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Kapitola 1

Introduction

In this thesis we compare several constraint solvers from a perspective of
a user who is not experienced in a constraint programming. We focus on
easiness of a learning process of each solver and we measure performance by
using benchmarks which test various aspects of examined systems.

1.1 Motivation

The constraint programming is a programming paradigm which uses con-
straints to a describe solution rather than to program a way of achieving
such solution. Constraint can be any condition which can be asserted as true
or false — X <Y, Billy is older than Johnny, Z =5, etc. As an example of a
problem which can be solved using the constraint programming we use Su-
doku puzzle. Sudoku is a worldwide known logical problem which is easy to
explain, its difficulty can be scaled and one does not need previous training
to solve Sudoku. It makes the problem easier to understand for many people
and, therefore, it is very popular. Simple rules of Sudoku are: There is a
given table of size nine times nine. Every field of table contains number in
range one to nine. In each column all the numbers are different (this enforces
that every column contains all numbers in range one to nine). In each row
there are also all numbers different. Finally the same rule which applies for
columns and rows also restricts three times three sized squares which are in
the puzzle marked using bolder lines. The Sudoku is prefilled with a couple
of values. These values help at the beginning of solving and the difficulty
can be adjusted by their count and placement.

The way how to describe Sudoku puzzle in the constraint programming



is very straightforward. We define following constraints:

1. There are 81 variables which can contain values in range 1 to 9. We
arrange them into a two-dimensional array with size 9 x 9. (The Su-
doku is a table sized 9 x 9 containing values in a range 1..9)

2. For all 7 in 1..9 is true: All values of s;, are different (Values in each
row are different)

3. For all j in 1..9 is true: All values of s,; are different (Values in each
column are different)

4. For each square is true: For all k, [ such that k, [ is in square values
of sy are different (Values in each square are different)

5. For all prefilled values: ¢,,, = V if and only if field with placed in
column n and row m is prefilled and contains V.

These constraints fully describe the Sudoku puzzle problem and as the
reader can see do not differ from the commonly known rules. A person sol-
ving Sudoku puzzle can use many techniques starting with randomly filling
the table and looking if this is a good solution (the algorithm using this
technique is called GAT — Generate and Test) and ending with generating
all possible fillings and correcting the solution if something fails (this algori-
thm is called backtracking). The first approach can miss a correct solution.
Since the second approach systematically searches the possible solutions it
has to result into the correct solution; however, it can last enormous time
to complete it (even on supercomputer). The secret of a successful solution
is in the fact that not all numbers can be filled in a specific field. If there is
prefilled value 8 at position [6,7] it means that in row 6 and in column 7 can-
not be another number 8. And because of constraint (4) there also cannot be
8 in the right middle square. A person who does these observations usually
writes into the destination field all possible values and as an examination of
the puzzle progresses there are less and less possibilities to fill in. In an easy
Sudoku after this examination there is at least one field which can be filled
with only one number. After filling all such fields the solving continues in
the same way until the entire table is filled. A program which use constraint
programming solves it in the same way. For each variable it remembers the
range of possible values (we will call it a domain). Before the program starts
searching of solution it tries to eliminate as many values from the domain as



possible. It can reveal that the problem does not have a solution (if there is
a variable with an empty domain) before a backtracking. It it is no surprise
that in a user guide to Choco system it is stated ”if you know Sudoku, then
you know the constraint programming.”

1.2 Constraint programming

The constraint programming indeed consists of more techniques but gene-
rally it works just like the person solving Sudoku described in the previous
paragraph. All constraint satisfaction problems (CSP) can be transformed
in such a way that it contains only binary constraints. Common represen-
tation of the CSP is the multigraph where nodes are variables and the edges
constraints on them. The value of a variable’s domain is supported if there
is not a constraint which collides with such a value. We can define node
consistency if all values of domain of a node x satisfies all constraints ¢(x, x)
(unary constraints). The problem is node consistent (NC) if all nodes in the
problem are node consistent. Similary, the edge e(x,y) is arc consistent if
for all values in D, exists a value of y such that the constraint is satisfied.
This definition does not assure that if the edge e(z,y) is arc consistent then
the edge e(y, x) is arc consistent too. CSP is arc consistent (AC) if all edges
are arc consistent in both directions. The arc consistency, however, does not
guarantee that the problem has solution. If the problem is not arc consistent
then it has no solution for sure. For example let have variables X, Y, Z with
domains {0, 1} and constraints X # Y, Y # Z and X # Z. The problem is
arc consistent but it has no solution.

The general way of solving of the CSP is to transform the domains of
variables to ensure the arc consistency of the problem. After the problem
is in stable state (last iteration of arc consistency algorithm have not chan-
ged any domain) we test if the problem is solved. The problem is solved if
each value has one sized domain. If there is an empty domain after the arc
consistency algorithm we declare the problem as unsatisfiable. This part of
algorithm is called propagation. If we have not found the solution in propa-
gation phase we continue with distribution phase. In distribution phase we
add an additional constraint ¢ to the problem P and rerun the propagation
on two new problems, PU{c} and P U{—c}. If there exists a solution it has
to be contained in at least one of the two new problems. For the usually used
constraint we choose one variable x and value v from its current domain D,,.
The constraint ¢ then can be x = v or x < v. The choosing algorithm of the
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Obrazek 1.1: The MAC algorithm

procedure labelling (V,D,C)
if all wariables from V are assigned then return V
select not—yet assigned wvariable z from V
for each wvalue v from Dz do
(TestOK, D’) := consistent(V,d,C + {x=v})
if TestOK = true then
R := labelling(V, D’, O)
if R <> fail then return R
end for
return fail
end

proper variable z is important. Often we pick the variable with the smallest
domain because it leads to possible failure more quickly. Usually the solver
offers choices of the algorithm to suite all needs. This algorithm is called
maintained arc consistency or MAC. Its schematic source code is in figure
1.1. The code is cited from [?]. More detailed explanations of algorithms
used in CSP solving can be found in [?].

In reading previous paragraphs, a reader could think that the constra-
int programming is used only as an academic toy for solving Sudoku and
for other applications which are useless in a real life. In fact the constraint
programming is used in various applications. A few examples of many con-
tain scheduling, an image recognition, financial modeling, planning, vehicle
routing, a configuration, computer networks and bioinformatics. The con-
straint programming was also successfully used at NASA in Deep Space 1
experiment. Deep Space 1 was a space probe using 12 cutting-edge techno-
logies which were never tested in space before. One of these technologies was
a remote agent used to plan actions of a space vehicle while only general
commands were sent to agent. Agent used for planning constraint solver [?].

1.3 Constraint solvers

A programmer who wants to solve problem using constraint programming
can use in their algorithms ideas described in previous paragraphs or use
specialized software, a constraint solver. Constraint solver is a system which
uses constraint programming techniques to solve a given problem. There
are many solvers available both commercial and freeware. A short list of
available systems can be found in table ??7. More detailed list is maintained
by Roman Bartak in On-line guide to constraints programming at [?].



1.4 Related work

There exists a paper ”A Comparative Study of Eight Constraint Program-
ming Languages Over the Boolean and Finite Domains” by A. Fernandez
and others [?] which covers similar area; however, this paper does not fo-
cus on the user experience with the solvers. They compared solvers by their
performance on various benchmarks and discussed an implementation of
self referential quiz in each solver. We are not benchmarking the same sets
of solvers and we do not use similar methodology which means this thesis
conclusions cannot replace or update results from [?].

Every year there is held the International Constraint Solver Competition
where authors of solvers can compete. The solvers can be submitted in two
categories — complete and incomplete. Complete solvers can prove that the
instance of problem is satisfiable or not (or find and prove the optimum).
As stated in the rules [?] for each solver there is a Boolean capability vector
which indicates which constraints the solver can handle. Solvers with the
same capability vector can be naturally compared. Solvers with different
capabilities can be compared on instances which belong to the intersection
of their capabilities, provided it is non-empty. During the competition the
solvers are run in the sandbox environment on a Linux cluster. The task is
to compute solution of as many benchmarks as possible in the smallest time
amount.

There exists a library [?] of the constraint satisfaction problems which
can be used in benchmarking and comparing of solver capabilities. The lib-
rary contains varying problems in several fields — optimalisation problems,
combinatioral problems and so on. We encourage the reader to try to imple-
ment several problems in the chosen solver as a part of learning of modelling
in the solver.

1.5 Outline of the thesis

We described our motivation for this thesis and listed some constraint sol-
vers. In the second chapter we define methodology used to examine some
of mentioned solvers. The examination consists of two parts — performance
tests and usability tests. In third chapter we will define benchmarks used to
performance tests. The fourth chapter describes in details each solver, men-
tions a little from their history but mainly focuses on usability and easiness
of learning and using the solver. In the fifth chapter we discuss the perfor-



mance tests results and compare the solvers. Finally, in the sixth chapter we
state a conclusion of the whole examination process and present a decision
graph ”"which solver use in which situation”.

10
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Kapitola 2

Methodology

In the introduction we explained what constraint solvers are and presented
several examples of them. In the rest of the thesis we focus on seven of them —
ILOG OPL, SICStus Prolog, Mozart, ECL{PS¢ | Gecode, Choco and Minion.
The first two of them are professional commercial solutions and the others
are freely available open source products. A purpose of this thesis is to help
new users with choosing of the right solver. Therefore we study difficulty
of learning and using of each solver and their performance and abilities.
We test solvers which use various programming languages and paradigms.
An imperative paradigm is represented by a C++ library Gecode and a
Java library Choco. Users experienced in a logical programming might find
interesting SICStus Prolog or ECLPS® . Mozart is implementation of Oz,
a multi-paradigm programming language. With these solvers user can use
their current experience and just learn an API of the constraint library. The
other solvers are configured by a solver specific problem description language.
This fact is both advantage and disadvantage. As for disadvantage, we must
accept that user cannot use their experience with existing programming
languages and has to learn new concepts; however, a specialized language
for describing constraint problems can be more accessible for users who do
not have any programming experiences but they need to solve the given
problem. A general overview of the examination follows.

First, we examine all solvers from a perspective of a user experienced in
the given programming language but inexperienced in using of the solver.
In case of OPL and Minion we expect that user has general computers
knowledge and is able to describe a given problem in constraints. The first
examination tries to answer a question how difficult it is to learn to use



the solver. We model problems described in the third chapter and look for
constraints which cannot be modelled and we describe possible solutions.

Secondly, a quality of documentation is also important criterion. A solver
can be the best of all, but it is useless if the user cannot understand the
usage. The quality of documentation is perceived subjectively and cannot
be measured exactly. This means that any evaluation is only informational,
although it should be considered. As a documentation we accept a user guide
as well as all other available guides, documents, web pages or a doxygen
style documentation. An existence of user forums or mailing lists is also an
important part of learning of new systems. We mention a couple of existing
solvers.

Last but not least, we aim for debugging. There are two areas which
can be debugged - correctness of program and correctness of model. The
correctness of program means that the program does what it should do, that
it handles all inputs as a programmer expects and so on. The correctness
of model stands for an accurate describtion of given modely. User should be
able to inspect variables, visualise a decision tree of search and more other
information. We discuss the ways how a solver informs about mistakes (and
how much descriptive the information is), the tools provided with solver to
debug the program and similarly the tools which can be used to debug model
correctness.

When user masters the solver and uses it to solve real problems, the
time and space efficiency of used algorithms matters. We neither examine
source codes, nor analyze time complexity of used algorithms. Instead we
measure the time needed to load and the time to solve the problem. If a
solver cannot provide such information we measure only a total time. We also
measure an amount of consumed memory during the program execution. All
measurements is performed several times and averaged to avoid randomness.
A robustness test is also performed. In the robustness test we set limit one
hour and try to compute the biggest magic sequence in given time. We use
models created in the process described in the previous paragraph. In [?]
authors have sent models to the solvers’ authors and have given them a
chance to modify them to achieve the best performance of their solvers.
We focus on first-time users of a solver, so we use our own models which
are not perfect and, more imporantly, not tuned for any particular solver.
Apart from OPL, all solvers are tested on Debian 4.0 Linux with kernel
2.6.18 on Pentium 4, 3GHz (single core with hyper threading). Due to licence
problems, OPL is tested on Windows XP SP2 on Intel Core Duo, 1.6GHz.
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For comparison we test on this platform also ECL‘PS® which step should
give us relative comparison with solvers tested on another computer.
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Kapitola 3

Benchmarky

V této kapitole si definujeme benchmarky, které budou dale pouzity k otes-
tovani vlastnosti jednotlivych resi¢u. Jedna se o pét ruznych problému, které
jsou dobfe znamy a zdokumentovany. My si na téchto benchmarcich ukazeme
jak ruzny pristup fesicu k modelovani problému tak budeme méfit kolik
spottebuji strojového casu a prostiedku na vyteseni téchto problému. Az na
sebereferencni kviz jsou vsechny benchmarky skalovatelné a daji se pouzit
také pro testy robustnosti fesice. My budeme tuto robustnost testovat na ma-
gické sekvenci. Budeme mérit, jak velkou magickou sekvenci je jesté systém
schopen spocitat do daného casového limitu. Posledni benchmark — umisténi
skladu — je pifklad optimalizaéni tlohy. Resi¢ bude muset najit optiméln{
reSeni na zakladé dané objektivni funkce. Ke kazdému benchmarku uvedeme
jeho struény popis, model problému s omezujicimi podminkami a ukazkovou
implementaci. Pro ukézkovou implementaci pouzijeme programovaci jazyk
Essence. Zaklady tohoto jazyka popiSeme v prvni ¢asti této kapitoly.

3.1 Essence

Essence je programovaci jazyk pro modelovani kombinatorickych problému.
Umi popsat problém v omezujicich podminkach dostatecné srozumitelné a
prehledné, aby i clovék, ktery tento jazyk nikdy nevidél, byl schopen urcit,
co dany program déla. Program v Essence sestava ze tii casti. Prvni cast
definuje verzi jazyka, druhd ¢ast pouzité proménné a konecné tieti omezujici
podminky na téchto proménnych. Pouzité proménné mohou byt typu Inte-
ger, Boolean a vektor/matice. Jazyk podporuje sum and loop over variable
with given domain. Program muze byt rozdélen na cast, ktera definuje model
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a parametry reprezentujici konkrétni zadani. V ukazkach v této kapitole je
uvedend pouze definice modelu. Soubory s definici parametri muzete najit
na prilozeném CD. Pro pteklad z jazyka Essence do zadani pro solvery slouzi
nastroj Tailor. Ten umi v aktudlni verzi vytvofit z Essence zdrojovy soubor
pro tesic Minion, C++ source using Gecode as a solver a zdrojovy soubor
pro fesi¢ Gecode/FlatZinc. Néstroji Tailor je detailnéji popsén v sekci ?7.

3.2 N-kraloven

Tento benchmark vychazi z klasické Sachistické tlohy, rozmistit na Sachovnici
8 kraloven tak, aby se navzajem neohrozovaly. My si tuto ulohu zobecnime
pro Sachovnici o libovolném poctu sloupcu. Cilem tedy je do tabulky o
rozmérech n X n rozmistit n kraloven tak, aby se neohrozovaly. To zna-
mend, ze pro libovolné dvé kralovny plati, ze nejsou ve stejném sloupci ani
fadku a dokonce ani na stejné diagonale.

Pokud tento problém modelujeme, brzy zjistime, ze je vyhodné ho mo-
delovat pomoci pole proménnych délky n, kde kazda proménna nabyva
hodnot od jedné do n. Dle zadani totiz nesmi byt v jednom sloupci dveé
kralovny a zaroven musi byt v kazdém sloupci alespon jedna kralovna. Staci
tedy pro kazdy sloupec urcit, v jakém jeho fadku bude umisténa kralovna.
Zaroven musi platit, ze vSechny hodnoty musi byt ruzné, protoze nelze
umistit dvé kralovny na jeden tadek. Nakonec musime vyteSit podminku
diagondl. Dvé kralovny jsou na stejné diagondle, pokud je mezi nimi stejny
pocet sloupct i fadku. V nasem modelu to tedy znamend, ze nesmi platit

vztah: [Q(i) — Q(j)| = |i — J

3.2.1 Model CSP

e Proménné a domény: ¢y, ...,q, € {1, ...,n}, ¢; odpovida raddku ve kterém
je umisténd kralovna ve sloupci ¢

e Podminky:

— Z4dné dvé krélovny nejsou na stejném fadku: Vi, j € {1,...,n} :
@ # 4

— Z4dné dveé kralovny nejsou na stejné diagondle: Vi, j € {1,...,n}:
| — gl # li = jl

— Pro omezeni symetrie: ¢; < ¢,

15



O U W N

Obréazek 3.1: Implementation of N-Queens Problem in Essence

language ESSENCE’ 1.b.a

find queens: matrix indexed by [int(1..n)] of int(1..n)
such that

forall i: int(1..n). forall j: int(i+il..n).

alldiff (queens),

| queens[i] - queens[j] | !'= | i - j |

The Essence implementation is in figure 3.1.

Obrazek 3.2: Solutions of 4-queens problem

3.3 Magicka sekvence

Magicka sekvence je posloupnost ¢isel, pro kterou plati, ze ¢islo na pozici k
(¢islujeme od nuly) urcuje pocet vyskytu éisla k& v posloupnosti. Napiiklad
posloupnost (21200) je magickou sekvenci délky pét, protoze plati vyse
uvedena podminka — ¢islo nula je v posloupnosti pravé dvakrat a proto je
na prvni pozici dvojka, jednicka je pravé jedna a proto ma posloupnost na
pozici jedna pravé ¢islo jedna a tak dale.

3.3.1 Model CSP
Model pro magickou sekvenci délky k:

e Proménné a domény: Prvky magické sekvence: my, ..., my_1 € {0, ..., k}.

e Podminky:

16



SISO

Obrazek 3.3: Implementation of Magic Sequence Problem in Essence

language ESSENCE’ 1.b.a
find s : matrix indexed by [int(0..n-1)] of int (0..n)
such that
forall i : int(0..n-1).
( s[i] = (sum j : int(0..n-1). (s[jl = 1i)))

— Prvek na pozici 7 odpovidd poc¢tu vyskytu ¢ v posloupnosti: Vi €
O,...,k—l:mizz 1

m]‘:1 :

my=1 1, d4 se sestavit

alternativni model
e Proménné a domény:
— Prvky magické sekvence: my, ..., my_1 € {0, ..., k},
— pomocné proménné: Vi, j € 0,...,k — 1 : aux;;.
e Podminky:

— aux;j ma hodnotu 1 pokud m; ma hodnotu i, jinak ma aux;;
hodnotu 0: Vi, j € {0,....,k — 1} : (aux;; = 1) & (m; = 1),

— Prvky magické sekvence odpovidaji souctu ptislusnych pomocnych
proménnych: Vi € {0, ...,k — 1} :m; = Z;:é aux;;.

The Essence implementation is in figure 3.3.

3.4 Sebereferencni kviz

Sebereferencni kviz je kviz, kde odpovédi na otazky zavisi na odpovédich na
ostatni otazky v takovémto kvizu. Typickymi otazkami v takovémto testu
jsou naptiklad:

1. Prvni otdzkou na kterou je odpovéd A je: A: 1, B: 2, C: 3, D: 4, E: na
zddnou otdzku neni odpoved A

2. Odpovedi na tuto otazku je: A: A, B: B, C: C, D: D, E: E

Pii feseni takovychto kvizu se pouziji zejména reifikované podminky, tedy
podminky ve tvaru (C' < x)&x € {0,1}. Konstrukce takovychto kvizu je
popsana v ¢lanku [?]. Zadéani testu je nasledujict:

17



10.

. The first question whose answer is A is:

(A)4 (B)3(C)2 (D)1 (E) none of above

. The only two consecutive questions with identical answers are:

(A)3and 4 (B)4 and 5 (C) 5and 6 (D) 6 and 7 (E) 7 and 8

. The next question with answer A is:

(A) 4 (B)5 (C) 6 (D)7 (E) 8

. The first even numbered question with answer B is:

(A) 2 (B) 4 (C) 6 (D) 8 (E) 10

. The only odd numbered question with answer C is:

(A)1(B)3(C)5 (D)7 (E)9

. A question with answer D:

(A) comes before this one, but not after this one (B) comes after this
one, but not before this one (C) comes before and after this one (D)
does not occur at all (E) none of the above

The last question whose answer is E is:
(A)5(B)6(C)7 (D)8 (E)9

. The number of questions whose answers are consonants is:

(A)7(B)6(C)5 (D)4 (E)3

. The number of questions whose answers are vowels is:

(A)0 (B)1(C)2 (D)3 (E)4

The answer to this question is:

(A)A (B)B (C) C (D)D (E) E

Kviz muzeme modelovat jako tabulku s péti sloupci (A,B,C,D,E) a deseti
iadky booleovskych proménnych, pro kazdou odpoved’ v kazdé otdzce jednu.
Hodnota v fadku i a sloupci j je 1, pokud je odpovéd na otdzku i rovna j.
Protoze pro kazdou otdzku plati, Ze je na ni pouze jedna pifpustnd odpoved’,
pridame do modelu podminku ”v kazdém tadku je pravé jedna hodnota 17.
Tento test ma pravé jedno reSeni:

18



Tabulka 3.1: Solution of Self Referential Quiz

‘Question‘A‘B‘C‘D‘E‘

1 070117010
2 1170701070
3 07(1,10]07]0
4 07(1,10]07]0
b} 1170701070
6 0[110]07]0
7 070|001
8 0[(110]07]0
9 070|001
10 07010170

3.4.1 Model CSP

e Proménné a domény: sy, S1j2, ..., S1o4, S10/5 € 0, L.

e Podminky:

V kazdém tadku je pravé jedna hodnota rovna 1:

-----

otazka 1, A az D:

Vie{l,...,4} (51, =1) & (samigip = LA (Vj e {1,...,4 -1} :
sjin =0)),

otazka 1, E:

(81|5 = 1) 4 (Vj S {1, ...,4} 1S = 0),

otazka 2:

Vi € {1, ...,5} : (52‘2‘ = 1) = (Vj € {1, ...,5} DS@Bri-1)|j = 53+z’|j>7
otazka 3:

Vie {1,...,5} : (s3 = 1) & (Sapiip = LA (V) € {4.2+14d}
sjit = 0)),

otazka 4:

V;' €{l,...,5} i (s4i = 1) & (S22 =1/ (V5 € {1..i = 1} : S92 =
0),
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— otézka 5:
Vi € {1, ,5} : (85‘2' = 1) <~ (822'_1|3 = 1)

— otazka 6, A:
Vi € {1,,5} . (86|1 = ].) ~ (El] S {1,,5} : Sj|4 =1 /\Vj S
7, ceey 10: Sjl4a = O)

— otazka 6, B:
Vi € {1,,5} : (86|2 = 1) ~ (3] S {7,,10} . Sj|4 =1 /\Vj S
]_, ceey 5 Sjl4 = O)

— otazka 6, C:
Vi € {1, ,5} . (86\3 = 1) 54 (El] S {1, ...,5, 7, ceny 10} . Sj|4 = 1)

— otazka 6, D:
Vi € {1, ,5} : (86‘4 = 1) = (\V/] S {1, ey 10} D84 = 0)

— otéazka 6, E:
Vi € {1, ,5} : (86‘5 = 1) = (86|4 = 1)

— otazka 7:
Vie{l,...,5}: (s75=1) & (sipa5 = 1) A (Vj € {i +4+1...10} :
sjs = 0))

— otazka 8:
Vi € {1, ...,5} : (Sg‘i = 1) = (Zjozl (Sj‘g + 53 + Sj|4) =7—1+ 1)

— otazka 9:
Vi€ {1,..,5} (sos = 1) & (2]1-021 (i1 + 8y15) = i — 1).

The Essence implementation is in figure 3.4.

3.5 Quasigroup with holes

Kvazigrupa neboli latinsky c¢tverec je tabulka o velikosti n X n vyplnéna
¢isly v rozsahu 0 — n tak, ze se zadné ¢islo v fadku ani ve sloupci ne-
opakuje. Je mozné zadat i dodatecnou podminku na prvky kvazigrupy,
napiiklad, ze prvky na diagonale musi byt sudé apod. Ukolem je pak pro
danou ¢astecné vyplnénou kvazigrupu najit zbylé prvky tak, aby byla plné
vyplnéna a spliovala vSechny podminky na ni kladené. Takovéto zadani
se nazyva problém doplnéni kvazigrupy — quasigroup completion problem
(QCP). Bohuzel toto nemusi vést vzdy ke stejnym vysledkum. Nékterd
zadani totiz neni mozné splnit, néktera jsou prekvapivé jednoducha apod.
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Obréazek 3.4: Implementation of Self Referential Quiz in Essence

language ESSENCE’ 1.b.a

find s : matrix indexed by [int (1..10), int(1..5)] of bool

such that

$ the is only one answer to each question and there is not any unanswered question

forall row : int(1..10). ((sum col : int(1..5). sl[row,coll) = 1),
$ Question 1
$ A to D
forall col : int(1..4). ( (s[1,co0l]l = 1) <=> ( (s[(4-col+1),1] = 1) /\ ( forall row
int (1..(4-co0l)). (slrow,1]1 = 0) ) ) ),
$ E
(s[1,5] = 1) <=> (forall row : int(1..4). (sl[row,1] = 0)),

$ Question 2

forall col : int(1..5). ( (s[2,co0l] = 1) <=> ( forall col2: int(1..5). (s[3+col-1,
col2] = s[3+col,col2]) ) ),
$ Question 3
forall col : int(1..5). ( (s[3,col]l] = 1) <=> ( (s[(4+col-1),1]1 = 1) /\ ( forall row
int (4..2+col). sl[row,1] = 0 ) ) ),
$ Question 4
forall col : int(1..5). ( (s[4,co0l]l = 1) <=> ( (s[col*2,2] = 1) /\ ( forall row : int
(1..(col-1)). slrowx2,2] = 0 ) ) ),
$ Question 5

forall col : int(1..5). ( (s[5,col] = 1) <=> (s[2*col-1,3]1=1) ),
$ Question 6
(s[6,1] = 1) <=> ( ( exists row : int(1..5). s[row,4] =1 ) /\ ( forall row : int
(7..10) . sl[row,4] = 0 ) ),
(s[6,2] = 1) <=> ( ( exists row : int (7..10). sl[row,4] =1 ) /\ ( forall row : int
(1..5). slrow,4] = 0 ) ),
(s[6,3] = 1) <=> ( ( exists row : int (7..10). sl[row,4] =1 ) /\ ( exists row : int
(1..5). sl[row,4] =1 ) ),
(s[6,4] = 1) <=> ( forall row : int (1..10). s[row ,4] = 0 ),
(s[6,5] = 1) <=> (s[6,4] = 1),
$ Question 7
forall col : int(1..5). ( (s[7,col]l] = 1) <=> ( (s[col+4,5] = 1) /\ ( forall row : int
(col+4+1..10). sl[row,5] = 0 ) ) ),
$ Question 8
forall col: imt(1..5). ( (s[8,col]l = 1) <=> ( ( sum row: int(1..10). (slrow,2] + s(
row ,3] + slrow,4]) ) = (7-col+1) ) ),
$ Question 9
forall col: imt(1..5). ( (s[9,col]l = 1) <=> ( ( sum row: int(1..10). (slrow,1] + s[
row ,51) ) = (col-1) ) )
$ Constraints for question 10 are useless
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Navic je tloha zaplnéni latinského ¢tverce NP-iplnd, nemuzeme si tedy byt
nikdy jisti, zda je problém pouze moc nérocny pro fesi¢ a nebo zda tesic
neddva odpoved proto, Ze FeSeni neexistuje. Proto se misto klasického QCP
pouziva jeho modifikace — kvazigrupa s dirami (QWH). Nejprve si predem
vygenerujeme kvazigrupu, ktera splinuje danou podminku. Pak z této kvazi-
grupy odstranime nékteré hodnoty, které pak nechame dopocitat solver. Tim
mame zaruceno, ze feseni existuje. Generovanim vhodnych zadani pro QWH
se zabyval D. Achlioptas a kol., ktefi ukazali, ze tézkost problému souvisi
s tzv. pateii [?]. Pétef je mnozina prvku kvazigrupy, které se vyskytuji ve
vsech feSenich. Pokud se podil patefe blizi k 0%, znamend to, ze exiustuje
mnoho ruznych feSeni a tedy Tesi¢ muze néjaké reseni najit "nahodou”. Po-
kud je oproti tomu podil péatere blizky 100%, existuje velmi mélo feSeni a
vedou k nému vSechny podminky. Da se tedy ocekavat, ze zajimavé kva-
zigrupy budou takové, jejichz péter ma podil okolo 50%. Experimenty pak
prokazaly [?], Ze nejndrocnéjsi jsou problémy s podilem pétefe mezi 30 a
35%.

My pouzijeme kvazigrupy bez dodatecné podminky na prvky, které si vy-
generujeme pomoci programu lsencode od Carly Gomezové [citace? odkaz?]
a walksat od Henryho Kautze.

3.5.1 Model CSP

Model pro kvazigrupu fadu n. Piedvyplnéné hodnoty jsou v poli data;;:

e Proménné a domény: qi1, ..., ¢un € {1, ...,n}.
e Podminky:
— Prvky v jednom fadku jsouruzné: Vi € {1,...,n} : Vj, k € {1,...,n}:
Gij 7 Gk
— prvky v jednom sloupci jsou ruzné: Vi € 1,...n: Vi kel ...n:
Qi 7# Qri
— nékteré prvky maji hodnotu danou zaddnim: data;; definovdno <«

(gij = data,;)

The Essence implementation is in figure 3.5.
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Obrazek 3.5: Implementation of Quasigroup With Holes Problem in Essence

language ESSENCE’ 1.b.a
letting nDomain be domain int (1..n)

find qcp : matrix indexed by [nDomain ,nDomain] of nDomain
such that

forall i : nDomain. alldiff (qcpl[i, nDomainl]),

forall i : nDomain. alldiff (qcp[nDomain ,il)

3.6 Vystavba skladu

Predstavme si, ze mame hypotetické obchodni spolec¢nosti pomoci s roz-
hodnutim, jaké postavit sklady pro své prodejny. Hlavnim kritériem je sa-
moziejmé cena, jakou bude tato vystavba stat. Nasim cilem je tedy tuto
cenu minimalizovat. Na druhou stranu musime vyhovét vSem omezujicim
podminkam, na problém kladenych. Spolecnost ma jiz postavené prodejny a
vytipované lokality pro své sklady. Kazdy mozny sklad méa definovanou svou
maximalni kapacitu — nejvyssi mozny pocet obsluhovanych obchodu. Kazdy
obchod musi mit pridéleny pravé jeden sklad. Cena za vystavbu skladu je
fixni ale naklady na zdsobeni prodejny z daného skladu je pro kazdou ta-
kovou dvojici rizna. Resi¢ na zacétku dostane jako zadani pocet prodejen,
pocet moznych skladu s jejich kapacitami a matici ¢, kde prvek cij urcuje
cenu za zasobovani prodejny i ze skladu j.

3.6.1 Model CSP

Mame k dispozici W skladu, pricemz otevieni kazdého skladu stoji openCost.
Déle mame S prodejen. Mame danou maximalni kapacitu skladu w, kde w;
je maximalni pocet prodejen, které mohou odebirat zbozi od skladu ¢ €
{1, ..., W}. Nakonec mame zadanou cenu supplyCost dopravy zbozi tak, ze
supplyCost,; znamend cenu dopravy ze skladu ¢ do prodejny j.

e Proménné a domény:

— Celkova cena — hodnota objektivni funkce: totalCost € N,
— pocet otevienych skladi: numberOpen € {0, W},
— indikace, zda je sklad otevien: openy, ...,openy, € {0, 1},

— indikace ktery sklad zadsobuje kterou prodejnu: supplier, ..., supplierg €

(1., W},
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— pomocné proménnad indikujici cenu dopravy do prodejny: costq, ..., costg €
N,

— celkova cena za dopravu: costSum € N.
e Podminky:

— Objektivni funkce: totalCost = costSum-+numberOpen-openCost,

— celkové cena za dopravu: costSum = ) . cost;,

— pocet otevienych skladi: numberOpen = ) . open;,

— kapacita skladu nesmi byt prekrocena: Vi € {1,....W} : w; >
Zsuppliorj —i L

— pokud sklad dodéva do néjaké prodejny, je otevieny: Vi € {1,..., W} :
(open; = 1) & ((Zsupplicrj:i 1) > O),

— cena za dopravu ze skladu do prodejny: Vi € 1,...,5,Vj € {1,...,W}:
(supplier;, = j) = (costi = supplyCostij).

The Essence implementation is in figure 3.6.
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Obrazek 3.6: Implementation of Locating Warehouses Problem in Essence

language ESSENCE’ 1.b.a
given Capacity : matrix indexed by [WarehousesRANGE] of int (0..numberOfStores)
given StoreWarehouseCost : matrix indexed by [StoresRANGE ,WarehousesRANGE] of CostRANGE
letting CostRANGE be domain int (0..maxCost)
letting StoresRANGE be domain int (0..numberOfStores -1)
letting WarehousesRANGE be domain int (0..numberOfWarehouses -1)
find
TotalCost : CostRANGE ,
Open : matrix indexed by [WarehousesRANGE] of int (0..1),
NumberOpen : int (0..numberOfWarehouses),
Supplier : matrix indexed by [StoresRANGE] of WarehousesRANGE,
Cost : matrix indexed by [StoresRANGE] of CostRANGE ,
SumCost : CostRANGE
minimising TotalCost

such that

TotalCost = SumCost + NumberOpen * warehouseCost ,

SumCost = sum j : StoresRANGE. (Cost[jl),

NumberOpen = sum j : WarehousesRANGE. (Openl[jl),

forall i : WarehousesRANGE.

(Capacity[i]l >= (sum j : StoresRANGE. (Supplier[jl = i))),

forall i : WarehousesRANGE.

(((sum j : StoresRANGE. (Supplier[j]l = i)) > 0) => (Open([i] = 1) ),

forall i : WarehousesRANGE.

(((sum j : StoresRANGE. (Supplier[j]l = i)) = 0) => (Open([i] = 0) ),

forall i : StoresRANGE. forall j : WarehousesRANGE. ( (Supplier[il] = j) => (Cost[i] =

StoreWarehouseCost [i,j]) )
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Kapitola 4

Constraint solvers

4.1 Mozart/Oz

$Id: mozart.tex 145 2009-07-26 12:48:21Z tutchek $

Mozart je implementaci multiparadigmatického jazyka Oz. Oz je funk-
cionalni jazyk, ktery ma vestavénou podporu pro vicevlaknové aplikace, pod-
poru pro paralelizaci a mimo jiné obsahuje také vestavénou podporu pro
feSené problému s omezujicimi podminkami. Jak bylo zminéno diive, jde
o jazyk multiparadigmaticky, lze v ném tedy psat i imperativni programy
stejné jako logické programy (podobné prologu). Déle je mozné definovat
ttidy vcetné dédicnosti a praocvat s od nich odvozenymi objekty. Tento ja-
zyk byl navrzen pro co nejvyssi variabilitu pfi pouziti, protoze programétor
muze vyuzit nardz kombinaci funkctionalniho, logického i imperativniho pro-
gramovani, OOP a dalsi najednou. Ve standardni distribuci je dodavan jako
samostatny prekladac, ktery vytvoii nativni programy pro dany operacni
systém. Mimo toho umi také bézet v interaktivnim médu, kdy se jednotlivé
bloky piikazu posilaji piimo kompildtoru. Jako IDE se pouziva bézné systém
EMACS, se kterym je Mozart/Oz dodavan.

Podobné jako v jinych funkcionalnich jazycich je do proménné mozné
pritadit pouze jednu hodnotu za dobu jejiho zivota. Proto mé kazda proménna
vedle hodnoty jesté stav. V ptipadé, ze ma dojit k akci nad proménnou
do které neni nic pfitazeno, a¢ by to piikaz vyzadoval dojde k pozasta-
veni vlakna dokud nebude do proménné pritazeno. To umoznuje provést
nasledujici program:

a=>5



if a > b then ¢ = 5 else c = 6
b=24
// V c nyni bude hodnota 5

Jazyk obsahuje vestavénou podporu pro paralelni vypocty, tedy na tirovni
jazyka je mozné vytvaret vlakna a synchronizacni primitiva. Jazyk navic
podporuje predat vypocet na jiny pocita¢ skrze protokol TCP/IP. Lze tedy
vyuzit cluster pocitacu pro zrychleni naroénych vypoctu.

4.1.1 Popis reSice omezujicich podminek

Pfo feseni problému s omezujicimi podminkami obsahuje vestavény fesSic
problému s kone¢nou doménou (finite domain). Pro tyto tcely se mnozinou s
konecnou doménou rozumi{ koneénd mnozina prirozenych ¢éisel s nulou. Resic
obsahuje omezeni na nejvyssi moznou hodnotu proménné. Vypocetni mo-
del pro propagaci podminek se jmenuje prostor (space) a je tvoren nékolika
propagatory napojenymi na constraint store. Constraint store obsahuje kon-
junkci zékladnich podminek, tedy podminek ve tvaru x = n nebo x € D.
Tedy muze vypadat napiiklad x = 6&y € 1...12&z = y. Propagatory ob-
sahuji ostatni podminky, tedy napiiklad = > y nebo a? + b* = 2. Pro-
pagator pro podminku c je samostatny vypocetni agent, ktery se snazi
omezit domény proménnych, které jsou obsazené v c¢. Resenim je pak ta-
kové pritazeni hodnot proménnym, které splni vsechny podminky dané pro-
pagatory.

Example 1 Méjme proménné X a 'Y a nasledujici podminky: X € {0..9},
Y €{0.9}, X+Y =9 2X +4Y = 24.

1. Constraint store obsahuje: X € {0..9}, Y € {0..9}. Propagdtory: X +
Y =9a2X +4Y = 24.

2. Pruni propagdtor nemuZze udélat nic, druhy ale muze zménit constraint
store tak, Ze obsahuje X € {0..8},Y € {2..6}.

3. Proni propagdtor nyni muze zménit constraint store na X € {3..7},
Y €{2..6}.

4. Druhy propagdtor nyni zméni constraint strore na X € {4..6}, Y €
3.4.

5. Pruni propagdtor zméni constraint store na X € {5..6}, Y € {3..4}
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6. Druhy propagdtor nakonec zmeéni constraint store, tak Ze obsahuje X =
6, Y =3.

Propagace muZe byt bud intervalovd nebo doménové. Zatimco inter-
valova propagace pouze méni okraje domény, doménova také odstranuje
vnitini hodnoty domény. Ptestoze doménova propagace vypada jako lepsi
techhnika, pouziva se spise intervalova pro jeji vypocetni jednoduchost.

Jiz pro jednoduché problémy ale propagace nemusi vést k vysledku.
Vezméme napiiklad problém: = # y, x # z, y # z, x € {0..1}, y € {0..1},
z € {0..1}. Tento problém nelze vice propagovat, vsechny podminky lze
splnit ale zadna proménné neni pfifazena hodnota. V této chvili lze pouzit
distribuci. Problém P je distribuovan pomoci podminky C', pokud vytesime
nové problémy P U {=C} a PU{C}. Alespon v jednom z novych problému
se bud nachdzi feseni problému P a nebo je problém nefesitelny. V nasf re-
prezentaci se tohoto faktu da vyuzit pro space. Pokud se systém dostane do
stabilniho stavu, kdy zadna podminka neni nesplnéna a ptitom neni mozné
pritadit zadné proménné hodnotu, tak vybereme proménnou z a hodnotu n
takovou, ze je konzistentni se vSemi podminkami nad x. Tim ziskdme dva
nové space, jeden SUx =n a jeden S Uz # n. Na obou space pak pustime
propagaci. Pokud se dostane opét do stabilniho stavu, znova distribuujeme
a takto postupujeme az do vyfeseni problému a nebo konstatovani, ze je
problém netesSitelny. Tato metoda je uplné, tedy pokud existuje alespon
jedno teseni, pak budou nalezena vSechna.

Je mozné volit z ruznych distribuénich strategii. Volba spravné strategie
muze vyrazné ovlivnit dobu vypoctu. Pro vétsinu problému je dobré zvolit
first-fail strategii, tedy volit proménnou s nejmensi moznou doménou. Pokud
ale zadné dodéavana distribucni strategie nevyhovuje, je mozné implemento-
vat své distribucni strategie, plné na miru problému.

Pro hledani feseni optimalizacnich problému se daji vyuzit dvé techniky.
Naivni technika spoc¢iva v postupném zvysSovani vysledku objektivni funkce
a nasledném hledani teseni, které tomuto vysledku bude odpovidat. Pro
tento postup existuje v jazyce konstrukce, kterd pred splnovanim ostatnich
podminek postupné zvysuje danou proménnou. Tento postup vsak postrada
obecnost a Mozart nabizi lepsi postup — techniku branch and bound. Tato
technika vyzaduje, aby uzivatel sestavil porovnavaci funkci. Porovnavaci
funkce jako argumenty ptijimé predchozi a aktualni feseni problému. Funkce
pak zpravidla zavola objektivni funkci a porovna jeji vysledky. Tato technika
oproti naivni vyrazné zrychli vypocet.
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4.1.2 Nastroje pro podporu modelovani

Mozart nabizi uzivateli interaktivni nastroj Explorer, ktery umoznuje pro-
zkoumat strom teSeni vcetné dil¢ich rozhodnuti, které fesi¢c beéhem vypoctu
ucinil. Explorer je mozné pouzivat také v interaktivnim modu a ruéné urcovat,
které vétve teseni prozkoumat.

Kolecka oznacuji uzly rozhodovaciho stromu, ve kterych probéhlo roz-
hodnuti, koso¢tverce oznacuji nalezeni tispésného teSeni a ¢tverec vétev kde
neni feSeni. Svétlejsi barvou jsou uvedené uzly, které je mozné jesté dale
expandovat. Na uvedeném obrazku tedy mame jedno feSeni, dvé neuspésna
feSeni a pét okamziku, kdy doslo k rozhodnuti z nichz lze jesté ve trech
hledat dalsi feseni. Explorer umoznuje také export nakresleného stromu ve
formatu PostScript.

4.1.3 Implementace benchmarku

Kazdy implemetovany benchmark je samostatny solver. Po zavolani ptislusného
solveru je vracena funkce, ktera je posléze predana funkci realizujici hledani
feseni. Jde bud o funkce SearchOne resp. SearchAll, které naleznou jedno
nebo vSechna feseni problému a vrati je v seznamu. Pro spusténi exploreru

a interaktivni hleddni feseni lze pak zavolat ExploreOne resp. ExploreAll.

4.2 Choco

$Id: choco.tex 152 2009-07-26 22:46:48Z tutchek $

Choco is a constraint solver which is implemented as a library in Java
programming language. It is distributed as a JAR package having a Javadoc
documantation included. It is quite easy to install it even for a beginners
in Java and it lasts about five minutes in commonly used IDEs. Since the
Java is used, the Choco solver is available for various platforms and operating
systems. As far as it is not our goal to describe possibilities of host operating
system, we are not about to further discuss the Java features. Choco is
being developed at Ecole des Mines de Nantes ve Francii and it is freely
available for downloading from SourceForge server. The main number of
current version is 2. Choco divides the problem solution into two parts — a
model and a solver itself. The model contains variables and constraints given
in task. Afterwards, the solver is given the model as an input and it tries
to find a solution. Variables in the model can be integers, real numbers or
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sets. Then the solver is able to find a solution for the current model. A user
can get information from the solver whether the problem has a solution or it
contains a conflict. There is an interface for resolving solutions themselves,
whereby one can ask for the first, the following or all existing solutions. If we
define a variable equal to a value of an objective function, the solver can this
variable either minimize, or maximize. Furthermore, the solver allow us to
choose a strategy which might perfectly fit the given problem. The variables
of solver depends on the variables of the model and one can resolve values
only through the variables of the solver.

4.2.1 Solver description

As it has been already mentioned in the previous section, the solving of
problem is divided into two separated tasks — to define a model and to deploy
the model to a well-configured solver. The model as well as the solver are
classes, both of which are instanced by a user into objects. First we describe
the model and after that we look at the solver.

Model

The model is a instance of class CPModel. In Choco the variables of the
model are represented as objects of the following types: IntegerVariable,
RealVariable and SetVariable. Those variables, generally, are not created
using the keyword new, but in Choco there are factory methods for this
purpose. One has to register those variables first by calling a function CP-
Model::addVariable, or CPModel::addVariables when adding an array of va-
riables at once. While registering variables into a model, we can set additi-
onal properties to the variables, for example to set whether it is a decision
variable, or a variable containing a result of an objective function. It is not
necessary to set those properties every time; however, they might rapidly
improve the computation. Alternatively, we can define those properties in
the solver, which way is described later in the following section.

Once we have registered the variables, a definition of constraints follows.
It is possible either to use a large number of build-in constraints, or to
define our own constraints. The constraints which are available natively
in the solver are listed in the table ??7. Each of the constraint fits in one
the following groups: basic constraints (true, false, relation operators), basic
expressions (goniometric functions, powers, sums), other constraints (abs,
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div, max, ...), reified contraints ((and, or, ifOnlyIf) and global constra-
ints (allDifferent, occurenceMax, ...). Furthermore, there are constraints
available which might be used for modeling geometric constraints, scheduling
constraints and constraints for a sequention of variables which is accepted
by finite automaton.

Apart from the build-in constraints, is it possible to define our own con-
straints. The first way is to define a constraint p(x,y) as a set of compatible
values (a, b), where p is satisfied if z = @ and y = b, or, eventually, as a set of
incompatible values. In that case the set is define as a table of value. Besides,
we define the constraint as a predicate, which has to be satisfied, whereby
the constraint is an instance of a class derived from a class BinRelation with
a method checkCouple having implemented. This function takes two values
as params and returns boolean value whether the condition was satisfied or
not. Simirarly, we can define constraints over tuples. For all such constraints
(either binary or tuple) we can specify desired algorithm for arc consistence.
There is AC3, AC2001, AC3rm and AC3 available for binary constraints
and AC32, AC3rm, AC2001 and AC2008 tuple constraints. A description of
each of the algorithm can be found in [najit citaci pro algoritmy AC].

Solver

A solver is an instance of class CPSolver, which tries to find a solution
according to the model from the previous section. The solver starts with
reading the variables of the model and converting them into variables of the
solver (IntegerVariable into IntDomainVar, RealVariable into RealVar and
SetVariable into SetVar). Afterwards, it reads the constraints of the model
and creates constraints of the solver, which are based on previously read
constraints. Then the solver uses a search strategy and search for solutions.
Since the chosen strategy is a key factor for the speed of solving, one can
configure its various options. A user can specify a selector and an iterator.
Where the selector specifies which variable is about to be taken in next
solver’s desicion and the iterator chooses each of available values and iterates
over them. In a standard distribution of Choco there are basic selectors such
as variable with minimum domain, variable with mazimum domain and so
on. Whilst the iterators can try values in ascendant or descendant order.
An alternative to iterator is a value selector, which returns next available
value when required. As for value selector, we can use, for example, minimal
value in a domain, random value in a domain and so on. We can choose
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different user-defined strategies for various group of variables so as to follow
the specified problem in the best way. In that case we define the solver’s
behaviour through so-called goals. A goal contains a definition of a strategy,
that means a selector for certain variables and an iterator over values.

While solving large-scale problems, it might be enormously time deman-
ding, take too much system resources and so on. To avoid this we can define
solver limits. In the solver we can set a time limit, a limit for a number of
nodes, a depth of backtracking, a number of fails or a limit for CPU time.
Apart from that, a user can define their own limits.

Once the solver has read the model and the strategies are defined, it starts
solving the problem. The solver offers an interface for accessing either each
solutions (solve, nextSolution), or to get all the solutions at once. Moreover,
we can specify a variable which the solver tries to minimize or maximize.
Since the result is held in variables of the solver and not in user-defined
variables of the model, it is required to resolve the solver’s variables by
calling a function CPSolver::getVar, which accepts a variable of a model
and returns a variable of a solver.

4.2.2 Debugging support

Choco does not include any tools for graphic visualisation of search tree such
as systems Mozart or Gecode do; however, in Choco it is possible to print
out a log of the solving process. One can configure several levels how detailed
information is logged varying from nothing to a complete list of what the
Choco does internally. ***ZPRACUJVIS***

4.2.3 Subjective description

The system has a good documentation, although it is quite jumble. Even
though an accurate reader finds virtually everything they look for. A do-
cumentation for developers is generated by JavaDoc system. Due to that
fact it is available as a hinting tool for many users of common Java IDEs,
that definetely helps for better understanding of the solver. Since the deve-
lopment of the solver is maintained at SourceForge server, it is quite easy
to access source codes as well as a history of versions via revision control
system Subversion. One can find there also a technical support forum, where
the authors answers the users’ questions. The reaction time is very low and
the answers are of high quality so most of the problems are quickly fixed.
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4.3 Minion

$Id: minion.tex 143 2009-07-26 10:01:45Z tutchek $

Minion je fesi¢ omezujicich podminek, ktery funguje jako samostatna
aplikace, ktera na vstupu dostane popis problému a na vystupu vrati reseni.
Jako mnoho ostatnich tesicu je k dispozici na serveru sourceforge.net jako
open-source program. Oproti ostatnim reSicum, které funguji jako knihovny
pro néjaky programovaci jazyk a je mozné je pouzit jako subsystém pro
feSeni omezujicich podminek pfimo uvniti programu, Minion pracuje samo-
statné. Popis problému dostéava ve specialnim datovém souboru, ktery je
rozdélen na definici proménnych, definic podminek na nich a piipadnou de-
finici objektivni funkce. Vystup fesSice pak muze uzivatel precist na stan-
dardnim vystupu. Samotny jazyk pro popis problému by se dal nejlépe
popsat jako ”assembler pro omezujici podminky”. Skélovat problém neni
mozné bez zmény vstupniho souboru, protoze ten je navrzeny jak na miru
problému c¢tyt kraloven na osm kraloven jenom prepsat konstantu 4 na 8,
zde je nutné prepsat vétsinu vstupniho souboru. Mnozina podporovanych
podminek je konecnd a neni mozné pridat novou podminku bez zasahu
do kédu samotného tesice. Uzivatele jisté zaujme, ze neni mozné specifi-
kovat podminku a = > w;z;, ale je nutné ji nahradit dvojici a < > w;ay,
a > > w;r;. Podminky také neni mozné fetézit. Pokud je fetézeni podminek
pro model podstatné, je nutné zavést auxiliary proménnou, pies kterou se
podminka svaze. Minion podporuje ¢tyii typy proménnych — bool, bound,
discrete a sparseboud. Bool proménné jsou proménné s doménou {0, 1}.
Bound proménné jsou interné ulozené pouze okraji intervalu, ktery reprezen-
tuji. Discrete proménné také reprezentuji zadany interval, ale oproti bound
proménnym mohou obsahovat v intervalu diru. Koneéné sparsebound repre-
zentuje doménu, ktera sestava z prevazné osamocenych hodnot, které jsou
definovany ve vstupnim souboru. V prubéhu vypocétu se pro sparsebound
proménné upravuji opét pouze okraje intervalu. Z téchto proménnych je pak
mozné vytvaret vektory, matice a n-tice.

Format vstupu pro minion neni moc human-friendly. JiZ pro malé problémy
roste pocet pomocnych proménnych nad rozumné meze a vstup se stava
nepfehlednym. Proto se vyplati vstupni soubor generovat automaticky. Bud’
pomoci ad hoc generatoru, které si uzivatel napise napt. jako soucast svého
programu, ktery posléze vold minion a nebo pomoci nastroje Tailor po-
psaného v sekci ?77.
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4.3.1 Popis resice omezujicich podminek

Jak bylo zminéno v predchozi sekci, minion je samostatny spustitelny pro-
gram, ktery jako parametr dostane nézev vstupniho souboru (pfipadné do-
stane vstup na standardnim vstupu) a na standardni vystup piipadné do
souboru vypise feseni. Umi pracovat pouze s celymi cisly, problém tedy
musi byt zakédovan tak, aby se jimi dal vyjadrit. Format vstupniho souboru
prochazi mezi verzemi zménami, ale fesi¢ by mél byt schopen pracovat se
vSemi starsimi forméty. Aktualni verze formatu vstupniho souboru ma cislo
3. Kazdy soubor obsahuje na prvnim tadku specifikaci formatu, v tomto
pripadé tedy MINION 3. Déle nésleduji v libovolném potadi a s libovolnou
moznosti opakovani jednotlivé sekce souboru. Soubor muze obsahovat sekci s
definici proménnych, sekci s definici n-tic, sekci s definici podminek a kone¢né
sekci s definici parametru hledani feseni. Podminky se nechovaji jako kla-
sické funkce, ale jako predikaty, které musi byt splnény a nemaji navratovou
hodnotu. To vede k tomu, ze abychom slozili efekty vice podminek, musime
zavést pomocnou proménnou. Napiiklad méjme podminku |z| < y a k dis-
pozici jen podminky X = |Y| a X < Y. Pro podminku |z| < y pak musime
zavést pomocnou proménnou a a do modelu pfidat nasledujici dvé podminky
a = |z|, a < y. Prehled podporovanych podminek fesice Minion lze nalézt v
tabulce ?7?. Parametry vyhleddvan{ lze ovlivnit bud’ piimo v definiénim sou-
boru, naptiklad potadi proménnych apod. a nebo skrze parametry piikazové
radky.

4.3.2 Nastroje pro podporu modelovani

Minion umoznuje vypsat na standardni vystup prohledavaci strom, ve kterém
je mozné sledovat Cinnost solveru na predlozeném modelu. Vlastni nastroj
pro visualisaci feSeni systém neobsahuje. Protoze je ruéni modelovani v
systému Minion pomérné obtizné, uzivatel pravdépodobné pouzije pro tvorbu
modelu nastroj Tailor. Ten umozinuje jak preklad programu v Essence’ do
formatu Minion, tak pfimo spustit minion a sledovat feseni z Tailoru.

4.3.3 Subjektivni hodnoceni solveru

Autori na strankach solveru uvadi, ze je Minion nejrychlejsi solver, ktery
je k dispozici. Toto nechdme na posouzeni ¢tenafi po vlastnich pokusech
se systémem pripadné po zhodnoceni vysledku naSich benchmarku. Roz-
hodné se ukézalo, ze v pifpadé kdy systému nedojde pamét z divodu veli-
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kosti problému, je i pro velké instance problému schopen okamzité odpovédi.
Nejveétsi prekazkou je tedy vstupni format, ale tento problém je elegantné
resitelny zminénym programem Tailor. Jako samostatny program, ktery je
mozné zavolat s definici problému a on na standardni vystup vrati feseni
je pouzitelny jako fesi¢ i pro takové programy jako napiiklad Bash skripty.
Jediny pozadavek na pouziti je schopnost sestavit vstupni soubor. Co se tyce
dokumentace, je k dispozici referencni prirucka, kterda obsahuje popis vSech
podminek a vstupniho formatu souboru. Také je soucasti prirucky jemny
uvod do prevodu CSP modelu na vstupni soubor Minionu.

4.4 Gecode

$Id: gecode.tex 157 2009-07-28 07:26:22Z gufy $

Gecode is a C++ library for solving problems with constraints. It allows
to model a problem which contains integers, boolean variables and finite
integer sets. Gecode is a free open source software as many of the mentioned
solvers are. The library is distributed as source codes and for Windows
OS there is also an installer with pre-compiled libraries. Optionaly a user
needs a Qt library, which is used in a visualization graphic tool Gist. Apart
from basic constraints, Gecode has also constraints for scheduling, finite
automatons, graphs and so on. We describe those constraints further in the
following section. Gecode often uses the feature of C++ to overload functions
and operators, which leads to a fact that many equal constraints for varying
data types have the same name. In addition, the overloading of operators
helps to ease the work with expressions. A disadvantage might be a lack
of explicit consciousness about a state of used operators, therefore a user
cannot be sure if an operator that is used for a variable is just a common
operator, or a part of constraint. A key man of Gecode solver is Christian
Schulte, who also participated in a development of the system Mozart/Oz.

4.4.1 Solver description

A problem is modeled as a class derived from a class Space. In this particular
class there are defined variables and constraints. Variables are objects of one
of the following type: IntVar for integers, BoolVar for boolean variables and
SetVar for finite integer sets. Compared to other solvers the boolean variables
aren’t just integers with a domain 0, 1. It is not even allowed to declare a
constraint b = ¢ having a boolean variable b and an integer . When a relation
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