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The Unsupervised Learning-based Language Modeling of Word

Comprehension in Korean
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[Abstract]

We are to build an unsupervised machine learning-based language model which can estimate the amount
of information that are in need to process words consisting of subword-level morphemes and syllables. We
are then to investigate whether the reading times of words reflecting their morphemic and syllabic
structures are predicted by an information-theoretic measure such as surprisal. Specifically, the proposed
Morfessor-based unsupervised machine learning model is first to be trained on the large dataset of
sentences on Sejong Corpus and is then to be applied to estimate the information-theoretic measure on each
word in the test data of Korean words. The reading times of the words in the test data are to be recruited
from Korean Lexicon Project (KLP) Database. A comparison between the information-theoretic measures of
the words in point and the corresponding reading times by using a linear mixed effect model reveals a
reliable correlation between surprisal and reading time. We conclude that surprisal is positively related to

the processing effort (i.e. reading time), confirming the surprisal hypothesis.

» Key words: Unsupervised learning, Morfessor, Surprisal, Lexical processing, Word recognition
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I. Introduction

# APE Al SRk Jlen 2uAg 2} dolg

o|gslo] 2ol TolS el BASHE Qlof Rug 7
shr] 849 ot a1 o] ¢loj 2o] Cof e

Mol Znlel 9lof Ae] A Aoy 2L 2ol
OAgAe] ol ofsl/ Bt AlZio] YA e
FYSFRAT ek

rulm re P
r-lm

Rjgtolo] Az} & RolollA] Fulx 7|k A7t 7iEe
7 o}% uHalE 202 A3 WHols) A7 2 Holt

AfolAAOM e FHAS pAlst] EAIGHD Q. 2
oF st 7|E AqteA ELEY mo] AR ZH2- SNSO|
5= AREA A olE= SASH BRI R g Sl
Qo wHElS &SI o] RS o]8sto] GoAREAL A
7 Ol5UE ARESHA ARAL A B AR WS FEot
At oE =01, EXE A o]50] @taylorswift13Y 7
9 “tayler”, “swift”, “1379] 5}¢] W92 HaH= AL
7} 5t9] ©9loll= 7iQ10) A E U Ul o 4 Qlot
ojd ERE AtEetsl7] Sl Cruetz?t Lagus?t Ateh
Morfessor ¥112]5-2 AFRSHO] AR AR o] &S HIA|=
5= &0l Y] U= 22siinh. ®et, BHo] Hs5S
4535t71 Hsll n-gram 7|2 23y} 8] WSHITH1-2].
o] QIX|EloM = Tolg M| T AIZPA BPHS AL
8sfo] ©o] QIA] WAoflA] ¥ES- AIZF B4, Tof Y7] &
Qb 259 34, Dol A melor wEH X e

SOt 714 2L T £718 B8lo] ARE oI
7 ok B AT AR2A, B0l BolS UL 1) 4T 25
o Al3]

S FAte 5L Agalol ofg] A2l B3t A Al
Morfessor ¥112]5-2 AFESto] oS 51y Tz H2]
slof of3] T A2IE o5 &+ e AHAE ol8et $
71eh o] o) X2] Ak u]usir3-4].

Jei ofx] gho] Hol IHAS o HA|E V]
Ak THlS 0]85k] e oz B opAito] Q1
AlS o &5t A= SARWIIR] Aoty 7|7}t Ax] o} E
5] Allo] M2 U et gt Qojete Tl R
o 7o xygas W Aot | el olg} e
AWt wET Aol

oA dgst 718 A5 HigeR 2 AfofM = o
o] IWAZ olo] pulz skislo] FEjA Ha] RS
&3l k=0l HolE AlE Eefshet ¥ske Bl AR
&, surprisal(z2ty) ARl 574510 *E‘Kl oS
Qo] Aol vk ARK o] hA] $ASIAL 3

th. o] flsh ZmAofA Thofol tieh FEf x FES

=

i

_L4

mpotslr] 9Jsll Morfessor ¥u2]5S Ag3to] TojQ]
A= Qo] EG‘O] Oﬂ St AEt ¥g AIRE Aol
of IS Loter] flsto ’\6& 2% 9 (linear
mixed regression) g3 AAIRHT.

w = 42 dadt 2o 280N FEHs #
oo wdlof] ALE-&F Morfessor ¥ u2|&at Ay &3 &
H Y2 7ttt 3goME o] A gido] H= o
OlEiQt FmA 7|8 FEfA B4 Qdo] RAS FA|StH, 4
FollA= AAlRH 2H2o) A9 AME AT 2> A
& 2ol dieh aoF 3 e MRS AR

X
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II. Methods

1. d-morph(ology)

FEAE Adojstox] 73t o3y &9 QJulE 7=
7P AR o] ©es e 2 4 Qe Ag Uitk
o] FE 1A F WYste FElAa 2A7]s HolE Eu
FEA T2 Fefolluls ATEQOlE %@Ur. 01313& 3
BlA 242 Ao} X2]e] 7P 712AQ1 A
Aol oju] FAZ 238517] AQ] Qo] £A1 ubigolot.
7189 FElA A= 1A 7IREe 2 BATS] TiEof AL
Hol A AEA 02 1A1Z Y=sliof sttt AlE A0
Kmma FEj4 247]4 Utagger FEIA 2471= =
QlAA3tH ZALZ 7|8to 2 BALS 1A= Tho]Sof thsh
FEA BA AiE A2 2 Aok E3E &0 HlojE] 7]t
o=z A= Fai'd Ye]E2 ARSI 717Ee oA 7]
ok khaiii FEj4 2A47]7F QIEH5-9].

FHAES SRt THez Agsto O*EH"*QE =
ol 2 TS gttt olg =01, =94 U]

USHA] Qi E*01 THARE ﬁxﬂ@.i THA+
TETUPETART, 22 TPHATY R R Fed
of. & AFolA = dojgtollA ARgol= FElA ZiEat
%L—Erﬁ}oﬁl ARESE] sl HolE sk 282
4 H9l2 ARESHo] 22lshe WS HlolE 7|yt d-F
El%(d morph(ology))2} 7J gttt

7= Yol ThITolof] Tt d-FEjA 4L 7]
B*Eﬂi TA71E A 7t itk TEkA] mpAiTo]
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2. Unsupervised d-Morphology Learning
71E FEA A7) wRlo] APdat fAlof 7|8ES Fof
A8 sh=d H]5]|, Morfessor 4 172]5- FHAE ]
sisote] d-ElA BAS 23T S0 AHE
WAL FYBOIYoA HjEE 2147] AEITAS
gistgon, o] Zujr0] 0 7S 2stol AFEsIT
Creutz®} Lagus?t A9t Morfessor &12]&-2 HA]
Eﬂ/\E q]o]E-]n} o]_Q_ }o:] 07<4 7]1:]}— EH}_%
2sh= IR &E 7Aes dajEolot o] &
o 3A0] FejaS 4] 9o W TS ARBah
Morfessor &1a|&2 24 QlAlo|ut 714 Y & A}
ot AR $8 ooy vIgei o Aol sHolck
Folet 2 3%01 0101] E3th &, ofZat AA
of ofsh ©oie] 7]— | A== doje] FEjoltt. wkA
gh2olo] A4S 18 Wolo] 47} sjstRsAor Skt
A =t o] 0}7115 =5517] Yol Morfessor ¥12]E
S AL8Ele] gl WAelS Qfol, wAlel2 ol ol
3 ElAE glod 98E JNtoR FejAT Sohfw, A
40 FHjag Tolg ofgA| 225t st=AlE HIA=
g B0 AF502 Atopdc
Morfessor 2.0 ¥i12]5-5 0|83t tlojg 7|9t FEjA
A wdlo] FAF dej= T 13f o] st npiido] 4
HAs ez A9 d-FejA(a lexicon of
d-morphs)?t A £ ﬂ“‘“(constructions)2 A
st abge sawle HAE T2 U oA,
derived wordsi= THTo]S Qulsit}. FEjA 2]
A aptolo] TP Ae Hejs 2Apt Hck Ralg
A53517] YA, d-dej42 Ej7)E glo]Ef(annotated
AR 1000 7He] MES F &5t
Morfessor 12|52 &3 O &KL A< HolH=
ARG T 2ES 2RI 7]+ Minimum Description
Length(MDL) 2A&t~2 7k Q)ct,

£l
mlo r+>1

or T
Li

F

r_t r&l‘

ol

J

training data)&

— U ——
Q_/ (1) Model Training:
Training Data: WA
argmingLQy, Doy ) | Arpotited
7 6LA2W) “Woa, training data:
D ords Dy " Derived wgrds Dy
o . -
(2) Model Testing:
Test Data: W A Test Data:
A= pW;6
Derived words Ul Constructions
\h_’_//
Fig. 1. The Workflow for Morfessor

o] Aol BAZ sl eh=o] o5 d-FEjaz He
5}= Morfessor 2.0 &2 AME3ICH 73] 104 7]&3t

A", $h=o] ﬂlr"“ chofof] st &[A9] d-FEjaz 22
=l n-gramof| Oist &5 4(me) TRITO] w7t d-HE)
;m, O fﬂl% O H&ArE FagA] =
njeolg o5 A= Morfessor?|9h 91o] REAS 153}
7] $13l 2-gramsit 3-grams APES ARESIRICE & =
oA+ Python®] Morfessor 2.0 TH7]A] S AF&3to] L
sl 10-11].

S
A My My,

3. Word-Information metric
hgiols ) d-FEja2 YU 719 o),
A% Sol Fh dgHiz 9E spERols
w=mymym, & B3 3t 2 9k §8A0Ql 0101 al=KE
A Alo] ALgSH oot Ackat v 25
A RElo|C. go] Agate 0101@
Al o FsHok stt, MA| ARESh=
Z3oF gtk d-@ejao) o
ol R 1% T2 Pofe] 0] 5
A2, oheo] Uetts g0 AE
E*OH oS 2200 ool == &E2 2=ty 450l £

010135410]3} 5} olq

(ml,mz,

H0) alge 1 279 oAl B¢ HEE A3UCID
U 4 9k ol el ] chet Buge e
29 A2 AW 98l 2 19 (w2 AHgato]

okt 2ol Akte ozt

surprisal(meiq) = =109 Ppese (Merq My, ..., M)

Fig. 2. Surprisal for a Derived Word

B o= ohrito]of thgt Morfessor &72]Z9]
log-probability S ©]83sto] tojof tfjst =2t AHEF
S ArslGit 1 ohe, w2k UL A Hof ey
ol Tt vk AREE oo Ahto] 91 stk

4. Linear Mixed Regression Model
ol A 5 52ke F7ko] A2 dof Qlje) wkg
ARERE A1 AT QRS sl glol 13
PR BAS ALESIGITE o] 817 B sfLt ool
ol ool whg w4 2re) A3 TAIS A3l
Fold Bee 1 ane o auo] £ 2
dect. 14 /i g2 duRlor VIE A9
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oY H& <l ¥,
78 A T A

npgctolo] thigh AJZ ¥hS- ARES ZF SRt T2
giZoll do] stz &2|gion, 17 Fh= Morfessor Y]
A= 52 BolA A2 mpdo]o] tigh =2ta JEFC
2 AAEHYLE 2 =FofA= Python?] Statsmodels 7]
Ag AHgsote] Ay e 3o 228 AAsiint.

III. The Proposed Language Model

oAl 312 Tm A0 Hol U9l ol gsto] d-ef
A% 2H8IE gof 99 AT 2207 of oo} @
o] trof el $410] Ao} Qo] ] AFolH AL
gol SlolAlgAle] dol ols] Bt Ake] T
diet $71 49 £ oA Bye W

Algto] A BYS Folof ARl HAES zojn
1 71E02 dojsz Lalstu, P4 B Bag
815 Tlofe], JAIe), MRS 8k W, 121 St ©

o] BJAE WS 7l

1. Language Model Design

o] AoflAj= o] Hof oJsf npAHoIE A2] A5t
L RS AL

% 30]] AAE vie} o], Ax2] 1S Rleget & FEf
4 golgo] gl S5 HlolE|(Sejong  Corpus)&
Morfessor Baseline®@of| =sto] £4] 7]8F 9lo] 2=
= SHARIHO®). HAE HolE(Korean Lexicon
Project(KLP) T A)E ¢1o] 2Hlof] j=i5}o] d-FEj4 1}

Ao E AIEIH@). Dof §l=(Word frequency), o
o] Zo|(Word length), @0 ¥1-2A|7HReaction times), ©
o] oto]cj(Word order number), ©@o{Q] =2tz APES At
SHH®).

g3lol 43 2 7 2 WL NG

............................

3 Statistical Language Models

Morfessor Baseline:
statistical morphs

Model Training

Lexical decision task: | =,

Reaction times Lexical Dictionary

Word Unigram: &
surface word forms

= o

Word information metric:
Surprisals

Setup-specific variables:

Word-specific variables:
Word order number

Word length
Word frequency

® ® @ ® B

‘ Linear Mixed Regression Model ‘

Fig. 3. The Workflow for Proposed Model

2. Training data

9% 39] o] REg sk F2shy| Ysf BTl
oM Algsta Qe AlE AHAS AFRSHICHE]. 2 A
o= 30t o o= Zhil Q= A Fof dAl U=
& ARgSIH. & 13} o] ZF mde “<IDOCTYPE>"
AlAISHE SlE7E R, 2H2 <p>2 e

= A

Table 1. A Sample for Training Data Set

File
<IDOCTYPE tei.2 SYSTEM "c:\sgml\dtd\tei2.dtd" [
<IENTITY % TEI.corpus "INCLUDE">
<IENTITY % TEl.extensions.ent SYSTEM "sejongl.ent">
<IENTITY % TEl.extensions.dtd SYSTEM "sejong1.dtd">
>

p> A3 AN 28O BfEO| 21 Tt 2047| Hut

HE| J2|1 2147]0) SO{MBM SE </p>

<>IYCH 9f BT 22 ‘2T Eate AR Afet
ci2o 5 UOIFET, - </p>

> TFCE 9 BB 2|3 2AAIR 2oL A Hufel

Cg0] & oI, - <p>

Morfessor gale]go] sl53st &1 dolge= & 29}
o] NEsAmAoA Hcf o 459mU-g iz wol A
2] oA 77F WAshs e AQlsta & 24
9] 74> 1,780,7120114] oF 18] 241%F 7} o2 sk
El2 MAsto 35S AR 2 AdoAe ZHAS
5] Alo] 90%E 158 Ho]E]
EIAE dlolH2 Fds3it.

Table 2. Training Data Extracted from Sejong Corpus

Item Total number

Files 459
Words with 2~3 syllables 420043
Words 1260130
Sentences 1780712

53 9lo] Bo] AA| o AER d-FEjA BAS
sheAlg E|AESD] 9] Aevtl os) HmstA 2 o
o °éEHJ_% g AT BAE dlojE2 st

Yt E|AE tloJEjollA RAIR 10007]9] MBS 55
3to] Morfessor 212|158 HAESH O ZA| 2 7= ¢
oE|2 ALESIIT} B 32 FEBIL] oJsf EJAE tole]
Zi7to] tfsh EF o2 E2|gh mo|ch
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Table 3. A Sample for Annotated Test Data

Lexicion Tokenization
1Y A+ 3
HEES A+ B
L] It + b
7Pt 1+ o

Fot, opddo] | ARES $4I51] 2lsl eh=o Al4do]
3]%)(Korean Lexicon Project: KLP) 013] Tt EﬂO]EﬂﬂﬂOl
A5 ARSI gharo] ©of 30,9307] 0] Tijst of9] !
/\]7}0 Lﬂﬂi H}o} /\}_Q. }Oﬂq o] iﬂ]EJ }\104 xPj}x}‘:

< =4 aA) &) SN F5A0 s A7igh 5270]%)
11 0] Z9] Bt AP 21.94|(HS: 184]-25A4))0] AL, /g
H2 ofx} 297 GA} 23o|RTt. ZF AV R= @t
A== Aol ©ofIA] 52 H|HofRIA] HHsH= 1A
oflA] ZF ©ojo] ¥Eg AJ7to] SAE|QICH 12-15].

I 4+= KLP to]efo]A0f S5H A7IAFE0AN 24
g AlE ©olE9] of9] HE ARKStm_RT)x} of9] ¥l=4
(Freq)g 23sit], & 53t ofgfo] tjsl| A7 7t Bt
BAof tfjst A3 Stim_val, match/mismatch)Z
zeict A WA 52 opido], & §iA 52 A2t
olsl £7dst d-FElia #A AR, Al WA 52 ghgof A4
01:478 of9] T tlojEHo]A0fA Tof BleS U] WHA)
G| 5ol ofgt d-FEiA F2ish Aufet
J—F-_'JV} FEA 2]t 2t dR] o B2 BASHH, oA
WA 52 o9 wH A)Ro|T.

7<o]. ]

Table 4. A Sample for Words with Response Time

Stimuli | Stim_val Freq mrir;?rtgt]éh Stim_RT

Mgk 2.3 33 match 736.811

723 1 460 mismatch 542.174
3. Training Data Preprocessing

Apdof sk HIolEE 7Alsks 2ol skeA717] ol

=484t A7) 53t
Afeto] A2l A%
5 S119 NLTKE ol 3lct Sof

Aol g0l =edEo] Q= gﬂﬂi
Ze A2t Basic 2
%] Python Tj7]%] &

2 Bajsioln.

sk 20| AAa] o)A Theut 2L }ﬂ% 0
519}, A WA, Morfessor ¢a2lZo] s 2
ojof ths d-ef4a 2 x
e 2 shto] 7|ub ZA} Ef7)
R, st olale] Bxyom 24l

|:O

AR, Tt/ e ST e |
E L ol APisigic

}\] Jl-]/\oﬂ/q LHg:] H]—O E‘]]/\E u]rolg E‘H}b%
A2] Ade et & HAE mlofA )T ofdf vl

7]

P
for
N

‘T

£42 Apksio] 255 130 19] of3] APo] ot o]
Lt @ 59 2} ® 59 A WA} 52 ojo] wlgs, =
WR) 52 255 Hojolr,

Table 5. A sample for Lexicon Dictionary

Lexicion Word Frequency
olct 124136
A= 122093
L= 56603
z2 44559

4. Unsupervised Machine Learning Training

DY S IOl FAelE sk dlole sjvtoz
H|R| 2 &k mElS oby AASE T3 11} o] sRSAIF]
o} o3JARlE  Morfessor Gdof]  QHgiTt.
Morfessor &172]59] MDL &4 §r40] d|-8o] £|438}
Z]=2 optimizerE E3l Morfessor?] 715X £415
0 f52 AlSgeith & 62 ohaeh oA d-Eia &
2] A 79 ¥RE At ofjAfo]tt.

ara

FES

Table 6. A Sample for Construction Types

Construction Types

(2, 1), (2o, 1), (ax2', 1), (AZOI, 1), (AAHT, 1)
(AZA, ), (AZO1, 1), (A, 1), (A2E, 1), (AEZ, 1),
(ACH, 1), ('AEH%—.*', 1, (R}, 1), CEAL, 1), (EAE, 1)
(EARY, (ELZ, 1),(E°, 1, (e2', 1), (0], 1),
('EEJZ, HE 1), HOH ('HQF,U,('Hﬂ', 0, 0F 4"
F" FOF HOH ("H et 1Ur', 1.
1i 1), 101 ‘IIE 1), ‘IIEE 1), ‘||01| ), (12

101 1|" 1IE 1|a, 1|01|', 1)
('_|_7|", 1), ('_I_J_ 1), (...2 1 _1_9_|' 1), 1), (— | &,
0, (=7t 1 —'—“O“I —2 1), (—2 1), (=<', 1),

—A}, ZF" N (d=" 1

2 AgolaE d-Fela 2] 78S ALgstel A WA

TR19] 7H4(# of construction)E 7]gtoz sh53 A7l
Morfessor2® =it = Hajs 4219 8& Ti4# of
construction types)S 7|§t0 2 &H5+2 A]7]1 Morfessor
Ddo] Mo vyt A WA Morfessor 2Eo]
PN A (99%ol 7} T
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Table 7. Comparison of Morfessor Model Training

Performance | # of Constructions | # of Construction Types
F-score 0.998 0.692
Precision 0.996 0.529
Recall 1.0 1.0

5. Correlation between Surprisal and RT

O3 304%™, Morfessor FEj4A 4 zdof oJ5f
E?_} E‘;}o.]': = 307@; __rL}\-]}E] J_ﬂrAHE}o-]E olaﬂo}oﬂ
. oPiTofof] tigh ofg] wH A[RHY] o 52 t2 A

2 BAg]ojxic},
Hifl= XA Morfessor ¢10]2H-& AREG}O]
ofof tisf &gt Aut d-FEA A|HAE &
gF Doig AZ7tol <sf et JEh
] HRj= Morfessoro] 9]t d-3
d-El4 24 227} LRl
V) Aoz ol gl o
AR 719 A2 BAEH]
Py thon o10]9] Statsmodels m7]X]o]|

regression.mixed_linear_model S

§ EY 37 22 ohew 2ol s

\ >

0 mloﬁ
>_>.L'§__%

[1AS)

rE
"
@
i)

2

i

iy I

£ ojn
)

(o]

ok
_CL
i
“_% b

P
>
o mn Mz r 40 1%

i)
i)
fu)
> o

(@) 1

(o= DA
o rSL‘

r

(o]

>

) N
rE2

(o |0
Ho
TER

o__ﬁm
ji

ob
D
£l

2
b
r> rlr

39 > 2
£ e
>
ofo
ol
=

model,_, = MixedLM. from_f ormula(RT~surprisal«Freg,
groups = data['words'], data = data,_4)

model,_, = MixedLM. from_formula(RT~surprisal«Freq,
groups = data|'words'], data = data; _,)

Fig. 4. Linear Mixed Regression Model

o]7]A, groups=datal‘material|lzl= 7]|3% AlF|
& At=ol oigh HE i} A 4]'3]0}5} RT 7|5=
ofof tigt ¥H3- ARt 2ol Fo2 ol Bat2 Lokl
Z3st 2r2 oJujsitt. surprisal 7|8 iE}% Ha
olujgttt. B8 model, > Q] 4 ¥4 RTS 1
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IV. Experiment
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Table 8. Hardware Configuration

Name Version
GPU NVIDA GTX 1080
CPU i5-2500K
Memory 32G
HDD 256G SSD
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Table 9. Software Configuration
Name Version

NLTK 325

Morfessor 2.0

statsmodels 1.1-19
2. Results
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Fig. 5. Plots with Freqg & Stim_RT_M with Segmentations
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Table 10. Words with 2-1 Segmentation

Word Surprisal RT Freq
JtA+H 49.021 2.3 17
A + & 47.650 2.3 64
te+E 49.435 2.7 29
7t=+Ct 46.973 2.3 653
R +Af 47.259 2.3 28
7t+3| 46.858 2.3 17
ke +2l 49.403 2.3 30
JIE2+S 48.875 2.3 284
Zt0F+& 52.015 2.3 61
7tH+= 49,542 2.3 17
7HE+2f 49.775 2.3 15
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Fig. 6. Plots with 2-1 Segmentation

Table 11. LM Regression: 2-1 Segmentation
estimate std.err z value pr(>|z|)
Interc 0.211 0.002 104.12 0.000
Surpr 0.032 0.006 5.411 0.000
Freq -0.174 0.118 -1.468 0.142
Surpr:Freq -5.100 2.900 -1.759 0.079
B 128 Morfessor?] s B4R A27P71 Al
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o] A2 FHlA F2fgt HolE IR FET molth

Table 12. Words with 1-2 Segmentation

Word Surprisal RT Freq
IHHE 46.605 2.7 33
Zt+A| 2F 46.605 2.7 19
57| 46.605 2.7 16
ZHAHE 46.605 2.7 49
MU= 46.605 2.7 29
7HAE 46.605 2.3 52
1h+M| 48.358 2.7 46
w2 48.509 2.7 190
2+0{ 2| 50.276 2.7 46
A+HE 48.501 2.7 30
A+ 48.501 2.7 19
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Fig. 7. Plots with 1-2 Segmentation

Table 13. LM Regression: 1-2 Segmentation

estimate std.err z value pr(>|z])

Interc 0.221 0.003 71.323 0.000
Surpr 0.037 0.019 1.923 0.054
Freq -0.205 0.065 -3.156 0.002
Surpr:Freq -2.056 0.889 -2.311 0.021

V. Conclusions
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