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ABSTRACT

This is the first known attempt at scheduling thglish Premier League (EPL), which is a
NP-hard problem, in the literature. In this reskaan initial schedule is created using a
‘polygon’ construction method, a method which amagfies in graph theory. Two distinct
simulated annealing metaheuristic solving methogiel® are then created to improve this
initial schedule. One method is based on a temyerachedule, finite epoch length and
reheats while the other is based on a graduallyaiad temperature schedule and non-finite
epoch length. These two methods were evaluated rggpect to solution quality (total
penalty), reliability (variation of solution quajibver numerous trials) and speed. The official
schedule used by the EPL organisers was used fopason. It was found that the first
method produced comparable results, while the skgooduced improved results. The
second method was validated over three seasonscamlstently performed well. The
findings in this research can be used as the masdrworld framework and benchmark for

the unsolved EPL scheduling problem in the spatteduling literature.
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1 INTRODUCTION

1.1 Background and Motivation

Each year the EPL association has the challengisiy ¢f scheduling the EPL, the football
league with the largest broadcasting value anavofig in the world [1], for the upcoming
season. It is a process which begins at the sfagach year by ruling out international,
European and domestic cup dates [2]. Schedulers thes compile a schedule which
balances the requirements, often conflicting, afotes stakeholders which include the clubs,

police, fans and league owners [2].

A favourable schedule may provide teams with th&t lbhance to compete in all lucrative
competitions. Conversely, a weak schedule wouldgsantheir chances of progressing in
lucrative cup competitions whilst maintaining a doleague position. For example, two
highly-rated clubs may be unfortunate to be schemtialgainst one another prior to a highly
competitive and lucrative European knock-out gae.maintain league position, these
teams will compete in the exhausting league gamehaill compromise their fitness levels

for the following, equally challenging, Europearpaame.

As a result, it is in the best interest of both thébs (to win lucrative competitions) and the
EPL association (to promote the EPL) to compilavatirable and attractive schedule. While
sports scheduling literature does exist, thereoisuch research attempting to schedule the
EPL, which has a scheduling formulation substdgt@ifferent to other football leagues [3],
[4]. A formulation and maiden benchmark for the ER$tance needs to be established.

1.2 Research Scope

In England, the top four football leagues are salestitogether. The scope of this research
will focus on the isolated case of scheduling otflg EPL into slots (match days). It is
assumed that the league and broadcasters them asseg and kick-off times for these slots.
Consistent with the Premier League, the schedulé v influenced by domestic and
European cup competitions. Also, this researchiderns only those events which could be
found in the literature such as traditional fedsvadt does not consider other events which
may affect a fixture such as a concert in closiprity to a stadium or logistical concerns of
fans using the same transport routes. Not onlyddficult to gather all such data, the effects

of these adverse events can be mitigated by dffitttures to either the Saturday or Sunday.



2 OBJECTIVES

The primary objectives of this research are to:

» ldentify EPL scheduling stakeholders and their eetipe requirements
* Develop an EPL scheduling technique

* Validate the EPL scheduling technique using thnstances



3 LITERATURE SURVEY

The literature survey is aimed at gaining insigho ithree aspects. Each is necessary in order
to understand the nature of the EPL schedulinglenoland to identify the best approach to

formulate and solve it.

First, the nature of the EPL needs to be understdbd entails the identification of the
EPL’s constituents and their inter-relationshipc@wl, the methodology currently used by
the EPL should, if possible, be identified. Thi®waks a researcher to compare methodologies
and scheduling techniques. Lastly, sports schegludiiarature is researched to identify: the
types of scheduling problems faced by sports sdeegjithe different scheduling techniques
employed by researchers, the published benchmamttstree computational complexity of

sports scheduling problems.

3.1 Nature of the EPL

The nature of the EPL is concerned with identifyitng league structure, the different
tournaments involved and which teams qualify foe ttifferent tournaments. Also of
relevance are the potential earnings for each &onemt. This way one can understand the
requirements of the clubs and league owners asaséhle relative importance of each.

3.1.1 Tournaments and composition

* Domestic League
The EPL consists of 20 teams. Each team partigpat@ double round-robin format with
both home and away legs between any two teamstahdb380 matches are to be scheduled

in a season with each team playing 38 matches

In the final league standing of each season, th®tocthree placed teams are relegated to the
lower Championship division. Three teams in tur@ promoted via direct qualification and

promotional play-off qualification games from th@anpionship division.

» Domestic Cups

The Football Association Cup (FAC) is a knockoumpetition with six preliminary rounds
and eight final rounds called ‘proper’ rounds. Efeems, however, only enter in the third
proper round [5]. Fixtures are replayed if a gamdsein a draw. Extra time and penalties

result if the replay does not yield a winner.

120 teams play 38 matches each with two teamscjating in each match equates to 20x38/2 = 38@meat

3



The Football League Cup (FLC) features seven knaickmunds. Round six (the semi-final)
however, features a home and an away leg [6]. Temmpeting in the European cups enter

in round three while the rest of the EPL teamsranteound two [6].

The FAC consists of all teams which are part of Hmglish Football Association (FA).
However, for lower ranked teams in the associatmaces are subject to availability and
ground conformance [7]. Participation numbers & ¢bmpetition vary each season with 737
teams entering the 2013/14 competition [8]. Ondtieer hand, the FLC competition only
features teams from the top four divisions, tatgll®2 teams [6].

* European Cups

The premier Union of European Football AssociatiQdgEFA) Champions League (UCL)
follows a similar format to that of the 32 team Eédion Internationale de Football
Association (FIFA) World Cup, except that each rhafg; excluding the final, consists of a
home leg and an away leg. The top two teams frooh gaoup, consisting of four teams,
progress to the knockout rounds. The teams quadjfthird in each group proceed to the less

lucrative UEFA Europa League (UEL).

Like the UCL, the UEL follows a two-leg format, et for the final. It begins with a group
stage consisting of twelve groups [9]. The top tiams of each group proceed to the
knockout rounds, starting with the round of 32, rehé¢he balance of eight teams are
transferred from the UCL [9].

Qualification requirements for European Cups aggaied in Table 1. The requirements are

based on the previous season’s results.

Table 1: European Cup qualification requirementEfeL teams [9], [10]

Competition  Requirement Qualification type

UCL EPL position 1 -3 Automatically qualify for WC
EPL position 4 Enter UCL preliminary play-off round
UCL winner Automatically qualify for UCL

UEL EPL position 5 Enter UEL preliminary play-offiund
FAC winner Automatically qualify for UEL
FLC winner Enter UEL preliminary third round
UEL winner Automatically qualify for UEL

Various contingencies exist which affects who amgdvimany teams may qualify for the
European Cups. The first is the possibility thaeam wins the UCL but finishes the EPL
season in fifth position. In this case, this teaith qualify for the upcoming UCL as the title

4



holder with the team which placed fourth in the E&king the now vacant UEL position
[10]. Alternatively, if the UCL title holder finisgs the league outside both the UCL and UEL
positions, this team will again qualify for the UG@s winners and an additional UEL place
will be granted to the league for the fourth plagdeL team [10]. With regards to the UEL,
should the FAC winners qualify for the UCL then #&C losing finalists will qualify for the
UEL [10]. Should the FAC winners (or losing finasisf applicable) and the FLC winners
already have qualified for either the UCL or UELahgh league position, the next best
placed teams in the EPL will qualify [10].

» European and World honours

The UEFA Super Cup is a single fixture played betwé¢he current UCL and UEL cup

holders [11]. UCL winners also compete in the QMbrld Cup tournament which comprises
all continental cup winners along with the hostigrds league champions [12]. Continental
cups include the European, African, North Americ8outh American, Oceania and Asian
champion’s league [12]. UCL champions enter thebGNorld Cup directly at the semi-final

stage [12].

3.1.2 Potential earnings

» Domestic League broadcasting earnings

Clubs receive money from sponsorships, gate reveand broadcasting revenue.

Broadcasting revenue contributes largely towardtub’s earnings. While the international

broadcasting revenue stream is divided equally gstorthe EPL teams, the local

broadcasting revenue is divided on a 50:25:25 Edit This means that 50% of this revenue
stream is equally divided between the 20 EPL cl@b8s is distributed according to a club’s

final league position and the remaining 25% isriisted as a facilities fee which is based on

the number of matches shown on television invohargarticular club [10].

Negotiations for domestic television rights are petitively bid for in a three year cycle. In
the 2010-2013 cycle, the value was £1.8bn [13] e&ethe bid for the 2013-2016 cycle rose
to approximately £3.4bn [1]. On the other hand,re@as television value, which covers over
200 countries, has increased by over 50% to £2f@bthe new cycle [1]. Combined, the
domestic and overseas broadcasting deal is valusmaand £5.5bn for the 2013-2016 cycle.
Based on this revenue distribution mechanism, Elebscwill receive between £60m and
£90m each year in the 2013-2016 cycle [1].



To place the EPL’s value in context, the total rexeefor the top five European leagues in the
2011/12 season were: England €2.9bn, Germany €1Spain €1.8bn, Italy €1.6bn and
France €1.1bn [1].

» Domestic Cup earnings
Table 2 presents the distribution of the FAC prireney.

Table 2: FAC prize money 2012/13 season [14]

Round Prize money
Third Round Proper winners £ 67.5k
Fourth Round Proper winners £ 90.0k
Fifth Round Proper winners £ 180k
Sixth Round Proper winners £ 360k
Semi-Final losers £ 450k
Semi-Final winners £ 900k
Final runners-up £ 900k
Final winners £1.80m

The total prize money distributed for the 2010/1ACF[15] was £15m while the total
broadcasting rights were £9.6m for a grand totadroind £25m. The winning prize money
is relatively small but money is accumulated a®ant progresses. The total accumulated
winnings received by Manchester City who won thd@®@1 FAC was £3.4m [15]. An
additional £0.9m was received in TV payments bydiue with gate revenue not known. To
get an idea of the gate revenue, Stoke City redepver £1.1m in gate revenue for reaching
round six in the same season [15].

There is little money in the FLC cup in terms oizprmoney. Unlike the FAC where prize
money is distributed depending on how far a teawgmss, the FLC prize money is
distributed between the top four teams. Winnergivec£100k, losing finalists receive £50k
and losing semi-finalists each receive £25k [1@jisTprize money is relatively low and Conn
[16] notes that this prize money is less than &8Bp player’'s wage.

With regards to additional FLC revenue streams,fitmaists each receive £250k from the
broadcasting money and 45% each of the gate reVdi@9é to facilities and administration
costs) [16]. In the 2012/13 FLC, it was estimatbdt tBradford City had accumulated,
through all revenue streams, a total of £1.3m priothe final and a further £1.0m for
participating in the final [16]. As a consequendetlee low earnings, EPL teams use the

competition to give young and fringe players a desato play.



» European Cup earnings

The UCL is a lucrative competition as can be seethé earning potential in Table 3 below.
Clubs merely participating in the preliminary plaff-round received a fixed €2.1m in the
2012/13 season [17]. Money is distributed to giediteams for appearance, performance in

the group stages, progression prize money and dsdmasting money [18].

Table 3: Prize money per round for the 2012/13 UGd BEL season [17], [19]

Round UCL Prize money UEL Prize money
Round of 32 - € 200k
Round of 16 € 3.5m € 350k
Quarter-finals € 3.9m € 450k
Semi-finals € 49m €1.0m
Runner-up € 6.5m €2.5m
Winners € 10.5m €5.0m

Excluding TV revenue, based on performance, clabsearn between €8m and €12m in the
group stage [18]. TV revenue is distributed acauydio the club nation’s TV broadcasting

value. Since England has the largest broadcasthg\of all European leagues, the English
FA receives a large portion of this revenue stredire FA then distributes 50% of this

money based on the participating clubs EPL posiiionthe previous season and the
remaining 50% gets distributed based on a clubgrpssion in the current UCL. TV earnings
can range from €1.0m to €30m with €15m receivethieylowest earning English team in the

2011/12 season [18].

A total of €755m was distributed to 32 clubs paptting in the 2011/12 UCL season [18].
The total money earned by Chelsea FC, winners af g#eason, was €60m (with
approximately €30m from the TV market pool) white trunners-up, FC Bayern Minchen,
received €42m [18]. Even though Manchester Unitieldndt progress past the group stage,

they received €35m, largely as a result of theirbfvadcast earnings [18].

Although the UEL is not as lucrative as the UCIs, éarning potential is relatively large
compared to the domestic cups. Clubs who entered 2012/13 UEL preliminary
gualification rounds received €100k for each ro{i@]. Like the UCL, clubs receive prize
money based on participation, group stage perfocegorogression and broadcasting money
[20]. Clubs can earn between €1.0m and €1.7m faicgzation and performance bonuses

while TV money can range from €100k to €1.5m [20].



A total of €150m was distributed to the 56 clubstipgating in the 2011/12 UEL season
[20]. The total money earned by Atletico Madrid wion the 2011/12 UEL was €11m while
the runner-up, Athletic Club, received €10m [20].

» European and World honour earnings

Winners of the 2012 UEFA Super Cup earned €3.0iprize money while the runners-up

received €2.2m [17]. With regards to the Club WdCldp, the total prize money distributed

in the 2008 Club World Cup was $16.5m with the weirmmpocketing $5.0m as shown in

Table 4 [21]. For the 2012 Club World Cup, the tgidgze money was also $16.5m [22] and
it is therefore assumed that the prize money bigtion remained the same. Since the UCL
winners only enter the Club World Cup at the seémafround, they receive a minimum of

$2.0m.
Table 4: Prize money distribution for the 2008 CWibrid Cup [21]

Position Prize money
Winners $5.0m
Runner-up $4.0m
Third $2.5m
Fourth $2.0m

3.2 Current EPL Scheduling Methodology

It is necessary to identify the current methodol@gy scheduling technique used by the
Premier League to schedule the EPL. This wouldnaliesearchers to compare models and
results. This section attempts to identify the rmddiogy employed by interpreting
information gathered from various sources. It appéaat the methodology can be separated
into four steps which include eliminating resendades, data gathering, creating a draft and
finalisation.

» Step 1 —reserved dates

The football authorities are concerned with schieguthe EPL and lower divisions which
form part of the Football League association [A3]gether they form the top four divisions
in England. With the EPL in particular, 380 fixtarare to be scheduled around the
international (FIFA), European (UEFA) and domestp (FA) games. Hence, the dates for
these matches must be known and set aside. Thialdeadates which the EPL can then be
assigned to is determined. These dates are usuallyvn at the start of the year,

approximately eight months before the start ofrtbe season in mid-August [23].



» Step 2 — data gathering

The second step concerns finding the requiremehtgsaonous stakeholders. Schedulers
attempt to identify and gather all the demandshef\tarious stakeholders to ensure that no

team, set of supporters, or police are unduly peel2].

Constraints affecting the schedule include theated ‘Premier League rules’. The ‘golden’

rules identified from the literature are listed:

a. No team should have more than two successive hanaavay matches. This aims to
ensure cash-flow for clubs through regular gatemee, pitch conservation by avoiding
overuse, and less travel for fans [24].

b. All teams should have an alternating sequence afehand away fixtures at both the
beginning and end of the season (i.e. for the &r&t last two games) since it would be

unfair for a team to finish with two away fixturesgpecially if they are looking for points

2.

c. All teams must have an alternating sequence of haxmdeaway fixtures over the Boxing

Day and New Year’s Day period [2].

d. Strength fixtures (fixtures between the best teaansl)local derbies should be avoided on
Boxing Day and New Year's Day [25]. Since good stadattendance is guaranteed for
these days, derbies and attractive strength figtsheuld take place some other time [26].

e. Strength fixtures are to be avoided on the opedagof the season [2].

f. The travelling distance to away fixtures on BoxiDgy and New Year's Day should be
minimised wherever possible to lessen the incorerera to travelling supporters, since

public transport is limited during these days [25].

g. Minimise the case where teams from the same gebigrapea travel on the same public

routes in order to avoid potential conflict [25].
h. Each team should have an equal number of homevaay Bank Holiday fixtures [2].

i. Matches either side of a FAC fixture should notdo¢ away from home [27].



Furthermore, a questionnaire is sent to all teamdstlae police around March to request three
things [23]. The first question concerns any datetub or the police wish to avoid a home
game [23]. For example, Liverpool do not wish tovdnaa home game during the same
weekend as the Grand National horse racing evemthwhappens in close geographic
proximity and might have an effect on stadium atterte and revenue. The second question
concerns which teams a club wishes to be ‘paireith \23]. Many teams, usually local
rivals, are ‘paired’ when stadiums are in closexpmity (described further in the next
paragraph). The third question asks whether theramy teams a club does not wish to play
at home on Boxing Day (or police request) [23]. lexample, police may request that

fixtures notorious for hooliganism not to be scHeddor Boxing Day.

It is not desirable for paired teams like Manches&teited and Manchester City, who both
reside in Manchester, to both have home fixtureshensame day. The justification is that
handling both fixtures would stretch and put exsesstrain on local services [2]. Paired
teams for the 2013/14 season include: NewcastleSamlerland, Everton and Liverpool,
Manchester United and Manchester City, Aston Vdled West Brom, Swansea City and
Cardiff City, Tottenham Hotspurs and Arsenal, arfteiSea and Fulham. Teams not paired
include West Ham, Crystal Palace, Stoke City, Hiity, Norwich City and Southampton.
Appendix A graphically illustrates the geograplucdtion of each team’s stadium around the
UK.

There are around 90 policing restrictions whicheeiffthe schedule [2]. Such restrictions
include the Oxford-Cambridge Boat race affectingelBba and Fulham and the Grand
National affecting Liverpool. Other restrictionscinde logistical restrictions such as too
many supporters, or rival supporters, using theesaansportation routes [2]. Most of these
restrictions are resolved simply by interchangir§gsurday fixture to Sunday (or vice-versa).
A special case is however made for the Boxing Dai/ldew Year’s Day fixtures. Due to the
limited availability of public transport on thesays, these fixtures are manually inserted into
the schedule first. Fixtures for the rest of thasem are then scheduled around these.

» Step 3 — draft schedule

The factors from Step 2 are then processed andinkedan in-house software system
developed by Atos who have had the EPL schedulamjract for 30 years [24]. A draft is
then output using a methodology adopted in 198@adasequencing’. Glenn Thompson of

Atos, who has been heading the scheduling sinc@,1®lains that the season is broken
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down into five parts called ‘sets’ which are rewsrsn the second half of the season [24].
Each club is then placed on a pairing grid. Foheslot, knowing which teams are at home

and which are away, the software will determinefikigres to take place [23].

Thompson explains that once the parameters have eetered into the software, draft
schedules can be generated in as little as 10 dedmut can take up to 30 minutes using a
basic laptop [24]. However, this was not alwaysdhse. Thompson says that in the past the
staff would let the software run overnight or ewanil the next afternoon for a schedule. The
software was originally built by the predecessolAtos, called CAP, and ran on the first
generation of IBM Basic PC’s [24]. Given the lindtgrocessing power available in the
1980s, this could be a slow process. In recentstinddos has migrated its scheduling

software to Microsoft Visual Basic.NET [24].
» Step 4 — review and finalisation

Representatives from the Premier League, Footbedgle and Atos review the draft
schedule. This review ensures that wherever paesslblistakeholder requirements have been
met. If there are any concerns, the software iglglgpof finding alternative dates for fixtures
to be moved to. However, one change can lead tmthér changes to the schedule.
Therefore, sometimes a new schedule is generatedtoréding to Thompson [23],
approximately 85% of requests are accommodated.

A meeting with the Fixtures Working Party then talpdace. Representatives include the FA,
Premier League, Football League, Football Suppsirteederation and Atos. The Fixtures
Working Party pay particular attention to fan camsesuch as travel on midweek fixtures
and the Boxing Day and New Year’s Day fixtures, lelalso looking out for potential issues
regarding opening and closing fixtures of the se426]. This schedule is then considered by
various policing authorities which includes the édation of Chief Police Officers, National

Criminal Intelligence Service and British Transpedlice [2]

The review process can take several days to coenfidf. Once all reviews and adjustments
have taken place, Atos’s work is finished and thavisional schedule is published (mid-
June). Although the fixtures between two teams octha changed after this, match dates and
times are subject to change. League owners them ragponsibility for postponing and

rescheduling fixtures caused by bad weather oreplays [24].
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3.3 Theoretical Research

3.3.1 Available literature

An annotated bibliography by Kendall et al. [28pis excellent starting point for researchers
interested in sports scheduling. It references @€ér papers with a paper published in 1968
being the earliest considered. In the articleptien that the interest in this field is increasing
with around fifteen papers being published each peaween 2005 and 2009. The annotated
bibliography consolidates the papers referenced haghlights the types of problems and
scheduling techniques used to solve them. It alsmudses different applications in the sports
scheduling world. A similar structure is used irsthection (Section 3.3) with the application

focus on football league scheduling.

Key features of sports scheduling range from osiimg revenue to optimising logistics and

fairness. With multiple stakeholders there cand®licting needs, like broadcasting revenue
versus logistic optimisation. Schedulers therefaee to obtain constraints and objectives of
all stakeholders and balance trade-offs in optmgisschedules. A well-balanced and high
guality schedule may even make a league more @gaéor example, spreading attractive

games throughout the season can increase TV vikigevghich is an objective for TV

broadcasters in the Belgium league [3].

Sports scheduling problems have attracted inteiresh multidisciplinary fields which

includes operations research, constraint progragymigraph theory, combinatorial
optimisation, and applied mathematics [28]. Readeay find a library published by Sigrid
Knust [29] useful, called the “Classification ofeliature on sports scheduling” library. This

library classifies an up to date list of sportsestiiling references.

3.3.2 Terminology

To be consistent with the work completed previouslythe field of sport scheduling, the
terminology used in this research will conform hattused in “Round-robin scheduling - a
survey” by Rasmussen and Trick [30]. This artictaendl that the terminology used in the
literature up to 2007 was highly inconsistent ahereéfore presents a unified terminology

presented next:

Round-robin (RR)A round-robin tournament is a tournament wherdhgaam meets every

other team a fixed number of times (a 1RR refews $tgle round-robin).
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Double round-robin (2RR)A round-robin tournament where every pair of opgas meet
twice. It is often required that the two games lestvevery pair of opponents occurs at each

other’s venue.

Slots:When scheduling a tournament, the games mustdeatdd to a number of timeslots,
called ‘slots’ (i.e. round of matches), in such awthat each team plays at most one game in

each slot.

Compact or relaxed scheduldhe tournament is said to be compact whed)(slots are
required to schedule a 1RR for an even numberaofise while it is relaxed when more slots

are available.

Timetable set (T Set)The allocation of games to slots. Each rovof the timetable
corresponds to a team while the colusxorresponds to a slot. Each entry is the oppasitio
of teamt in slots.

Venue, home games and away ganiesims often have a home venue. A team plays home

games at their home venue and away games at an@mqifgvenue.

Balanced scheduléor a 1RR, the difference between the number ofedhgames and away
games played by each team is no more than one.RAi2Ralanced if it is required that two

games between every pair of opponents occur insgeenues.

Home and away pattern set (HAP Sétlie sequence of home and away games according to
which a team plays during the tournament. EachyenttheHAP Setcontains either aHl or
anA (alternativelyl or 0).

Break: A tournament with an alternating patterntbfand A games is considered attractive

and a break from this corresponds to two conseesints of home (or away) games.

Trip or home standA sequence of consecutive away games is calletti@ Wwhile a

sequence of consecutive home games is called ae4sbamd’.
Tour: An entire row of the schedule defines a tour i@ ¢corresponding team.

Complementary pattern§iwo row vectors in &lAP Setare said to be complementary if the

first pattern has an away game when the seconerpdtis a home game and vice versa.

Equitable pattern setf all teams have an equal number of breaks.
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Feasible pattern seA HAP Seffor which a corresponding Setexists.

Schedule: The superimposition of #lAP Setand a correspondind Set constitutes a

schedule.

Mirrored scheduleWhen the first and the second half round-robirsidentical except that

the home venues are reversed.

Irreducible scheduleA schedule for a 1RR is irreducible when at mes opponent in each

game has a break.

The following are graph theory definitions whicheaused in some sports scheduling
research:

Graph (G): A graphG = (V,E)whereV is a finite set of vertices arilis the set of edges in
G.

A matching in GA set of independent edges (non-adjacent edges).
A perfect matching in GA matching in which all the vertices ¥hare incident to an edge.

One-Factor graph:The graph induced by a perfect matching is a egetar graph (for all

nodes the degree deg = J), called a ‘one-factor’ graph.
One-FactorisationThe partitioning of a grapB into one-factor graphs.

3.3.3 Sports scheduling problems

Kendall et al. [28] defines the basic sports scheduproblem as follows. A league
consisting of an even number of teamsequires each team to play against every otlaen te
a set number of times(l = 2 for a 2RR). The number of slots available ¢dbeslule these
n(n-1)I/2 fixtures is equal tqn-1)l for a compact schedule. Often in a 2RR, the se&son
partitioned into two halves of 1RR’s where eachuii® must occur once in each half but with
reverse venues. A sports league schedule usuallsists of a timetabl@ Setrepresenting
the opponent schedule and a home-away patt&i Setrepresenting the venues. Therefore,
for each slots = 1,...,(n-1)] a scheduler must assign the teamse {1,...,n} to play one

another in th@ Setas well as the venues to be played at irHA® Set

Schedulers apply various scheduling techniquebdaifferent sports scheduling problems.
The most common types of scheduling problems aserdeed next.
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» Graph theory

Early research into sports league scheduling wasdan graph theory [28]. A complete
graphK, can represent a 1RR tournament [31]. In the comgeaphK,, the set of vertices
V ={1,2,...,n}represents the teams and the set of efiged{ij,...} represents the fixtures

between teamisj €{1,...,1}.

Edge colouring with(n-1) colours for each incident edge of all verticesiinomplete graph
partitions the edges into one-factors consistingi/@f non-adjacent edges [28]. Each one-
factor corresponds to the fixtures of each slotmiés can be distinguished by adding arcs
(i,)), thereby creating a digraph. A fixture in a digrap held at the home venue of team

Graph theory can be useful in that certain propgrtivhich can be proved mathematically,
are established. De Werra [32] provides theoriesmoofs for sports scheduling using graph
theory. One such property is that a 1RR schedulle an even number of teams 2n has at
least(2n-2) breaks. For example, a scheduler concerned wathkiominimisation of 20 teams
would know that a 1RR schedule is optimal if thenber of breaks i20-2 = 18 Some
graph-theoretical models for scheduling sports ueagconcerning the break minimisation

problem (discussed later) are given.
e Latin Squares

A 1RRT Setmay be represented byna(n-1) matrix. However, if thél Set is made square
by adding a column vector with the teafins., n it can form a latin square structure [28]. A
latin square is a structure such that no numbeursamore than once in any column or row
[28]. Latin squares are also symmetrical, makingléal for round-robin scheduling. This
means that if teamplays against teagin slots then tean) plays against teamin the same
slot (i.e. considering timetable SEtT;s = j if and only if Tis = i) [28].

Dinitz [33] discusses the use of Latin squaresoivisg his mother-in-laws golf scheduling
problem which he subsequently called the Joyce Guukleague problem. Broadly, this
problem entails the scheduling of 39 golfers toy ptathreesomes over ten weeks and with 13
different starting positions. No golfers are torsia the same starting position twice and

golfers must play with different partners each week
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* Model development

Generally, sports scheduling problems consists#étaof constraints and aim to achieve some
objective [28]. Problems found in the literature arther based on real-world applications or

have been introduced artificially for researchers.

Some real-world problems found in the literatureyrappear similar but are in fact different
with tailored constraints and objectives [28]. Eaample, the German and Belgium leagues
appear to be similar in that each league consis8déams in a mirrored 2RR but the soft and
hard constraints differ as outlined in Nurmi et [8]. This makes it difficult to provide a

standard objective and set of constraints.

Kendall et al. [28] notes that some sports schagybroblems, which do not focus on real-
world applications, have been introduced for theedfie of research. Working with a common
artificial model, researchers can compare resaltslifferent instances using a benchmark (to
be discussed in Section 3.4). A prime case whakl@ms have been introduced for research

is the travelling tournament problem.
» Travelling Tournament Problem (TTP)

The TTP problem aims to minimise the total distainagelled by all teams in a tournament.
Easton et al. [34] introduced the problem to misenthe distance travelled by Major League
Baseball teams in the United States. The TTP isda® road trips where teams can play
multiple matches before returning home as a r&suitie large geographical spread of teams.
Kendall et al. [28] state that usually, constramstrict the minimum and maximum number
of consecutive games that can be played at honasvay (i.e. trip and home-stand limits).
Also, constraints prohibit ‘repeaters’ which disals teams from facing each other in

consecutive slots [28].
* Break minimisation

One of the most researched sports scheduling pngbis the break minimisation problem
[28]. The aim is to minimise the number of conseeufixtures played at home or away in a
schedule. Many leagues require this as it can affetub’s cash-flow from gate revenue and
fans may not be happy if they cannot watch theimtext home for a long period of time. A
league in which the number of breaks is optimal @n-2 where2n is the number of teams)

is therefore considered desirable by league owaeds attractive to fans. De Werra [28],
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through graph theory, completed a lot of pioneerwgrk concerning breaks. The
significance of this work led to the ‘first-schedulthen-break’ combinatorial scheduling
methodology of finding a gooHAP Setfor a givenT Setto form a schedule. Alternatively,
the derivative of this approach is the reversestfachedule, then-break’ solving methodology
(Section 3.3.4).

» Carry-over effects minimisation

Kendall et al. [28] describes the carry-over effastfollows, “It is said that teamgives a
carry-over effect to teagif some other team plays consecutively against $aaandj”. For
example, if team is a very strong team (conversely a very weak tedwe) the opposing
team could be physically fatigued and psycholotyadiscouraged (conversely refreshed and
encouraged) before playing team thereby benefitting (conversely hindering) team
Therefore, the carry-over effects problem concéansess.

Goossens and Spieksma [35] developed an approatiedsure whether carry-over effects
have an influence on the outcome of fixtures. O3@rseasons of data from the Belgium
football league were used in the research. It waad that there was no evidence to support
the claim that carry-over effects affect resultsl dairness. It was suggested that perhaps
there is sufficient time between fixtures such ttetry-over optimisation is unnecessary and

does not improve fairness.

* Group-changing and Group-balanced schedules

A similar concept to the carry-over effect, withgaeds to fairness, is the strength team’s
consideration. Here, teams are partitioned intdedht groupsS based on strengthS]
represents the number of groups). The objectite iken minimise the incidences in which a

team has consecutive fixtures against extremebygtteams (or extremely weak teams).

Kendall et al. [28] highlights two concepts whicivie been introduced to group fairness. The
first is called ‘group-changing’. Here, no team yslaconsecutive fixtures against an
opposition from the same gro® The second is called ‘group-balanced’. This eterthe

case where a team plays an opponent from every gthep in consecutive slots.

Briskorn [36] provides proofs that a group-baland&R can be arranged if and onlynifS]|
is even. Also, it is proved that there is no griwganced 1RR whel&|is odd. With regards
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to group-changing, it is proved thatnf|S|is odd andS|>2, a group-changing 1RR can be

arranged.
e Minimising Costs

In the minimum cost problem, a cag{ is incurred for scheduling teanto play against team
| at the venue of teairin slots for all teams and slots [28]. The objective idital a feasible
round-robin schedule satisfying several constrawita minimum total cost [28]. Briskorn
[37] provides the basic minimal cost integer progmang model for 1RR and 2RR and
analyses its relationship to planar three-indexgassents. It is also shown that the three-

index assignment problem is useful in the ‘firstddt, then-schedule’ decomposition models.
» Balanced Tournament Design (BTD)

In some sport scheduling problems, venues are acémlgideration. A balanced tournament
design of orden, BTD(n), is one in whicl2n teams participate in a 1RR @n-1)slots with

n different venues. The effects of the different wes are said to be balanced when no team
plays more than twice at any venue. This problegaikd “prob026” in the CSPLib library
[38]. Founded by lan Gent and Toby Walsh in 1995 tibrary aims to provide standard
problems for the constraint programming commur28j[

This problem is particularly useful when balanctifferent kick-off times for teams over a
season (can also be used for referee assignmdéat)problem can be represented by a matrix
with columns corresponding to slots and rows tokilok-off timeslots (or referees) available
[28].

Variants of the BTD include the factored balancedrmament design FBTD(n) and the
partitioned balanced tournament design PBTD(n).BY[B(n) is a BTD(n) in which each
team plays in all venues in the firsslots. Furthermore, if each team then plays exactte

in each venue in the lastslots, it is then referred to as a PBTD(n) [28iniz and Dinitz
[39] provides definitions and theorems regardingdB&Tand also enumerate the designs for
BTD(5), FBTD(5) and PBTD(5). This problem is applide to scheduling tennis
tournaments in order to balance the effects oftsaur players.
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» Other sports scheduling problems

Sports scheduling problems not discussed in thexatiire above include: time-relaxed
problems (relaxed schedules), bipartite tournameetsree assignment, and play-off or first
place elimination. Literature references on thevabmentioned problems can be found in the

‘Classification of literature on sports schedulitigrary [29] mentioned previously.

3.3.4 Scheduling techniques

Researchers and schedulers attempt to solve theusasports scheduling problems using
numerous techniques. While some techniques work faretertain problems, they may not
necessarily work well for others. As a result, egsbers are challenged to identify the best
techniques for the various problems. A number ohcexand approximate scheduling
technigues such as integer programming, constrgragramming, decomposition
approaches, heuristics, metaheuristics, and hymethods have been used to solve the

various scheduling problems [28].
* Decomposition

Decomposition techniques are concerned with decsmgoproblems into sub-problems.
These sub-problems are solved separately and tiparisiposed into a final solution. Two
approaches have frequently been used in the literat

‘First-schedule, then-breakHere, the problem is solved by first optimising §etaccording

to some criteria like TV revenue maximisation. Aftards, based on this fixed timetable, a
feasibleHAP Setwhich corresponds to the timetable is found if exésts. Briskorn [36]
points out that a large focus of research is basefinding a feasibl&élAP Setwith minimal
breaks.

‘First-break, then-scheduleln this case, thelAP Setis first optimised. Often the objective
is to minimise breaks in thBlAP Set[28]. Afterwards, a corresponding feasildleSetis

found if one exists.

Schreuder [40] constructs the real-world Dutch gsefonal football league schedule using
the first-break, then-schedule decomposition teqii TheHAP Setis determined using
edge-colouring (one-factorisation) of complete gsap

Briskorn [36] formally presents the above decomgpmsimethodologies using binary integer
programming. Theorems and proofs to test feagibidite also provided. Alternatively,
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Kendall et al. [28] notes that constraint programgmi complete enumeration, integer

programming or heuristics algorithms can be usexblee these decomposition problems.
* Integer Programming

Sports scheduling problems can be formulated ahedaising integer programming [28].
Integer programming is a common technique usedperaiions research. Also, it uses
standard formulations which are easily programmafdea result, there are numerous solvers
available such as those provided in Matlab, CPLER&I|P and LINDO. Solvers use different
solving schemes involving various cut and branchstigitegies. Therefore solvers have

different performance characteristics.

Kendall et al. [28] formally defines the basic igge programming model used to schedule a

2RR as follows:

Variable definition where teamsj = 1,...,nand slots = 1,...,|s]

1, if team i plays at home against team j inslots) . .
xl-js = . , U ;t]
0, otherwise

The first constraint imposes that every team mlast at home against every other team.

Is|

injszl, VlSl,]Sn, l;t]

s=1

The second constraint imposes that in a compaetdsitd, no team plays more than once in

each slot.

Zn:xijszl, Vi<ig<n,1<s<|s|, i#]j

j=1
Kendall et al. [28] identifies branch and boundarimh and cut, Benders decomposition, and
column generation as integer programming strategsesl in sports scheduling literature.
Problems solved using integer programming inclu@al-world model development
instances, the travelling tournament problem aral hheak minimisation problem [28].
Kendall et al. [28] notes that integer programmisgommonly used in hybrid algorithms. In
these cases, integer programming is often usealte sub-problems. For example, it is used
in decomposition scheduling techniques as well ascombination with constraint

programming or heuristic scheduling techniques.
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» Constraint Programming

Constraint programming combines the ideas of aifiintelligence with the developments
of computer programming [41]. As a result, flexilpleogramming allows for values to take
on interrelated variables and constraints [41].iRetance, variables can take on a domain of
possible numbers and constraints can be of diftdi@ms like mathematical, disjunctive,
relational, explicit, unary, and logical constraifd1]. Constraint programming continuously
fixes variable values and derives new constraimsugh the processes of domain reduction
(eliminating possible values through logic conadnsi) and constraint propagation (adjusting

constraints) [41].

Schaerf [42] realises the power of constraint progning by formulating and solving sports
scheduling problems. A two stage approach is u$hd. first stage concerns producing a
schedule with dummy teams based on graph theorytenskecond stage assigns actual teams
to the schedule. The first stage aims to minimisaks and create complementary patterns
and the second stage uses a constraint basedfttsptiranch and bound procedure to assign

teams.
e Heuristics and Metaheuristics

Sports scheduling problems can be solved usinglatdnsearch procedures such as integer
programming. Such standard procedures may be cotnmdlly reasonable for smaller
instances. However, as the size of the probleneasas, the search region becomes too large
and would require large processing power and tmnsotve using standard techniques. As a
result, sport scheduling researchers look to finddgsolutions with the use of heuristic and

metaheuristic techniques for larger and computatigtard instances.

Heuristics, designed specifically to solve a prablare low-level search procedures used to
solve large and complex problems. Heuristics seafoh and investigate, local
neighbourhoods by iteratively modifying the currsatution and replacing it only if the local
neighbourhood is a better one [28]. As a resulpedéeing on the initial trial solution, this
strategy will converge to non-global local optimdass the initial trial solution happens to be
in the global optimum neighbourhood [41]. Generallyheuristic finds suboptimal solutions

in reasonable computational times.

Metaheuristics are similar to heuristics in thagytitoo employ heuristic neighbourhood

search strategies. The difference is that theyestchte local neighbourhood moves based on
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higher level strategies [41]. This way, the orchest high-level search process guides the
low-level heuristic to explore the feasible regi@md in some cases, infeasible) by escaping
from local optima. The metaheuristic then diret¢ts heuristic to search the best avenues
found in the region. As a result, this method figded (often optimal) solutions.

The key advantage of heuristics is that they cailyebe tailored to fit the problem at hand
and reduce the mathematical and computational @titp! This is why researchers

concerned with scheduling find such techniquesetahie most effective in solving difficult

combinatorial optimisation problems. Kyngas [43]asdifies and describes popular
metaheuristics methods which have been used te s@tious scheduling problems. These
include ant colony optimisation, co-operative locs¢arch, ejection chains, genetic
algorithms, hill-climbing, hyper-heuristics, itegatlocal search, memetic algorithms, particle

swarm optimisation, simulated annealing, tabu $eand variable neighbourhood search.

Hill-climbing is more of a basic local improvemgntocedure than a metaheuristic. It starts
with a random initial solution and then continuguatcepts small changes to the solution if
the changes improve, or equal, a solution. The asiphhere is to “climb up the hill” (or

downhill for minimisation problems) until a localptimum is reached. This procedure

terminates when the solution can no longer be ingud43].

Simulated annealing always accepts improving mdwesalso allows for downhill moves.
The probability of accepting downhill moves is dmased over time so that it finally
diminishes to zero [43]. The acceptance of a mfivea maximisation problem, is governed
by exp(4-ZJ/T), whereZ, is the trial solution cos¥. the current solution cost arnidis a
temperature control parameter which, over timey@gghes zero. With higher temperatures,
the emphasis is on diversification to unexploregiaes by allowing for downhill moves to
be accepted. At lower temperatures, the probabiityaccepting downhill moves is
diminished with the emphasis shifting towards istBoation. Finally at extremely low

temperatures, the emphasis changes to hill-climjgigg

Anagnostopoulos et al. [44] considers the travglliournament problem of the salient
features of Major League Baseball in the UnitedeStand proposes a simulated annealing
algorithm. The algorithm explores both feasible antkasible schedules and includes
advanced techniques such as strategic oscillatidnr@heats to escape local optima at very

low temperatures. For larger artificial instancele algorithm produces significant
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improvements over previous approaches. Furtherntoie shown to be reliable since its

worst solution over 50 runs was less than or etjutde best known solutions.

Kendall et al. [28] notes that in sports schedyliafjen hybridisations of principles from
different metaheuristics can produce the best tesltilis also highlighted that metaheuristics
strongly benefit from good initial solutions whidan be obtained by greedy randomised

constructive heuristics.

Lim et al. [45] uses a hybrid metaheuristic apphoacscheduling the travelling tournament

problem. Simulated annealing and hill-climbing ased in conjunction to create a schedule.
Here, a timetable is found using simulated anngaliime best timetable found is then passed
to the hill-climbing component which searches fatter team assignments. The best
schedules are then reverted to the simulated angeabmponent. This process terminates
when there is no improvement for a specified nundfaterations or when a time limit is

reached. Using benchmarks, the results presergetbarparable to the best known solutions.
» Other sports scheduling techniques

Other sports scheduling techniques in the liteeatot described include SAT formulation,
semi-definite programming and Lagrange relaxatidnterature references on the
abovementioned problems can be found in the ‘Glaatibn of literature on sports

scheduling’ library [29].

3.3.5 Local neighbourhood search for sports schedules

As stated previously, heuristics are used to fioldtgns in a search region when traditional
techniques become computationally unreasonableallLsearch procedures find feasible
moves into the local neighbourhood from the cursaiution [41]. Anagnostopoulos et al.
[44] and Ribeiro and Urrutia [46] present neighbmod search strategies which are
commonly found in the sports scheduling literature.

Anagnostopoulos et al. [44] proposes several neigtitbod search strategies to solve an
artificial travelling tournament problem. The figgategies outlined in the article are listed:

a. SwapHomes: Switches the venue roles of the twarkes between two arbitrary teams in
a schedule (for a 2RR).

b. SwapRounds: Switches an arbitrary slot in a scleedith another arbitrary slot in the

schedule.
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c. SwapTeams: Switches the set of fixtures of an ramyitteam with the set of fixtures of

another arbitrary team. The schedule is then uddatéorm a feasible schedule.

d. PartialSwapRounds: This move swaps the fixtureno&rbitrary team in an arbitrary slot
with the fixture of another slot. The rest of thehedule is then updated using ejection
chains.

e. PartialSwapTeams: In an arbitrary slot, the fixéupé two teams are switched. The rest of

the schedule is updated using ejection chains.

Anagnostopoulos et al. [44] state that the firse¢hneighbourhood search strategies are

incapable of sufficiently exploring the feasiblgian.

Ribeiro and Urrutia [46] defines four neighbourhaichtegies which were used to solve the
mirrored travelling tournament problem. Identicabtegies to SwapHomes, SwapTeams and
PartialSwapRounds are presented in addition taaesgly called GameRotation. Here, an
arbitrary fixture is forced to be played in an &dniy slot. The schedule is then updated using
complex ejection chains. Importantly, the authortioe that there are moves in the
PartialSwapRounds and GameRotation which the solsitjenerated by the polygon method
for n = 8,12,14,16,20,24¢annot produce. This is because this strateghlesta change the
structure of the one-factorisation built by a paggconstruction method. The polygon

method is described in Section 3.3.7.

Ribeiro and Urrutia [46] states that that there &fe-1)/2 possible moves for each of the
SwapHomes and SwapTeams in a 2RR. Also, it is pdiout that the partial swap moves
may only work if there are two oriented one-factimswhich there are four common vertices
which are connected. Furthermore, after the pasvehp, there are 16 combinations of

possible venue assignments which must be evaluated.

3.3.6 Football Application

A wide range of sports scheduling applications text®endal et al. [28] identify articles
applicable to football, basketball, cricket, badkhae hockey, tennis, table tennis, golf
pairing and referee assignment. A number of exadt approximate optimisation methods

have been widely applied to football schedulingoems [28]. Some are shown here.

Bartsch et al. [31] schedule the real-world Gerraad Austrian Football Leagues. Here, a
semi-greedy heuristic algorithm and a branch-anghboalgorithm are compared with the
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semi-greedy algorithm preferred. The authors workétth the league authorities in each
league and by the time the article was publishieel,sthedules generated using the method
developed were used by the league owners on omsioocfor the German league and on six
occasions for the Austrian league.

Della Croce and Oliveri [47] attempt to schedule ttalian Football League. The proposed
procedure is divided into three phases, all of Wrace solved using integer programming.
The first phase generatesHAP Setrespecting the broadcaster’s requirements andraeve
other constraints. A feasible Setcompatible with theHAP Setis found in the second phase.
Lastly, the schedule is generated by assigning se@nthe timetable. It is stated that the
authors were in contact with the Italian Footbadlague for the possible application of the

proposed algorithm.

Kendall [4] attempted to schedule the fixtures otlee holiday period of the EPL (a
dissimilar case to the TTP). Here, the objectives weaminimise the total distance travelled
by all teams over the Boxing Day and New Year's Dajures (due to bad weather, fan
consideration and limited public transport and @obly resources). According to Kendall [4],
the league had trouble with this aspect of theliredale. Depth-first integer programming,
followed by a local search algorithm was used. He tesults, it is shown that a 25%

improvement on the official schedules was obtaimest three seasons.

Kendall [4] notes that the league had usually saleebthese fixtures first and then scheduled
the rest of the season around it. A limitationhis,thowever, is that although this approach
may generate optimal distances travelled over thegeslots, it may negatively impact other

constraints within the season. Nevertheless, Kéidlphas discussed the findings with the

Football League authorities and is currently wogkilosely with the league. The work is

subject to a non-disclosure agreement.

Goossens and Spieksma [48] describe how they iredrdve Belgian football league using

operations research after the league authoritidsirhated them to work on scheduling the

upcoming leagues. Up until the 2005/06 season, lendar committee was assigned to
construct the schedule by hand. After being invitedautomate the system, the authors
formulated a first-break, then-schedule problem aalyed it using integer programming.

The schedule developed was used for the 2007/G®isea
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3.3.7 Basic graph theory and the polygon construction méiod

» Basic theory

A graph G in which every vertex is joined by an edge to gvether vertex is called a
complete graph and is denotedKyy A complete graph can be viewed as a 1RR tournamen
Walllis [49] provides an example of the completepris, representing a 1RR for six teams
in Figure 1. A one-factorisation of a complete d¢rajan then be used to schedule a 1RR
tournament. Wallis [49] illustrates the one-facdation ofKs, shown in Figure 2, where each
one-factor graph represents a slot of fixtures.eHeach edge between the adjacent vertices
represents a fixture. Note that there are five facgr graphs in the one-factorisationkaf

which corresponds to a 1RR of six teams where therdive slots (i.en-1).

3 2

5 6

Figure 1: Complete grapgk [49]
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Figure 2: One-factorisation of the complete gr&pi49]

« Polygon construction

Commonly, the well-known polygon construction meths used to systematically schedule
a 1RR tournament based on one-factors. Ribeiro l&mdtia [46] describe the polygon

method:

A regular polygon graph dh-1) vertices is initially drawn with a centre vertels@drawn.
Teams labelled,...,(n-1)are consecutively placed clockwise on the vertmiethe regular

polygon graph with the centre labelled as tegf®ee Figure 3).

26



Horizontal lines (edges) are then drawn betweerwvdigces with the remaining vertex drawn
to the centre. These edges represent a one-fddioe complete grapK,, and correspond to
the fixture list of the first slot. The second stdtfixtures is found by rotating the polygon
clockwise to the next vertex with new edges autoratly formed. Fom teams, there will be
(n-1) rotations (i.e. slots). This method aids in aftagnthe one-factors in the one-

factorisation of a complete graph in an ordered,eapecially for large instances.

Figure 3 illustrates how the schedule is createdfoeven number of teams € 8) using the

polygon construction method. For an uneven numbtzamms, teanin+1) represents a bye.

Figure 3: Polygon method for= 6 (three rounds)

To obtain the venues of fixtures in the one-factdhe regular polygon edges can be
converted into a digraph. Here, the arrow-headefhorizontal edges from left to right and

the vertical edge from top to bottom can repreffemtiway team.

3.4 Benchmarks

Nurmi et al. [3] attempts to standardise a framéwtor a highly constrained sports
scheduling problem. The framework was created [seonlng the objectives and constraints
of various professional sports leagues from ardatedwvorld. A set of artificial instances are
proposed and a set of real-world instances areepted (Austrian, Chilean, Belgium,
German and Brazilian football leagues). Best kn@mtutions for each set are published.

This way, researchers can test the value of tkbigduling techniques.
» Atrtificial instances

Artificial instances in the literature are conceafneith either the travelling tournament
problem or the break minimisation problem (see i8ecB.3.3). The travelling tournament
problem is frequently used for leagues with a laggegraphical spread of teams, like Major

League Baseball in the United States.
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* Real-world football instances

Football leagues around the world usually havertbein set of distinct constraints which
aim to increase the quality of the league and mststeholder needs. Some constraints of
real-world football instances presented by Nurmalef3] include: scheduling specific games
to a subset of slots (Austrian), a subset of teaamnot be scheduled to play an arbitrary
number of home games in the same slot (Germamyst@ich share home venues cannot be
scheduled home fixtures in the same slot (Belgiad Halian), avoid carry-over effects
(Belgian), spread attractive games across the sg&sigian) and schedule attractive games

to weekend slots to increase stadium attendancédndewership (Brazil).

In each of the abovementioned leagues, the mosirtamt goal is to minimise the number of
breaks. In comparison, this goal is relaxed inERd scheduling problem with a maximum
of two consecutive home or away fixtures permittatso, the Austrian, German, Belgian
and Brazilian leagues are mirrored 2RR instancesreds the EPL is simply a 2RR instance.
Unlike the football leagues mentioned, the EPL seantinues throughout the Christmas
period. It is therefore a requirement that the déliivg distance over the holiday period is
minimised. Therefore, the EPL problem is a disticese to other real-world football sports
scheduling problems available in the literature cihincludes those artificial and real-world

benchmark instances as presented by Nurmi et]al. [3
* Unsolved instances

Nurmi et al. [3] has invited the scheduling comntyno formulate and solve instances not
already available in the literature such as théweald EPL instance in this research. To be
consistent with the standards set by Nurmi et3]l. this research will adopt the constraint

framework proposed in that article (used in Sechd@).
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3.5 Complexity

P vs. NP is an unsolved mathematical problem wpatiains to the relationship between the
solving time and complexity of problems. P is thess of problems which is solvable using
known algorithms in polynomial time. NP is the dasf problems whose solution can be
verified in polynomial time but is not solvable polynomial time using known algorithms.
The unsolved problem concerns whether P = NP, iclwtase problems whose solution can
be verified in polynomial time can also be solvacbblynomial time, or B NP, in which
case there are problems which are harder to sblae its solution verified. The official
problem description can be found on the Clay Math@s Institute’s Millennium Problems

page [50].

Briskorn [36] provides proofs that the 1RR, mir2RR and 2RR are all NP-complete and
in so being, implies that they are in the NP-hasthputational complexity class. Therefore,
as the instances consisting of an increasing nurobgrarticipating teams increase, the
solution cannot be solved in polynomial time use@ct scheduling techniques currently

known. Instead, it is exponential, and in some gafsester than exponential.

The logarithmin(t) line graph in Figure 4t {s time in seconds amdis the number of teams),
provided by Briskorn [36], illustrates the run tirhehaviour of basic 1RR instances solved
using integer programming via CPLEX. This corregfsoto the NP-hard proofs provided.

120 +

10.0 +

8.0 +

Figure 4: Run time behaviour for 1RR instances [36]
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3.6 Literature survey summary

Relevant data in terms of the different tournameatsompanying the EPL, stakeholder
requirements and revenue sources have been igentiill of which can influence the
schedule. For example, a team should have a breakga FAC fixture. Also, stakeholder
requirements may conflict with one another but haostraints must be satisfied. For
example, fans want to travel a minimal distanceBoming Day and New Year's Day but
clubs do not want to play local rivals on thesesday scheduler must therefore minimise
travel distance on these days but cannot considat tivals which would otherwise optimise
travel distances. In the absence of the relatiygomance of different requirements, revenue
of each tournament is useful. The potential revegmieed per tournament can be used to
relatively prioritise the requirements of tournarnsesind stakeholders.

A Fixtures Working Party in conjunction with Atosrestructs the EPL schedule each year
using a non-disclosed software methodology andddimg technique developed by Atos.
However, identifying with the current macro methlodyy followed, it appears that it is one

that can be classified as a first-break, then-adeestheduling technique.

At the time of writing, Kendall [4] provided the lyrarticle on scheduling the EPL. However,
the article only considered optimising the distatreeelled over the Boxing Day and New
Year’'s Day slots which he claims the league hadhbie with. In an email contact [51], to

further discuss his communication with the Footladlague, he said that he was now

working with the league and the work is subjec twon-disclosure agreement.

Benchmarks do exist for both artificial and realrldoinstances and are maintained by
researchers. However, these instances are mostbegwed with the travelling tournament
problem or the break minimisation problem. The E®Es not require either. Nurmi et al. [3]
encourages the scheduling world to solve unsolvetllpms like the EPL. This is what this

research will attempt.

Finally, to place the complexity of the EPL spostheduling problem in context, it was
found in the literature that 2RR instances are Nfete and therefore NP-hard. As a
result, metaheuristics are likely to be the bekedaling technique known to solve the EPL
scheduling problem.
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4 METHODOLOGY

Once the relevant EPL information, sports schedutiroblems and solving techniques were
identified from the literature, a methodology waveloped (flowchart form in Figure 5). At
a high-level, the first process concerns data attpm. This is followed by scheduling the

EPL using a metaheuristic solver. The solver was trerified and the results were validated.
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Figure 5: Methodology
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5 EPL SCHEDULING PROBLEM

5.1 Introduction

There are many football scheduling applicationshinitthe sports scheduling problem

literature which range from artificial to real-wdrinstances. Although benchmarks exist for
the Austrian, Chilean, Belgium, German and Braaili@agues in Nurmi et al. [3], a

benchmark for the EPL does not. The EPL schedmdplem is a substantially different

case compared to other football leagues (see BeRH).

Scheduling the EPL without considering the varistekeholders is inadequate. The clubs,
league, police and fans and all their requiremant$ constraints need to be considered. All
requirements should be consolidated in the EPLddhey problem in order to provide an

effective real-world solution. To be consistent twisports scheduling literature, the

constraints used in Section 5.3.1 are defined dougprto Nurmi et al. [3]. Additional

constraints unique to the EPL which are not comsulén the framework are included.
* Instance

Specifically, the EPL instance is a highly-consteai 20 team(n = 20) compact 2RR.

Therefore a total afi(n-1)fixtures are to be scheduled iri¢fn-1) slots of fixtures.
* Problem Scope

The scope for EPL scheduling will include the twardpean cups (UCL and UEL) and the
domestic FAC for the 2013/14 season. The justificais that these are the potentially
lucrative competitions which teams wish to comfdete(see Section 3.1.2). Therefore, the
FLC requirements will be omitted since the potdr@anings from this competition are small
in comparison and there are no specific FLC reqguars to be considered. In the rare case a
team qualifies for the UEFA Super Cup and Club \Wddup, this team would have to
compete in three fixtures which interfere with 8L schedule. In this case, the EPL league
organisers would minimise interference with theglea by postponing league fixtures

(usually to midweek). Therefore, these competitiaresalso not considered in the problem.
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5.2 Objective Function (2)

The objective of the EPL scheduling problem isdenitify an optimal feasible schedule that
violates no hard constraints while minimising tlegat cost incurred by soft constraint

violations. A total Z-cost in excess of a Big-M gkt (described in Section 5.3.2) suggests
that a hard constraint is violated. In this evehg solution is either highly undesirable or

even infeasible and should not be considered. Gsale a Z-cost close to zero is highly

desirable since it violates no hard constraintstesiminimal soft penalty infringements.

Zmin = Y, weighted constraint penalties
(Such that cumulated hard constraint penalties = 0)

5.3 Constraints

Constraints which have been considered for the Eeieduling problem are listed next
(Section 5.3.1) and the weights, which distinguishween relative soft and hard constraints,
follow (Section 5.3.2).

5.3.1 Constraint definitions

Constraints considered include those which addieswyarious stakeholder requirements as
well as those which are required to force feasibibif solutions. Stakeholder requirements
include those from the league, clubs, police amd.fé&easibility constraints ensure that the
solution generated is feasible with regards to R.2/Rdditional requirements not found in the
literature have been included in this researchmprove the probability of EPL teams
succeeding in lucrative European tournaments whilst compromising their league

aspirations.
 Home and Away venue constraints

CO#. Teamt should not play at home in slst(e.g. policing and club request due to some
other event happening in close proximity to thelistan).

CO7. There should be at least and at mostn, home games for teants t ... in the same
slot (e.g.m = 0 andm, = 1 to ensure paired teams do not play at home isdahe slot).

2 Constraints with a C code in the region over C&6® constraints created by the author specifidalfythe
EPL scheduling problem while the rest are thosedan Nurmi et al. [3].
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» Strength and Paired team constraints

C102. Teams in the strength group should not bigrass to compete in sl& (C102 class
listed alphabetically below)

C102a. Avoid strength fixtures on the first gamehaf season (i.e. slef).

C102b. Avoid strength fixtures within the holidagripd (i.e. Boxing Day slog;s and New
Year’'s Day slot,, for the 2013/14 season).

C102c. UCL teams should not be assigned a stréegth in the EPL prior to a UCL fixture.
C102d. UEL teams should not be assigned a stréegth in the EPL prior to a UEL fixture.

C102e. UCL teams should not be assigned a stréegih in the EPL which succeeds a UCL

fixture.

C102f. UEL teams should not be assigned a stretegth in the EPL which succeeds a UEL

fixture.

C103. Paired teams should not be assigned tesglat. holiday period fixtures in slotgg

ands;).

» Break constraints

C12. A break cannot occur in sl(C12 class listed alphabetically below).
C12a. Avoid a break on the first two slots of teason (i.e. slots; ands,).
C12b. Avoid a break on the last two slots of thassa (i.e. slotss7 andsgg).

Cl2c. Teams cannot have consecutive home (or awdiglay period fixtures (slots;g and

$20)-

C13. Teams cannot have more tlkatonsecutive home games (ke= 2).

C14. Teams cannot have more tlkaonsecutive away games (ike= 2).

C105. EPL matches either side of a FAC fixture sthoot both be away from home.

C106. Each team should have an equal number of lmmmdeaway Bank Holiday fixtures,

assuming an even number are scheduled.
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* Tournament quality constraints

C104. Teams must play every other team beforetaréxcan be repeated in the 2RR (i.e. a
fixture in the first half of the season can onlylepeated from the second half onwards —

from slots,o onwards).

C107. The total travelling distance over the hgfigeriod fixtures should be minimised to
lessen the inconvenience to travelling fans (ikee total travelling distances between

stadiums for all fixtures in slotgg ands;p should be minimal).

C108. The holiday period fixtures on Boxing Day slgonot be repeated on New Year’s Day
(i.e. a fixture in slosg cannot be repeated in sk).

C19. There should be at ledsslots between two fixtures with the same opponérés in
order to obtain a balanced spread of games, fixtcmanot be repeated in the period between

S14 andsys which accounts for six games either side of thR 2Rlfway mark).
* Feasibility constraints

C110. The sum of each entry in réteams) in the binarllAP Setof a compact 2RR must
equal|s|/2 (i.e. forn = 20in a 2RR, there ars| = 38 slots, thereforgs|/2 = 19since there
will be 19 fixtures at home (1) and 19 away (0)).

C111. The sum of each entry in colusi(slot) in the binaryHAP Setof a compact schedule
must equah/2 (i.e. forn = 20teamsn/2 = 10since there will be 10 fixtures per slot with 10

teams playing at home (1) and 10 away (0)).

C112. The sum of each absolute entry in tofiteam) in the timetabl@ Setof a compact
2RR consisting oh teams must equal® n)-2t(i.e. forn =20 and t = 12(3.n)-2t = 418.

C113. The sum of each absolute entry in colg(slot) in the timetabl@ Setconsisting oh
teams in a compact schedule must efjirafi.e. forn = 20, the sum total af n = 210).
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5.3.2 Weight assignment

Hard and soft constraintescribe the relative importance of constraintgdHt@nstraints are
those whichmustbe satisfied to ensure a feasible solution wiolk sonstraints areriteria
which make the feasible solution more attractiveteékeholders.

Weights are assigned to decipher the relative itapoe of constraints — the larger the
weight, the more important it is. Hard constrairgseive large weights or Big-M weights so
that the likelihood of a solution containing a hatdlation is highly unlikely. Conversely,
soft constraints are assigned smaller weights wrattbws for some violations. Soft
constraints were set subjectivelgccording to potential earnings of each tournaniBmese
weights were then altered by trial and error ta fanset of weights which appeared fair and

produced the best results. Table 5 shows how thghtgewere categorised.

Table 5: Weight range

Tourn. Approx. value**  Cumulative value Range used
FAC € 4m € 4m 00-02
UEL € 11m € 15m 02-09
UCL € 60m € 75m 09-45
EPL* € 100m € 175m 45-100

* |eague winners broadcasting revenue for the822X116 cycle
** hbased on EUR-GBP of 1.14 (31 Aug 2013)

The approximate earnings, or value, of each touemarare those found in Section 3.1.2. The
range used was defined by calculating the appraeimantribution of each tournament with
regards to the total earnings. For example, the U&le of the total potential earnings is
€11mEL75m= 0.07 (7%)- hence the weight range is defined from 02 tqi@9 02+07 =
09). This means that the UEL is more important tham FAC but not as important as the
UCL and EPL%n terms of value. Table 6 illustrates the subjextiveights assigned to each
constraint. In the table, constraints are listedroter of appearance in Section 5.3.1.

% In the absence of real weights assigned to cangray the Fixtures Working Party, a subjectivprmach is
used instead. In reality, these weights are dedidséd on negotiations between stakeholders.

* Only the final league standing portion of the laftasting revenue is considered since the remajvonipn is
distributed evenly amongst all the EPL teams rdgasdof performance.
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Table 6: Weight assignment

Constraint Tourn. Assigned| Constraint Tourn. Assigned
applicable weight applicable weight
Cco4 EPL 60| C13 EPL 100
Cco7 EPL 100 C14 EPL 100
Cl102a EPL 8Q C105 FAC 2
C102b EPL 90 C106 EPL 50
C102c UCL 45 C104 EPL 1000
Cc102d UEL 5| C107 EPL 0.5/km
C102e UCL 30 C108 EPL 1000
C102f UEL 9| C19 EPL 60
C103 EPL 100 C110 EPL M*
Cl2a EPL 9g C111 EPL M
C12b EPL 90| C112 EPL M
Cl2c EPL 1000 C113 EPL M

* M represents Big-M, a large penalty, with a weighlx1G

Weights are assigned in Table 6 within the rangesgnted in the weight range table (Table

5). Less important constraints receive weightseriés the lower end of the range while more

important constraints receive values on the upper & the range. For example, consider

C102c which aims to minimise the number of streriiiures prior to a UCL fixture. It falls

within the 09-45 range in the weight range tablab(€ 5). Furthermore, C102c is an

important requirement for teams participating ia thCL and therefore this particular weight

receives a weight in the upper range (i.e. 45).

There are three exceptions to the weighting rugeidleed above:

Constraints C12c¢, C104 and C108 have assigned tsettinough trial and error, of 1000.
If these three constraints are violated in thel fsdution, the schedule would be highly
undesirable. However, a Big-M weighting is not usearder to allow the algorithm to
temporarily violate these constraints in the seéoclmighly attractive solutions.
Constraints C110, C111, C112 and C113 have beégnagsBig-M weights since these
constraints must not be violated at any time. éytlare violated, the schedule would not
produce a feasible 2RR.

Constraint C107 is unique since it is a measurthefgap between a solutions distance
against the known optimal for the holiday periodures. Through trial and error, it was
found that a penalty weight of 0.5/km was idealafTis, this weight was not too large to
influence the solution in producing a schedule thighly favoured this constraint. Also,

it was not too small to produce a schedule whishedjarded this constraint.
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5.4 Parameters
The parameters used in the EPL scheduling probterprasented and described below.

* Team parameters

Table 7 shows the team parameters for the 201 &d<bs.

Table 7: Team parameters

Team Team Paired Strength UCL UEL
code team/s teams

Manchester Utd. it t . .

Manchester City ot ty . .

Chelsea 4 t1o . .

Arsenal % ts . .

Tottenham 4 ty . .

Everton 3 t; .

Liverpool t te

West Brom. Albion g tis

Swansea City ot tio .

West Ham Utd. b

Norwich City t1

Fulham to ts

Stoke City i3

Southampton 4

Aston Villa fis tg

Newcastle United 16 t17

Sunderland b tis

Hull City t1s

Cardiff City tio to

Crystal Palace o8

Team codas an alphanumeric value assigned to teams basekeoprevious seasons final
league placing. For the three promoted teams, tieases receive the last three team codes.

Paired teamsare those teams which are in close geographicimity. Teams which are
paired in the table were those identified in SecBd2. Although not in this case, a team can

be paired to more than one team.

Strength group $epresents the best teams in the EPL league. Teanhd be ranked based
on a performance centred co-efficient index ovperaod of time. Instead, since the strength
of teams can change every season, it will be assuinag teams finishing the previous season

in the top six positions (i.e. those challengingtfee lucrative UCL and UEL positions) form
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the strength group for the following season. Whie inclusion of Liverpool, the strength

teams shown here are generally regarded as théchess.

The UCL groupconsists of those teams which have qualified fier YCL. Since the EPL
schedule is published before the UCL preliminanynas begin, it is assumed that the teams
competing in these preliminary rounds will qualidy the competition. Due to the strength of
the EPL teams, it is rare that they do not qudbfythe UCL.

The same applies for tHéEL groupas the UCL group. It is important to note that Wig
who won the 2012/13 FAC and thereby qualified fog 2013/14 UEL, was relegated from
the EPL for the 2013/14 season. Therefore, sinogawis not in the 2013/14 EPL league,
only Tottenham and Swansea, who were the other Qdlifying teams for the 2013/14
season, and are in the 2013/14 EPL league, aréeoed in this problem.

* Slot parameters

Table 8 superimposes the dates of competitionscanin constraints with the respective
slots of the EPL schedule. Only the slots whichehaw event are shown. Actual dates can be

seen in Appendix B.

Table 8: Slot parameters

S S S S S Sig Si2 Siz Sig S0 S2

FAC . .
UEL . . . . . .
UCL . . . . . .
C04 b, tatie betiz Lk
ta3,lhz

C106 . . .

S6 S7 S9 S0 S32 S33 S34 S35 S36 S7
FAC - . .
UEL . . . . . ° . .
UCL . . . . . . . .
co4 .0,

7,2

C106 . .

The dates foFAC fixtures are necessary for constraint C105. Heiree these fixtures are
usually between two EPL slots, a black dot reprsséme slot leading to a FAC fixture.
Likewise, the dates for tHeEL and UCL fixtures are needed for constraints C102c to C102f

and are also between slots. Constraint CO4 concequests for away fixtures of some teams
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for certain dates. These have been superimposell thi¢é respective slots. C106

superimposes the Bank Holiday dates with the res@eslots.

+ Distances

Distances between each team (measured in km) veered fby determining the relative
driving distance between each stadium (Table 9)s TWas done with the aid of Google
Maps. Stadiums used can be seen in Appendix C.didgonal has been assigned a Big-M

distance of 1x1bkm since a team cannot compete against itself.

Table 9: Driving distances between stadiums [km]

Team ty t2 ts t ts te t7 ts o to t W by W ts ety ts T t20

t 339 321 325 57 53 135 379 341 392 338 81 368 1243 240 167 319 352

t 321 323 62 58 133 377 339 314 338 80 367 1429 2226 153 319 352
22 355 354 210 300 20 195 3 260 125 202 451 4387 241 14
8 337 336 195 312 15 180 18 250 136 184 450 4477 3351 21
344 340 200 318 19 174 23 253 152 187 451 447 3@88 26
1 154 398 360 411 358 100 385 157 282 279 203 33368
ty 53 58 354 336 340 150 394 356 407 353 97 383 156 278 275 203 335 367
s | 135 133 210 195 200 154 246 214 266 83 64 238 6 341 338 230 186 23
o | 379 377 300 312 318 398 394 319 500 300 307 284 251 579 575 469 69 813
tio | 341 339 20 15 19 360 356 174 23 269 145 204 450 447 303 259 25
tu| 392 314 195 180 174 411 407 266 204 322 327 255 414 412 245 441 200
t | 338 338 3 18 23 358 353 83 300 267 124 201 458 455 346 240 16
tis 81 80 260 250 253 100 97 64 307 269 297 70 315 238 204 248 28
tu| 368 367 125 136 152 385 383 238 284 145 327 521 517 408 224 147
tis | 141 141 202 184 187 157 156 6 251 204 255 201 709 330 327 217 191 21%
tis | 243 229 451 450 451 282 278 341 579 450 414 458 3381 330 229 520 473
L | 240 226 448 447 447 279 275 338 575 447 412 455 2887 327 225 517 470
tis | 167 153 347 337 303 203 203 230 469 303 245 346 2088 217 229 407 360
tw| 319 319 241 251 258 335 335 186 69 259 441 240 2284 191 520 517
to | 352 352 14 21 26 368 367 223 313 25 200 16 281 1215 473 470

s | 339
L | 321 321
s | 325 323 22
| 57 62 355 337

[y
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6 MODEL DEVELOPMENT

This section describes the solving methodology tewthnique used to generate the EPL

schedule. The model was created using the resbteture highlighted in Section 3.3.

An overview of the model is first described to gaihigh-level perspective. This is followed
by the low-level algorithm formulated to constrube schedule. Lastly, the verification

process followed in this research is described.
6.1 Model Overview

6.1.1 High-level overview

At a high-level, the model can be viewed in thrag$

1. The first part of the model identifies the optinmaliday period (Boxing Day and New
Year's Day) travelling distance using a binary g#e program. This is used as a
reference to which a candidate solution can be epetpto in the simulated annealing

algorithm.

2. The second part of the model uses a simulated hngeaaetaheuristic algorithm (called
the ‘SA solver’) to iteratively identify and comgaschedules. Here, a candidate schedule
is identified using a neighbourhood search heugristiis then deconstructed intoHAP
Setand aT Set from which the total cost can be calculated.

3. The third part of the model is the incorporationaohill-climbing algorithm. Once the
simulated annealing algorithm outputs a scheduke hill-climber ensures that the local

optimum in a promising search area is found.

® To reiterate, thtHAP Setis the sequence of home and away fixtures for ¢éaam and thé Setis the
sequence of opposition allocation for each team.
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6.1.2 Model scope and assumptions rationale
Model scope and assumptions may affect the solupieiity and validity of the results. The
scope and assumptions are described here whilgalidsty is tested through a validation

process which is presented later in Section 8.3.

Scope concerns the competitions considered, thelst&ders considered and the stakeholder
needs considered, all of which influence the ERUtgm quality. Similarly, assumptions can
influence the quality of a schedule and may originimom the scope or derive from the
simplification, formulation and development of tim@del. The rationale for the model scope

and assumptions made are described in detail:
» Competitions considered

Competitions considered include the UCL, the UEM @me FAC. This entails scheduling

‘kind" fixtures (i.e. fixtures against non-strengtieams) around European fixtures for
participating teams and scheduling alternating seges of home and away fixtures around
predefined FAC rounds. Competitions not considanetlide the FLC, the UEFA Super Cup,

the Club World Cup and the UEFA and FIFA internasbfixtures.

With regards to European cup fixtures, it is assinieat the UEL and UCL teams
participating in the preliminary rounds will qualifor the competition. Since the league

begins before the preliminary rounds are compteie,assumption must be made.

The needs of the domestic FLC is not considerethenbasis that it is seen as a ‘feeder’
competition for youth and fringe players as a restithe comparatively small prize earning

potential of the competition. These fixtures areestuled by the Football League and do not
interfere with the EPL.

In the event of a team competing in the Club W@&ilg, EPL fixtures for that team will be

postponed by the league authorities to availablesdgno team qualified for this competition
in the 2013/14 season). UEFA and FIFA internatidixalire days are also not considered on
the basis that these dates are ruled out befor&fieschedule is distributed to available

dates by the Premier League administration.
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* Penalties and weights

Weights of penalties assigned to the respectivepetitons were defined in Section 5.3.2.
The weightings are in proportion to the relativéz@rearnings of each competition (i.e.
weight: EPL>>UCL>>UEL>>FAC).

A conservative penalty approach is favoured in thisdel over an approach which may
underestimate progress. Therefore, penalties snnttddel will be incurred even if teams do
not reach the latter stages of competitions (Ewaopand FAC). This is because it is
impossible to predict how far each team will pragren a competition. For example, say two
UCL strength teams were assigned to play strenxfilrés towards the end of a season prior
to a UCL fixture, penalties would have been incdipecause constraint C102c was violated.
However if both these teams had been knocked ailied) CL by then, these penalties would

be needless.

Considering that the importance of the EPL>>UELsitmore important for the schedule to
consider the EPL needs than a UEL team’s needa.r@sult, penalties for constraints C102d
and C102f are only assigned if the participatingLU&am happens to be a strength group

team.

* Football divisions

Some EPL teams are paired with teams in the lowaesidns (under the Football League
administration). This can particularly influenceetHAP Set Since the EPL is the most
lucrative league in the world, it is assumed that lower divisions can be scheduled around
the EPL. For this reason, the Football League matl be considered in the formulation of the

EPL and is beyond the scope of this research.

» Paired teams and strength teams

It is assumed that the paired teams and strengthstshown in Section 5.4 are accurate and

will be accepted by the league authorities.
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* Away requests and transport routes

Highlighted in the literature (Section 3.2), clubay request an away fixture on certain dates
due to events happening in close proximity to te&adium. Policing constraints may include
minimising home fixtures for paired teams in thensaslots, which may otherwise stretch

local services (policing, medical and public trao$p

Due to a lack of disclosed information with regatdsclub or policing requests, the model
scope was set around available information. Theautieol quality is reduced if those

considered here are not considered by the leaguevetsely, the quality is reduced if there
are important constraints which are not considéeyé. However, a programmer could easily
access the Matlab code used to create the schaddl¢ranslate additional constraints into

code.

Transport ‘pinch points’ were not considered in tm®del. Pinch points concern the
congestion of public routes when a large fan base fmultiple clubs all wish to use the
same route at similar times, to their respectixtufes. This can cause conflict between fans
and strain policing and transport services. Howewansport constraints were not considered
in this model because this information is not raadvailable. An assignment problem could
be used to assign fixtures to dates and timesiotsder to resolve pinch point concerns. For
example, fixtures can be spread across Saturdaysanday (dates) with different kick-off

times (timeslots).
» Superimposed slots with dates and kick-off assignmé

This model only concerns the development of a matfifixtures (schedule) with teams as
rows and slots as columns. These slots are nagresskiany specific dates for when they
should take place. It is therefore assumed thdt skt will be assigned to match-weekends
by the league authorities. To maximise TV viewgrsitihe TV broadcasters will then assign
which teams will play on Saturday and Sunday a$ agethe kick-off times of each fixture in
a slot.

A final note concerning scope and assumptionsasiths assumed that the solution schedule
will be accepted by all stakeholders. This inclutesclubs, police, Premier League and the
Fixtures Working Party. As a result, the solutiammedule can be compared to the official

published schedules.

44



6.2 EPL Scheduling Model

6.2.1 Solving methodology
The solving methodology used to formulate the modelpresented in Figure 6. The
methodology consists of three separate engineshvdrie used in sequence. Matlab R2013b

was used to code and run the separate enginedgpeadix G).

Pre-solver BIP Post-solver HC
engine SA solver engine
Find optimal —reference—b /;)t:er:g)l:;f Osete;xlg [ ensure—> Attempt to find
holiday distance & P local optima

Figure 6: Solving Methodology

First the BIP (binary integer program) engine isduto determine theeference valudor the
holiday period sub-problem required by the SA (dated annealing) solver. The SA solver
is then used to find a solution of high qualitystlg, the HC (hill-climbing) engine is used to

ensurethat the solution from the SA solver is the logatima of the region.

6.2.2 Pre-solver BIP engine for holiday period travellingdistances

The SA solver requires certain initialisations whare discussed in the next section (Section
6.2.3). One such initialisation is the optimal gtwmg distance over the Boxing Day and New
Year’'s Day fixtures. This is used as a referendatdor constraint C107 in the SA solver.

The optimal distance was found using a binary etggogram.
» Objective and constraints formulation

The objective is to minimise the distance travelsdvisiting teams (i.e. distance between
opposition stadiums). The problem is subject tolaual derbies (C103), no strength group
fixtures (C102b), there must be a break for allmea(Cl2c) and reverse fixtures are

prohibited (C108). A complete mathematical formiolatis presented in Appendix D.

* Modelling

The mathematical model was translated into Mattadlec A user may use Matlab’s built-in
bintprog tool but due to the size of the problem (800 \#esg) this can consume hours of
processing time. CPLEX (CPLEX_Studio1251) Matlabgpin is an alternative and was used

instead. This used a tenth of a second to solvpribt@em.

The optimal distance found by the BIP is then inptd the SA solver.
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6.2.3 SA solvers

This section discusses the two different simulaedealing strategies used to solve the EPL
scheduling problem. For convenience (i.e. easiedisouss, refer to and remember), they
have been called the ‘Da Vinci solver’ and the Taesolver’.

The objective and constraints for the EPL schedufiroblem are discussed, the high-level
simulated annealing framework is laid-out, the dated annealing parameters are defined,

the initial construction method is presented ardribighbourhood strategy is described.

» Objective and constraints formulation

The objective, as defined in Section 5.2, is to imise the accumulated penalties of
constraint violations with regards to candidate E&dhedules. All the constraints and
constraint weights, defined in Section 5.3.1 andiBe 5.3.2 respectively, are considered in
the algorithm. The mathematical representation efafty assignment can be seen in
Appendix E. Problem parameters for the 2013/2014 &#® shown in Section 5.4.

» High-level code framework

The pseudo-Matlab frameworks of the aforementiswders are shown at a high level:

Framework

BEGIN Simulated Annealing framework

\INITIALISE

Define parameters and initialisations;
Initial Trial Solution = Call Initial Trial Solutio function;
Current Candidate = Initial Trial Solution;

SOLVER (insert Da Vinci or Tesla solver here)

FUNCTIONS

Initial Trial Solution function; (Description: Uspolygon method to construct an initial
feasible trial candidate solution)

Neighbourhood Switch function; (Description: Usaeighbourhood search strategy to select
an immediate neighbour of the current candidatéteethis function)

Neighbourhood Acceptance function; (Descriptionettse probability of acceptance function
to decide whether to accept the trial candidatetisol)

Find Best Candidate from Population function; (Dggon: Find the candidate with the
lowest total cost from the population)

END  Simulated Annealing framework
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Da Vinci solver
\SOLVER (DA VINCI)

FOR LOOP temperature: 7 Tiemperature schedule

FOR LOOP counter: 3-Bepoch length
Neighbourhood Candidate = Call Neighbourhood Switichction (send
Current Candidate);

Current Candidate = Call Neighbourhood Acceptanuoaction (send
Current Candidate and Neighbourhood Candidate);
END counter loop

END temperature loop

Best Candidate = Call Find Best Candidate from Rajmun function;

In the Da Vinci solver presented above, a predetesth number of iterations for each
temperature in the temperature schedule are pesthrifhere is a fixed number of

temperatureST{mperatre schea)e@Nd & fixed number of iterationgfecn iengy)-

Tesla solver
\SOLVER (TESLA)
Best Candidate = Current Candidate;

WHILE LOOP temperature > T,

counter = counter + 1;

Neighbourhood Candidate = Call Neighbourhood Swilighction (send Current
Candidate);

Current Candidate = Call Neighbourhood Acceptanoaction (send Current
Candidate and Neighbourhood Candidate);

IF Current Candidate < Best Candidate
counter = 0;
Best Candidate = Current Candidate;
END if statement

IF counter :Bnon—improving epoch length
counter = 0;

temperature = temperatuie.
END if statement

END temperature loop

In the Tesla solver above, the temperature deeatsthe predefined cooling rat ©nly
once a maximum number of non-improving moves haantiestedfon.improving epoch lengh T NIS

solver stops once a predefined stopping temper&usachedT(,,).
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» Simulated annealing parameters

Setting parameters is an important aspect of randearch techniques like simulated
annealing. If poorly set the performance in terrhsajution quality and reliability may be
significantly hindered. Solution quality here comw finding the solution with the lowest

total cost, and reliability concerns finding simiolutions repeatedly.

Parameter settings used in this solver were basdadab and error and suggestions from the
literature. A combination of parameter setting roetthfrom Hillier and Lieberman [41], Park
and Kimto [52] and Anagnostopoulos et al. [44] weoasidered. Hillier and Lieberman [41]
presents a simple parameter setting method butmmgsstify this method. Park and Kimto
[52] is particularly useful as it identifies paraere setting methods in the literature and
presents a systematic procedure to determine ptgamwaues. Anagnostopoulos et al. [44]
sets the parameter values of their simulated amgeablver, used to schedule the Major

League Baseball TTP problem in the United Stataseth on experimental designs.
The solver parameters used in the Da Vinci andalsslvers are discussed next:
Acceptance function

A new candidate solution is accepted if a unifoamdom number is less than the probability

of acceptance function.
Prob(acceptance) &2V’

Where Z; is the total cost of the current candidate ahdis the total cost of the next
neighbourhood candidate. For minimisation problemsZ.-Z, > 0, the neighbourhood
candidate is accepted as the new current candsdétéon. This is called downhill move
(decreases total cost) os@ewaysnove(no improvement in cost). ConverselyZifZ, < 0,
the neighbourhood candidate is accepted as thecaadidate with the probability function
described above. Her€,is a reducing control parameter caltechperature Neighbourhood
candidate solutions accepted this way are callguill moves(increases total cost). Uphill
moves are essential to simulated annealing afowsilthe solver to escape local minima in

search for the global minima.
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Temperature schedule and epoch length

TemperatureT is the control parameter used in the probabilityaoceptance function.
Temperature governs the willingness of the simdlatenealing solver to be random in its
search for the global optima. At high temperatuties,search can be very random in a sense
that the probability of acceptance of a non-impngvheighbourhood candidate is high. As
temperature decreases, the search randomness sisce®ace the probability of acceptance
decreases. High temperatures aim to identify, tinagdiversification, the promising regions
which may contain the global optima while lower paratures focus on finding the local
optima, through intensification, of the promisirggions.

There are three aspects concerning temperaturg. arbethe initial temperature, cooling rate

and epoch length.
Initial temperature T 1

Park and Kimto [52] notes that if the initial temgtire is too high it may cause poor
performance. However, according to Kirkpatrick et(4983), as cited by Park and Kimto
[52], the temperature must be high enough to malee initial probability of accepting
candidates to be close to one. Hillier and Lieberidd ] suggest using an initial temperature
of To = 0.2Z,but assumes that the initial trial solution is obd quality.

- Da Vinci solver: Considering the poor quality thie initial trial solution used (polygon
construction discussed later in this section) aftdr &xperiments, it was found that the

following produced the best results.

To=0.01%

To initialise the solver, the total cost of thesficandidate iZ;. = Zo whereZ; is the total cost
of the initial trial solution. For reheats, discegddater, 4 would be the associated cost of the
best solution found from the previous reheat.

- Tesla solver: The initial temperature in thisveolis based on the fast cooling strategy
devised by Anagnostopoulos et al. [44]. An initainperature offp = 700 is used in their
case. However, for the EPL scheduling instanogad found that using a higher temperature

produced improved solution quality.

To =900
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Temperature schedule

Temperature is commonly reduced using a propottifunaction [52]. This proportional

cooling function is represented as follows:
Tk = (lTk_l

Here, the K" temperature in the temperature schedule is a iimodf the previous

temperaturel.; and the cooling rate, where(0<a<1). A cooling rate closer to zero would
rapidly decrease the temperature which could leadobr solution quality. Conversely, a
cooling rate closer to one gradually reduces tmepezature which could result in higher

solution quality but at the expense of speed.

Park and Kimto [52] presents different cooling ftioes and methods used to obtain cooling
rates. Hillier and Lieberman [41] suggest a cooliate ofa = 0.50, and a temperature
schedule of five temperatures. A common method uselde literature is to set the cooling
rate based on a desirable probability of acceptahtmy temperatures.

- Da Vinci solver: Here, the cooling rate used= 0.80, is slower than that proposed by
Hillier and Lieberman [41]. It was found that sinttee cooling rate was slower, a larger
temperature schedule was required. A temperaturedside consisting of ten temperatures
was found to be adequate.
T1=Tp=0.01%,
T, =0.8Tj,
T3 =0.8T,,

T]_o = OS-E)

With this temperature schedule, a balance betweeersification and intensification is
achieved (i.e. a global search at high temperatareslocal search at low temperatures).
High temperatures allow uphill moves butTas0, the simulated annealing solver moves

towards a greedier search similar to hill-climbing.

- Tesla solver: Anagnostopoulos et al. [44] usedling rate ofa = 0.98in their fast cooling

strategy. Also, the temperature schedule is godediféerently. In this case, the temperature
is changed after a fixed number of consecutive ingroving moves are executed. For the
Tesla solver, it was found that a cooling rateaof 0.95 produced good results in a

reasonable time.

50



Epoch length

There are numerous ways one could set the numbateddtions performed at each
temperature (called ‘epoch length’). For examplee @ould change the temperature each
time a fixed number of consecutive non-improvingve® have been executed, as done by
Anagnostopoulos et al. [44]. Another option isébis proportionally to the size of a problem
instance or proportionally to the search spaceig known [52]. Park and Kim [52] set the

epoch length proportional to the number of neigltboad solutions of a given solution.

- Da Vinci solver: Park and Kim’s’ [52] concept wesnsidered in setting the epoch length in
the Da Vinci solver. The epoch length was set byitiplying the number of local
neighbourhood moves by five.

In the neighbourhood search section presented ¢tid®e3.3.5, it was noted that far= 20
teams, there amg(n-1)/2 = 190possible moves for each of the SwapHomes and SveapS e
neighbourhood strategies. If one uses the same,ldgi |[s| = 38 slots in a 2RR, the
SwapRounds strategy would hgs§|s|-1)/2 = 703possible neighbourhood moves. Since all
three strategies are used, this would amount 189+190+703 = 1083 possible
neighbourhood moves. Multiplying this by a factdrfize equates to approximates50Q
Considering this, a good epoch length which yieldedd results was approximated as that

shown.

Bepoch length— 5000

- Tesla solver: Here, the same epoch length pasameds used. However, with the Tesla

solver, the temperature only changes after consecabn-improving moves.
Bnon—improving epoch lengtiT 5000.
Stopping Condition

- Da Vinci solver: The Da Vinci solver terminate$ea Pepoch lengthiterations are performed at
each of the ten temperatures in the temperatuedstéi This is the stopping rule for the Da

Vinci solver. The best candidate solution from plogulation is then selected.

- Tesla solver: This solver terminates once theptmature reaches a small target. Iterations
beyond this temperature were found to be neediess Bo further improvements occurred.
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» Concept of Reheats

At low temperatures, the simulated annealing sobaer get trapped in local optima because
of the low probability of accepting uphill moveselieating is the idea of increasing the
temperature to escape local optima at low tempegsitahereby increasing diversification. It

is therefore a useful tool which can increase thet®n quality.

The reheat strategy proposed by Anagnostopoulad. ¢644] is to reheat the temperature
schedule after a fixed number of non-improving nsvéhe temperature is reheated to
double the temperature at which the best solutias found.

A reheat strategy was judged to be needless fofélséa solver because it appeared not to
improve the solution quality. However, a reheattsigy devised for the Da Vinci solver

appeared to improve the solution quality.

In the Da Vinci solver, a reheat was initiated afte temperature schedule had been
completed. The best solution found so far was teed as the initial trial solution for the
next run. A new temperature schedule was creatéug uhle same method discussed
previously. However, this temperature schedule ustiplied by a factor which was found to

consistently produce good results.
Zo new= penalty of best solution so far
Rincreasing factor 2.5

Ttemperature schedule new Rincreasing factoX (Ttemperature schedule with new)z

It was found that two reheats in the Da Vinci solwere ideal. After two reheats the solution
generally converged to the same solutions. Thigestg that the best hill from a particular

region had been located and the local optima found.

Rsize= 2
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The pseudo-code below presents the modificaiiontglics fon) to the simulated annealing

framework, shown previously, required to incorpenaheats.

BEGIN Simulated Annealing framework

\SOLVER (modification)

FOR LOOP reheat: R—Rsize

\SOLVER (insert Da Vinci or Tesla solver here)

Initial Trial Solution = Best Candidate;
Set Temperature Schedule (send Initial Trial Gah)
Current Candidate = Best Candidate;

END reheat loop

END  Simulated Annealing framework

If reheats are used, the program terminates afteelseats have been performed. This then

forms the new stopping criteria.
« Initialisation — the construction of a feasible infial trial solution

In a basic simulated annealing solver, an initeldidate solution is required. Generally, it is

advantageous to begin with one which appears gobd.

Due to the complexity of scheduling, it becomegeasingly difficult to create manual initial
trial solutions for larger instances (the numbertedms). Therefore, the polygon graph
construction method described in Section 3.3.7 usesl to create the initial trial solution.

For the instance aof = 20teams, the polygon construction output is preseméppendix F.

* Neighbourhood Search

The neighbourhood heuristic strategy used comprgedcombination of three local search
techniques found in the literature (SwapTeams, Reapds and SwapHomes). The
simulated annealing solver switched between eaakegly after a fixed number of iterations
(called the ‘changeover length’). It was found tlsataller changeover lengths performed
better than lengthy ones. A good changeover wasdfday trial and error to alternate in

tandem.
clo=1
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This way the disparity between the usage of eaeltesty at each temperature is minimised.
As a result, the search quality of the local nemirhood increases. It is important to note
that due to the nature of the neighbourhood teclasiqised, only neighbours corresponding
to feasible schedules are visited.

As stated in the neighbourhood section of Secticd53 each technique used in isolation
could result in local optimal solutions since tlearsh area is inadequate. Therefore by using
these three techniques together, the search amaases. Partial moves described by
Anagnostopoulos et al. [44] and Ribeiro and Urrd8] may increase the search area
further, but this involves ejection chains whichulbbe too complex to code in the research

timeframe.

6.2.4 Post-solver HC engine to increase solution quality

* Integration rationale

The basic idea is that the simulated annealingesatould at least identify the promising
search regions within the search space. It may ftrdified the local minimum within this
region or it may have not. After the simulated aalimg solver, one could use the hill-climber
engine to search for the minima in the immediatarge vicinity. Usually, if the local
minimum has already been reached by the simulateéading solver, the objective value
(total cost) will gravitate back to this solutioftea diverging away from it. This confirms that

the local minimum has been found.
* Hill-climbing engine formulation

As mentioned in the literature survey, a hill-clienbs a local search procedure. There are
many derivatives of hill-climbing but they all aiton make incremental improvements to a
solution until it can no longer be improved. Hiliand Lieberman [41] describesteepest-
hill, mildest-descenstrategy. Here, all immediate neighbours of atsmiuare tested and the
one which provides the best total cost is accefitalled the ‘steepest-hill’). If there are no
improving moves, the neighbour which weakens tie tost the least is accepted (called the

‘mildest-descent’). This process occurs for a pfieéd number of iterations.

A simple hill-climbing engine comparable with theeepest-hill, mildest-descent is used in
this research. In this case any improving movectepted while any non-improving move
within a percentage from the current candidatetaltoost, defined as the ‘hill-climbing

factor’, is accepted. This may appear similar ® shmulated annealing methodology at low
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temperatures but at low temperatures, the simulatetealing solver only accepts non-

improving moves with a small probability.

A hill-climbing factor of 3% appeared to produce thest results. It was found that assigning
a larger factor often resulted in sharp uphill moasvay from the local minimum and in

some cases to adjacent hills with weaker solutions.
HCrtactor = 1.03

A sufficient number of hill-climbing iterations wefound by trial and error. It was observed
that no further improvement in the total cost ocedrfor larger lengths.

HC|ength: 1000
» Greedy-search heuristic alternative

Alternatively, as an aggressive greedy-search poeg the hill-climber can be solely
employed. This procedure would rapidly find solagowith smaller total cost but at the
expense of solution quality. This is because dslimproving downhill moves while only
selecting mild uphill moves on the way to a solatidherefore, diversification across the
search space is minimised and sacrificed for infieason and speed. As a result, generally

local optima, rather than good solutions, are found
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6.2.5 Summary of SA strategies
A summary of the solver parameters used in the Dei\and Tesla simulated annealing

strategies are presented in Table 10 and Table 11.

Table 10: Simulated Annealing solver parameters

Tschedule Tschedule size TO o Bepoch length
DaVinci Ty=aT«; k=1,2,.,10 0.014 0.80 5000
Tesla k=oTws Tk>20 900 0.95 5000 (non-improving)

Table 11: Simulated Annealing solver add-on paranset

NeigthUthOd Stfategy order C/@size Rincreasing factor HCIength HCfactor
Da Vinci Swap Teams, SwapRounds, SwapHomks 2 2.5 1000 1.03
Tesla Swap Teams, SwapRounds, SwapHonies - - 1000 1.03

Flexibility

The model methodology consisting of the pre-soB# engine, the SA solvers and the post-
solver HC engine was coded into Matlab. The Matfils are included in the electronic
appendix (see Appendix G). The code was construantieldcoded in a manner which allows
for flexibility. A user may access the code and emtthe solver parameters section, change
these parameter settings. For example, a user heyge the number of reheats in the SA
solver and decide where, and whether, to use aspbstr hill-climber. All the parameters

shown in the above two tables can be changed.

It must be noted that the algorithm settings ardesgarameters used in the Da Vinci and
Tesla solvers appeared to produce the best penfmenfrom many experiments. Other

strategies can be tested by the sports schedubing o suit each problem’s needs.
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6.3 Verification

The model was verified to ensure that it was ldfgcand mathematically sound. Logic
verification incorporates the depiction of the ERport scheduling problem into a
mathematical model. Mathematical verification oe tither hand entails the verification of

the mathematical model as well as the model output.

Systematically following the methodology outlined$ection 4 and translating the problem
into a simulated annealing mathematical model destnates a logical approach. Supervisor

revision ensured logical rationality.

Mathematical verification was attained on a numblelevels. At the code level, functions
were programmed separately and tested for robustmesrying extreme values and testing
for accuracy of output against expected outputhis way, bugs were eradicated. An Excel
verification file is included in the electronic agpix (see Appendix I). The verification

process was as follows:

» Verified the Neighbourhood Switch function by ohgeg the program changes to
test candidates and comparing the observed owpghéetexpected output.

» Verified theHAP Setpenalty function by observing the penalties assilgio test sets
and then comparing them to expected penaltiehéirtest set.

* Verified theT Setpenalty function the same way as P Setpenalty function.

» Verified the Boxing Day and New Year's Day totauelling distance by comparing

the observed distance for assigned fixtures t@Xpected distance for those fixtures.

Once the functions were assembled into a holigttesn, the model was tested at a systems
level. Here, the penalties assigned to the besitisol identified from the population were
verified using an Excel verification framework (s&ppendix I). Compilation bugs causing

deviations were rectified.

A Matlab data point graph was coded to graphiddlligtrate the total costs of the candidates
in the population and to also verify the identifioa of the candidate from the population by
highlighting the best solution data point (i.e. &st/total cost). Lastly, the solution was tested

manually through Excel logic to ensure feasibi(gge Appendix I).

This logical and mathematical verification processured that all bugs were identified and

rectified.
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7 OBSERVATIONS

In this section, the data gathered from the outpdihe two strategies developed in Section 6
are presented. The problem parameters used tordhibelata are those of the 2013/14 EPL
season. Regarding hardware and software speaddisatian Intel Xeon quad-core CPU @

3.10GHz (model E31225) was used to run the progmased in Matlab R2013b (64-bit) on a

Windows 7 operating system.

7.1 Trial Neighbourhood Observations
To determine the solution quality of the two stgae over time, every trial solution (i.e.
candidate) made by each solver was recorded. Adtoring neighbourhood moves made by

the two solvers over time are depicted as dataparhich are plotted in Figure 7.
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Figure 7: Observations of the Tesla and Da Vineitsgies (30 runs)

The x-axis represents the population of solutiessed and the y-axis represents the total cost
of the best solution found at the current poputas@é. A visual reference line is inserted
into the figure. Since no benchmark exists forEf scheduling problem, this reference line
is the total cost associated with the official stile (Z cost of 2727).

® Note that the axis values must be multiplied by tietric represented in the axis labels. For exanpe x-
axis population figure of 50 must be multiplied by amounting to 500xF0while the y-axis cost of 70 must be
multiplied by 16 which amounts to 70x£0
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The Central Limit Theorem states that regardlegb@fpopulation distribution, if the sample
size is sufficiently large (i.e. & 30), the sample mean distribution tends to be aband
equivalent to the mean of the parent distributibnerefore, in line with the Central Limit

Theorem, a sample size of 30 runs for each strat@gyused to collect the data.

7.2 Sample Runs

A sample run observed for each strategy is predentthis subsection. Figure 8 and Figure 9
is a sample run observed from the Tesla strateghegure 10 and Figure 11 is a sample

run from the Da Vinci strategy. It was observedt & runs created similar trends for the
respective strategies.
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Figure 8: Tesla solver sample observation
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FigurBe8ia solver sample observation (first 250 moves)

In the sample run in Figure 8, all trial neighbcaotd moves accepted by the simulated
annealing acceptance function in the Tesla solver represented with a solid line.
Additionally, a dashed line representing the bedtiteon found so far is shown. Since the

initial moves result in a steep decline in costlaa point indicating the initial solution is

shown and labelled in this figure. To further ithade the steepness of the initial moves

observed, the first 250 moves of the sample rusgmted in Figure 8 are magnified and
shown in Figure 9.
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Likewise, Figure 10 and Figure 11 represent a sampi and the initial steepness observed
from the Da Vinci solver.

70

60 -

initial
solution

trial solutions
....... improving moves
.............. target (official schedule

population (x16)

Figure 10: Da Vinci solver sample observation
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8 RESULTS

8.1 Performance Indicators

A performance index is necessary to assess therpece of the two simulated annealing
solvers. Three criteria in the performance index @sed to assess the performance namely,
solution quality, reliability and speed. Solutionadjty concerns the total cost incurred for a
solution and the gap to a benchmark, reliabilitgarns the variation of solution quality over
numerous runs and speed is concerned with thettirmelve the problem. Solution quality is
of considerably more importance than speed, whelability is of less importance than

solution quality.

8.2 Performance

The table below, Table 12, shows the performancéheftwo solvers in question. Here,
outliers from the sample space were omitted froendalculations since they account for a
small probability of a normally distributed samphean. A sample space of N = 30 runs was

observed and the arithmetic mean of the total cis)swas calculated for each solver.

From this, the performance index was determinede @hpt) is the arithmetic mean

difference from the official schedule’s total cost 100( average total cost of solutions found )— 100.

total cost of the of ficial 2013/14 schedule

A positive gap suggests that on average the salujimlity of the solutions found were
worse than the official schedule while the contiiarirue for a negative gap. The variation of
solution quality is represented by the standardadiew for the sample Z(s), while the speed

is measured in time measurements of minutes.

Table 12: Results from sample population

Sample space Performance Index
Solver N Z(x) gapk) Z(s) time()
Tesla solver 30 2025 -26% 367 40 min
Da Vinci solver 30 2843 +4% 493 12 min

Looking at the performance index, the Tesla sotwgiperforms the Da Vinci solver in the
key criteria of solution quality and reliability. Md regards to speed, the Da Vinci solver
performed the best but this is of considerably legsortance. It is important to note that
although the Da Vinci solver is outperformed by thesla solver, its solution quality is

comparable to the official schedule target sine@#p percentage is close to zero.
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8.3 Validation

The best solver selected, based on the performades, was determined to be the Tesla
solver. A simple validation process was conceivedédtermine the validity of the selected
solver. Since the EPL scheduling problem is sulbisin different to other football
scheduling instances, which all concern the brekmisation problem (see Section 3.4), the
validity of the Tesla solver is compared to thead schedules of three EPL seasons. These
include the 2013/14 EPL season, the 2012/13 EPkoseand the 2011/12 EPL season.
Problem parameters for these seasons can be se&ppendix B, while the electronic

appendix contains the Matlab problem parameter émdihese seasons (see Appendix G).

Table 13 below presents the results of the propes&dions found for each of these three
instances, together with the official schedulese Pinoposed solution was selected from a
sample of 25 runs (i.e. 30 runs less the outlieseoved) since there is a small probability of
obtaining outliers. Therefore, the performance xdap is based on the proposed solution’s
total cost while the time remains the arithmeti@amef the sample runs used. Soft constraint
violations (hard constraints in parenthesis) ohbafficial and proposed schedules (except for
C107), along with the total distance travelled liyt@ams over the Boxing Day and New

Year’s Day fixtures (C107), are shown separately.
Table 13: Validity

Official schedule Proposed schedule Performance Index
Year violations distance Z violations distance Z gap time %)
2013/14 68 4120 km 2727 57 3130 km 1574 -42% 40 min
2012/13 5920 hard) 3066 km 23997 46 3084 km 1614 -93% 40 min
2011/12 61 3074 km 2538 40 2840 km 1534 -40% 40 min

It can be seen by the gap column in the performaraex that the Tesla solver consistently
produced better solutions than the official schedyublished over the three seasons. It is
important to note that the proposed solutions wexienecessarily the best schedules found
but rather those schedules that the author beliaxedikely to be accepted by the league
owners and all relevant stakeholders. This is bezan each of the best solutions found,
constraint C103 (i.e. paired fixtures over the BgxDay and New Year’s Day fixtures) was
violated exactly once (due to constraint penakiéroffs) while the proposed schedules did
not violate it. It is the responsibility of the Fixes Working Party to judge if these schedules
are acceptable or not. The abovementioned offipralposed and best schedules found along
with a table of the total cost breakdown of theheschedule are presented in Appendix H.
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9 DISCUSSION

9.1 Problem Solving Techniques and Solver Parameters

Disregarding the weights assigned to constrainfatiams, it was observed that the solution
quality (i.e. total cost and gap to benchmark) Wakly sensitive to two aspects. The first is
the simulated annealing problem solving technigeeduand the second is the associated
solver settings, or solver parameters. It was dedldcom the literature that there is no
standard way of creating a simulated annealinglpnolsolving technique. Similarly, there is
no single way of setting a metaheuristic’'s assediaolver parameters. Rather, these two

aspects are problem specific and found throughand error.

Correspondingly, the Da Vinci and Tesla problenvisg) techniques were created, which are
derivatives of simulated annealing, and based chnigques and solver parameter setting
methods found in the literature. A range of solvarameters for each solving technique were

subsequently tried and selected based on triaked experimentation.
* Initial trial solution

An initial trial solution for the EPL is difficulto create manually, so it was created using the
polygon construction method. This method has it graph theory. The polygon method
provides a quick and simple way of formulating amial feasible schedule. As can be seen in
Figure 8 and Figure 10 in Section 7.2, the totat @ssociated with this initial solution is
large when compared to the target level. It is mo@nded in the literature that a good initial
solution should be used. When using initial sohsiof poor quality, the simulated annealing
solver spends the majority of processing time $eagcfor promising regions to explore in
the search space. Looking at the aforementionadds] it can be seen that only a small
portion of the search is close to the target leral only occurs at the latter stages of the
search. Attaining a good solution to be used asnitial trial solution proved to be difficult
using manual manipulation. Hence, the solution pced by the polygon method had to be

used as the initial solution.
» Solver parameters

The temperature schedule was found to be a solamnpeter setting which influenced
solution quality. Contrary to suggestions foundha literature concerning setting the initial

temperature in a temperature schedule (SectioB)6.ideal initial temperatures were found
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by trial and error to be lower than those suggedtaen using higher initial temperatures, it
was found that the search decreased to the taggtdt a slower rate, often resulting in poor
solutions. It appears that with the cooling ratée deser to one than zero (subsequently
discussed), coupled with a fixed temperature sdeedbe probability of accepting uphill
moves (i.e. solutions with larger total cost) i®lpnged in the search when using higher
initial temperatures. As a result, a lack of hllkbing occurs at the latter phases of the
search (little intensification), an important facétthe simulated annealing process, since the
probability of accepting uphill moves is still thagh.

It was observed that using slower cooling ratetesraloser to one, in conjunction with a
larger temperature schedule produced the bestse3uis is the main difference between the
Da Vinci and Tesla solvers. The Tesla solver usskwaer cooling rate and a temperature
schedule over seven times larger than that of #eé/idci solver. Slower cooling rates with
larger temperature schedules allow the searchfticisatly explore the hills in a local region
before gradually selecting the best hills to sednctiner. On the other hand it was found that
faster cooling rates with confined temperature dales often resulted in steeper declines in
total cost over time but with inferior solution djixa It is likely that since the local hills are
not sufficiently explored in this manner, inferisearch regions are searched in the latter

phases of the temperature schedule and cannotapess

While the Da Vinci solver used a fixed temperatapoch length, the Tesla solver used a
more flexible one which only reset once a fixed bemof non-improving moves were found.

It was found that that this allowed the Tesla soteemprove its search for promising search
regions in the search space. The reason for thisvafold. First, it was observed that

promising search regions were more often foundeafam temperatures, possibly because
such regions lie in a hilly area. Secondly, it wasnd that the Tesla solver was best at
exploiting this. It is therefore deduced that sittee Da Vinci solver has a fixed epoch length,
if it does not find and explore the promising hiltsthis hilly region, which it often did not,

the solution quality would be weak. Conversely, Tlesla solver was capable of finding and
exploring these promising hills. For this reasofthwegards to solution quality, the Tesla

solver outperforms the Da Vinci solver.

64



9.2 Reheats and Hill-Climbing Add-ons

The Da Vinci solver employed supporting add-onscirallowed it to improve its solution
guality. These add-ons include reheats and hiiiging. In test runs, it was observed that
without these add-ons, the Da Vinci solver wouldwarge to weak solutions (i.e. solutions
with a total cost above the target level). This banattributed to the solving technique not
effectively finding promising search regions to kxp in the search space. Respectively, an
inadequate temperature schedule (a function ofrapohte and initial temperature) and fixed
epoch length is possibly causing the premature eg@nce and ineffective search for

promising search regions.

Since it is difficult to find a set of simulatedrealing solver parameters which consistently
produce good results for the EPL scheduling probldra concept of reheats and a hill-
climbing add-on were introduced. It appeared tbheats were effective in preventing the Da
Vinci solver from converging prematurely since lilbaed the search to escape local optima

found in the search space by allowing uphill moaeay from current hills.

Additionally, it was found that employing a hillkeiber at the end of the Da Vinci search
slightly improved the solution quality. This sugtgethat although the Da Vinci solver, with
the reheat add-on, is capable of finding promisiitig in the search space to explore further,
it is not effective in finding the optima in thiscinity. This is because with a low probability
of accepting uphill moves in the latter phaseshef simulated annealing search, no matter
how small, any hill is unlikely to be climbed. Itas found that using a hill-climber, with a
more relaxed acceptance criteria, was effectivpassing small hills to find optima in the

immediate search vicinity.

Interestingly, contrary to the Da Vinci solverwas found that no improvements in solution
guality were found in the Tesla solver when usiitlgez of the aforementioned add-ons. This
suggests that the solver technique and associateer parameters were effective in finding
promising regions to explore and furthermore, wseriesequently capable of finding the local
optima.
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9.3 Neighbourhood Search

The neighbourhood search technique is a vital asgeany metaheuristic. Often, the limits
of a search technique can have a detrimental efi@c¢he final solution quality of a solver.
Two key points were identified regarding the neigihood search quality. The first

concerns memory while the second concerns perrooati
* Memory

Due to the nature of simulated annealing, neightmasl moves are based on a continuous
random search of the local region. The acceptaficeuch a move is determined by the
probability of acceptance function. However, angfrof random moves which may lead to
good results is not ‘remembered’ by simulated alnmgaolvers. Instead, these solvers may
easily undo this opportunity with subsequent randooves. Therefore, the introduction of
some memory, such as a Tabu list in the Tabu Seaetaheuristic methodology, may
improve the search methodology of the Tesla and/iDai solvers. For example, if a string
of random moves results in a reduced total cost forbid the solvers from alternating these
changes for a fixed number of moves. A simpleraptnay be to introduce a basic Tabu list
which forbids recent changes for a fixed numberitefations. Memory can improve
diversification and intensification by allowing tkelver to select smarter moves at a quicker
rate to more promising regions in the search spatleer than continuously making random

moves.
* Permutations

The second aspect influencing the quality of thightsourhood search strategy concerns the
actual changes made to the schedule. SwapTeamaR®wads and SwapHomes are the
three neighbourhood strategies used in combinatiothis research. None of these use
ejection chains. If the scheduling problem only cemed a 1RR, these moves would
sufficiently explore all possible permutations hetsearch space. However for a 2RR, as
highlighted by Ribeiro and Urrutia [46], if ejeaticchains are not used, one may quickly get
trapped at schedules governed by the structuteegbdlygon method. This means that, if one
looks at the proposed schedules in Appendix Hetary slot of fixtures in a round, there is

an equal and opposite slot of fixtures in the otbend.

Ejection chains, which allow infeasible moves ahent create feasible schedules, can break

the structure of the initial polygon by modifyingpet one-factors to form a new one-
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factorisation set built by the polygon method. Alilgh complicated to code, if ejection chain
moves are used, a larger search space will exéshagher quality solutions will be found.

Interestingly, by looking at the official scheduleisthe EPL in the same appendix, it can be
seen that equal and opposite slots exist in eltb#rof the 2RR and therefore it is deduced

that the league creators also do not make usecti@y chains.

9.4 Trend Observations
Sample observations of the two simulated annegdnodlem solving techniques resulted in
decreasing trends. A sample observation of eachbeaseen in Figure 8 and Figure 10 of

Section 7.

In both cases, the trial solutions line producesdeglge shape with large oscillations at low
population levels and smaller oscillations as tloguytation level increases. Since the

temperature variable in the probability of accepeafunction at the start of the temperature
schedule is high, the probability of accepting aphill move is highly probable. This results

in large oscillations between trial solutions a tbw population levels. Conversely, as the
temperature variable decreases, the probabilitpagepting uphill moves decreases. This
results in the decreasing oscillation noise aspthygulation increases. It can be seen that
eventually almost negligible oscillations occur &vds the end of the population until zero
oscillation noise occurs. This suggests that a @i hill has been found by the solver and
is being explored further until the local optimupgssibly global, is found and cannot be

improved further.

If one observes the Da Vinci solver trend more @lpgFigure 10), it can be seen that there
are two disturbances, one at the 50xp®pulation level and another at the 100%10
population level. This is the stage where the sokmaploys reheats. It was found by
experimentation that if reheats were not employedirad these population levels the solver
would converge to a solution before reaching thigetalevel, as discussed previously. The
first disturbance clearly shows the trial solutiahgerging away from the decreasing trend
before returning to a decreasing trend beyond tbeeiqus best solution, analogous to the
solver escaping local hills and moving to more psang hills in the search region. The
solver can escape these local hills because theetature variable is increased in the
probability of acceptance function at the pointaieat. It is important to note that, although

less significant improvement occurs, the same happethe second disturbance.
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A straight line towards the end of the populatiorthe Da Vinci solver sample observation
can be seen (Figure 10). This is the region whesentll-climbing add-on is executed. Since
the line is straight for the majority of the tintljs indicates that no better hill exists in the
search vicinity. A small improvement in cost is mouat the end of the search which
represents the local optimal solution. Howeveisame trials, more improvement in cost was
observed during this phase of the solver’'s seahbith regards to the Tesla solver which also
used a hill-climber, on every occasion it was obseérthat a straight line exists at the end of
the population, which confirms that the local oglreolution was found.

Deceptively, both solvers produce sample obsemsatihich appear to decrease almost
linearly from a cost of approximately 40xX1(his is not the case. In fact, as can be seen in
Figure 9 and Figure 11, a rapid descent in totat eaists in the initial search phase. Since
the total cost assigned to the initial trial sauatiis high, regardless of the probability of
acceptance, almost any change improves the schaddles the reason for this rapid descent.
As for the appearance of a linear trend from th&189 total cost region, this can be
attributed to the cooling rate used. Since thislingorate is slow, close to one, the trend
appears almost linear. It was observed that a eteésgnd appeared for faster cooling rates of
approximatelyr < 0.5, however the solution quality decreased.

9.5 Results

The performance index in Table 12 (Section 8.2shthhat the Tesla solver outperforms the
Da Vinci solver in the key criteria of solution dity (gap&)) and reliability (Z(s)). Although
the Tesla solver produces superior solutions, thetisn quality of the Da Vinci solver is
comparable with the official schedules.

It is likely that the Tesla solver has a higher Iqyaof solution because it uses a slower
cooling rate and a flexible temperature scheduidikd the Da Vinci solver, the Tesla solver
persists in exploring all trial solutions in thenradiate region at each temperature before

deciding which hills to explore next and subseqyaeduce the temperature variable.

The Da Vinci solver was able to arrive at solutiopscker than the Tesla solver (ti(rg.
Primarily because the Da Vinci solver explored gwation of 15x16 as opposed to a
population of approximately 50xi@xplored by the Tesla solver. Interestingly, iswaund
that employing computing memory management andessiog techniques led to drastic
reductions, of up to nine times, in solving timeslifor this reason that solving speeds cannot

always be directly compared against other solvaatpniques (unless the speeds are orders of
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magnitude different). Computing techniques emplolyete to reduce solving time included
initialising variables, predefining variables, raghg duplicate functions within the
simulated annealing loop with variables and resgrvcomputing memory space in the
initialisation phase rather than building structur& programmer competent in lean code and
memory management can almost certainly improvesgigeds of the program coded in this

research.

9.6 Practicality
To establish the practicality of the proposed Taslaer, with regards to the real-world EPL

scheduling, the assumptions need to be justifiedtlae validity of the model determined.
e Assumptions

Transport, local services strain, policing consiiiand weight assignment are discussed

here.

Two fundamental assumptions made in the modelhetethe proposed schedules do not put
excessive strain on either the so-called ‘pinchapdransport routes or the local services.
Pinch-point routes are public transport routes Wwhigal fans would likely use to attend a
match. Excess strain on local services (i.e. médiod policing) arises when two home

games occur in close geographical proximity.

Strain on local services is reduced through comsti@07, which aims to prevent paired
teams from playing at home in the same slot. Adddlly, since rival fans are usually local
rivals, rival fans are supporters of paired teaws. a result, constraint CO7 can also

effectively reduce the likelihood of rival fans ngipinch-point routes.

It is therefore deduced that the two assumptiongenvéll be justified if constraint CO7 has a
low penalty count. If one observes the total casbkdown table, Table H10, it can be seen
that constraint CO7 is violated only once in thepmsed schedules of the three seasons
considered. Over the same period, constraint C&/wadated twice in the official schedules.
Therefore the respective assumptions are justifeedl the proposed schedules are
competitive. In practice, often such issues areimised by the league simply by assigning

some fixtures to Saturday and others to Sunday.

Concerning EPL policing constraints, it was statedhe literature that there are over 90

policing constraints (Section 3.2). Since it waffialilt to attain every constraint, it was

69



assumed that the high priority constraints werentified and considered in this research.
This assumption can only be justified if the impottpolicing constraints considered in this

model are approved by the British police.

If deemed necessary, additional constraints carfobmulated and coded. When adding
constraints it is important to note that weightigresient is relative. Therefore, constraints of
less importance have weights of less magnitudeho@igh the total cost will increase if
constraints with small weight are added, it is lygimlikely that it would have an effect on
the current solution. Conversely, adding constsagftlarger weight may result in solutions
which drastically differ from the current solutiohhe reason for this is that constraints of

larger weight will dominate since their weightsrsfgantly impact the total cost.

Interestingly, it was observed that if the magnétud some soft constraint weights were too
large, the solution quality decreased. This is bseaas the probability of accepting uphill
moves decreases over time, the likelihood of aaogphoves which violate these larger
weight constraints decreases, even if such a matenpally leads to good solutions.
Similarly, it was found that introducing some irdéality by reducing the weights of some
hard constraints, resulted in increased solutialityu This allows the solver to accept uphill

moves on its search path to promising regionserstarch space.

The reliability of the weights assigned to consitsiidentified in this model, presented in
Section 5.3.2, is another important consideratidmciv can influence solution quality.
Although a formal process was used to assign velateights to constraints, they are in fact
subjective. It follows that if the relative weightiorities are not accepted by the stakeholders,
the acceptability of a solution decreases. Howether, weights are constants and can be

adjusted in the problem parameter function in tbaec
e Validity

As can be observed in Table 13 (Section 8.3), geaps that the Tesla solver produced
superior results to the official schedule for theee seasons considered. The solution quality

and speed are discussed.

Schedules with an improvement in solution qualityableast 40% were found. However, as
discussed previously, weight assignment can be rdegtous issue and a source of
guestionable results. Therefore, if one also olesetlre violation columns, assuming that the

relative weight priorities assigned are similathiose used by the league, it can be seen that
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the Tesla solver also consistently found schedutesh violated fewer soft constraints while

violating no hard constraints. It is important tote that the solution quality gap of the

proposed schedule for the 2012/13 season is caabigiebetter than the official schedule. In

that season, as can be seen in Table H2 and Tdlfle thHe league published a schedule
which violated the hard constraint C104, which @ns facing opposition twice in a single

round of a 2RR.

Since the solver employed for the three seasonkeissame, the average solving time is
expected to be the same. An average solving tim&ahinutes was observed for all three
seasons. To place this in context, it was founthenliterature (Section 3.2) that Atos, who
have been scheduling the EPL league for almost &d¥sy currently have an estimated
solving time of up to 30 minutes. However, the sajvtechnique, degree of lean code and
computer specifications used by Atos is not knoWmerefore, the solving time of the Tesla

solver in its current state is comparable.

9.7 Novelty

Novelty is discussed here with regards to the oalify and uniqueness of the EPL

scheduling problem and the Tesla solver. The ERledaling problem is not a new problem

but to date, only one article by Kendall [4] onstiproblem exists in the literature. Even so,
discussed in Section 3.3.6, the article only carsidhe holiday period fixtures (i.e. Boxing

Day and New Year’s Day fixtures). It follows thdthmugh benchmarks exist for real-world

problems, a benchmark does not currently existiferEPL case. Considering that the EPL is
the most popular and highest valued league in thdywmore attention ought to be given to

its schedules.

Extensive research which exists in the field of regpascheduling concerns the break
minimisation and TTP distance minimisation probleisewever, the EPL sports scheduling
problem is a distinct problem (see Section 3.4)e HPL can be described as a highly
constrained problem where single breaks are allpvbed not over the holiday period
fixtures, where travel must also be minimised. Timakes the problem difficult to solve
using techniques traditionally used in sports sahed such as integer programming,

constraint programming and combinatorial optimimati

Equally, the simulated annealing Tesla solver eabails an original problem solving
technique. Currently, in all published sport schHeduresearch completed since 1968,

metaheuristic solving techniques are outnumbereatlgr solving techniques. Only about 30
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of the 250 plus articles referenced in the onlibealy published by Sigrid Knust [29] use
metaheuristic techniques. This is because earbBares was dominated by graph theory and
this was followed by a rise in integer programmiaghniques. However, it is observed that
in the past ten years, metaheuristic solving tepes are steadily rising and beginning to
dominated new research in this field. It is susp@that as time has passed, computing power

has increased exponentially and the potential ddheairistic techniques are being realised.

To compare the ability of the Tesla solver to wisaturrently used, one should compare the

current methodology employed by the league anckslts.

Reading literature in news articles on how Atosesities the EPL league, it is predicted that
Atos use a derivative of the first-break, then-sithe problem solving methodology. Kendall
[4] is currently working with the league with redarto minimising distance over the two

holiday period slots.

The solution quality and speed of the Tesla soilvere discussed previously under the
validity point in Section 9.6. The holiday periottdnce aspect of the solver in Table 13 is
discussed here. Summing the distance columns iteTHR it can be seen that the total
distance travelled over the three seasons for iygoged schedule is 13% less than the sum
total of the official schedules (official schedglem total of 10260 km and proposed schedule
sum total of 9054 km). Therefore, the Tesla sols@apable of finding high quality solutions
which not only violates fewer constraints than tfecial schedules but also reduces the
travel distance over the two holiday period sldtsmust be noted that the scope in this
research only considered the EPL and does notdadiue lower divisions which the league
does consider. However, the EPL teams have laagebdses and larger stadiums than lower
divisions. Therefore, by minimising the EPL travgkr the two holiday slots, less total travel
by all fans should result. Therefore, it is suggdsthat lower division fixtures are built

around the EPL schedule fixtures over these twis.slo

Apart from the distance minimisation aspect of HfeL, except for the 2011/12 proposed
schedule with a single violation, the Tesla solwas capable of finding schedules with semi-
complementaryHAP Setvectors for all paired teams (i.e. see C0O7 in @&l 0). The official

schedule published by the league violated this tcaim$ twice in the 2011/12 season.
Therefore, even though it is suspected that At@s s first-break, then-schedule problem
solving technique which aims to prevent such patiesues, the Tesla solver achieves

slightly better but comparable results.
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For the reasons discussed above, it appears thakdsla solver is a capable and superior
solving technique when used to schedule the EPis tapable of achieving both break
scheduling requirements and distance minimisateguirements while minimising other
constraint violations. Furthermore, it can achi¢vis without using combinatorial solving
techniques as used by the league. Considering thieme are numerous meetings with
different stakeholders to discuss issues which mexuire a change to the schedule,
metaheuristics can be ideal techniques to use.iFhiscause the current schedule in question
can be input as the initial trial solution of theasch. Weights can be adjusted and new
constraints can be added accordingly. This process be repeated until a high quality

schedule which addresses all stakeholder issdearis.

9.8 Transferability

Transferability concerns the ability of the Da Mirand Tesla solvers in solving different
types of optimisation problems (not necessarilyrispscheduling problems). The nature of
simulated annealing renders it easily transfertbkolving any type of problem, from linear
to non-linear problems. Simulated annealing becopagscularly useful in solving complex

problems such as highly constrained and NP-hartlgmts which would otherwise require
large processing power and time to solve usingittoal techniques such as integer

programming.

Selecting the solver, setting the solver parameterd formulating the neighbourhood
strategy ultimately influences the solution quabifyany problem and are necessary aspects

of any metaheuristic solving technique.

Like any problem, a researcher must first formuthte problem. A suitable neighbourhood
strategy, capable of searching the entire searecespor at least an acceptable portion

thereof, must be also devised.

A researcher must then decide which of the two Eited annealing frameworks presented in
this research bests suits the needs of the probfoiver parameters must also be
manipulated by experimentation to find a combinmatishich most effectively solves the
problem. Although the Tesla solver resulted in sgpesolution quality compared to the Da
Vinci solver in solving the EPL scheduling problemnwill not necessarily be the case for
other types of optimisation problems. Thereforehbsblvers should be considered before

selecting one to pursue further.
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Concerning the EPL problem presented in Sectidghéomanner in which the problem is laid
out enables for the adjustment of the problem’sap@&ters (Section 5.4) and constraints
(Section 5.3) according to a stakeholder’s neetlsetGports scheduling problems, for which
literature does not exist as yet, can also be dolv&@ng the core Da Vinci and Tesla
simulated annealing solvers and neighbourhood Bestrategy presented in Section 6.2.3.
The formulation and set of constraints specific thmse problems would have to be

developed.

This discussion is concluded with an illustratidrthee diverse sports scheduling capabilities
of simulated annealing. It was found in the litarat that this scheduling technique is
commonly used to solve artificial TTP problems camming baseball and ice hockey leagues.
In addition, it was also found that this problenvsw technique has been used in practice on
two occasions. Once to schedule the Australian /B39@omestic cricket league [53] and on

another occasion to schedule the national New Addasketball season of 2004 [54].
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10 CONCLUSION AND RECOMMENDATIONS

10.1 EPL Scheduling Problem

Section 3.4 states that football sports schedutirgblems and benchmarks exist for the
Austrian, Chilean, Belgium, German and Braziliaagees. Surprisingly, in the benchmark
article presented by Nurmi et al. [3], a probleamiework and benchmark does not exist for
the EPL, which is the league with the largest follgy and value in the world. Nurmi et al.
[3] subsequently challenges the sports schedulorgnaunity to solve the unsolved real-

world instances such as this research.

It was highlighted in the same section that theumgabf the EPL scheduling problem is
different to other real-world football sports schkdg problems. This is because all those
leagues with a benchmark concern either the breakmsation problem or the travelling

tournament problem. In comparison, the EPL relakesbreak constraint and requires the

travel over the holiday period slots to be minirdise

10.2 Objective Conclusions
Here, the answers to the three objectives postdt:dieginning of the research, Section 2, are

concluded.
* Identify EPL scheduling stakeholders and their respctive requirements

Stakeholders involved in EPL scheduling were idettifrom the literature (Section 3.2).
Key stakeholders were found to be the league aitit(i.e. the Premier League), the clubs,
the fans, the police and the public transport attihs. Except for the latter, beyond the
scope of this research undertaking, those requimsmehich could be found from the

literature were gathered.

A formal weight assignment method was used to thssign priorities to stakeholder
requirements. Apart from those requirements whialstmbe met (i.e. hard constraints),
relative weights were assigned to constraints . constraints) according to the estimated
value of the EPL, UCL, UEL and FAC. Since the pti@nearnings from the FLC were
determined to be comparatively small, it was notstdered further.

Discussed in Section 9.6, the solution qualityhas tesearch is highly dependent on whether
the significant stakeholder requirements were ifledt and whether the relative weight

assignments used accurately depicts the stakehmiideities.
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» Develop an EPL scheduling technique

Considering the scheduling techniques found iditamture, two EPL scheduling techniques
were formulated and developed. Named the TeslaDmnd/inci solvers, these scheduling
techniques have their roots in simulated annealifige two methodologies and their

respective solver parameters are summarised next.

Although the Tesla and Da Vinci solvers are simada@nnealing solvers, they have
dissimilar methodologies. The Tesla solver uselexalie temperature schedule and slower
cooling rate while the Da Vinci solver uses a fastling rate, fixed temperature schedule
and a reheat strategy. With the flexible tempeeatghedule used in the Tesla solver, the
temperature changes only after a consecutive nuofly@n-improving moves are made. The
aim was to allow the solver to effectively seardlhhdls in the local search region before
deciding which hills to explore further. On the ethhand, at the end of the temperature
schedule in the Da Vinci solver, a reheat stratergates a new temperature schedule with
reduced temperatures. The aim was to allow theesdly escape hills which it can get
trapped in at low temperatures due to its fastelimg rate. In both cases, a hill-climbing
add-on supplemented the solvers. Particularly ehDa Vinci solver, it was found that the
hill-climber effectively produced better quality Istbons. This is because it allowed the
solver to escape small hills in the final hill aieavas searching to find the best solution in

this search vicinity.

Both solvers used the same neighbourhood searchistieuA combination of three
neighbourhood strategies found in the literatures waed. The SwapRounds, SwapHomes
and SwapTeams strategies were observed to be iedfeathen used in tandem. In
comparison, it was found that employing only a kngirategy did not sufficiently explore
the search space. Opportunities for improvemenh wégards to the search strategy are
described later (Section 10.3).

To initiate the solvers, an initial trial solutiovas required. In this regard, since it is difficult
to create manually, a polygon method describetiaenliterature was used and is presented in

Appendix F.

Table 10 and Table 11 (Section 6.2.5) show theesgharameters used in each of the Da
Vinci and Tesla solvers. These parameters weresseg) a combination of trial and error and

practice found in the literature.
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» Validate the EPL scheduling technique using threenstances

It was found in the results (Table 12 in Sectio®) 8hat the Tesla solver produced superior
results in terms of solution quality and relialyilitompared to the Da Vinci solver for the
2013/14 season. Although the Da Vinci solver caubd match the solution quality of the
Tesla solver, it was found that the solution qyakias at least comparable with that produced

by the league (total cost gap of +4%).

The Tesla solver was then selected and validatecbbyparing its results to official results
over three seasons, from the 2011/12 season @20tt#/14 season (Table 13 in Section 8.3).
Over these three seasons, assuming that the weaigkts accurately depicted constraint
priorities, solutions with at least 40% improvemansolution quality were found. However,
the solving speed is slightly slower at 40 minutesnpared to Atos’s 30 minutes. Even
though it is slightly slower, the solution qualisyof more importance.

10.3 Recommendations
Three recommendations for further research into EEteduling are presented. A fourth

recommendation concerning other real-world footbalieduling instances are shown.
* Limitations

Limitations of this research were presented antifigd in Section 6.1.2. For example, only
the paired teams in the EPL were considered, whieleague actually pairs teams across
multiple divisions. It was justified since it is gmble for other leagues to be scheduled
around the significantly higher valued EPL leag&ech limitations however, could be
considered further.

* Holistic system

A more holistic model can be formulated. Refereggmnent and timeslot assignment with
the use of Balanced Tournament Design discussékeiditerature (Section 3.3.3) are two
such cases. As another case, one could incorpivasitgport route considerations which aim

to minimise the pressure on certain routes.

* Neighbourhood strategy

One key aspect identified and discussion in Sec8idh which is likely to significantly

improve the solution quality of the results is tlt@ghbourhood strategy. Anagnostopoulos et
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al. [44] and Riberiro and Urrutia [46] agree thake tSwapRounds, SwapHomes and
SwapTeams strategies cannot sufficiently explogestrarch space. Therefore, it is suggested
that a strategy is formulated which uses ejectlmairs. Examples of such moves include the
PartialSwapRounds and PartialSwapTeams strateggsoged by Anagnostopoulos et al.
[44] and GameSwap by Riberiro and Urrutia [46].

» Other real-world football scheduling instances

It was highlighted in Section 3.4 that the naturéhe EPL scheduling problem is different to
other published real-world football sports scheuylproblems. Further research may be
conducted using the solving methodologies formdlatethis research to solve other real-
world instances. The results of those instancestloam be compared to published results in

the literature if it exists.

10.4 Conclusion

To conclude, this research presents a scheduleithiggue which answers the request by
Nurmi et al. [3] to provide a framework and benchknor one of the unsolved real-world

sports scheduling problems. A simulated anneakefrique was used and verified. Results
were then validated over the last three seasomstlyl dhe EPL scheduling problem and
solutions presented in this research (with its @ased violations and travel distances)

provide a maiden instance and benchmark for tHesredd EPL scheduling problem.
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APPENDIX A
GEOGRAPHIC POSITIONS OF 2013/14 EPL TEAMS

The points on the maps below indicate the spreadashs across the United Kingdom. The

close geographical locations of some teams caedr is these maps and justifies why some

teams are ‘paired’.
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APPENDIX B
KEY DATES AFFECTING EPL SCHEDULING

In this appendix are the key dates and correspgnslots which must be considered in the

scheduling of the EPL. Three seasons worth of al@gresented in the tables.

Bank Holidays
Table B1: UK Bank Holidays [56]

Holiday 2013/2014 (slot) | 2012/2013 (slot) [ 2011/2012 (slot)
Summer Bank holiday 26 Aug 13 2 |27 Augl1l2 @ |29 Augll @)
Boxing Day 26 Dec 13 (18) | 26 Dec 12 (19) | 26 Dec 11 (18)
New Year's Day 01Jan14 (20) |01Jan 13 (21) | 02Jan 12 (20)
Good Friday 18 Apr 14 35) [ 29 Mar 13 (31) | 06 Apr 12  (32)
Easter Monday 21 Apr14 @35) [ 01 Apr13 @1 |09 Aprl2 (32
Early May Bank holiday 05 May 14 (37) | 06 May 13 (36) | 07 May 12 (37)

It is important to note that Good Friday and Easfenday only influence one slot since
these public holidays are over one weekend. Aldgewarthy is that the slots for the holiday

period fixtures (i.e. Boxing Day and New Year’'s Daye not on the same slots every year.
Domestic Cup tournaments

The FAC competition commences with the preliminaoynds in mid-August with the EPL

teams only entering in the third proper round ef tbmpetition.

Table B2: FAC round dates [5]

Round 2013/2014 slot)y | 2012/2013 (sloty | 2011/2012 (slot)

Third Proper | 04 Jan 14 (20-21) | 05-06 Jan 13 (21-22) | 07 Jan 12 (20-21)
Fourth Propef 25 Jan 14 (22-23) | 26-27 Jan 13 (23-24) | 28 Jan 12 (22-23)
Fifth Proper 15 Feb 14 (26-27) | 16-18 Feb 13 (26-27) | 18 Feb 12 (25-26)
Y finals 08 Mar 14 (29-30) | 09-10 Mar 13  (29-30) | 17 Mar 12 (29-30)
1 finals 12-13 Apr 14 (34-35) | 13-14 Apr 13 (33-34) | 14-15 Apr 12  (34-35)
Final 17 May 14 (NAy | 11 May 13 (N\/A) | 05 May 12 (N/A)

The final is contested by only two teams and fag thason is not considered in the constraint
formulation (C105). If it were considered, since 8105 constraint assumes that all teams’

progress, penalties would be unnecessarily incurred

With regards to FAC games which result in draws aodsequently replays, the Premier

League takes responsibility for postponing affed@d. fixtures (usually to midweek).
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European tournaments

Different criteria exist for how, and at what stageams enter the two European

competitions. The two tables below show the datescrresponding slots for the UCL and

UEL respectively. Although similar, the affectedtslfor the UCL and UEL can be different.

Table B3: UCL round dates [57]

D)

Round 2013/2014 (slot) 2012/2013 (slot) 2011/2012 (slot)
Group, match 1 | 17-18 Sep 13 (4-5) 18-19 Sep 12 (4-5) 13-14 Sep 11 (4-5)
Group, match 2 01-02 Oct 13 (6-7) 02-03 Oct 12 (6-7) 27-28 Sep 11 (6-7)
Group, match 3 | 22-23 Oct 13 (8-9) 23-24 Oct 12 (8-9) 18-19 Oct 11 (8-9)
Group, match 4 | 05-06 Nov 13 (10-11) 06-07 Nov 12 (10-11) 01-02 Nov 11 (10-11)
Group, match 5 26-27 Nov 13 (12-13) 20-21 Nov 12 (12-13) 22-23 Nov 11 (12-13)
Group, match 6 | 10-11 Dec 13 (15-16) 04-05 Dec 12 (15-16) 06-07 Dec 11 (14-15)
Rnd of 16, leg 1 | 18-19/25-26Feb 14  (26-27/27-28) | 12-13/19-20 Feb 13 (26-27) 14-15/2F&b 12 (25-26)
Rnd of 16, leg 2 | 11-12/18-19 Mar 14 (29-30/30-31) ~ 05-06/12-13 Mar 13~ (28-29/29-30) | 06-07/13-14 Mar 12  (27-28/28-2
Yafinals, leg 1 01-02 Apr 14 (32-33) 02-03 Apr 13 (31-32) 27-28 Mar 12 (30-31)
Y4 finals, leg 2 08-09 Apr 14 (33-34) 09-10 Apr 13 (32-33) 03-04 Apr 12 (31-32)
% finals, leg 1 22-23 Apr 14 (35-36) 23-24 Apr 13 (34-35) 17-18 Apr 12 (34-35)
% finals, leg 2 29-30 Apr 14 (36-37) 30 Apr-1 May 13 (35-36) 24-25 Apr 12 (35-36)
Final 24 May 14 (N/A) 25 May 13 (N/A) 19 May 12 (N/A)
Table B4: UEL round dates [58]

Round 2013/2014 (sloty | 2012/2013 (slot) | 2011/2012 (slot)

Group, match1 | 19 Sep 13 (4-5) | 20 Sep 12 (4-5) | 15 Sep 11 (4-5)

Group, match 2 030ct13 -7 |04 0Oct12 (6-7) | 29 Sep 11 (6-7)

Group, match3 | 24 0Oct13 (89 |250ct12 (8-9) | 20 Oct 11 (8-9)

Group, match 4 [ 07 Nov 13 (10-11) [ 08 Nov 12 (10-11) | 03 Nov 11 (10-11)

Group, match 5 28 Nov 13 (12-13) | 22 Nov 12 (12-13) | 30-1 Dec 11 (13-14)

Group, match 6 | 12 Dec 13 (15-16) | 06-07 Dec 12 (15-16) | 14-15 Dec 11  (15-16)

Rnd of 32,leg1| 20 Feb 14 (26-27) | 14 Feb 13 (26-27) | 14-16 Feb 12 (25-26)

Rnd of 32,leg 2| 27 Feb 14 (27-28) | 21 Feb 13 (26-27) | 22-23 Feb 12  (25-26)

Rnd of 16,leg 1| 13 Mar 14 (29-30) [ 07 Mar 13 (28-29) | 08 Mar 12 (27-28)

Rnd of 16,leg 1| 20 Mar 14 (30-31) | 14 Mar 13 (29-30) | 15 Mar 12 (28-29)

Yafinals, leg 1 03 Apr 14 (32-33) | 04 Apr 13 (31-32) | 29 Mar 12 (30-31)

Yafinals, leg 2 10 Apr 14 (33-34) | 11 Apr 13 (32-33) | 05 Apr 12 (31-32)

% finals, leg 1 24 Apr 14 (35-36) | 25 Apr 13 (34-35) | 19 Apr 12 (34-35)

Y% finals, leg 2 01 May 14 (36-37) | 02 May 13 (35-36) | 26 Apr 12 (35-36)

Final 14 May 14 (nA) | 15 May 13 (N/A) | 09 May 12 (N/A)

It was stated in Section 6.1.2 that, like the FACis assumed that the EPL teams will

progress to the latter stages of the European dmiops. Therefore, constraints C102c and
C102e as well as C102d and C102f hold until thei$m@ rounds. Justifying the decision to

leave the finals out of the calculation is that th€L finals takes place after the league
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concludes while the UEL usually takes place betbeelast game of the season and has little

effect on their European prospects.

Club away requests
The table which follows is used for constraint @@dich concerns the away requests of clubs
(or police request). It must be stressed that emts identified here are not a definitive list

but rather a list of those events which have bdentified from the literature.

Table B5: Club Away Request

Event(fected ibs) | 2013/2014 (o) | 2012/2013 oy | 2011/2012  (slo)
Manchester Pride 23-26 Aug 13 (@ | 24-27 Aug 12 @ |2729 Aug11l @
(Manchester clubs)
Notting Hill Carnival 25 Aug 13 @ |26 Aug 12 @ |28 Aug 11 ®

(Chelsea, Fulham, QPR)
Cardiff Mardi Gras
(Cardiff)
Bupa Great North Run | 15 g0 13 @ |16 Sep 12 @ |18 sep11 ©)

(Newcastle and Sunderland)
Sunderland Pride

(Sunderiand) 01 Sep 13 @) | 23 Sep 12 ) | 25 Sep 11 (6)
Labour Party Conference

2012 (Manchester clubs) - 30Sep-040ct12 (6 |25-29Sepl1ll (o)

2011 (Liverpool, Everton)
Conservative Party

2013 (Manchester clubs) 29 Sep 13 6 | 07-10 Oct 12 (m | 02-050ct11 (0
2012 (Aston Villa, WBA)

2011 (Manchester clubs)
Boat race 06 Apr 14 (33) | 31 Mar 13 31) | 07 Apr 12 (32)

(Chelsea, Fulham)

31 Aug 13 ® |- -

Crabbie’s Grand National o3 o5 Anr 14 (33) | 04-06 Apr 13 @2) | 11-14Apr12 )

(Liverpool, Everton)

Published domestic dates

The fixture list for the 2013/14 EPL was confirmadd announced on 19 June 2013.
Meanwhile, the FAC dates had already been presentdte FA Competitions Department
bulletin on 10 May 2013.

Published European cups dates
Dates for 2013/14 season of the two European ¢hes)CL and UEL, were uploaded on the
UEFA site on 14 May 2013.
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APPENDIX C

TEAM CODE AND STADIUMS

The table below lists the stadiums of the 201320412/13 and 2011/12 EPL teams. These

stadia names where entered into Google maps tondatethe relative driving distances. To

avoid cluster, only unique stadia names are showntfle names of stadia are provided if it

is not shown before in the table).

Table C1: Team code and stadia

Team 2013/14 Stadium 2012/13 Stadium 2011/12 Stadium
code team team team
t1 Man Utd. Old Trafford Man City Man Utd.
t, Man City Etihad Man Utd. Chelsea
t3 Chelsea Stamford Bridge ~ Arsenal Man City
ts Arsenal Emirates Tottenham Arsenal
ts Tottenham White Hart Lane  Newcastle Tottenham
ts Everton Goodison Park  Chelsea Liverpool
t; Liverpool Anfield Everton Everton
ts West Brom. TheHawthorns  Liverpool Fulham
tgy Swansea Liberty Stadium  Fulham Aston Villa
t1p West Ham Boleyn Ground  \West Brom. Sunderland
t11  Norwich City Carrow Road Swansea West Brom.
t1o Fulham Craven Cottage  Norwich City Newcastle
tiz3 Stoke City Britannia Sunderland Stoke City
t14 Southampton stMary's Stoke City Bolton Reebok
t15 Aston Villa Villa Park Wigan Athletic bw stadium  Blackburn Ewood Park
t16 Newcastle StJames' Park  Aston Villa Wigan
t;7 Sunderland  StadiumofLight QPR Loftus Road  \Wolverhampton Molineux
tig Hull City KC Stadium West Ham Norwich City
tig Cardiff City  Cardiff City Reading Madejski QPR
too gggg Selhurst Park Southampton Swansea
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APPENDIX D
PRE-SOLVER BIP (HOLIDAY PERIOD INTEGER PROGRAM)

A binary integer program was formulated to find tgimal distancgminimised) which
teams would travel over the two holiday period unets (i.e. Boxing Day and New Year’'s
Day fixtures). This is necessary since the simdlatenealing program compares the distance

travelled in a given candidate solution to thathaf optimal distance.

Matlab’s built in binary integer program (bintproggn be used to solve this problem but can
take hours to solve. Alternatively, one could uee CPLEX plug-in which solves the
problem in under a second. Matlab requires inpuhefformAx = b and/orAx < b whereA
represents the binary constraint matmxyepresents the binary output vector dndhe

constant vector values of the constraints.
Objective
The linear objective of the problem is to minimike distance travelled.
8 = Zmin = Dij. Xij + D;.Yi; (array-wise matrix multiplication)
Zmin = GX11+ ChXa 2+ ... + Cho2ok20,20t Chay11+ Chy12+ ... + Cho2dyz0,20(vector form)
Parameters

The distances between each team (measured in kileshevere found by determining the
relative driving distance between each stadiumgu&aogle Maps (Appendix C).

The parameter used to represent these distanst®wen in Table D1 with the respective

values for the 2013/14 season shown in Table D2.

Table D1: Driving distances parameter matrix (D)

0] ty . tatis o tao

t dig  di e o iz
t2 o1 O - oo Gogo
tatis

tio dlg,l d19,2 e d19,19 de,ZO

t2o d20,1 d20,2 o d20,19 d20,20
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ts | 135
te | 379
341
392
338
81

368
141
243
240
167
319
352

195
312
15
180

250
136
184
450
447
337
251
21

318
19
174

23
253
152
187
451
447
303
258
26

Table D2: Driving distances between stadiums [km]

398
360
411
358
100
385
157
282
279
203
335
368

500 300 307 284 251 579 575 4 313

t7 tg ty tio t1 to tiz tia tis tie t7 tis tie to
53 135 379 341 392 338 81 368 141 243 240 167 3382
58 133 377 339 314 338 80 367 141 229 226 153 3392
354 210 300 20 199mvEM 260 125 202 451 448 347 241 14
336 195 312 15 180 18 250 136 184 450 447 337 224
200 318 19 174 23 253 152 187 451 447 303 256
154 398 360 411 358 100 385 157 282 279 203 3358 (36
150 394 356 407 353 97 383 156 278 275 203 335 |367
266 83 64 23 341 338 230 186 228

356 174 23 269 145 204 450 447 303 259 95
407 266 204 322 327 255 414 412 245 441 200
353 83 300 23 124 201 458 455 346 240 16
97 64 307 269 297 70 315 238 204 248 281
383 238 284 145 327 1247 220 521 517 408 224 147
1 251 204 255 20 70 22 330 327 217 191 215

278 341 579 450 414 4585 3521 229 520 473

275 338 575 447 412 4558 2817 517 470

203 230 469 303 245 3464 2008 217 229

335 1 250 441 240 248 224 191 520

367 223 313 25 200 16 281 1815 473 470 360

It is important to note that the diagonal has bassigned a Big-M distance of 1X1km

since a team cannot compete against itself.

Variables

Below are the two holiday period matrices. For glmation purposes, the New Year's Day

matrix is represented by a Y matrix when in fach isontinuation of the X matrix (i.§; 1=

X211 etc.).

Table D3: Boxing Day variable matrix (X)

i j
t1
t

ta-tis
tio

t2o

t1

t

tz-lis

tio

t20

X1,1

X2,1

X19,1

X20,1

X1,2

X2,2

X19,2

X20,2

X1,19

X2,19

X19,19

X20,19

X1,20

X2,20

X19,20

X20,20

0y
t1
t
ta-tis
tio

t2o

Table D4: New Year's Day variable matrix (Y)

ty tp tetig o t2o

Y1 Y12 Y9 Y120
Y21 Y22 Y219 Y220
Y191 Y192 Y1919 Y19,20
Y201 Y202 Y2019 ¥20,20
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As per the nature of binary integer programmingyatfiables are binary:

{1, if team t; plays at home in slot s;
x. i) .. = .
i Vi 0, otherwise

Constraints

Linear equality and linear inequality constraintdhee formAx = b andAx < b respectively
are shown. The constraints were formulated to enslat a feasible solution would be

calculated.

A) Linear inequality constraints of the forn< b are listed:

C12c. Teams cannot have consecutive home (or dvadigay period fixtures.

in,j-l-yi,j <1 Vi
j=1

Conversely, a team may only play away on one ofwloeslots.

in']"f‘ yi_]‘S1 V]

i=1

C108. The holiday period fixtures on Boxing Day slgonot be repeated on New Year’s Day
(|e if X51= 1 theny5,1;£ 1)

xl-,]- +y]-_i < 1 Vl,]

B) Next, linear equality constraints of the fofxE b are listed:

Each team plays exactly one fixture per slot.

le"j+ xj,i:]' VJ

i=1

ZYi,j +yi=1 vj
i=1

Forn = 20teams, there will be exacthy/2 = 10fixtures per holiday period slot.
Z xilj =10 v l,]
Z yi,j =10 v l,]

91



C) Big-M

Other linear constraints include constraints C1@2d C103. These constraints can be
mathematically shown a& = 0. However, in this case, Big-M is used instead itop$ify

coding.
C102b. Avoid strength fixtures within the holidagrimd.

Here, since the strength teams are defined as teanwst; (see Table 7 in Section
5.4), the top left square of the driving distanaklé¢, Table D2, is assigned a Big-M
distance.

C103. Paired teams should not be assigned to lygheiaod fixtures.

Similarly, paired teams (Table 7) are assignedgaNBidistance in the Table D2.
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APPENDIX E
EPL SCHEDULING PROBLEM (MATHEMATICAL
FORMULATION)

A simulated annealing approach was used to guieesdlarch for a good solution. The total
cost assigned to a solution was found by combitinegpenalties associated with the home-

away pattern seHAP Se} with those associated to the timetable $eb¢}.
Objective

The objective is taminimise the total costincurred by a particular candidate solution (with

no hard constraint violations which would resulamundesirable or infeasible solution).
Znmin =, penalties (Such that the cumulated hard constpainalties = 0)
Parameters

It is important to note that the parameters defihede are for the 2013/14 EPL season.

Parameter data can be found in Section 5.4 angpeAdix B.
® denotes the penaltfes ocy (i.e. penalty for violating C113 isc12).
d denotes the optimal holiday period driving dis&in

Yox Ypys fYpl ~ denotes the paired team set onetl, b, &, ts, to, tie}, the paired team set two
{to, t1o, 5, t7, 115, t1g, t17} @and the number of paired teams respectively {ne.
this caseyp2x andypzy are paired teams and therefore teaiant team:b are

paired teams in a set of seven paired teams).

&, El denotes the strength team set {1, t3, U, t5, t} and the number of strength
teams.
Nt MMl denotes the away request team sett{, to, to, t3, t3, t, t7, t12, 2, t1e, 17, t17,

tig}, the away request slot set{ s, ©, %, S, 3, B3 B3 0 S3 S B, S, B}
and the number of requests (i.e. teametjuests an away fixture for slots s
and g).

o o denotes the UCL team sef, {t, t3, ts} and the number of UCL teams.

" A cost is assigned for each constraint violatibefinitions of the constraints, their codes andpeesive
weights can be seen in Section 5.3.
8 Calculated in the Pre-Solver BIP (Appendix D).
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P, Pry, kpr]  denotes the UCL fixture slot one set, {8, S, Sio, Stz S5, 96 $7. S0, S0, B2,
S33, S5, Sse}, the UCL fixture slot two set {5 7, S, Si1, Si3, Sier ©7, S8, S0, S1,
S33, S84, 86, 87t @and the number of UCL fixtures.

My M denotes the UEL team sei, {t} and the number of UEL teams.

Mx, My, x|~ denotes the UEL fixture slot one set, {8, %, Sio, Si2: S5, 96 97, 9 S0, B2,
S33, S5 S}, the UEL fixture slot two set {5 &7, &, Si1, Si3, Sier ©27 S8 S0, S8,
S33, S84, 86, 74 @and the size of UEL fixtures.

Ui, ly, x|  denotes the FAC slot one seto{Spo, 6, S0, S4}, the FAC slot two set {5,
S3, 97, S0, 51 and the size of FAC slots.

K, K] denotes the Bank Holiday slot set,{Ss, S0, S5 S7+ and the number of bank
holiday slots.
01, 02 denotes the equatioag= truncate [|x|/2] ando, = integer [|x|/2] (i.e. if |x| =

4, theno,; = 2 ando, = 2 but if |x| = 5, thens; = 2 ando, = 3).

T, [t] denotes the holiday period slotsg{so} and the holiday period size.
Q, Q| denotes the reverse slots4{Ss} and the reverse slot size.
Variables

Table E1: Schedule variable matrix (F)

ts St S S-Ss6 S7 S8

t fig fi2 e fizr  fias
t2 far a2 - fozr  foas
tatis

tio flg,l f19,2 e f19,37 f19,38

t2o f20,1 f20,2 o f20,37 f20,38

This matrix is of size [20x38] since there are 20teams in the league with a total2yf-2 =
38 games per team (19 home and 19 away fixtures 2RR format). Integer variablis
represents the opposition for te&mm a particular slos with a positive and negative integer

representing a home, or away, fixture respectively

frs = integer

°® Example: fo o= +5 indicates that team 19 has a home fixtureyafixture if -ve) against tearg ih slot $
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Constraints

For the purpose of analysis, the variables froml @ &i were translated into binary intedpér
(Table E2) and absolutaef (Table E3) versions. Respectively, tHAP Setand T Set
constraints use these translations. HAP Setconstraints] Setconstraints and constraints

regarding distance travelled in the holiday pestais are shown below.

A) HAP Setconstraints are listed:

Table E2: Schedule HAP Set variable matrix (bin&jy~

t,s S S S-Sge Sg7 Ses
t bfis  bfis . bfis;  bfiss
tz bf2,1 bf2,2 e bf2,37 bf2,38

tatig
tio | bfigs bfig, ... bfigsr  bfigas
to | bfaos bfoz ... bfosz  bfaoss

A home fixture is represented by the number ondendm away fixture is represented by a

zera®,

bf,, = {1, if teamt plays at home in slot s
ts 70, otherwise

C13. A team cannot have more than two consecutweehgames.
36
if z bfis+ bfisi1 + bfisi2 = 3,then count violations - w¢y3 vVt
s=1
C14. A team cannot have more than two consecutiag games.
36
if Z bfis + bfesi1 + bfesia = 0,then count violations * w¢y4 vVt

s=1

C12a. Avoid a break on the first two slots of tkason.
if Z bfi1 + bfi, # 1, then count violations * w¢yzq Vit
C12b. Avoid a break on the last two slots of thessa.

if Z bfi37 + bfi3g # 1, then count violations * w¢yzp vVt

19 Example: if foo=+5, then bfy , = 1 since teamd has a home fixture in slo,$ut if fig, = -5, then bfy,= 0
since this would indicate that teayptias an away fixture in slof.s
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C12c. Teams cannot have consecutive home (or avadiglay period fixtures.

Il

if z bfir # 1,then count violations * w¢101 vVt
=11
C106. Each team should have an equal number of lammdeaway Bank Holiday fixtures,
assuming an even number are scheduled.

x|

if Z bfi« # 0, or o, , then count violations * w¢ye Vit

C105. EPL matches either side of a FAC fixture #thowot both be away from home.

[ngl
if Z bft,ufx + bft,ufy # 1,then count violations - w¢qgs vVt
Hr=Hr1

C04. Some teams should not necessarily play at hoertain slots.

Mgl
if Z bﬁ]trﬂf # 0,then count violations - w¢o, v 1:
NfF=Nr1
CO7. There should be at least zero and at moshome game between paired teams in the
same slot (i.e. complementary pattern vectorsernhP Sefor paired teams).

s=38

if Z bfvpx_s+bfvpy,s = 2, then count violations - w¢gyy VY
s=1

C110. The sum of the bina®JAP Seffor each team must equal/2.

38
if Z bf.s # 19, then count violations * w¢y1¢9 vVt

s=1
C111. The sum of the binaHAP Seffor each slot must equal2.

20

if Z bfis # 10, then count violations * w¢y11 Vs
t=1
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B) T Setconstraints are listed:

Table E3: Schedule T Set variable matrix (absole~

t, s St S S-Ss6 S7 S8

t afi,  af . afiz;  afias
t ahby  ah; e ahar  abas
ta-tis
tio afig1  afio e afiosr  ahoas

t2o afo1 ahos e abosr  aboas

The opposition for a team in any given slot is esented by a positive integer numefhe

negative values in the schedule (Table E1) arelaesb(i.e./f2 ).

af.s > 0,integer representing the opposition of team t in slot s

C102a. Avoid strength fixtures on the first gamehaf season.

lel

if Z afe1 = team in set €, then (count violations + 2) * w¢1924 Ve
Note: Since the reverse fixtures are also coumtdtlis sum function, the cumulated count is
divided by two (i.e. if team tplays teamgtin slot g, thenaf; ; andaf, ; represent the same
single fixture but is counted twice in this formiide and therefore must be divided by two).

C102b. Avoid strength fixtures within the holidagrimd.

lel

if Z afgr, + afer, = teamin set €, then (count violations + 2) * w¢1o2p Ve

£=gq

C102c. EPL matches prior to a UCL fixture shouldl lm® against strength group teams.

[bel
if Z afq,th,fx = team in set €, then count violations - w¢1z¢ V dry
be=bt1

C102d. EPL matches prior to a UEL fixture shouldl lm® against strength group teams.

[Ael

if Z af;lt,;\fx = team in set €, then count violations * W¢1024 Y Arx
Ae=At1

1 Example: if fo= +5, then ab , =5 since team 19 has a fixture against tegmglot s. Similarly if f;g,= -5,
then afy = 5 since team 19 is still playing against teain slot s.
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C102e. EPL matches succeeding a UCL fixture shoolde against strength group teams.

[t
if Z afq,t,q,fy = team in set €, then count violations - w¢1ze YV §ry
be=bt1

C102f. EPL matches succeeding a UEL fixture shooldbe against strength group teams.

[Ae]

if Z afxt,xfy = team in set €, then count violations - w¢yoz2¢ Y Ary
At=Ae1

C108. The Boxing Day fixtures should not be repeaie New Year’s Day.

20

ifz bfi~, — bfir, = 0,then (count violations + 2) - w¢qog

t=1
C103. Teams in the paired group should not be aaditp holiday period fixtures.

[vpl

if Z bfvpx,t = bfypy,t: then (count violations + 2) * W¢1o3 V1t
Yp=Yp1

C104. The first round-robin must be completed ketofixture can be repeated in a 2RR.

19 38
ifz bfes — Z bfis # 0,then count violations * w¢1g4 vVt
s=1 s=20

C112. The sum of each absolute entry in tofteam) in the timetabl@ Setof a compact

2RR consisting oh teams must equal} n)-2t

20

38
ifz bfes * 2 <Z n) — 2t, then count violations * W¢q12 vVt
s=1 n=1

C113. The sum of each absolute entry in colg(slot) in the timetabl@ Setconsisting oh
teams in a compact schedule must eguml

20 20
if Z bfis * z n,then count violations - w¢q13 Vs
t=1

n=1

C19. There should be at le&st 12 slots between two fixtures with the same oppon@rés

there are 12 fixtures betwegi and(,).

if duplicate fixtures exist in bf; o, — bf; q,, then count violations - w¢qq vVt
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C) Holiday period driving distance:

Since the distance parameter table was used isitndated annealing solver as well as the

pre-solver BIP, the pre-solver BIP distance talbkb{e D1) is repeated in Table E4.

Table E4: Driving distances parameter matrix (D)

0] ty . tytis o tao

to dii i - Chiig iz
tz 1 oo v this  Chao
te-tis
tig | Oioa Choz ...  Chote  is2o
too | Goox Coz ... Choto G20
dij=0

C107. The travelling distance to away holiday perfcxtures should be minimised (i.e.
compare the total holiday period distance of a hatd solution to the optimal distance
determined using the pre-solver BIP formulated ppéndix D).

20 20
z dt,afml + z dt,afm2 — 26 = then count - w¢1g7
t=1 t=1

Note: Since the above function sums the distanceaoh fixture in each holiday slot twice

(i.e. the reverse is calculated too), thdistance, determined in the binary integer program
must be doubled.
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APPENDIX F

POLYGON INITIAL TRIAL SOLUTION

The initial trial schedule required by the simuthenealing solver was constructed using the

polygon construction principles described in Sett#3.7 and is presented in matrix form

here.

team, slot
t
t
ts
ta
ts
ts
t7
ts
to
tac
ti
tiz
e
tas
tie
tie
t7
tie
tie

tac

team, slot
t
t
ts
4
ts
ts
t7
ts
to
tac
t
tiz
e
tas
tie
tie
t7
tie
tic

toc

Table F1: Polygon schedule

St S S S S S S S S Sic Si1 S12 S1z S14 Sis Sie Si7 Sie Sig
20 3 5 7 9 11 13 15 17 19 -2 -4 -6 -8 -10 -12 -1416 -18
-19 20 4 6 8 10 12 14 16 18 1 -3 -5 -7 -9 -11 -135 -17
-18 -1 20 5 7 9 11 13 15 17 19 2 -4 -6 -8 -10 -124 -16
-7 -19 -2 20 6 8 10 12 14 16 18 1 3 -5 -7 -9 -1:113 -15
-16 -18 -1 -3 20 7 9 11 13 15 17 19 2 4 -6 -8 -1a2 -14
15 -17  -19 -2 -4 20 8 10 12 14 16 18 1 3 5 -7 911 -13
-14 -16 -18 -1 -3 -5 20 9 11 13 15 17 19 2 4 6 -80 -12
-13 -15  -17  -19 -2 -4 -6 20 10 12 14 16 18 1 3 5 79 -11
-12 -14  -16 -18 -1 -3 -5 -7 20 11 13 15 17 19 2 46 8 -10
-11 -13 -15 -17 -19 -2 -4 -6 -8 20 12 14 16 18 1 35 7 9
10 -12 -14 -16 -18 -1 -3 -5 -7 -9 20 13 15 17 19 24 6 8

9 11 -13 -15 -17 -19 -2 -4 -6 -8 -10 20 14 16 18 13 5 7

8 10 12 -14 -16 -18 -1 -3 -5 -7 9 -11 20 15 17 192 4 6

7 9 11 13 -15 -17 -19 -2 -4 -6 -8 -10 -12 20 16 181 3 5

6 8 10 12 14 -16 -18 -1 -3 -5 -7 -9 -11 -13 20 1719 2 4

5 7 9 11 13 15 -17 -19 -2 -4 -6 -8 -10 -12 -14 2018 1 3

4 6 8 10 12 14 16 -18 -1 -3 -5 -7 9 -11 -13 -150 219 2

3 5 7 9 11 13 15 17 -19 -2 -4 -6 -8 -10 -12 -146-120 1

2 4 6 8 10 12 14 16 18 -1 -3 -5 -7 -9 -11 -13 -1817 20
-1 -2 -3 -4 -5 -6 -7 -8 -9 -10 -11 -12 -13 -14 -1516 -17 -18 -19
Spc S1 Sz 3 S4 Sps S S7 Spe Spg S0 Sa1 Sez S3 Sga Sgs Ss6 Sg7 Sge
-20 -3 -5 -7 9 -11 -13 -15 -17 -19 2 4 6 8 10 1214 16 18
19 -20 -4 -6 -8 -10 -12 -14 -16 -18 -1 3 5 7 9 1113 15 17
18 1 -20 -5 -7 9 -1 -13 -15 -17 -19 -2 4 6 8 1012 14 16
17 19 2 -20 -6 -8 -10 -12 -14 -16 -18 -1 -3 5 7 911 13 15
16 18 1 3 -20 -7 9 -11 -13 -15 -17 -19 -2 -4 6 810 12 14
15 17 19 2 4 -20 -8 -10 -12 -14 -16 -18 -1 -3 -5 79 11 13
14 16 18 1 3 5 -20 9 -11 -13 -15 -17 -19 -2 -4 -6 8 10 12
13 15 17 19 2 4 6 -20 -10 -12 -14 -16 -18 -1 -3 -5-7 9 11
12 14 16 18 1 3 5 7 -20 -11 -13 -15 -17 -19 -2 -4-6 -8 10
11 13 15 17 19 2 4 6 8 -20 -12 -14 -16 -18 -1 -35 - -7 -9
-10 12 14 16 18 1 3 5 7 9 -20 -13 -15 -17 -19 24 - -6 -8
9 -11 13 15 17 19 2 4 6 8 10 -20 -14 -16 -18 -13 -5 -7
-8 -10 -12 14 16 18 1 3 5 7 9 11 -20 -15 -17 -192 - -4 -6
-7 -9 -11  -13 15 17 19 2 4 6 8 10 12 -20 -16 -181 - -3 -5
-6 -8 -10 -12 -14 16 18 1 3 5 7 9 11 13 -20 -179 -1 -2 -4
-5 -7 -9 -11 -13 -15 17 19 2 4 6 8 10 12 14 -208 -1 -1 -3
-4 -6 -8 -10 -12 -14 -16 18 1 3 5 7 9 11 13 15 -2e19 -2
-3 -5 -7 9 -11 -13 -15 -17 19 2 4 6 8 10 12 14 1620 -1
-2 -4 -6 -8 -10 -12 -14 -16 -18 1 3 5 7 9 11 13 1517 -20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
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APPENDIX G
MATLAB CODE

The Matlab code of the EPL scheduling algorithrapgroximately 2000 lines in length and
too cumbersome to present here. An electronic obflye code is available on the CD.

The pre-solver BIP code is named:
a. EPLHolidayBIP_DanieleFerreira.m

The two simulated annealing algorithms (hill-climdialgorithm included in each) can be

found in files named:

b. EPLSchedulingProblem_SimulatedAnnealing_DaVinci_iBleferreira.m and
c. EPLSchedulingProblem_SimulatedAnnealing_Tesla_Deffégreira.m

For validation purposes, the problem parameterstiom for the 2011/12, 2012/13 and

2013/14 seasons are presented in a file named:
d. problem_parameters.m

Note: since the Matlab waitbar GUI function conssradot of CPU time, it was commented-
out for experimental purposes (i.e. observatiors rasults). It is not however commented-

out in the code placed on the CD.
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APPENDIX H

OFFICIAL, PROPOSED AND BEST FOUND SCHEDULES

This appendix presents the official, proposed ag&t bbound EPL schedules for the 2013/14,
2012/13 and 2011/12 seasons. Table H10 presenteshbreakdown associated with each.

Official schedules

2013/14
Table H1: 2013/14 official schedule

team, slot S S S S S S S S S Sic Su S22 Sz Si4 S5 S S S Sie
t -9 3 -7 20 -2 8 -17 14 13 -12 4 -19 -5 6 16 -15 1018 -11
| 16 -19 18 -13 1 -15 6 -10 -3 11 -17 5 9 -8 -14 412 - 7 20
t | 18 -1 15 6 12 -5 11 19 2 -16 8 -10 14 -17 -13 204 9 7
14 15 -12 5 -17 13 -9 -8 11 -20 7 -1 14 -19 18 6 -2 310 -16
ts | -20 9 -4 11  -19 3 10 -15 18 -6 16 -2 1 -12 -17 714 - 8 13
te | -11 8 -19 3 -10 16 -2 18 -15 5 -20 7 13 -1 -4 129 -17 14
t,| 13 -15 1 9 14 -17 20 -16 8 -4 12 -6 -18 11 10 -519 2 -3
tg 14 -6 9 -12 17 -1 4 -13 -7 20 -3 15 -16 2 11 -198 1 -5 -10
tg 1 -5 -8 7 -20 4 -14 17 10 -19 13 -12 -2 16 18 -116 -3 -15
tie | 19 -16 13 -14 6 -18 -5 2 9 15 -11 3 12 -20 -7 171 4 8
ti 6 -18 14 -5 15 -13 3 -4 19 -2 10 -16 20 -7 -8 97-112 1
tiz | -17 4 -16 8 -3 19 13 -20 -14 1 -7 9 -10 5 15 -6 211 -18
1z -7 20 -10 2 -4 11 -12 8 -1 14 -9 17 -6 19 3 -18 1516 -5
t1g -8 17 -11 10 -7 20 9 -1 12 -13 18 -4 -3 15 2 -16 519 -6
tye -4 7 -3 16 -11 2 -18 5 6 -10 19 -8 17 -14 -12 13-120 9
tie -2 10 12 -15 18 -6 -19 7 -17 3 -5 11 8 -9 -1 14 0 -2 13 4
t17 12 -14 -20 4 -8 7 1 -9 16 -18 2 -13 -15 3 5 -10 11-6 -19
tie 3 11 -2 19 -16 10 15 -6 5 17 14 20 7 -4 -9 138 - 1 12
tic | -10 2 6 -18 5 -12 16 -3 -1 9 -15 1 4 -13 -20 8 -714 17
tac 5 -13 17 -1 9 -14 -7 12 4 -8 6 -18 -11 10 19 -3 1615 -2

team, slot S S S s S S5 6 1 S8 S S0 S Sz S3 S SE S S See
t 5 9 -3 19 -13 12 -4 -20 2 -8 7 -10 15 -16 18 -6 117 -14
t; -9 -16 19 -5 3 -11 17 13 -1 15 -18 12 -4 14 -7 820 - -6 10
t3 | -14 -18 1 10 -2 16 -8 6 -12 5 -15 4 -20 13 -9 177 -11 -19
tt,| 19 -15 12 -14 20 -7 1 17 -13 9 -5 -3 2 6 10 -186 1 8 -11
ts -1 20 -9 2 -18 6 -16 -11 19 -3 4 14 717 -8 123-1-10 15
te | -13 11 -8 -7 15 -5 20 -3 10 -16 19 9 -12 4  -17 114 - 2 -18
t; 18 -13 15 6 -8 4 -12 9 -14 17 -1 -19 5 -10 2 -11 20 16
te | 16 -14 6 -15 7 -20 3 12 17 1 9 -18 19 -11 5 20 1-4 13
to 2 -1 5 12 -10 19 -13 -7 20 -4 8 -6 11 -18 3 -16 1514 -17
tic | -12  -19 16 -3 9 -15 11 14 -6 18 -13 1 -17 7 -4 20-8 5 -2
tin | -20 -6 18 16 -19 2 -10 5 -15 13 -14 17 -9 8 -12 7-1 -3 4
tz | 10 17 -4 9 14 -1 7 -8 3 -19 16 -2 6 -15 11 -5 1813 20
tiz 6 7 -20 -17 1 -14 9 -2 4 -11 10 -15 18 -3 16 -19 512 -8
t14 3 8 -17 4 -12 13 -18 -10 7 -20 11 -5 16 -2 19 -156 -9 1
tie | -17 4 -7 8 -6 10 -19 -16 11 -2 3 13 -1 12 -20 149 - 18 -5
tie -8 2 -10 -11 17 -3 5 15 -18 6 -12 20 -14 1 -13 94 -19 -7
t | 15 -12 14 13 -16 18 -2 -4 8 -7 20 -11 10 -5 6 39 1-1 9
tie -7 3 -11 -20 5 -17 14 -19 16 -10 2 8 -13 9 -1 4 2 -1-15 6
tic -4 10 -2 -1 11 -9 15 18 -5 12 -6 7 -8 20 -14 13 7 -1-16 3
te | 11 -5 13 18 -4 8 -6 1 -9 14 -17 -16 3 -19 15 -10 27 -12
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2012/13

Table H2: 2012/13 official schedule
team, slot s S S & S S S S S S Su S22 Sz Su S S Sz Sk Sig
t 20 -8 17 -14 3 -9 13 -10 11 -18 4 16 -6 -15 7 2 -519 -13
t; -7 9 -20 15 -8 4 -5 14 -6 3 -16 -12 17 18 -19 -13 1-11 5
t| 13 -14 -8 20 -1 6 -18 -12 17 -2 9 4 -16 -7 11 1019 - -15 18
tw| -5 10 12 -19 17 -2 16 6 -20 15 -1 -3 18 8 -9 -7 114 -16
ts 4 -6 16 -7 12 -19 2 -13 10 -8 18 11 -20 -14 15 91 17 -2
ts | -15 5 19 -17 14 -3 12 -4 2 -11 8 -10 1 9 -18 -130 216 -12
ty 2 -16 -10 5 -11 20 -15 -17 8 9 13 -19 12 3 -1 414 - -18 15
ts | -10 1 3 -13 2 -12 14 19 -7 5 -6 15 -11 -4 20 -186 1 9 -14
tg 12 -2 -18 10 -15 1 -20 16 -19 7 -3 13 -14 -6 4 517 - -8 20
tic 8 -4 7 -9 19 -16 17 1 -5 20 -15 6 -13 -11 14 -3 182 -17
tn| -17 18 13 -16 7 -14 19 15 -1 6 -20 -5 8 10 -3 124 - 2 -19
| -9 17 -4 18 -5 8 -6 3 -16 14 -19 2 -7 -20 13 -115 1-10 6
tis -3 19 -11 8 -18 15 -1 5 -14 16 -7 -9 10 17 -12 62 --20 1
tig | -19 3 -15 1 -6 11 -8 -2 13 -12 17 -18 9 5 -10 -167 -4 8
tie 6 -20 14 -2 9 -13 7 -11 18 -4 10 -8 19 1 -5 17 -123 -7
tie | -18 7 -5 11 -20 10 -4 -9 12 -13 2 -1 3 19 -17 148 - -6 4
t17 11 -12 -1 6 -4 18 -10 7 -3 19 -14 20 -2 -13 16 -159 -5 10
tis 16 -11 9 -12 13 -17 3 20 -15 1 -5 14 -4 -2 6 8 -107 -3
te | 14 -13 -6 4 -10 5 -11 -8 9 -17 12 7 -15 -16 2 -203 -1 11
te| -1 15 2 -3 16 -7 9 -18 4 -10 11 -17 5 12 -8 19 -613 -9
team,slot S0 S S S Su S S S SS9 S0 S Sy Ss Ssa S Se Ser Ses
| 12 14 -3 9 -17 8 -20 6 -16 15 -7 5 -2 10 -4 181-1-19 12
t; 10 -15 8 -4 20 -9 7 -17 12 -18 19 -13 1 -14 16 -36 11 -10
13 5 -20 1 -6 8 14 -13 16 -4 7 -11 19 -10 12 -9 2 -1715 -5
te | 13 19 -17 2 -12 -10 5 -18 3 -8 9 -11 7 -6 1 -150 2-14 13
ts | -3 7 -12 19 -16 6 -4 20 -11 14 -15 -1 9 13 -10 818 - -17 3
ts -7 17 -14 3 -19 -5 15 -1 10 -9 18 -20 13 4 -8 112 --16 7
t; 6 -5 11 -20 10 16 -2 12 19 -3 1 14 -4 17  -13 9 -818 -6
ts | -17 13 2 12 -3 -1 10 11 -15 4 -20 -16 18 -19 6 57 -9 17
| 11 -10 15 -1 18 2 -12 14 -13 6 -4 17 -5 -16 3 79 1 8 -11
tic -2 9 -19 16 -7 4 -8 13 -6 11 -14 -18 3 -1 5 -20 1512 2
t1a -9 16 -7 14 -13 -18 17 -8 5 -10 3 4 -12 -15 20 61 -2 9
tiz 1 -18 5 -8 4 -17 9 7 -2 20 -13 -15 11 -3 19 -14 1610 -1
tiz 4 -8 18 -15 11 -19 3 -10 9 -17 12 2 -6 -5 7 -16 140 -4
t14 20 -1 6 -11 15 -3 19 -9 18 -5 10 -7 16 2 -17 123 -1 4 -20
tie | -16 2 -9 13 -14 20 -6 -19 8 -1 5 12 -17 11  -18 410 - -3 16
te| 15 -11 20 -10 5 -7 18 -3 1 -19 17 8 -14 9 -2 132-1 6 -15
7 8 -6 4 -18 1 12 -11 2 -20 13 -16 9 15 -7 14 -19 35 -8
tie | -19 12 -13 17 -9 11  -16 4 -14 2 -6 10 -8 -20 15 -15 -7 19
tie 18 -4 10 -5 6 13 -14 15 -7 16 -2 -3 20 8 -12 17 91 -18
toe | -14 3 -16 7 -2 -15 1 -5 17 -12 8 6 -19 18 -11 104 --13 14
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2011/12

Table H3: 2011/12 official schedule
team, slot s S S S S S S S S  Sic Su Sz Sz S4 S5 S Sy Se Sie
| -11 5 4 -14 2 -13 18 -6 3 -7 10 -20 12 -9 17 -198 - 16 15
t | -13 11 18 -10 -1 20 -14 7 -19 4 -15 6 17  -12 3 -165 8 9
t3| 20 -14 -5 16 -8 7 -15 9 -1 17 19 12 -6 18 -2 4 1211 -10
ty | -12 6 -1 20 -15 14 -5 10 13 -2 11 -18 8 -16 7 -39 -17 19
ts 7 -1 3 -17 6 -16 4 -12 -15 19 -8 9 -11 14 -13 10 28 -20
ts 10 -4 14 -13 -5 17 -7 1 18 -11 20 -2 3 -8 19 -96-115 12
| -5 19 -15 9 16 -3 6 -2 -8 1 -12 17 -14 13 -4 18 2010 -11
ts 9 -17 -12 15 3 -1 19 -13 7 -16 5 -10 -4 6 -20 141 -2 -18
tg -8 15 17 -7 12 -19 16 -3 11 -10 18 -5 -20 1 -14 64 -13 -2
tic -6 12 -20 2 13 -18 11 -4 -14 9 -1 8 16 -17 15 519 - 7 3
ti 1 -2 13 -18 -20 8 -10 17 -9 6 -4 14 5 -19 16 -1512- 3 7
tiz 4 -10 8 -19 9 15 -17 5 16 -13 7 -3 -1 2 -18 20 114 -6
tis 2 -18 -11 6 -10 1 -20 8 -4 12 -14 19 15 -7 5 -173 - 9 16
tig | -19 3 -6 1 18 -4 2 -16 10 -20 13 -11 7 -5 9 -8 -1512 17
te | 17 -9 7 -8 4 -12 3 -19 5 -18 2 -16 -13 20 -10 114 1 -6 -1
te| 18 -20 19 -3 -7 5 9 14 -12 8 -17 15 -10 4 -11 2 6-1 -13
tiz | -15 8 -9 5 19 -6 12 -11 20 -3 16 -7 -2 10 -1 13 18-4 -14
tie | -16 13 -2 11 -14 10 -1 20 -6 15 -9 4 19 -3 12 -717 - 5 8
te| 14 -7 -16 12 -17 9 -8 15 2 -5 3 -13 -18 11 -6 1 1@0 -4
te] -3 16 10 -4 11 -2 13 -18 -17 14 -6 1 9 -15 8 -127 -19 5
team,slot S S1 S S Sa S S¢S S Se S0 S S Sy Sea S See  Ser See
t|-12 14 -4 13 -2 6 -18 -5 11 -17 8 -15 19 -16 9 73 -20 -10
t, | -17 10 -18 -20 1 -7 14 -11 13 -3 5 -9 16 -8 12 -419 -6 15
13 6 -16 5 -7 8 -9 15 14 -20 2 -13 10 -4 11 -18 -17 12 19
ts| -8 -20 1 -14 15 -10 5 -6 12 -7 9 -19 3 -17 16 23-118 -11
ts | 11 17 -3 16 -6 12 -4 1 -7 13 -2 20 -10 18 -14 -195 -9 8
ts -3 13 -14 -17 5 -1 7 4 -10 -19 16 -12 9 -15 8 1118 - 2 -20
t; 14 -9 15 3 -16 2 -6 -19 5 4 -20 11 -18 10 -13 -1 a7 12
ts 4 -15 12 11 -3 13 -19 17 -9 20 -1 18 -14 2 6 167 -10 -5
te | 20 7 -17 19 -12 3 -16 -15 8 14 -4 2 -6 13 -1 101-1 5 -18
tic | -16 -2 20 18 -13 4 -11 -12 6 -15 19 -3 5 -7 17 -914 -8 1
t1a -5 18 -13 -8 20 -17 10 2 -1 -16 12 -7 15 -3 19 69 -14 4
tiz 1 19 -8 -15 9 -5 17 10 -4 18 -11 6 -20 14 -2 136-1 3 -7
tiz | -15 6 11 -1 10 -8 20 18 -2 -5 3 -16 17 -9 7 -12 49 14
t14 -7 -1 6 4 -18 16 -2 -3 19 -9 15 -17 8 -12 5 20 -1011 -13
tie 13 8 -7 12 -4 19 -3 9 -17 10 -14 1 -11 6 -20 18 -516 -2
tie | 10 3 -19 -5 7 -14 9 20 -18 11 -6 13 -2 1 -4 -8 125 17
7 2 -5 9 6 -19 11 -12 -8 15 1 -18 14 -13 4 -10 3 -207 -16
tie | -19 -11 2 -10 14 -20 1 -13 16 -12 17 -8 7 -5 3 -156 -4 9
tie 18 -12 16 -9 17 -15 8 7 -14 6 -10 4 -1 20 -11 5 -23 -3
te| -9 4 -10 2 -1 18 -13 -16 3 -8 7 5 12 -19 15 -1417 -1 6
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Proposed schedules

2013/14
Table H4: 2013/14 proposed schedule

team, slot s S S S S S S S S Sc Su Sz Sz S4 S5 S Sy Se Sie
t 16 -2 -9 8 -3 -20 10 -18 17 13 -5 12 -15 6 -14 19-4 7 11
t | -17 1 6 -15 11 19 -20 8 -13 -18 4 5 14 -7 12 -9 36 -10
t; | 13 -10 12 -9 1 15 -8 -19 11 -20 17 16 -6 5 7 -142 - 4 18
| -11 20 -5 6 -18 -14 15 9 -10 19 -2 -17 7 13 -162-1 1 -3 -8
ts 10 -19 4 -7 8 12 -14 -6 20 -9 1 2 -16 -3 17 13  -1811 15
te| -8 14 -2 -4 9 -16 -7 5 15 -12 20 -10 3 -1 11 -179 118 -13
t;| 18 -15 17 5 -19 13 6 -12 -8 14 -10 11 -4 2 -3 120- -1 9
tg 6 -16 20 -1 -5 11 3 -2 7 -17 14 -15 -18 19 -13 1612 9 4
tg 15 -12 1 3 -6 17 16 -4 -14 5 -19 20 -11 18 -10 23 1-8 -7
tic| -5 3 15 -20 17 18 -1 -13 4 -11 7 6 -19 14 9 -8 -1612 2
ti 4 -13 -14 19 -2 -8 18 20 -3 10 -16 -7 9 12 6 157 1 -5 -1
tiz | -20 9 -3 16 -15 -5 13 7 -19 6 -18 -1 17  -11 -2 4 810 -14
tis -3 11  -16 18 14 -7 -12 10 2 -1 15 19 -20 -4 59 -17 6
tia | 19 -6 11 -17 -13 4 5 -16 9 -7 -8 18 -2 -10 3 -1520 12
te | -9 7 -10 2 12 -3 -4 17 -6 16 -13 8 1 -20 18 -11 149 5
tie -1 8 13 -12 20 6 -9 14 18 -15 11 -3 5 -17 4 -7 102 -19
t17 2 -18 -7 14 -10 -9 19 -15 -1 8 -3 4 -12 16 -5 6 1-1-13 20
te| -7 17 19 -13 4 -10 -11 1 -16 2 12 -14 8 9 -15 205 -6 -3
tie | -14 5 -18 -11 7 -2 17 3 12 -4 9 -13 10 -8 20 -16 -15 16
tac 12 -4 -8 10 -16 1 2 -11 -5 3 -6 -9 13 15 -19 -18 714 -17

team,slot S S1  S» : S S S 1 S8 S S0 S S Sz S S S S See
t | -17 -8 9 3 -10 2 -16 20 18 -6 14 -13 5 -12 15 719 - 4 11
t; 13 15 -6 -11 20 -1 17  -19 -8 7 -12 18 -4 5 -14 16 9 -3 10
t3 | -11 9 -12 -1 8 10 -13 -15 19 -5 -7 20 -17 -16 6 -414 2 -18
ts | 10 -6 5 18 -15 -20 11 14 -9 -13 16 -19 2 17 -7 32 1-1 8
ts | -20 7 -4 -8 14 19 -10 -12 6 3 -17 9 -1 -2 16 -1113- 18 -15
te | -15 4 2 -9 7 -14 8 16 -5 1 -11 12 -20 10 -3 -18 1719 13
t; 8 -5 17 19 -6 15 -18 -13 12 -2 3 -14 10 -11 4 16 - 20 -9
ts | -7 1 -20 5 -3 16 -6 -11 2 -19 13 17 -14 15 18 910 - 12 -4
te| 14 -3 -1 6 -16 12 -15 -17 4 -18 10 -5 19 20 11 82 -13 7
tic -4 20 -15 -17 1 -3 5 -18 13 -14 -9 11 -7 -6 19 -128 16 -2
t1a 3 -19 14 2 -18 13 -4 8 -20 -12 6 -10 16 7 -9 5 -1817 1
tz | 19 -16 3 15 -13 9 20 5 711 2 -6 18 1 -17 10 -4-8 14
t:|] 2 -18 16 -14 12 -11 3 7 -10 4 -8 1 -15 -19 20 -175 9 -6
t14 -9 17 -11 13 -5 6 -19 -4 16 10 -1 7 8 -18 2 -20 -315  -12
tie 6 -2 10 -12 4 -7 9 3 -17 20 -18 -16 13 -8 -1 19 1114 5
te | -18 12 -13 -20 9 -8 1 -6 -14 17 -4 15 11 3 -5 27 -10 19
7 1 -14 7 10 -19 18 -2 9 15 -16 5 -8 3 -4 12 13 61 1-20
tis 16 13 -19 -4 11 -17 7 10 -1 9 15 -2 12 14 -8 60-2-5 3
tie | -12 11 18 -7 17 -5 14 2 -3 8 -20 4 -9 13 -10 -15 16 -16
tac 5 -10 8 16 -2 4 -12 -1 11 -15 19 -3 6 9 -13 14 187 17
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2012/13

Table H5: 2012/13 proposed schedule

team, slot s S S S S S S S S Sic Su Sz Sz S S Sie Si7 Sie Sie
t 6 -3 -17 11 15 -16 4 -5 8 -9 2 -13 7 -10 -20 18 1419 12
t, | -17 4 3 -12 -5 18 -19 13 -15 6 -1 10 -8 16 14 -911 - 20 -7
t3 -8 1 -2 18 -4 -11 5 -19 -17 7 -15 -20 6 -14 10 -1216 13 -9
ty 7 -2 8 -16 3 14 -1 15 6 -12 17 19 -9 20 -13 11 -105 18
ts -9 17 6 -14 2 10 -3 1 -7 -18 8 -15 -12 13 -19 -1620 4 -11
te -1 13 -5 15 20 -7 10 14 -4 -2 19 -11 -3 12 -18 -89 16 -17
t; -4 20 19 -8 -10 6 -14 16 5 -3 13 18 -1 9 12 -175-111 2
tg 3 -19 -4 7 13 -9 20 -10 -1 17 -5 -16 2 -18 -11 62 1-14 -15
tg 5 -10 13 -17 -14 8 -16 -11 19 1 -20 12 4 -7 15 26 --18 3
tic | -16 9 18 -19 7 -5 -6 8 -11 15 12 -2 -14 1 -3 -13 47 -20
tin | -20 15 14 -1 -18 3 -12 9 10 -19 16 6 -13 17 8 -4 2-7 5
12 19 -14 -20 2 16 -17 11 -18 -13 4 -10 -9 5 -6 -7 3-8 15 -1
t1s 18 -6 -9 20 -8 -15 17 -2 12 16 -7 1 11 -5 4 10 -19-3 14
tis | -15 12 -11 5 9 -4 7 -6 -16 20 -18 -17 10 3 -2 191 - 8 -13
t1e 14 -11 16 -6 -1 13 -18 -4 2 -10 3 5 -17 19 9 207 -12 8
t1e 10 -18 -15 4 -12 1 9 -7 14 -13 -11 8 20 -2 17 5 -3-6 19
t17 2 -5 1 9 -19 12 -13 -20 3 -8 -4 14 15 -11 -16 78 -1-10 6
tie | -13 16 -10 -3 11 -2 15 12 -20 5 14 -7 -19 8 6 17 1 9 -4
tie | -12 8 -7 10 17 -20 2 3 -9 11 -6 -4 18 -15 5 -14 131 -16
tac 11 -7 12 -13 -6 19 -8 17 18 -14 9 3 -16 -4 1 15 -5-2 10
team, slot  Sc S S S S4 Sr S S S S S0 S S S Sa S Se Ser S
ty 5 -8 -4 17 -7 -2 16 -11 19 -12 9 -15 13 -14 -18 1020 -6 3
t, | -13 15 19 -3 8 1 -18 12 -20 7 -6 5 -10 11 9 -164 -117 -4
t3 19 17 -5 2 -6 15 11 -18 -13 9 -7 4 20 -16 12 140 -1 8 -1
ty | -15 -6 1 -8 9 -17 -14 16 5 -18 12 -3 -19 10 -11 0-2 13 -7 2
ts -1 7 3 -6 12 -8 -10 14 -4 11 18 -2 15 -20 16 -139 1 9 -17
te | -14 4 -10 5 3 -19 7 -15 -16 17 2 -20 11 -9 8 -128 1 1 -13
t; | -16 -5 14 -19 1 -13 -6 8 -11 -2 3 10 -18 15 17 -912 4 -20
tg 10 1 -20 4 -2 5 9 -7 14 15 -17 -13 16 -12 -6 18 11-3 19
tg 11 -19 16 -13 -4 20 -8 17 18 -3 -1 14 -12 6 -2 715 - -5 10
tic -8 11 6 -18 14 -12 5 19 -17 20 -15 -7 2 -4 13 -1 316 -9
t11 -9 -10 12 -14 13 -16 -3 1 7 -5 19 18 -6 -2 4 -178 -20 -15
1z 18 13 -11 20 -5 10 17 -2 -15 1 -4 -16 9 8 -3 6 719 - 14
t12 2 -12 -17 9 -11 7 15 -20 3 -14 -16 8 -1 19 -10 54 --18 6
t14 6 16 -7 11  -10 18 4 -5 -8 13 -20 -9 17 1 -19 -3 215 -12
t1e 4 -2 18 -16 17 -3 -13 6 12 -8 10 1 -5 -7 20 -19 914 11
t1e 7 -14 -9 15 -20 11 -1 -4 6 -19 13 12 -8 3 -5 2 -1710 18
t17 20 -3 13 -1 -15 4 -12 -9 10 -6 8 19 -14 18 -7 116 1 -2 5
tie | -12 20 -15 10 19 -14 2 3 -9 4 50 -11 7 17 1 -8 -613 -16
tic -3 9 -2 7 -18 6 20 -10 -1 16 -11  -17 4 -13 14 155 -12 -8
toe | -17  -18 8 -12 16 -9 -19 13 2 -10 14 6 -3 5 -15 41 --11 7
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2011/12

Table H6: 2011/12 proposed schedule

team, slot s S S S S S S S S Sic Su Sz Sz S S Sie Si7 Sie Sie
ty | -16 9 -12 -19 10 -7 -4 6 -3 18 -15 -11 5 13 -14 172 -20 8
to -8 5 -13 15 -6 -9 12 11  -14 10 -7 19 17 -16 20 31 - 4 18
t3 19 -6 -5 8 -4 10 9 -12 1 -20 18 13 11 -17 15 216 - 7 -14
ty -9 8 -15 12 3 -16 1 14 -6 17 -13 -20 18 -7 -11 1019 -2 5
ts 20 -2 3 -10 -13 11 -17 -16 7 -12 6 8 -1 14 9 -158 119 -4
te | -10 3 -8 9 2 -17 16 -1 4 -11 -5 15 -14 -18 12 -20-7 13 19
t; 12 -15 20 -11 -8 1 -14 18 -5 16 2 -10 19 4 17 9 6-3 -13
tg 2 -4 6 -3 7 20 -10 -9 16 -15 14 -5 12 11 -19 -1317 -18 -1
tg 4 -1 14 -6 -16 2 -3 8 19 -13 11 -18 -15 20 -5 =70 1-17 -12
tic 6 -14 -18 5 -1 -3 8 -15 12 -2 17 7 -20 -19 13 49 -16 -11
tin | -18 17 -16 7 19 -5 13 -2 -20 6 -9 1 3 -8 4 14 -1512 10
12 -7 16 1 -4 17 13 -2 3 -10 5 -19 -14 8 15 -6 18 2a11 9
t1s 15 -19 2 -20 5 -12 -11 17 -18 9 4 -3 16 -1 -10 84 1 -6 7
tg | -17 10 -9 16 -20 -18 7 -4 2 19 -8 12 6 -5 1 -113-115 3
tie | -13 7 4 -2 18 -19 -20 10 -17 8 1 -6 9 -12 -3 5 1114 16
t1e 1 -12 11 -14 9 4 -6 5 -8 -7 20 -17 -13 2 -18 19 310 -15
t17 14 -11 19 -18 -12 6 5 -13 15 -4 -10 16 -2 3 7 -18 - 9 -20
t1e 11  -20 10 17 -15 14 19 -7 13 -1 -3 9 -4 6 16 -125 - 8 -2
t1e -3 13 -17 1 -11 15 -18 20 -9 -14 12 -2 -7 10 8 -164 -5 -6
tac -5 18 -7 13 14 -8 15 -19 11 3 -16 4 10 -9 -2 6 -121 17
team, slot  Sc S S S S4 Sr S S S S S0 S S S Sa S Se Ser S
ty 11 -10 -6 3 -5 15 20 -8 -13 16 -9 14 12 -17 19 78 - 4 -2
t, | -19 6 -11 14 -17 7 -4 -18 16 8 -5 -20 13 -3 -15 910 -12 1
t3 | -13 4 12 -1 11  -18 -7 14 17 -19 6 -15 5 2 -8 -100 2 -9 16
ty 20 -3 -14 6 -18 13 2 -5 7 9 -8 11 15 -10 -12 167 -1 -1 19
ts -8 13 16 -7 1 -6 -19 4 -14 -20 2 -9 -3 15 10 -112 117 -18
te | -15 -2 1 -4 14 5 -13 -19 18 10 -3 -12 8 20 -9 171 1-16 7
t; 10 8 -18 5 -19 -2 3 13 -4 12 15 17 -20 -9 11 -116 - 14 -6
tg 5 -7 9 -16 12 -14 18 1 -11 -2 4 19 -6 13 3 -20 1510 -17
tg 18 16 -8 -19 15 -11 17 12 -20 -4 1 5 -14 7 6 -2 133 -10
tic -7 1 15 -12 20 -17 -16 11 19 -6 14 -13 18 4 -5 3 2-8 9
t11 -1 -19 2 20 -3 9 -12 -10 8 18 -17 -4 16 -14 -7 56 --13 15
1z 14 -17 -3 10 -8 19 11 -9 -15 7 -16 6 -1 -18 4 -13-5 2 -20
t12 3 -5 17 18 -16 -4 6 -7 1 -15 19 10 -2 -8 20 12 911 -14
tig | -12 20 4 -2 -6 8 -15 -3 5 17 -10 -1 9 11  -16 189 -1 -7 13
t1e 6 -18 -10 17 -9 -1 14 -16 12 13 -7 3 -4 -5 2 19 -820 -11
t1e 17 -9 -5 8 13 -20 10 15 -2 -1 12 18 -11 -19 14 -47 6 -3
ti; | -16 12 13 -15 2 10 -9 20 -3 -14 11 -7 -19 1 18 -6 4 -5 8
t1e -9 15 7 -13 4 3 -8 2 -6 -11 20 -16 -10 12 -17 -141 -19 5
tic 2 11 -20 9 7 -12 5 6 -10 3 -13 -8 17 16 -1 -15 1418 -4
tac -4 -14 19 -11 -10 16 -1 17 9 5 -18 2 7 -6 -13 83 --15 12
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Best schedules found

2013/14
Table H7: 2013/14 best found schedule

team, slot s S S & S S S S S Sic Su Sz Sz Si4a S Sie Si7 Sie Sic
ty | -16 12 5 -7 4 13 -6 11 9 -14 20 8 -3 2 -18 -10 1915 -17
t, 14 -17 -4 13 -3 -15 7 -10 -12 11 -5 -19 18 -1 6 20-9 8 16
t3 -7 18 -9 -14 2 -11 16 15 -4 -13 19 -20 1 -12 -17 85 -10 6
ty 13 -6 2 11 -1 10 -14 -8 3 15 -9 5 -17 18 16 -19 120 -7
ts | -15 7 -1 -10 17 -20 11 19 -18 -8 2 -4 16 -6 -14 9-3 -12 13
te | -18 4 8 -17 19 -16 1 7 -20 -12 15 -11 9 5 -2 -130 1-14 -3
t; 3 -5 -15 1 -8 17 -2 -6 10 18 -13 14 -19 -20 9 1211 - 16 4
tg | -20 11 -6 -19 7 -9 12 4 -16 5 18 -1 -13 14 -15 -317 -2 -10
tg | -11 16 3 -15 18 8 -13 20 -1 -10 4  -12 -6 17 -7 52 -19 -14
tic | -19 15 -16 5 -14 -4 20 2 -7 9 17 -18 11 -13 -12 1-6 3 8
t1 9 -8 14 -4 12 3 -5 -1 13 -2 -16 6 -10 15 20 -17 718 -19
12 17 -1 13 20 -11 19 -8  -16 2 6 -14 9 -15 3 10 -7 -45 -18
t1s -4 20 -12 -2 15 -1 9 -18 -11 3 7 -16 8 10 -19 6 1417 -5
t14 -2 19 -11 3 10 -18 4 17 -15 1 12 -7 20 -8 5 16 -136 9
t1e 5 -10 7 9 -13 2 -19 -3 14 -4 -6 17 12 -11 8 18 -161 20
t1e 1 -9 10 -18 20 6 -3 12 8 -17 11 13 -5 19 -4 -14 157 -2
ti; | -12 2 -20 6 -5 -7 18 -14 -19 16 -10 -15 4 -9 3 11-8 13 1
t1e 6 -3 19 16 -9 14 -17 13 5 -7 -8 10 -2 -4 1 -15 -2011 12
tie 10 -14 -18 8 -6 -12 15 -5 17 20 -3 2 7 -16 13 4 -19 11
tac 8 -13 17 -12 -16 5 -10 -9 6 -19 -1 3 -14 7 -11 -218 -4 -15

team, slot S S S S S4 S S S S S S0 S Sz S Sa S Ss S7 S
t 7 -4 -9 3 -20 -8 14 -11 -13 6 16 50 12 18 -19 1015 -2 17
t, | -13 3 12 -18 5 19 -11 10 15 -7 -14 4 17 -6 9 -208 - 1 -16
t3 14 -2 4 -1 -19 20 13 -15 11 -16 7 9 -18 17 -5 -80 112 -6
ty | -11 1 -3 17 9 -5 -15 8 -10 14 -13 -2 6 -16 -12 1920 -18 7
ts 10 -17 18 -16 -2 4 8 -19 20 -11 15 1 -7 14 3 -9 126 -13
te 17 -19 20 -9 -15 11 12 -7 16 -1 18 -8 -4 2 -10 1314 -5 3
t; -1 8 -10 19 13 -14 -18 6 -17 2 -3 15 5 -9 11 1216 - 20 -4
tg 19 -7 16 13 -18 1 -5 -4 9 -12 20 6 -11 15 -17 3 214 10
tg 15 -18 1 6 -4 12 10 -20 -8 13 11 -3 -16 7 -2 5 1917 14
tic -5 14 7 -11  -17 18 -9 -2 4 -20 19 16 -15 12 6 -13 -13 -8
t11 4 -12 -13 10 16 -6 2 1 -3 5 9 -14 8 -20 -7 17 1815 19
tiz; | -20 11 -2 15 14 -9 -6 16 -19 8 -17 -13 1 -10 4 75 - -3 18
t1s 2 -15 11 -8 -7 16 -3 18 1 -9 4 12 -20 19 -14 -6 1710 5
t14 -3 -10 15 -20 -12 7 -1 17 18 -4 2 11 -19 -5 136 -1 -6 8 -9
t1e -9 13 -14 -12 6 -17 4 3 -2 19 -5 -7 10 -8 16 -181 -11 -20
t1e 18 -20 -8 5 -11 -13 17  -12 -6 3 -1 -10 9 4 -15 147 -19 2
t17 -6 5 19 -4 10 15 -16 14 7 -18 12 20 -2 -3 8 -113-1 9 -1
tie | -16 9 -5 2 8 -10 7 -13 -14 17 -6 -19 3 -1 20 151-1 4 -12
t1e -8 6 -17 -7 3 -2 -20 5 12 -15 -10 18 14 -13 1 -49 -16 -11
tac 12 16 -6 14 1 -3 19 9 -5 10 -8 -17 13 11 -18 2 47 -15
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2012/13

Table H8: 2012/13 best found schedule

team, slot s S S S S S S S S Sic Su Sz Sz S S Sie Si7 Sie Sie
t 11 -14 -2 13 3 -15 -5 16 -18 20 -8 -4 12 9  -17 1910 -6 7
t, | -20 17 1 -8 -9 5 13 -10 11  -14 7 19 -18 6 15 -12 34 -16
t3 10 -9 6 18 -1 -19 12 -14 16 -17 11  -13 7 -15 4 -8-2 5 20
ty -8 16 -10 -17 20 9 -6 18 -13 7 -19 1 -5 14 -3 151 1 -2 -12
ts 12 -11 -20 15 16 -2 1 8 -19 18 -17 -9 4 -10 -14 6-7 -3 13
te 7 -10 -3 19 -14 17 4  -11 8 -16 12 -15 13 -2 9 520 - 1 18
t; -6 19 12 -14 13 11  -20 15 9 -4 -2 16 -3 8 18 -10 87 -1
tg 4 -12 -18 2 -17 -20 14 -5 -6 19 1 -10 9 -7 -11 313 - -16 15
tg | -16 3 17 -12 2 -4 -19 20 -7 10 -18 5 -8 1 -6 13 1415 -11
tic -3 6 4 -11 15 12 -18 2 17 -9 -20 8 -16 5 -19 7 13 - -14
t1 -1 5 -13 10 19 -7 -16 6 -2 15 -3 17 -14 -12 8 204 --18 9
12 -5 8 -7 9 18 -10 -3 19 -15 13 -6 14 -1 11  -16 2 1720 4
tiz | -19 18 11 -1 -7 14 -2 17 4 -12 15 3 -6 16 20 -9 810 -5
tg | -17 1 -15 7 6 -13 -8 3 -20 2 -16 -12 11 -4 5 18 -919 10
tie | -18 20 14 -5 -10 1 -17 -7 12 -11 -13 6 -19 3 -2 -416 9 -8
t1e 9 -4 -19 20 -5 -18 11 -1 -3 6 14 -7 10 -13 12 -1715 8 2
t17 14 -2 -9 4 8 -6 15 13 -10 3 5 -11 20 -18 1 16 -12-7 19
t1e 15 -13 8 -3 -12 16 10 -4 1 -5 9 -20 2 17 -7 -14 1911 -6
t1e 13 -7 16 -6 -11 3 9 -12 5 -8 4 -2 15 -20 10 -1 1814  -17
tac 2 -15 5 -16 -4 8 7 -9 14 -1 10 18 -17 19 -13 -11 612 -3
team, slot  Sc S S S S4 Sr S S S S S0 S S S Sa S Se Ser S
ty 5 -13 4 8 -3 2 -7 15 -16 -11 10 14 -12 9 -20 18 1719 6
t, | -13 8 -19 -7 9 -1 16 -5 10 20 -3 -17 18 -6 14 -115 12 -4
t3 | -12 -18 13 -11 1 -6 -20 19 14 -10 2 9 -7 15 17 -16-4 8 -5
ty 6 17 -1 19 -20 10 12 -9 -18 8 -11 -16 5 -14 -7 133 -15 2
ts -1 -15 9 17 -16 20 -13 2 -8 -12 7 11 -4 10 -18 1914 -6 3
te -4 -19 15 -12 14 3 -18 -17 11 -7 20 10 -13 2 16 -8-9 5 -1
t; 20 14 -16 2 -13 -12 1 -11 -15 6 -5 -19 3 -8 4 -918 - 10 -17
tg | -14 -2 10 -1 17 18 -15 20 5 -4 13 12 -9 7 -19 6 11-3 16
tg 19 12 -5 18 -2 17 11 4 -20 16 -14 -3 8 -1 -10 7 613 15
tic 18 11 -8 20 -15 -4 14 -12 -2 3 -1 -6 16 -5 9 -179 1 -7 13
t11 16 -10 -17 3 -19 13 -9 7 -6 1 4 -5 14 12 -15 2 -&0 18
1z 3 -9 -14 6 -18 7 -4 10 -19 5 -17 -8 1 -11 -13 156 1 -2 20
t12 2 1 -3 -15 7 -11 5 -14 17 19 -8 -18 6 -16 12 -40-2 9 -10
t14 8 -7 12 16 -6 15 -10 13 -3 17 9 -1 11 4 -2 20 -518 19
t1e 17 5 -6 13 10 -14 8 -1 7 18 -16 -20 19 -3 11 -12 24 -9
tie | -11  -20 7 -14 5 19 -2 18 1 -9 15 4 -10 13 -6 3 127 -8
ti; | -15 -4 11 -5 -8 9 -19 6 -13 -14 12 2 -20 18 -3 10-1 -16 7
tie | -10 3 20 -9 12 -8 6 -16 4 -15 -19 13 -2 -17 5 -1 714 -11
tic -9 6 2 -4 11  -16 17 -3 12 -13 18 7 -15 20 8 -5 101 -14
tac -7 16 -18 -10 4 -5 3 -8 9 -2 -6 15 17  -19 1 -14 1311 -12

109




2011/12

Table H9: 2011/12 best found schedule

team, slot s S S S S S S S S Sic Su Sz Sz S S Sie Si7 Sie Sie
ty | -20 5 18 -19 7 -12 -4 8 2 -15 9 -17 -11 13 16 34 1 6 -10
to 12 -14 16 -10 4 6 -3 20 -1 11 5 -9 18 -8 -13 175 -1 19 -7
t3 18 -4 -5 20 -6 16 2 -11 -8 17 -7 10 9 -15 -14 19-1-13 12
ty | -16 3 -14 12 -2 -13 1 -18 20 -9 19 -7 -5 11 15 -1e17 8 6
ts 14 -1 3 -16 8 15 -20 19 -18 7 -2 6 4 -9  -17 12 11 -13
te | -19 15 -13 7 3 -2 17 -12 -10 18 -14 -5 16 20 -8 a1 -1 -4
t; 13 -17 15 -6 -1 8 -10 16 12 -5 3 4 -14 -18 11 -19-9 20 2
tg | -10 16 -12 17 -5 -7 14 -1 3 -19 -18 11 -20 2 6 -1513 -4 9
tg | -15 10 -17 13 20 -11 12 -14 -16 4 -1 2 -3 5 19 67 -18 -8
tic 8 -9 -11 2 -19 -20 7 -13 6 14 -17 -3 15 -16 -18 4-5 -12 1
t1 17 -12 10 -15 -18 9 -16 3 14 -2 20 -8 1 -4 -7 136 - 5 19
12 -2 11 8 -4 17 1 -9 6 -7 -16 15 14 -13 19 20 -5 1810 -3
t1s -7 19 6 -9 -14 4 -15 10 -17 -20 16 -18 12 -1 2 -11-8 3 5
t14 -5 2 4 -18 13 19 -8 9 -11 -10 6 -12 7 -17 3 -20 -115  -16
t1e 9 -6 -7 11 16 -5 13 -17 19 1 -12 20 -10 3 -4 8 214 - 18
t1e 4 -8 -2 5 -15 -3 11 -7 9 12 -13 19 -6 10 -1 18 2017 14
t; | -11 7 9 -8 -12 18 -6 15 13 -3 10 1 -19 14 5 -2 46 1-20
t1e -3 20 -1 14 11 -17  -19 4 5 -6 8 13 -2 7 10 -16 -129 -15
t1e 6 -13 -20 1 10 -14 18 -5 -15 8 -4 -16 17  -12 -9 73 -2 -11
tac 1 -18 19 -3 -9 10 5 -2 -4 13 -11 -15 8 -6 -12 1416 - -7 17
team, slot  Sc S S S S4 Sr S S S S S0 S S S Sa S Se Ser S
ty -9 4 -7 12 -2 19 -18 -13 15 -8 10 -14 -6 3 17 -1611 20 -5
to -5 3 -4 -6 1 10 -16 8 -11 -20 7 15 -19 -17 9 13 8 -1-12 14
t3 7 -2 6 -16 8 -20 5 15 -17 11 -12 19 13 -1 -10 149 --18 4
ty | -19 -1 2 13 -20 -12 14 -11 9 18 -6 17 -8 10 7 -155 16 -3
ts 2 20 -8 -15 18 16 -3 9 -7 -19 13 -10 11 -12 -6 17-4 -14 1
te 14 -17 -3 2 10 -7 13 -20 -18 12 4  -11 1 -9 5 8 -1619 -15
t; -3 10 1 -8 -12 6 -15 18 5 -16 -2 9 -20 19 -4 -11 4 1-13 17
tg 18 -14 5 7 -3 -17 12 -2 19 1 -9 -13 4 15 -11 -6 2010 -16
tg 1 -12 -20 11 16 -13 17 -5 -4 14 8 -7 18 6 -2 -19 35 -10
tic 17 -7 19 20 -6 -2 11 16 -14 13 -1 5 12 -4 3 18 -158 9
tin | -20 16 18 9 -14 15 -10 4 2 -3 -19 6 -5 -13 8 7 -117 12
tiz | -15 9 -17 -1 7 4 -8 -19 16 -6 3 -18 -10 5 -14 -2013 2 -11
tiz | -16 15 14 -4 17 9 -6 1 20 -10 -5 8 -3 11 18 -2 127  -19
t14 -6 8 -13 -19 11 18 -4 17 10 -9 16 1 -15 20 12 37 -5 -2
t1e 12 -13 -16 5 -19 -11 7 -3 -1 17 -18 -2 14 -8 -20 410 -9 6
t1e 13 -11 15 3 -9 -5 2 -10 -12 7 -14 -20 17 -18 -19 16 -4 8
ti; | -10 6 12 -18 -13 8 -9 -14 3 -15 20 -4 -16 2 -1 -519 11 -7
t1e -8 19 -11 17 -5 -14 1 -7 6 -4 15 12 -9 16 -13 -102 3 -20
tic 4 -18 -10 14 15 -1 20 12 -8 5 11 -3 2 -7 16 9 -17-6 13
tac 11 -5 9 -10 4 3 -19 6 -13 2 17 16 7 -14 15 12 -8-1 18
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Solution Quality

Table H10 provides a breakdown of the accumulategjwed penalties associated with the
official (0), proposed (p) and best (b) schedutmstifie three seasons considered. Note that
constraint C103 is violated exactly once for eatcthe best schedules and on no occasion by
the proposed schedules. Costs referred to in fhegtrare in bold font.

Table H10: Schedule total cost breakdown

Constraints Season
2013/14 penalty 2012/13 penalty 2011/12 penalty
constraint  description weight o] p b 0 p b o] p b

Home and away venue

co4 Club away request 60 420 360 360 420 420 420 420 360 420
co7 Semi-complementar) 100 0 0 0 0 0 0 200 100 0
Strength and paired team
C102a First slot strength 80 0 0 0 80 80 0 0 0 0
C102b Holiday strength 90 90 90 0 90 90 0 90 90 180
C102c Strength prior UCL 45 585 450 225 630 225 135 450 180 90
ci02d Strength prior UEL 5 25 25 5 40 25 25 10 20 10
C102e Strength after UCL 30 540 360 510 570 330 330 510 360 420
Ci102f Strength after UEL 9 18 27 36 27 45 81 27 18 27
C103 Holiday paired 100 0 0 100 0 0 100 100 0 100
Breaks
Cl2a First two alt. 90 0 0 0 0 0 0 0 0 0
Ci2b Last two alt. 90 0 0 0 0 0 0 0 0 0
C12c (hard) Holiday break 1000 0 0 0 0 0 0 0 0 0
C13,C14  Pattern break 100 0 0 0 0 0 0 0 0 0
C105 FA break 2 32 40 20 4 22 18 28 20 28
C106 Bank Holiday break 50 300 0 0 200 0 0 200 0 0
Tournament quality
C104 (hard) 2RR 1000 0 0 0 20000 0 0 0 0 0
Cc107 Min holiday dist. 0.5/km 717 222 157 368 377 25 503 386 144
C108 (hard) Holiday reverse 1000 0 0 0 0 0 0 0 0 0
C19 Reverse proximity 60 0 0 0 0 0 0 0 0 0
Feasibility
C110 (hard) HAP Set SumRow M 0 0 0 0 0 0 0 0 0
C111 (hard) HAP Set SumCol M 0 0 0 0 0 0 0 0 0
C112 (hard) T Set SumRow M 0 0 0 0 0 0 0 0 0
C113 (hard) T Set SumCol M 0 0 0 0 0 0 0 0 0
Total violations 68 57 44 79 46 45 61 40 45
Holiday Distance [km] 4120 3130 3000 3066 3084 2380 3074 2840 2355
Total Z cost 2727 1574 1413 22429 1614 1134 2538 1534 1419
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APPENDIX |
VERIFY AND VALIDATE SPREADSHEET

An electronic copy of an Excel document called idate and verify.xIsx’ is included on the
CD. This document describes all verification preessfollowed in this research. Tables
showing the validation process followed are alsoash
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