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INTRODUCTION

Today Constraint Programming (CP) has become a leading technique for solving complex
constraint satisfaction and optimization problems in manufacturing, telecom, logistics,
finance, and other industries. Among such problems are job scheduling, resource
allocation, planning, product configuration, and other decision support problems with
many business constraints. CP provides a great foundation for the development of smart
optimization and decision support engines.

OpenRules®, being a popular business rules management system, also includes a special
component called a Rule Solver™ that applies constraint programming techniques to
solve optimization problems within a business rules environment. A combination of
OpenRules® Business Rules Management System (BRMS) and Rule Solver™ allows a
non-technical user to define a constraint satisfaction problem using Excel-based business
rules, and then to apply a powerful constraint engine to solve it. Rule Solver™ supports
declarative application development concentrating on WHAT TO DO (problem definition)
instead of HOW TO DO it (problem resolution).

There are multiple commercial and open source constraint solvers available on the
market today. Rule Solver™ is based on the standard “Constraint Programming APIT”
defined by the Java Community Process known as JSR 331!. This standard specifies a
Java runtime API for Constraint Programming and allows Rule Solver™ to utilize
different constraint solvers without any changes in the application code.

This user manual explains how to install and use Rule Solver™ with different JSR-331
compliant CP solvers. This document is aimed at business application developers who
will use Rule Solver™ to build-up real-world decision support applications using the
standard, vendor neutral, interface. Rule Solver™ includes a variety of templates that
allow business analysts (not necessarily familiar with CP or Java) to define their own
constraint satisfaction and optimization problems and use standard CP solving methods
to find their solutions.

DOCUMENT CONVENTIONS

The regular Century Schoolbook font is used for information that is prescriptive by this
specification.

The italic Century Schoolbook font is used for notes clarifying the text

The Courier New font is used for code examples.

1 JSR 331 has been awarded the Most Innovative JSR Award at Java One, 2010.
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RULES AND CONSTRAINTS INTEGRATION

OpenRules® combines its Rule Engine and Rule Solver™ products allowing business
people to define and resolve their complex decision support problems. Such a combination
allows a user to define a business optimization problem using Excel-based business rules
with a set of predefined templates. Then Rule Solver™ automatically generates a related
constraint satisfaction problem and solves it using OpenRules® powerful constraint
engine.

The following diagram describes how the integrated use of Rule Solver and Rule Engine
can be applied to online decision support:

Online Problem
Resolution

A e Optimization
> Expert
Problem |~}
Rule Solver Solving
Constraints &
@ Algorithms
Selected Problem
Configuration
4
Problem
Configuration
. Rgles ¥~
Rule Engine
S

Decision Service Rules Repository

While business rules can be used to define and modify a business problem, the proper
optimization model can be expressed in terms of constraints and solved by a powerful CP
solver.
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CONSTRAINT SATISFACTION PROBLEM (CSP)

Many real-life problems that deal with multiple alternatives can be presented as
constraint satisfaction problems (CSP) and can be successfully solved by applying
different Constraint Programming tools.

Formal Definition
Formally a Constraint Satisfaction Problem is defined by

a set of variables V1, V2, ... Vn, and
a set of constraints, C1, C2, ... Cm.

Each variable Vi has a non-empty domain Di of possible values. Each constraint Cj
involves some subset of the variables and specifies the allowable combinations of values
for that subset. A state of the problem is defined by an assignment of values to some or
all of the variables. A solution to a CSP is an assignment that satisfies all the
constraints. If a CSP requires a solution that maximizes or minimizes an objective
function it is called a “constraint optimization problem”. We will use the abbreviation
CSP for both types of problems.

The main CSP search technique interleaves various forms of search with constraint
propagation, in which infeasible values are removed from the domains of the variables
through reasoning about the constraints.

Major CP Concepts

All major CP concepts belong to one of these two categories:
1 Problem Definition represented by the interface Problem
1 Problem Resolution represented by the interface Solver.
At the very high level a business user is presented with only 6 major concepts:

1 Problem
0 Constrained Variable
0 Constraint
1 Solver
0 Search Strategy
0 Solution

While different CP solvers use diverse names and representations for these major
concepts, semantically these 6 concepts are invariants for the majority. JSR-331
provides a unified naming convention and detailed specifications for these concepts.

You may want to read the JSR-331 User Manual which contains a variety of Java
examples. Below we explain how to represent and solve different CSPs using MS Excel™
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and OpenRules® decision tables. Contrary to Java, Rule Solver™ allows subject matter
experts (non-programmers) to work with constraint programming tools. The following
introductory example shows two problem representations of a simple arithmetic problem:
1) in Excel; 2) in Java.

Introductory Example

The following example demonstrates how to represent and solve a simple puzzle using
Rule Solver™. Assuming that different letters represent different digits, you need to
solve the following puzzle:

SEND+MORE=MONEY Defined in Excel

This problem can be defined and solved using only simple Excel tables that are based on
templates. We create an Excel file Test.xls with the following tables:

Rules defineVariables extends
Variables

Name Min Max

™

Rule Solver

S

O |oOoO|OoO|PFr,r|O|O|O|R
© O || O |Ow |||

<|@m|jo|g|0|z

This table defines 8 constrained integer variables with domains from 0 to 9. Variables S
and M have a possible minimal value of 1 because they at the beginning of the words
SEND and MORE. To state that all these 8 variables are different we may define the
following constraint:

Rules postAllIDiffLetters extends AlIDiff

Variables

S E N D M O R Y

Now we can create 3 new variables SEND, MORE, and MONEY:
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Rules defineSendMoreMoney extends ScalarProduct

Scalar Product Name Coefficients Variables
SEND 1000 100 10 1 S E N D
MORE 1000 100 10 1 M @) R E
MONEY 10000 | 1000 | 100 |10 | 1 M o N E Y

The first row of this rules table defines SEND as S*1000+E*100+N*10+D. Similarly we
define variables MORE and MONEY using the proper scalar products.

Now we may define the main problem constraint SEND + MORE = MONEY:

Rules postMainConstraint extends XoperYcompareZ

Variable 1 Arithmetic Variable 2 Gl Bl Variable 3 Value 3
Operator Operator
SEND + MORE = MONEY

The above rules tables extend rule templates predefined in Rule Solver™ file
“Templates.xls” included in the standard installation. The file “SendMoreMoney.xls”
contains one main method that defines and solves this problem:

Method void main(RuleSolver rs)

defineVariables(rs);
defineSendMoreMoney(rs);
postAllDiffLetters(rs);
postMainConstraint(rs);
findSolution(rs);
printSolution(rs);

This method executes previous rules to define the problem, then calls the standard
method “findSolution(rs) ” to solve it. All methods use one parameter “rs” of the type
RuleSolver. To print the solution, the main method uses the method:

Method void printSolution(RuleSolver rs)

Var SEND = rs.getVar("SEND");
Var MORE = rs.getVar("MORE");
Var MONEY =rs.getVar("MONEY");
out(" ");

out(" "+ SEND);

out(" + " + MORE);

out(" " + MONEY);
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Finally, a solution will be printed as:

Solution #1:
S[9] E[5] N[6] D[7] M[1] O[0] R[8] Y[2] SEND[9567]
MORE[1085] MONEY[10652]

SENDI[9567]
+ MORE[1085]

MONEY[10652]

SEND+MORE=MONEY Defined in Java

You may also represent this problem in Java - the proper JSR-331 code will look as
follows:

import  javax.constraints.impl.Problem;
import  javax.constraints.Var;

public class SendMoreMoney {
public  static void main(Str ing[] args) {

Problem p = new Problem( "SendMoreMoney" );
/I define variables

Var S = p.variable( "S",1,9);

Var E = p.variable( "E" ,0,9);

Var N = p.variable( "N" ,0,9);

Var D = p.variable( "D" ,0,9);

Var M = p.variable( "M",1,9);

Var O = p.variable( "0",0,9);

Var R = p.variable( "R" ,0,9);

Var Y = p.variable( "Y' ,0,9);

/I Post "all different” constraint
Var[] vars = new Var[]{S,E,N,D, M, O, R, Y };
p.postAllDiff(vars);

/I Define expression SEND

int  coefl[] ={ 1000, 100, 10, 1};

Var[] sendvars ={S, E,N,D };

Var SEND = p.scalProd(coefl, sendVars);
SEND.setName( "SEND");

/I Define expression MORE

Var[] moreVars ={M, O, R, E };

Var MORE = p.scalProd(coefl, moreVars);
MORE.setName("MORE");

/I Define expression MONEY

Var[] moneyVars ={M, O, N, E, Y };

int  coef2[] = {10000, 1000, 100, 10, 1 };
Var MONEY = p.scalProd(coef2, moneyVars);
MONEY.setName("MONEY";
p.add(MONEY);

/I Post constraint SEND + MORE = MONEY
p.post(SEND.plus(MORE), "=" MONEY);
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/l Pr  oblem Resolution
p.getSolver().findSolution();
p.log( "Solution: " +SEND+ "+" +MORE+ "=" + MONEY);

This code will produce:
Solution: SEND[9567] + MORE[1085] = MONEY[10652]

Based on the levels of expertise of your users, you may decide what information to keep
in Excel making it available to business users and what information to hard-code in
Java.

Solving Arithmetic Problems

Let’s consider a simple arithmetic problem:

There are four integer variables X, Y, Z, and R that may take values 1, 2, 3, 4, 5, 6, 7,
8, 9, or 10. Considering that all variables should have different values, find a solution
that satisfies the following constraints:

X<Y

X+Y=Z

Z>4

3X+4Y -5Z+2R>0

X+Y+Z+R>=15

This problem can be defined using the following Excel tables:

Rules defineVariables extends Variables

Name Min Max
X 1 10
Y 1 10
4 1 10
R 1 10
Variables
X Y Z R

Rules postBinaryConstraints extends

LinearConstraint

Variable 1 Sz e Variable 2 Value 2
Type
X < Y
Z > 4
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Rules postXYZ extends XoperYcompareZ

Variable | Arithmetic | Variable Compare Variable 3 | Value 3
1 Operator 2 Operator
X + Y = z

Rules postSumConstraints extends SumConstraints

Variables Oper Value

X
<
N
Py
\
1

-
ol

Rules postScalarProductConstraints extends ScalarProductConstraints
Coefficients Variables Oper | Value

3 4 -5 2 X Y 4

Py
\Y%
o

Hopefully, these tables are self-explanatory in the way in which they define variables
and post different constraints on them. All these tables extend rule templates predefined
in Rule Solver™ file “Templates.xls” included in the standard installation. The file
“Test.xls” contains one main method that defines and solves this problem:

Method void main(RuleSolver rs)

defineVariables(rs);
postAlIDiffConstraints(rs);
postBinaryConstraints(rs);
postXYZ(rs);

postSumConstra ints(rs);
postScalarProductConstraints(rs);
findSolution (rs);
rs.log(rs.getVars());

When you execute these rules, the output will look like below:
Solution #1.:
X[1] Y[4] Z[5] R[6]

In this simple case, the use of so many tables to express simple constraints with only one
or two lines looks like unnecessary overhead. Probably, it is easier to define and solve
this problem directly within only one method “main” as shown below:
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Method void main(RuleSolver rs)

Var x = rs.variable("X",1,10);
Vary = rs.variable("Y",1,10);
Var z = rs.variable("Z",1,10);
Var r = rs.variable("R",1,10);
Var[] vars = { x,y,z,r };
rs.postAllDiff(vars);

rs.post(x, <Ly
rs.post(x.plus(y), "="2);
rs.post(z, ">t 4);

rs. post(vars, ">=" ,15);
int[] coef = {3,4, - 5,2}
rs.post(coef,vars, "> 0);

findSolution (rs);
rs.log(rs.getVars());

Magic Square Problem

Let’s consider a famous “magic square
problem:

”

A magic square is a square matrix where
the sum of every row, column, and diagonal
1s equal to the same value. The numbers in
the magic square are consecutive and start
with 1.

See examples of the Magic Square located in
the Passion Fagade of the famous Sagrada

Familia temple in Barcelona.

This problem can be defined and solved using the following Excel table:

Method void main(RuleSolver rs)

intn =4,

VarMatrix matrix =
rs.variableMatrix("Square",1,n*n,n,n);

/I post AlIDif constraint
rs.postAlIDiff(matrix.flat());

[/l post Sum constraints for rows, columns,
and diagonals

intsum=n*(n*n+1)/2;

rs.post(matrix.diagonall(), "="sum);
rs.post(matrix.diagonal2(), "="sum) ;
for (inti=0;i<n;i++) {
rs.post(matrix.row(i), "="sum);
rs.post(matrix.column(i), "="sum);

findSolution(rs);
System.out.printin(matrix);
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Sudoku Problem

The objective of this very popular game is to fill a 9x9 grid so that each column, each row,
and each of the nine 3x3 boxes (also called blocks) contains the digits from 1 to 9,
only one time each.

To represent this problem we will use a special Rule Solver construct VarMatrix. Here is
an example how such matrix can be created:

VarMatrix matrix = rs.variableMatrix("x",1,9,9,9);

[

This line creates a matrix “x” of constrained integer variables defined on the domain
[1,9]. The size of the matrix is 9x9. To post all Sudoku constraints on this matrix we will
use the following Excel rules table:

Rules void postSudokuConstraints(RuleSalver rs)

Action
Var[] array = rs variableArray(name vars);
rs.postallDiff{array);
String name String[l vars
Array Name Variables
row( W00y | w01y | x0:2) | %0;3) | 2(0;4) [ x(0;5) | =(0;6) | =(0;7) | =(0;8)
row1 W0 | 'y | ®(52) | %013 | ®(14) | x(1;5) | ®(1;6) | x(1;7) [ x(1;8)
rowsz w20y | w2y | kZ2) | K23 | WZ4) | x(Z5) | x(Z6) | =(27T) | =(2;8) E
row3 K300 | ®31) | #3220 | #(3.3) | #(34) | x(3;5) | ®(3;6) | x(3;7) [ x(3;8) E
rowd w0y | a1y | xld2) | ki 3) | x4y | x(45) | x(46) | ®(4;7) | x(4;8) £
rows K50y | ®5;1) | 52 | #(5,3) | #(5:4) | x(5;5) | ®(56) | »(57) | x(58) g
rows ¥(6:0) | ®(6;1) | ®(6:2) | %(6:3) | x(6:4) | x(6;5) | x(6;6) | x(6;7) | x(6;8) n'?
rowy ®WE0Y | w7 Y | ®(T2) | ®(T.3) | ®(T4) | ®(7T.5) | ®(F.6) | 277 | x(7.8)
rows ¥(8:0) | ®(8;1) | =®(8:2) | %(8:3) | x(B:4) | x(8;5) | «(B;6) | x(B;7) | x(B;8)
cold W00y | w10y | w200 | x30) | x40y [ 2500 | x(6;0) | =x(7.0) | x(&0)
coll KON | 'CUAY | R0 | ®(31) | x(41) | x(5;1) | x(6;1) | x(F;1) [ x(8;71) w
col2 W02y | W 12) | kZ2) | K32 | w2y | x(52) | x(6:2) | ®(7.2) | x(82) %
col3 W03y | w013 | ®23) | %33 | x(43) | x(53) | ®(6;3) | x(7;3) [ x(8;3) I‘u:a
cold w04y | w14y | x(Zd4) | x(34) | x(dd) | x(54) | x(6;:4) | ®x(7.4) | x(84) 3
cols )05y | ®(1;5) | #(2:5) | #(3;5) | x(4:5) | x(5;5) | x(6;5) | x(7;5) | x(8;5) E
colG w08y | wW16) | x(Z6) | x36) | 46y [ x(56) | x(6;6) | =(7.6) | x(8;6) —3
col? WOTY | ’0UTY | w27y | A(37)Y | #(47) | x(5) | ®(6;7) | x(FF) [ x(8;7) ©
cald W08y | w(18) | x(Z8) | x(38) | w48y | x(58) | x(6:8) | =(7.8) | =(8:8)
blockon #0000 | w01y | =(0:2) | %0100 | =211 | x(1:2) | 2200 | x(21) | x(2:2)
block0A ¥0:3) | w(0:4) | ®(0:5) | (1.3} | ®(14) | 2(1:5) | ®(23) | =(2:4) | x(2:5) "
blockD2 ®O:6) | =07y | ®(0:8) | x(1.6) | ®(1.7) | x(1.8) | x(26) | 2(27) | x(2;8) %
block10 ®3:0) | w31 | #(3:2) | w400 | L) | W(L2) | 2(B0) | x(B1) | x(E2) 'ﬁ
block11 W33 | w34) | k35) | x43) | 244y | x(4;5) | x(53) | ®(54) | x(55) E
block12 ®36) | ®3.7) | ®(3.8) | w(46) | x(47) | x(48) | ®(5:6) | x(57) [ x(5;8) %
block20 wWE0) | W61y | k62 | x(70) | (T | x(7;2) | x(8;0) | x(8;1) | x(82) %
block21 K63y | x(B6.4) | ®6;5) | #7323 | #(7T4) | x(75) | ®(8;3) | x(8;4) | x(8,5)
block22 wWE;6) | W6 7) | x(68) | x7T6) | W77y | x(7;8) | x(8;6) | =(&;7T) | x(&;8)
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To create this rules table we initially defined only first 9 rows from “row0” to “row8”.
They represent “Row Constraints” stating that all variables in every row are different.
Then using the standard Excel’s Copy, Paste, and Paste Transpose mechanism, we
created 9 columns “col0)” — “col9 “ that post “Column Constraints’. And finally, we
selected cells that defined blocks to post, “Block Constraints”. This is a very intuitive
way to define rows, columns, and blocks. It is interesting that the implementation
requires only two lines of Java code:

Var[] array = rs.variableArray(name,vars);
rs.postAllDiff(array);

This completes the problem definition. Now we may set the initial data defined in this
table:

Data MatrixInt problem1

values
Data
0 6 9 0 0 7 0 0 5
0 5 0 0 0 4 0 2 0
4 0 0 0 5 0 1 0 0
8 0 5 0 0 0 6 0 0
6 7 0 2 9 5 0 1 4
0 0 1 0 0 0 7 0 9
0 0 6 0 1 0 0 0 7
0 1 0 4 0 0 0 8 0
5 0 0 3 0 0 2 6 0

We initialize our matrix with this data using the following method:

Method boolean postDataConstraints(VarMatrix matrix,

int[][] data)

for(inti=0;i<9;i++)
for(intj=0;j<9; j++)
if (datal[i][j] '= 0)
matrix.post(i,j,datali][j]);

14©
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Here is the main method:

Method void main(RuleSolver rs)

VarMatrix matrix =
rs.variableMatrix("x",1,9,9,9);
postSudokuConstraints(rs);
postDataConstraints(matrix,getData());
findSolution(rs);
System.out.printin(matrix);

It produces the following results:

169827345
758134926
432956178
895741632
67329581414
241683759
326518497
917462583
584379261

To appreciate the expressiveness of the problem representation supported by Rule
Solver™ you may compare it with a pure Java representation - see Sudoku.java in
org.jcp.jsr331.samples

Zebra Problem

This problem is often called "Einstein's Riddle" because it is said to have been invented
by Albert Einstein as a boy. Some claim that Einstein said "only 2 percent of the world's
population can solve it". Here are the problem constraints:

. There are five houses

. The Englishman lives in the red house

. The Spaniard owns the dog

. Coffee is drunk in the green house

. The Ukrainian drinks tea

. The green house is immediately to the right of the ivory house

. The Old Gold smoker owns snails.

. Kools are smoked in the yellow house

O |00 |=3 |00 |OT | |0 DO |

. Milk is drunk in the middle house

10. The Norwegian lives in the first house

=
—

. The man who smokes Chesterfields lives in the house next to the man with the fox

12. Kools are smoked in the house next to the house where the horse is kept

13. The Lucky Strike smoker drinks orange juice

14. The Japanese smokes Parliaments

15. The Norwegian lives next to the blue house

Where is the Zebra?
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First, we will define the problem variables as constraint integer variables defined from 0
to 4 (assuming that our houses are numbered as 0, 1, 2, 3, and 4):

Name Min

=
&

green
ivory

blue

red

yellow
Norwegian
Ukrainian
Japanese
Englishman
Spaniard
juice

tea

milk

water
coffee

snail

dog

fox

horse
ZEBRA
Chesterfield
Parliament
Lucky
OldGolds
Kools

Colors

People

Drinks

Pets

Cigarettes

eNeoNeleoNolloNoNoNeNollololNoNoNelloloNeolNoNolloNolNolNelNe)
A A BERAEPDDDIMBEDDERADMDDEDDAEAMDEEAEDS

Then we will post AllDiff-constraints:

Rules postAlIDiffConstraints extends AlIDiff

Variables
green ivory blue red yellow
Norwegian Ukrainian Japanese Englishman Spaniard
juice tea milk water coffee
shalil dog fox horse ZEBRA
Chesterfield Parliament Lucky OldGolds Kools

Now we may define unconditional linear constraints:
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Rules postZebraConstraints1 extends LinearConstraint
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Variable 1 Operator | Variable 2 House #
Englishman _ red :]'he Englishman lives in the red
ouse
Spaniard = dog The Spaniard owns the dog
_ Coffee is drunk in the green
coffee = green
house
Ukrainian = tea The Ukrainian drinks tea
OldGolds _ snail The' Old Golds smoker owns
shails
_ Kools are smoked in the yellow
Kools = yellow
house
milk = 2 Milk is drunk in the middle house
. _ The Norwegian lives in the first
Norwegian = 0 h
ouse
_ - The Lucky Strike smoker drinks
Lucky = juice o
orange juice
_ . The Japanese smokes
Japanese = Parliament .
Parliament

We will use OR-constraints to define neighboring constraints:

Method void postZebraConstraints2(RuleSolver rs)

/I The green house is immediately to the right of the ivory house

Var green = rs.getVar("green");

Var ivory = rs.getVar("ivory");

rs.post(green,"=",ivory.plus(1));

/I The man who smokes Chesterfields lives in the house next to the man with the fox

Var Chesterfield = rs.getVar("Chesterfield");

Var fox = rs.getVar("fox");

rs.postOr( rs.linear(Chesterfield,"=",fox.plus(1)),
rs.linear(Chesterfield,"=",fox.minus(1)) );

/I Kools are smoked in the house next to the house where the horse is kept.

Var horse = rs.getVar("horse");

Var Kools = rs.getVar("Kools");

rs.postOr(rs.linear(Kools,"=",horse.plus(1)),
rs.linear(Kools,"=",horse.minus(1)));

/I The Norwegian lives next to the blue house

Var Norwegian = rs.getVar("Norwegian");

Var blue = rs.getVar("blue");

rs.postOr( rs.linear(Norwegian,"=",blue.plus(1)),
rs.linear(Norwegian,"=",blue.minus(1)));

To print a solution we will use the following method:
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Method void printSolution(RuleSolver rs)

for(int house = 0; house < 5; house++) {

for(int i=0; i<vars.length; i++)

System.out.print(" \ nHouse #"+(house+1)+":");
Var[] vars = rs.getVarsWithValue(house);

System.out.print(" \ t"+varsJi].getName());

And finally, the main method for this problem:

Method void main(RuleSolver rs)

createZebraV ariables(rs);
postAllDiffConstraints(rs);
postZebraConstraints1(rs);
postZebraConstraints2(rs);
findSolution(rs);
printSolution(rs);

The results will look like:

RuleSolver found a solution:
Solution #1:

green[4] ivory[3] blue[1] red[2] yellow[O

Norwegian[0] Ukrainian[1] Japanese[4] Englishman[2]
Spaniard[3]

juice[3] tea[1] milk[2] water[0] coffee[4]
snail[2] dog[3] fox[0] horse[1] ZEBRA[4]

Chesterfield[1] Parliament[4] Lucky[3] OldGolds[2] Kools[0]

House #1.: yellow Norwegian water fox
House #2: blue Ukrainian tea horse Chesterfield
House #3: red Englishman milk snail

House #4: ivory Spaniard juice dog

House # 5: green Japanese coffee

ZEBRA Parliament
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SOLVING SCHEDULING PROBLEMS

The current version of the JSR-331 does not yet include a scheduling package. On the
contrary, OpenRules® has developed a simple package,
javax.constraints .s cheduler , that allows a user to define and solve different
scheduling and resource allocation problems. Rule Solver™ also provides OpenRules®
Excel templates that utilize the package org.jcp.jsr331.scheduler , allowing a
user to present scheduling problems directly in Excel.

General Model

Scheduling is the process of placing activities in proper time sequence and allocating the
correct resources to activities over time. While there is a great diversity in scheduling
problems, there are a lot of constraints and strategies that are common for many
problems. The package javax.constraints .scheduler implements the following
general scheduling model:

SchedulingProblem

Temporal
Constraints. L.
Activity I Resource
I Activity Requirement I Resource
ACti\:’iW = Constraints > Resource —
)

A scheduling problem can be defined in terms of activities and resources. Activities may
have an unknown start, duration and end, and may require (or produce) different
resources. Resources may have different types (e.g. recoverable like humans or
consumable like money) and their limited capacities may vary over time. The package
includes major temporal and capacity constraints specified in accordance with the JSR-
331 requirements.

We will describe this package below. Now we will consider the following examples of
scheduling problems presented in Java or with Rule Solver™ templates.

Example “Scheduling Construction Jobs”
Let’s assume that we plan to construct a house. The construction requires the following
activities with the following fixed durations and precedence (temporal) constraints:
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| Masonry 7

| | Ceiling |3

4//-
| Window |1 |

—

| 1 | Painting |2

Moving in

Here arrows represent temporal constraints like “Carpentry starts after the end of
Masonry”. The numbers near each activity represent its durations (in days).

Solution in Java

First consider a pure Java code for this simple problem.
package org.jcp.jsr 331.scheduler.samples;

import javax.constraints.Solution;

import javax.constraints.scheduler.Activity;

import javax.constraints.scheduler.impl.SchedulingProblem;

public final class ScheduleActivities extends SchedulingProblem {

public void define() th rows Exception {
setStart(0);
setEnd(40);
/I defining jobs
Activity masonry = activity ("masonry " ,7);
Activity carpentry = activity ("carpentry"” ,3);
Activity plumbing = activity ("plumbing " ,8);
Activity ceiling = activity ("ceiling " 3)
Activity roofing = activity ("roofing " ,1);
Activity painting = activity ("painting " 2);
Activity windows = activity ("windows " 1);
Activity facade = activity (“facade " 2);
Activity garden =  activity ("garden " 1);
Activity mov ingln = activity ("moving in" ,1);

/I Posting "startsAfterEnd" constraints
post(carpentry, ">" masonry);
post(roofing, ">" carpentry);
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post(plumbing, ">" masonry);
post(ceiling, ">" masonry);
post(windows, ">" roofing);
post(facade, ">" ,roofing);
post(facade, ">" ,plumbing);
post(garden,  ">" ,roofing);
post(garden,  ">" ,plumbing);
post(painting, ">" ceiling);
post(movingln, ">" windows);
post(movingln, ">" facade);
post(movingin, ">" garden);
post(movingin, ">"  painting);
}
public void solv e(){
Solution solution = scheduleActivities();
if (solution == null)
log ("No solutions" );
else {
log ("SOLUTION:" );
logActivities();
}
}
public static void main(String args|[]) throws Exception {
ScheduleActivities p = new ScheduleAc tivities();
p.define();
p.solve();
}
}
The line
post(plumbing, ">"  masonry);

posts the constraint “Carpentry starts after the end of Masonry”.
uses a predefined method, “scheduleActivities

Rule Solver™, User Manual

The method “solve”

”, that simply defines start times for

all activities while satisfying all posted constraints. When we run this code, it will

produce:
SOLUTION:
masonry [0 - 7 -->7)
carpentry[7 - 3 - >10)
plumbing [7 - 8 - >15)
ceiling [7 - 3 - >10)
roofing [10 - 1 ->11)
painting [10 - 2 ->12)
windows [11 - 1->12)
facade [15 - 2 ->17)
garden [15 - 1 - >16)
moving in[17 - 1 -->18)

Here the line movingIn[17 -- 1 -- > 18) means that the activity “movingln” will

start on day 17, will last one day, and will end on day 18.
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Solution in Excel
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Now we will see how the same problem can be presented and solved directly in Excel.

™

Rule Solver

Name

Duration

masonry

7

carpentry

roofing

plumbing

ceiling

windows

facade

garden

painting

movingin

P IN[PINFPIWOO|FL,|W

The precedence constraints may be presented in this rules table:

Rules postActivityConstraints extends PrecedenceConstraints

Activity 1 A(;gzg?grc Activity 2 | Time
carpentry > masonry
roofing > carpentry
plumbing > masonry
ceiling > masonry
windows > roofing
facade > plumbing
facade > roofing
garden > roofing
garden > plumbing
movingin > windows
movingin > facade
movingin > garden
movingIn > painting

And finally, the following main method:

provides a simple OpenRules® template “Activities”, that can be easily
extended to represent our construction activities:

Rules defineActivities extends Activities
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Method void main(RuleSolver rs)

defineActivities(rs);
postActivityConstraints(rs);
rs.scheduleActivities();
rs.logActiviti es();

will produce the same results as the Java solution above.

masonry[0 -- 7 -- >7)
carpentry[7 - 3 -->10)
roofing[10 - 1 - >11)
plumbing[7 -- 8 -- >15)
ceiling[7 - 3 - >10)
windows[11l -- 1 -- >12)
faUade[-15 -->17)
garden[l5 -- 1 -- >16)
painting[0 - 2 -->2)
movingIn[17 -- 1 -- >18)

Example “Resource Allocation”

The following problem deals with activities that require a common resource. Let’s
consider 5 different orders (activities) that fire batches of bricks in an oven (a resource
with a limited capacity). Each order ‘s size and duration, as well as the oven’s capacity,
are described in the following figure:

# Batches

A

2

14 Days

M \J L} | Ll L] 1 )
01 2 3 4 5 6 7 8 9 10 11
Global capacity of the oven
2 batches, 1 day
| B | 1 batch, 4 days S Activities
| C | 1 batch, 4 days
1 batch, 2 days
E 2 batches, 4 days
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This is a simple example of a joint scheduling and resource allocation problem where we
allow a solver to decide when to perform different activities based on resource
availability.

Solution in Java
First we will consider a pure Java solution:

package org.jcp.jsr331.scheduler.samples;

import javax.constraints.Solution;

import javax.constraints.Solver;

import  javax.constraints.scheduler.Activity;

import javax.constraints.scheduler.Resource;

import javax.constraints.scheduler.impl.SchedulingProblem;

publi c final class Oven extends SchedulingProblem {
public void define() throws Exception {

setStart(0);

setEnd(11);

Activity A = activity ("A" 1),

Activity B = activity( "B", 4);

Activity C = activity( "C" 4);

Activity D = activity( "D" ,2);

Activity E = activity( "E" ,4);

Resource oven = resource( "oven" ,3);

oven.setCapacityMax(0, 2);
oven.setCapac ityMax(1, 1);
oven.setCapacityMax(2, 0);
oven.setCapacityMax(3, 1);
oven.setCapacityMax(4, 1);
oven.setCapacityMax(10, 1);

A.requires(oven, 2);
B.requires(oven, 1);
C.requires(oven, 1);
D.requires(oven, 1);
E.requires(oven, 2);

}

public void solve() {

Solver solver = getSolver();
solver.setSearchStrategy(strategyScheduleActivities());
solver.addSearchStrategy(strategyAssignResources());
Solution solution = solver.findSolution();
if (solution == null) {

log("No Solutions" );

else {
log("Solution:");
logActivities();
logResources();
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solver.logStats();

}

public static void main(String args[]) throws Exception {
ScheduleActivitiesOven p = new ScheduleActivitiesOven();
p.define();
p.solv e();

Here, the line
Resource oven = resource( "oven" ,3);

defines a new discrete resource “oven” with a maximum capacity of 3 batches. The
following lines set the maximal capacity for the oven for every day when the oven has a
capacity less than 3. Note that the solving method along with the strategy
“strategyScheduleActivities ” also use the strategy “strategyAssignResources
Putting these two strategies in the solver strategy list, we allow a solver to first try to
schedule activities and then to try to assign the required resource capacities to them.
When resource assignments fail, a solver will backtrack and will try different placements
of activities in time. Here are the produced results:

Solution:

A5 -- 1 -- >6)requires oven[2]
B[3 -- 4 -- > 7)requires oven[1]
C[7 -- 4 -- >11)requires oven[l]
D[0 -- 2 -- >2)requires oven[l]
E[6 -- 4 -- >10)requires oven[2]

Resource oven: t0[1] t1[1] t2[0] t3[1] t4[1] t5[3] t6[3] t7[3]
t8[3] t9[3] t10[1]

*** Execution Profile ***

Number of Choice Poin ts: 5
Number of Failures: 2

Execution time: 31 msec

”»

Now the method “logActivities also shows the required resources with required
capacities in brackets. The method “logResources ” shows the resource “oven” with its
daily capacities assigned to their possible minimums.

The produced statistics shows that there were two failures when the solver had to
reconsider previously selected start times for some activities. Here is a wvisual
representation of the results:

# Batches
A
3 —f
2 A E
D B C | Dags
A . . L) 1 )
01 2 3 4 5 6 7 8 9 10 11
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Solution in Excel

Now we will see how the same problem can be presented and solved directly in Excel. As
we previously did for construction activities, we will create our 5 activities from A to E in

the following table:
Rules defineActivities extends Activities

Name Duration
A 1
B 4
C 4
D 2
E 4

The resource “Oven” with limits to its capacities can be created using the following table:

Rules defineResources extends Resources

Capacity Limits Per day
Name Maximal
Capacity | Day | Day | Day | Day | Day | Day | Day | Day | Day | Day | Day
0 1 2 3 4 5 6 7 8 9 10
Oven 3 2 1 0 1 1 3 3 3 3 3 1

This problem does not have precedence constraints but it has resource requirement
constraints that are presented in this table:

Rules postResourceConstraints extends ResourceConstraints

Activity Resource Required Capacity
A Oven 2
B Oven 1
C Oven 1
D Oven 1
E Oven 2

Finally, the following main method:

Method void main(RuleSolver rs)

defineActivities(rs);
defineResources(rs);
postResourceConstraints(rs);
findSchedulingSolution(rs);

will produce the same results as above.
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RULE SOLVER™ CONSTRUCTS

The above examples demonstrate how to use OpenRules® Excel tables to define and solve
different constraint satisfaction problems. They all use predefined Java classes and
OpenRules templates.

Predefined Java Classes
There are several Java packages that extend the standard JSR-331 Java projects:
1 com.openrules.solver — Rules Solver™ specific classes
1 org.jcp.jsr331.scheduler — Java classes that extend JSR-331 with generic
scheduling concepts such as activities and resources.

Included with the standard product is the ability to examine the source code of all Rule
Solver™ classes.

Class RuleSolver

The main class used by all of the above examples is RuleSolver , defined in the package
com.openrules.solver . This class extends the class, SchedulingProblem |, defined
in the package, javax.constraints .scheduler , which was also extended from the
main JSR-331 class Problem (specified by an underlying particular CP Solver).

Class VarMatrix

Another useful class that extends JSR-331 1s VarMatrix , which is a convenience class
for the representation of different grids — see for example the Sudoku problem. The
associated OpenRules® templates are supported by the proper standard Java classes
such as MatrixInt, incorporated in the latest OpenRules® installation.

Class Capacitylnterval

This class is used by the scheduling template, common/ScheduleTemplates.xls , —see
template “ResourcesWithType”.

Class Test
This class is used as a launcher for all problems defined in Excel. Here is it’s code:

package com.openrules.solver;
import com.openrules.ruleengine.OpenRulesEngine;

public class Test{
public  static void main(String[] args) {
String name = args|[O0];
OpenRulesEngine engine =
new OpenRulesEngine( " file:./rules/" +name+".xls" );
RuleSolver rs = new RuleSolver(name,engine);
engine.run(  "main" ,rs);
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Java Package “Scheduler”

Although the current version of the JSR-331 does not include a scheduling package,.
OpenRules® has developed a simple package, javax.constraints .scheduler , that
can be considered as a vertical add-on to JSR-331. This package will be extended in the
future and hopefully will become a foundation for the standard scheduling component.
However, the initial version already allows a user to define and solve different
scheduling and resource allocation problems.

Structure
The package, javax.constraints .scheduler , defines the following major interfaces:

M  Schedule
1 Activity

1 Resource

The main interface Schedule is implemented by the class,
javax.constraints .scheduler .impl. SchedulingProblem |

which is inherited from the JSR-331 class, Problem, (as defined by a selected CP Solver
implementation). Additionally to all of the standard methods of the JSR-331 interface
Problem, SchedulingPr oblem , serves as a factory and placeholder for all activities and
resources. The SchedulingProblem is defined between start and end, and all
activities and resources should be defined within the interval [start;end) . Thisis a
general agreement, that any time interval includes “start ” and does not include the
“end”.

Activities
The class Activity , supports 3 constrained integer variables, start , duration , and
end, with the natural constraint, start + duration = end . Here are examples of

how to create activities:

SchedulingProblem p = new SchedulingProb
p.setStart(0);
p.setEnd(30);

/I a job with duration 10 within [0;30) as defined by #dp
Activity jobl = p.activity(fiJoblo, 10) ;

/I ajob within [5;15) with unknown duration

Activity job2 = pactivity(fAiJob2d,5,15) ;

To post a constraint that states that “job2” should be done after the end of “job1”, you
may write:

p.post(job2, 0 > gobl);
The following constraint
p.post(job2, 0 =0,jobl);
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means that “job2” should start not earlier than “job1”.

Resources

The class, Resource , represents a discrete resource with a limited capacity. A resource
has a maximal capacity and for each day between the problem’s start and end. The
resource has a capacity that is defined by a constrained integer variable with the domain
[0;maxCapacity].

A special subclass, Resource Disjunctive , represents a resource with maximal
capacity 1. Here are examples of how to create resources:

/I a resource with max capacity 3

Resource oven = p. resource ( fveno,3);

/l make the oven un available at the day 3

oven .setCapacityMax(3,0);

/l'a  disjunctive resource worker

Resource Disjunctive jim = p. resource Disjunctive ( @mo) ;
Resource Disjunctive joe = p. resource Disjunctive ( Moeod) ;

To post a constraint that states that “job1” requires a resource “oven” with a capacity of
2, you may write:

jobl.requires(oven,2);
Here the activity “job1” requires that the resource “oven” provides a capacity of 2 during
every day of the jobl execution. For disjunctive resources such as “Jim”, we can simply
write:

job2.requires(jim);

If a constraint,“requires”, specifies more than one required resource, it means that only
one of these alternative resources are actually required. For example, to post a constraint
that states that “job2” requires either Jim or Joe, you may write:

job2.requires(jim,j oe);

Resources may have different types as defined by this enum:

public  enum ResourceType {
DISCRETE
DISJUNCTIVE,
CONSUMABLE

}

Resource type CONSUMABLE means that a certain capacity of such a resource used by
an activity will not recover after the end of this activity. Money and water are examples
of consumable resources. If a resource type is not specified as DISCRETE or
DISJUNCTIVE, the resources are considered to be recoverable. Contrary to recoverable
resources, when we post maximal capacity constraints over time intervals for consumable
resources, e.g.

budget.setCapacityMax(0,15,1300);

we also assume that the a sum of all time-unit capacities over the specified intervals is
equal to the maximal capacity, in this case the sum of all budget capacities between days
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0 and 14 is equal to $13,000.

Scheduling Strategies

To schedule all activities, (set their underlying constrained variables), you may simple
state:

p.scheduleActivities();

If activities are already scheduled and you want to assign resources while satisfying the
requirement constraints, you may simple state:

p. assignResources  ();

If you want to allow a Solver to find a solution that satisfies all activity and resource
constraints, you may use a typical JSR-331 code:

Solver solver = p.getSolver();
solver.setSearchStrategy(p.strategyScheduleActivities());
solver.addSearchStrategy(p.strategyAssignResources());
Solution solution = solver.findSolution();

However, the class RulesSolver provides a convenient method for already combined
strategies. You may simply write:
p.scheduleActivitiesAndAssignResources();

This method will produce a solution, (and will print scheduled activities and assigned
resources), or will report that there are no solutions.

For more details see the javax.constraints .scheduler  source code.

Example
Here is a simple scheduling example:

package org.jcp.jsr331.scheduler.samples;

import  javax.constraints.Solution;

import  javax.constraints.scheduler.Activity;

import  javax.constraints .scheduler.Resource Disjunctive
import  javax.constraints.scheduler.impl.SchedulingProblem;

public class ScheduleTestl {

public  static void main(String argsl]) throws Exception {
/IVariables
SchedulingProblem p = new SchedulingProblem(  "Test" , 0, 14);
Activity al = p.activity( "al" |7);
Activity a2 = p.activity( "a2" ,5);
Activity a3 = p.activity( "a3" ,2);
Resource Disjunctive rl = p.resource Disjunctive "r1" );
Resource Disjunctive r2 = p.resource Disjunctive "r2" );

/IConstraints
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p.post(a3,
p.post(al,

s ’a 1),
s ’az),

al.requires(rl, r2);

/[Solving

p.scheduleActivities();

Solution sol = p.assignResourc
if (sol==null )

p.log( "no solution found "
else
p.logActivities();

One possible solution is shown below:

Prob lem: Test

al[s -- 7 -- >12)requires r2[1]
a2[0 -- 5 -- >5)
a3[12 -- 2 -- >14)

OpenRules® Excel Templates

™

Rule Solver™, User Manual

es();

);

Constraint satisfaction problems can be defined and solved in Java using Rule Solver™
and JSR-331 Java libraries. However, to make the problem representation more intuitive

and configurable by business analyst (non-programmers), Rule Solver™ offers a set of

OpenRules® templates. Above you have seen examples of how to extend the templates.

The current set of Rule Solver™ templates is defined in Excel files included with the

standard Rule Solver™ installation:
1 Templates.xls

1 SchedulingTemplates.xls

You may consider these templates as models for adding your own templates.
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We can extend the previously described basic construction job scheduling example to

demonstrate more complex scheduling and resource allocation problems.

Example “Scheduling Construction Jobs with a Worker”

Previously we had pure scheduling constraints between different construction activities.

Now let’s assume that additionally all of the activities require a resource (worker) in

order to be processed. One worker is required to perform all the activities. Because the

worker can only perform one task at a time, we cannot schedule two activities at the

same time (as we could in the basic example).

We may define a worker as an instance of the predefined class ResourceDisjunctive that

at any time has a capacity equal to 1 or O (available or not available).

Solution in Java
Here is a pure Java solution:

package org.jcp.jsr331.scheduler.samples;

import javax.constraints.Solution;
import javax.constraints.scheduler.Activity;

import javax.constraints.scheduler.Resource Disjunctive;
import javax.constraints.scheduler.impl.Schedu lingProblem;

public final class ScheduleActivitiesWorker extends SchedulingProblem {

public void define() throws Exception {

setStart(0);

setEnd(40);

/I defining jobs

Activity masonry = activity ("masonry " 7);
Activity carpentry = activit y("carpentry” ,3);
Activity plumbing = activity ("plumbing " ,8);
Activity ceiling = activity ("ceiling " ,3);
Activity roofing = activity ("roofing " 1);
Activity painting = activity ("painting " ,2);
Activity windows = activity ("windows " 1)
Activity facade =  activity (“facade " ,2);
Activity garden =  activity ("garden " 1);
Activity movingln = activity ("moving in" 1);

Activity[] activities = {
masonry,carpentry,roofing,plumbing,ceiling,windows,

facade,garden,painti ng,movingIn
I3
/I Posting "startsAfterEnd" constraints
post(carpentry, ">" masonry);
post(roofing, ">" carpentry);
post(plumbing, ">" masonry);
post(ceiling, ">" masonry);

post(windows, ">" ,roofing);
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post(facade, ">" ,roofing);
post(facade, ">" , plumbing);
post(garden,  ">" ,roofing);
post(garden,  ">" ,plumbing);
post(painting, ">" ceiling);
post(movingln, ">" windows);
post(movingln, ">" facade);
post(movingln, ">" garden);
post(movingln, ">" painting);

/I Adding Disjunctive Resource
Resource Disjunctive worker = resource Disjunctive ("Worker" );

for (inti = 0; i < activities.length; ++i)
activities[i].requires(worker);

}

public void solve() {
Solution solution = scheduleActivities();
if (solution == null)

log( "No solutions ");
else {
log ("SOLUTION:" );
logActivities();
logResources()
}

}

public static void main(String argsl]) throws Exception {
ScheduleActivitiesWorker p = new ScheduleActivitiesWorker();
p.define();
p.solve();

We only added a ResourceDisjunctive and posted “requires”- constraints (see in red).
This code will produce the following results:

SOLUTION:

masonry [0 -- 7 -- >T7)requires Worker[1]
carpentry[7 -- 3 -- >10) requires Worker[1]
plumbing [10 -- 8 -- >18) requires Worker[ 1]
ceiling [18 -- 3 -- >21) requires Worker[1]
roofing [21 - 1 -- >22)requires Worker[1]
painting [22 -- 2 -- >24)requires Worker[1]
windows [24 -- 1 -- > 25) requires Worker[1]
facade [25 -- 2 -- >27) requires Worker[1]
garden [27 - 1 -- > 28) requires Worker[1]
moving in[28 -1 > 29) requires Worker[1]

Resource Worker: t0[1] tl[l] t2[1] t3[1] t4[1] t5[1] t6[1] t7[1] t8[1]

t9[1] t10[1] t11[1] t12[1] t13[1] t14[1] t15[1] t16[1] t17[1] t18[1]

t19[1] t20[1] t21[1] t22[1] t23[1] t24[1] t25] 1] t26[1] t27[1] t28[1]
t29[0..1] t30]0..1] t31[0..1] t32[0..1] t33[0..1] t34[0..1] t35[0..1]

t36[0..1] t37[0..1] t38[0..1] t39[0..1]

We have not changed a search strategy that only schedules activities — that’s why

resource capacities for the days when activities do not require the resource remain
undefined.
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Solution in Excel
In addition to the rules tables that define activities and precedence constraints in the
above example, we will use the following rules tables to add a resource “Worker”

Rules defineWorker extends DisjunctiveResources

Name
Worker

and to post the requirement constraints:

Rules postRequireme 0 a extends Reso eCo a
Activity Resource Required Capacity
masonry Worker 1
carpentry Worker 1

roofing Worker 1
plumbing Worker 1
ceiling Worker 1
windows Worker 1
facade Worker 1
garden Worker 1
painting Worker 1
movingin Worker 1

This Excel-based solution will produce the same results as the above Java code.

Example “Scheduling Construction Jobs with a Limited
Budget”

Now we will add an additional requirement to the above problem. Along with worker
constraints, we have to consider budget constraints. Each activity requires the payment
of $1,000 per day. Let’s assume that a bank agreed to finance the house constructions for
the total amount of $29,000. However, the sum 1s available in two installations, $13,000
is available at the start of the project, and $16,000 is available 15 days afterwards. How
could we still construct the house under these constraints?

Solution in Java

Here is a pure Java solution:
package org.jcp.jsr331.scheduler.samples;

import javax.constraints.Solution;

import javax.constraints.Solver;

import javax.constraints.scheduler.Activity;

impo rt javax.constraints.scheduler.Resource;

import javax.constraints.scheduler.Resource Disjunctive
import javax.constraints.scheduler.ResourceType;

import javax.constraints.scheduler.impl.SchedulingProblem;
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public final class ScheduleActivitiesWorkerBudget extends SchedulingProblem
{
public void define() throws Exception {

setStart(0);
setEnd(40);
/I defining jobs
Activity masonry = activity ("masonry " ,7);
Activity carpentry = activity ("carpentry" ,3);
Activity plumbing = activity ("plumbin g™ ,8);
Activity ceiling = activity ("ceiling " ,3);
Activity roofing = activity ("roofing " 1);
Activity painting = activity ("painting " ,2);
Activity windows = activity ("windows " ,1);
Activity facade = activity ("facade " ,2);
Activi ty garden = activity ("garden " ,1);
Activity movingln = activity ("moving in" 1);

Activity[] activities = {
masonry,carpentry,roofing,plumbing,ceiling,windows,
facade,garden,painting,movingin

2

/I Posting "startsAfterEnd" constraint s
post(carpentry, ">" masonry);

post(roofing, ">" carpentry);

post(plumbing, ">" masonry);

post(ceiling, ">"  masonry);

post(windows, ">" jroofing);

post(facade, ">" ,roofing);

post(facade, ">" ,plumbing);

post(garden,  ">" jroofing);
post(garden,  ">" ,p lumbing);
post(painting, ">" ceiling);

post(movingln, ">" windows);

post(movingln, ">" facade);

post(movingln, ">" garden);

post(movingln, ">"  painting);

/I Adding Disjunctive Resource

Resource Disjunctive worker = resource Disjunctive  ("Worker" );

for (inti = 0; i < activities.length; ++i)
activities[i].requires(worker);

/I Define resource "Budget”
int initialBudget = 13000;
int totalBudget = initialBudget + 16000;
Resource budget =
resource ("Budget" ,totalBudget, ResourceType. CONSUMABLE

budget.setCapacityMax(0,15,initialBudget);
log(budget.toString());
// Post budget requirement constraints
int consumptionPerDay = 1000;
for (inti=0; i < activities.length; i++) {

activitiesi] .requires(budget, cons umptionPerDay) ;

logActivities();
log(budget.toString());
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public void solve() {

Solver solver = getSolver();
solver.setSearchStrategy(strategyScheduleActivities());
solver.addSearchStrategy(strategyAssignResources());
Solution solu tion = solver.findSolution();
if (solution == null)

log("No solutions");

else {
log("SOLUTION:");
logActivities();
logResources();

}

}

public static void main(String argsl]) throws Exception {
ScheduleActivitiesWorkerBudget p =
new ScheduleActivitiesWorkerBudget();

p.define();
p.solve();
}
}
Here we added a discrete resource “Budget” that has a predefine type,

ResourceType.CONSUMABLE, and posted the proper requirement constraints (see in
red). The methods which define maximal capacities for the consumable resource “Budget”
also make sure that the sum of all daily capacities over the specified intervals is equal to
the maximal capacity. We have changed a search strategy that now not only schedules
activities, but also assigns resources with respect to their capacities.

This code will produce the following results:

SOLUTION:

masonry [0 -- 7 -- >7)requires Worker[1] requires Budget[1000]
carpentry[7 -- 3 -- >10) requires Worker[1] requires Budget[1 000]
plumbing [12 -- 8 -- >20) requires Worker[1] requires Budget[1000]

ceiling [20 -- 3 -- >23) requires Worker[1] requires Budget[1000]
roofing [23 -- 1 -- >24) requires Worker[1] requires Budget[1000]
painting [24 -- 2 -- >26) requires Worker[1 ] requires Budget[1000]
windows [26 -- 1 -- >27) requires Worker[1] requires Budget[1000]
facade [27 -- 2 -- >29) requires Worker[1] requires Budget[1000]
garden [29 -- 1 -- >30) requires Worker[1] requires Budget[1000]
moving in[30 -- 1 -- >3 1) requires Worker[1] requires Budget[1000]

Resource Worker: t0[1] t1[1] t2[1] t3[1] t4[1] t5[1] t6[1] t7[1] t8[1]
t9[1] t12[1] t13[1] t14[1] t15[1] t16[1] t17[1] t18[1] t19[1] t20[1]
t21[1] t22[1] t23[1] t24[1] t25[1] t26[1] t27[1] t28[1] t29[1] t30[1]

Resource Budget: t0[1000] t1[1000] t2[1000] t3[1000] t4[1000] t5[1000]

t6[1000] t7[1000] t8[1000] t9[1000] t12[1000] t13[1000] t14[1000]
t15[1000] t16[1000] t17[1000] t18[1000] t19[1000] t20[1000] t21[1000]

t22[1000]  t23[1000] t24[1000] t25[1000] t26[100 0] t27[1000] t28[1000]
t29[1000] t30[1000]

Solution in Excel
In addition to the rules tables that define activities, precedence constraints, and a worker
and his constraints in the previous example, we will now use the following rules tables
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to add a consumable resource “Budget” and specify its capacities:

Rules defineBudget extends ResourcesWithType

Maximal Capacity Capacity Capacity | Capacity
NETIS RESEUTEE 1212 Capacity | Interval 1 Interval 2 | Interval 3 | Interval 4
Budget CONSUMABLE 29000 0,15,13000

and to post the requirement constraints:

Rules postBudgetConstraints extends
ResourceConstraints

Activity Resource Fézg:gﬁs
masonry Budget 1000
carpentry Budget 1000
roofing Budget 1000
plumbing Budget 1000
ceiling Budget 1000
windows Budget 1000
facade Budget 1000
garden Budget 1000
painting Budget 1000
movingln Budget 1000

Now the main method will look as follows:

Method void main(RuleSolver rs)

rs.setEnd(35);

defineActivities(rs);
postActivityConstraints(rs);
defineWorker(rs);
postWorkerConstraints(rs);
defineBudget(rs);
postBudgetConstraints(rs);
rs.scheduleActivitiesAndAssignResources();

Note that it uses the method scheduleActivitiesAndAssignResources, that is defined in the
class RuleSolver™. This method will produce the same results as the proper Java code.

Example “Scheduling Construction Jobs with Alternative
Resources”

Now let’s consider a construction job scheduling example with alternative resources that
are required to execute those jobs. Let’s assume that we have 3 workers Joe, Jim, and

Jack, with different skills. Each job requires only one of these workers depending on
their skills:

370



OpenRules, Inc. Rule Solver

masonry requires Joe or Jack
carpentry requires Joe or Jim
plumbing requires Jack

ceiling requires Joe or Jim
roofing requires Joe or Jim
painting requires Jack or Jim
windows requires Joe or Jim

facade requires Joe or Jack
garden requires Joe or Jack or Jim
movingln requires Joe or Jim.

Solution in Java
Here is a pure Java solution:

package org.jcp.jsr331.scheduler.samples;

import javax.constraints.Solution;

import javax.constraints.Solver;

import javax.constraints.Var;

import javax.constraints.impl.search.SearchStrategyl;

import javax.constraints.scheduler.Activity;

import  javax.constraints.scheduler.Resource;

import javax.constraints.scheduler.Resource Disjunctive
import javax.constraints.scheduler.impl.ConstraintRequire;

import javax.constraints.scheduler.impl.SchedulingProblem;

public class ScheduleAlternativeResources extends SchedulingProblem {

Activity[] activities;
Resource Disjunctive [] resources;

public void define() throws Exception {

setStart(0);

setEnd(40);

/I defining jobs

Activity masonry = activity ("masonry " 7);
Activity carpentry = activi ty ("carpentry” ,3);
Activity plumbing = activity ("plumbing " ,8);
Activity ceiling = activity ("ceiling " ,3);
Activity roofing = activity ("roofing " ,1);
Activity painting = activity ("painting " ,2);
Activity windows = activity ("windows " 1),
Activity facade = activity (“facade " ,2);
Activity garden =  activity ("garden " ,1);
Activity movingln = activity ("moving in" 1);

Activity[] activities = {
masonry,carpentry,roofing,plumbing,ceiling,windows,

facade,garden,paint ing,movingin
I3
/I Posting "startsAfterEnd" constraints
post(carpentry, ">" masonry);
post(roofing, ">" carpentry);
post(plumbing, ">" masonry);
post(ceiling, ">" masonry);
post(windows, ">" ,roofing);
post(facade,  ">" ,roofing);
post(facade, ">" ,plumbing);

™
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post(garden,  ">" ,roofing);
post(garden,  ">" ,plumbing);
post(painting, ">" ceiling);

post(movingln, ">" windows);
post(movingln, ">" facade);
post(movingln, ">" garden);
post(movingln, ">" painting);

/I Define Resources
Resource Disju nctive  joe = resource Disjunctive  ("Joe" );

Resource Disjunctive jim = resource Disjunctive ~ ("Jim" );
Resource Disjunctive jack = resource Disjunctive ("Jack" );
resources = new Resource Disjunctive  [] {joe, jim, jack };

/I Posting constraints for alternativ e resources

masonry.requires(joe, jack);
carpentry.requires(joe, jim);
plumbing.requires(jack);
ceiling.requires(joe, jim);
roofing.requires(joe, jim);
painting.requires(jack, jim);
windows.requires(joe, jim);
garden.requires(joe, jack, jim );
facade.requires(joe, jack);
movinglIn.requires(joe, jim);

}

public void solve() {
Solver solver = getSolver();
solver.setSearchStrategy(strategyScheduleActivities());
solver.addSearchStrategy(strategyAssignResources());

Solution solution = solver.findSolution();
if (solution == null)
log( "No solutions");

else {
log( "SOLUTION:" );
logActivities();
logResources();

}

}

public static void main(String args[]) throws Exception {
ScheduleAlternativeResources schedule =
new ScheduleAlternativeResources();
schedule.define();
schedule.solve();

Here we added 3 disjunctive resources, Joe, Jim, and Jack, and posted the required
constraints for each (see in red). The fact that an activity may require more than one
resource is interpreted as a requirement for alternative resources. This code produces
the following results:

SOLUTION:

masonry [0 -- 7 -- >7)requires Jack[1]
carpentry[7 -- 3 -- >10) requires Jim[1]
plumbing [7 -- 8 -- >15) requires Jack[1 ]
ceiling [7 -- 3 -- >10) requires Joe[1]
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roofing [10 -- 1 -- >11) requires Joe[1]
painting [10 - 2 -- >12)requires Jim[1]
windows [11 -- 1 -- >12) requires Joe[1]
facade [15 -- 2 -- >17) requires Jack[1]
garden [15 -- 1 -- >16) requires Jim [1]
moving in[17 -- 1 -- >18) requires Jim[1]

Resource Joe: t7[1] t8[1] t9[1] t10[1] t11[1]

Resource Jim: t7[1] t8[1] t9[1] t10[1] t11[1] t15[1] t17[1]

Resource Jack: tO[1] t1[1] t2[1] t3[1] t4[1] t5[1] t6[1] t7[1]

t8[1] t9[1] t10[1] t11[1] t12[1] t13[1] t14[1] t15[1] t16[1]

Here the resources are shown with their capacities only on the days when there are
actually required.

Solution in Excel
Assuming that we have already defined all activities and precedence constraints between

™

them as before, we will now define our resources by extending the Rule Solver™ template

“DisjunctiveResources”:

Rules defineResources extends DisjunctiveResources

Name
Joe
Jack
Jim

To post resource requirement constraints, we will extend extending Rule Solver™
template “AlternativeResourceConstraints”:

Rules postResourceConstraints extends AlternativeResourceConstraints

Activity Resource 1 Resource 2 Resource 3
masonry Joe Jack
carpentry Joe Jim
plumbing Jack
ceiling Joe Jim
roofing Joe Jim
painting Jack Jim
windows Joe Jim
facade Joe Jack
garden Joe Jim Jack
movingIn Joe Jim

Finally, the following main method:
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Method void main(RuleSolver rs)

defineActivities(rs);

postActivityConstraints(rs);

def ineResources(rs);

postResourceConstraints(rs);
rs.scheduleActivitiesAndAssignResources 0;

will produce the same results as the Java code example above.

INSTALLATION

Rule Solver™ can be installed as an add-on to the latest version of OpenRules® - see
http://openrules.com/Add-Ons.htm. The prerequisites for OpenRules® are described at

http://openrules.com/docs/Install 1.html.

You will download a Zip file RuleSolver.zip from
http://openrules.com/insideTrack.htm#RuleSolver

and unzip this file to any place on your hard drive. It is self-sufficient and does not
require any other programs to run.

Structure
Unzipped RuleSolver.zip will create the main folder com.openrules.solver that

includes:

Folder “src¢” with source files:

0 com.openrules.solver — source code for Rule Solver™
0 org.jcp.jsr331.samples - sources with JSR-331 examples
0 org. cp.jsr331l.scheduler. samples - sources with scheduling examples

Folder “lib” with supporting jar-files:

o jsr33l.jar — JSR-331 jar files with 3 initial implementations

o logging/*.jar — Apache Logging jars

o choco/*.jar —jars for Choco’s implementation of the JSR-331

0 jacop/*.jar —jars for JaCoP’s implementation of the JSR-331

0 constrainer/*.jar —jars for Constrainer’s implementation of the JSR-331

0 scheduler .jar — Scheduler’s jar file that also includes all sources

Folder “rules” with Excel-files for all Rule Solver™ samples:
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0 common/Templates.xls — basic OpenRules templates for defining and solving
CSPs

0 common/ScheduleTemplates.xls —OpenRules templates for scheduling CSPs

0 common/RulesSolver,xls — common Excel files that defines Rule Solver™
environment (called from all other Excel files)

0 <Name>.xls — all Rule Solver™ examples

Licenses

Rule Solver™ is available under the terms of the most popular Open Source license
known as "GNU General Public License" (GPLv2). The included software is provided
under the terms of open source licenses included in the folders for the proper solvers (see
“lib”)'

Using a Standalone Version

You may use Rule Solver™ directly from your file system. The folder

com.openrules.solver contains batch files that can be used to run different examples.
For example, "runZebra.bat" will execute the example Zebraxls . All batch files are
based on the file "run.bat":

@echo off

cd %-~dp0

echo Run %1 ...

set APACHELIB=./ lib /apache /commons-logging -1.1.jar;./ lib / apache /commons -
logging -api - 1.1.jar;./ lib /apache /log4j -1.2.15jar;./ lib / apache /commons - lang -
2.3.jar

set ORLIB=./ lib /openr ules.alljar;./ lib /poi-3.6 -

20091214 jar;./ lib /com.openrules.tools.jar

set JSR331=./ lib /jsr331.jar;./ lib /scheduler.jar

set

SOLVER=./lib [/ constrainer  /jsr331.constrainer.jar;./ lib / constrainer /constraine
r.light.jar

rem set SOLVER=./ lib /choco /jsr331.choco.jar;./ lib /choco / choco - solver -2.1.1 -
20100709.142532 - 2.jar

rem set SOLVER=./ lib /jacop /jsr331.jacop.jar;./ lib /jacop /jacop - 3.0.jar

set LIBS=./bin;%JSR331%;%SOLVER%;%APACHELIB%;%0ORLIB%

java - Xmx512m - classpath  "%LIBS%" com.openrules.solver.Test %1
echo done

pause

To run any example, you may double-click on the proper run<Name>bat file. For
example, runOven.bat  will execute the problem defined in the file “rules/Oven.xls”.
If you work with UNIX/LINUX you need to replace *.bat files with similar *.sh files.

To switch between CP solvers you need to modify the file run.bat. For example, the above
text defines SOLVER as "constrainer ". To switch to "choco " put "rem " in front of
"set SOLVER=./lib/constrainer/ €" and remove "rem " in front of "set
SOLVER=./1libl.chocol/ é
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Working under Eclipse IDE

To wuse the Rule Solver™ with Eclipse IDE, simply import the project
com.openrules.solver , into your Eclipse workspace. You may run Java samples
directly from Eclipse by selecting their sources with a right-click and then "Run as Java
Application".

To switch between underlying solvers, just select the Project Properties, and simply
change Libraries inside Java Build Path.

TECHNICAL SUPPORT

Direct all your technical questions about Rule Solver™ to support@openrules.com.
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