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P❊❚ r❡❝♦♥str✉❝t✐♦♥s✳ ❊✈❛❧✉❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ❜② s❡❣♠❡♥t✐♥❣ ✇❤✐t❡ ♠❛tt❡r ✭❲▼✮ ❛♥❞ ❣r❡②

♠❛tt❡r ✭●▼✮ ✐♥ t❤❡ ❛tt❡♥✉❛t✐♦♥ ❝♦rr❡❝t✐♦♥ ❝♦♠♣✉t❡❞ t♦♠♦❣r❛♣❤② ✭❈❚✮✳ ❚❤❡ ♠❡❛♥ ✉♣t❛❦❡ ✐♥

t❤❡ r❡❣✐♦♥ ♦❢ ●▼ ✇❛s ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❛t ✐♥ t❤❡ ❲▼ r❡❣✐♦♥✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡✲

t✇❡❡♥ t❤❡ ✐♥t❡♥s✐t② ❞✐str✐❜✉t✐♦♥s ♦❢ ❲▼ ❛♥❞ ●▼ r❡❣✐♦♥s ✇❛s ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ t✲st❛t✐st✐❝ ❢r♦♠

❛ ❲❡❧❝❤✬s t✲t❡st✳

❘❡s✉❧ts✿ ❉✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♠❡❛♥ ❞✐str✐❜✉t✐♦♥ ♦❢ ❲▼ t♦ ●▼ r❛♥❦❡❞ t❤❡ t❡❝❤♥✐q✉❡s ✐♥ ♦r❞❡r

♦❢ ❡✣❝❛❝②✿ ♥♦ ❝♦rr❡❝t✐♦♥✱ s❡♥s✐t✐✈✐t②✱ ❛①✐❛❧✲❈❖▼✱ ✸❉✲❈❖▼✱ P❈❆✱ ♥♦ ♠♦t✐♦♥✳ P❈❆ ❝♦rr❡❝t✐♦♥

❤❛❞ ❛ ❣r❡❛t ❲▼✴●▼ s❡♣❛r❛t✐♦♥ ♠❡❛s✉r❡❞ ❜② t❤❡ t✲✈❛❧✉❡ t❤❛♥ t❤❡ ♥♦ ♠♦t✐♦♥ s❝❛♥✳ ❚❤✐s ✇❛s

❛ttr✐❜✉t❡❞ t♦ ✐♥t❡r♣♦❧❛t✐♦♥ ❜❧✉rr✐♥❣ ❞✉r✐♥❣ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ r❡❞✉❝✐♥❣ ❝❧❛ss ✈❛r✐❛♥❝❡✳

❈♦♥❝❧✉s✐♦♥✿ ❖❢ t❤❡ t❡❝❤♥✐q✉❡s ❡①❛♠✐♥❡❞✱ P❈❆ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ♠♦st ❡✛❡❝t✐✈❡ ❢♦r tr❛❝❦✐♥❣

r✐❣✐❞ ♠♦t✐♦♥✳ ❚❤❡ s❡♥s✐t✐✈✐t② ❛♥❞ ❛①✐❛❧✲❈❖▼ t❡❝❤♥✐q✉❡s ❛r❡ ♠♦st❧② s❡♥s✐t✐✈❡ t♦ ❛①✐❛❧ ♠♦t✐♦♥✱

❛♥❞ s♦ ✇❡r❡ ✐♥❡✛❡❝t✐✈❡ ✐♥ t❤✐s ♣❤❛♥t♦♠ ❡①♣❡r✐♠❡♥t✳ ✸❉✲❈❖▼ ❞❡♠♦♥str❛t❡s ✐♠♣r♦✈❡❞ tr❛♥s❛①✐❛❧

♠♦t✐♦♥ s❡♥s✐t✐✈✐t②✱ ❜✉t ♥♦t t♦ t❤❡ ❧❡✈❡❧ ♦❢ ❡✛❡❝t✐✈❡♥❡ss ♦❢ P❈❆✳

✭✸✷✹ ✇♦r❞s✮

❑❡②✇♦r❞s✿ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥✱ P❊❚✱ ❞❛t❛✲❞r✐✈❡♥ tr❛❝❦✐♥❣✱ ❤❡❛❞ ♠♦t✐♦♥
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❜❧✉rr✐♥❣ ❛♥❞ q✉❛♥t✐t❛t✐♦♥ ❡rr♦r ❞✉❡ t♦ ♠✐s❛❧✐❣♥♠❡♥t ✇✐t❤ ❛♥ ❛tt❡♥✉❛t✐♦♥ ❝♦rr❡❝t✐♦♥ ✐♠❛❣❡✳ ❚❤❡s❡

❡✛❡❝ts r❡s✉❧t ✐♥ ♣♦♦r❡r ✐♠❛❣❡ q✉❛❧✐t②✱ ✇❤✐❝❤ ♠❛② ❛✛❡❝t ♣❛t✐❡♥t ♠❛♥❛❣❡♠❡♥t ✐♥ ❝❧✐♥✐❝❛❧ ♣r❛❝t✐❝❡✱ ♦r

r❡❞✉❝❡ ❡✛❡❝t s✐③❡ ✐♥ r❡s❡❛r❝❤✳ ❋♦r t❤❡s❡ r❡❛s♦♥s✱ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ ❤❛s ❜❡❡♥ ❡♠♣❧♦②❡❞ t♦ r❡❞✉❝❡ t❤❡

❡✛❡❝t ♦❢ ♣❛t✐❡♥t ♠♦t✐♦♥✳

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

▼❛♥② s✉❜❥❡❝ts ❝❛♥ r❡♠❛✐♥ st✐❧❧ ❛♥❞ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ ✐s ♦♥❧② r❡q✉✐r❡❞ ✐♥ ❛ s✉❜s❡t ♦❢ s❝❛♥s✳ ▼♦t✐♦♥

❝♦rr❡❝t✐♦♥ t❡❝❤♥✐q✉❡s ❝❛♥ r❡q✉✐r❡ ❝♦♠♣❧❡① ❤❛r❞✇❛r❡ t♦ ❜❡ s❡t ✉♣ ❜❡❢♦r❡ ❛ s❝❛♥✱ ✇❤✐❝❤ ❝❛♥ ❜❡

✐♠♣r❛❝t✐❝❛❧ ✐♥ ❝❧✐♥✐❝❛❧ ♣r❛❝t✐❝❡ ❞✉❡ t♦ t❤❡ t✐♠❡ t❛❦❡♥ t♦ s❡t✉♣ t❤❡ ❛♣♣❛r❛t✉s✱ ❡s♣❡❝✐❛❧❧② ❢♦r ❝❡♥tr❡s

✇❤❡r❡ t❤❡ P❊❚ s❝❛♥♥❡r ✐s ✐♥ ❤✐❣❤ ❞❡♠❛♥❞✳ ❚♦ ❛❞❞r❡ss t❤✐s✱ s♦♠❡ ❛✉t❤♦rs ❤❛✈❡ ♣r♦♣♦s❡❞ ❛ ❝❧❛ss

♦❢ t❡❝❤♥✐q✉❡s ✇❤✐❝❤ ❝❛♥ tr❛❝❦ ♠♦t✐♦♥ ❢r♦♠ r❛✇ P❊❚ ❞❛t❛✱ ✇✐t❤♦✉t r❡q✉✐r✐♥❣ ❛❞❞✐t✐♦♥❛❧ ❤❛r❞✇❛r❡✳

❚❤❡s❡ t❡❝❤♥✐q✉❡s ❛r❡ ❝❛❧❧❡❞ ❞❛t❛✲❞r✐✈❡♥ ♠♦t✐♦♥ tr❛❝❦✐♥❣ t❡❝❤♥✐q✉❡s✳

❱❛r✐♦✉s t❡❝❤♥✐q✉❡s ❢♦r ❞❛t❛✲❞r✐✈❡♥ P❊❚ ♠♦t✐♦♥ tr❛❝❦✐♥❣ ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞✱ ❛♥❞ ❛r❡ ❞❡s❝r✐❜❡❞

✐♥ ❙❡❝t✐♦♥ ✷✳ ■♥ t❤✐s ✇♦r❦✱ ❛ ❍♦✛♠❛♥ ♣❤❛♥t♦♠ ❛❝q✉✐s✐t✐♦♥✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✶✱ ❝♦♥tr❛sts t❤❡

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

t❡❝❤♥✐q✉❡s ✉s❡❞ ✐♥ t❤✐s ✐♥✈❡st✐❣❛t✐♦♥ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✳ ❙♦♠❡ ♦❢ t❤❡ ♦t❤❡r

t❡❝❤♥✐q✉❡s t❤❛t ❛r❡ ♥♦t ❛♣♣❧✐❝❛❜❧❡ ✐♥ t❤✐s ✐♥✈❡st✐❣❛t✐♦♥ ❛r❡ ❛❞❞r❡ss❡❞ ❜r✐❡✢② ✐♥ t❤❡ ❞✐s❝✉ss✐♦♥✳ ❚❤❡s❡

s✐❣♥❛❧s ❛r❡ ✉s❡❞ t♦ ♣❡r❢♦r♠ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ ♦❢ ❛ ♣❤❛♥t♦♠ ❛❝q✉✐s✐t✐♦♥✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✸

❛♥❞ t❤❡ r❡s✉❧ts ❛r❡ ♦❜❥❡❝t✐✈❡❧② r❛♥❦❡❞ ❜② ❝♦♠♣❛r✐♥❣ ✇❤✐t❡ ♠❛tt❡r ✭❲▼✮ ❛♥❞ ❣r❡② ♠❛tt❡r ✭●▼✮ ✈♦①❡❧

❞✐str✐❜✉t✐♦♥s✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✹✳ ❙✐♠✐❧❛r ♣r❡✈✐♦✉s ✇♦r❦s ❡✐t❤❡r ❛r❡ ♥♦t ❝♦♠♣r❡❤❡♥s✐✈❡ ✐♥

❡✈❛❧✉❛t✐♥❣ t❤❡ ❛♣♣❧✐❝❛❜❧❡ t❡❝❤♥✐q✉❡s ❢♦r ❤❡❛❞ ♠♦t✐♦♥ ❬✶✱ ✷❪✱ ♦r ❛r❡ ❢♦❝✉s❡❞ ♦♥ t❤♦r❛❝✐❝ ♦r ❛❜❞♦♠✐♥❛❧

♠♦t✐♦♥ ❬✸❪ ✲ t❤❡ ❛✉t❤♦rs ❜❡❧✐❡✈❡ t❤✐s ✇♦r❦ ✐s t❤❡ ✜rst t♦ ❢♦❝✉s ♦♥ t❤✐s ♥✐❝❤❡ ✐♥ ❛ ♣❤❛♥t♦♠ ❡①♣❡r✐♠❡♥t✳

✷ ❇❛❝❦❣r♦✉♥❞

❱❛r✐♦✉s ♠❡t❤♦❞s ❢♦r ❞❛t❛✲❞r✐✈❡♥ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞✱ ❛♥❞ t❤♦s❡ ❛♣♣❧✐❝❛❜❧❡ t♦

❤❡❛❞ ♠♦t✐♦♥ ❛r❡ ✐♥✈❡st✐❣❛t❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❉❛t❛✲❞r✐✈❡♥ t❡❝❤♥✐q✉❡s ❛♥❛❧②s❡ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ r❛✇

P❊❚ ❞❛t❛✱ ✐♥ ♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ ✇❤❡♥ ♠♦t✐♦♥ ♦❝❝✉rs✳ ❚❤❡② ♣r♦❞✉❝❡ ❛ ♠♦t✐♦♥ s✉rr♦❣❛t❡✱ ❛ s✐❣♥❛❧

r❡❧❛t❡❞ t♦ ♠♦t✐♦♥ t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❝♦rr❡❝t✐♦♥✳

✸



❚❤❡ ✜rst ♦❢ s✉❝❤ t❡❝❤♥✐q✉❡s ♣r♦♣♦s❡❞ ✇❛s t❤❡ s❡♥s✐t✐✈✐t② t❡❝❤♥✐q✉❡ ❬✹✱ ✺✱ ✻❪✱ ♦r✐❣✐♥❛❧❧② ♣r♦♣♦s❡❞

❜② ❱✐s✈✐❦✐s ❡t ❛❧✳ ❬✹❪✳ ❚❤✐s ♠❡t❤♦❞ ❡①♣❧♦✐ts t❤❡ ❢❛❝t t❤❛t t❤❡ s❡♥s✐t✐✈✐t② ♣r♦✜❧❡ ♦❢ t❤❡ s❝❛♥♥❡r ✐s

❤❡t❡r♦❣❡♥❡♦✉s✳ ■♥ ❛ t②♣✐❝❛❧ ❝②❧✐♥❞r✐❝❛❧ P❊❚ ❣❛♥tr②✱ t❤❡ s❡♥s✐t✐✈✐t② ✈❛r✐❡s ❛①✐❛❧❧②✱ ❛♣♣r♦①✐♠❛t❡❧②

❧✐♥❡❛r❧② ✇✐t❤ ❛①✐❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ✐s♦❝❡♥tr❡ ♦❢ t❤❡ ❣❛♥tr② r✐♥❣s✱ ✇✐t❤ t❤❡ ♠♦st s❡♥s✐t✐✈❡ r❡❣✐♦♥

❜❡✐♥❣ ✐♥ t❤❡ ❝❡♥tr❡ ♦❢ t❤❡ P❊❚ ❣❛♥tr②✳ ❚❤❡r❡ ❛r❡ ❛❧s♦ s♠❛❧❧❡r s❡♥s✐t✐✈✐t② ✈❛r✐❛t✐♦♥s tr❛♥s❛①✐❛❧❧②✱ ❜✉t

t❤❡ s❝❛♥♥❡r ✐s ♠♦r❡ s❡♥s✐t✐✈❡ t♦ ❛①✐❛❧ ❝❤❛♥❣❡s t❤❛t tr❛♥s❛①✐❛❧✳ ❚❤❡s❡ ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ✶✳ P❛t✐❡♥t

♠♦t✐♦♥ ❝❛✉s❡s ❛ s❤✐❢t ♦❢ t❤❡ ❡♠✐ss✐♦♥ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ st❛t✐❝ s❡♥s✐t✐✈✐t② ❞✐str✐❜✉t✐♦♥✱

r❡s✉❧t✐♥❣ ✐♥ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ❝♦✉♥t r❛t❡✳ ❍❡♥❝❡✱ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ❝♦✉♥t r❛t❡ ❝❛♥

❜❡ ✉s❡❞ ❛s ❛ ♠♦t✐♦♥ s✉rr♦❣❛t❡✱ ❛♥❞ ❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞ t♦ r❡s♣✐r❛t♦r② ♠♦t✐♦♥✱ ✇❤❡r❡ ✐t tr❛❝❦s t❤❡

❞✐❛♣❤r❛❣♠✳ ❚❤❡ ❞✐❛♣❤r❛❣♠ ♠♦✈❡s ✐♥ t❤❡ ❝r❛♥✐♦❝❛✉❞❛❧ ❞✐r❡❝t✐♦♥✱ ♣❛r❛❧❧❡❧ t♦ t❤❡ ❛①✐❛❧ ❞✐r❡❝t✐♦♥ ♦❢

t❤❡ P❊❚ s❝❛♥♥❡r ✇❤❡r❡ ❝❤❛♥❣❡s ✐♥ s❡♥s✐t✐✈✐t② ❛r❡ ♠♦st ♣r♦♥♦✉♥❝❡❞ ❛♥❞ ❤❡♥❝❡ ✇❤❡r❡ ♠♦t✐♦♥ ✐s ♠♦st

❡❛s✐❧② ❞❡t❡❝t❡❞✳ ❚❤❡ ♠❡t❤♦❞ ❝❛♥ ❛❧s♦ ❜❡ ❛♣♣❧✐❡❞ t♦ ❤❡❛❞ ♠♦t✐♦♥✳ ❊①t❡♥s✐♦♥s t♦ t❤✐s t❡❝❤♥✐q✉❡ t❤❛t

♠❛s❦ ♦✉t r❡❣✐♦♥s ✇✐t❤♦✉t ♠♦t✐♦♥ t♦ ✐♠♣r♦✈❡ s✐❣♥❛❧✲t♦✲♥♦✐s❡ r❛t✐♦ ✭❙◆❘✮ ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ ❬✼❪✳

❙♣❡❝tr❛❧ t❡❝❤♥✐q✉❡s ❛r❡ ❛❜❧❡ t♦ ✐❞❡♥t✐❢② ♣❡r✐♦❞✐❝ ♠♦t✐♦♥✱ s✉❝❤ ❛s r❡s♣✐r❛t♦r② ♦r ❝❛r❞✐❛❝ ♠♦t✐♦♥✱ ❛♥❞

❝♦✉♥t r❛t❡s ❛r❡ ♦♥❧② ❝❛❧❝✉❧❛t❡❞ ✐♥ t❤❡ r❡❣✐♦♥s t❤❛t ❤❛✈❡ ♥♦t ❜❡❡♥ ♠❛s❦❡❞ ♦✉t✳ ❚❤❡s❡ t❡❝❤♥✐q✉❡s ❛r❡

♥♦t ✐♥✈❡st✐❣❛t❡❞ ✐♥ t❤✐s ✇♦r❦✱ ❛s t❤❡② ❛r❡ ♥♦t ❛♣♣❧✐❝❛❜❧❡ t♦ ❤❡❛❞ ♠♦t✐♦♥✳

❋✐❣✉r❡ ✶✿ ▲❡❢t✮ ❚♦♣✴❛①✐❛❧ ✈✐❡✇✱ ✇✐t❤ t❤❡ ❣❛♥tr② ❛①✐s r✉♥♥✐♥❣ ✈❡rt✐❝❛❧❧②✱ ❛♥❞ ❘✐❣❤t✮ ❢r♦♥t✴tr❛♥s❛①✐❛❧
✈✐❡✇ ♦❢ ❛ ❝②❧✐♥❞r✐❝❛❧ P❊❚ ❣❛♥tr②✳ ▲✐♥❡s ♦❢ r❡s♣♦♥s❡s ❛r❡ s❤❛❞❡❞ ✐♥ ✇✐t❤ ♦♣❛❝✐t② s♦ t❤❛t ❞❛r❦♥❡ss ✐♥
t❤❡ ✐♠❛❣❡ ❛♣♣r♦①✐♠❛t❡s t❤❡ s♣❛t✐❛❧ s❡♥s✐t✐✈✐t②✳

❚❤❡ ❛①✐❛❧✲❝❡♥tr❡✲♦❢✲♠❛ss ✭❈❖▼✮ t❡❝❤♥✐q✉❡ ❬✽❪ ✐s ❝❛❧❝✉❧❛t❡❞ s✐♠✐❧❛r❧② t♦ t❤❡ ♣r❡✈✐♦✉s t❡❝❤♥✐q✉❡✱

❜✉t ✐♥st❡❛❞ ♦❢ ♠❡❛s✉r✐♥❣ ❝♦✉♥t r❛t❡s✱ t❤❡ ❝❡♥tr❛❧ t❡♥❞❡♥❝② ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ✐s ♠❡❛s✉r❡❞✳ ❙♣❡❝✐✜✲

❝❛❧❧②✱ ✐t ♠❡❛s✉r❡s t❤❡ ❛①✐❛❧ ❝❡♥tr❡✲♦❢✲♠❛ss ✭❈❖▼✮ ♦❢ r❛✇ ❞❛t❛ s✐♥♦❣r❛♠s✳ ■♥ t♦♠♦❣r❛♣❤②✱ t❤❡ ❛①✐❛❧

❝♦♦r❞✐♥❛t❡ ✐♥ s✐♥♦❣r❛♠ ❛♥❞ ✐♠❛❣❡ s♣❛❝❡ ✐s ✐❞❡♥t✐❝❛❧✱ t❤❡r❡❢♦r❡ t❤❡ ❈❖▼ ✐♥ r❛✇ ❞❛t❛ s♣❛❝❡ ❝♦rr❡✲

✹



s♣♦♥❞s t♦ t❤❡ ❈❖▼ ❛①✐❛❧❧② ♦❢ t❤❡ ❡♠✐ss✐♦♥ ✐♠❛❣❡✳ ❙♦ t❤✐s ♠♦t✐♦♥ s✉rr♦❣❛t❡ ♠❡❛s✉r❡s t❤❡ ♠❡❛♥ z

♣♦s✐t✐♦♥ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥✱ ②✐❡❧❞✐♥❣ ❛♥ ✐♥t❡r♣r❡t❛❜❧❡ ✈❛❧✉❡ ✇✐t❤ ✉♥✐ts ♦❢ ❞✐st❛♥❝❡✳ ❆s ✇✐t❤ t❤❡ s❡♥✲

s✐t✐✈✐t② t❡❝❤♥✐q✉❡s✱ s♣❡❝tr❛❧ ❛♥❛❧②s✐s ♠❛s❦✐♥❣ ❡①t❡♥s✐♦♥s ❛r❡ ❛✈❛✐❧❛❜❧❡ ❬✾❪✱ ❜✉t ❛r❡ ♥♦t ✐♥✈❡st✐❣❛t❡❞

✐♥ t❤✐s ✇♦r❦ ❛s ❤❡❛❞ ♠♦t✐♦♥ ✐s t❤❡ ❢♦❝✉s✳

❘❡♥ ❡t ❛❧✳ ❬✶✵❪ ✐♥tr♦❞✉❝❡❞ ❛ t❤r❡❡ ❞✐♠❡♥s✐♦♥❛❧ ❡①t❡♥s✐♦♥ t♦ t❤❡ ❈❖▼ t❡❝❤♥✐q✉❡ ❝❛❧❧❡❞ ❝❡♥tr♦✐❞✲

♦❢✲❞✐str✐❜✉t✐♦♥ ✭❈❖❉✮ ❬✶✶❪✳ ❊❛❝❤ ❞❡t❡❝t❡❞ ❡✈❡♥t ❤❛s ❛♥ ❛ss♦❝✐❛t❡❞ ❡♠✐ss✐♦♥ ❧♦❝❛t✐♦♥ ♣r♦❜❛❜✐❧✐t②

❞✐str✐❜✉t✐♦♥ t❤❛t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♣r♦❜❛❜✐❧✐t② ❛♥ ❡♠✐ss✐♦♥ ❛t ❛ ❣✐✈❡♥ ❧♦❝❛t✐♦♥ ❝❛✉s❡❞ t❤❡ ❡✈❡♥t✳

❲❤❡♥ t✐♠❡ ♦❢ ✢✐❣❤t ✭❚♦❋✮ ✐♥❢♦r♠❛t✐♦♥ ✐s ✐♥❝❧✉❞❡❞✱ t❤❡ ❞✐str✐❜✉t✐♦♥ ❝❛♥ ❜❡ r❡❞✉❝❡❞ t♦ ❛ r❡❧❛t✐✈❡❧②

t✐❣❤t ❞✐str✐❜✉t✐♦♥✱ ✇✐t❤ t❤❡ ♠♦❞❡ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ r❡♣r❡s❡♥t✐♥❣ t❤❡ ♠♦st ❧✐❦❡❧② ❡♠✐ss✐♦♥ ❧♦❝❛t✐♦♥✳

■♥ t❤❡ ❈❖❉ ❛♥❞ r❡❧❛t❡❞ ❬✶✱ ✶✷❪ s✉rr♦❣❛t❡ ❡①tr❛❝t✐♦♥ t❡❝❤♥✐q✉❡s✱ t❤❡ ♠♦❞❛❧ ❡♠✐ss✐♦♥ ❧♦❝❛t✐♦♥ ❢♦r

❡❛❝❤ ❡✈❡♥t ✐s r❡❝♦r❞❡❞✱ ❛♥❞ t❤❡ ❝❡♥tr♦✐❞ ♦❢ t❤❡s❡ ✐♥ ❛ ❣✐✈❡♥ t✐♠❡ ♣❡r✐♦❞ r❡♣r❡s❡♥ts t❤❡ ❝❡♥tr❡ ♦❢

t❤❡ ❞✐str✐❜✉t✐♦♥ ❜❡✐♥❣ tr❛❝❦❡❞✳ ❚❤✐s ❡①❛❝t t❡❝❤♥✐q✉❡ ✇❛s ♥♦t ❡①❛♠✐♥❡❞ ❤❡r❡✱ ❜❡❝❛✉s❡ ✐t r❡❧✐❡s ✉♣♦♥

❚♦❋ ✐♥❢♦r♠❛t✐♦♥ t♦ ✇♦r❦✱ ✇❤✐❝❤ ✇❛s ♥♦t t❤❡ ❢♦❝✉s ♦❢ t❤✐s ✐♥✈❡st✐❣❛t✐♦♥✳ ■♥st❡❛❞✱ ❛♥ ❛❧t❡r♥❛t✐✈❡ ✸❉

❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❛①✐❛❧ ❈❖▼ t❡❝❤♥✐q✉❡✱ ♣r♦♣♦s❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✱ ✇❛s ❡①❛♠✐♥❡❞✳

❚❤❡ ✜♥❛❧ ♠❡t❤♦❞ ✐♥✈❡st✐❣❛t❡❞ ✐s t❤❡ ♣r✐♥❝✐♣❛❧ ❝♦♠♣♦♥❡♥t ❛♥❛❧②s✐s ✭P❈❆✮ t❡❝❤♥✐q✉❡ ❬✶✸✱ ✷❪✱

✇❤✐❝❤ ✉s❡s ♣r✐♥❝✐♣❛❧ ❝♦♠♣♦♥❡♥t ❛♥❛❧②s✐s t♦ ❞❡✜♥❡ ❛ ❧✐♥❡❛r ♠♦❞❡❧ ♦❢ t❤❡ ♠♦❞❡s ♦❢ ✈❛r✐❛♥❝❡ ✐♥ t❤❡ r❛✇

❞❛t❛ ❤✐st♦❣r❛♠ ✐♥t❡♥s✐t✐❡s✳ ❆ tr✉♥❝❛t❡❞ P❈❆ tr❛♥s❢♦r♠❛t✐♦♥ ❬✶✹❪ ②✐❡❧❞s ❛ ❞✐♠❡♥s✐♦♥❛❧✐t② r❡❞✉❝❡❞

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

❞✐str✐❜✉t✐♦♥ ♦✈❡r t✐♠❡✳ ❚❤❡ ♣r✐♠❛r② ♠♦❞❡s ♦❢ ✈❛r✐❛t✐♦♥ ❡♥❝♦❞❡ ❣r♦ss str✉❝t✉r❡❞ ❝❤❛♥❣❡s✳ ❆ss✉♠✐♥❣

s✉❝❤ str✉❝t✉r❡❞ ✭✐✳❡✳✱ ♥♦♥✲♥♦✐s❡✮ t❡♠♣♦r❛❧ ❝❤❛♥❣❡s ❞♦ ♥♦t ♦❝❝✉r t♦ ❢❛❝t♦rs s✉❝❤ ❛s tr❛❝❡r ❦✐♥❡t✐❝s✱

t❤❡♥ t❤❡ ♦✉t♣✉t ♦❢ ❛ P❈❆ tr❛♥s❢♦r♠ ✇✐❧❧ ❝♦rr❡s♣♦♥❞ t♦ ♣❛t✐❡♥t ♣♦s❡ ❢r♦♠ ✇❤✐❝❤ r❡❧❛t✐✈❡ ♠♦t✐♦♥ ❝❛♥

❜❡ ✐♥❢❡rr❡❞✳

❈♦♠♠♦♥❧②✱ t❤✐s ♠♦t✐♦♥ s✉rr♦❣❛t❡ ✐s ✉s❡❞ t♦ ❞✐✈✐❞❡ t❤❡ ❛❝q✉✐s✐t✐♦♥ ✐♥t♦ ❛ ♥✉♠❜❡r ♦❢ ❛♣♣r♦①✐✲

♠❛t❡❧② ♠♦t✐♦♥✲❢r❡❡ s❡❣♠❡♥ts✱ ❡✐t❤❡r ❛s ❛ s❡r✐❡s ♦❢ ❢r❛♠❡s✱ ♦r ♣❡r✐♦❞✐❝ ❣❛t❡s✳ ▼♦t✐♦♥ ❝♦rr❡❝t✐♦♥ ❝❛♥

t❤❡♥ ❜❡ ❛♣♣❧✐❡❞✱ ❢♦r ❡①❛♠♣❧❡✱ ✉s✐♥❣ t❤❡ r❡❝♦♥str✉❝t✲tr❛♥s❢♦r♠✲❛❞❞ ✭❘❚❆✮ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ s❝❤❡♠❡

❬✶✺✱ ✶✻❪✳ ■♥ t❤✐s s❝❤❡♠❡ t❤❡ ♠❡❛s✉r❡❞ ♣♦s❡ tr❛♥s❢♦r♠ ❢♦r ❡❛❝❤ ❣❛t❡ ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ ❛tt❡♥✉❛t✐♦♥

❝♦❡✣❝✐❡♥t ✐♠❛❣❡ ✭➭✲♠❛♣✮ ✐♥ ♦r❞❡r t♦ ❣❡t ❛♥ ❛❧✐❣♥❡❞ ➭✲♠❛♣✳ ❊❛❝❤ ❣❛t❡ ✐s t❤❡♥ ✐♥❞❡♣❡♥❞❡♥t❧② r❡❝♦♥✲

str✉❝t❡❞✱ ❛♥❞ t❤❡ ✐♥✈❡rs❡ ♣♦s❡ tr❛♥s❢♦r♠ ❛♣♣❧✐❡❞ t♦ ❝♦rr❡❝t t❤❡ r❡❝♦♥str✉❝t✐♦♥ ❜❛❝❦ t♦ t❤❡ r❡❢❡r❡♥❝❡

♣♦s❡✳ ❋✐♥❛❧❧②✱ t❤❡ ❣❛t❡s ❛r❡ s✉♠♠❡❞ t♦ ❡st✐♠❛t❡ t❤❡ t♦t❛❧ ❛❝t✐✈✐t② ✇✐t❤ ❛ ❤✐❣❤ ❙◆❘✳

✺



✸ ▼❡t❤♦❞♦❧♦❣② ❛♥❞ ♠❛t❡r✐❛❧s

✸✳✶ ❆❝q✉✐s✐t✐♦♥

❆ ❍♦✛♠❛♥ ♣❤❛♥t♦♠ ✇❛s ✜❧❧❡❞ ✇✐t❤ ✻✺ ▼❇q ♦❢ ✶✽❋✲❋❧✉♦r♦❞❡♦①②❣❧✉❝♦s❡ ✭❋❉●✮✳ ❋♦r t❤❡ t❡st ❞❛t❛✱

❛ t✇♦ ♠✐♥✉t❡ P❊❚ ❛❝q✉✐s✐t✐♦♥ ✇❛s ❛❝q✉✐r❡❞ ♦♥ ❛ ❇✐♦❣r❛♣❤ ♠❈❚ ❋❧♦✇✳ ❉✉r✐♥❣ t❤❡ ✜rst ✸✵ s

♦❢ t❤❡ ❛❝q✉✐s✐t✐♦♥✱ t❤❡ ♣❤❛♥t♦♠ ✇❛s ❦❡♣t st✐❧❧✳ ❉✉r✐♥❣ t❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ s❝❛♥✱ t❤❡ ♣❤❛♥t♦♠

✇❛s ♠❛♥✉❛❧❧② r♦❝❦❡❞ ✐♥ t❤❡ s❝❛♥♥❡rs ❧❡❢t✲r✐❣❤t ❛①✐s✱ s✐♠✉❧❛t✐♥❣ ♣❡r✐♦❞✐❝ ♠♦t✐♦♥ ✇✐t❤ ❛ ♣❡r✐♦❞ ♦❢

❛♣♣r♦①✐♠❛t❡❧② ✷ s✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛ t✇♦ ♠✐♥✉t❡ P❊❚ ❛❝q✉✐s✐t✐♦♥ ✇❛s ❛❝q✉✐r❡❞ ✐♥ ✇❤✐❝❤ ♥♦ ♠♦t✐♦♥

♦❝❝✉rr❡❞✱ ❛s ❛ ❣♦❧❞✲st❛♥❞❛r❞✳ ❆t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❡❛❝❤ s❝❛♥✱ ❛ ❝♦♠♣✉t❡❞ t♦♠♦❣r❛♣❤② ✭❈❚✮ ✇❛s

❛❝q✉✐r❡❞ ❢♦r ❛tt❡♥✉❛t✐♦♥ ❝♦rr❡❝t✐♦♥✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ➭✲♠❛♣ ✇❛s ❝r❡❛t❡❞ ✇✐t❤ ❙✐❡♠❡♥s✬ s♦❢t✇❛r❡✱

✉s✐♥❣ t❤❡✐r ♣r♦♣r✐❡t❛r② ♠✉❧t✐✲❧✐♥❡❛r s❝❛❧✐♥❣ t❡❝❤♥✐q✉❡ ♦❢ t❤❡ ❍♦✉♥❞s✜❡❧❞ ✉♥✐t ✭❍❯✮ ✐♥t❡♥s✐t✐❡s✳

✸✳✷ ❙✉rr♦❣❛t❡ ❡①tr❛❝t✐♦♥

❋♦✉r ❞❛t❛✲❞r✐✈❡♥ P❊❚ ♠♦t✐♦♥ tr❛❝❦✐♥❣ t❡❝❤♥✐q✉❡s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ❢♦r ♠♦t✐♦♥ s✉rr♦❣❛t❡ ❡①tr❛❝t✐♦♥✱

t❤❡ s❡♥s✐t✐✈✐t② ♠❡t❤♦❞ ❬✺✱ ✻❪✱ t❤❡ ❛①✐❛❧✲❈❖▼ ♠❡t❤♦❞ ❬✽❪✱ ❛ ♠♦❞✐✜❡❞ ✸❉✲❈❖▼ ♠❡t❤♦❞✱ ❛♥❞ t❤❡ P❈❆

♠❡t❤♦❞ ❬✶✸✱ ✷❪✳

❚❤❡ ❡q✉❛t✐♦♥ ❢♦r t❤❡ s❡♥s✐t✐✈✐t② s✉rr♦❣❛t❡✱ τs❡♥s✱ ✐s ❣✐✈❡♥ ✐♥ ❡q✉❛t✐♦♥ ❊q✳ ✭✶✮✳ T ✐s t❤❡ tr✉❡ ❡✈❡♥t

❞✐str✐❜✉t✐♦♥ ✐♥ s✐♥♦❣r❛♠ s♣❛❝❡✱ ❛♥❞ ✐s ✐♥❞❡①❡❞ ❜② e✱ a✱ z✱ s✱ ❛♥❞ t✱ t❤❡ r❛❞✐❛❧ ♣♦s✐t✐♦♥✱ ❛♥❣❧❡✱ ❛①✐❛❧

♣♦s✐t✐♦♥✱ s❡❣♠❡♥t ❛♥❞ t✐♠❡✱ r❡s♣❡❝t✐✈❡❧②✳ T = P −D✱ ✇❤❡r❡ P ❛♥❞ D ❛r❡ t❤❡ ♣r♦♠♣t ❛♥❞ ❞❡❧❛②❡❞

❡✈❡♥t ❞✐str✐❜✉t✐♦♥s✳ ❆t ❡❛❝❤ t✐♠❡ ♣♦✐♥t✱ t✱ t❤❡ r❡s✉❧t✐♥❣ tr✉❡ ❝♦✉♥ts ❛r❡ s✉♠♠❡❞ ♦✈❡r t❤❡ ❞♦♠❛✐♥s

♦❢ e✱ a✱ z ❛♥❞ s✱ r❡s♣❡❝t✐✈❡❧② E✱ A✱ Z ❛♥❞ S✱ ②✐❡❧❞✐♥❣ t❤❡ t♦t❛❧ ❡st✐♠❛t❡❞ tr✉❡ ❝♦✉♥ts ❛t t✳ ❚❤❡

s✐❣♥❛❧ ✐s ❞❡❝❛② ❝♦rr❡❝t❡❞ ✉s✐♥❣ t❤❡ r❛❞✐♦✐s♦t♦♣❡ ❤❛❧❢ ❧✐❢❡✱ λ✳

τs❡♥s(t) = eλt
∑

e,a,z,s∈E,A,Z,S

Te,a,z,s,t ✭✶✮

❚❤❡ s❡❝♦♥❞ ♠❡t❤♦❞ ✐♥✈❡st✐❣❛t❡❞ ✐s t❤❡ ❛①✐❛❧✲❈❖▼ s✉rr♦❣❛t❡✱ τ❈❖▼③✳ ❚❤❡ ❡q✉❛t✐♦♥ ✉s❡❞ t♦

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

❛♥❞ ✐s ❣✐✈❡♥ ✐♥ ❊q✳ ✭✷✮✳

τ❈❖▼③(t) =

∑
e,a,z,s∈E,A,Z,S zTe,a,z,s,t∑
e,a,z,s∈E,A,Z,S Te,a,z,s,t

✭✷✮

✻



■♥ t❤❡ t❤✐r❞ ♠❡t❤♦❞ ✐♥✈❡st✐❣❛t❡❞✱ t❤❡ ❛①✐❛❧✲❈❖▼ s✉rr♦❣❛t❡ ✐s ❡①t❡♥❞❡❞ t♦ t❤r❡❡ ❞✐♠❡♥s✐♦♥s✱

❛s ❛♥ ❛❧t❡r♥❛t✐✈❡ t♦ t❤❡ ❈❖❉ t❡❝❤♥✐q✉❡✳ ❚♦ ❛❝❤✐❡✈❡ t❤✐s✱ ❛♥ ❛♣♣r♦①✐♠❛t❡❧② ♣❛r❛❧❧❡❧ s✉❜s❡t ♦❢ t❤❡

tr❛♥s❛①✐❛❧ ❧✐♥❡s ♦❢ r❡s♣♦♥s❡ ✭▲❖❘s✮ ✐s ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ ❈❖▼ ♦❢ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡s ❣✐✈❡s t❤❡ ♠❡❛♥

x ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥✱ ❛♥❞ t❤❡ ❈❖▼ ♦❢ t❤❡ ❤♦r✐③♦♥t❛❧ ❧✐♥❡s ❣✐✈❡ t❤❡ ♠❡❛♥ ♦❢ t❤❡ ♠❡❛♥ y

❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥✱ ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ✷✳ ❚❤✐s t❡❝❤♥✐q✉❡ ❛✈♦✐❞s ❛s❝r✐❜✐♥❣ ❛ ♣♦s✐t✐♦♥ t♦ ❡❛❝❤

❝♦✉♥t ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧❡❧ t♦ t❤❡ ▲❖❘✱ ✇❤✐❝❤ ❤❛s t❤❡ ♠♦st ✉♥❝❡rt❛✐♥t② ✇✐t❤♦✉t ❚♦❋ ✐♥❢♦r♠❛t✐♦♥✳

❋✐❣✉r❡ ✷✿ ❆♥ ❛①✐❛❧ ✈✐❡✇ ♦❢ ❛ ❣❛♥tr②✱ ✇✐t❤ ▲❖❘s s❤♦✇♥ ✐♥ ❣r❡② ❛♥❞ ❤♦r✐③♦♥t❛❧ ▲❖❘s ❤✐❣❤❧✐❣❤t❡❞
✐♥ ❜❧❛❝❦✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❝♦✉♥ts ♦❢ t❤❡ ❤♦r✐③♦♥t❛❧ ▲❖❘s ❣✐✈❡s ❛♥ ✐♥❞✐❝❛t✐♦♥ ♦❢ t❤❡ ✈❡rt✐❝❛❧
❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❡♠✐ss✐♦♥ ❞✐str✐❜✉t✐♦♥✳

❚❤❡ ❢♦r♠✉❧❛❡ ❛r❡ ❣✐✈❡♥ ✐♥ ❊q✳ ✭✸✮✳ Ax ✐s t❤❡ s❡t ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ❤♦r✐③♦♥t❛❧ ❛♥❣❧❡ s❛♠♣❧❡s✱

❞❡✜♥❡❞ ❛s Ax = {a ∈ A | 0 ≤ a < m}✱ ✇❤❡r❡ m ✐s t❤❡ r❛♥❣❡ ♦❢ ❛♥❣❧❡s ❝♦♥s✐❞❡r❡❞ ♣❛r❛❧❧❡❧✱ ❤❡r❡

❞❡✜♥❡❞ ❛s ✼✳✶✹✸➦✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✶✵ ❛♥❣✉❧❛r s❛♠♣❧❡ ♣♦✐♥ts ✐♥ t❤❡ s✐♥♦❣r❛♠✳ Ay ✐s t❤❡ s❡t ♦❢

❛♣♣r♦①✐♠❛t❡❧② ✈❡rt✐❝❛❧ ❛♥❣❧❡ s❛♠♣❧❡s✱ Ay = {a ∈ A | 90➦ ≤ a < 90➦ +m}✳

τ❈❖▼①(t) =

∑
e,a,z,s∈E,Ay ,Z,S

eTe,a,z,s,t∑
e,a,z,s∈E,Ay ,Z,S

Te,a,z,s,t

τ❈❖▼②(t) =

∑
e,a,z,s∈E,Ax,Z,S

eTe,a,z,s,t∑
e,a,z,s∈E,Ax,Z,S

Te,a,z,s,t
✭✸✮

τ❈❖▼③(t) =

∑
e,a,z,s∈E,A,Z,S zTe,a,z,s,t∑
e,a,z,s∈E,A,Z,S Te,a,z,s,t

❚❤❡ P❈❆ s✉rr♦❣❛t❡✱ τP❈❆✱ ✇❛s ❝❛❧❝✉❧❛t❡❞ s✐♠✐❧❛r❧② t♦ t❤❛t ♣r♦♣♦s❡❞ ❜② ❚❤✐❡❧❡♠❛♥s ❡t ❛❧✳ ❬✶✸❪✳

✼



❆♥ ❛❝t✐✈✐t② ♠❛s❦ ✐s ❡st✐♠❛t❡❞ ❜② ♠❡❞✐❛♥ ✜❧t❡r✐♥❣ ❛♥❞ t❤r❡s❤♦❧❞✐♥❣ ❛t ✶✵✪ ♦❢ t❤❡ ✾✺t❤ ♣❡r❝❡♥t✐❧❡

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

s✉❜s❡q✉❡♥t❧② ♥♦r♠❛❧✐s❡❞ t♦ ❤❛✈❡ ❡q✉❛❧ ❝♦✉♥ts ❛t ❡❛❝❤ t✐♠❡ ♣♦✐♥t ✭♦❜✈✐❛t✐♥❣ t❤❡ ♥❡❡❞ ❢♦r ❞❡❝❛②

❝♦rr❡❝t✐♦♥✮✱ t❤❡♥ ✈❛r✐❛♥❝❡ st❛❜✐❧✐s❡❞ ✇✐t❤ ❛ ❋r❡❡♠❛♥✲❚✉❦❡② tr❛♥s❢♦r♠ ❬✶✼❪✱ ②✐❡❧❞✐♥❣ T♥♦r♠✳ ❆ P❈❆

✇❛s ❝♦♥❞✉❝t❡❞ ♦♥ T♥♦r♠ t♦ ❞❡t❡r♠✐♥❡ t❤❡ P❈❆ ✇❡✐❣❤ts✱ W ✱ ❛♥❞ t❤❡ s✉rr♦❣❛t❡ ✐s ❣✐✈❡♥ ❜② t❤❡

tr❛♥s❢♦r♠ t♦ k ❝♦♠♣♦♥❡♥ts✱ ❣✐✈❡♥ ✐♥ ❊q✳ ✭✹✮✳ ■♥ t❤✐s ✇♦r❦✱ ✷ ❝♦♠♣♦♥❡♥ts ✇❡r❡ ❢♦✉♥❞ t♦ ❜❡ s✉✣❝✐❡♥t

t♦ ❝❛♣t✉r❡ ♠♦t✐♦♥✱ ❛❢t❡r ♦❜s❡r✈✐♥❣ t❤❡ s✐❣♥❛❧s✱ ②✐❡❧❞✐♥❣ ❛ ✷ ❞✐♠❡♥s✐♦♥❛❧ P❈❆ s✉rr♦❣❛t❡✳

τP❈❆k(t) = T♥♦r♠ t ·Wk ✭✹✮

✸✳✸ ▼♦t✐♦♥ ❝♦rr❡❝t✐♦♥

❋♦r ❡❛❝❤ s✉rr♦❣❛t❡ ❡①tr❛❝t✐♦♥ ♠❡t❤♦❞✱ t❤❡ ♠♦t✐♦♥ s✉rr♦❣❛t❡ ✐s ❣❡♥❡r❛t❡❞ ✉s✐♥❣ t❤❡ P❊❚ ❧✐st ♠♦❞❡

❞❛t❛✱ ❛♥❞ ❦✲♠❡❛♥s ❝❧✉st❡r✐♥❣ ✇✐t❤ ✶✵ ❣r♦✉♣s ✐s ✉s❡❞ t♦ ❞✐s❝r❡t✐s❡ t❤❡ s✉rr♦❣❛t❡ ✐♥t♦ ❛ ❣❛t✐♥❣ s✐❣♥❛❧✳

❆❧t❤♦✉❣❤ ❦✲♠❡❛♥s ✐s ❛♥ ✉♥❝♦♥✈❡♥t✐♦♥❛❧ ♠♦t✐♦♥ s✉rr♦❣❛t❡ ❞✐s❝r❡t✐s❛t✐♦♥ t❡❝❤♥✐q✉❡✱ ✐t ❛❧❧♦✇s ❢♦r ❝❧✉s✲

t❡r✐♥❣ ♦❢ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ s✐❣♥❛❧s ✭P❈❆ ❛♥❞ ✸❉✲❈❖▼✮ ✐♥ ❛♥ ✐❞❡♥t✐❝❛❧ ♠❛♥♥❡r t♦ s✐♥❣❧❡ ❞✐♠❡♥s✐♦♥❛❧

s✐❣♥❛❧s ✭s❡♥s✐t✐✈✐t②✱ ❛①✐❛❧✲❈❖▼✮✳ ❆ ♠♦t✐♦♥ ♠♦❞❡❧ ✐s ❢♦r♠❡❞ ❜② ❜✐♥♥✐♥❣ t❤❡ ❧✐st ♠♦❞❡ ❞❛t❛ ✐♥t♦ ✶✵

s❡♣❛r❛t❡ s✐♥♦❣r❛♠s✱ ❡❛❝❤ ❝♦♥t❛✐♥✐♥❣ ❞❛t❛ ❢r♦♠ ♦♥❡ ♦❢ t❤❡ ✶✵ ❣❛t❡s ❢r♦♠ t❤❡ ❣❛t✐♥❣ s✐❣♥❛❧✱ ❣❡♥❡r❛t✐♥❣

❛ ♥♦♥✲❛tt❡♥✉❛t✐♦♥✲❝♦rr❡❝t❡❞ ✭◆❆❈✮ P❊❚ r❡❝♦♥str✉❝t✐♦♥ ❢♦r ❡❛❝❤✱ ❛♥❞ ✜♥❛❧❧② r❡❣✐st❡r✐♥❣ ❡❛❝❤ t♦ ❛

❝❤♦s❡♥ r❡❢❡r❡♥❝❡ ❣❛t❡ ✉s✐♥❣ ❛♥ ✐t❡r❛t✐✈❡ r❡❣✐str❛t✐♦♥ s❝❤❡♠❡✳ ❘❡❝♦♥str✉❝t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣

❙♦❢t✇❛r❡ ❢♦r ❚♦♠♦❣r❛♣❤✐❝ ■♠❛❣❡ ❘❡❝♦♥str✉❝t✐♦♥ ✭❙❚■❘✮✳

❚❤❡ ✐t❡r❛t✐✈❡ r❡❣✐str❛t✐♦♥ s❝❤❡♠❡✱ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ✸✱ ❡♥s✉r❡❞ ❤✐❣❤ q✉❛❧✐t② r❡❣✐str❛t✐♦♥s✱ ❡✈❡♥

✇❤❡♥ s♦♠❡ ❣❛t❡s ♠❛② ❤❛✈❡ ❧♦✇ ❝♦✉♥ts ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ r❡❝♦♥str✉❝t✐♦♥s ❛♥❞ ❤❡♥❝❡ ❤❛✈❡ ❛ ❧♦✇

❙◆❘✳ ❆ s✉♠ ♦✈❡r ❛❧❧ ❢r❛♠❡s r❡❞✉❝❡s t❤❡ ❙◆❘ ✇✐t❤ s♦♠❡ ❛❞❞✐t✐♦♥❛❧ ❜❧✉r ❞✉❡ t♦ ♠♦t✐♦♥✱ ❛♥❞ ✐s

r❡❣✐st❡r❡❞ t♦ t❤❡ ➭✲♠❛♣ t♦ ❡♥s✉r❡ t❤❡ ❛❝❝✉r❛❝② ♦❢ s✉❜s❡q✉❡♥t ❛tt❡♥✉❛t✐♦♥ ❝♦rr❡❝t✐♦♥✱ ❛♥❞ t♦ ♣r❡✈❡♥t

t❤❡ r❡❣✐str❛t✐♦♥s ❢r♦♠ ❞r✐❢t✐♥❣ t❤r♦✉❣❤ ✐t❡r❛t✐♦♥s✳ ❊❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ❢r❛♠❡ ✐s t❤❡♥ r❡❣✐st❡r❡❞ t♦ t❤❡

❛❧✐❣♥❡❞✱ s✉♠♠❡❞ ✐♠❛❣❡✳ ❘❡❣✐st❡r✐♥❣ ❢r❛♠❡s t♦ t❤✐s ✐♠❛❣❡ ✐s ♠♦r❡ ❛❝❝✉r❛t❡ t❤❛♥ r❡❣✐st❡r✐♥❣ ❞✐r❡❝t❧②

t♦ t❤❡ ➭✲♠❛♣✱ ❛s t❤❡ ♠♦♥♦✲♠♦❞❛❧✐t② r❡❣✐str❛t✐♦♥ ✐s s✐♠♣❧❡r t♦ ♦♣t✐♠✐s❡✳ ❚❤❡s❡ st❡♣s ❛r❡ ✐t❡r❛t❡❞

t❤r❡❡ t✐♠❡s✱ s♦ t❤❛t t❤❡ s✉♠ ✐♠❛❣❡ ✐s ❧❡ss ❜❧✉rr❡❞ ❞✉❡ t♦ ♠♦t✐♦♥ ❛t ❡❛❝❤ st❡♣✳ ❚❤❡ ▼✉❧t✐♠♦❞❛❧

■♠❛❣❡ ❘❡❣✐str❛t✐♦♥ ✉s✐♥❣ ❇❧♦❝❦✲♠❛t❝❤✐♥❣ ❛♥❞ ❘♦❜✉st ❘❡❣r❡ss✐♦♥ ✭▼✐r♦rr✮ ❬✶✽❪ s♦❢t✇❛r❡ ✇❛s ✉s❡❞

❢♦r r✐❣✐❞ r❡❣✐str❛t✐♦♥s✱ ✇✐t❤ t❤❡ ♥♦r♠❛❧✐s❡❞ ❝♦rr❡❧❛t✐♦♥ ♠❡tr✐❝✱ ♦♠✐tt✐♥❣ t❤❡ ❤✐❣❤❡st r❡s♦❧✉t✐♦♥ st❡♣

✽



♦❢ t❤❡ r❡s♦❧✉t✐♦♥ ♣②r❛♠✐❞✳

❋✐❣✉r❡ ✸✿ ■t❡r❛t✐✈❡ P❊❚ ❣❛t❡ r❡❣✐str❛t✐♦♥ s❝❤❡♠❡✳ ❙q✉❛r❡ ❛♥❞ ❝✉❜❡ s❤❛♣❡❞ ❜♦①❡s ✐♥❞✐❝❛t❡ ✐♠❛❣❡s
❛♥❞ ✐♠❛❣❡ s❡r✐❡s r❡s♣❡❝t✐✈❡❧②✳ P❡♥t❛❣♦♥❛❧ ❜♦①❡s ✐♥❞✐❝❛t❡ ♣r♦❝❡ss❡s✳ ■♥ r❡❣✐str❛t✐♦♥ ♣r♦❝❡ss❡s✱ t❤❡
t♦♣ ✐♥♣✉t ✐s t❤❡ ✜①❡❞✴r❡❢❡r❡♥❝❡ ✐♠❛❣❡✱ ❛♥❞ t❤❡ ❧❡❢t ✐♥♣✉t ✐s t❤❡ ♠♦✈✐♥❣ ✐♠❛❣❡✳ ❚❤❡ ♣♦rt✐♦♥ ♦❢ t❤❡
✇♦r❦✢♦✇ ✇✐t❤✐♥ t❤❡ ✐t❡r❛t❡ ❜♦① ✐s r❡♣❡❛t❡❞✳

▼♦t✐♦♥ ❝♦rr❡❝t✐♦♥ ✇❛s s✉❜s❡q✉❡♥t❧② ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ ❘❚❆ s❝❤❡♠❡✳ ■♥ t❤✐s s❝❤❡♠❡✱ P❊❚

❞❛t❛ ❢r♦♠ ❡❛❝❤ ❣❛t❡ ♦r ❢r❛♠❡ ✐s r❡❝♦♥str✉❝t❡❞ s❡♣❛r❛t❡❧② ✇✐t❤♦✉t ❛tt❡♥✉❛t✐♦♥ ❝♦rr❡❝t✐♦♥✳ ❚❤❡s❡

r❡❝♦♥str✉❝t✐♦♥s ❛r❡ r❡❣✐st❡r❡❞ ✇✐t❤ ❛ r❡❢❡r❡♥❝❡ t♦ ❞❡t❡r♠✐♥❡ ♣♦s❡ ♣❛r❛♠❡t❡rs ❛t ❡❛❝❤ ❣❛t❡✳ ◆❡①t✱

t❤❡ ♠❡❛s✉r❡❞ ♣♦s❡ tr❛♥s❢♦r♠ ❢♦r ❡❛❝❤ ❣❛t❡ ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ ➭✲♠❛♣ ✐♥ ♦r❞❡r t♦ ❣❡t ❛♥ ❛❧✐❣♥❡❞ ➭✲♠❛♣✳

❊❛❝❤ ❣❛t❡ ✐s t❤❡♥ ✐♥❞❡♣❡♥❞❡♥t❧② r❡❝♦♥str✉❝t❡❞✱ ❛♥❞ t❤❡ ✐♥✈❡rs❡ ♣♦s❡ tr❛♥s❢♦r♠ ❛♣♣❧✐❡❞ t♦ ❝♦rr❡❝t

t❤❡ r❡❝♦♥str✉❝t✐♦♥ ❜❛❝❦ t♦ t❤❡ r❡❢❡r❡♥❝❡ ♣♦s❡✳ ❋✐♥❛❧❧②✱ t❤❡ ❣❛t❡s ❛r❡ s✉♠♠❡❞ t♦ ❡st✐♠❛t❡ t❤❡ t♦t❛❧

❛❝t✐✈✐t② ✇✐t❤ ❛ ❤✐❣❤ ❙◆❘✳

✸✳✹ ❆♥❛❧②s✐s

❆ ♥♦✈❡❧ t❡❝❤♥✐q✉❡ ✐s ♣r♦♣♦s❡❞ t♦ ♦❜❥❡❝t✐✈❡❧② ❛♥❞ q✉❛♥t✐t❛t✐✈❡❧② ❛♥❛❧②s❡ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ ✐♥ t❤❡

✐♠❛❣❡✳ ❚❤❡ ❈❚ ✇❛s s❡❣♠❡♥t❡❞ ❜② ✐♥t❡♥s✐t② ✐♥t♦ ❲▼ ❛♥❞ ●▼ ❝❧❛ss❡s✳ ❚❤❡ s❡❣♠❡♥t❛t✐♦♥ ✐s ✉s❡❞ t♦

♠❛s❦ ●▼ ❛♥❞ ❲▼ P❊❚ ✈♦①❡❧s ❛♥❞ ❣❡♥❡r❛t❡ ❛ ❞✐str✐❜✉t✐♦♥ ♦❢ P❊❚ ✐♥t❡♥s✐t② ✐♥ ❡❛❝❤ t✐ss✉❡✳ ❇❧✉rr✐♥❣

❞✉❡ t♦ ✉♥❝♦rr❡❝t❡❞ ♠♦t✐♦♥ ❝❛✉s❡s ❤✐❣❤❡r P❊❚ ❛❝t✐✈✐t② ✐♥ t❤❡ ●▼ t♦ s♣✐❧❧ ✐♥t♦ t❤❡ ❲▼✱ ❝❛✉s✐♥❣ t❤❡

t✇♦ ❞✐str✐❜✉t✐♦♥s t♦ ❝♦♥✈❡r❣❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❞✐str✐❜✉t✐♦♥s ✐♥❝r❡❛s❡s ✇✐t❤

♠♦t✐♦♥ ❜❧✉r✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❞✐str✐❜✉t✐♦♥s ✐s ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ♠❡❛♥s✱

❛♥❞ ✇✐t❤ t❤❡ t✲st❛t✐st✐❝ ❢r♦♠ ❛ ❲❡❧❝❤✬s t✲t❡st✳ ❊❛❝❤ ♠❡❛s✉r❡ ♣r♦✈✐❞❡s ❛♥ ♦❜❥❡❝t✐✈❡ ❛♥❞ q✉❛♥t✐t❛t✐✈❡

s✉rr♦❣❛t❡ ♠❡❛s✉r❡ ♦❢ ♠♦t✐♦♥ ❝♦rr✉♣t✐♦♥✳

✾



✹ ❘❡s✉❧ts

❚❤❡ ❡①tr❛❝t❡❞ ♠♦t✐♦♥ s✉rr♦❣❛t❡s ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ✹✳ ❚❤❡ ✜❣✉r❡ ❛❧s♦ s❤♦✇s t❤❡ ❣❛t✐♥❣ s✐❣♥❛❧✱

✇✐t❤ ❡❛❝❤ ❣❛t❡ ✐❧❧✉str❛t❡❞ ❛s t❤❡ ❤✉❡ ♦❢ ❡❛❝❤ ♣♦✐♥t✳ ❙✐♥❝❡ ♥♦ ♠♦t✐♦♥ ♦❝❝✉rr❡❞ ❞✉r✐♥❣ t❤❡ ✜rst ✸✵

s ♦❢ ❛❝q✉✐s✐t✐♦♥✱ t❤❡ ✈❛r✐❛♥❝❡ ✐♥ t❤✐s ♣♦rt✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ✐s ❧♦✇✳ ❈♦♠♣❛r✐♥❣ t❤❡ s✐❣♥❛❧ ✈❛r✐❛♥❝❡

✐♥ t❤❡ r❡♠❛✐♥✐♥❣ ♣♦rt✐♦♥ ✇✐t❤ t❤✐s ♣♦rt✐♦♥ ❛❧❧♦✇s ❛♥ ❛♣♣r❡❝✐❛t✐♦♥ ♦❢ t❤❡ ❛♣♣r♦①✐♠❛t❡ ❙◆❘ ♦❢ ❡❛❝❤

t❡❝❤♥✐q✉❡✳

❆❧t❤♦✉❣❤ s♦♠❡ s✐❣♥❛❧ ❝❛♥ ❜❡ s❡❡♥ ✐♥ t❤❡ s✉rr♦❣❛t❡ ❢♦r t❤❡ s❡♥s✐t✐✈✐t② t❡❝❤♥✐q✉❡✱ ✇✐t❤♦✉t ❡①t❡♥s✐✈❡

✜❧t❡r✐♥❣✱ r❡q✉✐r✐♥❣ ❛ ♣r✐♦r✐ ❦♥♦✇❧❡❞❣❡ ❛❜♦✉t t❤❡ ♠♦t✐♦♥✱ t❤❡ ❙◆❘ ✐s t♦♦ ❧♦✇ ❢♦r ❣♦♦❞ ❡st✐♠❛t✐♦♥ ♦❢

♣♦s❡✳ ❚❤❡ ❛①✐❛❧✲❈❖▼ t❡❝❤♥✐q✉❡ ♣r♦✈✐❞❡s ❛♥ ✐♠♣r♦✈❡❞ s✐❣♥❛❧✳ ❖❢ t❤❡ t❤r❡❡ ✸❉✲❈❖▼ ❝♦♠♣♦♥❡♥ts✱

t❤❡ ① ❝♦♠♣♦♥❡♥t ♠❡❛s✉r❡❞ ♠♦st ♦❢ t❤❡ ♠♦t✐♦♥ s✐❣♥❛❧✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♠♦t✐♦♥ ❛♣♣❧✐❡❞

t♦ t❤❡ ♣❤❛♥t♦♠✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ✸❉✲❈❖▼ s❤♦✉❧❞ ♣r♦✈✐❞❡ s✉♣❡r✐♦r ❣❛t✐♥❣✳ ❋✐♥❛❧❧②✱ t❤❡ ✜rst

❝♦♠♣♦♥❡♥t ♦❢ t❤❡ P❈❆ s✉rr♦❣❛t❡ ❡①❤✐❜✐ts ✈❡r② ❧♦✇ ✈❛r✐❛t✐♦♥ ❞✉r✐♥❣ t❤❡ ♥♦✲♠♦t✐♦♥ ♣♦rt✐♦♥ ♦❢ t❤❡

s❝❛♥✱ ❛♥❞ ❝❧❡❛r ♣❡r✐♦❞✐❝ ♠♦t✐♦♥ ❞✉r✐♥❣ t❤❡ r❡♠❛✐♥❞❡r✳ ❚❤❡ s❡❝♦♥❞ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ P❈❆ ❝❛♣t✉r❡s

❛ s✐❣♥❛❧ ✇✐t❤ t✇✐❝❡ t❤❡ ♣❡r✐♦❞ ♦❢ t❤❡ ✜rst✱ ❝♦♥s✐st❡♥t ✇✐t❤ ❝❛♣t✉r✐♥❣ t❤❡ ✈❡rt✐❝❛❧ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡

r♦❝❦✐♥❣✳

❋✐❣✳ ✺ s❤♦✇s ❛①✐❛❧ s❧✐❝❡s t❤r♦✉❣❤ ❡❛❝❤ ♦❢ t❤❡ r❡❝♦♥str✉❝t❡❞ ✐♠❛❣❡s✳ ■♠❛❣❡s ❤❛✈❡ ❜❡❡♥ ♦r❞❡r❡❞

❜② ✐♥❝r❡❛s✐♥❣ s✉❜❥❡❝t✐✈❡ q✉❛❧✐t② ♦❢ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥✱ ✇❤✐❝❤ ✇❛s ❞❡t❡r♠✐♥❡❞ t♦ ❜❡ ♥♦ ❝♦rr❡❝t✐♦♥✱

s❡♥s✐t✐✈✐t②✱ ❛①✐❛❧✲❈❖▼✱ ✸❉✲❈❖▼✱ P❈❆✱ ♥♦ ♠♦t✐♦♥✳ ❋✐❣✳ ✻ s❤♦✇s t❤❡ ♦❜❥❡❝t✐✈❡ ❛♥❛❧②s✐s r❡s✉❧ts

♦✉t❧✐♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✹ ✐♥ t❤❡ s❛♠❡ ♦r❞❡r✳ ❚❤✐s ✜❣✉r❡ ❞❡♣✐❝ts t❤❡ r❡s✉❧ts ♦❢ t❤❡ t✲t❡st ❛♥❞ t❤❡

❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❞✐str✐❜✉t✐♦♥ ♠❡❛♥s✳

✺ ❉✐s❝✉ss✐♦♥

✺✳✶ ❙✉❜❥❡❝t✐✈❡❧②✱ P❈❆ ❡①tr❛❝ts ❧♦✇❡st ♥♦✐s❡ ♠♦t✐♦♥ s✐❣♥❛❧s

❙✉❜❥❡❝t✐✈❡ ❡st✐♠❛t✐♦♥ ♦❢ ❙◆❘ ♦❢ t❤❡ r❛✇ ♠♦t✐♦♥ s✉rr♦❣❛t❡s ✭❋✐❣✳ ✹✮ ❛❣r❡❡❞ ✇✐t❤ t❤❡ s✉❜❥❡❝t✐✈❡

❛♥❛❧②s✐s ♦❢ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ q✉❛❧✐t② ✭❋✐❣✳ ✺✮✳ ❚❤❡ s❡♥s✐t✐✈✐t② t❡❝❤♥✐q✉❡ ♣r♦✈✐❞❡❞ s♦♠❡ ✐♠♣r♦✈❡♠❡♥t

❝♦♠♣❛r❡❞ t♦ ❞♦✐♥❣ ♥♦ ❝♦rr❡❝t✐♦♥✱ ❛❧t❤♦✉❣❤ t❤❡ ✐♠♣r♦✈❡♠❡♥t ✐s ♦♥❧② s❧✐❣❤t✳ ❆❧t❤♦✉❣❤ t❤❡ ♠♦t✐♦♥

s✉rr♦❣❛t❡ ❢♦r ❛①✐❛❧✲❈❖▼ ❛♣♣❡❛r❡❞ ❜❡tt❡r t❤❛t t❤❡ s❡♥s✐t✐✈✐t② s✉rr♦❣❛t❡✱ t❤❡ ✐♠♣r♦✈❡♠❡♥ts s❡❡♥ ✐♥

t❤❡ r❡❝♦♥str✉❝t❡❞ ✐♠❛❣❡ ❛r❡ ❧✐♠✐t❡❞ ✭❋✐❣✳ ✹✮✳ ❚❤❡ ✸❉✲❈❖▼ t❡❝❤♥✐q✉❡ ❡①❤✐❜✐ts ❧❡ss ❜❧✉rr✐♥❣ t❤❛♥

✶✵



❋✐❣✉r❡ ✹✿ P❧♦t ♦❢ ❡①tr❛❝t❡❞ s✉rr♦❣❛t❡s✳ ❙✉rr♦❣❛t❡s ❤❛✈❡ ❜❡❡♥ ❣❛t❡❞✱ ✐♥❞✐❝❛t❡❞ ❜② ❝♦❧♦✉r ✭♦♥❧✐♥❡
✈❡rs✐♦♥ ♦♥❧②✮✱ ✉s✐♥❣ ❦✲♠❡❛♥s ❣❛t✐♥❣✳

✶✶



❋✐❣✉r❡ ✺✿ ❆①✐❛❧ s❧✐❝❡ ♦❢ r❡❝♦♥str✉❝t✐♦♥s ✇✐t❤ ❡❛❝❤ ♦❢ t❤❡ ✐♥✈❡st✐❣❛t❡❞ tr❛❝❦✐♥❣ t❡❝❤♥✐q✉❡s✱ ❛s ✇❡❧❧ ❛s
❛ r❡❝♦♥str✉❝t✐♦♥ ✇✐t❤ ♥♦ ❝♦rr❡❝t✐♦♥ ❛♥❞ ❛ r❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❛❝q✉✐s✐t✐♦♥ ♦❢ t❤❡ ♣❤❛♥t♦♠
✇✐t❤ ♥♦ ✐♥❞✉❝❡❞ ♠♦t✐♦♥✳
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No Correction Sensitivity COM (axial) COM (3D) PCA No Motion (gold)
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t=143.0
∆µ=15.3 kBq

t=149.3
∆µ=15.6 kBq

t=175.7
∆µ=18.5 kBq

t=244.5
∆µ=28.1 kBq

t=348.5
∆µ=39.9 kBq

t=307.7
∆µ=43.0 kBq

Grey matter - white matter voxel intensity distributions

GM
WM

❋✐❣✉r❡ ✻✿ ❉✐str✐❜✉t✐♦♥s ♦❢ ❛❝t✐✈✐t② ✐♥ ✈♦①❡❧s ❧❛❜❡❧❧❡❞ ●▼ ✭❧❡❢t ❛♥❞ ❜❧✉❡ ♦♥❧✐♥❡✮ ❛♥❞ ❲▼ ✭r✐❣❤t ❛♥❞
❣r❡❡♥ ♦♥❧✐♥❡✮ ✐♥ t❤❡ ❈❚ s❡❣♠❡♥t❛t✐♦♥✱ ❢♦r ❡❛❝❤ ❝♦rr❡❝t✐♦♥ ♠❡t❤♦❞ ✐♥✈❡st✐❣❛t❡❞✳ ❙❤♦✇♥ ❜❡❧♦✇ ❡❛❝❤
♣❛✐r ♦❢ ❞✐str✐❜✉t✐♦♥s ✐s t❤❡ t✲st❛t✐st✐❝ ❜❡t✇❡❡♥ t❤❡♠ ✭t✮ ❛♥❞ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❞✐str✐❜✉t✐♦♥ ♠❡❛♥s
✭∆µ✮✳ ❆ ❧❛r❣❡r ♠❡tr✐❝ ✐♠♣❧✐❡s ❛ ❣r❡❛t❡r s❡♣❛r❛t✐♦♥ ❜❡t✇❡❡♥ ❝❧❛ss❡s✱ ✐♥❞✐❝❛t✐♥❣ ❧❡ss ❜❧✉rr✐♥❣✳

✶✸



❛①✐❛❧✲❈❖▼✳ ❚❤❡ ✸❉✲❈❖▼ s✉rr♦❣❛t❡s ✭❋✐❣✳ ✹✮ s❤♦✇ t❤❛t ♠♦st ♠♦t✐♦♥ ♦❝❝✉rr❡❞ ✐♥ t❤❡ ① ❞✐r❡❝t✐♦♥✱

❛♥❞ ♦♥❧② ❛ s♠❛❧❧ ❝❤❛♥❣❡ ✇❛s ♠❡❛s✉r❡❞ ✐♥ t❤❡ ③ ❞✐r❡❝t✐♦♥✳ ❚❤✐s ❡①♣❧❛✐♥s t❤❡ ❧♦✇❡r ♣❡r❢♦r♠❛♥❝❡ ♦❢

t❤❡ s❡♥s✐t✐✈✐t② ❛♥❞ ❛①✐❛❧✲❈❖▼ t❡❝❤♥✐q✉❡s✱ ✇❤✐❝❤ ❛r❡ ♠♦st❧② s❡♥s✐t✐✈❡ t♦ ❛①✐❛❧ ♠♦t✐♦♥✳ ❋✐♥❛❧❧②✱ t❤❡

r❡❝♦♥str✉❝t✐♦♥s ✉s✐♥❣ t❤❡ P❈❆ t❡❝❤♥✐q✉❡ ❛♣♣r♦❛❝❤ ❛♣♣❡❛r✐♥❣ s✐♠✐❧❛r t♦ ❛ s♠♦♦t❤❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡

♥♦ ♠♦t✐♦♥ r❡❝♦♥str✉❝t✐♦♥✳ ❆s ❡①♣❡❝t❡❞✱ r❡❝♦♥str✉❝t✐♥❣ ❛♥❞ ❛♣♣❧②✐♥❣ ♥♦ ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ r❡s✉❧t❡❞

✐♥ t❤❡ ❧♦✇❡st s✉❜❥❡❝t✐✈❡ ✐♠❛❣❡ q✉❛❧✐t②✱ ❛♥❞ ❛❝q✉✐r✐♥❣ ❞❛t❛ ✇✐t❤ ♥♦ ♠♦t✐♦♥ ♣r❡s❡♥t r❡s✉❧t❡❞ ✐♥ t❤❡

❜❡st s✉❜❥❡❝t✐✈❡ ✐♠❛❣❡ q✉❛❧✐t② ✭❋✐❣✳ ✺✮✳

✺✳✷ ❖❜❥❡❝t✐✈❡❧②✱ P❈❆ ♣r♦✈✐❞❡s s✉♣❡r✐♦r ❲▼✴●▼ s❡♣❛r❛❜✐❧✐t②

❚❤❡ ♦❜❥❡❝t✐✈❡ r❡s✉❧ts ❛❣r❡❡❞ ✇✐t❤ t❤❡ s✉❜❥❡❝t✐✈❡ ♦❜s❡r✈❛t✐♦♥s ❞✐s❝✉ss❡❞ ♣r❡✈✐♦✉s❧②✱ t❤❡ ♠♦t✐♦♥ ❝♦r✲

r❡❝t✐♦♥ t❡❝❤♥✐q✉❡s ❛r❡ r❛♥❦❡❞ ❜② ❜♦t❤ t❤❡ t✲st❛t✐st✐❝ ❛♥❞ t❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ ♠❡❛♥ ✐♥ t❤❡ ♦r❞❡r✿ ♥♦

❝♦rr❡❝t✐♦♥✱ s❡♥s✐t✐✈✐t②✱ ❛①✐❛❧✲❈❖▼✱ ✸❉✲❈❖▼✱ P❈❆ ✭❋✐❣✳ ✻✮✳ ■♥t❡r❡st✐♥❣❧②✱ t❤❡ t✇♦ ❞✐str✐❜✉t✐♦♥s

❢r♦♠ t❤❡ P❈❆ t❡❝❤♥✐q✉❡ ❛r❡ ❛❝t✉❛❧❧② ♠♦r❡ s❡♣❛r❛❜❧❡ ✉♥❞❡r ❛ t✲t❡st t❤❛♥ t❤♦s❡ ❢r♦♠ t❤❡ ♥♦ ♠♦t✐♦♥

❛❝q✉✐s✐t✐♦♥✱ ❛❧t❤♦✉❣❤ t❤❡ ❞✐str✐❜✉t✐♦♥ ♠❡❛♥s ❛r❡ ✐♥❞❡❡❞ ❢✉rt❤❡r s♣r❡❛❞ ✐♥ t❤❡ ♥♦ ♠♦t✐♦♥ ❛❝q✉✐s✐t✐♦♥✳

▼♦t✐♦♥ ❝♦rr❡❝t✐♦♥ ✇❛s ♦❜s❡r✈❡❞ t♦ ❤❛✈❡ ❛♥ ❡✛❡❝t s✐♠✐❧❛r t♦ ❛ ❧♦❝❛❧ s♣❛t✐❛❧ ✜❧t❡r✱ s♠♦♦t❤✐♥❣ t❤❡

✐♠❛❣❡ ❛♥❞ t❤❡r❡❜② r❡❞✉❝✐♥❣ t❤❡ ✈❛r✐❛♥❝❡ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ✭❋✐❣✳ ✺✮✳ ❚❤✐s r❡s✉❧t ❞♦❡s ♥♦t ✐♠♣❧②

t❤❛t t❤❛t ♠♦t✐♦♥ ❝♦rr❡❝t❡❞ r❡❝♦♥str✉❝t✐♦♥s ❛r❡ ❜❡tt❡r t❤❛♥ ♠♦t✐♦♥✲❢r❡❡ ❡q✉✐✈❛❧❡♥t r❡❝♦♥str✉❝t✐♦♥s✳

■t ♠❛② ✐♠♣❧② t❤❛t t❤❡ ♣♦st✲✜❧t❡r✐♥❣ ❛♣♣❧✐❡❞ ✐♥ t❤❡ ♥♦✲♠♦t✐♦♥ ❝❛s❡ ✇❛s ❧♦✇❡r t❤❛♥ ♦♣t✐♠❛❧✱ ❤♦✇❡✈❡r✱

r❡❝♦♥str✉❝t✐♦♥ ♣❛r❛♠❡t❡rs ✇❡r❡ ❤❡❧❞ ❝♦♥st❛♥t ❢♦r ❝♦♥s✐st❡♥❝②✳

P❈❆✱ t❤❡r❡❢♦r❡✱ ✇❛s ❞❡t❡r♠✐♥❡❞ t♦ ❜❡ ♠♦st ❡✛❡❝t✐✈❡ ✐♥ t❤✐s ❡①♣❡r✐♠❡♥t ❛t tr❛❝❦✐♥❣ r✐❣✐❞ ♠♦t✐♦♥

♦❢ ❛ ♣❤❛♥t♦♠✳ ❚❤✐s t❡❝❤♥✐q✉❡ ✇❛s ♦r✐❣✐♥❛❧❧② ❞❡s✐❣♥❡❞ ❢♦r ♣❡r✐♦❞✐❝ ♠♦t✐♦♥✱ s✉❝❤ ❛s r❡s♣✐r❛t♦r② ♠♦t✐♦♥

❬✶✸❪✳ ❆❧t❤♦✉❣❤ ✐t ❤❛s ❜❡❡♥ ✈❡r✐✜❡❞ t♦ ❜❡ ❛♣♣❧✐❝❛❜❧❡ t♦ r✐❣✐❞ ♠♦t✐♦♥ ♣r❡✈✐♦✉s❧② ❬✷❪✱ t❤❡ t❡❝❤♥✐q✉❡ ❤❛s

♥♦t ❜❡❡♥ ❞✐r❡❝t❧② ❝♦♠♣❛r❡❞ ✇✐t❤ ❛❧t❡r♥❛t✐✈❡s ❢♦r tr❛❝❦✐♥❣ r✐❣✐❞ ♠♦t✐♦♥✳

✺✳✸ ▲✐♠✐t❛t✐♦♥s ❛♥❞ ❢✉t✉r❡ ♦♣♣♦rt✉♥✐t✐❡s

❚❤❡ ✸❉✲❈❖▼ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❛①✐❛❧✲❈❖▼ t❡❝❤♥✐q✉❡ ✐s s✐♠✐❧❛r ✐♥ ❝♦♥❝❡♣t t♦ t❤❡ ❈❖❉ t❡❝❤♥✐q✉❡ ❬✶✵✱

✶✶❪✳ ❲❤❡♥ ❚♦❋ ♠❡❛s✉r❡♠❡♥t ✐s ❛✈❛✐❧❛❜❧❡ ❞✉r✐♥❣ t❤❡ P❊❚ ❛❝q✉✐s✐t✐♦♥✱ t❤❡ ❈❖❉ t❡❝❤♥✐q✉❡ ✐s ❧✐❦❡❧②

t♦ s✉♣♣❧② s✉♣❡r✐♦r ❙◆❘✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ❚♦❋ ✐♥❢♦r♠❛t✐♦♥ t❤❛t ✐s ❝♦♥s✐❞❡r❡❞ ❜② ❈❖❉ ❜✉t ♥♦t

✸❉✲❈❖▼ ♣r♦✈✐❞❡s s✉♣❡r✐♦r ❧♦❝❛❧✐s❛t✐♦♥✱ ❛♥❞ ❛❧s♦ ❜❡❝❛✉s❡ t❤❡ ✸❉✲❈❖▼ t❡❝❤♥✐q✉❡ ♦♥❧② ❝♦♥s✐❞❡rs ❛

s✉❜s❡t ♦❢ ❛✈❛✐❧❛❜❧❡ ❞❛t❛✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ ❚♦❋ ♠❡❛s✉r❡♠❡♥t ✐s ♥♦t ❛✈❛✐❧❛❜❧❡✱ ❛s ✐s t❤❡ ❝❛s❡ ♦♥ t❤❡

✶✹



❙✐❡♠❡♥s ❇✐♦❣r❛♣❤ ♠▼❘✱ t❤❡♥ t❤❡ ✸❉✲❈❖▼ t❡❝❤♥✐q✉❡ ♣r♦✈✐❞❡s ❛ ✉s❡❢✉❧ ❛♣♣r♦①✐♠❛t✐♦♥✳

❚❤✐s ✐♥✈❡st✐❣❛t✐♦♥ ❝♦♠♣❛r❡❞ t❡❝❤♥✐q✉❡s ❢♦r tr❛❝❦✐♥❣ ♠♦t✐♦♥ ❢♦r ❛ s✐♠♣❧❡ tr❛♥s❧❛t✐♦♥ ♦❢ ❛ ♣❤❛♥✲

t♦♠✳ ❚❤✐s r❡♣r❡s❡♥ts ❛ s✐♠♣❧❡ ❛♣♣r♦①✐♠❛t✐♦♥ t♦ ❛ r❡❛❧ ♥❡✉r♦❧♦❣✐❝❛❧ s❝❛♥✳ ❙❡✈❡r❛❧ ✈❛r✐❛❜❧❡s t❤❛t

✇♦✉❧❞ ❜❡ ♣r❡s❡♥t ✐♥ ❛ ❤✉♠❛♥ s✉❜❥❡❝t s❝❛♥ ❛r❡ ♥♦t ♣r❡s❡♥t✱ s✉❝❤ ❛s tr❛❝❡r ❞②♥❛♠✐❝s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✐♥

♠♦st ♥❡✉r♦❧♦❣✐❝❛❧ s❝❛♥s✱ ❛ ♣♦rt✐♦♥ ♦❢ t❤❡ ♥❡❝❦ ✐s ✐♥ t❤❡ ✜❡❧❞ ♦❢ ✈✐❡✇ ✭❋❖❱✮✱ ♠❡❛♥✐♥❣ t❤❛t s♦♠❡ ♦❢ t❤❡

❛❝t✐✈✐t② ❞✐str✐❜✉t✐♦♥ ♠♦✈❡s ✇✐t❤ t❤❡ ❤❡❛❞✱ ❛♥❞ s♦♠❡ ❞♦❡s ♥♦t✳ ❙✉❝❤ ❢❛❝t♦rs ❛r❡ ❧✐❦❡❧② t♦ ❞✐sr✉♣t t❤❡

♠♦t✐♦♥ s✉rr♦❣❛t❡ ❡①tr❛❝t✐♦♥ t❡❝❤♥✐q✉❡s t♦ ✈❛r②✐♥❣ ❛♠♦✉♥ts✳ ❆ ❢✉t✉r❡ ✐♥✈❡st✐❣❛t✐♦♥ s❤♦✉❧❞ ✈❛❧✐❞❛t❡

t❤❡ ❝♦♠♣❛r✐s♦♥ ✉s✐♥❣ ❝❧✐♥✐❝❛❧ ❞❛t❛✳

◆♦ ❧✐t❡r❛t✉r❡ ❡①✐sts ♦♥ ♦♣t✐♠✐s✐♥❣ t❤❡ ♣❛r❛♠❡t❡rs ❢♦r t❤❡ P❈❆ t❡❝❤♥✐q✉❡✳ P❛r❛♠❡t❡rs ✉s❡❞ ✐♥ t❤✐s

✐♥✈❡st✐❣❛t✐♦♥✱ s✉❝❤ ❛s t❤❡ P❈❆ ♣r❡♣r♦❝❡ss✐♥❣✱ t❤❡ ♥✉♠❜❡r ♦❢ ❝❧✉st❡rs ❡①tr❛❝t❡❞✱ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢

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

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

❣♦♦❞ ❞❡❢❛✉❧t ❝❤♦✐❝❡s ❢♦r ✉s❡rs✳

✻ ❈♦♥❝❧✉s✐♦♥

P❈❆ ✇❛s ❞❡♠♦♥str❛t❡❞ t♦ ❜❡ ♠♦st ❡✛❡❝t✐✈❡ ❢♦r tr❛❝❦✐♥❣ r✐❣✐❞ ♠♦t✐♦♥ ✐s t❤✐s ♣❤❛♥t♦♠ ❡①♣❡r✐♠❡♥t✳

❚❤❡ s❡♥s✐t✐✈✐t② ❛♥❞ ❛①✐❛❧✲❈❖▼ t❡❝❤♥✐q✉❡s ❛r❡ ♠♦st❧② s❡♥s✐t✐✈❡ t♦ ❛①✐❛❧ ♠♦t✐♦♥✱ ❛♥❞ s♦ ✇❡r❡ ✐♥❡❢✲

❢❡❝t✐✈❡ ✐♥ t❤✐s ♣❤❛♥t♦♠ ❡①♣❡r✐♠❡♥t✳ ✸❉✲❈❖▼ ❞❡♠♦♥str❛t❡s ✐♠♣r♦✈❡❞ tr❛♥s❛①✐❛❧ ♠♦t✐♦♥ s❡♥s✐t✐✈✐t②

❝♦♠♣❛r❡❞ t♦ ❛①✐❛❧✲❈❖▼✱ ❜✉t ♥♦t t♦ t❤❡ ❧❡✈❡❧ ♦❢ ❡✛❡❝t✐✈❡♥❡ss ♦❢ P❈❆✳

❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❚❤❡ ❛✉t❤♦rs t❤❛♥❦ t❤❡ ❍❡rst♦♥ ■♠❛❣✐♥❣ ❘❡s❡❛r❝❤ ❋❛❝✐❧✐t② ✭❍■❘❋✮ ❢♦r ♣r♦✈✐❞✐♥❣ s❝❛♥♥❡r t✐♠❡✱ ❛♥❞

t❤❡ ❍■❘❋ st❛✛ ✐♥❝❧✉❞✐♥❣ P❛✉❧ ❚❤♦♠❛s ❛♥❞ ▲♦✉✐s❡ ❈❛♠♣❜❡❧❧✳

❉❡❝❧❛r❛t✐♦♥s

❋✉♥❞✐♥❣ ❆●● ✇❛s s✉♣♣♦rt❡❞ ❜② ❛♥ ❆✉str❛❧✐❛♥ ●♦✈❡r♥♠❡♥t ❉❡♣❛rt♠❡♥t ♦❢ ❊❞✉❝❛t✐♦♥ ❛♥❞ ❚r❛✐♥✲

✐♥❣ ❘❡s❡❛r❝❤ ❚r❛✐♥✐♥❣ Pr♦❣r❛♠ st✐♣❡♥❞ ❛♥❞ ❛ ❈♦♠♠♦♥✇❡❛❧t❤ ❙❝✐❡♥t✐✜❝ ❛♥❞ ■♥❞✉str✐❛❧ ❘❡s❡❛r❝❤

❖r❣❛♥✐s❛t✐♦♥ ✭❈❙■❘❖✮ ❚♦♣ ❯♣ ❙❝❤♦❧❛rs❤✐♣ ✇❤❡♥ ✉♥❞❡rt❛❦✐♥❣ t❤✐s ✇♦r❦✳

✶✺



❈♦♥✢✐❝ts ♦❢ ✐♥t❡r❡st ❚❤❡r❡ ❛r❡ ♥♦ ❝♦♥✢✐❝ts ♦❢ ✐♥t❡r❡st t♦ r❡♣♦rt✳

❆✈❛✐❧❛❜✐❧✐t② ♦❢ ❞❛t❛ ❛♥❞ ♠❛t❡r✐❛❧ ❚❤❡ ❞❛t❛ ❛♥❞ ♠❛t❡r✐❛❧s ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡✳

❈♦❞❡ ❛✈❛✐❧❛❜✐❧✐t② ❚❤❡ ❝♦❞❡ ✐s ♥♦t ❛✈❛✐❧❛❜❧❡✳

❆✉t❤♦rs✬ ❝♦♥tr✐❜✉t✐♦♥s ❆●●✱ ❏❙ ❛♥❞ ◆❉ ❝♦♥❝❡✐✈❡❞ ❛♥❞ r❛♥ t❤❡ ❡①♣❡r✐♠❡♥t ❛♥❞ ❝♦♥tr✐❜✉t❡❞ t♦

❛♥❛❧②s✐s ❛♥❞ ✇r✐t✐♥❣ ♦❢ t❤❡ ♠❛♥✉s❝r✐♣t✳ ❙❘ ❛❞✈✐s❡❞ ♦♥ t❤❡ ❡①♣❡r✐♠❡♥t ❛♥❞ ❝♦♥tr✐❜✉t❡❞ t♦ ❛♥❛❧②s✐s

❛♥❞ ✇r✐t✐♥❣ ♦❢ t❤❡ ♠❛♥✉s❝r✐♣t✳ ❏❆❉ ❝♦♥tr✐❜✉t❡❞ t♦ ❛♥❛❧②s✐s ❛♥❞ ✇r✐t✐♥❣ ♦❢ t❤❡ ♠❛♥✉s❝r✐♣t✳

❊t❤✐❝s ❛♣♣r♦✈❛❧ ◆♦t ❛♣♣❧✐❝❛❜❧❡✱ ♥♦ ❤✉♠❛♥ ❞❛t❛ ✇❛s ✉s❡❞ ✐♥ t❤✐s st✉❞②✳

❈♦♥s❡♥t t♦ ♣❛rt✐❝✐♣❛t❡ ◆♦t ❛♣♣❧✐❝❛❜❧❡✱ ♥♦ ❤✉♠❛♥ ❞❛t❛ ✇❛s ✉s❡❞ ✐♥ t❤✐s st✉❞②✳

❈♦♥s❡♥t ❢♦r ♣✉❜❧✐❝❛t✐♦♥ ◆♦t ❛♣♣❧✐❝❛❜❧❡✱ ♥♦ ❤✉♠❛♥ ❞❛t❛ ✇❛s ✉s❡❞ ✐♥ t❤✐s st✉❞②✳

❘❡❢❡r❡♥❝❡s

❬✶❪ ❍✉❛♥❣ ❈✱ P❡t✐❜♦♥ ❨✱ ◆♦r♠❛♥❞✐♥ ▼✱ ▲✐ ◗✱ ❋❛❦❤r✐ ●❊✱ ❖✉②❛♥❣ ❏✳ ❋❛st ❤❡❛❞ ♠♦t✐♦♥ ❞❡t❡❝t✐♦♥

✉s✐♥❣ P❊❚ ❧✐st✲♠♦❞❡ ❞❛t❛✳ ❏♦✉r♥❛❧ ♦❢ ◆✉❝❧❡❛r ▼❡❞✐❝✐♥❡✳ ✷✵✶✺❀ ✺✻✿✶✽✷✼✕✶✽✷✼✳

❬✷❪ ❚❤✐❡❧❡♠❛♥s ❑✱ ❙❝❤❧❡②❡r P✱ ❉✉♥♥ ❏✱ ▼❛rs❞❡♥ P❑✱ ▼❛♥❥❡s❤✇❛r ❘▼✳ ❯s✐♥❣ P❈❆ t♦ ❞❡t❡❝t

❤❡❛❞ ♠♦t✐♦♥ ❢r♦♠ P❊❚ ❧✐st ♠♦❞❡ ❞❛t❛✳ ◆✉❝❧❡❛r ❙❝✐❡♥❝❡ ❙②♠♣♦s✐✉♠ ❛♥❞ ▼❡❞✐❝❛❧ ■♠❛❣✐♥❣

❈♦♥❢❡r❡♥❝❡✳ ❖❝t✳ ✷✵✶✸✿✶✕✺✳ ❞♦✐✿ ✶✵✳✶✶✵✾✴◆❙❙▼■❈✳✷✵✶✸✳✻✽✷✾✷✺✹✳

❬✸❪ ❘❡♥ ❙✱ ▲✉ ❨✱ ❇❡rt♦❧❧✐ ❖✱ ❚❤✐❡❧❡♠❛♥s ❑✱ ❈❛rs♦♥ ❘❊✳ ❊✈❡♥t✲❜②✲❡✈❡♥t ♥♦♥✲r✐❣✐❞ ❞❛t❛✲❞r✐✈❡♥

P❊❚ r❡s♣✐r❛t♦r② ♠♦t✐♦♥ ❝♦rr❡❝t✐♦♥ ♠❡t❤♦❞s✿ ❝♦♠♣❛r✐s♦♥ ♦❢ ♣r✐♥❝✐♣❛❧ ❝♦♠♣♦♥❡♥t ❛♥❛❧②s✐s ❛♥❞

❝❡♥tr♦✐❞ ♦❢ ❞✐str✐❜✉t✐♦♥✳ P❤②s✐❝s ✐♥ ▼❡❞✐❝✐♥❡ ✫ ❇✐♦❧♦❣②✳ ✷✵✶✾❀ ✻✹✳✶✻✳ P✉❜❧✐s❤❡r✿ ■❖P P✉❜❧✐s❤✲

✐♥❣✿✶✻✺✵✶✹✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✸✻✶✲✻✺✻✵✴❛❜✵❜❝✾✳

❬✹❪ ❱✐s✈✐❦✐s ❉✱ ❇❛rr❡t ❖✱ ❋r②❡r ❚✱ ❚✉r③♦ ❆✱ ▲❛♠❛r❡ ❋✱ ❘❡st ❈❈▲✱ ❇✐③❛✐s ❨✳ ❆ ♣♦st❡r✐♦r✐ r❡s♣✐r❛t♦r②

♠♦t✐♦♥ ❣❛t✐♥❣ ♦❢ ❞②♥❛♠✐❝ P❊❚ ✐♠❛❣❡s✳ ◆✉❝❧❡❛r ❙❝✐❡♥❝❡ ❙②♠♣♦s✐✉♠ ❛♥❞ ▼❡❞✐❝❛❧ ■♠❛❣✐♥❣

❈♦♥❢❡r❡♥❝❡✳ ❱♦❧✳ ✺✳ ❖❝t✳ ✷✵✵✸✿✸✷✼✻✕✸✷✽✵ ❱♦❧✳✺✳ ❞♦✐✿ ✶✵✳✶✶✵✾✴◆❙❙▼■❈✳✷✵✵✸✳✶✸✺✷✺✾✻✳

❬✺❪ ❍❡ ❏✱ ❖✬❑❡❡❢❡ ●❏✱ ❏♦♥❡s ●✱ ❙❛✉♥❞❡r ❚✱ ●♦♥❣ ❙❏✱ ●❡s♦ ▼✱ ❙❝♦tt ❆▼✳ ❊✈❛❧✉❛t✐♦♥ ♦❢ ●❡♦✲

♠❡tr✐❝❛❧ ❙❡♥s✐t✐✈✐t② ❢♦r ❘❡s♣✐r❛t♦r② ▼♦t✐♦♥ ●❛t✐♥❣ ❜② ●❆❚❊ ❛♥❞ ◆❈❆❚ ❙✐♠✉❧❛t✐♦♥✳ ✷✾t❤

❆♥♥✉❛❧ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦❢ t❤❡ ■❊❊❊ ❊♥❣✐♥❡❡r✐♥❣ ✐♥ ▼❡❞✐❝✐♥❡ ❛♥❞ ❇✐♦❧♦❣② ❙♦❝✐❡t②✳
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Figures

Figure 1

Left) Top/axial view, with the gantry axis running vertically, and Right) front/transaxial view of a
cylindrical PET gantry. Lines of responses are shaded in with opacity so that darkness in the image
approximates the spatial sensitivity.

Figure 2



An axial view of a gantry, with LORs shown in grey and horizontal LORs highlighted in black. The
distribution of counts of the horizontal LORs gives an indication of the vertical distribution of the
emission distribution.

Figure 3

Iterative PET gate registration scheme. Square and cube shaped boxes indicate images and image series
respectively. Pentagonal boxes indicate processes. In registration processes, the top input is the
฀xed/reference image, and the left input is the moving image. The portion of the work฀ow within the
iterate box is repeated.



Figure 4

Plot of extracted surrogates. Surrogates have been gated, indicated by colour (online version only), using
k-means gating.



Figure 5

Axial slice of reconstructions with each of the investigated tracking techniques, as well as a
reconstruction with no correction and a reconstruction of the reference acquisition of the phantom with
no induced motion.



Figure 6

Distributions of activity in voxels labelled GM (left and blue online) and WM (right and green online) in the
CT segmentation, for each correction method investigated. Shown below each pair of distributions is the
t-statistic between them (t) and the difference in the distribution means (Δμ). A larger metric implies a
greater separation between classes, indicating less blurring.
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