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■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss ♠② s♣❡❝✐❛❧ ❛♣♣r❡❝✐❛t✐♦♥ t♦ ♠② s✉♣❡r✈✐s♦r✱ Pr♦❢❡ss♦r ❚❛♥❥❛
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t♦ ♠② ❛❞✈✐s❡r ▼❛①✐♠✐❧✐❛♥ ❇❛❝❤❧ ❢♦r ❝♦♥t✐♥✉♦✉s s✉♣♣♦rt✱ ♣❛t✐❡♥❝❡ ❛♥❞ ❛❧❧ t❤❡ ❤❡❧♣❢✉❧
❤✐♥ts✳
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❛ ❣r❡❛t ♥✉♠❜❡r ♦❢ s✐t✉❛t✐♦♥s ✇❤❡♥ ■ t❤♦✉❣❤t t❤❛t ❛❧❧ ✇❛s ❧♦st✳
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❛❧❧ t❤❡ s❛❝r✐✜❝❡s t❤❛t ②♦✉ ❤❛✈❡ ♠❛❞❡ ♦♥ ♠② ❜❡❤❛❧❢✳ ❋✐♥❛❧❧②✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss
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❆❜str❛❝t

❆♥ ❡♥♦r♠♦✉s ■P tr❛✣❝ ❣r♦✇t❤ ✐♥ t❤❡ ❧❛st ❞❡❝❛❞❡ ❤❛s r❡s✉❧t❡❞ ✐♥ ♥❡✇ r❡q✉✐r❡♠❡♥ts
r❡❣❛r❞✐♥❣ ♥❡t✇♦r❦ s❡❝✉r✐t②✳ ❲✐t❤ t❤❡ tr❛✣❝ ❣r♦✇t❤✱ t❤❡ ❝②❜❡rs❡❝✉r✐t② ✐s ❛❧s♦ ❝❤❛♥❣✐♥❣✳■t
✐s ❞✐✣❝✉❧t t♦ ❛♣♣❧② s❡❝✉r✐t② ♠❡❛s✉r❡s ❜❡❝❛✉s❡ ♦❢ t❤❡ ❜✐❣❣❡r tr❛✣❝ ❛♠♦✉♥t ❛♥❞ ♥❡✇
❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ s❡r✈✐❝❡s✳ ❆ ❧❛r❣❡ ♣❡r❝❡♥t❛❣❡ ♦❢ ♥❡t✇♦r❦ tr❛✣❝✱ ❛s ✇❡❧❧ ❛s ♥❡t✇♦r❦
❛tt❛❝❦s✱ ✐s ❡♥❝r②♣t❡❞✱ ❛♥❞ ✐t ✐s ✐♠♣♦rt❛♥t t♦ r❡❝♦❣♥✐③❡ ❛♥ ❛tt❛❝❦ q✉✐❝❦❧② t♦ ♣r❡✈❡♥t ❛♥②
❞❛♠❛❣❡ t♦ t❤❡ r✉♥♥✐♥❣ s②st❡♠✳ ❲✐t❤ tr❛❞✐t✐♦♥❛❧ ♠❡t❤♦❞s ♦❢ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✱ s✉❝❤
❛s t❤❡ ♣♦rt✲❜❛s❡❞ tr❛✣❝ ❞❡t❡❝t✐♦♥ ❛♥❞ ❞❡❡♣ ♣❛❝❦❡t ✐♥s♣❡❝t✐♦♥✱ ✐t ✐s ✈❡r② ❞✐✣❝✉❧t t♦
❢♦❧❧♦✇ t❤❡ ❞❡♠❛♥❞ ♦❢ t❤❡ ♠♦❞❡r♥ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✳
■♥ t❤✐s t❤❡s✐s✱ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ✐s ✉s❡❞ ❛s ❛ s♦❧✉t✐♦♥ t♦ t❤✐s ♣r♦❜❧❡♠✳ ❲❡ ❞❡✈❡❧♦♣❡❞ ❛
♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ♠♦❞❡❧ ❜❛s❡❞ ♦♥ ❜✐♥❛r② ❝❧❛ss✐✜❝❛t✐♦♥ ✇❤✐❝❤ ✐s ❛❜❧❡ t♦ ❞❡t❡❝t ❛tt❛❝❦s ✐♥
❡♥❝r②♣t❡❞ ♥❡t✇♦r❦ tr❛✣❝✳ ❖✉r ❝❧❛ss✐✜❝❛t✐♦♥ ✉s❡s ❛ ♥❡✇ ❢❡❛t✉r❡ s❡t✱ ✇❤✐❝❤ ❝♦♥s✐sts ♦❢
t❤❡ ❢♦❧❧♦✇✐♥❣✿ t❤❡ ❢r❛♠❡ ❧❡♥❣t❤✱ t❤❡ t✐♠❡ ❜❡t✇❡❡♥ ♣❛❝❦❡ts ✐♥ t❤❡ ✢♦✇ ❛♥❞ t❤❡ ❞✐r❡❝t✐♦♥
♦❢ t❤❡ ✢♦✇✳ ❚❤❡s❡ ❛r❡ ✐♠♣♦rt❛♥t ❢❡❛t✉r❡s ❢♦r ✉s ❜❡❝❛✉s❡ t❤❡✐r ✈❛❧✉❡s ❞♦ ♥♦t ❝❤❛♥❣❡
✐♥ ❡♥❝r②♣t❡❞ tr❛✣❝✳ ❚❤❡ r❡s✉❧ts ♦♣❡♥ ♥❡✇ ❞✐s❝✉ss✐♦♥s ❛♥❞ ❝❤❛♥❣❡ t❤❡ ✈✐❡✇ ♦♥ t♦❞❛②✬s
tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✳
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❩✉s❛♠♠❡♥❢❛ss✉♥❣

❊✐♥ ❡♥♦r♠❡s ❲❛❝❤st✉♠ ❞❡s ■P✲❱❡r❦❡❤rs ✐♥ ❞❡♥ ❧❡t③t❡♥ ③❡❤♥ ❏❛❤r❡♥ ❤❛t ③✉ ♥❡✉❡♥ ❆♥✲
❢♦r❞❡r✉♥❣❡♥ ❛♥ ❞✐❡ ◆❡t③✇❡r❦s✐❝❤❡r❤❡✐t ❣❡❢ü❤rt✳ ▼✐t ❞❡♠ ◆❡t③✇❡r❦✈❡r❦❡❤rs✇❛❝❤st✉♠
ä♥❞❡rt s✐❝❤ ❛✉❝❤ ❞✐❡ ❈②❜❡rs✐❝❤❡r❤❡✐t ✉♥❞ ❡s ✐st s❝❤✇✐❡r✐❣✱ ❙✐❝❤❡r❤❡✐ts♠❛ÿ♥❛❤♠❡♥ ❛♥✲
③✉✇❡♥❞❡♥✱ ❞❛ ❞❡r ◆❡t③✇❡r❦✈❡r❦❡❤r ❣röÿ❡r ✐st ✉♥❞ ♥❡✉❡ ❆♥✇❡♥❞✉♥❣❡♥ ✉♥❞ ❉✐❡♥st❡
❤✐♥③✉❦♦♠♠❡♥✳ ❊✐♥ ❣r♦ÿ❡r ❚❡✐❧ ❞❡s ◆❡t③✇❡r❦✈❡r❦❡❤rs s♦✇✐❡ ◆❡t③✇❡r❦❛♥❣r✐✛❡ ✇❡r❞❡♥
✈❡rs❝❤❧üss❡❧t✱ ✉♥❞ ❡s ✐st ✇✐❝❤t✐❣✱ ❡✐♥❡♥ ❆♥❣r✐✛ s❝❤♥❡❧❧ ③✉ ❡r❦❡♥♥❡♥✱ ✉♠ ❙❝❤ä❞❡♥ ❛♠
❧❛✉❢❡♥❞❡♥ ❙②st❡♠ ③✉ ✈❡r♠❡✐❞❡♥✳ ▼✐t tr❛❞✐t✐♦♥❡❧❧❡♥ ▼❡t❤♦❞❡♥ ❞❡r ❱❡r❦❡❤rs❦❧❛ss✐✜③✐❡✲
r✉♥❣✱ ✇✐❡ ❞❡r P♦rt✲❜❛s✐❡rt❡♥ ❱❡r❦❡❤rs❞❡t❡❦t✐♦♥ ✉♥❞ ❞❡r ❉❡❡♣ P❛❝❦❡t ■♥s♣❡❝t✐♦♥✱ ✐st ❡s
s❡❤r s❝❤✇✐❡r✐❣✱ ❞❡♥ ❆♥❢♦r❞❡r✉♥❣❡♥ ❞❡r ♠♦❞❡r♥❡♥ ❱❡r❦❡❤rs❦❧❛ss✐✜③✐❡r✉♥❣ ③✉ ❣❡♥✉❣❡♥✳
■♥ ❞✐❡s❡r ❆r❜❡✐t ✇✐r❞ ♠❛s❝❤✐♥❡❧❧❡s ▲❡r♥❡♥ ❛❧s ▲ös✉♥❣ ❢ür ❞✐❡s❡s Pr♦❜❧❡♠ ❡✐♥❣❡s❡t③t✳
❲✐r ❤❛❜❡♥ ❡✐♥ ♠❛s❝❤✐♥❡❧❧❡s ▲❡r♥♠♦❞❡❧❧ ❛✉❢ ❇❛s✐s ❞❡r ❜✐♥är❡♥ ❑❧❛ss✐✜③✐❡r✉♥❣ ❡♥t✇✐✲
❝❦❡❧t✱ ❞❛s ✐♥ ❞❡r ▲❛❣❡ ✐st✱ ❆♥❣r✐✛❡ ✐♠ ✈❡rs❝❤❧üss❡❧t❡♥ ◆❡t③✇❡r❦✈❡r❦❡❤r ③✉ ❡r❦❡♥♥❡♥✳
❯♥s❡r❡ ❑❧❛ss✐✜③✐❡r✉♥❣ ✈❡r✇❡♥❞❡t ❡✐♥ ♥❡✉❛rt✐❣❡s ❋❡❛t✉r❡✲❙❡t✱ ❞❛s ❛✉s ❞❡♥ ❢♦❧❣❡♥❞❡♥
❋❡❛t✉r❡s ❜❡st❡❤t✿ ❞❡r P❛❝❦❡t❧ä♥❣❡✱ ❞❡r ❩❡✐t ③✇✐s❝❤❡♥ ❞❡♥ P❛❦❡t❡♥ ✐♠ ❋❧♦✇ ✉♥❞ ❞❡r
❘✐❝❤t✉♥❣ ❞❡s ❋❧♦✇s✳ ❉✐❡s s✐♥❞ ❢ür ✉♥s ✇✐❝❤t✐❣❡ ❋❡❛t✉r❡s✱ ❞❛ ❞✐❡s❡ ❲❡rt❡ ❛✉❝❤ ❜❡✐ ✈❡r✲
s❝❤❧üss❡❧t❡♥ ❉❛t❡♥ ♥♦❝❤ ✈❡r❢ü❣❜❛r s✐♥❞✳ ❉✐❡ ❊r❣❡❜♥✐ss❡ ❡rö✛♥❡♥ ♥❡✉❡ P❡rs♣❡❦t✐✈❡♥ ✉♥❞
✈❡rä♥❞❡r♥ ❞❡♥ ❇❧✐❝❦ ❛✉❢ ❞✐❡ ❤❡✉t✐❣❡ ❱❡r❦❡❤rs❦❧❛ss✐✜③✐❡r✉♥❣✳

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❈♦♥t❡♥ts

✶ ■♥tr♦❞✉❝t✐♦♥ ✷
✶✳✶ ▼♦t✐✈❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷
✶✳✷ ❆✐♠ ♦❢ t❤❡ ✇♦r❦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸
✶✳✸ ❙tr✉❝t✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹

✷ ❇❛❝❦❣r♦✉♥❞ ✺
✷✳✶ ■❚ ❙❡❝✉r✐t② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✷✳✶✳✶ ❇❛s✐❝ ❈♦♥❝❡♣ts ♦❢ ◆❡t✇♦r❦ ❙❡❝✉r✐t② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✷✳✶✳✷ ■♥tr✉s✐♦♥ ❉❡t❡❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✷ ❚r❛✣❝ ❊♥❝r②♣t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✷✳✷✳✶ ■♥t❡r♥❡t Pr♦t♦❝♦❧ ❙❡❝✉r✐t② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
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✶ ■◆❚❘❖❉❯❈❚■❖◆

✶ ■♥tr♦❞✉❝t✐♦♥

■♥ t❤✐s ❝❤❛♣t❡r✱ t❤❡ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ t❤❡s✐s ✐s ❣✐✈❡♥✳ ■t st❛rts ✇✐t❤ t❤❡ ♠♦t✐✈❛t✐♦♥ ❛♥❞
❞❡♠❛♥❞ ❢♦r r❡s❡❛r❝❤ ✐♥ t❤✐s ✜❡❧❞✳ ❚❤❡ ♥❡①t ♣❛rt ✐s t❤❡ ❛✐♠ ♦❢ ♦✉r ✇♦r❦✱ ✇❤❡r❡ ✇❡ ❞✐s❝✉ss
t❤❡ ❦❡② q✉❡st✐♦♥s ❛♥❞ ❣♦❛❧s ♦❢ t❤✐s t❤❡s✐s✳ ■♥ t❤❡ ✜♥❛❧ ♣❛rt ✇❡ ❡①♣❧❛✐♥ t❤❡ str✉❝t✉r❡ ♦❢
t❤❡ t❤❡s✐s✳

✶✳✶ ▼♦t✐✈❛t✐♦♥

❉✉r✐♥❣ t❤❡ ❧❛st ❢❡✇ ②❡❛rs✱ t❤❡ ■♥t❡r♥❡t tr❛✣❝ ❤❛s ❡①♣❡r✐❡♥❝❡❞ ❛ tr❡♠❡♥❞♦✉s ❛♥♥✉❛❧
❣r♦✇t❤ r❛t❡ ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✷✻ ♣❡r❝❡♥t ❬✶✾❪✳ ❲✐t❤ t❤❡ tr❛✣❝ ❣r♦✇t❤✱ ❝♦♥t❡♥t ♦❢
tr❛✣❝ ✐s ❝❤❛♥❣✐♥❣ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ♥❡✇ ❛♣♣❧✐❝❛t✐♦♥s ✐s ❡①♣♦♥❡♥t✐❛❧❧② r✐s✐♥❣ ❬✶✾❪✳ ❚❤❡
♣❤✐❧♦s♦♣❤② ♦❢ s❡❝✉r✐t② t❤r❡❛ts ✐s ❛❧s♦ ❝❤❛♥❣✐♥❣ ❛s ✇❡❧❧✳ ❈②❜❡r❛tt❛❝❦s ❛r❡ ❜❡✐♥❣ ❞✐r❡❝t❡❞
♠♦r❡ t♦✇❛r❞s s♠❛❧❧❡r ❝♦♠♣❛♥✐❡s ❬✶✽❪ ✱ ❛♥❞ t❤❡② ❛r❡ ❡♥❝r②♣t❡❞ ❛♥❞ ♠♦r❡ ❞✐✣❝✉❧t t♦
r❡❝♦❣♥✐③❡✳
❚❤❛t ✐s ✇❤② ♥❡t✇♦r❦ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥ ❤❛s ❜❡❝♦♠❡ ❛♥ ✐♠♣♦rt❛♥t t♦♦❧ ❢♦r r❡❝✲
♦❣♥✐③✐♥❣ t❤❡ ♣♦t❡♥t✐❛❧ t❤r❡❛ts ✐♥ tr❛✣❝✳ ■t r❡♣r❡s❡♥ts t❤❡ ❢♦✉♥❞❛t✐♦♥ ❢♦r ✐♠♣♦rt❛♥t
♥❡t✇♦r❦ ❛❝t✐✈✐t✐❡s✱ s✉❝❤ ❛s ♥❡t✇♦r❦ ♣❧❛♥♥✐♥❣✱ ♥❡t✇♦r❦ s❡❝✉r✐t②✱ ♥❡t✇♦r❦ ♠❛♥❛❣❡♠❡♥t✱
q✉❛❧✐t② ♦❢ s❡r✈✐❝❡✱ ❛❝❝♦✉♥t✐♥❣✱ ❡t❝✳ ❍♦✇❡✈❡r✱ ❝❧❛ss✐✜❝❛t✐♦♥ r❡♠❛✐♥s ❞✐✣❝✉❧t ❜❡❝❛✉s❡
♦❢ t❤❡ ❢❛st ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❡❝❤♥♦❧♦❣✐❡s✱ ♥❡✇ ♣r♦t♦❝♦❧s✱ ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ ❛tt❛❝❦❡rs
❤✐❞✐♥❣ ✐♥ t❤♦s❡ ❛♣♣❧✐❝❛t✐♦♥✱ ❛s ✇❡❧❧ ❛s ❜❡❝❛✉s❡ ♦❢ ♦✉r ❧✐♠✐t❡❞ ❦♥♦✇❧❡❞❣❡ ❛♥❞ t❡❝❤♥♦❧♦❣②✳

❚❤❡r❡ ❛r❡ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s t♦✇❛r❞s ♥❡t✇♦r❦ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✳ ■♥ ❬✷✵❪✱ t❤❡
❛✉t❤♦r ✐s ♣r♦✈✐❞✐♥❣ t❤❡ ♦✈❡r✈✐❡✇ ♦❢ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥ ❝❤❛❧❧❡♥❣❡s✳ ❚❤❡ ♦❧❞❡st✱ ❛♥❞
st✐❧❧ ✈❡r② ♣♦♣✉❧❛r✱ ❛♣♣r♦❛❝❤ ✐s ♣♦rt✲❜❛s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥✱ ❛♥❞ ✐t ✐s ❜❛s❡❞ ♦♥ t❤❡
❢❛❝t t❤❛t ♠♦st ❛♣♣❧✐❝❛t✐♦♥s ❤❛✈❡ ❛♥ ❛ss✐❣♥❡❞ ♣♦rt ♥✉♠❜❡r✳ ■t ✐s s✐♠♣❧❡ ❛♥❞ ❢❛st✱
❜✉t ♥♦t ❡♥t✐r❡❧② r❡❧✐❛❜❧❡✳ ◆❡✇ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ✉s✐♥❣ ❞②♥❛♠✐❝ ♣♦rt ❛ss✐❣♥♠❡♥t ❛♥❞
❛tt❛❝❦❡rs ❝❛♥ ❡❛s✐❧② ❜r❛❦❡ t❤❡ ♣❛tt❡r♥ ❜② ✉s✐♥❣ ❛♥♦t❤❡r ♣♦rt ❛♥❞ ❞✐✛❡r❡♥t t✉♥♥❡❧❧✐♥❣
♠❡t❤♦❞s✳ ❆ ♠♦r❡ r❡❧✐❛❜❧❡ ❛♣♣r♦❛❝❤ ✇♦✉❧❞ ❜❡ ♣❛②❧♦❛❞✲❜❛s❡❞ ✐♥s♣❡❝t✐♦♥✱ ✐♥ ✇❤✐❝❤
t❤❡ ❝♦♥t❡♥t ♦❢ ❛ ♣❛❝❦❡t ❤❡❛❞❡r ✐s ❛♥❛❧②③❡❞✱ ❛♥❞ ✇❡❧❧ ❦♥♦✇♥ s✐❣♥❛t✉r❡s ❛r❡ ✉s❡❞ t♦
❝❧❛ss✐❢② t❤❡ tr❛✣❝✳ ❚❤✐s ♠❡t❤♦❞ ✐s ❤✐❣❤❧② ❛❝❝✉r❛t❡ ❜✉t t❤❡r❡ ❛r❡ ✈❛r✐♦✉s ❞♦✇♥s✐❞❡s✿ ✐t
✐s ♠♦r❡ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❡①♣❡♥s✐✈❡✱ t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ✐s ♥♦t ♣♦ss✐❜❧❡ ✐❢ t❤❡ s✐❣♥❛t✉r❡
✐s ✉♥❦♥♦✇♥✱ ✐t ✈❡r② ❞✐✣❝✉❧t t♦ ♣❡r❢♦r♠ ✐♥ ❡♥❝r②♣t❡❞ tr❛✣❝✱ ❛♥❞✱ ♠♦st ✐♠♣♦rt❛♥t❧②✱ ✐t
✈✐♦❧❛t❡s t❤❡ ♣r✐✈❛❝② ♣r✐♥❝✐♣❧❡✳

❋♦r t❤♦s❡ ❛♥❞ ♠❛♥② ♦t❤❡r r❡❛s♦♥s ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❝❤❛♥❣❡ t❤❡ ❛♣♣r♦❛❝❤ r❡❣❛r❞✐♥❣
t❤❡ ♥❡t✇♦r❦ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✳

❖♥❡ ♥❡✇ ❛♣♣r♦❛❝❤ ✐s t♦ ✉s❡ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣✳ ❆ ❤✉❣❡ ❣r♦✇t❤ ♦❢ ❞❛t❛ ❝♦❧❧❡❝t❡❞
t❤r♦✉❣❤ ♦✉r ❞❛✐❧② ♥❡t✇♦r❦ ❛❝t✐✈✐t✐❡s ❤❛s ❝r❡❛t❡❞ ❞❡♠❛♥❞ ❢♦r ❞❡✈❡❧♦♣✐♥❣ ♥❡✇ ♠❡t❤♦❞s
❢♦r ❛♥❛❧②③✐♥❣ ❞❛t❛ t♦ r❡❝♦❣♥✐③❡ ❛♥❞ ❧❡❛r♥ ❛❜♦✉t ❜❛s✐❝ ❤✉♠❛♥ ❜❡❤❛✈✐♦r✳ ❚❤❡ r❡s✉❧ts ♦❢

✷
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✶✳✷ ❆✐♠ ♦❢ t❤❡ ✇♦r❦ ✶ ■◆❚❘❖❉❯❈❚■❖◆

t❤❡ ❛♥❛❧②s✐s ✇♦✉❧❞ s✉❜s❡q✉❡♥t❧② ❜❡ ✉s❡❞ ❢♦r ❝♦♠♠❡r❝✐❛❧ ♣✉r♣♦s❡s✳ ❆ s✉❜s❡t ♦❢ ▼▲✱
❞❡❡♣ ❧❡❛r♥✐♥❣ ♣r♦✈✐❞❡s ❛ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❤✉♠❛♥ ♥❡✉r❛❧ s②st❡♠✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞
t♦ ♦✉r ♣r♦❜❧❡♠✳

❖✉r r❡s❡❛r❝❤ ❢♦❝✉s❡s ♦♥ ❜✐♥❛r② ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ t❤❡ ♥❡t✇♦r❦ tr❛✣❝ ❜❛s❡❞ ♦♥ ❞❡❡♣
❧❡❛r♥✐♥❣ t❡❝❤♥✐q✉❡s t♦ ❞✐st✐♥❣✉✐s❤ ❛tt❛❝❦ tr❛✣❝ ❢r♦♠ ❜❡♥✐❣♥ tr❛✣❝✳ ❚❤❡ ❞❛t❛ t❤❛t ✇❡
✉s❡ ❝♦♥t❛✐♥s ♥♦r♠❛❧ ❛♥❞ ♠❛❧✐❝✐♦✉s tr❛✣❝ ✐♥ t❤❡ ❢♦r♠ ♦❢ ♥✐♥❡ ❞✐✛❡r❡♥t ❝②❜❡r❛tt❛❝❦
❢❛♠✐❧✐❡s✳ ❚❤❡ ❞❛t❛ ✇❛s ♣r♦❝❡ss❡❞ t♦ r❡tr✐❡✈❡ t❤❡ ❞❡s✐r❡❞ ❢❡❛t✉r❡s ♦❢ t❤❡ tr❛✣❝ ❛♥❞ ✐t
✇❛s ❢❡❞ t♦ ❛ r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦✳ ❚❤✐s s♣❡❝✐✜❝ ♠❡t❤♦❞ ✇❛s ✉s❡❞ ❜❡❝❛✉s❡ ✐t ✐s
❜❡tt❡r ❛♣♣❧✐❡❞ t♦ s❡q✉❡♥t✐❛❧ ❞❛t❛ ❛♥❞ ✐t ✜ts ✇❡❧❧ t♦ ❛♥ ♦♥❧✐♥❡ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❉✐✛❡r❡♥t
t②♣❡s ♦❢ ❘◆◆s ✇❡r❡ t❡st❡❞✱ ✐♥❝❧✉❞✐♥❣ ❧♦♥❣✲s❤♦rt t❡r♠ ♠❡♠♦r② ❝❡❧❧s✱ ❣❛t❡❞ r❡❝✉rr❡♥t
✉♥✐t ❝❡❧❧s ❛♥❞ ❞✐✛❡r❡♥t r❡❣✉❧❛r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s✳ ❚❤❡ r❡s✉❧t ✇❛s ❛♥ ❛❝❝✉r❛t❡ ❛♥❞ ❢❛st
♥❡t✇♦r❦ ❝❧❛ss✐✜❝❛t✐♦♥✳

❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ♦✉r ✇♦r❦ ✐s t❤r❡❡✲❢♦❧❞✿

❼ ❛ ♥❡✇ ❢❡❛t✉r❡ s❡t ✇❛s t❡st❡❞✳ ■t ❝♦♥s✐sts ♦❢ t❤❡ ♣❛❝❦❡t ❧❡♥❣t❤✱ ♣❛❝❦❡t ✐♥t❡r✲❛rr✐✈❛❧
t✐♠❡ ❛♥❞ ✢♦✇ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s s❡t ✐s t❤❛t t❤❡ ❢❡❛t✉r❡s ❛r❡
❛✈❛✐❧❛❜❧❡ ✐♥ ❜♦t❤✱ ❡♥❝r②♣t❡❞ ❛♥❞ ❞❡❝r②♣t❡❞ tr❛✣❝

❼ ❛♥ ❡✣❝✐❡♥t ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ♠♦❞❡❧ ✇❛s ❞❡✈❡❧♦♣❡❞✱ ❜❛s❡❞ ♦♥ ❧❛♥❣✉❛❣❡ ♣r♦❝❡ss✲
✐♥❣ ✉s✐♥❣ ❛ r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛♥❞ ❧♦♥❣✲s❤♦rt t❡r♠ ♠❡♠♦r② ❝❡❧❧s✳ ❚❤❡s❡
t❡❝❤♥✐q✉❡s ✉t✐❧✐③❡ s♣❡❝✐✜❝ ❝❡❧❧ str✉❝t✉r❡s ✇❤✐❝❤ ❡♥❛❜❧❡ ♠❡♠♦r✐③✐♥❣ ❢❡❛t✉r❡s ♦❢
❣✐✈❡♥ tr❛✣❝✳

❼ ❞✐✛❡r❡♥t r❡❣✉❧❛r✐③❛t✐♦♥ ♠❡t❤♦❞s ❤❛✈❡ ❜❡❡♥ ❛♥❛❧②③❡❞ ❛♥❞ ✐♠♣❧❡♠❡♥t❡❞✱ s✉❝❤ ❛s
❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥ ❛♥❞ ❧❛②❡r ♥♦r♠❛❧✐③❛t✐♦♥ ✇❤✐❝❤ s♠♦♦t❤ t❤❡ ❞❛t❛ ✐♥♣✉t st❛t✐s✲
t✐❝s ❛♥❞ ❤❡❧♣ t❤❡ ♠♦❞❡❧ ❧❡❛r♥ ♠♦r❡ ❡✣❝✐❡♥t❧②✳

✶✳✷ ❆✐♠ ♦❢ t❤❡ ✇♦r❦

❚❤❡ r❡s❡❛r❝❤✱ ✐♥ ❣❡♥❡r❛❧✱ ♣r♦♣♦s❡s t❤❡ ❛♥s✇❡r t♦ t❤r❡❡ ✐♠♣♦rt❛♥t q✉❡st✐♦♥s✿

❼ ◗✶✿ ❆r❡ r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦s ❡✣❝✐❡♥t ✐♥ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥❄ ❇② ❡✣❝✐❡♥t
♠♦❞❡❧✱ ✇❡ ❞❡✜♥❡ ❛ ♠♦❞❡❧ ✇❤✐❝❤ ❝♦✉❧❞ ❛❝❤✐❡✈❡ ♠♦r❡ t❤❛♥ ✾✻✪ ♦❢ ❛❝❝✉r❛❝② ❛♥❞
✾✵✪ ❥✲st❛t✐st✐❝ ✭❞❡t❛✐❧s ❛r❡ ♣r♦✈✐❞❡❞✿✹✳✹✮✳ ❉✉r✐♥❣ ❛ tr❛✣❝ ❛♥❛❧②s✐s✱ ✇❡ ❞❡❛❧ ✇✐t❤
❛ ❤✉❣❡ ❛♠♦✉♥t ♦❢ ❞❛t❛✳ ❚❤❡r❡ ❛r❡ ♥❡✇ ❛♥❞ ✉♥❦♥♦✇♥ ❛tt❛❝❦s ❛♥❞ t❤r❡❛ts✱ ✇❤♦s❡
♦✉t❝♦♠❡ ✐s ✈❡r② ❞✐✣❝✉❧t t♦ ♣r❡❞✐❝t✳

❼ ◗✷✿ ❲❤✐❝❤ ❢❡❛t✉r❡s ♦❢ ❞❛t❛ ❛r❡ ♠♦st ✐♠♣♦rt❛♥t ❢♦r t❤❡ ❡♥❝r②♣t❡❞ tr❛✣❝ ❝❧❛ss✐✜✲
❝❛t✐♦♥❄ ❚❤✐s r❡s❡❛r❝❤ ✇✐❧❧ ✐♥tr♦❞✉❝❡ ❛ ♥❡✇ ❢❡❛t✉r❡ s❡t ❜❛s❡❞ ♦♥ t❤❡ ❢r❛♠❡ ❧❡♥❣t❤✱
✐♥t❡r✲❛rr✐✈❛❧ ♣❛❝❦❡t t✐♠❡ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ tr❛✣❝ ✐♥ t❤❡ ✢♦✇✳
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✶✳✸ ❙tr✉❝t✉r❡ ✶ ■◆❚❘❖❉❯❈❚■❖◆

❼ ◗✸✿ ❲❤❛t ❝❛♥ ✇❡ ❞♦ t♦ ✐♠♣r♦✈❡ t❤❡ ♣r♦❝❡ss ♦❢ ❞❡❡♣ ❧❡❛r♥✐♥❣❄ ❉✐✛❡r❡♥t r❡❣✉❧❛r✲
✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s✱ s✉❝❤ ❛s ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥ ❛♥❞ ❧❛②❡r ♥♦r♠❛❧✐③❛t✐♦♥✱ ✇✐❧❧ ❜❡
♣r♦♣♦s❡❞ ❛♥❞ ❡✈❛❧✉❛t❡❞✳

✶✳✸ ❙tr✉❝t✉r❡

❚❤✐s r❡s❡❛r❝❤ ✐s str✉❝t✉r❡❞ ✐♥t♦ ✺ ❝❤❛♣t❡rs✿

❼ ❈❤❛♣t❡r ✶ ✲ ■♥tr♦❞✉❝t✐♦♥ ✲ ❝♦♥t❛✐♥s t❤❡ ♠♦t✐✈❛t✐♦♥ ❢♦r r❡s❡❛r❝❤✐♥❣ t❤❡ t♦♣✐❝✱ t❤❡
❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞♦❧♦❣② ❛♥❞ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ r❡s❡❛r❝❤✳ ❙♦♠❡ r❡❧❛t❡❞
✇♦r❦ ✐s ❞❡s❝r✐❜❡❞ ❛s ✇❡❧❧

❼ ❈❤❛♣t❡r ✷ ✲ ❇❛❝❦❣r♦✉♥❞ ✲ ♣r♦✈✐❞❡s t❤❡ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ t❤❡♦r② ❜❡❤✐♥❞ t❤✐s
r❡s❡❛r❝❤✳ ■t ♣r♦✈✐❞❡s ❛ s❤♦rt ❞❡s❝r✐♣t✐♦♥ ♦❢ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣✱ st❛t✐st✐❝❛❧ ♠❡t❤♦❞
✉s❡❞ ❢♦r s✉♣♣♦rt✐♥❣ ✐t✱ ■❚ s❡❝✉r✐t②✱ ❡t❝✳

❼ ❈❤❛♣t❡r ✸ ✲ ❚❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t t❤❛t ✇❛s ❝♦♥❞✉❝t❡❞✳ ❚❤✐s ♣❛rt
❞❡s❝r✐❜❡s t❤❡ ❢❡❛t✉r❡ s❡t✱ ♣r❡♣r♦❝❡ss✐♥❣ ♦❢ t❤❡ ❞❛t❛ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡
r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦ ♠♦❞❡❧✳

❼ ❈❤❛♣t❡r ✹ ✲ ❘❡s✉❧t ✲ ❚❤❡ ♦✉t❝♦♠❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✱ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ r❡❣✉❧❛r✲
✐③❛t✐♦♥

❼ ❈❤❛♣t❡r ✺ ✲ ❈♦♥❝❧✉s✐♦♥ ✲ ❚❤❡ ✜♥❛❧ ❞✐s❝✉ss✐♦♥ r❡❣❛r❞✐♥❣ t❤❡ r❡s❡❛r❝❤✱ ❢✉t✉r❡
❞❡♠❛♥❞

✹
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✷ ❇❛❝❦❣r♦✉♥❞

■♥ t❤✐s ❝❤❛♣t❡r✱ ✇❡ ❛r❡ s❡tt✐♥❣ t❤❡ t❤❡♦r❡t✐❝❛❧ ❜❛❝❦❣r♦✉♥❞ ❢♦r t❤✐s r❡s❡❛r❝❤✳ ❆s ✇❡ ❛r❡
tr②✐♥❣ t♦ ❞❡t❡❝t t❤❡ s❡❝✉r✐t② ❛tt❛❝❦s ✐♥ ❡♥❝r②♣t❡❞ ♥❡t✇♦r❦ tr❛✣❝✱ ✐♥ t❤❡ ✜rst ♣❛rt ♦❢
t❤✐s ❝❤❛♣t❡r ✇❡ ❛r❡ ✐♥tr♦❞✉❝✐♥❣ t❤❡ ❜❛s✐❝ ❝♦♥❝❡♣ts ♦❢ ♥❡t✇♦r❦ s❡❝✉r✐t② ❛♥❞ ♥❡t✇♦r❦
tr❛✣❝ ❡♥❝r②♣t✐♦♥✳ ❆ s❤♦rt ♦✈❡r✈✐❡✇ ♦❢ ■♥tr✉s✐♦♥ ❉❡t❡❝t✐♦♥ ❙②st❡♠ ✭■❉❙✮ ✐s ❣✐✈❡♥✱ ✐♥
♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ t❤❡ ♠♦st ✉s❡❞ s②st❡♠ ❢♦r ❛tt❛❝❦ ❞❡t❡❝t✐♦♥ ✇♦r❦s ❛♥❞ t♦
❞❡t❡r♠✐♥❡ t❤❡ ❧✐♠✐t❛t✐♦♥s ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ♦✈❡r❝♦♠❡ ❜② ✉s✐♥❣ ♦✉r s②st❡♠✳

❚❤❡ s❡❝♦♥❞ ♣❛rt r❡♣r❡s❡♥ts ❛♥ ✐♥tr♦❞✉❝t✐♦♥ t♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✳
❲❡ ✇✐❧❧ ❣✐✈❡ ❛ s❤♦rt ♦✈❡r✈✐❡✇ ♦❢ ♣♦rt✲❜❛s❡❞✱ ✢♦✇✲❜❛s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ❛♥❞ ❞❡❡♣ ♣❛❝❦❡t
✐♥s♣❡❝t✐♦♥ ✭❉P■✮✳ ❋❧♦✇✲❜❛s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ✐s ❡①♣❧❛✐♥❡❞ ♠♦r❡ ✐♥ ❞❡t❛✐❧s s✐♥❝❡ t❤✐s t②♣❡
✐s ✉s❡❞ ✐♥ ♦✉r r❡s❡❛r❝❤✳

❚❤❡ t❤✐r❞ ♣❛rt ♦❢ t❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ✭▼▲✮✳ ❲❡ ❛r❡ ✐♥tr♦❞✉❝✐♥❣
▼▲ ❛♥❞ ❛❧❧ t❤❡ ❝♦♥❝❡♣ts t❤❛t ❛r❡ ✉s❡❞ ✐♥ ♦✉r r❡s❡❛r❝❤✳ ❆ s✉♠♠❛r② ♦❢ ▼▲ ✐s ❣✐✈❡♥
✇✐t❤ t❤❡ st❛t✐st✐❝❛❧ ❝♦♥❝❡♣ts ♦❢ t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛♥❞ ✇✐t❤ t❤❡ ❡①♣❧❛♥❛t✐♦♥ ♦❢ t❤❡
r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦ ✭❘◆◆✮✳ ❚❤❡ s✉♠♠❛r② ✐s ❢♦❧❧♦✇❡❞ ❜② ❛ t❤❡♦r❡t✐❝❛❧ ♦✈❡r✈✐❡✇
♦❢ ❧♦♥❣✲s❤♦rt t❡r♠ ♠❡♠♦r② ✭▲❙❚▼✮ ❛♥❞ ❣❛t❡❞ r❡❝✉rr❡♥t ✉♥✐t ✭●❘❯✮ ❝❡❧❧s ✇❤✐❝❤ ❛r❡
♣❛rt ♦❢ t❤❡ ♠♦❞❡❧s t❤❛t ❛r❡ tr❛✐♥❡❞ ✐♥ ♦✉r ❡①♣❡r✐♠❡♥t✳
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✷✳✶ ■❚ ❙❡❝✉r✐t② ✷ ❇❆❈❑●❘❖❯◆❉

❋✐❣✉r❡ ✶✿ ◆❡t✇♦r❦ ❙❡❝✉r✐t② Pr✐♥❝✐♣❧❡

✷✳✶ ■❚ ❙❡❝✉r✐t②

✷✳✶✳✶ ❇❛s✐❝ ❈♦♥❝❡♣ts ♦❢ ◆❡t✇♦r❦ ❙❡❝✉r✐t②

◆❡t✇♦r❦ ❙❡❝✉r✐t② ✐s ❛ ❜r♦❛❞ r❛♥❣❡ ♦❢ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ❛❝t✐♦♥s ✇❤✐❝❤ ❛r❡ t❛❦❡♥
✐♥ ♦r❞❡r t♦ ♣r♦t❡❝t t❤❡ ♥❡t✇♦r❦ ✐♥❢r❛str✉❝t✉r❡ ❛♥❞ t♦ ♣r❡✈❡♥t ❛♥ ✉♥❛✉t❤♦r✐③❡❞
❛❝❝❡ss✱ ♠✐s✉s❡✱ ♠♦❞✐✜❝❛t✐♦♥ ❛♥❞ ❞✐sr✉♣t✐♦♥ ♦❢ ❞❛t❛✱ ♠❛❧❢✉♥❝t✐♦♥ ♦❢ t❤❡ s②st❡♠✱ ❡t❝✳
■♥ ♦t❤❡r ✇♦r❞s✱ ◆❡t✇♦r❦ ❙❡❝✉r✐t② ✐s ✉s❡❞ t♦ ♣r♦t❡❝t ♦✉r ♥❡t✇♦r❦ ❛♥❞ ❞❛t❛✱ t❤❡✐r
✉s❛❜✐❧✐t② ❛♥❞ ✐♥t❡❣r✐t②✳ ❚❤❡ s❝♦♣❡ ♦❢ ♥❡t✇♦r❦ s❡❝✉r✐t② ❝♦✈❡rs s♦❢t✇❛r❡✱ ❤❛r❞✇❛r❡ ❛♥❞
✜r♠✇❛r❡✱ ❛s ✇❡❧❧ ❛s t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✇❤✐❝❤ ✐s ♣r♦❝❡ss❡❞✱ st♦r❡❞ ❛♥❞ ❝♦♠♠✉♥✐❝❛t❡❞✳ ❬✷✶❪✳

❚❤❡r❡ ❛r❡ t❤r❡❡ ❜❛s✐❝ ❝♦♥❝❡♣ts ✇❤✐❝❤ ♠❛❦❡ t❤❡ ❝♦r❡ ♦❢ ◆❡t✇♦r❦ ❙❡❝✉r✐t②✿ ❈♦♥✜❞❡♥✲
t✐❛❧✐t②✱ ■♥t❡❣r✐t② ❛♥❞ ❆✈❛✐❧❛❜✐❧✐t②✱ ❛❧s♦ ❦♥♦✇♥ ❛s t❤❡ ❈■❆ ♣r✐♥❝✐♣❧❡✳ ❚❤♦s❡ ❝♦♥❝❡♣ts
❞❡✜♥❡ t❤❡ ♠♦st ✐♠♣♦rt❛♥t s❡❝✉r✐t② ♦❜❥❡❝t✐✈❡s ❢♦r ❞❛t❛ ❛♥❞ ✐♥❢♦r♠❛t✐♦♥ s❡r✈✐❝❡s✳

❈♦♥✜❞❡♥t✐❛❧✐t② r❡❢❡rs t♦ ❝♦♥❝❡❛❧✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ♦r r❡s♦✉r❝❡s t♦ ♣r♦t❡❝t s❡❝r❡❝②✳ ■t ❝♦✉❧❞
❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❤❛✈✐♥❣ ✷ s✉❜s❡ts✱ ❞❛t❛ ❝♦♥✜❞❡♥t✐❛❧✐t②✱ ✇❤✐❝❤ ❛ss✉r❡s t❤❛t t❤❡ ❝♦♥✜✲
❞❡♥t✐❛❧ ✐♥❢♦r♠❛t✐♦♥ ✐s r❡✈❡❛❧❡❞ ♦♥❧② t♦ ❛♥ ❛✉t❤♦r✐③❡❞ ♣❡rs♦♥✱ ❛♥❞ ♣r✐✈❛❝②✱ ✇❤✐❝❤ ❛ss✉r❡s
t❤❛t t❤❡ ❝♦♥tr♦❧ ♦r ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐s ❝♦❧❧❡❝t❡❞ ♦r st♦r❡❞ ♦♥❧② ❜② t❤❡ ✐♥✲
t❡♥❞❡❞ ♣❡rs♦♥✳ ❬✹✹❪
❚❤❡ ♠❡t❤♦❞ ✇❤✐❝❤ ✐s ✇✐❞❡❧② ✉s❡❞ t♦ ♣r♦✈✐❞❡ ❝♦♥✜❞❡♥t✐❛❧✐t② ✐s ❝r②♣t♦❣r❛♣❤②✳ ❯s✐♥❣
❛ ❝r②♣t♦❣r❛♣❤✐❝ ❦❡②✱ ❡♥❝r②♣t❡❞ ❞❛t❛ ✐s s❝r❛♠❜❧❡❞ ✐♥ s✉❝❤ ❛ ✇❛② t❤❛t ✐t ❝❛♥♥♥♦t ❜❡
❞❡❝✐♣❤❡r❡❞ ❜② ❛♥ ✉♥❛✉t❤♦r✐③❡❞ ♣❡rs♦♥ ✇✐t❤♦✉t t❤❡ ❛♣♣r♦♣r✐❛t❡ ❦❡②✳

■♥t❡❣r✐t② r❡❢❡rs t♦ ♣r❡✈❡♥t✐♥❣ ❛♥ ✐♠♣r♦♣❡r ♠♦❞✐✜❝❛t✐♦♥ ❛♥❞ ✉♥❛✉t❤♦r✐③❡❞ ❝❤❛♥❣❡✳ ■t
❝❛♥ ❛❧s♦ ❜❡ ❝❧❛ss✐✜❡❞ ✐t ✐♥t♦ ✷ s✉❜s❡ts✿ ❞❛t❛ ✐♥t❡❣r✐t② ❛ss✉r❡s t❤❛t t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐s
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♠❛♥✐♣✉❧❛t❡❞ ♦♥❧② ✐♥ ❛♥ ❛✉t❤♦r✐③❡❞ ♠❛♥♥❡r✱ ✇❤❡r❡❛s s②st❡♠ ✐♥t❡❣r✐t② ❛ss✉r❡s t❤❛t ❛
s②st❡♠ ♣❡r❢♦r♠s ✐♥t❡♥❞❡❞ ❢✉♥❝t✐♦♥s✱ ✇✐t❤♦✉t ❛♥② ♠♦❞✐✜❝❛t✐♦♥ ❛♥❞ ❜✐❛s✐♥❣✳ ❬✹✹❪
❚❤❡ ♠❡t❤♦❞s ❢♦r ♣r❡✈❡♥t✐♥❣ ❛♥ ✐♥❢♦r♠❛t✐♦♥ ♠♦❞✐✜❝❛t✐♦♥ ❛r❡✿

❼ ❤❛s❤✐♥❣ ✲ ❛❞❞s ❛ ♥✉♠❜❡r ♦❢ ❜✐ts✱ ❣❡♥❡r❛t❡❞ ✇✐t❤ s❡❝r❡t ❦❡②✱ t♦ ❝❤❡❝❦ ✐❢ ❛ ♠❡ss❛❣❡
✐s ❛❧t❡r❡❞

❼ ♠❡ss❛❣❡ ❛✉t❤❡♥t✐❝❛t✐♦♥ ✲ ✉s❡s t❤❡ s❡❝r❡t ❦❡② t♦ ❡♥s✉r❡s t❤❛t ❛ ♠❡ss❛❣❡ ✐s ❛❧t❡r❡❞
❜② ❛♥ ❛✉t❤♦r✐③❡❞ ♣❡rs♦♥

❼ ❞✐❣✐t❛❧ s✐❣♥❛t✉r❡ ✲ ❡♥s✉r❡s t❤❛t t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐s s❡♥t ❜② ❛ s♣❡❝✐✜❝ ❛♥❞ ❛✉t❤♦r✐③❡❞
s♦✉r❝❡

❆✈❛✐❧❛❜✐❧✐t② r❡❢❡rs t♦ t❤❡ ♣r♦♣❡r ❢✉♥❝t✐♦♥✐♥❣ ♦❢ t❤❡ s②st❡♠✱ ✇❤✐❝❤ ♠❡❛♥s ✐♥t❡♥❞❡❞
✇♦r❦ ♦❢ t❤❡ s②st❡♠ ❛t ❛ ❞❡s✐r❡❞ t✐♠❡✳ ❚❤❡ ❧♦ss ♦❢ ❛✈❛✐❧❛❜✐❧✐t② ♣r❡✈❡♥ts ✉s ❢r♦♠ ✉s✐♥❣
t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛t t❤❡ ❞❡s✐r❡❞ t✐♠❡ ❛♥❞ ❞❡❝r❡❛s❡s s②st❡♠ r❡❧✐❛❜✐❧✐t②✳ ❚❤❡ r❡❝❡♥t t✐♠❡s
❤❛✈❡ s❡❡♥ t❤❡ ❢❛st ❣r♦✇✐♥❣ ♣♦♣✉❧❛r✐t② ♦❢ ❞❡♥✐❛❧✲♦❢✲s❡r✈✐❝❡ ❛tt❛❝❦✳ ❆s ♠♦r❡ ❛♥❞ ♠♦r❡
✇❡❜ s✐t❡s ♦✛❡r ❞❡♥✐❛❧✲♦❢✲s❡r✈✐❝❡✭❉♦❙✮ ❛tt❛❝❦ ♦♥ ❞❡♠❛♥❞✱ ❛✈❛✐❧❛❜✐❧✐t② ❢❛❝❡s t❤❡ ❢❛st❡st
❣r♦✇✐♥❣ ✈✉❧♥❡r❛❜✐❧✐t② ♦❢ ❛❧❧ t❤❡ ❝♦♥❝❡♣ts✳

❚❤❡ ♦r❞❡r ♦❢ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❝♦♥❝❡♣ts ✈❛r✐❡s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣✉r♣♦s❡ ♦❢ ❛ s②st❡♠
❛♥❞ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♥ ♠❛✐❧ ❛♣♣❧✐❝❛t✐♦♥s✱ ❝♦♥✜❞❡♥t✐❛❧✐t② ❛♥❞ ✐♥t❡❣r✐t②
❛r❡ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❝♦♥❝❡♣ts✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♠♦♥✐t♦r✐♥❣ s②st❡♠s r❡q✉✐r❡
❛✈❛✐❧❛❜✐❧✐t② ❛♥❞ ✐♥t❡❣r✐t②✳ ❲❡ ❝❛♥ ❛❣r❡❡✱ ❤♦✇❡✈❡r✱ t❤❛t ❛❧❧ t❤r❡❡ ❝♦♥❝❡♣ts ❛r❡ ❝r✉❝✐❛❧
❢♦r ❛♥② ♥❡t✇♦r❦ s❡❝✉r✐t② ❛♣♣❧✐❝❛t✐♦♥✳

✷✳✶✳✷ ■♥tr✉s✐♦♥ ❉❡t❡❝t✐♦♥

■♥tr✉s✐♦♥ ❞❡t❡❝t✐♦♥ ✐s ❛ s❡r✈✐❝❡ ✇❤✐❝❤ ♠♦♥✐t♦rs ❛♥❞ ❛♥❛❧②③❡s s②st❡♠s ❜❡❤❛✈✐♦r ✐♥ ♦r❞❡r
t♦ ❞❡t❡❝t ❛♥❞ ♣r♦✈✐❞❡ ❛ r❡❛❧ t✐♠❡ ✇❛r♥✐♥❣ ❛❜♦✉t ❛♥ ❛tt❡♠♣t t♦ ❛❝❝❡ss s❡❝✉r✐t② s❡♥s✐t✐✈❡
s②st❡♠ ✐♥ ❛♥ ✉♥❛✉t❤♦r✐③❡❞ ♠❛♥♥❡r✳ ❬✹✸❪ ■♥tr✉s✐♦♥ ❞❡t❡❝t✐♦♥ r❡♣r❡s❡♥ts s❡❝♦♥❞ ❧❡✈❡❧
♣r♦t❡❝t✐♦♥ ❛♥❞ ✐t ✐s ✉s✉❛❧❧② ♣❧❛❝❡❞ ❛❢t❡r t❤❡ ✜r❡✇❛❧❧ t♦ ❝♦❧❧❡❝t ❛♥② ✐♥tr✉s✐♦♥ t❤❛t ♣❛ss❡s
t❤r♦✉❣❤ t❤❡ ✜r❡✇❛❧❧✳
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❋✐❣✉r❡ ✷✿ ■♥tr✉s✐♦♥ ❉❡t❡❝t✐♦♥ ❙②st❡♠

❚❤❡r❡ ❛r❡ t✇♦ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ✉s❡❞ t♦ ❛♥❛❧②③❡ ♥❡t✇♦r❦ ❞❛t❛ ✐♥ ♦r❞❡r t♦ ❞❡t❡❝t
✐♥tr✉s✐♦♥s✿

❼ ❆♥♦♠❛❧② ❞❡t❡❝t✐♦♥ ✲ ✉s❡s t❤❡ ❝♦❧❧❡❝t❡❞ ❞❛t❛ ♦❢ ❛ ✉s❡r✬s ❜❡❤❛✈✐♦r t♦ ❝♦♠♣❛r❡
✐t ✇✐t❤ t❤❡ s❡t ♦❢ ❡①♣❡❝t❡❞ ✈❛❧✉❡s❀ ✐t tr✐❣❣❡rs ❛ ✇❛r♥✐♥❣ ✐❢ ✐t ❞❡✈✐❛t❡s t♦♦ ♠✉❝❤

❼ ❙✐❣♥❛t✉r❡ ♦r ❍❡✉r✐st✐❝ ❉❡t❡❝t✐♦♥✱ ✇❤✐❝❤ ✉s❡s ❛ ❦♥♦✇♥ ♠❛❧✐❝✐♦✉s ♣❛tt❡r♥ ❢♦r
❛ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ❝✉rr❡♥t ❜❡❤❛✈✐♦r

❚❤❡ ✜rst ♣❤❛s❡ ♦❢ ❛♥♦♠❛❧② ❞❡t❡❝t✐♦♥ ✐s ♠♦❞❡❧✐♥❣ ♦❢ t❤❡ ♥♦♥✲❝♦♠♣r♦♠✐s❡❞ ✉s❡r
❜❡❤❛✈✐♦r ❜② ❝♦❧❧❡❝t✐♥❣ ❛♥❞ ♣r♦❝❡ss✐♥❣ s❡♥s♦r ❞❛t❛✳ ❚❤✐s ♠♦❞❡❧ ✐s ✉s❡❞ ❛❢t❡r✇❛r❞s ❢♦r
t❤❡ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ❜❡❤❛✈✐♦r t♦ ❞❡t❡❝t ♠❛❧✐❝✐♦✉s ❛❝t✐✈✐t✐❡s✳

❚❤❡r❡ ❛r❡ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s t♦ ❝r❡❛t✐♥❣ t❤❡ ♠♦❞❡❧s✿

❼ ❙t❛t✐st✐❝❛❧ ♠❡t❤♦❞s ✲ ❝♦❧❧❡❝t t❤❡ ❞❛t❛ ❢r♦♠ s❡♥s♦rs ❛♥❞ ✉s❡ ♠♦❞❡❧s ✇✐t❤ ❞✐❢✲
❢❡r❡♥t ♠❡t❤♦❞s ♦❢ ❝❧❛ss✐❢②✐♥❣ t❤❡ ❞❛t❛ ✭✉♥✐✈❛r✐❛t❡✱ ♠✉❧t✐✈❛r✐❛t❡✱ t✐♠❡✲s❡r✐❡s✮✳ ❚❤❡
❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s ❛♣♣r♦❛❝❤ ✐s t❤❛t ✐t ✐s s✐♠♣❧❡ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❡✣❝✐❡♥t✱ ❜✉t
✐t ✐s ❞✐✣❝✉❧t t♦ ❝❤♦♦s❡ ❛ ♣r♦♣❡r ♠❡tr✐❝ ❛♥❞ ♥♦t ❛❧❧ ❜❡❤❛✈✐♦rs ❝❛♥ ❜❡ ♠♦❞❡❧❡❞✳

❼ ❑♥♦✇❧❡❞❣❡✲❜❛s❡❞ ❛♣♣r♦❛❝❤ ❝♦♥s✐sts ♦❢ ✷ ♣❤❛s❡s✿ t❤❡ tr❛✐♥✐♥❣ ♣❤❛s❡✱ ✐♥ ✇❤✐❝❤
t❤❡ ♦❜s❡r✈❡❞ ❞❛t❛ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ ❞✐✛❡r❡♥t ❝❧❛ss❡s✱ ❛♥❞ t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♣❤❛s❡✱
✇❤❡r❡ t❤❡ ✉s❡r ❜❡❤❛✈✐♦r ✐s ❝❧❛ss✐✜❡❞ ❜❛s❡❞ ♦♥ t❤♦s❡ ♣r❡❞❡t❡r♠✐♥❡❞ ❝❧❛ss❡s✳ ❚❤❡
❛❞✈❛♥t❛❣❡ ✐s t❤❛t t❤✐s ❛♣♣r♦❛❝❤ ✐s r♦❜✉st ❛♥❞ ✢❡①✐❜❧❡✱ ❜✉t ✐t ✐s ❞✐✣❝✉❧t t♦ ❞❡t❡r✲
♠✐♥❡ ❛♥ ❛❝❝✉r❛t❡ ♠♦❞❡❧
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❼ ▼❛❝❤✐♥❡✲❧❡❛r♥✐♥❣ ❛♣♣r♦❛❝❤ ✉s❡s ❧❛❜❡❧❡❞ tr❛✐♥✐♥❣ ❞❛t❛ t♦ ❛✉t♦♠❛t✐❝❛❧❧② ❞❡✈❡❧♦♣
t❤❡ ♠♦❞❡❧✳ ❉❡✈❡❧♦♣✐♥❣ t❤❡ ♠♦❞❡❧ r❡q✉✐r❡s s♦♠❡ t✐♠❡ ❛♥❞ ♠♦r❡ ❝♦♠♣✉t❛t✐♦♥❛❧
♣♦✇❡r✱ ❜✉t ♦♥❝❡ ✐t ✐s ❞❡✈❡❧♦♣❡❞✱ t❤❡ ♠♦❞❡❧ ✐s ❢❛✐r❧② ❡✣❝✐❡♥t✳ ❱❛r✐♦✉s st❛t✐st✐❝❛❧
♠❡t❤♦❞s ✉s❡❞ ✐♥ t❤✐s ❛♣♣r♦❛❝❤ ❛r❡✿ ❇❛②❡s✐❛♥ ♥❡t✇♦r❦s✱ ▼❛r❦♦✈ ♠♦❞❡❧s✱ ♥❡✉r❛❧
♥❡t✇♦r❦✱ ❢✉③③② ❧♦❣✐❝✱ ❣❡♥❡r✐❝ ❛❧❣♦r✐t❤♠✱ ❝❧✉st❡r✐♥❣ ❛♥❞ ♦✉t❧✐❡r ❞❡t❡❝t✐♦♥✳

❚❤❡ ♠❛✐♥ ❧✐♠✐t❛t✐♦♥ ✇✐t❤ ❛♥♦♠❛❧② ❞❡t❡❝t✐♦♥✱ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ ♠❛❝❤✐♥❡✲❧❡❛r♥✐♥❣ ❛♣✲
♣r♦❛❝❤✱ ✐s t❤❛t ✐t ♦♥❧② ✉s❡s ❧❡❣✐t✐♠❛t❡ ❞❛t❛✱ ✇✐t❤♦✉t ❛♥② ❛♥♦♠❛❧✐❡s ✇❤✐❝❤ ✐s ❞✐✣❝✉❧t t♦
❡♥s✉r❡ ❢♦r t❤❡ ♠♦❞❡r♥ ♥❡t✇♦r❦ tr❛✣❝✳
❲❡ ✇✐❧❧ tr② t♦ ❛❞❞r❡ss t❤✐s ✐ss✉❡ ✐♥ ♦✉r r❡s❡❛r❝❤ ❛♥❞ ♣r♦♣♦s❡ ❞✐✛❡r❡♥t ♠❡t❤♦❞s t♦
❞❡t❡❝t ❛♥❞ ❝❧❛ss✐❢② ❛♥♦♠❛❧✐❡s ✐♥ t❤❡ tr❛✣❝✳

❙✐❣♥❛t✉r❡ ♦r ❤❡✉r✐st✐❝ ❞❡t❡❝t✐♦♥ ✐s ❜❛s❡❞ ♦♥ ❛❧r❡❛❞② ❦♥♦✇♥ ♣❛tt❡r♥s✳ ❚❤❡ ✉s❡r ❜❡❤❛✈✐♦r
✐s ♦❜s❡r✈❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❡①✐st✐♥❣ s✐❣♥❛t✉r❡ ❞❛t❛❜❛s❡✳ ■t ❝❛♥ ❜❡ ❛❧s♦ ❝♦♥✲
✜❣✉r❡❞ t♦ ❞❡t❡❝t ❦♥♦✇♥ ♣❡♥❡tr❛t✐♦♥s ♦r ❡①♣❧♦✐ts✱ t❤❛t ✐s ♠♦r❡ s♣❡❝✐✜❝ t♦ t❤❡ s②st❡♠
✇❤✐❝❤ ✐s ✉s❡❞✳ ❚❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s ♠❡t❤♦❞ ✐s t✐♠❡ ❡✣❝✐❡♥❝② ❛♥❞ ❧♦✇ ❝♦♠♣✉t❛t✐♦♥❛❧
❝♦♠♣❧❡①✐t②✱ ❜✉t ✐t ✐s ♥♦t ❛❜❧❡ t♦ r❡❝♦❣♥✐③❡ ♥❡✇ t❤r❡❛ts ✇✐t❤♦✉t ✉♣❞❛t✐♥❣ t❤❡ s✐❣♥❛t✉r❡
❞❛t❛❜❛s❡✳
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✷✳✷ ❚r❛✣❝ ❊♥❝r②♣t✐♦♥ ✷ ❇❆❈❑●❘❖❯◆❉

❋✐❣✉r❡ ✸✿ ❉❛t❛ ❊♥❝r②♣t✐♦♥ ♣❤❛s❡s

✷✳✷ ❚r❛✣❝ ❊♥❝r②♣t✐♦♥

❊♥❝r②♣t✐♦♥ ✐s ✉s❡❞ t♦ ♣r♦✈✐❞❡ ❝♦♥✜❞❡♥t✐❛❧✐t② ♦❢ t❤❡ ❞❛t❛✱ ❛♥❞ ♠♦st ♦❢ t❤♦s❡ ♣r♦t♦❝♦❧s
❛❧s♦ ❜r✐♥❣ s♦♠❡ ❧❡✈❡❧ ♦❢ ✐♥t❡❣r✐t② ♣r♦t❡❝t✐♦♥ ❛♥❞ ❛✉t❤❡♥t✐❝❛t✐♦♥ t♦ t❤❡ ✉s❡rs✳ Pr♦t♦❝♦❧s
✉s✉❛❧❧② ❡♠♣❧♦② t❤❡ s❡❝r❡t ❦❡② ♠❡t❤♦❞ ♦❢ ❡♥❝r②♣t✐♦♥✱ s♦ t❤❡ ✜rst ♣❤❛s❡ ✐s t❤❡ ✐♥✐t✐❛❧
❤❛♥❞s❤❛❦❡✱ t❤❡ ❛✉t❤❡♥t✐❝❛t✐♦♥ ♦❢ ❛ ✉s❡r ❛♥❞ ❦❡② ❡①❝❤❛♥❣❡✳ ❋✐❣✿ ✸ s❤♦✇s ❡♥❝r②♣t✐♦♥
♣❤❛s❡s✳

❚❤❡ ♣r♦t♦❝♦❧s t❤❛t ❛r❡ ❣♦✐♥❣ t♦ ❜❡ ❞❡s❝r✐❜❡❞ ❛r❡✿ ■Ps❡❝ ❛♥❞ ❚▲❙✳

✷✳✷✳✶ ■♥t❡r♥❡t Pr♦t♦❝♦❧ ❙❡❝✉r✐t②

■♥t❡r♥❡t Pr♦t♦❝♦❧ ❙❡❝✉r✐t② ✭■Ps❡❝✮ ❬✹✷❪ ✐s ❛ ♣r♦t♦❝♦❧ t❤❛t ♣r♦✈✐❞❡s t❤❡ ❛✉t❤❡♥t✐❝❛t✐♦♥✱
❡♥❝r②♣t✐♦♥ ❛♥❞ ✐♥t❡❣r✐t② ♦❢ t❤❡ ❞❛t❛ ♦♥ t❤❡ ♥❡t✇♦r❦ ❧❛②❡r✳ ■t ♠♦st ❝♦♠♠♦♥❧② ❝♦♥s✐st
♦❢ t✇♦ ♣❤❛s❡s✱ t❤❡ ✐♥✐t✐❛t✐♦♥ ♣❤❛s❡✱ ❛♥❞ t❤❡ ❡♥❝r②♣t✐♦♥ ♣❤❛s❡✳ ■♥ t❤❡ ✐♥✐t✐❛❧ ❤❛♥❞s❤❛❦❡
♣❤❛s❡✱ t❤❡ ❛✉t❤❡♥t✐❝❛t✐♦♥ ❛♥❞ ❛ s❤❛r❡❞ s❡❝r❡t ❛r❡ ❡st❛❜❧✐s❤❡❞ ♦✈❡r ❯❉P ♣♦rt ✺✵✵✳
❚❤❡ ♠❛✐♥ ♣r♦t♦❝♦❧ ✉s❡❞ ❢♦r t❤❡ ✐♥✐t✐❛❧ ♣❤❛s❡ ❛❝t✐✈✐t✐❡s ✐s t❤❡ ■♥t❡r♥❡t ❑❡② ❊①❝❤❛♥❣❡
❱❡rs✐♦♥ ✷✭■❑❊✈✷✮ ❬✶✺❪✳ ■♥ t❤❡ s❡❝♦♥❞ ♣❤❛s❡ t❤❡ ❡♥❝r②♣t✐♦♥ ♦❢ t❤❡ ❞❛t❛ ❜❡❣✐♥s✳ ■Ps❡❝
✉s❡s ❊♥❝❛♣s✉❧❛t✐♥❣ ❙❡❝✉r✐t② P❛②❧♦❛❞✭❊❙P✮ t♦ ❛❞❞ ❤❡❛❞❡r ❛♥❞ tr❛✐❧❡r t♦ ❡❛❝❤
tr❛♥s❢❡rr❡❞ ♣❛❝❦❡t✱ ❛♥❞ ❡✈❡r②t❤✐♥❣ ✐♥ ❜❡t✇❡❡♥ ✐s ❡♥❝r②♣t❡❞✳ ❊❙P ✇♦r❦s ✐♥ ✷ ♠♦❞❡s✿
tr❛♥s♣♦rt ♠♦❞❡✱ ✇❤❡r❡ t❤❡ ♦r✐❣✐♥❛❧ ■P ❤❡❛❞❡r ✐s ♥♦t ❡♥❝r②♣t❡❞✱ ❛♥❞ t✉♥♥❡❧❧✐♥❣ ♠♦❞❡✱
✇❤❡r❡ t❤❡ ♦r✐❣✐♥❛❧ ❤❡❛❞❡r ✐s ❡♥❝r②♣t❡❞✱ ❛♥❞ ❛ ♥❡✇ ■P ❤❡❛❞❡r ✐s ❛❞❞❡❞✳

■t ✐s ✇♦rt❤ ♠❡♥t✐♦♥✐♥❣ t❤❛t t❤❡r❡ ✐s ❛❧s♦ t❤❡ ❆✉t❤❡♥t✐❝❛t✐♦♥ ❍❡❛❞❡r✭❆❍✮ ♣r♦t♦❝♦❧
✇❤✐❝❤ ✐s ✉s❡❞ ❢♦r ❛✉t❤❡♥t✐❝❛t✐♦♥ ✐♥ ■Ps❡❝✳ ❙✐♥❝❡ ❊❙P ❛❧s♦ ❝♦♥t❛✐♥s ❛✉t❤❡♥t✐❝❛t✐♦♥
❢❡❛t✉r❡✱ ❆❍ ✐s r❛r❡❧② ✉s❡❞✳

❚❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ■Ps❡❝ ✐s t❤❛t ✐t r❡q✉✐r❡s ♥♦ ❝❤❛♥❣❡ ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❧❡✈❡❧✱ ❜✉t
✐t ✐s ❧❡ss ✢❡①✐❜❧❡ ❢♦r ❛♣♣❧✐❝❛t✐♦♥s ✇❤✐❝❤ r❡q✉✐r❡ s♦♠❡ ❝♦♥♥❡❝t✐♦♥ ♦♥ ❚❈P ❧❡✈❡❧✳
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✷✳✷ ❚r❛✣❝ ❊♥❝r②♣t✐♦♥ ✷ ❇❆❈❑●❘❖❯◆❉

❋✐❣✉r❡ ✹✿ ■Ps❡❝ ✭❛✮tr❛♥s♣♦rt ♠♦❞❡✱ ✭❜✮ t✉♥♥❡❧ ♠♦❞❡

✷✳✷✳✷ ❚r❛♥s♣♦rt ▲❛②❡r ❙❡❝✉r✐t②

❚r❛♥s♣♦rt ▲❛②❡r ❙❡❝✉r✐t② ✭❚▲❙✮ ♣r♦✈✐❞❡s ❝♦♥✜❞❡♥t✐❛❧✐t②✱ ✐♥t❡❣r✐t②✱ ♥♦♥✲r❡♣✉❞✐❛t✐♦♥✱
r❡♣❧❛② ♣r♦t❡❝t✐♦♥ ❛♥❞ ❛✉t❤❡♥t✐❝❛t✐♦♥ ✇✐t❤ ❞✐❣✐t❛❧ s✐❣♥❛t✉r❡s✳ ■t ✐s ❜❛s❡❞ ♦♥ t❤❡ ❙❡❝✉r❡
❙♦❝❦❡t ▲❛②❡r ✈❡rs✐♦♥ ✸ ✭❙❙▲✈✸✮ ❛♥❞ ✐t ♣r♦✈✐❞❡s ❛ s❡❝✉r✐t② ❧❡✈❡❧ ♦♥ t♦♣ ♦❢ ❚❈P✳ ■t ✐s t❤❡
♠♦st ❝♦♠♠♦♥❧② ✉s❡❞ ♣r♦t♦❝♦❧ ✐♥ ♥❡t✇♦r❦ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ❡s♣❡❝✐❛❧❧② ✐♥ ❝♦♦♣❡r❛t✐♦♥
✇✐t❤ ❱P◆✱ ❱♦✐♣✱ ❍❚▼▲✱ ❋❚P✱ ❡t❝

❋✐❣✉r❡ ✺✿ ❚r❛♥s♣♦rt ▲❛②❡r ❙❡❝✉r✐t② ♣❛❝❦❡t ❢♦r♠❛t

❚❤❡ ✜rst ♣❤❛s❡ ❝♦♥s✐sts ♦❢ t❤❡ ❚▲❙ ❤❛♥❞s❤❛❦❡✱ ✐♥ ✇❤✐❝❤ t❤❡ ❛✉t❤❡♥t✐❝❛t✐♦♥ t❛❦❡s
♣❧❛❝❡✱ ❛♥❞ ❡♥❝r②♣t✐♦♥ ❛♥❞ t❤❡ s❡ss✐♦♥ ❦❡② ❛r❡ ❡st❛❜❧✐s❤❡❞✳ ❚❤❡ ❡♥❝r②♣t✐♦♥ st❛rts ✇❤❡♥
t❤❡ ❝✐♣❤❡r s✉✐t❡ ✐s ♥❡❣♦t✐❛t❡❞ ❛♥❞ t❤❡ ✉s❡r ❛✉t❤❡♥t✐❝❛t❡❞✳ ❆❢t❡r t❤❡ ❡♥❝r②♣t✐♥❣ ♣r♦✲
❝❡ss✱ ♠❡ss❛❣❡ ❛✉t❤❡♥t✐❝❛t✐♦♥ ❝♦❞❡ ✭▼❆❈✮ ✐s ❛❞❞❡❞ t♦ ♣r♦✈✐❞❡ ❞❛t❛ ✐♥t❡❣r✐t② ♣r♦t❡❝t✐♦♥✳

▼❛✐♥ ❛❞✈❛♥t❛❣❡✱ t❤❛t ✐s ✐♠♣♦rt❛♥t ❢♦r ♦✉r r❡s❡❛r❝❤ ✐s t❤❛t ✐♥ ❚▲❙ t❤❡ ❚❈P ❤❡❛❞❡r ✐s
♥♦t ❡♥❝r②♣t❡❞✱ ✇❤✐❧❡ ✐♥ ■Ps❡❝ t❤❡ ❤❡❛❞❡r ✐s ❡♥❝r②♣t❡❞✳
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❋✐❣✉r❡ ✻✿ ❚▲❙ ✐♥✐t✐❛❧ ❤❛♥❞s❤❛❦❡ ✲ ♣r♦❝❡ss ♦❢ ❡st❛❜❧✐s❤✐♥❣ t❤❡ ❚▲❙ ❡♥❝r②♣t✐♦♥✳ ■♥ t❤❡
✜rst ♣❤❛s❡✱ ❚❈P ❤❛♥❞s❤❛❦❡ ✐s ❡st❛❜❧✐s❤❡❞✱ t❤❡♥ t❤❡ ✈❡rs✐♦♥ ♦❢ ❚▲❙ ✐s ❡①❝❤❛♥❣❡❞ ❛♥❞
❝✐♣❤❡rs✉✐t❡ ♥❡❣♦t✐❛t❡❞✳ ❆❢t❡r ❝✐♣❤❡rs✉✐t❡ ♥❡❣♦t✐❛t✐♦♥✱ t❤❡ ❦❡② ♣❛r❛♠❡t❡rs ❛r❡ ❡①❝❤❛♥❣❡❞✱
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✷✳✸ ◆❡t✇♦r❦ ❚r❛✣❝ ❈❧❛ss✐✜❝❛t✐♦♥ ✷ ❇❆❈❑●❘❖❯◆❉

✷✳✸ ◆❡t✇♦r❦ ❚r❛✣❝ ❈❧❛ss✐✜❝❛t✐♦♥

◆❡t✇♦r❦ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥ ♣❧❛②s ❛ ❝r✉❝✐❛❧ r♦❧❡ ✐♥ ♥❡t✇♦r❦ ♣❧❛♥♥✐♥❣✱ ♥❡t✇♦r❦ ♠❛♥❛❣❡✲
♠❡♥t✱ ♥❡t✇♦r❦ s❡❝✉r✐t②✱ ♥❡t✇♦r❦ ✢♦✇✱ ❡t❝✳ ■♥ t❤❡ ❧❛st ❞❡❝❛❞❡✱ t❤❡ ❛♠♦✉♥t ♦❢ ❡♥❝r②♣t❡❞
tr❛✣❝ ❤❛s ✐♥❝r❡❛s❡❞ r❛♣✐❞❧②✳ ▼♦r❡ ❛♥❞ ♠♦r❡ ❜✉s✐♥❡ss❡s ❛r❡ ♠♦✈✐♥❣ t❤❡✐r s❡r✈✐❝❡s
♦♥✲❧✐♥❡ ❛♥❞ ✉s❡rs ❛r❡ ❜❡❝♦♠✐♥❣ ❛✇❛r❡ ♦❢ ♥❡t✇♦r❦ s❡❝✉r✐t② t❤r❡❛ts✳ ❈♦♠♣✉t❛t✐♦♥❛❧
♣♦✇❡r ♦❢ ♠♦❞❡r♥ ❞❡✈✐❝❡s ✐s ♠✉❝❤ ❤✐❣❤❡r✱ ✇❤✐❝❤ ❜r✐♥❣s ♠♦r❡ ✉s❡rs ❛♥❞ ❛♣♣❧✐❝❛✲
t✐♦♥s t♦ ✉s❡ ❡♥❝r②♣t✐♦♥ ❛s ❛ s❡❝✉r✐t② ♠❡❛s✉r❡✳ ❚❤❡r❡ ❤❛s ❜❡❡♥ ❛ s✐❣♥✐✜❝❛♥t r✐s❡ ♦❢
❡♥❝r②♣t❡❞ ❞❛t❛ ✐♥ ♠♦❞❡r♥ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ ✐t ✐s ❡✈✐❞❡♥t t❤❛t t❤❡ tr❡♥❞ ✇✐❧❧ ❝♦♥t✐♥✉❡✳

❊♥❝r②♣t❡❞ tr❛✣❝ ❡①♣❡r✐❡♥❝❡s t❤❡ ❣r♦✇t❤ ♦❢ ✾✵✪ ❡✈❡r② ②❡❛r ❛♥❞ t❤❡r❡ ❛r❡ ♣r❡❞✐❝t✐♦♥s
t❤❛t ✐♥ ✷✵✶✾ ❛r♦✉♥❞ ✽✵✪ ♦❢ ✇❡❜ tr❛✣❝ ✇✐❧❧ ❜❡ ❡♥❝r②♣t❡❞✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ✷✵✶✺ ✇❤❡♥
t❤❡r❡ ✇❛s ♦♥❧② ✷✵✪ ♦❢ t❤❡ tr❛✣❝ ❡♥❝r②♣t✐♦♥✱ ✇❡ ✇♦✉❧❞ ❛❣r❡❡ t❤❛t t❤❡ ❡♥❝r②♣t✐♦♥
❡①♣❡r✐❡♥❝❡s ❛ ❜✐❣ ❣r♦✇t❤ ❛♥❞ ✐t ❤❛s t❡♥❞❡♥❝② t♦ ❝♦♥t✐♥✉❡ ❣r♦✇✐♥❣✳ ❉✉❡ t♦ ❛♥ ✐♥❝r❡❛s✐♥❣
r✐s❡ ♦❢ ❡♥❝r②♣t❡❞ tr❛✣❝✱ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥ ✐s ❣r❛❞✉❛❧❧② ❜❡❝♦♠✐♥❣ ♠♦r❡ ❞✐✣❝✉❧t✳ ❬✶✽❪

❈❤❛❧❧❡♥❣❡s ✇❤✐❝❤ ❛r❡ ✐♥tr♦❞✉❝❡❞ t♦ t❤❡ ♥❡t✇♦r❦ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥ ❛r❡ ♥✉♠❡r♦✉s✳
❚❤❡r❡ ❛r❡ ❞✐✣❝✉❧t✐❡s t♦ ✐❞❡♥t✐❢② r❡❛❧✲t✐♠❡ ❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s P✷P✱ ❱♦✐♣✱ ♦♥❧✐♥❡ ✈✐❞❡♦
✐♥ ♦r❞❡r t♦ ❢✉❧✜❧❧ t❤❡ ◗♦❙ r❡q✉✐r❡♠❡♥ts✳ ❆♥♦t❤❡r ❝❤❛❧❧❡♥❣❡ ✇♦✉❧❞ ❜❡ t♦ r❡❝♦❣♥✐③❡
❛♥❞ ❞✐✛❡r❡♥t✐❛t❡ ❜❡t✇❡❡♥ ♠❛❧✐❝✐♦✉s tr❛✣❝ ❛♥❞ t❤❡ r❡❣✉❧❛r ♥❡t✇♦r❦ tr❛✣❝✳ ◆♦✇❛❞❛②s✱
♠❛❧✐❝✐♦✉s tr❛✣❝ ✐s ✉s✉❛❧❧② ❡♥❝r②♣t❡❞✱ ✇❤✐❝❤ ❤❡❧♣s ✐t ❣❡t t❤r♦✉❣❤ t❤❡ ✜r❡✇❛❧❧ ❛♥❞
■❉❙ s②st❡♠ ✉♥❞❡t❡❝t❡❞✳ ❋♦r t❤♦s❡ r❡❛s♦♥s✱ t❤❡r❡ ✐s ❛ ♥❡❝❡ss✐t② ❢♦r ❛❝❝✉r❛t❡ tr❛✣❝
❝❧❛ss✐✜❝❛t✐♦♥ ✐♥ ♦r❞❡r t♦ ❛♣♣❧② s♦♠❡ r❡str✐❝t✐♦♥s ❛♥❞ ❜❧♦❝❦❛❣❡ ♦❢ ✉♥✇❛♥t❡❞ ❛♣♣❧✐❝❛t✐♦♥
❛♥❞ s❡r✈✐❝❡s ♦♥ t❤❡ ✜r❡✇❛❧❧✳

■♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❞✐✣❝✉❧t② ✇❤✐❝❤ ❝♦♠❡s ✇✐t❤ ❡♥❝r②♣t❡❞ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✱
✇❡ ♥❡❡❞ t♦ ❞✐✈❡ ❞❡❡♣❧② ✐♥t♦ t❤❡ ✇❡❧❧✲❦♥♦✇♥ ❝❧❛ss✐✜❝❛t✐♦♥ t❡❝❤♥♦❧♦❣✐❡s✳ ◆❡t✇♦r❦ ❚r❛✣❝
❈❧❛ss✐✜❝❛t✐♦♥ ✐s ❜❛s❡❞ ♦♥ ❞✐✛❡r❡♥t ❢❡❛t✉r❡s ♦❢ tr❛✣❝✳ ❚❤❡ ❢❡❛t✉r❡s ❝❤❛♥❣❡ ✇✐t❤ ❡♥❝r②♣✲
t✐♦♥ ✐♥ ✈❛r✐♦✉s ✇❛②s✿ ♥❛♠❡❧② ❝♦♥t❡♥t ✐s ♠♦✈✐♥❣ ❢r♦♠ ♣❧❛✐♥t❡①t t♦ ❝✐♣❤❡rt❡①t✱ st❛t✐st✐❝s
❛r❡ ❜❡❝♦♠✐♥❣ ♠♦r❡ r❛♥❞♦♠✱ ❛♥❞ st❛t✐st✐❝❛❧ ♣r♦♣❡rt✐❡s ♦♥ ♣❛❝❦❡t ❛♥❞ ✢♦✇ ❧❡✈❡❧ ❝❤❛♥❣❡s✳
❬✶✻❪
❚❤❡ ♣♦rt✲❜❛s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ r❡❧❛②s ♦♥ t❤❡ ❢❛❝t t❤❛t ♠♦st ❛♣♣❧✐❝❛t✐♦♥s ❤❛✈❡ ❛ ❦♥♦✇♥
❚❈P ♦r ❯❉P ♣♦rt✱ ❛ss✐❣♥❡❞ ❜② ■❆◆❆✳ ❬✸✵❪ ❚❤✐s r❡♣r❡s❡♥ts t❤❡ s✐♠♣❧❡st ♠❡t❤♦❞✱ ✇❤✐❝❤
r❡q✉✐r❡s ❚❈P✴❯❉P ♣♦rt ♥✉♠❜❡r ❢r♦♠ tr❛♥s♣♦rt ❤❡❛❞❡r t♦ ❝♦♠♣❛r❡ ✇✐t❤ ♣♦rt ♥✉♠❜❡r
✐♥ ■❆◆❆ ❞❛t❛❜❛s❡✳ ◆♦✇❛❞❛②s✱ ✐t ✐s ♥♦t r❡❝♦♠♠❡♥❞❡❞ t♦ ✉s❡ t❤✐s ♠❡t❤♦❞ ❜❡❝❛✉s❡
♦❢ ❛ ✈❛r✐❡t② ♦❢ r❡❛s♦♥s✳ ❋✐rst ♦❢ ❛❧❧✱ s♦♠❡ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ✉s✐♥❣ r❛♥❞♦♠ ♦r ❞②♥❛♠✐❝
♣♦rt ♥✉♠❜❡rs✳ ❙❡❝♦♥❞❧②✱ ✐t ✐s ❡❛s② t♦ s♣♦♦❢ t❤❡ ♣♦rt ♥✉♠❜❡r ❛♥❞ t♦ ❞✐s❣✉✐s❡ ✉♥❞❡r
❦♥♦✇♥ ❛♣♣❧✐❝❛t✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡r❡ ❛r❡ ❛♣♣❧✐❝❛t✐♦♥s t❤❛t ❞♦ ♥♦t ❤❛✈❡ t❤❡ ♥✉♠✲
❜❡r ✐♥ t❤❡ ■❆◆❆ ❞❛t❛❜❛s❡ ②❡t✳ ❋✐♥❛❧❧②✱ ❞✉❡ t♦ ❡♥❝r②♣t✐♦♥✱ ♣♦rt ♥✉♠❜❡r ❝♦✉❧❞ ❜❡ ❤✐❞❞❡♥✳

❚❤❡ ♣❛②❧♦❛❞✲❜❛s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ♠❡t❤♦❞ ✐s ❛❧s♦ ❦♥♦✇♥ ❛s ❉❡❡♣ P❛❝❦❡t ■♥s♣❡❝✲

✶✸

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✷✳✸ ◆❡t✇♦r❦ ❚r❛✣❝ ❈❧❛ss✐✜❝❛t✐♦♥ ✷ ❇❆❈❑●❘❖❯◆❉

t✐♦♥✭❉P■✮ ❛♥❞ ✐t ✐s ❜❛s❡❞ ♦♥ ❛❧r❡❛❞② ❦♥♦✇♥ ❛tt❛❝❦ s✐❣♥❛t✉r❡s ❛♥❞ ♣❛tt❡r♥s✳ ■t ❛♥❛❧②s❡s
t❤❡ ♣❛②❧♦❛❞ ♦❢ ❛ ♣❛❝❦❡t ❛♥❞ ❝♦♠♣❛r❡s t❤❡ ✐♥❢♦r♠❛t✐♦♥ r❡tr✐❡✈❡❞ ✇✐t❤ t❤❡ ❞❛t❛❜❛s❡
♦❢ tr❛✣❝ s✐❣♥❛t✉r❡s✳ ❚❤✐s ✐s ❛ ♠♦r❡ ❡✣❝✐❡♥t ✇❛② ♦❢ ❝❧❛ss✐✜❝❛t✐♦♥ ♠❡t❤♦❞ ✐♥ t❡r♠s ♦❢
❛❝❝✉r❛❝②✱ ❜✉t ✐t ✐s ❝♦♠♣✉t❛t✐♦♥❛❧❧② ✈❡r② ❡①♣❡♥s✐✈❡ ❛♥❞ ❛❧s♦ ♥♦t r❡❧✐❛❜❧❡✳ ❚❤❡ r❡❛s♦♥s
❢♦r ✉♥r❡❧✐❛❜✐❧✐t② ❛r❡✿ s♦♠❡ ♦❢ t❤❡ s✐❣♥❛t✉r❡s ❛r❡ ♥♦t ❦♥♦✇♥✱ ❡♥❝r②♣t✐♥❣ t❤❡ ♣❛②❧♦❛❞
♠❛❦❡s t❤✐s ♠❡t❤♦❞ ✈❡r② ❞✐✣❝✉❧t ❛♥❞✱ ♠♦st ✐♠♣♦rt❛♥t❧②✱ ✐t ✈✐♦❧❛t❡s t❤❡ ♣r✐✈❛❝② ♣r✐♥❝✐♣❧❡✳

❚❤❡ st❛t✐st✐❝❛❧ ❝❧❛ss✐✜❝❛t✐♦♥ ✐s ❜❛s❡❞ ♦♥ st❛t✐st✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ tr❛✣❝✱ ❛s
✇❡❧❧ ❛s ♦♥ t❤❡ ♣❛❝❦❡t ❧❡✈❡❧ ❛♥❞ ✢♦✇ ❧❡✈❡❧✳ ❉✐✛❡r❡♥t ❢❡❛t✉r❡s ❛r❡ ✉s❡❞ ✐♥ t❤✐s ♠❡t❤♦❞✱
st❛rt✐♥❣ ✇✐t❤ ♣❛❝❦❡t ❧❡♥❣t❤✱ ✐♥t❡r✲❛rr✐✈❛❧ t✐♠❡✱ ❞✐r❡❝t✐♦♥✱ ❡t❝✳✱ ❛s ✇❡❧❧ ❛s ♠♦r❡ s♣❡❝✐✜❝
♣❛❝❦❡t ❝♦✉♥t✱ ✢♦✇ ❞✉r❛t✐♦♥✱ ♣❛❝❦❡t r❛t✐♦✱❡t❝✳ ❆❢t❡r t❤❡ ❡♥❝r②♣t✐♦♥✱ st❛t✐st✐❝❛❧ ❢❡❛t✉r❡s
❞♦ ❝❤❛♥❣❡✱ ❜✉t t❤❡r❡ ❛r❡ ♦t❤❡r ✭✉♥❡♥❝r②♣t❡❞✮ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ tr❛✣❝ t❤❛t ❝❛♥ r❡✈❡❛❧
✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ ✇❤✐❝❤ ♠❛❦❡s t❤✐s ♠❡t❤♦❞ ✈❡r② ✉s❡❢✉❧ ✐♥ ♠♦❞❡r♥
tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥ ❛♥❞ ♠♦r❡ s✉✐t❛❜❧❡ ❢♦r ♦✉r r❡s❡❛r❝❤✳

❚❤❡ ❜❡❤❛✈✐♦✉r✲❜❛s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ♦r ❤♦st✲❜❛s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ❛♥❛❧②s❡s ❞✐✛❡r✲
❡♥t ❛♣♣❧✐❝❛t✐♦♥ tr❛✣❝ ❜❛s❡❞ ♦♥ ❤♦st ❜❡❤❛✈✐♦r✳ ■t ❛♥❛❧②s❡s ❞✐✛❡r❡♥t ❝♦♥♥❡❝t✐♦♥ ♣❛tt❡r♥s
❛♥❞ ❛tt❡♠♣ts t♦ ❝❧❛ss✐❢② t❤❡ tr❛✣❝ ✐♥t♦ ❞✐✛❡r❡♥t ❝❧❛ss❡s✳ ❚❤✐s ♠❡t❤♦❞ ✐s r❛r❡❧② ✉s❡❞
s✐♥❝❡ ✐t ❣✐✈❡s ✈❡r② r♦✉❣❤ r❡s✉❧ts✱ ❛♥❞ t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ✐s ✐♠♣♦ss✐❜❧❡ ✐♥ t❤❡ ❝❛s❡ ♦❢
❡♥❝r②♣t✐♦♥ ❛♥❞ t❤❡ ✉s❛❣❡ ♦❢ ◆❆❚✳

✷✳✸✳✶ ❋❧♦✇✲❜❛s❡❞ ❈❧❛ss✐✜❝❛t✐♦♥

✧❆ ✢♦✇ ✐s ❛ s❡q✉❡♥❝❡ ♦❢ ♣❛❝❦❡ts s❡♥t ❢r♦♠ ❛ ♣❛rt✐❝✉❧❛r s♦✉r❝❡ t♦ ❛ ♣❛rt✐❝✉❧❛r ✉♥✐❝❛st✱
❛♥②❝❛st ♦r ♠✉❧t✐❝❛st ❞❡st✐♥❛t✐♦♥ t❤❛t t❤❡ s♦✉r❝❡ ❞❡s✐r❡s t♦ ❧❛❜❡❧ ❛s ❛ ✢♦✇✳ ❆ ✢♦✇
❝♦✉❧❞ ❝♦♥s✐st ♦❢ ❛❧❧ ♣❛❝❦❡ts ✐♥ ❛ s♣❡❝✐✜❝ tr❛♥s♣♦rt ❝♦♥♥❡❝t✐♦♥ ♦r ❛ ♠❡❞✐❛ str❡❛♠✳✧ ❬✷✾❪

■♥ ♦t❤❡r ✇♦r❞s✱ ❛ ✢♦✇ ✐s ❛ s❡t ♦❢ ♣❛❝❦❡ts ✇✐t❤ s♦♠❡ ❝♦♠♠♦♥ ♣r♦♣❡rt✐❡s ✇❤✐❝❤ ❛r❡
♣❛ss✐♥❣ ❛♥ ♦❜s❡r✈❡❞ ♣♦✐♥t ✐♥ s♦♠❡ t✐♠❡ ♣❡r✐♦❞✳ Pr♦♣❡rt✐❡s ❛r❡ ✈❛r②✐♥❣ ❜❛s❡❞ ♦♥ t❤❡
✐♥t❡♥❞❡❞ ✉s❡ ❛♥❞ ❝♦✉❧❞ ❜❡ ❜❛s❡❞ ♦♥ ♣❛❝❦❡t ❤❡❛❞❡r ✭s♦✉r❝❡ ■P✱ ❞❡st✐♥❛t✐♦♥ ■P✱ P♦rt
◆✉♠❜❡rs✱❡t❝✳✮✱ ♣❛❝❦❡t ❝❤❛r❛❝t❡r✐st✐❝s ✭♠♣❧s ❧❛❜❡❧✱ ✢❛❣✱ ❚❚▲✱❡t❝✳✮ ❛♥❞ ♣❛❝❦❡t tr❡❛t♠❡♥t
✭♥❡①t ❤♦♣✱ ✐♥t❡r❢❛❝❡✱❡t❝✳✮✳ ❬✷✽❪
❆ ✢♦✇ ✐s✱ tr❛❞✐t✐♦♥❛❧❧② r❡♣r❡s❡♥t❡❞ ❜② ❛ ✺✲t✉♣❧❡✿

❼ ❙♦✉r❝❡ ■P

❼ ❉❡st✐♥❛t✐♦♥ ■P

❼ ❙♦✉r❝❡ P♦rt

❼ ❉❡st✐♥❛t✐♦♥ P♦rt

❼ ❚r❛♥s♣♦rt Pr♦t♦❝♦❧
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✷✳✸ ◆❡t✇♦r❦ ❚r❛✣❝ ❈❧❛ss✐✜❝❛t✐♦♥ ✷ ❇❆❈❑●❘❖❯◆❉

❉✉❡ t♦ ❞✐✛❡r❡♥t ♥❡t✇♦r❦ ❛♥❞ ❡♥❝r②♣t✐♦♥ r❡q✉✐r❡♠❡♥ts✱ s♦♠❡ ❢❡❛t✉r❡s ♠❛② ♥♦t ❜❡
❛✈❛✐❧❛❜❧❡ s♦ ✐t ♦❢t❡♥ ✉s❡s ❢❡✇❡r ♣❛r❛♠❡t❡rs t❤❛♥ ✉s✉❛❧✳

❚❤❡ ✢♦✇ ❤❛s ✐ts ♦r✐❣✐♥ ✐♥ ❝✐r❝✉✐t✲s✇✐t❝❤ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ■♥ t❤✐s t②♣❡ ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥
t❤❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ❤♦sts ✐s ❡st❛❜❧✐s❤❡❞ ♦✈❡r ❞❡❞✐❝❛t❡❞ r❡s♦✉r❝❡s✱ ❛♥❞ ✐t ✐s ♥♦t
❞✐✣❝✉❧t t♦ ❞❡✜♥❡ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ ❝♦♥♥❡❝t✐♦♥✳ ■♥ t❤❡ ♣❛❝❦❡t✲s✇✐t❝❤ ❝♦♠♠✉♥✐❝❛t✐♦♥✱
t❤❡ s✐t✉❛t✐♦♥ ✐s ❛ ❜✐t ❞✐✛❡r❡♥t✳ ❆ ♠❡ss❛❣❡ ✐s ❢r❛❣♠❡♥t❡❞ ❛♥❞ s❡♥t t❤♦r♦✉❣❤ t❤❡ s❛♠❡
❝♦♠♠✉♥✐❝❛t✐♦♥ r❡s♦✉r❝❡✱ s♦✱ ♦♥ t❤❡ r❡❝❡♣t✐♦♥ s✐❞❡✱ ✇❡ ❤❛✈❡ ❞✐✛❡r❡♥t ♣❛❝❦❡ts ❢r♦♠
❞✐✛❡r❡♥t s♦✉r❝❡s✱ ❛♥❞ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❞❡✜♥❡ ❛ s❡t ♦❢ ♣❛r❛♠❡t❡r t♦ ✐❞❡♥t✐❢② t❤❡
❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ ✉s❡rs✳ ❉❡st✐♥❛t✐♦♥ ❛♥❞ ❙♦✉r❝❡ ■P ❛r❡ ✉s❡❞ ❢♦r ❞❡✜♥✐♥❣ t❤❡ ❡♥❞
✉s❡rs✱ P♦rts ❛r❡ ✉s❡❞ t♦ ✐❞❡♥t✐❢② t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ✐t ✐s ❛❧s♦ ✐♠♣♦rt❛♥t t♦ ✐❞❡♥t✐❢②
tr❛♥s♣♦rt ♣r♦t♦❝♦❧✳

❆♥♦t❤❡r ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r ✐s t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ✢♦✇✱ s✐♥❝❡ ♠♦st ❝♦♥♥❡❝t✐♦♥s
❜❡t✇❡❡♥ t✇♦ ✉s❡rs ❛r❡ ❜✐❞✐r❡❝t✐♦♥❛❧✳ ▼❛♥② ❞✐✛❡r❡♥t ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ ♣r♦t♦❝♦❧s ❤❛✈❡
♣r❡❞❡t❡r♠✐♥❡❞ s❝❡♥❛r✐♦s ♦❢ ❡①❝❤❛♥❣✐♥❣ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s❡♥❞❡r ❛♥❞ t❤❡
r❡❝❡✐✈❡r✳ ❚❤✐s ♠❡❛♥s t❤❛t ❡✈❡♥ ✇❤❡♥ ✐t ❝♦♠❡s t♦ ❡♥❝r②♣t❡❞ tr❛✣❝✱ ✇❡ ❝❛♥ ♣r❡❞✐❝t
✇❤✐❝❤ ❛♣♣❧✐❝❛t✐♦♥ ❧✐❡s ❜❡❤✐♥❞ ✐t✱ ♦♥ t❤❡ ❜❛s✐s ♦❢ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ tr❛✣❝✳ ❆ ❣♦♦❞ ❡①❛♠♣❧❡
❢♦r t❤✐s ✇♦✉❧❞ ❜❡ t❤❡ ✐♥✐t✐❛❧ ❤❛♥❞s❤❛❦❡✳

❆s✐❞❡ ❢r♦♠ ❞✐r❡❝t✐♦♥ ❛♥❞ t❤❡ ♠❛✐♥ ✺✲t✉♣❧❡ ♣❛r❛♠❡t❡rs✱ ✐t ❛♣♣❡❛r❡❞ t♦ ✉s t❤❛t t❤❡r❡
❛r❡ s♦♠❡ st❛t✐st✐❝❛❧ ♣❛r❛♠❡t❡rs ✐♥ tr❛✣❝ ✢♦✇ ✇❤✐❝❤ ❛r❡ ✉♥✐q✉❡ ❢♦r s♣❡❝✐✜❝ ♣r♦t♦❝♦❧s
❛♥❞ s❡r✈✐❝❡s✱ ❛♥❞ ❡✈❡♥ ✐♥ ❡♥❝r②♣t❡❞ ❞❛t❛✱ ✐t s❤♦✇ ❛ str♦♥❣ ❝♦rr❡❧❛t✐♦♥ ✇✐t❤ t❤❡ ♦r✐❣✐♥❛❧
❞❛t❛✳ ❙♦♠❡ ♦❢ t❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ ♣❛❝❦❡t ❧❡♥❣t❤✱ ✐♥t❡r✲❛rr✐✈❛❧ t✐♠❡✱ ❚❚▲✱ ❡t❝✳ ❚❤❡
s❛♠❡ ♣r✐♥❝✐♣❧❡ ❛♣♣❧✐❡s t♦ s❡❝✉r✐t② ❛tt❛❝❦s✳ ▼♦st ♦❢ t❤❡ ❛tt❛❝❦s ❤❛s ❛ ✇❡❧❧✲❞❡✜♥❡❞
♣❛tt❡r♥ ♦❢ ♣❛❝❦❡ts ✇✐t❤ s♣❡❝✐✜❝ ❧❡♥❣t❤ ✇❤✐❝❤ ❛r❡ ❝♦♠✐♥❣ ✐♥ s♣❡❝✐✜❝ t✐♠❡ ❛♥❞ ❛r❡ ❣♦✐♥❣
✐♥ ✇❡❧❧✲❞❡✜♥❡❞ ❞✐r❡❝t✐♦♥✳ ❚❤✐s ✐s ✈❡r② ✉s❡❢✉❧ ❢♦r t❤❡ ♠❛❧✐❝✐♦✉s tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✱ ✇✐t❤
t❤❡ ❤❡❧♣ ♦❢ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❛❧❣♦r✐t❤♠s✳ ❲✐t❤ ❛ ♣r♦♣❡r st❛t✐st✐❝❛❧ ♠❡t❤♦❞ ❛♥❞ ❛ ❜✐❣
❞❛t❛ s❡t✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡✈❡❧♦♣ ❛ ♠♦❞❡❧ ✇❤✐❝❤ ✐s ❛❜❧❡ t♦ ❝❧❛ss✐❢② ♠❛❧✐❝✐♦✉s tr❛✣❝
❜❛s❡❞ ♦♥ ✐ts st❛t✐st✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ❛♥❞ ✇❡❧❧✲❞❡✜♥❡❞ ♣❛tt❡r♥s✱ ❛♥❞ ✇✐t❤ ❤✐❣❤ ❛❝❝✉r❛❝②✳

■♥ ❢♦❧❧♦✇✐♥❣ ✜❣✉r❡s✱ t❤❡ ❛tt❛❝❦ ♣❛tt❡r♥s ❛r❡ ♣r❡s❡♥t❡❞✳ ❚❤♦s❡ ♣❛tt❡r♥s ❛r❡ ❡①tr❛❝t❡❞
❢r♦♠ ✉s❡❞ ❞❛t❛ s❡t✱ ❛♥❞ ♣❧♦ts ❛r❡ ♠❛❞❡ ❜❛s❡❞ ♦♥ t❤r❡❡ ❞❛t❛ s❡t ❢❡❛t✉r❡s✿ ♣❛❝❦❡t ❧❡♥❣t❤✱
♣❛❝❦❡t ❞✐r❡❝t✐♦♥ ❛♥❞ ♣❛❝❦❡t ✐♥t❡r✲❛rr✐✈❛❧ t✐♠❡✳ ❆❧❧ ❛tt❛❝❦s ✐♥ t❤❡ s❛♠❡ ❛tt❛❝❦ ❢❛♠✐❧②
❤❛✈❡ t❤❡ ❡q✉✐✈❛❧❡♥t ❛tt❛❝❦ ♣❛tt❡r♥s✳
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❉✉❡ t♦ t❤❡ ❢❛st ❞❡✈❡❧♦♣✐♥❣ t❡❝❤♥♦❧♦❣✐❡s✱ s✉❝❤ ❛s ❝♦♠♣✉t❡rs✱ ♠♦❜✐❧❡ ♣❤♦♥❡s✱ t❤❡
■♥t❡r♥❡t✱ ❡t❝✳✱ t❤❡ ❛♠♦✉♥t ♦❢ ❞❛t❛ t❤❛t ✇❡ ❝r❡❛t❡ ✐s ❣r♦✇✐♥❣ r❛♣✐❞❧② ❡✈❡r② ❞❛②✳
❊✈❡r②t❤✐♥❣ t❤❛t ✇❡ ❞♦ t♦❞❛② ❧❡❛✈❡s ❛ ❞✐❣✐t❛❧ ❢♦♦t♣r✐♥t✱ ✇❤❡t❤❡r ✐t ✐s ✉s✐♥❣ t❤❡ ●P❙ t♦
✜♥❞ ❛ ❧♦❝❛t✐♦♥✱ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤ ♦✉r ❢r✐❡♥❞s✱ ♦r ✐♥t❡r❛❝t✐♦♥s ♦♥ s♦❝✐❛❧ ♠❡❞✐❛✳
❖♥ t♦♣ ♦❢ t❤✐s✱ ✐♥❞✉str✐❛❧ ♠❛❝❤✐♥❡s ❛r❡ ❣❡♥❡r❛t✐♥❣ ❤✉❣❡ ❛♠♦✉♥ts ♦❢ ❞❛t❛✳ ❇✐❣ ❞❛t❛
❣❡♥❡r❛t✐♦♥ ❤❛s ❜r♦✉❣❤t t❤❡ ♥❡❝❡ss✐t② ♦❢ t❤❡ ❢❛st ❛♥❞ ♣r❡❝✐s❡ ❞❛t❛ ♣r♦❝❡ss✐♥❣✱ ❛♥❞ t❤❡
s♦❧✉t✐♦♥ ❝❛♠❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣✱ ✇❤✐❝❤ ✐s ♣❛rt ♦❢ t❤❡ ❛❧r❡❛❞② ❞❡✈❡❧♦♣❡❞
❛rt✐✜❝✐❛❧ ✐♥t❡❧❧✐❣❡♥❝❡✳

❲❡ ❝❛♥ ❞❡s❝r✐❜❡ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ q✉♦t❡✿ ✧ ❆ ❝♦♠♣✉t❡r ♣r♦❣r❛♠ ✐s
s❛✐❞ t♦ ❧❡❛r♥ ❢r♦♠ ❡①♣❡r✐❡♥❝❡ E ✇✐t❤ r❡s♣❡❝t t♦ s♦♠❡ ❝❧❛ss ♦❢ t❛s❦s T ❛♥❞ ♣❡r❢♦r♠❛♥❝❡
♠❡❛s✉r❡ P ✐❢ ✐ts ♣❡r❢♦r♠❛♥❝❡ ❛t t❛s❦s ✐♥ T ✱ ❛s ♠❡❛s✉r❡❞ ❜② P ✱ ✐♠♣r♦✈❡s ✇✐t❤ ❡①♣❡r✐❡♥❝❡
E✳✧ ❬✸✻❪
■♥ ♦t❤❡r ✇♦r❞s✱ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ✐s ❛ s❡t ♦❢ ♠❛❝❤✐♥❡s ♦r ❞❡✈✐❝❡s ✇❤✐❝❤ ❤❛✈❡ ❛❝❝❡ss t♦
❛ ❜✐❣ ❛♠♦✉♥t ♦❢ ❞❛t❛✱ ❛♥❞ ✇❤✐❝❤ ❛r❡ ❛❜❧❡ t♦ ❧❡❛r♥ ❢r♦♠ t❤✐s ❞❛t❛ ✐♥ s♦♠❡ ♣r♦❣r❛♠♠❡❞
♠❛♥♥❡r✳
❆ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❛❧❣♦r✐t❤♠ ❝❛♥ ♣❡r❢♦r♠ ❞✐✛❡r❡♥t t❛s❦s ❬✷✸❪✳ ❙♦♠❡ ♦❢ t❤❡♠ ❛r❡✿

❼ ❈❧❛ss✐✜❝❛t✐♦♥✿ t❤❡ ♣r♦❝❡ss ♦❢ ❛ss✐❣♥✐♥❣ ❞✐✛❡r❡♥t ✐♥♣✉t xi t♦ ❞✐✛❡r❡♥t ❝❧❛ss❡s k✳
❚❤❡ ❛❧❣♦r✐t❤♠ ♣r♦❞✉❝❡s t❤❡ ❢✉♥❝t✐♦♥ f : Rn → {1....k} ❛♥❞ ✇❤❡♥ ♦♥ ♦✉t♣✉t
y = f(x)✱ t❤❡ ✐♥♣✉t xi ✐s ❛ss✐❣♥❡❞ t♦ ❝❧❛ss k✳

❼ ❘❡❣r❡ss✐♦♥✿ t❤❡ ♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ ♦✉t♣✉t ❢♦r t❤❡ ❣✐✈❡♥ ✐♥♣✉t✳ ❚♦ s♦❧✈❡ t❤✐s✱ t❤❡
❛❧❣♦r✐t❤♠ ♣r♦❞✉❝❡s t❤❡ ❢✉♥❝t✐♦♥ f : Rn → R

❼ ❚r❛♥s❝r✐♣t✐♦♥✿ t❤❡ ♣r♦❝❡ss ♦❢ ♦❜s❡r✈✐♥❣ ❛ r❡❧❛t✐✈❡❧② ✉♥tr✉st❡❞ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢
❞❛t❛ ✐♥ ♦r❞❡r t♦ tr❛♥s❝r✐❜❡ t❤❡ ❞❛t❛ ✐♥ t❡①t✉❛❧ ❢♦r♠❛t✳

❼ ▼❛❝❤✐♥❡ ❚r❛♥s❧❛t✐♦♥✿ ❝♦♥✈❡rts ❛ s❡q✉❡♥❝❡ ♦❢ s②♠❜♦❧s ✐♥ ♦♥❡ ❧❛♥❣✉❛❣❡ ✐♥t♦ ❛
s❡q✉❡♥❝❡ ♦❢ s②♠❜♦❧s ✐♥ ❛♥♦t❤❡r ❧❛♥❣✉❛❣❡✳

❼ ❆♥♦♠❛❧② ❉❡t❡❝t✐♦♥✿ t❤❡ ♣r♦❝❡ss ♦❢ ❣♦✐♥❣ t❤r♦✉❣❤ s♦♠❡ ❞❛t❛ ❛♥❞ tr②✐♥❣ t♦ ✜♥❞
❛♥ ✉♥✉s✉❛❧ ♦r ❛t②♣✐❝❛❧ ❜❡❤❛✈✐♦r✳

❋r♦♠ t❤❡ ❧❡❛r♥✐♥❣ ♣♦✐♥t ♦❢ ✈✐❡✇✱ t✇♦ ♠❛✐♥ t❡❝❤♥✐q✉❡s ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ✉♥s✉♣❡r✲
✈✐s❡❞ ❛♥❞ s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣✳

❯♥s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ✉s❡s ❞❛t❛ s❛♠♣❧❡s ✇✐t❤ ♠❛♥② ❢❡❛t✉r❡s ✐♥ ♦r❞❡r t♦ ❧❡❛r♥ ❛♥❞
✐♥❢❡r ❛ str✉❝t✉r❡ ❢r♦♠ t❤❡ ❞❛t❛✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ♣r❛❝t✐❝❛❧❧② ♦❜s❡r✈❡s ♠❛♥② s❛♠♣❧❡s ♦❢ ❛
r❛♥❞♦♠ ✈❡❝t♦r X ❛♥❞ ❧❡❛r♥s t❤❡ ♣r♦❜❛❜✐❧✐t② ❞✐str✐❜✉t✐♦♥ p(X) ♦r s♦♠❡ ♦t❤❡r ♣r♦♣❡rt②
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♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥✳

❙✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ✉s❡s ❧❛❜❡❧❡❞ ❞❛t❛ s❛♠♣❧❡s ❛♥❞ ♦❜s❡r✈❡s ❞✐✛❡r❡♥t ❢❡❛t✉r❡s ♦❢ ❞❛t❛
❛♥❞ ❧❛❜❡❧s ✐♥ ♦r❞❡r t♦ ❧❡❛r♥✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ ❛❧❣♦r✐t❤♠ ♦❜s❡r✈❡s ♠❛♥② s❛♠♣❧❡s ♦❢
t❤❡ r❛♥❞♦♠ ✈❡❝t♦r X ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ ❧❛❜❡❧s Y ❛♥❞ ❧❡❛r♥s ❛❝❝♦r❞✐♥❣ t♦ ❝♦♥❞✐t✐♦♥❛❧
♣r♦❜❛❜✐❧✐t② p(X|Y )✳

❙❡♠✐✲s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ✐s ❛ ❝❛t❡❣♦r② ✇❤✐❝❤ ✐s ✐♥✲❜❡t✇❡❡♥ t❤❡ s✉♣❡r✈✐s❡❞ ❛♥❞
✉♥s✉♣❡r✈✐s❡❞ ❞❛t❛✳ ■t ✉s❡s ❛ s♠❛❧❧ ♣♦rt✐♦♥ ♦❢ ❧❛❜❡❧❡❞ ❞❛t❛ ❛♥❞ ❛ ❜✐❣❣❡r ♣♦rt✐♦♥ ♦❢
✉♥❧❛❜❡❧❡❞ ❞❛t❛ ✐♥ t❤❡ tr❛✐♥✐♥❣ ♣r♦❝❡ss✳ ❚❤✐s ✇❛② t❤❡ ❛❧❣♦r✐t❤♠ ✐s ❛❜❧❡ t♦ ♣r♦❞✉❝❡
❜❡tt❡r ❛❝❝✉r❛❝② t❤❡♥ ❜② ✉s✐♥❣ ✉♥s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣✳

❘❡✐♥❢♦r❝❡♠❡♥t ❧❡❛r♥✐♥❣ ✐s ❛ ❞✐✛❡r❡♥t ❝❛t❡❣♦r② ♦❢ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ✇❤✐❝❤ ✐s ❜❛s❡❞ ♦♥
t❤❡ tr✐❛❧ ❛♥❞ ❡rr♦r✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ✐♥t❡r❛❝ts ✇✐t❤ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ ❧❡❛r♥s t❤❡ ✐❞❡❛❧
❜❡❤❛✈✐♦r t❤r♦✉❣❤ ♣r♦❞✉❝✐♥❣ ❛♥ ❛❝t✐♦♥ ❛♥❞ ❞✐s❝♦✈❡r✐♥❣ ❡rr♦r ♦r r❡✇❛r❞✳

✷✳✹✳✶ ❉❡❡♣ ▲❡❛r♥✐♥❣

❉❡❡♣ ❧❡❛r♥✐♥❣ ✐s ❛ s✉❜❝❛t❡❣♦r② ♦❢ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❜❛s❡❞ ♦♥ t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛♥❞
t❤❡ ❝♦♥❝❡♣t✉❛❧ ❜r❛✐♥ ♠♦❞❡❧✳ ❚❤✐s ❝♦♥❝❡♣t ✇❛s ♣r❡s❡♥t❡❞ ❜② ▼❝❈✉❧❧♦❝❤ ✐♥ ❬✸✹❪ ❢♦r ♠♦r❡
t❤❛♥ ✼✵ ②❡❛rs ❛❣♦✱ ❜✉t ❞✉❡ t♦ t❤❡ ❧✐♠✐t❛t✐♦♥s ♦❢ t❡❝❤♥♦❧♦❣②✱ ✐t ❞✐❞ ♥♦t ❤❛✈❡ ❛♥② ♣r❛❝t✐❝❛❧
❛♣♣❧✐❝❛t✐♦♥ ✉♣ t♦ r❡❝❡♥t❧②✳

◆❡✉r❛❧ ◆❡t✇♦r❦

❚❤❡ ❜r❛✐♥ ✉s❡s ♠✐❧❧✐♦♥ ♥❡✉r♦♥s str✉❝t✉r❡❞ ✐♥ ❤✐❡r❛r❝❤✐❝❛❧ ♥❡t✇♦r❦s ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t❡❞
✈✐❛ ❛①♦♥s✱ ✇❤✐❝❤ ❛r❡ tr❛♥s♣♦rt✐♥❣ t❤❡ ❡❧❡❝tr♦♥✐❝ s✐❣♥❛❧s ❝❛❧❧❡❞ s②♥❛♣s❡s ❢r♦♠ ♦♥❡ ♥❡✉r♦♥
t♦ ❛♥♦t❤❡r✳
❚❤❡ s❛♠❡ ❝♦♥❝❡♣t ✐s r❡♣r❡s❡♥t❡❞ ❜② t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦✳ ■t ❝♦♥t❛✐♥s s❡✈❡r❛❧ ❧❛②❡rs ✇✐t❤
❛ ♥✉♠❜❡r ♦❢ ♥❡✉r♦♥s✳ ❆ ♥❡t✇♦r❦ ♥❡✉r♦♥ ❤❛s ❛ s✐♠✐❧❛r str✉❝t✉r❡ ❛s ❛ ❜✐♦❧♦❣✐❝❛❧ ♥❡✉r♦♥✳
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❋✐❣✉r❡ ✶✹✿ ◆❡✉r♦♥

❊✈❡r② ♥❡✉r♦♥ ✐s ❢❡❞ ✇✐t❤ t❤❡ ✐♥♣✉t ❞❛t❛ x1, x2, .....xn✳ ❊❛❝❤ ✐♥♣✉t ❞❛t❛ ✐s ♠✉❧t✐♣❧✐❡❞
✇✐t❤ ✇❡✐❣❤ts w1, w2, ...wn ❛♥❞ s✉♠♠❡❞ ❛❧❧ t♦❣❡t❤❡r✳ ❚❤❡ ❜✐❛s b ✐s ❛❞❞❡❞ t♦ t❤❡ s✉♠
♦❢ t❤❡ ✇❡✐❣❤t❡❞ ✐♥♣✉t ❞❛t❛ ❛♥❞ ♦♥ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ♥❡✉r♦♥ ✇❡ ❤❛✈❡✿

z = (
n

∑

i=1

wixi) + b ✭✶✮

❖✉t♣✉t z ✐s ♣❛ss❡❞ t❤r♦✉❣❤ t❤❡ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥✱ ❛♥❞ ✐♥ t❤❡ ❡♥❞ ✇❡ ❤❛✈❡✿

ŷ = f((
n

∑

i=1

wixi) + b) ✭✷✮

❲❡✐❣❤ts ❛♥❞ ❜✐❛s❡s ❛r❡ ♣❧❛②✐♥❣ ❛ ❝r✉❝✐❛❧ r♦❧❡ ✐♥ s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣✳ ❚❤❡② ❛r❡ r❛♥❞♦♠
♥✉♠❜❡rs ✇❤✐❝❤ ❛r❡ ❛❞❥✉st❡❞ ❞✉r✐♥❣ t❤❡ tr❛✐♥✐♥❣ ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ t❤❡ ❡rr♦r ❜❡t✇❡❡♥
t❤❡ ♣r❡❞✐❝t❡❞ ✈❛❧✉❡s ❛♥❞ r❡❛❧ ❞❛t❛✳ ❚❤✐s ♣r♦❝❡ss ✐s ❝❛❧❧❡❞ ❜❛❝❦♣r♦♣❛❣❛t✐♦♥✱ ✇❤✐❝❤ ✇❡
❛r❡ ❣♦✐♥❣ t♦ ❡①♣❧❛✐♥ ✐♥ ♠♦r❡ ❞❡t❛✐❧s✳
❆♥♦t❤❡r ✈❡r② ✐♠♣♦rt❛♥t ♣❛rt ✐s t❤❡ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥✳ ❚❤❡ ♠❛✐♥ r❡s♣♦♥s✐❜✐❧✐t②
♦❢ t❤❡ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥ ✐s t♦ ❞❡❝✐❞❡ ✇❤✐❝❤ ✐♥❢♦r♠❛t✐♦♥ ✐s ✐♠♣♦rt❛♥t ❢♦r ❧❡❛r♥✐♥❣
❛♥❞ ✉♣ t♦ ✇❤❛t ❡①t❡♥t✳ ❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥ ✐s ✉s❡❞ ❛s t❤❡ ✐♥♣✉t
♦❢ ❛♥♦t❤❡r ❧❛②❡r✱ s♦ ❛ ❝❛r❡❢✉❧❧② ❝❤♦s❡♥ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥ ❝♦✉❧❞ ❝❤❛♥❣❡ t❤❡ ❛❝❝✉r❛❝②
♦❢ ♦✉r ❧❡❛r♥✐♥❣ ♠♦❞❡❧✳ ■♥ ♦r❞❡r t♦ ❜❡ ❛❜❧❡ t♦ ❧❡❛r♥ ❝♦♠♣❧❡① ♠♦❞❡❧s✱ t❤❡ ❛❝t✐✈❛t✐♦♥
❢✉♥❝t✐♦♥ ♥❡❡❞s t♦ ❜❡ ♥♦♥✲❧✐♥❡❛r✳

❉✐✛❡r❡♥t ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥s t❤❛t ❛r❡ ✉s✉❛❧❧② ✉s❡❞ ✐♥ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❛r❡✿

✷✵

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✷✳✹ ▼❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ✷ ❇❆❈❑●❘❖❯◆❉

❼ s✐❣♠♦✐❞ ✲ s♠♦♦t❤ ❢✉♥❝t✐♦♥ ❛♥❞
❝♦♥t✐♥✉♦✉s❧② ❞✐✛❡r❡♥t✐❛❜❧❡✱ ♥♦♥✲❧✐♥❡❛r
❢✉♥❝t✐♦♥✳ ❱❛❧✉❡s ❛r❡ ❜❡t✇❡❡♥ ✵ ❛♥❞
✶ ❛♥❞ ✐t ❤❛s ❛ S s❤❛♣❡✳ ❇❛❝❦♣r♦♣✲
❛❣❛t✐♦♥ ✐s ♣♦ss✐❜❧❡ ❜✉t ✐t ✐s ♥♦t s♦
♣♦♣✉❧❛r ❜❡❝❛✉s❡ ♦❢ ✿ t❤❡ ✈❛♥✐s❤✐♥❣
❣r❛❞✐❡♥t ♣r♦❜❧❡♠✱ ♦✉t♣✉t ♥♦t ③❡r♦
❝❡♥t❡r❡❞✭❤❛r❞ t♦ ♦♣t✐♠✐③❡✮✱ s✐❣♠♦✐❞
s❛t✉r❛t❡ ❛♥❞ ❦✐❧❧ ❣r❛❞✐❡♥t✱ s❧♦✇ ❝♦♥✲
✈❡r❣❡♥❝❡✳

f(x) =
1

1 + e−x
✭✸✮ ❋✐❣✉r❡ ✶✺✿ ❙✐❣♠♦✐❞ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥

❼ ❤②♣❡r❜♦❧✐❝ t❛♥❣❡♥t ✲ s❝❛❧❡❞ ✈❡r✲
s✐♦♥ ♦❢ s✐❣♠♦✐❞✳ ❱❛❧✉❡s ❜❡t✇❡❡♥ ✲✶
❛♥❞ ✶✱ ✇❤✐❝❤ ♦✉t♣✉ts ③❡r♦ ❝❡♥t❡r❡❞
✈❛❧✉❡s✳◆♦♥✲❧✐♥❡❛r ❢✉♥❝t✐♦♥ ❛♥❞ ❡rr♦r
❛r❡ ❡❛s✐❧② ❜❛❝❦♣r♦♣❛❣❛t❡❞✳

✭✹✮

f(x) = 2sigmoid(2x)−1 = 2
1+e−2x −1

❋✐❣✉r❡ ✶✻✿ ❚❛♥❤ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥
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❼ r❡❝t✐✜❡❞ ❧✐♥❡❛r ✉♥✐t✭❘❡▲❯✮ ✲
♥♦♥✲❧✐♥❡❛r ❢✉♥❝t✐♦♥ ✇❤✐❝❤ ♠❛❦❡s ❡rr♦r
♣r♦♣❛❣❛t✐♦♥ ❡❛s②✱ ❛♥❞ ✐t ❤❛s ♠✉❧t✐♣❧❡
❧❛②❡rs ♦❢ ♥❡✉r♦♥s ❜❡✐♥❣ ❛❝t✐✈❛t❡❞✳ ■t
✐♠♣r♦✈❡s t❤❡ ❝♦♥✈❡r❣❡♥❝❡ ❜② ✻ t✐♠❡s
❛♥❞ ✐t ❛✈♦✐❞s ❛♥❞ r❡❝t✐✜❡s t❤❡ ✈❛♥✐s❤✐♥❣
❣r❛❞✐❡♥t✳ ◆♦✇❛❞❛②s✱ t❤✐s ❢✉♥❝t✐♦♥ ✐s
t❤❡ ♦♥❡ ♦❢ t❤❡ ♠♦st ❡♠♣❧♦②❡❞ ♦♥❡s✱
❜✉t ✐t ❝❛♥ ♦♥❧② ❜❡ ✉s❡❞ ✐♥ ❤✐❞❞❡♥ ❧❛②❡rs✳

f(x) = max(0, x) ✭✺✮ ❋✐❣✉r❡ ✶✼✿ ❘❡▲❯ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥

❼ s♦❢t♠❛① ✲ ❛ t②♣❡ ♦❢ s✐❣♠♦✐❞ ❢✉♥❝✲
t✐♦♥s✱ ✉s❡❞ ✐♥ ❝❧❛ss✐✜❝❛t✐♦♥ t♦ ♦✉t♣✉t
t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ ❝❧❛ss✳ ❚❤❡ ♦✉t✲
♣✉t ♦❢ t❤❡ s✐❣♠♦✐❞ ❧❛②❡r ✐s ♣r♦❜❛❜✐❧✐t②
❜❡t✇❡❡♥ ✵ ❛♥❞ ✶ ❞✐✈✐❞❡❞ ❜② t❤❡ s✉♠ ♦❢
❛❧❧ ♦✉t♣✉ts✳

f(xi) =
exi

∑J

j=0 e
xj

✭✻✮

✱ i = 1...J
❋✐❣✉r❡ ✶✽✿ ❙♦❢t♠❛① ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥

❚❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ✐s r❡♣r❡s❡♥t❡❞ ❜② ♠❛♥② ❝♦♥♥❡❝t❡❞ ♥❡✉r♦♥s ❣r♦✉♣❡❞ ✐♥ ❧❛②❡rs✳ ❲❡
❝❛♥ s❡❡ t❤❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ♦♥ t❤❡ ✜❣✉r❡ ✶✾
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❋✐❣✉r❡ ✶✾✿ ◆❡✉r❛❧ ◆❡t✇♦r❦ ❬✹✵❪

❊✈❡r② ♥❡✉r❛❧ ♥❡t✇♦r❦ ❤❛s ♠❛♥② ❧❛②❡rs✱ ❛♥❞ t❤❡② ❛r❡ ❞✐✈✐❞❡❞ ✐♥t♦ ❣r♦✉♣s ♦❢ ✸ ❧❛②❡rs✿
■♥♣✉t ❧❛②❡rs ✭❧❡❢t♠♦st✱❜❧✉❡✮✱ ❍✐❞❞❡♥ ❧❛②❡rs ✭♠✐❞❞❧❡✱ ♦r❛♥❣❡✮✱ ❖✉t♣✉t ❧❛②❡rs ✭r✐❣❤t✲
♠♦st✱ r❡❞✮✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ ❤❛✈❡ ♠♦r❡ t❤❛♥ ♦♥❡ ❤✐❞❞❡♥ ❧❛②❡r ❛♥❞ t❤❡② ❛r❡ ❝♦♥♥❡❝t❡❞
t♦ ❡❛❝❤ ♦t❤❡r✱ s♦ t❤❛t t❤❡ ♦✉t♣✉t ♦❢ ❛ ♣r❡✈✐♦✉s ❧❛②❡r ✐s t❤❡ ✐♥♣✉t ♦❢ t❤❡ ❝✉rr❡♥t ❧❛②❡r✳
■♥ t❤❡ ❡①❛♠♣❧❡ ♦♥ t❤❡ ❋✐❣ ✶✾✱ ✇❡ ❤❛✈❡ x1, x2, .....xn ✇❤✐❝❤ ❛r❡ ♣❛ss❡❞ t♦ t❤❡ ❤✐❞❞❡♥
❧❛②❡r✳ ❚❤❡ ❧❛②❡rs ❛r❡ ❞❡♥♦t❡❞ ❛s Ll ❛♥❞ ❢♦r t❤✐s ❡①❛♠♣❧❡ l = 1✳ ❊❛❝❤ ✐♥♣✉t ❞❛t❛ xi

✐s ❝♦♥♥❡❝t❡❞ t♦ ❡❛❝❤ ♥❡✉r♦♥ ✐♥ t❤❡ ❤✐❞❞❡♥ ❧❛②❡r L1✱ ❛♥❞ ❡❛❝❤ ❞❛t❛ ✐s ✇❡✐❣❤t❡❞ ✇✐t❤
xl
i,j ❛♥❞ s✉♠♠❡❞ ✇✐t❤ t❤❡ ❜✐❛s bi✳ ❚❤❡ ♦✉t♣✉t ✐s ♣❛ss❡❞ t❤r♦✉❣❤ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥

♦❢ ❧❛②❡r l✱ al✱ ❛♥❞ ✐♥ t❤❡ ❡♥❞ ✇❡ ❤❛✈❡✿

a
(2)
1 = f(z

(2)
1 ) = f(w

(1)
1,1x1 + w

(1)
1,2x2 + w

(1)
1,3x3 + ...+ w

(1)
1,nxn + b

(1)
1 )

a
(2)
2 = f(z

(2)
2 ) = f(w

(1)
2,1x1 + w

(1)
2,2x2 + w

(1)
2,3x3 + ...+ w

(1)
2,nxn + b

(2)
2 )

a
(2)
3 = f(z

(2)
3 ) = f(w

(1)
3,1x1 + w

(1)
3,2x2 + w

(1)
3,3x3 + ...+ w

(1)
3,nxn + b

(3)
3 )

.

.

.

a(2)n = f(z(2)n ) = f(w
(1)
n,1x1 + w

(1)
n,2x2 + w

(1)
n,3x3 + ...+ w(1)

n,nxn + b(n)n )

✭✼✮

ŷ(x) = a(3) = f(w
(2)
1,1a

(2)
1 + w

(2)
1,2a

(2)
2 + w

(1)
1,3a

(2)
3 + ...+ w

(2)
1,na

(2)
n + b(3)) ✭✽✮
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❲❡ ❝❛♥ r❡♣r❡s❡♥t t❤❡ ♦✉t♣✉t ✐♥ t❤❡ ✈❡❝t♦r✲♠❛tr✐① ❢♦r♠✿

■♥♣✉t ❞❛t❛✿ X1×n =
[

x1 x2 x3 ... xn

]T

❲❡✐❣❤ts ✿W l×n













w1,1 w1,2 w1,3 ... w1,n

w2,1 w2,2 w3,3 ... w2,n

w3,1 w3,2 w3,3 ... w3,n

...

wn,1 wn,2 wn,3 ... wn,n













❜✐❛s✿ B1×n =
[

b1 b2 b3 ... bn
]T

❆❝t✐✈❛t✐♦♥✿ A1×l =
[

a1 a2 a3 ... al
]T

◆❡✉r♦♥ ♦✉t♣✉t✿ Z1×l =
[

z1 z2 z3 ... zl
]T

❲❡ ❝❛♥ ✇r✐t❡ ✐♥ ♠♦r❡ ❝♦♥✈❡♥✐❡♥t ✈❡❝t♦r ❢♦r♠✿

a(2) = f(z(2)) = f(W (1)X +B(1)) ✭✾✮

ŷ(x) = a(3) = f(z(3)) = f(W (2)X2 +B(2)) ✭✶✵✮

❛♥❞ ❛❝t✐✈❛t✐♦♥ ❢♦r ♥❡①t ❧❛②❡r✿

al+1 = f(z(l+1)) = f(W (l)A(l) +B(l)) ✭✶✶✮

❚❤❡ ♠❛tr✐① r❡♣r❡s❡♥t❛t✐♦♥ ❛❧❧♦✇s t♦ ✉s❡ ❧✐♥❡❛r ❛❧❣❡❜r❛ ♦♣❡r❛t✐♦♥s✱ ✇❤✐❝❤ ♠❛❦❡s t❤❡
❝❛❧❝✉❧❛t✐♦♥ ♠✉❝❤ ❢❛st❡r✳
❚❤❡ ❝❛❧❝✉❧❛t✐♦♥ ❝♦rr❡s♣♦♥❞ t♦ ❢❡❡❞❢♦r✇❛r❞ ♥❡t✇♦r❦s ♦r t❤❡ ❢♦r✇❛r❞ ♣❛ss✳ ■♥ ♦r❞❡r t♦
♦♣t✐♠✐③❡ ♦✉r ♥❡t✇♦r❦ ❛♥❞ t♦ ❜❡ ❛❜❧❡ t♦ ♣❡r❢♦r♠ ❧❡❛r♥✐♥❣✱ ✇❡ ♥❡❡❞ t♦ ❜❛❝❦♣r♦♣❛❣❛t❡
t❤❡ ❡rr♦r ❛♥❞ t♦ ❛❞❥✉st t❤❡ ✇❡✐❣❤ts ❛♥❞ ❜✐❛s❡s✳

❇❛❝❦♣r♦♣❛❣❛t✐♦♥ ❛❧❣♦r✐t❤♠

❆s ❛❧r❡❛❞② ❡①♣❧❛✐♥❡❞✱ ❢♦r s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ✇❡ ♥❡❡❞ t♦ ♣r♦✈✐❞❡ t❤❡ ✐♥♣✉t ❞❛t❛✿ X =
[

x1 x2 x3 ... xn

]T
✱ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❧❛❜❡❧ ♣❛✐rs✿ Y =

[

y1 y2 y3 ... yn
]T

●r❛❞✐❡♥t ❞❡s❝❡♥t ✐s ✉s✉❛❧❧② ✉s❡❞ ❢♦r tr❛✐♥✐♥❣ t❤❡ ♥❡t✇♦r❦✳
●r❛❞✐❡♥t ❞❡s❝❡♥t ✐s ❛♥ ✐t❡r❛t✐✈❡ ❛❧❣♦r✐t❤♠ ✇❤✐❝❤ ✐s ✉s❡❞ t♦ ✜♥❞ t❤❡ ♠✐♥✐♠✉♠ ♦❢ ❛
❢✉♥❝t✐♦♥✳ ■t st❛rts ✇✐t❤ ❛ r❛♥❞♦♠ ♣♦✐♥t ♦♥ t❤❡ ❣r❛♣❤ ❛♥❞ t❛❦❡s ♣r♦♣♦rt✐♦♥❛❧ st❡♣s ✐♥
t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ♥❡❣❛t✐✈❡ ❣r❛❞✐❡♥t t♦ ✜♥❞ t❤❡ ❧♦❝❛❧ ♠✐♥✐♠✉♠ ♦❢ t❤❡ ❣r❛♣❤✳ ❚❤✐s
❜❛s✐❝❛❧❧② ♠❡❛♥s t❤❡ ❢♦❧❧♦✇✐♥❣✿ ✐❢ ✇❡ ❤❛✈❡ ❛ ❢✉♥❝t✐♦♥ F (x) ✇❤✐❝❤ ✐s ❞✐✛❡r❡♥t✐❛❜❧❡ ✐♥
♥❡✐❣❤❜♦r❤♦♦❞ ♦❢ a✱ t❤❡ ❢✉♥❝t✐♦♥ ❞❡❝r❡❛s❡s ❢❛st❡r ✐❢ ✇❡ ♠♦✈❡ ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢−∆F (a)✳

an+1 = an − α∆F (an) ✭✶✷✮

✷✹
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■♥ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ t❡r♠s✱ ❣r❛❞✐❡♥t ❞❡s❝❡♥t ✐s ❛♥ ♦♣t✐♠✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠ ✇❤✐❝❤ t❛❦❡s
s♠❛❧❧ st❡♣s✱ ✉s✉❛❧❧② ❞❡✜♥❡❞ ❜② t❤❡ ❧❡❛r♥✐♥❣ r❛t❡ t♦ ♠✐♥✐♠✐③❡ t❤❡ ❝♦st✳
❋♦r ♠✐♥✐♠✐③✐♥❣ t❤❡ ❝♦st✱ ✇❡ ♦❢t❡♥ ✉s❡ ♠❡❛♥ sq✉❛r❡ ❡rr♦r ❝♦st ❢✉♥❝t✐♦♥ ❬✹✵❪

J(W, b) = [
1

m

n
∑

i=1

(ŷ(x(i))− y(i))] +
λ

2

l
∑

i=1

sl
∑

i=1

sl+1
∑

i=1

(W
(l)
i,j )

2 ✭✶✸✮

❚❤❡ ✜rst t❡r♠ ♦❢ ❡q✉❛t✐♦♥ r❡♣r❡s❡♥ts ❛♥ ❛✈❡r❛❣❡ sq✉❛r❡ ❡rr♦r ❛♥❞ t❤❡ s❡❝♦♥❞ t❡r♠ ✐s
✉s❡❞ ❢♦r r❡❣✉❧❛r✐③❛t✐♦♥✱ ✇❤✐❝❤ t❡♥❞s t♦ ❞❡❝r❡❛s❡ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ✇❡✐❣❤ts ✐♥ ♦r❞❡r t♦
♣r❡✈❡♥t ♦✈❡r✜tt✐♥❣✳
❋✐rst❧②✱ ✇❡ ✐♥✐t❛❧✐③❡ W

(l)
i,j ❛♥❞ b

(l)
i ✱ ✇✐t❤ ❛ r❛♥❞♦♠ ✈❛❧✉❡ ♥❡❛r ✵✱ ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡

t❤❡ ❝♦st✳ ■t ✐s ✐♠♣♦rt❛♥t t❤❛t t❤❡ ♥✉♠❜❡r ✐s r❛♥❞♦♠✱ s♦ t❤❛t ❡✈❡r② ❧❛②❡r ❝❛♥ ❧❡❛r♥
✐♥❞❡♣❡♥❞❡♥t ❢✉♥❝t✐♦♥s✱ ✐♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ ♥♦♥✲❧✐♥❡❛r✐t②✳ ❖✉r ♠❛✐♥ ❣♦❛❧ ✐s t♦ ♠✐♥✐♠✐③❡
t❤❡ ❝♦st ❢✉♥❝t✐♦♥ J(W, b) ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ W ❛♥❞ b✳ ❖♥❡ ✐t❡r❛t✐♦♥✱ ✉s❡❞ t♦ ❛❞❥✉st
♣❛r❛♠❡t❡rs✱ ✐s st❛t❡❞ ❜❡❧♦✇✿

W
(l)
i,j = W

(l)
i,j − α

∂

∂W
(l)
i,j

J(W, b)) ✭✶✹✮

b
(l)
i = b

(l)
i − α

∂

∂b
(l)
i

J(W, b)) ✭✶✺✮

■♥ ❣❡♥❡r❛❧✱ ❜❛❝❦♣r♦♣❛❣❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ t❤r♦✉❣❤ t❤❡ ❢♦❧❧♦✇✐♥❣ st❡♣s✿

✶✳ ❢♦r t❤❡ ✐♥♣✉t ♣❛✐rs (x, y)✱ ❛ ❢♦r✇❛r❞ ♣❛ss ✐s ♣❡r❢♦r♠❡❞ ❛♥❞ ✇❡ ❣❡t t❤❡ ♦✉t♣✉t
ŷ(x(i))

✷✳ ❢♦r ❡❛❝❤ ♦✉t♣✉t ✉♥✐t i✱ ✐♥ t❤❡ ❧❛②❡r l ✇❡ ❝❛❧❝✉❧❛t❡ ❡rr♦r δli

δli = (

Sl+1
∑

i=1

W
(l)
i,j δ

l+1
i )f ′(z

(l)
i ) ✭✶✻✮

✸✳ ❝♦♠♣✉t✐♥❣ t❤❡ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐♦♥ ♦❢ t❤❡ ❡rr♦r ✐♥ t❤❡ ❢✉♥❝t✐♦♥ ♦❢ ✇❡✐❣❤ts ❛♥❞ ❜✐❛s❡s✿

∂

∂W
(l)
i,j

J(W, b) = a
(l+1)
j δl+1

i ✭✶✼✮

∂

∂b
(l)
i

J(W, b) = a
(l+1)
j δl+1

i ✭✶✽✮

❖✈❡r❛❧❧✱ t❤❡ ✐t❡r❛t✐♦♥s ♦❢ ❣r❛❞✐❡♥t ❞❡s❝❡♥t ✐♥ t❤❡ ✈❡❝t♦r✲♠❛tr✐① ❢♦r♠ ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞
❛s ❢♦❧❧♦✇s✿

✷✺
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✶✳ s❡t W (l) = 0 ❛♥❞ B(l) = 0 ❢♦r ❛❧❧ l

✷✳ ♣❡r❢♦r♠ ✐t❡r❛t✐♦♥ ❢♦r m st❡♣s

✭❛✮ ✉s❡ ❜❛❝❦✇❛r❞♣r♦♣❛❣❛t✐♦♥ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❡rr♦r ❞❡r✐✈❛t✐♦♥✿

∆W (l)J(W, b) ❛♥❞ ∆b(l)J(W, b)

✭❜✮ s❡t✿
∆W (l) = ∆W (l) +∆W (l)J(W, b) ✭✶✾✮

✭❝✮ s❡t✿
∆b(l) = ∆b(l) +∆b(l)J(W, b) ✭✷✵✮

✸✳ ✉♣❞❛t❡ ✇❡✐❣❤ts ❛♥❞ ❜✐❛s❡s✿

W (l) = ∆W (l) − α[
1

m
(∆W (l)) + λW (l)] ✭✷✶✮

b(l) = ∆b(l) − α[
1

m
∆b(l) ] ✭✷✷✮

✷✳✹✳✷ ❘❡❝✉rr❡♥t ◆❡✉r❛❧ ◆❡t✇♦r❦ ❛♥❞ ▲❙❚▼

❆ r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❤✉♠❛♥ ♠❡♠♦r② ❛♥❞ t❤❡ ❜❛s✐❝ ♣r✐♥❝✐♣❧❡ ♦❢
✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❝♦♥t❡①t ♦❢ s♦♠❡t❤✐♥❣ t❤❛t ✇❡ r❡❛❞ ♦r ❤❡❛r✳ ❚❤✐s ♥❡t✇♦r❦ ❞✐✛❡rs
❢r♦♠ ♦t❤❡r ♥❡✉r❛❧ ♥❡t✇♦r❦s ✐♥ ♥❡✉r♦♥ str✉❝t✉r❡ ❜❡❝❛✉s❡ ❡❛❝❤ ♥❡✉r♦♥ ❤❛s ❛ ❧♦♦♣ ✇❤✐❝❤
❛❧❧♦✇s t❤❡ ✐♥❢♦r♠❛t✐♦♥ t♦ ♣❡rs✐st ❛♥❞ t♦ ❜❡ tr❛♥s❢❡rr❡❞ t♦ t❤❡ ♥❡①t st❡♣✳

❋✐❣✉r❡ ✷✵✿ ❘❡❝✉rr❡♥t ◆❡✉r❛❧ ◆❡t✇♦r❦ ❬✹✶❪
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❲❡ ❝❛♥ ✐♠❛❣✐♥❡ ❛ r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛s ♠✉❧t✐♣❧❡ ❝♦♣✐❡s ♦❢ ❛ s❛♠❡ ♥❡t✇♦r❦✱
❡❛❝❤ ♣❛ss✐♥❣ t❤❡ ✐♥❢♦r♠❛t✐♦♥ t♦ ❛♥♦t❤❡r✳ ❚❤✐s ❛♣♣r♦❛❝❤ ✐s ✈❡r② ✉s❡❢✉❧ ✐♥ ♣r♦❝❡ss✐♥❣
s❡q✉❡♥t✐❛❧ ❞❛t❛ ✇❤✐❝❤ r❡q✉✐r❡s s♦♠❡ ❝♦♥t❡①t✱ s✉❝❤ ❛s tr❛♥s❧❛t✐♦♥✱ s♣❡❡❝❤ r❡❝♦❣♥✐t✐♦♥✱
❧❛♥❣✉❛❣❡ ♠♦❞❡❧✐♥❣✱ ❡t❝✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ❛ ❝❧❛ss✐❝❛❧ ❘◆◆ ✐s ❛❜❧❡ t♦ ❤❛♥❞❧❡ ♦♥❧② ❛ s❤♦rt
t❡r♠ ❞❡♣❡♥❞❡♥❝②✳ ❚❤❡ ✐♥❢♦r♠❛t✐♦♥ t❤❛t ✐s ♣❛ss❡❞ t♦ ❛♥♦t❤❡r ❧❛②❡r✱ ❞♦❡s ♥♦t ❤❛✈❡ ♠✉❝❤
✐♥✢✉❡♥❝❡ ♦♥ ❧❡❛r♥✐♥❣ ❛❢t❡r ❢❡✇ st❡♣s✱ ❛♥❞ t❤❡ r❡❝❡♥t ✐♥❢♦r♠❛t✐♦♥ ❤❛s t❤❡ ♠♦st ✐♠♣❛❝t
♦♥ ❧❡❛r♥✐♥❣✳ ❬✶✸❪ ❚❤✐s ♣r♦❜❧❡♠ ✐s s♦❧✈❡❞ ❜② ❧♦♥❣✲s❤♦rt t❡r♠ ♠❡♠♦r② ❝❡❧❧s✳
▲❙❚▼ ❬✷✹❪ ❝❡❧❧s ❛r❡ ❛❜❧❡ t♦ ❤❛♥❞❧❡ ❛ ❧♦♥❣✲t❡r♠ ❞❡♣❡♥❞❡♥❝② ❜② r❡♠❡♠❜❡r✐♥❣ t❤❡
✐♥❢♦r♠❛t✐♦♥ ✇❤✐❝❤ ✐s ❡❛s② t♦ ❧❡❛r♥ ❛♥❞ ❢♦r❣❡t t❤❡ ❞✐✣❝✉❧t ♦♥❡✳ ▲❙❚▼ ❤❛✈❡ ❛ ❝❤❛✐♥
str✉❝t✉r❡✱ s✐♠✐❧❛r ❛s ❘◆◆✱ ❛♥❞ ❡❛❝❤ ❝❡❧❧ ✐♥ ❝❤❛✐♥ ❤❛s ❢♦✉r ♣❛rts✳

❋✐❣✉r❡ ✷✶✿ ▲♦♥❣✲s❤♦rt ❚❡r♠ ▼❡♠♦r② ❝❡❧❧ ❬✹✶❪ ✲ s❤♦✇s ✹ ❣❛t❡ str✉❝t✉r❡ ❞❡s❝r✐❜❡❞ ✐♥
❢♦❧❧♦✇✐♥❣ t❡①t

❚❤❡ ♠❛✐♥ ♣❛rt ♦❢ t❤❡ ▲❙❚▼ ✐s t❤❡ ❝❡❧❧ st❛t❡✳ ❚❤❡ ❝❡❧❧ st❛t❡ ✐s r✉♥♥✐♥❣ t❤r♦✉❣❤ t❤❡
❝❡❧❧ ❛♥❞ ✐t ✐s ✉♣❞❛t❡❞ ✇✐t❤ ♥❡✇ ✐♥❢♦r♠❛t✐♦♥ t❤r♦✉❣❤ ❛ str✉❝t✉r❡ ❝❛❧❧❡❞ ❣❛t❡s✳ ●❛t❡s
❛r❡ ✉s✐♥❣ sigmoid ❧❛②❡rs ♦r ❞✐✛❡r❡♥t ♠✉❧t✐♣❧✐❝❛t✐✈❡ ♦♣❡r❛t✐♦♥s ✐♥ ♦r❞❡r t♦ ❞❡❝✐❞❡ ✇❤✐❝❤
✐♥❢♦r♠❛t✐♦♥ ✐s ❣♦✐♥❣ t♦ ❜❡ ♣❛ss❡❞ t♦ t❤❡ ❝❡❧❧ st❛t❡✳
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❼ t❤❡ ✜rst ❧❛②❡r ✐s t❤❡ ❢♦r❣❡t ❣❛t❡ ❧❛②❡r ❛♥❞ ✐t ❞❡❝✐❞❡s ✇❤✐❝❤ ✐♥❢♦r♠❛t✐♦♥ s❤♦✉❧❞
❜❡ ❢♦r❣♦tt❡♥ ✳ ❚❤❡ ✐♥♣✉t xt ❛♥❞ ♦✉t♣✉t ♦❢ t❤❡ ❧❛st ❝❡❧❧ yt−1 ❛r❡ ♣❛ss✐♥❣ t❤r♦✉❣❤
sigmoid ❢✉♥❝t✐♦♥ ❛♥❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♦✉t♣✉t t❤❡ ❝❛❧❧ st❛t❡ ✇✐❧❧ ❜❡ ✉♣❞❛t❡❞✳

ft = σ(Wf [yt−1] + bf ) ✭✷✸✮

❼ t❤❡ s❡❝♦♥❞ ❧❛②❡r ❞❡❝✐❞❡s ✇❤✐❝❤ ✐♥❢♦r♠❛t✐♦♥ ✐s ❣♦✐♥❣ t♦ ✉♣❞❛t❡ t❤❡ ❝❡❧❧
st❛t❡ Ct−1✳ ❚❤❡ sigmoid ❧❛②❡r ✐s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ ✇❤✐❝❤ ✈❛❧✉❡ it ✐s ❣♦✐♥❣ t♦
❜❡ ✉♣❞❛t❡❞✱ ❛♥❞ t❤❡ tanh ❧❛②❡r ❞❡t❡r♠✐♥❡s t❤❡ ❝❛♥❞✐❞❛t❡ ✈❛❧✉❡ C̃t ❢♦r ❛♥ ✉♣❞❛t❡✳

it = σ(Wi[yt−1, xt] + bi) ✭✷✹✮

C̃t = tanh(WC [yt−1, xt] + bC) ✭✷✺✮

❼ t❤❡ t❤✐r❞ ❧❛②❡r ✉♣❞❛t❡s t❤❡ ♦❧❞ ❝❡❧❧ st❛t❡ Ct−1 ❜② ♠✉❧t✐♣❧②✐♥❣ ✐t ✇✐t❤ ft✱ ❛♥❞
❞❡❝✐❞✐♥❣ ✇❤❛t t♦ ❢♦r❣❡t✳ ❚❤❡♥ t❤❡ ♥❡✇ ❝❛♥❞✐❞❛t❡ ✈❛❧✉❡ it ∗ C̃t ✐s ❛❞❞❡❞

Ct = ft ∗ Ct−1 + it ∗ C̃t ✭✷✻✮

❼ t❤❡ ❢♦✉rt❤ ❧❛②❡r ❞❡❝✐❞❡s ✇❤❛t ❧❡❛❞s t♦ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❝❡❧❧ yt✳ ❈❡❧❧ st❛t❡ ✐s
♣❛ss✐♥❣ t❤r♦✉❣❤t❤❡ sigmoid ❧❛②❡r t♦ ❞❡❝✐❞❡ ✇❤✐❝❤ ♣❛rt ✐s ❣♦✐♥❣ t♦ t❤❡ ♦✉t♣✉t✳
❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❝❡❧❧ st❛t❡ Ct ✐s ♣❛ss❡❞ t❤r♦✉❣❤ t❤❡ tanh ❧❛②❡r ❛♥❞ ♠✉❧t✐♣❧✐❡❞
✇✐t❤ t❤❡ s✐❣♠♦✐❞ ❣❛t❡ ♦✉t♣✉t at ❛♥❞ t❤❡♥ ✇❡ ❣❡t t❤❡ ✜❧t❡r❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡
❝✉rr❡♥t ❝❡❧❧ st❛t❡✳

at = σ(Wa[yt−1, xt] + ba) ✭✷✼✮

yt = at ∗ tanh(Ct) ✭✷✽✮

❉✐✛❡r❡♥t ✈❛r✐❛t✐♦♥s ♦❢ ❛♥ ▲❙❚▼ ❛r❡ ♣r❡s❡♥t✳ ❚❤❡ ♦♥❡ t❤❛t ✇❡ ❛r❡ ❣♦✐♥❣ t♦ ✉s❡ ✐♥ t❤❡
❡①♣❡r✐♠❡♥t ✐s t❤❡ ❣❛t❡❞ r❡❝✉rr❡♥t ✉♥✐t✭●❘❯✮✳ ❬✶✼❪ ❚❤✐s ✐s ❛ s✐♠♣❧❡r ✈❡rs✐♦♥ ♦❢ ▲❙❚▼
✇❤✐❝❤ ❝♦♠❜✐♥❡s t❤❡ ❢♦r❣❡t ❛♥❞ ✉♣❞❛t❡ ❣❛t❡s ❛♥❞ ♠❡r❣❡s ❤✐❞❞❡♥ st❛t❡ ❛♥❞ ❝❡❧❧ st❛t❡✳

●❛t❡❞ ❘❡❝✉rr❡♥t ❯♥✐t

●❘❯ ❝♦♥s✐sts ♦❢ t✇♦ ❧❛②❡rs ❝❛❧❧❡❞✿ t❤❡ ✉♣❞❛t❡ ❣❛t❡ ❛♥❞ ❢♦r❣❡t ❣❛t❡✱ ❛♥❞ t❤❡② ❞❡❝✐❞❡
✇❤❛t ✐♥❢♦r♠❛t✐♦♥ ✇♦✉❧❞ ❜❡ ♣❛ss❡❞ t♦ ♦✉t♣✉t✳ ❙✐♠✐❧❛r ❛s ▲❙❚▼✱ t❤✐s str✉❝t✉r❡ ❛❧❧♦✇s
t❤❡ ✐♥❢♦r♠❛t✐♦♥ t♦ r❡♠❛✐♥ ✐♥ t❤❡ ❝❡❧❧ st❛t❡ ❛♥❞ t♦ ✐♥✢✉❡♥❝❡ ❧❡❛r♥✐♥❣ ❢♦r ❧♦♥❣❡r ♣❡r✐♦❞
♦❢ t✐♠❡✳ ❚❤✐s str✉❝t✉r❡ ✐s ✉s❡❞ t♦ s✉❝❝❡ss❢✉❧❧② ❝♦♠❜❛t t❤❡ ✈❛♥✐s❤✐♥❣ ❣r❛❞✐❡♥t✳
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❋✐❣✉r❡ ✷✷✿ ●❛t❡❞ ❘❡❝✉rr❡♥t ❯♥✐t ❬✹✶❪ ✲ s✐♠✐❧❛r str✉❝t✉r❡ ❛s t❤❡ ▲❙❚▼✱ ❞❡s❝r✐❜❡❞ ✐♥
❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤

❼ ✜rst❧②✱ ✇❡ ❞❡t❡r♠✐♥❡ ❤♦✇ ♠✉❝❤ ♦❢ t❤❡ ✐♥❢♦r♠❛t✐♦♥ s❤♦✉❧❞ ♣❛ss t♦ t❤❡ ♥❡①t st❡♣
❜② ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ✉♣❞❛t❡ ❣❛t❡ ❢♦r t✐♠❡ t✿

zt = σ(Wz[yt−1, xt]) ✭✷✾✮

❼ s❡❝♦♥❞❧②✱ ✇❡ ❞❡❝✐❞❡ ❤♦✇ ♠✉❝❤ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s ❧❛②❡r ✐s ❡①❝❧✉❞❡❞
❜② ❝❛❧❝✉❧❛t✐♥❣✿

rt = σ(Wr[yt−1, xt]) ✭✸✵✮

❼ t❤✐r❞❧②✱ ✇❡ ❝❛❧❝✉❧❛t❡ t❤❡ ❝✉rr❡♥t ♠❡♠♦r② st❛t❡✿

ĥt = tanh(W [rt ∗ yt, xt]) ✭✸✶✮

❼ ✜♥❛❧❧②✱ ✇❡ ❝❛❧❝✉❧❛t❡ t❤❡ ♦✉t♣✉t ht−1 ✇❤✐❝❤ ❝♦♥t❛✐♥s t❤❡ ❝✉rr❡♥t ♠❡♠♦r② st❛t❡
❛♥❞ ♣r❡✈✐♦✉s ❝❡❧❧ st❛t❡✿

✷✾

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.
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yt = (1− zt) ∗ yt−1 + zt ∗ ỹt ✭✸✷✮
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✸ ❙t❛t❡ ♦❢ t❤❡ ❛rt

▼❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ✐s ❛❧r❡❛❞② s✉❝❝❡ss❢✉❧❧② ✉s❡❞ ✐♥ ♥❡t✇♦r❦ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✳ ◆✉♠❡r♦✉s
❛✉t❤♦rs ❛r❡ ♣r♦♣♦s✐♥❣ ❛ ✈❛r✐❡t② ♦❢ ❝❧❛ss✐✜❝❛t✐♦♥ ♠❡t❤♦❞s✳

▼♦♦r❡ ❡t ❛❧✳ ❬✸✼❪ ✉s❡❞ ✢♦✇✲❜❛s❡❞ tr❛✣❝ ❛♥❞ ♣r♦♣♦s❡❞ s✉♣❡r✈✐s❡❞ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣
❢♦r ❞❛t❛ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❚❤❡ ❞❛t❛ ✇❛s ❤❛♥❞✲❝❧❛ss✐✜❡❞ ✐♥t♦ ❝❛t❡❣♦r✐❡s ❛♥❞ ❝❛t❡❣♦r✐③❡❞
❞❛t❛ s❡ts ✇❡r❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ ♦t❤❡r ✢♦✇ ❢❡❛t✉r❡s✭t❤❡ ✢♦✇ ❧❡♥❣t❤✱ ♣♦rt ♥✉♠❜❡rs✱ t✐♠❡
❜❡t✇❡❡♥ ❝♦♥s❡❝✉t✐✈❡ ✢♦✇s✮ ❛♥❞ ✐t ✇❡r❡ ✉s❡❞ t♦ tr❛✐♥ t❤❡ ❝❧❛ss✐✜❡r✳ ❚❤❡ ❡①♣❡r✐♠❡♥t
s❤♦✇❡❞ t❤❛t✱ ❜② ✉s✐♥❣ ❛ ♥❛✐✈❡ ❇❛②❡s ❝❧❛ss✐✜❡r✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❛❝❤✐❡✈❡ ❛ ✻✺✪ ❛❝❝✉r❛❝②
✇❤❡♥ ❝♦♠❜✐♥✐♥❣ t❤❡ ❞❛t❛ ❢r♦♠ t❤❡ s❛♠❡ t✐♠❡ ♣❡r✐♦❞✱ ❛♥❞ ❛ ✾✺✪ ❛❝❝✉r❛❝② ✇✐t❤ ❛
♥✉♠❜❡r ♦❢ r❡✜♥❡♠❡♥ts✳

❩✉❡✈ ❡t ❛❧✳ ❬✺✶❪ ❛❧s♦ ✉s❡❞ ❤❛♥❞✲❝❧❛ss✐✜❡❞ ❞❛t❛ ✇❤✐❝❤ ✇❛s ❞✐✈✐❞❡❞ ✐♥t♦ ✢♦✇s ✇✐t❤ t❤❡
♥❛✐✈❡ ❇❛②❡s st❛t✐st✐❝❛❧ ♠❡t❤♦❞✳ ❚❤❡ ❛✉t❤♦rs ✉s❡❞ ❝❧❛ss❡s ♦❢ tr❛✣❝ ✇❤✐❝❤ ✇❡r❡ ❞❡✜♥❡❞
❛s ❝♦♠♠♦♥ ❣r♦✉♣s ♦❢ ✉s❡rs ✭❜✉❧❦✱ ❞❛t❛❜❛s❡✱ ✐♥t❡r❛❝t✐✈❡✱❛tt❛❝❦✱♠✉❧t✐♠❡❞✐❛✱ ❡t❝✮✳ ❚❤❡
✢♦✇ ✇❛s ❞❡✜♥❡❞ ✇✐t❤ ✷✹✾ ❞✐✛❡r❡♥t ❞✐s❝r✐♠✐♥❛t♦rs✱ s✉❝❤ ❛s✿ t❤❡ ✢♦✇ ❞✉r❛t✐♦♥ st❛t✐st✐❝s✱
❚❈P ♣♦rt ✐♥❢♦r♠❛t✐♦♥✱ ♣❛②❧♦❛❞ s✐③❡ st❛t✐st✐❝s✱ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ ♣❛❝❦❡t ✐♥t❡r✲❛rr✐✈❛❧
t✐♠❡ ❞✐s❝r✐♠✐♥❛t♦rs✱ ❡t❝✳ ❚❤❡ r❡s✉❧t s❤♦✇❡❞ t❤❛t t❤❡ ❝♦rr❡❝t ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s ✻✻✳✼✪ ✳
❙♦♠❡ ♦❢ t❤❡ ❝❧❛ss❡s ✇❡r❡ ❝❧❛ss✐✜❡❞ ✇✐t❤ ♠♦r❡ s✉❝❝❡ss t❤❛♥ ♦t❤❡rs✱ ❡✳❣✳ s❡r✈✐❝❡s✭❉◆❙✱
❳✶✶✮ ❛♥❞ ❜✉❧❦ tr❛✣❝s✭❋❚P✮ ✇✐t❤ ❛r♦✉♥❞ ✾✵✪ ♦❢ ❝♦rr❡❝t❧②✲♣r❡❞✐❝t❡❞ ✢♦✇s✳

❚❤❡ ♣r♦❜❧❡♠ ✇❤✐❝❤ ❝♦✉❧❞ ❛♣♣❡❛r ✐♥ t❤❡ ❧❛st ✷ r❡s❡❛r❝❤ ♣❛♣❡rs ✐s t❤❛t t❤❡ ✢♦✇ ❢❡❛t✉r❡s✱
s✉❝❤ ❛s ✢♦✇ ❞✉r❛t✐♦♥✱ t✐♠❡ ❜❡t✇❡❡♥ ✢♦✇s✱ ❡t❝✳✱ ❛r❡ ✉s❡❞✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ✢♦✇
♥❡❡❞s t♦ ❜❡ ✜♥✐s❤❡❞ ✐♥ ♦r❞❡r t♦ ❛♣♣❧② t❤❡ ❛❝❝✉r❛t❡ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❚❤✐s ✐s ✉s✉❛❧❧② ♥♦t
t❤❡ ❝❛s❡ ✐♥ r❡❛❧✲t✐♠❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❛♥❞ ✐t ✐s ❞✐✣❝✉❧t t♦ ❤❛♥❞❧❡✱ ✐♥ ❝❛s❡ ♦❢ ❧♦♥❣ ✢♦✇s✳
▼♦st ♦❢ t❤❡s❡ ♠❡t❤♦❞s ✉s❡ ✢♦✇ tr❛✣❝ ✇❤✐❝❤ r❡q✉✐r❡s t❤❡ ✇❤♦❧❡ ✢♦✇✳ ■t ✐s ❞✐✣❝✉❧t ❛♥❞
♥♦t s✉✐t❛❜❧❡ ❢♦r ♦♥✲❧✐♥❡ ❝❧❛ss✐✜❝❛t✐♦♥✳
❖✉r r❡s❡❛r❝❤ t❡♥❞ t♦ s♦❧✈❡ t❤✐s ♣r♦❜❧❡♠ ♣r♦❜❧❡♠ ❜② ✉s✐♥❣ ♣❛❝❦❡t ❜❛s❡❞ ❢❡❛t✉r❡ ✈❡❝t♦r✳
❚❤✐s ❛♣♣r♦❛❝❤ ❤❡❧♣s ❧❡❛r♥✐♥❣ ♣r♦❝❡ss t♦ ❜❡ ♠♦r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ ♥❡t✇♦r❦ ✢♦✇✱ ✇❤✐❝❤
❝♦✉❧❞ ❜❡ ❧❡♥❣t❤②✱ ❛♥❞ ✐t ✐s ❛♣♣❧✐❝❛❜❧❡ ✐♥ s❡q✉❡♥t✐❛❧ ❛♥❞ ♦♥✲❧✐♥❡ ❞❛t❛✳

❚❤❡ ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥ ❢♦r t❤✐s ♣r♦❜❧❡♠ ✇❛s ✐♥tr♦❞✉❝❡❞ ❜② ❇❡r♥❛✐❧❧❡ ❡t ❛❧✳ ❬✶✹❪✱ ✇✐t❤ t❤❡
t❤❡♦r② t❤❛t t❤❡ ✜rst ❢❡✇ ♣❛❝❦❡ts✱ ✇❤✐❝❤ ❝♦♠❡ ❛❢t❡r t❤❡ ❚❈P ✸✲✇❛② ❤❛♥❞s❤❛❦❡ ❛♥❞ t❤❡
❛♣♣❧✐❝❛t✐♦♥ ♥❡❣♦t✐❛t✐♦♥ ♣❤❛s❡✱ ❛r❡ ❣♦♦❞ ♣r❡❞✐❝t♦rs ♦❢ tr❛✣❝ ❝❧❛ss❡s✳ ❚❤❡ r❡s❡❛r❝❤❡rs
✉s❡❞ ✉♥s✉♣❡r✈✐s❡❞ ❝❧✉st❡r✐♥❣ t♦ ✜♥❞ t❤❡ ♥❛t✉r❛❧ ❝❧✉st❡rs ✐♥ ❛♥ ✉♥❧❛❜❡❧❡❞ ❞❛t❛ s❡t✳ ❖♥❧②
t❤❡ ✜rst ✜✈❡ ♣❛❝❦❡ts ♦❢ t❤❡ ✢♦✇ ✇❡r❡ ❝♦♥s✐❞❡r❡❞✱ ❛♥❞ t❤✐s s❤♦✇❡❞ ❣♦♦❞ ♣❡r❢♦r♠❛♥❝❡
✇✐t❤ ♠♦r❡ t❤❛♥ ✽✵✪ ♦❢ ❛❧❧ ❞❛t❛ ✐❞❡♥t✐✜❡❞✳
❚❤✐s t❤❡♦r② ✐s t❤❡ ❝♦r❡ ♦❢ ♦✉r ✇♦r❦ ❛♥❞ ✇❡ ✇✐❧❧ tr② t♦ ✐♠♣❧❡♠❡♥t ✐t ✇✐t❤ ❛ s❧✐❣❤t❧②
❞✐✛❡r❡♥t ❢❡❛t✉r❡ s❡t ❛♥❞ ♠♦❞❡r♥ ❉❡❡♣ ▲❡❛r♥✐♥❣ ❢r❛♠❡✇♦r❦✳
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❙♦♠❡ r❡❝❡♥t❧② ♣❡r❢♦r♠❡❞ r❡s❡❛r❝❤ s✉❣❣❡sts ✉s✐♥❣ ♥❡✇ ❝♦♥❝❡♣ts ✐♥ ❞❡❡♣ ❧❡❛r♥✐♥❣✱ s✉❝❤
❛s ❉◆◆✱ ❘◆◆✱ ♥❛t✉r❛❧ ❧❛♥❣✉❛❣❡ ♣r♦❝❡ss✐♥❣ ✭◆▲P✮✱ ❡t❝✳
❚❛♥❣ ❡t ❛❧✳ ❬✹✺❪ ♣r♦♣♦s❡❞ ❛ ✢♦✇ ❜❛s❡❞ ❛♥♦♠❛❧② ❞❡t❡❝t✐♦♥ ✐♥ ❙♦❢t✇❛r❡ ❉❡✜♥❡ ◆❡t✇♦r❦
✭❙❉◆✮ ❡♥✈✐r♦♥♠❡♥t ❜② ✉s✐♥❣ ❞❡❡♣ ♥❡✉r❛❧ ♥❡t✇♦r❦✳ ❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s ❜❛s❡❞ ♦♥ ✻
❞✐✛❡r❡♥t ❢❡❛t✉r❡s ✭❞✉r❛t✐♦♥✱ ♣r♦t♦❝♦❧✱ sr❝❴❜②t❡s✱ ❞st❴❜②t❡s✱ ❝♦✉♥t✱ sr✈❴❝♦✉♥t✮✱ ❛♥❞
✐t ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ❛❝❝✉r❛❝② ♦❢ ✼✺✳✼✺✪✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ✇❛s ❡✈❛❧✉❛t❡❞ ✇✐t❤ ♦t❤❡r
♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❛❧❣♦r✐t❤♠s✭◆❇✱ ❙❱▼✱ ❉❚✮✱ ❛♥❞ ✐t s❤♦✇❡❞ s❛t✐s❢❛❝t♦r② r❡s✉❧ts✳

■♥ t❤❡ r❡s❡❛r❝❤ ♣❛♣❡r ❬✸✶❪✱ t❤❡ ❛✉t❤♦rs ✐♥tr♦❞✉❝❡❞ ✉s✐♥❣ ◆▲P ✐♥ ❛ ✐♥tr✉s✐♦♥ ❞❡t❡❝t✐♦♥✱
❜❡❝❛✉s❡ t❤❡ ❧❛♥❣✉❛❣❡ ♠♦❞❡❧ ❝❛♥ ❧❡❛r♥ t❤❡ s❡♠❛♥t✐❝ ♠❡❛♥✐♥❣ ❛♥❞ ✐♥t❡r❛❝t✐♦♥s ♦❢ ❡❛❝❤
s②st❡♠ ❝❛❧❧ ✇❤✐❝❤ ✇❛s ♥♦t ♣♦ss✐❜❧❡ ✇✐t❤ t❤❡ ❡①✐st✐♥❣ ♠❡t❤♦❞s✳ ❚❤❡② ✉s❡❞ ❛ ❘◆◆✲❜❛s❡❞
❧❛♥❣✉❛❣❡ ♠♦❞❡❧ ✇✐t❤ ▲❙❚▼ ✉♥✐ts t♦ ❡♥❤❛♥❝❡ ❧♦♥❣✲r❛♥❣❡ ❞❡♣❡♥❞❡♥❝✐❡s✳ ❚❤❡ r❡s✉❧t
s❤♦✇❡❞ t❤❛t t❤❡ ▲❙❚▼ ♠♦❞❡❧ ✇✐t❤ s❡✈❡r❛❧ ❤✉♥❞r❡❞s ♦❢ ✉♥✐ts ♣❡r❢♦r♠❡❞ ❛ ❧♦t ❜❡tt❡r
t❤❛♥ ❑◆◆ ❛♥❞ ❑▼❈ ❛❧❣♦r✐t❤♠s✳ ❚❤✐s ♠❡t❤♦❞ ❛❧s♦ ♣r♦✈❡❞ t♦ ❜❡ ♠♦r❡ ❝♦♠♣✉t❛t✐♦♥❛❧❧②
❡✣❝✐❡♥t t❤❛♥ ♦t❤❡r ♠❡t❤♦❞s✱ ❛s ✐t ❤❛❞ ❛ s♠❛❧❧❡r tr❛✐♥✐♥❣ ♦✈❡r❤❡❛❞ ❜❡❝❛✉s❡ ✐t r❡q✉✐r❡❞
♥♦ ❞❛t❛❜❛s❡ t♦ ❜❡ ❜✉✐❧t✳
❚❤✐s ✇♦r❦ ✇✐t❤❞r❛✇ ♦✉r ❛tt❡♥t✐♦♥✱ ❛♥❞ ✇❡ ❛r❡ tr②✐♥❣ t♦ ✐♠♣r♦✈❡ t❤✐s ✐❞❡❛ ♦♥ tr❛✣❝
❝❧❛ss✐✜❝❛t✐♦♥ ❛♥❞ ♠❛❧✐❝✐♦✉s tr❛✣❝ ❞❡t❡❝t✐♦♥✳ ❲❡ ✉s❡ ❞✐✛❡r❡♥t ♣❛❝❦❡t ❜❛s❡❞ ❢❡❛t✉r❡
✈❡❝t♦r ✐♥ ♦r❞❡r t♦ ✐♠♣r♦✈❡ t❤❡ ♠♦❞❡❧ ❛♥❞ ♣r♦✈✐❞❡ ❡✣❝✐❡♥t ❝❧❛ss✐✜❝❛t✐♦♥✳

❆♥♦t❤❡r ✐♠♣♦rt❛♥t r❡s❡❛r❝❤ ✇♦rt❤ ♠❡♥t✐♦♥✐♥❣ ✐s ❬✹✼❪✳ ❚❤❡ ❛✉t❤♦rs ❛r❡ ✉s❡❞ t❤❡
❡♥❞✲t♦✲❡♥❞ ❡♥❝r②♣t❡❞ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥ ♠❡t❤♦❞✳ ❚❤❡ ♠❡t❤♦❞ ✇❛s ❜❛s❡❞ ♦♥ ❞❡❡♣
❧❡❛r♥✐♥❣ ❛♥❞ ✐t ✉s❡❞ ❛ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ❝♦♥✈♦❧✉t✐♦♥ ♥❡✉r❛❧ ♥❡t✇♦r❦ t♦ ❧❡❛r♥ t❤❡ ❢❡❛t✉r❡s
❢r♦♠ t❤❡ r❛✇ tr❛✣❝✳ ❚❤❡ r❡s✉❧t s❤♦✇❡❞ t❤❡ ❛❝❝✉r❛❝② ❣r❡❛t❡r t❤❛♥ ✽✵✪✱ ❛♥❞ t❤❡ ❜❡tt❡r
♣❡r❢♦r♠❛♥❝❡ t❤❛♥ t❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ❈◆◆✳

❖✉r r❡s❡❛r❝❤ ✐s ❛❧s♦ ❣♦✐♥❣ ✐♥ ❞✐r❡❝t✐♦♥ ♦❢ t❤✐s ✇♦r❦✱ ❜✉t t❡♥❞s t♦ ❛♣♣❧② t❤❡ tr❛✣❝
❝❧❛ss✐✜❝❛t✐♦♥ ♠♦❞❡❧ ♦♥ ❚▲❙ ❡♥❝r②♣t❡❞ ❞❛t❛✱ s✐♥❝❡ t❤✐s ♣r♦t♦❝♦❧ ✐s ♥♦t ❡♥❝r②♣t✐♥❣ ❚❈P
❤❡❛❞❡r✳ ❆❧s♦✱ ✐t ✐s ❜❡✐♥❣ ❛ss✉♠❡❞ t❤❛t s✐♥❝❡ t❤❡ tr❛✣❝ ❞❛t❛ ✐s s❡q✉❡♥t✐❛❧✱ ❘◆◆s ✇♦✉❧❞
❣✐✈❡ ♠❡t❡r ♣❡r❢♦r♠❛♥❝❡✳
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✹ ❘❡s❡❛r❝❤ ▼❡t❤♦❞♦❧♦❣② ❛♥❞ ❊①♣❡r✐♠❡♥t

■♥ t❤✐s ❝❤❛♣t❡r ✇❡ ✇✐❧❧ ❞✐s❝✉ss ❛❜♦✉t t❤❡ ❜❛s✐❝ str✉❝t✉r❡ ♦❢ t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ♠♦❞❡❧
❛♥❞ t❤❡ ♠❛✐♥ ❝❤❡❝❦♣♦✐♥ts ❞✉r✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t✳ ❚❤❡ ✜rst ♣❛rt ❡①♣❧❛✐♥s t❤❡ ❝♦♥❝❡♣t
♦❢ t❤❡ ❡①♣❡r✐♠❡♥ts ✇✐t❤ t❤❡ ♠❛✐♥ ♣♦✐♥ts ♦❢ t❤❡ r❡s❡❛r❝❤✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt ❞❡❛❧s ✇✐t❤
t❤❡ ❞❛t❛ s❡t✱ ❛♥❞ ✐t ❞❡s❝r✐❜❡s t❤❡ ❤✐st♦r②✱ ♣r♦♣❡rt✐❡s ❛♥❞ t❤❡ ❝♦♥t❡♥t ♦❢ t❤❡ ❞❛t❛ s❡ts✳
❚❤❡ t❤✐r❞ ♣❛rt ✐s ❞❡❞✐❝❛t❡❞ t♦ ❢❡❛t✉r❡ ❡♥❣✐♥❡❡r✐♥❣✱ ✇❤✐❝❤ r❡♣r❡s❡♥ts t❤❡ ♣r♦❝❡ss ♦❢
❡①tr❛❝t✐♦♥ ❛♥❞ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❞❡s✐r❡❞ ❢❡❛t✉r❡s ✐♥ ♦r❞❡r t♦ ♣r❡♣❛r❡ t❤❡ ❞❛t❛ ❢♦r
t❤❡ tr❛✐♥✐♥❣ ♣r♦❝❡ss✳ ❚❤❡ ♠❛✐♥ t❡❝❤♥♦❧♦❣② ♦❢ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥✱ ❛s ✇❡❧❧ ❛s t❤❡ ♠❛✐♥
❞✐✣❝✉❧t✐❡s ❛♥❞ ♣♦ss✐❜❧❡ ♣r♦❜❧❡♠s r❡❣❛r❞✐♥❣ t❤✐s s♣❡❝✐✜❝ s❡t✱ ❛r❡ ❡①♣❧❛✐♥❡❞✳ ❚❤❡ ❢♦✉rt❤
♣❛rt ❞❡❛❧s ✇✐t❤ t❤❡ tr❛✐♥✐♥❣✳ ❆ s❤♦rt ♦✈❡r✈✐❡✇ ♦❢ t❤❡ t❡❝❤♥♦❧♦❣② ✐s ❣✐✈❡♥ ❛♥❞ t❤❡ ♠♦❞❡❧s
✉s❡❞ ✐♥ t❤✐s ❡①♣❡r✐♠❡♥t ❛r❡ ❞❡s❝r✐❜❡❞✳ ■♥ t❤❡ ❧❛st ♣❛rt✱ ✇❡ ❣♦ t❤r♦✉❣❤ t❤❡ ❡✈❛❧✉❛t✐♦♥
♦❢ ♦✉r ♠♦❞❡❧s ❛♥❞ t❤❡ ♠❡t❤♦❞s ✉s❡❞ ❢♦r t❤✐s ♣✉r♣♦s❡✳

✹✳✶ ❈♦♥❝❡♣t

❚❤❡ ♠❛✐♥ ♦❜❥❡❝t✐✈❡ ♦❢ t❤✐s r❡s❡❛r❝❤ ✐s t♦ ❞❡✈❡❧♦♣ ❛♥ ❡✣❝✐❡♥t ♠♦❞❡❧ ✇❤✐❝❤ ❝♦✉❧❞ r❡❝✲
♦❣♥✐③❡ ❛ s❡❝✉r✐t② t❤r❡❛t ✐♥ ❡♥❝r②♣t❡❞ ♥❡t✇♦r❦ tr❛✣❝✳ ❚❤✐s ✐s ❞♦♥❡ ❜② ✉s✐♥❣ r❡❝✉rr❡♥t
♥❡✉r❛❧ ♥❡t✇♦r❦ ✇✐t❤ ❞✐✛❡r❡♥t ♠♦❞❡❧s ❛♥❞ ❛ ❞✐✛❡r❡♥t ♥✉♠❜❡r ♦❢ ❧❛②❡rs ❛♥❞ ❝❡❧❧s✳ ❚❤❡
❧❛②❡r ♥✉♠❜❡r ✉s✉❛❧❧② ✈❛r✐❡s ❜❡t✇❡❡♥ ✶ ❛♥❞ ✺ ❧❛②❡rs✱ ❛♥❞ t❤❡ ❝❡❧❧s ✉s❡❞ ✐♥ t❤❡ ❧❛②❡rs ❛r❡
♠♦st❧② ❧♦♥❣✲s❤♦rt t❡r♠ ♠❡♠♦r② ❝❡❧❧s ❛♥❞ ❣❛t❡❞ r❡❝✉rr❡♥t ✉♥✐t ❝❡❧❧s✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱
❛ ❧❛❜❡❧❧❡❞ ❞❛t❛ s❡t ✐s ✉s❡❞ ✇✐t❤ ❛ ♥❡✇ ❢❡❛t✉r❡ s❡t✳ ❉✐✛❡r❡♥t ♠♦❞❡❧s ✇✐t❤ ❞✐✛❡r❡♥t ❧❛②❡r
❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ ♣r❡s❡♥t❡❞✱ ❛♥❞ ❞✐✛❡r❡♥t r❡❣✉❧❛r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ❛r❡ ✐♠♣❧❡♠❡♥t❡❞
✐♥ ♦r❞❡r t♦ ✜♥❞ t❤❡ ♠♦st ❡✣❝✐❡♥t ♠♦❞❡❧ ✇✐t❤ ❤✐❣❤ ❛❝❝✉r❛❝② ❛♥❞ ♠✐♥✐♠❛❧ ❧♦ss✳
❚❤❡ ♠❛✐♥ ❝❤❡❝❦♣♦✐♥ts ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✸ ✿

❋✐❣✉r❡ ✷✸✿ ❊①♣❡r✐♠❡♥t ❞✐❛❣r❛♠ ✲ s❤♦✇s ♠❛✐♥ ❝❤❡❝❦♣♦✐♥ts ❞✉r✐♥❣ ♦✉r r❡s❡❛r❝❤ ✭❡①♣❧❛✐♥❡❞
✐♥ ❞❡t❛✐❧s ✐♥✿ ✹✳✷ ❛♥❞ ✹✳✸ ✮
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❉❛t❛ s❡t

■♥ t❤❡ ♣r♦❝❡ss ♦❢ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣✱ ❛♥ ✐♠♣♦rt❛♥t st❡♣ ✐s ❝❤♦♦s✐♥❣ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❞❛t❛
s❡t ❛♥❞ ❡①tr❛❝t✐♥❣ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❢❡❛t✉r❡s ❢r♦♠ t❤❡ ❞❛t❛✳ ❋♦r ♦✉r ❡①♣❡r✐♠❡♥t✱
t❤❡ ❝r✉❝✐❛❧ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ❞❛t❛ s❡t ✐s t❤❛t ✐t ✐s ❜✐❣ ❡♥♦✉❣❤ ❛♥❞ ✉♣ t♦ ❞❛t❡✳ ❋♦r
t❤❡ ♥❡t✇♦r❦ tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥ ❛♥❞ s❡❝✉r✐t② t❤r❡❛t r❡❝♦❣♥✐t✐♦♥ ✉♣✲t♦✲❞❛t❡ ♠❡❛♥s
t❤❛t ✐t ❝♦♥t❛✐♥s tr❛✣❝ ✇✐t❤ ♥❡✇ ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ r❡❝❡♥t❧② ❞❡✈❡❧♦♣❡❞ ♣r♦t♦❝♦❧s✱ ❛s ✇❡❧❧
❛s ❝✉rr❡♥t t❤r❡❛ts ❛♥❞ ❛tt❛❝❦s✳ ❚❤❡r❡ ❛r❡ ❛ ❧♦t ♦❢ ♣♦ss✐❜✐❧✐t✐❡s ♦❢ ❞✐✛❡r❡♥t ❞❛t❛ s❡ts
❛✈❛✐❧❛❜❧❡ ❢♦r t❤✐s ♣✉r♣♦s❡✳

❉❆❘P❆✾✽ ❬✶❪ ✇❛s ♠❛❞❡ ❜② t❤❡ ▲✐♥❝♦❧♥ ❧❛❜♦r❛t♦r✐❡s ❛t ▼■❚ ❯♥✐✈❡rs✐t② ✐♥ ✶✾✾✽✳
■t r❡♣r❡s❡♥t❡❞ ❛ s✐♠✉❧❛t✐♦♥ ♦❢ ♥♦r♠❛❧ ❛♥❞ ♠❛❧✐❝✐♦✉s tr❛✣❝ ✐♥ ❛ ♠✐❧✐t❛r② ♥❡t✇♦r❦
❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡ ❞❛t❛ s❡t ❝♦♥t❛✐♥s ✾ ✇❡❡❦s ♦❢ r❛✇ t❝♣❞✉♠♣ ❬✶✵❪ ❞❛t❛✱ ✇❤✐❝❤ ✐s
❞✐✈✐❞❡❞ ✐♥t♦ s❡✈❡♥ ✇❡❡❦s ♦❢ tr❛✐♥✐♥❣ ❞❛t❛ ✇✐t❤ ❛r♦✉♥❞ ✺ ♠✐❧❧✐♦♥ ❝♦♥♥❡❝t✐♦♥s✱ ❛♥❞
✸ ✇❡❡❦s ♦❢ t❡st ❞❛t❛ ✇✐t❤ ❛r♦✉♥❞ ✷ ♠✐❧❧✐♦♥ ❝♦♥♥❡❝t✐♦♥s✳ ❑❉❉❈✉♣✾✾ ❬✺❪ ❞❛t❛ s❡t
✐s ❛♥ ✉♣❞❛t❡❞ ✈❡rs✐♦♥ ♦❢ ❉❆❘P❆ ✾✽ ✇✐t❤ ✹✶ ❢❡❛t✉r❡s ❞✐✈✐❞❡❞ ✐♥t♦ t❤r❡❡ ❣r♦✉♣s ♦❢
❢❡❛t✉r❡s✿ ✐♥tr✐♥s✐❝ ❢❡❛t✉r❡s✱ ❝♦♥t❡♥t ❢❡❛t✉r❡s ❛♥❞ tr❛✣❝ ❢❡❛t✉r❡s✳ ❚❤❡ s❡t ❛❧s♦ ❝♦♥t❛✐♥s
✷✷ ❛tt❛❝❦ t②♣❡s✳ ❆❝❝♦r❞✐♥❣ t♦ s✐❣♥✐✜❝❛♥t r❡s❡❛r❝❤ ❜❛s❡❞ ♦♥ t❤✐s ❞❛t❛ s❡t✱ ✐ts t❤r❡❡
♠❛✐♥ ❞✐s❛❞✈❛♥t❛❣❡s ❛r❡✿ ❚❚▲ ✈❛❧✉❡ ❞♦❡s ♥♦t ❝♦rr❡s♣♦♥❞ t♦ t❤❡ r❡❛❧ ✇♦r❧❞ tr❛✣❝
❝❤❛r❛❝t❡r✐st✐❝s✱ ♣r♦❜❛❜✐❧✐t② ❞✐str✐❜✉t✐♦♥ ✐s ❞✐✛❡r❡♥t ✐♥ t❤❡ tr❛✐♥✐♥❣ s❡t ❛♥❞ t❡st s❡t ❛♥❞
t❤❡ s❡t ✐s ♠✐ss✐♥❣ t❤❡ r❡❝❡♥t❧② r❡♣♦rt❡❞ ❧♦✇ ❢♦♦t♣r✐♥t ❛tt❛❝❦s✳

◆❙▲❑❉❉ ❬✹✻❪ ❞❛t❛ s❡t ✐s ❛♥ ✉♣❞❛t❡❞ ✈❡rs✐♦♥ ♦❢ ❑❉❉❈✉♣✾✾✱ ✇❤✐❝❤ ❡♥❞❡❛✈♦rs t♦
s♦❧✈❡ ❝❡rt❛✐♥ ♣r♦❜❧❡♠s ✇❤✐❝❤ ❝❛♠❡ ✇✐t❤ t❤❡ ♦❧❞ ❞❛t❛ s❡t✳ ❋✐rst❧②✱ ✐t r❡♠♦✈❡s ❞✉♣❧✐❝❛t❡❞
r❡❝♦r❞s ✐♥ t❤❡ tr❛✐♥✐♥❣ ❛♥❞ ❞❛t❛ s❡ts✳ ❙❡❝♦♥❞❧②✱ ✐t r❛♥❞♦♠✐③❡s ❞❛t❛ ❜② ♣✐❝❦✐♥❣ ✉♣
r❡❝♦r❞s ❢r♦♠ ❞✐✛❡r❡♥t ♣♦✐♥ts ✐♥ t❤❡ ❞❛t❛ s❡t✱ ❛♥❞ ✐t r❡♠♦✈❡s t❤❡ ✉♥❜❛❧❛♥❝❡❞ ♥✉♠❜❡r
♦❢ r❡❝♦r❞s ✐♥ t❤❡ tr❛✐♥✐♥❣ ❛♥❞ t❡st s❡t✳ ❚❤❡ ❞❛t❛ s❡t st✐❧❧ ❞♦❡s ♥♦t ✐♥❝❧✉❞❡ t❤❡ ♠♦❞❡r♥
❧♦✇ ❢♦♦t♣r✐♥t ❛tt❛❝❦ s❝❡♥❛r✐♦s ✇❤✐❝❤ ♠❛❦❡s t❤✐s ❞❛t❛ s❡t ✉♥s✉✐t❛❜❧❡ ❢♦r t❤❡ tr❛✐♥✐♥❣
♠♦❞❡❧s ❢♦r t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ♠♦❞❡r♥ ♥❡t✇♦r❦ tr❛✣❝✳

❯◆❙❲✲◆❇✶✺ ✐s ❛ ❞❛t❛ s❡t ✇❤✐❝❤ ✐s ❝r❡❛t❡❞ ❜② ❛ ❝②❜❡rs❡❝✉r✐t② r❡s❡❛r❝❤ ❣r♦✉♣ ❛t
t❤❡ ❆✉str❛❧✐❛♥ ❈❡♥tr❡ ❢♦r ❈②❜❡r ❙❡❝✉r✐t② ✭❆❈❈❙✮✳ ❚❤❡ ■❳■❆ P❡r❢❡❝t ❙t♦r♠ t♦♦❧ ❬✹❪
✇❛s ✉s❡❞ t♦ ❝r❡❛t❡ ♥♦r♠❛❧ ❛♥❞ ♠❛❧✐❝✐♦✉s ♥❡t✇♦r❦ tr❛✣❝✱ ✇✐t❤ ❛♥ ✉♣❞❛t❡❞ ❞❛t❛❜❛s❡ ♦❢
♥❡✇ ❛tt❛❝❦s ❢r♦♠ t❤❡ ❈❱❊ ✇❡❜✲s✐t❡ ❬✸❪✳ ❚❤r❡❡ ✈✐rt✉❛❧ s❡r✈❡rs ✇❡r❡ s❡t✱ t✇♦ ♣r♦❞✉❝✐♥❣
♥♦r♠❛❧ ❛♥❞ ♦♥❡ ♣r♦❞✉❝✐♥❣ ♠❛❧✐❝✐♦✉s tr❛✣❝✳ ❚❤❡ ❣❡♥❡r❛t♦r ❛r❝❤✐t❡❝t✉r❡ ♣✐❝t✉r❡ ✐s ❛s
❢♦❧❧♦✇✐♥❣✿
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❋✐❣✉r❡ ✷✹✿ ❯◆❙❲✲◆❇✶✺ ❞❛t❛ s❡t ❣❡♥❡r❛t♦r ❛r❝❤✐t❡❝t✉r❡ ❬✸✽❪

❚❤❡ tr❛✣❝ ✇❛s ❝❛♣t✉r❡❞ ✇✐t❤ t❝♣❞✉♠♣✱ ✐♥ ❞✉r❛t✐♦♥ ♦❢ ✶✻❤ ♦♥ ✷✷ ❏❛♥✉❛r② ✷✵✶✺✱ ❛♥❞
✶✺❤ ♦♥ ✶✼ ❋❡❜r✉❛r② ✷✵✶✺✱ ❛♥❞ ✐t ❝♦♥t❛✐♥❡❞ ❛r♦✉♥❞ ✶✵✵●❇ ♦❢ ❞❛t❛✳ ■t ❝♦♥t❛✐♥s ✹✾
❢❡❛t✉r❡s ♦❢ tr❛✣❝ ❛♥❞ ✾ ❢❛♠✐❧✐❡s ♦❢ ❛tt❛❝❦✳ ❚❤❡ st❛t✐st✐❝s ♦❢ t❤❡ ❞❛t❛ ❛♥❞ ❛tt❛❝❦s ❛r❡
s❤♦✇♥ ✐♥ t❛❜❧❡✿

❙t❛t✐st✐❝❛❧ ❢❡❛t✉r❡s ✶✻ ❤♦✉rs ♦♥ ✷✷✳✶✳✷✵✶✺ ✶✺ ❤♦✉rs ♦♥ ✶✼✳✷✳✷✵✶✾
◆♦✳❴ ♦❢❴✢♦✇s ✾✽✼✱✻✷✼ ✾✼✻✱✽✽✷
❙r❝❴❜②t❡s ✹✱✽✻✵✱✶✻✽✱✽✻✻ ✺✱✾✹✵✱✺✷✸✱✼✷✽
❉❡s❴❜②t❡s ✹✹✱✼✹✸✱✺✻✵✱✾✹✸ ✹✹✱✸✵✸✱✶✾✺✱✺✵✾
❙r❝❴P❦ts ✹✶✱✶✻✽✱✹✷✺ ✹✶✱✶✷✾✱✽✶✵
❉❡s❴P❦ts ✺✸✱✹✵✷✱✾✶✺ ✺✷✱✺✽✺✱✹✻✷

Pr♦t♦❝♦❧ t②♣❡s

❚❈P ✼✼✶✱✹✽✽ ✼✷✵✱✻✻✺
❯❉P ✸✵✶✱✺✷✽ ✻✽✽✱✻✶✻
■❈▼P ✶✺✵ ✸✼✹
❖t❤❡rs ✶✺✵ ✸✼✹

▲❛❜❡❧
◆♦r♠❛❧ ✶✱✵✻✹✱✾✽✼ ✶✱✶✺✸✱✼✼✹
❆tt❛❝❦ ✷✷✱✷✶✺ ✷✾✾✱✵✻✽

❯♥✐q✉❡
❙r❝❴✐♣ ✹✵ ✹✶
❉st❴✐♣ ✹✹ ✹✺

❚❛❜❧❡ ✶✿ ❯◆❙❲✲◆❇✶✺ ❞❛t❛ s❡t s♣❡❝✐✜❝❛t✐♦♥s

❈♦♠♣❛r❡❞ t♦ t❤❡ ♣r❡✈✐♦✉s ❞❛t❛ s❡ts✱ ❯◆❙❲✲◆❇✶✺ ❝♦♥t❛✐♥s ♠♦r❡ ❞❛t❛✱ ♠♦r❡ ❢❡❛t✉r❡s✱
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♠♦r❡ ♣❛rt✐❝✐♣❛♥ts ✐♥ ❝♦♠♠✉♥✐❝❛t✐♦♥s✱ ❛s ✇❡❧❧ ❛s ❞✐✛❡r❡♥t ❛tt❛❝❦ ❢❛♠✐❧✐❡s ✇❤✐❝❤ ❝♦rr❡✲
s♣♦♥❞ t♦ ♠♦❞❡r♥ ❧♦✇ ❢♦♦t♣r✐♥t ❛tt❛❝❦s✳ ❚❤❡r❡ ❛r❡ ✾ ❞✐✛❡r❡♥t ❛tt❛❝❦ ❢❛♠✐❧✐❡s✿

❼ ❋✉③③❡rs

❼ ❆♥❛❧②s✐s

❼ ❇❛❝❦❞♦♦rs

❼ ❉♦❙

❼ ❊①♣❧♦✐ts

❼ ●❡♥❡r✐❝

❼ ❘❡❝♦♥♥❛✐ss❛♥❝❡

❼ ❙❤❡❧❧❝♦❞❡

❼ ❲♦r♠s

❋♦r ❛❧❧ t❤❡ ♣r❡✈✐♦✉s❧② st❛t❡❞ r❡❛s♦♥s✱ ✇❡ ❛r❡ ✉s✐♥❣ t❤✐s ❞❛t❛ s❡t ❢♦r r❡s❡❛r❝❤✳

❋❡❛t✉r❡ ❡♥❣✐♥❡❡r✐♥❣

❉❛t❛ s❡ts ❛r❡ ✉s✉❛❧❧② t♦♦ ❜✐❣ ❛♥❞ ♥♦t ♣r♦♣❡r❧② s❝❛❧❡❞ ❢♦r ❛♥ ✐♥t❡♥❞❡❞ ♣✉r♣♦s❡✳ ❚❤❡
✐♥♣✉t t❤❛t ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ♠♦❞❡❧ ✉s❡s ✐s ❛ ♥✉♠❡r✐❝❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❞❛t❛ ❛♥❞ ✐t ✐s
❝❛❧❧❡❞ ❢❡❛t✉r❡s✳

✧ ❋❡❛t✉r❡ ❡♥❣✐♥❡❡r✐♥❣ ✐s ❛♥ ❛❝t ♦❢ ❡①tr❛❝t✐♥❣ ❢❡❛t✉r❡s ❢r♦♠ r❛✇ ❞❛t❛ ❛♥❞ tr❛♥s❢♦r♠✐♥❣
t❤❡♠ ✐♥t♦ ❛ ❢♦r♠❛t t❤❛t ✐s s✉✐t❛❜❧❡ ❢♦r t❤❡ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ♠♦❞❡❧✳✧ ❬✺✵❪
■t ✐s ❛♥ ✐♠♣♦rt❛♥t st❡♣ ♦❢ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ❜❡❝❛✉s❡ ♣r♦♣❡r❧② ❝❤♦s❡♥ ❢❡❛t✉r❡ s❡ts ❤❛✈❡
❛ str♦♥❣ ✐♠♣❛❝t ♦♥ t❤❡ ♦✉t❝♦♠❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ❛♥❞ ❝♦✉❧❞ s✐❣♥✐✜❝❛♥t❧② ✐♠♣r♦✈❡ t❤❡
q✉❛❧✐t② ♦❢ t❤❡ r❡s✉❧t✳
❚❤❡r❡ ❤❛s ❜❡❡♥ ♣❧❡♥t② ♦❢ r❡s❡❛r❝❤ ♦♥ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❢❡❛t✉r❡s ❢♦r ♥❡t✇♦r❦ tr❛✣❝
❝❧❛ss✐✜❝❛t✐♦♥ ✉s❡❞ ❢♦r tr❛✐♥✐♥❣ ✈❛r✐♦✉s ▼▲ ♠♦❞❡❧s✳ ■♥ r❡s❡❛r❝❤ ♣❛♣❡r ❬✸✺❪✱ ❛✉t❤♦r
❛♥❛❧②s❡s ❞✐✛❡r❡♥t ❢❡❛t✉r❡ ✈❡❝t♦rs✿ ❯◆❙❲ ❆r❣✉s✴❇r♦ ❱❡❝t♦r ❬✸✾❪✱ ❈❆■❆ ❱❡❝t♦r ❬✹✾❪✱
❈♦♥s❡♥s✉s ❱❡❝t♦r ❬✷✷❪✱ ❚❆ ❱❡❝t♦r ❬✷✺❪✱ ❆●▼ ❱❡❝t♦r ❬✷✻❪✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡ s❤♦✇s
t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢❡❛t✉r❡ s❡ts✿
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❋✐❣✉r❡ ✷✺✿ ❋❡❛t✉r❡ s❡t ❝♦♠♣❛r✐s♦♥ ❬✸✺❪

❚❤❡ ❢❡❛t✉r❡ s❡ts ✇❤✐❝❤ ✇❡r❡ t❤❡ ♦❜❥❡❝t ♦❢ t❤❡ r❡s❡❛r❝❤ ♣❡r❢♦r♠❡❞ ✇❡❧❧ ✇✐t❤ ✈❛r✐♦✉s
st❛t✐st✐❝❛❧ ♠❡t❤♦❞s s✉❝❤ ❛s✿ t❤❡ ♥❛✐✈❡ ❇❛②❡s ❝❧❛ss✐✜❝❛t✐♦♥✱ r❛♥❞♦♠ ❢♦r❡sts✱ ❞❡❝✐s✐♦♥
tr❡❡s✱ ❡t❝✳
❙✐♥❝❡ t❤♦s❡ ❝❧❛ss✐✜❡rs ❛r❡ ❞✐✛❡r❡♥t t♦ t❤♦s❡ t❤❛t ✇❡ ✐♥t❡♥❞ t♦ ✉s❡✱ ✇❡ ❛ss✉♠❡
t❤❛t t❤♦s❡ ❢❡❛t✉r❡ s❡ts ✇♦✉❧❞ ♣❡r❢♦r♠ ♣♦♦r❧② ✇✐t❤ ❛ r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦✳ ■♥
❛❞❞✐t✐♦♥ t♦ t❤❛t✱ ✉s❡❞ ❞❛t❛ ❛r❡ ♥♦t s❡q✉❡♥t✐❛❧✱ s♦ ✐t ✇♦✉❧❞ ♥♦t ❜❡ ❛♣♣r♦♣r✐❛t❡
❢♦r ❘◆◆ ✉s❡✳ ▼♦r❡♦✈❡r✱ t❤❡ ❢❡❛t✉r❡ s❡ts ❛r❡ ♥♦t s✉✐t❡❞ ❢♦r ❡♥❝r②♣t❡❞ tr❛✣❝ ❝❧❛s✲
s✐✜❝❛t✐♦♥✱ ❛s t❤❡r❡ ❛r❡ ♠❛♥② ❢❡❛t✉r❡s ❢r♦♠ ❧✐st t❤❡r❡ ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ❞✉❡ t♦ ❡♥❝r②♣t✐♦♥✳

❉✉❡ t♦ t❤♦s❡ r❡❛s♦♥s✱ ❛s ✇❡❧❧ ❛s s♦♠❡ ♦t❤❡r ♦♥❡s✱ ✇❡ ❞❡❝✐❞❡❞ t♦ ❞❡✈❡❧♦♣ ♦✉r ♦✇♥
❢❡❛t✉r❡ ✈❡❝t♦r✱ ✇❤✐❝❤ ✐s ♠♦r❡ ♣❛❝❦❡t ❜❛s❡❞✳ ❚❤✐s ♠❡❛♥s t❤❛t ♦✉r ❢❡❛t✉r❡ ✈❡❝t♦r ❞♦ ♥♦t
❞❡♣❡♥❞ ❡♥t✐r❡❧② ♦♥ tr❛✣❝ ✢♦✇✳ ■t ❝♦♥t❛✐♥s ♣❛❝❦❡t ❧❡♥❣t❤✱ t✐♠❡ ❜❡t✇❡❡♥ ♣❛❝❦❡ts
❛rr✐✈❡❞ ✐♥ t❤❡ ❝✉rr❡♥t ✢♦✇ ❛♥❞ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❛ ♣❛❝❦❡t ✐♥ ✢♦✇✳ ▼♦st ♦❢ t❤❡ ♣r♦✲
t♦❝♦❧s ✭✐♥❝❧✉❞✐♥❣ ❡♥❝r②♣t✐♦♥ ♣r♦t♦❝♦❧s✮ ❛r❡ ❝♦♥♥❡❝t✐♦♥ ❜❛s❡❞✱ ❛♥❞ t❤❡② st❛rt ✇✐t❤ t❤❡
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❛♣♣❧✐❝❛t✐♦♥ ♥❡❣♦t✐❛t✐♦♥ ♣❤❛s❡✳ ■♥ t❤✐s ♣❤❛s❡ t❤❡ ✢♦✇ ❞✐r❡❝t✐♦♥ ❛♥❞ ♣❛❝❦❡t ❧❡♥❣t❤ ♦❢
t❤❡ ✜rst ❢❡✇ ♣❛❝❦❡ts ✐♥ t❤❡ ✢♦✇ ♣❧❛② ❛ ✈❡r② ✐♠♣♦rt❛♥t ♣❛rt✱ s✐♥❝❡ t❤❡ ❡st❛❜❧✐s❤♠❡♥t ♦❢
t❤❡ ❝♦♥♥❡❝t✐♦♥ s❝❡♥❛r✐♦ ❜❡t✇❡❡♥ t❤❡ ✉s❡rs ✐s ♣r❡❞❡t❡r♠✐♥❡❞✳ ❖✉r ❛ss✉♠♣t✐♦♥ ✐s t❤❛t
♣❛❝❦❡t ❜❛s❡❞ ❢❡❛t✉r❡ ✈❡❝t♦r ✇♦✉❧❞ ❜❡ ❛ ❣♦♦❞ ❢❡❛t✉r❡ t♦ ❢❡❡❞ ❞✉r✐♥❣ ♠♦❞❡❧ tr❛✐♥✐♥❣ ✐♥
♦r❞❡r t♦ ❛❝❤✐❡✈❡ ❛tt❛❝❦ r❡❝♦❣♥✐t✐♦♥ ✐♥ t❤❡ ❡❛r❧② st❛❣❡✳
❚❤✐s ✇♦✉❧❞ s♦❧✈❡ ✉s✉❛❧ ♣r♦❜❧❡♠ t❤❛t ♠♦st ♦❢ t❤❡ r❡s❡❛r❝❤❡rs ❤❛✈❡ ✇✐t❤ t❤❡ ✢♦✇✲❜❛s❡❞
❝❧❛ss✐✜❝❛t✐♦♥✱ ❛♥❞ ✐t ✐s t❤❡ ❢❛❝t t❤❛t t❤❡ ❡♥t✐r❡ ✢♦✇ ♥❡❡❞ t♦ ❜❡ ✜♥✐s❤❡❞ ✐♥ ♦r❞❡r t♦
❝❧❛ss✐❢② t❤❡ tr❛✣❝✳

✹✳✷ Pr❡♣r♦❝❡ss✐♥❣

❚❤✐s s✉❜s❡❝t✐♦♥ ✐s ❞❡❞✐❝❛t❡❞ t♦ ❞❛t❛ ♣r❡♣❛r❛t✐♦♥ ❢♦r ❢❡❡❞✐♥❣ t❤❡ ❘◆◆ ♠♦❞❡❧ ✐♥ t❤❡
♣r♦❝❡ss ♦❢ tr❛✐♥✐♥❣✳
❚❤❡ ✜rst st❡♣ ♦❢ t❤✐s ♣r♦❝❡ss r❡♣r❡s❡♥ts ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥✳ ❚❤❡ ❯◆❙❲✲◆❇✶✺ ❞❛t❛ s❡t
❝♦♠❡s ✇✐t❤ ❞✐✛❡r❡♥t ❢❡❛t✉r❡s s❡ts ✭❆r❣✉s✴❇r♦✮✱ ❜✉t s✐♥❝❡ ✇❡ ✇❡r❡ ♥♦t ✉s✐♥❣ ❛♥② ♦❢
t❤♦s❡ s❡ts✱ ✇❡ ♥❡❡❞❡❞ t♦ ❞❡✈❡❧♦♣ ❛ s❝r✐♣t ✇❤✐❝❤ ✇♦✉❧❞ ❡①tr❛❝t ❞❡s✐r❛❜❧❡ ❢❡❛t✉r❡s✳
❆❢t❡r ❛♥❛❧②s✐♥❣ t❤❡ ✳♣❝❛♣ ✜❧❡s ✇❤✐❝❤ ❝❛♠❡ ✇✐t❤ t❤❡ ❯◆❙❲✲◆❇✶✺ ❞❛t❛ s❡t✱ ❜② ✉s✐♥❣
❲✐r❡s❤❛r❦ ❬✶✷❪✱ ✇❡ ❤❛✈❡ ❡①tr❛❝t❡❞ ❢♦❧❧♦✇✐♥❣ ❢❡❛t✉r❡s✿

❼ s♦✉r❝❡ ■P

❼ ❞❡st✐♥❛t✐♦♥ ■P

❼ s♦✉r❝❡ ♣♦rt ❢♦r ❚❈P ❛♥❞ ❯❉P tr❛✣❝

❼ ❞❡st✐♥❛t✐♦♥ ♣♦rt ❢♦r ❚❈P ❛♥❞ ❯❉P tr❛✣❝

❼ ♣r♦t♦❝♦❧

❼ ♣❛❝❦❡t ❧❡♥❣t❤

❼ ♣❛❝❦❡t t✐♠❡st❡♠♣

❚❤❡ ❢❡❛t✉r❡s ✇❡r❡ ❡①tr❛❝t❡❞ ❛s ❛ ✳❝s✈ ✜❧❡✱ ✇❤✐❝❤ ✇❛s ❢♦r✇❛r❞❡❞ t♦ ♥❡①t st❡♣✳

❚❤❡ s❡❝♦♥❞ st❡♣ ✇❛s ♣r♦t♦❝♦❧ tr❛♥s❧❛t✐♦♥✳ ❙✐♥❝❡ t❤❡ ♣r♦t♦❝♦❧ ✇❛s r❡♣r❡s❡♥t❡❞ ✇✐t❤
♣r♦t♦❝♦❧ ♥✉♠❜❡rs✱ ✇❡ tr❛♥s❧❛t❡❞ ✐t t♦ ❛ str✐♥❣ ✭✧❯❉P✧✱✧❚❈P✧✱✳✳✳✮✱ ❜❡❝❛✉s❡ ✐t ✇❛s
r❡q✉✐r❡❞ ❢♦r ❝♦♠♣❛r✐s♦♥ ✐♥ ❢✉rt❤❡r st❡♣s ✭✢♦✇ ❝❧❛ss✐✜❝❛t✐♦♥✱ ❧❛❜❡❧❧✐♥❣✮✳
❚❤✐s ✇❛s ❞♦♥❡ ❜② ❛ P②t❤♦♥ s❝r✐♣t ✇❤✐❝❤ ❝♦♠♣❛r❡❞ t❤❡ ♣r♦t♦❝♦❧ ♥✉♠❜❡r ❢r♦♠ t❤❡ ✳❝s✈
✜❧❡ ✇✐t❤ t❤❡ ♣r♦t♦❝♦❧ ♥✉♠❜❡r ❧✐st ♠❛❞❡ ❜② ■❆◆❆ ❬✽❪✳
❉✉r✐♥❣ t❤❡ tr❛♥s❧❛t✐♦♥✱ ✇❡ ♥♦t✐❝❡❞ t❤❛t ❛ ❣r❡❛t ♣♦rt✐♦♥ ♦❢ ♣r♦t♦❝♦❧s ✐♥ ❞❛t❛ s❡t ✐s
❛♣♣r♦①✐♠❛t❡❧② ❛s ❢♦❧❧♦✇s✿
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❼ ❚❈P✿ ✻✵✪

❼ ❯❉P✿ ✸✾✪

❼ ♦t❤❡rs✿ ❁ ✶✪

❚❤❡ t❤✐r❞ st❡♣ ✇❛s ❝❧❛ss✐❢②✐♥❣ t❤❡ ❞❛t❛ s❡t ✐♥t♦ ❛ ❧✐st ♦❢ tr❛✣❝ ✢♦✇s✳ ❆s t❤❡ ✐♥❞✐❝❛t♦r
♦❢ t❤❡ ✢♦✇✱ ❛ ✺✲t✉♣❧❡ ✐s ✉s❡❞✱ ❛s ✐s ✉s✉❛❧✿ ❙♦✉r❝❡ ■P✱ ❉❡st✐♥❛t✐♦♥ ■P✱ ❙♦✉r❝❡ P♦rt✱
❉❡st✐♥❛t✐♦♥ P♦rt ❛♥❞ Pr♦t♦❝♦❧✳

❋✐♥❞✐♥❣ ❛ ❣♦♦❞ ❧♦❣✐❝ ❜❡❤✐♥❞ ✢♦✇ ❛ss✐❣♥❛t✐♦♥ ✇❛s r❡❧❛t✐✈❡❧② tr✐❝❦②✱ s✐♥❝❡ t❤✐s ♣❛rt ✇❛s
s✐❣♥✐✜❝❛♥t❧② t✐♠❡ ❝♦♥s✉♠✐♥❣✳ ❚❤❡ ✜rst ✐❞❡❛ ✇❛s t♦ ✉s❡ ❛ ❞♦✉❜❧❡ ❧♦♦♣ str✉❝t✉r❡✱ ✐♥
✇❤✐❝❤ t❤❡ ✜rst ♣❛❝❦❡t ✇❛s ❛ss✐❣♥❡❞ t♦ ❛ ♥❡✇ ❧✐st ❛♥❞ t❤❛t ✇❛s ❝♦♠♣❛r❡❞ ✇✐t❤ ❛❧❧ t❤❡
♦t❤❡r ❡♥tr✐❡s ✐♥ t❤❡ ✳❝s✈ ✜❧❡✱ ✐♥ ♦r❞❡r t♦ ✜♥❞ ❛ ♠❛t❝❤✳ ❲❤❡♥ t❤❡ ♠❛t❝❤ ❜❡t✇❡❡♥ ♣❛❝❦❡ts
✺✲t✉♣❧❡ ✇❛s ❢♦✉♥❞✱ t❤❡ ✢♦✇ ❢❡❛t✉r❡s ❧✐st ✭♣❛❝❦❡t ❧❡♥❣t❤✱ t✐♠❡st❛♠♣✮ ✇❛s ✉♣❞❛t❡❞ ✇✐t❤
❛ ♥❡✇ ✈❛❧✉❡ ❛♥❞ ❛♥♦t❤❡r ❢❡❛t✉r❡✱ ✢♦✇ ❞✐r❡❝t✐♦♥✱ ✇❛s ❛❞❞❡❞✳ ❙✐♥❝❡ t❤❡ ✳❝s✈ ✜❧❡s ❛r❡
❡♥♦r♠♦✉s✱ ✇✐t❤ ❛r♦✉♥❞ ✷ ♠✐❧❧✐♦♥ ❡♥tr✐❡s✱ t❤✐s ♣r♦❝❡ss ✇❛s ♥♦t t✐♠❡ ❡✣❝✐❡♥t ❛♥❞ ✇❡
♥❡❡❞❡❞ t♦ ✜♥❞ ❛♥♦t❤❡r s♦❧✉t✐♦♥ ❢♦r t❤✐s ♣r♦❜❧❡♠✳
❚❤❡ s♦❧✉t✐♦♥ ❝❛♠❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ P②t❤♦♥ ❢✉♥❝t✐♦♥ ❞✐❝t✐♦♥❛r②✳ ❚❤❡ ✺✲t✉♣❧❡ ✇❛s ✉s❡❞ ❛s
❞✐❝t✐♦♥❛r② ❦❡②✱ ❛♥❞ t✇♦ ❢❡❛t✉r❡s✭♣❛❝❦❡t ❧❡♥❣t❤ ❛♥❞ t✐♠❡st❛♠♣✮ ✇❡r❡ ✉s❡❞ ❛s ❞✐❝t✐♦♥❛r②
✈❛❧✉❡s✳ ❚❤✐s ❞❡❝r❡❛s❡❞ t❤❡ t✐♠❡ ♦❢ ♣r♦❝❡ss✐♥❣ ❜❡❝❛✉s❡ t❤❡ s❝r✐♣t ❞✐❞ ♥♦t ♥❡❡❞ t♦ ✐t❡r❛t❡
t❤r♦✉❣❤ t❤❡ ✇❤♦❧❡ ❞❛t❛ ✜❧❡✳ ■t ♦♥❧② ♥❡❡❞❡❞ t♦ ❝❤❡❝❦ t❤❡ ✉♥✐q✉❡ ✺✲t✉♣❧❡ ♣❛✐rs✱ ✇❤✐❝❤
✇❡r❡ ♥♦t ♠♦r❡ t❤❡♥ ✸✵✱✵✵✵ ♣❡r ❞❛t❛ ✜❧❡✳ ❲❤❡♥ t❤❡ ✺✲t✉♣❧❡ ♠❛t❝❤✱ t❤❡ ❞✐❝t✐♦♥❛r②
✈❛❧✉❡s ❛r❡ ✉♣❞❛t❡❞ ✇✐t❤ ♣❛❝❦❡t ❧❡♥❣t❤✱ t✐♠❡st❛♠♣✱ ❛♥❞ ✢♦✇ ❞✐r❡❝t✐♦♥✳ ❋❧♦✇ ❞✐r❡❝t✐♦♥
✇❛s ❣❡♥❡r❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛ s♦✉r❝❡✲❞❡st✐♥❛t✐♦♥ r❡❧❛t✐♦♥✱ ♥❛♠❡❧②✱ ✐❢ ♣❛❝❦❡t ❣♦❡s ❢r♦♠
s♦✉r❝❡ t♦ ❞❡st✐♥❛t✐♦♥✱ ♥✉♠❜❡r ✶ ✐s ❛ss✐❣♥❡❞✱ ❛♥❞ ✐❢ ♣❛❝❦❡t ❣♦❡s ♦t❤❡r ✇❛② ✭❞❡st✐♥❛t✐♦♥
t♦ s♦✉r❝❡✮✱ ✲✶ ✐s ❛ss✐❣♥❡❞✳ ❋❡❛t✉r❡ ✈❡❝t♦r ✇❛s ❝r❡❛t❡❞ ♣❡r ♣❛❝❦❡t ❛♥❞ ✐t ❝♦♥t❛✐♥❡❞
♣❛❝❦❡t ❧❡♥❣t❤✱ t✐♠❡st❛♠♣ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ ♣❛❝❦❡t✳ ❆❢t❡r ✢♦✇ ♣r♦❝❡ss✐♥❣✱ t❤❡ ❞✐❝t✐♦♥❛r②
✈❛❧✉❡s ✭❧✐st ♦❢ ✢♦✇ ✈❡❝t♦rs✮ ❤❛❞ ❛ ✸✲❞✐♠❡♥s✐♦♥❛❧ ❧✐st str✉❝t✉r❡ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞❡❞ t♦
❛ t❡♥s♦r✳ ❚❤✐s ❦✐♥❞ ♦❢ ♦✉t♣✉t ✇❛s t❤❡ ♠♦st s✉✐t❛❜❧❡ ♦♥❡ ❢♦r ❚❡♥s♦r❋❧♦✇✱ ❛ ♠❛❝❤✐♥❡
❧❡❛r♥✐♥❣ ❢r❛♠❡✇♦r❦✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♥❡①t ❝❤❛♣t❡r✳ ❚❤❡ ✢♦✇s ✇❡r❡
❡①♣♦rt❡❞ ❛s ❛ ❞✐❝t✐♦♥❛r② ✜❧❡ ❛♥❞ ❤❛♥❞❡❞ t♦ t❤❡ ♥❡①t st❡♣✳

❚❤❡ ❢♦✉rt❤ st❡♣ ♦❢ ♣r❡♣r♦❝❡ss✐♥❣ ✇❛s ❧❛❜❡❧❧✐♥❣✳ ❚❤❡ ❞❛t❛ s❡t t❤❛t ✇❡ ✉s❡❞ ✐s ♥♦t
❞✐r❡❝t❧② ❧❛❜❡❧❧❡❞✳ ❚❤❡ s❡t ✇❛s ❝♦♠✐♥❣ ✇✐t❤ ❛ s❡♣❛r❛t❡ ●r♦✉♥❞ ❚r✉t❤✭●❚✮✳❝s✈ ✜❧❡ ✇❤✐❝❤
❝♦♥t❛✐♥❡❞ ❛ ❧✐st ♦❢ ❛tt❛❝❦s✳ ❚❤❡ ●❚ ✜❧❡ ❝♦♥t❛✐♥❡❞✿ t❤❡ s♦✉r❝❡ ■P✱ ❞❡st✐♥❛t✐♦♥ ■P✱ s♦✉r❝❡
♣♦rt✱ ❞❡st✐♥❛t✐♦♥ ♣♦rt✱ ♣r♦t♦❝♦❧✱ st❛rt✐♥❣ t✐♠❡✱ ✜♥✐s❤✐♥❣ t✐♠❡✱ ❛tt❛❝❦ ♥❛♠❡✱ ❛tt❛❝❦
❞❡s❝r✐♣t✐♦♥✳
❲❡ ❞❡✈❡❧♦♣❡❞ ❛ P②t❤♦♥ s❝r✐♣t ✇❤✐❝❤ ❝♦♠♣❛r❡❞ ●❚ ✜❧❡ ❡♥tr✐❡s ✇✐t❤ ❛ r❡❝❡♥t❧② ❝r❡❛t❡❞
tr❛✣❝ ✢♦✇ ❞✐❝t✐♦♥❛r②✳ ❙✐♥❝❡ ✇❡ ❛❧r❡❛❞② ❤❛❞ ♣r♦❜❧❡♠s ✇✐t❤ t✐♠❡ ❝♦♥s✉♠♣t✐♦♥ ❞✉❡ t♦
t❤❡ ♠✉❧t✐♣❧❡ ✐t❡r❛t✐♦♥s✱ ✇❡ ❞❡❝✐❞❡❞ t♦ ✉s❡ ❛❣❛✐♥ t❤❡ ❞✐❝t✐♦♥❛r② ❧♦❣✐❝ ❛❣❛✐♥✳ ❋✐rst❧②✱ t❤❡
●❚ ✜❧❡ ✇❛s ❝♦♥✈❡rt❡❞ t♦ ❛ ❞✐❝t✐♦♥❛r②✱ ✇✐t❤ t❤❡ ✺✲t✉♣❧❡ ❛s t❤❡ ❞✐❝t✐♦♥❛r② ❦❡② ❛♥❞ t❤❡
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❛tt❛❝❦ ❢❡❛t✉r❡s ✭st❛rt✐♥❣ t✐♠❡✱ ✜♥✐s❤✐♥❣ t✐♠❡✮ ❛s t❤❡ ❞✐❝t✐♦♥❛r② ✈❛❧✉❡✳ ❚❤❡ s❝r✐♣t ✇❛s
✐t❡r❛t❡❞ t❤r♦✉❣❤ t❤❡ ✢♦✇ ❞✐❝t✐♦♥❛r② ❛♥❞ ●❚ ❞✐❝t✐♦♥❛r② ✐♥ ♦r❞❡r t♦ ✜♥❞ t❤❡ ♠❛t❝❤✳
❲❤❡♥ t❤❡ ♠❛t❝❤ ✇❛s ❢♦✉♥❞✱ ❛♥♦t❤❡r ✐t❡r❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ t❤r♦✉❣❤ t❤❡ ●❚ ✈❛❧✉❡s
✐♥ ♦r❞❡r t♦ ✜♥❞ ✇❤❡t❤❡r t❤❡ t✐♠❡ ♦❢ t❤❡ ❛tt❛❝❦ ❛❧s♦ ♠❛t❝❤❡❞✳ ■❢ t❤❡ t✐♠❡ ♠❛t❝❤❡❞✱ t❤❡
✢♦✇ ❞✐❝t✐♦♥❛r② ✈❛❧✉❡s ✇❡r❡ ✉♣❞❛t❡❞ ✇✐t❤ t❤❡ ♥❡✇ ✈❛❧✉❡ ✶✳ ■❢ t❤❡ t✇♦ ❡♥tr✐❡s ✐♥ t❤❡ ✢♦✇
❛♥❞ ●❚ ❞✐❝t✐♦♥❛r✐❡s ❞✐❞ ♥♦t ♠❛t❝❤✱ t❤❡ ✢♦✇ ❞✐❝t✐♦♥❛r② ✈❛❧✉❡ ✇❛s ✉♣❞❛t❡❞ ✇✐t❤ ✵✳
❚❤❡ ❧❛st st❡♣ ♦❢ t❤❡ ♣r❡♣r♦❝❡ss✐♥❣ ♣❤❛s❡ ✇❛s ❝❛❧❝✉❧❛t✐♥❣ t❤❡ t✐♠❡ ❜❡t✇❡❡♥ t❤❡ ♣❛❝❦❡ts
❛♥❞ ❡①♣♦rt✐♥❣ t❤❡ ❞❛t❛ s❡t ✐♥t♦ ❛ ✳❝s✈ ✜❧❡✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥ ✇❛s ❞♦♥❡ ❜② s✉❜tr❛❝t✐♥❣ t❤❡
t✐♠❡st❛♠♣ ♦❢ t❤❡ t✇♦ s✉❜s❡q✉❡♥t ♣❛❝❦❡ts✳ ❚❤✐s ✇❛s ✈❡r② ✉s❡❢✉❧ t♦ ✉s ❜❡❝❛✉s❡ ✐t ❝♦✉❧❞
❤❡❧♣ ✉s r❡❝♦❣♥✐③❡ ❛ ♣r♦t♦❝♦❧ ❝♦♥♥❡❝t✐♦♥ ♣❛tt❡r♥ ✐♥ ♥❡t✇♦r❦ tr❛✣❝✳ ❚❤❡ ✐❞❡❛ ❝❛♠❡
❢r♦♠ ❧❛♥❣✉❛❣❡ ♣r♦❝❡ss✐♥❣✱ ✇❤✐❝❤ ✇❛s t❤❡ ♠❛✐♥ str❡♥❣t❤ ♦❢ ♥❡✉r❛❧ ♥❡t✇♦r❦ ♠❛❝❤✐♥❡
❧❡❛r♥✐♥❣✳ ■♥ ❧❛♥❣✉❛❣❡ ♣r♦❝❡ss✐♥❣✱ t❤❡ ♥❡①t ✇♦r❞ ✐♥ ❛ s❡♥t❡♥❝❡ ♦r t❤❡ ♥❡①t ❝❤❛r❛❝t❡r ✐♥
✇♦r❞ ❞❡♣❡♥❞s t❤❡ ♠♦st ♦♥ t❤❡ ❧❛st ✇♦r❞ ♦r ❝❤❛r❛❝t❡r✳ ❆ ♠♦❞❡❧ ❧❡❛r♥s ❞❡♣❡♥❞❡♥❝✐❡s
❜❡t✇❡❡♥ ✈❛r✐♦✉s ✇♦r❞s ❛♥❞ ❝❤❛r❛❝t❡rs ❛♥❞ tr✐❡s t♦ r❡❝♦❣♥✐③❡ s♦♠❡ ♣❛tt❡r♥ ❤♦✇ t❤❡
s❡♥t❡♥❝❡ ✐s ❢♦r♠❡❞✳ ❆s t❤✐s ✇♦r❦❡❞ ✈❡r② ✇❡❧❧ ♦♥ ❧❛♥❣✉❛❣❡ ♣r♦❝❡ss✐♥❣✱ ✇❡ ❞❡❝✐❞❡❞ t♦
❛♣♣❧② t❤✐s ♣r✐♥❝✐♣❧❡ t♦ ♦✉r ❡①♣❡r✐♠❡♥t✳ ❲❡ ✜♥❞ t❤❛t t❤❡ ♥❡t✇♦r❦ tr❛✣❝ ✭❛s ✇❡❧❧ ❛s
♠❛❧✐❝✐♦✉s ❛tt❛❝❦s✮ ❤❛s s✐♠✐❧❛r str✉❝t✉r❡ ❛s ❧❛♥❣✉❛❣❡ s❡♥t❡♥❝❡✱ ❜❡❝❛✉s❡ ✐t ❛❧s♦ ❢♦❧❧♦✇s
s♦♠❡ ♣❛tt❡rs✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣❡r✐♠❡♥t s❤♦✇❡❞ t❤❛t t❤✐s ✇❛s ❛ ❣♦♦❞ ✐❞❡❛✳
❆❢t❡r t❤❡ t✐♠❡ ❝❛❧❝✉❧❛t✐♦♥✱ t❤❡ ❞❛t❛ s❡t ✇❛s ❡①♣♦rt❡❞ t♦ ❛ ✳❝s✈ ✜❧❡ ❛♥❞ t❤❡ tr❛✐♥✐♥❣
♣❤❛s❡ ❝♦✉❧❞ ❜❡❣✐♥✳

✹✳✸ ❚r❛✐♥✐♥❣

❆❢t❡r t❤❡ ♣r❡♣r♦❝❡ss✐♥❣ ♣❤❛s❡✱ t❤❡ ❞❛t❛ ✇❛s ❢❡❞ t♦ t❤❡ tr❛✐♥✐♥❣ ♣❤❛s❡✱ ✐♥ ✇❤✐❝❤ ✇❡
❞❡✈❡❧♦♣❡❞ t❤❡ ♠♦❞❡❧ ❜② ✉s✐♥❣ ❚❡♥s♦r❋❧♦✇✳ ❲❡ ✉s❡❞ t❤✐s ♠♦❞❡❧ t♦ ❧❡❛r♥ ❢r♦♠ t❤❡ ❞❛t❛
t♦ ❞✐st✐♥❣✉✐s❤ ♥♦r♠❛❧ ❢r♦♠ ♠❛❧✐❝✐♦✉s tr❛✣❝✳

✹✳✸✳✶ ❚r❛✐♥✐♥❣ t❤❡ ♠♦❞❡❧

❚❤❡ ✜rst st❡♣ ✐♥ tr❛✐♥✐♥❣ t❤❡ ♠♦❞❡❧ ✇❛s t♦ ♣r❡♣❛r❡ t❤❡ ✐♥♣✉t ❞❛t❛ t♦ ❜❡ s✉✐t❛❜❧❡ ❢♦r
❚❡♥s♦r❋❧♦✇✳
❚❤❡ ✐♥♣✉t ❞❛t❛ ✇❛s ❞✐✈✐❞❡❞ ✐♥t♦ ①❴❞❛t❛✱ ✇❤✐❝❤ ❝♦♥t❛✐♥❡❞ ❛❧❧ t❤❡ ✈❛❧✉❡s ❛♥❞ ❢❡❛t✉r❡s
♦❢ tr❛✣❝✱ ❛♥❞ ②❴❧❛❜❡❧✱ ✇❤✐❝❤ ❝♦♥t❛✐♥❡❞ t❤❡ ❧❛❜❡❧s ♦❢ ❛tt❛❝❦ ♦r ♥♦♥✲❛tt❛❝❦ tr❛✣❝✳
❚❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ tr❛✣❝ ❢❡❛t✉r❡s ❛♥❞ ❧❛❜❡❧s ✇❡r❡ ❜❛s❡❞ ♦♥ ✐♥st❛♥❝❡ ♥✉♠❜❡r✳ ❲❡
st❛rt❡❞ ✇✐t❤ s♣❧✐tt✐♥❣ t❤❡ ✐♥♣✉t ❞❛t❛ t♦ t❤❡ tr❛✐♥ s❡t ❛♥❞ t❡st s❡t✳ ❚❤❡ tr❛✐♥ s❡t ❝♦♥t❛✐♥s
✽✵✪ ♦❢ t❤❡ ✐♥♣✉t ❞❛t❛✱ ❛♥❞ t❡st s❡t ❝♦♥t❛✐♥❡❞ t❤❡ r❡♠❛✐♥✐♥❣ ✷✵✪✳ ❉✉r✐♥❣ t❤❡ s♣❧✐tt✐♥❣✱
❛❞❞✐t✐♦♥❛❧ s❤✉✤✐♥❣ ♦❢ t❤❡ ✢♦✇s ✇❛s ✉s❡❞ t♦ ✉♥❞❡r♠✐♥❡ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ s♦♠❡ ❝♦♥♥❡❝✲
t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s✉❜s❡q✉❡♥t ✢♦✇s✳ ◆❡❝❡ss✐t② ❢♦r s❤✉✤✐♥❣ ❝♦♠❡s ❢r♦♠ t❤❡ ❢❛❝t t❤❛t
t❤❡ ✉s❡❞ ❞❛t❛ s❡t ✇❛s ❣❡♥❡r❛t❡ ✐♥ ❧❛❜♦r❛t♦r②✱ s♦✱ ❢r♦♠ ♦✉r ♣♦✐♥t ♦❢ ✈✐❡✇✱ ✐t ✐s ❧❛❝❦✐♥❣
t❤❡ r❛♥❞♦♠♥❡ss ✐♥ tr❛✣❝ ❣❡♥❡r❛t✐♦♥✳ ❉✉r✐♥❣ ❛ ❧❡❛r♥✐♥❣ ♣r♦❝❡ss✱ t❤❡r❡ ✐s ❛ ♣♦ss✐❜✐❧✐t②
❢♦r ♠♦❞❡❧ t♦ r❡❝♦❣♥✐③❡ s♦♠❡ ♣❛tt❡r♥ ♦❢ ❣❡♥❡r❛t✐♥❣ t❤❡ ❛tt❛❝❦s✱ ❢♦r ❡①❛♠♣❧❡✳
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❚❤❡ ❞❛t❛ s❡t ❛♥❞ ✐ts ❝♦♠♣♦♥❡♥t s✐③❡ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❚❛❜❧❡ ✷

❉❛t❛s❡t s✐③❡ ❚r❛✐♥✐♥❣ ❞❛t❛ ❚❡st ❉❛t❛
✶✱✽✵✻✱✹✻✽ ✶✱✹✹✺✱✶✼✹ ✸✻✶✱✷✾✹

❚❛❜❧❡ ✷✿ ❉❛t❛ s❡t

❚❤❡ ♥❡①t st❡♣ ✇❛s t♦ ❝r❡❛t❡ ❛ s✉✐t❛❜❧❡ ♠♦❞❡❧ ❢♦r ❧❡❛r♥✐♥❣✳ ❉✐✛❡r❡♥t ♠♦❞❡❧s ✇❡r❡
❝r❡❛t❡❞ t♦ t❡st ❞✐✛❡r❡♥t ♣♦ss✐❜✐❧✐t✐❡s ♦❢ ❞❡❡♣ ❧❡❛r♥✐♥❣ ✇✐t❤✐♥ ❚❡♥s♦r❋❧♦✇✭t❛❜❧❡ ♣r♦✈✐❞❡❞
✐♥ ❆♣♣❡♥❞✐①✮✿

✶✳ ❇❛s✐❝ ▲❙❚▼ ♠♦❞❡❧ ✭❇▲❙❚▼✮ ✲ ✇❡ s❡❧❡❝t❡❞ t❤✐s ♠♦❞❡❧ ❜❡❝❛✉s❡ ✐t ✇❛s s✐♠✲
♣❧❡ ❛♥❞ ❢❛st✱ ❛♥❞ t❤❡r❡❢♦r❡ s✉✐t❛❜❧❡ ❢♦r t❡st✐♥❣ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs✳ ❉✉r✐♥❣ t❤❡
t❡st✐♥❣ ✇❡ tr❛✐♥❡❞ t❤✐s ♠♦❞❡❧ ✇✐t❤ ❢♦❧❧♦✇✐♥❣ ♣❛r❛♠❡t❡rs✿

❼ ✶✱✸ ❛♥❞ ✺ ❧❛②❡rs ♦❢ ❜❛s✐❝ ▲❙❚▼

❼ ❞✐✛❡r❡♥t ❝❡❧❧ ♥✉♠❜❡rs ✐♥ ❧❛②❡r

❼ ❞✐✛❡r❡♥t ❧❡❛r♥✐♥❣ r❛t❡s

❼ ❞✐✛❡r❡♥t ♠❛①✐♠✉♠ ❜❛t❝❤ s✐③❡s

✷✳ ❇❛t❝❤ ◆♦r♠❛❧✐③❛t✐♦♥ ▲❙❚▼ ♠♦❞❡❧ ✭❇◆▲❙❚▼✮ ✲ t❤✐s ♠♦❞❡❧ ✇❛s s❡❧❡❝t❡❞
❜❡❝❛✉s❡✱ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤✱ t❤❡ ❜❛t❝❤ tr❛✐♥✐♥❣ ✐s ✉s❡❞✱ s♦ t❤✐s
✇❛s ❧♦❣✐❝ st❡♣ ❢♦r✇❛r❞ ✐♥ t❡r♠s ♦❢ ✐♠♣r♦✈❡♠❡♥t ♦❢ ✶✳♠♦❞❡❧✳ ❲❡ ❛r❡ ❡①♣❡❝t✐♥❣
s♦♠❡ ✐♠♣r♦✈❡♠❡♥ts ✐♥ ♣❡r❢♦r♠❛♥❝❡ ✉s✐♥❣ t❤✐s ♠♦❞❡❧✳ ❚❡st❡❞ ♣❛r❛♠❡t❡rs✿

❼ ✶ ❛♥❞ ✸ ❧❛②❡rs ♦❢ ❜❛s✐❝ ▲❙❚▼

❼ ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥ ❧❛②❡r

✸✳ ▲❛②❡r ◆♦r♠❛❧✐③❛t✐♦♥ ▲❙❚▼ ♠♦❞❡❧ ✭▲◆▲❙❚▼✮ ✲ t❤✐s ♠♦❞❡❧ ✇❛s s❡❧❡❝t❡❞ t♦
t❡st ❛♥♦t❤❡r s✐♠✐❧❛r ♥♦r♠❛❧✐③❛t✐♦♥ ♠❡t❤♦❞✳ ❚❤✐s ♠❡t❤♦❞ ✐s ♠♦r❡ ❝♦♠♣❧❡① t❤❡♥
❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥ s♦ ✇❡ ❛r❡ ❡①♣❡❝t✐♥❣ s♦♠❡ ✐♠♣r♦✈❡♠❡♥t✱ ✇✐t❤ ✐♥❝r❡❛s❡ ✐♥
tr❛✐♥✐♥❣ t✐♠❡ ❝♦♠♣❛r❡❞ t♦ ✷✳♠♦❞❡❧✳ ❚❡st❡❞ ♣❛r❛♠❡t❡s✿

❼ ✶ ❛♥❞ ✸ ❧❛②❡rs ♦❢ ❜❛s✐❝ ▲❙❚▼

✹✳ ●❛t❡❞ ❘❡❝✉rr❡♥t ◆❡t✇♦r❦ ♠♦❞❡❧ ✭●❘❯✮ t❤✐s ♠♦❞❡❧ ✇❛s s❡❧❡❝t❡❞ ❜❡❝❛✉s❡ t❤❡
❝❡❧❧ str✉❝t✉r❡ ✐s s✐♠✐❧❛r ❛s ▲❙❚▼ ❝❡❧❧ ✐♥ ✶✳♠♦❞❡❧✱ s♦ ✐t ✐s s✉✐t❛❜❧❡ ❢♦r ❝♦♠♣❛r✐s♦♥
✇✐t❤ t❤✐s ♠♦❞❡❧✳ ❆❝❝♦r❞✐♥❣ t♦ ❬✹✶❪✱ t❤❡r❡ ✐s s♦♠❡ ✐♠♣r♦✈❡♠❡♥t ✐♥ tr❛✐♥✐♥❣ t✐♠❡
❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ❡①♣❡❝t❡❞✳ ❚❡st❡❞ ♣❛r❛♠❡t❡rs✿
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❼ ✶ ❛♥❞ ✸ ❜❛s✐❝ ●❘❯ ❝❡❧❧s

❚❤❡r❡ ❛r❡ ❞✐✛❡r❡♥t ✈✐❡✇s ♦♥ ❤♦✇ t♦ ❢❡❡❞ ❞❛t❛ ✐♥t♦ ❛ ♠♦❞❡❧✳ ❚❤❡ s✐♠♣❧❡st ✇❛②
✐s t♦ ❢❡❡❞ s✐♥❣❧❡ ✈❛❧✉❡s t♦ t❤❡ ♠♦❞❡❧✳ ❚❤✐s ♠❡t❤♦❞ r❡q✉✐r❡s ♠✉❝❤ ♠♦r❡ t✐♠❡ ❛♥❞
❡✛♦rt✳ ❆ ❜❡tt❡r s♦❧✉t✐♦♥ ❧✐❡s ❜❡❤✐♥❞ t❤❡ t❡r♠ ❜❛t❝❤ tr❛✐♥✐♥❣✳ ■t r❡♣r❡s❡♥ts t❤❡
❞✐✈✐s✐♦♥ ♦❢ ❞❛t❛ ✐♥t♦ s♠❛❧❧ s❡ts ❛♥❞ ❢❡❡❞✐♥❣ s♠❛❧❧ s❡ts t♦ t❤❡ ♠♦❞❡❧✳ ❆♥ ✐♠♣♦rt❛♥t
♣❛r❛♠❡t❡r ✇❤✐❝❤ ❝♦✉❧❞ ❤❛✈❡ ♠♦r❡ ✐♠♣❛❝t ♦♥ t❤❡ ❧❡❛r♥✐♥❣ ♣r♦❝❡ss ✐s t❤❡ ❜❛t❝❤ s✐③❡✳
❆ ❜✐❣❣❡r s✐③❡ ♦❢ t❤❡ ❜❛t❝❤ tr❛✐♥✐♥❣ ✐s t✐♠❡ ❡✣❝✐❡♥t✱ ❜✉t t❤❡r❡ ✐s ❛ ♣♦ss✐❜✐❧✐t② ♦❢
♦✈❡rs❤♦♦t✐♥❣ ♦r ✉♥❞❡rs❤♦♦t✐♥❣✳ ❚❤❡ ✜rst ✐❞❡❛ ✇❛s t♦ ✉s❡ ❛ ✜①❡❞ ❜❛t❝❤ ❧❡♥❣t❤✱ ❜✉t ✐t
❝r❡❛t❡❞ ♠❛♥② q✉❡st✐♦♥s r❡❣❛r❞✐♥❣ t❤❡ ❧❡❛r♥✐♥❣ ♣r♦❝❡ss✳ ■t r❡q✉✐r❡❞ ♣❛❞❞✐♥❣ ✐❢ t❤❡r❡
❛r❡ ♥♦t ❡♥♦✉❣❤ ❡♥tr✐❡s ✐♥ t❤❡ ❞❛t❛ s❡t✱ ✇❤✐❝❤ ❝♦✉❧❞ ♣r♦❜❛❜❧② ❝♦♥❢✉s❡ t❤❡ tr❛✐♥✐♥❣ ♠♦❞❡❧✳

❋✐❣✉r❡ ✷✻✿ ❇❛t❝❤ ❚r❛✐♥✐♥❣ ❡①❛♠♣❧❡ ✲ ❞✐✛❡r❡♥t ❝♦❧♦r r❡❝t❛♥❣❧❡s r❡♣r❡s❡♥t ✈❛r✐❛❜❧❡ s✐③❡
❜❛t❝❤❡s✳ ■♥s✐❞❡ t❤❡ ❜❛t❝❤❡s✱ ✢♦✇s r❡♣r❡s❡♥t❡❞ ❜② t❤❡✐r ❢❡❛t✉r❡ ✈❡❝t♦rs ❛r❡ s❤♦✇♥ ✇✐t❤
❞✐✛❡r❡♥t ❝♦❧♦rs✳

❆ ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥ t♦ t❤❡ ♣r♦❜❧❡♠✱ ✇❛s t♦ ❞✐✈✐❞❡ t❤❡ ❞❛t❛ ✐♥ t❤❡ ✈❛r✐❛❜❧❡ ❜❛t❝❤❡s
✇✐t❤ t❤❡ ✢♦✇ ❧❡♥❣t❤ ❛s ❛ ♣❛r❛♠❡t❡r ❢♦r t❤✐s ❞✐✈✐s✐♦♥✳ ■♥ t❤✐s ✇❛②✱ t❤❡ ✢♦✇s ✇✐t❤ s❛♠❡
❝❤❛r❛❝t❡r✐st✐❝s ✇♦✉❧❞ ❜❡ ❢❡❞ ✐♥t♦ t❤❡ ♠♦❞❡❧ ❛t t❤❡ s❛♠❡ t✐♠❡✱ ✇❤✐❝❤ ✇♦✉❧❞✱ ❜② ♦✉r
♦♣✐♥✐♦♥✱ ✐♠♣r♦✈❡ t❤❡ ❧❡❛r♥✐♥❣ ♣r♦❝❡ss✳
■t ✐s ✐♠♣♦rt❛♥t t♦ ♣♦✐♥t ♦✉t t❤❛t✱ r❡❣❛r❞✐♥❣ t❤❡ ✈❛r✐❛❜❧❡ ❜❛t❝❤ tr❛✐♥✐♥❣✱ ✇❡ ❤❛✈❡ ✐♥tr♦✲
❞✉❝❡❞ ❛♥♦t❤❡r ♣❛r❛♠❡t❡r✱ ❝❛❧❧❡❞ ▼❛①✐♠✉♠ ❇❛t❝❤ ❙✐③❡✳ ❆s t❤❡r❡ ✐s ❛ ❧♦t ♦❢ ♥♦r♠❛❧
tr❛✣❝ ✇✐t❤ t❤❡ s❛♠❡ ✢♦✇ ❧❡♥❣t❤✱ t❤✐s ❝♦✉❧❞ r❡s✉❧t ✐♥ ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ❡♥t✐r❡ ❘❆▼
❛♥❞ ❝r❛s❤✐♥❣ t❤❡ ♠♦❞❡❧✳ ❚❤❡ ✈❛❧✉❡ t❤❛t ✇❡ ❛r❡ ✉s❡❞ ✇❛s ✶✵✷✹ ❛♥❞ ✐t ❝❛♠❡ ❢r♦♠ tr✐❛❧
❛♥❞ ❡rr♦r ❡①♣❡r✐♠❡♥ts✳ ❚❤✐s ✈❛❧✉❡ ✇❛s ❛ ♣❡r❢❡❝t ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t✐♠❡ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞
♠♦❞❡❧ ❛❝❝✉r❛❝② ♣❡r❢♦r♠❛♥❝❡✳

✹✷
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✹✳✹ ❊✈❛❧✉❛t✐♦♥

❆❢t❡r t❤❡ ◆◆ tr❛✐♥✐♥❣✱ ✇❡ ♠♦✈❡ t♦ t❤❡ ❡✈❛❧✉❛t✐♦♥✱ ✇❤❡r❡ ✇❡ ✉s❡ ❞✐✛❡r❡♥t ♠❡t❤♦❞s t♦
♠❡❛s✉r❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ♦✉r ♠♦❞❡❧✳ ❚❤✐s ♣r♦❝❡ss ❣✐✈❡s ✉s ✉s❡❢✉❧ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t
t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ♦✉r ♠♦❞❡❧s ♦♥ ✉♥s❡❡♥ ❞❛t❛✳■t ❛❧s♦ ❣✐✈❡s ✉s ❛ str♦♥❣ ✐♥❞✐❝❛t✐♦♥ ❛❜♦✉t
✇❤✐❝❤ ♣❛rt ♦❢ t❤❡ ♠♦❞❡❧ ❝♦✉❧❞ ❜❡ ✐♠♣r♦✈❡❞✱ ❛♥❞ ✉♣ t♦ ✇❤❛t ❡①t❡♥t t❤❡ ✐♠♣r♦✈❡♠❡♥t
s❤♦✉❧❞ ❜❡ ✐♠♣❧❡♠❡♥t❡❞✳
❋♦r t❤❡ ❡✈❛❧✉❛t✐♦♥✱ ✇❡ ✉s✉❛❧❧② s♣❧✐t t❤❡ ❞❛t❛ ✐♥t♦ ✷ ♣❛rts✿ t❤❡ tr❛✐♥✐♥❣ s❡t ❛♥❞ t❡st s❡t✳
❚❤❡ tr❛✐♥✐♥❣ s❡t ✐s ✉s❡❞ ✐♥ t❤❡ tr❛✐♥✐♥❣ ♣r♦❝❡ss✱ ✐♥ ✇❤✐❝❤ t❤❡ ♠♦❞❡❧ ✉s❡s t❤❡ ❛❧r❡❛❞②
❡①♣❧❛✐♥❡❞ ♠❡t❤♦❞s t♦ ❧❡❛r♥ t❤❡ ❞❛t❛ ❢❡❛t✉r❡s ❛♥❞ str✉❝t✉r❡ ❜② ❛❞❥✉st✐♥❣ t❤❡ ✇❡✐❣❤ts
❛♥❞ ❜✐❛s❡s✳ ❚❤✐s s❡t s❤♦✉❧❞ ❜❡ ❛s ❧❛r❣❡ ❛s ♣♦ss✐❜❧❡ ❛♥❞ ✐t ✉s✉❛❧❧② t❛❦❡s ♠♦r❡ t❤❛♥ ✽✵✪
♦❢ t❤❡ ❞❛t❛ s❡t✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ❞❛t❛ ❜❡❧♦♥❣s t♦ t❤❡ t❡st s❡t✱ ✇❤✐❝❤ ✐s ✉s❡❞ t♦ ❡✈❛❧✉❛t❡
t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧✳
❚❤❡ ♥❡①t ♣❛rt ♦❢ t❤❡ ❡✈❛❧✉❛t✐♦♥ r❡❣❛r❞s t❤❡ q✉❛♥t✐❢②✐♥❣ ♦❢ t❤❡ ♠♦❞❡❧ ♣❡r❢♦r♠❛♥❝❡✳
❲❡ ♥❡❡❞ t♦ ❝❤♦♦s❡ t❤❡ ♣r♦♣❡r ♠❡tr✐❝ ❢♦r t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ✐♥ ♦r❞❡r t♦ ❣❡t ❛♥ ❛❝❝✉r❛t❡
❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧✳ ❚❤✐s ✐s ❞♦♥❡ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ❝❧❛ss✐✜❡❞ ❧❛❜❡❧s ❛♥❞ t❤❡ ♦r✐❣✐♥❛❧
❧❛❜❡❧s✳
❉✉r✐♥❣ t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ t❤❡r❡ ❛r❡ ✹ ❞✐✛❡r❡♥t ♦✉t♣✉t st❛t❡s✱ ✇❤✐❝❤ ❛r❡ r❡♣r❡s❡♥t❡❞ ✇✐t❤
❛ ❝♦♥❢✉s✐♦♥ ♠❛tr✐① ✿

❋✐❣✉r❡ ✷✼✿ ❈♦♥❢✉s✐♦♥ ▼❛tr✐①

❼ ❚r✉❡ P♦s✐t✐✈❡ ✲ t❤❡ ♣♦s✐t✐✈❡ ❝❧❛ss✐✜❡❞ ❧❛❜❡❧ ♠❛t❝❤❡s t❤❡ ♦r✐❣✐♥❛❧ ❧❛❜❡❧✱ ✐♥ ♦✉r ❝❛s❡✿
t❤❡ ❝❧❛ss✐✜❡❞ ❛tt❛❝❦ ♠❛t❝❤❡s t❤❡ ❛tt❛❝❦ ✐♥ ♦r✐❣✐♥❛❧ ❞❛t❛ s❡t

❼ ❚r✉❡ ◆❡❣❛t✐✈❡ ✲ t❤❡ ❝❧❛ss✐✜❡❞ ♥♦ ❛tt❛❝❦ ♠❛t❝❤❡s ♥♦ ❛tt❛❝❦ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ❞❛t❛

❼ ❋❛❧s❡ P♦s✐t✐✈❡ ✲ t❤❡ ❝❧❛ss✐✜❡❞ ❛tt❛❝❦ ❞♦❡s ♥♦t ♠❛t❝❤ ✇✐t❤ ♥♦ ❛tt❛❝❦ ✐♥ t❤❡ ♦r✐❣✐♥❛❧
❞❛t❛

✹✸
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❼ ❋❛❧s❡ ♥❡❣❛t✐✈❡ ✲ t❤❡ ❝❧❛ss✐✜❡❞ ♥♦ ❛tt❛❝❦ ❞♦❡s ♥♦t ♠❛t❝❤ ✇✐t❤ ♥♦ ❛tt❛❝❦ ✐♥ t❤❡
♦r✐❣✐♥❛❧ ❞❛t❛

❲✐t❤ ❛ ❤❡❧♣ ♦❢ t❤❡ ❝♦♥❢✉s✐♦♥ ♠❛tr✐①✱ ✇❡ ❝❛♥ ❞❡✜♥❡ ❞✐✛❡r❡♥t t②♣❡s ♦❢ t❤❡ ♠❡tr✐❝ t❤❛t
✇❡ ❛r❡ ❣♦✐♥❣ t♦ ✉s❡✿

❼ ❆❝❝✉r❛❝② ✲ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦rr❡❝t ♣r❡❞✐❝t✐♦♥s ❞✐✈✐❞❡❞ ❜② t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢
♣r❡❞✐❝t✐♦♥s ♠❛❞❡✿

❆❝❝✉r❛❝② =
❚r✉❡ P♦s✐t✐✈❡s+ ❚r✉❡ ◆❡❣❛t✐✈❡s

❚r✉❡ P♦s✐t✐✈❡s+ ❚r✉❡ ◆❡❣❛t✐✈❡s+ ❋❛❧s❡ P♦s✐t✐✈❡s+ ❋❛❧s❡ ◆❡❣❛t✐✈❡s
✭✸✸✮

❼ Pr❡❝✐s✐♦♥ ✲ t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❝♦rr❡❝t ♣♦s✐t✐✈❡ ♣r❡❞✐❝t✐♦♥s ❞✐✈✐❞❡❞ ❜② t❤❡ t♦t❛❧
♥✉♠❜❡r ♦❢ t❤❡ ♣♦s✐t✐✈❡ ♣r❡❞✐❝t✐♦♥s✿

Pr❡❝✐s✐♦♥ =
❚r✉❡ P♦s✐t✐✈❡s

❚r✉❡ P♦s✐t✐✈❡s+ ❋❛❧s❡ P♦s✐t✐✈❡s
✭✸✹✮

❼ ❙❡♥s✐t✐✈✐t② ✲ t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❝♦rr❡❝t ♣♦s✐t✐✈❡ ♣r❡❞✐❝t✐♦♥s ❞✐✈✐❞❡❞ ❜② t❤❡
♥✉♠❜❡r ♦❢ t❤❡ ♦r✐❣✐♥❛❧ tr✉❡ ❧❛❜❡❧s✿

❙❡♥s✐t✐✈✐t② =
❚r✉❡ P♦s✐t✐✈❡s

❚r✉❡ P♦s✐t✐✈❡s+ ❋❛❧s❡ ◆❡❣❛t✐✈❡s
✭✸✺✮

❼ ❙♣❡❝✐✜❝✐t② ✲ t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❝♦rr❡❝t ♥❡❣❛t✐✈❡ ♣r❡❞✐❝t✐♦♥ ❞✐✈✐❞❡❞ ❜② t❤❡ t♦t❛❧
♥✉♠❜❡r ♦❢ t❤❡ ♥❡❣❛t✐✈❡ ♣r❡❞✐❝t✐♦♥s✿

❙♣❡❝✐✜❝✐t② =
❚r✉❡ ◆❡❣❛t✐✈❡s

❚r✉❡ ◆❡❣❛t✐✈❡s+ ❋❛❧s❡ P♦s✐t✐✈❡s
✭✸✻✮

❼ ❋✶ ❙❝♦r❡ ✲ t❤❡ ❤❛r♠♦♥✐❝ ♠❡❛♥ ♦❢ ❙❡♥s✐t✐✈✐t② ❛♥❞ Pr❡❝✐s✐♦♥✳ ❆ ❤✐❣❤❡r ♥✉♠❜❡r
r❡♣r❡s❡♥ts ❛ ❜❡tt❡r s❝♦r❡

❋✶❴s❝♦r❡ =
2

1
Pr❡❝✐s✐♦♥

+ 1
❙❡♥s✐t✐✈✐t②

=
2 ∗ Pr❡❝✐s✐♦♥ ∗ ❙❡♥s✐t✐✈✐t②

Pr❡❝✐s✐♦♥+ ❙❡♥s✐t✐✈✐t②
✭✸✼✮

❼ ❨♦✉❞❡♥✬s ❏ st❛t✐st✐❝ ✲ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♠❡❛s✉r❡ ♦❢ ❛ ❞✐❛❣♥♦st✐❝ t❡st✱ ✇❤❡r❡ t❤❡
♦✉t♣✉ts ❛r❡ ✈❛❧✉❡s ❜❡t✇❡❡♥ ✵ ❛♥❞ ✶✳ ❚❤❡ ✈❛❧✉❡ ✵ r❡♣r❡s❡♥ts ❛ ✉s❡❧❡ss t❡st ✇❤❡r❡
t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❣✐✈❡s t❤❡ s❛♠❡ r❡s✉❧ts ✇✐t❤ ♦r ✇✐t❤♦✉t ❛ ❞❡❡♣ ❧❡❛r♥✐♥❣ ♠♦❞❡❧✱

✹✹
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✐✳❡ t❤❡ s❛♠❡ ❛s r❛♥❞♦♠ ❣✉❡ss✐♥❣✳ ❚❤❡ ✈❛❧✉❡ ✶ r❡♣r❡s❡♥ts ❛ ♣❡r❢❡❝t t❡st ✇✐t❤♦✉t
❢❛❧s❡ ♣♦s✐t✐✈❡s ❛♥❞ ❢❛❧s❡ ♥❡❣❛t✐✈❡s✳

J = ❙❡♥s✐t✐✈✐t②+ ❙♣❡❝✐✜❝✐t②− 1 = ❚r✉❡ P♦s✐t✐✈❡s
❚r✉❡ P♦s✐t✐✈❡s+❋❛❧s❡ ◆❡❣❛t✐✈❡s

+ ❚r✉❡ ◆❡❣❛t✐✈❡s

❚r✉❡ ◆❡❣❛t✐✈❡s+❋❛❧s❡ P♦s✐t✐✈❡s

✭✸✽✮
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✹✳✺ ◆♦r♠❛❧✐③❛t✐♦♥

❆❢t❡r tr❛✐♥✐♥❣ ❛♥❞ ❡✈❛❧✉❛t✐♥❣✱ ✇❡ ❛r❡ ❝♦♠♣❛r✐♥❣ ♦✉r ♠♦❞❡❧s ❛♥❞ ❧♦♦❦✐♥❣ ❢♦r t❤❡ ✇❛②s
t♦ ✐♠♣r♦✈❡ ❛♥❞ ♦♣t✐♠✐③❡ ♦✉r ❝♦❞❡✳ ❚❤❡ ♣❛r❛♠❡t❡rs t❤❛t ✇❡ ❝♦♥s✐❞❡r✐♥❣ ❢♦r t❤❡ ♦♣t✐✲
♠✐③❛t✐♦♥ ❛r❡✿ tr❛✐♥✐♥❣ ❛❝❝✉r❛❝②✱ ❥✲st❛t✐st✐❝s✱ tr❛✐♥✐♥❣ t✐♠❡✱ ❡t❝✳ ❚r❛✐♥✐♥❣ ❛❝❝✉r❛❝② s❤♦✇s
✉s ❤♦✇ ❝♦rr❡❝t ❛r❡ ♦✉r ♠♦❞❡❧s ❝❧❛ss✐❢②✐♥❣ t❤❡ tr❛✣❝✱ ❛♥❞ ✐t ✐s ✉s❡❢✉❧ ❢♦r ❝♦♠♣❛r✐s♦♥
✇✐t❤ s✐♠✐❧❛r ❡①♣❡r✐♠❡♥ts✱ s✐♥❝❡ ✐t ✐s ♠♦st❧② ✉s❡❞ ♠❡tr✐❝✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ❛❝❝✉r❛❝② ❛❧♦♥❡
✐s ♥♦t ❡♥♦✉❣❤ t♦ ❡✈❛❧✉❛t❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ♦✉r ♠♦❞❡❧✱ s✐♥❝❡ ✐t ✉s❡s s✉♠ ♦❢ tr✉❡ ♣♦s✐t✐✈❡s
❛♥❞ tr✉❡ ♥❡❣❛t✐✈❡s ✐♥ ♥♦♠✐♥❛t♦r✳ ❏✲st❛t✐st✐❝ ✐s ❣✐✈✐♥❣ ♣r❡❝✐s❡ ♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥✱
❜❡❝❛✉s❡ ✐t s❤♦✇s ❡①❛❝t r❛t✐♦ ♦❢ tr✉❡ ♣♦s✐t✐✈❡s ❛♥❞ tr✉❡ ♥❡❣❛t✐✈❡s r❡s♣❡❝t✐✈❡❧②✳ ❚r❛✐♥✐♥❣
t✐♠❡ ✐s ❛❧s♦ ♦♥❡ ♦❢ ✉♥✐✈❡rs❛❧ ♠❡tr✐❝s ❢♦r ♠♦❞❡❧ ❡✣❝✐❡♥❝②✳ ▼♦st ♦❢ t❤❡ ❡①♣❡r✐♠❡♥ts
❝♦♥t❛✐♥ ❤✉❣❡ ❞❛t❛ s❡ts ❛♥❞ ✐t ✐s ❝♦st❧② t♦ ❧♦s❡ t✐♠❡ ♦♥ tr❛✐♥✐♥❣ ❛ ♥♦t ❡✣❝✐❡♥t ♠♦❞❡❧s✳
❉✉r✐♥❣ t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ tr❛✐♥✐♥❣✱ t❤❡ ♠❛✐♥ ♣r♦❜❧❡♠ t❤❛t ♦❝❝✉rs ✐s ❛ str♦♥❣ ✈❛r✐❛t✐♦♥
✐♥ ✐♥♣✉t ❞❛t❛ ❞✐str✐❜✉t✐♦♥✳ ❚❤✐s ❡✛❡❝t ❢♦r❝❡s t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠ t♦ ❛❞❥✉st t❤❡
✇❡✐❣❤ts ❛♥❞ ❜✐❛s❡s ❢♦r ❡✈❡r② ✐♥♣✉t st❡♣✳ ❚❤❡ ❧❡✈❡❧ ♦❢ ❛❞❥✉st♠❡♥ts ❝❛♥ ❜❡ ✈❡r② ❤✐❣❤✳
❍✐❣❤ ❛❞❥✉st♠❡♥ts r❡s✉❧t ✐♥ s❧♦✇ ❧❡❛r♥✐♥❣ ❛♥❞ ❛ ❤✐❣❤❡r tr❛✐♥✐♥❣ ❡rr♦r✳
■♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❜❛❞ ❡✛❡❝ts ♦❢ ✐♥♣✉t ❞❛t❛ ❞✐str✐❜✉t✐♦♥ ✈❛r✐❛t✐♦♥✱ ✇❡ ❛r❡ ✉s✐♥❣ ♥♦r♠❛❧✲
✐③❛t✐♦♥ ♠❡t❤♦❞s✳ ❚❤♦s❡ ♠❡t❤♦❞s ❛r❡ ✉t✐❧✐③❡❞ ❢♦r s❝❛❧✐♥❣ t❤❡ ♥✉♠❡r✐❝❛❧ ✐♥♣✉t ❞❛t❛ t♦
❛ ❝♦♠♠♦♥ r❛♥❣❡✱ ✇❤✐❝❤ ❝❛✉s❡s s❧✐❣❤t ❛❞❥✉st♠❡♥ts ♦❢ ♣❛r❛♠❡t❡rs ❞✉r✐♥❣ t❤❡ tr❛✐♥✐♥❣
❛♥❞ ❛❧❧♦✇s ❢❛st❡r tr❛✐♥✐♥❣ ❛♥❞ ❜❡tt❡r ♣r❡❝✐s✐♦♥✳ ❲❡ ❛r❡ ✐♠♣❧❡♠❡♥t✐♥❣ t✇♦ ✇✐❞❡❧② ✉s❡❞
♠❡t❤♦❞s ❢♦r ♥♦r♠❛❧✐③❛t✐♦♥✿ ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥ ❛♥❞ ❧❛②❡r ♥♦r♠❛❧✐③❛t✐♦♥

❇❛t❝❤ ◆♦r♠❛❧✐③❛t✐♦♥

❲❡ ❛r❡ ✉s✐♥❣ ❜❛t❝❤ tr❛✐♥✐♥❣ t♦ ❛❝❤✐❡✈❡ ♠♦r❡ ❡✣❝✐❡♥❝② ✐♥ t❤❡ tr❛✐♥✐♥❣ ✭♠♦r❡ ✐♥ t❤❡
s✉❜s❡❝t✐♦♥ ✹✳✸✳✶✮✳ ❋✐rst❧②✱ t❤❡ ❝❛❧❝✉❧❛t❡❞ ❧♦ss ♦✈❡r t❤❡ ❜❛t❝❤ ✐s ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ❧♦ss
♦✈❡r t❤❡ ✇❤♦❧❡ ❞❛t❛ s❡t✱ ❛♥❞ ♦✈❡r t✐♠❡ ✐t ✐♠♣r♦✈❡s ✇✐t❤ ❣r❛❞✐❡♥t ❞❡s❝❡♥t✳ ❙❡❝♦♥❞❧②✱
❜❛t❝❤ tr❛✐♥✐♥❣ ✐♠♣r♦✈❡s tr❛✐♥✐♥❣ ❡✣❝✐❡♥❝② ❜② ❞✐✈✐❞✐♥❣ t❤❡ tr❛✐♥✐♥❣ s❡t ✐♥ s♠❛❧❧❡r
s✉❜s❡ts ❛♥❞ ✉t✐❧✐③✐♥❣ t❤❡ ♣❛r❛❧❧❡❧✐s♠ ♦❢ ♠♦❞❡r♥ ❝♦♠♣✉t✐♥❣ ♣❧❛t❢♦r♠s✳

✹✻
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✹✳✺ ◆♦r♠❛❧✐③❛t✐♦♥ ✹ ❘❊❙❊❆❘❈❍ ▼❊❚❍❖❉❖▲❖●❨ ❆◆❉ ❊❳P❊❘■▼❊◆❚

❋✐❣✉r❡ ✷✽✿ ❇❛t❝❤ ◆♦r♠❛❧✐③❛t✐♦♥

❆❧t❤♦✉❣❤✱ t❤❡ ❣r❛❞✐❡♥t ✐s ❛ s✐♠♣❧❡ ❛♥❞ ❡✣❝✐❡♥t ✇❛② ❢♦r tr❛✐♥✐♥❣ ♦♣t✐♠✐③❛t✐♦♥✱ ✐t
r❡q✉✐r❡s ❝❛r❡❢✉❧❧② s❡❧❡❝t❡❞ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✳ ❊❛❝❤ ♣❛r❛♠❡t❡r ❝❛♥ ✐♥✢✉❡♥❝❡ t❤❡ ❝❤❛♥❣❡
♦❢ ✐♥♣✉t ❞✐str✐❜✉t✐♦♥ ❢♦r ❡❛❝❤ ❧❛②❡r✳ ❙✐♥❝❡ t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛❞❛♣ts t❤❡ ✇❡✐❣❤ts
❛♥❞ ❜✐❛s❡s ♦❢ ❡❛❝❤ ❧❛②❡r ❞✉r✐♥❣ t❤❡ tr❛✐♥✐♥❣✱ t❤❡ ❛❝t✐✈❛t✐♦♥ ♦❢ ❡❛❝❤ ❧❛②❡r ✇♦✉❧❞ ❛❧s♦
❝❤❛♥❣❡✳ ❉✉❡ t♦ t❤❡ ❝❤❛♥❣❡ ♦❢ ✐♥♣✉t✱ ❡❛❝❤ ❧❛②❡r ✐s ❢♦r❝❡❞ t♦ ❛❞❛♣t ❝♦♥st❛♥t❧② t♦ ♥❡✇
✐♥♣✉t ❞✐str✐❜✉t✐♦♥✱ ✇❤✐❝❤ r❡s✉❧ts ✐♥ ❡rr♦r ♣r♦♣❛❣❛t✐♦♥✳ ■t ❤❛s s✐❣♥✐✜❝❛♥t ❝♦♥s❡q✉❡♥❝❡s
❡s♣❡❝✐❛❧❧② ✐♥ ❝❛s❡ ♦❢ ♠♦r❡ ❧❛②❡rs ✐♥ t❤❡ ♥❡t✇♦r❦✳

❚❤❡ ♣r♦❜❧❡♠ ✇❤✐❝❤ ♦❝❝✉rs ✐s ❝❛❧❧❡❞ ❝♦✈❛r✐❛t❡ s❤✐❢t✱ ❛♥❞ ✐t r❡❢❡rs t♦ ❛ ❝❤❛♥❣❡ ♦❢ t❤❡
✐♥♣✉t ❞❛t❛ ❞✐str✐❜✉t✐♦♥ t♦ ❛ ❧❛②❡r✳ ❚❤✐s r❡♣r❡s❡♥ts ❛ ♣r♦❜❧❡♠✱ ❜❡❝❛✉s❡ ✇❡ ❦♥♦✇ t❤❛t
tr❛✐♥✐♥❣ ❝♦♥✈❡r❣❡s ❢❛st❡r ✐❢ t❤❡ ✐♥♣✉t ❞✐str✐❜✉t✐♦♥ ✐s ③❡r♦✲♠❡❛♥ ❛♥❞ ✉♥✐t ✈❛r✐❛♥❝❡✳ ❬✸✷❪
❬✹✽❪

❚❤❡ ❣♦❛❧ ♦❢ ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥ ✐s t♦ r❡❞✉❝❡ ❝♦✈❛r✐❛t❡ s❤✐❢t ✐♥ ♦r❞❡r t♦ ❛❝❝❡❧❡r❛t❡ t❤❡
tr❛✐♥✐♥❣ ❛♥❞ ✐♠♣r♦✈❡ ♣r❡❝✐s✐♦♥✳ ❚❤❡ r❡❞✉❝t✐♦♥ ✐s ❛❝❤✐❡✈❡❞ ❜② ♥♦r♠❛❧✐③✐♥❣ t❤❡ ✐♥♣✉t
❞❛t❛ t♦ t❤❡ s♠❛❧❧ r❛♥❣❡ ♦❢ ✈❛❧✉❡s✳ ❋♦r ❧❛②❡r ✇✐t❤ ✐♥♣✉t ❞❛t❛✱ ✇❤✐❝❤ ✐s ❛t t❤❡ s❛♠❡ t✐♠❡
t❤❡ ♦✉t♣✉t ♦❢ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣r❡✈✐♦✉s ❧❛②❡r a = (a(1), a(2), ...a(k)) ✇❡ ♥❡❡❞
t♦ ♥♦r♠❛❧✐③❡ ❡❛❝❤ ✐♥♣✉t✿ ❬✷✼❪
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âi =
a(i) − E[a(i)]
√

V at[a(i)]
✭✸✾✮

❚❤❡ s❤♦✇♥ ♥♦r♠❛❧✐③❛t✐♦♥ ❝♦✉❧❞ ❝❤❛♥❣❡ t❤❡ ❡①♣r❡ss✐✈❡♥❡ss ♦❢ t❤❡ ❧❛②❡r r❡♣r❡s❡♥t❛t✐♦♥✱
❛s ♥♦♥✲❧✐♥❡❛r ❛❝t✐✈❛t✐♦♥ ❝♦✉❧❞ ❜❡❝♦♠❡ ❧✐♥❡❛r✳ ❚♦ ❛❞❞r❡ss t❤✐s ✐ss✉❡✱ ✇❡ ❛r❡ ❛❞❞✐♥❣ t✇♦
❛❞❞✐t✐♦♥❛❧ ♣❛r❛♠❡t❡rs γ(k) ❛♥❞ β(k) ❢♦r ❡❛❝❤ ❛❝t✐✈❛t✐♦♥ a(i)✿

y(i) = γ(k)âi + β(k) ✭✹✵✮

❚❤❡ ♣❛r❛♠❡t❡rs s❝❛❧❡ t❤❡ s❤✐❢t❡❞ ✈❛❧✉❡s ❛♥❞ r❡♣r❡s❡♥ts t❤❡ ✐❞❡♥t✐t② tr❛♥s❢♦r♠✳ ❚❤♦s❡
♣❛r❛♠❡t❡rs ❛r❡ ❧❡❛r♥❡❞ ❞✉r✐♥❣ t❤❡ tr❛✐♥✐♥❣ ❛♥❞ t❤❡② r❡st♦r❡ t❤❡ r❡♣r❡s❡♥t❛t✐♦♥ ♣♦✇❡r
♦❢ t❤❡ ♥❡t✇♦r❦✳

❚❛❦✐♥❣ ❛❧❧ t❤❡ ♣❛r❛♠❡t❡rs ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥✱ t❤❡ ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❝♦♥✲
t❛✐♥s ❢❡✇ st❡♣s✿

❼ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❜❛t❝❤ ♠❡❛♥✿

µB =
1

m

m
∑

i=1

ai ✭✹✶✮

❼ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❜❛t❝❤ ✈❛r✐❛♥❝❡✿

δ2B =
1

m

m
∑

i=1

(ai − µB)
2 ✭✹✷✮

❼ ♥♦r♠❛❧✐③❛t✐♦♥✿

âi =
ai − µB
√

δ2B + ǫ
✭✹✸✮

❼ s❝❛❧❡ ❛♥❞ s❤✐❢t✿

y(i) = γâi + β ≡ BatchNormalizationγ,β(ai) ✭✹✹✮

❆ ♣r♦❜❧❡♠ ❝❛♥ ❛♣♣❡❛r ✇✐t❤ ❛ s♠❛❧❧ ❜❛t❝❤ s✐③❡✱ s✐♥❝❡ t❤❡ ✈❛r✐❛♥❝❡ ✐s ❝❧♦s❡ t♦ ③❡r♦ ❛♥❞
t❤❡ ❡st✐♠❛t❡s ❝♦✉❧❞ ❜❡ ✈❡r② ♥♦✐s②✳ ❚❤❡r❡ ❛r❡ ❛❧s♦ s♦♠❡ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ r❡❝✉rr❡♥t
♥❡✉r❛❧ ♥❡t✇♦r❦✱ s✐♥❝❡ t❤❡ ❛❝t✐✈❛t✐♦♥ ❢♦r ❡❛❝❤ t✐♠❡ st❡♣ ❤❛s ❞✐✛❡r❡♥t st❛t✐st✐❝s ❛♥❞ ✐s
✈❡r② s❡♥s✐t✐✈❡ t♦ ♥♦✐s❡✳

✹✽
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▲❛②❡r ◆♦r♠❛❧✐③❛t✐♦♥

▲❛②❡r ♥♦r♠❛❧✐③❛t✐♦♥ ✐s ❢❛✐r❧② s✐♠✐❧❛r t♦ ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦✳ ❚❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ ✐s
t❤❡ ♦❜❥❡❝t ♦❢ ♥♦r♠❛❧✐③❛t✐♦♥✳ ■♥ ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥ ✇❡ ❛r❡ ♣❡r❢♦r♠✐♥❣ ♥♦r♠❛❧✐③✐♥❣
❛❝r♦ss t❤❡ ❜❛t❝❤ ❞✐♠❡♥s✐♦♥✱ ✇❤❡r❡❛s ❧❛②❡r ♥♦r♠❛❧✐③❛t✐♦♥ ♥♦r♠❛❧✐③❡s t❤❡ ✐♥♣✉t ❛❝r♦ss
t❤❡ ❢❡❛t✉r❡s✳ ❚❤✐s ✇❛② ♦❢ ❝❛❧❝✉❧❛t✐♥❣ ❛❧❧♦✇s t❤❡ ❛♥ ✐♥❞❡♣❡♥❞❡♥t ❝❛❧❝✉❧❛t✐♦♥ ❢♦r ❡❛❝❤
s❛♠♣❧❡ ♦❢ ❞❛t❛✱ ❛s ✇❡❧❧ ❛s t❤❡ ✉s❡ ♦❢ ❛♥ ❛r❜✐tr❛r② ❜❛t❝❤ s✐③❡✳ ❋✐❣✉r❡ ✷✾ s❤♦✇s t❤❡
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♥♦r♠❛❧✐③❛t✐♦♥ ♠❡t❤♦❞s✿

❋✐❣✉r❡ ✷✾✿ ▲❛②❡r ◆♦r♠❛❧✐③❛t✐♦♥

❚❤❡ ♠❛t❤❡♠❛t✐❝❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ✐s s✐♠✐❧❛r t♦ ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥✿❬✸✸❪

µi =
1

m

m
∑

i=1

ai,j ✭✹✺✮

δ2j =
1

m

m
∑

i=1

(ai,j − µi)
2 ✭✹✻✮

âi,j =
ai,j − µi
√

δ2i + ǫ
✭✹✼✮
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✺ ❘❊❙❯▲❚❙

✺ ❘❡s✉❧ts

■♥ t❤✐s ❝❤❛♣t❡r✱ ✇❡ ❛r❡ ❝♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts t❤❛t ✇❡ ❣♦t ❢r♦♠ t❤❡ ♠♦❞❡❧s t❤❛t ✇❡
❞❡✈❡❧♦♣❡❞✳ ■♥ ❣❡♥❡r❛❧✱ ✇❡ ❤❛✈❡ ✹ ❞✐✛❡r❡♥t ♠♦❞❡❧s ❛♥❞ t❤❡② ❞✐✛❡r ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❧❛②❡rs
❛♥❞ ♥✉♠❜❡r ♦❢ ❝❡❧❧s ✐♥ ❛ ❧❛②❡r✳ ❚❤❡② ❛❧s♦ ❞✐✛❡r ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❦✐♥❞ ♦❢ r❡❣✉❧❛r✐③❛t✐♦♥
t❡❝❤♥✐q✉❡s ❛♥❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡✐r ❞✐✛❡r❡♥t ❧❡❛r♥✐♥❣ r❛t❡s ❛♥❞ ♠❛①✐♠❛❧ ❜❛t❝❤ s✐③❡
♣❛r❛♠❡t❡rs✳
■♥ t❤❡ ✜rst ♣❛rt ♦❢ t❤✐s ❝❤❛♣t❡r✱ ✇❡ ❛r❡ ✐♥tr♦❞✉❝✐♥❣ t❤❡ ❤❛r❞✇❛r❡ ❛♥❞ s♦❢t✇❛r❡ s❡t✉♣s
t❤❛t ✇❡r❡ ✉s❡❞ ❢♦r ♦✉r ❡①♣❡r✐♠❡♥ts✱ ✐♥❝❧✉❞✐♥❣ ❛❧❧ t❤❡✐r ❝♦♠♣♦♥❡♥ts✳
❚❤❡ s❡❝♦♥❞ ♣❛rt ♦❢ t❤❡ ❝❤❛♣t❡r ✐s ❛ ❞✐s❝✉ss✐♦♥ ❛❜♦✉t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥✳
❲❡ ✇✐❧❧ ❝♦♠♣❛r❡ ❞✐✛❡r❡♥t ♠♦❞❡❧s ✐♥ t❡r♠s ♦❢ t❤❡ ❡✈❛❧✉❛t✐♥❣ ♣❛r❛♠❡t❡rs✱ s✉❝❤ ❛s t❤❡
♥✉♠❜❡r ♦❢ tr✉❡ ♣♦s✐t✐✈❡s ❛♥❞ ❢❛❧s❡ ♣♦s✐t✐✈❡s✱ tr✉❡ ♥❡❣❛t✐✈❡✱ ❢❛❧s❡ ♥❡❣❛t✐✈❡s✱ ❛❝❝✉r❛❝②✱
♣r❡❝✐s✐♦♥✱ ❢✶ s❝♦r❡ ❛♥❞ ❥✲st❛t✐st✐❝s✳ ❚❤✐s ❣✐✈❡s ✉s ❛♥ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ ❤♦✇ ❣♦♦❞ ♦✉r
♠♦❞❡❧s ❛r❡✱ ❛♥❞✱ ❛s ❛ r❡s✉❧t✱ ✇❡ ❝❛♥ s❡❡ ✇❤✐❝❤ ♠♦❞❡❧ ✇♦✉❧❞ ❜❡ t❤❡ ❜❡st ♦♥❡✳ ❲❡ ✇✐❧❧
❞✐s❝✉ss ♠♦r❡ ❛❜♦✉t t❤❛t ✐♥ ❈❤❛♣t❡r ✺✳✳
❆s✐❞❡ ❢r♦♠ t❤❡ ❝♦♠♠♦♥ ♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥✱ ✇❡ ❛r❡ ❛❧s♦ ♣r♦✈✐❞✐♥❣ t❤❡ ♣r♦❜❛❜✐❧✐t②
♦❢ r❡❝♦❣♥✐③✐♥❣ ❞✐✛❡r❡♥t ❛tt❛❝❦ ❝❛t❡❣♦r✐❡s✱ ✇❤✐❝❤ ✐s ✈❡r② ✐♠♣♦rt❛♥t ✐♥ ♠♦❞❡❧ ❡✈❛❧✉❛t✐♦♥✳
❚❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❤♦✇ ❞✐✛❡r❡♥t ♠♦❞❡❧s r❡❝♦❣♥✐③❡ ❞✐✛❡r❡♥t ❛tt❛❝❦ ❝❛t❡❣♦r✐❡s ✐s
s❤♦✇♥ ❛s ✇❡❧❧✳
❲❡ ✇✐❧❧ ❞✐s❝✉ss t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♦t❤❡r ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❞❡❡♣ ❧❡❛r♥✐♥❣ ♠♦❞❡❧ t❤❛t ✇❡
❛r❡ ✉s✐♥❣✱ s✉❝❤ ❛s t❤❡ t✐♠❡ ♦❢ tr❛✐♥✐♥❣✱ ❧❡❛r♥✐♥❣ r❛t❡✱ ♠❛①❴❜❛t❝❤ s✐③❡✱ ❡t❝✳ ❲✐t❤ t❤✐s
❝♦♠♣❛r✐s♦♥ ✇❡ ❛r❡ ✜♥✐s❤✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥ ❛♥❞ ❛r❡ ❣❡tt✐♥❣ t❤❡ ❝♦♠♣❧❡t❡
♣✐❝t✉r❡ ♦❢ ♦✉r ♠♦❞❡❧✱ ✇✐t❤ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❤♦✇ ❣♦♦❞ ✐t ✐s ❛♥❞ ✇❤❛t ✐s ✐t t❤❛t ✇❡
s❤♦✉❧❞ ❞♦ t♦ ♠❛❦❡ ✐t ❜❡tt❡r✳
❆❧❧ ❡✈❛❧✉❛t✐♦♥ r❡s✉❧ts st❛t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ✇✐❧❧ ❜❡ ✉s❡❞ ✐♥ t❤❡ ♥❡①t ❝❤❛♣t❡r t♦ ♣r❡s❡♥t
t❤❡ ❜❡st ♠♦❞❡❧ ❢♦r tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥ ❜② ✉s✐♥❣ ❞❡❡♣ ❧❡❛r♥✐♥❣✳ ❋✉t✉r❡ ✐♠♣r♦✈❡♠❡♥ts
✇✐❧❧ ❛❧s♦ ❜❡ s✉❣❣❡st❡❞✳

✺✳✶ ❙❡t✉♣

❋✐rst ♦❢ ❛❧❧ ✇❡ ♥❡❡❞ t♦ ✐♥tr♦❞✉❝❡ t❤❡ ❤❛r❞✇❛r❡ ❛♥❞ s♦❢t✇❛r❡ t❤❛t ✇❡ ✉s❡❞✳
■♥ t❡r♠s ♦❢ t❤❡ ❤❛r❞✇❛r❡ s❡t✉♣✱ ♦♥❡ ❝✉st♦♠ ♠❛❞❡ P❈ ✇✐t❤ t❤❡ ✇✐t❤ ❢♦❧❧♦✇✐♥❣ ♣❡r❢♦r✲
♠❛♥❝❡s ✐s ✉s❡❞✿

❼ ❆▼❉ ❘②③❡♥ ❘✼ ✷✼✵✵❳ ✇✐t❤ ✶✻ ❝♦r❡s

❼ ✸✷●❇ ❘❆▼

❼ ◆❱■❉■❆ ❘❚❳ ✷✵✻✵ ✇✐t❤ ✶✸✻✺ ▼❍③✱ ✻●❇ ●❉❉❘✻✱ ✶✾✷✵ ❝♦r❡s✱ ✷✹✵ ❚❡s♦r ❝♦r❡s✱

✺✶

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✺✳✶ ❙❡t✉♣ ✺ ❘❊❙❯▲❚❙

✺✳✶✳✶ ❉❡❡♣ ❧❡❛r♥✐♥❣ ❢r❛♠❡✇♦r❦

◆♦✇❛❞❛②s✱ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st t❛❧❦❡❞ ❛❜♦✉t t♦♣✐❝ ✐♥ ❞❛t❛ s❝✐❡♥❝❡✳
❆ ❧♦t ♦❢ r❡s❡❛r❝❤ ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ ✐♥ t❤✐s ✜❡❧❞ ❛♥❞ ✐t ✐s ❝♦♠♠❡r❝✐❛❧❧② ♣r❡s❡♥t ✐♥ t❤❡
♠♦st ✐♥❞✉str✐❡s✳ ❚❤❡r❡ ❛r❡ ❛ ❧♦t ♦❢ ❞❡❡♣ ❧❡❛r♥✐♥❣ ❢r❛♠❡✇♦r❦s ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ✉s❡❞
❢♦r ❣❡♥❡r❛t✐♥❣ ❛ ❞❡❡♣ ❧❡❛r♥✐♥❣ ♠♦❞❡❧✳ ▼♦st ♦❢ t❤❡♠ ❛r❡ ♦♣❡♥✲s♦✉r❝❡ ❛♥❞ t❤❡② ❛r❡
s✉♣♣♦rt❡❞ ❜② ♠❛♥② ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡s✱ ✇✐t❤ P②t❤♦♥✱ ❈✰✰ ❛♥❞ ❘ ❛t t❤❡ t♦♣ ♦❢
t❤❡ ❧✐st✳ ❲❡ ✇✐❧❧ ❞❡s❝r✐❜❡ t❤❡ ♠♦st ♣♦♣✉❧❛r ❢r❛♠❡✇♦r❦s✳

❚❡♥s♦r❋❧♦✇ ❬✶✶❪ ✐s ❛ ❢r❛♠❡✇♦r❦ ❞❡✈❡❧♦♣❡❞ ❜② ●♦♦❣❧❡✬s ❆■ ❞❡♣❛rt♠❡♥t✳ ■t ✇❛s r❡❝❡♥t❧②
❧❛✉♥❝❤❡❞ ❛s ♦♣❡♥✲s♦✉r❝❡ ♣❧❛t❢♦r♠✱ ✇❤✐❝❤ ❤❛s ❝r❡❛t❡❞ ❛ ❧♦t ♦❢ ❛tt❡♥t✐♦♥ ✐♥ t❤✐s ✜❡❧❞✳
■t ✐s ✇✐❞❡❧② ✉s❡❞ ❜❡❝❛✉s❡ ✐t s✉♣♣♦rts ♠✉❧t✐♣❧❡ ❧❛♥❣✉❛❣❡s ❢♦r ❝r❡❛t✐♥❣ ❛ ❞❡❡♣ ❧❡❛r♥✐♥❣
♠♦❞❡❧✱ s✉❝❤ ❛s P②t❤♦♥✱ ❈✰✰ ❛♥❞ ❘ ❛♥❞ ✐t ✐s ❛✈❛✐❧❛❜❧❡ ♦♥ ♠❛♥② ♣❧❛t❢♦r♠s✱ ❡✈❡♥ ♦♥ ✐❖❙
❛♥❞ ❆♥❞r♦✐❞✳ ❚❡♥s♦r❋❧♦✇ ❛❧❧♦✇s ✉s t♦ ✉s❡ ❜♦t❤ t❤❡ ❈P❯ ❛♥❞ ●P❯ ♣r♦❝❡ss✐♥❣ ♣♦✇❡rs✱
❛♥❞✱ ✇✐t❤ t♦❞❛②✬s ♠✉❧t✐❝♦r❡ ♣r♦❝❡ss♦rs ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♠♣✉t✐♥❣ ●P❯s✱ ❞❡❡♣ ❧❡❛r♥✐♥❣ ✐s
❜❡❝♦♠✐♥❣ ♠♦r❡ ❛✛♦r❞❛❜❧❡ ❛♥❞ ♠♦r❡ ❛✈❛✐❧❛❜❧❡ t♦ ❡✈❡r②♦♥❡✳
❚❡♥s♦rs ❛r❡ ♠✉❧t✐✲❞✐♠❡♥s✐♦♥❛❧ ❛rr❛②s ✇❤✐❝❤ ❛r❡ ✉s❡❞ ❛s t❤❡ ♠❛✐♥ ❝♦r❡ ♦❢ t❤❡ ❢r❛♠❡✇♦r❦✳
❚❤❡ ✐♥♣✉t ❞❛t❛ ✐s r❡s❤❛♣❡❞ ✐♥ t❤❡ t❡♥s♦rs ❛♥❞ ❢❡❞ ✐♥t♦ ❛ ❝♦♠♣✉t❛t✐♦♥❛❧ ❣r❛♣❤✱ ✇❤✐❝❤
❛❧❧♦✇s ✉s t♦ t❛❦❡ ♠♦r❡ ❢❡❛t✉r❡s ♦❢ t❤❡ ✐♥♣✉t ❞❛t❛ ✐♥t♦ ❛❝❝♦✉♥t✳

P②t♦r❝❤ ❬✾❪ ✐s t❤❡ s❡❝♦♥❞ ♠♦st ✉s❡❞ ❢r❛♠❡✇♦r❦✱ ❞❡✈❡❧♦♣❡❞ ❢♦r ❋❛❝❡❜♦♦❦✱ ❜✉t ✐t ✐s ❛❧s♦
✉s❡❞ ❢♦r ❚✇✐tt❡r ❛♥❞ ❙❛❧❡s❢♦r❝❡✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s ♠♦r❡ ✢❡①✐❜✐❧✐t② ❛♥❞ ❛❞❛♣t❛t✐♦♥ ❞✉r✐♥❣
❝♦♠♣✉t❛t✐♦♥✳ ■t ✉s❡s P②t❤♦♥ ❛s t❤❡ ❜❛❝❦❡♥❞✱ ❛❧❧♦✇✐♥❣ ❢♦r t❤❡ ●P❯ ❝♦♠♣✉t❛t✐♦♥ ❛s
✇❡❧❧✳ ❙✐♠✐❧❛r t♦ ❚❡♥s♦r❋❧♦✇✱ P②t♦r❝❤ ✐s ✉s✐♥❣ ❛❧s♦ ❚❡♥s♦rs ❢♦r ❝♦♠♣✉t❛t✐♦♥s✳ ❚❤❡ ❜❛s✐❝
❛❞✈❛♥t❛❣❡ ♦❢ ❚❡♥s♦r❋❧♦✇ ✐s t❤❛t t❤✐s ❢r❛♠❡✇♦r❦ ✉s❡s ❞②♥❛♠✐❝ ❝♦♠♣✉t❛t✐♦♥❛❧ ❣r❛♣❤s✱
✇❤✐❝❤ ❝❤❛♥❣❡ ❞✉r✐♥❣ t❤❡ tr❛✐♥✐♥❣✳

❑❡r❛s ❬✻❪ ✐s ❛ ♣♦♣✉❧❛r ❆P■✱ ✇❤✐❝❤ ✉s❡s ❚❡♥s♦r❋❧♦✇✱ ❚❤❡❛♥♦ ♦r ❈♦♥❣r✉❡♥t ❚♦♦❧❦✐t
✭❞❡s❝r✐❜❡❞ ❜❡❧♦✇✮ ❛s t❤❡ ❜❛❝❦❡♥❞✳ ■t ✐s ✈❡r② ❧✐❣❤t✇❡✐❣❤t ❛♥❞ ❛♣♣❧✐❝❛❜❧❡ t♦ ❛♥② ❡①♣❡r✐✲
♠❡♥t✱ ✇❤✐❝❤ ♠❛❦❡s t❤✐s t❤❡ ❜❡st ❢r❛♠❡✇♦r❦ ❢♦r ❜❡❣✐♥♥❡rs ❛♥❞ ❢♦r s❤♦rt ❡①♣❡r✐♠❡♥ts✳
■t s✉♣♣♦rts ❈♦♥✈♦❧✉t✐♦♥❛❧ ❛♥❞ r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦s ❛♥❞ ✐t ✐s ❛❜❧❡ t♦ r✉♥ ❜♦t❤
❈P❯ ❛♥❞ ●P❯ ♣r♦❝❡ss✐♥❣✳ ❆ ❞r❛✇❜❛❝❦ ♦❢ ❑❡r❛s ✇♦✉❧❞ ❜❡ t❤❛t ✐t ✐s ♥♦t ✈❡r② ♣r♦♥❡ t♦
❝♦♠♣❧❡① ♠♦❞❡❧s✳

▼❳◆❡t ❬✼❪ ✐s ❛ ❤✐❣❤❧② s❝❛❧❛❜❧❡ ❢r❛♠❡✇♦r❦✱ ❞❡✈❡❧♦♣❡❞ ❜② ❆♣❛❝❤❡ ❛♥❞ ❛❞♦♣t❡❞ ❜②
❆♠❛③♦♥ ❲❡❜ ❙❡r✈✐❝❡s✳ ■t s✉♣♣♦rts ❛ ❣r❡❛t ❛♠♦✉♥t ♦❢ ❧❛♥❣✉❛❣❡s✱ s✉❝❤ ❛s P②t❤♦♥✱
❈✰✰✱ ❘✱ ❏❛✈❛❙❝r✐♣t✱ ❏✉❧✐❛✱ ❡t❝✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s ❢r❛♠❡✇♦r❦ ✐s t❤❛t ✐t
❤❛s s♣❡❝✐❛❧ ❢❡❛t✉r❡s ❢♦r ●P❯ ♣r♦❝❡ss✐♥❣✱ ✇❤✐❝❤ s✉♣♣♦rt ♣❛r❛❧❧❡❧ ♣r♦❝❡ss✐♥❣ ❛♥❞ ♠✉❧t✐
●P❯ ♣r♦❝❡ss✐♥❣✳ ■t ✐s ✈❡r② ♣♦♣✉❧❛r ❢♦r s♣❡❡❝❤ ❛♥❞ ❤❛♥❞✲✇r✐t✐♥❣ r❡❝♦❣♥✐t✐♦♥✱ ♥❛t✉r❛❧
❧❛♥❣✉❛❣❡ ♣r♦❝❡ss✐♥❣ ❛♥❞ ❢♦r❡❝❛st✐♥❣✳

✺✷

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✺✳✷ P❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥ ✺ ❘❊❙❯▲❚❙

❈◆❚❑ ❬✷❪ ✐s ②❡t ❛♥♦t❤❡r ♦♣❡♥✲s♦✉r❝❡ ❢r❛♠❡✇♦r❦✱ ❞❡✈❡❧♦♣❡❞ ❜② ▼✐❝r♦s♦❢t ❘❡s❡❛r❝❤✳ ■t
❞❡s❝r✐❜❡s ♥❡✉r❛❧ ♥❡t✇♦r❦s ❛s s❡r✐❡s ♦❢ ❝♦♠♣✉t❛t✐♦♥❛❧ st❡♣s t❤r♦✉❣❤ ❛ ❞✐r❡❝t❡❞ ❣r❛♣❤✳
❚❤✐s ❢r❛♠❡✇♦r❦ s✉♣♣♦rts t❤❡ ♠♦st ♣♦♣✉❧❛r ♠♦❞❡❧ t②♣❡s✱ s✉❝❤ ❛s ❛ ❝♦♥✈♦❧✉t✐♦♥❛❧ ♥❡✉r❛❧
♥❡t✇♦r❦✱ ❘❡❝✉rr❡♥t ◆❡✉r❛❧ ◆❡t✇♦r❦✱ ❢❡❡❞✲❢♦r✇❛r❞ ❉◆◆✱ ❡t❝✳

❋♦r ♦✉r ❡①♣❡r✐♠❡♥t✱ ✇❡ ❞❡❝✐❞❡❞ t♦ ✉s❡ ❚❡♥s♦r❋❧♦✇✱ s✐♥❝❡ t❤❡ ✸✲❞✐♠❡♥s✐♦♥❛❧ s❤❛♣❡ ♦❢
t❡♥s♦rs ✜ts t❤❡ ❜❡st ❢♦r ♦✉r ✐♥t❡♥❞❡❞ ❢❡❛t✉r❡ s❡t s❤❛♣❡✳ ■t ❛❧s♦ ♦✛❡rs ♠♦r❡ ✢❡①✐❜✐❧✐t②
✐♥ t❡r♠s ♦❢ t❤❡ ❜❛❝❦❡♥❞✱ ❆P■✱ ❡t❝✳

❚❤❡ ❡①♣❡r✐♠❡♥t ✐s ♣❡r❢♦r♠❡❞ ♦♥ ❲✐♥❞♦✇s ✶✵✱ ✉s✐♥❣ ❆♥❛❝♦♥❞❛ t♦ s❡t t❤❡ ✈✐rt✉❛❧
❡♥✈✐r♦♥♠❡♥t✳ ❚❡♥s♦r❋❧♦✇ ●P❯ ✶✸✳✶ ✐s ✉s❡❞ t♦ s✉♣♣♦rt ❣r❛♣❤✐❝❛❧ ♣r♦❝❡ss✐♥❣✳ ❚❤❡ ●P❯
❣✐✈❡s ✉s t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ♣❛r❛❧❧❡❧ ❝♦♠♣✉t✐♥❣✱ ✇❤✐❝❤ ✐s ✈❡r② ♣♦♣✉❧❛r ❛♠♦♥❣ ♣❡♦♣❧❡ ✇❤♦
✇♦r❦ ♦♥ ❞❡❡♣ ❧❡❛r♥✐♥❣ ❜❡❝❛✉s❡ ✐t ❞r❛st✐❝❛❧❧② ❞❡❝r❡❛s❡s t❤❡ ❝♦♠♣✉t✐♥❣ t✐♠❡✳ ❉✉r✐♥❣
♣r❡♣r♦❝❡ss✐♥❣✱ P❛♥❞❛s ❛♥❞ ◆✉♠P② ❛r❡ ✉s❡❞ ❢♦r ♣r❡♣❛r✐♥❣ t❤❡ ❞❛t❛ ❢♦r t❤❡ tr❛✐♥✐♥❣ ✐♥♣✉t✳

✺✳✷ P❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥

■♥ t❤✐s ♣❛rt ♦❢ t❤❡ ❝❤❛♣t❡r✱ ✇❡ ❛r❡ ♣r❡s❡♥t✐♥❣ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ t❡st✐♥❣ ♦❢ ♦✉r
♠♦❞❡❧s ❛❢t❡r tr❛✐♥✐♥❣✳ ❆s ❡①♣❧❛✐♥❡❞ ✐♥ ❈❤❛♣t❡r ✹✳✸✱ ✇❡ ❛r❡ tr❛✐♥✐♥❣ ✹ ❞✐✛❡r❡♥t ♠♦❞❡❧s
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✻ ❈♦♥❝❧✉s✐♦♥

❉✉r✐♥❣ t❤❡ r❡s❡❛r❝❤✱ ♦✉r ♠❛✐♥ ❣♦❛❧ ✇❛s t♦ ❝❧❛ss✐❢② t❤❡ ❡♥❝r②♣t❡❞ ♥❡t✇♦r❦ tr❛✣❝
✉s✐♥❣ ❞❡❡♣ ❧❡❛r♥✐♥❣ ♠❡t❤♦❞s✳ ❚❤✐s ✇❛s ❞♦♥❡ ❜② ✉s✐♥❣ ❛ r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦
✇✐t❤ ❧♦♥❣✲s❤♦rt t❡r♠ ♠❡♠♦r② ❝❡❧❧s ❛♥❞ ❣❛t❡❞ r❡❝✉rr❡♥t ✉♥✐t ❝❡❧❧s✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡
❡✈❛❧✉❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ✐♥ ♦r❞❡r t♦ ♣r♦✈❡ t❤❛t t❤♦s❡ ♠❡t❤♦❞s✱ ✉s✉❛❧❧② ✉s❡❞ ✐♥
❧❛♥❣✉❛❣❡ ♣r♦❝❡ss✐♥❣✱ ❛r❡ ❛❧s♦ s✉✐t❛❜❧❡ ❢♦r tr❛✣❝ ❝❧❛ss✐✜❝❛t✐♦♥✳

❋♦r t❤❛t ♣✉r♣♦s❡✱ ✇❡ ✉s❡❞ t❤❡ ❯◆❙❲✲◆❇✶✺ ❞❛t❛ s❡t ✇✐t❤ ♠♦r❡ t❤❛♥ ✶✵✵●❇ ❞❛t❛ ❛♥❞
✷ ♠✐❧❧✐♦♥ ✢♦✇s ❢♦r t❤❡ tr❛✐♥✐♥❣ ❛♥❞ ❛r♦✉♥❞ ✸✺✵✵✵✵ ✢♦✇s ❢♦r t❡st✐♥❣✳ ❚❤❡ ❞❡❡♣ ❧❡❛r♥✐♥❣
♣❧❛t❢♦r♠ ❚❡♥s♦r❋❧♦✇ ✇❛s ✉s❡❞ ❢♦r ♠♦❞❡❧ ❞❡✈❡❧♦♣♠❡♥t✳ ■t ✇❛s t❤❡ r✐❣❤t ❝❤♦✐❝❡ ❜❡❝❛✉s❡
✐t s✉✐t❡❞ t❤❡ s❤❛♣❡ ❛♥❞ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ❞❛t❛✳

❆s st❛t❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✷✱ ✇❡ s♦✉❣❤t t❤❡ ❛♥s✇❡r t♦ ♦✉r ♠❛✐♥ q✉❡st✐♦♥ ◗✶✳ ❉✉r✐♥❣
t❤❡ tr❛✐♥✐♥❣ ♣❤❛s❡✱ ✇❡ ❡♠♣❧♦②❡❞ ✹ ❞✐✛❡r❡♥t ♠♦❞❡❧s t♦ ✜♥❞ ♦✉t t❤❡ ❛♥s✇❡r ♦♥ t❤✐s
q✉❡st✐♦♥✱ ✇❤✐❝❤ ✇❡r❡ ❜✉✐❧t ✇✐t❤ ▲❙❚▼ ❛♥❞ ●❘❯ ❝❡❧❧s✳ ❲❡ ✉s❡❞ ✈❛r✐❛❜❧❡ ❧❛②❡r ♥✉♠❜❡rs✱
❝❡❧❧ ♥✉♠❜❡rs✱ ❧❡❛r♥✐♥❣ r❛t❡s✱ ♠❛①❴❜❛t❝❤ s✐③❡s✱ ❡t❝✳ ❚❤❡ ♠♦❞❡❧s ✇❡r❡ ❡✈❛❧✉❛t❡❞ ❜②
✉s✐♥❣ ❞✐✛❡r❡♥t ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝ ✐♥❝❧✉❞✐♥❣ ❛❝❝✉r❛❝②✱ ♣r❡❝✐s✐♦♥✱ s❡♥s✐t✐✈✐t②✱ ❢✶ s❝♦r❡✱
❛s ✇❡❧❧ ❛s ❥✲st❛t✐❝t✐❝✳ ❖✉r ❡✈❛❧✉❛t✐♦♥ s❤♦✇❡❞ ❣♦♦❞ r❡s✉❧ts✳ ❆❧❧ ♠♦❞❡❧s ❞✐s♣❧❛②❡❞ t❤❡
❛❝❝✉r❛❝② ♦❢ ♠♦r❡ t❤❡♥ ✾✾✪ ❛♥❞ ❛ ❥✲st❛t✐st✐❝ ♦❢ ✽✽✲✾✵✪✳ ❚❤❡ ✜♥❛❧ r❡s✉❧ts s❤♦✇❡❞
t❤❛t t❤❡ r❡s✉❧ts ✇✐t❤ ❛ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❝❡❧❧s ✐♥ ❛ ❧❛②❡r ❛♥❞ ❧❛r❣❡r ♠❛①❴❜❛t❝❤ s✐③❡
✐♠♣r♦✈❡❞ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♠♦❞❡❧✳ ❚❤❡ ▲❙❚▼ ✇✐t❤ ✸ ❧❛②❡rs s❤♦✇❡❞ t❤❡ ❜❡st
r❡s✉❧ts ♦♥ s♠❛❧❧❡r ♥✉♠❜❡r ♦❢ ❝❡❧❧s ❛♥❞ ♠❛①❴❜❛t❝❤ s✐③❡✳ ❆ s❧✐❣❤t ✐♠♣r♦✈❡♠❡♥t ✐♥ t❤❡
♣❡r❢♦r♠❛♥❝❡ ✐s ♥♦t✐❝❡❛❜❧❡ ♦♥ ❛ s✐♥❣❧❡ ❧❛②❡r ●❘❯✱ ❜✉t ♦✈❡r❛❧❧✱ t❤❡ ♠✉❧t✐❧❛②❡r ▲❙❚▼
s❤♦✇❡❞ t❤❡ ❜❡st s❝♦r❡✳ ❚❤❡ ▲❙❚▼ s❤♦✇❡❞ ❛ ❣♦♦❞ ♣❡r❢♦r♠❛♥❝❡ ❡s♣❡❝✐❛❧❧② ❢♦r ❛tt❛❝❦s
✇✐t❤ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♣❛❝❦❡ts✳ ❙♦♠❡ ❛tt❛❝❦s✭❘❡❝♦♥♥❛✐ss❛♥❝❡✱ ❙❤❡❧❧❝♦❞❡✱ ❇❛❝❦❞♦♦r✱
❆♥❛❧②s✐s✱ ❲♦r♠s✮ ✇❡r❡ ♥♦t r❡❝♦❣♥✐③❡❞ ❜❡❝❛✉s❡ ♦❢ ❧♦✇ ♥✉♠❜❡r ♦❢ ❛♣♣❡❛r❛♥❝❡ ✐♥ ❞❛t❛s❡t✳

❚❤❡ s❡❝♦♥❞ ✐♠♣♦rt❛♥t ❝❤❛❧❧❡♥❣❡ ✇❛s t♦ ❢♦❝✉s ♦♥ tr❛✣❝ ❢❡❛t✉r❡s✳ ❲❡ ❛tt❡♠♣t❡❞ t♦
❞✐s❝♦✈❡r t❤❡ ❢❡❛t✉r❡s ♦❢ tr❛✣❝ t❤❛t ❛r❡ ♥♦t ❝❤❛♥❣✐♥❣ ❞✉r✐♥❣ t❤❡ ❡♥❝r②♣t✐♦♥✳ ❲❡ ❛❧s♦
tr✐❡❞ t♦ tr❛✐♥ t❤❡ ♠♦❞❡❧ ✇✐t❤ t❤✐s ❞❛t❛ ❢❡❛t✉r❡s✳ ❚❤✐s ♠♦❞❡❧ ✇❛s ❡①♣❡❝t❡❞ t♦ ❜❡ ❛❜❧❡ t♦
❛❝❝✉r❛t❡❧② ❝❧❛ss✐❢② t❤❡ ❡♥❝r②♣t❡❞ tr❛✣❝ ❛♥❞ t♦ ❞✐✛❡r❡♥t✐❛t❡ ❜❡t✇❡❡♥ ♠❛❧✐❝✐♦✉s tr❛✣❝
❛♥❞ ♥♦r♠❛❧ tr❛✣❝✳ ❚❤❡ ✜rst ❛tt❡♠♣t ✐♥❝❧✉❞❡❞ ✉s✐♥❣ t❤❡ ♣❛❝❦❡t ❧❡♥❣t❤✱ ❞✐r❡❝t✐♦♥ ♦❢
♣❛❝❦❡t ❛♥❞ t✐♠❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✜rst ❛♥❞ ❢♦❧❧♦✇✐♥❣ ♣❛❝❦❡ts ✐♥ t❤❡ ✢♦✇✳ ❚❤❡
♠❛✐♥ ✐❞❡❛ ❜❡❤✐♥❞ ✉s✐♥❣ t❤❡ t✐♠❡ ❞✐✛❡r❡♥❝❡ ✇❛s t♦ ✉t✐❧✐③❡ t❤❡ ▲❙❚▼ ❛♥❞ t♦ t❡st t❤❡
❞❡♣t❤ ♦❢ ♠❡♠♦r②✳ ❚❤✐s ❡♥❞❡❞ ✉♣ ✇✐t❤ ❧❡ss t❤❛♥ ✾✻✪ ❛❝❝✉r❛❝②✱ ✇❤✐❝❤ ✐s ✇♦rs❡ t❤❛♥
r❛♥❞♦♠ ❣✉❡ss✐♥❣✱ ❜❡❝❛✉s❡ ♦✉r ❞❛t❛ s❡t ❝♦♥t❛✐♥s ❧❡ss t❤❡♥ ✹✪ ♦❢ ❛tt❛❝❦s ❛♥❞ ❡✈❡♥ ✇✐t❤
r❛♥❞♦♠ ❣✉❡ss✐♥❣✱ ✇❡ ❝♦✉❧❞ ❛❝❤✐❡✈❡ r❡s✉❧t ✇❤✐❝❤ ✐s ♠♦r❡ t❤❡♥ ✾✻✪✳
❆♥♦t❤❡r ❛tt❡♠♣t ✐♥❝❧✉❞❡❞ ✉s✐♥❣ t❤❡ ♣❛❝❦❡t ❧❡♥❣t❤✱ ❞✐r❡❝t✐♦♥ ♦❢ ♣❛❝❦❡ts ❛♥❞ ♣❛❝❦❡t
✐♥t❡r✲❛rr✐✈❛❧ t✐♠❡ ✭t✐♠❡ ❜❡t✇❡❡♥ t❤❡ ♣❛❝❦❡ts✮✳ ❚❤❡ ✐❞❡❛ ❜❡❤✐♥❞ t❤✐s ❛♣♣r♦❛❝❤ ❝❛♠❡
❢r♦♠ ❧❛♥❣✉❛❣❡ ♣r♦❝❡ss✐♥❣✳ ❉✐✛❡r❡♥t ♣❛❝❦❡ts ✐♥ ✢♦✇ r❡♣r❡s❡♥t ✇♦r❞s✱ ❛♥❞ ❛ ✇❤♦❧❡ ✢♦✇

✻✽
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✻✳✶ ❋✉t✉r❡ ❲♦r❦ ✻ ❈❖◆❈▲❯❙■❖◆

r❡♣r❡s❡♥ts t❤❡ s❡♥t❡♥❝❡✳ ❉✉r✐♥❣ t❤❡ tr❛✐♥✐♥❣✱ t❤❡ ♠♦❞❡❧ ❧❡❛r♥s t❤❛t ❛ ♥❡①t ♣❛❝❦❡t
✇✐t❤ s♣❡❝✐✜❝ ❢❡❛t✉r❡s ✭♣❛❝❦❡t ❧❡♥❣t❤ ❛♥❞ ❞✐r❡❝t✐♦♥✮ ✐s ❝♦♠✐♥❣ ❛❢t❡r ❝❡rt❛✐♥ ❛♠♦✉♥t
♦❢ t✐♠❡ ✭✐♥t❡r✲❛rr✐✈❛❧ t✐♠❡✮✳ ❚❤✐s ❝♦♥❝❡♣t ✇❛s ♣r♦✈❡♥ ❛s ❛ ❣♦♦❞ ❛♣♣r♦❛❝❤✳ ❆❢t❡r
s✇✐t❝❤✐♥❣ t♦ ❛ ♥❡✇ ❢❡❛t✉r❡ s❡t✱ ♦✉r ♣❡r❢♦r♠❛♥❝❡ ❡①♣❡r✐❡♥❝❡❞ ❛ s✐❣♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥t✳

❚❤❡ t❤✐r❞ ✐♠♣♦rt❛♥t q✉❡st✐♦♥ t❤❛t ✇❡ ♥❡❡❞❡❞ t♦ ❝❧❛r✐❢② ✐♥ t❤✐s r❡s❡❛r❝❤ r❡❣❛r❞❡❞
t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t r❡❣✉❧❛r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ✐♥ ♦r❞❡r t♦ ✐♠♣r♦✈❡ t❤❡
♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♠♦❞❡❧s✳ ❚❤❡ ✜rst ♠❡t❤♦❞ ✇❡ ✉s❡❞ ✇❛s ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥✱ ✇❤✐❝❤
s❤♦✇❡❞ ❛ s✐❣♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥t ✐♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦♥ ❛ s✐♥❣❧❡ ❧❛②❡r✳ ❍♦✇❡✈❡r✱ ✇❤❡♥
t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❧❛②❡rs ✐♥❝r❡❛s❡❞✱ ✐t r❡s✉❧t❡❞ ✐♥ ♦✈❡r✜tt✐♥❣ ❛♥❞ ❡♥❞❡❞ ✉♣ ❜❡❤✐♥❞
♠✉❧t✐✲❧❛②❡r ▲❙❚▼✳ ▲❛②❡r ♥♦r♠❛❧✐③❛t✐♦♥ ✇❛s ❛ ♠♦r❡ ❝♦♠♣❧❡① t❡❝❤♥✐q✉❡ t❤❛t ✇❡ ✉s❡❞
❢♦r t❤❡ r❡❣✉❧❛r✐③❛t✐♦♥✳ ■t s❤♦✇❡❞ ❛ ♥♦t✐❝❡❛❜❧❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ t✐♠❡ ❝♦♥s✉♠❡❞ ❢♦r t❤❡
tr❛✐♥✐♥❣ ❛♥❞ ❛ ❞❡❝r❡❛s❡ ✐♥ ❛❝❝✉r❛❝② ❛♥❞ t❤❡ ❥✲st❛t✐st✐❝✳

❚❤❡r❡❢♦r❡✱ ✇❡ s✉❣❣❡st t♦ ✉s❡ t❤❡ ❇❛s✐❝ ▲❙❚▼ ♠♦❞❡❧ ✇✐t❤ ✸ ❧❛②❡rs✱ ✶✷✽ ♥✉♠❜❡rs ♦❢ ❝❡❧❧s
✐♥ ❧❛②❡r✱ ♠❛①✐♠✉♠ ❜❛t❝❤ s✐③❡ ✇✐t❤ ✶✵✷✹ ✢♦✇s ❛♥❞ t♦ tr❛✐♥ ✇✐t❤ ❧❡❛r♥✐♥❣ r❛t❡ ✵✳✵✵✶✳

✻✳✶ ❋✉t✉r❡ ❲♦r❦

❆❢t❡r ♦✉r r❡s❡❛r❝❤ q✉❡st✐♦♥ ✇❡r❡ s✉❝❝❡ss❢✉❧❧② ❛♥s✇❡r❡❞✱ ♠❛♥② ♥❡✇ q✉❡st✐♦♥s ❛♣♣❡❛r❡❞✳
❚❤❡r❡ ✐s ❛ ♣❧❡♥t② ♦❢ r♦♦♠ ❢♦r ❛♥♦t❤❡r t②♣❡s ♦❢ t❡st✐♥❣ ✇❤✐❝❤ ❝♦✉❧❞ ✐♠♣r♦✈❡ ❡✣❝✐❡♥❝②
❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ♦✉r ♠♦❞❡❧✳ ❚❤✐s ❝♦✉❧❞ ❜❡ ❞♦♥❡ ❜② ✐♠♣r♦✈✐♥❣ ❡✐t❤❡r t❤❡ ❞❛t❛ ♦r
t❤❡ ♠♦❞❡❧✳

❆ ❞❛t❛ ✐♠♣r♦✈❡♠❡♥t ✐s t❤❡ ✜rst ❛♥❞ ♠❛②❜❡ t❤❡ ♠♦st ✐♠♣♦rt❛♥t t♦♣✐❝ ❢♦r ❢✉t✉r❡
✇♦r❦✳ ❚❤❡ ❞❛t❛ s❡t t❤❛t ✇❡ ✉s❡❞ ✇❛s ❛r♠❡❞ ✇✐t❤ ♥❡✇ ❛♥❞ ✉♣✲t♦✲❞❛t❡ ❛tt❛❝❦s✱ ❜✉t
t❤❡r❡ ✇❡r❡ ♠❛♥② ❞❡✜❝✐❡♥❝✐❡s ✇❤✐❧❡ tr❛✣❝ ✢♦✇ ❝❧❛ss✐✜❝❛t✐♦♥✱ t❤❡r❡ ✐s s♠❛❧❧ ♥✉♠❜❡r
♦❢ ❛tt❛❝❦s✱ ❛tt❛❝❦s ❛r❡ ❣❡♥❡r❛t❡❞ ✐♥ ❧❛❜ ❡♥✈✐r♦♥♠❡♥t✱ ❡t❝✳ ❚❤❡ ♥❡①t st❡♣ ❝♦✉❧❞ ❜❡
t❡st✐♥❣ t❤❡ ♠♦❞❡❧ ✇✐t❤ t❤❡ ❛❧r❡❛❞② ❦♥♦✇♥ ❑❉❉ ❞❛t❛ s❡t✱ ✇❤✐❝❤ ✐s ♠♦r❡ ✉s❡❞ ✐♥ t❤✐s
t②♣❡ ♦❢ ❡①♣❡r✐♠❡♥ts✳ ❚❤❡ ❜❡st ✇❛② t♦ ♣r♦❝❡❡❞ ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t ✇♦✉❧❞ ❜❡ t♦ ❝r❡❛t❡
❛♥♦t❤❡r ❞❛t❛ s❡t ✇✐t❤ ❧✐✈❡ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ✇✐t❤ ❞❛r❦s♣❛❝❡ ♦r ❤♦♥❡②♣♦t✳ ❚❤❡s❡ ❞❛t❛
❝♦♥t❛✐♥s ✉♣✲t♦✲❞❛t❡ ♥❡t✇♦r❦ tr❛✣❝✱❛s ✇❡❧❧ ❛s ❦♥♦✇♥ ❛♥❞ ✉♥❦♥♦✇♥ ❛tt❛❝❦s✳ ❚❤✐s ❦✐♥❞
♦❢ ❞❛t❛ s❡t ❝♦✉❧❞ ❜❡ ✉s❡❞ ❢♦r s✉♣❡r✈✐s❡❞ ♦r ✉♥s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ✇❤✐❝❤ ❝♦✉❧❞ ✐♠♣r♦✈❡
✐♥tr✉s✐♦♥ ❞❡t❡❝t✐♦♥ s②st❡♠s✳

▼♦❞❡❧ ✐♠♣r♦✈❡♠❡♥ts ✇♦✉❧❞ ❜❡ t❤❡ ♥❡①t st❡♣✳ ❋✐rst❧②✱ ✉♥s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ❝♦✉❧❞ r❡♣✲
r❡s❡♥t ❛♥♦t❤❡r ✐♠♣♦rt❛♥t t♦♣✐❝ ❢♦r r❡s❡❛r❝❤✱ s✐♥❝❡ ✐t r❡♣r❡s❡♥t r❡❛❧ ✐♥tr✉s✐♦♥ ❞❡t❡❝✲
t✐♦♥ s②st❡♠ ♠♦r❡ ❝❧♦s❡❧②✳ ❙❡❝♦♥❞❧②✱ ✐♠♣❧❡♠❡♥t✐♥❣ ♥❡✇ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ♠♦❞❡❧s✱ s✉❝❤
❛✉t♦❡♥❝♦❞❡rs✱❛s ✇❡❧❧ ❛s s❡q✉❡♥❝❡✲t♦✲s❡q✉❡♥❝❡ ♠♦❞❡❧s ✇♦✉❧❞ ❜❡ ❛♥♦t❤❡r ❧♦❣✐❝❛❧ st❡♣
❢♦r✇❛r❞✳ ❚❤✐s ♠♦❞❡❧s s❤♦✇❡❞ ❣♦♦❞ r❡s✉❧ts ✐♥ ♦t❤❡r ✜❡❧❞s ♦❢ r❡s❡❛r❝❤✱ s♦ ✐t ✇♦✉❧❞ ❜❡
✐♥t❡r❡st✐♥❣ t♦ s❡❡ ❤♦✇ t❤❡② ♣❡r❢♦r♠❡❞ ♦♥ ❝❧❛ss✐❢②✐♥❣ t❤❡ ♥❡t✇♦r❦ ❞❛t❛✳ ❚❤✐r❞❧②✱ ♠♦✈✲
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✐♥❣ ❢♦❝✉s t♦ ❛ s♣❡❝✐✜❝ ❛tt❛❝❦ ❝❧❛ss✐✜❝❛t✐♦♥ ♦r ✉♥❦♥♦✇♥ ❛tt❛❝❦ ❝❧❛ss✐✜❝❛t✐♦♥ ✇♦✉❧❞ ❜❡
❛❧s♦ ✈❡r② ✉s❡❢✉❧✳ ❚❤✐s t♦♣✐❝ s❤♦✉❧❞ ❜r✐♥❣ ❛ ♠❛♥② ✐♠♣r♦✈❡♠❡♥ts t♦ t❤❡ ♥❡t✇♦r❦ s❡❝✉r✐t②
✐♥❞✉str② ❛♥❞ t♦ ❝♦♠♠❡r❝✐❛❧ ✉s❡✳
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