




❚❡❝❤♥✐4❝❤❡ ♥✐✈❡54✐3$3 ❉5❡4❞❡♥

❘❡❧✐❛❜✐❧✐7② ♦❢ ❤✐❣❤✲❦ ✴ ♠❡7❛❧ ❣❛7❡ ✜❡❧❞✲❡✛❡❝7 7;❛♥9✐97♦;9 ❝♦♥9✐❞❡;✐♥❣ ❝✐;❝✉✐7

♦♣❡;❛7✐♦♥❛❧ ❝♦♥97;❛✐♥79

✉✈❡C❧'BB✐❣❦❡✐A ✈♦♥ ❍✐❣❤✲❦ ▼❡A❛❧✲●❛A❡ ❋❡❧❞❡✛❡❦AAC❛♥B✐BA♦C❡♥ ✉♥A❡C ❇❡C9❝❦B✐❝❤A✐❣✉♥❣ ✈♦♥

❙❝❤❛❧A✉♥❣B✈♦C❣'♥❣❡♥

❙?❡✈❡ ❑✉♣❦❡

❋❛❦✉❧5/5 ❊❧❡❦59♦5❡❝❤♥✐❦ ✉♥❞ ■♥❢♦9♠❛5✐♦♥75❡❝❤♥✐❦ ❞❡9 ❚❡❝❤♥✐7❝❤❡♥ ♥✐✈❡97✐5/5 ❉9❡7❞❡♥

③✉A ❊A❧❛♥❣✉♥❣ ❞❡@ ❛❦❛❞❡♠✐@❝❤❡♥ ●A❛❞❡@

❉♦❦5♦9✐♥❣❡♥✐❡✉97

✭❉A✳✲■♥❣✮

❣❡♥❡❤♠✐❣?❡ ❉✐@@❡A?❛?✐♦♥

♦CB✐A③❡♥❞❡C✿ NC♦❢✳ ❉C✳✲■♥❣✳ ❍❡♥♥✐♥❣ ❍❡✉❡C ❚❛❣ ❞❡C ❊✐♥C❡✐❝❤✉♥❣✿ ✵✶✳✵✾✳✷✵✶✹

●✉A❛❝❤A❡C✿ NC♦❢✳ ❉C✳✲■♥❣✳ ❚❤♦♠❛B ▼✐❦♦❧❛❥✐❝❦ ❚❛❣ ❞❡C ❡CA❡✐❞✐❣✉♥❣✿ ✶✾✳✵✸✳✷✵✶✺

NC♦❢✳ ❉C✳ C❡C✳ ♥❛A✳ ❞♦ ❙❝❤✇❛❧❦❡



✧■2 ❤❛3 2♦❞❛② ♦❝❝✉44❡❞ 2♦ ♠❡ 2❤❛2 ❛♥ ❛♠♣❧✐✜❡4 ✉3✐♥❣ 3❡♠✐❝♦♥❞✉❝2♦43 4❛2❤❡4 2❤❛♥ ✈❛❝✉✉♠ ✐3 ✐♥ ♣4✐♥❝✐♣❧❡

♣♦33✐❜❧❡✳✧✬

✐❧❧✐❛♠ ❇✳ ❙❤♦❝❦❧❡②✱ ❧❛❜♦=❛;♦=② ♥♦;❡❜♦♦❦✱ ✶✾✸✾



❆❜87:❛❝7

❆❢?❡A ♠❛♥② ❞❡❝❛❞❡@✱ ?❤❡ @❝❛❧✐♥❣ ♦❢ @✐❧✐❝♦♥ ❞✐♦①✐❞❡ ❜❛@❡❞ ✜❡❧❞✲❡✛❡❝? ?A❛♥@✐@?♦A@ ❤❛@ A❡❛❝❤❡❞

✐♥@✉A♠♦✉♥?❛❜❧❡ ♣❤②@✐❝❛❧ ❧✐♠✐?@ ❞✉❡ ✉♥✐♥?❡♥?✐♦♥❛❧ ❤✐❣❤ ❣❛?❡ ❧❡❛❦❛❣❡ ❝✉AA❡♥?@ ❢♦A ❣❛?❡ ♦①✐❞❡

?❤✐❝❦♥❡@@❡@ ❜❡❧♦✇ ✷ ♥♠✳ ❚❤❡ ✐♥?A♦❞✉❝?✐♦♥ ♦❢ ❤✐❣❤✲❦ ♠❡?❛❧ ❣❛?❡ @?❛❝❦@ ❣✉❛A❛♥?❡❡❞ ?❤❡ ?A❡♥❞

?♦✇❛A❞@ @♠❛❧❧❡A ?A❛♥@✐@?♦A ❞✐♠❡♥@✐♦♥@✳ ❚❤❡ ✐♠♣❧❡♠❡♥?❛?✐♦♥ ♦❢ ❍❢❖✷✱ ❛@ ❤✐❣❤✲❦ ❞✐❡❧❡❝?A✐❝✱ ❛❧@♦

❧❡❛❞ ?♦ ❛ @✉❜@?❛♥?✐❛❧ ♥✉♠❜❡A ♦❢ ♠❛♥✉❢❛❝?✉A✐♥❣ ❛♥❞ A❡❧✐❛❜✐❧✐?② ❝❤❛❧❧❡♥❣❡@✳ ❚❤❡ ❞❡?❡A✐♦A❛?✐♦♥ ♦❢

?❤❡ ❣❛?❡ ♦①✐❞❡ ♣A♦♣❡A?✐❡@ ✉♥❞❡A ?❤❡A♠❛❧ ❛♥❞ ❡❧❡❝?A✐❝ @?A❡@@ ❥❡♦♣❛A❞✐③❡@ ?❤❡ ❝✐A❝✉✐? ♦♣❡A❛?✐♦♥

❛♥❞ ❤❡♥❝❡ ♥❡❡❞@ ?♦ ❜❡ ❝♦♠♣A❡❤❡♥@✐✈❡❧② ✉♥❞❡A@?♦♦❞✳

❆@ ❛ @?❛A?✐♥❣ ♣♦✐♥?✱ ✻❚ @?❛?✐❝ A❛♥❞♦♠ ❛❝❝❡@@ ♠❡♠♦A② ❝❡❧❧@ ✇❡A❡ ✉@❡❞ ?♦ ✐❞❡♥?✐❢② ?❤❡

❞✐✛❡A❡♥? @✐♥❣❧❡ ❞❡✈✐❝❡ ♦♣❡A❛?✐♥❣ ❝♦♥❞✐?✐♦♥@✳ ❚❤❡ @?A♦♥❣❡@? ❞❡?❡A✐♦A❛?✐♦♥ ♦❢ ?❤❡ ❣❛?❡ @?❛❝❦ ✇❛@

❢♦✉♥❞ ❢♦A ♥▼❖❙ ❞❡✈✐❝❡@ ✉♥❞❡A ♣♦@✐?✐✈❡ ❜✐❛@ ?❡♠♣❡A❛?✉A❡ ✐♥@?❛❜✐❧✐?② ✭e❇❚■✮ @?A❡@@✱ A❡@✉❧?✐♥❣

✐♥ ❛ @❡✈❡A❡ ?❤A❡@❤♦❧❞ ✈♦❧?❛❣❡ @❤✐❢? ❛♥❞ ✐♥❝A❡❛@❡❞ ❣❛?❡ ❧❡❛❦❛❣❡ ❝✉AA❡♥?✳ ❆ ❞❡?❛✐❧ ✐♥✈❡@?✐❣❛?✐♦♥

♦❢ ♣❤②@✐❝❛❧ ♦A✐❣✐♥ ❛♥❞ ?❡♠♣❡A❛?✉A❡ ❛♥❞ ✈♦❧?❛❣❡ ❞❡♣❡♥❞❡♥❝② ✇❛@ ❞♦♥❡✳ ❚❤❡ A❡❧✐❛❜✐❧✐?② ✐@@✉❡@

✇❡A❡ ❝❛✉@❡❞ ❜② ?❤❡ ❡❧❡❝?A♦♥ ?A❛♣♣✐♥❣ ✐♥?♦ ❛❧A❡❛❞② ❡①✐@?✐♥❣ ❍❢❖✷ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡@✳ ❚❤❡

♦①②❣❡♥ ✈❛❝❛♥❝✐❡@ A❡@✐❞❡ ✐♥ ❞✐✛❡A❡♥? ❝❤❛A❣❡ @?❛?❡@ ❞❡♣❡♥❞✐♥❣ ♦♥ ❛♣♣❧✐❡❞ @?A❡@@ ✈♦❧?❛❣❡@✳ ❚❤✐@

✐♥ A❡?✉A♥ ❛❧@♦ A❡@✉❧?❡❞ ✐♥ ❛ @?A♦♥❣ ?❤A❡@❤♦❧❞ ✈♦❧?❛❣❡ ❛♥❞ ❣❛?❡ ❝✉AA❡♥? A❡❧❛①❛?✐♦♥ ❛❢?❡A @?A❡@@

✇❛@ ❝✉? ♦✛✳

❚❤❡ A❡❧✐❛❜✐❧✐?② ❛@@❡@@♠❡♥? ✉@✐♥❣ ❝♦♥@?❛♥? ✈♦❧?❛❣❡ @?A❡@@ ❞♦❡@ ♥♦? A❡✢❡❝? A❡❛❧✐@?✐❝ ❝✐A❝✉✐?

♦♣❡A❛?✐♦♥ ✇❤✐❝❤ ❝❛♥ A❡@✉❧? ✐♥ ❛ ❝❤❛♥❣❡❞ ❞❡❣A❛❞❛?✐♦♥ ❜❡❤❛✈✐♦✉A✳ ❚❤❡A❡❢♦A❡✱ ?❤❡ ❝♦♥@?❛♥?

✈♦❧?❛❣❡ @?A❡@@ ♠❡❛@✉A❡♠❡♥? ✇❡A❡ ❡①?❡♥❞❡❞ ❜② ❝♦♥@✐❞❡A✐♥❣ ❈▼❖❙ ♦♣❡A❛?✐♦♥❛❧ ❝♦♥@?A❛✐♥?@✱

✇❤❡A❡ ✐? ✇❛@ ❢♦✉♥❞ ?❤❛? ?❤❡ @✉♣♣❧② ✈♦❧?❛❣❡ ❢A❡C✉❡♥?❧② @✇✐?❝❤❡@ ❜❡?✇❡❡♥ ?❤❡ ❣❛?❡ ❛♥❞ ❞A❛✐♥

?❡A♠✐♥❛❧✳ ❚❤❡ ❛❞❞✐?✐♦♥❛❧ ❞A❛✐♥ ✭♦✛✲@?❛?❡✮ ❜✐❛@ ❧❡❛❞ ?♦ ❛♥ ✐♥❝A❡❛@❡❞ 4 A❡❧❛①❛?✐♦♥ ✐♥ ❝♦♠♣❛A✲

✐@♦♥ ?♦ ③❡A♦ ❜✐❛@ ✈♦❧?❛❣❡✳ ❚❤❡ ♦✛✲@?❛?❡ ✐♥✢✉❡♥❝❡ @?A♦♥❣❧② ❞❡♣❡♥❞❡❞ ♦♥ ?❤❡ ❣❛?❡ ❧❡♥❣?❤ ❛♥❞

❜❡❝❛♠❡ @✐❣♥✐✜❝❛♥? ❢♦A @❤♦A? ❝❤❛♥♥❡❧ ❞❡✈✐❝❡@✳

❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ?❤❡ ♦✛✲@?❛?❡ ❜✐❛@ ♦♥ ?❤❡ ❞✐❡❧❡❝?A✐❝ ❜A❡❛❦❞♦✇♥ ✇❛@ @?✉❞✐❡❞ ❛♥❞ ❝♦♠♣❛A❡❞

?♦ ?❤❡ @?❛♥❞❛A❞ ❛@@❡@@♠❡♥? ♠❡?❤♦❞@✳ ❉✐✛❡A❡♥? ✇❡❛A✲♦✉? ♠❡❝❤❛♥✐@♠@ ❢♦A ❞A❛✐♥✲♦♥❧② ❛♥❞

❛❧?❡A♥❛?✐♥❣ ❣❛?❡ ❛♥❞ ❞A❛✐♥ @?A❡@@ ✇❡A❡ ✈❡A✐✜❡❞✳ ♥❞❡A ❞A❛✐♥✲♦♥❧② @?A❡@@✱ ?❤❡ ❞✐❡❧❡❝?A✐❝ ❜A❡❛❦✲

❞♦✇♥ ✇❛@ ❝❛✉@❡❞ ❜② ❤♦? ❝❛AA✐❡A ❞❡❣A❛❞❛?✐♦♥✳ ❚❤❡ ❧✐❢❡?✐♠❡ ✇❛@ ❝♦AA❡❧❛?❡❞ ✇✐?❤ ?❤❡ ❞❡✈✐❝❡

❧❡♥❣?❤ ❛♥❞ ❛♠♦✉♥? ♦❢ @✉❜?❤A❡@❤♦❧❞ ❧❡❛❦❛❣❡✳

❚❤❡ ❣❛?❡ ♦①✐❞❡ ❜A❡❛❦❞♦✇♥ ✉♥❞❡A ❛❧?❡A♥❛?✐♥❣ ❣❛?❡ ❛♥❞ ♦✛✲@?❛?❡ @?A❡@@ ✇❛@ ❝❛✉@❡❞ ❜② ?❤❡

❝♦♥?✐♥✉♦✉@ ?A❛♣♣✐♥❣ ❛♥❞ ❞❡?A❛♣♣✐♥❣ ❜❡❤❛✈✐♦✉A ♦❢ ❤✐❣❤✲❦ ♠❡?❛❧ ❣❛?❡ ❞❡✈✐❝❡@✳ ❚❤✐@ A❡@✉❧?❡❞ ✐♥

❛ ❧♦✇❡A ❧✐❢❡?✐♠❡ ✐♥ ❝♦♠♣❛A✐@♦♥ ?♦ ?❤❡ @?❛♥❞❛A❞ ❉❈ ❛♥❞ ❆❈ ❣❛?❡✲♦♥❧② @?A❡@@✳ ❚❤❡ ❜A❡❛❦❞♦✇♥

✇❛@ ♣A✐♠❛A✐❧② ❧♦❝❛?❡❞ ❝❧♦@❡ ?♦ ?❤❡ ❞A❛✐♥ ❡❞❣❡✱ ❡①♣A❡@@❡❞ ✐♥ ❛ ♠♦❞✐✜❝❛?✐♦♥ ♦❢ ?❤❡ ❡♥❞ ♦❢ ❧✐❢❡?✐♠❡

♣A♦❥❡❝?✐♦♥✳

❙✉♣♣❧❡♠❡♥?❛A②✱ ♣A♦❝❡@@ ?A❡❛?♠❡♥?@ ❝❛♥ ♣♦@✐?✐✈❡❧② ✐♥✢✉❡♥❝❡ ?❤❡ A❡❧✐❛❜✐❧✐?②✳ ❋❧✉♦A✐♥❡ ✐@ ❛@✲

@✉♠❡❞ ?♦ ♣❛@@✐✈❛?❡ ♦①②❣❡♥ ✈❛❝❛♥❝② ❛♥❞ A❡❞✉❝❡ ?❤❡ ❞❡❢❡❝? ❞❡♥@✐?②✳ ❋❧✉♦A✐♥❡ ✇❛@ ✐♥?A♦❞✉❝❡❞

❛? ❞✐✛❡A❡♥? ♣♦@✐?✐♦♥@ ✇✐?❤✐♥ ?❤❡ ❣❛?❡ @?❛❝❦ ❜② ❝❤❡♠✐❝❛❧ ✈❛♣♦A ❞❡♣♦@✐?✐♦♥✳ ❚❤❡ ❋❧✉♦A✐♥❡ ?A❡❛?✲

♠❡♥? A❡✈❡❛❧❡❞ ❛ A❡❞✉❝?✐♦♥ ♦❢ ?❤❡ ❣❛?❡ ❧❡❛❦❛❣❡ ❝✉AA❡♥? ❛@ ✇❡❧❧ ❛@ ?❤A❡@❤♦❧❞ ✈♦❧?❛❣❡ @❤✐❢? ❜❡✐♥❣

❛ ♣A♦♠✐@✐♥❣ ❝❛♥❞✐❞❛?❡ ?♦ ✐♠♣A♦✈❡ ?❤❡ ♦✈❡A❛❧❧ A❡❧✐❛❜✐❧✐?②✳



❑✉:③❢❛88✉♥❣

❉✐❡ ❢♦A?✇Z❤A❡♥❞❡ ❙❦❛❧✐❡A✉♥❣ ✈♦♥ e♦❧②@✐❧✐③✐✉♠✴❙✐❧✐③✐✉♠❞✐♦①✐❞ ❜❛@✐❡A?❡♥ ❋❡❧❞❡✛❡❦??A❛♥@✐@?♦A❡♥

③✉A ❙?❡✐❣❡A✉♥❣ ❞❡A ❙❝❤❛❧?❣❡@❝❤✇✐♥❞✐❣❦❡✐?❡♥✱ ❤❛? ✐❤A❡ ♣❤②@✐❦❛❧✐@❝❤❡♥ ●A❡♥③❡♥ ❡AA❡✐❝❤?✳ ❉✐❡

❣❡A✐♥❣❡ ●❛?❡♦①✐❞❞✐❝❦❡ ✭❞ ❁ ✷ ♥♠✮ ❢T❤A? ③✉ @?❡✐❣❡♥❞❡♥ ●❛?❡❧❡❝❦@?A!♠❡♥ ❞✉A❝❤ C✉❛♥?❡♥♠❡❝❤✲

❛♥✐@❝❤❡ ❚✉♥♥❡❧♣A♦③❡@@❡✳ ❉✉A❝❤ ❞✐❡ ❊✐♥❢T❤A✉♥❣ ✈♦♥ ❍❛❢♥✐✉♠❞✐♦①✐❞ ❛❧@ ❍✐❣❤✲❦✲❉✐❡❧❡❦?A✐❦✉♠

♠✐? ❡✐♥❡A ♠❡?❛❧❧✐@❝❤❡♥ ❊❧❡❦?A♦❞❡✱ ❦♦♥♥?❡ ❞❡A ●❛?❡❧❡❝❦@?A♦♠✱ ❜❡✐ ❣❧❡✐❝❤❜❧❡✐❜❡♥❞❡A ❑❛♣❛③✐?Z?✱

@?❛A❦ A❡❞✉③✐❡A? ✇❡A❞❡♥✳ ❉✐❡ ❊✐♥❢T❤A✉♥❣ ❞❡A ❍✐❣❤✲❦✰▼❡?❛❧✲●❛?❡✲❚❡❝❤♥♦❧♦❣✐❡ ✭❍❑▼●✮ ❢T❤A?❡

③✉ ❡✐♥❡A ❘❡✐❤❡ ✈♦♥ ❡AZ♥❞❡A✉♥❣❡♥ ✐♥ ❞❡A ❚A❛♥@✐@?♦A③✉✈❡A❧Z@@✐❣❦❡✐?✱ ❞✐❡ ●❡❣❡♥@?❛♥❞ ❞❡A ♥✲

?❡A@✉❝❤✉♥❣❡♥ ✐♥ ❞✐❡@❡A ❆A❜❡✐? @✐♥❞✳

❆♥❤❛♥❞ ✈♦♥ ❙?❛?✐❝ ❘❛♥❞♦♠ ❆❝❝❡@@ ▼❡♠♦A② ✭❙❘❆▼✮ ❚A❛♥@✐@?♦A❡♥ ✇✉A❞❡♥ ❞✐❡ ✈❡A@❝❤✐❡❞❡✲

♥❡♥ ❇❡?A✐❡❜@③✉@?Z♥❞❡ ❢TA ♥✴♣▼❖❙ ❚A❛♥@✐@?♦A❡♥ ✐❞❡♥?✐✜③✐❡A? ✉♥❞ ❞❡A ❡❧❡❦?A✐@❝❤❡ ❙?A❡@@❢❛❧❧

♠✐? ❞❡A ❤!❝❤@?❡♥ ❉❡❣A❛❞❛?✐♦♥@A❛?❡ ❜❡@?✐♠♠?✳ ■♠ ●❡❣❡♥@❛?③ ③✉♠ ❡❧❡❦?A✐@❝❤ ♥❡❣❛?✐✈❡♥ ●❛?✲

❡@?A❡@@ ✭◆❇❚■✮ ❜❡✐ ❙✐❧✐③✐✉♠❞✐♦①✐❞ ❜❛@✐❡A?❡♥ ♣▼❖❙ ❚A❛♥@✐@?♦A❡♥✱ ③❡✐❣? ❞❡A ❡❧❡❦?A✐@❝❤ ♣♦@✐?✐✈❡

●❛?❡@?A❡@@ ✭e❇❚■✮ ❛♥ ❍❑▼● ♥✲❑❛♥❛❧?A❛♥@✐@?♦A❡♥ ❞✐❡ ❣A!@@?❡ ❡AZ♥❞❡A✉♥❣ ❞❡A ❙❝❤✇❡❧❧@♣❛♥✲

♥✉♥❣ ✉♥❞ ❞❡@ ●❛?❡❧❡❝❦@?A♦♠@✳ ❉❛@ ❉❡❣A❛❞❛?✐♦♥@✈❡A❤❛❧?❡♥✱ ✇❡❧❝❤❡@ ❞✉A❝❤ ❞✐❡ ❡AZ♥❞❡A✉♥❣

❞❡A ▲❛❞✉♥❣@③✉@?Z♥❞❡ ✈♦♥ ❙❛✉❡A@?♦✛❢❡❤❧@?❡❧❧❡♥ ✐♠ ❍❛❢♥✐✉♠❞✐♦①✐❞ ❤❡A✈♦A❣❡A✉❢❡♥ ✇✐A❞✱ ✇✉A❞❡

@♣❛♥♥✉♥❣@✲ ✉♥❞ ?❡♠♣❡A❛?✉A❛❜❤Z♥❣✐❣ ❝❤❛A❛❦?❡A✐@✐❡A?✳ ◆❛❝❤ ❙♣❛♥♥✉♥❣@@?A❡@@✱ ❦♦♥♥?❡ ❡✐♥❡ ❘❡✲

❧❛①❛?✐♦♥ ❞❡A ❙❝❤✇❡❧❧@♣❛♥♥✉♥❣@Z♥❞❡A✉♥❣ ✉♥❞ ▲❡❝❦@?A♦♠❡A❤!❤✉♥❣ ❜❡♦❜❛❝❤?❡? ✇❡A❞❡♥✳

❇❡✐ ❞❡A @?❛♥❞❛A❞♠Z@@✐❣❡♥ ✉✈❡A❧Z@@✐❣❦❡✐?@❝❤❛A❛❦?❡A✐@✐❡A✉♥❣ ✉♥?❡A ❑♦♥@?❛♥?@♣❛♥♥✉♥❣@@?A❡@@

❦❛♥♥ ❞❡A T❜❧✐❝❤❡ ❞②♥❛♠✐@❝❤❡ ❇❡?A✐❡❜ ✈♦♥ ❚A❛♥@✐@?♦A❡♥ ♥✐❝❤? ❜❡AT❝❦@✐❝❤?✐❣? ✇❡A❞❡♥✳ ❉✐❡ ▼❡@@✲

♠❡?❤♦❞❡♥ ✇✉A❞❡♥ ❞❛❤❡A ❡A✇❡✐?❡A? ✉♥❞ ❞❛@ ❉❡❣A❛❞❛?✐♦♥✈❡A❤❛❧?❡♥ ✈♦♥ ❊✐♥③❡❧?A❛♥@✐@?♦A❡♥ ✉♥?❡A

❙❝❤❛❧?✉♥❣@✈♦A❣Z♥❣❡♥ ✭✇❡❝❤@❡❧♥❞❡♠ ●❛?❡✲ ✉♥❞ ❉A❛✐♥@?A❡@@✮ ❜❡AT❝❦@✐❝❤?✐❣?✳ ❉✐❡@❡ ③✉@Z?③❧✐❝❤❡

❉A❛✐♥@♣❛♥♥✉♥❣ ❜❡@❝❤❧❡✉♥✐❣? ❞✐❡ ❘❡❧❛①❛?✐♦♥ ♥❛❝❤ ❙?A❡@@✱ ✇♦❜❡✐ ❞❡A ❊✛❡❦? @?❛A❦ ✈♦♥ ❞❡A ❑❛♥❛❧✲

❧Z♥❣❡ ❛❜❤Z♥❣? ✉♥❞ ❢TA ❑✉A③❦❛♥❛❧?A❛♥@✐@?♦A❡♥ A❡❧❡✈❛♥? ✇✐A❞✳

❉❛❜❡✐ ❡A❣❛❜❡♥ @✐❝❤ ✉♥?❡A@❝❤✐❡❞❧✐❝❤❡ ❉❡❣A❛❞❛?✐♦♥@✉A@❛❝❤❡♥ ❢TA A❡✐♥❡♥ ❉A❛✐♥@?A❡@@ ✉♥❞ ❙?A❡@@

♠✐? ❛❧?❡A♥✐❡A❡♥❞❡A ●❛?❡✲ ✉♥❞ ❉A❛✐♥@♣❛♥♥✉♥❣✳ ❉❡A ❞✐❡❧❡❦?A✐@❝❤❡ ❉✉A❝❤❜A✉❝❤ ✉♥?❡A ❤♦❤❡♥

❉A❛✐♥@♣❛♥♥✉♥❣❡♥ ✇✐A❞ ❞✉A❝❤ ■♥❥❡❦?✐♦♥ ✈♦♥ ❤❡✐@@❡♥ ▲❛❞✉♥❣@?AZ❣❡A♥ ❤❡A✈♦A❣❡A✉❢❡♥ ✉♥❞ ✐@?

@?❛A❦ ❦❛♥❛❧❧Z♥❣❡♥❛❜❤Z♥❣✐❣✳ ❘❡❛❧✐@?✐@❝❤❡ ❉✉A❝❤❜A✉❝❤@♠❡@@✉♥❣❡♥ ♠✐? ❛❧?❡A♥✐❡A❡♥❞❡♥ ❙♣❛♥✲

♥✉♥❣❡♥ ❛♠ ●❛?❡✲ ✉♥❞ ❉A❛✐♥❦♦♥?❛❦? ❢T❤A❡♥ ③✉ ❡✐♥❡A ❣❡A✐♥❣❡A❡♥ ❖①✐❞❧❡❜❡♥@❞❛✉❡A ✐♠ ❡A❣❧❡✐❝❤

③✉ ♥♦A♠❛❧❡♥ ●❧❡✐❝❤✲ ✉♥❞ ❡❝❤@❡❧@♣❛♥♥✉♥❣♠❡@@✉♥❣❡♥ ❛♠ ●❛?❡❦♦♥?❛❦?✳ ❉✐❡ ❛@②♠♠❡?A✐@❝❤❡

❋❡❧❞✈❡A?❡✐❧✉♥❣ ❢T❤A? ③✉ ❡✐♥❡♠ ❞✐❡❧❡❦?A✐@❝❤❡♥ ●❛?❡♦①✐❞❞✉A❝❤❜A✉❝❤ ❛♥ ❞❡A ❉A❛✐♥@❡✐?❡✱ ✇❛@ ❡✐♥❡

❆♥♣❛@@✉♥❣ ❞❡A ▼♦❞❡❧❧❡ ❢TA ❞✐❡ ▲❡❜❡♥@❞❛✉❡A❜❡@?✐♠♠✉♥❣ ③✉ ❋♦❧❣❡ ❤❛??❡✳

✉@Z?③❧✐❝❤❡ eA♦③❡@@✐❡A✉♥❣@✈❡A❢❛❤A❡♥ ❦!♥♥❡♥ ❡✐♥❡♥ ♣♦@✐?✐✈❡♥ ❊✛❡❦? ❛✉❢ ❞✐❡ ❚A❛♥@✐@?♦A③✉✲

✈❡A❧Z@@✐❣❦❡✐?✱ ✇♦❜❡✐ ❛♥❣❡♥♦♠♠❡♥ ✇✐A❞ ❞❛@ ❋❧✉♦A ③✉A e❛@@✐✈✐❡A✉♥❣ ✈♦♥ ❙❛✉❡A@?♦✛❢❡❤❧@?❡❧❧❡♥

❜❡✐?A❛❣❡♥ ❦❛♥♥✳ ▼✐?❤✐❧❢❡ ❞❡A ❝❤❡♠✐@❝❤❡♥ ●❛@♣❤❛@❡♥❛❜@❝❤❡✐❞✉♥❣ ✇✉A❞❡ ❋❧✉♦A ❛♥ ✉♥?❡A✲

@❝❤✐❡❞❧✐❝❤❡♥ e♦@✐?✐♦♥❡♥ ✐♠ ●❛?❡@?❛♣❡❧ ❡✐♥❣❡❜A❛❝❤? ✉♥❞ ❞❡A ❊✐♥✢✉@@ ❛✉❢ ❞✐❡ ❉❡❢❡❦?❡✐❣❡♥✲

@❝❤❛❢?❡♥ ✈♦♥ ❍❛❢♥✐✉♠❞✐♦①✐❞ ✉♥?❡A@✉❝❤?✳ ❉✐❡ ❋❧✉♦A♣❛@@✐✈✐❡A✉♥❣ A❡@✉❧?✐❡A?❡ ✐♥ ❡✐♥❡♠ ❣❡A✐♥❣❡A❡♥

●❛?❡❧❡❝❦@?A♦♠ ❣❡❣❡♥T❜❡A ❞❡A ❘❡❢❡A❡♥③♣A♦❜❡✱ @♦✇✐❡ ✐♥ ❡✐♥❡♠ ❣❡A✐♥❣❡A❡♥ ❉❡❣A❛❞❛?✐♦♥@✈❡A❤❛❧✲

?❡♥ ❞❡A ❙❝❤✇❡❧❧@♣❛♥♥✉♥❣ ✉♥?❡A ❙?A❡@@ ✉♥❞ @?❡❧❧? ❡✐♥❡♥ ✈✐❡❧✈❡A@♣A❡❝❤❡♥❞❡♥ ❑❛♥❞✐❞❛? ❢TA ❞✐❡

❡A❜❡@@❡A✉♥❣ ❞❡A ✉✈❡A❧Z@@✐❣❦❡✐? ❞❛A✳



❈♦♥@❡♥@B

✶ ▼♦8✐✈❛8✐♦♥ ✼

✷ ❋✉♥❞❛♠❡♥8❛❧: ✶✶

✷✳✶ ❚A❛♥?✐?=♦A ?❝❛❧✐♥❣ ❧❛✇? ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✷ ❙❤♦A= ❝❤❛♥♥❡❧ ❡✛❡❝=? ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✷✳✸ ●❛=❡ ❧❡❛❦❛❣❡ ❝✉AA❡♥= ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺

✷✳✹ f♦✇❡A ❝♦♥?✉♠♣=✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✷✳✺ ❙=❛=✐❝ A❛♥❞♦♠ ❛❝❝❡?? ♠❡♠♦A② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✸ ❉❡❣<❛❞❛8✐♦♥ ♠❡❝❤❛♥✐:♠: ✷✶

✸✳✶ ◆❡❣❛=✐✈❡ ❜✐❛? =❡♠♣❡A❛=✉A❡ ✐♥?=❛❜✐❧✐=② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✸✳✷ f♦?✐=✐✈❡ ❜✐❛? =❡♠♣❡A❛=✉A❡ ✐♥?=❛❜✐❧✐=② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✸✳✸ ❍♦= ❝❛AA✐❡A ✐♥❥❡❝=✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✸✳✹ ❖✛✲?=❛=❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✸✳✺ ❚✐♠❡ ❞❡♣❡♥❞❡♥= ❞✐❡❧❡❝=A✐❝ ❜A❡❛❦❞♦✇♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✹ ❙❛♠♣❧❡ ❞❡:❝<✐♣8✐♦♥ ❛♥❞ ❡①♣❡<✐♠❡♥8❛❧ ♠❡8❤♦❞: ✸✸

✹✳✶ ❍✐❣❤✲❦ ♠❡=❛❧ ❣❛=❡ ✜❡❧❞✲❡✛❡❝= =A❛♥?✐?=♦A? ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✹✳✷ ▼❡❛?✉A❡♠❡♥= ?❡=✉♣ ❛♥❞ =❡❝❤♥✐C✉❡? ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹
✹✳✷✳✶ ❈♦♥?=❛♥= ✈♦❧=❛❣❡ ?=A❡?? ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹
✹✳✷✳✷ f✉❧?❡❞ ?=A❡?? ♠❡❛?✉A❡♠❡♥=? ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻
✹✳✷✳✸ ❈❤❛A❣❡ ♣✉♠♣✐♥❣ ♠❡❛?✉A❡♠❡♥= ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻
✹✳✷✳✹ ❋❛?= =❤A❡?❤♦❧❞ ✈♦❧=❛❣❡ A❡❧❛①❛=✐♦♥ ♠❡❛?✉A❡♠❡♥= ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✺ ❘❡❧✐❛❜✐❧✐8② ♦❢ :8❛8✐❝ <❛♥❞♦♠ ❛❝❝❡:: ♠❡♠♦<② ❝❡❧❧: ✸✾

✺✳✶ ❙✐♥❣❧❡ =A❛♥?✐?=♦A A❡❧✐❛❜✐❧✐=② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✺✳✷ ❙=❛=✐❝ A❛♥❞♦♠ ❛❝❝❡?? ♠❡♠♦A② A❡❧✐❛❜✐❧✐=② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✺✳✸ ❙=❛=✐❝ A❛♥❞♦♠ ❛❝❝❡?? ♠❡♠♦A② ✈❛A✐❛❜✐❧✐=② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✺✳✹ ❙✉♠♠❛A② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✻ ❉❡❣<❛❞❛8✐♦♥ ❜② ♣♦:✐8✐✈❡ ❜✐❛: 8❡♠♣❡<❛8✉<❡ ✐♥:8❛❜✐❧✐8② ✹✾

✻✳✶ ❚❤A❡?❤♦❧❞ ✈♦❧=❛❣❡ ❞❡❣A❛❞❛=✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✺



✻

✻✳✷ ❙?A❡@@ ✐♥❞✉❝❡❞ ❧❡❛❦❛❣❡ ❝✉AA❡♥? ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✻✳✸ ❙✉♠♠❛A② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✼ ❘❡❝♦✈❡G② ♦❢ ♣♦E✐C✐✈❡ ❜✐❛E C❡♠♣❡G❛C✉G❡ ✐♥EC❛❜✐❧✐C② ❞❡❣G❛❞❛C✐♦♥ ✻✸

✼✳✶ ❡A♦ ✈♦❧? A❡❝♦✈❡A② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✼✳✷ ❖✛✲@?❛?❡ ✐♥❞✉❝❡❞ ?❤A❡@❤♦❧❞ ✈♦❧?❛❣❡ A❡❝♦✈❡A② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✼✳✸ ❚❡❝❤♥♦❧♦❣② ❝♦♠♣✉?❡A ❛✐❞❡❞ ❞❡@✐❣♥ @✐♠✉❧❛?✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✼✳✹ ❙✉♠♠❛A② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✽ ❉✐❡❧❡❝CG✐❝ ❜G❡❛❦❞♦✇♥ ✉♥❞❡G ❝✐G❝✉✐C ♦♣❡G❛C✐♥❣ ❝♦♥❞✐C✐♦♥E ✼✸

✽✳✶ ❖✛✲@?❛?❡ ❞❡❣A❛❞❛?✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✽✳✷ ❆❧?❡A♥❛?✐♥❣ ❣❛?❡ ❛♥❞ ♦✛✲@?❛?❡ @?A❡@@ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✽✳✸ ❙✉♠♠❛A② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✾ ❘❡❧✐❛❜✐❧✐C② ♦❢ ✢✉♦G✐♥❡ ✐♥❝♦G♣♦G❛C❡❞ ❍❑▼● EC❛❝❦E ✽✼

✾✳✶ ❇✐❛@ ?❡♠♣❡A❛?✉A❡ ✐♥@?❛❜✐❧✐?② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✾✳✷ ❙?A❡@@ ✐♥❞✉❝❡❞ ❧❡❛❦❛❣❡ ❝✉AA❡♥? @♣❡❝?A♦@❝♦♣② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

✾✳✸ ❙✉♠♠❛A② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷

✶✵ ❙✉♠♠❛G② ✾✺

✶✵✳✶ ❊✈❛❧✉❛?✐♦♥ ♦❢ ❤✐❣❤✲❦✴♠❡?❛❧ ❣❛?❡ ✜❡❧❞✲❡✛❡❝? ?A❛♥@✐@?♦A A❡❧✐❛❜✐❧✐?② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

✶✵✳✷ ❙✐♥❣❧❡ ❞❡✈✐❝❡ A❡❧✐❛❜✐❧✐?② ✉♥❞❡A ❝✐A❝✉✐? ♦♣❡A❛?✐♦♥❛❧ ❝♦♥@?A❛✐♥?@ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻

✶✵✳✸ ❘❡❧✐❛❜✐❧✐?② ✐♠♣A♦✈❡♠❡♥? ❜② ✢✉♦A✐♥❡ ?A❡❛?♠❡♥?@ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼

✶✶ ❈♦♥❝❧✉E✐♦♥ ❛♥❞ ♦✉C❧♦♦❦ ✾✾

❆ ❆♣♣❡♥❞✐① ✶✵✶

❇✐❜❧✐♦❣G❛♣❤② ✶✶✶

❆❜❜G❡✈✐❛C✐♦♥E ✶✶✺

▲✐EC ♦❢ E②♠❜♦❧E ✶✶✼

=✉❜❧✐❝❛C✐♦♥ ❧✐EC ✶✶✾



✶✳ ▼♦@✐✈❛@✐♦♥

❚❤❡♦A❡?✐❝❛❧ ♣A✐♥❝✐♣❧❡@ ❛A❡ ♦❢?❡♥ ❛❤❡❛❞ ♦❢ ❡①♣❡A✐♠❡♥?❛❧ ♣A♦♦❢✱ ✇❤✐❝❤ ❛❧@♦ ❤♦❧❞@ ?A✉❡ ❢♦A ?❤❡

❤✐@?♦A② ♦❢ ?❤❡ ?A❛♥@✐@?♦A✳ ■♥ ✶✾✷✺✱ ❏✳ ❊✳ ▲✐❧✐❡♥❢❡❧❞ ❞❡@❝A✐❜❡❞ ?❤❡ ✜A@? ♣A✐♥❝✐♣❧❡ ♦❢ ❛ ✜❡❧❞✲❡✛❡❝?

?A❛♥@✐@?♦A ✐♥ ❛ ♣❛?❡♥? ✶✳ ■? ✇❛@ ♥♦? ✉♥?✐❧ ✶✾✹✼ ?❤❛? ?❤❡ ✜A@? ❣❡A♠❛♥✐✉♠ ♣♦✐♥? ❝♦♥?❛❝?

?A❛♥@✐@?♦A ❝❛♠❡ ?♦ A❡❛❧✐③❛?✐♦♥ ❜② ❏✳ ❇❛A❞❡❡♥✱ ✳ ❍✳ ❇A❛??❛✐♥ ❛♥❞ ✳ ❙✳ ❙❤♦❝❦❧❡② ✷✱ ✇❤♦

✇❡A❡ ❛✇❛A❞❡❞ ❢♦A ?❤❡ ◆♦❜❡❧ eA✐③❡ ♥✐♥❡ ②❡❛A@ ❧❛?❡A✳ ❙❤♦❝❦❧❡② ❝♦♥?✐♥✉❡❞ ?♦ ❞❡✈❡❧♦♣ ?❤❡ ❜✐♣♦❧❛A

❥✉♥❝?✐♦♥ ?A❛♥@✐@?♦A ✭❇❏❚✮ ✸✱ ✇❤✐❝❤ ❜❡❝❛♠❡ ?❤❡ ♠♦@? ❝♦♠♠♦♥❧② ✉@❡❞ ?A❛♥@✐@?♦A ?②♣❡ ♦✈❡A

?❤A❡❡ ❞❡❝❛❞❡@✳ ■♥ ?❤❡ ❧❛?❡ ✶✾✺✵✬@✱ ❏❛❝❦ ❑✐❧❜② ❛♥❞ ❘♦❜❡A? ◆♦②❝❡ ❤❡A❛❧❞❡❞ ❛ ♥❡✇ ❡A❛ ❜② ?❤❡

✐♥✈❡♥?✐♦♥ ♦❢ ✐♥?❡❣A❛?❡❞ ❝✐A❝✉✐?A② ✹✳ ❆A♦✉♥❞ ?❤❡ @❛♠❡ ?✐♠❡✱ ❉✳ ❑❛❤♥❣ ❛♥❞ ▼✳ ▼✳ ❆?❛❧❧❛

@✉❝❝❡@@❢✉❧❧② ❜✉✐❧❞ ?❤❡ ✜❡❧❞✲❡✛❡❝? ?A❛♥@✐@?♦A ?❤❛? ▲✐❧✐❡♥❢❡❧❞ ♣A♦♣♦@❡❞✱ ❜❛@❡❞ ♦♥ @✐❧✐❝♦♥ ❞✐♦①✐❞❡

?❤❡A♠❛❧❧② ❣A♦✇♥ ♦♥ ?♦♣ ♦❢ ❛ ❝A②@?❛❧❧✐♥❡ @✐❧✐❝♦♥ @✉❜@?A❛?❡✳ ❆ ❧❛@? ✐♠♣♦A?❛♥? @?❡♣ ✇❛@ ❛❝❤✐❡✈❡❞

✐♥ ✶✾✻✸ ✇✐?❤ ?❤❡ ❡♠♣❧♦②♠❡♥? ♦❢ ?❤❡ ❝♦♠♣❧❡♠❡♥?❛A② ♠❡?❛❧✲♦①✐❞❡✲@❡♠✐❝♦♥❞✉❝?♦A ✭❈▼❖❙✮

?❡❝❤♥♦❧♦❣② ❜② ❋A❛♥❦ ❛♥❧❛@@ ✺✳ ❚❤❡ ❝♦♠❜✐♥❛?✐♦♥ ♦❢ ♥✲ ❛♥❞ ♣✲?②♣❡ ?A❛♥@✐@?♦A@ ❣A❡❛?❧②

✐♠♣A♦✈❡❞ ?❤❡ @?❛?✐❝ ♣♦✇❡A ❝♦♥@✉♠♣?✐♦♥✱ ♣❛❝❦✐♥❣ ❞❡♥@✐?②✱ ♣❡A❢♦A♠❛♥❝❡ ❛♥❞ ♠❛♥✉❢❛❝?✉A✐♥❣

❝♦@?@✳ ❋A♦♠ ?❤❛? ♣♦✐♥? ♦♥✱ ?❤❡ ?A❛♥@✐@?♦A C✉✐❝❦❧② @♣A❡❛❞✱ A❡♣❧❛❝✐♥❣ ❡①✐@?✐♥❣ ?❡❝❤♥♦❧♦❣✐❡@✳

❙✐♥❝❡ ?❤❡♥✱ ?❤❡ ❞②♥❛♠✐❝ ♦❢ @❡♠✐❝♦♥❞✉❝?♦A ♠❛A❦❡? ❤❛@ ❜❡❡♥ ✇❡❧❧ ❞❡@❝A✐❜❡❞ ❜② ▼♦♦A❡✬@

❧❛✇✱ ✇❤✐❝❤ @?❛?❡@ ?❤❛? ?❤❡ ♥✉♠❜❡A ♦❢ ?A❛♥@✐@?♦A@ ✐♥ ✐♥?❡❣A❛?❡❞ ❝✐A❝✉✐?@ ❞♦✉❜❧❡@ ❛♣♣A♦①✐♠❛?❡❧②

❡✈❡A② ✶✽ ✲ ✷✹ ♠♦♥?❤@ ✻✱ ✼✱ ❛@ @❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✶✳ ❚♦ ❛❝❤✐❡✈❡ ?❤✐@✱ ?❤❡ ?A❛♥@✐@?♦A ❞✐♠❡♥@✐♦♥@

❛A❡ @❝❛❧❡❞ ❞♦✇♥ ?♦ ✜? ♠♦A❡ ?A❛♥@✐@?♦A@ ?♦ ?❤❡ @❛♠❡ ❛A❡❛ ❛♥❞ ✐♥❝A❡❛@❡ ?❤❡ ❢✉♥❝?✐♦♥❛❧✐?② ♣❡A

❛A❡❛✳ ❚❤❡ ?A❡♥❞ ❝♦♥?✐♥✉❡❞ ❢♦A ♦✈❡A ❢♦✉A ❞❡❝❛❞❡@ ❛@ ✐? ✇❛@ ❢❡❛@✐❜❧❡ ?♦ @❝❛❧❡ ❞♦✇♥ ?❤❡ ♣♦❧②✲

❙✐✴❙✐❖✷ ?❡❝❤♥♦❧♦❣② ✉♥?✐❧ ♣❤②@✐❝❛❧ ❧✐♠✐?@ ✇❡A❡ ❛♣♣A♦❛❝❤❡❞ ✽✱ ✾✳ ❆? ?❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ?❤❡

✷✶54 ❝❡♥?✉A②✱ ✉♥❞❡@✐A❡❞ ❤✐❣❤ ❣❛?❡ ❧❡❛❦❛❣❡ ❝✉AA❡♥?@ ?❤A♦✉❣❤ ?❤❡ ?❤✐♥ ❙✐❖✷ ✐♥@✉❧❛?✐♥❣ ❜❛AA✐❡A

❢♦A❝❡❞ ?❤❡ @❡♠✐❝♦♥❞✉❝?♦A ✐♥❞✉@?A② ?♦ @❡❛A❝❤ ❢♦A ♥❡✇ ❛❧?❡A♥❛?✐✈❡ ❣❛?❡ ❞✐❡❧❡❝?A✐❝@ ✇✐?❤ ❤✐❣❤❡A

♣❡A♠✐??✐✈✐?② ✈❛❧✉❡@ ✐♥ ♦A❞❡A ?♦ ♦❜?❛✐♥ ❝♦♠♣❛A❛❜❧❡ ❣❛?❡ ♦①✐❞❡ ❝❛♣❛❝✐?❛♥❝❡@ ✇✐?❤ ❤✐❣❤❡A ♦①✐❞❡

?❤✐❝❦♥❡@@❡@✳ ❍♦✇❡✈❡A✱ ❜❡❢♦A❡ ?❤✐@ ✇❛@ ♣♦@@✐❜❧❡ ♥❡❝❡@@❛A② ?❡❝❤♥✐❝❛❧ ❛♥❞ ♣❤②@✐❝❛❧ ❜♦✉♥❞❛A②

❝♦♥❞✐?✐♦♥@ ♥❡❡❞❡❞ ?♦ ❜❡ @❛?✐@✜❡❞✳ ◆❡✇ ♠❛?❡A✐❛❧@ ♠✉@? ❜❡ ❝♦♠♣❛?✐❜❧❡ ✇✐?❤ ?❤❡ ❡①✐@?✐♥❣

?❡❝❤♥♦❧♦❣② ❛♥❞ ✇✐?❤@?❛♥❞ ❛❧❧ ✐♥ ?❤❡ ♣A♦❝❡@@ ✐♥✈♦❧✈❡❞ ❛♥♥❡❛❧✐♥❣ ❝②❝❧❡@ ✇✐?❤♦✉? ♠❛❥♦A ❝❤❛♥❣❡@ ✐♥

✐?@ @?A✉❝?✉A❡✳ ▼♦A❡ ✐♠♣♦A?❛♥?❧②✱ ?❤❡ ♠❛?❡A✐❛❧ ♠✉@? ❤❛✈❡ ❛ ❧♦✇ A❡❛❝?✐✈✐?② ✇✐?❤ ✐?@ @✉AA♦✉♥❞✐♥❣@

✶✵✳ ■♥ ❛❞❞✐?✐♦♥✱ ?❤❡ ❣❛?❡ ❡❧❡❝?A♦❞❡ ♠❛?❡A✐❛❧ ♠✉@? ❜❡ ❛❞❥✉@?❡❞ ?♦ ❛❝❝♦✉♥? ❢♦A ?❤❡ ❞✐✛❡A❡♥?

❜❛♥❞ ♦✛@❡? ♦❢ ?❤❡ ❤✐❣❤✲❦ ♠❛?❡A✐❛❧ ✐♥ ♦A❞❡A ?♦ ❛❝❤✐❡✈❡ ❛❞❡C✉❛?❡ ?❤A❡@❤♦❧❞ ✈♦❧?❛❣❡@✳ ❚❤❡

✐❞❡❛ ♦❢ @✉❜@?✐?✉?✐♥❣ ❙✐❖✷ ✇❛@ ?♦ ❛??❛✐♥ ❛ ❤✐❣❤❡A ❣❛?❡ ❝♦♥?A♦❧ ✇✐?❤ @✐♠✉❧?❛♥❡♦✉@ ❧♦✇❡A ❣❛?❡

❧❡❛❦❛❣❡ ❝✉AA❡♥?@✳ ❍♦✇❡✈❡A✱ ❙✐❖✷ ✇❛@ ❛❧A❡❛❞② ❝♦♥@✐❞❡A❡❞ ?♦ ❜❡ ?❤❡ ♣❡A❢❡❝? ✐♥@✉❧❛?♦A ✇✐?❤

✐?@ ❧❛A❣❡ ❜❛♥❞✲❣❛♣ ❛♥❞ ❜❡♥❡✜❝✐❛❧ ❜❛♥❞ ♦✛@❡? ❝♦♥@?✐?✉?✐♥❣ ❤✐❣❤ ❜❛AA✐❡A@ ❢♦A ❡❧❡❝?A♦♥ ❛♥❞ ❤♦❧❡

❝♦♥❞✉❝?✐♦♥✳ ❚❤❡ ✉?✐❧✐③❛?✐♦♥ ♦❢ ❤✐❣❤❡A ♣❡A♠✐??✐✈✐?② ♠❛?❡A✐❛❧@ ✐@ ❝♦♥♥❡❝?❡❞ ?♦ ❛ ❧♦✇❡A ❜❛♥❞✲❣❛♣

✇✐?❤ ♣❡♥❛❧?✐❡@ ❢♦A ?❤❡ ❣❛?❡ ❧❡❛❦❛❣❡ ❝✉AA❡♥? ✶✶✳

❙❡✈❡A❛❧ ♣♦?❡♥?✐❛❧ @✉❝❝❡@@♦A@✱ ❡✳❣✳ ❆❧✷❖✸✱ ❚✐❖✷✱ A❖✷ ❛♥❞ ❍❢❖✷ ✇❡A❡ ✉♥❞❡A ❞✐@❝✉@@✐♦♥

✶✸✳ ❆❧❧ ♠❛❥♦A ❝♦♥❝❡A♥@ ✇❡A❡ ✜♥❛❧❧② A❡@♦❧✈❡❞ ❜② ?❤❡ ✐♥?A♦❞✉❝?✐♦♥ ♦❢ ❍❢❖✷ ✐♥ ❝♦♠❜✐♥❛?✐♦♥

✇✐?❤ ❛ ♠❡?❛❧ ❣❛?❡ ❡❧❡❝?A♦❞❡✳ ❙?✐❧❧✱ ❙✐❖✷ ✇❛@ ♥♦? ❡♥?✐A❡❧② A❡♣❧❛❝❡❞✳ ❇❡❝❛✉@❡ ♦❢ ?❤❡ ❡①❝❡❧❧❡♥?

✐♥?❡A❢❛❝❡ C✉❛❧✐?② ?♦ ?❤❡ ❙✐ ❝❤❛♥♥❡❧ ❛♥❞ ♦✉?@?❛♥❞✐♥❣ ✐♥@✉❧❛?✐♥❣ ♣A♦♣❡A?✐❡@✱ ❛ ?❤✐♥ ❙✐❖✷ ❜✉✛❡A

❧❛②❡A ✇❛@ @?✐❧❧ ♠❛♥❞❛?♦A②✳ ❚❤❡ ❞✉❛❧ ❧❛②❡A @?❛❝❦ ♦❢ ❙✐❖✷✴❍❢❖✷ ❣✉❛A❛♥?❡❡❞ ❢✉A?❤❡A ❛♣♣❧✐❝❛❜✐❧✐?②

♦❢ @❝❛❧✐♥❣ ❧❛✇@ ❛♥❞ ♣A♦✈✐❞❡❞ ❢✉A?❤❡A ✈❡A✐✜❝❛?✐♦♥ ♦❢ ▼♦♦A❡✬@ ❧❛✇✳ ❚❤❡ ❡✛❡❝?✐✈❡ ♦①✐❞❡ ?❤✐❝❦♥❡@@

❝♦✉❧❞ ❜❡ A❡❞✉❝❡❞ ❞♦✇♥ ?♦ ❧❡✈❡❧@ ✉♥❢❡❛@✐❜❧❡ ❢♦A ❛ @✐♥❣❧❡ ❙✐❖✷ ❣❛?❡ ❞✐❡❧❡❝?A✐❝✳ ❚❤❡ ✜A@? ❤✐❣❤✲



✽ ❈❍❆N❚❊❘ ✶✿ ▼❖❚■❆❚■❖◆

Xbox One SoC
Nvidia GK110

❋✐❣✉7❡ ✶✳✶✳✿ ▼♦♦A❡✬@ ❧❛✇ @❤♦✇@ ?❤❡ ?A❛♥@✐@?♦A ❝♦✉♥? ❞❡✈❡❧♦♣♠❡♥? ?❤A♦✉❣❤ ?❤❡ ②❡❛A@✳ ❍✐@ ❢❛♠♦✉@

❧❛✇ ♣A❡❞✐❝?@✱ ?❤❛? ?❤❡ ♥✉♠❜❡A ♦❢ ?A❛♥@✐@?♦A ♦♥ ❛ ❞✐❡ ❞♦✉❜❧❡@ ❡✈❡A② ?✇♦ ②❡❛A@ ✇❤✐❝❤ ✐@ ✐♥ ❛❝❝♦A❞❛♥❝❡

?♦ ?❤❡ ♠✐❝A♦♣A♦❝❡@@♦A A❡❧❡❛@❡@ ✶✷✳

❦✴♠❡;❛❧ ❣❛;❡ ✭❍❑▼●✮ ;❡❝❤♥♦❧♦❣② ✇❛< ❝♦♠♠❡=❝✐❛❧❧② ✐♠♣❧❡♠❡♥;❡❞ ❛; ;❤❡ ✹✺ ♥♠ ♥♦❞❡ ✐♥ ✷✵✵✼

✶✹✳ ●▲❖❇❆▲❋❖◆❉❘■❊❙ ✇❡=❡ ❛❜❧❡ ;♦ ❡①;❡♥❞ ;❤❡✐= ;=❛❞✐;✐♦♥❛❧ ♣♦❧②✲❙✐✴❙✐❖✷ ;❡❝❤♥♦❧♦❣②

;♦ ✐;< ✹✺ ♥♠ ♥♦❞❡ ❛♥❞ ✜=<;❧② ❡♠♣❧♦②❡❞ ❛ ❤❛❢♥✐✉♠ ❜❛<❡❞ ❣❛;❡ ♣=♦❝❡<< ♦♥ <✐❧✐❝♦♥ ♦♥ ✐♥<✉❧❛;♦=

✭❙❖■✮ ❛; ;❤❡ ✸✷ ♥♠ ♥♦❞❡ ✐♥ ✷✵✶✵ ✶✺ ❛♥❞ ❝♦♥;✐♥✉❡❞ ;♦ ❢❛❜=✐❝❛;❡ ;❤❡ ✷✽ ♥♠ ♥♦❞❡ ♦♥ ❜✉❧❦

<✐❧✐❝♦♥✳

❆♣❛=; ❢=♦♠ ;❤❡ ❞✐✣❝✉❧; ♣=♦❝❡<< <✐❞❡✱ ;❤❡ ❍❑▼● ;❡❝❤♥♦❧♦❣② =❡♣=❡<❡♥;< ❛ ♠❛❥♦= ❝❤❛❧❧❡♥❣❡

❢♦= ▼❖❙❋❊❚ =❡❧✐❛❜✐❧✐;②✳ ❚❤❡=❡ ❛=❡ <;✐❧❧ ✉♥❛♥<✇❡=❡❞ ?✉❡<;✐♦♥< =❡❣❛=❞✐♥❣ ;❤❡ ♣❤②<✐❝❛❧ ❞❡❣=❛✲

❞❛;✐♦♥ ♠❡❝❤❛♥✐<♠< ✇❤✐❝❤ ❧❡❛❞ ;♦ ;❤❡ ❞❡;❡=✐♦=❛;✐♦♥ ♦❢ ;❤❡ ❣❛;❡ ♦①✐❞❡ ♣=♦♣❡=;✐❡< ✶✻✱ ✶✼✳

❈✉==❡♥;❧②✱ ;❤❡ =❡❧✐❛❜✐❧✐;② ♦❢ ❍❑▼● <;❛❝❦< ✐< ✉♥❞❡= ✐♥;❡♥<✐✈❡ ✐♥✈❡<;✐❣❛;✐♦♥ ❛♥❞ ;❤❡ ✐♥✢✉❡♥❝❡ ♦❢

;❤❡ ❤✐❣❤✲❦ ❞✐❡❧❡❝;=✐❝ ♦♥ ;❤❡ ♦✈❡=❛❧❧ ❞❡❣=❛❞❛;✐♦♥ ✐< ♥♦; ❝♦♠♣=❡❤❡♥<✐✈❡❧② ✉♥❞❡=<;♦♦❞✳ ■♥ ❝♦♠✲

♣❛=✐<♦♥✱ ;❤❡=❡ ❛=❡ <;✐❧❧ ❞✐✛❡=❡♥❝❡< ✐♥ ♦♣✐♥✐♦♥< ♦♥ ;❤❡ =❡❧✐❛❜✐❧✐;② ❛♥❞ ❞❡❢❡❝; ♣❤②<✐❝< ♦❢ <;❛♥❞❛=❞

❙✐❖✷ ❛♥❞ <✐❧✐❝♦♥ ♦①②♥✐;=✐❞❡ ✭❙✐❖◆✮✱ ✇❤✐❝❤ ❤❛✈❡ ❜❡❡♥ ✐♥ ✉<❡ ❢♦= ;❤❡ ❧❛<; ✹✵ ②❡❛=< ✶✽✳ ■♥

;❤❛; <❡♥<❡✱ ;❤❡ ❛❧;❡=❡❞ =❡❧✐❛❜✐❧✐;② ♦❢ ;❤❡ ♥♦✈❡❧ ❞❡✈✐❝❡< ♣=♦✈✐❞❡< ♣❧❡♥;② ♦❢ ❞✐<❝✉<<✐♦♥ ❢♦= ;❤❡

✉♣❝♦♠✐♥❣ ②❡❛=<✳ ❆< ❛ ♣=♦♠✐♥❡♥; ❢❡❛;✉=❡✱ ;❤❡ ♣♦<✐;✐✈❡ ❜✐❛< ;❡♠♣❡=❛;✉=❡ ✐♥<;❛❜✐❧✐;② ✭^❇❚■✮

❡✈♦❧✈❡❞ ❛< ❛ ♥❡✇ =❡❧✐❛❜✐❧✐;② ✐<<✉❡✱ ✇❤✐❝❤ ✇❛< ♥♦♥✲❡①✐<;❡♥; ❢♦= ;❤❡ ♣♦❧②✲❙✐✴❙✐❖✷ ❡=❛✳

◆❡✇ ♣❤❡♥♦♠❡♥❛ <✉❝❤ ❛< ;❤❡ <;=♦♥❣ ;=❛♣♣✐♥❣ ❛♥❞ ❞❡;=❛♣♣✐♥❣ ❝❤❛=❛❝;❡=✐<;✐❝< ♦❢ ;❤❡ ❣❛;❡

♦①✐❞❡ ❛❧<♦ =❛✐<❡ <❡✈❡=❛❧ ?✉❡<;✐♦♥<✿

✎ ❤❛; ✐< ;❤❡ ♦=✐❣✐♥ ♦❢ ;❤❡ ^❇❚■ ❞❡❣=❛❞❛;✐♦♥❄

✎ ❤❛; ✇✐❧❧ ❜❡ ;❤❡ ♠♦<; ❧✐♠✐;✐♥❣ ❞❡❣=❛❞❛;✐♦♥ ♠❡❝❤❛♥✐<♠ ❢♦= ❍❑▼● ❞❡✈✐❝❡<❄

✎ ❆=❡ ;❤❡ ;=❛❞✐;✐♦♥❛❧ ❝♦♥❞✉❝;❡❞ ❝❤❛=❛❝;❡=✐③❛;✐♦♥ ♣=♦❝❡❞✉=❡< <;✐❧❧ ❥✉<;✐✜❡❞ ❛♥❞ ❛❜❧❡ ;♦

❝❛♣;✉=❡ ;❤❡ ❞❡❣=❛❞❛;✐♦♥ ♣=♦❝❡<<❄



✾
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year of production 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

MPU/ASIC Metal 1 ½ pitch nm 38 32 27 24 21 18.9 16.8 15 13.4 11.9

physical gate length Lg nm 24 22 20 18 17 15.3 14 12.8 11.7 10.6

power supply voltage Vdd V 0.9 0.87 0.85 0.82 0.8 0.77 0.75 0.73 0.71 0.69

equivalent oxide thickness EOT nm

planar bulk 0.88 0.84 0.79 0.73 0.67 0.61 0.55

multi-gate 0.92 0.88 0.84 0.8 0.76 0.72 0.68 0.65 0.62

subthreshold leakage Ids,leak nA/μm 100 100 100 100 100 100 100 100 100 100

saturation threshold voltage Vt mV

planar bulk 285 289 296 302 306 310 312

multi-gate 206 206 207 212 217 220 223 224 225

electrical equivalent oxide thickness tox,inv nm

planar bulk 1.2 1.16 1.1 1.04 0.98 0.92 0.86

multi-gate 1.32 1.28 1.24 1.2 1.16 1.12 1.08 1.05 1.02

NMOS drive current at Vdd Id,sat μA/μm

planar bulk 1.32 1.67 1.422 1.496 1.582 1.67 1.775

multi-gate 1.469 1.52 1.573 1.628 1.685 1.744 1.805 1.858 1.916

NMOS dynamic power indicator CV² fJ/μm

planar bulk 0.76 0.68 0.63 0.57 0.63 0.49 0.45

multi-gate 0.57 0.52 0.47 0.42 0.38 0.34 0.31 0.28 0.25

NMOS intrinsic delay CV/I ps

planar bulk 0.64 0.57 0.52 0.47 0.42 0.38 0.34

multi-gate 0.45 0.4 0.36 0.32 0.29 0.26 0.24 0.21 0.19

manufacturable solutions exist, and are being optimized

manufacturable solutions are known

manufacturable solutions are NOT known


