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Abstract. A novel Genetic Programming (GP) paradigm called Co-
evolutionary Rule-Chaining Genetic Programming (CRGP) has been
proposed to learn the relationships among attributes represented by a
set of classification rules for multi-class problems. It employs backward
chaining inference to carry out classification based on the acquired acyclic
rule set. Its main advantages are: 1) it can handle more than one class
at a time; 2) it avoids cyclic result; 3) unlike Bayesian Network (BN),
the CRGP can handle input attributes with continuous values directly;
and 4) with the flexibility of GP, CRGP can learn complex relationship.
We have demonstrated its better performance on one synthetic and one
real-life medical data sets.

1 Introduction

GP is a branch of evolutionary computation (EC). It has been applied on dif-
ferent areas, like shortest path finding and classification[5]. Wilson’s XCS [12]
and XCSI [13] are well-known classification algorithms based on learning classi-
fier system. However, the classification problems currently being addressed are
single class problem.

BN is a network model, which represents a set of attributes for a given multi-
class problem, and provides the probabilistic relationship among them. However,
BN cannot handle continuous values directly; and the continuous values must
be discretized first [6]. Heckerman et al. proposed methods of learning a network
that contains Gaussian distributions [7]. Monti et al. use neural networks to
represent the conditional densities [10].

In this paper, we propose the CRGP to handle the multi-class problem. It
learns a set of classification rules, which represent the relationships among the
attributes. It avoids cyclic rules; and it can handle input attributes with contin-
uous values directly. The remaining parts of the paper are organized as follows.
We describe the proposed algorithm in the next section. The experimental results
are presented in Section 3. The summary appears in the last section.
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2 Co-evolutionary Chaining Genetic Programming

The problem addressed in this study is to learn classification rules and the rela-
tionships among attributes without cycle in the inference process for multi-class
problem, in which one or more than one attributes are regarded as classes. Each
attribute of the problem is regarded as either an input attribute or a class. The
relationships among the attributes will be represented by rules.

The CRGP is a novel coarse grained multi-population GP based on backward
chaining. Multi-population maintain the diversity of rules. Backward chaining
can perform classification through the inference process and cyclic rules have to
be avoided.

2.1 Initialization of Populations

The CRGP uses the Michigan approach. It starts with n populations of rules,
where n is equivalent to the number of classes. Each population is assigned to
learn a different class, which is considered as the local class of the corresponding
population. The other classes are referred to as foreign classes.

The rules represent the relationships among attributes. They are of the form,
< antecedent >→< consequent >. The rules are in the prefix form. The function
set is defined as F = {∧, >, <=, =, �=}.

Each population has a different copy of the data set, which contains the
values of the input attributes and local class only. The foreign classes’ values are
omitted, i.e. the populations cannot access their foreign classes’ values.

The training process is divided into a number of epochs, which in turn consists
of a number of generations. The number of rules in each population is the same
and static. The populations are initialized randomly.

2.2 Backward Chaining

The populations in the CRGP cooperate through rule migration. Migration oc-
curs in the beginning of each epoch. During migration, the populations send a
copy of their rules to the others. In other words, the populations would get a
set of rules from the rest and they are referred to as migrated rules. To make it
clear, hereafter, we refer to the populations’ own rules as local rules. The new
migrated rules always replace the existing migrated ones of previous epoch.

Backward chaining is a well-known inferential methodology. Given a class,
some facts and rules, it forms a backward chain of rules and proves if the class
can be satisfied. The CRGP employs backward chaining in the fitness evaluation
and the cyclic relationship in the rules will be detected and eliminated.

Tables 1 show the pseudocodes of the fitness evaluation and backward chain-
ing procedures respectively. The populations cannot access the foreign classes’
values. During the fitness evaluation, if the local rule being evaluated contains
foreign class in its antecedent part, the backward chaining procedure would be
invoked, for each of these foreign classes.
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Table 1. (Top) The pseudocode of the Fitness Evaluation Procedure. (Bottom) The
pseudocode of the Backward Chaining Procedure

1. Set i = 0.
2. while i < the number of local rules,

• if the ith local rule contains one or
more foreign classes in its
< antecedent >,

� the ith local rule becomes the
first rule in the backward chain
of rules.
� the backward chaining
procedure is invoked for each of
these foreign classes.

• evaluate the ith rule’s fitness by the
fitness function.

input: a foreign class being looking for
a backward chain of rules

1. Set j = 0 and k = 0.
2. while j < the number of migrated rules,

• if the jth migrated rule infers the values of the
foreign class, which is being looking for,

� if the jth migrated rule form no cycle with
the others in the backward chain of rules

◦ the jth migrated rule is selected.
3. Sort the selected migrated rules, according to

their fitness values.
4. while k < the number of selected migrated rules,

• if the kth selected migrated rule contains one
or more foreign classes in its < antecedent >,

� the kth selected migrated rule is appended
to the backward chain of rules.
� another copy of backward chaining procedure
is invoked for each of these foreign classes

• fire the kth selected migrated rule.
5. remove the last rule from the backward chain of rules.

The backward chaining procedure selects suitable migrated rules to infer the
foreign class’s values. The migrated rules with the following characteristics are
selected: 1) it is a migrated rule inferring that foreign class’s values; and 2) it
will not form cycles with the others in the backward chain of the relevant rules.

The backward chaining procedure then fires the selected migrated rules one
by one to infer the foreign class’s values. The firing order is based on their fitness
values, the one with the highest fitness value is fired first. The fitness values are
brought from their original populations during migration. If a selected migrated
rule does further contain foreign class in its antecedent part, another round of
the backward chaining procedure would be invoked, for each of these foreign
classes forming a backward chain in the inference process.



Co-evolutionary Rule-Chaining Genetic Programming 549

The migrated rules, which would form cycle with the others in the backward
chain of rules are excluded from the selection and the corresponding foreign
class’s values remain unknown. The rules referring to these unknown values
become unfit and difficult to survive and hence the cyclic rules can be avoided.

After the backward chaining procedure fired all of the selected migrated rules,
the local rule being considered would be evaluated, and a fitness value is assigned
according to its classification accuracy.

2.3 Fitness Evaluation, Selection and Genetic Operators

The CRGP uses a support-confidence based fitness function and token compe-
tition to evaluate the local rules’ fitness [1]. It employs three canonical genetic
operators for evolution; they are the crossover, mutation and dropping condi-
tions [9]. It selects local rules by the Roulette Wheel method. Fitter local rules,
higher chance to be selected. The selected local rules are applied with one of
the genetic operators, to produce the offspring. Then, all the local rules and the
offspring compete with each other. The best half of them would be selected as
the new population for the next generation.

When the maximum number of epochs is met, the training process is termi-
nated and all of the local rules of all the populations are collected together as
the resultant rule set.

3 Experiments

The CRGP has been compared with the Multi-population Genetic Programming
(MGP), C5.0, Belief Network PowerConstructor (PC), WinMine (WM) and B-
Course (BC). The MGP is a canonical GP with multi-population. It has no
migration, no backward chaining and all of the populations can access all of
classes’ values directly. We have implemented the CRGP and the MGP in C++.
They have the same implementation details. The C5.0, PC, WM and BC are
downloaded from their web sites [2–4, 8].

We have evaluated the CRGP on a synthetic and a real-life medical data set,
a Fracture medical data set. The synthetic data set is a multi-class problem with
400 data items. Table 2 and figure 1(left) show the pseudocode used to generate
the synthetic data set and the corresponding relationships among the attributes
respectively. It has 6 input attributes, 5 classes and 400 data items. Classes 3
and 4 are generated by the same set of rules. They are used to evaluate if the
algorithm can produce an acyclic rule set. The real-life data set, “Fracture”, is
from the Orthopaedie Department of the Prince of Wales Hospital of Hong Kong.
It consists of records of children with limb fractures admitted to the hospital in
the period 1984-1996. “Fracture” has been used in [11]. It has 1 input attribute,
5 classes and 6574 data items.

The data sets are split into two parts. 66% of the data items are used for
the training, the rest of them are used for the testing. For all of the algorithms,
we have specified the input attributes. The values of the number of epochs, the



550 Wing-Ho Shum, Kwong-sak Leung, and Man-Leung Wong

Table 2. The pseudocode of the synthetic data set generation

attribute 0 = random(); else
attribute 1 = random(); class 2 = 0;
attribute 2 = random(); if (class 0 �= class 1)
attribute 3 = random(); class 3 = 0;
attribute 4 = random(); else if (class 0 �= class 2)
attribute 5 = random(); class 3 = 1;
if (attribute 0 > attribute 1) else

class 0 = 1; class 3 = 2;
else if (class 0 �= class 1)

class 0 = 0; class 4 = 0;
if (attribute 2 > attribute 3) else if (class 0 �= class 2)

class 1 = 1; class 4 = 1;
else else

class 1 = 0; class 4 = 2;
if (attribute 4 > attribute 5) where :

class 2 = 1; random() returns a real number between 0 and 999

Fig. 1. (Left) The relationships among attributes in the synthetic data set. (Right)
The relationships in Fracture learnt by the CRGP

maximum number of generations, the number of local rules in a population,
the maximum depth, the crossover rate, the mutation rate and the dropping
condition rate are 40, 10, 15, 0.5, 0.4 and 0.1 respectively.

3.1 Synthetic Data Set Results

We construct the relationships learnt by the CRGP and MGP by, 1) evaluating
the resultant rule set by the typical testing methodology of GP and removing
the redundant rules [11]; and 2) collecting the remaining rules as the learnt
relationships. Since GP is a stochastic algorithm, it produces slightly different
result in each run and the results are likely to have some redundant codes. To
remove the stochastic effect, we consider only the relationships exist in all of the
runs as the actual results learnt.

Since the C5.0 can handle only one class at a time, in the experiment, it is
executed several times, once for each class. The relationships learnt by the C5.0
are derived by combining the trees it learnt in each run.
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Fig. 2. (Left) The relationships learnt by the CRGP. (Right) The relationships learnt
by the MGP

Fig. 3. (Left)The relationships learnt by the C5.0. (Right) The relationships learnt by
the PC

The BN learning algorithms cannot handle continuous values directly. The
continuous values are discretized first. The BC is a stochastic BN learning algo-
rithm, we have evaluated it ten times and selected the best result.

Figure 2(left) shows the relationships learnt by the CRGP. The relationships
are the same as the real relationships shown in figure 1(left). The additional
relationship between classes 3 and 4 representing their values are generated by
the same set of rules. The CRGP has learnt the relationships successfully. Fig-
ures 2(right), 3 and 4 show the relationships learnt by the MGP, PC, WM and
BC respectively. They show that only the BC can learn very similar relation-
ships. The MGP, C5.0 and WM cannot learn the relationships among class 3,
attributes 0, 1 and 2, and the one among class 4, attributes 0, 1 and 2. The PC
cannot learn the relationship between classes 3 and 1, and the one between class
4 and 1; It has also learnt three incorrect relationships.

Tables 3(top-left) and 3(top-right) illustrates the cyclic rules and trees pro-
duced by the MGP and C5.0 respectively. They show only the rules and trees
with classes 3 and 4 of value 1. The rules and trees state that if class 3 is 1, then
class 4 is 1, and vice versa. This is a cyclic phenomenon and we cannot infer
anything for the classes given the input attributes’ values.
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Fig. 4. (Left) The relationships learnt by the WM. (Right) The relationships learnt by
the BC

Table 3(bottom) shows the corresponding rules produced by the CRGP,
which are not cyclic. Besides the relationship between classes 3 and 4, the rules
also represent inferences with classes 3 and 4 equaling to 1. The rules formed
an acyclic inference chain and produces meaningful result. Also, the most im-
port point is that the rules and the inference chains provide the relationships
amongst the inputs and class attributes. It is the advantage of using the back-
ward chaining rather than inferring all of the classes’ values directly from the
given inputs.

The results show only the CRGP and BC can learn the relationships; the
result of the MGP shows the multi-class problem cannot be solved by accessing

Table 3. (Top-Left)The rules produced by the MGP. (Top-Right) The decision trees
produced by the C5.0. (Bottom) The rules produced by the CRGP

(= class4 1)→(= class3 1).
(= class3 1)→(= class4 1).
(= class4 1)→(= class3 1).
(= class4 1)→(= class3 1).
(= class4 1)→(= class3 1).
(= class3 1)→(= class4 1).
(= class3 1)→(= class4 1).
(= class3 1)→(= class4 1).

Decision tree for Class 3:
Class 4 = 0: 0 (122)
Class 4 = 1: 1 (68)
Class 4 = 2: 2 (74)

Decision tree for Class 4:
Class 3 = 0: 0 (129)
Class 3 = 1: 1 (69)
Class 3 = 2: 2 (66)

(∧ ( �= class2 class0)(= class1 class0))→(= class4 1).
(= class4 1)→(= class3 1).
( �= class0 class2)→(= class3 1).
( ∧ ( �= class2 class0)(= class1 class0))→(= class4 1).
( ∧ (> attr2 attr3)(�= class2 class0)→(= class4 1).
( ∧ (> attr2 attr3)(�= class2 class0)→(= class4 1).
( ∧ (> attr2 attr3)(�= class2 class0)→(= class4 1).
( ∧ (> attr2 attr3)(�= class2 class0)→(= class4 1).
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all of classes’ values directly; and the result of the C5.0 shows the multi-class
problem cannot be solved by simply executing the algorithm several times.

3.2 Fracture Results

Wong et al have learnt the relationships represented by BN in the Fracture data
set [11]. The result is confirmed by the medical experts.

Figure 1(right) shows the relationships learnt by the CRGP. The network is
exactly the same as the one learnt by Wong. It shows: 1) The Diagnosis affects
the Operation and Stay, different fractures are treated with different operations
and need different time for recovery; 2) The Diagnosis affects the Age. Some
fractures occur more often in particular age groups; 3) There is a relationship
between the Age and Sex. It is observed that the young patients are more likely
to be female; and 4) The Operation and Stay affect the Year. It is observed that
the length of stay in hospital is different in different periods. The CRGP has
learnt the relationships successfully.

4 Summary

We have described a novel algorithm, CRGP. It learns a set of classification rules
and the relationships among attributes for multi-class problem. Unlike BN, it can
handle input attributes with continuous values directly. We have evaluated its
performance on a synthetic and a real-life medical data sets. The experimental
results have shown the CRGP outperforms the MGP, C5.0, PC and WM; and it
has the comparable result as the BC in relationship learning. With the flexibility
of GP, we believe the CRGP can learn complex relationships amongst attributes
with discrete or continuous values that cannot be handled by BN.
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