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Abstract. The automatic ranking of word pairs as per their semantic relatedness and ability to
mimic human notions of semantic relatedness has widespread applications. Measures that rely
on raw data (distributional measures) and those that use knowledge-rich ontologies both exist.
Although extensive studies have been performed to compare ontological measures with human
judgment, the distributional measures have primarily been evaluated by indirect means. This
paper is a detailed study of some of the major distributional measures; it lists their respective
merits and limitations. New measures that overcome these drawbacks, that are more in line
with the human notions of semantic relatedness, are suggested. The paper concludes with
an exhaustive comparison of the distributional and ontology-based measures. Along the way,
significant research problems are identified. Work on these problems may lead to a better
understanding of how semantic relatedness is to be measured.
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1. Introduction

Humans are inherently capable of determining whether one word pair is more
semantically related than another. For example, given the word Ipamesy-
beeand papercar, one can easily identify the former pair to be more se-
mantically related than the latter. This, however, is not true for machines. A
lot of work has been done in automating the process in the last fifteen years.
While some approaches do better than others and have been applied to solving
practical problems, none has matched human judgment.

Typically, automated systems assign a scorsemhantic relatednesso a
given pair of wordstarget words) calculated from aelatedness measure
The absolute score is usually irrelevant on its own. For example, a relatedness
score of 0.7 betweea andb, in a possible range of 0 to 1, does not imply
thata and b are more related than the average word pair. However, given
that the semantic relatednesscadndd is 0.6, the system can conclude that
a andb are more related thamandd. Thus even though the absolute score
given by a relatedness measure is not of much significance, it is important that
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the measure give a higher score to word pairs which humans think are more
related and comparatively lower scores to word pairs that are less related. This
ability to mimic human judgment of semantic relatedness has been used in
numerous applications such as automated spelling correction, word sense dis-
ambiguation, thesaurus creation, information retrieval, text summarization,
and identifying discourse structure.

Existing measures of semantic relatedness rely either on ontologies and
semantic networks or just raw text. Budanitsky (1999), Budanitsky and Hirst
(2001) and Patwardhan et al. (2003) do an extensive survey and comparison
of the various WordNet-based measures. Measures that use just raw text,
known as thedistributional measures, have been described individually
(for example, in Schize and Pedersen (1997), Hindle (1990), Lin (1998a),
Pereira et al. (1993), etc) but have not been extensively compared among
each other. This paper focuses on distributional measures and analyzes their
strengths and limitations. Particular attention is paid to the different kinds of
distributional measures and their components. New measures are suggested
that overcome some of their drawbacks. Characteristics of WordNet-based
and distributional measures are contrasted and finally, future research direc-
tions are suggested which may determine a better understanding of semantic
relatedness.

2. Background

2.1. CO-OCCURRENCES

Words that occur within a certain window of a target word are callectthe
occurrencesof the word. The window size may be a few words on either
side, the complete sentence, a paragraph or the entire document. Consider the
sentence below:

the plane flew through a cloud

If we consider the window size to be the complete senteftew,co-occurs

with the, plane, through, @andcloud The set of words that co-occur with

a word constitute the context of the word. They are used in tasks such as
information retrieval, word sense disambiguation, and semantic relatedness.
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Distributional Measures as Proxies for Semantic Relatedness 3

2.2. WORD ASSOCIATION RATIO

Given two eventx andy with probabilitiesP(x) and P(y), their pointwise
mutual information (Fano, 1961), PMI for short, or justl, is defined as
follows:

P(x.y)
I (Xa y) |0g2 P(X)P(y) (1)
P(x,y) is the joint probability ok andy. If 1(x,y) evaluates to be close to zero,
ie, P(x,y) = P(x) x P(y), then it means that eventsandy occur together
just as often as is expected from their individual probabilitie$(®fy) > O,
it implies thatx andy occur together more often than would be expected from
their individual probabilities and hence have a strong correlation.

Church and Hanks (1989)ntroduceword association ratig, which is
similar to pointwise mutual information. i andy are words with proba-
bilities P(x) andP(y) (estimated by corpus counts), their association ratio is
defined to be the same as in (1), except P&t y) stands for the probability
that x appears, within a certain window, befoye It should be noted that
P(x,y) is no longer symmetricR(x,y) # P(y, X)) asP(x,y) andP(y, x) repre-
sent two different events. If two words have a word association ratio close to
zero then they do not share an interesting relationship dutvf, w,) > 0,
thenw, follows wy (within a certain window) more often than chance and
the wordsw; andw, are strong co-occurrences. Theoretically, word associ-
ation ratio may yield negative values (word pair occurs less frequently than
expected by random chance) but Church and Hanks (1989) show that it is
hard to accurately predict negative word association ratios with confidence.
Systems which use word association ratio may be adversely affected by this.
A common approach to counter this is to equate the negative association
values to 0 (for example, Lin (1998a)). This usually means that the system
will ignore such words.

A problem with PMI in general (which is inherited by word association
ratio) is that low frequency events get higher scores than expected. Pantel
and Lin (2002) try to overcome this by multiplying the PMI value with a
correction factor. Although, Pantel and Lin give the correction factor for
word association ratio using syntactically related co-occurring words, a more
generic form applicable for pointwise mutual information is as shown below:

P(x,y) min(freq(x), freq(y))

|corrected X, Y) = 100, P(X)P(y) x min(freq(x), freq(y)) +1 @

The correction factor is large (close to 1) if both the events occur a large
number of times and small (close to 0) if any of the two events occurs very
few times.
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2.3. RELATEDNESS VSSIMILARITY

A closely related concept to semantic relatednesseimantic similarity.
While there is some overlap in their meanings and they may be used inter-
changeably in certain contexts, it is important to be aware of their distinction.
Budanitsky and Hirst (2001) and Budanitsky and Hirst (2004) point out that
semantic similarity is used when similar entities suclajgglesandbananas
or table andfurniture are compared. These entities are close to each other
in an is-a hierarchy. For examplapplesandbananasare hyponyms ofruit
andtableis a hyponym ofurniture. However, even dissimilar entities may be
semantically related, for examplgoor andknoh treeandshade or gymand
weights In this case the two entities are not similar per se, but are related by
some relationship. This relationship may be one of the classical relationships
such as meronymy (is part of) as door—knobor a non-classical one as in
tree—shadeand gym-weights Thus two entities are semantically related if
they are semantically similar (close together in the is-a hierarchy) or share
any other classical or non-classical relationships. As Budanitsky and Hirst
(2004) point out, semantic similarity is a subset of semantic relatedness.
The concept ofemantic distancehas traditionally been used in the con-
text of both semantic relatedness and semantic similarity. In the former con-
text, it represents the inverse of semantic relatedness, while in the latter, it
is the inverse of semantic similarity. In this paper as well, we shall continue
to use the term for both concepts with the confidence that the context will
disambiguate the intended meaning.

2.4. THE DISTRIBUTIONAL HYPOTHESIS

Given a text corpus, individual words have more or less differing contexts
around them. The context of a word is composed of words co-occurring with

it within a certain window around it. Distributional measures use statistics
acquired from a large text corpora to determine how similar the contexts
of two words are. These measures are also used as proxies to measures of
semantic similarity as words found in similar contexts tend to be semanti-
cally similar. This is known as thdistributional hypothesis (Firth (1957)

and Harris (1968)) and such measures have traditionally been referred to as
measures distributional similarity .

The hypothesis makes intuitive sense as Budanitsky and Hirst (2004) point
out. If two words have many co-occurring words then similar things are being
said about both of them and so they are likely to be semantically similar. Con-
versely, if two words are semantically similar then they are likely to be used in
a similar fashion in text and thus end up with many common co-occurrences.
For example, the semantically similang andinsectare expected to have a
number of common co-occurring words suclcesw!, squash, small, woods
and so on, in a large enough text corpus.
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Like measures of distributional similarity there exist measures of what
we will call distributional relatedness (Schitze and Pedersen (1997) and
Yoshida et al. (2003)). These measures use raw text and co-occurrence in-
formation to determine semantic relatedness between two words. The distri-
butional hypothesis mentioned earlier is generic enough to be the basis for
both distributional similarity and distributional relatedness. We propose more
specific hypotheses that demarcate the two.

Hypothesis of distributional similarity:

Distributionally similar words tend to be semantically similar, where
two words (v; andws,, say) are said to be distributionally similar if they
have many common co-occurring words and these co-occurring words are
each related tov; andw, by the same syntactic relation.

Hypothesis of distributional relatedness:

Distributionally related words tend to be semantically related, where
two words (v1 andw,, say) are said to distributionally related if they have
many common co-occurring words and this set of co-occurring words is
not restricted to only those that are relatedwpand w, by the same
syntactic relation.

The two hypotheses are based on the fact that semantically similar words
belong to the same broad part of speech (noun, verb, etc) and are thus each
syntactically related to most common co-occurring words by the same syn-
tactic relation. Further, the more two words are semantically related, the more
common co-occurring words they have. Consider the semantically related
word pairdoctor—operateln a large enough body of text, the two words are
likely to have the following common co-occurring wordsatient, scalpel,
surgery, recuperateand so on. All these words will be used by a measure of
distributional relatedness and the pair will be assigned a high score. However,
a measure of distributional similarity will not use any of these co-occurring
words (and likely no other, for that matter) as they are not related to the target
words by the same syntactic relation. The wdattoris almost always used
as a noun whileperateis a verb. Thusloctor and operatewill get a very
low score of distributional similarity. The word paifoctor—nurse on the
other hand, will get a high score of distributional relatedness and distributed
similarity. Thus an important characteristic of any distributional measure is
whether it is a measure of distributional similarity or more generally that of
distributional relatedness.

It should be noted that a measure of distributional similarity will provide
a high score for certain closely related but dissimilar words belonging to the
same thematic role. For examplamelesanddrunkwhich refer to dissim-
ilar concepts but share a non-classical relationship of associdtmnegless
anddrunktend to occur together in text) will likely get a high score as they
belong to the same part of speech (adjective) and may have many common
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co-occurring words such dseggar, person, helpednd so on, related by
the same syntactic relation. This is a limitation of the current measures of
distributional similarity and the impact of the limitation on the ability of the
measures to mimic semantic similarity is worth determining.

The relevant literature uses the tedistanceas inverse of distributional
similarity. In order to clearly distinguish between semantic distance, this pa-
per will refer to the inverse of distributional similarity asstributional dis-
tance Like semantic distance, distributional distance will also be used as
the inverse of distributional relatedness, and the context should help disam-
biguate the intended meaning.

2.5. RELATEDNESS OFWORDS AND CONCEPTS

Measures of semantic relatedness and similarity are applied to particular con-
cepts (or particular senses of the words); for example, one may determine the
semantic relatedness bankin the financial institutionsense andnterest

in the interest ratesense. Distributional measures, on the other hand, usu-
ally assign scores to word pairs irrespective of the nature of their polysemy
(how many senses they have) or the particular senses they have been used
in. Distributional measures will need a much more knowledge rich source
(for example large amounts of sense-tagged corpora) than raw text to assign
scores to word-sense pairs.

2.6. BVALUATION

The presence of a large number of relatedness measures necessitates a suit-
able evaluation to determine which methods come closest to the human no-
tions of relatedness and to determine how good they each are. There exist two
modes of evaluation. The first involves the creation of two ranked lists of cer-
tain word pairs. One list is created using a relatedness measure while the other
is ranked by humans. The correlation of the two rankings is indicative of how
closely the measure mimics human judgment of relatedness. Rubenstein and
Goodenough (1965) were the first to conduct quantitative experiments with
human subjects who were asked to rate 65 word pairs on a scale of 0.0 to 4.0
as per their relatedness. The word pairs chosen ranged from very similar and
almost synonymous to unrelated. Miller and Charles (1991) also conducted a
similar study on 30 word pairs taken from the Rubenstein-Goodenough pairs.
However, lack of large amounts of data from human subject experimentation
limits the quality of this mode of evaluation.

The second and a more indirect way of evaluating measures of semantic
relatedness is by the performance of natural language tasks that use them,
for example, automatic spelling correction, word sense disambiguation, es-
timation of unseen bigram (not found in training data) probabilities, and so
on.
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3. Distributional Measures

3.1. SPATIAL METRICS

A popular technique to determine distributional relatedness between two words
is to map them to points in a multidimensional space such that the distance
between the two points is an indicator of distributional and thereby semantic
distance between them.

Large co-occurrence matrices pertaining to each word, which store the
set of words that co-occur with it within a certain window size, are created
from a text corpus. Consider a multidimensional space where the number of
dimensions is equal to size of vocabulary. A wevgdcan be represented by
a point in this space such that the vectr from the origin to this point
has equal positive components in all dimensions corresponding to words that
co-occur withw;. Similarly, vector®, can be created for wond,. This sec-
tion describes three distributional distance metrics that quantify the distance
betweenn; andws.

3.1.1. Cosine

Thecosinemethod (denoted b§og is one of the earliest distributional mea-
sures. Given two worda, andws,, the cosine measure calculates the cosine
of the angle betweew; andws. If a large number of words co-occur with
bothw; andws,, Wy andw, will have a small angle between them, the cosine
will be large, and we get a large relatedness value between them. The cosine
measure gives scores in the range from 0 (unrelated) to 1 (maximally related).

W1.Wo

COin,Wz) 7| Wi | » | W |

®3)

A limitation of the cosine method in its original form is that all co-occurring
words are treated the same, irrespective of how often they co-occurred with
wz andws. A popular variation (Yoshida et al. (2003), Lee (1999), and&dh”
and Pedersen (1997)) that incorporates this information is stated below:

¥ weC(wr)ucC(ws) (P(Wwi) x P(w|wy))

\/ > wec(wy) P (wiwg )2 \/ 2 weC(we) P(w|w2)?

Cos(wl,WQ

(4)

C(x) is the set of words that co-occur (within a certain window) with the
word x in a corpus.P(x]y) is the probability that a particular co-occurrence

is composed ok andy, given that wordy is one of the words in the co-
occurrence pair. It can be approximated by simple corpus counts. Once again,
the formula is the cosine of the angle between the word veatpesndw, but
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the word vectors incorporate the strength of association of the co-occurring

words with the target words. The componenkaf a dimension (correspond-

ing to wordy, say) is equal to the strength of associatiory afith x. Thus

the vectors corresponding to two words are closer together, and thereby get a
high distributional relatedness score, if they share many co-occurring words

and the co-occurring words have more or less the same strength of associa-
tion with the two target words. In the above formula conditional probability

of the co-occurring words given the target words is used as the strength of

association.

The cosine is used, among others, by @zb and Pedersen (1997) and
Yoshida et al. (2003), who suggest methods of automatically generating the-
sauri from text corpora. Scitze and Pedersen (1997) use the Tipster category
B corpus (Harman, 1993) (450,000 unique terms) and\ak Street Journal
to create a large but sparse co-occurrence matrix of 3,000 medium-frequency
words (frequency rank between 2,000 and 5,000). Latent semantic indexing
and single-value decomposition (see Gizie'and Pedersen (1997) for details)
are used to reduce the dimensionality of the matrix and get for each term a
word vector of its 20 strongest co-occurrences. The cosine of a word vector
(sayw,) with each of the other word vectors is calculated and the top scores
along with the words whose vector generated the top scores is noted. These
words form the thesaurus entries for.

Yoshida et al. (2003) believe that words that are closely related for one
person may be distant for another. They use around 40,000 HTML documents
to generate personalized thesauri for six different people. Documents used to
create the thesaurus for a person are retrieved from the subject’s home page
and a web crawler which accesses linked documents. The authors also sug-
gest a root-mean-squared method to determine the similarity of two different
thesaurus entries for the same word.

3.1.2. Manhattan and Euclidean Distances

Distance between two points (words) in multidimensional space can be cal-
culated using théVlanhattan distance a.k.a.L; norm (denoted byl1) or
Euclidean distancea.k.a.L, norm (denoted byL,). In the Manhattan dis-
tance (5) (Dagan et al. (1997), Dagan et al. (1999), and Lee (1999)), the
disparity in strength of association of andw, with each word that they
co-occur with, is summed. The more the disparity in association, the more is
the distributional distance between the two words. The Euclidean distance (6)
(Lee (1999)) employs the root mean squared of the disparity in association to
get the final distributional distance. Both norm andL, norm give values

in the range 0 (zero distance or maximally related) and infinity (maximally
distant or unrelated).
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La(w,Wp) = Z | P(wjwa) — P(w|w) | (5)
weC(wy )UC(wo)
Lafws,we) = \/ S (Pww)—PWw))?  (6)
weC(wy)UC(Wz)

The above formulae use conditional probability of the co-occurring words
given the target words as the strength of association. The distributional relat-
edness of words may be found by taking the reciprocal of the distributional
distance or similar suitable method.

Lee (1999) compared the ability of all three spatial metrics to determine
the probability of an unseen (not found in training data) word pair. The mea-
sures in order of their performance (from better to worse) wieyenorm,
cosine, and., norm. Weeds (2003) determined the correlation of word pair
ranking as per a handful of distributional measures with human rankings
(Miller and Charles word pairs Miller and Charles (1991)). Using verb-object
pairs from theBritish National Corpus (BNG)she found the correlation of
L1 norm with human rankings to be 0.39.

3.2. ST OPERATIONS

Distributional measures, as discussed earlier, aim to determine semantic sim-
ilarity (or relatedness) using words that co-occur with the target words. The
problem can be transformed to finding the similarity of two séfsgndWs,

say), where each set has as its members the co-occurring words of the two
target words\{i; or wy), respectively. One can now use set operations such as
Jaccard andDice coefficientto determine the similarity of the two sets and
thereby, the semantic similarity of the target words.

Jaccardwi,wp) = % (7)
. 2x Win
Dice(wq,Wp) = w (8)

Both measures give scores in the range from 0 (unrelated) to 1 (maximally
related) and will rank word pairs identically.
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Theorem 1If the similarity of word pair one is less than the similarity of
word pair two, as determined by the Jaccard coefficient, then the similarity of
word pair one will be less than the similarity of word pair two, as determined
by the Dice Coefficient.

Proof.

Let x be the number of co-occurrences common to word pair ong el
number of words that co-occur with just one of the two words in word pair
one.

Let| andmbe the corresponding values for word pair two.

Therefore,
X
Jaccardpair one) = —— 9
dp ) = Xy ©)
2x
Dice(pairong) = ——— 10
(p ) = 1y (10)
: I
= — 11
Jaccard pair two) m (11)
: , 2l
Dice(pair two) = aem (12)
Given,
Jaccardpair one) < Jaccard pair two) (13)
I
B (14)
X+y [+m
= Xl+xm < xl+yl (15)
= xm <yl (16)
To prove,
Dice(pair one) < Dice(pair two) a7
2x 2l
or, Xty < 5 m (18)
or, 4l +4+2xm < 4xl+ 2yl (29)
or, xm < vyl (20)
which is true (from (16)). O

Thus, in terms of measuring distributional similarity/relatedness, Jaccard
and Dice coefficients are identical. Lee (1999) shows that the Jaccard coeffi-
cient performs better thdny, norm in an unseen bigram probability estimation
task.
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3.2.1. Pseudo-Fuzzy Metrics
Simple set operations as stated above do not consider the strength of associa-
tion of the co-occurring word with the target words. The strength of associa-
tion can be incorporated into the metrics by considering the co-occurrence
sets to bepseudo-fuzzy The degree of membership of each word in the
pseudo-fuzzy set corresponding to a target word is its strength of association
with the target word. We call the sets pseudo-fuzzy (and not fuzzy) because
the range of membership values is now dependent on the measure of associa-
tion used — conditional probability: 0 to 1, PMI (ignoring negative vaf)es
0 to infinity. Even though conditional probability has a range from 0 to 1 like
a standard fuzzy set membership function, the conditional probabilities of all
the words with respect to a particular target word sum up to 1. This need not
be (and usually is not) true of the membership values for a regular fuzzy set.
Use of conditional probability (denoted by CP) as the strength of associa-
tion and application odaccard andDice coefficienton the pseudo-fuzzy set
results in the following formulae. Similar to the case of regular sets, it can
easily be shown that the Dice and Jaccard coefficients of pseudo-fuzzy sets
also rank word pairs identically.

min(P(w|w), P(wjwa))
Jaccard® (wy,wp) = 2 weC(wy)UC(wy) o1
(Wi, Wa) S wec(wy)uc(w,) MaX(P(Wjwy), P(W]ws) ) (21)

2 min(P(w|wzq), P(w|w:
DiceCP(Wl,Wz) _ x ZWEC(Wl)UC(Wz) ( ( | l) ( | 2)) (22)
ZweC(wl) P(W|W1) + ZWEC(Wz) P(W|W2)
2 XY wecwr)ucwe) MIN(P(Wlwy ), P(w|w2))
= (23)
1+1
= > min(P(w|wy), P(w|w,)) (24)

weC(wq)UC(Wz)

Observe that the special nature of the membership function forces the Dice
coefficient to equate to simplified form (24) which is also the numerator
of the Jaccard coefficient. Since Dice and Jaccard are identical in terms of
ranking word pairs, use of this simplified form is computationally optimal if
one decides to use the Dice or Jaccard coefficient with conditional probability
as the strength of association.

Dagan et al. (1995) use a weighted version of the Jaccard coefficient on
pseudo-fuzzy sets with PMI as the strength of association. They do not pro-
vide quantitative comparison with other distributional measures and do not
derive their measure as shown above. Viewing co-occurrence information as
pseudo-fuzzy sets enabling the use of any of the numerous set operations
to determine distributional similarity is a novel approach. Part of our future
research is to determine how well such measures fare compared to the others.
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3.3. MUTUAL INFORMATION—BASED MEASURES

Hindle (1990) was one of the first to factor the strength of association of
co-occurring words into a distributional similarity measure. The hypothesis
is that the more similar the association of co-occurring words with the two
target words, the more semantically similar they are. Hfhdied pointwise
mutual information (PMI) as the strength of association. Consider the nouns
nj andn that exist as objects of venp in different instances within a text
corpus. Hindle used formula (25) to determine the distributional similarity of
nj andny solely from their occurrences as objectwpf The minimum of the

two PMIs captures the similarity in the strength of association ofith each

of the two nouns. Note that in case of negative PMI values, the maximum
function captures the PMI which is lower in absolute value.

min(l(vi,nj),l(vi,nk)),
if I(vi,nj) > 0 andl (Vi,l’]k) >0
Hinopj (i, nj, k) = < | max(l (vi,nj), 1 (vi,nk)) |, (25)
if I(vi,nj) < 0 andl (Vi,l’]k) <0
0, otherwise

I(n,v) stands for the PMI (word association ratio, to be more precise) be-
tween the words andv. Hindle used an analogous formula to calculate the
distributional similarity Hinsypj) using the subject-verb relation. The overall
distributional similarity between any two nouns is calculated by the formula

(26).
N

Hin(ny,np) = Zj(Hinobj(vi,nl, N2) + Hinsypj(Vi, N1, o)) (26)
1=
The measure gives similarity scores from 0 (maximally dissimilar) to infinity
(maximally similar). Note that in Hindle’s measure, the set of co-occurring
words used is restricted to include only those words that have the same syn-
tactic relation with both target words (either verb-object or verb-subject).
This is therefore a measure of distributional similarity and not distributional
relatedness. A form of Hindle’s measure where all co-occurring words are
used, making it a measure of distributional relatedness, is shown below:

min(l(w, wa), | (W, W2)),
if 1(w,w;) > 0 andl(w,w,) >0

Hiner(w,we) = 5 ¢ [ max(l(w,wi), | (w,ws)) |, (27)
weC{w) if I(w,w;) < 0andl(w,w;) <0
0, otherwise

C(x) is the set of words that co-occur with waxd
Lin (1998a) suggests a different measure derived from his information
theoretic definition of similarity (Lin, 1998b). Further, he uses a broad set
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of syntactic relations apart from subject-verb and verb-object relations and
shows that using multiple relations is beneficial even by Hindle’s measure.
He first extracts triples of the fornfix,r,y) from the partially parsed text,
where the wordx is related toy by the syntactic relatiom. If 1(x,r,y) is

the information contained in the proposition: the trigher,y) occurred a
constantc times, then Lin defines the distributional similarity between two
words,w; andws, as follows:

> (rw) e T(wa) T () (1 (W, 1, W) + 1 (Wa, 1, W)
> ey eTwe) LWL, W) + 3wy eT(wy) (W2, 1, W)

Lin(wy,wy) = (28)

T(x) is the set of all word pairér,y) such that the pointwise mutual infor-
mation | (x,r,y), is positive. Note that this is different from Hindle (1990)
where even the cases of negative PMI were also considered. As mentioned
earlier, Church and Hanks (1989) show that it is hard to accurately predict
negative word association ratios with confidence. Thus, co-occurrence pairs
with negative PMI are ignored. The measure gives similarity scores from 0
(maximally dissimilar) to 1 (maximally similar).

Lin’s measure distinguishes itself from that of Hindle in two respects.
Firstly, he normalizes the distributional similarity between two wonds (
andws,) determined by their PMI with common co-occurring words by the
total PMI of w; andws, with the rest of the related words. This is a significant
improvement as now high PMI of the target words with shared co-occurring
words does not guarantee a high distributional similarity score. As an addi-
tional requirement, the target words must have low PMI with words they do
not both co-occur with. The second difference in the two formulae is that
Hindle uses a minimum of the PMI between each of the target words and the
shared co-occurring word, while Lin uses the sum. Taking the sum has the
drawback of not penalizing for a mismatch in strength of co-occurrence, as
long asw; andw, both co-occur with a word. We suggest a new measure of
distributional similarity (denoted b$aif) which counters this but keeps the
normalizing factor of Lin's measure:

2 z(raW)ET(Wl)ﬂT(WZ) mm(l (W1’ r, W)’ I (W2a raW))
> rw)eT(wy) LWL W) + 3 (e wreT (uy) | (W2, T, W)

The multiplication by two is done to get scores in the range of 0 to 1 (note that
the sum in Lin’s formula was replaced by a min). The multiplication has no
effect on the relative ranking of word pairs by their similarities. Also notice
that like Hindle's measure, both Lin’s and mine are measures of distributional
similarity. Hindle (1990) used a portion of thessociated Pressews stories

(6 million words) to classify the nouns into semantically related classes. Lin
(1998a) used his measure to generate a thesaurus from a 64-million-word

Saif(wl, Wz) = (29)
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14 Saif Mohammad and Graeme Hirst

corpus of thewall Street Journal, San Jose Mercuand AP Newswire He

also provides a framework for evaluating automatically generated thesauri by
comparing them with WordNet-based and Roget-based thesauri. He shows
that the thesaurus created with his measure is closer to the WordNet and
Roget-based thesauri than that of Hindle.

3.3.1. Mutual Information—Based Spatial and Fuzzy Metrics

Variations of the spatial metrics (equations (4), (5), and (6)) that use point-
wise mutual information instead of conditional probability as the strength of
association are possible. Following are the formulae for mutual information—
based spatial metrics.

> wec(wy)uciug) (1 (Ww1) x (W, W)

CodM(wy,wy) = (30)
\/ ¥ wec(wy) | (W Wp)2 X \/ > weC(ug) | (W W2)2
LM (wy,wp) = |1 (w,wy) — 1 (W, o) | (31)
weC(wy )UC(wo)
LY (wa,wa) — \/ T (w1 (wwp))2 (32)
weC(wy)UC(Wz)

Use of pointwise mutual information as the strength of association in the
fuzzy metrics (see equations (22) and (21)) discussed earlier results in the
following:

min(l (w,wq), I (w, w
Jaccard’”(wl,wz) _ ZWEC(Wl)UC(Wz) (( ) 1)a ( ) 2)) (33)

2 weC(wy)UC(wy) max(| (w,wy), | (W, w2))
2% min(l (w,wy), I (w, w:
DiCEMI(W]_,Wz) _ ZweC(wl)UC(wz) (( ) 1)7 ( ) 2)) (34)
> wec(wy) | (W, W1) + ¥ wecqw,) | (W Wa2)

Observe thaSaif(wi,w,) (equation (29)) equates Dicey, (w1, Ws) if the
restriction to use only positive pointwise mutual information, is lifted.

3.4. RELATIVE ENTROPY-BASED MEASURES

3.4.1. Kullback-Leibler divergence
Given two probability mass functiong(x) andq(x), their relative entropy

(D(pll)) is:

D(plla) = ZX p(x) log % for q(x) # 0 (35)

Intuitively, if p(x) is the accurate probability mass function corresponding to
a random variabl, D(p||q) is the information lost on approximating(x)
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Distributional Measures as Proxies for Semantic Relatedness 15

by q(x). In other wordsP(p||q) is indicative of how different the two distri-
butions are. Relative entropy is also called ikhdlback-Leibler divergence
or theKullback-Leibler distance (denoted byKLD).

Pereira et al. (1993) and Dagan et al. (1994) point out that words have
probabilistic distributions with respect to neighboring syntactically related
words. For example, there exists a certain probabilistic distributigiiP(v|ny)),
say) of a particular noun; being the object of any verb. This distribution can
be estimated by corpus counts of parsed or chunked texthbL&(v|n;)) be
the corresponding distribution for noum. These distributionsdg and dy)
define the contexts of the two nounmg @ndn,, respectively). As per the dis-
tributional hypothesis (Harris, 1968), the more these contexts are similar, the
more aren; andn, semantically similar. Thus the Kullback-Leibler distance
between the two distributions is indicative of the semantic distance between
the nounsn; andns,.

KLD(nl,nz) = D(d]_”dz)
P
= Yvevb P(V/m)log pm;; for P(vnz) #0 (36)

= Suevb(ny)uvb (np) P(VIN1) l0g 54 for P(vjnp) # 0

whereVbis the set of all verbs andb’(x) is the set of verbs that haxeas the
object. The distributional similarity is determined by taking the reciprocal of
the Kullback-Leibler distance or similar suitable method. Note that the set of
co-occurring words used is restricted to include only verbs that each have the
same syntactic relation (verb-object) with both target nouns. This is therefore
a measure of distributional similarity and not distributional relatedness.

It should be noted that the verb-object relationship is not inherent to the
measure and that one or more of any other syntactic relations may be used.
The distributional relatedness may even be determined using all words co-
occurring with the target words. Thus a more generic expression of the Kullback-
Leibler divergence is as follows:

KLD(W]_,Wz) = D(d]_“dz)

= Swev P(Ww;)log Emm; for P(wjws) # 0
= S wecw)ucuy) P(Ww) log Sl for P(wjw,) # 0
(37)

V is the vocabulary (all the words found in a corp3(x), as mentioned ear-
lier, is the set of words occurring (within a certain window) with ward he
inverse of the distributional distance calculated above yields the distributional
relatedness ofv; andws.
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16 Saif Mohammad and Graeme Hirst

It should be noted that the Kullback-Leibler distance is not symmetric, that
is, the distance fronwv, to w, is not necessarily, and even not likely, the same
as the distance fromw, to wy. This asymmetry is counter-intuitive to the
general notion of semantic similarity of words, although Weeds (2003) has
argued in favor of asymmetric measures. Further, it is very likely that there
be instances such thBfw; |v) is greater than O for a particular vevpwhile
due to data sparseness or grammatical and semantic constraints, the training
data has no sentence wherbas the objectv,. This maked?(w,|v) equal to
0 and the ratio of the two probabilities infinite. Kullback-Leibler divergence
is not defined in such cases but approximations may be made by considering
smoothed values for the denominator.

Pereira et al. (1993) use relative entropy to create clusters of nouns from
verb-object pairs corresponding to a thousand most frequent nouns in the
Grolier's EncyclopediaJune 1991 version (10 million words). Dagan et al.
(1994) use Kullback-Leibler distance to estimate the probabilities of bigrams
that were not seen in a text corpus. They point out that a significant number
of possible bigrams are not seen in any given text corpus. The probabili-
ties of such bigrams may be determined by taking a weighted average of
the probabilities of bigrams composed of distributionally similar words. Use
of Kullback-Leibler distance as the semantic distance metric yielded a 20%
improvement in perplexity on thé/all Street Journabnd dictation corpora
provided by ARPA's HLT program (Paul, 1991).

The use of distributionally similar words to estimate unseen bigram prob-
abilities will likely lead to erroneous results in case of less-preferred and
strongly-preferred collocations (word pairs). Inkpen and Hirst (2002) point
out that even though words likaskandjob are semantically very similar,
the collocations they form with other words may have varying degrees of
usage. Whiledaunting tasks a strongly-preferred collocationaunting job
is rarely used. Thus using the probability of one bigram to estimate that of
another will not be beneficial in such cases.

3.4.2. a Skew Divergence

a skew divergence(ASD is a slight modification of the Kullback-Leibler
divergence, that obviates the need for smoothed probabilities. It has the fol-
lowing formula:

P(wjw,)
(Wwz) + (1 —a)P(wjwy)
(38)
o is a parameter that may be varied but is usually set.8®.0Note that
the denominator within the logarithm is never zero with a non-zero numera-
tor. Also, the measure retains the asymmetric nature of the Kullback-Leibler
divergence.

ASD(wy,W,) = Z P(w|wy) log P

weC(wi)UC(wz)
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Lee (2001) shows that skew divergence performs better than Kullback-
Leibler divergence in estimating word co-occurrence probabilities. Weeds
(2003) achieves a correlation of4@ and 026 with human judgment on the
Miller and Charles word pairs usinrgSD(w1,w») and ASD(w,, w1 ), respec-
tively.

3.4.3. Jensen-Shannon Divergence

A relative entropy—based measure that overcomes the drawback of asymme-
try in Kullback-Leibler divergence is théensen-Shannon divergenca.k.a.

total divergence to the averagea.k.a.information radius. It is denoted by
JSDand has the following formula:

JSD(wy,Wp) = D (d1||%(d1 + d2)> +D (dZH%(dl + d2)> (39)
_ P(w]wa)
N weC(w%UC(wz) (P(W|Wl) 100 3 (P(Wjwa) + P(w|wy))
P(wlw,)
P00 L B + P(w|wZ>>> 0

The Jensen-Shannon divergence is the sum of Kullback-Leibler divergence
between each of the individual distributiodsandd, with the average distri-
bution (@5%). Further, it can be shown that the Jensen-Shannon divergence
avoids the problem of zero denominator as in Kullback-Leibler divergence.
The Jensen-Shannon divergence is therefore always well defined anal, like
skew divergence obviates the need for smoothed estimates.

The Kullback-Leibler divergence, Skew Divergence, and Jensen-Shannon
divergence all give distributional distance scores from 0 (maximally simi-
lar/related) to infinity (completely dissimilar/unrelated).

3.5. CO-OCCURRENCERETRIEVAL MODELS

The distributional measures suggested by Weeds (2003) are based on the
notion of substitutability. The more appropriate it is to substitute weyd

in place of wordws in a suitable natural language task, the more semantically
similar they are. The natural language task she focuses @mdagcurrence
retrieval (the retrieval of words that co-occur with a target word from text)
and depending on the definition appropriate she suggests six different
distributional measures called the-occurrence retrieval models (CRMSs)

Let N; be the set of co-occurrences wi retrieved from a text corpus
andN, that of wy. In order to determine how appropriate it is to substitute
wy in place ofw, we have to decide how important it is to get as many co-
occurrences as possible listedNp (recall, denoted byr) and how important
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18 Saif Mohammad and Graeme Hirst

it is to not get co-occurrences not listed 3 (precision, denoted byP).

Thus Weeds'’ distributional measures have a precision component and a recall
component. The final score is a weighted sum of the precision, recall and
standardF measure (see equation (A)1L)The weights determine the impor-
tance of precision and recall and are determined empirically. If precision and
recall are equally important, then we get a symmetric measure which gives
the same scores to the distributional similarityngfwith w, andws, with w;.
Otherwise, we get an asymmetric measure which assigns different similarities
to the two cases. As substitutability is defined as a measure of distributional
similarity, metrics such as precision and recall which quantify how good the
substitution is, are used to calculate the distributional similarity.

2xPxR

CRM(wq, W) =y IR

+(1-vy)

BIPI+ (1~ B)[R]] (41)

y andp are tuned parameters that lie between 0 and 1.

Weeds argues that the asymmetry in substitutability is intuitive as in many
cases it may be okay to substitute a word, dag with another, sayanimal
but the reverse is not likely to be acceptable as often. Since substitutabil-
ity is a measure of semantic similarity, she believes that distributional sim-
ilarity between two words should reflect this property as well. Hence, like
the Kullback-Leibler divergence, all her distributional similarity models are
inherently asymmetric.

A word’s co-occurrence information may be specified by the set of co-
occurring words alone, or by specifying the strength of co-occurrences, as
well. This strength may be captured by a suitable measure of word association
such as conditional probability or pointwise mutual information between the
co-occurring words and the target words. Also, the difference in the strength
of co-occurrence may or may not be used to penalize the substitutability of
one word for another. Weeds (2003) provides six distinct formulae for preci-
sion and recall, depending on the the strength of co-occurrence and penalty
for differences in strength of association.

The precision (or recall) can be considered as the product of a core preci-
sion (or recall) formula (denoted lmpre) and a penalty function (denoted by
penalty. The CRMs that use simple counts of the common co-occurrences
in N; andN, and not the strength of associations as core precision and recall
values are calletlype-based CRMs(denoted by the superscriptpe. The
CRMs that use conditional probabilities of the common co-occurrendes in
and N, with the target words as core precision and recall values are called
token-based CRMs(denoted by the superscritiiker). The CRMs that use
pointwise mutual information of the common co-occurrenceblirand N,
with the target words as core precision and recall values are qallgdal
information—based CRMs (denoted by the superscripti). The core preci-
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sion and recall formulae for type, token and mutual information—based CRMs
are listed below:

cored®® (wy,wp) = |C(V|Vg(CVS(IN2)| (42)

cored™® (wy,wp) = |C(v|vé)(cvg(rv2)| (43)

cord®*ewy, wy) = > P(w|wy) (44)
weC(wi)NC(wz)

cordkewy, wy) = P(w|ws) (45)

weC(wgﬂC(wz)

; ¥ weC(wy)nC(wy) | (W, W1)
corg (wy,Wp) = 46
ép (W, ) 2 WeC(wi) I'(w, wa) 8

cordl (Wi, W) = 3 weC(wy)nCwy) | (W, W2) “7)
> wecC(wg) | (W W2)

The CRMs that do not penalize difference in strength of co-occurrence are
calledadditive CRMs (denoted by the subscriptld). The CRMs that do pe-
nalize are calledifference-weighted CRMs(subscriptdw). The penalty is a
conditional probability—based function (48, 49) for the token- and type-based
CRMs, and a mutual information—based function (50, 51) for the mutual
information—based CRM.

min(P(wjwy), P(w]w,))

penalty”® = penalty?ke" = P W) (48)
penaltyP® = penaltfeken — mi”(P("F"J(""VVlKA’;(W'WZ)) (49)
penalty’ = mi”('("lv’("v‘\’,,l\)/;l')(w’wz» (50)
penaltg = mi”('("lv’("v‘\’,,l\)/;;)(w’wz» (51)

The precision and recall of additive and difference-weighted CRMs is listed
in the appendix.

Weeds (2003) extracted verb-object pairs of 2,000 nouns frorBtitish
National Corpus (BNC)The verbs related to the target words by the verb-
object relation were used. Thus each of the co-occurring verbs is related to the
target nouns by the same syntactic relation and therefore the measures capture
distributional similarity, not relatedness. Correlation with human judgment
(Miller and Charles word pairs) showed that difference-weighted (0.61) and
additive mutual information—based measures (0.62) performed far better than
the rest of the CRMs.
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4. Discussion and Analysis of Distributional Measures

The previous section described numerous distributional measures. Variations
of the measures are possible depending on certain general properties of a dis-
tributional measure. This section discusses a few of the important properties

along with an analysis of their effect in assigning semantic relatedness.

4.1. SMPLE CO-OCCURRENCES VSSYNTACTICALLY RELATED WORDS

Harris (1968), one of the early proponents of the distributional hypothesis,
used syntactically related words to represent the context of a word. However,
the strength of association of any word appearing in the context of the target
words may be used to determine their distributional similarity. Dagan et al.
(1997), Lee (1999), and Weeds (2003) represent the context of a noun with
verbs whose object it is (single syntactic relation), Hindle (1990) represents
the context of a noun with verbs with which it shares the verb-object or
subject-verb relation, while Lin (1998a) uses words related to a noun by
any of the many pre-decided syntactic relations to determine distributional
similarity. Schitze and Pedersen (1997) and Yoshida et al. (2003) use all co-
occurring words in a pre-decided window size. Although Lin (1998a) shows
that the use of multiple syntactic relations is more beneficial as compared to
just one, there exist no published results on whether using only syntactically
related words (as compared to all co-occurrences) improves or worsens the
guality of semantic similarity assignment.

Use of syntactically related words entails the requirement of chunking or
parsing the data. Once the data is suitably parsed, the computational cost of
such methods is lower as distributional similarity is determined with much
fewer words.

4.1.1. Use of Multiple Syntactic Relations

Lin (1998a) used a subset of words that co-occurred with the target words to
determine their distributional similarity. Only those co-occurrences that are
syntactically related (by any of the pre-decided list of relations) to the target
words are chosen. Once this restricted set of co-occurrences is determined,
distributional similarity is determined by formula (28) shown earlier. Observe
that the formula does not distinguish between the co-occurrences related by
different syntactic relations. An alternative is to calculate a distributional
similarity value using each of the syntactic relations individually and then
determine the overall distributional similarity from these results. The over-
all distributional similarity may be as simple as the average similarity (see
(52)) or the maximum (see (53)) of individual similarity results. Distribu-
tional similarity so calculated is justified in the following two paragraphs,
respectively.
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. 1 . .
SiMbverall avg(W1, W) = N(Slml(Wl,Wz)+5|m2(W1,W2)+

...+ Simy (W]_,Wz)) (52)
SiMoverallMax(W1,W2) = max(Sim (w1, Wa), Sima(wq, Wo),
oo, Simy (W, W2)) (53)

whereN is the total number of syntactic relations considered and,

3 (riw) € T(wa) N (wa) (1 (W, i, W) 41 (W, 1, W) )
2 (riw)eT (wy) I (wy, ri,w) + 2 (ri W) eT(w,) [ (Wa,ri,wW)

whereri is a particular syntactic relation.

Consider the scenario where wond has a strong word association ra-
tio (large MI value) withw; but does not co-occur wittw,. The large MI
value is added to the denominator as per Lin's measure (28). This results
in a low distributional similarity value. However, a number of words are
considered semantically related even though there exist wexdtugive co-
occurrences say) that have strong word association ratios with one or the
other target word but not both. A mark of semantically related words is the
presence of a number of common co-occurring words with whom they are
both strongly associated. One or few strong co-occurrences of a target word
that do not co-occur with the other target word do not imply that the target
words are semantically unrelated. For example, consider the rather similar
pair of nounsbananasand mangoesThe adjectivguicy is likely to have a
large association ratio wittnangoesut not so withbananas The large Ml
value ofmangoesndjuicy may lead to an excessively low distributional sim-
ilarity value as per Lin’'s measure (28). Averaging the different distributional
similarity values (as in (52)) calculated from individual syntactic relations
instead of Lin’s original method moderates the strongly negative effect of
such exclusive co-occurrences by restricting it to a particular syntactic rela-
tion (in this case, adjective-noun). It should be noted that the disparity in the
strength of association ahangoesandjuicy versusbananaandjuicy, is use-
ful in bringing out the differences betweemangoandbananawhich may be
used to determine thatangoandorangeare more semantically related than
mangoandbanana However, as pointed out earlier, we do not want a strong
co-occurrence to have an adverse affect on the estimation of distributional
similarity in all other cases.

Taking the maximum of individual distributional similarity values (53)
takes the aforementioned idea one step ahead and is grounded in the following
hypothesis:

Different syntactic relations are accurate predictors of the semantic simi-
larity for different pairs of words.

Simy; (Wl, Wz) = (54)
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For example, fruits tend to have strong word associations with adjectives
like sweet, bitter, ripeandjuicy, and low association values with verbs that
they are related to by the subject-verb relation. For example, consider the
sentences:

the ripe mango fell to the ground
the ripe plum fell to the ground

The wordsripe andmangoare related by the adjective-noun relation and are
likely to have a large value of association. On the other harahgoandfell

which are the subject and verb, respectively, are likely to have a low measure
of association because almost anything can fall. The adjective-noun relation
is thus expected to yield a higher distributional similarity value than the
subject-verb relation. Employing equation (53) in this case will mean that co-
occurrences related to the target words by the adjective-noun relation will be
used to determine the distributional similarity while all other co-occurrences
will be ignored. Thus only the relation that has the strongest associated co-
occurrences is used to determine the distributional similarity as these co-
occurrences are expected to be the best predictors of semantic similarity. A
measure where other sets of co-occurrences, which are weak predictors of
semantic similarity, are allowed to influence the result may cause more harm
than benefit. Flipping the argument on its head, target words predicted to be
strongly distributionally similar by two or more syntactic relations should be
assigned higher distributional similarity values than in the case of just one.
Using the maximum method will loose out on this information.

Part of our future work will be to determine if calculating individual sim-
ilarity values from different syntactic relations and then arriving at the final
similarity is closer to human judgment or not. Also, as pointed out, both the
average or maximum approaches have their advantages and disadvantages.
It will be interesting to determine which method gives semantic similarity
values closer to the human notion of semantic similarity.

4.2. COMPOSITIONALITY

The various measures of distributional similarity may be divided into two
kinds as per their composition. In certain measures each co-occurring word
contributes to somfnite calculabledistributional distance between the target
words. The final score of distributional distance is the sum of these con-
tributions. We will call such measureaompositional measures The rel-

ative entropy—based measurés, norm andL, norm fall in this category.

On the other hand, the cosine measure along with Hindle’s and Lin’s mutual
information—based measures belong to the category of what we@al
compositionalmeasures. Each co-occurring word shared by both target words
contributes a score to the numerator and the denominator. Words that co-occur

MohammadHirst.tex; 16/01/2005; 1:41; p.22



Distributional Measures as Proxies for Semantic Relatedness 23

with just one of the two target words contribute scores only to the denom-
inator. The ratio is calculated once all co-occurring words are considered.
Thus the distributional distance contributed by individual co-occurrences is
not calculable and the final semantic distance cannot be broken down into
compositional distances contributed by each of the co-occurrences.

It must be noted that it is not clear as to which of the two kinds of mea-
sures (compositional or non-compositional) resembles human judgment more
closely and how much they differ in their ranking of word pairs. Our future
work aims to determine this.

4.2.1. Primary Compositional Measures

The compositional measures of distributional similarity (or relatedness) cap-
ture the contribution to distance between the target wosdsa0dw,) due to

a co-occurring word by three primary mathematical manipulations of the co-
occurrence distributiongl{ andd,): the difference, denoted byDif (as inL;
norm), division, denoted byDiv (as in the relative entropy—based measures)
and product, denoted byPdt (as in the conditional probability or mutual
information—based cosine method). We will call the three types of compo-
sitional measureprimary compositional measures (PCM) Their form is
depicted below:

Dif = S |P(W|wy) — P(W|wy)| (55)
weC(wy)UC(W2)
weC(wy )UC(wo) P(W|W2)

Pdt = s P(W|W1') x P(w|wa) (57)
wecwucw,)  Scaling Factor

Observe that by taking absolute values in expressions (55) and (56), the varia-
tion in the distributions for different co-occurring words has an additive affect
and not one of cancellation. This corresponds to our distributional hypothesis
— the more the disparity in distributions, the more is the semantic distance
between the target words. The product form (57) also achieves this and is
based on the theorem:

The product of any two numbers will always be less than or equal to the
square of their average.

In other words, the more two numbers are close to each other in value, the
higher is the ratio of their product to a suitable scaling factor (for example, the

square of their average). Note that the difference and division measures give
higher values when there is large disparity between the strength of association
of co-occurring words with the target words. They are therefore measures of
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distributional distance and not distributional similarity. The product method
gives higher values when the strengths of association are closer, and is a
measure of distributional relatedness.

Although all three methods seem intuitive, each produces different distri-
butional similarity values and more importantly, given a set of word pairs,
each is likely to rank them differently. For example, consider the division
and difference expressions applied to word paivg, (v2) and (vs, wa). For
simplicity, let there be just one wosd in the context of all the words. Given:

P(W|wy) = 0.91
P(W|w,) = 0.80
P(W|ws) = 0.60
P(wW |ws) = 0.50

The distributional distance between word pairs as per the difference PCM:

Dif (Wl,Wz) = |0.91—0.8|:0.11
Dif (ws,ws) = |0.6— 0.5/ =0.1

The distributional distance between word pairs as per the division PCM:

: 0.91
Div(wy,Wp) = Iogﬁ = 0.056
Div(wz,wg) = Iog%‘ =0.079

Observe that for the same set of co-occurrence probabilities, the difference-
based measure ranks tha&s(w,) pair more distributionally similar (lower
distributional distance), while the division-based measure gives lower distri-
butional similarity values for word pairs having large co-occurrence proba-
bilities. This behavior is not intuitive and it remains to be seen, by exper-
imentation, as to which of the three, difference, division or product, yields
distributional similarity measures closest to human notions of semantic simi-
larity.

ThelL; normis a basic implementation of the difference method. A simple
product-based measure of distributional similarity is as proposed below:

P(wjwy) x P(w|w,)
clu) (3 (P(Wwa) + P(wjwe)))2

The scaling factor used is the square of the average probability. It can be
proved that if the sum of two variables is equal to a constlnsdy). Their

Pd?V9(wy, Wy) = g (58)
WEC(W;L U
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values must be equal /2 in order to get the largest product. Now, kebe
equal to the sum dP(w|wz) /(P(w|wy) + P(w|wz)) andP(w|wz) / (P(w|wq) +
P(w|wy)). This sum will always be equal to 1 and hence the proddgt (
will be largest only when the two numbers are equal Pey|w;) is equal

to P(w|w.). In other words, the farthe?(w|w;) andP(w|w.) are from their
average, the smaller is the proddciTherefore, the measure gives high scores
for low disparity in strengths of co-occurrence and low scores otherwise.
The incorporation of 2 in the scaling factor results in a measure that ranges
between 0 and 1.

The relative entropy—based methods use a weighted division method. Ob-
serve that both Kullback-Leibler divergence (formula repeated here for con-
venience — equation (59)) and Jensen-Shannon divergence do not take ab-
solute values of the division of co-occurrence probabilities. This will mean
that if P(w|w;) > P(w|wy), the logarithm of their ratio will be positive and
if P(wjw1) < P(w|wy), the logarithm will be a negative number. Therefore,
there will be a cancellation of contributions to distributional distance by words
that have higher co-occurrence probability with respectvioand words
that have a higher co-occurrence probability with respecivio Observe
however that the weigH®(w|w;) multiplied to the logarithm means that in
general the positive logarithm values receive higher weight than the negative
ones, resulting in a net positive score. Therefore, with no absolute value of
the logarithm, as in the KLD, the weight plays a crucial role. A modified
Kullback-Leibler divergence”*S) which incorporates the absolute value is
suggested in equation (60):

P(w|w.
LD we) =D(clE) = > Plviws)log MULZ D
weC(wy )UC(w2) (Wiwz)
KLDAbS(W]_,WZ) — DAbS(d]_Hdz) _ z P(W|W1) IOg P(W|Wl)
weC(wyq )UC(Wo) P(W|W2)
(60)

The updated Jensen-Shannon divergence measure will remain the same as in
equation (39), except that it is a manipulation@f®s and not the original
Kullback-Leibler divergence (relative entropy).

ISy, W) = DA | %(d1 L))+ DAbS(dZH%(dl +d))  (61)

Note that once the absolute value of the logarithm is taken, it no longer makes
much sense to use an asymmetric weightw(wi)) as in the KLD or as
necessary to use a weight at all. Equation (62) shows a simple division-based
meailljjre. It is an unweighted form IGE.DAPS(w,w,) and so we will call it
KLD{2S

Unw-
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g P(wjw;)
e | PW,)

Experimental evaluation of these suggested modifications of Kullback-Leibler
divergence and informations radius is part of future work.

KLDAPS (w1, ws) = Div(wy,ws) =

(62)

4.2.2. Weighting the PCMs

The performance of the primary compositional measures may be improved
by adding suitable weights to the distributional distance contributed by each
co-occurrence. The idea is that some co-occurrences may be better indicators
of semantic distance than others. Usually, a formulation of the strength of as-
sociation of the co-occurring word with the target words is used as weight, the
hypothesis being that a strong co-occurrence is likely to be strong indicator
of semantic distance.

Weighting the primary compositional measures results in some of the ex-
isting measures. For example, as pointed out earlier, the Kullback-Leibler
divergence is a weighted form of the division measure (not considering the
absolute value). Here, the conditional probability of a co-occurring word with
respect to the first word®(w|ws)) is used as the weight. Since the weight
is dependent on the first word and not the other, we have asymmetry. A
more symmetric weight could be the average of the conditional probabil-
ities between the co-occurring word and each of the two target words. A
symmetrically weighted division PCI8aifyyqyis shown below:

. 1 P +P 0g
Salﬁ%wt(wl,wz) = . (le)u ) (P(wlws) (Wwg)) | me;
eC (63)

We can have corresponding, symmetric weighted Jensen-Shannon divergence
anda skew divergencel, norm is a weighted version of tHg norm, the
weight beingP(w|wz) — P(w|w,). A simple product measure with weights is
shown below:

P(wlwy) x P(w|w,)
(3(P(Wwz) + P(wjwz)))?

1
PG = Dy 2 P2)
weC(wy )UC(wo)

P(w|wz) x P(w|w,)

N WEC(W%UC(Wz) %(P(W|Wl) + P(wjwy))

(64)

A better weight (which is also symmetric) may be chosen given the fol-
lowing hypothesis:

The stronger the association of a co-occurring word with a target word,
the better indicator of semantic properties of the target word it is.
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The co-occurring word is likely to have different strengths of associations

with the two target words. Taking the maximum of the two as the weight

(Dagan et al. (1995)) will mean that more weight is given to a co-occurring

word if it has high strength of association with any of the two target words.

As Dagan et al. (1995) point out, there is strong evidence for dissimilarity

if the strength of association with the other target word is much lower than

the maximum, and strong evidence of similarity if the strength of association
with both target words is more or less the same. Equation (65) is a weighted
division PCM that captures this intuition.

Saif)a(Wa, Wo)

_ max(P(w|wy), P(w|ws)) ‘ P(wwy)
(65)

Similarly weighted product and difference measures may be created. Both
Salfyaunt andSaiﬁ\',fév\,_tgive distributional distance scores from 0 (maximally
similar/related) to infinity (completely dissimilar/unrelated).

It would be interesting to note the effect of weighting on these measures
and also to determine which weight factor is more suitable.

4.3. MEASURE OFASSOCIATION

As mentioned earlier, distributional measures use the disparity in association
of the target words with their co-occurring words to determine relatedness.
Lin (1998a) and Hindle (1990) use pointwise mutual information as the mea-
sure of association. The mutual information—-based CRMs of Weeds (2003)
also use the same. All other measures studied in this paper use simple condi-
tional probability of the co-occurring words, given the target word. It should
be noted that replacing the strength of association in a measure with an-
other can result in a different distributional measure. For example, the mutual
information—based spatial and fuzzy metrics discussed earlier. Lin’s measure
(28) using conditional probability (CP) is shown below:

Y (rw) e T (wn) T (w) (P(WW1) + P(W]w2))

Lin®P(wy, wy) =
( ' 2) Z(r,w’)eT(wl) P(W|W1) + Z(nw’)eT(wz) P(W|W2)

(66)

Of course, in case of certain measures, for example the division-based
primary compositional measures, use of pointwise mutual information and
conditional probability is equivalent.

MohammadHirst.tex; 16/01/2005; 1:41; p.27



28 Saif Mohammad and Graeme Hirst

P(w,w1)

DIVM! (W, wp) — S log Pg(vv)vpv(vw)l) (67)
weC(wy)UC(ws) PW)P(W5)

_ 5 log 2 W) (68)
weC(wy )UC(w2) P(wiws)

= Div(wi, W) (69)

Weeds (2003) shows that her mutual information—based CRMs exhibit
higher correlation with human judgment on the Miller and Charles word pairs
compared to the ones that use conditional probability. It remains to be seen if
other measures follow the same pattern.

4.4. PREDICTORS OFSEMANTIC RELATEDNESS

Given a pair of target words, the vocabulary may be divided into three sets:
(1) the set of words that co-occur with both target words (common); (2) words
that co-occur with exactly one of the two target words (exclusive); (3) words
that do not co-occur with either of the two target words. Hindle (1990) uses
evidence only from words that co-occur with both target words to determine
the distributional similarity. All the other measures discussed in this paper so
far, use words that co-occur with just one target word, as well.

One can argue that the more there are common co-occurrences between
two words, the more they are related. For examgknk and sip may be
considered related as they have a number of common co-occurrences such
aswater, teaand so on. Similarlydrink andchesscan be deemed unrelated
as words that co-occur with one, do not with the other. For exarnnaeer
andteado not usually co-occur witltchess while castleand moveare not
found close todrink. Measures that use all co-occurrences (common and
exclusive) tap into this intuitive notion. However, certain strong exclusive co-
occurrences can adversely effect the measure. Consider the slassiztea
vs powerful teaexample (Halliday (1966)). The wordsrongand powerful
are semantically very related. However, the woaoffeeis likely to co-occur
with strongbut not withpowerful Further,strongandcoffeecan be expected
to have a large value of association as given by a suitable measure, say PMI.
This large PMI value, if used in the distributional relatedness formula, can
greatly reduce the final value. Thus it is not clear if the benefit of using all
co-occurrences is outweighed by the drawback pointed out.

A further advantage of using only common co-occurrences is that the
Kullback-Leibler divergence can now be used without the need of smoothed
probabilities.
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P(w|wi)

KLDCom(W]_,Wz) = P(W|W1) Iog P(W|W2)

weC(wi)NC(wz)
Observe that we are taking the intersection of the set of co-occurring words
instead of union as in the original formula (37).

(70)

4.5. CAPITALIZING ON ASYMMETRY

Given a hypernym-hyponym paiaytomobile-cay say) asymmetric distribu-
tional measures such as the Kullback-Leibler divergeacgkew divergence

and the CRMs generate different values as the distributional similarity of
with w, as compared ta, with wq. Usually, ifw; is a more generic concept
thanw,, the measures find to be more distributionally similar tas, than

the other way round. Weeds (2003) argues that this behavior is intuitive as it
is more often okay to substitute a generic concept in place of a specific one
than vice versa, and substitutability is a indicator of semantic similarity. On
the other hand, in most cases the notion of asymmetric semantic similarity is
counter-intuitive, and possibly detrimental. Further, in case two words share a
hypernym-hyponym relation, they are likely to be highly semantically similar.
Thus given two words, it may make sense to always choose the higher of the
two distributional similarity values suggested by an asymmetric measure as
the final distributional similarity between the two. This way an asymmetric
measure $imxsyn) can easily be converted into a symmetric 0B&Tsyn),

while still capitalizing on the asymmetry to generate more suitable distri-
butional similarity values for hypernym-hyponym word pairs. Equation (71)
states the formula for the proposed conversion. A specific implementation on
the KL divergence formula is given in equation (72)

SiMMiax(W1,W2) = max(Simasym{ W1, W2), Simasym(Wo,W1))  (71)
KLDMaX(W]_,Wz) = maX(KLD(W]_,Wz),KLD(Wz,W]_)) (72)

Another method to convert an asymmetric measure of distributional sim-
ilarity (or relatedness) into a symmetric one is by taking the average (for-
mula 73) of the two possible similarity values. A specific implementation on
the KL divergence formula is given in equation (74)

Simo\vg(Wl,Wz) = %(Simo\syn{W]_,WZ) + SirT]Asyn{Wz,Wl)) (73)
KLDAVg(Wl,Wz) = %(KLD(Wl,Wz) + KLD(Wz,Wl)) (74)
_1 P(wjw,) P(w|ws)
=5 WEC(WEUC(WZ) (P(W|W1) log PWIW,) + P(w|w.) log W) >(75)
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1 P(wjwy) P(w|wy)

=5 - Wguc ( (w|wy) log P(Ww) P(w|w-) log P(Ww) )(76)
_1 P(wwy)
2 weC(wy )UC(ws) ( (W|W1) (W|W2)) 09 P(w|wy) "

Determining the effectiveness of such conversions of existing asymmetric
measures is part of our future work.

4.6. How CRMs FIT

The CRMs suggested by Weeds (2003) are the first distributional measures to
be evaluated by comparing ranked word pairs with those ranked by humans
(Miller and Charles word pairs). At first glance the CRMs may look quite
distinct from the rest of the distributional measures studied so far, owing to
their rather complex formulae and multiple optimizing parameters. However,
setting the parameters to certain standard values equates a few of the CRMs
to other measures. The difference-weighted token-based CRM suggested by
Weeds has identical values for precision and recall. She proves that the pre-
cision (or recall) is inversely related to the norm measure. This seemingly

odd result of equating a distributional distance measure with a precision (or
recall) value makes sense due to the following — as substitutability is de-
fined as a measure of distributional similarity, metrics such as precision and
recall which quantify how good the substitution is, reflect the distributional
similarity and are inversely related to distributional distance. Thus setting
y=0andp =1 or 0, causes the CRM to behave like thenorm. Further,

as shown below, setting= 1 (in other words, taking thE measure) makes

the difference-weighted mutual information—-based CRM identical to the mu-
tual information—based Dice coefficient (34). Followinig a proof of the
same. The precision and recall of the difference-weighted MI-based CRMs
are repeated here (equations (78) and (79)) for convenience.

ZWGC (wq)NC(W2) mm(l (W Wl)a I (Wa WZ))
> wec(wy) | (W, wi)

ZWEC (wq)NC(W2) mm(l (W W]_), I (Wa WZ))
ZWEC (w2) I (Wa WZ)

P (Wla ) (78)

Rijw (W1, Wo) = (79)
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Theorem 2.The difference-weighted mutual information—based CRM equates
to the mutual information—based Dice coefficient if its parameisiset to 1.

Proof.

2xPxR

Sinfiiy(wi,wp) =y prr | TA-V|RPI+A-BR
2xPxR
=15 g | T@-D|BPI+A-B)R
_ 2xPxR
= PiR.

On substituting values fd? andR from equations (78) and (79):

SII’Tm,!,(Wl, W2)

2 % (Zwe(:(wl)mqwz)min('(val)J(W,WZ))) % (Zwe(:(wl)m(:(wz)min('(W,Wl)J(W,Wz)))
i S wec(wy) | (Ww1) SweCiwy) | (Ww2)
(ZweC(wl)mC(wz) min(l (wwy),| (WWZ))) n <ZweC(w1)mC(w2) min(l (wwy),| (V\sz)))
ZWEC(WJ_) [(w,wy) ZWEC(Wz) I(w,w2)

2y (Sweciwy)nc(uy) min('(V\Lwl)J(V\LWz)))Z
(ZWEC(W]_) I (\N7W1)) (ZWEC(Wz) I (W,WZ))

(S weciwy )rciug) MIN(H(Ww ), (Ww2))) (Fwecqy) | (WW1)+ S weciw,) | (Ww2))
(ZWEC(W]_) I (\N7W1)) (ZWEC(Wz) I (W,WZ))
_ 2% Fwecw)nciwy) Min( (wows ), 1w, we)
ZWGC(W;L) I (Wa Wl) + ZWGC(Wz) I (Wa WZ)

= DiceM' (W]_,Wz)

4. 7. HT AND MI1ss CO-OCCURRENCES

Lastly, we examine two kinds of co-occurrences that pose a challenge to ex-
isting distributional measures: (1) Word pairs that occur together less number
of times than what would be expected by chance. Measures like PMI cannot
predict their association values with confidence and as pointed out earlier this
is countered by ignoring them completely. This means that the system misses
out on evidence from this set of co-occurrence pairs. (2) Co-occurrence pairs
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formed by a word with target words that are near synonyms. Inkpen and
Hirst (2002) point out that near synonyms (for examgi@ldenand con-
cealed may form strong and anti-collocations, respectively, with the same
co-occurring word (for exampleagenda. All distributional measures that

use strength of association to determine semantic relatedness will consider
the large discrepancy in strength of association as evidence of unrelatedness.
Therefore, these co-occurrence pairs, which are not ignored (unlike the pre-
vious ones), will negatively impact the ability of distributional measures to
predict semantic relatedness of near synonyms. It should be noted that we
cannot eliminate such co-occurrences in a straightforward manner simply
because we are not aware apriori if the target words are near synonyms.
It would be interesting to determine the precise quantitative effect of such
co-occurrences on the performance of distributional measures.

4.8. SUIMMARIZING THE DISTRIBUTIONAL MEASURES

In the last two sections we have seen numerous distributional measures. Ta-
bles I, 11, 1ll, and 1V listed in the appendix summarize their properties.

5. Semantic Network and Ontology-Based Measures

Creation of electronically available ontologies and semantic networks like
WordNet has allowed their use to help solve numerous natural language prob-
lems including the measurement of semantic distance between two words.
Budanitsky (1999), Budanitsky and Hirst (2001) and Patwardhan et al. (2003)
have done an extensive survey of the various WordNet-based measures, their
comparisons with human judgment on selected word pairs, and their efficacy
in applications such as spelling correction and word sense disambiguation.
Hence, this paper provides just a brief summary of the major WordNet-based
measures of similarity and focuses on their comparison with distributional
ones.

One of the earliest and simplest measures is the Rada et al. (¢986)
counting method. The shortest path in the network between the two target
words farget path) is determined. The more edges there are between two
words, the more distant they are. Elegant as it may be, the measure relies
on the unlikely assumption that all the network edges correspond to identical
semantic distance between the nodes they connect. Nodes in a network may
be connected by numerous relations such as hyponymy, meronymy and so
on. Edge counts apart, Hirst and St-Onge (1998) take into account the fact
that if the target path consists of edges that belong to a number of such
relations, the target words are likely more distant. The idea is that if we start
from a particular nodeb@ase word and take a path via a particular relation
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(say, hyponymy), to a certain extent the words reached will be quite related
to the base word. However, if during the way we take edges belonging to
different relations (other than hyponymy), very soon we may reach words
that are unrelated. Hirst and St-Onge’s measure of semantic relatedness is
listed below:

HS(c1,c;) = C — path length- k x d (80)

wherec; andc; are the target concepts/words. Ands the number of times
an edge corresponding to a different relation than that of the preceding edge
is taken.C andk are empirically determined constants.

Leacock and Chodrow (1998) used just one relation (hyponymy) and mod-
ified the path length formula to reflect the fact that edges lower down in the
is-a hierarchy correspond to smaller semantic distance than the ones higher
up. For examplesports carandcar (low in the hierarchy) are much more
similar thantransportandinstrumentation(higher up in the hierarchy) even
though both pairs of words are separated by exactly one edge iis-the
hierarchy of WordNet.

len(cy, cy)

D (81)

LC(cy,¢2) = —log

whereD is the depth in the taxonomy.

Resnik (1995) suggested a measure that used corpus statistics along with
the knowledge obtained from a semantic network. The measure is based on
the notion that the semantic similarity of two words may be determined from
the word that represents their similarity (ttmvest common subsumeior
lowest super-ordinate (Iso). The more the information contained in this
node, the more similar the two words are. Observe that using information con-
tent (IC) has the effect of inherently scaling the semantic similarity measure
by depth of the taxonomy. Usually, the lower the lowest super-ordinate, the
lower is the probability of occurrence of the Iso and the concepts subsumed
by it, and hence, the higher is its information content.

Regci,c2) = —logp(lso(cy, cy)) (82)

As per the formula, given a particular lowest super-ordinate, the exact posi-
tions of the target words below it in the hierarchy do not have any effect on
the semantic similarity. Intuitively, we would expect that word pairs closer
to the Iso are more similar than those that are distant. Jiang and Conrath
(1997) and Lin (1997) incorporate this notion into their measures which are
arithmetic variations of the same terms. The Jiang and Conrath (1997) mea-
sure (denoted byC) determines how dissimilar each target concept is from
the Iso (C(c1) — IC(Iso) andIC(c;) — IC(Is0)). The final semantic distance
between the two concepts is then taken to be the sum of these differences
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(see Budanitsky (1999) for more details). Lin (1997) points out that the Iso
is what is common between the two target concepts and that its information
content is the common information between the two concepts. Lin’s formula
(denoted byLin) can thus be thought of as taking the Dice coefficient of the
information in the two concepts.

JC(c1,¢2) = 2logp(lso(cy,cz)) — (log(p(ca)) + (log(p(cz)))  (83)
: 2 x logp(Iso(cy,cy))
Lin(cy,C2) = 84
(©:%2) = Tog(p(es)) + (log(p(cz) &9

Budanitsky and Hirst (2001) show that the Jiang-Conrath measure has the
highest correlation (0.850) with the Miller and Charles word pairs and per-
forms better than all other measures considered in a spelling correction task.
Patwardhan et al. (2003) get similar results using the measure for word sense
disambiguation (especially of nouns).

6. Comparison of Distributional and Ontology-Based Measures

Distributional and ontology-based measures use distinct sources of knowl-
edge to achieve the same goal — the ability to mimic human judgment of

semantic relatedness. Owing to the difference in methodology, many inter-
esting comparisons may be made. The next few subsections aim at bringing
them to light.

6.1. KNOWLEDGE SOURCE VERSUSSIMILARITY MEASURE

Ontologies are much more expensive resources than raw data, which is freely
available. Creating an ontology requires human experts, is time intensive
and rather brittle to changes in language. Once created, updating an ontol-
ogy is again expensive and there is usually a lag between the current state
of language usage/comprehension and the semantic network representing it.
Further, the complexity of human languages makes creation of even a near
perfect semantic network of its concepts impossible. Thus in many ways
the ontology-based measures are as good as the networks on which they are
based. On the other hand, large corpora, trillions of words in size, may now be
collected by a simple web crawler. Large corpora of more formal writing are
also available (for example, th&all Street Journabr the American Print-
ing House for the Blind (APHBgorpus). Therefore, using an appropriate
distributional measure that best captures the semantic similarity—predicting
information, plays a much more vital role in case of distributional measures.
As ontologies are a rich source of information where the various concepts
are linked together by powerful relations such as hyponymy and meronymy,
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the ontological measures likely correctly identify target words related by
edges that belong to just one relation as very similar. However, data sparse-
ness may force distributional measures to assign low similarity values to
clearly related word pairs. Assigning appropriate semantic similarity values
when target words are connected by different relational edges poses a major
challenge to ontological measures.

6.2. DOMAIN-SPECIFIC SEMANTIC SIMILARITY

So far, this paper has talked abauriversal similarity measures Given a

word pair, the measures each give just one similarity value. However, two
words may be very semantically similar in a certain domain but not so much
in another. For example, the word papaceandtime are closely related in

the domain of quantum mechanics but not so much in most others. Ontolo-
gies have been made for specific domains, which may be used to determine
semantic similarity specific to these domains. However, the number of such
ontologies is very limited. On the other hand, large amounts of corpora spe-
cific to particular domains are much easier to collect, allowing a widespread
use of distributionatlomain-specifisimilarity.

6.3. ASSOCIATEDWORDS

Certain word pairs have a special relation with each other. For example,
strawberryand cream doctor and scalpe] and so on. These words are not
similar physically or in properties, budtrawberriesare usually eaten with
creamand adoctor uses ascalpelto make an incision. An ontology-based
measure will correctly identify the amount of semantic relatedness only if
such relations are inherent in the ontology. For example, if the agent-instrument
relation does not link concepts in a semantic network (as in WordNet), the
ontology-based measures will not identifgctor andscalpelas related.

Of the various distributional measures discussed, the ones that use simple
co-occurrences capture such semantic relatedness, as words that tend to occur
together are likely to have large set of common co-occurring words. Measures
(e.g., Lin (1998a), Hindle (1990)) that consider a wardo be a shared co-
occurrence only ifw is related to both target words by the same syntactic
relation, will not find such words related, simply because such words that
tend to occur in the same sentence are likely to have different thematic roles
and thus different syntactic relations with common co-occurring words.

6.4. MuULTI-FACETED CONCEPTS

The various senses of a word represent distinct concepts. Each of these con-
cepts can usually be described by a number of attributes or features. These
attributes may be physical descriptions like color, shape and composition or
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Figure 1. Hierarchy Variations.
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function, purpose and role. Two words are adjudged similar if they share a
number of such attributes and if the strength of the shared attributes is high.
By strength we mean how strongly an attribute helps define the words. The
more prominent a shared feature, the more similar the two words are. Further,
it is possible that wordsy; andw, are related as they share a certain set of
attributes, whilew, andws are related because they share a different set of
attributes. Thusv; andws are likely not as related ag andw,, orw, andws.

For example, the physicékyis closely related to the abstrgoassword as

they are bothmeans of getting acced@asswords closely related tencryp-

tion as they both pertain tdata security However, the physicdleyhas little

to do with encryptionand the two are not so much related. Thus semantic
relatedness is not necessarily transitive and may be a function of a subset of
relevant attributes, not necessarily all.

Hierarchies in an ontology are built by repetitive division of concepts as
per their attributes. The order in which these attributes are used to create the
tree structure can result in dramatically different hierarchies. For example,
consider a scenario depicted in figure 1, where the attricatesda, are
used in different orders to create different hierarchies of the weids,, w3
andw;,. Notice that whilew; andw, are closer to each other than andws
in hierarchy-1, it is the other way round in hierarchy-2. Thus variations in the
order of use of attributes for creating the hierarchy can result in different sets
of words being close to each other.

It should be noted that real-world semantic hierarchies are created by well
formed methodologies and hence the order of attributes used to create the
hierarchy is not arbitrary. That said, there is room for variation and further,
once a particular hierarchy is chosen, it captures certain semantic relations in
its structure, while others are lost.

In general, ontology-based measures of similarity capitalize on the prop-
erty that words that occur close to each other in a hierarchy share a lot of
attributes and are therefore similar. However, they usually rely on a fixed
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hierarchy. Word pairs that would be closer in variations of the hierarchy are
not considered. Thus ontology-based measures are likely to wrongly assign a
low semantic similarity value to such word pairs. For example, condidgr
andpassword They are bothmeans to gain accedsut the is-a hierarchy in
WordNet lists them in completely different branches of the network (figure 2).
The attribute determining whether the word refers to a physical entity or an
abstraction is used first to classify the words and h&egyandpasswordall

into different branches at the top of the hierarchy itself. Thus an ontology-
based measure is likely to find them unrelated. Distributional measures are
not bound by a fixed hierarchy and have a better chance at appropriately
identifying the semantic similarity of such word pairs. It would be worth
determining the extent to which this is true.

= _—
o i
7 N _——

Social relation

ication, indicant [ Instrumentality, instrumentation J

Device

Figure 2. keyandpasswordn the ‘is-a’ hierarchy of WordNet

6.5. BVALUATION AND COMPLEMENTARITY

Ontology-based and distributional measures of similarity have each been in-
dividually shown to be reasonable quantifiers of semantic similarity. WordNet-
based measures have been used for applications such as spelling correction
and word sense disambiguation, while distributional measures have primarily
been used for estimating probabilities of unseen bigrams. Exhaustive compar-
isons of WordNet-based measures with each other (e.g., Budanitsky (1999),
Budanitsky and Hirst (2001) and Patwardhan et al. (2003)) have found that
the Jiang-Conrath measure performs better than the rest.

Dagan et al. (1994) perform experiments with a few relative entropy—
based measures and find that Jensen-Shannon divergence is slightly better
than Kullback-Leibler divergence arid norm in estimating bigram prob-
abilities of unseen words and in a pseudo—word sense disambiguation ex-
periment. However, the various distributional measures have not been used
to rank the Miller-Charles or Rubenstein-Goodenough word pairs, for which
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estimates of human judgment of semantic relatedness are available. Experi-
ments to this end will also enable a comparison of the distributional measures
with the ontology-based measures for which this data is already available.
Similar to the case of various ontological measures, it is worth determining
which distributional measure is closest to human notion of semantic similarity
and how well the distributional measures, which rely just on raw data, fare
against, the more expensive and knowledge rich, ontology-based measures.
Since the two kinds of measures rely on different knowledge sources,
there is a likelihood that distributional measures more accurately identify the
semantic similarity of a certain subset of word pairs, while the ontological
methods do so for a different subset. One of the more important problems
in the field is to quantify this complementarity. It should be noted that since
a similarity measure is evaluated by comparison of ranked word pairs and
not by the similarity values alone, capitalizing on the complementarity by
creating a combined semantic similarity predictor is a much harder problem.

7. Conclusions

The paper has provided a detailed analysis of various corpus-based distri-
butional measures and compared them with measures based on ontologies
and semantic networks. Merits and limitations of the various measures were
listed. New measures that are likely to overcome the drawbacks of present
distributional measures were suggested. Specifically, a distributional mea-
sure that keeps the best of Hindle (1990) and Lin (1998a), overcoming their
respective drawbacks, was proposed. Variations of Kullback-Leibler diver-
gence and Jensen-Shannon divergence that better capture the disparity in
co-occurrence probabilities were suggested. A simple technique to convert
asymmetric measures into symmetric ones was suggested. Novel approaches
are described to determine distributional similarity by better utilization of
co-occurring words related by different syntactic relations.

The paper identified significant research problems that need to be an-
swered through experimentation. This will help better understand how statis-
tics from raw data may be manipulated to determine appropriate similarity
values between two words. For example, whether the use of syntactically
related, rather than plain co-occurrences, significantly improves the measure?
Or, are simple co-occurrences just as useful? What kinds of co-occurrences
(common, or exclusive, as well) should be used to determine distributional re-
latedness? Is pointwise mutual information or conditional probability a more
suitable measure of association to be used in the various distributional mea-
sures? Do compositional or non-compositional distributional measures pro-
duce more intuitive semantic similarity values? Which mathematical opera-
tion (difference, division, or product) of the co-occurrence distributions yields
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values that are closest to human judgment, in case of compositional mea-
sures? A direct evaluation of the distributional measures (otherithanrm,

o skew divergence and the CRMs for which these results exist) by their cor-
relation with the Miller-Charles and Rubenstein-Goodenough word pairs will
provide better insight into their relative abilities and will enable a compari-
son with WordNet-based measures for which the correlation coefficients are
already available.

Lastly, the paper pointed out that even though ontological measures are
likely to perform better as they rely on a much richer knowledge source,
distributional measures have certain distinct advantages. For example, they
can easily provide domain-specific similarity values for a large number of
domains, their ability to determine similarity of contextually associated word
pairs more appropriately, and the flexibility to identify multi-faceted concepts
as related from appropriate commonalities that may not be explicitly en-
coded in a semantic network. Thus it is very likely that ontological measures
are better at predicting semantic similarity for certain word pairs, while the
distributional measures do so for others. To identify the extent of this comple-
mentarity and a suitable combined methodology to assign semantic similarity,
remain significant problems in the field. A significant challenge in achieving
this is how to reconcile the nature of the two kinds of measures — while
ontological measures predict the semantic similarity of two concepts (or word
senses), distributional measures do so for two words. One of the problems we
intend to pursue is the development of a methodology that enables the use of
distributional measures to predict semantic similarity of concepts, with no or
little sense-tagged data.

Appendix

.1. CO-OCCURRENCERETRIEVAL MODELS

The precision and recall of additive and difference-weighted CRMs (Weeds,
2003).

witmve) = LT (55)
PYPe(w1, W) = Zc(wl)mcw')c ”;;Zi:(:;(vxaf)(vvlwm o
Rie (Wi, Wp) = zC(Wl)”C(WT)CT;Z;:(%(VV\%;(W|WZ)) )
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PR (Wi, W) = Z P(wlw) (89)
weC(wy )NC(wa)

ROy, wp) = > Pwwy) (90)
weC(wy )NC(Wz)

POk Wy, wp) = S min(P(wjwi), P(wjwz)) (91)

weC(wi)NC(Wz)

R we, W) = % min(P(wjwz),P(w|w)) (92)
weC(wy )NC(wy)

¥ weC(wr)nClwg) | (W W1)

P (W, Wo) = 2 93
add( 1 2) Zwec(wl) I (W Wl) ( )
- ¥ weC(wr)nClwg) | (W W2)
(Wi, wo) = 94
Rgdd( ' 2) ZWEC(Wz) I (W W2) ( )
, min(| I
P (W, W) — > weC(wr)nCw,) M (1w, wy), 1w, w2)) (95)
Swec(w) (W, w1)
. min(l I
M W) = 2 weC(wy)NCwz) M (1w, wy), H{(w,w2)) (96)
Y weC(ws) | (W, W)

whereC(x) is the set of all co-occurrences of woxdNote that in case of

the difference-weighted token and mutual information—based precision and
recall formulae, there is a cancellation of a pair of terms obtained from the
core formulae and the penalty.

.2. SUMMARIZING TABLES

Tables | and Il list the measures of distributional distance while tables Il and
IV list the measures of distributional relatedness/similarity. If a measure is
placed in a distributional distance table, it means that the intuition behind the
measure lead to its original conception as a distance measure and similarly
for arelatedness measure. It should be noted however that a distance measure
may be converted into a relatedness measure by taking the inverse or other
such mathematical manipulation, and vice versa. Apart from the formula, the
tables show whether the measure is compositional (Comp.) or not, and if so
then the kind of primary compositional measure (PCM) it is derived from.
The last column (Str.) indicates the particular strength of association used
(most commonly) in the measure — conditional probability (CP) or pointwise
mutual information (PMI).
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Table I. Measures of distributional distance.

Measure Comp. PCM Formula Sym.
Dif or Lj v diff. ZWGC(Wl)UC(Wz) | P(wjwq) — P(wjwy) | v
L o it/ P P 2
2 iff. 3 weC(wr)uc(wy) (P (Wwa) — P (wjwy))
KLD v div.  Swecmucu) PWw) log ﬁgmg X
KLDcom v div. 2 WeC(wp)NC(wy) P(w|w,)log gmmg X
KLDAbs v div. ZWEC(Wl)UC(Wz) P(W|W1) ‘log Egmx;g X
Div or KLDAES, v/ V. Twecwucw) |109 piae) v

Tv'd ‘THT 'S002/TO/9T ‘X3VISIHPeWWeyoN
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Table Il. Measures of distributional distanam(tinued).

| Measure Comp. PCM Formula Sym. Str.
Saifdit v div.  Swecqwy)cw,) 3 (P(Ww) +P(w|ws)) "09 % ‘ v CP
. Di . max(P(w|wy),P(w|w;
Saifjgwe ¥ AV Swecwmcw) zwec(wl,ucﬁz)(mgxféws\v‘wig(mw@) x o/ CP
o P(w|wy)
9 Plwiw,)
: P
KLDavg v div. 3 Suecmucms (PWWL) —P(wws)) log Pgam; / CP
KLDmax v div. max KLD(wq,ws), KLD(wa,w1)) v CP
: P
ASD v V. Twecwyuciw) PWIW) 100 gpm P o X CP
: P
JsD VoAV Swecwucw) <P(w|w1) 100 ¢ i) () Ve
P(WW,)
POWM2) 100 5o, +Praive))
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Table Ill. Measures of distributional relatedness/similarity.

| Measure Comp. PCM Formula Sym. St

vg P(wjwy) x P(w|ws)
pat S Pt Dwecwuetn) (e pwe Y P

vg P(w]wz) x P(w|w,)
Pdfayowt v pdt. 3 wec(wr)uc(w,) TP (wwy)-P(wws)) v CP
cos X n.a S weC(wy)uc(uy) (P(WWy) x P(Wjwy) ) cP
\/ 3 wec(wy) P(Wwi)?x \/ 3 weC(wy) P(Ww2)?
P ZweC(w JUC(w )min(P(W‘Wl)sP(MWZ))

Jaccard™ X na. S P /o CP

. ACP 2><2we(:(w JUC(w: )min(P(W|W1),P(W|W2))
Dice X A e POV T Sy POWIE) soocp

Note ‘n.a.’ stands for ‘not applicable’. For example, the cos measure is not a composi-

tional measure and therefore the type of PCM is not applicable.
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Table IV. Measures of distributional relatedness/similarityntinued).

Measure Comp. PCM Formula Sym. Str.
min(l(w,wy), I (w,w2)),
if 1(w,wy) > 0 andl (w,wz) >0
. | max(l(w,w), I (w,w2)) |,
Hinge| (Wq, W X n.a. v PMI
rel(W1,W2) Y wec(w) i 1 (wwr) < 0 andl (wwip) < O
0,
otherwise
: 3 (rw) € Twy ) () (1 (W, 1, W) +1 (W 1))
Lin X n.a. S ew) e Towy) TOWLEW)H3 (i) e Ty T(W2, W) v PMI
. 2X (1) € Towy )1 T(wp) MIN(H(W1,FW), 1 (W2, W)
Saif X n.a. 3w et wy) VWLEW) 5 (e (wg) T (W2, F W) v PMI
CRMs X n.a. y{zgi;{‘ +(1—y)| B[P+ (1— B)[R}} X both?

a The Ml-based CRMs use pointwise mutual information, while the type- and token-based

CRMs use conditional probability as the strength of association.
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Notes

1 n their respective papers, Robert Fano as well as Ken Church and Patrick Hanks refer to
pointwise mutual information as mutual information.

2t is hard to accurately predict negative word association ratios with confidence (Church
and Hanks (1989)).

3In their respective papers, Donald Hindle and Dekang Lin refer to pointwise mutual
information as mutual information.

4 P is short forP(wy,w»), while R is short forR(wy,w,). The abbreviations are made due
to space constraints and to improve readability.
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