem. In these areas there can be no absolute
comparison between déta storage methods since a
comparison is only valid in relation to a particular
algorithm. However, in certain—parts of the
construction process, notably the insertion of:an
event into the timetable at a given period, the
operations depend entirely on the storage structure
and so a valid comparison can be made;

Flexibility. The storage structure should be
capable of describing as many different variations
of the timetabling problem and as many different
types of constraint as possible.

Transparency. The storége structure should not
artificially obscure the characteristics of, and/or
the possibilities inherent in, the real problem.
Fof‘example, suppose an event e(i,z) involves the

meeting of class <1 and teacher tl' If the storage

structure stores the activities of cq and tl

explicitly, an algorithm could, as a last resort,
allocate another teacher, t, say, to this event if
the (cl,tl) meeting was found to be impossible to
arrange. If, however, the link between e(i,z), N
and t, is stored implicitly, as in one of the
storage structures to be discussed, this possibility

does not exist.
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3.4 Possible storage structures

It is not practicable to examine all the possible
ways of storing all the data for a computer timetabling
problem. In this discuésion attention is focussed on
the parts of the storage structure which are required
to store the information mentioned in 3.2 which mustvbe
recorded as the construction process proceeds. Four
methods of daﬁa sﬁorage representative of the various
possible approaches will be examined, to be known for
the remainder of the thesis as storage structures 1 to
4. The first two are based on resources, one holding
the class timetable explicitly plus the availability
of each resource, and the other,»deriVed from Gotlieb's
approach to the timetable problem, stores the avail-
ability of each resource and the scheduled meetings
of combinations of resources in a single large array
corresponding to the matrix of 2.1. In the other two
methods the emphasis is transferred from resources to
requirements, to a differing extent. Storage structure
3 represents a half way stage in which the timetable
is held by requirement, but resource availabilities
are also stored explicitly, whereas storage structure
4 holds the timetable, together with the implicit
~availability of resources, by requirement as a single
array-.
3.4.1 Storage structure 1 - the class, period array

Variations of this storage structure have been
used exteﬂsively in past work, for example by

Barraclough [4]. The timetable is stored in a two




- ~49-

dimensional CxP array‘f, whHéré T[j,p] has two items
namely the teacher and the room for class cj at period p.
A two-dimensional availability array A is also required,
where A[j,p] gives the availability of resource yj at
period p.
3.4.2 Storage structure 2 - the four-dimensional array
In this method, adopted in principle by ébtliebr[lG],
the timetable is held as a four dimensional C X T X R X P
array V, where V[j,k,m,p] is set to 1 when class cj and

teacher t, meet in room T at period p. In fact the

k
demands of this structure on storage are so great that
no one has suggested using it exactly as described.
The Ontario Syétem [27], based on Gotlieb's wofk, did
not include rooms in the main array and the storage
required was further reduced by only considerin% a
single day at a time. Nevertheless, the full structure
is considered here in order to make a direct comparison
with other storage structures possible.
3.4.3 Storage structure 3 - the requirement list

In this structure, a variant of which was first
suggesﬁed by Yule [36], the timetable is held as a list
of two-item elements giving the period and rooms |
allocated to each event of every requirement. The most
effective way of‘implementing this list is to hold thé
timetable as‘a vector T, with Q, the total number of
event periods in the timetable, as an upper bound for
the number of elements, and a second vector V, holding
for each requirement p., the element in T at which the

events of Py start.
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Example
Element no. 1 2 3 4 , 5
Vector T 5 127 J11] 27| 36| 29| 3|13 14| 21

Element no. 1 2 3 4

Vector V 1 4 5

In the example, requirement Py has three single period
events, allocated to period 5 in room 27, period 11 in
room 27 and period 36 in room 29. Requirement Py
starts at element 4 of vector T, so that element 2 of
vector V is set to 4. In the initial state most of T
will be zero indicating no allocations but V can be
set up since the number of event periods for each
requirement is known.

A4resource availability array A is also required
as for storage structure 1.
3.4.4 sStorage structure 4 - the requirement,rperiod array

The essential feature of this approach, the use of
a single array to store the timetable, the opportuni£y
list and (implicitly) resource availability is origina;,
although Johnston used a similarly structured array
for a different purpose [22]. Michalsen [31] uses a
broadly similar structure with two Boolean arrays, one
for the timetable and the other for the opportunity list.
The timetable is held as a two dimensiqnal A x P array T,
where T[i,p] is coded in accordénce with the follbwing
general principles:

T[i,p] = 100000 - an event of requirément p; may

be allocated at period p.

|T[i,p]| < 1000 - an event of p; has been allocated at p.
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The magnitude of T[i,p] may speéify the room(s)

in which the event is to take place.

Other values of T[i,p] indicate that an event of

Py cannot be allocated at p for any reason, for

example the allocation of an e#ent of pj at_p where

pj‘clashes with Py

A negative value of T[i,p] indicates that the

condition indicated by the magnitude of T[i,p]

cannot be altered, while a positive value means

that it can.

The availability of classes and teachers, assumedr
always to be unique resources, is not stored explicitly,
hor is the link between these resources and reguirements.
Instead, these links are stored implicitly by means of
a ¢1ashing array which holds, for each requirement,
those requirements which clash with it. Since rooms
may be selectable resources, room availability is stored
explicitly as a two dimensional R X P array A, where
A[m,p] holds the availability of room ro a£ period p
in the same way as storage structures 1 and 3 store
the availability of all resources.

Multiple rooms in storagé structures 1, 3-and 4
can be accessed by a pointer, in the appropriate elements
of the timetable array or vector, to a list where the
individual rooms are stored.

3.5 Schools used as examples
Data from six establishments, five schools .and the

Royal Military College of Science, has been used to
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illustrate the implications of the four storage
structures in terms of storage requirements and the
number of operations needed to carry out two frequently
performed functions. The six sets of data have been
chosen to cover most of the characteristics likely to
~be found in any timetabling problem, andrare briefly'v
described below. Details of the six establishments are
given in table 3.1.

No.9'School_of Technical Traininq,R.A.E.ﬁNewton,Notts.

This school, known hereafter as RAF Newton, is a
good example of a short course establishment (see
1.2.5). Courses vary in length from 3 to 46 weeks
and the timetable changes every week, so that any
set of data used applies to one week only. Unusual
elements in the problem for this school include a
- high proportion of quadruple period events and a
relatively large number of event periods pef require-
ment. Spreading events of a requirement evenly
over the week is regérded as less important in this

school than in most secondary schools.

Aylesbqry Grammar School, Bucks

Burnage High School, Manchester

Faringdon Grammar School, Berks (to be known as The Elms) .

These three schools are secondary schools. Aylesbury
is a typical small to medium sized grammar school
for boys with about 500 pupils, while the Elms is a
school of similar type and size for girls. 'Burnage
is a comparatively large boys school with over 1,200

pupils. The data for Aylesbury and Burnage was
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originally prepared for a trial of another computer
timetabling sYstém‘in 1970 and was supplied by the
Local Government Operational Research Unit. The
déta for the Elms was obtained directly from the
Headﬁistress. An important difference between the
data for Aylesbury and Burnage on the one hand and
thaﬁnfor the Elms on the othef is that'thé VIth
form in the former schools is divided into a
comparatively small number of classes for time-
tabling purposes, 3 for Aylesbury and 5 for Burnage,
with most VIth form requirements involving several
teachers, indicating provision for several optional
subjects to be timetabled simultaneously. The Elms
data, by contrast, reflects the traditionally less
constrained pattern of choices open to girls in

the VIth form and each girl has beén treated as a
separaﬁe class; so that the VIth form accounts for
77 of the 89 classes in the school.

The Royal Military College of Science, Shrivenham

(to be known as RMCS)

The data for the RMCS includes the degree courses
only so that it indicates an artificially iow loading
on teachers and rooms. Considefing the comparatively
small number of students, an unusually large range

of alternative options is'available in §econd and
thifd year courses.

The High School, The American School in London (to

be known as the American School)

This school is an example of an American High School,



~-54~

being entirely pupil orightated with no two pupils

necessarily taking the same choice of subjects.

The

problem of timetabling in such a school is quite

different from that in British schools and the set

of data for the American school has only been

included here as an example of how the different

storage structures cope with pupil orientation, a

trend in British secondary schools, carried to its

limit.
School | RAF  {Aylesbury|Burnage| The American
Quantity | Symbol|{Newton}. GS HS Elms |RMCS | School
Pupils None 400 500 1240 450 280 560
Classes C 41 18 43 89| 52 560
ITeachers T 60 39 71 29 79 60
Rooms R 80 16 62 25 29 44
Resources Y 181 73 176 143 160 664
Require= | . o | 569 281 424 | 215| 100| 200
ments .
Events E 641 476 946 467| 285| 716
Periods P 40 40 35 38| 20 100
per week
[Bvent o |1523 550 1103 | 587 290| 2000 -
periods
Teacher B |1389 950 1894 | 734{ 440| 2271
perlods
 jAverages
Classes/ _
require- c(p) 1.18 1.21 1.29 | 3.75(3.41 21.00
ment ’ :
Teachers/ _ ‘ :
require- t (p) 1.06 2.25 1.64 { 1.20]1.25 1.06
ment : .
Roomns / _ |
require- r(p) 1.06 2.20 1.6011,10}1.25 1.04
ment
Resources/| _ ‘
require- y(p) 3.30 5.66 4,53 ]16,05(5.91| 23.10
ment .
{Clashing -
Jrequire~ X 13.26 55.53 29.33 132.30{1202 68.41
ment :

- Table 3.1 Details of

the six schools used as examples
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3.6 Quantitative comparisons
BT 1 B

A comparison between the four storage structures
applied to the six example schools is‘giﬁen in table 3.2.
For each storage structure the following quantities eave
been evaluated:

1) fThe storage required in 24-bit computer words.

2) The average number of operations needed to establish
whether or not it would.be possible to insert a -
single period event e(i,l) of a typical requirement
Py a£ any period p. 7

3) The average number of operations required to insert

a single period event e(i,l) into the timetable.
‘The derivation of the formulae is given in Appendix 1.
It must be emphasized that the figures given for storage
are for comparison only and do not give the complete needs
for data storage in a compﬁter timetabling system usingv‘
any one of the four storage structures discussed in 3.4.
Any systemvneeds to store the links beﬁween requirements
and resources, the periods at which multiple period events
may start, and many other items of data for which the
figures in table 3.2 do not allow. Neverthelesé, the
figures given do highlight the main.differences in the
storage required by the various structures considered.

Two assumpﬁions are made.

1) It must be possible to represent the initial

‘non-availability of resources at two levels,

a "preferred" levelvwhen the non—availability
can be overridden in the last resort and a
"definite" level when it cannot. This implies

that each element of an array storing the
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availability Of resourdes at each perioa of the
' week must be capable of existing in at least
three states: available, preferably not available
and definitely not available. |

2) Classes and teachers must always be uniquely

associated with requirements. Rooms may be
selectable resources and so the storage structure
must be capable of storihg the room(s) associated
with each event.

While the storage figures relate to 24-bit computer
words, the figures for the number of operations required
to perform a given function do not bear any direct
relationship to the number of machine instructions
necessary to perform the function since this number can
vary widely depending on the machine and programming
language being used. |
3.7 Discussion

From table 3.2 it would appear that storage
structure 2 is not a practical proposition. It can be
claimed, however, that by including roéﬁs,aé an additional
dimension to the main array, and by reguiring two bits
per element in 6rder to conform with the assumption
regarding availability states mentioned in- 3.6, a fair
evaluation of this storage structure is not being given.
This is undoubtedly true to somé extent, although every
structure is being treated exactly alike with regard to
problem specifications and assumptions. If rqoﬁs are
removed and one bit per element is allowed for this

structure, the number of words required to store the

Burnage data would be reduced from 567,858 to 6,106,
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Table‘3.2 Summary of storage and processing requirements for storage structures
~ applied to SixX examplé schools :
Feature Storage Formula RAF Aylesbury Burnage Elms RMCS American
structure : Newton ‘ School
Storage (24 bit 1 _2c1>+[Y P| 3920 1720 3535 7220 2360 117,600
words) 12 , _
2 KE@RF%?} 787,200 44,928 | 567,888 |258,100| 238,264 [13,305,600
3 2Qﬁf4r%é]P 3948 1661 3205 1831 992 9800
4 /°p+f§§19 10,760 11,320 | 15,050 8284 2060 20,400.
Average _ ’ ) h .
number of oper- y(p)-1 2,30 4.66 3.53 5.05 4,91 22,10
ations to establish - '
whether e(i,l) can c(p)TR+ .
be inserted at any _ ' o
period p t(p)CR+ . 11,491.0 2525.0 14,910.0| 8221.0} 14,835.0 116,400.0
r (p)CT
y(p)-1 2.30 4.66 3.53 5.05 4.91 22.10
1 1.0 1.0 1.0 1.0 1.0 1.0
Average. - -
numbér of oper- 1 y(p)+2c(p) 5.66 8.08 7.11 9.80 9.32 44,10
ations to insert _ _ ‘
an event e(i,l) 2 c(p) t(p) 1.32 5.99 3.38 11.00 11.29 558.10
T (p) . ,
3 §(p)+%232 8.21 8.64 7.83 | 9.40 9.44 30. 10
4 1+%+Z (p) | 15.32 58.73 31.93 | 33.80|  14.41 70. 45

Note:

Meanings are as in table 3.1.

LS
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well within the bounds of practicability. On the other hand,_

the process of establiéh{ng whether or not a single peridd
event can be inserted at any period would still require 162
oﬁerations, considerably more than any other storage structure.

The structures based on requirements improve com-
pared tb those based on Fesources as the degree to which the
data is pupil orientated increases, particularly as regards
economy of storage. Table 3.3 illustrates this fact rather
more clearly than table 3,2 by normalizing the storage
required for structures i, 3 and 4 for each schoolAin terms
of that required for storage structure 3. The parameter
E(p), the number of classes per requirement, is also‘given
as a fair indication of pupil orientation.

Table 3.3 also shows clearly that storage structure
3 is consistently more economical in storage than the
other storage structures for the six widely differing sets
of data, with one very minor exception. It also compares
well with the other structures in the number of operations
to insert an event,

It may be concluded from this discussion that, out
of the four storage structures examined, no one stands out

*

as being the best in all respects,

Feautre Storage RAF Aylesbury |Burnage|Elms [RMCS |Amer-
Etructure| Newton ican
School
Classes/ - 1.18 1.21 1.29 3.75'13.41121.00
frequire-
ment
Storage 1 0.99 1.03 1.10 3.922.38]11.92
reguired 3 1.00 1.00 1.00 1.00]1.00} 1.00
(normalized) 4 2,71 6.82 4,69 4.4912.08}) 2,08

Table 3.3 Storage and pupil orientation




-50=-

If economy of storage is of overriding importance'
'then’storage structure 3 is clearly to be preferred. If
a computer timetabling system is to be expected to deal
with a wide range of different sets of data, including
heavily pupil oriented data, then storage structures 3
and 4 have a significant advantage over the resource
based structures. Storage structure 4 is markedly
superior to ité competitors in the determination of
whether.or not an event is available for insertion at
any period. The significance of this consideration
depeads on the algorithm to be used; it is of overriding
importance in the displacement algorithm to be discussed

in chapter 6.
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CHAPTER 4 - ALGORITHMS I - EXISTENCE AND EVENT
SELECTION

This chapter and the two following are concerned‘with
different aspects of the process of timetable construction
from a theoretical point of view. The practical implement-
ation and asséssmen£ of certain of fhe points discussed
is described in Chapters 7, 8, 9 and 10. ‘

4.1 Processes

A simplified view of the problem leads one to
propose that ideally there need only be three discrete
processes involved in the construction of a timetable:

a test for the existence of a solution; problem modif-
.ication; and time and resource selectign. The first

step is then to establish whether or not the problem

as specified by the set of data has one or more solutions.
If it does not, the problem ﬁust be modified in some way,
either by altering the data or the constraints or both,
until a new problem is prbduced to which a solution does\
exist. Once the existence of such a solution ﬁas been
established the construction process starts. This consists
of selecting a time for every event in such a way that
each selection is compatible with a solution to the
probiem. | | |

Unfortunately the real timetabling problem is so
complex that no way of showing that a soiution exists
has yet been discovered, and all that haé been done so
far in this field is to establish a number of necessary
conditions for existence. Thus it is often possible to

demonstrate that a given problem has no solution; the
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only way so far devised to shdw Ehat a problem has a

solution is to find one, that is to construct a timétable.

In general, therefore, it is not pqssible to ensure that

the selection of a set of periods for any évent is

compatible with a solution, and the simplified view of
the problem described above is unrealistic.

Nearly all computer systems which have actually
produced usable results perform some tests to ensure
that certain necessary conditions for existence are
satisfied and then carry out the following timetable
cénstruction processes repetitively until a solution
to the original problem, or some modification of it,
is achieved.

1) Event selection. 1If there are no outstaﬁding events
remaining the construction is complete, otherwise
select an event e(i,z) for assignment and proceed
to 2).

2) Time selection. Attempt to find a set of z consec-
utive periods {p,p+1,...,p+z-1} for e(i,z). 1If
this is successful insert the event at this set of

‘periods and return to 1); if no suitable period
set can be found then a conflict (glossary 13) exists,
so proceed to 3).

3) Conflict resolution. Attempt to resolve the conflict
by some modification of the partial timetable so as
to make one suitable set of periods available for the
insertion of e(i,z). If this can be done return to
2) for the event to be inserted otherWise proceed
to 4).

4) Problem modification. Modify the problem in some



way, for example by omitting e(i,z) altogether and

return to 1).

Process 2) may include the selection of selectablé
resources for e(i,z) but more'qften such resources, |
usually non-specialist rooms, are selected after the
main construction.process is completed.

This set of processes characterizes the heuristic
approach to computer timetabling. However, different
systems place different degrees of emphasis on the
various processes. Clearly, the more efficient
process 2), the less important are the other processes.
Lions [28] and Michalsen [31] do not attempt conflict.
resolutign at all on the grounds that the earlier
selection processes are sufficiently good as to make
it likely that if they fail a solution to the original
problem does not exist and it must therefore be
médified. Event selection is examined in detail later
in this chapter and the other three processes in the
following two chapters.

4.2 Existence

The main difficulty over the question of existence
in the timetabling problem has already been mentioned
in 4.1. A number of conditions necessary for a solption
can readily be established; the most obvious of these
is that no resource must be timetabled for more periods
than it isravailable. Once these conditions are
satisfied, however, there remains in all practical
problems a large area of uncertainty as to whether or

not a solution to the given problem exists. This
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uncertainty can oniy fe iesbiﬁéd completely either by
" proceeding to find a éolution or by exhausting all
possible combinations of allocations of times to events,
a tdtally impracticable operation involving many
millions of operétions for even a relatively small
problem. The purpose of this section is to examine
ways of reducing this area of uncertainty;

Gotlieb [16] has establishéd a set of necessary
conditions for the timetable problem which may be
summarised as follows. For all teachers tj and classes

C.

i the total number of times at which at least one of

teacher tj's classes is available must not be less.than
the total number of times that tj is required to meet
these classes, and the total humber of times that ét
least one of c,'s teachers is available must not be

i
less than the total number of times that ¢, is required

i
to meet these teachers. These conditions must not only
be satisfied by the problem as initially specified but
must also be satisfied at all stages of timetable
construction, and can therefore be used to keep a
continuous cheék on whether a conflict has been gener-
ated during the construction process. They have
formed the basis of much theoretical and experimental
work, notably by Duncan [12] and Lazak [25] and can be
extended to the timetabling problem as follows.

For every resource Y the number of periods at
which at least one of the events of those requirements
associated with Yy is available must not be less than

the number of periods for which Yy is to be scheduled.

This condition may also be formulated mathematically.
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For each resource Yy r k=1,2,...,Y let Hk be the set

of requirements associated with'yk. Then
y/

P .
1 Z(p) > ) ) jea.. ' (4.1)
p=1 Tp eH, 3=l +J ' ‘
where @(p) = 1 if T[i,p] = B for at least one requife—
| meht Py € Hk' and O otherwiser
T[i,p] = B means that it is possible to‘insert
an event of p; at period p, and
a4 ~gives the number of events of duration
j to be scheduled for requirement Py»

This condition may be further extended by con-
sidefing the general case of tight sets of requirements
(glossary 11). The most obvious example of a tight set
is the set of requirements associated with any one
given resource, but this is not the 6nly way in which
tight sets can arise. For suppose that ¥q is %ssociated
with Pyr Pyr P31 Pyr Pgr Yy is associated with Pir Py |
P3r Pyr Pgr and Y3 is associated with P5r Pg- Then the
set of requirements'{pl, Pyr P3r Pyr 55, p6}'is tight
although no one resource is associated with all the
members of this set.

Now inequality (4.1) must be satisfied for every
tight set of requirements whether or not it has been
generated by a single resource, since the only significant
property of the set Hk in this context is that no event
of one member of the set can occur simultaneously with
an event of any other member. In this respect all
tight séts, however generated, are identical.

It is convenient to regard tight sets, which have
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not been generated by a single resource as arising
from "dummy resources". Theh if there are D such
dummy resources the inequality (4.1) applies across all
real and dummy resources Yy s k=1,2,...,¥Y+D. 1In
general D will be a_muchilarger number than Y_sincé it
includes the dummy resources for tight sets which are
subsets of other tight'sets ihciuding those geneiated
by real'résourées. At first sight this appears
unhécessary but it is possible for inequality (4.1)
to be satisfied for a set of requirements Hy but not
for a subset of Hk” For example, suppose that in a
three period timetabling problem there is a tight set
Hy ='{pl, Por p3}; where the requirements p,, i = 1,2,3,
each héve one single period event. If T[i,p]'= 8,
(see 2.3), p = 1,2,3, then inequality (4.1) is satis-
fied in respect of ﬁk whatever the state of the time-
Ptable for p, and pg. If T[J,p] =7y, 3 =2,3, p = 2,3,
then the inequality is not satisfied for the subsét
‘{pz, o4} of H and no solution to the problem exists.
In practice, however, tight sets which are subsets of
other tight sets are very seldom important.

| The test fqr exiétence specified by inequality
(4.1) and amplified subsequently will be known as the
extended Gotlieb test. It forms the basis for_
practical inveétigations into the existence question
and related problems described in Chapter 9.

4.3 Event selection

Given a set of outstanding requirements R(p) the

problem is to select an event, e(i,z) say, from one of

the requirements p; for insertion in the timetable.

e e s o e, s g e s g e g ot
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The selection of aﬁ event for iﬁsertion and the selection
of a time for the event are closeiy rélated pchesses.
Both are apparently easy at the start of the construction
process when the timetable itself is comparatively emptyﬂ
and a wide choice exists with seemingly little to choose
between many possible courses of action. Yet the early
selections set the pattern for all future progress énd

an inappfopriate pattern of assignments in the initial
stages of construction can have very adverse effects_onl
the timetable which will only manifest themselves later
in the construction process.

The sole objective of event selection is to
assist the fundamental_operationvof time selection, for
which no perfect algorithm has been found. This objective
can be achievéd by selecting "difficult" events before
"easy" events so that when times have to be selected for
- the easy events the algofithms concerned cannot cause
"difficult" events to beéome impossible.

How difficulty should be measured 1s, unfortun-
ately, by no means clear and there are many possiblér
criteria. Two approaches used in manual timetabling
may be mentioned. 1In the Elms problem the events
requifing laboratories and other specialized rooms are
timetabled first since there is great pressure on these
resources, some of which are in use for every period in
the week.

Lewis [26], by contrast, suggests that the VIth
form should be timetabled before the rest of the school

because the number of options open to VIith form pupils
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make the timetable for this'fotm particularly difficult
to construct. 1In general, then, human beings are guided
by their own experience of which events are likely to
prove difficult in their own particular sitﬁation.
Computer timetabling programs, on the other hand, must
use more formalized and explicit rules for event selection.
4.4 Event selection criteria used in coméuter timetabling

A number of different criteria have been used for
event selection by various workers. Those used by
Michalsen [31] and Johnston [22] are briefly discussed
here as they are the most complex and powerful yet
developed.

Michalsen's degree of freedom function has
already been mentioned in 1.7.2. His basic rule is to
select the requirement Py having the smailest degree of
freedom, that is, the requirement Py with the fewest
available periods on any day d to which an event of Py
must be assigned. Michalsen modifies this basic rule
by ranking requirements on two criteria. The first rank
contains those requirements involved in a forcing
situation (glossary 13). The second rank contains those
requirements specified by the user as having allocation
priority. Michalsen suggests that this priority should
be accorded to the requirements likely to be most
difficult to schedule manually, such as those associated
with more than 4 teachers and classes, and requirements
with multiple period events. His complete rule involves
a three stage selection process: if there are any

requirements in the first rank then that with the minimum
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degree of freedom ié selécted; if not the selection is
méde from those in the second rank by the same criterion.
If there are no requirements in either rank the selection
is made from the remaining outstanding requirements on
the basis of degree of freedom as before. In all
circumstances if two or more requirements have the same
minimal degree of freedom then that with the‘mbst
requirements clashing with it is selected.

Johnston, like Michaléen, accords top priority
to requirements involved in a forcing situation. If
theré are no such fequirements then a requirement is
selected which is involved in a situation that defines
all but one of a given set of assignments. If there
are no requirements in this second category then a
priority parameter is calculated for all outstanding
requirements and that with the highest value is selected.
This parameter, for each requirement Py is a function
of: teacher and room balance, each a function of the
differende between the number of classes associated with
,pi'and the number of teachers and rooms associated with
this reéuirement respectively; the number of resources
associated with pyi the loading on»these resources; and .
the duration of the events comprising Py (in Johnston's
system every event of a requirement is of equal duration).
4.5 Current and inherent difficulty

The foregoing discussion shows that the criteria
used to measﬁre difficulty fall into two main groups,
current difficulty and inherent diffiéulty. Current

difficulty is a dynamic measure which, for any requirement,
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changes as constructidn proceeds. ’Michalsen's degree of
freedom function is a measure of current difficulty.
Inherent difficulty is a static measure defined by the
specification of the problem; the number of requirements
clashing with one requirement is an example of an
inherent difficulty criterion.
4.5.1 Measures of current difficulty

The work so far carried out on the question of
event selection leaves two potentially fruitful areas
unexplored: the best way of measuring current difficulty,
and the relative importance of current and inherent
aifficulty. One measure of current difficulty which
has not been tried before involveé the trial aésigﬁment
of every event of each outstanding requirement using
" the same algofithm as for the actual procesé of assigning
the selected requirement into the timetablé. After each
trial éssignment a measure of its difficulty can be
derived. One such'measure is the slack Ss for each
requirement Py This is the number of blank periods
remaining in the timetable for the requirement after the
trial assignment is complete. If the trial ass;gnment
fails, this indicates that a conflict exists and that
the partial timetable must be modified if all the events
of pi are to be inserted. This situation is indicated
by a negative value of Sy of magnitude equal to the total
number of event periods unsatisfied. Storage structure 4,
using a requirement~period array for the timetable, is

particularly well suited to the trial assignment process.
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Slack is similar to Michalsen's degree of
freedom. The essential difference is that slack is é
more direct measure of the difficulty which would
actually be'experienceg in assigning each requirement.
It takes into account all the constraints to which the
assignment algorithm will be subject, such as the need
to cater for tied requirements (see 5.2).

A disadvantage of slack is that it can provide
a misleading impression of current difficulty under
some circumstances. For example, two requirements
“each with one triple period event outstanding might
both have a slack of +3. But this is misleading if in
one case the slack has been generated by three consec-
utive periods suitable for the insertion of a triple
period event and in the other by three isolated single
periodé. This shortcomingrleads to the concept of
"choice". Suppose that the trial assignment of a
requirement Py has been successful, and the durations
of those events involved in this process are Z11ZoresesZ

m

in descending order. The choice Iiv for duration

Z e v = 1,2,...,m, is the number of additional events
of auration Z; which could be inserted after the trial
assignment of Py Additional events of duration Z,4l
are only considered after the trial insertion of as many
events of duration z, as can be accommodated. The choice
Gi'for reguirement Py is given by

_. . ¢vin )
G, = 3 Iy Zy® (4.2)
v=1l
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Example
Suppose that, at the start of a trial assignment,
a requirement Py has 1 triple and 2 single period events
to be fitted in a problem with a 3 day, 15 period week.
The state of the notional timetable for this requirement

after a trial assignment is given below.

Period: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Xt Xy 111]1 1] X1 X X X 1 X

Note: X - period not available due to an event of a
| clashing requirement, |
blank - period available,
1 - event "inserted" by the trial assignment
algorithm at this period.
In this example,
slack s; = 3
choice for duration 3, 9i3 = 0
choice for duration 1, g,; =3
choice for requirement Pir Gi = 3,

If the trial assignment fails 95z is the number
of eﬁents of duration z not satisfied in the trial
assignment process, while Gi is the total number of event
periods. likewise unsatisfied.

In fact, the choice Gi for requirement Py will
alwaysvbe identical to the slack S5 if Pi involves any
single period events, and the choice 955 for,thé longest
outstanding event is therefore likely to be more valuable
as an indicator of current difficulty. The effectiveness

of slack and choice as criteria of current difficulty are

investigated in chapter 9.
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4.5.2 Current and inhefent difficulty compared

It would seem reasonable to suppdse‘that the
relative importahce of current difficulty would increase
as theiconstruction process procéeds, since once a
forcing situation has been encountered failure to follow
the course of action indicated will lead immediately to
‘a conflict. Yet this course of action may be quite
different from that indicated by inherent difficulty
which is really irrelevant in such a situation. On the
other hand one would expect current difficulty to be
decidedly suspect as a selection parameter at the start
of construction when no vélues of slack were less than,
say, P/4, where P is the number of periods in the week.
One would expect inherent difficulty to come into its
own at this stage of construction but the best criteria
of inherent difficulty is far from clear; This gquestion
is investigated in chapter 9.
4.6 Other event selection criteria

While difficulty has been very widely used for
event selection, there are two criteria that should be
mentioned which relate to difficulty only indirectly.
The first is a user specified indication of the importance
of a requirement. .Clearly important requirements should,
other things being equal, be selected before unimportant
requirements (Michalsen [31]). The second Fs the degree
to which a requirement can be altered, for example in
the bréakdown of a multiple period event (Lions [28]).
4.7 Frequency of selection

The strategy used in most of the work discussed
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has been to assign all events of the selected requirement
before further selection is carried out. This is not |
necessarily the best strategy. In a sense the reéuire-
ment is an artificial concept, being a grouping of
similar events for convenience. In Michalsen's system
the general rule is that selection is carried out before
every event is assigned. This may be unnecessarily’ costly
in computing time and a compromise strategy is to select
a requirement, p, say, and then find the duration z of
the longest event(s) of Py and assign all events e(i,z)
of that duration. When this assignment is’complete a

further selection is made and the process repeated.
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’

CHAPTER 5 - ALGORITHMS II = TIME AND RESOURCE SELECTION

5.1 1Interaction between time selection and resourcé selection
There are two resource seléction processes in any

timetabling problem: allocation of unique résources to

requirements, which is part of curriculum preparation and

is outside the éCOpe of this work, and alloéation of

selectable resources to requirements and events. There

are three possible approaches to the latter process in

relation to time selection, that is, the allocation of

periods to events.

1) Time selection takes no account of selectable
résources and resource selection is a completely
separate process carried out when the allocation
of times to events is completed.

2) Resource selection proceeds in parallel with time
selection. When an event is selected, a set of
periods and, when necessary, an appropriate set of
selectable resources are allocated to it before
another event is considered.

3) Time selection ensures that enough selectable
reéources of the required resource groups are
available whenever a period is considered for an
event. Actual selection of resources is then
carried out when time selection is completed, as
in 1) above.

In manual timetabling the first method is usually
adopted. Selectable resources are normally limited to

non-specialist classrooms, and in most schools a

satisfactory class-teacher-specialist room timetable
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will, by the constraints G6verning its construction,
ensure that not too many subjects requiring hon—specialist
classrooms occur simultaneousl§. Furthermore the sheer
labour of keeping track of selectable as well as unigue
resources ﬁilitates against the use of the second or
third method. The first method, however, clearly
involves the risk that when the main timetable is 6om-‘
pleted it will, at some periods, demand more resources
of one or more groups than are available. Considerable
effort is often necessary to alter the main timetable
when such circumstances arise.

Approaches 2) and 3) are both feasible for
computer timetabling. Resource selection in parallel with
time selection has the relatively minor advantage that it
caters for reqﬁirements for which the same selectable
resource must be allocated to every event. ' Under certain
circumstanqes the third approach fails to deal adequately
with this constraint, a point discussed further in 5.7.
This advantage of the second approach is more than out-
weighed by the fact that approach 3) makes the main
timetabling process simpler, faster and less demanding
in storage. Approach 3) is therefore adopted  for the
discussion of time and resource selection in this chapter.
5.2 Steps in time selection

Time selection may be regarded as a step by step
proéess in which the number of periods remaining as
candidates in the selection is reduced atAeach step.

Suppose that a set of z contiguous periods is

being sought for an event e(i,z). The first step is to
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eliminate from consideration those periods which are

clearly unacceptable due to the properties of e(i,z) in

relation to the current partial timetable. These include
all periods for which any of the unique resources, or
enough selectable resources of the specified groups, are
nét available and, in the case of multiple period events,
~sets of periods which span two days or cross the lunch
break.

Step 2 involves the removal of periods which are

undesirable owing to the relationship between e(i,z) and

other events already in the partial timetable. The most
important criterion in this category is the strong
preference in most schools for a normal distribution for
events of the samevor similar requirements. Johnston and
Wolfenden [21] have described a very satisfactory way of
designating different requirements as similar by "tieing"
" them together. A set of tied requirements is one where
all the members are treated as a single requirement for
the purposes of event distribution only.

The normal distribution criterion for an event e(i,z)
to Be inserted on day 4 is: |hd + 1 - hf|'§1for each day

f # d where h hf are the number of events of requirement

a’
pyr Or a requirement tied to pi,rwhich have already been
assigned on days d and f respectively.

Step 3 attempts to identify those periods now remaining
to which allocation of e(i,z) would preclude subsequent
completion of the timetable. This involves determining, for
eéch possible set of periods, whether the allocation of

e(i,z) to that set would or would not violate any of the

conditions necessary for the existence of a solution. The most
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powerful of these is tHe condifiSﬁ“specified in inequality
(4.1) extended to cover all tight sets of requiremenﬁs,

If no period set remains after these three steps,
the normal distribution constraint may be relaxed by
making available, if possible, the least undesirable
period set previously eliminated by step 2. If there is
no such period set or if such a course of action is
unacceptable, then a conflict exists and this must be
resolved or the problem must be modified.

If only one period set remains after the third
step then it is selected for the assignment of e(i,z).

If more than one candidate remains then a selection
must be made on grounds which are less clearly defined.
The two main criteria are as follows.
1) Interference; that is, the degree to which the
chosen assignment is likelf to lead to difficulties _ _%
later in the construction process. 7‘
'2) Timetable quality.

The characteristics of certain steps and the
relation between different steps afe now discussed.
5.3 The elimination of unacceptable periods

Step 1 involves checks on resource aVailability
and on multi-period sets in relation to the time
structure of the teaching week.

5.3.1 Resource group availability

" All the storage structures described in chapter
3 cater adequately for checks on the availability of
unique resources. However, the method of storing the

availability of each resource individually, used to some
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extent in all four storage sffﬁéﬁures, is not ﬁery
suitable for an algorithm which takes account of
selectable resources during time selection as described
in 5.1, approach 3). For this purpose it is not the
availability of individual resources that is of interest
but rather the aggregated availability of groups of
resources. The most direct way of providing for this is
to use the concept of "resource group availability".
Let AG [k,p] represent the number of resources of some
resource group Hk which are available at period p.
Suppose a requirement Py is associated with nkjselectable
or unique resources belonging to Hy . Then to test the _
availability of periods p,p+l,...,p+z-1 for an event
e(i,z) it is necessary to ensure that AG[k,g] > Ny, for
g = pyptl,...,ptz-1l. 1If e(i,z) is inserted at this period
set then AG[k,g] must bedecremented by n, .
5.3.2 Multi-period sets

The simplest way of ensuring that a multiple
period event does not span two days or cross a long break
is to ;estrict the periods at which such an event may
start. Let S[i,p]'= 1 if an event of duration z may
start at period p, and O otherwise: then any period set
qg,g+l,...,g+z-1 can be eliminated from consideration for
the allocation of an event e(i,z) if S{z,g] = O.
5.4 Existence testing in relation to other steps

The logical progression described in 5.2 is not
necessarily the most "cost effective" strategy for time
selection since the cost of each step, in terms of the

number of operations required for its completion, varies
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greatly. To illustrate this, assume that storage
structure 4 is in use and that a set of periods is to be
found for an event e(i,z) which has no selectable
resources associated with it. Consider the number of
individual data elements which must be accessed (eiﬁher
tested or altered) during each step.

In step l, 2P such‘elements must be aéééssed:
every element of row i of the timetable array T, and of
row z of array S (see 5.3.2) must bg tested. Let Ql
period sets remain after stép l. In step 2 the maximum
number‘of accesses is tiP, where ti is the number of
requirements tied to requirement Py For, if at least
one of the Qq period sets occurs on each day of the week

then every element of the ti rows of array T must be

eXamined to check for possible violation of the normal
distribution constraint.' Assume that Q2 period sets, R
‘each of z consecutive periods, remain after step 2.

Step 3 is an altogether more time consuming
operation. For each of the Q2 period sets, e(i,z) must ' i

be inserted in array T, the consequences of such an

insertion must'be evaluated and the event must then be
deleted from array T. Suppose that a period set
psp+l,...,p+z-1 is being considered. If X4 is ‘the

number of requirements which clash with pi, then insertion
into array T requires z'(x.l + 1) elements to be accessed
assuming that the room availability array does not

require updating (see table 3.2). Subsequent deletion
requires the same number of operations. To establish

whether or not inequality (4.1) is satisfied, both sides
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of- the inequality iigt be evaliated for each resource,
real or dummy, that could be affected by the assignment
of e(i,z)rto the period set in question; that is, for all
the resources associated with those requirements clashing
with Py For example, suppose that a set of periods is
being sought for an event e(3,z) of requirement P3r
which clashes with p,, p, and pg. Let the resources
associated with these clashing requirements be: Yqr y5,'
Yo and Y11 associated with Pai Y1 Ygr y6 and Yg with Pgi
and Yar ¥, and Y10 with Pg- When e(3,z) is inserted
into the timetable it will affect the timetables for
Pyr Pg and,p8 and this may cause the test for the
existence of a solution to fail invrespect of any one
of the resources yl, y3, Ygr Ygr Ygu Y7, Y8, Yio0 or Yyq9°
Note that the insertion of e(3,z) will also affect the
resources associated with P3r but the result of the
existence test in respect of these resources cannot be
affected since both sides of inequality (4.1) will be
decreased by z periods.

Considering the general case of event e(i,z)
once again, suppose that Xy requirements clash with pi

forming a set'{pi'}, j = 1,2,...,%;, and that associated

J :
with p; are n, resources {yi }, k = l,2,...,ni . Let
J J I J
there be 84 requirements associated with Yy, - If all
Iy Ik

the Xy sets of resources associated with the'xi clashing
requirements are disjoint, the total number of require-
ment timetables which must be accessed to carry out an

" existence test in respect of one set of periods for e(i;z)

is
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x, Mg
rto=1] l'Es.J
3=1 k=13,

The X sets of resources will not in general be
disjoint and for £his reason r' will be reduced by a
number h (> O) so that the number of requirement time-
tables r which must be accessed becomes . r = r' - h.

For every requirement Pu whose timetable is
examined during this process a total of (P + 1)
individual data elements must be accessed. This
represents one operation to test the state of T[u,qg]
for every period gq in the weék plus one operaﬁion to
obtainvthe number of outstanding event periods for pu.-

Thus the total number of data elements m., that

3
must be accessed during step 3, taking all the Q2 periods

into account, is given by

m Q?(Zz(xi + 1) + (P + 1)xr)

3
Q,(2z(x; + 1) + (P + 1)1} ) S‘J - h}). (5.1)
j=1 k=1 *

it

Ik
5.4.1 Numerical example
With the notation used in 5.4 above, let P = 40,
z =2, x; =30, t; =2, Q, =4, Bi.'= 4, Ei. = 10, h = 200,
J i
(bars denoting average values). Then the number of data

elements m,r V = 1,2,3 to be accessed for each of the

three steps is:

mlf='2.P'= 80,

80,

m?
A
o
o
1

=4
|

= 4(124 + 41,000) = 164,496,
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Clearly step 3 is a édéfiy operation compared with stepé
1 and 2. Economies in computing time are therefore |
likely to be obtained by altering the order'in which the
steps are carried out if the number of times that step
3 is executed is significantly decreased thereby.
5.4.2 Alternative strategy

An alternative strategy to that outlined in 5.2
is to select one period set from the Q2 remaining after
step 2 on grounds of interference and timetable gquality,
and then to}test this period set oniy for necessary
conditions for existence. On occasions this test will
fail, requiring a different period set to be selected,
and some operations will thus have been wasted. This
penalty is worth paying for the reduction in the
frequency of existence testing provided that the time
required to execute the selection on §rounds of inter-
ference and timetable quality is small compared with
that required for an existence test. A further possibil-
ity is to dispense with the existence test altogether
on the grounds that the benefits it perides in terms
of added confidence in the selected assignment are not
worth the cost in computing time. Experiments to
determine the validity of this argumeht are described in
chapter 9.
5.5 Interference

Suppose that, relative to a given initial situation,
a timetabling problem has n possible solutions Sl’sz""'sn
and assume that the problem is to be solved by an

algorithm which never alters an assignment once it has



-83=

been made. Aé events are inserted into the timetable,
the effect of these insertions on the opportunities for
assigning events as yet unsatisfied will dimipish n.
Iif a solutidnvis to be found n must not vanish during
the construction process. In many cases n will reduce
to 1 at some point before the last event.is inserted.
‘Once this point has been reached every decision made by
the algorithm is crucial; if.at any point a wrong
decision is‘made, failure to find a solution is certain.
Clearly in any given problem the later the onset of
this point can be delayed the greater the likelihood
of success, and more generally n should-be>kept‘as large
as possible for as long as pdssible. |

To keep n as large as possible requires that
times should be selected for events so as to minimize
the decrease in n. The practical value of this is
limited since no general method has been found of
determining when n > O, still less of computing the
agtual value of n. It is therefore not possible to
dgtermine directly the effect on n of any selections
made. But the ideal of minimizing the decrease in n
leads to the concept of minimizing iﬁterference, that is,
of selecting times so as to keep the loss of assignment
opportunities for all outstanding events to a minimum.
A number of workers have used interference as a time
selection criterion, notably Appleby et al [2] and
Michalsen [31]. The latter's method is briefly discﬁssed
as it is believed to be the most powerful yet devised.

5.5.1 Michalsen's interference criterion

Michalsen's method is based on inequality (4.1)
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extended to cover all real and dummy resources. He
defines a slack resource as one for which fhe number of
periods available (the left hand side of the inequalitj)
exceeds the number required (the right hand side) by a
margin which is defined as the number of surplus

available periode. Michalsen selects the set of periods -
psp+l,...,ptz-1 for an event e(i,z) which minimizes the
sum, across all slack resources yj, of the total loss
of assignment opportunities for the requirements
associated with Yy (caused by the allocation of e(i,z)
to p,pt+l,...,p+2-1), weighted by the reciprocal of the
number of surplus available periods for yj. The
“weighting tends to favour resources with few surplus
available periods at the expense of those with many
such periods. Resources which are "tight", that isi
tﬁose with no surplus available periods, are taken into
account at an earlier stage, which limits the number of
period sets considered by the above process.

All interference criteria represent an attempt to
predict the conséquences of a current decision on the
future course of timetable construction and all suffer
from a degree of uncertainty. Their effectiveness in
enabling future conflicts to be avoided must be balanced
against their cost in computing time. Michalsen's
criterion is relatively expensive in this respect; the
calculation of the number of surplus available periods,
for example, 1s a similar type of process to the test
for existence discussed in 5.4. Could not equal or
almost equal effectiveness be obtained at a smaller

cost in computing time?
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Time selection is particularly important early in
the construction process, when the timetableris nearly
empty. In the later stages time selection per'se becomes
less importént since the allocatiqn of eventsrto periods
will, to an increasing extent, be dictated by the
consequences of previous allocations. Tow it is in
the’early stages that "dynamic" criteria, whether for
time or event selection, are at their weakest; see also
4.5.2. The reason for this is that these criteria are
based on evaluating alternative courses of action in
relation to the current partial timetable, which in the
early stages of construction is extremely sparse and
may bevexpécted to be an unreliable basis for assignment
decisions., To take an extreme example, suppose that
the first event e(i,z) is to be selected for assignment
in a problem where there are-no preassignments. By dynémic
criteria based on the partial timetabie, all the period
sets with initial period p for which S[z,p] = 1 (see
5.3.2) are equally acceptable for this event; yet in
any given problem certain periods in the day are better
than others for the assignment of an event of given
duration. The latter assertion is an example of a
static or inherent time selection criterion (cf. inherent
difficulty in chapter 4). A static interference
- algorithm based on event duration and nothing else is
now described.
5.5.2 A static interference criterion

In the majority of timetabling problems the time
structure of each day is identical and this is assumed

to be so in the discussion which follows. The followinqA
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algorithm places the period sets within a typical day
in the ordér in which they should be selected for an
event e(éﬁg) so as to keep the potential interference
with events of all durations as low as poééible. No
account is taken of the current partial timetable.
The maximum number of different periods at which

an event e(i,z) may possibly start is given by

n(z) = J° s[z,pl,
p=1

where D is the number of periods in one day.
Consider the period p at which an event -e(j,v),wpi
clashing with p; may start in order to minimize
An(v,z,p), the numbef of opportunities for e(i,z) that
the event e(j,v) will destroy if it is assigned to
start at this period. An(v,z,p) is the sum of- the
opportunities for events of duration z to‘start at .

periods p-z+l,p-z+2,...,p and the opportunities for

such e¢yents to start at p+l,p+2,...,p+v-1 and is given

by
pn(v,z,p) = IF s{z,m] + }¥ s[z,u], - (5.2)
- m=x u=p+1
: v>1
where x = 1 if p<z, and p-z+l otherwise, and

D if (pt+v-1)>D, and pt+v-1l otherwise.

Y

Generalizing for all durations z = 1,2,...,2%,

M (v,p) = % An(v,z,p). | (5.3)
z=1 .

A possibly effective and certainly very fast and
simple algorithm selects a starting period p which
minimizes AN; note that there will be one such period

on every day. If no such period is available then the
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algorithm éelects periods in, ascending order of the
values of AN which they produce.
Example

In the Elms problem a typical day has 8 periods,
with a 5 period morning and a 3 period afternoon, and a
maximum event duration, Z = 3. The pattern of event
starting times is set out in table 5.1 which gives.the

values of S[z,p].

Dur:tlon Period, p
1 2 3 4 5 6 7 8.
1 1 11 1 1 1 1
2 1 1 1 0 1 1 0
1 1 0 1 o] 0
Table 5.1 The pattern of permitted event

starting times

Table 5.2 sets out the values of An(v,z,p) and AN(v,p)

for all the periods in one day for an event of duration

v = 20‘
Duration Period, p
z I 2 3] 4] 5] 6] 7] 8
AT 2 2 B 2 2 i
3| 3 -1 2] 2] -
3| 3 - 1) L o-
AN -6 8f 81 6f -} 5] 5] -

Note: BAn event of duration 2 cannot start at periods 5
or 8 so the appropriate columns are left blank.

Table 5.2 Values of An and AN for v = 2

From table 5.2 periods within the day for an event of
duration should be selected as follows:

1) Most desirable: sixth, seventh.b

2) : first, fourth.
3) Least desirable: second, third.
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This computation only has to be executed once,
at the-start'of timetable construction. It has thus two
advantages over dynamic criteria such as that of
Michalsen: it is much less expensive in computing time,
and it is likely to -produce better results in the early
stages of construction when time selection is particulariy
important and when dynamic criteria are at théir weakest;
Its disadvantage is that it takes no account of the
state of the partial timétable and will tend to become
less effective as construction proceeds.
5.6 ,Timetable guality

The overall gquality of a timetable is a difficult
concept to define in a general way, particularly in
view of the many different ideas held as to the relative
importance of the various characteristics. There are,
however, a number of such characteristics which are
deéirable in nearly all timetables. Most of these have
been mentioned already either implicitly or explicitly.
Many quality considerations can be catered for by pre-
aésignment:.events may be preassignedvto specific
periods, while requirements and resources may be
designated as not available at specific times during
the week. The most important criteria which cannot be
provided for by preassignment are those concernéd with
the distribution of events over the week.. In this
-context a test for normal distribution of events of
the same requirement or of tied requirements forms
part of the process of eliminating period sets from

consideration and has already been described.
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A straightforwérd norméi distribution with no
additional constraints is not entirely satisfactory for
requirements with 2 or 3 events in a five day timetable.
Most head teachers would prefer a separation between days
in these circumstances; Tuesday and Thursday or Monday,
Wednesday and Friday for example, rather than having events
occurrihg on consecutive days. Such a day distribution'
constraint may be implemented as follows. Suppose that -
a set of periods is being sought for an event e(i,z).

Let n, be the maximum number of events of requirement Py
.or a tied requirement, occurring on any day d in the
be the maximum and n, the

2 3

minimum number of days between successive days on which

partial timetable; let n

there are ny events; The criterion to be satisfied, if
possible, when e(i,z) is allocated to any day d is that
n, - ny < 1, after the allocation. | |

In a final timetable this day dist:ibution quality
is less impdrtant than the completeness of the solution.
The attainment of the latter is enhanced by minimizing
interference so that the interference criterion should
take precedence over the day distribution criterion.
A selection system which reflects the relative priority
of these two criteria is as follows. The available
period sets for the event e(i,z), for which a time is
to be selected, are first ranked in accordance with their
desirability on interference grounds. Let N[1,d],
d=1,2,...,D, where D isvthe number of days in the week,
give the "true" period number (that is the number within

the week) of the initial period of a period set on day d

which is "most desirable" (see 5.5.2, particularly table
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5.2 and the following sentence). If there is no such“
period set available on day d then N[1,d] = 0. Let
successively less:de51rable period Se#iﬁﬂjﬁilii?%iLzzth ]wum&
day d, be given in N[j,d], j,= 2,3;...,P. Rows of N &fia ﬁﬂv .
are examined sequentially until one is found, row k say,
with at least one non zero element. If there is just
one‘such element, N[k,d] = p say, then the period set
selected for e(i,z) is p,p+l,...,p+z-1. If there is
more than one element in the row then that for day &'

is selected for which n < 1 would be satisfied

2 = "3
if e(i,z) were allocated on that day. If there is no
element for which this condition would be satisfiled an
arbitrary choice of periods is made from the non-zero
elements of row k. |
5.7 Resource selection

If the procedure for time_selection described in
5.2, or a variant of this discussed in later sections,
is followed, the timetable produced by the main con-
struction process will have the following property
with regard to resources: all unique resources, and
enough selectable resources of the right groups
associated with every event will be available at the
time allocated to that event. Thus in nearly all cases
there is no doubt that a "solution"vto the resource
selection problem exists and this process is therefore
only concerned with choosing the individual selectable
resources for each event'according to some criteria.
Important considerations in resource selection are as
follows:

1) The same selectable resources must be alloéated
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for all périods of an event.
2) For certain requirements, it may be essential
that the same séleéﬁabie resources are
allocated to every event of the requirement.
3) User preferences.

The firét consideration is almost self evident,
for example, it is clearly undesirable to switch rooms
during a multiple period lesson, and fhis is not
discussed further. As has been mentioned in 5.1, the
timetable's property with regard to the availability of
selectable resources does not ensure that the second
consideration can'always be satisfied. For example,
suppose that there are three requirements pi, pj and Prr
each for two single periodlevents, and each of which
- requires one resource from a group containing two
resources. Let the main construction program allocate
periods to events as follows: pl) e(i,l), e(3,1);
Py e(i,1), e(k,1l); P3r e(j,1), e(k,1). Under these
circumstances the constraint can be satisfied by at most
two of the three requirements. Such circumstances are,‘
however, only likely to arise infrequently. In any case,
the importance of this constraint is limited, since if
it is necessary that all events of the same requirement
are associated with the same selectable resources, then
these resources can normally be made unigque. In cases
where the constraint does apply, the requiréments
concerned should be selected first in the resource
selection process.
5,7.1 User preferences

By far the greatest part of the resource selection



-92—

p:oblem concerns rooms and it is necessary to examine

the way in which rooms are allocated in British schools;
An almost universal rule is that all practical
instruction in such subjects as Science, Art and P.E.
takes place in specialist rooms dedicated to one'function
or a narrow range of functions. For the most part such
rooms can, and indeed must, be associéted uniquely with
requirements so that no resource selection problem is
involved.

The position is more complicated for non-specialist
classrooms. Broadly there are two policies which may be
adopted:

Static class. Each class has its own classroom

'in which as much as possible of its weekly

?rogramme of instruction takes place and teachers

move as they change classes.

Static teacher. Each teacher is allocated his

own classroom in which, as far as possible, he

~conducts his weekly teaching programme and the

pupils move between subjects.

In practice both systems appear to operate to a
greater or lesser degree and no overall pattern is
discernible in British secondary schools.

5.7.2 Other factors

A theoretically attractive object in room selection
is that of "minimum disturbance". This is a compromise
between the static class and static teacher policies in
which neither classes nor teachers are linked to specific

rooms but it is desired to minimize the amount of
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movement from room to room by teachers, classes or both.

Minimum disturbance may be regarded as ranging
from simply minimizing the number of room changes to
minimizing the total distance involved in such changes -
with regard to each individual class, all classes,
each‘day, the whole week etc. The degree to which this
criterion should be applied to these differéﬁt groupings
is very dependant on local circumstances, and however
the concept is interpreted its implementation in a
resource selection algorithm is likely to be difficult
and expensive. In general minimum disturbance is not
an important consideration in single site British
secondary schools with which this thesis is primarily
concerned and is therefore not cénsidered further in }
this work. 1In the context of timetables.for universities,
colleges and dispersed site schools it is most important
and would form a valuable topic fer future research.

A»final consideration is the loading on resources.
On the occasions when teachers are selectable resources
it is desirable to keep the loading on different
teachers as even as possible. This consideration does
not apply to non-specialist rooms and as teachers are
almost invariably unique resources it is comparatively
unimportant.
5.7.3 Implementation

Two valid and practical objectives only have been
identified for room selection, static class and static
teacher. One of these may apply to the whole of a

given timetabling problem or alternatively one objective
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may apply to part of the problem and the other to the
remainder. How can these objectives be implemented in
a selection algorithm? The simplest method is to
allocate a user defined "preferred non-specialist class-
room" to each class and teacher, and an indicator for
each requirement Py specifying whether class or
teacher preferences are to take precedence when
selecting rooms for events of this requirement. Suppose
that a regquirement Py is flagged as ar“static teécher"
requirement and is associated with a teacher with
preferred room Ygr @ class with preferred room Yn and
one room from room group Hk' Let A[lj,p] = O if
resourcery’j is available at period p and 1 otherwise.
Suppose that an event e(i,z) has been scheduled at
periods p,ptl,...,p+z~1 and a room is to be found for
hthis event. The resource selection algorithm proceeds -
as follows. | |
1) Ifyym £ Hk and A[m,q}] =0, g = p,p+l,...,p+z-l;

then room Ym is selected for e(i,z).
2) If 1) is not satisfied then if Y, € Hk and

Aln,q] = 0, q = p,p+l,...,ptz-L then

room y. is selected for e(i,z).
3) If neither 1) nor 2) is satisfied then any

~available room in Hy is selected for

e(i,z).
5.8 Learning techniques |

A person with no previous experience of timetabling

learns a great deal about the process during the

construction of his first few timetables. Indeed it is
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just this ability to learn by éxperience which makes the
human being so effective in this field. No computer
timetabling system, however, has used learning
techniques to improve its strategy for sblving a.given
problem. Although, intuitively, one feels that this
omission is justified by the crudity of machine learning
techniques in relation to the complexity of the problem,
sdme investigation of the application of these
techniques in the field of computer timetabling is
clearly desirable.

Any process which involves selection of one from
a nuﬁber of choices is potentially amenable to
improvement by learning techﬁiques. The approach
generally used in heuristic programming is to quantify
the various features which are believed to affect the
decision process. Let there be F such features. A

th feature,

weighting factor Wy is associated withvthe i
i=1,2,...,F. When a decision has to be made between
N alternative courses of action the first step is to

th feature of the jth

calculate the vdlue vy; of the 1
course of action j =1,2,...,N. The weighting factors
are applied to each feature of each alternative, the
weighted values summed and that course V is selected

for which

V = max (or min) : )T w.V.., 3 = 1,2,...,N, (5.4)
; , P A &y
J j i=1

depending on whether the features are desirable or
undesirable.

The learning process evaluates the consequences of



-5 -
the decision and attempts to find a éorrelation between
the success of the decisibn and fhe values of tﬁe w
various features éffecting it. 1If a correlation is
found the éppropriate weighting factors are wvaried so
as to enhance‘the relative importance of features which
lead to successful decisions. The main difficulty in
applying learning techniques to timetabling lies in
the great complexity of the problem. In any given
- situation there may well be several hundred alterhative
choices of assignment. Very seldom are two situations
exactly alike and their differences may be in a
pattern of interrelations between problem elements
so complex as to be almost unmeasurable. These
differences may well be far more important to success
or failure than the simple measurable features which
are all that can practicably be used in a learning
algorithm. However, some practical investigation into
the possibilities of learning algorithms related to
event selection has been done with results described

in chapter 9.
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CHAPTER 6 - ALGORITHMS IIT - CONFLICT RESOLUTION AND
USER GUIDANCE

6.1 Detection of conflicts

The selection processes described in chapter 5
are not infallible and assignments may.be made which
are incompatible with a solution. It is a .feature of
the timetabling problem that once such an error has
been made, the more steps that are taken in'the
construction process before remedial action is taken,
the less likely is it that such remedial action will-
be sucéessful. Thus the ability to detect conflicts
soon after they occur is a valuable feature of a
computer timetabling system.
| Conflict detection has already been fully
discussed implicitly since it is a key function of
the processes associated with event and time selection,
in particular the computation of current difficulty,
existence testing and calculating interference. The
more powerful these processes are, the fewer the
conflicts that will arise and the less time should need
to be spent in resolving those that do so since most of
them will be detected soon after they occur.  Further-
more, as has been pointed out already; completely
- efficient time selection would render conflict
resolution unnecessary, but no perfect algorithm for
time selection has yet been discovered so it is necessary
to consider conflict resolution.
6.2 Resolution of conflicts

Once a conflict has been detected there are two



-98-

ways in Which it may’be»resolQea without modifying the
original problem. The first approach devised by Johnston
[22] involves "retreating"; that is, removiné events
from the partial timetable until some point is reached'
and then "advancing" again in a different direction
with the hope of avoiding é recurrence of the cdnflict
condition.

if at any point a conflict occurs, Johnston
retreats to a point where one or more'choices of
assignment are available which have not already been
tried. One such choice of assignment is then made and
the program advances again by lnserting events into
the timetable using its normal assignment algorithms
until either a further conflict is encountered or
the timetable is completed. 1In the former case the
retreat procedure described above is repeéted unless
a prespecified number of retreats has already been
carried out in the current run, in which case the
program prints out the partial timetable and terminates.
Johnston found it necessary to limit the number of
retreats in any one run to between 5 and 20 to avoid
excessive running times.

The second approach is to change the times
allocated to events already in the partial timetable
until either the conflict is cleared or failure is
accepted at some point. This point may be, for example,
the compleﬁion of a prespecified number of operations
or, in maﬁual timetabling, when the person constructing

the timetable gets tired of making alterations.
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Barraclough's interchafige stheme [4] and the exchange
routine outlined in [3] by Berghuis,Van der Heideﬁ and
Bakker are examples of this approach in the field of
computer timetab}ing. Both of these, however, have
limitations in relation to the types of event catered
for. Clearly it is desirable that an interchange or

-displacement algorithm which does not suffer from

such limitations should be developed and its effect-
iveneés compared with the retieat strategy adopted by -
Johnston.
6.2.1 A displacement algorithm

The displacement algorithm is fifst illustratgd
by a simple example. Cohsider the problem used in 2.1.v
It is summarised in table 6.1 which, in addition to
specifying the requirements for class-teacher meetings

gives a list of the requirements clashihg with each

requirement.
Require-| No. of Class | Teacher | Clashing Pre~
ments events require- | assignmentg
(see note) ments
1 1 1 1 2, 3, 4
2 1 1 2 1, 3, 5 to period 2
3 1 1 4 1, 2, 8 |
4 1 2 1 1, 5, 6
5 1 2 2 2, 4, 6
6 1 2 3 4, 5, 7
7 1 3 3 6, 8
8 2 3 4 3, 7

Note: All events are single period events.

Table 6.1 A summary of the example problem

Suppose that a series of assignments have led to the
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construction of the partial timetable shown in table 6.2.

Requirement T Pe;iod3 .
1 X X1 3
2 X O X
3 4 X X
4 1 X
5 X
6 X
7 2
8 X X

Note: Entries in the [i,p] element of the table have
the following interpretation: | |
Positive integer: an event e(i,l) has been

assigned to period p. The value of the
integer gives the stage at which the
assignment took place.
Zero: an event e(i,l) preassigned to period p.
X: a non-available period for requirement P;
due to one or more clashing event(s) at
period p.

Blank: an available period.

Table 6.2 An example of a conflict situation

Clearly the partial timetable illustrated in table
6.2 contains a égnflict since Pg is only available for
one period. The displacement algorithm seeks to make
one additional period available for Pg by displacing
one or more clashing requirements. The two non-available
periods are examined to see if such displacement is

possible. The operations and tests performed are set



-101-

out in table 6.3.vg.; \ S

Period Clashing " Displacement . Operation
events possible?
1 e(3,1) No Try new period
2 e(7,1) - Yes Displace e(7,1) to 1
’ Insert e(8,1) at 2

Table 6.3 Resolution of a conflict by displacement

This displacement algorithm can be defined formally
for events of any duration as follows. (Certain points
are illustrated by refefence to storage structure 4
which, although not essential, is the most suitable
storage structure for the implementation of this
algorithm). Assume that the state of the current partial
timetable is such that a suitable and available set of
periods cannot be found for an event e(i,z). The

~ displacement algorithm attempts to find a suitable set
Urof periods S = {p,p+l,...,p+z-1} from which events of
requirements-gj, clashing with p; can be disPlaéed.to
permit the insertion of e(i,z) at S.
Suppose that m events of durations ZieZoreeesZ of

m

n clashing requirements p. .,p. ,...,p; occur during one
J17 73, In

or more of the periods belonging to S (m and n are not
necessarily equal since it is possible for more than
one non-contiguous event of one requirement to occur
during the z periods of S if z > 3). The algorithm has
to find m suitable and available periéd sets

Q = {qrap*l,--rq +2, -1}, k = 1,2,...,m, into which
the m events may be appropriately disPlaced‘from their

existing period sets Ry =‘{rk,rk+l,.-.,rk+zk—l},k = 1,24000,m,
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so as to free S for the insertiof of e(i,z).

If some of the mbclashing events belong to the same
requirement or to tied requirements, the corresponding
period sets Q selected must be suitable in relation to
each.other as well as in relation to the remainder of
the partialtimetable. If two such events belong to
tiéd.requireménts, for example, the two period sets Q
selected for them must conform to the normal distribution
constraint. An analogous consideration applies to
available period sets. Two events of clashing require-
ments may have the same period set available if each
is considered separately from the other: yet clearly it
is not possible for both events to be assigned to it. .
It is thus necessary when selecting a period set Qk

for the kth

clashing event (l<kim) to take into account
the consequences of displacing the previous k-1
clashing events. In storage structure 4 this is most
conveniently achieved by updating the timetable array

T each time a suitable and available period set Qe is

found for the kth

clashing event. If no such set can.
be found for the (k+l)th event then the "status quo ante"
must be re-established and the previous k events
restored to their original period sets R and a new
period set S tried for e(i,z).

A new period set Q may overiap Ry provided that
Qk does not overlap S. In storage structure 4 this
condition may be enforced by tempofarily distorting the

appropriate row of the timetable array T. Before

examining row jk of T to seek a new period set Qe for
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event e(Jj,,z,) the followihg action is taken:
Step 1: T[j,,v] = 100000, v € Ry
Step 2: T[jk,w] = =-99999, w € S
These two steps carried out sequentially have the
effect of making all the periods within S not available
for inclusion in Qs but if there are any periods in R,

which do not belong to S these are made available for

possible inclusion in Q.

Requirement T Pegiod3
1 X 1
2. 0 X
-3 X | x| X
4 2 X
5 X
6 X
7 X X
8 3 3

Note: The numbers in table elements indicate the stage
at which the appropriate assignment was made. X

indicates non availability. See note to table 6.2.

Table 6.4 Further example of a conflict situation

For example, consider the‘problem summarised in
table 6.1,‘modified so that requirement-p8 has one double
period event instead of two single period events.
Suppose that after three assignments in the construction
process the partial timetable is as shown in table 6.4.
A conflict exists since no periods are available for
e(3,1). Event e(8,2), at present assigned to periods
1 and 2, is pre&enting the insertion'of.e(3,l) at period

1. ©Steps in the process for selecting a new set of
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periods Q for e(8,2) &are as follows.

Step 1: T[8,1] = 100000, T[8,2] = 100000,

Step 2: T[8,1] = =99999. -

After step 2 the values of elementS'T[S,Z]vand
T[8,3] are 100000 indicating that periods 2 and 3 are
available for the insertion of e(8,2), thus permitting
the assignment of e(3,1) to period 1.

‘Clearly the operation of the algorithm on real
data is likely to be greatly accelerated if the period
set S with the best chance of success is tried first
after which period sets are examinedvin descending
order of likelihood that they will permit successful
displacement.ﬁ Storage structure 4 very'readily yields
a criterion for ordering period sets for this purpose.
This criterion is the total number of event periods
clashing with e(i,z) in the period set S, given by

z-1 -
E(s) = } (100000 - T[i,p+u]). (6.1)
u=0 .
Candidate period sets S are then examined in ascending
order of their E(S) values. |
6.2.2 Recursive displacement

The displacement algorithm can be used recursively.
Suppose thét in the procedure discus%ed above it is not
possible to find a suitéble and available period set

for the k8

clashing event, e(jk,z) say, then the
displacement algorithm can be used to operate on require-

ment pj in order to clear some period set Qk for the
k

insertion of e(jk,zk).

Let &(e(i,z),S) represent the éomplete displacement
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opération on any event e(i,z) including the final insertion
of the event at the period set S, if this period set is
acceptable, and the complete restoration of all changes
to the timetable caused by this operation if it is not
successful. Let u(e(i,z),R,Q) represent the movement of
anykevent e(i,z) between an "0ld" period set R and a
"new" period set Q caused by a displacement’opéraﬁion.
This movement may be from R to Qz;n the reverse direction
depending on whether the displacement algorithm is
attempting to find a new period set or restorinéva
previous situation. Displacement may then be defined

recursively as

S (e(i,z)¥5)

U(e(jkrzk)r Rk'Qk) + S(e(jhrzh) rQh)l (6.2)

where e(jk,zk) belongs to the set of events clashing with
e(i,2z) at S which can be moved from S to an
acceptable period set Q without recursive use of
displacement and e(jh,zh) belongs to the set which
cannot be so moved. |
There are two possible strategies which may. be
adopted if a period set S cannot be cleared for the
insexrtion of e(i,z) with a given level of recursion of §.
The first, to be known as the horizontal strategy, is to
try a new period set S, and the second, to be known as
the vertical strategy, is to maintain the previous period
set and invoke a deeper level of recursion of ¢§ in an
attempt to clear it. Figure 6.1 illustrafes the "pure”

horizontal and "pure" vertical strategies.
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(a) The pure (b) The pure vertical

horizontal strategy strategy

Note: It is assumed that there are n suitable period sets
‘Sl,Sz,...,Sn that can be tried. 1In both strategies
the maximum permitted level of recursion is m. The
figures in the lower part of a box show the permitted
level of recursion when trying the period set in the

upper part of the box.

Figure 6.1 Strategies for implementing the recursive use
of displacement

The puré strategies illustrated in figure 6.1
represent extremes, between which many different mixed
horizontal-vertical strategies are possible.

6.2.3 Processing implications of recursion |

The demands for processing time can be expected to
rise sharply with each increment in the maximum permitted
level of recursion m, a user defined parameter.

Let there be n suitable period sets to be tried at
everyllevel at which the displacement algorithm operates
and assume a situation where the displacement cannot be
successful due to an undetected problem infeasibility.
In such circumstances the total number N of period sets

to be examined rises with m in geometrical progression

as follows:
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n O (i.e. no recursion Y 2 3

N n n2 'n3 n4.

Although n will not be cénstant in any real problem
the increase of N with m in geometrical progression is
realistic and clearly m must be chosen carefully in
relation to the computing facilities available, and the
size and complexity of the problem to be solved.

6.3 Retreat and displacement compared

From a theoretical standpoint retreat has the
advantage that it must eventually ﬁind a solutioﬁ to
the given problem if one exists. As Johnston has pointed
out [22], this has little significance unless the number
of retreats is very small compared with the total number
of assignments made, which is usually not the case. He
found 20'to be an upper limit for the number of retreats
to be allowed but with this constraint his system failed
either to complete a timetabie or to show that no
solution existed in the majority of runs using real
timetabling data.

The main advantage of retreat over displacement
is that whenever requirements are assigned and events
inserted the system is in the same basic mode of
operation, that is, "advancing". This means that
algorithms for time and resource selection and problem
modification are always operating in the same "environment".
When a displacement strategy is used these three algorithms
must operate in two different circumstances, during the
normal assignment procedure and during displacement when

new period sets have to be found for clashing events.
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Displacement has the adyaﬁ?gge that all its
operations relate directly to the conflict which it is’
attempting to resolve. For example, when trying to
clear a period set S for the insertion of an event e(i,z)
the algorithm only attempts to move events which are
preventing insertion of e(i,z) at this period set.

- ‘Retreat does not have this property. It may be necessary
to retreat several steps before taking an alternative
choice which will affect the timetable for requirement Py
and‘as a result much processing time can be wasted on |
actions which stand no chance of resolving the conflict.

Tables 6.5 to 6.8 illustrate the performance of
the two algorithms by reference to the example problém
originally defined in Chapter 2. Table 6.5 describes a
Aseéuénce of operations which ends in failure to fit event
e(3,1) at stage 7. A simple assignment strategy based
only dn minimizing loss of choice (see.4.5.l)'has been
used: the dictates of a forcing situation (glossary 13)
are not necessarily followed. Table 6.6 shows the staté“
of the timetable at stage 7 and tables 6.7 and 6.8 show
the operations of the retreat and displacement algorithms
respectively to resolve the conflict. A pure horizontal

strategy has been used for displacement.
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Notes:

Stage Assignment,h=~‘Ghoié@4£@r requirement] Loss of choice
(see note (i) (see note (ii)) (see note (iii)}):
Choice No S
choice |1} 2| 3| 4] 5] 6| 7| 8
0 1 x| 1| 2| 1| 2| 2| 1
1 42 1] X 1) X} 1} 1] 2] 1 1
2 7+2 1l x| 1) x| 11 1} x| o 1
3 1+3 x| x| ol x| 1| 1] x| o 1
4 53 x| x| o] x| x| o} x| o 1
5 -1 |x| x| Q] x| x| x| x| o o
6 8+1,3 Xl X} =4 X} X} X} X|] X 0]
7 3 fails
(1) When an assignment is shown in the "choice"

column it indicates that the choice (see 4.5.1)
for the requirement was non-zero. Assignments
in the "no choice" column indicate that the
choice for the requirement was zero. The
notation i+p denotes the assignment of e(i,l)

to period p.

(ii)The entries in the columns under "choice for
requirement" give the choice for the
appropriate requirement after the assignment
on the same line. A negative choice indicates
a conflict.

(iii) The loss of choice column gives the total loss
of choice for all outstanding requirements
caused by the assignment.

Table 6.5 A sequence of operations in the partial solution

of the example problem
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Requirement Period

11 2 3
1 X 3
2 0 X
3 X X X
4 X 11 X
5 x| x| a
6 5 Xi X
7 X 2 X
8 6 X1 6

Note: The numbers in table elements indicate the stage

at which the appropriate assignment was made. X

indicates non availability.

See note to table 6.2

Table 6.6 The timetable at stage 7
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Insertions| Deletions | Is there a ’ Remarks

choice of
assignment
not already ' i
tried? '
42 Initial sequence of
72 assignments as shown in
13 , table 6.5 reproduced for
5+3 - : convenience only.
6->1 o
8+1,3 . )
3 fails. Retreat.
8 No Retreat.
6 No Retreat.
5 : Yes Make alternative
A assignment.
5+1 Advance using normal
63 ) assignment algorithm.
8+1,3 ' '
' - 3 fails. Retreat.
8 No . Retreat.
6 No Retreat.
5 No Retreat. .
1 Yes Make alternative
: assignment.
1»1 Advance using normal
5-+1 assignment algortihm.
63
8~+1,3
3 fails. Retreat.
8 No Retreat.
6 - No Retreat.
5 No Retreat.
1- No Retreat.
7 Yes Make alternative
assignment. '
7+3 Advance using normal
1+1 assignment algorithm,
5+3
6>1
8+1,2 :
3»3 Timetable complete.

Table 6.7 Retreat
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Period

Clasﬁing

Level of Event Period set Action
recursion e(i,z) set events - 0 ‘
used S e(j,z). available?
0 e(3,1) e(8,1) No Try new set,
e} e(3,1) e(2,1) . No 7
(preassign~| Try new set,
ed event)
0o e(3,1) 3 e(l,l) 1 Delete 1,
1-1
e(8,1) No Delete 1,
1-+3
Increase
permitted
recursion
. level.
0 e(3,1) 1 e(8,1) No Use dis-
' placement on
8. Delete 8
from 1.
1 e(8,1) 2 e(7,1) No 8+1. Revert
lto level O.
Try new set.
0 e(3,1) 2 e(2,1) ‘No ‘
: (preassign~|Try new set
ed event)
0 e(3,1) 3. e(l,l) 1 Delete 1,
l+lo N )
e(8,1) No Use dis-
placement on
8. Delete 8
from 3.
1 e(8,1) 2 e(7,1) 3 Delete 7,
7-+3,
8-»>2,
x-»3.
Note: "Delete i from p" means remove a single period event

of requirement oi from period p.

Where there is only

one such event in the requirement "delete i" is used

to mean the removal of this event from its current

period in the timetable.

Table 6.8 Displacement

From tables 6.7 and 6.8 it can be seen that retreat

involves 28 insertions and deletions, while displacement

involves 13.

On the other hand displacement probably
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requires more operaticiiy of 6Eﬁ@f*kinds~such as testing
the state of timetable array elements, although Without
going into the exact detéils of storage structures this
cannot be quantified. |

The example just given is not in fact "fair" to the
retreat strategy since the assignment and conflict
detection algorithms used were unduly simplified. - If
the conflict had been detected soon after the insertion
which caused it (e(7,1) to period 2), the retreat
algorithm would have cleared it with one retreat/advance
sequence, whereas displacement would have still reguired
one level of recursion, albeit with slightly fewer
opérations. The real significance of the example is
that it illustrates the fact that the effectiveness of
the retreat strategy is dependent on the quality of the
selection algorithm to an extent that displacement is
not. |

A further advantage of displacement is its ability
to move preassigned events as well as those assigned in
the course of timetable construction. 1In ﬁany cases,
of course, the displacement of preassigned events is
unacceptable to the user, but in certain circumstances
preassignment can be used to indicate a preference for,
rather than a mandatory specification of, the times at
which preassigned events should occur and to ensure
that such events are present in the finai timetable.
Provided that the storage structure can differentiate
those events which can be moved from those which cannot,
the former can be displaced if necessary in the light

of developments during timetable construction. In the
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abo#e example, had it been permitted to displaée event
e(2,1), preassigned to period 2 and assumed to be
immovable, the'displacemeht algorithm could have resolved
the conflict very rapidly without the use of recursion
(see table 6.8, second row), since e(2;l) could have been
displaced to period 1. TheAretreat strategy does not
lend itself to the alteration of preassignments because
preassigned events have no "hiétory".

A possibility is a compromise approach embracing
both strategies with displacement used initially and a
retreat carried out if this fails. This is discusséd
further in chapter 10.
6.4 Modification of the problem

How should arcomputer timetabling system proceed
when it_encounters a conflict which it cannot resol%e?
Most of the possible causes of action are listed beiow.
1) Abandon the run. |
2) Omit one (or more) events so as to remove the conflict.
3) Change the characteristics of one or more e#ents or

requirements, in particular, |

(1) break down a multiple period event e(i,z) into
two events e(i,z-1) and e(i,l). This can be
done repeatedly until one event e(i,z) has
become z events e(i,l),

(1i) change the resources associated with a
requirement. For example the association
between a requirement and a specific room
may be removed.

4) Relax one or more time or availability constraints
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on the problem, ih'?artiéﬁléf,

(i) Override the initial non-availability of
resources or requirements at particular periods
or groups of periods, |

(ii) Relax the rules governing when events of a
éiven duration may start. For example a double
period may be allowed to run over a lunch break.

(iit)Relax the rules governing the time distribution
of events, including the spreading of events of
the same or similar requirements over the week.

Course 1) is not in general satisfactory for any
practical system whether implemented ¥y manual or
computer means. A school must have a timetable and one
that is, say, 99% complete is clearly more valuable than
no timetable. The only circumstances when complete
abandonment might be justified is after a large number
of failures indicating the need for a major revision of
the curriculum., Course 2) is very commonly adopted by
éomputer timetabling systems as the only possible
alternative to course 1). Changing the chafacteristics
of events, courses 3) (i) and (ii) is likely to be
appropriate for some events and not others. Some English
and Mathematics lessons, for example, are normally taught
in double periods at the Elms, but these can be broken
down into singles if necessary for timetabling. This is
not the case with practical Science subjects. Similarly
alternative teachers may be acceptable for some redquire-
ments but not others.

Course 4) is the most commonly adopted expedient
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in manual timetabling. Verflfew British school time-
tables do not incorporate some violations of the desired |
pattern’of time and availabiiity. In a_computer.time—
tabling context it is most important for the user to
influence, and if possible control, what is actually
done in any particular set of circumsfances.

There are three possible mechanisms for deciding
on the course of action in a computer timetabling SYStem.
The simplest and least satisfactory is for the course of
actionbto be taken when a conflict occurs to be pre-
specified by program with no provision for any user
influence on the course of action. An alternative
approach, which has important advantages, is for the
'uéer to prespecify in the input data the coursé of action
to be‘taken when conflicts occur. The third possibility
is an interactive system whereby the computer can seek
guidance from the user on meeting a conflict. The last
two possibilities are part of the larger question of
interaction between the user and the computer timetabling
system.

6.5 Man-computer interaction

In the field of information processing by computer
for business and commercial applications it is well
understood that an information processing system
comprises a number of subsystems, of which the computer
subsystem is only one. Careful attention is, or shoﬁld
be, paid to the various clerical and other non-computer
procedures and particularly to the points at which
computer and non-computer subsystems interact. There

has been a tendency in the literature to play down the
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information processing,aspectsvgf computer timetabling,
partly because very few computer timetabling systems have
been used operationally, and partly because of the
algorithmic interest and difficulty of the problem itself.
Nevertheless the interaction between user and computer
subsystems is an important factor in determining whether ’
a computer timetabling system is operationaliy satisfactory.

The pattern of interaction between user ahd»computer

envisaged by early workers is illustrated in figure 6,2

HUMAN SUB-SYSTEM COMPUTER SUBSYSTEM
PREPARES TIME-
TABLE DATA IN
REQUIRED FORM.
\
TRANSCRIBES
TO MACHINE
READABLE FORM,
7
o INPUTS TO - CONSTRUCTS
- COMPUTER i TIMETABLE.
AMENDS SCRUTINISES p PRINTS OUT
DATA. . ouTPUT. N TIMETABLE IN
‘ STANDARD FORM.
NO < SATISFACTORY?

YES

FINISH

Note: The term "human subsystem" includes various
different types of people such as school teachers,
computer systems experts, and data preparation and
operating personnel. No differentiation is made
between these people as the interaction between
them is not the present concern.

Figure 6.2 The interaction between human and computer
subsystems ‘ ‘
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It must be said that the concept illustrated in
figure 6.2.is very simple and hés much to recommepd it
provided that it produces satisfactory results. When
computer timetabling systems started being applied to
real schools, however, the importance of very careful
validation of the input data became apparent, firstly
to remove low level syntax errors, an alphabetic
character where a digit was expected for example, and
secondly to remove inconsistencies in the data, for
example a class being scheduled for more periods than
the number of periods in the week. The need for careful
data validation has led naturally‘to the idea of a
separate data checking run in which the computer would .
point out miétakes and inconsistencies. Only when ﬁhe
data was found to be correct would timetable construction,
time consuming and expensive if operating on invalid
data, be started. A number of methods of specifying
the input data itself have been used by different
workers and there is a neéd for a systematic evaluation
of these, since the operational success of any computer
timetabling operation depends on data supplied by teachers
who initially are likely to have no experience in
computer work.

It has also been found that improvements can be
made at the output end of the timetabling process. Not
all schools like their timetables produced in the same
way and this has led to the idea, first advanced by
- Hickman [20], of allowing the user to specify the form
in which the output is to be produced.

Even more important than improvements to the
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mechanism for the inputs to and outputs from the computer
subsystem has been the intfoduction.by Lions [28] of a
set of priority indicators for each requirement by which
the user can indicate whether any departure from the
specification of the requirement is permissible and if
so in what order the different kinds of relaxation
shouldtake place. This is the first-systematic
implementation of the second alternative mechanism for-
problem modification discussed in 6.4. Its disadvantage
is that once timetable constrﬁction has started the user
can piay no part in the process. It leaves manual
timetabling with the great advantage that the person
constructing the timetable, with all his acquired.
experience of what will and will not be acceptable in
the school concerned, can decide on the course of actibn
to be taken as and when conflicts arise in the light of
thé current state of the partial timetable. In general,
the number of possible detailed steps that may be taken
in a particular situation in order tovresolve a conflict
will be far greater than can practicably be specified
in the input data. It really is not possible for the
user to forecast every conceivable eventuality and
provide an appropriate decision in case it ariées. Any
practical scheme, then, which tries to forecast
difficulty and provide for it in advance is likely to be
a poor second to a systemrwhich'allows the user to
decide on the cbﬁrse of action at the time when difficﬁlty
arises.

Another disadvantage of using the computer in what

may be called the "closed" mode of timetable construction
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is that when the process is'completed the user is
presented with a "take it or leave it" situation. If he
is very‘nearly satisfied with the timetabie producéd but
would like some changes made, he has only two choices.
Hé can take the computer produced timetable and amend it
«by hand. This process is explicitly catered for in the
Nor:aata system [30], which provides output on transparent
paper which can be manually amended and then readily
, éopied. Even a Small number of amendments, however, can
mean a great deal of effort., The alternative to manual
amendment is to amend the input data and produce a new
timetable on the computer., The disadvantage of this
course, apart from the expense, is that there is no
guarantee that the new timetable will not have different,
and possibly even more serious, shortcomings than the
previous timetable.

These arguments lead naturally to the third
u mechanism for problem modification, the interactive
construction process, mentioned in the previous section.
This, together with the various improvements in input
and output discussed earlier, leads to the concept of
timetable construction as a process involving interaction
between user and computer at every stage, which is
illustrated in figure 6.3. An assessment of this concept
forms an important part of the later chapters, particularly

chapter 10.
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HUMAN SUB-SYSTEM COMPUTER SUB-SYSTEM

PREPARES.
TIMETABLE
DATA IN
REQUIRED FORM.

Y

TRANSCRIBES
TO MACHINE
READABLE FORM.
o INPUTS DATA TO N PROCESSES
7 r o i
- COMPUTER INPUT DATA.
Y
L REPORTS
ANY SYNTAX ERRORS
7 ,
AMENDS P REPORTS ANY
INPUT INCONSISTENCIES
DATA. Y
CHECKS REPORTS PRODUCES
ANALYSIS OF
AND ANALYSIS. INPUT DATA.
IS INPUT DATA
NO SATISFACTORY?
. COMMAND TO
-~ YES START STORES
CONSTRUCTION INPUT
PHASE N4 DATA.
o INSTRUCTIONS, | [CONSTRUCTS
. ENQUIRIES. [|TIMETABLE.
Y
ASSESSES REPORTS ON
. PROGRESS,
REPORTS. < DIFFICULTIES,
FAILURES.
Sheet 2
Figure 6.3 Full interaction between human and computer

sub-systems

Sheet 1 of 2
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HUMAN SUB-SYSTEM COMPUTER SUB-SYSTEM

From Sheet 1 <::;)

¥ &y
PRODUCES ‘
< STANDARD
S OUTPUTS.
ASSESSES CALLS FOR ] STORES
STANDARD || NON STANDARD > COMPLETED
OUTPUTS OUTPUT TIMETABLE

/

ASSESSES PRODUCES
NON STANDARD - ‘ NON STANDARD
OUTPUTS.

OUTPUTS.

IS TIMETABLE
SATISFACTORY?

CALLS FOR

AMENDMENTS . ~
YES
Y \%
ARE FURTHER
louTpuTS A
n REQUIRED?

AMENDS
TIMETABLE

FINISH

FPigure 6.3 Full interaction between human and computer

sub-systems

Sheet 2 of 2
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CHAPTER 7 - COMPUTER TIMETABLING SYSTEMS

7.1 Early work

In‘the'coﬁrse of the work described in this thesis,
two completely different computer timetabling systems
have been developed. The objective of the first system
was to enable a thorough understanding éf the computer
timetabling problem to be gained aﬁd in particular £o
assess whether a storage structure based on resources
would be a satisfactory foundation for further development.
The system was designed to cater for the Royal Military
College of Science degree courses and it therefore had
certain features not applicable to the general run of
schools and colleges, notably the need to cater for some
change of requirements from week to week while maiﬁtaining
as consistent a timetable as possible for every week of
the term.,

The system used a storage structure similar to
storage structure 1 as described in chapter 3 although
week to week variations required a third dimension to be
added to the timetable and availability arrays. Event
selection was based on the order in which requirements
were input and a simple scheme was used to ensure a
normal distribution of periods throughout the week.

Rooms were allocated to events as these were inserted
into the timetable.

A conflict resolution algorithm dealing only with
singlé period events was incorporated but unlike
Barraclough's.interchange routine [4], it was used as

soon as a conflict was detected. Requirements were input
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by "line", and thg formatiof t@e inpdt data was very
similar to that used by Barraclough.
The system was quite successful in operation.
It produced timetables with an insertion rate better
than 98% for the Michaelmas 1969, Lent 1970 and Summer
1970 terms. The first two weré not satisfactory mainly
because the spread of events across the week waS«poor,
with free periods concentrated at the end of the week.
The program was modified and the Summer 1970 timetable
was very much better. The s?read of events across the
week was now quite Satisfactofy and the timetables for
each week taken in isolation were excellent but the
week to week variations in the timetable were more than
desirable and indeed greater than were necessary as
shown by a comparison with the existing manually
produced timetables. |
Furthér modifications could-have improved the

consistency, but the system had achieved its aim and
no further work was done with it. The following coh—
clusions were drawn:
1) Even the simple interchange algorithm was awkward

to program and very time consuming with the storage

structure used. A more general and powerful

conflict resolution algorithm based on the displace-

ment concept would not be pr%cticable with this

type of storage struéture. |
2) The storage structure used is well suited to resource

selection during timetable construction. The room

allocation algorithm was a highly successful aspect

of the system.
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3) The whole process of data input requires very
careful design.

7.2 SCOCOST ~ general philosophy

A second computer timetabling system incorporating
the lessons learnt from the first has since been designed
and developed with the following main objectives:

1) To be capable of construéting timetabiesffor"a wide
variety of schools and colleges. (The specific
Shrivenham problem of week to week variation was not
considered important in this context).

2) To act as a vehicle for fhe investigation of
selection and conflict resolution algorithms and of
the possibilities of man-computer interaction in the
field of computei timetabling. |

The system is known as the §hrivenham COmputer éystem

for the COmpilation of School Timetables, SCOCOST.

Inevitably the system has changed-during development

and this chapter describes the current basic system,

which is a slightly modified version of that specified

in the Users' guide and data manual fG]. The additional
experimental procedures and programs developed to
investigate specific problem areas are described in

&@mm9am1m

7.2.1 Computer and programming language

The system could have been developed on any one

of the range of powerful machines in the University of

London computer complex. It was, however, decided to

use ﬁhe Shrivenham computer mainly because it was a

relatively small system véry similar to many local

authority installations on which programs with a similar
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fuﬁction might be run,9perati6gally. One of thé
subsidiary objectives of the timetabling system was that
it should not require a very large computer’dh which to
run. When development started the Shrivenham computer
was a 1902A with 32,768 twenty_four bit words of core
storage and two 8 million character disc transports.
The installation has subseguently been enhanced to a
1903A with 65,536 words of core storage.

The next major decision was the programming
language to be used. The initial choice lay between
assembler and a high level language. In general, high
level languages have the great advantage of focussing
attention on the problems to be sol&ed rather than on
low level pfogramming detail. 1In certain'parts of
complex programs, however, the use of an assembler
confers definite advantages notably in economy of
storage,‘in increasing execution speed in frequently
recurring computations and by enabling the user to
carry out hardware dependent operations such as bit
manipulation which may not be readily available in a
high level language. Fortunately most current high
level lénguage compiling systems provide for mixed
language programming and in particular for incorporating
segments coded in assembler into programs written in
the high level language. It was therefore decided to
program the computer timetabling system in such a
language using the 1900 assembler PLAN for bit manip-
~ulation. The practical alternatives available were
FORTRAN and ALGOL 60 and the latter was chcsen mainly

owing to the author's greater familiarity with ALGOL.
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7.2;2 Storage stfucture

A second major decision concerned storage structure.
Storage structure 1 (see 3.4) was réjected because it
had been found to be unsuitable for a powerful dis-
placement aigorithm. Storage structure 2 is likewise
unsuitable and has other shortcomings discussed in 3.7.
Moreover both the'above storage structures, based on re-
sources, become markedly less efficient as the complexity
of the school, as measured by E(p), increases (see table
3.2). The choice between the two methods based on
requirements, storage structures 3 and 4, was more
difficult.

The advantage of structure 3, the requirement. list,
in storage economy is very marked. Furthermore, it
retains the important feature of holding the availability
ofreach resource explicitly. The lack of this feature
in storage structure 4 makes resource selection during
timetable construction impracticable. On the other hand
the fact that the availability of each fequirement'is SO
readiiy accessible makes storage structure 4 better
suited than storage structure 3 for the implementation
of trial assignment and displacement. Tﬁe evaluation
of these algorithms was considered particularly'
important, and for this reason it was decided to adopt
storage structure 4.

This decision was probably the most important
taken during the project because while algorithms and
peripheral deﬁails of the storage structure could be,
and frequently have been, readily changed as the project

progressed, the basic principles undérlying the storage
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structure could nof be%alteredgwithout producing a new

computer timetabling system.

7.2.3 Overall conéept of operations

The third major decision was to adopt the overall
concept of operations illustrated in figure 6.3,
Following this approach it was decided that the system
should consist of four main elements. |
1) A data base with which all the programs would

interact.

2) Input program.

3) A timetable construction program.

4) An output program.

The timetable construction program in the basic
system is not fully interactive but it has been designed
to facilitate the implementation of a fully interactive
version of this program which is describéd in chapter 10.
7.2.4 Limitations

The main limitations of the system are as follows.
1) All links between classes, teachers and specialist

rooms and requirements must be uniquely specified
in the input data.

2) Allocation of non specialist rooms is carried out
after the main timetable construction is completed.
This has led to the development of a separate room
allocation program to be run after the main con-
struction program.

3) No special provision is made for split site schools.

4) All the main arrays in the system have dynamic
bounds so that there is no fixed upper limit on

the size of problem which can be tackled. This
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varies with the coﬁputer:ggnfiguration, and in

particular with the core stbrage available. A 1903A

installation with 65,536 words of core storage can |

just accommodate a problem with 3100 reqﬁirements,

1536 resources and a 40 period week with SCOCOST,

but this would involve maximum overlaying from disc

with consequent very long running time. A practical

limit for such a configuration would be 1000 |

requirements, 1000 resources and 40 periods. Thus

the system can cater for all but the very largest

schools using a comparatively modest computer

configuration.
7.3 Data base

The data base consists of 26 arrays stored on a
disc file. Each arréy starts at a specific logical
bucket number. A bucket in this context is an
addressable unit of 128 words and a file may fo; present
purposes be régarded as a string of such buckets, each
of which is allocated a logical bucket number [38].
The first two arrays, BDATA and NEWDATA, held in
logical bucket numbers 1 and 2 respectively, contain
the basic information concerned with the problem listed
in appendix 2. The third array POINTING stores the
logical bucket number at which each of the other 23
arrays start. These arrays are described in appendix 3.
7.4 Input program
The data required by the program is specified in

five input forms I1-I5, copies of which are contained
in appendix 4. These forms contain a set of data which

specifies a problem almost identical to that used in
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chapter 2 and subsequent chapters, the only change being
the incorporation of rooms. An outline flow chart of
the input program is given in figure 7.1.
7.4.1 Main features of the input program

The program includes a comprehensive set of data
validation checks the aim of which is to‘detect all
~errors on the first run of any sét of data. Errors so-
detected are pointed out by self evident diagnostic
messages. Good error detection and diagnostic
facilities and "robustness" in the face Qf.data errors
are important features of any computer program which
has complex data inputs and table 7.1 compares the
performahce of the latest version of the input program
with an earlier version which.had a much less compre=-

hensive validation system.

Earlier Latest
version | version

Separate problems (i.e. different

sets of data) run . 24 32
Runs started 113 55
Runs to completion of program 44 53
Program failures 69 2
Ratio of program failures to runs

started 0.60 0.036
Average number of runs started per

lproblem 4,71 - 1.72

Note: A "run to completion" of the input program does
not mean that the data on which the program was
run was error free. It simply means that the
program did not fail. '

Table 7.1 Comparison of two versions of the input

Erogr;‘a.r_q
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Figure 7.1 Outline flow chart of the input program

Sheet 1 of 3
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OPERATTONS
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Figure 7.1 Outline flow chart of the input program
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Figure 7.1 Outline flow chart of the input program
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In many casés the basi¢ data supplied on form Il
is used only to’calculate the appropriate values.of the
elements of array POINTING, and to set up the various
arrays within the input program itself. For example the
fourth number on form Il specifies the value of req, the
number of requirements, 10 in the specimen set of data. This
"number is used to calculate appropfiate-eleménts of array
POINTING (appendix 3) and to set the bounds of the
corresponding arrays, REQPOiNT for example, within the
program. In fact only 8'requiremen£s were supplied (on
form I2); this number is counted by the program and the
values of req and the fourth element of array BDATA are
amended accordingly. If the number of requirements
presented had been 11 or more this would have been pointed
out as an error.

Full use is made of the free format facility of
the 1900 ALGOL input/output system to input lists of
numbers of variable length. There is no need to conform
rigidly to the layout of the form as ié the case in many
computer input documents. Extensive uée is made of default
~settings so that no more information than necessary need be
input. |

In the great majority of the input data, forms
I2, I3 and 1I5, each line of data, and therefore each card
when the data has been punched, contains at least one self
evident name.

| The quantity of output produced by this program
can‘be varied between wide limits by the data item key, the

1l4th number on form Il.



Negative numbers adre uséd in a number of input

fields to specify information as follows.

Form Field Meaning
I2 No, of events Duration of multiple

period events cannot be
broken down.

I2 Room group Rooms are to be sel-

. : ected from the group
specified by the magni-
tude, giving priority
to clggg“preference.

(A positive number or
no number in this field
indicates that &eacher

preference is to have
priority).

I2 No., of rooms The same selectable
rooms are to be alloc-
-ated. for all events of
the requirement.

I2 Initial time- The allocation specified
table entries cannot be changed.
I3 Periods not Non availability is

available , "absolute".
7.4.2 Discussion

The main novel feature of the data input system

1s that associations between requirements and resources

are established by listing the requirements associated
with each résource instead of the usual method of
listing resources against requirements. The SCOCOST
system is unnecessarily awkwafd when there are few
resources linked with a requirement but it caters well

for situations where there is a complex pattern‘bf

options with small classes (of one pupil only in extreme

cases) with consequent large numbers of resources
associated with each requirement.
The "management information" provided by the

various output tables, notably that giving resource

loadings, has been found to be a valuable feature of

Do R
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the system.

The main drawback of this scheme for data input
is that it is not as easy for the "lay user" to
understand as would be desirable and in particular tbo
much use is made of numeric coding.

7.5 Main construction program

As with the input program, -the main construction
or "compile" program has undergone extensi&e"
modification in the light of experience. SeVéral
versions of the program exist; namely, the basic %

version specified in [6], on which the majority of

runs have been carried out, and several experimental

versions in which the basic structure of the program

has been used to investigate the various problem areas

discussed theoretically in chapters 4, 5 and 6. The

AT TR

experimental versions are fully discussed in the

R

chapters (9 and 10) dealing with the investigations

which they have been designed to support.

The data input to the main construction program
is set out in form Cl shown in appendix_4, sheet AP4/8;
and an outline flow chart illustrating the operation
of the program is given in figure 7.2, with a more
detailed flow chart of the assignmént routine in figure
7.3.

Requirements are selected for assignment on the
basis of slack as defined in 4.5.1, weighted by
functions of the maximum outstanding event duration
(figure 7.3, sheet 3); the frequency of selection of
requirements is governed by the compromise strategy

- described in 4.7. The selection of a period set for
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the event e(i,z) follows the Scheme described in 5.6
Procedure DISPLACE (figure 7.3, sheet 2), implements
the displacement algorithm described in 6.2.1, using
the pure horizontal strategy. The parameter taépth
(form Cl) determines ﬁhe degree of recursion permitted.
The value of tdepth can be varied during the run by
using test switch 6 (figure 7.2).
The results achieved by this program are described
in chapter 8.
7;6 Room allocation program
The processvof room allocation is essentially part
of the construction process. The present system, however,
has a separate room allocation program principally in
order to reduce the size of the main construction program.
The input data consists of only two numbers specifying
the disc file to be used and quantity of print required.
The program first allocates rooms which are uniquely
associated with requirements to the appropriate events. | i
The process of allocating a room T to an event e(i,z)
starting at period p invoives the following steps:
1) If this 1is the first room to be allocated to this
event, set TIMETAB [i,q] = m for q = p,ptl,...,p+z~1.
If it is the second room to be ailocated (the first
being rn), then it is necessary to set up a "multiple
room", If there are already j-1 multiple rooms, then
set TIMETAB [i,q] = J for g = p,p+l,...,ptz-1

h

indicating that the jt multiple room has been

allocated to the event and MULROOM [j,s] = 1 for

s = m,n indicating that rooms oty belong to the jth

multiple room. If the room r, is the third or
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OPERATTIONS
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OPERATIONS

,Mé%AkT o

Y

SET UP ARRAY
EXPD

COMMENTS

PARAMETERS i :REQUIREMENT NO
a=l FOR ACTUAL
ASSIGNMENT
aw2 FOR TRIAL
ASSIGNMENT
EXPDj] HOLDS NUMBER OF
EVENTS OF DURATION j

OUTSTANDING FOR REQUIRE-
MENT p. .

z HOLDS DURATION OF LONGEST

OUTSTANDING EVENT.
TRIAL ASSIGNMENT?

o)
from g;;;2 2 SET UP ARRAY

N .

N[j,d] HOLDS THE TRUE PERIOD

NUMBER OF THE START OF THE
jth MOST DESIRABLE PERIOD
SET OCCURRING ON DAY d IF

j:=1(1l)pd

?
'YES

NO

Y

Y

Sheet 2 @ o o e w §

THIS IS SUITABLE AND AVAIL~
ABLE AND ZERO IF IT IS NOT.
SEE 5.6.

BESTDAY(3)>O;’THERE ARE pd PERIODS

IN A DAY. BESTDAY IS AN
INTEGER PROCEDURE RETURNING
THE DAY NUMBER OF THE MOST
SUITABLE DAY FOR THE INSERw
TION OF AN EVENT e(i,z)

{  WHICH HAS A NON ZERO ELEMENT
IN THE jth ROW OF ARRAY N,
AND ZERO IF THERE ARE NO
NON ZERO ELEMENTS IN THIS
ROW. SEE 5.6.

L~~NO SUITABLE AND AVAILABLE
PERIOD CAN BE FOUND.

d:=BESTDAY(J ) ;
p:=N[j,d];

b

@ Sheet 2

Figure 7.3 Flow chart of procedure ASSIGN

Sheet 1 of 3
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OPERATIONS

K

COMMENTS

From sheet 1.

INSERT e(1,z)
AT PERIOD p.

-+

INSERT INVOLVES DECREMENTING
APPROPRIATE ELEMENTS OF
ARRAYS TIMETAB AND GRASP

EXPD [2] : =EXPD[z] =1;

AS DESCRIBED IN CHAPTER 6.

tdepth DEFINES DEPTH OF
_RECURSION. RETURN PARAw=
METER p GIVES PERIOD AT
WHICH e(i,z) MAY BE
INSERTED. Pp=0 IF DISPLACE
FAILS. :

IF z=1 OR REQNO[il<O THE
EVENT CANNOT BE BROKEN
DOWN.,

YES EXPD [z] =0
<
NO
Sheet 1
From
sheet 1
ENTER
PROCEDURE
DISPLACE .
NO
REQNO [i]< 0
Y YES
BREAKDOWN' SET FAILURE
ALL OUTSTANDING FLAG.
EVENTS e(i,z)]
i | " 2

il

Figure 7.3 Flow chart of procedure ASSIGN

Sheet 2 of 3
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OPERATIONS

COMMENTS

e From sheet 1 TRIAL ASSIGNMENT.

TRANSFER iTH ROW
OF ARRAY TIMETAB
TO WORKING ARRAY
WECT.

Y

ATTEMPT TO INSERT ALL
UNSATISFIED EVENTS IN
VECT USING THE SAME
ALGORITHM AS FOR
ACTUAL ASSIGNMENT.

ARE ALL EVENTS SATISFIED?

UNSATISFIED EVENT

PERIODS ;

L

NO
— ?
ES
SLACK [i):= =
_ TOTAL NUMBER OF
SLACK [il:a TOTAL| |PERIODS p FOR WHICH

VECT [p) = 100000;

“ |

NO

—
>

1

SLACK [i]:=
- z X slcnt;

-+ srLack [i]

YES

REQNO [i] €07

«8> SLA
stpck LiddsnSrack L1

T[

N

2 J

(f FINISHw;)

z IS THE DURATION OF
THE LONGEST UNSATIS=
FIED EVENT OF REQUIRE=
MENT p. THIS OPER=-
ATION BAS THE BFFECT
OF WEIGHTING SELECTION
IN FAVOUR OF REQUIRE

‘MENTS WITH LARGE z.

z IS AS ABOVE. THIS
OPERATION WEIGHTS
SELECTION IN FAVQUR
OF REQUIREMENTS WHOSE
EVENTS CANNOT BE
BROKEN DOWN.

Figure 7.3 Flow chart of procedure ASSIGN

Sheet 3 of 3
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subsequent room to be allocated it is only necessary
to set MULROOM [j,m] = 1, TIMETAB [i,q] having been
set already. |
2) Set the bit corresponding to room r of columns
P/Ptl,eee,ptz~1 of array RASP to 1 ihdicating the
subsequent non availability of room'rm at these
periods,
The elements of a working array NUMROOM [l:req] are
now computed for all requirements Py which are incom-

pletely satisfied in respect of rooms by

NUMROOM [i] :=m * k;

where m is the number of rooms in the roémkgroup (the
jth, say) for requirement Py and k is the number of rooms
required. NUMROOM [i] is thus aﬁ indicatibn of the
amount of choice of rooms still avéilable for require-
ment Pye |

The requirements for which one or more rooms are
still to be allocated are then divided into two J
categories: those for which all events must ha#e the
same selectable rooms (specified on input by a negative
value in the "number of rooms" field on form I2), and
tﬁose for which this condition does not apply. Rooms
are then allocated to requirements in £he first
category in ascending order of their values in array
NUMROOM, For each reguirement Py in this categqry,
the availability of successive rooms in the room group
for that requirement is tested for all periods at which
eventskof p; are scheduled, until the required number

of selectable rooms is found. Each of these rooms, rj,

must satisfy RASP [j,g] = O for all periods g at which
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an event of oy occurs in the timetable. The order in
which rooms in the group are tested depends on whether
Py is a "§tatic class" or a "static teacher" requirement,
For static class requirements (designated on input by a
negative number in the room group field on form I2) the -
order is as follows.
" 1) Preferred room(s) for the class(es) associated with -
Qi-
2) Preferred room(s) for the teacher(s) associated with
Di-
3) Other rooms in the group in ascending order of
capacity.
For static teacher requirements the order of 1) and 2)
above is reversed.

Rooms are finally selected for requirements in the
second category. The order in which these requirements
are selected and the order in which rooms within a
group are examined are determined by the same criteria
as befofe. However, the availability condition which
must be satisfied by a room rj when-being tested for
a requirement Py is now less stringent; it is simply
RASP[j,q] = O for all periods g fof which a single event
e(i,z) has been scheduled.

When a number of fequirements have been specified
as needing the same set of selectable rooms for everj
event the program may fail to satisfy all these
requirements in respect of rooms for the reason described
in 5.7. In this case an appropriate message is printed

out.

7.7 Output program

One of the great advantages of a computer time- .
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tabling system, paxticulariy when the timetable is
retained on backiﬁg store, is the ability to present
information about the timetable in a wide variety of
different forms., The output program pfovides compre-
hensive facilities for théruser to obtain the
.informatioh he requires in any one of eight different
formats.

The program can operate in one of two modes,
standard mode or select mode, which determine how the
informaﬁion to be output is to be defined. The mode
is specified by the second numbef.presented to the
program (see form Ol, sheet AP4/10). In standard mode
the timetable for all classes or all teachers or all
rooms is printed out in the desired format. The |
advéntage of this mode is that only two numbers are
required to be input. Select mode requires more effort
in data preparation but gives far greater flexibility
than standard mode.

- In select mode a set of groups are defined (see
form 02, éheet AP4/11). A group may consist of any
combination of fesources or of requirements, but a
mixture of resources and requirements is not allowed.
The timetable for individual groups or sets of groups
may then be obtained in any desired format using form
03 (see sheet AP4/12). Examples of possible groups for
use in select mode are:

All science laboratories.,

All roomé in a building.

All teachers and/or rooms in a department.

All Vth and VIth form Science subjects.
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The lower VIth form: this may involve many classes,
Examples of two timetable outpﬁts are given in appendix
4, sheet AP4/13. |

When the program was first designed it was thought
that the great flexibility provided by select mode
would be most useful. Indeed standard mode was not incor=
porated‘initially. Operational experience has shown that
select mode has hardly ever been used. This may not
necessarily mean that the concept of great flexibility
in output groupings is invalid but rather that users are
not yet sufficiently experienced in using computer time—

tabliﬁg systems to think in these terms.
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CHAPTER 8 - TRIALS AND RESULTS

This chapter describes the more significant trials
carried out using the "basic" SCOCOST system and the
results achieved. Work in cooperation with Research
branch, RAF Training Command including'a live trial
with RAF Newton is first described after which the .
resuits achieved from a large number of runs with
several different sets of data are analysed.

8.1 RAF Newton

In early 1971 the Research branch RAF Training
Command, in collaboration with the author, carried out
a comparative trial of a computer timetabling system
developed by Research branch and an early version of
SCOCOST. The results of this trial are given in [5],
but as objective and thorough comparative trials in this
field are rare, the more significaht comparisons are

reproduced in table 8.1.

Data configuration Percentage of event
periods inserted

RAF SCOCOST
Basic data (RAF Newton) 84.4 95.7
Variation 1 (Newton) 90.4 96.9
Variation 2 (Newton) 91.4 £ 96.5
Variation 3 (Newton) 93.4 ‘ 97.6
‘Basic data (RAF Locking) 92.4 99.0

Note: Variation 1 - quadruple and triple period events
reduced to doubles and singles.
Variation 2 - restrictions on initial availability
of requirements lifted.
Variation 3 = restrictions on instructor avail-
ability 1lifted. '

Table 8.1 Comparison of results
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As a result of this trial the Research branch

decided to abandon work on the computer timetabling

system which they had developed and use the Shrivenham

system,

After further experiments a live trial was carried

out in which six one week timetables for RAF Newton were

produced on the Shrivenham computer and used by the

school.

Each week's timetable was, of course, quite

different from its predecessor, reflecting the changed

pattern of courses from week to week,

The input data

for a week's timetable was liable to change up to a

few days before the start of the week concerﬁed.

were thus important time constraints in the trial,

There

The

data for each week was prepared and validated, the

timetable produced, subjected to extensive manual checks,

altered where necessary and issued within the space of

one week.

The more important results of the trial are given'

in table 8.2.

[Week comm-| No., of Number of Insertion | Human effort
encing classes | event periods rate required in
not fitted completion and
amendment of
final time-
table hours
' % hours
n7.11.71 41 36 97.8 12
25,11.71 41 - - Timetable not
, produced
2.,12.71 39 17 98.9 Not used
9.12.71 41 12 99.3 6
6., 1.72 - 40 100 2
RO, 1.72 40 99.6 3

Table 8.2 Details of live computer timetabling trial
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The first week's timetable had évnumbe: of short-
comings, partly owing to incorrect preparation of the
data but maihly because the computer system did not
permit the user to specify which multiple period events
could be broken down to events of shorter durétion.

This failing was corrected by alterations to the ' -
appropriate‘prggrams but these delayed the runs for the
second and third weeks, the timetables for which were

not used. The program amendments allowed requirements
whose multiple peribd events could not be broken down

to be specified by a negative number in the events

column (form I2, sheet AP4/2). These amendments
dramatically improved the timetables produced in the

third and subsequent weeks.

- The trial was a success in that the computer
producéd timetables were accepted and operated by teachers
and students with very little trouble. In a few cases,
however, practical lessons were placed before the theory
lessons on which they were based. This shortcoming
reveals a minor limitation of the system. The need to
specify that a given event must take place before. another
is not catered for as it is not important in the majority
of secondary schools,

A comparison of costs in [5], taking into account
the notional costs of computer time, human effort and
travelling, and stationery, shows that the average cost
of a computer timetable was about EZOO,vof which £140
was for a total of 4% hours computer time, while that
for a manual timetable was £50, representing about 35

hours human effort., This does not, however, give a
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fair comparison befween the Poténtial of the two methbds
since the manual system is well established, while the
computer system is‘only in the fesearch and development
stage. Clearly if such a system were fully operational,
the need for the extensive checks carried out during the
trial would be greatly reduced with incréased user
familiarity. An interactive system which permitted the
user to amend data on line would be most helpful in this
context (see chapter lO). Furthermore prégram‘run times
can be greatly improved: better organisation of disc
files and an improved system for retrieving names in
the output program have already doubled the speed of
this program since the trial. ‘

Making all reasonable allowances for potential
economieé in the method for producing timetables by
computer, the cost might be reduced to £60, still above.
the cost of a manually produced timetable. Thﬁs the
use of a computer to construct each week's timetable
"from scratch" for a "short course" school such as
RAF Newton is unlikely to be cost effective. The reason
for this is mainly that the construction of the weekly

timetable is only part of the overall timetabling problem.
|

E | AL 7 weeks |
1 3 weeks = i
B2 3 yks

Cl 40 weeks

.

C2 40 weeks
C3 40 %eeks

Di 10 weeks

o El 7 weeks ;

Y T T 1 T T ¥ 1 T t T » 7

1 2 3 4 5 b 7 8 9 10 11 12 13 14 15

Week numbers

Figure 8.1 Pattern of courses at a short course school
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Figure 8.1 shows five different'types of course,
A, B, C, D and E. Each time a particular type of course
is run the same pattern of instruction is followed. Thus
in week 3, course B2 is undergoing the same instruction
as Bl underwent in week 1. Thus the timetable for week 5
must provide for courses Al (second week), B2 (third
week), Cl (36th week), C2 (31st week), C3 (third week)
while that for week 12 must provide for course C2 (38th
week), C3 (10th week), D1 (second week) and E1l (sixth
week). A computer can be used effectively for such a
school to store the profiles of each type of course in
térms of its requirements for each week. The system‘
can then be provided with the starting dates of every
course that is run so that a pattern of the school's
activity such as shown in figure 8.1 is stored. This
can be used firstly as an aid to long term planning to
indicate when particular resources (or groups of resources)
are over or under-used and secondly to generate the input
to the weekly timetabling program., This would not only
remove the need for human data collection and punching
every week but would make the task of planning the
- school's future activities and its.need for resources
much less laborious and more efficient. Some work has
been done in this area but as it is not directly relevant
to the timetabling problem in a British secondary school
it is not pursued further in this thesis; readers inter-
'ested in this field are referred to {[37].
8.2 Data sets, difficulty factors and system perforﬁénce

The computer timetabling system described in chaptef

7 has been used to process data from the RMCS and four
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schools, Burhage High School, Aylesbury Grammar School,
The Elms and RAF Newton. The data for the first two
schools was used in a field trial of the University of
Birmingham timetabling system and was supplied to the
author by the Local Government Operational Reseafch Unit
for testingrpurposes. Data from The Elms has been
obtained directly from the school but the timetables
produced have not been used. Timetables produced for
RAF Newton were used during the trial described in 8.1.
Table 8.3 gives details of the sets of data and the
results achieved by the system in each case. An explan-
ation of the three gjifficulty factors used is given
below.

The first two difficulty factors in the table were
used by Barraclough [4]. Factor a is:
(the number of teacher periods required)/(the number of
teacher periods available), |
while factor b is:
(the number of teacher periods in sets or double periods) /
(the number of teacher periods available).

Difficulty factor ¢, which is original, is given by

~
1oy Zzz.aiz)
D = i=1 z=1

t P.P-Q ’

where A, P and Q are the number of requirements, periods
in the week and event periods respectively, Z is the
longest duration of any event in the problem, Xy is the

number of requirements clashing with requirement Py and

a,, is the number of events of Pi of duration z.

Dt is a more complex factor than either of the

previous factors and attempts to measure the "tightness"
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The Elms

(see note (iii))

School/College | RMCS |Burnage | Aylesbury RAF
] HS GS GS Newton
Requirements 100 424 281 215 262
Events 285 946 476 467 641
Event periods 290 1103 550 587 1523
Resources 4
Classes 52 43 18 89 41
Teachers 79 71 39 29 60
Rooms 29 - 62 16 25 80
Teacher periods | .
Available 1560 2515 1507 980 2400
Required 440 1894 950 734 1389
Number in sets 416 1091 661 541 1295
or doubles
- Clashes
{(see note (i))
X 12.02 29,33 55,53 32.3 13.26
Difficulty
ffactors
(see explan-
ation on pages
151 & 153) :
A .282 .752 .610 . 750 .587
o .267 .436 .420 _.552 .540
o 1.321 2.713 2.750 2.736 2. %47
b .549 1,188 1.030 1,302 1.127
Bystem per-.
ormance
(see note (ii))
Event periods 0o 17 4 23 2
not fitted
Percentage 100 98.5 99.2 9.1 99.9
insertion rate
Time (min) 8 104 50 62 18

one requirement,
(i1):The ingertion rates quoted are the best achieved by the

Notes (i):x is the average number of requirements clashing with any

basic system with one level of recursive displacement
(tdepth = 2, see 7.5).
(111):printing time is not included.

Table 8.3 Details of sets of data and system performance
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of a hypothetical solution to the given problem. The
justification for Dt is as follows. Suppose that storage

structure 4 is in use and that a solution to the problem

exists. In the solution timetable the ky = ZZ za, event
z=1

periods of requirement-pi will generate Xiki clashes, so

: ' ~
that the total number of clashes will be K = ] x.k..
‘ 1=

'Thus there will be a total of K decrements from the
elements of the timetable array T and these must be
"spread" over the total number of array elements lesé the
number representing the event périods Which_have been
assigned. Therefore the K decrements must be "spread"

over PAP-Q elements, so that D, is a measure of the

t
number of decrements which a typical unassigned element-
T[i,p] would undergo during the construction of the
solution timetable. It is thus an indication of how
many events would have to be displaced in order to free
the period p for an event of requirement Py and is
therefore an indication of how difficult this process
would be.

There is no consistent relationship between any of
the difficulty factors and the insertion rate achieved
by the system. On the limited evidence afforded by
table 8.3, however, Barraclough's measﬁre, a, and the
linear addition of measures a and b pro&ide a signifi-
cantly better prediction of system performance than
measure ¢ devised by the author. Measure c makes
Aylesbury markedly more diffigult than any of the other
data sets and yet the system performance was better for

this set of data than for two sets of the other four sets.
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The reason for the high value of difficulty factor c¢ for
Aylesbury was the large number of clashing requirements
(as shown by %), due mainly to the fact that the VTIth
form is only divided into three separate classes, with
each VIth form requirement involving sevéral members of
,,,,,, staff so that a large number of optional subjects must "
take place simultaneously. This contrasts with the Elms
where every one of the 77 girls in the VIth form is -
regarded as a separate class., However, McIlroy [29]
appears to contradict the superiority of Barraclough's
measures indicated by table 8.3. In runs with thé same
program with 64 small sets of synthetic data, each with
32 requirements and a variable number of resources,
McIlroy found that measure c¢ gave a good prediction of
the insertion rate achieved while there was virtually no .
relationship between the insertion rate and the two Barraclough
measures, While results based on synthetic data must be
treated with caution, McIlroy's work has cast considerable
doubt on any conclusions regarding thé relative merits
of different measures of difficulty which can be drawn
from table 8.3. It must therefore be admitted that no
reliable pfedictor of likely system performance against
a given set of timetable data has been found.
The number of event periods appears to be a
reasonable predictor of running time in the case of the
three secondary school timetables.
8.3 Insertion rate, time and tdepth
A feature of SCOCOST is that the user can determine
how hard the main construction program "tries" to find

a solution, by the parameter tdepth. Variation of tdepth
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alters the degree to which use is made of the procedure

DISPLACE, as follows:

tdepth = use made of DISPLACE
o) not used.
1 Used but without recﬁrsion.
2 . Used with one level of

recursion permitted.

e« e 9 e

n Used with n-1 levels of
recursion permitted.

Table 8.4 gives the insertion rates and running times
for 12 sets of runs. 1In each set of runs the data and
all control parameters are identical, the only differ-

ence between the runs in a set being the value of tdepth.

School Values Of tdepth
0 ' 1 2 . ' 3 ,
Insertiony Time|Inserticy Time|Insertion|Time|Insertion|Time
rate ¥ |min | rate % |min | rate ¥ |min { rate ¥ |min
Burnage 91.9 .14 94.2 32 98.5 |104
Burnage 91.2 18 93.9 36 97.9 {110
Burnage 92,1 16 94.1 | 36 98.3 |108
Aylesbury 90.6 10 94,1 18 %.1 51
Avlesbury | 93.5 10 9%.1 | 19 98.8 | 51
Aylesbury | 93.3 10 96.6 | 17 98.8 | 50
Aylesbury | 93.9 11 97.0 | 18 99.2 | 50
Aylesbury | 93.5 12 9.7 | 28 98.6 | 90
The Elms 89.7 12 94,0 21 9.1 62 97.4 213
The Elms 89.5 12 93.4 26 95.9 76
The Elms 89.5 12 93.4 28 9.0 77
[RMCS 96.5 5 99.4 7 100.0 8

Note: Due to the very long computer running time involved

only 1 run at tdepth = 3 has been carried out.

Table 8.4 1Insertion rate and running time for

different values of tdepth

From table 8.4 it can be seen that, as expected, both
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running time and insertion rate increase with each
increment in tdepth. Table 8.5 gives the ratio of

running times and the difference in insertion rates for

variations of tdepth.

School to/tl tl/t2 to/t2 | il—io iz—il iz—io
Burnage «435 - .308 .134 2.3 4.3 F
[purnage .5 .346 163 | 2.7 4,0 | 6.7
Burnage 444 «333 .149 2.0 4.2 6.2
Aylesbury .555 .352 .196 " 3.5 2,0 5.5
Aylesbury .526 «372 .196 2.6 2.7 5.3
Aylesbury 588 .34 | .2 3.3 2.2 5.5
Aylesbury T .612 .36 22 3.1 2,2 5.3
Aylesbury | .428 311 | .133 3.2 1.9 5.1
The Elms .572 .339 .193 4,3 2.1 6.4
The Elms .461 . 342 .158 3.9 2,5 6.4
The Elms - .428 .363 .156 3.9 2.4 6.5
RMCS .715 | .875 .626 2.9 0.6 3.5

Note: tn’in are the running time and percentage insertion

rate at tdepth = n respectively.

Table 8.5 Ratios of running times and differences

in insertion rates

Table 8.5 shows that, apart from the RMCS results

where the very high insertion rate with tdepth = 1 led

‘to distortion, the insertion rate achieved at tdepth = O

appears to be a reasonable predictor of performance at
tdepth = 2, and on this evidence it is an appreciably
better predictor than the insertion rate at tdepth = 1.
It is also a much better predictor than any of the
difficulty factors used in table 8.3.

Performance at tdepth = 0 is not such a good pre-

dictor of running time as insertion rate: running time

at tdepth = 1 is significantly better in this respect.
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Thus for a cost of between i/Sth and. 1/8th of the
cost of a run with tdepth = 2 it is possible to obtein
a reasonable prediction of the insertion rate on such a
run, This could be valuable for educatiohal planning
and curficulum deVelopment, to be discussed in chapter 11,
8.4 Quality of timetables |

User reactions to the timetable used during the
live trial at RAF Newton have already been discussed.
None of the other timetables have been put into operation,
and therefore two guantitative measures have been used
to assess the quality of the timetables produced from
the five sets of data. These measures are modifications
of those used by the Local Government Operational
Research Unit [7]bin assessing the results produced'by
the Newcastle upon Tyne University system.
| The first measure of quality is the spread of.
events of the same requirement across the week. Table
8.6 gives the information on the quality of the spread
achieved by the system on the five sets of data. The
second measure isfthe degree to which multiple period
events cross long or short breaks: relevant figures for
this measure for the five sets of data are given in
table 8.7.

Table 8.6 shows that the system achieved higher
quality timetables on the two easier sets of data, RMCS
and RAF Newton. The reason for this is that the spread
algofithm's insistence on a normal distribution is
relaXed to a limited extent when the DISPLACE procedure
calls itself recursively. This clearly occurs more

frequently in a more difficult problem. The relatively



Points RACH BURNAGE AYLESBURY ELMNS RAF Totals
‘umber {Distributionjawarded
of see see
pvents | note (1) E“:;; No Pts No Pts No Pts | No rts | Ko Pts o | .Pts
2 10100 2 12 44 63 126 24 43 35 70 51 108 218 &36
11000 1 17 17 30 30 24 24 21 21 25 25 117 117
20000 0 0 0 2 0 0 o] 1 -0 1 o - 4 0
Totals 59 101 95 HS5G 43 72 57 91 80 133 339 } 553
sce 118 190 96 114 160 ' 78
note {iii) .
3 10110 3 2 6 11 42 5 15 10 30 9 27 1@ 120
11100 2 1 2 10 20 3 6 5 10 1 2 2@ 40
20100 1 0 V] 1 4 0 o] 3 3 0 o} 7 7
21000 0 0 0 6 0 0 o 1 [« 2 0 9 0
Totnls 3 s 31 66 ) 21 19 43 12 29 76 1167
9 102 24 57 36 228
4 1110 4 27 108 20 116 10 40 20 80 2 8 88 352
21010 3 0 0 7 21 4 12 0 0 1 3 12 36
21100 2 1 2 3 6 1 2 1 2 0 4] G 12
30100 1 5] 0 0 0 i 1 0 0 0 0 1 |
31000 0 0 0 0 0 o] ¢} [s] ¥ 0 o] o] o
Totals 20 110 39 113 le 05 21 a2 3 11 107 14101
112 156 64 54 12 428
5 AR NR] 5 1 5 15 75 4 20 G 30 19 25 45 225
and 21110 4 1 4 24 96 14 56 12 48 10 40 G1 244
nore 22010 3 O 0 5 15 2 6 1 3 0 (v} & 24
sce 22100 2 0 0 1 2 0 o] 0 O 0 0 1 2
note 31010 1 O 0 e 1 2 2 1 1 0 0 4 4
{iv) 31100 0 0 0 O 0 o] o] o] 0 0 0 0 0
Totals 2 9 146 {159 22 34 20 |62 .29 135 119 499
10 230 114 1049 145 595
Grand totals 92 2245 214 554 94 232 {117 298 |124 308 641 1620
Possible 219 6748 294 355 383 1929
polnts
Percentage AN U1.7 79.0 34,0 87 .4 83.0

Table 3.0

Spread of cvents of the sane requirement across the week

Sheet 1 of 2
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Notes:
(i) The codes givén in the distributions column
are illustraﬁed by the following examples:
10100 means one event on two days of the
week separated by one blank day. -
11000 means one event on two consecutive
days of the week (Friday and‘Monday
are regarded as consecutive).
20000 means two events on one day.
-{(ii)Points have been awarded for different
distribution types as shown, on an empirical
basis, in order that a numerical assessment
of the distributions achieved compared with
vihe "ideal" distribution may be obtained.
(1ii)The two figures separated by a diagonal in
the total ﬁoints positions give total points
vactually achieved and the maximum possible
points. |
" (iv)In the few cases where there are more than
15 events in a requirement, points héve been
awarded as if there were Skevents. Thus a
6 event 22110 distribution is awarded 4

points,

Table 8.6 Spread of events of the same requirement

across the week

Sheet 2 of 2
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Event | Crossing RMCS | BURNAGE | AYLESBURY| EIMS | RAF | TOTAL
duration o
Double no breaks 2 127 65 8l | 240 | 515
period
short break 0 0 0 8 3 13
~ long break o) o) o) o)
Triple no breaks 0 6 1 13 59 79
period .
short break 0 2 0 0 0 2
long break 0 1 o 0 0 I

Table 8.7' Multiple period events crossing breaks

poor performance with 5 event requirementsvwas due to the

fact that in all the runs the value of SPREAD (see

-appendix 4, form Cl, sheet AP4/8) was 1, permitting the

construction program to schedule events in a 21110'

distribution without attempting displacement i1f suitable

clear periods could not be found fot a 11111 distribution.

As might be expected there is a trade-off between quality

" and insertion rate as table 8.8 shows.

Set of Value of Quality Insertion Time
data spread ' rate minutes
%

RMCS o) 24,7 99.6 10
1 91.6 100 8

Burnage 0 90.0 .97.9 110
1 81.7 98.5 104

Ay lesbury 0 88.0 98.6 90
1 79.0 99.2 - 50

Elms 0 86.8 95.9 76
1 84.0 96.1 62

RAF Newton 0 88.5 99.9 23
1 87.4 99.9 18

Table 8.8 Tradelbetween quality, insertion

rate and time
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The almost total absence of multiple periéd events
crossing long breaks shown by table 8.7 is due to the
use of permitted event starting times.(see figure 7.3,
sheet l) to prevent this occurring. Thé only exception
tb this was in the Burnage data when triple period
events were allowed to étart at any'period of the day
from 1 to 5 inclusive. Double period events were
prevented from crossing short breaks in this way for all
sets of data except the Elms and RAF Newton: in these
data sets no constraints were placed on doubles
V crossing short breaks and it is interesting that this
occurred in only a small percentage of cases.

Unfortunately the two comparatively simple measures
described do not give a complete picture of timetable
guality. Other factors, such as the quality of the time-
table in respect of each individual teacher and class,
Vwill also play an important part in determining the
degree to which the timetable satisfies the whole school
and indeed whether it is acceptable for use. Again
the guestion of spread of éubjects over the week is not
really a simple quantifiable parametgr és has been
indicated. For subjects involving homework an adequate
spread is probably vital, particularly‘if there are only
two lessons in the week. On the other hand with certain
non-homework subjects one head teacher expressed the
view that she would be quite satisfied.nét only with
two 1eSsoné on one day but with the only two single
period lessons in a week run into one double period
lesson. Caution is thus necessary in drawing conclusions

from the figures on timetable quality given in this
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chapter, but it is believed that these figures do provide
a reasonable overall assesément of performance in this
area.
8.5 Comparison of manual and computer timetables

It is surprisingly difficult to obtain exact
comparisoné between computer produced timetables and
those produced manually. The main reason for this is
that the final version of a manually produced timetable
invariably represents a complete solution but often the
problem that has béen solved is different in certain
respects from that originally defined, and the depart-
ures from the originai problem have been made in a series
of decisions during the lengthy timetable construction
prodess. When the timetable is complete it is often
difficult to assess the exact implications of these
departures in relation to what would have been achieved
if the.original problem had been adhered to exactly.
Furthermore it is not easy to arrange an exaétly parallel
exercise in which computer and human being start with
identical data. Fortﬁnately, hbwever, this wasidone
during the live trial at RAF Newton. A manually pro—
duced timetable for the Elms from a set of data similar
but not identical to that used for the computer runs has
also been analysed to obtain an indication of how computer
and manually produced timetables compare in a secondary
school. Results of these two combarisons are given in

table 8.9.
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Quality criterion . RAF Newton Elms

Computer | Manual Computer| Manual

Distribution

2 events per week 83.1 86.1 87.6 77.0
3 events per week 80.5 84.2 75.5 80.5
4 events per week ‘ 91.6 94,0 97.6 98.1
5 events per week - 93.1 95.5 82.0 | 92.9

Overall 87.4 90.3| 84.0 89.5

Percentage of multiple
eriod events crossing

preaks
doubles/short break 1.2 0 9.0 0
doubles/long break o o 0 0
triples/short break triples must o 23.1
cross a short ' :
' } break
triples/long break o 0] 0 ' 0

Table 8;9 Comparison of computer and manually produced

timetables

it can be seen that the manually froduced timetables
‘for these two schools are slightly better than those
produced by computer.

The superiority of the manual system isfhardly
surprising since nearly all manually produced timetables
have evolved over a period of years, so that the construct-
ion procedures used byvthe person constructing the time-
table have réached a high degree of refinement in that
the timetables produced satisfy most of the important
Ccriteria for acceptability in the school concerned. But
not only do the construction procedures evolve: the
acceptability criteria evolve also, with staff and pupils
coming to accept (or possibly becoming resigned to) the
kind of'timetablés which are produced. This proceSs.of

evolution of course gives the manual system a great initial
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advantage over a COmpu%er system which, when it is
introduced in a given school,_inevitably starts from
scratch. After a computer system had been introduced,
however, the process of evolution would undoubtedly

start working in its favour.
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CHAPTER 9 - INVESTIGATIONS INTO
ALGORITHMS

This chapter describes inveStigafions into algorithms
for testing for the existence of solutions and for event
and time selection.

9.1 Existence

« The extended Gotlieb test, as‘specified iﬁ ineéuality
(4.1) and applied to real resources Ohly, was incorporated
in the input program. This was applied to the five sets
of data described in table 8.3. Four sets satisfied

" the test; the Burnage data failed in respéct of two

resources as shown in table 9.,1.

Resource Number of event Number of event

: periods required periods for which
at least one ass-
ociated require-
ment is available

vth form class 35 34

Room 17 ‘ 15

Table 9.1 Existence test failures in Burnage data

The reason for the failure in respect of the Vth form
class was that the teachers and rooms associated with thét
class were preset as not available for a high proportion
of the week. The room was initially not available for
18 out of the 35 periods and none of the requirements
associated with this room was available for two out of
'the remaining 17 periods. It would appear, however, that
the extended Gotlieb test applied to real resources only
is not powerful enough to reveal all the infeasibilities

in a given set of data. TFor example, although the Elms
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data passed this existence test; thére aré good grounds
for believing that a complete solution to the problem
as defined by this set of data does not exist. Two
ways of strengthening the test have been investigated
and are described below.
9.1.1 The creation of dummy resources

A limitation of the extended Gotlieb test-applied
to real resources only is its inability to take account -
of tight sets generated by combinations of such resources.
The first way of improving the effectiveness of the
éxtended Gotlieb test is to create "dummy resources"”
corresponding to these tight sets and then to app;y the
test to all resources, real and dummy. Earlier discussion
of this strategy in 4.2 envisaged making use of all
tight sets whether of not they are subsets of‘other
tight sets. 1In practice this is quite impracticable
since it gives rise to a very large number of dummyu
resources; a resource associated with a set of n require-
ments generates ?fn-l n’n = 2"-n-2 additional tight sets,
all of which arem;ibsets of the original set. |

The following algorithm overcomes the above problem
by enabling the user artificially to limit the number of
tight sets created.

For every pair of resources, Yye¥y Sayy the following
sets of requirements are established: Sl common to yj and
Yicr 82 associéted with yj but not Vi and S3 associated
with Vi but not yj. If Sl contains v or more members,

where v is a user defined parameter, then dummy resources

are created for every requirement P P 7o 1Pp
1 2 n

with which at least one requirement in 83 clashes.

in 82
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Suppose Sl.= {pil;pié;a..,pir} and a requirement gmj in

S, clashes with p_,e_ and p_ in S; then an additional
tight set (dummy resource) S is created where

S ='{p- 1Py reee P, 4P
T ll 12 lr mj

requirements'{pm.,ps,pt,pu} itself forms a tight set

,ps,pt,pu}, since the set of

each member of which cla;hes with every membe; of S;-
The algorithm makes no attempt to diétinguish the tight.
sets from each other and can therefore generate many
identical dummy resources. Surplus dummy resources hay
be removed either by a further computer process Or
manually before the extended Gotlieb test is carried out.
An example from the RMCS data illustrates the
operation of this algorithm. Three classes in the
Highway and Bridge Engineering Honours stream are

associated with requirements as shown in table 9.2

Resource Resource Associated requiréments
number name
1 23 HBE H A 170 31 150 151 101 103
2 23 HBE H B 170 128 150 151 101 103
3 23 HBE H C 170 21 150 151 101 103

Table 9.2 Requirements associated with three

classes

The sequence of operations carried out by the

algorithm is illustrated in table 9.3.



Resource * Sl S, 'SS‘ -Additional Dummy
pair tight set resource
number
; (see note)

1,2 170,150,151, 31128} Nil - 31 and -

101,103 128 do not
| clash

1,3 170,150,151, 31 21} 170,150,151,101, 161
101,103 103,31,21

2,3 170,150,151, 128 21} 170,150,151,101, 162
101,103 : 103,128,211

Note: There are 160 real resources in the RMCS data,
therefore dummy resources start at 161,

Table 9.3 The creation of additional tight sets

The two dummy resources, numbers 161 and 162, are
treated from the moment of their creation as if they were
real resources and their combination may produce further
dummy reéources. Each is associatéd‘with 7 requirements,
‘one more than the number associated with each of the
three real resources which generated them. The practical
value of this algorithm is limited by the large number
of eperations required, which is approximately propor-
tional to Y%F’where_Y is the number of resources and A~
the number of requirements considered. It was run on the
RMCS data with v = 4, taking into account only the 52
classes. The computer running time was 60 minutes. No
infeasibilities were revealed, of course, since the
construction program had demonstrated the feésibility of
thgﬂproblém by achieving 100% insertion rate.

The experience with the RMCS data emphasiéed the
need for careful user control of the algorithm if
excessive computer running times are to be avoided. The

strategy adopted was to divide up the resources and
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requirements into groupsrand apply the algorithm to a
group at a time. Of course this precludes comparison
of resources or iequirements from different groups, but
this limitation'can be lessened by good grouping which
in practice is ﬁot difficult to achieve. This procedure
was applied to the Elms data, gfoups being selected
~from a scrutiny of the input data. Generally,.resourceé
wiﬁh‘five or more requirements in common were regarded
as candidates for grouping., This led to five groups
‘each with about 30 resources and processing time
averaged 15 minutes per group. A value of v = 8 was
used throughout and 211 dummy resources were created
of which 19 were distinct.

The extended Gotlieb test was applied to the duﬁmy
resources and failure was registered for one resource
which had been generated by a group of VIth form girls.
This showed that a more powerful test is produced |
where dummy as well as real resources are involved.

The process was not repeated for the other three sets
of data as these seemed much less likely to yield
"valuable" dummy resources than the RMCS or the Elms,
both of which have.groups of classes with several
associated requirements in common.

9.1.2 Existence in relation to the solution algorithm

A wéakngss of the extended Gotlieb existence test,
even when applied to all possible tight sets in the
problem, is that it is a simple count of periods and
pays no‘regard to the need for certain events to occupy
a set of consecutive periods, nor to the need to spread

events of the same or tied requirements evenly across
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the week.

A further test which follows the same general line
as the extended Gotlieb test is to attempt to construct
a timetable for each real and dummy resourcé separately.
Failure in réspect of any one resource does not prove
the\problem to be inherently insoluble since‘this may
have been due to deficiencies in the construction
aléorithm. On the other hand success for every resource
only means that a number of subsets of the problem are
solvable individually, and there is no guarantee of
solvability when all these éubsets'are'combined. Thus
this test cannot be held to éstablish either necessary
or sufficient conditions for the inherent sblvability
of any timetabling problem. But it does effectively
establish necessary conditions for solution by the
construction algorithﬁ»in use since failure to solve a
subset of a problem almost certainly indicates that
the algorithm will be unable to solve the complete
problem. It is also far more powerful than the extended
Gotlieb test in that it does take into account
additional constraints and may therefore be expected
to reveal more apparent infeasibilities. These draw
attentionbto particular areas of difficulty in the
pfoblem which can then be examined manually.

The test was applied to the Elms data and four
-apparent infeasibilities were revealed.  One of these
éonderned a real resource, a part time teacher Whose
initial pattern of available periods made it impossible
to satisfy the normal distribution constraint for one

4-event requirement. The other three infeasibilities
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were produced by dummy resources. Exhaustive trial
revealed that a timetable could not be constructed for
any of these resources so that the apparent infeasi-
bilities generated must be regarded as genuine.

The essential difficulty in testing for the
existence of a solution is that while simple numerical
éomparisons such as the extended Gotlieb test have the
advantage of establishing necessary conditions
unambiguously, they take no account of many of the
factors and constraints which make the timetabling
problem so complex. Tests Similar to that described,
which do take account of such factors, introduce a
degree of ambiguity in their results. The purpose of
the present work has been to reduce the area of
uncertainty about the existence of a solution once a
set of timetabling data has satisfied all the simple
validity conditions. It may fairly be claimed that
this purpose has been achieved even if no completely
satisfactory test has been found. |
9.2 Event selection
9.2.1 Slack versus choice

The relative effectivéness of the three measures
of current difficulty mentioned in 4.5.1, slack S;v
choice for a requirement Gi' and choice for the longest
outstanding event of a requirement g;, Was investigated
by a series of 10 runs, the results of which are

summarised in table 9.4.



-172-

Data set | tdepth Slaéﬁ gi} k Cﬂgiééﬂfqr a Choice for the longest
: requﬁxment(%_voutsUmmﬁng‘ewgn:giz
Insertionj Time| Insertion|Time | Insertion Time
rate % Mins| rate % |Mins {rate % Mins
Elms o 89.5 12 89.7 13 90.0 13
1 93.4 26 93.3 29 93.7 28
2 95.9 76 96.3 % 96.2 84
Burnage 0 91,2 18 91.2 20 91.4 ' 20
1 93.9 36 94.1 41 94.6 39
‘ 2 97.9 110 | 97.4 122 98.6 119
Aylesbury 0 93.5 10 93.2 10 | 93.6 10
1 9%.1 19 9.5 | 21 9.7 21
2 98.8 51 99.0 58 | 99.1 55
RMCS o 96.5 5 96.7 5 96.7 v 5

Table 9.4 Effectiveness of different measures of current
difficulty

Table 9.4’shows that 9ig produces results which are
consistently better than the other two measures, but the
| Superiority‘is marginal, an average of 0.32% over Gi and
6.39% over s.. As might be expected thé simplest measure,
slack, consistently produced the fastest running times with
an 8.5% average advantage over g., and a 12.7% advantage
ovai. it may be concluded from this evidence that there is
little advantage to be gained by using choice rather than
slack as a measure of current difficulty.
9.2.2 Weighted slack

In the early version of the SCOCOST construction
program, the only parameter used for event selection was
.slack. In runs using various sets of déta it was found that
- of the events not fitted a large proportion were multiple
period events. Considered in conjunction with the
theoretical limitations of slack in relation to such events

discussed in 4.5.1, this fact led to inclusion of a weighting

factor slcnt (appendix 4, form Cl) to weight selection in
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favour of requirements with outstanding events of long
duration. It was hoped that for any one set of data
there would be a value of slcnt yielding the optimum
insertion rate. This has proved not to be the case.
In all about 160 runs have been carried out with
different sets of data and values of slcnt in the range
—l.O‘to 5.0, but no consistent relation between slent
and insertion rate was found. A set of controlled runs

summarised in table 9.5 may be taken as representative.

slcht Event periods | Triple period | Double period
not fitted events not events not
fitted- fitted
0.0 24 1 ' 4
0.5 23 | 0 4
1.0 23 0 4
1.5 25 1 3
2.0 - 26 0 3
2.5 23 1 2
3.0 24 0 2

Table 9.5 Variation of insertion rate with slcnt

using Elms data with tdepth = 2

As might be expected, the contribution which multiple
period events make to the number of event periods not
fitted falls with increasing slent.
9.2.3 Inherent difficulty

Chung [8] has examined a number of inherent difficulty
criteria using an early version of SCOCOSf. The data used
for most of his investigations was a set of RMCS data
made artificially more difficult by adding a number of
extra events to the requirements. He coﬁcluded that none

of the criteria examined taken singly was as effective as
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Slack. The number‘qf requiremenﬁs X clashing with a
regquirement Py and the number of resources associated
with a requirement were found to be more effective
criteria than the others examined. A suitably weighted
combination of either or both of these criteria and slack
produced marginally bétter insertion rates than that
using slack alone. Chung found that»bofh criteria were
about equally effective and it was therefore decided in
the present work to consider the effect of one in more
detail. The criterion chdsen was the number of clashing
reqguirements, X . Chung's conclusions werevtested by
comparingbthe criteria Xy and 84 (slack) when applied
to the five sets of data mentioned in table 8.3. To
remove any distortions caused by'conflict»resolution
algorithms, tdepth was zero for all runé. The results
are summarised in table 9.6, and support Chung's con-

clusions on the relative merits of Sy and x; taken singly.

Criterion pymbol | RMCS| Burnage| Aylesbury| The Elms RAF
Newton

Slack s; 95.8 91.2 93.5 88.9 94,1

Number of Xy 92.0| 88.6 87.1 85.5 | 92.2

iclashing

requirements

Table 9.6 Slack and number of clashing requirements

comEared

The possibility of using a simple learning algorithm
to find the optimum relative weighting of S; and x, was
“investigated next. The requirement selection criterion

was a weighted slack Y given by

r, = s, - w.xi : (9.1)
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where w is the weight to be attached to clashing
requirements, and
X is the average number of requirements ciashing
with any one requirement.
The learniné algorithm varied‘w whenever a require-

ment Py could not be satisfied according to the relation,

v = Q¥ + at l (9.2)
where a = +1 if fi - 1 > a preset tolerance value Vv,
X
a=-14if 1 - fi > v,
X
a= 0 if fi -1} < v,
X

t is an increment,
oW and oW are the "new" and "old" val&es of,ﬁ
respectively. |
‘A series of runs on the Elms data with tdepth = O were
carried out in sets of 5 with constant values of v and t
in each set but with values of w transferred from run to
run. All combinations of the following values of v and

t were tried:

v 0.1, 0.2, 0.4

t 0.1, 0.2, 0.5
Insertion rates from the 45 runs varied from 86.5,
slightly worse than using slack alone, to 89.6, slightly
better. There was, however, too little stability or
consistency in the runs to enable firm conclusions to
be drawn and in none of the sets of runs did w show any
<sign of settiing to a particular value. A further

parameter, b, was introduced to enhance stability, with
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equation (9.2) modified to

v o= oW + b at -‘9.3)
where b = 1 if a has been either +1 or -1 consistently
over the lastlm occasions, and O otherwise, m being
a user defined parameter.
| With m = 2, there was a significant increase in

stability. The best insertion rate was achieved.gnder
the following conditions: v = 0.2, t = 0.1 and m = 2, .
Under these conditions an insertion rate of 89.8% was
achieved with tdepth = O. Unfortunately the insertion
_rate using these parameters with tdepth = 2 was 96.0,
slightly worse than that achieved using the basic system!

A final trial using no regquirement selection
criteria other than order of input was run on the Elms
data. The insertion rate was 80.1% with tdepth = O,
and 90.4% with tdepth = 2, significantly worse than any
previous results.
9.2.4 Frequency of selection

A series of tests were run to investigate the effect
of varying the strategy governing the frequency with
which events are selected. The three strategies dis-
cussed in 4.7 were examined using two sets of data, with
~results given in table 9.7.

The insertion rates achieved with the two values
of tdepth follow the same pattern with both sets of data;
strategies 1 and 2 produce very similar insertion rates
with the insertion rate achieved by strategy 3 slightly
worse in all cases. The pattern of running time is rather

different., With tdepth = O, the running times increase
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Strateqgy . wTheIﬂﬂE  B ‘Aylesbury
‘ tdepth = O} tdepth =2 | tdepth = O[ tdepth = 2
Ins.?| Time | Ins, %{Time | Ins.%| Time| Ins.%|Time
min. min, min. min,
1. Selection after 90.0{ 15 | 95.8 71 193.9} 14 |} 98.4 | 54
every event, ‘
2. Selection after 89.7| 12 | 9.1 63 }193.9{ 11 | 99.2 | 50
all the longest -

outstanding events
of a requirement
have been satis-
fied.

3. Selection after 88.5] 10 | 95.2 | 76 |91.4| 9 | 97.9 | .68

every complete
requirement.

Table 9.7 Comparison of selection frequency strategies

‘with incréasing selection frequency as might be expected.
VWith tdepth = 2, the running time of strategy 3, with the -
lowest frequency of selection, is significantly longer
than that for either of the other two strategies. A
poarer even£ selection strategy has led to considerably
more demand for conflict resolution leading in turn to
longer running times (and slightly worse insertion rates).
The results in table 9.7 broadly confirm éxpectations;
the compromise strategy 2, which is ﬁséd in the basic
system, 1is significantly better than strategy 3 but
- nothing is gained by increasing the selection frequency
still further.
9.3 Time selection
The basic System selects times for events without
attempting to establish that the assignment of an event to
a set of periods is compatible with a solution to the
problem. The main reason for this is that any one of the

existence tests discussed so far involves a high cost in
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computer time if applied freguently in the course of time-
table construction, for example after the insertion of
every evenf. When the basic assignment strategy was
designed it was considered that this cost was too high
for the benefit likely to be obtained. The validity of
this assertion was tested by applying the extended Gotlieb,
test, inequality (4.1),-after‘the assignment of every
event e(i,z), to all resources associated‘with any of
the requirements clashing with requirement p,. Dummy
resources generated by the algorithm described in 9.1.1
were included in the tests. The basic assignment strategy
_specified in figure 7.3 was modified to:
1) Select a set of periods p,p+l,...,ptz-1 for e(i,z)

in accordance with the criteria shown in figure 7.3.
2) Insert the event into the timetable at these periods.
3) Carry out the existence test, If this test is

satisfied, continue as for the basic system strategy:

if not, delete the event, return to 1) ahd select a

different set of periods. ‘

If no-set of periods can b; found which satisfies
the existence test then failure is acknowledged and the
evenf e(i,z) is omitted.(
The effectiveness of this strategy was compared

with that of the basic system with two sets of data, and

the results are given in table 9.8.
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ROW | Performance The Elms | Aylesbury
measure Basic system Existence] Basic system |Existence
test . test

tdepth=0 {tdepth=2 tdepth=0 jtdepth=2

‘1 |Insertion 89.7 | 96.1 91.2 93.9 99.2 94.9
rate, %

Time, mins, 12 62 104 11 50 78

Number of - - 29 - - 21
times exist— S
ence test -
caused a
change to an
insertion

4 [Number of - - 14 - - ' 8
times the
test failed
to reveal a
conflict sub-
sequently
detected by
the normal
assignment
procedure

5 [Number of - - 431 - - 444
insertions

Table 9.8 The effectiveness of a post insertion

existence test

The figures given for Aylesbury are in reasonably
good agreement with the performance achieved on the same
data by the University of Birmingham system [18] which
also uses an existence test as part of its time selection
strategy. This system achieved an insertion rate of
95.8% after a running time of 74 minutes on a KDF 9
computer.

The evidence of table 9.8 suggests that existence
testing is a relatively inefficient mechanism for time
selection. For a high price in computer running time
it has produced insertion rates which ére significahtly

worse than those achieved by the basic system with tdepth
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=2, L
9.4 Discussion

- The investigations into algorithms described in
this chapter have on the whole confirmed expectations.
The work on existence testing has shown that the
uncerfainty as to the solvab;lity of a»giVen problem
can be reduced somewhat by thé use of tests apélied to
a number of subsets of thé problem individually. Tﬁese
tests are more valuable practically for sets of data in
which groups of resources exist each containing reséuréesv
with a significant proportion of associated requirements
in common, giving rise to additiomal, "dummy",resourCes;

Investigations into the effect of varying event
selection strategies have shown that strategies using
current difficulty as the sole event selection criterion
produce higher insertion rateé than those using inherent
jdifficulty. A marginal improvement is obtained by |
using a suitable inherent difficulty parameter in -
conjunction with a measure of current difficulty. Any
of the measures of difficulty tried as event selectiqn _
criteria produce better insertion rates than selection
by order of input only. Selection after all the longest
outstanding events of a requirement have been satisfied
appears to be the best frequency of selectibn.

The work on time selection suggests that associating
an existence test with the time selection process is of
doubtful value. It improves on the insertion rate
achieved by the basic system without displacement at a
heavy cost in computing time, but compared With the basic:

 system with displacement it produces a poorer insertion

rate and longer running time.
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CHAPTER 10 - TIMETAELE CONSTRUCTION BY MAN-COMPUTER TEAM

The justification for investigating a team approach
to timetable construction haé beeh given in 6.5, and the
possibility of intéractive timetablihg has also been
briefly discussed by Lions [28] and Johnston [22]. This
chapter describes the first implementation ofvthis
conéept, and the investigations carried out using it.

The interactive version of the timetable construction - o

program uses a visual display unit (VDU) connected to

the ICL 1903A computer at the RMCS, and makes use of

VDU software routines written by Farley [14]. It consists
of the following main functional components which are
described in 10.1 to 10,5:

1) Setting up facilities.

2) The commentary.

3) The command language INTERACT.

4) Additiocnal facilities available when a conflict
is detected.

5) Closing down facilities.

10.1 Setting up facilities

Before the prégram can be used opérationally, the
user must specify, via the VDU Keyboard, the disc file
on which the data for the current problem is stored and
other parameters which control the operation of the
program. These initial parameters are similar to those
required for the basic systém (appendix 4, form Cl)
except that an additional inherent difficulty parameter
clashcont has been introduced. This is used to weight

slack so as to cause the event selection process to
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favour requirements whigh have‘many reguirements
clashing with them compared with those with few such
requirements, Its effect is similar to that of the
weighting factor w in equation (9.1). All the slack
weighting factors, slcnt, negcont and cléshcont ére
input. as integers for convenience and then divided by
100 having been read in. The initial data required*for

the program is given in table lO.l;

Data Name Example Value _ Remarks f
file -1 : As form Cl1 s
tdepth 2 As form C1 i
spread 0 As form C1 !
prt 1 As form Cl g
slent 240) Values are divided
negcont ‘ lOO} by 100 when ﬁumber
clashcont lOO} has been read in.

Table 10.1 Initial data

Whén the initial data has been read in, the various
arrays required by the program are set up and certain
basic information about the problem and certain of the
control parameters are displayed on the.top 4 lines of
the screen, which are described in 10.2. Timetable
construction then begins.

10.2 The commentary

The commentary is designed for a number of purposes.
In theory the most important justification for.it is
that it enables the user to monitor the timetable con-
struction process and to intervene and alter the program's
dispositions if he is not satisfied. 1In practice the

commentary has been found to have other uses, notably
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in keeping.the userw"involved“ with the constrﬁctioh
process even when he is'hbt taking an active part in it.
It also provides a most illuminating insight into the
o?eration of the program itself,

The information'proﬁided by thé commentary depends
on the operations currently being performed by the
program, for example ASSIGN, TRIAL ASSiGN, DISPLACE,
and also on a parameter "display" which is set up by the
user via the command language INTERACT.

Plates 10.1 and 10.2 illustrate the infgrmation

provided by the commentary.

SSCOCOST CONPILE PROGRAN ELMS GRAMMAR LENT
ACOUNTY 186 2REQUIREMENTY 154 L6HISTRA
IPARANETERS  SLENT¥ 2 2SPRERD SCANK 1 2CHECKY 2
2TDEPTHE 1 2TOTEVE 405  PTOTPERY 495

ASSIGN L6HISTA 22 ¥¥x¥%%%0 00000Xx% ¥XXXX0¥¥ ¥XxXx¥00 Qx@x¥xxx
INS AT 9 L6HISTA 12 xxxxx%%0 11000%%% X¥x%xQ%% ¥x¥x¥x00 0x0xxxx¥
INS AT 33 L6HISTR 2 EXEXE¥AEX 11000¥%% ¥x¥¥X0%% XX¥X%%00 110%%xxx
DISPLACE L6HISTA 12 sxxx22%0 11000%%% %xx%xQ%% X¥¥xx300 9xQxxxxx

++

MOVING LOWAD 0 EXXEXRXY XXEREXXX XAXX01] xxx¥%100 x00xxxxx

Plate 10,1 The Commentary

An explanation of each line of plate 10.1 follows,
Line 1. Thé information in this line is self evident:
the name of the school and the year (or term) to which
the timetable relates.
Line 2. COUNT gives the number of requirements still to

be fitted, 186 in this case. Then after REQUIREMENT the
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code number, name and number of events outstanding of
the requirement currently being ﬁrocessed are given.,
Line 3. After PARAMETERS the slack control parameter
is displayed together with two parameters concerned with
the spread of events over the week, scan and check. The
parameter scan is the minimum separation in periods
between any two events of the same requifement and check
is the departure from a normal distribution which is
acceptable., The value of 2 for check indicates that as
a last resort a second event of a regquirement may be
inserted on a day when there are two other days with no
events of that requirement,
Line 4. The figure following TDEPTH gives the value of
tdepth, the parameter which controls the depth of
- recursion to which the displacement procedure is used
(see 8.3), and TOTEV and TOTPER give the number of events
and eVeﬁt periods respectively still to be fitted.
Line 5., Blank.
Line 6. This and subsequent lines illustrate the actual
process of timetable construction. In plate 10.1 a
requirement named 4?ISTA, code number 154 is being assigned.
The number 22 shows that there are two double and two
single period events outstanding. On the right of this
are five sets of eight characters indicating the state of
the timetable for this requirement for every one of the
eight periods of each of the five days in the week according
to the following legend:

0 available, 1 allocated, * not available.

This line only reflects the state of the appropriate

row of the timetable array; it does not take account of
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periods not being available for other reasons. For
example, it can be seen that periods 31 and 32 (the last
two periods on Thursday) are'shown as being avéilable.
In this set of data these periods have been set aside
for "all school" activities by the use of the event
starting time facility in the input data (appendix 4,
form I4). Thus in this problem single period events argy
not permitted to start at periods 31 and 32, double,
period events‘may not start at periods 30, 31 and 32
and so on. This non-availability is not reflected.in
the timetable array and therefore the display does not
take account of it.
Line 7. This shows the insertion ofrone»double period

event at period 9.

Lines 8, 9, .10 and 11. Thése lines are less readily
understandable on a static photograph than when viewed
dynamically on the screen during the ruhﬁing of the progfam.'
The operations involved aie explained on the flow chart

in figure 10.1.

1$SeacnsT COMPILE PROGRANE ELMS GRAMMAR LENT
COUNTY 179 AREQUIREMENTY 382  L6CHEMA
IPARANETERS  SLCNTY 2 ASPREAD SCANV 1 ACHECKV 2
ATDEPTHY 2 ATOTEVE 391  ATOTPERE 474

ASSIGN L6CHENAR 3 1 ¥XEXXEXF QOXXEXQX FXXXAXXX XX¥¥X[0Q ¥¥XXXEXX

DISPLACE L6CHEMA I 1 XXX¥RXEX QOXXXXO¥ XxX¥XExX XX¥%X100 %x¥X¥¥%x
+
L6HBO TERXERERE XEXXXENX [¥X%%%% 11XXXX00 XEXEXXEX
DISPLACE L6HBO J XRRRREAE XXRRRXAX LAk E% 11555200 %X X¥¥%2%
+
L6ENGAY B BLexx11x X¥¥X¥%E¥ FLIXXXX¥ EXX¥%X0Q AXX]EAXX

PAUSE ~

Plate 10,2 The recursive use of DISPLACE



-186-

OPERATION , | LINE REMARKS

- 7 A second double period f

event cannot be fitted
in anywhere in the time-
table, (except Thursday .
afternoon which cannot
be used, see above).

ENTER PROCEDURE 9
DISPLACE
Y
TRY THE PERIOD 10 The marker "++" indic-
SET 33, 34 ates the period set
being tried. Note that

LHISTA is only not
available at period 34.
Y A single period event
of L6WAO caused this.

MOVE AN EVENT
OF REQUIREMENT
L6WAO CLEAR OF
PERIOD 34

Y

INSERT DOUBLE 8
PERIOD EVENT OF]
LHISTA AT
PERIOD 33

11

Figure 10.1 Displacement operations on plate 10.1

Plate 10.2 shows the recursive use procedure DISPLACE.
Here the program is attempting to insert one single period
event of L6CHEMA, Three periods on Tuesday appear to be
available but an event of a tied requirement has been

inserted on this day so these periods cannot be used,

Period 1 is being tried (see the "+" marker on line 9)

and a single period event of L6HBO is preventing insertion
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at the period. DISPLACE is being used recursively on
this requirement and period 6 is being tried (see the "+"
marker on line 121& A double period event 6f L6ENGAY |
is preventing the displacement of the single period event
of L6HBO from period 1 to period 6.

A suitable value of a parameter called display can
cause the slack figﬁres after every trial assignment-to‘
be displayed as an additional part of the commentary but
this facility is seldom used as it siqnificahtly increases
running time, and the information is normally of little :
operational use although it is valuable for progrém
checking and tuning. Another value Cf'display suppressesv‘
‘all the commentary except lines 1 to 4. Thisfparameter
is initially‘set to a default vaiue which causes the
information shown on plates 10.1 and 10.2 to be displayed
but iﬁ may be altered by the user at any time with the
VARY dommand, see table 10.2 command number 16;

10.3 The Command language INTERACT

At any time during timetable construction, the user
can interrupt the program and make use of the parameter=
ised command language INTERACT, which gives him a wide
range of facilities. The language is summarised in

table 10.2
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Eommand
umber

Command

Parametors

Meaning

10

11

12

L3

14

15

i6

17

18

19

20

ASSIGN

TRIAL ASSICN

REMOVE

DELETE

INSERT

NOL INK

ADDLINK

CLASHEV

CLASHREQ

DISPRES

TIMEREQ

NEWREQNO

CHANGERES

TIMERES

DISPREQ

VARY

INVERT
LIST

CHANGENAME

NEWNAME

GO

r RESNAME

r RESNAME

RESNAME n m

RESNAME m

NAME x

n OLDNAME

Assign reguirement
whose code number
is r. .
Trial assign re-
quirement r.

Remove all events
of requirement r
from the timetable.

Delete an event of
duration z of re-
quirement r start-
ing at period p.

Insert an event
of duration z of
requirement r
starting at period
P.

Dissociate resource
RESNAME from re-
quirement r, -

Associate resource
RESNAME with re-
quirement r,

Display events
clashing with an
event of require-
ment r of duration
z starting at
periocd p.

Display require-—
ments clashing with
requirement r.

m=1 for requirement
names.

m=2 for reguirement
numbers.

Display the resources
. associated with re-
quirement r,

Display the time-
table for reguire-
ment r. The para-
meter n governs the
symbols used in
displaying the time=
table {see note (i)).

Change the cvents
roequested for re-
quirement r to
{see note (i1)).

Change the resources
associated with
regquirement r (sece
note (iii)).

Display the time-
table for resource
RESNAME, n and m
govern the format
of the timetable
(see. note (iv)).

Display the re-
quirements assoc-
iated with resource
RESNAME.

m=l for require-
ment names.

n=2 for require~
ment code numbers.

Change the data
variable NAME to x.

. Invert program
switch setting,
(see note (v)).

Display a summary
of command and
variable names.

Change OLDNAME of
.type n to NEWNAME,
n=1 for require-
ment name, o
n=2 for resource

name.
n=3 for miscell-
aneous name,

n=4 for command
name.

Continue with the
program.

Table 1a,2 The Command Lanpnage

INTI RACT

Sheet;

1 of 2
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(1)

(ii)

(iii)

(iv)

(v)
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The display of a\requiremeht timetable for. the
TIMEREQ command uses one of two sets of symbols
depending oh‘n. For n=1 "stars form" is adopted,
in which the symbol for each period can be O for
clear period, 1 for event allocated and * for
period not available. For n=2 "non stars form"
is usedbgiving more information with the symbol
for each period being one of the following
alternatives: '
o Clear period.
@ An event has been allocated at this
period but it can be moved.
X? An event has been allocated at this
period which cannot be moved.
£ This period is not available for
allocation under any circumstances.
1-9 This period is not available due
either to events of clashing require-
ments having been allocated at this
period, in which case the number of
such events is given or to initial
non-availability of resources, in
which case the symbol is always 9.
The parameter q for NEWREpNO must be specified
in coded form. Thus if it were desired to
allocate one triple and three single period
events to requirement 157, the Command "NEWREQNO
157 103" would be input. '
CHANGERES enables several resources to be
dissociated and several others associated with
a requirement in one command, (compare with
ADDLINK and NOLINK),
If n=1 TIMERES provides the availability of the
resource for every period of the week. If n=2,
the requirement name or number (depending on m)
associated with RESNAME is given for every period.
Program switches in the range 0-8 can be used to
control the operation of the program. The most

important switch is 1 which when set causes
the program to enter the closing down routine (see 10.5).

Table 10.2 The Command language. INTERACT
» “Sheet 2 of 3 . |

. T o - marea m— . - TRRRE
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It has been fqund essential to provide the usef with
a definite response to each command on the display. For
example on execution of NOLINK or ADDLINK, the "new" set
of resources associated with requirement r is displayed.

The way in which most of the commands can be used
individually is self evident. Combinations of commahds,
however, provide facilities which are less obvious. For
example a complete timetable, or the parﬁs of it
requiring really clbse human control, can be built up by
"hand" using commands 1 to 5 with the display commands
such as TIMERES where necessary. Another potentially
useful facility is the creation of new requirements. A
number of dummy requirements may be included in the input
data and not associated with any resources. During
timetable construction it may be necessary to 'split a
reqguirement into tWO'; For example suppose there is a
requirement for 2 doubievand 4 single period events,
and that the doubles must take place in a specialized
room while the singles should do so if possible. In the
event of serious trouble in satisfying this requirement
it mith be acceptable to create a new requirement not
aésociated with therspecialist room.fbr the 4 single
periods; leaving only the 2 double period events assoc-
iated with this room. One of the dummy requirements
mentioned above could be used as the new requifement and
the commands CHANGERES, NEWREQNO and CHANGENAME can
accomplish the required alterations smoothly and rapidly.

The command VARY is a very powerful facility although
it requires the user to have a thorough knowledge of the

Vprogram. All the parameters concerned with réqdirement
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selection and timetable quality can be varied in this way.
The parameters tdepth controlling the depth 6f recursion
available to procedure DISPLACE, and display COntrdlling
£he amount of:information provided by the commentary
can also be altered using VARY.
10.4 Additional facilities

The facilities provided by INTERACT give the uéer
virtually unlimited scope for varying the data ;n any
way he pleases in order to obtain an acceptable timetable.
It was quickly found,'however, that when the computer |
program fails to satisfy a requirement, the user must
have more hélp in deciding what should be done than is
provided by INTERACT. When the program fails to fit one
or more events of a requirement, the user's first
reaction is to ask "why?". With INTERACT alone a number
of commands would be necessary simply to obtain the
availabilities of the resources associated with the
requirement. Once the user has obtained this information
he may be no further forward because'it may well be far
from clear what possible courses of action might be
appropriate and helpful., A series of trial and error
operations using INTERACT in these circumstances can
easily take 20 minutes and still fail to resolve the
difficulty. It must be rememberea that the user is trying
to solve a problem which has defied a very powerful computer
algoriﬁhm; furthermore it is just this type of difficulty -
which makes the construction of timetables by purely
ﬁanual means such a lengthy process. Cléarly in these
circumstances the computer must give the user all possible

help if "long periods of thinking time at the terminal"
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(to use Johnston's words [22]) are to be avoided.

This philosophy has been adopted.r As soon as the
program fails to fit a requirement, the fact is
reported on the display together with the following
inforﬁation, which is illustrated in plate 10.3.

.~1) The timetable for the requirement in "non
‘stars" form.
2) The resources associated with the requirement.
3) The reéources pfeventing the inéertion of the

unsatisfied event at each period.

1SCOCOST COMPILE PROGRANY ELMS © GRAMMAR LENT
2COUNTY 188 AREQUIRENMENTE 167 L6BIOLABX -199
IPRRANETERS  SLENTY 2 2SPRERD SCANs 1 ACHECKY 2
ATOEPTHY 1 ATOTEV 411 PTOTPERV 508
L6BIOLABX 167 NOT FITTED REMARINING 1 EVENTS OF DURATION 3
TIMETABLE  L6BIOLAB 167 -100 00111111 00111101 01111191 00111000 11111110

RESOURCES  BUTTAR CASE HUMPHREYS  KIMBER TASKER
MARSHALL
ST.PRD PRD RESOURCES

KIMBER

BUTTAR HUMPHREYS  TASKER

BUTTAR CASE HUMPHREYS ~ KIMBER TASKER

MARSHALL
4 2
DO YOU WANT MORE PERIODS PLERSE INPUT 1 FOR YES ® FOR NO

INPUT COMMAND

'
-

Plate 10.3 Information display in the event of failure

The display often cannot contain all the information
under 3) above and the user is asked; near the bottom of
the display, if he wishes to see the saméxinformation for
more periods. In the case of an unsatisfied multiple
period event, of duration z say, the "ST. PRD" column

gives the starting period of a set of z consecutive
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periods which would be suitable for the insertion of the/
event, The individual period numbers within this set are
given in the PRD column with the resources préventing the
inserﬁion‘of thevevent at this period. Period sets aré
given in ascending order of difficulty as meaéured by
their E(g) values, see equation (6.1).

The aim of the information displayed automatically
in the event of failure is designed to provide as much
basic information about the requirement as possible,
together with a reasonébly comprehensive answer to the.
vquestion "Why has failure occurred?®. The next step is
up to the user: it may be that he can see what can be
done to resolve the difficulty straight away, for
example the insertion of a double period event spanning
a break. In this case he can drop into INTERACT, insert
the e&ent and cause the program to continue. If such a
simple solution to the problem does not present itself
however, the user is given three options illustréted in
plate 10.4.

1) To have the alternative courses of action

presented to him, |
2) To "try again". The selection of this option
implies that one or more changes to parameters
have been made either as a resulf of one of
the coursés of action in 1) or by using
INTERACT,

3) To omit the unsatisfied event or events and

proceed with timetable construction.
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15COC0ST CONPILE PROGRANE ELMS RAMMAR LENT
2C0UNTE 188 AREQUIRENENTY 167 L6BIOLABX -100
IPARANETERS  SLCNT¥ 2 ASPRERD SCANY 1 JCHECKY 2
ATOEPTHY 1 2TOTEVV 411 ATOTPERY 508
L6BIOLABX 167 NOT FITTED REMAINING 1 EVENTS OF DURATION N :
TIMETABLE  L6BIOLAB 167 -100 00111111 900111101 01111101 00111000 11111110

RESOURCES ~ BUTTAR CASE HUMPHREYS  KIMBER TASKER

MARSHALL
INPUT 1 FOR ALTERNATIVES 2 TO TRY AGAIN 3 TO 60 ON TO NEXT REQ

INPUT COMMAND

Plate 10.4 Options

"Eleven possible courses of action illustrated in
plate 10.5 are displayed if the first option is selected,

and the meaning of these is described below.

25000057 COMPILE PROGRANE ELMS GRAMMAR LENT
JCOUNTY 188 AREQUIRENMENTY 167 L6BIOLABX -109
IFRRANETERS  SLCNTV 2 PSPRERD SCANY 1 ACHECKY 2
2TOEPTHY 1 ATOTEVS 411 PTOTPERV 508
L6BIOLABX 167 NOT FITTED REMAINING 1 EVENTS OF DURATION N
TIMETABLE ~ L6BIOLAB 167 -100 00111111 @0111101 01111101 90111000 11111110

RESOURCES  BUTTAR CASE HUMPHREYS ~ KIMBER TASKER
HARSHALL

ALTERNATIVE COURSES OF ACTION. PLEASE TYPE NUMBER OF COURSE TO BE TAKEN
ABANDON RUN STORE AND PRINT CURRENT STATE OF TIMETABLE

ABANDON THIS REQ AND PROCEED WITH RUN

ALLOW BREAKDOWN OF MULTIPLE EVENTS

USE UP BLANK PERIODS

RELAX SPREAD

RELAX STARTING TIMES

RELAX SPREAD AND START TIMES

RETREAT BY REMOVING REQUIREMENTS

CHANGE RESOURCES LINKED WITH THIS REQ

10 FOR AVAILABILITIES

11 TRY HARDER

1
4
3
4
5
3
7
8
9

INPUT COMMAND

Plate 10.5  Alternative courses of action
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1 ABANDON RUN STORE ANﬁ PRINT CURRENT STATE OF TIMETABLE

This course is useful if a réally difficult problem
occurs requiring detailed study of a printed output away
from the computer.
2 ABANDON THIS REQ AND PROCEED WITH RUN

This is an admission of defeat but is sometimes
useful for requirements which are classified as
"desirable" rather than "essential".
3 ALLOW BREAKDOWN OF MULTIPLE PERIOD EVENTS

This course of action.is only appropriate when the
event causing failure is a multiple period event. It
overrides a specification in the input data that multiple
period events of the requiremen£ concerned cannot be
broken down (otherwise breakdown would have been tried
automatically).
4 USE UP BLANK PERIODS

This produces a similar but not identical effect
to 3. Suppose_that a triple period event of a require-
ment has caused the failure and there are three non-
contiguous blank periods available in thevtimetable for
this requirement. Use of the breakdown facility would
cause the program to split the event up into one double
and one single. It would then try to satisfy the double
using procedure DISPLACE. If this process failed the
double would be broken down again into two singles.
Recourse to DISPLACE might still be necessary if the
three isolated blank periods in the timétable were So
positioned as to cause the distribution rules to be
violated if single period events were inserted in each

of them. Course 4 simply causes single period events to
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be inserted into blank periods until ne further event
periods remain for the requirement in question. No

regard is paid to the fact that these single period
_events eriginated as multiple period events or to the
distribution rules. |
5 RELAX SPREAD

If this couise‘is selected, the user is asked to
type in a new value of the parameter spread, which
determines the degree to Which departure.from the
normal distribution rules is acceptable.
6 RELAX STARTING TIMES

On selecting this course the user is asked to
specify one of five policies for event starting times

illustrated in plate 10.6.

KA ELNE
SREQUIRENENTE 16
2 ASPRERD SCAN# 1 ACHECKY 2
1 ATOTEVY 411 ATOTFERV 508
LEBIGLABY 167 NOT FITTED REMAINING 1 EVENTS OF QURATION 3
TIMETABLE  L&BIOLAB 167 -100 09111111 00111101 01111101 00111006 11111110

NURCES CASE HUMPHREYS  KIMBER TASKER

(F FOLLOWING

0 ON ANY EYENT
¢ DOUBLE A BRERK

3 TRIPLES MAY
OQUADRUPLES ™ S8
S ANY EVENT MAY CROSS A BREAK

INFUT COMMAND

Plate 10.6 Alternative policies for event starting times
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LENT

FREANETEFRS

TOEFTHs 4
LB IOLAEY : 0T FITTED PEMAINING
TIMETHELE 6B I0LAE 67 -100 00111111 90111101 01111101 09111008 (1111110

HUMPHREYS  KIMBER TRSKER

INFUT ¥ AMMANG

Plate 10,7 Implications of the selected policy displayed

to the user for confirmation

The detailéd implications of the selected policy are
‘then displayed (see plate 10.7). If the user wishes to
change ény details he can do so by typing in the approp-
riate pérameters.

7 RELAX SPREAD AND START TIMES

This combines courses 5 and 6.
8 RETREAT BY REMOVING REQUIREMENTS

This course enables the user to remove selected
requirements and by so doing permit the insertioﬁ of the
unsatisfied event, There is no guarantee, of course,
that all the requirements removed can be completely’
satisfied subsequently. When this course is selected the
user is given the following information to help him decide
which requirements should be removed (see plate 10.8):

The last eight requirements to have been completed.
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The requirements clashing with that which the
program has failed to satisfy.

The user then types in the requirements to be removed.

He o ATOTEY
LEBTOLARY MOT FITTED REMAINING 1
TIMETABLE  LeBIOLAR 167 -100 00111111 v@111101 91111101 @0111000 11111110

BUTTAHR CASE HUMPHREYS  KIMBER THSKER

g 169 172 173 180 181
0 BE REMOYVED -1 WHEN FINISHED

INEUT ¥ OMMAND

Plate 10.8 Retreat informatibn

9 CHANGE RESOURCES LINKED WITH THIS REQ
The selection of this course causes the user to be
asked which resources are to be dissociated from the

requirement (see plate 10.9).
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o ASPREAD SCONG 1 CHEC A
2 MOTEVE 411 ATOTPERY 508
LeBIOLABX 167 NOT FITTED REMAINING 1 EVENTS 0F OURATION
TIMETARELE  LABINLAR 167 -100 00111111 00111101 2111110 a8 11111119
5 BUTTAR CASE HUMPHREYS.  KIMBER 2 MARSHALL
CEX TO BE DELETED # WHEN FINISHED

INEUT COMMAND i MAPSHALL

Plate 10.9 Changing resources - 1. ResourceS to be

dissociated

He is then asked if he wishes to try other resources.
If so the program calls for the resoﬁrceé which wduld be
‘acéeptable for this reéuirement. When these have been
typed in, the program reports the resources which are
available at the periods when events of this requirement
have already been inserted.r

Finally the user decides which resources are to be
associated with the requirement and types in their names.
The program replies with the same type of information as
was originally given when the requirement failed. This
time, however, one period set at least should be completely
blank owing to the change of resources linked with the
requirement. In the example illustrated in plate 10.10,
Dolman has been substituted for Marshall with the result

that two period sets are now clear, (compare with plate

lo. 3) 3
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ASCOCOST COMPILE PROGRAMY ELMS GRAMMAR LENT
ACOUNTY 188 AREGUIRENENTF 167 L6BIOLABX -100
SPARANETERS  SLCNTV 2 PSPREAD SCANY 1 2CHECKY 2
ATOEPTHY 2 JTOTEVE 41y PTOTPERY 508

L6BIOLABX 167 NOT FITTED REMAINING 1 EVENTS OF DURATION N :
TIMETABLE  L6BIOLAB 167 -100 00111111 00111101 01111101 00111000 11111110 §
RESOURCES  BUTTAR CASE HUMPHREYS  KIMBER TASKER
DOLMAN

ST.PRD PRD RESOURCES
30 Je

31
32

33

3¢

35

9

10

11 BUTTAR HUMPHREYS ~ TASKER

25

26 .

27 BUTTAR CASE HUMPHREYS ~ KINBER TASKER
DO YOU WANT MORE PERIODS PLEASE INPUT 1 FOR YES @ FOR NO

INPUT COMMAND T

V
[

Plate 10.10 Changing resources - 2., Final check on periods

10 FOR AVAILABILITIES

By selecting this course the user obtains the avail-
abilities of all resources associated with the requirement,
illustrated in plate 10,11. The legend is as follows:

O available, * not available.

ASCOCOST COMPILE PROGRANE ELMS GRAMMAR  LENT
WCONTE 179 PREQUIREMENTE 302 LGCHEMA
JPARANETERS SLCNTE 2 ASPREAD SCANE 1 JCHECKY 2
JTDEPTHE 1 ATOTEVE 391 ATOTPERS 474
L6CHENA 362 NOT FITTED REMAINING 1 EVENTS OF DURATION 1
JIMETABLE  L6CHEMA 302 111122111 00111201 32111111 11112300 22211331

RESOURCES ~ BUTTAR CAPELIN GUNN HUMPHREYS ~ RADBAND
TASKER SQUIRE

BUTTAR 0000000 0% xx00x 00000 xx 00%x0%00 XEXQX¥EX
CAPELIN 0000000 00% % %00 x *0000xxx 00%%0%00 FEXQAX XX
GUNN EXQ0%X%%¥ 00x%%x00x% *x%Q0%%% *%%%0%009 XEXAXEXQ
HUMPHREYS 0x00%xx¥ BOx%x00x 0%%Q0%xx 00xx0%00 ¥ERXX¥XQ
RADBAND 00x%000x QOx%x%Q% *QOX%XXX 00x%xx009 *¥XQx%%Q
TASKER 0000%00% Q0% *x00x 00000 xx 00x%%0%00 *%%0x000
SQUIRE 000x%%900 09%%%%0q %%000%x¢ 0000%x00 00000%x0
INPUT 1 FOR ALTERNATIVES 2 TO TRY AGAIN 3 TO 60 ON TO NEXT REQ

INPUT CGMMAND

Plate 10,11 Availability of resources
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11 TRY HARDER

This course causes the value of tdepth to be
incremented by 1 and the program to try égain to fit the
requirement with DISPLACE used to a greater depth of
recursion,

When the alternative courses of action facility was
firsf tried out only one course of action could be
selected. This was unnecessarily restrictive and
prevented combinations of courses being tried. The
presentVSCheme returns the user to the "option level"
after selecting a course of action, so that the user may
select several courses of action before going for the
"try again" option.

An overall sequence of operations on failure to
satisfy a requirement is given in figure 10.2.

10.5 Closing down facilities

When timetable construction has finished or when
the user has set switch 1 with the INVERT command or when
course of action 1 has been selected, the program pauses
in INTERACT mode in case the user wishes to make any
adjustments to the timetable. This facility is designed
mainly to enable the user, having studied printZouts at
his leisure away from the terminal, to call up a com-
pleted timetable from the disc file and make amendments
to it. On receiving the GO command the closing down
phase proper starts with the display of the timetable in
internal representation. Several "pages" are normally
necessary to obtain the complete timetable in this way.
After each page the user can opt to go on to the next

form of display which is the timetable in stars form
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PROGRAM

DISPLAY FAILURE _
MESSAGE, WITH INFOR=-

MATION ABOUT REQUIRE=-
MENT .

I
1

DISPLAY A PAGE OF
RESOURCES PREVENT=
ING FITTING AT EACH
A PERIOD SET.

Y

READ PAGE
COMMAND .

NEW PAGE

YES REQUIRED?

DISPLAY OPTIONS
AVAILABLE.

¥
READ OPTION
COMMAND.

3 GO ON TO OFTION

__NEXT REQ. -

1 ALTERNATIVE

USER

DECIDES ON
WHETHER
FURTHER
PAGES ARE
NEEDED.
ISSUES COMMAND.

DECIDES ON
OPTION.
ISSUES
COMMAND.

(IF OPTION 1 HAS
BEEN SELECTED)

COURSES OF ACTION

DISPLAY DECIDES ON
2 TRY ALTERNATIVE | SOURSE OF
OMIT OUTSTANDING AGAIN COURSES OF ACTION. ISSUES
EVENTS OF ACTION COMMAND .
REQUIREMENT . Y.
); J
ONTINUE READ COURSE
SELECTED.
TIMETABLE ,
CONSTRUCT ION K 4 INTERACTION
. FURTHER INTER~ AS
ACTION FOR NECESSARY .
_ APPROPRIATE
Note: INTERACT may be entered COURSES.
at any time,
Figure 10.2: Summary of programe IMPLEMENT SELECTED
~user interaction on COURSE OF ACTION.
- failure to satisfy a

requirement
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o i E
(see note (i) to table 10.2). This display is paged,

with the user able to go on to the next stage as before,

The next display is the compile history, with the same

information as printed out in the basic system (appendix

4, sheet AP4/9).

not the timetable should be stored on the disc file.

Finally the user is asked whether or

10.6 Experience in man-computer timetable construction |

While the interactive system that has been described

is not perfect its development has reached a state where

important lessons may be learned about timetable con-

struction
Four

using the

by man and computer working as a team.

timetables have been constructed by the author

team approach, with the results given in table

10.3 which also gives the best results achieved by the non-

interactive system for comparison.

MAN-COMPUTER TEAM ~ COMPUTER ONLY
Data Failures | Insertion| Elapsed | CPU | Insertiom| CPU
set reported rate time time rate time
by 2 min, “min, % min.
program '
Burnage 15 100 195 115 98.5 104
Elms 20 99.7 170 81 (97.4 213
( tdepth=3
(%.1 62
( tdepth=2
ylesbury 4 100 88 61 99,2 50
Newton 1 100 42 24 99.9 18

Table 10.3 A comparison between man-computer team and

computer only

For Aylesbury and RAF Newton the adjustments which

had to be made were trivial.

The adjustments made in the

runs on the Elms and Burnage data are shown in table 10.4.
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_ B ] Number of occasions used
Adjustment The Elms Burnage
Breakdown of multiple period 1 1
events

Relaxing spread constraints 1
Relaxing starting times of events 3
Retreat 6 .
Changing resources 10 8

| Event omitted 1 0

Table 10,4 Adjustments to problem data

It is not known whether all the adjustments made would
ha&e been acceptable to the school in the case of the
Burnage problem. A great deal more was known'about the
Elms data, particularly as the Headmistress had taken part
in a previous interactive session during which over half
the timetable was constructed. Her guidance as to what
should be done in éarticular cases of difficulty during
this session was a vital preparation for the run during
which the complete timetable was constructed, and most of
the decisions made during this run would probably have been
acceptable to the school.

It can be seen from table 10.3 that the total elapsed
time tovCOnstruct a timetable is heavily dependant on the
number of occasions on which the program has to ask for
help. The interactive concept would become unworkable
if the user were asked to cope with too many program
failures, and it is believed that 20 to 25 is the practical
limit. Certainly an interactive session lasting longer
than 3 hours is very tiring for the user; 1 to 2 hour

sessions would seem to be acceptable. Thus the interactive

system is not an effective means of rescuing a set of
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unsatisfactory algorithms or of_achieviné a complete
timetable from a set 6f‘ﬁttefly infeasible data.

There is no doubt, however, that the man-computer
téam can produce better results than the computer program
by itself. The lohg elapsed times are due largely to
"thinking time" and provided that other programs can use
thevcentral processor during the timeé when the time-
tabling prdgram is awaiting human reaction, the length
of the elapsed time is not too important. It is almost
certainly a price worth paying if a‘completely satis-
factory timetable can be produced with no need for sub=-
sequent amendment.

There are many different ways of using the inter-
active system, which can only be adequately explored by
the practical use of the system by those actually
concerned with the timetabling problem in schools. One
possibility is to use the interactive facilities only to
amend a completed timetable stored on disc. This has
been triéd with the Elms data and is certainly a prac-
tical proposition with requirements involving few
resources. With sixth form requirements associated with‘
many reéources the completed timetable is usually too
"tight" to permit changes to be made readily. Another
possibility, already mentioned, is to build up the really
critical parts of the timetable by hand using INTERACT
and then storing the partially completed timetable on
the disc file to be finished by a non-interactive version
of the program.

All the facilities provided by the interactive

system have been used, and there do not appear to be any
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serious omissions in the range of faeilities provided.,
A minorvfault is that Qhen changing resources (course of
action 9) the program reports on the availability of
alternative resources with regard only to the‘events of
the unsatisfied requirement whicﬂ have already been
inserted into the timetable. It would be more valuable
“if this report took into account the potential insertion
of the unsatisfied event,
10.7 Retreat and displacement‘

The relative theoretical merits of retreat and
displacement were briefly discussed in'6;3. During
experiments with the interactive system, retreat was -
tried many times in different circumstances after failure
to satisfy a requirement. On several occasions the
5ﬂstrategy was successful in that not only was the eQent
of»the.unsatisfied requirement p; fitted but so were all
the other requirements pj, which had been removed in the
retreat process., However, the strategy never succeeded
without modifying the problem in some way, in nearly all
cases by breaking down a multiple period event of one
of the requirements pj. Usually, indeed, the require-
ments pj were selected with this in mind. A combination
of the two algorithms is thus more effective than DISPLACE
alone but a degree of selectivity is necessary in deciding
)which requirements to remove in the retreet process.

10.8 Discussion

The Commentary has been found to be far more valuable
than expected and in surprising ways. Firstly it gives
a very clear idea of the way in which the program operates.

This is most useful when explaining it to the uninitiated,
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and it also gives the programmer;a fér clearer ideé of
which are the time consuming operations in the program.
The VDU commentary is thus useful as a program tuning
aid. Two important timé saving modifications to the
program have been made as a direct result of information
~gained from the commentary, one concerned with how tied
requirements are dealt with and the other with reducing
the number of times that trial assignments are ca:ried
out.

The right level of commentary also provides the
user with a psychological link with the program, which
haé been found most valuable. The right level in this
context seems to be at the default value of display
giving details of assignments, insertions and displace=-
ments but not trial assianents. More information than
this is simply confusing, whereas that provided at
display = O changes too infrequently to hold the user's
interest. At the default value of display the user seems
to feel an involvement iL the timetable construction
process which is totally lacking in the non-interactive
situation. It is believed that this is an advantage,
albeit ungquantifiable. The ability of the user to
intervene in the construction process, which was the
original justification for the commentary, has been very
frequently used but mainly to change global parameters
such as display and tdepth. Detailed intervention to
correct shortcomings in individual timetables has been
less valuable than expected, partly because the information
changes very rapidly and partly owing to the lack of

really intimate knowledge of the particular timetable
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under construction. This facility migh£ be uéed much
more frequently if those responsible for constructing
timetables in échools started to use the system
operationally.

- Finally it is believed that the interactivé approach
to computer timetabling has great potential. It may be
used at many different levels of mén-computer’relation-
ship, depending on the problem, the temperament of thé
user and the confidence he has in the program. Above
all, perhaps, it breaks down the pSychological barrier o
between user and computer. One headmaster with | |
‘experience of a commercial computer timetabling system
wrote "...the'computer does not také'account‘of human -
factors". The interactive facility offers_the human

being the means to make it do so.
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CHAPTER 11 - CONCLUSIONS

The results of this work lead to certain COnclusions
regarding the validity of the "timetable" probiem,.fhe
overall practicability of compufer assiéfed timetabling
for schools and the characteristics of computer time-
tabling systems in relation to storége structures,
solution algérithms and the user interface. ‘This éhapter
presents and discusses these ¢onclusions.

11.1 The timetable problem

What has come to be known as the tiﬁetable problem
with its very simple structure is hardly relevant to
the highly complex problem presented'by British secondary
schools which have the greatest timetabling difficulties.
Methods so far devised forrthe solution of the timetable
problem are of little value to the real timetabling
problem for which the heuristic approach offers the best
chance of success. |
11.2 Overall practicability

As far as is known no British school had used a
computer produced timetable when this work started.

Such computer timetabling systems as had been tried had
not yielded insertion rates significantly better than

9% and as a result were not practically useful. Now the
‘position is very different., The work described in this
thesis and also that of Michalsen have shown that time-
tables of comparable guality to those cdnsﬁructed
manually can be produced by a computer, and some of these
have been used in practice. Thus it can be claimed that

computer assisted timetabling in British secondary schools

is technically feasible,
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The major obstacle torﬁhe Qidespread’usé of computers
for timetabling in British schools is cost, likely to be
between £100 and £200 per timetable. There is no
prospect of offsetting this cost by direct monetary
savings but it is believed that it can be justified by
tWo important benefits which should accrue from computer
- assisted timetabling., The first of these is that members
of the teaching staff will be releaséd from the more
~ laborious and mechanistic tasks in the preparation of
timetables. The second is that a computer timetabling
system can be a valuable tool for those concerned with
various aspects of eaucational administration and planning,
11.3 Storage structures

For the heuristic approach to computer timetabling
simple cartesian storage structures are believed to be
quite adequate: no advantage is seen in adopting other
forms of structure. There ére many ways in which
cartesian structures can be used to store timetabling
data but the storage structure must be carefully chosen
as it is a key element of any timetabling system. The
three main criteria for choosing a storage structure are
the ability to describe an adequate range of problem
variations, economy of core store and the necessity for
the storage structure and construction algorithms to be
carefully matched. Storage structures based primarily
on requirements have a definite advantage over those
based on resources for schools with a complex pattern of
options and highly variable pupil groupings,

11.4 Algorithms

11.4.1 Existénce testing

While some progress has been made in reducing the
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uncertainty as to thehsolvability of the problem posed
by a set of apparentiy consistent timetabling data, no
satisfactory existence test has been found. It does
not appear to be péssible to devise such a test and one
is forced to return to the intuitive view that the only
way to prove that a solution to a given problem exists
is to find such a solution. |
11.4.2 Event selection

If an infallible method of selecting times for
events could be found, the order in which events are
selected for insertion in the timetable would be
unimportant. But as time selection is not an infallible
process this order is important and the main criterion
for event selection is that "difficult" events should
be selected before "easy” events. The problem is to
find measures of difficulty which are satisfactory in
all cases. 1In this Work it is concluded that current
difficulty alone is a better criterion than inherent
difficulty alone but that a combination bf the two
criteria can give better results than either of them
'singly. Slack or choice, both derived from the trial
assignment procedure, have been found to be satisfactory
measures of current difficulty.
11.4.3 Time selection and conflict resolution

Similar arguments apply to conflict resolution in
relation to time selection. If time selection is an
infallible process there is clearly no need to resolve
conflicts since none will arise. To be certain that a
given choice of time for an event will be satisfactory

it is necessary to establish that such a step is compat-
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ible with a solution to the problem and thus requires
an infallible existence test, which is unlikely to be
found. For this reason it is not likely that an
infallible time selection process will be devised and
the evidence of this work is that a conflict resolution:
algorithm in conjunction with a time selection algorithm
baSed dn static interference criteria only produces at :
least as good results with less computing time as a time
selection algorithm using an imperfect existence test.
The most effective mechanism for conflict resolution
has been found to be a recursive displacement algorithm,
with "retreat" under user control as a last resort. |
11.5 The user interface

One of the main themes of this work has been the
need to enable thé user to play a more active part in |
the process of timetable construction than simply.pre~i
paring a set of data for presentation to a computer and
then, later, analysing and amending the computer output.
Thé interactive system»that has been developed has shown
- that it is possible for the user to work with the computer
in a number of different relationships’ranqing from that
just described, where the construction of the timetable
belongs exclusively to the computer, to a relationship
where the user plays the dominant role. The interactive .
system hés enabled better timetables to be produced than
was possible using the computer alone and it is concluded
that interactive timetabling adds an important new dimension
to the concept of computer assisted timetabling.

Another aspect of the user interface is the way in

which the input data is presented to the computer. In
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this and other work thé emphasi§ has so far been placed,
correctly, on devising systems which are capable of
producing timetables of adequate completeness and quality.
Now that some success has been achieved in this direction,
there is a neéd to evaluate different methods of data
input With a view to devising the best method. it may
be possible to establish a standard input specification
to which any computer timetabling system for use in
British schools should conform. Thisvwould allow for
the introduction of new systems, and for the improvement
of the internal characteristics of existing systems
"behind" a reasonably stable user interface.
11.6 Future development

While the problem of automatic construction of
school timetables is certainly not closed, computer time-
tabling has now reached the stage when its operational
implementation in British schools has been shown to be
technically possible. While fundamental research on
allocation and scheduling problems must certainly con-
tinue and this may provide fuller insight into the school
timetabling problem, it appears that, in respect of this
problem the time has come to move from experiments to
the development of at least one system for operational
impleméntation. While certainly not the only possiblé
approach, it is believed that the present work forms the

basis for such a system,
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APPENDIX 1 = DATA STORAGE CALCULATIONS

This appendix contains the calculations required to
support tablev3.2.
Storaée structure 1 - the class, period array
1) ©Storage (in 24 bit computer words)
(i) Timetable array: 2CP.
(ii) Availability array: r%ilp.
2) To determine whether a single period event e(i,l)
can be inserted at any period p-.
A series of pure’"and“ operations on the
~elements of the availability array A, with
each bit taken separately, has to be carried
out to establish the availability of all
resources linked with requirement I at period-
P. Let X(p) be the availability of e(i,l) at
period p and let requirement‘pi be associated

with resources‘yi v Yy reser ¥y oo

1 2 m
Then
X(p) = A[il,p] & A[iz,p],...;& A[im,p].
If m quantities "anded" together involve (m-1)
operations then the average number of operations
required to establish X(p) is §(p) - 1,
3) To insert event e(i,l) at period p.
Two different types of updating operation are
required,
(i) Availability array:
Set A[3,p] = O, 3=ijsiyseessi.

The average number of operations is y(p).

(ii) Timetable array:

Let tk,rS be the teacher and room associated
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with Pye if«there.is,ﬁore than one teacher and/or
room let k and/or s point to vectors where the
actual teachers or rooms are stored. If the

classes associated with p; are cj ,cj ,...,cj ’
1 2 n

then the algorithm must set T[jq,Jp]"= k,s8,9=1,2,...,0.

The average number of operations (assuming that

updating one elément involves two operations) is ZE(p).

Storage structure 2 - the four dimensional array

1) Storage (in 24 bit computer words).
Timetable array: CTRF%EW.

2) - To determine whether a single period event e(i,l)
can be inserted at any period p
In principle the only way to determine the
availability of a resource at any period is to
search the timetable array for a meeting of that
resource with all possible pairs of resources
of the other two types at that period. Thus to
determine whether a claSs~cj'is available at
period p requires TR operations. On average a
requirement Py is associated with c(p) classes,
t(p) teachers and r (p) rooms SO that the average
number of operations required to establish
whether an event e(i,l) can be inserted at period
p is (c(p)TR + t(p)CR + r(p)CT).

3) To insert a single period event e(i,l) at period p
If the resources associated with e{i,l) are

reesC, rtk rtk rc'-rtk rrs e T ,l---trs

C. ,C. s
J1 32 Ju F1 *2 v °1 ®2 W
then the insertion algorithm must set

T[jflkgrshrplzlrf=llzl-oolulg=1121—~Ofvth=lrzr---rwt
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The average number 6f operations is c(p)E(p)T(p).
Storage structure 3 - the requirement list
1) Storage (in 24 bit computer words)
(1) Vector T: 2Q.
(i)  Vector v: A,
(iii) Availability array A: (%§1P°
2) To determine whether a single period event e(i,l)
can be inserted at any period p
As for storage structure l.ﬂ
The average number of operations is §(p) - 1.
3) To insert a single period event e(i,l) at period g
Two different types of operation are reéuired.
(i) Update availability array A as for storage
structure 1.
The average number of operations is §(D).
(ii) A search starting at V(i) must be carried out
for the first MA¥ zero element, u say, of T.
Then set T[u] to p,m where m is the number of
the room associated with e(i,l) or a pointer
to a vector containing a set of such numbers
if there is more than one such room.
The average number of operations is—%;,approximately
for the search plus 2 operations for the insertion in T.
Storage structure 4 - the requirement array
1) Storage (in 24 bit computer words)
(i) Timetable array T: PR
(ii) Room availability array A:[%é]P.
2) To determine whether a single period event ef{i,l)

can be inserted at any period p

As the opportunity list for all requirements is
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kept continuously up to date only one operation

is required.

To insert a single period event e(i,l) at period p

Three different types of operation must be carried

out,

(i)

(ii)

(iii)

Set T[i,p] = m,
Awhere m is the number of the room in which

the event is to take place, or a pointer

to a vector in the case of multiple rooms.,
1 operation is required.

Decrease T[j,p] by 1 for each requirement

Py which clashes with pi; The average

- number of operations is X.

Set A[m,p] = O for all rooms r, associated
with requirement Py The average number

of operations is T (p).
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APPENDIX 2 - DATA VARIABLES USED IN SCOCOST

B\fray Array Meaning ; obtained R mam Remarks
element {see note (1))} (see mote (1))
BDATA 1 Nurber of days in the week U aw
2 " " periods in the day u hos
3 " " pericds in the week u o
4 " " requirements uc req
5 " " teachers o, lect
6 " " classes w class
7 " " rooms oc roam
8 " " miscellaneous elements U ‘misc This includes the name of the school arvil
names of days and periods.
9 " " room groups o rgp A room group is a set of rooms which are
equally acceptable for at least one
requirement., .

10 File to be used y file Redundant. Stored to assist in diagnosis)
only. '

11 buration of longest event u mul -

1z Maximm number of multiple rooms v mlr This is a users-estimate of the maximam
number of different combinations of
rooms that will be allocated to events
in the campleted timetable.

13 Spread factor U 8p This is used for spreading events over
the week.

14 Page gize for clashing and U itcon Determines the mumber of colxms of

- requirement-resource arrays, these arrays to be held in core at

CONF and TTRFO resnectivelv A e Fime,

15 Number of characters in a name U nn nn is a maximm. Names with fewer
characters are perfectly acceptable.

16 Total mmber of ties ; v scope A users estimte of the total nutber of
times e requirement is specified as
being tied to another.

1 Separation factor u - Bep Works in conjunction with sp (see 13}.
Meaning is as follows.

0 events of a requirement must be
spread out over the week in a normal
Aistritution and two such events
ceonrring on the same day must be
separaterd by at ledast one period.

1 normal distribution bat if two
events do oocur on the same day they
need not ba separated.

2 no constraints on the spread of
events of a requirement across the
week .

18 Mumber of names to be held in corq u nonames Normaily arranged so that one bucket of

at any one time: 128 words will contain this number of
names,

19 Number of words required to bold [ nf These arrays are packed 24 elements

one colum of clashing and re- to a word.
quirement-resoarce arrays, CONF '
1 and ITRIQ respectively
20 Nurber of rescurces Y
21 Number of words required to hold [ v Array RASP is packed 24 elements to a
ong coltemn of room availability word.
array, RASP
22 Number of words required to hold [of u Array RGP ls packed 24 elements to a
one column of Foom group array, word.
RGP

23 Mmber of multiple teachers (o ml Total nuwber of different combinations
of teachers associated with require~
ments in the input data.

24 Mumber of elements in array RMREQ C nl

!MWDNP\ 1-3 Spare
q Page size for timetable array u “stze Number of requirements for which the
. timetable is held in core.
5 Number of pages for timetable array < nopge
[ Number of buckets required for C timelucs
timetable array
7 Number of buckets required for C confucs
clashing and requirement—
resource array
8 Nurber of buckets required for one C namebucs Usually 1, see BDATA [1B].
group of names
9-29 Spare
Notes: (i} Key for the "How obtained colum".
U = user supplies this information as part of the input data. -
UC = user supplies an estimate as part of the input data. This estimate is used for setting up arrays only.
True value is computed and stored by input program,
C= computed information.
(11) The Program name* colum gives the name by which the guantity is known in all the programs in the

system.
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APPENDIX 3 ~ SCOCOST DATA ARRAYS

A specification of the arrays used in the system is

given in table 1.

POINTING

Array (see note (1))

element name

dimensions

Use

1 None
2 REQPOINT 0

3 HEAD 0

4 REQNO 0

5 SLACK 0

6 | HIST )

7 LATEST ¢

8 FITTED 0

9 None -
10 REQSPEC 0

11 RMREQ 1 :

req

req

req

req

req

req

reg

req

nl

Table 1 Data arrays
Sheet 1 of 3

Spare.

ith element holds element
of array REQITE (see 14)
at which the first re-
guirement tied to Py is
stored.

used by the output program

to hold headings.

to be assigned for re-
quirement p; coded as in
note (ii).

Slack as described in
4,5.1.

If requirement p, was the
nth requirement %o be com-
pPleted then the it element
holds the wvalue n.
Elements corresponding to
uncompleted requirements
have values 0 or -1,

The ith element holds the
period at which the last
event of p; was inserted.

The ith element holds the
number of events of Ps
fitted so far.

Spare.

Code numbers of require-
ments., Each requirement
is allocated a code number
as well as a name for

ease of communication
between the user and the
system., Inside the system
requirements are known by
the order in which they
were input. Thus in this
table Py refers to the

ith reqlirement to be
input.

Room groups associated
with each requirement,

and numbers of rooms re-
quired from each group.
Accessed Vla ROQMNO,
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POINTING
element

Array (see note (i)) [

name

Use

“dimensions |

12
13

14

15

16

17,18
19

20

21

22

23

24

25

26

ROOMNO
GRAME

REQTIE

None

CONF

None
TIMETAB

RASP
ITNO

ITREQ

STAR

PREF
GRASP

RMGRP

O : reg+l

req

scope

nf
itcon

size
pw

2l
e se

o

o o0

Pw

nf
itcon

mul
pw

N

mul

rgp
pw

o

u
rgp

ROOMNO[i] holds the starting
element of RMREQ for requlre-
ment Py v

Names of groups of requlre-
ments and resources: used in
the output program.

Holds tied requirements. If
n requirements are tied to
requirement p; these are held
in REQTIE [REQPOINT[l]],
REQTIE [REQPOINT[i]41],eee¢
REQTIE [REQPOINT [i]+n-1].

Names. Programs interact
with this part of the data
base via a working array
NAME [l:nn *nonames] used
for all names.

" Clashing array, see note

(ii1i).
Spare.,

Main timetable array:
coding as in table 2. Over-
laid from disc in "pages",
with size (appendix 2,
NEWDATA {4]), giving the
number of requirement -
timetables in a page.

Room availability array. 24
elements to a word. O for

available 1 for not available.

Preferred room for teachers
and classes; capacity of a
room.

Requirements-resources array,
see note (iii).

Event starting times array.
If STAR [i,j]=0 then an
event of duration i may
start at period j: if 1 it
may not.

PREF [z,3j] holds the jth

period within the day to be
selected for an event of
duration z.

GRASP [j,p] holds the number
of rooms of the jth room
group thatam available at

period p.

Room groups. The jth column
holds the numbers of the
rooms in the jth room group.

Table ﬁ Data arrays,

Sheet 2 of 3
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POINTING
element

Array (see note (AN T Use

name

dimensions

27

MULRO

oM 1 : mlr Mﬁltiple rooms. If
1 : room MULROOM [i,3j]=1 then room
r. is part of the ith

multiple room: if O it
does not. .

Notes:

(1)

(i1)

The array names and dimensions given are as
used in the programs.
The coding system for the number of events

in array REQNO is as follows:

digits - number of single period events,

tens - number of doubles,

hundreds = number of triples and so on.

A positive number means that multiple
period events can be brbken down as a last
resort, a negative number means that they
cannot.

Example: 2517 means 2 quadruples, 5 triples,

-1 double and 7 singles. The quadruples,

(1ii)

triples and double can be broken down.
Arrays CONF and ITREQ are packed 24 elements
to a word. Both arrays can be overlayed

from backing storage.

Table 1. Data arrayg

Sheet 3 of 3
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Table 2 gives thé'péégible:V§iﬁés and meanings of'a‘typical
element TIMETAB [i,p] of the main timetable array. This’
element refers to requirement Py at peridd.p. For con-

venience let n = TIMETAB [i1,p].

Value of n Meaning
100000 | Available. 7
100000 >n >10000 Not available due to the occurrence -

of clashing events at period p.
The quantity 100000-n gives the
number of such events and hence an
indication of the difficulty of
making this period available.

3 10000>n>1000 Not available due to initial non
availability of associated
resources. _

4  1000>n>1000-mul An event of this requirement is

scheduled at this period. No
room has yet been allocated., The
value of n indicates the period
relative to the start of the
event: thus n=1000 indicates the
first period of an event, 999 the
second and so on. mul is the
duration of the longest event in
the timetable.

5 900>n>room An event of this requirement has

: been scheduled at this period.
More than one room has been
allocated to it. n-room points
to the row of the array, MULROOM,
‘'which holds the actual rooms
allocated.

6 room>n>0 | An event of this requirement has
been scheduled in this period in
the room L

7  O>n>-room As for 6 but this assignment
: cannot be changed.

8 -room>n>=900 As for 5 but this assignment
cannot be changed.

9 =900>n>-1000 As for 4 but this assignment
cannot be changed.

j 10  =1000>n Period not available under any
: circumstances.

Table 2, Coding for the timetable array
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APPENDIX 4

EXAMPLES OF INPUTS TO AND OUTPUTS FROM

SCOCOST.
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SCOCOST = INPUT ..PROGRAM. .~ BASIC DATA

FORM Il

Note to punch operator: Please punch the numbers in the fourth
column only with 2 spaces between each number and 10 numbers

to a card.

School or College.

Example problem

Number

. _ Element]
gif. Eiggzmn Meaning (Punch these | where Remarks
manbers) stored
on EDS
1 DW Days in week 1 Bl
2 PD ' Periods in day 3 B2
3 PW Periods in week 3 B3
4 REQ Nunber of requirements lo B4
5 CLASS Number of classes iy B6
6 LECT Mumber of teachers s B5
7 ROOM Mumber of rooms 7 B7
8 MISC Number of time elements 7 B8
9 RGP Number of room groups 2 B9
10 . | FOE File to be used. o B1O
1 for "JBRIT"
11 MUL Length of longest event 2 BL1
12 MLR Max no of multiple rooms / B12
13 | sP Spread factor 3 B13
14 KEY Controls the quantity of 3 -
output produced by the
input program
15 NN No of characters in name fo Restrict to 6
‘ if Linear
format re-
quired for
output
{6 SCOPE Total nuvber of ties / B16
17 SEP Controls separation 2 Bl7
18 NOMAMES | Number of names held in /2 B18)
core )
)
19 TTCON Page size for conflict o0 B14) _
« and other arravs ; ) § For use by
20 SIZE Page size for timetable /O N4 ) | by the
analyst.

Sheet AP4/1 - Form Il
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SCOCOST ~ INPUT PRQGRAM%§4REQUIREMENTS

Notes:

(i) Each record must be terminated by mxw

~(ii) At least 2 spaces after requirement name.
least 2 spaces or a comma after a number.

(iii) Terminate with 4444

School or College.BX20Rle problem

LA B B IR AE AR B AR N 4

At

Compulsory fields Optional fields
Code Name No of Room No of | Tied Initial timee
Fised ) events | group | rooms Rquirements table entries
Variable | Fixed Fixed | Fixed | Variable Variable
Ex| 124 LATIN 5 =
52 | CHEMISTRY| =100 -2 1 127, 129, ; =12, *
| | MATHS 1 ¥
1| FRENCH 0 2 { ; -2, *
3 | Engrigh 1 ¥
¢ | GEOMETRY 1 »*
¥ | GERMAN 1 2 ¥
L | Gheek 1 *-
71 R.K. 1 *
3 | Sciewvce | 10 / 2 3
141

Note: The default values for room group and number of rooms

are 1 in each case,

Sheet AP4/2 =~ Form I2
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FORM I3

SCOCOST = INPUT PROGRAM - RESOQURCES

School or College.E"‘a‘“‘@-"-e problem

sesssensensvesce

Present resources in the order classes, teachers, roams,

Notes: (i) :
terminating each sub group with

(ii) Continuation cards may be used as necessary.

(iii) Each record must be terminated with "*".

(iv) At least 2 spaces after each name.

(v) Fill in room capacity for rooms in "preferred rocm" colum.,
. Fields Opumal fields

Name Preferred| Associated requirements | Periods not Rocm groups

- room | available )
Variable Variable Variable Variable = |
JONES 1 127, 129, 135, ; -28, *
SCI LAB 50 141, ; ; 3, 5, *
FORM 1 5 1, 2, 3, *.
TORM 2 4 4, 5,6, *
FORM 3 3 7, 8, *
e
|SMITH 1 1, 4, *
JONES 1 2, 5, *
ROBINSON 1 6, 7, *
EDWARDS 1 3, 8, *
A4 44
ROOM 1 17 ; ; 1, *
ROOM 2 26 ; ; 1, *
ROOM 3 30 ; ; 1, 2, *
ROOM 4 25 ; ; 2, *
ROOM 5 24 8, *
ROOM 6 24 8, *
£414

Sheet AP4/3 - Form I3
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SCOCOST=~INPUT. PROGRAM .« BVENT STARTING TIMES
Example problem

Terminate with ¢fff. ’ School or College.cveccscscsassccns
Event Periods when an event of this duration
duration cannot start
Ex 1 * _
2 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, *
444
FORM I5

SCOCOST =~ INPUT PROGRAMS~ NAMES OF TIME ELEMENTS

School or College.@¥?@?%§.?¥??%??

Names of Elements

Remarks Term name, then period names then day names, then
name of school (two separate names).
Example EASTER PRD 1 PRD 2 PRD 3 PRD 4 PRD 5 MON

TUES WED THUR FRI GROVE SCHOOL

LENT PERIOD 1 PERIOD 2 PERIOD 3 MONDAY

EXAMPLE PROBLEM

Sheet AP4/4 - Forms I4 and I5




SCOCOST INPUT AND VALIDATION PROGRAM - 25/8/72

CoOoONOTUTdWwNH

00~ O U1 > W N

R.K.
SCIENCE

FORM 1
FORM 2
FORM 3
SMITH
JONES
ROBINSON
EDWARDS
ROOM 1
ROOM 2
ROOM 3
ROOM 4
ROOM 5
ROOM 6

10 4 5 7 - 7 2 1 2 1 3
2 12 10 10 :
7 8 9 10 11 12 13 14 15 16 18

172 173 175 176 177 177 177 177 178 179 179

1 *
0 2 1l H -2 *
1 *

1 *
1 2 *
1 *
1 *

10 1l 2 *

&5 1 2 3 *

¢4 4 5 6 *

%3 7 g *

1 1l 4 %
1 2 5 *
1l 6 7 *
1l 3 8 *

17 ; 1 =

26 ;: 1l *

30 ;:; 1 2 *

25 ;; 2 %

24 8 *

24 8 *

TEACHERS ROOMS  ROOM GROUPS.
4 6 2
PERIOD 2  PERIOD 3 MONDAY EXAMPLE PROBLEM

Sheet AP4/5 - Output from input program - I
Print out of data as input
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82
179

84
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SCOCOST

EXAMPLE PROBLEM
TABLE OF REQUIREMENTS
REQUIREMENT CODE NO
MATHS 1
FRENCH 2
ENGLISH 3
GEOMETRY 4
GERMAN 5
GREEK 6
R.K. 7
SCIENCE 8
TABLE OF RESOQURCES
NAME NUMBER
FORM 1 &5
FORM 2 ¢4
FORM 3 43
SMITH 1
JONES 1
ROBINSON 1
EDWARDS 1
ROOM 1 17
ROOM 2 26
ROOM 3 30
ROOM 4 25
ROOM 5 24
ROOM 6 24
TABLE OF ROOM GROUPS
GROUP NO ROOMS
1 ROOM 1 ROOM 2
2 ROOM 3 ROOM 4

EVENTS
1 1
0 2
1 1
1 1
1 2
1 1
1 1
10 1
NO. OF EVENTS

1 2

3 o)

3 0

1 1

2 0

2 0

2 0

1 1

o) o)

0 o)

0 o)

o) o)

o) 1

o) 1

ROCM 3

GROUP

ROOMS

TOTAL

O b bt ot b et et ot

FORM
FORM
FORM
FORM
FORM
FORM
FORM
FORM

W WM NN s

ASSOCIATED RESOQURCES

SMITH
JONES
EDWARDS

SMITH

JONES
ROBINSON
ROBINSON

EDWARDS ROOM 5 ROOM 6

PERIODS CODE NUMBERS OF ASSOCIATED REQUIREMENTS

NN OOOQOWNNDNWWW

WOV N =~ s

0

o~JundbdurN

Sheet AP4/6 - Output from input program - IT
Tables of Reguirements, resources and room groups

i
N
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TABLE OF CLASHES

REQUIREMENT ’ CODE NO: CODE NUMBERS OF CLASHING REQUIREMENTS

MATHS 1 2 3 4

FRENCH 2 1 3 5

ENGLISH 3 1 2 8

GEOMETRY 4 1 5 6

GERMAN 5 2 4 9

GREEK 6 4 5

R.K. 7 6 g

SCIENCE 8 3 7

EVENT STARTING TIMES

EVENT

DURATION
1 000 b
2 ‘ 001 (8

' I

NO: OF MULTIPLE LECTS/CLASSES = 0 o

INITIAL TIMETABLE IN INTERNAL REPRESENTATION

MATHS 1 o -99999 0]

FRENCH 2 0 ~1000 0

ENGLISH 3 o ~590999 o}

GEOMETRY 4 o) . O o

GERMAN 5 0 ~99999 0

GREEK 6 o} 0 0

R.K. 7 0 0 0

SCIENCE 8 0 0 o

Note: When the actual value of an elemént of array TIMETAB is 100,000 it is printed out at
O to make for easier reading. ‘ ’

Sheet AP4/7 =~ Qutput from input program = IIT
Clashes, event starting times and initial timetable
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e

SCOCOST‘*’COMPILE PROq AM = DATA

FORM C1

Note to punch operators: please punch the numbers in the fourth column anly
with 2 spaces between each number

School or College.

Example pmobhan

(RN E NN REEREXENXNEREX NI

Seference

Program
Name

Meaning

Number
(Punch these

A

Remarks

FIILE

EDS file to be used:

1 for JBRIT otherwise
JBRITSTORE 1.

numbers)ﬂ

Integer

Slack Control: large
values weight select-
ion in favour of long
events,

[y

- TDEPTH

Depth to which DISPLACE

can be used recursively:

ie how hard the program
is to "try".

Integer 1 or 2
are suggested.

NEGCONT

Weight to be given to
events which cannot be
broken down: large
values favour such
events,

- SPREAD

Amount by which program
may depart fraom normal
distribution of events
in a requirement.

PRT

Controlsquantity of
print output. O for
none except failure and
breakdown messages, 1

as O plus timetable and
canpile history, 2 as 1
plus timetable in inter-

nal representation.

Sheet AP4/8 - Form Cl
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SCOCOST COMPILE PROGRAM 25/8/72

 TIMBTABLE IN INTERNAL REPRESENTATION

MATHS 1 . LO00 ~100000 99999
FRENCH 2 99999 ~1000 99998
ENGLISH 3 99998 -1 00000 1000
GEOMETRY 4 90098 1000 - 99999
GERMAN 5 99999 -100000 1000
GREEK 6 1000 99999 : 99998
R.K. 7 99998 99999 1000
8

SCIENCE - 1000 999 99998

LENT TERM TIMETABLE BY COMPUTER

KEY: 1 ALLOCATED O AVAILABLE ®* NOT AVAILABLE
MATHS 1 L*®
FRENCH 2 *®1*
ENGLISH 3 *#]
GEOMETRY 4 RL*
GERMAN 5 *%]
GREEK 6 1**
" R.K. 7 *R]
SCIENCE 8 11*

COMPILE HISTORY

MATHS 1 4 -1 1 o) 1 -

FRENCH 2 1 1 o) 0 1

ENGLISH 3 3 -1 1 0 1

GEOMETRY 4 6 0 1 o] 1

GERMAN 5 8 -1 1 o - 1

. GREEK 6 7 -1 1 0 1
R.K. 7 5 -1 1 o) 1

8 2 -1 10 o) 1

SCIENCE

Sheet AP4/9 ~ Output from Compile program



FORM R1
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SCOCOST - ROOM ALLOCATION PROGRAM = DATA

Note to punch cperator: pleéseﬂp{inch thé nizmbers in the fourth colum dnly
with 2 spaces between eac¢h number.

School or College.Exanple problem

esececsssrssan s

Reference NProgram Meaning Number Remarks
. No hame - : (Punch these
. ~ numbers)
1 FILE EDS file to be used. 1 for o o
' JBRIT otherwise JBRITSTORE 1.
2 PRT Controls quantity of print
output. O for none except
failure message, 1 as O plus /
certain tables, 2 as 1 plus '
the timetable in internal
representation.
SCOCOST ~ OUTPUT PROGRAM — BASIC DATA FORM O1

Note to punch operator: please punch the numbers in the fourth colum only
with 2 spaces between each number.

sSecssseTe0sPORERS

School or College]['?‘xample problem

Reference

Sheet AP4/10 - Forms Rl and Ol

Program Meaning Number Remarks
No Name (Punch these :
- 4 nubers)
1 FILE EDS file to be used. 1 for o
JBRIT otherwise JBRITSTORE 1. _
2 NEW Greater than O - Standard 0
mode, no further data re-— :
quired, otherwise select
mode. See below.
Significance of NEW in standard mode. ‘
Digit Condition _ Meaning
5th 1 Linear format otherwise non linear format,
4th 1 PpP=4, othexrwise PP depends on 3rd digit.
3rd 1 PP=3, " n " " 2nd digit.
2nd 1 PP=2, otherwise PP=l,
st =~ =2 Standard print out for classes.
= 3 n " 11] n tea.cl’lers.
- 4 " [ ) n n rwms.
110002 Linear format, PP=l, standard print out classes.
104 Non linear format, PP=3, standard print out roams.
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~234~ : FORM 02

SCOCOST =~ OUTPUT PROQGRAM., -~ DEFINITION OF GROUPS

e SO P OSEPOESOTEBEBOEOGEEsS

School or College,XamPle prablem

Note: (1) If a group of requirements is to be defined, the letter R is
to be inserted on the "R or I" colum, otherwise the letter I.
(ii) Do not allow a name to be split between two cards. Continuation
- cards may be used as required.
(iii) At least two spaces after each name or number

Group "p" lgr Group Requirement or resource name. (These
- number 1 1 Name must tie up with the names presented
o to the input program name).
Ex 1 D | R | MATHS MATHS 4 MATHS 5 MATHS 6 *
ENG DEPT | SMITH JONES — BLOGGS ENGLAB
WILKS FOUNDRY *
1 - D I CLASSES FORM 1 FORM 2 FORM 3 *
2 D I TEACHERS SMITH JONES ROBINSON - EDWARDS *
3 D I SCI IABS| ROOM 5 ROOM 6 *
4 D R IANGUAGES] FRENCH GERMAN GREEK *

Sheet AP4/11 ~ Form 02



Note: (i)
(ii)
(111)

(iv)

v)

AT beE L 0 T T

=235~ - FORM 03

SCOCOST = OUTPUT ,.PROGRAM .~ CALL FOR PRINT OUT

School or COllege,ExamPle problem

¢t 0O PG SOOERLSIOETOIEBDLISOS

FORM stands for format control parameter.

The meaning of FORM is similar to that given in form Ol.
bo not allow a name to be split between two cards.
Continuation cards may be used as required. ’

At least 2 gpaces after each name or number.

Terminate with single card *+ #4141,

Card

ilPIl

- FORM

Groups ' : o
(These must previously have been dinfed an
Form Q2) ‘

1002

MATHS  ENG DEPT *

1002

CLASSES *

103

TEACHERS *

4444

Sheet AP4/12 - Form 03




-236-

LENT TERM TIMETABLE BY COMPUTER
SCOCOST DATE 25/8/72

CLASSES
MONDAY

IMATHS
LSMITH
IROOM 3|
'GREEK
{ROBINSON
IRQoM F
!SCIENCE
!EDWARDS

........

PERIOD 1

PERIOD 2 IFRENCH
! JONES
IROOM 3
IGBOMETRY
!SMITH
trRooM - §
ISCIENCE

- 1EDWARDS
'R

 JIENGLISH
1 EDWARDS

........

PERIOD 3

1JONES
{ROOM. 4 .
! R.K.
1ROBINSON
IROQM 3

MULTIPLE ROOMS

MR NO ROOMS

1 ROOM & ROOM b

"LENT TERM TIMETABLE BY COMPUTER

SCOCOST DATE 25/8/72

TEACHERS PERIOD 1 PERIOD 2 PERIOD 3

MONDAY IMATHS tFRENCH ' ENGLISH
1{FORM 1 IFORM 1 IFORM 1
!ROOM 3 IROOM 3 LROOM 3
1 GREEK {GEOMETRY 1GERMAN
!FORM 2 IFORM 2 !FORM 2
LROOM § IROOM $ 'ROOM 4
! SCIENCE ! SCIENCE !R.K,
!FORM 3 LFORM 3 {FORM 3
tR1 IR 1ROOM §

MULTIPLE ROOMS

MR NO ROOMS

1 rROOM § ROOM b

Sheet AP4/13 ~ Print out of Timetable in two non
standard formats.
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