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Abstract In this study, we propose a hierarchical Bayesian model that can automatically estimate the number of senses for
each word by considering the Dirichlet process on the Gaussian Markov random field in the modeling of the diachronic meaning
change of words. In the experiments using pseudo data, we show that proposed model can correctly estimates changes and the
number of word senses. In the experiment using actual data, we show the estimated results and analiysis for multiple target
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SHIEENRI AT LTHD, L, EE L Z0RR
DFEFEIGLTWVWAB[1]. BTOEFEICBVT, HEZFIEX

FREREZEDL, ZOAMRENDIEY ¥ YA URIC & T
HBizoTwad, flzIE, “cute” &\ 5 HEEIX 18 HACHIEHICELS
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1853
1900
the horses proceeding at a walk.
1949
2003 | The head football coach’s absolute dictatorship

of the football field was reproduced.

The driver made room for the trunk on the top of the coach.

The chair passed the coach, which immediately fell in behind it,

Tell him if I start coaching , it’ll be as a head coach at a top school.

{driver, make, room, trunk}

{chair, pass, fell, horse, proceed, walk}

{tell, start, coach, head, top, school}
{head, football, absolute, dictatorship, football,
field, reproduce}
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SCAN DA S TH B A=y MEA., MRHFEE “coach” & L7HEOFIERT. 2 FIH

WRLZZFRAGIC LT, 5.1 BiCHAT 2RIUERITTo b DB RA=Ry b k3.

ZAUTH L, FERRPED mOEERIIARE 71 2 W TEKRZE(L
22 2R AbH 5. Emms & [8] 1, HEEOH I REK D H
BHERZ 200N ERETVEIREZLTED, Frermann
5911, BROHBZ I TIERSENLD R Z—VBd XS
EHTEBET I, dynamic Bayesian model of Sense ChANge
(SCAN) ZH]ER L. Lo L, HBICHEORKRE(LZET NV
LL 72 WG E RN R OREOERBVEFETH 2 2 Li1d%
(BRVIHEDLST, ThoDETFIIEREFINCREL
BRIFUER SR WS KREREEND 5.
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SHETHEL, FRICHEORKEZ(LERZIZ I DTES
FEEANRA XETAVERET 5 1. ERTIE, Bl —2%2Hv
FMREEEAT o 724551, IRBE T AN RO BEGEDOERE(L
CHEBEHEIELIHETE 2 2 R ERENB X CEEMITRL
Tz 72, EF-EEHOEERTE, #HEIhHEOEK
ZAb L FEEEBOFHE 21TV, HEE L HARGED BRI Lotz
To7z. UTIARMEOHRMEZ RT.

c HFEEOERZE(L L FEFRE L FIRICHEE T Z 2R A X
ETNERELL.

s BT —22AWT, BEETADBBITNROBEOR
WAL LR ZIELKHEETZ 2 2 2 2/ ERHY, EMITR
L7

e WEErHAREOTFRX P T—REHVZERIIBNT,
RRE T & o THEE SN EREL L BB OFHE 21TV,
HEE L HAGEOHEEIIN L THh 21T - 7-.

2. BeEMRE

2.1 Dynamic Bayesian model of sense change (SCAN) [9]
Frermann 5%, HEEO@BRNRERORELIZ 5, BNk
N4 XEFI) (SCAN) ZHZEL7-. SCAN TlX, MHEHGE w
—OIH L T—DODETANHERSN, ANZ, WREGEw H
BENDLEORMEFERS ¢ THREINZ A=)y b (W
X#E) b, ZOXESHBRLILFEDOINLERS>TWS., A=
Ry FOFIZEM 1ITRT.

SCAN IZBWTC, Biire{l...T} DA=Ry MEGIFRER
T D1=T LEA:

(7 1) : %E%503 https://github.com/seiichiinoue/iscan TABILTW3.

* BN Lo K Kot ¢, GEKRDA)

. FhFE k DFER LDV RIOUZHD ¢, (FEFER-HEE
931)
TETAMELENS. F7, ZRZNOHMHMIIES Y X571
PREZN, RDESWCERLTZI LT o 255!

* BRILH U AGHAD S K RILRT ML a ZHEK

*  softmax ZH# ¢y = exp(a'k)/zllle exp(ag) ICEk->TK-1

RICEMRIZ ST,
YIZOWTHRETHS. ZZTRKEFFENELTEBD, Zhh
FRIWIRERMEE k5. 2L T, BERSM L iER-BFEN
DRT X=X ¢, ¢ B3, REEL e e (b E2 $2 & 512, HRio
1 1 BEDNBYH 7 A HEZRY; (intrinsic Gaussian Markov random
field; iGMRF) [10] 2 E#3 5. iGMRF &, “fffe Wiz &
527 FHIPHTH D2, FEART P x=(x1,x0,...,x7) IOV
T, AU RGH N(u,02) ZHNT, RDESITEHRBSN3:

1 1
X | Xops K~ N 5 (o +Xe41), 5= |- (1
2 2k

722U, x B x5 x EERVZBDTHD, « IFFEEAS
A—=RTHD. £z, BHRDM L EBR-HEIHOEN DT
HEHUAGME, FhEhZEOEEWEZayta—L1T 3
NIRX—=RE L Tkg, ky ZFRD. FHIZ, HRHEFEwIZEoT
BHROZO “HE 138270, BRI OFHDMADE
JERTGRA—R kg BT —Z0HHEET 5.

INeEEEX 2L, SCAN DEMETNMIRD LS5,
72721, Ga(a,b) 30> ~5T, Mul(d) IZZHEIHEZRT.

(1) Draw kg ~ Ga(a, b)

(2) PFortimeintervalt=1...T

(a) Draw sense distribution
ioar|a—r, kg~ N(%(az—l +al+1)sK;)1)
ii. ¢; = Softmax(a;)
(b) Forsensek=1...K
i. Draw sense-word distribution
A Bril|B-tky ~N (%(ﬁt—l,k +ﬁt+1,k),l<;1)
B. ¢y i = Softmax(B; i)
(c) Forsnippetd=1...D
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i. Draw sense zg ~ Mult(¢;)
ii. For context positioni =1...17
A. Draw word wg ; ~ Mult(y; z,)

2.2 Logistic stick-breaking process [11]

T4V VIBRBEBARITTOZHSMEERT 2714V 2
LA DERITTRTH D, ZDFEBBIDO—D L LT, stick-
breaking process (SBP) [12] 23281 5415, SBP TlX, RO
MTH2RE 1 DBEEH T >oTWZ LT, k BEHDOZ AN
TROMR m BUVEL, TR S(0,) B EENE Gy » 5
BTNV UG 0 ~ Go WAL TTWL 28T, T4V 7Ll
2 DP(a, Go) IZHES TERDA G ZAERT 2 2 e TE, Fl
WRERD L5127 5!

k—1
mie = [ (1= i), v ~ Be(1,a), 6k ~ Go, )
k/
G= Z 7k8(65). 3)
k=1

72721, Be(l,a) iZR—ZDHTH 5.

Ren & [11]11%, &2 7 A2MA &0 0HZE&E LD WT W 234
B, FNEORIRT 4 v VB KT FRADERL T2 LT,
FERICT 4V 7 LfE % 52813 % logistic stick-breaking process
(LSBP) 242K L 7=, &2 7 ADH U A5 ITHE S MeRLE R %
Br £ L7z &, LSBPIC &k o THERINDHERN Gz 1IRD
L5135

k-1
7(Bi) = (B [ | (1= (Br)), @)
k'=1
Gp = ), 7(BL)3(0). )
k=1

722U, ox) d> 7L FEEERT. Zhid, &7 7Rk
DHERE D DHEELEE, N—X0MHhr6ERT 2DTIE
L, MAMOVWTWEIHRER B ZRI AT 4 v 7 EHL,
stick-breaking RIUZ & o THER 7 ZERLTED, H LI SBP

YRRRIC, ZNE 0 ~ Go IS TTWL Z e THERN Gg &
T 5.

3. REFE

3.1 Infinite SCAN

Fix, 2.1 HIiTHA L SCAN IZBWT, NREGEICL-
THERZERBE a— 25 HECHEETE 2 X512, 2.2
HITHIN L7z LSBP & W THRIR 2T o B4 XET L%
RBET 3.

RBEET LTI, SCAN & RIRRISHGREFE w —DIZnf L T—
DODEFNEEZ, RS SCAN L FIHIC, MREEw S E
NBXEONRHEEES ¢ THEINZ A=y b ZOXE
PHBELZEDS LT 5.

(J£3) : SCAN DIGFEEH T ADHITHE S MERERBH %36, FERICBT 245
FELHtoOVWTW S,

— sense 0
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—- sense 2
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- sense 4 ~___ 1
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X2 EHEDMICB B H 7 A0MHICHED HEEE D LSBP £

Rt IWHBI L e R =Ry FMEBE, ¢ & ¢ TOLZID
FICEREIN L ERD L EBR-HEIMIC Lo TREIN B,
FRERET T ADHIE > TWD., T 2T, BROHDARS
R—=R ¢ WTDWT, WREFE w Tk > TERDERL Sy %
T— X205 HEMNCHEE TE % £ 518, LSBP & HWTAR
WREERD LS ICEET 5:

1 _
ar |-, kg "’N(E(at—l+at+l)”<¢l), (6)

k=1
bra =) [ [0 =o(@w) (k=1,....K). (]
k'=1

72770, K 3EEINIEROBRAKTCHS. 22T, LSBP
FIERKTOZIHD A ER T E 328, FEBRIEH0RFERD
R BNR TN DN DS Z i3k nwizod, KEFFETIE
SCAN Y [AfIC K =8 ¥ L7z4. X2 IZEKSMD LSBP 12 &
BEMDA X =Y %R T. HENIRFREER L, Mgy 259
IS EEEBRDAr — A B2RLTED, B TUOE-
TR DMEREROES {1, ... ar g} WXL, LSBP £k AT
5 Y THEBROMEREBTWS. T, BEETFLTRE, &
BOADNRT A =& ¢ 1%, 2% R TEHRLT S softmax &
BTl RL, ZRAPhORBRICBI 2 EIEEREERI 2
R T 2 LSBP IS X o TIBEINE. ZOLDREREET LT
i, SCAND XS kg 2R TDREFK ke {l...K} THHETS
DTRRL, HHBROM o ¥ ISHRR 20 Z0E L
ET 5.

IDEIIZ, BEEFILTIE, BHRIMICBW TR LI
IR 2 H T ARG D iz, T4V 7 ViEREEEBT 5 LSBP
ZREAT ST, BESME FBEMNCHRITb L, K
FEw IE L ZEEBE S, Ba— AL HHTHE TS Z 2 H

3.2 MCMC ZEIC & BHE

RRETNLOHEEICIE, 71 v 71k Gibbs sampler %\ 5.
HEEEFNCBTBHE AT A — &I, Z=y MIEID YT

GE4) - HAIEBRE D, 8 A LR ORI L ALTFIEL ko 1.
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Algorithm 1: MCMC Procedure

IIMﬁﬂﬁeK$)=4O (for all k)

2 Initialize «y = 100.0
3 Initialize a = 7.0, b =3.0
4forr=1...Tdo

5 Initialize a; ~ N (%(a,_l + @), K;SI)

6 Set ¢t = LSB(CE;)
7 fork=1...Kdo

Initialize Bk ~ N (3Bt k + Brar 1) 65"
Set ¢4 x = Softmax(B; k)

10 end

11 end

12 forj=1...Jdo

13 Sample z according to Eq. (8)

14 forr=1...Tdo

Sample ¢ according to posterior in Eq. (9)
Sample ¢ according to posterior in Eq. (10)

17 end
18 Sample « 4 according to posterior in Eq. (11)
19 end

3 MCMC 12 & % Infinite SCAN DH#ESE.

5N B85 7z, BRSH L EEFR-HEIMOERI M TH 5 a (¢
@ LSBP Z#1), B (y D softmax ZHFT), F ¥~ fmICHE
ISERDMOFRIMOREE N T XA =R ky THZ. 7Y
VT, EBICHEE T X=X DAND T X =2 EFTGE L
T, FEAEL OV YTV ITE. BTV TOENa—
FEX 3 IRz %85 X — X OHHMEIZEEAIIC Frermann
BIE->TWA. 72720, AFETE, NREGEOEROZ(
T FER-BENMOE” TR, TR “BHRIHD
2 TR ZT2\W72 5, Perrone 5 [13] 1€V, FEFE-HGED
MOHFDADRGE T R — & ky OfE%E LYK %72 100.0
e L7,

a) A=y FDFEFR
dHFEEHDA=Ry bDFEFE 74 1%, ¥ TV Y ITRRTDN
FIR=K ¢, ¢ ZHNT, ROBBEAME T TV T
B

p(zalw,t,¢,9) «< p(zg |)p(w|t,zq)
= o) [ Jwir™ ®)

wew
b) EBEHEOMHDNRT X=X
BEERDMOFERDMEIA TV AFME R oTNWS 0, ZIHT
i e OENCHREDS R VDT, T4 V7 L-ZHNMD XS
Y7V L TER V. Linderman & [14] 1%, Pélya-gamma
WUERE WS Z 2T, LSBP ZHWTRBIN S, ATV
AR L TROZESMD NI A =R IINT ¥ 7
AP TV TERRBRLTED, KRR TIEZNHE > THE
21756, o DFERIMIIRD X 51272 5:

plar 1200« N (07 ) lae) N (ar |,

(F5) [ HiEDOHE, BR-HFHEIMOATREKREAHA SN TL EW», ke
EELKHER SN0, FBRBOMENIEL 2%,
(6) : FHMZZE MR [14] 2B S0,

K1 BET NI THEINLEKRS M & EMOBEERS O
Kullback-Leibler FRE.

BRI Sy 2 3 4 5
SCAN (K = 8) | 0.2612 0.2788 0.1031 0.0085
Infinite SCAN | 0.0009 0.0016 0.0044 0.0043

£2 FEBUCHALZa—20ERL YA X,

282 R HZER
COHA (¥E3E) | 18102009 142,587,656
CHJ (HAGE 1874-1997 36,701,284
ocN(a/, |p,z;). ©

7272, o EHPERTHD, o & k FHOERCELTWY
B A=y hOMER, N(cp)=2Xkcr—2Zj<kcj &LT, Polya-
gamma 71 w | z, s ~ PG(N(ck),a;) 2BV TV 7EN5.
F72, flcx) =cr—N(cp)/2 ¥ LT, EHESMDF L U,
fi=(f(ck) +pikkg) Ry, Rp=(wi+kg) TH2.

c) FER-HENMDNRTRA—X

FEF-HEEON S BRI L FRRICER I i e LTH Y 25y
FHERELTWEEYD, T4V VLV-ZBHHDLS 7RI TY
Y ZNETERW. Mimno & [15] 4, softmax 2% VTR
ENB, FURMEHRNNE LTHDOZHEIMMDRT X —
ZIHT X TAYF YTV Y IRBRELTED, AHKTIEZ
N> THEERITS7. A=y V% D, 2=Rvy ' £%
Ny 2352, BOEESMIIRDE 51Tk S:

P(Br 12, Brsy!) o
(Z,Zd))

A (lN_[ exp(Bs,

d=1\n=1 1+Zw'#:w exp(ﬂl(lf;zd))

)N(ﬁz |B-1.x,')  (10)

d) FEAIX—-%
EEHBHTH B H T ANMDOREERT X —=21%, Ho~
FHERDMHEDS . YDA T XA =K% a, REARS
AX=R%EDbLTDY, kpg DFERIMIRD &S24 5:

T
T 1
p(xy) ay.a.b) = Ga a+5,b+52<at,k—ak>) an
=1

R, ar=+Y a; 3FEFELICBI S a OFETH 5.
4. BT —2%ZBAWIAREE

4.1 BUT—20D%EN

FET— X TOMEEICELD, BEET D, EROEKREL
CIEBHE EBALHETE2DMEET 2729, Hl7— &I
X BRERITS.

BT — X OAEBITBNT, BEHRSHOERIIZT Y B
ZRHV, (EEOFERBGS OBEWELRRE 7Y 2D & 3 v
TV, ZDOHEREREZ & IZ softmax B TERET 5 Z

GED) @ FEHMIZE X (15] 2B S0,



#3 HRHBEO—E L A=y F OFEHE.

HiFE G A=y M FBHERYAX
image 1810-2009 19,499 19,104
nature 1810-2009 83,188 33,375
pass 1810-2009 36,605 24,555
record 1815-2009 33,992 23,886
coach 1811-2009 9,758 11,962
power 1810-2009 142,527 42,932
5 1895-1997 92 634
H(b#HTe | 1887-1997 647 2,083

# 4 SCAN 1ZZET/LD sense coherence & sense diversity.
3% 3 EBRITR L 4 DDHFE A — R ZAONREFEE W,

Coherence Diversity

SCAN (K =38)
Infinite SCAN
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0.398
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K [R50 B3 1A K] 155 ORI I KK BT [
5507 [0 RIS K9S B S5 poK B0 KK B] 15949
TTT] IR R R RS 165K K9 1SS 66090 BT 19054
0.6 [T} kst BSGS1 15059 oSt 104 BRI E0KT 05 O] R
R 3 BRI 154 RIK B K&K BRI 1K
7 PoSoSt RO BT 155K BRX B K94 [9654] 15654
[ RS 165X K IR 6550 BT 1964
v PR ISXKY RO B 004 19054] 1950
04 Zl R B B B b e
/ / A et £t £t fened (1T}
zZ 27
, %
/ A7 h%
4 ) AR KA K]
00 K4 g 4 b q
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71 sense_0 [IT0 sense_2 RXA sense_3 8 sense_4
Z7} sense_1
- = TN ELA o < 73
4 FEEREH S, =5 OHEOEKE(L D EMRA].
0.8
0.6
0.4
0.2
0.0 é
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
71 sense_0 [IT0 sense_2 EHR sense_4 sense_0
Z7} sense_1 EXX] sense_3 E= sense_2 30 sense_3
- = Wb 28 < — - =} = ==
5 FEEED S, =5 OHMLT — X T 2 IREE TN OHEERR.

BN E DR TRERDUNEZ 21T o 72,

TR ES. £, ER-BESHOERIIET 4V
LVt RV, o OEKESM L EBR-HES M EA VT
EffF—&2 %5 ZMER L. AEBRTE, BlFT—%0
R =168, FB&EY A X% V =3,000 TREEL, FEHRK
Sy=2,....5 ML TRA=RY V2TV RLIERLE

4.2 #% R

£ 112, BOFEREE Sp=2,..., 5 LB LG A BT
% SCAN Y #ERE TNV DOHEM T — & I1z0 3 2 HEEAE RO Hg
AL, 22T, BROSHEZIELSRETE 20 &N
W3 720, 88y UTHEE SN BKS T & IERO RS
@ RTXK |-t Kullback-Leibler Filfia Fu 72, #EHR» 5, 3B
FHE HBINICHEE T 2720 SCAN & B L TIREE T AR
TV Zedbhd.

72, K4,512, FBHEBD Sy =5 OHBEDIEMRFI ., Ll
F= RN T ZREBETNORERRE R L 2. DR,
MM R R BT 2EROMER LR L, AUHIET 2388 % L
BIZR U7z, 72720, BT, &FER L ISRIGT 2 H#EE X
NI FER-HEEAHICB OV TRD XN TH » FERE R L 2.
REETILOHERERE (K 5) BV TWL OO DFERNER
LTHATWE D, ZhoOFEROMRIIMINTH D, MMHET
XL ICERINV. KD, BEEFVEIERELEIZ
CAYIEMICIRZTEBD, $/2, BEORBRM S, =5 DIELH
FELTWRIedbhd.

(E8) : EBRTHALIZa— 2D 55, BOZVREED 16 THoTlld.
(FE9) : EBR T L7z a— R ADPFEFEY A XA 3,000 RETH 5 /2720.

5. £ E&

51 ¥—&tvt

AWFETIE, FEEL HAFED 7 R MW TEREZITV,
FEDRF 2 — S A TH % Corpus of Historical American English
(COHA)[3] &, AAED@ERa— 2 TH 2, EZEENILH
D THAGEREE 2 — %2 (CHI)J [4] D—Ff LTRSS TY
% THERD - FREEEHEa— R 2RV, a— 2D
BER2IR L. £, ZRZAD I — SRR LT T
B2 1T 5 7.

a) B

F—=2F4 X, RHLELET-D5, Ay FT7—FD
HIBRZAT o7z, Fimidx 7 2 T, &, 85, BaEH
OAZHHUMEH L. YU LEo2ToLHEIX Natural language
toolkit (NLTK) [16] % Fi\ 7=.

b) H & F&

b= F 4R, RH LG EELFAFOESY, =HEERE
DHIBRZ T o7z, HARETF A MIEELIZERD, A by 7
7 — KDY 2 NHIHFEICIFEE LWz, KiffgE T, Mikolov
5[17] %, Levy 5 [18] I & 2 HEEDHRBLOHEEICB T
ta—VRT 4 7RIS T, EHEREZ LT OMER:

[
P=1"\Fw)

WHES THIBRT 2 Z 2 THILL 72, 72720, f(w) = #(v)/Y #(v)
THY, glda—"2ADY A4 XIZRFST 2BET, KRFZETIE
g=10"* ¥ L7=.

M EoREEZTo 705, XIREEL 10 & L THREGE
DT 2 EHATORIROXARKBELEEEZ - A0 oL,
WHHFED a —R2ABMER LTz, LT OEBTHW S M REGE
D—EHLX=Ry FOMEFEZE 3 WRT. LEIZIE 5.2 Hio
EERFETHET 3, FERBOFHICHW - HEEE, TBRICIX
EWZLOFHEC VW2 HEEE R L 2.
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0.8

0.6

0.4

0.2

1810 1830 1850 1870 1890 1910 1930 1950 1970 1990

K3 stage horse come door passenger stop drive take go seat
[Z2 team football head year school say new university basketball coach

6 XTHRHEE “coach” IZXF 2R E TV OHEERR.

0.8

0.6

0.4

0.2

0.0

1810 1830 1850 1870 1890 1910 1930 1950 1970 1990

] god love heart thy life death spirit man know felt

[Z2A get go take play white stay shot pull pick want

o intellectual mind human mental knowledge creative nature moral great imagination
&SA political party military europe war government country great economic balance

EEER plant water electric purchase increase supply steam nuclear cost production

=1 state congress constitution government executive law exercise grant court legislative

7 MRHEE “power” IZXT BIREE TV OHEERGR.

52 ERH{E

REET VORI, BHTONREFEOERM L BKRE(LE
HETHETEZ L TH B0, EWTIE, MEDOFMLE
/N, EHECATS. BREOBEFHEICHE T 252K TIE, *®
FBa— RV, HEETLVOHEDOHEEE, "y ZET
VOFHIIZ W BN B FE1E T3 % coherence [19] & diversity [20]
2RV, #ESINWERO—BEE L 2% GENEY) Z2ER
PNCEHTE 3 2. BEHEELOHE I T 2 HB T, HFEa—<
ZWZMAT, HARGEa—RRZAVWTHMETS. 2hzho
BREICBIT 2 EHRE(LHBEHITH 2 @B OMNFHFEIIN L, 2
RETILOHERITY, BRSMORBULEITS 2 & TEERN
CEHIEiEAT S .

EERTI, HBEETNVOHEICB VT, Gibbs 7Y ¥
DA T L —a YEEE 2000 [, R IS 05 B 2R
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