
❋✐♥❛❧ Pr♦❥❡❝t✿ ❙t❡❣❛♥♦❣r❛♣❤② ■♠♣❧❡♠❡♥t❛t✐♦♥

❙t❡✈❡♥ ❨♦✉♥❣✿ ❊❈❊ ✺✼✷

❉✉❡✿ ❉❡❝❡♠❜❡r ✺✱ ✷✵✶✶



❆❜str❛❝t

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



❚❛s❦s

■♥ ♦r❞❡r t♦ ❝♦♠♣❧❡t❡ t❤✐s ♣r♦❥❡❝t ✐t ✇❛s ♥❡❝❡ss❛r② ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ t❛s❦s t♦ ❜❡ ❝♦♠♣❧❡t❡❞✿

✶✳ ■♠♣❧❡♠❡♥t r❛♥❞♦♠ s❡q✉❡♥❝❡ ❣❡♥❡r❛t♦r

✷✳ ■♠♣❧❡♠❡♥t ❉❈❚

✸✳ ■♠♣❧❡♠❡♥t ■♥✈❡rs❡ ❉❈❚

✹✳ ■♠♣❧❡♠❡♥t ▲❙❇ ❙t❡❣❛♥♦❣r❛♣❤② ❊♥❝r②♣t✐♦♥ ▼❡t❤♦❞

✺✳ ■♠♣❧❡♠❡♥t ▲❙❇ ❙t❡❣❛♥♦❣r❛♣❤② ❉❡❝r②♣t✐♦♥ ▼❡t❤♦❞

✻✳ ■♠♣❧❡♠❡♥t ❉❈❚ ❙t❡❣❛♥♦❣r❛♣❤② ❊♥❝r②♣t✐♦♥ ▼❡t❤♦❞

✼✳ ■♠♣❧❡♠❡♥t ❉❈❚ ❙t❡❣❛♥♦❣r❛♣❤② ❉❡❝r②♣t✐♦♥ ▼❡t❤♦❞

■♥tr♦❞✉❝t✐♦♥ ✭♣r♦❜❧❡♠s ✇✐t❤ st❛t❡✲♦❢✲t❤❡✲❛rt ❛❧❣♦r✐t❤♠s✱ ❜r✐❡✢②
st❛t❡ t❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ ②♦✉r ❛♣♣r♦❛❝❤✮

❇❛❝❦❣r♦✉♥❞ ❛♥❞ ▼♦t✐✈❛t✐♦♥

❚❤❡ ❝❧❛ss✐❝ ❙t❡❣❛♥♦❣r❛♣❤② ♣r♦❜❧❡♠ ❛s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ♠❛t❡r✐❛❧ ❢♦r t❤✐s ♣r♦❥❡❝t ✐s t❤❡
Pr✐s♦♥❡r✬s ♣r♦❜❧❡♠✳ ❚✇♦ ❢r✐❡♥❞s✱ ❆❧✐❝❡ ❛♥❞ ❇♦❜✱ ❛r❡ ❛rr❡st❡❞ ❛♥❞ t❤r♦✇♥ ✐♥t♦ s❡♣❛r❛t❡ ❝❡❧❧s✳ ❚❤❡②
❝❛♥ ❝♦♠♠✉♥✐❝❛t❡✱ ❜✉t ❛❧❧ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡♠ ❛r❡ ❛r❜✐tr❛t❡❞ ❜② ❲❡♥❞②✳ ❲❡♥❞② ✇✐❧❧
♥♦t ❧❡t ❆❧✐❝❡ ❛♥❞ ❇♦❜ ❝♦♠♠✉♥✐❝❛t❡ t❤r♦✉❣❤ ❡♥❝r②♣t✐♦♥✱ ❛♥❞ ✐❢ s❤❡ ❞❡t❡❝ts ❡♥❝r②♣t✐♦♥ ✭❡✈❡♥ ✐❢ s❤❡
❞♦❡s♥✬t ❞❡❝r②♣t t❤❡ ♠❡ss❛❣❡✮ s❤❡ ✇✐❧❧ s❤✉t ❞♦✇♥ ❛❧❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ ❆❧✐❝❡ ❛♥❞ ❇♦❜✳ ❚❤✉s✱
❆❧✐❝❡ ❛♥❞ ❇♦❜ ♠✉st ✜♥❞ s♦♠❡ ❞✐s❝r❡❡t ✇❛② t♦ ❤✐❞❡ ♠❡❛♥✐♥❣❢✉❧ ✐♥❢♦r♠❛t✐♦♥ ✐♥ ♠❡ss❛❣❡s t❤❛t ❛♣♣❡❛r
❝♦♠♣❧❡t❡❧② ❤❛r♠❧❡ss t♦ ❲❡♥❞②✳

❋✐❣✉r❡ ✶✿ ❉✐❛❣r❛♠ ♦❢ Pr✐s♦♥❡r✬s Pr♦❜❧❡♠

❚❤✉s✱ ✇❤❡♥ ❆❧✐❝❡ ❛♥❞ ❇♦❜ ❡♠❜❡❞ s❡❝r❡t ♠❡ss❛❣❡s ✐♥ t❤❡ ❤❛r♠❧❡ss ♦❜❥❡❝t✱ t❤❡ ❝♦✈❡r✱ t❤❡② ♥❡❡❞
t♦ ♠❛❦❡ s✉r❡ t❤❡② ❞♦♥✬t ❧❡❛✈❡ ❜❡❤✐♥❞ ❛ ❞❡t❡❝t❛❜❧❡ st❛t✐st✐❝❛❧ ❢♦♦t♣r✐♥t ♦r ✈✐s✐❜❧❡ ❞✐st♦rt✐♦♥ ✐♥ t❤❡
❝♦✈❡r✳

✶



❊①✐st✐♥❣ ❆❧❣♦r✐t❤♠s

▲❙❇ ▼❡t❤♦❞

❚❤✐s ♠❡t❤♦❞ ✇♦r❦s ❜② ♣❧❛❝✐♥❣ t❤❡ ♠❡ss❛❣❡ ✐♥ t❤❡ ▲❙❇ ♦❢ ❡❧❡♠❡♥ts ♦❢ t❤❡ ❝♦✈❡r✳ ■♥ ❛♥❞ ✽✲❜✐t ❝❛rr✐❡r✱
❛ s✉r♣r✐s✐♥❣ ❛♠♦✉♥t ♦❢ ✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❤✐❞❞❡♥ ✇✐t❤♦✉t ❛♥② ♣❡r❝❡♣t✐❜❧❡ ✐♠♣❛❝t t♦ t❤❡ ❝❛rr✐❡r✳
❚❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❝♦♥s✐sts ♠❛✐♥❧② ♦❢ ❝❤♦♦s✐♥❣ ✇❤✐❝❤ ❡❧❡♠❡♥ts ♦❢ t❤❡ ❝♦✈❡r t♦ ✉s❡ t♦ ❝❛rr② t❤❡
♠❡ss❛❣❡✳ ❇♦t❤ t❤❡ ❆❧✐❝❡ ❛♥❞ ❇♦❜ ♥❡❡❞ t♦ ❦♥♦✇ t❤❡ ♠❡t❤♦❞ ❛♥❞ t❤❡ ❦❡②✭s✮ ✭♦r s❡❡❞✭s✮✮ ✉s❡❞ t♦
❝❤♦♦s❡ t❤❡ ❡❧❡♠❡♥ts ✉s❡❞ t♦ ❝❛rr② t❤❡ ♠❡ss❛❣❡✳ ❚❤❡ ❜✐❣❣❡st ♣r♦❜❧❡♠ ✇✐t❤ t❤✐s ❛♣♣r♦❛❝❤ ✐s t❤❡②
❛r❡ t②♣✐❝❛❧❧② ✉s❡❞ ✐♥ ❧♦ss❧❡ss ❝♦♠♣r❡ss✐♦♥ ❢♦r♠❛ts ❛♥❞ ❛r❡ s✉s❝❡♣t✐❜❧❡ t♦ t❤❡ ♠❡ss❛❣❡ ❜❡✐♥❣ ❧♦st ✈✐❛
❧♦ss② ❝♦♠♣r❡ss✐♦♥ ♦r ♥♦✐s❡ ✐♥❥❡❝t✐♦♥✳

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

❋✐❣✉r❡ ✷✿ ❙✐♠♣❧❡ ▲❙❇ ❆❧❣♦r✐t❤♠

❚❤✐s ❤❛s ❛ s❡r✐♦✉s s❡❝✉r✐t② ✢❛✇ t❤♦✉❣❤✳ ❚❤❡ ✜rst ♣❛rt ♦❢ t❤❡ ♠❡ss❛❣❡ ✇✐❧❧ ❤❛✈❡ s✐❣♥✐✜❝❛♥t❧②
❞✐✛❡r❡♥t st❛t✐st✐❝❛❧ ♣r♦♣❡rt✐❡s t❤❛♥ t❤❡ r❡st ♦❢ t❤❡ ✐♠❛❣❡✳ ❚❤✐s ✇✐❧❧ ♠❛❦❡ t❤❡ ❢❛❝t t❤❛t ❛♥ ❡♥❝♦❞❡❞
♠❡ss❛❣❡ ❡①✐sts ❡❛s② t♦ ❞❡t❡❝t✳ ❚❤✉s✱ ✐t ✐s ❜❡st t♦ s♣r❡❛❞ t❤❡ ♠❡ss❛❣❡ ❛❝r♦ss t❤❡ ❡♥t✐r❡ ♠❡ss❛❣❡ ✉s✐♥❣
s♦♠❡ r❛♥❞♦♠ ♣r♦❝❡ss✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ❜❡❧♦✇ ♦✉t❧✐♥❡s s✉❝❤ ❛ ♣r♦❝❡ss✳

✷



❋✐❣✉r❡ ✸✿ ▼♦r❡ ❘♦❜✉st ▲❙❇ ❆❧❣♦r✐t❤♠

❚r❛♥s❢♦r♠ ▼❡t❤♦❞

❚❤✐s ♠❡t❤♦❞ ✇♦r❦s ❜② t❛❦✐♥❣ t❤❡ ❉✐s❝r❡t❡ ❈♦s✐♥❡ ❚r❛♥s❢♦r♠ ♦❢ ✽①✽ ♣❛t❝❤❡s ♦❢ ❛ ❝♦✈❡r✱ ❡♥❝♦❞✐♥❣ t❤❡
♠❡ss❛❣❡ ✐♥ t❤❡ tr❛♥s❢♦r♠ ❝♦❡✣❝✐❡♥ts✱ ❛♥❞ tr❛♥s❢♦r♠✐♥❣ ✐t ❜❛❝❦ t♦ ❛ ❝❛rr✐❡r r❡s❡♠❜❧✐♥❣ t❤❡ ♦r✐❣✐♥❛❧
❝♦✈❡r✳ ❚❤❡ ♠❡ss❛❣❡ ✐s ❡♥❝♦❞✐♥❣ ❜② ♠❛❦✐♥❣ s✉r❡ t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t✇♦ ❝♦❡✣❝✐❡♥ts ✇✐t❤✐♥ t❤❡ ❜❧♦❝❦
❡♥❝♦❞❡s t❤❡ ♠❡ss❛❣❡✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts ❝❤♦s❡♥ s❤♦✉❧❞ r❡♣r❡s❡♥t ♠✐❞❞❧❡ ❢r❡q✉❡♥❝✐❡s s✐♥❝❡ ♠♦st ♦❢ t❤❡
✐♥❢♦r♠❛t✐♦♥ ✐♥ ✐♥ ✐♠❛❣❡ ✐s ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s ✭❡❞❣❡s✮ ❛♥❞ ❧♦✇ ❢r❡q✉❡♥❝✐❡s ✭❜❛❝❦❣r♦✉♥❞✮✳ ❆❧s♦✱ t♦
❡♥s✉r❡ t❤❛t t❤❡ ✐♠❛❣❡ ❝❛♥ ✇✐t❤st❛♥❞ s♦♠❡ t❛♠♣❡r✐♥❣ ❛♥❞ ❝♦♠♣r❡ss✐♦♥✱ ✐t s❤♦✉❧❞ ❜❡ ♠❛❞❡ s✉r❡ t❤❛t
t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❝♦❡✣❝✐❡♥ts ✐s ❣r❡❛t❡r t❤❛♥ s♦♠❡ t❤r❡s❤♦❧❞✳ ❙✉❝❤ ❛ ♣r♦❝❡ss ✐s ♦✉t❧✐♥❡ ❜❡❧♦✇✳

✸



❋✐❣✉r❡ ✹✿ ❉❈❚ ❚r❛♥s❢♦r♠ ❆❧❣♦r✐t❤♠

❚❤✐s ♠❡t❤♦❞ ✐s ❢❛✐r❧② r♦❜✉st t♦ ❏P❊● ❝♦♠♣r❡ss✐♦♥ ❜❡❝❛✉s❡ ✐t ❛❧s♦ ✉s❡s ❛♥ ✽①✽ ❉❈❚ t♦ ❝♦♠♣r❡ss
t❤❡ ✐♠❛❣❡✳ ❆ ❧❛r❣❡r x ✈❛❧✉❡ ✇✐❧❧ r❡s✉❧t ✐♥ ❛ ♠❡t❤♦❞ t❤❛t ✐s ♠♦r❡ r♦❜✉st t♦ ❝♦♠♣r❡ss✐♦♥✱ ❜✉t ✐t ✇✐❧❧
❞✐st♦rt t❤❡ ❝♦✈❡r ✐♠❛❣❡ ♠♦r❡✳

❚❡❝❤♥✐❝❛❧ ❆♣♣r♦❛❝❤ ✭❞❡t❛✐❧ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❛♣♣r♦❛❝❤❡s ②♦✉
❞❡s✐❣♥❡❞✮

❘❛♥❞♦♠ ❙❡q✉❡♥❝❡ ●❡♥❡r❛t♦r

■ ✐♠♣❧❡♠❡♥t❡❞ ❛ r❛♥❞♦♠ s❡q✉❡♥❝❡ ❣❡♥❡r❛t♦r ✇✐t❤ t❤❡ ❣♦❛❧ ♦❢ s♣r❡❛❞✐♥❣ t❤❡ ♠❡ss❛❣❡ r❛♥❞♦♠❧② ♦✈❡r
t❤❡ ❡♥t✐r❡ ✐♠❛❣❡✳ ■t ♥❡❡❞s ✸ ♣❛r❛♠❡t❡rs t♦ ♦♣❡r❛t❡✳ ■t ♥❡❡❞s ❛ s❡❡❞✱ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ♠❡ss❛❣❡✱
❛♥❞ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ✐♠❛❣❡ ✐♥ ♣✐①❡❧s ✭♦r ❜❧♦❝❦s ❢♦r t❤❡ ❉❈❚ ♠❡t❤♦❞✮✳ ■t t❤❡♥ ❣❡♥❡r❛t❡s ❛ r❛♥❞♦♠
♥✉♠❜❡r ❜❡t✇❡❡♥ ✶ ❛♥❞ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ✐♠❛❣❡ ❧❡❢t t♦ ✉s❡ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❜✐ts ♦❢ t❤❡ ♠❡ss❛❣❡
❧❡❢t t♦ ❡♥❝♦❞❡✳ ❚❤✐s r❛♥❞♦♠ ♥✉♠❜❡r ✐s t❤❡♥ ❛❞❞❡❞ t♦ t❤❡ ♣r❡✈✐♦✉s ✐♥❞❡① t❤❛t ✇❛s ❝❤♦s❡♥ t♦ ❢♦r♠
t❤❡ ♥❡①t ♥✉♠❜❡r ✐♥ t❤❡ s❡q✉❡♥❝❡✳ ❚❤❡ ♣r♦❝❡ss ✐s ♦✉t❧✐♥❡ ❜❡❧♦✇✳

✹



❆❧❣♦r✐t❤♠ ✵✳✶ ❘❛♥❞♦♠ ❙❡q✉❡♥❝❡ ●❡♥❡r❛t♦r

s❡q❬✵❪❂r❛♥❞✭✶✿✭✐♠❣❴❧❡♥✴♠s❣❴❧❡♥✮✮
❢♦r ✐❂✶✿◆
✐♠❣❴❧❡❢t ❂ ✐♠❣❴❧❡♥ ✲ s❡q❬✐✲✶❪
♠s❣❴❧❡❢t ❂ ♠s❣❴❧❡♥✲✐❀
s❡q❬✐❪❂r❛♥❞✭✶✿✭✐♠❣❴❧❡❢t✴♠s❣❴❧❡❢t✮✮
❡♥❞❢♦r

❉❈❚ ❛♥❞ ■♥✈❡rs❡ ❉❈❚ ❚r❛♥s❢♦r♠s

❚❤❡ ❉❈❚ tr❛♥s❢♦r♠ ✐s ❛ s✐♠♣❧❡ tr❛♥s❢♦r♠ ❝♦♠♠♦♥❧② ✉s❡❞ ✐♥ ✐♠❛❣❡ ♣r♦❝❡ss✐♥❣✳ ❍♦✇❡✈❡r✱ ✐t ❞✐❞ ♥♦t
❡①✐st ✐♥ t❤❡ ❉■P ❧✐❜r❛r② ♣r♦✈✐❞❡❞ s♦ ✐t ❤❛❞ t♦ ❜❡ ✐♠♣❧❡♠❡♥t❡❞✳ ❚❤❡ ❛❧❣♦r✐t❤♠s ✉s❡❞ ❢♦r t❤❡ ♥♦r♠❛❧
❛♥❞ ✐♥✈❡rs❡ tr❛♥s❢♦r♠s ❛r❡ s❤♦✇♥ ❜❡❧♦✇✳

❋✐❣✉r❡ ✺✿ ❉❈❚ ❛♥❞ ■♥✈❡rs❡ ❉❈❚ ❚r❛♥s❢♦r♠s

▲❙❇ ❙t❡❣❛♥♦❣r❛♣❤② ❊♥❝r②♣t✐♦♥ ❛♥❞ ❉❡❝r②♣t✐♦♥ ▼❡t❤♦❞

❚❤❡ ♠❡t❤♦❞ ✉s❡❞ ✐s t❤❡ s❛♠❡ ❛s ❣✐✈❡♥ ✐♥ t❤❡ ❊①✐st✐♥❣ ▼❡t❤♦❞s ❞✐s❝✉ss✐♦♥ ❡①❝❡♣t t❤❛t ✐t ✉s❡s ♠②
r❛♥❞♦♠ s❡q✉❡♥❝❡ ❣❡♥❡r❛t♦r✳

❉❈❚ ❙t❡❣❛♥♦❣r❛♣❤② ❊♥❝r②♣t✐♦♥ ▼❡t❤♦❞

❚❤❡ ♠❡t❤♦❞ ✉s❡❞ ✐s s✐♠✐❧❛r t♦ t❤❡ ♠❡t❤♦❞ ✐♥ t❤❡ ❊①✐st✐♥❣ ▼❡t❤♦❞s ❞✐s❝✉ss✐♦♥ ❡①❝❡♣t t❤❛t ✐♥st❡❛❞ ♦❢
❥✉st ✉s✐♥❣ s❡q✉❡♥t✐❛❧ ❜❧♦❝❦s st❛rt✐♥❣ ❢r♦♠ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✐♠❛❣❡✱ ❜❧♦❝❦s t♦ ❜❡ ✉s❡❞ ❛r❡ s❡❧❡❝t❡❞
✉s✐♥❣ ♠② r❛♥❞♦♠ s❡q✉❡♥❝❡ ❣❡♥❡r❛t♦r✳

❊①♣❡r✐♠❡♥ts ❛♥❞ ❘❡s✉❧ts ✭❞❡s✐❣♥ t❤❡ ❡①♣❡r✐♠❡♥t✱ r❡s✉❧ts✱ ❝♦♠✲
♠❡♥t ♦♥ t❤❡ r❡s✉❧ts✮

❲❡ ✇✐❧❧ ❜❡ ✇♦r❦✐♥❣ ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ✐♠❛❣❡ ❞✉r✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥ts✳

✺



❋✐❣✉r❡ ✻✿ ❖r✐❣✐♥❛❧ ■♠❛❣❡

❇❛s✐❝ ❊①♣❡r✐♠❡♥t

❋♦r t❤❡ ✜rst ❡①♣❡r✐♠❡♥t ✇❡ ✇✐❧❧ s✐♠♣❧② t❛❦❡ ❛♥ ✐♠❛❣❡✱ ❡♥❝r②♣t ❛ ♠❡ss❛❣❡ ✐♥t♦ ✐t✱ ❛♥❞ t❤❡♥ tr② t♦
❞❡❝r②♣t t❤❡ ♠❡ss❛❣❡✳ ❚❤✐s ♠❡t❤♦❞ ✐s ❞❡s✐❣♥❡❞ ♠❛✐♥❧② t♦ t❡st t❤❡ ❢✉♥❝t✐♦♥ ♦❢ ♠② ❝♦❞❡ ❛♥❞ t♦ ❞✐s♣❧❛②
t❤❛t ♠② r❛♥❞♦♠ s❡q✉❡♥❝❡ ❣❡♥❡r❛t❡ s♣r❡❛❞s t❤❡ ♠❡ss❛❣❡ ❛❝r♦ss t❤❡ ❡♥t✐r❡ ✐♠❛❣❡✳ ❚❤❡ t❡st ♠❡ss❛❣❡
✇✐❧❧ ❜❡ ✏❚❡st ♠❡ss❛❣❡ ❢♦r t❤❡ ✜♥❛❧ ❊❈❊ ✺✼✷ Pr♦❥❡❝t✳✑ ❇❡❧♦✇ ❛r❡ t❤❡ r❡s✉❧ts✳

✻



✏❚❡st ♠❡ss❛❣❡ ❢♦r t❤❡ ✜♥❛❧ ❊❈❊
✺✼✷ Pr♦❥❡❝t✳✑

✏❚❡st ♠❡ss❛❣❡ ❢♦r t❤❡ ✜♥❛❧ ❊❈❊
✺✼✷ Pr♦❥❡❝t✳✑

❋✐❣✉r❡ ✼✿ ■♠❛❣❡ ✇✐t❤ ❊♥❝r②♣t✐♦♥✱ ❘❡s❝❛❧❡❞ ❉✐✛❡r❡♥❝❡ ❇❡t✇❡❡♥ ❖r✐❣✐♥❛❧ ❛♥❞ ❊♥❝r②♣t❡❞ ■♠❛❣❡✱ ❛♥❞
❉❡❝r②♣t❡❞ ▼❡ss❛❣❡ ✭▲❙❇ ♦♥ ❚♦♣❀ ❉❈❚ ♦♥ ❇♦tt♦♠✮

❲❤❡♥ t❤❡r❡ ✐s ♥♦ ❝♦♠♣r❡ss✐♦♥ ♦r ♦t❤❡r ✐♥t❡r❢❡r❡♥❝❡✱ t❤❡ ▲❙❇ ♠❡t❤♦❞ ❝♦✉❧❞ ❜❡ ✈✐❡✇❡❞ ❛s ❜❡tt❡r
❜❡❝❛✉s❡ ✐t ❝❛♥ ❤♦❧❞ ❛ ✻✹ t✐♠❡s ❧♦♥❣❡r ♠❡ss❛❣❡✳ ❍♦✇❡✈❡r✱ t❤❡ ❚r❛♥s❢♦r♠ ♠❡t❤♦❞ ❝♦✉❧❞ st✐❧❧ ❜❡
✈✐❡✇❡❞ ❛s ❜❡tt❡r ❜❡❝❛✉s❡ ✐t ✐s ♠♦r❡ ❝♦♠♣❧❡①✱ ♠❛❦✐♥❣ ✐t ♠♦r❡ ❞✐✣❝✉❧t t♦ ❞❡t❡❝t✳

❈♦♠♣r❡ss✐♦♥ ❊✛❡❝t ❊①♣❡r✐♠❡♥t

❚❤❡ ❣♦❛❧ ♦❢ t❤✐s ❡①♣❡r✐♠❡♥t ✇✐❧❧ ❜❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡✛❡❝t ❝♦♠♣r❡ss✐♦♥ ❤❛s ♦♥ ❜❡✐♥❣ ❛❜❧❡ t♦
❞❡❝✐♣❤❡r ❛♥❞ r❡❛❞ t❤❡ ♠❡ss❛❣❡✳ ❋♦r t❤✐s ❡①♣❡r✐♠❡♥t✱ ✇❡ ✇✐❧❧ ❜❡ ❡♥❝r②♣t✐♥❣ ❛ ♠❡ss❛❣❡✱ ✉s✐♥❣ ❏P❊●
❝♦♠♣r❡ss✐♦♥ ✇✐t❤ ✈❛r②✐♥❣ ❝♦♠♣r❡ss✐♦♥ ❧❡✈❡❧s ❛♥❞ t❤❡♥ tr② t♦ ❞❡❝✐♣❤❡r t❤❡ ♠❡ss❛❣❡✳ ●■▼P ✇✐❧❧ ❜❡
✉s❡❞ t♦ ♣❡r❢♦r♠ t❤❡ ❝♦♠♣r❡ss✐♦♥✳

✼



✑✪❩✪✪✼✪✪▲✪★❨✪❪✪✪✪✪●✪②✪
✸✪q●✪❃❙s❈✪✪✪❆✪❏✪✪✑

✏❚♠s✈ ✪❡s✸❛❣❡ ❢▼r✪t❤❡ ❋✐✪❛❧ ❊❝❊ ✺✼✷ Pr♦❥❡❝t✳✑

❋✐❣✉r❡ ✽✿ ■♠❛❣❡ ✇✐t❤ ❊♥❝r②♣t✐♦♥ ❛♥❞ ❈♦♠♣r❡ss✐♦♥ t♦ ✾✺✪ ❛♥❞ ❉❡❝r②♣t❡❞ ▼❡ss❛❣❡ ✭▲❙❇ ♦♥ ❚♦♣❀
❉❈❚ ♦♥ ❇♦tt♦♠✭①❂✵✳✺✮✮

❆s ②♦✉ ❝❛♥ s❡❡✱ t❤❡ ▲❙❇ ♠❡t❤♦❞ ❢❛✐❧s q✉✐❝❦❧② ❛♥❞ t❤❡ ❚r❛♥s❢♦r♠ ♠❡t❤♦❞ ✐s st✐❧❧ r❡❛❞❛❜❧❡✱ ❡✈❡♥
✇✐t❤ t❤❡ s♠❛❧❧ ✈❛❧✉❡ ♦❢ ①✳ ❇❡❧♦✇ ✇❡ ❡①♣❡r✐♠❡♥t ✇✐t❤ t❤❡ ❉❈❚ ♠❡t❤♦❞ ❛♥❞ ❞✐✛❡r❡♥t ❧❡✈❡❧s ♦❢
❝♦♠♣r❡ss✐♦♥ ❛♥❞ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ x✳
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/********************************************************************
 * stegMain.cpp
 *
 * Author: Steven Young
 *
 * Created: 12/1/11
 *
 * Modification: This file takes does encryption and decryption.
 ********************************************************************/

#include "Image.h"
#include "Dip.h"
#include <iostream>
#include <cstdlib>
#include <cmath>             // new: for log()
#include <steg.h>
using namespace std;

#define Usage "./stegMain seed input_img message X\n"

int main(int argc, char **argv)
{
  Image inimg, outimg, mag, phase, maglog;
  int nr, nc;
  int i, j;
  int seedval;
  float x;

  if (argc < 4) {
    cout << Usage;
    exit(3);
  }

  // Read Image
  inimg = readImage(argv[2]);

  // Define Some Parameters
  seedval = atoi(argv[1]);
  x = atof(argv[4]);

  // encrypt lsb
  outimg = encryptLSB(inimg, argv[3], seedval);
  int msg_len = getMsgSz(argv[3]);
  decryptLSB(outimg, msg_len, seedval);

  // write encrypted image
  writeImage(outimg,"../output/encrypted.pgm");

  // write difference image
  outimg = outimg - inimg;
  writeImage(outimg,"../output/diff.pgm", 1);

  // dct of image
  outimg = dct(inimg, 8);
  writeImage(outimg,"../output/dct.pgm", 1);

  // idct image
  outimg = idct(outimg, 8);
  writeImage(outimg,"../output/redone.pgm",1);

  // encrypt with dct transform
  outimg = encryptTransform(inimg, argv[3], seedval, x);
  writeImage(outimg,"../output/transformE.pgm");
  outimg = readImage("../output/transformE.pgm");
  cout << "Decrypting....\n";
  decryptTransform(outimg, msg_len, seedval);

  // writeDiff
  outimg = outimg - inimg;
  writeImage(outimg,"../output/diff2.pgm", 1);

  return 0;
}
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/********************************************************************
 * compressionTests.cpp
 *
 * Author: Steven Young
 *
 * Created: 12/1/11
 *
 * Modification: This file takes an image that has been compressed
 *               and tries to decrypt it using the key provided.
 ********************************************************************/

#include "Image.h"
#include "Dip.h"
#include <iostream>
#include <cstdlib>
#include <cmath>             // new: for log()
#include <steg.h>
using namespace std;

#define Usage "./compressionTests seed input_LSB input_DCT message\n" // message is
 needed only to calculate message length
                                                                      // which is o
ne of the keys

int main(int argc, char **argv)
{
  Image inimg, outimg, mag, phase, maglog;
  int nr, nc;
  int i, j;
  int seedval;
  float x;

  if (argc < 2) {
    cout << Usage;
    exit(3);
  }

  // Read Image
  inimg = readImage(argv[2]);
  seedval = atoi(argv[1]);

  // decrypt lsb
  int msg_len = getMsgSz(argv[4]);
  decryptLSB(inimg, msg_len, seedval);

  // decrypt dct
  inimg = readImage(argv[3]);
  decryptTransform(inimg, msg_len, seedval);

  return 0;
}
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/********************************************************************
 * steg.cpp
 *
 * Author: Steven Young
 *
 * Created: 12/1/11
 *
 * Modification: Utilities for the final project.
 ********************************************************************/

#include <steg.h>

void decryptTransform(Image inimg, int msg_len, int seedval){

  Image outimg, dctimg;
  int img_len;
  int nr, nc;
  int block_x, block_y;
  int c_pos, mask;
  char c_char = -1;
  int i, bit_set, idx;
  int* array;
  int u1, v1, u2, v2;

  int form_char;
  char* r_char;

  // define what indices to compare
  u1 = 4;
  v1 = 1;
  u2 = 3;
  v2 = 2;

  // get dct of image
  dctimg = dct(inimg, 8);

  // number of rows and cols of blocks
  nr = dctimg.getRow()/8;
  nc = dctimg.getCol()/8;
  
  img_len = (nr * nc);

  //  use key to create random sequence
  array = new int[msg_len];
  steg_randseq(seedval, msg_len, img_len, array);

  outimg = dctimg;
  for(i=0;i<msg_len;i++){
    c_pos = i % 8;
    if(c_pos == 0){
      c_char++; // next char
      form_char = 0;
    }
    
    // locate next block to use
    idx = array[i];
    block_x = (idx / (nr)) * 8;
    block_y = (idx % (nr)) * 8;

    // see if bit is set
    bit_set = (((int)(outimg(block_x+u1,block_y+v1)>outimg(block_x+u2,block_y+v2)))
);

    // add bit to character representation
    form_char = form_char | (bit_set << (7-c_pos));

    // print character
    if(c_pos == 7){
      if (form_char == 0) break;

      cout << ((char)(’\0’ + form_char));
    }
  }
  cout << endl;
}

Image encryptTransform(Image inimg, char* msg, int seedval, float x){
  Image outimg, dctimg;
  int msg_len, img_len;
  int nr, nc;
  int block_x, block_y;
  int c_pos, mask;
  char c_char=-1;
  int i, bit_set, idx;
  int* array;
  int u1, v1, u2, v2;

  // define the coefficients to swap
  u1 = 4;
  v1 = 1;
  u2 = 3;
  v2 = 2;

  // get dct of image
  dctimg = dct(inimg, 8);

  // number of rows and cols of blocks
  nr = dctimg.getRow() / 8;
  nc = dctimg.getCol() / 8;
  
  // calculate message length and image length
  msg_len = getMsgSz(msg);
  img_len = (nr * nc);

  // generate random sequence using key
  array = new int[msg_len];
  steg_randseq(seedval, msg_len, img_len, array);

  // encrypt message into dct image
  outimg = dctimg;
  for(i=0;i<msg_len;i++){
    c_pos = i % 8;
    if(c_pos == 0){
      c_char++; // next char
      mask = 128;
    }
    bit_set = (bool)((mask & msg[c_char]) >> (7 - c_pos));
    mask = mask >> 1;
    

    idx = array[i];
    block_x = (idx / (nr)) * 8;
    block_y = (idx % (nr)) * 8;

    // code message based on bit value
    if (bit_set){
      outimg(block_x+u1,block_y+v1) = max(dctimg(block_x+u1,block_y+v1),dctimg(bloc
k_x+u2,block_y+v2));
      outimg(block_x+u2,block_y+v2) = min(dctimg(block_x+u1,block_y+v1),dctimg(bloc
k_x+u2,block_y+v2));
      float diff = outimg(block_x+u1,block_y+v1)-outimg(block_x+u2,block_y+v2);
      if(diff < x){ // ensure difference between coefficients
        float spread = (x - diff)/2;
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        outimg(block_x+u1,block_y+v1) = outimg(block_x+u1,block_y+v1) + spread;
        outimg(block_x+u2,block_y+v2) = outimg(block_x+u2,block_y+v2) - spread;
      }
    }else{
      outimg(block_x+u1,block_y+v1) = min(dctimg(block_x+u1,block_y+v1),dctimg(bloc
k_x+u2,block_y+v2));
      outimg(block_x+u2,block_y+v2) = max(dctimg(block_x+u1,block_y+v1),dctimg(bloc
k_x+u2,block_y+v2));
      float diff = outimg(block_x+u2,block_y+v2)-outimg(block_x+u1,block_y+v1);
      if(diff < x){ // ensure difference between coefficients
        float spread = (x - diff)/2;
        outimg(block_x+u1,block_y+v1) = outimg(block_x+u1,block_y+v1) - spread;
        outimg(block_x+u2,block_y+v2) = outimg(block_x+u2,block_y+v2) + spread;
      }
    }
  }

  // produce image by taking the inverse dct
  outimg = idct(outimg, 8);

  return outimg;
}

Image idct(Image S, int blk_sz){

  Image outimg;
  int nr, nc;
  int nb_r, nb_c;
  int x, y;
  int u, v;
  int r_off, c_off;
  float c_u, c_v;
  int i, j;

  nr = S.getRow();
  nc = S.getCol();

  outimg.createImage(nr,nc);

  // calculate number of rows and cols of blocks in image
  nb_r = (nr / blk_sz) + ((nr % blk_sz) > 0);
  nb_c = (nc / blk_sz) + ((nc % blk_sz) > 0);

  // do inverse dct
  for (i=0;i<nb_r;i++){
    for(j=0;j<nb_c;j++){
      
      r_off = i * blk_sz;
      c_off = j * blk_sz;
      for(x=0;x<blk_sz;x++){
        for(y=0;y<blk_sz;y++){
          if(u == 0){
            c_u = 1/sqrt(2);
          }else{
            c_u = 1;
          }
          if(v == 0){
            c_v = 1/sqrt(2);
          }else{
            c_v = 1;
          }
          outimg(x+r_off,y+c_off) = 0.0;
          for(u=0;u<blk_sz;u++){
            for(v=0;v<blk_sz;v++){
              if(u == 0){
                c_u = 1/sqrt(2);
              }else{

                c_u = 1;
              }
              if(v == 0){
                c_v = 1/sqrt(2);
              }else{
                c_v = 1;
              }
              outimg(x+r_off,y+c_off) = outimg(x+r_off,y+c_off) + c_u * c_v * S(u+r
_off,v+c_off)*cos(u*PI*(2*x+1)/(2*blk_sz))*cos(v*PI*(2*y+1)/(2*blk_sz));
            }
          }
          outimg(x+r_off,y+c_off) = outimg(x+r_off,y+c_off) * 2 / blk_sz;
        }
      }
    }
  }
  return outimg;
}

Image dct(Image s, int blk_sz){

  Image outimg;
  int nr, nc;
  int nb_r, nb_c;
  int x, y;
  int u, v;
  int r_off, c_off;
  float c_u, c_v;
  int i, j;

  nr = s.getRow();
  nc = s.getCol();

  outimg.createImage(nr,nc);

  // calculate number of rows and cols of blocks in image
  nb_r = (nr / blk_sz) + ((nr % blk_sz) > 0);
  nb_c = (nc / blk_sz) + ((nc % blk_sz) > 0);

  // do dct
  for (i=0;i<nb_r;i++){
    for(j=0;j<nb_c;j++){
      r_off = i * blk_sz;
      c_off = j * blk_sz;
      for(u=0;u<blk_sz;u++){
        for(v=0;v<blk_sz;v++){
          if(u == 0){
            c_u = 1/sqrt(2);
          }else{
            c_u = 1;
          }
          if(v == 0){
            c_v = 1/sqrt(2);
          }else{
            c_v = 1;
          }
          outimg(u+r_off,v+c_off) = 0.0;
          for(x=0;x<blk_sz;x++){
            for(y=0;y<blk_sz;y++){
              if((x < nr) && (y < nc)){ // pad zeros otherwise
                outimg(u+r_off,v+c_off) = outimg(u+r_off,v+c_off) + s(x+r_off,y+c_o
ff)*cos(u*PI*(2*x+1)/(2*blk_sz))*cos(v*PI*(2*y+1)/(2*blk_sz));
              }
            }
          }
          outimg(u+r_off,v+c_off) = outimg(u+r_off,v+c_off) * 2 / blk_sz * c_u * c_
v;
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        }
      }
    }
  }
  return outimg;
}

int getMsgSz(char* msg){
  int msg_len = 0;

  while(msg[msg_len++] != ’\0’); // count number of characters

  msg_len = msg_len * 8; // calculate number of bits

  return msg_len;
}

void decryptLSB(Image inimg, int msg_len, int seedval){

  int nr, nc, img_len;
  int i;
  int* array;
  int c_char = -1;
  int mask;
  int bit_set;
  int c_pos;
  int idx, x, y;
  int form_char;
  char* r_char;

  nr = inimg.getRow();
  nc = inimg.getCol();

  img_len = nr*nc;

  // generate random sequence from key
  array = new int[msg_len];
  steg_randseq(seedval, msg_len, img_len, array);

  // do lsb decryption
  for(i=0;i<msg_len;i++){
    c_pos = i % 8;
    if(c_pos == 0){
      form_char = 0;
      c_char++; // next char
    }

    idx = array[i];
    x = idx / nr;
    y = idx % nr;

    bit_set = (((int)inimg(x,y)) % 2);
    form_char = form_char | (bit_set << (7-c_pos));

    if(c_pos == 7){
      if (form_char == 0) break;
      cout << ((char)(’\0’ + form_char));
    }
  }

  cout << endl;

  delete array;
}

Image encryptLSB(Image inimg, char* msg, int seedval){

  int nr, nc, img_len, msg_len;
  int i;
  int* array;
  int c_char = -1;
  int mask;
  bool bit_set;
  int c_pos;
  Image outimg;
  int idx, x, y;

  nr = inimg.getRow();
  nc = inimg.getCol();
  outimg.createImage(nr,nc);

  msg_len = getMsgSz(msg);

  img_len = nr*nc;

  // calculate random sequence from key
  array = new int[msg_len];
  steg_randseq(seedval, msg_len, img_len, array);

  // do lsb encryption
  outimg = inimg;
  for(i=0;i<msg_len;i++){
    c_pos = i % 8;
    if(c_pos == 0){
      c_char++; // next char
      mask = 128;
    }
    bit_set = (bool)((mask & msg[c_char]) >> (7 - c_pos));
    mask = mask >> 1;
    

    idx = array[i];
    x = idx / nr;
    y = idx % nr;
    if (bit_set){
      outimg(x,y) = inimg(x,y) + (1 - (((int)inimg(x,y)) % 2)); // make sure LSB is
 set;
    }else{
      outimg(x,y) = inimg(x,y) - ((((int)inimg(x,y)) % 2)); // make sure LSB is not
 set;
    }
  }

  delete array;
  return outimg;
}

void disp_seq(int msg_len, int* array){
  int i;

  cout << endl;
  for(i=0;i<msg_len;i++){
    if ((i % 5) == 0) cout << endl;
    cout << array[i] << " , ";
  } 
}

void steg_randseq(int steg_seed, int msg_len, int img_len, int* array){
  int max_int;
  int i;
  int prev_ind = 0;
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  int msg_left;
  int img_left;

  srand(steg_seed);

  if (msg_len > img_len){
    cout << "Message cannot fit in image!\n";
    exit(2);
  }

  msg_left = msg_len;
  img_left = img_len;
  for(int i=0; i<msg_len; i++){
    max_int = img_left/msg_left;
    array[i] = prev_ind + steg_randint(max_int);
    prev_ind = array[i];
    msg_left--;
    img_left = img_len - prev_ind;
  }
}

int steg_randint(int max_int){
  return rand() % max_int + 1;
}
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/********************************************************************
 * steg.h
 *
 * Author: Steven Young
 *
 * Created: 12/1/11
 *
 * Modification: Utilities for the final project.
 ********************************************************************/

#ifndef STEG
#define STEG

#include "Dip.h"
#include "Image.h"
#include <stdio.h>
#include <stdlib.h>
#include <iostream>
#include <math.h>

using namespace std;

void decryptTransform(Image inimg, int msg_len, int seedval);
Image encryptTransform(Image inimg, char* msg, int seedval, float x);
Image idct(Image S, int blk_sz);
Image dct(Image s, int blk_sz);
void decryptLSB(Image inimg, int msg_len, int seedval);
Image encryptLSB(Image inimg, char* msg, int seedval);
int getMsgSz(char* msg);
void disp_seq(int msg_len, int* array);
void steg_randseq(int steg_seed, int msg_len, int img_len, int* array);
int steg_randint(int max_int);

#endif


