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A Maximum Entropy Tagging Model
with Unsupervised Hidden Markov Models

Jun’icur KazaMmA® | Yusuke Mivaoft and Jun’tcar Tsugnfh it i1t

We describe a new tagging model where the states of a hidden Markov model (HMM)
estimated by unsupervised learning are incorporated as the features in a maximum
entropy model. Our method for exploiting unsupervised learning of a probabilistic
model can reduce the cost of building taggers with a small annotated corpus. Ex-
perimental results on English POS tagging and Japanese word segmentation show
that our method greatly improves the tagging accuracy when the model is trained
with a small annotated corpus. Furthermore, our English POS tagger achieved a
state-of-the-art POS tagging accuracy (96.84 %) when a large annotated corpus is
available.

KeyWords: Tagging, Maximum FEntorpy Method, Unsupervised Learning, Hidden
Markov Model
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03 J00O000D0D00000DD0O00o0OoDOoO (eory000OD0OODOO
0000000000 (tete)D00DO000DO0 =250000

B ©
Doooo (B)0OOOO0O
corr. total corr. total corr. total
90.00 3,983 23,355 2,101 13,259 | 47 % 43 %
94.00 9,526 89,391 5,502 54,218 | 42% 39%
95.00 14,171 167,600 8,532 105,162 | 40% 37%
96.00 23,503 359,025 | 17,275 292,191 | 26 % 19%
96.50 38,186 730,802 | 27,713 558,571 | 27 % 24 %

(Cutting et al. 1992; Merialdo 1994; Elworthy 1994) 00 0000000000000 OOO
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04 4500 HMM O Baum-Welch 0000000000000 O0OOOOOOCOOOOCOCDOO

00000000000 Ay (@AY [ (D) (E)y |00 (B) OO (C)

100 | 7229 65.46 | 7458 79.13 | 70.74 75.73

200 | 78.25 65.38 | 82.88 85.01 | 80.03 84.48

500 | 83.89 64.98 | 88.45 89.18 | 86.03 89.14

1,000 | 87.19 64.81 | 91.52 91.58 | 89.76 91.84

2,000 | 89.98 65.97 | 93.21 93.74 | 92.58 93.82

4,000 | 91.63 67.63 | 94.73 94.80 | 94.16 94.91

8,000 | 92.86 68.75 | 95.46 95.62 | 95.25 95.66
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category H(ht)
oooo oy = X1 X
(k,n)=({-1,0,1},1),({-1,0,1},2),({-1,0,1},3)
HMM OO | ¢y gy = Zi-Zn
(k,n) =({-1,0,1,2,3},1), ({0,1,2},2), (0, 3)

42 0000000
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00000000000000000000000000000000% 000000000
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000000000000000000000D000000000000 95-96%00000
0000000 (Nagamatsu and Tanaka 1997; Oda and Kita 1999; 000000 1999) 000
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000000000000 000000000 (ver. 3.0)(00000 1997) 0000000
ooooooood4o00000000DODOOOOODO20,0000000000 20000000000
000000o00oooo0oooooooooooog2000000000000000000
00D0o0bOOo0booooooo 17694000000 1,96 00000000000000
000000001994 0000000000 110,000000007 0

0000000000000 0000000000 precisiondrecal0 000000000
000sStd00D00000000000Sys0 000000000000 OCer0OO0OO0OO
000000000000 000precision d Cor/SysOrecall0 Cor/Std DO 000000
000000000000 0000000D00D000OOprecisiond recal0 0000000
F-scoreOOOOOO0OODOOO

2 X Recall x Precision

F-val =
vatue Recall + Precision
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06 0000000000 (F-score)

AEELEEEEEE Ay B (O
50 | 40.80 66.57 76.97
100 | 49.43 71.38 82.46
200 | 62.88 74.57 85.80
500 | 77.30 80.55 89.31

1,000 | 84.36 85.09 91.32
2,000 | 88.01 87.90 92.54
4,000 | 91.35 90.75 93.97
8,000 | 93.75 92.92 94.84
10,000 | 94.21 93.53 95.12
12,000 | 94.61 93.93 95.32
16,000 | 95.18 94.76 95.68

Oct.

2004

(A)  (Stolcke and Shriberg 1996) 0000 0000000000000 O0O000O0OOO0O
0o
(B) 0D0D0D0DODO00OO0O0OODDOODOOO0O0OODOOOOOO0OOODS000000000
ooooooo
(C) 00000000000 00000000000000000S50000000000
cut-of 0000 1000HMMOO320000 HMMOOOO GibbsOOODODOOODO
00 Baum-Welch 0 0 0000000000000 000D0O0O0O0OO0O0O0OOO
000000000200 0000000000000000000000000O00O00O0
0000000000000 D00000 ete{+,—-}000000000000O0O00 ;0
000 (0;,ct) 000000000000000000D0000O0ODOO0ODOO00OODOO0
0004000000000 00000000000000000000000000000OO0O0
000000000000000000000000000000000000000000
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000000000000000000000000000000000000000000
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0000000000000000000000000Q
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05%00000000000

80000000000 SRILM (The SRI Language Modeling Toolkit)(SRI2000) 0 00O 00000000000
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100 T T T

90

85

80

75

Accuracy (F-value)

65 | o :

60 | + -4+ (A) Character Trigram .
---x---- (B) ME w/o state features
55 | —8— (C) ME w/ state features (320 states)]
+
50 1 1 1
100 1000 10000

Number of Sentences

03 0000000000 (F-score)

07 000O00OD0ODO0O0OO0OO0DOO0OO0ODOOO0ODO (eorr)D000DDOODOOODOO
000000 (teta)DODODOO0OD10 =460000

(A) ©)
0o0o0o (Ad)Oooooo
corr. total corr. total corr. total
94.0 22,167 411,491 7,177 185,412 | 68% 55 %
95.0 28,399 673,520 | 12,824 414,486 | 55% 38%

5 Uobboooougno

gooobO0oOoOobOoO0obOooooOOobOOo0oDOoU0obOOobOO0obOoOoOooboOobobooo
00000000 (Brown, Pietra, deSouza, Lai, and Mercer 1992; 00O 0O 1999)00 O 0O 0320
OO0 HMMOOOOODOOODODOOOOOOODO ViterhiOODOOODDODDODOODOOOO
gogoboo320b00o00oboboobobooobbooboboooboboooboboobobooo
g00O0O000O00bOO0DbO0O0OCOO00ODOOoOOODOObDDOOOD ViterchiDDOODOO
0000000000000 bOO0DOobO0DOO0DOO0DOO00oDoo0oooooooooooog
00000000 b0o0b0o0b0o00oo00ooo0ooo0ooo00ooo0odBrown OO0 OO0
0000000000000 0000 (Brownetal. 1992) 000000000000 O0OOO
gbooooooooHMMOOOODOOOODOOOODOODOOOOODODODOODOO
0000 160)00 800000000 DOU0O0DLDOODOUOOUOOUOOUOOODOODOO
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08 HMMUOUOOOODOOODOOOOOO

goooooooooo ME+HMM | ME+Brown | ME4+HMM+Brown

100 75.73 73.81 77.73
200 84.48 84.29 86.41
500 89.14 89.85 90.90
1,000 91.84 92.57 93.10
2,000 93.82 94.10 94.51
4,000 94.91 94.96 95.29
8,000 95.66 95.77 95.87
16,000 96.30 96.38 96.42
32,000 96.73 96.76 96.76
40,000 96.84 96.86 96.85

o0ooHMMOOOOOOODOOOOOODOOOOOOO0OOO0OOO00DODO0DOOO00O0OOd
0000000 0O0HMMODOOOO BrownOOOOOOOOOOODODOOOOOOOOO
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ooooHMMOOOOOOOODOOODOOODOOOOOODOOOOO0O0OOoOooOoOoOg
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000oo00ooooooooooooooooooooooooon
000HMMOOOOOO0O0ODODOOOOO0ODODOOO0O0O00O0OO000ooDooo0oooon
0000000000 (Jaakkola and Haussler 1998; Tsuda, Kin, and Asai 2002) 00000
00 0O (Jaakkola and Haussler 1998) D000 000000XOD00O00O000000O0O0O0OO
O000O00O0Fisher 000; Ux =VplogP(X|)DU0 XOOUOOOOOOOOOODODOODO
0000000000 (Jaakkola and Haussler 1998) 00 000000000 OOOOOOOO
0000000000000 000000000000000000Ux, = VglogP(o}]0)DO
0000000000000)0000 (Jaakkola and Haussler 1998) 0000000 7000
0000o0o0oooDoo0oooooo0oooDooooooEMMOODOOOOOO NO
00000000 wooOooON+N2+WN)OOOOOOOOOOOOOOooooo0o00o
0000000000000D000000 O(T(N+N?2+WN))OODOODODODODODOD0OO0O0O
O00o00O0oHMMOOOOODOODUOOUOOOD O(T)ODOODODODODODOODOOD0OLD0ODODOOO
0000000000000 0000000000000O0U000O0DoOOoUOooO(NT)OODO
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0000000000000 0000D00O (Jaakkola and Haussler 1998; Tsuda et al. 2002) O
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00000000000000 (Jaakkola and Haussler 1998; Tsuda et al. 2002) 0 HMM 0O O
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