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Abstract
In this paperwe describethe timetablingproblemandits solvability in a ConstraintLogic
Programming Language. A solution to fblemhasbeendevelopedandimplementedn
ECL'PS, sinceit dealswith finite domains,it haswell-definedinterfacesbetweenbasic
building blocks and supportsgood debuggingfacilities. The implementedtimetablewas
basedon the existing, currently used, timetablesat the School of Informatics at out
university. It integrates constraints concerning room and period availability.

1. Introduction

During the last twenty yearsmany contributionsrelatedto timetablinghaveappearedandit will probablycontinue
with the same rate for years. The reason for this could be the huge vapedpleimswhich areincludedin the field
of timetabling;or it could be the fact that educationamethodsare changing,so modelshaveto be modified to meet
those changes.

Onespecialisedareaof timetablingis the schoolor universitytimetablesin particular,coursetimetablingwithin a
university hasbeena tedioustask for university administrationlts aim is to arrangeperiods,modules,roomsand
lecturersto all coursesn anacademigyear. The limited numberof humanandmaterialresourcesvailable,suchas
lecturers,roomsor time, andthe restrictionsof their use meansthat the timetableshaveto be constrainedso that
certain conditions are met.

The constructionof timetables,nvolving threeor more variables,taking valuesfrom domains,having hundredsof
valueswith severalconstraintsjs a very commonproblem.Various heuristic solutionshave beenproposedusing
resultshasedon graphtheory, mathematicaprogrammingandmanualmethodsin this paper,an approachhasedon
Constraint Logic Programming is proposed.

ConstraintLogic Programmings a relative newcomeito the areaof timetablingalthoughsomework hasbeendone
in related areas.It is particularly well suited for timetabling problems,sinceit allows the formulation of all
constraintof the problemin a moredeclarativeway thanotherapproachesConstraintshelpto solvethe problemin
a finite amount of time, by stating various relationships between the variables.

2. The Timetabling Problem

Every year or term in a university, every individual departmenthasto designa new timetablefor courses.The
timetabling problem consistsof placing these courses(modules)which share resources,such as lecturers or
classrooms, in a weekly calendar. In the School of Informatics at our university, a module usually cdaststesf
of two hours per week and tutorials of one hour per week. Severalconstraintshaveto be consideredfor each
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timetable,for exampleno two lecturescantakeplaceat the sameroom at the sametime, or the capacityof a room
must not be less than the number of students attending a lecture, and so on.

Until now, the timetablesare constructecby handand consequentlyeadingto problemsconcerningthe correctness
of the timetable,as well as time consumingproblems.Usually, the timetabling processconsistsof two distinct
phases:

» First, the curricula are defined for each module and the various resources(time, rooms, lecturers) must be
assigned to the classes.

» Second, a feasible timetable must be found, which is compatible with the previously defined requirements.
Generally the role of computers is to handle the second phase.

3. CLP and ECL'PS®

ConstraintLogic Programming(CLP) is a generalisatiorof Logic Programming(LP) where unification, the basic
operationof LP languagesijs replacedby constrainthandlingin a constraintsystem.The resulting languages
combinethe advantagef LP (declarativesemantics,non-determinismyelational form) with the efficiency of
constraint-solvingalgorithms. Therefore the advantage®f suchlanguagesely on the fact that the userdoesnot
need to concern himself with search techniques, the stating abiiseraintds straightforwardandthe programscan
easily be modified and extended.

In the paradigmof constraintlogic programming,a constraintsatisfactionproblem can be written in the form of
Horn clause logic programsin which the clause bodies may contain constraints.Constraintsare generated
incrementallyduring run-time and passedto a constraintsolving mechanisnwhich appliesa domain-dependent
constraintsatisfactiontechnique,such as linear programming,Booleanunification and so on, to find a feasible
solution for the constraint&uchanapproachs still search-basedbut it caneffectivelyreducethe searchspaceand
improve the inefficient ‘generateand test’ nature of problem solving. So CLP introducesa new method of
computation known as the ‘constrain and generate’ approach.

ECL'PS (ECRC Common Logic Programming System) i€anstraint_ogic Programmindanguagelt is a Prolog
basedsystemwhoseaim is to serveasa platform for integratingvariouslogic programmingextensionsThe kernel
of ECL'PS is an efficient implementatiorof standardPrologandit is built aroundan incrementalcompilerwhich
compiles the Prolog source into WANke code [Ecl95a].

The ECLPS logic programming system is amtegrationof ECRC'SSEPIA, Megal.ogandCHIP systemandnewly
developedibraries. This combinationis now the default configurationof the system.ECL'PS hasbecomea tool
which is powerful, flexible and generalenoughto be of useto all programmersin the LP field [EcI95b]. In
particular,thefinite domainslibrary of ECL'PS implementsconstraintshatinvolve integersaswell asatomicdata
and supports the writing of user-defined constraints over variables with finite atomic or ground domains.

4. Timetablingin a CLP language

ConstraintLogic Programmings particularly well suitedfor timetablingproblems.It allows the formulation of all
the constraintan a declarativeway. Althoughits performancecanbe greatly affectedby minor changesn problem
formulation, the alternatives in formulation are still within the bounds of logical equivalence.

The timetableproblemis a large scale combinatorialproblem, with an extremelylarge searchspace.Thus, by
solvingthe problemin a CLP languagethe searchspacecaneffectively be reducedo smallersearchireesthatlead
to results within a finite amount of time.

In a CLP languagethat makesuseof finite domains,e.g. ECL'PS or CLP(FD), the time periodsand roomscanbe
expressedn termsof integerswithin given domains.Then, mostof the constraintscan be integratedas arithmetic
constraints.As in all CLP programsusedto solve ConstraintSatisfactionProblems,the overall structureof a

! ECRC is the name for the European Computer Industry Research Centre.
2 WAM are the initials for Warren Abstract Machine.
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timetable programwould first statethe domainsof the problem variable, then state the constraintsand finally
generate the values.

5. Design and Implementation

At this time, the construction of the timetables in our university is paper basechaligroceduregor constructing
a timetable by hand, as explained by the School of Informatics’ timetabler [Fel95] are discussed below.

First of all mostof the informationcomesfrom the coursedirector, concerningthe modulesofferedto studentsand

the lecturersteachingeachmodule. Then all the lecturersstate their preferencese.g. if they like double period
lectures,on which daysthey preferto give lectures,how they like their tutorialsto be taught(e.g.in small groups)
andwhere(room or a laboratory)etc. Informationaboutthe periodsthat mustbe reservedor studentunion actions

and lunch breaks are also taken into account. In addition, the time length of lectures and generally of the periods m
be known.

In the caseof the MSc course,where both full-time and part-time studentsare taking various modules,the vast
majority of the lectures are taught on two certain days.

With this informationin mind, a timetableis written on paper.No programis usedfor completingthe timetable,
although a word-processing package is used at the end to write the timetable in a presentable form.

Thetimetableris not responsibldor theroomallocation.This is thejob of certainpeoplethat allocateroomsfor the
timetablesof the whole university. The Schoolof Informaticstimetablerjust presentshis requirementdor rooms
along with the adjusted capacity and the periods during which the rooms are needed, to these peoplédndithey,
acceptor reject his requirementsand allocatethe rooms. When a correctversion of the timetableis ready, it is
presented to the course director. If it is approved, it is passed to the lecturers and students.

In a similar way a CLP program will follow the main steps in order to produce a feasible timetable program.
The facts that will be given to the program are:

» The teaching periods,

» The lecturers and which modules they can teach,
» The rooms and their capacities,

» Various constraints.

The program will then:

» Allocate lecturers to modules,

» Allocate teaching periods to modules,
» Allocate rooms to teaching periods,

» Generate a timetable.

The timetableto be constructedconsistsof 45 periods.Thefirst lectureon oneday startsat 9:00am,while the last
one starts at 5:00pm. Thus, each day comprisepefi@dsandeachweekof 45 periods.Periodl is thefirst period
ona Monday,period? is the secondperiodon a Monday,period 10 is thefirst periodon a Tuesdayandsoon. Al
lecturesstartat 9:00,10:00,11:00etc. with a 10 minutebreakat 50 minutespasteachhour. Thuseachlecturelasts
for 50 minutes.

The timetable program will schedule its main elements (lecturers, periods, modules and rooms) in a way that:

* No two modules must be taught in the same room at the same time.

» All modules must be scheduled.

» All rooms must be large enough to hold the classes assigned to them.
* No lecturer can be teaching in two rooms at the same time.

The aboveconsistthe main constraintof the programthat mustbe satisfiedin all instancesf any timetable.Some
additional constraints integrated in this specific timetable are stated below:

» Periods 24-27 (Wednesday afternoon) are reserved for student union activities.
* Periods 5, 14, 23, 32, 41 (periods between 1:00-2:00 each day) are available for lunch.
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» Each module is taught in two periods of lectures and one period of tutorial/lab.

» All modules taught to the first year students are obligatory.

» Double lectures cannot begin on one day and finish on the next day.

» There must be no nine lectures taught on one day.

» All double periods must be stated and there must be a free period before and after each double period.

The timetablewill berepresentedsa setof quadrupleseachquadruplerepresenting periodalongwith the module
thatis taughtat that period,the lecturerteachingthat moduleandthe roomin which thelecturewill takeplace.The
constraintson the periods,modules lecturersandroomswill be representeds arithmeticconstraintsThe program
will thenassigna periodto a module,at which period that moduleis to be taught. The programmustalsofind a
roomthatwill fit all the studentsattendingthatlecture.The capacitief the room andthe minimum and maximum
numbers of students attending each lecture are given as data to the program.

The programintegrateghetimetabledor the first andsecondyearof a universitydegreeln the sameway it canbe
extended to include as many years as required.

5.1 Set Theoretic Specification

The variablesin the timetableproblemare the periods,the modules,the roomsand the lecturers.Their domains,
using a mathematical description, based on set theory, are the following:

Period 1..45

Mod M

Modpart M-{1,2,3}
Room R

Lecturer L

Periodscantakevaluesform 1 to 45 andmodulescantakevaluesfrom M, whereM is the setof the modulenames.
Sinceeachmoduleis taughtin threeperiods,Modpartis usedwhich mapseachmoduleto the domain{1,2,3}, thus
forming the threetaughtperiods(moduleparts)for eachmodule.Finally, roomstakevaluesfrom the domainR and
lecturers take values from the domain L.

The main functions on the above domains are the following:

taughtby: Modpart - L
when: Modpart - Period
where: Modpart - R

The function taughtbydenoteswhich lecturer teacheswvhich module part. The function when gives the period in
which a module part is taught and the funciidreregives the room in which it is taught.

The invariant is a rule which, when recognised provides understanding.The invariant properties specify the
relationshipthat musthold betweenthe valuesof the objectsin the timetablesystem.The invariantsfor the above
functions are the following:

» No room can be used for more than one module part at a time. This is represented as
(where& when)* [0 (Period x R)}— Modpart
The & operator is defined as
&  XoY)X(XoZ) - (X-(YX2)

So (where& when)is the function (Modpart- (Periodx R)) andthe inverseof thatis the function ((Periodx
R)- Modpart). But the rule states that the latter is a partial functien),(i.e. an instance of treet(Periodx R)
that denotes a room at a certain period, can only map to one module part.
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» Every module part is taught by the same lecturer. This is represented as
(domo (taughtby)) ™ O M- L

The dom operatorgives the domainof a function. The inverseof the function taughtbyis L — Modpart and
consequently. - {1,2,3}, havingL asits domain.Theinverseof thatwill now be{1,2,3} -~ L andwill mapthe
modulepartsto lecturers.But, asstatedby therule, this belongsto the setM -, L, which mapseachmoduleto a
lecturer. So all module parts representing the same module must be taught by the same lecturer.

* Noledturer can beteachingintwo roamnsat thesametime Thisis represanted as
codom((taughtby when)& where) [ (L x Period)— Modpart

The codomoperatorgives the rangeof a function. According to the definition of the & operator,the function
((taughtby& when) & where)becomeghe function (Modpart — (L x Periodx R)) which hasthe range(L X
Periodx R). But this belongsto the partial function ((L x Period) — Modpart)which statesthat an instanceof
the set (L x Period) can only map to one value of Modpartsharsdlenotingthatat a givenperioda lecturercan
only teach one module part.

5.2 High Level Design

The high level designof the timetableprogramcan be derivedfrom the mathematicablescriptionof the problem,
defined in the previous section using set theory.

In the high level designthe periodsare statedas beforeand cantake valuesfrom 1 to 45. The Mod and Modpart
variablesin the mathematicadescriptionare now collapsedto form one set of variablesrepresentinghe various
partsof all themodulesij.e. if therearetwo modules A andB, the modulesetwill containthe variablesA(1), A(2),
A(3), B(1), B(2), B(3),whereA(1), A(2), A(3) are the modulepartsfor module A and B(1), B(2), B(3) arethe
module parts for module B. The rooms are enumeratecand can take valuesfrom 1 to 20. Lecturersare also
enumerated.

The timetablel designedncludestwo yearsof a degree eachone having five modules.Eachmoduleis taughtin

three periods,so we have a total of thirty taughtperiods,thirty roomsthat must be reservedand ten lecturers
teaching the modules. The set of periods, roantiecturers arerestrictedsothatthey do not haverepeated/alues.
Consequently, they can be represented as lists.

A high level representation of the timetable program will be the following:

Peri odslst = [P1, P2, P3, P4, P5, P6, P7, P8, P9, P10, P11, P12,
P13, P14, P15],
[ P16, P17, P18, P19, P20, P21, P22, P23, P24, P25,
P26, P27, P28, P29, P30],
Room = [R1, R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, R12, R13, R14,
R15, R16, R17, R18, R19, R20, R21, R22, R23, R24, R25, R26,
R27, R28, R29, R30] ,
Lecturer = [L1,L2,L3,L4,L5,L6,L7,L8,L9,L10],
Peri odslst :: 1..45,
Peri ods2nd :: 1..45,
Room :: 1..20,
Lecturer :: [white, peterson, novac, smth, bl ack, j ohnson

Peri ods2nd

dani el s, conl on, fi sher, roberts],
al I di fferent(Periodslst),
al I di fferent(Peri ods2nd),
alldifferent(Lecturer).



Periods1siand Periods2ndexpressthe taughtperiodsfor the first and the secondyear respectively.The variable
Roomcan take values from 1 to 20, since there are twenty rooms in the building.

The invariantdenotingthat no room can be usedfor more than one module part at a time will be implementedn
associatiorwith the periods.In oneyearall modulesare obligatoryandaretaughtat differenttimes,sotherewill be
no room bookedfor two differentmodulepartsat the sametime. But whenwe havetwo yearsandtwo modules(the
first module from one year and the second module from another year) that can appear attiheesamciausemust
be defined that ensures that these modules are not taught in the same room.

The invariant denoting that every module part must be taughielsamelecturerwill beimplementedy havingthe
samelecturervariableappearingasthe lecturerfor all partsof a module,e.g.lecturerL1 will be teachingmodules
A(1), A(2) and A(3), where A(1),A(2),A(3) are the module parts for module A.

5.3 Implementation
The timetable program is written in EGIS.

At the beginningof the program,dataaboutwhich modulesare taughtby which lecturers,the numberof students
attending the modules and the capacities of all the rooms are stated.

For example the fact
t eaches(whi t e, dat abases).

stateghatMr. White mayteachthe module‘databases’ln the sameway all the modulesthatthe lecturersteachare
stated.

A clause of the form
find roon(db(D), Nun):-D#<3, Num#<=60, Nun¥#>=20.

denotes that the two lectures of the module ‘databases’ (db) have 20-60 students attending it.

Then a clause of the form

capaci ty(1, Capacity): - Capacit y#<=30, Capaci t y#>=15.
denotes that room 1 can fit 15-30 students.
The program,by combiningthe abovetwo clausescanthenallocatea roomto a module,accordingto the capacity
of the room, for example the rule

find_roonm(db(1), Capacity), capacity(Rl, Capacity)
will find a roomfor thefirst lectureof the module‘databases’by matchingthe numberof studentsattendingthat
lecture (variableCapacityin thefind_roompredicate) with the capacity ofraom (variableCapacityin the capacity
predicate).
According to the design, the timetable is represented as a list of quadruples of the form

nm P1,db(1),R1,L1)

whereP1is the periodat which thefirst lectureof the moduledatabase&b(1))is taught.Thelecturewill betaught
in room R1 by lecturer L1.

The variablesfor periods lecturersandrooms,andtheir domainsarewritten in ECL'PS asthey appearin the high
level design.

All the periodsin the first year mustbe unique,sinceall the modulesare obligatory and mustnot be taughtat the
sametime. The sameholdsfor the periodsin the secondyear. So the following predicatesare used,that makesure
that the periods in the first and second year are unique

al I di fferent(Periodslst),
al I di fferent(Peri ods2nd)



At the beginningof the program,the list of the free periodsfor the first and the secondyear are givenin the lists

FreePeriods1sandFreePeriods2ndThefree periodsarereservectitherfor studentactivitiesandarefixed, or they

vary according to the allocation of double periods (explained later).

The constraints about the periods and the rooms take the form of arithmetic constraints, for example the constraint
P2#<10

states that period 2, representing the second taught period of the module databases is on Monday.
Constraintsusing the predicatebetweenstatethat the taught period for a lecture will take valuesfrom a more
restricted domain. For example the constraint

bet ween( P9, 27, 37)

stateghatperiod P9, representinghe third periodfor the module‘computerhardware’mustappeabetweerperiods
27 and 37, i.e. on Tuesday.

In additionto the above,a period constraintcan force a period to take valuesfrom a given domain,by usingthe
built-in predicatenember So, the constraint
menber (P10, [ 6, 15, 33, 42] )

denotes that P10, representing a lecture for software engineering, can take the values 6, 15, 33 or 42.

At the beginningof the programtwo lists of free periodsare stated.The clausenotin will constraintthe
taughtperiodsof thefirst or the secondyear so that they do not appearin the correspondindist of the free periods
for that year.

A clausedouble_periodwill constraintwo periodsof the samemoduleto be consecutivethus forming a double
period. The clausealso makessurethat the doubleperiodis not split in two days,i.e. the first half of the double
period cannot appear as the last period of one day and the second half as the first period of the next day.

Any period before and afterdoubleperiodmustbefree,in orderto avoidany displeasuref studentsSuchperiods
are expressedisingarithmeticconstraintsandthenaddingtheseconstraintdn the free periodslist. For examplethe
predicate

Bef r DBdoubl e#=P1- 1

finds the period before P1 (P1 representingthe first half of the databaseglouble period). Then the period
BefrDBdoubles added to thereePeriods1slist.

In orderto preventany clashof therooms,i.e. allocatethe sameroom at the sameperiodfor two differentlectures,
the clausenoclashis used.At the beginningof the programtwo lists representinghe periodsat which theroomsare
occupied for the first and the second year. These lists are the following:

Roons1st=[ (P1, Rl), (P2, R2), ... (P15, R15)],
Roonms2nd=[ ( P16, R16), (P17, RL7), ..., (R30, R30)]

Then a call of the clause
nocl ash( Roons1st, Roons2nd)

will prevent such a clash.

Sincethe periodscantake valuesfrom a large domain,the constraintscannotrestrictthemenoughin orderto give
just onevaluefor eachperiod.Insteadthe solutionof the timetablewill give a rangeof the valuesthe periodscan
take.A real-life timetablewould be uselessf it waspresentedn sucha away.In orderto avoidthis, the periodsare
instantiated at the end tife program.This is accomplishedby usingthe built-in predicatdabeling So,the program
finishes with the predicates:

| abel i ng( Peri odslst),
I abel i ng( Peri ods2nd) .



It must also be noted that the order of the clausteiprogramis very important.Any constraintanustbe statedat
the beginning of the program, then the code for the various clauses must follattlzaendthe labelling procedure
is added. If the constraints and the code are not given in this order, then the program might fail to give a solution.

Finally, once the timetable is solved, the periods are sorted in an ascending order, the free periods aamdtkerted
whole timetable is presented in a readable form.

6. Testing

Oncethetimetableprogramwas compiledandexecutedjt gaveasoutputthe timetabledfor the first andthe second
year of a university degree. The program produced all the possible solutions for the two timetables.

Thetestsof the programwereexecutedduring or aftertheimplementatiorof the program.Theyincludedtestingthe
correctnes®f the outputroutine,the labelling procedurethe orderingof the codeandteststo ensuretherewereno
clashedbetweerany bookedrooms.Finally, the programwastestedandwasableto checkthe feasibility of a given
timetable.

7. Conclusions

This work hassolvedthe timetableproblemusing the ConstraintLogic ProgramminganguageECL'PS. The time
takento implement,debugandtestthe programwas aboutten weeks.The timetablewasimplementedsuccessfully,
giving correct results.

The useof ECL'PS provedto be very useful, sinceit could producecomplicatedtimetablesin very shorttime (in

termsof seconds)However,ECL'PS could not be usedto implementthe optional constraintsthat would be very
importantin real-life timetables.This could howeverbe implementedn the future by usingHierarchicalConstraint
Logic Programming.
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