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Heuristic Ternary Error-Correcting Output Codes
Via Weight Optimization and Layered
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Xiao-Lei Zhang, Member, IEEE

Abstract—One important classifier ensemble for multiclass
classification problems is error-correcting output codes (ECOCs).
It bridges multiclass problems and binary-class classifiers by
decomposing multiclass problems to a serial binary-class prob-
lems. In this paper, we present a heuristic ternary code,
named weight optimization and layered clustering-based ECOC
(WOLC-ECOQC). It starts with an arbitrary valid ECOC and
iterates the following two steps until the training risk con-
verges. The first step, named layered clustering-based ECOC
(LC-ECOC), constructs multiple strong classifiers on the most
confusing binary-class problem. The second step adds the new
classifiers to ECOC by a novel optimized weighted (OW) decod-
ing algorithm, where the optimization problem of the decoding
is solved by the cutting plane algorithm. Technically, LC-ECOC
makes the heuristic training process not blocked by some difficult
binary-class problem. OW decoding guarantees the nonincrease
of the training risk for ensuring a small code length. Results
on 14 UCI datasets and a music genre classification problem
demonstrate the effectiveness of WOLC-ECOC.

Index Terms—Ensemble learning, error-correcting output code
(ECOC), multiclass classification, multiple classifier system.

I. INTRODUCTION

VER the last decades, classifier ensembles [1]-[10],
Osuch as bagging [11], boosting [12] and their varia-
tions, have demonstrated their effectiveness on many learning
problems [13]-[15]. Their success relies on a good selec-
tion of base learners and a strong diversity among the base
learners, where the word “diversity” means that when the
base learners make predictions on an identical pattern, they
are different from each other in terms of errors. As summa-
rized in [1]-[4] there are generally four groups of classifier
ensembles: 1) manipulating training examples; 2) manipulat-
ing input features; 3) manipulating training parameters; and 4)
manipulating output targets.

One method of manipulating output targets is error-
correcting output codes (ECOCs) [16] which is motivated
from information theory for correcting bits caused by
noisy communication channels. The key idea of ECOC is
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summarized as follows. Given a multiclass problem, ECOC
assigns each class a unique codeword. All codewords form an
ECOC coding matrix, where each row of the coding matrix
is a codeword and each column defines a bipartition of the
classes. Training dichotomizers (i.e., binary-class classifiers)
on different bipartitions of the classes gets an ECOC ensemble.
ECOC has two merits: 1) it bridges multiclass problems and
dichotomizers and 2) it may correct errors by proper codeword
designs. ECOC consists of two parts—coding and decoding.
Coding assigns each class a unique codeword. Decoding pre-
dicts a test pattern by matching the predicted codeword with
its most similar codeword in the coding matrix.

The coding techniques can be categorized to two classes.
The first class is problem-independent codings [16]-[18]
which use coding matrices that have strong error-correcting
abilities in the view of channel coding. The second class
is problem-dependent codings [19]-[37] which aim to solve
given multiclass problems without considering the error-
correcting ability of coding matrices much. This class attracted
much attention in recent years, such as discriminant ECOC
(DECOC) [26] ECOC-optimizing node embedding (ECOC-
ONE) [27], [38] subclass-ECOC [28] manipulations of fea-
tures [39], [40] and manipulations of the parameters of base
dichotomizers [34]. The decoding methods are various dis-
tance metrics, including hamming distance (HD), Euclidean
distance (ED), probabilistic [41] loss-based (LB) [42] and
loss-weighted (LW) [43] decodings.

In this paper, we propose a heuristic ternary ECOC, named
weight optimization and layered clustering-based ECOC
(WOLC-ECOC). As shown in Fig. 1, it begins with an
arbitrary valid ECOC ensemble and iteratively adds new
dichotomizers to the ensemble in a greedy training manner by
the following two steps until the training risk converges, where
the word “valid” means that each codeword is unique. The first
step trains a dichotomizer that discriminates the most confus-
ing pair of classes by a new layered clustering-based ECOC
(LC-ECOC) approach. The second step adds the dichotomizer
to ECOC by a new optimized weighted (OW) decoding algo-
rithm. The left side of the dotted line of Fig. 1 summarizes the
contributions of this paper, while the right side was proposed
in [38] and [27].

1) A novel LC-ECOC coding method is proposed. The
key idea of LC-ECOC is to construct multiple strong
dichotomizers on a single pair of classes by first clus-
tering the pair to small nonoverlapped regions multiple
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Fig. 1. System overview of WOLC-ECOC. The left side of the dotted line is
our contribution. The right side of the dotted line is ECOC-ONE [27], [38].

times and then training a classifier for each region in
each time of clustering, where all classifiers in each time
of clustering group to a strong dichotomizer. It is moti-
vated from the weakness of ECOC-ONE [27], [38] in
which the heuristic training process might be blocked by
some difficult binary-class problems; although subclass-
ECOC [28] has shown its advantage on the most con-
fusing problems by embedding a tree into each problem,
it is difficult to control the growth of the tree.

2) A novel cutting-plane algorithm (CPA)-based OW
decoding method is proposed. Like LW decoding [43]
OW decoding is also a nonbiased decoding for ternary
codes, but OW decoding improves LW decoding by opti-
mizing the empirical weight matrix of the LW decoding
for the minimum training risk. We solve the optimiza-
tion problem via CPA [44]-[47]. The CPA-based OW
decoding has linear time and storage complexities.

3) A novel WOLC-ECOC classifier system is proposed.
As shown in Fig. 1, WOLC-ECOC iterates LC-ECOC
(and also ECOC-ONE) and OW decoding until the train-
ing risk converges. The iteration integrates the merits of
the aforementioned two items together: 1) LC-ECOC
ensures that the greedy training will not be blocked
by some difficult binary-class problems and 2) OW
decoding guarantees the nonincrease of the training
risk whenever adding a new dichotomizer to ECOC,
so that the heuristic training can be easily controlled
via the training risk, which makes a small code length
available.

WOLC-ECOC inherits the advantages of ECOC-
ONE [27] subclass-ECOC [28] and LW decoding [43]
and meanwhile overcomes their drawbacks.
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4) A brief literature survey of ECOC is conducted.

The experimental comparison with 15 coding—decoding
methods on 14 UCI benchmark datasets with two kinds of base
classifiers shows that WOLC-ECOC outperforms comparison
methods when the discrete AdaBoost is used as the base clas-
sifier, outperforms 12 comparison methods when the Gaussian
radial-basis-function (RBF) kernel-based SVM is used as the
base classifier, and meanwhile maintains a small code length
in both scenarios.

The rest of the paper is organized as follows. In Section II,
we conduct a brief literature survey on ECOC. In Section III,
we present the LC-ECOC coding method. In Section IV, we
present the CPA-based OW decoding method. In Section V,
we present WOLC-ECOC. In Section VI, we report the exper-
iment results and further apply WOLC-ECOC to a real-world
problem—music genre classification. Finally, we conclude this
paper in Section VII.

We first introduce some notations here. Bold small letters,
e.g., w, indicate column vectors. Bold capital letters, e.g., M
and W, indicate matrices. Letters in calligraphic fonts, e.g., W,
indicate sets, where R denotes a d-dimensional real space. 0
(1) is a column vector with all entries being 1 (0).

II. BRIEF LITERATURE SURVEY

ECOC originally views “machine learning as a kind of com-
munication problem in which the identity of the correct output
class for a new example is being transmitted over a channel.
The channel consists of the input features, the training exam-
ples, and the learning algorithm.” [16]. Given a P class clas-
sification problem with a set of labeled examples {(p;, yi)}i_,
where p; € R4 and vi € {1,2,..., P} is the label of p;, ECOC
aims to solve the problem by for example Q dichotomizers.
The relation between the classes and the dichotomizers can
be expressed by a binary coding matrix M e {—1, 1}*€
or a ternary coding matrix M € {—1,0, 1}P X0 where the
p-th row of M expresses the codeword of class p, denoted
as ¢y, and the g-th column expresses the g-th dichotomizers,
denoted as h,.

A. Survey on the Coding Phase

Two common output codes are the one-versus-all (1ver-
susALL) and one-versus-one (lversusl) matrices [48].
Because they have no error-correcting ability, later on, chan-
nel codes with large HDs between the codewords were
tried, which is known as problem-independent codings [16].
However, unlike channel codes in communication, the “chan-
nels” in ECOC are influenced by the bipartitions of classes: if
the classes are partitioned improperly, the “noise” (errors) of
the channels may be rather high. Furthermore, because there
are only 2P~ —1 possible bipartitions in any binary codes, the
code length is limited when P is small [34]. Finally, the error-
correcting ability of ECOC is severely limited. Until now, to
our knowledge, few evident proofs showed the error-correcting
ability [49] and in most cases, 1versusALL and lversusl are
still prevalent [50]. Although Tapia et al. [17], [18] declared
improved performance with low-density parity-check codes
and special bipartitions, we do not know how much the codes
contribute to the improvement compared to the bipartitions.
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Fig. 2. Coding matrix M of a ternary ECOC [43]. In the coding phase, if the
entry of M, denoted as mp.qs equals to 1, the dichotomizer hq takes class p as
part of the positive superclass. If mp 4 = —1, hy takes class p as part of the
negative superclass. If mp 4 = 0, hy does not take class p into training [42].
In the decoding phase, taking a test example p into Ay, ..., hg successively
gets a test codeword of p, denoted as x = [xq, ..., xQ]T. Given a decoding
strategy f(X, ¢p), the prediction of p can be formulated as a minimization

problem min, pe MSf(x, ¢p), where M = {cp}g=1 is the set of codewords.

Therefore, ECOC is more properly viewed as a bridge
between powerful dichotomizers and multiclass problems
without considering the error-correcting ability much, which
results in the following three types of problem-dependent
codings.

The first type learns ECOC in a single objective. Because
finding an optimal binary coding matrix in a single objec-
tive is NP-complete, researchers relaxed the binary coding
matrix to a continuous one and reformulated the prob-
lem to a regularized optimization problem. Typical methods
include multiclass-SVM [51] and several large margin related
works [19]-[24] However, it is worthy noting that multiclass-
SVM does not perform better than 1versusALL and lversusl,
and even suffers from longer training time [48]. Motivated
from multiclass-SVM [51], Zhong et al. [25] further took
base dichotomizers into optimization. Because the objec-
tive is too complicated, it has to be solved approximately
via the nonconvex constrained concave-convex procedure
(CCCP) [52], [53]. Moreover, the continuous coding matrix
has to be normalized after each CCCP iteration, making
the convergence of the objective unguaranteed. Summarizing
the aforementioned, it might be difficult and time consum-
ing to learn a problem-dependent coding matrix in a single
objective.

The second type uses ternary codes.

1) Allwein et al. [42] extended binary coding to ternary
coding, i.e., M € {—1,0,1}’*2, see Fig. 2 for an
example. The entry M(p, g) = O indicates that the g-th
dichotomizer does not take the p-th class into training.
This method greatly enlarges the number of all possible
bipartitions and makes each binary-class problem easily
solved.

2) Pujol et al. [26] proposed DECOC which embeds a
binary decision tree into the ternary code and takes the
bipartition that maximizes the mutual information as a
new node of the tree whenever adding a new node to
the tree. Yang and Tsang [54] further proposed to find
the most discriminative bipartition in terms of maximum
separating margin. These methods need at most P — 1
dichotomizers.

3) Toovercome the weakness of decision tree that the nodes of
a tree cannot rectify misclassified examples made by their
father nodes, Pujol et al. [27], [38] proposed ECOC-ONE

which iteratively adds dichotomizers that discriminate the
most confusing pairs.

4) To overcome the weakness of ECOC-ONE that the
training process may be blocked by some stubborn
binary problems, Escalera er al. [28] further proposed
subclass-ECOC, which splits the most confusing class
to several subsets (called subclasses) by a decision tree.
Because it is also hard to decide when to stop splitting,
Escalera et al. [28] used three hyperparameters to con-
trol the splitting process, and Bouzas et al. [29] tried
to find the optimal hyperparameters by searching the
hyperparameter spaces.

The third type focuses on improving the diversity between
base dichotomizers.

1) The following methods improve the diversity by manip-
ulating output codes. Kuncheva and Whitaker [30], [31]
and Escalera et al. [32] designed new decoding met-
rics between codewords. Escalera et al. [33] suggested
to selectively replace some O positions of an original
ternary ECOC codes with 1 or —1 according to the
accuracies of the base learners at the corresponding
classes, which enlarges the distance between the code-
words. Escalera et al. [35] combined multiple different
DECOC trees. Hatami [55] tried to delete the columns
of a coding matrix that have weak diversities.

2) Other types of diversity were seldom explored: Only
Prior and Windeatt [34] manipulated different parame-
ter settings of multilayer perceptrons. Bagheri et al. [39],
[40] trained different base dichotomizers with different
feature subsets. Our LC-ECOC—a method of manipu-
lating training examples—was partially motivated from
this fact.

There are also many other ECOC coding designs and appli-
cations, such as the evolution computing-based methods [36],
[37] probability ECOC [56] structured outputs of ECOC [57]
online ECOC [58], [59] and reject rule-based ECOC which
rejects to use extremely confusing examples [60], [61].

B. Survey on the Decoding Phase

The representative decoding methods are HD, ED, proba-
bilistic [41], LB [42], and LW decodings [43]. Here, we focus
on reviewing LW decoding since it has a compact theory and
performs better than other decoding methods in practice.

In [43], and in previous works [33] and [38], Escalera et al.
argued that a good decoding strategy should make all code-
words have the same decoding dynamic range and zero decod-
ing dynamic range bias. Based on the argument, they proposed
the LW decoding for ternary ECOCs, which is the first decod-
ing strategy of ternary ECOCs that satisfies the aforementioned

two goals. The LW decoding introduces a predefined weight
Wl,l- . ~W1,Q
matrix W = [w], ... whlT = |: : :| € W that has
Wp1...Wp 0
the same size as M and satisfies the following two constraints:
W =0 , ifmy =0
P4 1elf0,1], if myy #0
Vp=1,....,P,Vg=1,...,0 (1)
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where my, 4 is an element of M and WV is the set of all feasi-
ble weight matrices (i.e., W € W). When my, , # 0, wy, 4 is
assigned empirically according to the training accuracy of the
g-th base dichotomizer on the p-th class.

The prediction function of the LW decoding is given by

Q
i L 3
121}\1/[ pr»q (X4Cp.q) 3)

min frw(X, ¢,) =
cpeM v cp e

where £(-) is a user defined loss function, such as the linear
loss function £(0) = —6.

IITI. LC-ECOC

In this section, we first review the layered clustering-based
approach for classifier ensembles [3] and then propose a new
LC-ECOC.

A. Layered Clustering-Based Approach

The layered clustering-based approach [3] is an ensemble
learning method that manipulates training examples for enlarg-
ing diversity. Specifically, it first splits training examples to
several nonoverlapping regions by clustering, where the classi-
fication problem in each region is further solved by a classifier.
The classifiers in all regions group to a super-classifier. Then,
it repeats the above procedure several times. Each indepen-
dent repeat forms a layer of super-classifier. All layers of
super-classifiers vote for a test example.

This method contains two complementary properties. First,
the clustering-based approach can identify overlapping pat-
terns that are hard to differentiate, so that the classifier in
each layer may achieve a high accuracy. But the clustering-
based approach do not include any mechanism to incorporate
diversity. Second, the layered approach uses the mechanism
of bagging to achieve diversities between the super-classifiers.
This layered structure, as proved in [1, p. 2] (an article
appeared before [3]) will improve the discriminability of a
classifier ensemble on a given binary-class problem.

B. LC-ECOC

Motivated by ECOC-ONE [27] and subclass-ECOC [28] the
proposed LC-ECOC also uses the greedy training strategy, a
strategy that iteratively adds new dichotomizers that intend to
solve the most difficult binary-class problems of previous iter-
ations. The difference between them lies on how they deal
with the “stubborn” binary-class problems, where “stubborn”
means that a binary-class problem has been tried to solve by
a dichotomizer, but it appears to be the most difficult prob-
lem again. When such a situation happens, ECOC-ONE has
to stop training, subclass-ECOC employs a decision-tree to
further split the problem, and our LC-ECOC trains one layer
of clustering-based dichotomizer [3] on the problem. Because
different layers of clustering-based dichotomizers are differ-
ent in terms of errors, LC-ECOC will not be blocked by the
stubborn problems.
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lem. 2 indicates a simple dichotomizer. 1© indicates a clustering-based
dichotomizer.

+ class1 X center of region 1
8 O class -1 8t/ o center of region 2
& boundary of sub-classifier boundary of sub-classifier

O  testexample 1
+  test example 2

p2

p1

(b)

Fig. 4. Example of the heterogeneous clustering-based dichotomizer.
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Fig. 3 gives an example of LC-ECOC for a three-class clas-
sification problem. It is initialized with a compact code M. At
the first iteration, it finds the most difficult binary-class prob-
lem, supposing to be m = [1, —1,0]”. Because m is not a
column of M, LC-ECOC trains a simple base dichotomizer hg‘v)
to discriminate classes 1 and 2. At the second iteration, when
observing the fact that the most difficult problem [1, —1, 017
has already appeared as the third column of M. it trains one
layer of clustering-based dichotomizer 19, s0 as to hgc).

We adopt the heterogeneous clustering-based approach [3],
[62] to train each complicated clustering-based dichotomizer
(Algorithm 1). Specifically, in the training process, the hetero-
geneous clustering-based approach splits the space of a pair
of classes to N, regions (N, > 1) without considering the
class attributes. For each region, if the region contains exam-
ples from both classes, it trains a simple base dichotomizer
on the region; otherwise, it remembers the class attribute of
the region. In the prediction process, a test example is first
assigned to its host region, a region whose center has the mini-
mum ED from the example over all regions. Then, if the region
owns a base dichotomizer, the approach predicts the test exam-
ple by the base dichotomizer; otherwise, it assigns the class
attribute of the region to the test example.

Fig. 4 gives an example of the training and prediction of
a heterogeneous clustering-based dichotomizer. In the train-
ing process [Fig. 4(a)], it first finds the most confusing region
by splitting the training examples to two regions by k-means.
Because region 1 consists of two classes, it trains a simple
dichotomizer to discriminate the two classes in the region.
Because region 2 consists of only class 1, it simply remem-
bers the class attribute. In the prediction process [Fig. 4(b)],
because example 1 falls into region 1, it classifies example 1
to class —1 by the simple dichotomizer in region 1. Because
example 2 falls into region 2 and because region 2 belongs to
class 1, it classifies example 2 to class 1.
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Algorithm 1 LC-ECOC

1: /* Training */

2: repeat
Find the most confusing pair of classes
4:  if the pair has not been tried to solve by ECOC then
5 Train a simple dichotomizer for the pair
6: else
7.
8

(95}

/* Training a clustering-based dichotomizer */
Partition the space of the pair to N, regions by

clustering
9: fori=1,...,N. do
10: if the examples in the i-th region are from both
classes then
11: Train a dichotomizer on the region
12: else
13: Remember the class attribute of the region
14: end if
15: end for
16:  end if

17:  Add the new dichotomizers to the ECOC ensemble
18: until the training risk converges

19:

20: /* Prediction */

21: forg=1,...,0 do

22:  if the dichotomizer A, is a simple one then

23: Predict the example by 7,

24:  else

25: Assign the test example to its host region

26: if the region owns a dichotomizer then

27: Predict the example by the dichotomizer of the
region

28: else

29: Assign the class attribute of the region to the
example

30: end if

31:  end if

32: end for

33: Decode the predicted codeword of the example

Note that the clustering algorithms that have high accu-
racies, such as spectral clustering [63] agglomerative clus-
tering [64] maximum margin clustering [15] or clustering
ensemble [65] are not suitable for this job. The more “weak”
and unstable the clustering algorithm is, the more suitable it
seems to be. Hence, k-means clustering is adopted.

IV. CPA-BASED OW DECODING FOR ECOC

In this section, we first propose the OW decoding, and then
employ CPA to accelerate the decoding algorithm.

A. OW Decoding

OW decoding optimizes the weight matrix of the LW decod-
ing [43] for the minimal training risk, which is formulated
as a linear programming problem that can be solved in time
O(nlogn).

The weight matrix is optimized as follows. Given a training
example p; with its predicted codeword from the dichotomiz-
ers, denoted as x;, and ground truth label y;, if p; is classified
correctly, according to (3), the following criterion is satisfied:

0 0
Z Wy gt (XigCyiq) < Z Wp.qt(XigCp.q)

g=1 g=1
Yyo=1,...,P 4)
where £(6) can be defined as £(9) = —6. Letting u;, =
[L(xi1cp,1)s -, E(xi,Qcp,Q)]T can rewrite (4) as

W}T,iui,yi — w;u,-’p <0, Vp=1,...,P (5

where any u;, should be normalized to w; ,/ max;p 4 [t p 4,
so as to prevent unexpected numerical problems. If p; is
misclassified, it will cause a training loss &;. One possible
measurement of &; is the hinge loss

T T
& = max (0, Wy Wy, — W, u,',p) . (6)

p=1,....P
Minimizing the training risk is to minimize the sum of the
training loss of all examples, which is formulated as the
following convex linear programming problem:

min J (W)
WwWew
n
£ min max (0, WVTi“i,yi - w;u,-,p) (7)
—1,..P )
WweWw 21 P

which can be rewritten as the following constrained optimiza-
tion problem:

min
WeW,§>0

D&
i=1

subject to Wl u;, — WT;.ui,y,- > —§

p Y
Yi=1,...,n, VYp=1,..., P (8)

Note that the definition of &; in (6) is important to the diffi-
culty of the optimization. If it is defined as the training error,
ie., & € {0, 1}, problem (8) will be an integer matrix opti-
mization problem with an NP-complete complexity. Usually,
we use some convex surrogate function, such as hinge loss, to
relax &; to a continuous value. As will be shown in Section V,
this relaxation enforces us to pick the most confusing pair
of classes according to the training risk matrix but not the
confusion matrix of classification errors.

B. CPA-Based OW Decoding

Because problem (8) has O(n) parameters and O(n) con-
straints, solving problem (8) is still inefficient for large-scale
problems. Here, we employ the well-known CPA [44]-[47],
[66] to further lower its time complexity to O(n).

CPA is an efficient optimization tool for those convex opti-
mization problems with large amounts of constraints. Its time
and storage complexities are irrelevant to the number of con-
straints. In CPA terminology, a problem with a full constraint
set is called a master problem [47] while a problem with only a
constraint subset from the full set is called a reduced problem,
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or a cutting-plane subproblem. Generally, CPA begins with a
reduced problem that has only an empty working constraint
set, and then iterates the following two steps: 1) solving the
reduced problem with the working constraint set and 2) adding
the most violated constraint of the current solution point from
the full set to the working constraint set, so as to form a new
reduced problem. If the new voilated constraint violates the
solution of the previous reduced problem by no more than €,
CPA is stopped, where € is a user defined solution precision. It
has been proven that the number of iterations is upper bounded
by O(1/¢) [46] which is irrelevant to n.

For our problem, we first reformulate problem (8) to the
following equivalent optimization problem:

min

WeW,£20
n P
subject to Z Zg,-,p (w;ui,p - wyTiui,yi) > £
i=1 p=1
VG e 2" )
git.---.gpl, G = [g1.....8] =

where g =
[g1,1~-~gn,1
8PP gnp
1, ifk=p

k= 10, otherwise

and the set Z = {z,}"_| with 2, defined as

k=1,...,P. (10)
Problem (8) and (9) are equivalent in the following theorem.

Theorem 1: Any solution W of problem (9) is also a
solution of problem (8), and vice versa, with £ = % Y&

Proof: See Appendix VII-A.

Comparing problem (9) to (8), we can see that although
problem (9) has only one slack variable, the number of its
constraints is as high as P". Fortunately, problem (9) can be
solved approximately by CPA. The CPA-based OW decod-
ing algorithm is described in Algorithm 2. The derivation,
which is omitted here, is similar to the well-known SVMPet
toolbox [45], [66], [67].

Because problem (11) has very few constraints, the time
complexity of Algorithm 2 is O(n), which is consumed on
calculating > | i pW; , in (11). Besides the linear time com-
plexity, the CPA-based OW decoding has another important
merit: its storage complexity is irrelevant to the implementation
method of the linear programming toolbox, since the linear
programming problem (11) has only O(1) parameters and O(1)
constraints. We take the standard linear programming toolbox in
MATLAB as an example: if we rewrite both (8) and (11) to the
standard form “miny fTx subject to Ax < b,” matrix A in (8) is
(PQ + n) x n in size, while A in (11) is only (PQ + 1) x ||
in size where | 2| denotes the size of the working constraint set
and is a small integer that is irrelevant to n. As a result, the
original OW decoding cannot handle middle scale datasets in
the MATLAB environment, while the CPA-based OW decoding
is not limited by the scale of the dataset.

V. WOLC-ECOC

The framework of WOLC-ECOC is presented in Fig. 1. The
training procedure of WOLC-ECOC is detailed in Algorithm 3
and described as follows.
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Algorithm 2 CPA-Based OW Decoding

n

Input: Dataset U = l{“i,p}ﬁzp)’i} _

Output: Optimal weight matrix W.

Initialization: Arbitrary initial weight matrix W (W € W),
empty initial working constraint set 2 = {}, the size of
working constraint set |Q2] <— 0.

1: repeat
2] < [€2] 41
3:  Calculate the most violated constraint G g

n

P Ty, _ wTl
2| {1, if p = argmax, (Wyl'ul,)’i wpup>
i, .
P 0, otherwise

4:  Add the most violated constraint G| to £

QL «— QUGq

5 Solve the reduced problem

min (11D
WeW., >0
n P
subject to Z Zg,',p (w;ui,p — w;ui,y,.) > &,

i=1 p=1
VG e @

6: until 2 is unchanged

WOLC-ECOC starts with any valid ECOC {M, C} with C =
{h1, ..., ho}, such as lversusALL, Iversusl, or compact code
(i.e., Q < P), and then iterates the following two steps.

1) The first step optimizes the weight matrix W of the OW
decoding and obtains the minimal training risk 7, by
the weightoptimization function which is described in
Section IV.

2) The second step first finds the top s most confusing
pairs of classes, denoted as {mk}‘,izl, and then adds
all s dichotomizers {i;};_, that discriminate {my};_,,
respectively to C. For training /, as presented in
LC-ECOC (Algorithm 1), two situations should be con-
sidered: if my; does not equal to any column of M,
we train a new simple dichotomizer h;(s) as usual
by the simplelearning function; otherwise, we train a
complicated clustering-based dichotomizer h;c(c) by the
ClusteringBasedLearning function in Section III.

The loop stops when the maximum iteration number 7 is
reached or the following inequality is satisfied for continuous
Z iterations:

T3 _
g

where 7, and jo’ are the training risks of the current and
previous iterations respectively, and 1 is a user defined solu-
tion precision. Finally, the ECOC ensemble {M,, C,, W,} that
achieves the minimum risk is returned. Here, we have to note
that although OW decoding can reach its global minimum
solution at each WOLC-ECOC iteration, the overall heuristic
training process only reaches a local minimum solution.

(12)
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Algorithm 3 WOLC-ECOC

Input: Dataset D = {p;, y;}}_,, the number of the most con-
fusing pairs per iteration s, maximum iteration number
T, solution precision 7, parameter for the termination
condition Z.
Output: ECOC coding matrix M, and the corresponding
classifier ensemble C,, optimal weight matrix W,.
Initialization: initial ternary ECOC coding matrix M €
{=1,0, 1}Y*2 and the classifier ensemble C =
{h1, ..., ho} that is learned from M and D, J, <« inf,
z<0,1<«0.
1: repeat
2 fori=1,...,ndo
3 Predict p; by the LC-ECOC prediction process
4 Calculate {ui’l’}zf=1 defined in (4)
5.
6
7

end for

/* Optimize weight matrix */

{W, 7,} eVI;eightOptimization(U ,M), where U =

{ui,p}f,):layi -
if 7, = 0 then

: M, «~M,C,«~C, W, <~ W

10: return

11:  end if

12: /¥ Get the most confusing pairs */

13:  Find s pairs of classes that have the highest training
risks {my};_,. Get their corresponding training risks
{Ek}izl

14: /* Learn the base dichotomizers from {my};_, */

15 fork=1,...,sdo

o >

16: if ¢ # 0 then

17: if m; does not equal to any column of M then
18: hy, < SimpleLearning(D, my)

19: else

20: hj < ClusteringBasedLearning(D, my,)

21: end if

22: M <« [M,my], C < CU#n

23: end if

24:  end for
25:  /* Control the termination criterion */

26: if (JO/ - jo)/jo =n then

27: z<z+1

28:  else

29: z<0

30: M, <~ M,C, <~ C, W, <~ W
31:  end if

320 t<—t+1, T < T
33:until z=Zort=T

WOLC-ECOC has two merits when compared to its com-
ponents. First, the monotonic decrease of the training risk
of WOLC-ECOC is guaranteed, see Appendix VII-B for the
proof. Second, a small ECOC code length is ensured, since
discriminating the most difficult binary-class problem at each
iteration make ECOC obtain the maximum performance gain.

In Algorithm 3, we have considered the following three
issues for the robustness and efficiency of WOLC-ECOC.

Predicted class Predicted class

) Yy Y2 Y3 @ Y2 Y3

g Y 100 [ O 0 sy o 0 0

® Y| O 95 5 § Y2 0 0 4

=

E’ ys[ 10 [ 10 | 80 g ys[ 20 | 6 0
(@) (b)

Fig. 5. Comparison of the confusion matrix and the training risk matrix of
a three-class classification problem. (a) Confusion matrix. (b) Training risk
matrix.

TABLE I
DESCRIPTIONS OF THE DATASETS. “n” IS THE DATASET SIZE, “d” IS THE
DIMENSION, “P” IS THE NUMBER OF THE CLASSES

ID | Data | n |a]P
1 Dermathology 366 34 6
2 Iris 150 4 3
3 Ecoli 336 7 8
4 Wine 178 13 3
5 Glass 214 7
6 Thyroid 215 5 3
7 Vowel 990 10 | 11
8 Balance 625 3
9 Yeast 1484 8 10
10 | Satimage 6435 36 7
11 | Pendigits 10992 | 16 | 10
12 | Segmentation 2310 191 7
13 | OptDigts 5620 | 64 | 10
14 | Vehicle 846 18 | 4

First, how to balance the discriminability and the code length?
Multiple layers of clustering-based dichotomizers might trigger
a significant performance improvement with a risk of overfitting,
while one or two layers might not improve the performance. To
solve the problem, the following termination criterion is used:
if the training risk does not decrease in a rate of 1 [in (12)] for Z
continuous iterations, we stop the training procedure. Usually,
setting Z to an arrange of 3-5 is enough.

Second, how to make the performance robust? Sometimes,
the most confusing pair is too stubborn to overcome. To pre-
vent this unwanted situation, we discriminate the top s most
confusing pairs of classes, denoted as {my};_,, instead of a
single most confusing pair.

Third, how to define the most confusing pair of classes?
ECOC-ONE [27] selects the most confusing pair of classes
by the confusion matrix € which is defined as

2

k:pre class i

(13)

€)= eij(pr)

where function e; j(-) is defined as

e (p) = 1, if p € class i but is misclassified to j
ij(0) = 0, otherwise.

However, because OW decoding relaxes the loss function
from classification error {0, 1} to a convex continuous sur-
rogate function (6) with a range of [0, 400), Algorithm 3
minimizes the training risk J(W) instead of classification error.
That is to say, for each iteration, Algorithm 3 picks a pair of
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TABLE 11
ACCURACY COMPARISON (%) OF THE ECOC CODING-DECODING METHODS ON THE UCI DATASETS. THE BASE LEARNER IS THE DISCRETE
ADABOOST. IN EACH GRID, THE FIRST LINE IS THE ACCURACY AND THE SECOND LINE IS THE STANDARD DEVIATION.
THE Row “RANK” IS THE AVERAGE RANK OVER ALL 14 DATASETS

Coding lvsl 1vsALL Random ECOC-ONE DECOC WOLC-ECOC
Decoding HD LB LW | HD LB LW | HD Iw | HD 1B LW | HD LB LW ow
Dermathology || 2111 9111 9218 [ 8751 8751 8944 [ 8106 8086 8247 [ 89.00 8923 9186 | 7035 TLI9 7316 91.56
(0.00)  (0.00)  (0.00) | (000) (0.00) (0.00) | 229) (391) (2.96) | (043) (049) (0.00) | @.11) (1.87) (1.84) 0.22)
s 9464 9464 9464 | 9673 9673 9603 | 9603 9596 9589 | 9534 9534 9562 | 9603 9603  96.03 96.03
©.00)  (0.00)  (0.00) | (000) (0.00) (0.00) | (046) (0.61) (044 | (0.00) (0.00) (0.36) | (0.00) (0.00) (0.00) (0.00)
_ 8500 85.00 8475 | 8127 8127 79.99 | 7630 76.63 77.52 | 80.17 80.16 7884 | 75.16 7236 7847 87.40
0.00)  (0.00)  (0.00) | (0.00) (0.00) (0.00) | (235 (133) (136) | (1.18) (1.00) (0.83) | (4.19) (426) (2.37) 0.82)
— 9431 9431 9431 | 9144 9144 9144 | 9327 9300 9320 | 9205 9170 9187 | 93.87 9358 93.93 93.69
0.00)  (0.00) (0.00) | (0.00) (0.00) (0.00) | (0.88) (0.92) (0.62) | (055 (063) (0.68) | (056) (0.24) (0.69) (0.00)
s 6778 6778 6738 | 5712 5712 6815 | 6181 63.14 63.63 | 6045 6085 65.00 | 5821 5725 6348 67.28
(0.00)  (0.00)  (0.00) | (000) (0.00) (0.00) | (149) (3.14) (250) | (193) (2.63) (220) | (398) (4.35) (2.55) (0.66)
—_— 9345 9345 9345 | 9395 9395 9395 | 9457 9414 9416 | 9395 9395 9395 | 9378 9381 93.93 95.45
(0.00)  (0.00)  (0.00) | (0.00) (0.00) (0.00) | (092) (0.93) (0.87) | (0.00) (0.00) (0.00) | (0.60) (1.05) (0.72) (0.00)
_— 5874 5874 5874 | 3980 39.80 4597 | 39.58 3792 4099 | 4260 4210 4650 | 4324 4580 4528 60.61
(©.00)  (0.00)  (0.00) | (000) (0.00) (0.00) | 260) (167) (195 | (1.65) (LI) (149 | @74 (199 (44) 0.82)
st 8640 8640 86.56 | 87.52 8752 87.67 | 8675 8674 87.55 | 7749 7749 7181 | 7670 7670 7670 88.97
(©.00)  (0.00)  (0.00) | (000) (0.00) (0.00) | (135) (196) (1.53) | (0.00) (0.00) (0.00) | (0.00) (0.00) (0.00) (0.40)
—_ 5393 5393 5399 | 3024 3924 5406 | 4548 4382 4550 | 4496 4361 5053 | 4551 4694 5053 56.28
0.00)  (0.00)  (0.00) | (0:00) (0.00) (0.00) | (0.96) (199) (151) | (1.10) (093) (081) | (1.65) (2.15) (0.99) (0.18)
Saffiisge 86.84 8684 8692 | 8236 8236 8229 | 8470 8447 8501 | 8326 8325 8326 | 77.69 79.08 8483 85.74
(0.00)  (0.00)  (0.00) | (0.00) (0.00) (0.00) | (055) (0.90) (034 | (039) (024) (021) | @77 (34T (061) ©.11)
— 97.16  97.16 97.24 | 8488 8488 8625 | 7646 7605 77.65 | 8613 8608 87.13 | 7837 77.87 7884 96.70
(0.00)  (0.00)  (0.00) | (0.00) (0.00) (0.00) | (1.03) (0.90) (I.18) | (024) (0.44) (0.19) | (1.00) (1.00) (1.28) 0.15)
Segmentation || 0318 9518 9531 [ 9003 9003 9306 | 9148 9128 9243 | 9246 9246 9420 | 9337 9337 9337 95.60
(0.00)  (0.00)  (0.00) | (0.00) (0.00) (0.00) | (1.02) (1.02) (0.69) | (0.00) (0.00) (0.00) | (0.00) (0.00) (0.00) ©.18)
OpDigts 9503 9503 9528 | 8327 8327 8409 | 7166 7280 7469 | 8580 8580 8603 | 7527 7527 7527 95.67
(©.00)  (0.00)  (0.00) | (000) (0.00) (0.00) | (1.17) (2.06) (0.94) | (0.00) (0.00) (0.00) | (0.00) (0.00) (0.00) ©.13)
— 7340 7340 7352 | 6512 6512 7233 | 7039 7021 7307 | 68.16 6772 7235 | 7088 7129 74.28 75.41
©:00)  (0.00) (0.00) | (0:00) (0.00) (0.00) | (1.00) (130) (069) | (081) (027) (032 | (131) (1.02) (1.04) ©.13)
Rank [ 393 420 364 | 986 1007 643 | 879 950 686 | 850 907 686 | 893 914 686 | 214

classes that has the highest training risk but not the one that has
the highest classification error. Correspondingly, the training
risk matrix € is defined as

2

k:pre class i

8 min .w;uku,, — wiTuk’j (14)
p=L,...P:p#j ’

where §(-) is the indicator function

T T
€ij = (W[ Ui, — Wj llk’j)

1, if a > 0,
§(a) = {O, otherwise.

An example comparison between the confusion matrix and
the training risk matrix is shown in Fig. 5. From Fig. 5(a), we
observe that: 1) each class consists of 100 examples; 2) the
candidate confusing pairs of classes are mb2 = 1, —1,0]7,
m'3 =[1,0, 117, and m?3 = [0, 1, — 117 with the numbers
of misclassified examples being €j2 = 04+ 0 = 0, €13 =
1040 =10, and €33 = 10+ 5 = 15 respectively; and 3) the
most confusing pair is selected as m>>.

But from Fig. 5(b), we observe that: 1) the training risk
pairs are €20 = 04+ 0 = 0, g3 = 0+ 20 = 20, and
€3 = 4+ 6 = 10, respectively and 2) the highest training
risk pair is m!3. Comparing Fig. 5(a) with (b), we can see
that different optimization objectives might give a binary-class
problem different training priorities.

VI. EXPERIMENT ANALYSIS

In this section, we first compare WOLC-ECOC with 15
coding—decoding pairs on 14 UCI benchmark datasets with
two kinds of base dichotomizer—AdaBoost and SVM, then
study the convergence behavior of WOLC-ECOC, and finally
apply WOLC-ECOC to a music genre classification problem.

A. Experiment Settings

We used 14 multiclass datasets in the UCI machine learning
repository database.! The properties of the datasets are listed
in Table I. All datasets were normalized into the range of [0, 1]
in dimension [68].

For the proposed WOLC-ECOC, the number of the most
confusing pairs per iteration s was set to 3. The termination
condition Z was set to 3. The solution precision n was set
to 0.01. The initial ECOC was lversusALL. The maximum
iteration number 7 was set to 3P where P is the number of
classes.

To show the effectiveness of WOLC-ECOC, we compared
it with five state-of-the-art ECOC coding designs, including
1versusl, 1versusALL, random ECOC[42], DECOC [26] and
ECOC-ONE using lversusALL as its initialization [38]. Each
of the comparison coding methods combined three decoding
methods, including HD, LB [42], and LW [43] decodings. We

1 http://archive.ics.uci.edu/ml/
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TABLE IIT
ACCURACY (%) COMPARISON OF THE ECOC CODING-DECODING METHODS ON THE UCI DATASETS. THE BASE LEARNER IS THE GAUSSIAN RBF
KERNEL-BASED SVM. IN EACH GRID, THE FIRST LINE IS THE ACCURACY AND THE SECOND LINE IS THE STANDARD DEVIATION.
THE Row “RANK” IS THE AVERAGE RANK OVER ALL 14 DATASETS

Coding lvsl IvsALL Random ECOC-ONE DECOC WOLC-ECOC
Decoding HD LB LW | HD LB LW | HD LW | WD LB LW | HD LB LW ow
Dermathology || %093 9676 9688 | 0487 0463 9582 [ 9482 9530 0594 [ 9473 9474 9559 | 9476 9516 9540 95.17
(059 (035 (051) | (046) (0.53) (084) | (133) (1.00) (049) | 288) (251) (055 | (071) (0.78) (0.86) (0.55)
- 9680 9666 9651 | 9541 9500 96.67 | 97.52 9730 9691 | 9632 9619 9687 | 9697 9686 9675 96.69
(096) (063) (060) | (1.54) (072) (1.08) | (0.76) (0.38) (0.67) | (047) (1.33) (0.76) | (057) (0.79) (0.79) ©37)
- 8507 8517 8481 | 80.52 8072 8275 | 8093 8109 8240 | 81.59 8166 8328 | 7459 7439 8270 83.49
O81)  (060) (075 | (1.03) (079 (098) | @15) (212 (113) | (LI13) (0.73) (067 | (5.18) (6.04) (1.40) 0.25)
— 9605 9616 9633 | 9665 9615 96.60 | 97.37 9693 97.04 | 9716 9664 9670 | 9638 9677  96.60 9585
(1200 (079 (085) | (0.87) (0.78) (089) | (0.76) (0.93) (0.58) | (0.81) (0.63) (0.70) | (0.96) (0.67) (0.99) (0.80)
_ 6295 6384 6401 | 5298 5203 6127 | 6100 6209 6L57 | 5659 5660 63.06 | 5810 5675 5991 63.18
(179 @ODH  (316) | @61) (199 (137 | @24) (249 (03) | 203) (22) (254 | (502) (4.08) (276) (1.80)
Thgeoid 9620 9614 9622 | 9521 9545 9593 | 9621 9623 9577 | 9499 9464 9569 | 9450 9451 9367 95.63
(075  (0.60) (081) | (1.03) (0.96) (062) | (0.93) (0.69) (0.67) | (0.83) (1.05) (0.63) | (137) (127) (1.02) (0.56)
—_ 6711 6781 6787 | 3488 3467 3696 | 31.07 3317 3437 | 3756 3755 3987 | 4340 4104 4187 70.87
(140) (119 (1.84) | (0.78) (1.58) (1.36) | 2.89) (1.88) (205 | 243) (1.69) (147) | 333) @54 (1.62) (1.20)
— 90.12 8889 8943 | 9025 9034 9028 | 8974 8978 89.66 | 8819 8771 8735 | 8876 8895 8874 91.29
(1L07) (14D (099) | (0:88) (1.28) (093) | (0.70) (0.94) (0.98) | (0.49) (0.75) (155 | (091) (065 (0.61) 0.92)
- 5898 5895 59.35 | 3817 3841 5473 | 5190 5097 5319 | 4300 4371 5498 | 5197 5197 5514 5527
(1L10)  (056) (063) | (1.38) (144 (062) | (1L.02) (222) (135 | 226) (24 (L02) | 235) (.1l (1.33) 0.57)
Satimage 8573 8574 8581 | 80.07 7998 8105 | 8195 8143 8207 | 8120 8127 8149 | 7495 7586 8248 86.10
019 (02  (020) | (0.18) (0300  (027) | (045 (090) (0.58) | (0.62) (0.69) (081) | (347) (320) (0.68) ©27)
_— 99.01 9901 9897 | 9179 9169 9229 | 8519 8520 8605 | 9253 9260 9324 | 8823 8843 8897 98.25
0.06) (006  (0.06) | (0.19) (015 (017) | (L16) (076 (0.74) | (023) (0.16) (031) | (150) (L.15) (0.83) (0.16)
Segmentation || °¥86 9514 9506 | 8520 8516 8945 | 8641 8693 8760 | 8921 8923 9179 | §703 8693 8667 95.12
(045  (047)  (042) | (098) (076) (070) | (154 (1.72) (116) | (0.78) (0.66) (0.58) | (0.89) (1.08) (1.08) (0.30)
OpiDigts 9780 9774 9779 | 9299 9288 9439 | 8842 8818 8935 | 9466 9474 9479 | 8933 8933 8923 97.58
009 (0120 (007 | ©.13) (014 (015 | ©7) (1.37) (08D | (0.16) (0.13) (0.18) | (023) (031) (0.17) ©11)
—— 7962 7966 8001 | 69.02 6853 7549 | 7516 7628 7777 | 7134 7212 7685 | 7448 7512 7699 82.51
093) (083) (064) | (0.70) (143) (082) | (0.60) (1.62) (1.32) | (1.03) (1.06) (1.50) | (0.83) (L.74) (1.33) 0.34)
Rank [ 207 279 243 [ 1064 1086 614 | 829 693 607 [ 836 879 507 | 971 921 729 [ 457

followed the ECOC library [69]> for the implementations of
the referenced methods.

To demonstrate how a base classifiers affects the per-
formance, we used two popular base classifiers—discrete
AdaBoost [70] and Gaussian RBF kernel-based SVM [66].3
AdaBoost uses 40 decision stump weak learners. The parame-
ters of SVM were searched in grid: parameter C was searched
through {2'2,213, ..., 218}, and the kernel width o of the RBF
kernel was searched through {0.25y, 0.5y, v, 2y, 4y}, where
y is the average ED between the training examples.

For each dataset, we ran each pair of the coding—decoding
methods 10 times and recorded the average experimental
results. For each single run, we applied a stratified sam-
pling and 10-fold cross-validation, and tested for confidence
interval at 95% with the two-tailed t-test. Therefore, we con-
ducted 100 independent runs on each dataset for each pair of
coding—decoding methods.

B. Effectiveness

Tables IT and III list the classification accuracies of all
coding—decoding methods with respect to AdaBoost and SVM,
respectively. From Table II, we can see clearly that WOLC-
ECOC is the most effective one. But from Table III, we

2http://sourceforge.net/projects/ecoclib/
3http://svmlight.joachims.org/svmperf.html

observe that WOLC-ECOC is less effective than the 1versusl
coding but more effective than other coding methods.

The reason why the WOLC-ECOC with AdaBoost performs
better than the WOLC-ECOC with SVM may be explained
from information theory. It is well known in information theory
that the error-correcting ability of any coding method is upper-
bounded by the Shannon limit which is irrelevant to the coding
method. That is to say, it is possible that the performance of
a strong coding method in a noisy channel is worse than the
performance of a weak coding method in a clean channel.

The channel of an ECOC problem, as presented in Section II,
is determined by the features, base learner and coding method.

1) The more suitable the bipartitions of the classes are and
the stronger the base learner is, the cleaner the channel
will be. Because lversusl bipartitions data according
to their natural distributions, its channel has minimum
noise in most datasets. Similarly, AdaBoost introduces
more noise to the channel than SVM. We can image
that the Shannon limits of different coding methods with
AdaBoost as the base learner tend to be more similar
than those with SVM as the base learner.

2) On the other side, the more diverse the dichotomizers
are and the larger the minimum distance between the
codewords is, the stronger the error-correcting ability
of the codes will be, where the term “diverse” is also
named independent in some papers [39], [40].
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TABLE IV

CODE LENGTH COMPARISON OF THE ECOC CODING-DECODING METHODS ON THE UCI DATASETS

Coding lvsl 1vsALL | Random ECOC-ONE DECOC | WOLC-ECOC
Decoding - - - HD LW - oW
Base classifier - - - Ada SVM Ada SVM Ada SVM - Ada SVM
15.00 6.00 10.00 7.09 7.26 7.11 7.30 7.50 7.74 5.00 9.09 6.00
Dermathology
(0.00) | (0.00) 0.00) | (0.08) (0.37) | (0.09) (0.28) | (0.00) (0.42) | (0.00) | (1.27)  (0.00)
Iris 3.00 3.00 10.00 4.50 4.93 4.50 4.99 6.31 6.68 2 .00 7.00 5.93
0.00) | (0.00) 0.00) | (0.00) (0.81) | (0.00) (0.55) | (0.26) (0.39) | (0.00) | (0.00) (0.78)
Ecoli 28.00 8.00 10.00 9.48 9.05 9.46 9.10 9.65 9.29 7.00 14.75 15.24
(0.00) | (0.00) 0.00) | (0.13) (0.09) | (0.13) (0.13) | (0.20) (0.20) | (0.00) | (2.01) (4.16)
Wine 3.00 3.00 10.00 7.00 7.00 7.00 7.36 7.00 7.36 2.00 3.00 3.00
0.00) | (0.00) (0.00) | (0.00) (0.45) | (0.00) (0.36) | (0.00) (0.38) | (0.00) | (0.00) (0.00)
Glass 15.00 6.00 10.00 7.35 7.40 7.23 7.39 7.93 7.61 5.00 9.44 12.50
(0.00) | (0.00) 0.00) | (0.13) (0.15) | (0.11) (0.18) | (0.41) (0.32) | (0.00) | (0.37) (1.08)
Tyl 3.00 3.00 10.00 6.63 6.33 6.63 6.45 6.63 6.18 2.00 3.00 335
0.00) | (0.00) 0.00) | (0.00) (0.32) | (0.00) (0.74) | (0.00) (0.56) | (0.00) | (0.00) (0.26)
Vowel 55.00 11.00 10.00 12.10 12.20 12.05 12,23 12.10 12.05 10.00 26.64 24.25
(0.00) (0.00) (0.00) (0.11)  (0.13) | (0.06) (0.15) | (0.11)  (0.06) (0.00) (0.58) (2.59)
- 3.00 3.00 10.00 8.00 7.93 8.00 7.69 8.00 171 2.00 15.16 13.60
(0.00) (0.00) (0.00) (0.00)  (0.16) | (0.00) (0.39) | (0.00) (0.45) (0.00) (1.96) (3.29)
Yeast 45.00 10.00 10.00 11.20 11.13 11.14 11.11 12.73 11.19 9.00 13.30 16.45
(0.00) (0.00) (0.00) (0.15)  (0.10) | (0.12) (0.09) | (0.29) (0.24) (0.00) (0.63) (2.55)
Snfimmnse 15.00 6.00 10.00 7.09 7.06 7.04 7.10 7.00 7.60 5.00 10.70 16.78
(0.00) (0.00) (0.00) (0.10)  (0.07) | (0.08) (0.13) | (0.00) (0.32) (0.00) (2.52) (5.18)
Perdigtls 45.00 10.00 10.00 11.43 11.10 11.38 11.13 11.04 11.09 9.00 24.06 22.74
(0.00) (0.00) (0.00) 0.17)  (0.11) | (0.18) (0.17) | (0.06) (0.12) (0.00) (4.43) (6.23)
" 21.00 7.00 10.00 8.00 8.00 8.00 8.00 8.25 8.08 6.00 13.18 14.71
Segmentation
(0.00) (0.00) (0.00) (0.00)  (0.00) | (0.00) (0.00) | (0.00) (0.09) (0.00) (2.05) (3.30)
OptDigts 45.00 10.00 10.00 11.00 11.00 11.00 11.00 11.00 11.08 9.00 22.45 24.14
(0.00) (0.00) (0.00) (0.00)  (0.00) | (0.00) (0.00) | (0.00) (0.12) (0.00) (5.62) (1.93)
Vehicle 6.00 4.00 10.00 5.05 5.09 5.02 5.00 5.43 5.68 2.00 10.96 13.56
(0.00) (0.00) (0.00) 0.07)  (0.12) | (0.05) (0.00) | (0.43) (0.46) (0.00) (0.68)  (4.60)
- - 20 100
When the Shannon limits are similar, the performance E—
9
is determined by the error-correcting ability of the coding ] R S
methods, which explains the advantage of WOLC-ECOC in 3 %0
Table II; otherwise, the performance is determined by the 3 S o
Shannon limits, which explains the inferior of the WOLC- g 10 g‘ Re
ECOC to 1versusl coding in Table IIL E § &
Note that WOLC-ECOC was initialized by lversusALL in s 75 . =
all experiments. If it is initialized by other coding methods that o 7
are better than 1versusALL, it may achieve better performance. L7
0 65
C' Eﬁchency ! 2Iteration:inumber4 ° k 2Iteration3number4
The efficiency of an ECOC method is influenced by its code () (b)

length. The shorter the code length is, the more efficient the
ECOC method will be.

Table IV lists the code lengths of all comparison methods.
From the table, we can see that WOLC-ECOC has a much
shorter code length than Iversusl, though it has a slightly
longer code length than the other codings. Generally, it is wor-
thy sacrificing some efficiency for much better performance.

D. Study of the Convergence Behavior

In this subsection, we verify the convergence behavior of
WOLC-ECOC empirically. For simplicity, we only give two

Fig. 6. Convergence behavior of WOLC-ECOC on the dermathology dataset
with discrete AdaBoost as the base learner. (a) Convergence behavior of the
training risk (objective value). (b) Curves of the training and test accuracies.

examples on the dermathology and vehicle datasets, which are
shown in Figs. 6 and 7, respectively. The training risk (i.e.,
objective value) in both figures is calculated by (7), and the
accuracy is defined as the ratio of the number of correctly
classified training/test examples over the total number.

From the figures, we observe that the training risks decrease
rigorously with respect to the numbers of training iterations.
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Fig. 7. Convergence behavior of WOLC-ECOC on the vehicle dataset with

discrete AdaBoost as the base learner. (a) Convergence behavior of the training
risk (objective value). (b) Curves of the training and test accuracies.

TABLE V
ACCURACY (%) COMPARISON OF THE ECOC CODING-DECODING
METHODS ON THE DORTMUND MUSIC DATASET WITH THREE KINDS OF
FEATURES. IN EACH GRID, THE FIRST LINE IS THE ACCURACY AND THE
SECOND LINE REPRESENTS ITS CORRESPONDING DECODING METHOD

Coding || 1vsl | IvsALL | DECOC | ECOC-ONE | WOLC-ECOC
— 45.34 49.00 50.49
LW LW LW LW oW
—_— 44.41 | 47.89 46.76 50.15 52.78
LW LW LW LW ow
MNASE || 4575 | 5085 46.42 50.93 52.86
LW LW LW LW ow
TABLE VI

CODE LENGTH COMPARISON OF THE ECOC CODING-DECODING
METHODS ON THE DORTMUND DATASET WITH THREE KINDS OF

FEATURES
Coding || 1vsl | IvsALL [ DECOC | ECOC-ONE | WOLC-ECOC
MMFCC [[ 4500 [ 9.00 8.00 16.62 27.64
MOSC  [] 4500 [ 9.00 8.00 14.24 2278
MNASE [[ 4500 | 9.00 8.00 14.75 2423

We also observe that the training and test accuracies increase
in general along with the decrease of the objective values.

E. Application to Music Genre Classification

The fast development of multimedia technologies enable
people to enjoy a large amount of music, which calls for
developing tools to classify music effectively and efficiently.
The SVM-based lversusl and lversusALL classifier ensem-
bles are popular for the music classification problems [71].
The purpose of this subsection is to show the advantage of the
WOLC-ECOC over the aforementioned two coding methods
on this problem.

The music genre dataset is the Dortmund dataset [72].4 It
consists of 1886 recordings of music pieces of 10 s duration,
which are classified to nine types of music. Each music piece is
a 44.1 kHz, 16-bits, stereo MP3 file. Here, we converted each
file to a mono audio file and extracted three kinds of acoustic
features from the file as in [73] which were the modulation

4http://www— ai.cs.uni-dortmund.de/audio.html

1000 56
800 oA
x < 52
£ 600 E
2 g 50
£ 5 .
g 400 3 U Training
= < 48111
7 = = = Test
200 o
0 44
0 5 10 15 20 0 5 10 15 20
Iteration number Iteration number
(@) (b)
Fig. 8. Convergence behavior of WOLC-ECOC on the Dortmund music

genre dataset with MNASE as the acoustic feature.

spectral analysis of the Mel-frequency Cepstral coefficients
(MMEFCC), octave-based spectral contrast (MOSC), and nor-
malized audio spectral envelope (MNASE). As a result, each
file was formulated as an example with three kinds of features.
The parameters settings of the ECOC methods and SVM were
as same as those in Section VI-A.

Tables V and VI list the accuracy and code length com-
parisons of the ECOCs with the three acoustic features. From
Table V, it is clear that WOLC-ECOC is the most power-
ful one. From Table VI, we observe that the code length of
WOLC-ECOC is much shorter than 1versusl, though the code
length of WOLC-ECOC is slightly longer than the other three
methods.

Fig. 8 gives an example of the convergence behavior of the
training risk of WOLC-ECOC with MNASE as the feature.
From Fig. 8(a), we observe that the training risk decreases
rigorously with respect to the number of iterations.

VII. CONCLUSION

In this paper, we have proposed a heuristic ternary WOLC-
ECOC. First, we have proposed LC-ECOC, a greedy training
method that iteratively constructs multiple strong dichotomiz-
ers to discriminate the most confusing binary-class problem.
Then, we have proposed the CPA-based OW decoding. OW
decoding improves LW decoding by optimizing the weight
matrix of the latter for the minimum training risk. The opti-
mization problem is further solved by CPA, which makes the
OW decoding have linear time and storage complexities. At
last, we have proposed WOLC-ECOC, which iteratively exe-
cutes LC-ECOC and the CPA-based OW decoding until the
training risk converges. WOLC-ECOC not only inherits all
merits of LC-ECOC and the CPA-based OW decoding but
also ensures the decrease of the training risk.

We have conducted an extensive experimental comparison
with 15 state-of-the-art ECOC coding—decoding pairs on 14
UCI datasets with the discrete AdaBoost and well-tuned RBF
kernel-based SVM as two base learners. Experimental results
have shown that: 1) when AdaBoost is used as the base learner,
WOLC-ECOC outperforms all 15 coding—decoding pairs; 2)
when SVM is used as the base learner, WOLC-ECOC is
weaker than the traditional lversusl coding method but bet-
ter than other coding methods; and 3) the code length of
WOLC-ECOC is much shorter than that of 1versusl. We have
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explained the experimental phenomena in the view of infor-
mation theory. Moreover, we have applied WOLC-ECOC to
a music genre classification problem. Experiment results have
shown that WOLC-ECOC outperforms all referenced coding
methods including 1versusl.

APPENDIX
A. Proof of Theorem 1

The proof is similar with the proof of [45, Theorem 1]. The
key point is to prove that the training loss of problem (9) and
the training loss of problem (8) are equivalent

n n
L Ty —wlu:
6= max (0.9, - wiu)
i=1 i=1 o

n P

Z 8ip (wyTiui,yi — w;ui,p) (15)
p=1

= max
VgieZ

i=1

where set Z = {z1, ..

Zp,k={1’lfk:p , k=1,...,P.

., zp} with z,, defined as

0, otherwise (16)

Equation (15) can be reformulated as

n n P
T T
E & = max E E 8ip (Wy,-“i,yi - W, ui,p> =§£
‘ vGezZn \ ©
i=1 i=1 p:]
(17)

81,1---8n,1
where G is defined as G = [g1,...,g] = e
8i.p---8n.pP
Theorem 1 is proved.

B. Proof of the Monotonic Nonincrease of the Training Risk
of WOLC-ECOC
Given the coding matrix M®, WOLC-ECOC classifier

ensemble C), minimum training risk 0(’), and optimal weight

matrix Wf,t) of the z-th iteration, where ¥ = {h1, ha, ..., hg}
with ¢ denoting the code length of the #-th iteration, and
0 = min g (W<f>) (18)
WO W
WO =arg min  JO (W(’)) (19)
WO W ©®

with the training risk function 7@ (W(t)) defined in (7).
Suppose we get a new dichotomizer h,y; at the (¢ + 1)-th
iteration, we can obtain MDD, c@+D 70+ " apq witD
in the same way as we did in the ¢-th iteration, where
Cr*) =D Uhgyy and MO = [M?, m] with m denoted
as the most difficult binary-class problem (in a vector form).
We have the following theorem.

Theorem 2: The nonincrease of the training risk of
WOLC-ECOC is guaranteed by the OW decoding

JO > g0 > > g0 > g080 >

Proof: We extend the optimal weight matrix Wf,t) to another
equivalent form WD = [Wf,’), 0P><1:|- It is easy to know

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 45, NO. 2, FEBRUARY 2015

that We+D" ¢ W(HD | Because, WD yields an objective
value that is equivalent to j,ft), and also because WD is
a point in WY*D and problem (7) is a convex optimization

problem with jo(tH) as its minimum value, the inequality
0 > 78D holds. Theorem 2 is proved. [ ]
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