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◆o ❞✬♦r❞r❡✿

❍❛❜✐❧✐t❛t✐♦♥ à ❞✐r✐❣❡r ❞❡s r❡❝❤❡r❝❤❡s

Prés❡♥té❡ ❞❡✈❛♥t

❧✬❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r ❞❡ ❚♦✉❧♦✉s❡

♣❛r

❋ré❞ér✐❝ ▲❡r❛s❧❡

▼❛îtr❡ ❞❡ ❝♦♥❢ér❡♥❝❡s ❯P❙

➱q✉✐♣❡ ❞✬❛❝❝✉❡✐❧ ✿ ●r♦✉♣❡ ❘❆P✱ ▲❆❆❙✲❈◆❘❙
✼ ❛✈❡♥✉❡ ❈♦❧♦♥❡❧ ❘♦❝❤❡
✸✶✵✼✼ ❚♦✉❧♦✉s❡ ❈❡❞❡①

P❡r❝❡♣t✐♦♥ ♣♦✉r ❧❛ r♦❜♦t✐q✉❡ ♠♦❜✐❧❡

❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥

s♦✉t❡♥✉❡ ❧❡ ✶✽ ❏❛♥✈✐❡r ✷✵✵✽ ❞❡✈❛♥t ❧❡ ❥✉r② ❝♦♠♣♦sé ❞❡

▼✳ ✿ ❘❛❥❛ ❈❤❛t✐❧❛ Prés✐❞❡♥t
▼▼✳ ✿ ❏❛♥ ❖❧♦❢ ❊❦❧✉♥❞❤ ❘❛♣♣♦rt❡✉rs

❉♦♠✐♥✐q✉❡ ▼❡✐③❡❧

▼♦♥✐q✉❡ ❚❤♦♥♥❛t

▼▼✳ ✿ ▼❛✉r✐❝❡ ❇r✐♦t ❊①❛♠✐♥❛t❡✉rs
P❛tr✐❝❡ ❉❛❧❧❡

▼✐❝❤❡❧ ❉❡✈②

▼✐❝❤❡❧ ❉❤♦♠❡





❘❡♠❡r❝✐❡♠❡♥ts

▲❡s tr❛✈❛✉① ♣rés❡♥tés ✐❝✐ ♦♥t été ❡✛❡❝t✉és ❛✉ ▲❆❆❙✲❈◆❘❙ ❛♣rès ♠❛ ♥♦✲
♠✐♥❛t✐♦♥ ❡♥ t❛♥t q✉❡ ▼❛îtr❡ ❞❡ ❝♦♥❢ér❡♥❝❡s à ❧✬❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r ❞❡
❚♦✉❧♦✉s❡ s✉✐t❡ à ✉♥ ❞♦❝t♦r❛t ré❛❧✐sé ❛✉ ▲❆❙▼❊❆ ❞❡ ❈❧❡r♠♦♥t✲❋❡rr❛♥❞✳ ❏❡
r❡♠❡r❝✐❡ ❧❡s ❞✐r❡❝t❡✉rs ❞❡ ❝❡s ❞❡✉① str✉❝t✉r❡s✱ q✉✐ ♠✬♦♥t ❛❝❝✉❡✐❧❧✐ ❡t ♠✬♦♥t
♣❡r♠✐s ❞❡ tr♦✉✈❡r ♠❛ ✈♦✐❡ ❞❛♥s ❧✬❡♥s❡✐❣♥❡♠❡♥t ❡t ❧❛ r❡❝❤❡r❝❤❡ ✿ ▼❛r❝ ❘✐❝❤❡t✐♥
❛✉ ▲❆❙▼❊❆✱ ♣✉✐s ❏✳❈✳▲❛♣r✐❡✱ ▼✳●❤❛❧❧❛❜ ❡t ❘✳❈❤❛t✐❧❛ ❛✉ ▲❆❆❙✲❈◆❘❙✳

❈✬❡st ❛✈❡❝ ❣r❛♥❞ ♣❧❛✐s✐r q✉❡ ❥❡ r❡♠❡r❝✐❡ ❧❡s r❛♣♣♦rt❡✉rs ❞❡ ♠♦♥ ♠é♠♦✐r❡
❞✬❤❛❜✐❧✐t❛t✐♦♥ à ❞✐r✐❣❡r ❧❡s r❡❝❤❡r❝❤❡s ♣♦✉r ❧❛ ❝❛✉t✐♦♥ q✉✬✐❧s ♦♥t ❜✐❡♥ ✈♦✉❧✉
❛♣♣♦rt❡r à ♠❡s tr❛✈❛✉① ✿

✕ ❏❛♥ ❖❧♦❢ ❊❦❤❧✉♥❞✱ Pr♦❢❡ss❡✉r ❛✉ ❑❚❍ ❞❡ ❙t♦❝❦❤♦❧♠✱
✕ ❉♦♠✐♥✐q✉❡ ▼❡✐③❡❧✱ Pr♦❢❡ss❡✉r à ❧✬❊◆❙■▲ ❞❡ ▲✐♠♦❣❡s✱
✕ ▼♦♥✐q✉❡ ❚❤♦♥♥❛t✱ ❉✐r❡❝tr✐❝❡ ❞❡ r❡❝❤❡r❝❤❡ ■◆❘■❆ à ❙♦♣❤✐❛✲❆♥t✐♣♦❧✐s✳

▲❡✉rs ❝♦♥s❡✐❧s✱ s✉❣❣❡st✐♦♥s ❡t q✉❡st✐♦♥s ♦♥t été s♦✉r❝❡ ❞✬❡♥r✐❝❤✐ss❡♠❡♥t✳

▼❡s r❡♠❡r❝✐❡♠❡♥ts ✈♦♥t é❣❛❧❡♠❡♥t ❛✉① ❡①❛♠✐♥❛t❡✉rs q✉✐ ♠✬♦♥t ❢❛✐t ❧✬❤♦♥✲
♥❡✉r ❡t ❧✬❛♠✐t✐é ❞❡ ♣❛rt✐❝✐♣❡r à ❝❡ ❥✉r② ✿

✕ ▼❛✉r✐❝❡ ❇r✐♦t✱ Pr♦❢❡ss❡✉r à ❧✬❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r ❡t ❛✉ ▲❆❆❙✲
❈◆❘❙✱ à q✉✐ ❥❡ ❞♦✐s ❜❡❛✉❝♦✉♣✱ t❛♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧✬❡♥s❡✐❣♥❡♠❡♥t
q✉❡ ❞❡ ❧❛ r❡❝❤❡r❝❤❡✱ ♣♦✉r s❡s ♥♦♠❜r❡✉① ❝♦♥s❡✐❧s ❡t s❛ ❞✐s♣♦♥✐❜✐❧✐té✱

✕ ❘❛❥❛ ❈❤❛t✐❧❛✱ ❉✐r❡❝t❡✉r ❞❡ r❡❝❤❡r❝❤❡ ❛✉ ▲❆❆❙✲❈◆❘❙✱ q✉✐ ♣❛r s♦♥
é❝♦✉t❡ ❡t s♦♥ s♦✉t✐❡♥✱ ❛ t♦✉❥♦✉rs ❡♥❝♦✉r❛❣é ♠❡s ❛❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡
❡t ❛ ❛❝❝❡♣té ❞❡ ♣rés✐❞❡r ❝❡ ❥✉r②✱

✕ P❛tr✐❝❡ ❉❛❧❧❡✱ Pr♦❢❡ss❡✉r à ❧✬❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r ❡t ❧✬■❘■❚✱ ❛✈❡❝
q✉✐ ❧❡s ✭tr♦♣ r❛r❡s✮ é❝❤❛♥❣❡s s❝✐❡♥t✐✜q✉❡s s♦♥t t♦✉❥♦✉rs ❡♥r✐❝❤✐ss❛♥ts✱

✕ ▼✐❝❤❡❧ ❉❡✈②✱ ❉✐r❡❝t❡✉r ❞❡ r❡❝❤❡r❝❤❡ ❛✉ ▲❆❆❙✲❈◆❘❙✱ q✉✐ ♠✬❛ ❛✐❞é à
❛♣♣ré❤❡♥❞❡r ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s r♦❜♦t✐q✉❡s ❡t à tr♦✉✈❡r ♠❛ ♣❧❛❝❡ ❛✉
s❡✐♥ ❞❡ ❘■❆✱

✕ ▼✐❝❤❡❧ ❉❤♦♠❡✱ ❉✐r❡❝t❡✉r ❞❡ r❡❝❤❡r❝❤❡ ❈◆❘❙ ❛✉ ▲❆❙▼❊❆✱ q✉✐ ❛ ❡♥✲
❝❛❞ré ♠❡s ♣r❡♠✐❡rs ♣❛s ❡♥ r❡❝❤❡r❝❤❡ ❡t ❛ s✉s❝✐té ❝❤❡③ ♠♦✐ ❧❛ ✧✜❜r❡✧
❱✐s✐♦♥ ♣❛r ♦r❞✐♥❛t❡✉r ❝♦♠♠❡ ❧✬❛tt❡st❡ ❝❡ ♠é♠♦✐r❡✳

❊♥✜♥ ✉♥ ❣r❛♥❞ ♠❡r❝✐ à t♦✉s ♠❡s ❝♦❧❧è❣✉❡s t♦✉❧♦✉s❛✐♥s ❝❤❡r❝❤❡✉rs✱ ❡♥s❡✐❣♥❛♥t✲
❝❤❡r❝❤❡✉rs ❡t ❛❞♠✐♥✐str❛t✐❢s q✉✐✱ ❞❡ ♣rès ♦✉ ❞❡ ❧♦✐♥✱ ♦♥t ❢❛❝✐❧✐té ❤✐❡r ♠♦♥ ✐♥✲
té❣r❛t✐♦♥ ♠❛❧❣ré ♠♦♥ ✧❛❝❝❡♥t ❞✉ ♥♦r❞✧ ❡t q✉✐✱ ❛✉❥♦✉r❞✬❤✉✐✱ ❝♦♥tr✐❜✉❡♥t ♣❛r
❧❡✉r ❜♦♥♥❡ ❤✉♠❡✉r à ♠♦♥ é♣❛♥♦✉✐ss❡♠❡♥t ❛✉ ❧❛❜♦r❛t♦✐r❡ ❡t✴♦✉ à ❧✬❯♥✐✈❡rs✐té✳



✷

❘és✉♠é

❈❡ ♠é♠♦✐r❡ ❞✬❤❛❜✐❧✐t❛t✐♦♥ à ❞✐r✐❣❡r ❧❡s r❡❝❤❡r❝❤❡s ♣♦rt❡ s✉r ❧❛ ♣❡r❝❡♣t✐♦♥
❡t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❝♦♥❥♦✐♥t❡ ❞❡ ❧✬❡s♣❛❝❡ ❡t ❞✉ ♠✐❧✐❡✉ ♣❛r ✉♥ r♦❜♦t ❝♦❣♥✐t✐❢
❛✉t♦♥♦♠❡✳ ❉❛♥s ❝❡ ❝♦♥t❡①t❡✱ ❧❛ ❞é♠❛r❝❤❡ ❝♦♥s✐st❡ ✐❝✐ à ✐♥té❣r❡r ❞❡s ♣❡r❝❡♣ts
♠✉❧t✐♣❧❡s ❡t ✐♥❝❡rt❛✐♥s à t♦✉s ❧❡s ♥✐✈❡❛✉① ❞❡ ❧❛ ♣❡r❝❡♣t✐♦♥ à ♣❛rt✐r ❞❡ ❝❛♣t❡✉rs
✈✐s✉❡❧s ❡♠❜❛rq✉és✳ ❈❡s tr❛✈❛✉① s❡ str✉❝t✉r❡♥t ❡♥ ❞❡✉① t❤è♠❡s✳

▲❡ ♣r❡♠✐❡r t❤è♠❡ s❡ ❢♦❝❛❧✐s❡ s✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣♦✉r ❧❛ ♥❛✈✐❣❛✲
t✐♦♥ ❛✉t♦♥♦♠❡ ❡♥ ♠✐❧✐❡✉ ✐♥tér✐❡✉r✳ ◆♦s tr❛✈❛✉① ❛♥tér✐❡✉rs ♦♥t ♠✐s ❧✬❛❝❝❡♥t s✉r
✉♥❡ ♠ét❤♦❞♦❧♦❣✐❡ ❝♦♠♣❧èt❡ ❞❡ ❞ét❡❝t✐♦♥✱ r❡❝♦♥♥❛✐ss❛♥❝❡ ❡t ❧♦❝❛❧✐s❛t✐♦♥ s✉r
❛♠❡rs ✈✐s✉❡❧s ✈❛❧✐❞é❡ ♣❛r ❞❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ré❡❧❧❡s s✉r ❧❡ r♦❜♦t ❉✐❧✐❣❡♥t✳
❈❡s ❛♠❡rs s♦♥t ❝❛♣t✉rés ❛✉t♦♠❛t✐q✉❡♠❡♥t ♣❛r ❧❡ r♦❜♦t ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s
r❡♣rés❡♥t❛t✐♦♥s ♠étr✐q✉❡s ❡t t♦♣♦❧♦❣✐q✉❡s ❞❡ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ tr❛✈❛✐❧✳
▲❛ ♥❛✈✐❣❛t✐♦♥ ❝♦♥s✐st❡ ❛❧♦rs à ❡①♣❧♦✐t❡r ❝❡s ♠♦❞è❧❡s ♣♦✉r s❡ ❧♦❝❛❧✐s❡r ♠étr✐✲
q✉❡♠❡♥t ♦✉ q✉❛❧✐t❛t✐✈❡♠❡♥t✱ s✉r ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ✈✐s✉❡❧❧❡s✱ é✈❡♥t✉❡❧❧❡♠❡♥t
té❧é♠étr✐q✉❡s✳ ➚ t❡r♠❡✱ ❝❡s r❡♣rés❡♥t❛t✐♦♥s s❡r♦♥t ❡♥r✐❝❤✐❡s ♣❛r ❞❡s ✐♥❢♦r♠❛✲
t✐♦♥s sé♠❛♥t✐q✉❡s ❝❛♣t✉ré❡s ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✬❤♦♠♠❡✳

❈❡t ❛♣♣r❡♥t✐ss❛❣❡ s✉♣❡r✈✐sé✱ ❧❛ ♣❡rs♣❡❝t✐✈❡ ❞✬✉♥ r♦❜♦t s♦❝✐❛❜❧❡✱ ♥♦✉s ♦♥t
❛♠❡♥é à ❞é♠❛rr❡r ❧❡ s❡❝♦♥❞ t❤è♠❡ s✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ♣❛r ❧❡ r♦❜♦t ❞❡ ❧✬❤♦♠♠❡
♣♦✉r ❧❡✉r ✐♥t❡r❛❝t✐♦♥✳ ◆♦s tr❛✈❛✉① ♦♥t ♣♦rté s✉r ❧❛ ❞ét❡❝t✐♦♥✱ ❧❡ s✉✐✈✐✱ ❧❛
r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧✬❤♦♠♠❡ ♣❛r ✈✐s✐♦♥ ♠♦♥♦❝✉❧❛✐r❡ ❝♦✉❧❡✉r✳ P❛r♠✐ ❝❡s ❢♦♥❝✲
t✐♦♥s✱ ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞✉ s✉✐✈✐ ❡st ❝❡♥tr❛❧❡ ♣✉✐sq✉❡ ❧❛ ♣❧✉♣❛rt ❞❡s tâ❝❤❡s
r♦❜♦t✐q✉❡s ❝♦♦r❞♦♥♥é❡s ❛✈❡❝ ❧✬❤♦♠♠❡ ♥é❝❡ss✐t❡ ❞❡ ❝❛r❛❝tér✐s❡r ❧❛ r❡❧❛t✐♦♥
❞✬✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ♠♦❜✐❧❡ ❛✉① ❛❣❡♥ts ❤✉♠❛✐♥s ❛ ♣r✐♦r✐ ♠♦❜✐❧❡s✳ ◆♦✉s ❛✈♦♥s
❛✐♥s✐ ♣r♦t♦t②♣é ♣✉✐s ✐♥té❣ré ♣❧✉s✐❡✉rs ❢♦♥❝t✐♦♥s ❞❡ s✉✐✈✐ ✷❉ ♦✉ ✸❉ ❞❡ t♦✉t ♦✉
♣❛rt✐❡ ❞❡s ♠❡♠❜r❡s ❝♦r♣♦r❡❧s ❞❡ ❧✬❤♦♠♠❡ ♣❛r ❧❡ ❝❤♦✐① ❝♦♥❥♦✐♥t ❞❡ str❛té❣✐❡s
❞❡ ❢✉s✐♦♥ ❞❡ ❞♦♥♥é❡s ✈✐s✉❡❧❧❡s ❡t ❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ ré♣♦♥❞❛♥t ❛✉① ♠♦✲
❞❛❧✐tés ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥✈✐s❛❣é❡s ♣♦✉r ❧❡ r♦❜♦t ✓ ❣✉✐❞❡ ✔ ❘❛❝❦❤❛♠ ❡t ❧❡ r♦❜♦t
❝♦♠♣❛❣♥♦♥ ❏✐❞♦✳

▲❡s ♣r♦s♣❡❝t✐✈❡s é♥♦♥❝é❡s ✈✐s❡♥t à ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ ♣❡r❝❡♣ts r❡❧❛t✐✈❡ à ❧❛
♣❡r❝❡♣t✐♦♥ s✐♠✉❧t❛♥é❡ ♣❛r ❧❡ r♦❜♦t ❞❡ ❧✬❡s♣❛❝❡ ❡t✴♦✉ ❞❡ ❧✬❤♦♠♠❡✳ ▲❛ ♣r♦❜❧é✲
♠❛t✐q✉❡ ❞❡ ❧✬✐♥t❡❧❧✐❣❡♥❝❡ ❛♠❜✐❛♥t❡✱ ♣❛r ❧✬❛❥♦✉t ❞❡ r♦❜♦ts ❛♥t❤r♦♣♦♠♦r♣❤❡s
t②♣❡ ❤✉♠❛♥♦ï❞❡ ❞❛♥s ❝❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❤✉♠❛✐♥s✱ ❞❡✈r❛✐t ✐♥✢é❝❤✐r ❝❡s tr❛✲
✈❛✉① t♦✉t ❡♥ r❡❝♦✉♣❛♥t ❝❡rt❛✐♥❡s ✐♥✈❡st✐❣❛t✐♦♥s ♣❛ssé❡s ♦✉ ❛❝t✉❡❧❧❡s✳



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

■ ❆❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡ ✺

✶ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ✼
✶ Pré❛♠❜✉❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾
✷ ❘és✉♠é ❞❡ ♠❡s tr❛✈❛✉① ❞❡ ❞♦❝t♦r❛t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✸ Pr♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✸✳✶ ▼♦t✐✈❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✸✳✷ ❉❡s❝r✐♣t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✷ ❚r❛✈❛✉① ❛♥tér✐❡✉rs ✷✼
✶ Pré❛♠❜✉❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾
✷ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✷✳✶ ▼♦t✐✈❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾
✷✳✷ ❉ét❡❝t✐♦♥ ❡t r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬❛♠❡rs ✈✐s✉❡❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
✷✳✸ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷
✷✳✹ ❙tr❛té❣✐❡s ❞❡ ♥❛✈✐❣❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺
✷✳✺ ❈♦♥tr✐❜✉t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✸ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾
✸✳✶ ▼♦t✐✈❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾
✸✳✷ ❋✐❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ ❡t ✐♥té❣r❛t✐♦♥ ❞❡ ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ✹✶
✸✳✸ ❋♦♥❝t✐♦♥s ✷❉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺
✸✳✹ ❋♦♥❝t✐♦♥s ✸❉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾
✸✳✺ ❈♦♥tr✐❜✉t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✹ ❘❡t♦♠❜é❡s ❝♦♥♥❡①❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✸ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s ✺✺
✶ Pré❛♠❜✉❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼
✷ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ t❡r♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✷✳✶ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ét❛♥t ❞♦♥♥é ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ✺✽
✷✳✷ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ét❛♥t ❞♦♥♥é ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ✻✽
✷✳✸ ❘❡t♦♠❜é❡s ❝♦♥♥❡①❡s ❛tt❡♥❞✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✸ Pr♦s♣❡❝t✐✈❡s à ❧♦♥❣ t❡r♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✸



✹ ❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

■■ ❱❛❧♦r✐s❛t✐♦♥ ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ✽✺
✶ ❆♥✐♠❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✶✳✶ ❆❝t✐✈✐tés ❞✬❡♥❝❛❞r❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼
✶✳✷ ❋♦♥❝t✐♦♥s ❞✬✐♥térêt ❣é♥ér❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

✷ ❈♦♥tr❛ts✱ ❝♦❧❧❛❜♦r❛t✐♦♥s ❡t ♣r♦❥❡ts ❞❡ r❡❝❤❡r❝❤❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶
✸ P✉❜❧✐❝❛t✐♦♥s ❡t r❛♣♣♦rts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻

■■■ ❆❝t✐✈✐tés ❞✬❡♥s❡✐❣♥❡♠❡♥t ✶✵✸
✶ ❊♥s❡✐❣♥❡♠❡♥ts ❞✐s♣❡♥sés ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺
✷ ❙✉♣♣♦rts ❞❡ ❝♦✉rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷
✸ ❋♦♥❝t✐♦♥s ❞✬✐♥térêt ❣é♥ér❛❧ ❡t r❡s♣♦♥s❛❜✐❧✐tés ♣é❞❛❣♦❣✐q✉❡s ✳ ✳ ✳ ✶✶✷

■❱ ▲❡s ❝✐♥q ♣✉❜❧✐❝❛t✐♦♥s ❥✉❣é❡s ❡ss❡♥t✐❡❧❧❡s ✶✶✼



Pr❡♠✐èr❡ ♣❛rt✐❡

❆❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡

✺





❈❤❛♣✐tr❡ ✶

❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡



✽ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡



Pré❛♠❜✉❧❡ ✾

✶ Pré❛♠❜✉❧❡

▼❡s ♣r❡♠✐❡rs ♣❛s ❡♥ r❡❝❤❡r❝❤❡ s❡ s♦♥t ❞ér♦✉❧és ❛✉ ▲❆❙▼❊❆ ❞❡ ❈❧❡r♠♦♥t✲
❋❡rr❛♥❞✳ ❏✬❛✐ ♣ré♣❛ré✱ ❞❛♥s ❝❡ ❧❛❜♦r❛t♦✐r❡✱ ✉♥ ❞♦❝t♦r❛t ❞❡ ❧✬❯♥✐✈❡rs✐té ❇❧❛✐s❡
P❛s❝❛❧ s♦✉s ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ▼✳❉❤♦♠❡ ✭❉❘ ❈◆❘❙✮ ❡t ●✳❘✐✈❡s ✭▼❈❋ ❯♥✐✲
✈❡rs✐té ❇❧❛✐s❡ P❛s❝❛❧✮ ❞✉r❛♥t ❧❛ ♣ér✐♦❞❡ ✶✾✾✹✲✶✾✾✼✳ ❈❡s tr❛✈❛✉① s✬✐♥s❝r✐✈❡♥t
❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ✈✐s✐♦♥ ♣❛r ♦r❞✐♥❛t❡✉r✳ ❊♥ s❡♣t❡♠❜r❡ ✶✾✾✼✱ ❥✬❛✐ ✐♥té❣ré ❧❡
❣r♦✉♣❡ ❘■❆✶ ❞✉ ▲❆❆❙✲❈◆❘❙ ❡♥ t❛♥t q✉✬❡♥s❡✐❣♥❛♥t✲❝❤❡r❝❤❡✉r à ❧✬❯♥✐✈❡rs✐té
P❛✉❧ ❙❛❜❛t✐❡r ❞❡ ❚♦✉❧♦✉s❡ ■■■✳ ❯♥❡ ❞❡s ♣r♦❜❧é♠❛t✐q✉❡s ❛❜♦r❞é❡s ❛✉❥♦✉r❞✬❤✉✐
♣❛r ❧❡ ♣ô❧❡ ❘■❆ ❡st ❧❛ r♦❜♦t✐q✉❡ ❛✉ s❡r✈✐❝❡ ❞❡ ❧✬❤♦♠♠❡ ❛✈❡❝ ♣♦✉r ♣❡rs♣❡❝t✐✈❡
❞❡ ❝♦♥❢ér❡r ❞❡s ❝❛♣❛❝✐tés ✐♥t❡r❛❝t✐✈❡s ❡t ❝♦❣♥✐t✐✈❡s à ❞❡s ♣❧❛t❡✲❢♦r♠❡s ❛✉t♦✲
♥♦♠❡s ♠♦❜✐❧❡s✳ ❈❡❝✐ ♣❛ss❡ ♣❛r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠ét❤♦❞❡s ❡t ❞❡ t❡❝❤♥♦✲
❧♦❣✐❡s ♣♦✉r ❧❛ ♣❡r❝❡♣t✐♦♥✱ ❧✬✐♥t❡r♣rét❛t✐♦♥✱ ❧❡ r❛✐s♦♥♥❡♠❡♥t ❡t ❧✬❛♣♣r❡♥t✐ss❛❣❡
❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✬❤♦♠♠❡✳ P❧✉s ❧❛r❣❡♠❡♥t✱ ❧❡ ♣ô❧❡ ❘■❆ ❞✐s♣♦s❡ ❛✉❥♦✉r✲
❞✬❤✉✐ ❞✬✉♥ ✐♠♣♦rt❛♥t s❛✈♦✐r✲❢❛✐r❡ s✉r ❧✬✐♥té❣r❛t✐♦♥ ❞✬❛❧❣♦r✐t❤♠❡s ❞é❞✐és s✉r
❞❡s ♣❧❛t❡✲❢♦r♠❡s ❛✉t♦♥♦♠❡s ♠♦❜✐❧❡s✳

❏✬❛✐ ♥❛t✉r❡❧❧❡♠❡♥t tr♦✉✈é ♠❛ ♣❧❛❝❡ ❛✉ s❡✐♥ ❞❡ ❧✬éq✉✐♣❡ ♣❡r❝❡♣t✐♦♥ ❞✉
❣r♦✉♣❡ ❘■❆ ♣✉✐s ❞❡♣✉✐s s❡♣t❡♠❜r❡ ✷✵✵✼ ❛✉ s❡✐♥ ❞✉ ❣r♦✉♣❡ ❘❆P✳ ▲❡s ♣r♦✲
❜❧é♠❛t✐q✉❡s ❛❜♦r❞é❡s s♦♥t ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ♠♦❞è❧❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
❞❡♣✉✐s ❝❡s ♣❧❛t❡✲❢♦r♠❡s ♠♦❜✐❧❡s✱ ❧❛ ♥❛✈✐❣❛t✐♦♥ à ♣❛rt✐r ❞❡ ❝❡s ♠♦❞è❧❡s✱ ❧✬❛♣✲
♣r❡♥t✐ss❛❣❡ ❡t ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬♦❜❥❡ts ♣♦✉r ❧❡s r♦❜♦ts ♠❛♥✐♣✉❧❛t❡✉rs ❡t✱
❞❡ ♠❛♥✐èr❡ ♣❧✉s ❣é♥ér❛❧❡✱ s✉r ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s s❝è♥❡s r❡♥❝♦♥tré❡s à ♣❛rt✐r
❞❡ ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❛❝q✉✐s❡s ♣❛r ❞❡s ❝❛♣t❡✉rs ❡①tér♦❝❡♣t✐❢s ❡♠❜❛rq✉és✳
P❛r♠✐ ❝❡s ❝❛♣t❡✉rs ❡①tér♦❝❡♣t✐❢s✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ✈✐s✐♦♥ ❡st ✉♥❡ t❡♥❞❛♥❝❡
❢♦rt❡ ❞❡ ❧❛ r♦❜♦t✐q✉❡ ❛❝t✉❡❧❧❡✳ ❈❡tt❡ t❡♥❞❛♥❝❡ ❡st ♥♦t❛♠♠❡♥t ♠♦t✐✈é❡ ♣❛r ❧❛
r✐❝❤❡ss❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ❞é❧✐✈ré❡ ♣❛r ✉♥ t❡❧ ❝❛♣t❡✉r✳

▼❛ ❝♦♥tr✐❜✉t✐♦♥ ❛❝t✉❡❧❧❡ ❡st ❛✉ ❝♦♥✢✉❡♥t ❞❡ ❧❛ ✈✐s✐♦♥ ♣❛r ♦r❞✐♥❛t❡✉r ❡t ❞❡
❧❛ r♦❜♦t✐q✉❡ ♠ê♠❡ s✐ ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s✱ ❢♦r♠❛❧✐s♠❡s ❡t ♦✉t✐❧s ✉t✐❧✐sés s♦♥t
s♦✉✈❡♥t ❝♦♠♠✉♥s✳ ❈❡s ❞❡✉① ❞♦♠❛✐♥❡s ❞❡ r❡❝❤❡r❝❤❡ s♦♥t ❤✐st♦r✐q✉❡♠❡♥t très
❧✐és✱ r❛♣♣❡❧♦♥s ♣❛r ❡①❡♠♣❧❡ q✉❡ ❧❛ ✈✐s✐♦♥ ✸❉ t✐r❡ s❡s ❢♦♥❞❡♠❡♥ts ❞❡ ❧❛ r♦❜♦✲
t✐q✉❡✳ ❈ôt♦②❡r ❝❡s ❞❡✉① ❝♦♠♠✉♥❛✉tés ♣❡r♠❡t ❞✬é❝❤❛♥❣❡r s❝✐❡♥t✐✜q✉❡♠❡♥t s✉r
❧❡s t❡❝❤♥✐q✉❡s ❛✈❛♥❝é❡s ❞❡ ✈✐s✐♦♥ ❡t ❞❡ ❧❡s ❡①♣❧♦✐t❡r ❞❛♥s ✉♥❡ ♣r♦❜❧é♠❛t✐q✉❡
r♦❜♦t✐q✉❡ ♣❛r ❞é✜♥✐t✐♦♥ ❡①trê♠❡♠❡♥t r✐❝❤❡ ❡t ❝♦♠♣❧❡①❡✳

❏❡ r❡st❡ ❛✐♥s✐ très ❛tt❛❝❤é à ❧✬✐♥té❣r❛t✐♦♥ ❞❡s ❛❧❣♦r✐t❤♠❡s ❞é✈❡❧♦♣♣és à
❜♦r❞ ❞❡ ✈ér✐t❛❜❧❡s r♦❜♦ts✳ ❉❛♥s ❧❡ s❡♥s ❞❡s tr❛❞✐t✐♦♥s ❞✉ ♣ô❧❡ ❘■❆ ❡t ❞❡s
❡①✐❣❡♥❝❡s ❞❡ ❧❛ r♦❜♦t✐q✉❡✱ ♠❡s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡ ❝♦♠♣♦rt❡♥t✱ ❡♥ rè❣❧❡
❣é♥ér❛❧❡✱ ❞❡✉① ✈♦❧❡ts ✿ ✉♥ ✈♦❧❡t ❢♦r♠❡❧ ❡t ❛❧❣♦r✐t❤♠✐q✉❡ q✉✐ t✐r❡ ♣❡rt✐♥❡♥❝❡ ❡t
✈❛❧✐❞❛t✐♦♥ ❞✬✉♥ ✈♦❧❡t ❡①♣ér✐♠❡♥t❛❧ s✬❛♣♣✉②❛♥t s✉r ❧❡s ♣❧❛t❡✲❢♦r♠❡s ♠♦❜✐❧❡s ❞✉

✶❘■❆✱ ❞❡✈❡♥✉ ♣ô❧❡ ❞✉ ▲❆❆❙✲❈◆❘❙ ❞❡♣✉✐s ♣❡✉✱ ❝♦♠♣r❡♥❞ tr♦✐s ❣r♦✉♣❡s ❞❡ r❡❝❤❡r❝❤❡
❞♦♥t ❧❡ ❣r♦✉♣❡ ❘♦❜♦t✐q✉❡✱ ❆❝t✐♦♥ ❡t P❡r❝❡♣t✐♦♥ ✭❘❆P✮✳



✶✵ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡

▲❆❆❙✲❈◆❘❙ ❡♥ ♠✐❧✐❡✉ ✐♥tér✐❡✉r ✿ ❉✐❧✐❣❡♥t✱ ❘❛❝❦❤❛♠✱ ❏✐❞♦ ❡t ♣r♦❝❤❛✐♥❡♠❡♥t
❍❘P✷ ✭✜❣✉r❡ ✶✳✶✮✳

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

❋✐❣✳ ✶✳✶ ✕ ▲❡s r♦❜♦ts ❞✬✐♥tér✐❡✉r ❞✉ ♣ô❧❡ ❘■❆ ✿ ❉✐❧✐❣❡♥t ✭❛✮✱ ❘❛❝❦❤❛♠ ✭❜✮✱
❏✐❞♦ ✭❝✮ ❡t ❍❘P✷ ✭❞✮✳

▼❡s ❝♦♥tr✐❜✉t✐♦♥s ♣❛ssé❡s ❛✉ s❡✐♥ ❞✉ ❧❛❜♦r❛t♦✐r❡ ❞❡♣✉✐s s❡♣t❡♠❜r❡ 1997
♣♦rt❡♥t ♣❧✉s s♣é❝✐✜q✉❡♠❡♥t s✉r ❞❡✉① ✈♦❧❡ts ❢♦♥❞❛♠❡♥t❛✉① r❡❧❛t✐❢s à ❧❛ ♣❡r✲
❝❡♣t✐♦♥ ❞❡♣✉✐s ✉♥ r♦❜♦t ♠♦❜✐❧❡✱ ✐✳❡✳ ✿

✶✳ ▲❛ ♣❡r❝❡♣t✐♦♥ ❞✬❛♠❡rs ✈✐s✉❡❧s ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥ ♣♦✉r ❧❛ ♥❛✈✐✲
❣❛t✐♦♥ ❛✉ ❧♦♥❣ ❝♦✉rs ❞❡ r♦❜♦ts ♠♦❜✐❧❡s ❛✉t♦♥♦♠❡s✳

✷✳ ▲❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍♦♠♠❡✴❘♦❜♦t ✭❍✴❘✮✳

❈❡ ♣♦s✐t✐♦♥♥❡♠❡♥t s❝✐❡♥t✐✜q✉❡ ré♣♦♥❞ ❝❧❛✐r❡♠❡♥t ❛✉ s♦✉❤❛✐t ❞❡ s✬✐♥s❝r✐r❡
❞❛♥s ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s ❡t ❜❡s♦✐♥s ❡①♣r✐♠és ♣❛r ❧❡ ♣ô❧❡ ❘■❆✳ ◆é❛♥♠♦✐♥s✱
✉♥ s❡❝♦♥❞ s♦✉❤❛✐t ❡st ❞❡ ❜♦♥✐✜❡r ❧❡s tr❛✈❛✉① ré❛❧✐sés à tr❛✈❡rs ❞❡s ♣r♦❥❡ts
❡t ❝♦❧❧❛❜♦r❛t✐♦♥s ✐♥❞✉str✐❡❧s ♦✉ ❛❝❛❞é♠✐q✉❡s ❡①t❡r♥❡s ❛✉ ❧❛❜♦r❛t♦✐r❡✳ ❈❡s
✐♠♣❧✐❝❛t✐♦♥s ❞❛♥s ❞❡s ♣r♦❥❡ts ♦✉ ❝♦❧❧❛❜♦r❛t✐♦♥s ❡①t❡r♥❡s s♦♥t ❡♥ r❡❝♦✉✈r❡♠❡♥t
♣❛rt✐❡❧ ♦✉ t♦t❛❧ ❛✈❡❝ ♠♦♥ ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ❀ ♥♦✉s ❧❡ ✈❡rr♦♥s ✉❧tér✐❡✉r❡♠❡♥t✳

❈❡tt❡ ♣❛rt✐❡ r❡❧❛t✐✈❡ à ♠❡s ❛❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡ s❡ ❞ét❛✐❧❧❡ ❝♦♠♠❡ s✉✐t✳
❆♣rès ❝❡tt❡ ❜rè✈❡ ✐♥tr♦❞✉❝t✐♦♥✱ ❧❡ ❝❤❛♣✐tr❡ ✶ rés✉♠❡✱ ❞❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✱
❧❡s tr❛✈❛✉① ré❛❧✐sés ❞✉r❛♥t ♠♦♥ ❞♦❝t♦r❛t✳ ▲❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞✉ r♦❜♦t ❛ss✐s✲
t❛♥t✱ ❧❡s ❡♥❥❡✉① s♦❝✐ét❛✉① ❛ss♦❝✐és ❡t ❧❛ ✜♥❛❧✐té ❞❡ ♠♦♥ ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡
s♦♥t é♥♦♥❝és ❞❛♥s ❧❛ s❡❝t✐♦♥ ✸✳ ▲❡ ❝❤❛♣✐tr❡ ✷ ❞é❝r✐t ❧❡s tr❛✈❛✉① ❛♥tér✐❡✉rs
r❡❧❛t✐✈❡♠❡♥t ❛✉① ❞❡✉① t❤é♠❛t✐q✉❡s é♥♦♥❝é❡s✳ ▲❡ ❝❤❛♣✐tr❡ ✸ ♣rés❡♥t❡ ❡♥✜♥ ❧❡s
tr❛✈❛✉① ❛❝t✉❡❧s ❡t ❧❡s ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ ❡t ❧♦♥❣ t❡r♠❡s✱ ❝❡❧❧❡s✲❝✐ s✬✐♥s❝r✐✲
✈❛♥t ♥❛t✉r❡❧❧❡♠❡♥t ❞❛♥s ❧❡ ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ é♥♦♥❝é ❡♥ s❡❝t✐♦♥ ✸✳

✷ ❘és✉♠é ❞❡ ♠❡s tr❛✈❛✉① ❞❡ ❞♦❝t♦r❛t

❈❡s tr❛✈❛✉① ♣♦rt❡♥t s✉r ❧❛ ❝❛♣t✉r❡ ❞✉ ♠♦✉✈❡♠❡♥t ❤✉♠❛✐♥ à ♣❛rt✐r ❞✉ ✢♦t
✈✐❞é♦ ❞é❧✐✈ré ♣❛r ✉♥ s②stè♠❡ ❞❡ ✈✐s✐♦♥ ♠✉❧t✐✲♦❝✉❧❛✐r❡✳ ❈❡tt❡ ♣r♦❜❧é♠❛t✐q✉❡



❘és✉♠é ❞❡ ♠❡s tr❛✈❛✉① ❞❡ ❞♦❝t♦r❛t ✶✶

tr♦✉✈❡ ❞❡ ♥♦♠❜r❡✉① ❝❤❛♠♣s ❞✬❛♣♣❧✐❝❛t✐♦♥ t❡❧s q✉❡ ❧❛ ♠é❞❡❝✐♥❡ réé❞✉❝❛t✐✈❡✱
❧❛ ❜✐♦♠é❝❛♥✐q✉❡✱ ❧✬❡r❣♦♥♦♠✐❡✱ ❧❡ s♣♦rt✱ ❧❛ s②♥t❤ès❡ ❞✬✐♠❛❣❡s ❡t ❜✐❡♥ sûr ❧❛
r♦❜♦t✐q✉❡✳

❈❡rt❡s✱ ❧❡ ♠❛r❝❤é ♣r♦♣♦s❡ ❞❡ ♥♦♠❜r❡✉① s②stè♠❡s ❞❡ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡✲
♠❡♥t ❤✉♠❛✐♥✳ ❈✐t♦♥s ♣❛r ❡①❡♠♣❧❡ ❧❡s s②stè♠❡s ✐♥❡rt✐❡❧s ✭■♥t❡rs❡♥s❡✮✱ ♠❛❣♥é✲
t✐q✉❡s ✭❚❘■❉❊◆❚✱ ❆s❝❡♥s✐♦♥ ▼♦t✐♦♥ ❙t❛r✮ ❡t s✉rt♦✉t ♦♣t♦✲é❧❡❝tr♦♥✐q✉❡s à
♣❛rt✐r ❞❡ ♠❛rq✉❡✉rs ❛rt✐✜❝✐❡❧s ✭❈❖❉❆✲✸✱ ❊▲■❚❊✱ ❱■❈❖◆✮✳ ▲✬✐♥térêt ❞❡ ❝❡s
❛♠❡rs rés✐❞❡ ❞❛♥s ❧✬ét✐q✉❡t❛❣❡ ❡t ❧❡ s✉✐✈✐ ❞❡ ♣r✐♠✐t✐✈❡s ❝♦r♣♦r❡❧❧❡s s♣é❝✐✜q✉❡s
❝❛r ❧❡ ❝♦r♣s ❤✉♠❛✐♥ ♥✬♦✛r❡ ♣❛s ❞❡ ♣r✐♠✐t✐✈❡s r❡♠❛rq✉❛❜❧❡s ♣❛r ♠❛♥q✉❡ ❞❡
t❡①t✉r❡ ♥❛t✉r❡❧❧❡ ❧✐é❡ à ❧❛ ♣❡❛✉✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ♥♦♠❜r❡ ❡t ❧✬❡♠♣❧❛❝❡♠❡♥t ♣ré✲
❞é✜♥✐s ❞❡ ❝❡s ❛♠❡rs✱ ❧❡✉r ❝♦ût✱ ❡♥✜♥ ❧❛ ❧♦✉r❞❡✉r ❞❡ ♠✐s❡ ❡♥ ÷✉✈r❡✱ ❧✐♠✐t❡♥t
❧✬✉s❛❣❡ ❞❡ t❡❧s s②stè♠❡s✳

▲✬✐❞é❡ ♦r✐❣✐♥❛❧❡ ❞❡ ❝❡s tr❛✈❛✉① ❡st ❞❡ ❝♦♥t♦✉r♥❡r ❧❡ ♣r♦❜❧è♠❡ ❝r✉❝✐❛❧ ❞❡s
❛♠❡rs ❡♥ ❝♦♠♣❡♥s❛♥t ❧❡ ♠❛♥q✉❡ ♥❛t✉r❡❧ ❞❡ t❡①t✉r❡ ❞❡ ❧❛ ♣❡❛✉ ♣❛r ❧❡ ♣♦rt
❞✬✉♥ ❥✉st❛✉❝♦r♣s t❡①t✉ré ❡t ❞✬❡①♣❧♦✐t❡r ❧❡s t❡❝❤♥✐q✉❡s ❡t ♦✉t✐❧s ❝♦♥♥✉s ❞❡ ❧❛
✈✐s✐♦♥ ♣❛r ♦r❞✐♥❛t❡✉r✳

❆✐♥s✐✱ ❧✬❛♣♣r♦❝❤❡ r❡t❡♥✉❡ s✬✐♥s♣✐r❡ ❞❡s ♠ét❤♦❞❡s ❞✐t❡s ✓ ❜❛sé❡s ❛♣♣❛r❡♥❝❡
❡t ♠♦❞è❧❡ ✔✳ ❊❧❧❡ r❡♣♦s❡ s✉r ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❣é♦♠étr✐q✉❡ ✸❉ ❡t ❝✐♥é✲
♠❛t✐q✉❡ ❞❡s ♠❡♠❜r❡s ❝♦r♣♦r❡❧s à s✉✐✈r❡✳ ▲❡ ♣r✐♥❝✐♣❡ ❡st ❛❧♦rs ❞❡ ♣❧❛✲
q✉❡r ❧❛ t❡①t✉r❡ ❞✉ ❥✉st❛✉❝♦r♣s s✉r ❧❡ ♠♦❞è❧❡ ♠❛♥✐♣✉❧é ❧♦rs ❞✬✉♥❡ ♣r♦❝é❞✉r❡
❞✬❛♣♣r❡♥t✐ss❛❣❡ ♣ré❛❧❛❜❧❡ ❛✉ s✉✐✈✐ ✈✐s✉❡❧✳ ▲❡ s✉✐✈✐ ✈✐s✉❡❧ ♥✬❡st ❛✉tr❡ q✉✬✉♥❡ ❧♦✲
❝❛❧✐s❛t✐♦♥ s✉❝❝❡ss✐✈❡ s✉r ❝❤❛q✉❡ ✐♠❛❣❡ ❞✉ ✢♦t ✈✐❞é♦✳ ▲✬❛❧❣♦r✐t❤♠❡ ❞❡ ❧♦❝❛❧✐s❛✲
t✐♦♥ r❡♣♦s❡ s✉r ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ♣♦✐♥ts ❝❛r❛❝tér✐st✐q✉❡s ❞❛♥s ❧✬✐♠❛❣❡ ❝♦♠♠❡
ét❛♥t ❧❡s ♣r♦❥❡❝t✐♦♥s ♣❡rs♣❡❝t✐✈❡s ❞❡ ♣♦✐♥ts ✸❉ ❧✐és ❛✉ ♠♦❞è❧❡ t❡①t✉ré ❛rt✐✲
❝✉❧é ❡t ❞✬✉♥ ♣r♦❝❡ss✉s ✐tér❛t✐❢ ❢♦♥❞é s✉r ❧❛ ♠ét❤♦❞❡ ❞❡ ▲❡✈❡♥❜❡r❣✲▼❛rq✉❛r❞t
♣♦✉r ❡st✐♠❡r ❧✬❛tt✐t✉❞❡ ❞✉ ♠♦❞è❧❡ ❝♦♥❢♦r♠❡ à ❧✬✐♠❛❣❡ ❛♥❛❧②sé❡✳ P♦✉r ❧❡ s✉✐✈✐✱
✉♥❡ ét❛♣❡ ❞❡ ♣ré❞✐❝t✐♦♥ ♣❛r ✜❧tr❛❣❡ ❞❡ ❑❛❧♠❛♥ ❡st ❛ss♦❝✐é❡ à ❧❛ ♣r♦❝é❞✉r❡
❞✬❛♣♣❛r✐❡♠❡♥ts ♣♦✉r r❡str❡✐♥❞r❡ ❧❛ r❡❝❤❡r❝❤❡ ❞❡s ♣♦✐♥ts ❤♦♠♦❧♦❣✉❡s✳ ❊♥✜♥✱
❧❡ s②stè♠❡ ♠✉❧t✐✲♦❝✉❧❛✐r❡✱ ét❛❧♦♥♥é ❤♦rs ❧✐❣♥❡✱ ♣❡r♠❡t ❞❡ ❝♦♠❜✐♥❡r ❧❡s ❛♣♣❛✲
r✐❡♠❡♥ts ❡✛❡❝t✉és ❞❛♥s ♣❧✉s✐❡✉rs ✐♠❛❣❡s ♣r✐s❡s s✐♠✉❧t❛♥é♠❡♥t ❞❡ ❞✐✛ér❡♥ts
♣♦✐♥ts ❞❡ ✈✉❡ ♣♦✉r ❡♥ ❞é❞✉✐r❡ ❧✬❛tt✐t✉❞❡ ❞✉ ♠♦❞è❧❡ ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ t♦✉t❡s
❧❡s ✈✉❡s✳

▲✬❛❧❣♦r✐t❤♠❡ ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ❞ét❡r♠✐♥✐st❡ ❛ t♦✉t ❞✬❛❜♦r❞ été ✈❛❧✐❞é s✉r
❞❡s ♦❜❥❡ts ❛rt✐❝✉❧és r✐❣✐❞❡s ❡♥ ❡①♣❧♦✐t❛♥t ❧❡s ❝♦♥t♦✉rs ❡①tr❛✐ts ❞❛♥s ❧✬✐♠❛❣❡✳
▲❛ ✜❣✉r❡ ✶✳✷ ♠♦♥tr❡ ✉♥ ❡①❡♠♣❧❡ ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ♣❛r ✈✐s✐♦♥ ♠♦♥♦❝✉❧❛✐r❡ ❞✬✉♥
❜r❛s ♠❛♥✐♣✉❧❛t❡✉r✳

❈♦♥❝❡r♥❛♥t ❧❛ ❝❛♣t✉r❡ ❞✉ ♠♦✉✈❡♠❡♥t ❤✉♠❛✐♥ à ♣❛rt✐r ❞✉ ❥✉st❛✉❝♦r♣s✱
❧❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ♦♥t ♣♦rté s✉r ❧✬❛♥❛❧②s❡ ❞❡ séq✉❡♥❝❡s ♣ré✲❡♥r❡❣✐stré❡s ❞❡
♣é❞❛❧❛❣❡ ❛✈❡❝ ✈é❧♦ ❡r❣♦♥♦♠✐q✉❡✳ P♦✉r ❝❡ ❢❛✐r❡✱ ✐❧ ♥♦✉s ❛ ❢❛❧❧✉ ♠♦❞é❧✐s❡r ❧❛
❣é♦♠étr✐❡ ❞❡ ❧❛ ❥❛♠❜❡ ♦❜s❡r✈é❡ à ♣❛rt✐r ❞❡ ❝♦✉♣❡s ■✳❘✳▼ ❛✐♥s✐ q✉❡ ❧❡s ❞❡❣rés



✶✷ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡

❋✐❣✳ ✶✳✷ ✕ ▲♦❝❛❧✐s❛t✐♦♥ ♣❛r ✈✐s✐♦♥ ♠♦♥♦❝✉❧❛✐r❡ ❞✬✉♥ ❜r❛s r♦❜♦t✐q✉❡ ✿ ❛♣♣❛r✐❡✲
♠❡♥ts ❡♥tr❡ ❛rêt❡s ♠♦❞è❧❡ ❡t s❡❣♠❡♥ts ✐♠❛❣❡ ❛♣♣❛r✐és ✲❜❛s✲✱ ❛tt✐t✉❞❡ ❝❛❧❝✉❧é❡
❞✉ ♠♦❞è❧❡ ♣❛r ♣r♦❝❡ss✉s ✐tér❛t✐❢ ❡t ♣r♦❥❡❝t✐♦♥ ❞✉ ♠♦❞è❧❡ ❞❛♥s ❝❡tt❡ ❛tt✐t✉❞❡
✲❜❛s✲✳

❞❡ ❧✐❜❡rté ✭❞❞❧s✮ ❞❡ ❧✬❛rt✐❝✉❧❛t✐♦♥ ❞✉ ❣❡♥♦✉✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❛❥♦✉té ❞❡s
♣❛r❛♠ètr❡s ❞❡ ❞é❢♦r♠❛t✐♦♥ ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ❝♦♥tr❛❝t✐♦♥ ♠✉s❝✉❧❛✐r❡
❞✉r❛♥t ❧✬❡✛♦rt✳ ▲❛ ✜❣✉r❡ ✶✳✸ ♠♦♥tr❡ ✉♥ ❡①❡♠♣❧❡ ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ♣❛r ✈✐s✐♦♥
❜✐♥♦❝✉❧❛✐r❡✳

▲❡s rés✉❧t❛ts ♦❜t❡♥✉s s♦♥t ❡♥❝♦✉r❛❣❡❛♥ts ❛✉ s❡♥s ♦ù✱ ♣♦✉r ❧✬❛rt✐❝✉❧❛t✐♦♥
❞✉ ❣❡♥♦✉✱ ♥♦✉s r❡tr♦✉✈♦♥s ❝❡rt❛✐♥❡s ❝❛r❛❝tér✐st✐q✉❡s ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❡♥
r❡❝❤❡r❝❤❡ ♠é❞✐❝❛❧❡✳ ▼❛❧❣ré ❞❡ ♥♦♠❜r❡✉s❡s ♣✉❜❧✐❝❛t✐♦♥s r❡✈✉❡s ❬✽✱ ✹✺✱ ✹✻❪ ❡t
❝♦♥❣rès ❬✹✼✱ ✹✽✱ ✹✾✱ ✺✵❪✱ ❧✬❛♣♣r♦❝❤❡ ♣r♦♣♦sé❡ ❛ ♥é❛♥♠♦✐♥s ❞❡s ❧✐♠✐t❛t✐♦♥s
❝❡rt❛✐♥❡s✳ ❆✐♥s✐✱ ❧❡s ❝♦ûts ❡♥ t❡♠♣s ❞❡ ❝❛❧❝✉❧ s♦♥t ❝❧❛✐r❡♠❡♥t ✐♥❝♦♠♣❛t✐❜❧❡s
❛✈❡❝ ✉♥❡ ❛♣♣❧✐❝❛t✐♦♥ q✉❛s✐ t❡♠♣s ré❡❧✳ ❉❡ ♣❧✉s✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞❡ s✬❛❢✲
❢r❛♥❝❤✐r ✿ ✭✶✮ ❞✉ ♣♦rt ❞✉ ❥✉st❛✉❝♦r♣s ♣♦✉r ❝♦♥s✐❞ér❡r ❞❡s ❝❛r❛❝tér✐st✐q✉❡s
✈✐s✉❡❧❧❡s ♣❧✉s ♥❛t✉r❡❧❧❡s✱ ✭✷✮ ❞❡ ❧✬❡①❛♠❡♥ ■✳❘✳▼ ♣♦✉r ❡①♣❧♦✐t❡r ✉♥ ♠♦❞è❧❡
❣é♦♠étr✐q✉❡ ❢r✉str❡ ❞♦♥❝ ♣❧✉s ❣é♥ér✐q✉❡✳ ❊♥✜♥✱ ✐❧ s❡r❛✐t ♦♣♣♦rt✉♥ ❞✬ét❡♥❞r❡
❧✬❛♣♣r♦❝❤❡ ❛✉ s✉✐✈✐ ✈✐s✉❡❧ ❞✉ ❝♦r♣s ❤✉♠❛✐♥ t♦✉t ❡♥t✐❡r✳

❈❡tt❡ ♣r♦❜❧é♠❛t✐q✉❡ ❡st ❡♥❝♦r❡ ❛✉❥♦✉r❞✬❤✉✐ ❧❛r❣❡♠❡♥t ❛❜♦r❞é❡ ❞❛♥s ❧❛
❝♦♠♠✉♥❛✉té ❱✐s✐♦♥ ❝♦♠♠❡ ❧✬❛tt❡st❡♥t ❧❡s ♥♦♠❜r❡✉① tr❛✈❛✉① ❛❝t✉❡❧s s✉r ❧❡
s✉❥❡t ❬▼♦❡s❧✉♥❞ ✷✵✵✶❪✳ ❉❡ ♠♦♥ ♣♦✐♥t ❞❡ ✈✉❡✱ ❧❡s ❛♣♣r♦❝❤❡s ❡①✐st❛♥t❡s ♥❡ s♦♥t
♣❛s ❡♥❝♦r❡ ❝♦♠♣❧èt❡♠❡♥t ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❝♦♠♣❧❡①❡s ❡t



Pr♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ✶✸

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

❋✐❣✳ ✶✳✸ ✕ ▲♦❝❛❧✐s❛t✐♦♥ ♣❛r ✈✐s✐♦♥ ❜✐♥♦❝✉❧❛✐r❡ ❞✬✉♥ ♠❡♠❜r❡ ❝♦r♣♦r❡❧ ✿ ✐♠❛❣❡s
❞é❧✐✈ré❡s ♣❛r ❧❡ s②stè♠❡ ✭❛✮✲✭❝✮✱ ♠♦❞è❧❡ t❡①t✉ré ♣r♦❥❡té ❞❛♥s ❧✬❛tt✐t✉❞❡ ❝❛❧✲
❝✉❧é❡ ♣♦✉r ❝❡s ✐♠❛❣❡s ✭❜✮✲✭❞✮✳

♥♦♥ ❝♦♥tr❛✐♥ts r❡♥❝♦♥trés ❡♥ r♦❜♦t✐q✉❡ ♠♦❜✐❧❡ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❡s r❡ss♦✉r❝❡s
❈P❯ ❡♠❜❛rq✉é❡s s♦♥t ♣❛r ❛✐❧❧❡✉rs s♦✉✈❡♥t ❧✐♠✐té❡s✳ ❋♦rt ❞❡ ❝❡ ❝♦♥st❛t✱ ❧❡
t❤è♠❡ n◦ ✷✱ ❞ét❛✐❧❧é ❛✉ ❝❤❛♣✐tr❡ ✷✱ ✐♥❝❧✉t ❡♥tr❡ ❛✉tr❡ ❝❡tt❡ ♣r♦❜❧é♠❛t✐q✉❡ ❞❡ ❧❛
❝❛♣t✉r❡ ❞✉ ♠♦✉✈❡♠❡♥t ❤✉♠❛✐♥ à ♣❛rt✐r ❞❡ ❝❛♣t❡✉rs ❡①tér♦❝❡♣t✐❢s ❡♠❜❛rq✉és
s✉r ✉♥ r♦❜♦t ♠♦❜✐❧❡✳

✸ Pr♦❥❡t ❞❡ r❡❝❤❡r❝❤❡

✸✳✶ ▼♦t✐✈❛t✐♦♥s

▲❛ ❘♦❜♦t✐q✉❡ ét✉❞✐❡ ❧❛ ❝♦♥❝❡♣t✐♦♥ ❞❡ ♠❛❝❤✐♥❡s ✐♥t❡❧❧✐❣❡♥t❡s ❝❛♣❛❜❧❡s ❞❡
♣❡r❝❡♣t✐♦♥✱ ❞❡ ❞é❝✐s✐♦♥✱ ❞❡ ♠♦✉✈❡♠❡♥t✱ ❡t ❞✬❛❝t✐♦♥ ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t
♦✉✈❡rt ♦✉ ❝♦♥✜♥é✱ ❞②♥❛♠✐q✉❡✱ ✐♠♣❛r❢❛✐t❡♠❡♥t ♠♦❞é❧✐sé✱ ✈♦✐r❡ ✐♥❝♦♥♥✉✳ ❙♦♥
❡①t❡♥s✐♦♥ à ♣❧✉s✐❡✉rs ❛❣❡♥ts ✭r♦❜♦ts ❡t✴♦✉ ❤✉♠❛✐♥s✮ ❝❡♥sés ♣❛rt❛❣❡r ❝❡t ❡♥✈✐✲
r♦♥♥❡♠❡♥t✱ ♣♦s❡ ❧❡ ♣r♦❜❧è♠❡ ❞❡ ❧❡✉r ❝♦❤❛❜✐t❛t✐♦♥✱ ✈♦✐r❡ ❞❡ ❧❡✉r ❝♦♦♣ér❛t✐♦♥
s✐ ❝❡✉①✲❝✐ ❡①é❝✉t❡♥t ❞❡s tâ❝❤❡s ❝♦❧❧❛❜♦r❛t✐✈❡s✳ ■❧ ♣❡✉t s✬❛❣✐r✱ ♣❛r ❡①❡♠♣❧❡✱ ❞❡
❝♦♦♣ér❛t✐♦♥ ♠✉❧t✐✲r♦❜♦ts ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡ r♦❜♦t✐q✉❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t
♥❛t✉r❡❧ ♦✉✱ ✐❝✐✱ ❞❡ ❝♦♦♣ér❛t✐♦♥ ❤♦♠♠❡✴r♦❜♦t ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡ r♦❜♦t✐q✉❡
❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥✳ ▲❡s ❞é✜s s♦♥t ❛❧♦rs✱ à ❝♦✉rt t❡r♠❡✱ ❝❡❧✉✐ ❞❡ ❧❛
r♦❜♦t✐q✉❡ ❞✬❛ss✐st❛♥❝❡ à ❧✬❤♦♠♠❡ ❡t✱ à ♣❧✉s ❧♦♥❣ t❡r♠❡✱ ❝❡❧✉✐ ❞❡ ❧❛ r♦❜♦t✐q✉❡
♣❡rs♦♥♥❡❧❧❡ ❞❛♥s ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❛♠é♥❛❣és ♣❛r ❧✬❤♦♠♠❡ ❡t ❞♦♥❝ ❛ ♣r✐♦r✐
str✉❝t✉rés✳



✶✹ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡

❉❛♥s ❝❡ ❝♦♥t❡①t❡✱ ♥♦✉s ♣❡♥s♦♥s✱ à ❧✬✐♥st❛r ❞✬✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ❧❛ ❝♦♠✲
♠✉♥❛✉té ❘♦❜♦t✐q✉❡✱ q✉❡ ❧❡s r♦❜♦ts ♥✬♦♥t ♣❛s ♣♦✉r ✈♦❝❛t✐♦♥ ❞❡ s❡ s✉❜st✐t✉❡r
à ❧✬❤♦♠♠❡ ♠❛✐s ❜✐❡♥ ❞✬✐♥té❣r❡r ❝❡ ❞❡r♥✐❡r ❞❛♥s ❧❛ ❜♦✉❝❧❡ ♣❡r❝❡♣t✐♦♥✲❞é❝✐s✐♦♥✲
❛❝t✐♦♥✳ ❆✐♥s✐✱ ✐❧s ♣❡rç♦✐✈❡♥t ❧✬❤♦♠♠❡ ❡t s❡s ❛❝t✐✈✐tés✱ ❧❡✉rs ❛❝t✐♦♥s s✬❡✛❡❝t✉❡♥t
❡♥ ♣❛rt❛❣❡ ❡t✴♦✉ ❡♥ s②♥❡r❣✐❡ ❛✈❡❝ ❧✉✐✳✳✳ ❡♥ s✬❛♣♣✉②❛♥t s✉r ❞❡s ❞é❝✐s✐♦♥s ✐♥✲
t❡r❛❝t✐✈❡s ❡t ♣❛rt❛❣é❡s✳ ▲❛ ✜♥❛❧✐té ❡st ❞✬❛ss✐st❡r ❧✬❤♦♠♠❡✱ ❞❡ ❧❡ s❡r✈✐r ♦✉ ❞❡
❧✬❛❝❝♦♠♣❛❣♥❡r ❞❛♥s s❡s tâ❝❤❡s q✉♦t✐❞✐❡♥♥❡s✳

❈❡tt❡ ♣❡rs♣❡❝t✐✈❡ ✈✐❡♥t ❡♥r✐❝❤✐r ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞é❥à très r✐❝❤❡ ❞❡ ❧❛ ♠❛✲
❝❤✐♥❡ ✐♥t❡❧❧✐❣❡♥t❡✳ ❯♥ t❡❧ r♦❜♦t ❞♦✐t ♣❧✉s s♣é❝✐✜q✉❡♠❡♥t êtr❡ ❞♦té ❞❡ ❝❛♣❛❝✐tés
❞❡ ❝♦❣♥✐t✐♦♥ ❛rt✐✜❝✐❡❧❧❡ ✐♥❝❧✉❛♥t ✿

✶✳ ▲❛ ♣❡r❝❡♣t✐♦♥ ❡t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ s♦♥ ❡s♣❛❝❡ ❡t ❞❡ s♦♥ ♠✐❧✐❡✉ ❞❛♥s
❧❡ ❝❛❞r❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❞✬✉♥❡ tâ❝❤❡ ❞❡ ♥❛✈✐❣❛t✐♦♥ ❞❛♥s s♦♥ ❡s♣❛❝❡ ❞❡
tr❛✈❛✐❧ ♦✉ ❞❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❧✬ét❛t ❞❡s ❛✉tr❡s ❛❣❡♥ts ❞✉ ♠✐❧✐❡✉ ❞❛♥s
❧❡ ✈♦✐s✐♥❛❣❡ ✐♠♠é❞✐❛t ❞✉ r♦❜♦t✳

✷✳ ▲❛ ♣r✐s❡ ❞❡ ❞é❝✐s✐♦♥ ❛✉t♦♥♦♠❡ ♦✉ ♣❛rt❛❣é❡✱ ♣❛r ❡①❡♠♣❧❡✱ ♣♦✉r é✈✐✲
t❡r✴❝é❞❡r ❧❡ ♣❛ss❛❣❡ ❛✉① ❛✉tr❡s ❛❣❡♥ts ❞❛♥s ✉♥ ❡s♣❛❝❡ ❝♦♥tr❛✐♥t✳

✸✳ ▲✬❡①é❝✉t✐♦♥ ❞✬❛❝t✐♦♥s ❡♥ ✐♥t❡r❛❝t✐♦♥ sûr❡ ❡t ✜❛❜❧❡ ❛✈❡❝ ❧❡s ❛✉tr❡s ❛❣❡♥ts✱
♣❛r ❡①❡♠♣❧❡ ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥ ❝♦♥❥♦✐♥t❡ ❞✬♦❜❥❡ts ❛✈❡❝ ❧❡s ❛✉tr❡s ❛❣❡♥ts✳

■❧ ❞♦✐t ❡♥✜♥ ♣♦✉✈♦✐r ❞é✈❡❧♦♣♣❡r ❝❡s ❝❛♣❛❝✐tés à tr❛✈❡rs s♦♥ ❡①♣ér✐❡♥❝❡ ♣❛r
❛♣♣r❡♥t✐ss❛❣❡ ❛✉t♦♠❛t✐q✉❡ ♦✉ s✉♣❡r✈✐sé ♣❛r ❧✬❤♦♠♠❡✳ ▲❛ ✜♥❛❧✐té ❡st ❞❡ ✈♦✐r
❧❡ r♦❜♦t ❛❞♦♣t❡r ✉♥ ❝♦♠♣♦rt❡♠❡♥t s♦❝✐❛❜❧❡ ❡♥ ♣rés❡♥❝❡ ❞✬❤✉♠❛✐♥s ❛✜♥ ❞✬❡♥
♣❡r♠❡ttr❡ s♦♥ ❛❝❝❡♣t❛❜✐❧✐té✳ ❈❡tt❡ ❛❝❝❡♣t❛❜✐❧✐té ✈❛ ❛✉ ❞❡❧à ❞❡ ✓ s✐♠♣❧❡s ✔
❝❛♣❛❝✐tés ♣❡r❝❡♣t✉❡❧❧❡s ❡♠❜❛rq✉é❡s s✉r ❧❡sq✉❡❧❧❡s s❡ ❢♦❝❛❧✐s❡ ♠♦♥ ♣r♦❥❡t ❞❡
r❡❝❤❡r❝❤❡✳ ❊❧❧❡ s♦✉s✲t❡♥❞✱ ❡♥ ♣❧✉s✱ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❛♥t❤r♦♣♦♠♦r♣❤❡s✱ ❞❡s
♠♦②❡♥s ❞✬❛❝t✐♦♥✱ ❞❡ ❝♦♠♣♦rt❡♠❡♥t✱ ❞✬❡①♣r❡ss✐✈✐té q✉✐ ❝♦♥❢èr❡♥t ❛✉ r♦❜♦t
✉♥❡ ❛♣♣❛r❡♥❝❡ ❢❛♠✐❧✐èr❡ ❡t ❝♦♠♣ré❤❡♥s✐❜❧❡ ♣❛r ❧✬❤♦♠♠❡✳ ❈❡s ❞✐✈❡rs ❛s♣❡❝ts✱
q✉✐ ❡①♣❧✐q✉❡♥t ❧✬❛✈è♥❡♠❡♥t ❞❡ ❧❛ r♦❜♦t✐q✉❡ ❤✉♠❛♥♦ï❞❡✱ ♥❡ s❡r♦♥t ❤é❧❛s ♣❛s
❝♦♥s✐❞érés ❞❛♥s ♠♦♥ ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡✳

▲❡s ❡♥❥❡✉① ❡t ✐♠♣❛❝ts s♦❝✐♦✲é❝♦♥♦♠✐q✉❡s ❛ss♦❝✐és s♦♥t ♠✉❧t✐♣❧❡s✳ ■❧ ♣❡✉t
s✬❛❣✐r t♦✉t ❛✉ss✐ ❜✐❡♥ ✿

✕ ❞❡ r♦❜♦ts ❛ss✐st❛♥ts ♦✉ ❛✉①✐❧✐❛✐r❡s ❞❡ s❡r✈✐❝❡s ❛✉ss✐ ❜✐❡♥ ❞✉
❣r❛♥❞ ♣✉❜❧✐❝ q✉❡ ❞✉ ♣r♦❢❡ss✐♦♥♥❡❧ ❞✬✉♥ ❞♦♠❛✐♥❡ ❞♦♥♥é✳ ▲❡✉rs ❝❛♣❛✲
❝✐tés s♦♥t ❞é✜♥✐❡s ❛ ♣r✐♦r✐ ❡t ❧✐é❡s ❛✉① s❡r✈✐❝❡s à ❛ss✉r❡r ❞❛♥s ❝❡rt❛✐♥s
❧✐❡✉① ♣✉❜❧✐❝s✳ ❈✐t♦♥s ♣❛r ❡①❡♠♣❧❡ ❧❡s r♦❜♦ts ❣✉✐❞❡s ❞é❞✐és ❛✉① ♠✉✲
sé❡s ✭▼✐♥❡r✈❛ ❬❚❤r✉♥ ✶✾✾✾❪✱ ❘❤✐♥♦ ❬❇✉r❣❛r❞ ✶✾✾✾❪✱ ❘♦❜♦❳ ❬❙✐❡❣✇❛rt
✷✵✵✸❪✱ ❘♦❜♦✈✐❡ ❬❑❛♥❞❛ ✷✵✵✼❪✱ ❘❛❝❦❤❛♠ ❬✺✹❪✮ ♦✉ ❛✉① ♠❛✐s♦♥s ❞❡ r❡✲
tr❛✐t❡s ✭❘● ❬❑✉❧②✉❦✐♥ ✷✵✵✹❪✱ P❡❛r❧ ❬P✐♥❡❛✉ ✷✵✵✸❪✮✳

✕ ❞❡ r♦❜♦ts ♣❡rs♦♥♥❡❧s ♦✉ ❝♦♠♣❛❣♥♦♥s✱ ❛ss✐♠✐❧❛❜❧❡s à ❞❡s r♦❜♦ts
❛ss✐st❛♥ts ❞❡ s❡❝♦♥❞❡ ❣é♥ér❛t✐♦♥✱ ❞❡st✐♥és à ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡t tâ❝❤❡s



Pr♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ✶✺

♣❧✉s ♣❡rs♦♥♥❡❧❧❡s ❛✈❡❝ ❧✬❤♦♠♠❡✳ ❈✐t♦♥s ✐❝✐ ❧❡s r♦❜♦ts P❛♣❡r♦ ❝❤❡③ ◆❊❈
❡t ◗r✐♦ ❝❤❡③ ❙♦♥②✳ ➚ ❧✬✐♥st❛r ❞❡s ♦r❞✐♥❛t❡✉rs ♣❡rs♦♥♥❡❧s✱ ❧❛ ✜♥❛❧✐té ❞❡s
r♦❜♦ts ♣❡rs♦♥♥❡❧s ❡st ❞✬❛❝q✉ér✐r ❞❡ ♥♦✉✈❡❧❧❡s ❝❛♣❛❝✐tés ❡t ❝♦♥♥❛✐ss❛♥❝❡s
à ❧✬❛✐❞❡ ❞✬✉♥ ❛♣♣r❡♥t✐ss❛❣❡ ♦✉✈❡rt ❡t ❛❝t✐❢ ❡t ❞✬é✈♦❧✉❡r ❡♥ ❝♦♥st❛♥t❡ ✐♥✲
t❡r❛❝t✐♦♥ ❡t ❝♦♦♣ér❛t✐♦♥ ❛✈❡❝ ❧✬❤♦♠♠❡✳ ❈❡s r♦❜♦ts✱ ❛✉① ❝❛♣❛❝✐tés é✈♦❧✉✲
t✐✈❡s ❡t ❝♦rré❧é❡s ❛✉① ❜❡s♦✐♥s s♣é❝✐✜q✉❡s ❞❡ ❧❡✉rs t✉t❡✉rs✱ s♦♥t ❛♣♣❡❧és
r♦❜♦ts ❝♦❣♥✐t✐❢s✳ ❈✐t♦♥s ✐❝✐ ❧❡s ♣❧❛t❡✲❢♦r♠❡s ❡①♣ér✐♠❡♥t❛❧❡s ❈♦❣ ❬❋✐t③✲
♣❛tr✐❝❦ ✷✵✵✸❪✱ ❇✐r♦♥ ❬▼❛❛s ✷✵✵✻❪✱ ❡t ❏✐❞♦ ❬❋♦♥t♠❛rt② ✷✵✵✼❪✳

▲✬é♥✉♠ér❛t✐♦♥ ❡st ❧♦✐♥ ❞✬êtr❡ ❡①❤❛✉st✐✈❡✳ ❯♥ ét❛t ❞❡ ❧✬❛rt ❝♦♠♣❧❡t s✉r ❧❡s
♣❧❛t❡✲❢♦r♠❡s s♦❝✐❛❜❧❡s ❡t ❧❡✉rs ❛♣♣❧✐❝❛t✐♦♥s ❡st ❛❝❝❡ss✐❜❧❡ ❞❛♥s ❬❋♦♥❣ ✷✵✵✸❪✳
▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ t❡❧s r♦❜♦ts ♣♦✉rr❛✐t s❡ ❝♦♥❝rét✐s❡r à t❡r♠❡ ♣❛r ❧❡✉r ❞é✲
♣❧♦✐❡♠❡♥t à ❧❛r❣❡ é❝❤❡❧❧❡ ❞❛♥s ❧❡s ❧✐❡✉① ♣✉❜❧✐❝s ♦✉ ♣r✐✈és✳ ❈❡tt❡ ♣❡rs♣❡❝t✐✈❡
❡st ✉♥❡ ré♣♦♥s❡ ♣♦ss✐❜❧❡ à ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ♣r✐s❡ ❡♥ ❝❤❛r❣❡ ❞❡s ♣❡rs♦♥♥❡s
â❣é❡s ❞❛♥s ❧❡s s♦❝✐étés ♠♦❞❡r♥❡s✳✳✳ ❡✉ é❣❛r❞ à ❧❡✉r ♥♦♠❜r❡ ❡♥ ❝♦♥st❛♥t❡ ❛✉❣✲
♠❡♥t❛t✐♦♥ ♣♦✉r ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❛❝t✐✈❡ ❡♥ ❞✐♠✐♥✉t✐♦♥✳ ▲❡s r♦❜♦ts ♣❡rs♦♥♥❡❧s
♣♦✉rr❛✐❡♥t ♣❧✉s ❧❛r❣❡♠❡♥t t♦✉❝❤❡r t♦✉t❡s ❧❡s tr❛♥❝❤❡s ❞✬â❣❡s ❡t ❛✐♥s✐ ré✈♦❧✉✲
t✐♦♥♥❡r✱ ❞❛♥s ✉♥ ❛✈❡♥✐r ♣r♦❝❤❡✱ ♥♦tr❡ ✈✐❡ q✉♦t✐❞✐❡♥♥❡ ❛✉ ♠ê♠❡ t✐tr❡ q✉❡ ❧❡s
P❉❆ ✭♣♦✉r P❡rs♦♥❛❧ ❉✐❣✐t❛❧ ❆ss✐st❛♥ts✮ ❡t ❧❡s ♦r❞✐♥❛t❡✉rs ♣♦rt❛❜❧❡s✳

❋♦r❝❡ ❡st ❞❡ ❝♦♥st❛t❡r ❝❡♣❡♥❞❛♥t q✉❡ ❧❡ ❜✐❧❛♥ ❞❡ ❧❛ r♦❜♦t✐q✉❡✱ ♥♦t❛♠♠❡♥t
❞✬❛ss✐st❛♥❝❡✱ r❡st❡ ❡♥ ❞❡çà ❞❡s ❛tt❡♥t❡s✱ ❡t ❝❡ ♠❛❧❣ré ❧❡s ♣r♦❣rès ❞❡ ❧✬é❧❡❝✲
tr♦♥✐q✉❡ ❡t ❞❡ ❧✬✐♥❢♦r♠❛t✐q✉❡✳ ▲❛ r♦❜♦t✐q✉❡ ❞✬❛✐❞❡ ❛✉① ❤❛♥❞✐❝❛♣és✱ ♣♦✉rt❛♥t
❛❝t✐✈❡ ❞❡♣✉✐s ✉♥❡ ✈✐♥❣t❛✐♥❡ ❞✬❛♥♥é❡s✱ ❡♥ ❡st ✉♥❡ ✐❧❧✉str❛t✐♦♥✳ ❈❡rt❡s✱ ♥♦✉s
♣♦✉✈♦♥s ♥✉❛♥❝❡r ❝❡s ♣r♦♣♦s ✿ ❝❡rt❛✐♥s s✉❝❝ès ré❝❡♥ts ♦♥t ♣♦♣✉❧❛r✐sé ❧❡ r♦❜♦t
♠♦❜✐❧❡ ❛ss✐st❛♥t ❛✉♣rès ❞✉ ❣r❛♥❞ ♣✉❜❧✐❝ ❝♦♠♠❡ ❧❡ r♦❜♦t ❤✉♠❛♥♦ï❞❡✱ t❛♥✲
❞✐s q✉❡ ❝❡rt❛✐♥s ♣r♦❥❡ts ❢é❞ér❛t❡✉rs ❡t ❞❡ ❣r❛♥❞❡ ❡♥✈❡r❣✉r❡ ♦♥t ♣❡r♠✐s ❞❡s
❛✈❛♥❝é❡s s✐❣♥✐✜❝❛t✐✈❡s✳ ◆♦✉s ♣♦✉✈♦♥s ♥é❛♥♠♦✐♥s ❛✣r♠❡r q✉❡ ❧❡ r♦❜♦t ❛ss✐s✲
t❛♥t ❝♦♥st✐t✉❡ ❡♥❝♦r❡ ❛✉❥♦✉r❞✬❤✉✐ ✉♥ ❞é✜ ❞❡ r❡❝❤❡r❝❤❡ très ♦✉✈❡rt s✉r ❧❡ ♣❧❛♥
s❝✐❡♥t✐✜q✉❡✳

❯♥ ♣r❡♠✐❡r ❞é✜✱ ❜✐❡♥ q✉❡ ❛❜♦r❞é ❞ès ❧❡ ❞é❜✉t ❞❡ ❧✬❛✈❡♥t✉r❡ r♦❜♦t✐q✉❡✱
❡st r❡❧❛t✐❢ à ❧❛ ♥❛✈✐❣❛t✐♦♥✱ ❧❛ ♥❛✈✐❣❛t✐♦♥ ét❛♥t ❧❡ ♣r❡♠✐❡r ❥❛❧♦♥ à ♣♦s❡r ✈❡rs
❧✬❛✉t♦♥♦♠✐❡✳ ❙❝❤é♠❛t✐q✉❡♠❡♥t✱ ♥❛✈✐❣✉❡r ❝♦♥s✐st❡ à ♣❧❛♥✐✜❡r ❡t ❝♦♥trô❧❡r s❡s
❞é♣❧❛❝❡♠❡♥ts ❝❡ q✉✐ ♥é❝❡ss✐t❡ s❛ ❧♦❝❛❧✐s❛t✐♦♥✱ ❧❛ ❞ét❡❝t✐♦♥ ❡t ❧✬é✈✐t❡♠❡♥t ❞❡s
♦❜st❛❝❧❡s ❞❛♥s s♦♥ ✈♦✐s✐♥❛❣❡✳ P❛r♠✐ ❝❡s ❛❝t✐♦♥s✱ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❡✣❝❛❝❡ ❡t sûr❡
❝♦♥st✐t✉❡ ✉♥ ♣♦✐♥t ❝❧é ✿ ❡❧❧❡ r❡q✉✐❡rt ❧❛ ❝♦♥str✉❝t✐♦♥ ♣ré❛❧❛❜❧❡ ♣❛r ❧❡ r♦❜♦t
❞✬✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡✳

❆✉✲❞❡❧à ❞❡ ❧❛ ♠♦❜✐❧✐té✱ ✉♥ s❡❝♦♥❞ ❞é✜✱ ❛❜♦r❞é ♣❧✉s t❛r❞✐✈❡♠❡♥t✱ ❡st r❡❧❛t✐❢
à ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘✳ P♦✉r ❝♦♠♠✉♥✐q✉❡r✱ ❧❡ r♦❜♦t ❞♦✐t
♥é❝❡ss❛✐r❡♠❡♥t ♣❛rt❛❣❡r ❞❡s ❝♦♥❝❡♣ts ❝♦♠♠✉♥s ❛✈❡❝ ❧✬❤♦♠♠❡✱ ❡t ❛✉✲❞❡❧à✱
❝♦♠♣r❡♥❞r❡ s♦♥ ♠✐❧✐❡✉ ♣♦✉r ✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡s ❛✉tr❡s ❛❣❡♥ts ❞❡ ❧✬❡♥✈✐r♦♥♥❡✲
♠❡♥t✳ ▲❡ r♦❜♦t s✬❛♣♣✉✐❡ ✐❝✐ s✉r ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ à ❝♦♥str✉✐r❡✳



✶✻ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡

❯♥❡ ♣❛r❡♥t❤ès❡ ❡st ✐❝✐ ♥é❝❡ss❛✐r❡ ♣♦✉r ❝❛r❛❝tér✐s❡r ❝❡s ♥♦t✐♦♥s ❞✬❡s♣❛❝❡✱
❞❡ ♠✐❧✐❡✉✱ ❞✬❡♥✈✐r♦♥♥❡♠❡♥t ❛✐♥s✐ q✉❡ ❧❡✉rs r❡♣rés❡♥t❛t✐♦♥s ❛ss♦❝✐é❡s✳ ▲❡ ♠✐✲
❧✐❡✉ ❢❛✐t ré❢ér❡♥❝❡ ❛✉① ❝♦♥❝❡♣ts ❞❡ ❧✐❡✉①✱ ❞✬♦❜❥❡ts ❡t ❞✬❛❝t✐♦♥s ❤✉♠❛✐♥❡s ❞❡
❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞♦♥❝ à ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ♣❧✉s sé♠❛♥t✐q✉❡ ❛✜♥ ❞❡ r❛✐s♦♥♥❡r s✉r
❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ❡♥t✐tés ✐♥❛♥✐♠é❡s ✭❧✐❡✉①✱ ♦❜❥❡ts✮ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
❡t ❧❡s ❡♥t✐tés ❛♥✐♠és✷ q✉✐ ♣❛rt❛❣❡♥t ❧✬❡s♣❛❝❡✳ ◆♦✉s ❞✐✛ér❡♥❝✐♦♥s ✐❝✐ ❧❡s ❛❝t✐♦♥s
❞❡ ❧✬❤♦♠♠❡ s✉r ❧❡s ♦❜❥❡ts ❞❛♥s ✉♥ ❧✐❡✉ ❞♦♥♥é✱ ❞❡ s❡s ❛❝t✐✈✐tés ❛ss✐♠✐❧é❡s à
❞❡s séq✉❡♥❝❡s ✭♦✉ ❝❤r♦♥✐q✉❡s✮ ❞❡ ♠♦✉✈❡♠❡♥ts ❝♦r♣♦r❡❧s ♦✉ ❞✬❛❝t✐♦♥s ♠❡tt❛♥t
❡♥ ❥❡✉ ♣♦ss✐❜❧❡♠❡♥t ♣❧✉s✐❡✉rs ♦❜❥❡ts ❡t✴♦✉ ❧✐❡✉①✳ ▲❛ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ♠✐✲
❧✐❡✉ ❝❛♣t✉r❡ ❞♦♥❝ ❧❛ sé♠❛♥t✐q✉❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲✬❡s♣❛❝❡ ❢❛✐t ré❢ér❡♥❝❡
❛✉① ✐♥❢♦r♠❛t✐♦♥s ♠étr✐q✉❡s ❡t t♦♣♦❧♦❣✐q✉❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈❡s ✓ s♦✉s✲
r❡♣rés❡♥t❛t✐♦♥s ✔ ♠étr✐q✉❡s ♦✉ t♦♣♦❧♦❣✐q✉❡s✱ ❡①❤✐❜❡♥t s♦✉✈❡♥t ❞❡s ✐♥❞✐❝❡s
♣❡r❝❡♣t✉❡❧s s❛✐❧❧❛♥ts✱ ✉♥✐q✉❡s ❧♦❝❛❧❡♠❡♥t ❡t ♣r♦é♠✐♥❡♥ts q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡r❛
❛♠❡rs✳ ❈❡tt❡ ❞é✜♥✐t✐♦♥ s♦✉s✲❡♥t❡♥❞ q✉❡ ❝❡s ❛♠❡rs ♣❡✉✈❡♥t êtr❡ ❞❡s ❡♥t✐✲
tés ❛❜str❛✐t❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
r❡❣r♦✉♣❡ ❝❡s r❡♣rés❡♥t❛t✐♦♥s ❞❡ ❧✬❡s♣❛❝❡ ❡t ❞✉ ♠✐❧✐❡✉✳✳✳ q✉✐ ♥❡ s♦♥t ♣❛s ❞✐s✲
❥♦✐♥t❡s✳ ❆✐♥s✐✱ ❧❡s ❛♠❡rs ♣♦✉rr♦♥t ❝♦rr❡s♣♦♥❞r❡ à ❞❡s ❡♥t✐tés ♣❤②s✐q✉❡s ❞❡
❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ t②♣✐q✉❡♠❡♥t ❞❡s ♦❜❥❡ts ❞✉ ♠✐❧✐❡✉✳ ❊♥✜♥✱ ❧❡s ③♦♥❡s ♦✉ ♣❧❛❝❡s
❞❡ ❧❛ t♦♣♦❧♦❣✐❡ s♣❛t✐❛❧❡ ♣♦✉rr♦♥t ❝♦rr❡s♣♦♥❞r❡ à ❞❡s ❧✐❡✉① ❞✉ ♠✐❧✐❡✉✳

❋♦rt ❞❡ ❝❡s ❞é✜♥✐t✐♦♥s✱ r❡✈❡♥♦♥s s✉r ❧❡s ❞❡✉① ❞é✜s ♣ré✲❝✐tés✳ ■❧s ♦♥t s✉s✲
❝✐té ❡t s✉s❝✐t❡♥t ❡♥❝♦r❡ ❞❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ❘♦❜♦t✐q✉❡✳
■❧s ♦♥t ❛❜♦✉t✐ à ❧❛ ❝♦♥str✉❝t✐♦♥ ❡t à ❧✬✐♥str✉♠❡♥t❛t✐♦♥ ❞❡ ♣❧❛t❡✲❢♦r♠❡s r♦❜♦✲
t✐q✉❡s ✐♥té❣r❛♥t ❞❡s ❝❛♣❛❝✐tés ♣❧✉s ♦✉ ♠♦✐♥s ❛✈❛♥❝é❡s ❞❡ ♥❛✈✐❣❛t✐♦♥ ❬❇✉r❣❛r❞
✶✾✾✾✱❑✉❧②✉❦✐♥ ✷✵✵✹✱❙✐❡❣✇❛rt ✷✵✵✸❪✱ ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡t ❞✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝
❧✬❤♦♠♠❡ ❬❇❡♥♥❡✇✐t③ ✷✵✵✺✱❋✐t③♣❛tr✐❝❦ ✷✵✵✸✱▼❛❛s ✷✵✵✻❪ à ♣❛rt✐r ❞❡s ❝❛♣t❡✉rs
❡①tér♦❝❡♣t✐❢s ❡♠❜❛rq✉és✳ ❘é♣❡rt♦r✐❡r ❡t ❝❛r❛❝tér✐s❡r ❝❡s ❝❛♣❛❝✐tés✱ ♣♦✉r ❧❡s
♣❧❛t❡✲❢♦r♠❡s ♠❡♥t✐♦♥♥é❡s ♣ré❝é❞❡♠♠❡♥t ✭❡t ♣❧✉s ❧❛r❣❡♠❡♥t✮✱ ❛♠è♥❡♥t à ❞❡✉①
❝♦♥st❛ts ✿

✶✳ ❈❡s ❝❛♣❛❝✐tés s♦♥t ❧❡ ♣❧✉s s♦✉✈❡♥t ❣éré❡s ❞❡ ❢❛ç♦♥ ❞é❝♦✉♣❧é❡ ❛❧♦rs
q✉✬❡❧❧❡s ♣♦✉rr❛✐❡♥t s❡ ❜♦♥✐✜❡r ♠✉t✉❡❧❧❡♠❡♥t ❡♥ ♣❛rt❛❣❡❛♥t ❧❛ ❝♦♥♥❛✐s✲
s❛♥❝❡ r❡❧❛t✐✈❡ à ❧✬❡s♣❛❝❡ ❡t ❛✉ ♠✐❧✐❡✉✳ ❆✐♥s✐✱ ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✐❡✉①
❡t✴♦✉ ❞✬♦❜❥❡ts ♣❛r ❧❡ r♦❜♦t ❧♦rs ❞❡ s❛ ♥❛✈✐❣❛t✐♦♥ ♣❡r♠❡t ❞✬✐♥❢ér❡r ❞❡s
❝♦♥♥❛✐ss❛♥❝❡s s✉r ❧❡ ♠✐❧✐❡✉ ❡t ❢❛❝✐❧✐t❡r ❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘✳ P❛r ❛✐❧❧❡✉rs✱
❧❛ ♣❡r❝❡♣t✐♦♥ ♣❛r ❧❡ r♦❜♦t ❞❡ ❧✬❤♦♠♠❡ ✭♦✉ ❞❡ s❡s ❛❝t✐♦♥s✮ ❞✉r❛♥t ❧❡✉r
✐♥t❡r❛❝t✐♦♥ ❡st s♦✉✈❡♥t ❝❛r❛❝tér✐st✐q✉❡ ❞✬✉♥ ❧✐❡✉ ❞♦♥♥é ❝❡ q✉✐ ♣❡r♠❡t
✉♥❡ ❧♦❝❛❧✐s❛t✐♦♥ q✉❛❧✐t❛t✐✈❡ ❞✉ r♦❜♦t ❞❛♥s s♦♥ ❡s♣❛❝❡ ❞❡ tr❛✈❛✐❧✳ ■❧ ♥♦✉s
s❡♠❜❧❡ ❞♦♥❝ ♦♣♣♦rt✉♥ ❞❡ ❣é♥ér❛❧✐s❡r ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s
❞❛♥s ❧❡s ❞✐✈❡rs❡s r❡♣rés❡♥t❛t✐♦♥s ❡t ♣❧✉s ❧❛r❣❡♠❡♥t ❞❛♥s t♦✉t❡s ❧❡s ❢♦♥❝✲
t✐♦♥s ♣❡r❝❡♣t✉❡❧❧❡s ❡♠❜❛rq✉é❡s✳

✷▲❡s r♦❜♦ts ♠♦❜✐❧❡s ❡t s✉rt♦✉t ✐❝✐ ❧❡s ❤♦♠♠❡s✳



Pr♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ✶✼

✷✳ ▲❡s ❝❛♣❛❝✐tés ❞✬✐♥t❡r❛❝t✐♦♥ ❍✴❘ s♦♥t ❡♥❝♦r❡ ❜❛❧❜✉t✐❛♥t❡s ❡♥ r♦❜♦t✐q✉❡ ✿
❡❧❧❡s s♦♥t ✐♥tr✐♥sèq✉❡♠❡♥t ❧✐♠✐té❡s ♣❛r ❧❡s ❝❛♣❛❝✐tés ❞♦♥t ❞✐s♣♦s❡ ❧❡ r♦✲
❜♦t ♣♦✉r ♣❡r❝❡✈♦✐r ❧✬❤♦♠♠❡✳ ▲❡s ❞♦♥♥é❡s té❧é♠étr✐q✉❡s✱ ✐♥❢♦r♠❛t✐♦♥s
♣❛✉✈r❡s ❡t ♣❡✉ ❛❞❛♣té❡s ✐❝✐✱ s♦♥t ♣❛r❢♦✐s ❡①♣❧♦✐té❡s ♣♦✉r ❞ét❡❝t❡r ❡t
❧♦❝❛❧✐s❡r ❧❡s ❤✉♠❛✐♥s ❬❋♦♥t♠❛rt② ✷✵✵✼✱▼❛❛s ✷✵✵✻✱ ❙✐❡❣✇❛rt ✷✵✵✸❪✳ ▲❡s
❞♦♥♥é❡s ✈✐s✉❡❧❧❡s ❝♦♥t✐❡♥♥❡♥t ❝❡rt❡s ♣❧✉s ❞✬✐♥❢♦r♠❛t✐♦♥ ♠❛✐s ❡❧❧❡s r❡s✲
t❡♥t ❡♥❝♦r❡ s♦✉s✲❡①♣❧♦✐té❡s ❞❛♥s ❧❡s ♠é❝❛♥✐s♠❡s ❞✬✐♥t❡r❛❝t✐♦♥ ❍✴❘ ♠❛❧✲
❣ré ❞❡s ❛✈❛♥❝é❡s s✐❣♥✐✜❝❛t✐✈❡s ❬❇❡♥♥❡✇✐t③ ✷✵✵✺✱▼❛❛s ✷✵✵✻❪✳ P♦✉rq✉♦✐
❝❡s ✓ rét✐❝❡♥❝❡s ✔ à ❧❛ ✈✐s✐♦♥ ❄ ❈✐t♦♥s ✿ ✭✐✮ ❧❡ ❝❤❛♠♣ ❞❡ ✈✉❡ ❛ ♣r✐♦r✐
r❡str❡✐♥t ❞❡♣✉✐s ❞❡s ❝❛♠ér❛s ❡♠❜❛rq✉é❡s✱ ✭✐✐✮ ❧❡s t❡♠♣s ❞❡ tr❛✐t❡♠❡♥t
s♦✉✈❡♥t ♣r♦❤✐❜✐t✐❢s ❡✉ é❣❛r❞ ❛✉① r❡ss♦✉r❝❡s ❈P❯ ❡♠❜❛rq✉é❡s✳✳✳ ♣❛r ❞é✲
✜♥✐t✐♦♥ ❧✐♠✐té❡s✱ ✭✐✐✐✮ ❧❡ s♦✉❝✐ ❞❡ ré❛❝t✐✈✐té✱ ❝♦♥❞✐t✐♦♥ ♥é❝❡ss❛✐r❡ à ❧✬❛❝✲
❝❡♣t❛❜✐❧✐té ❞✉ r♦❜♦t ♣❛r ❧✬❤♦♠♠❡✳

❈❡s ❝❛♣t❡✉rs ❡①tér♦❝❡♣t✐❢s s❡r♦♥t ❡♠❜❛rq✉és s✉r ❧❡ r♦❜♦t✳ ▲✬❡♥✈✐r♦♥♥❡♠❡♥t
❞❛♥s ❧❡q✉❡❧ é✈♦❧✉❡ ❧❡ r♦❜♦t ❡st ❞♦♥❝ s✉♣♣♦sé ♥♦♥ ✐♥str✉♠❡♥té✳ ❆✐♥s✐✱ ❧❡
❝❛❞r❡ ❛♣♣❧✐❝❛t✐❢ ❛❝t✉❡❧ s❡ ❞é♠❛rq✉❡ ❞❡ ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡ s❝è♥❡s✳ P♦✉r ❧❛
s✉r✈❡✐❧❧❛♥❝❡✱ ❝❡rt❛✐♥❡s ❝♦♥tr❛✐♥t❡s ♠❡♥t✐♦♥♥é❡s ♣ré❝é❞❡♠♠❡♥t ♣❡✉✈❡♥t êtr❡
r❡❧❛①é❡s ✿ ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡①t✉❡❧❧❡s s♦♥t ♣♦ss✐❜❧❡♠❡♥t ❝♦❞é❡s ❡♥ ❞✉r✱ ❧❡s
❝❛♣t❡✉rs ✐♥str✉♠❡♥t❛♥t ❧❛ s❝è♥❡ ♣❡r♠❡tt❡♥t ✉♥❡ ♣❡r❝❡♣t✐♦♥ ♣❧✉s ❝♦♠♣❧èt❡ ❞❡
❝❡❧❧❡✲❝✐✱ ❡♥✜♥ ❧❡s r❡ss♦✉r❝❡s ❈P❯ s♦♥t ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❡①t❡♥s✐❜❧❡s✳

❯♥ ❞❡r♥✐❡r ♣♦✐♥t ❞✬❛❝❤♦♣♣❡♠❡♥t ❝♦♥❝❡r♥❡ ❧❡ ♣❛r❛❞✐❣♠❡ s♦✉s✲❥❛❝❡♥t à ❧❛
❝♦♥str✉❝t✐♦♥ ❞❡s r❡♣rés❡♥t❛t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ♣ré✲❝✐té❡s ✿ ❢❛✉t✲✐❧ ❞♦✲
t❡r ❧❡ r♦❜♦t ❞❡ r❡♣rés❡♥t❛t✐♦♥s ✐♥t❡r♥❡s ❞♦♥♥é❡s ❛ ♣r✐♦r✐ ♣❛r ✉♥ ❡①♣❡rt✱ ❞❡
❞✐♠❡♥s✐♦♥s ♥é❝❡ss❛✐r❡♠❡♥t é❧❡✈é❡s✱ ♦✉ ❛✉ ❝♦♥tr❛✐r❡ ❧❛✐ss❡r ❝❡s ❞❡r♥✐èr❡s é♠❡r✲
❣❡r ❞✬✉♥ ❛♣♣r❡♥t✐ss❛❣❡ ♦✉✈❡rt s✉r ❧❛ ❜❛s❡ ❞❡s ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❄ ❆✉tr❡❢♦✐s
❛♥t❛❣♦♥✐st❡s✱ ❧❡s ❞❡✉① ♣❛r❛❞✐❣♠❡s ♦♥t ❛✉❥♦✉r❞✬❤✉✐ t❡♥❞❛♥❝❡ à s❡ r❡❥♦✐♥❞r❡✳
❈✐t♦♥s ❞❡✉① ❡①❡♠♣❧❡s✳ ▲❡s ♣r♦❥❡ts ❡✉r♦♣é❡♥s ❈♦❣❱✐s✸ ❡t ❈♦❣♥✐r♦♥ ✭❬P❘✹❪✱
♣❛rt✐❡ ■■✮✱ ❝❤❛❝✉♥ ❞❛♥s ❧❡✉r ❞♦♠❛✐♥❡ ✲ ❧❛ ✈✐s✐♦♥ ❞❛♥s ❧❡ ♣r❡♠✐❡r ❝❛s✱ ❧❛ r♦✲
❜♦t✐q✉❡ ❞❛♥s ❧❡ s❡❝♦♥❞ ✲ ✈✐s❡♥t à ❝♦♥❝❡✈♦✐r ❞❡s s②stè♠❡s ❝♦❣♥✐t✐❢s✱ q✉✐ ❡♥
✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡s ❛✉tr❡s ❛❣❡♥ts✱ ✐❝✐ ❧❡s ❤✉♠❛✐♥s✱ ♣❡r♠❡tt❡♥t ❞✬❡♥r✐❝❤✐r ❡t
❞✬❛❞❛♣t❡r ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ✐♥t❡r♥❡ ❞✉ r♦❜♦t ❛✉① s♣é❝✐✜❝✐tés ❞❡ ❧✬❡♥✈✐r♦♥♥❡✲
♠❡♥t ❞✬✉♥❡ ♣❛rt✱ ❛✉① ❜❡s♦✐♥s ❞❡ ❧✬✉t✐❧✐s❛t❡✉r ❞✉ r♦❜♦t ❞✬❛✉tr❡ ♣❛rt✳

✸✳✷ ❉❡s❝r✐♣t✐♦♥

❋♦rt ❞❡ ❝❡s ❝♦♥s✐❞ér❛t✐♦♥s ❡t ❞❛♥s ❧❛ ❝♦♥t✐♥✉✐té ❞❡s tr❛✈❛✉① ♣❛ssés ❡t ❛❝✲
t✉❡❧s ❞✉ ♣ô❧❡ ❘■❆✱ ❧❛ ✜♥❛❧✐té ❞❡ ♠♦♥ ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ❡st ❧❛ ♣❡r❝❡♣t✐♦♥
♣♦✉r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❝♦♥❥♦✐♥t❡ ❞❡ ❧✬❡s♣❛❝❡ ❡t ❞✉ ♠✐❧✐❡✉ ♣❛r ✉♥

✸▲✐❡♥ ❯❘▲ ✿ ✇✇✇✳❝♦♠♣✳❧❡❡❞s✳❛❝✳✉❦✴✈✐s✐♦♥✴❝♦❣✈✐s



✶✽ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡

r♦❜♦t ♣❡rs♦♥♥❡❧ ❛✉t♦♥♦♠❡✱ ❝♦❣♥✐t✐❢✱ ❡t s♦❝✐❛❜❧❡✳ ❈❡ r♦❜♦t ✈❛ ❝❧❛ss✐q✉❡✲
♠❡♥t ❛❣✐r ❡♥ ❢♦♥❝t✐♦♥ ❞✬✉♥ s❝❤é♠❛ ♣❧❛♥✐✜é ❞✬❛❝t✐♦♥s✱ s✬❛ss✉r❡r ❞❡ ❧❛ ✈✐❛❜✐❧✐té
❞❡ ❝❡❧❧❡s✲❝✐✱ ❞❡ ❧❛ ❝♦❤ér❡♥❝❡ ❞❡s ♠♦❞è❧❡s ❝♦✉r❛♥ts✱ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✬❡♥t✐tés
❝♦♥tr❛r✐❛♥t s♦♥ ♣❧❛♥ ✐♥✐t✐❛❧✱ t♦✉t ❡♥ ✐♥t❡r❛❣✐ss❛♥t ❛✈❡❝ ❧❡ ♠♦♥❞❡ ♣❤②s✐q✉❡
❣râ❝❡ à ❧❛ ♣❡r❝❡♣t✐♦♥✳

▲❛ ❞é♠❛r❝❤❡ r❡t❡♥✉❡✱ q✉✐ ✈✐s❡ ❝❧❛✐r❡♠❡♥t à ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ❢♦♥❝t✐♦♥s ♣❡r✲
❝❡♣t✉❡❧❧❡s s✉r ❞❡s ♣❧❛t❡✲❢♦r♠❡s r♦❜♦t✐q✉❡s✱ s✬❛♣♣✉✐❡ s✉r ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ♣r♦✲
❜❛❜✐❧✐st❡ ❛✜♥ ❞❡ ❝♦♥s✐❞ér❡r ❞❡s ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s ❡t ✐♥❝❡rt❛✐♥s✳ ❆✉ ♥✐✈❡❛✉
s❡♥s♦r✐❡❧✱ ❝❡s ♣❡r❝❡♣ts s❡r♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ✐ss✉s ❞❡ ❧❛ ✈✐s✐♦♥ ❡♠❜❛rq✉é❡
s✉r ❧❡ r♦❜♦t✳ ❈❡s ❢♦♥❝t✐♦♥s ♣❡r❝❡♣t✉❡❧❧❡s s♦♥t à ❞é❝❧✐♥❡r ❞❡s ❝❛♣❛❝✐tés ❞✬❛✉✲
t♦♥♦♠✐❡✱ ❞❡ ❝♦❣♥✐t✐♦♥ ❡t ❞❡ s♦❝✐❛❜✐❧✐té ♠✐s❡s ❡♥ ❡①❡r❣✉❡ ♣♦✉r ♥♦tr❡ r♦❜♦t
♣❡rs♦♥♥❡❧✳ ▲❡s ❝❛♣❛❝✐tés ❞✬❛✉t♦♥♦♠✐❡ s♦♥t s✉rt♦✉t r❡❧❛t✐✈❡s ✐❝✐ à s❛ ♠♦❜✐✲
❧✐té ❀ ❡❧❧❡s s✬❛♣♣✉✐❡♥t s✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ❡t ❧❛ r❡♣rés❡♥t❛t✐♦♥ ♣❛r ❧❡ r♦❜♦t ❞❡
s♦♥ ❡s♣❛❝❡✳ ▲❡s ❝❛♣❛❝✐tés ❞❡ ❝♦❣♥✐t✐♦♥ ❡t ❞❡ s♦❝✐❛❜✐❧✐té ❝❛r❛❝tér✐s❡♥t ✐❝✐ ❧❛
r❡❧❛t✐♦♥ ❞✉ r♦❜♦t à ❧✬❤♦♠♠❡✳ ▲❡s ❝❛♣❛❝✐tés ❞❡ ❝♦❣♥✐t✐♦♥ ♣❡r♠❡tt❡♥t✱ ❡♥ ❧✐❡♥
étr♦✐t ❛✈❡❝ ❧✬❤♦♠♠❡✱ ❞❡ ♠❛❣♥✐✜❡r ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣❛r ❧❛
❝❛♣t✉r❡ ❞✬✐♥❢♦r♠❛t✐♦♥s sé♠❛♥t✐q✉❡s r❡❧❛t✐✈❡s ❛✉ ♠✐❧✐❡✉✳ ▲❛ ❝♦♥str✉❝t✐♦♥ ❞❡
❧❛ r❡♣rés❡♥t❛t✐♦♥ ❛ss♦❝✐é❡ ❡st s✉❜♦r❞♦♥♥é❡ à ❧❛ ♣❡r❝❡♣t✐♦♥ ♣❛r ❧❡ r♦❜♦t ❞❡
❧✬❤♦♠♠❡ ❀ ♥♦✉s ② r❡✈✐❡♥❞r♦♥s ❧❛r❣❡♠❡♥t✳ ❉❛♥s s❛ r❡❧❛t✐♦♥ à ❧✬❤♦♠♠❡✱ ❧❡ r♦✲
❜♦t ❝♦❣♥✐t✐❢ ♥❡ ❝❤❡r❝❤❡ ♣❛s s②sté♠❛t✐q✉❡♠❡♥t ✐❝✐ à ❧❡ s❛t✐s❢❛✐r❡ ❝♦♥tr❛✐r❡♠❡♥t
❛✉ r♦❜♦t s♦❝✐❛❜❧❡ q✉✐ ✈✐s❡ ❧❛ ♠✐s❡ ❡♥ ❝♦♠♠✉♥ ❞✬❛❝t✐♦♥s ♦✉ ❞✬♦❜❥❡❝t✐❢s✳ ❉❛♥s
❧❛ ♣❡rs♣❡❝t✐✈❡ ❞✉ r♦❜♦t s♦❝✐❛❜❧❡✱ ❧❛ ♣❡r❝❡♣t✐♦♥ ♣❛r ❧❡ r♦❜♦t ❞❡ ❧✬❤♦♠♠❡✱ ♣❧✉s
❧❛r❣❡♠❡♥t ❞✉ ♠✐❧✐❡✉ ❡t ❞❡ ❧✬❡s♣❛❝❡✱ ❡st ❢♦♥❞❛♠❡♥t❛❧❡✳ ❘❡♣r❡♥♦♥s ❡t ❞ét❛✐❧❧♦♥s
❝❡s ❞✐✈❡rs ❛s♣❡❝ts✳

■♥té❣r❛t✐♦♥ s✉r ❞❡s ♣❧❛t❡✲❢♦r♠❡s r♦❜♦t✐q✉❡s ✖ ◆♦tr❡ ❞é♠❛r❝❤❡ s❝✐❡♥✲
t✐✜q✉❡ ❡st ✐♥té❣r❛t✐✈❡ ♣✉✐sq✉❡ ❧❛ ✜♥❛❧✐té ❡st ❞✬✐♠♣❧❛♥t❡r ❞❡s ❢♦♥❝t✐♦♥s ♣❡r✲
❝❡♣t✉❡❧❧❡s✱ ❛♣rès ♣r♦t♦t②♣❛❣❡✱ à ❜♦r❞ ❞❡ ✈ér✐t❛❜❧❡s r♦❜♦ts✳ ❊❧❧❡ r❡♣rés❡♥t❡
❝❡rt❡s ✉♥ ✐♥✈❡st✐ss❡♠❡♥t ❝♦♥s✐❞ér❛❜❧❡ ❡♥ t❡♠♣s ♠❛✐s ❡❧❧❡ ❞♦♥♥❡ t♦✉t s♦♥ s❡♥s
❛✉ t❡r♠❡ ❞✬❛❣❡♥t ❛✉t♦♥♦♠❡✱ ❝♦❣♥✐t✐❢ ❡t s♦❝✐❛❜❧❡✱ q✉✐ ❡st ♣❛r ❞é✜♥✐t✐♦♥ ❡♥
s✐t✉❛t✐♦♥ ❞❛♥s s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈❡tt❡ ✈♦✐❡ ✐♠♣❧✐q✉❡ t♦✉t ❞✬❛❜♦r❞ ❧✬❛♣♣ré✲
❤❡♥s✐♦♥ ♣ré❛❧❛❜❧❡ ❞❡ ❧✬❛r❝❤✐t❡❝t✉r❡ ❧♦❣✐❝✐❡❧❧❡ ❞✉ r♦❜♦t✳ ▲✬❛r❝❤✐t❡❝t✉r❡ ♠✐s❡ ❡♥
÷✉✈r❡ s✉r ❧❡s r♦❜♦ts ❞✉ ❧❛❜♦r❛t♦✐r❡ ❡st str✉❝t✉ré❡ ❡♥ ❝♦✉❝❤❡s ❡t ♠♦❞✉❧❡s
✭✜❣✉r❡ ✶✳✹✮✱ ❝❡s ❞❡r♥✐❡rs ❝♦♠♠✉♥✐q✉❛♥t ✈✐❛ ✉♥ ♣r♦t♦❝♦❧❡ ❞❡ ♣❛rt❛❣❡ ❞✬✐♥✲
❢♦r♠❛t✐♦♥s ❛♣♣❡❧é ♣♦st❡r✳ ▲❛ ❞é♠❛r❝❤❡ ❡st ❡♥s✉✐t❡ ❞✬✐♠♣❧❛♥t❡r ♥♦s ❢♦♥❝t✐♦♥s
❞❛♥s ❧❛ ❝♦✉❝❤❡ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞✉ r♦❜♦t ♣✉✐s ❞✬❡♥ é✈❛❧✉❡r ❧❛ r♦❜✉st❡ss❡ ❞❛♥s ❧❡
❝❛❞r❡ ❞❡ s❝é♥❛r✐♦s ré❛❧✐st❡s ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❡①♣❧✐❝✐t❡♠❡♥t ❧❛ ♣rés❡♥❝❡ ❞❡
❧✬❤♦♠♠❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ r♦❜♦t ❡t✴♦✉ ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✉✐✳ ▲❡s ❝♦♥tr❛✐♥t❡s
❞❡ ❧❛ ré❛❧✐té s♦♥t ❝❡❧❧❡s ❞✉ ✓ t❡♠♣s✲ré❡❧ ✔✹✱ ❞❡ ❧✬✐♥❝❡rt✐t✉❞❡ ❡t ❞❡ ❧✬✐♥❝♦♠♣❧é✲

✹❘❡ss♦✉r❝❡s ❈P❯ ❧✐♠✐té❡s✱ t❡♠♣s ❞❡ ré♣♦♥s❡ ❜♦r♥és ♣♦✉r ❞❡s ❜❡s♦✐♥s ❞❡ ré❛❝t✐✈✐té✱ ❡t❝✳



Pr♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ✶✾

t✉❞❡ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s✱ ❡t ❞❡ ❧❛ ❞✐✈❡rs✐té ❞❡s s✐t✉❛t✐♦♥s r❡♥❝♦♥tré❡s ♣❛r ❧❡
r♦❜♦t ♠♦❜✐❧❡✳

❋✐❣✳ ✶✳✹ ✕ ❆r❝❤✐t❡❝t✉r❡ ❧♦❣✐❝✐❡❧❧❡ ●❡✲
♥♦♠ ❬❆❧❛♠✐ ✶✾✾✽❪✳

❈♦♥❝❡♣t✐♦♥✱ ✐♥té❣r❛t✐♦♥ ❡t
é✈❛❧✉❛t✐♦♥ ❞❡s ❛❧❣♦r✐t❤♠❡s ❞é✲
✈❡❧♦♣♣és s♦♥t ❞♦♥❝ ✐♥t✐♠❡✲
♠❡♥t ❧✐é❡s ❛✜♥ ❞❡ ❥✉❣❡r ✭♥♦✲
t❛♠♠❡♥t✮ ❞❡ ❧❡✉r r♦❜✉st❡ss❡ ✿

✕ à ❞❡s s✐t✉❛t✐♦♥s ❞✐✈❡rs❡s
❡t ✈❛r✐é❡s✱ ❝♦✉❧♦✐rs ❛
♣r✐♦r✐ s✉r✴♦✉ s♦✉s✲é❝❧❛✐rés✱
③♦♥❡s ❡♥❝♦♠❜ré❡s ❡t✴♦✉
étr♦✐t❡s ♦✉ ❛✉tr❡s ❞❡ s♦♥
❡s♣❛❝❡ ❞❡ tr❛✈❛✐❧ ❀

✕ ❛✉① ♦❝❝✉❧t❛t✐♦♥s ♦✉ ♣❡rt❡s
❞✬♦❜s❡r✈❛❜✐❧✐té ❞❡s ❡♥✲
t✐tés ❛♥✐♠é❡s ♦✉ ✐♥❛♥✐✲
♠é❡s ♣❡rç✉❡s ♣❛r ❧❡ r♦✲
❜♦t ❞❛♥s s♦♥ ♠✐❧✐❡✉ ♦✉
❡s♣❛❝❡✳

❈❡s ❛❧❣♦r✐t❤♠❡s s✬❛♣♣✉✐❡♥t s✉r ❞❡s ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ✐ss✉❡s ❞❡ ❝❛♣t❡✉rs
❡①tér♦❝❡♣t✐❢s q✉✐ s♦♥t ❝❛r❛❝tér✐sés ❝✐✲❛♣rès✳

▲❛ ✈✐s✐♦♥ ❧❡ ♠♦❞❡ ❞❡ ♣❡r❝❡♣t✐♦♥ ♣r✐✈✐❧é❣✐é ✖ ❙✬❛❣✐ss❛♥t ❞❡s ❝❛♣t❡✉rs
✉t✐❧✐sés✱ ♥♦✉s ♣r✐✈✐❧é❣✐♦♥s ❛❝t✉❡❧❧❡♠❡♥t ❧❡s s②stè♠❡s ❞❡ ✈✐s✐♦♥ ♠♦♥♦❝✉❧❛✐r❡✱
♠✉❧t✐✲♦❝✉❧❛✐r❡ ♦✉ stéré♦s❝♦♣✐q✉❡ ❝❛r ✐❧s ❞é❧✐✈r❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s très r✐❝❤❡s
s✉r ❧✬❛♣♣❛r❡♥❝❡ ❡t ❧❛ ❣é♦♠étr✐❡ ❞❡s s❝è♥❡s ♣❡rç✉❡s✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ❝♦✉✲
❧❡✉r ❡t✴♦✉ ❞❡ t❡①t✉r❡✱ ❝♦♥t♦✉rs✱ s❡❣♠❡♥ts✱ ♣♦✐♥ts ❞✬✐♥térêt ♣♦✉r ❧✬❛♣♣❛r❡♥❝❡
♦✉ ❡♥❝♦r❡ ❞✐s♣❛r✐té✱ r❡❝♦♥str✉❝t✐♦♥ ✸❉ ❞❡♥s❡ ♦✉ é♣❛rs❡ ♣♦✉r ❧❛ ❣é♦♠étr✐❡ s♦♥t
❛✉t❛♥t ❞✬✐♥❞✐❝❡s à ❢✉s✐♦♥♥❡r ❞❛♥s ❧❛ ❝❤❛î♥❡ ♣❡r❝❡♣t✉❡❧❧❡ ❣éré❡ ♣❛r ❧❡ r♦❜♦t✳
▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠✐❝r♦♣❤♦♥❡s ♣♦✉r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛ ♣❛r♦❧❡ ✈✐❡♥t ♥❛✲
t✉r❡❧❧❡♠❡♥t ❝♦♠♣❧ét❡r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❣❡st❡s ♣❛r ✈✐s✐♦♥ ♣♦✉r ♣❡r♠❡ttr❡
✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❍✴❘ ♠✉❧t✐♠♦❞❛❧❡✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❝❛♣t❡✉r ❧❛s❡r✱ ♣❡✉ ❝♦♠✲
♣❛t✐❜❧❡ ❛✈❡❝ ❧❛ ♣rés❡♥❝❡ ❤✉♠❛✐♥❡✱ ❡st ✐❝✐ ♠❛r❣✐♥❛❧❡ ❡t ❧✐♠✐té❡ à ❞❡ s✐♠♣❧❡s
❝♦✉♣❡s à très ❢❛✐❜❧❡s ❤❛✉t❡✉rs ❞✉ s♦❧ ✭❧❛s❡r ❙■❈❑ ✷❉✮✳ ■❧ ❡st ❧♦❣✐q✉❡♠❡♥t
❞é✈♦❧✉ ❛✉① tâ❝❤❡s r❡❧❡✈❛♥t ❞❡ ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ✿ ❞ét❡❝t✐♦♥ ❞❡ ❧✬❡s✲
♣❛❝❡ ❧✐❜r❡✱ ❞❡s ♦❜st❛❝❧❡s✱ ❡t❝✳ ❊♥✜♥✱ ❞❡s ♥♦✉✈❡❧❧❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ ❝❛♣t❡✉rs
✭❝❛♠ér❛s ❛❝t✐✈❡s✺✱ ❘❋■❉✮✱ é✈❡♥t✉❡❧❧❡♠❡♥t ❝♦♠♠✉♥✐❝❛♥ts✱ s♦♥t é❣❛❧❡♠❡♥t à
❡♥✈✐s❛❣❡r ❞❛♥s ♠♦♥ ♣r♦❥❡t✳

❈♦♥❝❡r♥❛♥t ❧❡✉r ❞é♣❧♦✐❡♠❡♥t ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ♥♦s tr❛✈❛✉① ❛♥té✲

✺❉❡ t②♣❡ ♣❤♦t♦❞❡t❡❝t♦r ♠❡❛s✉r❡♠❡♥t ❞❡✈✐❝❡ ♦✉ t✐♠❡✲♦❢✲✢✐❣❤t ❝❛♠❡r❛✳



✷✵ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡

r✐❡✉rs ❡t ❛❝t✉❡❧s ❝♦♥s✐❞èr❡♥t ❞❡s ❝❛♣t❡✉rs ♠❛❥♦r✐t❛✐r❡♠❡♥t ❡♠❜❛rq✉és s✉r
❧❡s ♣❧❛t❡✲❢♦r♠❡s r♦❜♦t✐sé❡s✳ ▲✬❛✈è♥❡♠❡♥t ❞❡ ❧✬✐♥t❡❧❧✐❣❡♥❝❡ ❛♠❜✐❛♥t❡✱ ♣r♦❜❛✲
❜❧❡♠❡♥t ✉♥❡ ❞❡s ❣r❛♥❞❡s ❛✈❡♥t✉r❡s t❡❝❤♥♦❧♦❣✐q✉❡s ❢✉t✉r❡s✱ ♥♦✉s ❛♠è♥❡r❛ à
❝♦♥s✐❞ér❡r ❞❡s rés❡❛✉① ❞❡ ❝❛♣t❡✉rs ♣♦✉✈❛♥t ✐♥str✉♠❡♥t❡r ✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡
s✉♣♣♦rts ✭r♦❜♦ts ♠❛✐s ❛✉ss✐ ♠♦❜✐❧✐❡r ❡t ✈êt❡♠❡♥ts✮✳ ▲❛ ❞é♠❛r❝❤❡ s❡r❛ ❛❧♦rs
❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡✱ ❛✉t❛♥t q✉❡ ♣♦ss✐❜❧❡✱ ❝❡s ❞✐✈❡rs ✢✉① ♣❡r❝❡♣t✉❡❧s ♣♦✉r
ré♣♦♥❞r❡ ❛✉① ❜❡s♦✐♥s ❞❡ r♦❜✉st❡ss❡ ❡①♣r✐♠és ❡♥ ♣ré❛♠❜✉❧❡✳

■♥té❣r❛t✐♦♥ ❞❡ ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s ❡t ✐♥❝❡rt❛✐♥s ✖ ❯♥❡ ♣ré♦❝❝✉♣❛✲
t✐♦♥ ♠❛❥❡✉r❡ ❞❡ ♠♦♥ ♣r♦❥❡t ❡st✱ ❡♥ ❡✛❡t✱ ❞✬✐♥té❣r❡r ❞❡s ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s
❡t ✐♥❝❡rt❛✐♥s✱ ❝❡❝✐ à t♦✉s ❧❡s ♥✐✈❡❛✉① ❞❡ ❧❛ ❝♦♥❝❡♣t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞é✈❡❧♦♣✲
♣é❡s✳ ❆✉ ♥✐✈❡❛✉ s❡♥s♦r✐❡❧✱ ✐❧ s✬❛❣✐r❛ ❞❡ ❝♦✉♣❧❡r ❞❡s ❞♦♥♥é❡s ❡①tér♦❝❡♣t✐✈❡s
❤♦♠♦❣è♥❡s ♦✉ ❤étér♦❣è♥❡s ❧♦rsq✉✬❡❧❧❡s s♦♥t ✐ss✉❡s ❞❡ ❝❛♣t❡✉rs ❞❡ ♥❛t✉r❡s
❞✐✛ér❡♥t❡s✳ ❆✉ ♥✐✈❡❛✉ ❢♦♥❝t✐♦♥♥❡❧✱ ✐❧ s✬❛❣✐r❛ ❞❡ ❝♦✉♣❧❡r ❧❡s ❤②♣♦t❤ès❡s ❞❡ ❞é✲
t❡❝t✐♦♥✱ ❧♦❝❛❧✐s❛t✐♦♥✱ r❡❝♦♥♥❛✐ss❛♥❝❡ ♦✉ ❛✉tr❡s ✐♥❢éré❡s ♣❛r ❞✐✈❡rs❡s ❢♦♥❝t✐♦♥s
♣❡r❝❡♣t✉❡❧❧❡s✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ♥♦✉s ♣❛r❧❡r♦♥s ❞❡ ❝♦✉♣❧❛❣❡ ❢♦rt ♦✉ ❝♦♠❜✐♥❛✐✲
s♦♥✱ ❡t ❞❡ ❝♦✉♣❧❛❣❡ ❢❛✐❜❧❡ ♦✉ ❢✉s✐♦♥✱ s❡❧♦♥ q✉❡ ❧✬❤②♣♦t❤ès❡ ✜♥❛❧❡ rés✉❧t❡ ❞✬✉♥
s❡✉❧ ❡t ✉♥✐q✉❡ ♣r♦❝❡ss✉s ❞❡ tr❛✐t❡♠❡♥t ❝♦♠❜✐♥❛♥t ❧❡s ♣❡r❝❡♣ts ♦✉ ❞❡ ♣❧✉s✐❡✉rs
♣r♦❝❡ss✉s ❡①é❝✉tés ❡♥ ♣❛r❛❧❧è❧❡ ❡t ❞♦♥t ♦♥ ❢✉s✐♦♥♥❡ ❧❡s rés✉❧t❛ts ❛ss♦❝✐és✳ ❉♦♥✲
♥♦♥s ❞❡✉① ✐❧❧✉str❛t✐♦♥s✳ ▲❡ ❝♦✉♣❧❛❣❡ ❢♦rt ❞❡ ❞♦♥♥é❡s ✈✐s✉❡❧❧❡s ❡t té❧é♠étr✐q✉❡s
❞❛♥s ✉♥ ♣r♦❝❡ss✉s ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ❞✉ r♦❜♦t ❞♦♥♥❡r❛ ❧✐❡✉ à ✉♥ s❡✉❧ ♣r♦❝❡ss✉s
❞✬❡st✐♠❛t✐♦♥✳ ▲❡ ❝♦✉♣❧❛❣❡ ❢❛✐❜❧❡ ❞❡ ❞♦♥♥é❡s ✈✐s✉❡❧❧❡s ❡t ✈♦❝❛❧❡s ❞❛♥s ✉♥ ♠é✲
❝❛♥✐s♠❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❍✴❘ ♠✉❧t✐♠♦❞❛❧❡ ❝♦♥s✐st❡r❛ à ❡①é❝✉t❡r ❞❡✉① ♣r♦❝❡ss✉s
❞✬✐♥t❡r♣rét❛t✐♦♥ ❞é❞✐és ♣✉✐s ❞✬❡♥ ❢✉s✐♦♥♥❡r ❧❡s ❤②♣♦t❤ès❡s✳

❈❡s ♣❛r❛❞✐❣♠❡s ❞❡ ❝♦♠❜✐♥❛✐s♦♥✴❢✉s✐♦♥ s♦♥t ❧❛r❣❡♠❡♥t ♠✐s ❡♥ ÷✉✈r❡ ❞❛♥s
❝❡ ♣r♦❥❡t✱ ♥♦t❛♠♠❡♥t ♣♦✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ♣❛r ❧❡ r♦❜♦t ❞❡ ❧✬❤♦♠♠❡ ❞♦♥❝
❞✬❡♥t✐tés ❛ ♣r✐♦r✐ très ❛♥✐♠é❡s✳ ❊♥ ré♣♦♥s❡✱ ✐❧ s✬❛❣✐t ❞❡ ♣r♦♣♦s❡r ❞❡s ❢♦♥❝✲
t✐♦♥s ♣❡r❝❡♣t✉❡❧❧❡s ré❛❝t✐✈❡s✱ ❞♦♥❝ ✐♥❝❧✉❛♥t ❞❡s ❜♦✉❝❧❡s r❛♣✐❞❡s✱ t♦✉t ❡♥ ✐♥té✲
❣r❛♥t✱ ❛✉ss✐ ❧❛r❣❡♠❡♥t q✉❡ ♣♦ss✐❜❧❡✱ ❞❡s ♣❡r❝❡♣ts t♦t❛❧❡♠❡♥t ❤étér♦❣è♥❡s✳ P❛r
❡①❡♠♣❧❡✱ ✉♥ ♣r♦❝❡ss✉s ❞❡ s✉✐✈✐ ✈✐s✉❡❧ ♣♦✉rr❛ ✓ ♠✐❡✉① ✔ ♣❛❧❧✐❡r ❧❡s ❞é❝r♦❝❤❛❣❡s
❡t ✈❛r✐❛❜✐❧✐tés ❞❡ ❧❛ ❝✐❜❧❡ ❡♥ ✐♥té❣r❛♥t ❞❡s ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s s❡♥s♦r✐❡❧s ✭✈✐✲
s✐♦♥✱ s♦♥✱ ❘❋■❉✮ ❡t ❢♦♥❝t✐♦♥♥❡❧s ✭❞ét❡❝t✐♦♥ ❞❡ ✓ ❜❧♦❜s ♣❡❛✉ ✔✱ r❡❝♦♥♥❛✐ss❛♥❝❡
❢❛❝✐❛❧❡ ♦✉ ❛✉tr❡s✮✳

▲✬✐♥té❣r❛t✐♦♥ ❞❡ ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s ❝♦♥❝❡r♥❡ é❣❛❧❡♠❡♥t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥
❝♦♥❥♦✐♥t❡ ❞❡ ❧✬❡s♣❛❝❡ ❡t ❞✉ ♠✐❧✐❡✉ ❡t ❞♦♥❝ ❧❡s ❞❡✉① r❡♣rés❡♥t❛t✐♦♥s ❛ss♦❝✐é❡s✳
❈❡❧❧❡s✲❝✐ ✈✐s❡♥t à ❝❛♣t✉r❡r ❡t à ❝♦♥♥❡❝t❡r ❧❡s str✉❝t✉r❡s ♠étr✐q✉❡s ❡t t♦♣♦✲
❧♦❣✐q✉❡s ♣♦✉r ❧✬❡s♣❛❝❡✱ ❝♦♥❝❡♣t✉❡❧❧❡s ♣♦✉r ❧❡ ♠✐❧✐❡✉✳ ▲❡s ✐♥❢♦r♠❛t✐♦♥s s♦✉s✲
t❡♥❞❛♥t ❝❡s r❡♣rés❡♥t❛t✐♦♥s ❞♦✐✈❡♥t ♣❡r♠❡ttr❡ ♣❛r r❡❝♦✉♣❡♠❡♥t ❞❡ ✓ ❝♦♠✲
♣❡♥s❡r ✔ ❧❡s ✐♥❝♦♠♣❧ét✉❞❡s ♦✉ ✐♥❝❡rt✐t✉❞❡s s✉r ❧❛ s❝è♥❡ à ❛♥❛❧②s❡r✳ ❉♦♥♥♦♥s
❞❡✉① ✐❧❧✉str❛t✐♦♥s ✿



Pr♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ✷✶

✕ ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬♦❜❥❡ts ♣❡r♠❡t ❞✬✐♥❢ér❡r s✉r ❧❛ ♥❛t✉r❡ ❞✉ ❧✐❡✉✱ ❧❡s
❛❝t✐♦♥s ❤✉♠❛✐♥❡s ❛ss♦❝✐é❡s ❛tt❡♥❞✉❡s✳✳✳ ❡t ré❝✐♣r♦q✉❡♠❡♥t✳

✕ ▲✬❛♥❛❧②s❡ ❞❡ ❝❤r♦♥✐q✉❡s✱ à ♣❛rt✐r ❞❡s ❞❡✉① r❡♣rés❡♥t❛t✐♦♥s✱ ❞♦✐t ♣❡r✲
♠❡ttr❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞✬❛❝t✐✈✐tés ❤✉♠❛✐♥❡s ♠❡tt❛♥t ❡♥ ❥❡✉ ♣❧✉s✐❡✉rs
♣❧❛❝❡s✱ ❧✐❡✉①✱ é✈❡♥t✉❡❧❧❡♠❡♥t ♦❜❥❡ts✳

▲✬✐♥té❣r❛t✐♦♥ ❞❡ ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s ♥♦✉s s❡♠❜❧❡ é❣❛❧❡♠❡♥t ♥é❝❡ss❛✐r❡ ❞❛♥s
✉♥❡ ❞é♠❛r❝❤❡ ❞❡s❝❡♥❞❛♥t❡ ❞ès ❧♦rs q✉❡ ❝❡rt❛✐♥s ♣❡r❝❡♣ts ✐♥❢érés à ♣❛rt✐r
❞❡ ❝❡s r❡♣rés❡♥t❛t✐♦♥s ❞♦✐✈❡♥t ✐♥✢✉❡r s✉r ❧❡s ♣r♦❝❡ss✉s ❞✬❛❝q✉✐s✐t✐♦♥ ❡t ❞❡
tr❛✐t❡♠❡♥t ❞❡s ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❛✉ ♥✐✈❡❛✉ ❜❛s✳ ◆♦✉s ♣❛r❧❡r♦♥s ❞❡ str❛té✲
❣✐❡s ❛❝t✐✈❡s ❞❡ ♣❡r❝❡♣t✐♦♥✳ ❆✐♥s✐✱ ❧❛ ré❛❧✐s❛t✐♦♥ ❞✬✉♥❡ tâ❝❤❡ ❞❡ ♥❛✈✐❣❛t✐♦♥
♥❡ ♣❡✉t ♣ré✲s✉♣♣♦s❡r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ❝❛♣t❡✉r ✉♥✐q✉❡ ❡t ❛❞❛♣té ✐♥❞é♣❡♥✲
❞❛♠♠❡♥t ❞❡ t♦✉t ❝♦♥t❡①t❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ✿ ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ♣ré❛❧❛❜❧❡ ❞❡
❝❡ ❝♦♥t❡①t❡ ❝♦✉r❛♥t ✭♥❛t✉r❡ ❞✉ ❧✐❡✉✱ ❡♥❝♦♠❜r❡♠❡♥t ♦✉ ❛✉tr❡✮ ❞♦✐t ✐♥❢ér❡r
s✉r ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ t❡❧ ♦✉ t❡❧ ❝❛♣t❡✉r ♦✉ str❛té❣✐❡ ❞❡ ♣❡r❝❡♣t✐♦♥✳ ❉❡ ♠ê♠❡✱
❧❛ str❛té❣✐❡ ❞❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘ ❞é♣❡♥❞ ❛✉ss✐
❞✉ ❝♦♥t❡①t❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ✿ ❞❛♥s ✉♥ ❡s♣❛❝❡ ♦✉✈❡rt✱ ❧❛ s❡❣♠❡♥t❛t✐♦♥ ❞❡
❧✬❤♦♠♠❡ ❛✉ ✈♦✐s✐♥❛❣❡ ✐♠♠é❞✐❛t ❞✉ r♦❜♦t ❞♦✐t ♣❧✉tôt ♣r✐✈✐❧é❣✐❡r ❞❡s ✐♥❢♦r♠❛✲
t✐♦♥s ❣é♦♠étr✐q✉❡s ❞♦♥❝ ❧❡✭s✮ ❝❛♣t❡✉r✭s✮ ✸❉ ❡♠❜❛rq✉é✭s✮✳ ❆ ❝♦♥tr❛r✐♦✱ ❞❛♥s
✉♥ ❡s♣❛❝❡ ❝♦♥✜♥é ✭t②♣✐q✉❡♠❡♥t ✉♥ ❝♦✉❧♦✐r✮✱ ✐❧ s❡♠❜❧❡ ♣❧✉s ♦♣♣♦rt✉♥ ❞✬❡①♣❧♦✐✲
t❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❞✬❛♣♣❛r❡♥❝❡ ❞♦♥❝ ♥♦♥ ♥é❝❡ss❛✐r❡♠❡♥t ✐ss✉❡s ❞❡ ❝❛♣t❡✉rs
✸❉✳

▼♦❞é❧✐s❛t✐♦♥ ♣r♦❜❛❜✐❧✐st❡ ✖ P♦✉r ❞é❝r✐r❡✴q✉❛♥t✐✜❡r ❧✬✐♠♣ré❝✐s ❡t ❧✬✐♥✲
❝❡rt❛✐♥ ❛ss♦❝✐és à ❝❡s ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s✱ ♥♦✉s ♣r✐✈✐❧é❣✐♦♥s ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥
♣r♦❜❛❜✐❧✐st❡✳ ▲✬❛♣♣❧✐❝❛t✐♦♥ ♣r✐♥❝✐♣❛❧❡ ❞❡s ♠♦❞è❧❡s ♣r♦❜❛❜✐❧✐st❡s ❡st ❧✬✐♥❢ér❡♥❝❡
❜❛②és✐❡♥♥❡ q✉✐ ❡st ❧❛ ❞é♠❛r❝❤❡ ❧♦❣✐q✉❡ ♣♦✉r ❝❛❧❝✉❧❡r ✭♦✉ ré✈✐s❡r✮ ❧❛ ❞✐str✐✲
❜✉t✐♦♥ ❞❡ ♣r♦❜❛❜✐❧✐té ♣♦✉r ❞❡s ✈❛r✐❛❜❧❡s ✐♥❝♦♥♥✉❡s s✉r ❧❛ ❜❛s❡ ❞❡ ✈❛r✐❛❜❧❡s
❝♦♥♥✉❡s ✭é✈✐❞❡♥❝❡✮✳ ❈❡tt❡ ❞é♠❛r❝❤❡ ❡st ré❣✐❡ ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♣r♦❜❛❜✐❧✐tés
❝♦♥❞✐t✐♦♥♥❡❧❧❡s✱ ❞❡sq✉❡❧❧❡s ❞ér✐✈❡ ❧❡ t❤é♦rè♠❡ ❞❡ ❇❛②❡s✳ ❉❛♥s ❧❛ ♣❡rs♣❡❝t✐✈❡
❜❛②és✐❡♥♥❡ q✉✐ ❡st ❧✬❛♣♣r♦❝❤❡ ♣r✐✈✐❧é❣✐é❡ ✐❝✐✱ ✉♥❡ ♣r♦❜❛❜✐❧✐té ♥✬❡st ♣❛s ✐♥t❡r✲
♣rété❡ ❝♦♠♠❡ ❧❡ ♣❛ss❛❣❡ à ❧❛ ❧✐♠✐t❡ ❞✬✉♥❡ ❢réq✉❡♥❝❡✱ ♠❛✐s ♣❧✉tôt ❝♦♠♠❡ ❧❛
tr❛❞✉❝t✐♦♥ ♥✉♠ér✐q✉❡ ❞✬✉♥ ét❛t ❞❡ ❝♦♥♥❛✐ss❛♥❝❡✱ t②♣✐q✉❡♠❡♥t ❧❡ ❞❡❣ré ❞❡
❝♦♥✜❛♥❝❡ ❛❝❝♦r❞é à ✉♥❡ ❤②♣♦t❤ès❡✳ ❖♥ ♣❛r❧❡ ✐❝✐ ❞✬✐♥t❡r♣rét❛t✐♦♥ ❜❛②és✐❡♥♥❡✱
♦✉ s✉❜❥❡❝t✐✈❡✱ ♣❛r ♦♣♣♦s✐t✐♦♥ à ❢réq✉❡♥t✐st❡✳ ▲❡s ✜❧tr❡s ❞❡ ❇❛②❡s s♦♥t ❡♥ ♣❛r✲
t✐❝✉❧✐❡r ❛❞❛♣tés ❛✉① s②stè♠❡s ❞②♥❛♠✐q✉❡s r❡♥❝♦♥trés ♣❛r ❧❡ r♦❜♦t ❧♦rs ❞❡ s♦♥
✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ♠♦♥❞❡✳ ❈✐t♦♥s ✐❝✐ q✉❡❧q✉❡s ♦✉t✐❧s ✐♥té❣r❛♥t ❝❡tt❡ ❞✐♠❡♥✲
s✐♦♥ t❡♠♣♦r❡❧❧❡✱ ♦✉t✐❧s très ré♣❛♥❞✉s ❡t ❛✈❡❝ ❞❡ ♥♦♠❜r❡✉s❡s ✈❛r✐❛♥t❡s ✿ ✜❧tr❡
❞❡ ❑❛❧♠❛♥ ❬❑❛❧♠❛♥ ✶✾✻✵❪✱ ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡✻ ❬❆r✉❧❛♠♣❛❧❛♠ ✷✵✵✷❪✱ ♠♦❞è❧❡
❞❡ ▼❛r❦♦✈ ❝❛❝❤é ❬❘❛❜✐♥❡r ✶✾✽✾❪ ❀ ♥♦✉s ② r❡✈✐❡♥❞r♦♥s ✉❧tér✐❡✉r❡♠❡♥t✳

✻P♦✉r ✉♥❡ ✐♥❢ér❡♥❝❡ ❛♣♣r♦❝❤é❡✳



✷✷ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡

▲❡s ❢♦♥❝t✐♦♥s ♣❡r❝❡♣t✉❡❧❧❡s à ❡♠❜❛rq✉❡r s✉r ❧❡ r♦❜♦t✱ s✬❛♣♣✉✐❡r♦♥t ❞♦♥❝
s✉r ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ♣r♦❜❛❜✐❧✐st❡ ❛✜♥ ❞✬✐♥té❣r❡r ❞❡s ♣❡r❝❡♣ts ✐♥❝❡rt❛✐♥s ❡t
♠✉❧t✐♣❧❡s t✐rés ♣♦✉r ❧✬❡ss❡♥t✐❡❧ ❞❡ ❧❛ ✈✐s✐♦♥✳ ❈❛r❛❝tér✐s♦♥s ♠❛✐♥t❡♥❛♥t ❝❡s
❢♦♥❝t✐♦♥s ❡✉ é❣❛r❞ ❞❡s ❜❡s♦✐♥s ❡①♣r✐♠és ❡♥ t❡r♠❡s ❞✬❛✉t♦♥♦♠✐❡✱ ❞❡ ❝♦❣♥✐t✐♦♥
❡t ❞❡ s♦❝✐❛❜✐❧✐té✳

P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣♦✉r ✉♥ r♦❜♦t ❛✉t♦♥♦♠❡ ✖ ➚ ❧✬✐♥st❛r ❞❡
❧✬❤♦♠♠❡ q✉✐ ♥❡ rés✉♠❡ ♣❛s ❧✬❡s♣❛❝❡ à ✉♥❡ s✐♠♣❧❡ r❡♣rés❡♥t❛t✐♦♥ ♠étr✐q✉❡✱
♥♦✉s ❡♥✈✐s❛❣❡♦♥s ❞✐✈❡rs❡s r❡♣rés❡♥t❛t✐♦♥s ♣♦✉r ❡①❤✐❜❡r ❧❛ ♠étr✐q✉❡ ❡t t♦♣♦✲
❧♦❣✐❡ ❞❡ ❧✬❡s♣❛❝❡ ❡①♣❧♦ré ♣❛r ❧❡ r♦❜♦t✳ P❛r♠✐ ❧❡s r❡♣rés❡♥t❛t✐♦♥s ♠étr✐q✉❡s✱
❝✐t♦♥s ❝❧❛ss✐q✉❡♠❡♥t ❧❡s ❣r✐❧❧❡s ♦✉ ❝❛rt❡s ❞✬♦❝❝✉♣❛t✐♦♥✱ ❡t ❧❡s ❝❛rt❡s st♦❝❤❛s✲
t✐q✉❡s ❞✬✐♥❞✐❝❡s ♣❡r❝❡♣t✉❡❧s✳ ▲❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❝❡s ❝❛rt❡s✱ s♦✉✈❡♥t ré❢ér❡♥❝é❡
♣❛r ❧✬❛❝r♦♥②♠❡ ❙▲❆▼ ✭❙✐♠✉❧t❛♥❡♦✉s ▲♦❝❛❧✐③❛t✐♦♥ ❛♥❞ ▼❛♣♣✐♥❣✮✱ ❡st ✉♥ ♣r♦✲
❜❧è♠❡✱ ♣❛r ♥❛t✉r❡✱ ♠❛❧ ❝♦♥❞✐t✐♦♥♥é ♣✉✐sq✉✬✉♥❡ ❧♦❝❛❧✐s❛t✐♦♥ ♣ré❝✐s❡ ♥é❝❡ss✐t❡
✉♥ ♠♦❞è❧❡ ❞❡ s❝è♥❡ ❜✐❡♥ r❡❝♦♥str✉✐t ❛❧♦rs q✉✬✉♥❡ ❜♦♥♥❡ r❡❝♦♥str✉❝t✐♦♥ ❞❡
❝❡ ♠♦❞è❧❡ r❡q✉✐❡rt ✉♥❡ ❡st✐♠❛t✐♦♥ ♣ré❝✐s❡ ❞❡ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞✉ r♦❜♦t✳ P♦✉r
❜r✐s❡r ❝❡ ❝❡r❝❧❡ ✈✐❝✐❡✉①✱ ❧❛ ❞é♠❛r❝❤❡ ❝♦♥s✐st❡ à ❝❛♣t✉r❡r ❞❡s ❛♠❡rs ❞❛♥s ❧❡s
❞✐✈❡rs❡s r❡♣rés❡♥t❛t✐♦♥s ♠étr✐q✉❡s é✈♦q✉é❡s✳ ❆ ❝♦♥tr❛r✐♦✱ ❧❡s r❡♣rés❡♥t❛t✐♦♥s
t♦♣♦❧♦❣✐q✉❡s ❝♦rr❡s♣♦♥❞❡♥t à ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ q✉❛❧✐t❛t✐✈❡ ❞✐s❝rèt❡ ❞❡ ❧✬❡s✲
♣❛❝❡ ❡t s✬❡①♣r✐♠❡ ❝❧❛ss✐q✉❡♠❡♥t s♦✉s ❢♦r♠❡ ❞❡ ❣r❛♣❤❡s✳ ❯♥ ❣r❛♣❤❡ ❞✬❛♠❡rs
♦✉ ❞❡ ③♦♥❡s ✭♣❧❛❝❡s✮✱ ❝♦rr❡s♣♦♥❞❛♥t é✈❡♥t✉❡❧❧❡♠❡♥t à ❞❡s ♦❜❥❡ts ♦✉ ❧✐❡✉①✱
r❡♥❞ ❝♦♠♣t❡ ❞❡ r❡❧❛t✐♦♥s t♦♣♦❧♦❣✐q✉❡s ✭❝♦♥♥❡❝t✐✈✐té✱ r❡❧❛t✐♦♥ ❞❡ t♦✉t à ♣❛r✲
t✐❡✱ ❡t❝✮ ❡♥tr❡ ❝❡s ❞✐✛ér❡♥t❡s ❡♥t✐tés✼✳ ❈✐t♦♥s ❧❡ ●r❛♣❤❡ ❞❡ ❱♦r♦♥♦ï ●é♥ér❛❧✐sé
q✉✐ ❡st ❧❛r❣❡♠❡♥t ✉t✐❧✐sé ❞❛♥s ❝❡ ❝♦♥t❡①t❡✳

❆✉ ✜♥❛❧✱ ❧❛ r❡♣rés❡♥t❛t✐♦♥ s♣❛t✐❛❧❡ ❡①❤✐❜❡ ❞❡s ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s ❡♥ ❢❛✐✲
s❛♥t ❝♦❡①✐st❡r ❡♥ ♣❡r♠❛♥❡♥❝❡✱ ❡t à ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬❛❜str❛❝t✐♦♥✱ ❞✐✛ér❡♥ts
♠♦❞è❧❡s ♠étr✐q✉❡s ❡t t♦♣♦❧♦❣✐q✉❡s✳ ❈❡tt❡ r❡♣rés❡♥t❛t✐♦♥ ❤②❜r✐❞❡✱ ❞❡st✐♥é❡
❛✉① ❡♥✈✐r♦♥♥❡♠❡♥ts ❞✬❡♥✈❡r❣✉r❡✱ ♣❡r♠❡t ❞❡ t✐r❡r ♣r♦✜t ❞❡s ❛✈❛♥t❛❣❡s ❞❡s
❞❡✉① ♠♦❞è❧❡s ✿ ❝♦♠♣❛❝✐té ❡t s✐♠♣❧✐❝✐té ♣♦✉r ❧❡ ♣r❡♠✐❡r✱ ♣ré❝✐s✐♦♥ ❞❡ ❧♦❝❛❧✐s❛✲
t✐♦♥ ♣♦✉r ❧❡ s❡❝♦♥❞✳ ❙♦♥ ❡①♣❧♦✐t❛t✐♦♥ ❞✉r❛♥t s❡s tâ❝❤❡s ❞❡ ♥❛✈✐❣❛t✐♦♥ ♣❡r♠❡t
❛❧♦rs ❛✉ r♦❜♦t ❛✉t♦♥♦♠❡ ❞❡ s❡ ❧♦❝❛❧✐s❡r ❡♥ r❡❧❛t✐❢ ♦✉ ❡♥ ❛❜s♦❧✉✱ ❞❡ ♠❛♥✐èr❡
♠étr✐q✉❡ ♦✉ s②♠❜♦❧✐q✉❡✳ ❈❡tt❡ r❡♣rés❡♥t❛t✐♦♥ ❡st ❝♦♥str✉✐t❡ ❞❡ ♠❛♥✐èr❡ ❛s✲
❝❡♥❞❛♥t❡ ❡t ❛✉t♦♠❛t✐q✉❡ ♣❛r ❧❡ r♦❜♦t✱ ❞♦♥❝ s❛♥s ✐♥t❡r✈❡♥t✐♦♥ ❤✉♠❛✐♥❡✳✳✳ ❛
❝♦♥tr❛r✐♦ ❞❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ♠✐❧✐❡✉✳

P❡r❝❡♣t✐♦♥ ❞✉ ♠✐❧✐❡✉ ♣♦✉r ✉♥ r♦❜♦t ❝♦❣♥✐t✐❢ ✖ ▲❛ r❡♣rés❡♥t❛t✐♦♥
❞✉ ♠✐❧✐❡✉ ❞♦✐t ❡①❤✐❜❡r ❧❛ sé♠❛♥t✐q✉❡ r❡❧❛t✐✈❡ ❛✉① ❝♦♥❝❡♣ts ❞❡ ❧✐❡✉①✱ ❞✬♦❜❥❡ts
❡t ❞✬❛❝t✐♦♥s ❤✉♠❛✐♥❡s ❛ss♦❝✐é❡s✳ ▲✬❛♣♣r❡♥t✐ss❛❣❡ ❡t ❝❛té❣♦r✐s❛t✐♦♥ ❛✉t♦♠❛✲
t✐q✉❡ ❞✬♦❜❥❡ts ♦✉ ❞❡ ❧✐❡✉① ♣❛r ❧❡✉rs str✉❝t✉r❡s ✭❛♣♣❛r❡♥❝❡ ❡t✴♦✉ ❣é♦♠étr✐❡✮

✼▲❡ ♣❧❛♥ ❞❡ ♠étr♦ ❞❡ P❛r✐s ❢♦r♠❡ ✉♥ ❜♦♥ ❡①❡♠♣❧❡ ❞❡ ❣r❛♣❤❡ t♦♣♦❧♦❣✐q✉❡✳



Pr♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ✷✸

❛ s✉s❝✐té ❡t s✉s❝✐t❡ ❡♥❝♦r❡ ❞❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ❛✉ s❡✐♥ ❞❡ ❧❛ ❝♦♠♠✉♥❛✉té
❱✐s✐♦♥✱ ❡t ♣❧✉s s♣é❝✐✜q✉❡♠❡♥t ❞❛♥s ♥♦tr❡ ❣r♦✉♣❡✳ ❆✉ss✐✱ ❝❡tt❡ ♣r♦❜❧é♠❛t✐q✉❡
s♦rt ❞✉ ❝❤❛♠♣ ❞❡ ♠❡s ✐♥✈❡st✐❣❛t✐♦♥s ♠ê♠❡ s✐ ❧✬❛❥♦✉t ❞✬✉♥❡ r❡♣rés❡♥t❛t✐♦♥
❢♦♥❝t✐♦♥♥❡❧❧❡ ♥♦✉s s❡♠❜❧❡ ✉♥❡ ❡①t❡♥s✐♦♥ ♣❡rt✐♥❡♥t❡ ♣♦✉r ♠✐❡✉① ❝❛té❣♦r✐s❡r
❧❡s ♦❜❥❡ts ♦✉ ❧✐❡✉① ❀ ♥♦✉s ② r❡✈✐❡♥❞r♦♥s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸✳

▲❛ ❞é♠❛r❝❤❡ r❡t❡♥✉❡ ❡st ✐❝✐ s❡♠✐✲❛✉t♦♠❛t✐q✉❡ ❛✉ s❡♥s ♦ù ❧✬❤♦♠♠❡ ✐♥t❡r✲
✈✐❡♥t à ❞❡✉① ♥✐✈❡❛✉① ❞❛♥s ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❝❡tt❡ r❡♣rés❡♥t❛t✐♦♥✳ ❯♥ ❡①♣❡rt
♣❡✉t✱ ❤♦rs✲❧✐❣♥❡✱ ✜❣❡r ✭✓ ❤❛r❞✲❝♦❞❡r ✔✮ ❝❡rt❛✐♥❡s ❝♦♥♥❛✐ss❛♥❝❡s sé♠❛♥t✐q✉❡s
✐♠♠✉❛❜❧❡s✱ ❝♦♠♠❡ ❧✬❛ss♦❝✐❛t✐♦♥ ♣ré✈✐s✐❜❧❡ ❡♥tr❡ ❝❡rt❛✐♥❡s ❝❧❛ss❡s ❞✬♦❜❥❡ts ❡t
❞❡ ❧✐❡✉①✳ ■❧ ♥❡ ♣❡✉t ❤é❧❛s ❞♦♥♥❡r ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ ❡①❤❛✉st✐✈❡ ❞✉ ♠♦♥❞❡✳ ▲❛
✈♦❧♦♥té ❞✬✉♥ ❛♣♣r❡♥t✐ss❛❣❡ ♦✉✈❡rt ♣♦✉r ❧❡ r♦❜♦t ❝♦❣♥✐t✐❢✱ ❧❛ ♣❡rs♣❡❝t✐✈❡ ❞✉
r♦❜♦t ♣❡rs♦♥♥❡❧✱ ✐♠♣❧✐q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ✉♥ ❤✉♠❛✐♥ ♥♦♥✲❡①♣❡rt ❞♦♥t ❧❛
♠✐ss✐♦♥ s❡r❛ ✿ ✭✐✮ ❞❡ ❣✉✐❞❡r ❧❡ r♦❜♦t ❞❛♥s ✉♥❡ str❛té❣✐❡ ❛❝t✐✈❡ ❞❡ ♣r✐s❡s ❞❡ ✈✉❡s
❞❡s str✉❝t✉r❡s ❧♦❝❛❧❡s à ❝❛r❛❝tér✐s❡r ❛✜♥ ❞❡ ❢❛❝✐❧✐t❡r ❧❡✉r s❡❣♠❡♥t❛t✐♦♥✱ ✭✐✐✮
❞❡ ❝❛té❣♦r✐s❡r ❧❡s ✐♥st❛♥❝❡s ❞❡ ❧✐❡✉① ♦✉ ❞✬♦❜❥❡ts ♣❛r ❧❛ ✈♦✐①✳ ▲❛ ❝♦♥str✉❝t✐♦♥
❞❡ ❝❡tt❡ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ét❛♥t s✉❜♦r❞♦♥♥é❡ ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡
❢♦♥❝t✐♦♥s ❞❡ ♣❡r❝❡♣t✐♦♥ ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡ ❞❡ ❧✬❤♦♠♠❡ ♣❛r ❧❡ r♦❜♦t✱ ♥♦s ✐♥✈❡s✲
t✐❣❛t✐♦♥s ♣❛ssé❡s ❡t ❛❝t✉❡❧❧❡s s❡ s♦♥t ❢♦❝❛❧✐sé❡s ❡♥ ❣r❛♥❞❡ ♣❛rt✐❡ s✉r ❝❡ ❞❡r♥✐❡r
♣♦✐♥t✳

P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❡t ❞✉ ♠✐❧✐❡✉ ♣♦✉r ✉♥ r♦❜♦t s♦❝✐❛❜❧❡ ✖ ▲✬❡①✲
♣❧♦✐t❛t✐♦♥ ♣❛r ❧❡ r♦❜♦t ❞❡ s❡s r❡♣rés❡♥t❛t✐♦♥s r❡❧❛t✐✈❡s ❛✉ ♠✐❧✐❡✉ ❡t à ❧✬❡s♣❛❝❡✱
s❡s ❝❛♣❛❝✐tés ♣❡r❝❡♣t✉❡❧❧❡s ❞❡ ❧✬❤♦♠♠❡ ❞♦✐✈❡♥t ❧✉✐ ♣❡r♠❡ttr❡ ❛✉ss✐ ❞❡ ❝♦♠✲
♠✉♥✐q✉❡r ❡t ✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡s ❤✉♠❛✐♥s ♣❛rt❛❣❡❛♥t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈❡s ❢♦♥✲
❞❡♠❡♥ts ♥♦✉s s❡♠❜❧❡♥t ❞❡s ♣ré✲r❡q✉✐s ✐♥❞✐s♣❡♥s❛❜❧❡s à ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦✉
❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘✳ ▲❡ r♦❜♦t ♣♦✉rr❛ ♣❛r ❡①❡♠♣❧❡ ♣❧❛♥✐✜❡r ❞❡s tâ❝❤❡s s②♠❜♦✲
❧✐q✉❡s✱ t②♣✐q✉❡♠❡♥t ❡①é❝✉t❡r ✉♥❡ ❛❝t✐♦♥ à ♣❛rt✐r ❞✬✉♥❡ ❝♦♠♠❛♥❞❡ ♣❛r ❧❡ ❣❡st❡
❡t✴♦✉ ❧❛ ♣❛r♦❧❡ ❞❡ ❧✬❤♦♠♠❡ ❡✳❣✳ ✓ ✈❛ ❝❤❡r❝❤❡r ❧✬♦❜❥❡t ❳ ❞❛♥s ❧❡ ❧✐❡✉ ❨ ✔✳ P❧✉s
❧❛r❣❡♠❡♥t✱ ▲✬❡①é❝✉t✐♦♥ ❞❡ tâ❝❤❡s ❛✉ ✈♦✐s✐♥❛❣❡ ✐♠♠é❞✐❛t ♦✉ ❡♥ ✐♥t❡r❛❝t✐♦♥
❛✈❡❝ ❝❡ ❞❡r♥✐❡r ✈✐s❡r❛ à s❛t✐s❢❛✐r❡ ❝❡ ❞❡r♥✐❡r ❡t ❞♦♥❝✱ ♣♦✉r ❧❡ r♦❜♦t✱ à ❛❣✐r ❡♥
❛❝t❡✉r s♦❝✐❛❜❧❡✳

▲❛ ✜❣✉r❡ ✶✳✺ ♠♦♥tr❡ à t✐tr❡ ❞✬✐❧❧✉str❛t✐♦♥ ✉♥❡ é❜❛✉❝❤❡ ♣♦ss✐❜❧❡ ❞❡ ❝❡tt❡
r❡♣rés❡♥t❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡✱ s❡s ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ♠étr✐q✉❡s✱ t♦♣♦❧♦✲
❣✐q✉❡s✱ ❡t ❝♦♥❝❡♣t✉❡❧s✳ ❈❡tt❡ r❡♣rés❡♥t❛t✐♦♥ ❡st ✐♥s♣✐ré❡ ❞❡ ❬●❛❧✐♥❞♦ ✷✵✵✺❪
q✉✐ ❡①♣❧♦✐t❡ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❡s ❞♦♥♥é❡s ❧❛s❡r ❙■❈❑ ✷❉ ♣♦✉r ♠♦❞é❧✐s❡r✱ ♣❛r
té❧é✲♦♣ér❛t✐♦♥ ❞✉ r♦❜♦t✱ ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t très s♦♠♠❛✐r❡✳

▼❡s ✐♥✈❡st✐❣❛t✐♦♥s ♣❛ssé❡s ❡t ❛❝t✉❡❧❧❡s s✬✐♥s❝r✐✈❡♥t ♥❛t✉r❡❧❧❡♠❡♥t ❞❛♥s ❧❡
♣r♦❥❡t é♥♦♥❝é ❝✐✲❞❡ss✉s✳ ❈❡❧❧❡s✲❝✐ s✬❛rt✐❝✉❧❡♥t ❛✉t♦✉r ❞❡s ❞❡✉① t❤è♠❡s é♥♦♥✲
❝és ❡♥ ♣ré❛♠❜✉❧❡ ❡t ❞♦♥t ♥♦✉s ♣♦✉✈♦♥s ♠❛✐♥t❡♥❛♥t ♣ré❝✐s❡r ❧❡s ❝♦♥t♦✉rs✳
❘❛♣♣❡❧♦♥s ❝❡s ❞❡✉① t❤è♠❡s ✿



✷✹ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡

❋✐❣✳ ✶✳✺ ✕ ➱❜❛✉❝❤❡ ❞✬✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ♣♦ss✐❜❧❡ ❬●❛❧✐♥❞♦
✷✵✵✺❪ ✿ ❝♦♥♥❛✐ss❛♥❝❡ ❛ ♣r✐♦r✐ ✭❡♥ ♥♦✐r✮✱ ❝♦♥str✉❝t✐♦♥ ❛✉t♦♠❛t✐q✉❡ ✭❡♥ ✈❡rt✮✱
s✉♣❡r✈✐sé❡ ✭❡♥ r♦✉❣❡✮✳

✶✳ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ❛✉t♦♥♦♠❡✳

✷✳ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘✳

▼♦♥ ✐♠♣❧✐❝❛t✐♦♥ s✉r ❧❡ t❤è♠❡ n◦ ✶✱ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ▼✳❉❡✈② ✭❉❘
❈◆❘❙✱ ❣r♦✉♣❡ ❘❆P✮✱ ❡st ❝♦♥sé❝✉t✐✈❡ à ♠♦♥ ❛rr✐✈é❡ ❛✉ ▲❆❆❙✲❈◆❘❙✳ ▼♦♥
s♦✉❤❛✐t ❡st ❛✉❥♦✉r❞✬❤✉✐ ❡♥❝♦r❡ ❞❡ ♣♦✉rs✉✐✈r❡ ❝❡s ✐♥✈❡st✐❣❛t✐♦♥s s✉r ❧❛ r❡♣ré✲
s❡♥t❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❡♥ s②♥❡r❣✐❡ ❛✈❡❝ ♠❡s ❝♦❧❧è❣✉❡s ❡t ❞♦♥❝ ❞❡ s✬❛♣♣✉②❡r
s✉r ❧❡✉rs ❡①♣❡rt✐s❡s ❡t ❧❡s ✐♥✈❡st✐❣❛t✐♦♥s ❝♦♥♥❡①❡s ❛✉ t❤è♠❡ n◦ 1✳ ▼❡s ♣r❡✲
♠✐❡rs tr❛✈❛✉①✱ ❞ét❛✐❧❧és ❛✉ ❝❤❛♣✐tr❡ ✷✱ ♦♥t ♣♦rté s✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡
♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ s✉r ❛♠❡rs à ♣❛rt✐r ❞✬✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❤②❜r✐❞❡ ❞❡ ❧✬❡♥✈✐✲
r♦♥♥❡♠❡♥t✱ ✐✳❡✳ ♠étr✐q✉❡ ❡t t♦♣♦❧♦❣✐q✉❡✳ ▲❡✉rs ❡①t❡♥s✐♦♥s ❛❝t✉❡❧❧❡s q✉✐ ❢♦♥t
❧✬♦❜❥❡t ❞❡ tr❛✈❛✉① ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ t❤ès❡s✴st❛❣❡s ❡♥ ❝♦✉rs ❡t✴♦✉ s✉❥❡ts ❞é♣♦✲
sés s♦♥t ❞é❝❧✐♥é❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸✳ ❈♦♥❢♦r♠é♠❡♥t ❛✉ ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡✱ ✐❧
s✬❛❣✐r❛ ♥♦t❛♠♠❡♥t ❞❡ ❝♦♠♣❧ét❡r ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ♣❛r ✉♥❡
r❡♣rés❡♥t❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ❡①❤✐❜❛♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s à ❝❛r❛❝tèr❡ sé♠❛♥t✐q✉❡
✭r❡❧❛t✐✈❡s ❛✉① ❧✐❡✉①✱ ♦❜❥❡ts✱ ❛❝t✐♦♥s ❤✉♠❛✐♥❡s✱ ❡t❝✮✳

▲❡ t❤è♠❡ n◦ ✷ ❛ été ❛❜♦r❞é ♣❧✉s t❛r❞✐✈❡♠❡♥t ✭✷✵✵✷✮ ♣❛r ❧❛ t❤ès❡ ❞❡
▲✳❇rèt❤❡s ✭❚❍✼✱ ♣❛rt✐❡ ■■✮ ❛❧♦rs q✉✬✐❧ ♥✬ét❛✐t ❝♦✉✈❡rt ♣❛r ❛✉❝✉♥ ♣❡r♠❛♥❡♥t
❞✉ ♣ô❧❡✳ ❏✬❡♥ s✉✐s ❧✬✐♥✐t✐❛t❡✉r ❛✉ s❡✐♥ ❞✉ ♣ô❧❡ ❘■❆ ❡t✱ ❡♥ ❝♦♥séq✉❡♥❝❡✱ ❝❡
t❤è♠❡ ❝♦♥st✐t✉❡ ❛✉❥♦✉r❞✬❤✉✐ ♠❛ ♣r✐♦r✐té✳ ■❧ ❢❛✐t ❧♦❣✐q✉❡♠❡♥t ❧✬♦❜❥❡t ❞✬✉♥ ✐♥✲
✈❡st✐ss❡♠❡♥t ♣❧✉s s♦✉t❡♥✉ ❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✬❤♦♠♠❡✱ ❡t s❛



Pr♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ ✷✺

♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❡①♣❧✐❝✐t❡ à t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✉ r♦❜♦t✲s②stè♠❡✱ ♣r❡♥❞ ♣r♦❣r❡s✲
s✐✈❡♠❡♥t ✉♥❡ ✐♠♣♦rt❛♥❝❡ ❣r❛♥❞✐ss❛♥t❡ ❞❛♥s ❧❡ ♣ô❧❡ ❡t ♣❧✉s ❣❧♦❜❛❧❡♠❡♥t ❞❛♥s
❧❛ ❝♦♠♠✉♥❛✉té ❘♦❜♦t✐q✉❡✳ ▼❛ ❝♦♥tr✐❜✉t✐♦♥ ✐❝✐ ♣♦rt❡ ♣❧✉s s♣é❝✐✜q✉❡♠❡♥t
s✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ✐♥t❡r❢❛❝❡s ♣❡r❝❡♣t✉❡❧❧❡s ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘✳ ▲❡
❞é✈❡❧♦♣♣❡♠❡♥t ❞✬❛r❝❤✐t❡❝t✉r❡s ❝♦♠♣❧èt❡s✽ ❞é❞✐é❡s à ♥♦s r♦❜♦ts ❛ss✐st❛♥ts ♦✉
♣❡rs♦♥♥❡❧s ❡st tr❛✐té ❞❛♥s ❧❡ ❣r♦✉♣❡ ❘♦❜♦t✐q✉❡ ❡t ■♥t❡r❛❝t✐♦♥❙ ✭❘■❙✮✳ ▼♦♥
✐♥t❡r❧♦❝✉t❡✉r ❡st ✐❝✐ ❘✳❆❧❛♠✐ ✭❉❘ ❈◆❘❙✱ ❣r♦✉♣❡ ❘■❙✮✳ ❉❡ ♣❛r ❧✬é♠❡r❣❡♥❝❡
♣❧✉tôt ré❝❡♥t❡ ❞❡ ❝❡ t❤è♠❡✱ ♠❡s ♣r❡♠✐❡rs tr❛✈❛✉①✱ ❞ét❛✐❧❧és ❛✉ ❝❤❛♣✐tr❡ ✷✱ ♦♥t
♣♦rté ❡ss❡♥t✐❡❧❧❡♠❡♥t s✉r ❧❡s ❢♦♥❝t✐♦♥s s✉✐✈❛♥t❡s ❞❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ✿
❞ét❡❝t✐♦♥✱ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧✬❤♦♠♠❡✱ s✉✐✈✐ ❞❡ t♦✉t ♦✉ ♣❛rt✐❡ ❞❡ s❡s ♠❡♠❜r❡s
❝♦r♣♦r❡❧s✳ ▲❛ ♣r♦s♣❡❝t✐✈❡ à ❝♦✉rt✴♠♦②❡♥ t❡r♠❡s ✭t❤ès❡s ❡♥ ❝♦✉rs ♦✉ s✉❥❡ts
❞é♣♦sés✮ ❡t ❛✉✲❞❡❧à ❡st ♣rés❡♥té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸✳ ❊❧❧❡ s✬✐♥s❝r✐t ❞❛♥s ❧❛
❝♦♥t✐♥✉✐té ❞❡s ✐♥✈❡st✐❣❛t✐♦♥s ♣❛ssé❡s ❡t ❛❝t✉❡❧❧❡s ❡t ❞❛♥s ❧✬❡s♣r✐t ❞✉ ♣r♦❥❡t ❞❡
r❡❝❤❡r❝❤❡ é♥♦♥❝é✳

❆✈❛♥t ❞❡ r❡♥tr❡r ❞❛♥s ❧❡ ✈✐❢ ❞✉ s✉❥❡t✱ s✐❣♥❛❧♦♥s q✉❡ ♠❡s ♣✉❜❧✐❝❛t✐♦♥s✱ ❡♥✲
❝❛❞r❡♠❡♥ts✱ ❝♦♥tr❛ts ✐♥❞✉str✐❡❧s✱ ♣r♦❥❡ts✱ ❝♦❧❧❛❜♦r❛t✐♦♥s ❞♦♥t ✐❧ ❡st ❢❛✐t ♠❡♥✲
t✐♦♥ ❞❛♥s ❧❡ t❡①t❡✱ s♦♥t ❛ss♦❝✐és à ❞❡s ✐♥❞❡① ✭r❡s♣✳ ❬①❪✱ ❬❚❍①❪✱ ❬❈■①❪✱ ❬P❘❖①❪✱
❬❈❖①❪✮ ♣❡r♠❡tt❛♥t ❧❡✉r ré❢ér❡♥❝❡♠❡♥t ❞❛♥s ❧❛ ♣❛rt✐❡ ■■ s✉r ❧❛ ✈❛❧♦r✐s❛t✐♦♥ ❞❡
♠❡s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡✳

✽✐✳❡✳ ✐♠♣❧✐q✉❛♥t t♦✉t❡s ❧❡s ❝♦✉❝❤❡s ❞✉ r♦❜♦t✲s②stè♠❡ ✭✜❣✉r❡ ✶✳✹✮✳



✷✻ ❈♦♥t❡①t❡ ❡t ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡



❈❤❛♣✐tr❡ ✷

❚r❛✈❛✉① ❛♥tér✐❡✉rs



✷✽ ❚r❛✈❛✉① ❛♥tér✐❡✉rs



Pré❛♠❜✉❧❡ ✷✾

✶ Pré❛♠❜✉❧❡

❈❡ ❝❤❛♣✐tr❡ ❞é❝r✐t ♠❡s tr❛✈❛✉① ❛♥tér✐❡✉rs ❞❛♥s ❧❡s ❞❡✉① t❤è♠❡s é♥♦♥❝és
♣ré❝é❞❡♠♠❡♥t✳ ▲❛ s❡❝t✐♦♥ ✷ ❡st r❡❧❛t✐✈❡ ❛✉ t❤è♠❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡
♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ t❛♥❞✐s q✉❡ ❧❛ s❡❝t✐♦♥ ✸ ❡st r❡❧❛t✐✈❡ ❛✉ t❤è♠❡ ♣❡r❝❡♣t✐♦♥
❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘✳ ❊♥✜♥✱ ❧❛ s❡❝t✐♦♥ ✹ ♠❡♥t✐♦♥♥❡ q✉❡❧q✉❡s
r❡t♦♠❜é❡s ❝♦♥♥❡①❡s à ❝❡s tr❛✈❛✉① ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥ ❝♦♥tr❛t ✐♥❞✉str✐❡❧ ♠❛❥❡✉r
❡♥ t❡r♠❡ ❞❡ t❡♠♣s ✐♥✈❡st✐✳

✷ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥

✷✳✶ ▼♦t✐✈❛t✐♦♥s

P♦✉r ♥❛✈✐❣✉❡r ❞❡ ❢❛ç♦♥ ❛✉t♦♥♦♠❡✱ ❧❡s r♦❜♦ts ❞✉ ▲❆❆❙✲❈◆❘❙ ✐♥tè❣r❡♥t
♣❧✉s✐❡✉rs ❢♦♥❝t✐♦♥s s❡♥s♦r✐✲♠♦tr✐❝❡s ré❛❧✐s❛♥t ❧❡s ❛❝t✐♦♥s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❞❡
tr❛❥❡❝t♦✐r❡s✱ ❧♦❝❛❧✐s❛t✐♦♥✱ ❡t ❝♦♥trô❧❡ ❞✉ ♠♦✉✈❡♠❡♥t✳ ❆✐♥s✐✱ ❧❡ r♦❜♦t ❉✐❧✐❣❡♥t✱
s✉♣♣♦rt ❡①♣ér✐♠❡♥t❛❧ ❞❡ ❝❡s tr❛✈❛✉①✱ ❝♦♥trô❧❡ s❡s ♠♦✉✈❡♠❡♥ts ❣râ❝❡ à ❞✐❢✲
❢ér❡♥t❡s str❛té❣✐❡s ♦✉ ♠ét❤♦❞❡s ❞✉r❛♥t ✉♥❡ tâ❝❤❡ ❞❡ ♥❛✈✐❣❛t✐♦♥ ✿ ♠ét❤♦❞❡
ré❛❝t✐✈❡ ♣❛r ♣♦t❡♥t✐❡❧s ❛ttr❛❝t❡✉r ❡t ré♣✉❧s✐❢✱ ♠ét❤♦❞❡ ❞❡ ❞é❢♦r♠❛t✐♦♥ ❞❡
❜❛♥❞❡ é❧❛st✐q✉❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ♣ré✲♣❧❛♥✐✜é❡✳ ❈♦♥❝❡r♥❛♥t ❧❛ ❧♦❝❛❧✐✲
s❛t✐♦♥✱ s✉❥❡t ❞❡ ♥♦s ✐♥✈❡st✐❣❛t✐♦♥s ✐❝✐✱ ❡❧❧❡ s✬❛♣♣✉✐❡ ❝❧❛ss✐q✉❡♠❡♥t s✉r ❞❡✉①
❝❧❛ss❡s ❞❡ ❝❛♣t❡✉rs ✿ ✭✶✮ ❧❡s ❝❛♣t❡✉rs ♣r♦♣r✐♦❝❡♣t✐❢s q✉✐ ♠❡s✉r❡♥t ❞❡s q✉❛♥t✐✲
tés r❡❧✐é❡s à ❞❡s ❞ér✐✈é❡s ♣r❡♠✐èr❡s ♦✉ s❡❝♦♥❞❡s ❞❡ ❧❛ ♣♦s✐t✐♦♥✱ ✭✷✮ ❧❡s ❝❛♣t❡✉rs
❡①tér♦❝❡♣t✐❢s q✉✐ ♠❡s✉r❡♥t ❧✬ét❛t ❞✬✉♥❡ r❡❧❛t✐♦♥ ❡♥tr❡ ❧✬❡♥t✐té ❡♥ ♠♦✉✈❡♠❡♥t
❡t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡①tér✐❡✉r✳ ▲❡s ♣r❡♠✐❡rs ❝♦♥❞✉✐s❡♥t à ❞❡s ♣r♦❜❧è♠❡s ❞❡
❞ér✐✈❡ ❧♦rs ❞✬✉♥❡ ♥❛✈✐❣❛t✐♦♥ ❛✉ ❧♦♥❣ ❝♦✉rs✳ ❖♥ ♣r✐✈✐❧é❣✐❡ ❛❧♦rs ❧❡s ❝❛♣t❡✉rs
❡①tér♦❝❡♣t✐❢s ♣♦✉r s❡ ❧♦❝❛❧✐s❡r ❡♥ r❡❧❛t✐❢ ♦✉ ❡♥ ❛❜s♦❧✉ à ♣❛rt✐r ❞❡ ♠♦❞è❧❡s✱
✐❝✐ ♠étr✐q✉❡ ♦✉ t♦♣♦❧♦❣✐q✉❡✱ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳

■❧ s❡♠❜❧❡ ✐rré❛❧✐st❡ ❞✬❡①♣❧♦✐t❡r ❧❛ t♦t❛❧✐té ❞❡s ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s à ❧❛
❞✐s♣♦s✐t✐♦♥ ❞✉ r♦❜♦t ❝❛r ❧❛ q✉❛♥t✐té ❞✬✐♥❢♦r♠❛t✐♦♥ ❡♥ ❥❡✉✱ ♣♦✉r ❞❡s ❡♥✈✐r♦♥✲
♥❡♠❡♥ts à ❧❛r❣❡ é❝❤❡❧❧❡✱ ♣❡✉t ❞é♣❛ss❡r ❧❛r❣❡♠❡♥t ❧❡s ❝❛♣❛❝✐tés ❞❡ ❝❛❧❝✉❧ ❞❡
❧❛ ♠❛❝❤✐♥❡✳ ▲❛ str❛té❣✐❡ s❡r❛ ❞♦♥❝ ♣❧✉tôt ❞✬❡①♣❧♦✐t❡r✱ ❞❛♥s ❝❡ ✢♦t ❞❡ ❞♦♥✲
♥é❡s✱ ❞❡s ❛♠❡rs ❛✜♥ ❞❡ ✿ ✭✶✮ ❧✐♠✐t❡r ❧❛ ❝♦♠♣❧❡①✐té ❞❡ ❧❛ tâ❝❤❡ ❞❡ ❧♦❝❛❧✐s❛t✐♦♥✱
✭✷✮ é✈✐t❡r ❧❡s ❡rr❡✉rs ❝♦♥st❛té❡s ❧♦rsq✉❡ ❧❡ ♠♦❞è❧❡ ❡st s❡✉❧❡♠❡♥t ❝♦♥st✐t✉é ❞❡
♣r✐♠✐t✐✈❡s ❣é♦♠étr✐q✉❡s é❧é♠❡♥t❛✐r❡s✱ ✭✸✮ r❡♣rés❡♥t❡r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t s♦✉s
✉♥❡ ❢♦r♠❡ ♣❧✉s ❝♦♠♣❛❝t❡✳ P❧✉s✐❡✉rs tr❛✈❛✉① ✓ ❤✐st♦r✐q✉❡s ✔ ❞✉ ♣ô❧❡ ❘■❆ ♦♥t
♣♦rté s✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ s✉r ❛♠❡rs ✈✐s✉❡❧s ❡♥ ♠✐❧✐❡✉ ❡①tér✐❡✉r ❬❇❡t❣é✲❇r❡③❡t③
✶✾✾✻✱ ❏✉♥❣ ✷✵✵✹✱❱❛♥❞❛♣❡❧ ✷✵✵✵❪ ♦✉ s✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ s✉r ❛♠❡rs ❧❛s❡r ❡♥ ♠✐✲
❧✐❡✉ ✐♥tér✐❡✉r ❬❇✉❧❛t❛ ✶✾✾✻❪✳ ◆♦s tr❛✈❛✉① ♣♦rt❡♥t ✐❝✐ s✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ s✉r
❛♠❡rs ✈✐s✉❡❧s ❡♥ ♠✐❧✐❡✉ ✐♥tér✐❡✉r à ❧✬❛✐❞❡ ❞✬✉♥❡ s❡✉❧❡ ❝❛♠ér❛✱ ❝❡tt❡



✸✵ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

♣r♦❜❧é♠❛t✐q✉❡ s♦✉s✲t❡♥❞❛♥t ❞❡s str❛té❣✐❡s ❞❡ ♣❡r❝❡♣t✐♦♥ ❡t ❞❡ r❡♣rés❡♥t❛✲
t✐♦♥s ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s ♠✐s❡s ❡♥ ÷✉✈r❡ ♣❛r ❧❡ ♣❛ssé✳ P❧✉s ❧❛r❣❡♠❡♥t✱ ❧❛
❝♦♠♠✉♥❛✉té ❘♦❜♦t✐q✉❡ ❡①♣❧♦✐t❡ ❞❡ ♥♦♠❜r❡✉① ✐♥❞✐❝❡s ✈✐s✉❡❧s ♣♦✉r ❝❛r❛❝tér✐✲
s❡r ❞❡s ❛♠❡rs s❛✐❧❧❛♥ts✳ ❈✐t♦♥s ✐❝✐ ❧❡s ❝❛rt❡s ❞❡ s❛✐❧❧❛♥❝❡ ❬■tt✐ ✶✾✾✽❪✱ ❧❡s ❜❛s❡s
❞✬✐♠❛❣❡s ❬P♦rt❛ ✷✵✵✹❪✱ ❧❡s ♣♦✐♥ts ❞✬✐♥térêt ❬▼♦r❡❡❧s ✷✵✵✺❪✱ ❧❡s s❡❣♠❡♥ts ❞❡
❝♦♥t♦✉rs ❬❙✐♠ ✶✾✾✾❪✱ ❧❡s ✐♥✈❛r✐❛♥ts ♣r♦❥❡❝t✐❢s ❬❇r❛♥❝❛ ✷✵✵✵❪✱ ❡t❝✳ ❆✉✲❞❡❧à ❞❡
❝❡s ❝r✐tèr❡s ❞❡ s❛✐❧❧❛♥❝❡✱ ✐❧ s✬❛❣✐t✱ ❝♦♥❢♦r♠é♠❡♥t ❛✉ ♣r♦❥❡t é♥♦♥❝é✱ ❞❡ ♣r❡♥❞r❡
❡♥ ❝♦♠♣t❡ ❞✬❛✉tr❡s ❛s♣❡❝ts ❢♦♥❞❛♠❡♥t❛✉① q✉❡ s♦♥t ✿ ✈❛❧❡✉r sé♠❛♥t✐q✉❡✱ st❛✲
❜✐❧✐té ❛✉① ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣r✐s❡ ❞❡ ✈✉❡✱ r♦❜✉st❡ss❡ ❛✉① ♦❝❝✉❧t❛t✐♦♥s✱ ❛♣t✐t✉❞❡
à ❧❛ ❧♦❝❛❧✐s❛t✐♦♥✱ ❡t❝✳

▲❡s ❢♦♥❝t✐♦♥s ♣❡r❝❡♣t✉❡❧❧❡s ❞é✈❡❧♦♣♣é❡s s♦♥t ❞é✈♦❧✉❡s ❛✉ r♦❜♦t ❉✐❧✐❣❡♥t
❞♦♥t ❧❡ s②stè♠❡ ❞❡ s✉♣❡r✈✐s✐♦♥ ♣❡r♠❡t ❞❡ ❢❛✐r❡ ❝♦❡①✐st❡r ✲ ✈♦✐r❡ ✐♥t❡r❢ér❡r
✲ ♣❧✉s✐❡✉rs ❢♦♥❝t✐♦♥s s❡♥s♦r✐✲♠♦tr✐❝❡s ❡♠❜❛rq✉é❡s✳ ❊♥ ❡✛❡t✱ ♥♦✉s ♥❡ ♣♦✉✲
✈♦♥s ♣ré✲s✉♣♣♦s❡r ❧✬❡①✐st❡♥❝❡ ❞✬✉♥❡ str❛té❣✐❡✱ ✉♥✐q✉❡ ❡t ♦♣t✐♠❛❧❡ ❞❛♥s t♦✉t
❝♦♥t❡①t❡✱ ❞❡ ré❛❧✐s❛t✐♦♥ ❞❡ ❧❛ tâ❝❤❡ ❞❡ ♥❛✈✐❣❛t✐♦♥ à ❧✬❛✐❞❡ ❞❡ ❝❡s ❢♦♥❝t✐♦♥s
s❡♥s♦r✐✲♠♦tr✐❝❡s✳ ❆✐♥s✐✱ ❞✐✈❡rs❡s str❛té❣✐❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s s♦♥t ❡①é❝✉té❡s
s✉✐✈❛♥t ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❝♦✉r❛♥t❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ❡✳❣✳ ❧❛ tr❛✈❡rsé❡
❞✬✉♥❡ ③♦♥❡ ❡♥❝♦♠❜ré❡ ❞✬♦❜st❛❝❧❡s ✐♠♣ré✈✉s✱ ❞✬✉♥❡ ③♦♥❡ étr♦✐t❡✱ ❞✬✉♥❡ ③♦♥❡
♣❛✉✈r❡ ❡♥ ❛♠❡rs ✈✐s✉❡❧s ♦✉ ❛✉ ❝♦♥tr❛✐r❡ r✐❝❤❡ ❞❡ t❡❧s ❛♠❡rs✱ ❡t❝✳ ◆♦✉s ♥❡
❞ét❛✐❧❧❡r♦♥s ♣❛s ❞❛✈❛♥t❛❣❡ ❝❛r ❝❡s ❡①t❡♥s✐♦♥s✱ ✐♠♣❧✐q✉❛♥t ❝❡rt❡s ♥♦s tr❛✈❛✉①✱
s♦rt❡♥t ❞❡ ♥♦tr❡ ❝❤❛♠♣ ❞✬✐♥✈❡st✐❣❛t✐♦♥✳ ▲❡ ❧❡❝t❡✉r ♣♦✉rr❛ s❡ ré❢ér❡r à ❬▼♦✲
r✐ss❡t ✷✵✵✷❪ ♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s✳

❉❛♥s ❧✬❡s♣r✐t ❞✉ ♣r♦❥❡t é♥♦♥❝é✱ ❧❡s tr❛✈❛✉① ré❛❧✐sés ❞✉r❛♥t ❧❛ t❤ès❡ ❞❡ ❏✳❇
❍❛②❡t ❬❚❍✽❪ ♦♥t ♣♦rté s✉r ❧❡s ♣♦✐♥ts s✉✐✈❛♥ts ✿

✕ ▲❛ ❞é✜♥✐t✐♦♥ ❞✬❛♠❡rs ✈✐s✉❡❧s ♣❡rt✐♥❡♥ts ❡t ❛❞❛♣tés ❛✉① ♠✐❧✐❡✉① ✐♥té✲
r✐❡✉rs✱ ❧❡✉r ❞ét❡❝t✐♦♥ ❡t r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡♣✉✐s ✉♥❡ ❝❛♠ér❛ ❡♠❜❛rq✉é❡✳

✕ ▲❛ ❝♦♥str✉❝t✐♦♥ ❞✬✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❤②❜r✐❞❡ ✭♠étr✐q✉❡ ❡t t♦♣♦❧♦❣✐q✉❡✮
❡t ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡ ✭❛♠❡rs ✈✐s✉❡❧s ❡t té❧é♠étr✐q✉❡s✮ ❞❡ ❧✬❡s♣❛❝❡✳

✕ ▲❛ ♥❛✈✐❣❛t✐♦♥✱ ♣♦ss✐❜❧❡♠❡♥t ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡✱ ❞✉ r♦❜♦t à ♣❛rt✐r ❞❡ ❝❡tt❡
r❡♣rés❡♥t❛t✐♦♥✳

✕ ▲✬✐♥té❣r❛t✐♦♥ ❞❡ ❝❡s ❢♦♥❝t✐♦♥s ♣❡r❝❡♣t✉❡❧❧❡s s✉r ❧❡ r♦❜♦t ♠♦❜✐❧❡ ❉✐❧✐❣❡♥t
❡t ❧❡✉rs é✈❛❧✉❛t✐♦♥s ❞❛♥s ❞❡s s✐t✉❛t✐♦♥s ré❛❧✐st❡s✳

▲❡s s♦✉s✲s❡❝t✐♦♥s s✉✐✈❛♥t❡s r❡♣r❡♥♥❡♥t ❝❡s ❞✐✛ér❡♥ts ♣♦✐♥ts ♣✉✐s é♥✉♠èr❡♥t
❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❛ss♦❝✐é❡s✳

✷✳✷ ❉ét❡❝t✐♦♥ ❡t r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬❛♠❡rs ✈✐s✉❡❧s

◆♦tr❡ ♣r❡♠✐èr❡ ❝♦♥tr✐❜✉t✐♦♥ ♣♦rt❡ s✉r ❧❛ ❞ét❡❝t✐♦♥✱ ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡✱ ❧❛
❧♦❝❛❧✐s❛t✐♦♥ s✉r ❛♠❡rs ✈✐s✉❡❧s✱ ✐❝✐ ❞❡s q✉❛❞r❛♥❣❧❡s q✉✐ s♦♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t
♣rés❡♥ts ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞✬✐♥tér✐❡✉r ✭❛✣❝❤❡s✱ ♣❧❛♥s✱ t❛❜❧❡❛✉①✱ ♣♦rt❡s✱✳ ✳ ✳✮✳



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ✸✶

❈❡s ❡♥t✐tés✱ s♦✉✈❡♥t ♣♦s✐t✐♦♥♥é❡s ❡♥ ❤❛✉t❡✉r ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ s❡r♦♥t
♠♦✐♥s s✉❥❡tt❡s à ♦❝❝✉❧t❛t✐♦♥s ❧♦rsq✉❡ ❧✬❡s♣❛❝❡ ❞✉ r♦❜♦t s❡r❛ ✓ ❡♥❝♦♠❜ré ✔
♣❛r ♣❧✉s✐❡✉rs ❤✉♠❛✐♥s✳ ❊♥✜♥✱ ❝❡s ❛♠❡rs s♦♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t s❛✐❧❧❛♥ts✱ ❧♦❝❛✲
❧✐s❛❜❧❡s ❡t st❛❜❧❡s✳ ▲❡✉r s❛✐❧❧❛♥❝❡ t✐❡♥t t♦✉t à ❧❛ ❢♦✐s ❞❡ ❧❛ str✉❝t✉r❡ ♣❛rt✐❝✉❧✐èr❡
r❡❝❤❡r❝❤é❡ ❛ ♣r✐♦r✐ ❡t ❞❡ ❝r✐tèr❡s s✉r ❧❡ ❝♦♥t❡♥✉ t❡①t✉r❡❧ ❞❡ ❝❡❧❧❡✲❝✐ ❀ ❧❛ ❧♦❝❛❧✐✲
s❛❜✐❧✐té ♣r♦✈✐❡♥t ❞❡ ❧❛ str✉❝t✉r❡ ❣é♦♠étr✐q✉❡ ❞❡ ❧✬❛♠❡r ❀ ❡♥✜♥✱ ❧❛ st❛❜✐❧✐té ✈❛
❞❡ ♣❛✐r ❛✈❡❝ ❧✬❤②♣♦t❤ès❡ ❞❡ ❧❛ ♣❧❛♥❛r✐té ❞❡ ❧❛ str✉❝t✉r❡ ✸❉ ❝♦rr❡s♣♦♥❞❛♥t❡✳

❋✐❣✳ ✷✳✶ ✕ ❉ét❡❝t✐♦♥
❞✬❛♠❡rs ❡♥ ❡s♣❛❝❡ ♦✉✲
✈❡rt✳

▲❡ r♦❜♦t é✈♦❧✉❡ ❞❛♥s ✉♥ ♠✐❧✐❡✉ ✐♥tér✐❡✉r ❛❧t❡r✲
♥❛♥t rés❡❛✉① ❞❡ ❝♦✉❧♦✐rs ❡t ❡s♣❛❝❡s ♦✉✈❡rts ❛✈❡❝
❞❡s ❝❛r❛❝tér✐st✐q✉❡s très ❞✐✛ér❡♥t❡s✳ ▲✬❡①♣❧♦✐t❛✲
t✐♦♥ ❞❡s ❛♠❡rs ✈✐s✉❡❧s ❡st ❧♦❣✐q✉❡♠❡♥t ❞é♣❡♥❞❛♥t❡
❞✉ ❝♦♥t❡①t❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❝♦✉r❛♥t ❡t ❞✉ ♠♦❞❡
❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ❡①é❝✉té✳ ▲♦rsq✉❡ ❧❡ r♦❜♦t ❞✐s♣♦s❡✱
❧♦rs ❞❡ s❛ ♥❛✈✐❣❛t✐♦♥✱ ❞✬✉♥❡ ❡st✐♠é❡ ✜❛❜❧❡ s✉r s❛
♣♦s✐t✐♦♥ s♣❛t✐❛❧❡✱ ❧❡ ♣r✐♥❝✐♣❡ ❡st ❛❧♦rs ❞❡ s❡ r❡❝❛✲
❧❡r s✉r ❧❡s ❝♦♥t♦✉rs ❡st✐♠és ♣❛r r❡♣r♦❥❡❝t✐♦♥ ❞❡s
❛♠❡rs ❛♣rès ♣ré❞✐❝t✐♦♥ ❬✼❪✳ ❙❛♥s ❡st✐♠é❡ ✐♥✐t✐❛❧❡
✭str❛té❣✐❡ ❞✐t❡ ❞❡ ❦✐❞♥❛♣♣✐♥❣✮✱ ❞❡✉① str❛té❣✐❡s ❞❡
❞ét❡❝t✐♦♥ ❞✬❛♠❡rs s♦♥t ♣♦ss✐❜❧❡s s✉✐✈❛♥t ❧❡s ❝❛✲
r❛❝tér✐st✐q✉❡s ❝♦✉r❛♥t❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲❛ ♣r❡♠✐èr❡✱ ♣❧✉tôt ❞é❞✐é❡ ❛✉①
❡s♣❛❝❡s ♦✉✈❡rts✱ ❡st ❜❛sé❡ s✉r ✉♥ ❞♦✉❜❧❡ ♣r♦❝❡ss✉s ❞❡ r❡❧❛①❛t✐♦♥ ♣♦✉r ❛♣♣❛✲
r✐❡r ❞❡s q✉❛❞r✉♣❧❡ts ❞❡ s❡❣♠❡♥ts à ♣❛rt✐r ❞✬✉♥❡ ✐♠❛❣❡ ❞❡ ❝♦♥t♦✉rs ❬✷✺✱ ✷✻❪✳ ▲❛
✜❣✉r❡ ✷✳✶ ♠♦♥tr❡ ❞❡s ❛♠❡rs ❡①tr❛✐ts ❞❛♥s ❝❡ ❝♦♥t❡①t❡✳ ▲❛ s❡❝♦♥❞❡ str❛té❣✐❡✱
❛❞❛♣té❡ ❛✉① ❝♦✉❧♦✐rs✱ ❡st ♣❧✉s r❛♣✐❞❡ ♠❛✐s ♠♦✐♥s r♦❜✉st❡✳ ❊❧❧❡ tr❛✐t❡ ❞✐r❡❝✲
t❡♠❡♥t ❧✬✐♠❛❣❡ ❞❡ ♥✐✈❡❛✉ ❞❡ ❣r✐s✱ ❞♦♥t ❡❧❧❡ ❡✛❡❝t✉❡ ✉♥ ♠♦②❡♥♥❛❣❡ ❝♦♥trô❧é
♣❛r ❧❡s ✐♥❢♦r♠❛t✐♦♥s str✉❝t✉r❡❧❧❡s à ❞✐s♣♦s✐t✐♦♥ ❬✷✼❪✳ ❚②♣✐q✉❡♠❡♥t✱ ♣♦✉r ❧❡s
❝♦✉❧♦✐rs✱ ❧❡s ♣♦✐♥ts ❞❡ ❢✉✐t❡ ♣❡r♠❡tt❡♥t à ❢❛✐❜❧❡ ❝♦ût ❞❡ str✉❝t✉r❡r ❧❡s ✐♠❛❣❡s
❡t ❞♦♥❝ ❞❡ ❢❛❝✐❧✐t❡r ❧❛ s❡❣♠❡♥t❛t✐♦♥ ❞❡s ❛♠❡rs✳ ▲❛ ✜❣✉r❡ ✷✳✷ ♠♦♥tr❡✱ ❞❛♥s
❝❡ ❝♦♥t❡①t❡✱ ❞❡s ❛♠❡rs ❡①tr❛✐ts à ❧✬❛✐❞❡ ❞❡ ❝❡tt❡ str❛té❣✐❡ ❡①♣❧♦✐t❛♥t ❧✐❣♥❡
❞✬❤♦r✐③♦♥ ❡t ♣♦✐♥ts ❞❡ ❢✉✐t❡✳

▲✬✐♥❞❡①❛t✐♦♥ ❞❡s ❛♠❡rs ❛✐♥s✐ ❞ét❡❝tés s✬❛♣♣✉✐❡ s✉r ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ♣❤♦✲
t♦❣r❛♠♠étr✐q✉❡ ❞❡ ❝❡s ❞❡r♥✐❡rs✳ ❯♥❡ r❡❝t✐✜❝❛t✐♦♥ ❤♦♠♦❣r❛♣❤✐q✉❡ ❡st ❛♣♣❧✐✲
q✉é❡ ♣♦✉r ét❛❜❧✐r ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ✐❝♦♥✐q✉❡ ♦✉ ✐♠❛❣❡tt❡ ❞❡s ❛♠❡rs ✐♥✈❛✲
r✐❛♥t❡ ❛✉① ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣♦✐♥ts ❞❡ ✈✉❡ ❡t ❛✉① ♣❛r❛♠ètr❡s ❞❡ ❧❛ ❝❛♠ér❛✳

P♦✉r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡✱ tr♦✐s ❝❛r❛❝tér✐s❛t✐♦♥s r♦❜✉st❡s ❞❡ ❝❡ ♠♦❞è❧❡ ✐❝♦♥✐✲
✜é s♦♥t ♣r♦♣♦sé❡s ❞❛♥s ❬✷✺❪ ♣♦✉r ❝❛❧❝✉❧❡r ❧❛ ❞✐st❛♥❝❡ ❞✬✉♥❡ ✐♠❛❣❡tt❡ ✐♥❝♦♥♥✉❡
Q à ❧❛ ❝❧❛ss❡ ❧ ❧✐é❡ à ❧✬❛♠❡r Cl✳ ▲❛ ♣r❡♠✐èr❡ ♥♦té❡ C ✖ ❝❧❛ss✐q✉❡ ✖ r❡♣♦s❡
s✉r ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ré❣✉❧✐èr❡ ❞✉ ♠♦t✐❢ r❡❝t✐✜é ❡♥ s♦✉s✲✐♠❛❣❡s ❡t ❧✬✉t✐❧✐s❛t✐♦♥
❞✬✉♥❡ ♠❡s✉r❡ ❞❡ ❝♦rré❧❛t✐♦♥ ♣❛rt✐❡❧❧❡ r♦❜✉st❡ ❀ ❧❛ s❡❝♦♥❞❡ H

f
2 ❝♦♥s✐❞èr❡ ❧❛

❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♣♦✐♥ts ❞✬✐♥térêt ❞ét❡❝tés s✉r ❧✬✐♠❛❣❡tt❡ ❡t ❝♦♠♣❛r❡
❞❡ t❡❧s ❡♥s❡♠❜❧❡s à ❧✬❛✐❞❡ ❞❡ ❧❛ ❞✐st❛♥❝❡ ♣❛rt✐❡❧❧❡ ❞❡ ❍❛✉s❞♦r✛ ❀ ❧❛ tr♦✐s✐è♠❡



✸✷ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

H f
p ✱ r❡❧❛t✐✈❡♠❡♥t ♦r✐❣✐♥❛❧❡✱ ❛❥♦✉t❡ à ❧❛ ♣ré❝é❞❡♥t❡ ❞❡s ✐♥✈❛r✐❛♥ts ❞✐✛ér❡♥✲

t✐❡❧s ♥♦r♠❛❧✐sés ✈❡♥❛♥t ♣♦♥❞ér❡r ❧❡s ❞✐st❛♥❝❡s ❡✉❝❧✐❞✐❡♥♥❡s ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞❡
❧❛ ❞✐st❛♥❝❡ ❞❡ ❍❛✉s❞♦r✛ ♣ré❝é❞❡♥t❡✳

❋✐❣✳ ✷✳✷ ✕ ❉ét❡❝t✐♦♥
❞✬❛♠❡rs ❡♥ ❝♦✉❧♦✐r✳

❯♥❡ ♣r♦❝é❞✉r❡ ❞✬❛♣♣r❡♥t✐ss❛❣❡ s❡♠✐✲s✉♣❡r✈✐sé❡
♣❡r♠❡t ❞✬❡①tr❛✐r❡✱ ♣❛r ❆♥❛❧②s❡ ❡♥ ❈♦♠♣♦s❛♥t❡s
Pr✐♥❝✐♣❛❧❡s ✭❆❈P✮ s✉r ✉♥❡ séq✉❡♥❝❡ ❞✬✐♠❛❣❡s
❝♦♥t❡♥❛♥t ✉♥ ♦✉ ♣❧✉s✐❡✉rs ❛♠❡rs ♣♦t❡♥t✐❡❧❧❡♠❡♥t
✐♥tér❡ss❛♥ts✱ ✉♥ ❡♥s❡♠❜❧❡ ré❞✉✐t ❞❡ ✈✉❡s ✐❝♦♥✐✜é❡s
r❡♣rés❡♥t❛t✐✈❡s ❞❡ ❝❤❛q✉❡ ❛♠❡r ✭❝❧❛ss❡✮✳ ❉❡ ❧❛ ❞✐s✲
t❛♥❝❡ ❡♥tr❡ ❝❡s ✈✉❡s r❡♣rés❡♥t❛♥t Cl ❡t ❧✬✐♠❛❣❡tt❡
✐♥❝♦♥♥✉❡ Q✱ ♥♦✉s ❞ér✐✈♦♥s ✉♥❡ ❡st✐♠❛t✐♦♥ ❤❡✉r✐s✲
t✐q✉❡ ❞❡s ♣r♦❜❛❜✐❧✐tés ❛ ♣♦st❡r✐♦r✐ ❞✬❛♣♣❛rt❡♥❛♥❝❡
à ❝❤❛q✉❡ ❝❧❛ss❡ ❛✐♥s✐ q✉✬✉♥❡ ♠❡s✉r❡ ❞❡ ❝♦♥✜❛♥❝❡
s✉r ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ à ♣❛rt✐r ❞❡s ♣r♦❜❛❜✐❧✐tés ❞❡s
❝❧❛ss❡s ♣❡r❞❛♥t❡s✳ ❯♥❡ é✈❛❧✉❛t✐♦♥ ❛♣♣r♦❢♦♥❞✐❡ ❞✉
❝♦♠♣♦rt❡♠❡♥t ❞❡s ♠❡s✉r❡s C f , H f

p , H
f

d ✈✐s✲à✲✈✐s
❞❡ ❝♦♥❞✐t✐♦♥s ❞❡ ♣r✐s❡s ❞❡ ✈✉❡ ✈❛r✐❛❜❧❡s ❡t ré❛❧✐st❡s
✈✐s✲à✲✈✐s ❞✉ ❝♦♥t❡①t❡ ❛♣♣❧✐❝❛t✐❢ ❛ ♣❡r♠✐s ❞❡ s♦✉❧✐❣♥❡r ❧❡s ❜♦♥♥❡s ♣❡r❢♦r♠❛♥❝❡s
❞❡s r❡♣rés❡♥t❛t✐♦♥s C f ❡t H f

p ✳ ◆♦✉s ❛✈♦♥s ❛✉ ✜♥❛❧ ♣r✐✈✐❧é❣✐é ❧❛ ♠❡s✉r❡ H
f

d

♣♦✉r ❧❛ ❝♦♠♣❛❝✐té ❞❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❛ss♦❝✐é❡✳ ❈❡s tr❛✈❛✉① ♦♥t ❞♦♥♥é ❧✐❡✉ à
❞❡ ♥♦♠❜r❡✉s❡s ♣✉❜❧✐❝❛t✐♦♥s✳ ❈✐t♦♥s ❡♥ ♣❛rt✐❝✉❧✐❡r ❬✺❪ ❡t ❬✷✼❪ q✉✐ s♦♥t ❥♦✐♥t❡s
❡♥ ✜♥ ❞✉ ♠é♠♦✐r❡✳

✷✳✸ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡

P♦✉r ♥❛✈✐❣✉❡r✱ ❧❡ r♦❜♦t ❡①♣❧♦✐t❡ ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡ s♦♥ ❡s♣❛❝❡ q✉✬✐❧
❝♦♥str✉✐t ❛✉t♦♠❛t✐q✉❡♠❡♥t ❞✉r❛♥t ✉♥❡ ♣❤❛s❡ ♣ré❧✐♠✐♥❛✐r❡ ❞✬❡①♣❧♦r❛t✐♦♥ ❞❡
❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈♦♠♠❡ é✈♦q✉é ❞❛♥s ❧❡ ♣r♦❥❡t✱ ❝❡tt❡ r❡♣rés❡♥t❛t✐♦♥✱ t♦✉t
❡♥ ❡①♣❧♦✐t❛♥t ❧❛ ❞ét❡❝t✐♦♥ ❡t r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬❛♠❡rs ✈✐s✉❡❧s✱ ❞♦✐t ❡①❤✐❜❡r à
❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬❛❜str❛❝t✐♦♥ ❞❡s ♠♦❞è❧❡s ✿

✕ ♠étr✐q✉❡s ❡✳❣✳ ❣r✐❧❧❡ ❞✬♦❝❝✉♣❛t✐♦♥ ❬●❛❧✐♥❞♦ ✷✵✵✺❪✱ ❝❛rt❡ st♦❝❤❛st✐q✉❡
❬P❢❛✛ ✷✵✵✻❪✱ ❡t❝✳

✕ t♦♣♦❧♦❣✐q✉❡s ❡✳❣✳ ❣r❛♣❤❡ ❞❡ ❧✐❡✉①✱ ❞✬❛♠❡rs ❬❇♦♦✐❥ ✷✵✵✼❪ ♦✉ ❞✬♦❜❥❡ts ❬❱❛✲
s✉❞❡✈❛♥ ✷✵✵✻❪✱ ❣r❛♣❤❡ ❞❡ ❱♦r♦♥♦ï ❣é♥ér❛❧✐sé ❬❈❤♦s❡t ✶✾✾✼✱ ❱✐❝t♦r✐♥♦
✷✵✵✹❪✱ ❡t❝✳

❈❡tt❡ r❡♣rés❡♥t❛t✐♦♥ ❞✐t❡ ❤②❜r✐❞❡ s❡r❛ é❣❛❧❡♠❡♥t ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡ ❛✉ s❡♥s ♦ù
❡❧❧❡ s✬❛♣♣✉✐❡r❛ s✉r ❞❡s ❞♦♥♥é❡s ♣❡r❝❡♣t✉❡❧❧❡s ❤étér♦❣è♥❡s à ❧✬✐♥st❛r ❞❡ ❬❉✉✲
r✐❡✉ ✶✾✾✻✱❙t❛❝❤♥✐ss ✷✵✵✺✱❱❛s✉❞❡✈❛♥ ✷✵✵✻❪✳ ◆♦✉s ♥♦✉s ❞é♠❛rq✉♦♥s ❛✐♥s✐ ❞❡s
r❡♣rés❡♥t❛t✐♦♥s s♣❛t✐❛❧❡s ♠♦♥♦✲❝❛♣t❡✉r ❀ ❝✐t♦♥s✱ s❛♥s êtr❡ ❡①❤❛✉st✐❢✱ ❧❡ ❧❛✲
s❡r ❞❛♥s ❬P❢❛✛ ✷✵✵✻✱ ❚❤r✉♥ ✶✾✾✽❪✱ ❧❛ ✈✐s✐♦♥ ❞❛♥s ❬●♦♥❝❛❧✈❡s ✷✵✵✺✱ ❩✐✈❦♦✈✐❝
✷✵✵✻❪ ♦✉ ❧❡s ✉❧tr❛s♦♥s ❞❛♥s ❬❈❤♦s❡t ✶✾✾✼❪✳ ❯♥❡ ❝❛rt❡ st♦❝❤❛st✐q✉❡ ♠✉❧t✐✲



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ✸✸

s❡♥s♦r✐❡❧❧❡ ❛ss♦❝✐❛♥t ❞❡s ✐♥❞✐❝❡s ♣❡r❝❡♣t✉❡❧s ❞❡♥s❡s t②♣❡ s❡❣♠❡♥ts ❧❛s❡r ❡t
é♣❛rs t②♣❡ ❛♠❡rs ✈✐s✉❡❧s ❡st ❛✐♥s✐ ❝♦♥str✉✐t❡ ❡t ❡①♣❧♦✐té❡ ♣❛r ❧❡s ♠♦❞✉❧❡s ❞❡
❜❛s❡ ❞✉ r♦❜♦t ❉✐❧✐❣❡♥t✳ ▲❡s ❛♠❡rs s♦♥t ♣♦s✐t✐♦♥♥és ❛ ♣♦st❡r✐♦r✐ ❞❛♥s ❧❛ ❝❛rt❡
st♦❝❤❛st✐q✉❡ ❡♥ ❢✉s✐♦♥♥❛♥t ❧❡s ❧♦❝❛❧✐s❛t✐♦♥s ✈✐s✉❡❧❧❡s ❡t ❧❛s❡r✳ ▲❛ ❝♦♥str✉❝t✐♦♥
❞❡ ❧❛ ❝❛rt❡ ❞✬❛♠❡rs ❡st ❛❜♦r❞é❡ ♣❛r ❞❡✉① ✈♦✐❡s ❡①♣❧♦r❛t♦✐r❡s ✿ ✉♥❡ ❛♣♣r♦❝❤❡
❝❧❛ss✐q✉❡ ❞❡ t②♣❡ ❙▲❆▼ ❡t ✜❧tr❡ ❞❡ ❑❛❧♠❛♥ ét❡♥❞✉✱ ❡♥✜♥ ✉♥❡ ❛♣♣r♦❝❤❡
❞❡ r❡❝♦♥str✉❝t✐♦♥ ♣❤♦t♦❣r❛♠♠étr✐q✉❡ ❞✬❡♥✈✐r♦♥♥❡♠❡♥ts str✉❝t✉rés ❬▼♦♥t✐❡❧
✷✵✵✶❪✳ ▲❛ ✜❣✉r❡ ✷✳✸ ♠♦♥tr❡ ✉♥ ❡①❡♠♣❧❡ ❞❡ ❝❛rt❡ ❧❛s❡r ♦❜t❡♥✉❡ ♣❛r ❙▲❆▼ ❡t
✐♥❝❧✉❛♥t ❧❡s ❛♠❡rs ❛♣♣r✐s ❡t ❧♦❝❛❧✐sés ❞❛♥s ❧❛ ❝❛rt❡ ❛✐♥s✐ q✉❡ ❧❡✉rs ③♦♥❡s ❞❡
✈✐s✐❜✐❧✐té ❛ss♦❝✐é❡s✳ ◗✉❛tr❡ ❡①❡♠♣❧❡s ❞❡ r❡♣rés❡♥t❛t✐♦♥s ✐❝♦♥✐✜é❡s ❞❡s ❛♠❡rs
s♦♥t ♠♦♥trés✳

❋✐❣✳ ✷✳✸ ✕ ❯♥❡ ❝❛rt❡ ♠étr✐q✉❡ ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡ ❞✬✉♥ ❡s♣❛❝❡ ♦✉✈❡rt ✿ s❡❣✲
♠❡♥ts ❧❛s❡r ❡t ❛♠❡rs ✈✐s✉❡❧s ✭r❡♣rés❡♥t❛t✐♦♥s ✐❝♦♥✐✜é❡s ✲✐♠❛❣❡tt❡s✲ ❡t ③♦♥❡s
❞❡ ✈✐s✐❜✐❧✐té ❛ss♦❝✐é❡s ✲❝♦✉❧❡✉rs✲✮✳

❈❡s ♠♦❞è❧❡s r❡st❡♥t ♠❛❧❤❡✉r❡✉s❡♠❡♥t ❞é♣❡♥❞❛♥ts ❞❡ ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ♠é✲
tr✐q✉❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ♠♦❞è❧❡s t♦♣♦❧♦❣✐q✉❡s ♣❧✉s ❝♦♠✲
♣❛❝ts ❡t ♣❧✉s ❛❜str❛✐ts ❝❛r ❝♦♥str✉✐ts à ♣❛rt✐r ❞❡ r❛✐s♦♥♥❡♠❡♥ts s♣❛t✐❛✉① ❡t
q✉❛❧✐t❛t✐❢s s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ◆♦s tr❛✈❛✉① s✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ q✉❛❧✐t❛t✐✈❡
♦♥t ❞é♠❛rré ❧♦rs ❞✬✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬❯♥✐✈❡rs✐té ❞✬❯r❜❛♥❛✲❈❤❛♠♣❛✐❣♥
✭❈❖✸✱ ♣❛rt✐❡ ■■✮✳ ▲❡ ♠♦❞è❧❡ t♦♣♦❧♦❣✐q✉❡ ❡st ✐❝✐ str✉❝t✉ré ❡♥ ✉♥ ❣r❛♣❤❡ ❞❡
❧✐❡✉①✱ ♠♦❞é❧✐sé ♣❛r ✉♥●r❛♣❤❡ ❞❡ ❱♦r♦♥♦ï ●é♥ér❛❧✐sé ✭●❱●✮✱ ❝♦♥str✉✐t à
❧✬❛✐❞❡ ❞❡ ❝❛♣t❡✉rs ❞❡ ❞✐st❛♥❝❡ ✐✳❡✳ ✉❧tr❛s♦♥ ♦✉ ❧❛s❡r✳ ▲❡ ●❱● ❡st ❞é✜♥✐ ❝♦♠♠❡
❧✬❡♥s❡♠❜❧❡ ❞❡s ♣♦✐♥ts éq✉✐❞✐st❛♥ts ❞❡ ❞❡✉① ♦❜st❛❝❧❡s ✭❛rêt❡s ❞✉ ❣r❛♣❤❡✮ ♦✉
❞❡ tr♦✐s ♦✉ ♣❧✉s ✭♥♦❡✉❞s ❞✉ ❣r❛♣❤❡ ♦✉ ♠❡❡t ♣♦✐♥ts✮✳ ▲❡s ♥♦❡✉❞s r❡♣rés❡♥t❡♥t
❝❧❛ss✐q✉❡♠❡♥t ❧❡s é❧é♠❡♥ts s❛✐❧❧❛♥ts ❡t str✉❝t✉r❛♥ts ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ t②♣✐✲



✸✹ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

q✉❡♠❡♥t ❧❡s ✐♥t❡rs❡❝t✐♦♥s ❞❡ ❝♦✉❧♦✐rs✱ ♣❛ss❛❣❡s étr♦✐ts✱ ✐♠♣❛ss❡s ❬❑♦rt❡♥❦❛♠♣❢
✶✾✾✹✱❈❤♦s❡t ✶✾✾✼❪✳ ▲❛ ❝♦♥str✉❝t✐♦♥ ❝♦♥s✐st❡ à ❡①♣❧♦r❡r t♦✉s ❧❡s ❝❤❡♠✐♥s ♣♦s✲
s✐❜❧❡s✱ ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ t②♣❡ rés❡❛✉ ❞❡ ❝♦✉❧♦✐rs✱ ❡♥ ♠é♠♦r✐s❛♥t ❧❛
str✉❝t✉r❡ ❣❧♦❜❛❧❡ ❞❡s ♥♦❡✉❞s ❞ét❡❝tés✳ ▲❡ ❝♦♥trô❧❡ ❞✉ ♠♦✉✈❡♠❡♥t ❞✉ r♦❜♦t
s✉r ✉♥ ❛r❝ ❞✉ ❣r❛♣❤❡ ❝♦♥s✐st❡ à ♣rés❡r✈❡r ❧✬é❣❛❧✐té ❞❡s ❞✐st❛♥❝❡s ❛✉① ❞❡✉①
♦❜st❛❝❧❡s ❧❡s ♣❧✉s ♣r♦❝❤❡s ❀ ♥♦✉s ♥♦✉s s♦♠♠❡s r❡♣♦sés ✐❝✐ s✉r ✉♥❡ ♠ét❤♦❞❡
é♣r♦✉✈é❡ ❞❛♥s ❬❱✐❝t♦r✐♥♦ ✷✵✵✶❪✳

◆♦✉s ❛✈♦♥s ✐♠♣❧é♠❡♥té s✉r ❧❡ r♦❜♦t ✉♥❡ ♣r❡♠✐èr❡ str❛té❣✐❡ ✈✐s❛♥t à ❛♥♥♦✲
t❡r ❧❡s ♥♦❡✉❞s ❞✉ ❣r❛♣❤❡ ♣❛r ❞❡s ❛♠❡rs ✈✐s✉❡❧s ❬✼✱ ✸✵❪✱ ❧❛ ❞ét❡❝t✐♦♥ ❞❡s ♠❡❡t
♣♦✐♥ts ét❛♥t ❝r✉❝✐❛❧❡ ♣♦✉r ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✉ ●❱●✳ ▲❛ ✜❣✉r❡ ✷✳✹ ♠♦♥tr❡ ✉♥
❡①❡♠♣❧❡ ❞❡ ✭❝♦✉rt❡✮ ❡①♣ér✐♠❡♥t❛t✐♦♥ ❞❛♥s ❧❡ ❝♦✉❧♦✐r C2 ✭✜❣✉r❡ ✷✳✸✮ ✿ ❧❡ ●❱●
❡st ✐❝✐ ❝♦♥str✉✐t à ❧✬❛✐❞❡ ❞❡ ❝❛♣t❡✉rs ✉❧tr❛s♦♥♦r❡s ❞♦♥t ❧❡s ❞♦♥♥é❡s s♦♥t r❡♣ré✲
s❡♥té❡s ❡♥ ✈❡rt✱ ❞❡ ♠ê♠❡ q✉❡ ❧❡s s❡❣♠❡♥ts ❧❛s❡r ❡♥ r♦✉❣❡ ❀ ❧❡ r♦❜♦t ❛rr✐✈❡ ♣❛r
❧❛ ❣❛✉❝❤❡ ❡t ❡①♣❧♦r❡ s✉❝❝❡ss✐✈❡♠❡♥t ❞❡✉① ♥♦❡✉❞s ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ❡①tré♠✐✲
tés ❞✉ ❝♦✉❧♦✐r✳ ▲❛ ❞ér✐✈❡ ♦❞♦♠étr✐q✉❡ ❡st ✐♠♣♦rt❛♥t❡ ♠❛✐s s❛♥s ❝♦♥séq✉❡♥❝❡
♣♦✉r ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✉ ●❱●✳ ▲❡ ❝❛♣t❡✉r ✉❧tr❛s♦♥♦r❡ ❛②❛♥t ❞❡ ♥♦♠❜r❡✉s❡s

❋✐❣✳ ✷✳✹ ✕ ❆♥♥♦t❛t✐♦♥ ❞❡s ♥♦❡✉❞s ❞✉ ●❱● r❡❧❛t✐❢ ❛✉ ❝♦✉❧♦✐r C2✳

❧✐♠✐t❛t✐♦♥s✱ ♥♦✉s ❛✈♦♥s r❛♣✐❞❡♠❡♥t ♣r✐✈✐❧é❣✐é ❧❡ ❝❛♣t❡✉r ❧❛s❡r ❙■❈❑ ✷❉ ❞❛♥s
❧❛ ❝♦♥str✉❝t✐♦♥ ❞✉ ●❱●✳ ▲❛ ♣rés❡♥❝❡ ❡t ❧❛ ♥❛t✉r❡ ❞✬✉♥ ♥♦❡✉❞ ❞✉ ●❱● ❛✉✲
❞❡✈❛♥t ❞✉ r♦❜♦t r❡♣♦s❡ s✉r ✉♥❡ ❤❡✉r✐st✐q✉❡ ❞❡ ♣ré❞✐❝t✐♦♥✴✈ér✐✜❝❛t✐♦♥ ❬❉❊❆✹❪✳
❯♥❡ sér✐❡ ❞✬❤②♣♦t❤ès❡s✱ s❡❧♦♥ ❧❛ ❜❛♥q✉❡ ❞❡ ♠♦❞è❧❡s ✐❧❧✉strés ❡♥ ✜❣✉r❡ ✷✳✺ ❡st
✉t✐❧✐sé❡ ♣♦✉r r❡❝♦♥♥❛îtr❡ ❧❡ ♥♦❡✉❞ ❛♣♣r♦❝❤❛♥t✳ ▲❛ ♠✐s❡ à ❥♦✉r ❞❡s ❤②♣♦t❤ès❡s
❝♦✉r❛♥t❡s ❛ ❧✐❡✉ ♣❛r ❞ét❡❝t✐♦♥ ❞❡ ❝❤❛♥❣❡♠❡♥ts ❞❡ ❧❛ str✉❝t✉r❡ t♦♣♦❧♦❣✐q✉❡
❞✉ ❝♦✉❧♦✐r✳ ❈❡s ❝❤❛♥❣❡♠❡♥ts ✭♦✉ é✈é♥❡♠❡♥ts✮✱ r❡❧❛t✐❢s à ❧❛ ❞✐s❝♦♥t✐♥✉✐té ❞❛♥s
✉♥ ♠✉r ♦✉ s❛ t❡r♠✐♥❛✐s♦♥✱ ♣❡r♠❡tt❡♥t ♣❛r ❧❛ s✉✐t❡ ❞✬✐❞❡♥t✐✜❡r ❧❡s ♥♦❡✉❞s ❞✉
●❱●✳

❉❡✉① ❡①t❡♥s✐♦♥s s♦♥t ♣r♦♣♦sé❡s ❛✉ ✜♥❛❧ ♣♦✉r ❝♦♠♣❧ét❡r ❧❡ ●❱● ✿ ✭✶✮ ❧✬❛♥✲
♥♦t❛t✐♦♥✱ ♣❛r ❞❡s ❛♠❡rs ✈✐s✉❡❧s✱ ❞❡s ❛r❝s ❞✉ ●❱●✳✳✳ ❡♥ ♣❧✉s ❞❡ s❡s ♥♦❡✉❞s✱
✭✷✮ ❧❛ ❝❛♣t✉r❡ ❞❡s r❡❧❛t✐♦♥s t♦♣♦❧♦❣✐q✉❡s ❡♥tr❡ ❝❡s ❛♠❡rs à ♣❛rt✐r ❞❡ ❧✬❛♥❛✲



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ✸✺

❋✐❣✳ ✷✳✺ ✕ Pr✐♥❝✐♣❛✉① t②♣❡s ❞❡ ♥♦❡✉❞s r❡♥❝♦♥trés ❞❛♥s ✉♥ ❝♦✉❧♦✐r✳

❧②s❡ ❞✉ ✢♦t ✈✐❞é♦✳ ▲❡ ❧❡❝t❡✉r ♣♦✉rr❛✱ ♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s✱ s❡ ré❢ér❡r à ❧❛
❝♦♠♠✉♥✐❝❛t✐♦♥ ❬✷✼❪ ❥♦✐♥t❡ ❡♥ ✜♥ ❞✉ ♠é♠♦✐r❡✳

▲❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❤✉♠❛✐♥s✱ ♣✉❜❧✐❝s ♦✉ ♣r✐✈és✱ s♦♥t str✉❝t✉rés ❡♥ ré✲
s❡❛✉① ❞❡ ❝♦✉❧♦✐rs ❝♦♥♥❡❝t❛♥t ❞❡s ❡s♣❛❝❡s ♦✉✈❡rts✳ ▲✬❛❧t❡r♥❛t✐✈❡ ♣r♦♣♦sé❡ ❡st
❞♦♥❝ ❞❡ ❢❛✐r❡ ❝♦❡①✐st❡r ❝❡s ♠♦❞è❧❡s ❞❛♥s ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❤②❜r✐❞❡ ❞❡ ❧✬❡s✲
♣❛❝❡ ✐✳❡✳ ✉♥ ♦✉ ♣❧✉s✐❡✉rs ●❱● ♣♦✉r ❧❡s ❝♦✉❧♦✐rs ❡t ❞❡s ❝❛rt❡s st♦❝❤❛st✐q✉❡s
♦✉ ❣r❛♣❤❡s ❞✬❛♠❡rs ♣♦✉r ❧❡s ❡s♣❛❝❡s ♦✉✈❡rts ❬✷✻❪✳ ◆♦✉s ❞✐st✐♥❣✉♦♥s ✐❝✐ ❧❡s
❝❛rt❡s st♦❝❤❛st✐q✉❡s q✉✐ s♦♥t ❞❡s ❝❛rt❡s ♠étr✐q✉❡s ❞❡♥s❡s ❞✬✐♥❞✐❝❡s ♣❡r❝❡♣✲
t✉❡❧s✱ é✈❡♥t✉❡❧❧❡♠❡♥t ❤étér♦❣è♥❡s✱ ❞❡ ❣r❛♣❤❡s ❞✬❛♠❡rs ✭♦✉ ❞✬♦❜❥❡ts ❧♦rs ❞❡
❢✉t✉r❡s ✐♥✈❡st✐❣❛t✐♦♥s✮ q✉✐ ❝♦♥s✐❞èr❡♥t ❞❡s ✐♥❞✐❝❡s é♣❛rs ❛✈❡❝ ❞❡s ✐♥❢♦r♠❛✲
t✐♦♥s ♠étr✐q✉❡s ♦✉ q✉❛❧✐t❛t✐✈❡s ❡♥tr❡ ❛♠❡rs ❞❡✉① à ❞❡✉①✳ ▲❛ ❝♦♠♠✉t❛t✐♦♥
❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ♠♦❞è❧❡s é♥✉♠érés ❡st ♥♦t✐✜é❡ ♣❛r ❧❡ s✉♣❡r✈✐s❡✉r ❧♦rs ❞✉
❢r❛♥❝❤✐ss❡♠❡♥t ❞❡ ♣♦rt❡s✳ ▲❡✉r ❞ét❡❝t✐♦♥ s✬❡✛❡❝t✉❡ ❞❛♥s ✉♥ ❢♦r♠❛❧✐s♠❡ ♣r♦✲
❜❛❜✐❧✐st❡ t②♣❡ rés❡❛✉① ❜❛②❡s✐❡♥s q✉✐ ❝♦♠❜✐♥❡♥t ❞❡s ❤❡✉r✐st✐q✉❡s ❣é♦♠étr✐q✉❡s
❡t ♣❤♦t♦❣r❛♠♠étr✐q✉❡s ❡①tr❛✐t❡s ❞❛♥s ❧❡s ✐♠❛❣❡s ❬❉❊❆✷❪✳ ❈❡rt❡s✱ ❧❡s ♣♦rt❡s✱
♣r✐s❡s ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t✱ s♦♥t ❞❡s ❛♠❡rs ♣❡✉ ❞✐s❝r✐♠✐♥❛♥ts✳ ▲❡ ♣r✐♥❝✐♣❡ ❡st
❛❧♦rs ❞✬❡①♣❧♦✐t❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡①t✉❡❧❧❡s ✐✳❡✳ ❞❡s r❡❧❛t✐♦♥s ❞❡ ✈♦✐s✐♥❛❣❡
❡♥tr❡ ❛♠❡rs ♣♦✉r ❧❡s ❞✐✛ér❡♥❝✐❡r ❧♦rs ❞❡ ❧❡✉r ❞ét❡❝t✐♦♥✳

✷✳✹ ❙tr❛té❣✐❡s ❞❡ ♥❛✈✐❣❛t✐♦♥

▲❛ ♥❛✈✐❣❛t✐♦♥ ❛✉ ❧♦♥❣ ❝♦✉rs ♥é❝❡ss✐t❡ ♣♦✉r ❧❡ r♦❜♦t ❞✬❡①♣❧♦✐t❡r s❡s ❞✐✛é✲
r❡♥t❡s r❡♣rés❡♥t❛t✐♦♥s s♣❛t✐❛❧❡s ♣♦✉r s❡ ❧♦❝❛❧✐s❡r q✉❛❧✐t❛t✐✈❡♠❡♥t ♦✉ ♠étr✐✲
q✉❡♠❡♥t✳ ❉❡ ♥♦♠❜r❡✉s❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ♦♥t ✈❛❧✐❞é ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ♠étr✐q✉❡
s✉r ❛♠❡rs ✈✐s✉❡❧s ❞✉ r♦❜♦t ❉✐❧✐❣❡♥t ❞♦♥t ❧✬❛r❝❤✐t❡❝t✉r❡ ❡st ✐❧❧✉stré❡ ♣❛r ❧❛
✜❣✉r❡ ✷✳✻✱ ❧❡ ♠♦❞✉❧❡ ✓ ▲❖❈✲P❖❙❚ ✔ ✐♥❝❧✉❛♥t ❞ét❡❝t✐♦♥✱ r❡❝♦♥♥❛✐ss❛♥❝❡✱ ❡t
❧♦❝❛❧✐s❛t✐♦♥ ♠étr✐q✉❡ s✉r ❛♠❡rs✳ ❈❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ✈❛❧✐❞❡♥t ✐♥❞✐r❡❝t❡♠❡♥t
❧❛ ❧♦❝❛❧✐s❛t✐♦♥ q✉❛❧✐t❛t✐✈❡✱ ❝❡❧❧❡✲❝✐ ♠❡tt❛♥t ❡♥ ❥❡✉ ❧❛ ❞ét❡❝t✐♦♥ ❡t r❡❝♦♥♥❛✐s✲
s❛♥❝❡ ❞❡s ❛♠❡rs✳✳✳ s❛♥s ❡st✐♠❛t✐♦♥ ♣ré❝✐s❡ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞✉ r♦❜♦t✳

▲❛ str❛té❣✐❡ ❞❡ ♥❛✈✐❣❛t✐♦♥ ♠étr✐q✉❡ à ❜♦r❞ ❞❡ ❉✐❧✐❣❡♥t s❡ ❞é❝❧✐♥❡ ❝♦♠♠❡
s✉✐t✳ ❙✉r r❡q✉êt❡ ❞✉ s✉♣❡r✈✐s❡✉r✱ ❧❡ ♠♦❞✉❧❡ ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ❡♥tr❡ ❞❛♥s ✉♥



✸✻ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

❋✐❣✳ ✷✳✻ ✕ ❆r❝❤✐t❡❝t✉r❡ ❞✉ r♦❜♦t ❉✐❧✐❣❡♥t ✭❝♦✉❝❤❡ ❢♦♥❝t✐♦♥♥❡❧❧❡✮✳

♠♦❞❡ ❞❡ s✉r✈❡✐❧❧❛♥❝❡ ❞✬❡♥tré❡✴s♦rt✐❡ ❞❡ ③♦♥❡ ❞❡ ✈✐s✐❜✐❧✐té✳ ▲♦rsq✉✬✉♥❡ ❡♥tré❡
❞❡ ③♦♥❡ ❡st ❝♦♥st❛té❡✱ ✉♥❡ ♣r♦❝é❞✉r❡ ❞❡ ♣♦✐♥t❛❣❡ s✉r ❧✬❛♠❡r ✭❣râ❝❡ à ❧❛ ♣❧❛t✐♥❡
s✐t❡✲❛③✐♠✉t ❡♠❜❛rq✉é❡✮ ♣❡r♠❡t ❞❡ ❝❡♥tr❡r ❧❛ ❝❛♠ér❛ s✉r ❧❛ ♣♦s✐t✐♦♥ ❡st✐♠é❡
❝♦✉r❛♥t❡ ❞❡ ❧✬❛♠❡r ❛✜♥ ❞❡ ♣❡r♠❡ttr❡ s❛ r❡❝♦♥♥❛✐ss❛♥❝❡ é✈❡♥t✉❡❧❧❡✳ ➱✈❛❧✉é❡
❤♦rs ❧✐❣♥❡ ♣✉✐s s✉r ❧❡ r♦❜♦t✱ ❧❡s ❡rr❡✉rs ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ♦❜s❡r✈é❡s s✉r ❧❡s ❛♠❡rs
r❡❝♦♥♥✉s s♦♥t ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ❝❡♥t✐♠ètr❡s✱ t❛♥❞✐s q✉✬✉♥ ♦r❞r❡ ❞❡ ❣r❛♥✲
❞❡✉r ❞❡ ❧❛ ✈❛❧✐❞✐té ❞❡s ❧♦❝❛❧✐s❛t✐♦♥s ✈✐s✉❡❧❧❡s ❡st s♣é❝✐✜é✳ ❈❡s é✈❛❧✉❛t✐♦♥s s♦♥t
❛❝❝❡ss✐❜❧❡s ❞❛♥s ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❬✺❪ ❥♦✐♥t❡ ❡♥ ✜♥ ❞✉ ♠é♠♦✐r❡✳

▲❛ ❧♦❝❛❧✐s❛t✐♦♥ ❝❛❧❝✉❧é❡ ❡t s♦♥ ✐♥❝❡rt✐t✉❞❡ ❛ss♦❝✐é❡ s♦♥t tr❛♥s♠✐s❡s ❛✉ s✉✲
♣❡r✈✐s❡✉r ♣♦✉r ✐♥té❣r❛t✐♦♥ é✈❡♥t✉❡❧❧❡ ❛✈❡❝ ❧❡s ❛✉tr❡s ♠♦❞❛❧✐tés ❞❡ ❧♦❝❛❧✐s❛t✐♦♥
✭♠♦❞✉❧❡s ✓ ❙❊●▲❖❈ ✔✱ é✈❡♥t✉❡❧❧❡♠❡♥t ✓ ▲❖❈❊❳❚ ✔✱ ✜❣✉r❡ ✷✳✻✮✱ ❝♦♥❢♦r♠é✲
♠❡♥t à ❧❛ ❧✐❣♥❡ ❞❡ ❝♦♥❞✉✐t❡ é♥♦♥❝é❡✳ ▲✬✐♥❝❡rt✐t✉❞❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❛ ♠❡s✉r❡
❞❡ ❝♦♥✜❛♥❝❡ s✉r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❡t ❧❛ ✈❛r✐❛♥❝❡ s✉r ❧❛ ♣♦s✐t✐♦♥ ❡st✐♠é❡✳ ▲✬✐♥✲
té❣r❛t✐♦♥ ♦✉ ♥♦♥ ❞❡s ❧♦❝❛❧✐s❛t✐♦♥s ❡①tér♦❝❡♣t✐✈❡s ❞é♣❡♥❞ ❞❡ ❧❛ t♦♣♦❧♦❣✐❡ ❞✉
❧✐❡✉ ❝♦✉r❛♠♠❡♥t ♣❡rç✉✳ ❚②♣✐q✉❡♠❡♥t✱ ❞❛♥s ✉♥ ❝♦✉❧♦✐r✱ ❧❡ s✉♣❡r✈✐s❡✉r ❞✉ r♦✲
❜♦t ♣r✐✈✐❧é❣✐❡ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ✈✐s✉❡❧❧❡ ❡t ✐♥❤✐❜❡ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ♣❛r ❧❡ ❧❛s❡r✱ ❝❡
❞❡r♥✐❡r ✐♥❞✉✐s❛♥t ❞❡ ❢♦rt❡s ✐♠♣ré❝✐s✐♦♥s s✉r ❧❛ ♣♦s✐t✐♦♥ ❞✉ r♦❜♦t ❞❛♥s ❧❛ ❞✐✲
r❡❝t✐♦♥ ❞✉ ❝♦✉❧♦✐r✳ ❯♥ ❡s♣❛❝❡ ♦✉✈❡rt ❡st r❡♣rés❡♥té ♣❛r ✉♥❡ ❝❛rt❡ st♦❝❤❛st✐q✉❡
♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡✱ ✈♦✐r❡ ♣❛r ✉♥ ❣r❛♣❤❡ ❞✬❛♠❡rs ✈✐s✉❡❧s✳✳✳ s✐ ❝❡✉①✲❝✐ s♦♥t ♦♠♥✐✲
♣rés❡♥ts ❞❛♥s ❧❛ ③♦♥❡ ♠♦❞é❧✐sé❡✳ ❉❛♥s ❧❡ ♣r❡♠✐❡r ❝❛s✱ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞✉ r♦❜♦t
❡st ✐♥❢éré❡ ♣❛r ❢✉s✐♦♥ ❞❡ t♦✉t❡s ❧❡s ❡st✐♠é❡s ♦✉ ♣❛r ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞♦♥♥é❡s
té❧é♠étr✐q✉❡s ❡t ✈✐s✉❡❧❧❡s ❞❛♥s ✉♥❡ s❡✉❧❡ ❡st✐♠é❡ ✉♥✐✜é❡✳ ❉❛♥s ❧❡ s❡❝♦♥❞ ❝❛s✱
❧❛ ♥❛✈✐❣❛t✐♦♥ s✉r ❧❡ ❣r❛♣❤❡ s❡ ❞é✜♥✐t ♣❛r ✉♥❡ séq✉❡♥❝❡ ❞✬❛♠❡rs q✉❡ ❧❡ r♦✲
❜♦t ❞♦✐t ♣❡r❝❡✈♦✐r ❞✉r❛♥t ❧✬❡①é❝✉t✐♦♥ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ♣❧❛♥✐✜é❡✳ ▲❡ ❝♦♥trô❧❡



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ✸✼

❞✉ ♠♦✉✈❡♠❡♥t ❞✉ r♦❜♦t ❡st ré❛❧✐sé ♣❛r ❞❡s ❢♦♥❝t✐♦♥s ❛ss❡r✈✐❡s ❝❛♣t❡✉rs à
♣❛rt✐r ❞✬✐♥❢♦r♠❛t✐♦♥ ✷❉ ✲ ❧❡s ❝♦♥s✐❣♥❡s ✐♠❛❣❡ ét❛♥t ❧❡s ❛♠❡rs r❡❝♦♥♥✉s ✲ ♦✉
✸❉ ✐♠♣❧✐q✉❛♥t ✉♥❡ ❧♦❝❛❧✐s❛t✐♦♥ r❡❧❛t✐✈❡ r♦❜♦t✴❛♠❡rs✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱
❧✬✐❞é❡ ❞✬✉♥❡ ❞♦✉❜❧❡ ❜♦✉❝❧❡ s✉✐✈✐✲❧♦❝❛❧✐s❛t✐♦♥✱ é❜❛✉❝❤é❡ ❞❛♥s ❬✸✹❪ ♣r❡♥❞ t♦✉t
s♦♥ s❡♥s✳ ❊❧❧❡ ✐♥❝❧✉t ✉♥ ♣r♦❝❡ss✉s ❧❡♥t ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ s✉r ❧❡ ♦✉ ❧❡s ❛♠❡r✭s✮
❝♦✉r❛♥t✭s✮ ❡t ✉♥ ♣r♦❝❡ss✉s r❛♣✐❞❡ ❞❡ s✉✐✈✐ ❞✬❛♠❡r✳

➚ t✐tr❡ ❞✬✐❧❧✉str❛t✐♦♥✱ ❧❛ ✜❣✉r❡ ✷✳✼ ♠♦♥tr❡ ✉♥ ❡①❡♠♣❧❡ ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ♣✉✲
r❡♠❡♥t ✈✐s✉❡❧❧❡ s✉r ❧❡ ❝♦✉❧♦✐r C1 ❞❡ ❧♦♥❣✉❡✉r 25♠ ✭✜❣✉r❡ ✷✳✸✮✳ ▲❛ ✜❣✉r❡ ❞❡
❣❛✉❝❤❡ ✐♥❞✐q✉❡ ❧❡s tr❛❝❡s ❝♦♠♣❛ré❡s ❞❡s ♣♦s✐t✐♦♥s ❞✉ r♦❜♦t ❢♦✉r♥✐❡s ♣❛r ❧♦❝❛❧✐✲
s❛t✐♦♥ ✈✐s✉❡❧❧❡ ✭❡♥ r♦✉❣❡✮ ❡t ♦❞♦♠étr✐❡ ✭❡♥ ❜❧❡✉✮ q✉✐ ❞ér✐✈❡ ✓ ♥❛t✉r❡❧❧❡♠❡♥t ✔
t♦✉t ❧❡ ❧♦♥❣ ❞✉ ❝♦✉❧♦✐r✳ ▲❡s ❞❡✉① ❛✉tr❡s ✜❣✉r❡s ♠♦♥tr❡♥t ❧❡ r♦❜♦t ❞❛♥s s♦♥
❡♥✈✐r♦♥♥❡♠❡♥t ❡t ❧❡ ♣♦✐♥t ❞❡ ✈✉❡ ❝♦✉r❛♥t ❞❡♣✉✐s s❛ ❝❛♠ér❛ ❡♠❜❛rq✉é❡✳

✷✳✺ ❈♦♥tr✐❜✉t✐♦♥s

▲❡s tr❛✈❛✉① s✉r ❝❡ t❤è♠❡ ♠❡tt❡♥t ❧✬❛❝❝❡♥t s✉r ✉♥❡ ♠ét❤♦❞♦❧♦❣✐❡ ❝♦♠✲
♣❧èt❡ ❞❡ ❞ét❡❝t✐♦♥✱ r❡❝♦♥♥❛✐ss❛♥❝❡ ❡t ❧♦❝❛❧✐s❛t✐♦♥ s✉r ❛♠❡rs ✈✐s✉❡❧s ✈❛❧✐❞é❡
♣❛r ❞❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ré❡❧❧❡s s✉r ❧❛ ♣❧❛t❡✲❢♦r♠❡ ❉✐❧✐❣❡♥t✳ ▲❡s ❝♦♥tr✐❜✉t✐♦♥s
♣r✐♥❝✐♣❛❧❡s✱ ❞❛♥s ❧✬❡s♣r✐t ❞✉ ♣r♦❥❡t é♥♦♥❝é✱ s♦♥t ✿

✕ ❧❡ ❝❤♦✐① ❞✬❛♠❡rs ✈✐s✉❡❧s✱ q✉❛❞r❛♥❣✉❧❛✐r❡s ❡t ♣❧❛♥s q✉✐ ♥♦✉s ♣❡r♠❡t ❞❡
❝♦♠❜✐♥❡r ❞❡s ♣r♦♣r✐étés ❣é♦♠étr✐q✉❡s ✭❢♦r♠❡✱ r❡❝t✐✜❝❛t✐♦♥ ❤♦♠♦❣r❛✲
♣❤✐q✉❡✮ ❡t ♣❤♦t♦❣r❛♠♠étr✐q✉❡s ✭t❡①t✉r❡✱ ♣♦✐♥ts ❞✬✐♥térêt ❛✈❡❝ ✐♥✈❛✲
r✐❛♥ts ❞✐✛ér❡♥t✐❡❧s✮ ❣❛r❛♥t✐ss❛♥t st❛❜✐❧✐té✱ ❧♦❝❛❧✐s❛❜✐❧✐té ❡t s❛✐❧❧❛♥❝❡✳ ❈❡s
❛♠❡rs ♥❛t✉r❡❧❧❡♠❡♥t ♣rés❡♥ts ❞❛♥s ❧❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❤✉♠❛✐♥s✳

✕ ▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠♦❞❛❧✐tés ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❡ ❞ét❡❝t✐♦♥ ❞❡ ❝❡s
q✉❛❞r❛♥❣❧❡s ❞é❞✐é❡s r❡s♣❡❝t✐✈❡♠❡♥t ❛✉① ❝♦✉❧♦✐rs ♦✉ ❡s♣❛❝❡s ♦✉✈❡rts✳

✕ ▲❛ ❞é✜♥✐t✐♦♥ ❞❡ ♠étr✐q✉❡s ❛ss♦❝✐é❡s à ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ❛♠❡rs ♣❡r✲
♠❡tt❛♥t ❛✉ ♣r♦❝❡ss✉s ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬êtr❡ ♣❧✉s r♦❜✉st❡ ❛✉① ❝❤❛♥❣❡✲
♠❡♥ts ❞❡ ❝♦♥❞✐t✐♦♥s ❞✬♦❜s❡r✈❛t✐♦♥ ✭♣♦✐♥t ❞❡ ✈✉❡✱ é❝❧❛✐r❡♠❡♥t✱ ♦❝❝✉❧t❛✲
t✐♦♥s ♣❛rt✐❡❧❧❡s✱ ❡t❝✮✳ ▲❡s ✈❛❧✐❞❛t✐♦♥s s✉r ❞♦♥♥é❡s s②♥t❤ét✐q✉❡s ❡t ré❡❧❧❡s
♠❡tt❡♥t ❡♥ ❧✉♠✐èr❡ ❧✬✐♥térêt ❞❡ ❝❡ ♣r♦❝❡ss✉s✳

✕ ▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♣r♦❝❡ss✉s ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡✱ ❞é✲
♣❡♥❞❛♥t ❞✉ ❝♦♥t❡①t❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✱ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ♠étr✐q✉❡ ❞✉
r♦❜♦t✳

✕ ▲❛ ❝♦♥str✉❝t✐♦♥ ❞❡ r❡♣rés❡♥t❛t✐♦♥s q✉❛❧✐t❛t✐✈❡s ❞❡ ❧✬❡s♣❛❝❡ à ♣❛rt✐r ❞❡
❣r❛♣❤❡s ❡t s✉rt♦✉t ❧❡✉r ❛♥♥♦t❛t✐♦♥ ♣❛r ❞❡s ❛♠❡rs ✈✐s✉❡❧s✳ ▲❡✉r ❡①♣❧♦✐✲
t❛t✐♦♥ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ ♥❛✈✐❣❛t✐♦♥ q✉❛❧✐t❛t✐✈❡ ❛✉ ❧♦♥❣ ❝♦✉rs s❡r❛ à
❛♣♣r♦❢♦♥❞✐r ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t é♥♦♥❝é✳



✸✽ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

❋✐❣✳ ✷✳✼ ✕ ❘❡❝❛❧❛❣❡ ❡♥ ♣♦s✐t✐♦♥ ❞❡ ❉✐❧✐❣❡♥t ❞❛♥s ❧❡ ❝♦✉❧♦✐r C1 à ♣❛rt✐r ❞✬❛♠❡rs
✈✐s✉❡❧s✳



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ✸✾

✸ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥

✸✳✶ ▼♦t✐✈❛t✐♦♥s

▲✬é♠❡r❣❡♥❝❡ ❞❡ ❧❛ r♦❜♦t✐q✉❡ ❞✬❛ss✐st❛♥❝❡ à ❧✬❤♦♠♠❡ ✈✐❡♥t ❛✉❥♦✉r❞✬❤✉✐
❡♥r✐❝❤✐r ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ❣é♥ér❛❧❡ ❞✉ r♦❜♦t ♠♦❜✐❧❡ ❛✉t♦♥♦♠❡ ❡♥ ♠❡tt❛♥t
❧✬❛❝❝❡♥t s✉r ❞❡s ♣❧❛t❡✲❢♦r♠❡s ❡①♣ér✐♠❡♥t❛❧❡s q✉✐ ♣❛rt❛❣❡♥t ❛✈❡❝ ❧✬❤♦♠♠❡✱
❧✬❡s♣❛❝❡✱ ❧❛ tâ❝❤❡✱ ❧❛ ❞é❝✐s✐♦♥✳ ▲❡s ❞é✜s s♦✉s✲❥❛❝❡♥ts ♣r❡♥♥❡♥t ✉♥❡ ♣❧❛❝❡ ❣r❛♥✲
❞✐ss❛♥t❡ ❞❛♥s ❧❡s ❞✐✈❡rs ❛♣♣❡❧s à ♣r♦❥❡ts r♦❜♦t✐q✉❡s ❡✉r♦♣é❡♥s ♦✉ ♥❛t✐♦♥❛✉①✶

❡t ❧❡s ❝♦♥❢ér❡♥❝❡s r♦❜♦t✐q✉❡s ❝♦♥s❛❝ré❡s ♦✉ ré❝❡♥t❡s t❡❧❧❡s q✉❡ ❧❛ ❝♦♥❢ér❡♥❝❡
❍✉♠❛♥ ❘♦❜♦t ■♥t❡r❛❝t✐♦♥ ✭❍❘■✮ ❝réé❡ ❡♥ ✷✵✵✻✳

▲❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞❡ ❧❛ r♦❜♦t✐q✉❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥ ❡st r❡❧❛t✐✈❡✲
♠❡♥t ❥❡✉♥❡ ♠❛✐s ❢é❞ér❛tr✐❝❡ ❛✉ s❡✐♥ ❞✉ ♣ô❧❡ ❘♦❜♦t✐q✉❡ ❞✉ ▲❆❆❙✲❈◆❘❙ ❝❛r
tr❛♥s✈❡rs❡ à s❡s tr♦✐s ❣r♦✉♣❡s ❘♦❜♦t✐q✉❡ ✿ ❘❆P✱ ❘■❙✱ ❡t ●❊P❊❚❚❖ q✉✐ tr❛✐t❡
❞❡ ❧❛ r♦❜♦t✐q✉❡ ❤✉♠❛♥♦ï❞❡✳ ❈❡ ♥♦✉✈❡❛✉ ❞é✜ ❛ été ❛❜♦r❞é ❞❛♥s ❧❡ ♣ô❧❡✱ ❡♥
✷✵✵✶ ❛✈❡❝ ❧❡ ♣r♦❥❡t ❘♦❜❊❆ ❍❘✰ ❬P❘✺❪✳ ▼❡s ✐♥✈❡st✐❣❛t✐♦♥s s✉r ❧❛ ♣❡r❝❡♣t✐♦♥
❞❡ ❧✬❤♦♠♠❡ ♦♥t ❞é♠❛rré ❞❛♥s ❧❛ ❢♦✉❧é❡ ✈✐❛ ✉♥ st❛❣❡ ❬❉❊❆✻❪ ♣✉✐s ❧❡s t❤ès❡s
❞❡ P✳▼❡♥❡③❡s ❬❚❍✻❪ ❡t ▲✳❇rèt❤❡s ❬❚❍✼❪✳

▲❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♠❡ s❡♠❜❧❡ ♣❧✉s ❝♦♠♣❧❡①❡ q✉❡ ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡
❧✬❡s♣❛❝❡ ❞♦♥t ♥♦✉s ❛✈♦♥s ♣♦sé q✉❡❧q✉❡s ❥❛❧♦♥s ♣ré❝é❞❡♠♠❡♥t✳ ❉❡✉① r❛✐s♦♥s
✭❛✉ ♠♦✐♥s✮ ♣❡✉✈❡♥t êtr❡ ❛✈❛♥❝é❡s ✿

✶✳ ▲❛ ❣é♦♠étr✐❡ ❞❡s ♠❡♠❜r❡s ❝♦r♣♦r❡❧s ❡st ❣❛✉❝❤❡ ❡t ❞é❢♦r♠❛❜❧❡ t❛♥❞✐s
q✉❡ ❧❡ ❝♦r♣s ❤✉♠❛✐♥ ♥✬♦✛r❡ ♣❛s ❞✬✐♥❞✐❝❡s ♣❡r❝❡♣t✉❡❧s r❡♠❛rq✉❛❜❧❡s
♣❛r ♠❛♥q✉❡ ❞❡ t❡①t✉r❡ ♥❛t✉r❡❧❧❡ ❞❡ ❧❛ ♣❡❛✉✳ ▲✬❛♣♣❛r❡♥❝❡ ✈❡st✐♠❡♥✲
t❛✐r❡✱ ❝❡rt❡s ❞✐s❝r✐♠✐♥❛♥t❡✱ ♥❡ ♣❡✉t êtr❡ ♣ré✲s✉♣♣♦sé❡ ❝♦♥♥✉❡ ❞❛♥s ♥♦tr❡
❝♦♥t❡①t❡ r♦❜♦t✐q✉❡✳

✷✳ ▲❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ❡①✐❣❡ ❜❡❛✉❝♦✉♣ ❞❡ ré❛❝t✐✈✐té ❡t ❞♦♥❝ ❧❛ ♠✐s❡
❡♥ ÷✉✈r❡ ❞❡ ♣r♦❝❡ss✉s r❛♣✐❞❡s à t♦✉s ❧❡s ♥✐✈❡❛✉① ❞❡ ❧❛ ❝❤❛î♥❡ ♣❡r❝❡♣✲
t✉❡❧❧❡ ✿ ❛❝q✉✐s✐t✐♦♥✱ tr❛✐t❡♠❡♥t✱ ❛♥❛❧②s❡✱ ❡t ✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❞♦♥♥é❡s
s❡♥s♦r✐❡❧❧❡s✳ ❈❡tt❡ ❝♦♥tr❛✐♥t❡ ❡st ✐♥❤ér❡♥t❡ ❛✉① tâ❝❤❡s ♦✉ ❛❝t✐♦♥s r♦❜♦✲
t✐q✉❡s q✉✐ s♦✉s✲t❡♥❞❡♥t ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ✿ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦✉
✐♥t❡r❛❝t✐♦♥ ❍✴❘✱ ♠❛♥✐♣✉❧❛t✐♦♥ ❞✬♦❜❥❡ts ❡t ❞é♣❧❛❝❡♠❡♥t ❡♥ ♣rés❡♥❝❡ ❞❡
❧✬❤♦♠♠❡✱ ❡t❝✳

▲❛ ♣❧✉♣❛rt ❞❡s tâ❝❤❡s ♦✉ ❛❝t✐♦♥s ♣ré✲❝✐té❡s ✭❡t ♣❧✉s ❧❛r❣❡♠❡♥t✮ ♦♥t ❜❡s♦✐♥
❞❡ ❝❛r❛❝tér✐s❡r ❧❛ r❡❧❛t✐♦♥ ❞✬✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ♠♦❜✐❧❡ ❛✉① ❛❣❡♥ts ❤✉♠❛✐♥s ❛
♣r✐♦r✐ ♠♦❜✐❧❡s✳ ❊❧❧❡s s✬❛♣♣✉✐❡♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t s✉r ❞❡s ❢♦♥❝t✐♦♥s ♣❡r❝❡♣✲
t✉❡❧❧❡s ❞♦♥t ❧❡ ❜✉t ❡st ❧✬❛♥❛❧②s❡ s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ✱ ❞♦♥❝ ❞❛♥s ❧❡ ✢♦t ♣❡r❝❡♣✲
t✉❡❧✱ ❞❡ ❧✬❤♦♠♠❡ ♦✉ ❞❡ s❡s ♠❡♠❜r❡s à ♣❛rt✐r ❞❡ ❧❛ ♣❡r❝❡♣t✐♦♥ ❡♠❜❛rq✉é❡✳

✶❡✳❣✳ ❧❡s ♣r♦❣r❛♠♠❡s ✿ ❛❞✈❛♥❝❡❞ r♦❜♦t✐❝s ❞❡ ❧✬❛♣♣❡❧ ❞✬♦✛r❡ ■❙❚ ❝❛❧❧ ✻ ♦✉ ❆◆❘ ✷✵✵✻
✓ ❙②stè♠❡s ■♥t❡r❛❝t✐❢s ❡t ❘♦❜♦t✐q✉❡s ✔✳



✹✵ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

◆♦✉s ♣❛r❧❡r♦♥s ❞❡ ❢♦♥❝t✐♦♥s ❞❡ s✉✐✈✐ ♦✉ tr❛❝❦❡rs✳ ❋♦rts ❞❡ ❝❡ ❝♦♥st❛t✱ ♥♦s
tr❛✈❛✉① ♣❛ssés s✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♦♥t ♣♦rté ♠❛❥♦r✐t❛✐r❡♠❡♥t s✉r
❧❡ s✉✐✈✐ à ♣❛rt✐r ❞❡ ✈✐s✐♦♥ ♠♦♥♦❝✉❧❛✐r❡ ❝♦✉❧❡✉r ❡♠❜❛rq✉é❡ s✉r ♥♦s r♦✲
❜♦ts ❛ss✐st❛♥t ❘❛❝❦❤❛♠ ❡t ♣❡rs♦♥♥❡❧ ❏✐❞♦ ✭✜❣✉r❡ ✶✳✶✮✳ ▲❛ ✓ ♣❛♥♦♣❧✐❡ ✔ ❞❡
tr❛❝❦❡rs à ♣r♦t♦t②♣❡r ❡st à ♠❡ttr❡ ❡♥ r❡❣❛r❞ ❞❡s tâ❝❤❡s ♦✉ ❛❝t✐♦♥s r♦❜♦t✐q✉❡s
❛ss♦❝✐é❡s✳ ❚②♣✐q✉❡♠❡♥t✱ ✉♥❡ tâ❝❤❡ ❞❡ ♠❛♥✐♣✉❧❛t✐♦♥ ❞✬♦❜❥❡ts ❝♦♦r❞♦♥♥é❡ ❛✈❡❝
❧✬❤♦♠♠❡ ✐♠♣❧✐q✉❡ ✉♥ s✉✐✈✐ ✸❉ ❞❡ s❡s ♠❛✐♥s✳ ▲✬✐♠✐t❛t✐♦♥ ❞❡ ❣❡st❡s ♣❛r ✉♥ r♦✲
❜♦t ❤✉♠❛♥♦ï❞❡ ❥✉st✐✜❡ ❧❡ s✉✐✈✐ ✸❉ ♦✉ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬❡♥s❡♠❜❧❡
❞❡s ❞❞❧s ❞✉ ❝♦r♣s ❤✉♠❛✐♥✳ ❆ ❝♦♥tr❛r✐♦✱ ♣❧❛❝❡r✴❞é♣❧❛❝❡r ❧❡ r♦❜♦t ❞❡ ❢❛ç♦♥
s♦❝✐❛❜❧❡ r❡❧❛t✐✈❡♠❡♥t à ❧✬❤♦♠♠❡ r❡q✉✐❡rt ✉♥❡ ❡st✐♠❛t✐♦♥ ❣r♦ss✐èr❡ ❞❡ ❧❛ ♣♦s✐✲
t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ q✉❡ ❧✬♦♥ ♣❡✉t ✐♥❢ér❡r ❣râ❝❡ à ✉♥ s✉✐✈✐ ❞❛♥s ❧❡ ♣❧❛♥ ✐♠❛❣❡✳ ❉❡
♠ê♠❡✱ ❧❡ ❣✉✐❞❛❣❡ ❞❡ ❧✬❤♦♠♠❡ ♣❛r ✉♥ r♦❜♦t ♥é❝❡ss✐t❡ ✉♥ s✉✐✈✐ ✐♠❛❣❡ ❞ès ❧♦rs
q✉❡ ❧✬♦❜❥❡❝t✐❢ ❡st ✓ s✐♠♣❧❡♠❡♥t ✔ ❞❡ r❡st❡r ❡♥ ❝♦♥t❛❝t ✈✐s✉❡❧ ❛✈❡❝ ❧✬❤♦♠♠❡
❞✉r❛♥t ❧✬❡①é❝✉t✐♦♥ ❞❡ ❧❛ ♠✐ss✐♦♥✳

P♦✉r ré♣♦♥❞r❡ à ❝❡s ❜❡s♦✐♥s✱ ❧❡s ❞❡✉① t❤ès❡s ♣❛ssé❡s ♦♥t ♣♦rté ❡ss❡♥t✐❡❧❧❡✲
♠❡♥t s✉r ❧❡ ♣r♦t♦t②♣❛❣❡ ❞❡ tr❛❝❦❡rs ✈✐s✉❡❧s ✷❉ ❡t ✸❉✳ ▲❡✉r ✐♥té❣r❛t✐♦♥ ♣❡r♠❡t
❞✬❡①❤✐❜❡r ❞❡s ❢♦♥❝t✐♦♥s ♣❡r❝❡♣t✉❡❧❧❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s s✉r ❧❡ r♦❜♦t✲s②stè♠❡ ✿
très ❢♦rt❡ ré❛❝t✐✈✐té ♣♦✉r ❧❡ ✷❉✱ ♣ré❝✐s✐♦♥ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ♣♦✉r ❧❡ ✸❉✳ ❆✐♥s✐✱
❧❡s tr❛✈❛✉① ♠❡♥és ❞❛♥s ❬❚❍✼❪✱ t❤ès❡ ❝♦✲❡♥❝❛❞ré❡ ❛✈❡❝ P✳❉❛♥ès ✭▼❈❋ ❯P❙✱
❣r♦✉♣❡ ❘❆P✮✱ ♣♦rt❡♥t s✉r ❧❛ ❞ét❡❝t✐♦♥ ❡t ❧❡ s✉✐✈✐ ✐♠❛❣❡ ❞❡ ♣❡rs♦♥♥❡s✱ ❧✬✐♥t❡r✲
♣rét❛t✐♦♥ ✷❉ ❞❡ ❣❡st❡s é❧é♠❡♥t❛✐r❡s✳ ▲❡s tr❛✈❛✉① ♠❡♥és ❞❛♥s ❬❚❍✻❪ tr❛✐t❡♥t
❞✉ s✉✐✈✐ ✸❉ ❞❡s ♠❡♠❜r❡s ❝♦r♣♦r❡❧s ❤✉♠❛✐♥s✳

❈❡s tr❛✈❛✉① ♣❛rt❛❣❡♥t ♥é❛♥♠♦✐♥s q✉❡❧q✉❡s s✐♠✐❧✐t✉❞❡s ❞❛♥s ❧❡✉rs ❞é✈❡✲
❧♦♣♣❡♠❡♥ts✳ ❘❛♣♣❡❧♦♥s✱ t♦✉t ❞✬❛❜♦r❞✱ q✉✬✐❧s s♦♥t ❞é✈♦❧✉s à ✉♥❡ ♠ê♠❡ ♣❧❛t❡✲
❢♦r♠❡ ♠♦❜✐❧❡ ❝❡♥sé❡ é✈♦❧✉❡r ❞❛♥s ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❞②♥❛♠✐q✉❡s✱ é✈♦❧✉t✐❢s✱
❡t ❛ ♣r✐♦r✐ ❡♥❝♦♠❜rés✳ ▲❡s ❢❛✉ss❡s ♠❡s✉r❡s ✐♥❞✉✐t❡s ♣❛r ❧❡ ♠✐❧✐❡✉ ✭♣rés❡♥❝❡
❞❡ ♣❧✉s✐❡✉rs ✐♥❞✐✈✐❞✉s✱ ❛rr✐èr❡✲♣❧❛♥ ❡♥❝♦♠❜ré✮✱ ❧❛ ♥❛t✉r❡ ❞❡ ❧❛ ❝✐❜❧❡ ♦❜s❡r✲
✈é❡ ✭str✉❝t✉r❡s ❛rt✐❝✉❧é❡s✱ ❣❛✉❝❤❡s✱ ❞é❢♦r♠❛❜❧❡s✱ ❡t ♣❧✉tôt ❞❡ ré✈♦❧✉t✐♦♥✮ ❡♥✲
tr❛î♥❡♥t ❞❡s s✐♥❣✉❧❛r✐tés ❞❛♥s ❧❡ ❧✐❡♥ ét❛t✲♠❡s✉r❡✳ ❚②♣✐q✉❡♠❡♥t✱ ❧❡ ✜❧tr❡ ❞❡
❑❛❧♠❛♥ ❬❑❛❧♠❛♥ ✶✾✻✵❪✱ ❜❛sé s✉r ❧❡s ❞❡✉① ♣r❡♠✐❡rs ♠♦♠❡♥ts ❞❡s ❞✐str✐❜✉✲
t✐♦♥s✱ ❡st ♣r✐s ❡♥ ❞é❢❛✉t ❧♦rsq✉❡ ❝❡s s✐♥❣✉❧❛r✐tés s✉r✈✐❡♥♥❡♥t ❬❉❡✉ts❝❤❡r ✶✾✾✾❪✳
❉❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ✐♥s✐st❡♥t s✉r ❧✬✐♥têrêt ❞❡ ❣ér❡r à ❝❤❛q✉❡ ✐♥st❛♥t ♣❧✉✲
s✐❡✉rs ❤②♣♦t❤ès❡s s✉r ❧❡s ♣❛r❛♠ètr❡s à ❡st✐♠❡r ❀ ❝✐t♦♥s ♣❛r ❡①❡♠♣❧❡ ❬❉❡✉ts❝❤❡r
✷✵✵✶✱ ❙♠✐♥❝❤✐s❡s❝✉ ✷✵✵✸❪✳ ❈❡ ♣r♦❝❡ss✉s ❞✬❡st✐♠❛t✐♦♥ ❞♦✐t s✬❛♣♣✉②❡r s✉r ❞❡s
❢♦♥❝t✐♦♥s ❞✬♦❜s❡r✈❛t✐♦♥ ❞✐s❝r✐♠✐♥❛♥t❡s ❞♦♥❝ ❡①♣❧♦✐t❛♥t ❞✐✛ér❡♥t❡s s♦✉r❝❡s ❞❡
♠❡s✉r❡s✳ ❊♥✜♥✱ r❛♣♣❡❧♦♥s q✉❡ ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞❡ ❝❡s tr❛❝❦❡rs ❞♦✐t ré♣♦♥❞r❡
à ❞❡s ❝♦♥tr❛✐♥t❡s t❡♠♣♦r❡❧❧❡s ❢♦rt❡s ❡t ✐♥❞✉✐r❡ ✉♥❡ ❢❛✐❜❧❡ ❝♦♥s♦♠♠❛t✐♦♥ ❡♥
r❡ss♦✉r❝❡s ❈P❯ s✉r ❧❡ r♦❜♦t✳



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ✹✶

✸✳✷ ❋✐❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ ❡t ✐♥té❣r❛t✐♦♥ ❞❡ ❞♦♥♥é❡s s❡♥✲

s♦r✐❡❧❧❡s

▲❡s t❡❝❤♥✐q✉❡s ❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ s♦♥t ❞❡✈❡♥✉❡s très ♣♦♣✉❧❛✐r❡s ❞❡♣✉✐s
10 ❛♥s ❞❛♥s ❧❡s ❝♦♠♠✉♥❛✉tés ❞✉ ❚r❛✐t❡♠❡♥t ❞❡s ❙✐❣♥❛✉① ❡t ❞❡ ❧❛ ❱✐s✐♦♥ ♣❛r
❖r❞✐♥❛t❡✉r✳ ❊❧❧❡s ♥♦✉s s❡♠❜❧❡♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛❞❛♣té❡s ❛✉ s✉✐✈✐ ✷❉ ♦✉
✸❉ ❞❡ ♣❡rs♦♥♥❡s ♦✉ ❞❡ s❡s ♠❡♠❜r❡s ❝♦r♣♦r❡❧s ❞❛♥s ✉♥ ❝♦♥t❡①t❡ r♦❜♦t✐q✉❡✳
❚r♦✐s ❛r❣✉♠❡♥ts ✭❛✉ ♠♦✐♥s✮ ♣❡✉✈❡♥t êtr❡ ❛✈❛♥❝és ✿

✶✳ ❊❧❧❡s ♣❡r♠❡tt❡♥t ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡ t♦✉t❡ ❤②♣♦t❤ès❡ r❡str✐❝t✐✈❡ q✉❛♥t
❛✉① ❞✐str✐❜✉t✐♦♥s ❞❡ ♣r♦❜❛❜✐❧✐tés ❡♥tr❛♥t ❡♥ ❥❡✉ ❞❛♥s ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥
❞✉ ♣r♦❜❧è♠❡✳

✷✳ ▲❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ ♦✛r❡ ✉♥❡ ❣r❛♥❞❡ ❣é♥ér✐❝✐té ❡♥ t❡r♠❡ ❞❡ str❛té✲
❣✐❡ ❞❡ ✜❧tr❛❣❡s ❬❆r✉❧❛♠♣❛❧❛♠ ✷✵✵✷❪✳ ▲❡s ♥♦♠❜r❡✉s❡s ✈❛r✐❛♥t❡s ❞♦✐✈❡♥t
♣❡r♠❡ttr❡ ❞❡ ré♣♦♥❞r❡ ❛✉① ❞✐✈❡rs❡s ♠♦❞❛❧✐tés ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥✈✐s❛❣é❡s
♣♦✉r ❧❡ r♦❜♦t✳ ❖♥ ♥♦t❡r❛ ❝❡♣❡♥❞❛♥t q✉❡ ♣❡✉ ❞✬é✈❛❧✉❛t✐♦♥s ❝♦♠♣❛r❛✲
t✐✈❡s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s str❛té❣✐❡s ❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ s♦♥t ♣r♦♣♦✲
sé❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳ ▲❛ ❞é♠❛r❝❤❡ ❡st s♦✉✈❡♥t ❞❡ ❝♦♠♣❛r❡r ❛✉ s❡✉❧
❛❧❣♦r✐t❤♠❡ ❞❡ ❈❖◆❉❊◆❙❆❚■❖◆✷ ❬▲✐ ✷✵✵✷✱❘✉✐ ✷✵✵✶✱❚♦r♠❛ ✷✵✵✸❪✳

✸✳ ❈❡ ❢♦r♠❛❧✐s♠❡ ♣❡r♠❡t ✉♥❡ ✐♥té❣r❛t✐♦♥ s✐♠♣❧❡✱ ❝♦❤ér❡♥t❡✱ ❡t ♣r♦❜❛❜✐✲
❧✐st✐q✉❡♠❡♥t ❥✉st✐✜é❡ ❞❡s ✐♥❢♦r♠❛t✐♦♥s ✐ss✉❡s ❞❡ ❞✐✛ér❡♥t❡s s♦✉r❝❡s ❞❡
♠❡s✉r❡s✳ ▼❛❧❣ré ❝❡ ❝♦♥st❛t✱ ❧❛ ❢✉s✐♦♥ ❞❡ ❞♦♥♥é❡s ♣❛r ✜❧tr❛❣❡ ♣❛rt✐❝✉✲
❧❛✐r❡ ❡st ❛ss❡③ ♣❡✉ ❡①♣❧♦✐té❡ ❡t s♦✉✈❡♥t ❝♦♥✜♥é❡ à ✉♥ ♥♦♠❜r❡ r❡str❡✐♥t
❞❡ ♣r✐♠✐t✐✈❡s ✈✐s✉❡❧❧❡s✳ ❈✐t♦♥s ❧❡s tr❛✈❛✉① ❬Pér❡③ ✷✵✵✹❪ ♣♦✉r ❧❡ s✉✐✈✐ ✷❉✱
❡t ❬❙♠✐♥❝❤✐s❡s❝✉ ✷✵✵✸❪ ♣♦✉r ❧❡ s✉✐✈✐ ✸❉✳

▲❡s t❡❝❤♥✐q✉❡s ❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ s♦♥t ❞❡s ♠ét❤♦❞❡s ❞❡ s✐♠✉❧❛t✐♦♥
séq✉❡♥t✐❡❧❧❡s ❞❡ t②♣❡ ▼♦♥t❡ ❈❛r❧♦ ♣❡r♠❡tt❛♥t ❧✬❡st✐♠❛t✐♦♥ ❞✉ ✈❡❝t❡✉r ❞✬ét❛t
❞✬✉♥ s②stè♠❡ ▼❛r❦♦✈✐❡♥ ♥♦♥ ♥é❝❡ss❛✐r❡♠❡♥t ❧✐♥é❛✐r❡ s♦✉♠✐s à ❞❡s ❡①❝✐t❛✲
t✐♦♥s ❛❧é❛t♦✐r❡s ♣♦ss✐❜❧❡♠❡♥t ♥♦♥ ●❛✉ss✐❡♥♥❡s ❬❆r✉❧❛♠♣❛❧❛♠ ✷✵✵✷❪✳ ❊♥ t❛♥t
q✉✬❡st✐♠❛t❡✉rs ❇❛②és✐❡♥s✱ ❧❡✉r ❜✉t ❡st ❞✬❡st✐♠❡r ré❝✉rs✐✈❡♠❡♥t ❧❛ ❞❡♥s✐té ❞❡
♣r♦❜❛❜✐❧✐té ❛ ♣♦st❡r✐♦r✐ p(xk|z1:k) ❞✉ ✈❡❝t❡✉r ❞✬ét❛t xk à ❧✬✐♥st❛♥t k ❝♦♥❞✐✲
t✐♦♥♥é s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♠❡s✉r❡s z1:k = z1, . . . , zk✱ ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ ❛ ♣r✐♦r✐
❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✉ ✈❡❝t❡✉r ❞✬ét❛t ✐♥✐t✐❛❧ x0 ♣♦✉✈❛♥t êtr❡ é❣❛❧❡♠❡♥t ♣r✐s❡ ❡♥
❝♦♠♣t❡✳ ➚ ❝❤❛q✉❡ ✐♥st❛♥t k✱ ❧❛ ❞❡♥s✐té p(xk|z1:k) ❡st ❛♣♣r♦①✐♠é❡ ❛✉ ♠♦②❡♥
❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ♣♦♥❝t✉❡❧❧❡ p(xk|z1:k) ❞♦♥♥é❡ ♣❛r

p(xk|z1:k) ≃
N∑

i=1

w
(i)
k δ(xk − x

(i)
k ) ✭✷✳✶✮

✷P♦✉r ❈♦♥❞✐t✐♦♥❛❧ ❉❡♥s✐t② Pr♦♣❛❣❛t✐♦♥✳



✹✷ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

❡①♣r✐♠❛♥t ❧❛ sé❧❡❝t✐♦♥ ❞✬✉♥❡ ✈❛❧❡✉r ✕ ✓ ♣❛rt✐❝✉❧❡ ✔ ✕ x
(i)
k ❛✈❡❝ ❧❛ ♣r♦❜❛❜✐❧✐té

✕ ♦✉ ✓ ♣♦✐❞s ✔ ✕ w
(i)
k ✱ i = 1, . . . , N ✳ ▲✬❛❧❣♦r✐t❤♠❡ ❣é♥ér✐q✉❡ ❞❡ ✜❧tr❛❣❡ ♣❛rt✐✲

❝✉❧❛✐r❡✱ ♥♦♠♠é SIR ♣♦✉r ❙❛♠♣❧✐♥❣ ■♠♣♦rt❛♥❝❡ ❘❡s❛♠♣❧✐♥❣ ❡st rés✉♠é ❞❛♥s
❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❬✹❪ ❥♦✐♥t❡ ❡♥ ✜♥ ❞❡ ♠é♠♦✐r❡✳ ▲❡s ♣❛rt✐❝✉❧❡s x

(i)
k é✈♦❧✉❡♥t

st♦❝❤❛st✐q✉❡♠❡♥t ❞❛♥s ❧❡ t❡♠♣s✳ ➚ ❝❤❛q✉❡ ✐♥st❛♥t k✱ ❞✐s♣♦s❛♥t ❞❡ ❧❛ ♠❡s✉r❡
zk ❡t ❞❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ♣❛rt✐❝✉❧❛✐r❡ {x(i)

k−1, w
(i)
k−1} ❞❡ p(xk−1|z1:k−1)✱ ❧❛ ❞ét❡r♠✐✲

♥❛t✐♦♥ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ♣❛rt✐❝✉❧❡s ♣♦♥❞éré❡s {x(i)
k , w

(i)
k } ❛ss♦❝✐é à ❧❛ ❞❡♥s✐té ❛

♣♦st❡r✐♦r✐ p(xk|z1:k) ♣r♦❝è❞❡ ❡♥ ❞❡✉① ét❛♣❡s✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❧❡s x
(i)
k

s♦♥t é❝❤❛♥t✐❧❧♦♥♥és s❡❧♦♥ ❧❛ ❢♦♥❝t✐♦♥ ❞✬✐♠♣♦rt❛♥❝❡ q(xk|xk−1, zk) é✈❛❧✉é❡ ❡♥
xk−1 = x

(i)
k−1✳ ▲❡s ♣♦✐❞s w

(i)
k s♦♥t ❡♥s✉✐t❡ ♠✐s à ❥♦✉r ❞❡ ❢❛ç♦♥ à ❛ss✉r❡r ❧❛ ❝♦❤é✲

r❡♥❝❡ ❞❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ✭✷✳✶✮✳ ▲❡ ❝❛❧❝✉❧ ❞❡s ♣♦✐❞s ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❛ ❞②♥❛✲
♠✐q✉❡ p(xk|xk−1) ❞✉ ♣r♦❝❡ss✉s ❞✬ét❛t s♦✉s✲❥❛❝❡♥t ❡t ❧❛ ✈r❛✐s❡♠❜❧❛♥❝❡ p(zk|xk)
❞✬✉♥ ét❛t ♣♦ss✐❜❧❡ xk ✈✐s à ✈✐s ❞❡ ❧❛ ♠❡s✉r❡ zk✳ ❈❡tt❡ ✈r❛✐s❡♠❜❧❛♥❝❡ ❡st é✈❛✲
❧✉é❡ à ♣❛rt✐r ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té r❡❧❛t✐✈❡ ❛✉ ❧✐❡♥ ét❛t✲♦❜s❡r✈❛t✐♦♥✳
❆✜♥ ❞❡ ❧✐♠✐t❡r ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡✸✱ ♦♥ tr♦✉✈❡ ❝❧❛ss✐q✉❡♠❡♥t
✉♥ ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ à ❧❛ ✜♥ ❞❡ ❝❤❛q✉❡ ❝②❝❧❡✳

◆♦♠❜r❡✉s❡s str❛té❣✐❡s ❞❡ ✜❧tr❡s ♣❛rt✐❝✉❧❛✐r❡s ♣❡✉✈❡♥t êtr❡ ❝♦♥s✐❞éré❡s
❝♦♠♠❡ ❞❡s ✐♥st❛♥❝❡s ❞❡ ❝❡t ❛❧❣♦r✐t❤♠❡✳ ▲❛ CONDENSATION ❬■s❛r❞ ✶✾✾✽❛❪
❡st ✉♥ ❝❛s ♣❛rt✐❝✉❧✐❡r ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ SIR ♣✉✐sq✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬✐♠♣♦rt❛♥❝❡
❡st r❡❧❛t✐✈❡ ✉♥✐q✉❡♠❡♥t à ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ ♣r♦❝❡ss✉s ❞✬ét❛t ❝❡ q✉✐ ❧✉✐ ❝♦♥❢èr❡
✉♥❡ str✉❝t✉r❡ ♣ré❞✐❝t✐♦♥ ✴ ♠✐s❡ à ❥♦✉r ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ❞✉ ✜❧tr❡ ❞❡ ❑❛❧♠❛♥✳
P♦✉r é✈✐t❡r ❝❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ✓ ❡♥ ❛✈❡✉❣❧❡ ✔ ❞❡s ♣❛rt✐❝✉❧❡s ✐✳❡✳ ✐♥❞é♣❡♥❞❛♠✲
♠❡♥t ❞❡ ❧✬✐♠❛❣❡ ❝♦✉r❛♥t❡✱ ❞✐✈❡rs❡s str❛té❣✐❡s ❜❛s❡♥t ❧❛ ❢♦♥❝t✐♦♥ ❞✬✐♠♣♦rt❛♥❝❡
s✉r ❧❛ ♠❡s✉r❡ zk✱ ❝✐t♦♥s ✐❝✐ ❧❛ str❛té❣✐❡ ICONDENSATION ❬■s❛r❞ ✶✾✾✽❜❪ ♥♦té❡
❡♥❝♦r❡ ▼❙■❘ ♣♦✉r▼❡s✉r❡ ❙■❘✳ ❈❧❛ss✐q✉❡♠❡♥t✱ ✉♥❡ ♣r♦♣♦rt✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s
❞❡♠❡✉r❡ t♦✉t❡❢♦✐s é❝❤❛♥t✐❧❧♦♥♥é❡ s✉✐✈❛♥t ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ ♣r♦❝❡ss✉s ❞✬ét❛t
❡t✴♦✉ s❡❧♦♥ ❧❛ ❞❡♥s✐té ✐♥✐t✐❛❧❡ p(x0)✳

▲❡s ✜❧tr❡s ▼❙■❘ s♦✉✛r❡♥t ❞✬✉♥ ♣r♦❜❧è♠❡ ♠❛❥❡✉r ❧✐é à ❧❛ ❞é✜♥✐t✐♦♥ ❞❡
❧❛ ❢♦♥❝t✐♦♥ ❞✬✐♠♣♦rt❛♥❝❡✳ ❊♥ ❡✛❡t✱ ♣♦s✐t✐♦♥♥❡r t♦✉t ♦✉ ♣❛rt✐❡ ❞❡s ♣❛rt✐❝✉❧❡s
s❡✉❧❡♠❡♥t s✉r ❧❛ ❜❛s❡ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ ♣❡✉t ❝♦♥❞✉✐r❡ à ✉♥❡ ✐♥❝♦♠♣❛t✐❜✐❧✐té ❞❡
❝❡s ♣❛rt✐❝✉❧❡s ❛✈❡❝ ❧❡✉rs ♣❛rt✐❝✉❧❡s ♣❛r❡♥t❡s ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
❞✉ s②stè♠❡✳ ❯♥❡ ❛❧t❡r♥❛t✐✈❡ ✐♥tér❡ss❛♥t❡ ♣r♦♣♦sé❡ ❞❛♥s ❬❚♦r♠❛ ✷✵✵✸❪ ♣❡r♠❡t
❞❡ rés♦✉❞r❡ ❝❡tt❡ ✐♥❝♦❤ér❡♥❝❡ ❡♥ ♠❡tt❛♥t ❡♥ ÷✉✈r❡ ❞❡s ♠é❝❛♥✐s♠❡s ❜❛sés
❝♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t s✉r ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞✉ ♣❛rt✐t✐♦♥♥❡♠❡♥t ❞❡ ❧✬❡s♣❛❝❡
❞✬ét❛t ❛✈❡❝ ❞❡s ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡s✹✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❛❞♠❡t ✉♥❡ str✉❝t✉r❡ ❞❡
t②♣❡ ✓ ✜❧tr❡s à ♣❛rt✐❝✉❧❡s ❛✉①✐❧✐❛✐r❡s ✔ ❝♦♠♣❛r❛❜❧❡ à ❧❛ str❛té❣✐❡ ❆✉①✐❧✐❛r②✱
✐♥tr♦❞✉✐t❡ ❞❛♥s ❬P✐tt ✶✾✾✾❪ ❡t ♥♦té❡ ❆P❋ ✭♣♦✉r ❆✉①✐❧✐❛r② P❛rt✐❝❧❡ ✜❧t❡r✮

✸❉é❣é♥❡r❡s❝❡♥❝❡ ✲ s❡❧♦♥ ❧❛q✉❡❧❧❡ ❛♣rès q✉❡❧q✉❡s ✐♥st❛♥ts✱ q✉❡❧q✉❡s ♣❛rt✐❝✉❧❡s ❞✉ ♥✉❛❣❡
❝♦♥❝❡♥tr❡♥t t♦✉s ❧❡s ♣♦✐❞s s✐❣♥✐✜❝❛t✐❢s✳

✹❙tr❛té❣✐❡ ♥♦té❡ ❘❇❙❙❍❙❙■❘ ♣♦✉r ❘❛♦✲❇❧❛❝❦✇❡❧❧✐s❡❞ ❍✐st♦r② ❙❛♠♣❧✐♥❣ ❙■❘✳



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ✹✸

♣❛r ❧❛ s✉✐t❡✳ ▲✬❆P❋ ✉t✐❧✐s❡ é❣❛❧❡♠❡♥t ❞❡s ♣♦✐❞s ❛✉①✐❧✐❛✐r❡s ♣♦✉r sé❧❡❝t✐♦♥♥❡r
❧❡s ♣❛rt✐❝✉❧❡s ❧❡s ♣❧✉s ✈r❛✐s❡♠❜❧❛❜❧❡s ❛✈❛♥t ❧❡✉r ♣r♦♣❛❣❛t✐♦♥ ❡t ❞♦♥❝ ♠✐❡✉①
♦r✐❡♥t❡r ✭❛ ♣r✐♦r✐✮ ❧❡s ♣❛rt✐❝✉❧❡s ✈❡rs ❧❡s ③♦♥❡s ♣❡rt✐♥❡♥t❡s ❞❡ ❧✬❡s♣❛❝❡ ❞✬ét❛t✳
❈❡s ✈r❛✐s❡♠❜❧❛♥❝❡s ❛✉①✐❧✐❛✐r❡s s♦♥t ♣♦ss✐❜❧❡♠❡♥t ❞é✜♥✐❡s s✉r ❞❡s ♠❡s✉r❡s
✈✐s✉❡❧❧❡s ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s ❡♥tr❛♥t ❡♥ ❥❡✉ ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞❡s ♣♦✐❞s ❞é✜♥✐t✐❢s✳

❈♦♠♠❡ ✐♥❞✐q✉é ♣ré❝é❞❡♠♠❡♥t✱ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥ ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❛♥s
❧❡ ✜❧tr❡ ♣❡r♠❡t ❧❛ r❡❞✐str✐❜✉t✐♦♥ ❞✬✉♥ ♥✉❛❣❡ ❞❡ ♣❛rt✐❝✉❧❡s ❣✉✐❞é❡ ♣❛r ✉♥❡
❢♦♥❝t✐♦♥ ♦✉ ✉♥ ✈❡❝t❡✉r ❞❡ ♣♦✐❞s ❛✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ♣❧✉s ✜❞è❧❡
❞❡ ❧❛ ❧♦✐ ❛ ♣♦st❡r✐♦r✐ ✳ ❈❡ ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ♣❡✉t ❛❧♦rs êtr❡ ✉t✐❧✐sé à ❞✐✛ér❡♥ts
♥✐✈❡❛✉① ❞✉ ✜❧tr❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧♦rsq✉❡ ❧❡ ✈❡❝t❡✉r ❞✬ét❛t ♣❡✉t s❡ sé♣❛r❡r ❡♥
s♦✉s✲♣❛rt✐❡s é❝❤❛♥t✐❧❧♦♥♥é❡s s✉❝❝❡ss✐✈❡♠❡♥t✳ ❈✐t♦♥s ✐❝✐ ❧❡s str❛té❣✐❡s ❞✬é❝❤❛♥✲
t✐❧❧♦♥♥❛❣❡ ❤✐ér❛r❝❤✐sé ❬Pér❡③ ✷✵✵✹❪ ❡t ♣❛rt✐t✐♦♥♥é ❬▼❛❝❈♦r♠✐❝❦ ✷✵✵✵❪ ♥♦té❡
PARTITIONNE ♣❛r ❧❛ s✉✐t❡✳ ❈❡tt❡ ❞❡r♥✐èr❡ ✐♥❝❧✉t ✉♥ ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞✐t
✓ ♣♦♥❞éré ✔ ❡♥tr❡ ❝❤❛q✉❡ ét❛♣❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡s ❞✐✈❡rs❡s ❝♦♠♣♦s❛♥t❡s ❞✉
✈❡❝t❡✉r ❞✬ét❛t✱ ❡t ❛✐♥s✐ r❡♣♦s✐t✐♦♥♥❡r ❧❡s ♣❛rt✐❝✉❧❡s s❡❧♦♥ ✉♥❡ ❢♦♥❝t✐♦♥ q✉✐
r❡♥❞ ❝♦♠♣t❡ ❞❡ ❧❛ ✈r❛✐s❡♠❜❧❛♥❝❡ ❞❡ ❧❛ ♣❛rt✐t✐♦♥ ❝♦✉r❛♥t❡ ❞❡ ❧✬ét❛t ✈✐s à ✈✐s
❞❡ ❧✬♦❜s❡r✈❛t✐♦♥✳ ❈❡s str❛té❣✐❡s s♦♥t ❞ét❛✐❧❧é❡s ❞❛♥s ❬✸✾❪✳

▲❡s ♠❡s✉r❡s ❥♦✉❡♥t ✉♥ rô❧❡ ❡ss❡♥t✐❡❧ ❞❛♥s ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s ✜❧tr❡s✱
❞✬✉♥❡ ♣❛rt ❞❛♥s ❧❛ ❞é✜♥✐t✐♦♥ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ✈r❛✐s❡♠❜❧❛♥❝❡ ❞❡s ♣❛rt✐❝✉❧❡s✱
❡t ❞✬❛✉tr❡ ♣❛rt ❞❛♥s ❧❛ ❞é✜♥✐t✐♦♥ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❞✬✐♠♣♦rt❛♥❝❡ q✉✐ ❞ét❡r♠✐♥❡
❧❛ str❛té❣✐❡ ❞✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❞✬ét❛t✳ ❊❧❧❡s s♦♥t ❡①tr❛✐t❡s ❞❡s ✐♠❛❣❡s
❛❝q✉✐s❡s ❞❛♥s ❧❡ ✢♦t ✈✐❞é♦ ♣♦✉r ✉♥ s✉✐✈✐ ✷❉ ❬❚❍✼❪ ♠❛✐s é❣❛❧❡♠❡♥t ✸❉ s✐ ❧✬♦♥
❝♦♥s✐❞èr❡ ✉♥❡ ❛♣♣r♦❝❤❡ ❞✐t❡ ❛♣♣❡❛r❛♥❝❡✲❜❛s❡❞ ❬❚❍✻❪ ❀ ♥♦✉s ② r❡✈✐❡♥❞r♦♥s ✉❧✲
tér✐❡✉r❡♠❡♥t✳ ▲✬✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❡♥✉❡ ❞❛♥s ✉♥❡ ✐♠❛❣❡ ét❛♥t très r✐❝❤❡✱ ❞❡s
❛ttr✐❜✉ts ✐♠❛❣❡ ❞❡ ♥❛t✉r❡s ❞✐✈❡rs❡s✱ t②♣✐q✉❡♠❡♥t ❞❡ ❢♦r♠❡✱ ❝♦✉❧❡✉r ❡t ♠♦✉✲
✈❡♠❡♥t✱ ♣❡✉✈❡♥t êtr❡ ❝♦♥s✐❞érés✳ ❈♦♠♠❡ Pér❡③ ❡t ❛❧✳ ❞❛♥s ❬Pér❡③ ✷✵✵✹❪✱ ♥♦✉s
❧❡s ❝❧❛ss✐✜❡r♦♥s ❡♥ ❛ttr✐❜✉ts ♣❡rs✐st❛♥ts ♦✉ ✐♥t❡r♠✐tt❡♥ts s❡❧♦♥ ❧❡ ❝♦♥t❡①t❡
❛♣♣❧✐❝❛t✐❢✳ ▲❡s ❛ttr✐❜✉ts ♣❡rs✐st❛♥ts ♣❡r♠❡tt❡♥t ❞✬♦❜t❡♥✐r ✉♥❡ ♠❡s✉r❡ s②sté✲
♠❛t✐q✉❡ ♠❛✐s s♦✉✈❡♥t ♣❡✉ ❞✐s❝r✐♠✐♥❛♥t❡✱ ♣❛r ❡①❡♠♣❧❡ ✉♥ ❛ttr✐❜✉t ❞❡ ❢♦r♠❡
❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t très ❡♥❝♦♠❜ré✳ ❆ ❝♦♥tr❛r✐♦✱ ❧❡s ❛ttr✐❜✉ts ✐♥t❡r♠✐t✲
t❡♥ts ❞❛♥s ❧❡ ✢♦t ✈✐❞é♦✱ s♦✉✈❡♥t ✐ss✉s ❞❡ ♠♦❞✉❧❡s ❞❡ ❞ét❡❝t✐♦♥✱ s♦♥t ♣❛r
♥❛t✉r❡ ❞✐s❝r✐♠✐♥❛♥ts✳ ❊♥ ♠❛r❣❡ ❞❡ ❝❡s tr❛✈❛✉①✱ ✐❧ ♥♦✉s s❡♠❜❧❡ ✐♥tér❡ss❛♥t
❞✬✐♥té❣r❡r ♣❧✉s ❧❛r❣❡♠❡♥t ❧❡s ♠❡s✉r❡s ❛✜♥ ❞✬❛✉❣♠❡♥t❡r ❧❡ ♣♦✉✈♦✐r ❞✐s❝r✐♠✐✲
♥❛♥t ❞❡s ❢♦♥❝t✐♦♥s ❞✬✐♠♣♦rt❛♥❝❡ ❡t ❞❡ ♠❡s✉r❡✳ ❆✐♥s✐✱ ❧❛ ❢♦♥❝t✐♦♥ ❞✬✐♠♣♦rt❛♥❝❡
♣♦✉rr❛ ❝♦♥s✐❞ér❡r ❞❡s ♠❡s✉r❡s ♣❡rs✐st❛♥t❡s t❛♥❞✐s q✉❡ ❧❛ ❝♦♠❜✐♥❛✐s♦♥✴❢✉s✐♦♥
❞✬❛ttr✐❜✉ts ❞❛♥s ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❡s✉r❡ s❡♠❜❧❡ ♣❡rt✐♥❡♥t❡✱ ♥♦t❛♠♠❡♥t ♣♦✉r ❧❡s
s②stè♠❡s ❛❞❛♣t❛t✐❢s q✉✐✱ ♣❛r ❞é✜♥✐t✐♦♥✱ ❛✉t♦r✐s❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s
❞❡ t♦✉t ♦✉ ♣❛rt✐❡ ❞❡s ♠♦❞è❧❡s ❞❡ ♠❡s✉r❡✳ ❈♦♥❝❡r♥❛♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❡s✉r❡✱ ❧❛
❢✉s✐♦♥ ❞❡ ♣❧✉s✐❡✉rs ❛ttr✐❜✉ts ♣❛r ♠✉❧t✐♣❧✐❝❛t✐♦♥ ❞❡s ✈r❛✐s❡♠❜❧❛♥❝❡s ❛ss♦❝✐é❡s
❡st ❛ss❡③ ✐♥t✉✐t✐✈❡ ❡t ✐♠♠é❞✐❛t❡ ❞ès ❧♦rs q✉❡ ❝❡❧❧❡s✲❝✐ s♦♥t ❝♦♥❞✐t✐♦♥♥❡❧❧❡♠❡♥t



✹✹ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

✐♥❞é♣❡♥❞❛♥t❡s ét❛♥t ❞♦♥♥é ❧✬ét❛t✳ ❖♥ ♣❛r❧❡ ❛❧♦rs ❞❡ ❝♦✉♣❧❛❣❡ ❢❛✐❜❧❡✳ ▲❛ str❛✲
té❣✐❡ ❞❡ ❝♦♠❜✐♥❛✐s♦♥ ❝♦♥s✐st❡ à ❝❛❧❝✉❧❡r ❞❛♥s ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❡s✉r❡ ✉♥❡ s❡✉❧❡
✈r❛✐s❡♠❜❧❛♥❝❡ ♠✉❧t✐✲❛ttr✐❜✉ts q✉✐ s♦♥t ❛❧♦rs ❝♦✉♣❧és ❢♦rt❡♠❡♥t✳

▲❡s ❢♦♥❝t✐♦♥s ❞✬✐♠♣♦rt❛♥❝❡ ❡t ❞❡ ♠❡s✉r❡ ✐♠♣❧é♠❡♥té❡s s♦♥t ❜❛sé❡s s✉r ❧❡
♠♦✉✈❡♠❡♥t✱ ❧❛ ❝♦✉❧❡✉r ❡t✴♦✉ ❧❛ ❢♦r♠❡✳ ▲✬❛ttr✐❜✉t ♠♦✉✈❡♠❡♥t✱ ♣❛r s❛ ♥❛✲
t✉r❡ ✐♥t❡r♠✐tt❡♥t❡ ❞❛♥s ♥♦tr❡ ❝♦♥t❡①t❡✱ ❡st ♣❧✉tôt ❞é❞✐é ❛✉① ❢♦♥❝t✐♦♥s ❞✬✐♠✲
♣♦rt❛♥❝❡✱ é✈❡♥t✉❡❧❧❡♠❡♥t ❛✉① ❢♦♥❝t✐♦♥s ❞❡ ♠❡s✉r❡ ❞❛♥s ✉♥❡ str❛té❣✐❡ ♠✉❧t✐✲
❛ttr✐❜✉ts✳ ▲❡ ♠♦✉✈❡♠❡♥t ✐♠❛❣❡ ❡st ❝❛r❛❝tér✐sé à ❧✬❛✐❞❡ ❞✉ ✢♦t ♦♣t✐q✉❡ ♦✉
❞✐✛ér❡♥❝❡ ❛❜s♦❧✉❡ ❡♥tr❡ ✐♠❛❣❡s s✉❝❝❡ss✐✈❡s ❞✉ ✢♦t ✈✐❞é♦✳

▲❛ ❝♦✉❧❡✉r ❡st ✉♥ ❛ttr✐❜✉t ♣❡rs✐st❛♥t ❡t s♦✉✈❡♥t ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ ❝✐❜❧❡
♦❜s❡r✈é❡✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ ♣r♦♣♦sé ❞❛♥s ❬✷✷❪ ✉♥❡ ♠ét❤♦❞❡ ❞❡ s❡❣♠❡♥t❛t✐♦♥
♥♦♥ s✉♣❡r✈✐sé❡ ❞❡s ré❣✐♦♥s ♣❡❛✉ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♠❡♠❜r❡s ❝♦r♣♦r❡❧s ♣❛r ✉♥
❛❧❣♦r✐t❤♠❡ ❞❡ ❧✐❣♥❡ ❞❡ ♣❛rt❛❣❡ ❞❡s ❡❛✉①✳ ▲❛ s❡❣♠❡♥t❛t✐♦♥ ❡♥ ré❣✐♦♥s ❝❛r❛❝✲
tér✐st✐q✉❡s ♣❡r♠❡t ❧✬é❧❛❜♦r❛t✐♦♥ ❞❡ ❢♦♥❝t✐♦♥s ❞✬✐♠♣♦rt❛♥❝❡ s✉r ❧❛ ❝♦✉❧❡✉r✳ ▲❛
s✐❣♥❛t✉r❡ ❝♦❧♦r✐♠étr✐q✉❡ ❞✬✉♥❡✱ ♦✉ ♣❧✉s✐❡✉rs✱ ré❣✐♦♥✭s✮ ❞✬✐♥térêt ✭✓ ❘❖■s ✔✮
r❡❧❛t✐✈❡✭s✮ à ❧❛ ❝✐❜❧❡ ❡st ♣❧✉tôt ❞é❞✐é❡ ❛✉① ❢♦♥❝t✐♦♥s ❞❡ ♠❡s✉r❡✳

▲❛ ❢♦r♠❡ ❡st ✉♥ ❛ttr✐❜✉t ✐♠❛❣❡ ♣❡rs✐st❛♥t ❧✐é à ❧❛ ❢♦r♠❡ ❝❛r❛❝tér✐st✐q✉❡
❞❡s ♠❡♠❜r❡s ❝♦r♣♦r❡❧s s✉✐✈✐s✳ ▲❡s ❛♣♣r♦❝❤❡s ✷❉ ❡①♣❧♦✐t❡♥t ❞❡s ♠♦❞è❧❡s ❞❡
s✐❧❤♦✉❡tt❡s r✐❣✐❞❡s ♦✉ ❞é❢♦r♠❛❜❧❡s✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❡s✉r❡ ❡st ❝❧❛ss✐q✉❡♠❡♥t
❞é✜♥✐❡ ♣❛r ❧❛ ❞✐st❛♥❝❡ r❡❧❛t✐✈❡ ❞✉ ♠♦❞è❧❡ ✷❉ ❛✉① ❝♦♥t♦✉rs ✐♠❛❣❡✳ ▲❡ ♣r✐♥❝✐♣❡
❡st tr❛♥s♣♦s❛❜❧❡ à ❧❛ s♦✉s✲❝❧❛ss❡ ❞❡s ❛♣♣r♦❝❤❡s ✸❉ ❞✐t❡ ❛♣♣❡❛r❛♥❝❡✲❜❛s❡❞ ♦ù
❧❡ ♠♦❞è❧❡ ✷❉ rés✉❧t❡ ❞❡ ❧❛ ♣r♦❥❡❝t✐♦♥ ✐♠❛❣❡ ❞✉ ♠♦❞è❧❡ ✸❉ ❞❡ ❧❛ ❝✐❜❧❡ ❬✹✵❪✳
▲✬✉t✐❧✐s❛t✐♦♥ ❞✉ s❡✉❧ ❛ttr✐❜✉t ❢♦r♠❡ ❞❛♥s ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❡s✉r❡ ♥✬❡st ♣❛s ❛s✲
s❡③ ❞✐s❝r✐♠✐♥❛♥t ♣♦✉r ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❡♥❝♦♠❜rés ❡t ❥✉st✐✜❡ ❧✬❛ss♦❝✐❛t✐♦♥
❞❡ ♣❧✉s✐❡✉rs ❛ttr✐❜✉ts✳ ❉✐✛ér❡♥ts ❞ét❡❝t❡✉rs ♣❡r♠❡tt❡♥t ❞❡ ❝❛r❛❝tér✐s❡r ❞❡s
❢♦♥❝t✐♦♥s ❞✬✐♠♣♦rt❛♥❝❡ r❡❧❛t✐✈❡ à ❧❛ ❢♦r♠❡✳ ❈✐t♦♥s q✉❡❧q✉❡s ❡①❡♠♣❧❡s ✿ ❧❡ ❞é✲
t❡❝t❡✉r ♠✉❧t✐✲é❝❤❡❧❧❡ ❞❡ ré❣✐♦♥s ❝✐r❝✉❧❛✐r❡s ❬❇r❡t③♥❡r ✷✵✵✷❪ q✉✐ r❡♣♦s❡ s✉r ❞❡s
✐♥✈❛r✐❛♥ts ❞✐✛ér❡♥t✐❡❧s ♥♦r♠❛❧✐sés✱ ❧❡ ❞ét❡❝t❡✉r ♠✉❧t✐✲é❝❤❡❧❧❡ ❞❡ ✈✐s❛❣❡s ❬❱✐♦❧❛
✷✵✵✶❪ q✉✐ ❡①♣❧♦✐t❡ ❞❡s ♠❛sq✉❡s ❞❡ ❍❛❛r ❛✜♥ ❞❡ ♠❡s✉r❡r ❞❡s ❝♦♥tr❛st❡s ❧♦❝❛✉①✳
❯♥❡ ❢♦♥❝t✐♦♥ ❞✬✐♠♣♦rt❛♥❝❡ ✉♥✐✜é❡ ❝♦♥s✐st❡ ❡♥ ✉♥❡ ♠✐①t✉r❡ ❞❡ ♠✐①t✉r❡s ❞❡
●❛✉ss✐❡♥♥❡s ❝❡♥tré❡s s✉r ❧❡s ❞✐✛ér❡♥t❡s ré❣✐♦♥s ❞ét❡❝té❡s✳ ▲❡ ❧❡❝t❡✉r tr♦✉✈❡r❛✱
♣♦✉r ✐❧❧✉str❛t✐♦♥✱ ✉♥ s♦✉s✲❡♥s❡♠❜❧❡ ❞❡ ❢♦♥❝t✐♦♥s ❞✬✐♠♣♦rt❛♥❝❡ ❡t ❞❡ ♠❡s✉r❡
❢✉s✐♦♥♥❛♥t✴❝♦♠❜✐♥❛♥t ❝❡s ❛ttr✐❜✉ts ❞❛♥s ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❬✹❪ ❥♦✐♥t❡ ❡♥ ✜♥
❞❡ ♠é♠♦✐r❡✳

▲❡s str❛té❣✐❡s ❞❡ ✜❧tr❛❣❡ ❡t ♠❡s✉r❡s ✈✐s✉❡❧❧❡s ✐♠♣❧é♠❡♥té❡s ♦♥t ♣❡r♠✐s ❧❛
s♣é❝✐✜❝❛t✐♦♥ ♣✉✐s ❧❡ ♣r♦t♦t②♣❛❣❡ ❞❡ tr❛❝❦❡rs ✷❉ ❬❚❍✼❪ ♦✉ ✸❉ ❬❚❍✻❪✱ ❡♥✜♥ ❧❡✉r
✐♥té❣r❛t✐♦♥ ♣✉✐s ❧❡✉r é✈❛❧✉❛t✐♦♥ s✉r ♥♦s ♣❧❛t❡✲❢♦r♠❡s✳ ▲❛ ♣❤❛s❡ ❞❡ s♣é❝✐✜❝❛✲
t✐♦♥ ❡st ❧♦❣✐q✉❡♠❡♥t ❣✉✐❞é❡ ♣❛r ❧❡s tâ❝❤❡s ♦✉ ❛❝t✐♦♥s r♦❜♦t✐q✉❡s s♦✉s✲❥❛❝❡♥t❡s✱
❧❡s ❞✐st❛♥❝❡s ❍✴❘ ♠✐s❡s ❡♥ ❥❡✉ ❡t ❧❡ ❝♦♥t❡①t❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♣r♦♣r❡s à ❧❡✉rs
ré❛❧✐s❛t✐♦♥s✳ ▲✬✐♥té❣r❛t✐♦♥ ❞❡s tr❛❝❦❡rs ♣r♦t♦t②♣és s✬❡✛❡❝t✉❡ s✉r ❞❡✉① ♣❧❛t❡✲



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ✹✺

❢♦r♠❡s ✿ ✭✐✮ ❧❡ r♦❜♦t ❣✉✐❞❡ ❘❛❝❦❤❛♠ ♣♦✉r ❧❡s ❢♦♥❝t✐♦♥s ✷❉ ✉♥✐q✉❡♠❡♥t✳✳✳ s❡s
tâ❝❤❡s ♦✉ ❛❝t✐♦♥s ❡♥ ♣rés❡♥❝❡ ❞❡ ❧✬❤♦♠♠❡ r❡q✉ér❛♥t ♠♦✐♥s ❞❡ ♣ré❝✐s✐♦♥✱ ✭✐✐✮ ❧❡
r♦❜♦t ♠❛♥✐♣✉❧❛t❡✉r ❏✐❞♦ ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❢♦♥❝t✐♦♥s ✷❉ ❡t ✸❉✳ ❉ét❛✐❧❧♦♥s
❝❡s ❞✐✛ér❡♥t❡s ❢♦♥❝t✐♦♥s ❛✐♥s✐ q✉❡ ❧❡✉r ✐♥té❣r❛t✐♦♥ ❡t é✈❛❧✉❛t✐♦♥✳

✸✳✸ ❋♦♥❝t✐♦♥s ✷❉

▲❡s ❢♦♥❝t✐♦♥s ✷❉ ét❛✐❡♥t ✐♥✐t✐❛❧❡♠❡♥t ❞é✈♦❧✉❡s ❛✉ r♦❜♦t ❛ss✐st❛♥t ❘❛❝❦✲
❤❛♠✱ r❡❝♦♥✈❡rt✐ ❡♥ ✓ ❣✉✐❞❡ ❞❡ ♠✉sé❡ ✔✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t ❘♦❜❊❆ ❍❘✰
❬P❘✺❪ ❡♥tr❡ ✷✵✵✶ ❡t ✷✵✵✹✳ ❈❡ ♣r♦❥❡t✱ à tr❛✈❡rs ❧❡s ❝♦❧❧❛❜♦r❛t✐♦♥s ✐♥✐t✐é❡s ❛✈❡❝
❧✬■♥st✐t✉t ❞❡ ❧❛ ❈♦♠♠✉♥✐❝❛t✐♦♥ P❛r❧é❡ ✭■◆P● ●r❡♥♦❜❧❡✮ ❡t ❧✬éq✉✐♣❡ ●❘❆✲
❱■❘✴■▼❆● ❞❡ ●r❡♥♦❜❧❡✱ ❧❡ s❛✈♦✐r ❢❛✐r❡ ❞✉ ♣ô❧❡ ❘■❆ ❡♥ r♦❜♦t✐q✉❡ ❛✉t♦♥♦♠❡
s✬❡st ❝♦♥❝rét✐sé ♣❛r ❧❡ ❞é♣❧♦✐❡♠❡♥t ❞❡ ❘❛❝❦❤❛♠ à ❧❛ ❈✐té ❞❡ ❧✬❊s♣❛❝❡ ❞❡ ❚♦✉✲
❧♦✉s❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬❡①♣♦s✐t✐♦♥ ✓ ▼✐ss✐♦♥ ❇✐♦s♣❛❝❡ ✔✳ ❈❡ r♦❜♦t ❡✛❡❝t✉❛✐t
❞❡s sé❥♦✉rs ❞❡ ❞❡✉① s❡♠❛✐♥❡s t♦✉s ❧❡s tr♦✐s ♠♦✐s ❞❡ ♠❛✐ ✷✵✵✹ à ❢é✈r✐❡r ✷✵✵✺✱
sé❥♦✉rs ♣❡♥❞❛♥t ❧❡sq✉❡❧s ✐❧ ét❛✐t ❧✐✈ré ❛✉ ♣✉❜❧✐❝ s❛♥s ♠é❞✐❛t❡✉r ❀ t♦✉t ✈✐s✐✲
t❡✉r ♣♦✉✈❛✐t ❛✐♥s✐ s✬❛❞r❡ss❡r à ❧✉✐ ♣♦✉r ✉♥ r❡♥s❡✐❣♥❡♠❡♥t ♦✉ êtr❡ ❣✉✐❞é ✈❡rs
❧❡ st❛♥❞ ❞❡ s♦♥ ❝❤♦✐① ♣❛r ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✬é❝r❛♥ t❛❝t✐❧❡ ❞❡ ❘❛❝❦❤❛♠ ✭✜✲
❣✉r❡ ✷✳✽✲✭❜✮ ❤❛✉t ❣❛✉❝❤❡✮✳ ▲❛ ✜❣✉r❡ ✷✳✽✲✭❜✮ ♠♦♥tr❡ ❧✬❛r❝❤✐t❡❝t✉r❡ ❧♦❣✐❝✐❡❧❧❡

✭❛✮ ✭❜✮

❋✐❣✳ ✷✳✽ ✕ ❘❛❝❦❤❛♠ à ❧❛ ❈✐té ❞❡ ❧✬❊s♣❛❝❡ ✭❛✮✱ ❛r❝❤✐t❡❝t✉r❡ ❞❡ ❘❛❝❦❤❛♠ ❡t
s♦♥ ✐♥t❡r❢❛❝❡ t❛❝t✐❧❡ ✭❜✮✳

❛❝t✉❡❧❧❡ ❞❡ ❘❛❝❦❤❛♠✳ ❊❧❧❡ ❡①❤✐❜❡ ♥♦t❛♠♠❡♥t ✉♥ ♠♦❞✉❧❡ ❈❧♦♥❡ ❞é❞✐é à ❧❛
s②♥t❤ès❡ ✈♦❝❛❧❡ ❡t ❧✬❛♥✐♠❛t✐♦♥ ❞✬✉♥ ❝❧♦♥❡✱ ✉♥ ♠♦❞✉❧❡ ◆❉❉ ♣♦✉r ❧✬é✈✐t❡♠❡♥t
❞✬♦❜st❛❝❧❡ ♣❛r ❧❛s❡r ❙■❈❑ ✷❉✱ ❡♥✜♥ ♥♦tr❡ ♠♦❞✉❧❡ ❞❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡✱
❛♣♣❡❧é ■❈❯ ✭❛❝r♦♥②♠❡ ♣❤♦♥ét✐q✉❡ ❞❡ ■ s❡❡ ②♦✉✮✳ ▲❡s sé❥♦✉rs à ❧❛ ❈✐té ❞❡
❧✬❊s♣❛❝❡ ♦♥t ♣❡r♠✐s ❞❡ t❡st❡r ✐♥t❡♥s✐✈❡♠❡♥t ♥♦s ❢♦♥❝t✐♦♥s ✈✐s✉❡❧❧❡s ❞❡ ❞ét❡❝✲



✹✻ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

t✐♦♥ ❞❡ ✈✐s❛❣❡s ✭✈♦✐r ❝✐✲❛♣rès✮✱ ❧✬✐♥té❣r❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ s✉✐✈✐ ét❛♥t ❤é❧❛s
♣ré♠❛t✉ré❡✳ ❊❧❧❡s ♦♥t été ✐♥té❣ré❡s ♣❧✉s t❛r❞✐✈❡♠❡♥t ❡t é✈❛❧✉é❡s ❞❛♥s ✉♥ ❧✐❡✉
♣✉❜❧✐❝ t②♣❡ ❧❛❜♦r❛t♦✐r❡✳

◆é❛♥♠♦✐♥s✱ ❧❛ ♠✐s❡ ❡♥ s✐t✉❛t✐♦♥ ❞❡ ❘❛❝❦❤❛♠ ❞❛♥s ❝❡tt❡ ❡①♣♦s✐t✐♦♥✱ ❧✬♦❜✲
s❡r✈❛t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ✈✐s✐t❡✉rs ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ r♦❜♦t ♥♦✉s ♦♥t ❣✉✐✲
❞és ❞❛♥s ❧❛ ❞é❝❧✐♥❛✐s♦♥ ❞❡ ❝❡s ♠♦❞❛❧✐tés ❞❡ s✉✐✈✐ ✈✐s✉❡❧ ♣❡r♠❡tt❛♥t ❛✉ r♦❜♦t
❞✬✐♥t❡r♣❡❧❧❡r✱ ❞✬✐♥t❡r❛❣✐r ✈✐❛ s❡s ♣ér✐♣❤ér✐q✉❡s✱ ❡♥✜♥ ❞❡ ❣✉✐❞❡r ❧❡s ✈✐s✐t❡✉rs
❞❛♥s ❧❡ ❧✐❡✉ ♣✉❜❧✐❝ ✭✜❣✉r❡ ✷✳✾✮✳ ❚r♦✐s ♠♦❞❛❧✐tés ♣❡r♠❡tt❡♥t✱ à ♥♦s ②❡✉①✱ ❞❡
❝♦✉✈r✐r ❧❛ ♠❛❥♦r✐té ❞❡s s✐t✉❛t✐♦♥s ❍✴❘ r❡♥❝♦♥tré❡s ♣❛r ♥♦tr❡ r♦❜♦t✲❣✉✐❞❡✳ ▲❛
♠♦❞❛❧✐té n◦ ✶ ❝♦♥❝❡r♥❡ ❧❡ s✉✐✈✐ ❞❡ ♣❡rs♦♥♥❡s ❡♥ ♠♦✉✈❡♠❡♥t ❞❛♥s ❧❡s ♣❧❛♥s
❧❛r❣❡s ✜①❡s ❞❡ ❧✐❡✉① ❞❡ ♣❛ss❛❣❡s ❛✜♥ ❞✬✐♥t❡r♣❡❧❧❡r ❧❡s ✈✐s✐t❡✉rs ❡t ♣❡r♠❡ttr❡
❧❛ ♠✐s❡ ❡♥ ❛❝t✐♦♥ à ❞✐st❛♥❝❡ ❞✉ r♦❜♦t✳ ▲❛ ♠♦❞❛❧✐té n◦ ✷ ❡st r❡❧❛t✐✈❡ ❛✉ s✉✐✈✐
❞❡ têt❡ ❞❛♥s ❧❡s ❣r♦s ♣❧❛♥s ✜①❡s ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ♣r♦①✐♠❛❧❡ ✈✐❛ s❡s ♣ér✐♣❤é✲
r✐q✉❡s✳ ▲❛ ❢♦♥❝t✐♦♥ ✈✐s✉❡❧❧❡ ♣♦✉r ❧❛ ♠♦❞❛❧✐té n◦ ✸ ♣♦rt❡ s✉r ❧❡ s✉✐✈✐ ❞❡ têt❡ ❡t
t♦rs❡ ❞❛♥s ❧❡s ♣❧❛♥s ♠♦②❡♥s ❡♥ ♠♦✉✈❡♠❡♥t ♣♦✉r ♣❡r♠❡ttr❡ ❛✉ r♦❜♦t✲❣✉✐❞❡ ❞❡
r❡st❡r ❡♥ ❝♦♥t❛❝t ✈✐s✉❡❧ ❛✈❡❝ ❧❛ ♣❡rs♦♥♥❡ ❣✉✐❞é❡✳ ▲❛ ♠♦❞❛❧✐té n◦ ✹✱ ♣❧✉s ❛♥❡❝✲
❞♦t✐q✉❡✱ ❝♦♥❝❡r♥❡ ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❣❡st❡s ❛✜♥ ❞❡ ❝♦♠♠❛♥❞❡r à ❞✐st❛♥❝❡
❧❡ r♦❜♦t ❛❧♦rs à ❧✬❛rrêt ♦✉ ❡♥ ♠♦✉✈❡♠❡♥t✳

✭❛✮ ✭❜✮ ✭❝✮ ✭❞✮

❋✐❣✳ ✷✳✾ ✕ ❙✐t✉❛t✐♦♥s ❍✴❘ ♣♦✉r ❧❡s q✉❛tr❡ ♠♦❞❛❧✐tés ✭❛✮✲✭❞✮✳

▲❡ ✈❡❝t❡✉r ❞✬ét❛t ❞❡ ♥♦s ✜❧tr❡s ❝♦♥t✐❡♥t ❧❡s ❝♦♠♣♦s❛♥t❡s ❝❛r❛❝tér✐s❛♥t ❧❛
❝♦♥✜❣✉r❛t✐♦♥ ❞❛♥s ❧❡ ♣❧❛♥ ✐♠❛❣❡ ❞✉ ♠♦❞è❧❡ ❞❡ ❧❛ ❝✐❜❧❡✳ ❈❡❧❧❡s✲❝✐ s♦♥t s✉♣✲
♣♦sé❡s é✈♦❧✉❡r ✐♥❞é♣❡♥❞❛♠♠❡♥t s✉✐✈❛♥t ❞❡s ♠❛r❝❤❡s ❛❧é❛t♦✐r❡s ❣❛✉ss✐❡♥♥❡s
❝❡♥tré❡s s✉r ❧❡s ✈❛❧❡✉rs ❡st✐♠é❡s ❞❡ ❧✬ét❛t à ❧✬✐♥st❛♥t ♣ré❝é❞❡♥t✳ ▲✬✐♥✐t✐❛❧✐s❛✲
t✐♦♥✱ ✈♦✐r❡ ❧❛ ré✲✐♥✐t✐❛❧✐s❛t✐♦♥ ✭❛♣rès ✓ ❞é❝r♦❝❤❛❣❡ ✔✮✱ ❞❡s ✜❧tr❡s ♠✐s ❡♥ ÷✉✈r❡
❞♦✐✈❡♥t êtr❡ ❛✉t♦♠❛t✐q✉❡s✳

P♦✉r ❧❡ s✉✐✈✐ ❞❡ ♣❡rs♦♥♥❡s ✭♠♦❞❛❧✐tés n◦ ✶ à ✸✮✱ ❞✐✈❡rs❡s str❛té❣✐❡s ❞❡ ✜❧✲
tr❛❣❡ ✐♠♣❧✐q✉❛♥t ❞✐✈❡rs ❛ttr✐❜✉ts ✈✐s✉❡❧s s♦♥t ♣r♦♣♦sé❡s ♣✉✐s é✈❛❧✉é❡s s✉r ❞❡s
séq✉❡♥❝❡s✲t②♣❡s ❬✹❪✳ ❈❡❧❧❡s✲❝✐ s♦♥t r❡♣rés❡♥t❛t✐✈❡s ❞❡s s✐t✉❛t✐♦♥s ❡t ❛rt❡❢❛❝ts
r❡♥❝♦♥trés ♣❛r ❧❡ r♦❜♦t ❞❛♥s ❝❤❛❝✉♥❡ ❞❡ ❝❡s ♠♦❞❛❧✐tés ✿ s❝è♥❡s ❡♥❝♦♠❜ré❡s✱
❝❤❛♥❣❡♠❡♥ts ❜r✉sq✉❡s ❞✬❛♣♣❛r❡♥❝❡ ♦✉ ❞❡ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ❝✐❜❧❡✱ ♣rés❡♥❝❡ ❞❡



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ✹✼

♣❧✉s✐❡✉rs ✐♥❞✐✈✐❞✉s✱ ♦❝❝✉❧t❛t✐♦♥s✱ ❡t❝✳
P♦✉r ❝❤❛q✉❡ ♠♦❞❛❧✐té✱ ❧❡ ❝♦♠♣♦rt❡♠❡♥t q✉❛❧✐t❛t✐❢ ❞❡s ✜❧tr❡s ❡st ✐❧❧✉stré

❞❛♥s ❬✹❪ ♣❛r ❞❡s ré❛❧✐s❛t✐♦♥s ❞❡ s✉✐✈✐ s✉r ❞❡s séq✉❡♥❝❡s ♠❡tt❛♥t ❡♥ ❥❡✉ ❧❡s
s✐t✉❛t✐♦♥s ❡t ❛rt❡❢❛❝ts ♠❡♥t✐♦♥♥és✳ ▲❡s ✜❣✉r❡s s✉✐✈❛♥t❡s ♠♦♥tr❡♥t✱ ♣♦✉r ❧❡s
♠♦❞❛❧✐tés n◦ ✶ ❡t n◦ ✸✱ ❞❡✉① ré❛❧✐s❛t✐♦♥s s✉r ❞❡s séq✉❡♥❝❡s ✐♥❝❧✉❛♥t ❞❡s ♦❝✲
❝✉❧t❛t✐♦♥s s✐❣♥✐✜❝❛t✐✈❡s✳ ▲❛ ♣❛rt✐❝✉❧❡ ❡♥ r♦✉❣❡ ❡st ❧❛ ♠♦②❡♥♥❡ ❛ ♣♦st❡r✐♦r✐ ❞❡
t♦✉t❡s ❧❡s ♣❛rt✐❝✉❧❡s ✭❡♥ ❜❧❡✉❡s✮✳

❋✐❣✳ ✷✳✶✵ ✕ ❊①❡♠♣❧❡ ❞❡ ré❛❧✐s❛t✐♦♥ s✉r ✉♥❡ séq✉❡♥❝❡ ✐♥❝❧✉❛♥t ✉♥ ❣r♦✉♣❡ ❞❡
♣❡rs♦♥♥❡s ♣♦✉r ❧❡ ✜❧tr❡ r❡❧❛t✐❢ à ❧❛ ♠♦❞❛❧✐té n◦ 1✳

❋✐❣✳ ✷✳✶✶ ✕ ❊①❡♠♣❧❡ ❞❡ ré❛❧✐s❛t✐♦♥ ❡♥ ♣rés❡♥❝❡ ❞✬♦❝❝✉❧t❛t✐♦♥s ❞❡ ♣❡rs♦♥♥❡s
♣♦✉r ❧❡ ✜❧tr❡ r❡❧❛t✐❢ à ❧❛ ♠♦❞❛❧✐té n◦ 3✳

❉❡s é✈❛❧✉❛t✐♦♥s ❝❤✐✛ré❡s s✉r ❞❡s ❥❡✉① ❞❡ séq✉❡♥❝❡s✲t②♣❡ s♦♥t é❣❛❧❡♠❡♥t
♣r♦♣♦sé❡s ❡t ❝♦♠♠❡♥té❡s ❞❛♥s ❬✹❪✳ ❈❡s é✈❛❧✉❛t✐♦♥s ♣♦rt❡♥t s✉r tr♦✐s ❝r✐tèr❡s ✿
♣ré❝✐s✐♦♥✱ t❛✉① ❞✬é❝❤❡❝ ❡t t❡♠♣s ❞❡ tr❛✐t❡♠❡♥t✳ P❛r ❡①❡♠♣❧❡✱ ❧❛ ✜❣✉r❡ ✷✳✶✷
✐❧❧✉str❡✱ ♣♦✉r ❧❛ ♠♦❞❛❧✐té n◦ ✶✱ ❧❡s t❡♠♣s ❞❡ tr❛✐t❡♠❡♥t ❡t t❛✉① ❞✬é❝❤❡❝ ♠♦②❡♥s
♦❜t❡♥✉s à ♣❛rt✐r ❞❡ ré❛❧✐s❛t✐♦♥s s✉r ❞❡s séq✉❡♥❝❡s ❛✈❡❝ ♦❝❝✉❧t❛t✐♦♥s✳

●❧♦❜❛❧❡♠❡♥t✱ ❧❡s ❢réq✉❡♥❝❡s s♦♥t ❞❡ ✷✵ ❍③ à ✺✵ ❍③✱ s✉r ✉♥ P❡♥t✐✉♠
■❱ ✸●❍③✱ ♣♦✉r ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé ✭✶✵✵ à ✷✵✵✮✳
▲✬❛♥❛❧②s❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s é✈❛❧✉❛t✐♦♥s ♦♥t ♣❡r♠✐s ❞❡ ❝❛r❛❝tér✐s❡r ❧❡s ❛s✲
s♦❝✐❛t✐♦♥s str❛té❣✐❡s ❞❡ ✜❧tr❛❣❡✴♠❡s✉r❡s ❧❡s ♣❧✉s ♣❡rt✐♥❡♥t❡s ♣♦✉r ❝❤❛❝✉♥❡
❞❡s ♠♦❞❛❧✐tés ❞❡ s✉✐✈✐ ❞❡ ♣❡rs♦♥♥❡s ❬✸✾❪✳

▲❛ ♠♦❞❛❧✐té n◦ ✹ ♣♦rt❡ s✉r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❣❡st❡s é❧é♠❡♥t❛✐r❡s✳ ▲❡
❣❡st❡✱ ❝♦♠♠❡ ❧❛ ♣❛r♦❧❡✱ ❛♣♣❛r❛ît ♣♦✉r ❧❡s ❤✉♠❛✐♥s ❝♦♠♠❡ ✉♥ ♠♦②❡♥ s♣♦♥t❛♥é
❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ■❧ ❡st ❞♦♥❝ ❧é❣✐t✐♠❡ ❞✬✐♥té❣r❡r ❞❡s ❝❛♣❛❝✐tés ❞❡ r❡❝♦♥♥❛✐s✲
s❛♥❝❡ ❣❡st✉❡❧❧❡ s✉r ♥♦s r♦❜♦ts✳ ❯♥❡ ♣r❡♠✐èr❡ ❝♦♥tr✐❜✉t✐♦♥ ❬❚❍✼❪ ♣♦rt❡ s✉r ❧❛
r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❣❡st❡s s②♠❜♦❧✐q✉❡s✳ ❈♦♥s✐❞ér❛♥t ✉♥✐q✉❡♠❡♥t ❧❛ ♠❛✐♥✱ ❧✬✐♥✲
❢♦r♠❛t✐♦♥ tr❛♥s♠✐s❡ ❡st ❝♦♥t❡♥✉❡ ❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡ ❧❛ ♠❛✐♥ ❡t✴♦✉ ❧❡
❣❡st❡ s✉♣♣♦sé✭s✮ ✐❝✐ ❢r♦♥t♦✲♣❛r❛❧❧è❧❡✭s✮ à ❧❛ ❝❛♠ér❛✳ ▲✬❡♥s❡♠❜❧❡ ❡st ♠♦❞é❧✐sé



✹✽ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

❋✐❣✳ ✷✳✶✷ ✕ ❚❡♠♣s ❞❡ tr❛✐t❡♠❡♥t ❡t t❛✉① ❞✬é❝❤❡❝ ✈s✳ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s✳

♣❛r ✉♥ s②stè♠❡ à s❛✉ts ▼❛r❦♦✈✐❡♥s ♦ù ✉♥ ❣❡st❡ ❝♦♥s✐st❡ ❡♥ ❧✬❡♥❝❤❛î♥❡♠❡♥t
❞❡ ❣❡st❡s é❧é♠❡♥t❛✐r❡s ✓ ❝❛♥♦♥✐q✉❡s ✔✱ ❝❤❛❝✉♥ ❞✬❡✉① ét❛♥t ✐♥❞✐❝é ♣❛r ❧✬✉♥ ❞❡s
❝♦✉♣❧❡s ✭❝♦♥✜❣✉r❛t✐♦♥✱ ❞②♥❛♠✐q✉❡✮ ❝♦♥st✐t✉❛♥t ✉♥❡ ✓ ❜✐❜❧✐♦t❤èq✉❡ ✔ ❞é✜♥✐❡
❛ ♣r✐♦r✐ ✳

❈♦♠♠❡ ❬❇r❡t③♥❡r ✷✵✵✷✱▲✐✉ ✷✵✵✹❪✱ ❧✬❛♣♣r♦❝❤❡ r❡t❡♥✉❡ ♥❡ ❞✐ss♦❝✐❡ ♣❧✉s ❛✉ss✐
❞✐st✐♥❝t❡♠❡♥t ❧❡s ❞❡✉① ♣❤❛s❡s ❞✬❛♥❛❧②s❡ ❡t ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❝❛r ❧✬❡st✐♠❛t✐♦♥
❡t ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ s✬❡✛❡❝t✉❡♥t s✐♠✉❧t❛♥é♠❡♥t✳ ▲❛ ❤✐ér❛r❝❤✐❡ ❡♥tr❡ ❧❡s ❝♦♠✲
♣♦s❛♥t❡s ❞✐s❝rèt❡s ❡t ❝♦♥t✐♥✉❡s ❞✉ ✈❡❝t❡✉r ❞✬ét❛t ❞✬✉♥ s②stè♠❡ à s❛✉ts ▼❛r❦♦✲
✈✐❡♥s ♣❡r♠❡t ❧❛ ❞é✜♥✐t✐♦♥ ❞✬❛❧❣♦r✐t❤♠❡s ❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ s✐♠♣❧✐✜és✱ ♦ù
❧❡s ♣❛rt✐❡s ❞✐s❝rèt❡s ❡t ❝♦♥t✐♥✉❡s ❞❡s ♣❛rt✐❝✉❧❡s ♣❡✉✈❡♥t êtr❡ é❝❤❛♥t✐❧❧♦♥♥é❡s
s✉❝❝❡ss✐✈❡♠❡♥t✳ ❈✐t♦♥s ✐❝✐ ❧❛ str❛té❣✐❡ ♠✐①❡❞✲st❛t❡ CONDENSATION✱ ✐♥tr♦✲
❞✉✐t❡ ♣❛r ■s❛r❞ ❡t ❛❧✳ ❬■s❛r❞ ✶✾✾✽❝❪✳ ▲❡s ❝♦♠♣♦s❛♥t❡s ❝♦♥t✐♥✉❡s ❞✉ ✈❡❝t❡✉r
❞✬ét❛t s♦♥t r❡❧❛t✐✈❡s à ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ✐♠❛❣❡ ❞❡ ❧❛ ❝✐❜❧❡ t❛♥❞✐s q✉❡ ❧❡s ❝♦♠✲
♣♦s❛♥t❡s ❞✐s❝rèt❡s ✐♥❞❡①❡♥t ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞❡ ❧❛ ♠❛✐♥ ✭r❡♣rés❡♥té❡s ♣❛r
❧❡✉rs s✐❧❤♦✉❡tt❡s✮ ❡t ❞❡s tr❛❥❡❝t♦✐r❡s ❝❛♥♦♥✐q✉❡s ✐♥s♣✐ré❡s ❞❡ ❧✬é❝r✐t✉r❡ ●r❛❢✲
✜t✐ ❞é✈❡❧♦♣♣é❡ ♣❛r P❛❧♠ P✐❧♦t✳ ▲✬♦❜❥❡❝t✐❢ à t❡r♠❡ ❡st ❞✬❡st✐♠❡r ❞❛♥s ❧❡ ✜❧tr❡
❧❛ tr❛❥❡❝t♦✐r❡ ❧❛ ♣❧✉s ✈r❛✐s❡♠❜❧❛❜❧❡ ❛✜♥ ❞❡ r❡❝♦♥♥❛îtr❡ ❧❡s ❧❡ttr❡s ❞❡ ❧✬❛❧♣❤❛✲
❜❡t ♠♦❞é❧✐sé❡s ♣❛r ✉♥ ❡♥❝❤❛î♥❡♠❡♥t ❞❡ ♠♦❞è❧❡s ❞❡ ❞②♥❛♠✐q✉❡s ❝❛♥♦♥✐q✉❡s✳
▲❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞❡ ❧❛ ♠❛✐♥ ♣❡r♠❡tt❡♥t✱ ❡♥ ♣❛rt✐❝✉❧✐❡r✱ ❞❡ s❡❣♠❡♥t❡r ❧❡
♥♦②❛✉✱ ❧❛ ♣ré♣❛r❛t✐♦♥ ❡t ❧❛ rétr❛❝t✐♦♥ ❞✉ ❣❡st❡ ❛♥❛❧②sé✳ ❈❡s tr❛✈❛✉① ♣ré❧✐✲
♠✐♥❛✐r❡s s✉r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❣❡st❡s ❢r♦♥t♦✲♣❛r❛❧❧è❧❡s ♦♥t ❝♦♥tr✐❜✉é ❛✉①
♣✉❜❧✐❝❛t✐♦♥s ❬✶✺✱ ✷✶❪✳ ❉❡s ✈✐❞é♦s ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❝♦♥✜❣✉r❛t✐♦♥s ❡t✴♦✉
❞❡ ♠♦❞è❧❡s ❞❡ ❞②♥❛♠✐q✉❡s s♦♥t ❛❝❝❡ss✐❜❧❡s à ❧✬❯❘▲ ✇✇✇✳❧❛❛s✳❢r✴∼❧❡r❛s❧❡✳
▲❡s ❞❡r♥✐èr❡s é✈❛❧✉❛t✐♦♥s✱ ❞ét❛✐❧❧é❡s ❞❛♥s ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❬✶✺❪ ❛❜♦✉t✐ss❡♥t
à ❞❡s t❛✉① ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❛✈♦✐s✐♥❛♥t ❧❡s ✾✵✪ ♣♦✉r s❡♣t ❝♦♥✜❣✉r❛t✐♦♥s ❞❡
❧❛ ♠❛✐♥ ❡t ❝✐♥q ♠♦❞è❧❡s ❞❡ ❞②♥❛♠✐q✉❡s✳

❈❡s tr❛✈❛✉① ♣❛ssés ❡t ❧❡✉rs ♣r♦❧♦♥❣❡♠❡♥ts ❛❝t✉❡❧s s✬✐♥s❝r✐✈❡♥t ❛✉❥♦✉r❞✬❤✉✐



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ✹✾

❞❛♥s ❧❡ ♣r♦❥❡t ❈❖●◆■❘❖◆ ❬P❘✹❪ q✉✐ ❝♦✉rt ❥✉sq✉✬❡♥ 2008✳ ◆♦s ✐♥✈❡st✐❣❛t✐♦♥s
s♦♥t ❞✐s❝✉té❡s✱ s✉r ✉♥ ♣❧❛♥ ❢♦r♠❡❧✱ ❞❛♥s ✉♥ ❣r♦✉♣❡ ❞❡ tr❛✈❛✐❧ tr❛✐t❛♥t ❞❡ ❧❛
♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡✳ ❙✉r ✉♥ ♣❧❛♥ ❡①♣ér✐♠❡♥t❛❧✱ ❝❡s ❡✛♦rts s❡ ❢♦❝❛❧✐s❡♥t s✉r
❧❡ r♦❜♦t ♣❡rs♦♥♥❡❧ ❏✐❞♦ ❡t ✉♥ s❝é♥❛r✐♦ ✐❧❧✉str❛♥t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❡♥ ♣rés❡♥❝❡
❞❡ ❧✬❤♦♠♠❡ ❡t ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥ ❝♦♦r❞♦♥♥é❡ ❞✬♦❜❥❡ts✳ ▲❡ r♦❜♦t ❏✐❞♦ ✐♥tè❣r❡ ❛✉✲
❥♦✉r❞✬❤✉✐ ❧❡s ♠♦❞❛❧✐tés n◦ ✶ ❡t n◦ ✸ ❞❛♥s ❧❡✉r ✈❡rs✐♦♥ ré✲❛❝t✉❛❧✐sé❡✳ ◆♦✉s ❛✈♦♥s
é❣❛❧❡♠❡♥t ✐♥té❣ré✱ ♣♦✉r ❧❡s ❜❡s♦✐♥s ❞✉ s❝é♥❛r✐♦ ❡t à ❞❡s ✜♥s ❞❡ ❝♦♠♣❛r❛✐s♦♥✱
❧❡ ♠♦❞✉❧❡ ❱♦♦❉♦♦ ❬❑♥♦♦♣ ✷✵✵✻❪ ❞é✈❡❧♦♣♣é ✐♥✐t✐❛❧❡♠❡♥t ♣❛r ❧✬❯♥✐✈❡rs✐té ❞❡
❑❛r❧sr✉❤❡✱ ❡t r❡❧❛t✐❢ ❛✉ s✉✐✈✐ ✸❉ ❞❡s ♠❡♠❜r❡s ❝♦r♣♦r❡❧s à ♣❛rt✐r ❞✬✉♥❡ ❝❛♠ér❛
t✐♠❡✲♦❢✲✢✐❣❤t✳

✸✳✹ ❋♦♥❝t✐♦♥s ✸❉

❉ét❛✐❧❧♦♥s ♥♦s ♣r♦♣r❡s ❞é✈❡❧♦♣♣❡♠❡♥ts s✉r ❧❡ s✉✐✈✐ ✸❉ ❞✉ ❝♦r♣s ❤✉♠❛✐♥✳
■❧s ♦♥t ❞é♠❛rré ❛✈❡❝ ❧❛ t❤ès❡ ❞❡ P✳▼❡♥❡③❡s ❬❚❍✻❪ ❞♦♥t ❧❡s sé❥♦✉rs ❧♦♥❣✉❡
❞✉ré❡ ❛✉ ▲❆❆❙✲❈◆❘❙ s✬✐♥s❝r✐✈❡♥t ❞❛♥s ✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬■♥st✐t✉t ❞❡s
❙②stè♠❡s ❘♦❜♦t✐q✉❡s ✭■❙❘✮ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ❈♦✐♠❜r❛ ❬❈❖✶❪ q✉✐ ♥✬❡st ♣❛s
♣❛rt❡♥❛✐r❡ ❞✉ ♣r♦❥❡t ❈❖●◆■❘❖◆✳ ❈❡s tr❛✈❛✉① s♦♥t ❛❝t✉❡❧❧❡♠❡♥t ♣♦✉rs✉✐✈✐s
❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ▼✳❋♦♥t♠❛rt② ❬❚❍✺❪ ❀ ♥♦✉s ② r❡✈✐❡♥❞r♦♥s ❛✉
❝❤❛♣✐tr❡ s✉✐✈❛♥t✳

▲❛ ❝❛♣t✉r❡ ❞✉ ♠♦✉✈❡♠❡♥t ❤✉♠❛✐♥ ❞❡♣✉✐s ✉♥❡ ❝❛♠ér❛ ♠♦♥♦❝✉❧❛✐r❡ ♦✉
stéré♦s❝♦♣✐q✉❡ ❡♠❜❛rq✉é❡ s✉r ✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ♠♦❜✐❧❡ ❛✉t♦♥♦♠❡ ❝♦♥st✐t✉❡
✉♥❡ ♣r♦❜❧é♠❛t✐q✉❡ ❝♦♠♣❧❡①❡ ❡t ♦✉✈❡rt❡ ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ❘♦❜♦t✐q✉❡✳✳✳
♠ê♠❡ s✐ ❧❛ ❝♦♠♠✉♥❛✉té ❱✐s✐♦♥ ré♣❡rt♦r✐❡ ❞❡ ♥♦♠❜r❡✉① tr❛✈❛✉① s✉r ❝❡tt❡
♣r♦❜❧é♠❛t✐q✉❡✳ ➚ ❧✬✐♥st❛r ❞✬✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬❡♥tr❡ ❡✉①✱ ❧✬❛♣♣r♦❝❤❡ r❡t❡♥✉❡
❡st ❞✐t❡♠♦❞❡❧✲❜❛s❡❞ ❛✉ s❡♥s ♦ù ❡❧❧❡ s✬❛♣♣✉✐❡ s✉r ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ✸❉ ❢r✉str❡
❞❡ ❧✬❡♥✈❡❧♦♣♣❡ ❝♦r♣♦r❡❧❧❡ t✐r❛♥t ♣❛rt✐❡ ❞❡ ❝♦♥s✐❞ér❛t✐♦♥s ❜✐♦♠é❝❛♥✐q✉❡s ❡t
❛♥t❤r♦♣♦♠♦r♣❤❡s✳ ▲❡s tr❛✈❛✉① s✉r ❧❡ s✉✐✈✐ ♠♦❞❡❧✲❜❛s❡❞ ❞✉ ❝♦r♣s ❤✉♠❛✐♥ s♦♥t
♣❧ét❤♦r❡s ❀ ♦♥ ❞✐st✐♥❣✉❡ ❝❧❛ss✐q✉❡♠❡♥t ❞❡✉① ❝❧❛ss❡s ❞✬❛♣♣r♦❝❤❡s ✿

✕ ♣❛r r❡❝♦♥str✉❝t✐♦♥ ✸❉ ♦ù ❧❡ ❜✉t ❡st ❞✬❡st✐♠❡r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ s♣❛t✐❛❧❡
❞✉ ♠♦❞è❧❡ à ♣❛rt✐r ❞✬❛♣♣❛r✐❡♠❡♥ts ✸❉✴✸❉ ❬❉❡❧❛♠❛rr❡ ✷✵✵✶✱❯rt❛s✉♠
✷✵✵✹❪ ❡t ❞✬✉♥ s②stè♠❡ ♠✉❧t✐✲❝❛♠ér❛s✱

✕ ♣❛r ❛♣♣❛r❡♥❝❡ ♦ù ❧❡ ❜✉t ❡st ❞✬✐♥❢ér❡r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ✸❉ q✉✐ ❝♦rr❡s♣♦♥❞
✓ ❛✉ ♠✐❡✉① ✔ à ❧✬❛♣♣❛r❡♥❝❡ ❞✉ ♠♦❞è❧❡ ❛♣rès ♣r♦❥❡❝t✐♦♥ ❞❛♥s ❧❡ ♣❧❛♥
✐♠❛❣❡ ❞❡ ❝❤❛q✉❡ ❝❛♠ér❛ ❬❉❡✉ts❝❤❡r ✷✵✵✶✱❙✐❞❡♥❜❧❛❞❤ ✷✵✵✵❪✳

▼ê♠❡ s✐ ❧✬❛♣♣❛r❡♥❝❡ ❞✉ ❝♦r♣s ❤✉♠❛✐♥ ♠❛♥q✉❡ ❞❡ t❡①t✉r❡ ♥❛t✉r❡❧❧❡✱ ✐❧ ♠❡
s❡♠❜❧❡ ♣❡rt✐♥❡♥t ❞❡ ♠❡♥❡r ❧✬❛♥❛❧②s❡ ❞❛♥s ❧❡ ♣❧❛♥ ✐♠❛❣❡✳✳✳ q✉✐ r❡st❡ ♣❛r ❞é✲
✜♥✐t✐♦♥ très ✐♥❢♦r♠❛t✐❢✳ ◆♦✉s ♣r✐✈✐❧é❣✐♦♥s ❞♦♥❝ ❞❛♥s ❬❚❍✻❪ ✉♥❡ ❛♣♣r♦❝❤❡
❛♣♣❡❛r❛♥❝❡✲❜❛s❡❞ ❧é❣èr❡ ❡t s✐♠♣❧❡ ❡♥ t❡r♠❡s à ❧❛ ❢♦✐s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡t ❞❡
♠✐s❡ ❡♥ ÷✉✈r❡ ✭✉♥❡ s❡✉❧❡ ❝❛♠ér❛ ét❛❧♦♥♥é❡✮✳



✺✵ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

❆✐♥s✐✱ ♥♦tr❡ ♠♦❞è❧❡ ❡st ❝♦♠♣♦sé ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ q✉❛❞r✐q✉❡s tr♦♥q✉é❡s
r✐❣✐❞❡s ❡t ❛rt✐❝✉❧é❡s r❡♣rés❡♥t❛♥t ❧❡s ♠❡♠❜r❡s ❝♦r♣♦r❡❧s✳ ❈❤❛q✉❡ ❛rt✐❝✉❧❛t✐♦♥
❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥ ♦✉ ♣❧✉s✐❡✉rs ❞❡❣rés ❞❡ ❧✐❜❡rté ♠♦❞é❧✐s❛♥t ❧❛ ❝✐♥é♠❛✲
t✐q✉❡ ❞❡ ❧❛ str✉❝t✉r❡✳ ▲❡s q✉❛❞r✐q✉❡s s♦♥t ❞❡s ♣r✐♠✐t✐✈❡s ❣é♦♠étr✐q✉❡s ❛s✲
s❡③ s✐♠♣❧❡s à ♠❛♥✐♣✉❧❡r✱ ♣❛r ♦♣♣♦s✐t✐♦♥ ❛✉① s✉r❢❛❝❡s ♠❛✐❧❧é❡s ✉t✐❧✐sé❡s ♣❛r
❡①❡♠♣❧❡ ❞✉r❛♥t ♠❛ t❤ès❡✳ ❉❡ ♣❧✉s✱ ❝❡s ♣r✐♠✐t✐✈❡s ❛♥t❤r♦♣♦♠♦r♣❤❡s ♣❡r✲
♠❡tt❡♥t ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡ t♦✉t ♣r♦t♦❝♦❧❡ ❧♦✉r❞ ❡t ❝♦♥tr❛✐❣♥❛♥t ❞❡ ♠♦❞é❧✐s❛✲
t✐♦♥✳ ❊♥✜♥✱ ❧❛ ❣é♦♠étr✐❡ ♣r♦❥❡❝t✐✈❡ ❡♥ ♣❡r♠❡t ❞❡ ❢❛ç♦♥ é❧é❣❛♥t❡ ❧❛ ♣r♦❥❡❝t✐♦♥
✐♠❛❣❡ ❡t ❧❛ ❣❡st✐♦♥ ❞❡s ♦❝❝✉❧t❛t✐♦♥s ❬❙t❡♥❣❡r ✷✵✵✶❪✳

▲❛ ❧✐ttér❛t✉r❡ ♣r♦♣♦s❡ ❛❧♦rs ❞❡ ♥♦♠❜r❡✉① ❛❧❣♦r✐t❤♠❡s ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡s
♣❛rt✐❡s ❝❛❝❤é❡s ❛♣rès ♣r♦❥❡❝t✐♦♥✳ ▲❡✉r ❝♦♠♣❧❡①✐té r❡st❡ ❧✐é❡ à ❧❛ t❛✐❧❧❡ ❞❡s
♣❛rt✐❡s ♣r♦❥❡té❡s ❡t✴♦✉ ❧❛ ♣ré❝✐s✐♦♥ r❡q✉✐s❡ ♣♦✉r ❧❡✉r ♣r♦❥❡❝t✐♦♥ ❬❉❡✉ts❝❤❡r
✷✵✵✶✱❙t❡♥❣❡r ✷✵✵✶❪✳ ◆♦✉s ❛✈♦♥s ✐♠♣❧é♠❡♥té ✉♥ ❛❧❣♦r✐t❤♠❡ ❞✐t ✓ ❞❡ ❧❛ ❞r♦✐t❡
❞❡ ❜❛❧❛②❛❣❡ ✔ ♦✉ s✇❡❡♣✐♥❣ ❧✐♥❡ ❞♦♥t ❧❛ ❝♦♠♣❧❡①✐té ❞é♣❡♥❞ ✉♥✐q✉❡♠❡♥t ❞✉
♥♦♠❜r❡ ❞❡ q✉❛❞r✐q✉❡s ♠✐s❡s ❡♥ ❥❡✉✳ ▲❡ ♣r✐♥❝✐♣❡ ❡st ❞❡ ❞é❞✉✐r❡ ❧❛ ✈✐s✐❜✐❧✐té
❞✬✉♥ s❡❣♠❡♥t ♣r♦❥❡té à ♣❛rt✐r ❞✉ s❡✉❧ t❡st s✉r s♦♥ ♣♦✐♥t ♠✐❧✐❡✉✳ ❈❡t ❛❧❣♦r✐t❤♠❡
❞❡ ♣r♦❥❡❝t✐♦♥ ❞✉ ♠♦❞è❧❡ ❡t ❣❡st✐♦♥ ❞❡ s❡s ♣❛rt✐❡s ❝❛❝❤é❡s ❡st ❧❛r❣❡♠❡♥t ❞é✲
t❛✐❧❧é ❞❛♥s ❬✷✵❪✳

◆♦✉s ♣r✐✈✐❧é❣✐♦♥s ✉♥❡ t❡❝❤♥✐q✉❡ ❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡✱ ✐❝✐ ❧❛ str❛té❣✐❡
APF q✉✐ ✐♥tr♦❞✉✐t ✉♥ ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❛✉①✐❧✐❛✐r❡ ♣ré❛❧❛❜❧❡♠❡♥t à ❧❛ ✓ ♣r♦✲
♣❛❣❛t✐♦♥ ✔✳ ❈❤❛q✉❡ ♣❛rt✐❝✉❧❡ s❡ ✈♦✐t ❛ttr✐❜✉❡r ✉♥❡ ✈r❛✐s❡♠❜❧❛♥❝❡ ❛✉①✐❧✐❛✐r❡
❧✐é❡ à ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❝♦✉❧❡✉r ♣❡❛✉ ♦❜s❡r✈é❡ ❞❛♥s ❧❡s ré❣✐♦♥s ❝♦rr❡s♣♦♥❞❛♥t
❛✉① ♣r♦❥❡❝t✐♦♥s ❞❡s ❡①tré♠✐tés ❞❡s ❛✈❛♥ts✲❜r❛s✳ ▲❡s ♠❛✐♥s s♦♥t ✐❝✐ ❞❡s ♠❛r✲
q✉❡✉rs ♥❛t✉r❡❧s ✭❞❡ ♣❛r ❧❡✉r ❝♦✉❧❡✉r ❝❛r❛❝tér✐st✐q✉❡✮ ♠❛✐s ✈✐rt✉❡❧s ❝❛r ❡❧❧❡s
♥❡ s♦♥t ♣❛s r❡♣rés❡♥té❡s ❞❛♥s ❧❡ ♠♦❞è❧❡ ✸❉✳ ▲❡ ❝❛❧❝✉❧ ❞❡s ♣♦✐❞s ❞é✜♥✐t✐❢s
r❡♣♦s❡ s✉r ❧❛ ❢✉s✐♦♥ ❞❡s ❛ttr✐❜✉ts ❢♦r♠❡✱ ❝♦✉❧❡✉r✱ é✈❡♥t✉❡❧❧❡♠❡♥t ♠♦✉✈❡♠❡♥t
❞❛♥s ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❡s✉r❡ ❛ss♦❝✐é❡✳ ❈♦♠♠❡ ❬❙♠✐♥❝❤✐s❡s❝✉ ✷✵✵✸❪✱ ❝❡tt❡ ❞❡r✲
♥✐èr❡ ✐♥tè❣r❡ é❣❛❧❡♠❡♥t ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s ❞❡ ♥♦♥ ❝♦❧❧✐s✐♦♥ ❡♥tr❡ ♣❛rt✐❡s ❡t ❞❡
❝♦♥✜❣✉r❛t✐♦♥s ♣❛r ❞é❢❛✉t ❧♦rsq✉❡ ❞❡s ré❣✐♦♥s ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s
s♦♥t ♣♦♥❝t✉❡❧❧❡♠❡♥t ♥♦♥ ♦❜s❡r✈❛❜❧❡s✳

❯♥❡ ❝♦♥tr❛✐♥t❡✱ r❡❧❛①é❡ ❞❛♥s ❬❚❍✺❪✱ ❡st ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❛ ♣r✐♦r✐ ❞❡s ♣❛✲
r❛♠ètr❡s ❞❡ ♣♦s✐t✐♦♥ ❣❧♦❜❛❧❡ s✉♣♣♦sés ✜❣és ❡t ❡st✐♠és ❡♥ ❛♠♦♥t ♣❛r ✉♥❡
❢♦♥❝t✐♦♥ ❞❡ s✉✐✈✐ ❞é❞✐é❡✳ ▲❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ✈❡❝t❡✉r ❞✬ét❛t s♦♥t ❞♦♥❝ r❡✲
❧❛t✐✈❡s ❛✉① s❡✉❧s ✽ ❞❞❧s ❞❡s ❜r❛s t❛♥❞✐s q✉❡ ❧❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ♣♦rt❡♥t
s✉r ❞❡s séq✉❡♥❝❡s ♣ré✲❡♥r❡❣✐stré❡s ❞❛♥s ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts q✉❡❧❝♦♥q✉❡s✳ ▲❡s
❢réq✉❡♥❝❡s ❞❡ tr❛✐t❡♠❡♥t s♦♥t ❛❧♦rs ❞❡ ✶❍③ ♣♦✉r ✹✵✵ ♣❛rt✐❝✉❧❡s s✉r ✉♥ P❡♥✲
t✐✉♠ ■❱ ✸●❍③✳ ❈❡s tr❛✈❛✉① s✉r ❧❛ ❝❛♣t✉r❡ ❞✉ ♠♦✉✈❡♠❡♥t ♦♥t ❢❛✐t ❧✬♦❜❥❡t ❞❡
♣✉❜❧✐❝❛t✐♦♥s✱ ❝✐t♦♥s ❬✶✽✱ ✶✼❪✳

▲❛ ✜❣✉r❡ ✷✳✶✸ ♠♦♥tr❡ ❧❡ séq✉❡♥❝❡♠❡♥t ❞❡ ♥♦s ♠♦❞✉❧❡s ✈✐s✐♦♥ ✐♥té❣rés
❞❛♥s ❧✬❛r❝❤✐t❡❝t✉r❡ ❞✉ r♦❜♦t ❝♦♠♣❛❣♥♦♥ ❏✐❞♦✳ ❈❡s ♠♦❞✉❧❡s ♥♦tés ❚❇P✱ ■❈❯✱



P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ✺✶

❍✉♠❘❡❝ ❡t ●❊❙❚ s♦♥t r❡❧❛t✐❢s r❡s♣❡❝t✐✈❡♠❡♥t à ❧❛ ❝❛♣t✉r❡ ❞✉ ♠♦✉✈❡♠❡♥t✱
s✉✐✈✐ ✷❉ ❞❡ ♣❡rs♦♥♥❡s✱ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ✈✐s❛❣❡s ❡t s✉✐✈✐ ✸❉ ❞❡ ❣❡st❡s ✭❝✳❢✳
❝❤❛♣✐tr❡ s✉✐✈❛♥t✮✳ ▲❡s ❝♦♠♠✉t❛t✐♦♥s ❡♥tr❡ ❝❡s ♠♦❞❛❧✐tés s✬❛♣♣✉✐❡♥t s✉r ❧❡s
✐♥❢♦r♠❛t✐♦♥s ❞é❧✐✈ré❡s ♣❛r ❧❡s ❝♦✉❝❤❡s ❢♦♥❝t✐♦♥♥❡❧❧❡ ❡t ❞é❝✐s✐♦♥♥❡❧❧❡ ❞✉ r♦❜♦t✳

❋✐❣✳ ✷✳✶✸ ✕ ❙éq✉❡♥❝❡♠❡♥t ❞❡s ♠♦❞✉❧❡s ❞❡ ✈✐s✐♦♥ ♣♦✉r ❧❡ r♦❜♦t ♣❡rs♦♥♥❡❧
❏✐❞♦✳

❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ré❝❡♥t❡ ❞❡ ❝❡s tr❛✈❛✉① ♣♦rt❡♥t s✉r ❧✬✐♠✐t❛t✐♦♥ ❞❡ ❣❡st❡s
♣❛r ✉♥ ❤✉♠❛♥♦ï❞❡ à ♣❛rt✐r ❞❡ ♥♦tr❡ s②stè♠❡ ✈✐s✉❡❧ ❞❡ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥ts✳
▲✬❛♥✐♠❛t✐♦♥ ❞✉ r♦❜♦t ❡st ré❛❧✐sé❡ ❣râ❝❡ à ❧❛ ♣❧❛t❡✲❢♦r♠❡ ❑✐♥❡♦❲♦r❦sTM ❡t
❛✉ ♠♦❞è❧❡ ❍❘P✷TM ✳ ❈❡s s✐♠✉❧❛t✐♦♥s s♦♥t ❞ét❛✐❧❧é❡s ❞❛♥s ❬✶✾❪✳

✸✳✺ ❈♦♥tr✐❜✉t✐♦♥s

P♦✉r rés✉♠❡r✱ ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ♣❛ssé❡s s✉r ❝❡ t❤è♠❡ s♦♥t ❞♦♥❝ ❧❡s s✉✐✲
✈❛♥t❡s ✿

✕ ▲❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❢♦♥❝t✐♦♥s ♠✉❧t✐✲❛ttr✐❜✉ts ❡♥tr❛♥t ❡♥ ❥❡✉ ❞❛♥s ❧❡
ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ♦✉ ❧❛ ♣♦♥❞ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✳ ▲❛ ❢✉s✐♦♥ ♦✉ ❝♦♠❜✐✲
♥❛✐s♦♥ s②sté♠❛t✐q✉❡ ❞❡ ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❤♦♠♦❣è♥❡s ❞❛♥s ♥♦s ✜❧tr❡s
❡st ❝♦♥❢♦r♠❡ à ♥♦tr❡ ❧✐❣♥❡ ❞❡ ❝♦♥❞✉✐t❡ ❡t ré♣♦♥❞ ❛✉ ❝♦♥st❛t s✉✐✈❛♥t ✿
❧❡s ♣♦ss✐❜✐❧✐tés ❞✬✐♥té❣r❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ♦✛❡rt❡s ♣❛r ❧❡ ❝❛❞r❡ ❣é♥ér❛❧ ❞✉
✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ s♦♥t ❛ss❡③ ♣❡✉ ❡①♣❧♦✐té❡s ❡t s♦✉✈❡♥t ❝♦♥✜♥é❡s à ✉♥
♥♦♠❜r❡ r❡str❡✐♥t ❞❡ ❝❡s ❞♦♥♥é❡s✳

✕ ▲❡ ♣r♦t♦t②♣❛❣❡ ❞❡ ❢♦♥❝t✐♦♥s ❞❡ s✉✐✈✐ ❞❡ ♣❡rs♦♥♥❡s ♣❛r ❧❡ ❝❤♦✐① ❝♦♥❥♦✐♥t
❞❡ ♣r✐♠✐t✐✈❡s ✈✐s✉❡❧❧❡s ❡t ❞❡ str❛té❣✐❡s ❞❡ ✜❧tr❛❣❡ ✭❞✐✛ér❡♥t❡s ♣❛r ❧❡✉rs
str✉❝t✉r❡s ❡t ❧❡✉rs ét❛♣❡s ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡t ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡✮ ré✲
♣♦♥❞❛♥t ❛✉ ♠✐❡✉① ❛✉① ♠♦❞❛❧✐tés ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥✈✐s❛❣és ♣♦✉r ❧❡ r♦❜♦t
❛ss✐st❛♥t ❘❛❝❦❤❛♠✳ ❈❡s tr❛✈❛✉① ♦✛r❡♥t à ❝❡ t✐tr❡ ✉♥❡ ❜♦♥♥❡ s②♥t❤ès❡
❞❡s t❡❝❤♥✐q✉❡s ❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ ❡t ❞❡ ❧❡✉rs ♣❡r❢♦r♠❛♥❝❡s✳✳✳ ❛❧♦rs
q✉❡ ❧❛ ❧✐ttér❛t✉r❡ ♣r♦♣♦s❡ ❞❡s é✈❛❧✉❛t✐♦♥s ❧✐♠✐té❡s ❡♥ t❡r♠❡s ❞❡ ❝♦♠✲



✺✷ ❚r❛✈❛✉① ❛♥tér✐❡✉rs

♣❛r❛✐s♦♥s ❡♥tr❡ str❛té❣✐❡s ❛✐♥s✐ q✉✬❡♥ ♥♦♠❜r❡ ❡t ✈❛r✐été ❞❡s séq✉❡♥❝❡s
tr❛✐té❡s✳

✕ ▲❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❣❡st❡s ❢r♦♥t♦✲♣❛r❛❧❧è❧❡s ✓ st❛t✐q✉❡s ✔ ❡t ❞②♥❛✲
♠✐q✉❡s ♣❛r ✉♥❡ str❛té❣✐❡ ❞❡ ♠✐①❡❞✲st❛t❡ CONDENSATION q✉✐ ♣❡r♠❡t
❧❡✉r r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❛♥s ❧❛ ❜♦✉❝❧❡ ♠ê♠❡ ❞❡ s✉✐✈✐✳ ❈❡tt❡ ❝♦♥tr✐❜✉t✐♦♥
r❡st❡ à ❝❡ ❥♦✉r ♠❛r❣✐♥❛❧❡ ❞❛♥s ♥♦s tr❛✈❛✉①✳

✕ ▲❛ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥t ✸❉✳ ▲❛ ❢✉s✐♦♥ ❞✬❛ttr✐❜✉ts ♣❡r♠❡t ✉♥ s✉✐✈✐ r♦✲
❜✉st❡ ❛✉① ❝♦♥❞✐t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ♠❛❧❣ré ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ s❡✉❧❡
❝❛♠ér❛ ❡t ❞✬✉♥ ♠♦❞è❧❡ ❛♥t❤r♦♣♦♠♦r♣❤❡ ❢r✉str❡✳ ❉❡ ♣❛rt ❝❡s ❝❤♦✐①✱ ❧❡s
t❡♠♣s ❞❡ tr❛✐t❡♠❡♥t r❡st❡♥t ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧❡ ❝♦♥t❡①t❡ ❛♣♣❧✐❝❛t✐❢✳ ▲❛
❣❡st✐♦♥ r❡❧❛t✐✈❡♠❡♥t ♦r✐❣✐♥❛❧❡ ❞❡s ♣❛rt✐❡s ❝❛❝❤é❡s ❞✉ ♠♦❞è❧❡ ✸❉ ❛♣rès
♣r♦❥❡❝t✐♦♥ ❡st à ♠❡♥t✐♦♥♥❡r ✐❝✐✳ ❈❡s ❢♦♥❝t✐♦♥s s♦♥t ❞é✈♦❧✉❡s à t❡r♠❡ ❛✉
r♦❜♦t ♣❡rs♦♥♥❡❧ ❏✐❞♦✳

✕ ❧✬✐♥té❣r❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ✈✐s✉❡❧❧❡s✱ ❧❡✉r ❡①é❝✉t✐♦♥✱ séq✉❡♥❝é❡ ♣❛r ❧❡
s✉♣❡r✈✐s❡✉r ❞✉ r♦❜♦t ❏✐❞♦ ♦✉ ❘❛❝❦❤❛♠✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ s❝é♥❛r✐♦s r♦✲
❜♦t✐q✉❡s ré❛❧✐st❡s ❡♥ s♦✉❧✐❣♥❡ ❧❡✉r ♣❡rt✐♥❡♥❝❡ ❡t ❧❡✉r ❝♦♠♣❧é♠❡♥t❛r✐té✳
➚ ♠❛ ❝♦♥♥❛✐ss❛♥❝❡✱ ♣❡✉ ❞❡ r♦❜♦ts ♠♦❜✐❧❡s ✐♥t❡r❛❝t✐❢s ✐♥tè❣r❡♥t ❛✉❥♦✉r✲
❞✬❤✉✐ ❞❡s ❝❛♣❛❝✐tés ✈✐s✉❡❧❧❡s ❞❡ ❧✬❤♦♠♠❡ ❛✉ss✐ ❛✈❛♥❝é❡s✳

✹ ❘❡t♦♠❜é❡s ❝♦♥♥❡①❡s

◆♦✉s ❛✈♦♥s ♣❛rt✐❝✐♣é à ✉♥ ♣r♦❥❡t ❛♣♣❧✐❝❛t✐❢ P❘❊❉■❚ ❬❈■✸❪ ♣♦rt❛♥t s✉r
❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❛✉t♦♠♦❜✐❧❡✱ ❞♦♠❛✐♥❡ ❝♦♥♥❡①❡ à
❧❛ ❘♦❜♦t✐q✉❡✳ ❈❡ ♣r♦❥❡t✱ ✐♠♣❧✐q✉❛♥t é❣❛❧❡♠❡♥t ❙✐❡♠❡♥s ❱❉❖ ❡t ❧✬❖◆❊❘❆✲
❈❊❘❚✱ ❝♦♥s✐st❛✐t à ❞é✈❡❧♦♣♣❡r ✉♥ s②stè♠❡ ❞❡ s✉♣❡r✈✐s✐♦♥ ♦♣t✐q✉❡ ❞❡ ❧✬❤❛✲
❜✐t❛❝❧❡ ❞✬✉♥ ✈é❤✐❝✉❧❡ ♣♦✉r ❞ét❡❝t❡r ❧❛ ♣rés❡♥❝❡ ❞✉ ♣❛ss❛❣❡r✱ ❝❛r❛❝tér✐s❡r s♦♥
é✈❡♥t✉❡❧❧❡ ♣♦st✉r❡ ❛✜♥ ❞❡ ♠✐❡✉① ❝♦♥trô❧❡r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡s s②stè♠❡s
❞❡ ❝♦✉ss✐♥s ❣♦♥✢❛❜❧❡s ♦✉ ❛✐r❜❛❣✳ ▲❛ s♦❝✐été ❙✐❡♠❡♥s ❱❉❖ ❛✈❛✐t ❡♥ ❝❤❛r❣❡
❧✬✐♥té❣r❛t✐♦♥ ❡t ❧❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞❡ ♣r♦t♦t②♣❡✭s✮✱ ❧❡ ❈❊❘❚ ❧❛ ❝♦♥❝❡♣t✐♦♥
❞❡s ❝❛♣t❡✉rs ♦♣t✐q✉❡s✱ ❡♥✜♥ ❧❡ ▲❆❆❙✲❈◆❘❙ ✭à tr❛✈❡rs ▼✳❉❡✈② ❡t ♠♦✐✲♠ê♠❡
❡♥ ❝❤❡r❝❤❡✉rs ♣❡r♠❛♥❡♥ts✮ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬❛❧❣♦r✐t❤♠❡s ❞❡ ✈✐s✐♦♥ ❞é❞✐és✳
❉❡✉① ❛♣♣r♦❝❤❡s✴s②stè♠❡s ✓ ❝♦♥❝✉rr❡♥ts ✔ ♦♥t été ❞é✈❡❧♦♣♣és ❡♥ ♣❛r❛❧❧è❧❡✳

▲❛ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡ r❡♣♦s❡ s✉r ✉♥ s②stè♠❡ ❞❡ stéré♦✈✐s✐♦♥ ♣❛ss✐✈❡ ❝♦✉✲
♣❧❛♥t ❞❡✉① ❝❛♠ér❛s ❈▼❖❙ ❡t ✉♥ é❝❧❛✐r❛❣❡ ❞✐✛✉s à ❞✐♦❞❡s ■❘ ♣♦✉r é❝❧❛✐r❡r ❧❡
s✐è❣❡ ❡♥ ❝♦♥❞✐t✐♦♥s ❞❡ ❢❛✐❜❧❡ ❧✉♠✐♥♦s✐té✳ ▲❛ ❞é♠❛r❝❤❡ ❡st ❛❧♦rs ❞❡ ♠❡ttr❡ ❡♥
÷✉✈r❡ ❡t é✈❛❧✉❡r ♥♦s ❛❧❣♦r✐t❤♠❡s ❞❡ stéré♦❝♦rré❧❛t✐♦♥ ❞❡♥s❡ ❛✜♥ ❞❡ r❡❝♦♥s✲
tr✉✐r❡ ❧❡ s✐è❣❡ ♣❛ss❛❣❡r✳ ❯♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❜❛②és✐❡♥♥❡ à ♣❛rt✐r ❞✬✉♥ ✈❡❝t❡✉r
❞✬❛ttr✐❜✉ts ✸❉ ♣❡r♠❡t ❡♥✜♥ ❞✬✐❞❡♥t✐✜❡r ❧❛ s✐t✉❛t✐♦♥ ❝♦✉r❛♥t❡✳

▲❛ s❡❝♦♥❞❡ ❛♣♣r♦❝❤❡ r❡♣♦s❡ s✉r ✉♥ s②stè♠❡ ❞❡ ❧✉♠✐èr❡ str✉❝t✉ré❡ ❛s✲
s♦❝✐❛♥t ✉♥❡ ❝❛♠ér❛ ❈❈❉ ❡t ✉♥ ✐❧❧✉♠✐♥❛t❡✉r ■❘✳ ▲❛ ❞é♠❛r❝❤❡ ❢ût ❛❧♦rs ❞❡
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♣r♦♣♦s❡r ✉♥ ♣r♦❝❡ss✉s s♣é❝✐✜q✉❡ ❞✬ét❛❧♦♥♥❛❣❡ ❞✉ s②stè♠❡✱ ♣✉✐s ❞❡ r❡❝♦♥s✲
tr✉✐r❡ ❡♥ ✸❉✱ ♠❛✐s ❞❡ ❢❛ç♦♥ ♣❧✉s é♣❛rs❡ q✉❡ ♣ré❝é❞❡♠♠❡♥t✱ ❧❡ s✐è❣❡ ♣❛ss❛❣❡r✳
❈❡tt❡ r❡❝♦♥str✉❝t✐♦♥ r❡♣♦s❡ s✉r ✉♥ ♣r♦❝❡ss✉s ❞❡ r❡❧❛①❛t✐♦♥ s✉r ❞❡s ❝♦♥tr❛✐♥t❡s
✐♥❤ér❡♥t❡s ❛✉ s②stè♠❡ ❛✜♥ ❞❡ ♠❡ttr❡ ❡♥ ❝♦rr❡s♣♦♥❞❛♥❝❡ ❧❡s ❞♦♥♥é❡s ❝❛♣t❡✉rs
✭s♣♦ts ✐♠❛❣❡✴❢❛✐s❝❡❛✉① ❧❛s❡r✮✳ ▲❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡ ❧❛ s✐t✉❛t✐♦♥ ❝♦✉r❛♥t❡ ❡st
❛❧♦rs ✐♥❢éré❡ à ♣❛rt✐r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ✈♦❧✉♠✐q✉❡ ❞❡s ♣♦✐♥ts ✸❉ ❛✐♥s✐ r❡❝♦♥s✲
tr✉✐ts✳

P♦✉r ✓ ré♣❛rt✐r ♥♦s ❢♦r❝❡s ✔ ❝ôté ▲❆❆❙✲❈◆❘❙✱ ▼✳❉❡✈② s✬❡st ❢♦❝❛❧✐sé ❡♥
♣r✐♦r✐té s✉r ❧✬❛♣♣r♦❝❤❡ n◦ ✶ ❡t ♠♦✐✲♠ê♠❡ s✉r ❧✬❛♣♣r♦❝❤❡ n◦ ✷✳ ❏✬❛✐ tr❛✈❛✐❧❧é
❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❏✳▼✳▲❡q✉❡❧❧❡❝ ✐♥❣é♥✐❡✉r ❝❤❡③ ❙✐❡♠❡♥s ❱❉❖✳ ▲❡s ❞❡✉①
♣r♦t♦t②♣❡s ❡♠❜❛rq✉és s✉r ✉♥ ✈é❤✐❝✉❧❡ s✬❛✈èr❡♥t r♦❜✉st❡s ❛✉① ❢♦rt❡s ✈❛r✐❛t✐♦♥s
❛♠❜✐❛♥t❡s ❞✬é❝❧❛✐r❡♠❡♥t ❀ ❧❡s t❡♠♣s ❞❡ tr❛✐t❡♠❡♥t ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t
P❈ s♦♥t ✐♥tér❡ss❛♥ts ✭r❡s♣✳ ✹ ❍③ ❡t ✸✵ ❍③✮ ❡t ♦♥t ♣❡r♠✐s ❞❡s r❡t♦♠❜é❡s
✐♥❞✉str✐❡❧❧❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❛✉t♦♠♦❜✐❧❡✳

❈❡s tr❛✈❛✉① ♦♥t ❞♦♥♥é ❧✐❡✉ à ✉♥ ❜r❡✈❡t ❬✾❪ ❡t ❞❡ ♥♦♠❜r❡✉s❡s ❝♦♠♠✉♥✐❝❛✲
t✐♦♥s ❡♥ ❝♦♥❣rès ❬✷✽✱ ✸✶✱ ✸✷✱ ✸✸✱ ✹✷❪✳ ▲❡ ❧❡❝t❡✉r ♣♦✉rr❛ s❡ ré❢ér❡r à ❧❛ r❡✈✉❡ ❬✻❪✱
❥♦✐♥t❡ ❡♥ ✜♥ ❞❡ ♠é♠♦✐r❡✱ r❡✈✉❡ q✉✐ ❞é❝r✐t ❧❡s ❞❡✉① s②stè♠❡s ♠✐s ❡♥ ÷✉✈r❡ ❡t
❝♦♠♣❛r❡ ❧❡✉rs ♣❡r❢♦r♠❛♥❝❡s r❡s♣❡❝t✐✈❡s✳ ❙✐❣♥❛❧♦♥s ❡♥✜♥ q✉❡ ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥
❛✈❡❝ ❙✐❡♠❡♥s ❱❉❖ ❛ r❡♣r✐s ❡♥ ✷✵✵✻ à tr❛✈❡rs ✉♥ ❝♦♥tr❛t éq✉✐♣❡✲❝♦♥s❡✐❧ ❬❈■✷❪
s✉r ✉♥❡ ♣r♦❜❧é♠❛t✐q✉❡ ❞❡ s✉✐✈✐ ✈✐s✉❡❧✳
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❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s
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✶ Pré❛♠❜✉❧❡

▼❛ ♣r♦s♣❡❝t✐✈❡ ❞❡ r❡❝❤❡r❝❤❡ s✬✐♥s❝r✐t ❞❛♥s ❧❛ ❝♦♥t✐♥✉✐té ❡t ❝♦♠♣❧é♠❡♥✲
t❛r✐té ❞❡s tr❛✈❛✉① ❛♥tér✐❡✉rs ❡t ❛❝t✉❡❧s ❡♥ r❡❧❛t✐♦♥ étr♦✐t❡ ❛✈❡❝ ❧❡ ♣r♦❥❡t ❞❡
r❡❝❤❡r❝❤❡ é♥♦♥❝é✳ ❏❡ ❞✐ss♦❝✐❡ ✐❝✐ ❧❡s tr❛✈❛✉① ❡♥ ❝♦✉rs ❡t ❧❛ ♣r♦s♣❡❝t✐✈❡ à ♠♦②❡♥
t❡r♠❡ r❡❧❛t✐✈❡ ❛✉① ✐♥✈❡st✐❣❛t✐♦♥s ❛❝t✉❡❧❧❡s ❡t ✓ ♣r♦❣r❛♠♠é❡s ✔ ❞❛♥s ❧❡s ❝✐♥q
♣r♦❝❤❛✐♥❡s ❛♥♥é❡s✱ ❞❡ ❧❛ ♣r♦s♣❡❝t✐✈❡ à ♣❧✉s ❧♦♥❣ t❡r♠❡ ✈✐s❛♥t à ✉♥❡ ♣r♦❥❡❝t✐♦♥
à ♣❧✉s ❧♦♥❣✉❡ é❝❤é❛♥❝❡✳

▲❛ s❡❝t✐♦♥ ✷ ♣♦rt❡ s✉r ❧❡s tr❛✈❛✉① ❛❝t✉❡❧s ❡t ❧❛ ♣r♦s♣❡❝t✐✈❡ à ♠♦②❡♥
t❡r♠❡✳ ▲❛ ♣r♦s♣❡❝t✐✈❡ à ❧♦♥❣ t❡r♠❡ s✬✐♥s❝r✐t ❞❛♥s ✉♥❡ ré✢❡①✐♦♥ s✉r ❧❡s ❡①✲
t❡♥s✐♦♥s ♣♦ss✐❜❧❡s ❞❡ ♠❡s tr❛✈❛✉① ♣❛ssés ❡t ❛❝t✉❡❧s ❞❛♥s ❧✬❡s♣r✐t ❞✉ ♣r♦❥❡t
❞❡ r❡❝❤❡r❝❤❡ é♥♦♥❝é✳ ◗✉❡❧❧❡s ♦r✐❡♥t❛t✐♦♥s✱ ✈♦✐r❡ ✐♥✢❡①✐♦♥s ♣♦ss✐❜❧❡s ❞❡ ❝❡s
tr❛✈❛✉① ♣❡✉✈❡♥t ♥♦✉rr✐r ❞❡s ♣r♦❜❧é♠❛t✐q✉❡s r♦❜♦t✐q✉❡s ❡♥❝♦r❡ ♦✉✈❡rt❡s ❄ ➚
♣❧✉s ❧♦♥❣✉❡ é❝❤é❛♥❝❡✱ q✉❡❧s ❝❤❛❧❧❡♥❣❡s s❝✐❡♥t✐✜q✉❡s ❡t t❡❝❤♥♦❧♦❣✐q✉❡s ❢✉t✉rs
s♦♥t s✉s❝❡♣t✐❜❧❡s ❞❡ ♥♦✉rr✐r ❧❛ r♦❜♦t✐q✉❡ ♣❡rs♦♥♥❡❧❧❡✱ ✐♥❞✐r❡❝t❡♠❡♥t ❡t ♣❧✉s
♠♦❞❡st❡♠❡♥t✱ ♠❡s tr❛✈❛✉① ❄ ▲❛ s❡❝t✐♦♥ ✸ é♥✉♠ér❡ q✉❡❧q✉❡s ✈♦✐❡s ❡①♣❧♦r❛✲
t♦✐r❡s ♣❡r♠❡tt❛♥t ❞❡ ré♣♦♥❞r❡ très ♣❛rt✐❡❧❧❡♠❡♥t à ❝❡s q✉❡st✐♦♥s✳ ❉ét❛✐❧❧♦♥s
❝❡s ♣r♦s♣❡❝t✐✈❡s à ❝♦✉rt❡✱ ♠♦②❡♥♥❡✱ ❡t ❧♦♥❣✉❡ é❝❤é❛♥❝❡s✳

✷ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ t❡r♠❡

▲❡s tr❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦❣r❛♠♠és à ♠♦②❡♥ t❡r♠❡ s✬❛♣♣✉✐❡♥t s✉r ❧❛ ♠ê♠❡
❧✐❣♥❡ ❞❡ ❝♦♥❞✉✐t❡ ✿ ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s ❡t ✐♥❝❡rt❛✐♥s à t♦✉s ❧❡s
♠❛✐❧❧♦♥s ❞❡ ❧❛ ❝❤❛î♥❡ ♣❡r❝❡♣t✉❡❧❧❡✳ ■❧s ♥✬✐♥❞✉✐s❡♥t ♣❛s à ♣r♦♣r❡♠❡♥t ♣❛r❧é
❞✬✐♥✢❡①✐♦♥ ♠❛❥❡✉r❡✱ ✐❧s ✈✐s❡♥t ♣❧✉tôt✱ ❡♥ ❝♦❤ér❡♥❝❡ ❛✈❡❝ ❧❡ ♣r♦❥❡t é♥♦♥❝é✱ à
❛♣♣r♦❢♦♥❞✐r ❡t ♣r♦♣♦s❡r ❞❡s ♣r♦❧♦♥❣❡♠❡♥ts ❛✉① ❛♣♣r♦❝❤❡s ❡t ♦✉t✐❧s ❞é✈❡❧♦♣✲
♣és✳

❆✐♥s✐✱ ✉♥❡ ♠♦t✐✈❛t✐♦♥ ♠❛❥❡✉r❡ ❞✉ ♣r♦❥❡t ❡st ✉♥❡ ♥❛✈✐❣❛t✐♦♥ ❛✉t♦♥♦♠❡
❛✉ très ❧♦♥❣ ❝♦✉rs✳ ◆♦s r❡♣rés❡♥t❛t✐♦♥s ❞♦✐✈❡♥t ❛❧♦rs ❝❛♣t✉r❡r ❞❡s ❡♥✈✐r♦♥♥❡✲
♠❡♥ts ❞❡ ❣r❛♥❞❡ ❡♥✈❡r❣✉r❡✱ ❡①❤✐❜❡r ❝❡rt❡s ❞❡s ❛♠❡rs ♣❧✉s ❣é♥ér✐q✉❡s à tr❛✈❡rs
♥♦s ♠♦❞è❧❡s ♠étr✐q✉❡s ❡t t♦♣♦❧♦❣✐q✉❡s ♠❛✐s ❛✉ss✐ ❡①❤✐❜❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s
sé♠❛♥t✐q✉❡s r❡❧❛t✐✈❡s ❛✉① ♦❜❥❡ts ❡t ❧✐❡✉① ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈❡s ✐♥❢♦r♠❛✲
t✐♦♥s sé♠❛♥t✐q✉❡s s♦♥t ❛❝q✉✐s❡s ♣❛r ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✬❤♦♠♠❡ ✈✐❛ ❧❛ ♣❛r♦❧❡
❡t✴♦✉ ❧❛ ❣❡st✉❡❧❧❡ ❞♦♥❝ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ s✐❣♥❛✉① ❛✉❞✐♦ ❡t ✈✐s✉❡❧✳ ❆✉✲❞❡❧à
❞❡ ❝❡t ❡①❡♠♣❧❡✱ ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ s❡r❛ rés♦❧✉♠❡♥t ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡✳
▲✬✐♥té❣r❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ✈✐s✉❡❧❧❡s ♠✉❧t✐♣❧❡s✱ ❞♦♥❝ ❤♦♠♦❣è♥❡s✱ ❛❜♦r❞é❡ ♣ré✲
❝é❞❡♠♠❡♥t✱ s❡r❛ ét❡♥❞✉❡ à ❞❡s ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❤étér♦❣è♥❡s ❞♦♥❝ ✐ss✉❡s
❞❡ ❝❛♣t❡✉rs ❞❡ ♥❛t✉r❡s ❞✐✈❡rs❡s✳

❋♦rts ❞❡ ❝❡s ❣é♥ér❛❧✐tés✱ ♥♦✉s ❧✐st♦♥s ❝✐✲❛♣rès ♥♦s ✐♥✈❡st✐❣❛t✐♦♥s ❛❝t✉❡❧❧❡s
❡t ❢✉t✉r❡s s✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣❛r ❧❡ r♦❜♦t t♦✉t ❡♥ ❢❛✐s❛♥t ét❛t ❞❡



✺✽ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s

❝♦♥♥❡①✐♦♥s ❛✈❡❝ ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ s✉r ❧❛q✉❡❧❧❡ ♥♦✉s r❡✈✐❡♥❞r♦♥s ✉♥
♣❡✉ ♣❧✉s t❛r❞✳ ❉❛♥s ❧✬❡s♣r✐t ❞✉ ♣r♦❥❡t✱ ❝❡s ✐♥✈❡st✐❣❛t✐♦♥s s✉r ❧❛ ♥❛✈✐❣❛t✐♦♥
❛✉t♦♥♦♠❡ ❡t ❞♦♥❝ s✉r ❧❡s r❡♣rés❡♥t❛t✐♦♥s ❞❡ ❧✬❡s♣❛❝❡ ❡t s✉rt♦✉t ❞✉ ♠✐❧✐❡✉
s♦♥t s✉❜♦r❞♦♥♥é❡s à ❧✬❛✈❛♥❝❡♠❡♥t ❞❡s tr❛✈❛✉① s✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡
♣❛r ❧❡ r♦❜♦t✳ ❈❡s ❝♦♥tr✐❜✉t✐♦♥s ❛tt❡♥❞✉❡s s✬✐♥s❝r✐✈❡♥t ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ t❤ès❡s✱
♣r♦❥❡ts ♦✉ ❝♦♥tr❛ts✱ ❡♥ ❝♦✉rs ♦✉ ♣r♦❣r❛♠♠és ✭♣❛rt✐❡ ■■✮✳

✷✳✶ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ét❛♥t ❞♦♥♥é ❧❛ ♣❡r❝❡♣t✐♦♥

❞❡ ❧✬❡s♣❛❝❡

❈❡s ❝♦♥tr✐❜✉t✐♦♥s✱ ♣♦✉r ❝❡rt❛✐♥❡s ❡✛❡❝t✐✈❡s✱ s♦♥t ❞é❝❧✐♥é❡s ❝✐✲❛♣rès ❡♥ ♣❛r✲
❝♦✉r❛♥t ❧❛ ❝❤❛î♥❡ ♣❡r❝❡♣t✉❡❧❧❡ ❞❡ ❢❛ç♦♥ ❛s❝❡♥❞❛♥t❡ ✐✳❡✳ ❞❡♣✉✐s ❧✬❛❝q✉✐s✐t✐♦♥ ❡t
❧❡ tr❛✐t❡♠❡♥t ❞❡s ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❥✉sq✉✬à ❧❡✉r ✐♥t❡r♣rét❛t✐♦♥ ❡♥ ♣❛ss❛♥t
♣❛r ❧❡ s✉✐✈✐ q✉✐ ❢❛✐t ❧✬♦❜❥❡t ❞❡ t♦✉t❡s ♥♦s ❛tt❡♥t✐♦♥s✳

■♥té❣r❛t✐♦♥ ❞❡ ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❤♦♠♦❣è♥❡s ✖ ▲✬✐♥té❣r❛t✐♦♥ ❞❡
❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❤♦♠♦❣è♥❡s✱ ❡st à ❛♣♣r♦❢♦♥❞✐r ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❡♥❝♦r❡ ❧❛
r♦❜✉st❡ss❡ ❞❡ ♥♦s tr❛❝❦❡rs ❛✉① ♥♦♠❜r❡✉① ❛rt❡❢❛❝ts ♣r♦♣r❡s ❛✉① ❡♥✈✐r♦♥♥❡✲
♠❡♥ts ❤✉♠❛✐♥s✳ ❯♥❡ ♣r❡♠✐èr❡ ❡①t❡♥s✐♦♥✱ ♣ré✈✉❡ ❞❛♥s ❬❚❍✷❪ ❡t ❬❚❍✺❪✱ s❡r❛
❞❡ ❝♦♥s✐❞ér❡r ❞❡s ❞♦♥♥é❡s ✸❉ ❞❡♥s❡s ♦✉ é♣❛rs❡s ❞❛♥s ♥♦s ✜❧tr❡s ♣❛rt✐❝✉✲
❧❛✐r❡s t♦✉t ❡♥ ❝♦♥t✐♥✉❛♥t ❞✬❡①♣❧♦✐t❡r ❞❡s ❞♦♥♥é❡s ❞✬❛♣♣❛r❡♥❝❡✳ ▲❡s ❝❛♣t❡✉rs
✸❉ ✉t✐❧✐sés s❡r♦♥t ✉♥❡ têt❡ stéré♦s❝♦♣✐q✉❡ s✉r ❏✐❞♦ ♦✉ ❍❘P✷ ♣♦✉r ❧❡ s✉✐✈✐
✸❉ ❞❡ ♣❡rs♦♥♥❡s ❬❚❍✷❪✱ ✉♥❡ têt❡ stéré♦s❝♦♣✐q✉❡ ♦✉ ✉♥❡ ❝❛♠ér❛ ♠♦♥♦❝✉✲
❧❛✐r❡✰❝❛♠ér❛ ❛❝t✐✈❡ s✉r ❏✐❞♦ ✭✜❣✉r❡ ✸✳✹✲✭❛✮✮✱ ♣♦✉r ❧❛ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥t
❬❚❍✺❪✳ ◆♦✉s ❜é♥é✜❝✐❡r♦♥s✱ ❛✉ ♣❛ss❛❣❡✱ ❞❡ ❧✬❡①♣❡rt✐s❡ ❛❝q✉✐s❡ ❞✉r❛♥t ❧❡ ♣r♦✲
❥❡t P❘❊❉■❚ ❬P❘✸❪ q✉❛♥t ❛✉① ♣♦ss✐❜❧❡s ♣❛r❛♠étr✐s❛t✐♦♥s ❡t ♣❡r❢♦r♠❛♥❝❡s ❞❡
♥♦s ❛❧❣♦r✐t❤♠❡s ❞❡ stéré♦✈✐s✐♦♥ ❞❡♥s❡ ♣♦✉r ❧❛ r❡❝♦♥str✉❝t✐♦♥ ❞❡ ✓ s❝è♥❡s ❤✉✲
♠❛✐♥❡s ✔✳ P♦✉r ✉♥❡ r❡❝♦♥str✉❝t✐♦♥ é♣❛rs❡✱ ❧❡ ♣r✐♥❝✐♣❡ s❡r❛ ♣❛r ❡①❡♠♣❧❡ ❞❡
s✉✐✈r❡ q✉❡❧q✉❡s ♣♦✐♥ts ✸❉ ♣❛r ❧❡✉r ❞✐s♣❛r✐té r❡❧❛t✐✈❡ ❬▼♦r❡♥♦ ✷✵✵✷❪ ❛✜♥ ❞❡ ❧✐✲
♠✐t❡r ❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡✳ ▲❛ str❛té❣✐❡ r❡t❡♥✉❡ ❡st ❞♦♥❝ à ♠✐✲❞✐st❛♥❝❡ ❡♥tr❡ ✿
✭✐✮ ❧❡s str❛té❣✐❡s ❞✐t❡s ❛♣♣❡❛r❛♥❝❡✲❜❛s❡❞✱ ❡✳❣✳ ❬❉❡✉ts❝❤❡r ✷✵✵✶✱ ❙♠✐♥❝❤✐s❡s❝✉
✷✵✵✸✱❙✐❣❛❧ ✷✵✵✹❪ ♣❡r♠❡tt❛♥t ❞✬❛❝❝é❞❡r à t♦✉t❡ ❧❛ r✐❝❤❡ss❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ✈✐✲
s✉❡❧❧❡ ♠❛✐s ❤é❧❛s ♣❡✉ ♣❡rt✐♥❡♥t❡s ♣♦✉r ✐♥❢ér❡r ❞✉ ✸❉✱ ❡t ✭✐✐✮ ❧❡s str❛té❣✐❡s ♣❛r
r❡❝♦♥str✉❝t✐♦♥ ❞❡♥s❡✱ ❡✳❣✳ ❬❉❡❧❛♠❛rr❡ ✷✵✵✶✱ ❑♥♦♦♣ ✷✵✵✻✱ ❩✐❡❣❧❡r ✷✵✵✼❪✱ q✉✐
♣r♦❝✉r❡♥t ❞❡s ❝♦♥tr❛✐♥t❡s ❣é♦♠étr✐q✉❡s ❢♦rt❡s ♠❛✐s ♦❝❝✉❧t❡♥t ❧✬✐♥❢♦r♠❛t✐♦♥
❞✬❛♣♣❛r❡♥❝❡ ✈✐s✉❡❧❧❡✳

❈❡t ✓ é✈❡♥t❛✐❧ ✔ ❞❡ ♣r✐♠✐t✐✈❡s ❛✉t♦r✐s❡r❛ ❞❡s str❛té❣✐❡s ✢❡①✐❜❧❡s ❞❡ ❢✉✲
s✐♦♥ ❞❡s ♠❡s✉r❡s ❛ss♦❝✐é❡s✳ ▲❡ ❜✉t s❡r❛ ❞❡ s✬❛❞❛♣t❡r ❛✉① ❢♦rt❡s ✈❛r✐❛❜✐❧✐tés
❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❡♥ s✬❛♣♣✉②❛♥t s✉r ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡①t✉❡❧❧❡s ❡t sé✲
♠❛♥t✐q✉❡s ❛ss♦❝✐é❡s à ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞✉ r♦❜♦t ❞♦♥❝ à ♣❛rt✐r ❞❡ ❧❛ ♣❡r❝❡♣t✐♦♥



❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ t❡r♠❡ ✺✾

❞❡ ❧✬❡s♣❛❝❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❞✬❛♣♣❛r❡♥❝❡ s❡♠❜❧❡♥t ♣❧✉s ❛❞❛♣✲
té❡s ♣♦✉r ♣❡r❝❡✈♦✐r ❧✬❤♦♠♠❡ ❞❡♣✉✐s ❧❡ r♦❜♦t ❧♦rsq✉❡ ❝❡❧✉✐✲❝✐ é✈♦❧✉❡ ❞❛♥s ✉♥
❝♦✉❧♦✐r✱ ❡s♣❛❝❡ ❝♦♥✜♥é ♣❛r ❡①❝❡❧❧❡♥❝❡✳ ❆ ❝♦♥tr❛r✐♦✱ ❧❡s ♠❡s✉r❡s ❣é♦♠étr✐q✉❡s
s❡♠❜❧❡♥t ♣❧✉s ✐♥❞✐q✉é❡s ♣♦✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❛♥s ✉♥ ❡s♣❛❝❡ ♦✉✈❡rt✳ ❆✐♥s✐✱ ❧❛
♥❛t✉r❡ ❞✉ ❧✐❡✉ ✐♥✈❡st✐✱ ♠❛✐s ❛✉ss✐ ❧❡s ❝♦♥❞✐t✐♦♥s ❝♦✉r❛♥t❡s ❞❡ ♣r✐s❡s ❞❡ ✈✉❡s
✭✐❧❧✉♠✐♥❛t✐♦♥✱ ❡♥❝♦♠❜r❡♠❡♥t✱ ❡t❝✳✮✱ ❧❛ tâ❝❤❡ ❡①é❝✉té❡ ♣❛r ❧❡ r♦❜♦t✱ ❞♦✐✈❡♥t
❞♦♥♥❡r ❧✐❡✉ à ✉♥❡ ♣♦♥❞ér❛t✐♦♥ ❛❞❛♣té❡ ❞❡s ❞✐✈❡rs❡s ♣r✐♠✐t✐✈❡s ❞❛♥s ❧❛ ❢♦♥❝✲
t✐♦♥ ❞❡ ♠❡s✉r❡ ✉♥✐✜é❡✳ ❈❡tt❡ ét✉❞❡ s❡r❛ ré❛❧✐sé❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❬❚❍✺❪✳ ➚
♠❛ ❝♦♥♥❛✐ss❛♥❝❡✱ ❧❛ ❧✐ttér❛t✉r❡ ♥❡ ♣r♦♣♦s❡ ♣❛s ❞❡ tr❛❝❦❡rs ❞❡ ❧✬❤♦♠♠❡ ♦✉ ❞❡
s❡s ♠❡♠❜r❡s ✐♥té❣r❛♥t ❛✉ss✐ ❧❛r❣❡♠❡♥t ❞❡s ♣r✐♠✐t✐✈❡s ✈✐s✉❡❧❧❡s✱ t❛♥❞✐s q✉❡ ❧❛
❢✉s✐♦♥ ❛❞❛♣t❛t✐✈❡ ❞❡ ❝❡s ♣r✐♠✐t✐✈❡s ❛ été ❛❜♦r❞é❡ ❞❛♥s ❬❱❡r♠❛❛❦ ✷✵✵✷❪ ♣♦✉r
❞❡s ❛ttr✐❜✉ts ❞✬❛♣♣❛r❡♥❝❡ ✉♥✐q✉❡♠❡♥t✳

❈❡s ❛ttr✐❜✉ts ❞✬❛♣♣❛r❡♥❝❡ s♦♥t ❛❝t✉❡❧❧❡♠❡♥t ♠♦❞é❧✐sés ♣❛r ❞❡s ❞✐str✐❜✉✲
t✐♦♥s ❞❡ ❝♦✉❧❡✉r✱ t❡①t✉r❡ ♦✉ ♠♦✉✈❡♠❡♥t✱ ♣r♦❜❛❜✐❧✐tés ♣❡❛✉✱ ❡t❝ ❝❛r❛❝tér✐s❛♥t
♣❧✉tôt ❞❡s ré❣✐♦♥s✳ ❉❛♥s ❬❚❍✷❪✱ ♥♦✉s ❧❡s ♠✐①❡r♦♥s ❛✈❡❝ ❞❡s ♣r✐♠✐t✐✈❡s ♣❧✉s ❧♦✲
❝❛❧❡s t②♣❡ ♣♦✐♥ts ❞✬✐♥térêt ❬❙❡r❜② ✷✵✵✹❪ ❝♦♥♥❡❝tés ♣❛r ❧❡✉r t♦♣♦❧♦❣✐❡ ❬●❛❜r✐❡❧
✷✵✵✺❪✳ ❈❡s ♣r✐♠✐t✐✈❡s s♦♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛❞❛♣té❡s à ❧❛ ❣❡st✐♦♥ ❞❡s ♦❝❝✉❧✲
t❛t✐♦♥s ♦❜s❡r✈é❡s ♣♦✉r ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❢♦rt❡♠❡♥t ♣❡✉♣❧és ❛ ♣r✐♦r✐ ✳ ❈❡tt❡
♣r♦❜❧é♠❛t✐q✉❡ s❡r❛ ❛❜♦r❞é❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t ❈♦♠♠❘♦❜ ❬P❘✸❪ ❞♦♥t ❧❛
✜♥❛❧✐té ❡st ❧❛ ❝♦♥❝❡♣t✐♦♥ ♣✉✐s ❧❡ ❞é♣❧♦✐❡♠❡♥t ❞❡ ❝❤❛r✐♦ts ❛ss✐st❛♥ts ❛✉t♦♥♦♠❡s
é✈♦❧✉❛♥t ❞❛♥s ✉♥ ❧✐❡✉ ♣✉❜❧✐❝ t②♣❡ s✉♣❡r♠❛r❝❤é ♦✉ ❛ér♦♣♦rt✳ ▲❡ ♣r♦❥❡t s❡ ❢♦✲
❝❛❧✐s❡ s✉r ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ ❧❡s ❛❣❡♥ts ✭❤✉♠❛✐♥s✱ ❝❤❛r✐♦ts✮ ♣❛rt❛❣❡❛♥t
❧✬❡s♣❛❝❡✳ ❉❛♥s ❝❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❤❛✉t❡♠❡♥t ❞②♥❛♠✐q✉❡s✱ ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥
✐♥t❡r✲r♦❜♦ts ❞❡✈r❛✐t ❢❛❝✐❧✐t❡r ❧❡✉rs tâ❝❤❡s ❞❡ ♥❛✈✐❣❛t✐♦♥ t❛♥❞✐s q✉❡ ❧❛ ❝♦♠♠✉✲
♥✐❝❛t✐♦♥ ❍✴❘ ❛✉r❛ ♣♦✉r ❜✉t ❞❡ ❣✉✐❞❡r ❡t r❡♥s❡✐❣♥❡r✱ ♣❛r ❧❡ ❣❡st❡ ♦✉ ❧❛ ♣❛r♦❧❡✱
❧❡ ✈✐s✐t❡✉r ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲❡ ♣r✐♥❝✐♣❡ s❡r❛ ❞❡ r❡st❡r ❡♥ ❝♦♥t❛❝t ✈✐s✉❡❧
✭♣❛r s✉✐✈✐✮ ❛✈❡❝ ❧❡ ✈✐s✐t❡✉r ❧♦rs ❞❡ ❧❛ ♠✐ss✐♦♥ ❞❡ ❣✉✐❞❛❣❡ t❛♥❞✐s q✉❡ ❧✬❡①é❝✉t✐♦♥
❞✉ ♠♦✉✈❡♠❡♥t s❡r❛ ❝♦♥trô❧é❡ ♣❛r ❛ss❡r✈✐ss❡♠❡♥t ✈✐s✉❡❧ ❣ér❛♥t ♦❜st❛❝❧❡s ❡t
♦❝❝✉❧t❛t✐♦♥s ♣❡rs✐st❛♥t❡s ❬❋♦❧✐♦ ✷✵✵✺❪✳

❘❡❝♦♥♥❛✐ss❛♥❝❡ ❢❛❝✐❛❧❡ ❡t ❝❛r❛❝tér✐s❛t✐♦♥ ❞✉ r❡❣❛r❞ ✖ ▲❛ ♣rés❡♥❝❡
❞❡ ♥♦♠❜r❡✉s❡s ♣❡rs♦♥♥❡s ❛✉ ✈♦✐s✐♥❛❣❡ ✐♠♠é❞✐❛t ❞✉ r♦❜♦t ✐♥❞✉✐t ❞❡s ❝♦♠♠✉✲
t❛t✐♦♥s ✐♥t❡♠♣❡st✐✈❡s ❡♥tr❡ ❝✐❜❧❡s✱ ✈♦✐r❡ ❞❡s ❞é❝r♦❝❤❛❣❡s ❞❡ ♥♦s ✜❧tr❡s ❞✉r❛♥t
❧❡ s✉✐✈✐✳ ❈❡s ❝♦♠♣♦rt❡♠❡♥ts✱ ❝❡rt❡s s♣♦r❛❞✐q✉❡s✱ ♦♥t été ♦❜s❡r✈és ❞✉r❛♥t ♥♦s
❡①♣ér✐♠❡♥t❛t✐♦♥s ❛♥tér✐❡✉r❡s ♠❡♥é❡s ❛✉ ❧❛❜♦r❛t♦✐r❡✳ ▲❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ✭♣❛r✲
t✐❡❧❧❡✮ ❞❡ ❧✬❛♣♣❛r❡♥❝❡ ✈❡st✐♠❡♥t❛✐r❡ ét❛✐t ❛❧♦rs ❧❛ ♣❛r❛❞❡ ♣♦✉r ❞✐s❝r✐♠✐♥❡r ❧❡s
✐♥❞✐✈✐❞✉s✳ ▲❡ ✈✐s❛❣❡ ♣❡r♠❡t ❛✉ss✐ ❝❡tt❡ ❞✐s❝r✐♠✐♥❛t✐♦♥✳ ▲❛ r❡❝♦♥♥❛✐ss❛♥❝❡
❢❛❝✐❛❧❡✱ ❧❛r❣❡♠❡♥t ré❢ér❡♥❝é❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❬❍❥❡❧♠❛s ✷✵✵✶❪✱ ❢❛✐t ❛❝t✉❡❧✲
❧❡♠❡♥t ❧✬♦❜❥❡t ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥ts ❞❛♥s ❬❚❍✷❪✳ ▲✬❛♣♣r♦❝❤❡ ❡st s✉♣❡r✈✐sé❡✱
é✈❡♥t✉❡❧❧❡♠❡♥t ♥♦♥ s✉♣❡r✈✐sé❡ ❬❇❡❧❤✉♠❡✉r ✶✾✾✼❪✱ s✉✐✈❛♥t ❧❡ ❝♦♥t❡①t❡ ❛♣♣❧✐✲



✻✵ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s

❝❛t✐❢✳ ❊❧❧❡ s✬❛♣♣✉✐❡ s✉r ❧❛ ❞é✜♥✐t✐♦♥ ❞✬✐♠❛❣❡s ♣r♦♣r❡s ❣é♥éré❡s ♣❛r ❆❈P ♦✉
❆❋❉✶ ❡t ✉♥❡ rè❣❧❡ ❞❡ ❞é❝✐s✐♦♥ ❞ér✐✈é❡ ❞❡ ❧❛ ❞✐st❛♥❝❡ à ❧✬❡s♣❛❝❡ ♣r♦♣r❡ ❛ss♦❝✐é
à ❝❤❛q✉❡ ❝❧❛ss❡ ♥♦té❡ ❝❧❛ss✐q✉❡♠❡♥t ❉❋❋❙ ✭♣♦✉r ❉✐st❛♥❝❡ ❋r♦♠ ❋❛❝❡ ❙♣❛❝❡✮✳
▲❛ ❝♦♥tr✐❜✉t✐♦♥ ♣r✐♥❝✐♣❛❧❡ ❢✉t ✐❝✐ ❞✬✐♥té❣r❡r✱ ❞❛♥s ✉♥ ❝❛❞r❡ ♣r♦❜❛❜✐❧✐st❡✱ ❧❛
r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ✈✐s❛❣❡s ❞❛♥s ♥♦s ✜❧tr❡s✳ ▲❛ ❞é♠❛r❝❤❡ ❡st ❞ét❛✐❧❧é❡ ❞❛♥s ❧❛
❝♦♠♠✉♥✐❝❛t✐♦♥ ❬✷❪✳ ▲❛ ✜❣✉r❡ ✸✳✶ ✐❧❧✉str❡ ✉♥❡ ❞é♠♦♥str❛t✐♦♥ très ré❝❡♥t❡ s✉r
❧❡ r♦❜♦t ❣✉✐❞❡ ❘❛❝❦❤❛♠ ❡t ✐♥❝❧✉❛♥t ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ✈✐s❛❣❡s✳ ❯♥❡ ❡①t❡♥✲

❋✐❣✳ ✸✳✶ ✕ ❙éq✉❡♥❝❡♠❡♥t ❞❡ ♠♦❞❛❧✐tés ✈✐s✉❡❧❧❡s ♣♦✉r ❧❛ ♠✐ss✐♦♥ ❣♦✲t♦✲❍❘P✷
❛✈❡❝ ❝❤❛♥❣❡♠❡♥t ❞✬✐♥t❡r❧♦❝✉t❡✉r ❡♥ ❝♦✉rs ❞❡ ♠✐ss✐♦♥ ✿ s✐t✉❛t✐♦♥ ❝♦✉r❛♥t❡
❍✴❘ ✲❣❛✉❝❤❡✲✱ r❡t♦✉r ✈✐s✉❡❧ ❞❡ ❧❛ ❝❛♠ér❛ ❡♠❜❛rq✉é❡ ✲❞r♦✐t❡✲✳ ❊t❛t ❝♦✉r❛♥t
❞✉ s✉✐✈✐ ❛✈❡❝✴s❛♥s ✭❡♥ ✈❡rt✴r♦✉❣❡✮ r❡❝♦♥♥❛✐ss❛♥❝❡ ❢❛❝✐❛❧❡✱ ♣❛rt✐❝✉❧❡s ❡♥ ❥❛✉♥❡✱
❞ét❡❝t✐♦♥ ❢❛❝✐❛❧❡ ❞❡s ✐♥tr✉s à ❧❛ ♠✐ss✐♦♥ ✭❡♥ ❜❧❡✉✮✳

✶❆♥❛❧②s❡ ❋❛❝t♦r✐❡❧❧❡ ❉✐s❝r✐♠✐♥❛♥t❡✳



❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ t❡r♠❡ ✻✶

s✐♦♥ ❛tt❡♥❞✉❡ s❡r❛ à t❡r♠❡ ❞❡ ❝❛r❛❝tér✐s❡r é❣❛❧❡♠❡♥t ❧❛ ❞✐r❡❝t✐✈✐té ❞✉
r❡❣❛r❞ ❛✜♥ ❞❡ ✈ér✐✜❡r ❧✬✐♥t❡♥t✐♦♥❛❧✐té ❞❡ ❧✬❤♦♠♠❡ ❞✉r❛♥t ❧✬✐♥t❡r❛❝t✐♦♥✳ ▲❡
❜✉t ♥✬❡st ♥✉❧❧❡♠❡♥t ❞❡ s✉✐✈r❡ ❧❡ r❡❣❛r❞✱ ❝❡tt❡ ♣r♦❜❧é♠❛t✐q✉❡ ét❛♥t ❧❛r❣❡♠❡♥t
tr❛✐té❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✱ ♥♦t❛♠♠❡♥t ❞❛♥s ❬❋❧❡t❝❤❡r ✷✵✵✺❪✳ ▲✬❛♣♣r♦❝❤❡✱ ✐♥s✲
♣✐ré❡ ❞❡ ❬▲✐ ✷✵✵✻❪✱ s❡r❛ ❞✬❡♥tr❛î♥❡r ❞❡s ❝❧❛ss✐✜❡✉rs ❤✐ér❛r❝❤✐q✉❡s ❞❡ ✈✐s❛❣❡s
♣♦✉r ❞✐✛ér❡♥ts s✉❥❡ts ❡t ♦r✐❡♥t❛t✐♦♥s à ♣❛rt✐r ❞❡ t❡❝❤♥✐q✉❡s ❞✐t❡s ❞❡ ❜♦♦st✐♥❣✳
■❧ s✬❛❣✐r❛ ❛❧♦rs✱ ❝♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t✱ ❞✬✐♥té❣r❡r ❧❡s ♣r♦❜❛❜✐❧✐tés ❞❡ ❝❧❛ss✐✜✲
❝❛t✐♦♥ ❞❛♥s ♥♦s tr❛❝❦❡rs✳ ❈❡tt❡ str❛té❣✐❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ s✉✐✈✐ ❞❡ r❡❣❛r❞✱
♣❡r♠❡ttr❛ ❞❡s ❞ét❡❝t✐♦♥s ♥♦♥ ♥é❝❡ss❛✐r❡♠❡♥t ❢❛❝✐❛❧❡s ❡t ❞♦♥❝ ❛✉❣♠❡♥t❡r❛ ❧❡s
❝❛♣❛❝✐tés ❞❡ ré✲✐♥✐t✐❛❧✐s❛t✐♦♥ ❛✉t♦♠❛t✐q✉❡ ❞❡s ✜❧tr❡s ❛♣rès ✓ ❞é❝r♦❝❤❛❣❡s ✔ ❞❡
❧❛ ❝✐❜❧❡✳ ▼❡♥t✐♦♥♥♦♥s ❡♥✜♥ q✉✬✉♥❡ ét✉❞❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ s✉r ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥
❞❡ ✈✐s❛❣❡s✱ ♣❛r ❞❡s ❛♣♣r♦❝❤❡s t②♣❡ ❙❱▼ ✭❙✉♣♣♦rt ❱❡❝t♦r ▼❛❝❤✐♥❡✮ ♦✉ ♥❡✉✲
r♦♥❛❧❡✱ ❡st ♠❡♥é❡ à ❧✬■❯❚ ❋✐❣❡❛❝✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬é❝❤❛♥❣❡s s❝✐❡♥t✐✜q✉❡s ❛✈❡❝
❚✳❙✐♠♦♥ ✭❝❤❡r❝❤❡✉r ❛ss♦❝✐é ❛✉ ▲❆❆❙✲❈◆❘❙✱ ▼❈❋ ■❯❚ ❋✐❣❡❛❝✮✳

■♥té❣r❛t✐♦♥ ❞❡ ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❤étér♦❣è♥❡s ✖ ▲❡ ❝♦♥t❡①t❡ ❛♣✲
♣❧✐❝❛t✐❢ ❞❡ ❈♦♠♠❘♦❜ ♥♦✉s ❛♠è♥❡ à ❛❧❧❡r ❛✉✲❞❡❧à ❡t ✐♥✈❡st✐❣✉❡r ♣❧✉s ❧❛r❣❡♠❡♥t
❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ♣❡rs♦♥♥❡s à tr❛✈❡rs ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s
❤étér♦❣è♥❡s✳ ❆✐♥s✐✱ ❧❡s tr❛✈❛✉① ♠❡♥és ❞❛♥s ❬❚❍✷❪ ét✉❞✐❡r♦♥t ❧❡ ❝♦✉♣❧❛❣❡ ❞❡
s✐❣♥❛✉① r❛❞✐♦✲❢réq✉❡♥❝❡s✱ s♦♥♦r❡ ❡t ✈✐❞é♦ ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥✱ ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡
❡t ❧❡ s✉✐✈✐ ❞❡ ♣❡rs♦♥♥❡s ✐♥str✉♠❡♥té❡s ❞✬ét✐q✉❡tt❡s ❘❋■❉ ✭✜❣✉r❡ ✸✳✹✲✭❜✮✮✳ ▲❛
❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ♥♦♠❜r❡✉① ❞ét❡❝t❡✉rs à ♣❛rt✐r ❞❡ ❝❡s s♦✉r❝❡s ♠✉❧t✐♣❧❡s ♣❡r✲
♠❡ttr♦♥t ♥♦t❛♠♠❡♥t ✉♥❡ ré✲✐♥✐t✐❛❧✐s❛t✐♦♥ ❛✉t♦♠❛t✐q✉❡ ❞❡ ♥♦s tr❛❝❦❡rs s✉r
✉♥ é✈❡♥t❛✐❧ ❞❡ s✐t✉❛t✐♦♥s ❍✴❘ ♣❧✉s ❞✐✈❡rs❡s ❡t ✈❛r✐é❡s q✉❡ ♣❛r ❧❡ ♣❛ssé✳

❈♦♥❝❡r♥❛♥t ❧❡ s♦♥✱ ♥♦s tr❛✈❛✉① s❡r♦♥t ❝♦✉♣❧és ❛✈❡❝ ❝❡✉① ♠❡♥és ❞❛♥s ❧❡
❣r♦✉♣❡ ♣❛r P✳❉❛♥ès ❡t s❡s ❞♦❝t♦r❛♥ts ✭❙✳❆r❣❡♥t✐❡r✐✱ ❏✳❇♦♥❛❧✮ s✉r ❧❡ ❞é✈❡❧♦♣✲
♣❡♠❡♥t ❞✬✉♥ ❝❛♣t❡✉r ❛❝♦✉st✐q✉❡ ❛❝t✐❢ ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❡t ❧❛ ❢♦❝❛❧✐s❛t✐♦♥ s✉r
✉♥❡ s♦✉r❝❡ s♦♥♦r❡ ❬❆r❣❡♥t✐❡r✐ ✷✵✵✺❪✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❘❋■❉s ✭❛❝t✐❢s ♦✉ ♣❛s✲
s✐❢s✮✱ ♣♦✉r ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♣❡rs♦♥♥❡s ❞❛♥s ❧❡s ❧✐❡✉① ♣✉❜❧✐❝s✱ ❡st ❡♥ ♣❧❡✐♥
❡ss♦r ❬❍ä❤♥❡❧ ✷✵✵✹✱❑❛♥❞❛ ✷✵✵✼✱▼❛tt❤✐❡✉ ✷✵✵✺❪✳ ❈❡tt❡ t❡❝❤♥♦❧♦❣✐❡ ❡st ♣❧✉tôt
ré❝❡♥t❡✱ s♦♥ ❝♦✉♣❧❛❣❡ ❛✈❡❝ ❧❛ ✈✐s✐♦♥ r❡st❡✱ à ❝❡ ❥♦✉r✱ ♠❛r❣✐♥❛❧❡ ❡t é✈♦q✉é ❞❛♥s
q✉❡❧q✉❡s tr❛✈❛✉① ❡①♣❧♦r❛t♦✐r❡s ❀ ❝✐t♦♥s ❬▼❛tt❤✐❡✉ ✷✵✵✺❪ ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡
s✉r✈❡✐❧❧❛♥❝❡ à ♣❛rt✐r ❞❡ ❝❛♠ér❛s ❞✬❛♠❜✐❛♥❝❡✳ ▲❛ ♣r♦❣r❛♠♠❛t✐♦♥ ❞❡ ❘❋■❉s✱
❧✬✐♥té❣r❛t✐♦♥ ❞❡ ❝❡s s✐❣♥❛✉① r❛❞✐♦✲❢réq✉❡♥❝❡ ❛✈❡❝ ❞❡s s✐❣♥❛✉① s♦♥♦r❡s ❡t ✈✐✲
s✉❡❧s s❡r♦♥t ré❛❧✐sé❡s ♣❛r ❚✳●❡r♠❛ ❬❚❍✷❪ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t ❈♦♠♠❘♦❜✳

❊st✐♠❛t✐♦♥ st♦❝❤❛st✐q✉❡ ✖ ▲❡s ✐♥✈❡st✐❣❛t✐♦♥s s✉r ❧✬❡st✐♠❛t✐♦♥ st♦❝❤❛s✲
t✐q✉❡ s❡r♦♥t s✉rt♦✉t ♠❡♥é❡s ♣❛r ▼✳❋♦♥t♠❛rt② ❞❛♥s ❬❚❍✺❪✱ ❡♥ ❝♦♦♣ér❛t✐♦♥
❛✈❡❝ P✳❉❛♥ès ❝♦✲❡♥❝❛❞r❛♥t ❞❡ ❝❡tt❡ t❤ès❡✳ ▲❛ ❝❛♣t✉r❡ ❞✉ ♠♦✉✈❡♠❡♥t ❤✉✲
♠❛✐♥✱ ❞♦♥❝ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❡t ❞❡s ❞✐✛ér❡♥ts ❞❞❧s ❞❡ ❧❛ str✉❝t✉r❡ ❛rt✐❝✉❧❛✐r❡



✻✷ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s

❤✉♠❛✐♥❡✱ r❡q✉✐❡rt✱ ♣❧✉s q✉❡ ❧❡s ❛✉tr❡s tr❛❝❦❡rs✱ ❞❡s str❛té❣✐❡s ♣❧✉s é❧❛❜♦ré❡s
❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ ❛✜♥ ❞❡ ❧✐♠✐t❡r ❧❡ ❝♦ût r❡❧❛t✐❢ à ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧✬❡s✲
♣❛❝❡ ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s ❛ss♦❝✐é❡s✳ ❈❡ ❝♦ût ❝r♦ît ❡①♣♦♥❡♥t✐❡❧❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥
❞✉ ♥♦♠❜r❡ ❞❡ ❞❞❧s ♣♦✉r ✉♥❡ str❛té❣✐❡ CONDENSATION ❡t ❧✐♥é❛✐r❡♠❡♥t ❡♥
❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ♣❛rt✐t✐♦♥s ♣♦✉r ✉♥❡ str❛té❣✐❡ PARTITIONNE✳ ❉❡s
é✈❛❧✉❛t✐♦♥s ♣ré❧✐♠✐♥❛✐r❡s✱ ❞ét❛✐❧❧é❡s ❞❛♥s ❬✸✼❪✱ ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ q✉❛♥t✐✜❡r
❧✬❛♣♣♦rt ❞✬✉♥❡ str❛té❣✐❡ PARTITIONNE ❞❛♥s ❝❡ ❝❛❞r❡ ❛♣♣❧✐❝❛t✐❢✳

❋✐❣✳ ✸✳✷ ✕ ❈❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥t ♣❛r ✈✐s✐♦♥ stéré♦s❝♦♣✐q✉❡ ❞✉r❛♥t ✉♥❡ ❛❝✲
t✐✈✐té ❞❡ ❧❡❝t✉r❡✳ ■♥✐t✐❛❧✐s❛t✐♦♥ ♣✉✐s ♦❝❝✉❧t❛t✐♦♥s ❞✉ s✉❥❡t ❞✉r❛♥t s❡s ♠♦✉✈❡✲
♠❡♥ts✳

P❧✉s ré❝❡♠♠❡♥t✱ ♥♦✉s ❛✈♦♥s ♣r♦♣♦sé ✉♥❡ str❛té❣✐❡ ❞❡ ✜❧tr❛❣❡ ❝♦♠❜✐♥❛♥t
❧❡s ❛✈❛♥t❛❣❡s ❞❡s str❛té❣✐❡s ICONDENSATION ❡t ❤✐ér❛r❝❤✐q✉❡ ♣❛r r❡❝✉✐t
s✐♠✉❧é✳ ❈❡tt❡ ♥♦✉✈❡❧❧❡ str❛té❣✐❡ ♥♦té❡ ■✲❆♥♥❡❛❧❡❞ P❛rt✐❝❧❡ ✜❧t❡r ♣❡r♠❡t ✉♥❡
✭ré✮✲✐♥✐t✐❛❧✐s❛t✐♦♥ ❛✉t♦♠❛t✐q✉❡ ❞✉ ✜❧tr❡✱ ❝♦♠♠❡ ✐❧❧✉stré❡ s✉r ❧❛ ✜❣✉r❡ ✸✳✷✱
❡t ✉♥❡ ré❞✉❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ❬✶✹❪✳ ◆♦✉s ❡s♣ér♦♥s ré❞✉✐r❡✱ ❞❡
❢❛ç♦♥ ❞r❛st✐q✉❡ ✭❛✉t♦✉r ❞❡ ∼ 30%✮✱ ❧❡✉r ♥♦♠❜r❡ ♣❛r ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ◗✉❛s✐
▼♦♥t❡✲❈❛r❧♦ ♦✉ ◗▼❈ ❬●✉♦ ✷✵✵✻❪ q✉✐ ♣♦s✐t✐♦♥♥❡♥t ❧❡s ♣❛rt✐❝✉❧❡s ❣râ❝❡ à
❞❡s ❣é♥ér❛t❡✉rs ❞❡ ♥♦♠❜r❡s q✉❛s✐✲❛❧é❛t♦✐r❡s t②♣❡ ❙♦❜♦❧ ♦✉ ❍❛❧t♦♥✳ P❡✉ ❞❡
tr❛✈❛✉① ❢♦♥t ét❛t ❞❡ str❛té❣✐❡s ◗▼❈ ♣♦✉r ❧❡ s✉✐✈✐ ✈✐s✉❡❧ ❀ ❝✐t♦♥s ❬P❤✐❧♦♠✐♥
✷✵✵✵❪ ♣♦✉r ❧❡ s✉✐✈✐ ✷❉✳✳✳ r✐❡♥✱ à ♠❛ ❝♦♥♥❛✐ss❛♥❝❡✱ ♣♦✉r ❧❡ s✉✐✈✐ ✸❉✳

❉❛♥s ❧❛ ✈❡✐♥❡ ❞❡s tr❛✈❛✉① ♣❛ssés✱ ❧❛ str❛té❣✐❡ ❞❡ ✜❧tr❛❣❡ ❡t ❞❡ ❢✉s✐♦♥
s❡♥s♦r✐❡❧❧❡✱ ♦✛r❛♥t ❧❡ ♠❡✐❧❧❡✉r ❝♦♠♣r♦♠✐s ✭r♦❜✉st❡ss❡✱ t❡♠♣s ❞❡ ❝❛❧❝✉❧✮ s❡r❛
✐♥té❣ré❡ s✉r ❧❡ r♦❜♦t ♣❡rs♦♥♥❡❧ ❏✐❞♦✳ ▲❛ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥t ❤✉♠❛✐♥ ❞❡♣✉✐s



❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ t❡r♠❡ ✻✸

✉♥ r♦❜♦t ♠♦❜✐❧❡ r❡st❡ ❡♥❝♦r❡ très ♠❛r❣✐♥❛❧❡ ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ❘♦❜♦t✐q✉❡✱
❧❡ ❝♦ût ❝❛❧❝✉❧❛t♦✐r❡ ét❛♥t ♣r♦❜❛❜❧❡♠❡♥t ❧✬♦❜st❛❝❧❡ ♠❛❥❡✉r ♣♦✉r ❝❡tt❡ ❢♦♥❝t✐♦♥
♣❡r❝❡♣t✉❡❧❧❡ q✉✐ s❡r❛✐t ❞✬✉♥❡ ✉t✐❧✐té ♠❛❥❡✉r❡ ♣♦✉r t♦✉t r♦❜♦t ✐♥t❡r❛❝t✐❢✳ ▲❡s
❞é✈❡❧♦♣♣❡♠❡♥ts ❢♦r♠❡❧s ❛ss♦❝✐és à ❬❚❍✺❪ s✬✐♥s❝r✐✈❡♥t ❞❛♥s ❧❡ ❘❡s❡❛r❝❤ ❆r❡❛
n◦ 2 ❞❡ ❈❖●◆■❘❖◆ ❬P❘✹❪ t❛♥❞✐s q✉❡ ❧✬✐♥té❣r❛t✐♦♥ s✉r ❏✐❞♦ ❞✬✉♥ ♣r❡♠✐❡r
♣r♦t♦t②♣❡✱ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡ ♠♦❞✉❧❡ ❛❝t✉❡❧ ❱♦♦❉♦♦ ❬❑♥♦♦♣ ✷✵✵✻❪✱ ❧❡✉r
é✈❡♥t✉❡❧ ❝♦✉♣❧❛❣❡✱ s✬✐♥s❝r✐✈❡♥t ❞❛♥s ❧❡ ❑❡②✲❡①♣❡r✐♠❡♥t n◦ 2✳

❙✐❣♥❛❧♦♥s ❡♥✜♥ q✉❡ ❧✬❛❝❤❛t ♣r♦❣r❛♠♠é ♣❛r ❧❡ ▲❆❆❙✲❈◆❘❙ ❞✬✉♥ s②stè♠❡
❞❡ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥t t②♣❡ ❱■❈❖◆ ♥♦✉s ✐♥tér❡ss❡ à ❞♦✉❜❧❡ t✐tr❡ ✿
✭✶✮ ♣♦✉r ❝♦♥st✐t✉❡r ✉♥❡ ✈ér✐té t❡rr❛✐♥ ❡t ❛✐♥s✐ é✈❛❧✉❡r ❧❛ ♣ré❝✐s✐♦♥ ❞❡s ♣r♦t♦✲
t②♣❡s ♣♦ss✐❜❧❡s ❞❡ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥t✱ ✭✷✮ ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❝♦rré❧❛t✐♦♥s
❡♥tr❡ ❞❞❧s ❞❡ ❧❛ str✉❝t✉r❡ ❛rt✐❝✉❧❛✐r❡ ❡t ❛✐♥s✐ ❞é✜♥✐r ✉♥❡ ♣❛r❛♠étr✐s❛t✐♦♥ ♣❧✉s
❝♦♠♣❛❝t❡ ❞❡ ❧❛ ❝❤❛î♥❡ ❝✐♥é♠❛t✐q✉❡ ❬❯rt❛s✉♠ ✷✵✵✹✱❲✉ ✷✵✵✶❪✳ ❈❡ ❞❡r♥✐❡r ♣♦✐♥t
s❡r❛ tr❛✐té ❡♥ s②♥❡r❣✐❡ ❛✈❡❝ ❧❡ ❣r♦✉♣❡ ●❊P❊❚❚❖ q✉✐ tr❛✐t❡ ♥♦t❛♠♠❡♥t ❞❡
❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❧❛♥❣❛❣❡ ❝♦r♣♦r❡❧ ❬❙✉❧❡✐♠❛♥ ✷✵✵✻❪✳

❙✉✐✈✐ ♠✉❧t✐✲❝✐❜❧❡s ✖ ◆♦s tr❛✈❛✉① s✉r ❧❡ s✉✐✈✐ ♠♦♥♦✲❝✐❜❧❡ ❞♦✐✈❡♥t êtr❡
ét❡♥❞✉s à t❡r♠❡ ❛✉ s✉✐✈✐ ♠✉❧t✐✲❝✐❜❧❡s✱ t②♣✐q✉❡♠❡♥t ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ré✲
❛❝t✐✈❡✷ ♦✉ ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥ ❝♦♥❥♦✐♥t❡ ❞✬♦❜❥❡ts✳ ❉❡✉① str❛té❣✐❡s✱ ❞✐str✐❜✉t✐♦♥
❞❡ ✜❧tr❡s ❬◗✉ ✷✵✵✼✱❨✉ ✷✵✵✹❪ ✈❡rs✉s ❝❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ✉♥✐q✉❡ ✜❧tr❡ ❬■s❛r❞
✷✵✵✶✱❩❤❛♦ ✷✵✵✹❪✱ s♦♥t ♣r♦♣♦sé❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳ ❈❡s ❞❡✉① str❛té❣✐❡s s♦♥t
à ❧✬ét✉❞❡ ❞❛♥s ♥♦s tr❛✈❛✉① ❞❛♥s ❞❡✉① ❝♦♥t❡①t❡s ❜✐❡♥ ❞✐st✐♥❝ts✳

▲❛ t❤ès❡ ❞❡ ❇✳❇✉r❣❡r ♣♦rt❡ s✉r ❧❛ ❢✉s✐♦♥ ❛✉❞✐♦✲✈✐s✉❡❧❧❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥
❍✴❘✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦✉r ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❝♦♠♠❛♥❞❡s à ♣❛rt✐r ❞❡ ❧❛ ♣❛r♦❧❡
❡t ❞❡ ❣❡st❡s s②♠❜♦❧✐q✉❡s ♦✉ ❞é✐❝t✐q✉❡s✳ ▲❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❝❡s ❣❡st❡s s♣é❝✐✲
✜q✉❡s ♣❡✉t ✐❝✐ s✬❛✛r❛♥❝❤✐r ❞✬✉♥❡ ❝❛♣t✉r❡ ❡①❤❛✉st✐✈❡ ❡t ❝♦♥tr❛✐❣♥❛♥t❡ ❞❡ t♦✉s
❧❡s ❞❞❧s tr❛✐té❡ ❞❛♥s ❬❚❍✺❪✳ ❆✐♥s✐✱ ❞❛♥s ❬❚❍✸❪✱ ♥♦✉s tr❛✈❛✐❧❧♦♥s ❛❝t✉❡❧❧❡♠❡♥t
s✉r ❧❡ s✉✐✈✐ ✸❉ ♣❛r ✈✐s✐♦♥ ❜✐♥♦❝✉❧❛✐r❡ ❞❡s ♦r❣❛♥❡s t❡r♠✐♥❛✉① ❞❡s ♠❡♠❜r❡s
s✉♣ér✐❡✉rs ❝♦r♣♦r❡❧s à ♣❛rt✐r ❞❡ tr♦✐s ✜❧tr❡s ❞é❞✐és✳ ❈❡s ✜❧tr❡s s♦♥t ❞✐str✐✲
❜✉és ❡t ✐♥t❡r❛❝t✐❢s ❧♦rsq✉❡ ❧❡s ❝✐❜❧❡s ❛ss♦❝✐é❡s s♦♥t ♣r♦❝❤❡s ❛✜♥ ❞✬é✈✐t❡r
t♦✉t❡ ❛♠❜✐❣✉ïté ❞❛♥s ❧✬❛ss♦❝✐❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ✈✐s✉❡❧❧❡s ❡♥tr❡ ✜❧tr❡s✳ ❈❡ ♠é✲
❝❛♥✐s♠❡ ✐♥t❡r❛❝t✐❢✱ ✐♥✐t✐é s✉r ❞✉ s✉✐✈✐ ✷❉ ♠✉❧t✐✲♣❡rs♦♥♥❡s ❬◗✉ ✷✵✵✼❪ ❛ été
ét❡♥❞✉ ✐❝✐ ❛✉ s✉✐✈✐ ✸❉ ❞❡ ❣❡st❡s à ♣❛rt✐r ❞✬❡❧❧✐♣s♦ï❞❡s ❞é❢♦r♠❛❜❧❡s ♠♦❞é❧✐s❛♥t
❧❡s ❝♦♥✜❣✉r❛t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♠❛✐♥s✳ ▲❛ ✜❣✉r❡ ✸✳✸ ✐❧❧✉str❡ ❝❡s tr❛✈❛✉① ❡♥
❝♦✉rs ❡t ❧❡✉r ❝♦✉♣❧❛❣❡ ❛✈❡❝ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❧❛ ♣❛r♦❧❡✳ ▲❡ ❧❡❝t❡✉r ♣♦✉rr❛ s❡
ré❢ér❡r ❛✉① ❝♦♠♠✉♥✐❝❛t✐♦♥s ❬✶✸✱ ✶✷❪✱ ❝❡tt❡ ❞❡r♥✐èr❡ ét❛♥t ❥♦✐♥t❡ ❡♥ ❛♥♥❡①❡✳

❈❡tt❡ str❛té❣✐❡ ♠♦♥tr❡ s❡s ❧✐♠✐t❡s ♣♦✉r ✉♥ ♥♦♠❜r❡ s✉♣ér✐❡✉r ❞❡ ❝✐❜❧❡s ❡♥
✐♥t❡r❛❝t✐♦♥✳ ▲✬❛❧t❡r♥❛t✐✈❡ ❡st ❛❧♦rs ❞✬✐♥str✉✐r❡ ✉♥ s❡✉❧ ❡t ✉♥✐q✉❡ ✈❡❝t❡✉r

✷◆é❝❡ss✐t❛♥t ❞✬❡st✐♠❡r ❧❡s ❞é♣❧❛❝❡♠❡♥ts ❞❡ t♦✉s ❧❡s ❤✉♠❛✐♥s ♣r♦❝❤❡s ❛✜♥ ❞❡ ♣❧❛♥✐✜❡r
❧♦❝❛❧❡♠❡♥t ✉♥ ❝❤❡♠✐♥ ❛❞❛♣té✳



✻✹ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s

❋✐❣✳ ✸✳✸ ✕ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❝♦♠♠❛♥❞❡s ♠✉❧t✐♠♦❞❛❧❡s à ♣❛rt✐r ❞❡ ❣❡st❡s ❡t
♣❛r♦❧❡✳ ❙✉✐✈✐ ✸❉ ♣❛r stéré♦✈✐s✐♦♥ ❡♠❜❛rq✉é❡ à ♣❛rt✐r ❞❡ ✜❧tr❡s ❞✐str✐❜✉és s✉r
❞❡s ❡❧❧✐♣s♦ï❞❡s ❞é❢♦r♠❛❜❧❡s r❡♣rés❡♥t❛♥t ❧❡s ❡①tré♠✐tés ❝♦r♣♦r❡❧❧❡s ✭✐♠❛❣❡s
❜❛s ❣❛✉❝❤❡s✮✳



❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ t❡r♠❡ ✻✺

❞✬ét❛t à ❡st✐♠❡r à ♣❛rt✐r ❞❡ ❧✬ét❛t r❡❧❛t✐❢ à ❝❤❛q✉❡ ❝✐❜❧❡✱ ❧❛ ❞✐♠❡♥s✐♦♥ ❞❡ ❝❡
✈❡❝t❡✉r ét❛♥t ❞♦♥❝ ♣♦ss✐❜❧❡♠❡♥t ✈❛r✐❛❜❧❡ ❞❛♥s ❧❡ t❡♠♣s✳ ◆♦✉s ❛❜♦r❞♦♥s ❝❡tt❡
❢♦r♠❛❧✐s❛t✐♦♥ ❞✉ ♣r♦❜❧è♠❡ ❞❛♥s ❧❛ t❤ès❡ ❞❡ ■✳❩✉r✐❛rr❛✐♥ ❬❚❍✶❪ ❡♥ ❝♦✲t✉t❡❧❧❡
❛✈❡❝ ❧✬❯♥✐✈❡rs✐té ❞❡ ▼♦♥❞r❛❣♦♥ ✭❝♦rr❡s♣♦♥❞❛♥t ✿ ◆✳❆r❛♥❛✮✳ ▲❡ ❜✉t ❡st ✿ ✭✐✮
❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ❛❧❣♦r✐t❤♠❡ ❞❡ s✉r✈❡✐❧❧❛♥❝❡ ❞❡ ♣❡rs♦♥♥❡s ❞❛♥s ✉♥ ❧✐❡✉
♣✉❜❧✐❝ à ♣❛rt✐r ❞❡ ❝❛♠ér❛s ❞✬❛♠❜✐❛♥❝❡ ✜①❡s ❡t ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❣r♦ss✐èr❡ ❞❡
❧❡✉rs ❛tt✐t✉❞❡s à ❧✬✐♥st❛r ❞❡ ❬❇♦✉❧❛② ✷✵✵✻❪✱ ✭✐✐✮ ❧❡ ❝â❜❧❛❣❡ ❞❡ ❝❡t ❛❧❣♦r✐t❤♠❡ s✉r
❋P●❆✳ ❈❡ ❝â❜❧❛❣❡ ♣r❡♥❞ t♦✉t s♦♥ s❡♥s ❞ès ❧♦rs q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s
❝r♦ît✱ ❡♥ rè❣❧❡ ❣é♥ér❛❧❡✱ ❡①♣♦♥❡♥t✐❡❧❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❝✐❜❧❡s✳
▲❡s tr❛✈❛✉① ❧❡s ♣❧✉s ♣r♦❝❤❡s ❝♦♥❝❡♣t✉❡❧❧❡♠❡♥t s♦♥t ❝❡✉① ❞❡ ❯❦ ❡t ❛❧✳ ❬❯❦
✷✵✵✼❪ ♠❛✐s ❧❛ ♣❛r❛❧❧é❧✐s❛t✐♦♥ ♣♦rt❡ s✉r ❞❡✉① ✜❧tr❡s ❞é❞✐és ❛✉ s✉✐✈✐ ❞❡ ❞❡✉①
♦❜❥❡ts✳ ❙✉r ❧❡ ✈♦❧❡t ❛❧❣♦r✐t❤♠✐q✉❡✱ ♥♦s ♣r❡♠✐èr❡s ✐♥✈❡st✐❣❛t✐♦♥s✱ ❞❛♥s ❧❡ ❝❛❞r❡
❞✬✉♥ st❛❣❡ ♣ré♣❛r❛t♦✐r❡ ❬❉❊❆✶❪✱ ♣♦rt❡♥t s✉r ❧❛ ❢✉s✐♦♥ ♣r♦❜❛❜✐❧✐st❡ ❞❡ ❝❛rt❡s
❞❡ s❛✐❧❧❛♥❝❡✳ ❈❡s ❝❛rt❡s s♦♥t r❡❧❛t✐✈❡s à ❧❛ ❞ét❡❝t✐♦♥ ✿ ✭✐✮ ❞❡ ♣❡rs♦♥♥❡s ♣❛r
❝❧❛ss✐✜❡✉rs ❆❞❛❜♦♦st✱ ✭✐✐✮ ❞❡ ♠♦✉✈❡♠❡♥t ♣❛r ✉♥ ♠é❧❛♥❣❡ ♣♦♥❞éré ❡t ❛❞❛♣✲
t❛t✐❢ ❞❡ ❣❛✉ss✐❡♥♥❡s ❬❙t❛✉✛❡r ✶✾✾✾❪✳ ▲✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡s ♣❛rt✐❝✉❧❡s ♣❛r ✉♥
♠é❝❛♥✐s♠❡ ❞❡ r❡❥❡t ✭r❡❥❡❝t✐♦♥ s❛♠♣❧✐♥❣✮ ❞♦✐t ♣❡r♠❡ttr❡ ❞❡ ♣❧❛❝❡r ❧❡s ♣❛rt✐✲
❝✉❧❡s ❝♦♥❢♦r♠é♠❡♥t à ❝❡s ❝❛rt❡s✳ ❈❡t é❝❤❛♥t✐❧❧♦♥♥❛❣❡✱ ♦r✐❣✐♥❛❧ s✬✐❧ ♣r♦✉✈❡ s♦♥
❡✣❝❛❝✐té✱ s✬✐♥s❝r✐t ❞❛♥s ✉♥❡ str❛té❣✐❡ ICONDENSATION✱ ♣r♦❜❛❜❧❡♠❡♥t à
❛♠❡♥❞❡r✳ ❈❡tt❡ t❤ès❡ ❝♦♥st✐t✉❡ ❧❛ ✓ ❝❤❡✈✐❧❧❡ ♦✉✈r✐èr❡ ✔ ❞✉ ♣r♦❥❡t ❆▼■❙❊●
❡♥tr❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ▼♦♥❞r❛❣♦♥✱ ✉♥❡ st❛rt✲✉♣ ❡s♣❛❣♥♦❧ ❡t ❧❡ ▲❆❆❙✲❈◆❘❙✳
❈❡ ♣r♦❥❡t ❬P❘✶❪ ❡st ✜♥❛♥❝é ♣❛r ❧❛ ❝♦♠♠✉♥❛✉té ❞❡ tr❛✈❛✐❧ ♣②ré♥é❡♥ ❡♥tr❡ ❧❛
ré❣✐♦♥ ♠✐❞✐✲♣②ré♥é❡s ❡t ❧❡ ♣❛②s ❜❛sq✉❡ ❡s♣❛❣♥♦❧✳ ▲❛ ✜♥❛❧✐té ❞✉ ♣r♦❥❡t ❡st ❧❡
♣r♦t♦t②♣❛❣❡ ❞✬✉♥❡ ❝❛♠ér❛ ❛✉t♦♥♦♠❡ ✐♥t❡❧❧✐❣❡♥t❡ ✐✳❡✳ ❞✐s♣♦s❛♥t ❞❡ s❡s
♣r♦♣r❡s r❡ss♦✉r❝❡s é♥❡r❣ét✐q✉❡s✱ ❝♦♠♠✉♥✐q✉❛♥t ✈✐❛ ✉♥ rés❡❛✉ s❛♥s ✜❧✱ ❡♥✜♥
✐♥té❣r❛♥t ❞❡s ❛❧❣♦r✐t❤♠❡s ❞❡ tr❛✐t❡♠❡♥t ❞❡s ✐♠❛❣❡s ❝â❜❧és s✉r ❋P●❆✳ ❈❡ ♣r♦✲
t♦t②♣❡ ❞❡ ❝❛♣t❡✉r ✭✜❣✉r❡ ✸✳✹✲✭❝✮✮✱ ♣❛r s❛ ❢❛❝✐❧✐té ❞❡ ❞é♣❧♦✐❡♠❡♥t ❞❛♥s ❧✬❡♥✈✐✲
r♦♥♥❡♠❡♥t✱ ♣❡r♠❡ttr❛ ♣❡✉t✲êtr❡ ❞✬❡♥✈✐s❛❣❡r ❞❡s r❡t♦♠❜é❡s ♣♦✉r ❧❡ ❣r❛♥❞ ♣✉✲
❜❧✐❝✱ ♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ à ❞♦♠✐❝✐❧❡ ❞❡ ♣❡rs♦♥♥❡s â❣é❡s✳ ◆♦t♦♥s
❡♥✜♥✱ q✉❡ ❝❡s tr❛✈❛✉①✱ ❡♥ ♦✉✈r❛♥t s✉r ❧✬✐♥str✉♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱
s❡♠❜❧❡♥t ✐❝✐ ✉♥ ♣❡✉ ♠❛r❣✐♥❛✉①✱ ✐❧s s✬✐♥s❝r✐✈❡♥t ♥é❛♥♠♦✐♥s ❞❛♥s ❧❛ ♣r♦❜❧é♠❛✲
t✐q✉❡ ❞✉ rés❡❛✉ ❞❡ ❝❛♣t❡✉rs ❝♦♠♠✉♥✐❝❛♥ts é❜❛✉❝❤é❡ ❞❛♥s ♥♦tr❡ ♣r♦s♣❡❝t✐✈❡
à ❧♦♥❣ t❡r♠❡✳

❋✉s✐♦♥ ✈✐s✐♦✲❛✉❞✐t✐✈❡ ♣♦✉r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❍✴❘ ♠✉❧t✐♠♦❞❛❧❡ ✖
▲✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❣❡st❡s ❡t ♣❧✉s ❧❛r❣❡♠❡♥t ❞❡s ❛❝t✐✈✐tés ❤✉♠❛✐♥❡s ❝♦♥st✐✲
t✉❡ ✉♥ ❡♥❥❡✉ ♠❛❥❡✉r ❛✜♥ ❞✬❛ss♦❝✐❡r ✉♥❡ sé♠❛♥t✐q✉❡ ❛✉① ❛❝t✐♦♥s ❞❡s ❤✉♠❛✐♥s✳
▲❛ ❞é♠❛r❝❤❡ ❣é♥ér✐q✉❡✱ ❝♦♥s✐st❛♥t à ❞✐ss♦❝✐❡r ❧✬❛♥❛❧②s❡ ❞❡ ❧✬✐♥t❡r♣rét❛t✐♦♥
❞♦♥♥❡ ❧✐❡✉ à ❞❡s ✐♥✈❡st✐❣❛t✐♦♥s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❛♥s ❧❡s t❤ès❡s ❡♥ ❝♦✉rs✳
▲✬❛♥❛❧②s❡ ❝♦♥s✐st❡ à s✉✐✈r❡ ❡♥ ✸❉ ❧❡s ❣❡st❡s ❬❚❍✸❪ ♦✉ à ❝❛♣t✉r❡r ❧❡s ♠♦✉✈❡✲



✻✻ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✳ ✸✳✹ ✕ ❈❛♠ér❛ t✐♠❡✲♦❢✲❧✐❣❤t ❞❡ t②♣❡ ❈❙❊▼ ✭❛✮✱ ❘❋■❉ ❞❡ ❧❛ s♦❝✐été ❈❛❡♥
✭❜✮✱ ❝❛♠ér❛ ✐♥t❡❧❧✐❣❡♥t❡ ❞❡ ❧❛ s♦❝✐été ❉❡❧t❛✲❚❡❝❤♥♦❧♦❣✐❡ ✭❝✮✳

♠❡♥ts ❤✉♠❛✐♥s ❬❚❍✺❪ ♣♦✉r ✐♥t❡r♣rét❡r ❧❡s ❛❝t✐✈✐tés✳ ▲✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❣❡st❡s
♦✉ ❛❝t✐✈✐tés✱ ❞✉ ❢❛✐t ❞❡ ♥♦tr❡ ❢❛✐❜❧❡ ❡①♣❡rt✐s❡ ❛❝t✉❡❧❧❡✱ ❡st à ❝❡ ❥♦✉r ❛❜♦r❞é❡
à tr❛✈❡rs ❞❡s ❝♦❧❧❛❜♦r❛t✐♦♥s ✐♥t❡r♥❡s ♦✉ ❡①t❡r♥❡s ❛✉ ❧❛❜♦r❛t♦✐r❡✳

▲❡s ❝♦♥tr✐❜✉t✐♦♥s ❛tt❡♥❞✉❡s ❞❛♥s ❬❚❍✸❪ ♣♦rt❡♥t ♣❧✉s s♣é❝✐✜q✉❡♠❡♥t s✉r
❧❛ ❢✉s✐♦♥ ❛✉❞✐♦✲✈✐s✉❡❧❧❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘ ♠✉❧t✐♠♦❞❛❧❡✳ ❈❡s tr❛✈❛✉① ♣❡r✲
♠❡ttr♦♥t ♥♦t❛♠♠❡♥t ❞❡ ❝♦♥str✉✐r❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ❡♥ ❝♦♦♣ér❛t✐♦♥
❛✈❡❝ ❧✬❤♦♠♠❡✳ ◆♦✉s ♥♦✉s ❢♦❝❛❧✐s♦♥s ✿ ✭✐✮ ❛✉ ♥✐✈❡❛✉ ✈✐s✐♦♥✱ s✉r ❞❡s ❣❡st❡s ❞é✐❝✲
t✐q✉❡s ♣♦✉r ❞és✐❣♥❡r ❧✬❡s♣❛❝❡ ❡t✴♦✉ ❧❡s ♦❜❥❡ts ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t à ❞❡s ✜♥s
❞✬❛♣♣r❡♥t✐ss❛❣❡✱ ✭✐✐✮ ❛✉ ♥✐✈❡❛✉ ♣❛r♦❧❡✱ s✉r ❧❡ ❧❛♥❣❛❣❡ s♣❛t✐❛❧ ❀ ❧❡ ré❢ér❡♥t ❡st
❧✬❤♦♠♠❡✱ é✈❡♥t✉❡❧❧❡♠❡♥t ❧❡s ♦❜❥❡ts ♣♦✉r ❞♦♥♥❡r ❞❡s ❝♦♠♠❛♥❞❡s ❞✐r❡❝t✐♦♥✲
♥❡❧❧❡s ❛✉ r♦❜♦t ♦✉ ❞✐r✐❣❡r s♦♥ ✢✉① ✈✐❞é♦✳ ❖♥ ♥♦t❡r❛ q✉❡ ❧✬❡①é❝✉t✐♦♥ ❞❡ ❝❡s
❛❝t✐♦♥s✱ ♣♦✉r r❡st❡r ❝♦❤ér❡♥t❡ ❛✈❡❝ ❧❛ ❝♦♠♠❛♥❞❡ ✈♦❝❛❧❡✱ ❡st s✉❜♦r❞♦♥♥é❡ à
❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ♣ré❛❧❛❜❧❡ ❞❡ ❧✬❤♦♠♠❡ ♦✉ ❞❡ s❡s ♠❡♠❜r❡s s✉♣ér✐❡✉rs✳

▲✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❧❛ ♣❛r♦❧❡ ❡st tr❛✐té❡ ♣❛r ❧✬éq✉✐♣❡ ❙❆▼❖❱❆✴■❘■❚✸

✭■✳❋❡rr❛♥❡✱ ▼❈❋ ❯P❙✮ q✉✐ ♣❛rt❛❣❡ ❧✬❡♥❝❛❞r❡♠❡♥t ❞❡ ❧❛ t❤ès❡ ❞❡ ❇✳❇✉r❣❡r
❬❚❍✸❪✳ ▲❡s ✈❛r✐❛❜❧❡s ❞✬♦❜s❡r✈❛t✐♦♥s s♦♥t ✐❝✐ ❝♦♥st✐t✉é❡s ❞❡ ✈❡❝t❡✉rs ❛❝♦✉s✲
t✐q✉❡s r❡❧❛t✐❢s ❛✉① ❝♦❡✣❝✐❡♥ts ❝❡♣str❛✉① ❡t à ❧✬é♥❡r❣✐❡ ❞✉ s✐❣♥❛❧ ❛✉❞✐♦ t❛♥❞✐s
q✉❡ ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ s✬❛♣♣✉✐❡ s✉r ❞❡s ♠♦❞è❧❡s ❞❡ ▼❛r❦♦✈ ❝❛❝❤és ✭❍▼▼✮
str✉❝t✉rés ❤✐ér❛r❝❤✐q✉❡♠❡♥t✳ ❆✐♥s✐✱ ❧❡ ♠♦t❡✉r ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ✉t✐❧✐sé r❡✲
♣♦s❡ ❛✉ ♥✐✈❡❛✉ ❜❛s s✉r ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♠♦❞è❧❡s ❡t ❞❡ ❝♦♥♥❛✐ss❛♥❝❡ ❧✐♥❣✉✐s✲
t✐q✉❡s ✭♠♦❞è❧❡s ❞❡ ♣❤♦♥è♠❡s✱ ❧❡①✐q✉❡ ❞❡ ♠♦ts séq✉❡♥ç❛♥t ❝❡s ♣❤♦♥è♠❡s✮✱
❡♥✜♥ ✉♥❡ ❣r❛♠♠❛✐r❡ ❞é❝r✐✈❛♥t ❧❡s séq✉❡♥❝❡s ❞❡ ♠♦ts ❞✉ ❧❛♥❣❛❣❡ ❝♦♥s✐❞éré✳
▲❡ s②stè♠❡ ❡st ❛❝t✉❡❧❧❡♠❡♥t é✈❛❧✉é s✉r ❧❛ ❜❛s❡ ❞❡s ❝r✐tèr❡s ✉t✐❧✐sés ❞❛♥s ❧❡s
❝❛♠♣❛❣♥❡s ◆■❙❚✹ ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛ ♣❛r♦❧❡✳ ▲❡s é✈❛❧✉❛t✐♦♥s ♣♦rt❡♥t s✉r
❞❡s ♣❤r❛s❡s✴♠♦ts ❞✉ ❧❛♥❣❛❣❡ s♣❛t✐❛❧ ❡t ✐♥❝❧✉❛♥t ❞❡s ♥♦♠s ❝♦✉r❛♥ts ❞❡ ❧✐❡✉①
♦✉ ♦❜❥❡ts✳

✸■♥st✐t✉t ❞❡ ❘❡❝❤❡r❝❤❡ ❡♥ ■♥❢♦r♠❛t✐q✉❡ ❞❡ ❚♦✉❧♦✉s❡✳
✹P♦✉r ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢ ❙t❛♥❞❛r❞s ❛♥❞ ❚❡❝❤♥♦❧♦❣✐❡s✳



❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ t❡r♠❡ ✻✼

➚ ❧✬✐♥st❛r ❞❡ ❧❛ ♣❛r♦❧❡✱ ♥♦✉s ❞é✜♥✐r♦♥s ✉♥❡ ❣r❛♠♠❛✐r❡ ❞❡ ❣❡st❡s✳ ▲❡s
♥♦②❛✉① ❞❡ ❝❡s ❣❡st❡s ♠❛✐s é❣❛❧❡♠❡♥t ❧❡✉rs ♣ré♣❛r❛t✐♦♥s ❡t ❧❡✉rs rétr❛❝t✐♦♥s
s❡r♦♥t ♠♦❞é❧✐sé❡s ♣❛r ❞❡s ♠♦❞è❧❡s ❣r❛♣❤✐q✉❡s ❞②♥❛♠✐q✉❡s q✉✐ s❡r♦♥t ❡♥s✉✐t❡
❝❛s❝❛❞és ♣♦✉r r❡❝♦♥♥❛îtr❡ ✉♥❡ séq✉❡♥❝❡ ❞❡ ❣❡st❡s ♣❛r ❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧❛ r❡✲
❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ♣❤♦♥è♠❡s ♣✉✐s ❞❡ ♠♦ts ❡t ❞❡ ♣❤r❛s❡s ❞❛♥s ❧❛ ♣❛r♦❧❡✳ ◆♦✉s
♥♦✉s ❢♦❝❛❧✐s❡r♦♥s ✐❝✐ s✉r ❞❡s ♠♦❞è❧❡s ❣r❛♣❤✐q✉❡s ❞❡ t②♣❡ rés❡❛✉ ❞②♥❛♠✐q✉❡
❜❛②❡s✐❡♥ ✭❉❇◆✮ ❬■♥❢❛♥t❡s ✷✵✵✻❪✳ ❈❡s ♠♦❞è❧❡s✱ ♣❛r ❧❡✉r str✉❝t✉r❡ ♣❧✉s ✢❡①✐❜❧❡
q✉❡ ❧❡s ❍▼▼s✱ r❡♥❞❡♥t ❡①♣❧✐❝✐t❡s ❧❡s ❞é♣❡♥❞❛♥❝❡s ❡♥tr❡ ✈❛r✐❛❜❧❡s ❞✬ét❛t ❡t
❞✬♦❜s❡r✈❛t✐♦♥ ❡t s♦♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛❞❛♣tés à ❧❛ ❢✉s✐♦♥ ❞❡ ♣❧✉s✐❡✉rs s♦✉r❝❡s
❞✬✐♥❢♦r♠❛t✐♦♥s ✐ss✉❡s ❞✉ ✢♦t ✈✐❞é♦ ❬❉✉ ✷✵✵✻❪✳ ❉❛♥s ❧❛ ❧✐❣♥é❡ ❞❡ ♥♦s tr❛✈❛✉①
♣ré❧✐♠✐♥❛✐r❡s s✉r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❣❡st❡s ❬❚❍✻❪✱ ♥♦✉s ❡①♣❧♦✐t❡r♦♥s ❞❡s
✐♥❢♦r♠❛t✐♦♥s ❞❡ ♥❛t✉r❡s ✿ ✭✐✮ ❧♦❝❛❧❡ ❝♦♠♠❡ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡s ♠❛✐♥s ♠❛✐s
❛✉ss✐ ❧❛ ❞✐r❡❝t✐✈✐té ❞✉ r❡❣❛r❞✱ ❧❛ ♣♦st✉r❡ ❣r♦ss✐èr❡✱ ✭✐✐✮ ❣❧♦❜❛❧❡ ❝♦♠♠❡ ❞❡s
✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❝❡s ✈❡❝t❡✉rs ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❣❡st✉❡❧❧❡✳ ▲✬❡①♣❧♦✐t❛t✐♦♥
❞❡s ❉❇◆s r❡q✉✐❡rt ♣❛r❢♦✐s ❞❡s ✐♥❢ér❡♥❝❡s ❛♣♣r♦❝❤é❡s ❬❉♦✉❝❡t ✷✵✵✵❪✳✳✳ q✉❡
♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ▼♦♥t❡✲❈❛r❧♦ ❞❡✈r❛✐t ♥♦✉s ♣❡r♠❡ttr❡
❞✬❛♣♣ré❤❡♥❞❡r✳ ❈❡s ✐♥✈❡st✐❣❛t✐♦♥s s✉r ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❣❡st❡s s❡r♦♥t ♥❛✲
t✉r❡❧❧❡♠❡♥t ét❡♥❞✉❡s à ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬❛❝t✐✈✐tés é❧é♠❡♥t❛✐r❡s à ♣❛rt✐r ❞✉
s②stè♠❡ ❞❡ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥t ❤✉♠❛✐♥ ❞é✈❡❧♦♣♣é ❞❛♥s ❬❚❍✺❪✳

❊♥✜♥✱ ❧❡s ✐♥t❡r♣rét❛t✐♦♥s ❝♦♥❥♦✐♥t❡s ❞❡s s✐❣♥❛✉① ✈✐❞é♦ ❡t ❛✉❞✐♦
s❡r♦♥t ❢✉s✐♦♥♥é❡s ♣♦✉r ❝♦♥✜r♠❡r✱ ✈♦✐r❡ s❡ ❝♦♠♣❧ét❡r ❡✳❣✳ ❧♦rs ❞✬✉♥❡ ❝♦♠✲
♠❛♥❞❡ ✈♦❝❛❧❡ ✓ ❞é♣❧❛❝❡ t♦✐ ✐❝✐ ✔ ♦✉ ✓ ♦❜s❡r✈❡ ❝❡t ♦❜❥❡t ✔✳ ▲❡ ♣r♦❝❡ss✉s ❞✬✐♥✲
t❡r♣rét❛t✐♦♥ ♣♦✉rr❛ ❡①♣❧♦✐t❡r ❞❡s ♣❡r❝❡♣ts r❡❧❛t✐❢s à ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡♥✈✐✲
r♦♥♥❡♠❡♥t✳ ❆✐♥s✐✱ ❧❛ ♥❛t✉r❡ ❞✉ ❧✐❡✉✱ ❧❡s ♦❜❥❡ts ❛ss♦❝✐és✱ ❧❡s ♣♦s✐t✐♦♥s r❡❧❛t✐✈❡s
❞❡s ❛❣❡♥ts s❡r♦♥t é❣❛❧❡♠❡♥t ❡①♣❧♦✐tés✱ ♥♦t❛♠♠❡♥t ♣♦✉r ❧✐♠✐t❡r ❧❡s ♠♦❞è❧❡s
✭❍▼▼✱ ❉❇◆✮ à ❡①é❝✉t❡r s✉✐✈❛♥t ❧❡ ❝♦♥t❡①t❡✳ ❊♥✜♥✱ ❞✬❛✉tr❡s ✐♥❢♦r♠❛t✐♦♥s
❝♦♥t❡①t✉❡❧❧❡s t❡❧❧❡s q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ♣r✐s❡s ❞❡ ✈✉❡s ♣♦✉r ❧❡ s✐❣♥❛❧ ✈✐❞é♦✱
❧❡ r❛♣♣♦rt signal

bruit
♣♦✉r ❧❡ s✐❣♥❛❧ ❛✉❞✐♦ ✈✐❡♥❞r♦♥t ♣♦♥❞ér❡r ❧❡s ♣r♦❜❛❜✐❧✐tés ❞❡

r❡❝♦♥♥❛✐ss❛♥❝❡ ❛ss♦❝✐é❡s ❞❛♥s ❧❡ ♠é❝❛♥✐s♠❡ ✜♥❛❧ ❞❡ ❢✉s✐♦♥✳ ▲❛ ❢✉s✐♦♥ ✈✐s✐♦✲
❛✉❞✐t✐✈❡ ❡st ❧❛r❣❡♠❡♥t ❛❜♦r❞é❡ ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ■❍▼✳ ▲❡ ❝❛❞r❡ ❛♣♣❧✐❝❛t✐❢
♣❛r❢♦✐s r❡str❡✐♥t ❡t ❜✐❡♥ ❝✐❜❧é✱ ❧❡ ❝♦♥trô❧❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ❡♥ ♣❡r♠❡tt❡♥t
✭s♦✉✈❡♥t✮ s♦♥ ✐♥str✉♠❡♥t❛t✐♦♥ ♣ré❛❧❛❜❧❡ ✿ ❣❛♥ts ❞❡ ❞♦♥♥é❡s ✭♦✉ ❞❛t❛ ❣❧♦✈❡✮✱
P❉❆✱ é❝r❛♥ t❛❝t✐❧❡ ♦✉ ❛✉tr❡s✳ ▲✬✐♥t❡r❛❝t✐♦♥ ♠✉❧t✐♠♦❞❛❧❡ ❞❡♣✉✐s ✉♥ r♦❜♦t ♠♦✲
❜✐❧❡✱ ❧❛ ❢✉s✐♦♥ ❞❡ s✐❣♥❛✉① ❛✉❞✐♦ ❡t ✈✐s✉❡❧✱ s♦♥t ♣❧✉s ❝♦♠♣❧❡①❡s ❡t✱ ❞❡ ♠♦♥ ♣♦✐♥t
❞❡ ✈✉❡✱ ♣❧✉s ♠❛r❣✐♥❛❧❡s ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ❘♦❜♦t✐q✉❡ ❬❙❦✉❜✐❝ ✷✵✵✹✱ ❙t✐❡✲
❢❡❧❤❛❣❡♥ ✷✵✵✹✱▼❛❛s ✷✵✵✻❪✳



✻✽ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s

✷✳✷ P❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ét❛♥t ❞♦♥♥é ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡

❧✬❤♦♠♠❡

◆♦✉s s♦✉❤❛✐t♦♥s t♦✉t ❞✬❛❜♦r❞ ❛♣♣r♦❢♦♥❞✐r ❡t ♣r♦♣♦s❡r ❞❡s ♣r♦❧♦♥❣❡♠❡♥ts
❛✉① tr❛✈❛✉① ♣r♦♠❡tt❡✉rs✱ ❞é✈❡❧♦♣♣és ❞❛♥s ❬❚❍✽❪✱ ♣♦✉r ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡
❧✬❡s♣❛❝❡ ❡t s♦♥ ❡①♣❧♦✐t❛t✐♦♥ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ❛✉t♦♥♦♠❡✳ ▲❛ r❡♣rés❡♥t❛t✐♦♥
❞❡ ❧✬❡s♣❛❝❡✱ ♣❛r ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s ♠étr✐q✉❡s ❡t t♦♣♦❧♦❣✐q✉❡s✱ ❛ été ❧❛r❣❡✲
♠❡♥t ❛❜♦r❞é❡ ❞❡♣✉✐s ❞✐① ❛♥s✱ ❛✉ ♠♦✐♥s✱ ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ❘♦❜♦t✐q✉❡ ❀
❝✐t♦♥s s❛♥s êtr❡ ❡①❤❛✉st✐❢ ❬❚❤r✉♥ ✶✾✾✽✱❑✉✐♣❡rs ✷✵✵✵✱❚♦♠❛t✐s ✷✵✵✸✱❱✐❝t♦r✐♥♦
✷✵✵✹✱❩✐✈❦♦✈✐❝ ✷✵✵✻❪✳ ▲❛ ♣ré❞♦♠✐♥❛♥❝❡ ❞✬✐♥❢♦r♠❛t✐♦♥s sé♠❛♥t✐q✉❡s ❞❛♥s ❝❡s
r❡♣rés❡♥t❛t✐♦♥s ❡st r❡❧❛t✐✈❡♠❡♥t ré❝❡♥t❡✳ ❈❡s ✐♥❢♦r♠❛t✐♦♥s s♦♥t ❝❧❛ss✐q✉❡♠❡♥t
st♦❝❦é❡s ❞❛♥s ❧❛ r❡♣rés❡♥t❛t✐♦♥ ♣❛r ❝♦❞❛❣❡ ❡♥ ❞✉r✱ ♣❛r té❧é✲♦♣ér❛t✐♦♥ ❞✉ r♦✲
❜♦t ❬●❛❧✐♥❞♦ ✷✵✵✺❪ ♦✉ ❛✉t♦♠❛t✐q✉❡♠❡♥t ❬❙t❛❝❤♥✐ss ✷✵✵✺✱❱❛s✉❞❡✈❛♥ ✷✵✵✻❪✳✳✳
♣ré✲s✉♣♣♦s❛♥t ❛❧♦rs ✉♥ ♠❛♥q✉❡ ♣r♦❜❛❜❧❡ ❞❡ ♣❡rt✐♥❡♥❝❡ ❡t ❞✬❡①❤❛✉st✐✈✐té ❞❡
❝❡s ✐♥❢♦r♠❛t✐♦♥s ❛✉ ✜♥❛❧✳ ❈❡s ✐♥❢♦r♠❛t✐♦♥s s♦♥t ♥é❝❡ss❛✐r❡s à ❧❛ ♥❛✈✐❣❛t✐♦♥
❛✉t♦♥♦♠❡✱ ♠❛✐s é❣❛❧❡♠❡♥t à ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❍✴❘ à ♣❛rt✐r ❞❡ t❡r♠❡s ♦✉
❝♦♥❝❡♣ts ❝♦♠♠✉♥s✳ ◆♦tr❡ str❛té❣✐❡✱ ❞é❞✐é❡ à ✉♥ s②stè♠❡ ❝♦❣♥✐t✐❢✱ ❡st ❞♦♥❝
❞❡ ❝❛♣t✉r❡r ❝❡s ✐♥❢♦r♠❛t✐♦♥s sé♠❛♥t✐q✉❡s✱ ✈✐❛ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ♠✐❧✐❡✉✱
❡♥ ❝♦♦♣ér❛t✐♦♥ ❛✈❡❝ ❧✬❤♦♠♠❡✳ ❈❡tt❡ str❛té❣✐❡ r❡q✉✐❡rt ❧✬✐♥té❣r❛t✐♦♥ ♣ré❛❧❛❜❧❡
❞❡ ❢♦♥❝t✐♦♥s é✈♦❧✉é❡s ❞❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ✿ s✉✐✈✐ ✈✐s✉❡❧ ❞❡ ❧✬❤♦♠♠❡
❬❚❍✷❪ ♣♦✉r ❧✬❡①♣❧♦r❛t✐♦♥ ❝♦♦r❞♦♥♥é❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ✐♥t❡r♣rét❛t✐♦♥ ❞❡
❣❡st❡s ❞é✐❝t✐q✉❡s ❡t ❞✉ ❧❛♥❣❛❣❡ s♣❛t✐❛❧ ❬❚❍✸❪ ♣♦✉r ❢❛❝✐❧✐t❡r ❧✬❛♣♣r❡♥t✐ss❛❣❡ ❞✉
♠✐❧✐❡✉ ❡t ❢♦❝❛❧✐s❡r s✉r ❧❡s ❡♥t✐tés ♣❤②s✐q✉❡s à ❢♦rt ❝♦♥t❡♥✉ sé♠❛♥t✐q✉❡✳ ❈❡s
❢♦♥❝t✐♦♥s✱ q✉✐ ❞❡♠❛♥❞❡♥t ❝❡rt❡s ❞❡s ✐♥✈❡st✐❣❛t✐♦♥s ❧♦✉r❞❡s✱ s♦♥t ✐♥❝♦♥t♦✉r✲
♥❛❜❧❡s ♣❛r ❛✐❧❧❡✉rs ❞❛♥s ❧❛ ♣❡rs♣❡❝t✐✈❡ ❞✉ r♦❜♦t ❛✉ ❝♦♠♣♦rt❡♠❡♥t s♦❝✐❛❜❧❡✳
▲❛ r❤ét♦r✐q✉❡ ❝✐✲❛♣rès r❡♣r❡♥❞ ❝❡s ❞✐✛ér❡♥ts ♣♦✐♥ts ✿ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡s r❡✲
♣rés❡♥t❛t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❞✉ ❜❛s ❛✉ ❤❛✉t ♥✐✈❡❛✉ ✭✜❣✉r❡ ✶✳✺✮✱ ❧❡✉r ❡①✲
♣❧♦✐t❛t✐♦♥ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ❛✉t♦♥♦♠❡✳ ❈❡s ✐♥✈❡st✐❣❛t✐♦♥s s❡r♦♥t ♠❡♥é❡s ❡♥
♣❛rt✐❡ ♣❛r ❬❚❍✷❪ ❡t ♣❛r ✉♥ ❞♦❝t♦r❛♥t à ✐❞❡♥t✐✜❡r ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ t❤ès❡
q✉✐ s❡r❛ ✜♥❛♥❝é❡✱ ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t✱ ♣❛r ❧❡ ♣r♦❥❡t ❈♦♠♠❘♦❜ ❬P❘✸❪✳

❉❡s ❛♠❡rs ♣❧✉s ❣é♥ér✐q✉❡s ❡t ❞❡s ♦❜❥❡ts ❞❛♥s ❧❡s r❡♣rés❡♥t❛t✐♦♥s
✖ ◆♦✉s s♦✉❤❛✐t♦♥s ét❡♥❞r❡ ♥♦s tr❛✈❛✉① s✉r ❧❛ ❞ét❡❝t✐♦♥✴r❡❝♦♥♥❛✐ss❛♥❝❡
❞✬❛✣❝❤❡s ♠✉r❛❧❡s à ❞❡s ❛♠❡rs ✈✐s✉❡❧s ♣❧✉s ❣é♥ér✐q✉❡s✱ ❝♦♠♠❡ ❞✬❛✉tr❡s t②♣❡s
❞❡ ♣r✐♠✐t✐✈❡s ♣❧❛♥❡s✱ s❡❣♠❡♥ts ♣❛rt✐❝✉❧✐❡rs ✭❛rêt❡s ✈❡rt✐❝❛❧❡s✱ ♣❧✐♥t❤❡s✱ ❡t❝✳✮✱
❡t ♣❧✉s ❧❛r❣❡♠❡♥t str✉❝t✉r❡s ❧♦❝❛❧❡s ❞✐s❝r✐♠✐♥❛♥t❡s✳ ▲❛ ❝♦♥tr✐❜✉t✐♦♥ s❡r❛ ❢♦r✲
❝é♠❡♥t ♠❛r❣✐♥❛❧❡ t❛♥t ❧❛ ❧✐ttér❛t✉r❡ ♣r♦♣♦s❡ ❛✉❥♦✉r❞✬❤✉✐ ✉♥ ❧❛r❣❡ é✈❡♥t❛✐❧
❞✬❛♠❡rs ✈✐s✉❡❧s ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ❛✉t♦♥♦♠❡ ❬❉❡s♦✉③❛ ✷✵✵✷❪✳ ▲❡s ❛♠❡rs
❝♦✉r❛♠♠❡♥t ✉t✐❧✐sés r❡♣♦s❡♥t s✉r ❞❡s ♥✉❛❣❡s très ❞✐s❝r✐♠✐♥❛♥ts ❞❡ ♣♦✐♥ts
❞✬✐♥térêt t②♣❡ ❍❛rr✐s ❡t s✉rt♦✉t ❙■❋❚ ✭♣♦✉r ❙❝❛❧❡✲■♥✈❛r✐❛♥t ❋❡❛t✉r❡ ❚r❛♥s✲
❢♦r♠✮ ❬▼♦r❡❡❧s ✷✵✵✺❪✳ ❈✐t♦♥s ✐❝✐ ❧❡s tr❛✈❛✉① ❞❡ ●♦♥❝❛❧✈ès ❡t ❛❧✳ ❬●♦♥❝❛❧✈❡s



❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ t❡r♠❡ ✻✾

✷✵✵✺❪ q✉✐ ❝❛r❛❝tér✐s❡♥t ❛✐♥s✐ ❞❡s ♣❛♥s ♦✉ ♣❧❛❝❡s ❞❡ ❧✬❡s♣❛❝❡✳ ❈❡s tr❛✈❛✉① ♠❛✐s
❛✉ss✐ ♥♦s tr❛✈❛✉① ♣❛ssés✱ ❡①♣❧♦✐t❡♥t ❞❡s ❛♠❡rs✱ ❡①❝❡♣t✐♦♥ ❢❛✐t❡ ❞❡s ♣♦rt❡s
❞❛♥s ❬❉❊❆✷❪✱ q✉✐ ❡♥❝♦❞❡♥t ♣❡✉ ♦✉ ♣❛s ❞✬✐♥❢♦r♠❛t✐♦♥s sé♠❛♥t✐q✉❡s✳

❆ ❧✬✐♥st❛r ❞❡ ❬❱❛s✉❞❡✈❛♥ ✷✵✵✻❪✱ ♥♦✉s s♦✉❤❛✐t♦♥s ✐♥❝♦r♣♦r❡r très ❧❛r✲
❣❡♠❡♥t ❞❡s ♦❜❥❡ts ❞❛♥s ♥♦s r❡♣rés❡♥t❛t✐♦♥s✳ ▲❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❧❡✉r
r❡♣rés❡♥t❛t✐♦♥ str✉❝t✉r❡❧❧❡ ✭❣é♦♠étr✐❡ ❡t✴♦✉ ❛♣♣❛r❡♥❝❡✮✱ ❧❡✉r ❝❛té❣♦r✐s❛t✐♦♥✱
s♦♥t tr❛✐té❡s ♣❛r ❛✐❧❧❡✉rs ❞❛♥s ❧❡ ❣r♦✉♣❡ ♣❛r ▼✳❉❡✈② ✭t❤ès❡ ❡♥ ❝♦✉rs ❞❡
▼✳❈♦ttr❡t ❡t s♦♥ ♣r♦❧♦♥❣❡♠❡♥t✮✳ ▲❛ ❝❛té❣♦r✐s❛t✐♦♥ ❛✉t♦♠❛t✐q✉❡ ❞✬♦❜❥❡ts
❡st ✉♥❡ ♣r♦❜❧é♠❛t✐q✉❡ ❧❛r❣❡♠❡♥t ❛❜♦r❞é❡ ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ❱✐s✐♦♥ ❬P♦♥s
✷✵✵✻❪✳ ❈❡❧❧❡✲❝✐✱ ❧♦rsq✉✬❡❧❧❡ ❞♦✐t s✬♦♣ér❡r ❞❡♣✉✐s ✉♥ r♦❜♦t ♠♦❜✐❧❡✱ ❡st ♣r♦❜❛❜❧❡✲
♠❡♥t ♣❧✉s ❝♦♠♣❧❡①❡ ❝❛r ❧❡s t❡❝❤♥✐q✉❡s ❞♦✐✈❡♥t s✬❛❞❛♣t❡r à ❞❡s ✐♠❛❣❡s ✓ ♣❧✉s
♥❛t✉r❡❧❧❡s ✔✳ Pré❛❧❛❜❧❡♠❡♥t à ❧❡✉r ❝❛té❣♦r✐s❛t✐♦♥✱ ❧✬✐♥❢♦r♠❛t✐♦♥ ❞♦✐t êtr❡ ❡①✲
tr❛✐t❡ ❞❡ s♦♥ ❝♦♥t❡①t❡ ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❞✬❛tt❡♥t✐♦♥✳ ❈❡❧✉✐✲❝✐ s❡r❛ ✐❝✐ ♣✐❧♦té
♣❛r ❧✬❤♦♠♠❡ ♣❛r ❞❡✉① ♣r♦t♦❝♦❧❡s ✐♥t❡r❛❝t✐❢s ❡t ✐♥t✉✐t✐❢s✱ ❞é❞✐és ❛✉① ♦❜❥❡ts
♠❛♥✐♣✉❧❛❜❧❡s ♦✉ ♥♦♥ ♠❛♥✐♣✉❧❛❜❧❡s✳ ❆✐♥s✐✱ ♣♦✉r ❧❡s ♦❜❥❡ts ♥♦♥ ♠❛♥✐♣✉❧❛❜❧❡s✱
❝❡ ♠é❝❛♥✐s♠❡ ❡①♣❧♦✐t❡r❛ ❧❛ ♠♦❜✐❧✐té ❞✉ r♦❜♦t ❞❛♥s ✉♥❡ str❛té❣✐❡ ❛❝t✐✈❡ ❞❡
♣r✐s❡s ❞❡ ✈✉❡s ❞❡ ❝❡s ♦❜❥❡ts ❣✉✐❞é❡ ♣❛r ❞❡s ❣❡st❡s ✐♥t✉✐t✐❢s ❞❡ ❞és✐❣♥❛t✐♦♥
❬❚❍✸❪✳ ❈❡s ❣❡st❡s✱ ❧✬✐♥t❡♥t✐♦♥❛❧✐té ❛ss♦❝✐é❡✱ s❡r♦♥t ❛♣♣ré❤❡♥❞és ❣râ❝❡ à ❞✐✛é✲
r❡♥ts ♣❡r❝❡♣ts ✿ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ s♣❛t✐❛❧❡ ❜r❛s✴♠❛✐♥ ♠❛✐s ❛✉ss✐ ❧❛ ♣❡rs✐st❡♥❝❡
❡t ❞✐r❡❝t✐✈✐té ❞✉ r❡❣❛r❞✳

❈♦♥❝❡r♥❛♥t ❧❡s ♦❜❥❡ts ♠❛♥✐♣✉❧❛❜❧❡s✱ ❧✬❤♦♠♠❡ ✈❛ ❝❤❡r❝❤❡r ✐♥t✉✐t✐✈❡♠❡♥t
à ♣rés❡♥t❡r ❝❡s ♦❜❥❡ts ❛✉ r♦❜♦t✳ ■❧ ♠❛rq✉❡ ❝❡tt❡ ✐♥t❡♥t✐♦♥❛❧✐té ♣❛r ✿ s♦♥ ♣♦✲
s✐t✐♦♥♥❡♠❡♥t à ❞✐st❛♥❝❡ ✓ s♦❝✐❛❧❡ ✔ ❞✉ r♦❜♦t✱ ❧❛ ♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬♦❜❥❡t✱ ❧❛
♣❡rs✐st❛♥❝❡ ❞❡ s♦♥ r❡❣❛r❞✱ é✈❡♥t✉❡❧❧❡♠❡♥t ❧✬✐♥t❡r♣❡❧❧❛t✐♦♥ ♣❛r ❧❛ ✈♦✐①✳ ▲❡ ♠é✲
❝❛♥✐s♠❡ ❞✬❛tt❡♥t✐♦♥ s✬❛♣♣✉✐❡r❛ ✐❝✐ s✉r ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❝❛rt❡s ❞❡ s❛✐❧❧❛♥❝❡
✓ é❣♦❝❡♥tré ✔ ❞❡ ❧✬❡s♣❛❝❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❛✉ ✈♦✐s✐♥❛❣❡ ✐♠♠é❞✐❛t ❞✉ r♦❜♦t✳ ■❧
s✬❛❣✐r❛ ✐❝✐ ❞❡ ❢✉s✐♦♥♥❡r ❞❡s ❝r✐tèr❡s ❞❡ s❛✐❧❧❛♥❝❡ t❡❧❧❡s q✉❡ ✿ ✭✐✮ ❧❛ ♣r♦❢♦♥❞❡✉r
r❡❧❛t✐✈❡ ❍✴❘ à ♣❛rt✐r ❞✬✐♠❛❣❡s ❞❡ ❞✐s♣❛r✐té✱ ✭✐✐✮ ❧❛ ♣❡rs✐st❛♥❝❡ ❞✉ r❡❣❛r❞ à
♣❛rt✐r ❞❡s ❞ét❡❝t❡✉rs ✈✐s✉❡❧s ❬❚❍✷❪✱ ✭✐✐✐✮ ❧❛ ♣rés❡♥❝❡ ❞❡ ❧❛ ✈♦✐① à ♣❛rt✐r ❞✬✉♥❡
❝❛rt❡ ❛❝♦✉st✐q✉❡ ❬❆r❣❡♥t✐❡r✐ ✷✵✵✺❪✱ ❡t❝✳ ▲❛ ❧✐ttér❛t✉r❡ ré♣❡rt♦r✐❡ ❞❡ ♥♦♠❜r❡✉①
♠é❝❛♥✐s♠❡s ❞✬❛tt❡♥t✐♦♥ à ♣❛rt✐r ❞❡ ❝❛rt❡s ❞❡ s❛✐❧❧❛♥❝❡ ❝♦♠❜✐♥❛♥t ❛♣♣❛r❡♥❝❡✱
♠♦✉✈❡♠❡♥t ❡t✴♦✉ ♣r♦❢♦♥❞❡✉r s✉r ❧❛ s❝è♥❡ ♦❜s❡r✈é❡ ❀ ❝✐t♦♥s ♣❛r ❡①❡♠♣❧❡ ❬■tt✐
✶✾✾✽✱ ▼❛❦✐ ✷✵✵✵✱ ❈♦ttr❡t ✷✵✵✻❪✳ ▲❡s tr❛✈❛✉① ❞❡ ▼❛r✜❧ ❡t ❛❧✳ ❬▼❛r✜❧ ✷✵✵✻❪
s♦♥t à ♠❛ ❝♦♥♥❛✐ss❛♥❝❡ ❧❡s ♣❧✉s ♣r♦❝❤❡s ❞❡ ♥♦s ✐♥✈❡st✐❣❛t✐♦♥s ❢✉t✉r❡s ❝❛r
✐❧s s❡ ❢♦❝❛❧✐s❡♥t é❣❛❧❡♠❡♥t s✉r ❞❡s ♦❜❥❡ts ♠❛♥✐♣✉❧és ♣❛r ❧✬❤♦♠♠❡✳ ➚ ❧✬✐♥st❛r
❞❡s tr❛✈❛✉① ♣ré✲❝✐tés✱ ❧❡s ❝r✐tèr❡s ❞❡ s❛✐❧❧❛♥❝❡ r❡st❡♥t ♥é❛♥♠♦✐♥s ✐♥tr✐♥sèq✉❡s
❛✉① ♦❜❥❡ts✱ ❛❧♦rs q✉❡ ❧✬✐♥t❡♥t✐♦♥❛❧✐té ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬❛♣♣r❡♥t✐ss❛❣❡ s✉♣❡r✲
✈✐sé ❞✬♦❜❥❡ts✱ ♣❧✉s ❣❧♦❜❛❧❡♠❡♥t ♣♦✉r t♦✉t❡ tâ❝❤❡ ❝♦❧❧❛❜♦r❛t✐✈❡ ❍✴❘✱ ♥♦✉s
s❡♠❜❧❡ ✐♥❝♦♥t♦✉r♥❛❜❧❡ ♣♦✉r ✐♥✐t✐❡r ❧❡ ♠é❝❛♥✐s♠❡ ❞✬❛tt❡♥t✐♦♥ ❞✉ r♦❜♦t✳ ❆✉
✜♥❛❧✱ t♦✉t❡s ❧❡s ✐♥st❛♥❝❡s ❞✬♦❜❥❡ts ♦✉ ❞❡ ❧✐❡✉① ❛♣♣r✐s s❡r♦♥t ❝❛té❣♦r✐sé❡s ♣❛r
❧❛ ♣❛r♦❧❡ ❬❚❍✸❪✳



✼✵ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s

❈♦♠♣❧ét✉❞❡ ❞❡s r❡♣rés❡♥t❛t✐♦♥s ✖ ❈❡s ❛♠❡rs ❡t✴♦✉ ♦❜❥❡ts ✈✐❡♥❞r♦♥t
❛❧♦rs ❡♥r✐❝❤✐r ❧❡s ❞✐✛ér❡♥ts ♠♦❞è❧❡s s♣❛t✐❛✉① ❞♦♥t ♥♦✉s ❞✐s♣♦s♦♥s ✿ ❝❛rt❡s st♦✲
❝❤❛st✐q✉❡s ❞❡♥s❡s✱ é✈❡♥t✉❡❧❧❡♠❡♥t ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡s✱ ❣r❛♣❤❡s ❞✬❛♠❡rs ❡t✴♦✉
❞✬♦❜❥❡ts✱ ●❱●s ❛♥♥♦tés ♣❛r ❝❡s ❛♠❡rs ♦✉ ♦❜❥❡ts✳ P♦✉r ❧❡s ♠♦❞è❧❡s ❣é♦♠é✲
tr✐q✉❡s✱ ♥♦✉s ♥♦✉s ❛♣♣✉✐❡r♦♥s s✉r ❧❡s tr❛✈❛✉① ♠❡♥és ♣❛r ❛✐❧❧❡✉rs ❛✉ ❧❛❜♦✲
r❛t♦✐r❡ s✉r ❧❡ ❙▲❆▼✳ ◆♦s ✐♥✈❡st✐❣❛t✐♦♥s ♣❛ssé❡s ❞❡✈r❛✐❡♥t ♥♦✉s ❛✐❞❡r ❞❛♥s
❧✬❛♣♣ré❤❡♥s✐♦♥ ❞❡s t❡❝❤♥✐q✉❡s ❞✬❡st✐♠❛t✐♦♥ s♦✉s✲❥❛❝❡♥t❡s ✿ ✜❧tr❡ ❞❡ ❑❛❧♠❛♥
ét❡♥❞✉ ❞❛♥s ❬❏✉♥❣ ✷✵✵✹❪✱ ❡st✐♠❛t✐♦♥ st♦❝❤❛st✐q✉❡ ❞❛♥s ❬❙♦❧❛ ✷✵✵✺❪✳ ▲✬❛♣♣r♦✲
❢♦♥❞✐ss❡♠❡♥t ❞❡s ♠♦❞è❧❡s q✉❛❧✐t❛t✐❢s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞♦✐t ❛❧❧❡r ❛✉✲❞❡❧à ❞✉
❝❛s s✐♠♣❧❡ ❞❡ rés❡❛✉① ❞❡ ❝♦✉❧♦✐rs tr❛✐té ❞❛♥s ❬❚❍✽❪ t❛♥❞✐s q✉❡ ♥♦✉s ❞❡✈♦♥s
❢❛✐r❡ ❝♦❡①✐st❡r ❡♥ ♣❡r♠❛♥❡♥❝❡ ❡t à ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬❛❜str❛❝t✐♦♥✱ ❞❡s ♠♦✲
❞è❧❡s ♠étr✐q✉❡s✱ t♦♣♦❧♦❣✐q✉❡s✱ ❡t sé♠❛♥t✐q✉❡s✳ ➚ ❧✬✐♥st❛r ❞❡ ❬❚❤r✉♥ ✶✾✾✽✱❩✐✈✲
❦♦✈✐❝ ✷✵✵✻❪✱ ✉♥ ♠ê♠❡ ❧✐❡✉ ♣♦✉rr❛ êtr❡ ❝❧❛ss✐q✉❡♠❡♥t r❡♣rés❡♥té ♣❛r ♣❧✉s✐❡✉rs
❝❛rt❡s ❞❡ ❣r❛♥✉❧❛r✐tés ❞✐✛ér❡♥t❡s ✿ ✜♥❡ ♣❛r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ♠étr✐q✉❡ ❛✜♥ ❞❡
❣ér❡r ❧❡s ❢❛✐❜❧❡s ❞ér✐✈❡s ♦❞♦♠étr✐q✉❡s✱ ❣r♦ss✐èr❡ ♣❛r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ t♦♣♦❧♦✲
❣✐q✉❡ ❛✜♥ ❞❡ ❣ér❡r ❧❡s ♣r♦❜❧è♠❡s ❞✬❛❧✐❣♥❡♠❡♥t ❣❧♦❜❛✉① ❧✐és ❛✉① ❢♦rt❡s ❡rr❡✉rs
♦❞♦♠étr✐q✉❡s✳ ❉❛♥s ❧❡ ♣r♦❧♦♥❣❡♠❡♥t ❞❡s tr❛✈❛✉① ♣❛ssés✱ ♥♦✉s ❝❤❡r❝❤❡r♦♥s à
❝♦♥str✉✐r❡ ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❤✐ér❛r❝❤✐q✉❡ ❡t ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡ ❞✬✉♥ ❡♥✈✐r♦♥✲
♥❡♠❡♥t ❤✉♠❛✐♥ ❞❡ ❣r❛♥❞❡ ❡♥✈❡r❣✉r❡ ❛✜♥ ❞❡ ✈❛❧✐❞❡r✱ s✉r ❞❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s
♣♦✉ssé❡s✱ ❧❡ ♣r♦❝❡ss✉s ❞✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣❛r ❧❡ r♦❜♦t✳ ◆♦✉s
♣❡♥s♦♥s ♥♦✉s ❞é♠❛rq✉❡r ✐❝✐ ❞❡s r❡♣rés❡♥t❛t✐♦♥s ♠étr✐q✉❡s ❡t t♦♣♦❧♦❣✐q✉❡s
✉s✉❡❧❧❡s ❡♥ ✐♥té❣r❛♥t très ❧❛r❣❡♠❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s sé♠❛♥t✐q✉❡s✳

❖♥ ♥♦t❡r❛ q✉❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡
❝♦♥✈❡r❣❡ ✈❡rs ✉♥ ♣r♦❝❡ss✉s ♠✐✲❛✉t♦♠❛t✐q✉❡✱ ♠✐✲s✉♣❡r✈✐sé✳ ❊❧❧❡ ré♣♦♥❞ ❛✉
❞♦✉❜❧❡ ❝♦♥st❛t s✉✐✈❛♥t ✿ ✭✐✮ ❧❛ r❡♣rés❡♥t❛t✐♦♥ s♣❛t✐❛❧❡✱ s✬❛♣♣✉②❛♥t s✉r ❞❡s ❡♥✲
t✐tés ♦✉ ✐♥❢♦r♠❛t✐♦♥s ✭❞✐st❛♥❝❡s✱ ❛♠❡rs ♦✉ ❛✉tr❡s✮ ❞✐✣❝✐❧❡s à ❛❝q✉ér✐r✱ ✈♦✐r❡
❛❜str❛✐t❡s✱ ♣♦✉r ❧✬❤♦♠♠❡ ❡st ❝♦♥str✉✐t❡ ♣❛r ❧❡ r♦❜♦t s❡✉❧✱ ✭✐✐✮ ❧❛ r❡♣rés❡♥✲
t❛t✐♦♥ ❞✉ ♠✐❧✐❡✉✱ à tr❛✈❡rs ❞❡s ✐♥❢♦r♠❛t✐♦♥s sé♠❛♥t✐q✉❡s ❛❜str❛✐t❡s ♦✉ ❞✉
♠♦✐♥s ♣❧✉s ❞✐✣❝✐❧❡s à ❛♣♣ré❤❡♥❞❡r ♣❛r ❧❡ r♦❜♦t✱ ❡st ❝♦♥str✉✐t❡ ❡♥ s②♥❡r❣✐❡
❛✈❡❝ ❧✬❤♦♠♠❡✳

▲♦❝❛❧✐s❛t✐♦♥ ❡t ♥❛✈✐❣❛t✐♦♥ ❛✉ ❧♦♥❣ ❝♦✉rt ✖ ❈❡s r❡♣rés❡♥t❛t✐♦♥s s❡✲
r♦♥t ❡①♣❧♦✐té❡s ❞✉r❛♥t ❧❛ tâ❝❤❡ ❞❡ ♥❛✈✐❣❛t✐♦♥✳ ▲❛ ❧♦❝❛❧✐s❛t✐♦♥ ♠étr✐q✉❡
♦✉ q✉❛❧✐t❛t✐✈❡ ❞✉ r♦❜♦t r❡st❡r❛ ♠✉❧t✐✲s❡♥s♦r✐❡❧❧❡✱ s✉r ❧❛ ❜❛s❡ ❞❡ ❞♦♥✲
♥é❡s ✈✐s✉❡❧❧❡s ❡t✴♦✉ té❧é♠étr✐q✉❡s ❞✉r❛♥t ♥♦s ❡①♣ér✐♠❡♥t❛t✐♦♥s ❛✉ ❧❛❜♦r❛✲
t♦✐r❡✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❧❛s❡r ♥♦✉s s❡♠❜❧❡✱ ♣❛r ❝♦♥tr❡✱ ✐♥♦♣♣♦rt✉♥❡ ❞❛♥s ❧❡
❝♦♥t❡①t❡ ❞✉ ♣r♦❥❡t ❈♦♠♠❘♦❜ ❬P❘✸❪✳ ▲❛ ❞é♠❛r❝❤❡ s❡r❛ ❞✬✐♥str✉♠❡♥t❡r ❧❡ s✉✲
♣❡r♠❛r❝❤é ♣❛r ✉♥ ❡♥s❡♠❜❧❡ ❞✬ét✐q✉❡tt❡s ❘❋■❉ q✉✐ ♣❡r♠❡ttr♦♥t ❧❛ ❧♦❝❛❧✐s❛t✐♦♥
q✉❛❧✐t❛t✐✈❡ ❞✉ r♦❜♦t ❧♦rs ❞❡ s♦♥ ♣❛ss❛❣❡ à ♣r♦①✐♠✐té✳ ❈❡s ✐♥✈❡st✐❣❛t✐♦♥s s♦♥t
❛❝t✉❡❧❧❡♠❡♥t ré❛❧✐sé❡s ♣❛r ❆✳❘♦❣✉❡③ ❞✉r❛♥t s♦♥ st❛❣❡ ♣✉✐s ♣♦✉rs✉✐✈✐❡s ❞❛♥s



❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s à ♠♦②❡♥ t❡r♠❡ ✼✶

❧❡ ❝❛❞r❡ ❞❡ ❬❚❍✷❪✳ ■♥❞é♣❡♥❞❛♠♠❡♥t ❞❡s ❝❛♣t❡✉rs✱ ❧❛ ✜♥❛❧✐té s❡r❛ ❞✬✐♥❢ér❡r✱
♣♦✉r ❧❛ ❧♦❝❛❧✐s❛t✐♦♥✱ ✉♥❡ ❡st✐♠é❡ ✉♥✐q✉❡ ♠❡tt❛♥t ❡♥ ❥❡✉ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥✲
♥é❡s s❡♥s♦r✐❡❧❧❡s✳ ◆♦✉s ✐♥té❣r❡r♦♥s ✉♥❡ ❝♦♠♣♦s❛♥t❡ ♣r♦❜❛❜✐❧✐st❡ ❛✉ ♣r♦❝❡ss✉s
❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ❡♥ ❧✬ét❛t ❝♦♠♣❧èt❡♠❡♥t ❞ét❡r♠✐♥✐st❡ ✿ ❧❡s t❡❝❤♥✐q✉❡s ▼❛r❦♦✲
✈✐❡♥♥❡s ❬❋♦① ✶✾✾✾✱❑♦s❡❝❦❛ ✷✵✵✹❪✱ ♥♦t❛♠♠❡♥t✱ ❞❡✈r❛✐❡♥t ♣♦✉✈♦✐r ré♣♦♥❞r❡ à
♥♦s ❜❡s♦✐♥s✳ ◆♦✉s ♣♦✉rr♦♥s ❛✐♥s✐ ❣ér❡r ♣❧✉s✐❡✉rs ❤②♣♦t❤ès❡s q✉❛♥t à ❧❛ ♣♦✲
s✐t✐♦♥ ❞✉ r♦❜♦t ❞❛♥s ♣❧✉s✐❡✉rs ❧✐❡✉① ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ❧❡ r❡❝❛❧❛❣❡ s✉r ❧❡s
❛♠❡rs✴♦❜❥❡ts ♣r♦♣r❡s à ❝❤❛q✉❡ ❧✐❡✉ ét❛♥t ❛ss✉ré ♣❛r ❞❡s ❛❧❣♦r✐t❤♠❡s ❞é❞✐és✳
▲❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ❧✐❡✉✱ ❞♦♥❝ é✈❡♥t✉❡❧❧❡♠❡♥t ❞❡ r❡♣rés❡♥t❛t✐♦♥s à ❝♦♥s✐❞ér❡r✱
s❡r❛ ♥♦t✐✜é ♣❛r ❞❡s ✐♥❢♦r♠❛t✐♦♥s sé♠❛♥t✐q✉❡s t❡❧❧❡s q✉✬✉♥ ♣❛ss❛❣❡ ❞❡ ♣♦rt❡
❬❉❊❆✷❪✱ ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ❧✬❛♣♣❛r❡♥❝❡ ❞✉ s♦❧✱ ❡t❝✳ ▲❛ ♣❡rt✐♥❡♥❝❡ ❞❡ ❝❡s ✐♥✲
✈❡st✐❣❛t✐♦♥s ❡t ❡①♣ér✐♠❡♥t❛t✐♦♥s t✐❡♥❞r❛ ❞❛♥s ✉♥❡ ♥❛✈✐❣❛t✐♦♥ ❛✉ ❧♦♥❣ ❝♦✉rt
q✉❡ ♥♦✉s ❡s♣ér♦♥s ❧❛ ♣❧✉s r♦❜✉st❡ ♣♦ss✐❜❧❡✳

◆❛✈✐❣❛t✐♦♥ ré❛❝t✐✈❡ ✖ ❯♥❡ ♥❛✈✐❣❛t✐♦♥ ♣❧✉s ré❛❝t✐✈❡ s❡r❛ ♣r♦❜❛❜❧❡♠❡♥t
à ❧✬ét✉❞❡ ♣♦✉r ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts très ♣❡✉♣❧és✳ ◆♦✉s t✐r❡r♦♥s ❛❧♦rs ♣❛rt✐❡ ❞❡s
tr❛✈❛✉① s✉r ❧❡ s✉✐✈✐ ✈✐s✉❡❧ ♠✉❧t✐✲♣❡rs♦♥♥❡s ❞é✈❡❧♦♣♣é ❞❛♥s ❬❚❍✶❪✳ ❈❡tt❡ ♠♦✲
❞❛❧✐té✱ t♦✉t ❡♥ ❝♦♠♣❧ét❛♥t ❧❛ ❞ét❡❝t✐♦♥ ❞✬♦❜st❛❝❧❡s ❤✉♠❛✐♥s ♣❛r ❧❛s❡r ❙■❈❑
✷❉✱ ♣❡r♠❡ttr❛ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❧♦❝❛❧❡ ❞❡ ❝❤❡♠✐♥s ❝♦❤ér❡♥ts ❛✈❡❝ ❧❡s tr❛❥❡❝✲
t♦✐r❡s ❞❡s ❤✉♠❛✐♥s ❛✉ ✈♦✐s✐♥❛❣❡ ✐♠♠é❞✐❛t ❞✉ r♦❜♦t✳ ▲✬❡♥❥❡✉ ❞❡ ❝❡s ♣r♦❜❛❜❧❡s
✐♥✈❡st✐❣❛t✐♦♥s s❡r❛ ❧❡ ♣❛rt❛❣❡ ❤❛r♠♦♥✐❡✉① ❞❡ ❧✬❡s♣❛❝❡ ❡♥tr❡ ❧❡ r♦❜♦t ❡t ❧❡s
❛❣❡♥ts ❤✉♠❛✐♥s ❧♦rs ❞❡ ❧❡✉rs ❞é♣❧❛❝❡♠❡♥ts r❡s♣❡❝t✐❢s✳

✷✳✸ ❘❡t♦♠❜é❡s ❝♦♥♥❡①❡s ❛tt❡♥❞✉❡s

▲✬❡①♣❡rt✐s❡ ❛❝q✉✐s❡ à tr❛✈❡rs ♥♦s tr❛✈❛✉① s✉r ❧❡ s✉✐✈✐ ❡st ❛❝t✉❡❧❧❡♠❡♥t
✈❛❧♦r✐sé❡ à tr❛✈❡rs ❧❛ t❤ès❡ ❈■❋❘❊ ❞❡ ●✳●❡❧❛❜❡rt ❬❚❍✹❪ ❡t ✉♥ ❝♦♥tr❛t ✐♥❞✉s✲
tr✐❡❧ ❛✈❡❝ ❧❛ s♦❝✐été ❖❘▼❊ ❬❈■✶❪✳ ❈❡s tr❛✈❛✉① ❞❡ t❤ès❡ ✈✐s❡♥t ❞❡✉① ❞♦♠❛✐♥❡s
❝♦♥♥❡①❡s à ❧❛ ❘♦❜♦t✐q✉❡✱ à s❛✈♦✐r ❧✬❛✉t♦♠♦❜✐❧❡ ❡t ❧✬❛ér♦♥❛✉t✐q✉❡✳ ■❧ s✬❛❣✐t
r❡s♣❡❝t✐✈❡♠❡♥t ✿ ✭✶✮ ❞❡ ❝❛r❛❝tér✐s❡r ❧❡s ♠♦✉✈❡♠❡♥ts ❞✬✉♥ ♠❛♥♥❡q✉✐♥ ❛rt✐❝✉❧é
❧♦rs ❞❡ ❝r❛s❤✲t❡sts ❛✉t♦♠♦❜✐❧❡s ✭✜❣✉r❡ ✸✳✺✮✱ ✭✷✮ ❞✬ét✉❞✐❡r ❧❡s ❞é❢♦r♠❛t✐♦♥s
❞✬❛✉❜❡s ❢❛♥ ❞❛♥s ✉♥ t✉r❜♦ ré❛❝t❡✉r ❧♦rs ❞✬❡ss❛✐s ❞❡str✉❝t✐❢s✳

❋✐❣✳ ✸✳✺ ✕ ❆♥❛❧②s❡ s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ❞❡s ♠♦✉✈❡♠❡♥ts ❞✬✉♥ ♠❛♥♥❡q✉✐♥ ❡♥
❝r❛s❤✲t❡st ♣❛r ✈✐s✐♦♥ ❜✐♥♦❝✉❧❛✐r❡✳



✼✷ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s

P♦✉r ❝❡s s❝è♥❡s ❤❛✉t❡♠❡♥t ❞②♥❛♠✐q✉❡s✱ ❧❡ ❜✉t ❡st ❧✬❛♥❛❧②s❡ s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
❛ ♣♦st❡r✐♦r✐ ❞❡ séq✉❡♥❝❡s ❛❝q✉✐s❡s ♣❛r ✉♥ s②stè♠❡ ♠✉❧t✐✲❝❛♠ér❛s r❛♣✐❞❡s ❡t
s②♥❝❤r♦♥❡s ❡t r❡❧❡✈❛♥t ❞❡ ❝❡s ❞❡✉① ❝♦♥t❡①t❡s ❛♣♣❧✐❝❛t✐❢s✳ ▲✬❛♥❛❧②s❡ s❡r❛ ✸❉
❡t ✈✐❡♥❞r❛ ❝♦♠♣❧ét❡r ❧❡ s❛✈♦✐r✲❢❛✐r❡ ❞❡ ❧✬❡♥tr❡♣r✐s❡ ❡♥ ♠❛t✐èr❡ ❞❡ s✉✐✈✐ ✷❉✳
▲❡s tr❛✈❛✉① ♠❡♥és ♣❛r ❧❡ ❞♦❝t♦r❛♥t ♣♦rt❡♥t ❛❝t✉❡❧❧❡♠❡♥t✱ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥
❛✈❡❝ ▼✳❉❡✈②✱ s✉r ❧✬✐♥té❣r❛t✐♦♥ ❞✬❛❧❣♦r✐t❤♠❡s ❞✬❛✉t♦✲❝❛❧✐❜r❛❣❡ ❞❛♥s ❧❡ ❧♦❣✐❝✐❡❧
❚r❛❝❦■♠❛❣❡ ❞é✈❡❧♦♣♣é ❡t ❝♦♠♠❡r❝✐❛❧✐sé ♣❛r ❧✬❡♥tr❡♣r✐s❡✳

▲✬❛♣♣❧✐❝❛t✐♦♥ ❛ér♦♥❛✉t✐q✉❡ s✬✐♥s❝r✐t ❞❛♥s ✉♥ ♣r♦❥❡t ré❣✐♦♥ ❬P❘✶❪ ✐♠♣❧✐✲
q✉❛♥t é❣❛❧❡♠❡♥t ❧✬■❘■❚ ✭❱✳❈❤❛r✈✐❧❧❛t✱ ▼❈❋ ❊◆❙❊❊■❍❚✮ ❡t ❙♥❡❝♠❛ ▼♦✲
t❡✉rs ❝❧✐❡♥t ♣♦t❡♥t✐❡❧ ❡t ❢♦✉r♥✐ss❡✉r ❞❡s ❞♦♥♥é❡s ❞❡ t❡sts ❛✐♥s✐ q✉❡ ❞✉ ❝❛❤✐❡r
❞❡s ❝❤❛r❣❡s✳ ▲✬❛♥❛❧②s❡ s✬❛♣♣✉✐❡r❛ s✉r ❧❡ s✉✐✈✐ ♠✉❧t✐✲♦❝✉❧❛✐r❡ s✐♠✉❧t❛♥é ♠❛✐s
✐♥❞é♣❡♥❞❛♥t ✿ ✭✶✮ ❞❡s ❜♦r❞s ❞✬❛tt❛q✉❡ ❡t ❞❡ ❢✉✐t❡ ❞❡ ❝❤❛q✉❡ ❛✉❜❡ ❣râ❝❡ ❛✉①
❝♦♥t♦✉rs ✐♠❛❣❡✱ ✭✷✮ ❞❡ ♠❛rq✉❡✉rs ✭t②♣❡ ♣❛t❝❤❡s ❞❡ t❡①t✉r❡✮ ❧✐és à ❧❛ s✉r❢❛❝❡
❞❡s ❛✉❜❡s✱ ✭✸✮ ❞✉ ❝❡♥tr❡ ❞❡ r♦t❛t✐♦♥✳ ◆♦✉s é✈❛❧✉❡r♦♥s ✉♥❡ ❛♣♣r♦❝❤❡ ✜❧tr❡ ♣❛r✲
t✐❝✉❧❛✐r❡ ♠✐①❛♥t ❞❡s ♣r✐♠✐t✐✈❡s ❝♦♥t♦✉rs ❡t ♣♦✐♥ts ❞✬✐♥térêt ❬❙❡r❜② ✷✵✵✹❪✱ ♣✉✐s
✉♥ s✉✐✈✐ ♣❛r tr✐❛♥❣✉❧❛t✐♦♥ ❞✬♦❜❥❡ts ❞é❢♦r♠❛❜❧❡s ❞❛♥s ❧❛ ✈❡✐♥❡ ❞❡s tr❛✈❛✉① ❞❡
❱✳❈❤❛r✈✐❧❧❛t ❬❈❤❛r✈✐❧❧❛t ✷✵✵✺❪✳

✸ Pr♦s♣❡❝t✐✈❡s à ❧♦♥❣ t❡r♠❡

❈❡tt❡ ♣r♦s♣❡❝t✐✈❡ ♠❡♥t✐♦♥♥❡ q✉❡❧q✉❡s ♣r♦❧♦♥❣❡♠❡♥ts ♣♦ss✐❜❧❡s ❞❡ ♥♦s tr❛✲
✈❛✉① ♣✉✐s ♦✉✈r❡ s✉r ❧✬✐♥t❡❧❧✐❣❡♥❝❡ ❛♠❜✐❛♥t❡ ❞♦♥t ❧✬❛✈è♥❡♠❡♥t ♣ré✈✐s✐❜❧❡ ♣♦✉r✲
r❛✐t ✐♥✢é❝❤✐r s❡♥s✐❜❧❡♠❡♥t ♥♦s tr❛✈❛✉①✳

■♥té❣r❛t✐♦♥ s✉r ❍❘P✷ ❞❡ ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s ✖ ❯♥ ♣r❡♠✐❡r ♣r♦❧♦♥✲
❣❡♠❡♥t ❞❡ ♥♦s tr❛✈❛✉① s❡r❛ ❞✬✐♥té❣r❡r s✉r ✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ✉♥✐q✉❡ t♦✉t
♦✉ ♣❛rt✐❡ ❞❡s ❢♦♥❝t✐♦♥s r♦❜♦t✐q✉❡s ❞❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ❡t ❞❡ ❧✬❡♥✈✐r♦♥✲
♥❡♠❡♥t✳ ▲❡s ❞✐✛ér❡♥ts ♠♦❞✉❧❡s ♣♦✉rr♦♥t✱ à tr❛✈❡rs ❧❛ ❝♦✉❝❤❡ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞✉
r♦❜♦t✱ é❝❤❛♥❣❡r ❞❡s ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s ❡t ✈❛r✐és s✉r ❧❡s ❧✐❡✉①✱ ♦❜❥❡ts✱ ❛❝t✐✈✐tés
♦✉ ❛❝t✐♦♥s ❞❡ ❧✬❤♦♠♠❡ ❝♦✉r❛♠♠❡♥t ♣❡rç✉s ♦✉ ❛tt❡♥❞✉s ❡✉ é❣❛r❞ ❞✉ ❝♦♥t❡①t❡
❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳ ➚ ❧✬✐♥st❛r ❞❡ ❬❱❡❧♦s♦ ✷✵✵✺❪✱ ♥♦✉s ❡♥✈✐s❛❣❡♦♥s ❞✬❛ss♦❝✐❡r ✉♥❡
r❡♣rés❡♥t❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❛✉① ❝❛té❣♦r✐❡s ❞❡ ❧✐❡✉① ♦✉ ❞✬♦❜❥❡ts ❡①❤✐❜é❡s ❞❛♥s
❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ♠✐❧✐❡✉✳ ▲❛ ❝♦rré❧❛t✐♦♥ ❞❡ t♦✉s ❝❡s ♣❡r❝❡♣ts✱ é✈❡♥t✉❡❧❧❡✲
♠❡♥t ❧❡✉rs ❝♦♠♣❧é♠❡♥t❛r✐tés✱ ♣❡r♠❡ttr♦♥t ✉♥❡ ✐♥t❡r♣rét❛t✐♦♥ ♣❧✉s r♦❜✉st❡
❡t ♣❧✉s ❝♦♠♣❧èt❡ ❞❡ ❧❛ s❝è♥❡ ♣❡rç✉❡✳ P❧✉s ❣❧♦❜❛❧❡♠❡♥t✱ ❧❛ ♣❡r❝❡♣t✐♦♥ ❞✉ ♠✐✲
❧✐❡✉ ✐♥✢✉❡r❛✱ à t♦✉s ❧❡s ♥✐✈❡❛✉①✱ s✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ✭❡t ✈✐❝❡✲✈❡rs❛✮
❝♦♠♠❡ é✈♦q✉é ❞❛♥s ❧❡ ♣r♦❥❡t✳ ◆♦✉s ♣❡♥s♦♥s ✉t✐❧✐s❡r ✐❝✐ ❞❡s ♠é❝❛♥✐s♠❡s ❞✬✐♥✲
❢ér❡♥❝❡ ❜❛②és✐❡♥♥❡ ❞❛♥s ❧❛ ✈❡✐♥❡ ❞❡ ❬❉❛r♥❡❧❧ ✶✾✾✾✱❚♦rr❛❧❜❛ ✷✵✵✸❪✳

❙✬❛❣✐ss❛♥t ❞✉ s✉♣♣♦rt ❡①♣ér✐♠❡♥t❛❧✱ ♥♦✉s ♣r✐✈✐❧é❣✐❡r♦♥s ❧❡ r♦❜♦t ❍❘P✷
✭✜❣✉r❡ ✶✳✶✲✭❞✮✮✱ s✉♣♣♦rt ❛♣♣❧✐❝❛t✐❢ ✐❞é❛❧ ♣✉✐sq✉❡ ❞♦té ❞❡ ❝❛r❛❝tér✐st✐q✉❡s ❤✉✲



Pr♦s♣❡❝t✐✈❡s à ❧♦♥❣ t❡r♠❡ ✼✸

♠❛✐♥❡s ❡♥ t❡r♠❡s ❞❡ ♠♦r♣❤♦❧♦❣✐❡✱ ♣❡r❝❡♣t✐♦♥ ❡t ❞✬✐♥t❡r❛❝t✐♦♥✳ ■❧ ❞✐s♣♦s❡ ♥é❛♥✲
♠♦✐♥s ❞✬✉♥ ♥♦♠❜r❡ r❡str❡✐♥t ❞❡ ❝❛♣t❡✉rs✱ ✐❝✐ ❧❛ ✈✐s✐♦♥✱ ❛✈❡❝✱ q✉✐ ♣❧✉s ❡st✱
✉♥ ❝❤❛♠♣ ❞❡ ✈✉❡ r❡❧❛t✐✈❡♠❡♥t ré❞✉✐t ♣❛r r❛♣♣♦rt ❛✉① r♦❜♦ts ♠♦❜✐❧❡s ♣❧✉s
❝❧❛ss✐q✉❡s✳✳✳ ❝❡ q✉✐ r❡♥❞ s❛ ♥❛✈✐❣❛t✐♦♥ ❞✐✣❝✐❧❡ ❞❛♥s ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❞②✲
♥❛♠✐q✉❡s✳ ▲✬✐♥té❣r❛t✐♦♥ ❞❡ ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ❤étér♦❣è♥❡s s❡r❛ ❛❜♦r❞é❡ ❡♥
✐♥str✉♠❡♥t❛♥t ♣ré❛❧❛❜❧❡♠❡♥t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❀ ♥♦✉s ② r❡✈✐❡♥❞r♦♥s ❝✐✲❛♣rès✳

❱❡rs ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ♠✉❧t✐✲❛❣❡♥ts ✖ ❯♥ s❡❝♦♥❞ ♣r♦❧♦♥❣❡♠❡♥t s❡r❛
❞❡ ❞é♣❛ss❡r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ✓ s✐♠♣❧❡ ✔ ❞❡ s✐t✉❛t✐♦♥s ❞✬✐♥t❡r❛❝t✐♦♥ ♠❡tt❛♥t
❡♥ ❥❡✉ ❧❡ r♦❜♦t à ❧✬❤♦♠♠❡✱ ♦✉ ❧✬❤♦♠♠❡ à s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t ♣♦✉r ✐♥t❡r♣rét❡r
❞❡s s✐t✉❛t✐♦♥s ♠❡tt❛♥t ❡♥ ❥❡✉ t♦✉s ❧❡s ❤✉♠❛✐♥s ♣❛rt❛❣❡❛♥t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
❛✉ ✈♦✐s✐♥❛❣❡ ✐♠♠é❞✐❛t ❞✉ r♦❜♦t✳ ❈❡tt❡ ♣❡rs♣❡❝t✐✈❡ ❡♥r✐❝❤✐r❛ s❝✐❡♥t✐✜q✉❡♠❡♥t
♥♦s ♣r♦❜❧é♠❛t✐q✉❡s✳ ▲❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡st ♣❧✉s ❝♦♠♣❧❡①❡ ❝❛r
❝❡s ✉s❛❣❡rs✱ ❞❡ ♣❛r ❧❡✉rs ❛❝t✐♦♥s✱ ❛♣♣♦rt❡♥t ❞❡ ❧✬✐♥❝❡rt✐t✉❞❡✱ ❡t ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té
❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲❛ ♣❡r❝❡♣t✐♦♥ s✐♠✉❧t❛♥é❡ ❞❡ ❝❡s ♠✉❧t✐♣❧❡s ❛❣❡♥ts✱ ♣❛r
❧❡✉rs ✐♥t❡r❛❝t✐♦♥s ♠✉t✉❡❧❧❡s✱ s❡r❛ é❣❛❧❡♠❡♥t ♣❧✉s ❝♦♠♣❧❡①❡✳ ◆♦✉s s✉❣❣ér♦♥s
❞❡ s②♥t❤ét✐s❡r ✉♥ ✈❡❝t❡✉r ❞✬ét❛t ♣❛r ❛❣❡♥t à ♣❛rt✐r ❞✬✐♥❢♦r♠❛t✐♦♥s ♣r♦♣r❡s
✭♣♦s✐t✐♦♥✱ ❝❛♣✱ ✐❞❡♥t✐té✱ ❛❝t✐✈✐tés ❡♥ ❝♦✉rs✱ ❡t❝✮ ❡t ❞✬✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡①t✉❡❧❧❡s
✭♦❜❥❡ts ♠❛♥✐♣✉❧és ♦✉ à ♣r♦①✐♠✐té✱ ♥❛t✉r❡ ❞✉ ❧✐❡✉✱ ❡t❝✮✳

❈❡s ♣❡r❝❡♣ts ♠✉❧t✐♣❧❡s ❞❡✈r❛✐❡♥t ❛✐❞❡r ❞❛♥s ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ s✐t✉❛✲
t✐♦♥s ♠✉❧t✐✲❛❣❡♥ts ❞❛♥s ❝❡t ❡♥✈✐r♦♥♥❡♠❡♥t é✈♦❧✉t✐❢✳ P♦✉r ❝❛r❛❝tér✐s❡r
❞❡ ♥♦✉✈❡❧❧❡s s✐t✉❛t✐♦♥s✱ ❧❡ ♣r✐♥❝✐♣❡ s❡r❛ ❞❡ ❢❛❝t♦r✐s❡r ❡♥ ♠♦❞è❧❡s é❧é♠❡♥t❛✐r❡s✱
♦✉ ❞✬❛❞❛♣t❡r ❡♥ ❧✐❣♥❡ ❧❡s ♠♦❞è❧❡s ❣r❛♣❤✐q✉❡s ♣r♦❜❛❜✐❧✐st❡s ❝♦✉r❛♥ts✳ ■❧ s✬❛❣✐r❛
♣❛r ❡①❡♠♣❧❡ ❞❡ ❝♦✉♣❧❡r ❞❡s ❍▼▼s ♣❛r ❧❡✉rs ♠❛tr✐❝❡s ❞❡ tr❛♥s✐t✐♦♥ ❬❖❧✐✈❡r
✷✵✵✵❪ ♦✉ ❞❡ r❡❝♦♥✜❣✉r❡r ❝❡s ♠♦❞è❧❡s ❡♥ ❛❞❛♣t❛♥t ❧❛ str✉❝t✉r❡ ❡t ❧❡s ♣❛r❛✲
♠ètr❡s ❬❱❛sq✉❡③ ●♦✈❡❛ ✷✵✵✼❪✳

■♥t❡❧❧✐❣❡♥❝❡ ❛♠❜✐❛♥t❡ ❡t r♦❜♦t✐q✉❡ ✖ ▲❛ ♣❡r❝❡♣t✐♦♥ ♣❧✉s ❣❧♦❜❛❧❡ ❞✉
♠✐❧✐❡✉ s❡♠❜❧❡ ✐♥❝♦♠♣❛t✐❜❧❡ à t❡r♠❡ ❛✈❡❝ ❞❡s ♠♦②❡♥s ♣❡r❝❡♣t✉❡❧s ❧✐♠✐tés ❡t
r❡❣r♦✉♣és s✉r ✉♥ ✉♥✐q✉❡ s✉♣♣♦rt r♦❜♦t✐sé✳✳✳ ♠ê♠❡ ♠♦❜✐❧❡✳ ❆✉ss✐✱ ♥♦✉s s♦✉✲
❤❛✐t♦♥s ✐♥s❝r✐r❡ ♥♦s tr❛✈❛✉① ❢✉t✉rs ❞❛♥s ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞❡ ❧✬✐♥t❡❧❧✐❣❡♥❝❡
❛♠❜✐❛♥t❡✱ ré✈♦❧✉t✐♦♥ t❡❝❤♥♦❧♦❣✐q✉❡ ♣r♦❣r❛♠♠é❡ q✉✐ ✈❡rr❛ ❧❡s ❡♥✈✐r♦♥♥❡✲
♠❡♥ts ❤✉♠❛✐♥s s✬❛♣♣❛r❡♥t❡r à ❞❡s rés❡❛✉① ❞❡ ❝❛♣t❡✉rs ❡t ❞✬❛❝t✐♦♥♥❡✉rs s✉r
✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡ s✉♣♣♦rts ✭♠♦❜✐❧✐❡r✱ ✈êt❡♠❡♥ts✱ ❡t❝✮✳ ❈❡rt❡s✱ ❝❡tt❡ ♣r♦❜❧é♠❛✲
t✐q✉❡ ❞❡ ❧✬✐♥t❡❧❧✐❣❡♥❝❡ ❛♠❜✐❛♥t❡ ♥✬❡st ♣❛s ♥♦✉✈❡❧❧❡ ✿ ❡❧❧❡ ❡st ❡①♣❧♦ré❡ ❞❛♥s ❞❡
♥♦♠❜r❡✉① ♣r♦❣r❛♠♠❡s ❞✬❡♥✈❡r❣✉r❡ ♣❛ssés ♦✉ ❛❝t✉❡❧s ❡✳❣✳ ❧❡ 6ème ♣r♦❣r❛♠♠❡
❝❛❞r❡ ❡✉r♦♣é❡♥ ✓ t❡❝❤♥♦❧♦❣✐❡s ♣♦✉r ❧❛ s♦❝✐été ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ✔✳ ▲✬✐♥❝❧✉s✐♦♥
❞❡ ❝❡ r♦❜♦t ❛ss✐st❛♥t ❞❛♥s ❝❡ rés❡❛✉ ❞❡ ❝❛♣t❡✉rs ❡♥r✐❝❤✐t ❧❛ ♣r♦❜❧é♠❛t✐q✉❡
✓ ❛♠❜✐❛♥t ✔ ❝❛r ❝❡s r♦❜♦ts s❡r♦♥t ❝♦♥s✐❞érés ❝♦♠♠❡ ❞❡s ✉♥✐tés ❞❡ ❝❛♣t❡✉rs
♠♦❜✐❧❡s✳ ❖♥ ♣❛r❧❡ ❛❧♦rs ❞❡ r♦❜♦t✐q✉❡ ✉❜✐q✉✐st❡✳



✼✹ ❚r❛✈❛✉① ❛❝t✉❡❧s ❡t ♣r♦s♣❡❝t✐✈❡s

❉❛♥s ❝❡tt❡ ♣❡rs♣❡❝t✐✈❡✱ ♥♦s ✐♥✈❡st✐❣❛t✐♦♥s s✉r ❧❡s ❝❛♣t❡✉rs ❘❋■❉ ❬❚❍✷❪
♣♦✉r ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡s ❛❣❡♥ts✱ ❧❡ ♣r♦t♦t②♣❛❣❡ ♣ré✈✉ ❞✬✉♥ rés❡❛✉ ❞❡ ❝❛♠é✲
r❛s ✐♥t❡❧❧✐❣❡♥t❡s ❬❚❍✶❪ ♣♦✉r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡ ❧✐❡✉①✱ ❝♦♥st✐t✉❡♥t ♥♦s ❞❡✉①
♣r❡♠✐❡rs ❥❛❧♦♥s✳ ❆✉✲❞❡❧à✱ ❝❡tt❡ ♦✉✈❡rt✉r❡ ♠✬✐♥tér❡ss❡ à ❞♦✉❜❧❡ t✐tr❡✳

Pr✐♠♦✱ ❧❛ ♥❛t✉r❡ ❞❡ ❧❛ r♦❜♦t✐q✉❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥ ♣♦✉rr❛✐t s✬❡♥
tr♦✉✈❡r ❜♦✉❧❡✈❡rsé❡✱ ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡ ❝❛♣t❡✉rs ❞✐str✐❜✉és
❛✉❣♠❡♥t❡r❛✐t ❧❡s ❝❛♣❛❝✐tés ♣❡r❝❡♣t✉❡❧❧❡s ❡♠❜❛rq✉é❡s ❡t ❞♦♥❝ ❢❛❝✐❧✐t❡r❛✐t ❧❛
♣❡r❝❡♣t✐♦♥ ♣❛r ❧❡ r♦❜♦t ❞❡ ❧✬❤♦♠♠❡ ❡t ♣❧✉s ❧❛r❣❡♠❡♥t ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳
▲❡ tr❛✐t❡♠❡♥t ❞❡ ❝❡s ❞✐✈❡rs ✢✉① ❞❡ ❞♦♥♥é❡s s❡♥s♦r✐❡❧❧❡s ✐♠♣❧✐q✉❡r❛✐t ❞❡s ♣r♦✲
❜❧è♠❡s ❞❡ ❢✉s✐♦♥ ❞✬✐♥❢♦r♠❛t✐♦♥s à ❧❛r❣❡ é❝❤❡❧❧❡✱ ❞✬❡st✐♠❛t✐♦♥✱ ❞❡ ♠❛✐♥t✐❡♥
❞❡ ❧❛ ❝♦❤ér❡♥❝❡ ❞❡s r❡♣rés❡♥t❛t✐♦♥s ♥é❝❡ss✐t❛♥t ♣r♦❜❛❜❧❡♠❡♥t ❞❡s ❛♣♣r♦❝❤❡s
♥♦✉✈❡❧❧❡s ♠❛✐s q✉✐ ❞❡✈r❛✐❡♥t s✬✐♥s❝r✐r❡ ❞❛♥s ❧❡ ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡ é♥♦♥❝é✳

❙❡❝✉♥❞♦✱ ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s s❝✐❡♥t✐✜q✉❡s ❡t t❡❝❤♥♦❧♦❣✐q✉❡s s♦✉s✲❥❛❝❡♥t❡s
s♦♥t ♥♦♠❜r❡✉s❡s✱ ❡t ❞é♣❛ss❡♥t ❧❛r❣❡♠❡♥t ❧❡ ❝❛❞r❡ ❞❡ ❧❛ r♦❜♦t✐q✉❡✳ ❈❡ ♣r♦❥❡t✱
❢é❞ér❛t❡✉r ♣♦✉r ❧❡ ❣r♦✉♣❡✱ ♣♦✉rr❛✐t ✐♥✐t✐❡r ❞❡s ❝♦❧❧❛❜♦r❛t✐♦♥s ❛✈❡❝ ♣❧✉s✐❡✉rs
❣r♦✉♣❡s ❞✉ ▲❆❆❙✲❈◆❘❙ ❞♦♥t ❧❡s ❝♦♠♣ét❡♥❝❡s r❡s♣❡❝t✐✈❡s ♣❡r♠❡ttr❛✐❡♥t
❞❡ tr❛✐t❡r ♣❧✉s ❧❛r❣❡♠❡♥t ❞❡s ❞✐✈❡rs ❛s♣❡❝ts ❞❡ ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ✿ ❝♦♥❝❡♣✲
t✐♦♥✴♠✐s❡ ❡♥ rés❡❛✉ ❞❡ ❝❛♣t❡✉rs ❡t ❡✛❡❝t❡✉rs✱ tr❛✐t❡♠❡♥t ❞✉ s✐❣♥❛❧✱ sûr❡té ❞❡
❢♦♥❝t✐♦♥♥❡♠❡♥t✱ ❡t❝✳ ❈❡tt❡ ♣❡rs♣❡❝t✐✈❡ s❡r❛✐t ❛❧♦rs s♦✉r❝❡ ❞✬❡♥r✐❝❤✐ss❡♠❡♥t
s✉r ✉♥ ♣❧❛♥ ♣❧✉s ♣❡rs♦♥♥❡❧✳



❇✐❜❧✐♦❣r❛♣❤✐❡

❬❆❧❛♠✐ ✶✾✾✽❪ ❘✳ ❆❧❛♠✐✱ ❘✳ ❈❤❛t✐❧❛✱ ❙✳ ❋❧❡✉r②✱ ❡t ❋✳ ■♥❣r❛♥❞ ✭✶✾✾✽✮✳ ❆♥
❛r❝❤✐t❡❝t✉r❡ ❢♦r ❛✉t♦♥♦♠②✳ ■♥t✳ ❏♦✉r♥❛❧ ♦❢ ❘♦❜♦t✐❝ ❘❡s❡❛r❝❤ ✭■❏❘❘✬✾✽✮✱
✶✼✭✹✮ ✿✸✶✺✕✸✸✼✳

❬❆r❣❡♥t✐❡r✐ ✷✵✵✺❪ ❙✳ ❆r❣❡♥t✐❡r✐✱ P✳ ❉❛♥ès✱ P✳ ❙♦✉èr❡s✱ ❡t P✳ ▲❛❝r♦✐① ✭✷✵✵✺✮✳
❆♥ ❡①♣❡r✐♠❡♥t❛❧ t❡st❜❡❞ ❢♦r s♦✉♥❞ s♦✉r❝❡ ❧♦❝❛❧✐③❛t✐♦♥ ✇✐t❤ ♠♦❜✐❧❡ r♦❜♦ts
✉s✐♥❣ ♦♣t✐♠✐③❡❞ ✇✐❞❡❜❛♥❞ ❜❡❛♠❢♦r♠❡rs✳ ❉❛♥s ■♥t✳ ❈♦♥❢✳ ♦♥ ■♥t❡❧❧✐❣❡♥t
❘♦❜♦ts ❛♥❞ ❙②st❡♠s ✭■❘❖❙✬✵✺✮✱ ♣❛❣❡s ✷✺✸✻✕✷✺✹✶✱ ❊❞♠♦♥t♦✱ ❈❛♥❛❞❛✳

❬❆r✉❧❛♠♣❛❧❛♠ ✷✵✵✷❪ ❙✳ ❆r✉❧❛♠♣❛❧❛♠✱ ❙✳ ▼❛s❦❡❧❧✱ ◆✳ ●♦r❞♦♥✱ ❡t ❚✳ ❈❧❛♣♣
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✽✺





❆♥✐♠❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ✽✼

✶ ❆♥✐♠❛t✐♦♥ s❝✐❡♥t✐✜q✉❡

▲✬❛♥✐♠❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ❡♥❣❧♦❜❡ ✐❝✐ ❧❡s ❛❝t✐✈✐tés ❞✬❡♥❝❛❞r❡♠❡♥t ✭t❤ès❡s✱
st❛❣❡s✱ ❡t❝✮ ❛✐♥s✐ q✉❡ ♠❡s ✐♠♣❧✐❝❛t✐♦♥s ❞✐✈❡rs❡s ❞❛♥s ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ ♠❛✲
♥✐❢❡st❛t✐♦♥s✱ ❞❡ ❣r♦✉♣❡s ❞❡ tr❛✈❛✐❧ ❡t ❛✉tr❡s ❛❝t✐✈✐tés ❞❡ ❧❡❝t✉r❡ ❝r✐t✐q✉❡✳ ❈❡
❝❤❛♣✐tr❡ r❡♣r❡♥❞ ❝❡s ❞✐✈❡rs ♣♦✐♥ts✳

✶✳✶ ❆❝t✐✈✐tés ❞✬❡♥❝❛❞r❡♠❡♥t

❈♦♥s❝✐❡♥t q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ à ❡t ♣❛r ❧❛ r❡❝❤❡r❝❤❡ ❡st ✉♥ ❞❡s rô❧❡s ❢♦♥✲
❞❛♠❡♥t❛✉① ❞❡ ❧✬❡♥s❡✐❣♥❛♥t✲❝❤❡r❝❤❡✉r✱ ❥✬❛✐ ❡♥❝❛❞ré ♦✉ ❝♦✲❡♥❝❛❞ré ❞❡s t❤ès❡s✱
st❛❣❡s ❞❡ ✜♥ ❞✬ét✉❞❡s ▼✷❘ ✭❡①✲❉❊❆✮✱ ▼✷P ✭❡①✲❉❊❙❙✮✱ ♦✉ ✐♥❣é♥✐❡✉r✳ ❈❡s
❛❝t✐✈✐tés ❞✬❡♥❝❛❞r❡♠❡♥t ♠✬♦♥t ♣❡r♠✐s ❞✬êtr❡ t✐t✉❧❛✐r❡ ❞❡ ❧❛ Pr✐♠❡
❞✬❊♥❝❛❞r❡♠❡♥t ❉♦❝t♦r❛❧ ❡t ❞❡ ❘❡❝❤❡r❝❤❡ ✭P❊❉❘✮ ❞❡♣✉✐s ✷✵✵✵✳ ❈❡s
❛❝t✐✈✐tés✱ ❞ét❛✐❧❧é❡s ❝✐✲❛♣rès✱ s❡ rés✉♠❡♥t à ✿

✕ ✽ ❡♥❝❛❞r❡♠❡♥ts ❞❡ t❤ès❡ ♣❛ssés ♦✉ ❡♥ ❝♦✉rs✱
✕ ✾ ❡♥❝❛❞r❡♠❡♥ts ❞❡ ▼✷❘✱
✕ ✼ ❡♥❝❛❞r❡♠❡♥ts ❞❡ st❛❣❡s ▼✷P ♦✉ ✐♥❣é♥✐❡✉rs✱
✕ ♥♦♠❜r❡✉① t✉t♦r❛ts ❞❡ st❛❣❡s ❡♥ ❡♥tr❡♣r✐s❡s✳

✶✳✶✳✶ ❉✐r❡❝t✐♦♥ ❞❡ t❤ès❡s ❞❡ ❞♦❝t♦r❛t

❬❚❍✶❪ ■❦❡r ❩✉rr✐❛r❛✐♥ ✭✵✾✴✷✵✵✼✲✳✳✳✮✳ ■♠♣❧é♠❡♥t❛t✐♦♥ ❞✬❛❧❣♦r✐t❤♠❡s
❞❡ s✉✐✈✐ ♠✉❧t✐✲♣❡rs♦♥♥❡s s✉r ❋P●❆ ♣♦✉r ❝❛♠ér❛s ✐♥t❡❧❧✐❣❡♥t❡s✳
❚❤ès❡ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ▼♦♥❞r❛❣♦♥ ✭❊s♣❛❣♥❡✮ ❡♥ ❝♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝
◆❡st♦r ❆r❛♥❛ ✭▼❈❋ ❯♥✐✈❡rs✐té ❞❡ ▼♦♥❞r❛❣♦♥✱ ✺✵✪✮✳ ❚❤ès❡ ✜♥❛♥❝é❡
♣❛r ❧❡ ♣r♦❥❡t ❆▼■❙❊●✳ P✉❜❧✐❝❛t✐♦♥ ❛ss♦❝✐é❡ ✿❬✶✵❪✳

❬❚❍✷❪ ❚❤✐❡rr② ●❡r♠❛ ✭✶✶✴✷✵✵✻✲✳✳✳✮✳ ◆❛✈✐❣❛t✐♦♥ ❡t ♣❡r❝❡♣t✐♦♥ ♠✉❧✲
t✐♠♦❞❛❧❡ ❞❡ ❧✬❤♦♠♠❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❛❝t✐❢✳ ❚❤ès❡ ❞❡ ❧✬❯♥✐✲
✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r ❡♥ ❝♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ P❛tr✐❝❦ ❉❛♥ès ✭▼❈❋ ❯P❙✱
✺✵✪✮✳ ❚❤ès❡ ✜♥❛♥❝é❡ ♣❛r ❧❡ ♣r♦❥❡t ❡✉r♦♣é❡♥ ❈♦♠♠❘♦❜✳ P✉❜❧✐❝❛t✐♦♥s
❛ss♦❝✐é❡s ✿ ❬✷✱ ✶✺✱ ✶✻✱ ✸✽❪✳

❬❚❍✸❪ ❇r✐❝❡ ❇✉r❣❡r ✭✶✵✴✷✵✵✻✲✳✳✳✮✳ ❋✉s✐♦♥ ❞❡ ❞♦♥♥é❡s ❛✉❞✐♦✈✐s✉❡❧❧❡s
♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍♦♠♠❡✴❘♦❜♦t✳ ❚❤ès❡ ▼❊◆❘❚ ❞❡ ❧✬❯♥✐✈❡rs✐té
P❛✉❧ ❙❛❜❛t✐❡r ❡♥ ❝♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ ■s❛❜❡❧❧❡ ❋❡rr❛♥é ✭▼❈❋ ■❘■❚✴ ❯P❙✱
✺✵✪✮✳ P✉❜❧✐❝❛t✐♦♥s ❛ss♦❝✐é❡s ✿ ❬✶✷✱ ✶✸❪✳

❬❚❍✹❪ ●✉✐❧❧❛✉♠❡ ●❡❧❛❜❡rt ✭✵✺✴✷✵✵✻✲✳✳✳✮✳❆✉t♦✲❝❛❧✐❜r❛❣❡ ❞✬✉♥ s②stè♠❡
♠✉❧t✐✲❝❛♠ér❛s r❛♣✐❞❡s s②♥❝❤r♦♥❡s ❡t ❛♥❛❧②s❡ ❞✉ ♠♦✉✈❡♠❡♥t
✸❉✳ ❆♣♣❧✐❝❛t✐♦♥s ❛✉t♦♠♦❜✐❧❡ ❡t ❛ér♦♥❛✉t✐q✉❡✳ ❇♦✉rs❡ ❈■❋❘❊
❛✈❡❝ ❧❛ s♦❝✐été ❖❘▼❊ ❞❡ ❚♦✉❧♦✉s❡✳ ❚❤ès❡ ❞❡ ❧✬❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛✲
t✐❡r ❡♥ ❝♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ ▼✐❝❤❡❧ ❉❡✈② ✭❉❘ ▲❆❆❙✲❈◆❘❙✱ ✺✵✪✮✳ ❚r❛✈❛✉①



✽✽

✐♥❝❧✉❛♥t ❞❡s ❝❧❛✉s❡s ❞❡ ❝♦♥✜❞❡♥t✐❛❧✐té✳
❬❚❍✺❪ ▼❛t❤✐❛s ❋♦♥t♠❛rt② ✭✷✵✵✺✲✷✵✵✽✮✳❱✐s✐♦♥ ❡t ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡
♣♦✉r ❧❡ s✉✐✈✐ tr✐❞✐♠❡♥s✐♦♥♥❡❧ ❞❡ ♠♦✉✈❡♠❡♥t ❤✉♠❛✐♥✳ ❆♣♣❧✐❝❛✲
t✐♦♥s à ❧❛ ❘♦❜♦t✐q✉❡✳ ❚❤ès❡ ▼❊◆❘❚ ❞❡ ❧✬❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r
❡♥ ❝♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ P❛tr✐❝❦ ❉❛♥ès ✭▼❈❋ ❯P❙✱ ✺✵✪✮✳ ❙♦✉t❡♥❛♥❝❡ ❡♥
❞é❝❡♠❜r❡ ✷✵✵✽✳
✕ r❛♣♣♦rt❡✉rs ✿ ▼✳❖✳❇❡r❣❡r ✭❈❘ ❍❉❘ ▲❖❘■❆ ◆❛♥❝②✮ ❡t P✳Pér❡③ ✭❉❘
■◆❘■❆ ❘❡♥♥❡s✮✳

✕ ♣✉❜❧✐❝❛t✐♦♥s ❛ss♦❝✐é❡s ✿ ❬✸✱ ✶✹✱ ✸✼✱ ✸✻✱ ✶✶❪✳
✕ ❞❡✈❡♥✐r ✿ ❆❚❊❘ ■◆❙❆ ❚♦✉❧♦✉s❡✳

❬❚❍✻❪ P❛✉❧♦ ▼❡♥❡③❡s ✭✷✵✵✷✲✷✵✵✻✮✳ ▼✉❧t✐♣❧❡✲❝✉❡ ❱✐s✉❛❧ ❚r❛❝❦✐♥❣ ❢♦r
❍✉♠❛♥✲❘♦❜♦t ■♥t❡r❛❝t✐♦♥✳ ❚❤ès❡ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ❈♦✐♠❜r❛ ✭P♦r✲
t✉❣❛❧✮ ❡♥ ❝♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ ❏✳❉✐❛s ✭P❘ ■❙❘ ❈♦✐♠❜r❛✱ ✷✵✪✮✳ ❙♦✉t❡♥✉❡
❧❡ ✶✸ ❥✉✐❧❧❡t ✷✵✵✼✳ ▼❡♥t✐♦♥ très ❤♦♥♦r❛❜❧❡✳
✕ r❛♣♣♦rt❡✉rs ✿ ❆✳❈❛③❛❧s ✭P❘ ❯♥✐✈❡rs✐té P♦❧②t❡❝❤♥✐q✉❡ ❞❡ ❈❛t❛❧♦❣♥❡✮
❡t ▼✳❉❡✈②✳

✕ ♣✉❜❧✐❝❛t✐♦♥s ❛ss♦❝✐é❡s ✿ ❬✶✱ ✶✼✱ ✶✾✱ ✷✵✱ ✷✹✱ ✹✵✱ ✹✶❪✳
✕ ❞❡✈❡♥✐r ✿ ❡♥s❡✐❣♥❛♥t✲❝❤❡r❝❤❡✉r à ■❙❘ ❈♦✐♠❜r❛✱ P♦rt✉❣❛❧✳

❬❚❍✼❪ ▲✉❞♦✈✐❝ ❇rèt❤❡s ✭✷✵✵✷✲✷✵✵✺✮✳ ❙✉✐✈✐ ✈✐s✉❡❧ ♣❛r ✜❧tr❛❣❡ ♣❛rt✐❝✉✲
❧❛✐r❡✳ ❆♣♣❧✐❝❛t✐♦♥ à ❧✬✐♥t❡r❛❝t✐♦♥ ❍♦♠♠❡✴❘♦❜♦t✳ ❚❤ès❡ ▼❊◆❘❚
❞❡ ❧✬❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r ❡♥ ❝♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ P❛tr✐❝❦ ❉❛♥ès ✭✺✵✪✮✳
❙♦✉t❡♥✉❡ ❧❡ ✶✸ ❞é❝❡♠❜r❡ ✷✵✵✺✳ ▼❡♥t✐♦♥ très ❤♦♥♦r❛❜❧❡✳
✕ r❛♣♣♦rt❡✉rs ✿ P✳Pér❡③ ✭❉❘ ■◆❘■❆ ❘❡♥♥❡s✮ ❡t ❋✳❏✉r✐❡ ✭❈❘ ❍❉❘ ■◆✲
❘■❆ ●r❡♥♦❜❧❡✮

✕ ♣✉❜❧✐❝❛t✐♦♥s ❛ss♦❝✐é❡s ✿ ❬✹✱ ✷✶✱ ✷✷✱ ✷✹✱ ✸✾✱ ✹✶❪✳
✕ ❞❡✈❡♥✐r ✿ ❝ré❛t✐♦♥ ❞❡ ❧❛ st❛rt✲✉♣ ♥♦♦♠❡♦✱ ❈❛str❡s✳

❬❚❍✽❪ ❏❡❛♥✲❇❡r♥❛r❞ ❍❛②❡t ✭✶✾✾✾✲✷✵✵✸✮✳ ❈♦♥tr✐❜✉t✐♦♥ à ❧❛ ♥❛✈✐❣❛✲
t✐♦♥ ❞✬✉♥ r♦❜♦t ♠♦❜✐❧❡ s✉r ❛♠❡rs ✈✐s✉❡❧s t❡①t✉rés ❞❛♥s ✉♥
❡♥✈✐r♦♥♥❡♠❡♥t str✉❝t✉ré✳ ❚❤ès❡ ❇❉■ ❞❡ ❧✬❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r
❡♥ ❝♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ ▼✐❝❤❡❧ ❉❡✈② ✭✺✵✪✮✳ ❙♦✉t❡♥✉❡ ❧❡ ✷✾ ❥❛♥✈✐❡r ✷✵✵✸✳
▼❡♥t✐♦♥ très ❤♦♥♦r❛❜❧❡✳
✕ r❛♣♣♦rt❡✉rs ✿ P✳❘✐✈❡s ✭❉❘ ■◆❘■❆ ❙♦♣❤✐❛✮ ❡t ▼✳❉❤♦♠❡ ✭❉❘ ❈◆❘❙
❈❧❡r♠♦♥t✲❋❡rr❛♥❞✮

✕ ♣✉❜❧✐❝❛t✐♦♥s ❛ss♦❝✐é❡s ✿ ❬✺✱ ✼✱ ✷✺✱ ✷✻✱ ✷✼✱ ✸✵✱ ✸✹✱ ✸✺✱ ✹✸❪✳
✕ ❞❡✈❡♥✐r ✿ ❝❤❡r❝❤❡✉r ❛✉ ❈■▼❆❚✱ ❯♥✐✈❡rs✐té ❞❡ ●✉❛♥❛❥✉❛t♦✱ ▼❡①✐q✉❡✳

❊♥ ✷✵✵✷✱ ❥✬❛✐ ♣♦♥❝t✉❡❧❧❡♠❡♥t ♣❛rt✐❝✐♣é à ❧✬❡♥❝❛❞r❡♠❡♥t ❞❡ ❧❛ t❤ès❡ ❞❡ ◆❡st♦r
❆r❛♥❛ ✭▼❈❋ ❯♥✐✈❡rs✐té ▼♦♥❞r❛❣♦♥✮ ❛❧♦rs ❞♦❝t♦r❛♥t ❞❛♥s ❧❡ ❣r♦✉♣❡ ❘■❆ ❞✉
▲❆❆❙✲❈◆❘❙✳ ❈❡tt❡ ✐♠♣❧✐❝❛t✐♦♥ s✬❡st ❝♦♥❝rét✐sé❡ ♣❛r ✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ❬✷✾❪✳



❆♥✐♠❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ✽✾

✶✳✶✳✷ ❉✐r❡❝t✐♦♥ ❞❡ ▼❛stèr❡ ✷ ❘❡❝❤❡r❝❤❡ ✭▼✷❘✮

❬❉❊❆✶❪ ■❦❡r ❩✉rr✐❛r❛✐♥✱ ❊❝♦❧❡ P♦❧②t❡❝❤♥✐q✉❡ ❞❡ ▼♦♥❞r❛❣♦♥ ✭✷✵✵✼✮✳ ❙✉✐✈✐
♠✉❧t✐✲♣❡rs♦♥♥❡s à ♣❛rt✐r ❞❡ ❝❛♠ér❛s ❞❡ s✉r✈❡✐❧❧❛♥❝❡✳

❬❉❊❆✷❪ ❙❛♥❞r♦ ▼❛✉r②✱ ❯P❙ ✭✷✵✵✻✮✳❉ét❡❝t✐♦♥ ♣r♦❜❛❜✐❧✐st❡ ❞❡ ♣♦rt❡s
♣❛r ✈✐s✐♦♥ ♠♦♥♦❝✉❧❛✐r❡ à ♣❛rt✐r ❞✬✉♥ r♦❜♦t ♠♦❜✐❧❡✳ ❈♦✲❞✐r❡❝t✐♦♥
❛✈❡❝ ▼✐❝❤❡❧ ❉❡✈②✳

❬❉❊❆✸❪ ▼❛t❤✐❛s ❋♦♥t♠❛rt②✱ ■◆❙❆❚ ✭✷✵✵✺✮✳ ❙✉✐✈✐ ❞✬✉♥ ❜r❛s ❤✉♠❛✐♥
♣❛r ❯♥s❝❡♥t❡❞ ❑❛❧♠❛♥ ❋✐❧t❡r✳ ❈♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ P❛tr✐❝❦ ❉❛♥ès✳

❬❉❊❆✹❪ ❋❧♦r❡♥t ▲❛♥t❡r♥❛✱ ■◆❙❆❚ ✭✷✵✵✹✮✳ ❈♦♥tr✐❜✉t✐♦♥s à ❧❛ ♥❛✈✐✲
❣❛t✐♦♥ ❞✬✉♥ r♦❜♦t ♠♦❜✐❧❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞✬✐♥tér✐❡✉r✳ ❈♦✲
❞✐r❡❝t✐♦♥ ❛✈❡❝ ▼✐❝❤❡❧ ❉❡✈②✳

❬❉❊❆✺❪ ❈❧❛✉❞✐❛ ❊st❡✈❡s✱ ❯P❙ ✭✷✵✵✸✮✳ ❈♦♥str✉❝t✐♦♥ ❞✬✉♥❡ ❝❛rt❡ t♦✲
♣♦❧♦❣✐q✉❡ ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ q✉❛❧✐t❛t✐✈❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t
❞✬✐♥tér✐❡✉r✳ ❈♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ ▼✐❝❤❡❧ ❉❡✈②✳

❬❉❊❆✻❪ ❨❛♥♥ ❘♦tr♦✉✱ ■◆❙❆❚ ✭✷✵✵✷✮✳ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❣❡st✉❡❧❧❡ ♣❛r
✈✐s✐♦♥ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍♦♠♠❡✴❘♦❜♦t✳ ❈♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ P❛✲
tr✐❝❦ ❉❛♥ès✳

❬❉❊❆✼❪ P❛s❝❛❧ ❇❡❧❛✉❜r❡✱ ■◆❙❆❚ ✭✷✵✵✶✮✳ ▼♦❞é❧✐s❛t✐♦♥ ❞✬♦❜❥❡t à ♣❛r✲
t✐r ❞✬✉♥ s②stè♠❡ ❞❡ ❧✉♠✐èr❡ str✉❝t✉ré❡ ♠♦♥té s✉r ✉♥ ❜r❛s
r♦❜♦t✐q✉❡✳ ❈♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ ▼✐❝❤❡❧ ❉❡✈②✳

❬❉❊❆✽❪ ❏❡❛♥✲❇❡r♥❛r❞ ❍❛②❡t✱ ❊◆❙❚❆ ✭✶✾✾✾✮✳ ▲♦❝❛❧✐s❛t✐♦♥ ❞✬✉♥ r♦❜♦t
♠♦❜✐❧❡ ❛✉t♦♥♦♠❡ ❡♥ ♠✐❧✐❡✉ ✐♥tér✐❡✉r à ♣❛rt✐r ❞✬✉♥❡ ❝❛♠ér❛
❡♠❜❛rq✉é❡✳

❬❉❊❆✾❪ ❙②❧✈❛✐♥ ❉✉r❛♥❞✱ ■◆❙❆❚ ✭✶✾✾✽✮✳❉ét❡❝t✐♦♥ ❡t ❧♦❝❛❧✐s❛t✐♦♥ ❞✬♦❜✲
❥❡ts ♠♦❜✐❧❡s ❞❛♥s ✉♥❡ s❝è♥❡ str✉❝t✉ré❡✳ ❈♦✲❞✐r❡❝t✐♦♥ ❛✈❡❝ ▼✐❝❤❡❧
❉❡✈②✳

✶✳✶✳✸ ❊♥❝❛❞r❡♠❡♥t ❡t t✉t♦r❛t ❞❡ st❛❣❡s ❞❡ ✜♥ ❞✬ét✉❞❡s

❏❡ ❞✐st✐♥❣✉❡ ✐❝✐ ❧✬❡♥❝❛❞r❡♠❡♥t ❞❡ st❛❣❡s ✐♥❣é♥✐❡✉r ❡✛❡❝t✉és ❛✉ ❧❛❜♦r❛t♦✐r❡
❡t ❞♦♥♥❛♥t ❧✐❡✉ à ✉♥ s✉✐✈✐ ré❣✉❧✐❡r ❞❡ t✉t♦r❛t ❞❡ st❛❣❡s ❡♥ ❡♥tr❡♣r✐s❡s ♦ù
♠♦♥ ✐♠♣❧✐❝❛t✐♦♥ ét❛✐t très ♣♦♥❝t✉❡❧❧❡✳ ❈❡s st❛❣❡s ét❛✐❡♥t ❞✬✉♥❡ ❞✉ré❡ ❞❡ ✺ à
✻ ♠♦✐s✳
• ❊♥❝❛❞r❡♠❡♥t ❞❡ st❛❣❡s ✐♥❣é♥✐❡✉r

✕ s✉r ❧❡ t❤è♠❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ✿ ❆✳❘♦❣✉❡③
✭✷✵✵✼✮✱ ▲✳Pr✉♥❡t ✭✷✵✵✹✮✱ ❙✳▼❛s ❡t ❆✳❈✉♥✐❛ss❡ ✭✷✵✵✸✮✱ ❏✳❈❛r❜❛❥♦ ❡t
❇✳❩✇✐❝❦ ✭✷✵✵✷✮✳

✕ s✉r ❧❡ t❤è♠❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘ ✿ ▼✳ ❉❡s✲
t❡♣❤❡s ✭✷✵✵✼✮✱ ❚✳●❡r♠❛ ✭✷✵✵✻✮✱ ❆✳❨✈❡r♥ès ✭✷✵✵✹✮✳

• ❚✉t♦r❛t ❞❡ st❛❣❡s ✐♥❞✉str✐❡❧s ✿ ❉❡♣✉✐s ✶✾✾✽✱ tr♦✐s à q✉❛tr❡ t✉t♦r❛ts ♣❛r



✾✵

❛♥ ❞❡ ✿
✕ st❛❣❡s ❞❡ ✜♥ ❞✬ét✉❞❡s ❞✬ét✉❞✐❛♥ts ❞❡ ▼❛stèr❡ ✷ Pr♦❢❡ss✐♦♥♥❡❧ ✭❡①✲❉❊❙❙✮
♠❡♥t✐♦♥ ❙②stè♠❡s ■♥t❡❧❧✐❣❡♥ts✱ ■♥t❡❧❧✐❣❡♥❝❡ ❆rt✐✜❝✐❡❧❧❡✱ ❘❡❝♦♥♥❛✐ss❛♥❝❡
❞❡s ❋♦r♠❡s ❡t ❘♦❜♦t✐q✉❡ ♦✉ Pr♦❞✉❝t✐q✉❡✳

✕ st❛❣❡s ❞❡ ▼❛stèr❡ 1 ✭❡①✲▼❛îtr✐s❡✮ ❞❡ ❧✬■♥st✐t✉t ❯♥✐✈❡rs✐t❛✐r❡ Pr♦❢❡ss✐♦♥✲
♥❡❧ ✭■❯P✮ ❙②stè♠❡s ■♥t❡❧❧✐❣❡♥ts ✭■❯P ❙■✮✳

✶✳✷ ❋♦♥❝t✐♦♥s ❞✬✐♥térêt ❣é♥ér❛❧

✶✳✷✳✶ ❖r❣❛♥✐s❛t✐♦♥s ❞❡ ♠❛♥✐❢❡st❛t✐♦♥s s❝✐❡♥t✐✜q✉❡s

✕ ✷✵✵✼ ✿ ♠❡♠❜r❡ ❞✉ ❝♦♠✐té ❞❡ ♣r♦❣r❛♠♠❡ ❞✉ ❝♦♥❣rès ❞♦❝t♦r❛❧ ❊❧❡❝tr♦✲
♥✐❝s✱ ❈♦♥tr♦❧✱ ▼♦❞❡❧❧✐♥❣✱ ▼❡❛s✉r❡♠❡♥t ❛♥❞ ❙✐❣♥❛❧s ✭❊❈▼❙✬✵✼✮✳ ❈❡tt❡
é❝♦❧❡ s✬❡st ❞ér♦✉❧é❡ ❞✉ ✷✶ ❛✉ ✷✸ ♠❛✐ ✷✵✵✼ à ▲✐❜ér❡❝✳ ❚♦✉t❡s ❧❡s ✐♥❢♦r✲
♠❛t✐♦♥s s♦♥t ❛❝❝❡ss✐❜❧❡s à ❧✬❯❘▲ ✇✇✇✳♠❡❝❤❛tr♦♥✐❦❛✳❝③✴❡❝♠s✷✵✵✼

✕ ✷✵✵✻ ✿ ♠❡♠❜r❡ ❞✉ ❝♦♠✐té s❝✐❡♥t✐✜q✉❡ ❞✉ ✇♦r❦s❤♦♣ ❡✉r♦♣é❡♥ ❱✐s✉❛❧✲
❜❛s❡❞ ❍✉♠❛♥✴❘♦❜♦t ■♥t❡r❛❝t✐♦♥ ❧❡ ✶✽ ♠❛rs à P❛❧❡r♠❡ ✭■t❛❧✐❡✮✳ ❈❡ ✇♦r❦✲
s❤♦♣ s✬❡st ❞ér♦✉❧é ❞✉r❛♥t ❧❡ ♣r❡♠✐❡r s②♠♣♦s✐✉♠ ❡✉r♦♣é❡♥ ❞❡ ❘♦❜♦t✐q✉❡
✭❊❯❘❖❙✬✵✻✮ ❞✉ ✶✺ ❛✉ ✶✽ ♠❛rs✳ ▲✐❡♥ ❯❘▲ ✿ ♣❛❧♦♠❛✳✐sr✳✉❝✳♣t✴∼❤r✐✵✻✳

✕ ✷✵✵✹ ✿ ♠❡♠❜r❡ ❞✉ ❝♦♠✐té ❞✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ ❝♦♥❣rès ❘❡❝♦♥♥❛✐ss❛♥❝❡
❞❡s ❋♦r♠❡s ❡t ■♥t❡❧❧✐❣❡♥❝❡ ❆rt✐✜❝✐❡❧❧❡ ✭❘❋■❆✬✵✹✮ ❞✉ ✷✽ ❛✉ ✸✶ ❥❛♥✈✐❡r
à ❚♦✉❧♦✉s❡✳ ■❧ ❝♦♥st✐t✉❡ ❧❡ ❝♦♥❣rès ❢r❛♥❝♦♣❤♦♥❡ ♠❛❥❡✉r ❡♥ ❱✐s✐♦♥✱ s❡
❞ér♦✉❧❡ t♦✉s ❧❡s ❞❡✉① ❛♥s✱ ❡t r❡❣r♦✉♣❡ ❡♥✈✐r♦♥ ✸✺✵ ❝❤❡r❝❤❡✉rs ❞❡ ❧❛
❝♦♠♠✉♥❛✉té ❱✐s✐♦♥✳ ▲✐❡♥ ❯❘▲ ✿ ✇✇✇✳❧❛❛s✳❢r✴r❢✐❛✷✵✵✹✳

✕ ✷✵✵✶ ✿ ▼❡♠❜r❡ ❞✉ ❝♦♠✐té ❞❡ ♣r♦❣r❛♠♠❡ ❞✉ ❝♦♥❣rès ❢r❛♥❝♦♣❤♦♥❡ ❖❘❆✲
❙■❙✳ ❈❡ ❝♦♥❣rès r❡❣r♦✉♣❛✐t ✶✷✵ ❝❤❡r❝❤❡✉rs ❞❡ ❧❛ ❝♦♠♠✉♥❛✉té ❱✐s✐♦♥ ♣❛r
♦r❞✐♥❛t❡✉r ❞✉ ✺ ❛✉ ✽ ❥✉✐♥ ✷✵✵✶ à ❈❛❤♦rs✳
▲✐❡♥ ❯❘▲ ✇✇✇✳✐r✐t✳❢r✴❖❘❆❙■❙✷✵✵✶✳

✕ ✷✵✵✶ ✿ ❝♦♦r❞✐♥❛t❡✉r ❞✉ ❝♦♠✐té ❞✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ ❙②♠♣♦s✐✉♠ ■♥t❡r♥❛✲
t✐♦♥❛❧ ♦♥ ■♥t❡❧❧✐❣❡♥t ❘♦❜♦t✐❝ ❙②st❡♠s ✭❙■❘❙✬✵✶✮ ❞✉ ✶✻ ❛✉ ✶✽ ❥✉✐♥ à
❚♦✉❧♦✉s❡✳ ❈❡ s②♠♣♦s✐✉♠ r❡❣r♦✉♣❛✐t ✼✵ ❝❤❡r❝❤❡✉rs ❞❡ ❧❛ ❝♦♠♠✉♥❛✉té
❘♦❜♦t✐q✉❡✳ ▲✐❡♥ ❯❘▲ ✿ ✇✇✇✳❧❛❛s✳❢r✴s✐rs✷✵✵✶✳

✶✳✷✳✷ ●r♦✉♣❡s ❞❡ tr❛✈❛✐❧

✕ ❘❡s❡❛r❝❤ ❆❝t✐✈✐t② ✷ ✭❘❆✷✮✱ ♣r♦❥❡t ❈❖●◆■❘❖◆ ✿ ♣❛rt✐❝✐♣❛t✐♦♥ ❛✉ ❣r♦✉♣❡
❞❡ tr❛✈❛✐❧ ❉❡t❡❝t✐♦♥ ❛♥❞ ❯♥❞❡rst❛♥❞✐♥❣ ♦❢ ❤✉♠❛♥ ❆❝t✐✈✐t② ✐♥❝❧✉❛♥t ✺
♣❛rt❡♥❛✐r❡s ❡✉r♦♣é❡♥s ❞✉ ♣r♦❥❡t ❈❖●◆■❘❖◆✳

✕ ❲♦r❦♣❛❝❦❛❣❡ ✹ ✭❲P✹✮✱ ♣r♦❥❡t ❈♦♠♠❘♦❜ ✿ r❡s♣♦♥s❛❜❧❡✴❝♦♦r❞✐♥❛t❡✉r
❞✉ ❣r♦✉♣❡ ❞❡ tr❛✈❛✐❧ ❍✉♠❛♥ ▼♦t✐♦♥ ■♥t❡r♣r❡t❛t✐♦♥ ✐♥❝❧✉❛♥t ✸ ♣❛rt❡✲
♥❛✐r❡s ❡✉r♦♣é❡♥s ❞✉ ♣r♦❥❡t ❈♦♠♠❘♦❜✳



❈♦♥tr❛ts✱ ❝♦❧❧❛❜♦r❛t✐♦♥s ❡t ♣r♦❥❡ts ❞❡ r❡❝❤❡r❝❤❡ ✾✶

✕ ●❉❘ ♥❛t✐♦♥❛✉① ●❚✺ ❘♦❜♦t✐q✉❡ ❡t ■❙■❙ ❱✐s✐♦♥ ✿ ♣❛rt✐❝✐♣❛t✐♦♥ à ❥♦✉r✲
♥é❡s t❤é♠❛t✐q✉❡s ❡♥ t❛♥t q✉✬♦r❛t❡✉r ♦✉ s✐♠♣❧❡ ❛✉❞✐t❡✉r✳

✕ ❙✐❣❱✐s✐♦♥✱ ♣ô❧❡ ❘■❆ ❞✉ ❧❛❜♦r❛t♦✐r❡ ✿ ♣❛rt✐❝✐♣❛t✐♦♥ ❛✉① ré✉♥✐♦♥s ❜✐✲
♠❡♥s✉❡❧❧❡s ❢é❞ér❛♥t ✉♥❡ q✉✐♥③❛✐♥❡ ❞❡ ❝❤❡r❝❤❡✉rs ❞✉ ❧❛❜♦r❛t♦✐r❡ s✉r ❧❡
t❤è♠❡ ♣❡r❝❡♣t✐♦♥✳

✕ ❚❤è♠❡ n◦ ✷✱ ❣r♦✉♣❡ ❘❆P ❞✉ ❧❛❜♦r❛t♦✐r❡ ✿ ❛♥✐♠❛t✐♦♥✴❝♦♦r❞✐♥❛t✐♦♥ ❛✉
q✉♦t✐❞✐❡♥ ❞❡ ❝❡ t❤è♠❡ ✐♠♣❧✐q✉❛♥t ✸ ♣❡r♠❛♥❡♥ts✱ ✹ ❞♦❝t♦r❛♥ts✱ ✷ à ✹
st❛❣✐❛✐r❡s ♣❛r ❛♥ ❡t ♣♦rt❡✉r ❞❡ ❝❡ t❤è♠❡ ❞❛♥s ❧❡s ❞✐✛ér❡♥ts ♣r♦❥❡ts
❛ss♦❝✐és ❞✉ ❧❛❜♦r❛t♦✐r❡✳

✶✳✷✳✸ ❆❝t✐✈✐tés ❞❡ ❧❡❝t✉r❡ ❝r✐t✐q✉❡

✕ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ ❘♦❜♦t✐❝s ✭❚❘❖✮✱
✕ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ P❛tt❡r♥ ❘❡❝♦❣♥✐t✐♦♥ ✭P❘✮✱
✕ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❘♦❜♦t✐❝s ❛♥❞ ❆✉t♦♠❛t✐♦♥ ✭■❈❘❆✮✱
✕ ■❊❊❊✴❘❙❏ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ■♥t❡❧❧✐❣❡♥t ❘❖❜♦ts ❛♥❞ ❙②s✲
t❡♠s ✭■❘❖❙✮✱

✕ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦♠♣✉t❡r ❱✐s✐♦♥ ✭■❈❈❱✮✱
✕ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ ■♥str✉♠❡♥t❛t✐♦♥ ❛♥❞ ▼❡❛s✉r❡♠❡♥t ❏♦✉r♥❛❧✱
✕ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ■♥t❡❧❧✐❣❡♥t ❘♦❜♦t✐❝ ❙②st❡♠s ✭❙■❘❙✮✱
✕ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ✸❉ ❉✐❣✐t❛❧ ■♠❛❣✐♥❣ ❛♥❞ ▼♦❞❡❧✐♥❣
✭✸❉■▼✮✱

✕ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✐♥t ❈♦♥❢❡r❡♥❝❡ ♦♥ ❆rt✐✜❝✐❛❧ ■♥t❡❧❧✐❣❡♥❝❡ ✭■❏❈❆■✮✱
✕ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ▼♦❞❡❧✲❜❛s❡❞ ■♠❛❣✐♥❣✱ ❘❡♥❞❡r✐♥❣✱ ❆♥❛❧②s✐s
❛♥❞ ●r❛♣❤✐❝❛❧ ❊✛❡❝ts ✭▼■❘❆●❊✮✱

✕ ❏♦✉r♥❛❧ ❊✉r♦♣é❡♥ ❞❡s ❙②stè♠❡s ❆✉t♦♠❛t✐sés ✭❏❊❙❆✮✱
✕ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ■♥t❡❧❧✐❣❡♥t ❚r❛♥s♣♦rt❛t✐♦♥ ❙②st❡♠s✱
✕ ❈♦♥❣rès ❢r❛♥❝♦♣❤♦♥❡ ❞❡ ❱✐s✐♦♥ ✭❖❘❆❙■❙✮✱
✕ Pr♦❣r❛♠♠❡ ❘♦❜♦t✐q✉❡ ❡t ❊♥t✐tés ❆rt✐✜❝✐❡❧❧❡s ✭❘♦❜❊❆✮✱
✕ Pr♦❥❡t ré❣✐♦♥ ▲❛♥❣✉❡❞♦❝✲❘♦✉ss✐❧❧♦♥✳

✷ ❈♦♥tr❛ts✱ ❝♦❧❧❛❜♦r❛t✐♦♥s ❡t ♣r♦❥❡ts ❞❡ r❡❝❤❡r❝❤❡

❈♦♥s❝✐❡♥t q✉❡ ❧❡ tr❛♥s❢❡rt t❡❝❤♥♦❧♦❣✐q✉❡ ❡st ✉♥❡ ❝♦♠♣♦s❛♥t❡ ♠❛❥❡✉r❡ ❞❡
♥♦s ❛❝t✐✈✐tés✱ ♠♦♥ ✐♠♣❧✐❝❛t✐♦♥ ❛✉♣rès ❞✉ ♠✐❧✐❡✉ ✐♥❞✉str✐❡❧ t♦✉❧♦✉s❛✐♥ ❛ ❞é✲
♠❛rré ❞ès ✶✾✾✽ ❛✈❡❝ ❧❡ ♣r♦❥❡t P❘❊❉■❚ ❬❈■✸❪✳ ▲❡s ❝♦♥t❛❝ts ❡t r❡❧❛t✐♦♥s ♥♦✉és
♦✉ ❡♥tr❡t❡♥✉s ❞❡♣✉✐s ❛✈❡❝ ❧❡ ♠✐❧✐❡✉ ✐♥❞✉str✐❡❧ ❧♦❝❛❧ ♦♥t ♣❡r♠✐s ré❝❡♠♠❡♥t
❧❛ s✐❣♥❛t✉r❡ ❞❡ ❞❡✉① ❝♦♥tr❛ts✳ ▼❡s ✐♠♣❧✐❝❛t✐♦♥s ❞❛♥s ❝❡s ❞✐✛ér❡♥ts ❝♦♥tr❛ts✱
❝♦❧❧❛❜♦r❛t✐♦♥s ❡t ♣r♦❥❡ts ❞❡ r❡❝❤❡r❝❤❡ ❞✉ ♣ô❧❡ ❘■❆ s♦♥t ❞ét❛✐❧❧é❡s ❝✐✲❛♣rès
♣❛r ♦r❞r❡ ❝❤r♦♥♦❧♦❣✐q✉❡ ✐♥✈❡rs❡✳ ❊❧❧❡s s❡ rés✉♠❡♥t ❞❡♣✉✐s s❡♣t❡♠❜r❡ ✶✾✾✼ à



✾✷

❞❡s r❡s♣♦♥s❛❜✐❧✐tés✴♣❛rt✐❝✐♣❛t✐♦♥s ❞❛♥s ✿
✕ ✷ ♣r♦❥❡ts ❡✉r♦♣é❡♥s ❞❡ r❡❝❤❡r❝❤❡✱
✕ ✸ ❝♦♥tr❛ts ✐♥❞✉str✐❡❧s✱
✕ ✶ ♣r♦❥❡t ♥❛t✐♦♥❛❧ ❞❡ r❡❝❤❡r❝❤❡✱
✕ ✶ ♣r♦❥❡t tr❛♥s✲♣②ré♥é❡♥✱
✕ ✶ ♣r♦❥❡t ré❣✐♦♥❛❧ ❞❡ r❡❝❤❡r❝❤❡✱
✕ ✸ ❝♦❧❧❛❜♦r❛t✐♦♥s ✐♥t❡r♥❛t✐♦♥❛❧❡s✳

❈♦♥tr❛ts ✐♥❞✉str✐❡❧s

❬❈■✶❪ ✵✹✴✷✵✵✻✲✷✵✵✽ ✿ ❝♦✲r❡s♣♦♥s❛❜❧❡ ❛✈❡❝ ▼✳❉❡✈② ❞✉ ❝♦♥tr❛t ❛✈❡❝
❧❛ s♦❝✐été ❖❘▼❊ ❞❡ ▲❛❜è❣❡✳ ▼❡s ♥♦♠❜r❡✉s❡s ✈✐s✐t❡s ❡♥ t❛♥t q✉❡
t✉t❡✉r ❞❡ st❛❣✐❛✐r❡s ✭s❡❝t✐♦♥ ✶✳✶✳✸✮ ❞❛♥s ❧❛ s♦❝✐été ❖❘▼❊ ♦♥t ✐♥✐t✐é❡s
✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ q✉✐ s✬❡st ❝♦♥❝rét✐sé❡ ♣❛r ✉♥ ❝♦♥tr❛t ❞❡
r❡❝❤❡r❝❤❡ ❛✈❡❝ ❝❡tt❡ P▼❊ ❧♦❝❛❧❡ ❞✐r✐❣é❡ ❝♦♥❥♦✐♥t❡♠❡♥t ♣❛r ▲✳❖r✐❛t
❡t ▼✳▲✳▼❡②❡r✳ ▲❛ t❤ès❡ ❈■❋❘❊ ❞❡ ●✳●❡❧❛❜❡rt ❬❚❍✹❪ s✬✐♥s❝r✐t ❞❛♥s
❝❡ ❝♦♥tr❛t✳ ❏✬❛✐ ❞♦♥❝ ♥❛t✉r❡❧❧❡♠❡♥t ❝♦♥tr✐❜✉é à s♦♥ é❧❛❜♦r❛t✐♦♥ t❛♥✲
❞✐s q✉❡ ❥❡ ♣❛rt✐❝✐♣❡ ❛❝t✉❡❧❧❡♠❡♥t à s❛ ❣❡st✐♦♥ s❝✐❡♥t✐✜q✉❡ ❡♥ t❛♥t q✉❡
❝♦✲❡♥❝❛❞r❛♥t ❞❡ ❧❛ t❤ès❡ ❈■❋❘❊✳ ❈❡ ♣r♦❥❡t s✬✐♥s❝r✐t ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡
❧✬é✈♦❧✉t✐♦♥ ❞✉ ❧♦❣✐❝✐❡❧ ❚r❛❝❦■♠❛❣❡ ❞é✈❡❧♦♣♣é ♣❛r ❧❛ s♦❝✐été ❖❘▼❊✳
❈❡tt❡ é✈♦❧✉t✐♦♥ ♣♦rt❡ s✉r ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① ❛❧❣♦r✐t❤♠❡s ❞é❞✐és
à ❧✬❛✉t♦✲❝❛❧✐❜r❛❣❡ ❞✬✉♥ s②stè♠❡ ♠✉❧t✐ ❝❛♠ér❛s s②♥❝❤r♦♥❡s ❡t ❧✬❛♥❛❧②s❡
✸❉ ❞❡ s❝è♥❡s très ❞②♥❛♠✐q✉❡s à ♣❛rt✐r ❞❡ ❝❡ s②stè♠❡✳

❬❈■✷❪ ✷✵✵✻✲✷✵✵✼ ✿ r❡s♣♦♥s❛❜❧❡ ❞✬✉♥ ❝♦♥tr❛t éq✉✐♣❡✲❝♦♥s❡✐❧ ❡♥tr❡ ❧❡
▲❆❆❙✲❈◆❘❙ ❡t ❙✐❡♠❡♥s ❱❉❖ ❞❡ ❚♦✉❧♦✉s❡✳ ▲❡ ❜✉t ❡st ❞❡ ❞♦♥✲
♥❡r ❞❡s ❛✈✐s ❡t ❝♦♥s❡✐❧s s❝✐❡♥t✐✜q✉❡s s✉r ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ s✉✐✈❛♥t❡ ✿
❞ét❡❝t✐♦♥ ❡t ❧❡ s✉✐✈✐ ❞❡ ✈é❤✐❝✉❧❡s r♦✉t✐❡rs ♣❛r ✈✐s✐♦♥ ❡♠❜❛rq✉é❡✳ ❈❡
❝♦♥tr❛t✱ ❧✐♠✐té à ❞❡s ♣r❡st❛t✐♦♥s ✐♥t❡❧❧❡❝t✉❡❧❧❡s✱ s❡ ♠❛tér✐❛❧✐s❡ ♣❛r ❞❡s
é❝❤❛♥❣❡s s❝✐❡♥t✐✜q✉❡s s✉r ❧✬ét❛t ❞❡ ❧✬❛rt ❞❛♥s ❧❡ ❞♦♠❛✐♥❡✳ ❙❛ ❞❡s❝r✐♣t✐♦♥
s❡ ✈❡✉t ✐❝✐ s♦♠♠❛✐r❡ ❝❛r ✐❧ ❝♦♥t✐❡♥t ✉♥❡ ❝❧❛✉s❡ ❞❡ ❝♦♥✜❞❡♥t✐❛❧✐té✳

❬❈■✸❪ ✶✾✾✽✲✷✵✵✵ ✿ ♣❛rt✐❝✐♣❛t✐♦♥ ❛✉ ❝♦♥tr❛t P❘❊❉■❚✺ ❛✈❡❝ ❙✐❡♠❡♥s
❱❉❖ ❞❡ ❚♦✉❧♦✉s❡ ❡t ❧❡ ❈❊❘❚✻ ❞❡ ❧✬❖◆❊❘❆✳✳ ▲❡ ❜✉t ❞✉ ♣r♦✲
❥❡t ❡st ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥ ♠♦❞✉❧❡ ❞❡ ♣❡r❝❡♣t✐♦♥ ✈✐s❛♥t à ❧✬❛♠é❧✐♦r❛t✐♦♥
❞❡ ❧❛ sé❝✉r✐té ❞❡s ♣❛ss❛❣❡rs ❞✬✉♥❡ ❛✉t♦♠♦❜✐❧❡✳ ▲❛ ♣❡r❝❡♣t✐♦♥ ❞♦✐t ❛✐♥s✐
❝❛r❛❝tér✐s❡r ❧✬ét❛t ❝♦✉r❛♥t ❞✉ s✐è❣❡ ♣❛ss❛❣❡r ❛✜♥ ❞❡ ♠✐❡✉① ❝♦♥trô❧❡r ❧❡
❞é❝❧❡♥❝❤❡♠❡♥t ❞❡s s②stè♠❡s ❞❡ ❝♦✉ss✐♥s ❣♦♥✢❛❜❧❡s✳ ◆♦tr❡ ❝♦♥tr✐❜✉t✐♦♥
❝♦✉✈r❡ ❞❡✉① ✈♦❧❡ts ✿ ✭✶✮ ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞✬✉♥ ❝❛♣t❡✉r ✸❉✱ ❞❡ t②♣❡
❝❛♠ér❛ ❛ss♦❝✐é❡ à ✉♥❡ s♦✉r❝❡ ❞❡ ❧✉♠✐èr❡ str✉❝t✉ré❡✱ ❡t ✭✷✮ ❧✬é✈❛❧✉❛t✐♦♥

✺Pr♦❣r❛♠♠❡ ♥❛t✐♦♥❛❧ ❞❡ r❡❝❤❡r❝❤❡ ❡t ❞✬✐♥♥♦✈❛t✐♦♥ ❞❛♥s ❧❡s tr❛♥s♣♦rts t❡rr❡str❡s✳
✻❈❡♥tr❡ ❞✬➱t✉❞❡s ❡t ❞❡ ❘❡❝❤❡r❝❤❡s ❞❡ ❚♦✉❧♦✉s❡✳



❈♦♥tr❛ts✱ ❝♦❧❧❛❜♦r❛t✐♦♥s ❡t ♣r♦❥❡ts ❞❡ r❡❝❤❡r❝❤❡ ✾✸

♣♦✉r ❝❡tt❡ ❛♣♣❧✐❝❛t✐♦♥✱ ❞❡ ♥♦s ❛❧❣♦r✐t❤♠❡s ❞❡ stéré♦✈✐s✐♦♥ ❞❡♥s❡ ♣❛r ❝♦r✲
ré❧❛t✐♦♥✳ ❏✬❛✐ ♣❛rt✐❝✐♣é à ❧❛ ❣❡st✐♦♥ s❝✐❡♥t✐✜q✉❡ ❞❡ ❝❡ ♣r♦❥❡t✱ ♥♦t❛♠♠❡♥t
❡♥ ❢♦❝❛❧✐s❛♥t ♠❡s ✐♥✈❡st✐❣❛t✐♦♥s s✉r ❧❡ ♣r❡♠✐❡r ✈♦❧❡t✳

Pr♦❥❡ts ❞❡ r❡❝❤❡r❝❤❡

❬P❘✶❪ ✷✵✵✼✲✷✵✵✾ ✿ ♣❛rt✐❝✐♣❛t✐♦♥ ❛✉ ♣r♦❥❡t ❆▼■❙❊● ✜♥❛♥❝é ♣❛r ❧❛
❝♦♠♠✉♥❛✉té ❞❡ tr❛✈❛✐❧ ❞❡s ♣②ré♥é❡s ❡♥tr❡ ❧❛ ré❣✐♦♥ ▼✐❞✐✲
P②ré♥é❡ ❡t ❧❡ ♣❛②s ❜❛sq✉❡ ❡s♣❛❣♥♦❧✳ ❈❡ ♣r♦❥❡t✱ ❝♦♦r❞♦♥♥é ♣❛r
◆✳❆r❛♥❛ ✭❯♥✐✈❡rs✐té ❞❡ ▼♦♥❞r❛❣♦♥✮✱ s❡ ❢♦❝❛❧✐s❡ s✉r ❧❡ ♣r♦t♦t②♣❛❣❡ ❞✬✉♥
rés❡❛✉ ❞❡ ❝❛♠ér❛s ✈✐❞é♦ ✐♥t❡❧❧✐❣❡♥t❡s ❛✉t♦♥♦♠❡s ♣♦✉r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡
♣❡rs♦♥♥❡s✳ ❈❡s ❝❛♣t❡✉rs ❞❡✈r♦♥t ✐♥té❣r❡r ❧❡✉rs ♣r♦♣r❡s r❡ss♦✉r❝❡s ❈P❯
✭❝❛rt❡s ❋P●❆✮✱ é✈❡♥t✉❡❧❧❡♠❡♥t é♥❡r❣ét✐q✉❡s ✭❜❛tt❡r✐❡s s♦❧❛✐r❡s✮✱ ❡t ❞❡✲
✈r♦♥t ♣♦✉✈♦✐r é❝❤❛♥❣❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❡♥tr❡ ❡✉① ✈✐❛ ✉♥ rés❡❛✉ s❛♥s ✜❧✳
▲❡s ♣❛rt❡♥❛✐r❡s ❞✉ ♣r♦❥❡t s♦♥t ❧✬❯♥✐✈❡rs✐té ❞❡ ▼♦♥❞r❛❣♦♥ ✭❝♦rr❡s♣♦♥✲
❞❛♥t ✿ ◆✳❆r❛♥❛✮ ♣♦✉r ❧❡ ❝â❜❧❛❣❡ ❞❡s ❛❧❣♦r✐t❤♠❡s ❞❡ ✈✐s✐♦♥ s✉r ❋P●❆ ❡t
■♥♥♦✈❛❡ ❱✐s✐♦♥ ✉♥❡ st❛rt✲✉♣ ❞❡ ❙❛♥ ❙❡❜❛st✐❛♥ ✭❝♦rr❡s♣♦♥❞❛♥t ✿ P✳❆②❛❧❛✮
♣♦✉r ❧❡s s♣é❝✐✜❝❛t✐♦♥s ❡t ❧✬ét✉❞❡ ❞❡ ♠❛r❝❤é✳ ▲❡s ❛❧❣♦r✐t❤♠❡s ❞❡ ✈✐s✐♦♥
s♦♥t ❞é✈❡❧♦♣♣és ❛✉ ▲❆❆❙✲❈◆❘❙ ♣❛r ■✳❩✉rr✐❛rr❛♥ ❬❚❍✶❪✱ ❞❛♥s ❧❡ ❝❛❞r❡
❞❡ s❛ t❤ès❡ ❡♥ ❝♦✲t✉t❡❧❧❡ ❛✈❡❝ ❧✬❯♥✐✈❡rs✐té ❞❡ ▼♦♥❞r❛❣♦♥✳

❬P❘✷❪ ✷✵✵✼✲✷✵✵✾ ✿ r❡s♣♦♥s❛❜❧❡ ❞✬✉♥ ♣r♦❥❡t ré❣✐♦♥❛❧ ❞❡ tr❛♥s❢❡rt t❡❝❤✲
♥♦❧♦❣✐q✉❡✳ ❈❡ ♣r♦❥❡t s✬✐♥s❝r✐t ❞❛♥s ❧✬❛♣♣❡❧ ❛♥♥✉❡❧ à ♣r♦❥❡ts ❞❡ r❡✲
❝❤❡r❝❤❡ ♣♦✉r ❧❡ tr❛♥s❢❡rt ❞❡ t❡❝❤♥♦❧♦❣✐❡s ❞❡ ❧❛ ré❣✐♦♥ ▼✐❞✐✲P②ré♥é❡s✳ ■❧
❡st ❡♥ ❢♦rt❡ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❛ t❤ès❡ ❈■❋❘❊ ❞❡ ●✳●❡❧❛❜❡rt ❬❚❍✹❪ ❡✛❡❝✲
t✉é❡ ❛✉ s❡✐♥ ❞❡ ❧❛ s♦❝✐été ❖❘▼❊✳ ▲❡ ♣r♦❥❡t s❡ ❢♦❝❛❧✐s❡ s✉r ❧❡ ❝❛❧✐❜r❛❣❡ ❞✉
❜❛♥❝ ♠✉❧t✐✲❝❛♠ér❛s ❞é❞✐é ❛✉① ❡ss❛✐s ♣✉✐s s✉r ❧✬❛♥❛❧②s❡ s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
❞❡s ❞é❢♦r♠❛t✐♦♥s ❞❡s ❛✉❜❡s ❢❛♥ ❞✬✉♥ ré❛❝t❡✉r s♦✉s ❞❡s ❝♦♥tr❛✐♥t❡s ♠é✲
❝❛♥✐q✉❡s s♣é❝✐✜q✉❡s ♦❜t❡♥✉❡s ♣❛r s✐♠✉❧❛t✐♦♥ ❞✬✐♥❝✐❞❡♥ts✼✳ ▲❡s ♣❛rt❡✲
♥❛✐r❡s ❞✉ ♣r♦❥❡t s♦♥t ❧✬■❘■❚ ✭❝♦rr❡s♣♦♥❞❛♥t ✿ ❱✳❈❤❛r✈✐❧❧❛t✮✱ ❧❡s s♦❝✐étés
❖❘▼❊ ❡t ❙♥❡❝♠❛ ▼♦t❡✉rs ❝❧✐❡♥t ♣♦t❡♥t✐❡❧ ❡t ❢♦✉r♥✐ss❡✉r ❞❡s ❞♦♥♥é❡s
❞❡ t❡sts ❡t ❞✉ ❝❛❤✐❡r ❞❡s ❝❤❛r❣❡s✳

❬P❘✸❪ ✷✵✵✼✲✷✵✵✾ ✿ ♣❛rt✐❝✐♣❛t✐♦♥ ❛✉ ♣r♦❥❡t ❡✉r♦♣é❡♥ ❈♦♠♠❘♦❜✽✳ ❈❡
♣r♦❥❡t✱ ❝♦♦r❞♦♥♥é ♣❛r ●✳◆♦✈❛❦ ✭❯♥✐✈❡rs✐té ❞❡ ❱✐❡♥♥❡✮ s✬✐♥s❝r✐t ❞❛♥s
❧❛ ❧✐❣♥❡ ❞✬❛❝t✐♦♥ ❆❞✈❛♥❝❡❞ ❘♦❜♦t✐❝s ❞✉ ❞♦♠❛✐♥❡ ❙❚❘❊P ❞❡ ❧❛ Pr✐♦r✐té
❚❡❝❤♥♦❧♦❣✐❡s ❞❡ ❧❛ ❙♦❝✐été ❞❡ ❧✬■♥❢♦r♠❛t✐♦♥ ❞✉ 6ème P❈❘❉✳ ■❧ ✐♠♣❧✐q✉❡
❞❡s tr❛♥s❢❡rts t❡❝❤♥♦❧♦❣✐q✉❡s ✈❡rs ❧❡s ✐♥❞✉str✐❡s ♣❛rt❡♥❛✐r❡s ❞✉ ♣r♦❥❡t✳
▲❛ ✜♥❛❧✐té ❞✉ ♣r♦❥❡t ❡st ❧❛ ❝♦♥❝❡♣t✐♦♥ ❡t ❧❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞❡ ❝❤❛r✐♦ts

✼t②♣✐q✉❡♠❡♥t ❧❛ rét❡♥t✐♦♥ ❞✬❛✉❜❡s ♦✉ ❧✬✐♥❣❡st✐♦♥ ❞❡ ✈♦❧❛t✐❧❡s✳
✽P♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s✱ ❝♦♥s✉❧t❡r ❧✬❯❘▲ s✉✐✈❛♥t❡ ✿ ❝♦♠♠r♦❜✳③❡♥♦♥✳❣r✳



✾✹

♠♦❜✐❧❡s ❛✉t♦♥♦♠❡s é✈♦❧✉❛♥t ❞❛♥s ✉♥ ❧✐❡✉ ♣✉❜❧✐❝ t②♣❡ s✉♣❡r♠❛r❝❤é ♦✉
❛ér♦♣♦rt✳ ▲❡s ♣❛rt❡♥❛✐r❡s ❞✉ ♣r♦❥❡t s♦♥t ✿
✕ ❱✐❡♥♥❛ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣② ✭❚❯❲✮✱ ❱✐❡♥♥❡✱ ❆✉tr✐❝❤❡✳
✕ ❑✉♥❣❧✐❦❛ ❚❡❦♥✐s❦❛ ❍ö❣s❦♦❧❛♥ ✭❑❚❍✮✱ ❙t♦❝❦❤♦❧♠✱ ❙✉è❞❡✳
✕ ❋♦rs❝❤✉♥❣s③❡♥tr✉♠ ■♥❢♦r♠❛t✐❦ ✭❋❩■✮✱ ❑❛r❧sr✉❤❡✱ ❆❧❧❡♠❛❣♥❡✳
✕ ❩❡♥♦♥ ✐♥❞✉str②✱ ❆t❤è♥❡s✱ ●rè❝❡✳
✕ ❊❧❡❝tr♦♥✐❝s ❚r❛❞✐♥❣ ✫ Pr♦❞✉❝t✐♦♥ ❡✳ ❑✳ ✐♥❞✉str② ✭❊❚P✮✱ ❑❛r❧sr✉❤❡✱
❆❧❧❡♠❛❣♥❡✳

❊♥ ❝♦♦r❞✐♥❛t✐♦♥ ❛✈❡❝ ❞❡✉① ❝❤❡r❝❤❡✉rs ❞✉ ❣r♦✉♣❡✱ ❥❡ ♠❡ s✉✐s ✐♠♣❧✐q✉é
❞❛♥s ❧❛ ❞é✜♥✐t✐♦♥ ❞✉ ♣r♦❥❡t ❡t ❧❛ ré❞❛❝t✐♦♥ ❞✉ ❞♦ss✐❡r ❛ss♦❝✐é✳ ▲❡ ♣r♦❥❡t
❡st str✉❝t✉ré ❛✉t♦✉r ❞❡ ❤✉✐t❲♦r❦ P❛❝❦❛❣❡s ✭❲Ps✮✳ ◆♦✉s ❝♦♥tr✐❜✉❡r♦♥s
❡ss❡♥t✐❡❧❧❡♠❡♥t s✉r ❧❡ ❲P n◦ ✸ ✭❆❞✈❛♥❝❡❞ r♦❜♦t ❜❡❤❛✈✐♦✉r ❛♥❞ ♥❛✈✐❣❛✲
t✐♦♥✮✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛ ♥❛✈✐❣❛t✐♦♥ à ♣❛rt✐r ❞✬❛♠❡rs ✈✐s✉❡❧s ❡t ❞❡ ❘❋■❉s✱
❡t s✉rt♦✉t ❧❡ ❲P n◦ ✹ ✭P❡r❝❡♣t✐♦♥ ❢♦r ❍❘■ ✮ q✉❡ ❥❡ ❝♦♦r❞♦♥♥❡ ❛✈❡❝ ♠❡s
❝♦❧❧è❣✉❡s✳ ▲❛ t❤ès❡ ❞❡ ❚✳●❡r♠❛ ❬❚❍✷❪✱ ♣♦rt❛♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t s✉r ❧❡
❲P n◦ 4✱ s❡r❛ ✜♥❛♥❝é❡ s✉r ❧❡s ❢♦♥❞s ♣r♦♣r❡s ❞❡ ❝❡ ♣r♦❥❡t✳

❬P❘✹❪ ✷✵✵✹✲✷✵✵✽ ✿ ♣❛rt✐❝✐♣❛t✐♦♥ ❛✉ ♣r♦❥❡t ❡✉r♦♣é❡♥ ❈❖●◆■❘❖◆✾✳
❈❡ ♣r♦❥❡t✱ ❝♦♦r❞♦♥♥é ♣❛r ❘✳❈❤❛t✐❧❛ ✭❉❘ ▲❆❆❙✲❈◆❘❙✱ ❣r♦✉♣❡ ❘■❙✮✱
s✬✐♥s❝r✐t ❞❛♥s ❧❛ ❧✐❣♥❡ ❞✬❛❝t✐♦♥ ❇❡②♦♥❞ ❘♦❜♦t✐❝s ❞✉ ❞♦♠❛✐♥❡ ❋✉t✉r❡ ❛♥❞
❊♠❡r❣✐♥❣ ❚❡❝❤♥♦❧♦❣✐❡s ✭❋❊❚✮ ❞❡ ❧❛ Pr✐♦r✐té ❚❡❝❤♥♦❧♦❣✐❡s ❞❡ ❧❛ ❙♦❝✐été
❞❡ ❧✬■♥❢♦r♠❛t✐♦♥ ❞✉ 6ème P❈❘❉✳ ▲✬♦❜❥❡❝t✐❢ s❝✐❡♥t✐✜q✉❡ ❞✉ ♣r♦❥❡t ❡st
❞❡ ❝♦♥❢ér❡r ❞❡s ❝❛♣❛❝✐tés ❝♦❣♥✐t✐✈❡s ❛✉① r♦❜♦ts à tr❛✈❡rs ❧✬ét✉❞❡ ❡t
❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠ét❤♦❞❡s ❡t ❞❡ t❡❝❤♥♦❧♦❣✐❡s ♣♦✉r ❧❛ ♣❡r❝❡♣t✐♦♥✱
❧✬✐♥t❡r♣rét❛t✐♦♥✱ ❧❡ r❛✐s♦♥♥❡♠❡♥t ❡t ❧✬❛♣♣r❡♥t✐ss❛❣❡ ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝
❧✬❤♦♠♠❡✳ ▲❡ r♦❜♦t ♥✬❡st ♣❛s ❝♦♥s✐❞éré ✐❝✐ ❝♦♠♠❡ ✉♥❡ ♠❛❝❤✐♥❡ ♣ré✲
♣r♦❣r❛♠♠é❡ ♠❛✐s ❝♦♠♠❡ ✉♥❡ ❝ré❛t✉r❡ ❛rt✐✜❝✐❡❧❧❡✱ ❞♦♥t ❧❡s ❝❛♣❛❝✐tés
s❡ ❞é✈❡❧♦♣♣❡♥t ❞❛♥s ✉♥ ♣r♦❝❡ss✉s ❝♦♥t✐♥✉ ❞✬❛❝q✉✐s✐t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s
❝♦♥♥❛✐ss❛♥❝❡s ❡t ❝♦♠♣ét❡♥❝❡s✳ ▲❡s ♣❛rt❡♥❛✐r❡s ❞✉ ▲❆❆❙✲❈◆❘❙ s♦♥t ✿
✕ ▲✬❊❝♦❧❡ P♦❧②t❡❝❤♥✐q✉❡ ❋é❞ér❛❧❡ ❞❡ ▲❛✉s❛♥♥❡ ✭❊P❋▲✮✱ ▲❛✉s❛♥♥❡✱ ❙✉✐ss❡✳
✕ ❋r❛✉♥❤♦❢❡r ■♥st✐t✉t ❢✉r Pr♦❞✉❦t✐♦♥st❡❝❤♥✐❦ ✉♥❞ ❆✉t♦♠❛t✐s✐❡r✉♥❣ ✭■P❆✱
❙t✉tt❣❛rt✱ ❆❧❧❡♠❛❣♥❡✳

✕ ❑✉♥❣❧✐❦❛ ❚❡❦♥✐s❦❛ ❍ö❣s❦♦❧❛♥ ✭❑❚❍✮✱ ❙t♦❝❦❤♦❧♠✱ ❙✉è❞❡✳
✕ ❯♥✐✈❡rs✐tät ❇✐❡❧❡❢❡❧❞ ✭❯♥✐❇✐✮✱ ❇✐❡❧❡❢❡❧❞✱ ❆❧❧❡♠❛❣♥❡✳
✕ ❯♥✐✈❡rs✐t② ♦❢ ❍❡rt❢♦r❞s❤✐r❡ ✭❯❍✮✱ ❍❛t✜❡❧❞✱ ❘♦②❛✉♠❡✲❯♥✐✳
✕ ❯♥✐✈❡rs✐tät ❑❛r❧sr✉❤❡✲❚❍ ✭❯♥✐❑❛r❧✮✱ ❑❛r❧sr✉❤❡✱ ❆❧❧❡♠❛❣♥❡✳
✕ ❱r✐❥❡ ❯♥✐✈❡rs✐t❡✐t ❇r✉ss❡❧ ✭❱❯❇✮✱ ❇r✉①❡❧❧❡s✱ ❇❡❧❣✐q✉❡✳
✕ ●❡s❡❧❧s❝❤❛❢t ❢ür Pr♦❞✉❦t✐♦♥ss②t❡♠❡ ✭●P❙✮✱ ❙t✉tt❣❛rt✱ ❆❧❧❡♠❛❣♥❡✳
▲❡ ♣r♦❥❡t ❡st str✉❝t✉ré ❛✉t♦✉r ❞❡ s✐① ❣r♦✉♣❡s ❞❡ tr❛✈❛✐❧ ❡t ❧❛ ré❛❧✐s❛t✐♦♥
❞❡ tr♦✐s ❞é♠♦♥str❛t✐♦♥s ❢é❞ér❛tr✐❝❡s✳ ◆♦s tr❛✈❛✉① s✬✐♥s❝r✐✈❡♥t ❞❛♥s ❧❡

✾P♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s✱ ❝♦♥s✉❧t❡r ❧✬❯❘▲ ✇✇✇✳❝♦❣♥✐r♦♥✳♦r❣



❈♦♥tr❛ts✱ ❝♦❧❧❛❜♦r❛t✐♦♥s ❡t ♣r♦❥❡ts ❞❡ r❡❝❤❡r❝❤❡ ✾✺

❣r♦✉♣❡ ❞❡ tr❛✈❛✐❧ n◦ ✷ ✭❞❡t❡❝t✐♦♥ ❛♥❞ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❤✉♠❛♥ ❛❝t✐✈✐t②✮
❡t ❧❛ ❞é♠♦♥str❛t✐♦♥ n◦ ✷ ✭t❤❡ ❝✉r✐♦✉s r♦❜♦t✮✳ ❉❛♥s ❝❡ ♣r♦❥❡t✱ ❥❡ s✉✐s
✐♠♣❧✐q✉é à tr❛✈❡rs ✿
✕ ▲✬❡♥❝❛❞r❡♠❡♥t ❞❡ ❞♦❝t♦r❛♥ts ❬❚❍✷✱ ❚❍✺✱ ❚❍✼❪ ♦✉ st❛❣✐❛✐r❡s ✭❚✳●❡r♠❛
❡t ❆✳❨✈❡r♥ès✮ ♣♦✉r ❧❡s ❜❡s♦✐♥s ♣❧✉s ♣♦♥❝t✉❡❧s ❞✉ ♣r♦❥❡t✳

✕ ▲❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❛✉① ❞✐✛ér❡♥t❡s ré✉♥✐♦♥s ❞❡ tr❛✈❛✐❧ ♣r♦♣r❡s ❛✉ ❘❆✷
❡t ❑❊✷✱

✕ ▲❛ ré❞❛❝t✐♦♥ ❞❡s ❞♦❝✉♠❡♥ts ❞✬❛✈❛♥❝❡♠❡♥t r❡❧❛t✐❢s à ❘❆✷ ❬✺✶✱ ✺✷❪ ♦✉
❑❊✷ ❬✺✸❪✳

✕ ✐♠♣❧✐❝❛t✐♦♥ ❞❛♥s ❧✬é❝♦❧❡ ❞✬❤✐✈❡r ✭❥❛♥✈✐❡r ✷✵✵✽✮✳

❬P❘✺❪ ✷✵✵✶✲✷✵✵✹ ✿ ♣❛rt✐❝✐♣❛t✐♦♥ ❛✉ ♣r♦❥❡t ♥❛t✐♦♥❛❧ ❘♦❜❊❆ ❍❘✰ ❡♥
❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❛ ❈✐té ❞❡ ❧✬❊s♣❛❝❡ ❞❡ ❚♦✉❧♦✉s❡✳ ❈❡ ♣r♦✲
❥❡t✱ ❝♦♦r❞♦♥♥é ♣❛r ❘✳❆❧❛♠✐ ✭❉❘ ▲❆❆❙✲❈◆❘❙✮✱ s✬✐♥s❝r✐t ❞❛♥s ❧❡ ♣r♦✲
❣r❛♠♠❡ ❘♦❜♦t✐q✉❡ ❡t ❊♥t✐tés ❆rt✐✜❝✐❡❧❧❡s ✭❘♦❜❊❆✮ ❞✉ ❈◆❘❙✳ ▲❡s ♣❛r✲
t❡♥❛✐r❡s s♦♥t ❧✬■♥st✐t✉t ❞❡ ❧❛ ❈♦♠♠✉♥✐❝❛t✐♦♥ P❛r❧é❡ ✭■◆P● ●r❡♥♦❜❧❡✮ ❡t
❧✬éq✉✐♣❡ ●❘❆❱■❘✴■▼❆● ❞❡ ●r❡♥♦❜❧❡✳ ▲❡ ❜✉t ❞✉ ♣r♦❥❡t ❡st ❧✬ét✉❞❡ ❡t ❧❛
❝♦♥❝❡♣t✐♦♥ ❞✬✉♥ r♦❜♦t ❛ss✐st❛♥t ✐♥té❣r❛♥t ❞❡s ❝❛♣❛❝✐tés ❞❡ ♣❡r❝❡♣t✐♦♥✱
❞❡ ❞é❝✐s✐♦♥✱ ❞❡ ♥❛✈✐❣❛t✐♦♥ ❡t s✉rt♦✉t ❞✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡s ✈✐s✐t❡✉rs ❞❡
❧✬❡①♣♦s✐t✐♦♥ ✓ ▼✐ss✐♦♥ ❇✐♦s♣❛❝❡ ✔ s✐t✉é❡ à ❧❛ ❈✐té ❞❡ ❧✬❊s♣❛❝❡✳ ◆♦tr❡
❝♦♥tr✐❜✉t✐♦♥ ❛ ♣♦rté s✉r ❧❛ ❝♦♥❝❡♣t✐♦♥ ❡t ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ❞❡✉① ♠♦❞✉❧❡s
s✉r ❝❡ r♦❜♦t ✭✜❣✉r❡ ✷✳✽✮ ✿ ✭✶✮ ❧❡ ♠♦❞✉❧❡ ✓ ▲✉❝❦②▲♦❝ ✔ ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ✈✐✲
s✉❡❧❧❡ s✉r ❛♠❡rs ❝♦❧♦r✐♠étr✐q✉❡s ❞é✈❡❧♦♣♣é ❧♦rs ❞✬✉♥ st❛❣❡ ❬❉❊❆✸❪✱ ✭✷✮
❧❡ ♠♦❞✉❧❡ ✓ ■❈❯ ✔ ❞❡ ❞ét❡❝t✐♦♥ ❡t s✉✐✈✐ ✐♠❛❣❡ ❞❡ ♣❡rs♦♥♥❡s ❞é✈❡❧♦♣♣é
❞❛♥s ❬❚❍✻❪ ❡t ❬❚❍✼❪✳ ▲❡s tr❛✈❛✉① ♠❡♥és ❞❛♥s ❝❡ ♣r♦❥❡t s♦♥t s②♥t❤ét✐sés
❞❛♥s ❧❡s ❛❝t❡s ❞❡s ❥♦✉r♥é❡s ❘♦❜❊❆ ❞❡ ♠❛rs ✷✵✵✺ ❬✺✹❪✳

❈♦❧❧❛❜♦r❛t✐♦♥s ✐♥t❡r♥❛t✐♦♥❛❧❡s

■♥❞é♣❡♥❞❛♠♠❡♥t ❞❡s ♣r♦❥❡ts ♦✉ ❝♦♥tr❛ts ♠❡♥t✐♦♥♥és✱ ❥✬❡♥tr❡t✐❡♥s ♦✉ ❛✐
❡♥tr❡t❡♥✉ ❞❡s ❝♦❧❧❛❜♦r❛t✐♦♥s ❛✈❡❝ ❧❡s ✐♥st✐t✉t✐♦♥s s✉✐✈❛♥t❡s ✿

❬❈❖✶❪ ✷✵✵✸✲✷✵✵✺ ✿ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ■❙❘ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ❈♦✐♠❜r❛
✭P♦rt✉❣❛❧✮✱ ♣r♦❥❡t ●❘■❈❊❙ ❞✉ ❈◆❘❙ n◦ ✶✹✶✺✺✳ ❈♦rr❡s♣♦♥❞❛♥t
à ❈♦✐♠❜r❛ ✿ ❏✳❉✐❛s✳ ❏❡ s✉✐s r❡s♣♦♥s❛❜❧❡ ❝ôté ▲❆❆❙✲❈◆❘❙ ❞❡ ❝❡tt❡
❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬■♥st✐t✉t ❞❡s ❙②stè♠❡s ❡t ❘♦❜♦t✐q✉❡ ✭■❙❘✮✳ ❈❡tt❡
❝♦❧❧❛❜♦r❛t✐♦♥ ❞♦♥♥❡ ❧✐❡✉ à ❞❡s é❝❤❛♥❣❡s s❝✐❡♥t✐✜q✉❡s ✈✐❛ ❞❡s sé❥♦✉rs
❝r♦✐sés s✉r ❧❡ t❤è♠❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧✬❤♦♠♠❡ ♣♦✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❍✴❘✳ ▲❛
t❤ès❡ ❛✉ s❡✐♥ ❞❡ ♥♦tr❡ ❣r♦✉♣❡ ❞❡ P✳▼❡♥❡③❡s ❬❚❍✻❪ s✬✐♥s❝r✐t ❞❛♥s ❝❡tt❡
❝♦❧❧❛❜♦r❛t✐♦♥ ♣♦✉r ❧❛q✉❡❧❧❡ ❥❡ ♠❡ s✉✐s ✐♠♣❧✐q✉é ❞❛♥s s♦♥ é❧❛❜♦r❛t✐♦♥
♣✉✐s s❛ ❣❡st✐♦♥ s❝✐❡♥t✐✜q✉❡✳

❬❈❖✷❪ ✶✾✾✾✲✷✵✵✸ ✿ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❋❛❝✉❧té ❞❡ ❙❛❧❛♠❛♥❝❛ ✭▼❡①✐q✉✲



✾✻

❡✮✱ ♣r♦❥❡t ❊❈❖❙✲◆♦r❞ n◦ ▼✾✾▼✵✶✳ ❈♦rr❡s♣♦♥❞❛♥ts à ❙❛❧❛♠❛♥❝❛ ✿
❏✳❘✐✈❛s ❡t ❱✳❆②❛❧❛✳ ❈❡tt❡ ❝♦♦♣ér❛t✐♦♥ q✉✐ ♣♦rt❡ s✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ❞❡
r♦❜♦ts ♠♦❜✐❧❡s à ✉s❛❣❡ ❛❣r✐❝♦❧❡ s✬❡st tr❛❞✉✐t ♣❛r ❞❡s é❝❤❛♥❣❡s s❝✐❡♥t✐✲
✜q✉❡s ✈✐❛ ❞❡s sé❥♦✉rs ❝r♦✐sés✳ ▲❛ ❞✐s♣❡♥s❡ ❞✬❡♥s❡✐❣♥❡♠❡♥ts à ❧✬❯♥✐✈❡rs✐té
❞❡ ●✉❛♥❛❥✉❛t♦ ✭♣❛rt✐❡ ■■■✮ ❛ ♣❡r♠✐s ❧❡ r❡❝r✉t❡♠❡♥t ❡♥ t❤ès❡ ❞❡ ❞❡✉①
ét✉❞✐❛♥ts ♠❡①✐❝❛✐♥s ●✳❆✈✐♥❛ ❡t ❏✳●♦♥❝❛❧✈❡③✳ ■♠♣❧✐q✉é ❞❛♥s ❧❛ ❣❡st✐♦♥
s❝✐❡♥t✐✜q✉❡ ❞❡ ❝❡tt❡ ❝♦♦♣ér❛t✐♦♥✳

❬❈❖✸❪ ✶✾✾✾✲✷✵✵✶ ✿ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ■♥st✐t✉t ❇❡❝❦♠❛♥ ❞❡ ❯r❜❛♥❛✲
❈❤❛♠♣❛✐❣♥✱ ✭❯❙❆✮✳ ❈♦rr❡s♣♦♥❞❛♥t à ❯r❜❛♥❛✲❈❤❛♠♣❛✐❣♥ ✿ ❙✳❍✉t❝❤✐✲
♥s♦♥✳ ❈❡tt❡ ❝♦♦♣ér❛t✐♦♥ ❞♦♥♥❛ ❧✐❡✉ à ❞❡s é❝❤❛♥❣❡s s❝✐❡♥t✐✜q✉❡s ✈✐❛
❞❡s sé❥♦✉rs ❝r♦✐sés s✉r ❧❡ t❤è♠❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❞❡ str❛té❣✐❡s ❞❡ ♥❛✈✐❣❛✲
t✐♦♥ ❡t ♣❡r❝❡♣t✐♦♥✳ ❈❡tt❡ ❝♦♦♣ér❛t✐♦♥ s✬❡st ❝♦♥❝rét✐sé❡ ♣❛r ❧✬✐♥té❣r❛✲
t✐♦♥ s✉r ✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ❝♦♠♠✉♥❡ ❞❡s tr❛✈❛✉① ❞❡ ❏✳❇✳❍❛②❡t ❬❚❍✽❪ ❡t
P✳❘❛♥❣❛♥❛t❤❛♥ ét✉❞✐❛♥t ❞❡ ❯r❜❛♥❛✲❈❤❛♠♣❛✐❣♥ ❡t ❧❛ ré❞❛❝t✐♦♥ ❞✬✉♥❡
♣✉❜❧✐❝❛t✐♦♥ ❞❛♥s ✉♥❡ r❡✈✉❡ ✐♥t❡r♥❛t✐♦♥❛❧❡ ❬✼❪✳ ❏❡ s✉✐s ✐♥t❡r✈❡♥✉ ❞❛♥s ❧❛
❣❡st✐♦♥ s❝✐❡♥t✐✜q✉❡ ❞❡ ❝❡tt❡ ❝♦♦♣ér❛t✐♦♥✳

✸ P✉❜❧✐❝❛t✐♦♥s ❡t r❛♣♣♦rts

▲❡s ❛❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡ ré❛❧✐sé❡s ❞✉r❛♥t ♠♦♥ ❞♦❝t♦r❛t ❛✉ ▲❆❙▼❊❆ ♣✉✐s
❡♥ t❛♥t q✉✬❡♥s❡✐❣♥❛♥t✲❝❤❡r❝❤❡✉r ❛✉ ▲❆❆❙✲❈◆❘❙ ♠✬♦♥t ♣❡r♠✐s à ❝❡ ❥♦✉r ❞❡
ré❛❧✐s❡r ✺✶ ♣✉❜❧✐❝❛t✐♦♥s q✉✐ s❡ ❞é❝♦♠♣♦s❡♥t ❝♦♠♠❡ s✉✐t ✿

✕ ✶ ❝♦♥tr✐❜✉t✐♦♥ à ♦✉✈r❛❣❡ ❝♦❧❧❡❝t✐❢ ✐♥t❡r♥❛t✐♦♥❛❧✱
✕ ✽ r❡✈✉❡s ✐♥t❡r♥❛t✐♦♥❛❧❡s✱
✕ ✶ r❡✈✉❡ ♥❛t✐♦♥❛❧❡✱
✕ ✶ ❜r❡✈❡t✱
✕ ✷✽ ❝♦♥❣rès ✐♥t❡r♥❛t✐♦♥❛✉①✱
✕ ✶✵ ❝♦♥❣rès ♥❛t✐♦♥❛✉①✳

❈❡s ♣✉❜❧✐❝❛t✐♦♥s ❛✐♥s✐ q✉❡ q✉❡❧q✉❡s r❛♣♣♦rts✱ ❧✐és à ♠❡s ❛❝t✐✈✐tés ❝♦♥tr❛❝✲
t✉❡❧❧❡s s♦♥t é♥✉♠érés ❝✐✲❛♣rès✳ ❖♥ ♥♦t❡r❛ q✉❡ ❧❡s ❞❡✉① ❛♥♥é❡s ♣♦stér✐❡✉r❡s à
♠❛ ♠♦❜✐❧✐té ❣é♦❣r❛♣❤✐q✉❡ ❡t t❤é♠❛t✐q✉❡✱ ❡♥ s❡♣t❡♠❜r❡ ✶✾✾✼✱ s♦♥t ❧♦❣✐q✉❡✲
♠❡♥t ♣❡✉ ♣✉❜❧✐❛♥t❡s✳

P✉❜❧✐❝❛t✐♦♥s ré❛❧✐sé❡s ❞❡♣✉✐s ♠❛ ♥♦♠✐♥❛t✐♦♥ ▼❈❋

❈♦♥tr✐❜✉t✐♦♥ à ♦✉✈r❛❣❡ ✿

✶✳ ❚♦✇❛r❞s ❛♥ ■♥t❡r❛❝t✐✈❡ ❍✉♠❛♥♦✐❞ ❈♦♠♣❛♥✐♦♥ ✇✐t❤ ❱✐s✉❛❧ ❚r❛❝❦✐♥❣
▼♦❞❛❧✐t✐❡s✳ P✳▼❡♥❡③❡③✱ ❋✳▲❡r❛s❧❡✱ ❏✳❉✐❛s ❡t ❚✳●❡r♠❛✳ ❈❤❛♣t❡r ♦❢ ❜♦♦❦
t✐t❧❡❞ ❍✉♠❛♥♦✐❞ ❘♦❜♦ts✳ ❊❞✐t❡❞ ❜② ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❆❞✈❛♥❝❡❞
❘♦❜♦t✐❝ ❙②st❡♠s ✭❆❘❙✬✵✼✮✱ ♣♣ ✹✽✲✼✽✳ ■❙❇◆ ✾✼✽✲✸✲✾✵✷✻✶✸✲✵✼✲✸✳



P✉❜❧✐❝❛t✐♦♥s ❡t r❛♣♣♦rts ✾✼

❘❡✈✉❡s ✐♥t❡r♥❛t✐♦♥❛❧❡s ✿

✷✳ ❱✐❞❡♦✲❜❛s❡❞ ❋❛❝❡ ❘❡❝♦❣♥✐t✐♦♥ ❛♥❞ ❚r❛❝❦✐♥❣ ❢r♦♠ ❛ ❘♦❜♦t ❈♦♠♣❛♥✐♦♥✳
❚✳●❡r♠❛✱ ❋✳▲❡r❛s❧❡✱ ❚✳❙✐♠♦♥✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ P❛tt❡r♥ r❡❝♦❣✲
♥✐t✐♦♥ ❛♥❞ ❆rt✐✜❝✐❛❧ ■♥t❡❧❧✐❣❡♥❝❡✳ ❆rt✐❝❧❡ ❛❝❝❡♣té ❡t s♦✉s ♣r❡ss❡✳

✸✳ ❊✈❛❧✉❛t✐♦♥s ♦❢ P❛rt✐❝❧❡ ❋✐❧t❡r ❜❛s❡❞ ❍✉♠❛♥ ▼♦t✐♦♥ ✈✐s✉❛❧ ❚r❛❝❦❡rs
❢♦r ❍♦♠❡ ❊♥✈✐r♦♥♠❡♥t ❙✉r✈❡✐❧❧❛♥❝❡✳ ▼✳❋♦♥t♠❛rt②✱ P✳❉❛♥ès✱ ❋✳▲❡r❛s❧❡✳
■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ P❛tt❡r♥ ❘❡❝♦❣♥✐t✐♦♥ ❛♥❞ ❆rt✐✜❝✐❛❧ ■♥t❡❧❧✐❣❡♥❝❡✳
❆rt✐❝❧❡ ❡♥ ré✈✐s✐♦♥✳

✹✳ P❛rt✐❝❧❡ ❋✐❧t❡r✐♥❣ ❙tr❛t❡❣✐❡s ❢♦r ❉❛t❛ ❋✉s✐♦♥ ❞❡❞✐❝❛t❡❞ t♦ ❱✐s✉❛❧ ❚r❛✲
❝❦✐♥❣ ❢r♦♠ ❛ ♠♦❜✐❧❡ ❘♦❜♦t✳ ▲✳❇rèt❤❡s✱ ❋✳▲❡r❛s❧❡✱ P✳❉❛♥ès✱ ▼✳❋♦♥t♠❛rt②✳
❏♦✉r♥❛❧ ▼❛❝❤✐♥❡ ❱✐s✐♦♥ ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s ✭▼❱❆✬✵✽✮✳ ❆ ♣❛r❛îtr❡✳ ▲✐❡♥
❯❘▲ ✿ ❤tt♣ ✿✴✴❞①✳❞♦✐✳♦r❣✴✶✵✳✶✵✵✼✴s✵✵✶✸✽✲✵✵✽✲✵✶✼✹✲✼✳

✺✳ ❆ ❱✐s✉❛❧ ▲❛♥❞♠❛r❦ ❋r❛♠❡✇♦r❦ ❢♦r ▼♦❜✐❧❡ ❘♦❜♦t ◆❛✈✐❣❛t✐♦♥✳ ❏✳❇✳❍❛②❡t✱
❋✳▲❡r❛s❧❡✱ ▼✳❉❡✈②✳ ❏♦✉r♥❛❧ ♦❢ ■♠❛❣❡ ❛♥❞ ❱✐s✐♦♥ ❈♦♠♣✉t✐♥❣ ✭■❱❈✬✵✼✮✱
✈♦❧ ✷✺✱ ♥✉♠ér♦ ✽✱ ♣♣ ✶✸✹✶✲✶✸✺✶✱ ❆✉❣✉st ✷✵✵✼✳

✻✳ ❈♦♠♣❛r✐s♦♥ ♦❢ ❙tr✉❝t✉r❡❞ ▲✐❣❤t ❛♥❞ ❙t❡r❡♦✈✐s✐♦♥ ❙❡♥s♦rs ❢♦r ◆❡✇ ❆✐r✲
❜❛❣ ●❡♥❡r❛t✐♦♥s✳ ❙✳❇♦✈❡r✐❡✱ ▼✳❉❡✈②✱ ❋✳▲❡r❛s❧❡✳ ❈♦♥tr♦❧ ❊♥❣✐♥❡❡r✐♥❣
Pr❛❝t✐❝❡ ❏♦✉r♥❛❧ ✭❈❊P✬✵✸✮✱ ✈♦❧ ✶✶✱ ♥✉♠ ✶✷✱ ♣♣ ✶✹✶✸✲✶✹✷✶✱ ❉❡❝❡♠❜❡r
✷✵✵✸✳

✼✳ ❚♦♣♦❧♦❣✐❝❛❧ ◆❛✈✐❣❛t✐♦♥ ❛♥❞ ◗✉❛❧✐t❛t✐✈❡ ▲♦❝❛❧✐③❛t✐♦♥ ❢♦r ■♥❞♦♦r ❊♥✲
✈✐r♦♥♠❡♥t ✉s✐♥❣ ▼✉❧t✐s❡♥s♦r② P❡r❝❡♣t✐♦♥✳ P✳❘❛♥❣❛♥❛t❤❛♥✱ ❏✳❇✳❍❛②❡t✱
▼✳❉❡✈②✱ ❙✳❍✉t❝❤✐♥s♦♥✱ ❋✳▲❡r❛s❧❡✳ ❘♦❜♦t✐❝s ❛♥❞ ❆✉t♦♥♦♠♦✉s ❙②st❡♠s
❏♦✉r♥❛❧ ✭❘❆❙✬✵✷✮✱ ✈♦❧ ✹✶✱ ♥✉♠ ✷✱ ♣♣ ✶✸✼✲✶✹✹✱ ◆♦✈❡♠❜❡r ✷✵✵✷✳

✽✳ ❚r❛❝❦✐♥❣ ♦❢ ❍✉♠❛♥ ▲✐♠❜s ❜② ▼✉❧t✐✲♦❝✉❧❛r ❱✐s✐♦♥✶✵✳ ❋✳▲❡r❛s❧❡✱ ●✳❘✐✈❡s✱
▼✳❉❤♦♠❡✳ ❈♦♠♣✉t❡r ❱✐s✐♦♥ ❛♥❞ ■♠❛❣❡ ❯♥❞❡rst❛♥❞✐♥❣ ❏♦✉r♥❛❧ ✭❈❱■❯✬✾✾✮✳
❱♦❧✉♠❡ ✼✺✱ ♥✉♠ ✸✱ ♣♣ ✷✷✾✲✷✹✻✳ ❙❡♣t❡♠❜❡r ✶✾✾✾✳

❇r❡✈❡t ✿

✾✳ ❉✐s♣♦s✐t✐❢ ♦♣t♦é❧❡❝tr♦♥✐q✉❡ ♣❡r♠❡tt❛♥t ❧❛ ❞ét❡❝t✐♦♥ ❡t ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥
❞❡s ♦❝❝✉♣❛♥ts ❞❡ ❧✬❤❛❜✐t❛❝❧❡ ❞✬✉♥❡ ❛✉t♦♠♦❜✐❧❡ ✉t✐❧✐s❛♥t ✉♥❡ s♦✉r❝❡ ❧✉✲
♠✐♥❡✉s❡ ✉♥✐q✉❡✳ ❇r❡✈❡t n◦ ❢r ✵✵✶✷✾✽✼✱ 2000✳ ❈♦✲❞é♣♦s❛♥ts ✿ ❙✐❡♠❡♥s
❆✉t♦♠♦t✐✈❡✱ ❈❊❘❚✱ ❝♦✲❛✉t❡✉rs ▲❆❆❙✲❈◆❘❙ ✿ ▼✳❉❡✈② ❡t ❋✳▲❡r❛s❧❡✳

❆rt✐❝❧❡s ♣❛r✉s ❞❛♥s ❝♦♥❣rès ✐♥t❡r♥❛t✐♦♥❛✉① ❛✈❡❝ ❝♦♠✐tés ❞❡ ❧❡❝t✉r❡ ✿

✶✵✳ ❆♥ ▼❈▼❈✲❜❛s❡❞ P❛rt✐❝❧❡ ❋✐❧t❡r ❢♦r ♠✉❧t✐♣❧❡ P❡rs♦♥ ❚r❛❝❦✐♥❣✳ ■✳❩✉r✐❛rr❛✲
✐♥✱ ❋✳▲❡r❛s❧❡✱ ◆✳❆r❛♥❛✱ ▼✳❉❡✈②✳ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ P❛t✲
t❡r♥ ❘❡❝♦❣♥✐t✐♦♥ ✭■❈P❘✬✵✽✮✱ ✹ ♣❛❣❡s✱ ❚❛♠♣❛✱ ❯❙❆✱ ❉❡❝❡♠❜❡r ✷✵✵✽✳ ❆
♣❛r❛îtr❡✳

✶✵❆rt✐❝❧❡ ♣♦rt❛♥t s✉r ♠❡s tr❛✈❛✉① ❞❡ t❤ès❡ ♠❛✐s ré❞✐❣é ❛✉ ▲❆❆❙✲❈◆❘❙✳



✾✽

✶✶✳ ❚♦✇❛r❞s ❘❡❛❧✲t✐♠❡ ▼❛r❦❡r❧❡ss ❍✉♠❛♥ ▼♦t✐♦♥ ❈❛♣t✉r❡ ❢r♦♠ ❆♠❜✐❛♥❝❡
❈❛♠❡r❛s ✉s✐♥❣ ❛♥❞ ❤②❜r✐❞ P❛rt✐❝❧❡ ❋✐❧t❡r✳ ▼✳❋♦♥t♠❛rt②✱ ❋✳▲❡r❛s❧❡✱ P✳❉❛♥✲
ès✳ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ■♠❛❣❡ Pr♦❝❡ss✐♥❣ ✭■❈■P✬✵✽✮✱ ❙❛♥
❉✐❡❣♦✱ ❯❙❆✱ ❖❝t♦❜❡r ✷✵✵✽✳

✶✷✳ ▼✉t✉❛❧ ❆ss✐st❛♥❝❡ ❜❡t✇❡❡♥ ❙♣❡❡❝❤ ❛♥❞ ❱✐s✐♦♥ ❢♦r ❍✉♠❛♥✲❘♦❜♦t ■♥t❡r✲
❛❝t✐♦♥✳ ❇✳❇✉r❣❡r✱ ❋✳▲❡r❛s❧❡✱ ■✳❋❡rr❛♥é✳ ■❊❊❊✴❘❙❏ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡✲
r❡♥❝❡ ♦♥ ■♥t❡❧❧✐❣❡♥t ❘♦❜♦ts ❛♥❞ ❙②st❡♠s ✭■❘❖❙✬✵✽✮✱ ◆✐❝❡✱ ❋r❛♥❝❡✱ ❖❝✲
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■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ P❛tt❡r♥ ❘❡❝♦❣♥✐t✐♦♥ ✭■❈P❘✬✵✷✮✱ ✹ ♣❛❣❡s✱
◗✉❡❜❡❝✱ ❈❛♥❛❞❛✱ ❆✉❣✉st ✷✵✵✷✳

✸✵✳ ❚♦♣♦❧♦❣✐❝❛❧ ◆❛✈✐❣❛t✐♦♥ ❛♥❞ ◗✉❛❧✐t❛t✐✈❡ ▲♦❝❛❧✐③❛t✐♦♥ ❢♦r ■♥❞♦♦r ❊♥✲
✈✐r♦♥♠❡♥t ✉s✐♥❣ ▼✉❧t✐s❡♥s♦r② P❡r❝❡♣t✐♦♥✳ P✳❘❛♥❣❛♥❛t❤❛♥✱ ❏✳❇✳❍❛②❡t✱
▼✳❉❡✈②✱ ❙✳❍✉t❝❤✐♥s♦♥✱ ❋✳▲❡r❛s❧❡✳ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ■♥t❡❧✲
❧✐❣❡♥t ❘♦❜♦t✐❝ ❙②st❡♠s ✭❙■❘❙✬✵✶✮✱ ♣♣ ✹✾✼✲✺✵✻✱ ❚♦✉❧♦✉s❡✱ ❏✉❧② ✷✵✵✶✳



✶✵✵

✸✶✳ Pr♦❥❡❝t❡❞ ▲✐❣❤t ❇❡❛♠s ❚r❛❝❦✐♥❣ ❢♦r ❊✣❝✐❡♥t ✸❉ ❘❡❝♦♥str✉❝t✐♦♥✳ ❋✳▲❡r❛s✲
❧❡✱ P✳❉❛♥ès✳ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ■♠❛❣❡ Pr♦❝❡ss✐♥❣ ✭■❈■P✬✵✶✮✱
♣♣ ✾✺✶✲✾✺✶✱ ❚❤❡ss❛❧♦♥✐❦✐✱ ●r❡❡❝❡✱ ❖❝t♦❜❡r ✷✵✵✶✳

✸✷✳ ❘❡❧❛①❛t✐♦♥ ✈s ▼❛①✐♠❛❧ ❈❧✐q✉❡s ❙❡❛r❝❤ ❢♦r Pr♦❥❡❝t❡❞ ❇❡❛♠s ▲❛❜❡❧✐♥❣
✐♥ ❛ ❙tr✉❝t✉r❡❞ ▲✐❣❤t ❙❡♥s♦r✳ ❋✳▲❡r❛s❧❡✱ ❏✳▼✳▲❡q✉❡❧❧❡❝✱ ▼✳❉❡✈②✳ ■❊❊❊
■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ P❛tt❡r♥ ❘❡❝♦❣♥✐t✐♦♥ ✭■❈P❘✬✵✵✮✱ ♣♣ ✼✽✷✲
✼✽✺✱ ❇❛r❝❡❧♦♥❛✱ ❙♣❛✐♥✱ ❙❡♣t❡♠❜❡r ✷✵✵✵✳

✸✸✳ ❈❛r ❈♦❝❦♣✐t ✸❉ ❘❡❝♦♥str✉❝t✐♦♥ ❜② ❛ ❙tr✉❝t✉r❡❞ ▲✐❣❤t ❙❡♥s♦r✳ ❏✳▼✳▲❡q✉✲
❡❧❧❡❝✱ ❋✳▲❡r❛s❧❡✳ ■❊❊❊ ■♥t❡❧❧✐❣❡♥t ❱❡❤✐❝❧❡ ❙②♠♣♦s✐✉♠✳ ✭■❱✬✵✵✮✱ ♣♣ ✽✼✲
✾✷✱ ❉❡❛❞❜♦r♥✱ ❯❙❆✱ ❖❝t♦❜❡r ✷✵✵✵✳

✸✹✳ ❱✐s✉❛❧ ▲♦❝❛❧✐③❛t✐♦♥ ♦❢ ❛ ▼♦❜✐❧❡ ❘♦❜♦t ✐♥ ■♥❞♦♦r ❊♥✈✐r♦♥♠❡♥ts ✉s✐♥❣
P❧❛♥❛r ▲❛♥❞♠❛r❦s✳ ❱✳❆②❛❧❛✱ ❏✳❇✳❍❛②❡t✱ ❋✳▲❡r❛s❧❡✱ ▼✳❉❡✈②✳ ■❊❊❊✴❘❙❏
■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ■♥t❡❧❧✐❣❡♥t ❘♦❜♦ts ❛♥❞ ❙②st❡♠s ✭■❘❖❙✬✵✵✮✱
✈♦❧ ✶✱ ♣♣ ✷✼✺✲✷✽✵✱ ❚❛❦❛♠❛ts✉✱ ❏❛♣❛♥✱ ◆♦✈❡♠❜❡r ✷✵✵✵✳

✸✺✳ P❧❛♥❛r ▲❛♥❞♠❛r❦s t♦ ▲♦❝❛❧✐③❡ ❛ ▼♦❜✐❧❡ ❘♦❜♦t✳ ❏✳❇✳❍❛②❡t✱ ❋✳▲❡r❛s❧❡✱
▼✳❉❡✈②✳ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ■♥t❡❧❧✐❣❡♥t ❘♦❜♦t✐❝ ❙②st❡♠s ✲
✭❙■❘❙✬✵✵✮✱ ♣♣ ✶✻✸✲✶✻✾✱ ❇❡r❦s❤✐r❡✱ ❯❑✱ ❏✉❧② ✷✵✵✵✳

❆rt✐❝❧❡s ♣❛r✉s ❞❛♥s ❝♦♥❣rès ♥❛t✐♦♥❛✉① ❛✈❡❝ ❝♦♠✐tés ❞❡ ❧❡❝t✉r❡ ✿

✸✻✳ ❯♥❡ str❛té❣✐❡ ❤②❜r✐❞❡ ❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ ♣♦✉r ❧❛ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡✲
♠❡♥t ❞❡♣✉✐s ✉♥ r♦❜♦t ♠♦❜✐❧❡✳ ▼✳❋♦♥t♠❛rt②✱ ❋✳▲❡r❛s❧❡✱ P✳❉❛♥ès✳ ❈♦♥❣rès
❢r❛♥❝♦♣❤♦♥❡ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❋♦r♠❡s ❡t ■♥t❡❧❧✐❣❡♥❝❡ ❆rt✐✜❝✐❡❧❧❡ ✭❘❋■❆✲
✬✵✽✮✱ ❆♠✐❡♥s✱ ❏❛♥✈✐❡r ✷✵✵✽✳

✸✼✳ ❋✐❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ ♣♦✉r ❧❛ ❝❛♣t✉r❡ ❞❡ ♠♦✉✈❡♠❡♥t ❞é❞✐é❡ à ❧✬✐♥t❡r❛❝✲
t✐♦♥ ❤♦♠♠❡✲r♦❜♦t✳ ▼✳❋♦♥t♠❛rt②✱ ❋✳▲❡r❛s❧❡✱ P✳❉❛♥ès✱ P✳▼❡♥❡③❡s✳ ❈♦♥❣rès
❢r❛♥❝♦♣❤♦♥❡ ❖❘❆❙■❙✱ ✽ ♣❛❣❡s✱ ❙tr❛s❜♦✉r❣✱ ❏✉✐♥ ✷✵✵✼✳

✸✽✳ ❙✉✐✈✐ ❡t ✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♣❡rs♦♥♥❡s ♣❛r ✉♥ r♦❜♦t ❣✉✐❞❡✳ ❚✳●❡r♠❛✱ ▲✳❇rèt✲
❤❡s✱ ❋✳▲❡r❛s❧❡✱ ❚✳❙✐♠♦♥✳ ❈♦♥❣rès ❢r❛♥❝♦♣❤♦♥❡ ❖❘❆❙■❙✱ ✽ ♣❛❣❡s✱ ❙tr❛s✲
❜♦✉r❣✱ ❏✉✐♥ ✷✵✵✼✳

✸✾✳ ❙tr❛té❣✐❡s ❞❡ ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡ ♣♦✉r ❧❡ s✉✐✈✐ ✈✐s✉❡❧ ❞❡ ♣❡rs♦♥♥❡s ✿ ❞❡s✲
❝r✐♣t✐♦♥ ❡t é✈❛❧✉❛t✐♦♥✳ ▲✳❇rèt❤❡s✱ P✳❉❛♥ès✱ ❋✳▲❡r❛s❧❡✳ ❈♦♥❣rès ❢r❛♥❝♦✲
♣❤♦♥❡ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❋♦r♠❡s ❡t ■♥t❡❧❧✐❣❡♥❝❡ ❆rt✐✜❝✐❡❧❧❡ ✭❘❋■❆✬✵✻✮✱
✶✵ ♣❛❣❡s✱ ❚♦✉rs✱ ❏❛♥✈✐❡r ✷✵✵✻✳

✹✵✳ ❙✉✐✈✐ ✈✐s✉❡❧ ❞❡ str✉❝t✉r❡s ❛rt✐❝✉❧é❡s ✸❉ ♣❛r ✜❧tr❛❣❡ ♣❛rt✐❝✉❧❛✐r❡✳ P✳▼❡♥❡✲
③❡s✱ ❋✳▲❡r❛s❧❡✱ ❏✳❉✐❛s✱ ❘✳❈❤❛t✐❧❛✳ ❈♦♥❣rès ❢r❛♥❝♦♣❤♦♥❡ ❖❘❆❙■❙✱ ✽ ♣❛❣❡s✱
❋♦✉r♥♦❧✱ ▼❛✐ ✷✵✵✺✳

✹✶✳ ❙❡❣♠❡♥t❛t✐♦♥ ❝♦✉❧❡✉r ❡t ❝♦♥❞❡♥s❛t✐♦♥ ♣♦✉r ❧❡ s✉✐✈✐ ❡t ❧❛ r❡❝♦♥♥❛✐s✲
s❛♥❝❡ ❞❡ ❣❡st❡s ❤✉♠❛✐♥s✳ ▲✳❇rèt❤❡s✱ P✳▼❡♥❡③❡s✱ ❋✳▲❡r❛s❧❡✱ ▼✳❇r✐♦t✳
❈♦♥❣rès ❢r❛♥❝♦♣❤♦♥❡ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❋♦r♠❡s ❡t ■♥t❡❧❧✐❣❡♥❝❡ ❆r✲
t✐✜❝✐❡❧❧❡ ✭❘❋■❆✬✵✹✮✱ ✈♦❧ ✷✱ ♣♣ ✾✻✼✲✾✼✺✱ ❚♦✉❧♦✉s❡✱ ❏❛♥✈✐❡r ✷✵✵✹✳



P✉❜❧✐❝❛t✐♦♥s ❡t r❛♣♣♦rts ✶✵✶

✹✷✳ ❙✉♣❡r✈✐s✐♦♥ ❞❡ ❧✬❤❛❜✐t❛❝❧❡ ❞✬✉♥ ✈é❤✐❝✉❧❡ ♣❛r ❧✉♠✐èr❡ str✉❝t✉ré❡✳ ❏✳▼✳▲❡q✲
✉❡❧❧❡❝✱ ❋✳▲❡r❛s❧❡✱ ❙✳❇♦✈❡r✐❡✳ ❈♦♥❣rès ❢r❛♥❝♦♣❤♦♥❡ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s
❋♦r♠❡s ❡t ■♥t❡❧❧✐❣❡♥❝❡ ❆rt✐✜❝✐❡❧❧❡ ✭❘❋■❆✬✵✷✮✱ ✈♦❧ ✶✱ ♣♣ ✽✼✲✾✺✱ ❆♥❣❡rs✱
❏❛♥✈✐❡r ✷✵✵✷✳

✹✸✳ ❉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬❛♠❡rs ♣❧❛♥s ♣♦✉r ❧❛ ♥❛✈✐❣❛t✐♦♥ ❞✬✉♥ r♦❜♦t ♠♦❜✐❧❡ ❡♥
♠✐❧✐❡✉ ✐♥tér✐❡✉r✳ ❏✳❇✳❍❛②❡t✱ ❋✳▲❡r❛s❧❡✱ ▼✳❉❡✈②✳ ❈♦♥❣rès ❢r❛♥❝♦♣❤♦♥❡
❖❘❆❙■❙✱ ♣♣ ✶✾✸✲✷✵✷✱ ❈❛❤♦rs✱ ❏✉✐♥ ✷✵✵✶✳

P✉❜❧✐❝❛t✐♦♥s ré❛❧✐sé❡s ❞✉r❛♥t ♠♦♥ ❞♦❝t♦r❛t

▼é♠♦✐r❡ ❞❡ t❤ès❡ ✿

✹✹✳ ✓ ❱❡rs ❧❡ s✉✐✈✐ ❞✉ ❣❡st❡ s♣♦rt✐❢ ♣❛r ✈✐s✐♦♥ ❛rt✐✜❝✐❡❧❧❡ ✔✳ ❚❤ès❡ ♣ré♣❛ré❡
❛✉ ▲❆❙▼❊❆ ❞❡ ❧✬❯♥✐✈❡rs✐té ❇❧❛✐s❡ P❛s❝❛❧✳ ❙♦✉t❡♥✉❡ ❧❡ ✶✸ ❥❛♥✈✐❡r ✶✾✾✼✳

❘❡✈✉❡s ✿

✹✺✳ ❙✉✐✈✐ ❞✉ ❝♦r♣s ❤✉♠❛✐♥ ♣❛r ✈✐s✐♦♥ ♠♦♥♦❝✉❧❛✐r❡✳ ❋✳▲❡r❛s❧❡✱ ●✳❘✐✈❡s✱
▼✳❉❤♦♠❡✱ ❆✳❨❛ss✐♥❡✳ ❚r❛✐t❡♠❡♥t ❞✉ ❙✐❣♥❛❧ ✭❚❙✬✾✼✮✱ ✈♦❧ ✶✻✱ ♥✉♠ ✻✱
♣♣ ✻✼✺✲✻✽✺✱ ✶✾✾✼✳

✹✻✳ ▲❡❣ ❈②❝❧✐♥❣ ❚r❛❝❦✐♥❣ ❜② ❉②♥❛♠✐❝ ❱✐s✐♦♥✳ ❋✳▲❡r❛s❧❡✱ ●✳❘✐✈❡s✱ ▼✳❉❤♦♠❡✱
❏✳▼✳●❛r❝✐é✱ ❊✳❱❛♥ Pr❛❛❣❤✳ ❏♦✉r♥❛❧ ♦❢ ❇✐♦♠❡❝❤❛♥✐❝s✱ ✈♦❧ ✸✵✱ ♥✉♠ ✽✱ ♣♣
✽✸✼✲✽✹✵✱ ✶✾✾✼✳

❆rt✐❝❧❡s ♣❛r✉s ❞❛♥s ❝♦♥❣rès ✐♥t❡r♥❛t✐♦♥❛✉① ❛✈❡❝ ❝♦♠✐tés ❞❡ ❧❡❝t✉r❡ ✿

✹✼✳ ❍✉♠❛♥ ❇♦❞② ❚r❛❝❦✐♥❣ ❜② ▼✉❧t✐✲♦❝✉❧❛r ❱✐s✐♦♥✳ ❋✳▲❡r❛s❧❡✱ ●✳❘✐✈❡s✱ ▼✳❉❤♦♠❡✳
❙❝❛♥❞✐♥❛✈✐❛♥ ❈♦♥❢❡r❡♥❝❡ ♦♥ ■♠❛❣❡ ❆♥❛❧②s✐s ✭❙❈■❆✬✾✼✮✱ ✈♦❧ ✶✱ ♣♣ ✷✽✺✲
✷✾✷✱ ▲❛♣♣❡❡♥r❛♥t❛✱ ❋✐♥❧❛♥❞✱ ❏✉♥❡ ✶✾✾✼✳

✹✽✳ ❍✉♠❛♥ ❇♦❞② ❚r❛❝❦✐♥❣ ❜② ▼♦♥♦❝✉❧❛r ❱✐s✐♦♥✳ ❋✳▲❡r❛s❧❡✱ ●✳❘✐✈❡s✱ ▼✳❉❤♦♠❡✳
❊✉r♦♣❡❛♥ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦♠♣✉t❡r ❱✐s✐♦♥ ✭❊❈❈❱✬✾✻✮✱ ✈♦❧ ✷✱ ♣♣ ✺✶✽✲
✺✷✼✱ ❈❛♠❜r✐❞❣❡✱ ❯❑✱ ❆♣r✐❧ ✶✾✾✻✳

❆rt✐❝❧❡s ♣❛r✉s ❞❛♥s ❝♦♥❣rès ♥❛t✐♦♥❛✉① ❛✈❡❝ ❝♦♠✐tés ❞❡ ❧❡❝t✉r❡ ✿

✹✾✳ ❙✉✐✈✐ ❞✉ ❝♦r♣s ❤✉♠❛✐♥ ♣❛r ✈✐s✐♦♥ ♠✉❧t✐✲♦❝✉❧❛✐r❡✳ ❋✳▲❡r❛s❧❡✱ ●✳❘✐✈❡s✱
▼✳❉❤♦♠❡✳ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❋♦r♠❡s ❡t ■♥t❡❧❧✐❣❡♥❝❡ ❆rt✐✜❝✐❡❧❧❡ ✭❘❋■❆✬✾✽✮✱
✈♦❧ ✷✱ ♣♣ ✶✾✸✲✷✵✵✱ ❈❧❡r♠♦♥t✲❋❞✱ ❏❛♥✈✐❡r ✶✾✾✽✳

✺✵✳ ❙✉✐✈✐ ❞✉ ❝♦r♣s ❤✉♠❛✐♥ ♣❛r ✈✐s✐♦♥ ♠♦♥♦❝✉❧❛✐r❡✳ ❋✳▲❡r❛s❧❡✱ ●✳❘✐✈❡s✱
▼✳❉❤♦♠❡✱ ❆✳❨❛ss✐♥❡✳ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❋♦r♠❡s ❡t ■♥t❡❧❧✐❣❡♥❝❡ ❆r✲
t✐✜❝✐❡❧❧❡ ✭❘❋■❆✬✾✻✮✱ ✈♦❧ ✷✱ ♣♣ ✽✺✾✲✽✻✽✱ ❘❡♥♥❡s✱ ❏❛♥✈✐❡r ✶✾✾✻✳ ❆rt✐❝❧❡
sé❧❡❝t✐♦♥♥é ♣♦✉r ♣❛r✉t✐♦♥ ❞❛♥s ❚r❛✐t❡♠❡♥t ❞✉ s✐❣♥❛❧ ❬✹✺❪✳



✶✵✷

◗✉❡❧q✉❡s r❛♣♣♦rts ❞❡ ♣r♦❥❡ts ❡t ❝♦♥tr❛ts ré❛❧✐sés

✺✶✳ ❉❡t❡❝t✐♦♥ ❛♥❞ ❯♥❞❡rst❛♥❞✐♥❣ ♦❢ ❍✉♠❛♥ ❆❝t✐✈✐t②✳ ❘❛♣♣♦rts ❞❡ ❈♦♥tr❛t✱
❈❖●◆■❘❖◆✱ Pr♦❥❡❝t ❋P✻✲■❙❚✲✵✵✷✵✷✵✱ ✷✵✵✻✱ ✶✶✵ ♣❛❣❡s✳ ❉♦❝✉♠❡♥t à
❞✐✛✉s✐♦♥ ❧✐♠✐té❡✳

✺✷✳ ❉❡t❡❝t✐♦♥ ❛♥❞ ❯♥❞❡rst❛♥❞✐♥❣ ♦❢ ❍✉♠❛♥ ❆❝t✐✈✐t②✳ ❘❛♣♣♦rts ❞❡ ❈♦♥tr❛t✱
❈❖●◆■❘❖◆✱ Pr♦❥❡❝t ❋P✻✲■❙❚✲✵✵✷✵✷✵✱ ✷✵✵✺✱ ✼✵ ♣❛❣❡s✳ ❉♦❝✉♠❡♥t à
❞✐✛✉s✐♦♥ ❧✐♠✐té❡✳

✺✸✳ ▼✐❞✲❚❡r♠ ❑❡②✲❡①♣❡r✐♠❡♥t ❙♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ❙t❛t✉s✳
❘❛♣♣♦rts ❞❡ ❈♦♥tr❛t✱ ❈❖●◆■❘❖◆✱ Pr♦❥❡❝t ❋P✻✲■❙❚✲✵✵✷✵✷✵✱ ✷✵✵✻✱ ✸✵
♣❛❣❡s✳

✺✹✳ ❍❘✰ ✿ ❚♦✇❛r❞s ❛♥ ■♥t❡r❛❝t✐✈❡ ❆✉t♦♥♦♠♦✉s ❘♦❜♦t✳ ❏♦✉r♥é❡s ❘♦❜❊❆✱
♣♣ ✸✾✲✹✺✱ ▼♦♥t♣❡❧❧✐❡r✱ ▼❛rs ✷✵✵✺✳

✺✺✳ ❙②stè♠❡ ✐♥t❡❧❧✐❣❡♥t ❞❡ s✉♣❡r✈✐s✐♦♥ ♦♣t✐q✉❡ ❞❡ ❧✬❤❛❜✐t❛❝❧❡ ❞✬✉♥ ✈é❤✐❝✉❧❡✳
❘❛♣♣♦rt ❞❡ ❝♦♥tr❛t✱ P❘❊❉■❚ ■■✳ ✸✼ ♣❛❣❡s✳ ◆♦✈❡♠❜r❡ ✷✵✵✵✳ ❉♦❝✉♠❡♥t
à ❞✐✛✉s✐♦♥ ❧✐♠✐té❡✳

✺✻✳ ❆r❝❤✐t❡❝t✉r❡ ♣♦✉r ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❧❡ ❝♦♥trô❧❡ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❘❖❜♦✲
t✐q✉❡ ❞❡ ❙❊r✈✐❝❡✳ ❘❛♣♣♦rt ❞❡ ♣r♦❥❡t ❘❖❙❊✳ ✶✼ ♣❛❣❡s✳ ❉é❝❡♠❜r❡ ✶✾✾✾✳



❚r♦✐s✐è♠❡ ♣❛rt✐❡

❆❝t✐✈✐tés ❞✬❡♥s❡✐❣♥❡♠❡♥t

✶✵✸





❊♥s❡✐❣♥❡♠❡♥ts ❞✐s♣❡♥sés ✶✵✺

✶ ❊♥s❡✐❣♥❡♠❡♥ts ❞✐s♣❡♥sés

Pré❛♠❜✉❧❡

❉❡♣✉✐s ✶✸ ❛♥s✱ ❥✬❡♥s❡✐❣♥❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✻✶✱ s❡❝t✐♦♥ r❡❣r♦✉♣❛♥t ❧❡s ❞♦✲
♠❛✐♥❡s ❞❡ ❧✬❆✉t♦♠❛t✐q✉❡✱ ■♥❢♦r♠❛t✐q✉❡ ■♥❞✉str✐❡❧❧❡ ❡t ❚r❛✐t❡♠❡♥t ❞✉ ❙✐❣♥❛❧✳
❈❡s ❡♥s❡✐❣♥❡♠❡♥ts ♦♥t été ré❛❧✐sés ❡♥ t❛♥t q✉❡ ✈❛❝❛t❛✐r❡ à ❧✬❯♥✐✈❡rs✐té ❇❧❛✐s❡
P❛s❝❛❧ ❞❡ ❈❧❡r♠♦♥t✲❋❡rr❛♥❞ ✭✶✾✾✹✲✶✾✾✼✮ ♣✉✐s ❞❡ ▼❛îtr❡ ❞❡ ❝♦♥❢ér❡♥❝❡s à
❧✬❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r ✭❯P❙✮ ❞❡ ❚♦✉❧♦✉s❡ ❞❡♣✉✐s ✶✾✾✼✳ ❈❡tt❡ ♠✉t❛t✐♦♥
❣é♦❣r❛♣❤✐q✉❡ ❛ ❧♦❣✐q✉❡♠❡♥t ✐♠♣❧✐q✉é ❧❛ r❡♠✐s❡ à ♣❧❛t ❞❡ t♦✉s ♠❡s ❡♥s❡✐❣♥❡✲
♠❡♥ts✳

▲❡ t❛❜❧❡❛✉ ✶✳✶ s②♥t❤ét✐s❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❡♥s❡✐❣♥❡♠❡♥ts ré❛❧✐sés ❞✉r❛♥t
❧❛ ♣ér✐♦❞❡ ✶✾✾✹✲✷✵✵✽✳ ❙♦♥ ❛♥❛❧②s❡ ❛♠è♥❡ à q✉❡❧q✉❡s ❝♦♠♠❡♥t❛✐r❡s ❣é♥ér❛✉①✳
❙✉r ❧❡ ♣❧❛♥ ♣é❞❛❣♦❣✐q✉❡✱ ♠♦♥ r❡❝r✉t❡♠❡♥t à ❧✬❯P❙ ét❛✐t ♠♦t✐✈é ♣❛r ❧❡ ❞é♣❛rt
à ❧❛ r❡tr❛✐t❡✱ q✉❡❧q✉❡s ❛♥♥é❡s ♣❧✉s t❛r❞✱ ❞❡ ▼✳❇r✐♦t ❀ ❝❡❧✉✐✲❝✐ ét❛✐t ❛❧♦rs ❧❡ s❡✉❧
✐♥t❡r✈❡♥❛♥t ❡♥ ✐♠❛❣❡ ❞❡ ❧✬éq✉✐♣❡ ♣é❞❛❣♦❣✐q✉❡ s❡❝t✐♦♥ ✻✶✳ ❉✉r❛♥t ❧❛ ♣ér✐♦❞❡
✶✾✾✼✲✷✵✵✵✱ ❥✬❛✐ ❛ss✉ré ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❡s ❡♥s❡✐❣♥❡♠❡♥ts ❞✬❆✉t♦♠❛t✐q✉❡ ❡t
❞✬■♥❢♦r♠❛t✐q✉❡ ■♥❞✉str✐❡❧❧❡✳ ❈❡s ❡♥s❡✐❣♥❡♠❡♥ts✱ ❞✐s♣❡♥sés ♣❛r ❧❡ ♣❛ssé ✭♣♦✉r
❧❛ ♣❧✉♣❛rt✮✱ ét❛✐❡♥t ❛❧♦rs ♥♦♥ ❝♦✉✈❡rts ♣❛r ♠❡s ❝♦❧❧è❣✉❡s ❡♥s❡✐❣♥❛♥ts✳ ❏✬❛✐ é❣❛✲
❧❡♠❡♥t ❛ss✉ré q✉❡❧q✉❡s ❡♥s❡✐❣♥❡♠❡♥ts ❞❡ ♣❡r❝❡♣t✐♦♥ ❡t ✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡✳
❆ ♣❛rt✐r ❞❡ ✷✵✵✵✱ ❧❛ r❡tr❛✐t❡ ❞❡ ▼✳❇r✐♦t ❡t s✉rt♦✉t ❧❛ ❝ré❛t✐♦♥ ❞❡ ♥♦✉✈❡❛✉①
❞✐♣❧ô♠❡s ♦✉ ♠♦❞✉❧❡s r❡❧❡✈❛♥t ❞❡ ❧✬✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡ ♦♥t ❢❛✐t é♠❡r❣❡r ❞❡s
❜❡s♦✐♥s ❞❛♥s ❧❡s t❤é♠❛t✐q✉❡s ♣❡r❝❡♣t✐♦♥ ♣♦✉r ❧❛ r♦❜♦t✐q✉❡✱ ✈✐s✐♦♥✱ tr❛✐t❡♠❡♥t
❡t ❛♥❛❧②s❡ ❞❡s ✐♠❛❣❡s✳ P♦✉r ❝❡tt❡ ♥♦✉✈❡❧❧❡ ❝❤❛r❣❡ ❞❡ s❡r✈✐❝❡✱ ❥✬❛✐ ❛❧♦rs ✿ ✭✶✮ ré✲
❛❝t✉❛❧✐sé ❧❡s ❡♥s❡✐❣♥❡♠❡♥ts ❡①✐st❛♥ts✱ ✭✷✮ ❞é✜♥✐ ❧❡ ❝♦♥t❡♥✉ ❡t ♠✐s ❡♥ ♣❧❛❝❡ ❧❡s
♥♦✉✈❡❛✉① ❡♥s❡✐❣♥❡♠❡♥ts ❛ss♦❝✐és✳ ❆✉❥♦✉r❞✬❤✉✐✱ ❥✬✐♥t❡r✈✐❡♥s ❞❛♥s ❧❛ ♣❧✉♣❛rt
❞❡s ❢♦r♠❛t✐♦♥s ❞❡ ❧✬❯P❙ r❡❧❡✈❛♥t ❞❡s s❡❝t✐♦♥s ✸✹✱ ✻✶ ❡t✴♦✉ ✷✼✱ q✉✐ ❞✐s♣❡♥s❡♥t
❞❡s ❡♥s❡✐❣♥❡♠❡♥ts ❡♥ ✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡ ❡t✴♦✉ r♦❜♦t✐q✉❡✳

Pr♦❝❤❡s ❞❡ ♠❡s ❛❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡✱ ❝❡s ❡♥s❡✐❣♥❡♠❡♥ts ♠❡ ♣❡r♠❡tt❡♥t
❛✉❥♦✉r❞✬❤✉✐ ❞✬❛♣♣ré❝✐❡r ❧❛ ❞✉❛❧✐té ❡♥tr❡ ❡♥s❡✐❣♥❡♠❡♥t ❡t r❡❝❤❡r❝❤❡ ♣r♦♣r❡
❛✉ st❛t✉t ❞✬❡♥s❡✐❣♥❛♥t✲❝❤❡r❝❤❡✉r✳ ❆✐♥s✐✱ ❧❡s ❝♦✉rs ❞✐s♣❡♥sés✱ ♣❛r ❧❡✉r ré✲
❛❝t✉❛❧✐s❛t✐♦♥ ♣❡r♠❛♥❡♥t❡✱ t✐r❡♥t ♣r♦✜t ❞❡s ❡①♣ér✐❡♥❝❡s ❡t ❝♦♥♥❛✐ss❛♥❝❡s ❛❝✲
q✉✐s❡s ❞✉r❛♥t ♠❡s ❛❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡✳ ❘é❝✐♣r♦q✉❡♠❡♥t✱ ❧❛ ♣ré♣❛r❛t✐♦♥ ❞❡
❝♦✉rs ♣❡r♠❡t s♦✉✈❡♥t ❞❡ ❜♦♥✐✜❡r ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ♥é❝❡ss❛✐r❡s ♣❛r ❛✐❧❧❡✉rs
♣♦✉r ♠❡s ❛❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡✳ ▲❛ ✜❣✉r❡ ✶✳✻ ✐❧❧✉str❡ ❞❡ ❢❛ç♦♥ ❣r♦ss✐èr❡ ❧❡s
r❡❝♦✉✈r❡♠❡♥ts t❤é♠❛t✐q✉❡s ❡♥tr❡ ❧❡s ✈♦❧❡ts r❡❝❤❡r❝❤❡ ❡t ❡♥s❡✐❣♥❡♠❡♥t ♠❛✲
tér✐❛❧✐sé ♣❛r ♠❡s q✉❛tr❡ ❝♦✉rs ♣r✐♥❝✐♣❛✉① ❛❝t✉❡❧s ✿ ❢♦r♠❛t✐♦♥ ❞❡s ✐♠❛❣❡s✱
tr❛✐t❡♠❡♥t ❞❡s ✐♠❛❣❡s✱ ✈✐s✐♦♥ ✐♥❞✉str✐❡❧❧❡✱ ♣❡r❝❡♣t✐♦♥ ♣♦✉r ❧❛ ❘♦❜♦t✐q✉❡✳



✶✵
✻

❚❛❜✳ ✶✳✶ ✕ ➱✈♦❧✉t✐♦♥ ❞❡s ❡♥s❡✐❣♥❡♠❡♥ts ❞✐s♣❡♥sés ❞❡♣✉✐s 1994 ✭% − cycle universitaire✮

❆♥♥é❡s ✉♥✐✈❡rs✐t❛✐r❡s ✶✾✾✹✲✶✾✾✼ ✶✾✾✼✲✶✾✾✾ ✶✾✾✾✲✷✵✵✵ ✷✵✵✵✲✷✵✵✶ ✷✵✵✶✲✷✵✵✷ ✷✵✵✷✲✷✵✵✻ ✷✵✵✻✲✷✵✵✼

■♥❢♦✳ ■♥❞✉str✐❡❧❧❡ 40%, 2e❝②❝❧❡ 5%, 2e ✲ ✲ ✲ ✲ ✲

■♥❢♦✳ ❣é♥ér❛❧❡ ✲ 40%, 1e − 2e 10% − 2e − − − −

❆✉t♦♠❛t✐q✉❡ 60% − 2e❝②❝❧❡ 50% − 2e 40% − 2e 10% − 2e 10% − 2e − −

P❡r❝❡♣t✐♦♥ ❘♦❜✳ ✲ 5% − 2e 25% − 2, 3e 25% − 2, 3e 25% − 2, 3e 30% − 2, 3e 15% − 2e
, 20% − 3e

❚r❛✐t✳✴❛♥❧②s❡ ❞✬✐♠❛❣❡s ✲ ✲ 15% − 2e 20% − 2e 20% − 2e 30% − 2e 25%, 2e

❋♦r♠❛t✐♦♥ ❞❡s ✐♠❛❣❡s ✲ ✲ ✲ 15% − 2e 15% − 2e 15% − 2e 15%, 2e

❱✐s✐♦♥ ✐♥❞✉str✐❡❧❧❡ ✲ ✲ ✲ 20% − 3e 15% − 3e 15% − 3e 15%, 3e

❉✐✈❡rs ✭♣r♦❥❡ts✱ ❚❊❘s✮ ✲ ✲ 10% 10% 15% 10% 10%

❆✉tr❡s ✐♥t❡r✈❡♥t✐♦♥s ✿ ❈◆❆▼✱ ■◆❙❆ ❞❡ ❚♦✉❧♦✉s❡ ✭■◆❙❆❚✮✱ ❊❝♦❧❡ ❞❡s ▼✐♥❡s ❞✬❆❧❜✐✲❈❛r♠❛✉① ✭❊▼❆❈✮✱ ❋❛❝✉❧té ❞❡
❙❛❧❛♠❛♥❝❛ ✭▼❡①✐q✉❡✮✳



❊♥s❡✐❣♥❡♠❡♥ts ❞✐s♣❡♥sés ✶✵✼

❋✐❣✳ ✶✳✻ ✕ ❘❡❝♦✉✈r❡♠❡♥t t❤é♠❛t✐q✉❡s
❡♥tr❡ r❡❝❤❡r❝❤❡ ❡t ❡♥s❡✐❣♥❡♠❡♥t✳

❈♦♥✈❛✐♥❝✉ q✉✬✉♥ ❡♥s❡✐❣♥❡♠❡♥t
❞✬✐♠❛❣❡ ❞♦✐t êtr❡ ♣❛r ❞é✜♥✐t✐♦♥
✐❧❧✉stré ✭✐♠❛❣é ✦✮✱ t♦✉s ❧❡s ❝♦✉rs
s♦♥t ❞✐s♣❡♥sés à ❧✬❛✐❞❡ ❞❡ tr❛♥s✲
♣❛r❡♥ts✳ ▲❡s tr❛♥s♣❛r❡♥ts s♦♥t r❡✲
❣r♦✉♣és ❞❛♥s ✉♥ ♣♦❧②❝♦♣✐é ❢♦✉r♥✐
❛✉① ét✉❞✐❛♥ts ❡♥ ❞é❜✉t ❞❡ ❝♦✉rs✳
❙♦♥ ❝♦♥t❡♥✉ ❡st ❝♦♠♣❧été ❡♥ sé❛♥❝❡
♣❛r ❧❛ ♣r✐s❡ ❞❡ ♥♦t❡s ❡t ❞é✈❡❧♦♣♣❡✲
♠❡♥ts ❛✉ t❛❜❧❡❛✉✳

▲❡s ✐♥t❡r✈❡♥t✐♦♥s s♦♥t très ❞✐❢✲
❢ér❡♥t❡s ❞❡ ♣❛r ✿ ✭✶✮ ❧❡✉rs ♥❛t✉r❡s
✐✳❡✳ ❝♦✉rs✱ tr❛✈❛✉① ❞✐r✐❣és ✭❚❉✮✱
tr❛✈❛✉① ♣r❛t✐q✉❡s ✭❚P✮✱ ❜✉r❡❛✉①
❞✬ét✉❞❡s ✭❇❊✮ ♦✉ tr❛✈❛✉① ❞✬ét✉❞❡
❡t ❞❡ r❡❝❤❡r❝❤❡ ✭❚❊❘✮✱ ✭✷✮ ❧❡s ♣✉✲
❜❧✐❝s ❝♦♥❝❡r♥és ✐✳❡✳ s❡❝♦♥❞ ❡t tr♦✐✲
s✐è♠❡ ❝②❝❧❡s ✉♥✐✈❡rs✐t❛✐r❡s✱ ❢♦r♠❛t✐♦♥s ❡♥ ➱❧❡❝tr♦♥✐q✉❡✱ ➱❧❡❝tr♦t❡❝❤♥✐q✉❡ ❡t
❆✉t♦♠❛t✐q✉❡ ✭❊❊❆✮✱ ❢♦r♠❛t✐♦♥s ✉♥✐✈❡rs✐t❛✐r❡s ✓ ❝❧❛ss✐q✉❡s ✔ ✭▲✐❝❡♥❝❡ ❡t ▼❛s✲
tèr❡✮✱ ♣r♦❢❡ss✐♦♥♥❛❧✐sé❡s ✭■❯P✮ ❡t é❝♦❧❡s ❞✬✐♥❣é♥✐❡✉rs✳ ▲❡s ❡♥s❡✐❣♥❡♠❡♥ts ❛ss✉✲
rés ❞❡♣✉✐s 1994 s♦♥t ❞ét❛✐❧❧és ❝✐✲❛♣rès ♣❛r ♦r❞r❡ ❝❤r♦♥♦❧♦❣✐q✉❡ ❡t t❤é♠❛t✐q✉❡✳

❱❛❝❛t✐♦♥s ❞✉r❛♥t ♠♦♥ ❞♦❝t♦r❛t

▲❡s ✈❛❝❛t✐♦♥s ❛ss✉ré❡s ❞✉r❛♥t ♠❡s tr♦✐s ❛♥♥é❡s ❞❡ ❞♦❝t♦r❛t à ❧✬❯♥✐✈❡r✲
s✐té ❇❧❛✐s❡ P❛s❝❛❧ ♦♥t ♣❡r♠✐s ❞❡ ❝♦♥✜r♠❡r ♠♦♥ ✐♥térêt ♣♦✉r ❧✬❡♥s❡✐❣♥❡♠❡♥t
❡t ❞✬❛❝q✉ér✐r ✉♥❡ ♣r❡♠✐èr❡ ❡①♣ér✐❡♥❝❡ ♣é❞❛❣♦❣✐q✉❡✳ ▼❡s ♣r❡♠✐èr❡s ✈❛❝❛t✐♦♥s
❞❛t❡♥t ❞❡ ✶✾✾✹ ❡t ♣♦rt❡♥t s✉r ❧✬❡♥❝❛❞r❡♠❡♥t ❞❡ tr❛✈❛✉① ♣r❛t✐q✉❡s ❞✬❛✉t♦✲
♠❛t✐q✉❡ ❧✐♥é❛✐r❡ ❝♦♥t✐♥✉❡ ❡t ❞✐s❝rèt❡✱ ❞❡ s②stè♠❡s à é✈é♥❡♠❡♥ts ❞✐s❝r❡ts ❡♥
♠❛îtr✐s❡ ❊❊❆✳ ❉✉r❛♥t ❧❡s ❛♥♥é❡s s✉✐✈❛♥t❡s✱ ❥✬❛✐ r❡♥♦✉✈❡❧é ❝❡tt❡ ❡①♣ér✐❡♥❝❡ ❡♥
♠❛îtr✐s❡ ❊❊❆ ♠❛✐s é❣❛❧❡♠❡♥t ❛✉ ❈◆❆▼ ❡t ❡♥ é❝♦❧❡ ❞✬✐♥❣é♥✐❡✉rs ✉♥✐✈❡rs✐t❛✐r❡
✭❈❯❙❚✱ ♦♣t✐♦♥ ●é♥✐❡ P❤②s✐q✉❡✮✳ ❊♥✜♥✱ ♣♦✉r ❝❡tt❡ ❞❡r♥✐èr❡ ❢♦r♠❛t✐♦♥✱ ❥✬❛✐
❛ss✉ré ❞❡s tr❛✈❛✉① ❞✐r✐❣és ❞✬❛✉t♦♠❛t✐q✉❡ ❧✐♥é❛✐r❡ ❡t ❞✐s❝rèt❡✳ ▲❡s ✈❛❝❛t✐♦♥s
❛ss✉ré❡s ❞✉r❛♥t ❝❡s tr♦✐s ❛♥♥é❡s r❡♣rés❡♥t❡♥t ❡♥✈✐r♦♥ 210 ❤❡✉r❡s éq✉✐✈❛❧❡♥t
❚❉✳

❙❡r✈✐❝❡s ❞❡ ▼❛îtr❡ ❞❡ ❝♦♥❢ér❡♥❝❡s ❯P❙

▲❡s ❡♥s❡✐❣♥❡♠❡♥ts ❞✬❆✉t♦♠❛t✐q✉❡ ❡t ■♥❢♦r♠❛t✐q✉❡ ■♥❞✉str✐❡❧❧❡ ♦♥t été ❞✐s✲
♣❡♥sés ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞✉r❛♥t ❧❡s tr♦✐s ❛♥♥é❡s q✉✐ s✉✐✈✐r❡♥t ♠♦♥ r❡❝r✉t❡♠❡♥t



✶✵✽

✭✶✾✾✼✲✷✵✵✵✮✳ ❙❛♥s ❧✐❡♥ ❞✐r❡❝t ❛✈❡❝ ♠❡s ❛❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡✱ ❥❡ ♥❡ ❞ét❛✐❧❧❡r❛✐
♣❛s ❞❛✈❛♥t❛❣❡✳ ▲❡ ❞é♣❛rt ❞❡ ▼✳❇r✐♦t ❡♥ ✷✵✵✵✱ ❧❛ ❝ré❛t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① ♠♦✲
❞✉❧❡s ♦✉ ❞✐♣❧ô♠❡s r❡❧❛t✐❢s à ❧✬✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡ ♠✬♦♥t ❛♠❡♥é à ❛❜❛♥❞♦♥♥❡r
♣❡✉ à ♣❡✉ ❧❡s ❡♥s❡✐❣♥❡♠❡♥ts ❞✬❛✉t♦♠❛t✐q✉❡ ❡t ✐♥❢♦r♠❛t✐q✉❡ ✐♥❞✉str✐❡❧❧❡✳ ❊♥
❡✛❡t✱ ❞❡ ♣❛r ♠❡s ❛❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡✱ ❥✬ét❛✐s ❧❡ s❡✉❧ ❡♥s❡✐❣♥❛♥t ❞❡ ❧✬éq✉✐♣❡
♣é❞❛❣♦❣✐q✉❡ à ♣♦✉✈♦✐r ♣r❡♥❞r❡ ❡♥ ❝❤❛r❣❡ ❝❡ s❡r✈✐❝❡✳ ❈❡s ❡♥s❡✐❣♥❡♠❡♥ts✱ r❡✲
❣r♦✉♣és s♦✉s ❧❡s ♠♦ts✲❝❧és ✐♠❛❣❡ ❡t ♣❡r❝❡♣t✐♦♥ ♣♦✉r ❧❛ r♦❜♦t✐q✉❡✱ s♦♥t ❞é❝r✐ts
❝✐✲❛♣rès✳

✕ ▲✐❝❡♥❝❡ ■❯P ❙②stè♠❡s ■♥t❡❧❧✐❣❡♥ts ✭❙■✮ ✿ ❈♦✉rs ❡t ❚❉ s✉r ❧❛ ❢♦r♠❛✲
t✐♦♥ ❡t ❝♦♠♣r❡ss✐♦♥ ❞❡s ✐♠❛❣❡s ♥✉♠ér✐q✉❡s✳ ❈❡t ❡♥s❡✐❣♥❡♠❡♥t✱
❞✐s♣❡♥sé ✐♥✐t✐❛❧❡♠❡♥t ♣❛r ▼✳❇r✐♦t✱ ❞é❝r✐t ✿ ✭✶✮ ❧❡s é❧é♠❡♥ts ✐♥t❡r✈❡✲
♥❛♥ts ❞❛♥s ❧❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞✬✉♥❡ ❝❤❛î♥❡ ❞✬❛❝q✉✐s✐t✐♦♥ ❞✬✐♠❛❣❡s✱ ✭✷✮
❧❡s ét❛♣❡s ❡t ❢❛❝t❡✉rs ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❛ ♠✐s❡ ❡♥ ❢♦r♠❡ ❞✬✉♥ s✐❣♥❛❧
✈✐❞é♦ ❞❡ q✉❛❧✐té✱ ✭✸✮ s♦♥ st♦❝❦❛❣❡ ♣❛r ❝♦♠♣r❡ss✐♦♥ ❛✈❡❝✴s❛♥s ♣❡rt❡s✳
▲❡s ❝♦♥♥❛✐ss❛♥❝❡s ❛❝q✉✐s❡s ♣❛r ❧❡s ét✉❞✐❛♥ts s♦♥t ✈❛❧✐❞é❡s ❣râ❝❡ à ❞❡s
❡①❡r❝✐❝❡s ❝♦rr✐❣és ❡♥ sé❛♥❝❡✳
▲❡ ❝♦♥t❡♥✉ ❞❡ ❝❡ ❝♦✉rs✴❚❉ ❛ s✉❜✐ ❞❡ ♥♦♠❜r❡✉s❡s r❡❢♦♥t❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r
♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ✐♥♥♦✈❛t✐♦♥s t❡❝❤♥♦❧♦❣✐q✉❡s ❧✐é❡s ❛✉① ❝❛♣✲
t❡✉rs ❞✬✐♠❛❣❡s✳ ❈❡s ré✲❛❝t✉❛❧✐s❛t✐♦♥s s✉❝❝❡ss✐✈❡s✱ s♦✉✈❡♥t ❞✐s❝✉té❡s ❛✈❡❝
▼✳❇r✐♦t ♠✬♦♥t ♣❡r♠✐s ❞❡ ré❞✐❣❡r ✉♥ ♣♦❧②❝♦♣✐é ❛ss❡③ ❝♦♠♣❧❡t✳ ▲✬♦❜❥❡❝✲
t✐❢ ❡st ❛✉❥♦✉r❞✬❤✉✐ ❞✬❡♥ ❢❛✐r❡ ✉♥ ♦✉✈r❛❣❡ ♣é❞❛❣♦❣✐q✉❡ ❞❡ ❝♦❧❧❡❝t✐♦♥ ❬❙✶❪
❛❝❝❡ss✐❜❧❡ ❛✉① ♠✐❧✐❡✉① ✉♥✐✈❡rs✐t❛✐r❡ ❡t ✐♥❞✉str✐❡❧✳ ❈❡tt❡ ✈♦❧♦♥té ❡st ♠♦✲
t✐✈é❡ ♣❛r ❧❡ ❝♦♥st❛t s✉✐✈❛♥t ✿ ❧❡s ♦✉✈r❛❣❡s ❞❡ ❝♦❧❧❡❝t✐♦♥ s✉r ❧❡ tr❛✐t❡♠❡♥t
❡t ❛♥❛❧②s❡ ❞❡s ✐♠❛❣❡s s♦♥t ♥♦♠❜r❡✉① ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ■♠❛❣❡ ♠❛✐s
✐❧s r❡st❡♥t ❛ss❡③ ❧❛❝♦♥✐q✉❡s q✉❛♥t ❛✉① ♦✉t✐❧s ❞❡ ♣r✐s❡s ❞❡ ✈✉❡s ❡t à ❧❡✉rs
♠✐s❡s ❡♥ ÷✉✈r❡✳ ◆♦tr❡ ♦✉✈r❛❣❡ ♣❡r♠❡ttr❛✐t ♠♦❞❡st❡♠❡♥t ❞❡ ❝♦♠❜❧❡r
❝❡tt❡ ❧❛❝✉♥❡✳
▲❡ s✉♣♣♦rt ❬❙✷❪ ❞✐str✐❜✉é ❛✉① ét✉❞✐❛♥ts ❡st ❛❣❡♥❝é s♦✉s ❢♦r♠❡ ❞✬✉♥❡ ❝❡♥✲
t❛✐♥❡ ❞❡ tr❛♥s♣❛r❡♥ts q✉✐ t✐r❡♥t ♣❛rt✐❡ ❞✉ ♣♦❧②❝♦♣✐é ❬❙✶❪✳ ❈❡ ❝♦✉rs✴❚❉✱
❞✬✉♥ ✈♦❧✉♠❡ ❞❡ 24❤✱ ❡st ❝♦♠♣❧été ♣❛r ✉♥ ❚P ✐❧❧✉str❛♥t ❧✬❛❝q✉✐s✐t✐♦♥ ❞❡s
✐♠❛❣❡s ❡t ❧❛ ❝♦❧♦r✐♠étr✐❡ s♦✉s ❧❡ ❧♦❣✐❝✐❡❧ ✐♥❞✉str✐❡❧ ❆♣❤❡❧✐♦♥✳ ❙✐❣♥❛❧♦♥s
❡♥✜♥ q✉❡ ❧❛ ❞✐s♣❡♥s❡ ❞❡ ❝❡t ❡♥s❡✐❣♥❡♠❡♥t ♠❡ ♣❡r♠❡t ❞❡ ❝ôt♦②❡r ❧❡s
ét✉❞✐❛♥ts ❞❡ ❝❡tt❡ ▲✐❝❡♥❝❡✱ ❢♦r♠❛t✐♦♥ ❞♦♥t ❥✬❛✐ ❧❛ r❡s♣♦♥s❛❜✐❧✐té ❞❡♣✉✐s
s❡♣t❡♠❜r❡ 1999 ✭s❡❝t✐♦♥ ✸✮✳

✕ ▼❛îtr✐s❡ ❊❊❆✱ ♣❛r❝♦✉rs ❚r❛✐t❡♠❡♥t ❉❡ ❧✬■♥❢♦r♠❛t✐♦♥ ✭❚❉■✮ ✿ ❈♦✉rs✱
❚P ❡t ❚❊❘ ❞❡ tr❛✐t❡♠❡♥t ❡t ❛♥❛❧②s❡ ❞❡s ✐♠❛❣❡s ♥✉♠ér✐q✉❡s✳
▼✳❇r✐♦t✱ ●✳❋❧♦✉③❛t ❡t ♠♦✐✲♠ê♠❡ ❛✈♦♥s ❞é✜♥✐ ❧❡ ❝♦♥t❡♥✉ ❡t ♠✐s ❡♥ ♣❧❛❝❡
✉♥ ♠♦❞✉❧❡ ❞✬✐♠❛❣❡ ❡♥ ❛❞éq✉❛t✐♦♥ ❛✈❡❝ ❝❡ ♥♦✉✈❡❛✉ ♣❛r❝♦✉rs ❞❡ ▼❛î✲
tr✐s❡ ❝réé ❡♥ ✶✾✾✾✳ ❉❡♣✉✐s ✷✵✵✵✱ ❥✬❛ss✉r❡ ❧❛ ♠♦✐t✐é ❞❡s ❡♥s❡✐❣♥❡♠❡♥ts
r❛tt❛❝❤és à ❝❡ ♠♦❞✉❧❡✱ ❧✬❛✉tr❡ ♠♦✐t✐é ét❛♥t ❞✐s♣❡♥sé❡ ♣❛r ●✳❋❧♦✉③❛t✳
▲✬é✈❡♥t❛✐❧ ❞❡ ♠❡s ✐♥t❡r✈❡♥t✐♦♥s ❡st ❛ss❡③ ❧❛r❣❡ ❡t ❜❛❧❛✐❡ ❧❛ ❝❤❛î♥❡ ❞❡



❊♥s❡✐❣♥❡♠❡♥ts ❞✐s♣❡♥sés ✶✵✾

♣❡r❝❡♣t✐♦♥ ❞❡♣✉✐s ❧✬❛❝q✉✐s✐t✐♦♥ ❥✉sq✉✬à ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❧✬✐♠❛❣❡ ✿ ❛❝✲
q✉✐s✐t✐♦♥✱ ❝♦♠♣r❡ss✐♦♥✱ ✜❧tr❛❣❡✱ ❛♠é❧✐♦r❛t✐♦♥ ❡t r❡st❛✉r❛t✐♦♥✱ s❡❣♠❡♥✲
t❛t✐♦♥✱ ❛♥❛❧②s❡ ❞❡ t❡①t✉r❡✱ ♠♦r♣❤♦❧♦❣✐❡ ♠❛t❤é♠❛t✐q✉❡✱ r❡❝♦♥♥❛✐ss❛♥❝❡
❞❡s ❢♦r♠❡s✳ ▲❡ s✉♣♣♦rt ❞❡ ❝♦✉rs ❬❙✸❪ r❡❧❛t✐❢ ❛✉ tr❛✐t❡♠❡♥t✱ ❛♥❛❧②s❡ ❡t ✐♥✲
t❡r♣rét❛t✐♦♥ ❞❡s ✐♠❛❣❡s✱ r❡❣r♦✉♣❡ ✽✵ tr❛♥s♣❛r❡♥ts ♣rés❡♥tés ❡♥ sé❛♥❝❡✳
▲❡s tr❛✈❛✉① ♣r❛t✐q✉❡s ♠✐s ❡♥ ♣❧❛❝❡ ✐❧❧✉str❡♥t ❝❡rt❛✐♥❡s ♥♦t✐♦♥s ❞❡ ❝♦✉rs
♣✉✐s ❞❡s sé❛♥❝❡s ❞❡ ❚❊❘ s✬❛rt✐❝✉❧❡♥t ❛✉t♦✉r ❞❡ ❧❛ rés♦❧✉t✐♦♥ ❞❡ ♣❡t✐ts
♣r♦❜❧è♠❡s t✐r❛♥t ♣❛rt✐❡ ❞❡s ♥♦♠❜r❡✉① ❝❤❛♠♣s ❛♣♣❧✐❝❛t✐❢s ❞❡ ❧✬✐♠❛❣❡✲
r✐❡ ♥✉♠ér✐q✉❡ ✭✐♥s♣❡❝t✐♦♥✱ té❧é❞ét❡❝t✐♦♥✱ ❛♥❛❧②s❡ ❞❡ ♠❛tér✐❛✉✱✳✳✳✮✳ ▲❡s
sé❛♥❝❡s q✉❡ ❥✬❡♥❝❛❞r❡ s✬❛♣♣✉✐❡♥t s✉r ❧❡ ❧♦❣✐❝✐❡❧ ✐♥❞✉str✐❡❧ ❆♣❤❡❧✐♦♥ t❛♥✲
❞✐s q✉❡ ❧❡s ét✉❞✐❛♥ts ❞é❝♦✉✈r❡♥t ✉♥ s❡❝♦♥❞ ❧♦❣✐❝✐❡❧ ❛✈❡❝ ●✳❋❧♦✉③❛t✳
▲❛ ❞❡r♥✐èr❡ ❤❛❜✐❧✐t❛t✐♦♥ ❞✉ ❞✐♣❧ô♠❡ ❡♥ ✷✵✵✹ ❛ ❞♦♥♥é ❧✐❡✉ à ✉♥❡ r❡❢♦♥t❡
❞✉ ❝♦♥t❡♥✉ ❞❡ ❝❡t ❡♥s❡✐❣♥❡♠❡♥t ❡t s❛ r❡str✉❝t✉r❛t✐♦♥ ❡♥ ❞❡✉① ♠♦❞✉❧❡s
❞❡ ✹✽ ❤ ❝❤❛❝✉♥✳ ❏✬❛ss✉r❡ ❧❛ r❡s♣♦♥s❛❜✐❧✐té ♣é❞❛❣♦❣✐q✉❡ ❞❡ ❝❡s ❞❡✉① ✉♥✐✲
tés ❞✬❡♥s❡✐❣♥❡♠❡♥t ❞❡♣✉✐s ✷✵✵✹ ❡t ❧❛ r❡s♣♦♥s❛❜✐❧✐té ♣é❞❛❣♦❣✐q✉❡ ❞❡s
tr❛✈❛✉① ♣r❛t✐q✉❡s ❛ss♦❝✐és à ❝❡t ❡♥s❡✐❣♥❡♠❡♥t ❞❡♣✉✐s s♦♥ ♦r✐❣✐♥❡ ✭s❡❝✲
t✐♦♥ ✸✮✳

✕ ▼❛îtr✐s❡ ■❯P ■♥str✉♠❡♥t❛t✐♦♥✱ ❈❛♣t❡✉rs ❡t ▼❡s✉r❡s ✭■❈▼✮ ✿❈♦✉rs ❡t
❚P ❞❡ tr❛✐t❡♠❡♥t ❡t ❛♥❛❧②s❡ ❞❡s ✐♠❛❣❡s ♥✉♠ér✐q✉❡s✳ ▲✬éq✉✐♣❡
♣é❞❛❣♦❣✐q✉❡ 34ème s❡❝t✐♦♥✱ ❛✉t♦✉r ❞❡ ❆✳❇❡r♥ès ✭P❘ ❯P❙✮✱ ❛ ❝réé❡ ❡♥
✷✵✵✹ ❝❡ ♥♦✉✈❡❧ ■❯P✳ ❉✉r❛♥t ❧✬❛♥♥é❡ ✷✵✵✺✲✷✵✵✻✱ ✐❧ ♠✬❛ été ❞❡♠❛♥❞é
❞❡ ❞✐s♣❡♥s❡r ✉♥ ❝♦✉rs ❞✬✐♥tr♦❞✉❝t✐♦♥ à ❧✬✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡ ✭✈♦❧✉♠❡
❤♦r❛✐r❡ ✿ ✽ ❤✮ ❛✉ ♣r❡♠✐❡r s❡♠❡str❡ ❞❡ ❧❛ ▼❛îtr✐s❡ ■❯P ■❈▼✳ ❈❡tt❡ ✐♥✐t✐❛✲
t✐♦♥ s✬❛♣♣✉✐❡ s✉r ❧❡ ❝♦✉rs ❞❡ ❝❛♣t❡✉rs ❡t ✐♥str✉♠❡♥t❛t✐♦♥✱ ✈✉ ♣❛r ❛✐❧❧❡✉rs
❞❛♥s ❧❡ ❝✉rs✉s✱ ♣♦✉r ♣rés❡♥t❡r ❧❡ s②♥♦♣t✐q✉❡ ❝❧❛ss✐q✉❡ ❞✬✉♥❡ ❝❤❛î♥❡ ❞❡
♣❡r❝❡♣t✐♦♥ ❡t q✉❡❧q✉❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❡ ❧✬✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡✳ ❈❡ ❝♦✉rs
❡st ✐❧❧✉stré ♣❛r ❞❡✉① tr❛✈❛✉① ♣r❛t✐q✉❡s s✉r ❧❛ ♠étr♦❧♦❣✐❡✳ ❈❡tt❡ ✐♥tr♦✲
❞✉❝t✐♦♥ ♣❡r♠❡t ❛✉① ét✉❞✐❛♥ts ❞❡ s✉✐✈r❡✱ ❛✉ s❡❝♦♥❞ s❡♠❡str❡✱ ❧❡ ♠♦❞✉❧❡
❞✬✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡ ❞✉ ▼❛stèr❡ ■❙✷■✳

✕ ▼❛îtr✐s❡ ■❯P ❙■ ✿ ❈♦✉rs ❡t ❇❊ ❞❡ P❡r❝❡♣t✐♦♥ ✸❉✳ ❏✬❛✐ ❝réé ❡t ♠✐s
❡♥ ♣❧❛❝❡ ❝❡t ❡♥s❡✐❣♥❡♠❡♥t q✉✐ ❝♦✉✈r❡ ❧❡s ❛s♣❡❝ts s✉✐✈❛♥ts ✿ ❝❛♣t❡✉rs
✸❉✱ ♠♦❞é❧✐s❛t✐♦♥ ✸❉✱ ❧♦❝❛❧✐s❛t✐♦♥✴r❡❝♦♥♥❛✐ss❛♥❝❡ ✸❉✳ ❏❡ ❞✐str✐❜✉❡ ✉♥
s✉♣♣♦rt ❬❙✹❪ q✉✐ r❡❣r♦✉♣❡ ✉♥❡ s♦✐①❛♥t❛✐♥❡ ❞❡ tr❛♥s♣❛r❡♥ts rés✉♠❛♥t
❧❡s ♥♦t✐♦♥s ✐♠♣♦rt❛♥t❡s✳ ❈❡ ❝♦✉rs✱ ❞✐s♣❡♥sé s✉r ✶✹ ❤✱ ❡st ✐❧❧✉stré ♣❛r
❞❡✉① ❇❊ ❛✉t♦✉r ❞❡ ✶✵ ♣♦st❡s ❞❡ stéré♦✈✐s✐♦♥ ❞é❞✐és ❛✉① ét✉❞✐❛♥ts✳ ▲❡
❜✉t ❡st ❞✬❛♣♣ré❤❡♥❞❡r ❧❡s ❣r❛♥❞❡s ét❛♣❡s ❞❡ ❧❛ stéré♦✈✐s✐♦♥ ✿ ❛❝q✉✐s✐t✐♦♥
❞❡ ❞♦♥♥é❡s stéré♦✱ ét❛❧♦♥♥❛❣❡ ❞✉ s②stè♠❡✱ r❡❝♦♥str✉❝t✐♦♥ ✸❉✳ ▲❡s ét✉✲
❞✐❛♥ts s♦♥t ✐❝✐ ✉t✐❧✐s❛t❡✉rs ❞❡s ♦✉t✐❧s ♠✐s à ❧❡✉r ❞✐s♣♦s✐t✐♦♥ ✭✏t♦♦❧❜♦①✑
▼❛t❧❛❜✱ ✐♥t❡r❢❛❝❡ ❈②❣✇✐♥✱ ✈✐s✉❛❧✐s❛t❡✉r ✸❉✮✳

✕ ❉❊❙❙ ■♥t❡❧❧✐❣❡♥❝❡ ❆rt✐✜❝✐❡❧❧❡✱ ❘❡❝♦♥♥✳ ❞❡s ❢♦r♠❡s✱ ❡t ❘♦❜♦t✐q✉❡ ✭■❘❘✮ ✿
❈♦✉rs ❡t ❇❊ ❞❡ P❡r❝❡♣t✐♦♥ ♣♦✉r ❧❛ ❘♦❜♦t✐q✉❡✳ ❈❡t ❡♥s❡✐❣♥❡♠❡♥t



✶✶✵

r❡♣r❡♥❞ ❧❡s ❣r❛♥❞❡s ❧✐❣♥❡s ❞❡ ❧✬❡♥s❡✐❣♥❡♠❡♥t ❞✐s♣❡♥sé ❡♥ ▼❛îtr✐s❡ ■❯P
❙■✳ ❈♦♥❝❡r♥❛♥t ❧❡ ❝♦✉rs✱ ✐❧ s✬❛♣♣✉✐❡ s✉r ✉♥ ❤♦r❛✐r❡ ♣❧✉s ❝♦♥séq✉❡♥t ✷✵ ❤✮
❡t ♣❡r♠❡t ✉♥ ❛♣♣r♦❢♦♥❞✐ss❡♠❡♥t ❞✐✛ér❡♥t✳ ❏✬❛ss✉r❡ ❧❛ ♠♦✐t✐é ❞✉ ❝♦✉rs✱
❧✬❛✉tr❡ ♠♦✐t✐é ét❛♥t ❞✐s♣❡♥sé❡ ♣❛r ▼✳❉❡✈②✳ ❏❡ r❡♣r♦❞✉✐s ✐❝✐ ❧❡s ❇❊ ❞❡
▼❛îtr✐s❡ ■❯P ❙■ ❛✜♥ ❞✬✐❧❧✉str❡r ❧❡s ❝♦♥❝❡♣ts ❞❡ ❧❛ stéré♦✈✐s✐♦♥✳

✕ ❉❊❙❙ Pr♦❞✉❝t✐q✉❡ ✿ ❈♦✉rs ❡t ❇❊ ❞❡ ✈✐s✐♦♥ ✐♥❞✉str✐❡❧❧❡✳ ❏✬❛✐ ❤é✲
r✐té ❞❡ ❝❡t ❡♥s❡✐❣♥❡♠❡♥t s✉✐t❡ ❛✉ ❞é♣❛rt ❞❡ ▼✳❇r✐♦t ❡♥ ✷✵✵✵✳ ❏✬❛✐ s♦✉✲
❤❛✐té ré✲♦r✐❡♥t❡r ❧❡ ❝♦♥t❡♥✉ ❞✉ ❝♦✉rs ❡t ❇❊ ❛ss♦❝✐és ❛✜♥ ❞❡ ❝♦❧❧❡r ❛✉
♠✐❡✉① ❛✉① s♣é❝✐✜❝✐tés ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❛✉① ❛♣♣❧✐❝❛t✐♦♥s ❞❡ ✈✐s✐♦♥
✐♥❞✉str✐❡❧❧❡ ❛ss♦❝✐é❡s✳ ❆✐♥s✐✱ ❧❡ ❝♦✉rs ❞✬✉♥ ✈♦❧✉♠❡ ❞❡ ✶✻ ❤ r❡♣r♦❞✉✐t
❞❡ ❢❛ç♦♥ s②♥t❤ét✐q✉❡ ❝❡rt❛✐♥s ♦✉t✐❧s ❡t ❝♦♥❝❡♣ts ❞✬✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡
❞è❥à ♠❡♥t✐♦♥♥és ❡t ♠❡t ❧✬❛❝❝❡♥t s✉r ❧❡s t❡❝❤♥✐q✉❡s ❞❡ tr❛✐t❡♠❡♥t ❞❡s
✐♠❛❣❡s ❛❞❛♣té❡s à ❧✬✐♥s♣❡❝t✐♦♥ ✈✐s✉❡❧❧❡ ❡♥ ♠✐❧✐❡✉ ✐♥❞✉str✐❡❧ ✭❡♥✈✐r♦♥♥❡✲
♠❡♥t ❝♦♥trô❧é✱ ❝♦♥tr❛✐♥t❡s t❡♠♣s ré❡❧✱ ❡t❝✮✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ❧❡s t②♣❡s
❡t t❡❝❤♥✐q✉❡s ❞✬é❝❧❛✐r❛❣❡ s♦♥t ♣❛r ❡①❡♠♣❧❡ ✐♥tr♦❞✉✐t❡s✳ ▲❡ ❝♦✉rs s❡ t❡r✲
♠✐♥❡ ♣❛r q✉❡❧q✉❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❡ ✈✐s✐♦♥ ✐♥❞✉str✐❡❧❧❡✳ ▲❡ s✉♣♣♦rt ❬❙✺❪
❞✐str✐❜✉é ❛✉① ét✉❞✐❛♥ts r❡❣r♦✉♣❡ ✾✵ tr❛♥s♣❛r❡♥ts ♣rés❡♥tés ❡♥ sé❛♥❝❡✳
▲❡s tr♦✐s ❜✉r❡❛✉① ❞✬ét✉❞❡s ♠✐s ❡♥ ♣❧❛❝❡ s❡ ❢♦❝❛❧✐s❡♥t s✉r ❧❡ ❝♦♥trô❧❡
q✉❛❧✐té ❞❡ ♣✐è❝❡s ♠❛♥✉❢❛❝t✉ré❡s ✭♠étr♦❧♦❣✐❡✱ ✈ér✐✜❝❛t✐♦♥ ❞❡ ♣rés❡♥❝❡✱
tr✐✱✳✳✳✮✳

✕ ❉❊❙❙ ❚é❧é❞ét❡❝t✐♦♥ ❡t ■♠❛❣❡r✐❡ ◆✉♠ér✐q✉❡ ✭❚■◆✮ ✿ ❈♦✉rs ❡t
❇❊ ❞❡ ✈✐s✐♦♥ ✸❉✳ ❏✬❛✐ ❝réé ❡t ♠✐s ❡♥ ♣❧❛❝❡ ❝❡t ❡♥s❡✐❣♥❡♠❡♥t q✉✐ ✐♥tr♦✲
❞✉✐t q✉❡❧q✉❡s ❝♦♥❝❡♣ts ❞❡ ✈✐s✐♦♥ ✸❉ ♣✉✐s s❡ ❢♦❝❛❧✐s❡ s✉r ❧❛ stéré♦✈✐s✐♦♥✳
❯♥ s✉♣♣♦rt ❞❡ ❝♦✉rs r❡❣r♦✉♣❛♥t ✉♥❡ tr❡♥t❛✐♥❡ ❞❡ tr❛♥s♣❛r❡♥ts rétr♦✲
♣r♦❥❡tés ❞✉r❛♥t ❧❡s sé❛♥❝❡s ❡st ❞✐str✐❜✉é ❛✉ ♣ré❛❧❛❜❧❡ ❛✉① ét✉❞✐❛♥ts✳ ▲❡
❝♦✉rs✱ ❞✐s♣❡♥sé s✉r ✾ ❤ ❡st ❝♦♠♣❧été ♣❛r ❞❡s sé❛♥❝❡s ❞❡ ❇❊ q✉✐ s✬❛rt✐✲
❝✉❧❡♥t ❛✉t♦✉r ❞❡ ❧❛ ré❛❧✐s❛t✐♦♥ ❞✬✉♥ ♠✐♥✐ ♣r♦❥❡t ❡♥❝❛❞ré s✉r ✶✷ ❤✳ ▲❡s
sé❛♥❝❡s s✬♦r❣❛♥✐s❡♥t ❛✉t♦✉r ❞❡ ♣r♦❣r❛♠♠❡s ▼❛t❧❛❜ ✏à tr♦✉s✑ ♣❡r♠❡t✲
t❛♥t ❛✉① ét✉❞✐❛♥ts ❞❡ ❝♦♥❝❡✈♦✐r ✉♥ ♣r♦❣r❛♠♠❡ ❝♦♠♣❧❡t ❞❡ stéré♦✈✐s✐♦♥
❞❡♥s❡✳

✕ ❉❊❙❙ ❙■ ✿ Pr♦❥❡t ❛♥♥✉❡❧ ❞❡ ✜♥ ❞✬ét✉❞❡✳ ❈❡ ♣r♦❥❡t s❡ ❞ér♦✉❧❡ s✉r
♣❧✉s✐❡✉rs ♠♦✐s ❡t ✐♠♣❧✐q✉❡ t♦✉s ❧❡s ét✉❞✐❛♥ts ❞❡ ❧❛ ❢♦r♠❛t✐♦♥✳ ❊♥ ❞é✲
❜✉t ❞✬❛♥♥é❡ ✉♥✐✈❡rs✐t❛✐r❡✱ ❧✬♦❜❥❡t ❞✉ ♣r♦❥❡t ❡st ❞✐s❝✉té✱ é✈❡♥t✉❡❧❧❡♠❡♥t
r❡❞é✜♥✐✱ ❡♥ ♣rés❡♥❝❡ ❞❡ ❧✬éq✉✐♣❡ ♣é❞❛❣♦❣✐q✉❡ ❡t ❞❡s ét✉❞✐❛♥ts✳ ❏❡ s✉✐s
❛♠❡♥é à ♣❛rt✐❝✐♣❡r à ❝❡ ♣r♦❥❡t ✭❝♦♥❝❡♣t✐♦♥✱ s✉✐✈✐✱ é✈❛❧✉❛t✐♦♥✮ ❧♦rsq✉❡
❧❡ ❝❛❤✐❡r ❞❡s ❝❤❛r❣❡s ✐♠♣❧✐q✉❡ ❧❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❡t ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✬✉♥
s②stè♠❡ ❞❡ ✈✐s✐♦♥✳



❊♥s❡✐❣♥❡♠❡♥ts ❞✐s♣❡♥sés ✶✶✶

❊♥s❡✐❣♥❡♠❡♥ts ❤♦rs ❯P❙

✕ ❊❝♦❧❡ ❞❡s ▼✐♥❡s ❞✬❆❧❜✐✲❈❛r♠❛✉① ✭❊▼❆❈✮ ❞❡♣✉✐s ✷✵✵✹ ✿ ❙✳▲❡r♦✉① ✭■❘
❊▼❆❈✮ ❡t ♠♦✐✲♠ê♠❡ ❛✈♦♥s ❞é✜♥✐ ❡t ❞✐s♣❡♥s♦♥s ❛❝t✉❡❧❧❡♠❡♥t ✉♥ ♠♦✲
❞✉❧❡ ♦♣t✐♦♥♥❡❧ ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❢♦r♠❡s ♣♦✉r ❧✬✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡
❛✉① ét✉❞✐❛♥ts ❞❡ tr♦✐s✐è♠❡ ❡t q✉❛tr✐è♠❡ ❛♥♥é❡ ❞❡ ❧✬❊▼❆❈✳ ❈❡s ❡♥✲
s❡✐❣♥❡♠❡♥ts s✬❛rt✐❝✉❧❡♥t ❛✉t♦✉r ❞❡ sé❛♥❝❡s ❞❡ ❝♦✉rs ♣✉✐s ❞❡ tr❛✈❛✉①
♣r❛t✐q✉❡s✳ ❯♥❡ ♣r❡♠✐èr❡ ♣❛rt✐❡✱ ❞✐s♣❡♥sé❡ ♣❛r ❙✳▲❡r♦✉①✱ ♣♦rt❡ s✉r ❞❡s
♥♦t✐♦♥s ❣é♥ér❛❧❡s ♣✉✐s ❧❛ s❡❣♠❡♥t❛t✐♦♥ ❡♥ ❝♦♥t♦✉rs✳ ▼♦♥ ✐♥t❡r✈❡♥t✐♦♥
♣♦rt❡ s✉r ❧❛ s❡❣♠❡♥t❛t✐♦♥ ré❣✐♦♥✱ ❧❛ ♣rés❡♥t❛t✐♦♥ ❞❡ ❞❡s❝r✐♣t❡✉rs ❛ss♦✲
❝✐és✱ ❡♥✜♥ ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❢♦r♠❡s✳ P♦✉r ✐❧❧✉str❡r ❝❡tt❡ s❡❝♦♥❞❡ ♣❛r✲
t✐❡✱ ❥✬❛✐ ♠✐s ❡♥ ♣❧❛❝❡ ❞❡s tr❛✈❛✉① ♣r❛t✐q✉❡s s♣é❝✐✜q✉❡s q✉✐ s✬❛♣♣✉✐❡♥t s✉r
❧❛ ❜♦ît❡ à ♦✉t✐❧s r❡❝♦♥♥❛✐ss❛♥❝❡ ✭r❡❝♦❣♥✐t✐♦♥ t♦♦❧❦✐t✮ ❞✉ ❧♦❣✐❝✐❡❧ ❆♣❤❡✲
❧✐♦♥✳ ▲❡ s✉♣♣♦rt ❞❡ ❝♦✉rs ❬❙✻❪ ❞✐str✐❜✉é ❛✉① ét✉❞✐❛♥ts ❝♦♠♣♦rt❡ ✉♥❡
tr❡♥t❛✐♥❡ ❞❡ tr❛♥s♣❛r❡♥ts ♣♦✉r ✉♥ ✈♦❧✉♠❡ ❤♦r❛✐r❡ t♦t❛❧ ❞❡ ✷✵ ❤✳ ▲❡
❝♦♥t❡♥✉ ❞❡ ❝❡ ♠♦❞✉❧❡ ♦♣t✐♦♥♥❡❧ ❡st ♠♦❞✐✜é ❞❡♣✉✐s ✷✵✵✻ ❡t ♣♦rt❡ s✉r ❧❛
✈✐s✐♦♥ ✐♥❞✉str✐❡❧❧❡✳

✕ ■◆❙❆ ❞❡ ❚♦✉❧♦✉s❡ ✭■◆❙❆❚✮ ❡♥ ✷✵✵✺ ✿ ❚✳❙❡♥t❡♥❛❝ ✭▼❈❋ ❊▼❆❈✮ ❡t ♠♦✐✲
♠ê♠❡ ❛✈♦♥s ♠✐s ❡♥ ♣❧❛❝❡ ❡t ❛ss✉ré ✉♥ ❝♦✉rs ❞✬✐♥tr♦❞✉❝t✐♦♥ à ❧✬✐♠❛❣❡r✐❡
♥✉♠ér✐q✉❡ ❛✉① ét✉❞✐❛♥ts ❞❡ q✉❛tr✐è♠❡ ❛♥♥é❡ ●❊■■ ❞❡ ❧✬■◆❙❆ ❞❡ ❚♦✉✲
❧♦✉s❡✳ ❈❡ ❝♦✉rs ❞❡✈❛✐t s✬✐♥s❝r✐r❡ ❞❛♥s ✉♥ ♠♦❞✉❧❡ ♦♣t✐♦♥♥❡❧ ➱❧❡❝tr♦♥✐q✉❡
❡t ▼✉❧t✐♠é❞✐❛✳ ❯♥❡ ♣r❡♠✐èr❡ ♣❛rt✐❡✱ ❞✐s♣❡♥sé❡ ♣❛r ♠♦♥ ❝♦❧❧è❣✉❡✱ ét❛✐t
❝♦♥s❛❝ré❡ à ❞❡s ♥♦t✐♦♥s ❣é♥ér❛❧❡s ❡t ❧✬❛❝q✉✐s✐t✐♦♥ ❞❡s ✐♠❛❣❡s✳ ❏✬❛✐ ❝♦♠✲
♣❧été ❝❡ ❝♦✉rs ♣❛r ✉♥❡ ✐♥tr♦❞✉❝t✐♦♥ à ❧❛ stéré♦✈✐s✐♦♥✱ ♣✉✐s ✉♥❡ ♣rés❡♥✲
t❛t✐♦♥ ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ❝♦♠♣r❡ss✐♦♥ ❞✬✐♠❛❣❡s✱ ❡♥✜♥ ✉♥❡ ❞❡s❝r✐♣t✐♦♥
❞❡s ♥♦r♠❡s ❞❡ ❝♦♠♣r❡ss✐♦♥ ✈✐❞é♦ ❡♥ ✈✐❣✉❡✉r✳ ▲❡ s✉♣♣♦rt ❞❡ ❝♦✉rs ❞✐s✲
tr✐❜✉é ❛✉① ét✉❞✐❛♥ts ❝♦♠♣♦rt❛✐t ✉♥❡ q✉❛r❛♥t❛✐♥❡ ❞❡ tr❛♥s♣❛r❡♥ts ♣♦✉r
✉♥ ✈♦❧✉♠❡ ❤♦r❛✐r❡ t♦t❛❧ ❞❡ ✷✵ ❤✳

✕ ❋❛❝✉❧té ❞❡ ❙❛❧❛♠❛♥❝❛ ✭▼❡①✐q✉❡✮ ❡♥ ✷✵✵✶ ✿ ▲♦rs ❞✬✉♥❡ ♠✐ss✐♦♥ r❡❧❡✈❛♥t
❞✬✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❞❡ r❡❝❤❡r❝❤❡ ✭❈❖✷✱ ♣❛rt✐❡ ■■✮✱ ❥✬❛✐ été ❝❤❛r❣é ❞✬❛s✲
s✉r❡r ✉♥ ❝♦✉rs ❞❡st✐♥é ❛✉① ét✉❞✐❛♥ts ❞❡ ▼❛stèr❡ ✭❜❛❝✰✺✮ ❞❡ ❧❛ ❋❛❝✉❧té
❞✬■♥❣é♥✐ér✐❡ ❡♥ ▼é❝❛♥✐q✉❡✱ ➱❧❡❝tr♦t❡❝❤♥✐q✉❡ ❡t ➱❧❡❝tr♦♥✐q✉❡ ✭❋■▼❊❊✮
❞❡ ❙❛❧❛♠❛♥❝❛ s✐t✉é❡ ❞❛♥s ❧✬ét❛t ❞❡ ●✉❛♥❛❥✉❛t♦✳ ❈❡ ❝♦✉rs ✐♥t✐t✉❧é ✸❉
✈✐s✐♦♥✱ ét❛✐t ❞✐s♣❡♥sé ❡♥ ❛♥❣❧❛✐s✳ ■❧ s✬❛♣♣✉②❛✐t s✉r ❧❡ ❝♦✉rs ❞✐s♣❡♥sé ❡♥
❉❊❙❙ ❚■◆✳ ▲❡ s✉♣♣♦rt ❞❡ ❝♦✉rs ❬❙✼❪ ❞✐str✐❜✉é ❛✉① ét✉❞✐❛♥ts ❝♦♠♣♦rt❡
✼✵ tr❛♥s♣❛r❡♥ts ♣♦✉r ✉♥ ✈♦❧✉♠❡ ❤♦r❛✐r❡ ❞❡ ✶✺ ❤ ❞❡ ❝♦✉rs✳



✶✶✷

✷ ❙✉♣♣♦rts ❞❡ ❝♦✉rs

❙♦♥t ♠❡♥t✐♦♥♥és ❝✐✲❛♣rès q✉❡❧q✉❡s s✉♣♣♦rts ❞❡ ❝♦✉rs ❧✐és à ♠❡s ❛❝t✐✈✐tés
♣é❞❛❣♦❣✐q✉❡s✳ ▲❡ ♣r❡♠✐❡r ❝♦♥❝❡r♥❡ ❧❛ ré❞❛❝t✐♦♥ ❞✬✉♥ ♦✉✈r❛❣❡ ♣é❞❛❣♦❣✐q✉❡ ❡♥
❝♦✉rs ❞❡ ré❞❛❝t✐♦♥✱ ❧❡s s✉✐✈❛♥ts s♦♥t ❞❡s ♣♦❧②❝♦♣✐és ❞❡ tr❛♥s♣❛r❡♥ts ♣rés❡♥tés
❡♥ sé❛♥❝❡s ❛✉① ét✉❞✐❛♥ts✳

❬❙✶❪ ❋♦r♠❛t✐♦♥ ❡t ❝♦♠♣r❡ss✐♦♥ ❞❡s ✐♠❛❣❡s✳ ▼✳❇r✐♦t ❡t ❋✳▲❡r❛s❧❡✳ ✶✺✵ ♣❛❣❡s✳
❖✉✈r❛❣❡ ♣é❞❛❣♦❣✐q✉❡ ❡♥ ❝♦✉rs ❞❡ ré❞❛❝t✐♦♥✳

❬❙✷❪ ❋♦r♠❛t✐♦♥ ❡t ❝♦♠♣r❡ss✐♦♥ ❞❡s ✐♠❛❣❡s ✲ ❙✉♣♣♦rt ❞❡ ❝♦✉rs✳ ✶✵✵ tr❛♥s♣❛✲
r❡♥ts✳

❬❙✸❪ ❚r❛✐t❡♠❡♥t ❡t ❛♥❛❧②s❡ ❞❡s ✐♠❛❣❡s ✲ ❙✉♣♣♦rt ❞❡ ❝♦✉rs✳ ✽✵ tr❛♥s♣❛r❡♥ts✳

❬❙✹❪ P❡r❝❡♣t✐♦♥ ♣♦✉r ❧❛ r♦❜♦t✐q✉❡ ✲ ❙✉♣♣♦rt ❞❡ ❝♦✉rs✳ ✻✵ tr❛♥s♣❛r❡♥ts✳

❬❙✺❪ ❱✐s✐♦♥ ✐♥❞✉str✐❡❧❧❡ ✲ ❙✉♣♣♦rt ❞❡ ❝♦✉rs✳ ✾✵ tr❛♥s♣❛r❡♥ts✳

❬❙✻❪ ❘❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❢♦r♠❡s ✲ ❙✉♣♣♦rt ❞❡ ❝♦✉rs✳ ✸✵ tr❛♥s♣❛r❡♥ts✳

❬❙✼❪ ✸❉ ❱✐s✐♦♥ ✲ ❙✉♣♣♦rt ❞❡ ❝♦✉rs ❡♥ ❛♥❣❧❛✐s✳ ✼✵ tr❛♥s♣❛r❡♥ts✳

✸ ❋♦♥❝t✐♦♥s ❞✬✐♥térêt ❣é♥ér❛❧ ❡t r❡s♣♦♥s❛❜✐❧✐tés

♣é❞❛❣♦❣✐q✉❡s

Pré❛♠❜✉❧❡

▼❡s r❡s♣♦♥s❛❜✐❧✐tés ♣é❞❛❣♦❣✐q✉❡s ♣♦rt❡♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t s✉r ✉♥❡ ▲✐❝❡♥❝❡
■❯P ❡t ❞❡✉① ♠♦❞✉❧❡s ❞❡ ♠❛stèr❡ t❛♥❞✐s q✉❡ ❥❡ s✉✐s ♠❡♠❜r❡ ❞❡ ❞✐✈❡rs❡s ❝♦♠✲
♠✐ss✐♦♥s ❡t ❝♦♥s❡✐❧s✳ ❈❡s ❞✐✛ér❡♥t❡s ❝❤❛r❣❡s ❞✬✐♥térêt ❣é♥ér❛❧ ❛ss✉ré❡s ❛✉ t✐tr❡
❞❡ ❧✬❡♥s❡✐❣♥❡♠❡♥t s♦♥t ❞ét❛✐❧❧é❡s ❝✐✲❛♣rès✳

❘❡s♣♦♥s❛❜✐❧✐tés ♣é❞❛❣♦❣✐q✉❡s

✶✳ à ❧✬■❯P ❙■ ✭✶✾✾✾✲✳✳✳✮ ✿ ❈♦✲r❡s♣♦♥s❛❜✐❧✐té ❞✬❛♥♥é❡ ❛✈❡❝ P✳❏♦❧② ✭P❘
❯P❙✮✳ ▲❛ ❝❤❛r❣❡ ❞❡ tr❛✈❛✐❧ ❤❡❜❞♦♠❛❞❛✐r❡ ♠♦②❡♥♥❡ ❡st é✈❛✲
❧✉é❡ à ✷ ❤❡✉r❡s ♣❛r ❝♦✲r❡s♣♦♥s❛❜❧❡✳ ❈❡t ■❯P✱ ❝réé ♣❛r ▼✳❇r✐♦t ❡♥
✶✾✾✷ ❡t ❧✬éq✉✐♣❡ ♣é❞❛❣♦❣✐q✉❡ ❞✉ ❉❊❙❙ ■❘❘✱ ❞✐s♣❡♥s❡ ✉♥❡ ❢♦r♠❛t✐♦♥
♣❧✉r✐❞✐s❝✐♣❧✐♥❛✐r❡ à ❧✬✐♥t❡rs❡❝t✐♦♥ ❞❡ ❧✬✐♥❢♦r♠❛t✐q✉❡✱ ❞❡ ❧✬❛✉t♦♠❛t✐q✉❡ ❡t
❞❡ ❧✬✐♥❢♦r♠❛t✐q✉❡ ✐♥❞✉str✐❡❧❧❡✳ ❊❧❧❡ ♣❡r♠❡t à ❧✬é❧è✈❡ ✐♥❣é♥✐❡✉r✲♠❛îtr❡
❞✬❛❝q✉ér✐r ❞❡s ❝♦♠♣ét❡♥❝❡s s❝✐❡♥t✐✜q✉❡s✶✶✱ s♣é❝✐❛❧✐sé❡s✶✷✱ ❡♥✜♥ ❣é♥é✲
r❛❧❡s ❞✬♦✉✈❡rt✉r❡ ✈❡rs ❧✬❡♥tr❡♣r✐s❡✳ ❊❧❧❡ s✬❛♣♣✉✐❡ s✉r ❞❡s ❝♦❧❧❛❜♦r❛t✐♦♥s

✶✶▼❛t❤é♠❛t✐q✉❡s✱ ❛✉t♦♠❛t✐q✉❡✱ ✐♥❢♦r♠❛t✐q✉❡✳
✶✷■♥t❡❧❧✐❣❡♥❝❡ ❛rt✐✜❝✐❡❧❧❡✱ ✐♥t❡r❢❛❝❡ ❤♦♠♠❡✲♠❛❝❤✐♥❡✱ r♦❜♦t✐q✉❡✳



❋♦♥❝t✐♦♥s ❞✬✐♥térêt ❣é♥ér❛❧ ❡t r❡s♣♦♥s❛❜✐❧✐tés ♣é❞❛❣♦❣✐q✉❡s ✶✶✸

❛✈❡❝ ❧❡ s❡❝t❡✉r ✐♥❞✉str✐❡❧ ❡t ❧❡s ❧❛❜♦r❛t♦✐r❡s ❞❡ r❡❝❤❡r❝❤❡ ♣✉❜❧✐❝s ❡t ♣r✐✲
✈és ❡t ❧❡ s❡❝t❡✉r ✐♥❞✉str✐❡❧ q✉✐ ❞✐s♣❡♥s❡ ❝❡rt❛✐♥s ❡♥s❡✐❣♥❡♠❡♥ts ❞❛♥s ❧❛
❢♦r♠❛t✐♦♥ ■❯P✳

▲❡ ❝✉rs✉s ❞❡ ❧✬■❯P s❡ ❞ér♦✉❧❡ s✉r tr♦✐s ♦✉ q✉❛tr❡ ❛♥♥é❡s ✿ ❧❡s ét✉❞✐❛♥ts
❞é♠❛rr❡♥t ❛✉ ♥✐✈❡❛✉ ❜❛❝✰✷✱ é✈❡♥t✉❡❧❧❡♠❡♥t ❜❛❝✰✸ ✭▲✐❝❡♥❝❡ ❙■✮✱ ❡t
s♦rt❡♥t ❛✉ ♥✐✈❡❛✉ ❜❛❝✰✹ ♦✉ ❜❛❝✰✺ ✭❉❊❙❙ ❙■✮ ❛♣rès ❛❞♠✐ss✐♦♥ ♣❛r
❧✬éq✉✐♣❡ ♣é❞❛❣♦❣✐q✉❡✳ ▲❡s ❞❡✉① ❞❡r♥✐èr❡s ❛♥♥é❡s ■❯P s♦♥t ✈❛❧✐❞é❡s ♣❛r
✉♥ st❛❣❡ ✐♥❞✉str✐❡❧ ❞❡ ✺ ♦✉ ✻ ♠♦✐s✳ ▲❛ ❢♦r♠❛t✐♦♥ r❡❝r✉t❡ s✉r ❞♦ss✐❡rs ♣✉✐s
❛✉❞✐t✐♦♥s ♣♦✉r ✿ ✭✶✮ ❧❡s ét✉❞✐❛♥ts ❜❛❝✰✷ ❞♦♥❝ t✐t✉❧❛✐r❡s ❞✬✉♥ ❉❊❯●✱
❉❯❚✱ ❇❚❙✱ ❈P●❊✱ ✭✷✮ ❧❡s ét✉❞✐❛♥ts ❜❛❝✰✶ ❞♦♥❝ ❛②❛♥t ✈❛❧✐❞és ✉♥❡
♣r❡♠✐èr❡ ❛♥♥é❡ ❞✬❡♥s❡✐❣♥❡♠❡♥t s✉♣ér✐❡✉r ✭❉❊❯● ♦✉ ❈P●❊✮✳

❉❡♣✉✐s ✶✾✾✾✱ ❥❡ s✉✐s r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ▲✐❝❡♥❝❡ q✉✐ ❝♦♠♣♦rt❡ ❝❤❛q✉❡
❛♥♥é❡ ✉♥❡ q✉❛r❛♥t❛✐♥❡ ❞✬ét✉❞✐❛♥ts ❛❧♦rs q✉❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬■❯P ❡st
❛ss✉ré❡ ♣❛r ▼✳❚❛✐① ✭▼❈❋ ❯P❙✮ ❞❡♣✉✐s ✷✵✵✵✳ ▲❛ r❡s♣♦♥s❛❜✐❧✐té ❞❡ ❧❛
▲✐❝❡♥❝❡ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❧❛ ♣❧✉s ❝♦♥tr❛✐❣♥❛♥t❡ ❞❡s q✉❛tr❡ ❛♥♥é❡s ❞✉
❝✉rs✉s ❞❡ ♣❛r ❧❡ ✈♦❧✉♠❡ ❤♦r❛✐r❡ à ❣ér❡r ✭✽✺✵ ❤✴❛♥✮✳ ▲❡ rô❧❡ ❞✉ r❡s✲
♣♦♥s❛❜❧❡ ❡st ❢♦♥❞❛♠❡♥t❛❧ ❞❛♥s ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❧✬❛♥♥é❡ q✉✐ ❧✉✐ ❡st
❝♦♥✜é❡✳ ■❧ ❞♦✐t ❡♥ ❡✛❡t s✬❛❝q✉✐tt❡r ❞❡ tâ❝❤❡s ❞✐✈❡rs❡s ❡t ✈❛r✐é❡s t❡❧❧❡s
q✉❡ ✿
✕ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s ❡♥s❡✐❣♥❡♠❡♥ts✱ ❞é✜♥✐t✐♦♥ ❞✉ ♣❧❛♥♥✐♥❣ ❛♥♥✉❡❧ ❡t
s✉✐✈✐ ❞❡ s♦♥ ❞ér♦✉❧❡♠❡♥t ❛✈❡❝ ❧✬❛✐❞❡ ❞✉ s❡❝rét❛r✐❛t ■❯P ✭▼♠❡ ❙✐t✲
❜♦♥✮✳

✕ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ ❝♦♥trô❧❡ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❡t ❥✉r②s ❛ss♦❝✐és✳
✕ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❡♥tr❡ ❧❡s ✐♥t❡r✈❡♥❛♥ts ❞❡ ❧✬éq✉✐♣❡ ♣é❞❛❣♦❣✐q✉❡ ❝♦♥st✐✲
t✉é❡ ❞✬✉♥❡ q✉❛r❛♥t❛✐♥❡ ❞✬❡♥s❡✐❣♥❛♥ts ♣❡r♠❛♥❡♥ts ♦✉ t❡♠♣♦r❛✐r❡s
✭♠♦♥✐t❡✉rs✱ ❆❚❊❘✮✱ ✐♥❞✉str✐❡❧s ♦✉ ✈❛❝❛t❛✐r❡s✳

✕ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ ré✉♥✐♦♥s ❜✐❧❛♥s ❡♥ ♣rés❡♥❝❡ ❞❡s ét✉❞✐❛♥ts ❡t ❞❡
❧✬éq✉✐♣❡ ♣é❞❛❣♦❣✐q✉❡ ❛✜♥ ❞✬❛♠é❧✐♦r❡r s♦♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t✳

✕ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❛✉ ❝♦♥s❡✐❧ ❞❡ ♣❡r❢❡❝t✐♦♥♥❡♠❡♥t✳
✕ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ♠❛q✉❡tt❡ ❡t s②❧❧❛❜✉s ❧♦rs ❞❡ ♥♦✉✈❡❧❧❡s
❝❛♠♣❛❣♥❡s ❞✬❤❛❜✐❧✐t❛t✐♦♥✳

❆✉ ❞❡❧à ❞❡ ❧❛ ▲✐❝❡♥❝❡✱ ❥❡ ♠✬✐♠♣❧✐q✉❡ ❞❛♥s ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❣❧♦❜❛❧ ❞❡
❧✬■❯P✳ ❆✐♥s✐✱ ❝❤❛q✉❡ ❛♥♥é❡✱ ❥❡ ♣❛rt✐❝✐♣❡ ❛✉ r❡❝r✉t❡♠❡♥t ❞❡s ét✉❞✐❛♥ts ❡♥
♣r❡♠✐èr❡ ❡t s❡❝♦♥❞❡ ❛♥♥é❡ ■❯P✳ ❆ ❝❤❛q✉❡ ❝❛♠♣❛❣♥❡ ❞✬❤❛❜✐❧✐t❛t✐♦♥✱ ❥❡
♣❛rt✐❝✐♣❡ ❛✉① ré✢❡①✐♦♥s ♣♦rt❛♥t s✉r ❧❛ r❡❢♦♥t❡ ❞❡s ♣r♦❣r❛♠♠❡s ❞❡ tr❛✐✲
t❡♠❡♥t ❞❡s s✐❣♥❛✉① ❡t ✐♠❛❣❡s✱ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❢♦r♠❡s ❡t r♦❜♦t✐q✉❡ ❀
t❤é♠❛t✐q✉❡s q✉✐ s♦♥t ❝♦♠♠✉♥❡s ❛✉① q✉❛tr❡ ❛♥♥é❡s ❞❡ ❧✬■❯P✳

✷✳ ▼❛îtr✐s❡ ❊❊❆✱ ♣❛r❝♦✉rs ❚r❛✐t❡♠❡♥t ❉❡ ❧✬■♥❢♦r♠❛t✐♦♥ ✭✷✵✵✹✲✳✳✳✮ ✿
❘❡s♣♦♥s❛❜✐❧✐té ❞❡ ♠♦❞✉❧❡s✳ ❈réé❡ ❡♥ ✶✾✾✾ ♣❛r ▼✳❈♦✉r❞❡ss❡s ✭P❘
❯P❙✮✱ ❝❡tt❡ ❢♦r♠❛t✐♦♥ ❛ ✉♥ ❞♦✉❜❧❡ ♦❜❥❡❝t✐❢ ✿ ✭✶✮ ❞♦♥♥❡r ❛✉① ét✉❞✐❛♥ts



✶✶✹

✉♥❡ ♠❛îtr✐s❡ ❞❡s ♦✉t✐❧s ❡t t❡❝❤♥✐q✉❡s ❞❡ ❧✬❛❝q✉✐s✐t✐♦♥✱ ❞✉ tr❛✐t❡♠❡♥t ❡t
❞❡ ❧✬❛♥❛❧②s❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥✱ q✉❡ ❝❡ s♦✐t s♦✉s ❧❛ ❢♦r♠❡ ❞❡ s✐❣♥❛✉① ♦✉
❞✬✐♠❛❣❡s✱ ✭✷✮ s❡♥s✐❜✐❧✐s❡r ❧❡s ét✉❞✐❛♥ts à ❧❡✉r ✉t✐❧✐s❛t✐♦♥ ♣r❛t✐q✉❡ ❞❛♥s
✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬❛♣♣❧✐❝❛t✐♦♥s✳ ❉ès ✶✾✾✾✱ ❥✬❛✐ ♣❛rt✐❝✐♣é à ❧❛ ❞é✜♥✐✲
t✐♦♥ ❡t à ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡s ❡♥s❡✐❣♥❡♠❡♥ts r❡❧❛t✐❢s ❛✉ ♠♦❞✉❧❡ ✐♠❛❣❡
✭r❡s♣♦♥s❛❜❧❡ ✿ ●✳❋❧♦✉③❛t✱ P❘ ❯P❙✮✳ ❏✬❛✈❛✐s ❛❧♦rs ❧❛ r❡s♣♦♥s❛❜✐❧✐té ❞❡s
tr❛✈❛✉① ♣r❛t✐q✉❡s ❞❡ ❝❡ ♠♦❞✉❧❡✳
▲✬é✈♦❧✉t✐♦♥ ❞❡ s♦♥ ♣r♦❣r❛♠♠❡ ❞✬✉♥❡ ♣❛rt✱ ❧❛ s❡♠❡str✐❛❧✐s❛t✐♦♥ ❞✬❛✉tr❡
♣❛rt✱ ♥♦✉s ♦♥t ❛♠❡♥és à r❡❢♦♥❞r❡ ❧❡s ❡♥s❡✐❣♥❡♠❡♥ts ❞❡ ❝❡tt❡ ❢♦r♠❛t✐♦♥
❧♦rs ❞✉ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡ s♦♥ ❤❛❜✐❧✐t❛t✐♦♥ ❡♥ ✷✵✵✹✳ ❈❡tt❡ ▼❛îtr✐s❡✱
tr❛♥s❢♦r♠é❡ à ❝❡tt❡ ♦❝❝❛s✐♦♥ ❡♥ ▼❛stèr❡ ■♥❢♦r♠❛t✐♦♥ ❙✐❣♥❛❧ ■♠❛❣❡ ❡t
■♥str✉♠❡♥t❛t✐♦♥ ✭■❙✷■✮✱ t♦t❛❧✐s❡ ❛❝t✉❡❧❧❡♠❡♥t ✶✸ ❯♥✐tés ❞✬❊♥s❡✐❣♥❡♠❡♥t
♣❛r♠✐ ❧❡sq✉❡❧❧❡s ❞❡✉① ❯❊s ❞✬✐♠❛❣❡r✐❡ ♥✉♠ér✐q✉❡ s♦✉s ♠❛ r❡s♣♦♥s❛❜✐❧✐té
❞❡♣✉✐s ✷✵✵✹✳ ❆ ❝❡ t✐tr❡✱ ♠♦♥ ❛❝t✐♦♥ ♣♦rt❡ ♥♦t❛♠♠❡♥t s✉r ❧✬♦r❣❛♥✐s❛t✐♦♥✱
❧❡ ♣❧❛♥♥✐♥❣✱ ❧❡ ❝♦♥trô❧❡ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❛ss♦❝✐és à ❝❡s ❡♥s❡✐❣♥❡♠❡♥ts✱
❛✐♥s✐ q✉❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧❡✉r ❝♦♥t❡♥✉✳ ▲❡ ✈♦❧✉♠❡ ❤♦r❛✐r❡ ❡st ❞❡ ✹✽ ❤
♣❛r ♠♦❞✉❧❡✳

❋♦♥❝t✐♦♥s é❧❡❝t✐✈❡s ❡t ♥♦♠✐♥❛t✐✈❡s

❈♦♠♠✐ss✐♦♥s ❞❡ s♣é❝✐❛❧✐st❡s ✲ ❏✬❛✐ ♣❛rt✐❝✐♣é ❛✉① ❝♦♠♠✐ss✐♦♥s ❞❡ s♣é✲
❝✐❛❧✐st❡s s✉✐✈❛♥t❡s ✿

✕ ▼❡♠❜r❡ s✉♣♣❧é❛♥t ❞❡ ❧❛ ❝♦♠♠✐ss✐♦♥ ❞❡ s♣é❝✐❛❧✐st❡s s❡❝t✐♦♥ ✻✶ ❞❡ ❧✬❯♥✐✲
✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r ✭✶✾✾✾✲✷✵✵✶ ❡t ✷✵✵✶✲✷✵✵✹✮

✕ ▼❡♠❜r❡ t✐t✉❧❛✐r❡ ❡t ❞✉ ❜✉r❡❛✉ ❞❡ ❝❡tt❡ ♠ê♠❡ ❝♦♠♠✐ss✐♦♥ ✭✷✵✵✹✲✷✵✵✼✮
✕ ▼❡♠❜r❡ s✉♣♣❧é❛♥t ❞❡ ❧❛ ❝♦♠♠✐ss✐♦♥ ❞❡ s♣é❝✐❛❧✐st❡s s❡❝t✐♦♥ ✻✶ ❞❡ ❧✬❯♥✐✲
✈❡rs✐té ❞❡ P❡r♣✐❣♥❛♥ ✭✷✵✵✹✲✷✵✵✼✮

❈♦♠♠✐ss✐♦♥ ❊♥s❡✐❣♥❡♠❡♥t✲❘❡❝❤❡r❝❤❡ ✲ ❉✉r❛♥t ❧❛ ♣ér✐♦❞❡ ✷✵✵✸✲✷✵✵✺✱
❥✬❛✐ ♣❛rt✐❝✐♣é à ❧❛ ❝♦♠♠✐ss✐♦♥ ❊♥s❡✐❣♥❡♠❡♥t✲❘❡❝❤❡r❝❤❡ ✭❈❊❘✮ ❞✉ ▲❆❆❙✲
❈◆❘❙✳ ❈❡tt❡ ❝♦♠♠✐ss✐♦♥✱ ❞♦♥t ❧❡s ♠❡♠❜r❡s s♦♥t ♥♦♠♠és ♣❛r ❧❛ ❞✐r❡❝t✐♦♥
❞✉ ❧❛❜♦r❛t♦✐r❡✱ ❛ été ♠✐s❡ ❡♥ ♣❧❛❝❡ ❡♥ ❢é✈r✐❡r ✷✵✵✸✳ ▲❛ ❈❊❘ ❛ ♣♦✉r ♠✐s✲
s✐♦♥ ❞✬❛❜♦r❞❡r ❧❡s ♣r♦❜❧è♠❡s s♣é❝✐✜q✉❡s ❞❡s ❡♥s❡✐❣♥❛♥ts✲❝❤❡r❝❤❡✉rs ✭ré❢♦r♠❡
▲▼❉✱ ❞é❧é❣❛t✐♦♥s ❛✉ ❈◆❘❙✱ ❞♦ss✐❡rs P❊❉❘✱ ❞é✜♥✐t✐♦♥ ❞❡s ♣r♦✜❧s ❞❡ ♣♦st❡s
❡♥s❡✐❣♥❛♥t✲❝❤❡r❝❤❡✉rs✱✳✳✳✮ ❡t ❞❡ ♣r♦♣♦s❡r ❞❡s ♠♦②❡♥s ❞✬❛❝t✐♦♥ ♣♦✉r ❛❝❝r♦îtr❡
❧❛ s②♥❡r❣✐❡ ❡♥s❡✐❣♥❡♠❡♥t✲r❡❝❤❡r❝❤❡✳ ▼♦♥ ♠❛♥❞❛t s✬❡st ❛❝❤❡✈é ❡♥ ❞é❝❡♠❜r❡
✷✵✵✺ ❛✈❡❝ ❧❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡ ❝❡tt❡ ❝♦♠♠✐ss✐♦♥ ♣❛r ❧❛ ❞✐r❡❝t✐♦♥✳

❈♦♥s❡✐❧ ❞❡ ♣❡r❢❡❝t✐♦♥♥❡♠❡♥t ❞❡ ❧✬■❯P ❙■ ✲ ❉❡♣✉✐s ✶✾✾✾✱ ❥❡ ♣❛rt✐✲
❝✐♣❡ ❛✉ ❝♦♥s❡✐❧ ❞❡ ♣❡r❢❡❝t✐♦♥♥❡♠❡♥t ❞❡ ❧✬■❯P ❡♥ t❛♥t q✉❡ ♠❡♠❜r❡ ♥♦♠♠é



❋♦♥❝t✐♦♥s ❞✬✐♥térêt ❣é♥ér❛❧ ❡t r❡s♣♦♥s❛❜✐❧✐tés ♣é❞❛❣♦❣✐q✉❡s ✶✶✺

♣❛r ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬■❯P ❙■✳ ❈❡ ❝♦♥s❡✐❧✱ ❝♦♠♣♦sé à ♣❛r✐té ❞✬✉♥✐✈❡rs✐t❛✐r❡s
❡t ❞✬✐♥❞✉str✐❡❧s✱ s❡ ré✉♥✐t ré❣✉❧✐èr❡♠❡♥t ❛✜♥ ❞❡ ❞é✜♥✐r ❧❛ ♣♦❧✐t✐q✉❡ ❣é♥ér❛❧❡
❞❡ ❧✬■❯P✳ ❈❡tt❡ ✐♥st❛♥❝❡ ❞é❧✐✈r❡ é❣❛❧❡♠❡♥t ❧❡ ❞✐♣❧ô♠❡ ❞✬✐♥❣é♥✐❡✉r✲♠❛îtr❡ ❛✉
♥✐✈❡❛✉ ❜❛❝✰✹ ✭▼❛îtr✐s❡ ❙■✮✱ s✉r ♣r♦♣♦s✐t✐♦♥ ❞✬✉♥ ❥✉r② ❞✬❡♥s❡✐❣♥❛♥ts✳



✶✶✻
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Abstract

This article describes visual functions dedicated to the extraction and recognition of visual landmarks, here planar quadrangles
detected by a single camera. Landmarks are extracted among edge segments through a relaxation scheme, used to apply geometrical,
topological and appearance constraints on sets of segments. Once extracted, such a landmark is characterized by invariant attributes
so that recognition is made possible from a large range of viewpoints.

Landmarks are represented by an icon which is built using the homography between the current viewpoint and a reference shape (a
square). When detected again, the landmark is recognized by using a distance between icons. We propose a comparison of several of
these metrics and an evaluation on actual and synthetic images that shows the validity of our approach. Results issued from experiments
of a mobile robot navigating in an indoor environment are finally presented.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Visual landmarks; Visual navigation; Object recognition

1. Introduction

Vision has become a major element in mobile robot
navigation and many strategies relying on images have
already been proposed, based on environment representa-
tion either by image databases [10] or by visual landmarks.
Classically, the latter are detected by the robot, mapped
into the environment representation and recognized during
the execution of a navigation task. In general, the robot’s
position estimate is computed mainly from the integration
of outputs of odometers, which tends to accumulate small
displacement errors and produces drift. When recognized,
visual landmarks allow to make this drift vanish, so they
play a key role in making navigation systems efficient.

The work presented here aims to be part of a navigation
strategy relying on ‘‘natural’’ visual landmarks, i.e., salient
objects a mobile robot detects/recognizes and from which it
can either simply localize itself (if the map of the environ-
ment is known) or incrementally build a metric map inte-

grating perceptual data and position estimation,
according to the simultaneous localization and mapping
(SLAM) paradigm [17]. Our robot has several localization
modalities, based either on laser segments learnt using a
laser range finder and on visual landmarks detected from
a single B&W camera: this paper is mainly devoted to the
visual modality. The reader could refer to [1] for a descrip-
tion of these modalities.

Numerous techniques have been proposed to model
landmarks for navigating in indoor environments. They
all rely on two assumptions: (1) landmarks have to be eas-
ily detected in the image signal and (2) they can be locally
characterized to distinguish them from others. In that
scope, landmark-based navigation research has started by
using remarkable characteristics of office-like environments
(3D room corners, lights, etc.) [3,11,9], or collections of
simple edge segments [16]. Point sets can also serve as land-
marks when combined to define projective invariants [2].

Most recent work make use of points to define
landmarks [4,15], taking advantage of new, powerful
interest point detection and characterization algorithms
such as SIFT, which makes landmark-point recognition
much easier [5].
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In our work, planar quadrangular objects (posters,
doors, cupboards, etc.) are selected as landmarks, as they
are one of the basic structures man-made environments
are made of. Among research works similar to ours, we
can quote [12], where the authors take advantage from
genetic algorithms techniques to recognize 2D landmarks.

The paper is organized as follows. Section 2 details the
landmarks detection process, with results on images
acquired during robot navigation. Section 3 presents the
landmarks recognition process; an evaluation of our
recognition method, with respect to different acquisition
criteria, proves its robustness. Navigation experiments are
presented in Section 4. Finally, Section 5 sums up our
approach and opens a discussion for our future work.

2. Landmarks detection

The landmark extraction is focused on planar, mostly
quadrangular objects, e.g., doors, windows, posters, cup-
boards, etc. A natural way of extracting quadrilaterals
relies upon perceptual grouping on edge segments.

2.1. Overview of the method

Let a set of nL edge segments set be L ¼ flig;
1 6 i 6 nL. A naive approach to test all possible 4-uples
inside L does not make sense, as illustrated in Fig. 2.

To reduce the problem complexity, we propose a two-
step algorithm: first, mapping L to L [ f;g so that each
segment is matched with at most one segment; second,
associating pairs of matched segments to form quadran-
gles. The whole process is described in Fig. 1.

2.1.1. Extracting edge segments

The output of a Canny-Deriche edge detector is first
thinned and chained. The resulting edge chains are then
recursively segmented to produce the set L of line

segments as illustrated in Fig. 2. Before the matching pro-
cess starts, small segments are filtered, altogether with seg-
ments that may correspond to repetitive patterns.
Typically, segments corresponding to the floor tiling (as
in the central image of Fig. 5) are found by an accumulator
technique and are eliminated.

2.1.2. Generating segment matches

An initial set of matches is generated by looking for cou-
ples (lk, ll)k„1 for which a similarity measure skl is above a
given level. Indices k and l are associated to individual seg-
ments. This measure combines several cues, as explained
hereafter, so that segments corresponding to opposite sides
of quadrangles have high values of skl.

Moreover, a set of geometric constraints on segment
pairs denoted by Q1

klmn is used in a first relaxation scheme
to validate pairs belonging to quadrangles, i.e., to generate
a set of coherent potential landmarks. Again, indices k, l,
m, n represent individual segments.

2.1.3. Generating potential quadrangular landmarks

With constraints on pairs of detected quadrangles, a
second relaxation process selects only the more consistent
four-segment sets corresponding to landmarks; these con-
straints are denoted by Q2

klmn. Three-segment sets are use-
ful as they may correspond to occluded landmarks or
doors, so a simple heuristic is used to combine two-seg-
ment sets rejected from the second relaxation process
with single segments rejected from the first one by using
constraints T 2

klm. All these constraints, specified in Section
2.3 are applied through a relaxation scheme depicted
hereafter.

2.2. Relaxation scheme

Given two sets S1 (n1 elements) and S2 (n2 elements), the
principle of relaxation is to iteratively make all the

Fig. 1. The landmark detection scheme. Fig. 2. Segments in a typical indoor scene.
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probabilities pkl of associations between items k (index for
an element of S1) and l (index for an element of S2) evolve
towards 1 or 0, i.e., towards unambiguous match or mis-
match. Let A be the n1 · n2 matrix such as Akl = pkl.

We define the variety A ¼ fA 2 Mn1�n2 j 8ðk; lÞAkl P

0 and 8k
P

lAkl ¼ 1g.
The relaxation steps maximize iteratively a global con-

sistency score using gradient ascent in A. In our specific
case, for each relaxation process i 2 {1,2}, we maximize a
score Gi(A):

GiðAÞ ¼
X

klmn

Qi
klmnAklAmn:

The terms Q1
klmn (resp. Q2

klmn) represent a compatibility de-
gree between pairs of segment pairs (resp. quadrangles)
(k, l) and (m,n). It is derived from constraints detailed in
Section 2.3.

The gradient step a(p) at iteration p is adaptive and
defined by a(p) = argmina G

i(A(p) � a$Gi,(p)). Regarding ini-
tialization, a priori probabilities are computed from simi-
larity measures skl only. If the measure skl is below a
threshold smin, p

ð0Þ
kl is set to 0, otherwise it is estimated by:

p
ð0Þ
kl ¼

skl
P

skn>smin
skn

: ð1Þ

The next section describes the different criteria and con-
straints we use in the relaxation schemes.

2.3. Comparing sets of segments

In this section, we make the way we use sets of segments
more explicit. We first describe the similarity measure skl
between two segments lk and ll used to initialize probabili-
ties pkl. Then, we give details on the constraints Q1

klmn

between pairs of segments, and Q2
klmn between quadrangles

which are used in the two relaxation schemes.

2.3.1. Segment similarity

The measure skl is defined by a weighted sum of the fol-
lowing geometric and luminance cues:

• segments length ratio 1
2
ðjllj
jlk j

þ jlk j
jllj
Þ in Fig. 3,

• angular difference jhlk � hll j in Fig. 3,
• a shape criteria giving favour to square-like shapes

1
2
ðjlljþjlk j
hklþhlk

þ hklþhlk
jlljþjlk j

Þ where hkl represents the distance
defined in Fig. 3,

• the overlapping rate between lk and ll,

• presence of a third segment in the neighbourhood that
forms a convex three-segments set with the given pair.
Segments pairs (lk, ll) without at least a third segment
lm are discarded for the next.

As far as luminance criteria are concerned, an average
grey-level profile is computed in the direction orthogonal
to each segment, so that an association (lk, ll) is character-
ized by the zero normalized cross correlation (ZNCC) score
between the two segments profiles. In fact, we assume here
that the intensity in the background is uniform around a
trustworthy quadrangle while its two opposite insides are
supposed to include quite similar texture.

2.3.2. Second degree constraints

Here, uniqueness and convexity of potential matches
among segments pairs are checked. Uniqueness constraint
allows to reduce the relaxation algorithm complexity and
enforces the assumption that landmarks are supposed to
be locally unique. Convexity rule says that two segments
pairs, correspond to opposite sides of two trustworthy
quadrangles which must verify rules of full inclusion or
no intersection as shown in the left part of Fig. 4.

From the constraints Q1
klmn described above, the first

relaxation outputs a set of segments pairs. The next step
is to match two segment pairs delimiting trustworthy quad-
rangles. Indexes k, l, m and n refer now to segments pairs.

2.3.3. Third and fourth degree constraints

The fourth degree constraints Q2
klmn ensue from accepted

configurations for two quadrangles which are shown in the
right part of Fig. 4 and are applied throughout the second
relaxation scheme.

From the previous steps, it is possible to extract 3-seg-
ment sets that can be helpful in robot navigation. These
sets involve an unmatched segment pair (k, l) coming from
relaxation #2 and an unmatched segment m coming from
relaxation #1. The selection of these potential landmarks
is based on uniqueness, on the resulting shape convexity
and on vicinity relationships (constraints Tklm).

2.4. Detection results

Experiments have been performed on a large database
of about 300 images acquired from our robot navigating
either in a corridor network or in cluttered open areas.
The robot is a Nomadic XR4000, equipped with a SICK
laser range finder and a CCD camera mounted on a pan-
tilt platform.

Fig. 5 shows examples of landmarks detected in an open
cluttered environment. We note that both quadrangles and
three-segment sets are extracted.

During the environment exploration, the robot executes
two operations: (1) a SICK laser map is built by a classical
SLAM procedure and (2) visual landmarks are detected
and combined with the laser segments. The resulted map
is represented in Fig. 6, with all laser segments and allFig. 3. Conventions for segment matching.
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detected landmarks: windows or posters in green (lateral
walls or ceiling), doors by a grey icon. Their associated
locations on the walls are triangulated from their perspec-
tive views and the planes defined by the laser segments
assuming the multisensory system is fully calibrated. For
every detected landmark, a visibility map (not shown here)
is statically computed according to the environment model
by an analytical method.

Detection rates are computed over the database of
images taken by the robot. In this database, all quadrangu-
lar objects have been identified by a human operator; the

landmarks detection module extracts 88% of existing land-
marks, without any false detection.

During this environment exploration step, the robot
could stop to perform both detection and recognition
processes, so that only the representation of new discov-
ered landmarks is learnt. Only quadrangular objects which
are successfully detected from different view points (Section
3.3) are considered as landmarks in the environment
model. Later, when the robot navigates using the set of
learnt landmarks, it must be able to achieve these tasks
dynamically.

a b

Fig. 4. Examples of accepted configurations for two segments pairs or two quadrangles.

Fig. 5. Examples of landmarks detection: the numbers on the segments indicate the final tag associated to the detected landmark.

Fig. 6. Landmarks detection in office environment.
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3. Landmarks recognition

Once a landmark has been detected, an appearance
model is built so that it can be recognized from different
viewpoints. In Section 3.1, we describe the landmark
representation: boundaries of a detected landmark allow
to rectify the observed pattern; and such a mapping
provides an invariant representation under scale and
perspective changes. We call it ‘‘icon’’.

In Section 3.2, we propose distances to compare icons
and perform recognition. Section 3.3 thereafter describes
the landmark model. Based on this model, a confidence
factor on the recognition process is proposed in Section
3.4. In Section 3.5, a correlation-based method is compared
with an approach based on interest points extracted from
icons.

3.1. Landmarks iconification

Let us consider, (1) an extracted quadrangular landmark
Q from an image I and (2) a fixed-size reference square S.
The two shapes are related by a homography HSQ that
maps points from S to Q.

By using HSQ, a new small-sized image I 0 is built from
the image I by averaging pixels from I into pixels in I 0

(see Fig. 7). The computation of HSQ is straightforward
as four point correspondences are available [14].

Averaging is performed in order to avoid too much
information compression in the low-scale front view I 0:
the grey level value of a pixel (a,b) in image I 0 is determined
by taking into account all pixels in image I belonging to a
certain neighbourhood of HSQ(a,b, l)

T, i.e., its image in I.
This neighbourhood is computed by approximating the
image of a pixel square with simple heuristics (see Fig. 8).

The icon I 0 is processed by the Harris operator to get a
set of n interest points {Xi}16i6n and a local descriptor [13]
in R7, based on Gaussian derivatives, is associated to every
interest point.

3.2. Metric on icons

To perform the recognition between a set of learnt land-
marks noted {Cl}16l6N and a detected landmark Q, metrics
on icons are defined.

3.2.1. A correlation-based distance

The centered and normalized correlation score C pro-
vides a distance which is theoretically invariant to overall
light changes.

To be less sensitive to local variations or occlusions, the
icons Q (from the new landmark) and Cl (from the refer-
ence landmark l) are divided into 5 · 5 buckets. Then, we
define a robust correlation score C

r between two icons by
using separated correlations CijðQ; ClÞ between buckets i

and j, and by choosing the kth greatest correlation score
between buckets. The number k is expressed as a ratio r

of admissible outliers among all the buckets. It allows to
ignore the most important local differences between Q

and Cl. From this new score, we derive the distance:

C
rðQ; ClÞ ¼ 1� kth16i;j65CijðQ; ClÞ:

3.2.2. A local features-based distance

Many popular appearance-based methods for object
recognition are based on interest points matched thanks
to their local descriptors [13,15]; these local features are
remarkably stable under moderate rotation or light
changes. We propose to use the partial Hausdorff distance
[8] to compare sets of interest points {Xi}16i6n extracted
from icons.

Let be two sets of points Sl ¼ fX l
ig16i6nl associated with

a known landmark Cl, and S = {Xi}16j6n, extracted from a
new landmark Q. To handle outliers, the Hausdorff dis-
tance between Sl and S is modified in the same way as
C

r, i.e., by considering only a fraction r of all the points,
k = r min(nl,n):

dr
hðSl; SÞ ¼ maxðhrðSl; SÞ; h

rðS; SlÞÞ;

hrðSl; SÞ ¼ kth16i6nimin16j6ndðX
l
i ; X jÞ:

(

Fig. 7. Model construction: quadrilaterals are transformed into icons by

the mean of HSQ.

Fig. 8. Approximated averaging for iconification: zoom of the neigh-

bourhood of the image of an icon pixel (a,b).
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A threshold sl on the distance is set to recognize landmarks
Q as instances of known landmarks Cl, as it will be de-
scribed in Section 3.3.2. An interpretation of this distance
is that an object is recognized provided that for at least k
points of the second set, a similar point can be found in
the first set, and reciprocally.

The partial Hausdorff distance between two sets of
points depends on the local distance d between points.
We could simply use the Euclidean distance, but we
would lose explicit local photographetric information.
In order to take into account both spatial and photo-
graphetric similarities between points, we define a local
distance noted dp:

dða; bÞ ¼ dvða; bÞka� bk;

where dv(a,b) is the Mahalanobis distance between the
descriptor vectors at points a and b. The Hausdorff dis-
tance based on d is denoted by H

r.

3.3. Building appearance models

For each landmark Cl, a model is built from a set of Nl

representative images Ii at several viewpoints (typically
Nl = 50), from which iconified views I 0i are extracted.

3.3.1. Reducing landmark representation

A principal component analysis is first performed on the
set of raw icons. We keep only three icons, denoted respec-
tively by Q

1
l , Q

2
l , Q

3
l . The first one Q

1
l corresponds to the

mean icon of I 0i, 1 6 i 6 Nl, whereas Q
2
l and Q

3
l correspond

to the more significant modes on this icon set.
For distance H

r, such a process is followed by the
extraction of Harris points and their characteristics in the
I 0i icons closest to the selected eigenvectors.

3.3.2. Determining recognition thresholds

During the recognition step, a detected landmark is
compared to each known landmark Cl, using a recognition
threshold sl specific to it. During the modelling step, an
optimal threshold is computed for each landmark Cl by
computing distances (Cr or H

r) between extracted icons
for this landmark, with either the Cl model or all the other
models noted �Cl.

The distance distributions on representative sets of icons
from Cl and �Cl give us a good approximation of the prob-
ability densities on the distances, given the knowledge of Cl

or �Cl. To specify an optimal threshold sl, we minimize:

SðslÞ ¼ k

Z sl

0

pðdj:ClÞdd

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

:SlðslÞ

þl

Z þ1

sl

pðdjClÞdd

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

SlðslÞ

;

with k and l being two weights for respectively false
positive and false negative, noted �Sl(sl) and Sl(sl). The
choice l ¼ 1

6
k allows to give more importance to false

positives than to false negatives. The security in the robot
navigation being critical, the recognition of a landmark

in a bad position cannot be accepted, i.e., false positive
are more important to be avoided.

3.3.3. Validation gates

For every landmark Cl, the modelling step ends with a
verification of two criteria: (1) Cl must be salient enough,
and (2) the Nl images from which the Cl appearance model
has been generated, must give a good approximation of all
possible viewpoints on Cl.

The saliency criterion is verified from the covariance of
the icons I 0, and from the number of stable extracted inter-
est points. The visibility criterion indicates how far from
each other are the extreme positions at which the landmark
has been detected during this learning step. For all couples
(i, j) 2 [1,Nl]

2, an inter-image homography Hij maps corre-
sponding vertices of the landmark in images Ii and Ij. Let
us consider the normalized homography Ĥij, such as
Ĥ

ij

33 ¼ 1, and where image coordinates have been centered
and normalized. Then, we define a visibility confidence
as: vc = maxijiĤ

ij � I33i.
I33 is the 3 · 3 identity matrix. The greater is vc, the more

extended is the area on which the landmark has been per-
ceived during the learning step. The value vc is clearly cor-
related to the planarity: planar landmarks are recognized in
a larger area and under greater camera parameters changes
than non-planar ones.

3.4. Confidence in the recognition result

The recognition task requires to index and compare
detected landmarks. For a set of N modelled landmarks
{Cl}i6z6N and a detected landmark Q, let us note
Dl ¼ DðQ,Cl), the distance between Q and each class Cl

(D being either C
r or H

r). The probability P ðCljQÞ of
labeling Q to Cl, is defined by:

P ðC;jQÞ ¼ 1 and 8l PðCljQÞ ¼ 0 when 8l Dl > sl

P ðCmjQÞ ¼ 1 and 8l 6¼ m PðCljQÞ ¼ 0 when 9!mDm < sl

P ðC;jQÞ ¼ 0 and 8l PðCljQÞ ¼
hðsl�DlÞP

p
hðsl�DpÞ

otherwise

8

>><

>>:

where C; refers to the empty class and h the Heaviside
function: h(x) = 1 if x > 0, 0 otherwise. This allows us to
use the entropy-based measure:

mðQ; fClgÞ ¼ 1þ
1

N þ 1

X

j

P ðCjjQÞ log PðCjjQÞ:

3.5. Recognition evaluation

An important issue for our recognition process, is the
way the algorithm behaves with light effects, scale/per-
spective changes and bad segmentation from the detec-
tion step. Other questions are related to the
discriminating power of proposed distances. To investi-
gate this robustness problem, a large test image database
has been constituted both by:
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(1) Two hundred and seventy real images of different
landmarks acquired while the robot wandered
around the lab (see Fig. 9) represented by the map
of Fig. 6.

(2) synthetic images of 300 movie posters with different
light, scale/perspective conditions and occlusions,
these modalities remaining quite difficult to perform
and quantify in real conditions (see Fig. 10).

3.5.1. Discriminating power

Let us consider probability densities computed from the
distribution of distances between a given landmark and
other ones from the database of real images. A poster
found in this database has been selected and learnt as a
landmark, and Fig. 11 now represents distributions of dis-

tance values obtained (a) for the objects corresponding
which are instances of this landmark (class Cl) and (b)
for objects that are not (class �Cl). This distribution can
be approximated by a Gaussian function, which center
and variance depends on the Hausdorff fraction and on sets
cardinals.

The overlapping surface under the two curves are rela-
tively small for the two distances that have been investigat-
ed. By following the process described in Section 3.3.3, we
have rates of false positive around 1%, whereas false nega-
tive where about 30%, which reflects the high level of dis-
turbances we put on synthetic data sets.

3.5.2. Behavior under viewpoint changes

The graphs in the left part of Fig. 12 represent the evo-
lution of the ratio distances

threshold
for distances and H

r and C
r

Fig. 9. Examples of real images with variable scales, occlusions, brightness variations or specular reflexions.

Fig. 10. Examples of synthetic images with variable scales, occlusions, brightness variations or specular reflexions. Movie posters were used as the basic

texture.
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under scale change. This ratio has to remain below 1 to
ensure recognition. Even for a scale factor about three, val-
ues for both of the compared distances remain small w.r.t.
their respective thresholds. However, as expected, results
are degrading fast as soon as the apparent size of the
extracted pattern is below the size of the square used for
the iconic representation.

As far as perspective distortions are concerned, the evo-
lution of the ratio distances

threshold
have been studied for distances Cr

and H
r by performing a planar rotation in the horizontal

plane of a landmark. Results on the right part of Fig. 12
show that the combination of invariants vectors and inter-
est points is a powerful tool to achieve recognition of pla-
nar objects, as distances remain reliable up to ±75� from
the normal to the landmark plane, which is reasonable.

3.5.3. Behavior under light effects and occlusions

The left graph in Fig. 13 shows that it is possible to have
good recognition results for the two distances until local or
global light saturations appear in the image.

Moreover, as it can be seen on the right part of Fig. 13,
the representation is also robust to partial occlusions,
which occurs for partially detected landmarks, that com-
pose the majority of detected landmarks in indoor environ-
ment. With the distances H

r and C
r, occlusions of the

landmark up to 46% and 56% of its area do not prevent
the landmark from being recognized.

3.6. Discussion: comparing the two metrics

We have compared two different representations and
associated metrics by applying tests w.r.t the main sources
of image noise and variations. Both of the metrics have
quite satisfactory results on ambient brightness variations,
scale or perspective changes, which makes our concept of
quadrangles-landmarks a powerful tool for modelling
environments. The C

r metric gives slightly better
recognition results on all these tests, but it is limited by
the size of data that have to be stored, i.e., all the icons
have to be stored.
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That is why in practice H
r is preferred for our experi-

mental work: this distance is compact and gives fairly good
recognition results.

4. Application to robot navigation

Our landmark detection and recognition scheme has
been integrated as a visual localization module in our Dil-
igent Nomadic XR4000 robot, shown in Fig. 14. Section
4.1 describes the landmark localization with calibrated
vision, and experiments showing our robot navigating in
indoor environments are presented. Then, we introduce
an extension we developed to handle unknown camera
parameters.

4.1. Localization with a calibrated camera

Let us assume that our vision system is fully calibrated
and that a 3D model of the quadrangle Q has been deter-
mined i.e. its four corners noted fP n

i gi¼1;...;4 in the poster
frame are a priori known. The landmark localization in
the camera frame, i.e., the displacement [Rcn,Tcn], is based
on the decomposition of the homography Hm relating four
matches of image points pi and model points P n

i . This
matrix Hm can be interpreted in terms of a displacement
between the poster frame and the camera frame [14]:

½rcn2 ; r
cn
3 ; T

cn� ¼ kK�1½h1; h2; h3� ð2Þ

½rcn1 ; r
cn
2 ; r

cn
3 � (resp. [h1,h2,h3]) are columns of Rcn (resp. Hm),

[tcnx ,t
cn
y ,t

cn
z ] are the components of Tcn, K the intrinsic param-

eters matrix and k the scale factor.
Let us recall the robot is considered as a complete sys-

tem, equipped not only by a camera, but also by a laser

range finder and by odometry. A localization module is
associated to every sensor: all computed positions are log-
ically fused by a dedicated position manager module [1].
The localization strategy is based on a loose coupling of
these modalities. During an off line statistical analysis,
the robot learns the better localization modality it must
execute to locate itself in every area in the environment,
according to their intrinsic performances and to local con-
figurations of learnt landmarks or features. For example,
the robot learns by itself, that: (1) in open space, it is rele-
vant to fuse localizations computed by all modalities, even
if they are computed at various frequencies, (2) in a given
place, due to an uneven area on the ground, the odometry
modality gives an important bias, (3) in a long corridor,
vision modality is better than laser modality.

Figs. 15 and 16 illustrates navigation experiments in a
25 m long corridor (annoted (b) in Fig. 6) where laser local-
ization is known to be inefficient as there is no identifiable
beacon in the direction orthogonal to the corridor. In each
left sub-figure, the blue trace corresponds to current odom-
etry positions; without another modality, the robot would
clearly bump against the left wall of the corridor. The red
trace gives the current corrected position from the vision
method, executed on four previously learnt posters anno-
tated #0 to #3 (red color) on the laser map. Sub-figures
show the robot, respectively at corridor entry, at two posi-
tions close to posters and finally at corridor exit. Each
upper right image shows the current robot perception while
the bottom right image shows the robot in its environment.
The robot perception is ensured by the camera mounted on

Fig. 14. The XR4000 ‘‘DILIGENT’’ robot we used in the experiments is

equipped with a laser and BW cameras.

Fig. 15. Robot localization: recognizing known landmarks (marked

0,1,2,3) allow to correct the robot’s position.
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a pan and tilt platform; in every place, the camera is
pointed towards the best landmark, selected with respect
to its visibility area and saliency coefficients estimated dur-
ing the learning step. The number of positions corrections
performed since the robot enters the corridor is displayed
in the superimposed box on each sub-figure. The robot’s
position is corrected 13 times during its navigation. In such
a corridor, the robot can be localized in the corridor
direction, with an error lower than 20 cm.

4.2. Auto-calibration with quadrangles

An extension of our work deals with active vision, which
implies to re-estimate camera intrinsic parameters. We

propose to do it online, from several views of a planar
quadrangle. It is assumed here that these parameters are
constant on these views. Using Eq. (2), we evaluate the
image of the absolute conic x = K�TK�1, under the simpli-
fied form:

x ¼

x1 0 x2

0 x1 x3

x2 x3 x4

0

B
@

1

C
A:

Let X = (x1,x2,x3, x4)
t be the vector to estimate. Such a

parametrization allows to write linear constraints on intrin-
sic parameters[14]. First, constraints on planar homogra-
phy deduced from Eq. (2) lead to:

Fig. 16. Robot localization: external view (bottom) and robot view (up).

+C

30

0.5

u
α

2

2.5

3

1.5

0

1

10 15 20 25 35 40 45 50

C

C

C

+C

2
+C

31

1

1 2

Number of images

5

 (
p
e
rc

e
n
ta

g
e
)

E
rr

o
r 

o
n

5 10 15 20 25 30 35 40 45 50
0

0.5

1

1.5

2

2.5

3

Number of images

E
rr

o
r 

o
n
 α

u
 (

p
e
rc

e
n
ta

g
e
)

C
1
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hT1xh1 ¼ hT2xh2;

hT1xh2 ¼ 0:

(

ðC1Þ

Second, assuming the roll angle of the camera platform to
be neglected, makes the skyline and vertical vanishing
point be known. This entails also:

ð0 1 0Þ:xh2 ¼ 0: ðC2Þ

In the same way, given Eq. (2), the constraint of planar ro-
bot motion can be written as follows:

�tncz ðh
T
1xh1Þ ¼ hT2xh3: ðC3Þ

Combining these three constraints (C1), (C2) and (C3) al-
lows to solve intrinsic parameters K.

Fig. 17 shows calibration results for different constraint
combinations. Synthetic experiments (see Fig. 17, left)
show that the first constraint (C1) seems to be sufficient.
On the right part of Fig. 17, calibration results for real
images are presented. The relative error to ground truth
is inferior to 1% which is suitable for active vision purpos-
es. From five to ten views are required to recover intrinsic
parameters with a good precision.

5. Conclusion and future works

We present an original framework to use quadrangular
visual landmarks for robot navigation in indoor environ-
ment. A first contribution concerns a method for extracting
quadrangles in open cluttered and corridor-like spaces.
These quadrangles can correspond to planar objects (post-
ers, doors, cupboards, etc.). A new representation and
associated recognition method for such landmarks is pre-
sented. It has been verified that this method remains effi-
cient despite ambient brightness variations or viewing
changes.

Navigation experiments have been performed; the
extraction of visual landmarks is very efficient, as well as
the landmark recognition method. During the environment
exploration, about 90% of pertinent landmarks are extract-
ed; then, when the robot goes along a path planned in the
environment model, landmarks are actively searched and
exploited for the robot localization. When only posters
are considered as landmarks, the recognition rate is greater
than 97%. Failures are due to unforeseen occlusions or spe-
cific ambient brightness variations. Our method proposed
to select the thresholds, allows to avoid false positive
errors.

Two directions are currently studied regarding our visu-
al landmarks based navigation system. First, visual func-
tions described here are exploited for topological
navigation and qualitative localization purpose [7]. Consid-
ering ambiguous landmarks (doors, etc.), a Markovian
localization [6] will be implemented to handle multi-
hypothesis on the robot position. Second, a more tied

coupling strategy is studied to improve the explicit robot
localization; the land-mark model, will be learnt together
with the laser map, using a SLAM approach to build a het-
erogeneous stochastic map.
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A b s t r a c t  

This article describes the integration in a com- 

plete navigation system of an environment model- 

ing method based on a Generalized Voronoi Graph 

(GVG), relying on laser data, on the one hand, and 

of a localization method based on monocular vision 

landmark learning and recognition framework, on the 

other hand. Such a system is intended to work in 

structured environments. It is shown that the two 

corresponding modules laser G VG construction 

and visual landmarks learning and recognition can 

cooperate to complete each other, as image processing 

can be enhanced by some structural knowledge about 

the scene, whereas the G VG is annotated, even as 

far as its edges are concerned, by qualitative visual 

information. 

1 I n t r o d u c t i o n  

Mobile robot navigation can be considered as the 

art to overcome the inaccuracy of internal sensors 

and to take advantage of exteroceptive sensors 

like cameras, sonars or laser range finders to allow 

the robot move and act in its environment. Many 

strategies have already been proposed, some based 

on explicit localization of the robot with respect 

to the environment, others only relying on relative 

localization with respect to some interesting objects, 

landmarks, perceived by the robot. The topology 

of this set of landmarks is generally embedded in 

a graph. The work presented in this paper has 

been done in the latter framework and designed 

for a service robot moving in an office environment 

composed of a network of corridors and open spaces. 

We have already presented a preliminary work 

in [8] using the ultrasonic-based Generalized 

Voronoi Graph (GVG) representation proposed by 

*The s tay of Claudia  Esteves at LAAS-CNRS in France, is 

funded  by the French-Mexican  lab in C o m p u t e r  Science. 

H.Choset [2]. This representation is a topological 

graph describing the paths on which the robot must 

navigate; in this approach, nodes are associated 

to "distinctive places", where "distinctiveness" is 

determined according to the US sensors. In this 

case, it corresponds to the discontinuities of the 

GVG edges, i.e. "meet points", associated to inter- 

sections between corridors or to crossings (doors) 

towards open spaces (rooms, hallways...). The graph 

edges correspond to paths in corridors or in open 

spaces. To overcome the classical self-localization 

problem resulting from US data ambiguity, we 

annotated each node with visual landmarks, planar, 

quadrangular objects (e.g. doors, windows, posters) 

that  were automatically discovered, learned around 

the meet points only. Landmark intrinsic represen- 

rations independent from the viewpoint were used 

and were shown in [5] to be stable with respect to 

illumination, scale changes and small occlusions. 

In order to better validate an hypothesis about a 

node identification and to make the incremental con- 

struction more robust, we worked in two directions : 

(1) change the range sensor from the ultrasonic 

sensors belt to a laser range finder (horizontal 

scanning) and (2) annotate not only the GVG 

nodes but also its edges to maintain a qualitative 

position along an edge. Some authors proposed 

methods to deal with the incremental construction 

of a GVG representation using laser data. In [10], 

the GVG was explicitly built, coping with a lot of 

geometrical situations that  made the method slow 

and unreliable. In [9], an implicit modeling strategy 

was proposed, using the sensor servoing, namely the 

task function formalism, to keep on the GVG or 

to detect meet points. The authors used only laser 

data, so that  this very efficient method could have 

some problems in very ambiguous situations, like a 

regular network of corridors. 

Qualitative spatial reasoning implies to work on some 



space notions without using any representation or 

reasoning method requiring numeric or quanti tat ive 

descriptions. Qualitative information covers topology 

connectivity, topological relationships orienta- 

tion, and order. In [3], the available approaches to 

model topological relationships were reviewed, and 

some new ones were proposed. Orientation and or- 

der relationships are also widely used : in [4] the 

notion of intrinsic orientation is underlined, i.e. the 

orientation relative to the robot current position on 

its trajectory. 

Nevertheless, in order to achieve robust navigation, 

it is desirable to forget the pure "qualitative" 

notions so that  the robot could benefit from all 

the possible data  it could use and combine metric 

and topological levels of information. As an exam- 

ple, Kuipers [7] introduced the notion of @atial 

Semantic Hierarchy that  included, among the oth- 

ers, two levels for topological and metric information. 

The sections 2 and 3 present the modules devoted 

respectively to the GVG construction from laser data  

and to the landmarks detection from visual input. In 

section 4, we introduce the compound environment 

representation and finally the section 5 sums up this 

work and opens a discussion for our future works. 

2 B u i l d i n g  a G V G  f r o m  laser  d a t a  

The Generalized Voronoi Graph representation as- 

sociates the set of points equidistant from at least 

two obstacles to its edges and meetpoints points 

equidistant to at least three obstacles - -  to its nodes. 

The latter ones are salient features in the environ- 

ment, distinctive places, such as corridor intersec- 

tions, crossings to open spaces (rooms or hallways) 

and corridor ends. The incremental construction of 

the GVG does not only provide a natural  way to cap- 

ture the topology of the environment free space but 

also greatly reduces the error accumulation due to 

odometry by observing the change of local coordi- 

nares. The GVG construction consists in going over 

every possible path in a corridor-based environment, 

memorizing the path connections in the GVG and 

learning visual landmarks at the nodes and along the 

edges, as presented in section 3. Note that  the two 

traditional tasks, exploration and navigation, have 

no clear boundary here, as they are performed at 

the same time. 

The robot can be controlled to navigate along a GVG 

edge by keeping equidistant to the two closest ob- 

stacles which are mainly the two walls on the corri- 

dor. The inputs of this control law are the distance 

and orientation to the GVG edge computed from the 

segment information provided from the laser range 

finder. A prediction and correction steps are merged 

to obtain a smooth path. Detected laser segments 

provide a representation (figure 1) that  is required 

either to keep on the GVG ((a) and (f)), to detect a 

meet point ((b) and (c)) or to detect an obstacle or 

a dead-end ((d) and (e)). 

Because the laser range finder sensor we are using has 

a limited angle, a meetpoint detection approach by 

watching for an abrupt change in the direction of the 

gradients to the two closest obstacles as proposed in 

[2] becomes unsuitable. In order to detect and move 

to a meetpoint,  our approach relies on the observa- 

tion of filtered and segmented range data. Two main 

events on the tracked corridor can be identified. One, 

when two segments belonging to the same wall on the 

corridor are disconnected by a length superior to a 

given threshold (discontinuity) and the other at the 

end of a wall (end). Such events are closely related to 

the nature of the other obstacles found on the same 

scan as they can be produced due to occlusions, open 

doors or new paths. 

A model of the approaching meetpoints rnp can be 

determined according to the configuration of these 

events and the nature of the found obstacles before 

the robot actually gets there, typically at about 5 me- 

ters from the meetpoint.  The underlying hypothesis 

generation-verification scheme relies on the a priori 

knowledge of models presented on the figure 1. The 

following lines sum up our strategy : 

0: Search for two major  line segments within the seg- 

mented data  -+ wallI and wall2. 

1: Access to GVG by gradient ascent, rnp = ~J 

2: Main loop. 

whi le  (remaining_paths # ~) do 

if  (closest(rnp)not reached) t h e n  

track wall1 and wall2 

check for events 

else  

confirm closest(rap) 

update graph and follow exploration 

e n d  i f  

update rnp 

e n d  whi le  

As an illustration, figure 2 shows the robot getting 

onto the GVG (1), following it while generating hy- 

pothesis (2) and reaching a meet point (3). Note that  

obstacles inside the corridor are easily detected, so 

the robot performs avoiding strategy (figure 1,(f)) 

or adds a dead-end (figure 1,(e)), according to the 

obstacles relative size and orientation. 

3 V i s u a l  l a n d m a r k s  d e t e c t i o n  

With corridor-like environments, extracting vanish- 

ing points and skyline is relatively easy. We show 
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Figure 2: GVG incremental construction 

how we can take this into account to improve our 

landmark detection strategy. 

3.1 Vis ion  in corr idor-based  e n v i r o n m e n t s  

With some simple assumptions about the environ- 

ment, well-adapted visual functions can be proposed 

to help the robot navigate. We focused our previ- 

ous work on the use of rectangular visual landmarks. 

We suppose for the moment  that  the camera intrinsic 

parameters matr ix  K is known : 

K ( c~i 0 i0 0 ) 

0 ~j j0 0 

0 0 1 0 

The use of the vanishing points information inside 

the image processing steps seems inevitable in this 

case. Let i and j be the image coordinates. Let 

be the platform tilt angle and 0 the horizontal 

angle between the camera optical axis and the cor- 

ridor direction. As we illustrate it on figure 3 the 

robot planar motion constraint and the camera plat- 

form movements restricted to pan and tilt motions 

make the skyline i = is and vertical vanishing point 

p~ = (iv,j~,t~) (in homogeneous coordinates) be 

known. The platform and camera internal param- 

eters K are read to have : 

i~ - io - ~ t ~ . ( ~ )  

iv -- io tan(qS) + c~i 

iv -- jo tan(~) 

t~ - t ~ ( ~ )  

,j' p~(K, ¢) 
,, ,, 

// 
//' / 
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i ," / 
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z ! K ~  ...... 
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Figure 3: Spatial configuration in a corridor 

Moreover, the knowledge of the skyline is very useful 

to perform, on a second step, a quick search of the 

horizontal vanishing point Ph, reduced to one dimen- 

sional problem along the skyline. This approach is a 

classical one, but requires (1) an image segmentation 

into edge segments and (2) a Hough-like transform. 

It is not very convenient for on-line processing but 

may be useful, as it will be explained hereafter. 

3.2 L a s e r / c a m e r a  t r a n s f o r m a t i o n  

A key problem to use laser data  in our image pro- 

cessing functions is to have a good estimate of the 

transformation Ts~ between the two sensors. Let 

(c~s~, /3s~, %~, txs~, tys~, tzs~) T be the transformation 

parameters and Ts~ the corresponding 4 × 4 matrix.  

Physical measuring allows to have a first approxima- 

tion of Ts~. A reasonable hypothesis is that  %~, re- 

sulting from the two roll angles, is close to zero. The 

other parameters have to be found in a preliminary 

calibration phase. 

An interesting method to calibrate the Ts~ trans- 

form consists in decoupling the angles and transla- 

tions parameters thanks to the infinite points. In- 

deed, let be some corridor images, from both laser 

and camera. From visual segments, we can apply the 

Hough transform-based search we mentioned above 

to get a visually detected horizontal vanishing point 
"V " V  

P~ - (~h, Jh, 1) corresponding to the corridor. We 

can also re-project the infinite point from laser data  

into a point p~ - (i~, j~) depending on Ts~. Defin- 

ing : 



f ( i )  - arctan( i°- i  

9(i, j )  - arc tan(cos( f ( i ) )  j-j°--g-if) 

c~s~ and/3s~ are computed by minimizing" 

{ c~s~ - arg min~(/~ - (i0 - c~i t an( f ( /~)  + c~)))) 

/3s~ - arg min~(j~ - ( j 0  + ~j tan(g(i~h'J~)+C])cos(f(i~)) )) 

Finally, the angle errors we get are about 0.02 radi- 

ans, as seen on figure 4. The histogram represents 

the angular error on 0 corresponding to the shift be- 

tween p~ and p~, for the computed as~,/3s~. 
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_Figure ~4" Error on 0 over a test sequence 

At this point, let's define the corridor l ines  by the 

four parallel straight lines dk, k = 1..4 defining the 

corridor 3D model. Then, matching the corridor 

lines projections d e t e c t e d  onto the image with the 

model-based r e - p r o j e c t e d  ones allows to find the 

translat ion parameters.  However, the needed pre- 

cision on these parameters  is much less impor tant  

than the one on the angles, as they will only have in- 

fluence on the corridor lines projections, not on the 

directions of detected primitives. 

3.3 P r o j e c t i o n  of  laser data  

Laser da ta  from the GVG module may provide some 

useful information to enhance our visual functions. 

Indeed, we have proposed in [1] a simple method to 

detect planar, quadrangular  landmarks  lying on a 

vertical wall, posters for example. One of the key 

features of this system was that  salient zones detec- 

tion and segmentation was partially done in a ID 

image resulting from an averaging procedure over the 

whole image along vertical direction only. No a priori 

information about the scene or the robot was used. 

However, when the robot enters a corridor-like part  

of the environment, laser data  can provide a reliable 

est imate of the robot direction along the corridor, so 

we can get the 0 angle from figure 3 and the hori- 

zontal v a n i s h i n g  p o i n t  (ih, Vh, 1) • 

t n(0) 1) 
ph - (ih, jh, 1) T - (is, j0 - c~j cos(C) ' 

When the GVG module computes the distances dl~lt 

and dright t o  the wall (see figure 3), we can get the 

four projected corridor lines dk. We know that  they 

go through point Ph so that  for each dk we only need 

one more point projection. We can take the inter- 

sections of the camera horizontal axis with the wall. 

For the right wall bo t tom line dl, for instance : 

-d~i~ht sin(0) 

- K T e T ,   os(V) ) 
, C __  H 8  

1 

H is a height arbitrarily chosen, Hs the laser height 

from the floor. 
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_Figure 5: How laser enhances image processing 

3.4 D e t e c t i o n  of  sal ient  quadrang les  

From the four dk half straight lines, we can perform 

an efficient search : let us consider the j values along 

the horizontal line D, at the bo t tom of the image, as 

il lustrated in figure 5, with j varying from j = j,~i~ 

to j = jmax. The equation of D is i = imax. 

In each j we can then define a direction v i passing 
"~ "d  through p~ and two bounds ~i and ~i on this direc- 

tion corresponding to the projections of the areas of 

the lateral walls. The averaging procedure can be 

done on this segment only to get a 1D image avg as 

in figure 5. avg is processed to detect salient transi- 

tions on D points jk. These transitions are treated 

separately to isolate corresponding vertical segments 

in the image. 

From all the points we detailed before, we can now 

present the detection algorithm as follows : 



0: Gets attitude_data (¢) 

1: Computes p~ from attitude_data 

2: 

if  (ReadCorridorInfoFromGvg() =OK) t h e n  

gets 0 and computes ph and dk, k = 1..4 

set vertical averaging bounds from dk 

else 

set vertical averaging bounds to default 

end i f  

3: Averages -+ image avg along lines vj 

4: Detects in avg transitions points jk 

5: 

for  all  k do 

Detects transitions along vjk. 

Segmentation and RANSAC estimation. 

end for  

6: Matches vertical segments together by relaxation. 

7: Closes all matched pairs. 

The closure procedure, already described in [1], is 

based on a RANSAC function. We adapted it to 

take the vanishing point into account. The closure 

may be total, when both lower and upper vertices 

have been isolated, as the left quadrangle in figure 6; 

it may be partial when, as the right example from 

the same figure, only one horizontal edge has been 

found. 

.................................... / .  
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_ F i g u r e  6 :  Results of landmark detection in a typical 

corridor environment 

The landmark representation is computed from the 

"iconification" of detected quadrangular  landmarks, 

by applying an homography H on the original image 

to a 75 × 75 square SQ. These icons are shown on 

figure 6. More details can be found in [5]. 

3.5 Case  of  p a r t i a l l y  d e t e c t e d  l a n d m a r k s  

The partially detected landmarks compose the ma- 

jority of detected landmarks in indoor environments : 

doors, cupboards are very frequent in office environ- 

ments. As we have only three available lines and we 

need four lines to perform the representation con- 

struction, we propose to use the corridor lines to 

complete them, and we call "door-like" this kind of 

landmark.  
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_Figure 7: Partially detected "door-like" landmarks 

Figure 7 illustrates this process on a set of cupboards, 

where landmarks models are defined from H between 

the three detected lines and dl, on the one hand, and 

the previously defined square SQ, on the other hand. 

Integrat ing  visual  landmarks  into the 

e n v i r o n m e n t  representat ion  

Once landmarks have been detected, we have to in- 

tegrate them into the graph-based representation of 

the environment. The GVG approach can also em- 

bed this kind of information. We saw in [8] that  

nodes could be annotated with visual landmarks. In 

this work, we also try to enrich the graph edges with 

visual information. 

There are different levels of information we have to 

process from visual landmarks : 

• intrinsic data embedded in the landmark. 

• orientation relatively to the edge 

• topological and order relationships with other 

landmarks 

The intrinsic data  are extracted from the iconified 

views, as described in [5]. This appearance represen- 

tat ion is robust to illumination, viewpoint and scale 

changes, so that  we are able to recognize the same 

landmark at different points in the corridor. 

Orientation gives the position of the landmark in 

one of the corridor sides : left/right. Last, topo- 

logical and order information represent the relative 



relationships between landmarks,  if available : rela- 

tive positioning along the wall, relationships of inclu- 

sion/intersection/disjunction.  As in figure 7, land- 

marks do not necessarily correspond to physically 

distinct objects. 
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_Figure 8: A graph for visual and laser information 

Figure 8 shows an example of such a graph for the 

portion of the metric space represented on the upper 

part.  Dashed lines represent links from landmarks to 

edges, solid lines the existing inter- landmarks topo- 

logical relationships. Note that  not all the connec- 

tions between landmarks from the same walls have 

been defined. 

Maintaining qualitative knowledge is still part  of our 

current work. We base our approach on [6], where 

orientation and topology are taken into account si- 

multaneously. 

5 C o n c l u s i o n  a n d  f u t u r e  w o r k s  

This paper has presented the integration of two topo- 

logical based representations required for the n avi- 

gation of a mobile robot in an office environment. 

We take advantage both from the GVG model, suit- 

able to represent a network of corridors, and from a 

landmark-based topological map to provide a qual- 

itative localization of the robot with respect to the 

nodes and the edges of the GVG. 

The GVG construction relies on laser data,  more ac- 

curate and less noisy than the ultrasonic data  we 

used in a preliminary work [8]. The landmark learn- 

ing and recognition method has been improved to 

become more robust and more reactive. In the cor- 

ridors, this module takes profit of the laser data  to 

focus the landmark detection procedure only on the 

lateral walls. 

In our lab, the environment is more complex than a 

simple network of orthogonal corridors, so that  the 

GVG approach is very useful, but vision is manda-  

tory to guarantee a good recognition of the nodes. 

We are currently trying to get more significant exper- 

imental results, including the crossing of open spaces 

like large hallways, in which the topology cannot be 

reliably described by a GVG. For such places, we 

intend to associate edges to visually-controlled ac- 

tions (for example, goto landmark or follow the line 

on the wall, ...). We also intend to consider more 

types of visual landmarks:  vertical edges, lines on 

the ground or on the walls, quadrangular  and planar 

objects located on the ce i l i ng . . ,  so that  the robot 

could always locate itself. 

R e f e r e n c e s  

[1] v. Ayala, J.B. Hayet, M. Devy and F. Lerasle. Vi- 

sum Localization of a Mobile Robot in Indoor En- 

vironments using Planar Landmarks IEEE/RSJ Int. 

Conf. on Intelligent Robots and Systems, Takamatsu, 

Japan. 

[2] H. Choset, K. Nagatani and A. Rizzi. Sensor 

Based Planning: Using a Honing Strategy and Local 

Map Method to Implement the Generalized Voronoi 

Graph. SPIE Mobile Robotics, Pittsburgh, PA, 1997. 

[3] E. Clementini and P. DiFelice. A Comparison of 

Methods for Representing Topological Relationships. 

Information Sciences,3,149-178,1995. 

[4] C. Freksa and K. Zimmermann. On the Utilization of 

Spatial Structures for Cognitively Plausible and Effi- 

cient Reasoning. IEEE Int. Conf. on Systems, Man 

and Cybernetics, October 1992. 

[5] J.B. Hayet, F. Lerasle and M. Devy. A Visual Land- 

mark Framework for Indoor Mobile Robot Naviga- 

tion. IEEE Int. Conf. on Robotics and Automation, 

May 2002, pp. 3942-3947, Washington, USA. 

[6] D. Hern£ndez. Maintaining Qualitative Spatial 

Knowledge. European Conf. on Spatial Information 

Theory, Elba, 1993. 

[7] B. Kuipers. The Spatial Semantic Hierarchy. Artifi- 

cial Intelligence. 2000. 

[8] P. Ranganathan, J.B. Hayet, M. Devy, S. Hutchin- 

son and F. Lerasle. A Visual Landmark Framework 

for Indoor Mobile Robot Navigation. Int. Symp. on 

Intelligent Robotics Systems, Toulouse, France, 2001. 

[9] A.C. Vitorino, P. Rives and J.J. Borrelly. Mo- 

bile Robot Navigation Using a Sensor-Based Control 

Strategy, IEEE Int. Conf. on Robotics and Automa- 

tion, Seoul, Korea, May 2001. 

[10] D. Van Zwynsvoorde, T. Simeon and R. Alami. Incre- 

mental Topological Modeling using Local Voronoi-like 

Graphs, IEEE/RSJ Int. Conf. on Intelligent Robots 

and Systems, Takamatsu, Japan. 



Machine Vision and Applications

DOI 10.1007/s00138-008-0174-7

ORIGINAL PAPER

Particle filtering strategies for data fusion dedicated to visual
tracking from a mobile robot

Ludovic Brèthes · Frédéric Lerasle · Patrick Danès ·

Mathias Fontmarty

Received: 7 December 2006 / Accepted: 15 September 2008

© Springer-Verlag 2008

Abstract This paper introduces data fusion strategies

within particle filtering in order to track people from a single

camera mounted on a mobile robot in a human environment.

Various visual cues are described, relying on color, shape or

motion, together with several filtering strategies taking into

account all or parts of these measurements in their impor-

tance and/or measurement functions. A preliminary evalua-

tion enables the selection of the most meaningful visual cues

associations in terms of discriminative power, robustness to

artifacts and time consumption. The depicted filtering stra-

tegies are then evaluated in order to check which people tra-

ckers, regarding visual cues and algorithms associations, best

fulfill the requirements of the considered scenarios. The per-

formances are compared through some quantitative and qua-

litative evaluations. Some associations of filtering strategies

and visual cues show a significant increase in the tracking

robustness and precision. Future works are finally discussed.
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1 Introduction

Tracking people in dynamically changing environments is a

critical task over a wide range of applications, e.g. human–

computer interface [8,22], teleconferencing [41], surveil-

lance [18,19], motion capture [29], video compression [35],

and driver assistance [4]. This paper focuses on mobile

robotic applications, where visual tracking of people is one of

the ubiquitous elementary functions. Tracking from a mobile

platform is a very challenging task, which imposes several

requirements. First, the sensors being embedded on the robot,

they are usually moving instead of static, and have a restricted

perception of the environment. Moreover, the robot is expec-

ted to evolve in a wide variety of environmental conditions.

Consequently, several hypotheses must be handled simul-

taneously and a robust integration of multiple visual cues

is required in order to achieve some robustness to artifacts.

Finally, on-board computational power is limited so that only

a small percentage of these resources can be allocated to tra-

cking, the remaining part being required to enable the concur-

rent execution of other functions as well as decisional rou-

tines within the robot’s architecture. Thus, care must be taken

to design efficient algorithms.

Many 2D people tracking paradigms with a single camera

have been proposed in the literature which we shall not

attempt to review here. The reader is referred to [15,46] for

details. One can mention Kalman filtering [35], the mean-

shift technique [12] or its variant [11], tree-based filtering

[36] among many others. Beside these approaches, one of the

most successful paradigms, focused in this paper, undoub-

tedly concerns sequential Monte Carlo simulation methods,

also known as particle filters [14]. The popularity of these

strategies stems from their simplicity, ease of implementa-

tion, and modeling flexibility over a wide variety of applica-

tions. They seem well-suited to visual tracking as they make
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no assumption on the probability distributions entailed in the

characterization of the problem and enable an easy combi-

nation/fusion of diverse kind of measurements.

Particle filters represent the posterior distribution by a set

of samples, or particles, with associated importance weights.

This weighted particles set is first drawn from the state vector

initial probability distribution, and is then updated over time

taking into account the measurements and a prior knowledge

on the system dynamics and observation models.

In the Computer Vision community, the formalism has

been pioneered in the seminal paper [20] by Isard and Blake,

which coins the term CONDENSATION. In this scheme,

the particles are drawn from the dynamics and weighted by

their likelihood w.r.t. the measurement. CONDENSATION

is shown to outperform Kalman filter in the presence of back-

ground clutter.

Following the CONDENSATION algorithm, various

improvements and extensions have been proposed for visual

tracking. Isard et al. in [22] introduce a mixed-state

CONDENSATION tracker in order to perform multiple

model tracking. The same authors propose in [21] another

extension, named ICONDENSATION, which has introdu-

ced for the first time importance sampling in visual tracking.

It constitutes a mathematically principled way of directing

search, combining the dynamics and measurements. So, the

tracker can take advantage of the distinct qualities of the

information sources and re-initialize automatically when

temporary failures occur. Particle filtering with history sam-

pling is proposed as a variant in [37]. Rui and Chen in [34]

introduce the Unscented Particle Filter (UPF) into audio and

visual tracking. The UPF uses the Unscented Kalman filter

to generate proposal distributions that seamlessly integrate

the current observation. Partitioned sampling, introduced by

MacCormick and Isard in [27], is another way of applying

particle filters to tracking problems with high-dimensional

configuration spaces. This algorithm is shown to be well-

suited to track articulated objects [28]. The hierarchical stra-

tegy [33] constitutes a generalization. Last, though outside

the scope of this paper, particle filters have also become a

popular tool to perform simultaneous tracking of multiple

persons [27,42].

As mentioned before, the literature proposes numerous

particle filtering algorithms, yet a few studies comparing the

efficiency of these filtering strategies have been carried out.

When doing so, the associated results are mainly compared

against those of the original CONDENSATION approach

[26,34,37].

Another observation concerns data fusion. It can be argued

that data fusion using particle filtering schemes has been

fairly seldom exploited within this visual tracking context.

The numerous visual trackers referred to in the literature

consider a single cue, i.e. contours [20,28,34] or color

[30,32]. The multiple cues association has often been confined

to contours and color [8,21,37,47], or color and motion

[6,10,33,43].

This data fusion problem has been extensively tackled by

Pérez et al. in [33]. The authors propose a hierarchical par-

ticle filtering algorithm, which successively takes account

of the measurements so as to efficiently draw the particles.

To our belief, using multiple cues simultaneously, both in

the importance and measurement functions, not only allows

to use complementary and redundant information but also

enables a more robust failures detection and recovery. More

globally, other existing particle filtering strategies should also

be evaluated in order to check which ones best fulfill the

requirements for the envisaged application.

From these considerations, a first contribution of this paper

relates to visual data fusion in robotics scenarios covering

a wide variety of environmental conditions. A large spec-

trum of plausible multi-cues association for such a context is

depicted. Evaluations are then performed in order to exhibit

the most meaningful visual cues associations in terms of dis-

criminative power, robustness to artifacts and time consump-

tion, be these cues involved in the particle filter importance

or measurement functions. A second contribution concerns

a thorough comparison of the various particle filtering stra-

tegies for data fusion dedicated to the applications envisaged

here. Some experiments are presented, in which the designed

trackers efficiency is evaluated with respect to temporary tar-

get occlusion, presence of significant clutter, as well as large

variations in the target appearance and in the illumination

of the environment. These trackers have been integrated on

a tour-guide robot named Rackham whose role is to help

people attending an exhibition.

The paper is organized as follows. Section 2 describes

Rackham and outlines the embedded visual trackers. Sec-

tion 3 sums up the well-known particle filtering formalism,

and reviews some variants which enable data fusion for tra-

cking. Then, Sect. 4 specifies some visual measurements

which rely on the shape, color or image motion of the obser-

ved target. A study comparing the efficiency of various par-

ticle filtering strategies is carried out in Sect. 5. Section 6

reports on the implementation of these modalities on Rack-

ham. Last, Sect. 7 summarizes our contribution and puts

forward some future extensions.

2 Rackham and the tour-guide scenario progress

Rackham is an iRobot B21r mobile platform whose stan-

dard equipment has been extended with one pan-tilt camera

EVI-D70 dedicated to H/R interaction, one digital camera

for robot localization, one ELO touch-screen, a pair of loud-

speakers, an optical fiber gyroscope and wireless Ethernet

(Fig. 1).
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Fig. 1 Rackham

Rackham has been endowed with functions enabling it to

act as a tour-guide robot. So, it embeds robust and efficient

basic navigation abilities in human-crowded environments.

For instance, Fig. 2a shows the laser map of an exhibition,

which the robot first builds automatically during an explo-

ration phase with no visitor and then uses for localization.

Besides, our efforts have concerned the design of visual func-

tions in order to track, recognize and interact with visitors

attending an exhibition. Figure 2b reports the robot’s inter-

face display gathering the outputs from such visual functions

(top right) together with other interaction facilities: selection

of exhibition areas (top left, down left), human-like clone

(down right), etc.

When Rackham is left alone with no mission, it tries to find

out people whom he could interact with, a behavior hereafter

called “search for interaction”. As soon as a visitor comes

into its neighborhood, it introduces itself, tries to identify

his/her face and explains how to use its services thanks to

the touch-screen. More precisely, if the interlocutor is unk-

nown, the robot opens a face learning session, then asks

him/her to define the mission. On the contrary, when inter-

acting with a formerly identified user, the robot can suggest

missions/services which are complementary to the ones exe-

cuted in the past. Once the robot and its tutor have agreed

on an area to visit, Rackham plans and displays its trajec-

tory, prior to inviting its user to follow. While navigating,

the robot keeps on giving information about the progress

of the ongoing path and verifies the user presence. Whenever

the guided visitor leaves during the execution of this “gui-

dance mission”, the robot detects this and stops. If, after a

few seconds, this user is not re-identified, the robot restarts

a “search for interaction” session. Otherwise, when a known

user is re-identified, the robot proposes him/her to continue

the ongoing “guidance mission”.

The design of visual modalities has been undertaken

within this demonstration scenario. Three basic tracking

modalities, focused in this paper, have been outlined which

the robot must basically deal with:

1. The search for interaction, where the robot, static and

left alone, visually tracks visitors thanks to the camera

mounted on its helmet, in order to heckle them when

they enter the exhibition (Fig. 3a). This modality involves

the whole human body tracking at long H/R distances

(>3 m);

2. The proximal interaction, where a user can interact

through the ELO touch-screen, to select the area he/she

wants to visit (Fig. 3b); during this interaction, the robot

remains static and must keep, thanks to the camera mate-

rializing its eye, the visual contact with its tutor’s face at

short H/R distances (<1 m);

3. The guidance mission, where the robot drives the visi-

tor to the selected area; during its mission, the robot

must also maintain the interaction with the guided visitor

(Fig. 3c). This modality involves the upper human body

tracking at medium H/R distances.

Fig. 2 Interface display (a),

SICK laser map of the

exhibition (b)
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Fig. 3 The robot visual modalities: a search for interaction, b proximal

interaction, c guidance mission

These trackers involves the camera EVI-D70 whose charac-

teristics are: image resolution 320×240 pixels, retina dimen-

sion 1/2′′, and focal length 4.1mm.

3 Particle filtering algorithms for data fusion

3.1 A generic algorithm

Particle filters are sequential Monte Carlo simulation

methods to the state vector estimation of any Markovian

dynamic system subject to possibly non-Gaussian random

inputs [3,13,14]. Their aim is to recursively approximate the

posterior probability density function (pdf) p(xk |z1:k) of the

state vector xk at time k conditioned on the set of measure-

ments z1:k = z1, . . . , zk . A linear point-mass combination

p(xk |z1:k) ≈
N

∑

i=1

w
(i)
k δ

(

xk − x
(i)
k

)

,

N
∑

i=1

w
(i)
k = 1, (1)

is determined—with δ(·) the Dirac distribution—which

expresses the selection of a value—or “particle”—x
(i)
k with

probability—or “weight”—w
(i)
k , i = 1, . . . , N . An approxi-

mation of the conditional expectation of any function of xk ,

such as the minimum mean square error (MMSE) estimate

Ep(xk |z1:k)[xk], then follows.

Let the system be fully described by the prior p(x0), the

dynamics pdf p(xk |xk−1) and the observation pdf p(zk |xk).

The generic particle filtering algorithm—or “Sampling

Importance Resampling” (SIR)—is shown in Table 1. Its ini-

tialization consists in an independent identically distributed

(i.i.d.) sequence drawn from p(x0). At each further time k, the

particles keep evolving stochastically, being sampled from an

importance function q(xk |x (i)
k−1, zk) which aims at adaptively

exploring “relevant” areas of the state space. They are then

suitably weighted so as to guarantee the consistency of the

approximation (1). To this end, step 5 affects each particle

x
(i)
k a weight w

(i)
k involving its likelihood p(zk |x (i)

k ) w.r.t. the

measurement zk as well as the values at x
(i)
k of the importance

function and dynamics pdf.

In order to limit the degeneracy phenomenon, which says

that whatever the sequential Monte Carlo simulation method,

after few instants all but one particle weights tend to zero,

step 8 inserts a resampling stage, e.g. the so-called “syste-

matic resampling” defined in [25]. There, the particles asso-

ciated with high weights are duplicated while the others

collapse, so that the resulting sequence x
(s(1))
k , . . . , x

(s(N ))
k

is i.i.d. according to
∑N

i=1 w
(i)
k δ(xk − x

(i)
k ). Note that this

resampling stage should rather be fired only when the fil-

ter efficiency—related to the number of “useful” particles—

goes beneath a predefined threshold [14].

3.2 Importance sampling from either dynamics

or measurements: basic strategies

The CONDENSATION—for “Conditional Density Propaga-

tion” [20]—can be viewed as the instance of the SIR

algorithm in which the particles are drawn according to the

system dynamics, viz. when q(xk |x (i)
k−1, zk) = p(xk |x (i)

k−1).

This endows CONDENSATION with a prediction-update

structure, in that
∑N

i=1 w
(i)
k−1δ(xk − x

(i)
k ) approximates the

prior p(xk |z1:k−1). The weighting stage becomes w
(i)
k ∝

w
(i)
k−1 p(zk |x (i)

k ). In the visual tracking context, the original

algorithm [20] defines the particles likelihoods from contour

primitives, yet other visual cues have also been exploited [33].

Resampling by itself cannot efficiently limit the degene-

racy phenomenon. In addition, it may lead to a loss of diver-

sity in the state space exploration. The importance function

must thus be defined with special care.

In visual tracking, the modes of the likelihoods

p(zk |xk), though multiple, are generally pronounced. As

CONDENSATION draws the particles x
(i)
k from the sys-

tem dynamics but “blindly” w.r.t. the measurement zk , many

of these may well be assigned a low likelihood p(zk |x (i)
k )

and thus a low weight in step 5, significantly worsening the

overall filter performance. An alternative, henceforth labeled

“Measurement-based SIR” (MSIR), merely consists in sam-

pling the particles at time k—or just some of their entries—

according to an importance function π(xk |zk) defined from

the current image. The first MSIR strategy was

ICONDENSATION [21], which guides the state space explo-

ration by a color blobs detector. Other visual detection func-

tionalities can be used as well, e.g. face detector (Sect. 4), or

any other intermittent primitive which, despite its sporadi-

city, is very discriminant when present [33]: motion, sound,

etc.

In an MSIR scheme, a particle x
(i)
k whose entries are drawn

from the current image may be inconsistent with its prede-

cessor x
(i)
k−1 from the point of view of the state dynamics.

As expected, the smaller is the value p(x
(i)
k |x (i)

k−1), the lesser
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Table 1 Generic particle filtering algorithm (SIR)

[{x
(i)
k

, w
(i)
k

}]
N

i=1
= SIR([{x

(i)
k−1

, w
(i)
k−1

, }]
N

i=1
, zk )

1: IF k = 0, THEN Draw x
(1)
0

, . . . , x
(i)
0

, . . . , x
(N )
0

i.i.d. according to p(x0), and set w
(i)
0

= 1
N

END IF

2: IF k ≥ 1 THEN {—[{x
(i)
k−1

, w
(i)
k−1

}]
N

i=1
being a particle description of p(xk−1|z1:k−1)—}

3: FOR i = 1, . . . , N , DO

4: “Propagate” the particle x
(i)
k−1

by independently sampling x
(i)
k

∼ q(xk |x(i)
k−1

, zk )

5: Update the weight w
(i)
k

associated with x
(i)
k

according to w
(i)
k

∝ w
(i)
k−1

p(zk |x(i)
k

)p(x
(i)
k

|x(i)
k−1

)

q(x
(i)
k

|x(i)
k−1

, zk )
, prior to a normalization step s.t.

∑

i w
(i)
k

= 1

6: END FOR
7: Compute the conditional mean of any function of xk , e.g. the MMSE estimate Ep(xk |z1:k )[xk ], from the approximation

∑N
i=1 w

(i)
k

δ(xk − x
(i)
k

) of the posterior p(xk |z1:k )

8: At any time or depending on an “efficiency” criterion, resample the description [{x
(i)
k

, w
(i)
k

}]
N

i=1
of p(xk |z1:k ) into the equivalent evenly weighted particles

set [{x
(s(i))
k

, 1
N

}]
N

i=1
, by sampling in {1, . . . , N } the indexes s(1), . . . , s(N ) according to P(s(i) = j) = w

( j)
k

; set x
(i)
k

and w
(i)
k

with x
(s(i))
k

and 1
N

9: END IF

is the weight w
(i)
k . One solution to this problem, as propo-

sed in the genuine ICONDENSATION algorithm, consists in

sampling some of the particles from the dynamics and some

w.r.t. the prior, so that the importance function reads as, with

α, β ∈ [0; 1]

q
(

xk |x (i)
k−1, zk

)

= απ(xk |zk) + βp
(

xk |x (i)
k−1

)

+ (1 − α − β)p0(xk). (2)

This combination enables the tracker to benefit from the dis-

tinct qualities of the information sources and to re-initialize

automatically when temporary failures occur.

3.3 Towards the “optimal” case: the auxiliary particle filter

It can be shown [14] that the “optimal” recursive scheme,

i.e. which best limits the degeneracy phenomenon,

must define q∗(xk |x (i)
k−1, zk) � p(xk |x (i)

k−1, zk) and thus

w
∗ (i)
k ∝ w

∗ (i)
k−1 p(zk |x (i)

k−1) in the SIR algorithm (Table 1).

Each weight w
∗ (i)
k can then be computed before drawing x

(i)
k .

So, the overall efficiency can be enhanced by resampling

the weighted particle set [{x
(i)
k−1, w

∗ (i)
k }]N

i=1
, which in fact

represents the smoother pdf p(xk−1|z1:k), just before its

“propagation” through the optimal importance function

q∗(xk |x (i)
k−1, zk).

Despite such an algorithm can be seldom implemented

exactly, it can be mimicked by the “Auxiliary Particle Fil-

ter” (AUXILIARY_PF) along the lines of [31], see Table 2.

Let the importance function π(xk |x (i)
k−1, zk) = p(xk |x (i)

k−1)

be defined in place of q∗(xk |x (i)
k−1, zk), and p̂(zk |x (i)

k−1) be

an approximation of the predictive likelihood p(zk |x (i)
k−1)

(steps 3–5); for instance, one can set p̂(zk |x (i)
k−1)=p(zk |µ(i)

k ),

where µ
(i)
k characterizes the distribution of xk conditioned

on x
(i)
k−1, e.g. µ

(i)
k = E

p(xk |x (i)
k−1)

[xk] or µ
(i)
k ∼ p(xk |x (i)

k−1).

First, an auxiliary weight λ
(i)
k ∝ w

(i)
k−1 p̂(zk |x (i)

k−1) is

associated with each particle x
(i)
k−1. The approximation

[{x
(i)
k−1, λ

(i)
k }]N

i=1
of p(xk−1|z1:k) is then resampled into

[{x
(s(i))
k−1 , 1

N
}]

N

i=1
(step 6), prior to its propagation until time

k through π(xk |x (s(i))
k−1 , zk) (step 8). Finally, the weights of

the resulting particles x
(i)
k must be corrected (step 9) in order

to take account of the “distance” between λ
(i)
k and w

∗(i)
k , as

well as of the dissimilarity between the selected and optimal

importance functionsπ(x
(i)
k |x (s(i))

k−1 , zk) and p(x
(i)
k |x (s(i))

k−1 , zk).

The particles cloud can thus be steered towards relevant

areas of the state space. In the visual tracking context, the

approximate predictive likelihood can rely on distinct visual

cues from these involved in the computation of the “final-

stage” likelihoods p(zk |x (i)
k ). The main limitation of the

AUXILIARY_PF algorithm is its bad performance when the

dynamics is uninformative compared to the state final-stage

likelihood, e.g. when the dynamics is very noisy or when the

observation density has sharp modes. Therefore, µ
(i)
k being

a bad characterization of p(xk |x (i)
k−1), the pdf p(xk−1|z1:k)

of the smoother is poorly approximated by [{x
(i)
k−1, λ

(i)
k }]N

i=1
.

The resampling stage in step 6 of Table 2 may well eliminate

some particles which, once propagated through the dyna-

mics, would be very likely w.r.t. zk . At the same time, other

particles may well be duplicated which, after the prediction

step, come to lie in the final-stage likelihood tails.

In the framework of auxiliary particle filters, the Uns-

cented Transform [24] can constitute a way to define a bet-

ter approximation p̂(zk |xk−1) of the predictive likelihood

p(zk |xk−1), which is the basis of the auxiliary resampling

stage, see steps 3–6 of Table 2. As is the case in the Unscen-

ted Particle Filter [39], this transform can also be entailed in

the association to each particle of the Gaussian near-optimal

importance function from which it is sampled. Andrieu

et al. propose such a strategy in [2]. Nevertheless, despite
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Table 2 Auxiliary particle filter (AUXILIARY_PF)

[{x
(i)
k

, w
(i)
k

}]
N

i=1
= AUXILIARY_PF([{x

(i)
k−1

, w
(i)
k−1

}]
N

i=1
, zk )

1: IF k = 0, THEN Draw x
(1)
0

, . . . , x
(i)
0

, . . . , x
(N )
0

i.i.d. according to p(x0), and set w
(i)
0

= 1
N

END IF

2: IF k ≥ 1 THEN {—[{x
(i)
k−1

, w
(i)
k−1

}]
N

i=1
being a particle description of p(xk−1|z1:k−1)—}

3: FOR i = 1, . . . , N , DO

4: From the approximation p̂(zk |x(i)
k−1

) = p(zk |µ(i)
k

) – e.g. with µ
(i)
k

∼ p(xk |x(i)
k−1

) or µ
(i)
k

= E
p(xk |x(i)

k−1
)
[xk ]–, compute the auxiliary weights λ

(i)
k

∝ w
(i)
k−1

p̂(zk |x(i)
k−1

),

prior to a normalization step s.t.
∑

i λ
(i)
k

= 1

5: END FOR

6: Resample [{x
(i)
k−1

, λ
(i)
k

}]
N

i=1
– or, equivalently, sample in {1, . . . , N } the indexes s(1), . . . , s(N ) of the particles at time k − 1 according to P(s(i) = j) = λ

( j)
k

– in order to get

[{x
(s(i))
k−1

, 1
N

}]
N

i=1
; both

∑N
i=1 λ

(i)
k

δ(xk−1 − x
(i)
k−1

) and 1
N

∑N
i=1 δ(xk−1 − x

(s(i))
k−1

) mimic p(xk−1|z1:k )

7: FOR i = 1, . . . , N , DO

8: “Propagate” the particles by independently drawing x
(i)
k

∼ p(xk |x(s(i))
k−1

)

9: Update the weights, prior to their normalization, by setting w
(i)
k

∝
p(zk |x(i)

k
)p(x

(i)
k

|x(s(i))
k−1

)

p̂(zk |x(s(i))
k−1

)π(x
(i)
k

|x(s(i))
k−1

,zk )

=
p(zk |x(i)

k
)

p̂(zk |x(s(i))
k−1

)

=
p(zk |x(i)

k
)

p(zk |µ(s(i))
k

)

10: Compute Ep(xk |z1:k )[xk ] from the approximation
∑N

i=1 w
(i)
k

δ(xk − x
(i)
k

) of the posterior p(xk |z1:k )

11: END FOR
12: END IF

its attractiveness and its ability to mimic the optimal case,

this is more difficult to implement and shows a higher com-

putational cost.

3.4 Other strategies suited to visual tracking

3.4.1 History sampling

Several interesting particle filtering alternatives to visual tra-

cking are proposed in [37]. One of them considers dyna-

mic models of order greater than or equal to 2, in which

the state vector has the form xk = (u′
k, v

′
k, h′

k)
′, with [.]′ the

transpose operator. The subvector (u′
k, v

′
k)

′ or “innovation

part”—of xk obeys a stochastic state equation on xk−1, while

hk—called “history part”—is a deterministic function

f (xk−1). It is assumed that the innovations (u
(i)
k

′
, v

(i)
k

′
)′ are

sampled from an importance function such as

qI (uk, vk |x (i)
k−1, zk) = π(uk |zk)p(vk |u(i)

k , x
(i)
k−1), i.e. the sub-

particles u
(i)
k are positioned from the measurement only while

the v
(i)
k ’s are drawn by fusing the state dynamics with the

knowledge of u
(i)
k —and that the pdf of the measurement

conditioned on the state satisfies p(zk |xk) = p(zk |uk, vk).

This context is particularly well-suited to visual tracking,

for state-space representations of linear AR models entail

the above decomposition of the state vector, and because the

output equation does not involve its “history part”.

The authors define procedures enabling the avoidance of

any contradiction between (u
(i)
k

′
, v

(i)
k

′
)′ and its past x

(i)
k−1.

Their “Rao-Blackwellized Subspace SIR with History Sam-

pling” (RBSSHSSIR) is summarized in Table 3. Its step 5

consists, for each subparticle u
(i)
k drawn from π(uk |zk), in

the resampling of a predecessor particle—and thus of the

“history part” of x
(i)
k —which is at the same time likely w.r.t.

u
(i)
k from the dynamics point of view and assigned with a

significant weight. The RBSSHSSIR algorithm noticeably

differs from ICONDENSATION precisely because of this

stage, yet necessary lest the weighted particles [{x
(i)
k , w

(i)
k }]N

i=1

is not a consistent description of the posterior p(xk |z1:k).
An original proof of the RBSSHSSIR algorithm is sket-

ched in [9], using arguments similar to these underlying

the AUXILIARY_PF. It is shown that the algorithm applies

even when the state process is of the first order, by just sup-

pressing the entry f (xk−1) from xk .

3.4.2 Partitioned and hierarchical sampling

Partitioned and Hierarchical sampling can significantly

enhance the efficiency of a particle filter in cases when the

system dynamics comes as the successive application of ele-

mentary dynamics, provided that intermediate likelihoods

can be defined on the state vector after applying each par-

tial evolution model. The classical single-stage sampling of

the full state space is then replaced by a layered sampling

approach: thanks to a succession of sampling operations fol-

lowed by resamplings based on the intermediate likelihoods,

the search can be guided so that each sampling stage refines

the output from the previous stage.

To outline the technical aspects of each strategy, let

ξ0 = xk−1, ξ1, . . . , ξM−1, ξM = xk be M + 1 “auxiliary vec-

tors” such that the dynamics p(xk |xk−1) reads as the

convolution

p(xk |xk−1)

=
∫

d̃M (ξM |ξM−1) . . . d̃1(ξ1|ξ0) dξ1 . . . dξM−1, (3)
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Table 3 Rao-Blackwellized subspace particle filter with history sampling (RBSSHSSIR)

[{x
(i)
k

, w
(i)
k

}]
N

i=1
= RBSSHSSIR([{x

(i)
k−1

, w
(i)
k−1

}]
N

i=1
, zk )

1: IF k = 0, THEN Draw x
(1)
0

, . . . , x
(i)
0

, . . . , x
(N )
0

i.i.d. according to p(x0), and set w
(i)
0

= 1
N

END IF

2: IF k ≥ 1 THEN {—[{x
(i)
k−1

, w
(i)
k−1

}]
N

i=1
being a particle description of p(xk−1|z1:k−1)—}

3: FOR i = 1, . . . , N , DO

4: Draw u
(i)
k

∼ π(uk |zk )

5: Sample in {1, . . . , N } the index I
(i)
k

of the predecessor particle of u
(i)
k

according to the weights (w
(1)
k−1

p(u
(i)
k

|x(1)
k−1

), . . . , w
(.)
k−1

p(u
(i)
k

|x(.)
k−1

), . . . , w
(N )
k−1

p(u
(i)
k

|x(N )
k−1

)), i.e.

according to P(I
(i)
k

= j) =
w

( j)
k−1

p(u
(i)
k

|x( j)
k−1

)

∑N
l=1

w
(l)
k−1

p(u
(i)
k

|x(l)
k−1

)

6: Draw v
(i)
k

∼ p(vk |u(i)
k

, x
(I

(i)
k

)

k−1
)

7: Set x
(i)
k

=

⎛

⎝u
(i)
k

′
, v

(i)
k

′
, f (x

(I
(i)
k

)

k−1
)

′⎞

⎠

′

8: Update the weights, prior to their normalization, by setting w
(i)
k

∝
p(zk |u(i)

k
)
∑N

l=1 w
(l)
k−1

p(u
(i)
k

|x(l)
k−1

)

π(u
(i)
k

|zk )

9: Compute the conditional mean of any function of xk , e.g. the MMSE estimate Ep(xk |z1:k )[xk ], from the approximation
∑N

i=1 w
(i)
k

δ(xk − x
(i)
k

) of the posterior p(xk |z1:k )

10: END FOR
11: END IF

i.e. the successive application of d̃1(ξ1|ξ0), . . . , d̃m(ξm |ξm−1),

. . . , d̃M (ξM |ξM−1). The measurement pdf p(zk |xk) is

supposed to factorize as p(zk |xk) =
∏M

m=1 pm(zk |xk).

The second partitioned particle filtering algorithm pro-

posed in [28] assumes that the state vector dynamics are

component-wise independent, i.e. if all the vectors ξm ,

m = 1, . . . , M , are analogously partitioned into M subvec-

tors ξ1
m, . . . , ξ M

m , then d̃m(ξm |ξm−1) = p(ξm
m |ξm

m−1)
∏

r �=m δ(ξ r
m − ξ r

m−1) holds for all m = 1, . . . , M so that

p(xk |xk−1) =
∏M

m=1 p(xm
k |xm

k−1). In addition, the interme-

diate likelihoods pm(zk |xk) are supposed to concern a sub-

set of the state vector all the more important as m −→ M ,

i.e. to have the form pm(zk |xk) = lm(zk |x1
k , . . . , xm

k ). Under

these hypotheses, the partitioned particle filter follows the

algorithm outlined in Table 4, with q̃m(ξm |ξm−1, zk) =
d̃m(ξm |ξm−1), pm(zk |xk) = lm(zk |x1

k , . . . , xm
k ).

Partitioned sampling has been successfully applied to the

visual tracking of an open kinematic chain in [28], by orga-

nizing the state vector so that its first entries depict the top

elements of the chain—to be accurately positioned sooner for

a higher efficiency—while its last components are related to

the extremities. A branched algorithm has also proved to be

able to track multiple persons in [27].

The hierarchical particle filter developed in [33] can

be viewed as a generalization of the partitioned scheme

outlined above. No restriction is imposed on the functions

d̃1(·|·), d̃M (·|·). The measurement zk is supposed made

up with M sensory information z1
k , . . . , zM

k conditionally

independent given xk , so that the intermediate likelihoods

come as pm(zk |xk) = pm(zm
k |xk). Importantly, the particles

relative to the auxiliary vectors ξ1, . . . , ξM are not

sampled from d̃1(·|·), . . . , d̃M (·|·) but instead from dis-

tributions q̃1(·|·), . . . , q̃M (·|·) related to the importance

function q(xk |xk−1, zk) by q(xk |xk−1, zk) =
∫

q̃M (xk |ξM−1, zM
k ) . . . q̃1(ξ1|xk−1, z1

k) dξ1 . . . dξM−1.

Incorporating each likelihood pm(zk |·) after applying the

intermediate dynamics leads to the algorithm depicted in

Table 4, with q̃m(ξm |ξm−1, zk) = q̃m(ξm |ξm−1, zm
k ) and

pm(zk |xk) = pm(zm
k |xk).

4 Importance and measurement functions

Importance sampling offers a mathematically principled way

of directing search according to visual cues which are discri-

minant though possibly intermittent, e.g. motion. Such cues

are logical candidates for detection modules and efficient

proposal distributions. Besides, each sample weight is upda-

ted taking into account its likelihood w.r.t. the current image.

This likelihood is computed by means of measurement func-

tions, according to visual cues (e.g. color, shape) which must

be persistent but may however be proner to ambiguity in clut-

tered scenes. In both importance sampling and weight update

steps, combining or fusing multiple cues enables the tracker

to better benefit from distinct information sources, and can

decrease its sensitivity to temporary failures in some of the

measurement processes. Measurement and importance func-

tions are depicted in the next subsections.

4.1 Measurement functions

4.1.1 Shape cue

The use of shape cues requires that silhouette templates of

human limbs have been learnt beforehand (Fig. 4). Each
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Table 4 Partitioned (PARTITIONED_PF) and hierarchi-

cal (HIERARCHICAL_PF) particle filtering: q̃m(ξm |ξm−1, zk)

and pm(zk |xk) are defined either as: (PARTITIONED_PF)

q̃m(ξm |ξm−1, zk) = d̃m(ξm |ξm−1), pm(zk |xk) = lm(zk |x1
k , . . . , xm

k ),

or: (HIERARCHI- CAL_PF) q̃m(ξm |ξm−1, zk) = q̃m(ξm |ξm−1, zm
k ),

pm(zk |xk) = pm(zm
k |xk)

[{x
(i)
k

, w
(i)
k

}]
N

i=1
= PARTITIONED_OR_HIERARCHICAL_PF

(

[{x
(i)
k−1

, w
(i)
k−1

, }]
N

i=1
, zk

)

1: IF k = 0, THEN Draw x
(1)
0

, . . . , x
(i)
0

, . . . , x
(N )
0

i.i.d. according to p(x0), and set w
(i)
0

= 1
N

END IF

2: IF k ≥ 1 THEN —[{x
(i)
k−1

, w
(i)
k−1

}]
N

i=1
being a particle description of p(xk−1|z1:k−1)—

3: Set {ξ (i)
0

, τ
(i)
0

} = {x
(i)
k−1

, w
(i)
k−1

}
4: FOR m = 1, . . . , M , DO

5: FOR i = 1, . . . , N , DO Independently sample ξ
(i)
m ∼ q̃m (ξm |ξ (i)

m−1
, zk ) and associate ξ

(i)
m the weight τ

(i)
m ∝ τ

(i)
m−1

pm (zk |ξ(i)
m )d̃m (ξ

(i)
m |ξ(i)

m−1
)

q̃m (ξ
(i)
m |ξ(i)

m−1
,zk )

END FOR

6: Resample [{ξ (i)
m , τ

(i)
m }]

N

i=1 into the evenly weighted particles set [{ξ (s(i))
m , 1

N
}]

N

i=1
; rename [{ξ (s(i))

m , 1
N

}]
N

i=1
into [{ξ (i)

m , τ
(i)
m }]

N

i=1

7: END FOR
8: Set {x

(i)
k

, w
(i)
k

} = {ξ (i)
M

, τ
(i)
M

}, which is a consistent description of p(xk |z1:k )

.

.

.

(. . .): END IF

particle x is classically given an edge-based likelihood

p(zS|x) that depends on the sum of the squared distances

between Np points uniformly distributed along the template

corresponding to x and their nearest image edges [20], i.e.

p
(

zS|x
)

∝ exp

(

− D2

2σ 2
s

)

, D =
Np
∑

j=1

|x( j) − z( j)|, (4)

where the similarity measure D involves each j th template

point x( j) and associated closest edge z( j) in the image, the

standard deviation σs being determined a priori.

A variant [17] consists in converting the edge image into a

Distance Transform image. Interestingly, the DT is a smoo-

ther function of the model parameters. In addition, the DT

image reduces the involved computations as it needs to be

generated only once whatever the number of particles invol-

ved in the filter. The similarity distance D in (4) is replaced

by

D =
Np
∑

j=1

IDT( j), (5)

where IDT( j) terms the DT image value at the j-th tem-

plate point. Figure 5 plots this shape-based likelihood for an

example where the target is a 2D elliptical template corres-

ponding coarsely to the subject on the right of the input image.

Fig. 4 Shape cue

In case of cluttered background, using only shape cues for

the model-to-image fitting is not sufficiently discriminant, as

multiple peaks are present.

4.1.2 Color cue

Reference color models can be associated with the targe-

ted ROIs. These models are defined either a priori, or on-line

using some automatic detection modules. Let hc
ref and hc

x two

Nbi -bin normalized histograms in channel c ∈ {R, G, B},
respectively corresponding to the model and to a region Bx

parametrized by the state x . The color likelihood p(zC |x)

must favor candidate color histograms hc
x close to the refe-

rence histogram hc
re f . The likelihood has a form similar to (4),

provided that D terms the Bhattacharyya distance [30] bet-

ween the two histograms hc
x and hc

re f , i.e. for a channel c,

D(hc
x , hc

ref) =

⎛

⎝1 −
Nbi
∑

j=1

√

hc
j,x · hc

j,ref

⎞

⎠

1/2

. (6)

A single histogram does not capture any information on the

spatial arrangement of colors and so can lead to noticeable

drift. This drift can be avoided by splitting the tracked region

into sub-regions with individual reference color models. Let

Fig. 5 Shape DT-based likelihood
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Fig. 6 a Color-based regions of

interest (ROIs) and

corresponding RGB histograms.

b, c Likelihoods regarding

single-part and multiple-part

color models, respectively

the union Bx =
⋃NR

p=1 Bx,p be associated with the set of NR

reference histograms {hc
ref,p : c ∈ {R, G, B}, p = 1, . . . , NR}.

By assuming conditional independence of the color measu-

rements, the likelihood p(zC |x) becomes

p(zC |x) ∝ exp

⎛

⎝−
∑

c

NR
∑

p=1

D2(hc
x,p, hc

ref,p)

2σ 2
c

⎞

⎠ . (7)

Figure 6b and c plots single and multi-patch likelihoods for

the above example. The ROIs corresponding to the face and

clothes of the person on the right, are compared to their refe-

rence model shown in Fig. 6a.

4.1.3 Motion cue

For a static camera, a basic method consists in computing

the luminance absolute difference image from successive

frames. To capture motion activity, we propose to embed the

frame difference information into a likelihood model similar

to the one developed for the color measurements.

Pérez et al. in [33] define a reference histogram model

for motion cues. For motionless regions, the measurements

fall in the lower histograms bins while moving regions fall

a priori in all the histograms bins. From these considera-

tions, the reference motion histogram hM
ref is given by hM

j,ref =
1

N
′
bi

, j = 1, . . . , N
′
bi . The motion likelihood is set to

p(zM |x) ∝ exp

(

− D2(hM
x , hM

ref)

2σ 2
m

)

, (8)

and is illustrated on Fig. 7a, b, and c.

4.1.4 Multi-cues fusion

Fusing multiple cues enables the tracker to better benefit from

M distinct measurements (z1, . . . , zM ). Assuming that these

are mutually independent conditioned on the state, the unified

measurement function thus factorizes as

p(z1, . . . , zM |x) =
M
∏

m=1

p(zm |x). (9)

Fig. 7 a Absolute luminance frame difference. b Motion histograms of

two ROIs (top, middle) and of a reference ROI (bottom). c Consequent

associated likelihood

Yet, to avoid the evaluation of the likelihood for each cue,

we hereafter propose some variants so as to combine multiple

cues into a single likelihood model.

4.1.5 Shape and motion cues combination

Considering a static camera, it is highly possible that the tar-

geted subject be moving, at least intermittently. To cope with

background clutter, we thus favor the moving edges (if any)

by combining motion and shape cues into the definition of

the likelihood p(zS, zM |x) of each particle x . Given
−→
f (z( j))

the optical flow vector at pixel z( j), the similarity distance

D in (4) is then replaced by

D =
Np
∑

j=1

|x( j) − z( j)| + ρ · γ (z( j)), (10)

where γ (z( j)) = 0 (resp. 1) if
−→
f (z( j)) �= 0 (resp. if−→

f (z( j)) = 0) and ρ > 0 terms a penalty. Figure 8 plots

this more discriminant likelihood function for the example

seen above. The target is still the subject on the right, but is

assumed to be moving.

4.1.6 Shape and color cues combination

We propose in [7] a likelihood model p(zS, zC |x) which

combines both shape and color cues through a skin-colored

regions segmentation. The use of color features makes the

tracker more robust to situations where there is poor grey-

level contrast between the human limbs and the background.
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Fig. 8 Likelihood combining shape and motion cues

Numerous techniques for skin blobs segmentation are

based on a skin pixel classification (see a review in [44]) as

human skin colors have specific color distributions. Training

images from the Compaq database [23] enable to construct

a reference color histogram model [35] in a selected color

space. The originality of the segmentation method [7] lies in

the sequential application of two watershed algorithms, the

first one being based on chromatic information and the last

one relying on the intensity of the selected skin-color pixels.

This second phase is useful to segment regions with similar

colors but different luminance values (like hand and sleeve

in Fig. 9).

A new DT image I ′
DT is defined from the set of Canny

edges points IDT and from the contours of the segmented

skin blobs. The latters enable to define a mask applied onto

the original DT image IDT. Canny edges points which are

outside the mask are thus given a penalty in the DT image

I ′
DT as illustrated in Fig. 9d.

The similarity distance D in (4) is then replaced by

D =
Np
∑

j=1

I ′
DT( j) + ρ · γ ( j), (11)

where γ ( j)=0 (resp. 1) if zmask( j)=1 (resp. if zmask( j)=0)

and ρ > 0 terms a penalty. This strategy makes the model

p(zS, zC |x) relevant even if skin colored regions are not fully

extracted or are not detected at all. Typically, overexposure

(close to a bay window) or underexposure (in a corridor)

make more uncertain the separation of the skin regions from

background. In these situations, all the edges have the same

strength in the DT image. More details on the segmentation

process can be found in [7].

4.2 Importance functions

4.2.1 Shape cue

We use the face detector introduced by Viola et al. [45] which

covers a range of ±45◦ out-of-plane rotation. It is based

on a boosted cascade of Haar-like features to measure rela-

tive darkness between eyes and nose/cheek or nose bridge.

Let B be the number of detected faces and pi = (ui , vi ),

i = 1, . . . , B, the centroid coordinate of each such region.

An importance function π(.) at location x = (u, v) follows,

as the Gaussian mixture proposal

π(x|zS) =
B

∑

i=1

1

B
N

(

x ; pi , diag(σ 2
ui

, σ 2
vi

)
)

, (12)

where N (· ; µ,�) denotes the Gaussian distribution with

mean µ and covariance �.

4.2.2 Color cue

Skin-colored blobs detection is performed by subsampling

the input image prior to grouping the classified skin-like

pixels. Then, the importance function π(x|zC ) is defined

from the resulting blobs by a Gaussian mixture similar to (12).

4.2.3 Motion cue

The Bhattacharyya distance D(hM
x , hM

ref) to the reference

motion histogram hM
ref is evaluated on a subset of locations

obtained by subsampling the input image and keeping the

scale factor fixed. These locations are taken as the nodes of a

regular grid. Nodes that satisfy D2(hM
x , hM

ref) > τ are selec-

ted. The importance function π(x|zM ) is a Gaussian mix-

ture (12) centered on the detected locations of high motion

activity. Figure 10 reports an importance function derived

from the motion cues developed in Fig. 7a and b.

4.2.4 Multi-cues mixture

The importance function π(·) can be extended to consider

the outputs from any of the M detectors, i.e.

π(x|z1, . . . , zM ) = 1

M

M
∑

j=1

π(x|z j ). (13)

Fig. 9 a Input image. b Map

of the skin color. c Skin blobs

segmentation. d DT image

after masking
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Fig. 10 Motion-based

importance function

Figure 11b shows an importance function based on two

detectors.

5 People tracking modalities

For our three visual modalities, the aim is to fit the tem-

plate relative to the tracked visitor all along the video stream,

through the estimation of its image coordinates (u, v), its

scale factor s, as well as, if the template is shape-based, its

orientation θ . All these parameters are accounted for in the

state vector xk related to the k-th frame. With regard to the

dynamics model p(xk |xk−1), the image motions of obser-

ved people are difficult to characterize over time. This weak

knowledge is thus formalized by defining the state vector

as xk = (uk, vk, sk, θk)
′

and assuming that its entries evolve

according to mutually independent random walk models, viz.

p(xk|xk−1) = N (xk ; xk−1, �), where N (· ; µ,�) terms

the Gaussian distribution with mean µ and covariance

� = diag(σ 2
u , σ 2

v , σ 2
s , σ 2

θ ).

5.1 Visual cues evaluation

A preliminary evaluation enables the selection of the most

meaningful visual cues associations in terms of discrimi-

native power, precision, time consumption and robustness

to artifacts (e.g. clutter or illumination changes), be these

cues involved in the importance or measurement functions.

Results are computed from a database of over than 400 images

acquired from the robot in a wide range of typical condi-

tions. For each database image, a “ground truth” is worked

out beforehand regarding the presence/absence and possibly

the location of a targeted moving head. The discriminative

power of a measurement (resp. importance) function is then

Fig. 11 a Skin blobs (blue) and face (red) detectors. b Importance

function mixing their outputs

computed by comparing the likelihood peaks (resp. the

detections) locations with the “true” target location. A peak

(resp. detection) in a region of interest around the target is

counted as a true positive while outside peaks (resp. detec-

tions) are considered as false positives. At last, a false nega-

tive occurs when no peaks (resp. no detections) are found

inside the region of interest.

5.1.1 Measurement functions

Figure 12 illustrates the average discriminative power of the

measurement functions depicted in Sect. 4.1, and Fig. 13

assesses their precisions. Function S1 (resp. S2) terms the

shape-based likelihood p(zS |xk) built upon the similarity dis-

tance (4) (resp. (5)). Function C1 is relative to the color-based

likelihood p(zC
k |xk) relying on the similarity distance (6).

The measurement functions S1C1 and S2C1 fuse shape and

color cues by multiplying their likelihoods according to (9).

Function S2C2 combines both shape and color cues through

the skin-colored regions segmentation detailed in [7]. S1M

combines shape and motion cues according to (10). Finally,

the functions S1MC1 and MC1 enable the fusion in (9) of all

or parts of the three aforementioned cues, respectively shape,

motion and color. As Fig. 13 shows, shape cues provide the

best accuracy, thus it is important to privilege shape-based

measurement functions.

In terms of discriminative power (Fig. 12), using only

one cue in the definition of a likelihood is a bad choice.

For example, the shape-based likelihoods S1, S2 are very

sensitive to clutter and thus generate a high false positives

rate in spite of their good true positives rates. To explain the

good results of the color-based likelihood C1, it is impor-

tant to notice that for each image of the database, a color

model is computed from the true target location so that no

S1 S2 C1 S1C1 S1M S2C1 S2C2 S1MC1 MC1
0

0.4
0.8
1.2
1.6

2
2.4
2.8
3.2
3.6

4
4.4
4.8
5.2
5.6

6
6.4
6.8
7.2
7.6

8

False positive
True positive
False negative

Fig. 12 Average number of detections relative to false positives, true

positives and false negatives, for various likelihood functions. The hori-

zontal red line depicts the mean target presence rate
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14
Average error between the maximum likelihood and true position
Average error between the nearest significative peak and true position

Fig. 13 Average distance between the true target position and (1) the

maximum likelihood peak, (2) the nearest significative peak

color model drift is taken into account in the evaluation.

As expected, the more cues are involved in the definition

of a likelihood, the higher is its discriminative power. For

instance, the motion attribute can penalize motionless

contours due to the static background. Fusing color-based

likelihoods with shape-based likelihoods eliminates the

influence of background contours and makes conveniently

colored regions become more likely. Though the fusion stra-

tegy S1MC1 slightly increases the discriminative power, it

is not selected because of its important time consumption. Its

running time and these of the other measurement functions

are illustrated in Fig. 14.

Similar arguments lead to the rejection of S2C2. In fact,

the associations of either shape and color cues (S1C1, S2C1),

shape and motion (S1M) or color and motion (MC1) show

the best tradeoff between computational cost and discrimina-

tive power. These which enjoy the least time consumption,
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Fig. 14 Average running time per image for various likelihood func-

tions
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Fig. 15 Average detection rate relative to false positives, true positives

and false negatives for various importance functions. The red and blue

lines depict the real true positives rate and the frontal face recognition

rate in the database, respectively

namely S2C1, S1M and MC1, have been kept for future

evaluations.

5.1.2 Importance functions

Recall that the importance functions in Sect. 4.2 are relative

to face detection (yielding π(xk |zS
k ) and denoted F D),

motion detection (yielding π(xk |zM
k ) and denoted M D) or

skin blob detection (yielding π(xk |zC
k ) and denoted SB D).

The importance functions F M D, F SB D, SB M D mix all

or parts of the three aforementioned detectors thanks to (13).

Figure 15 illustrates the average discriminative power for

importance functions associated with a single detector or

merging the outputs from several detectors.

Though the F D importance function enjoys a high detec-

tion rate and a low false positives rate, it is unfortunately

restricted to frontal faces located in the H/R distances inter-

val [0.5 m; 3 m] to permit Haar-like feature extraction. For

such short and medium H/R distances1 (< 3m), the multi-

cues importance function F SB D, which associates F D and

SB D into (13), clearly enlarges the spectrum of detected

faces as its true positives rate is higher. Moreover, as repor-

ted in Fig. 16, the time consumption induced by SB D is

negligible compared to the one of F D. The performances

are significantly worse for M D, yet this detector is well-

suited for long-range H/R distances2 (>3 m) where shape

and skin-color are not sufficiently reliable to use F D-based

or SB D-based detectors.

In the selection of an importance function, strategies

enjoying a higher true positives rate are preferred. This

1 i.e. modalities #2 and #3 in Sect. 2.

2 i.e. modality #1 in Sect. 2.
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Fig. 16 Average computation time of one image for each importance

function. Note that this time is independent of the number of particles

involved in the tracking

ensures a sufficient number of particles to be sampled on

the target, despite some may be positioned on false detec-

tions. Consequently, the importance functions F SB D and

M D are considered as candidate elements of the aforemen-

tioned visual tracking modalities, to be characterized and

evaluated below.

5.2 Particle filtering strategies evaluations

The filtering strategies depicted in Sect. 3 must be exami-

ned in order to check which ones best fulfill the require-

ments of the considered H/R interaction modalities. For the

sake of comparison, importance functions rely on dynamics

or measurements alone (and are respectively noted DIF for

“Dynamics-based Importance Function” and MIF for

“Measurement-based Importance Function”), or combine

both (and are termed DMIF for “Dynamics and Measurement-

based Importance Function”). Further, each modality is eva-

luated on a database of sequences acquired from the robot in

a wide range of typical conditions: cluttered environments,

appearance changes or sporadic disappearance of the targeted

subject, jumps in his/her dynamics, etc. For each sequence,

the mean estimation error with respect to “ground truth”,

together with the mean failure rate (% of target loss), are com-

puted from several filter runs and particles numbers. The error

is computed as the distance (in pixels) between the estimated

position and the true position of the object to be tracked. It

is important to keep in mind that a failure is registered when

this error exceeds a threshold (related to the region of inter-

est), and is followed by a re-initialization of the tracker. Due

to space reasons, only a subset of the associated figure plots

is shown here. This analysis motivates our choices depicted

hereafter for the three visual tracking modalities. The pre-

sented results have been obtained on a 3 GHz Pentium IV

personal computer.

5.2.1 Face tracker (proximal interaction)

This modality involves the state vector xk = (uk, vk, sk, θk)
′
.

As the robot remains static, both shape and motion cues

are combined into the S1M measurement function. The

tracker is evaluated in nominal conditions, viz. under no

disturbance, as well as against cluttered environments and

illumination changes. A typical run is shown in Fig. 17.

Figures 18 and 19 plot the tracking failure rate as well as

tracking errors averaged over scenarios involving cluttered

backgrounds. Dynamics-based Importance Functions lead to

a better precision (about 10 pixels) together with a low fai-

lure rate, so that detection modules are not necessary in this

“easiest” context.

The AUXILIARY_PF strategy shows an higher time

consumption than the CONDENSATION algorithm though

with no improvement of the approximation of the poste-

rior. The increased computational cost is of course due to

the auxiliary sampling step. The fair performance comes

from the poorly informative dynamics model, see the end

of Sect. 3.3. This is why we opt for a CONDENSATION

algorithm, which can run at ≈ 40 Hz for N = 200 particles

(Fig. 20).

The parameters values of our face tracker are listed in

Table 5. The standard deviations of the Gaussian noises entai-

led in the random walk dynamics are set using classical

arguments relating them to the admissible evolution of the

template between two consecutive images. The standard

deviations of the importance functions come from an offline

prior study of the underlying detectors, as was done in [21].

The parameter σs involved in the shape-based likelihood

(and, in Tables 6, 7, the parameters σc, σm involved in the

color-based and motion-based likelihoods), are defined as

follows: first, for each element of an image database, a

“ground truth” is determined by manually adjusting the

template position, orientation and scale; then the distances

involved in the various likelihoods are computed for several

perturbations of the template parameters around their “true”

values; assuming that these distances are samples of a Gaus-

sian centered on 0 enables the estimation of σs, σc, σm . The

remaining coefficients, including the number of particles,

are selected by trial-and-error, so as to ensure overall good

performance of the tracker while limiting its computational

cost.

5.2.2 Upper human body tracker (guidance mission)

This modality involves the state vector xk = (uk, vk, sk)
′
—

the orientation θk being set to a known constant—as well as

two color models hc
ref,1,hc

ref,2, respectively corresponding to

the head and the torso of the guided person, in the measure-

ment function (7). To overcome appearance changes of these

ROIs in the video stream, their associated color models are
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Fig. 17 Tracking scenario with

CONDENSATION over a

cluttered background. The red

template depicts the MMSE

estimate
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Fig. 18 Average failure rate versus number of particles on sequences

involving cluttered background
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Fig. 19 Tracking errors versus number of particles on sequences invol-

ving cluttered background

updated online through a first-order discrete-time filtering

process entailing the state estimate i.e.

hc
ref,k = (1 − κ) · hc

ref,k−1 + κ · hc
E[xk ], (14)
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Fig. 20 Average time consumption versus number of particles on all

sequences for several strategies

where κ weights the contribution of the mean state histo-

gram hc
E[xk ] to the target model hc

ref,k−1 and index p has

been omitted for compactness reasons. Drift and possible

subsequent target loss are experienced in any tracker which

involves models updating. To avoid this, the particles weigh-

ting step considers the likelihood S2C1 which fuses, thanks

to (9), color distributions cue but also shape cue relatively to

the head silhouette (Fig. 4).

Given the H/R interaction distance and the evaluations

results in Sect. 4.2, the common importance function of

ICONDENSATION and RBSSHSSIR strategies is based on

color blobs and face detectors, namely F SB D. These propo-

sals permit automatic initialization when persons appear or

re-appear in the scene and improve the recovery of deadlocks

induced by target loss.

In nominal conditions, all the particle filtering strategies

lead to a similar precision and failure rate. Experiments on

sequences including appearance or illumination changes,

such as the two runs reported in Fig. 21, also show

similar results. Indeed, fusing shape and color cues in the

Table 5 Parameter values used in our face tracker

Symbol Meaning Value

(σu, σv, σs , σθ ) Standard deviation of the random walk dynamics noise on the state vector xk = (uk , vk , sk , θk)
′

(15, 6, 0.01, 0.3)

σs Standard deviation in likelihood S1M combining shape and motion cues 36

ρ Penalty in Eq. (10) 0.12

N Number of particles 150
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Table 6 Parameter values used in our upper human body tracker

Symbol Meaning Value

(α, β) Mixture coefficients in the importance function q(xk |xk−1, zk) along Eq. (2) (0.3, 0.6)

(σu, σv, σs) Standard deviation of the random walk dynamics noise on the state vector xk = (uk , vk , sk)
′

(11, 6,
√

0.1)

(σui
, σvi

) Standard deviation in importance function π(xk |zS) for F D-based detector (6, 6)

(σui
, σvi

) Standard deviation in importance function π(xk |zC ) for SB D detector (6, 6)

σs Standard deviation in shape-based likelihood p(zS
k |xk) 25

NR Number of patches in p(zC
k |xk) 2

σc Standard deviation in color-based likelihood p(zC
k |xk) 0.03

Nbi Number of color bins per channel involved in p(zC
k |xk) 32

κ Coefficients for reference histograms hc
ref,1, hc

ref,2 update in Eq. (14) (0.1, 0.05)

N Number of particles 150

Table 7 Parameter values used in our whole human body tracker

Symbol Meaning Value

(α, β) Mixture coefficients in the importance function q(xk |xk−1, zk) along Eq. (2) (0.3, 0.6)

(σu, σv, σs) Standard deviation of the random walk dynamics noise on the state vector xk = (uk , vk , sk)
′

(7, 5,
√

0.1)

ν Threshold for importance function π(xk |zM
k ) 10

(σui
, σvi

) Standard deviation in importance function π(xk |zM ) for M D-based detector (8, 8)

σm Standard deviation in motion-based likelihood p(zM
k |xk) 0.2

N ′
bi Number of motion bins involved in p(zM

k |xk) 32

σc Standard deviation in color-based likelihood p(zC
k |xk) 0.03

Nbi Number of color bins per channel involved in p(zC
k |xk) 32

NR Number of patches in p(zC
k |xk) 1

κ Coefficient for reference histogram hc
ref update in Eq. (14) 0.1

N Number of particles 150

measurement function improves the discriminative power so

that in these contexts, a robust tracking can be performed

whatever the used particle filtering strategy.

Experiments on sequences including additional sporadic

disappearances (due to the limits of the camera field of view)

or jumps in the target dynamics highlight the efficiency of

ICONDENSATION/RBSSHSSIR strategies in terms of fai-

lure rate (Fig. 22). In fact, these two strategies, by drawing

some particles according to the output from detection

modules, permit automatic initialization and aid recovery

from transient tracking failures. In addition, the

RBSSHSSIR filter leads to a slightly better precision than

ICONDENSATION. This is a consequence of the more effi-

cient association of subparticles sampled from the proposal

with plausible predecessors thanks to the intermediate resam-

pling stage (step 6 in Table 3).

Experiments on sequences including spurious detections

due to the presence of another non-occluding person in the

Fig. 21 Tracking scenario

involving illumination (top)

or appearance (bottom)

changes with

DMIF-ICONDENSATION.

The blue (resp. red) rectangles

depict the particles (resp. the

MMSE estimate)
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Fig. 22 Average failure rate versus number of particles on sequences

including jumps in the target dynamics

0 100 200 300 400 500 600 700 800 900
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Number of particles

F
a

ilu
re

 r
a

te

CONDENSATION (DIF)
AUXILIARY_PF (DIF)
ICONDENSATION (MIF)
RBSSHSSIR (MIF)
ICONDENSATION (DMIF)
RBSSHSSIR (DMIF)

Fig. 23 Average failure rate versus number of particles on sequences

including a spurious detection without occlusion

camera field of view, bring out that Measurement-based

Importance Functions lead to a worse failure rate (Fig. 23).

Conversely, the DMIF strategies ensure a proper tracking

thanks to the sampling of some particles from the dynamics.

To illustrate these observations, Fig. 24 shows a tracking

run including two persons for MIF-ICONDENSATION

(Fig. 24, top) and DMIF-ICONDENSATION (Fig. 24, bot-

tom). In the MIF-ICONDENSATION case, only the non-

targeted person is detected so that the importance function
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Fig. 25 Average failure rate versus number of particles on sequences

including two people occluding each other

draws all the particles on wrong regions, leading to a failure

on and after the third frame.

Experiments on sequences which involve two people

occluding each other highlight the efficiency of the

ICONDENSATION/RBSSHSSIR strategies in terms of fai-

lure rate (Fig. 25).

DIF strategies lead to track the person on the foreground

(Fig. 26, top), whereas ICONDENSATION/RBSSHSSIR

strategies keep locking on the right target throughout the

sequence (Fig. 26, bottom) thanks to the sampling of some

particles according to the visual detectors outputs, and to the

discriminative power of the measurement function.

The above experiments emphasize the necessity of taking

into account both the dynamics and the measurements so that

the tracking can be robust and efficient enough in all consi-

dered scenarios related to the guidance modality. Therefore,

the DIF and MIF particle filtering strategies are excluded in

this context. Even if DMIF-ICONDENSATION and DMIF-

RBSSHSSIR are well suited and have similar time consump-

tion (Fig. 27) for the used number N of particles (between

100 and 200), we finally adopt DMIF-RBSSHSSIR for this

guidance modality because of its slightly better performances

compared to DMIF-ICONDENSATION. The parameters

reported in Table 6 are used in the likelihoods, proposal and

state dynamics involved in our upper human body tracker.

Fig. 24 Tracking scenario

involving two people with

MIF-ICONDENSATION (top)

and DMIF-ICONDENSATION

(bottom). On the third top frame

the targeted person is not

detected while the undesired

person remains detected
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Fig. 26 Tracking scenario

involving occlusions with

CONDENSATION (top) and

DMIF-RBSSHSSIR (bottom)
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Fig. 27 Average time consumption versus number of particles on all

sequences for several strategies

5.2.3 Person tracker (search for interaction)

As was the case in the above section, the state vector has

the form xk = (uk, vk, sk)
′
. Color and motion cues are fused

into the global measurement function (9) as the robot is sup-

posed motionless. The selected importance function M D

is defined from the motion detector output. Relying on the

conclusions concerning the guidance modality, only DMIF-

ICONDENSATION and DMIF-RBSSHSSIR are evaluated.

As the Hierarchical Particle Filter (HIERARCHICAL_PF)

defined in [33] constitutes an alternative to these strategies,

it is also assessed. Thanks to its intermediate sampling (step

6 in Table 4), which enables the particles cloud to remain

more focused on the target, it results in a significant decrease

of the tracking error under nominal conditions, as illustrated

in Fig. 28. In this helpful case, a slightly better failure rate is

also observed as shown in Fig. 29.

Experiments on sequences including a full occlusion of

the moving target by a static object (Fig. 32) highlight the effi-

ciency of DMIF-ICONDENSATION/DMIF-RBSSHSSIR

strategies in terms of of failure rate compared to the

HIERARCHICAL_PF strategy (Fig. 30). Though some par-

ticles are sampled on the targeted person by the motion-

based importance function (M D) as soon as he/she reappears

after an occlusion, the HIERARCHICAL_PF strategy fails

(Figs. 31, 32). Indeed, as these particles lie in the tails of the
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Fig. 28 Tracking errors versus number of particles in nominal condi-

tions
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Fig. 29 Average failure rate versus number of particles in nominal

conditions

dynamics pdf, they are affected small weights and thus get

eliminated during the first resampling step of the algorithm

(step 6 in Table 4). Meanwhile, the other filtering strategies

which rely on Dynamics and Measurement based importance

functions can perform the tracking.

Similar conclusions hold when the target is motionless and

subject to occlusion (Figs. 33, 34). This can again be explai-

ned by the action of its first resampling step which concen-

trates particles on high motion activity regions. Figures 35
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including an occlusion by a static object
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Fig. 31 Tracking errors versus number of particles on sequences

including an occlusion by a static object

and 36 present two tracking scenarios involving several per-

sons with mutual occlusions. In the first scenario, the

HIERARCHICAL_PF tracker locks onto the undesired per-

son, because only regions of high motion activity which are

in the modes of the system dynamics pdf are explored by its

first step. Regions corresponding to the target, even if they

do comply with the color model, are thus discarded during

the resampling procedure. In contrast, the RBSSHSSIR tra-

cker which doesn’t dissociate motion and color cues, keeps
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Fig. 33 Average failure rate versus number of particles on sequences

including target occlusions
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Fig. 34 Tracking errors versus number of particles on sequences

including target occlusions

locking on the targeted person. The second scenario leads to

the same observations and confirms the RBSSHSSIR effi-

ciency. The two filters DMIF-ICONDENSATION/DMIF-

RBSSHSSIR are well-suited to this modality. As robustness

is preferred to precision for our application, we finally opt

for the DMIF-RBSSHSSIR algorithm. The fixed parameters

involved in the likelihoods, proposal and state dynamics of

our human body tracker are given in Table 7.

Fig. 32 Tracking scenario

involving full occlusion

by a static object with

DMIF-RBSSHSSIR (top) and

HIERARCHICAL_PF (bottom)
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Fig. 35 Tracking scenario

involving occlusion of the

motionless target by another

person crossing the field of view

with DMIF-RBSSHSSIR (top)

and HIERARCHICAL_PF

(bottom)

Fig. 36 A scenario involving

persistent occlusions due to

persons. Tracker based on a

DMIF into the RBSSHSSIR

algorithm
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Fig. 37 Rackham’s software architecture

6 Integration on Rackham robot

6.1 Outline of the overall software architecture

The above visual functions were embedded on the Rack-

ham robot. To this aim, Rackham is fitted with the “LAAS”

software architecture introduced in Fig. 37 and thoroughly

presented in [1].

On the top of the hardware (sensors and effectors), the

functional level encapsulates all the robot’s action and per-

ception capabilities into controllable communicating

modules, operating at very strong temporal constraints. The

executive level activates these modules, controls the embed-

ded functions, and coordinates the services depending on the

task high-level requirements. Finally, the upper decision level

copes with task planning and supervision, while remaining

reactive to events from the execution control level.

In addition to functional modules dedicated to extero-

ceptive sensors handling, e.g. cameras, laser and ultrasonic

telemeters,…, low-level servo algorithms, elementary navi-

gation functions, etc.[5], a module named ICU—for “I see

you”—has been designed which encapsulates all the afore-

mentioned tracking modalities. It is depicted below.

6.2 Considerations about the ICU software architecture

The C++ implementation of the module ICU is integrated in

the “LAAS” architecture using a C/C++ interfacing scheme.

It enjoys a high modularity thanks to C++ abstract classes and

template implementations. This way, virtually any tracker

can be implemented by selecting its components from pre-

defined libraries related to particle filtering strategies, state

evolution models, and measurement/importance functions.

For more flexibility, specific components can be defined and

integrated directly.

ICU sequentially invokes the tracking components

through its processing pipe, as illustrated in Figure 38. So,

the functions shared by several trackers running in parallel

are processed only once.

Section 6.3 enumerates all the visual functions provided

by the module ICU, which not limited to tracking. Section 6.4

details the way how they are entailed in the tour-guide scena-

rio, and discusses the automatic switching between trackers.

Target
detection

Features
extraction

Image
acquisition

Target
recognition

Modality
update filtering

ParticleDisplay
results

Compute

321 4

8 57 6

heuristics

Fig. 38 Sequencing the module ICU
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Fig. 39 Snapshots of detected (red)/recognized (green) faces with

associated probabilities. The target is named Sylvain in this example

6.3 Visual functions provided by the module ICU

These can be organized into three broad categories:

1. Functions related to human body/limbs detection: Inde-

pendently from the tracking loop, F D-based or M D-

based detectors (see Sect. 4.2) can be invoked depending

on the current H/R distance and the scenario status.

2. Functions related to user face recognition: The face

recognition process underlies the following functions

– a face learning function based on the F D-based

detector in order to train the classifier.

– a face classification function based on these training

samples and eigenfaces representation [38]. The face

recognition probability associated with each detec-

ted face can be integrated both in the face and upper

human body trackers. Some recognition snapshots

are reported in Fig. 39. Further details can be found

in [16].

– a user presence function updates a presence table

of the 30 previously learned robot users. The table

update is similar to a FIFO stack, i.e. the oldest user

added in the table is handled next.

3. Functions related to user tracking: These are

– the three tracking functions characterized and evalua-

ted in Sect. 5. Recall that they have been designed so

as to best suit to the interaction modalities of Sect. 2.

– an estimator of the H/R distance of the targeted person

from the scale of the updated template during the

tracking.

The robot activates these functions depending on the cur-

rent H/R distance, user identification and scenario sta-

tus. The next subsection details the way how they are

scheduled.

6.4 Heuristic-based switching between trackers

A finite-state automaton can be defined from the tour-guide

scenario outlined in Sect. 2, as illustrated in Fig. 40. Its four

1

3

4

5

6

78

2

proximal interaction

search for interaction

guidance mission

− whole body tracking (motion monitoring)

− Upper human body tracking
− Face classification

− FD−based detector

− MD−based detector

− FD−based detector
− Face classification 
− Face learning
− User presence table update

− Face tracking

− Interaction through touch−screen

INIT

Fig. 40 Transitions between tracking modalities

states are respectively associated to the INIT mode and to the

three aforementioned interaction modalities. Two heuristics

relying on the current H/R distance and the face recogni-

tion status allow to characterize most of the transitions in the

graph. Practically, outcomes from the face classifier and H/R

distance functions are filtered on a sliding temporal window

Wt of about 20 samples. The robot in INIT mode invokes

the motion-based detector (MD), so that any visitor entering

the exhibition initializes the whole body tracking (arrow 1).

The robot assumes that the visitor is willing to interact when

he/she has come closer and has got detected by the frontal

face F D-detector over Wt . If so, the upper human body tra-

cking mode is launched (arrow 3). If the user H/R distance

keeps decreasing to less than 1m and his/her face remains

detected/recognized, a “proximal interaction” begins, entai-

ling the face tracker (arrow 6). The face learning function

and the human presence table update function are possibly

invoked if the user is unknown. When starting the “guidance

mission”, the robot switches to the upper human body tracker

(arrow 5). Temporary target loss are notified when the face

classifier fails for more than 70% of the 20 images compo-

sing Wt . Re-identification of the guided visitor in the next Wt

is required in order to resume the ongoing mission. Finally,

the robot returns in INIT mode when: (1) no moving blobs

are detected, (2) the current user hasn’t been recognized over

Wt , (3) the end mission is signified by the robot (arrows 2, 7

and 8).

Thanks to its efficient modular implementation, all the

ICU functions can be executed in real time on our robot.

Experiments show their complementary and efficiency in

cluttered scenes.

7 Conclusion

This paper has introduced mechanisms for visual data fusion/

combination within particle filtering to develop people tra-

ckers from a single color camera mounted on a mobile robot.

Most particle filtering techniques to single-target tracking
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have been surveyed and tested. A first contribution concerns

visual data fusion for the considered robotics scenarios, a

context which has fairly seldom exploited particle filtering

based solutions. The most persistent cues are used in the

particles weighting stage. The others, logically intermittent,

permit automatic initialization and aid recovery from tran-

sient tracking failures. Mixing these cues both into the

importance and measurement functions of the underlying

estimation scheme, can help trackers work under a wide range

of conditions encountered by our Rackham robot during its

displacements. A second contribution relates to the evalua-

tion of dedicated particle filtering strategies in order to check

which people trackers, regarding visual cues and algorithms

associations, best fulfill the requirements of the considered

scenarios. Let us point out that few studies comparing the

efficiency of so many filtering strategies had been carried

out in the literature before. A third contribution concerns the

integration of all these trackers on a mobile platform, whose

deployment in public areas has highlighted the relevance and

the complementarity of our visual modalities. To our know-

ledge, quite few mature robotic systems enjoy such advanced

capabilities of human perception.

Several directions are currently investigated. First, we

study how to fuse other information such as laser or sound

cues. The sound cue would not just contribute to the loca-

lization in the image plane, but will also endow the tracker

with the ability to switch its focus between speakers. A next

issue will concern the incorporation of appropriate degrees

of adaptivity into our multiple cues based likelihood models

depending on the target properties changes or the current

viewing conditions [40]. In addition, our tracking modali-

ties will be made much more active. Zooming will be used

to actively adapt the focal length with respect to the H/R

distance and to the current active visual modalities. Finally,

the tracker will be enhanced so as to track multiple persons

simultaneously [27,42].
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Abstract— Among the cognitive abilities a robot companion
must be endowed with, human perception and speech under-
standing are both fundamental in the context of multimodal
human-robot interaction. First, we propose a multiple object
visual tracker which is interactively distributed and dedicated
to two-handed gestures and head location in 3D. An on-board
speech understanding system is also developed in order to
process deictic and anaphoric utterances. Characteristics and
performances for each of the two components are presented.
Finally, integration and experiments on a robot companion
highlight the relevance and complementarity of our multimodal
interface. Outlook to future work is finally discussed.

keywords: multiple object tracking, speech understanding,
multimodal interaction, assistance robotic.

I. INTRODUCTION AND FRAMEWORK

As the number of senior citizens increases, more re-

search efforts have been made to develop socially inter-

active household robots. This field of robotics is a deep

challenge because robots moving out of laboratories have

to gain more social skills to improve natural peer-to-peer

interaction with a novice user in his/her daily life. As speech

is the most prominent communication channel for humans,

a considerable number of robot assistants embed advanced

speech recognition system [4]. This is not enough to realize

a user-friendly interface as we, humans, omit, abbreviate and

underspecify things in our utterances, that are supposed to

be obtained by vision. Only few research work addresses the

development of such appropriate multimodal interfaces [10].

On one hand, the mutual assistance between the speech and

vision capabilities of the robot, permits to specify parameters

related to person/object IDs or location references in verbal

statements. On the other hand, fusing auditive and visual

features are supposed to be more robust to noisy/cluttered

environments than using one single feature.

To complete/verify the message conveyed by the verbal

communication channel, these interfaces consider vision

techniques in order to: (i) characterize the robot surroundings

i.e. places [6] or objects [13], (ii) perceive the human

user [6], [9], [11], [13] i.e. his/her gestures and nonverbal

reactive body motions. Besides image-based approaches [6],

[9], [13], 3D positions of the user’s head and hands are par-

ticularly useful, in combination with speech recognition, to

specify parameters of location in verbal statements e.g. “look

here” or “give this object to me”. Following [7], a first issue

concerns the design of body and gesture tracker suited for

gesture interpretation. This tracker has been extended in three

ways. First, we propose an interactively distributed multiple

object visual tracker dedicated to two-handed gestures and

head location in 3D. Secondly, the tracker has been endowed

with visual data fusion and automatic re-initialization. All

this makes our tracker work under a wide range of viewing

conditions and aid recovery from transient tracking failures

due to the robot’s motion or temporarily loss of observability

when performing gestures. Finally, their combination with

deictic and anaphoric utterances have been tested in house-

hold robotics operation with promising results. Here, gesture

is used as an essential complementary information. Gesture

detection could also help to reinforce communication in case

of speech recognition errors.

The paper is organized as follows. Section II describes

our robot companion Jido, outlines its embedded multimodal

interfaces, and the target scenario we address. Section III

presents the binocular tracking of the user’s head and two-

handed gestures in order to interpret symbolic and deictic

gestures thanks to Hidden Markov Models. Section IV

depicts the system dedicated to verbal communication be-

tween our robot companion and humans. Section V presents

robotic experiments involving these two components. Last,

section VI summarizes our contributions and discusses future

extensions.

II. JIDO AND ITS TARGET SCENARIO

Our multimodal interface is embedded on a robot com-

panion called Jido which is equipped with a 6-DOF arm,

a pan-tilt stereo system at the top of a mast, two laser

scanners (Figure 1(a)) while the human wears a wireless

headset microphone. All these devices enable Jido to act

as a robot assistant as it is endowed with basic functions

enabling to: (i) navigate in its environment, (ii) recognize and

grasp objects, (iii) detect, localize humans in its vicinity, (iv)

interpret speech utterances and some gestures. All the em-

bedded functions are managed thanks to the “LAAS” layered

software architecture (Figure 1(b)) and detailed in [2].

Besides environment perception abilities, the multimodal

interface has been undertaken within the demonstration

scenario. This is a household situation in which Jido ex-

ecutes human-friendly collaborative tasks (coordinated dis-

placements and object exchange) ordered by its disabled

user. Given both verbal and gesture commands, this person
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Fig. 1. Jido and its software architecture.

is allowed to make the robot change its position in the

environment, marks some objects the robot must catch and

carry, etc. A typical set of commands is for instance: “come

on”, “take this bottle on the table”, “bring it to me”,

“go over there”. Given this scenario, the paper focuses on

the multimodal components (Figure 1(b)), namely GEST,

RECO and FUSION respectively for the visual perception

of the user, the speech interpretation and the fusion from

user and object perception with speech interpretation. The

functionalities encapsulated in these modules are presented

in the following sections.

III. VISUAL PERCEPTION OF THE ROBOT USER

A. 3D tracking of heads and hands

Our system dedicated to the visual perception of the robot

user includes 3D face and two-hand tracking. Particle filters

(PF) constitute one of the most powerful framework for view-

based multi-tracking purpose [12]. In the robotic context,

their popularity stems from their simplicity, modeling flexi-

bility, and ease of fusion of diverse kinds of measurements.

Two main classes of multiple object tracking (MOT) can be

considered. While the former, widely accepted in the Vision

community, exploits a single joint state representation which

concatenates all of the targets’ states together, the latter uses

distributed filters, namely one filter per target. The main

drawback of the centralized approach remains the number

of required particles which increases exponentially with the

state-space dimensionality. The distributed approach, which

is the one we have chosen, suffers from the well-known

“error merge” and “labelling” problems when targets un-

dergo partial or complete occlusion. In the vein of [12],

we develop an interactively distributed MOT (IDMOT)

framework which is depicted in Table I. The aim is to

approximate the probability density function p(xi
t|z1:t) of

the state vector x
i
t for body part i at time t given the set of

measurements z1:t and the cloud of “particles” indexed by

n with likelihood -or “weight”- ω
i,n
t . When targets do not

interact on each other, the approach performs like multiple

independent trackers. When they are in close proximity, mag-

netic and inertia likelihoods (annotated ϕ1(.) and ϕ2(.)) are

added in each filter to handle the aforementioned problems

(see [12] for more details). Our IDMOT particle filter is

improved and extended in three ways. First, the conventional

CONDENSATION [5] strategy is replaced by the genuine

ICONDENSATION one whose importance function q(.) in

step 3 permits automatic (re)-initialization when the targeted

human body parts appear or re-appear in the scene. The

principle consists in sampling the particle according to visual

detectors π(.), dynamics p(xt|xt−1), and the prior p0 so that,

with α, β ∈ [0; 1]

q(xi,n
t |xi,n

t−1
, zi

t) = απ(xi,n
t |zi

t) + (1 − α)p(xi
t|x

i,n
t−1

). (1)

Secondly, the IDMOT particle filter, devoted initially to

the image-based tracking of multiple objects or people, is

here extended to estimate the 3D pose of multiple deformable

body parts of a single person. The third line of investigation

concerns data fusion as our observation model is based on a

robust and probabilistically motivated integration of multiple

cues. Fusing 3D and 2D (image-based) information from the

video stream of a stereo head - with cameras mounted on a

mobile robot - enables to benefit both from reconstruction-

based and appearance-based approaches. The aim of our

IDMOT approach, named IIDMOT, is to fit the projections

all along the video stream of a sphere and two deformable

ellipsoids (resp. for the head and the two hands), through the

estimation of the 3D location X = (X, Y, Z)
′

, the orientation

Θ = (θx, θy, θz)
′

, and the axis length 1 Σ = (σx, σy, σz)
′

for ellipsoids. All these parameters are accounted for in the

state vector x
i
t related to target i for the t-th frame. With

regard to the dynamics model p(xi
t|x

i
t−1), the 3D motions

of observed gestures are difficult to characterize over time.

This weak knowledge is formalized by defining the state

vector as x
i
t = [Xt,Θt,Σt]

′

for each hand and assuming

that its entries evolve according to mutually independent

random walk models, viz. p(xi
t|x

i
t−1) = N (xi

t|x
i
t−1,Λ),

where N (.|µ,Λ) is a Gaussian distribution in 3D with

mean µ and covariance Λ being determined a priori. Our

importance function q(.) followed by some consideration

about the measurement function p(zi
t|x

i
t) are given here

below. Recall that α percent of the particles are sampled

from detector π(.) (equation (1)). These are also drawn from

Gaussian distribution for head or hand configuration deduced

from skin color blob segmentation in the stereo video stream.

1To take into account the hand orientation in 3D.
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TABLE I

OUR IIDMOT ALGORITHM.

1: IF t = 0, THEN Draw x
i,1
0 , . . . , ‘xi,j

0 , . . . , x
i,N
0 i.i.d. according to p(xi

0), and set w
i,n
0 = 1

N
END IF

2: IF t ≥ 1 THEN {—[{xi,n

t−1, w
i,n

t−1}]
N

n=1
being a particle description of p(xi

t−1|z
i
1:t−1)—}

3: “Propagate” the particle {xi,n

t−1}
N
n=1 by independently sampling x

i,n
t ∼ q(xi

t|x
i,n

t−1, zi
t)

4: Update the weight {w
i,n
t }N

n=1 associated to {xi,n
t }N

n=1 according to the formula w
i,n
t ∝ w

i,n

t−1

p(zi
t|x

i,n
t )p(xi,n

t |xi,n

t−1)

q(xi,n
t |xi,n

t−1, zi
t)

, prior to a normalization step so that

P

n
w

i,n
t = 1

5: Compute the conditional mean of any function of x̂i
t, e.g. the MMSE estimate E

p(xi
t
|zi

1:t)
[xi

t], from the approximation
PN

n=1 w
i,n
t δ(xi

t − x
i,n
t ) of the posterior

p(xi
t|z

i
1:t)

6: FOR j = 1 : i, DO

7: IF dij(x̂
i
t,k, x̂

j

t,k
) < dT H THEN

8: Save link(i,j)

9: FOR k=1:K iterations, DO

10: Compute ϕ1, ϕ2

11: Reweight w
i,n
t = w

i,n
t .ϕ1.ϕ2

12: Normalization step for {w
i,n
t }N

n=1

13: Compute the MMSE estimate x̂
i
t

14: Compute ϕ1, ϕ2

15: Reweight w
j,n
t = w

j,n
t .ϕ1.ϕ2

16: Normalization step for {w
j,n
t }N

n=1

17: Compute the MMSE estimate x̂
j
t

18: END FOR

19: END IF

20: END FOR

21: At any time or depending on an “efficiency” criterion, resample the description [{xi,n
t , w

i,n
t }]

N

n=1
of p(xi

t|z
i
1:t) into the equivalent evenly weighted particles set

[{x
(si,n)
t , 1

N
}]

N

n=1
, by sampling in {1, . . . , N} the indexes si,1, . . . , si,N according to P (si,n = j) = w

i,j
t ; set x

i,n
t and w

i,n
t with x

(si,n)
t and 1

N

22: END IF

Fig. 2. Tracking scenario involving occlusion and out-field of sight with
our IIDMOT filter.

The centroids and associated covariances of the matched

regions are finally triangulated using the parameters of the

calibrated stereo setup. For the weight updating step, each

ellipsoid defined by its configuration x
i
t is then projected

in one of the two image planes. The measurement function

fuses skin color information but also motion and shape cues

(see [3] for more details).

Prior to their integration on Jido, experiments on a

database of 10 sequences (1214 stereo-images) acquired from

the robot are performed off-line in order to: (i) determine the

optimal parameter values of our strategy, (ii) characterize its

performances. This sequence set involves variable viewing

conditions, namely illumination changes, clutter, occlusions

or out-field of sight. Figure 2 shows snapshots of a typical

run involving sporadic disappearances of the hands. For each

frame, the template depicts the projection of the MMSE

estimate for each ellipsoid. Our strategy, by drawing some

particles according to the detector output, permits automatic

re-initialization and aids recovery after transient loss.

TABLE II

QUANTITATIVE PERFORMANCE AND SPEED COMPARISONS.

Method MIPF IDMOT IIDMOT
FRp 29% 18% 4%
FRl 9% 1% 1%

Speed (fps) 15 12 10

Quantitative performance evaluation have been carried out

on the sequence set. Since the main concern of tracking is

the correctness of the tracker results, location as well as

label, we compare the tracking performance quantitatively

by defining the false position rate (FRp) and the false label

rate (FRl). As we have no ground truth, failure situations

must be defined. No tracker associated with one of the

target in (at least) one image plane will correspond to a

position failure while a tracker associated with the wrong

target will correspond to a label failure. Table II presents

the performance using multiple independent particle filters

(MIPF) [5], conventional IDMOT [12] strategy, and our

IIDMOT strategy with data fusion. The experiments, per-

formed on an on-board 3 GHz Pentium PC, consider 100
particles to track each body part. Our IIDMOT strategy is

shown to outperform the conventional approaches for a slight

additional time consumption. The MIPF strategy suffers

especially from “labelling” problem due to lacking modeling

of interaction between trackers while the IDMOT strategy

doesn’t recover the target after transient loss.

B. Gesture interpretation

Gesture interpretation is reported briefly as this is not our

key research goal while associated evaluations are currently

performed. The typical motions pattern of eight reference

gestures are classically modeled by dedicated HMMs. Five

gestures serve for deictic references depending on the hold

hand and the coarse pointed direction. The three last ones
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TABLE III

EXAMPLES OF REQUESTS INTERPRETED BY THE ROBOT.

User starting interaction by introducing himself to the robot “Hi robot X I’m Paul”
Basic movement orders / more advanced movement including deictic “Turn left” / “Come here”

Guidance request in the human environment “take me to the reception”
Interaction for object exchange including anaphora “Give me this bottle”

Agreement / disagreement / thanks “yes” / “no” / “thank you”

correspond to symbolic gestures, namely “stop” and “come

on”2. The two-hands features used as the observations are

derived from the tracked head position while each HMM

has been found to perform best with 3-state model each.

Preliminary evaluations on sequence dataset issued from

a commercial human motion capture highlights that our

gesture recognizer scored at about 91% sensitivity and 92%

selectivity. Evaluations dedicated to our IIDMOT multi-

tracker output, and so on noisy observations, will follow.

IV. SPEECH INTERPRETATION

The speech understanding system must recognize continu-

ous speech, or even spontaneous, and must handle some lin-

guistic phenomena ordinarily used in conversational speech

and multimodal communication. We present hereafter how

our robot can perceive and understand the information con-

veyed by the spoken message, how it can infer that a gesture

event is necessary to complement speech or how gesture can

strengthen speech in case of recognition errors.

A. Integration of a speech recognition module on the robot

platform

To fulfil the platform architecture and software require-

ments, we have chosen to use a grammar-based recognizer.

Julian, is a version of Julius developed by the Continu-

ous Speech Recognition Consortium [1] which is itself an

open source speech recognition engine. To process French

utterances, a set of acoustic models (for phonetic units), a

phonetic lexicon of words and a set of language models must

be provided.

B. Linguistic resources for speech recognition

The acoustic models stem from previous work on large

vocabulary speech transcription. They are HMM-based (37
phoneme and one short and one long pause, each one is

a 3-state model with 32 Gaussians per state) and have

been trained using the HTK toolkit on about 31 hours of

Broadcast News recorded on French radios. Though speech

recognition in a human-robot interaction context is a different

task from the initial one, these acoustic models have not

been adapted yet to this new applicative context, while the

lexicon and the grammars have been specifically designed

for it. The lexicon with 246 words and their different pro-

nunciations (corresponding to 428 phoneme sequences) have

been drawn up from the French lexical database BDLEX [8].

This vocabulary has been selected according to different

subtasks as shown in the table III3. In order to focus on

the multimodal aspect of human-robot communication, we

2From single or two-handed gestures.
3Examples are given in English for an illustration purpose.

will take a particular interest in recognizing and interpreting

deictic and anaphora.

The language models, which are implemented through

different context free grammars related to the above subtasks,

describe an overall set of 2334 well-formed sentences.

C. Speech interpretation

This part of the RECO module processes speech recog-

nition outputs in order first to extract the semantic units

that are relevant in the user utterance and then to build the

appropriate interpretation. It is based on a semantic lexicon

specifically designed which associates relevant words with

their interpretation in the context of the aforementioned

subtasks. Some words are related to actions while others

are related to objects, object attributes like color or size as

well as location and robot configuration parameters (speed,

rotation, distance). A semantic analysis step combines word

semantic information and builds a global interpretation which

is compared with available interpretation models. If one of

them is compatible with the utterance interpretation, we

consider that a valid command can be generated and sent

to the robot supervisor in order to be executed.

D. Interpreting deictic and anaphora

Deictic words (here, there, ..) are defined in our semantic

lexicon as related to a location which will be given by

means of a gesture. This is specified by a semantic feature

(location = Gesture location?) . For example, if the verbal

designation of an object or a location is precise enough

(“Put the bottle on the table”) the parameters are directly

extracted from the sentence according to the relevant words

and their semantic information. In our semantic lexicon, the

word “put” is associated with the meaning “put something

somewhere” which is represented by the set of semantic

features (action = put ; object = What? ; location = Where?

). The sentence analysis instantiate the missing parameters

(What? and Where?) and the underlying command can be

generated (put(object=bottle, location = on table)). But in

deictic case (“Put the bottle there”), the semantic analysis

will mark the interpretation as “must be completed by the

gesture result” and a late and hierarchical fusion strategy

will be applied to complete the command that has been gen-

erated (put(object=bottle, location=Gesture location?)) (see

section V). In the case of an anaphoric sentence (“Take

this glass” (action = take; ref object = (object = glass

; ref location = Gesture location?) ) ) and other human-

dependent commands such as (“Come on my left-side” (ac-

tion = go ; relative location = ( ref location = User position?

; side = left)) ) the same kind of strategy will be applied. For

the moment, only location reference are taken into account.

In a human-robot dialog prospect anaphora could also be
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TABLE IV

EXPERIMENTAL RESULTS OF THE SPEECH RECOGNITION COMPONENT ALONE AND OF THE GLOBAL SPEECH INTERPRETATION SYSTEM.

subtask COR W ACC COR S COR COM

starting/closing interaction 88.34% 81.97% 67.19% 71.88%
basic movement orders 89.63% 81.72% 65.10% 70.05%

basic object manipulation orders 86.41% 80.62% 62.50% 66.25%
deictic 94.79% 90.77% 82.81% 83.33%

guidance request 83.30% 78.66% 48.75% 71.25%
complete order for object exchange 86.41% 78.80% 61.25% 66.88%

anaphoric order for object exchange 85.62% 69.38% 47.92% 48.96%
agreement/disagreement 94.12% 89.34% 79.38% 83.75%

robot status 81.44% 77.34% 75.00% 75.00%
overall results 84.15% 75.84% 66.19% 71.69%

solved by means of an history, which is not taken into

account yet.

E. First evaluation of speech recognition and interpretation

In order to evaluate the RECO module, a list of 50 well-

formed sentences related to the different tasks described

above has been drawn up. Each one has been uttered 32
times so our first evaluation corpus counts 1600 utterances.

Fourteen different speakers were involved in these experi-

ments. These first results are given in the table IV : percent-

ages of correct words (COR W ), accuracy at word level

(ACC), correct sentences (COR S) and correct commands

(COR COM ). A command has been generated from each

valid interpretation of a speech recognition result and then

compared with the corresponding reference command.

General comments can be made about these results. For

each subtask, COR COM is greater than COR S (or equal

in the last case). The speech recognition errors, at the word

level, have less impact on the command than on the sentence.

If a word omitted, inserted or substituted by another one, is

not semantically relevant, this will not have a real impact on

the command generation, but the sentence will be considered

as completely wrong. This explains the COR COM higher

rates. The results for deictic orders are correct unlike the

anaphoric ones, especially for the sentence (“Take this”).

Only the best recognition output is taken into account at the

moment. At mid-term, the N-best results will be considered

at the fusion level. If a gesture has been interpreted, and

if the recognized sentence does not need a complementary

gesture, we can detect an incoherence and we could propose

another interpretation. Further developments will consider

such a multiple hypothesis strategy while the acoustic models

will be adapted to the robotic context.

V. THE MULTIMODAL INTERFACE AND LIVE

EXPERIMENTS

A. Vision and audio fusion

Vision and audio data are merged using a rule based

approach. The speech is used as the main channel : the

RECO module, thanks to its semantic knowledge, identifies

actions needing a gesture disambiguation. Vision is used in

a late and hierarchical fusion strategy to complete this input

information.

For deictic commands, like “put the bottle

there”, and its interpretation (put(object=bottle,

location=Gesture location?) the non instantiated parameters

(here, the bottle position) are specified by the FUSION

module via the line of sight between head and the hold

hand extracted by the GEST module. In these cases, we

assume that we can use head and hands 3D positions at the

end of the speech utterance to extract the pointed direction,

knowing that speech and gestures are strongly correlated

in time. For human-dependent commands such as “come

on my left-side” and its interpretation (action = go ;

relative location = ( ref location = User position? ; side =

left)) ) , the same kind of strategy is applied, extracting the

human position from the head location.

B. Live experiments

The integration of the multimodal interface on Jido enables

us to perform online experiments in our lab. Figure 3

illustrates a typical run of the scenario. For each step, the

main picture depicts the current H/R situation, while the sub-

figure shows the tracking results of the GEST module.

The robot succeeds to interpret a sequence of commands

by melting multimodal features in the FUSION module. The

entire video and more illustrations are available at the URL

www.laas.fr/∼bburger.

More globally, the robot succeeds to execute the scenario

in the majority of runs with Jido successfully bringing the

bottle to its human user. The principal failures are attributable

to the precision of pointing gesture which decreases with

the angle between the head-hand line and the table. The

multimodal interface is shown to be robust enough to allow

continuous operation for the long-term experimentations that

are intented to be performed.

VI. CONCLUSION

In this paper, we propose a scenario for Human-Robot

interaction based on mutual assistance between speech and

vision which rely on three modules integrated on a robotic

platform. Before integration on the platform, each module

and the underlying methods implemented are described,

followed by some results provided by a step of quantitative

evaluation of the module performances. The first contribution

describes a fully automatic distributed approach for tracking

two-handed gestures and head tracking in 3D. The amended

particle filtering strategy allows to recover automatically

from transient target loss while data fusion principle is

shown to improve the tracker versatility and robustness to

clutter. Speech recognition and interpretation constitutes the
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Fig. 3. From top-left to bottom-right : GEST module -left-, virtual 3D scene (yellow cubes represent hands) -middle-, current H/R situation -right-.

second contribution, focusing on the interpretation of utter-

ances related to predefined subtasks and more particularly

on deictic and anaphoric commands requiring fusion with

gesture events. Then, in order to specify parameters for

location references and object/person IDs and complement

verbal statements, we present the outlines of the late fusion

performed from both speech and gesture analysis. As shown

by the scenario execution, these preliminary robotic experi-

ments are promising even if speech recognition performances

must be improved and quantitative performance evaluations

still need to be carried out. These evaluations are expected

to highlight the robot capacity to succeed in performing

multimodal interaction. Further investigations will also be

to : (i) process more natural and flexible utterances about

object manipulation tasks, (ii) estimate the head orientation

as additional features in the gesture characterization. Our

robotic experiments report strongly evidence that person tend

to look at pointing targets when performing such gestures.

Dedicated HMM-based classifiers will be developed to filter

more efficiently pointing gestures. Another investigation line

will be to study other fusion methods based on the conjoint

modelling of speech and gesture.
Acknowledgements: The work described in this paper was partially con-
ducted within the EU Projects COGNIRON (“The Cognitive Robot Compan-
ion” - www.cogniron.org) and CommRob (“Advanced Robot behaviour and
high-level multimodal communication” - www.commrob.eu) under contracts
FP6-IST-002020 Future and FP6-IST-045441.
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Abstract

Providing new generations of airbags with reliable information about the vehicle inner space occupancy in order to minimize

inappropriate inflation is a real challenge. Within this paper two techniques to rebuilt the 3D cockpit scene, are presented; beside the

well-known stereoscopic vision principles, 3D reconstruction based on matricial sensor combined with an infrared structured light

emitter is described. From the 3D points acquired by these sensors a 3D description of the seat area is built, pertinent attributes are

extracted, and using a previously learnt data base, the current seat situation is identified amongst the learnt situations (empty seat,

baby seat in normal or rear position, occupant, ...). First promising results are depicted.

r 2003 Published by Elsevier Ltd.

Keywords: Video sensing; Airbag; Classification; 3D reconstruction

1. Introduction

In the last few years, a special effort has been focused

on the improvement of passive safety both by car

manufacturers and suppliers all over the world. Frontal

airbags for the driver and the passenger are now

mounted in almost every new car. In brief lateral

airbags will be massively installed. The most part of

these airbag systems are operating in open-loop condi-

tions. That means that whenever an impact is detected,

the airbag is automatically inflated without any feed-

back from the seat occupant nature. This operating

mode has caused some dramatic situations, for example:

babies installed on a baby seat in rear position thrown to

the back of the vehicle when airbag inflates, passengers

in ‘‘out of position’’ situation who are injured by the

airbag, etc.

In US, 97th statistics show that airbags saved about

1600 lives. It is also acknowledged that they killed 32

children and 20 small adults. New generations of airbags

need to be more ‘‘intelligent’’ to provide appropriate

inflations with regard to the vehicle inner space situation

and thus to minimize the injury risk. The improvement

of this function requires the introduction of new sensors

to provide reliable information about the cockpit

occupancy such as passenger nature, occupant morphol-

ogy, occupant volumic distribution to detect ‘‘out of

position’’ situations of the passenger (Fig. 1). This

information will then be used by airbag electronic

control units (ECUs) in order to take the appropriate

decisions (Fig. 2).

Classical systems fuse heterogeneous physical mea-

sures provided by optical, pressure, capacity, thermical

or weight sensors placed between the seat and the

dashboard, for example the PDS from BMW, the

IROPS from Siemens VDO or the Delphi’s systems.

Data fusion of such sensors increases of course the

system reliability or performance but these devices

remain inadequate to give pertinent informations such

as the passenger posture for example.

More sophisticated techniques have been explored:

time of flight sensor and well-known stereoscopic vision.

A time of flight sensor (Boverie, Devy, Lequellec,

Mengel, & Zittlau, 2000) is based on a NIR laser diode

and a CMOS camera with an ultra short integration

time; the intensity measured at the CMOS sensor
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depends on the distance and the surface reflexion. A

recent improvement of such systems consists in deter-

mining the light propagation time by multiple double

short time integration (Mengel, Doemens, & Listl,

2001). Advantages of this system are its cost, its

insentivity to backlight and its high-integrated possibi-

lities while a major drawback concerns the need of the

short illumination time and the good synchronization

between the camera shutter and the light source.

Stereoscopic vision is based on the principle that

depth information can be computed by triangulation

from two images with a common area in their field of

view. For many years, many developments have led to

mature 3D perception methods (Matthies, 1992; Gran-

jean & Lasserre, 1995). Faber and Forstner (2000) use a

dense stereoscopic method to detect the passenger

presence. The basic principle consists in looking for

the passenger head. Krumm and Kirk (1998) are looking

for three classes, rear facing baby seat, empty seat and

other situations. They show: (1) a first approach using

monocular vision and ACP on an image base in order to

find a minimal dimension of the space in which it is

possible to separate the three classes, (2) a second

approach takes advantage of the same classification

methods but with data provided by a stereoscopic

sensor. Results look less good but more stable in

relation with light disturbances.

In our project, two different solutions have been

developed. Beside the passive stereoscopic sensor, an

active 3D vision system has been developed, based on a

CCD camera combined with an IR structured light

emitter. From one or another system, 3D reconstruction

is reached and attribute vectors are then extracted and

allow to identify the current seat situation among the

learnt ones illustrated in Fig. 1.

These two vision-based methods will be presented and

discussed in this paper, with respect to several criteria:

density of the acquired depth images, acquisition speed,

mechanical and safety constraints, etc. The first promis-

ing results with these different technologies will be

presented.

2. Structured light-based approach

2.1. Generalities

This approach developed by Siemens VDO Auto-

motive in collaboration with LAAS-CNRS and

ONERA-DOTA is concerned with 3D active vision

system based on a matricial sensor combined with an

infrared structured light emitter. This principle is

currently used in other application fields as robotics,

architecture, etc. (Boyer & Kak, 1987; Rosenfeld &

Tsikos, 1986; Stockman & Hu, 1989). A light pattern is

projected onto the scene, the 2D deformation of this

pattern in the image plane due to the objects contained

in the scene is analyzed. Then once the sensor is

calibrated, triangulation techniques allow to give 3D

data on the observed scene. The latest step of this

process is the extraction of specific characteristics from

the 3D reconstruction and then the classification. This

technique is usually applied with supervised environ-

mental conditions (light control, etc.), low real-time

constraints and no light power restrictions.

The approach is original in the sense that the system

has to cope with specific automotive constraints and to

present a good robustness with respect to an uncon-

trolled light disturbances and back-light. These con-

straints have required the development of specific

measurement devices and algorithms in order to classify

all the most current situations regarding occupant

safety.

2.2. Sensor presentation

The efficiency of such a system depends on some

characteristics like the resolution of the sensor and light

emitter, the gap between the light emitter and the sensor,

the calibration accuracy, the radiance of the beams, its

location in the cockpit, etc. The gap between the light

emitter and the sensor must be large enough to allow

2 cm accuracy on 3D points located at 1 m from the
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camera. A too large gap will lead to mounting problems

and to occluded beams. A 6 cm gap has issued good

results. The light emitter is composed of a laser diode

(830 nm wavelength), a Damman diffraction grid that

split the original beam into several beams and a concave

planar lens to spread the illumination on a conic field of

90� � 70�:

The light emitter resolution is quite critical in order to

determine if there is a person or an object on the seat

and to distinguish head, arms, etc. from a passenger.

Current developments have been performed with a 11�11

array of beams that demonstrate a good compromise

between 3D reconstruction accuracy and calculation

time. Another prototype has been designed with 19� 16

beams to have a meaningful reconstruction for demo-car

(Fig. 3(a)). Each laser beam Df is labelled by its row and

column position in the array (Fig. 3(b)).

In order to brighten the dots on the image,

the radiance of each beam should be maximized

by optimizing the output power (limited by the

eye safety requirements) and narrowing the beam

diameter. The maximal output power is function of

the wavelength of the emitted light and of the operating

modes of the illuminator. As an example for an

illuminator wavelength of 850 nm; operating in a pulse

mode of 1 ms duration every 10 ms; the maximum

permissible power considering, non-intentional vision

is 0:78 mW (Standard IEC 825-1). Pulse duration

of 100 ms would increase the permissible power by a

factor 2.

Image acquisition is carried out using a single short

focal length CCD camera with a 2:6 mm lens providing

a field of view of 130� � 100�: The off-line calibration

step determines the parameters corresponding to the

well-known perspective projection camera model, taking

into account intra and intersensor/illuminator and lens

characteristics (Devy, Garric, & Orteu, 1997). At first,

the camera calibration process consists in estimating in

one global step both the intrinsic and distortion

parameters from matchings between a set of points

defined on a planar calibration target and their

projections on the image plane. To reduce the measure-

ment errors, the computation of the parameters is done

with multiple pose of this target.

Then another calibration process is required to

identify the laser beams equation parameters in the

camera coordinate system. It uses multiple views of the

same calibration target on which the lasers beams are

projected (Fig. 3(c)).

The camera/illuminator device is located in the

overhead console position which appears to be the most

efficient position since it provides the best overview of

the passenger seat even if it has two drawbacks. The first

one is the need of a very wide angle of sight of the

illuminator/camera (> 90�). The second one is that the

compactness requirement gets critical which could lead

to mount the ECU in a distant location.

2.3. 3D reconstruction and classification

The occupant detection methodology can be decom-

posed in a 3D reconstruction process and then a

classification one, both detailed hereafter. The 3D

reconstruction process itself requires two steps. The first

step concerns the extraction of light dots, intersections

of laser beams with the image plane, by the way of

conventional image processing techniques that have to

deal with problems like light disturbances (shadows,

direct sunlight, etc.), passenger movement, surfaces with

low reflexivity, specular reflections, etc.

The second step is related to the dot labeling, e.g. the

search of matchings between the light dots and the laser

beams. The labeling process is based on the sequential

application of the following constraints:

Epipolar constraint: For each dot i; after distortion

correction, and each beam Df ; the distance in the image

between the dot and the Df projection (noted Dfproj ) is

calculated. A matching ði; f Þ is discarded if the distance

dði; f Þ exceeds a certain tolerance, generally three or four

pixels in experiments. Fig. 4 shows light beams projec-

tions in the image plane. The different crosses represent

the extracted light dots over time. Although the beams

projections are very close to each other, thanks to

this first constraints, the number of candidate beams

Df to correspond to a light dot i is drastically reduced

(about 95%).

Depth constraints: For cockpit occupancy reconstruc-

tion, the triangulation must yield to 3D points whose
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depth lies within the range ½0; 1:5 m�: A matching ði; f Þ is

discarded, if the depth of the resulting reconstructed 3D

point, exceeds this threshold.

Topological constraints: The two following constraints

allow to evaluate the matching confidence:

(a) Uniqueness: Each laser beam must be imaged with,

at most, one light dot. So, a beam label can be

associated to at most one dot and vice versa.

(b) Order: This constraint implying pairs of light dots, is

applied only if their two labels belong to the same

column or row in the array of beams (Fig. 3(b)).

Given two light dots pi ¼ ðui; viÞ
T and pj ¼ ðuj ; vjÞ

T
;

two labels f (column Cf ; row Rf ) and g (column Cg;

row Rg), the order constraint is:

if Rf ¼ Rg (resp. Cf ¼ Cg) then ði; f Þ and ð j; gÞ are

consistent 3ðCf ;CgÞ (resp. ðRf ;RgÞ) and ðvi; vjÞ

(resp. ðui; ujÞ) are in the same order.

To apply these constraints, three different optimiza-

tion techniques have been evaluated maximal cliques,

continuous relaxation and discrete relaxation (Lerasle,

Lequellec, & Devy, 2000). This last one has shown the

better compromise between speed and matching perfor-

mances. Its principle can be summarized as follows: a

first pass, defined by epipolar and depth constraints,

exhibits trustworthy and ambiguous labellings, depend-

ing on whether a dot i matches a unique beam f0 or may

be associated with several ones. Topological constraints

are next checked for the remaining ambiguous match-

ings (Lequellec & Lerasle, 2000). The discrete iterative

relaxation process is set up so as to eliminate the

ambiguous matchings that are incompatible with con-

fident ones regarding some uniqueness and order

relationships. Consequently, the total number of con-

fident matchings increases iteratively.

From the labelling process results and the off-line

calibration phase, 3D coordinates can be computed.

From the 3D points, the 3D shape is then represented by

a triangular mesh (Fig. 7). Referring to the final decision

related with airbag inflation, the different scenarii

described in Fig. 1 can be grouped and reduced to a

simpler set represented in Fig. 5.

The classification method is also based on a hier-

archical process. The first level consists in detecting one

of the three occupant categories: empty seat, baby seat,

‘‘something’’ on the seat. It is based, on the one hand,

on the analysis of the motion of the objects located

within the observed scene and, on the other hand, on the

extraction of specific attributes related to each occu-

pancy class and computed in some analysis areas defined

in the vehicle longitudinal projection plane. The 3D

reconstructed points are simply projected onto this

particular plane to have a kind of scene profile

characteristic of the occupancy class (Fig. 8). The

analysis areas correspond to three horizontally oriented

stripes in the longitudinal plane and are located as

follows: one which envelops the seat sitting and the two

other located just above the seat sitting. The classifica-

tion is made by the method of the K nearest neighbors,

from the results of the attributes learnt in a database

built from images acquired on the different seat

occupancy classes.

In case of ‘‘something’’ is detected on the seat, a

second processing level estimates the position of the

occupant with respect to two operating zones of

the airbag. This very simple technique is based on the

analysis of the number of light dots in each zone. These

zones are defined according to an emerging normal-

ization about the critical volume close to the dashboard

(Fig. 6): the critical out of position (COOP) and out of

position (OOP) volumes. The only criterion for the

definition of these zones, consists in the distance to the

dashboard (invariant w.r.t. the seat position). Finally,

this information is then fused in order to provide a final

decision to the airbag ECU.

2.4. Results

The different algorithms have been implemented in C

code on a 400 MHz PC. 3D reconstruction is performed
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each 50 ms for a 11� 11 array of beams. Fig. 7 shows

two examples of reconstruction provided with the 19�

16 array. The right sub-figures represent the triangular

meshes generated from the 3D points. The results show

that the system is able to give a very good approxima-

tion of the volumetric distribution of the occupancy

within the observed scene. In addition a very good

estimation of the distances between the dashboard and

the occupant is achieved (72 cm).

The classification even if it is based on very simple

principles gives promising results. The tests that have

been performed in real situations have proved that it is

able to make the distinction between the most important

occupancy classes listed before. In addition this techni-

que allows to make the distinction between the different

dashboard proximity situations. In a further step, the

analysis of the dynamic evolution of the situation along

an image sequence, will lead to an improvement of the

classification robustness.

Fig. 8 shows two scenarii examples and their projec-

tions in the longitudinal plane. In the first case, some

reconstructed points are close to the airbag, so the

airbag must not fire. In the second case, the airbag firing

is compatible with the analyzed situation.

3. Stereovision-based approach

Concerning the stereoscopic vision, developments

take profit of well-known principles and aim to adapt

them to the constrained automotive context: real time

performances, dense and accurate reconstruction, low

cost technology, etc.

3.1. 3D acquisition from stereovision

The pixel-based stereo algorithm aims to match pixels

between left and right images (Gautama, Lacroix, &

Devy, 1999) acquired by the stereo cameras. The

stereovision process includes several steps. An off-line

calibration determines the parameters of the stereo

sensor: camera models, inter camera situations, lens

distortions etc. it allows computing the epipolar

geometry between the cameras.

From on line acquisitions, the rectification pro-

cess (Granjean & Lasserre, 1995) corrects the

original images, to perform a perfect virtual align-

ment of the two cameras and their epipolar lines;

two matched pixels must be on the same line of

the rectified images. Rectification and distorsion

correction could require complex computations: these

functions are performed in the same loop, using

pre-computed tables to find the rectified ðu; vÞ coordi-

nates from the real ones, and using simply a bilinear

interpolation.

Then, for every line of the right and left images, the

correlation process (Fig. 9) must match pixels, with

respect to a similarity measurement based on windows

centered on the compared pixels: several similarity

measurements (sum of squared differences (SSD), zero

normalized cross correlation (ZNCC), census transform

(CT), etc.) have been evaluated, using typically 11� 11

windows. Every pixel ðu; vÞ on the left image, is

compared to all potential matched pixels of the right

image, located on the same u line, from the position

vþ dmin to vþ dmax; a score function score ¼ f ðd Þ is

obtained, where d is the disparity between the corre-

sponding left and right pixels. A good optimum must be

found from the score function. Several criteria can be

used to filter false matchings: strength, uniqueness and

form of the correlation peak (Fig. 10), and right–left

validation. This last step inverses the role of left and

right images and considers as valid only those matches
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for which the reverse correlation has fallen on the initial

point in the left image (Granjean & Lasserre, 1995).

Sub-pixel estimates are obtained by fitting a parabole

to the correlation values surrounding the optimum. The

quality is accessed not only by the correctness of the

estimate, but also by the ability to filter out false

matchings using the validity criteria.

The better similarity measurement has been selected

in order to improve the robustness of the process with

respect to environmental conditions; the CT score gives

more matches, less artifacts in the disparity map and a

better reconstruction than the classical scores. Never-

theless, matching can be found only on textured areas of

the images. In Fig. 11, the disparity map is presented for

an image of a passenger in the cockpit: white points

correspond to unmatched pixels, in homogeneous areas

of the original image; generally, the correlation is very

good on the passenger head or hands (skin, hair); CT

score is better than ZNCC score.

At last the 3D reconstruction process based on

triangulation techniques and on the calibration results,

computes a depth map from the disparity map.

The performances of the stereovision method are

good enough to fulfill real-time and accuracy require-

ments. The complete algorithm is executed in 250 ms on

128� 128 images; it provides a 3D dense reconstruction

on the passenger seat (between 3000 and 5000 3D

points) so that a large variety of situations (e.g.

passenger in advanced or extended position, different

objects, etc.) could be sufficiently characterized to

provide good inputs for a classifier. With such a

frequency, the airbag requirements are not satisfied,

especially for fast passenger motions (fast transition

between safe and unsafe situations); the stereo frequency

could be increased easily to 20 Hz using a multi-

resolution approach.

3.2. Classification from stereovision

By now, the passenger seat classification is performed

using a classical case-based approach. During a super-

vised learning step, a lot of prototypes are recorded for

each class to be identified. Fig. 12 presents some images

of the large data base built in order to learn some

characteristic configurations of the passenger seat. With

respect to the NHTSA requirements concerning the

firing conditions of the airbag, the work has been

focused on identifying the following classes: (1) empty
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seat, (2) passenger in normal position, (3) passenger out

of position, (4) empty booster, (5) child in a booster, (6)

front facing baby seat, (7) rear facing baby seat, (8)

object(s) on the seat.

The out-of-position configurations of a passenger

(Fig. 13) are mainly defined from the head position with

respect to the airbag. Three areas are defined by two

vertical planes parallel to the dashboard (Fig. 6); if some

significative parts of the passenger are detected in the

critical out-of-position area, then, the airbag cannot be

inflated, while in the intermediate area, only a depow-

ered inflation is desirable.

One difficult issue consists in identifying these

situations without any false alarm or misclassification:

the real-time constraints are very severe, because the

configuration changes could occur very fast (for

example, a quick head motion in order to switch on

the radio). A trade-off must be found between the

computation time required by the data acquisition and

analysis, against the classification capabilities of the

system: with very few data processing, it is possible to

detect the presence of something in the critical out-of-

position area, but it is more than likely that mistakes or

false alarms will occur.

The classification strategy uses a scene description as

a set of local attributes (a specific detail located in a

precise location: for example, number of points acquired

in a given area of the cockpit (Fig. 14), that could allow

to identify a rear facing baby seat) or global ones (for

example, number of points that belongs to planar faces,

that could be significative to recognize an empty seat).

These attributes must be discriminant (they must allow

to distinguish between the classes), but also, generic, so

that a generalization can be automatically obtained

from the large learning data set, and invariant with

respect to the possible modifications of the cockpit

geometry, mainly the seat translation and the orienta-

tion of the seat back. This invariance issue is impor-

tant, because all global attributes could fail, if they

are not adapted with respect to the seat position and

orientation.

An iterative method has been designed in order to find

these seat parameters: from an initial position given by

the lower point located in the left side of the 3D image

and the higher point located in the right side,

intermediate points belonging to the sitting or to the

back part of the seat are integrated iteratively to the seat

boundary, using some shape constraints that must be

verified by this boundary (maximum translation, max-

imum orientation, planarity, etc.). Fig. 17 shows the seat

configuration for some images presented in Figs. 12

and 13.

Once this seat configuration has been computed, some

specific areas are defined in Fig. 13: the segment on the

left corresponds to the dashboard. The two security

areas are limited by planes and five parallelipipedic
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boxes are defined on the seat to classify the passenger

seat occupancy: two boxes for the seat volume (on the

seat sitting and the seat back), one box above the sitting

area and two boxes with variable heights along the seat

back (the lower one for the passenger body, the higher

one for the head). A preliminary classification, using as

attributes, the number of 3D points which belong to

these seven areas, gives good results, but it is not

sufficient to deal with all possible configurations.

Within the context of passenger safety, the head plays

a central role. Locating the head with respect to the

dashboard is an important issue and fast, robust

techniques need to be developed. Some segmentation

methods have been explored based either on the density

or the curvature estimate on each 3D point; such an

approach could be performed only on a ROI corre-

sponding to some boxes described here before. From the

depth map, using a density criterion to extract the head

when a passenger is detected, an accurate enough

positioning of the head within the cockpit (C2 cm)

can be estimated.

3.3. Stereovision prototype

A low-cost and compact stereo head, developed for

this application, consists in two synchronized low-cost

sensor, mounted on the same board (Fig. 15(a)). It

integrates a wide angle NIR illuminator and shutter/

gain can be controlled by means of a RS232 interface,

with respect to the intensity computed in some areas of

the images. Each sensor is equipped with a low cost and

compact optical lens (focal: 2:1 mm); such optic has high

vignetting and distortion. In order to limit these

drawbacks, only the central part of the images is

processed; in this configuration, the perception field is

bounded to a 110� view angle. In Fig. 16, an image of

the calibration pattern (located 25 cm in front of the

stereo head) shows clearly the importance of the

calibration step required to correct the distortion in

further processings.

This stereo prototype has been integrated in the

cockpit of a demo car (Fig. 15(b)). The different

algorithms have been implemented in ‘‘C’’ code within

a Windows NT environment; a dedicated man–machine

interface allows to evaluate the method results

(Fig. 15(c)). First classification algorithms have been

tested successfully (Fig. 17), but more intensive valida-

tions must be performed.

4. Comparison of the two approaches

3D vision based on structured light sensor shows

some very good advantages for automotive application:

* The sensor can be realized in CMOS technology,

cheap and high integrated solution can be viewed.
* First results show that 3D reconstruction using a

restricted number of information allows a quite fast

process with respect to the airbag requirements but

some limitations exists in terms of resolution.
* Intensity images are still available and can be used for

complementary processing.
* An homogeneous distribution of the light dots in the

scene allows very good reconstruction capabilities.

Nevertheless, some improvements must be brought

concerning the compactness of the measurement device

(camera + light emitter) and with respect to uncon-

trolled light disturbances and backlight.

Advantages of stereoscopic vision are mainly related

with the very good resolution of the reconstructed image

useful for classification purposes. In addition it is weakly

influenced by backlights. As it consists in a passive

system, eye safety requirements are not concerned with.

Some remaining drawbacks concern the computation

time and the non-homogeneous distribution of the

reconstructed 3D image, so that it cannot be guaranteed

that the field of interest will be always described.
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5. Conclusion

New airbag generations will need more and more

information about the automobile cockpit occupancy:

nature of the occupant, distances to the dashboardy .

It is now obvious that 3D reconstruction of the cockpit

inner space is necessary. Uses of video sensing for

extracting this information look to be one of the real

potential solutions. This technology is supported by the

drastic reduction of the sensor cost but also by the

exponential improvement and cost reduction of the

image processing hardware. Within Siemens VDO

Automotive, in collaboration with some labs and

institutes, both in France and Germany, several video-

based approaches have been evaluated for performing

3D reconstruction: conventional stereoscopic vision, 3D

vision based on structured lightning, and time of flight

techniques.

The results presented within this paper show the

very high potentialities of the two first mentioned

techniques. Beside the well known stereoscopic

technique which gives a very high reliability of the

reconstructed 3D images, but still remains slightly

heavy in terms of computational time, uses of a

structured light sensor looks to propose an

interesting compromise between accuracy and speed.

A combination of the two techniques should give

optimal results: the presence of light dots on non-

textured areas should give 3D data where stereo by itself

could not find points.

A strong interest of cars manufacturers, customers,

governmental organizations has been identified for such

3D perception concepts. New ‘‘smart airbag’’ generation

including partial inflation capabilities, should take into

account information provided by such intelligent

perception systems.
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Fig. 17. 3D points and seat configuration for images presented in Fig. 12.
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