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Abstract—Error-correcting output codes (ECOC) represents
a powerful framework to deal with multiclass classification
problems based on combining binary classifiers. The key factor
affecting the performance of ECOC methods is the independence
of binary classifiers, without which the ECOC method would be
ineffective. In spite of its ability on classification of problems with
relatively large number of classes, it has been applied in few real
world problems. In this paper, we investigate the behavior of the
ECOC approach on two image vision problems: logo recognition
and shape classification using Decision Tree and AdaBoost as
the base learners. The results show that the ECOC method can
be used to improve the classification performance in comparison
with the classical multiclass approaches.

Index Terms—Error Correcting Output Codes (ECOC), logo
recognition, shape categorization, multiclass classification, one-
versus-one, one-versus-all.

I. INTRODUCTION

A common task in many real-world pattern recognition
problems is to discriminate among instances that belong to
multiple classes. The predominant approach to deal with such
problems is to recast the multiclass problem into a series
of smaller binary classification tasks, which is referred to as
“class binarization” [1]. In this way, two-class problems can
be solved by binary classifiers and the results can then be
combined so as to provide a solution to the original multiclass
problem. Among the proposed methods for approaching class
binarization, three widely applied strategies are one-versus-
one [2], one-versus-all [3] [4], and Error Correcting Output
Codes (ECOC) [5]. In one-versus-all, the multiclass problem
is decomposed into several binary problems in that for each
class a binary classifier is trained to discriminate among the
patterns of the class and the patterns of the remaining classes.
In the one-versus-one approach, one classifier is trained for
each possible pair of classes. In both approaches, the final
classification prediction is based on a voting or committee pro-
cedure. On the other hand, ECOC is a general framework for
class binarization approaches that enhances the generalization
ability of binary classifiers [5].

The basis of the ECOC framework is it to decompose a
multiclass problem into a larger number of binary problems. In
this way, each classifier is trained on a two meta-class problem,
where each meta-class consists of some combinations of the
original classes. The ECOC method can be broken down into

two stages: encoding and decoding. The aim of the encoding
stage is to design a discrete decomposition matrix (codematrix)
for the given problem. Each row of the codematrix, called
codeword, is a sequence of bits representing each class, where
each bit identifies the membership of the class to a classifier
[6]. In the decoding stage, the final classification decision is
obtained based on the outputs of binary classifiers. Given an
unlabeled test sample, each binary classifier casts a vote to
one of the two meta-classes used in training. This vector is
compared to each class codeword of the matrix, and the test
sample is assigned to the class with the closest codeword
according to some distance measure. Moreover, the ECOC
ensemble has shown to reduce the bias and variance errors of
the base classifiers [7], [8], [9],

In terms of classification performance, Hsu and Lin [10]
compared different approaches for multiclass SVM problems,
including one-versus-one, one-versus-all, and DDAG. Using
ten benchmark datasets, the authors claimed that the one-
versus-one method is superior to the other approaches. How-
ever, the experiments are not conclusive as only 10 datasets
are used, and only two of them have more than seven classes.
Furthermore, only one classification algorithm is considered
in their experiments. Pedrajas and Boyer’s prominent paper
[1] later presented an in-depth critical assessment of the three
basic multiclass methods. One of the main paper’s conclusions
states that ECOC and one-versus-one are the best choices for
powerful learners and for simpler learners, respectively.

In the spite of ability of the ECOC approach on classifi-
cation of problems with relatively large number of classes,
one-versus-one and one-versus-all methods are the two most
commonly used in real world applications, mainly because of
their clarity in comparison with the ECOC approach. In this
paper, we have applied the ECOC approach on two image
processing problems: logo recognition and shape classification
using two base learners. The results show that the ECOC
method can be used to improve the classification performance
in comparison with classical multiclass approaches.

The rest of this paper is organized as follows: Section
2 briefly reviews the three main class binarization methods.
Section 3 includes the description of our applications together
with experimental results and the discussion. Finally, Section
4 concludes the paper.
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II. RELATED WORK

The following briefly describes some notations used in this
paper:
o T = {(x1,%1), (X2,%2),---, (Xm,Ym)}- A training set;
where x; € R™; and each label,y;, is an integer belongs to
Y = {wi,ws,...,w.}, where ¢ is the number of classes
e h={hi,ha,...,hr} : A set of L binary classifiers.
The goal of class binarization methods it to get a feature
vector,X, as its input, and to assign it to a class label from Y.
As we mentioned before, the methods for multiclass problems
can be generally categorized into three approaches:
One-versus-all(OVA): The one-versus-all method constructs ¢
binary classifiers, one for each class. The ¢th classifier, h;, is
trained with data from class ¢ as positive instances and all data
from the other classes as negative instances. A new instance
is classified in the class whose corresponding classifier output
has the largest value. So, the ensemble decision function, h,
is defined as:

= h; 1
y=arg max (z) €]

One-versus-one (OVO): The one-vs-one method, also called
pairwise classification, constructs c¢(c — 1)/2 classifiers [11].
Classifier ¢j, h;;, is trained using all data from class ¢ as
positive instances and all data from class j as negative
instances, and disregarding the remaining data. To classify a
new instance, X, each of the base classifiers cast a vote for
one of the two classes used in its training. Then, the one-vs.-
one method applies the majority voting scheme for labeling
x to the class with the most votes. Ties are usually broken
arbitrarily for the larger class. More complicated combination
methods have also been proposed [12] [13] [14].

Ko and Byun proposed a method based on combination
of the one-versus-all method and a modification of the one-
versus-one method using SVM as a base learner [15]. This
method first obtain the top two classes whose corresponding
classifiers have the highest confident based on the outputs
of all one-versus-all classifiers. In a recent paper [16], very
similar idea is presented and named A&O. However, in both
these methods, the learning algorithm which finds the two most
likely classes is the same as the final classification algorithm.
Consequently, it is very likely that some classification errors
will be common, arising from the limitation of base learner
on certain patterns.

Error Correcting Output Codes (ECOC):The basis of the
ECOC framework consists of designing a codeword for each
of the classes [5]. This method uses a matrix M of {1,—1}
values of size ¢ x L, where L is the number of codewords
codifying each class. This matrix is interpreted as a set of L
binary learning problems, one for each column. That is, each
column corresponds to a binary classifier, called dichotomizer
h;, which separates the set of classes into two metaclasses.
Instance x, belonging to class 4, is a positive instance for the
Jjth classifier if and only if M;; = 1 and is a negative instance
if and only if M;; = —1 [5]. Table 1 shows a possible binary
coding matrix for a 4-class problem w1, . . . , w4 With respective

TABLE I
A SAMPLE ECOC MATRIX

Class | h1 | ho | h3 | ha | hs | he
w1 1 -1 1 -1 -1 1
w2 1 1 -1 -1 1 -1
w3 -1 1 -1 1 -1 1
w4 -1 -1 1 -1 1 1

codewords that uses 6 dichotomizers hq,,hg. In this table,
each column is associated with a dichotomy classifier,h;, and
each row is a unique codeword that is associated with an
individual target class. For example, hg recognizes two meta-
classes: original classes 1 and 4 form the first meta-class, and
the other two form the second one.

When testing an unlabeled pattern, x, each classifier outputs
a ”0” or ”1”, creating a L long output code vector. This
output vector is compared to each codeword in the matrix,
and the class whose codeword has the closest distance to the
output vector is chosen as the predicted class. The process of
merging the outputs of individual binary classifiers is usually
called decoding. The most commonly decoding methods are
the Hamming distance. This method looks for the minimum
distance between the prediction vector and codewords.

The ECOC method was then extended by Allwein et al. [17]
using a coding matrix with three values, {1,0, —1}, where the
zero value means that a given class is not considered in the
training phase of a particular classifier. In this way, a class can
be omitted in the training of a particular binary classifier. This
extended codeword is denominated sparse random code and
the standard codes (binary ECOC) were named dense random
codes. Thanks to this unifying approach, the classical one-
versus-one method can be represented as an ECOC matrix:
the coding matrix has (}) columns, in which each column
corresponds to a pair of classes (w;,w,). For this column, the
matrix has +1 in row 4, -1 in row j, and zeros in all other
rows. Note that in both dense and sparse coding styles, a test
codeword cannot contain the zero value since the output of
each dichotomizer is —1, +1.

III. EXPERIMENTAL COMPARISON
A. Experimental settings

In order to present the results, first, we discuss the ex-
perimental settings of the experiments .We compared the
Dense and Sparse ECOC method designs with classical mul-
ticlass classification methods including OVO and OVA on
two real world machine vision applications. We considered
random codes of 10logz(c) and 15logs(c) bits for dense and
sparse ECOC, respectively [17]. The class of an instance in
the ECOC schemes is chosen using the Exponential Loss-
Weighted (ELW) decoding [16].

In this study, two base learners were chosen: Gentle Ad-
aBoost with 50 runs of decision stumps [20], and a classifica-
tion and regression tree (CART) with the Gini-index as a split
criterion. The experiments were all implemented in MATLAB
software. For performance evaluation, we utilized 10-fold
cross-validation to improve the reliability of the results. In
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Fig. 1.

order to have a fair comparison, the training and test sets of all
methods were the same for each repetition of the experiments.

B. Image vision applications

1) Shape categorization: The first real application on our
experiments was shape classification, in which we used the
MPEG7 dataset !. This dataset consists of C' = 70 classes
(bone, chicken, cellular phone, etc.) with 20 instances per
class, which represents a total of 1400 object images. All sam-
ples were described using the Blurred Shape Model descriptor
[18]. Figure 1 shows a couple of samples for some categories
of this dataset.

2) Logo Recognition: The proposed approach was then
used in our logo recognition problem. The logo images were
based on a database of logos which contains pure pictorial
logos (e.g. logo 60, Fig. 2), text-like logos (e.g. logo 30, Fig.
2), and text-graphics mixture logos (e.g. logo10, Fig. 3). The
complete dataset contains 105 images and was obtained from
the database distributed by the Document Processing Group,
Center for Automation Research, University of Maryland. The
logos in the dataset have very different sizes; the smallest one
is 121 x145 pixels and the largest one is 802 x 228 pixels.

This dataset provides only a single instance of 105 in-
dividual logo classes. For each logo class, some artificially
degraded images were generated by using the noise models
described in the following subsection. The recognition process
should be translation, scale and rotation invariant. Thus, three
normalization steps were applied to the raw images before
feature extraction step. First, we shifted the image in order to
locating the centroid of the white pixel locations at the image
center, which gives us translational invariance. Second, we
rotate the image around the centroid so that its major principal
axis is aligned with the horizontal, which gives us rotational
invariance. Third, we resize the image so that the bounding
box of the logo symbol is fixed at 250 x 250 pixels.

Noise models
We investigated the robustness of the methods when the logos
are corrupted using two different image degradation methods:
1) Gaussian noise (a global degradation as shown in Fig.3a)

'MPEG7 Repository dataset: http://www.cis.temple.edu/ latecki/

Some examples of labeled shapes in the MPEG7 dataset

and 2) spot noise (a local degradation as shown in Fig. 3b).
For each method, we degraded the images in the database,
varying the amount of degradation in equally spaced steps.
We generated a set of 40 examples for each class of logo
images by adding both Gaussian white noise of mean =
[0,0.1,0.2,...,0.5] and var = [0,0.01,...,0.05] and spot
noise of different size (width = 10,15, ..., 30pizels).
Feature extraction
Generally, there are two approaches in shape description and
feature extraction: contour-based vs. region-based [19]. Region
based methods considers all the pixels within a shape region
to obtain the shape features, rather than only use boundary
information as in contour-based techniques. Region-based
methods are generally less sensitive to noise and variations;
are more robust as they use all the shape information available;
provide more accurate retrieval; and can cope well with shape
defection, which is a common problem for contour-based
shape representation methods. Especially, shape content is
more important than the contour features in our application. In
this paper, we used one of the commonly used region-based
shape descriptor: Geometric moment invariants, which can be
defined as follows:

mpq =y > ey (@ y)p,g=0,1,2,... )
T Yy

In our experiments, we derived all combinations of lower order
moments (p,q = 0, 1,2, 3), which has the desirable properties
of being invariant under scaling, translation and rotation.

C. Experimental results and analysis

The average accuracy of all considered methods over 20
runs is illustrated in Figure 4 and Fig. 5 using MPEG7 and
Logo datasets, respectively. These figures show the improved
ability of the ECOC method in terms of classification accuracy.

In order to show the superiority of the ECOC method,
statistical analysis is necessary. According to the recommen-
dations of Demsar [20], we consider the use of non-parametric
tests. Non-parametric tests are safer than parametric tests,
such as ANOVA and t-test, since they do not assume normal
distribution or homogeneity of variance. In this study, we
employ the Iman-Davenport test [21]. If there are statistically
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Fig. 4. Average Accuracy of different methods using MPEG7 dataset

significant differences in the classification performance, then
we can proceed with the Nemenyi test [20] as a post-hoc test,
which is used to compare all methods with each other.

To do that, we first rank competing methods for each
dataset. The best performing method getting the rank of 1,
the second best ranked 2, etc. The method’s mean rank is
obtained by averaging its ranks across all experiments. Then,
we use the Friedman test [18] to compare these mean ranks
to decide whether to reject the null hypothesis, which states
that all considered methods have equivalent performance. Iman
and Davenport [21] found that this statistic is undesirably
conservative, and proposed a corrected measure. Applying this
method, we can reject the null hypothesis, and show that
there exists significant statistical difference among the rival
methods.

Further, to compare rival methods with each other, we
apply the Nemenyi test, as illustrated in Fig. 6 and Fig.7.
In these figures, the mean rank of each method is indicated
by a square. The horizontal bar across each square shows the
critical difference. Two methods are significantly different if
their corresponding average ranks differ by at least the critical
difference value. i.e., their horizontal bars are not overlapping.

The results in Fig. 4 and Fig. 5, along with the statis-
tical tests presented in Fig. 6 and Fig. 7 indicate that in
general ECOC methods receive the best performance among
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all strategies. The other finding is that the OVA method
performs poorly in the present experiments for the considered
classifiers, especially when the number of classes increases.
In addition, the overall accuracy of all methods using a fixed
classification algorithm generally decreases as the number of
classes increases. This finding is expected as the difficulty
of the multi-class problem increases when there are a large
number of classes.

IV. CONCLUSIONS

In this paper, we investigated the behavior of Error Cor-
recting Output Codes on two image vision problems: logo
recognition and shape classification using CART decision tree
and AdaBoost as the base learners. These results indicate
that even though the ECOC approach has received much less
attention in the applied literature than classical OVO and OVA,
it can significantly improve classification accuracy.

An analysis of the results shows a somewhat clearer picture.
Using Decision Tree as the base learner, we found significant
differences between ECOC and classical methods for both
dense and sparse schemes. The ECOC methods are gener-
ally able to outperform OVO and OVA. Comparing the two
schemes of ECOC, we can see that both achieve a similar
performance, whereas dense ECOC is slightly inferior to
sparse ECOC on the current datasets. Using AdaBoost as the
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base learner, we can see that sparse ECOC achieved the best
accuracy results. One can also see that the relative performance

of OVO, dense ECOC, and sparse ECOC tends to be closer

[1]

when the number of classes increases, which is consistent

with findings from [1]. However, note that for a large number

[2]

of classes the sub-linear number of classifiers of Dense and
Sparse ECOC designs is considerably lower than OVO and

OVA approaches.

[3]
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