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of instances characterized by a high-dimensional feature space. Accordingly, it is computa-
tionally complex to detect concept drift. In this paper, we present a novel ensemble model
named, Dynamic Clustering Forest (DCF), for textual stream classification with the pres-
ence of concept drift. The proposed DCF ensemble model is constructed based on a num-

Iéff::gﬁfg tree ber of Clustering Trees (CTs). In particular, the DCF model is underpinned by two novel
Ensemble learning strategies: (1) an adaptive ensemble strategy to dynamically choose the discriminative CTs
Concept drift according to the inherent property of a data stream, (2) a dual voting strategy that takes
Textual stream into account both credibility and accuracy of a classifier. Based on the standard measure

of Mean Square Error (MSE), our theoretical analysis demonstrates the merits of the pro-
posed DCF model. Moreover, based on five synthetic textual streams and three real-world
textual streams, the results of our empirical tests confirm that the proposed DCF model
outperforms other state-of-the-art classification methods in most of the high-dimensional
textual streams.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The recent trend in delivering emails, publishing blogs, establishing chatting rooms and forums on the Internet have led
to the generation of a huge number of dynamic textual streams. The underlying characteristics of these textual streams pose
some serious challenges of effectively classifying the dynamic textual streams. First, the concepts embedded in a data stream
will change over time. This characteristic is referred to as concept drift, which requires the adaptation of a classifier with
respect to the up-to-dated concepts. For instance, the topical interest of a reader may change over time after s/he has read
a large number of online news with diversified topics on the Internet. This phenomenon motivates us to develop adaptive
learning models to capture readers’ evolving topical interests. Second, a textual stream usually consists of a large number of
objects (instances), and these objects are characterized by a high-dimensional feature space (e.g., the news topics referred
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to in a textual stream are described by a large vocabulary). Unfortunately, most of the existing data stream classification
methods fail to tackle textual streams due to their high-dimensional feature spaces [26].

Many models have been proposed to deal with textual streams. Among them, the ensemble classification method that
aims at combining the predictions of individual classifiers to form a final classification decision is a promising approach
[5]. Under the ensemble framework, each chunk of a textual stream is treated as a sub-model to train a classifier, and
then these well-trained sub-models are combined to predict the labels of incoming instances. However, existing ensemble
methods cannot provide a satisfactory solution to tackle the task of textual stream classification because of the following
open questions [31]:

1. How to adaptively select a suitable number of sub-models such that outdated concepts can be removed?
2. How to combine sub-models to generate an optimal global prediction?

In this paper, we propose a new ensemble approach named, Dynamic Clustering Forest (DCF), for the classification of
textual streams. DCF aims at effectively combining a number of Clustering Trees (CTs) [28] by using a principled way. It is
worth noting that CT is a clustering-based classification algorithm [18]. CT is suitable for classifying large, high dimensional,
and sparse textual data with many classes [18]. For the proposed DCF model, we employ CT as a sub-classifier for classifying
textual streams. First, we train a set of CTs by using some sequential chunks of a textual stream. Then, we dynamically
select a suitable number of CTs and combine these CTs to accomplish the optimal classification performance. During the
combination process, we exploit two ensemble strategies: an adaptive ensemble strategy and a dual voting strategy. For the
adaptive ensemble strategy, a threshold, which is defined according to the accuracy weight of a CT, is applied to determine
whether the CT is too “old” to classify a new concept. The threshold is estimated by using the average (or minimum)
prediction accuracy of each CT in the model, rather than using the random prediction accuracy employed by most of the
existing models [12,29]. For the dual voting strategy, a credibility weight is introduced to each testing sample. This credibility
weight enables us to determine whether a CT is “credible” enough to classify the testing sample. The estimation of the
credibility weight relies on the similarity between the testing sample and the centroid of the cluster that this testing sample
belongs to.

To verify if the proposed strategies are sound or not, we conducted a theoretical analysis of the DCF model in terms
of the standard measure of Mean Square Error (MSE). Moreover, we performed empirical tests against the DCF model by
comparing the performance of the DCF model with that of seven state-of-the-art ensemble models available on the Massive
Online Analysis (MOA) platform [6] in classifying several synthetic and real-world textual streams. Our experimental results
confirm that the DCF model demonstrates promising performance in terms of average accuracy and plotting accuracy for
high-dimensional textual stream classification tasks.

The rest of the paper is organized as follows. In Section 2, we discuss the existing research work which is related to our
study. We then introduce the preliminaries and the background information about textual stream classification with concept
drift in Section 3. In Section 4, we present an overview of the proposed DCF framework, followed by the illustration of the
proposed adaptive ensemble strategy and the dual voting strategy of the DCF model in Section 5. In Section 6, we report a
theoretical analysis of the inherent properties of the proposed DCF model, followed by a description of the empirical tests
against the DCF model and some state-of-the-art ensemble models in Section 7. We then discuss the characteristics of the
proposed algorithm by referring to our experimental results in Section 8. Finally, we offer concluding remarks and suggest
future directions of our research work.

2. Related work

Our approach is related to two main research areas, namely data stream classification with concept drift and text mining.
We briefly describe related research work in the following sub-sections.

2.1. Data streams with concept drift

Large amount of data and drifting concepts are two main features of a data stream. These inherent challenges of data
streams lead to the development of two common methods to classify data streams: an incremental mining (IM) method,
and an ensemble learning (EL) method.

The IM method revises and refines a single model continuously when new data arrive [29]. However, most existing IM
algorithms are not efficient because the corresponding models must be updated frequently. In addition, these algorithms are
not effective to handle drifting concepts, especially for recurring drifting concepts.

EL approach [10,31] is another promising approach for data stream mining. We summarize three popular ensemble strate-
gies according to existing ensemble methods for data stream classification with concept drift reported in literature[15].

(1) Ensemble approach based on resampling and adaptive sliding window (Adwin): Resampling is a technique that reuses
(or selects) data, adaptively reweights and combines sub-models to improve classification performance. Some popular
resampling methods include bagging and boosting [3]. But traditional resampling methods cannot deal with dynamic
data stream classification. To solve the drifting concept problem, Bifet et al. [3] have proposed a method named,
Adwin, which constructs a sliding window with varying size to choose a suitable amount of training data for learning
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new concepts. Many resampling models, for example, bagging and boosting, rely on Adwin [5]. OzaBagAdwin is an

online bagging method, which applies the Adwin approach to detect concept drift. When a new concept is detected,

the sub-classifier that performs the worst will be replaced by a new one of the ensemble structure.
(2) Building ensemble frameworks by updating sub-models’ weights: The ensemble approach for data stream classifica-
tion that only updates the weights of sub-models is called racing approach [16]. Popular racing approaches include
weighted majority algorithm [14] and mixture of experts [11], to name just a few. These approaches frequently verify
each sub-model. For each verification race, the weights of sub-models are updated according to their prediction accu-
racies. However, this method may fail to handle the data stream with concept drift because the weight of a sub-model
that represents a new concept may not correctly estimated.
Building ensemble frameworks by updating the whole structure: This approach aims at changing the ensemble structure
to adapt a new concept by discarding old sub-models. Selecting the sub-models that need to be dropped is essential.
A number of strategies has been proposed [1,22,23,29] to solve this problem. Wang et al. [29] have proposed a pop-
ular method called the Accuracy Weight Ensemble (AWE) framework. AWE evaluates all sub-models and replaces the
stale classifiers with the new ones. This algorithm maintains a fixed number of sub-models (the top k weighted sub-
models) to participate in prediction. However, for practical applications, k should be revised with respect to concept
drift. Another ensemble method, Accuracy Update Ensemble (AUE) [8] relies on a structure, which changes not only
the weights of sub-models but also the current feature distributions. Nevertheless, it is still a fixed-window ensemble
method.

—
w

2.2. Textual stream with concept drift

When compared to data stream classification, textual stream classification is more difficult because a textual stream is
characterized by a high-dimensional and sparse feature space.

There are only a few EL approaches for textual stream classification with concept drift [12,13,17,30,32]. Katakis et al. have
proposed a Conceptual Clustering and Prediction (CCP) [13] framework to classify textual stream with recurring concept.
They construct incremental classifiers and update them when new training samples arrive. A new classifier will be con-
structed when a new concept is detected. But each concept has only one incremental classifier. In this sense, it is not an
ensemble approach. In addition, PU Learning by Extracting Likely positive and negative micro-Clusters (LELC) [17], which can
be seen as a semi-supervised learning, aims to solve positive and unlabeled textual stream problems. Voted LELC [21] based
on LELC is also proposed. This method assigns a voting score to each representative document. It focuses on active learning
to label unknown textual data, while it overcomes the drawbacks of AWE to some extent. A similar approach for one-class
classification of textual streams with concept drift is proposed by Zhang et al. [32].

2.3. Characteristics of our approach

Our new dynamic ensemble approach, DCF, which includes an adaptive ensemble strategy and a dual voting strategy,
is proposed to handle textual streams with concept drift. Apart from adaptively selecting sub-classifiers and revising the
number of selected sub-models in accordance with the evolving concepts, DCF is different from other traditional ensemble
approaches in the following aspects:

(1) When concept drift occurs, the accuracy weight is not sufficient to judge which sub-classifier is suitable to classify the
new concept. Under such a circumstance, acquiring rich information about new concepts is important. Accordingly,
DCF utilizes more information from a testing textual stream by introducing a credibility weight. The proposed method
aims to determine whether a CT is credible for classifying the current testing sample or not.

(2) In comparison with most traditional ensemble strategies (e.g., AWE and AUE) that are developed based on the accu-
racy (or MSE) weight alone, our voting strategy relies on both the accuracy weight and the credibility weight. Both our
theoretical analysis and our empirical tests show that the performance of the resulting ensemble model is improved
by taking into account both factors.

3. Background

In this section, we formally define the notions of concept drift and clustering tree (CT).

3.1. Concept drift

Formally, let the distribution of textual data be Py(X, y) at the tth time stamp in a textual stream, and let the distribution
of textual data be P ,;(x,y) at the (t + 1)th time stamp, where x is the feature vector of an instance and y is the true
class label of this instance. Under the same loss function [9], if P (X,y) # P,,1(X,y), a concept drift has taken place. For
example, the concept of fashion news is changed with a user’s varying tastes over time. If the rate of changes is slow over
time, we define these changes as gradual (incremental) drift, e.g., a user’s taste may change gradually. In contrast, if the rate
of changes is abrupt and irreversible, we define these changes as sudden drift, e.g., seasonal changes with respect to the
calendar.



128 G. Song et al./Information Sciences 357 (2016) 125-143

| | 4 [+ o
|
Data
Chunks - - X
Training
A,
Clustering
Forest
Accuracy
Weu,h\
Adaptive 2
ensemble
strategy
Y f] fz
Optimal
Clustering
Forest
Credibility
Weight
Voting strategy
y . [

Testing Instance
Label Lx

Fig. 1. Framework of Dynamic Clustering Forest (DCF).

3.2. Clustering Tree (CT)

In order to deal with a high-dimensional textual stream, we choose CTs [18,28] as the sub-classifiers of DCF. The CT
algorithm is an approach that combines the decision tree and clustering algorithms. Not only does CT perform well for
high-dimensional data and non-liner classification, but it also alleviates the problem of over-fitting.

In order to decide whether the node in CT needs to be split or not, the purity of a cluster Q2 is defined by the number
of samples of the most frequent class in the cluster [18]:

. 1
purityq = @ max |xg, o|. (1)

where |2| is the number of samples in the cluster €2, the sample X, belonging to class ¢ is divided into the cluster €2,
that is x,, o = {x|x € ¢, Ax € Q}. A CT can be easily generated according to the following steps: (1) generation of nodes in a
CT: training samples are partitioned into several clusters (nodes) by calling a clustering algorithm recursively (e.g., k-means);
(2) the ending condition of recursion: continue to split nodes recursively if the class-purity of a cluster is not higher than a
predefined threshold; otherwise, the partitioning process ends [18].

For the proposed framework, the main computational apparatus of the clustering algorithm in CT is the similarity relation
between a sample and the centroid of a cluster that this sample belongs to, and it is given by [28]:

R
. _1XrC
sim(x,C,) = _ L Xr I’e"r ) )
\/Zr=1 XrXr+ D r1 CkrCror
where X is the feature vector of an instance, x, is the rth component of feature vector X. Gy = (Cy1,Cg 2+ ---» Cr.r) is the
feature vector of the kth cluster’s centroid. The component of the kth cluster’s centroid (called ¢y , ) is defined by [28]:
K K
Zk Mok,
Ckr = Mir Z M, IOg ] - Z Mk lOng.r ’ (3)

k=1 k=1

where i , is the rth component of puy, and 4y = (fy 1. (g2 - - - Mig) 1S the mean of the kth cluster. The value of similarity
defined in Eq. (2) ranges from O indicating orthogonality of two feature vectors, to 1 meaning exactly the same.

4. Framework of Dynamic Clustering Forest (DCF)

Fig. 1 gives an overview of our proposed DCF framework for classifying textual streams with concept drift. Basically, the
proposed framework includes two main steps:

(1) A training step which is applied to build the optimal DCF. The framework first builds CTs to construct the original
DCF, then adaptively select some discriminative CTs to develop the optimal DCF.

(2) A testing step which is applied to identify the labels of the incoming testing instances. It is worth pointing out that
the testing instances are classified by using a dual voting strategy.
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For clarity, we summarize the proposed DCF framework as follows:

(1) Build CTs for the original DCF. The assumption is that only CTs within recent time stamps are used to classify new
testing instances, and “old enough” CTs should be discarded. At the tth time stamp, a training chunk D; is available to
create a new CT, f;. Then, the most recent Mmax number of CTs are used to construct an initial clustering forest. That
is, if t < Mmax, all of the existing CTs are selected to build the initial clustering forest. However, if t > Mmax, only CTs
(ft—Mmax+1+ ft—Mmax+2: - - - - ft) are applied to build the initial clustering forest.

(2) Adaptively select the CTs to construct the optimal DCF. To accomplish the optimal DCF, an accuracy weight of each CT
is computed. Then, our framework selects the CTs based on an adaptive ensemble strategy to construct the optimal
DCF.

(3) Classify testing instances by using the optimal DCF. For each testing instance x, the framework first computes a cred-
ibility weight for each selected CT. Then, a dual voting strategy is applied to select CTs for generating an ensemble
prediction result.

Here, it is worth pointing out that the proposed DCF contains the following key strategies:

(1) Adaptive ensemble strategy: this strategy aims to dynamically select “good enough” experts (i.e., CTs) to build the
optimal DCF. Unlike most existing models (e.g., AWE and AUE) where the number of sub-models is fixed, the number
of CTs in our model varies according to the changes of concepts. To accomplish this goal, our framework employs the
accuracy weight to select the discriminative CTs (see Section 5.2).

(2) Dual voting strategy: this strategy not only considers the global prediction capabilities of sub-models, which are es-
timated based on the accuracy weight, but also takes into account the credibility weight of each CT. This strategy
implies that the proposed DCF model utilizes both the historical information of the training data, and the recent
information of the testing data to improve classification performance (see Sections 5.1 and 5.3 for more details).

The algorithmic complexity of building DCF is linear with respect to the number of CTs (K). Given a training data chunk D;
at the ith time stamp, the computational complexity of training a CT is O(mNlog.N), where c is the number of classes in D;, m
is the number of dimensions, and N is the scale of a training chunk. As a result, the total algorithmic complexity of building
DCF is O(mKNlog.N), where K is the number of CTs involved. In practical experiments, owing to termination conditions in
growing a CT, the depth of a CT is usually less than logN in practice. It has been verified that the algorithmic complexity of
ADCC [19], which is similar to CT, is linear with the number of samples N. Therefore, the algorithmic complexity of building
DCF is also linear with respect to the size of training chunk N in real applications.

The computational cost of testing steps in DCF depends on the testing steps of a CT and computing the two weights, since
each CT are executed in parallel. The complexity of testing steps in a CT is O(mNs:logcN), where N denotes the size of a
testing chunk. In addition, computing the credibility weight and the accuracy weight takes O(N¢es:) and O(N) respectively. As
a result, the algorithmic complexity of testing steps in DCF is approximately O(mNgs:logcN). Therefore, DCF is scalable for
large high dimensional data streams, which will be confirmed by the experimental results in Section 7.

5. Ensemble strategies

In this section, we illustrate two main strategies of the proposed DCF model namely, an adaptive ensemble strategy and
a dual voting strategy. We also define two crucial weights: the credibility weight and the accuracy weight of a CT.

5.1. Credibility weight

It is essential to utilize the information of testing data to improve the classification performance in a textual stream
with concept drift. If a concept is changed, historical information (e.g., the accuracy and MSE computed based on historical
classification performance) may become unreliable. Unfortunately, most of the existing weighted voting strategies such as
DMW [14], AUE [8], and LELC [17] rely on historical information only. To consider the latest information extracted from a
textual stream (i.e., testing data), we advocate a new concept, credibility weight, which measures the credibility level of
a CT for each testing instance. The credibility weight is proportional to the similarity between a testing instance and the
centroid of a leaf node that this instance belongs to.

Fig. 2 gives an example to describe the importance of the credibility weight. There are two leaf nodes associated with
two classes (Class 1 and Class 2), respectively. In Fig. 2, a pentastar represents the centroid of a leaf node; Label 1 is marked
by a triangle, and Label 2 is marked by a circle. The solid line is the decision boundary of the true data distribution between
Class 1 and Class 2 at each time stamp; and the dotted line is the decision boundary between these two classes according to
each classifier. In Fig. 2(a), we construct three classifiers, Classifier 1, Classifier 2, and Classifier 3, by the training instances
(marked by triangles and circles) at the (i —3)th, (i —2)th, and (i — 1)th time stamps, respectively; at the ith time stamp,
where we suppose that the concept is not changed, and the testing instances can be classified into different classes by these
three classifiers. For example, a testing instance (marked by a red circle), which belongs to Label 2, is classified by Classifiers
1, 2, and 3 (see Fig. 2(a)). The similarity between the testing instance and the centroid of the cluster that it belongs to with
respect to Classifiers 1, 2, and 3, are denoted as d;, d,, and d3, respectively. Classifier 1 decides that the testing instance
belongs to Label 2, whilst Classifier 2 and Classifier 3 decide that it belongs to Label 1. Most of the CTs classify the testing
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Fig. 2. An example for Dynamic Clustering Forest (DCF). (For interpretation of the references to color in this figure, the reader is referred to the web
version of this article.)

instance belongs to Label 1. If we use the general majority voting strategy [1,22,23], the ensemble prediction result of this
testing instance is Label 1. However, from Fig. 2, we can observe that sim; > sim,, sim; > sims, which indicates that Classifier
1 is more credible than Classifier 2 and Classifier 3 for this testing instance in our DCF framework. According to this, we
can predict that the label of this instance is Label 2, which is the true label of the testing instance.

Fig. 2 (b) describes the importance of the credibility weight for textual stream classification with concept drift. At the
(j—2)th and (j — 1)th time stamps, two classifiers (Classifier 1 and Classifier 2) are constructed by the training data. Sup-
pose that these two classifiers build the optimal DCF based on the adaptive ensemble strategy (see Section 5.2) to classify
testing instances at the jth time stamp. When a concept drift occurs at the jth time stamp, the data distribution is changed.
However, the centroid and the decision boundary between two classes according to Classifier 1 and Classifier 2 are not
changed, because these two classifiers have been constructed by the “old” textual instances at the (j — 2)th, (j — 1)th time
stamps, respectively. When a testing instance (marked by a red triangle) arrives at this time, whose true label is Label 1,
Classifier 1 assigns this testing instance with Label 2, while Classifier 2 infers that the testing instance should be assigned
Label 1. We can observe that the Classifier 1 obtains the higher accuracy than the Classifier 2 based on the “old” decision
boundary. So the ensemble prediction result of this testing instance may be Label 2 according to the existing weighted
voting strategies [29].

In fact, it is not clear which classifier is more accurate for certain testing instances under the concept drift situation
because we may not know if the concept has been changed. So the accuracy weight, which is used by most of the existing
weighted voting strategies [29], may fail to classify the testing instance. However, for our DCF model, the credibility weight
is computed based on the similarity information which is possible to improve the prediction result of the ensemble. From
Fig. 2(b), we can see that the similarity sim; < sim, is established. This indicates that Classifier 2 is more credible than
Classifier 1 for this testing instance. Hence, according to credibility weight, the ensemble tends to follow the prediction pro-
duced by Classifier 2, i.e. Label 1. As a result, the DCF model can assign the true label to the testing instance by considering
a CT’s credibility weight as well.

Based on the aforementioned example, we can see that the credibility weight of a CT is based on the similarity (i.e.,
sim(xj,Ck/), where Cp, is the centroid of the cluster nearest to X;, kK=(@,2,...,K),and j=(1,2,...,N), and N is the num-
ber of the testing instances) between a testing instance and the centroid of a cluster that this instance belongs to. So, the
credibility weight of each CT f; for the testing instance x is defined by

)‘-i,j = simi(xj, Ck/), (4)

where A; ; represents the credibility weight of a CT f; in the optimal clustering forest fE, for the testing instance X;,
sim(x;, G) is the similarity between the testing instance x and the centroid of the cluster nearest to x in CT f;, and M
is the number of CTs in the optimal clustering forest f£. By definition, this credibility weight is able to evaluate the reliabil-
ity of a CT for classifying a testing instance.

5.2. Adaptive ensemble strategy

As textual instances are continuously fed to our DCF system, We may need to construct an infinite number of CTs over
time. However, it is dispensable to organize all these CTs for prediction. The fundamental questions are how many CTs
should be selected to predict the testing instance and how to select these CTs. Adaptive ensemble strategy in our DCF
framework is used to dynamically divide the original clustering forest into two categories: the “good enough” CTs and the
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rest. At each time stamp, to obtain the accuracy weight, we estimate the accuracy of each CT using the latest training
chunk. If we recognize that the concept is not changed by detecting the accuracy of the CTs, these CTs are regarded as
the useful sub-classifiers to predict the testing instances. The number of CTs increases during the latest time stamps where
concept drift does not occur. However, if the concept drift is detected, historical CTs are not useful to classify the new testing
instances. Only a few of the “useful” trees should participate in the classification process. We then select these useful CTs
according to the accuracy weight.

Algorithm 1 illustrates the adaptive ensemble strategy of the proposed DCF model. When a new textual chunk arrives, we

Algorithm 1 Adaptive ensemble strategy.

Output: The optimal DCF

Input: D;: The data chunk at each time stamp

M: The number of CTs in DCF fE

Step 1: At the tth time stamp:

Step 2: Create a new CT f; using Dy;

Step 3: Obtain current original clustering forest fE;
Step 4: For each f; in fE:

Step 5: Estimate the accuracy of f; using Dy;

Step 6: Compute the accuracy weight ¢; of f;;

Step 7: If ¢; <O:

Step 8: Discard the CT f; update the model f£;
Step 10: Update the model fE;

Step 11: If M = 0:

Step 12: Select the tree with the maximum accuracy;

build a new CT by this chunk and add this CT to the original clustering forest. It is worth noting that the original clustering
forest contains the latest M (M < Mpmax ) CTs. We then estimate the accuracy of all the CTs by this new textual chunk. After
computing the accuracy weight of each CT, we use all the selected CTs to classify the testing instance.
We use the following equation to compute the accuracy weight ¢; of each CT:
6 = Acc; — Accy
oYM (Acc — Accy)’

where Acc; is the accuracy of each CT f;, and the threshold Accy is used to decide whether each CT is discarded or not. The
threshold Accy is derived by:

(5)

xe (6)

Acco — max(minAcci—r,%) Acc — minAcc; < ¢
0= max (Acc,}) Acc — minAcci>¢

where ¢ is a predefined parameter to detect concept drift. Here, we detect concept drift by the difference between the
minimum accuracy minAcc; and Acc in the original clustering forest. If Acc — minAcc; < €, it indicates that concept drift
does not occur. So each CT is useful to classify the new testing instances. The CTs whose accuracies are more than the
random prediction (1/2) in the original clustering forest can be selected to conduct the classification task [29]. T is the
minimum value to ensure V¢; > 0 in Eq. (6). Therefore, all the selected sub-models should be used in DCF. Otherwise, if
Acc — minAcc;>¢, it indicates that concept drift occurs, and some CTs fail to classify the new testing instances. Thus, only a
few of the “useful” trees, whose accuracies greater than max (H,j) should be applied to the classification process.

The existing weighted voting methods, e.g. AWE and LELC, use random prediction (1/2) as the accuracy weight threshold
with a fixed number of classifiers. However, the number of CTs in our strategy changes adaptively according to different
conditions (with concept drift or without concept drift). Moreover, we use the threshold Accy to discard the CTs with lower
accuracies and to select the CTs that are more efficient for classification.

5.3. Dual voting strategy

Each CT in the optimal DCF delivers the local prediction result of the testing instance. We may design a dual voting
strategy to integrate these local results into the final prediction of the ensemble. There are two important factors namely, a
credibility weight and an accuracy weight for developing the voting strategy. The credibility weight reflects the credibility
level of a CT for classifying the current testing instance. The accuracy weight makes full use of the new and historical
information of a textual stream to select the suitable CTs for building the optimal DCF. For the ith CT, we first calculate a
voting weight for the jth testing instance x; by combining the credibility weight and the accuracy weight as follows:

Vi(Xj) = Piki ). (7)
where ¢; is the accuracy weight of each CT f;, and 4, ; is the credibility weight of the testing instance x; in the CT f;.
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The output function fi(x;, [) of the ith CT is given by:
where L; ; is the output label of the testing instance x; by the ith CT, and [ represents all the possible labels of x; .
The ensemble output function of DCF fE(xj. [) is calculated by:

fixg. D) = {}J

M
fEx;, D =Zvi(xj)fi(xjal)a 9)
i=1
where v;(X;) is the voting weight, and fi(x;, [) is the output of the ith CT.
The ensemble prediction label L; is set to the maximum value offf(xj, 1) according to the following equation:

M
L= argmlaxfE(xj, )= argmlava,-(xj)f,»(xj, D). (10)
i=1
Thus, the ensemble prediction function of DCF is given by:
FEx;. L)) =fE(xj,argm;1XfE(xj,l)). (11)

For clarity, we give a numerical example to illustrate the aforementioned voting strategy. In Fig. 2(a), at the ith time
stamp, suppose that Classifiers 1, 2, and 3 are the three latest classifiers, whose accuracies are 0.8, 0.8, and 0.7, re-
spectively. Let £ =0.15 and 7 = 0.1. According to Eq. (6), Acc —minAcc; = 0.06 < 0.15=¢ and the accuracy threshold
Accy = maX(minAcc,-—t,%) = 0.6. The Classifier 1's accuracy weight is ¢; = 0.4 by Eq. (5). Similarly, the accuracy weights
of Classifiers 2 and 3 are ¢=0.4, ¢3=0.2. When a testing instance x arrives (marked as red color), our model computes the
credibility weights of these three classifiers by Eq. (4), that is A; = 0.5, A, = 0.3, A3 = 0.3. As can be seen from Fig. 2(a), the
values of three classifiers’ output functions are f1(x,1) =0, fi(x,2) =1, /L(X,1) =1, f,(x,2) =0, f3(x,1) =1, f3(x,2) =0.
We can compute the ensemble output values, which are fE(x,1) = v;(X) fi(X, 1) + 1, (X) L(X, 1) + v3(X) f3(X,1) = 0.2 x 0 +
0.12x 14006 x1=0.18, fE(x,2) =0.2x1=0.2. So, the final prediction label of the ensemble L = argmax,; ff(x,1) =
argmax;(fE(x, 1), fE(x, 1)) = 2 is determined according to the ensemble output value fE(x,L) = fE(x,2)=0.2.

Fig. 2 (b) illustrates the situation under concept drift at the jth time stamp. Because the textual data distribution is
unknown at the jth time stamp, we estimate the two classifiers’ accuracies as 0.8 and 0.7, respectively, by the historical
textual data chunk at the (j — 1)th time stamp. Thus, the accuracy weights are ¢;=0.67, ¢,=0.33. If we use the traditional
weighted voting strategy [29] that is established according to these accuracy weights (¢; > ¢5), it will make a wrong
decision. The ensemble will assign Label 2 to the testing instance because the data distribution is unknown at the jth time
stamp and the accuracy weight adopted by the traditional weighted voting strategy at the (j — 1)th time stamp is unreliable.

However, for the proposed dual voting strategy, suppose the credibility weights are computed as follows: A1 = 0.3, A, =
0.75. Then, the voting weights are v (x) = 0.2, v, (x) = 0.25. From Fig. 2(b), the values of the output function are f;(x,1) =
0, ix,2)=1, fL(x,1) =1, f,(x,2) =0, and the ensemble output values are fE(x,1) =0.25, fE(x,2) = 0.2. Accordingly,
we can have L = argmax, fE(x,1)=1 and fE(x,L) = fE(x, argmax; fE(x.1))=0.25. When compared to the existing weighted
voting strategies [14,29], this example shows that the proposed DCF model is more effective under concept drift.

6. Theoretical analysis

In this section, we conduct a theoretical analysis against the DCF model with respect to the Mean Square Error (MSE)
measure. We prove that the MSE achieved by the voting strategy of DCF (see Section 5.3) is smaller than those delivered
by two other traditional ensemble strategies, i.e. the majority voting strategy [1,22,23], and the weighted voting strategy
[14,29], respectively.

First, let us define two parameters «; and B; ; for the testing instance X; in the ith CT. Given the ensemble output
function ff(xj. l) and the output function of the ith CT fi(x;, I), we have:

M
fEx. D) = Zaiﬁi,jfi(xp D), (12)
i=1
where ¥ 0, =1, Y ¥, B =1.
Based on Eq. (12), the prediction label L; of the testing instance x; depends on the maximum offf(xj, I) as shown by:

M
L =argmlaxfE(xj,l) =argmlax2a,-ﬂ,-jﬁ(xj,l). (13)
i=1
Thus, the output function of DCF is given by:

fE(x;.Ly) =fE(xj,argmlaxfE(xj,l)). (14)
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We then define the error function of the ith CT:
e;(x;.Lj) = fi(x;. Lj) — fi(Xj,¥)). (15)

where y; is the true label of x; . We can rewrite ff(xj, L;) as follows:

M
fEx;. L) = > iy jfi(xj. L)

i1

= fEx ) + fEx;. L) — fE(xp.y))
M

= fEX.y) + > aiBijei(x;. Lj). (16)
i1

On the other hand, we define the symmetric correlation matrix Cormn as Cormn = E(em(X;, Lj)en(X;, L;)), where en(x;, L;)
and en(x;, L;) are the error functions of the mth CT and the nth CT, respectively. The MSE o2 of ff(xj, L;) is given by:

M
o2 = Zamﬂn,,’amﬂn,]{orm. (17)
m,n
Likewise, for the traditional weighted voting strategy [29], we define its output function ff(xj, L;) as follows:

M
fEx ) = ZWifi(Xj, D

i=1

M
sty wi=1, (18)
i=1

where w; is the weight of the ith CT.
Then, the ensemble output function jf(xj, L;) of the traditional weighted voting strategy can be rewritten as follows:

M
fEx;. L)) = ZWifi(Xﬁ Ly)

i=1
= fFx.yp) + fF(x;. L) = FE (x5, y5)
M
= fE(xijj)‘FZWiei(xj:Lj) (19)
i=1
Obviously, the MSE ¢’2 of the traditional weighted voting strategy is given by:

M
o= ZwmwnCormn. (20)

m,n

Theorem 1. 3o; 38; j, 0% < mino’%
Assuming that the variances of different classifiers are independent in DCF, and the traditional weighted voting strategy is
defined by the symmetric correlation matrix Cormp =0 (m # n) [2].
For the traditional weighted voting strategy, if we set the accuracy weight to w; = é / Z?i 1 é we can achieve the minimum
1 1

value of 0’2, where Q? is the variance. The minimum of 0’2 is given by [2,25]:

M M M 2 M -1
mino”? = ZwmwnCormn = Z Q2 Z Q2 = Z Q2] . (21)
m.n i i ij
For comparing o2 and o’'2, suppose that o; is equal to w; as defined by:
1 I
Qoo

From Eq. (22), «; is reversely proportional to the variance 5212 which has an inverse relationship with the accuracy of the ith
CT, i.e. Acc;. In addition, Acc; is proportional to the accuracy weight ¢; from Eq. (5). Hence, «; is proportional to the accuracy
weight ¢;. Moreover, we suppose that B; ; is referred to as the credibility weight and it is defined as follows:

Bij=nij (0=<Aij=<1). 23)
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Substituting o; and B; j into Eq. (17), we have:
2

M M M
02 = atmPm jotnPniCormn =Y _ BL72/ Q72 . (24)
m,n i i

As 0 < Ajj < 1, we have 02 < mino’%. We define the ensemble output function f’/E(xj, 1) in the majority voting strategy.
Likewise, we have f’/E(xj, L;) derived from:

1/E 1 u
L) = MZfi(xj»Lj)
i1

= [P yp) + x5 L) — R y5)

1 M
= fEx;y) + i Zei(xp Lj). (25)
i=1
Theorem 2. J;, 38; j, 02 < min o2, As each CT is independent, the minimum MSE o''2 is given by [25]:
1Y 1Y
mino’”? = B ZCorm,, =g ZQ;Z. (26)
m.n i
We can easily prove the following:
M Mo M , M
M=) Q) o = Qo B (27)
i i N i i

According to Theorem 1, a; is defined by Eq. (22), and B; ; is defined by Eq. (23), the value of MSE o2 in the DCF framework
(see Eq. (24)) is smaller than the minimum value of MSE mino’? in the traditional weighted voting strategy (see Eq. (21)).
Likewise, according to Theorem 2, the MSE produced by the voting strategy of DCF is smaller than those delivered by the majority
voting strategy. These two Theorems guarantee that the DCF method is able to produce smaller MSE by taking into account the
accuracy weight and credibility weight, respectively.

7. Experiments
7.1. Datasets

The main problem of evaluating a classifier's performance for classifying textual streams with concept drift is the lack of
benchmark datasets. Existing studies in this area usually use two types of datasets [20]: real-world datasets independently
collected by researchers, and synthetic datasets.

7.1.1. Real-world dataset

At present, there are no public benchmark datasets for textual stream classification with concept drift. In fact, it is diffi-
cult to collect large-scale real-world textual streams because it costs huge manpower and time to label such a large number
of instances. Thus, in order to evaluate the performance of DCF, we have compiled three real-world datasets which involve
concept drift. The first one is the Spam Assassin stream, which is collected via naturally occurring processes. Another one
with 500,000 instances is created by two real-world streams according to the sigmoid function [6]. The third one is an
imbalanced real-world stream generated from the Spam Assassin stream.

We use the Spam Assassin Collection (Spam for short) [13] as the real-world textual stream. This textual stream consists
of 9324 instances, and each instance contains 500 attributes. Essentially, the instances represent either spam and ham E-
mails, and they are arranged according to a chronological order. In previous studies [13], the attributes of the ham and spam
emails gradually change over time.

We construct a new large-scale textual stream (called Spam-Enron stream, S-E for short) based on the Spam Assassin
Collection and another real-world textual stream namely, the Enron Email Dataset. The Enron dataset consists of 33,702
instances defined by 1545 attributes. This dataset is constructed according to the arrival order with 17,157 instances belong-
ing to the spam class, and the remaining 16,545 instances belonging to the ham class. The sigmoid function is applied to
formulate a weighted combination of two real-world datasets in order to characterize the target concepts under an evolving
environment [6]. Based on this process, we construct a new textual stream with 500,000 instances, each of which contains
2044 attributes.

The Spam Assassin stream and the Spam-Enron stream are two imbalanced streams where the proportion of two classes
is approximately 3:1. We add another imbalanced stream with 1187 instances in one class and 6937 instances in the other
one to evaluate whether DCF is effective for classifying imbalanced textual stream. This stream (called imbalanced Spam
Assassin stream, Imba. for short) is generated from the Spam Assassin stream by sampling a certain number of instances
from the spam class. The ratio of the number of instances in two classes is approximately 6:1.
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Table 1
Description of synthetic textual streams.

20ng Grad.  20ng Sudd.  Reuters Grad.  Reuters Sudd.  Recurring

Size of training chunk 10,000 10,000 3000 3000 3000
Size of testing chunk 3500 3500 2450 2450 2450
Size of attributes 26,215 26,215 19,834 19,834 19,834
Number of concepts 4 2 3 2 2
Number of time stamps 40 20 30 20 40

Size of stream 540,000 270,000 163,500 10,900 327,000

7.1.2. Synthetic dataset

The 20 Newsgroups dataset! (20ng for short ) and the Reuters dataset? are considered as textual sources, which are used
to generate the textual streams with concept drift. The details of the generation process can be found in [20].

In responding to the changing rate of concepts, three typical kinds of concept drift are created in our study, i.e. gradual
concept drift where concepts change slowly over time [16], sudden concept drift with abrupt changes respect to all the
defined classes, and recurring concept drift. Here, our objective is to distinguish the relevant class from the irrelevant class
under the conditions of gradual, sudden and recurring concept drift [16].

(1) Synthetic stream with gradual drift: for the 20ng gradual stream, 6 of the 20 topics are changed to the other class over
every 10 time stamps. Likewise, a synthetic Reuters stream with gradual drift includes 30 time stamps. In every 10
time stamps, some topics are re-labeled for other classes. At the 11th time stamp, 37 topics with 2190 instances in the
Reuters stream are changed to other concepts. This is a gradual concept drift as the rate of change is small (26.41%).
However, at the 21st time stamp, concept drift occurs on 27 topics with 6037 instances; it is considered as a sudden
drift with 72.8% concept change rate.

(2) Synthetic stream with sudden drift: the synthetic 20ng stream with sudden drift includes 20 time stamps. The topics in
the first 10 time stamps are the same as those in the 20ng stream with gradual drift. At the 10th time stamp where
the sudden drift occurs, we re-group all the topics to the other class. The synthetic Reuters stream with sudden drift
is generated using the same way.

(3) Synthetic stream with recurring drift: two concepts of the synthetic recurring concept stream are generated from the
Reuters dataset. The first concept occurs during the first 10 time stamps, and it is recurring during the third partition
of the block of 10time stamps, while the second concept appears in the second partition of the block of 10 time
stamps, and appears again in the forth partition of the block of 10 time stamps.

7.2. Evaluation procedure

The evaluation procedure determines which instances in a textual stream are used for training and which instances are
used for testing. Assume that the testing chunk is basically similar to the most recent chunk in the period that a concept
becomes stable. However, the distribution of the testing chunk is changed when concept drift occurs. Two main evaluation
methods are considered in our study. The first method is the kind of batch evaluation, called Holdout. The arriving chunk
is independently divided into the training chunk and the testing chunk at each time stamp. The second method, Interleaved
Chunk, works by first testing the model with each incoming chunk and subsequently use that chunk for training [7]. Holdout
procedure is used in all synthetic streams and S-E stream. While interleaved chunk is applied to other real-world streams.
More details about the synthetic textual streams are shown in Table 1.

7.3. Evaluation measures

The average accuracy is usually used for evaluating the overall performance of a learning algorithm. But in an evolving
environment, the plotting accuracy is of great importance. It represents the percentage of instances of the entire population
at each time stamp. The calculations of the average accuracy and the plotting accuracy can be found in Ref. [20].

7.4. Comparative models
For a comparative evaluation, our DCF model has been compared with seven state-of-the-art ensemble methods which
can perform similar textual stream classification. These methods are shown as follows:

(1) Accuracy Weighted Ensemble (AWE) [29]: a popular method that uses the weighted ensemble classifier.
(2) Accuracy Updated Ensemble (AUE) [8]: a method extends the AWE by using incremental sub-models and updating
them according to the prediction accuracy.

T http://people.csail.mit.edu/jrennie/20Newsgroups .
2 http://www.daviddlewis.com/resources/testcollections/reuters21578 .
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Table 2
Results of different algorithms on all scenarios.

Textual stream

Algorithm 20ng-Grad. Reuters-Grad. ~ 20ng-Sudd.  Reuters-Sudd. Spam Recur-ring  S-E Imbal-anced
DCF 90.82( ) 91.33(1, 7 89.91(10 4 93.85(10.9) 91.80,) 91.01;5) 91.065, 93.5145)
AUE-RT 76.794,0) 80.45(935) 75.99(141) 84.45(13) 81.73(55) 79.86(11.7) 83.39141) 82.24(54)
AUE-RF 84.82 ) 86.28; 5 79.31811) 89.33(197 86.59(5.4) 88.43(14) 8843350 89.75,7
AUE-SVM 67.46(10 4 71.5965) 80.13(147 82.05(169) 85.33(59) 70.0893) 83.02177) 82.27(53
AUE-HT 53.81(30) 72.54(156) 35.26(373) 82.35(17g) 83.0853) 65.33(17¢) 7343254y 7810113
AUE-SGD 53.48 373 81.90(192) 58.66(29.4) 86.58(149 77.9459) 79.88(117) 76.30210 79.86335)

)
85986; 893145 881735  89.99,0

AUE-NBMT  87.8295 89.67(122) 85.86511) 86.63(20‘4))

AWE-RT 80.33(6.4) 83.73(113) 78.3%162) 86.67,15.9) 772455 8491137 7218305 70691
AWE-RF 84.93,, 85.40(140) 85.49105  88.220; 824556  88.6314s) 784930 75540
AWE-SVM  67.43(104) 715965 80.19,14) 82.0516.9) 811155  70.08s) 7320086 713861
AWE-HT 2420305  54.5871 32.80(31,9) 71.8714) 755759) 54804 7613375  67.5594)
AWE-SGD 5348135 818915 586604  86.50(150) 761855 798917  67990284) 683953
AWE-NBMT 91915 901215 9053195, 86.7730.4) 8450162y 8942144  80.5673 7827337
LB-RT 45507, 60.3905) 503333, 73.72(226) 64. 68(” 5 6416004 808444 734243
LB-RF 45507, 549345 50.3333) 71940553 63470157, 5516310y 865947 84275
LB-SVM 45507, 64.8771) 50.3333) 718732 7609011,  68.02104  7982330)  50.6974)
LB-HT 7057342y 57823 53.16(3.3, 73.76(205) 8617723y 576162 91129  80.66())
LB-SGD 6498573  7547(120) 67.33317) 84.31(150) 787006 7697454 805175 777637
LB-NBMT 61.5931) 82.23160) 54.7036) 85.7019.01) 86610  7578101) 882519 863237
OZA-RT 45507, 7153115 50.3333) 82.08191) 543410) 71713154y 8558014 7519137
OZA-RE 45, 50(] 7 68.71(12.0) 50.333) 8241155 67.80(21) 7225148 845661 7939142
0ZA-SVM 455017, 55.31(s3) 50.333) 71.87322) 70.88(110) 5412125 8470470 78280147
OZA-HT 69. 52(34 5 558403 54245, 69.115.4) 8139353 56405 8176453 78861
0ZA-SGD 61.52(373) 72.93(140) 5298350  71.8714) 76436 7022145  7858uss)  77.873s)
OZA-NBMT  66.81(330)  65.38(143) 53.7218) 77.70159) 863852  6513140)  87.88(125)  86.60,5
CFIM 89.91;7 89.82(12_5) 8929105 903147 91421,  89.6313s5 8932105 916050
M3 449745 50.8214, 478147, 72.5%210) 766861, 483967 799205  78313p)
ASHT 56.4573, 76.56(13.2) 56.6(70) 83.09.177) 7795458 ~ 69.0213 953902  77.85(30)

(3) Leveraging Bag (LB) [4]: a method combines the Adwin and the Leveraging Bagging by using Random Output Codes
(ROC) .

(4) OzaBagAdwin (0OZA) [5]: which uses the Adwin algorithm to detect and estimate the drift for providing the ensemble
weights of the boosting method.

(5) Clustering Forest for IMbalanced textual stream (CFIM) [27]: an ensemble method based on accuracy weight to deal
with the imbalanced textual stream.

(6) Modal Mixture Model (M3) [24]: a weighted majority ensemble (using Naive Bayes and Hoeffding Tree as basic
learner) where model weights are updated on-line using Reinforcement Learning techniques.

(7) Adaptive-Size Hoeffding Tree (ASHT) [5]: a new bagging method derived from the Hoeffding Tree using trees of dif-
ferent sizes.

In our experiment, we choose Random Tree (RT), Random Forest (RF), libSVM (SVM for short), Multinomial Naive Bayes
(NBMT), Hoeffding Tree (HT), SGD (Stochastic Gradient Descent, a gradient descent optimization method to minimize an ob-
jective function) as basic learners. All six sub-classifiers are used in AUE, AWE, LB, and OZA, respectively. Thus, 27 combined
methods take part in our evaluation. The proposed DCF model employs CTs as the basic learners because it is relatively easy
to estimate the credibility weight for this type of learner.

It is worth noting that it is not straightforward to estimate the credibility weight for basic learners such as RT, RF, SVM,
NBMT, HT, and SGD because it is difficult to compute the centroid of each class in these learners. All these baseline methods
have been implemented in the Massive Online Analysis (MOA) framework [6]. We adopted the cost function parameter ¢ = 1
for SVM. The remaining parameters of basic learners were set by using the defaults in MOA. The maximum number of sub-
classifiers in all ensemble models was set to Mpmax = 15 in the S-E stream, and it was set to Mmax = 5 for the other streams.
We set the parameters €= 0.4, 7= 0.05, p=1 for the DCF model in our experiments.

7.5. Results

We evaluated the performance of all ensemble methods under different concept drift situations: synthetic gradual drift
stream, synthetic sudden drift stream, synthetic recurring drift stream, and real-world stream under an imbalanced environ-
ment. The applied the measures averaged accuracy and plotting accuracy to our comparative evaluation.

We summarize the results of different approaches in terms of the average accuracy for all the streams in Table 2 (the
standard deviation is shown in parenthesis). As observed from Table 2, DCF achieves the highest average accuracy in compar-
ison to all the baseline methods for most of the textual streams, especially for the Spam stream. Compared with AWE-NBMT,
DCF obtains a significant accuracy improvement in three real-world textual streams, but it achieves a slightly lower average
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Fig. 3. Plotting accuracies in the gradual streams.
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Fig. 4. Plotting accuracies in the sudden streams.

accuracy for the 20ng textual streams. In addition, although LB-HT and ASHT perform better than DCF for the S-E stream
classification according to average accuracy, DCF outperforms LB-HT and ASHT for the 20ng and Reuters streams. CFIM is
another baseline method with the highest average accuracy for nearly all the textual streams, but the average accuracy of
CFIM is lower than that of DCF. The probable reason is that CFIM only utilizes the accuracy weight to tune the ensemble,
while the proposed DCF model can take into account both credibility weight and accuracy weight.

7.5.1. Synthetic stream with gradual drift

Table 2 presents the average accuracies of all 25 methods for the gradual drift stream generated from 20ng. We observe
that the average accuracy of DCF (90.82%) is slightly lower than that of AWE-NBMT (91.91%), but it is higher than that of
the other 26 methods. Moreover, AUE and AWE perform better than the LB and the OZA methods. It seems that the LB
and the OZA methods fail to cope with this gradual change. Compared with sub-learners, NBMT is considered as the best
sub-classifier in the AUE and the AWE models.

Fig. 3(a) with the time stamps shown on the x-axis reveals the plotting accuracies of DCF, AWE-NBMT, and AUE-RF, which
are considered as the best three methods for classifying the gradual drift stream generated from 20ng. When the gradual
drift occurs at the 10th, 20th, and 30th time stamps, all of the three methods react to the changes with a considerable drop
of plotting accuracy. For example, around 24% accuracy decrement is shown from the 9th time stamp to the 10th time stamp.
After adjusting to the new concept, all these three methods achieve improvements of plotting accuracy gradually. However,
the AWE-NBMT and the DCF methods still outperform the AUE-RF method. In comparison with the AUE-RF method, the
plotting accuracy improvements of DCF reach 6.42%, 7.57%, and 2.75% at the 11th, 21st, and 31st time stamps, respectively.
In addition, the increments of the plotting accuracies of DCF are 21.51% (26.28%, 19.83%) from the 10th (20th, 30th) time
stamp to the 11th (21st, 31st) time stamp. During the periods with stable concepts, the AUE-RF method produces large
performance fluctuations in terms of plotting accuracies.

More complex gradual drift is generated from the Reuters corpus. As shown in Table 2, DCF achieves the highest average
accuracy (91.33%) over all the baseline methods; AWE-NBMT, CFIM and AUE-NBMT are the second best methods by achieving
90.12% accuracy and 89.82% accuracy, 89.67% accuracy, respectively. Fig. 3(b) describes the classification results of the gradual
drift stream generated from the Reuters corpus, where the drifting concepts appear at the 10th, and the 20th time stamps.
At the 10th time stamp, as the concept change is small (only around 2200 instances are changed to the other classes),
DCF, AWE-NBMT, and AUE-NBMT take time to adapt to this concept drift, which causes a small drop in terms of plotting
accuracy. At the 20th time stamp, we observe a large decrement of plotting accuracy since the ensembles need to cope with
the concept drift. However, the proposed DCF model is effective to handle concept drift by rebuilding the model quickly,
which leads to a high plotting accuracy in this period.

7.5.2. Synthetic stream with sudden drift

According to the experimental results depicted in Table 2, DCF achieves the second highest average accuracy for the 20ng
sudden stream, only around 0.6% lower than AWE-NBMT. Meanwhile, the average accuracy achieved by DCF is 89.91% which
is higher than the forth highest accuracy given by AUE-NBMT. The plotting accuracies of the tested methods in the 20ng
sudden stream are shown in Fig. 4(a). All the methods have a large decrement of the plotting accuracy due to the concept
drift occurring at the 10th time stamp. During the period of rebuilding classification models, the plotting accuracies obtained
by the evaluating methods rise gradually. We observe that the accuracy curve of AWE-RF fluctuates considerably, especially
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at the 12th time stamp. This result reveal that the effect of concept drift may influence the performance of the AWE-RF
method even after the concept drift period. In contrast, DCF achieves relatively stable plotting accuracy after concept drift
occurs. Thus, we can clearly distinguish the stable period from the drift period. Similar result is observed for the AWE-NBMT
method in terms of plotting accuracy.

Likewise, DCF achieves the best performance for the Reuters sudden drift stream as illustrated in Table 2 and Fig. 4(b)
because DCF is effective to deal with sudden drifts. After the drop of accuracies of all models at the 10th time stamp,
their performance starts to improves due to the rebuilding of the corresponding classification models. However, the AWE-RF
method fails to achieve consistent accuracy at the 13th time stamp as shown in Fig. 4(b).

7.5.3. Synthetic stream with recurring drift

In this subsection, we analyze the performance of DCF under the concept recurrence scenario. From the experiment re-
sults depicted in Table 2, we observe that DCF is still the best method to deal with the recurring concept drift as measured
according to average accuracy. Fig. 5 shows the plotting accuracies of DCF, AWE-NBMT, and AWE-RF methods for the recur-
ring concept stream where the first concept begins to reappear at the 21st time stamp, and the second concept reappears
10 time stamps later. At the 10th time stamp, the change between the first concept and the second one causes performance
degradation of all three methods in terms of plotting accuracy. At the 21st time stamp, the performance of DCF and AWE-RF
degrades with respect to plotting accuracy when the first concept is recurring. However, DCF achieves the higher plotting
accuracy when compared with that of AWE-RF. The plotting accuracies of these two methods improve later on due to the
successful learning of the new concept. However, AWE-NBMT fails to react to concept recurrence as evidenced by not having
any performance improvement when concept recurrence occurs.

7.5.4. Real-world stream

In this subsection, we further investigate the performance of the various methods based on three real-world drift streams
under n imbalanced classification environment.

The average accuracy achieved by each method based on three real-world datasets is summarized in Table 2. Compared
with LB-NBMT, DCF achieves 5.19% accuracy improvement. As seen in Fig. 6(a), a large concept drift may have occurred
at the 3rd time stamp. The plotting accuracy of DCF is lower than that of AUE-RF and AUE-SVM at this time stamp. The
probably reason of such a performance degradation of DCF is explained as follows. The first two chunks contain only 4
ham instances, while the 3rd chunk contains nearly 200 ham instances. So, for each CT, the leaf node belonging to the ham
class is constructed by only 4 instances at the first two time stamps. It cannot effectively represent the feature distribution
of the ham class. The poor leaf node may cause the misclassification of the testing instances. Moreover, if the number of
instances is too small to affect the correct calculation of purity, which decides whether the node needs to be split or not,
a leaf node may not be generated to represent the ham class. Accordingly, the instances belonging to the ham class in the
test chunk cannot be labeled correctly. This problem may cause the degradation of DCF’s performance at this concept drift
time stamp. At the 12th time stamp and the 20th time stamp, a small drop (around 10%) of plotting accuracy is conveyed
by the DCF method. However, the same problem does not occur for AUE-RF and AUE-SVM. The possible reason is that DCF
with 5 maximum CTs is slightly more sensitive to noises for the Spam Assassin drift stream.

The average accuracy of DCF in Table 2 is less than that of LB-HT (0.06%) and ASHT (4.33%) for the S-E stream. The
three methods’ (DCF, LB-HT, and AUE-RF) plotting accuracies for the S-E stream are presented in Fig. 6(c). Fig. 6(d) and (e)
describe the variances of the local plotting accuracy of three methods for the S-E stream. It is noticed that DCF accomplishes
the better performance with respect to plotting accuracy as the fluctuation of accuracy produced by DCF is smaller than
those of the other methods. For AUE-RF, the plotting accuracy fluctuates in a range of [16.6%, 100%) while it is limited in the
range of [49%, 100%) for DCF. The LB-HT method performs slightly better if a relatively small change of a concept occurs. For
example, we can observe this in Fig. 6(d) during the period between the 171st stamp and the 181st stamp. However, LB-HT
even falls down below the level of DCF when a drastic concept drift occurs. In the period of rebuilding the classification
model (such as between the 153rd time stamp and 160th time stamp), the plotting accuracy of LB-HT grows slowly. This
indicates that LB-HT is not so effective to learn new concepts, especially after a drastic concept drift. In contrast, DCF, with
a smooth updating of classification components, is able to adapt to concept drift effectively.

The average accuracy for the imbalanced Spam Assassin stream is shown in Table 2. DCF achieves the best result (93.51%).
The average accuracy of DCF is 3.76% higher than that of AUE-RF. The plotting accuracies of 3 methods for the imbalanced
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Spam Assassin stream in Fig. 6(b) show that the plotting accuracy curve of DCF is above other curves at most of the time
stamps. However, the plotting accuracy of DCF appears to be more fluctuated when compared to that of other methods.

7.6. Parametric study

The parameter estimation of Mmax is explained in this subsection. For almost all the ensemble methods, Mpax is an
important parameter to control the number of sub-classifiers. ¢ is a predefined parameter estimated according to the dif-
ference between the minimum accuracy minAcc; and Acc in the original clustering process to help selecting the suitable
sub-classifiers. t is the minimum value to ensure that the accuracy weight of each CT is greater than 0. The purity p is the
measure to evaluate whether the cluster node should be split or not in the clustering tree.

To study the impact of Mpax on the performances of all methods under testing, we repeat the experiments related to
the Spam Assassin textual stream by setting Mmax to different values, i.e. Mpmax = 15, 10, 5 and 3. We select AUE-RF and
AUE-SVM as the baseline methods because of their high average accuracy.

The results of DCF, AUR-RF and AUE-SVM with respect to four Mmax values for the Spam Assassin stream are summa-
rized in Fig. 7(a). We observe that DCF consistently performs better than the other two methods. As expected, AUE-RF and
AUE-SVM achieve better average accuracy as the value of Mpax increases. Especially, the accuracy of AUE-RF increases in a
significant rate (around 3%) when compared to that of the other methods. However, the DCF’s average accuracy increases
by 0.39% only when the value of Mpax increases from 3 to 15. This indicates that the classification performance of DCF is
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more stable across different values of Mp.x. Moreover, as seen in Fig. 7(a), the proposed DCF method achieves the best per-
formance with Mpax = 10 instead of Mpax = 15 when AUE-RF and AUE-SVM achieve the best average accuracies. It indicates
that the DCF method may achieve the best accuracy with a smaller value of Mpax when compared to AUE-RF and AUE-SVM.

Fig. 8 describes the plotting accuracy of DCF in terms of four Mmax values in the Spam stream. From results, the curve of
plotting accuracy by setting Mmax = 10 seems more smooth than those by setting the other three Mpa.x values. The bigger
curve undulation is delivered by DCF with Mpyax = 3. On the contrary, the curve of plotting accuracy shows a slight change
when Mpmax = 5, 10 and 15. Therefore, it implies that the choice of Mpax is not crucial to obtain the optimal results as long
as the value of Mpax is not too small.

Fig. 7(b) shows the experimental results of DCF, AUE-NBMT, AWE-RF, AWE-NBMT with respect to average accuracy for
the recurring stream when M,y is different. We observe that DCF consistently achieves the highest accuracy with different
values of Mmax. The AUE model improves its average accuracy as the value of M,y increases. However, AWE-RF and AWE-
NBMT achieve the best performance when Mmax = 15 is set, while DCF achieves the best average accuracy when Mpax = 10
is set. In addition, the average accuracies of all methods seem to be stable across different values of Mpax.

Fig. 9(a) shows the sensitivity of DCF for the S-E stream with different values of ¢. The x-axis indicates a series of values
of ¢ from 0 to 1, and the y-axis shows the percentage of average accuracy. Note that & =0 means only clustering trees
with higher average accuracies participate in classification, while € =1 means that all the clustering trees participate in
classification. We observe that the average accuracy varies slightly with € ranging from O to 1. That is probably because we
define the credibility weight for each test instance, which reduces the impact of incorrect classifier selection. Accordingly,
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Table 3
Running time of different methods on all scenarios.

Algorithm DCF  AUE-RT AUE-RF AUE-SVM AUE-HT AUE-SGD AUE-NBMT AWE-RT AWE-RF AWE-SVM AWE-HT AWE-SGD AWE-NGMT LB-RT

20ng Grad. 79E4 1.0E4 6.2E4  1.0E5 2.5E4 1.2E3 2.1E2 2.3E4 8.5E4 11E5 2.1E4 11E3 1.9E2 4.2E1
Reuters Grad. 5.6E3 1.5E3 6.8E3  4.5E3 6.9E3 1.2E2 1.6E1 1.7E3 6.2E3 4.4E3 8.8E3 11E2 3.1E1 1.8E2
20ng Sudd.  3.7E4 5.3E3  4.3E4 5.3E4 1.2E4 3.5E2 8.9E1 1.0E4 4.5E4 5.5E4 1.0E4 3.4E2 1.7E2 1.9E1
Reuters Sudd. 3.2E3 85E2  4.0E3  2.0E3 6.7E3 1.0E2 11E1 9.3E2 4.7E3 2.0E3 6.8E3 9.9E1 1.2E1 4.4E1
Spam 23E0 6.0EO 6.1E0  2.1E1 14E1 1.7E0 5.3E0 5.6E0 6.1E0 2.1E1 1.3E1 1.7E0 5.0E0 2.3E0
Recurring 8.0E3 3.5E3 13E4  6.4E3 8.4E4 1.9E2 3.1E1 3.5E3 14E4 6.0E3 1.2E4 1.4E2 3.2E1 3.2E2
S-E 2.7E2 23E2  43E2 3.8E3 2.3E2 2.1E2 3.0E2 2.2E2 4.3E2 3.4E3 3.8E2 3.4E2 2.9E2 9.0E1
Imbalanced  2.1E0 4.8E0  54E0  14E1 14E1 1.6E0 4.6E0 4.9E0 5.6E0 2.0E1 1.1E1 1.5E0 4.2E0 2.0E0
Algorithm LB-RF LB-SVM LB-HT LB-SGD  LB-NBMT OZA-RT OZA-RF OZA-SVM OZA-HT 0ZA-SGD OZA-NBMT CFIM M3 ASHT
20ng Grad. 42E1 49E2  29E4 73E2 14E2 3.5E1 3.5E1 1.5E2 2.2E4 5.3E2 7.9E1 1.2E5 3.0E4 4.9E3
Reuters Grad. 3.8E2 4.7E2  5.6E3  8.9E1 1.5E1 1.9E2 6.4E2 2.7E2 4.1E3 6.6E1 1.5E1 7.7E3 8.0E3 8.6E2
20ng Sudd. 19E1 22E2  84E3 3.1E2 5.7E1 1.8E1 1.9E1 2.1E2 7.3E3 2.5E2 4.6E1 7.0E4 1.4E4 2.3E3
Reuters Sudd. 15E2 2.7E2  4.9E3  6.4E1l 1.0E1 8.3E1 2.5E2 9.7E1 3.2E3 4.6E1 1.0E1 7.6E3 6.3E3 5.2E2
Spam 2.7E0 2.0E1 2.0E1  13E0 2.4E0 2.2E0 2.7E0 2.3E1 6.1E0 1.3E0 3.4E0 3.2E0 1.4E1 0.7E0
Recurring 6.2E2 58E2  83E3  2.0E2 2.5E1 4.6E2 2.5E3 6.2E2 7.0E3 1.2E2 2.4E1 6.1E2 9.5E3 1.2E3
S-E 24E2 29E3  76E2  18E2 14E2 8.7E1 1.7E2 2.8E3 5.4E2 3.2E2 1.3E2 1.1E4 1.2E3 2.2E2
Imbalanced ~ 2.4E0 14E1 1.9E1 1.2E0 3.1E0 2.1E0 2.4E0 1.6E1 6.1E0 1.1E0 3.0E0 2.5E0 8.9E0 0.8E0
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Fig. 10. Running time of the three algorithms in the S-E stream.

the robustness of the ensemble model is enhanced. The highest accuracy is achieved when ¢ is increased to 0.6. After a slight
decline, the accuracy reaches the second highest point as & keeps increasing. The main reason is that the scope of concept
drift in the S-E stream is different. The small value of ¢ is sensitive to tiny changes, but it leads to the discarding of some
useful clustering trees when a drastic concept drift occurs. On the contrary, setting parameter & with a large value enables
the ensemble to adapt to drastic concept drift, but it may bring some useless clustering trees participating in classification.

T is the minimum value to ensure that the accuracy weight of each CT is greater than 0. It has subtle impact on classi-
fication accuracy. Fig. 9(b) describes the impact of t on classification performance. We can notice that the average accuracy
remains close to a constant for different values of 7.

Purity p is the measure to determine whether to split a cluster node in the clustering tree. The sensitivity of purity with
respect to average accuracy for the S-E stream is shown in Fig. 9(c). Note that the average accuracy keeps increasing when
p is assigned the values from 0.5 to 1. That is mainly because the higher value of p is, the more possible the node belonging
to a single class. Therefore, a test instance is more likely to be classified correctly.

7.7. Running time

We compare DCF with other baseline methods with respect to the running time. Table 3 shows that it is more time-
consuming for methods which achieve higher accuracy in general, while methods that achieve lower accuracy consume less
time. Compared with the top 5 high-accuracy methods, we can observe that: (1) the ensemble models with NBMT as sub-
classifier require the least running time for the synthetic streams. Apart from these methods, DCF requires the least running
time for these textual streams. On average, the time consumption of DCF is approximately 75% of that of the method that
achieves the second highest accuracy; (2) DCF requires only 2.06 s and 2.29 s for the imbalanced Spam Assassin streams
and the Spam Assassin stream, respectively. It costs the minimal time to achieve the highest average accuracy for these
two streams; (3) for the S-E stream, the running time overhead of DCF is slightly more than that of the methods (i.e., LB-
NBMT and ASHT) that achieve the highest accuracy, but it requires less time than the method (AUE-NBMT) that achieves the
second highest accuracy. Furthermore, the running time of DCF is only around 35.5% of the running time of LB-HT; (4) the
most time-consuming textual stream is the 20ng gradual stream because of its scale and high dimensionality. The running
time overhead of DCF is more than that of AUR-RF, but it is less than that of AWE-RF.
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Fig. 11. Running time of the three algorithms at time stamps between 150th and 200th in the S-E stream.

Fig. 10 shows an example of time consumption at each time stamp for the S-E stream. Fig. 11 reveals the experimental
results of three methods with respect to the running time during the 150-200 time stamps of the S-E stream. The time
consumption of LB-HT is similar to that of AUE-RF in different periods. However, we can notice that the time curve of DCF
is relatively stable when compared to that of LB-HT and AUE-RF. It is possible that the running time of the DCF model is
heavily influenced by the number of classifiers participating in classification.

8. Discussion

Based on our experimental results, we can observe that the proposed DCF method outperforms other baseline methods
for most of the textual streams. DCF consistently achieves the highest average accuracy with around 1-5% improvement
for five textual streams (eight in total), especially for the real-world streams. DCF is able to quickly adapt its classification
process after concept drift, and it achieves a steady growth of plotting accuracy during the stable concept period for most
of the experiments.

In comparison to DCF, AWE-NBMT, ASHT and LB-HT are three competitive methods with respect to average accuracy.
AWE-NBMT obtains the highest accuracy for the 20ng stream. Though the average accuracy of AWE-NBMT is around 1%
higher than that of DCF, it fails to achieve high accuracy for three real-world streams. Meanwhile, LB-HT and ASHT perform
better than DCF for the S-E stream, but the average accuracies of LB-HT and ASHT are much lower than that of DCF for
the synthetic streams. On the other hand, the plotting accuracy curve of LB-HT shows large performance fluctuation when
sudden concept drift occurs, and its performance slowly improves during the model rebuilding period. In addition, our
experimental results reveal that NBMT is the best sub-classifier for all the baseline methods with respect to most of the
textual streams.

From the empirical study of the parameters i.e.,, Mmax pertaining to DCF, we can observe that DCF performs better than
both AUE-RF and AUE-SVM for the Spam stream when the values of Mpyax vary. Similar results are shown in the recurring
stream with different values of Mpax. Moreover, DCF is not sensitive to the other parameters such as &, t, and p according
to the experimental results pertaining to the S-E stream.

Regarding the running time described, our experimental result show that the running time of the ensemble models
with NBMT adopted as a sub-classifier seems to be shorter than that of DCF for the synthetic textual streams. However,
DCF requires less running time for the three real-world streams. This indicates that DCF is applicable to real-world textual
stream classification tasks.

9. Conclusions

In this paper, a new ensemble method named, DCF, is proposed to deal with textual stream classification with concept
drift. More specifically, we design an adaptive ensemble strategy for selecting the discriminative CTs and a dual voting
strategy that takes into account both credibility and accuracy of classifiers to boost classification performance. Based on five
synthetic textual streams and three real-world textual streams, our experimental results demonstrate that the DCF model is
more effective than other state-of-the-art streaming classification methods for most of the high-dimensional textual streams.

For future work, we plan to further extend our current model in two aspects. First, we will extend our model by design-
ing a dynamic stream clustering tree that adopts an incremental learning approach to reduce the execution time. Second, it
is an interesting research topic to extend our model by using a semi-supervised stream classification approach.
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