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Abstract 

Generating a regulär season schedule is a demanding task for any sports league. In 
Europe, the creation of a suitable schedule for every national top soccer league not only has 
to address numerous conflicting inner-league requirements and preferences. Additionally, 
the games of the European Cup matches (Champions League, UEFA Cup, National Cup 
Winners) have to be taken into account. In this paper we consider the case of Germany and 
Austria, that is the planning problem the "Deutsche Fußball-Bund" (DFB) and the "Österrei
chische Fußball-Bund" (ÖFB) are confronted with. For both leagues we develop models and 
algorithms which yield reasonable schedules quickly. The models borrow their expressive 
power from so-called partially renewable resources. Our approach generates schedules which 
have been accepted for play once by the DFB and five times by the ÖFB. 

Keywords: Scheduling/timetabling, combinatorial optimization, sport 

1 Introduction 

In Europe professional soccer (football) is one of the most important sports in terms of overall 
revenue. Most of this revenue comes from television and radio networks showing the games 
and from gate receipts. These revenues are affected by the schedule. For instance, television 
networks capitalize on a steady stream of "high quality" games while spectators want neither 
too few nor too many consecutive home games. But there are many other effects a schedule can 
have. No team wishes to play a series of games against traditionally strong teams. Teams also 
have preferences that last from year to year. For instance, teams from Munic want to have a 
home game during the "Oktoberfest". These are just a few examplary requirements and effects 
a schedule can have. 

The basic terminology and symbology used in this research is as follows: A league C consists 
of N 6 N teams where N is assumed to be even. If an odd number of teams has to be scheduled 
a dummy team is added. A game w = (nr, is characterized through the game number 
nr £ N and a pair if teams i,j € C,i ^ j. We assume that (i,j) is ordered, that is, team i plays 
a home and team j an away game. A competition W consists of W games. Obviously, nr can 
be dropped if no two identical pairs (i,j) do exist. A dated game w — (w, t) defines for a game 
w the day t game w has to be played. 

A round s consists of a set Vs of days (periods). Each team plays exactly one game in each 
round and, hence, N/2 pairs of games have to be scheduled in each round. A season S consists 
of S = W/{N/2) rounds. Frequently, a season consists of two halfs, the first half-season and 
the second half-season (the complement of the first half). Round s E S is called disjunct if no 
other round s' € S, s ^ s', does have any day in common with round s, that is, Vs n Vs> — 0. A 
timetable V = {w | w = 1,..., W} consists of W dated games. Vs = {w | w = 1,..., N/2} C V 
details the dated games of round 5. Round s G S is called ordered if no other round s' € S,s ^ s', 
exists having one day before the first day of round s and one day after the last day of round s. 

A pattern is a string consisting of H (home), A (away), and B (bye), of length equal to the 
number of rounds of a half-season. A home-away-pattern is an NxS/2-matrix covering the 
patterns of N teams for the S/2 rounds of the first (second) half-season. An opponent pattern 
gi of team i defines for each round s of a half-season the opponent team j. The opponent plan 
collects the opponent patterns of the N teams in an NxS/2-matrix. 

If a team has to play two home or away games on two consecutive rounds then a break exists. 
The round s covering the second home or away game is denoted as break b. It is well-known 
(see de Werra (1988)) that, given 2n teams, exactly two teams have a pattern without a break 
while the other 2n — 2 teams have one break per half-season. 

In this research, - generally speaking - "scheduling" denotes the allocation of resources to 
objects subject to constraints. "Timetabling" could be used instead as some authors do. We 
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refer the reader to Wren (1996) for a discussion of the relationship of scheduling and timetabling 
and to Burke and Petrovic (2002) for a recent survey on automated timetabling. 

The Organization of the work is as follows: We begin in Section 2 by detailling the sched-
ule requirements of the DFB and the ÖFB. A summary and Classification of sports scheduling 
systems in Section 3 then allows us to contrast our scheduling approach with others. We then 
develop in Section 4 the mathematical models which uniquely describe what to do in terms of 
optimization under constraints. Subsequently, in Section 5 we present heuristic and truncated 
exact algorithms. In Section 6, we summarize the experiences gained in a couple of experiments 
and applications and, finally, we draw some conclusions in Section 7. 

2 Schedule Requirements 

Almost every paper in the sports scheduling literature addresses the wide variety of constraints 
and objectives that occur in any real sports scheduling problem. This paper is no different, since 
there are many constraints that affect a feasible soccer schedule. In Section 2.1 we detail the 
schedule requirements of the DFB while Section 2.2 focuses on the requirements of the ÖFB. 

2.1 The German Soccer League 

In Germany the DFB is responsible for the development of 
the schedule for the top men soccer league, called "1. Fuß
ballbundesliga". The league consists of 18 teams, which 
play against each other twice per year, once in the home 
arena and once in the arena of the opponent. Each team 
has to play 34 games and, hence, in total (18 • 34)/2 = 306 games have to be scheduled. There 
are two half-seasons covering 17 games each. Each of the 34 games takes place on a particular 
day of one of 34 rounds. The rounds are disjunct and ordered. There are two types of days 
where games might be scheduled, that is, the weekend days Friday, Saturday and Sunday and 
the non-weekend days Tuesday and Wednesday. (On Monday and Thursday no game must be 
scheduled.) Each of the 34 rounds covers these five days. Games on Saturday must take place 
in the day-time and in the evening on the other days. A minimum and maximum number of 
games is required to be scheduled on every day because of television, radio network and lottery 
requests (as shown for the seasons 1996/97 and 1997/98 in Table 1). 

In addition to these characteristics a couple of requirements classified with respect to organ-
isational, attractiveness, and fairness items are important. 

Organisational requirements cover a set of rules which have to guarantee that all the games can 
be scheduled according to the regulations imposed by the DFB. 

01 Arena availability. Only few teams have their own arenas. To the contrary, most of the 
games are played in arenas owned by a city. As a consequence, arenas are used also for 
other purposes like pop concerts limiting their availability at particular days. 

02 Regions. The home arenas of some teams are located in specific regions. In order to avoid 
heavy traffic and too much demand for local safety staff only a maximum number of home 
games must be scheduled on each of the days within each of the regions. If for example 
four teams are located in the area "Nordrhein-Westfalen" then at most two teams must 
have a home game per round. 

03 Security aspects. Some games, for instance, those between teams having well-known hooli-
gans, must be scheduled at certain hours. Security aspects require such games to take place 
on day-time, that is on Saturday. 

Day Tue Wed Fri Sat Son 
min 
max 

4 4 2 6 0 
5 5 3 6 1 

Table 1: Min/max # of Games 
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04 League interdependencies. There exists another men soccer league in Germany, called 
"2. Fußballbundesliga". The schedule of this league cannot be determined independent of 
the schedule of the first league. The reason is that in some cases the home away patterns 
for two teams from one city, one being a top team, must be complementary. In practice, 
first the schedule of the top league is determined then the schedule of the other league 
taking the restrictions resulting from the first league into account. 

Attractiveness requirements focus on what arena visitors, television spectators and the players 
expect from the sequence of 34 games, that is, a varied, eventful, and exciting season. 

AI Breaks. The number of breaks has to be minimized, that is, two teams have no break 
while the other teams have one break per half-season. To minimize the number of breaks 
gives arena visitors the opportunity to see a home game every two weeks. An algorithm 
for solving the break minimization problem based on maximizing cuts is proposed in Elf 
et al. (2001). 

A2 Minimum number of days between the same pairings. Every team has to play against each 
other team twice per year, once at home and once away. Apparently, both games must 
not be scheduled within a short time span. To the contrary, the Overall competition is 
divided into two rounds, a first one and a second one and every team plays against each 
other team once in the first round and once in the second round with a complementary 
home away pattern. 

A3 Home preferences. Teams want to have a home game on certain days, because a large 
number of visitors is expected due to, for instance, a public festival (like the "Oktoberfest" 
in Munic). Furthermore, on the first day of the season newcomers should have a home 
game while the other teams should start with a home game if the Starter in the previous 
season was an away game and vice versa. 

A4 Attractive games. Broadcasting corporations demand, that attractive games are evenly 
distributed over the year. Usually, games are attractive if both teams obtained a high 
score in the previous season. Also, a local derby may be attractive. 

AS Fixed pairings. The competition should be thrilling as long as possible. If, for instance, 
the champion of the previous season is scheduled against the second team at the end of 
the second round then it is very likely that the winner of the current season is not known 
beforehand. "Fixing" pairings in this regard does not mean that a specific game has to be 
scheduled in the last round, rather than in one of the last three rounds. 

Fairness requirements have to guarantee that no team is handicapped or favored in comparision 
with the competitors. 

Fl Days without games. At least two days without a game have to be scheduled between 
every two games, taking into account not only the games of the league under concern but 
also other games (like UEFA-cup, champions league) which are contained in a frame desk 
diary. 

F2 Opponent strength. Tough and weak opponents have to be distributed evenly over the 
whole season for every team. What 'tough' and 'weak' means is measured in terms of the 
final score of the previous season. The six teams with the highest score form one group, 
the next six teams the second group and the remainig six teams make up the third group. 
The schedule then has to take care of the opponent strength in such a way that no two 
teams belonging to the same group are scheduled against each other in two consecutive 
rounds. 
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F3 Forbidden breaks. In the second round and in the last round no breaks should occur in 
order to avoid distortions of competition. 

2.2 The Austrian Soccer League 

In Austria the ÖFB is responsible for the development of the schedule for the top men soccer 
league. The league consists of ten teams, every team has to play against each other team four 
times and, hence, every team has to play 36 games giving (10 • 36)/2 = 180 games in total. 
Each of the 36 games takes place either in the midth of the week or on the weekend of one of 
36 rounds. The days are disjunct and ordered. 

The organizational requirements can be 
summarized as follows: Scheduling has to take 
care of arena availability (Ol) and of regions 
(02). Security aspects (03) are of no relevance. 
League interdependencies exist between the 
first and the second league and they are dealt 
with like in Germany (04). The attractive-
ness requirements can be summarized as fol
lows: The number of breaks per team and 
half-season is restricted to be at most one (AI). 
Each half-season consists of two parts, that is 
we have four parts in total. The first two parts 
can be scheduled independent of the last two 
parts, but two teams which play against each 
other in round 17 or 18 of the first half-season, 
must not play against each other again be-
fore round 20 or 21 in the second half-season, 
that is, the minimum 'distance' required is 
two rounds (A2). Contrary to complementary 
home away patterns used in Germany Austria 
employs what we call "English System": The 
last round of the first half-season (round 9) is complementary to the first round of the second 
half-season (round 10). Furthermore, rounds 1 to 8 of the first half-season must be complemen
tary to the rounds 11 to 18 of the second half-season. Like in Germany home preferences (A3) 
and fixed pairings (A5) are important. The fairness requirements can be summarized as follows: 
Days without games are without relevance (Fl). To take care of opponent strength (F2) and 
forbidden breaks (F3) is important. 

2.3 Summary of Requirements 

Table 2 summarizes what has been presented in the previous section. A bullet denotes that 
the requirement is very important, a circ 'o' means that it is less important. Overall we can see 
that especially the problem setting of the DFB is very complicated in terms of the multitude of 
requirements which have to be assured. 

3 Review of Related Work 

This section roughly surveys a couple of papers published in the open literature, emanating 
from different branches of sport like baseball, basketball, cricket, icehockey and soccer. For 
each paper we discuss the requirements covered. In some applications travel cost are important, 

Organization 
Characteristics DFB ÖFB 
# of leagues 2 2 
# of teams per league 18 10 
# of games per league 306 180 
days disj. & ordered # • 

01 Arena availability e • 
02 Regions # • 
03 Security aspects e 
04 League interdepend. o 
AI Breaks # 0 
A2 Min # days/pairings # # 
A3 Home preferences # 
A4 Attractive games # 
A5 Fixed pairings e # 
Fl Days without games e 
F2 Opponent strength o o 
F3 Forbidden breaks • • 

Table 2: Requirements - DFB and ÖFB 
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embraced as organizational requirement 05. If not mentioned otherwise a specific item is of no 
relevance. Additionally, we State whether a mathematical model is provided. Furt her more, we 
say a few words about the algorithm employed, that is, whether an approach based on pattern 
assignment or based on the assignment of singular games is used. 

3.1 Baseball 

Two papers devoted to scheduling baseball games will be reviewed. 
First, Cain Jr. (1977), for short C7 in what follows. C7 addresses two american baseball 

leagues, the American League and the National League. The scheduling problem for both leagues 
is identical and, hence, it suffices to consider one. The league consists of 12 teams, divided into 
two groups (divisions). In total 252 pairs of games have to be scheduled as follows: (i) Each 
team must play six times (three home and three away games) against each of the five other 
teams of his own division and, hence, 90 interdivisional games have to be scheduled per division 
or 180 games for both divisions. (ii) Each team has to play four times (two home and two away 
games) against each of the six teams of the other division and, hence, 72 intradivisional games 
have to be scheduled. Each division can play three games per day and, hence, (90 + 72)/3 = 54 
days are required. Arena availability (Ol) and regions (02) must be considered. Apparently, 
the schedules for both divisions cannot be determined independent of each other (04). The 
scheduling objective is to minimize travel cost (05). It is not required to minimize the number 
of breaks (AI), instead a minimum and maximum number of home and away games has to be 
assured. Scheduling must take care of A2, A3 and A5. It is desired to take the opponent strength 
(F2) into account. No mathematical model is presented and the algorithm is based on pattern 
assignment. 

Second, Russell and Leung (1993), for short RL, consider the Texas Baseball League. The 
league consists of eight teams, divided into two divisions with four teams each. The 104 games 
cover 36 interdivisional and 32 intradivisional games, that is, each team plays six times against 
teams of his own division and twice against each team of the other division. The schedule of 
each team consists of 68 games. The objective is to minimize travel cost (05). A2, A3 and Fl 
have to be observed. No mathematical model is presented and the algorithm is based on pattern 
assignment. 

3.2 Basketball 

Three papers devoted to scheduling basketball games will be reviewed. 
First, Campbell and Chen (1976), for short CC, consider a league which consists of ten 

univerity teams. Each team plays twice against each opponent, once at home and once away. 
90 games have to be scheduled. Games might be scheduled on weekends, that is, on Saturday 
or two days later, on Monday. The overall planning period Covers ten rounds, and hence, the 
18 games can be scheduled on 20 days. The objective is to minimize the number of times teams 
have to travel (05). At most two consecutive away games per team might be scheduled (AI). No 
mathematical model is presented, but a heuristic algorithm based on the assignment of singular 
games. 

Second, Bean and Birge (1980), for short BB, study the National Basketball Association 
covering 22 teams. Each team plays 82 (41 home and 41 away) games. Overall 902 games 
have to be scheduled. The objective is to minimize travel cost. Additional requirements (such 
as arena availability) are relaxed when constructing a preliminary schedule. A mathematical 
model and a heuristic algorithm based on the assignment of singular games are presented. 

Third, de Werra et al. (1990), for short dW, consider two (independent) Australian leagues A 
and B. League A (B) Covers 2n (2m) teams. In league A each teams plays against each other 
team twice with complementary half-seasons, that is, the competition is like in the German 
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soccer league. In league B first each team plays against each other team only once. Then the 
league is divided into two groups C and C', where C (C') contains the m best (worst) teams of 
the first round. The number of games covered in league A equals 2n — 1, and in league B it is 
3m — 2. Some teams share one arena and and hence may not have a home game at the same 
time (02). Home and away games have to be complementary, the number of breaks has to be 
minimized and distributed evenly among all teams (AI). The minimum number of days between 
pairings of the same teams is guaranteed because of complementary half-seasons (A2). The last 
day may not cover any break (F3). No mathematical model is presented, but a graph-theoretic 
algorithm is developed in Order to construct patterns with a minimum number of breaks. 

Fourth, Nemhauser and Trick (1998), for short NT, study the Atlantic Coast Conference 
(ACC) embracing nine university teams. Each teams plays against each other team twice, once 
home and once away. Games take place on 18 (weekend or mid-week) days where each team 
has two days off because of the odd number of teams. 144 games (excluding 18 dummies) 
have to be scheduled. Arena availability is without relevance (but could be covered by the 
algorithms). Home and away games should alternate; moreover, no team should have more than 
two consecutive away games. If B denotes that no game is scheduled then a pattern .. .HABAH... 
should be avoided, because in this case a team has no home game consecutively more than twice. 
On the other hand, each team should have at least two weekend home games on the first five 
days. It would be desirable to have complementary half-seasons. Unfortunately, then no schedule 
can be computed respecting all the other requirements. Hence, the objective is to maximize the 
distance between games of two teams. Teams with a final away game in the previous season 
should have a home game in the current one. Traditionally, certain pairings have to be scheduled 
on the last day. It must be avoided that a team plays against strong opponents consecutively. 
Breaks are forbidden on the second and the last day of the season. Additional requirements 
which are difficult to quantify have to be respected; hence several schedules were presented to 
the ACC. Two mathematical models are presented. Roughly speaking, the algorithm proceeds 
in several steps: Pattern enumeration, home away and opponent pattern generation, and pattern 
team assignment. 

3.3 Cricket 

Three papers devoted to scheduling cricket games will be reviewed. 
First, Wright (1992), for short W2, considers an English cricket league where a team plays 

either once or twice against all other teams. Each team has to play 22 games, twice against 
five opponents and once against the remaining 12 opponents. Until 1991 in most cases the same 
teams played twice against each other, a Situation which was considered to be unfair by many 
teams. In this Situation a complicated set of rules was set up covering a planning horizon of 
four years with different regulations for the different years. For the sake of shortness we do 
not go into details here and only State that the requirements 04 and A3 are important. No 
mathematical model is presented, yet a heuristic algorithm based on the assignment of singular 
games. 

Second, Armstrong and Willis (1993), for short AW, consider a scheduling problem involving 
nine teams competing for the world championship. In the first round each teams plays against 
each other team once yielding 36 games. For the scheduling of the nine teams 26 days are 
available. Apparently, the home and away status does not matter for a world championship. In 
the particular case 10 arenas located in Australia and 9 located in New Zealand are available. 
Some locations are unavailable at certain days. The pairings being most thrilling should be 
scheduled on the last day. Without going into details the requirements 01, A4 and A5 have to be 
met. A simplified mathematical model is presented which does not reflect all the requirements 
which are considered to be important. An Interactive algorithm based on the assignment of 
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singular games is developed. 
Third, Willis and Terrill (1994), for short WT, study a scheduling problem involving six teams. 

Each teams plays against each other team twice, once home and once away. In total 30 games 
have to be scheduled. Additionally, there is a competition in which each team must play against 
each other team once. Without going into details the requirements 01, AI, A2, A5 have to be 
met. No mathematical model is presented, but a simulated annealing algorithm based on the 
assignment of singular games. 

Fourth, Wright (1994), for short W4, again considers the English cricket league studied in W2 
but now each team plays once against each other team. In total 152 games have to be scheduled. 
Arena availability (Ol) and regions (02) must be considered. Furhermore, requirements A3, A5 
and Fl have to be observed. The objective is to minimize travel cost while respecting a maximum 
travel distance. A tabu search algorithm based on the assignment of singular games is presented. 

3.4 Icehockey and Soccer 

One paper devoted to scheduling icehockey games will be reviewed. Ferland and Fleurent (1991), 
for short FF, study the National Hockey League consisting of 21 teams with four divisions where 
each division contains five or six teams. Each team has to play 80 games, 40 home and 40 
away. In total 840 games have to be scheduled. Each team must play at least two games per 
week. To schedule more than two games consecutively on three days is not feasible. To take 
care of arena availability (01) is important. The number of games being played on non-weekend 
days, the number of times four games are scheduled consecutively on five days and, additionally, 
the cumulated travel times has to be minimized. It is not necessary to consider home-away 
patterns, but two away games against one and the same opponent is only feasible if a certain 
temporal distance is respected (A2). A multi-criteria model and a heuristic algorithm based on 
the assignment of singular games are presented. 

Surprisingly, to the best of our knowledge, only one paper devoted to scheduling of soccer 
games exists. Schreuder (1992), for short S2, considers the scheduling problem arising with the 
Dutch top soccer league. 18 teams have to play twice against each other, once home and once 
away. The rounds are given and days are not considered. Regional requirements (02) are im
portant and security considerations (03) require certain games to be scheduled on non-weekend 
days. The number of breaks has to be minimized (AI). A mathematical model is presented 
which relaxes some of the important constraints. An algorithm based on the assignment of 
patterns is proposed. 

3.5 Summary 

Table 3 gives a summary. In addition to 
no specific league size is assumed. Finally, 
application is studied or not. 

4 Models 

and 'o' we use a star '*' in order to denote that 
we state whether Information about a practical 

In Sections 4.2 and 4.3 scheduling models for the DFB and the ÖFB will be stated. Both models 
are based on a generic model which is described in Section 4.1. 

4.1 Generic Model 

The topic of the generic model is to schedule all the games of the competition without having to 
assure any organisational, attractiveness or fairness requirements. We use the following notation: 
C = {i | i = 1,..., AT} denotes the set of N teams. W = {w = (nr, (i, j)) \w = l,W, i,j € 
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Characteristics 
Reference 

Characteristics CT RL CC BB dW NT W2 AW WT W4 FF S2 
Number of leagues 
# of teams per league 
# of games per league 
days disj. & ordered 

2 1 
12 8 
252 104 
• # 

112 1 
10 22 * 9 
90 902 * 144 

# * # 

1111 
18 9 6 18 
198 36 30 153 

# e 

1 1 
21 18 

840 306 
• 

01 
02 
03 
04 
05 

Arena availability 
Regions 
Security aspects 
League interdepend. 
Travel cost 

# 
e 

# 
# e 

# 
# 

# # 

• • • 
• 

# 

• 
• 
• 

# 
AI 
A2 
A3 
A4 
A5 

Breaks 
Min # days/pairings 
Home preferences 
Attractive games 
Fixed pairings 

# # 
e e 

• 

o • • 
• • 

# 

# 

e 
# 

# • 
• 
• • • 

e 
# * 

Fl 
F2 
F3 

Days without games 
Opponent strength 
Forbidden breaks 

e 
0 0 

• • 

• 

Mathematical model • • • 
Algorithms 
a. Pattern assignment 
b. Sing, game assignm. 

# • • # 
# • • • • • 

# 

Application • # • • • • • • # e 

Table 3: Requirements - Literature Survey 

£, nr G N} is the set of W games. W determines the set of rounds S = {s | s = 1,..., 5} where 
S = W/(N/2). T>s — {t | round s can be scheduled on day t} denotes the set of feasible days 
where games of round s G S can be scheduled. Based on the binary variable xwt = 1, if game w 
is scheduled on day t (0, otherwise), equations (1) define the generic model. 

7:^^ = 1 VwGW (la) 
t^Da 

Ys YsXwt = 1 Vi' G Vs G 5 (lb) 
w€w tevs u)=(nr,(i,j')) 

2 Zw*<! Vi' €C,\/seS,vtevs (ic) 

w=(nr,(i,j)) 
i'—i V i' =j 

Xwt e {0,1} W, V s G <S, G (ld) 

Constraints (la) assure that each game is scheduled once. Constraints (lb) guarantee that each 
team plays one game per round. Finally, constraints (lc) assure that each team plays at most 
one game per day, because so far we did not assume that rounds are disjunct. Apparently, each 
feasible set of binary variables defines a feasible schedule. 

Two additional assumptions allow to replace the game index w through team indices i,j: (a) 
Each team plays against each other team once, one home and one away game. (b) The rounds 
are disjunct and ordered. Based on the binary variable Xijt = 1, if game (i, j) is scheduled on 
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day t (0, otherwise), equations (2) redefine the generic model. 

^2 22 xv* = 1 VW ^ 4* 9^ 3 (2a) 
sSS t€Va 

22 22 xiü = 1 Vi'J e A« ^ i (2b) 
ses tevs 

+ *;«) = ! V«G£,VsG<S (2c) 
tevs i#* 

xijte {0,1} vi,j ec,vses,vteva (2d) 

Apparently, constraints (2a) and (2b) correspond to constraints (la), and constraint (2c) is 
equivalent to constraint (lb). 

4.2 The German Soccer League 

In order to State a unique mathematical model of the problem setting described in Section 2.1 
an operational specification of the requirements must be given. First of all we have to decide 
whether a requirement has to be strictly fulfilled (in terms of a constraint) or not (that is 
expressed as an objective). Discussions with the responsible decision makers of the DFB have 
shown that all the requirements but A3 and F2 should be strictly assured. We decided to use 
partially renewable resources because of their expressive power as a fundamental tool for defining 
requirements in terms of constraints; see Böttcher et al. (1999). Partially renewable resources 
are obtained by assuming for each resource a capacity on subsets of periods. 

The scheduling problem of the DFB is based on the following assumptions: 

1. N = 18 teams C = {i | i = 1,..., N} play against each other. 

2. Each team plays against each other team twice, one home and one away game. The number 
of games is W = N • (N — 1) = 306 and, hence, the competition W is known. 

3. The days T = {< | t = 1,... ,T} where (DFB or European Cup) matches can be scheduled 
are known. A day is also denoted as period. 

4. The [iV/3j teams with highest score at the end of the previous season dehne group Qi, 
the (7V/3J teams with lowest score comprise group Qi and Q2 contains all the other teams. 
[CKJ denotes the largest integer which is smaller than a. Hence, Qm, m € M = {1,2,3}, 
precisely defines the opponent strength of each team. 

5. Partially renewable resources are defined on U period subsets. The indices of these U 
sets are contained in SG = {.s | s = 1,..., 5,..., U} where T>s Covers the periods of set 
s. Table 4 explains the meaning of the different sets. The first S sets define the season 
<S = {s | s = 1,..., 5} covering S = W/(N/2) = 34 rounds. The (indices of the) first 
round are contained in SH. The rounds are disjunct and ordered. Sv C S Covers the 
rounds where breaks are forbidden (not shown in Table 4). 

6. As already mentioned most of the requirements can be embraced by means of R partially 
renewable resources 7£ = {r|r = l,..., i?}. The number of capacity units kijr of resource 
r needed by game (i,j) is given. Also the available capacity Krs is known for each resource 
r for the periods covered by Vs. Tables 5 to 10 define the details. 

The minimum Min and maximum number Max of games per day is assured through a 
dummy resource r (see Table 5). For the sets s = 5 + 1,..., 5 + T, i.e. every day, the 
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Index Sets s % Meaning 

t 
5 

t 
SH 

4 

1 

5/2 

Days of Round 1 

Days of Round S/2 
1 

5 Days of Round S 

t 
cG 

5 + 1 m Day 1 
o 
1 S + T Day T 

S + T + l All Days 
S + T + 2 

U 

Days t and t', where 
National/International Matches 

Take Place 

Table 4: Sets of Periods 

Resource 

Capacity 

Demand 

r G TZ is a dummy resource. 
Max, if in periods t G Vs at most Max games can be scheduled 

oo, otherwise K, •{ 

k{jr — 1 

Table 5: Games per Day 

available capacity is set to Max, otherwise to oo. The demand always equals 1. If a 
minimum number of games is required we set Krs = —Min or KTS — — oo and k{jT = — 1. 

For each arena which is unavailable in some periods one resource is introduced (see Table 
6). Availability is expressed through capacity 1. Apparently, kijr could be simplified to kiT 

because each team i uses one and the same arena for all home games. A home game can 
be assured by making the arena in the complementary round unavailable. 

Each region is represented by a resource r (see Table 7). The definition of Max must take 
care of the fact that in a region with M teams at least [0.5 • M] games must take place, 
because each team has on average a home game every second round, [of] denotes the 
smallest integer which is greater than a. Additionally, one has to take into consideration 
the number of days which belong to one round. 

We define different types of security relevant games (see Table 8). For instance, a game 
which must not be scheduled on Saturday is another type of game than one which is 
forbidden in midweek. Obviously, such game types can be useful for other purposes (e.g. 
to model the unavailability of floodlight in an arena). 

The resource types defined in Table 9 can be used to model different classes of attractive 
games. Consider a top game where two teams of group Q\ play against each other. If this 
group consists of six teams then 15 games have to be scheduled in one half-season. In this 

Resource 

Capacity 

Demand 

r G % is an arena. 
if arena r is available in periods t G Vs, 
otherwise K, 

kijr — 
1, if game (i,j) is scheduled in arena r, 
0, otherwise 

Table 6: Arena Availability 
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Resource r G 71 is a region. 
Max, if in region r in periods t S Vs at most Max games 

Capacity Krs can be scheduled, 

Demand k{jr = { 

oo, otherwise 

1, if game (i,j) takes place in region r, 
0, otherwise 

Table 7: Regions 

case Max = 1 evenly distributes attractive games. Other types of attractive games can 
be defined similarly. 

In order to model game-free days between games within the league under consideration 
and European Cup matches we generate one resource for each team (see Table 10). Now, 
the capacity for the sets of periods s = S + T + 2,... ,U has to be defined appropriately. 
Consider an arbitrary set Vs = {t, t'}, where t and t' are two consecutive days of different 
rounds having less than two days in between, e.g. Wednesday and Friday. Then a game 
must be scheduled for each team r either on Wednesday or on Friday. If, on the other 
hand, t is a day reserved for European Cup matches and t' a consecutive interleague match 
day (once more having less than two days in between), then the capacity of all teams r 
which participate in the European Cup matches is set to 0. 

7. Each team i specifies in advance the rounds s where a home game shall be scheduled. We 
introduce a binary parameter h{s which equals 1 if team i wants to have a home game in 
round s (0, otherwise). 

8. The requirements A3 (home preferences) and F2 (change of opponent strength) are in-
corporated into the objective function. More precisely, a penalty has to be paid if home 
preferences have been disregarded and/or if opponent strength does not change consecu
tively. Both objectives are weighted based on the preferences of the decision maker. The 
weight w\ for the attribute k = 1 "home preferences not satisfied" and the weight w-j 
for the attribute k = 2 "opponent strength does not change" can be determined easily 
according to the assumptions of multi-attribute utility theory. Using the symbols 

ßk : preference for attribute k, ß\ + ß'i = 1, ßhß'z > 0, 
ßmm,N . sma]jest value of attribute k given the number N of teams, 
ßmaz,N . largest value of attribute k given the number N of teams, 

yields the weights: 

Table 11 compiles the smallest and the largest values of attributes for both objectives. 
Apparently, the number of opponent strength changes depends on N. The interval limits 
have been determined experimentally. In what follows ß\ = ß'2 = 0.5 will be chosen. 

In order to facilitate the Interpretation of the objective it is normalized to the interval 
[0,1]. This is achieved through calculating the constant A = Si + 62 where 8k is defined 
as follows: 

k = 1,2 
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r G TZ is a security relevant type of game. 
0, if a type r game is forbidden in periods t € Vs, 

oo, otherwise 

Resource 

Capacity 

Demand 

K, -{ 

k •ijr {1, if game (i,j) is a security type r game, 
0, otherwise 

Table 8: Security Aspects 

Resource 

Capacity 

Demand 

r € 71 is an attractive game type. 
Max, if at most Max games of types r must be scheduled 

Krs = in periods t £ T>s, 
oo, otherwise 

if game (i,j) is an attractive game of type r 
n-jr ^ n otherwise 

f 1, if 
1 0, o 

Table 9: Attractive Games 

Resource 

Capacity 

Demand 

r £ TL is a team. 
Max, if team r plays at most Max games in periods t eVs, 

oo, otherwise K, 

k ijr 

~{ 

= { o, c 
if team r plays game (i, j), 
otherwise 

Table 10: Days Without Games 

k Objective N •p>min,iy 
nk 

rj77iai,iv 
nk 

1 Satisfy home preferences arbitrary 0 iLii his 
2 Change of Opponent strength 4 0 2 

6 2 8 
8 0 27 

10 4 44 
12 6 72 
14 8 111 
16 9 154 
18 11 187 
20 14 241 

Table 11: Attribute Values 

Days 

M,c) (%,A) 

Table 12: Undesired Break Day 
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Now we are ready to State the model formally. If we define the decision variables X{jt like in 
model (2) then the optimization model (3) precisely states the scheduling problem the DFB wants 
to solve. 

min wr ^2 22 22 22 h^xiJt 
iec jec ses tevs 

w 2 22 22 22 22 22 f 22 x^ü^ 22 xj'n) | A (3a) 
i£C m£Ad j^Qrn jf&Gm s£SH \£E"Pa / 

s^S/2 7 

s.t. 22 22 + xm) = 1 € C, i # j (3b) 
s€*S^ t€T>3 

22 22+ xiu^ = 1 Vie£,Vse<S (3c) 

22 22 22 22 ( 22xi^ 22 x^it 22 x^u 22 x^ü) — ^ ~ ^ 
iecjecj'ec.es" \tevs tevs+1 tevs te^+i J 

,#S/2 

22 Xi^ ~ 22 x3a = 0 V i, J € £, V s G SH (3e) 
tet>s t€T>s+s/2 

22 22 Xi^22 22x^* 22 22 x^u22 22x^>ü ~ ® vi £ £,vs & s (3f) 
jectev,-1 jectev, jectevs 

££**!>«.<*» Vr € ft,Vs G SG (3g) 
iec jec tevs 

Xijt G {o, 1} Vi,je£,VseSG,yte vs (3h) 

The first term of the objective (3a) counts the number of non-satisfied home preferences. Penalty 
cost have to be paid if team i wants to have a home game in round s (h{S = 1), but is scheduled 
away (Xijt = 1). The second term calculates the number of times a team i plays against a team 
from the same group Qm in two consecutive rounds. Constraints (3b) assure that each team 
plays against each other team once in the first half of the competition. This is accomplished if 
either x^t or Xju is fixed to 1 exactly once. Constraints (3c) guarantee that each team plays 
once each round of the first half of the competition; hence, N/2 games have to scheduled per 
round. Constraint (3d) assures the maximum number of breaks N — 2. As a consequence, 
two teams have no break while all other teams have one break per half-season. Constraints 
(3e) make both seasons complementary. Consequentially, constraints (3b) to (3d) are also valid 
in the second round. Constraints (3f) avoid breaks in certain rounds. Constraints (3g) take 
care of the resource restrictions. (3h) defines the decision variables. Apparently, if some games 
(i,j) must be scheduled on certain rounds s or days t then the variables X{jt have to be fixed 
appropriately. 

The objective (3a) and the constraints (3d) and (3f) are nonlinear. In Appendix A it is 
shown how to linearize these equations. 

Finally, we want to summarize how the different characteristics and requirements are covered 
by the model: Ol ->• (3g), 02 (3g), 03 -> (3g), 04 ->• (3h) and/or (3g), AI -» (3d), A2 ->• (3e), 
A3 —*• (3a) (or (3g) if it has to be strictly assured), A4 —>• (3g), A5 —» (3h), Fl —> (3g), F2 -» 
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(3a), and F3 -* (3f), respectively. Additionally, constraints (3b) assure that all games will be 
scheduled while constraints (3c) admit exactly one game per round and team. 

4.3 The Austrian Soccer League 

In order to model the requirements of the ÖFB we have to modify the assumptions of the DFB: 

1. For each round s G SH of the first season we know the round s of the second season where 
identical teams play against each other with a changed home away pattern. 

2. Each half-season consists of two parts, that is, we have four parts in total. The first two 
parts can be scheduled independent of the last two parts. 

The second term of the objective (3a) which takes care of the opponent strength change has to 
be slightly modified, because the first and the second half-season are not complementary any 
more. More precisely, all rounds s = {1,..., S — 1} have to be considered in order to calculate 
the number of missing opponent strength changes. 

Constraints (3e) are replaced through constraints (4): 

X Xi^ ~ X3Ü = 0 V i, j G £, V s G SH (4) 
teva teVs 

Constraints (4) facilitate to model the requirements of the English System where the first and 
the second half-season are not complementary any more. 

If the number of teams is odd we have to add one dummy team. Consider for instance the 
real teams A-D and the dummy team X. Table 12 illustrates an undesirable Situation, where 
team A has three consecutive home games. The following constraints do not permit more than 
two consecutive home games. 

X xiNtYl X! Y! Xi^ = 0 Vi G £,Vs G {l,...,5-2} (5) 
(6% j£CtfDa+i j€*Ct£T>s+2 

X>"«E X Xjit%2 X) x& = 0 Vi € C^s e S-2} (6) 
(6% j£Ct£l}s+i j££t€7}s+2 

E X xijt = 0 Vi G £,Vs G {3,...,5} (7) 
(€% \ j^.C.ttzDs—2 

X 2%'X] X ^Xi X xiit~0 Vi G £,Vs G {3,..., 5} (8) 
tevs jsctsv,-. i jectev3-2 

Constraints (5) forbid the occurrence of more than two consecutive home games after a match 
against the dummy team. Similarly, constraints (6) do not permit two away games. Finally, 
constraints (7) and (8) assure that no break occurs immediately before a match against the 
dummy team. 

5 Methods 

In the previous section we have learned that partially renewable resources are a means of model-
ing a variety of requirements. Unfortunately, this stipulates the need for specialized algorithms 
which are capable of producing solutions for instances of reasonable size quickly. This section is 
devoted to the development of such algorithms. First, in Section 5.1 a graph coloring algorithm 
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for solving the basic model (1) is presented. Second, in Section 5.2 we provide the algorithms 
for solving model (3) of the DFB. Third, Section 5.3 elaborates algorithms for solving the model 
of the ÖFB. 

5.1 Basic Algorithm 

A timetable corresponds to a complete graph where each node represents one team. The rounds 
can be obtained through 1-factorizations or, equivalently, through graph coloring. A timetable 
is obtained by coloring the edges of the graph such that two edges having a node in common 
are colored different. Edges having the same color define the games of one round. Assigning a 
day to each color then defines an opponent plan. (Orienting the edges would define home and 
away games but this needs not to be done in the basic model because breaks have only to be 
considered in the sequel.) 

In Section 1 the terms opponent pattern and opponent plan using real teams are defined. 
Now we use fictitious teams instead which are encoded by means of numbers (keys). The real 
teams are assigned to the keys later on. 

The algorithm COLOR (see pseudo code in Appendix B) colors a given graph (see Schreuder 
(1980)). Anderson (1997) has proven that this algorithm is correct. The algorithm COLOR 
produces one opponent plan. Probably, in the presence of resource constraints no feasible as
signment of real teams to the keys in that opponent plan exists. Hence, we need an algorithm 
which enumerates more (or even all) opponent plans, a job which is accomplished by algorithm 
ENUMOPP, where initially y\?avatl = W. Obviously, in general it takes too much time to generate 
all opponent plans if N is large. 

5.2 German Soccer League 

Generating a schedule for the DFB requires to assign 306 games to about 100 days. Apparently, 
there is no chance to solve the corresponding model (3) using a Standard solver. Hence, special 
algorithms are needed. 

5.2.1 Semi-Greedy Algorithm 

For the description of the greedy heuristic we need some definitions. A preliminary timetable 
(also called key plan) assures the requirements of an opponent plan (consisting of fictitious teams 
or keys) and of a home-away-pattern. Hence, a preliminary timetable respects the constraints of 
the basic model and the constraints (3d), (3e), (3f). A key pattern Covers the opponent pattern 
and the home-away-pattern of a key plan. 

First, we scan whether a feasible Solution with a minimum number of breaks respecting arena 
availability in the two complementary half-seasons exists. If this is the case, then the overall 
heuristic runs three phases. 

Generate a preliminary timetable (Phase 1). Based on the opponent plan of COLOR the 
algorithm SWAPJ10UNDS swaps all rounds with the exception of the first round, changes the home 
right of certain pairings and produces a feasible home away pattern; see Section 5.2.3 also. 

Assign key patterns to teams (Phase 2). This phase successively assign keys to the teams 
taking care of constraints (3g), which define resource restrictions for rounds (and not for days). 
KEYPATTERN outlines the algorithm. £free denotes the set of teams i to which so fax no key 
pattern has been assigned. The set H contains the key patterns p generated in Phase 1. 1i{Tee 

contains yet unassigned patterns which are feasible w.r.t. arena availability constraints of team 
i. The procedure assignment(i,p) cheques the resource restrictions w.r.t. rounds. 
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The priority rules OJ and tp are used for team and pattern selection. Algorithm KEYPATTERN 
is a multi-pass procedure which performs Z Single passes in order to generate a sample of at 
most Z unique (feasible) solutions, where the best one is chosen. Different solutions are obtained 
by biasing the selection of the priority rule w through a random device. The use of a random 
device can be interpreted as a mapping fi : i 6 jrfree ^ which assigns to each team 
i in the decision set £/ree a probability £ll of being selected. Three different methods can 
be distinguished: Random sampling, biased random sampling and regret-based biased random 
sampling. The three different schemes have been compared in Kolisch and Drexl (1996) when 
solving resource-constrained project scheduling problems and it has been shown that the last 
one clearly is superior in terms of Solution quality. Hence, this scheine is adopted here. 

Naturally, a team having fewer patterns available than any other team should be more likely 
selected, that is the prioriry rule corresponds to the number of available patterns. Now, equation 
(9) defines the priority values OJ\. 

üj'i := max 
jecf™ 

free H free (Vi 6 (9) 

In order to assure, that the selection probability is positive for every team, the priority values 
are modified as follows: 

w;' = (w; + e)° (Vi e/:'"*) (10) 

e > 0 and a > 0 are given parameters. Then, the parameterized probability mapping arises to: 

fli = T ^ r (Vi G Cfree) (11) 

Adding the constant e assures that the selection probability for each team in the decision set will 
be greater zero. (e was set to 1 in the computational experiments reported below.) By choice of 
the parameter a, the amount of bias can be controlled. Associated with an arbitrarily large a 
will be no bias and thus deterministic selection on the basis of the employed priority rule, while 
an a of 0 will give way for random team selection. 

The choice of a pattern is done by means of the priority rule ip which prefers the pattern 
which can be assigned to the least numer of teams. Let CpTee denote the set of unassigned teams 
to which pattern p can be assigned, then rule ip reads as follows: 

£free = min P pi^Uf ree p (12) 

Contrary to rule w rule ip is applied deterministically in order to save computation time. 

Assign games to days (Phase 3). What remains to be done is to assign the pairs of games 
of every round to the days belonging to that round. This is accomplished in three steps. First, 
in Step 1 all the games which can be assigned independent of other games are assigned (that is, 
security relevant games, games of teams having European cup matches immediatley beforehand 
or afterwards). Then, in Step 2 all other games are assigned, beginning with those pairs having 
Fl restrictions, continuing with pairs having 02 restrictions, and ending with pairs having A2 
restrictions. Finally, in Step 3 constraints (3g) are checked. Violated constraints are either 
repared by a simple exchange mechanism or the procedure terminates without having found a 
feasible Solution. Algorithm ASS2DAYS summarizes Phase 3. 
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5.2.2 Truncated Branch-and-Bound Algorithm 

Like the heuristic presented in the previous section, the truncated B&B algorithm consists of 
three phases. While Phase 1 and Phase 3 remain unchanged, in Phase 2 branching and bounding 
takes over. 

Depth first search has been implemented and branching is done as follows: Select team i 
according to rule r and generate k branches by assigning one of k key patterns having certain 
properties. Rule r corresponds to rule w, that is, teams having fewer patterns available are 
selected first and the team index is used as tie breaker. Note that rule r works deterministically 
and hence differs from rule ai. The key patterns chosen for the assignment to team i must 
fulfill two properties: First, like in the greedy algorithm presented above, the patterns must 
be compatible with the arena availability of team i. Second, assume that team i belongs to a 
region with an even number of yet unassigned teams. Then, a feasible assignment of pattern 
p requires that the assignment of the pattern p' being complementary to p to another team of 
the same region does not violate arena availability restrictions. %/ree* contains those patterns 
which which satisfy both conditions. If both conditions are verified, branches of the search tree 
which lead to infeasibility are identified earlier. The choice of a specific pattern once more is 
done by means of a rule which prefers "bottlenck" patterns. 

Three lower bounds are calculated. The first lower bound calculates the number of unfulfilled 
home preferences for the so far unassigned teams. Let Hi(p) denote the number of unfulfilled 
home preferences of team i w.r.t. pattern p. Furthrmore, let xp( indicate that pattern p has 
been assigned to team i, then (13) calculates the lower bound LB^. 

Furthermore, a lower bound LB^ on the minimum number of opponent strenth changes can 
be calculated. Finally, both lower bounds can be combined using the weights w\ and W2 of the 
objective function. Details can be found in Bartsch (2001). 

Obviously, if no feasible plan can be computed in Phase 2, then infeasibility of an instance 
is verified. By contrast, if Phase 3 fails to find a feasible schedule, we do not know whether a 
feasible schedule does exist or not. 

5.2.3 Exact Branch-and-Bound Algorithm 

In order to be able to compute benchmark solutions the above truncated B&B algorithm has 
been extended to an exact algorithm. Now, Phases 2 and 3 remain unchanged while Phase 1 
works as follows: First, generate all home away patterns each with a minimum number of breaks 
taking care of the characterisation derived by de Werra (1988). Second, compute (for each of the 
home away patterns) all opponent patterns by means of a recursive algorithm. Details can be 
found in Bartsch (2001). Unfortunately, this can be done in reasonable time only for small-sized 
problem instances having no more than 10 teams per league. 

5.3 Austrian Soccer League 

The Austrian soccer league is scheduled through a variant of the semi-greedy algorithm described 
in Section 5.2.1. More precisely, Phase 3 can be skipped, Phase 2 takes over without any changes 
and Phase 1 is changed as follows. First, home-away-patterns are generated by means of a 
randomized choice of rounds with breaks (assuring that breaks are forbidden in rounds 2 and 
8). If no feasible opponent pattern does exist for the home-away-pattern under consideration 
then another such pattern is generated at random. Second, rounds with breaks are chosen 

(13) 
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while anticipating constraints (3g). Recall that arena unavailability (a home preference) in 
round s',s' € {S/2,... ,S}, of the second half-season requires a home game (away game) in 
the complementary first half-season. Döing so, arena unavailabilities and home preferences can 
be projected on one half-season for each team. Rounds s of one half-season with home and 
away games are collected in the set StHA for each team i. Here, (s,t,A) says that an away game 
has to be scheduled in round Sk while (s/,H) assigns a home game to round S/. Hence we get, 
for instance, S^A = {(si,A), (s2,A), (s3,H),..., (sfc,H)} with < s2 < «3 < • • • < sk. The 
differences between two 'adjacent' rounds can then be used in order to restrict the choice of 
breaks. Similarly, fixed pairings can be assured when constructing home-away-patterns. Details 
can be found in Bartsch (2001). 

6 Computational Evaluation and Applications 

Even in current literature, the systematic generation of test instances does not receive much 
attention. Generally, two possible approaches can be found adopted in literature when having 
to come up with test instances. First, practical cases. Their strength is their high practical 
relevance while the obvious drawback is the absence of any systematic structure allowing to 
infer any general properties. Thus, even if an algorithm performs good on some practice cases, 
it is not guaranteed that it will continue to do so on other instances as well. Second, artificial 
instances. Since they are generated randomly according to predefined specifications, their plus 
lies in the fact that fitting them to certain requirements such as given probability distributions 
poses no problems. However, they may refiect situations with little or no resemblance to any 
problem setting of practical interest. Hence, an algorithm performing well on several such 
artificial instances may or may not perform satisfactorily in practice. 

Therefore, we decided to devise a combination of both approaches, thereby attempting to 
keep the strengths of both approaches while avoiding their drawbacks. Section 6.1 presents com
putational results which have been obtained for the three algorithms when applied to artificial 
instances. Additionally, Sections 6.2 and 6.3 examine some applications. 

6.1 Computational Evaluation 

In this section we provide computational results for artificial instances the generation of which 
closely reflects the soccer scheduling problem of the DFB. We carried out Interviews with several 
experts in the field. Then, to ensure a systematic and consistent generation of the instances, 
for each of the parameters a domain and a discrete distribution function on the domain were 
defined. From these definitions, a test bed of representative instances was generated randomly, 
using a Classification scheine to build instances with specific properties. In this way we tried 
to construct instances reflecting the specifics of the DFB as closely as possible, yet to employ a 
systematic design for the generation procedure. 

Two instance-related factors do have a major influence on the Performance of a Solution 
method, viz. the size and the tractability of the instance attempted. In the sequel, three types 
of instances 7,7 € {s,m,l}, will be distinguished with respect to their size: Small instances 
(7 = s) cover 4 to 8 teams, medium instances (7 = m) 10 to 14 teams, and large instances 
(7 = l) 16 to 20 teams. 

The tractability er, er 6 {e, t}, of an instance intends to refiect the number of feasible solutions. 
In our study, arena availability is the criterion which measures the size of the search Space. Easy 
instances (er = e) pertain to cases where each arena is always available. Tough instances (er = t) 
cover situations where each arena is unavailable once (taking care of complementary home away 
patterns of teams wihin a region).1 We generated ten instances at random for each size and 

1 We studied also 'very tough' instances having additional constraints. For most of these instances a minimum 

19 



each tractability, hence, 60 instances in total. 
The application of an algorithm to an instance may be considered as a random experiment. 

One run of the semi-greedy algorithm corresponds to 1,000 iterations, where each Iteration is 
a trial to construct one feasible Solution based on at most 3,000 assignments of home-away-
patterns to teams. The truncated B&B algorithm is terminated prematurely after 1,000 CPU 
minutes if optimality has not been verified so far. 

Each experiment is characterized through the random variables 'best objective value ob
tained' and 'CPU time required'. The efficiency rate of an algorithm is the average ratio of the 
best known objective value and the best objective value calculated within one run of the algo
rithm. The CPU time is the average time required to perform 1,000 iterations of the semi-greedy 
algorithm. 

The methods described earlier have been imlemented in C under Unix on an IBM RS 6000 
T41 Workstation. The results of our experiments are summarized in Tables 13 to 16: 

• First, we study the effect of the parameter a which controls the amount of bias in the semi-
greedy algorithm. Table 13 provides results aggregated over the two tractability classes. 
Apparently, a — 0 is best suited in terms of efficiency and CPU time required, that is, rule 
w favoring bottleneck teams is inferior to random sampling. Having the largest degree of 
freedom for team selection yields the largest number of feasible solutions, pays off in terms 
of Solution quality - and produces a greater variety of schedules. Hence, a is set to 0 in 
what follows. 

• Table 14 compares the three algorithms for the small instances. The exact B&B algorithm 
is able to find and to verify the optimal Solution for every small instance and, hence, it 
yields the highest efficiency rates. A large CPU time is the price we have to pay. 

• None of the medium instances could be solved to proven optimality within a time Iimit of 
1,000 minutes. Hence, Table 15 compares the results obtained with the truncated B&B 
algorithm and the semi-greedy algorithm. As expected the truncated B&B algorithm has 
longer run times and produces better results. 

• Only two large tough instances could be solved to suboptimality by the truncated B&B 
algorithm within the time limit. For the easy instances the efficiency rate of the truncated 
B&B algorithm is inferior to the semi-greedy algorithm although more Solution time is 
spent. Table 16 summarizes the results. 

Overall each of the algorithms is competitive for certain classes of instances. Subsequently, the 
semi-greedy algorithm is preferred in practical applications because of the short running times. 
The C-code has been embedded in an Interactive decision suppport system (DSS) based on 
Paradox. 

Obviously, it is essential for a successful application to take all the requests into account 
appropriately. Unfortunately, without surprise in some cases the DSS cannot assure all requests 
immediately. Fortunately, the DSS facilitates to play around quickly with some parameters such 
as a in order to find acceptable schedules. In what follows two applications are sketched out; 
more details can be found in Bartsch et al. (2002). 

6.2 Application 1 — DFB 

For the seasons 1996/97 and 1997/98 we could ascertain the real planning instances of the DFB. 
For 1996/97 the instance was put at ours disposal after the schedule has been generated manually. 

number of breaks was excluded and, hence, we do not consider them anymore, because the Performance of an 
algorithm cannot be evaluated from running it on infeasible instances. 
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7 a Efficieny Standard CPU Time Standard 
7 a 

Rate Deviation (in Seconds) Deviation 
s 0 0.9827 0.0613 8.8 10.0 

2 0.9827 0.0613 10.1 12.9 
4 0.9827 0.0613 10.9 15.9 
8 0.9827 0.0613 11.2 16.3 

m 0 0.8348 0.2268 899.9 1,394.4 
2 0.8330 0.2223 1,296.8 2,120.9 
4 0.8286 0.2208 1,752.0 3,424.5 
8 0.8123 0.2211 2,118.1 4,518.2 

l 0 0.9139 0.1461 9,999.2 13,276.3 
2 0.8902 0.1420 11,937.4 15,545.9 
4 0.8970 0.1453 13,052.7 17,701.6 
8 0.8768 0.1513 13,341.4 18,186.0 

Table 13: Efficiency Rates and CPU Times - Semi-Greedy Algorithm 

er Procedure 
Efficiency 

Rate 
Standard 
Deviation 

CPU Time 
(in Seconds) 

Standard 
Deviation 

e Exact B&B 1.00 0.00 3,888 7,384 
Truncated B&B 0.70 0.28 10 20 
Greedy Heuristic 0.68 0.30 12 10 

t Exact B&B 1.00 0.00 338 667 
Truncated B&B 0.67 0.25 < 1 < 1 
Greedy Heuristic 0.67 0.25 12 10 

Table 14: Efficiency Rates and CPU Times - Small Instances 

O Procedure Efficiency 
Rate 

Standard 
Deviation 

CPU Time 
(in Seconds) 

Standard 
Deviation 

e Truncated B&B 1.00 0.00 19,834 23,909 
Greedy Heuristic 0.51 0.19 1,172 1,285 

t Truncated B&B 1.00 0.00 3,381 7,768 
Greedy Heuristic 0.92 0.12 1,528 1,787 

Table 15: Efficiency Rates and CPU Times - Medium Instances 

CT Procedure 
Efficiency 

Rate 
Standard 
Deviation 

CPU Time 
(in Seconds) 

Standard 
Deviation 

e Truncated B&B 0.46 0.35 60,000 0 
Greedy Heuristic 0.77 0.21 8,229 5,446 

t Truncated B&B 0.96 0.09 50,493 20,062 
Greedy Heuristic 0.82 0.16 21,769 16,426 

Table 16: Efficiency Rates and CPU Times - Large Instances 
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Therefore we could compare the results achieved by the DFB with the Solution generated by 
our algorithm. 

It usually takes the DFB several days to generate a schedule. The required time needed 
cannot be measured exactly as the person involved does different work besides. A press report 
from the preparation of the 1995/96 season mentions a period of 15 hours as a guideline. The 
semi-greedy algorithm needed 54 CPU seconds on a Pentium PC with 100 MHz to come up with 
five different feasible schedules. 

Table 17 characterizes the instances of the first league and provides the achieved results. 
Column RE shows the original requirements of the DFB, column SG represents the Solution given by 
the semi-greedy algorithm, while column MA contains Information about the schedule generated 
manually by the DFB. in the column RE means that the requirement has to be satisfied, in the 
columns SG and MA it denotes that the constraint was assured succesfully. 'o' means in the column 
RE a less important requirement, while it stands in the columns SG and MA for constraints not 
fulfilled completely. A number shows how many requirements of a certain characteristic have 
to be scheduled (RE) or could be taken into account in the final schedule (SG, MA). League 
interdependencies (04) are only relevant for the second league and, hence, this requirement has 
been skipped. 

We now describe for each season some 
requirements. Thereby we concentrate on 
those requirements which are economically 
important. 

1996/97: The DFB manually created a 
schedule ignoring a blocked date for an arena. 
One team therefore had to start with a home 
game while the arena was partly under con-
struction. Additionally, 71 potential changes 
of opponent strength were not included in 
the schedule. The DSS, however, produced 
a feasible schedule where only 28 potential 
changes of opponent strength were not cov-
ered. This amounts to an improvement of 
35% in terms of the objective function (3a) 
in comparison with the manually created 
schedule. The truncated B&B algorithm, 
however, generated a schedule with an im
provement of 47%. 

Werder Bremen from northern Germany renovated and enlarged their arena from 
30,000 to 42,000 seats. This renovation was scheduled to be finished at the beginning of the 
second half of the season. Werder Bremen therefore wanted to play five of the top teams at 
home during this second half, to generate a surplus revenue of about 1 million Euros. While 
the DSS verified that a schedule with at least three top games would have been possible, the 
DFB manually generated a plan with none of these games in the second half. Since the DFB had 
already published their plan, it could not be altered anymore. 

1997/98: Requests from TV stations were the most important ones. Two competing stations 
had acquired the broadcasting rights for the first day of the season, resulting in the requirement 
to schedule two attractive matches in the opening round. Additionally, the season had to end 
with a top game. Together with all 20 dates when arenas were blocked, these requirements could 
be met completely. 

Despite positive reactions from a DFB-official, the teams and the German press on our sched
ule, the DSS did not come into use there any further. The reason for this is not evident to us. 

Season 
1996/97 1997/98 

Characteristics RE SG MA RE SG 
01 Arena availability 28 28 27 20 20 
02 Regions 4 4 4 4 4 
03 Security aspects • • o • • 
AI Breaks • • • • # 
A2 Min no. days/pairings • • • # e 
A3 Home preferences 3 2 2 3 3 
A4 Attractive games • • o • e 
A5 Fixed pairings 5 3 0 3 3 
Fl Days without games • • • # # 
F2 Opponent strength o o O O 
F3 Forbidden breaks • • • • e 

Application e • 

Table 17: Instances - DFB 
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A german newspaper argued that the DFB wanted to avoid potential pressure from the various 
parties involved (to fulfil mainly their requests) when being able to create a couple of plans in 
a short amount of time. 

6.3 Application 2 — ÖFB 

For the Austrian Soccer League the schedules of five seasons have been generated with the DSS. 
Table 18 summarizes the specific problem settings as well as the results. We have to look at two 
situations concerning requirement (A5): Either certain pairings have to be scheduled in one of 
1, 2 or 3 predefined rounds (A5a) reducing the search space of (feasible) schedules or they can 
be scheduled in one of 4 to 8 rounds (A5b). Note that all requirements without relevance for the 
Austrian Soccer League have been skipped. Again we only discuss those requirements which are 
economically important. 

Season 
1997/98 1998/99 1999/00 2000/01 2001/02 

Characteristics RE SG RE SG RE SG RE SG RE SG 
01 Arena availability 2 2 2 2 4 4 7 7 4 4 
02 Regions 3 3 2 2 3 2 4 2 2 2 
AI Breaks • • • • * * • • • • 
A2 Min no. days/pairings • • • • • • • • • • 
A3 Home preferences 3 1 7 5 9 9 11 9 13 13 
A5 Fixed pairings ... 

A5a within 1 to 3 rounds 4 3 6 3 13 4 3 3 1 1 
A5b within 4 to 8 rounds 1 1 1 1 10 10 5 4 12 12 
F2 Opponent strength O O o o O 0 o o o o 
F3 Forbidden breaks • • • * • • • • • • 

Application • • • • • 

Table 18: Instances - ÖFB 

1997/98: A special problem when scheduling this season was to put a match between the 
two teams from the city of Graz to the first round - the date, when the new "Arnold-Schwarzen-
egger-Arena" was to be opened. As both teams are in the same regional group, they had to 
get complementary home-away-patterns. In the previous years, the ÖFB always used the same 
key pattern. This pattern, however, did not allow a feasible Solution, as none of the included 
five complementary profiles featured a match between two teams of the same region at the first 
round. Without the DSS, one of the rounds 2, 5, 7, 8 or 9 would have to be moved forward to 
the first round, creating more than one break for all teams during one half of the season. Using 
the algorithm, we generated a new key pattern featuring the minimal number of breaks. 

1998/99: The derbies of the teams from Graz and Vienna traditionally were to be scheduled 
to some specific dates in autumn and spring, because then usually more spectators pass the 
gates than in mid-winter. 

1999/00: This season was characterized by a large number of matches to be played on 
predefined days. These requirements were conflicting, so the ÖFB had to choose those with 
higher priority. 

The two teams from Vienna, Rapid Wien and Austria, belong to the same region. Each team 
has a Stadium of its own, but both arenas were not available during the first round, forcing both 
teams to play an away-game. Hence, it was impossible to generate a complementary pattern and, 
of course, our algorithm could not be blamed for violating the regional requirement. Instead 
it was required to generate patterns having as many complementary home-away patterns as 
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possible. Table 19 shows the best Solution generated, assuring the request of Austria to have 
home games at rounds 2, 4, 6 and 8. If this pattern had been chosen, the two Vienna teams 
would have had only one round (round 11) with common home games in the season. Rapid 
Wien, however, had to start with two away-games - an undesired Situation. The Solution was 
to generate a pattern with a home break at round three, so that Rapid had two common home 
games with Austria in rounds 2 and 11. 

2000/01: It was required to schedule a match 
between the best (expected) two teams at the 
last round, a requirement which could be assured 
easily. Only two of the four regions were required 
to have complementary home-away patterns; for 
the two remaining regions with two teams it was considered to be sufficient to have as little 
home games in the same round as possible. 

2001/02: It was required to schedule many games to certain rounds. In particular, one 
team could play a less attractive team on their anniversary; giving - as usually at anniversaries 
- tickets away for free to their supporters (which otherwise would not have been sold facing 
an unattractive opponent) created a smaller loss of revenues compared to an attractive match. 
Furthermore, a high number of requests for home games had to be considered. 

In the upComing season 2002/03 the DSS will be used again. 

7 Conclusions 

Generating a regulär season schedule is very complicated for any sports league. In Europe, 
the creation of a suitable schedule for the national top soccer leagues not only has to address 
numerous conflicting inner-league requirements and preferences. Additionally, the games of the 
European Cup matches have to be taken into account. 

Of course, this paper does not represent an "objective" view of the process. In reality, we did 
much more than generating a couple of schedules. In fact, many iterations between the authors 
and the decision makers of the DFB and the ÖFB were necessary in order to clarify the schedule 
needs and many of the requirements listed in Section 2 actually arose late in the process. The 
best way to find out those needs is to have an interactive system that generates a couple of 
schedules quickly which can be evaluated by the decision makers. Our system is capable of 
turning around schedules in a few minutes, and that speed is instrumental in its success. 

This paper studies the case of the DFB and the ÖFB. Our approach generates schedules which 
have been accepted for play once by the DFB and five times by the ÖFB. In these applications, 
partially renewable resources are a core tool for defining requirements in terms of constraints. It 
is strongly conjectured that soccer (sports) scheduling problems of other (European) countries 
can be solved adopting the approach presented in this paper. 
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123456789 
Rapid Wien AAHAHAHAH 
Austria AHAHAHAHA 

Table 19: Pattern for Teams of Vienna 
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Appendix A: Linearization of Model (3) 

A linear version of the second term of the objective reads as follows: 

E Zis (14) 
iec S€SH 

• *Sf 2 

This requires to add the following constraints: 

) ] ^ ] ) ] | y ] (xijt ~f" xjit) ~f" ) ] (xij't + xj'it) I 5: 1 zis 
jfzGm j'ZGm t£T>s-j-1 J 

VsG{l,...,Sy2-l}, ViG/3 (15) 

% G (0,1} \/i,j ££,Vs es (16) 

Constraints (15) are satisfied if in the ase of non-changing opponent strength the variable z-is 

takes the value 1. Then the second term of the objective has the same value as in the nonlinear 
formulation. 

Constraints (3d) are linearised similarly: 

X E ( E Xiil j — 1 + 3/w Vs G {1,..., S/2 - 1}, V? € C (17) 
jecj'ec \te-D, tevs+i ) 

This requires to add the following constraints: 

(18) 
i€C sesH 

**s/2 

!/» 6(0,1} (19) 

The variable yis equals 1 in constraint (17), if a home break of team i in round s + 1 occurs. 
The additional constraints (18) assure that the number of home breaks in the first season is less 
than or equal (N - 2)/2. The number of home breaks equals the number of away breaks in each 
round and, hence, constraints (17) and (18) guarantee that the number of breaks is less than or 
equal (N — 2). 

Both terms of onstraint (3f) can be linearized similarly to (3d), as shown for the first term: 

E ( X Xii* + X I - 1 + Vis Vs G Sv, Vi G C (20) 
tevs ) 

This requires to add the following constraints: 

53 Vis = ® (^1) 
iec sesv 

u»E{0,l) V:,;E/:,VaE^ (22) 

The variable Vis equals 1 in constraint (20), if a break of team i occurs in one of the forbidden 
rounds s. Constraints (21) render such schedules infeasible. 
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Appendix B: Pseudo Codes 

1 ALGORITHM COLOR 
FOR s:= 1 to N — 1 DO 

edge [iV,s]:= s; 
FOR k:= 1 to N/2 - 1 DO 

a:= (s + k) mod (N - 1); 
IF a = 0 THEN a:= N — 1; 
b:= (s - k) mod (N — 1); 
IF b = 0 THEN b:= N - 1; 
edge [a, 6]:= s; 

ENDFOR; 
ENDFOR; 

ALGORITHM ENUMQPP 

BEGIN 
choose (nr, (i, j)) E Wavaü with smallest index; 
calc. S(;as of feasible rounds s € SH for (i, j); 
WHILE (S{/as / 0) DO 

choose round s 6 S{?as with smallest index; 
assign game (nr, (i, j)) to round s; 
update sets S{^as and \yavaü; 
IF (Wavail + 0) THEN ENUMOPP; 
ELSE output _pleui; 
withdraw game (nr, (i,j)) from round s; 
update sets S{*as and \\>avaü; 

END; 

ALGORITHM SWAP-ROUNDS 
FOR V edges [a, 6] DO 

s := [a, 6]; 
IF s ^ 1 THEN edge [a, b] := JV — (s - 1); 
IF s > (JV - 2) A ((N = a)V(N = b)) 
THEN change home right of edge [a, ö]; 

ENDFOR; 

ALGORITHM ASS2DAYS 
BEGIN 

FOR s:= 1 TO 5 DO 
assign security relevant games; 
assign teams with European cup matches; 

FOR a:= 1 TO S DO 
assign games with min # days/pairings 
assign games with region constraints; 
assign remaining games; 

improve assignment; 
checke resource constraints; 

END; 

ALGORITHM KEYPATTERN 
VAR success: boolean; 
BEGIN 

compute 7l{Tee, Vi G £; 
success: = FALSE; 
IF (3i € CJTte A n{"e # 0) THEN 

choose team i 6 £free according to rule CJ; 
WHILE (success=FALSE AH{"e # 0) DO 

choose p £ 7i{ree according to rule tp; 
update 'h{Tee-, 
assignment(i,p); 
IF (assignment(z',p) successful) THEN 

success := TRUE; 
update %free and C}Tee] 
IF [C!ree # 0) THEN KEYPATTERN; 

IF (KEYPATTERN not successful) THEN 
success := FALSE; 
withdraw assignment(i,p); 
update Wfree and M^ree; 

END; 
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