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A Bayesian Similarity Measure for Large-scale
Calculation of Distributional Similarities

Jun’icnr KazaMa, ! STiuN DE SAEGER, !
Kow KURODA,? MASAKI MURATAT®
and KENTARO TORISAWAT!

Existing word similarity measures are not robust to data sparseness since
they rely only on the point estimation of words’ context profiles obtained from
a limited amount of data. This paper proposes a Bayesian method for ro-
bust distributional word similarities. The method uses a distribution of con-
text profiles obtained by Bayesian estimation and takes the expectation of a
base similarity measure under that distribution. When the context profiles are
multinomial distributions, the priors are Dirichlet, and the base measure is the
Bhattacharyya coefficient, we can derive an analytical form that allows efficient
calculation. For the task of word similarity estimation for a large-scale vocab-

ulary in Japanese, we show that the proposed measure gives better accuracies
than other well-known similarity measures.
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Table 1 Examples of top similar words by the proposed method.

oo ooo ooo oooo goooo oo
oo ooo gooooooo ooo goooo oo
oo ooo ooo ooo goooo oo
ooo ooo oo ooo oooo ooo
ooo ooo goooao ooo goooo ooo
ooo oooo oooo ooo goooo ooo
oo ooooo oo ooo oooooo oo
ooo ooo oo oooo gooo ooo

M, OXIRZ7O7 71)L J—J8R

TR AR MK < A E— R (E80km/BFIZRE,
<H <D 0 // HEEERNE U,
<K<, bt 410 ¥
— HEEEETCRNCSEEICU-< D,
<BNR3Z, E> 432 K
<93, %> 150 HEBNDEBEICIVWESEDNTWVWS,
<F.0> 0 | SEMOORONEERNE UL,
<On, D> 135
p—— 02 g BOBAIKENTT,
- SN EABOERNBNSNEL BB,

01 0000000ooo
Fig.1 An example of context profiles.
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Table 2 Performance on siblings (Set A).
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03 000 BOODOOODO
Table 3 Performance on siblings (Set B).

N MP
Measure MAP @l @ @lo @20
7S 0.0265 0.208 0.116 0.0855  0.0627
PMI-cos 0.0283  0.203 0.116 0.0871  0.0660

Cls-JS (s14s2) 0.0274 0.194 0.115 0.0859 0.0643
Cls-BC (s14s2) 0.0283  0.201 0.116  0.0879 0.0661

BC 0.0295 0.223  0.124 0.0922 0.0693
BCy (0.0002) 0.0301 0.225  0.128 0.0958 0.0718
BCy (0.0016) 0.0313 0.246 0.135 0.103 0.0758
BCy (0.0032) 0.0279  0.228  0.127 0.0938 0.0698
BC, (0.0016) 0.0297  0.223  0.125 0.0934 0.0700
BC, (0.0362) 0.0298  0.223  0.125 0.0934 0.0705
BC, (0.01) 0.0300  0.224  0.126 0.0949 0.0710
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Table 4 Performance on closed-sets (Set C).

Measure MAP MP

@1 @5 @10 @20
JS 0.127  0.607 0.582 0.566  0.544
PMI-cos 0.124  0.531 0.519  0.508  0.493
Cls-JS (s1) 0.125  0.591 0.565  0.547  0.524
Cls-JS (s2) 0.135 0.607 0.590 0.576  0.553
Cls-JS (s1+s2) 0.152 0.638 0.618 0.603  0.583
Cls-BC (s1) 0.125 0.589  0.566  0.548  0.525
Cls-BC (s2) 0.137 0.608 0.592 0.576  0.554
Cls-BC (s1+4s2) 0.152 0.636 0.617 0.604 0.585
BC 0.131 0.602  0.579  0.565  0.545
BCy (0.0004) 0.133 0.636  0.605 0.587  0.563
BCy, (0.0008) 0.131 0.647 0.615 0.594  0.568
BCy (0.0016) 0.126  0.644 0.615 0.593  0.564
BCy (0.0032) 0.107  0.573  0.556  0.529  0.496

L =M = 3,200 and N = 2,000

JS 0.165 0.605 0.580 0.564  0.543
PMI-cos 0.165 0.530  0.517  0.507  0.492
Cls-JS (s1+s2) 0.209 0.639 0.618 0.603 0.584
BC 0.168  0.600 0.577 0.562  0.542
BCy (0.0004) 0.170  0.635 0.604 0.586  0.562
BC,; (0.0008) 0.168  0.647 0.615 0.594  0.568
BCy (0.0016) 0.161 0.644  0.615 0.593  0.564
BCy (0.0032) 0.140 0.573 0.556  0.529  0.496

05 0000000000000 O0OOMP@20000000000000D0O0O000O0OODOO
Table 5 The numbers of improved, unchanged, and degraded words in terms of MP@20 for each
evaluation set.

# improved  # unchanged # degraded

Set A 755 2,685 400
Set B 643 2,610 404
Set C 3,153 3,962 1,738
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Fig.3 Averaged Differences of MP@20 between BCy, (0.0016) and BC within each 40,000-word
rank range (Left: Set A. Middle: Set B. Right: Set C).
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Table 6 Statistics on word ranks. (A): Avg. word ranks of answers. (B): Avg. word ranks of

system outputs. (C): Avg. word ranks of correct system outputs.

Set A Set C
(A) 238,483 (A) 255,248
(B) (©) ®B)/(©) (B) (©) B)/(©)
Cls-JS (s14s2) 282,098 176,706 1.60 273,768 232,796 1.18
JS 183,054 113,442 1.61 211,671 201,214 1.05
BC 162,758 98,433 1.65 193,508 189,345 1.02
BC,(0.0016) 55,915 54,786 1.02 90,472 127,877 0.707
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Table 7 Effect of L and M in approximation.

L(= M) 400 800 1,600 3,200 6,400 ooo
10000000000 34,523.3  86,892.2 183,847 316,624 447,004 931,843
ooooooooo 0.0370 0.0932 0.197 0.340 0.480 1.0
ooooo 0.836 0.915 0.960 0.984 0.995 1.0
000MAPO 0.0350 0.03559 0.0356 0.0356 0.0356 0.0356

00000000000000000000Ck-JSO0000000000 60 (B)dODO
0000000060 (A)DODOOOODOODOOOONOOO0OODOOO0ONDNOO0OO
000000000000(B)00000000000000000000 60 (C)000
0060 (B)/(C)00O0D000D0OOCI-JSOJSOBCOOOOOOOOODOO0OOBG
000000000000000000BC, 00000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0ooooo

40000000000000000L0MO00000000000000000000
0000000000000000000000000000000000 L= M =1,600
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000D00L0=MO00000000000000000000000
0000 AOODO BC, 00000000000

0000070000000000000000000000D0000O0000000
00000000000000000000000 0000000 /0000000
000000000000 000000000000000LOM 0000000000
000000000000 0000000000000000000000000000
0000000000000000050000000000000000000000
00 50000000000000000000000

000000000L=M=1,60000000000000000020%000000
000000000000 0000000000000000000000000000
0000000000

(© 2011 Information Processing Society of Japan



3359 O000O000O0O0O00000O0O0O0O0O0O0OO0000000O0O0O0

6. O U

6.1 D0DO000OO0OOODOOD

000000000000 000000000000000 Bhattacharyya OO 00D
000000000000 00000000000000000D000000000000
0000000000000 00D00000000000000000000000000
000000000000 00000000000000000000000000000
0000000000000 0000000000000000000000000000
O000000O0O0D0OKneser-Ney 0OOODOO'Y 0000000000000O00O
0000000000000 000000¥®*0000000000000000000
0000000000000 000000000000000000p(fxw;)000000

N\ — c(wi,fr) N _ [ T(eotao)T(ag+e(wi, fi)+3) 2
0 p(filw:) = aJ“DDDDDM#W”_{H%mwam%HWNSJ 0ooooo

0000000000000 0Bhattacharyya 0000000000000 000DO0
000000000000 00000000000000

6.2 0J00D0O0O0OO0DOO

00000000000000000000000000000000000000 29
000000000000 00000000000000000000000000000
0000000000000 000000=a000000000000000000
00000000000 000000000000000000000000000000
000000000000000000000e,000000000000000000
00000000000000000000D000000000000000000000

6.3 000000 DOO0OODOD

00000000 OBhattacharyya 0 00000000000 00000000D0O0O0O
00D00000000000000000000Jensen-Shannon 00000000000
000000000000000000000000000000000000000000
000000000000 00000000000000000000000000010
0000000000000 & 0O PMIDODOOOODOO0DO0OOODODOOOOOOOO
0000000000000020000%, u(ws, fu)u(ws, fr)v/pPik X p2x 000000
00000000 0OBhattacharyya D000 0000000000000000u(ws, fx) O
p 0000000000000 00000000000 w(w, fi)Xm(ws, f) 00000

Ooooooooog Vol 52 No. 12 3349-3362 (Dec. 2011)

000000 BC,O00D00000BC,00000000BC p1,p2) =3 1, P X v
Od>000000000000000000000000D00000D0000000000

BC’{f(wl,wz) =
(o + ao)T(Bo + bo) " i I(ak + c(wi, fi) + )T(Br + c(ws, fx) + d)
I'(ao + ao + d)T(Bo + bo + d) (o + c(wn, fx))T(Br + c(wz, fr)) .

k=1

0000000000000000000000000000000000000
64 0000

000000000000O0O0O0O0O000000 200000000

Rauber 022 000000000000 Bhattacharyya 000000000000 00
000000000000000000000

T'(a0)L (Bo) o TLT (o +51)/2)
VIL () /TL. DB T S8 (an + )

0000000000000000000000 BC,000000000000000
000000000000 00000 (6)000000D0000000000DO000OO
0(12)00000000000000000 (12)000000000000000000
000000000000 D000D00000000000D0000n

Tsuda 02 00000000000 zeX0O0000000000 heHDOOODO
O00z=(x,h) 0000000000000 K.(2,2)0000000R0000000
0000000000000 00D0000000000D0D00000000000000
0000000000000 0000D00000

K(z2) = Y plhlo)p(h|2') K. (2, 2') (13)

heH h/€H
gooobooooboooooooobooooooboooooooooooobOooooDooD
000000000 000ooo0o0dddTsuwda0OO0O0O0O0OO02z00000ADO HMM
goooooooooooooooobooboboboboooooboooooDbooDboOoDboo
goooooobooooooooooooooobobooooooobooooooobooa
gooad

BC(Dir(¢|a), Dir(¢|8)) = - (12)

(© 2011 Information Processing Society of Japan



3360 U0000000O0O000000O0O0O0O0O00000000O0O0O0

7. O U

gooooOoOoooOoOoDOO0U0U00oQOOoOOODODO0OOOOOOoOoODOOoOoOoODOO
ooooooooooooooooooooooo0oUoooooodoooooooog
ooo0o0o0o0ooUooooooooOoOoO0oO0oOoUooOoDOOoUOoOoooooOoOoOoooOoO
000000000000000000000 BhattacharyyaOOOOOOO0OOO00O0O
000o0o0oooo0Uooooo0oU0oooooUoUooooooogoUoooooooo
Bhattacharyya 0 0 0 O Jensen-Shannon 00 00O O0OO0OPMIOOOOOOODODOO
0000000000000000000000000000QO BhattacharyyaO OO 0O
0000ooooooooooo

o o 0O o

1) Bhattacharyya, A.: On a measure of divergence between two statistical popula-
tions defined by their probability distributions, Bull. Calcutta Math. Soc., Vol.49,
pp.214-224 (1943).

2) Chen, S.F. and Goodman, J.: An empirical study of smoothing techniques for lan-
guage modeling (1998). TR-10-98, Computer Science Group, Harvard University.
3) Chen, S.F. and Rosenfeld, R.: A Survey of Smoothing Techniques for ME Models,

IEEE Trans. Speech and Audio Processing, Vol.8, No.1, pp.37-50 (2000).

4) Cortes, C. and Vapnik, V.: Support Vector Networks, Machine Learning, Vol.20,
pp-273-297 (1995).

5) CRL: EDR Electronic Dictionary Version 2.0 Technical GUIDE (2002). Commu-
nications Research Laboratory (CRL).

6) Dagan, 1., Lee, L. and Pereira, F.: Similarity-based Methods for Word Sense Dis-
ambiguation, Proc. ACL 97 (1997).

7) Dagan, 1., Lee, L. and Pereira, F.: Similarity-Based Models of Word Cooccurrence
Probabilities, Machine Learning, Vol.34, No.1-3, pp.43-69 (1999).

8) Dagan, 1., Marcus, S. and Markovitch, S.: Contextual Word Similarity and Es-
timation from Sparse Data, Computer, Speech and Language, Vol.9, pp.123-152
(1995).

9) Dagan, I., Pereira, F. and Lee, L.: Similarity-based Estimation of Word Cooccur-
rence Probabilities, Proc. ACL 94 (1994).

10) Grefenstette, G.: Ezplorations In Automatic Thesaurus Discovery, Kluwer Aca-
demic Publishers (1994).
11) Hagiwara, M., Ogawa, Y. and Toyama, K.: PLSI Utilization for Automatic The-

Ooooooooog Vol 52 No. 12 3349-3362 (Dec. 2011)

saurus Construction, Proc. IJCNLP 2005 (2005).

12) Harris, Z.: Distributional Structure, Word, pp.146-142 (1954).

13) Hindle, D.: NOUN CLASSIFICATION FROM PREDICATE-ARGUMENT
STRUCTURES, Proc. ACL-90, pp.268-275 (1990).

14) Kazama, J., De Saeger, S., Torisawa, K. and Murata, M.: Generating a large-scale
analogy list using a probabilistic clustering based on noun-verb dependency profiles,
Proc. 15th Annual Meeting of The Association for Natural Language Processing (in
Japanese) (2009).

15) Kazama, J. and Torisawa, K.: Inducing Gazetteers for Named Entity Recognition
by Large-scale Clustering of Dependency Relations, Proc. ACL-08: HLT (2008).
16) Kneser, R. and Ney, H.: Improved backing-off for m-gram language modeling, Proc.

ICASSP95 (1995).

17) Lin, D.: Automatic retrieval and clustering of similar words, Proc. COLING/ACL-
98, pp.768-774 (1998).

18) Mochihashi, D., Yamada, T. and Ueda, N.: Bayesian Unsupervised Word Seg-
mentation with Nested Pitman-Yor Language Modeling, Proc. ACL-IJCNLP 2009,
pp-100-108 (2009).

19) Murata, M., Ma, Q., Shirado, T. and Isahara, H.: Database for Evaluating Ex-
tracted Terms and Tool for Visualizing the Terms, Proc. LREC 2004 Workshop:
Computational and Computer-Assisted Terminology, pp.6-9 (2004).

20) Pantel, P., Crestan, E., Borkovsky, A., Popescu, A.-M. and Vyas, V.: Web-Scale
Distributional Similarity and Entity Set Expansion, Proc. EMNLP 2009, pp.938—
947 (2009).

21) Pantel, P. and Lin, D.: Discovering Word Senses from Text, Proc. 8th ACM
SIGKDD International Conference on Knowledge Discovery and Data Mining,
pp.613-619 (2002).

22) Rauber, T.W., Braun, T. and Berns, K.: Probabilistic distance measures of the
Dirichlet and Beta distributions, Pattern Recognition, Vol.41, pp.637-645 (2008).

23) Shinzato, K., Shibata, T., Kawahara, D., Hashimoto, C. and Kurohashi, S.: Tsub-
aki: An open search engine infrastructure for developing new information access,
Proc. IJCNLP 2008 (2008).

24) Teh, Y.W.: A Hierarchical Bayesian Language Model Based On Pitman-Yor Pro-
cesses, Proc. COLING-ACL 2006, pp.985-992 (2006).

25) Terada, A., Yoshida, M. and Nakagawa, H.: A Tool for Constructing a Synonym
Dictionary using Context Information, IPSJ SIG Technical Report (in Japanese),
pp-87-94 (2004).

26) Tsuchida, M., De Saeger, S., Torisawa, K., Murata, M., Kazama, J., Kuroda, K.
and Ohwada, H.: Large Scale Similarity-based Relation Expansion, Proc. IUCS

(© 2011 Information Processing Society of Japan



3361 O000O0O0O0O0OOOO0O0O00O0O0O0OOOOO0O00000O0O0O0

2010 (2010).

27) Tsuda, K., Kin, T. and Asai, K.: Marginalized kernels for biological sequences,

Bioinfomatics, Vol.18, No.suppl 1, pp.S268-S275 (2002).

28) Yamada, 1., Torisawa, K., Kazama, J., Kuroda, K., Murata, M., De Saeger, S.,
Bond, F. and Sumida, A.: Hypernym Discovery Based on Distributional Similarity

and Hierarchical Structures, Proc. EMNLP 2009 (2009).

O t

000006 000000000000BC{OUOUDUDUOOOOOUDOODOOD
goboooobooooooobooobooooobooobooboOoobooboOooooo

o [, ax) -
/H¢ o = S = Z(e)
00000000BCHp,p:) 0000000000

BC{ (p1,p2) / / Dir(g1|c)Dir(¢2|3) Z@m% dg dos

AXAN

// H o 1 Som Z Dle 3 dpr dpa .

Axa b

A

0 (14o00po0oooA0DOOOOOOUOODOUDOO

/Hqﬁﬁm‘l Z%k/qﬁ”‘”d [Tt den | des
14k
B —1 T(ck + d) [],0 )
/H¢’ [Z B3, (a0 + d) do2

I +d) Hl;ék o) Fd—1 B —1
—Z NI /%’“ T 5" dee

m#k

Ooooooooog Vol 52 No. 12 3349-3362 (Dec. 2011)

(14)

F(O‘k + d) Hl;&k F(al) F(ﬁk + d) Hm;ék F(ﬁ’m)

T(ap +d) I'(Bo +d)

gooooo

:I‘(ao+dF,80+d

[[T(a) [IT(Bm) Z ['(ax +d) T(Bx + d)
[(ao + d)T(Bo + d) '

Tax)  T(Bk)

T'(c0)T(B KFak+dI‘6k+d)
kzzz a)T(Br)

(0023040 11000)
(0023090 12000)

oo ooobooooo

goooooooooooooboooooooboooboboooooooon
gbooooooobooobo2004000000000OOO0OOOOO
goboboooooooobooooooboooooboobOoobooooDo
gobooooobooooobobooooobobz2e080b0bb0o0oooboOoOon
gobooooooooobooo

ooboo ooooo

2006 00000000000000000000000000O0000
ooboooomobooooooboboOoboooooooooboobo2007r000
O000ooOoOoooo200800 NICT MASTAROOOOOOOOO
goboboooooooooboboooooooboooboobooooooboo
goood

(© 2011 Information Processing Society of Japan



3362 OU00000O0O0O0OO0OO0O0O00O0O0O0OOOOO0O00000O0O0O0

<n

og gopoogoo

goooobooooboooobooooooooobonooooo
goboooooboooboboomuoooooooooobobooooooooa
000000000000000 MASTAROOOOOOOOOODOOO
gobobooooooooobooooboooooooobooooooooo
goooooooo

oo oobooooo

19930 0000o0o00oooocoooooboogyroboooooon
gooooooooooooobobooooooomoooboobobobooo
gobooobooooooooooysooooooooooooon
gooooooooooboooooooobooooooooooooooboo
goooooooooboooooooooobooooooboooooboo

gooooz20050 FIT2000000000000000O0O0O0O0CCOO0O0O0OOO0O0MDDOO
0000000000000 00000000000000000000D0O0O0OO0OOACL

goooo

Ooooooooog Vol 52 No. 12 3349-3362 (Dec. 2011)

gobooooobogo

19920 0000000000194 000000000000199 0
gbooooooobooooboooooooolggsooooooood
goboodo2r1oboodgobz2e2bbodmuooooooogoooo
gboodooodoboz2o08b0000oboooboooboooboobooonooboo
gbobooobooodooobod2011oo0oooboocoooobobooonn

goboootooobooomooooooboooooboooooboboobooOooobooOoOoOoooDo
O000oo0o0oOoOooACLOOOO

(© 2011 Information Processing Society of Japan



