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A geometric model of categorization space for lexical
acquisition
Shohei Hidaka
Abstract

Our knowledge in daily life consists of concepts symbolized by nouns. Even
though a given noun could logically have infinitely many possible meanings, we
easily specify noun meanings common to others. Where does this intuition on
foundational concepts come from? And why it is coherent between people? Var-
ious psychological studies, such as category learning, noun acquisition, picture
naming, and feature evaluation have shown that people can efficiently manipu-
late a set of nouns called “basic categories” (e.g., “flower”, “bird”, “fish”, etc.).
Likewise, many developmental studies have shown that two- and three-year-
old children use to correctly generalize novel nouns given to novel instances, a
behavior called “fast mapping”. The semantic structure in the background of
efficient categorization is generally called “category coherence”.

The goal of the present study is to specify the categorization efficiency for
natural and novel noun categories, and its relationship to the geometric struc-
ture of meaning (feature space) of noun categories. First, feature ratings of basic
categories were obtained from a psychological experiment, and based on the re-
sult, I proposed a quantitative and geometric measure for category coherence.
I call the measure “smoothness” of categories, because it summarizes curvature
distribution on feature space. The analysis with smoothness showed that basic
categories, which were supposed efficient, were smoother than the other. Next
I proposed a computational theory which accounts for the emergence of smooth
categories. In the theory, the efficiency is defined as discriminability and gen-
erality, and optimization with the efficiency leads smooth categories with high
flexibility and predictability. As a result, the best use of known smooth cate-
gories enables the rapid estimation of an unknown category (i.e., fast mapping).
Therefore, 1 claim that efficient basic categories have smooth (coherent) geo-
metric structure which enhances learning of novel nouns.

The subsequent three parts in this paper consist of a detailed investigation

of theoretical assumptions, and exploratory studies for the theory extending



the theory to hierarchical feature and context dependent categories. Finally,
in terms of selection of axioms of feature space, I discussed necessary cogni-
tive developments, and proposed geometric models and a hypothesis on the

developmental change of the geometric nature of the feature space.
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gbooobooboobo
gbogobobbooboobuoobgooboobobbobooboobd



O0000000OO0OORoeschetal. 4000000000000 OOOOOO
0o0o0ob0oobooboooboobooboboooooor’oog’oooon
gooooobobobbbbooooooooouobobobbbobooooooo
00000000000 Db00000OReschOO0O0O00OOO0OoOoOOODOO
gogooobooobbbooooooooououoboobbbobooooooo
0000000000000000000000000 [21, 22,23, 24, 25|00
O00000000Corter & Gluck [24]0 “0000 00O 0O 7(Category Utility)
0000000000000000000Y000000000000000
guoooon
gogbobbbdoooubboboooubobiiigbbbooooouboooo
goooobbbooooouooobboooooouobbobbbouooo
godooboobbbooooouobbbbuoooooobobobbooooo
Lo ot ouuouuobobbbonooonooa
oooomoo(@Oo0)0oo0o000o00oo0oooooooooooooo
(00000000 0ODOC0O0OO00000OoDOoOOO)DOD0DDoOoOOoDoOoono
000DOoO000(@Eo0)000000000ooo (Dooomoooo)oo
00000000000020000000000000000000000
gogoddoobobobbbioooooooououbobobbboboooooo
O000000000000000000000 10000000 o)oooo
goddoooobbbbooooououooobbboobmooogoo
O0000000000000000000400000000000 (ie., 00O
OO0NO0000000000000000000000000000) 0000
gobobooobboooooboonoooobobooobbuooobbooo
goooobbooooboobbooodo noboooooobbbuoooo
gotbobodooobbooooobooooloboooobobbuooo
oo booooobooooboodddgoooooooo
goddoooobbbbooooooooooobbbbbooooooo

YO0OoOOD XO0OO0O0OO0OO0OO YOOOOOODOOOOOOOOOO0OOOO00O
P(Y|X)P(X|Y)0ODODOOO P(Y,X)0OO P(Y,X) — P(Y|X)P(X|Y)OOOOOO
000000000 (000)00000000000000000000000000 [24]0

2) Rogers & McClelland[1]0 0 00000000000000000 (e, 00000000
00000)00000000000000000000
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1.4 0O0OOooog

ggooobooobbbboooooooouououobobbbbouoooooo
gobbobodgoobbuooo bbb ooobbobbooobobobuooo
gdoddoboboobbboooooooououbobobbbobooooooo
godd

011 000000000000000000DO0000oOooDooO (eg.,
O00O000)0000000 (eg,0000000DDOOOOO)ODDODODODOO
0000000000 000O00 BoOoooooooooooooooooo
gogduooobtbooouoobbbbooooooouobobbobbooooo
godooooobbbooooooououooobbboboooooo
godooooobbbooooooououooobbboboooooo
gooddoooobbbboooooooouoobbbbobuoooooo
0000000000000 0000000 (Category Coherence) 0 0O O [8]0
goobooobooooooooboobO “0c00”00d0obobbobbb0oooon
goddoooobbbiboooooodoouoobbbbobooooooo
goddooooobbbbooooooo

godooobboboooooguoooobbboooooouobouooo
DDDDDDDDDDDDDDDD[I]]DDDDDDDDD(Theory—theoryl))D
gooddooobobbboooooooouoobbbbobuooooo
gobbbooooboboboooobbbuooooboboooobbbooon
gobbbooooboboboooobbbuooooboboooobbbooon
0000000000000 (boDOoDooOoOoOODOODOOOO) 26,1, 2700
00000000000 2800 000000000000000OOOOOO
29,30)000000000

V000000 D[@O00000d, folk theory) 00000000 (eg, 0000000000
00oo0ooO0o)oo0o0(oo0oo0o0oooo0oooo)ooooog (eg, O
000o00000)oo000oo0o0Uoo00o0oo0o0oUDooOoOooDooOoUooo
00000000000000 (domain) 00000000 DO0O0ODOODOOOOODOOODO
(domain-specific knowledge) 0 000 O
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141 0D0OOOOOO0OO0OOOOOO0OOOOOO0

gobbobuooogbbobobuoooobbbobuoooobbbboobod
0000000000000 000Y00000000000000000
gobbboooobbbuoooobbbuoobbboooobbbooan
00000000 (01100000000 00o)oooooooooooo
gobboboooobbbuoooobbbuooobbboooobbbooan
1100000000000 oooogoooooooaon
00000000000 000ooooooooooooon (eg, 0110
O00D0OO000000OOUoooooooDoDOo)DooooooooooooOoo
gobbboooobbobuoooobbbuooobbboooobobobooan
00000 (0000000000) 0000000000000 (boooo
O000)00o0000o0O000oO0O0o0ooooO0o00ooooOn (eg, O
O0000000000ooo0ooo0OooD)00o0oooooooooOon
gobbboogobbbuoooobbbuogobobboooobobbooan
gobbboooobbobuoooobbbuooobboooobbobooan
O000000000000000 (eg, 00000000 DODODOODOOO)OO
gobbboogobbobuoooobbbuooobobboooobbobooan
gobbbooobobobuoooobobbuoooobboooobbobooan
gobbbooobobobuoooobobbuoooobboooobbobooan
goooodg
142 00000000 OOOOO0OO0OOLDOO

Murphy & Medin 8]0 000000000000 COOOO0OO0OOOO
gobbboooobboboooobobbuoooobboooobbbooon
gobbbooobbobuoooobobobuooooboboooobbobooon
gobbbooobbobuoooobobobuooooboboooobbobooon
00 (00000)000000000000ooooooooooooooo
gobbboooobboboooobobbuooooboboooobbobooon
gobboboooobboboooobbboooooboboooobbobooon
gobboooobbbooooboboooooobobooobobbooon

) 00000000000000000000000000000000000000000
gboobobobobobobbobobobooooooooobobooboobobobo
gooooao
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gobbboooobbbuoooobbbuoobbboooobbbooan
gboboooonoobbuoobobobuoodobbbooobbuooobbooon
gbbogbobuogobooooobbuoobooobobbuoobboboo
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuooobobboooobbbooan
0000 (000)DoooOoooOoOoUoUooooooooOoOoooooooo
gobboboooobbobuoooobbbuooobbboooobbobooan
000000000 000oooo0OU Blooooooooooooooo
gobbboooobbobuoooobbbuooobbboooobobobooan
O000000D0ODODODODO (O)0DOo0oOoO0OoO0OOO0oOOOOoOoDOoOoOoOooo
00(0)000000000000000000DO0000000000000
O00bO0ODbOobOOobO0o0ob0ob0Ob0o0obobOobOobodadhocOObOonoonoO
gobbobuooogbobobboooouoooboboboooobbbboooan
O00000000ooooOoO(@OoOo0)ooooooo0ooooooooo
000000000 (0000oo0)00000oooooooooooooo
gobbobuooogbobobbooooobobooooooboobbboooan
gobbboogobbobuoooobbbuooobobboooobbobooan
gobbbogobbobuoooobobbuoooobboooobobobooan
0000000000000 000000oooooooooooog 1o

gobboogobbbuogoonbn bobooobbboooboboboood
gobbboogobbobuoooobobbuooooboboooobbobooon
gobbbuoooobobooooobobooboooobbboooon
gobbboooobboboooobobbuoooobboooobbbooon
gobbboooobbobuoooobobbuooooboboooobbobooaon
000 (0000O0)000000 (Do0D0ooooOooUoo)Dooooo
0000000000000 00OO0 (00000 oOoO00oooD)0oD0ooo
0000000000000 00000O0O (1.vyO)0oo0oOoOooooooo
goboboboobobobboboobuoobuooboobooboobon
gobboboooobboboooobbboooooboboooobbbooon
gbobobooobgobobobooboboboobobobooobob
gbgobobbobooboobooboobobbobooboobon
gbogobobboboobuoobuooboobobbobooboobon
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gobbobuogogbbobboooooboobbboooobbboooan
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoooobbogo

1.5 O0ooood
gogbuodooubbbuoduuouooouobbobbooooobbobbouoa
000000 (Novel word generalization tasks) 00 000000000000
gogdduobuobobbboooooooououboobbbobooooooo
0000000000 (e, "Thisisthe wug”) D0 000000000 DODOO
000000000000 0O0O0O0OODODODODOOOO0OO0000 (0120000
ggooobobobobbbooooooooououbobbbbobooooooo
ggooobbobbobtbddooooouobbobbobtbuoooouoon 200
0000000000 (32 33, 5, 34, 35, 36]0

1.5.1 OO0OOoOoon
ggoooooobobbbooooooouoouobobbbbbooooooo
0000 (00000000000 0oooooooooooO)yDooooo
O00000000000000000000D000 (fast mapping) 10000
0ooboooobobooooboo"wee 0000000000 boooon
000000000 A0O0O0ODO0OD0OO0ODOODOODOBOODOOODOODO “wug”
gooddoooobbbboooooooouoobbbbobuoooooo
godooboboooooobbbboooooooobbbobbuooooo
goddoooobbbiboooooodoouoobbbbobooooooo
1.5.1.1 0O00O0ooooooobobdo bobouboooouobboboooo
0000 (1000)0000000000000000000000000OO
goddoooooooooobbobobobbbbibbbiobbboboon 1800
gobboogosobbogbboobboooboooboobbooboon
0000000000000 000 3400000000000 0ooooDOo
000000000000 (e, 00000D00ODDOO)00OODO (eg., 00O
O00000000000)00000 3r,380000 20000000000
gbgobuoobooobogbuooboobooboobooboobon
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This is the “wug”.

An exemplar

/1N
B

shape texture color
match match match

~Is this another “wug”?

Ul2.0000bobooggn

gobbbooogbbbuoooobobboooooo

1.5.1.2 0OUO0O0O0OO0OOOoO0nO oobobobbobboobboobod
‘00’000 “CO0r"b0oobDobbobOoboboOobDOobobOobobooboo
000000000000 (solid object)J0 O 00O O (nonsolid substance) 00
00000 (animates) 100 3000000000000 (ontological category)
0 o o o o o o - S
0000000000000 000O00OODO00OO0ODUOobOD)DOoO
000000000000 00000000000000 (eg, 0000000
0000000000000 0000000000)DO0O000OO0oOoOoOoOO
000000000 [32,5,33|0000000000 (eg, 000000 ODODO
0000000000000 0000DU00D0D0DO0DO)DODODODODOODODOO
0000000000000 00000000O [39,40,36)000000000
gbbogbbdgbbuogbbooobbooobbooboobbooooab
gobbboodobbbuoooobbbuooobbboooobbbooan
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oo0ooooooooooooooooooooooooboboOoOoooooooo
oo0ooooooooooooooooooooooooboboOoOoooooooo
oo0ooo0ooooooooooOoOoooooooboooo

1.5.1.3 0OOOOOODOOOOO COOoOOOoOopooOoOoObOODOODbDbOoO
oo0oooo0ooooooooobooooOoOoooooooDoD Aooooo BO ¢
O00070000000000 (“Can you find the same thing as this?” )0 O
000000000 AO0OODOOOCOBOOOOOOO (“Thisisadax. Can
you find another dax?”) 000000000000 0O Markman & Hutchinson
6000000000 (eg,0000000O0OO0O)ODOOOOOOOO (e.g.,
O0000000ooo00o)00oo0o0oo0o0ooooooooooooo
o00O0s3000 ‘0000’0 oo0o00oooooooooooooooon
o0oo0o0OoooooooooOoOooooooooooOoOoooooooo
O0000000000O0O00000ooooooooon B)o

1.5.1.4 0O00O00OOOOOOOO0OO0 OOOOOOOODOOOOOOOCOoO
o0oo0o0OoooooooooOoOooooooooooOoOoooooooo
o0ooo0OoooooooooOoOooooooooooOoOoooooooo
000000000000 (eg, “Thisisadax.”) 00 000000000000
0000000000000 00000O0O000 (eg., “Thisisdax.”) 00 00O
000000000000 000O00000000 oooooooooo
00000000000 (eg, “0000000)0D00D0O0O0DOODOOOOO
O000000000000000000000000000d (eg, ‘00000
O00”"0000000000000000000ooooooo [36)0

1.5.2 000O0OO0O0O0OO0ODOOCOO
Oo0ooo0OoOoooooooOoOoOoUooooooocooOoooooooo
00000000000 (bo)0b0o000oooOOoOoUoobooOoOoUooo
O0oo0OoOoooooocoOoOooooooooo0ooooooooooo
000000 (000)bo0O0000000o00O0oooODOO0o0oooooooo
00000000 (Doo0o0)DooooooooooOoOOoooOoooooo
oo0ooo0oooooooooOoOooooooooooOoOoooooooo
ooooooooooooobooooooooooboboboOoOoooooooo
ooobooooooooboobooooooobooOoboboooooooOoOobbooOo
Ooooooooooooobobooooboooooobooooobooooobooooo
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ggbobboboboogoogbobbuoooooobobbobbboooooan
0000000000000 00ODO00oooooOOU (eg,000C0CODO
00)00000O00O0O0O0O0O000000o0o0ooooooDooogooooo
O(eg,0000D00OODODOOCOODO)00000ODOOOOOOODODODOO
gobbboooobbbuoooobbbuoooobbodao
gogoubbbbooouoboboomoobobobobbbibogd
gobboboooobbobuoooobbbuooobbboooobbbooan
ODaxOOROOOOODODOOOO (DO0DOQO0OODOOOO0OO)0O0OooooDoOO

gbboooboobooogbboobbuobboobobboobbboodgbb

gobodgbbuoobbuoobobooobbobpbooooboboobod
gobbboooobbobuoooobbbuooobobboooobbobooan
gobbobuooogbobobboooooboboooobobobooooobon
gobbboooobbbuoooobbbuogoobboooobbobooan
gobbboooobbbuoooobbbuogoobboooobbobooan
gobbbooobbobuoooobobbuoooobboooobbobooan
gobboboogoboboboooobo

1.6 OOOO0ooooboobuoobboobd

ooooo goooooooo ooooooooooboo

oooo ood oooooo oooooo gooo oooo

oooo oooo ooooooooo ooooooooo gooooooo ooooo

oooooo oooo oooooooooo oooooo goooooo ooooooo
goooooo

l2.0000000000bbobbooogbobogoobobod

gobboboooobbbooogooboooooobobooooboboboa
(012) 000000000000 0000O0O00000D0OOOOOoUOoO
gobbbooobboboooobbbuooooboboooobbobooon
guobobooboboobobooboboboobobooboboboban
000000000000 00O000OO00DOOODO0ooODOoOODOO (OO
00000000)0000000000000D0D0D0DO0DOoOoOoOODODOOO

gbbgboobobobobooboboboobobobobobobob
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gobbobuooogbbobbooooboooobobboooobbboooan
gobboogobobbodo
gobboboooobobbooogbboboooobboboooobobbod
0000000000000000000 (eg,000000)000000OO
gobboboooobbbuoooobbbuooobbboooobbbooan
gobboboooobbbuoooobbbuooobbboooobbbooan
O0o00000O0O0OOOOOOoOODDODODODOOOOoOOOOOOn (eg.,
1.1) 0000000000000 0D0oO0000oooooooOoooooDoo
gbooboobbobbo3obuobuoobooboboobobo4b00
060000000000000000O0O (0 1.HYOOOOOO30000O0
gbobodgboboobogbuodgbougbuogbuoouoobogbagoo
000000 (Dooooo0o0o0o0oO0)0oooooooooooooooo

1.7 OOO0oong
gobbboooobobbbooodgboobooooboboboooobobobod
gobboobdu200gdgbobobbugoobbobooooobboboooan
gbbogobogoboobuoobosuob40,be0bbooobooon
gobboboooogo3sobbobugoubobobooooobboboooan
gobbobbooogooboobbooooo400bboobbooogo sgan
gobbbuoooobbbooogobobooogboboboooobo
20 0O200000000000000bbobooooobobboooan
gobbobuoooobooboooooboboobooooobbboooon
gobboboooobooobobbooooobobboooobbbboooan
gobbobooooob sbbobuoooooboboboooobobbboooan
gobbboooobbobuoooobobbuooooboboooobbobooaon
030 bOobooooboboooobbbooobbbooobobbooan
gbogboodgbooboooboobooboboobobooboboobobon
0000000000000 000O00O0O0O000O0D0DOLOODOO0OO0 (eg.,
0000000000000 0000OO)D0o00D0o00oDUoooooooo
gobobooobobooo“obooboooboobobobo"bobobooboboo
gbgobobbobooboobooboobobbobooboobon
gbogobobboboobuoobuooboobobbobooboobon

18



00000000000 00ooooooooO (e, 00)000O0DDOOO
0000000000000’ 00000Dgreed (201000000000
0)000000000 (D0OooD)000DoOooU0UoooDoooOooooDo
ooboobooooobooooobooooooboobooooooooooog
oobO”dbogboo3boooooboooboooobooboooooooboog
gobbobuoooboooobbouoooobbbbooobobboooan
gobbboooobbobuoooobbbuooobbboooobbobooan
O0(@0O0O0000o0ooooooo)0oooooooooo

040 0O400000000O0O00DOOO0ODOODOODOODOODOO0
gobbboogobbobuoooobbbuooobobboooobbobooan
gboggbogbuodgoboobooboobobobbobbobo3bad
000000000000000000000000000Y00000000
gobbboogobbbuoooobbbuogobobboooobobobooan
O200000007007"00000000D0DODO0D00O0DODO0O0OSamuelson
[27]0 Colunga & Smith 26) 0000000000000 O0O00OOOOOOOO
gobobobooooobobo4t000obobooooobboboooan
gobboboogobbbuoooobbobooobboboooon

sl ObObObOdudsguobbbouooobboboooobobbboooan
gobobu3tggguobobuogooobbboooobboboooan
gboogbogbbuogugooogbuogbouoobooboobbooobon
000 (eg.,00,000)000000000 (eg,0,00000)0000
gobbboooobboboooobobboooobboooobbobooon
00000000 4000000000000 000DO0O0OODOO00O0OO
gobbboooobbobuoooobobbuooooboboooobbobooaon
gobbobooooobbobooooobbboooobbobbooon sd
gobbboooobboboooobobbuooooboboooobbobooon
gobbboooobboboooobobbuooooboboooobbobooon
gobbooooboboboooobbboooooboboooobbbooon
gobbooooboboboooobbboooooboboooobbbooon
gbgobobbobooboobooboobobbobooboobon

) 00000000000000000000000000000000000 300000
obooboooobobooooood
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gobbboooobbbuoooobbbuoobbboooobbbooan
gooo

gell O30b0OUOod0obobbbuOoOoOobbObOoooobbbobouoan
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbobuooogoboboboooobbbbuoooobbobbeboogn
gobbboooobbbuoooobbbuooobbboooobbbooan
gobboboooobbobuoooobbbuooobbboooobbbooan
gobboboooobbobuoooobbbuooobbboooobbbooan
gobboboooobbbuoooobbbuooobobboooobbobooan
gobbobodgeuoobobbbuoooobbobbooooobbboooan
gbbogbuobbogbbuoobbooobooobboobbuoooogb
gobbboooobbobuoooobbbuooobobboooobbobooan
gobbobuooogobboboooobbobbooooobobobboosgan
gobbboooobbbuoooobbbuogoobboooobbobooan
gobboboogoobbobtoetgooobbboooobbboboooan
gobboboogobboboooobbbuooobobboooobbbooan
00000000000V 000000000000000000000000
gboboboboobobobobooboboboboobobo s0oro0
gobbboogobbobuoooobobbuoooobboooobobobooan
gobbobuoogoboooboogo

g7l ODOoodoobobooooboboooobbobooobobobooon
gobodgbboobbbobbuogbboobbodoobboobobbobo
gobbboooobbboodobobbooooobobooooboboboa

) 000000000 000000D00D000000000000 (00DoOooo)oooo
000 Reman 000000000000 (0 30)000000000000O00O0O0ODO
000000000000000000000000U00o0 (De0)0D0OOO
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20 0000000000000

2.1 0OOoO
gobbboooobbbooogbbboooobbboooobbbod
gobbbbuooogobbbbooooobbbbboooooo 3o
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
gbogbogbobboboobuoobuogbuooboboobooboan
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
gbboobooboogbboobbuoobbuoobbuoobobuoobogob
gobboboooobbbuoooobbbuooobbboooobbbooan
gobbboooobbobuoooobbbuooobbboooobbbooan
gbbogboboogbboobbuoobooubbuoobbuoooboogb
gobbobuoooboboooooboobbboooobbboooan
gobbboooobbbuoooobbbuooobobboooobobobooan
gobbboooobbbuoooobbbuooobobboooobobobooan
gooo
gobbboooobobbbooodgboobooodgboboooobobbod
gobbobugogbobobbooooobobooboooobbboooan
gobbboogobbobuoooobbbuooobboooobbobooan
gobbboogobbobuoooobbbuooobobboooobbobooan
gboogbdgbobobouooboooboboobuoobobobobooban
gobbbogobbobuoooobobbuoooobboooobobobooan
gbobodbouodooobobboboobuodbuoobuogboobooban
gobbboogobbobuoooobobbuooooboboooobbobooon
gobbboogobbobuoooobobbuooooboboooobbobooon
gobbboooobboboooobobbuoooobboooobbbooon
gobbboooobboboooobobbuoooobboooobbbooon
gobbboooobbobuoooobobbuooooboboooobbobooaon
gobbboooobboboooobobbuooooboboooobbobooaon
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00000000000000000000000000000000000
0(eg,0000000000000000)0000000000000O0
000000000 (eg, 0000000000000000)0000000
(000)000o000
00000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
0000000000000000000000000

2.2 00O

000000000000 00000000000DODO000OoODo0O0oo
O000000SDO 4200000000oooooooooooogooooon
00000 50%00000000000 0 English MacArthur Communicative
Developmental Inventoryd (MCDI)43|000000000000000O0O0O
0000 4U00000O0DODODODOOOOOOOSDbOOOODOOOOOOg
000000000000 00000000000000 44000000 41
000000000000 00000oO00oOo0ooo ooo0oooooon
000000000000 0oOooDooooooooooooooboooog
000000000000 0o0o0bOo0o0ooooOooooooooDoOoon
O0000o0o0oodoodoOooDoooDoDOoDoDOoDoDOobobooooooog
0000000000041 0000 (0820)000048000000000
000000000000 0oooDooDoooooooooooooooog
O0000000O000oO00ooO00ooOooO0o0oDoO0ooDooDooDoOO
O000o00oD0oOdDOO0oo0ooo0oooooooooooooooooog
O0000000o0ooooDOooooooooooooooo 4100000
OO0 160000000000000000000O0O00OO00O0O00O000d
O00D000o00o0oo0oooooooooooooooooooooooog
O0o000o00o00oo0o0oooooooooooooooooooooooog
O0o000o00o00oo0o0oooooooooooooooooooooooog
g000o0O0obO0obO0oO0o00ooO0obO0obOoboooOooOOobDoboboooog
gO000o00oo0obO0obOobOoOo0ooOooOOooDobOOobOoboboooobooboo
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0D0000000000000000Y000000000000000000
00000000000000000000000000000000000
0D00000000000000000000000000000000000
000000000000000000000000000000000000
0D00000000000000000000000000 160000000
00000000000000000000000000000000000
00000000000000000000000000000000000
0000000000000000 (eg, 0000000 00a00somed00)
0000000000

2.2.1 000

e DOOOOOOOOOOO
00000000000000000011000000000000 (2300
0250)00000000000000000000000012000000
000000 (23000250)000000000000000000000
0000000000000 1040 (18000 220)00000000000
0000000000000

e DOOOOOOOOOO
00000000000200000000000000000 (23000 270)
000000000000000000000002000000000000
00000 (23000270)0000000000000

2.2.2 0000

000000000 100000004100000048000000000
000000000000 41000000 (e, (2)0 (3)0000)0 4800
0000000000000000000040000000 1000000
00000000000000000 (2)0000 16000004800000
00000000(00000000000000A1.10000)
1000000 0000000000000000000000000
00000160000000 00 (00),00(000),0000(@0O0),

00 (00),000(00),00000(0000),000(000),000
00 (0000),000(0000),00(00),00(00),000 (00

060000000000 300000000000000000000O0D0000O0DOO0
goboobooboobobooobooboooon
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00), 000 (000), 000 (000),000(00),000(@000)

00000000 20000000 00 (00),00(00), 0000 (00
0),00(00),000(000), 0000 (00O0), 000 (000),0
00 (00), 00 (00),0000(0000),000(000),0000
(00D0D), 000 (000),000(000),000(000),000 (0
0),00 (00),00(00),00(00),00(00),000((000),0
00 (00),000(0000)

480000000 OOMCDIO9OOOOOO (‘animals’, ‘body parts’, ‘cloth-
ing’, ‘food and drink’, ‘furniture and rooms’, ‘outside things’, ‘small house-
hold items’; ‘toys’, and ‘vehicles’.) 0 3120000000 48000000
(0000 31000)0

2,23 0O0O00O0O0O

o OO OODOMO
goooooodoboooooooooogooooooooooogd

0000000000000 oooobooboo0ooog ExcelOOO

0odoooo48UI000o00oosouo41ddoooooooonood

0odoooooooooooooooooooooooooooooood
goooobooooogo20000ooooooooonoooooooogo
0(1) 00 00000000000000000005,000000
googoao
(0)000000000000 (0O0)
1. 0000002:00003:000000004000500000]
0 ABAeBOOODOOOOOO0OO 1,000BOOOOOOS5, O
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(a) Hierarchical feature processing (b) Independent feature processing
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gobboboooboboboooobbbooooboboooobbbooon
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output: 12/4 dim { Shape, Color, Texture} Obj ect defined

hidden: 20/30 dim symbolic feature

. ./ :
input: 51/47 dim. [ 5~ sor noise cut | nformation

/ compression
216 dim. n - n -
- 7 Gabor filters
m E (early visual fields)

Retinal images

053 00000000000 0000b000b0000

00000000000000000 (eg., 000000000 DOOOOODO
00)0000O0 (ie,3000 120000 1200000000 1000000
00)0D000000000000000000000000000C0oOooOO
gobbboooobbbuoooobbbuoobbboooobbbooan
g0o0O00o0OCOO0OO0OO0U000000U00DO00OUOUOUUUO (Doo)oo
gobbobuogogbbobtbooobuoooboboboooobbboooan
gobbboooobbobuoooobbbuooobbboooobbbooan
goooo

5.3.1.2 00000 DOO0O0OO0 O0OOod0bobobuoouoboobobooon
gbogobogobooboobboob4bb0o0obboobobuoobbon 3
gobbobuogoobbobboooouoooboboooobbboooan
00000 (051)D0000000 30 (000051 000000D20000
00001200)0MLPO0OOOOOOOODOOOOOOOOOOOO 4000
000000 100DD0O0O00O00000ooooo0oo0O0 Q1ooooooo)
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0D000000004000000000000000)00000000000
0D010000000000000000000000000000000000

D00000000MLPOOOOOOOOOOO0000000000000O
00000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
0D000000000000000 (0000)00000000000000
000000000000000

0000000000000 0000000000000000MLPODO
000000000000000000000 (0000000002000
30)0000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
0000000000000000000000000000000

0000000000000000000000000000000000
0000000000000000000000000000 (0 5.307No
background”0 0 0)0000000000000000000000000O0
00000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
0000000
5.3.1.3 00000000000000000 0000000000000
020x 200000000 (052)00000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
(00)000 (0,0.2505,075,1)000000000000000 (000000
0000000)0000000000000000000000000000
00 (00000000000)00000000000000000 172800
00 @x00@x0@A)x000@)x0000 (3)x0000000 (3))
D00000000000000000000000 ¢(z)000000000
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0oooo 0oooo (o)

goo ggo (gob (bbb

ERN 51 20 12 71
goboo 51 20 4 73
goboo 47 20 12 68
goo 51 30 12 73

gsl:gbboogbbuogobbuoooboobooobboobboon
gobboboogdleobbbooooooboood

gobboooobbodo

2

9(z) = exp(— ) cos(2rf (x — 9)) (5.1)

000 f0 00000000000 2=/(y— )2+ (2—2)2000 (3, 2)
0000000000 (y,2)0000000000000000000000
0000026000000000000000000000 (00 (40)00
°045°090°01350000 (30)00.50 1.00 2000000000 (20)01,
20000000000 ((0)0000000000000000000000
000 153%00000000 15.7%)00000000Y000000000
00000D00000000000 (PCA)00D % 00000000000
0000000000000000000000470000000000051
0000000000000000000000000000000 20%00
0000000000000PCADDDOONONOOOOOD MLPOOOODO
00000 MLPOOOO (eg, 0)00 (eg., 00)I00 (eg, 00)00D0
00000000000000000000000000000000000
(eg., (00DDODDO)=(0,000,00)=(1,0,0,0,1,0,0,0,1,0,0,0))00
0000000000000000000000000000 1000000
00000000000000000000000000000000400
0000 25%0000000000000030000000000 30%00

V000000000 000000000 KO JI0DOODO0O000O00000000000
J=GIODK = (GTG)"'¢GTJ OGO 216x 4000000000000000000OI0
D0000000020x 200000040000000000K000000000OJ
0 GOODO00DDO00000D000020x 2000000400000000000000
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0000000000000000000000000 (eg,0000000)
00000000000000Y0
5.32 00000
00000004000000000000000000000000000
00000000000 000000000000000000000000
0000000540000000000000000 1/200000000
00000000000000000000 (00000000000 5%00)
0000000000000 00000000000000000000000
000000000000 000000000000000000000000
000000000000000 (F(2,210) =0.83,p=044)0000000
0000000000 (000O00F(2,216) =44.26,p < 0.0010 000000
F(2,216) = 32.22,p < 0.0010 0000000 F(2,216) = 6.00,p < 0.01 )0 O
00000000000 000000000000000000000000
00000000000000000000000000000000000
00000000000 000000000000000000000000
00000000000 000000000000000000000000
00000000000 000000000000000000000000
00000000000 000000000000000000000000
00000000000 000000000000000000000000
00000000000 000000000000000000000000
000000000000 00000000000000000000000
000000000000000 (0 54)0 Jones91] 0000000000
00000000 (05500000000000000000000000
00000000000 000000000000000000000000
00000000000 000000000000000000000000
00000000000 000000000000000000000000
00000 (056000000000000000000000 (00000
30%0000003000000000 3700040,50,...,4000000)00
000 (000000)0000000000000000000000000
00000000000 (F(36,10989) = 22.6,p < 0.001) 000000000

000000000 17280000000 400000000000000000 30%00
00o0o0ooooo /1000000000
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O (F(2,10989) = 545.8,p < 0.001) 000000000 ODOOOOO0OODOO
gbbogobbodgbagsbbooobbuooobbuoobboogoogn
O00000000Doooo (F(72,10989)=1.04, p=387) 000030000
000000000 (e, 0000000COO0O0O0O0OO0)OODODDODODOO
gobbobuogooboboboooooboobbboooobbboooan
0000000000 0O0O00ODODOOOO0O0O00000000O0O0On (e, 00
gobbboooobbobuoooobbbuooobbboooobbobooan
O0O00)0s56)000000000000000D0O0O0O0OODOOO0ODOO
TukeyOODOOOOODOODOODOOOOODODOOODODODODOODODOO
gobbobuogogbbobbooooobobuooogbobobooboooan
gobbboooobbbuoooobbbuooobobboooobbobooon
0000000000000 00000O00O0 4.500)0000 (7h00)00
(11500)0000000000000000000000O0O [72l000oOo
0000000000000 00000000000000000000 [91]
goboboogdn
gobboboooobobbbooodgbobooooboboooobobobod
gobbobuooogboobboooooboobbboooobbboooan
0000000 ((@CO0000 TwkeyDOOODOOOOODOOOOOOOODOO
0000000000 (p<0.05) 0000000000000 O00OOOOOO
O000)0OOOO00oO0O00o0oooooooOooOo [r2lcocooooog (9]
gobbboogobbobuoooobobbuooooboboooobbobooon
gboogbobooboboobuodboobobbooboobooboboobo
gobbboooobboboooobobboooobboooobbobooon
gobbboooobbobuoooobobbuooooboboooobbobooaon
gobbboooobbobuoooobobbuooooboboooobbobooaon
gobbbuoooooobboooooboobboboooobbbboooan
goooobooboboobbooobboooboobDbUo0o “boobobOoo
gbooobor’gobobobobobobobooboooog
5.3.2.1 00O00O0OOOOO OOOODOOD “COO0O’dbOOobOobDOoOobo
gbgobobbobooboobooboobobbobooboobon
gboobuooboobooboooboobooboobooboobon
gbobooobboooobooobbooobbboobbooobboo
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00000000000000000000000000000000000
000000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000
000000000000000000000000 (1000000000)
000 (000000)000000030,40,...,40000000000000
00000020000000000000000000000000000
0 (F(99,10800) = 256.8,p < 0.00)0 000000 (F(2,10800) = 8.15,p <
0.001)00000000000000000000000000000000C0
00000000000000000000000000000000000
00000000000000000000000000000000000
00000300000000000000000000000000000
00000000000000 (057 000000000000000000
00 (0000000 1000000000000)0057000000000
00010000000030000000000000000000000
000050000000000000000000045000550000
0000000000000000000000000000000 (00)0
00000000000000000000000000000000000
000000000000
000000000000000000000000000000000 (0
5700)0000000000000000000000000000000
00000000000000 (05700)0057000000002000
000000000 (00)000000(00)00000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
—226(p=055000000000000000 692(p<0.01)000000
000000000000000D00000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000000
00000000000000000000000000000000 (0 5.5)
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gobboooogbbobooogbo
5.3.2.2 U0OLOO0O0OO0OOO OO0ObOoO0ObOOoOobOoobooboobon
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuooobobboooobbbooan
gbogbgobooobodobogbogboobobbooboobogoban
gobboboooobbobuoooobbbuooobbboooobbobooan
gobboboooobbobuoooobbbuooobbboooobbobooan
gobbboooobbbuoooobbbuooobbboooobobobooan
000000 (O000)0OoOoooooooooooooooooooooo
gobobobboooooobobbouooooobobboooooboobod
gobbboooobbbuoooobbbuooobobboooobobobooan
00000000000 (e, 051000000)00000D0O0O0O0O0ODOO
gobbboogobbboooobbbuooobobboooobbobooan
00000 (e, 05100000)000000000DO0OOOOOOODOO
gobbboogobbobuoooobbbuooobobboooobbobooan
O0000O0O0o0oOOoOoOO 9 000000oooooooooooooo
gobbbogobbobuoooobobbuoooobboooobobobooan
gooo
gobbobbooooobbobodooobobog3gooogobooood
goggoobbbbobobbbbboboduguooooos8buboan
gobbboooobboboooobobbuoooobboooobbbooon
gobbboooobboboooobobbuoooobboooobbbooon
0000000000 (le.,,0000030%00)00000000000O0O
go-oggobbboooobbobooobobbuooobbDb-0.92,-0.88, -0.85
gobbboooobbobooooobobboooboooobbobboooan
gobbboooboboboooobbboooobobogo
goggooobbbobbobboddddddodoooooooooboobobo
gobbobooooboobbooobooooboboboooobobbboooon
gbgobobbobooboobooboobobbobooboobon
gbgobobbobooboobooboobobbobooboobon
gbgobobboboobuoobooboobobbobooboobon
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0000000000000 oo0oU0U0UdU (Dooooo)oo
gobbobubboooobbbouoooobboboooobbboooan
gobboboooobbbuoooobbbuoobobboooobbbooan
gobboboooobbbuoooobbbuoobobboooobbbooan
gobbboooobbbuoooobbbuooobbboooobbbooon
gobbboooobbbuoooobbbuooobbboooobbbooon
00000000 00Oooooooo e oDoooooooooooOoooog
gobboooobbobuoooobbbuooobbboooobbobooan
gobbobuogoobbobboooobooooboboooobbboooan
gobbobuogoobbbooooboboo “startingsmall”[Q?]UDDDD
gobbobouooooboo
gobboboooobobbbooogbobobooooboboboooobobobod
gobbboooobbobuoooobbbuogobobboooobbbooan
gobbboooobbobuoooobbbuogobobboooobbbooan
gobbboooobbobuoooobobbuooobboooobbobooan
gobobobbooogbobobou4buoooobobooobobbbuoooan
gobbboogobboboooobobbuooobobboooobbobooan
gobbbogobbobuoooobobbuooooboboooobbobooan
gobbbogobbobuoooobobbuooooboboooobbobooan
gobbboooobbboooobbbooodan

1)Elman[Q?]DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
ooboobooboobobooobooboooon
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105



el 0O0OOOOOOOOOOOON

gbobooboooooboboobobobbobooboboobg
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
00000000000000000000000000000 [¥oooo
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbobuoooooboboboooobbbbuoolooobbboooan
000000000 0o0o0o0o0o00ooooOooooo (e, 0000O0DOO
0)00D0000000C00C0O0O0oOoOoODODODODODDOODOODOOOOOOO
gobboboooobbbuoooobbbuoobbboooobbbooan
00 (32,3600 0000000000000000O00OO0OOOO0O0O0O0O
gbbodobboobboobboobboobboobooboobboob
gobboboooobbobuoooobbbuooobbboooobbobooan
gobbobuooobboboooobobooboboboooobbboooan
gobobuoooobooboogo
gobboogoobbobuooobbob booobbbooobobboood
gbobooobobuogbobuogbobuogbooboooobuooboban
0000000000000 00D0O0O00000 (eg,0)00000ODOOOO
gbogboogbobboobobooobooboboooooboboobobod
gobbboooobbobuoooobbbuooobboooobbobooan
gbogbgbogboobobogbuoobobooboobobooban
gboogbobooobogboobobboboobooboboboooban
0000000000000 000000000000000D [32, 39, 5, 36)0
gobboogobbbuogoboobuoooobobboong obobboood
gboogbugooboboboobuodgboobobooboboooboooban
goboobooboobooboobobobooboobooooobobooobg “ar,
“another”, “several”, “few”0 00000000 0O0OOOODOODOOOOOODO
gbooboboboboooooooobobobOobbOon “chairs”, “trucks”,
“shirts”, “studies”, “hopes’0 000 U0OOOOOOOOOOOOOOOODOO
Oo0obOoobobOooonboog “some”, “much”, “little” OO DOOOOOOO
gobbboooobboboooobobbuooooboboooobbobooon

106



00000000 “water”, “sand”, “applesauce”, “research”, “justice” O 0O O O
0000000000000 00000000 (e.g., amel, another mel) 00O
0000000000000 00DO00000O0000o0oO00d (e.g., some mel,
more mel) 00 0000000000000 0O0O0OOOOOOOOOO [99]0
0000000000000 00000000000 (eg., happy0 0000
0OheOshe0OOD)00000000O000O00OODOODOOOOOODOO
0000000000000 000000000DO0ODOOO0O0OO0O0 [40,100)0
000000000000 000000O000000DO0ooDOooOOobOoOooog
000000000000 000D000O000000DOO0DODOoDOO0oOoOoood
000000000000 000D000O000000DOO0DODOoDOO0oOoOoood
O000000o0oooo0o0oooooooooooo(oooo)oooo
000000000000 000000000000D0oDOooOOooOoood
0000000000000 0O0DOD0DO0o00oo0ooooooooooooog
OO0oooooo

O0000oooo0O0 O0OobooOoOooooboooOooooooooogd
O0000000ooo00oo0ooooooooooooooooooog
O00000000000000000O0Luey[l01)]DO00000O0OO0O0OO0O
Odd0dooooooooooooooOoooooooooooooooogg
O00000000000000000000000000000 (individuation
continnum) 000 00000000000000CO0OO0OO0OOOOOOOOOO
000000000000 0oOooDooDoooooooooooooooog
0000000000000 00O000O0o0O0(CenHOODOoODOOOO
000000000000 0oooDooDoooooooooooooooog
O000000o0o0o0ooooooooooooooooooooooooog
O000oo0Oooooooooooooooooooooooooooooog
0000000000000 (eg., “cow’d “cup’00)000000000O0O
0000000000000 00000000O0 (e.g., “milk”, “sand”, “wood”
00)000000000000O0000O0O00ODOOO0UbOOODOOOO
O00D0000ooOo0oooooooonD “oo0’0oooooooooog
g000obbOOo0o00obO0obO0obOoobOobO0obOboDobOoboDobOoboooboo
O “There is an apple”d 0 0 “There are apples’"0 0 0000 0O00OO0O0O0O0O
000000000 (“there is”) 0000000 (“be located”) 00 0D0ODO
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animates likelifood inanimates |likelifood

Japanese

“iru” “aru” linguistic category
object_Llikelifood substance |ikelifood

English

count _nouns e NASS_NOUNS "2 | inguistic category

§ % J =8

Yoshida & Imai & individuation coninuum
animates Snith (2003) °bJe°tS Gentner (1997) substance (Lucy, 1992)

\_ J

gel:0Jdbbbooodgbbbuoooobood

0000000000000 00000000DO00000000 “nanimate
exists/ is located”’0 00 0 0 00 00O “animate exists/ is located”0 0 0 0 0 0O
O0000000000000000000000000000 (“There is an
X’O0oooooooooo)oooooo oDooooooooooooooo

ooO0OCOOOO0ObOO0O000O0O0OO0Oo0oooooooooooooDoDOODO

O000000ooooODOO0o000ooobOOO0oooooooOoDOOOooOooBooo

o0ooo0oooooooooOoOoooooooboooOoOoooooooo

000000000 ((bing) 0000000000000 0OOOOOOOOOO

O0((bring) 0000000000000 OOO00OOOODOOOOOOOOOO

00000 (e.g., put, bring, pick up, hold OO0 )0 0000000000000

o0oo0oOooooooooOoOooooooboooUoooooooooooo

0000000 (o0ooo0o000oo)0o0000oooo0oooooo

00000000 (0000000000)000000Quine[102]0 Lucy[101]
o0oo0o0OoooooooooOoOooooooooooOoOoooooooon

oo0ooOooooo

o0o0o0o0O00o0 OoooOoOoOooOooDooOoOoboooOoOoooooooo

000000000000 000000000000OImai & Gentner [32]00

00000000000 (200,2500,400,00000)0000000

o00oo0o0OoooooooooOoOooooooooooOoOoooooooo

O00O00o0O00000ooooOooooooooooooOooooooooooo

o0ooo0OoooooooooOoOooooooooooOoOoooooooo

o0ooOo0oooooooooOoOooooooooooOooooooooo
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00000 (0000000000000 000000)000o0oo oooo
00000 (eg,000000O0CCOOO)0D00O0OOUOOOODODOODOODODOO
0000000000000 000000000ooooooooDoO (O0e6.1)0
Imai & Gentner 000000000000 OOOOOOOOODOOOOOOO
gobboboooobbbuoooobbbuooobbboooobbbooan
gobboboooobbbuoooobbbuooobbboooobbbooan
gobbboooobbobuoooobbbuooobbboooobbbooan
00000000 (D00UooUoo)oooooooOoOoDoDDOOOoOOoODDODOOO
gobbboooobbbuoooobbbuooobbboooobobobooan
gobbboooobbbuoooobbbuooobbboooobobobooan
gobbboooobbbuoooobbbuooobobboooobobobooan
gobbboooobbbuoooobbbuooobobboooobobobooan
gobbooggbbobuoooobobooooboon

Imai & Gentner 0000000000 DOOCO0OO0ODOOOOOOODOOOO
O0000000000OYoshida & SmithOOODOOOOO0OODOOOCOOOO
OLuwyd0O0O000O0O0OO0OO0O0O0O0DOO0O0OOO0O0O0O00O0ODOOOOOO (O 6.1)
Oo0o0oO0oO0OO0O00OO0O0OyOODOOOOOODOUODODOODODODODOODO (DOO
00000)0000000000000000D0DoDooooooooOoDOO
O0D00D0DO00D0000Imai & Gentner 0000 0OOOODOOODOOO
O000Db00000O0b0000O0DO0bOo0oD0b0b00D0D0bO0OImai &
Gentner U0 000000000000 OOOODOODODODODODODO
gobbboooobboboooobobbuoooobboooobbbooon
gobbboooobboboooobobbuoooobboooobbbooon
gobbboooobbobuoooobobbuooooboboooobbobooaon
gobbboooobbobuoooobobbuooooboboooobbobooaon
goboood

Yoshida & Smith 36|00 00 00000000000000O00OOOOO
gobboboooobboboooobbboooooboboooobbbooon
gobboboooobboboooobbboooooboboooobbbooon
00 (0000000000000 000O0O00O00DoOoDOOoUoDoOoODOoUoO
000000000000 000O0000DO00O0)0000LDOoOoDOoOOO
gbobobooboobobuobooboboboobobooboobobob
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O00000O0O0O0ODODODODODODODODODODODOO0OO(@COOOCOOOODOOO
O000000o0U00oo0o00ooooU0ooDooUooDooUOoooD)OoDo
gobboboooobbbuoooobbbuoobobboooobbbooan
gobboboooobbbuoooobbbuoobobboooobbbooan
gobbboooobbbuoooobbbuooobbboooobbbooon
gobbobuooobbobooooobbobuoooobbobbooobooan
gobboooobbobuoooobbbuooobbboooobbobooan
gobboooobbobuoooobbbuooobbboooobbobooan
gobboogoobobodgo

6.1 UUO0OUOO0OUOOOOOOOOO
00000000000000000000000 (e, 0000)0000
000000000000000000000000000000 [68,103]00
0000000000000000000000
00 (1) 0000000 (eg, 00/000)0000000000 (eg., O
0/000,0000/00000)000000000000000000
00 (2) D000000000000000000000000000000
00oooo
00000000000000000000000000000000000
D000 (PCA)000O0O0O0O0O0O (MDA)OOOOOOOO3000000
00000000000000000000000000000000000
PCAOMDAOOOOOOOOOOOO0O00O0O0O0O0O0O0000000000
000000000 (0000)000000000000000000000
0000000000000000000000
000000 (1)0(2)000000000000000000000000
00000000000000000000000000000000000
000 (0000000000)000000000000000000000
0000 (eg, 0000000)000000000000/000000000
00000000000000000000000000000000000
D00000000000000000000000000000000000
D0000000000000000000000000000000000
0 (e, 00000/0000000000000/0000000000)00
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Oob0o0booouooobobo0obooo0ooboOob0obDO0o0bDOoODOdYoshida
& Smith (36) 00 0000000000000 00O0O0OOOOOOOOOOO
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
gooo
gobbboooobobbooogbboboooobboboooobobobog
gbobbooobbobuoodooooobboogbbbooobbooon
oot ULgo
0000000000000 0000000000O0ODoOOoooooooDoO)/o
000000 /000000000000000oDooooo0ogoooooon
gobboboooobbobobuooooboboboooonobooobbbod
0000000000000 (0D2000000)0000DO0oDOoOoooDoooOO
0000000000000 0000O000oDoO00D (Doooooooo
O00)DoooooOooooooOoooooooooooooooooooo
0000000000 0000000o0O00oooO0 (Dooooooo oo
gobboboogobboboooobbbuooobobboooobbbooan
gobboboogobboboooobbbuooobobboooobbbooan
0000000000000 00000oooo(ooooooo2)-

6.2 U0OLOOOOOOLDOOOOOLODLDOOOObOObOOOOd
gogobboboboboboobobobobobobbbobbooouooooooooobobon
gobbboooobboboooobobbuooooboboooobbobooon
(0000000000000 0000000O00C0DO00OOOObDOO
gobbobooooobbboo2000bobobbooooboboboooan
000000000000 2000000000000 (021)00000O0OO
gobbbooobboboooobobbuooooboboooobbobooon
gobbbooobboboooobobbuooooboboooobbobooon
gobbboooobbboooooboboooobobooboa.
6.2.1 0O0O0OO
000000000000 200000000000 (PCA)DDOOOOOO
00000000 (2240000)0
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6.2.1.1 00O0O0O0OOO0OOLOOOOOOOOO0O ObOooboobooobooo
gobbboooobbbuoooobbbuoobbboooobbbooan
(48000000 160000)000D0D0OD0ODO PCAOODOODODODODODOO
gobbboooobbbuoooobbbuoobbboooobbbooan
gogobobbbbobodooooooobelbbbbbboooooooon
Oo000oooO0oooooOoOooopCcAODOOOOODOOOOOODODOO
OO0Od00oOoO0OooooOoOopCcACOOOODODOOUOODODDOOOODOOO
gbobbooroboobobbooboobobboobooboboboobon
oo000O0O0OO0OO0OOO0OOOO0OO0OOOOOOOOOOD (W)oooooogo
O00000D0D0ODO0ODODODODODODOOOOOOO0OO0O0OO0 (B)ODOO0OOOoOoOoOoU

m; = n—ig]; x (6.1)

W= ;m;) (x —m;)(x —m;)" (6.2)
B = (m — ma)(my —my)" (6.3)
= 5/ (6.4)

m; 00000 D; 0000000000 000000000000 WOO
gbdp,0ogbdobobogobooobobobboooobo BOm OO0
gboboboboooboooobobborbobboobuoobobboobnon
(ie, 0000000000 DOO0OMOODOOODOODOOO)ODDOOOOOOOO
oobooopPCAOOODOODOODOODOODOLOOODOFODOO
O0oobOobOobOobo pCAOODOODOD FOODODOODODODODO
gobboboogobboboooobbbuooobobboooobbbooan
gbob fFOb000DOODODOOOODODODOODODOODbDODOn
gobooood

6.2.2 0O0O0OOO

6.2.21 0O00O0O0OODOOOOOODODOOOODOO DOPCADOODO
gboobogboboboobobobuogbobonooouooobobon
gbogbooogbobobogbobobobbobobobmooobbon
gboogboobbooboooboobuoobooboobobobbobobon
0000 [52,360000000000000000O00OO0OOOOO0OOO
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ooooog OO0 |00 |0 |0Db0OD0DO0O |ODbOo (o0 0O
0 c i 1 g c a 0
00 c i 1 g c a 0
U c i 0 ggd c a 0
oogd ¢ i 1 gooo ¢ a 0
gd c i 1 U m a 0
gd c i 1 U m a 0
g c i 1 U ¢ a 0
U c a 0 ] ¢ a 0
U c a 0 0 m a 0
U c a 0 ggg ¢ a 0
U c a 1 gdd c a 0
U c a 0 N ¢ a 0
goo c a 0 0o m a 0
00 ¢ a 0 O m a 0
ooon ¢ a 0 Oooo ¢ a 0
ERERN c a 0 0O c a 0
ERERN c a 0 0O c a 0
ERERN c a 0 [ c a 0

ggooood c a 0 0O ¢ a 1
gd m a 0 U m a 0
EEN ¢ a 0 ggd c a 0
U m a 0 gd c a 0
goon ¢ a 0 gad c a 0
ugn c a 0 gad c a 0

06.1: 00000000000DO0OO00O0O0DO0ODO0ODOO0I0 “D0"0ab0 “O
g"o0goboboobobddbecbb00bbO0OmobbooobobOoOon
00“0”"000000000000DO0OD000000O (1H)/OOOooO ()ooo
goo

113



0000000000000000000000000000000DO (O 6.1)
gbogboobobbooboobooboobobbobooboobod
0000000000000 (FO)Oooooo (06200 620000000
00000000000 0D0O0000o (Coo0O)0000oooo FODO (O
00 1046) 00000 p<0.060000000062000000000000
gobbboooobbbuoooobbbuooobbboooobbbooon
gbogbuogboogbooboobuogboboboobooboboobon
O00000000000000 (F(1,46) >4.130,p < 0.05) 00000000
0000000000000 0DooooOooooon (F(1,46) > 3.7,p < 0.06)0
gbboboobbuogbobogoledbboobbuoobbooobooon
00020000 (00000000)0000000oO0o0oooooooo
gbobbooobbuobooobbuoodblebbooobbuoooban
gbbooobuodgbboogbboobobbommooobooobooboon
000000000 (F(1,46) >3.7,p< 0.06)00 0000000000000
000000200 (41000000000 160000000000)000
O0000000000000000000000000 (F(1,46) <3.3)00
OoooOoOoOoOoOoOoOOOOOOOOOODOODOD (10O)ooooooo
bbb leddguooobooboogg2bbbugooobobobobouoooad
0000000000000 (0De62)00000PCAODOOOOOODODODO
gobbbogobbobuoooobobbuooooboboooobbobooon
gobbbogobbobuoooobobbuooooboboooobbobooon
goboboooobbobuooooboobod
6.2.2.2 J00OUO0O0 OOO0OOOOOOOOOLDDOObOOOObSunOn
googbogbooboobooboobooboobogboboobon
gbobbddedabbogbobooobbooobuooobboobbon
gogobboobbbodog 21ggoobobbobobboboodooooon
gobbbooobboboooobobbuooooboboooobbobooon
gobboooobboboooobbboooooboboooobbbooon
gooobooooboobbo0o rboboe200b00b0O0ObbOOODOO
000000000 (0oo0)0o000000D0oUD0ODooo(@@ooon)
gbgobobbobooboood
gbooooooobgbooboboooooooooobobobgobon

114



gboobodbooboboobobooboboobobuoobobabbad
gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
0330 000000000000000000000000000000O0O
00 45 00000000000000000O000000D0ODO0ODO0O0O0OO
gbbodbogobouogbbuoobboobboobooboboobbogb
gobboboooobbobuoooobbbuooobbboooobbobooan
gobboboooobbobuoooobbbuooobbboooobbobooan
0000000000000 0000000000 (32,36 00000000
gobboboooobbbuoooobbbuooobobboooobbobooan
O0000O00ooooooo e 47(0000D030000) 00000000
gobbboooobbobuoooobbbuooobobboooobbobooan
0000000000 p)j0oo0O0C00OO000O0OoUoOoUooooooDOon
gobbboooobbbuoooobbbuogoobboooobbobooan
0000000000000 00O00000 000000 oooooooo
gbbogobooboggbboobbuoobobooobboobboooobob
gobbboogobboboooobobbuoooobboooobobbooan
gobbbogobbobuoooobobuooooboboooobbobooan
gobbobbodoooobobooooobobobooooboboboioogan
gobbboogobbobuoooobobbuooooboboooobbobooan
gobbobuogooboobbooooobobuoogooooobobboooaon
gobbboooobboboooobobbuoooobboooobbbooon
gobbboooobboboooobobbuoooobboooobbbooon
goboboooobooboooon

6.3 U0OOUOODLO1IOO0OOOooOuooobooobd
O00000000000000O (PCA)DDODOO0O0DODOOODODODODOOOOO
gooobooboobuooboobooobooboobo1oboobOoon
gboooboobobooobooobuooboobuoboboboobooobDoo
gbgobobbobooboobooboobobbobooboobon
000000000000 0D0oDOoOOoOOO0()DODoDOoDooDoDoOoOoOO
00000000000000000(2)0O0000o0o00O0o0oooOoOoo
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40

B count/mass
351 _ Jiru/aru ]

30

25

20

15+

10

F values/ contributions of principle components (%)

principal components

062 0000000000O0DOO0ODOOFRFO

gobbboooobboboooobobbuooooboboooobbobooaon
gobbobooooboo
gobbobooooobbboooobobobooooboboboooobboboa
0000000000000 0000000000000000 (eg., OX0O
000)0000000000000000000DO000000 (eg.,0X0O
00) 0000000000000 000O0O0UU0oOOOooDUOooOoOOooOoO
gbgobobboboobuoobooboobobbobooboobon
gbgobobboboobuoobooboobobbobooboobon
gboobobobboobil1oobbooboooboobobooboobo
000000000000 0D0D0O0O0OU000D0ODDOODOODOO0O0 (eg,00
OO0D0o0O0)0000000PCAOUOOOOOOOOOOOOOODOODO
gobbboooobbbuoooobbbuooobbboooobbbooan
gobbbooobbbuoooobbbuooobbboooobbbooan
gobbbooobbbuoooobbbuooobbboooobbbooan

116



0oooo oooo
00/000 0O0/00 |00/000 00/00

4100 | F(1,46) 2.13 3.23

0oo P 0.1515 0.0788

1600 | F(1,46) 4.130 3.763 3.760 5.043

0oo P 0.048* 0.059 0.059 0.030%
00 | F(1,46) 6.36 2.56 5.07 3.54

0oo P 0.015* 0.116 0.0291* 0.066

062 000000000000000000O0O*0 p<0.050*0 p<0.001
good

0000000000000 D0OD0OD0ODO0000000000000000O0O (1)
gobboboooobbbuoooobbbuooobobboooobbobooan
000000000 0O0OoUooooooooO (0O (2)0ooooooooo
gbbodgbogobouogbbuoobbodboboobooboboobbogob
6.3.1 00U
gbooobogbobodgboobbodobbod bbodoboooobodab
gobbboooobbobuoooobobbuooobboooobbobooan
O0O0ooOob0oboooOoboobooboOoboboooooo pPCAODOODO
gobbboogobboboooobobbuooobobboooobbobooan
O0000000000000000000000 (eg,00000)0FDO (O
64)00000000000000000DO0O0ODO0O0DOODOO0OOOOmO
gobbboogobbobuoooobobobuooooboboooobbobooan
000000000 (0De61) 00000000000 OODOOODOODOOOOO
gboboboboboboboborboboboboboboboobgooF
gobbboooobboooooobod
gobboboooobbbooodobobooooboobobooouboboboa
gobbbooobboboooobobbuooooboboooobbobooon
000000000000 000000000000O0O 1600000 (DDODOO
oooooOoO0)0booO0oO0OOO0OO0ODODOODOOODOOODOOOODOO FOOO
0000000000000 0000000DODO0O0000 100000 (O
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(a) syntax-neutral

0“
@
&
dynamic é
complex <
slow <«
quiet
light Z ance
2 hard
N natural
> light
18t PCA (solidity)  wet i L
large
(b) Japanese‘%/ntax biased (c) English-syntax biased
Vi 1 4\ wet
hard " light — natural
I g o large i animates round
rfund countable \‘ wek | |had T dynamic
atural manlmates cool | |lage  ohinafe straight
rawa renimaes \\ i, objects
"‘i»nan'rﬁat.:\ \_ Ccountable ™\ e
b " nawra ,,‘Inanlmales ; wet
stance- dynamic | | e S light
cooI

......................................... ~ hard n mass &
slow o
\ < iru/aru L round/ K<1COU 1/ comple%

ged: gbbugobobuooobbuoobuoobbooobbosgd
0000 (D0000oOoDpoOo)00ooooooooooo

0000000000)00000 (06.1)0000 170000000000
gobobodoboobooboboob  rbooobooboboooobon
gbgboboboobobobooomobooobobooborbod
gobbboooobbbuoooobbbuoobbboooobbbooaon
goo1vbooooboobooboobboobuooboobobooobooon
gbobooboobooooboboboboboboboovooooon
gobbboooobbbuoooobbbuoobbboooobbbooan
O000000000000000Samuelson & Smith [52)|0 00000000
gobbobuooogbbobodg3ai2ugggbboboooobbboooan
gobboboooobbbuoooobbbuooobbboooobbbooan
gobbboooobbobuoooobbbuooobbboooobbbooan
gobbboooobbobuoooobbbuooobbboooobbbooan
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gobbbouooobobboooobbobod
gbuodbuogbogbologboobogbuogbuadgbaogbaoog
gbbogboogboodgbboobbuoobbuobbuobooobbogb
gboogbobuodboobbodbudbb bbb didda=0
gogbobbobboooudidbbe=100000000000000000
gobboboooobbbuoooobbbuooobbboooobbbooan
gbboboboobo1iwoobobobobobooooboobobooon
0000 160000000000 (DOO0U00DDODOoOOOUOOO)OODO
gobbobuogooboobbbouoooobboboooobbboooan
0000000000000 000000o00o0Oooo0 (Dooooo)oo
gbbodbogobouogbobuoobbodobobooobooboboobbogb
gobbboooobbbuoooobbbuooobobboooobobobooan
gbobboobbodobboobbooboboobdgbilebbooboon
00000 2000000000000000000000 (MDA)DDOO
OO0OMDAOODOODOO2000000000000000000O00O00OO0O 16
O000obOooboOobOobobboooobDooMbADODODO 400000
gobbbogoobbbooogobb4s00bbbuoooobbboogan
6.3.2 0U0O0OOO
gobbboooobbbooodbobooodoboobooooboboboa
0000000000 00oo0O0ooo (MbA)DOODOODOODOOODOODOOOO
a0000 PCAONMDAODOOD 400000000000 OOOODOOOO
O0000000064(c)0000000DODODOOOPCAODODODOOODOOOO
oooMDAOOOOOOODOOOOODOODODOOODOOODOOODOOODOD
O0000000000000000000 (le,, ) J0000000O00OOODO
gobbobuooooboobboooooboboooooboobbbboooan
gobobboooobooboooon
gobbooogobbobooobooboooobobnh oooobboood
0000000000000 00O0O0O00ooobooDO (FOOD 640000
000000 (063)0000000000O0O0O0OO0OOOOOOOOOOOODO
gboobboobboobboobboobboobooombodooobobo
gbgobobbobooboobooboobobbobooboobon
gbooboobogobobbooboobboobuoobbooboobg

119



gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
doodinmoogbobuoooobboooobbobuoooobbooan
golooobbbbobbbuooooooobobbobbbbbobodoooogn
gboboobooborobboboooboobobooboobobon
00000000000 0D0O0000oooooooooD (p>0.0500
goooobbobooogbboboooooboboboooobbboooan
O0000OC0OO0O0O0O0000 (DooooO)oooooooooDoooOOoOoO
gobbboooobbobuoooobbbuooobbboooobobobooan
gobbboooobbobuoooobbbuooobbboooobobobooan
gobbboooobbbuoooobbbuooobobboooobobobooan
goboboooobbobuoooon

goooo good
oo/ooo 0OO0/O0O0 OOOO |oo/ooo OO0O/OO OOOO
00 | F(1,46) 6.36 2.56 0.15 5.07 3.54 0.40
00 P 0.015* 0.116 0.703 0.0291* 0.066 0.529
00 | F(1,46) 0.61 22.10 3.68 20.70 0.001 3.26
00 P 0.439 0** 0.061 Q* 0.973 0.077

063 00000000000000000000000O*0 p<0.050*0
p<0.0010000

gobboooobbbuooobbobuodg oobbobuooobbbooon
gobbboooobbbuoooobbbuooobbboooobbbooon
gobboooobbobuoooobbbuooobbboooobbobooan
O00obO0bOoboobooobO0oboO0b0OODOG64a, bOO0O0OaOOO
0000000000000 000000DooD (0e64c)00000O0DOO
gobboooobbbuooboobogoobboooobobobooon
gobbboooobbbuoooobbbuooobobboooobbobooan
000000000 (0D642)0000000000D0O0OOOOOOOODODOO
gobbboooobbbuoooobbbuogoobboooobbobooan
0000000000000 000000000CO00DO0O0O0OoOoOoOoOoOO (o
6.4b)0 0000000000000 DODO0OCOOOO0O000000OOO0oOoOg
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gobbboooobbbuoooobbbuoobbboooobbbooan
gubboboggboboodgbboobuoobbooobboooobboogb
gboodbogbodbuogbobobobobobbobooboobuobo
gobbboooobbbuoooobbbuoobbboooobbbooan
O0000000000000000000000 (3200000000000
gobobobuoogooboobbbooooobobboooobbboboooan
O000000000oooD Beloooooon

Elfz/3EER

0 0.5 1 1.5 2

RERTOIHLE MEBERTDNELL

() 0000000 () DOoOoOoOoooo

0s " i 2
HEERTOELE

(¢ MDAO PCAOOODODOOO
064 0000000 (0D0)DOOoDOOOOOO

gobboooobbobuoodobbbd ooobbobuooobbboood
gobbboooobbbuoooobbbuoobbboooobbbooan
0000000 (065 66)00000000000000DOODODOOOODOO
gobbboooobbbuoooobbbuooobbboooobbbooan
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gogoobbbobbbbboddgoooggbestbbbbuooooooon
gobboooobbboodgbbbeecdbbO0bbbooobbbOoOooon
Oeyel DD handD OO OOODOOO0OOODOOOOODOOOOODOODODOOO
O000D000000oo0oOoooo (eg., eathD, Otigerd, OfishO0 00000
000000000000 0ooooDooD63) 00000000 OODODOOO
O0bD00ooooooboooboobOfeye DD handdOOOOOOOO
O0000000000O0oooo ([39,45,88,36)0 00000000000
00000 (0De6)000000000OD0OC0COO0O0OODODOOOOOODO
gobboboooobbbuoooobbbuooobobboooobbobooan
gobboboooobbbuoooobbbuooobobboooobbobooan
000 B000000000000000ooooooooooooooo
gobbobuooogboboboobouooooboboooobbboooan
gobooog

gbd gobodgbooboboboodobobooloobooboboobad
gbobogobbogbobooobboobe3tdbbuoobedatlbugn
gobboboogobboboooobbbuooobobboooobbbooan
gobbobooooobbboooobobbbogogbosbbbooan
gobbboogobbobuoooobobbuoooobboooobobobooan
gedb0obopoooboboobobooobobooobosboobonon
O000000000000000(Ce5000000DO0O0ODODOODOODODO
gbbodbiomoodgbogbobobooboobbooboobooboon
gobboogobbooobobbooobbooobobboooobooboon
gobbboooobboboooobobbuoooobboooobbobooon
gbobobotedpbbiboooonooobbobooobobobooboon
gboboobogobdodbedchbbbboobooooboonobogn
gobbbooobboboooobbbuooooboboooobbobooon
gobbbooobboboooobbbuooooboboooobbobooon
gobboooobboboooobbboooooboboooobbbooon
gobboooobboboooobbboooooboboooobbbooon
gbgobobbobooboobooboobobbobooboobon
gbgobobbobooboobooboobobbobooboobon
gbggboobbooboboobooboobboobbobobooboobo
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e? Eeera or
{ i
WgISFI
$ tiger
qE%F

ton%ue

monk f
banana
e

k
* Enee
Za

baI oon
ice cream

ges duobboooobbobuoooobobogao

gbogbobuobobbooobbuoodobboobbbooobbobbood
gobbbooobbbuoooobbbuooobbboooobbbooan
gooboo

64 UU0OOOLOOOOO0O2000000000A0

00000000 200 Yoshida & Smith[(36) 0000000000000
gobbbbbooogoobboobbbuoooobo200bbbbduooa
gobbboogobbbuoooobbbuooobbboooobbbooan
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$ tiger 2 4 6 8 10
bicycle
refrigerator

$ horse
boots
bed
door
table
tree
camera
airplane
train
car

$ cat

¥ money
dol |
gloves
shirt
toast
jeans
pizza

cup
i monkey
stone
key
arm
knee
chair
book
hand
scissors
$ butterfly
$ fish
* glue
$ frog
* paper
eye
tongue
* salt
plant
bal loon
banana
* water
o egg
k ice cream
* milk
* rain
* snow

T T
Lﬁ?}?

6600000000000 DOODOOOOO

gobbboooobbbuoooobbbuoobbboooobbbooan
gobbboooobbbuoooobbbuoobbboooobbbooan
O0000d0ooooooodoooooooUoO0U (boboboooooyo
00000000 Yoshida & Smith [36) 00 0000000000000 O0O0O
gobbboooobbbuoooobbbuooobbboooobbbooan
6.4.1 0U000OO0OOOOOO0OOODOOOOOOOOOO00
Yoshida & Smith [36)0 30 000000000000 0O0O0ODOOOOOO
gobbboooobbbuoooobbbuooobbboooobobobooan
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gobboobob20b00000edbbbbuooooonobboboooan
00000000030 0000000 (e, 00000D0)00000ODO
000000000 00DooOo00Oo (00000 DO0ODOOUODOOOd
0000000000000000ooooooooo)booooooooo
gobboboooobbbuoooobbbuooobbboooobbbooan
000000 39000f0f0fffdodgoooooooooooooo
000000000 p|joocooo00ooooooooDooooDooooDooOOn
gobbboooobbobuoooobbbuooobbboooobbbooan
(e, 0000O00OOD)ODODOOOOO

gol1gbbobooooobbobbuooobbbboooobbobobood
000000 (le,00000000)000D0ODDOOOOOOO1I0D0DOOO
000000V 0XO0O0O000OO0O0000000ooo0o0ooooooooo
gbooboobobbobboooXbobooobooobooobooooboo
gobobobboooggobobbooooooooilgobobobboooan
gobobbogooooboogooobogoobbooooobobooan
gobooog

000002000 3000000000000000000000 (1e., O
O0000000) 000000000000 2000000000000 300
gobbbooobobobuoooobobbuoooobboooobbobooan
gobbobooodgo20bbbugoobbobbooooobboboooan
gobbboogobbobuoooobobbuooooboboooobbobooan
goboobobbob20b0000obbobbooooobobobboooon
gbobogbobogbogbuogobobooobooobboobbuoonooon
go3tgbboboogobobobbuoooobobobboooobboboooan
gbobodgbboobboobobob 3sgouo20b000booooboaad
gobbboooobboboooobobbuooooboboooobbobooaon
0000030000000 Yoshida & Smith(36)0 000000000000
gobbooobbtboooobboobobooobbobooobbboon
goboboooobobodod

V0000000000000 000000D0000000000
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642 00000O0O0OCOOOOOOOOOOOO
O00000000ooOoO0O0OO00000O0O0OOoOO0O0O0O0O0O0O0O0B00O
O0000000000O0OoOO0O000000O00O0O0OOOOODOOO0O
O0000000000OocOoOO0O00000O0O00O0O0OCOOOODOOO0O
O00000000O0cOO00O0000000O0O0COOOOO0OO0OO0O0O0O0O0B0O
O00000000O0cOO00O0000000O0O0COOOOO0OO0OO0O0O0O0O0B0O
O000000000000000 Yoshida & Smith [36)000 1000000
O0000000000000000O0CO0O0O0O00O0C0O0O0O00O0000000
O000000000000000000 (e, 000000)0000000O0
O00000000O0cOoO00000000O0O0COOOO0O0OO0O0O0O0O0O0BO0O
O00000000O0OOO00000000O0O0COOOO0O0OO0O0O0O0O0O0B00O0
O00000000C0O0O00000000O0O0COOO0OO00O0
ooz203000000000000C0C0O0O0O0ODOOO20D0DDDOO000O0O0
ogobobboos3ooooobooOoboboobooOoooooooobooboOobobboOoboOoooo
O0200000000000000C00000000O000O0O0O0OG0GCOAO
O0000000000O0O00000000000O0O0DOOOOODOOBOO
O000000000000O0O0oO0O0000000000O0O00O0O0 100800
O000000000O0O000000000O0O0OO0O0O0O0O00O0O0O0O0B0O
O000000000O0O000000000O0O0OO0O0O0O0O00O0O0O0O0B0O
jobooooooooooobobooooobobooooobobooooobOooo
O00000000000000000000O0O0O0O0O0O000000O0B0OO
000000000000 0000000000 (B20)000000000
O00000000000000000000O0O00O0O00O0O000000O0B0OO
00000000000000000000000 (Generalized Linear Model:
GLM)55|00000GLMO0O0OO0O0OO00O0O0OO0O0O0O0O0O0Oo0OO
0000000 [26,51,2700000000000O00O0OOOOOOO0OO
O00000000000000000000O0O00O00O0O0O0000000B0OO
O0000000000000000000O00000000000000B00O
O0000000000000000000000O00O00OO0O00
6.4.3 00O
6.4.3.1 00000O0O0OO0OO0OOCOOOOOOOO OOOOOOOO0OO0O0
0000000000000000O00000000D0(0O0000)0000
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0000000000000 (GLM)00000GLMOOOO00000000
000000000000000000000000000000000000
0D0000000000000000000R,, 0000000000000
0000000000 XO0000000000000000000000 L(e)
00000000000000000000000000 4000000 (O
6.5)0
0000000000000000000000000000000000
00000000000000000000000000000000000
000000000000000 (0 6.5)0

L(Pyes) = BsXs+ BcXo+ BrXr + By (6.5)
0 (feature match)

X = (6.6)
1 (feature mismatch)

Yoshida & Smith [36) 0000 000000000000000000000
000030000000000000000000000000000000
0000000000000000000000000 X, Xr, Xo (0 6.6: O
00000 (0000 (1)0000000000)000000000000
00 Bs, Br, 000000000 B(000)00000000000000
000000 (0000)000000000000000000000000
00 L(P,,)00000000000000000000000000000
0P,,000000000 B, fr, 000000
GLMOOOOOOOOOODO0O0O0O00O0O0000000 (0670000
00000000 (068000000000000000 (06900000

Liinear() = @ (6.7)
Liogit(r) = log (1 f x> (6.8)
Lpog(z) = log(x) (6.9)

O0000000000000024000 (300x 200x 4000 (DO0OOO
0000)0000000000000000000O0000000 MATLAB
7.0 O statistical toolbox 0 O OO0 “clmfit"0 00000000000
6.4.3.2 0J00000O0OO0OOOOOODODOOODOOOODOOO ODOOOOO
gbobboboboboobooooooobobobobog w,, Wy, w.ooo

127



0000000000000000000000000000000MDADO
00000 (0 6.10)0

L(Pyes) = Bi(WsXs + WeXe + WrXrp) + (o (6.10)

000000000O0OMDAOOOOOOOOOOOOOOOOOOOOOO
000000 X00O0000000O0MDAOOOOOOOOOOOOOODO
00000 Ws,We,Wr 00000000000 00000000000000
000000000000 (00000 6.4.330000)00000GLM(6.10)
000000000000000 30000000 (3020000000
000000000CGLMOOO0O0O0000000 30000000000
0000000O0O0MDAOOOOOOOODOO 4000000 (300x 2
OO0x 2000 (00000000000)+200000000000000
OmOr(000000000))0
0000000000000000000000000000000GLMO
00000000000000000000000000000000000
00000000000000MDAOODOOOOOOOOOOOOOOODO
0000000000000000000000000000
6.4.3.3 00000000000000000O0O000000C0OO MDA
00000000000000000000000 Yoshida & Smith[36] 00 O
(6410)0000000000000000000000000000000
00000000000000000 (2230000000000000)00
000000000 MDAOOODOODOOOOOOOOODOOO0OOOOO
Yoshida & Smith [36) 000 0000000000000000000000
0000000000000000000000000@O000000000
MDAOOOOOOOOOOOOOOOOODDODOO0OOOOOO0ONONONO0OO
(061)0000(00000000000)000000000000000
000000000000000000000000000000O0MDAD
00000000000000000000000000000000000
00000000000000000000000000000 MDAOOO
0Dooooo
00200000000000000000000000000000000
00000000000000000000000000000000000
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gobboooobbbuooooapoooobboooobbobooan
00000000 (e, 00000000 10000000O0OO0)0DODDODOO
go00O00oDOoO0oObOobooO0oboooooooDooMbAODODODOOO
gbuogbogboobooboobuodobdugboobooboboobon
gobboboooobbbuoooobbbuooobbboooobbbooan
O00ooOoO00oDoOoooooooMbAODOOOO
0030000000000000000000000000O0OoO (oo
0000000)00000000000000oooooooDooooooo
000000000 00ooo0oooooooOooooD (De1)0OoOooDO
gobboboooobbbuoooobbbuooobobboooobbobooan
ooooooooooooMbAOOODDODOOODOODOOODOODOODOODOO
00000000000 0DoOooO0oooooOooooD (De1)0OoOooODO
O00000oOoooooo00o0ooooOoCooOO00gooooooooo MDA
gobooog
6.4.3.4 U00OO0OO0OOOOOOOOOOOOOOOOO 4OOooboooboaoo
0000000000 (eg,000/0000)0000000O0O0OODOOO
0000000000000 0000000000000 (eg,0)0000O0O
gobbbogobbobuoooobobbuoooobboooobobobooan
0000000000 (O 6.11, 6.12)0

Wy= > bylwil (6.11)

1Cadjectives

Oo00ow,00000000000000p0000w;0MDAODOOOOO
0000000000000, 000p000000000000 (0000
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ooo 0.214 | 0.161 0.137 0.8 | 0.649 | 0.709 0.74 | 0.529
oo 0.188 | 0.486 | 0.813 | 0.096 | 0.425 | 0.865 | 0.425 | 0.354
oo 0.048 | 0.543 | 0.423 | 0.611 0.568 | 0.911 0.957 | 0.661
oo 0.13 0.6 | 0.854 | 0.101 0.392 | 0.817 0.57 | 0.445
O 0.183 | 0.582 0.5 0.49 | 0.438 | 0.643 | 0.522 | 0.349
O 0.226 | 0.159 | 0.288 | 0.476 | 0.243 | 0.692 | 0.349 | 0.425
O 0.144 | 0.438 | 0.308 | 0.517 | 0.397 | 0.675 0.5 | 0.353
O 0.322 | 0.716 | 0.438 | 0.611 | 0.495 | 0.529 | 0.409 | 0.401
O 0.228 0.12 | 0.262 | 0.704 | 0.478 | 0.625 | 0.476 | 0.418
ooo 0.478 | 0.733 0.55 | 0.421 | 0.649 | 0.375 | 0.505 | 0.534
oa 0.623 | 0.642 | 0.137 | 0.695 | 0.702 | 0.451 | 0.267 | 0.238
oooo 0.332 | 0.829 | 0.536 0.45 | 0.599 | 0.627 | 0.553 | 0.329
ogoo 0.611 | 0.829 | 0.104 0.44 | 0.709 | 0.589 | 0.329 | 0.284
ogoo 0.661 | 0.394 0.31 0.63 | 0.743 | 0.515 0.44 | 0.406
ooo 0.673 | 0.387 | 0.183 | 0.861 | 0.712 | 0.481 | 0.308 | 0.599
ooooooo 0.654 | 0.147 | 0.173 | 0.695 | 0.719 | 0.567 | 0.452 | 0.536
oo 0.596 | 0.104 | 0.404 | 0.524 | 0.709 | 0.522 | 0.286 | 0.308
oo 0.428 | 0.536 | 0.387 | 0.291 | 0.481 | 0.611 | 0.701 0.49
0 0.697 0.76 | 0.149 | 0.873 | 0.736 | 0.613 | 0.327 | 0.392
oooo 0.546 | 0.779 | 0.151 | 0.726 | 0.762 | 0.606 | 0.454 | 0.385
ooo 0.805 | 0.637 | 0.863 | 0.096 0.7 | 0.332 | 0.151 | 0.103
oo 0.579 | 0.813 | 0.457 | 0.553 | 0.712 0.49 | 0.379 | 0.257
og 0.337 0.81 | 0.606 | 0.255 | 0.712 | 0.534 | 0.481 | 0.313
ooo 0.659 | 0.459 0.95 | 0.091 0.31 0.42 | 0.394 | 0.202
oooo 0.786 | 0.815 | 0.817 | 0.236 | 0.728 0.34 | 0.257 | 0.154
O 0.346 0.07 | 0.353 | 0.675 | 0.643 | 0.678 | 0.572 | 0.651
O 0.601 0.226 | 0.127 | 0.817 | 0.651 0.346 | 0.077 | 0.435
O 0.844 | 0.861 | 0.804 | 0.418 | 0.788 | 0.303 | 0.159 | 0.221
O 0.721 | 0.409 | 0.876 | 0.087 0.49 | 0.298 | 0.183 | 0.163
O 0.433 | 0.019 | 0.363 | 0.488 | 0.704 | 0.714 | 0.272 | 0.351
ood 0.32 | 0.712 | 0.517 | 0.594 0.13 | 0.752 | 0.471 | 0.317
ooo 0.724 | 0.476 | 0.327 | 0.695 | 0.786 | 0.452 0.32 | 0.262
0 0.692 | 0.813 | 0.267 | 0.861 | 0.313 | 0.526 | 0.334 | 0.363
oag 0.315 | 0.666 | 0.498 | 0.531 | 0.502 | 0.613 | 0.563 | 0.644
0 0.76 | 0.853 | 0.048 | 0.594 | 0.796 | 0.541 | 0.282 | 0.332
ogoo 0.341 0.82 | 0.257 | 0.733 | 0.663 | 0.697 | 0.505 | 0.411
oo 0.788 | 0.386 | 0.661 | 0.452 | 0.476 | 0.337 | 0.175 | 0.233
oo 0.385 | 0.591 | 0.026 | 0.635 | 0.815 | 0.454 | 0.276 0.68
O 0.899 | 0.796 | 0.588 0.55 | 0.397 | 0.364 | 0.126 | 0.175
oo 0.764 | 0.653 0.26 | 0.675 | 0.558 | 0.339 | 0.192 | 0.298
0 0.721 | 0.267 | 0.284 | 0.728 0.75 | 0.452 | 0.279 | 0.411
ooo 0.156 | 0.788 | 0.942 | 0.029 | 0.067 | 0.865 | 0.697 | 0.433
oo 0.125 | 0.774 | 0.945 | 0.055 | 0.293 | 0.769 | 0.764 | 0.347
ooo 0.06 | 0.786 | 0.891 | 0.123 | 0.159 | 0.853 | 0.786 | 0.332
ooo 0.133 | 0.728 0.5 0.49 | 0.512 | 0.752 0.6 | 0.495
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~| o] c NEEREEREE

l:II:I l:II:I O ] (] EID EID O

EIEI EIEI EI‘:I O - O - EIEI EIEI EI‘:I

EIEL EIEL EI\E_L EIE'/ EI\E_]/ EIEL Dg EIEL
O 0.579 | 0.084 | 0.421 | 0.111 | 0.678 | 0.553 | 0.313 | 0.776
oo 0.553 | 0.202 | 0.202 | 0.517 | 0.502 | 0.627 | 0.334 | 0.829
O 0.219 | 0.101 | 0.397 0.34 0.57 | 0.476 | 0.298 | 0.642
ooo 0.288 | 0.091 | 0.236 | 0.298 | 0.474 | 0.582 | 0.409 | 0.808
oo 0.782 | 0.142 | 0.406 | 0.728 | 0.654 0.32 0.3 | 0.476
oo 0.692 | 0.137 | 0.281 | 0.615 | 0.445 0.55 | 0.522 | 0.666
oo 0.565 0.07 | 0.337 | 0.952 | 0.558 | 0.382 | 0.385 | 0.538
O 0.707 | 0.305 | 0.377 | 0.611 | 0.626 | 0.538 | 0.365 0.57
O 0.541 0.3 | 0.096 | 0.296 0.8 | 0.387 | 0.284 | 0.685
O 0.736 | 0.216 | 0.276 | 0.505 | 0.668 0.51 | 0.288 0.75
O 0.589 | 0.323 | 0.238 | 0.462 | 0.577 0.68 0.43 | 0.341
O 0.774 | 0.272 | 0.236 | 0.385 | 0.635 | 0.613 | 0.238 | 0.858
ooo 0.536 | 0.803 | 0.556 | 0.587 | 0.601 | 0.346 | 0.353 | 0.425
oo 0.849 | 0.695 | 0.272 | 0.459 | 0.561 0.55 | 0.388 | 0.861
oooo 0.422 | 0.649 | 0.673 | 0.769 0.49 | 0.368 | 0.478 | 0.358
ooog 0.478 | 0.697 | 0.721 | 0.512 0.58 | 0.363 | 0.368 | 0.685
ooog 0.476 | 0.132 0.31 | 0.365 | 0.428 | 0.757 | 0.346 | 0.822
ooog 0.514 | 0.166 | 0.041 | 0.142 0.58 0.63 0.25 | 0.618
gooooooo 0.017 | 0.625 | 0.197 | 0.245 | 0.512 | 0.612 | 0.185 | 0.873
oo 0.236 | 0.166 | 0.385 | 0.457 | 0.563 | 0.411 0.18 | 0.784
oo 0.892 | 0.776 | 0.089 0.45 | 0.442 | 0.671 | 0.466 | 0.738
O 0.31 | 0.236 | 0.488 | 0.522 | 0.555 | 0.459 | 0.462 | 0.375
gooo 0.865 | 0.582 | 0.856 0.37 0.45 | 0.428 | 0.462 | 0.671
[ERERE] 0.769 | 0.654 | 0.851 | 0.712 | 0.603 | 0.291 | 0.272 | 0.526
oo 0.413 | 0.653 | 0.666 | 0.613 | 0.582 | 0.413 | 0.387 | 0.209
oo 0.332 | 0.738 | 0.865 | 0.706 | 0.584 | 0.245 0.43 | 0.118
[ERERE] 0.07 | 0.885 | 0.925 | 0.731 | 0.767 | 0.248 | 0.425 | 0.099
oooo 0.454 | 0.625 | 0.594 | 0.707 | 0.575 | 0.425 | 0.344 0.13
O 0.113 | 0.075 | 0.296 | 0.505 | 0.457 | 0.291 0.38 | 0.671
O 0.06 | 0.065 | 0.166 0.26 | 0.627 | 0.401 | 0.226 | 0.892
O 0.202 | 0.065 | 0.202 | 0.817 | 0.361 | 0.683 | 0.692 0.05
O 0.716 | 0.043 | 0.365 | 0.777 | 0.601 | 0.329 | 0.468 | 0.286
O 0.142 | 0.072 | 0.351 | 0.536 | 0.584 | 0.351 | 0.168 | 0.767
ooo 0.393 | 0.798 | 0.873 | 0.587 | 0.887 | 0.351 0.44 | 0.159
ooo 0.584 | 0.688 | 0.257 0.45 | 0.555 0.55 | 0.349 | 0.274
O 0.219 | 0.868 0.63 | 0.671 | 0.779 | 0.563 | 0.675 | 0.113
oo 0.243 | 0.844 0.51 | 0.639 | 0.666 | 0.471 0.51 | 0.286
O 0.358 | 0.601 | 0.923 | 0.279 | 0.546 | 0.171 | 0.298 | 0.651
ooog 0.197 | 0.817 | 0.656 | 0.745 | 0.577 | 0.406 | 0.495 | 0.163
oo 0.635 | 0.233 | 0.442 0.56 | 0.604 | 0.464 | 0.488 | 0.478
oo 0.596 0.63 | 0.053 | 0.091 | 0.488 0.63 0.25 | 0.887
O 0.519 | 0.644 | 0.928 | 0.572 | 0.702 | 0.255 | 0.375 | 0.236
oo 0.505 | 0.748 | 0.272 | 0.341 0.69 | 0.529 | 0.363 | 0.644
O 0.332 0.6 | 0.346 | 0.401 | 0.481 | 0.514 | 0.269 | 0.825
ooo 0.318 | 0.928 | 0.454 | 0.839 | 0.901 | 0.403 | 0.373 | 0.077
oo 0.476 | 0.861 | 0.894 | 0.825 | 0.752 | 0.293 | 0.462 | 0.099
[ERERE] 0.418 | 0.897 | 0.709 | 0.825 | 0.839 | 0.469 | 0.459 | 0.096
ooo 0.409 | 0.714 | 0.519 | 0.488 | 0.606 | 0.575 | 0.522 | 0.282
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A.2 Contrastive Hebbian Learning

00000 Colunga & Smith (2005) [26] O Samuelson (2002)[27] OO OO
000000000 Contrastive Hebbian Learning([65)) 0 0000000000
guoooobbbboooobbbbooooooouobobbobbuooooo
goodd

F=E+38 (A.1)
o000 £0O SO
E = —latWa = —1 Z Z aiwijaj (AQ)
2 23 j=1
S=>[" Y (a)da (A.3)

j—1 Jrest
000 00000¢:00000w;00000+¢0,;00000D0rest=f(0)
gooboodgooogoodgobobodgooogoodooodgooooood

gbooobgn
dai

dt
oo00 000000000 TO0DOOOOOOODOOO

= A—a; + fi(net;)) (A.4)

B 1
l+eT

f(x) (A.5)

00000000000 00000000000000000000000
a000000CHLDOOOODODOOOODODO000OO0ODO0000000d
000000000000 00000000000000000000000
0000000000000000 6,47 00000000000000
000000000000 00000000000000000000000
000000000000 00000000000000000000000
000000000000 00000000000000000000000
000000000000 4,000 w;02000000000000000
O0O00oDO0O0o0oO0

Awij [0¢ dz(+)dj(+) — Ciz(_)dj(_) (A6)

goobooo-os00o0s50000000000000000DOO0DODOO
010000000000000000 100000000 A=10007T=0(0O
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O0000O0)oooooooo7200000D00O000OUODOODoOOIDO
gogbobooobbbotbouodgolioolbbooooduoooooooon
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gobbobo20b0000gobbooogogoboscobbbbuoooan
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gobboboooobbobuoooobb1boooobo

A3 PSALOOOOOOO

PSAL (Prototype-specific Attention Learning) 0000 300000000
0odoooooooooodooooooooooooooooooood
00 RBF (Radial Basis Function) 0 1000000000000 00C0O00OO0O
godooboooooooooooooooooooooooooooood
godooooooooo

Ooododoogoo e oooooooooon AL0boOb0Oodoon
goooooooo

O = Zwkjhj (A?)
J

ooOogoooooodooo 000000000000 /700000000
Oddrydbbodgoooddooodooooodoooogooood
UOmOd0000000000000000O0 cO00000000O00O0O0OO
goodd

h; = exp(net;;) (A.8)

oo

3=

netj; = —C(Z oji(ry —1I;)™) (A.9)

gbogboboobbeuobboobuobugubuooboobbod
oo

E= ;(tk — Ok)2 (Al())

PSALOODOOOOOOODODODODOOOOOOOODODODODO
oobooooooooooobooooooono Aw,, 0oooooooooon
ooboboooOooa DOOOOOoObAe 0 ODODOOOOOOO0OO0Ar;OO
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OO0ooooDOonooooooa A 00000000

oF OF Ooy,
AW = —Ap—— = — Ay
Why v 8wkj v aOk Owkj

Awkj = _)\wékhj

gdd
6k:tk_0k
gobdbdbodey; 0000000000000

OF OF Oo,, Oh; Onet;;
Avji=-Agm— =Ny o 7
7 60—]’1‘ P aOk 8hj anetﬁ 60—]’1‘

6E 6ok .
oo on, o

1 1
AO']'Z' = _/\‘7<Z 5kwkj)§chjm6tﬁ(hji — [l)m
k
oooooooooooooo rp0o0bod pOo0o0o0do

oF OF Oo, Oh; Onetj

Arji=—Apm— ==\ o,
T or; zk: doy, Ohj Onetj; Orj;

(A.15)000

Arﬂ = —AT(Z 5kwkj)chjmeti*1(aﬁ(rji — Ii>)m71
k

A4 0O00O0O0DOOOODOOOO
A41 DOOOOOOOOOOO

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

n0000 (e1,¢0,...,¢...,¢,) 0 d000000 Q=R¢00000000
000000000000 00000000 0000006cQ0O00N00
(Alc;) 0000000 (DOD0D0OD), 000000 (00000)e; 0000
0000000000 P(fle) = P(Olw,0;) 000000000000000
0000 P@6|u,0;) 0 d000000 (000000 w, 00000 6,)000

(O A.19)0

1 1 -
P(0]p1i, 03) = ((2m) o) 72 exp(=5(0 — pui)'o; (6 — pus))
00000000000

A-6

(A.19)



gooooooooooono F,00000000000000000000
gobboobooogbbobooogbo

Fnz/QIZIP(mCi)id@ (A.20)

0(A200000000000200000000000000000 (Bhat-
tacheryya upper bound, [60])0 nO0 0000000000000
0 (A.20000 (A.19) 000

Fu= [ TI@ ol b exp(— 50— p)or (60— pw)  (A21)

O0O0O0F,(0DA2)00000O0O0O0OoOoooOO

n

F= exp<21<BtA-1B—c>><<2w>d|nA-1|>%<H<<2w>d|a@-|>-zi> /Q N(0]A~'B,nA™"))do

n i

(A.22)
ooon
A = St
B = Yrou (4.23)
C = X7 poi

000000 N@JA™'B,nA"HYOODO A-'BOOOOOO nAT'0D00O0O0OO
0000000000 =R{0000000000 f,N@|A™'B,nA"))do = 10
000000000D00000000000 G, =log(F,)000 (X0 log(2r)d =
nlog(2r)?0 0 0)0

~—

_

Gn
2n

(B'A™'B — C —nlog|n "A| = > log|o;]) (A.24)

000000000000 G,000000 (e, %82 000 %)00000
00000000 (e, 0000000 (us — ) (s — ;) — co0 00000
000000000« —000000000G,000000000000
00000000 B0 EO00000000000000000000O0

Ey = Z it (A.25)
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p,ggbooboboobboobboobooeboobboobbooon
ooooobobooobooboobobooboooobooboooay, By B0
UboobobbOobbOobO LagrangeJ DO O0ODO0OOO0OO

Ln = 2nGn—|—)\1E1 +)\2E2 (A27)
gboboonOXODOOOOOOoooobboboobooooobobobobooo
L,=B'A""B—C —nlog|n"Al+ (A — 1) Y loglo:| + M > pbps (A.28)

A4.2 000000000O000OO

00000000 L, 00000000000000000 000000
00L, 00000040 % =00000000000000000%==0
(i=1,2,...,m)00000000000000000 4= =00000000

OD000z200000 22 =2,000000000

ox
oL 0 "0
e B'A™'B — > (=—n) - A2

DDAJ%CDMDDDDDDDDDDDDDgézaggzq{%%:%fm
00000oo0ooooooo

Ly, _ -1 -1
o = o (= A7 B) + hup, (A.30)

0000%==0000000
([d - )\10—1'),“72 = A_lB (A31)

0000, 0-00000000.
0(A31)0i=1,2,..,,00000000

(g — Mo1) A7'B
I; — Mo A'B
(e N e | _ (A.32)
(Ig — Now) i, A'B

gb-0000000000,00000D0O00DOOO0O0OOO0OOODOOO0
000000000000000000000000 &, A, x000000
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01_1 02_1 0’;1
A1 o, 0
gt | O AT (A.34
0. Oy A1
op 04 ... 04
S (A.35)
0, 04 ... o,

o000 0,0 d0 O0ODODOOCOCOOO.0OD0DDOODO (A32)000D0D0O0OO
0 (A37)00000ooooooao.

Iy — Moy 04 - 04 Ha Ha
qd M_fMUQZ" (¥ o aryie | (A.36)

04 0q R ) Hn Hn
Ly — M2 — A @) =0 (A.37)

0000p= (4, 4,...,p)00000000L,000000 4,000 (A.37)
0000000000000000000.0000(A37)000000 D, =
det(I, — T —A;'@)000000000000000000000000
0, 00000000000000000000000000000000
000

Dy = Ia— (Q_aio; DI ] o] (A.38)
=1 =1

00006 =1;— Moy, 6, =A"'e; ' 0000



A421 0OO00OODOOOOOOOOOOODODO OOOOOOOOOO
bbb, 00o0bobogbobn L, 0000 %:(JDDDDDDDDDDD
gobbboooobbbuoooobbbuoobbboooobbbooan
0000000000000 00O000000 A(x)D0O0DDOOoOOOOoOog

LdA@)| o d
|A(z)| dx (A(z) dx

A(z)) (A.39)

00,00002000A00000000 (e, z = ay),

LodA@)]
A()] = tr(A)

daij

d

daij

Ax)) = ay, (A.40)

O000e; 0 00 ADi0 j000000a,; 0000 A0 j040000
gooo
gobbobooogoobobbuoooobbboooobooo

) - 1 92r|A7Y A
log(2m|A7Y) = =tr(A—— A4l
9o, Og( 7T| |) (27T’A71D oo, tT’( do; ) ( )
DA™Y I(Xr o)t Oo;
_ i i = A g1 25t A A.42
Jo; Jo; 7 aaiaZ ( )
tA-11 _
A7 A@ 5-9)_ o, '(AT'B — ) (A7 B — ;) o, (A.43)
0;
oo
P0G 07 (AT B — (A7 B — o7 ot AT o (Add)
a;

0 (A28) 00, Ly, = 2nGy + M E + B, 000000

oL, 1
= 0.
30,» !

(A'B—p) (A ' B—w;) o ' +noy tA o7 = (A —1)o; ' = 0 (A.45)
r=1,2,...,n00000000000000O0O0O0O
(A'B — 1) (A™'B — i)' +nA 7 + (A —1)o; =0 (A.46)

gobbooogbbbuooooboboooobon
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gobbboooobobbooogbboboooobboboooobbbod
000000000000 00000000000 (e, 00000000)00
O0000O0O0ODO (le,,00000000OO0ODO)O0D00O0O0OOODODOODOOO
gobobuogobooogbboboooobobbboooobbboooan
O00000000000ooo (0 A47)O

1Az = h([|Aayl]) (A.47)

O000AX)D XOOOOOOO~0000000000Awp; = i — i,
Aoy =0,—0;000.

0 (A47) 00000000000 3000 (3.1)0000
A43.1 O0O0O000OO0OOOOOOOOODODOOOO OOOOOOOOO
gooob L, dobobtbdd ., 0booooobbbooooobobbooon
0000000000000 (A30)000

oL .
o2 o, (p )+ A =0 (A.48)

DDDDDDD@j:LZ”wnDDDDDDDDDDDgﬁzoD£%:0D
@ J
00000000000 /||Aull = AulAm; = (- p) (s — ) 000D

gobbbuoooobboodgd

A,MZAILLU = )\%[Lt(Aldi — [)_QAO'%()\lo‘j — I)_Q[L (A49)

0000h=A"'BOOOO
00000000 X, YOOOODOt(XY) =5,y = tr(YX) 00O

tr(X)0 XOO0OOO0OUO0OOD)DODO0O0OOnOOUOO 200000022 =

tr(x'Yz) =tr(z2'Y) =tr(Y22" ) DOODDOD0OOD0O0O0O0D0D0OOO0ODOO0OO0OO

A[LZAILL” = )\%tr{ﬁﬁt()\laz — ])_2()\10']' — I)_QAO'?J} (A50)
Cauchy-Shuwarz 00000000,
| Apl| < Atr{ap' (Mo — 1) 7 (oy — 1) ™)} A (A.51)

DO00O0tr{Ac%} =|Ac%||00D000 (A5)00 (A47) 0000000000
0000000000000 (i=1,2,...,n/)00000000000000
0000000000000000000

A-11



A4.32 00000000O0O00O0COOO0OCO OOOOOOOOOO
00 (0006,)0000000000000000000 (0A46)0000
00000 (0 A47)000000
00000000 020, =00000 (A46)000

i+ Aoyt = (i — ) (i — ) + 7 (A.52)

O0006=nA"'0000
0%, — 0,900, =00000000000
1 J

AO'ij — /\QO-i_lAgijUj_l — AMZAMZ — AM]Alué (A53)

O000Ac;j =0, —0j, Apij = —py , Ay =p—p, 000. 000000
goodd

Avij — Aoy ' Acijoy = Apu (g — 1) + (fiig — 1) A (A.54)
00004 =5(m+p;)0000
000000000000000000000

tr(AaAoi;) = tr(Apy (g — )" + (i — 1) Apl;) (A.55)
Cauchy-Shuwarz OO0 0O 00O OO,
Xo||Aaij|| = 2tr (Apij (fiy — 1)") < 20| Apuig||]] i2i; — ] (A.56)

0 (A56)00 (A47) 0000000000000 00000O0O0O0O0O0O0O0OO
oo0o0000e; (i=1,2,...,n)00000000000OOOO0OOOOCOO
goboboooobbodg
A44 0O0O0OODOODO
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Hi O

ooooodoooooooooooood
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00000 = (070500000
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i
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00000000000 0000000000000D000000 (Category
utlity) 00 00000000000000000O000000000000 (O
A200000000000000
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A.4.5.1 BhattacheryyalOUOOO 0O00O0O0O0OOOOOOO6ACQ,O00
gpobogobotdb bbb abuobbouoon ZifQiP(Ci,Q)dQ
O00000. D0020000000000 (n =2)0000 e00€ =
Jao, Ple1,0)d0+ fyy, Pcy,0)df 000000 . 00000, Q000000000
UlL2000b0bdbgboogooboubobuobooboboboonooo
00Q,Q00000000000000000 é00¢= f,min(P(c,0), P(cs, 0))do
00000000000 0O0DOOoOeOUUOOP(a,0),Plep,)D0OODOOO
0000000 max(P(c,0), P(e,0) 0 00000000000000000
gogooooo

0000000 max(P(c1,6), P(e,0) 000000 min(P(cq,6), Pep,0)) 00
gdooooboobbbooooooooououobobobbbobooooooo
gooooooo

0000000oo0oooooooooooDoooooooooodda,b>00
0<A<10000000abA0000000000 min(a,d) <afb'A00
ggodoboobobbbbbooooooooooo

eg/ﬁ%qﬁWP@%mkﬂw (A.61)

0000000000000 «000000000600000000000
P(Alc;) 0000 P(c;,0) = P(0le;)P(;) 00000000

egz%pgﬂp@&y—ﬁ/jxewgﬂpwkay—@w (A.62)

000000000 Chernoff 000000000 PWA|,) 00000000 g0
00000000 (i =1,2000000000Chemoff00 CO C =
P(c1)PP(co)!Pexp(—ke) D0 DDOOOO0O

ke = P08 () By + (1= B)om) g1z — i) +

1o [Bo1+ (1 = B)oy|
2

2% o Bloy) R
A.63)

Chernoff 0D 000000 O0DO0OLALS1I000D00DO0OOOODOOD O
DDDDDDDDDDDDDDDDDDDDDDBD ﬂ:%DDDDDDDD
goo [60]DDDDDChernOﬁDDDDDDﬁ:%DDDDDDDDDDDD
00 B =,/P(c1)P(c2) exp(—kp) O BhattacheryyaO OO OO0 00000

1 1
kp = 1(#2 — )" (o1 4 02) " (p2 — ) + 5 log
2y/|o1]|o]

’0’1 + O'2|

(A.64)

A-14



00,n=20000F =exp(—kB)0000O
000000000 (O A200F, = [, P(6lc)»dé 000000
Fu= [ {P@le))P(6lan)}s T] P(6lei) a0 (A.65)
Q ik
000 0Ly, P(Ole)= 000000000000 (ie., n(Tigjp0; )™ — 00)0
F, ~aF,00000000 4,50 BhattacheryyaO O O By; = \/P(c;)P(c;) [ P(0)¢;)2 P(0]c;)2df
O00oo0ooooooooouoooooooooooooooon.

F, = [ P(c:)* / [[P(6le) do ~ 33 By (A.66)
oodooodoooouooood Rk,00000oo0ooobooooon
00000000 (6; —o00,i=1,2,...,n)0000 (A66) 00000000
gboddooodooouooodooooooooooooooooodd
godooodooooooogooonoo
A.45.2 000000000000000[24]0000  Corter & Gluck [24]
000000 A6700000000000U()D00000ODODO (Category
wtility) 00 00000000000000000 %, Pl) [(P(6|c;) log(P(6]c;))—
P(A)log(P(9))df0 0000000000000 O00000D0O0000OO0O
goooond

Ule:) = Plei) [ (P(0le)? — P(6))d0 (A.67)
00000000000 U=Y,U(¢g)000O0O
U=3 Plc) / P(6]¢;)?dd — / P(0)2d0Y" P(c;) (A.68)
0000000 U0 BhattacheryyaOO OO ODOOOOOO0O0O00O0OY,; P(g) =

1, Y, P(0,¢;) = P(0), Bi; = /P(c:)P(c;) [ P(Ale;)2P(0]¢;)2dd 0000000
000 A6DODODOOOOO
U= (Ple) = 1) [ PO.c)2ds -2 [ 337
i i G
D00PW) 00000 (000000000D0)00000 (ie., P@|c) =
N(ui,00), fo P(0lc)kdo =vkDOOODDOOO
U=v21-Y P(c)>) —2v2Y. Y By (A.70)
i i G
D0000000000000000P(¢)0000000000000000
0 O BhattacheryyaO O OO OO QOOOO

dB;j 5
A.
IR (A.69)
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A453 0OD00O00O0OO0OOOOOODOODOOO DOOODDOObOOOOO
gddoobbboddddouguouobooooooooobobnD 200
1gboooooosotduoguuguoooobbooobobooobnbobo
00000 [-3,3]0000 (02,20 00000000000000O00O0OOO
(F,), 0000000 (U), 000000 BhattacheryyaO O (B = X, ;; Bi;)0
00000000 (Max = [max(P(0|c;)d0)0 D0000000000000
(Min = ¥, min(P(0]c;), P(6l¢;))) 0 50 000000F, U, BOODOOOO
O00000OMax, MinOOOQOQOOOOOOOOGO[-10,1000000 0.010
0000000000000 0000000000D0000 A2000000
gobobooboobbooobboooboobboobn FR,UbD0obboobbon
000000 MezxOODOOOODDOOODODODOODOOOODDOODOODOOO

T\R | Max F U B Min
Max 1 -.867 .855 -.877 -.863
F | -.681 1 -791 938 .806
U 659  -.601 1 -.903 -.949
B |[-68 .78 -.740 1 938

Min | -.658 .620 -.814 .796 1
0A2: 0000000 Pearson0 00000 (O0OD0)0 KendalOOOOODO

(ooo)

A46 0O0OD0DO0OD0OODODODOODOO
O00000pn00000000000000 F,00000000 {c1,¢2,---,6m}
00000000 F, (m<n)DODODOOOOQOOOOOOOOOOODODOOO
gbogobobboboobuoobuooboobobbobooboobon
000000000000 00000000DO (0000 oOO)0Do0oUooo
gbobo pF000000000D0000DO00DOOOODODOOOOOOO
gobbbooobbbuoooobbbuooobbboooobbbooan
gobbboodgbbboooobbbbooodobbbodao
googgbbbbbdooooobbbobbbooooobobbbodad
000000000000 R00000000000000000O00O0O (A.20)
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oooooond
ﬂ:/HPMmMQ (A.T1)
Q7

b F0000000b000b00ob

£ = (L) o)) [
O000A=%"0;', B=Y"0;"1;, C="pto; 'y (0, =0!000)0000

000000 (A72)000000000000000000000000O0
0&0n,000000000 (%2 {c,c,...,c,})00000000000
00000000000000000000 ({e1,¢2,---560) = (®1UDU. ..U
dU...D,,))

0000000000000000000000000000000000

gbgobobbobobooboobod

Fo = <1f[<<2w>d|o—ir>—5n> /| eXp<—21n<et<; A0 (3 By) (2 By O+ )
(A.73)
D000A =Y ce,0;  Bi=Yjce, 07 1, Ci = Yjce, wio; 'y 0000
Oo0000oon
F, = (Il exp(s5 (BA; ' B; — Co)(IT((27) o] ) =20
X Jolljexp(5h (0 — A7'B;)'A;(0 — A7 By))

eXp(—;n(QtAG _9'B—B9+C)d6  (AT2)

(A.74)

Do000O0OmA'»;'B;00000000mA;' 000000000000
0 N@|A;'B;,n A7)+ 0000000000
Fo= (11 DiKi)M/ T[] N(6|A7 B, n A7Y) 5 do (A.75)
Q7

i=1,2
0000D; = exp(s(BIA Bi—Cy)), Ki = ((20)2nA7Y))%, M = T1((27) o))~
o000
F,=JoN(u,0)dd000000000000000000O0ODODOOO0
0000000000 A;7'B, 00000000000 nA;7'0000 Fp =
JoIL N(A=1B;,n;A7NYdd 00000 F, 0000000000 {®y,...,0,,}
000000000000000000000

kggg):kgu%y—bg(([[pﬁgyw> (A.76)

i=1,2
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log(Fp) =log(DKM) — > log(D;K;) —log(M)OOODOOOO
log(Fp) = ;(BtA_lB — Y BIAT'B;) + log(K) — Y _log(K;) (A.77)
n i i

O0000Gg=log(Fs)000 Ly =G+ ME +ME,0000000000
000000000000000L0 Phi; (i=1,...,m)00000000
DDDDDDDDDDDDDDPWEkg«HﬁmmeM>DDDDDDDD
00000000000000000000000

00000000000000000000000 Lg0000000 u
(¢Cc®,)000000000000

2if =0, '"AT'B — 07 A7 By + A (A.78)

D00000000000000000 6,¢;0000 {e,¢;} C & (%2 =
00)doyw —oyp; =0000000000000000000000000
¢ CPpc; COp (k#m)O000000u —ojp; = Ay'Br,— AL'B, 0000
000000000000000000000000 10000000000
00000000000000000000000000000000000
00000000 4;'B,000000000000000000000000
0000000000000000000 (0;=0,) 000000000000
000000000000000000
A47 000000000O000O0O0OO0O0O0OO0OOOOOO0OO

03000000000000000000000000000000000
0000000000000 00000000000000000000000
00000000000000000000000000000000000
000:000000000000 P(¢)(0000000)0000000000
A.4.71 000000000 (Gaussian Mixture Model) O00OnrO000
00000000000000000000000000000000000
000000000000000000000X = (21,2,...,2x)' 0 K xd
000000000000000000dx1000004,04:000000
oooooooo.

P(og;w) = iP(@ = zxlc;) P(c;) (A.79)

O000P(,)00000000000 (X'P(e)=1)0000000000
O w D {u1, poy -y fin, 01,02,...,0,1 0000

A-18



000000000000000000000LL =log(P(X;w))00000
0000000000000 P@|e)= N6, 0)0000000000000
00000

n

LL = ]; log { > P(¢;)N(zip, 0)} (A.80)

Jensen 0000000 log(Xg qeri) = >k qrlog(z;) for any x; > 0, g, > 0 and
Yrqe=1000000000000000000000O0O

LL = i log {QuQ! X7 Plei) N(wilp, o) |
> S Y Qalog { Qi P(ei) N(wilp, ) }
= LI X Quf{log P(e;) — Slog |oi] — 3(ak — )ty (w, — 1) — log Qur } + const.
(A.81)
000000000Qu = Pela) = &9 _00000000Q,0000

ZP(xw
000 P(glzp) DOOOOOO0OOOOODOOOOOODOOODODOOODOOOO

Oo00oo0oobooouoooooooooooooooooooooonon
- 1 1 t _—1
X w ZZ 1k{10gpcl) 210g|0}‘—§($k—ﬂl) g; (mk—,uz)} (A82)

0000000000 F(X;w) O EM(Expectation-Maximization) 0 0 O O O
goobobobooooooboboobbooeEeMUOoooobobbboooooo
go0o00oO0oOoOoO0oOOOOOOOO0OO0 MOOOO)oooooooooOoo
0000000 (E0000)ooooOoOoOoOoOOoOoUoUOOUoUoOooooDooDoOoO
(122000 EMOOO0O0O0O0 E00O0DOOMOOOOOOOOOOOO
A472 MOOODOOODODQODOOODOOOODOOODO FOODDOOOOOO
godd

P)00 Y,P()=100000,00000000 F = F4A(1-Y; P(e:))
0 P(¢)00000000000 (00000DO0D0)D

0F L&
8P@>_P@J Z;QM—A (A.83)
sof5=000000, o
Pler) = 2= Qu (A.84)
Zk 1 Z =1 sz

A-19



pi 00

oF K . .
o = Qik{ —0; (7 — uz)} (A.85)
i k=1
52 —opoDoooo,
i R
iy Qick
G o (450
;00 o0;00000000
oF K. o1 ., 1 _ -
9. Qik{igi 1 50 Yap — ) (zp — i)'o 1} (A.87)

_ Z§=1 Qik(xk_ﬂi>(xk_ﬂi)t

T S, Qi
A4.73 E0O0000Q0000 0O0000O0O00OO0FO Qi = P(elay) =
%DDDDD (000000)OODOooMOOODODOOoooooooo
0oo0obobobo Quuobobooobooooooo

(A.88)

Pei)lo| "% exp{—§ (2 — ju)'&i(x: — ju)}
S P(ci)|o] 7 exp{—3(x; — fu)'6i(zi — fu)}
A474 O000O0O0OOO0OO0OOOOOOOOOOOOOOOCOOOO O
00000000000 Xooooooooooooooooooooooo
00o0000oo0oo00o0o0oo0ooboo0oo0ooOob00o0ooo G, 0000000 OO0
OO0 00000000000 000O0000O0000000O000O00O00O00O0O
000000000 (DooD)f0000DDOOOOOO00OO0DO0DODOODODOOO
Oodoodooooooooouooodooooooogoooooond
Oodoodooooooooouooodooooooogoooooond
od0oodoooooooouooodooooooogoooooond
0000000000000 000000O0000 £, 000000000

Qi =

(A.89)

Lo= G+ \F (A.90)

A475 00000000 OOOODOOOOOO DOOOOO (O A9)O
goooooouooooobobobbbbobbbobbbbobobbboo

% — —0; (1 — A7'B), 2 = 21, Qu{ — o7 (@ — )}, 00OD0DODDOD
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gooo

= o (= A B+ Quf = o7 (o2 = )} (A.91)

0000 (A44)000%2% = 7Y (A7 B— ) (A~ B—p)'o; ' noy ' A7 ot —
o;/'00000000

OLn
do;

= O’i

+ A Qu{dort — 3or (@ — ) (ax — )0

TYAT'B — 1)) (A'B — p)to; t +no LA o — o7t (A.92)

fx=0000000
K
(A'B — ) (A'B — ) +nA™ — oy + A > Qik{ai — (g — ) (g — ,ui)t} =0
= (A.93)
0 (A91)00 (A93)0 0000000000000 0D0O000000000
000000

(1= AM)tr {(0: — 05 + =557 (X = X)) (03 — 05 + =557 (X — X))}

(A.94)
= 5 (Apii (M 4 3) (s + p5) — 3)" + (M + 3) (1 + p15) — 3im) Apl;)

D000M =YK, Qu Xi=>E, Quurt 0000

0(A9)000000D00D00000000000 (A=00000000
000000000000 00000000000000000000000
00000000000000000000(00000000)000000
00000000000 000000000000000000000000
000000 (0000000000000000)0000 (X;~X;)000
D0000000000000000000000000000000000
00000000000 00000000000000000000000
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