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Abstract In this article, a novel unordered classification rule list discovery algorithm is presented based on

Ant Colony Optimization (ACO). The proposed classifier is compared empirically with two other ACO-based

classification techniques on 26 data sets, selected from miscellaneous domains, based on several performance

measures. As opposed to its ancestors, our technique has the flexibility of generating a list of IF-THEN rules with

unrestricted order. It makes the generated classification model more comprehensible and easily interpretable.

The results indicate that the performance of the proposed method is statistically significantly better as compared

with previous versions of AntMiner based on predictive accuracy and comprehensibility of the classification

model.

Keywords classification, ant colony optimization, data mining, unordered rule set, comprehensibility, pattern

recognition
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1 Introduction

A classification problem encompasses the assignment of an unseen sample to a predefined class based on

the characteristics of the given sample (in the form of feature values). To perform this task, a classifier

is first trained. The training is performed using randomly selected samples related to the same concept

(class) and termed as training set. Later, the trained model is tested over unseen samples to determine its

generalization power. The objective of the trained model is to predict the class labels of unseen patterns

as accurately as possible.

Swarm intelligence [1–3], which deals with the collective behavior of small and simple entities, has been

used in many application domains. Ant Colony Optimization (ACO) proposed in the early 1990s [4–6] is

one of the most famous meta-heuristic under the umbrella of swarm intelligence. Although each individual

entity/agent has only limited capabilities, the complete swarm exhibits complex overall behavior [7].

Since its inception, ACO has been used to solve many complex problems, including those related to data

∗Corresponding author (email: salabat.khan@ciit-attock.edu.pk)



Khan S, et al. Sci China Inf Sci September 2014 Vol. 57 092116:2

mining [8–11] as well as other combinatorial optimization problems: for example, Travelling Salesperson

Problem (TSP), quadratic assignment, vehicle routing, connection oriented and connectionless network

routing, sequential ordering, graph coloring, shortest common super sequence, single machine tardiness,

and multiple knapsack.

In this article, we present a new ACO-based algorithm for the discovery of IF-THEN classification rules.

The first ant-based classifier system known as AntMiner is reported in the research work of Parpinelli

et al. [12]. The authors have focused on two main objectives: first, a classifier system must be accurate

and second, it must be comprehensible for different domain experts. The proposed algorithm, called

UAntMiner-C, offers both the properties of accuracy and comprehensibility (as its ancestors) and also

discovers the rules that can be used in unordered manner (unlike original AntMiner versions). For ordered

rule list, say for example containing 100 rules, 99th rule is only meaningful if all the first 98 rules do

not get activated/ fired. In other words, 99th rule is only understandable in the context of all the rules

preceding it in the ordered rule list. This dependency of the rules in the ordered rule list makes a classifier

less comprehensible. On the other hand, UAntMiner-C discovers unordered rule list. In this way, a user

has the flexibility of interpreting a rule independently. The proposed algorithm has some unique features

(discussed in subsequent sections), which allows it to achieve a higher accuracy rate when compared with

some previously proposed ACO-based classification approaches. The main contributions of our work are

summarized as follows:

1. A novel heuristic function is proposed based on the correlation of two terms (attribute-value pairs)

for the selection of candidate conditions to be added to the antecedent part of IF-THEN rule.

2. A parallel rule learning method across class labels is introduced. For instance, the iterations of FOR-

EACH loop (in the UAntMinerC algorithm) can be executed in parallel (for a data set with multiple

class labels) to achieve better performance in terms of execution time.

3. The usage of asymmetric matrices to store the pheromone and heuristic values. Due to the usage of

asymmetric edges in the search space (designed for rule generation), the search process does not converge

prematurely as compared with existing ACO-based classifiers.

4. The rules are discovered without any strict ordering to avoid the dependency between the rules if

discovered in order.

5. The usage of three conflict resolution strategies and fruitful discussion on why more conflicts can

cause inconsistent behavior in the performance of an unordered rule list classifier?

The remainder of this paper is organized as follows. In Section 2, we review the related research work

(i.e., different ACO based classification algorithms known as AntMiner s). In Section 3, the architecture

of the proposed solution will be discussed. Subsequently, in Section 4, we present some simulation results

to show the promising ability of our technique. Finally, Section 5 will conclude this work.

2 Related work

2.1 AntMiner

The first ant-based classifier system known as AntMiner is reported in the research work of Parpinelli

et al. [12]. The idea is to extract an ordered rule list of the form “if rule antecedent then consequent”

using training samples selected from a benchmark data set. The antecedent part consists of conjunction

of terms/ conditions of the form (〈Attribute, operator, Value〉 pair e.g. Color = Red) and consequent

part is a class value predicted by the rule. For example, the rule “IF 〈Color = Red AND Shape =

Round〉 THEN 〈Apple〉” contains two conditions based on which the class label ‘Apple’ is predicted. In

the testing phase, the discovered rule list is applied in sequential order to classify the unseen samples.

The data set is first discretized, as AntMiner [12] works only on categorical attributes. An ant con-

structs a rule by starting with an empty rule and incrementally adds one term/ condition at a time to

the antecedent part of the rule. The selection of a condition is probabilistic and based on two factors:

(1) heuristic value and (2) the amount of pheromone associated with the term. The authors use the

information gain as the heuristic value for the selection of a condition. After the antecedent part of a rule
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is constructed, the consequent of the rule is assigned by a majority vote of the training samples covered

by the rule. The constructed rule is then pruned by removing irrelevant terms as an attempt to improve

its accuracy. The quality of the rule is determined and used to update the pheromone values on the trail

followed by the ant (conditions selected by the ant). After all ants have constructed their rules, the best

quality rule is selected and added to the discovered rule list. The training samples correctly classified

by the discovered rule are removed from the training set. This process is continued until the number of

uncovered samples (in the training set) are less than a user-specified threshold. The final product is an

ordered discovered rule list that is used to classify the test data. For more details, readers are kindly

requested to refer to [12]. Throughout this paper, we refer to the AntMiner [12] as “original AntMiner”.

2.2 AntMiner2 & AntMiner3

The extensions of the original AntMiner algorithm are proposed by Liu et al. in AntMiner2 [13] and

AntMiner3 [14]. In AntMiner2, the authors used density estimation as a heuristic function instead of

information gain (as was used by AntMiner). They concluded that the new and simpler heuristic function

does the same job as was done by the complex one. Hence, AntMiner2 is computationally less expensive

as compared with original AntMiner while offering comparable performance. In AntMiner3, the authors

used a different pheromone update method. They update and evaporate the pheromone of only those

conditions that are present in the constructed rule and do not evaporate the pheromones of unused

conditions. In this way, the exploration of the search space is encouraged.

2.3 AntMiner+

Martens et al. [7] proposed a Max-Min Ant system-based algorithm (AntMiner+) that differs from the

previously proposed AntMiner’s in several aspects. A different search environment for the ants is designed.

Class label of rules is committed prior to the construction of antecedent part. They incorporated the

ability to form interval rules (for ordinal attributes). Additionally, the setting of two important user-

defined ACO parameters (alpha and beta) is automated. Only the iteration-best ant is allowed to update

the pheromone, the range of the pheromone trail is limited within an interval, and a new rule quality

measure is used [7].

2.4 Unordered AntMiner

The unordered rule list AntMiner is proposed in the work of Smaldon et al. [15]. As per new algorithm,

there is no need to apply the rules in order of their discovery. Therefore, the approach can be considered

as more modular in terms of interpreting the generated rules independently. The learning flow of original

AntMiner algorithm is modified such that an extra FOR-EACH loop is added as the outermost loop

which iterates over the values present in the domain of class attribute. Unlike original AntMiner, in

unordered AntMiner, all the ants construct the rule for the current class label (selected in the outer most

FOR-EACH loop) and then choose only those terms that would result in optimum level of accuracy. So,

in unordered AntMiner, class value is selected before starting the rule construction process and does not

change afterward (not even during pruning stage). The samples covered by the best rule are removed

from the training set and this learning process continues until the length of the positive samples (the

samples with the class value equal to the current selected class value) in the training set is greater than a

user-defined parameter (max uncovered cases). In the next iteration of the outermost FOR-EACH loop,

the training set is again reinstated.

Since the class value (for which rule construction is being performed) is already known, a new heuristic

function based on Laplace-corrected confidence value is used as

ηi,j(t) =
|Valuei,j , k|+ 1

|Valuei,j |+ nC

, (1)

where η is the heuristic value at time t, |Valuei,j | is the total number of training samples having Valuei,j
(i.e., jth value in the domain of the ith attribute), ‘k ’ is the current selected class label, and ‘nC ’ represents

the total number of class labels present in the given data set.
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Figure 1 The UAntMinerC search.

Classification of unseen data in unordered AntMiner is definitely different. Rules are applied to the

cases without considering their order in the discovered rule list. In case if antecedent part of more than

one rule matches the given test sample (a conflict occurs, i.e., which rule should we fire next?), two

conflict resolution strategies are used. First, high-quality rule decision is preferred. Second, CN2 conflict

resolution-based decision is made.

3 Proposed method

In this paper, a new ant-based classification technique is proposed, called UAntMiner-C (Unordered

AntMiner using Correlation of terms), which is an extension to AntMiner-C [16]. We begin with a

general description of the algorithm followed by the discussion about the heuristic function, pheromone

update, rule pruning, and other related stages.

3.1 General description

The intention is to build, incrementally set of classification rules, which is represented as follows:

IF 〈T1 AND T2 AND · · · 〉 THEN 〈class〉.

Each term Ti (in the antecedent part of the rule) is an attribute-value pair related to an operator.

In this work, “=” is used as the only relational operator for relating an attribute to one of its domain

value. A term, for example, “Weather = Sunny” has three parts: (1) Operator “=”, (2) the attribute

name “Weather” and (3) a value in the domain of attribute “Weather”, that is, “Sunny”. Due to the

usage of only “=” operator, all continuous-valued attributes in the input data set are discretized before

presenting to the proposed classifier.

Search space: search space is designed for producing candidate solution. This space can be defined

with the aid of data set provided as input. The search space can be considered as a directed acyclic

graph, where the vertices are used to represent the terms (attribute-value pair) extracted from the data

set. The exact topology of search space is given in Figure 1. The objective of the ants is to discover

IF-THEN unordered rules by visiting the vertices. The selection of vertices (during the tour of an ant) is

based on heuristic (discussed later) and pheromone values associated with the edges. The statistic about

the total number of terms/ vertices, present in the data set, can be calculated as

Total terms =
∑a

n=1
bn, (2)

where ‘a’ represents the size of a given data set in terms of attributes (without considering the target

attribute) and ‘bn’ is the number of values that the attribute ‘An’ can have. The search space is defined in

such a way that an ant can pick any of the vertex and there is no fixed ordering in which the vertices are

required to be visited. This is to discourage the biasness of vertices ordering introduced in AntMiner+.
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For example, a problem’s search space is shown in Figure 1. The search space is represented as a DAG

and constructed with the help of input data set. The search space contains 10 vertices in a column where

each vertex corresponds to a term. The number of columns that contain the vertices (representing the

terms) will be equal to the number of attributes present in the given data set. A1, A2, and A3 are the

labels assigned to the vertices (terms) related to attribute A. The data set consists of four attributes

(A–D) for which the search space is constructed. Attributes (A, B, C, and D) have (3, 2, 3, and 2) values

in their respective domains. For constructing a rule, the ant is placed on vertex labeled “Start.” The ant

moves from left to right and can visits only a single vertex in a column. As a vertex corresponds to a term

(attribute = value pair), the antecedent of the rule is actually being constructed based on the selection of

vertices during the tour of an ant. After a term has been selected (i.e., a vertex is visited), the attribute

related to that term is flagged as used. During the tour of an ant, once an attribute is flagged used, no

other term related to that attribute can be selected further. This restriction is necessary, as we cannot

allow conditions of the type “Weather = Cloudy AND Weather = Sunny” (which doesn’t make sense

both at the same time). As we can see in Figure 1 that ant has selected C1 (after making a move from

the start vertex) in the first column; attribute C is thus flagged as used, and all the terms corresponding

to attribute C (C1, C2, and C3) are flagged prohibited (shown with ‘×’ symbols in columns (2–4) of

the search space). Next, the ant has chosen the vertices with the labels A3, D1, and B1 (in order), in

turn the vertices that become prohibited are shown with ‘×’ symbols. The process of rule construction

(for an ant) is terminated if any of vertices with label “Stop” is selected by the ant. This process also

terminated prematurely after insertion of a term (into the antecedent of a rule), such that the rule cover

only those training samples with homogeneous class labels (it is to be noted that the consequent of a rule

or the class label is selected before constructing the rule antecedent part described later).

Suppose ‘A’ represents the number of attributes and ‘T ’ represents the number of total terms present in

the data set. The worst case space complexity of the search space (in terms of number of edges to be stored

in memory) can be calculated as O(A, T ) = T 1 + (A− 1) ∗ (T ∗ T ) + T 2, where T 1 shows the number of

edges originating from ‘start’ vertex toward the nodes in the first layer (a column of vertices). T 2 shows

the number of edges originating from the vertices in the second last layer and which are connected to the

‘stop’ vertex (in the last layer). It may please be noted that not all the vertices in a layer are connected

to all the vertices in the next layer, and thus reduces the actual space complexity of the search space. The

complexity of the search space increases substantially if the value of T is large. However, the chance of

such a case is low due to the usage of discretized data sets containing only categorical attributes (where

each attribute contains only a few values in its domain).

AntMiner [12] uses a mesh topology where all the terms are connected to each other. An ant can freely

move within the search space without any particular ordering imposed on attribute selection. The search

environment used by AntMiner+ [7] is different in several ways: each of the ants is required to choose one

of the classes (majority class is excluded from this set) before constructing its rule, the selection of alpha

and beta parameters are made part of the search process, the dimensions (i.e., attributes) are visited in

a fixed order but an ant may choose to ignore a dimension, and for ordinal variables a mechanism that

enables ants to include interval conditions in their rules is introduced.

A general description of the UAntMiner-C algorithm is shown in Algorithm 1. In the outermost loop,

a class label is selected for which the rules will be constructed. The Pos Cases(TrainingSet) is a function

that returns the total number of cases in the training set with the class selected in the outermost FOR-

EACH loop. The basic structure of the UAntMiner-C algorithm is that of AntMiner [12] and the flow

of learning is based on unordered AntMiner [15]. Iterating over each class value in the class attribute

domain, the algorithm is presented with all the training data. Several rules are constructed within an

iteration of REPEAT-UNTIL loop, and the one with the best quality is selected to be included in the

discovered rule list. The best rule correctly classifies (i.e., rule antecedent and consequent part if matched

with the training patterns) a subset of training samples which are removed from the training set.

This process continues until the length of the positive cases (the cases with class value equal to current

selected class) in the training set is greater than a user-defined parameter max uncovered cases. The

training set is then again reinstated for the next class value selected in (outermost FOR-EACH loop) so
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Algorithm 1: The UAntMinerC algorithm

1: DiscoveredRuleList={}; /* rule list is initialized as empty list */

2: FOR EACH Class value in class attribute domain

3: (TrainingSet) = {all training samples};

4: WHILE (Pos Cases(TrainingSet) > Max uncovered samples)

5: t = 1; /* counter for ants */

6: rcc = 1; /* counter for rule convergence test */

7: Construct the search space for reduced training set;

8: Initialize pheromone values on all edges;

9: Calculate heuristic values for all edges;

10: REPEAT

11: Send an Ant which constructs a classification rule Rt for the selected class;

12: Assess the quality of the rule and update the pheromone of all trails;

13: IF (Rt == Rt−1) /* update convergence test */ THEN

14: rcc = rcc + 1;

15: ELSE

16: rcc = 1;

17: END IF

18: t = t+ 1;

19: UNTIL (t > No of ants) OR (rcc > No rules converg)

20: Choose the best rule Rbest among all rules Rt constructed by all the ants;

21: Prune the best rule Rbest;

22: Add the pruned best rule Rbest to DiscoveredRuleList;

23: Remove the training samples correctly classified by the pruned best rule Rbest;

24: END WHILE

25: Add a default rule in the DiscoveredRuleList;

26: END FOR

27: Prune the DiscoveredRuleList (Optional);

that a maximal number of negative samples are available to the algorithm. In the original AntMiner,

max uncovered cases referred to all the cases in the training set, rather than positive cases only, as

interpreted in the UAntMiner-C.

The algorithm terminates when the outer FOR-EACH loop iterates over all the possible class values.

The algorithm produces an unordered rule list that can be used for predicting the class labels of test

samples.

3.2 Rule construction

To construct a rule, first, a class label is committed and then rules antecedent part is constructed. The

entire procedure is discussed as follows.

• Class commitment. Ant selects a class label (as the consequent of IF-THEN rule) prior to the

construction of rule antecedent part. This beforehand selection is necessary to use the heuristic function

discussed later. This selection is performed in the outermost FOR-EACH loop of the algorithm. The

selected class label remains fixed for a swarm run during WHILE loop.

Method of class assignment is different as compared with AntMiner and AntMiner+. AntMiner first

construct the rule and then a class is assigned. The rule is assigned with the majority class of the

current training samples that it covers. For AntMiner+, an ant assigns a class label to a rule before the

construction of its antecedent part (ignoring the class in majority).

• Pheromone initialization. The pheromone values on all the edges in the search space are initialized

at the start of WHILE loop. Pheromone value on edge(i, j), that is, the edge connecting term ‘i’ and

term ‘j’ is initialized using the following:

τij(t = 1) =
1

∑a

n=1 xnbn
, (3)

where (t = 1 means the start of the WHILE loop), a represents the size of data set in terms of attributes,

and bn is the length of unique values that An can have in its domain. xn is 0 if termi is related to

attribute An, otherwise, it will be 1. No pheromone is placed over the edges between the terms relating
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to same attribute. Based on the fact that the pheromone concentration for all the edges is same (except

zero-valued pheromone edges), no historical information (in terms of pheromone values) is available to

guide the search process of 1st ant.

• Term selection. The antecedent of a rule that an ant is constructing usually consists of several

terms. The selection of terms must be done intelligently so that the generated rule set becomes a better

representative of the relationship between predictor attributes and target attribute. The terms are added

incrementally one by one to the antecedent part of the rule that can be conceived as a partial trail of

the ant. For a particular ant trail, no more than one term can be selected related to an attribute An.

The selection probability of a term depends on its pheromone and heuristic values as compared with the

other candidate terms and is calculated using the following:

Pij(t) =
ταij(t)η

β
ij(s)

∑Total terms
j=1 xj{ταij(t)η

β
ij(s)}

, (4)

The pheromone value presents on the edge between the two terms Ti and Tj is represented with τ ij(t) for

the tth ant (the ant for which selection is being made), and ηij(s) specifies the heuristic value associated

between terms Ti and Tj during sth iteration of WHILE loop. For all the terms, termj , which are not

flagged prohibited, xj will be set to 1, otherwise it is set to 0.

• Heuristic function. Heuristic value is another important learning dynamic of ACO algorithm. For

deciding whether to select a particular term, a term is evaluated based on its heuristic and pheromone

values. Heuristic function can guides the swarm toward the right direction. A correlation-based heuristic

function is used. Correlation between the term that is just added to the partial tour of an ant with other

candidate terms is calculated as follows:

ηij =
|termi, termj , classk|

|termi, classk|
.
|termj , classk|

|termj |
, (5)

where termi is the term that is recently added by the ant to its partial tour (representing a partial rule)

and termj is one of the candidate terms that is being evaluated to be selected next. The remaining training

samples (which are not covered by any of the rules discovered so far) associated with class label k and

that contain termi and termj are represented with |termi, termj , classk|. |termi, classk| are the training

samples that are associated with class label k and contain termi as one of its predictor attribute value.

For the selection of first column of vertices (directly connected to outgoing edges from ‘start’ vertex), the

following Laplace-corrected confidence [10] is used to calculate the heuristic value for a C -class problem:

ηStart,j =
|termj , classk|+ 1

|termj |+m
, (6)

‘C’ represents the number of class values in the domain of target attribute. The heuristic function

penalize those terms that would lead to overfitting by producing very specific rules (poor generalization

is expected). As an example, let’s assume that there exists a term which appears in only a single training

instance with the class label equivalent to the class label chosen by an ant. For such a term, the confidence

will turn out to be 1 without applying (6). However, with the usage of (6), the confidence becomes equal

to 0.7 for a binary class problem.

3.3 Quality of a rule

ACO requires the evaluation of generated solutions and uses them as a feedback for generation of new

solutions. The correctness of this evaluation has direct consequences on the search process. For classifi-

cation rule discovery problem, we would like to have rules with high confidence and large coverage. The

quality Q of a rule is measured by adding its confidence and coverage [15]:

Q =
TP

Covered
+

TP

N
, (7)

where TP represents the set of training examples that are correctly classified by the discovered rule.

Covered represents the set of training examples that match the antecedent part of the rule and N is

taken equivalent to the length of yet uncovered training examples.
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3.4 Pruning of rule

Pruning is performed the same way as done in the original AntMiner. One term is temporarily deleted

(at a time) from the antecedent of the rule and its quality is checked. If doing so increases the quality

of rule, change to the rule is committed, otherwise there is no need to remove that term. Repeat this

for all the remaining terms until either single term is left in the pruned rule or no more improvement is

possible. The only difference in UAntMiner-C is: the consequent part of the rule does not change. After

removing each term, speculatively, only the rule quality for the current positive class is computed.

3.5 Rules conflict

In UAntMiner-C, there may be more than one rule that might cover (i.e., the rule antecedent part matches

with the attribute values of the unseen data instance) an unseen data instance during classification of

testing data which will result in a conflict. One of the following scenarios may occur [15]:

1. If none of the discovered rules cover the test case, the case is assigned with the majority class in the

training data set.

2. If only one of the discovered rules covers the test case, the case is assigned with the class predicted

by that rule.

3. If more than one of the discovered rules cover the test case (e.g., R1, . . . , Rn), but all those rules

predict the same class, the case is assigned with the class predicted by the covering rules.

4. If more than one of the discovered rules cover the test case (e.g., R1, . . . , Rn), but the rules do

not predict the same class, a rule conflict strategy is used to determine which class should the case be

assigned with. For the time being, just to keep the discussion simple, we assume that the classification

problem being solved contains two classes only (Yes and No). The discussion is valid and extendible

easily for multiclass problem.

To handle the conflicts, the following strategies are used:

• High quality rule. The predicted class of the conflicting rules (from R1, . . . , Rn) which has the high

quality ‘Q’ is assigned to the test case. This is compactly defined below, where Q(R1) represents the

quality of R1 and argmax selects the maximum value from the values passed to it as arguments.

HQ Rule = argmax(Q(R1), . . . , Q(Rn)), Test Case Class = ClassOf(HQ Rule).

• CN2. The class frequencies of the conflicted rules (R1, . . . , Rn) are calculated using the following.

C(Yes) =

n
∑

i=1

covers(Ri,Yes), C(No) =

n
∑

i=1

covers(Ri,No),

where covers(Ri, Cj) means the number of cases of class Cj that are covered by rule Ri.

Test Case Class = argmax

(

Cj ∈ Classes

n
∑

i=1

covers(Ri, Cj)

)

.

So, the class for which the class frequency value of the conflicted rules is maximum is assigned to the test

case.

• Naive Bayes. The Naive Bayes theorem is also used to resolve the conflicts during classification of

an unseen pattern. The Bayes theorem is given as

P (Ci|R1 ∧ · · · ∧Rn) = P (Ci)
P (R1 ∧ · · · ∧Rn|Ci)

P (R1 ∧ · · · ∧Rn)
.

Since the probabilityP (R1 ∧ · · · ∧ Rn) does not affect the relative order of different hypotheses [17], we

can assume naively that P (R1 ∧ · · · ∧Rn|Ci)=P (R1|Ci) · · ·P (Rn|Ci). The classification is done as

Test Case Class = argmax

(

Cj ∈ Classes

(

P (Cj)
n
∏

i=1

P (Ri|Cj)

))

,
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where P(Cj) represents the probability of the total number of training cases having the class label Cj

and P(Ri|Cj) is the probability of the total number of training cases that have the class label Cj and are

covered by the rule Ri. Note that there is a problem if a rule from the set of conflicting rules (R1, . . . , Rn)

does not cover any instances of a particular class, say for example, Ch. In this case, the chances to select

class Ch will become 0 even if there exist several other conflicting rules that cover the instance with high

probability for class Ch. Laplace-1 correction [18] as defined below is used to overcome this limitation of

Naive Bayes conflict resolution strategy:

if P (Ri|Cj) = 0 then set it to

[

N + 1

N + k
Laplace-1 Correction

]

,

where N is the total number of training cases covered by the rule Ri (only antecedent part) and k is the

total number of class labels present in the data set.

4 Differences with existing ACO-based classifiers

Following UAntMiner [15], the proposed classifier (UAntMiner-C) is the second attempt to generate

unordered rule list using ACO. In follows, main differences between the proposed algorithm and existing

ACO-based classifiers are summarized.

Differences with AntMiner, UAntMiner, AntMiner2, and

AntMiner3, where AntMiner-C has
Differences with AntMiner+, where AntMiner-C has

1. Prior selection of class label, whereas the above-mentioned

competitors (except UAntMiner) select the class label after

the construction of rule antecedent part.

2. A novel correlation-based heuristic function.

3. A term has multiple heuristic values by considering its

correlation with other terms. In the above three competitors,

each term has only one value of heuristic function.

4. Pruning of only best rule in an iteration of FOR-EACH

loop, whereas on the other hand, all the rules are pruned in

the competitors which increases the computational complex-

ity.

5. The termination of rule construction is based on only

positive training samples currently present in the training

set. For the competitors (except UAntMiner), max un-

covered cases parameter is used and all the samples in the

current training set are considered.

6. An asymmetric pheromone matrix to decrease the chance

of premature convergence.

7. A different pheromone update equation (an exception is

AntMiner3 which has the same update equation).

8. A different method of pheromone normalization.

9. A different equation for assessing the quality of rule which

is also used for rule pruning.

1. A different search space.

2. The capability of handling only categorical attribute,

whereas AntMiner+ can handle ordinal valued attributes as

well.

3. A novel correlation-based heuristic function.

4. For AntMiner+, state transition (i.e., selection of next

term) and pheromone update are according to the Ant Sys-

tem [5].

5. A different method of class selection which is done only

once and subsequently the class label remains fixed for all

the ants in an iteration. For AntMiner+ during an iteration,

the ants construct the rules for different class labels.

6. Does not exclude the majority class from the class selec-

tion choices.

7. For AntMiner+, early stopping criterion may be used and

which is settled based on the user input.

8. UAntMiner-C has several iterations of REPEAT-UNTIL

loop for the extraction of a best rule. Each iteration consists

of only one ant run. The best rule is pruned after exiting

from the REPEAT-UNTIL loop. On the other hand, for

AntMiner+ the REPEAT-UNTIL loop is executed until the

pheromone values on one path converge to tmax (maximum

pheromone value) and for all other paths are tmin. There

are multiple ants run per iteration (1000 ants are used in

the experiments reported in [7]). The best solution from

each iteration is pruned. In other words, several rules are

pruned before exiting from the REPEAT-UNTIL loop.

9. Unordered rule list discovery.

5 Results

In our experiments, a suite of 26 data sets, that are collected from UCI ML repository1) is used and

is presented in Table 1. The selected data sets are of different complexities and are commonly used

1) Hettich S, Bay S D. The UCI KDD archive. University of California, Irvine, 1996. http:// kdd.ics.uci.edu.
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Table 1 Data set characteristics

Date set Short name Attribute Instance Class

Balance-scale bs 5 625 3

Breast-cancer-w bcw 10 699 2

Car car 7 1728 4

Credit-aus Crd-aus 16 690 2

Credit-german Crd-ger 21 999 2

Dermatology Derm 35 366 6

Ecoli Ecoli 8 336 8

Glass glass 10 214 7

Haberman Haberman 4 307 2

Hayes Roth Hayes Roth 6 132 3

Heart heart 14 270 2

Hepatitis hepatitis 20 155 2

House Votes House Vot 18 435 2

Iris iris 5 150 3

Mammo masses Mamm m 6 961 2

Pima Indians Pima Ind 9 769 2

Segmentation Segm 20 210 7

Spect Heart Spect H 23 267 2

Tae tae 6 151 3

Tic-tac-toe TTT 10 958 2

Transfusion Trans 5 749 2

Vehicles Veh 19 282 4

WDBC WDBC 31 569 2

Wine wine 14 178 3

Zoo Zoo 18 101 7

IonoSphere IonoSphere 34 351 2

Table 2 Parameter values used in experiments

Parameter value [AntMiner, UAntMiner, UAntMiner-C]

Swarm size [1000, 1000, 1000]

Max. uncovered samples [10, 5, 5]

Evaporation rate [0.15, 0.15, 0.15]

No. of rules converged [10, 10, 10]

Minimum cases per rule [10, 10, 1]

as benchmarks for evaluating the performance of classification algorithms. All the continuous-valued

attributes are discretized (using an unsupervised filter of Weka-3.4 machine learning tool [10]) before

submitting to the proposed algorithm.

The results of UAntMiner-C are compared with AntMiner and Unordered AntMiner. Both of these

algorithms and UAntMiner-C are implemented in Visual Studio 2008 C#. The experiments are executed

on a machine that has 2.8 GHz processors with 1 GB of main memory. Performance indicators include

predictive accuracy, number of rules, and number of terms per rule. The experiments are conducted with

10-fold cross-validation.

The setting of user-defined parameters is summarized in Table 2 for all the three competing algorithms

with alpha and beta (set to 1). These values have been chosen because they have been used in earlier

versions of AntMiner as reported in the literature [7, 12–15, 19] and we make no claim that these values

produce the optimal results.

Table 3 shows the mean classification accuracy in percentage for all the algorithms with the values

after (+/−) denoting the standard deviation based on 10-fold cross-validation. The results of unordered
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Table 3 Accuracy rate (HQ, CN2, & Naive)

Conflict resolution

strategies =>>>>
High quality rule CN2 Naive

Date set AntMinr UAntMinr UAntMinerC UAntMiner UAntMinerC UAntMiner UAntMinerC

Balance-scale 73.13±1.76 61.92±2.15 89.76±1.62 (+) 80.34±1.76 90.72±1.39 (+) 34.57±2.88 88.00±1.95 (+)

Breast-cancer-w 92.84±1.37 89.27±1.80 96.00±0.63 (+) 83.98±2.21 96.00±0.63 (+) 85.41±2.31 96.00±0.63 (+)

Car 84.09±0.83 49.71±1.59 94.16±0.73 (+) 79.63±1.05 94.10±0.75 (+) 31.02±1.17 92.65±0.80 (+)

Credit-aus 85.22±1.22 85.36±0.82 86.09±1.06 84.06±1.01 84.06±2.09 78.55±1.48 83.33±2.17 (+)

Credit-german 74.18±1.02 58.15±2.09 75.38±2.71 (+) 72.58±1.59 75.18±2.67 55.76±1.44 74.88±2.61 (+)

Dermatology 95.35±1.16 83.83±3.03 87.42±1.23 84.65±1.58 87.97±1.10 (+) 76.20±1.57 86.61±1.18 (+)

Ecoli 69.93±2.87 55.02±2.52 77.88±3.08 (+) 63.90±4.42 77.88±3.08 (+) 33.01±2.04 77.89±2.87 (+)

Glass 50.84±3.33 35.89±3.67 67.34±3.07 (+) 49.55±5.41 70.15±3.48 (+) 25.56±4.31 64.03±3.26 (+)

Haberman 70.32±3.20 69.39±3.54 81.45±2.88 (+) 69.32±2.37 80.81±2.85 (+) 55.59±5.07 80.81±2.85 (+)

Hayes Roth 65.05±3.73 65.93±2.53 82.53±3.81 (+) 62.97±3.56 85.60±3.30 (+) 35.71±3.72 77.14±4.61 (+)

Heart 81.48±1.10 77.78±2.92 84.81±2.24 (+) 84.81±2.56 72.22±3.75 (−) 71.85±3.03 76.30±3.32

Hepatitis 85.88±2.47 88.38±2.54 87.25±2.26 89.63±2.25 81.29±4.16 (−) 89.67±2.61 80.04±3.32 (−)

House Votes 97.25±0.82 95.19±1.46 97.02±0.96 92.43±1.41 96.10±1.27 (+) 91.96±1.34 96.79±1.42 (+)

Iris 88.67±2.99 85.33±2.78 94.67±1.66 (+) 83.33±2.48 90.67±2.27 (+) 75.33±5.07 90.00±2.05 (+)

Mamm m 81.78±1.54 79.91±0.93 83.97±1.08 (+) 79.08±2.62 84.18±1.49 (+) 66.80±2.32 83.35±1.44 (+)

Pima Indians 68.52±1.71 67.87±1.81 81.92±1.87 (+) 69.56±1.68 82.06±1.87 (+) 61.38±1.42 81.67±1.89 (+)

Segmentation 61.43±2.50 57.14±2.35 73.33±1.77 (+) 55.24±2.94 73.33±1.77 (+) 43.33±2.97 72.38±1.71 (+)

Spect Heart 83.87±3.04 76.35±2.39 82.82±2.29 (+) 86.50±2.25 81.32±2.39 (−) 76.01±1.89 80.57±2.50 (+)

Tae 50.50±4.46 41.88±4.41 80.17±3.26 (+) 51.83±4.42 80.17±4.07 (+) 25.92±3.68 78.17±3.43 (+)

Tic-tac-toe 72.13±1.85 61.79±1.14 97.90±0.97 (+) 69.00±1.53 97.80±0.97 (+) 70.67±2.91 97.70±0.86 (+)

Transfusion 78.64±1.69 36.85±2.92 79.70±1.79 (+) 72.77±1.77 79.70±1.79 (+) 72.90±1.78 79.44±1.76 (+)

Vehicles 55.63±2.69 56.31±3.93 75.95±1.77 (+) 46.77±2.94 76.66±1.71 (+) 31.19±2.06 75.60±2.15 (+)

WDBC 87.53±1.21 79.62%±2.32 91.22±1.04(+) 84.53%±1.22 83.48±5.18 79.97%±1.77 79.11±6.68

Wine 92.65±2.38 94.38±1.17 99.44±0.56 (+) 92.68±1.68 97.22±2.23 (+) 91.57±2.52 98.27±0.88 (+)

Zoo 88.18±1.93 88.09±3.60 90.09±2.11 85.00±3.73 90.09±2.98 87.36±3.69 90.09±3.33

Ionosphere 82.29±2.29 74.86±2.55 87.71±2.83 (+) 81.43±1.96 87.43±2.80 (+) 68.86±2.54 87.43±2.80 (+)

Table 4 Number of conflicts occurred

Data set No. of conflicts for UAntMiner # of conflicts for UAntMiner-C

bs 49.30±1.08 3.10±0.57

car 140.80± 2.12 9.30±0.82

wine 0.40±0.31 0.20±0.13

Zoo 1.10±0.38 0

AntMiner and UAntMiner-C are further compared based on three different conflict resolution strategies.

For each of the conflict resolution strategy, under the results of UAntMiner-C, the presence of the symbols

(+) or (−) in a cell indicates that the predictive accuracy of the corresponding version of UAntMiner-C

is significantly better or worse than the predictive accuracy of the Unordered Rule Set Ant-Miner for the

corresponding data set and conflict resolution strategy. Significant difference is declared if the standard

deviation intervals of the two accuracies (for UAntMiner vs. UAntMiner-C for a particular data set with

a particular conflict resolution strategy) do not overlap.

In all the tables, the best results in a row are highlighted. The (win/loss/tie) situation for all (26)

data sets based on average accuracy considering the results in all conflict resolution strategies can be

summarized as AntMiner (2/24/0), unordered AntMiner (1/25/0), and UAntMiner-C (23/3/0). It may

also be noted that UAntMiner-C performance is consistent; producing almost the same average accuracies

(less varying) for different conflict resolution strategies, whereas unordered AntMiner produces highly
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Table 5 Average number of rules

Date set AntMiner UAntMiner UAntMinerC

Balance-scale 11.50±0.22 16.50±0.27 59.90±1.00

Breast-cancer-w 9.50±0.31 12.40±0.27 18.50±0.54

Car 15.70±0.37 11.90±0.10 79.40±0.91

Credit-aus 6.50±0.22 8.20±0.20 21.90±1.80

Credit-german 9.20±0.33 13.10±0.28 55.20±4.01

Dermatology 7.70±0.15 7.10±0.10 20.40±0.64

Ecoli 11.70±0.30 17.90±0.23 34.60±0.56

Glass 7.60±0.43 11.10±0.31 25.30±0.45

Haberman 9.30±0.15 18.60±0.48 77.10±3.07

Hayes Roth 5.80±0.29 9.00±0.26 29.00±0.70

Heart 5.10±0.10 6.60±0.16 15.00±0.80

Hepatitis 5.00±0.00 5.40±0.16 7.40±0.34

House Votes 5.60±0.16 4.80±0.13 7.10±0.31

Iris 7.40±0.16 11.00±0.37 10.30±0.42

Mamm m 7.10±0.46 14.40±0.16 34.40±2.03

Pima Indians 8.40±0.27 13.30±0.33 55.10±4.37

Segmentation 8.50±0.17 12.20±0.25 21.50±0.31

Spect Heart 6.50±0.17 8.40±0.16 11.70±0.62

Tae 7.20±0.47 11.90±0.18 17.50±0.65

Tic-tac-toe 7.10±0.23 7.10±0.10 29.90±2.57

Transfusion 6.50±0.34 9.10±0.10 16.60±2.57

Vehicles 8.30±0.15 10.90±0.10 36.40±0.43

WDBC 8.20±0.25 8.80±0.25 23.90±0.95

Wine 4.50±0.17 5.00±0.00 7.10±0.18

Zoo 6.00±0.00 7.60±0.27 7.00±0.15

IonoSphere 8.70±0.15 10.20±0.13 19.20±0.88

varying average accuracies under different conflict resolution strategies when tested on some data sets.

For example, unordered AntMiner produces highly varying average accuracies using different conflict

strategies for balance scale and car data sets. However, it performs consistent for wine, zoo, and some

other data sets. UAntMiner-C is consistent because it learns the rules that are more robust and causes very

few conflicts on the test data. On the other hand, the rules generated using unordered AntMiner result in

high number of conflicts (for some data sets) and the average accuracies are thus more dependent on the

conflict resolution strategy rather than the classification algorithm itself. For these data sets, numbers

of conflicts that occurred during the testing phase (10-fold cross-validation) are summarized in Table 4.

In Tables 5 and 6, the results are presented for (average number of rules found ± standard deviation)

and (average number of terms per rule ± standard deviation). These two parameters actually represent

the comprehensibility of the classifier built after training. The UAntMiner-C is somewhat expensive in

terms of simplicity of the rules for most of the data sets, but this is, of course, expected for some data

sets to learn the complex relationships of the feature sets and the corresponding class label. In turn, it

generates highly accurate predictions.

To compare UAntMiner-C with some well-established deterministic rule discovery methods, we have

selected CBA [20] (Classification based on Predictive Association Rules), CMAR [21] (Classification based

on Multiple Association Rules), and CPAR [22] (Classification Based on Associations). These three

classifiers are the instances of association rule mining. We have used the software2) for the experiments

of these three competitors with (support value = 1% and confidence value = 70%). The data sets are

required to be preprocessed to be handled by these association rule-based classifiers. For this purpose,

the above mentioned tool is used. The comparison summary based on % average accuracy and average

2) http://cgi.csc.liv.ac.uk/˜frans/KDD/Software/.
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Table 6 Average number of terms per rule in the rule list

Date set AntMiner UAntMiner UAntMinerC

Balance-scale 0.92±0.01 1.00±0.02 3.11±0.01

Breast-cancer-w 1.03±0.02 1.05±0.02 2.19±0.03

Car 1.39±0.04 1.15±0.02 4.68±0.02

Credit-aus 1.55±0.07 2.30±0.05 3.21±0.14

Credit-german 1.74±0.09 2.05±0.07 3.81±0.05

Dermatology 2.70±0.13 4.59±0.12 3.19±0.07

Ecoli 1.35±0.02 1.38±0.01 2.76±0.02

Glass 1.26±0.05 1.90±0.07 3.01±0.04

Haberman 0.89±0.00 0.95±0.00 2.87±0.02

Hayes Roth 1.06±0.03 0.95±0.03 3.25±0.03

Heart 1.11±0.04 1.58±0.08 2.89±0.09

Hepatitis 1.42±0.05 2.21±0.07 2.73±0.09

House Votes 1.40±0.08 0.92±0.06 2.82±0.08

Iris 0.86±0.00 0.92±0.01 1.88±0.01

Mamm m 1.00±0.03 1.74±0.03 2.90±0.01

Pima Indians 0.91±0.03 1.17±0.03 3.10±0.04

Segmentation 1.46±0.06 2.01±0.04 2.68±0.03

Spect Heart 2.11±0.10 2.31±0.05 4.04±0.07

Tae 0.97±0.02 1.22±0.03 2.16±0.04

Tic-tac-toe 0.93±0.05 0.86±0.00 4.22±0.03

Transfusion 0.88±0.03 1.03±0.02 2.05±0.19

Vehicles 1.29±0.05 1.44±0.02 3.09±0.02

WDBC 0.89±0.01 1.24±0.07 2.48±0.05

Wine 1.11±0.04 1.46±0.04 2.27±0.03

Zoo 1.13±0.06 1.65±0.05 2.60±0.06

Ionosphere 0.90±0.01 0.99±0.03 2.49±0.03

number of rules for 10-fold experiments is presented in Table 7. For both of these evaluation measures,

UAntMiner-C has resulted in best results considering all the data sets.

Based on different parameter settings of support and confidence, we found the competitors to perform

inconsistently. For example, CMAR and CBA have resulted in zero percentage accuracy for data sets

(glass, hayes-roth, image-segmentation, tae, and vehicle) when parameter setting was (support = 20% and

confidence = 80%). We have observed that the results of these three classifiers can be very fluctuating

for different settings of support and confidence values. On the other hand, ACO-based classification

algorithms are less dependent on the parameter setting as shown in [16].

6 Conclusion

This article has presented an extension to the original AntMiner for unordered IF-THEN rule induction.

The proposed method is an unordered rule set generator for classification task which helps in interpreting

a rule in the rule list independently, that is, without being associated with the rules preceding it in the

rule list and therefore considered more modular and simple approach as compared with its ancestors. As

shown in the results, the adaptive reduction of the search space and information about the correlation of

attributes in UAntMiner-C help it perform significantly better than the earlier versions of the AntMiner

based on different performance dimensions. Among three conflict strategies, UAntMiner-C with HQ

rule conflict strategy has significantly outperformed its competitors, keeping in view the average (%)

predictive accuracy.

One observation from the results is that the rule conflict strategies play a vital role in the predictive

accuracy when the number of conflicts generated by the rule list is very high. As a future direction, new
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Table 7 Comparison with CBA, CMAR, and CPAR classifiers

Data set
% Average accuracy (10-fold) Average rules (10-fold)

UAM-C CBA CPAR CMAR UAM-C CBA CPAR CMAR

Balance-scale 89.76 84.81 72.07 88.65 59.90 67.7 31.0 107.3

Breast-cancer-w 96.00 95.55 96.31 96.13 18.50 62.6 14.3 288.1

Car 94.16 83.51 80.11 80.55 79.40 19.2 54.1 156.7

Credit-aus 86.09 86.23 85.51 86.67 21.90 145.5 21.4 677.6

Credit-german 75.38 47.71 65.67 73.17 55.20 130.2 46.0 1478.3

Dermatology 87.42 81.71 89.65 93.97 20.40 28.8 41.1 156.0

Ecoli 77.88 69.35 70.03 72.34 34.60 78.3 68.3 429.9

Glass 67.34 58.92 59.11 60.74 25.30 70.6 45.7 334.6

Haberman 81.45 71.12 68.90 67.20 77.10 45.4 20.4 15.1

Hayes Roth 82.53 83.13 80.99 83.85 29.00 18.3 11.6 76.3

Heart 84.81 17.08 74.44 79.96 15.00 3.4 22.1 320.8

Hepatitis 87.25 32.38 84.00 77.21 7.40 2.1 17.9 140.1

House Votes 97.02 88.13 95.39 95.42 7.10 31.4 6.2 182.5

Iris 94.67 87.33 96.00 95.33 10.30 15.5 9.8 82.9

Mamm m 83.97 79.27 78.96 79.90 34.40 52.3 17.6 203.0

Pima Indians 81.92 71.46 73.05 75.12 55.10 177.4 43.2 618.4

Segmentation 73.33 90.69 87.36 84.84 21.50 120.6 111.7 946.3

Spect Heart 82.82 69.93 68.27 72.55 11.70 86.3 9.3 348.8

Tae 80.17 51.33 49.34 52.00 17.50 40.3 27.6 150.8

Tic-tac-toe 97.90 97.00 65.39 98.95 29.90 9.0 11.3 182.3

Transfusion 79.70 53.81 62.06 75.95 16.60 25.1 16.4 36.9

Vehicles 75.95 68.34 65.49 64.91 36.40 161.3 93.9 1316.6

WDBC 91.22 36.02 90.81 94.38 23.90 3.2 18.2 323.9

Wine 99.44 22.61 93.29 94.84 7.10 2.8 15.7 146.8

Zoo 90.09 40.64 94.09 94.18 7.00 2.0 16.0 35.4

Ionosphere 87.71 18.50 86.04 92.01 19.20 2.0 24.3 263.6

Average >>>> 85.62 64.87 78.17 81.95 28.52 53.9 31.35 346.8

rule conflict strategies may be designed that performs robustly for different classification problems. It

will also be an interesting research direction to see how a parameterless optimization algorithm called

TLBO [23] (Teaching-Learning-Based Optimization) can be used to solve the subject problem.
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