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A framework on the computation of Discrimination Information.

The proposed Discrimination Information computing algorithm reduces the computing complexity.
The proposed method does not need any prior knowledge.

Proposed a framework on the computation of Discrimination Information.

The proposed Discrimination Information computing algorithm reduces the computing complexity.
The proposed method does not need any prior knowledge.
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ggc keywords’ document frequencies is built. Thirdly, we propose an algorithm to classify keywords by using

H.1.1 the distances between the adjacent points on the linear regression line. Finally, a piecewise function is
used for computing DI according to the monotonically spectrums, which transforms DI into a scalable

Kengrds: value to be used directly, thereby reducing the computing complexity of DI significantly. Moreover, a

glegs?;hms new weighting scheme of keywords based on DI is employed for document clustering, which shows that

Theory DI has a good prospect on the information retrieval area.
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Information theory

1. Introduction In addition, DI is important for web search [12-15], which can be

used for query expansion to help users find more relevant infor-

It has been widely recognized that different keyword possesses ~ mation. Therefore, how to compute Dl is a basic problem for infor-
diverse discrimination information (DI) in a knowledge base sys- mation retrieval and data mining.
tem. For example, “Computer” possesses a lower DI than “CPU” in In[16], Salton et al. regarded DI as a measurement of the vari-
the computer field. “Example Learning” possesses a higher DI than ~ ation in the average similarity between documents in a collection.
“Intelligence” in the area of artificial intelligence. In reality, Dihasa A good discriminator is an assigned keyword which can reduce the
wide range of applications including semantic annotations forwWeb ~ average similarity between documents. In contrast, a poor discrim-
pages [1-3], discovery of semantic community [4-6], documents inator increases the inter-document similarity. Unfortunately, the

. . . . 2
clustering/classification [7-9], e-learning technology [ 10,11,4], etc. cpmputlng complexity (,)fDI 1S proportlonal.to Q(nm ) for. a collec-
tion of m documents with n keywords, which is unpractical to be

used directly for a collection containing large documents. Cai [17]
- uses information theory to compute DI. In that work, the discrim-
* Corresponding author. ination information of a keyword refers to the amount of infor-
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mation conveyed by a keyword in support of a certain category of
documents and rejecting other categories. An informative keyword
should have a high capability of categorizing document.

In this paper, DI refers to the capability of semantic discrimina-
tion conveyed by a keyword in support of an expected information
need (e.g., Salton et al. focus on document clustering and Cai fo-
cuses on document classification). To understand the meaning of
the proposed definition more clearly and precisely, we provide two
examples below.

The first example is about document clustering. Document
clustering is to automatically group text documents into clusters
so that documents within a cluster have high similarity with each
other, but are dissimilar to documents in another cluster. In this
example, the expected information need can be summarized as
obtaining “accurate document clustering results”. According to
this information need, keywords with high DIs should contribute
more to the similarity of the documents within a cluster than to
other clusters. Since each document is often represented as a vector
in the existing document clustering algorithms, the document
frequency of a keyword may be useful for the computation of DI. A
keyword with a high document frequency may have low DI since it
may augment the similarity of documents within different clusters.
Similarly, a keyword with low document frequency also has low DI
since it may reduce the similarity of documents within a cluster.

The second example is about query suggestion. In query
suggestion, a set of concepts related to the query is suggested to
help the user find what she/he really needs, thereby improving
user’s search experience and retrieval effectiveness. The expected
information need can be summarized as obtaining “accurate search
results” in this case. Keywords with high DIs should provide
sufficient user information needs for effectively retrieving relevant
pages. Similar to example one, we find the page counts of keywords
may affect DI. Keywords with high page counts may not be useful
for searching, as high page counts will bring up a large number of
search results, which may reduce the precision of search results.
On the other hand, keywords with low page counts may also have
low DIs since they may reduce the recall of search results due to
their rare occurrence.

As seen from the above examples, the computation of DI is not
a simple issue. It is still a challenge for the existing methods, such
as the high computing complexity of Salton et al.’s discrimination
value model [ 16]. In this paper, we do not aim at giving a common
computation model of DI since it is unpractical. Instead, we
concentrate on the following situation: suppose a document space
D in which each document d is represented as a n-dimensional
vector,d = (w1, wy, ..., w,), where w, represents the weight of
the nth keyword. We want to compute DI in support of an expected
information need on the document space D. In particular, the
following two important questions arise in this context: (1) how
to find appropriate factors to influence DI; (2) how to construct a
function integrating these factors to compute DI. To address these
two issues, in this paper, we propose a method using the power
law function of keywords’ document frequencies. Our method
consists of the following four major steps. First, three types of
keywords are defined according to their document frequency
spectrum, which divides the spectrum of keywords into two
monotonically spectrums that can facilitate a qualitative analysis
of DI Second, in order to decrease the computing complexity,
the power law function of keywords’ document frequencies is
built. Third, an algorithm is proposed to classify keywords into
three types, by using the distances between the adjacent keywords
on the linear regression line of the power law function. Finally,
entropy is used to construct a piecewise function for computing
DI according to the monotonically spectrums, which transforms
DI into a scalable value to be used directly, thereby reducing the
computing complexity significantly. The major contributions of
our work are summarized as follows.

(1) A framework on computing DI is proposed including the
classification of keywords based on their document frequency
spectrum, and the power law feature of keyword frequencies.

(2) An algorithm of computing DI is proposed, which transforms
the problem to the study of distances between the adjacent
points in the linear regression line of keywords. The proposed
DI computing algorithm reduces the computing complexity
from O(nm?) by Salton et al.’s model to O(nm) of our model for
a collection of m documents with n keywords. Experimental
results show that Salton et al.’s model can be replaced by ours
with a very low error rate.

(3) The proposed method does not need any prior knowledge
such as the distribution of keywords. The document frequency
spectrum which is easily obtained from document collections
is used to compute DI. Entropy is used to construct a piecewise
function for computing DI, which transforms DI into a scalable
value that can be obtained directly.

Extensive experiments are conducted to evaluate the proposed

method. Four data sets are used to evaluate the accuracy of the

qualitative analysis on DI. The result of Salton et al.’s model is
used as the benchmark since its high computing complexity
ensures the accuracy of computing DI. The high correlation
coefficient between our model and Salton et al.’s model shows
that our model can effectively compute DI in a highly accurate
manner. Moreover, in order to demonstrate the utility of our

work, a new weighting scheme of keywords based on DI

is employed for document clustering. Experimental results

confirm that our model outperforms the term frequency-
inverse document frequency on the results of document
clustering by a wide margin.

=

The rest of the paper is organized as follows. In the next section,
the related work is given. Section 3 introduces the power law
function of keywords. Section 4 discusses the relation between
DI and the power law function of keywords. The algorithms for
identifying the general keywords and the minimum rank keywords
are proposed in Sections 5 and 6, respectively. The function of
computing DI is proposed in Section 7. An application of using DI
on document clustering is introduced in Section 8. The last section
gives the conclusions of our work.

2. Related work

Formalization and quantification of the intuitive notion of
discrimination measures have long been a major challenge for
computing science, and an intriguing problem for other domains.
Discrimination measures may be first proposed by [16]. Salton
et al. [16] believed that DI is a measurement of the variation
in the average similarity between documents in a collection. A
good discriminator is an assigned keyword which will reduce the
average similarity between documents. Salton et al. [ 16] selected
450 documents from the area of medicine as the experimental
data. According to the document frequencies of words, totally
4726 keywords in 450 documents have been divided into different
classes. For each class of keywords, the average rank of the
corresponding keywords is given according to the value of DI in
descending order (i.e., the lower, the better). The experimental
results show that keywords with high/medium/low document
frequencies possess lowest/high/low DI because they are the
worst/best/poor semantic discriminators. The keywords with very
low or very high document frequency possess rather poor average
ranks, and the best semantic discriminators are those keywords
whose document frequency is neither too low nor too high.
Some other methods use document frequency (df) to compute DI
because it can be easily obtained from document collections. These
methods include inverse document frequency (idf) [18], mutual
information [19], information gain [20], relevancy score [21], and
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Table 1
The details of data sets used to measure the DI of
keywords.

The category of reuters ~ The number of news

Environment news (1) 977
Environment news (2) 2200
Health news 2000
Internet news 2000

so on. Though the computing complexity of using document
frequency (df) to compute DI is simple, the accuracy of these
methods is still low.

Different from the above methods, some methods use infor-
mation theory for discrimination measures. Topsoe [22] presented
two measures of discrimination between two probability measures
P and Q named capacitor discrimination and triangular discrimina-
tion. These two measures use the functions from divergence mea-
sures. Similar work which uses information divergence for discrim-
ination measures include [23,24], which consider the discrimina-
tion measures as an information theory problem. Recently, Cai[17]
regarded DI as a measurement of the divergence from information
theory. Cai [17] uses information theory to compute DI. The basic
idea proposed by Cai is that the extent of the contribution that a
term makes may hence be used as a device for measuring the infor-
mativeness of that term. The underlying mathematical structures
that enable the computation are divergence measures drawn from
information theory.

Based on the analysis of the above methods, we can see that two
factors are important in the computation of DI, including:

(1) Low computing complexity. For DI to be practically usable on
a large scale document space such as the Web search and
document recommendation, the computing complexity should
be low enough for these applications.

(2) Independence on the priori knowledge. The priori knowledge
such as distribution of keywords on different classes, the
hierarchical structure of keywords, can be hardly obtained
by the ordinary text mining tasks. Thus, the methods for
computing DI should rely on such priori knowledge as little as
possible.

3. The power law function of keywords

In this section, we first discuss the power law function of
keywords. We next introduce the linear regression which leads us
to identify whether a function follows a power law or not.

3.1. The data sets

As mentioned in Section 2, when using Salton et al.’s model,
the number of the documents and the keywords should be small
enough because the computing complexity of Salton et al.’s model
is O(nm?). Table 1 lists some categories of news downloaded from
www.reuters.com as the data sets.

3.2. Linear regression of the power law function

According to the definition in [25,26], a power law is a function
with the form f(x) = ax~#, where o and 8 are constants. In
order to measure the frequency of variable X, a probability density
function (PDF) can be used, that is, P(X = x). In addition, a
complementary cumulative distribution function (CCDF) (that is,
P(X > x))can also be used to measure the frequency of variable X.

Moreover, the issue of investigating whether or not PDF follows
a power law relies on a commonly used method, namely, linear
regression [27]. The accuracy of the approximation is indicated by
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Fig. 1. Three parts corresponding to the general keywords, functional keywords,
and limited keywords. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

the coefficient of the determination R?. Following [25], whenever
we say that a function follows a power law, we mean that R*> >
0.9. Before we test the power law feature of keywords, one basic
definition is given.

Definition 1. A set of document frequencies (df (D)) is the
document frequencies of all keywords in document collection D
by ascending order, that is, df(D) = {dfy.df,,....df 4y }-
Especially, df; < df, < --- < df 4 (py-

In this section, the linear regression of CCDF on the document
frequency of keywords is measured on the data sets for checking
if the distribution of the document frequency follows power law
or not. Table 2 shows the linear regression results for all the data
sets. It is unsurprising that the document frequencies of keywords
on all the four datasets follow a power-law function.

In fact, the power law features of keywords’ document
frequencies have been investigated for a long history. Zipf's
law [28], an empirical law formulated using mathematical
statistics, refers to the fact that many types of data studied in
the physical and social sciences can be approximated with a
Zipfian distribution, one in the family of related discrete power law
probability distributions. In the next section, we want to analyze
whether this feature can be used to compute DI or not.

4. DI and power law function: theoretic analysis

In this section, a theoretic analysis on the relation between DI
and the power law function of keywords’ document frequencies is
conducted. Finally, the method for computing DI is proposed.

4.1. On the distance feature of linear regression line

Since we use the document frequencies of keywords as the
object of linear regression line, a definition is given below:

Definition 2. Point; is the ith point on the linear regression line,
which is a group of keywords with the same document frequency,
that is, Point; = {x|Vx — df (x) = df;}, where x is a keyword of
document collection D. Herein, df (Point;) = df;.

From Definition 2, Point; means the ith group of keywords with
the document frequency df;. After giving the definition of Point;,
we give the definition of distance between the adjacent points.

Definition 3. Dis(Point;, Point;) is the distance between Point; and
Point; on the linear regression line.

According to Definition 3, we can infer that the average
distance between point; and point;(Ad(point;, point;)) is equal to

i—1 - . . . .
317" Dis(Pointy, Pointy.1)/(j — i).

If all of the points in the linear regression line are vertically
projected to the fitting line of the linear regression (shown in
Fig. 1), an important characteristic can be obtained as follow.
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Table 2

The linear regression results of data sets listed in Table 1.

Coefficient of determination, R,

Follow a power law or not

Category of reuters

Environment news (1)  0.9591
Environment news (2)  0.9497
Health news 0.9786
Internet news 0.9730

Yes
Yes
Yes
Yes

Characteristic 1. The average distance in the both ends of the
linear regression line is higher than that in the middle of the
linear regression line. The average distance feature of keywords’
document frequencies is similar to the document frequency
spectrum of DI.

In Fig. 1, the distances between the adjacent points in the
green and red eclipses are longer than that in the blue eclipse.
In other words, the average distance in the blue eclipse is higher
than that in the green and red eclipses. Especially, the document
frequencies of the keywords in the blue eclipse are medium. Salton
et al. [16] regarded that the keywords with high/medium/low
document frequencies possess lowest/high/lower DI because they
are the worst/best/poor semantic discriminators. This result is
similar to the average distance feature of the linear regression line.
The points (words) in the blue eclipse possess higher DI than those
in the red and the green eclipses. Characteristic 1 may be useful
for computing DI since the different average distance feature in
different eclipses. We give below some theoretic analysis on the
average distance feature of linear regression line. We are interested
in knowing which reason causes it and which parameters impact
on it. According to Characteristic 1, the distance feature is similar
to that of DI. Thus, the distance feature can be used to compute
DI. Characteristic 2 shows the factors impacting on the distance
between the adjacent points on the linear regression line.

Characteristic 2. Dis(Point;, Point;,1) is determined by PDF;,
and df;,; — df;, that is, Dis(Point;, Point;;1) = f(PDFiyq, df; q —
-
Proof. Suppose Point; with df;, PDF;, and CCDF;, the linear
regression line is y = Ax + B, where x is df; and y is CCDF;; and
the line vertical to the linear regression line isy = —x/A + C.
Put (df;, CCDF;) toy = —x/A + C, then C = CCDF; + i, and
the vertical line is

= X+CCDF+dfi (1)
V=74 A
The vertical projection point of Point; is computed by
y=Ax+8B
X df; (2)
= —— + CCDF; + —.
y 2 + i+ A
The result of Eq. (2) is
A x CCDF; + df; — AB
X =
A2 +1 3)
_ A>% CCDF; + Axdf; + B
V= A+ 1 '

Based on the coordinate of Point; and Point;;4, the distance
Dis(Point;, Point; 1) between them is given by Eq. (4) (see Box I).
Since CCDF; 1 — CCDF; is equal to PDF;, 1, Eq. (4) can be replaced
by

J (A PDFic s+ W = 050+ (8 % POFuss + A~ D)’

(A2 +1)°
Thus, we can see that the distances between the adjacent points in

the linear regression line is determined by PDF;; and df;,; — df;
via Eq. (5).

Limited
keywords

functional

keywords general
a\: l keywords
-
o
— s T 150 200 250

document frequency

Fig. 2. The PDF result of “environment new (1)” data set.
4.2. Classification of keywords

According to Characteristic 1, we denote the keywords in the
document space as general keywords, functional keywords, and
limited keywords, respectively.

Deduction 1. According to Characteristic 1, among all of the
keywords, the medium discriminator keyword (mdk) is the one
that is the boundary between the best and the worst discriminators
in Salton et al.’s model. For example, in Fig. 1, mdk is the point as
the boundary between the green and blue eclipse.

Deduction 2. According to Characteristic 1, among all of the
keywords, the secondary discriminator keyword (sdk) is the
one that is the boundary between the poor and the worst
discriminators in Salton et al.’s model. For example, in Fig. 1, sdk
is the point as the boundary between the red and blue eclipse.
According to Deductions 1 and 2, we can obtain characteristic 3
below.

Characteristic 3. The document frequency of medium discrimina-
tor keyword is higher than that of secondary discriminator key-
word, which means |D| > df(mdk) > df(sdk) > 0, where |D|
means the number of documents in document space D.

This characteristic is easy to be understood, which is caused
by the medium/low/high document frequency of best/poor/ worst
discriminators.

Definition 4. Among all of the keywords, the general keywords
(GK) are those whose document frequencies are higher than
medium discriminator keyword, which means Vk; € GK —
df (kj)y > df(mdk). The general keywords are the worst
discriminators of all keywords, which is with the high document
frequencies. For example, the points in the green eclipse of Fig. 1
belong to the general keywords.

Definition 5. Among all of the keywords, the limited keywords
(LK) are those whose document frequencies are lower than sec-
ondary discriminator keyword, which means Vk; € LK — df (k;) <
df (sdk). The limited keywords are the poor discriminators of all
keywords, which is with the low document frequencies. For ex-
ample, the points in the red eclipse of Fig. 1 belong to the limited
keywords.

Please cite this article in press as: Z. Xu, et al., Power law based foundation for the measurement of discrimination information for human knowledge representation,
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(A(CCDFi11 — CCDF) + (df 111 — df,‘))2 + (A%(CCDFi1y — CCDFy) + A(df i — df ,~))2

(# + 1)’

(4)

Box I.

Definition 6. Among all of the keywords, the functional key-
words (FK) are those whose document frequencies are higher than
medium discriminator keyword and lower than secondary dis-
criminator keyword, which means Vk; € FK — df(mdk) >
df (k;) > df (sdk). The functional keywords are the best discrim-
inators of all keywords, which is with the medium document fre-
quencies. For example, the points in the blue eclipse of Fig. 3 belong
to the functional keywords.

According to Definitions 4, 5, and 6, two deductions about
distance feature can be given as follows.

Deduction 3. The average distance of general keywords is higher
than that of functional keywords, that is, Ad(mdk, Point,) >
Ad(sdk, mdk), where the document frequency of Point, is the
highest document frequency of df (D).

Deduction 4. The average distance of limited keywords is higher
than that of functional keywords, that is, Ad(Pointq, sdk) >
dd(sdk, mdk), where the document frequency of Point; is the
lowest document frequency of df (D).

4.3. On the distance feature of general keywords and limited
keywords

In this section, we want to analyze the reason of the higher
average distance for general keywords and limited keywords than
that of functional keywords. The result of PDF is given in Fig. 2.
From this figure, we can see that df ;, ; —df; of the general keywords
are higher than those of the functional keywords and the limited
keywords.

Deduction 5. The higher df;,; — df; of general keywords than
that of functional keywords causes its higher average distance in
the linear regression line than that of functional keywords, that is,

IDI=1, ¢ e =1 e g
Ll Wi ) i Win4) \where df (Point;) = df (mdk) and

df (Pointy) = df (sdk).

In order to verify Deduction 5, we compute df;,; — df; for
the general/functional/limited keywords on the four data sets. As
shown in Table 3, we can see that on average df;,; — df; in the
general keywords is indeed higher than those of the functional
keywords and the limited keywords.

From Fig. 2, we can also see that the PDF; of the limited
keywords are higher than those of the functional keywords.

Deduction 6. The higher PDF; of limited keywords than that of
functional keywords causes its higher average distance in the
linear regression line than that of functional keywords, that is,

I VTS -1 o df .
b (zﬁl LY’ (‘f}zf I where df (Point;) = df (mdk) and
df (Pointy) = df (sdk).

In order to verify Deduction 6, we have computed the PDF; on
the four data sets. The results are shown in Table 4. From this table,
we can see that the PDF; of the limited keywords are indeed higher
than those of the functional keywords and the general keywords.

4.4, Computing DI: the proposed method

In the above three sections, we analyze the average distance
feature of different groups of keywords. But the classification
of keywords (general keywords, functional keywords, limited
keywords) is not enough for computing DI. Fig. 3(a) gives the
illustration of the classification of keywords against the document
frequency spectrum.

Characteristic 4. The keywords on the right/left of the document
frequency spectrum are approximate to a monotonically increas-
ing/decreasing function with document frequency.

Since the general keywords are with high document frequen-
cies, the keywords in the blue eclipse in Fig. 3 can be moved to the
left on the document frequency spectrum. This step is illustrated by
Fig. 3(b). Thus, the document frequencies of the general keywords
are transformed to be lower than those of the limited keywords.

Deduction 7. The minimum rank keyword (mrk) is the one whose
rank is the highest of all the keywords. In other words, the DI of
mrk is the highest of all the keywords.

After finding the highest value of DI, we can construct a
piecewise function based on the minimum rank keyword of
the document frequency spectrum. A monotonically decreasing/
increasing function with document frequency can be obtained by
the keywords on the right/left of the spectrum of keywords, as
illustrated by Fig. 3(c). Consequently, our proposed DI computation
has the following three steps.

(1) Identifying the general keywords (computing df (mdk)). This
step is to identify the general keywords. That is, the lowest
document frequency of the general keywords should be
identified correctly. We shall thus get the document frequency
of medium discriminator keyword (mdk).

(2) Identifying the minimum rank keyword (computing df
(mrk)). Since the function for computing DI is a piecewise
function based on the minimum rank point of document
frequency spectrum, it is necessary to identify the keyword
with the minimum DI. We shall thus get the document
frequency of minimum rank keyword (mrk).

(3) Building a piecewise function to compute DI. With the above
two steps, this step constructs a piecewise function based on
the minimum rank point of document frequency spectrum.

In essence, our proposed method aims to turn the problem of
computing DI into the study of the distances between the points in
the linear regression line of keywords. Clearly, it is much cheaper to
compute the distance between the adjacent points than employing
Salton et al.’s model. In this way, Salton et al.’s complicated model
can be replaced by a relatively simple model, with a low error rate.

5. Identifying the general keywords

5.1. Algorithm

According to Characteristic 1, the average distance feature of
the three types of keywords inspires us to use it for identifying the
general keywords. In this section, an algorithm is put forward to
identify the general keywords based on the linear regression line
of keywords. The steps of our algorithm are as follows.
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Table 3

The average df;,; — df; of the general keywords, the functional keywords, and the limited

keywords in the four data sets.

The category of reuters  General keywords

Functional keywords  Limited keywords

Environment news (1) 9.14

Environment news (2) 11.93
Health news 26.52
Internet news 21.68

1.37
1.49
14

173

_

Table 4

The PDF; of the general keywords, the functional keywords, and the limited keywords in the four

data sets.

The category of reuters  General keywords

Functional keywords  Limited keywords

Environment news (1) 0.000718 0.002612 0.080194
Environment news (2) 0.000581 0.002434 0.062565
Health news 0.000602 0.002672 0.073808
Internet news 0.000657 0.002448 0.056526
A Average Rank b Average Rank C Average Rank
A A A
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Fig. 3. The illustration of the proposed DI model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(1) Computing the distance between adjacent points Dis(Point;,
Point; 1) in the linear regression line according to Eq. (5);

(2) Computing the average distance of linear regression line
Ad(Point, Point,) according to Deduction 1:

n
Ad(Pointy, Point,) = _ dis(Point;, Point;1) / n—1.  (6)
1

(3) Obtaining a binary digit (bd) of each Point via:
bd(Point;)

— ]’
=1o.

(4) Obtaining a binary string by computing bd(Point;) of each
Point;.

if Dis(Point;, Point;y1) < Ad(Point, Point,)
else.

(7)

According to the average distance feature of Characteristics 1, a
special feature of the binary string is given below:

Characteristic 5. The binary string feature of Ad(Point, Point,) is
similar to that of DI There are so many ‘0’s in the two ends of the
binary string and so many ‘1’s in the middle, the binary string can
also be divided into three parts like keywords.

Thus, the binary string is seen as an operational objective to
identify the general keywords, which can be obtained by the follow
steps:

(1) Initialize a sliding-window. Set its size as the length of the
longest ‘0’ substring of the binary string;

(2) Compute the proportion between ‘1’ and ‘0’ in the binary string,
which we denote as RO;

(3) Put the sliding-window at the beginning of the binary string
and move the sliding-window from the left to right until the
proportion between ‘1’ and ‘0’ in the sliding-window is greater
than RO;

(4) Set the string in the left side of the sliding window as the
general keywords.

An example of the above procedure is given below. According
to Characteristic 5, suppose the binary string is

000010000111111111111011111111111110000000.

Step (1): Set the size of sliding-window as 7;

Step (2): RO = 26:16;

Step (3): Move the sliding-window (marked as red character)
from left to right, until the proportion between ‘1’ and ‘0’ in the
sliding-window is greater than RO:
000010000111111111111011111111111110000000
000010000111111111111011111111111110000000
000010000111111111111011111111111110000000
0000100001T1111111111011111111111110000000

Step (4): Mark the general keywords as red color.
000010000111111111111011111111111110000000

Please cite this article in press as: Z. Xu, et al., Power law based foundation for the measurement of discrimination information for human knowledge representation,
Future Generation Computer Systems (2016), http://dx.doi.org/10.1016/j.future.2016.10.021




Z. Xu et al. / Future Generation Computer Systems I (1111) IR1-111 7

Table 5
The error rate of the algorithm for identifying the
general keywords on each data set.

Category of reuters Error rate
Environment news (1) 0.32%
Environment news (2) 0.34%
Health news 0.46%
Internet news 0.12%
0.5
oF
Minimum rank

term

log (CDF)
L
n
T

=2 The difference of average
25k distance between red and blue
eclipse should be smallest

35 1 L L L L
0 0.5 1 1.5 2 25 3

log (document frequency)

Fig. 4. An illustration for the main idea of the algorithm for identifying the
minimum rank keyword. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Step (5): Mark the limited keywords as blue color.
000010000111111111111011111111111110000000

Through our algorithm, we can convert the problem of
identifying the general keywords from Salton et al.’s model to a
simpler process of computing the distance between the adjacent
points of keywords. Moreover, our algorithm does not need any
prior knowledge.

5.2. Evaluating the algorithm

In order to evaluate the algorithm of identifying the general
keywords, its complexity should be analyzed first. The proposed
algorithm reduces the complexity from Salton et al’s O(nm?)
to O(nm). The proposed method only compute the document
frequency of each keyword, which is O(nm).

While the complexity of our proposed algorithm is lower
than Salton et al’s model, we also need to check the error rate
between the keywords classified by our proposed algorithm and
that of Salton et al.’s model. Suppose the set of general keywords
identified by our method is GK1 = {k1, ks, ..., kik,| }, and that by

Salton et al.’s model is GK, = {ki, k2, ..., kigk,|}. The error rate
(er) is computed by

er = |GKy — GK,| /m (8)

where m denotes the number of the keywords in the document
collection D. |GK; — GK,| means the number of the elements in
the difference set between GK; and GK>.

Table 5 lists the error rate of our proposed algorithm on the
four data sets. The error rates of four data sets are all lower than
0.5%, which shows that the error rate is generally low enough for
identifying the general keywords correctly.

6. Identifying the minimum rank keyword

It is necessary to identify the minimum rank keyword because
the function for computing DI is a piecewise function based on it.
Similar to the algorithm for identifying the general keywords, the
distance between the adjacent points in the linear regression line
is also used due to its lower complexity than that of Salton et al.’s
model. Moreover, we provide a test to check if the algorithm for
identifying the minimum rank keyword is correct or not.

Table 6
The error rate of the algorithm for identifying the
minimum rank keyword on each data set.

Category of reuters Error rate
Environment news (1) 0.25%
Environment news (2) 1.5%
Health news 1.6%
Internet news 1.9%

6.1. Algorithm

The main idea of the algorithm lies in that the difference
of the average distance between the left and the right points
of the minimum rank point should be as small as possible. As
illustrated by Fig. 4, the keywords on the left and right side of the
minimum rank point are in the red and blue eclipse, respectively.
The difference of the average distance between the red and blue
eclipse should be the smallest. The main steps for identifying the
minimum rank keyword are as follows.

(1) Compute the difference of average distance (Da) between the
left and right points of Point; by
Dis(Point4, Point;)  Dis(Point;, Point,)
i—1 '
(2) Compute Da(Point;) of each Point;;
(3) Sort Point; according to their Da(Point;);

(4) Select Point; with the lowest Da(Point;) as the minimum rank
keyword.

Da(Point;) = (9)

n—i

6.2. Evaluating the complexity and error rate

The complexity of the proposed algorithm for identifying the
minimum rank keyword is O(* log[), as opposed to O(nm?) by
Salton et al.’s model. While the complexity of the proposed
algorithm is lower than that of Salton et al.’s model, we also need
to check on the error rate. Similar to Eq. (8), suppose the minimum
rank keyword identify by our method is mrk;, and that by Salton
et al.’s method is mrk,. We compute the proportion of keywords
from df (mrk,) to df (mrk,). Table 6 lists the error rate of our
algorithm on the four data sets. The highest error rate of four data
sets is 1.9%, which shows that the error rate is generally low enough
for identifying the minimum rank keyword correctly.

7. Computing DI

As mentioned in Section 4, the function for computing DI is a
piecewise function based on the minimum rank point of document
frequency spectrum. A monotonically decreasing/increasing func-
tion with the document frequency of keywords can be gained ac-
cording to the left/right side of the spectrum shown in Fig. 3. The
document frequency of keywords is an important parameter to
compute DI. In addition, the function should be a piecewise one
based on the minimum rank keyword. As DI can be obtained by
Salton et al.’s model with a low number of documents and key-
words, we shall use the results of Salton et al.’s model as a bench-
mark to evaluate the accuracy of the constructed function.

7.1. DI of keywords

In information theory, entropy is a measure of the uncertainty
associated with a random variable [26]. Inspired by entropy, DI of
k; can be computed by

DI(k;) = (df (ki)/ IDI) * log (DI /df (ki) (10)
where DI of k; is a piecewise function based on df (k;) = [Dl/e,
which means DI(k;) is a monotonically increasing function when
df (ki) = IDl/e; e is a constant.
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Fig. 5. The experiments on document frequency and DI of keywords.
7.2. Revising the document frequency

Since DI is a piecewise function based on the minimum rank
keyword in a document frequency spectrum, we need to go
through two steps before using Eq. (10) to compute DI directly.

(1) Assign the general keywords with a lower document frequency
than those of the limited keywords. Since the general keywords
have the lowest DI, we should give them the lowest document
frequency.

(2) Assign a low document frequency to the keywords on the right
side of the minimum rank keyword since DI is a piecewise
function based on the minimum rank keyword in a document
frequency spectrum, the keywords on the right side of the
minimum rank keyword should be given a low document
frequency.

The function for revising the document frequency of the general
keywords is as follows:

. ID| — df (ki)
Revisingdf (k;) = T ki € GK (11)
where |D| denotes the number of documents in document space
D. Through Eq. (11), the revised document frequencies of general
keywords can be obtained. Thus Eq. (10) can be used to compute
DI of the general keywords directly. The function for revising the
document frequency of the keywords on the right side of the
minimum rank point is as follows.

2 x df (mrk) — df (k;), if (2 * df (mrk)
Revisingdf (k;) = —df (k) € [O, dﬁgi)] (12)
1, else.

Through Eq. (12), the revised document frequencies of the
keywords on the right side of the minimum rank keyword can
be obtained. Thus Eq. (10) can be used to compute DI of these
keywords directly.

7.3. Computing DI

According to Eq. (10), the function for computing DI is as
follows:

DI(k) = (Revisingdf(k,-)) «log2 < . .|D| ) . (13)
|D| Revisingdf (k;)

In order to judge whether the formula is correct or not, it is
necessary to test whether the actual keywords with high document
frequency are indeed of low DIs. Fig. 5 shows the experimental
result of DI using Eq. (13) on the “environment news (1)” data
set. The horizontal axis refers to the document frequency of the
keywords and the vertical axis refers to DI It can be seen from
Fig. 5 that DI of the general keywords is the lowest and DI of other
keywords are piecewise according to the minimum rank keyword.

7.4. Evaluating the function for computing DI

In statistics, the Pearson correlation coefficient is a common
measure of the correlation between two variables X and Y [29].

Table 7
The correlation coefficients of the data sets.

Category of reuters Correlation coefficient

Environment news (1) 0.9975
Environment news (2) 0.9995
Health news 0.9999
Internet news 0.9996

The formula is given below:

_1 5 (Xi — pix Yi — py
p—nz< Ox > ( oy ) (1)

i=1

where X";}f‘x , ux and ox are the standard score, population mean,

and population standard deviation, respectively. According to Eq.
(14), the evaluation standard for computing DI can be put forward
as follows.

(1) Rank keywords according to their DI computed by Salton et al.’s
model;

(2) Compute the average rank of keywords with the same
document frequency, the result of which is denoted as Rank(x);

(3) Rank keywords according to their DI computed by Eq. (13);

(4) Compute the average rank of keywords with the same
document frequency, the result of which is denoted as Rank
)

(5) Multiply Rank(x) and Rank (y) by their proportions;

(6) Compute the correlation coefficient between Rank (x) and Rank

¥

Table 7 lists the results on the four data sets. The correlation
coefficient of each data set is high, which means that the function
to compute DI is quite accurate. We now compare our model
with Salton et al. [16] and Cai [17] in terms of similarities and
differences.

(1) The proposed model vs. Salton et al.’s model

As for the similarity, both models use document frequency
which can be easily obtained from the documents collection.
In addition, both methods focus on the problem of computing
the discrimination information of the keywords/terms. Finally,
the results of the two methods are similar, as the correlation
coefficient between the two methods on each data set is
rather high, as shown in Table 7. As for the difference,
Salton et al’s method uses the variation in the average
pairwise document similarity as a computation to DI, with
an expensive O(nm?) computing complexity for m documents
with n keywords. Usually, mis large, which makes Salton et al.’s
model unpractical to be used directly for a large collection
of documents. In contrast, our proposed model reduces the
computing complexity to O(nm). Meanwhile, our model uses
the document frequency spectrum and the power law function
of keywords to compute DI, which transforms the DI into
a scalable value, hence can be used directly. Note that the
technique of computing DI can be applied to data mining tasks
such as document clustering. In the next section we also show
that DI has a good prospect in the information retrieval area.

(2) The proposed model vs. Cai’s model

As for the similarity, both methods focus on the problem
of computing the semantic discrimination capabilities of
the keywords/terms. Both models adapt functions from
information theory to compute DI. Cai formally interprets the
discrimination information conveyed by a term and points out
some problems in applying the measures in practice. As for
the difference, Cai’s model uses some divergence function for
computing DI. In contrast, our proposed method use the power
law feature of document frequency, and can be used for text
mining related tasks easily.
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Table 8
Summary description of document sets.

Dataset  Source Number of documents ~ Number of classes
Re0 Reuters-21578 1792 12
Rel Reuters-21578 12363 87
Re2 www.reuters.com 464 6

Table 9

The six classes of Re2.
Sub class of entertainment Number of documents Number of words
Arts 30 1394
Film 122 3842
Music 70 2243
Industry 70 1885
Television 111 3062
People 61 1869

Table 10

Different weighting schemes.
Scheme Acronym  Formula
Term frequency TF tf (n)
TF-inverse document frequency ~ TFIDF tf (n) log df (n)
Add-one log of TFIDF LTF1IDF (1+logtf(n)) *log(1 +

m/df (n))

TF-Discrimination Information TF-DI tf (n) x DI(n)

8. Document clustering based on DI

Current document clustering models generally include vector
space document model [16,30], suffix tree document model
[31-33] and document index graph model [34]. The common
keyword weighting of these models is tf-idf; and the similarity
between two documents is based on cosine measure. In this
section, we employ a new weighting scheme based on DI of
keywords for document clustering, and compare it with tf-idf
weighting scheme experimentally.

8.1. Data sets

Three datasets are used in the experiment. The datasets Re0
and Re1 are from Reuters-21578 text categorization test collection.
The dataset Re2 contains entertainment news from 1st/10/2008 to
31st/10/2008 downloaded from www.reuters.com. The summary
of these datasets is given in Tables 8 and 9. In both of the datasets,
we remove stop words such as “are”, “is”, and “in”. Furthermore,
since the DI is a measurement of noun, Stanford-Postagger is used
to remove other words.

Besides, the basic K-means clustering technique [25] is used in
our experiments. We evaluate the effectiveness of the document
clustering with F-measure, Entropy, and Purity. Generally, we
would like to maximize the F-measure and Purity, and minimize
the Entropy of the clusters to achieve a high-quality document
clustering [35].

8.2. The weighting scheme based on DI

Unlike tf-idf, tf-DI uses DI instead of idf (inverse document
frequency) to measure the weight of the keywords, exploiting
semantic discrimination capability based on semantics instead of
inverse document frequency. The function is as follows:

wn = tf (n) = DI(n) (15)

where tf (n) is the frequency of the nth keyword in document d,
and DI(n) is DI of the nth keyword. Table 10 lists the four different
weighting schemes.
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Fig. 6. The clustering results of Re0 data set.
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Fig. 7. The clustering results of Re0 data set.
8.3. Clustering results

Since the results of basic K-means for document clustering
depend on the initial centroids, we carry out the basic K-means
100 times with randomly selected initial centroids to reduce the
interference. Fig. 6 illustrates the average F-measure, Purity, and
Entropy of 100 random initial centroids from Re0 dataset shown
in Table 8. From Fig. 6, we can see that tf-DI performs the best
among the four weighting schemes. The lift percentage of tf-DI
against the other three schemes is low, which may be caused by
the semantic correlation of classes in ReQ data set. Similar to the
results of Re0 dataset, tf-DI also performs best in Re1 dataset which
can be seen from Fig. 7. The documents of Re0 and Re1 are both get
from Reuters-21578. The number of documents of Rel is almost
ten times than these of Re0. We can say that the better performance
of tf-DI than other weighting scheme is irrelevant to the number of
documents.

Fig. 8 illustrates the average F-measure, Purity, and Entropy
of 100 random initial centroids from Re2 shown in Table 9 data
set. From Fig. 8, we can see that tf-DI performs the best. The lift
percentage of tf-DI against LTF1IDF is high. The reason for the high
lift percentage may attribute to the high semantic correlation of the
classes. For the data of Re2 downloaded from the entertainment
news of www.reuters.com, the keyword overlaps in these classes
are high, which may cause the high semantic correlation of the
classes.

8.4. Discussions
(1) tf-IDF vs. tf-DI

From the experimental results in Figs. 6 and 7, it is apparent
that tf-DI performs better than tf-IDF in document clustering,
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Fig. 8. The clustering results of Re1 data set.

as the average F-measure, Purity, and Entropy of tf-DI are
higher than those of tf-IDF. The reason is due to that tf-
DI uses semantic discrimination capability instead of inverse
document frequency of keywords, which is more appropriate
to discriminate documents. Besides the accuracy of tf-DI on
document clustering, the complexity of computing DI is O(nm),
which is equal to the complexity of computing idf of keywords.
(2) tf-DI vs. semantic correlation

It is worth noting that tf-DI performs better on the Re2
dataset than on the Re0 and Rel datasets. In practice, tf-DI
performs better than tf-IDF in F-measure and Purity of all 100
random initial centroids on Re2 dataset. As for ReO dataset,
tf-DI performs better than tf-IDF in F-measure and Purity of
a few 100 random initial centroids. The reason is due to the
semantic correlation of Re2 being stronger than Re0 and Re1.
In other words, the performance of tf-DI relies on the semantic
correlation of classes in data sets. The stronger the semantic
correlation between classes of data, the better tf-DI performs.

(3) tf-DI vs. data mining tasks

In [16], Salton et al. investigated the correlation between
space density and indexing performance, and confirmed the
usefulness of DI in information retrieval. In our work, we
further demonstrate its utility in data mining tasks such as
document clustering. A new weighting scheme of keywords
based on DI is employed for document clustering, which
shows that DI has a good performance on document clustering.
Different from using space density as the measure of DI, our
proposed model uses the feature of the document frequency
spectrum and the power law function of keywords to compute
DI. By employing the inherent feature of keywords as opposed
to space density, experimental result show that DI has a good
prospect in data mining area and IR applications.

9. Conclusion

In this paper, we have proposed a new model for computing
discrimination information (DI). With respect to Salton et al.’s
discrimination value model, the computing complexity of our
model is O(nm) for a collection of m documents with n keywords,
which is in practice directly usable for a collection containing
large documents. The proposed method does not need any
prior knowledge such as the distribution of keywords, thus
can be used on text mining related tasks easily. We make
some contributions to the development of the measurement of
discrimination information as follows.

(1) We defined three types of keywords (i.e. general keywords,
functional keywords, and limited keywords) according to the
document frequency spectrum of keywords, which leads us to
a qualitative analysis of DI in a knowledge base system.

(2) We further used the power law function of keywords
to identify the three types of keywords according to the

difference of the document frequencies and the probability
density function of keywords, serving as a footstone to reduce
the computing complexity of DI.

Based on the linear regression of the power law function of
keywords, we developed an algorithm of computing DI, which
transforms the problem of identifying the general keywords
to an analysis of the distances between adjacent points in
the linear regression line of keywords. Experimental results
confirm that we can use a simpler algorithm to replace the
complex model proposed by Salton et al. with a low error rate.
In addition, we used the entropy to construct a piecewise func-
tion for computing DI, which transforms the discrimination ca-
pability of keywords into a scalable value that can be used di-
rectly. Meanwhile, four data sets are used to evaluate the ac-
curacy of the qualitative analysis on DI. The high correlation
coefficient between our model and Salton et al.’s model shows
that our model can effectively compute DI with lower comput-
ing complexity.

Finally, the accuracy of computation by our proposed model
on the four data sets shows that it can make a good balance
between the accuracy and the complexity of computing DI
appropriately.

3

=

(4

=

(5

-

As a demonstration on the utility of our model, a new
weighting scheme of keywords based on DI is employed for
document clustering. Experimental results show that our model
outperforms the term frequency-inverse document frequency (tf-
idf) on document clustering by a wide margin. Moreover, the
successful application on document clustering shows that DI has
a good prospect on the information retrieval area.
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