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(spécialité informatique)

par

Tom Leclerc

Composition du jury

Rapporteurs: Patrick SÉNAC Professeur ISAE
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❋✳✹ ❊♥*❡♠❜❧❡ ❞♦♠✐♥❛♥/ ✭❉♦♠✐♥❛/✐♥❣ *❡/✮ ✭♥d✉❞ ❡♥ .♦✉❣❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✵

❋✳✺ ❊①❡♠♣❧❡ ❞❡ ❞❡✉① ❝❧✉*/❡.* ❞❛♥* ◆▲❲❈❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✷

❋✳✻ ❉❡✉① ❝❧✉*/❡.* ◆▲❈❲❆ O✉✐ *❡ ❝.♦✐*❡♥/✳ ❯♥ ♣♦✐❞* ❢❛✐❜❧❡ *✉. ✉♥ ❧✐❡♥ ✐♥❞✐O✉❡ O✉❡

❝❡❧✉✐✲❝✐ ♥✬❡*/ ♣❛* */❛❜❧❡ ❡/ ♥✬❡*/ ❛✐♥*✐ ♣❛* ♣.✐* ❡♥ ❝♦♠♣/❡ ♣♦✉. ❧❛ *a❧❡❝/✐♦♥ ❞✉

❝❧✉*/❡.❤❡❛❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✷

❋✳✼ ❋♦.♠❛/ ❞✉ ❜❡❛❝♦♥ ❞❡ ◆▲❲❈❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

❋✳✽ ❋♦.♠❛/ ❞✉ ❜❡❛❝♦♥ ❲❈K❉ ❝♦♠❜✐♥a ❛✈❡❝ ◆▲❲❈❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

❋✳✾ ❉✐**a♠✐♥❛/✐♦♥ ❞✬✉♥ ♠❡**❛❣❡ ❛✈❡❝ ❲❈K❉✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

❋✳✶✵ ❈❧❛**✐✜❝❛/✐♦♥ ❞❡* ♣.♦/♦❝♦❧❡* ❞❡ ❞a❝♦✉✈❡./❡ ❞❡ *❡.✈✐❝❡✳ ❬❈✐❛. ✵✷❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✺

❋✳✶✶ ❉a❝♦✉✈❡./❡ ❞❡ *❡.✈✐❝❡* ✉/✐❧✐*❛♥/ ❧✬❛♣♣.♦❝❤❡ ♣❛. ❝❤❛♠♣* a❧❡❝/.♦*/❛/✐O✉❡*✳ ✳ ✳ ✳ ✳ ✳ ✶✽✼

●✳✶ ❍✐a.❛.❝❤✐❡ ❞❡* ♣.♦/♦❝♦❧❡* ◆▲❲❈❆ ✲ ❲❈K❉ ✲ ❙▲❙❋✲❘ ❡/ ❙▲❙❋✿ ❉✐**a♠✐♥❛/✐♦♥✳ ✳ ✶✾✵

●✳✷ ❍✐a.❛.❝❤✐❡ ❞❡* ♣.♦/♦❝♦❧❡* ◆▲❲❈❆ ✲ ❲❈K❉ ✲ ❙▲❙❋✲❘ ❡/ ❙▲❙❋✿ ❋♦.♠❛/ ❞❡* ♠❡**❛❣❡*✳✶✾✶

①✈✐



●✳✸ ❊①❡♠♣❧❡ ❞❡ ❝♦♥✜❣✉0❛2✐♦♥ ✐♥2❡0✲❝❧✉52❡0 ❛✈❡❝ ✶ ❡2 ✷ ❝❧✉52❡0❤❡❛❞5✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✷

●✳✹ ❛✮ ❈♦♥✜❣✉0❛2✐♦♥ ❞❡ ❝❧✉52❡0 ❛✈❡❝ ♣❧✉5 ❞❡ ✸ 5❛✉25 ❡♥20❡ ❞❡✉① ❝❧✉52❡05✳ ❜✮ ?♦✐♥2 ❞❡

✈✉❡ ❞✉ ♥@✉❞ ✷✳ ❝✮ ?♦✐♥2 ❞❡ ✈✉❡ ❞✉ ♥@✉❞ ✶✳ ❞✮ ?♦✐♥2 ❞❡ ✈✉❡ ❞✉ ♥@✉❞ ✸✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸

●✳✺ ❛✮ ▲♦♥❣✉❡ 5CD✉❡♥❝❡ ❞❡ ♥@✉❞5 ❡5❝❧❛✈❡5 ❞❛♥5 ❙▲❙❋✳ ❜✮ ❱✉❡ ❞❡ ❝❤❛❝✉♥ ❞❡5 ❝❧✉52❡05

5✉0 5♦♥ ✈♦✐5✐♥❛❣❡ ♣0♦❝❤❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸

●✳✻ ❙C❧❡❝2✐♦♥ ■❈❘ ❞❛♥5 ✉♥ 0C5❡❛✉ ❛✈❡❝ ✺ ❝❧✉52❡05✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✹

●✳✼ ❏❆◆❊ 5✐♠✉❧❛2✐♥❣ 2❤❡ ♣0♦2♦❝♦❧5 ♦♥ ✶✵✵ ❞❡✈✐❝❡5✳ ❚❤❡ ♠♦❜✐❧❡ ❞❡✈✐❝❡5 ♠♦✈❡ ♦♥ 2❤❡

520❡❡25 ♦❢ 2❤❡ ▲✉①❡♠❜♦✉0❣ ❈✐2② ♠❛♣✳ ❚❤❡ ❞❡✈✐❝❡5 ♠♦✈❡ ✇✐2❤ ❛ 5♣❡❡❞ ♦❢ ✵✳✺ ✲ ✶✳✺

♠✴5✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✺

●✳✽ ❇❛♥❞❡ ♣❛55❛♥2❡ ♥C❝❡55❛✐0❡ W ❧❛ ♠✐5❡ ❡♥ ♣❧❛❝❡ ❞❡ ❧❛ 2♦♣♦❧♦❣✐❡ ♣♦✉0 ✶✵✵✱ ✷✵✵ ❡2 ✸✵✵

♥@✉❞5✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✻

●✳✾ ◆♦♠❜0❡ 2♦2❛❧ ❞❡ ♠❡55❛❣❡5 0❡❧❛②C5 ❡2 ♥♦♠❜0❡ ❞❡ ♠❡55❛❣❡5 ❡✛❡❝2✐✈❡♠❡♥2 0❡Z✉5 ♣♦✉0

✶✵✵✱ ✷✵✵ ❡2 ✸✵✵ ♥@✉❞5✳ ✭❧✐55C✱ ♣♦✉0 ✉♥❡ ♣❧✉5 ❣0❛♥❞❡ ✈✐5✐❜✐❧✐2C✱ ❛✈❡❝ ✉♥❡ CD✉❛2✐♦♥

♣♦❧②♥♦♠✐❛❧ ❞✉✶✻✐\♠❡ ❞❡❣0C✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✼

●✳✶✵ ❊✣❝❛❝✐2C ❞❡ ❧✬✉2✐❧✐5❛2✐♦♥ ❞❡ ❧❛ ❜❛♥❞❡ ♣❛55❛♥2❡ ♣♦✉0 ✶✵✵✱ ✷✵✵ ❡2 ✸✵✵ ♥@✉❞5✳ ✳ ✳ ✳ ✳ ✶✾✽

●✳✶✶ ❙❝C♥❛0✐♦ 52❛2✐D✉❡ ❛✈❡❝ ✶✵✵ ❡2 ✸✵✵ ♥@✉❞5✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✽

❍✳✶ ▲❡ ♠`♠❡ 0C5❡❛✉ ❛✈❡❝ ❧❡5 ❞❡✉① ✈✉❡5 ❞✐✛C0❡♥2❡5 ✿ ❙▲❙❋ ✭❣❛✉❝❤❡✮ ❡2 ❙▲❙❘ ✭❞0♦✐2❡✮✳ ✷✵✵

❍✳✷ ❙▲❙❘ ✲ 0C5❡❛✉ ❛✈❡❝ 20♦✐5 ❝❧✉52❡0❤❡❛❞5✳ ❱✉❡ ❙▲❙❋ ✭❣❛✉❝❤❡✮ ❡2 ✈✉❡ ❙▲❙❘ ✧5✐♠♣❧✐✜C✧

✭❞0♦✐2❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✶

❍✳✸ ❚❛❜❧❡ ❞❡ 0♦✉2❛❣❡ 5✐♠♣❧✐✜C❡ ♣♦✉0 ❧❡ ♥@✉❞ ❡5❝❧❛✈❡ ✶✾✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✶

❍✳✹ ❚❛❜❧❡ ❞❡ 0♦✉2❛❣❡ 5✐♠♣❧✐✜C❡ ♣♦✉0 ❧❡ ❝❧✉52❡0❤❡❛❞ ✷✵✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✶

❍✳✺ ❚❛❜❧❡ ❞❡ 0♦✉2❛❣❡ 5✐♠♣❧✐✜C❡ ♣♦✉0 ❧❡ ❝❧✉52❡0❤❡❛❞ ✶✺✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✶

❍✳✻ ❈♦♠♣❛0❛✐5♦♥ ❞✉ ❝♦c2 ❞❡ 0♦✉2❛❣❡ ❡♥ ❝♦♠♣❛0❛♥2 ❧❡ 0❡❝♦✉✈0❡♠❡♥2 ❞❡5 ✐♥❢♦0♠❛2✐♦♥5

❡2 ❧❛ ❝✐❜❧❡ ❞❡5 ❛♥♥♦♥❝❡5✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✸

❍✳✼ ❙▲❙❘ ✲ 20♦✐5 ❝❧✉52❡05 ❛✈❡❝ ✉♥❡ ❜♦✉❝❧❡✳ ❱✉❡ ❞❡ ❙▲❙❋ ✭❣❛✉❝❤❡✮ ❡2 ✈✉❡ ✧5✐♠♣❧✐✜C✧

❞❡ ❙▲❙❘ ✭❞0♦✐2❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✹

❍✳✽ ❚❛❜❧❡ ❞❡ 0♦✉2❛❣❡ ❞✉ ❝❧✉52❡0❤❡❛❞ ✷✵ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✹

■✳✶ ?✐❧❡ ❞❡ ♣0♦2♦❝♦❧❡5 ❞❡ ❩❡0♦❝♦♥❢ ❛✈❡❝ ❧❡ ♠✉❧2✐❝❛52 ■? ❡2 ❛✈❡❝ ❙▲❙❋✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✾

■✳✷ ❊♥20C❡ ❚❳❚ ❝♦♥2❡♥2❛♥2 ❞❡5 ✐♥❢♦0♠❛2✐♦♥5 ❞❡ ❝♦♥2❡①2❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✵

■✳✸ ■♥2❡0♠C❞✐❛0✐2C ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✷

■✳✹ ❆0❝❤✐2❡❝2✉0❡ ❞❡ ❞C❝♦✉✈❡02❡ ❞❡ 5❡0✈✐❝❡5✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✻

■✳✺ ❆0❝❤✐2❡❝2✉0❡ ❞❡ ❞C❝♦✉✈❡02❡ ❞❡ 5❡0✈✐❝❡5 ❛✈❡❝ 0C5❡❛✉ ♠❡5❤✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✼

■✳✻ ■♥2❡0❛❝2✐♦♥5 ❡♥20❡ ❧❡ 5✐♠✉❧❛2❡✉0 0C5❡❛✉ ❡2 ❧❡ 5✐♠✉❧❛2❡✉0 ❞❡ ♠♦❜✐❧✐2C✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✼

■✳✼ ❙❝C♥❛0✐♦ ❞❡ ✈✐5✐2❡ ❞❡ ♠✉5C❡ ❞❛♥5 ❞✐✛C0❡♥25 ❡♥✈✐0♦♥♥❡♠❡♥25✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✽

■✳✽ ❙❝C♥❛0✐♦ ❞❡ ♠♦✉✈❡♠❡♥2 ❞❡ ❣0♦✉♣❡5✳ ❊✈♦❧✉2✐♦♥ ✭❞❡ ❛ W ❢✮ ❞❡ ♥@✉❞5 ♣❧❛❝C5 ❛❧C❛✲

2♦✐0❡♠❡♥2 ❜♦✉❣❡❛♥2 ✈❡05 ❧❡✉0 ③♦♥❡ ❝✐❜❧❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷✶
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❛♣♣❧✐❝❛7✐♦♥1 ♦❢ 1✉❝❤ ♥❡7✇♦/❦1 ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ✈❡❤✐❝❧❡ ❝♦♠♠✉♥✐❝❛7✐♦♥ 1❝❡♥❛/✐♦1✱ ❡♥✈✐/♦♥♠❡♥7❛❧

♦❜1❡/✈❛7✐♦♥1✱ ✉❜✐B✉✐7♦✉1 ■♥7❡/♥❡7 ❛❝❝❡11✱ ❛♥❞ ✐♥ 1❡❛/❝❤ ❛♥❞ /❡1❝✉❡ 1❝❡♥❛/✐♦1 ❛1 ❞❡1❝/✐❜❡❞ ✐♥ ❞❡7❛✐❧

✐♥ ❬❙❛♥7 ✵✺❪✳ ▼♦❜✐❧❡ ❛❞ ❤♦❝ ♥❡7✇♦/❦1 ❛/❡ ❛ ♣❛/7 ♦❢ 7❤❡ 1♦✲❝❛❧❧❡❞ ❞②♥❛♠✐❝ ♥❡7✇♦/❦1✳ ❉②♥❛♠✐❝

♥❡7✇♦/❦1 ❛/❡ ♥❡7✇♦/❦1 ✇❤❡/❡ ❞②♥❛♠✐❝✐7② 7❛❦❡1 ❛ ✈❡/② ✐♠♣♦/7❛♥7 /♦❧❡✱ 7❤✉1 ❛ ♥❡7✇♦/❦ ✇❤❡/❡

7♦♣♦❧♦❣② ❝❤❛♥❣❡1 ❢/♦♠ ❢/❡B✉❡♥7❧② 7♦ ❝♦♥17❛♥7❧②✳ ❉②♥❛♠✐❝✐7② ❝❛♥ ♦❝❝✉/ ✐♥ ❞✐✛❡/❡♥7 ✇❛②1✳ ❋♦/

❡①❛♠♣❧❡ ✐♥ A❡❡/✲7♦✲A❡❡/ ✭A✷A✮ 1②17❡♠1✱ ❡❛❝❤ ✉1❡/ ✐1 ❛ ♣❡❡/ 7❤❛7 ❝♦♥♥❡❝71 7♦ ♦7❤❡/ ♣❡❡/1 7♦

❡①❝❤❛♥❣❡ ❞❛7❛ ✇✐7❤♦✉7 ♥❡❡❞ ♦❢ ❛♥② ✐♥❢/❛17/✉❝7✉/❡ ✭✐✳❡✳ ❝❡♥7/❛❧✐③❡❞ 1❡/✈❡/✮✳ ❚❤❡ ❞②♥❛♠✐❝✐7② ✐♥

A✷A 1②17❡♠1 ✐1 ❞✐/❡❝7❧② ✐♥❞✉❝❡❞ ❜② 7❤❡ ✉1❡/1 ✇❤♦ ❝♦♠❡ ❛♥❞ ❣♦ ✐♥ 7❤❡ ♥❡7✇♦/❦✱ ❛ ♣❤❡♥♦♠❡♥♦♥

❝❛❧❧❡❞ ✧❝❤✉/♥✧✳ ❆♥♦7❤❡/ ❡①❛♠♣❧❡ ♦❢ ❞②♥❛♠✐❝ ♥❡7✇♦/❦1 ❛/❡ 7❤❡ ❲✐/❡❧❡11 ▼❡1❤ ◆❡7✇♦/❦1 ✭❲▼◆1✮

✇❤❡/❡ ✇✐/❡❧❡11❧② ❝♦♥♥❡❝7❡❞ ❞❡✈✐❝❡1 ❢♦/♠ ❛ ✭✇✐/❡❧❡11✮ ♠❡1❤❡❞ ✐♥❢/❛17/✉❝7✉/❡ 7♦ ❡①7❡♥❞ ❛ ✇✐/❡❧❡11

♥❡7✇♦/❦ ❝♦✈❡/❛❣❡ ✇✐7❤♦✉7 ❤❛✈✐♥❣ 7❤❡ ❜✉/❞❡♥ ❛♥❞ ❝♦17 ♦❢ ✇✐/✐♥❣✳ ■♥ ♠❡1❤ ♥❡7✇♦/❦1✱ 7❤❡ ❞②♥❛♠✐❝

♠♦17❧② ♦❝❝✉/1 7❤/♦✉❣❤ /❛❞✐♦ ♣/♦♣❛❣❛7✐♦♥ ❝❤❛♥❣❡1 ✭1✐❣♥❛❧ ❧♦11❡1✱ ✐♥7❡/❢❡/❡♥❝❡1✱ ❡7❝✳✮ ♦/ ❞❡✈✐❝❡

❢❛✐❧✉/❡1✳ ❲✐/❡❧❡11 ❙❡♥1♦/ ◆❡7✇♦/❦1 ✭❲❙◆✮ ❛/❡ ❛❧1♦ ❞②♥❛♠✐❝ ♥❡7✇♦/❦1✳ ❲✐/❡❧❡11 1❡♥1♦/ ♥❡7✇♦/❦1

❛/❡ 1♣❛7✐❛❧❧② ❞✐17/✐❜✉7❡❞ ❞❡✈✐❝❡1 7❤❛7 ♠♦♥✐7♦/1 7❤❡✐/ 1✉//♦✉♥❞✐♥❣ ❡♥✈✐/♦♥♠❡♥7 ✉1✐♥❣ 1❡♥1♦/1 ❛♥❞

/❡♣♦/7 7❤❡ ❝♦❧❧❡❝7❡❞ ✐♥❢♦/♠❛7✐♦♥ 7♦ ❛ 1♦ ❝❛❧❧❡❞ ♥❡7✇♦/❦ ✧1✐♥❦✧✱ ✇❤✐❝❤ ❣❛7❤❡/1 ❛❧❧ 7❤❡ ❞❛7❛✳ ❚❤❡

1❡♥1♦/ ❞❡✈✐❝❡1 ❛/❡ ❞❡1✐❣♥❡❞ 7♦ ❤❛✈❡ ✈❡/② ❧♦✇ ❝♦♠♣✉7❛7✐♦♥ ❛♥❞ ❧♦✇ ❡♥❡/❣② ❝♦♥1✉♠♣7✐♦♥ ❛1 7❤❡②

❝❛♥ ❜❡ ❢✉♥❝7✐♦♥❛❧ ❢♦/ ❛ ❧♦♥❣ 7✐♠❡ ✐♥ ✉♥/❡❛❝❤❛❜❧❡ ③♦♥❡1✳ ❉②♥❛♠✐❝✐7② ❤❡/❡ ♦❝❝✉/1 ❛7 ❞✐1♣❡/1✐♦♥

♦❢ 7❤❡ ❞❡✈✐❝❡1 ♦♥ 7❤❡ 7♦✲❜❡✲♠♦♥✐7♦/❡❞ ✜❡❧❞ ❛1 7❤❡ ♥❡7✇♦/❦ ✐1 ❢♦/♠❡❞ 1♣♦♥7❛♥❡♦✉1❧②✳ ❚❤❡ 1❡❝♦♥❞

❞②♥❛♠✐❝ ♦❝❝✉/1 ❞✉❡ 7♦ ♥♦❞❡1 ❣♦✐♥❣ ✐♥7♦ 1❧❡❡♣ ♠♦❞❡ 7♦ /❡❞✉❝❡ 7❤❡✐/ ♣♦✇❡/ ❝♦♥1✉♠♣7✐♦♥ ♦/ ♥♦❞❡1

❢❛✐❧✉/❡1 ✭❡✳❣✳ ❜❛77❡/② ❢❛✐❧✉/❡✮ 7❤❛7 ❝❛✉1❡1 ❝❤❛♥❣❡1 7♦ 7❤❡ ❝✉//❡♥7❧② ❛✈❛✐❧❛❜❧❡ ♥❡7✇♦/❦ ♥♦❞❡1✳

❈♦♠♣❛/❡❞ 7♦ ❲❙◆✱ ♥♦❞❡1 ♦❢ ❛♥ ❛❞ ❤♦❝ ♥❡7✇♦/❦ ❤❛✈❡ ♠✉❝❤ ♠♦/❡ ❝♦♠♣✉7❛7✐♦♥❛❧ ❝❛♣❛❝✐7② ❛♥❞
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♣♦✇❡$✱ ❤♦✇❡✈❡$ (❤❡✐$ ❧✐❢❡ (✐♠❡ ✐- (❤❡$❡❢♦$❡ $❡❞✉❝❡❞ (♦ ❛ ❢❡✇ ❤♦✉$- ✐♥-(❡❛❞ ♦❢ ②❡❛$- ✐♥ -♦♠❡ -❡♥-♦$

♥❡(✇♦$❦-✳

❆❞ ❤♦❝ ♥❡(✇♦$❦- ✐♥❝❧✉❞❡ ❛❧❧ (❤♦-❡ ❞②♥❛♠✐❝-✿ ♥♦❞❡- ❝❛♥ ❝♦♠❡ ❛♥❞ ❣♦ -♣♦♥(❛♥❡♦✉-❧②✱ ♥♦❞❡-

♠♦✈❡ ❛❧♠♦-( ❝♦♥(✐♥✉♦✉-❧②✱ ♥♦❞❡- ❤❛✈❡ ❧✐♠✐(❡❞ ❡♥❡$❣② ❛♥❞ ✇✐$❡❧❡-- ❝♦♠♠✉♥✐❝❛(✐♦♥ ❢❛✐❧✉$❡-✳ ❆❧❧

(❤♦-❡ ❞②♥❛♠✐❝- ♣$♦✈✐❞❡ ❛❞ ❤♦❝ ♥❡(✇♦$❦ ✇✐(❤ ❝♦♥(✐♥✉♦✉-❧② ❝❤❛♥❣✐♥❣ ♥❡(✇♦$❦ (♦♣♦❧♦❣② ✇❤✐❝❤

❜❡❝♦♠❡ ✈❡$② ❝❤❛❧❧❡♥❣✐♥❣ ✇✐(❤ $❡❣❛$❞- (♦ ♣❡$-✐-(❡♥( ❝♦♠♠✉♥✐❝❛(✐♦♥ ♦$ -(❛❜✐❧✐(② ♦❢ ❝♦♠♠✉♥✐❝❛(✐♦♥

❜❡(✇❡❡♥ ❛❞ ❤♦❝ ♥♦❞❡-✳

Internet

Wireless link

Wireless link
Wireless 

infrastructure link

Gateway node
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Mesh nodes

Ad hoc nodes

Internet

Sink node

Sensor nodes
P2P clients

Ad hoc Network Mesh Network

Sensor Network Peer-to-peer Network

Wired link

Wireless link

Application

Database

❋✐❣✉$❡ ✶✳✶✿ ❉②♥❛♠✐❝ ♥❡(✇♦$❦-✿ ❆❞ ❤♦❝✱ ♠❡-❤✱ -❡♥-♦$ ❛♥❞ ♣❡❡$✲(♦✲♣❡❡$ ♥❡(✇♦$❦-✳

❆ ✜$-( ♦❜❥❡❝(✐✈❡ ♦❢ (❤✐- ✇♦$❦ ✐- (♦ ❜✉✐❧❞ ❛ -(❛❜❧❡ -($✉❝(✉$❡ ♦♥ (♦♣ ♦❢ -♣♦♥(❛♥❡♦✉-❧②

❝$❡❛(❡❞ ❛❞ ❤♦❝ ♥❡(✇♦$❦-✳ ❆ ♠❛❥♦$ ❝❤❛❧❧❡♥❣❡ ✐- (♦ $❡❛❝❤ ❛ -❛(✐-❢❛❝(♦$② -(❛❜✐❧✐(② ❜② ❦❡❡♣✐♥❣

(❤❡ ❜❛♥❞✇✐❞(❤ ❧♦✇ (♦ ❝$❡❛(❡ (❤✐- -(❛❜❧❡ -($✉❝(✉$❡✳

✶✳✶ ▼♦❜✐❧❡ ❛❞ ❤♦❝ ♥❡-✇♦/❦1

▼❆◆❊❚- ❛$❡ -♣♦♥(❛♥❡♦✉-❧② ❝$❡❛(❡❞ ♥❡(✇♦$❦- ❜② ✇✐$❡❧❡--❧② ❝❛♣❛❜❧❡ ❞❡✈✐❝❡- ✇✐(❤♦✉( ❛♥② ♣$❡❡①✲

✐-(✐♥❣ ✐♥❢$❛-($✉❝(✉$❡ ✭❋✐❣✉$❡ ✶✳✷✮✳ ◆♦❞❡- ❝❛♥ ♦♥❧② ❝♦♠♠✉♥✐❝❛(❡ ❞✐$❡❝(❧② ✇✐(❤ ♥♦❞❡- (❤❛( ❛$❡ ✐♥

(❤❡✐$ $❛❞✐♦ ($❛♥-♠✐--✐♦♥ $❛♥❣❡✳ ❚♦ $❡❛❝❤ ❞✐-(❛♥( ♥♦❞❡-✱ (❤❡ ♠❡--❛❣❡ ✐- $❡❧❛②❡❞ ❜② (❤❡✐$ ♥❡✐❣❤❜♦$

♥♦❞❡- ✉♥(✐❧ $❡❛❝❤✐♥❣ ✐(- ❞❡-(✐♥❛(✐♦♥✳ ❊❛❝❤ ♥♦❞❡ ♠❛② ♣❛$(✐❝✐♣❛(❡ ✐♥ (❤❡ ♥❡(✇♦$❦ ❜② $♦✉(✐♥❣ ♠❡-✲

-❛❣❡- (♦✇❛$❞- (❤❡ ❞❡-(✐♥❛(✐♦♥✳ ❆❧❧ ❝♦♥($✐❜✉(✐♦♥- ✐♥ (❤✐- (❤❡-✐- $❡❧② ♦♥ (❤❡ ♣$✐♥❝✐♣❧❡- (❤❛( ✐♥ ❛♥

❛❞ ❤♦❝ ♥❡(✇♦$❦✿
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• ❆❧❣♦$✐&❤♠)✴♣$♦&♦❝♦❧) )❤♦✉❧❞ $❡❧② ♠♦)&❧② ♦♥ ❧♦❝❛❧❧② ❛✈❛✐❧❛❜❧❡ ✐♥❢♦$♠❛&✐♦♥✳

• ❆ ♥♦❞❡ ❦♥♦✇) ♦♥❧② ✇✐&❤ ❣♦♦❞ ❛❝❝✉$❛❝② ✐&)❡❧❢ ❛♥❞ ✐&) ❞✐$❡❝& ✭♦♥❡✲❤♦♣✮ ♥❡✐❣❤❜♦$) &❤❛& ❛$❡

✐♥)✐❞❡ ✐&) $❛❞✐♦ $❛♥❣❡✳

• ❉✐)&❛♥& ✐♥❢♦$♠❛&✐♦♥ )❤♦✉❧❞ ❜❡✱ ✇❤❡♥ ✉)❡❞✱ ❤❛♥❞❧❡❞ ❛) ✐♥❛❝❝✉$❛&❡ ♦$ ✉♥$❡❧✐❛❜❧❡✳

• ❆♥ ❛❞ ❤♦❝ ♥❡&✇♦$❦ )❤♦✉❧❞ ♥♦& $❡❧② ♦♥ ❛♥② ✐♥❢$❛)&$✉❝&✉$❡✳ ■♥ )♦♠❡ )♣❡❝✐✜❝ )❝❡♥❛$✐♦) ❤♦✇❡✈❡$
&❤❡ ♣$❡)❡♥❝❡ ♦❢ ❛♥ ✐♥❢$❛)&$✉❝&✉$❡ ✭❡✳❣✳ )❡$✈❡$ ♦$ $♦✉&❡$ &❡♠♣♦$❛$✐❧② ❛✈❛✐❧❛❜❧❡✮ )❤♦✉❧❞ ❜❡♥❡✜&

&❤❡ ❡①✐)&✐♥❣ ❛❞ ❤♦❝ ♥❡&✇♦$❦ ✭$❡)✉❧&✐♥❣ ✐♥ ❛ )✐♠✐❧❛$ ♥❡&✇♦$❦ ❛) ♠❡)❤ ♥❡&✇♦$❦)✮
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✇❡❧❧✲❦♥♦✇♥ ❜(♦❛❞❝❛,- ,-♦(♠ ♣(♦❜❧❡♠ ✇❤❡(❡ ♥♦❞❡, ❡♥❞❧❡,,❧② ✭(❡✮❜(♦❛❞❝❛,- ♣❛❝❦❡-, ❬◆✐ ✾✾❪✳ ❚♦

❛✈♦✐❞ -❤✐,✱ ❜(♦❛❞❝❛,- ,❝❤❡♠❡, ❧✐♠✐- -❤❡ ♥✉♠❜❡( ♦❢ ❢♦(✇❛(❞✐♥❣ ♥♦❞❡, ❛♥❞ ❤♦♣ ❝♦✉♥-✱ ❞❡❧❛② ❛♥❞✴♦(

❜❛♥❞✇✐❞-❤ ✉,❡❞ ❜② ,-(✉❝-✉(✐♥❣ ❛♥❞ ❞❡,✐❣♥❛-✐♥❣ -❤❡ ❢♦(✇❛(❞✐♥❣ ♥♦❞❡,✳

❆ ✜(,- ❡①❛♠♣❧❡ ♦♥ ❤♦✇ -♦ ❛❝❤✐❡✈❡ ❛♥ ✐♠♣(♦✈❡❞ ❝♦♠♠✉♥✐❝❛-✐♦♥ ❛(❡ (♦✉-✐♥❣ ♣(♦-♦❝♦❧, ✭❙❡❝-✐♦♥,

✶✳✷✳✶ ❛♥❞ ✶✳✷✳✷✮✳ ❚❤❡② ✉,❡ (♦✉-✐♥❣ -❛❜❧❡, ❝♦♥-❛✐♥✐♥❣ ♣❛(-✐❛❧ ✭❡✳❣✳ ❛ ♥❡①-✲❤♦♣ -♦ ❞❡,-✐♥❛-✐♦♥ ❧✐,-✮ ♦(

❢✉❧❧ ♣❛-❤ ✐♥❢♦(♠❛-✐♦♥ ✭❡✳❣✳ -❤❡ ❧✐,- ♦❢ -(❛✈❡(,❡❞ ♥♦❞❡, -♦ ❞❡,-✐♥❛-✐♦♥✮✳ ❚♦ ♦❜-❛✐♥ -❤✐, ✐♥❢♦(♠❛-✐♦♥

,❡✈❡(❛❧ (♦✉-✐♥❣ ♣(♦-♦❝♦❧, ,-(✉❝-✉(❡ -❤❡ -♦♣♦❧♦❣② -♦ (❡❞✉❝❡ -❤❡ (♦✉-✐♥❣ ♦✈❡(❤❡❛❞ ✭❡✳❣✳ -❤❡ ♥✉♠❜❡(

♦❢ ❡①❝❤❛♥❣❡❞ ♠❡,,❛❣❡,✱ -❤❡ ♥✉♠❜❡( ♦❢ ♥♦❞❡, ❢♦(✇❛(❞✐♥❣ (♦✉-✐♥❣ ✐♥❢♦(♠❛-✐♦♥✮✳ ❙♦✱ ,♦♠❡ (♦✉-✐♥❣

♣(♦-♦❝♦❧, ♣(♦♣♦,❡ ✐♥-❡(❡,-✐♥❣ ,❝❤❡♠❡, -♦ ✐♠♣(♦✈❡ -❤❡ ❞✐,,❡♠✐♥❛-✐♦♥ ♦❢ ♠❡,,❛❣❡,✳ ■♥ -❤❡ (❡,- ♦❢

-❤✐, ❞♦❝✉♠❡♥-✱ ✇❡ ✇✐❧❧ ❢♦❝✉, ♦♥ -❤❡ ❞✐,,❡♠✐♥❛-✐♦♥ ♣❡(❢♦(♠❛♥❝❡, ♦❢ -❤❡ ✈❛(✐♦✉, (♦✉-✐♥❣ ♣(♦-♦❝♦❧,

(❛-❤❡( -❤❛♥ -❤❡✐( (♦✉-✐♥❣ ♣❡(❢♦(♠❛♥❝❡,✳

❚❤❡(❡ ❛(❡ ❛❧,♦ ♣(♦-♦❝♦❧, ❞❡❞✐❝❛-❡❞ -♦ ❞✐,,❡♠✐♥❛-✐♦♥ ✭❙❡❝-✐♦♥ ✶✳✷✳✸✮✳ ❯♥❧✐❦❡ (♦✉-✐♥❣ ♣(♦-♦❝♦❧,

-❤❡② ❞♦ ♥♦- ❡,-❛❜❧✐,❤ ❛♥② (♦✉-✐♥❣ -❛❜❧❡, ♦( ♥❡-✇♦(❦ ✇✐❞❡ ♣❡(,✐,-❡♥- ✐♥❢♦(♠❛-✐♦♥✱ ❜✉- ✐♥,-❡❛❞

♣(♦♣♦,❡ ,-(❛-❡❣✐❡, -♦ (❡❞✉❝❡ -❤❡ ♦✈❡(❛❧❧ ❞✐,,❡♠✐♥❛-✐♦♥ ♦✈❡(❤❡❛❞✳

❇❛,✐❝❛❧❧②✱ ❜♦-❤✱ (♦✉-✐♥❣ ♣(♦-♦❝♦❧, ♦( ❞✐,,❡♠✐♥❛-✐♦♥ ♣(♦-♦❝♦❧,✱ ❛✐♠ ❛- ,❡❧❡❝-✐♥❣ ♦( ❦❡❡♣✐♥❣ ♦♥❧②

-❤❡ (❡❧❡✈❛♥- ❧✐♥❦, ✐♥ -❤❡ ♥❡-✇♦(❦✳ ❘❡❧❡✈❛♥- ❧✐♥❦, ❝❛♥ ❜❡❡ ,❡❡♥ ❛,✿

• ♦♥❧② -❤❡ ❝✉((❡♥- ❛❝-✐✈❡ ❝♦♠♠✉♥✐❝❛-✐♦♥ ♣❛-❤✱ ❛, ✐♥ (❡❛❝-✐✈❡ (♦✉-✐♥❣ ♣(♦-♦❝♦❧, ✭❋✐❣✉(❡ ✶✳✻❜✮✱
♦(

• ❛ ,✉❜,❡- ♦❢ ♠✐♥✐♠❛❧ ❝♦♥♥❡❝-❡❞ ❧✐♥❦, -♦ (❡❛❝❤ ❛❧❧ -❤❡ ♥♦❞❡, ✐♥ -❤❡ ♥❡-✇♦(❦✱ ❛, ✐♥ ❞✐,,❡♠✐♥❛✲
-✐♦♥ ♣(♦-♦❝♦❧, ♦( ♣(♦❛❝-✐✈❡ (♦✉-✐♥❣ ♣(♦-♦❝♦❧, ✭❋✐❣✉(❡ ✶✳✻❝✮

❚❤❡ ♣(♦❜❧❡♠ ♦❢ ✜♥❞✐♥❣ -❤❡ ♠✐♥✐♠❛❧ ,❡- ♦❢ ❧✐♥❦, ♦( ♥♦❞❡, -♦ (❡❛❝❤ ❛❧❧ -❤❡ ♥♦❞❡, ✐♥ -❤❡ ♥❡-✇♦(❦ ✐,

❛ ✇❡❧❧ ❦♥♦✇♥ ♣(♦❜❧❡♠ ✐♥ ❣(❛♣❤ -❤❡♦(② ❦♥♦✇♥ ❛, ❉♦♠✐♥❛-✐♥❣ ❙❡-, ✭❙❡❝-✐♦♥ ✶✳✷✳✺✮❬❇❧✉♠ ✵✹❪✳

❆♥♦-❤❡( ,-(❛-❡❣② -♦ (❡❞✉❝❡ ❢♦(✇❛(❞✐♥❣ ♥♦❞❡, ✐, -♦ ❛❞❞ ❛ ❤✐❡(❛(❝❤② -♦ -❤❡ ♥❡-✇♦(❦✳ ◆♦❞❡, ❛(❡

❞✐✈✐❞❡❞ ✐♥ ,♠❛❧❧❡( ❣(♦✉♣, ❝❛❧❧❡❞ ❝❧✉,-❡(, ✇✐-❤✱ ✇✐-❤✐♥ ❡❛❝❤ ❝❧✉,-❡(✱ ♦♥❡ ♥♦❞❡ -❤❛- ✐, -❤❡ ❝❡♥-(❛❧

❝♦♥-(♦❧ ❛♥❞ (❡❧❛② ♣♦✐♥- -❤❛- ✐, ❝❛❧❧❡❞ ❛ ❝❧✉,-❡(❤❡❛❞ ✭❙❡❝-✐♦♥ ✶✳✷✳✹✮✳

a) b) c)

Active link

❋✐❣✉(❡ ✶✳✻✿ ❛✮ ❛❞ ❤♦❝ ♥❡-✇♦(❦✳ ❜✮ ♦♥❧② ❛❝-✐✈❡ ❧✐♥❦,✳ ❝✮ ,✉❜,❡- ♦❢ ❧✐♥❦, ❢♦( ❞✐,,❡♠✐♥❛-✐♦♥✳

✶✳✷✳✶ ■♥%&♦❞✉❝%✐♦♥ %♦ &♦✉%✐♥❣ ♣&♦%♦❝♦❧/

❘♦✉-✐♥❣ ♣(♦-♦❝♦❧, ❝♦♥,-(✉❝- -❤❡ ❛❝-✉❛❧ ♥❡-✇♦(❦ ❜② ❞❡-❡(♠✐♥✐♥❣ ♣❛-❤, ❜❡-✇❡❡♥ ♥♦❞❡, -❤❛- ❛(❡

❞✐,-❛♥- -♦ ❡❛❝❤ ♦-❤❡(✳ ❉✐,❝♦✈❡(✐♥❣ ♥❡✐❣❤❜♦(, ✐, ,-(❛✐❣❤-❢♦(✇❛(❞ ,✐♥❝❡ ♥❡✐❣❤❜♦( ♥♦❞❡, ❝❛♥ ❜②

❞❡✜♥✐-✐♦♥ ❝♦♠♠✉♥✐❝❛-❡ ❞✐(❡❝-❧② ✇✐-❤ ❡❛❝❤ ♦-❤❡(✳ ❉✐,❝♦✈❡(✐♥❣ ❞✐,-❛♥- ♥♦❞❡, (❡S✉✐(❡, ❛ ♠❡,,❛❣❡

❡①❝❤❛♥❣❡ ❛♠♦♥❣ ♣❛(-✐❝✐♣❛-✐♥❣ ♥♦❞❡,✳ ❚❤❡ ✜(,- ❣♦❛❧ ♦❢ (♦✉-✐♥❣ ♣(♦-♦❝♦❧, ✐, -♦ ♦❜-❛✐♥ ❛ ♣❛-❤✱

✇❤❡-❤❡( ✐- ✐, ❛ ♣❛(-✐❛❧ ♣❛-❤ ✇❤❡(❡ ♦♥❧② -❤❡ ♥❡①- ❤♦♣ ✐, ❦♥♦✇♥ ♦( ❛ ❢✉❧❧ ♣❛-❤ ✇✐-❤ -❤❡ ❝♦♠♣❧❡-❡

❧✐,- ♦❢ ♥♦❞❡, -♦ ❜❡ -(❛✈❡(,❡❞✳

✶✺
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Node 2 forwarding table 

a) c)

Destination Next Hop Metric Seq. Number

1 1 1 64

2 2 0 42

3 3 1 78

4 3 2 20

5 5 1 12

6 6 2 66

7 7 2 32

8 5 3 80

b)
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3

4

7
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Node 3 on link break detection 

sends out update with odd 

sequence number:

Destination Metric Seq. Number

4 ∞ 21

4
Node 4 sends new update even 

sequence number:

Destination Metric Seq. Number

4 0 22
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• ✉♣❞❛$❡& $❤❡ ❝♦**❡&♣♦♥❞✐♥❣ ❡♥$*② ✐♥ ✐$& *♦✉$✐♥❣ $❛❜❧❡ ✐❢ $❤❡ &❡2✉❡♥❝❡ ♥✉♠❜❡* ♦❢ $❤❡ ❘❘❊◗
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■= ❛❞❞*❡&& ✜❡❧❞ ♦❢ $❤❡ ❘❘❊◗✮✳
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S

D

S

D

RREQ contains:

bcast_id; dest_ip;

dest_seqno; src_ip;

src_seqno; hop_count

Each node records the reverse

path pointing to the node from

which it received the first RREQ
RREQ

Reverse

path

S

D

Destination node sends out an

unicast route reply RREP along

to the next hop pointed by the

reversed path

RREP

Intermediate nodes forward

the unicast RREP along to

the next hop pointed by the

reversed path

S

D

Route to

destination

S

D

Node on an active route

detects link breakage:

Sends out a RREQ with

destination

RREQ

S

D

New route to destination:

Successful local repair

Route to

destination

a) b)

d) e) f)

c)

Route to

destination
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❖♥❝❡ $❤❡ ❘❘❊= *❡❛❝❤❡& $❤❡ ✐♥✐$✐❛❧ &♦✉*❝❡ ♦❢ $❤❡ *♦✉$❡ *❡2✉❡&$ $❤❡ *♦✉$❡ ✐& ❡&$❛❜❧✐&❤❡❞ ❛♥❞
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✈✐❞❡' #❤❡ ♥✉♠❜❡& ♦❢ ♥❡✐❣❤❜♦&' ❛♥❞ #❤❡✐& '#❛❜✐❧✐#② &❡♣&❡'❡♥#❡❞ ❜② #❤❡ ♥✉♠❜❡& ♦❢ ❜❡❛❝♦♥' &❡❝❡✐✈❡❞

'✐♥❝❡ #❤❡ ♥♦❞❡ ❜❡❝❛♠❡ ❛ ❝❧✉'#❡&❤❡❛❞✳ ❚❤✐' ❝❧✉'#❡&✐♥❣ ❛♣♣&♦❛❝❤ ✐' '✐♠✐❧❛& #♦ ◆▲❲❈❆ ✭◆♦❞❡ ❛♥❞

▲✐♥❦ ❲❡✐❣❤#❡❞ ❈❧✉'#❡&✐♥❣ ❆❧❣♦&✐#❤♠✱ ❞❡#❛✐❧❡❞ ✐♥ #❤❡ ♥❡①# '❡❝#✐♦♥✮ ❜✉# ❞♦❡' ♥♦# &❡❧② ♦♥ ❜♦#❤✱ ❛

❧✐♥❦ ✇❡✐❣❤# ❛♥❞ ❛ ♥♦❞❡ ✇❡✐❣❤# ✇❤✐❝❤ ♣&♦✈✐❞❡' ◆▲❲❈❆ ✇✐#❤ ♠♦&❡ ✢❡①✐❜✐❧✐#② ✐♥ #❡&♠' ♦❢ ❝❧✉'#❡&

'❡❧❡❝#✐♦♥✳ ❆♥♦#❤❡& '✐♠✐❧❛&✐#② #♦ ♦✉& ❛♣♣&♦❛❝❤ ✐' #❤❡ ❢♦&✇❛&❞✐♥❣ ♥♦❞❡ '❡❧❡❝#✐♦♥ ✭♥❛♠❡❞ ❣❛#❡✇❛②

✷✶



❈❤❛♣$❡& ✶✳ ■♥$&♦❞✉❝$✐♦♥ $♦ ♠♦❜✐❧❡ ❛❞ ❤♦❝ ♥❡$✇♦&❦5

 ❡❧❡❝$✐♦♥✮✳ ❚❤❡② ♣.❡ ❡♥$ ❛ ♣.♦$♦❝♦❧ ✇❤✐❝❤ ❡♥❛❜❧❡ ♥♦❞❡ $♦ ❜❡  ❡❧❡❝$❡❞ ❛ ❣❛$❡✇❛② $♦ ❜❡ ❛❜❧❡ $♦

.❡❧❛② ♦✉$❣♦✐♥❣ $.❛✣❝ ❢.♦♠ ❛ ❝❧✉ $❡.✳ ❍♦✇❡✈❡. $❤❡  ❡❧❡❝$✐♦♥ .❡:✉✐.❡ ❛ ♠❡  ❛❣❡ ❡①❝❤❛♥❣❡ ✭●❆❚❊✲

❲❆❨❴❈❧❛✐♠ ❛♥❞ ●❆❚❊❲❆❨❴●.❛♥$✮ ✇❤✐❝❤ ❝❛♥ ❡❛ ✐❧② ❧❡❛❞ $♦ ❧♦  ♦❢ ❝♦♥ ✐ $❡♥❝②✳ ❆♥ ✐♠♣♦.$❛♥$

❛ ♣❡❝$ ✐ $❤❛$ ❣❛$❡✇❛② ❛.❡ ♦♥❧②  ❡❧❡❝$❡❞ ❢♦. ♦✉$❣♦✐♥❣ $.❛✣❝✳ ❋♦. ❡①$❡.♥❛❧ ✭✐♥❝♦♠✐♥❣✮ $.❛✣❝ $❤❡②

❡ $❛❜❧✐ ❤ ❛ ❘❛♥❞♦♠ ❆  ❡  ♠❡♥$ ❉❡❧❛② ✭❘❆❉✮ ❢♦. ♥♦❞❡ .❡❝❡✐✈✐♥❣ ❛ ❢♦.❡✐❣♥ ❝❧✉ $❡. ♠❡  ❛❣❡ ❜✉$

♥♦$  ❡❧❡❝$❡❞ ❛ ❣❛$❡✇❛②✳ ❆ ❛ ❝♦♥ ❡:✉❡♥❝❡✱ ✉♥❧❡  $✇♦ ❛❞❥❛❝❡♥$ ❝❧✉ $❡.❤❡❛❞ ❡❧❡❝$❡❞ ✭✐♥❞❡♣❡♥✲

❞❡♥$❧②✮ $✇♦ ❛❞❥❛❝❡♥$ ♥♦❞❡ ❛ ❣❛$❡✇❛②✱ ❡✈❡.②  ✐♥❣❧❡ ♠❡  ❛❣❡ ♣❛  ✐♥❣ ❢.♦♠ ♦♥❡ ❝❧✉ $❡. $♦ $❤❡ ♦$❤❡.

✇✐❧❧ ❜❡ ❞❡❧❛②❡❞ ❜② $❤❡ ❘❆❉✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡.❡♥❝❡ ♦❢ ♦✉. ❛♣♣.♦❛❝❤ ❛.❡ ✭✶✮ ♥♦ ♠❡  ❛❣❡ ❡①❝❤❛♥❣❡

❡①❝❡♣$ $❤❡ ♣❛②❧♦❛❞ ❜.♦❛❞❝❛ $ ✐$ ❡❧❢ ✐ ✉ ❡❞ $♦  ❡❧❡❝$ ❢♦.✇❛.❞✐♥❣ ♥♦❞❡ ❛♥❞ ✭✷✮ ✉♥❧❡  ❢♦. ❡..♦.

.❡❝♦✈❡.② ♥♦ ❛❞❞✐$✐♦♥❛❧ ❞❡❧❛② ✐ ❝❛✉ ❡❞ ❜② ❙▲❙❋✳ ❚❤❡ ❝♦♠♣❛.✐ ♦♥ ✇✐$❤ $❤❡ ♣.♦$♦❝♦❧ ♣.❡ ❡♥$❡❞ ✐♥

❬❋♦.♦ ✵✺❪ ✇✐❧❧ ♥♦$ ❜❡ ❢✉.$❤❡. ✐♥✈❡ $✐❣❛$❡❞  ✐♥❝❡ $♦ ♦✉. ❦♥♦✇❧❡❞❣❡✱ ✇❡ ❧❛❝❦ $❤❡ ❞❡ ❝.✐♣$✐♦♥ ♦❢ ❤♦✇

♣.❡❝✐ ❡❧② $❤❡ ❣❛$❡✇❛②  ❡❧❡❝$✐♦♥ ✐ ❞♦♥❡✳

◆▲❲❈❆ ✕ ◆♦❞❡ ❛♥❞ ▲✐♥❦ ❲❡✐❣❤/❡❞ ❈❧✉2/❡3✐♥❣ ❆❧❣♦3✐/❤♠

◆▲❲❈❆ ❬❆♥❞. ✵✽❜❪ ♦.❣❛♥✐③❡ ❛❞ ❤♦❝ ♥❡$✇♦.❦ ✐♥ ♦♥❡✲❤♦♣ ❝❧✉ $❡. ❜② ✉ ✐♥❣ ♦♥❧② ✐♥❢♦.♠❛$✐♦♥

❛✈❛✐❧❛❜❧❡ ❧♦❝❛❧❧②✳ ❊❛❝❤ ❞❡✈✐❝❡ ❡❧❡❝$ ❡①❛❝$❧② ♦♥❡ ❞❡✈✐❝❡ ❛ ✐$ ❝❧✉ $❡.❤❡❛❞ ✭❈❍✮✳ ❚❤❡ ♠❛✐♥ ❣♦❛❧ ♦❢

◆▲❲❈❆ ✐ $♦ ❛✈♦✐❞  ✉♣❡.✢✉♦✉ .❡✲♦.❣❛♥✐③❛$✐♦♥ ♦❢ $❤❡ ❝❧✉ $❡. ✱ ♣❛.$✐❝✉❧❛.❧② ✇❤❡♥ ❝❧✉ $❡. ❝.♦  

❡❛❝❤ ♦$❤❡.✳ ❚❤✉ ♣.♦✈✐❞✐♥❣ ❛ ❝❡.$❛✐♥  $❛❜✐❧✐$② ✭❋✐❣✉.❡ ✶✳✶✶✮✳

9
2

38

Cluster 1

Cluster 2

1

7

5
4

6

Clusterhead
Slave

❋✐❣✉.❡ ✶✳✶✶✿ ❊①❛♠♣❧❡ ♦❢ $✇♦ ❝❧✉ $❡. ❜✉✐❧$ ❜② ◆▲❲❈❆✳

■♥ ◆▲❲❈❆✱ ❡❛❝❤ ♥♦❞❡ ❤❛ ❛ ♥♦❞❡✲✇❡✐❣❤$ ❛♥❞ ❛ ❧✐♥❦✲✇❡✐❣❤$ ❛  ✐❣♥❡❞ $♦ ❡❛❝❤ ❧✐♥❦ ❝♦♥♥❡❝$❡❞

$♦ ❛ ♦♥❡✲❤♦♣ ♥❡$✇♦.❦ ♥❡✐❣❤❜♦. ♥♦❞❡✳ ❚❤✐ ❧✐♥❦✲✇❡✐❣❤$ ✐ ✉ ❡❞ $♦ ❦❡❡♣ $.❛❝❦ ♦❢ $❤❡ ❝♦♥♥❡❝$✐♦♥

 $❛❜✐❧✐$② ♦❢ $❤❡ ♦♥❡✲❤♦♣ ♥❡$✇♦.❦ ♥❡✐❣❤❜♦. ✳ ❲❤❡♥ ❛ ❧✐♥❦ ✇❡✐❣❤$ .❡❛❝❤❡ ❛ ❣✐✈❡♥  $❛❜✐❧✐$② $❤.❡ ❤♦❧❞

✐$ ✐ ❝♦♥ ✐❞❡.❡❞  $❛❜❧❡ ❛♥❞ $❤❡ ❞❡✈✐❝❡ ✐ ❝❛❧❧❡❞  $❛❜❧❡ ♥❡✐❣❤❜♦. ❞❡✈✐❝❡✳ ❚❤❡ ❝❧✉ $❡.❤❡❛❞✱ ❡❧❡❝$❡❞

♦♥❧② ❢.♦♠ $❤❡  ❡$ ♦❢  $❛❜❧❡ ♥❡✐❣❤❜♦. ✱ ✐ $❤❡ ♥♦❞❡ ✇✐$❤ $❤❡ ❤✐❣❤❡ $ ♥♦❞❡✲✇❡✐❣❤$ ✭◆♦$❡✿ ♥♦❞❡ ❡❧❡❝$

$❤❡♠ ❡❧✈❡ ❛ ❝❧✉ $❡.❤❡❛❞ ✐❢ $❤❡✐. ♥♦❞❡✲✇❡✐❣❤$ ✐ $❤❡ ❤✐❣❤❡ $✮✳ ❚❤✐ ❛✈♦✐❞ $❤❡ .❡✲♦.❣❛♥✐③❛$✐♦♥ ♦❢

$❤❡ $♦♣♦❧♦❣② ✇❤❡♥ $✇♦ ❝❧✉ $❡. ❛.❡ ❝.♦  ✐♥❣ ❢♦. ❛  ❤♦.$ ♣❡.✐♦❞ ♦❢ $✐♠❡ ✭❋✐❣✉.❡ ✶✳✶✷✮✳

◆♦❞❡ ❛♥❞ ▲✐♥❦ ✇❡✐❣❤/2✿ ◆▲❲❈❆ ❤❛ $✇♦  ♦.$ ♦❢ ✇❡✐❣❤$ ✿

• ❚❤❡ ♥♦❞❡ ✇❡✐❣❤$✱ $❤❛$ ✐ ❛  ✐♠♣❧❡ ♥✉♠❡.✐❝❛❧ ✇❡✐❣❤$ .❡♣.❡ ❡♥$✐♥❣ ❛ ♥♦❞❡✳ ■♥ ❬❆♥❞. ✵✽❜❪✱

$❤❡ ♥♦❞❡ ✇❡✐❣❤$ ✐ .❡ ✉❧$✐♥❣ ❢.♦♠ ❛ ❢♦.♠✉❧❛ $❛❦✐♥❣ ❛ ✐♥♣✉$ $❤❡  ✐❣♥❛❧  $.❡♥❣$❤ ❛♥❞ $❤❡

♣♦✇❡. ❧❡✈❡❧ ♦❢ $❤❡ ♥♦❞❡✳ ❍♦✇❡✈❡.✱ $❤❡ ♥♦❞❡ ✇❡✐❣❤$ ❝♦✉❧❞ ❛❧ ♦ ✐♥❝❧✉❞❡ ♠✉❝❤ ♠♦.❡

♣❛.❛♠❡$❡. ♦. ❛  ✐♥❣❧❡ ♦♥❡✳ ❚❤❡ ❝❛❧❝✉❧❛$✐♦♥ ❞❡♣❡♥❞ ♦♥ $❤❡ ❝♦♥$❡①$ ♦❢ $❤❡ ♥♦❞❡ ❛♥❞

$❤❡ ♣.♦$♦❝♦❧ ✉ ❛❣❡  ❝❡♥❛.✐♦✳

• ❚❤❡ ❧✐♥❦ ✇❡✐❣❤$✱ .❡♣.❡ ❡♥$ $❤❡ ❞✉.❛$✐♦♥ ❛ ❧✐♥❦ ✐ ❛❝$✐✈❡✳ ❊❛❝❤ ♥♦❞❡ ❛  ✐❣♥ $♦ ❡❛❝❤ ♦❢

✐$ ❡①$❡.♥❛❧ ❧✐♥❦ ❛ ✇❡✐❣❤$ $♦ ❦❡❡♣ $.❛❝❦ ♦❢ $❤❡ ❧✐♥❦  $❛❜✐❧✐$②✳
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Clusterhead 

Address
Weight

Clusterhead 

Address

[Nearby Clusthead Address (Corresponding 

Hop Count); … ]
Weight

  

NLWCA part WCPD part



❈❤❛♣$❡& ✶✳ ■♥$&♦❞✉❝$✐♦♥ $♦ ♠♦❜✐❧❡ ❛❞ ❤♦❝ ♥❡$✇♦&❦5

A

C

B

S

Broadcast

Cluster link

Unicast

Inter-cluster link

❋✐❣✉$❡ ✶✳✶✺✿ ❲❈,❉ ♠❡//❛❣❡ ❞✐//❡♠✐♥❛3✐♦♥ 3❤$♦✉❣❤ ❛ ♥❡3✇♦$❦✳

✶✳✷✳✺ ❉♦♠✐♥❛*✐♥❣ ❙❡*.

❆♥♦3❤❡$ ✇❛② 3♦ $❡♣$❡/❡♥3 ❛♥ ❛❞ ❤♦❝ ♥❡3✇♦$❦ ✐/ ✉/✐♥❣ ❣$❛♣❤/✳ ❆♥ ❛❞ ❤♦❝ ♥❡3✇♦$❦ ✐/ 3❤❡$❡

$❡♣$❡/❡♥3❡❞ ❜② ❛ ❣$❛♣❤ G = (V,E) ✇❤❡$❡ V ✭❱❡$3✐❝❡/✮ $❡♣$❡/❡♥3/ 3❤❡ /❡3 ♦❢ ❛❞ ❤♦❝ ♥♦❞❡/ ❛♥❞ E
✭❊❞❣❡/✮ 3❤❡ /❡3 ❧✐♥❦/✳ ❙♦ e = {u, v} ♠❡❛♥/ 3❤❛3 u ❛♥❞ v ❛$❡ ✐♥ ✇✐$❡❧❡// ❝♦♠♠✉♥✐❝❛3✐♦♥ $❛♥❣❡ ♦❢
❡❛❝❤ ♦3❤❡$✱ /♦ e ✐/ ❛ ✉♥❞✐$❡❝3❡❞ ❧✐♥❦ ❜❡3✇❡❡♥ u ❛♥❞ v✳ G ✐/ 3❤❡$❡❢♦$❡ ❛♥ ✉♥❞✐$❡❝3❡❞ ❣$❛♣❤✳ ❯/✐♥❣

3❤✐/ $❡♣$❡/❡♥3❛3✐♦♥✱ ❛ ❞♦♠✐♥❛3✐♥❣ /❡3 D ⊆ V ✐/ 3❤❡ /✉❜/❡3 ♦❢ ♥♦❞❡/ ✐♥ 3❤❡ /❡3 V 3❤❛3 ❞♦♠✐♥❛3❡/

❛❧❧ 3❤❡ ♥♦❞❡/ ♦❢ 3❤❡ ❣$❛♣❤✳ ■♥ ♦3❤❡$ ✇♦$❞/✱ ❛❧❧ 3❤❡ ♥♦❞❡/ ♥♦3 ✐♥ 3❤❡ ❞♦♠✐♥❛3✐♥❣ /❡3 D ❤❛✈❡ ❛3

❧❡❛/3 ♦♥❡ ❛❞❥❛❝❡♥3 ♥♦❞❡ 3❤❛3 ✐/ ✐♥ 3❤❡ ❞♦♠✐♥❛3✐♥❣ /❡3 D ✭❋✐❣✉$❡ ✶✳✶✻✮✳

a) b) c)

❋✐❣✉$❡ ✶✳✶✻✿ ❉♦♠✐♥❛/✐♥❣ 0❡/0 ✭$❡❞ ♥♦❞❡0✮✳

❆ ❞♦♠✐♥❛/✐♥❣ 0❡/ ✐♥ ❛♥ ❛❞ ❤♦❝ ♥❡/✇♦$❦ /❤✉0 $❡♣$❡0❡♥/0 ❛ 0♣❡❝✐✜❝ 0❡/ ♦❢ ♥♦❞❡0 /❤❛/ ❛$❡ ❛❜❧❡ /♦

$❡❛❝❤ ❛❧❧ /❤❡ ♥♦❞❡0 ♦❢ /❤❡ ♥❡/✇♦$❦ ✇✐/❤ ♦♥❡ ❜$♦❛❞❝❛0/✳ ❚❤♦0❡ ✐♥❥❡❝/✐♦♥ ♣♦✐♥/0 ❛$❡ ✈❡$② ✉0❡❢✉❧ /♦

❡✣❝✐❡♥/❧② ❛♥❞ $❛♣✐❞❧② 0♣$❡❛❞ ✐♥❢♦$♠❛/✐♦♥✳ ❍♦✇❡✈❡$✱ ♠♦0/ ♦❢ /❤❡ /✐♠❡ ✐/ ✐0 ♥♦/ ♣♦00✐❜❧❡ /♦ ❤❛✈❡

0❡✈❡$❛❧ ✐♥❥❡❝/✐♦♥ ♣♦✐♥/0✳ ❚❤✉0✱ /❤❡ ❞♦♠✐♥❛/✐♥❣ ♥♦❞❡0 ❛❞❞✐/✐♦♥❛❧❧② ♥❡❡❞ /♦ ❜❡ ✐♥/❡$❝♦♥♥❡❝/❡❞

/♦❣❡/❤❡$ /♦ ❜❡ ❛❜❧❡ /♦ 0♣$❡❛❞ ✐♥❢♦$♠❛/✐♦♥ /❤$♦✉❣❤♦✉/ /❤❡ ♥❡/✇♦$❦ ✇✐/❤ ♦♥❡ 0✐♥❣❧❡ ✐♥❥❡❝/✐♦♥

♣♦✐♥/✳ ❈♦♥♥❡❝%❡❞ ❞♦♠✐♥❛%✐♥❣ +❡%+ ✭❈❉❙✮ ✐0 /❤❡ $❡♣$❡0❡♥/❛/✐♦♥ ♦❢ /❤✐0 ♥❡❡❞ ♦❢ ✐♥/❡$❝♦♥♥❡❝/✐♦♥

❜❡/✇❡❡♥ ❞♦♠✐♥❛/✐♥❣ ♥♦❞❡0✳ ❈❉❙ ❤❛✈❡ /❤❡ 0❛♠❡ ❜❛0✐❝ $✉❧❡ ❛0 ❛ ♥♦$♠❛❧ ❞♦♠✐♥❛/✐♥❣ 0❡/✱ ❜✉/ ✇✐/❤

❛♥ ❛❞❞✐/✐♦♥❛❧ ❝♦♥0/$❛✐♥/ /❤❛/ ❛♥② ♥♦❞❡ ✐♥ D ❝❛♥ $❡❛❝❤ ❛♥② ♦/❤❡$ ♥♦❞❡ ✐♥ D ❜② ❛ ❧✐♥❦ /❤❛/ 0/❛②0

❡♥/✐$❡❧② ✇✐/❤✐♥ D✳ ❚❤✉0✱ D ❜❡❝♦♠❡0 ❛ ❝♦♥♥❡❝/❡❞ 0✉❜❣$❛♣❤ ♦❢ G✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❈❉❙ ✐0 ❋✐❣✉$❡
✶✳✶✻❜✱ ❜♦/❤ ❞♦♠✐♥❛/✐♥❣ ♥♦❞❡0 ❝❛♥ ❝♦♠♠✉♥✐❝❛/❡ ❞✐$❡❝/❧② ✇✐/❤♦✉/ ♣❛00✐♥❣ /❤$♦✉❣❤ ❛♥♦/❤❡$ ♥♦♥✲

✷✹
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♥♦❞❡5 ❜② ✉5✐♥❣ ♦♥❧② ♦♥❡ ✐♥❥❡❝&✐♦♥ ♣♦✐♥& ❛5 ♦♣♣♦5❡❞ &♦ 5✐♠♣❧❡ ❞♦♠✐♥❛&✐♥❣ 5❡&5 ✇❤❡-❡ ♠✉❧&✐♣❧❡

✐♥❥❡❝&✐♦♥ ♣♦✐♥&5 ❛-❡ ♥❡❝❡55❛-②✳

❈❧✉5&❡-✐♥❣ &❡❝❤♥✐C✉❡5 ❛-❡ ❝❧♦5❡❧② -❡❧❛&❡❞ &♦ ❞♦♠✐♥❛&✐♥❣ 5❡&5✳ ❋♦- ❡①❛♠♣❧❡ ❛ ♦♥❡✲❤♦♣ ❝❧✉5&❡-✐♥❣

❛❧❣♦-✐&❤♠ ✭✐✳❡✳ ◆▲❲❈❆✮ ❜✉✐❧❞5 ❛ 5&-✉❝&✉-❡ ❝♦--❡5♣♦♥❞✐♥❣ &♦ ❛ ❞♦♠✐♥❛&✐♥❣ 5❡&✳ ■♥ ♦♥❡✲❤♦♣

❝❧✉5&❡-✐♥❣ ❛❧❣♦-✐&❤♠✱ ❛ ♥♦❞❡ ✐5 ❡✐&❤❡- ❛ ❝❧✉5&❡-❤❡❛❞ ♦- ❝♦✈❡-❡❞ ❜② ❛& ❧❡❛5& ♦♥❡ ❝❧✉5&❡-❤❡❛❞ ✇❤✐❧❡

✐♥ ❛ ❞♦♠✐♥❛&✐♥❣ 5❡& ❡❛❝❤ ♥♦❞❡ ♥♦& ✐♥ &❤❡ ❞♦♠✐♥❛&✐♥❣ 5❡& ✐5 ❞♦♠✐♥❛&❡❞ ❜② ❛& ❧❡❛5& ♦♥❡ ❞♦♠✐♥❛&♦-✳

❚❤✉5 ❛ ❝❧✉5&❡-❤❡❛❞ ❝♦--❡5♣♦♥❞5 &♦ ❛ ❞♦♠✐♥❛&♦- ❛♥❞ ❛ 5❧❛✈❡ ♥♦❞❡ ✐5 ❛ ❞♦♠✐♥❛&❡❞ ♥♦❞❡✳

❆♥ ❡①&❡♥5✐✈❡ 5✉-✈❡② ♦♥ ❈❉❙ ✐♥ ❛❞ ❤♦❝ ❛♥❞ 5❡♥5♦- ♥❡&✇♦-❦5 ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬❇❧✉♠ ✵✹❪✳ ❚❤❡

❛✉&❤♦-5 ❞❡5❝-✐❜❡ ❝❡♥&-❛❧✐③❡❞ ❛♥❞ ❞✐5&-✐❜✉&❡❞ ❛❧❣♦-✐&❤♠5✳ ❈❡♥&-❛❧✐③❡❞ ❛❧❣♦-✐&❤♠5 &❛❦❡ ❛❞✈❛♥&❛❣❡

♦❢ &❤❡✐- ❣❧♦❜❛❧ ❦♥♦✇❧❡❞❣❡ ❛❜♦✉& &❤❡ ❣-❛♣❤ &♦ ♦♣&✐♠✐③❡ &❤❡ ❈❉❙ ❝♦♥5&-✉❝&✐♦♥✳ ❚♦ ❝♦♣❡ ✇✐&❤ &❤❡

❛❞ ❤♦❝ ♥❡&✇♦-❦ ♣❛-❛❞✐❣♠✱ &❤❡♦-❡&✐❝❛❧❧② ❝❡♥&-❛❧✐③❡❞ 5♦❧✉&✐♦♥5 ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥&❡❞ ✐♥ ❛ ❞✐5&-✐❜✉&❡❞

❢❛5❤✐♦♥✱ ❜✉& ✇✐&❤ ❛ ❤✐❣❤❡- ❝♦♠♠✉♥✐❝❛&✐♦♥ ♦✈❡-❤❡❛❞✳ ❚❤❡-❡❢♦-❡ ❞✐5&-✐❜✉&❡❞ &❡❝❤♥✐C✉❡5 ♣-♦♣♦5❡

&♦ -❡❞✉❝❡ &❤❡ ♦✈❡-❤❡❛❞ ✇✐&❤♦✉& 5&-♦♥❣❧② ✐♠♣❛❝&✐♥❣ &❤❡ -❡5✉❧&✐♥❣ ❈❉❙✳ ■♥ &❤❡ ❝♦♥&❡①& ♦❢ ❛❞ ❤♦❝

♥❡&✇♦-❦5 ❛♥❞ ❞✐5&-✐❜✉&❡❞ ❛❧❣♦-✐&❤♠5 ❛ &-❛❞❡♦✛ ❜❡&✇❡❡♥ ❝♦♠♣❧❡①✐&② ✭❝♦♠♣✉&✐♥❣ &✐♠❡✮✱ -✉♥♥✐♥❣

&✐♠❡ ✭❝♦♥✈❡-❣✐♥❣ &✐♠❡✮✱ 5&❛❜✐❧✐&② ✭✇✐&❤ -❡5♣❡❝& &♦ ♥♦❞❛❧ ♠♦✈❡♠❡♥&✮ ❛♥❞ ❝♦♠♠✉♥✐❝❛&✐♦♥ ♦✈❡-❤❡❛❞

✭♠❡55❛❣❡ ❡①❝❤❛♥❣❡✮ ✐5 ♥❡❝❡55❛-②✳

❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❝♦♠♣❧❡&❡❧② ❧♦❝❛❧✐③❡❞ ❈❉❙ ❝♦♥5&-✉❝&✐♦♥ ❛❧❣♦-✐&❤♠ ✐5 ❣✐✈❡♥ ✐♥ ❲✉ ❡* ❛❧✳
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♥♦❞❡5✳ ❚❤❡-❡❢♦-❡ &❤❡ 5❡& ✐5 ♣♦5&✲♣-♦❝❡55❡❞ ✇✐&❤ ❛ ❣❡♥❡-❛❧ ♣-✉♥✐♥❣ -✉❧❡✿ ❛ ♥♦❞❡ u ❝❛♥ ❜❡ &❛❦❡♥ ♦✉&
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❛❝$✐✈❡ ❞✐(❝♦✈❡!② ✐( ♦❢$❡♥ $♦♦ ✐♥✈❛(✐✈❡ (✐♥❝❡ ❡✈❡!② ♥♦❞❡ ✐♥ $❤❡ ♥❡$✇♦!❦ ❝❛♥ !❡<✉❡($ (❡!✈✐❝❡(✳

❆♥♦$❤❡! ❞✐✛❡!❡♥$✐❛$✐♦♥ ♦❢ (❡!✈✐❝❡ ❞✐(❝♦✈❡!② ♣!♦$♦❝♦❧( ❛!❡ $❤❡ ✉(❡ ♦! ♥♦$ ♦❢ "❡'✈✐❝❡ ❞✐'❡❝✲

.♦'✐❡"✳ ❙❡!✈✐❝❡ ❞✐!❡❝$♦!✐❡( ❛!❡ ♥♦❞❡( $❤❛$ ♣❧❛② $❤❡ !♦❧❡ ♦❢ ✐♥$❡!♠❡❞✐❛!② ❛♥❞ ❡❛(❡ $❤❡ ❧♦❛❞ ♦❢

♥❡✐❣❤❜♦!✐♥❣ ♥♦❞❡(✳ ❚❤♦(❡ ❞✐!❡❝$♦!② ♥♦❞❡( ($♦!❡✱ ❢♦!✇❛!❞ ❛♥❞ !❡(♣♦♥❞ $♦ ✐♥❝♦♠✐♥❣ <✉❡!✐❡( ❢!♦♠
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❙❡*✈✐❝❡ ▲♦❝❛+✐♦♥ =*♦+♦❝♦❧ ❬❱❡✐③ ✾✼❪ ✉'❡' +❤❡ ❯❘▲ ✭❯♥✐❢♦*♠ ❘❡'♦✉*❝❡ ▲♦❝❛+♦*✮ '❝❤❡♠❡ +♦ ❧♦✲
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+♦ ❉✐*❡❝+♦*② ❆❣❡♥+' ✇❤✐❝❤ *❡'♣♦♥❞ ❛❝❝♦*❞✐♥❣❧② ✇✐+❤ +❤❡ ❝♦**❡'♣♦♥❞✐♥❣ '❡*✈✐❝❡ ❯❘▲'✳

✷✳✸✳✷ ❯&♥&

❯♥✐✈❡*'❛❧ =❧✉❣ ❛♥❞ =❧❛② ❬❯=♥=❪❬❯=♥= ❞♦❝❪✱ ❞❡✈❡❧♦♣❡❞ ❜② ▼✐❝*♦'♦❢+ ❛♥❞ ■❇▼ ❡①+❡♥❞' +❤❡ ❝♦♥✲
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❛''✐❣♥♠❡♥+ ♦❢ ❛♥ ■= ❛❞❞*❡''✱ +❤❡ ❉◆❙ ❢✉♥❝+✐♦♥❛❧✐+✐❡' ✭❡✳❣✳ ♥❛♠❡ *❡'♦❧✉+✐♦♥✮ ✇✐+❤♦✉+ ❛♥② ❝❡♥+*❛❧

'❡*✈❡* ✭♠❉◆❙✮ ❬❈❤❡' ✶✶❪ ❛♥❞ +❤❡ ❛✉+♦♠❛+✐❝ ❞✐'❝♦✈❡*② ♦❢ '❡*✈✐❝❡' ❛✈❛✐❧❛❜❧❡ ✐♥ +❤❡ ♥❡+✇♦*❦ ✭❉◆❙✲

❙❉✮ ❬❈❤❡' ✵✻❪✳ ❩❡*♦❝♦♥❢ ♠❡''❛❣❡ ❢♦*♠❛+' ❛*❡ '✐♠✐❧❛* ✭❡✈❡♥ ❝♦♠♣❧✐❛♥+✮ +♦ '+❛♥❞❛*❞ ❉◆❙ ♠❡''❛❣❡'

❛♥❞ ❛*❡ ❞❡❧✐✈❡*❡❞ ✉'✐♥❣ ♠✉❧+✐❝❛'+ ❛❞❞*❡'' ❛''✐❣♥❡❞ ❜② +❤❡ ■❆◆❆ ✭✷✷✹✳✵✳✵✳✷✺✶ ❢♦* ■=✈✹ ❛♥❞ ✛✵✷✿✿❢❜

❢♦* ■=✈✻ ❧✐♥❦✲❧♦❝❛❧ ❛❞❞*❡''✐♥❣✮✳
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✶✸
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❡❛❝❤ ❦❡②❂✈❛❧✉❡ ♦) ♦♥❧② ❦❡② ✭✐♥ ❝❛/❡ ♦❢ ❛ ❜♦♦❧❡❛♥✮ ✐/ ♣)❡❝❡❞❡❞ ❜② -❤❡ ❧❡♥❣-❤ ✐♥ ❜②-❡/ ♦❢ -❤❡ /-)✐♥❣✳ ❋♦) ❡①❛♠♣❧❡

♦♥ ❋✐❣✉)❡ ✷✳✹ ✧♣❛♣❡)❂❆✹✧ ✐/ ♣)❡❝❡❞❡❞ ❜② ✵①✵✽ /✐♥❝❡ ⑤♣⑤❛⑤♣⑤❡⑤)⑤❂⑤❆⑤✹⑤ ✐/ ✽ ❜②-❡/ ❧♦♥❣✱ ✇❤❡)❡ ❡❛❝❤ ❜②-❡ ❝♦♥-❛✐♥/

-❤❡ ❆❙❈■■ ✭♦) ❯❚❋✲✽✮ ❝♦❞❡/ ❢♦) -❤❡ ✐♥❞✐❝❛-❡❞ ❝❤❛)❛❝-❡) ✭❡✳❣✳ ✧♣✧ ✐/ ✵①✼✵ ✐♥ ❆❙❈■■ ❝♦❞❡✮

SRV ColorPrinterB41,First floor building B 3600printerB41.local.:631in-unique

Record 

Type

._ipp_tcp.local.

Record 

status

Service instance name Service type TTL Domain 

(hostname)

Port

       

❋✐❣✉+❡ ✷✳✷✿ ❙❘❱ +❡❝♦+❞ ❡①❛♠♣❧❡✳

✸✷



✷✳✸✳ ❙❡%✈✐❝❡ ❞✐*❝♦✈❡%② ✐♥ ✇✐%❡❞ ♥❡/✇♦%❦*

PTR ColorPrinterB41,First floor building B._ipp_tcp.local.3600in

Record 

Type

._ipp_tcp.local.

Record 

status

Full Service instance nameService type TTL

     

❋✐❣✉$❡ ✷✳✸✿ *❚❘ $❡❝♦$❞ ❡①❛♠♣❧❡✳

TXT ColorPrinterB41,First floor building B 3600|0x08|paper=A4|0x0B|has stapler|in-unique

Record 

Type

._ipp_tcp.local.

Record 

status

Service instance name Service type TTL TXT data

(|length of the data | key{=value}|)

      

❋✐❣✉$❡ ✷✳✹✿ ❚❳❚ $❡❝♦$❞ ❡①❛♠♣❧❡✳
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H✉❡$✐❡9 ❝♦♥8❛✐♥ ❛ ❑♥♦✇♥ ❆♥9✇❡$9 ❧✐98 ❛99♦❝✐❛8❡❞ ✇✐8❤ ❛ ❚❚▲✳ ❆ $❡9♣♦♥❞❡$ ❞♦❡9 ♥♦8 $❡9♣♦♥❞ 8♦
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8❤❡ ❝♦$$❡❝8 ✈❛❧✉❡✳ ❑♥♦✇✐♥❣ 8❤✐9✱ ❛ 9❡♥❞❡$ ♦❢ ❛ H✉❡$② ❞♦❡9 ♥♦8 ✐♥❝❧✉❞❡ ❛♥② ❑♥♦✇♥ ❆♥9✇❡$ 8❤❛8

❤❛9 ❛ ❚❚▲ 9♠❛❧❧❡$ 8❤❛♥ ❤❛❧❢ 8❤❡ ❝♦$$❡❝8 ✈❛❧✉❡
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8$❛♥9♠✐8 ✐89 $❡❞✉♥❞❛♥8 $❡9♣♦♥9❡✳

❆♥♦8❤❡$ ❡♥❤❛♥❝❡♠❡♥8✱ 9✐♠✐❧❛$ 8♦ ❤❛✈✐♥❣ ♥❛♠❡9 8❤❛8 ❝❤❛♥❣❡ ❧❡99 ❢$❡H✉❡♥8❧② 8❤❛♥ ■* ❛❞❞$❡99❡9✱
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❛❞❛♣+❡❞ +♦ +❤❡ ✉'❡"✬' ♣"❡❢❡"❡♥❝❡' ♦" ❞❡✈✐❝❡✬' ❝❛♣❛❜✐❧✐+✐❡'✳

❆❧❧✐❛ "❡♠♦✈❡' ❧❡❛❞❡" ❡❧❡❝+✐♦♥ ❛♥❞ ♦+❤❡" ♣"♦❜❧❡♠' ❛''♦❝✐❛+❡❞ ✇✐+❤ '+"✉❝+✉"❡❞ ❝♦♠♣♦✉♥❞ ✐♥✲

❢♦"♠❛+✐♦♥✳ ❊✈❡"② ❞❡✈✐❝❡ ✐' '❡❧❢✲'✉✣❝✐❡♥+✳ ■♥ ❛❞❞✐+✐♦♥✱ ❞❡✈✐❝❡' ✇✐+❤ ❧✐♠✐+❡❞ ❝❛♣❛❜✐❧✐+✐❡' ❝❛♥ "✉♥ ❛

❧✐❣❤+✇❡✐❣❤+ ✈❡"'✐♦♥ ♦❢ +❤❡ ❆❧❧✐❛ ♣"♦+♦❝♦❧ ♣"♦✈✐❞✐♥❣ ♠✐♥✐♠❛❧ ❢✉♥❝+✐♦♥❛❧✐+✐❡' +♦ '+❛② ✐♥❞❡♣❡♥❞❡♥+✱

"✉♥♥✐♥❣ ♦♥❧② ♦♥❡ ❛❣❡♥+ +♦ "✉♥ +❤❡ ♣❧❛+❢♦"♠ ■+ ✐' ❝♦♠♣♦'❡❞ ♦❢ ❛ ❧✐❣❤+✇❡✐❣❤+ ②❡❧❧♦✇ ♣❛❣❡ '❡"✈✐❝❡

+❤❛+ "❡❣✐'+❡"' '❡"✈✐❝❡' ♦♥ +❤❡ ❧♦❝❛❧ ❞❡✈✐❝❡ ❛♥❞ ❛ ❧✐❣❤+✇❡✐❣❤+ ✇❤✐+❡ ♣❛❣❡' +❤❛+ "❡❣✐'+❡"' ❛❣❡♥+' ♦♥

+❤❡ ❧♦❝❛❧ ❞❡✈✐❝❡✳

✶✻

❊❛❝❤ ❞❡✈✐❝❡ ❤❛( ❛ ♣♦❧✐❝② -❤❛- .❡✢❡❝-( -❤❡ ❞❡✈✐❝❡ ❝❛♣❛❜✐❧✐-✐❡(✱ ✉(❡. ♣.❡❢❡.❡♥❝❡(✱ ❛♣♣❧✐❝❛-✐♦♥ (♣❡❝✐✜❝ (❡--✐♥❣(✱

❡-❝✳

✸✹



✷✳✹✳ ❙❡%✈✐❝❡ ❞✐*❝♦✈❡%② ✐♥ ❛❞ ❤♦❝ ♥❡0✇♦%❦*

✷✳✹✳✸ ❙❡&✈✐❝❡ ❞✐+❝♦✈❡&② ♦✈❡& ❖▲❙❘

❙❡✈❡#❛❧ &❡#✈✐❝❡ ❞✐&❝♦✈❡#② ♣#♦-♦❝♦❧& #❡❧② ❢♦# -❤❡ -#❛♥&♣♦#- ♦❢ -❤❡✐# ♠❡&&❛❣❡ ♦♥ ❛♥ ✉♥❞❡#❧②✐♥❣

#♦✉-✐♥❣ ♣#♦-♦❝♦❧✳ ■♥ ❬❏♦❞# ✵✻❪ ❛♥❞ ❬▲✐ ✵✺❪ ❛✉-❤♦#& ✉&❡ -❤❡ ❖▲❙❘ #♦✉-✐♥❣ ♣#♦-♦❝♦❧ -♦ -#❛♥&♣♦#-

-❤❡✐# ♠❡&&❛❣❡& ❜② ♣✐❣❣②✲❜❛❝❦✐♥❣ -❤❡♠ ✐♥-♦ ❖▲❙❘ ♠❡&&❛❣❡&✳ ❇♦-❤ ♣❛♣❡#& ♣#♦♣♦&❡ -♦ ✐♥&❡#- ❛ ♥❡✇

♠❡&&❛❣❡ -②♣❡ ✐♥ ❖▲❙❘ ❝♦♥-❛✐♥✐♥❣ &❡#✈✐❝❡ ✐♥❢♦#♠❛-✐♦♥ -❤❛- ❝❛♥ ❜❡♥❡✜- ♦❢ -❤❡ ▼F❘ ♠❡❝❤❛♥✐&♠

-♦ ❡✣❝✐❡♥-❧② ✢♦♦❞ -❤❡ ♥❡-✇♦#❦✳

✷✳✹✳✹ ❙❡&✈✐❝❡ ❞✐+❝♦✈❡&② ✉+✐♥❣ ❛ ✜❡❧❞ 7❤❡♦&❡7✐❝ ❛♣♣&♦❛❝❤

■♥ ❬▲❡♥❞ ✵✺❪ ❛✉-❤♦#& ✉&❡ ❛♥ ❛♣♣#♦❛❝❤ ✉&✐♥❣ -❤❡ ❛♥❛❧♦❣② ♦❢ ❛♥ ❡❧❡❝-#♦&-❛-✐❝ ✜❡❧❞✳ ❚❤❡ &❡#✈✐❝❡ ❛#❡

♠♦❞❡❧❡❞ ❜② ❛ ✧♣♦&✐-✐✈❡✧ ♣♦✐♥- ♦❢ ❝❤❛#❣❡ ❛♥❞ &❡#✈✐❝❡ #❡K✉❡&- ♣❛❝❦❡-& #❡♣#❡&❡♥- ✧♥❡❣❛-✐✈❡✧ -❡&-

❝❤❛#❣❡& ❛--#❛❝-❡❞ ❜② -❤❡ ♣♦&✐-✐✈❡ &❡#✈✐❝❡ ❝❤❛#❣❡&✳ ◆♦❞❡& ✐♥ -❤❡ ♥❡-✇♦#❦ ❝❛❧❝✉❧❛-❡ ❛ ♣♦-❡♥-✐❛❧

✈❛❧✉❡ ❛♥❞ #♦✉-❡ #❡K✉❡&- ♣❛❝❦❡-& (−) -♦✇❛#❞& -❤❡✐# ♥❡✐❣❤❜♦# ✇✐-❤ -❤❡ ❤✐❣❤❡&- ♣♦-❡♥-✐❛❧✱ ❤❡♥❝❡

-❤❡ &❡#✈✐❝❡& (+) ✭❋✐❣✉#❡ ✷✳✺✮✳ ◆♦❞❡& ❤♦&-✐♥❣ &❡#✈✐❝❡✭&✮ ❛♥♥♦✉♥❝❡ -❤❡✐# &❡#✈✐❝❡✭&✮ ✐♥ -❤❡ ♥❡-✇♦#❦

❜② ✢♦♦❞✐♥❣ -❤❡ ♥❡-✇♦#❦✳ ❚♦ #❡❞✉❝❡ -❤❡ ♦✈❡#❤❡❛❞ ♦❢ -❤✐& ✢♦♦❞✐♥❣✱ ❛✉-❤♦#& ✉&❡ ❛ ❝❛❝❤✐♥❣ ❛♥❞

❛❣❣#❡❣❛-✐♦♥ ♠❡❝❤❛♥✐&♠ -❤❛- ❣#♦✉♣& ❛♥♥♦✉♥❝❡& ❝♦♠✐♥❣ ✐♥ ♦♥ ❛ ❝❡#-❛✐♥ ♣❡#✐♦❞ ♦❢ -✐♠❡ ✐♥-♦ ♦♥❡

❛❣❣#❡❣❛-❡❞ ♠❡&&❛❣❡✳ ❙✐♥❝❡ ✐- ✇❛& ♥♦- -❤❡ ♠❛✐♥ ❣♦❛❧ ♦❢ -❤✐& ✇♦#❦✱ ❛✉-❤♦#& ❞✐❞ ♥♦- -#② -♦ ✉&❡ ♠♦#❡

♦♣-✐♠✐③❡❞ ❛♣♣#♦❛❝❤❡&✳

Potential

Q Q

query

Service ServiceClient

❋✐❣✉$❡ ✷✳✺✿ ❙❡$✈✐❝❡ ❞✐.❝♦✈❡$② ✇✐2❤ ♣♦2❡♥2✐❛❧. ✲ ✜❡❧❞ ❛♣♣$♦❛❝❤✳

❙❝❛❧❛❜❧❡ ❙❡&✈✐❝❡ ❉✐*❝♦✈❡&② ❢♦& ▼❆◆❊❚✿ ❬❙❛✐❧ ✵✺❪ ✐. ❛ ❞✐.2$✐❜✉2❡❞ ❝❡♥2$❛❧✲❞✐$❡❝2♦$✐❡. ❞✐.✲

❝♦✈❡$② ❛$❝❤✐2❡❝2✉$❡✳ ❉✐$❡❝2♦$✐❡. ❛$❡ $❡.♣♦♥.✐❜❧❡ ❢♦$ ❝❛❝❤✐♥❣ 2❤❡ .❡$✈✐❝❡ ❞❡.❝$✐♣2✐♦♥.✱ ❛❞✈❡$2✐.✐♥❣

2❤❡✐$ ♣$❡.❡♥❝❡ 2♦ ♥♦❞❡. ✇✐2❤✐♥ 2❤❡✐$ ✈✐❝✐♥✐2② ❛♥❞ ❤❛♥❞❧✐♥❣ 2❤❡✐$ .❡$✈✐❝❡ $❡A✉❡.2. ❜② ❝❤❡❝❦✐♥❣ 2❤❡

❧♦❝❛❧ ❝❛❝❤❡ ♦$ ❢♦$✇❛$❞✐♥❣ 2❤❡ A✉❡$② 2♦ ♦2❤❡$ ❞✐$❡❝2♦$✐❡.✳ ❚❤❡ ❡❧❡❝2✐♦♥ ♦❢ 2❤❡ ❞✐$❡❝2♦$✐❡. ✐. ❞♦♥❡

♦♥ 2❤❡ ✢② ❛♥❞ 2❤❡ ♠❛✐♥ ❡❧❡❝2✐♦♥ ❝$✐2❡$✐♦♥ ✐. 2❤❡ ♥♦❞❡ ❝♦✈❡$❛❣❡✳ ❚♦ ❡①❝❤❛♥❣❡ 2❤❡✐$ ❞✐$❡❝2♦$②

♣$♦✜❧❡. 2❤❡② ✉.❡ ❜❧♦♦♠ ✜❧2❡$. ❛♥❞ ✧❜♦$❞❡$❝❛.2✧ ✐2 ✐♥ 2❤❡ 2✇♦✲❤♦♣ ♥❡✐❣❤❜♦$❤♦♦❞ ✭✉.✐♥❣ 2❤❡ ▼J❘

♠❡❝❤❛♥✐.♠ ♦❢ ❖▲❙❘✱ .❡❡ ❙❡❝2✐♦♥ ✶✳✷✳✷✮✳ ❚❤❡ .❡❧❡❝2✐♦♥ ♦❢ 2❤❡ ❞✐$❡❝2♦$② ♥♦❞❡. $❡❧✐❡. ♦♥ 2❤❡ ♥♦❞❡

❝♦✈❡$❛❣❡ ✇❤✐❝❤ ❝❛♥ ❧❡❛❞ 2♦ ♣$♦❜❧❡♠. .✐♥❝❡ ♥❡❛$❜② ♣❛..✐♥❣ ♥♦❞❡ 2$❛✈❡$.✐♥❣ 2❤❡ ♥❡2✇♦$❦ ❝❛♥ ❤❛✈❡

❛ ❜✐❣ ♥♦❞❡ ❝♦✈❡$❛❣❡ ❛2 ♦♥❡ ♣❛$2✐❝✉❧❛$ ♠♦♠❡♥2 ❜✉2 ✇✐❧❧✱ ❛❢2❡$ ❜❡✐♥❣ ❡❧❡❝2❡❞✱ ❞✐.❝♦♥♥❡❝2 .❤♦$2❧②

❜❡❝❛✉.❡ ♦❢ 2❤❡✐$ ♠♦❜✐❧✐2②✳

✸✺



❈❤❛♣$❡& ✷✳ ■♥$&♦❞✉❝$✐♦♥ $♦ 0❡&✈✐❝❡ ❞✐0❝♦✈❡&② ❛♥❞ ❝♦♥$❡①$ ✐♥ ❛❞ ❤♦❝ ♥❡$✇♦&❦0

✷✳✺ ❩❡%♦❝♦♥❢ ❛+ +❡%✈✐❝❡ ❞✐+❝♦✈❡%② ♣%♦1♦❝♦❧ ❢♦% ❛❞ ❤♦❝ ♥❡1✇♦%❦+

 !♦#♦❝♦❧ &♣❡❝✐✜❝❛❧❧② ❞❡&✐❣♥❡❞ ❢♦! ❛❞ ❤♦❝ ♥❡#✇♦!❦& ♣!♦♣♦&❡ ❛❞❛♣#❡❞ #❡❝❤♥✐4✉❡& ❛♥❞ ❛❧❣♦!✐#❤♠&✱

❜✉# ❧❛❝❦✱ ❛# #❤❡ #✐♠❡ ♦❢ #❤✐& ✇♦!❦✱ ✐♥ ♠❛#✉!✐#② ❛♥❞ ❛✈❛✐❧❛❜✐❧✐#② ♦❢ ❡①✐#✐♥❣ ✐♠♣❧❡♠❡♥#❛#✐♦♥✳ ❋♦!

#❤♦&❡ !❡❛&♦♥✱ ✇❡ ❞❡❝✐❞❡❞ #♦ ✉&❡ ❛& &❡!✈✐❝❡ ❞✐&❝♦✈❡!② ♣!♦#♦❝♦❧& ✐♥ ♦✉! ❝♦♥#!✐❜✉#✐♦♥& #❤❡ ❩❡!♦❝♦♥❢

♣!♦#♦❝♦❧✳ ❩❡!♦❝♦♥❢✱ ✐& ❛♠♦♥❣ #❤❡ &#❛♥❞❛!❞✐③❡❞ &❡!✈✐❝❡ ❞✐&❝♦✈❡!② ♣!♦#♦❝♦❧& #❤❡ ♠♦&# ❧✐❣❤#✇❡✐❣❤#✱

♠♦❞✉❧❛! ❛♥❞ ❛❞❛♣#✐✈❡ ♦♥❡✳ ❩❡!♦❝♦♥❢ ✇❛& ♥♦# ❞❡&✐❣♥❡❞ &♣❡❝✐✜❝❛❧❧② ❢♦! ❛❞ ❤♦❝ ♥❡#✇♦!❦&✱ ❤♦✇❡✈❡!✱

❢♦❧❧♦✇✐♥❣ ❛!❡ #❤❡ !❡❛&♦♥& ✇❤② ✉&✐♥❣ ❩❡!♦❝♦♥❢ ✐& ❛ ✈❡!② ❣♦♦❞ ❝❛♥❞✐❞❛#❡ ❢♦! ❛❞ ❤♦❝ ♥❡#✇♦!❦&✿

• ■! ❜❛!❡❞ ♦♥ ❉◆❙✿ ❚❤❡ ❛♣♣!♦❛❝❤ #❛❦❡♥ ❜② ❩❡!♦❝♦♥❢ ✐& #♦✱ !❛#❤❡! #❤❛♥ ✐♥✈❡♥# ❛ ♥❡✇

♣!♦#♦❝♦❧ ✇✐#❤ ❛ ♥❡✇ &❡# ♦❢ ♠❡&&❛❣❡& ❛♥❞ &#!✉❝#✉!❡✱ ✉&❡ ❛ ✇✐❞❡❧② ❛❝❝❡♣#❡❞ &#❛♥❞❛!❞✳ ❚❤❡

♣!♦♣❡!#✐❡& ♣!♦✈✐❞❡❞ ❜② ❉◆❙ ❛❧!❡❛❞② ♦✛❡! ❛❧❧ #❤❡ ❢❡❛#✉!❡& ♥❡❡❞❡❞ ❢♦! ❛ &❡!✈✐❝❡ ❞✐&❝♦✈❡!②

♣!♦#♦❝♦❧ ❛& ❞❡&❝!✐❜❡❞ ✐♥ ❬❈❤❡& ✵✺❪✿

✕ ❙❡!✈✐❝❡ ❞✐&❝♦✈❡!② !❡4✉✐!❡& ❛♥ ❛❣❣!❡❣❛#✐♦♥ ♠❡❝❤❛♥✐&♠ ✭&❡!✈❡! ♦! ❞✐!❡❝#♦!② ♥♦❞❡&✮

❉◆❙ ❤❛& &❡!✈❡!& #♦ ❞♦ #❤✐&✳

✕ ❙❡!✈✐❝❡ ❞✐&❝♦✈❡!② !❡4✉✐!❡& ❛ &❡!✈✐❝❡ !❡❣✐&#!❛#✐♦♥ ♣!♦#♦❝♦❧

❉◆❙ ♣!♦✈✐❞❡& ❉②♥❛♠✐❝ ❯♣❞❛#❡✳

✕ ❙❡!✈✐❝❡ ❞✐&❝♦✈❡!② !❡4✉✐!❡& ❛ 4✉❡!② ♣!♦#♦❝♦❧

❉◆❙ ❛❧!❡❛❞② ✐& ❛ 4✉❡!② ♣!♦#♦❝♦❧✳

✕ ❙❡!✈✐❝❡ ❞✐&❝♦✈❡!② !❡4✉✐!❡& ❛ &❡❝✉!✐#② ♠❡❝❤❛♥✐&♠&

❉◆❙❙❊❈ ♣!♦✈✐❞❡& &✉❝❤ &❡❝✉!✐#② ♠❡❝❤❛♥✐&♠&✳

• ❲✐❞❡❧② ❞❡♣❧♦②❡❞✿ ❩❡!♦❝♦♥❢✱ ❛❧&♦ ❞✉❡ #♦ ✐#& ❉◆❙ !♦♦#&✱ ✐& ❛❧!❡❛❞② ✇✐❞❡❧② ❞❡♣❧♦②❡❞ ✐♥

♠❛♥② ❞❡✈✐❝❡& ❛♥❞ ♠❛♥② &②&#❡♠& ❤❛✈❡ ❛ &#❛♥❞❛!❞ ✐♠♣❧❡♠❡♥#❛#✐♦♥ ❛✈❛✐❧❛❜❧❡✳ ❚❤❡!❡❢♦!❡ ✉&✐♥❣

❩❡!♦❝♦♥❢ ✐♥ ❛❞ ❤♦❝ ♥❡#✇♦!❦& !❡♠♦✈❡& #❤❡ ❜✉!❞❡♥ ♦❢ ❞❡✈❡❧♦♣✐♥❣ ❛ ❝♦♠♣❧❡#❡❧② ♥❡✇ ♣!♦#♦❝♦❧

❛♥❞✱ ♠♦!❡ ✐♠♣♦!#❛♥#❧②✱ ♠❛❦✐♥❣ ✐# ✇✐❞❡❧② ❛❝❝❡♣#❡❞ ❛♥❞ ❞❡♣❧♦②❡❞✳ ❖♥❧② ❛❞❛♣#❛#✐♦♥& ♦!

❝❤❛♥❣❡& #♦ ❛❞ ❤♦❝ ♥❡#✇♦!❦&✱ ❢♦! ❡①❛♠♣❧❡ ❛& ❛ ♣❧✉❣✲✐♥✱ ❛!❡ ♥❡❝❡&&❛!②✳

• ❇❡♥❡✜4! ❢6♦♠ ❛♥ ✐♥❢6❛!46✉❝4✉6❡✿ ❙✐♥❝❡ ❩❡!♦❝♦♥❢ ✐& ❜❛&❡❞ ♦♥ ❉◆❙✱ ✐# ❝❛♥ ✐♠♠❡❞✐❛#❡❧②

#❛❦❡ ❛❞✈❛♥#❛❣❡ ♦❢ ❡①✐&#✐♥❣ ❉◆❙ &❡!✈❡!&✳ ▼♦&# ♠❛♥❛❣❡❞ ♥❡#✇♦!❦& ❤❛✈❡ ❛ ❉◆❙ &❡!✈❡!✱ ❉◆❙✲

❙❉✬& ❡♥#!✐❡& ❛!❡ ❝♦♠♣❧✐❛♥# ✇✐#❤ &#❛♥❞❛!❞ ❉◆❙ ❡♥#!✐❡& ❛♥❞ ❝❛♥ #!❛♥&♣❛!❡♥#❧② ❜❡ &#♦!❡❞

♦♥ #❤❡ ❡①✐&#✐♥❣ ❉◆❙ &❡!✈❡!✳ ❲❤✐❧❡ ❛❞ ❤♦❝ ♥❡#✇♦!❦&✱ ❛!❡ ✐♥❢!❛&#!✉❝#✉!❡ ❧❡&& ♥❡#✇♦!❦&✱ #❤❡

♣♦&&✐❜✐❧✐#② #♦ ✐♥#❡!❛❝# #!❛♥&♣❛!❡♥#❧② ✇✐#❤ ❛♥ ❡①✐&#✐♥❣ ✐♥❢!❛&#!✉❝#✉!❡✱ ✇❤❡♥ ✐# ✐& ❛✈❛✐❧❛❜❧❡✱ ✐&

❛ ❣!❡❛# ❛❞✈❛♥#❛❣❡ ❢♦! #❤❡✐! ❛❝❝❡♣#❛♥❝❡ ❛♥❞ ❛♣♣❧✐❝❛❜✐❧✐#② ✐♥ ❛ !❡❛❧ ❧✐❢❡ ✐♠♣❧❡♠❡♥#❛#✐♦♥✳

• ❊❛!✐❧② ❛❞❛♣4❛❜❧❡ 4♦ ❛❞ ❤♦❝ ♥❡4✇♦6❦!✿ ❆& &❤♦✇♥ ✐♥ ♦✉! ❝♦♥#!✐❜✉#✐♦♥& ✐♥ ❙❡❝#✐♦♥ ✼✳✶✱

♦♥❧② ✈❡!② ❢❡✇ ❝❤❛♥❣❡&✱ ✐❢ ❛♥②✱ ❛!❡ ♥❡❝❡&&❛!② ❢♦! ❩❡!♦❝♦♥❢ #♦ ❜❡ ❛❞❛♣#❡❞ #♦ ❛❞ ❤♦❝ ♥❡#✇♦!❦&✳

❚❤❡ ❝❤❛♥❣❡& ♥❡❝❡&&❛!② ❛!❡ ❧♦❝❛#❡❞ ❛# #❤❡ ✉♥❞❡!❧②✐♥❣ !❡4✉✐!❡❞ ♠✉❧#✐❝❛&# &#!✉❝#✉!❡✳

• ❊①4❡♥!✐❜❧❡✿ ❩❡!♦❝♦♥❢ ♣❡!♠✐#& ❛♥ ❡❛&② ❛❞❞✐#✐♦♥ ♦❢ ♥❡✇ ❢❡❛#✉!❡& &✉❝❤ ❛& ❝♦♥#❡①# ✐♥❢♦!♠❛#✐♦♥

❛##❛❝❤❡❞ #♦ ❛ &❡!✈✐❝❡ ✭✐✳❡✳ ✐♥&✐❞❡ #❤❡ ❚❳❚ ❞❡&❝!✐♣#✐♦♥✮ ♦! ❛# #❤❡ ♣!♦#♦❝♦❧ ❧❡✈❡❧ ❜② ❛❞❛♣#✐♥❣

#❤❡ ❝♦♥#❡♥# ♦❢ #❤❡ 4✉❡!✐❡& ✭❡✳❣✳ ❦♥♦✇♥ ❛♥&✇❡! &✉♣♣!❡&&✐♦♥✮ ♦! #❤❡✐! !❡&♣♦♥&❡& ✇✐#❤ !❡&♣❡❝#

#♦ #❤❡ ❝✉!!❡♥# ❝♦♥#❡①# ✐♥❢♦!♠❛#✐♦♥✳ ❆♥♦#❤❡! ♣♦&&✐❜❧❡ ❡①#❡♥&✐♦♥✱ ✐& #❤❡ ✐♥#!♦❞✉❝#✐♦♥ ♦❢

❞✐!❡❝#♦!② ♥♦❞❡&✳ ❊❛❝❤ ❡①#❡♥&✐♦♥ ✐& ❧♦❝❛❧✱ #❤✉& ❞♦❡& ♥♦# ♠♦❞✐❢② #❤❡ ♠❡&&❛❣❡ ❢♦!♠❛#& ♦!

✐♥✢✉❡♥❝❡ ✐♠♣❧❡♠❡♥#❛#✐♦♥& ♦♥ ♦#❤❡! ❞❡✈✐❝❡& ♥♦# ✐♠♣❧❡♠❡♥#✐♥❣ #❤❛# ❡①#❡♥&✐♦♥✱ ✇❤✐❝❤ ♠❛❦❡&

✐# ❜❛❝❦✇❛!❞& ❝♦♠♣❛#✐❜❧❡ ✇✐#❤ &#❛♥❞❛!❞ ❩❡!♦❝♦♥❢✳

✷✳✺✳✶ ❩❡&♦❝♦♥❢ ❛♥❞ ✐./ ♠✉❧.✐❝❛/. /.&✉❝.✉&❡

❆& ❞❡&❝!✐❜❡❞ ✐♥ ❙❡❝#✐♦♥ ✷✳✸✳✸ ❩❡!♦❝♦♥❢ ✐& ❝♦♠♣♦&❡❞ ♦❢ #❤!❡❡ ♠❛✐♥ ♣❛!#&✱ ❧✐♥❦ ❧♦❝❛❧✲❛❞❞!❡&&✐♥❣✱

♠❉◆❙ ❛♥❞ ❉◆❙✲❙❉✳ ■♥ #❤❡ ❩❡!♦❝♦♥❢ ♠♦❞✉❧❡& ✐#&❡❧❢✱ ♦♥❧② ✈❡!② ❢❡✇ ❝❤❛♥❣❡& ♥❡❡❞ #♦ ❜❡ ❞♦♥❡✳
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■♥ ❧✐♥❦✲❧♦❝❛❧ ❛❞❞*❡,,✐♥❣✱ /❤❡ ♥❛♠✐♥❣ ,❡*✈✐❝❡ ❛♥❞ ❉◆❙✲❙❉ /❤❡ ♦♥❧② ❝❤❛♥❣❡, ♥❡❡❞❡❞ ❛*❡ ❛/ /❤❡

❝♦♥✜❣✉*❛/✐♦♥ ❧❡✈❡❧✳ ❙✐♥❝❡ ❩❡*♦❝♦♥❢ ✇❛, ❞❡,✐❣♥❡❞ ❢♦* ✇✐*❡❞ ♥❡/✇♦*❦,✱ /❤❡ ✈❛*✐♦✉, /✐♠❡♦✉/, ❛♥❞

♣❡*✐♦❞, ♠❛② ❤❛✈❡ /♦ ❜❡ ❛❞❛♣/❡❞ /♦ /❤❡ ❞②♥❛♠✐❝✐/② ♦❢ ❛❞ ❤♦❝ ♥❡/✇♦*❦,✳

❩❡*♦❝♦♥❢ *❡❧✐❡, ♦♥ ❛♥ ■? ♠✉❧/✐❝❛,/ ,/*✉❝/✉*❡✳ ▼✉❧/✐❝❛,/ ✐, ❛ ♦♥❡✲/♦✲♠❛♥② ♠❡,,❛❣❡ /*❛♥,♠✐,,✐♦♥

/❡❝❤♥✐A✉❡ /❤❛/ ❡♥❛❜❧❡, ❛ ,✐♥❣❧❡ ❝♦♣② ♦❢ ❛ ♠❡,,❛❣❡ /♦ ❜❡ ❞❡❧✐✈❡*❡❞ /♦ ♠✉❧/✐♣❧❡ ♣*❡✲❞❡✜♥❡❞ *❡❝❡✐✈❡*,✳

◆♦❞❡, ✇✐❧❧✐♥❣ /♦ *❡❝❡✐✈❡ ♠✉❧/✐❝❛,/ ♠❡,,❛❣❡, ,✉❜,❝*✐❜❡ /♦ /❤❡ ♠✉❧/✐❝❛,/ ❣*♦✉♣ ❝♦**❡,♣♦♥❞✐♥❣ /♦

/❤❡✐* ✐♥/❡*❡,/,✳ ■♥ ♠✉❧/✐❝❛,/ ■?✱ ♦♥ /❤❡ ❝❧✐❡♥/✴❤♦,/ ,✐❞❡✱ /❤❡ ,✉❜,❝*✐♣/✐♦♥ ♦❝❝✉*, ♦♥ /❤❡ ❧♦❝❛❧ ❛*❡❛

♥❡/✇♦*❦ ❧❡✈❡❧ ✭▲❆◆✮ ❛/ /❤❡ ♠✉❧/✐❝❛,/ *♦✉/❡* ✉,✐♥❣ /❤❡ ■●▼? ✭■♥/❡*♥❡/ ●*♦✉♣ ▼❛♥❛❣❡♠❡♥/ ?*♦✲

/♦❝♦❧✮ ♣*♦/♦❝♦❧ ❬❍♦❧❜ ✵✻❪✳ ❍♦✇❡✈❡*✱ /❤❡ ❝♦*❡ /❛,❦ ✐, ❞♦♥❡ ❜② /❤❡ ♠✉❧/✐❝❛,/ *♦✉/❡*, /❤❛/ ❝♦♥,/*✉❝/

/❤❡ ♠✉❧/✐❝❛,/ ,/*✉❝/✉*❡✳ ❚❤❡*❡ ❛*❡ ♠❛♥② ❞✐✛❡*❡♥/ ♣*♦/♦❝♦❧, /❤❛/ ❝❛♥ ❜❛,✐❝❛❧❧② ❜❡ ❝❧❛,,✐✜❡❞ ✐♥✱

,♦✉*❝❡✲❜❛,❡❞ /*❡❡ ,/*✉❝/✉*❡, ♦* ❝♦*❡✲❜❛,❡❞ /*❡❡ ,/*✉❝/✉*❡,✳ ❙♦✉*❝❡✲❜❛,❡❞ /*❡❡ ,/*✉❝/✉*❡, ❝♦♥,/*✉❝/

/❤❡ ♠✉❧/✐❝❛,/ /*❡❡ ❜② ✢♦♦❞✐♥❣ ❛ ♠✉❧/✐❝❛,/ A✉❡*② ✐♥/♦ /❤❡ ♥❡/✇♦*❦ ❛♥❞ ❡❛❝❤ *♦✉/❡* ✐♥/❡*❡,/❡❞ ✭✐✳❡✳

❤❛, *❡❝❡✐✈❡❞ ❛♥ ■●▼? ❥♦✐♥ *❡A✉❡,/ ❢*♦♠ ♦♥❡ ♦❢ ✐/, ❤♦,/,✮ ✐♥ /❤❛/ ♠✉❧/✐❝❛,/ ❣*♦✉♣ *❡,♣♦♥❞, ✇✐/❤

❛ ❥♦✐♥ ♠❡,,❛❣❡✳ ❚❤❡ ✐♥✐/✐❛❧ ✢♦♦❞✐♥❣ ❝♦♥,/*✉❝/, /❤❡ ♣❛/❤ /♦ ❛❧❧ /❤❡ *♦✉/❡*, ❛♥❞ /❤❡ ♦♥❧② *♦✉/❡*,

/❤❛/ *❡♣❧✐❡❞ ✇✐/❤ ❛ ❥♦✐♥ *❡,♣♦♥,❡ ❛*❡ ❦❡♣/ ✐♥ /❤❡ ♠✉❧/✐❝❛,/ /*❡❡ ♦/❤❡* *♦✉/❡*, ❛*❡ ♣*✉♥❡❞ ❢*♦♠ /❤❡

/*❡❡✳ ■♥ ❝♦*❡✲❜❛,❡❞ /*❡❡ ✭❈❇❚✮ ,/*✉❝/✉*❡,✱ ,♦✲❝❛❧❧❡❞ ❘❡♥❞❡③✲✈♦✉, ?♦✐♥/ ✭❘?✮ ❛*❡ ,❡❧❡❝/❡❞ /♦ ❜❡
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❧❛❝❦ ✐♥ ❛❝❝❡♣ ❛♥❝❡ ♦❢  ❤❡ ❝♦♠♠✉♥✐ ②✱ ❛✈❛✐❧❛❜❧❡ ✐♠♣❧❡♠❡♥ ❛ ✐♦♥ ❛♥❞ ♠♦-❡ ✐♠♣♦- ❛♥ ❧② ❞❡ ❛✐❧❡❞

❞❡#❝-✐♣ ✐♦♥✳
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✇♦-❦#  ❤❛ ✇❡ ❝♦✉❧❞ ❧❛ ❡- ♦♥ ✉#❡  ♦ ✐♠♣-♦✈❡ #❡-✈✐❝❡ ❞✐#❝♦✈❡-②✳
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❡①♣$❡%%❡❞ ✉%✐♥❣ &❤✐% ❢$❛♠❡✇♦$❦✳

❚❤❡ ❢♦✉$&❤ ❝❤❛♣&❡$ ♦❢ &❤✐% ♣❛$&✱ ❈❤❛♣✲

&❡$ ✻✱ ❝♦♥%✐❞❡$% &❤❡ ♦✈❡$❧♦❛❞ ♦❢ ✐♥❢♦$♠❛✲

&✐♦♥ &❤❛& ❝❛♥ ♦❝❝✉$ ✇✐&❤ &❤❡ ❣$♦✇&❤ ♦❢

❛❞ ❤♦❝ ♥❡&✇♦$❦% ❛♥❞ ❛❧%♦ ✇✐&❤ &❤❡ ♠✉❧&✐✲

♣❧✐❝✐&② ♦❢ ❝♦♥&❡♥&% ❡①❝❤❛♥❣❡❞ ♦♥ %✉❝❤ ♥❡&✲

✇♦$❦%✳ ❈♦❧❧❛❜♦$❛&✐✈❡ ✜❧&❡$✐♥❣ ❞❡❛❧% ✇✐&❤

&❤❡ ✐%%✉❡ ♦❢ ❝♦♥&❡♥& ♦✈❡$❧♦❛❞ ❛♥❞ ✜❧&❡$✐♥❣✳

❙❡$✈✐❝❡ ❞✐%❝♦✈❡$② ❝❛♥ ♣$♦✜& ❢$♦♠ %✉❝❤ ✜❧✲

&❡$✐♥❣ ✇✐&❤ &❤❡ ❣$♦✇&❤ ❛♥❞ ♠✉❧&✐♣❧✐❝✐&② ♦❢

❛♥♥♦✉♥❝❡❞ %❡$✈✐❝❡%✳

❋✐♥❛❧❧②✱ ❈❤❛♣&❡$ ✼✱ %❤♦✇% ❤♦✇ &❤❡ ♣$❡✈✐♦✉% ❝♦♥&$✐❜✉&✐♦♥% ❝♦♥✈❡$❣❡ ❛♥❞ ❝♦♦♣❡$❛&❡ &♦ ✐♠♣$♦✈❡

%❡$✈✐❝❡ ❞✐%❝♦✈❡$② ❛♥❞ ❛❧❧♦✇ ❝♦♥&❡①&✲❛✇❛$❡♥❡%%✳ ❚❤✐% ❝❤❛♣&❡$ ♣$♦♣♦%❡% &♦ $❡♣❧❛❝❡ &❤❡ ♠✉❧&✐❝❛%& ✐♥

❩❡$♦❝♦♥❢ ❜② &❤❡ ❙▲❙❋✴❙▲❙❘ %&$✉❝&✉$❡✳ ❚❤❡ ❝❤❛♣&❡$ ❛❧%♦ ♣$❡%❡♥&% ❛ ❝♦♠♣❧❡&❡ %❡$✈✐❝❡ ❞✐%❝♦✈❡$②

❛$❝❤✐&❡❝&✉$❡ ♣$♦♣♦%❡❞ ✐♥ &❤❡ ❝♦♥&❡①& ♦❢ &❤❡ ❆◆❘ ❙❆❘❆❍ ♣$♦❥❡❝& ✇❤❡$❡ ♦✉$ %✐♠✉❧❛&✐♦♥ ❢$❛♠❡✇♦$❦

♣$♦✈✐❞✐♥❣ ♠♦$❡ $❡❛❧✐%&✐❝ %❝❡♥❛$✐♦% ✐% ❛♣♣❧✐❡❞✳ ❚♦ ✜♥✐%❤ &❤✐% ❝❤❛♣&❡$✱ ❛ %❡& ♦❢ $❡❛❧ ✇♦$❧❞ ❡①♣❡$✐♠❡♥&%

❛$❡ ❞❡%❝$✐❜❡❞✳
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❈❤❛♣$❡& ✸

❉✐""❡♠✐♥❛'✐♦♥✿ ❙▲❙❋ ✲ ❙'❛❜❧❡ ▲✐♥❦❡❞

❙'2✉❝'✉2❡ ❋❧♦♦❞✐♥❣

❈♦♥#❡♥#%

✸✳✶ ❇✐❣ ♣✐❝(✉*❡✿ ◆▲❲❈❆ ✲ ❲❈3❉ ✲ ❙▲❙❋✲❘ ✲ ❙▲❙❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✸✳✷ ❙(*✉❝(✉*❡ ❝♦♠♣❛*✐>♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✸✳✷✳✶ ❲❈&❉ ✈)✳ ❖▲❙❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✸✳✷✳✷ ❊①♣❡4✐♠❡♥8) ❛♥❞ 4❡)✉❧8) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✸✳✷✳✸ ❈♦♥❝❧✉)✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✸✳✸ ❆✈♦✐❞ ❙✉❜❤❡❛❞> ✐♥ ◆▲❲❈❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✸✳✸✳✶ &4♦❜❧❡♠) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✸✳✸✳✷ ❙♦❧✉8✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✸✳✹ ❇❛>✐❝ ❙▲❙❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✸✳✹✳✶ ■❘❈ ✕ ■♥8❡4✲❈❧✉)8❡4 ❘❡❧❛②) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✸✳✹✳✷ ❙▲❙❋ ✲ ❇4♦❛❞❝❛)8 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✸✳✹✳✸ ❇❛)✐❝ ❙▲❙❋ ♠❡))❛❣❡ ❍❡❛❞❡4 ❢♦4♠❛8 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✸✳✹✳✹ ■& ❢4❛❣♠❡♥8❛8✐♦♥ ❛♥❞ ❙▲❙❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷
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✸✳✺✳✶ ❆❝❦♥♦✇❧❡❞❣♠❡♥8 ♠❡❝❤❛♥✐)♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹
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❛ ❝❧✉#'❡) #')✉❝'✉)❡✱ ✇❤✐❝❤ ❣♦❛❧ ✐# '♦ ✐♠♣)♦✈❡ ❞✐##❡♠✐♥❛'✐♦♥ ♦❢ ♠❡##❛❣❡# ✐♥ ❛♥ ❛❞ ❤♦❝ ♥❡'✇♦)❦✳

❚❤❡ ♠♦#' ❜❛#✐❝ ❞✐##❡♠✐♥❛'✐♦♥ ✐# ♣❧❛✐♥ ✢♦♦❞✐♥❣ ✇❤❡)❡ ❡❛❝❤ ♥♦❞❡ ❢♦)✇❛)❞# '❤❡ ♠❡##❛❣❡ '♦ ✐'#

♥❡✐❣❤❜♦)#✳ ❍♦✇❡✈❡) '❤✐# ❜❡❤❛✈✐♦) ❧❡❛❞# '♦ '❤❡ ✇❡❧❧✲❦♥♦✇♥ ❜)♦❛❞❝❛#' #'♦)♠ ♣)♦❜❧❡♠ ✇❤❡)❡ ♥♦❞❡#

❡♥❞❧❡##❧② ❜)♦❛❞❝❛#' ❛ ♣❛❝❦❡' ❬◆✐ ✾✾❪✳ ❚♦ ❛✈♦✐❞ '❤✐#✱ ❜)♦❛❞❝❛#' #❝❤❡♠❡# ❛# #❤♦✇♥ ✐♥ ❙❡❝'✐♦♥ ✶✳✷

❧✐♠✐' '❤❡ ♥✉♠❜❡) ♦❢ ❢♦)✇❛)❞✐♥❣ ♥♦❞❡# ❜② #')✉❝'✉)✐♥❣ ♦) ❞❡#✐❣♥❛'✐♥❣ '❤❡ ❢♦)✇❛)❞✐♥❣ ♥♦❞❡#✳ ▼♦)❡

❣❡♥❡)❛❧❧②✱ ❛♥ ♦♣'✐♠❛❧ ❞✐##❡♠✐♥❛'✐♦♥ #❝❤❡♠❡ ✇♦✉❧❞ ❜❡ ♦♥❡ ✇❤❡)❡✿

• ❊❛❝❤ ♥♦❞❡ ✐♥ '❤❡ ♥❡'✇♦)❦ )❡❝❡✐✈❡# '❤❡ ♠❡##❛❣❡✱
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• ❚❤❡ ♠❡$$❛❣❡ ✐$ ❢♦*✇❛*❞❡❞ ♦♥❧② ❜② 1❤❡ ♠✐♥✐♠❛❧ $❡1 ♦❢ ♥♦❞❡$ ✭✐✳❡✳ 1❤❡ ♠✐♥✐♠❛❧ ❝♦♥♥❡❝1❡❞
❞♦♠✐♥❛1✐♥❣ $❡1✱ ❙❡❝1✐♦♥ ✶✳✷✳✺✮

❍♦✇❡✈❡*✱ 1♦ *❡❛❝❤ 1❤✐$ ♦♣1✐♠❛❧ ❞✐$$❡♠✐♥❛1✐♦♥ $❝❤❡♠❡ ✐♥ ❛♥ ❛❞ ❤♦❝ ♥❡1✇♦*❦✱ ♦♥❡ ✇♦✉❧❞ ♥❡❡❞

1♦ ♦❜1❛✐♥ ✜*$1✱ 1❤❡ ❝♦♠♣❧❡1❡ ♥❡1✇♦*❦ 1♦♣♦❧♦❣②✱ ❛♥❞ 1❤❡♥✱ ❝♦♠♣✉1❡ 1❤❡ ♠✐♥✐♠❛❧ ❝♦♥♥❡❝1❡❞ ❞♦♠✲

✐♥❛1✐♥❣ $❡1✳ ❖♥❝❡ ❝♦♠♣✉1❡❞✱ 1❤❡ *♦❧❡$ ❛*❡ ❛$$✐❣♥❡❞ 1♦ 1❤❡ ❝♦**❡$♣♦♥❞✐♥❣ ♥♦❞❡$ ❜② $❡♥❞✐♥❣ 1❤❡♠

♠❡$$❛❣❡✳

❍♦✇❡✈❡*✱ 1❤✐$ ✇♦✉❧❞ ❝♦♥$✉♠❡ 1♦♦ ♠✉❝❤ ❜❛♥❞✇✐❞1❤ ❛♥❞ 1❤❡ ❢♦*✇❛*❞✐♥❣✲♥♦❞❡$ $❡1 ♠❛② ♥♦1 ❜❡

*❡❧❡✈❛♥1 ❛♥②♠♦*❡ ❜❡1✇❡❡♥ 1❤❡ ♠♦♠❡♥1 1❤❡ ♥❡1✇♦*❦ 1♦♣♦❧♦❣② ✇❛$ ❛❝C✉✐*❡❞ ❛♥❞ 1❤❡ ♠♦♠❡♥1 1❤❡

❢♦*✇❛*❞✐♥❣ ✐♥❢♦*♠❛1✐♦♥ ✇❛$ ❤❛♥❞♦✉1✱ ❞✉❡ 1♦ 1❤❡ ❞②♥❛♠✐❝ ♥❛1✉*❡ ♦❢ ❛❞ ❤♦❝ ♥❡1✇♦*❦$✳ ❆$ $❤♦✇♥

✐♥ ❙❡❝1✐♦♥ ✶✳✷✳✺✱ ♠❛♥② *❡$❡❛*❝❤ ❤❛$ ❜❡❡♥ ❞♦♥❡ ✐♥ 1❤❡ ✜❡❧❞ ♦❢ ❞✐$1*✐❜✉1❡❞ ❞♦♠✐♥❛1✐♥❣ $❡1$✳ ❚❤❡

✇♦*❦ ♣*❡$❡♥1❡❞ ✐♥ 1❤✐$ ❝❤❛♣1❡*✱ ✐$ *❡❧❛1❡❞ 1♦ ✭❝♦♥♥❡❝1❡❞✮ ❞♦♠✐♥❛1✐♥❣ $❡1$ ❛♥❞ 1❤❡*❡❢♦*❡ ❝♦✉❧❞

❛❧$♦ ❜❡ ❡①♣*❡$$❡❞ ✐♥ ❣*❛♣❤ 1❤❡♦*② 1❡*♠$✳ ❍♦✇❡✈❡*✱ ✐1 ✇✐❧❧ ❜❡ ❞❡$❝*✐❜❡❞ ❢*♦♠ ❛ ❝❧✉$1❡*✐♥❣ ♣♦✐♥1

♦❢ ✈✐❡✇✳

■♥ ❛♥ ❛❞ ❤♦❝ ♥❡1✇♦*❦ 1❤❡ ♠♦$1 *❡❧✐❛❜❧❡ ✐♥❢♦*♠❛1✐♦♥ ✐$ 1❤❡ ♦♥❡ 1❤❛1 ✐$ ♥❡❛*❜② ♦* ❧♦❝❛❧❧②

❛✈❛✐❧❛❜❧❡✳ ❚❤❡*❡❢♦*❡✱ *❛1❤❡* 1❤❛♥ ❢♦❝✉$✐♥❣ ♦♥ 1❤❡ ✇❤♦❧❡ ♥❡1✇♦*❦ ❛1 ♦♥❝❡✱ ✇❡ ♣*♦♣♦$❡ 1♦ ❧♦❝❛❧❧②

♦♣1✐♠✐③❡ ❞✐$$❡♠✐♥❛1✐♦♥ ✐♥ $♠❛❧❧ ❣*♦✉♣$ ❧✐♥❦❡❞ 1♦❣❡1❤❡*✳ ❖✉* $♦❧✉1✐♦♥✱ ♥❛♠❡❞ ❙▲❙❋✱ *❡❧✐❡$ ♦♥ ❧♦❝❛❧

❣*♦✉♣$ ♦❢ ♦♥❡✲❤♦♣ $1❛❜❧❡✲❝♦♥♥❡❝1❡❞ ❞❡✈✐❝❡$ ✐♥ ❛ $❡❧❢✲♦*❣❛♥✐③✐♥❣ ♠❛♥♥❡*✳ ❙▲❙❋ ❛✐♠$ ❛1 ❞✐$❝♦✈✲

❡*✐♥❣ $1❛❜❧❡ ❝♦♥♥❡❝1✐♦♥$ ❜❡1✇❡❡♥ ❣*♦✉♣$✱ 1❤✉$ ❝*❡❛1✐♥❣ ❜✐❣❣❡* $1❛❜❧❡✲❧✐♥❦❡❞ ♥❡1✇♦*❦ $1*✉❝1✉*❡$✳

❲❡ ❡①♣❧♦✐1 1❤❡ $1❛❜❧❡✲❧✐♥❦❡❞ $1*✉❝1✉*❡$ ✇✐1❤✐♥ 1❤❡ ♥❡1✇♦*❦ 1♦♣♦❧♦❣② 1♦ $1*❡❛♠❧✐♥❡ ✐♥❢♦*♠❛1✐♦♥

❡①❝❤❛♥❣❡ ❛♥❞ 1♦ ♠✐♥✐♠✐③❡ 1❤❡ ♦✈❡*❤❡❛❞✳ ❚❤❡ ❧♦❝❛❧ ♦♥❡✲❤♦♣ ❣*♦✉♣$ ❛*❡ ❜✉✐❧1 ✉$✐♥❣ 1❤❡ ◆▲❲❈❆

❝❧✉$1❡*✐♥❣ ♣*♦1♦❝♦❧ ✭❙❡❝1✐♦♥ ✶✳✷✳✹✮✳ ▲✐❦❡ ✐♥ ❲❈N❉ ✭❙❡❝1✐♦♥ ✶✳✷✳✹✮✱ $♣❡❝✐✜❝ ❜❡❛❝♦♥ ❢♦*♠❛1$ ❛*❡

✉$❡❞ 1♦ ❞❡1❡❝1 ♥❡❛*❜② $1❛❜❧❡✲❝♦♥♥❡❝1❡❞ ❝❧✉$1❡*$✳ ❋✉*1❤❡*♠♦*❡✱ 1♦ ❝*❡❛1❡ ❜✐❣❣❡* $1❛❜❧❡✲❝♦♥♥❡❝1❡❞

$1*✉❝1✉*❡$ ✇❡ ♣*♦♣♦$❡ ♦✉* ❙▲❙❋ ♣*♦1♦❝♦❧ ✐♥ ❙❡❝1✐♦♥ ✸✳✹✳ ❋✐♥❛❧❧②✱ 1♦ ❛❞❞ *♦❜✉$1♥❡$$✱ ❛ ❢❛✉❧1

*❡❝♦✈❡*② ♣*♦1♦❝♦❧ ✐$ ❡♠♣❧♦②❡❞ 1♦ ❝♦♠♣❡♥$❛1❡ ❢♦* ❧♦❝❛❧ ✐♥1❡*♠✐11❡♥1 ♥♦❞❡ ❢❛✐❧✉*❡$ ✐♥ ❙❡❝1✐♦♥ ✸✳✺✳

❋❛✉❧1 *❡❝♦✈❡*② ❝❛♥ ❜❡ $❡❧❡❝1✐✈❡❧② ❡♥❛❜❧❡❞ ♦* ❞✐$❛❜❧❡❞ ♦♥ ❛ ♣❡*✲♣❛❝❦❡1 ❜❛$✐$ ✭♠♦*❡ ❛❜♦✉1 1❤✐$ ✐♥

❙❡❝1✐♦♥ ✸✳✺✳✸✮✳

❆ ♣❛*1 ♦❢ 1❤❡ ❝♦♥1*✐❜✉1✐♦♥$ ✐♥ 1❤✐$ ❝❤❛♣1❡* ✇❡*❡ ❞♦♥❡ ✐♥ ❝♦❧❧❛❜♦*❛1✐♦♥ ✇✐1❤ ❆❞*✐❛♥ ❆♥❞*♦♥❛❝❤❡

❛♥❞ ❙1❡✛❡♥ ❘♦1❤❦✉❣❡❧✳

✸✳✶ ❇✐❣ ♣✐❝(✉*❡✿ ◆▲❲❈❆ ✲ ❲❈3❉ ✲ ❙▲❙❋✲❘ ✲ ❙▲❙❋

❚❤✐$ $❡❝1✐♦♥$ ❣✐✈❡$ ❛ $❤♦*1 $✉♠♠❛*② 1♦ ❣✐✈❡ ❛ ❝❧❡❛* ✈✐$✐♦♥ ♦❢ ❤♦✇ 1❤❡ ❞✐✛❡*❡♥1 ♣*♦1♦❝♦❧$ ✐♥1❡*❛❝1

❛♥❞ ✇❤② ◆▲❲❈❆✱ ❜✉1 ❛❧$♦ ❲❈N❉✱ ❛*❡ *❡❧❛1❡❞ 1♦ ❙▲❙❋✲❘ ✭❙▲❙❋ ♠✐♥✉$ ❘❡❝♦✈❡*②✮ ❛♥❞ ❙▲❙❋✳

❲❤✐❧❡ ❙▲❙❋ ❛♥❞ ❙▲❙❋✲❘ ❛*❡ ❞❡1❛✐❧❡❞ ♦♥❧② ❧❛1❡* ✭❙❡❝1✐♦♥ ✸✳✹✮✱ 1❤✐$ ❝❧❛*✐✜❝❛1✐♦♥ ❝❛♥ ❜❡ ✉$❡❢✉❧

1❤*♦✉❣❤♦✉1 1❤❡ ❢♦❧❧♦✇✐♥❣ $❡❝1✐♦♥$ 1♦ ❛✈♦✐❞ ♠✐①✐♥❣ ✉♣ 1❤❡ ❞✐✛❡*❡♥1 ♣*♦1♦❝♦❧$ ❛♥❞ 1❤❡✐* ♣✉*♣♦$❡$✳

• ◆▲❲❈❆✿ ✐$ ❛ ♦♥❡✲❤♦♣ ❝❧✉$1❡*✐♥❣ ❛❧❣♦*✐1❤♠✳ ■1 ❜✉✐❧❞$ ♦♥❡ ❤♦♣ ❝❧✉$1❡*$ ❜❛$❡❞ ♦♥ ❧✐♥❦ ❛♥❞
♥♦❞❡ ✇❡✐❣❤1$✳ ◆♦ ❜*♦❛❞❝❛$1 ♦* ❞✐$$❡♠✐♥❛1✐♦♥ ♠❡❝❤❛♥✐$♠ ✐$ ♣*♦✈✐❞❡❞✳

• ❲❈N❉✿ ♣*♦✈✐❞❡$ 1❤✐$ ♠✐$$✐♥❣ ❞✐$$❡♠✐♥❛1✐♦♥ ♠❡❝❤❛♥✐$♠ 1♦ ◆▲❲❈❆✳ ❇❛$✐❝❛❧❧②✱ ❛ ❞✐$$❡♠✲

✐♥❛1❡❞ ♠❡$$❛❣❡ ✐$ ♦♥❡✲❤♦♣✲❜*♦❛❞❝❛$1❡❞ ✐♥$✐❞❡ 1❤❡ ❝❧✉$1❡*$ ❜② 1❤❡ ❝❧✉$1❡*❤❡❛❞$ ❛♥❞ ♠✉❧1✐✲

❤♦♣✲✉♥✐❝❛$1❡❞ ❜② 1❤❡ ❝❧✉$1❡*❤❡❛❞$ 1♦ 1❤❡ ♥❡❛*❜② ❝❧✉$1❡*❤❡❛❞$✳

• ❙▲❙❋✲❘✿ ❙▲❙❋ ❤❛$ 1✇♦ ✈❡*$✐♦♥$ ❛ ❝♦♠♣❧❡1❡ ♦♥❡ ❛♥❞ ❛ ❧✐❣❤1❡* ✈❡*$✐♦♥ ✇✐1❤♦✉1 1❤❡ ❢❛✉❧1✲
*❡❝♦✈❡*② ♠❡❝❤❛♥✐$♠✳ ❚❤❡*❡❢♦*❡ ❙▲❙❋✲❘ ✐$ ❙▲❙❋ ♠✐♥✉$ ❘❡❝♦✈❡*②✱ 1❤✉$ 1❤❡ ❧✐❣❤1❡* ✈❡*$✐♦♥✳

❙▲❙❋✲❘ ✐$ ❛ *❡♣❧❛❝❡♠❡♥1 ❢♦* ❲❈N❉✳ ❚❤❡ ❞✐$$❡♠✐♥❛1✐♦♥ ✐♥ ❙▲❙❋✲❘ ♦❝❝✉*$ ♦♥❧② ✉$✐♥❣ ❜*♦❛❞✲

❝❛$1$ ❛♥❞ 1❤❡ ✐♥1❡*✲❝❧✉$1❡* ♥♦❞❡$ ❢♦*✇❛*❞✐♥❣ ♠❡$$❛❣❡$ ❛*❡ ❝❤♦$❡♥ ✇✐$❡❧② 1♦ ♦❜1❛✐♥ ❛ ♠♦*❡

❡✣❝✐❡♥1 ❞✐$$❡♠✐♥❛1✐♦♥✳ ❙▲❙❋✲❘ ❛♥❞ ❲❈N❉ $❤❛*❡ ❡①❛❝1❧② 1❤❡ $❛♠❡ ❜❡❛❝♦♥ $1*✉❝1✉*❡✱ ❜♦1❤
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✸✳✶✳ ❇✐❣ ♣✐❝(✉*❡✿ ◆▲❲❈❆ ✲ ❲❈3❉ ✲ ❙▲❙❋✲❘ ✲ ❙▲❙❋

❤❛✈❡ $❤❡ %❛♠❡ ❜❛♥❞✇✐❞$❤ ✉%❛❣❡ ✐♥ $❡.♠% ♦❢ %$.✉❝$✉.❡ ❜✉✐❧❞✐♥❣

✶✼

✳ ◆♦$❡ $❤❛$ .❡%✉❧$ ✜❣✉.❡%

♣.❡%❡♥$❡❞ ❧❛$❡. ♠✐❣❤$ ♦♥❧② ❞✐%♣❧❛② ♦♥❡ ♦❢ ❜♦$❤ ❛❝.♦♥②♠% ✭❲❈;❉ ♦. ❙▲❙❋✲❘✮ ✇❤❡♥ %♣❡❛❦✲

✐♥❣ ♦❢ $❤❡✐. %$.✉❝$✉.❡ ❜❛♥❞✇✐❞$❤ ❝♦♥%✉♠♣$✐♦♥ ❢♦. $❤❡ %❛❦❡ ♦❢ .❡❛❞❛❜✐❧✐$②✳ ❚❤❡ ❞✐✛❡.❡♥❝❡

❜❡$✇❡❡♥ ❲❈;❉ ❛♥❞ ❙▲❙❋✲❘ ✐% ❛$ $❤❡ ❞✐%%❡♠✐♥❛$✐♦♥ ❧❡✈❡❧ ❛♥❞ ✐♥ $❤❡ ✇❛② $❤❡ ✐♥❢♦.♠❛$✐♦♥✱

❣❛$❤❡.❡❞ ✉%✐♥❣ $❤❡ ❜❡❛❝♦♥%✱ ✐% ❜❡$$❡. $❛❦❡♥ ❛❞✈❛♥$❛❣❡ ♦❢✳

• ❙▲❙❋✿ ❛❞❞% ❛ ❋❛✉❧$✲.❡❝♦✈❡.② ♠❡❝❤❛♥✐%♠ $♦ ❙▲❙❋✲❘ $❤❛$ ✐% ♦♥❧② ❛❝$✐✈❡ ♦♥ ❢❛✐❧✉.❡ ❞❡$❡❝$✐♦♥✳

❚❤❡ ❞✐%%❡♠✐♥❛$✐♦♥ ✐♥ ❙▲❙❋ ♦❝❝✉.% ❛% ✐♥ ❙▲❙❋✲❘ ✭❡①❝❡♣$ ✐♥ ❝❛%❡ ♦❢ ❞❡❧✐✈❡.② ❢❛✐❧✉.❡%✮✳ ❚❤❡

❜❡❛❝♦♥ ❢♦.♠❛$ ❤❛% ❛❞❞✐$✐♦♥❛❧ %❡I✉❡♥❝❡✲♥✉♠❜❡. ✜❡❧❞% ❛♥❞ ❞✐✛❡.% ❢.♦♠ ❙▲❙❋✲❘ ✭$❤✉% ❛❧%♦

❲❈;❉✮✳

❋✐❣✉.❡ ✸✳✶ %❤♦✇% $❤❡ .❡❧❛$✐♦♥ ❜❡$✇❡❡♥ $❤❡ ♣.♦$♦❝♦❧% ❢.♦♠ ❛ ❞✐%%❡♠✐♥❛$✐♦♥ ♣♦✐♥$ ♦❢ ✈✐❡✇✳ ❖♥

❋✐❣✉.❡ ✸✳✷ $❤❡ ❜❡❛❝♦♥ ❢♦.♠❛$% ♦❢ $❤❡ ❢♦✉. ♣.♦$♦❝♦❧% ❛.❡ ❞❡♣✐❝$❡❞✳

NLWCA

S

WCPD

S

SLSF-R

S

Unicast

Cluster selection

Inter-cluster link

Cluster head

Slave node

IRC node

Broadcast

S Source node

SLSF

S

Fault Recovery Timer

❋✐❣✉$❡ ✸✳✶✿ *$♦,♦❝♦❧ ❤✐❡$❛$❝❤② ♦❢ ◆▲❲❈❆ ✲ ❲❈*❉ ✲ ❙▲❙❋✲❘ ❛♥❞ ❙▲❙❋✿ ❉✐>>❡♠✐♥❛,✐♦♥ ♣❡$>♣❡❝✲

,✐✈❡✳

✶✼

 ❤❡ ❜❛♥❞✇✐❞ ❤ ✐)  ❤❡ )❛♠❡ ♦♥❧②  ♦ )❡ ✉♣  ❤❡ ❝❧✉) ❡1 ) 1✉❝ ✉1❡✱ ❜✉ ✐♥  ❡1♠) ♦❢ ❞✐))❡♠✐♥❛ ✐♦♥✱  ❤❡ ❜❛♥❞✇✐❞ ❤

❜❡ ✇❡❡♥ ❲❈6❉ ❛♥❞ ❙▲❙❋✲❘ ✐) ❞✐✛❡1❡♥ 
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❈❤❛♣$❡& ✸✳ ❉✐++❡♠✐♥❛$✐♦♥✿ ❙▲❙❋ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❋❧♦♦❞✐♥❣

SLSF

SLSF-RWCPD

NLWCA

Clusterhead 

Address

[Nearby Clusthead Address (Corresponding Hop 

Count)[Sequence numbers: N0...Nx]; … ]
Weight

  

NLWCA part SLSF part

Clusterhead 

Address

[Nearby Clusthead Address (Corresponding 

Hop Count); … ]
Weight

  

NLWCA part WCPD part

Clusterhead 

Address
Weight

 

NLWCA part

Clusterhead 

Address

[Nearby Clusthead Address (Corresponding 

Hop Count); … ]
Weight

  

NLWCA part SLSF-R part

❋✐❣✉$❡ ✸✳✷✿ *$♦,♦❝♦❧ ❤✐❡$❛$❝❤② ♦❢ ◆▲❲❈❆ ✲ ❲❈*❉ ✲ ❙▲❙❋✲❘ ❛♥❞ ❙▲❙❋✿ ❇❡❛❝♦♥ ❢♦$♠❛, ♣❡$✲

A♣❡❝,✐✈❡✳

✸✳✷ ❙$%✉❝$✉%❡ ❝♦♠♣❛%✐.♦♥

✸✳✷✳✶ ❲❈&❉ ✈)✳ ❖▲❙❘

❚❤✐A A❡❝,✐♦♥ ❝♦♠♣❛$❡A ,❤❡ ❞✐AA❡♠✐♥❛,✐♦♥ ♣❡$❢♦$♠❛♥❝❡A ♦❢ ,✇♦ ❡①✐A,✐♥❣ ♣$♦,♦❝♦❧A✱ ❖▲❙❘ ❛❣❛✐♥A,

❲❈*❉✳ ❲❡ ❝❤♦A❡ ❖▲❙❘ ❛A ❛ $❡❢❡$❡♥❝❡ ❢♦$ ❝♦♠♣❛$✐A♦♥✱ ❜❡❝❛✉A❡ ✐, ♦♣,✐♠✐③❡A ,❤❡ ♥✉♠❜❡$ ♦❢ ✶✲❤♦♣

❞✐A,❛♥, ♥♦❞❡A ♥❡❡❞❡❞ ❛A ❢♦$✇❛$❞❡$A ,♦ $❡❛❝❤ ,❤❡ ✷✲❤♦♣ ♥❡✐❣❤❜♦$A✳ ❲❈*❉ ✐♥A,❡❛❞ ✐A ❡A♣❡❝✐❛❧❧②

❧✐❣❤,✇❡✐❣❤, ❛♥❞ ✐A ❜❛A❡❞ ♦♥ ♦♥❡✲❤♦♣ ❝❧✉A,❡$A ❜✉✐❧, ❜② ◆▲❲❈❆ ❛♥❞ ❞✐A❝♦✈❡$A ♥❡❛$❜② ✭❛❞❥❛❝❡♥,✮

❝❧✉A,❡$A✱ ✉A✐♥❣ ❜❡❛❝♦♥ ✐♥❢♦$♠❛,✐♦♥✳

❆A ♦✉$ ❝♦♠♣❛$✐A♦♥ $❡❧✐❡A ♦♥ ,❤❡ ✐♥❢♦$♠❛,✐♦♥ ❞✐AA❡♠✐♥❛,✐♦♥ ♦❢ ❜♦,❤ ❖▲❙❘ ❛♥❞ ❲❈*❉✱ ✇❡

❢✉$,❤❡$♠♦$❡ ❝♦♠♣❛$❡ ❜♦,❤ ♠❡AA❛❣❡ ❞✐AA❡♠✐♥❛,✐♦♥ ♠❡❝❤❛♥✐A♠A ❬▲❡❝❧ ✵✽✱ ▲❡❝❧ ✵✾❪✳ ❲❤❡♥ ❢♦❧❧♦✇✐♥❣

,❤❡ ✢♦✇ ♦❢ ❛ ❞✐AA❡♠✐♥❛,✐♥❣ ♠❡AA❛❣❡✱ ,❤❡ ,♦♣♦❧♦❣✐❝❛❧ A,$✉❝,✉$❡A✱ ,$❡❡ ❛♥❞ A,❛$ A❤❛♣❡❞✱ ♦❢ ❜♦,❤

♣$♦,♦❝♦❧A ❛$❡ ❤✐❣❤❧✐❣❤,❡❞✳ ❲✐,❤ ❖▲❙❘✱ ❞✐AA❡♠✐♥❛,✐♦♥ ♦❝❝✉$A ❛❧♦♥❣ ,❤❡ $♦✉,❡ ❢♦$♠❡❞ ❜② ▼*❘

♥♦❞❡A ✭❋✐❣✉$❡ ✸✳✸✮✳ ❆ ❜$♦❛❞❝❛A, ♠❡AA❛❣❡ A❡♥, ❢$♦♠ ❛ A♦✉$❝❡ ,$❛✈❡$A❡A ,❤❡ ♥❡,✇♦$❦ ❜② ❜❡✐♥❣

❢♦$✇❛$❞❡❞ ♦♥❧② ❜② ▼*❘ ♥♦❞❡A ❛♥❞ ,❤❡ ♠❡AA❛❣❡A $❡❛❝❤❡A ❡✈❡$② ♥♦❞❡ ✐♥ ,❤❡ ♥❡,✇♦$❦✳ ❲✐,❤

❲❈*❉✱ ❛ ♠❡AA❛❣❡ ❢$♦♠ ❛ A♦✉$❝❡ ❙ ✭✐♥ ,❤✐A ❝❛A❡ ❛ A❧❛✈❡ ♥♦❞❡✮ ✐A ✜$A, A❡♥, ,♦ ✐,A ❝❧✉A,❡$❤❡❛❞ ❇

✭❋✐❣✉$❡ ✸✳✹✮✳ ❈❧✉A,❡$❤❡❛❞ ❇ ,❤❡♥ ♦♥❡✲❤♦♣ ❜$♦❛❞❝❛A,A ,❤❡ ♠❡AA❛❣❡A ,♦ ✐,A A❧❛✈❡A ❛♥❞ ♠✉❧,✐✲❤♦♣

✉♥✐❝❛A,A ✐, ,♦ ,❤❡ ♥❡❛$❜② ❝❧✉A,❡$❤❡❛❞A ❆ ❛♥❞ ❈✳ ❯♣♦♥ $❡❝❡✐✈✐♥❣ ,❤❡ ♠❡AA❛❣❡A✱ ❝❧✉A,❡$❤❡❛❞A ❆

❛♥❞ ❈ A,❛$, ,❤❡ A❛♠❡ ♣$♦❝❡❞✉$❡❀ ❙❡♥❞ ❛ ❜$♦❛❞❝❛A, ,♦ ✐,A A❧❛✈❡A ❛♥❞ A❡♥❞ ✉♥✐❝❛A,A ,♦ ♥❡❛$❜②

❝❧✉A,❡$A ✭♦♠✐,,✐♥❣ ,❤❡ A♦✉$❝❡ ❝❧✉A,❡$✮✳ ❚❤❡$❡❢♦$❡✱ ❡✈❡♥,✉❛❧❧②✱ ❡✈❡$② ♥♦❞❡ ✐♥ ,❤❡ ♥❡,✇♦$❦ $❡❝❡✐✈❡A

,❤❡ ♠❡AA❛❣❡✳

✸✳✷✳✷ ❊①♣❡2✐♠❡♥6) ❛♥❞ 2❡)✉❧6)

❋♦$ ,❤❡ ❝♦♥❞✉❝,❡❞ ❡①♣❡$✐♠❡♥,A ✇❡ ✉A❡❞ ,❤❡ ❘❡A,$✐❝,❡❞ ❘❛♥❞♦♠ ❲❛② *♦✐♥, ♠♦❜✐❧✐,② ♠♦❞❡❧

❬❇❧❛✈ ✵✷❪✱ ✇❤❡$❡❜② ,❤❡ ❞❡✈✐❝❡A ♠♦✈❡ ❛❧♦♥❣ ❞❡✜♥❡❞ A,$❡❡,A ♦♥ ,❤❡ ♠❛♣ ♦❢ ▲✉①❡♠❜♦✉$❣ ❈✐,②

❢♦$ ✺ ♠✐♥✉,❡A ✭❋✐❣✉$❡ ✸✳✺✮✳ ❋♦$ ❡❛❝❤ ❞❡✈✐❝❡ ,❤❡ A♣❡❡❞ ✇❛A $❛♥❞♦♠❧② ✈❛$✐❡❞ ❜❡,✇❡❡♥ ❬✵✳✺❀✶✳✺❪

✉♥✐,A✴A✳ ❆, A✐♠✉❧❛,✐♦♥ A,❛$,✉♣✱ ,❤❡ ❞❡✈✐❝❡A ❛$❡ ♣♦A✐,✐♦♥❡❞ ❛, $❛♥❞♦♠ A❡❧❡❝,❡❞ ❝$♦AA$♦❛❞A ❛♥❞

,❤❡ ♠♦✈❡♠❡♥, ,♦ ♦,❤❡$ ❝$♦AA$♦❛❞A ✐A ❞❡,❡$♠✐♥❡❞ ❜② ,❤❡ ❣✐✈❡♥ $❛♥❞♦♠ ❞✐A,$✐❜✉,✐♦♥ A❡❡❞✳ ❋♦$ ,❤❡

❡①♣❡$✐♠❡♥,A ❛ ♥✉♠❜❡$ ♦❢ ✶✵ ❞✐✛❡$❡♥, $❛♥❞♦♠ ❞✐A,$✐❜✉,✐♦♥ A❡❡❞A ✇❡$❡ ✉A❡❞ ✐♥ ♦$❞❡$ ,♦ ❢❡❛,✉$❡

$❡A✉❧,A ❢$♦♠ ❞✐✛❡$❡♥, ,♦♣♦❧♦❣✐❡A ❛♥❞ ♠♦✈❡♠❡♥, A❡,✉♣A✳

✺✵



✸✳✷✳ ❙$%✉❝$✉%❡ ❝♦♠♣❛%✐.♦♥

MPR
MPR

MPR

MPR

MPR

MPR

MPR

S

Broadcast

Broadcast

Broadcast

❋✐❣✉$❡ ✸✳✸✿ ❖▲❙❘ ♠❡..❛❣❡ ❞✐..❡♠✐♥❛2✐♦♥

2❤$♦✉❣❤ ❛ ♥❡2✇♦$❦✳

A

C

B

S

Broadcast

Cluster link

Unicast

Inter-cluster link

❋✐❣✉$❡ ✸✳✹✿ ❲❈:❉ ♠❡..❛❣❡ ❞✐..❡♠✐♥❛2✐♦♥

2❤$♦✉❣❤ ❛ ♥❡2✇♦$❦✳

❋✐❣✉$❡ ✸✳✺✿ ❏❆◆❊ .✐♠✉❧❛2✐♥❣ 2❤❡ ♣$♦2♦❝♦❧. ♦♥ ✶✵✵ ❞❡✈✐❝❡.✳ ❚❤❡ ♠♦❜✐❧❡ ❞❡✈✐❝❡. ♠♦✈❡ ♦♥ 2❤❡

.2$❡❡2. ♦❢ 2❤❡ ▲✉①❡♠❜♦✉$❣ ❈✐2② ♠❛♣✳ ❚❤❡ ❞❡✈✐❝❡. ♠♦✈❡ ✇✐2❤ ❛ .♣❡❡❞ ♦❢ ✵✳✺ ✲ ✶✳✺ ♠✴.✳

❋♦$ 2❤❡ ✉.❡❞ ♠♦❜✐❧❡ ❡♥✈✐$♦♥♠❡♥2 ✇❤❡$❡ ♥♦❞❡. ♠♦✈❡ ✇✐2❤ ❧♦✇ .♣❡❡❞. ❜❡2✇❡❡♥ ✶✳✽ ❛♥❞ ✺✳✹ ❦♠✴❤

2❤❡ ◆▲❲❈❆ ❧✐♥❦✲.2❛❜✐❧✐2② 2❤$❡.❤♦❧❞ ✐. .❡2 ♦♥ ✷ ❬❆♥❞$ ✵✽❜❪✳ ❙✐♠✉❧❛2✐♦♥. ✇❡$❡ ❞♦♥❡ 2♦ ❞❡2❡$♠✐♥❡

❜♦2❤ 2❤❡ ✉.❡❞ ❜❛♥❞✇✐❞2❤ ✐♥ ♦$❞❡$ 2♦ ❜✉✐❧❞ 2❤❡ 2♦♣♦❧♦❣✐❡. ❛♥❞ 2❤❡ ✐♥❢♦$♠❛2✐♦♥ ❞✐..❡♠✐♥❛2✐♦♥

♣❡$❢♦$♠❛♥❝❡ ♦❢ ❜$♦❛❞❝❛.2✐♥❣ ♦♥ 2♦♣ ♦❢ 2❤❡ 2✇♦ ❝♦♥.2$✉❝2❡❞ 2♦♣♦❧♦❣✐❡.✳

❚♦ ❜✉✐❧❞ 2❤❡ ▼:❘ 2♦♣♦❧♦❣②✱ ❖▲❙❘ ❡①❝❤❛♥❣❡. 2❤❡ .❡2. ♦❢ ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦$ ♥♦❞❡. ✇✐2❤ ❡✈❡$②

♥♦❞❡ ✐♥ 2❤❡ ❝♦♠♠✉♥✐❝❛2✐♦♥ $❛♥❣❡✳ ❙✐♠✐❧❛$ 2♦ ❖▲❙❘✱ ❲❈:❉ ✉.❡ 2❤❡ ❜❡❛❝♦♥ 2♦ ❡①❝❤❛♥❣❡ 2❤❡

❧✐.2 ♦❢ 2❤❡ ❞✐.❝♦✈❡$❡❞ ♥❡❛$❜②✲❝❧✉.2❡$❤❡❛❞. ✇✐2❤ 2❤❡ ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦$ ♥♦❞❡.✳ ❚♦ ✜♥❞ ♦✉2 2❤❡

♥❡2✇♦$❦ ❧♦❛❞ ♣$♦❞✉❝❡❞ ❞✉$✐♥❣ 2❤✐. ♣❤❛.❡✱ 2❤❡ .✐③❡ ♦❢ ❜♦2❤ 2❤❡ ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦$ .❡2. ❛♥❞ 2❤❡

.✐③❡ ♦❢ ❞✐.❝♦✈❡$❡❞ ❝❧✉.2❡$❤❡❛❞. ✇❡$❡ 2$❛❝❦❡❞ ❡✈❡$② .❡❝♦♥❞ ♦❢ 2❤❡ .✐♠✉❧❛2✐♦♥✳ ■♥ ♦$❞❡$ 2♦ ♠♦♥✐2♦$

2❤❡ ✐♥❢♦$♠❛2✐♦♥ ❞✐..❡♠✐♥❛2✐♦♥ ♣❡$❢♦$♠❛♥❝❡ ❛♥❞ ♥❡2✇♦$❦ ❧♦❛❞ ♦❢ 2❤❡ ❜$♦❛❞❝❛.2✐♥❣ ♠❡❝❤❛♥✐.♠.✱ ❛

♥♦❞❡ ✇❛. ❝❤♦.❡♥ 2♦ ❜$♦❛❞❝❛.2 ❛ ♠❡..❛❣❡ ❡✈❡$② ✶✵ .❡❝♦♥❞. ❞✉$✐♥❣ ❞✐✛❡$❡♥2 .✐♠✉❧❛2✐♦♥ $✉♥. ✉.✐♥❣

❞✐✛❡$❡♥2 ❞✐.2$✐❜✉2✐♦♥ .❡❡❞.✳ ❚❤❡ ♥✉♠❜❡$ ♦❢ .❡♥2 ♠❡..❛❣❡. ✭✐✳❡✳ ❜$♦❛❞❝❛.2. ❛♥❞ ✉♥✐❝❛.2.✮ ❞✉$✐♥❣

2❤❡ ❞✐..❡♠✐♥❛2✐♦♥ ❛♥❞ 2❤❡ ♥✉♠❜❡$ ♦❢ $❡❛❝❤❡❞ ♥❡2✇♦$❦ ♥♦❞❡. ✇❡$❡ 2$❛❝❦❡❞✳

✺✶



❈❤❛♣$❡& ✸✳ ❉✐++❡♠✐♥❛$✐♦♥✿ ❙▲❙❋ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❋❧♦♦❞✐♥❣

❘❡"✉❧%"

❚❤❡ #❡$✉❧'$ ✐♥ ✜❣✉#❡ ✸✳✻ ❛#❡ ✐❧❧✉$'#❛'✐♥❣ '❤❡ $✐③❡ ♦❢ '❤❡ ❡①❝❤❛♥❣❡❞ ♥♦❞❡✲■❉ ❧✐$'$ ❛' '❤❡ #❡$♣❡❝'✐✈❡

♣♦✐♥'$ ✐♥ '❤❡ '✐♠❡❧✐♥❡✳

❋✐❣✉#❡ ✸✳✻✿ ❇❛♥❞✇✐❞'❤ ✉$❡❞ ✐♥ ♦#❞❡# '♦ ❜✉✐❧❞ '❤❡ '♦♣♦❧♦❣② ❢♦# ✶✵✵✱ ✷✵✵ ❛♥❞ ✸✵✵ ♥♦❞❡$✳

❚♦ ❝❛❧❝✉❧❛'❡ '❤❡ ❜❛♥❞✇✐❞'❤ ✉$❡❞ ❜② '❤❡ ♣#♦'♦❝♦❧✱ ♦♥❡ ♥❡❡❞$ '♦ '❛❦❡ ✐♥'♦ ❝♦♥$✐❞❡#❛'✐♦♥ '❤❡

'✐♠❡ ✐♥'❡#✈❛❧ ✉$❡❞ '♦ ♣❡#✐♦❞✐❝❛❧❧② $❡♥❞ '❤❡ ❡①❝❤❛♥❣❡ ♠❡$$❛❣❡$ ✭✐✳❡✳ ❤❡❧❧♦ ♠❡$$❛❣❡$ ♦# ❜❡❛❝♦♥$✮

❛♥❞ '❤❡ $✐③❡ ♦❢ '❤❡ ✉$❡❞ ♥♦❞❡ ■❉$ ✭❡✳❣✳ ✸✷ ❜✐'$ ❢♦# ■I✈✹ ❛❞❞#❡$$❡$✮ ♣❧✉$ ❤❡❛❞❡#$✳

❚❤❡ #❡$✉❧'$ ✐❧❧✉$'#❛'❡❞ ✐♥ ✜❣✉#❡ ✸✳✻ $❤♦✇ '❤❛' ❖▲❙❘ ✉$❡$ ❛ ❤✐❣❤❡# ❜❛♥❞✇✐❞'❤ ✐♥ ❜♦'❤ $♣❛#$❡

❛♥❞ ❞❡♥$❡ ♥❡'✇♦#❦$✳ ❚❤✐$ $✐'✉❛'✐♦♥ ✇❛$ ❡①♣❡❝'❡❞ $✐♥❝❡ ❖▲❙❘ ✐$ ❡①❝❤❛♥❣✐♥❣ '❤❡ $❡' ♦❢ ♦♥❡✲❤♦♣

♥❡✐❣❤❜♦#$ ♥❡❡❞❡❞ ❢♦# '❤❡ ▼I❘ ♥♦❞❡$ ❡❧❡❝'✐♦♥✳

■♥ ❝♦♥'#❛$' '♦ ❖▲❙❘✱ ❲❈I❉ ♦♥❧② ❡①❝❤❛♥❣❡ '❤❡ $❡' ♦❢ ❧♦❝❛❧ ❞✐$❝♦✈❡#❡❞ ♥❡❛#❜② ❝❧✉$'❡#❤❡❛❞

❛♥❞ $✉❜✲❤❡❛❞$ ✐♥ ♦#❞❡# '♦ ❞✐$❝♦✈❡# $'❛❜❧❡ ♣❛'❤$ ❜❡'✇❡❡♥ ❝❧✉$'❡#$ ✐♥ '❤❡ ♥❡'✇♦#❦ ✈✐❝✐♥✐'②✳ ❚❤❡

◆▲❲❈❆ ♣#♦'♦❝♦❧ ❡❧❡❝'$ ♦♥❡ ❝❧✉$'❡#❤❡❛❞✴$✉❜✲❤❡❛❞ ✐♥ ❡❛❝❤ ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦#❤♦♦❞✱ ✇❤✐❝❤ ♠❡❛♥$

'❤❛' '❤❡ ♥✉♠❜❡# ♦❢ ❝❧✉$'❡#❤❡❛❞$ ✐$ ❛ ❢#❛❝'✐♦♥❛❧ ❛♠♦✉♥' ♦❢ '❤❡ ♥✉♠❜❡# ♦❢ ♥♦❞❡$ ✐♥ '❤❡ ♥❡'✇♦#❦✳

❚❤❡ '#❛❝❦✐♥❣ #❡$✉❧'$ #❡❣❛#❞✐♥❣ '❤❡ ♠❡$$❛❣❡ ❞✐$$❡♠✐♥❛'✐♦♥ ♣❡#❢♦#♠❛♥❝❡ ❛♥❞ ♥❡'✇♦#❦ ❧♦❛❞ ♦❢

'❤❡ ❜#♦❛❞❝❛$'✐♥❣ ♣#♦'♦❝♦❧$ ❛#❡ ♣#❡$❡♥'❡❞ ✐♥ ✜❣✉#❡ ✸✳✼✳ ❚❤❡ ♦✈❡#❛❧❧ #❡$✉❧'$ $❤♦✇ '❤❛' '❤❡ ❜#♦❛❞✲

❝❛$'✐♥❣ ♦♥ '♦♣ ♦❢ '❤❡ ❖▲❙❘ '♦♣♦❧♦❣② ♣❡#❢♦#♠$ ♠✉❝❤ ❜❡''❡# ✐♥ '❡#♠$ ♦❢ ♠❡$$❛❣❡ ❞✐$$❡♠✐♥❛'✐♦♥

'❤❛♥ ♦♥ '♦♣ ♦❢ '❤❡ ❲❈I❉ '♦♣♦❧♦❣②✳ ❚❤❡ ❞❡♥$❡# '❤❡ ♥❡'✇♦#❦✱ '❤❡ ❤✐❣❤❡# ✐$ '❤❡ ❞✐✛❡#❡♥❝❡ ❜❡'✇❡❡♥

❜♦'❤ '❤❡ ♥✉♠❜❡# ♦❢ $❡♥' ♠❡$$❛❣❡$ ❛♥❞ '❤❡ ♥✉♠❜❡# ♦❢ #❡❝❡✐✈❡# ♥♦❞❡$✳

✸✳✷✳✸ ❈♦♥❝❧✉)✐♦♥

❚❤❡ $✐♠✉❧❛'✐♦♥ #❡$✉❧'$ $❤♦✇ '❤❛' ❖▲❙❘ ❤✐❣❤❧② ♦✉'♣❡#❢♦#♠$ ❲❈I❉ ✐♥ '❡#♠$ ♦❢ ❜#♦❛❞❝❛$' #❡✲

❝❡✐✈❡#$✳ ❖♥ '❤❡ ♦'❤❡# $✐❞❡✱ '❤❡ ♥❡'✇♦#❦ ❧♦❛❞ ♣#♦❞✉❝❡❞ ❜② ❖▲❙❘ '♦ ❜✉✐❧❞ '❤❡ '♦♣♦❧♦❣② ✐$ ♠✉❝❤

❤✐❣❤❡# ❝♦♠♣❛#❡❞ '♦ '❤❡ ♦♥❡ ♦❢ ❲❈I❉✳ ❚❤❡ ❖▲❙❘ ❞✐$$❡♠✐♥❛'✐♦♥ ❛♣♣#♦❛❝❤ ❤❛$ '❤❡ ❛❞✈❛♥'❛❣❡ ♦❢

#❡❛❝❤✐♥❣ ❛ ♠✉❝❤ ❤✐❣❤❡# ♥✉♠❜❡# ♦❢ ♥♦❞❡$ '❤❛♥ ❲❈I❉ ❜✉' ❛' '❤❡ ❝♦$' ♦❢ ❤✐❣❤ ♥❡'✇♦#❦ ♦✈❡#❧♦❛❞

❢♦# '❤❡ '♦♣♦❧♦❣② ♠❛✐♥'❡♥❛♥❝❡✳

❇❛$❡❞ ♦♥ '❤✐$ #❡$✉❧' ✇❡ ♣#♦♣♦$❡ '♦ ❝♦♠❜✐♥❡ '❤❡ '✇♦ ♣#♦'♦❝♦❧$ ✐♥ ❛ $②♥❡#❣❡'✐❝ ✇❛② ❜② ❜✉✐❧❞✐♥❣

❝❧✉$'❡#$ ♦❢ $'❛❜❧❡ ❝♦♥♥❡❝'❡❞ ♥♦❞❡$ ❛♥❞ ✉$✐♥❣ ♦♥ '♦♣ ♦❢ '❤❡ ❝❧✉$'❡# '♦♣♦❧♦❣② ❛♥ ▼I❘✲✐♥$♣✐#❡❞

✺✷



✸✳✸✳ ❆✈♦✐❞ ❙✉❜❤❡❛❞- ✐♥ ◆▲❲❈❆

The Y axis represents the number of

messages sent and received. It is

expressed as a percentage of the overall

number of nodes in the network. On a

network with 200 nodes, 100% of received

means the message is received 200 times,

once for each node. However for sent

messages, it is slightly different, since a

same node can sent several times (if

necessary) the same message. Therefore,

on this figures, theoretically the percentage

of messages concerning sent messages,

could exceed the number of nodes, thus

exceed 100%.

These figures express the number of sent/

forwarded messages necessary to reach

the displayed number of (unique) nodes.

❋✐❣✉$❡ ✸✳✼✿ ❖✈❡$❛❧❧ ♥✉♠❜❡$ ♦❢ 3❡♥4✴❢♦$✇❛$❞❡❞ ♠❡33❛❣❡3 ❛♥❞ $❡❝❡✐✈❡❞ ❢♦$ ✶✵✵✱ ✷✵✵ ❛♥❞ ✸✵✵ ♥♦❞❡3✳

✭3♠♦♦4❤❡❞ ✇✐4❤ ❛ ♣♦❧②♥♦♠✐❛❧ ❡A✉❛4✐♦♥ ♦❢ 4❤❡ ✶✻4❤ ❣$❛❞❡ ❢♦$ ✈✐3✐❜✐❧✐4② 3❛❦❡✮✳

♠❡❝❤❛♥✐3♠✳ ❚❤✉3✱ ❛ ❜❡44❡$ ✐♥4❡$✲❝❧✉34❡$ ♣❛4❤ ❞✐3❝♦✈❡$② ❛♥❞ ❧♦♦♣✲❢$❡❡ ❜$♦❛❞❝❛34✐♥❣ ♠❡❝❤❛♥✐3♠

✐3 ♣$♦✈✐❞❡❞ ❛4 ❛ ❧♦✇ ♥❡4✇♦$❦ ❝♦34 ✉3❡❞ ❢♦$ 4♦♣♦❧♦❣② ♠❛✐♥4❡♥❛♥❝❡✳ ❚❤✐3 ✇✐❧❧ ❡♥❛❜❧❡ 4❤❡ 3❡$✈✐❝❡

❞✐3❝♦✈❡$② ♣$♦4♦❝♦❧ 4♦ 4❛❦❡ ❛❞✈❛♥4❛❣❡ ♦❢ 34❛❜❧❡ ♣❛4❤3 4♦ 3❡$✈✐❝❡ ❤♦343 ✐♥ 4❤❡ ✈✐❝✐♥✐4② ❛♥❞ ❛4 4❤❡

3❛♠❡ 4✐♠❡ 4♦ $❡❛❝❤ ❛ ❤✐❣❤ ♥✉♠❜❡$ ♦❢ ♥❡4✇♦$❦ ♥♦❞❡3 ❜② ❜$♦❛❞❝❛34✳

✸✳✸ ❆✈♦✐❞ ❙✉❜❤❡❛❞- ✐♥ ◆▲❲❈❆

❇❡❢♦$❡ ♣$❡3❡♥4✐♥❣ 4❤❡ ❙▲❙❋ ♣$♦4♦❝♦❧✱ ❛ 3♠❛❧❧ ❜✉4 ✐♠♣♦$4❛♥4 ❝❤❛♥❣❡ ✐3 ♣$♦♣♦3❡❞ 4♦ ❜❡ ❞♦♥❡ 4♦ 4❤❡

◆▲❲❈❆ ♣$♦4♦❝♦❧✳ ❉✉$✐♥❣ 4❤❡ ❡❛$❧② ❞❡3✐❣♥ ♣❤❛3❡ ♦❢ ❙▲❙❋ ✇❡ ♥♦4✐❝❡❞ ❛♥ ✐33✉❡ ❛❜♦✉4 ◆▲❲❈❆

✺✸



❈❤❛♣$❡& ✸✳ ❉✐++❡♠✐♥❛$✐♦♥✿ ❙▲❙❋ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❋❧♦♦❞✐♥❣

❛♥❞ ✐$% ❝❧✉%$❡* ❢♦*♠❛$✐♦♥%✳ ■♥ ◆▲❲❈❆✱ $❤❡ ❡❧❡❝$❡❞ ❝❧✉%$❡*❤❡❛❞ ✐% ❛❧✇❛②%✱ ❛♠♦♥❣ $❤❡ %$❛❜❧❡

♥❡✐❣❤❜♦*%✱ $❤❡ ♥♦❞❡ ✇✐$❤ $❤❡ ❤✐❣❤❡%$ ✇❡✐❣❤$✳ ❚❤✉% ❛ ♥♦❞❡ $❤❛$ ❞❡%✐❣♥❛$❡% ❛ ♥♦❞❡ ❛% ❝❧✉%$❡*❤❡❛❞

❝❛♥ ✐$%❡❧❢ ❜❡ ❡❧❡❝$❡❞ ❜② ❛♥♦$❤❡* ♥❡✐❣❤❜♦* ♥♦❞❡ ❛% ❝❧✉%$❡*❤❡❛❞✳ ❆ ♥♦❞❡ $❤❛$ ❡❧❡❝$% ❛ ♥❡✐❣❤❜♦* ♥♦❞❡

❛% ❝❧✉%$❡*❤❡❛❞ ❜✉$ ❛$ $❤❡ %❛♠❡ $✐♠❡ ✐% ❡❧❡❝$❡❞ ❛% ❝❧✉%$❡*❤❡❛❞ ❜② %♦♠❡ ♦$❤❡* ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦*

♥♦❞❡ ✐% ❝❛❧❧❡❞ ❛ %✉❜❤❡❛❞ ✭✸✳✽✮✳ ❋♦❧❧♦✇✐♥❣ %❡❝$✐♦♥% ❞❡%❝*✐❜❡ $❤❡ ♣*♦❜❧❡♠% ✐♥❞✉❝❡❞ ❜② %✉❜❤❡❛❞%

❜✉$ ❛❧%♦ $❤❡ %♦❧✉$✐♦♥ $♦ ❛✈♦✐❞ $❤❡♠✳

3

9

10 14

2

5

25 15

Node 

weight

Clusterhead

Subhead

❋✐❣✉$❡ ✸✳✽✿ ◆▲❲❈❆ ✲ ◆♦❞❡ ✇✐3❤ ✇❡✐❣❤3 ✷✺ ✭❈❧✉93❡$❤❡❛❞✮ ✐9 ❞❡9✐❣♥❛3❡❞ ❜② ♥♦❞❡ ✇✐3❤ ✇❡✐❣❤3 ✶✺

✭❙✉❜❤❡❛❞✮ ✇❤✐❝❤ ✐39❡❧❢ ✐9 ❞❡9✐❣♥❛3❡❞ ❜② ♥♦❞❡ ✇✐3❤ ✇❡✐❣❤3 ✶✹ ✭❙❧❛✈❡✮✳

✸✳✸✳✶ #$♦❜❧❡♠*

❲❤✐❧❡ 9✉❜❤❡❛❞9 ❛$❡ ♥♦3 ❛♥ ✐99✉❡ ✐♥ ◆▲❲❈❆ ♦$ ❲❈E❉✱ 3❤❡② ❝❛♥ ❧❡❛❞ 3♦ 9❡✈❡$❛❧ ❝♦♠♣❧✐❝❛3✐♦♥9

✇❤❡♥ ✉9✐♥❣ ◆▲❲❈❆ ❛9 ❜❛9✐9 ❢♦$ ❛♥♦3❤❡$ ♣$♦3♦❝♦❧ ✭✐✳❡✳ ❙▲❙❋✮✳

❙✉❜❤❡❛❞ ❝❤❛✐♥*

❋♦$♠❛3✐♦♥9 ♦❢ 9✉❜❤❡❛❞9 ❝❛♥ ❧❡❛❞ 3♦ 3♦♣♦❧♦❣✐❝❛❧ ❝❤❛✐♥9 ✭❋✐❣✉$❡ ✸✳✾✮✳ ❙✉❜❤❡❛❞ ❝❤❛✐♥9 ❝❛♥ ❧❡❛❞

3♦ ❛ ❧♦♥❣ ♠✉❧3✐✲❤♦♣ ♣❛3❤ ✐♥9✐❞❡ ♦♥❡ ❝❧✉93❡$✳ ▲♦♥❣ ❝❤❛✐♥9 ✐♥9✐❞❡ ❛ 9✐♥❣❧❡ ❝❧✉93❡$ ✐♥❝$❡❛9❡ 3❤❡

❝♦♠♣❧❡①✐3② ♦❢ ✐♥❢♦$♠❛3✐♦♥ ❡①❝❤❛♥❣❡✳ ❆ 9✉❜❤❡❛❞ ❛3 3❤❡ ❡♥❞ ♦❢ 3❤❡ ❝❤❛✐♥ ❤❛9 3♦ 9②♥❝❤$♦♥✐③❡ ✇✐3❤

✐39 ❝❧✉93❡$❤❡❛❞ ♦♥ 3❤❡ ♦3❤❡$ 9✐❞❡ ♦❢ 3❤❡ ❝❤❛✐♥✳ ❚❤❡ 9❝❛❧❛❜✐❧✐3② ❛❞✈❛♥3❛❣❡ ♦❢ ❝❧✉93❡$9 ❝❛♥ ❜❡ ❧♦93

✐❢ ❧♦♥❣ ❝❤❛✐♥9 ♦❢ 9✉❜❤❡❛❞9 ♦❝❝✉$✳
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❋✐❣✉$❡ ✸✳✾✿ ◆▲❲❈❆ ❝❧✉93❡$ ✇✐3❤ ❛ 9✉❜✲❤❡❛❞ ❝❤❛✐♥✳

✺✹



✸✳✸✳ ❆✈♦✐❞ ❙✉❜❤❡❛❞- ✐♥ ◆▲❲❈❆

❈❧✉#$❡& ✐❞❡♥$✐$②

❊✈❡♥ ✇❤❡♥ ♦♥❧② ♦♥❡ )✉❜❤❡❛❞ ❡①✐)0) ✐♥ 0❤❡ ♥❡0✇♦1❦✱ ✇❤❡♥ 0❤❡ ✐❞❡♥0✐0② ♦❢ ❛ ❝❧✉)0❡1 ♠❛00❡1)✱

♣1♦❜❧❡♠) ♦❝❝✉1✳ ❆) )❤♦✇♥ ♦♥ ❋✐❣✉1❡ ✸✳✶✵✱ ✇✐0❤♦✉0 )✉❜❤❡❛❞✱ ❛❧❧ 0❤❡ ♥♦❞❡) ✐♥ 0❤❡ )❛♠❡ ❝❧✉)0❡1

❝❧❛✐♠ 0❤❡ )❛♠❡ ❝❧✉)0❡1❤❡❛❞✱ 0❤✉) 0❤❡ ✐❞❡♥0✐0② ♦❢ ❛ ❝❧✉)0❡1 ✐) 0❤❡ )❛♠❡ ❢1♦♠ ❛❧❧ 0❤❡ ♣♦✐♥0) ♦❢ ✈✐❡✇✳

❲✐0❤ )✉❜❤❡❛❞) ❤♦✇❡✈❡1✱ ❋✐❣✉1❡ ✸✳✶✶✱ ♥♦❞❡) ✾ ❛♥❞ ✶✹ ❞♦ ♥♦0 ❝❧❛✐♠ 0❤❡ )❛♠❡ ❝❧✉)0❡1❤❡❛❞ ✇❤✐❧❡

0❤❡② ❛1❡ ✐♥ 0❤❡ )❛♠❡ ❝❧✉)0❡1✳ ❉✐✛❡1❡♥0 ♣♦✐♥0) ♦❢ ✈✐❡✇ ❛1❡ ❤❡1❡ ♣♦))✐❜❧❡ ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❤✐❝❤ )❧❛✈❡

♥♦❞❡ ✐) ❛)❦❡❞ ❢♦1 ✐0) ❝❧✉)0❡1❤❡❛❞✳ ❚❤✐) ❝❛♥ ❧❡❛❞ 0♦ ♣1♦❜❧❡♠) ✇❤❡♥ 1♦✉0✐♥❣ 0❛❜❧❡) ♦1 ❛♥② ✉)❡ ♦❢

✐❞❡♥0✐0② ♦❢ ❛ ❝❧✉)0❡1 ✐) ❞♦♥❡ )✐♥❝❡ ✾ ❛♥❞ ✶✹ ✇♦✉❧❞ ❛♥♥♦✉♥❝❡ ❞✐✛❡1❡♥0 ❝❧✉)0❡1❤❡❛❞) ✇❤✐❧❡ 0❤❡②

❛1❡ ❛❝0✉❛❧❧② ✐♥ 0❤❡ )❛♠❡ ❝❧✉)0❡1✳ ❆ )♦❧✉0✐♦♥ ❢♦1 0❤❛0 ✇♦✉❧❞ ❜❡ 0♦ ❡①❝❤❛♥❣❡ ♠❡))❛❣❡) )♦ 0❤❛0 ✶✹

❦♥♦✇) 0❤❛0 0❤❡ ♠❛✐♥ ❝❧✉)0❡1❤❡❛❞ ✐) ✷✺ ❛♥❞ ♥♦0 ✶✺✳ ❍♦✇❡✈❡1✱ ❜❡)✐❞❡) 1❡H✉✐1✐♥❣ 0♦ ✉♣❞❛0❡ ❝♦11❡❝0❧②

0❤❡ ✐♥❢♦1♠❛0✐♦♥ ❢♦1 ❛❧❧ ❝❧✉)0❡1 ♣❛10✐❝✐♣❛♥0)✱ ♠❡))❛❣❡ ❡①❝❤❛♥❣❡ ✇✐❧❧ ✐♥0❡♥)✐❢② ✇✐0❤ ❧♦♥❣❡1 )✉❜❤❡❛❞

❝❤❛✐♥)✳
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weight

Clusterhead

My Clusterhead is 25

10 20

My Clusterhead is 20

My Clusterhead is 25

❋✐❣✉1❡ ✸✳✶✵✿ ◆▲❲❈❆ ❝❧✉)0❡1 ✇✐0❤♦✉0 ❛ )✉❜✲❤❡❛❞✳ ❆❧❧ ♥♦❞❡) ✐♥ 0❤❡ )❛♠❡ ❝❧✉)0❡1 ❝❧❛✐♠ 0❤❡ )❛♠❡

❝❧✉)0❡1❤❡❛❞✳
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25 15

Node 

weight

Clusterhead

Subhead
My Clusterhead is 15

My Clusterhead is 25

10 20

My Clusterhead 

is 20

❋✐❣✉1❡ ✸✳✶✶✿ ◆▲❲❈❆ ❝❧✉)0❡1 ✇✐0❤ ❛ )✉❜✲❤❡❛❞✳ ◆♦❞❡) ✾ ❛♥❞ ✶✹ ❞♦ ♥♦0 ❝❧❛✐♠ 0❤❡ )❛♠❡ ❝❧✉)0❡1❤❡❛❞

✇❤✐❧❡ 0❤❡② ❛1❡ ✐♥ 0❤❡ )❛♠❡ ❝❧✉)0❡1✳

✸✳✸✳✷ ❙♦❧✉'✐♦♥

❚♦ ❛✈♦✐❞ )✉❜❤❡❛❞) ❢1♦♠ ♦❝❝✉11✐♥❣ ✇❡ ♣1♦♣♦)❡ ❛♥ ❛❞❞✐0✐♦♥❛❧ )✐♠♣❧❡ 1✉❧❡ 0♦ 0❤❡ ◆▲❲❈❆ ❝❧✉)0❡1✲

❤❡❛❞ ❡❧❡❝0✐♦♥ ❬●1❛0 ✵✾❪✿ ❛ ♥♦❞❡ 0❤❛0 ❛❧1❡❛❞② ❡❧❡❝0❡❞ ❛ ❢♦1❡✐❣♥ ♥♦❞❡ ❛) ❝❧✉)0❡1❤❡❛❞ ✐) ♥♦0 ❡❧✐❣✐❜❧❡

✺✺



❈❤❛♣$❡& ✸✳ ❉✐++❡♠✐♥❛$✐♦♥✿ ❙▲❙❋ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❋❧♦♦❞✐♥❣

 ♦ ❜❡ ❡❧❡❝ ❡❞ ❜② ❛♥♦ ❤❡+ ♥♦❞❡ ❛, ❝❧✉, ❡+❤❡❛❞✳ ❆, ❛ +❡,✉❧ ✐❢ ❛ ♥♦❞❡ ✇♦✉❧❞ ❡❧❡❝  ❤❡ ❤✐❣❤❡, 

♥❡✐❣❤❜♦+ ♥♦❞❡ ✇❤✐❝❤ ❛❧+❡❛❞② ❡❧❡❝ ❡❞ ❛ ❢♦+❡✐❣♥ ❝❧✉, ❡+❤❡❛❞✱  ❤❡ ♥❡① ❤✐❣❤❡, ♥❡✐❣❤❜♦+ ♥♦❞❡  ❤❛ 

❤❛, ♥♦ ❡❧❡❝ ❡❞ ❛ ❢♦+❡✐❣♥ ❝❧✉, ❡+❤❡❛❞ ✐, ❡❧❡❝ ❡❞ ❛, ❝❧✉, ❡+❤❡❛❞✳ ❋♦+ ✐❧❧✉, +❛ ✐♦♥ ✇✐ ❤  ❤❡ ,✉❜❤❡❛❞

♣+❡✈❡♥ ✐♦♥ +✉❧❡  ❤❡ ❜✐❣ ❝❧✉, ❡+ ❢♦+♠❡❞ ✐♥ ❋✐❣✉+❡ ✸✳✾ ✇♦✉❧❞ +❡,✉❧ ✐♥ ✸ ❝❧✉, ❡+, ✭♥♦❞❡, ✇✐ ❤ ✇❡✐❣❤ 

✷✺✱ ✶✹ ❛♥❞ ✾✮ ,❤♦✇♥ ✐♥ ❋✐❣✉+❡ ✸✳✶✷✳ ❍❡+❡✱ ♥♦❞❡ ✸ ❝❛♥♥♦ ,❡❧❡❝ ♥♦❞❡ ✶✶ ❛, ❝❧✉, ❡+❤❡❛❞ ❛♥❞

 ❤❡+❡❢♦+❡ ♣✐❝❦,  ❤❡ ♥❡① ❤✐❣❤❡, ♥❡✐❣❤❜♦+ ✇❤✐❝❤ ✐, ♥♦❞❡ ✾✳
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❋✐❣✉+❡ ✸✳✶✷✿ ◆▲❲❈❆ ❝❧✉, ❡+ ✇✐ ❤♦✉ ,✉❜✲❤❡❛❞,✳

❙✐♠♣❧❡ ▼❛♥❛❣❡♠❡♥*

❇② ❛✈♦✐❞✐♥❣ ,✉❜❤❡❛❞,✱ ❛ ♥❡✇ ❝❤❛+❛❝ ❡+✐, ✐❝ ❛♣♣❡❛+, ✐♥ ◆▲❲❈❆✿ ❚❤❡ ❝❧✉, ❡+, ❛+❡ ♥♦✇ , +✐❝ 

♦♥❡✲❤♦♣ ❝❧✉, ❡+,✳ ❚❤✐, ✇✐❧❧ ❡♥,✉+❡  ❤❛ ✿

•  ❤❡ ❝❧✉, ❡+❤❡❛❞ ❤❛, ❛❧❧  ❤❡ ✐♥❢♦+♠❛ ✐♦♥ ❛✈❛✐❧❛❜❧❡ ❛ ♦♥❡✲❤♦♣ ❞✐, ❛♥❝❡ ❝♦♥❝❡+♥✐♥❣ ✐ , ❝❧✉, ❡+✲

♠❡♠❜❡+,✳

•  ❤❡+❡ ✐, ♥♦ ♥❡❡❞  ♦ ,②♥❝❤+♦♥✐③❡ ✐♥♥❡+✲❝❧✉, ❡+ +❡❧❛ ❡❞ ✐♥❢♦+♠❛ ✐♦♥ ✇✐ ❤ ♦ ❤❡+ ❝❧✉, ❡+❤❡❛❞,

♦+ ,✉❜❤❡❛❞,✳

•  ❤❡+❡ ✐, ♦♥❡ ,✐♥❣❧❡ ✐❞❡♥ ✐ ② ❢♦+  ❤❡ ❝❧✉, ❡+✳ ❊❛❝❤ ❝❧✉, ❡+✲♠❡♠❜❡+ ❛♥♥♦✉♥❝❡,  ❤❡ ,❛♠❡

✐❞❡♥ ✐ ②✱  ❤❡ ,❛♠❡ ❝❧✉, ❡+❤❡❛❞✳

• ♦♥❡ ,✐♥❣❧❡ ❜+♦❛❞❝❛, ❡♠✐  ❡❞ ❜②  ❤❡ ❝❧✉, ❡+❤❡❛❞ +❡❛❝❤❡, ❛❧❧ ❝❧✉, ❡+✲♠❡♠❜❡+,✳

• ❝❧✉, ❡+ ♠❡♠❜❡+, ❝❛♥ +❡❛❝❤  ❤❡ ❝❧✉, ❡+❤❡❛❞ ✐♥ ♦♥❡ ❤♦♣✳

❚♦♣♦❧♦❣② .❡/*.✐❝*✐♦♥/

❆♥♦ ❤❡+ ♥❡✇ ❝❤❛+❛❝ ❡+✐, ✐❝ ♦❢ ◆▲❲❈❆ ✐,  ❤❛ ♣♦,,✐❜❧❡ ❝♦♥✜❣✉+❛ ✐♦♥, ❜❡ ✇❡❡♥  ✇♦ ♥❡❛+❜② ❝❧✉, ❡+,

✭✧♥❡✐❣❤❜♦+✧ ❝❧✉, ❡+,✮ ❛+❡ ✈❡+② +❡, +✐❝ ❡❞✳ ❆, ,❤♦✇♥ ♦♥ ❋✐❣✉+❡ ✸✳✶✸  ❤❡ ♠❛①✐♠✉♠ ❤♦♣✲❝♦✉♥ 

❜❡ ✇❡❡♥  ✇♦ ♥❡❛+❜② ❝❧✉, ❡+❤❡❛❞, ✐,  ❤+❡❡✳ ❚❤✐,✱ ❜② ❞❡,✐❣♥✱  ♦♣♦❧♦❣② +❡, +✐❝ ✐♦♥ ❤❛,  ❤❡ ❛❞✈❛♥ ❛❣❡

 ♦ ❜♦✉♥❞ ❛♥❞ ❧✐♠✐ ,❝♦♣❡, ♦❢ ♣+♦ ♦❝♦❧,✳ ❚❤✉,✱  ❤✐, ,✐♠♣❧✐✜❡, ♣+♦ ♦❝♦❧ ❞❡,✐❣♥ ✇❤❡♥ ✉,✐♥❣ ◆▲❲❈❆

❛, ✉♥❞❡+❧②✐♥❣ ❝❧✉, ❡+  ♦♣♦❧♦❣②✳ ■ ❛❧,♦ ❤❡❧♣, ✇❤❡♥ ❝♦♥,✐❞❡+✐♥❣  ✐♠❡♦✉ , ❛♥❞  ✐♠❡  ♦ ❧✐✈❡ ✭❚❚▲✮

❢♦+ ♠❡,,❛❣❡, ✭❙❡❝ ✐♦♥ ✸✳✺✮✳

❉.❛✇❜❛❝❦/

❚❤❡ ,✉❜❤❡❛❞ ❛✈♦✐❞❛♥❝❡ ❞♦❡, ♥♦ ❤❛✈❡ ♦❜✈✐♦✉, ❞+❛✇❜❛❝❦, ,✉❝❤ ❛, ❝♦♥,✉♠✐♥❣ ♠♦+❡ ❜❛♥❞✇✐❞ ❤

♦+ ♥❡❡❞✐♥❣ ♥❡✇ ♠❡,,❛❣❡,  ♦ ❜❡ ❡①❝❤❛♥❣❡❞ ,✐♥❝❡ ✐ ✐, ❛ ,✐♠♣❧❡ +✉❧❡ ✐♥ +♦❞✉❝❡❞ ❧♦❝❛❧❧② ❞✉+✐♥❣

✺✻



✸✳✸✳ ❆✈♦✐❞ ❙✉❜❤❡❛❞- ✐♥ ◆▲❲❈❆
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2

1

2

1
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(a) (b) (c) (e)
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2
(d)

Slave

Clusterhead

Cluster selection

Inter-cluster link 
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/❤❛♥ /❤❡ ❜❡./ ♦♥❡ ✭✐✳❡✳ ❦❡❡♣ ♦♥❧② .❤♦$/❡./ ♣❛/❤ ❡♥/$✐❡.✮✳
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+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+
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8. 5. Full SLSF with Fault-recovery 

processes the messages, and puts the acknmvledged sequence number ~9 for CH9 in its beacon. 
The beacon of CH8 contains now its weight, its CH-addrcss (here its own) , its nearby CHs vvith 
the corresponding hop count and the acknowledged sequence munber. So, the SLSF beacon 
(Figure 3.26a) is only extended \vith one sequence number (Figure 3.26b). 

I 551 CZ!! I CH9(2} I I 551 Z! I CH9(2)(N9] I 

c " c "' Weight CH Addr Nelstl. AdctQlop C.) Weight CH Addr Neigh. Addr 

I13J z: I CH9(1) 

£ight CH Addr s:ah.Addr 
(11) tbl (hop C.)(aeq N b~ (Ill (hopC.) 

Figure 3.26: CH8 Beacon: (a)SLSF. (b)SLSF Figure 3.27: Kode 3 Beacon: (a )SLSF. (b)SLSF 
\Vith fault. recovery. ·with fault recovery. 

l\" ode 3 reads the CH8 beacon (Figure 3.26b) and includes t he new sequence number ac­
knowledged by CH8 for the message source CH9 in its beacon. In order to reduce the beacon 
size for inter-cluster nodes, we compact acknowledgment information into the basic SLSF beacon 
by just adding sequence numbers in the right order and place. If we consider the basic SLSF 
beacon (Figure 3.27a) for the slave node 3 \ve integrate additionally the information t hat CH8 
acknowledges sequence number N9 for CH9 and that CH9 acknowledges ~8 for CH8 inside t he 
beacon (Figure 3.27b). ~ote the inversion of the sequence nmnbers compared to the beacon of 
CH 8. 

To really point out this inversion an example \vhere three nearby clusters are inter-connected 
is necessary (Figure 3.28). In t his example, node 3 is connected to three d usters . As a matter 
of fact , node 3 will forward any message exchange behveen t hose dusters. The beacon of node 3 
has to contain all the acknmvledgement information for the t h ree CHs. T he basic SLSF beacon 
of node 3 of Figure 3.28 is shown in Figure 3.29. 

Figure 3.29: l\"ode 3 SLSF beacon. 

CH1=[CH5/N5, CH&'Nfl]. CH5=[CH1/N1, CH6/N6], CH6=[CI-HIN1, CH5/N5] 

Figure 3 .28: Three dusters example. Figure 3.30: Node 3 SLSF beacon with fau lt re­
covery . 

l\"ode 3's beacon contains its own clusterhead, CH5, and two nearby clusterheads, CH1 and 
CH6, on 1 and 2 hop distance respectively. ~0\v we consider we ·want the follmving information 
into that beacon, like for instance after some broadcasts \ver e sent: 

CH1 acknmvledges N5 for CH5 and l\"6 for CH 6 

CH5 acknmvledges Nl for CHl and l\"6 for CH 6 

CH6 acknmvledges N5 for CH5 and l\"1 for CH 1 

\Vhere Nx corresponds to the acknovdedged sequence number. 
Writing this differently gives us: 

CH1 rcH5/ N5, CH6/K61 
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❛❞❞/❡==❡=✳
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❋♦❧❧♦✇✐♥❣ ❞✐=❝✉==❡= <❤❡ ❞❡❧❛② ❝❤♦=❡♥ ❢♦/ <✐♠❡♦✉< <♦ ♦❝❝✉/✳ ■❢ ✇❡ ❝♦♥=✐❞❡/ <❤❡ ❜❡❛❝♦♥✲✐♥<❡/✈❛❧

❛= ❜■✱ <❤❡ ♥✉♠❜❡/ ♦❢ ♥♦❞❡= <❤❡ ♠❡==❛❣❡ ❛❧/❡❛❞② ♣❛==❡❞ <❤/♦✉❣❤ ❛= ❤♦♣❈♦✉♥$ ❛♥❞ ✹ <❤❡ ♠❛①✐♠❛❧

♥✉♠❜❡/ ♦❢ ❤♦♣= ❢♦/ ❛ ♠❡==❛❣❡ <♦ ❣♦ ❜❛❝❦ ❛♥❞ ❢♦/<❤ ❢/♦♠ <❤❡ ✜/=< =❧❛✈❡ <♦ ❛ ❝❧✉=<❡/ ♦♥ ✭♠❛①✐♠❛❧✮

✷✲❤♦♣ ❞✐=<❛♥❝❡✳ ❚❤❡♥ <❤❡ </❛♥=♠✐==✐♦♥ ❞❡❧❛② <❞ ✐= ❝❛❧❝✉❧❛<❡❞ ❛= ❢♦❧❧♦✇=✿ td = ( 4

hopCount
) × bI✳

■❢ <❤❡ ❜❡❛❝♦♥✲✐♥<❡/✈❛❧ ✐= ✶ =❡❝♦♥❞ ❛♥❞ <❤❡ ❤♦♣✲❝♦✉♥< ✐= ✶ <❤❡♥ <❤❡ </❛♥=♠✐==✐♦♥ ❞❡❧❛② ✐= =❡< <♦ ✹

=❡❝♦♥❞=✳ ■❢ <❤❡ ❤♦♣✲❝♦✉♥< ✐= ✷ <❤❡♥ <❤❡ </❛♥=♠✐==✐♦♥ ❞❡❧❛② ✐= =❡< <♦ ✷ =❡❝♦♥❞=✳

❖❜"❡$✈✐♥❣ ❛❝❦♥♦✇❧❡❞❣♠❡♥1"

❆= ♠❡♥<✐♦♥❡❞ ❛❜♦✈❡✱ ♥♦❞❡= ♥♦< =❡❧❡❝<❡❞ ❛= ■❈❘ ♦❜=❡/✈❡ <❤❡ ❛❝❦♥♦✇❧❡❞❣♠❡♥<= <♦ ❝❤❡❝❦ ✇❤❡<❤❡/

<❤❡ ♠❡==❛❣❡ ❛//✐✈❡❞ =✉❝❝❡==❢✉❧❧② ❛< ❛❧❧ ♥❡❛/❜② ❝❧✉=<❡/❤❡❛❞=✳ ❆= ✐< ✐= ❛ ❞②♥❛♠✐❝ ♥❡<✇♦/❦ ❛♥❞
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Header 

Type

 

Type of 

Header

Next Header

 

Next Header 

Type

❋✐❣✉$❡ ✸✳✸✶✿ ❍❡❛❞❡$ ❢♦$ ❋❛✉❧0✲$❡❝♦✈❡$❛❜❧❡ ❜$♦❛❞❝❛50 ♠❡55❛❣❡ ✭●$❛♣❤✐❝❛❧ $❡♣$❡5❡♥0❛0✐♦♥✮✳

 0                   1                   2                   3

 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|  Header Type  |Last CH Crossed Sequence Number|  Next Header  |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

❋✐❣✉$❡ ✸✳✸✷✿ ❍❡❛❞❡$ ❢♦$ ❋❛✉❧0✲$❡❝♦✈❡$❛❜❧❡ ❜$♦❛❞❝❛50 ♠❡55❛❣❡ ✭❚❡①0✉❛❧ $❡♣$❡5❡♥0❛0✐♦♥✮✳

♥♦0 ❝♦♥0❛✐♥ ✇❤✐❝❤ ❝❧✉50❡$❤❡❛❞5 ❛$❡ ❛✐♠❡❞ ❢♦$ $❡❝❡♣0✐♦♥ ✭✐✳❡✳ 0❤❡ ❝❧✉50❡$❤❡❛❞5 0❤❛0 ❛$❡ ♥❡❛$❜②✲

❝❧✉50❡$❤❡❛❞5 ♦❢ 0❤❡ 5♦✉$❝❡✮✳ ❲❤✐❧❡ 0❤❡ ■❈❘ ❝❛❧❝✉❧❛0✐♦♥ ♦♣0✐♠✐③❡5 0❤❡ ✐♥0❡$✲❝❧✉50❡$ ♥♦❞❡5 ♥❡❡❞❡❞ 0♦

$❡❛❝❤ ❛❧❧ ♥❡❛$❜② ❝❧✉50❡$✱ 0❤❡ ✐♥0❡$✲❝❧✉50❡$ ♥♦❞❡5 ❝❛♥ ❞❡0❡❝0✱ ❜② ❦♥♦✇✐♥❣ ♦♥❧② 0❤❡ ❧♦❝❛❧ ✐♥❢♦$♠❛0✐♦♥

❛❝I✉✐$❡❞ ❢$♦♠ ♥❡✐❣❤❜♦$ ❜❡❛❝♦♥5✱ ✇❤✐❝❤ ♥❡❛$❜② ❝❧✉50❡$❤❡❛❞5 5❤♦✉❧❞ $❡❝❡✐✈❡ 0❤❡ ♠❡55❛❣❡✳ ❆5

❝♦♥5❡I✉❡♥❝❡✱ 0❤❡ ◆❖❚ ■❈❘ ♦❜5❡$✈❡ ❛❧❧ ♥❡✐❣❤❜♦$ ❜❡❛❝♦♥5✳ ■❢ 0❤❡ ♥❡✐❣❤❜♦$ ❜❡❛❝♦♥ ❝♦♥0❛✐♥5 ❛♥

❡❛$❧✐❡$ ❛❝❦♥♦✇❧❡❞❣❡♠❡♥0 ❢$♦♠ ❛ ❝❧✉50❡$❤❡❛❞ ❢♦$ 0❤❡ ❣✐✈❡♥ ♠❡55❛❣❡ 5♦✉$❝❡ 0❤❡♥ ✐0 ✐5 ✐♥❝❧✉❞❡❞ ✐♥

0❤❡ ❛✇❛✐0✐♥❣ ❛❝❦♥♦✇❧❡❞❣♠❡♥0 ❧✐50✳ ❋♦$ ❜♦♦050$❛♣ $❡❛5♦♥5✱ ✐❢ ✐0 ✐5 0❤❡ ✜$50 ♠❡55❛❣❡ ❡♠✐00❡❞ ❢$♦♠

❛ 5♦✉$❝❡✱ 0❤❡ ♥❡❛$❜② ❝❧✉50❡$❤❡❛❞ ✇✐❧❧ ❤❛✈❡ ✲✶ ❛5 ✜$50 ❛❝❦♥♦✇❧❡❞❣❡❞ 5❡I✉❡♥❝❡ ♥✉♠❜❡$ ❛♥❞ 50✐❧❧ ❜❡

❛❜❧❡ 0♦ ♦❜5❡$✈❡ ❝♦$$❡❝0❧②✳

✸✳✺✳✸ ❋❛✉❧' ❘❡❝♦✈❡-② ❍❡❛❞❡- ❢♦-♠❛'

❚♦ ❜❡ ❛❜❧❡ 0♦ ❜❡ ❞❡❧❛②❡❞✲$❡0$❛♥5♠✐00❡❞✱ ❛❞❞✐0✐♦♥❛❧ ✐♥❢♦$♠❛0✐♦♥ ✐5 ❛❞❞❡❞ 0♦ ❛ ❜❛5✐❝ ❙▲❙❋ ♠❡55❛❣❡✳

❋❛✉❧0 $❡❝♦✈❡$② ✐5 ♦♥❧② ♦♣❡$❛0❡❞ ❜❡0✇❡❡♥ 0✇♦ ♥❡❛$❜② ❝❧✉50❡$5✳ ◆♦❞❡5 ❜❡0✇❡❡♥ 0✇♦ ♥❡❛$❜② ❝❧✉5✲

0❡$5 ❞♦ ♥♦0 ❦♥♦✇ ❛❜♦✉0 ❢♦$❡✐❣♥ ♥♦❞❡5✳ ❚❤❡$❡❢♦$❡✱ ❛❧❧ ❢❛✉❧0✲$❡❝♦✈❡$❛❜❧❡ ♠❡55❛❣❡5✱ ✇❤❡♥ ❡♥0❡$✐♥❣

❜❡0✇❡❡♥ ♥❡❛$❜② ❝❧✉50❡$5✱ ♥❡❡❞ ❛ ❧♦❝❛❧ ✐❞❡♥0✐0② ✇❤✐❝❤ ✐5 ♣$♦✈✐❞❡❞ ❜② 0❤❡ ❧❛4* ❝.♦44❡❞ ❈❍ ✜❡❧❞

✭❙❡❝0✐♦♥ ✸✳✹✳✸✮ ❛♥❞ ❛❧5♦ ♥❡❡❞ ❛ ❧♦❝❛❧ ✉♥✐I✉❡ ✐❞❡♥0✐✜❝❛0✐♦♥ ✇❤✐❝❤ ✐5 ♦❜0❛✐♥❡❞ ❜② ❛❞❞✐♥❣ ❛ ❧❛4*

❝.♦44❡❞ 4❡8✉❡♥❝❡ ♥✉♠❜❡. ✜❡❧❞✳ ❙♦✱ ❛ ♠❡55❛❣❡✱ ❛0 ❡❛❝❤ ❝❧✉50❡$❤❡❛❞✱ $❡❝❡✐✈❡5 ❛ ♥❡✇ ❧♦❝❛❧ ✐❞❡♥0✐0②

❛♥❞ ❧♦❝❛❧ ✉♥✐I✉❡ ✐❞❡♥0✐✜❝❛0✐♦♥✳ ❚❤♦5❡ ❛$❡ 0❤❡ ✐♥❢♦$♠❛0✐♦♥ 0❤❛0 ❛$❡ ❛❝❦♥♦✇❧❡❞❣❡❞ ✈✐❛ ❜❡❛❝♦♥5✳

❚❤❡ ❢❛✉❧0✲$❡❝♦✈❡$② ❤❡❛❞❡$ ❢♦$♠❛0 ✐5 5❤♦✇♥ ♦♥ ❋✐❣✉$❡5 ✸✳✸✶✱ ✸✳✸✷✳

❯5✐♥❣ ❛ 5❡♣❛$❛0❡ ❤❡❛❞❡$ ❢♦$ ❢❛✉❧0 $❡❝♦✈❡$② ♣❡$♠✐05 0♦ 5❡❧❡❝0✐✈❡❧② ❡♥❛❜❧❡ ♦$ ❞✐5❛❜❧❡ ✐0 ♦♥ ❛

♣❡$✲♣❛❝❦❡0 ❜❛5✐5✳ ❆ ♠❡55❛❣❡ 0❤❛0 5❤♦✉❧❞ ♥♦0 ❜❡ ❢❛✉❧0 $❡❝♦✈❡$❡❞ 5✐♠♣❧② ❞♦❡5 ♥♦0 ✐♥❝❧✉❞❡ 0❤✐5

❤❡❛❞❡$✳ ❚❤✐5 ❝❛♥ ❜❡ ✈❡$② ✉5❡❢✉❧ ✇✐0❤ ❞❡❧❛② 5❡♥5✐❜❧❡ 0$❛✣❝✱ ✇❤❡$❡ ♦♥❝❡ ❛ ♠❡55❛❣❡ ✐5 ❞❡❧❛②❡❞✱ ✐0

✐5 ♥♦0 ♦❢ ❛♥② ✉5❡ ❛♥②♠♦$❡✳ ❚❤✐5 $❡❞✉❝❡5 0❤❡ 5✐③❡ ♦❢ 0❤❡ ♠❡55❛❣❡ ❛♥❞ 0❤❡ ❢✉♥❝0✐♦♥❛❧✐0② ♦❢ 0❤❡

♥❡0✇♦$❦ ❜✉0 ❞♦❡5 ♥♦0 $❡❞✉❝❡ 0❤❡ ❜❡❛❝♦♥✱ 5✐♥❝❡ ♦0❤❡$ ♠❡55❛❣❡5 ♦$ ♥❡❛$❜② ❝❧✉50❡$❤❡❛❞5 ♠✐❣❤0 50✐❧❧

✉5❡ ❢❛✉❧0 $❡❝♦✈❡$②✳ ❆ ❝♦♠♣❧❡0❡ ❞❡❛❝0✐✈❛0✐♦♥ ♦❢ ❢❛✉❧0 $❡❝♦✈❡$② ✐5 ♣$♦♣♦5❡❞ ✐♥ ❛♥ ♦♣0✐♦♥❛❧ ❤❡❛❞❡$

♣$❡5❡♥0❡❞ 0♦❣❡0❤❡$ ✇✐0❤ ♦0❤❡$ ♦♣0✐♦♥❛❧ ❤❡❛❞❡$5 ✐♥ 0❤❡ ♥❡①0 ❝❤❛♣0❡$ ✐♥ ❙❡❝0✐♦♥ ✹✳✻✳✶✳

✻✼



❈❤❛♣$❡& ✸✳ ❉✐++❡♠✐♥❛$✐♦♥✿ ❙▲❙❋ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❋❧♦♦❞✐♥❣

✸✳✻ ❊①♣❡'✐♠❡♥+, ❛♥❞ ❘❡,✉❧+,

❚♦ ❡✈❛❧✉❛'❡ '❤❡ ♣❡*❢♦*♠❛♥❝❡/ ♦❢ ♦✉* ❙▲❙❋ ♣*♦'♦❝♦❧✱ ✇❡ ✐♠♣❧❡♠❡♥'❡❞ '❤❡ '❤*❡❡ ♣*♦'♦❝♦❧/ ✭❖▲❙❘✱

◆▲❲❈❆✴❲❈?❉ ❛♥❞ ❙▲❙❋✮ ♦♥ '♦♣ ♦❢ '❤❡ ❏❆◆❊ /✐♠✉❧❛'♦* ❬●♦*❣ ✵✼❪ ❛♥❞ ♣❡*❢♦*♠❡❞ /❡✈❡*❛❧

/✐♠✉❧❛'✐♦♥/✳ ❋♦* '❤♦/❡ ❡①♣❡*✐♠❡♥'/ ✇❡ ✉/❡❞ '❤❡ ❘❡/'*✐❝'❡❞ ❘❛♥❞♦♠ ❲❛② ?♦✐♥' ♠♦❜✐❧✐'② ♠♦❞❡❧

✷✶

❬❇❧❛✈ ✵✷❪✱ ✇❤❡*❡❜② '❤❡ ❞❡✈✐❝❡/ ♠♦✈❡ ❛❧♦♥❣ ❞❡✜♥❡❞ /'*❡❡'/ ♦♥ '❤❡ ♠❛♣ ♦❢ ▲✉①❡♠❜♦✉*❣ ❈✐'② ❢♦*

✶✵✵✵ /❡❝♦♥❞/✳ ❋♦* ❡❛❝❤ ❞❡✈✐❝❡ '❤❡ /♣❡❡❞ ✇❛/ *❛♥❞♦♠❧② ✈❛*✐❡❞ ❜❡'✇❡❡♥ ❬✵✳✺❀✶✳✺❪ ✉♥✐'/✴/ ✇✐'❤ ❛

'*❛♥/♠✐//✐♦♥ *❛♥❣❡ ♦❢ ✷✺ ✉♥✐'/✳ ❋♦* ❡❛❝❤ ❡①♣❡*✐♠❡♥' ✶✵ ❞✐✛❡*❡♥' *❛♥❞♦♠ ❞✐/'*✐❜✉'✐♦♥ /❡❡❞/ ✇❡*❡

✉/❡❞ ✐♥ ♦*❞❡* '♦ ❢❡❛'✉*❡ *❡/✉❧'/ ❢*♦♠ ❞✐✛❡*❡♥' '♦♣♦❧♦❣✐❡/ ❛♥❞ ♠♦✈❡♠❡♥' /❡'✉♣/✳ ❋♦* '❤❡ ✉/❡❞

♠♦❜✐❧❡ ❡♥✈✐*♦♥♠❡♥' ✇❤❡*❡ ♥♦❞❡/ ♠♦✈❡ ✇✐'❤ ❧♦✇ ✭✇❛❧❦✐♥❣✮ /♣❡❡❞/ ❜❡'✇❡❡♥ ✶✳✽ ❛♥❞ ✺✳✹ ❦♠✴❤✱ '❤❡

◆▲❲❈❆ ❧✐♥❦✲/'❛❜✐❧✐'② '❤*❡/❤♦❧❞ ✐/ /❡' ♦♥ ✷ ❬❆♥❞* ✵✽❜❪✳

❙✐♠✉❧❛'✐♦♥/ ✇❡*❡ ❞♦♥❡ '♦ ❞❡'❡*♠✐♥❡ '❤❡ ❜❛♥❞✇✐❞'❤ ✉/❡❞ ❜② '❤❡ ♣*♦'♦❝♦❧/ ✐♥ ♦*❞❡* '♦ ❜✉✐❧❞ '❤❡

'♦♣♦❧♦❣✐❡/ ❛♥❞ '❤❡ ✐♥❢♦*♠❛'✐♦♥ ❞✐//❡♠✐♥❛'✐♦♥ ♣❡*❢♦*♠❛♥❝❡ ♦❢ ❜*♦❛❞❝❛/'✐♥❣ ♦♥ '♦♣ ♦❢ '❤❡ ❞✐✛❡*❡♥'

'♦♣♦❧♦❣✐❡/✳ ❚❤❡♥ ✇❡ ❝♦♠♣❛*❡❞ '❤❡ ❡✣❝✐❡♥❝② ♦❢ '❤❡ ♣*♦'♦❝♦❧/ ❛♥❞ ✜♥❛❧❧② ♠❛❞❡ ❛ /'❛'✐❝ ❡✈❛❧✉❛'✐♦♥

'♦ ❝♦♠♣❛*❡ ✐♥❢♦*♠❛'✐♦♥ ❞✐//❡♠✐♥❛'✐♦♥ /♦❧❡❧② ♦♥ ▼?❘ ❛♥❞ ■❈❘ ♣❡*❢♦*♠❛♥❝❡/✳

❖▲❙❘ ❡①❝❤❛♥❣❡/ '❤❡ /❡'/ ♦❢ ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦* ♥♦❞❡/ ✇✐'❤ ❡✈❡*② ♥♦❞❡ ✐♥ ❝♦♠♠✉♥✐❝❛'✐♦♥

*❛♥❣❡✳ ❙✐♠✐❧❛* '♦ ❖▲❙❘✱ ❙▲❙❋ ❡①❝❤❛♥❣❡/ '❤❡ ❧✐/' ♦❢ '❤❡ ❞✐/❝♦✈❡*❡❞ ♥❡❛*❜②✲❈❍/ ✇✐'❤ '❤❡ ♦♥❡✲❤♦♣

♥❡✐❣❤❜♦* ♥♦❞❡/✳ ❋♦* ♦✉* ❡①♣❡*✐♠❡♥'/ ✇❡ ❞✐/'✐♥❣✉✐/❤❡❞ '✇♦ ❞✐✛❡*❡♥' ❙▲❙❋ ❝♦♥✜❣✉*❛'✐♦♥/✳ '❤❡

✜*/' ✐/ ❙▲❙❋ ✇✐'❤♦✉' ❢❛✉❧' *❡❝♦✈❡*② *❡❢❡**❡❞ ❛/ ❙▲❙❋✲❘ ✭♠✐♥✉/ ❢❛✉❧' *❡❝♦✈❡*②✮✱ '❤✉/ ♦♥❧② ■❈❘

/❡❧❡❝'✐♦♥ ✇✐'❤ ❜❛/✐❝ ❙▲❙❋ ❜❡❛❝♦♥ ✭/❛♠❡ ❢♦*♠❛' ❛/ '❤❡ ❲❈?❉ ❜❡❛❝♦♥✱ '❤✉/ /❛♠❡ ❜❛♥❞✇✐❞'❤

✉/❛❣❡✮✳ ❚❤❡ /❡❝♦♥❞ ✐/ '❤❡ ❢✉❧❧ ❙▲❙❋ ♣*♦'♦❝♦❧ ✇✐'❤ ■❈❘ /❡❧❡❝'✐♦♥ ❛♥❞ ❢❛✉❧'✲*❡❝♦✈❡*② ♠❡❝❤❛♥✐/♠

✇✐'❤ ❛❞❞❡❞ /❡]✉❡♥❝❡ ♥✉♠❜❡*/ ✐♥ '❤❡ ❜❡❛❝♦♥✳ ❚♦ ✜♥❞ ♦✉' '❤❡ ♥❡'✇♦*❦ ❧♦❛❞ ♣*♦❞✉❝❡❞ ❞✉*✐♥❣ '❤✐/

♣❤❛/❡✱ '❤❡ /✐③❡ ♦❢ '❤❡ ❡①❝❤❛♥❣❡❞ ❞❛'❛ /❡'/ ✇❡*❡ '*❛❝❦❡❞ ❡✈❡*② /❡❝♦♥❞ ♦❢ '❤❡ /✐♠✉❧❛'✐♦♥✿ ❢♦* ❖▲❙❘

'❤❡ /✐③❡ ♦❢ '❤❡ ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦* /❡'/✱ ❢♦* ❙▲❙❋✲❘ ❛♥❞ ❲❈?❉ '❤❡ /✐③❡ ♦❢ '❤❡ ❞✐/❝♦✈❡*❡❞ ❈❍/ ❛♥❞

❢♦* ❙▲❙❋ ❛❞❞✐'✐♦♥❛❧❧② '♦ '❤❡ ❞✐/❝♦✈❡*❡❞ ❈❍/ '❤❡ /❡]✉❡♥❝❡ ♥✉♠❜❡*/✳

❋✐❣✉*❡ ✸✳✸✸✿ ❇❛♥❞✇✐❞'❤ ✉/❡❞ ✐♥ ♦*❞❡* '♦ ❜✉✐❧❞ '❤❡ '♦♣♦❧♦❣② ❢♦* ✶✵✵✱ ✷✵✵ ❛♥❞ ✸✵✵ ♥♦❞❡/✳

■♥ ♦*❞❡* '♦ ♠♦♥✐'♦* '❤❡ ✐♥❢♦*♠❛'✐♦♥ ❞✐//❡♠✐♥❛'✐♦♥ ♣❡*❢♦*♠❛♥❝❡ ✭❘❡❛❝❤❛❜✐❧✐'②✮ ❛ ♥♦❞❡ ✇❛/

❝❤♦/❡♥ '♦ ❜*♦❛❞❝❛/' ❛ ♠❡//❛❣❡ ❡✈❡*② ✶✵ /❡❝♦♥❞/ ❞✉*✐♥❣ ❞✐✛❡*❡♥' /✐♠✉❧❛'✐♦♥ *✉♥/✳ ❚❤❡ ♥✉♠❜❡* ♦❢

✷✶

❛! !❤❡ !✐♠❡ !❤♦'❡ ❡①♣❡*✐♠❡♥!❛!✐♦♥' ✇❡*❡ ♠❛❞❡✱ ✇❡ ❞✐❞ ♥♦! ❤❛✈❡ !❤❡ ❛❞✈❛♥❝❡❞ ♠♦❜✐❧✐!② ♠♦❞❡❧' ♣*♦♣♦'❡❞ ✐♥

❈❤❛♣!❡* ✺

✻✽



✸✳✼✳ ❈♦♥❝❧✉)✐♦♥

 ❡♥# ♠❡  ❛❣❡ ✭✐✳❡✳ ❜+♦❛❞❝❛ # ❛♥❞ ✉♥✐❝❛ # ✮ ❞✉+✐♥❣ #❤❡ ❞✐  ❡♠✐♥❛#✐♦♥ ❛♥❞ #❤❡ ♥✉♠❜❡+ ♦❢ +❡❛❝❤❡❞

♥❡#✇♦+❦ ♥♦❞❡ ✇❡+❡ #+❛❝❦❡❞✳

❆  ❤♦✇♥ ✐♥ ❋✐❣✉+❡ ✸✳✸✸✱ ❖▲❙❘ ✉ ❡ ❛ ❤✐❣❤❡+ ❜❛♥❞✇✐❞#❤ ✐♥ ❜♦#❤  ♣❛+ ❡+ ✭✶✵✵ ♥♦❞❡ ✮ ❛♥❞

❞❡♥ ❡+ ♥❡#✇♦+❦ ✭✸✵✵ ♥♦❞❡ ✮✳ ❚❤✐ ✇❛ ❡①♣❡❝#❡❞  ✐♥❝❡ ❖▲❙❘ ✐ ❡①❝❤❛♥❣✐♥❣ #❤❡  ❡# ♦❢ ♦♥❡✲

❤♦♣ ♥❡✐❣❤❜♦+ ✱ ✇❤✐❧❡ ❙▲❙❋ ♦♥❧② ❡①❝❤❛♥❣❡ #❤❡  ❡# ♦❢ ❧♦❝❛❧❧② ❞✐ ❝♦✈❡+❡❞ ♥❡❛+❜② ❈❍ ✇❤✐❝❤ ✐ 

❛ ❢+❛❝#✐♦♥❛❧ ❛♠♦✉♥# ♦❢ #❤❡ #♦#❛❧ ♥✉♠❜❡+ ♦❢ ♥♦❞❡ ✳ ❙▲❙❋✲❘ ✉ ❡ ❡①❛❝#❧② #❤❡  ❛♠❡ ❜❛♥❞✇✐❞#❤

✭✽✵✪ ❧❡  #❤❛♥ ❖▲❙❘✮ ❛ ❲❈K❉  ✐♥❝❡ #❤❡②  ❤❛+❡ #❤❡  ❛♠❡ ❜❡❛❝♦♥  #+✉❝#✉+❡✳ ❙▲❙❋ ✉ ❡ ♠♦+❡

❜❛♥❞✇✐❞#❤ #❤❛♥ ❙▲❙❋✲❘✱ ❛  ❡M✉❡♥❝❡ ♥✉♠❜❡+ ✇❡+❡ ❛❞❞❡❞ #♦ #❤❡ ❜❡❛❝♦♥✱ ❜✉#  #✐❧❧ ✉ ❡ ❛❜♦✉#

✹✵✪ ❧❡  ❜❛♥❞✇✐❞#❤ #❤❛♥ ❖▲❙❘✳

❚❤❡ ❞✐  ❡♠✐♥❛#✐♦♥ ♣❡+❢♦+♠❛♥❝❡ +❡ ✉❧# ✭❋✐❣✉+❡ ✸✳✸✹✱ ◆❖❚❊✿ ♣❡+✐♦❞✐❝✐#② ✐♥ ❝✉+✈❡ ✐ ✐♥❞✉❝❡❞

❜② #❤❡  ♠♦♦#❤✐♥❣✮  ❤♦✇ #❤❛# ❙▲❙❋ ♣❡+❢♦+♠ #❤❡ ❜❡ # ❢♦+ ❛❧❧ ❞❡♥ ✐#✐❡ ✳ ❋♦+ ✸✵✵ ♥♦❞❡ ❙▲❙❋

♣❡+❢♦+♠ ♦♥❧②  ❧✐❣❤#❧② ❜❡##❡+ #❤❛♥ ❖▲❙❘✱ ❜✉# ✉ ❡ ♦♥ ❛✈❡+❛❣❡ ✶✵ #♦ ✶✺✪ ❧❡  ❢♦+✇❛+❞❡+ ✇✐#❤

✹✵✪ ❧❡  ❜❛♥❞✇✐❞#❤ ✉ ❛❣❡✳ ❲❈K❉ ♣❡+❢♦+♠ #❤❡ ✇♦+ # ❛♥❞ ✉ ❡ ❛❝❝♦+❞✐♥❣❧② ❧❡  ❡+ ❢♦+✇❛+❞✐♥❣

♥♦❞❡ ✳ ❲❤❡+❡❛ ❙▲❙❋✲❘ ✉ ❡ ❛♣♣+♦①✐♠❛#❡❧② #❤❡  ❛♠❡ ❛♠♦✉♥# ♦❢ ❢♦+✇❛+❞❡+ #❤❛♥ ❲❈K❉✱ ✐#

+❡❛❝❤❡ ❢+♦♠ ✶✵✪ #♦ ✷✵✪ ♠♦+❡ ♥♦❞❡ ✳ ❚❤✐ ✐ #❤❡ ♣✉+❡ ❣❛✐♥ ♦❢ ■❈❘  ❡❧❡❝#✐♦♥ ✇❤✐❝❤ ♦♣#✐♠✐③❡ 

#❤❡ ❢♦+✇❛+❞✐♥❣ ♥♦❞❡ ✳

❙✉❜ ❡M✉❡♥#❧② ✇❡ ❝❛❧❝✉❧❛#❡❞ ❛ ✧M✉❛❧✐#②✲❝♦ #✧ +❛#✐♦ ❡①#+❛❝#❡❞ ❢+♦♠ #❤❡ +❡ ✉❧# ♦❢ ❋✐❣✉+❡ ✸✳✸✸

❛♥❞ ✸✳✸✹✳ ❲❡ ❝❛❧❝✉❧❛#❡❞ #❤❡ ♣❡+❝❡♥#❛❣❡ ♦❢ ♥♦❞❡ +❡❛❝❤❡❞✱ ❞✐✈✐❞❡❞ ❜② #❤❡ ❜❛♥❞✇✐❞#❤ ✉ ❡❞✳ ❲❡

 ❡❡ ✐♥ ❋✐❣✉+❡ ✸✳✸✺ #❤❛# ❙▲❙❋ ❛♥❞ ❙▲❙❋✲❘ ❛+❡ ✐♥ ❛✈❡+❛❣❡ #✇♦ #♦ #❤+❡❡ #✐♠❡ ♠♦+❡ ❡✣❝✐❡♥# #❤❛♥

❖▲❙❘✳ ❚❤❡ ♣♦♦+ ♣❡+❢♦+♠❛♥❝❡ ♦❢ ❲❈K❉ ❤✐❣❤❧✐❣❤# #❤❡ ♥❡❡❞ ❢♦+ ✐♠♣+♦✈❡♠❡♥# #❤❛# ❙▲❙❋ ❜+✐♥❣ ✳

❙▲❙❋ +❡❧✐❡ ♦♥  #❛❜❧❡  #+✉❝#✉+❡ ❜✉✐❧# ❜② ◆▲❲❈❆✿ ♦♥❧② ♥♦❞❡ ❝♦♥ ✐❞❡+❡❞ ❛  #❛❜❧❡ ✇✐❧❧ +❡❝❡✐✈❡

#❤❡ ♠❡  ❛❣❡✳ ❙♦ ✜♥❛❧❧②✱ #♦ ❝♦♠♣❛+❡ #❤❡ ♣❡+❢♦+♠❛♥❝❡ ♦♥ ❡M✉❛❧ ❧❡✈❡❧ ✱ ✇❡ ❡①♣❡+✐♠❡♥#❡❞ ❖▲❙❘

❛♥❞ ❙▲❙❋ ✐♥ ❛  #❛#✐❝  ❝❡♥❛+✐♦ ✇❤❡+❡ ❛❧❧ ♥♦❞❡ ❛+❡ ❝♦♥ ✐❞❡+❡❞  #❛❜❧❡ ❝♦♥♥❡❝#❡❞✳ ❚❤❡ ❡①♣❡+✐♠❡♥# 

✇❤❡+❡ ❞♦♥❡ ♦♥ ❛ ✸✵✵①✸✵✵ ✉♥✐#  ✉+❢❛❝❡ ✇✐#❤ ✶✵✵ #♦ ✸✵✵ ♥♦❞❡ +❛♥❞♦♠❧② ♣♦ ✐#✐♦♥❡❞ ✉ ✐♥❣ ✶✵✵

❞✐✛❡+❡♥# #♦♣♦❧♦❣②  ❡❡❞ ✳ ❆❣❛✐♥✱ #❤❡ ♥✉♠❜❡+ ♦❢ ❢♦+✇❛+❞✐♥❣ ❛♥❞ +❡❝❡✐✈✐♥❣ ♥♦❞❡ ✉ ✐♥❣ ▼K❘ ❛♥❞

■❈❘  ❡❧❡❝#✐♦♥ ✇❤❡+❡ #+❛❝❦❡❞✳ ❚❤❡ +❡ ✉❧# ♦♥ ❋✐❣✉+❡ ✸✳✸✻  ❤♦✇ #❤❛# ❙▲❙❋ ♦✉#♣❡+❢♦+♠ ❖▲❙❘ ✐♥

#❡+♠ ♦❢ +❛#✐♦ ♦❢ ❢♦+✇❛+❞✐♥❣ ♥♦❞❡ ♦✈❡+ +❡❝❡✐✈✐♥❣ ♥♦❞❡ ✳ ❲✐#❤ ✐♥❝+❡❛ ✐♥❣ ❞❡♥ ✐#② ♦♥ ❛✈❡+❛❣❡ ✇✐#❤

❖▲❙❘ ❛❜♦✉# ✽✺✪ ♦❢ #❤❡ +❡❝❡✐✈❡+ ❛+❡ ❛❧ ♦ ❢♦+✇❛+❞❡+ ✱ ✇❤❡+❡❛ ✐♥ ❙▲❙❋ #❤✐ ❛♠♦✉♥# ❞❡❝+❡❛ ❡ 

❢+♦♠ ✻✵✪ #♦✇❛+❞ ✸✵✪✳

✸✳✼ ❈♦♥❝❧✉)✐♦♥

❲❡ ♣+❡ ❡♥#❡❞ ❙▲❙❋✱ ❛ ✢♦♦❞✐♥❣ ♣+♦#♦❝♦❧ ✇❤✐❝❤  ❡❧❡❝# ■♥#❡+✲❈❧✉ #❡+ ❘❡❧❛② #♦ ♦♣#✐♠✐③❡ #❤❡ ❝♦♠✲

♠✉♥✐❝❛#✐♦♥ ❛♠♦♥❣ #❤❡  #❛❜❧❡✲❝♦♥♥❡❝#❡❞ ❝❧✉ #❡+ ❛+❝❤✐#❡❝#✉+❡✳ ❚♦ ❞❡❛❧ ✇✐#❤ ✐♥#❡+♠✐##❡♥# ♠❡  ❛❣❡

❧♦  ❛ ❢❛✉❧# +❡❝♦✈❡+② ♠❡❝❤❛♥✐ ♠ ✇❛ ❛❞❞❡❞✳

❚❤❡ ❣♦❛❧ ♦❢ #❤❡ ■❈❘ ✭■♥#❡+✲❈❧✉ #❡+ ❘❡❧❛②✮  ❡❧❡❝#✐♦♥ ✐ #♦ +❡❛❝❤ ❛❧❧ ♥❡❛+❜② ❝❧✉ #❡+❤❡❛❞ ✇✐#❤

#❤❡ ♠✐♥✐♠❛❧  ❡# ♦❢ ✶✲❤♦♣ ♥❡✐❣❤❜♦+ ✇❤✐❧❡ ♦♣#✐♠✐③✐♥❣ #❤❡ ❤♦♣✲❝♦✉♥#✳ ■❈❘  ❡❧❡❝#✐♦♥ ♦♥ #♦♣ ♦❢ #❤❡

 #❛❜❧❡✲❝❧✉ #❡+ ❛+❝❤✐#❡❝#✉+❡ +❡❞✉❝❡  ✉❜ #❛♥#✐❛❧❧② #❤❡ ♥✉♠❜❡+ ♦❢ ❢♦+✇❛+❞✐♥❣ ♥♦❞❡ ✳ ●❡♥❡+❛❧❧②✱ ❛ 
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The Y axis represents the number of

messages sent and received. It is

expressed as a percentage of the overall

number of nodes in the network. On a

network with 200 nodes, 100% of received

means the message is received 200 times,

once for each node. However for sent

messages, it is slightly different, since a

same node can sent several times (if

necessary) the same message. Therefore,

on this figures, theoretically the percentage

of messages concerning sent messages,

could exceed the number of nodes, thus

exceed 100%.

These figures express the number of sent/

forwarded messages necessary to reach

the displayed number of (unique) nodes.
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Figure 3.35: Efficiency of Bandwidth usage for 100, 200 and 300 nodes. 
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♦❢ ❧♦2" 2❧❛✈❡2 ❛♥❞ ❛'❡ 2❡♥" ♦♥❧② ❜❛2❡❞ ♦♥ ❡✈❡♥"2 ✭❡✳❣✳ ❧♦2" ♦❢ ❛ 2❧❛✈❡✮✳ ❆ ♥♦❞❡ '❡❝❡✐✈✐♥❣

2✉❝❤ ❛ ♠❡22❛❣❡ 2✐♠♣❧② '❡♠♦✈❡2 ❡❛❝❤ ❡♥"'② ♠❛"❝❤✐♥❣ "❤❡ ❛♥♥♦✉♥❝✐♥❣ ❝❧✉2"❡'❤❡❛❞ ❛♥❞ "❤❡

❧♦2" 2❧❛✈❡ ❢'♦♠ ✐"2 '♦✉"✐♥❣ "❛❜❧❡2✳

• ▲♦"# ❘♦✉#❡ #♦ ❈❧✉"#❡-"✿ ❈❧✉2"❡'❤❡❛❞2 ❛❧2♦ ❛♥♥♦✉♥❝❡ "❤❡ ❧♦22 ♦❢ ❝❧✉2"❡'❤❡❛❞2 ✇❤❡♥ "❤❡②

❧♦2❡ ❛ ❧✐♥❦ "♦ ❛ ♥❡❛'❜② ❝❧✉2"❡'❤❡❛❞✳ ■♥ ♦"❤❡' ✇♦'❞2✱ "❤❡② ❛♥♥♦✉♥❝❡ "❤❡ ❧♦2" ❝❧✉2"❡'❤❡❛❞2

"❤❛" "❤❡② ✇❡'❡ ❛❜❧❡ "♦ '❡❛❝❤ ✉2✐♥❣ "❤❡ '♦✉"❡ "❤'♦✉❣❤ "❤❡ ❧♦2" ♥❡❛'❜② ❝❧✉2"❡'❤❡❛❞✱ ❜❡❢♦'❡ "❤❡

❧♦22✳ ❚❤♦2❡ ♠❡22❛❣❡2 ❝♦♥"❛✐♥ "❤❡ ❧✐2" ♦❢ ❧♦2" ❝❧✉2"❡'❤❡❛❞2 ✭✐♥❝❧✉❞✐♥❣ "❤❡ ♥❡❛'❜② ❝❧✉2"❡'❤❡❛❞

✐"2❡❧❢✮ ❛♥❞ "❤❡ ♥✉♠❜❡' ♦❢ '❡♠❛✐♥✐♥❣ '♦✉"❡2❀ ❆❧♦♥❣✱ ✇✐"❤ ❡❛❝❤ ❛♥♥♦✉♥❝❡❞ ❧♦2" ❝❧✉2"❡'✱ ❡❛❝❤

❝❧✉2"❡'❤❡❛❞ ❢♦'✇❛'❞✐♥❣ "❤✐2 ♠❡22❛❣❡ ✭✐♥❝❧✉❞✐♥❣ "❤❡ 2♦✉'❝❡ ♦❢ "❤❡ ♠❡22❛❣❡✮ ♣✉"2 ✐♥ "❤❡

♠❡22❛❣❡ ❤♦✇ ♠❛♥② '♦✉"❡2 ❤❡ ❤❛2 ❧❡❢" "♦ "❤✐2 ❝❧✉2"❡'❤❡❛❞✳ ❚❤❡ ♥✉♠❜❡' ♦❢ '♦✉"❡2 ✐2 ✉2❡❞ "♦

❛✈♦✐❞ ♣'✉♥✐♥❣ ❛ '♦✉"❡ ✇❤✐❧❡ "❤❡'❡ ✐2 2"✐❧❧ ❛ ♣❛"❤ ❛✈❛✐❧❛❜❧❡✳ ▼♦'❡ ♦♥ "❤✐2 ✐♥ ❙❡❝"✐♦♥ ✹✳✸✳✹✳

✹✳✷ ❆ ❜❛❧❛♥❝❡❞✲❤②❜.✐❞ ♣.♦2♦❝♦❧ 2♦ .❡❞✉❝❡ 2❤❡ ♦✈❡.❤❡❛❞

❙▲❙❘ ❝❛♥ ❜❡ ❝❧❛22✐✜❡❞ ❛2 ❛ ❜❛❧❛♥❝❡❞✲❤②❜'✐❞ ♣'♦"♦❝♦❧✳ ❚❤✐2 "❡'♠ ✇❛2 ✐♥"'♦❞✉❝❡❞ ✐♥ "❤❡ ❊♥✲

❤❛♥❝❡❞ ■♥"❡'✐♦' ●❛"❡✇❛② ❘♦✉"✐♥❣ L'♦"♦❝♦❧ ✭❊■●❘L✮ ❬❊■●❘L ✾✷❪✱ ❛ ❈✐2❝♦ ♣'♦♣'✐❡"❛'② ♣'♦"♦❝♦❧✳

❇❛❧❛♥❝❡❞✲❤②❜'✐❞ ♣'♦"♦❝♦❧2 "❛❦❡ ❢❡❛"✉'❡2 ❢'♦♠ ❜♦"❤ ❧✐♥❦✲2"❛"❡ ❛♥❞ ❞✐2"❛♥❝❡ ✈❡❝"♦' ❛❧❣♦'✐"❤♠2✳

❍♦✇❡✈❡'✱ ❡①❝❡♣" 2❤❛'✐♥❣ "❤❡ 2❛♠❡ ❝❧❛22✐✜❝❛"✐♦♥✱ ❙▲❙❘ ❤❛2 ♥♦ 2✐♠✐❧❛'✐"② ✇✐"❤ ❊■●❘L✱ "❤❡'❡❢♦'❡

✇❡ ❛'❡ ♥♦" ❣♦✐♥❣ "♦ ❞❡"❛✐❧ ✐"✳

❚❤❡ '♦✉"✐♥❣ "❛❜❧❡ ♦❢ ❙▲❙❘ ❧♦♦❦2 ❧✐❦❡ ❛ ❞✐2"❛♥❝❡✲✈❡❝"♦' ♣'♦"♦❝♦❧ '♦✉"✐♥❣ "❛❜❧❡✱ ❤♦✇❡✈❡' "❤❡

❣❛"❤❡'✐♥❣ ♦❢ ✐♥❢♦'♠❛"✐♦♥ "♦ ✜❧❧ "❤✐2 '♦✉"✐♥❣ "❛❜❧❡ ✐2 ❞♦♥❡ ❜❛2❡❞ ♦♥ ❧✐♥❦✲2"❛"❡ ♣'✐♥❝✐♣❧❡2✿ ❆ ♥♦❞❡

✭❤❡'❡ ❛ ❝❧✉2"❡'❤❡❛❞✮ 2❡♥❞2 "♦ ❛❧❧ ♥♦❞❡2 ✐♥ "❤❡ ♥❡"✇♦'❦✱ ✐♥❢♦'♠❛"✐♦♥ ❛❜♦✉" ✐"2 ♥❡✐❣❤❜♦'2 ✭❤❡'❡ ✐"2

2❧❛✈❡2 ♦♥❧②✮✳ ❙▲❙❘ ✐2 ❛❧2♦ ♥♦" ❛ ❧✐♥❦✲2"❛"❡ ❛❧❣♦'✐"❤♠ 2✐♥❝❡ "❤❡ '♦✉"✐♥❣ "❛❜❧❡ ❞♦❡2 ♥♦" ❝♦♥"❛✐♥ "❤❡

❝♦♠♣❧❡"❡ "♦♣♦❧♦❣②✳ ❚❤❡ ❞✐✛❡'❡♥❝❡ ❢'♦♠ ❝❧❛22✐❝ ❧✐♥❦✲2"❛"❡ ♦' ❞✐2"❛♥❝❡✲✈❡❝"♦' ❜❛2❡❞ ♣'♦"♦❝♦❧2 ✐2

"❤❛" "❤❡ ✐♥❢♦'♠❛"✐♦♥ "❤❛" ❝❧✉2"❡'❤❡❛❞2 ❛❞✈❡'"✐2❡ ❞♦❡2 ♥♦" ♦✈❡'❧❛♣✳ ❍♦✇❡✈❡'✱ ❛ '❡❝✐♣✐❡♥" ♦❢ ❙▲❙❘

'♦✉"✐♥❣ ✐♥❢♦'♠❛"✐♦♥ ❝❛♥♥♦" ❞❡❞✉❝" "❤❛" "✇♦ ❝❧✉2"❡'2 ❛'❡ ♥❡✐❣❤❜♦'2✱ ❛2 ✐" ✐2 "❤❡ ❝❛2❡ ✐♥ ❛ ❝❧❛22✐❝

❧✐♥❦✲2"❛"❡ ❛❧❣♦'✐"❤♠✱ ❜✉" ♦♥❧② ❦♥♦✇2 ❢'♦♠ ✇❤❡'❡ "❤❡ ✐♥❢♦'♠❛"✐♦♥ ❝❛♠❡ ❢'♦♠ ✭♠♦'❡ ❧✐❦❡ ❞✐2"❛♥❝❡

✈❡❝"♦' ❛❧❣♦'✐"❤♠2✮✳

❋✐❣✉'❡ ✹✳✸ ❝♦♠♣❛'❡2 "❤❡ '❡❛❝❤ ♦❢ '♦✉"✐♥❣ ✐♥❢♦'♠❛"✐♦♥ ✐♥ ❧✐♥❦✲2"❛"❡ ✭❤❡'❡ ❖▲❙❘✮✱ ❞✐2"❛♥❝❡✲

✈❡❝"♦' ❛♥❞ ❙▲❙❘✳ ■♥ ❧✐♥❦✲2"❛"❡ ❛♥❞ ❞✐2"❛♥❝❡ ✈❡❝"♦' ❛❧❣♦'✐"❤♠2✱ "❤❡ ❛❞✈❡'"✐2❡❞ ✐♥❢♦'♠❛"✐♦♥ ❤✐❣❤❧②

♦✈❡'❧❛♣2 "❤❡'❡❜② ❝'❡❛"❡2 ❛ ❤✐❣❤ '♦✉"✐♥❣ ♦✈❡'❤❡❛❞✳ ■♥ ❙▲❙❘✱ ✐♥❢♦'♠❛"✐♦♥ ♥❡✈❡' ♦✈❡'❧❛♣2 ❞✉❡ "♦ "❤❡

✉2❡ ♦❢ ❝❧✉2"❡'❤❡❛❞2✱ "❤❡'❡❜② "❤❡ '♦✉"✐♥❣ ♦✈❡'❤❡❛❞ ✐2 ♠✐♥✐♠✐③❡❞✳ ❖❢ ❝♦✉'2❡✱ "❤✐2 ❝♦♠❡2 ❛" ❛ ❝♦2" ♦❢

❧❡22 "♦♣♦❧♦❣② ❦♥♦✇❧❡❞❣❡✳ ❆ ♥♦❞❡ ♦♥❧② ❦♥♦✇2 "❤❡ ❞✐'❡❝"✐♦♥ ✐♥ ✇❤✐❝❤ "♦ 2❡♥❞ ✐♥❢♦'♠❛"✐♦♥ ✭"❤✐2 ✐2

✇❤❡'❡ "❤❡ '♦✉"✐♥❣ "❛❜❧❡ ✐2 2✐♠✐❧❛' "♦ ❞✐2"❛♥❝❡✲✈❡❝"♦' '♦✉"✐♥❣ "❛❜❧❡2✮ ❛♥❞ ♥♦" "❤❡ ❡♥"✐'❡ "♦♣♦❧♦❣②✳

❍♦✇❡✈❡'✱ ✐♥ ❛ ❞②♥❛♠✐❝ ❝♦♥✜❣✉'❛"✐♦♥ ❦♥♦✇✐♥❣ "❤❡ "♦♣♦❧♦❣② ♠❛② ❜❡ ✇❛2"❡❞ ❡✛♦'" 2✐♥❝❡ ✐" ♠✐❣❤"

❛❧'❡❛❞② ❤❛✈❡ ❝❤❛♥❣❡❞ ❞✉'✐♥❣ "❤❡ ❥♦✉'♥❡② ♦❢ ❛ ♠❡22❛❣❡✱ ♥❡①" ✭❝❧✉2"❡'❤❡❛❞✮ ❤♦♣ ✐♥❢♦'♠❛"✐♦♥ ✐2 ❛❧❧

"❤❛" ♠❛""❡'2 ❢'♦♠ ❛ ♥♦❞❡✬2 ♣♦✐♥" ♦❢ ✈✐❡✇✳ ◆♦"❡✱ "❤❛" ❙▲❙❘ ❝❛♥ ❛❧2♦✱ ✐❢ ♥❡❝❡22❛'②✱ ✇♦'❦ ❛2 ❛ ❢✉❧❧

❧✐♥❦✲2"❛"❡ ♣'♦"♦❝♦❧ ❛2 ❞❡2❝'✐❜❡❞ ✐♥ ❙❡❝"✐♦♥ ✹✳✻✳✹✳

❙▲❙❘ ❞♦❡2 ♥♦" ❝♦♠❡ ✇✐"❤ "❤❡ ❝❧❛22✐❝ ♣'♦❜❧❡♠2 ♦❢ ❞✐2"❛♥❝❡✲✈❡❝"♦' 2✉❝❤ ❛2 ❝♦✉♥"✲"♦✲✐♥✜♥✐"②

✭2❡❡ ❢'❛♠❡❞ ♣❛'❛❣'❛♣❤ ❤❡'❡❛❢"❡'✮ ♦' '♦✉"✐♥❣ ❧♦♦♣2✳ ❲❤②❄ ❇❡❝❛✉2❡ ❛♥② ✐♥❢♦'♠❛"✐♦♥ "❤❛" ✐2

2❡♥❞ ✐2 ♦♥❧② 2❡♥❞ ❜② ❛ ♥♦❞❡ "❤❛" ✐2 "❤❡ ♦✇♥❡' ♦❢ "❤❛" ♣✐❡❝❡ ♦❢ ✐♥❢♦'♠❛"✐♦♥✳ ◆♦ ♦♥❡ 2♣❡❛❦2

❢♦' ❛♥♦"❤❡' ♥♦❞❡✳ ❈✉''❡♥" ❙❧❛✈❡2 ❛♥❞ ▲♦2" ❙❧❛✈❡2 ♠❡22❛❣❡2 ❛'❡ ♦♥❧② 2❡♥❞ ❜② "❤❡ 2♦✉'❝❡ ✭✐✳❡✳

"❤❡ ❝❧✉2"❡'❤❡❛❞✮ ♦❢ "❤❡ ✐♥❢♦'♠❛"✐♦♥✱ "❤❡ ♦"❤❡' ♥♦❞❡2 ♦♥❧② ❢♦'✇❛'❞ ✐" ✇✐"❤♦✉" ❛❧"❡'✐♥❣ ✐"✳ ▲♦2"

❘♦✉"❡ "♦ ❈❧✉2"❡'2 ♠❡22❛❣❡2✱ ❛'❡ 2❡♥❞ ♦♥❧② ❜② ♥♦❞❡2 "❤❛" ❡✛❡❝"✐✈❡❧② ❧♦2" ❛ '♦✉"❡✳ ❆❞❞✐"✐♦♥❛❧❧②✱

✼✻
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Advertises to his neighbors the distance 

to all 17 other nodes in the network

Advertises to his neighbors the distance 

to all 17 other nodes in the network

Advertises to his neighbors the distance 

to all 17 other nodes in the network

Advertise to its neighbors the distance to 

all 17 other nodes in the network
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MPR

MPR

MPR

MPR
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B

Link state Distance-vector

SLSR
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♠❡//❛❣❡/ ❛$❡ ❛❧✇❛②/ /❡♥❞ ♦♥✇❛$❞✱ ♥❡✈❡$ ❜❛❝❦✇❛$❞/ ✭✐✳❡✳ ❢$♦♠ ✇❤❡$❡ 2❤❡ ♠❡//❛❣❡ ❝❛♠❡ ❢$♦♠✮✳

❆❧/♦✱ ❞✉♣❧✐❝❛2❡ ♠❡//❛❣❡/ ❛$❡ /✐❧❡♥2❧② ❞✐/❝❛$❞❡❞✱ 2❤❡$❡❜② ❧♦♦♣/ ✇✐❧❧ ❛✉2♦♠❛2✐❝❛❧❧② ❜❡ ❛❜/♦$❜❡❞ ❜②

♥♦❞❡/ 2❤❛2 ❛❧$❡❛❞② $❡❝❡✐✈❡❞ 2❤❡ ♠❡//❛❣❡ ❢$♦♠ 2❤❡ ♦2❤❡$ /✐❞❡ ♦❢ 2❤❡ ❧♦♦♣✳

❈♦✉♥$✲$♦✲✐♥✜♥✐$②✿ /✉♣♣♦/❡ ❆✲❇✲❈ ❛$❡ ❝♦♥♥❡❝2❡❞ ✐♥ ❛ $♦✇✳ ❇ ❤❛/ ❛ ❞✐/2❛♥❝❡ ♦❢ ✶ 2♦ ❆

❛♥❞ ❈ ❛ ❞✐/2❛♥❝❡ ♦❢ ✷ 2♦ ❆✳ ■❢ ✉/✐♥❣ ❞✐/2❛♥❝❡ ✈❡❝2♦$✱ ♦♥❧② ❞✐/2❛♥❝❡/ ❛$❡ ❦♥♦✇✱ /♦ ❇ ❞♦❡/ ♥♦2

❦♥♦✇ 2❤❛2 ❈ ❛❝❝❡//❡/ ❆ 2❤$♦✉❣❤ ❇✳ ■❢ ❆ ❣♦❡/ ❞♦✇♥ ❛♥❞ ❈ ✐/ ♥♦2 ②❡2 ❛✇❛$❡ ♦❢ ✐2✱ ❇ /❡❡/ 2❤❛2

✐2 ❝❛♥ $❡❛❝❤ ❆ 2❤$♦✉❣❤ ❈ ✐♥ ✸ ❤♦♣/ ✭❈ ❝❛♥ $❡❛❝❤ ❆ ✐♥ ✷✮✳ ❚❤❡$❡❛❢2❡$✱ ❈ /❡❡/ 2❤❛2 ❇ $❡❛❝❤❡/

♥♦✇ ❆ ✐♥ ✸ ❤♦♣/ ✐♥/2❡❛❞ ♦❢ ✶✱ ❛♥❞ ✉♣❞❛2❡/ ✐2/ ❞✐/2❛♥❝❡ ✐♥❢♦$♠❛2✐♦♥✳ ❇ 2❤❡♥ ❛❣❛✐♥ ✉♣❞❛2❡/

✐2/ ❞✐/2❛♥❝❡ 2♦ ❆ 2♦ ✹ ❛♥❞ /♦ ♦♥✳ ❚❤✐/ ♦♥❧② /2♦♣/ ✉♥2✐❧ 2❤❡ ♠❛①✐♠✉♠ ✭✧✐♥✜♥✐2②✧✮ ❞✐/2❛♥❝❡ ✐/

$❡❛❝❤❡❞✳

✼✼



❈❤❛♣$❡& ✹✳ ❘♦✉$✐♥❣✿ ❙▲❙❘ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❘♦✉$✐♥❣

✹✳✸ ❘♦✉&✐♥❣ ❚❛❜❧❡ ❛♥❞ ✉♣❞❛&❡ ♠❛♥❛❣❡♠❡♥&

❇❡❢♦$❡ ❡①♣❧❛✐♥✐♥❣ ❤♦✇ .❤❡ $♦✉.✐♥❣ .❛❜❧❡ ❡♥.$✐❡1 ❛$❡ ✜❧❧❡❞✱ ♥❡①. ❛$❡ .❤❡ ✜❡❧❞1 ♦❢ .❤❡ $♦✉.✐♥❣ .❛❜❧❡

♦❢ ❙▲❙❘ ✭❚❛❜❧❡ ✹✳✹✮✿

• ❉!"✿ ❉❡1.✐♥❛.✐♦♥ ❆❞❞$❡11✳

• ◆❡①" ❈❍✿ ◆❡①. ❝❧✉1.❡$❤❡❛❞ ❛❞❞$❡11✳ ❚❤❡ ♥❡①. ❈❍ ❤♦♣ .♦✇❛$❞1 .❤❡ ❞❡1.✐♥❛.✐♦♥✳

• ♠❡"*✐❝✿ ✐♥ ♦✉$ ❡①❛♠♣❧❡✱ .❤❡ ♥✉♠❜❡$ ♦❢ ❤♦♣1 .♦ .❤❡ ❞❡1.✐♥❛.✐♦♥✳ ❆♥② ♦.❤❡$ ♠❡.$✐❝ .♦

$❡♣$❡1❡♥. .❤❡ ♣❛.❤ ❝♦1. ❝❛♥ ❜❡ ✉1❡❞✳

• ❈❍ ♠❡"*✐❝✿ ❍❡$❡✱ .❤❡ ♥✉♠❜❡$ ♦❢ ❝❧✉1.❡$1 .♦ ❝$♦11 .♦ $❡❛❝❤ .❤❡ ❞❡1.✐♥❛.✐♦♥✳

• ❉!" ❈❍ ❛❞❞*✿ ❈❧✉1.❡$❤❡❛❞ ❛❞❞$❡11 ♦❢ .❤❡ ❞❡1.✐♥❛.✐♦♥✳

• ❊①♣✐*❡ ❚✐♠❡✿ ❊①♣✐$❛.✐♦♥ .✐♠❡ ♦❢ .❤❡ $♦✉.✐♥❣ .❛❜❧❡ ❡♥.$②✳ ■. ✐1 ❝❛❧❝✉❧❛.❡❞ ♦♥ ✉♣❞❛.❡ ♦$
❝$❡❛.✐♦♥ ♦❢ ❛ $♦✉.✐♥❣ ❡♥.$② ❜② ❛❞❞✐♥❣ .❤❡ ❝✉$$❡♥. .✐♠❡ .♦ .❤❡ ❛♥♥♦✉♥❝❡❞ ✈❛❧✐❞✐$② $✐♠❡ ♦❢

.❤❡ ♠❡11❛❣❡✳

• ❙❡3✳ ◆❜*✿ ❙❡H✉❡♥❝❡ ♥✉♠❜❡$ ♦❢ .❤❡ ❧❛1. ♠❡11❛❣❡ .❤❛. ✉♣❞❛.❡❞ .❤✐1 ❡♥.$②✳

✹✳✸✳✶ ❈❤♦♦'✐♥❣ ❛ ,♦✉.❡

❖♥❝❡ .❤❡ $♦✉.✐♥❣ .❛❜❧❡ ✐1 ✜❧❧❡❞ ✭.❤❡ ❢♦❧❧♦✇✐♥❣ 1❡❝.✐♦♥1 1❤♦✇ ❤♦✇ .❤✐1 ✐1 ❞♦♥❡✮ .❤❡ $♦✉.✐♥❣ .❛❜❧❡

❝♦♥.❛✐♥1 ❛❧❧ .❤❡ ❦♥♦✇♥ $♦✉.❡1 ❢♦$ ❡❛❝❤ ❞❡1.✐♥❛.✐♦♥✳ ❚❤❡$❡ ❝❛♥ ❜❡ ♠♦$❡ .❤❛♥ ♦♥❡ ♥❡①. ❝❧✉1.❡$❤❡❛❞

❛✈❛✐❧❛❜❧❡ .♦ $❡❛❝❤ ❛ ❞❡1.✐♥❛.✐♦♥✳ ❋♦$ ❡①❛♠♣❧❡✱ ✐♥ ❚❛❜❧❡ ✹✳✹✱ .❤❡$❡ ❛$❡ .✇♦ ❡♥.$✐❡1 .♦ ❞❡1.✐♥❛.✐♦♥

♥♦❞❡ ✶✷ ✭❧✐♥❡1 ✹ ❛♥❞ ✻ ✮✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ $♦✉.❡ ✐1 ❞♦♥❡ ❛1 ❢♦❧❧♦✇✿

✶✳ 1❡❧❡❝. .❤❡ $♦✉.❡ ✇✐.❤ .❤❡ 1♠❛❧❧❡1. ❈❍ ♠❡$&✐❝✱ ♦$ ✐❢ ❡H✉❛❧✱

✷✳ 1❡❧❡❝. .❤❡ $♦✉.❡ ✇✐.❤ .❤❡ 1♠❛❧❧❡1. ♠❡$&✐❝✱ ♦$ ✐❢ ❡H✉❛❧✱

✸✳ 1❡❧❡❝. .❤❡ $♦✉.❡ ✇✐.❤ .❤❡ ❧❛.❡1. ❡①♣✐&❡ $✐♠❡✱ ♦$ ✐❢ ❡H✉❛❧✱

✹✳ ✜♥❛❧❧② 1❡❧❡❝. .❤❡ $♦✉.❡ ✇✐.❤ .❤❡ 1♠❛❧❧❡1. ◆❡①$ ❈❍ ❛❞❞$❡11✳

✹✳✸✳✷ ❚❛❜❧❡ ✉♣❞❛.❡' ❢,♦♠ ❈✉,,❡♥. ❙❧❛✈❡' ♠❡''❛❣❡'

◆♦❞❡1 ❝❛♥ ✜❧❧ .❤❡✐$ $♦✉.✐♥❣ .❛❜❧❡ ❜② ✉1✐♥❣ .❤❡ $❡❝❡✐✈❡❞ ❈✉&&❡♥$ ❙❧❛✈❡? ♠❡11❛❣❡1✳ ❋✐❣✉$❡ ✹✳✹

1❤♦✇1 ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ ♥❡.✇♦$❦ ✇❤❡$❡ ✸ ❝❧✉1.❡$1 ❢♦$♠ ❛ ❧♦♦♣✳ ❊❛❝❤ ❝❧✉1.❡$❤❡❛❞ $❡❝❡✐✈❡1 ❈✉&&❡♥$

❙❧❛✈❡? ♠❡11❛❣❡1 ❢$♦♠ ✸ ♦.❤❡$ ❝❧✉1.❡$❤❡❛❞1✳ ❍❡$❡✱ ❢♦$ ❡①❛♠♣❧❡✱ ❈❍ ✷✵ $❡❝❡✐✈❡1 ♠❡11❛❣❡1 ❢$♦♠ ❈❍

✶✶✱ ❈❍ ✶✺ ❛♥❞ ❈❍ ✶✵✳ ❚❤♦1❡ ✸ ♠❡11❛❣❡1 ❝♦♥.❛✐♥ ❢♦$ ❈❍ ✶✶ ✐.1 1❧❛✈❡ ✾✱ ❢♦$ ❈❍ ✶✺ ✐.1 1❧❛✈❡1 ✶✷✱ ✶✸

❛♥❞ ✶✹ ❛♥❞ ❢♦$ ❈❍ ✶✵ ♥♦ 1❧❛✈❡✳ ❙✐♥❝❡ .❤❡$❡ ✐1 ❛ ❧♦♦♣✱ ♠❡11❛❣❡1 ❛$$✐✈❡ ❢$♦♠ ✷ ❞✐✛❡$❡♥. ❞✐$❡❝.✐♦♥1✳

❉✉♣❧✐❝❛"❡ ❤❛♥❞❧✐♥❣✿ ❚♦ ❤❛♥❞❧❡ ♠♦$❡ .❤❛♥ ♦♥❡ ❞✐✛❡$❡♥. ♣❛.❤✱ ❛ 1♣❡❝✐❛❧ .$❡❛.♠❡♥. ♦♥

.❤❡ ❞✉♣❧✐❝❛.❡ ♠❡11❛❣❡ ❤❛♥❞❧✐♥❣ ♦❢ ❙▲❙❋ ✭❙❡❝.✐♦♥ ✸✳✹✳✶✮ ✐1 ♠❛❞❡ ✿ ✐❢ .❤❡ ♠❡11❛❣❡ ❝♦♥❝❡$♥1

.♦♣♦❧♦❣② ✐♥❢♦$♠❛.✐♦♥✱ ❝♦♥1✐❞❡$ ✐. .♦ ♣♦♣✉❧❛.❡ .❤❡ $♦✉.✐♥❣ .❛❜❧❡✱ ❤♦✇❡✈❡$ ✇✐.❤♦✉. ❢♦$✇❛$❞✐♥❣

✐. ❢✉$.❤❡$✳

❙✉♣♣♦1❡ .❤❡ $♦✉.✐♥❣ .❛❜❧❡ ✐1 ❡♠♣.②✱ ❤❡$❡ ✐1 ❤♦✇ .❤❡ $♦✉.✐♥❣ .❛❜❧❡ ♦❢ ❈❍ ✷✵ ♦♥ ❚❛❜❧❡ ✹✳✹ ✐1

✜❧❧❡❞

✷✷

✿

✷✷

❚❤❡ #♦✉&✐♥❣ &❛❜❧❡ ✐- ❡①&#❛❝&❡❞ ❢#♦♠ ❛ ❏❆◆❊ -✐♠✉❧❛&✐♦♥ ♦❢ ❙▲❙❘✳ ❚❤❡❊①♣✐$❡ &✐♠❡ &❤❡#❡❢♦#❡ #❡✢❡❝&- ❛ -✐♠✉❧❛&✐♦♥

&✐♠❡✳

✼✽



✹✳✸✳ ❘♦✉&✐♥❣ ❚❛❜❧❡ ❛♥❞ ✉♣❞❛&❡ ♠❛♥❛❣❡♠❡♥&

★ ❉"# ◆❡①# ❈❍ ♠❡#*✐❝ ❈❍ ♠❡#*✐❝ ❉"# ❈❍ ❛❞❞* ❊①♣✐*❡ #✐♠❡ ❙❡2✳ ◆❜*

✶ ✶✺ ✶✺ ✸ ✵ ✶✺ ✶✷✺✳✵✷ ✷✷✺

✷ ✶✹ ✶✺ ✹ ✵ ✶✺ ✶✷✺✳✵✷ ✷✷✺

✸ ✶✸ ✶✺ ✹ ✵ ✶✺ ✶✷✺✳✵✷ ✷✷✺

✹ ✶✷ ✶✺ ✹ ✵ ✶✺ ✶✷✺✳✵✷ ✷✷✺

✺ ✶✺ ✶✶ ✺ ✶ ✶✺ ✶✷✺✳✶✹ ✷✷✺

✻ ✶✷ ✶✶ ✻ ✶ ✶✺ ✶✷✺✳✶✹ ✷✷✺

✼ ✶✸ ✶✶ ✻ ✶ ✶✺ ✶✷✺✳✶✹ ✷✷✺

✽ ✶✹ ✶✶ ✻ ✶ ✶✺ ✶✷✺✳✶✹ ✷✷✺

✾ ✶✶ ✶✶ ✸ ✵ ✶✶ ✶✷✾✳✵✷ ✸✶

✶✵ ✾ ✶✶ ✹ ✵ ✶✶ ✶✷✾✳✵✷ ✸✶

✶✶ ✶✶ ✶✺ ✺ ✶ ✶✶ ✶✷✾✳✶✹ ✸✶

✶✷ ✾ ✶✺ ✻ ✶ ✶✶ ✶✷✾✳✶✹ ✸✶

✶✸ ✶✵ ✶✵ ✷ ✵ ✶✵ ✶✸✶✳✹✼ ✶✷

❚❛❜❧❡ ✹✳✹✿ ❘♦✉#✐♥❣ #❛❜❧❡ ❢♦* ❝❧✉"#❡*❤❡❛❞ ✷✵

14 13

15

17

16

20

18

19

Slave

Clusterhead

Cluster selection

Inter-cluster link 

ICR

9
11

12

14

13

15

17
16

20

1819

9

1112

10

10

❋✐❣✉*❡ ✹✳✹✿ ❙▲❙❘ ✲ #❤*❡❡ ❝❧✉"#❡*" ✇✐#❤ ❛ ❧♦♦♣✳ ❙▲❙❋ ✈✐❡✇ ✭❧❡❢#✮ ❛♥❞ ❙▲❙❘ ♦✈❡*❧❛② ✈✐❡✇ ✭*✐❣❤#✮✳

• ❖♥ *❡❝❡♣#✐♦♥ ♦❢ #❤❡ ✜*"# ♠❡""❛❣❡ ❢*♦♠ ❈❍ ✶✶ ✭✈✐❛ ✾ ❛♥❞ ✶✻✮✿ ❛❞❞ #❤❡ ❧✐♥❡" ✾ ❛♥❞ ✶✵✳

• ❖♥ *❡❝❡♣#✐♦♥ ♦❢ #❤❡ ✜*"# ♠❡""❛❣❡ ❢*♦♠ ❈❍ ✶✺ ✭✈✐❛ ✶✹ ❛♥❞ ✶✼✮✿ ❛❞❞ #❤❡ ❧✐♥❡" ✶✲✹✳

• ❖♥ *❡❝❡♣#✐♦♥ ♦❢ #❤❡ "❡❝♦♥❞ ♠❡""❛❣❡ ❢*♦♠ ❈❍ ✶✶ ✭✈✐❛ ✶✷✱ ❈❍ ✶✺✱ ✶✹ ❛♥❞ ✶✼✮✿ ❛❞❞ #❤❡ ❧✐♥❡"
✶✶ ❛♥❞ ✶✷✳

• ❖♥ *❡❝❡♣#✐♦♥ ♦❢ #❤❡ "❡❝♦♥❞ ♠❡""❛❣❡ ❢*♦♠ ❈❍ ✶✺ ✭✈✐❛ ✶✷✱ ❈❍ ✶✶✱ ✾ ❛♥❞ ✶✻✮✿ ❛❞❞ #❤❡ ❧✐♥❡"
✺✲✽✳

• ❖♥ *❡❝❡♣#✐♦♥ ♦❢ #❤❡ ✜*"# ✭❛♥❞ ✉♥✐2✉❡✮ ♠❡""❛❣❡ ❢*♦♠ ❈❍ ✶✵ ✭✈✐❛ ✶✾✮✿ ❛❞❞ #❤❡ ❧✐♥❡ ✶✸✳

✹✳✸✳✸ ❚❛❜❧❡ ✉♣❞❛+❡, ❢.♦♠ ❧♦,+ ❙❧❛✈❡, ♠❡,,❛❣❡,

❙✉♣♣♦"❡ ♥♦❞❡ ✶✸ ♦♥ ❋✐❣✉*❡ ✹✳✹ ❧❡❛✈❡" #❤❡ ✈✐❝✐♥✐#② ♦❢ ✐#" ❈❍ ✶✺✳ ❈❍ ✶✺ "❡♥❞" ♦✉# ❛ ▲♦<& ❙❧❛✈❡<

♠❡""❛❣❡ ❝♦♥#❛✐♥✐♥❣ #❤❡ ❧♦"# ♥♦❞❡ ✶✸✳ ❯♣♦♥ *❡❝❡♣#✐♦♥✱ ♥♦❞❡" *❡♠♦✈❡ #❤❡ ❝♦**❡"♣♦♥❞✐♥❣ ❡♥#*②

❧✐♥❦❡❞ #♦ #❤❡ ❛♥♥♦✉♥❝✐♥❣ ❈❍ ❢*♦♠ #❤❡✐* #❛❜❧❡✳ ❋♦* ❡①❛♠♣❧❡✱ ❈❍ ✷✵ *❡♠♦✈❡" #❤❡ ❡♥#*✐❡" ♥✉♠❜❡*

✸ ❛♥❞ ✼ ❢*♦♠ ✐#" *♦✉#✐♥❣ #❛❜❧❡ ✭❚❛❜❧❡ ✹✳✹✮✱ "✐♥❝❡ #❤❡② ❜♦#❤ ❝♦♥#❛✐♥ ✶✸ ❛" ❞❡"#✐♥❛#✐♦♥ ❛♥❞ ✶✺

❛" ❞❡"#✐♥❛#✐♦♥ ❝❧✉"#❡*❤❡❛❞ ❛❞❞*❡""✳ ■❢✱ ✐♥ ❜❡#✇❡❡♥✱ ♥♦❞❡ ✶✸ ❛❧*❡❛❞② ❥♦✐♥❡❞ ❛ ♥❡✇ ❝❧✉"#❡* ❛♥❞ ✐#"

❝❧✉"#❡*❤❡❛❞ "❡♥❞" ♦✉# ❛ ♥❡✇ ❈✉@@❡♥& ❙❧❛✈❡< ♠❡""❛❣❡✱ #❤♦"❡ ♥❡✇ ❡♥#*✐❡" ✇✐❧❧ ♥♦# ❜❡ ❛✛❡❝#❡❞ ❜②

#❤❡ ▲♦<& ❙❧❛✈❡< ♠❡""❛❣❡ "❡♥# ❜② ✐#" ❢♦*♠❡* ❝❧✉"#❡*❤❡❛❞✳

✼✾



❈❤❛♣$❡& ✹✳ ❘♦✉$✐♥❣✿ ❙▲❙❘ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❘♦✉$✐♥❣

✹✳✸✳✹ ❚❛❜❧❡ ✉♣❞❛+❡, ❢.♦♠ ▲♦,+ ❘♦✉+❡ +♦ ❈❧✉,+❡., ♠❡,,❛❣❡,

❚❤✐# $✐♠❡✱ ♦♥ ❋✐❣✉-❡ ✹✳✹✱ #✉♣♣♦#❡ $❤❡ ❧✐♥❦ ❜❡$✇❡❡♥ ♥♦❞❡ ✶✼ ❛♥❞ ♥♦❞❡ ✶✹ ❜-❡❛❦#✳ ❈❍ ✷✵ ❧♦#$

$❤❡ ♥❡❛-❜② ❈❍ ✶✺ ❛♥❞ ❛❧♦♥❣ ✇✐$❤ ✐$ $❤❡ -♦✉$❡ $♦ ❈❍ ✶✶ ✈✐❛ ❈❍ ✶✺✳ ■$ ❝❛♥ ❡❛#✐❧② ❡①$-❛❝$ $❤✐#

✐♥❢♦-♠❛$✐♦♥ ❢-♦♠ ✐$# -♦✉$✐♥❣ $❛❜❧❡ ✭❚❛❜❧❡ ✹✳✹✮✿ ❖♥ $❤❡ ❧♦## ♦❢ ❛ ♥❡❛-❜② ❈❍ ✭❤❡-❡✱ ❈❍ ✶✺✮✱ ❛ ❈❍

❛♥♥♦✉♥❝❡# ❛# ✧❧♦#$ -♦✉$❡✧✱ ❡✈❡-② ✉♥✐I✉❡ ❈❍ ♠❡♥$✐♦♥❡❞ ✐♥ $❤❡ ❉9$ ❈❍ ❆❞❞& ✭❤❡-❡✱ ❈❍ ✶✶ ❛♥❞

❈❍ ✶✺✮ ✇❤❡-❡ $❤❡ ◆❡①$ ❈❍ ✐# $❤❡ ❧♦#$ ♥❡❛-❜② ❝❧✉#$❡-❤❡❛❞ ✭❈❍ ✶✺✮

✷✸

✳ ❚❤✉#✱ -♦✉$❡# $♦ ❈❍ ✶✶

❛♥❞ ❈❍ ✶✺ ❛-❡ ❧♦#$ ❤♦✇❡✈❡- ♦♥❧② ✈✐❛ ❈❍ ✶✺✳ ❚❤❡-❡❢♦-❡✱ ❛❞❞✐$✐♦♥❛❧❧②✱ ❈❍ ✷✵ ❛❞❞# $❤❡ ♥✉♠❜❡-

♦❢ -❡♠❛✐♥✐♥❣ -♦✉$❡# ❢♦- ❡❛❝❤ ❧♦#$ ❞❡#$✐♥❛$✐♦♥ ❈❍✳ ❍❡-❡✱ ❢♦- ❡❛❝❤ ❧♦#$ ❞❡#$✐♥❛$✐♦♥✱ ❈❍ ✶✺ ❛♥❞ ❈❍

✶✶✱ $❤❡-❡ ✐# #$✐❧❧ ♦♥❡ -♦✉$❡ -❡♠❛✐♥✐♥❣ ✈✐❛ ❈❍ ✶✶ ❛# #❤♦✇♥ ✐♥ $❤❡ -♦✉$✐♥❣ $❛❜❧❡✳ ❙✐♠✐❧❛-❧②✱ ❈❍ ✶✺✱

❛♥♥♦✉♥❝❡# ❧♦#$ -♦✉$❡# $♦ ❈❍ ✷✵ ❛♥❞ ❈❍ ✶✶ ✇✐$❤ ❡❛❝❤ ♦♥❡ -♦✉$❡ -❡♠❛✐♥✐♥❣ ✭✈✐❛ ❈❍ ✶✶✮✳

❯♣♦♥ -❡❝❡♣$✐♦♥ ♦❢ ❛ ▲♦9$ ❘♦✉$❡ $♦ ❈❧✉9$❡&9 ♠❡##❛❣❡ ❢-♦♠ ❛ ♥❡❛-❜② ❈❍✱ $✇♦ ❞❡❝✐#✐♦♥# ❛-❡

$❛❦❡♥ ❜② ❛ ❝❧✉#$❡-❤❡❛❞

✷✹

✿ ✜-#$✱ $♦ ❦❡❡♣ ♦- ♥♦$ $❤❡ ❝♦--❡#♣♦♥❞✐♥❣ ❡♥$-② ✐♥ $❤❡ -♦✉$✐♥❣ $❛❜❧❡ ❛♥❞

#❡❝♦♥❞✱ $♦ ❢♦-✇❛-❞ ♦- ♥♦$ $❤❡ ♣✐❡❝❡ ♦❢ ✐♥❢♦-♠❛$✐♦♥✳ ❚❤❡ ❞❡❝✐#✐♦♥ ❛❧❣♦-✐$❤♠ ✐# #❤♦✇♥ ✐♥ ❆❧❣♦-✐$❤♠

✶✳ ❇❛❝❦ $♦ ♦✉- ❡①❛♠♣❧❡ ✇✐$❤ ❈❍ ✷✵✳ ❈❍ ✷✵✱ ❤❛# ✶ ♦$❤❡- -♦✉$❡ ❢♦- ❡❛❝❤ ♦❢ ❜♦$❤ ❧♦#$ -♦✉$❡# ✭❈❍

✶✺ ❛♥❞ ❈❍ ✶✶✮✱ $❤❡-❡❢♦-❡ ✐$ -❡♠♦✈❡# $❤❡ ❧✐♥❡# ✶✱✷✱✸✱✹✱✶✶ ❛♥❞ ✶✷ ♦❢ ✐$# -♦✉$✐♥❣ $❛❜❧❡ ❛♥❞ ❢♦-✇❛-❞#

$❤❡ ♠❡##❛❣❡ ✭❤❡-❡ ✉♥❝❤❛♥❣❡❞✮ ❝♦♥$❛✐♥✐♥❣ ❈❍✶✺✴✶ ❛♥❞ ❈❍✶✶✴✶✳ ❙❧❛✈❡# ♦❢ ❈❍ ✷✵ -❡❝❡✐✈❡ $❤❡ ▲♦9$

❘♦✉$❡ $♦ ❈❧✉9$❡&9 ♠❡##❛❣❡✳ ❙✐♥❝❡✱ #❧❛✈❡# ♦♥❧② ❤❛✈❡ ♦♥❡ -♦✉$❡ ❛✈❛✐❧❛❜❧❡✱ ✈✐❛ $❤❡✐- ♦✇♥ ❝❧✉#$❡-❤❡❛❞✱

❛♥❞ ❛❧❧ $❤❡ ❧♦#$ -♦✉$❡# ❛♥♥♦✉♥❝❡❞ ❤❛✈❡ ❛$ ❧❡❛#$ ♦♥❡ ♦$❤❡- -♦✉$❡✱ ♥♦ ❝❤❛♥❣❡# ✐♥ $❤❡ -♦✉$✐♥❣ $❛❜❧❡ ✐#

♥❡❝❡##❛-②✳ ❆❞❞✐$✐♦♥❛❧❧②✱ #❧❛✈❡# ❛❧✇❛②# ❧❡❛✈❡ $❤❡ ♣❛❝❦❡$ ✉♥❝❤❛♥❣❡❞ ❛♥❞ ❢♦-✇❛-❞ ❛❝❝♦-❞✐♥❣ $♦ $❤❡

❙▲❙❋ -✉❧❡# ✭■❈❘ ♥♦❞❡#✮✳ ❈❍ ✶✵ -❡❝❡✐✈❡# $❤❡ ♠❡##❛❣❡ ❛♥❞ ❛❧#♦ ❧❡❛✈❡# ✐$# -♦✉$✐♥❣ $❛❜❧❡ ✉♥❝❤❛♥❣❡❞✱

❜✉$ ❞♦❡# ♥♦$ ❢♦-✇❛-❞ $❤❡ ♣❛❝❦❡$ ✭✐✳❡✳ $❤❡ ❧✐#$ ❧ ✐♥ ❆❧❣♦-✐$❤♠ ✶ ❜❡❝♦♠❡# ❡♠♣$② ✐♥ $❤❡ ❡♥❞✮ ❛♥②

❢✉-$❤❡- ✭❡✈❡♥ ✐❢ $❤❡-❡ ✇❡-❡ ♠♦-❡ ❞♦✇♥#$-❡❛♠ ❝❧✉#$❡-#✮✳ ❙❧❛✈❡ ✾ -❡❝❡✐✈❡# $❤❡ ♠❡##❛❣❡ ❢-♦♠ ✶✻ ❛♥❞

❢♦-✇❛-❞# ✐$✱ ✇✐$❤♦✉$ ♣-♦❝❡##✐♥❣ ✐$✱ $♦ ✐$# ❈❍ ✶✶✳ ❈❍ ✶✶✱ ✇❤✐❝❤ ❤❛# $✇♦ -♦✉$❡# $♦ ❈❍ ✶✺ ❜✉$

✧♥♦ -♦✉$❡✧ $♦ ✐$#❡❧❢✱ -❡♠♦✈❡# $❤❡ ✐♥❢♦-♠❛$✐♦♥ ❛❜♦✉$ ❈❍ ✶✶ ❢-♦♠ $❤❡ ♠❡##❛❣❡ ❛♥❞ ❢♦-✇❛-❞# ✐$✱

❝♦♥$❛✐♥✐♥❣ ♦♥❧② ❈❍✶✺✴✶ ❛# ❧♦#$✱ $♦ #❧❛✈❡# ❛♥❞ $❤❡ -❡♠❛✐♥✐♥❣ ♥❡❛-❜② ❈❍ ✶✺✳ ❍❡-❡✱ ❛❣❛✐♥✱ ❈❍ ✶✺

✜♥❛❧❧② -❡♠♦✈❡# ❈❍ ✶✺✴✶ ❢-♦♠ $❤❡ ♠❡##❛❣❡ ✇❤✐❝❤ ✐# ♥♦$ ❢♦-✇❛-❞❡❞ ❛♥②♠♦-❡ #✐♥❝❡ ✐$ ✐# ❡♠♣$②✳

◆♦$❡ $❤❛$✱ ❢♦- ❡❛❝❤ ❧♦#$ ❝❧✉#$❡- $❤❛$ ✐# -❡♠♦✈❡❞ ❢-♦♠ ❛ -♦✉$✐♥❣ $❛❜❧❡✱ ❛❧❧ $❤❡ ❡♥$-✐❡# ♦❢ $❤❡

#❧❛✈❡# ♦❢ $❤❛$ ❝❧✉#$❡- ❛-❡ ❛❧#♦ -❡♠♦✈❡❞✳ ❚❤❡-❡❜②✱ ❙▲❙❋ -❡❞✉❝❡# ❞-❛#$✐❝❛❧❧② $❤❡ #✐③❡ ♦❢ ♣-✉♥✐♥❣

♠❡##❛❣❡# ✇❤❡♥ ❝❧✉#$❡-# ❧❡❛✈❡ ✈✐❝✐♥✐$②✳ ■♥✱ ♦✉- ❡①❛♠♣❧❡✱ $❤❡ ❧♦## ♦❢ ♥❡❛-❜② ❈❍ ✶✺ ❝❛✉#❡# $❤❡

-❡♠♦✈❛❧ ♦❢ $❤❡ ❧✐♥❡# ✶✱✷✱✸✱✹ ♦❢ $❤❡ -♦✉$✐♥❣ $❛❜❧❡✳

❆♥♦$❤❡- ✐♠♣♦-$❛♥$ ❞❡#✐❣♥ ❝❤♦✐❝❡ ❤❡-❡ ✐# $❤❛$✱ ❞♦✇♥#$-❡❛♠ ♥♦❞❡# ❛-❡ ❝♦♠♣❧❡$❡❧② ✉♥❛✇❛-❡ ♦❢

❛♥② ❝❤❛♥❣❡# ✐♥ $❤❡ ✉♣#$-❡❛♠ $♦♣♦❧♦❣②✳ ❲❤❡♥ ❛ ❝❧✉#$❡-❤❡❛❞ ❞❡❝✐❞❡# ♥♦$ $♦ ✉♣❞❛$❡ ✐$# -♦✉$✐♥❣

$❛❜❧❡ ♦♥ $❤❡ ❛♥♥♦✉♥❝❡ ♦❢ ❛ ❧♦#$ -♦✉$❡✱ ❛♥❞ ♥♦$ $♦ ❢♦-✇❛-❞ $❤❡ ♠❡##❛❣❡✱ $❤❡ ❞♦✇♥#$-❡❛♠ ♥♦❞❡

❛-❡ ♥♦$ ✐♥❢♦-♠❡❞✳ ❚❤✐#✱ ✐# ❛ ❣♦♦❞ ❢❡❛$✉-❡ #✐♥❝❡ $❤❡ ❛❝$✉❛❧ ❧♦❝❛❧ $♦♣♦❧♦❣②✱ ✇❤✐❝❤ ✐# $❤❡ ◆❡①$ ❈❍

♣♦✐♥$✐♥❣ $♦ $❤❡ ❣✐✈❡♥ ❞❡#$✐♥❛$✐♦♥✱ ❞✐❞ ♥♦$ ❝❤❛♥❣❡✳ ❍♦✇❡✈❡-✱ $❤❡-❡ ✐# ❛ $-❛❞❡♦✛✿ ✇✐$❤ $❤❡ I✉✐❡$

❞✐#❝❛-❞ ♦❢ ❛ ❧♦#$ -♦✉$❡✱ $❤❡ ❞♦✇♥#$-❡❛♠ ♥♦❞❡ ❞♦❡# ♥♦$ ❦♥♦✇✱ ❤❡♥❝❡ ✉♣❞❛$❡ ✐♠♠❡❞✐❛$❡❧②✱ $❤❡ ♥❡✇

❤♦♣ ❝♦✉♥$ ♥❡❝❡##❛-② $♦ -❡❛❝❤ $❤❛$ ❞❡#$✐♥❛$✐♦♥✳ ❚❤❡ $-❛❞❡♦✛ ✐#✱ ♥❡✈❡-$❤❡❧❡##✱ ✈❡-② ❧✐♠✐$❡❞✳ ❋✐-#$✱

$❤❡ ❛❧❣♦-✐$❤♠ ♦♥❧② ❞✐#❝❛-❞# ▲♦9$ ❘♦✉$❡ $♦ ❈❧✉9$❡&9 ✐❢ ❛ -♦✉$❡ ✐# ✉♥❝❤❛♥❣❡❞ ❛♥❞ ❛✈❛✐❧❛❜❧❡✱ $❤✉#

♠❡##❛❣❡# ❛--✐✈❡ ❛$ ❞❡#$✐♥❛$✐♦♥✱ ❥✉#$ ❛ ❧✐$$❧❡ ❧❛$❡- $❤❛♥ ❡①♣❡❝$❡❞✳ ❙❡❝♦♥❞✱ ❛# #♦♦♥ ❛# $❤❡ ♥❡①$

❝✉&&❡♥$ ❝❧✉9$❡& ♠❡##❛❣❡ ❢-♦♠ $❤❡ ❝♦--❡#♣♦♥❞✐♥❣ ❈❍ ❛--✐✈❡#✱ $❤❡ -♦✉$✐♥❣ $❛❜❧❡# ✇✐❧❧ ❜❡ ✉♣❞❛$❡❞

✷✸

❘♦✉#✐♥❣ #❛❜❧❡ ❡♥#+✐❡, ♥✉♠❜❡+ ✶✲✹ ❛♥❞ ✶✶✲✶✷

✷✹

❖♥❧② ❝❧✉,#❡+❤❡❛❞, #❛❦❡ ❞❡❝✐,✐♦♥,✱ ,❧❛✈❡ ♥♦❞❡, ♦♥❧② ❝♦♥,✐❞❡+ +♦✉#✐♥❣ ✐♥❢♦+♠❛#✐♦♥ ✐♥❝♦♠✐♥❣ ❢+♦♠ #❤❡✐+ ❝❧✉,#❡+✲

❤❡❛❞✳ ❖#❤❡+ ♠❡,,❛❣❡ ❛+❡ ♦♥❧② ❢♦+✇❛+❞ ✇✐#❤♦✉# ❜❡✐♥❣ ♣+♦❝❡,,❡❞
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✹✳✹✳ ❙②♠❜✐♦(✐❝ ❜❡❤❛✈✐♦.

✇✐"❤ "❤❡ ♥❡✇ ❝♦((❡❝" ❤♦♣ ❝♦✉♥"✳

❆❧❣♦$✐&❤♠ ✶✿ ❘♦✉#✐♥❣ #❛❜❧❡ ✉♣❞❛#❡ ❛♥❞ ❢♦.✇❛.❞✐♥❣ ❛❧❣♦.✐#❤♠✳

■♥♣✉$✿ ♠❡44❛❣❡ ♠ ❝♦♥#❛✐♥4 ❧✐4# ❧ ♦❢ ✭❝❧✉4#❡.✴♥✉♠❜❡. ♦❢ .♦✉#❡4 ❧❡❢#✮ #✉♣❧❡4 ❢.♦♠ ❧❛4#

❝.♦44❡❞ ❈❍❀ ❘♦✉#✐♥❣ #❛❜❧❡ ❘❚❀

❖✉$♣✉$✿ ♠❡44❛❣❡ ♠ ♥♦✇ ❝♦♥#❛✐♥4 ✉♣❞❛#❡❞ ❧✐4# ❧

✶ ❢♦(❡❛❝❤ ❧♦4#✲#✉♣❧❡ ✐♥ ❧ ❞♦

✷ 4❡# ❧♦4#✲.♦✉#❡❂❧♦4#✲#✉♣❧❡✳❧♦4# ❝❧✉4#❡.❀

✸ 4❡# ♥❜.✲♦❢✲.♦✉#❡✲❧❡❢#❂❧♦4#✲#✉♣❧❡✳♥✉♠❜❡. ♦❢ .♦✉#❡4 ❧❡❢#❀

✹ 4❡# ✐❈❍ ❂ ❧❛4# ❝.♦44❡❞ ❈❍❀

✺ ✴✴ ✐❢ #❤❡ .♦✉#✐♥❣ #❛❜❧❡ ❤❛4 ❛ ❝♦..❡4♣♦♥❞✐♥❣ ❡♥#.②

✻ ✐❢ ❘❚ ❝♦♥#❛✐♥4 ❡♥#.② ✇❤❡.❡ ✭❉4# ❂❂ ❧♦4#✲.♦✉#❡ ❆◆❉ ◆❡①# ❈❍ ❂❂ ✐❈❍✮ $❤❡♥

✼ ✴✴ ✐❢ #❤❡ .♦✉#❡ #❤.♦✉❣❤ ✐❈❍ ✐4 #❤❡ ♦♥❧② .♦✉#❡ ❛✈❛✐❧❛❜❧❡

✽ ✐❢ ❝♦✉♥#✲❖#❤❡.✲❊♥#.✐❡4✭❧♦4#✲.♦✉#❡✱ ✐❈❍✮ ❂❂ ✵ $❤❡♥

✾ ✴✴ ✐❢ ✐❈❍ 4❛②4 ✐# ❤❛4 ❛♥♦#❤❡. .♦✉#❡

✶✵ ✐❢ ♥❜.✲.♦✉#❡4✲❧❡❢# ❃ ✵ $❤❡♥

✶✶ ✴✴ ❦❡❡♣ #❤❡ ❡♥#.②✱✐❢ ❈❍ .❡♠♦✈❡ #❤✐4 #✉♣❧❡ ❢.♦♠ #❤❡ ♠❡44❛❣❡

✶✷ ✐❢ ✐4✲❝❧✉4#❡.❤❡❛❞ $❤❡♥ ❧✳.❡♠♦✈❡✭❧♦4#✲#✉♣❧❡✮❀

✶✸ ❡❧0❡

✶✹ ✴✴ .❡♠♦✈❡ #❤❡ ❡♥#.✐❡4 ❢.♦♠ ❘❚

✶✺ .❡♠♦✈❡❆❧❧❈♦..❡4♣♦♥❞✐♥❣❊♥#.✐❡4✭❧♦4#✲.♦✉#❡✱✐❈❍✮❀

✶✻ ✴✴ ❦❡❡♣ #❤✐4 #✉♣❧❡ ✐♥ #❤❡ ♠❡44❛❣❡

✶✼ ❡♥❞

✶✽ ❡❧0❡

✶✾ ✴✴ ❡❧4❡ #❤❡.❡ ❛.❡ ♦#❤❡. .♦✉#❡4 ❛✈❛✐❧❛❜❧❡

✷✵ ✴✴ ✐❢ ✐❈❍ ❤❛4 ✶ ♦. ✵ .♦✉#❡4 ❧❡❢# ✭✶✱ ✐4 #❤❡ .♦✉#❡ #❤.♦✉❣❤ ♦✉.4❡❧✈❡4✮

✷✶ ✐❢ ♥❜.✲.♦✉#❡4✲❧❡❢# ❁ ✷ $❤❡♥

✷✷ ✴✴ .❡♠♦✈❡ #❤❡ ❡♥#.✐❡4 ❢.♦♠ ❘❚

✷✸ .❡♠♦✈❡❆❧❧❈♦..❡4♣♦♥❞✐♥❣❊♥#.✐❡4✭❧♦4#✲.♦✉#❡✱✐❈❍✮❀

✷✹ ✴✴ ❑❡❡♣ #❤✐4 #✉♣❧❡ ✐♥ #❤❡ ♠❡44❛❣❡

✷✺ ❡❧0❡

✷✻ ✴✴ ❡❧4❡ ✐❈❍ ❤❛4 ❛# ❧❡❛4# ♦♥❡ ♦#❤❡. .♦✉#❡ #❤❛♥ #❤.♦✉❣❤ ♦✉.4❡❧✈❡4 ❛✈❛✐❧❛❜❧❡

✷✼ ✴✴ ❦❡❡♣ #❤❡ ❡♥#.②✱✐❢ ❈❍ .❡♠♦✈❡ #❤✐4 #✉♣❧❡ ❢.♦♠ #❤❡ ♠❡44❛❣❡

✷✽ ✐❢ ✐4✲❝❧✉4#❡.❤❡❛❞ $❤❡♥ ❧✳.❡♠♦✈❡✭❧♦4#✲#✉♣❧❡✮❀

✷✾ ❡♥❞

✸✵ ❡♥❞

✸✶ ❡❧0❡

✸✷ ✴✴ ❡❧4❡ ✐♥❢♦.♠❛#✐♦♥ ✐4 ♥♦# ✐♥#❡.❡4#✐♥❣ ❢♦. ❞♦✇♥4#.❡❛♠ ♥♦❞❡4

✸✸ ✴✴ ♥♦ ❝❤❛♥❣❡ ✐♥ ❘❚✱✐❢ ❈❍ .❡♠♦✈❡ #❤✐4 #✉♣❧❡ ❢.♦♠ #❤❡ ♠❡44❛❣❡

✸✹ ✐❢ ✐4✲❝❧✉4#❡.❤❡❛❞ $❤❡♥ ❧✳.❡♠♦✈❡✭❧♦4#✲#✉♣❧❡✮❀

✸✺ ❡♥❞

✸✻ ❡♥❞

✹✳✹ ❙②♠❜✐♦(✐❝ ❜❡❤❛✈✐♦.

✹✳✹✳✶ ❍✐❣❤❡(✲❧❛②❡( -(❛✣❝

❙▲❙❘ ♣.♦✜#4 ❢.♦♠ #❤❡ ✉♥❞❡.❧②✐♥❣ ❙▲❙❋ ❞✐44❡♠✐♥❛#✐♦♥✱ ❜✉# ❛❧4♦ ♣.♦✜#4 ❢.♦♠ #❤❡ ❤✐❣❤❡.✲❧❛②❡.

#.❛✣❝✳ ❚❤❡ ✐❞❡❛ ✐4 #♦ ♣✐❣❣②✲❜❛❝❦ .♦✉#✐♥❣ .❡❧❛#❡❞ ✐♥❢♦.♠❛#✐♦♥ ✇✐#❤ #❤❡ ♣❛②❧♦❛❞ ❞❛#❛ ♦❢ #❤❡ ❤✐❣❤❡.
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❈❤❛♣$❡& ✹✳ ❘♦✉$✐♥❣✿ ❙▲❙❘ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❘♦✉$✐♥❣

❍❡❛❞❡$ ❚②♣❡ ❋✐①❡❞ ♣❛$+

❱❛$✐❛❜❧❡ ♣❛$+

♠✉❧+✐♣❧✐❝❛+✐♦♥ ❢❛❝+♦$ × 5✐③❡ ♣❡$ ✐+❡♠

❇❛5✐❝ ❙▲❙❋ ❤❡❛❞❡$ ✶✻ ❜②+❡5 ♥❜$ ♦❢ ■❈❘5 × ✹ ❜②+❡5

❋❛✉❧+ ❘❡❝♦✈❡$② ❤❡❛❞❡$ ✹ ❜②+❡5

❘♦✉+❡❞ ▼❡55❛❣❡ ❤❡❛❞❡$ ✶✵ ❜②+❡5

❈✉$$❡♥+ 5❧❛✈❡5 ❤❡❛❞❡$ ✾ ❜②+❡5 ♥❜$ ♦❢ 5❧❛✈❡5 × ✹ ❜②+❡5

▲♦5+ ❙❧❛✈❡5 ❤❡❛❞❡$ ✼ ❜②+❡5 ♥❜$ ♦❢ ❧♦5+ 5❧❛✈❡5 × ✹ ❜②+❡5

▲♦5+ ❘♦✉+❡ +♦ ❈❧✉5+❡$5 ❤❡❛❞❡$ ✸ ❜②+❡5 ♥❜$ ♦❢ ❧♦5+ $♦✉+❡5 × ✺ ❜②+❡5

❚❛❜❧❡ ✹✳✺✿ ❙▲❙❋ ❛♥❞ ❙▲❙❘ ❍❡❛❞❡$ 5✐③❡ ❝❛❧❝✉❧❛+✐♦♥5 ✭❢♦$ ✸✷ ❜✐+5 ■M ❛❞❞$❡55 5✐③❡5✮✳

❧❛②❡$5 ✐♥ ❛ ♥♦♥ ✐♥+$✉5✐✈❡ ♠❛♥♥❡$ ❢♦$ +❤❡ ♣❡$❢♦$♠❛♥❝❡5✳ ❚❤❡ ♣❛②❧♦❛❞ ♠❡55❛❣❡5 ❣✐✈❡♥ ❜② +❤❡ ❤✐❣❤❡$

❧❛②❡$5 ❛$❡ $❡❝❡✐✈❡❞ ❛+ +❤❡ ❙▲❙❘ ❧❛②❡$✱ ❤❡$❡ ❛ ❞❡❝✐5✐♦♥ ✐5 +❛❦❡♥ ❞❡♣❡♥❞✐♥❣ ♦♥ +❤❡ +②♣❡ ♦❢ ♠❡55❛❣❡

✉5✐♥❣ +❤❡ ❚❛❜❧❡ ✹✳✺✿

■❢ "❤❡ ♠❡&&❛❣❡ ✐& ❛ ✉♥✐❝❛&"✿ ❘♦✉+❡ +❤❡ ♠❡55❛❣❡ ✉5✐♥❣ ❙▲❙❘✳ ❚❤❡ ♠❡55❛❣❡ ✐5 ❝♦♠♣♦5❡❞ ♦❢ ✐+5

♣❛②❧♦❛❞✱ ❛ ❘♦✉$❡❞ ♠❡99❛❣❡ ❤❡❛❞❡$ ✭❙❡❝+✐♦♥ ✹✳✺✮ ❛♥❞ +❤❡ ❙▲❙❋ ❤❡❛❞❡$ ✭❝♦♠♣♦5❡❞ ♦❢ ❜♦+❤ ❤❡❛❞❡$5✿

❜❛9✐❝ ♠❡99❛❣❡ ❛♥❞ ❢❛✉❧$ &❡❝♦✈❡&②✱ 5❡❡ ❙❡❝+✐♦♥5 ✸✳✹✳✸ ✸✳✺✳✸✮✳ ❚❤❡ ♠❛①✐♠✉♠ ♣❛②❧♦❛❞ 5✐③❡ +❤❛+ ❝❛♥ ❜❡

+$❛♥5♣♦$+❡❞ ✐♥ ♦♥❡ ❙▲❙❘ ♣❛❝❦❡+ ✭✇✐+❤ ❢❛✉❧+✲$❡❝♦✈❡$②✮ ✐5 1480−(16+1×4)−4−10 = 1466bytes✷✺✳
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❣✐✈❡♥ ❞❡&"✐♥❛"✐♦♥✱ ❙▲❙❘ ❛❞❞& ❛♥ ❡①❝❡♣"✐♦♥ "♦ "❤❡ ❤❛♥❞❧✐♥❣ #✉❧❡ ❛& &❤♦✇♥ ✐♥ ❙❡❝"✐♦♥ ✹✳✸✳✷✳ ❚❤✐&

❜❡❤❛✈✐♦# #❡&✉❧"& ✐♥ ❛ ♣#♦♣❛❣❛"✐♦♥ ♦❢ #♦✉"✐♥❣ ✐♥❢♦#♠❛"✐♦♥✱ &✉❝❤ ❛& ❛ ❈✉44❡♥) ❙❧❛✈❡" ♠❡&&❛❣❡✱ ❢#♦♠

❛ &♦✉#❝❡ ❙ ❛& &❤♦✇♥ ✐♥ ❋✐❣✉#❡ ✹✳✶✺✳ ❋♦# ❛♥② ❞❛"❛ ❡①❝❡♣" #♦✉"✐♥❣ ✐♥❢♦#♠❛"✐♦♥✱ ❞✉♣❧✐❝❛"❡ ♠❡&&❛❣❡

❛#❡ ✉&❡❧❡&&✳ ❋♦# #♦✉"✐♥❣ ♣✉#♣♦&❡&✱ ❞✐&❝♦✈❡#✐♥❣ "❤❡ &❛♠❡ ✐♥❢♦#♠❛"✐♦♥ ❢#♦♠ ❛ ❞✐✛❡#❡♥" ❝❧✉&"❡#❤❡❛❞

♠❡❛♥& ❛♥♦"❤❡# #♦✉"❡ ✐& ❛✈❛✐❧❛❜❧❡✳ ❚❤✐& &✐"✉❛"✐♦♥ ♦♥❧② ♦❝❝✉#& ✇❤❡♥ "♦♣♦❧♦❣✐❝❛❧ ❧♦♦♣& ❛#❡ ❢♦#♠❡❞✳

▲✐♠✐"✐♥❣ "❤❡ #♦✉"✐♥❣ ✐♥❢♦#♠❛"✐♦♥ ❜② ❞✐&❝❛#❞✐♥❣ ❞✉♣❧✐❝❛"❡& ✐& ❣♦♦❞✱ ❜✉" ✐" ❝❛♥ ❤❛♣♣❡♥ ❛" "❤❡ ❝♦&" ♦❢

✉♥&❡❡♥ #♦✉"❡&✳ ❚❤❡#❡❢♦#❡✱ ♦♥❧② ❢♦# ❤❡❛❞❡#& ❝♦♥❝❡#♥✐♥❣ #♦✉"✐♥❣ ✐♥❢♦#♠❛"✐♦♥✱ ❞✉♣❧✐❝❛"❡& ❝♦✉❧❞ ❛❧&♦

❜❡ ❤❛♥❞❧❡❞ ❞✐✛❡#❡♥"❧②✳ ■♥&"❡❛❞ ♦❢ ♦♥❧② ❝♦♥&✐❞❡#✐♥❣ "❤❡ &♦✉#❝❡ ❛❞❞#❡&& ❛♥❞ "❤❡ &❡:✉❡♥❝❡ ♥✉♠❜❡#✱ "♦

✽✺



❈❤❛♣$❡& ✹✳ ❘♦✉$✐♥❣✿ ❙▲❙❘ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❘♦✉$✐♥❣

Source’s CH

 

CH address of 

the source

Lost slaves header

Header 

Type
 

Type of 

Header

Next Header

 

Next Header 

Type

Nbr of Lost 

Slaves

 

# of lost 

slaves 

advertised 

Lost Slaves

 

List of lost slaves 

nodes

...

❋✐❣✉$❡ ✹✳✶✵✿ ❋♦$♠❛. ♦❢ .❤❡ ❤❡❛❞❡$ ❢♦$ ❛ ▲♦3. ❙❧❛✈❡3 ♠❡33❛❣❡ ✭●$❛♣❤✐❝❛❧ $❡♣$❡3❡♥.❛.✐♦♥✮✳

 0                   1                   2                   3

 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|  Header Type  |Nbr Lost Slaves|                 Source Cluster-

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

head Address                    |                 Lost Slave Add-

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

ress                            |                 Lost Slave Add-

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

ress                            |                    . . .       

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

 . . .                          |  Next Header  |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

❋✐❣✉$❡ ✹✳✶✶✿ ❋♦$♠❛. ♦❢ .❤❡ ❤❡❛❞❡$ ❢♦$ ❛ ▲♦3. ❙❧❛✈❡3 ♠❡33❛❣❡ ✭❚❡①.✉❛❧ $❡♣$❡3❡♥.❛.✐♦♥✮✳

Lost route to clusters header

Header 

Type

 

Type of 

Header

Next Header

 

Next Header 

Type

Nbr of Lost 

Clusters

 

# of lost 

clusters 

advertised 

 

List of lost clusters

(CH Address + number of routes 

remaining that reach that cluster)

Lost Cluster 

Address

# of routes 

remaining
...

❋✐❣✉$❡ ✹✳✶✷✿ ❋♦$♠❛. ♦❢ .❤❡ ❤❡❛❞❡$ ❢♦$ ❧♦3. $♦✉.❡ .♦ ♥❡❛$❜② ❝❧✉3.❡$3 ♠❡33❛❣❡ ✭●$❛♣❤✐❝❛❧ $❡♣$❡3❡♥✲

.❛.✐♦♥✮✳

 0                   1                   2                   3

 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|  Header Type  |  Nbr Lost CH  |                    Lost CH Add-

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

ress                            |Nbr remaining R|    Lost CH Add-

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

ress                                            |Nbr remaining R|

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

                              . . .                             |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|     . . .     |  Next Header  |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

❋✐❣✉$❡ ✹✳✶✸✿ ❋♦$♠❛. ♦❢ .❤❡ ❤❡❛❞❡$ ❢♦$ ❧♦3. $♦✉.❡ .♦ ♥❡❛$❜② ❝❧✉3.❡$3 ♠❡33❛❣❡ ✭❚❡①.✉❛❧ $❡♣$❡3❡♥.❛✲

.✐♦♥✮✳

✽✻



✹✳✻✳ ❆❞✈❛♥❝❡❞ ❈♦♥✜❣✉/❛0✐♦♥ ❛♥❞ ♦♣0✐♦♥ ♠❡44❛❣❡4

 0                   1                   2                   3

 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|  Header Type  |             Fault recovery options            |  

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|                     unique sequence number                    |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|                                                               |

:                             Signature                         :

|                                                               |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|  Next Header  |

+-+-+-+-+-+-+-+-+

❋✐❣✉$❡ ✹✳✶✹✿ ❋♦$♠❛- ♦❢ -❤❡ ❤❡❛❞❡$ ❢♦$ -❤❡ ❢❛✉❧-✲$❡❝♦✈❡$② ♦♣-✐♦♥❛❧ ♠❡88❛❣❡✳

❞✐8-✐♥❣✉✐8❤ -❤❡ 8❛♠❡ ♠❡88❛❣❡ ✐♥❝♦♠✐♥❣ ❢$♦♠ ❞✐✛❡$❡♥- ❞✐$❡❝-✐♦♥8✱ ✇❡ 8❤♦✉❧❞ ❛❞❞✐-✐♦♥❛❧❧② ❝♦♥8✐❞❡$

-❤❡ ▲❛8- ❈❍ ✜❡❧❞✳ ❘♦✉-✐♥❣ ♠❡88❛❣❡8 ❛$❡ ♥♦✇ ❢♦$✇❛$❞❡❞ ❛❧❧ ❛❧♦♥❣ -❤❡ ❧♦♦♣ ❛8 8❤♦✇♥ ♦♥ ❋✐❣✉$❡

✹✳✶✺✳

Slave

Clusterhead

Cluster selection

Inter-cluster link 

ICR

S S

Obtains 2 

routes to S

Does not forward the 

second message 

since it is a duplicate

Source 

Addr

Last 

CH

 

Field considered 

for duplicate test

Obtains 2 

routes to S

Forwards the second 

message since it is 

not a duplicate: 

different Last CH
Obtains 2 

routes to S
Message path

Seq. 

Nbr

Source 

Addr

Last 

CH
 

Field considered for 

duplicate test

Seq. 

Nbr

❋✐❣✉$❡ ✹✳✶✺✿ ❋♦$✇❛$❞✐♥❣ ❛♥❞ ❞✉♣❧✐❝❛-❡ ❤❛♥❞❧✐♥❣ ♦♣-✐♦♥8 ♦❢ $♦✉-✐♥❣ ✐♥❢♦$♠❛-✐♦♥ ✐♥ ❙▲❙❘✿ ❧❡❢-

❝❧❛88✐❝ ❢♦$✇❛$❞✐♥❣ ❛♥❞ $✐❣❤- ❡①-❡♥❞❡❞ ❢♦$✇❛$❞✐♥❣✳

❉❡♣❡♥❞✐♥❣ ♦♥ -❤❡ ❝♦♥-❡①- ♦♥❡ ❝♦✉❧❞ -✉$♥ ♦♥ ♦$ ♦✛ -❤✐8 ❡①-❡♥❞❡❞ ❢♦$✇❛$❞✐♥❣ ❢♦$ $♦✉-✐♥❣

✐♥❢♦$♠❛-✐♦♥ ♠❡88❛❣❡✳ ❯♥❧✐❦❡ -❤❡ ❋❛✉❧- $❡❝♦✈❡$② ❛❝-✐✈❛-✐♦♥✴❞❡❛❝-✐✈❛-✐♦♥ ♠❡88❛❣❡✱ -❤❡ ❡①-❡♥❞❡❞

❢♦$✇❛$❞✐♥❣ ❜❡❤❛✈✐♦$ ❝❛♥ ❜❡ 8❡❧❡❝-✐✈❡❧② ❛❝-✐✈❛-❡❞ ♦$ ❞❡❛❝-✐✈❛-❡❞ ♣❡$ 8♦✉$❝❡✳ ❚❤❡ ❢♦$♠❛- ♦❢ -❤❡

❤❡❛❞❡$ ♦❢ 8✉❝❤ ❛ ♠❡88❛❣❡ ✐8 ♣$♦♣♦8❡❞ ✐♥ ❋✐❣✉$❡ ✹✳✶✻✳ ❲❤❡$❡ ❋ ✐8 ❛♥ ✧♦♥ ♦$ ♦✛✧ ✢❛❣✱ ■ ✐8 ❢♦$

✐♥✜♥✐-② ✭✐✳❡✳ ✉♥-✐❧ ❛♥♥♦✉♥❝❡❞ ❞✐✛❡$❡♥-❧②✮ ❛♥❞ ✈❛❧✐❞✐-② -✐♠❡ ✐8 -❤❡ -✐♠❡ -❤❡ ❜❡❤❛✈✐♦$ 8❤♦✉❧❞ ❜❡

❛♣♣❧✐❡❞ ✐❢ ♥♦- ✐♥✜♥✐-②✳

✹✳✻✳✸ ❈%♦''✲❧❛②❡% ❞❡'✐❣♥

❚❤❡ ❧❛②❡$❡❞ ♦♣❡♥ 8②8-❡♠8 ✐♥-❡$❝♦♥♥❡❝- ✭❖❙■✮ ❛$❝❤✐-❡❝-✉$❡ ❞✐✈✐❞❡8 -❤❡ ♥❡-✇♦$❦ ♣$♦-♦❝♦❧ 8-❛❝❦ ✐♥ ✼

❧❛②❡$8✳ ❊❛❝❤ ❧❛②❡$ ❝❛♥ ✐♥-❡$❛❝- ♦♥❧② ✇✐-❤ ✐-8 ❛❞❥❛❝❡♥- ❧❛②❡$8 -❤$♦✉❣❤ ❛ ❣✐✈❡♥ ✐♥-❡$❢❛❝❡✳ ❈$♦88✲❧❛②❡$

❞❡8✐❣♥8 ❛$❡ ❛❜♦✉- ♠❛❦✐♥❣ -❤♦8❡ 8❡♣❛$❛-❡❞ ❖❙■ ❧❛②❡$8 ✐♥-❡$❛❝- ♠♦$❡ ❛♥❞✴♦$ ✇✐-❤ ♥♦♥✲❛❞❥❛❝❡♥-

❧❛②❡$8✳ ❬❙$✐✈ ✵✺❪ ❞❡8❝$✐❜❡8 ❛♥❞ ❝❧❛88✐✜❡8 -❤❡ ❞✐✛❡$❡♥- -②♣❡8 ♦❢ ❝$♦88✲❧❛②❡$ ❞❡8✐❣♥8 -❤❛- ❡①✐8- ✐♥ ✻

❝❛-❡❣♦$✐❡8 ❛8 8❤♦✇♥ ♦♥ ❋✐❣✉$❡ ✹✳✶✼✳ ❙▲❙❘ ❝♦✉❧❞ ❜❡ ❝❧❛88✐✜❡❞ ✐♥ -❤❡ -❤✐$❞ ❝❛-❡❣♦$② ✭❋✐❣✉$❡ ✹✳✶✼❝✮

8✐♥❝❡ ✐- ✉8❡8 ❜♦-❤ ✉♣✇❛$❞ ❛♥❞ ❞♦✇♥✇❛$❞ ✐♥❢♦$♠❛-✐♦♥✳

✽✼



❈❤❛♣$❡& ✹✳ ❘♦✉$✐♥❣✿ ❙▲❙❘ ✲ ❙$❛❜❧❡ ▲✐♥❦❡❞ ❙$&✉❝$✉&❡ ❘♦✉$✐♥❣

 0                   1                   2                   3

 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|  Header Type  | F | I |            Validity Time              |

+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+

|  Next Header  |

+-+-+-+-+-+-+-+-+

❋✐❣✉$❡ ✹✳✶✻✿ ❋♦$♠❛. ♦❢ .❤❡ ❤❡❛❞❡$ ❢♦$ ❡①.❡♥❞❡❞ ❢♦$✇❛$❞✐♥❣ ♦❢ $♦✉.✐♥❣ ✐♥❢♦$♠❛.✐♦♥ ✐♥ ❙▲❙❘✳

Interface for 

explicit 

bitification 

from a lower 

layer to a 

higher layer

Interface 

for set a 

lower 

layer 

parameter

Super 

layer

Fixed 

layer

Designed 

layer

Vertical calibration
Upward information 

flow

Downward information 

flow

Back-and-forth 

information flow

Merging of adjacent 

layers

Design coupling without 

new interfaces. The 

designed layer’s design 

is done keeping in mind 

the processing at the 

fixed layer, but no new 

interface is created.

f)a) b) c) d) e)

❋✐❣✉$❡ ✹✳✶✼✿ ❈$♦--✲❧❛②❡$ ❝❧❛--✐✜❝❛4✐♦♥ ❜❛-❡❞ ♦♥ 4❤❡ ❧❛②❡$ ✐♥4❡$❛❝4✐♦♥- ✭❋✐❣✉$❡ ❢$♦♠ ❬❙$✐✈ ✵✺❪✮✳

■♥ 4❤✐- ♣❛$❛❣$❛♣❤✱ ✇❡ -❤♦$4❧② ❞❡-❝$✐❜❡ -♦♠❡ ♦❢ 4❤❡ ❛❞✈❛♥4❛❣❡- ♦❢ ✉-✐♥❣ ❝$♦--✲❧❛②❡$ ❞♦✇♥✇❛$❞

✐♥❢♦$♠❛4✐♦♥ ✢♦✇ ❛♣♣❧✐❡❞ 4♦ ❙▲❙❘✳ ❍✐❣❤❡$ ❧❛②❡$- ❝♦✉❧❞ ✐♥❢♦$♠ ❙▲❙❘ ♦❢ 4❤❡ 4②♣❡ ♦❢ ♣❛②❧♦❛❞ 4$❛✣❝

4❤❛4 ✢♦✇- ✐♥ 4❤❡ ♥❡4✇♦$❦✳ ❉♦✐♥❣ -♦✱ ❙▲❙❘ ❝❛♥ ❛❞❛♣4 ✐4- ❞❡❝✐-✐♦♥- ❛♥❞ 4✐♠✐♥❣- 4♦ 4❤✐- ❣✐✈❡♥
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❋✐❣✉*❡ ✺✳✶ %❤♦✇% "❤❡ ✐♥"❡*❛❝"✐♦♥% ❜❡"✇❡❡♥ "❤❡ %✐♠✉❧❛"❡❞ ❞❡✈✐❝❡% ❞✉*✐♥❣ "❤❡ %✐♠✉❧❛"✐♦♥✳ ❏❆◆❊

❞✐%"✐♥❣✉✐%❤❡% "❤*❡❡ %❡*✈✐❝❡ "②♣❡%✿ *✉♥"✐♠❡ %❡*✈✐❝❡✱ %✐♠✉❧❛"✐♦♥ %❡*✈✐❝❡✱ ❣❧♦❜❛❧ %❡*✈✐❝❡✳

• ❘✉♥#✐♠❡ '❡(✈✐❝❡'✿ ❘✉♥"✐♠❡ %❡*✈✐❝❡% ❤❛✈❡ ♦♥❡ ✐♥%"❛♥❝❡ ❛%%✐❣♥❡❞ "♦ ❡❛❝❤ ♠♦❜✐❧❡ ❞❡✈✐❝❡✳

❚❤♦%❡ ❛*❡ ✉%✉❛❧❧② ✉%❡❞ ❢♦* ♣*♦"♦❝♦❧% %✐♥❝❡ "❤❡② ♦♥❧② ❝❛♥ ✉%❡ ✐♥❢♦*♠❛"✐♦♥ ❛✈❛✐❧❛❜❧❡ ❧♦❝❛❧❧②

♦♥ "❤❡ ❞❡✈✐❝❡ ❛% ❛ *❡❛❧ ❞❡✈✐❝❡ ✇♦✉❧❞✳
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❤❛✈❡ ❛❝❝❡%% "♦ ❣❧♦❜❛❧ %✐♠✉❧❛"✐♦♥ ❦♥♦✇❧❡❞❣❡ ✭❡✳❣✳ ❡①❛❝" ❞❡✈✐❝❡ ♣♦%✐"✐♦♥%✮✳ ❚❤❡② ❛*❡ ✉%❡❢✉❧

✇❤❡♥ %❡*✈✐❝❡% ❛*❡ ❡✈❛❧✉❛"❡❞ ❛♥❞ %♦♠❡ ♥❡❝❡%%❛*② %❡*✈✐❝❡% %❤♦✉❧❞ ♥♦" ✐♥✢✉❡♥❝❡ %✐♠✉❧❛"✐♦♥

*❡%✉❧"%✳

• ●❧♦❜❛❧ '❡(✈✐❝❡'✿ ❚❤❡ ❧❛%" "②♣❡ ♦❢ %❡*✈✐❝❡ ❛*❡ ❣❧♦❜❛❧ %❡*✈✐❝❡% ✇❤❡*❡ ♦♥❧② ♦♥❡ ✐♥%"❛♥❝❡

❡①✐%"% ❢♦* ❛❧❧ "❤❡ %✐♠✉❧❛"✐♦♥ ✉%✐♥❣ ❛ ❝❡♥"*❛❧✐③❡❞ ❛♣♣*♦❛❝❤ *❛"❤❡* "❤❛♥ ❛ ❞✐%"*✐❜✉"❡❞ ♦♥❡✱ ❛%
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• ❚❤❡ ✜*%" ❧❛②❡* ✐% ❝♦♠♣♦%❡❞ ♦❢ "❤❡ ♣❧❛"❢♦*♠ ❝♦*❡✱ "❤❡ ❤②❜*✐❞ ❝♦*❡✱ ❛♥❞ "❤❡ %✐♠✉❧❛"✐♦♥ ❝♦*❡

"❤❛" ♣*♦✈✐❞❡ ❏❆◆❊ ✐"% ✈❡*%❛"✐❧✐"②✳ ■" ❝❛♥ ❢✉♥❝"✐♦♥ ✐♥ ❝❧❛%%✐❝ %✐♠✉❧❛"✐♦♥ ♠♦❞❡✱ ✉%✐♥❣ ♦♥❧②

✈✐*"✉❛❧ ❞❡✈✐❝❡%✱ ✐♥ ❤②❜*✐❞ ♠♦❞❡ ✇❤❡*❡ *❡❛❧ ❞❡✈✐❝❡% ❛*❡ ❝♦♥♥❡❝"❡❞ "♦ %✐♠✉❧❛"❡❞ ❞❡✈✐❝❡% ❛♥❞
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Movement

Platform Core

❋✐❣✉$❡ ✺✳✷✿ ❚❤❡ ❏❆◆❊ ♦♣❡$❛.✐♥❣ 1②1.❡♠✳

❛❝❝♦$❞✐♥❣ .♦ ❬❇❛✐ ✵✹❪ ✐♥ ❢♦✉$ ❝❛.❡❣♦$✐❡1✿ ❘❛♥❞♦♠ ♠♦❞❡❧1✱ ♠♦❞❡❧1 ✇✐.❤ .❡♠♣♦$❛❧ ❞❡♣❡♥❞❡♥❝②✱

♠♦❞❡❧1 ✇✐.❤ 1♣❛.✐❛❧ ❞❡♣❡♥❞❡♥❝② ❛♥❞ ♠♦❞❡❧1 ✇✐.❤ ❣❡♦❣$❛♣❤✐❝❛❧ $❡1.$✐❝.✐♦♥✳ ❚♦ .❤♦1❡ ❝❛.❡❣♦$✐❡1

❛♥ ❡♠❡$❣❡❞ ✜❢.❤ ♦♥❡ ❝❛♥ ❜❡ ❛❞❞❡❞✿ ♠♦❞❡❧1 ✐♥1♣✐$❡❞ ❢$♦♠ 1♦❝✐♦❧♦❣✐❝❛❧ $❡1❡❛$❝❤✳ ❈♦♠♣$❡❤❡♥1✐✈❡

❞❡.❛✐❧1 ❛❜♦✉. .❤❡ ❞✐✛❡$❡♥. ♠♦❜✐❧✐.② ♠♦❞❡❧1 ❢♦$ ❛❞ ❤♦❝ ♥❡.✇♦$❦1 ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬❇❛✐ ✵✹❪ ❛♥❞

❬❈❛♠♣ ✵✷❪✳ ❋✉$.❤❡$♠♦$❡✱ ✐♥ .❤✐1 ❝❤❛♣.❡$✱ ✇❡ ♣$♦♣♦1❡ ❛ ❝♦♠♣❧❡.❡❧② ♥❡✇ 1✐①.❤ ❝❛.❡❣♦$②✿ ♠♦❜✐❧✐.②

♠♦❞❡❧1 ✇✐.❤ ❛ ❝❧♦1❡❞ ✐♥.❡$❛❝.✐♦♥ ❧♦♦♣ ❜❡.✇❡❡♥ .❤❡ ❜❡❤❛✈✐♦$ ✭♠♦❜✐❧✐.②✮ ♠♦❞❡❧ ❛♥❞ .❤❡ ♥❡.✇♦$❦

♠♦❞❡❧✳ ■♥ ♦✉$ ❛♣♣$♦❛❝❤✱ .❤❡ ♠♦❜✐❧✐.② ♦$ ❜❡❤❛✈✐♦$ ♠♦❞❡❧ ❝❛♥ $❡❛❝. .♦ ♥❡.✇♦$❦ ❡✈❡♥.1 ✭❡✳❣✳ ❝♦♥✲

♥❡❝.✐♦♥1✱ 1❡$✈✐❝❡ ❛✈❛✐❧❛❜✐❧✐.②✱ ❡.❝✳✮ ❛♥❞ .❤❡ ♥❡.✇♦$❦ ❡✈❡♥.1 .❤❡♠1❡❧✈❡1 ❞❡♣❡♥❞ ❢$♦♠ .❤❡ ♠♦❜✐❧✐.②

♦❢ .❤❡ ♥♦❞❡1✱ .❤✉1 ❝$❡❛.✐♥❣ ❛ ❝❧♦1❡❞ ❧♦♦♣✳

• ❘❛♥❞♦♠ ♠♦❞❡❧(✿ ❚❤❡ 1✐♠♣❧✐❝✐.② ♦❢ $❛♥❞♦♠ ❜❛1❡❞ ♠♦❞❡❧1 ❤❛1 ♠❛❞❡ .❤❡♠ ✈❡$② ♣♦♣✉❧❛$

❢♦$ ❡✈❛❧✉❛.✐♦♥ ♦❢ ❛❞ ❤♦❝ ♥❡.✇♦$❦1✳ ❆ ❧♦. ♦❢ ❞✐✛❡$❡♥. $❛♥❞♦♠ ♠♦❞❡❧ ✈❛$✐❛.✐♦♥1 ❡①✐1.✳ ▼♦1.

♦❢ .❤❡♠ ❛$❡ ❛ ✈❛$✐❛.✐♦♥ ♦❢ .❤❡ ✇❡❧❧✲❦♥♦✇♥ ❘❛♥❞♦♠ ❲❛②♣♦✐♥. ♠♦❜✐❧✐.② ♠♦❞❡❧ ❬❇$♦❝ ✾✽❪✳ ■♥

.❤❡ $❛♥❞♦♠ ✇❛②♣♦✐♥. ♠♦❞❡❧ ❡❛❝❤ ♥♦❞❡ $❛♥❞♦♠❧② 1❡❧❡❝.1 ❛ ❞❡1.✐♥❛.✐♦♥ ✐♥1✐❞❡ .❤❡ 1✐♠✉❧❛.✐♦♥

✜❡❧❞ ❛♥❞ $❛♥❞♦♠❧② 1❡❧❡❝.1 ❛ ✉♥✐❢♦$♠❧② ❞✐1.$✐❜✉.❡❞ 1♣❡❡❞ ❜❡.✇❡❡♥ [minspeed,maxspeed] ❛.

✾✹



✺✳✷✳ ❆❞ ❤♦❝ ♠♦❜✐❧✐,② ♠♦❞❡❧/

✇❤✐❝❤ ✐$ $%❛✈❡❧* $♦✇❛%❞* $❤❡ ❞❡*$✐♥❛$✐♦♥✳ ❆* ❛ %❡*✉❧$✱ ❡❛❝❤ ♥♦❞❡ ✐♥ $❤❡ *✐♠✉❧❛$✐♦♥ ✐♥❞❡♣❡♥✲

❞❡♥$❧② *❡❧❡❝$* ❛ ❞❡*$✐♥❛$✐♦♥ ❛♥❞ ❛ $%❛✈❡❧ *♣❡❡❞✳ ❊❛❝❤ $✐♠❡ ❛ ♥♦❞❡ %❡❛❝❤❡* ❛ ❞❡*$✐♥❛$✐♦♥✱ ✐$

✇❛✐$* ❢♦% ❛ *♣❡❝✐✜❡❞ ♣❛✉*❡ $✐♠❡ ✭❡✳❣✳ ❛ ♣❛✉*❡ $✐♠❡ ♦❢ ③❡%♦ ♣%♦✈✐❞❡* ❛ ❝♦♥$✐♥✉♦✉* ♠♦✈❡♠❡♥$✮✳

❲❤❡♥ $❤❡ ♣❛✉*❡ $✐♠❡ ❡①♣✐%❡*✱ $❤❡ *❛♠❡ ♣%♦❝❡** *$❛%$* ❛❣❛✐♥✳

❚❤❡ %❛♥❞♦♠ ✇❛②♣♦✐♥$ *✉✛❡%* ❢%♦♠ ❛ ❧❛❝❦ ♦❢ *$❛❜✐❧✐$②✱ *✐♥❝❡ ❛* *❤♦✇♥ ✐♥ ❬❨♦♦♥ ✵✸❪✱ $❤❡

❛✈❡%❛❣❡ ♥♦❞❛❧ *♣❡❡❞ ❝♦♥*✐*$❡♥$❧② ❞❡❝%❡❛*❡* ♦✈❡% $✐♠❡✳ ❚❤✐* *♣❡❡❞ ❞❡❝❛②✐♥❣ ♣%♦❜❧❡♠ ✐* ❞✉❡

$♦ $❤❡ ❢❛❝$ $❤❛$ ♥♦❞❡* $❤❛$ ❝❤♦*❡ ❛ ❧♦♥❣ $%❛✈❡❧ ❞✐*$❛♥❝❡ ✇✐$❤ ❛ ✈❡%② *❧♦✇ *♣❡❡❞ ✭❞❡♣❡♥❞✐♥❣

♦♥ minspeed ✈❛❧✉❡ $❤❡ *♣❡❡❞ ❝❛♥ ❜❡ ✵✮ $❡♥❞ $♦ *$❛② ✧$%❛♣♣❡❞✧ ♦♥ $❤♦*❡ ❧♦♥❣ ❥♦✉%♥❡②* ❛♥❞
♠✐❣❤$ ♥♦$ ❛%%✐✈❡ ❛$ ❞❡*$✐♥❛$✐♦♥ ❜❡❢♦%❡ $❤❡ *✐♠✉❧❛$✐♦♥ ❡♥❞*✳ ❙✐♥❝❡ $❤❡ *♣❡❡❞ ❛♥❞ ❞❡*$✐♥❛$✐♦♥

❛%❡ ❝❤♦*❡♥ %❛♥❞♦♠❧② ❛❢$❡% ❡❛❝❤ ♣❛✉*❡ $✐♠❡✱ ♠♦%❡ ❛♥❞ ♠♦%❡ ♥♦❞❡* ❞✉%✐♥❣ $❤❡ *✐♠✉❧❛$✐♦♥

❝❛♥ ❜❡ ✧$%❛♣♣❡❞✧ ♦♥ $❤♦*❡ ❧♦♥❣ ❥♦✉%♥❡②*✱ $❤✉* ❞❡❝%❡❛*✐♥❣ $❤❡ ❛✈❡%❛❣❡ *♣❡❡❞ ✈❛❧✉❡✳ ❚♦ *♦❧✈❡

$❤✐* *♣❡❡❞ ❞❡❝❛②✐♥❣ ♣%♦❜❧❡♠✱ ❛✉$❤♦%* ✐♥ ❬▲✐♥ ✵✹❪ ♣%♦♣♦*❡ $♦ ❝❤❛♥❣❡ $❤❡ *♣❡❡❞ ❞✐*$%✐❜✉$✐♦♥

❢✉♥❝$✐♦♥ ❢♦% ❛❧❧ $❤❡ *$❡♣* ❢♦❧❧♦✇✐♥❣ $❤❡ ✜%*$ ♦♥❡✳

• ▼♦❞❡❧% ✇✐(❤ (❡♠♣♦,❛❧ ❞❡♣❡♥❞❡♥❝②✿ ❚♦ ♦❜$❛✐♥ ♠♦%❡ %❡❛❧✐*$✐❝ ♠♦❜✐❧✐$② ♦❢ ♥♦❞❡*✱ $❡♠✲
♣♦%❛❧ ❞❡♣❡♥❞❡♥❝② ♣%♦♣♦*❡* $♦ ♠❛❦❡ $❤❡ ♥❡①$ ❝❤❛♥❣❡ ♦❢ ❞✐%❡❝$✐♦♥ ❛♥❞ *♣❡❡❞ ❞❡♣❡♥❞❡♥$ ♦♥

$❤❡ ♣%❡✈✐♦✉* ❞✐%❡❝$✐♦♥ ❛♥❞ *♣❡❡❞✳ ❚❤❡ ♠❡♠♦%②❧❡** ♥❛$✉%❡ ♦❢ %❛♥❞♦♠ ♠♦❞❡❧* ♠❛❦❡* $❤❡♠

✉♥❛❜❧❡ $♦ ♣%♦✈✐❞❡ *♠♦♦$❤ ❛♥❞ ♠♦%❡ %❡❛❧✐*$✐❝ $%❛♥*✐$✐♦♥* ❜❡$✇❡❡♥ ❡❛❝❤ *$❡♣*✳ ❆♥ ❡①❛♠♣❧❡ ♦❢

*✉❝❤ ❛ $❡♠♣♦%❛❧ ❞❡♣❡♥❞❡♥$ ♠♦❜✐❧✐$② ♠♦❞❡❧ ✐* $❤❡ ●❛✉**✲▼❛%❦♦✈ ♠♦❜✐❧✐$② ♠♦❞❡❧✳ ❍❡%❡✱ ❡❛❝❤

♥♦❞❡ *❡❧❡❝$* ❛$ ❝♦♥*$❛♥$ $✐♠❡ ✐♥$❡%✈❛❧* $❤❡ ♥❡①$ *♣❡❡❞ ❛♥❞ ❞✐%❡❝$✐♦♥ ❜❛*❡❞ ♦♥ $❤❡ ❝✉%%❡♥$

*♣❡❡❞✱ ❞✐%❡❝$✐♦♥ ❛♥❞ ❧♦❝❛$✐♦♥ ✇✐$❤ ❛♥ α $✉♥✐♥❣ ♣❛%❛♠❡$❡% $❤❛$ ❞❡$❡%♠✐♥❡* $❤❡ %❛♥❞♦♠♥❡**
♦❢ $❤✐* ❞❡❝✐*✐♦♥ ✭✐✳❡✳ ✐❢ α = 0✿ %❡*✉❧$* ✐♥ ❛ ❝♦♠♣❧❡$❡❧② %❛♥❞♦♠ ♠♦✈❡♠❡♥$ ✭❇%♦✇♥✐❛♥ ♠♦$✐♦♥✮

❛♥❞ ✐❢ α = 1✿ %❡*✉❧$* ✐♥ ❛ ❧✐♥❡❛% ♠♦$✐♦♥✮✳

• ▼♦❞❡❧% ✇✐(❤ %♣❛(✐❛❧ ❞❡♣❡♥❞❡♥❝②✿ ❚♦ ♣%♦✈✐❞❡ ♠♦%❡ %❡❛❧✐*$✐❝ ♠♦✈❡♠❡♥$*✱ *♣❛$✐❛❧ ❞❡✲
♣❡♥❞❡♥$ ♠♦❞❡❧* ❛%❡ ❛❜❧❡ $♦ ♠♦❞❡❧ ❣%♦✉♣* ♦❢ ♥♦❞❡* ♠♦✈✐♥❣ $♦❣❡$❤❡% ❜❛*❡❞ ♦♥ $❤❡✐% %❡❧❛$✐✈❡

♣♦*✐$✐♦♥* ✐♥ *♣❛❝❡✳ ❋♦% ❡①❛♠♣❧❡ $❤❡ ❘❡❢❡%❡♥❝❡ T♦✐♥$ ●%♦✉♣ ♠♦❜✐❧✐$② ♠♦❞❡❧❬❍♦♥❣ ✾✾❪ ❞✐✲

✈✐❞❡* $❤❡ ♥♦❞❡* ✐♥ ❣%♦✉♣*✳ ❊❛❝❤ ❣%♦✉♣ ❤❛* ❛ ❝❡♥$❡%✱ ❡✐$❤❡% ❛ *♣❛$✐❛❧ ❝❡♥$❡% ♦% ❛ ❣%♦✉♣

❧❡❛❞❡% ♥♦❞❡ ❝❡♥$❡%✳ ❊❛❝❤ ♠❡♠❜❡% ♦❢ ❛ ❣%♦✉♣ $❤❡♥ $%❛✈❡❧* %❡❧❛$✐✈❡ $♦ $❤❡ ❣%♦✉♣ ❝❡♥$❡% ✇✐$❤

❛ ✉♥✐❢♦%♠❧② ❞✐*$%✐❜✉$❡❞ %❛♥❞♦♠ ♠♦$✐♦♥ ✈❡❝$♦% $❤❛$ *❡❧❡❝$* $❤❡ ♥❡①$ ❞❡✈✐❛$✐♦♥ ❢%♦♠ $❤❛$

❝❡♥$❡% ♣♦*✐$✐♦♥ ✇❤✐❧❡ *$❛②✐♥❣ ✐♥*✐❞❡ $❤❡ ❣%♦✉♣ ❜♦✉♥❞❛%✐❡* ✭❋✐❣✉%❡ ✺✳✸✮✳

leader

member 2

member 1

Random 

motion vector

Random 

motion vector

member 1
 m

ovement

member 2 movement

Group / le
ader 

movement

TimeT0 T1

❋✐❣✉%❡ ✺✳✸✿ ❊①❛♠♣❧❡ ♦❢ ♥♦❞❡ ♠♦✈❡♠❡♥$ ♦❢ ♦♥❡ ❣%♦✉♣ ✐♥ $❤❡ ❘❡❢❡%❡♥❝❡ T♦✐♥$ ●%♦✉♣ ▼♦❜✐❧✐$②

▼♦❞❡❧ ❢%♦♠ $✐♠❡ T0 $♦ T1✳

✾✺



❈❤❛♣$❡& ✺✳ ❆❞✈❛♥❝❡❞ ▼♦❜✐❧✐$② ▼♦❞❡❧4 ✉4✐♥❣ ♠✉❧$✐✲♠♦❞❡❧✐♥❣ ❛♥❞ ❝♦✲4✐♠✉❧❛$✐♦♥

• ▼♦❞❡❧% ✇✐(❤ ❣❡♦❣+❛♣❤✐❝❛❧ +❡%(+✐❝(✐♦♥%✿ ❚♦ #❛❦❡ ✐♥#♦ ❛❝❝♦✉♥# #❤❡ ♣❤②.✐❝❛❧ ❡♥✈✐1♦♥✲

♠❡♥# ♦❢ #❤❡ ♥♦❞❡. ✐♥#♦ #❤❡ ♠♦❜✐❧✐#② ♠♦❞❡❧✱ ♠♦❞❡❧. ♣1♦♣♦.❡ #♦ ❛❞❞ 1❡.#1✐❝#✐♦♥. ♦♥ #❤❡

♠♦✈❡♠❡♥# ♣♦..✐❜✐❧✐#✐❡. ♦❢ #❤❡ ♥♦❞❡. ✐♥ #❤❡✐1 .✐♠✉❧❛#✐♦♥ ❡♥✈✐1♦♥♠❡♥#✳ ❚❤♦.❡ 1❡.#1✐❝#✐♦♥.

❛1❡✱ ❢♦1 ❡①❛♠♣❧❡✱ ✐♥ #❤❡ :❛#❤✇❛② ♠♦❜✐❧✐#② ♠♦❞❡❧ ♦1 ✐♥ #❤❡ ❘❡.#1✐❝#❡❞ ❘❛♥❞♦♠ ✇❛②♣♦✐♥#

❬❇❧❛✈ ✵✷❪ ♠♦❞❡❧❡❞ ❜② ❛ ❣1❛♣❤ ✇❤❡1❡ ✈❡1#✐❝❡. 1❡♣1❡.❡♥# #❤❡ ❜✉✐❧❞✐♥❣. ❛♥❞ ❡❞❣❡. #❤❡ .#1❡❡#.

❝♦♥♥❡❝#✐♥❣ #❤♦.❡ ❜✉✐❧❞✐♥❣. #♦❣❡#❤❡1✳ ◆♦❞❡. #1❛✈❡❧ ❢♦❧❧♦✇✐♥❣ #❤❡ .#1❡❡#. ✭❡❞❣❡.✮ #♦✇❛1❞.

#❤❡✐1 ❞❡.#✐♥❛#✐♦♥ ❜✉✐❧❞✐♥❣ ✭✈❡1#✐❝❡✮ #❤1♦✉❣❤ #❤❡ .❤♦1#❡.# ♣❛#❤ ❛❧♦♥❣ #❤❡ ❡❞❣❡.✳ ❖♥ ❛11✐✈❛❧

❛# #❤❡✐1 ❞❡.#✐♥❛#✐♦♥ ❛ ♥♦❞❡ ♣❛✉.❡. ❢♦1 ❛ .♣❡❝✐✜❡❞ #✐♠❡ ❛♥❞ 1❛♥❞♦♠❧② .❡❧❡❝#. #❤❡ ♥❡①# ❞❡.#✐✲

♥❛#✐♦♥ ❜✉✐❧❞✐♥❣✳ ❆♥♦#❤❡1 ❣❡♦❣1❛♣❤✐❝❛❧❧② 1❡.#1✐❝#❡❞ ♠♦❜✐❧✐#② ♠♦❞❡❧ ✐. #❤❡ ♦❜.#❛❝❧❡ ♠♦❜✐❧✐#②

♠♦❞❡❧ ✇❤❡1❡ ♦❜.#❛❝❧❡. ❛1❡ 1❡♣1❡.❡♥#❡❞ ❜② 1❡❝#❛♥❣✉❧❛1 ❜♦①❡. ♦♥ #❤❡ .✐♠✉❧❛#✐♦♥ ❛1❡❛✳ ◆♦❞❡.

❛❞❛♣# #❤❡✐1 #1❛❥❡❝#♦1✐❡. ❛❝❝♦1❞✐♥❣❧② #♦ ❛✈♦✐❞ #❤❡♠✳ ❚1❛❥❡❝#♦1✐❡. #♦ ❛✈♦✐❞ ♦❜.#❛❝❧❡. ❛1❡

♣1❡✲❝❛❧❝✉❧❛#❡❞✱ #❤✉. #❤❡ ♦❜.#❛❝❧❡ ♠♦❞❡❧ ✐. ✈❡1② .✐♠✐❧❛1 #♦ #❤❡ ♣❛#❤✇❛② ♠♦❞❡❧✳

• ▼♦❞❡❧% ✐♥%♣✐+❡❞ ❢+♦♠ %♦❝✐♦❧♦❣✐❝❛❧ +❡%❡❛+❝❤✿ ■♥ #❤♦.❡ ♠♦❞❡❧.✱ .♦❝✐♦❧♦❣✐❝❛❧ 1❡.❡❛1❝❤

♦1 ♦❜.❡1✈❛#✐♦♥. ❛1❡ ❝♦♥.✐❞❡1❡❞ #♦ ❣❡♥❡1❛#❡ ♠♦❜✐❧✐#② ♠♦❞❡❧.✳ ■♥ ❬▼✉.♦ ✵✻❪✱ 1❡.❡❛1❝❤ ❜❛.❡❞

♦♥ .♦❝✐❛❧ ♥❡#✇♦1❦. ✐. ✉.❡❞ #♦ ♣1♦❞✉❝❡ ❛ #✇♦ .#❛❣❡ ♣1♦❝❡..✳ ❆# #❤❡ ✜1.# .#❛❣❡ #❤❡ .♦❝✐❛❧

❝♦♥♥❡❝#✐♦♥. ❛1❡ ❞❡✜♥❡❞ ❜② ❛♥ ✐♥#❡1❛❝#✐♦♥ ♠❛#1✐① ❡①#1❛❝#❡❞ ❢1♦♠ .♦❝✐❛❧ ♥❡#✇♦1❦ .#✉❞✐❡.✳

❚❤❡ .❡❝♦♥❞ .#❛❣❡ ❝♦♥.✐.#. ✐♥ ❞✐✈✐❞✐♥❣ #❤❡ ♥♦❞❡. ❛# #❤❡ #♦♣♦❧♦❣✐❝❛❧ ❧❡✈❡❧ ✭❤❡♥❝❡ #❤❡ ♣♦.✐#✐♦♥

✐♥ #❤❡ .✐♠✉❧❛#✐♦♥✮ ✐♥#♦ ❣1♦✉♣.✳ ◆♦❞❡. #❤❡♥ ❢♦❧❧♦✇ #❤❡✐1 ❣1♦✉♣ .✐♠✐❧❛1 #♦ #❤❡ ❘❡❢❡1❡♥❝❡

:♦✐♥# ●1♦✉♣ ▼♦❜✐❧✐#② ▼♦❞❡❧✳ ❍♦✇❡✈❡1✱ ❡❛❝❤ #✐♠❡ ❛ ❣♦❛❧ ♦1 ❞❡.#✐♥❛#✐♦♥ ✐. 1❡❛❝❤❡❞ #❤❡

♥♦❞❡. ❞❡❝✐❞❡ ❜❛.❡❞ ♦♥ #❤❡ ✐♥#❡1❛❝#✐♦♥ ♠❛#1✐① ✇❤❡#❤❡1 #♦ .#❛② ✐♥ #❤❡ ❣1♦✉♣✱ #♦ ❝❤❛♥❣❡

❣1♦✉♣ ♦1 #♦ ♠♦✈❡ ♦✉# ♦❢ ❛♥② ❣1♦✉♣✳

❆♥♦#❤❡1 ♠♦❜✐❧✐#② ♠♦❞❡❧ ❜❛.❡❞ ♦♥ .♦❝✐❛❧ ♦❜.❡1✈❛#✐♦♥. ✐. ❬▼❛❡❞ ✵✺❪✳ ❚❤❡② ❡①#1❛❝# #❤❡ ❜❡✲

❤❛✈✐♦1 ♣❛##❡1♥. ❢♦1 .♣❡❝✐✜❝ #❛1❣❡# ③♦♥❡. ❜② ♦❜.❡1✈✐♥❣✱ #❤1♦✉❣❤ ✜① ♣♦✐♥#. ✭❡✳❣✳ ❛ ✇❡❜❝❛♠✮✱

#❤❡ ♥✉♠❜❡1 ♦❢ ♣❡❞❡.#1✐❛♥. ✢♦✇. ❛♥❞ ❞❡♥.✐#✐❡. ❢♦1 #❤❛# ③♦♥❡✳ ❯.✐♥❣ ❧✐♥❡❛1 ♣1♦❣1❛♠♠✐♥❣

#❡❝❤♥✐S✉❡. #❤❡② ❝❛❧❝✉❧❛#❡ #❤❡ ❛✈❡1❛❣❡ ✢♦✇ ♣❡1 ✉♥✐# ♣❡1 #✐♠❡ ✐♥ #❤❡ #❛1❣❡# ③♦♥❡✳ ❲✐#❤

#❤❡ ❞❡1✐✈❡❞ ✢♦✇ 1❛#❡.✱ #❤❡② ❣❡♥❡1❛#❡ ❛ ❯:❋ ✭❯1❜❛♥ :❡❞❡.#1✐❛♥ ❋❧♦✇✮ .❝❡♥❛1✐♦ ❛. ♠♦❜✐❧✐#②

♠♦❞❡❧ ❢♦1 ♥❡#✇♦1❦ .✐♠✉❧❛#♦1.✳

❆♥♦#❤❡1 ❛♣♣1♦❛❝❤ ✐♥ ❬◆❣✉② ✶✶❪✱ ❛❜.#1❛❝#. #❤❡ .♣❛#✐♦✲#❡♠♣♦1❛❧ ❝♦11❡❧❛#✐♦♥ ♦❢ ❤✉♠❛♥ ♠♦❜✐❧✲

✐#② ✉.✐♥❣ ♣1❡❢❡1❡♥#✐❛❧ ❛##❛❝❤♠❡♥# #♦ ❢❛✈♦1✐#❡ ❧♦❝❛#✐♦♥.✳ ❚❤❡ ♠♦❞❡❧ ✐. ❛❜❧❡ #♦ 1❡✢❡❝# .✐♠✐❧❛1

1♦✉#✐♥❣ ♣❡1❢♦1♠❛♥❝❡. #❤❛♥ #❤❡ ♦♥❡ ♦❜#❛✐♥❡❞ ❢1♦♠ 1❡❛❧ ♠♦❜✐❧✐#② #1❛❝❡.✳

❚❤❡ ❧❛❝❦ ♦❢ ❡①✐.#✐♥❣ ❛❞ ❤♦❝ ❞❡♣❧♦②♠❡♥# ❛♥❞ 1❡❛❧ ✉.❡1 #1❛❝❡. ♠♦#✐✈❛#❡❞ #❤❡ 1❡.❡❛1❝❤ ♦♥ ♠♦❜✐❧✐#②

♠♦❞❡❧.✳ ❚❤❡ ✜1.# ♦♥❡. ✇❤❡1❡ ✈❡1② ❜❛.✐❝ ❧✐❦❡ #❤❡ 1❛♥❞♦♠ ✇❛②♣♦✐♥# ❛♥❞ ✈❡1② ❡❛.② #♦ ❝♦♠♣✉#❡✳ ❚❤❡

❢♦❧❧♦✇✐♥❣ ✉♣ ❛❞❞❡❞ ♥❡✇ ❞❡♣❡♥❞❡♥❝② #♦ ♦❜#❛✐♥ ♠♦1❡ 1❡❛❧✐.#✐❝ ♠♦✈❡♠❡♥#.✳ ❋✐♥❛❧❧②✱ ❛ ♠♦❞❡❧ ✐♥.♣✐1❡❞

❜② .♦❝✐♦❧♦❣✐❝❛❧ 1❡.❡❛1❝❤ ❝♦♠♣❡♥.❛#❡ #❤❛# ❧❛❝❦ ♦❢ ❛❞ ❤♦❝ #1❛❝❡. ❜② ✉.✐♥❣ #❤❡ .♦❝✐❛❧ ✐♥#❡1❛❝#✐♦♥.

❛. ❜❛.✐.✳ ❚❤✐. ✐. ❡①❛❝#❧② #❤❡ 1✐❣❤# ✇❛② #♦ ❣♦ .✐♥❝❡ .♦❝✐♦❧♦❣✐❝❛❧ 1❡.❡❛1❝❤ ✐. ❛❧❧ ❛❜♦✉# ♣❡❞❡.#1✐❛♥

♠♦✈❡♠❡♥# ❛♥❛❧②.✐.✱ .♦❝✐❛❧ ✐♥#❡1❛❝#✐♦♥.✱ ❡#❝✳

✺✳✸ ❆❞✈❛♥❝❡❞ ♠♦❜✐❧✐/② ♠♦❞❡❧1

❙❡✈❡1❛❧ .❝✐❡♥#✐✜❝ ❞♦♠❛✐♥. ✭♥❡#✇♦1❦✱ ❆■✱ ♣❤②.✐❝.✱ .♦❝✐♦❧♦❣②✱ ✳ ✳ ✳ ✮ ❛1❡ ✐♥✈♦❧✈❡❞ ✐♥ #❤❡ ✜❡❧❞ ♦❢

▼❆◆❊❚. ❛♥❞ ♠♦1❡ ❣❡♥❡1❛❧❧② ❯❜✐S✉✐#♦✉. ❈♦♠♣✉#✐♥❣ ❬❲❡✐. ✾✺❪✳ ❊❛❝❤ ❞♦♠❛✐♥ ❤❛. ✐#. ♦✇♥ ✈♦❝❛❜✲

✉❧❛1②✱ ❤❛❜✐#.✱ ♥❡❡❞. ❛♥❞ ❝✉❧#✉1❡✳ ◆♦ .✐♥❣❧❡ ✉♥✐✈❡1.❛❧ ♠♦❞❡❧ ❡①✐.#.✱ #♦ ❞❡❛❧ ✇✐#❤ #❤❡ ✐♥#❡1❛❝#✐♥❣

❝♦♠♣❧❡① ♠♦❞❡❧. ♦❢ ✉❜✐S✉✐#♦✉. ❝♦♠♣✉#✐♥❣✳ ❊①♣❡1✐❡♥❝❡ ✐♥ ✉❜✐S✉✐#♦✉. .②.#❡♠. ❞❡♠♦♥.#1❛#❡. #❤❛#

❛❞✈❛♥❝❡❞ 1❡.❡❛1❝❤ ✐♥ .✉❝❤ ❛ ❝♦♠♣❧❡① #♦♣✐❝ ❝❛♥♥♦# ❜❡ ♣✉1.✉❡❞ ❜② ♦♥❧② ❜1♦❛❞❡♥✐♥❣ ❛♥ ✐♥✐#✐❛❧

❞♦♠❛✐♥ ✇✐#❤✱ ✉♥❛✈♦✐❞❛❜❧②✱ ♣❛1#✐❛❧ ❦♥♦✇❧❡❞❣❡ ❢1♦♠ ♦#❤❡1.✳ ❆ #②♣✐❝❛❧ ❡①❛♠♣❧❡ ✐. #❤❡ ❞❡.✐❣♥ ♦❢

♠♦❜✐❧❡ .❡1✈✐❝❡. ✇❤❡1❡ #❤❡ ✉.❡1 ❝❛11✐❡. ❞❡✈✐❝❡. #❤❛# ❝♦♥#1✐❜✉#❡ #♦ #❤❡ ❞❡❧✐✈❡1② ♦❢ ❞❛#❛ #♦ ♦#❤❡1

✉.❡1.✳ ■♥ #❤✐. ❝❛.❡✱ #❤❡ ❜❡❤❛✈✐♦1 ♦❢ #❤❡ ✉.❡1. ✭❡✳❣✳ #❤❡✐1 ♠♦❜✐❧✐#② ♣❛##❡1♥.✮ ✐♥ ❛ ❝1♦✇❞ ❤✐❣❤❧②

✾✻



✺✳✹✳ ❈❛%❡ %'✉❞②

✐♠♣❛❝%& %❤❡ ♦✈❡+❛❧❧ ♦♣❡+❛%✐♦♥ ♦❢ %❤❡ &❡+✈✐❝❡ ❛♥❞ %❤✉& ♥❡❡❞ %♦ ❜❡ ❝♦♥&✐❞❡+❡❞ ❡❛+❧② ✐♥ %❤❡ &❡+✈✐❝❡

❞❡&✐❣♥✳

❚❤❡+❡❢♦+❡✱ ✐♥ ❛ ❝❧♦&❡ ❝♦❧❧❛❜♦+❛%✐♦♥ ✇✐%❤ ❏✉❧✐❡♥ ❙✐❡❜❡+% ❛♥❞ ❱✐♥❝❡♥% ❈❤❡✈+✐❡+✱ ✇❡ ♣+♦♣♦&❡
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✷ ▼♦❞❡❧ ❡①❡❝✉ ✐♦♥ ❊①❡❝✉ ❡ ✶ 1 ❡♣ ♦❢  ❤❡ ♠♦❞❡❧ ✭❡✳❣✳ ❡①✲

❡❝✉ ❡ ✶ 1✐♠✉❧❛ ✐♦♥ 1 ❡♣✱ ✶ 1✐♠✉❧❛ ✐♦♥

❡✈❡♥ ♦! ❛ ❣✐✈❡♥  ✐♠❡ ✐♥ ❡!✈❛❧✮

✸ ●❡ 1✐♠✉❧❛ ✐♦♥  ✐♠❡ ❖❜ ❛✐♥ ❝✉!!❡♥ 1✐♠✉❧❛ ✐♦♥  ✐♠❡

✹ ❉❛ ❛ ✐♥♣✉ O!♦✈✐❞❡ ❞❛ ❛  ♦  ❤❡ 1✐♠✉❧❛ ♦! ✭❡✳❣✳

✐♥♣✉ ✐♥❢♦!♠❛ ✐♦♥ ❢!♦♠ ❛♥♦ ❤❡! 1✐♠✲

✉❧❛ ♦!✮

✺ ❉❛ ❛ ♦✉ ♣✉ ❘❡ !✐❡✈❡ ❞❛ ❛ ❢!♦♠  ❤❡ 1✐♠✉❧❛ ♦!

✭❡✳❣✳ ♦✉ ♣✉ ✐♥❢♦!♠❛ ✐♦♥ ❣♦✐♥❣  ♦

❛♥♦ ❤❡! 1✐♠✉❧❛ ♦! ♦! ❢♦! ❧♦❣❣✐♥❣ ♣✉!✲

♣♦1❡1✮

✻ ✭❖♣ ✐♦♥❛❧✮ ❋✐♥❛❧✐③❡ 1✐♠✉❧❛ ✐♦♥ ❋✐♥❛❧✐③❡ 1✐♠✉❧❛ ✐♦♥ ❛❢ ❡! ❧❛1 1 ❡♣

✭❡✳❣✳ !❡ !✐❡✈❡ ❧♦❣1 ❢!♦♠ ✴ ❡①❡❝✉ ❡

❧♦❣❣✐♥❣ 1❝!✐♣ 1✮

❚❛❜❧❡ ✺✳✷✿ ■♥ ❡!❢❛❝❡  ♦ ❞❡✜♥❡ ❢♦! ❛ 1✐♠✉❧❛ ♦!  ♦ ✇♦!❦ ✇✐ ❤✐♥  ❤❡ ❆❆✹▼▼ ♣❧❛ ❢♦!♠✳

❋✐❣✉!❡ ✺✳✺ ❞❡1❝!✐❜❡1  ❤❡ ❝♦♠♣♦1✐ ✐♦♥ ♦❢  ❤❡ ❆❆✹▼▼ ❢!❛♠❡✇♦!❦✳ ❊❛❝❤ 1✐♠✉❧❛ ♦! ✐1 ❝♦♥ !♦❧❧❡❞

❜② ❛ 1✐♠✉❧❛ ♦! ♠❛♥❛❣❡! ✭❢♦!♠❛❧❧② ❛♥ ❛❣❡♥ ✮ ✇❤✐❝❤ ✐1 ❛♥ ❛✉ ♦♥♦♠♦✉1 ❡♥ ✐ ②✳ ❆❧❧  ❤❡1❡ ♠❛♥❛❣❡!

❛❣❡♥ 1 ❝♦♦♣❡!❛ ❡ ✐♥ ♦!❞❡!  ♦ !✉♥  ❤❡ ✇❤♦❧❡ 1✐♠✉❧❛ ✐♦♥ ❛♥❞  ♦  ❛❦❡ ❝❛!❡ ❛❜♦✉  ❤❡ ✐♥ ❡!❛❝ ✐♦♥

♣!♦❜❧❡♠❛ ✐❝1✳ ❚♦ ♠❛❦❡ ❞✐✛❡!❡♥ 1✐♠✉❧❛ ♦!1 ✐♥ ❡!❛❝ ✭✐♥  ❤❡ ❆❆✹▼▼ ♣❧❛ ❢♦!♠✮✱  ❤❡ ❢♦❧❧♦✇✐♥❣

1 ❡♣1 ❛!❡ !❡=✉✐!❡❞✿

• ❞❡✜♥❡ ❛ 1✐♠✉❧❛ ♦! ✐♥ ❡!❢❛❝❡ ✭♦♥❡ ❢♦! ❡❛❝❤ 1✐♠✉❧❛ ♦!✮✿ ✐♠♣❧❡♠❡♥ ✻ ❜❛1✐❝ ❢✉♥❝ ✐♦♥1 ❛1 ❞❡✲

1❝!✐❜❡❞ ✐♥  ❛❜❧❡ ✺✳✷ ❞✐!❡❝ ❧② ❢!♦♠  ❤❡ 1♦✉!❝❡ ❝♦❞❡ ♦! ❢!♦♠  ❤❡ ❛♣✐✱ ♦! ♠♦!❡ ❧❛❜♦!✐♦✉1 ❜②

❡① !❛❝ ✐♥❣ ❛♥ ❛♣✐ ✐❢ ♦♥❧② ❜✐♥❛!✐❡1 ❛!❡ ❛✈❛✐❧❛❜❧❡❀  ❤✐1 ✐1  ❤❡ ♦♥❧② ♠♦❞✐✜❝❛ ✐♦♥  ♦ ♠❛❦❡✳

• ❝!❡❛ ❡  ❤❡ 1♣❡❝✐✜❝ ❆❆✹▼▼ ❡♥ ✐ ✐❡1 ✭♦✉ 1✐❞❡  ❤❡ 1✐♠✉❧❛ ♦! ❛♥❞ ♠♦❞❡❧✮✿

✕ ❢♦! ❡❛❝❤ 1✐♠✉❧❛ ♦!✱ ❝!❡❛ ❡ ❛♥ ❡♥ ✐ ② ✭❝❛❧❧❡❞ ❛♥ ❛❣❡♥ ✭❙✐♠✉❧❛ ♦! ▼❛♥❛❣❡!✮✮ ✐♥ ♦!❞❡!

 ♦ ♠❛♥❛❣❡  ❤❡ 1✐♠✉❧❛ ♦! ✭✐♥♣✉ ✴♦✉ ♣✉ ❞❛ ❛ ✢♦✇1✱ ♠♦❞❡❧ ❡①❡❝✉ ✐♦♥ ❛♥❞ 1✐♠✉❧❛ ✐♦♥

 ✐♠❡ ♠❛♥❛❣❡♠❡♥ ✮✳

✕ ❢♦! ❡❛❝❤ ❧✐♥❦ ❜❡ ✇❡❡♥  ❤❡ 1✐♠✉❧❛ ♦!1✱ ❝!❡❛ ❡ ❛♥ ❡♥ ✐ ② ✐♥ ❝❤❛!❣❡ ♦❢  ❤❡ ❞❛ ❛ ✢♦✇

❡①❝❤❛♥❣❡✳

✾✾



❈❤❛♣$❡& ✺✳ ❆❞✈❛♥❝❡❞ ▼♦❜✐❧✐$② ▼♦❞❡❧4 ✉4✐♥❣ ♠✉❧$✐✲♠♦❞❡❧✐♥❣ ❛♥❞ ❝♦✲4✐♠✉❧❛$✐♦♥

❚❤❡ ✇❤♦❧❡ ♣❧❛(❢♦*♠ ✐- -✉-(❛✐♥❡❞ ❜② ❛ ❞✐-(*✐❜✉(❡❞ -✐♠✉❧❛(✐♦♥ ❛❧❣♦*✐(❤♠ ✭❛ ❝♦♥-❡*✈❛(✐✈❡ ♦♥❡✮

(❤❛( ❛❧❧♦✇- ❞✐-❝*❡(❡ ❡✈❡♥(-✱ -(❡♣ ❜② -(❡♣ ♦* ❝♦♥(✐♥✉♦✉- (✐♠❡ ❜❛-❡❞ -✐♠✉❧❛(♦*- (♦ ✐♥(❡*❛❝( ✭❛♥❞

-(❛② -②♥❝❤*♦♥✐③❡❞ ❬❙✐❡❜ ✵✾❪✮✳

❚❤❡ ❢*❛♠❡✇♦*❦ ✉-❡- ❛ -❡*✐❡- ♦❢ ❳▼▲ ❝♦♥✜❣✉*❛(✐♦♥ ✜❧❡- (❤❛( ❛❧❧♦✇ ❢♦* (❤❡ -✐♠♣❧❡ ❞❡-❝*✐♣(✐♦♥

❛♥❞ (✇❡❛❦✐♥❣ ♦❢ (❤❡ ❞✐✛❡*❡♥( -✐♠✉❧❛(♦*- ✐♥✈♦❧✈❡❞ ❛♥❞ ♦❢ (❤❡ ❣❧♦❜❛❧ -✐♠✉❧❛(✐♦♥✳

✺✳✼ ❈❛%❡ %'✉❞②✿ ▼❆◆❊❚% ❛♥❞ ✉%❡2%✬ ❜❡❤❛✈✐♦2%

✺✳✼✳✶ ▼♦❜✐❧✐)② ♠♦❞❡❧✐♥❣

❆- -❤♦✇♥ ✐♥ ❙❡❝(✐♦♥ ✺✳✷ (❤❡*❡ ❛*❡ ♠❛♥② ✇❛②- (♦ ♠♦❞❡❧ (❤❡ ❞✐✛❡*❡♥( (②♣❡- ♦❢ ♠♦❜✐❧✐(②✱ ❡❛❝❤ ✇✐(❤

(❤❡✐* ♦✇♥ -♣❡❝✐✜❝✐(✐❡-✳ ❚❤❡*❡ ✐- ♥♦ ❢♦*♠❛❧ ♠♦❞❡❧ ❝♦♠❜✐♥✐♥❣ -♦♠❡ ♦❢ (❤♦-❡ ❝❧❛--✐❝❛❧ ♠♦❞❡❧-✳ ❆♥❞

♠♦-( ❝*✐(✐❝❛❧❧②✱ ♥♦♥❡ ❡✈❡* ❝♦♥-✐❞❡*❡❞ ❛♥② ❢❡❡❞❜❛❝❦ ✭❢♦* ❡①❛♠♣❧❡✱ ❝❧♦-✐♥❣ (❤❡ ❧♦♦♣ ❜❡(✇❡❡♥ (❤❡

✉-❡*-✬ ❛♥❞ (❤❡ ✉♥❞❡*❧②✐♥❣ ♥❡(✇♦*❦ ❜❡❤❛✈✐♦*✮✳ ❖✉* ✇♦*❦ ❛❧❧♦✇- ❜♦(❤✱ ❜② ♣*♦♣♦-✐♥❣ (♦ ✉-❡ (❤❡

❛❣❡♥( ♣❛*❛❞✐❣♠ ❛- ❛ ✉♥✐L✉❡ (♦♦❧ ❢♦* ♠♦❞❡❧✐♥❣ (❤❡ ❧❛*❣❡-( ❛♥❞ ✈❛*✐♦✉- -♦*( ♦❢ ♠♦❜✐❧✐(②✳

✺✳✼✳✷ ❚❤❡ ♠✉❧)✐❛❣❡♥) ♣❛6❛❞✐❣♠

❚❤❡ ♠✉❧(✐❛❣❡♥( ♣❛*❛❞✐❣♠ ✐- ❛ ✇❛② (♦ ♠♦❞❡❧ -❡(- ♦❢ ❛✉(♦♥♦♠♦✉- ✐♥(❡*❛❝(✐♥❣ ❡♥(✐(✐❡- ✇✐(❤✐♥ ❛♥

❡♥✈✐*♦♥♠❡♥(✳ ■( ✐- ❛ ✇❡❧❧✲❦♥♦✇♥ ♣❛*❛❞✐❣♠ ✉-❡❞ ✐♥ ❤✉♠❛♥ -❝✐❡♥❝❡-✱ ❡❝♦❧♦❣② ♦* ✐♥ *♦❜♦(✐❝-✳ ■( ❞❡✲

-❝*✐❜❡- (❤❡ -②-(❡♠- ✐♥(♦ ✭❛( ❧❡❛-(✮ (❤❡-❡ ❞✐✛❡*❡♥( ❝♦♠♣♦♥❡♥(-✿ ❛❣❡♥(-✱ ❡♥✈✐*♦♥♠❡♥(✱ ✐♥(❡*❛❝(✐♦♥-✳

❚❤❡ ❛❣❡♥(- ❛*❡ ❛✉(♦♥♦♠♦✉- ❛♥❞ ♣*♦❛❝(✐✈❡ ❡♥(✐(✐❡-✱ -✐(✉❛(❡❞ ✐♥ ❛♥ ❡♥✈✐*♦♥♠❡♥(✳ ❚❤❡② ♦♥❧② ❤❛✈❡

❛ ♣❛*(✐❛❧ ✭❧♦❝❛❧✮ ✈✐❡✇ ♦❢ ✐( ❛♥❞ ❞❡❝✐❞❡ ✇❤✐❝❤ ❛❝(✐♦♥ (♦ (❛❦❡ ❞❡❛❧✐♥❣ ✇✐(❤ (❤❡✐* ♦✇♥ ♣❡*❝❡♣(✐♦♥-

❛♥❞ *❡❛-♦♥✐♥❣✳

▼❆❇❙ ✭▼✉❧(✐❛❣❡♥( ❇❛-❡❞ ❙✐♠✉❧❛(✐♦♥✮ ❬❉❛✈✐ ✵✵❪ ♦✛❡*- ✉- (❤❡ *✐❣❤( ❧❡✈❡❧ ♦❢ ❞❡-❝*✐♣(✐♦♥ ✇❤❡♥

✇❡ ✇❛♥( (♦ ♠♦❞❡❧ ✉-❡*-✬ ❜❡❤❛✈✐♦*✱ ❣♦❛❧- ❛♥❞ ❛❝(✐♦♥-✳ ■♥-(❡❛❞ ♦❢ ✉-✐♥❣ ❛ ❣❧♦❜❛❧ ❡L✉❛(✐♦♥ (♦ ♠♦❞❡❧

✉-❡*-✬ (*❛❥❡❝(♦*✐❡-✱ ✇❡ ❝❛♥✱ ✈✐❛ (❤❡ ❛❣❡♥( ❜❛-❡❞ ♠♦❞❡❧✱ *❡✲❝*❡❛(❡ (❤❡ ✇❛② ✉-❡*- ♠♦✈❡✳ ■( ♠❡❛♥-

(❤❛( ✇❡ ❝❛♥ ❞✐*❡❝(❧② ♠♦❞❡❧ ❜❡❤❛✈✐♦*- -✉❝❤ ❛- ✧✐❢ ❛♥ ♦❜-(❛❝❧❡ ✐- ♣*❡-❡♥( ✐♥ ❢*♦♥( ♦❢ ②♦✉✱ (❤❡♥ ❛✈♦✐❞

✐(✧ ♦* ✧*❡❛❝❤ ❛ ❣♦❛❧✱ -(❛② ♥❡❛*❜② ❞✉*✐♥❣ ✜✈❡ ♠✐♥✉(❡- ❛♥❞ (❤❡♥ ❣♦✧✳

▼♦*❡ ❣❡♥❡*❛❧❧②✱ ✇✐(❤ (❤✐- ❛♣♣*♦❛❝❤✱ ✇❡ ❝❛♥ ♠♦❞❡❧ ♠♦*❡ ❝♦♠♣❧❡① ❜❡❤❛✈✐♦*- -✉❝❤ ❛- ✇✐❧❧✐♥❣♥❡--

(♦ ✉-❡ ❛♥❞ -❤❛*❡ ❛ -❡*✈✐❝❡ ❞❡♣❡♥❞✐♥❣ ♦♥ (❤❡ ❜❛♥❞✇✐❞(❤ ❝♦♥-✉♠❡❞ ♦* (❤❡ ❣❡♥❡*♦-✐(② ♦❢ ❛ ✉-❡* ❀

♦* (❤❡ *❡❛❝(✐♦♥ (♦ ✉♥♣*❡❞✐❝(❛❜❧❡ ❡✈❡♥(-✳

▼♦❜✐❧✐(② ❤❛- ❛❧*❡❛❞② ❜❡❡♥ -(✉❞✐❡❞ ❛♥❞ ♠♦❞❡❧❡❞ ✈✐❛ (❤❡ ♠✉❧(✐❛❣❡♥( ♣❛*❛❞✐❣♠✳ ❍❡*❡ ❛♥ ❛❣❡♥(

❝❛♥ ❞❡-❝*✐❜❡ ❤✉♠❛♥✱ ❛♥✐♠❛❧ ♦* *♦❜♦(-✳ ■♥ ❬❘❡②♥ ✽✼❪✱ ❈*❛✐❣ ❘❡②♥♦❧❞- ✇♦*❦❡❞ ♦♥ ❜✐*❞ ✢♦❝❦-

♠♦❞❡❧✐♥❣ ✇❤❡*❡ ❡❛❝❤ ❛❣❡♥( (*✐❡- (♦ -(❛② ✐♥-✐❞❡ (❤❡ ✢♦❝❦- ♦♥❧② ❜② ❝♦♠♣✉(✐♥❣ ❛ -♠❛❧❧ -❡( ♦❢

❢♦*❝❡- ✭❇♦✐❞-✮✳ ■♥❞✐✈✐❞✉❛❧✲❜❛-❡❞ ♣❡❞❡-(*✐❛♥ ♠♦❞❡❧✐♥❣ ✐- ❛❧-♦ ✉-❡❞ ✐♥ ✉*❜❛♥ -✐♠✉❧❛(✐♦♥- ✭❬❍❡❧❜ ✵✺✱

❚❡❦♥ ✵✵✱ ●❛✉❞ ✵✼❪✮✳ ❚❤✐- ♣❛*❛❞✐❣♠ ✐- ❛❧-♦ ✉-❡❞ (♦ ♠♦❞❡❧ ❝*♦✇❞ -❝❡♥❡- ✐♥ ♠♦✈✐❡- ✭❛- ❜❛((❧❡✜❡❧❞-

✐♥ ▲♦*❞ ♦❢ (❤❡ ❘✐♥❣✮ ❛♥❞ ✐♠♣❧❡♠❡♥(❡❞ ✐♥ ✈✐❞❡♦ ❛♥✐♠❛(✐♦♥ -♦❢(✇❛*❡ -✉❝❤ ❛- ▼❆❙❙■❱❊

✷✼

✳

✺✳✼✳✸ ❯9❡6 ♠♦❞❡❧ ❞❡9❝6✐♣)✐♦♥

❖✉* ❛❣❡♥(✲❜❛-❡❞ ♠♦❜✐❧✐(② ♠♦❞❡❧ ✐- ✐♥-♣✐*❡❞ ❢*♦♠ ✉*❜❛♥ *❡-❡❛*❝❤ ❛♥❞ ♣❡❞❡-(*✐❛♥ ♠♦❞❡❧✐♥❣ ❬●❛✉❞ ✵✼✱

❍❡❧❜ ✵✺❪✱ ❜✉( ❝❛♥ ❛❧-♦ ♠♦❞❡❧ ❝❧❛--✐❝ ♠♦❜✐❧✐(② ❜❡❤❛✈✐♦*- ✭❡✳❣✳ *❛♥❞♦♠ ✇❛②♣♦✐♥(✮✳ ❊❛❝❤ ♠♦❜✐❧❡

♥♦❞❡ ✭❛ ✉-❡*✮ ✐- *❡♣*❡-❡♥(❡❞ ❜② ❛♥ ❛❣❡♥( ✭♥❛♠❡❞ ai✮✳ ❚❤❡ ❛❣❡♥( ❜❡❤❛✈✐♦* ❝❛♥ ❜❡ -❡❡♥ ❛- ❛

❝♦♠❜✐♥❛(✐♦♥ ♦❢ -✐♠♣❧❡ ❜❡❤❛✈✐♦*- *❡-✉❧(✐♥❣ ✐♥ ❛ ❝♦♠♣❧❡① ♦♥❡✳ ❋♦* ❡①❛♠♣❧❡ *❛♥❞♦♠ ✇❛②♣♦✐♥( ✐-

✐♠♣❧❡♠❡♥(❡❞ ❛- (❤❡ -✐♠♣❧❡ ❢♦❧❧♦✇✐♥❣ *✉❧❡✿ ❡✈❡*② (✐♠❡ ♣❡*✐♦❞✱ ❡❛❝❤ ❛❣❡♥( ❝❤❛♥❣❡- ✐(- ❞✐*❡❝(✐♦♥✳

▼♦*❡ ❝♦♠♣❧❡① ❜❡❤❛✈✐♦*- -✉❝❤ ❛- ♦❜-(❛❝❧❡ ❛✈♦✐❞❛♥❝❡✱ ✢♦❝❦✐♥❣ ♦* ❣♦❛❧ ❛((*❛❝(✐♦♥ ❛*❡ ♠♦❞❡❧❡❞ ❛-

❛ ❢✉♥❝(✐♦♥✱ ❛ -✉♠ ♦❢ ❢♦*❝❡-✱ *❡-✉❧(✐♥❣ ✐♥ ❛ ♥♦❞❡ ♠♦✈❡♠❡♥(✳ ❊❛❝❤ ❢♦*❝❡✴❜❡❤❛✈✐♦* ❞❡-❝*✐❜❡- ❛♥

✷✼

❤!!♣✿✴✴✇✇✇✳♠❛))✐✈❡)♦❢!✇❛/❡✳❝♦♠

✶✵✵



✺✳✼✳ ❈❛%❡ %'✉❞②✿ ▼❆◆❊❚% ❛♥❞ ✉%❡2%✬ ❜❡❤❛✈✐♦2%

✐♥"❡$❛❝"✐♦♥ ♦❢ "❤❡ ❛❣❡♥" ✇✐"❤ ✐", ❡♥✈✐$♦♥♠❡♥" ❛♥❞ "❤❡ ♦"❤❡$ ❛❣❡♥",✳ ❚❤❡ ❛❣❡♥" ❤❛, ❛ ❧✐♠✐"❡❞

♣❡$❝❡♣"✐♦♥ ✭✜❣✉$❡ ✺✳✻✮✿ "❤❡,❡ ✐♥"❡$❛❝"✐♦♥, ❛$❡ ♦♥❧② ❡✛❡❝"✐✈❡ ♦♥ "❤❡ ♥❡✐❣❤❜♦$❤♦♦❞ ♦❢ "❤❡ ❛❣❡♥"✳

■♥ ♦✉$ ❝❛,❡✱ "❤❡ ♠♦✈❡♠❡♥", ♦❢ "❤❡ ❛❣❡♥", ❛$❡ ❝♦♠♣✉"❡❞ ❜② ❛♣♣❧②✐♥❣ ❧❛✇, ♦❢ ♠❡❝❤❛♥✐❝,✿ ♥❛♠❡❧②

♣♦✐♥" ❦✐♥❡♠❛"✐❝,✳ ❚❤❡,❡ ♠♦❞❡❧, ❛$❡ ❡❛,✐❧② ❡①"❡♥,✐❜❧❡✱ ❡❛,② "♦ ✐♠♣❧❡♠❡♥" ❛♥❞ ❝❛♥ ❡①♣$❡,, ❛ ❧❛$❣❡

,❡" ♦❢ ❜❡❤❛✈✐♦$, ❜② ✇❡✐❣❤✐♥❣ ❡❛❝❤ ❢♦$❝❡✳ ❚❤❡ ❡①❛♠♣❧❡, ❜❡❧♦✇ ✭✜❣✉$❡, ✺✳✼✱✺✳✽ ❛♥❞ ✺✳✾✮ ❞❡♣✐❝" ❢♦$❝❡

♦$✐❡♥"❡❞ ❜❡❤❛✈✐♦$,✳

A

proximity 

sphere

visibility 

field

❋✐❣✉$❡ ✺✳✻✿ F❡$❝❡♣"✐♦♥, ♦❢ ❛♥ ❛❣❡♥" ✭❛ ✉,❡$✮

repulsive force

obstacleagent

❋✐❣✉$❡ ✺✳✼✿ ❘❡♣✉❧,✐✈❡ ❢♦$❝❡ ❢♦$ ♦❜,"❛❝❧❡ ❛✈♦✐❞✲

❛♥❝❡ ♠♦❞❡❧✳

Satisfaction 

zone

distance to 

goal : δ

Force value

❋✐❣✉$❡ ✺✳✽✿ ❆""$❛❝"✐✈❡ ❢♦$❝❡ "♦ "❤❡ ❣♦❛❧✳

f2

A

f1

Agent movement 

deduced from 

F = f1 + f2

F

❋✐❣✉$❡ ✺✳✾✿ ▼♦✈❡♠❡♥" ❝♦♠♣✉"❛"✐♦♥✳

✺✳✼✳✹ ▼♦❞❡❧✐♥❣ ♥❡,✇♦.❦ ❛✇❛.❡ ✉2❡.2

■♥"❡❣$❛"✐♥❣ ♥❡"✇♦$❦ ❛,♣❡❝", ✐♥"♦ "❤❡ ❛❣❡♥" ❞❡❝✐,✐♦♥ ♣$♦❝❡,, ✐, ❛❝❤✐❡✈❡❞ ❡❛,✐❧② ❛♥❞ ✐, ,"$❛✐❣❤"❢♦$✲

✇❛$❞✳ ■♥❞❡❡❞✱ ♦♥❝❡ "❤❡ ❛❣❡♥" ♣❡$❝❡✐✈❡❞ "❤❡ ♥❡"✇♦$❦ ✐♥❢♦$♠❛"✐♦♥ ✭❡✳❣✳ ❝♦♥♥❡❝"✐✈✐"② ♣$❡,❡♥❝❡✴❧♦,,✱

L✉❛❧✐"② ♦❢ ,❡$✈✐❝❡,✮✱ ❛ ,✐♠♣❧❡ $✉❧❡ ❞❡✜♥❡, ✐", $❡❛❝"✐♦♥✳ ❋♦$ ❡①❛♠♣❧❡ ✐♥ ❙❡❝"✐♦♥ ✺✳✽ ✇❡ ❞❡,❝$✐❜❡

✉,❡$, "❤❛" ,❧♦✇ "❤❡✐$ ,♣❡❡❞ ♦$ ,"♦♣ ♠♦✈✐♥❣ ✇❤❡♥ "❤❡② ♣❡$❝❡✐✈❡ ❣♦♦❞ ❝♦♥♥❡❝"✐✈✐"②✳

✺✳✼✳✺ ❙②♥,❤❡2✐2

❚❤✐, ♠♦❞❡❧ $❡,♣❡❝", "❤❡ ❝♦♥,"$❛✐♥", ❝✐"❡❞ ✐♥ ❬❇❛✐ ✵✹❪✿ "❡♠♣♦$❛❧ ❞❡♣❡♥❞❡♥❝②✱ ,♣❛"✐❛❧ ❞❡♣❡♥❞❡♥❝②

❛♥❞ ❣❡♦❣$❛♣❤✐❝❛❧ ❞❡♣❡♥❞❡♥❝②✳ ❉❡,❝$✐❜✐♥❣ ,♦♣❤✐,"✐❝❛"❡❞ ♠♦✈❡♠❡♥", ✐, ,"$❛✐❣❤"❢♦$✇❛$❞✿ ❢♦$ ❡①✲

❛♠♣❧❡ ❢$♦♠ ♦✉$ "✇♦ ,✐♠♣❧❡ ♠♦✈❡♠❡♥", ✇❡ ❤❛✈❡ ♥♦❞❡, ❛✈♦✐❞✐♥❣ ♦❜,"❛❝❧❡, ❛♥❞ ❢♦❧❧♦✇✐♥❣ ♠✉❧"✐♣❧❡

,✉❝❝❡❡❞✐♥❣ ❣♦❛❧,✳ ▼♦$❡♦✈❡$✱ ✇❡ ❝❛♥ ❡❛,✐❧② ♠♦❞❡❧ ♠♦❜✐❧✐"② ♦❢ ❣$♦✉♣, ♦❢ ♣❡♦♣❧❡ ❥✉," ❜② ❛❞❞✐♥❣ ❛

❢♦$❝❡ "❤❛" ❛""$❛❝", ❛❣❡♥", "❤❛" ❣♦ ✐♥ "❤❡ ,❛♠❡ ❞✐$❡❝"✐♦♥ ✭❛, ,❤♦✇♥ ✐♥ ❙❡❝"✐♦♥ ✺✳✽✮✳

❲❡ ❤❛✈❡ ❞❡✈❡❧♦♣❡❞ ❛ ,❡" ♦❢ ♠♦❜✐❧✐"② ♠♦❞❡❧,✱ ❢$♦♠ ,✐♠♣❧❡ $❛♥❞♦♠ ✇❛②♣♦✐♥" ♦$ $❡,"$✐❝"❡❞

$❛♥❞♦♠ ✇❛②♣♦✐♥" "♦ ❛❞✈❛♥❝❡❞ ♣❛$"✐❝❧❡, ❡♥❣✐♥❡✱ ✢♦❝❦✐♥❣ ♦$ ❡①♣❧♦$❡$ ❜❡❤❛✈✐♦$✱ "❤❛" ❛$❡ ❢✉❧❧②

♣❛$❛♠❡"❡$✐③❡❞✳ ❯,✐♥❣ ♠✉❧"✐❛❣❡♥" ❜❛,❡❞ ,✐♠✉❧❛"✐♦♥ ✭▼❆❇❙✮ "♦ ,✐♠✉❧❛"❡ ❜❛,✐❝ ❜❡❤❛✈✐♦$,✱ ,✉❝❤ ❛,

$❛♥❞♦♠ ✇❛②♣♦✐♥",✱ ,❡❡♠, ♣$♦❜❛❜❧② ♦✈❡$❦✐❧❧ ❛" ✜$,"✳

❍♦✇❡✈❡$✱ ,✐♥❝❡ "❤✐, ♠♦❞❡❧✐♥❣ ❛♣♣$♦❛❝❤ ✐, ✐♥❞✐✈✐❞✉❛❧✲❜❛,❡❞✱ ✇❡ ❝❛♥ ❡❛,✐❧② "✉♥❡ ❡❛❝❤ ❜❡❤❛✈✐♦$

❛♥❞ ❞❡,❝$✐❜❡ ❤❡"❡$♦❣❡♥❡♦✉, ♦♥❡,✳ ■♥❞❡❡❞✱ "❤❡ ❤✐❣❤❡," ❧❡✈❡❧ ♦❢ ❣$❛♥✉❧❛$✐"② ❝❛♥ ❜❡ $❡❛❝❤❡❞ ❜②

✐♠♣❧❡♠❡♥"✐♥❣ ❛ ❞✐✛❡$❡♥" ♠♦❞❡❧ ♦❢ ❜❡❤❛✈✐♦$ ♣❡$ ❛❣❡♥"✳ ❚❤✉,✱ ✇❡ ❝❛♥ ❞❡,❝$✐❜❡✱ ❢♦$ ❡①❛♠♣❧❡✱
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❈❤❛♣$❡& ✺✳ ❆❞✈❛♥❝❡❞ ▼♦❜✐❧✐$② ▼♦❞❡❧4 ✉4✐♥❣ ♠✉❧$✐✲♠♦❞❡❧✐♥❣ ❛♥❞ ❝♦✲4✐♠✉❧❛$✐♦♥

❞✐✛❡$❡♥& ❦✐♥❞( ❛♥❞ ♠✐①❡( ♦❢ ♣♦♣✉❧❛&✐♦♥(✳ ❋✐♥❛❧❧②✱ ✇✐&❤ ♦✉$ ❛♣♣$♦❛❝❤✱ ❛ ✉(❡$ ❝❛♥ ❞②♥❛♠✐❝❛❧❧②

(✇✐&❝❤ ❢$♦♠ ♦♥❡ ❜❡❤❛✈✐♦$ &♦ ❛♥♦&❤❡$✳

✺✳✽ ❊①♣❡'✐♠❡♥+, ❛♥❞ ❘❡,✉❧+,

❆( ❛ ♣$♦♦❢✲♦❢✲❝♦♥❝❡♣& ♦❢ ♦✉$ ✈✐(✐♦♥ ❛♥❞ ❢$❛♠❡✇♦$❦ ✇❡ ❝♦✉♣❧❡❞ ❛ ✉(❡$ ❜❡❤❛✈✐♦$( (✐♠✉❧❛&♦$✱ &❤❛& ✇❡

❡①&❡♥❞❡❞ ✇✐&❤ ❛♥ ✐♠♣❧❡♠❡♥&❛&✐♦♥ ♦❢ ❛❞ ❤♦❝ ♣$♦&♦❝♦❧(✱ ♥❛♠❡❞ ▼❆❙❉❨◆❊ ✭▼✉❧&✐❆❣❡♥& ❙✐♠✉❧❛&♦$

♦❢ ❉❨♥❛♠✐❝ ◆❡&✇♦$❦ ✉(❊$(✮ ✇✐&❤ &❤❡ ❏❆◆❊ (✐♠✉❧❛&♦$✳

❚❤❡ ❣♦❛❧( ♦❢ &❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣❡$✐♠❡♥&( ❛$❡ ♦♥ ♦♥❡ ❤❛♥❞✱ &♦ (❤♦✇ &❤❡ (✐♠♣❧✐❝✐&② ♦❢ ❛ $❡❛❧✐(&✐❝

✉(❛❣❡ (❝❡♥❛$✐♦ ❞❡(✐❣♥ ❛♥❞ ✐♠♣❧❡♠❡♥&❛&✐♦♥✱ ❛♥❞ ♦♥ &❤❡ ♦&❤❡$ ❤❛♥❞✱ &♦ (❤♦✇ &❤❡ ❡✛❡❝&( ♦❢ ❤❛✈✐♥❣

✐♥&❡$❛❝&✐♦♥( ❜❡&✇❡❡♥ &❤❡ ✉(❡$ ❜❡❤❛✈✐♦$ ♠♦❞❡❧ ❛♥❞ &❤❡ ♥❡&✇♦$❦ ♠♦❞❡❧✳

✺✳✽✳✶ ❇✉✐❧❞✐♥❣ +❡❛❧✐./✐❝ ✉.❛❣❡ .❝❡♥❛+✐♦.

❚❤❡ ❣♦❛❧ ♦❢ &❤❡ ✜$(& ❡①♣❡$✐♠❡♥& ✐( &♦ ♦❜&❛✐♥ ❛ ♠♦❜✐❧✐&② (❝❡♥❛$✐♦ ✭❋✐❣✉$❡ ✺✳✶✵✮✿ ❆ ❣$♦✉♣ ♦❢

(&✉❞❡♥&( ✈✐(✐&✐♥❣ ❛ ♠✉(❡✉♠✳ ❚❤✐( (❝❡♥❛$✐♦ ✜&( ✇✐&❤ ♦✉$ ❣♦❛❧ &♦ &❡(& ❛♥❞ ❞❡♣❧♦②✱ ✐♥ &❤❡ ❢✉&✉$❡✱ ❛♥

❛❞ ❤♦❝ ♥❡&✇♦$❦ ✇✐&❤✐♥ ❛ ♠✉(❡✉♠ ✭❆◆❘ ❙❆❘❆❍ ♣$♦❥❡❝&✮✳

❚❤✐( ♠♦❜✐❧✐&② ♠♦❞❡❧ ✐( ❜❛(❡❞ ✉♣♦♥ ❢♦$❝❡✲♦$✐❡♥&❡❞ ❜❡❤❛✈✐♦$(✿ &❤❡ ✉(❡$(✬ ❜❡❤❛✈✐♦$✱ &❤❡ ✐♥&❡$❛❝✲

&✐♦♥ ❜❡&✇❡❡♥ &❤❡ ✉(❡$( ❛♥❞ &❤❡ ❡♥✈✐$♦♥♠❡♥& ❛$❡ $❡♣$❡(❡♥&❡❞ ❜② (✐♠♣❧❡ ❢♦$❝❡(✳ ❋♦$ &❤✐( (❝❡♥❛$✐♦✱

✇❡ ✉(❡ ❢♦✉$ (✐♠♣❧❡ ❢♦$❝❡ ♦$✐❡♥&❡❞ ❜❡❤❛✈✐♦$(✿ ❣♦❛❧ ❢♦&❝❡✱ ❛✈♦✐❞ ✇❛❧❧4✱ &❡♣✉❧4✐✈❡ ❢♦&❝❡✱ ❛$$&❛❝$✐♦♥

❢♦&❝❡✳ ❚❤✐( ♣$♦✈✐❞❡( ✉( &❤❡ ❢♦❧❧♦✇✐♥❣ (❝❡♥❛$✐♦✿ ❆❣❡♥& ✶✱ ❛ &♦✉$ ❣✉✐❞❡✱ ❢♦❧❧♦✇( ❣♦❛❧( ✉♥❦♥♦✇♥ &♦

&❤❡ (&✉❞❡♥&(✳ ❚❤❡ ♦&❤❡$ ❛❣❡♥&(✱ &❤❡ (&✉❞❡♥&(✱ ❢♦❧❧♦✇ ❛❣❡♥& ✶✳ ❚❤❡ ❝♦♠❜✐♥❛&✐♦♥ ♦❢ &❤❡(❡ (✐♠♣❧❡

❜❡❤❛✈✐♦$(✱ ❞♦♥❡ ❜② (✉♠♠✐♥❣ &❤❡ ❢♦$❝❡(✱ $❡(✉❧&( ✐♥ ❛ ❝♦♠♣❧❡① ❛♥❞ ♠♦$❡ $❡❛❧✐(&✐❝ ❜❡❤❛✈✐♦$✳

• ❆❧❧ ❆❣❡♥&( ❤❛✈❡ ❛ ●♦❛❧✿ ❡✳❣✳ &❤❡ (&✉❞❡♥&( ❢♦❧❧♦✇ ❆❣❡♥& ✶✱ ✐❢ ✈✐(✐❜❧❡✳

• ❆❧❧ ❆❣❡♥&( ❛✈♦✐❞ ✇❛❧❧(✿ ❘❡♣✉❧(✐✈❡ ❢♦$❝❡ ❢$♦♠ &❤❡ ✇❛❧❧(✳

• ❆❣❡♥&( ❤❛✈❡ ❛ $❡♣✉❧(✐✈❡ ❢♦$❝❡ ❢$♦♠ ❡❛❝❤ ♦&❤❡$ ✭❝♦♠❢♦$& ③♦♥❡✮✳

• ❆❣❡♥&( ❛$❡ ❛&&$❛❝&❡❞ ❜② ♦&❤❡$ ❛❣❡♥&( &❤❛& ❣♦ ✐♥ &❤❡ (❛♠❡ ❞✐$❡❝&✐♦♥✳

❋✐❣✉$❡ ✺✳✶✵ (❤♦✇ &❤✐( ✉(❛❣❡ (❝❡♥❛$✐♦ ✐♥ ❞✐✛❡$❡♥& ❡♥✈✐$♦♥♠❡♥&( ✭❡✳❣✳ ❝♦$$✐❞♦$✱ ❝$♦(($♦❛❞✱ ❞♦♦$(✱

♠✉(❡✉♠✮✳ R❛$❛♠❡&❡$✐③❛&✐♦♥ ♦❢ &❤❡ ♠♦❞❡❧ ✐( ❞♦♥❡ ❛❝❝♦$❞✐♥❣ &♦ ❬❍❡❧❜ ✵✺❪✳ ❲❡ ♦❜(❡$✈❡ &❤❛&✱ ✐♥

❞✐✛❡$❡♥& ❡♥✈✐$♦♥♠❡♥&(✱ &❤❡ (&✉❞❡♥& ❣$♦✉♣ ✐( ❝❧❡❛$❧② ❢♦❧❧♦✇✐♥❣ &❤❡ ❚♦✉$ ❣✉✐❞❡ ❡✈❡♥ ✇❤❡♥ ✇❛❧❧( ❛$❡

✐♥✈♦❧✈❡❞✳

❋✐❣✉$❡ ✺✳✶✵✿ ▼✉(❡✉♠ ✈✐(✐& ❡①❛♠♣❧❡ ✐♥ ♠✉❧&✐♣❧❡ ❡♥✈✐$♦♥♠❡♥&(✳

✶✵✷



✺✳✽✳ ❊①♣❡'✐♠❡♥+, ❛♥❞ ❘❡,✉❧+,

Source Node

Connected nodes

Disconnected nodes

❋✐❣✉$❡ ✺✳✶✶✿ ✹ +♦✉$❝❡ ♥♦❞❡+✿ ❣$❡❡♥ ♥♦❞❡+✱ ✶✵✵ ♠♦✈✐♥❣ ♥♦❞❡+✿ ❜❧❛❝❦ ✇❤❡♥ ❞✐+❝♦♥♥❡❝:❡❞✱ ♦$❛♥❣❡

✇❤❡♥ ❝♦♥♥❡❝:❡❞ :♦ ❛ +♦✉$❝❡✳

✺✳✽✳✷ ◆❡&✇♦)❦ ❛♥❞ ✉/❡) ❜❡❤❛✈✐♦) ♠✉&✉❛❧ ✐♥✢✉❡♥❝❡/

❊✈❡♥ :❤❡ +✐♠♣❧❡+: ♥❡:✇♦$❦ ♣$♦:♦❝♦❧ +✉❝❤ ❛+ ❛ ❜$♦❛❞❝❛+: ♦❜✈✐♦✉+❧② ✇♦✉❧❞ ♣❡$❢♦$♠ ✈❡$② ✇❡❧❧ ✐❢

:❤❡ +:✉❞❡♥:+ +❡$✐♦✉+❧② ❢♦❧❧♦✇ :❤❡ $✉❧❡+✳ ❍♦✇❡✈❡$✱ ✇❤❛: ❤❛♣♣❡♥+ ✐❢ ♥♦: ❛❧❧ :❤❡ +:✉❞❡♥:+ ❢♦❧❧♦✇

:❤❡ $✉❧❡+ ❛♥❞ ❢♦$ ❡①❛♠♣❧❡ $❡❛❝: :♦ ♥❡:✇♦$❦ ❡✈❡♥:+ ✭❡✳❣✳ ♥❡:✇♦$❦ ❝♦♥♥❡❝:✐✈✐:②✮✳ ❚❤❡ ❆❆✹▼▼

❢$❛♠❡✇♦$❦ ❛❧❧♦✇+ ✉+ :♦ $❡+♣♦♥❞ :♦ :❤✐+ ❦✐♥❞ ♦❢ F✉❡+:✐♦♥+✳ ❚♦ +❤♦✇ :❤❡ ❡✛❡❝:+ ♦❢ :❤❡+❡ ♠✉:✉❛❧

✐♥✢✉❡♥❝❡+✱ :❤❡ +❡❝♦♥❞ ❡①♣❡$✐♠❡♥: ✐+ ❛ +❝❡♥❛$✐♦ ✇✐:❤ ♥❡:✇♦$❦ ❢❡❡❞❜❛❝❦ ✭❋✐❣✉$❡ ✺✳✶✶✮✳ ❚❤❡ ❛✐♠

♦❢ :❤✐+ ❡①♣❡$✐♠❡♥: ✐+ ♥♦: +♦ ♠✉❝❤ ❛❜♦✉: ❜❡✐♥❣ $❡❛❧✐+:✐❝ ❜✉: ♠♦$❡ ❛❜♦✉: +❤♦✇✐♥❣ :❤❡ ♣♦++✐❜✐❧✐:✐❡+

♦✛❡$❡❞ ❜② ♦✉$ ❛♣♣$♦❛❝❤✳

❊①♣❡$✐♠❡♥(❛❧ ♣$♦(♦❝♦❧✿

❚❤❡ ✉+❛❣❡ +❝❡♥❛$✐♦ ✐+ :❤❡ ❢♦❧❧♦✇✐♥❣✿ ✹ +♦✉$❝❡ ♥♦❞❡+ ✭❛❝❝❡++ ♣♦✐♥:+✮ ❛$❡ ♣❧❛❝❡❞ ✐♥ ❡✈❡$② ❝♦$♥❡$ ♦❢

❛ ♣❧❛❝❡✳ ✶✵✵ ♥♦❞❡+✴✉+❡$+ ✇❛♥: :♦ ❝♦♥♥❡❝: :♦ ❛ +♦✉$❝❡✳ ❚♦ ❦❡❡♣ ✐: +✐♠♣❧❡ :♦ ❡①♣❧❛✐♥ ❛♥❞ :♦ ❛✈♦✐❞

❡$$♦$+ ♦$ ❜✐❛+ ✐♥❞✉❝❡❞ ❜② :❤❡ ❛❧❣♦$✐:❤♠ ♦❢ ❛ ♣$♦:♦❝♦❧✱ ✇❡ ✉+❡❞ ❛ ❜❛+✐❝ ✢♦♦❞✐♥❣ ❛❧❣♦$✐:❤♠ :❤❛:

+✐♠♣❧② $❡❜$♦❛❞❝❛+:+ ❡✈❡$② ♥♦♥ +❡❡♥ ♠❡++❛❣❡✳ ▼❡++❛❣❡+ ❛❧$❡❛❞② +❡❡♥ ❛$❡ +✐❧❡♥:❧② ❞✐+❝❛$❞❡❞✳

❚❤❡ ✉+❡$+✬ ❜❡❤❛✈✐♦$ ✐+ :❤❡ ❢♦❧❧♦✇✐♥❣✳ ❆: :❤❡ ❜❡❣✐♥♥✐♥❣✱ :❤❡ ✉+❡$ ♠♦✈❡+ $❛♥❞♦♠❧②✳ ❍❡ ✐+

❛✇❛$❡ ♦❢ ✐:+ ❝♦♥♥❡❝:✐♦♥ +:❛:✉+✿ ❝♦♥♥❡❝:❡❞ ♦$ ♥♦: ❝♦♥♥❡❝:❡❞✳ ❚❤❡♥ ✇❡ ♣$♦♣♦+❡ ✸ ❜❛+✐❝ ❜❡❤❛✈✐♦$+✿

❝♦♥:✐♥✉❡ :♦ ♠♦✈❡ $❛♥❞♦♠❧② ✭✉+❡$ ✐+ ♥♦: ❛✇❛$❡ ♦❢ ♥❡:✇♦$❦ ❢❡❡❞❜❛❝❦ ♦$ ❞♦❡+ ♥♦: ❝❛$❡✮✱ +❧♦✇❧② +♣❡❡❞

❞♦✇♥ ✭✉+❡$ ❝♦♥:✐♥✉❡+ ✇❛❧❦✐♥❣ ❜✉: ♦♥❧② +❧♦✇❧②✮✱ +:♦♣ ✭✉+❡$ +✐:+ ❞♦✇♥ :♦ ❡♥❥♦② :❤❡ ❝♦♥♥❡❝:✐♦♥✮✳

❋✐❣✉$❡ ✺✳✶✷ ❞❡♣✐❝:+ :❤❡ ✐♥:❡$❛❝:✐♦♥+ ❜❡:✇❡❡♥ ❜♦:❤ +✐♠✉❧❛:♦$+✳

User 

behavior
Network

Topology

(nodes positions)

Connectivity

❋✐❣✉$❡ ✺✳✶✷✿ ■♥-❡$❛❝-✐♦♥1 ❜❡-✇❡❡♥ ▼❆❙❉❨◆❊ ❛♥❞ ❏❆◆❊✳

❲❡ ♠❡❛1✉$❡❞ -❤❡ ❡✈♦❧✉-✐♦♥ ♦❢ -❤❡ ♣❡$❝❡♥-❛❣❡ ♦❢ ❝♦♥♥❡❝-❡❞ ♥♦❞❡1✳ ❋♦$ ❡❛❝❤ ❡①♣❡$✐♠❡♥- ✇❡

✉1❡❞ ✷ ❜❡❤❛✈✐♦$1✳ ❲❡ ✈❛$② -❤❡ ♣❡$❝❡♥-❛❣❡ ♦❢ ❛❣❡♥-1 ❤❛✈✐♥❣ ❡❛❝❤ ❜❡❤❛✈✐♦$✳ ❋♦$ ❡①❛♠♣❧❡✱ ✐♥ ✜❣✉$❡

✶✵✸



❈❤❛♣$❡& ✺✳ ❆❞✈❛♥❝❡❞ ▼♦❜✐❧✐$② ▼♦❞❡❧4 ✉4✐♥❣ ♠✉❧$✐✲♠♦❞❡❧✐♥❣ ❛♥❞ ❝♦✲4✐♠✉❧❛$✐♦♥

✺✳✶✸ $❤❡ ❝✉)✈❡ ♠❛)❦❡❞ ✹✵✪ ♠❡❛♥3 $❤❛$ ✹✵✪ ♦❢ $❤❡ ❛❣❡♥$3 ✐♠♣❧❡♠❡♥$ $❤❡ 3$♦♣ ❜❡❤❛✈✐♦) ✇❤✐❧❡ $❤❡

)❡♠❛✐♥✐♥❣ ✻✵✪ ✐♠♣❧❡♠❡♥$ $❤❡ )❛♥❞♦♠ ❜❡❤❛✈✐♦)✳ ❊❛❝❤ ❡①♣❡)✐♠❡♥$ ✇❛3 ❞♦♥❡ ✉3✐♥❣ ✺✵ ❞✐3$)✐❜✉$✐♦♥

3❡❡❞3✳

❘❡"✉❧%"✿

❲❡ ♦❜3❡)✈❡ $❤❛$ $❤❡ ♠♦)❡ $❤❡ ✉3❡)3 3❧♦✇ ❞♦✇♥ ♦) 3$♦♣✱ $❤❡ ❜❡$$❡) $❤❡ ❝♦♥♥❡❝$✐✈✐$② )❛$❡ ✐3✳ ❚❤❡
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✶✵✺



❈❤❛♣$❡& ✺✳ ❆❞✈❛♥❝❡❞ ▼♦❜✐❧✐$② ▼♦❞❡❧4 ✉4✐♥❣ ♠✉❧$✐✲♠♦❞❡❧✐♥❣ ❛♥❞ ❝♦✲4✐♠✉❧❛$✐♦♥

✶✵✻



❈❤❛♣$❡& ✻

❈♦❧❧❛❜♦%❛&✐✈❡ ❋✐❧&❡%✐♥❣

❈♦♥#❡♥#%

✻✳✶ ❆ ❉❡❧❛②✲❚♦❧❡,❛♥. ❈❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✻✳✶✳✶ ❯$❡& ❙✐♠✐❧❛&✐,② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✻✳✶✳✷ ❈❧✉$,❡&✐♥❣ ❆❧❣♦&✐,❤♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✻✳✶✳✸ ❉❡❧❛②✲❚♦❧❡&❛♥, ■♥,&❛✲❈❧✉$,❡& ❇&♦❛❞❝❛$, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✻✳✷ ❊①♣❡,✐♠❡♥.9 ❛♥❞ ❘❡9✉❧.9 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

✻✳✷✳✶ ❉❛,❛$❡, ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

✻✳✷✳✷ ❊✈❛❧✉❛,✐♦♥ ❈&✐,❡&✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

✻✳✷✳✸ ❙✐♠✉❧❛,✐♦♥ ❙❡,,✐♥❣$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

✻✳✷✳✹ ❘❡$✉❧,$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷

✻✳✸ ❈♦♥❝❧✉9✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸

❚❤✐# ❝❤❛♣'❡) ♣)❡#❡♥'# ❛ ❞❡❧❛② '♦❧❡)❛♥' ❝♦❧❧❛❜♦)❛'✐✈❡ ✜❧'❡)✐♥❣ ❛❧❣♦)✐'❤♠✳ ❚❤❡ ❡✈❛❧✉❛'✐♦♥# ♦❢

'❤✐# ❝❤❛♣'❡) ❛)❡ ❜❛#❡❞ ♦♥ ❛ ♠♦✈✐❡ ❞❛'❛ #❡' '❤❛' ❝♦♥'❛✐♥# ✶✵✵✱✵✵✵ )❛'✐♥❣# ❢♦) ✶✻✽✷ ♠♦✈✐❡# ❜② ✾✹✸

✉#❡)#✳ ❲❡ ✉#❡❞ '❤✐# ❞❛'❛ #❡' ❜❡❝❛✉#❡ ✐' ✐# )❡❝♦❣♥✐③❡❞ ❜② '❤❡ ❝♦♠♠✉♥✐'② ❛♥❞ ❤❛# ❝♦♥#✐#'❡♥' ❞❛'❛✳

❍♦✇❡✈❡)✱ ❛# ❞❡#❝)✐❜❡❞ ❧❛'❡) ♦♥ ✐♥ #❡❝'✐♦♥ ✼✳✸✱ ✇❡ ♣❧❛♥ '♦ ❛♣♣❧② ❝♦❧❧❛❜♦)❛'✐✈❡ ✜❧'❡)✐♥❣ '❡❝❤♥✐E✉❡#

♦♥ #❡)✈✐❝❡ ✐♥❢♦)♠❛'✐♦♥✳ ❆# ❝♦♥#❡E✉❡♥❝❡✱ ✐♥#'❡❛❞ ♦❢ )❛'❡❞ ♠♦✈✐❡#✱ ✇❡ ❤❛✈❡ #❡)✈✐❝❡# )❛'❡❞ ❜② ✉#❡)#✳

❚❤✐# ❜❡♥❡✜'# ✉# ❡#♣❡❝✐❛❧❧② ✐❢ '❤❡ ♥✉♠❜❡) ♦❢ #❡)✈✐❝❡# ❛♥❞ ✉#❡)# ✐♥ ❛ ♥❡'✇♦)❦ ❣)♦✇#✳

❆# ♣)❡#❡♥'❡❞ ✐♥ ❙❡❝'✐♦♥ ✷✳✻✳✷✱ )❡❝♦♠♠❡♥❞❡) #②#'❡♠# ✉#✐♥❣ ❝♦❧❧❛❜♦)❛'✐✈❡ ✜❧'❡)✐♥❣ ❛)❡ ❛ ✇❡❧❧✲

❡#'❛❜❧✐#❤❡❞ '❡❝❤♥✐E✉❡ '♦ ♦✈❡)❝♦♠❡ ✐♥❢♦)♠❛'✐♦♥ ♦✈❡)❧♦❛❞ ✐♥ '♦❞❛②✬# ❞✐❣✐'❛❧ #♦❝✐❡'②✳ ❈✉))❡♥'❧②✱

♣)❡❞♦♠✐♥❛♥' ❝♦❧❧❛❜♦)❛'✐✈❡ ✜❧'❡)✐♥❣ #②#'❡♠# ♠♦#'❧② ❞❡♣❡♥❞ ♦♥ ❤✉❣❡ ❝❡♥')❛❧✐③❡❞ ❞❛'❛❜❛#❡# '♦

#'♦)❡ ✉#❡) ♣)❡❢❡)❡♥❝❡# ❛♥❞ ❢✉)'❤❡)♠♦)❡ ❛)❡ ♦♥❧② ❛✈❛✐❧❛❜❧❡ ✇❤❡♥ ❝♦♥♥❡❝'❡❞ '♦ '❤❡ ■♥'❡)♥❡'✳ ■♥ ❛

❝♦❧❧❛❜♦)❛'✐♦♥ ✇✐'❤ M❛')✐❝❦ ●)❛'③ ❬●)❛' ✵✾❪✱ ✇❡ ❝♦♥#✐❞❡)❡❞ ❛♥ ✐♥❝)❡♠❡♥'❛❧ )❡❝♦♠♠❡♥❞❡) #②#'❡♠

❢♦) ❤✐❣❤❧② ❞②♥❛♠✐❝ ♠♦❜✐❧❡ ❡♥✈✐)♦♥♠❡♥'# ✇❤❡)❡ ♥♦ ❝❡♥')❛❧ ❣❧♦❜❛❧ ❦♥♦✇❧❡❞❣❡ ✐# ❛✈❛✐❧❛❜❧❡ ❛♥❞

❝♦♠♠✉♥✐❝❛'✐♦♥ ❧✐♥❦# ❛)❡ )❛'❤❡) ✉♥)❡❧✐❛❜❧❡ ✐♥ ❝♦♠♣❛)✐#♦♥ '♦ #'❛'✐❝ ♥❡'✇♦)❦#✳ ❚❤❡ ❛❧❣♦)✐'❤♠ ❛✐♠#

'♦ )❡❛❝❤ ❛ )❡❛#♦♥❛❜❧❡ ♣)❡❞✐❝'✐♦♥ ❝♦✈❡)❛❣❡ ❛♥❞ ❛❝❝✉)❛❝② ✇❤✐❧❡ ❦❡❡♣✐♥❣ '❤❡ ❛♠♦✉♥' ♦❢ ❛❞❞✐'✐♦♥❛❧

♥❡'✇♦)❦ ♦✈❡)❤❡❛❞ ❛# #♠❛❧❧ ❛# ♣♦##✐❜❧❡✱ ♠❛①✐♠✐③✐♥❣ '❤❡ ♣❡)❢♦)♠❛♥❝❡ ♦❢ ♦✉) #②#'❡♠✳ ❋♦) '❤✐#

♣✉)♣♦#❡✱ '❤❡ ❛❧❣♦)✐'❤♠ ✐# ❜❛#❡❞ ♦♥ ❛ ❞❡❧❛②✲'♦❧❡)❛♥' ❜)♦❛❞❝❛#'✐♥❣ ♠❡❝❤❛♥✐#♠ ♦♥ '♦♣ ♦❢ ❛ ✇❡✐❣❤'❡❞

❝❧✉#'❡) '♦♣♦❧♦❣②✱ ♥❛♠❡❧② ◆▲❲❈❆✱ ♣)❡#❡♥'❡❞ ✐♥ ❙❡❝'✐♦♥ ✶✳✷✳✹✳

❊✈❛❧✉❛'✐♦♥ )❡#✉❧'# #❤♦✇ '❤❛' ✐♥ '❡)♠# ♦❢ ❛❝❝✉)❛❝② ❛♥❞ ❝♦✈❡)❛❣❡✱ '❤❡ )❡#✉❧'# ♦❢ '❤❡ ♣)❡#❡♥'❡❞

❛❧❣♦)✐'❤♠ ❝♦♥✈❡)❣❡ ✇✐'❤ '❤♦#❡ ♦❜'❛✐♥❡❞ ❢)♦♠ ❛ ❣❧♦❜❛❧ ❦♥♦✇❧❡❞❣❡ #❝❡♥❛)✐♦✱ ❡✈❡♥ ✐♥ '❤❡ ❝❛#❡ ♦❢

♠❡##❛❣❡ ❧♦##✳

✶✵✼



❈❤❛♣$❡& ✻✳ ❈♦❧❧❛❜♦&❛$✐✈❡ ❋✐❧$❡&✐♥❣

✻✳✶ ❆ ❉❡❧❛②✲❚♦❧❡,❛♥. ❈❋

❇❛"❡❞ ♦♥ '❤❡ ✇♦*❦ ✐♥'*♦❞✉❝❡❞ ✐♥ ❬●*❛' ✵✽❪✱ ♦✉* ❝♦❧❧❛❜♦*❛'✐✈❡ ✜❧'❡*✐♥❣ "②"'❡♠ ❝❛♥ ❜❡ *♦✉❣❤❧②

❞✐✈✐❞❡❞ ✐♥'♦ '❤*❡❡ ♣❤❛"❡"✿ ✭✶✮ *❡A✉❡"'✐♥❣ "✐♠✐❧❛* ♥❡✐❣❤❜♦* ✐♥❢♦*♠❛'✐♦♥✱ ✭✷✮ ✉♣❞❛'✐♥❣ '❤❡ ❧♦❝❛❧

*❡❝♦♠♠❡♥❞❡* ♠♦❞❡❧ ❛♥❞ ✭✸✮ ❛ "✉❜"❡A✉❡♥' ♣*❡❞✐❝'✐♦♥ ❝❛❧❝✉❧❛'✐♦♥ ❜❛"❡❞ ♦♥ '❤✐" ❧♦❝❛❧ ♠♦❞❡❧✳ ■♥

❛❞❞✐'✐♦♥✱ ♦♥ ❡❛❝❤ ❝❧✉"'❡*❤❡❛❞✱ '❤❡*❡ ❛*❡ '✇♦ ♣*❡❝❡❞✐♥❣ ♣❤❛"❡"✿ ✭♣✶✮ '❤❡ *❡'*✐❡✈❛❧ ♦❢ ✉♥❦♥♦✇♥

♣*♦✜❧❡ ✐♥❢♦*♠❛'✐♦♥ ❛♥❞ ✭♣✷✮ '❤❡ "✉❜"❡A✉❡♥' ❛❣❣*❡❣❛'✐♦♥ ❛♥❞ ♣*♦✈✐"✐♦♥ ♦❢ "✐♠✐❧❛* ♥❡✐❣❤❜♦* ♣*♦✜❧❡"✳

■♥ '❤❡ ❢♦❧❧♦✇✐♥❣ "❡❝'✐♦♥ ✇❡ ✐♥'*♦❞✉❝❡ ❛ "✉✐'❛❜❧❡ ♠❡'*✐❝" '♦ ❞❡'❡*♠✐♥❡ '❤❡ "✐♠✐❧❛*✐'② ❜❡'✇❡❡♥ '✇♦

✉"❡* ♣*♦✜❧❡" ❛♥❞ ❞❡"❝*✐❜❡ ❤♦✇ '❤❡ ✉♥❞❡*❧②✐♥❣ ❝❧✉"'❡* '♦♣♦❧♦❣② ✐" ❝*❡❛'❡❞✳ ❆❢'❡*✇❛*❞"✱ ✇❡ ♣*❡"❡♥'

♦✉* ❞❡❧❛②✲'♦❧❡*❛♥' ✐♥'*❛✲❝❧✉"'❡* ❜❛"❡❞ ❜*♦❛❞❝❛"'✐♥❣ ♠❡❝❤❛♥✐"♠ ❢♦* '❤❡ *❡'*✐❡✈❛❧✱ ❛❣❣*❡❣❛'✐♦♥ ❛♥❞

♣*♦✈✐"✐♦♥ ♦❢ "✐♠✐❧❛* ♥❡✐❣❤❜♦* ✐♥❢♦*♠❛'✐♦♥✳

✻✳✶✳✶ ❯$❡& ❙✐♠✐❧❛&✐,②

■♥ ♦*❞❡* '♦ ❝❛❧❝✉❧❛'❡ '❤❡ "✐♠✐❧❛*✐'② w ❜❡'✇❡❡♥ ❛♥ ❛❝'✐✈❡ ✉"❡* ❛ ❛♥❞ ❛ ♥❡✐❣❤❜♦* ✉ ✇❡ ✉"❡❞ '❤❡

I❡❛*"♦♥ ❝♦**❡❧❛'✐♦♥ ❝♦❡✣❝✐❡♥' ✇❤✐❝❤ ✐" ❞❡✜♥❡❞ ❛" ❢♦❧❧♦✇"✿

wa,u =

∑m
i=1

(ra,i − r̄a) ∗ (ru,i − r̄u)

σa ∗ σu
.

❲❤❡*❡ ru,i ✐" '❤❡ *❛'✐♥❣ ❢♦* ✐'❡♠ i ❣✐✈❡♥ ❜② ✉"❡* u✱ r̄ ✐" '❤❡ ❛✈❡*❛❣❡ *❛'✐♥❣ ❛♥❞ σ '❤❡ ❝♦✈❛*✐❛♥❝❡✳
❍♦✇❡✈❡*✱ ♦♥❡ ♦❢ '❤❡ ✐""✉❡ ♦❢ '❤✐" ♠❡'*✐❝ ✐" '❤❛' ❤✐❣❤❧② ❝♦**❡❧❛'❡❞ ♥❡✐❣❤❜♦*" ❛*❡ ♦❢'❡♥ ❜❛"❡❞ ♦♥

❛ '✐♥② ♥✉♠❜❡* ♦❢ ❝♦✲*❛'❡❞ ✐'❡♠"✳ ❚♦ ♦✈❡*❝♦♠❡ '❤✐" ✐""✉❡ ✇❡ ❛♣♣❧✐❡❞ ❛ ❝♦**❡❧❛'✐♦♥ "✐❣♥✐✜❝❛♥❝❡

✇❡✐❣❤'✐♥❣ ❛" ✐♥'*♦❞✉❝❡❞ ❛♥❞ ❞✐"❝✉""❡❞ ✐♥ ❬❍❡*❧ ✾✾❪✳

✻✳✶✳✷ ❈❧✉$,❡&✐♥❣ ❆❧❣♦&✐,❤♠

❖✉* ❛❧❣♦*✐'❤♠ ✐" ❜❛"❡❞ ♦♥ "'❛❜❧❡ ✇❡✐❣❤'❡❞ ❝❧✉"'❡* '♦♣♦❧♦❣✐❡" ❣❡♥❡*❛'❡❞ ❜② '❤❡ ◆♦❞❡ ❛♥❞ ▲✐♥❦

❲❡✐❣❤'❡❞ ❈❧✉"'❡*✐♥❣ ❆❧❣♦*✐'❤♠ ✭◆▲❲❈❆✮ ❛" ♣*❡"❡♥'❡❞ ✐♥ ❙❡❝'✐♦♥ ✶✳✷✳✹✳ ❚❤❡ "✉❜❤❡❛❞ ❛✈♦✐❞❛♥❝❡

*✉❧❡ ❛" ❞❡"❝*✐❜❡❞ ✐♥ ❙❡❝'✐♦♥ ✸✳✸ ❡♥"✉*❡" '❤❡ ❝❧✉"'❡*" '♦ ❜❡ "'*✐❝'❧② ♦♥❡✲❤♦♣ ❝❧✉"'❡*"✳ ❚❤✐" ❞*❛"'✐❝❛❧❧②

"✐♠♣❧✐✜❡❞ '❤❡ ❛❧❣♦*✐'❤♠ ❝♦♠♣❛*❡❞ '♦ ❬●*❛' ✵✽❪✳

✻✳✶✳✸ ❉❡❧❛②✲❚♦❧❡&❛♥, ■♥,&❛✲❈❧✉$,❡& ❇&♦❛❞❝❛$,

❖♥ '♦♣ ♦❢ '❤❡ ❛❜♦✈❡ ♠❡♥'✐♦♥❡❞ '♦♣♦❧♦❣②✱ ♦✉* ❛❧❣♦*✐'❤♠ ✇♦*❦" ❛" ❢♦❧❧♦✇"✳ ❊❛❝❤ ❝❧✉"'❡*❤❡❛❞

❝♦♠♠✉♥✐❝❛'❡" ❡①❝❧✉"✐✈❡❧② ✇✐'❤ ✐'" "'❛❜❧❡ "❧❛✈❡" ❛""✐❣♥❡❞ ❜② '❤❡ ❞❡"❝*✐❜❡❞ ❝❧✉"'❡*✐♥❣ ❛❧❣♦*✐'❤♠✳

■♥ ♦*❞❡* '♦ ❞❡'❡❝' ❛♥❞ ❡①❝❤❛♥❣❡ ♦♥❧② *❡❧❡✈❛♥' ♣*♦✜❧❡"✱ ❛❞❞✐'✐♦♥❛❧ ❜❡❛❝♦♥ ✐♥❢♦*♠❛'✐♦♥ ✐" ✉"❡❞✳

❋♦* '❤✐" ♣✉*♣♦"❡✱ ✇❡ ❡①'❡♥❞❡❞ '❤❡ ❜❡❛❝♦♥ ♦❢ ❛ "❧❛✈❡ ❞❡✈✐❝❡ ❜② '❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥❢♦*♠❛'✐♦♥✿ ❛ '✐♠❡

"'❛♠♣ ✭♣❚✐♠❡✮ ✇✐'❤ *❡"♣❡❝' '♦ '❤❡ ❝✉**❡♥' ♣*♦✜❧❡ ✐♥❢♦*♠❛'✐♦♥✱ '❤❡ "✐♠✐❧❛*✐'② ♦❢ '❤❡ ❧❡❛"' "✐♠✐❧❛*

♥❡✐❣❤❜♦* ✭▲❙◆✮ "'♦*❡❞ ✐♥ '❤❡ ❧♦❝❛❧ *❡❝♦♠♠❡♥❞❡* ♠♦❞❡❧ ❛♥❞ ❛♥ ✐❞❡♥'✐✜❡* ♦❢ '❤❡ ❧❛"' *❡❝❡✐✈❡❞

❝❧✉"'❡*❤❡❛❞ ♠❡""❛❣❡ ✭♠■❉✮✳ ■❢ ❛ ❝❧✉"'❡*❤❡❛❞ ❞❡'❡❝'" ❛ ♥❡✇ ♦* ✉♣❞❛'❡❞ ♣*♦✜❧❡ ♦❢ ❛ "❧❛✈❡ ❞❡✈✐❝❡✱

❤❡ ✐♥✐'✐❛'❡" ❛ *❡A✉❡"' ♣*♦❝❡❞✉*❡ ✭❆❧❣♦*✐'❤♠ ✷✮ '♦ ❣❡' '❤❡ ❝♦**❡"♣♦♥❞✐♥❣ ✐♥❢♦*♠❛'✐♦♥✳ ■♥ ♦*❞❡* '♦

❛✈♦✐❞ "❡♥❞✐♥❣ "❡♣❛*❛'❡ *❡A✉❡"' ♠❡""❛❣❡" '♦ "✉❜"❡A✉❡♥'❧② ❞❡'❡❝'❡❞ ❞❡✈✐❝❡"✱ '❤❡ *❡A✉❡"' ♣*♦❝❡❞✉*❡

✉"❡" ❛ ❞❡❧❛②❡❞ ❜*♦❛❞❝❛"' ♠❡❝❤❛♥✐"♠✳ ❚❤✉"✱ ❡❛❝❤ '✐♠❡ ❛ ❝❧✉"'❡*❤❡❛❞ ✐♥✐'✐❛'❡" ❛ *❡A✉❡"' '♦ ❛

❞❡'❡❝'❡❞ ❞❡✈✐❝❡✱ ❛ "♣❡❝✐✜❡❞ '✐♠❡♦✉' ♣❡*✐♦❞ ✐" "'❛*'❡❞✳ ■❢ ❞✉*✐♥❣ '❤✐" '✐♠❡♦✉'✱ ❢✉*'❤❡* *❡❧❡✈❛♥'

❞❡✈✐❝❡" ❛*❡ ❞❡'❡❝'❡❞✱ '❤❡ '✐♠❡♦✉' ♣❡*✐♦❞ ✇✐❧❧ ❜❡ *❡"'❛*'❡❞ ❛♥❞ '❤❡ ❝♦**❡"♣♦♥❞✐♥❣ ❞❡✈✐❝❡" ✇✐❧❧ ❜❡

♥♦'✐❝❡❞ ✐♥ ❛ *❡A✉❡"'✲❧✐"'✳ ❖'❤❡*✇✐"❡ ✭♦♥❝❡ '❤❡ '✐♠❡* ❡❧❛♣"❡❞ "✉❝❝❡""❢✉❧❧②✮✱ '❤❡ ❝❧✉"'❡*❤❡❛❞ "❡♥❞"

❛ ❜*♦❛❞❝❛"' ❝♦♥'❛✐♥✐♥❣ '❤❡ *❡A✉❡"'✲❧✐"'✳
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✻✳✶✳ ❆ ❉❡❧❛②✲❚♦❧❡,❛♥. ❈❋

❆❧❣♦$✐&❤♠ ✷✿ ❘❡"✉❡$% ♣'♦❝❡❞✉'❡ ✭♣$❡✉❞♦ ❝♦❞❡✮

✶ ❢♦$❡❛❝❤ '❡❝❡✐✈❡❞ ❜❡❛❝♦♥ ❢'♦♠ ❛ $%❛❜❧❡ $❧❛✈❡ ❞♦

✷ ❛❞❞' ❂ $❧❛✈❡❆❞❞'❡$$❀

✸ %✐♠❡ ❂ ❜❡❛❝♦♥✳♣❚✐♠❡❀

✹ ❧$♥ ❂ ❜❡❛❝♦♥✳▲❙◆❀

✺ ✐❢ ♣'♦✜❧❡❈❛❝❤❡✳❝♦♥%❛✐♥$✭❛❞❞'✱ %✐♠❡✮ &❤❡♥

✻ ❧$♥▲✐$%✳❛❞❞✭❛❞❞'✱❧$♥✮❀

✼ ✐❢ ✉♣❞❛%❡■❉ ❂❂ ❜❡❛❝♦♥✳♠■❉ &❤❡♥

✽ ❝♦♥$✐$%❚❛❜❧❡✳$❡%✭❛❞❞'✱✵✮❀

✾

✶✵ ❡❧1❡

✶✶ ✐❢ '❡"✉❡$%❚✐♠❡' ✐$ '✉♥♥✐♥❣ &❤❡♥

✶✷ '❡"✉❡$%❚✐♠❡'✳'❡$❡%✭✮❀

✶✸ '❡"✉❡$%▲✐$%✳❛❞❞✭❛❞❞'✮❀

✶✹ '❡"✉❡$%❚✐♠❡'✳$%❛'%✭✮❀

✶✺ ❡♥❞

✶✻ ❡♥❞

✶✼ ❢♦$❡❛❝❤ ❡❧❛♣$❡❞ '❡"✉❡$%❚✐♠❡' ❞♦

✶✽ '❡"▼ ❂ ♥❡✇ '❡"✉❡$%▼❡$$❛❣❡✭✮❀

✶✾ '❡"▼✳❛❞❞❘❡❝❡✐✈❡'$✭'❡"✉❡$%▲✐$%✮❀

✷✵ $❡♥❞❇'♦❛❞❈❛$%✭'❡"▼✮❀

✷✶ ❡♥❞

❆❧❣♦$✐&❤♠ ✸✿ ❯♣❞❛%❡ ♣'♦❝❡❞✉'❡ ✭♣$❡✉❞♦ ❝♦❞❡✮

✶ ❢♦$❡❛❝❤ '❡❝❡✐✈❡❞ ♣'♦✜❧❡ ❢'♦♠ ❛ $%❛❜❧❡ $❧❛✈❡ ❞♦

✷ ❛❞❞' ❂ $❧❛✈❡❆❞❞'❡$$❀ '❡"✉❡$%▲✐$%✳'❡♠♦✈❡✭❛❞❞'✮❀

✸ ♣'♦✜❧❡❈❛❝❤❡✳❛❞❞✭❛❞❞'✱ ♣'♦✜❧❡✮❀

✹ ❝♦♥$✐$%❚❛❜❧❡✳$❡%✭❛❞❞'✱❦✰✶✮❀

✺ ✐❢ ✉♣❞❛%❡❚✐♠❡' ✐$ '✉♥♥✐♥❣ &❤❡♥

✻ ✉♣❞❛%❡❚✐♠❡'✳'❡$❡%❀

✼ ✉♣❞❛%❡❚✐♠❡'✳$%❛'%✭✮❀

✽ ❡♥❞

✾ ❢♦$❡❛❝❤ ❡❧❛♣$❡❞ ✉♣❞❛%❡❚✐♠❡' ❞♦

✶✵ ♣'♦✜❧❡$ ❂ '❡❝❡♥%❧② '❡❝❡✐✈❡❞ ♣'♦✜❧❡$❀

✶✶ ♠❛%'✐①✳✉♣❞❛%❡✭♣'♦✜❧❡$✮❀

✶✷ ❝✉''❡♥%❉❡❧%❛ ❂ ♠❛%'✐①✳❣❡%❉❡❧%❛✭✮❀

✶✸ ❝♦♥$✐$%❚❛❜❧❡✳❛❞❞✭❝✉''❡♥%❉❡❧%❛✮❀

✶✹ ✉♣❞❛%❡ ❂ ❝♦♥$✐$%❚❛❜❧❡✳❣❡%❯♣❞❛%❡✭✮❀

✶✺ ✉♣❞❛%❡■❉ ❂ ✉♣❞❛%❡✳❣❡%■❉✭✮❀

✶✻ $❡♥❞❇'♦❛❞❈❛$%✭✉♣❞❛%❡✮❀

✶✼ ❝♦♥$✐$%❚❛❜❧❡✳✐♥❝'❡❛$❡▲❡✈❡❧✭✮❀

✶✽ ❡♥❞

❆❢%❡' '❡❝❡✐✈✐♥❣ ❛ '❡"✉❡$% ❢'♦♠ %❤❡ ❡❧❡❝%❡❞ ❝❧✉$%❡'❤❡❛❞✱ %❤❡ $❧❛✈❡ ❞❡✈✐❝❡$ ❝♦♥%❛✐♥❡❞ ✐♥ %❤❡

'❡"✉❡$%✲❧✐$% $%❛'% %♦ $❡♥❞ %❤❡✐' ❝✉''❡♥% ♣'♦✜❧❡ ✐♥❢♦'♠❛%✐♦♥ %♦ %❤❡✐' ❝❧✉$%❡'❤❡❛❞✳ ■♥ ♦'❞❡' %♦ ❛✈♦✐❞

$✐♠✉❧%❛♥❡♦✉$ '❡$♣♦♥$❡$✱ ❡❛❝❤ $❧❛✈❡ ✇❛✐%$ ❛ '❛♥❞♦♠ %✐♠❡♦✉% ❜❡❢♦'❡ $❡♥❞✐♥❣ %❤❡ ♣'♦✜❧❡✳ ❆❢%❡'

'❡❝❡✐✈✐♥❣ %❤❡ ✜'$% '❡"✉❡$%❡❞ ♣'♦✜❧❡ ✐♥❢♦'♠❛%✐♦♥✱ %❤❡ ❝❧✉$%❡'❤❡❛❞ ✐♥✐%✐❛%❡$ ❛♥ ✉♣❞❛%❡ ♣'♦❝❡❞✉'❡✳
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✻✳✷✳ ❊①♣❡'✐♠❡♥+, ❛♥❞ ❘❡,✉❧+,

✻✳✷ ❊①♣❡'✐♠❡♥+, ❛♥❞ ❘❡,✉❧+,

■♥ ♦#❞❡# &♦ ❡✈❛❧✉❛&❡ ♦✉# ❛❧❣♦#✐&❤♠✱ ✇❡ ✐♠♣❧❡♠❡♥&❡❞ ✐& ♦♥ &♦♣ ♦❢ ❏❆◆❊ ❬●♦#❣ ✵✼❪ ❛♥❞ ♣❡#❢♦#♠❡❞

<❡✈❡#❛❧ ❡①♣❡#✐♠❡♥&< ✈✐❛ ❛♥ ❡①✐<&✐♥❣ #❛&✐♥❣ ❞❛&❛❜❛<❡✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ <✉❜✲<❡❝&✐♦♥< ❞❡<❝#✐❜❡ &❤❡ ✉<❡❞

❞❛&❛ <❡&✱ &❤❡ ❡✈❛❧✉❛&✐♦♥ ❝#✐&❡#✐❛ ❛< ✇❡❧❧ ❛< &❤❡ #❡<✉❧&< ✉♥❞❡# ❝❡#&❛✐♥ <✐♠✉❧❛&✐♦♥ <❡&&✐♥❣<✳

✻✳✷✳✶ ❉❛&❛'❡&

❲❡ ✉<❡❞ &❤❡ ▼♦✈✐❡▲❡♥<

✷✽

❉❛&❛ ❙❡& &❤❛& ❝♦♥<✐<&< ♦❢ ✶✵✵✱✵✵✵ #❛&✐♥❣< ❢♦# ✶✻✽✷ ♠♦✈✐❡< ❜② ✾✹✸ ✉<❡#<✱
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%&#✉❝&✉#❡ ❢♦# ❡❛%② ❞✐%%❡♠✐♥❛&✐♦♥ ♦❢ ♠❡%%❛❣❡%✱ ❙▲❙❋ &#❛♥%♣❛#❡♥&❧② #❡♣❧❛❝❡% ✐&✳

DNS-SD

mDNS

Multicast IP

IP (Self-assigned or DHCP)

DNS-SD

mDNS

SLSF

Original Zeroconf stack Modified Zeroconf stack

IP (Self-assigned or DHCP)

❋✐❣✉#❡ ✼✳✶✿ ❩❡#♦❝♦♥❢ %&❛❝❦ ✇✐&❤ ▼✉❧&✐❝❛%& ■/ ❛♥❞ ❙▲❙❋✳

✼✳✶✳✶ ❆❞❛♣'❛❜✐❧✐'② '♦ ❛❞ ❤♦❝ ♥❡'✇♦2❦4

❩❡#♦❝♦♥❢ ✇❛% ❞❡%✐❣♥❡❞ ❢♦# ✇✐#❡❞ ♥❡&✇♦#❦% ❛♥❞ &❤❡#❡❢♦#❡ &✐♠❡# ❛♥❞ &✐♠❡♦✉& ✈❛❧✉❡% #❡❝♦♠♠❡♥❞❡❞

✐♥ &❤❡ ♠❉◆❙ ❘❋❈❬❈❤❡% ✶✶❪ ❛#❡ ❛❞❛♣&❡❞ &♦ ♥❡&✇♦#❦% ✇❤❡#❡ ❝❤❛♥❣❡% ♦❝❝✉# #❛&❤❡# #❛#❡❧②✳ ❚❤❡

✶✶✻



✼✳✷✳ ❈♦♥&❡①&✲❛✇❛,❡♥❡-- ✐♥ ❙❡,✈✐❝❡ ❉✐-❝♦✈❡,②

❘❋❈ #❡❝♦♠♠❡♥❞* ❛ ❚❚▲ ✈❛❧✉❡ ♦❢ ✶✷✵ *❡❝♦♥❞* ✭❈❤❛♣8❡# ✶✵ ✲ ♣❛❣❡ ✸✷ ❬❈❤❡* ✶✶❪✮ ❢♦# ❉◆❙ #❡*♦✉#❝❡

#❡❝♦#❞* ✇✐8❤ ❛ ❤♦*8 ♥❛♠❡ ♦# ❛ ❤♦*8 ♥❛♠❡ ❝♦♥8❛✐♥❡❞ ✐♥ 8❤❡ #❡*♦✉#❝❡ #❡❝♦#❞✬* ❞❛8❛✳

❆8 ✜#*8✱ ♦♥❡ ❝♦✉❧❞ 8❤✐♥❦ 8❤❛8 ✷ ♠✐♥✉8❡* ✐♥ ❛ ▼❆◆❊❚ ✐* ❢❛# ❢#♦♠ #❡❛❝8✐✈❡ ❡♥♦✉❣❤ ❞✉❡ 8♦ ✐8* ❤✐❣❤

❞②♥❛♠✐❝✐8②✳ ❇✉8 ❛❝8✉❛❧❧②✱ #❡❣❛#❞✐♥❣ *❡#✈✐❝❡* ❛♥❞ 8❤❡✐# ❞✐*❝♦✈❡#②✱ ✐8 ✐*✳ ■♥❞❡❡❞✱ #♦✉8✐♥❣ ♣#♦8♦❝♦❧*

❛♥❞ *❡#✈✐❝❡ ❞✐*❝♦✈❡#② ♣#♦8♦❝♦❧* ❡①❡❝✉8❡ ✈❡#② *✐♠✐❧❛# ♦♣❡#❛8✐♦♥* *✉❝❤ ❛* ❞✐**❡♠✐♥❛8✐♥❣ ♠❡**❛❣❡*

8♦ ❛❧❧ ♥♦❞❡* ✐♥ 8❤❡ ♥❡8✇♦#❦❀ Q✉❡#✐❡* ♦# #❡*♣♦♥*❡* ❢♦# *❡#✈✐❝❡ ❞✐*❝♦✈❡#② ❛♥❞ #♦✉8✐♥❣ ✐♥❢♦#♠❛8✐♦♥ ❢♦#

#♦✉8✐♥❣ ♣#♦8♦❝♦❧* ✭✐✳❡✳ ✐♥ ❧✐♥❦✲*8❛8❡ ♣#♦8♦❝♦❧*✮✳ ❍♦✇❡✈❡#✱ *❡#✈✐❝❡ ❞✐*❝♦✈❡#② ✐* ❛8 8❤❡ ❛♣♣❧✐❝❛8✐♦♥

❧❡✈❡❧✱ 8❤❡#❡❢♦#❡ *❡#✈✐❝❡ ✐♥❢♦#♠❛8✐♦♥ ❤❛* ❛ ✈❡#② ❞✐✛❡#❡♥8 ♣✉#♣♦*❡ ❛♥❞ ❧✐❢❡ ❝②❝❧❡✳ ❘♦✉8✐♥❣ ♣#♦8♦❝♦❧*

❛#❡ ❛❜♦✉8 8#❛❝❦✐♥❣ 8❤❡ 8♦♣♦❧♦❣② ✇❤✐❧❡ *❡#✈✐❝❡ ❞✐*❝♦✈❡#② ✐* ♦♥❧② ❛❜♦✉8 *❡#✈✐❝❡*✱ ♥♦8 ❛❜♦✉8 8❤❡

✉♥❞❡#❧②✐♥❣ 8♦♣♦❧♦❣②✳ ▼♦#❡♦✈❡#✱ ✐♥ ▼❆◆❊❚*✱ 8♦♣♦❧♦❣② ❝❤❛♥❣❡* ❛#❡ ♠✉❝❤ ♠♦#❡ ❢#❡Q✉❡♥8 8❤❛♥

*❡#✈✐❝❡ #❡❧❛8❡❞ ❝❤❛♥❣❡*✳ ❙▲❙❘ ♣#♦✈✐❞❡* ✉* ✇✐8❤ 8❤❡ 8♦♣♦❧♦❣② ✐♥❢♦#♠❛8✐♦♥ ✭✐✳❡✳ ❤♦✇ 8♦ #❡❛❝❤

❡❛❝❤ ♥♦❞❡✮ ❛♥❞ ❛❞❞✐8✐♦♥❛❧❧② ❛ ❞✐**❡♠✐♥❛8✐♦♥ *8#✉❝8✉#❡ ✭♣#♦✈✐❞❡❞ ❜② ❙▲❙❋✮✳ ❚❤✉*✱ ❩❡#♦❝♦♥❢ ♦♥

8♦♣ ♦❢ ❙▲❙❘✱ ♦♥❧② ♥❡❡❞* 8♦ ✇♦##② ❛❜♦✉8 *❡#✈✐❝❡* ❛♥❞ ♥♦8 ❛❜♦✉8 ❤♦✇ 8♦ #❡❛❝❤ 8❤❡♠✳ ❚❤❡#❡❢♦#❡✱

♣❡#✐♦❞✐❝✐8② ♦❢ *❡#✈✐❝❡ ❛❞✈❡#8✐*❡♠❡♥8* ❝❛♥ ❜❡ ✈❡#② ❧♦✇ ❝♦♠♣❛#❡❞ 8♦ 8❤❡ ♦✈❡#❛❧❧ ❞②♥❛♠✐❝✐8② ♦❢

▼❆◆❊❚*✳

❊✈❡♥ ✐❢ ♥♦❞❡* ❤♦*8✐♥❣ *❡#✈✐❝❡* ♠♦✈❡ ❛#♦✉♥❞ ❛♥❞ ❛#❡ ♥♦8 #❡❛❝❤❛❜❧❡ ❛8 ❛ ❣✐✈❡♥ ♣♦✐♥8 ✐♥ 8✐♠❡

❜❡❝❛✉*❡ 8❤❡② ❛#❡ ♦✉8 ♦❢ 8❤❡ ♥❡8✇♦#❦✱ 8❤❡✐# *❡#✈✐❝❡ #❡❧❛8❡❞ ✐♥❢♦#♠❛8✐♦♥ ✐* ❧✐❦❡❧② 8♦ #❡♠❛✐♥ ✈❛❧✐❞

♦♥❝❡ 8❤❡② ❝♦♠❡ ❜❛❝❦ ✐♥ 8❤❡ ♥❡8✇♦#❦✳ ❚❤❡#❡❢♦#❡✱ ✇❡ ❝❛♥ ✉*❡ 8❤❡ *8❛♥❞❛#❞ ❩❡#♦❝♦♥❢ ♣#♦8♦❝♦❧ ✈❛❧✉❡*

♦❢ ✶✷✵ *❡❝♦♥❞* ♦❢ #❡*♦✉#❝❡ #❡❝♦#❞* ❚❚▲ ✈❛❧✉❡✳ ❚❤❡ *❡#✈✐❝❡* ♦❢ ❛ ♥♦❞❡ 8❤❛8 ♦♥❧② 8❡♠♣♦#❛#✐❧② ❧❡❛✈❡*

8❤❡ ♥❡8✇♦#❦ #❡♠❛✐♥ ✈❛❧✐❞ ✉♥8✐❧ 8❤❡ ❚❚▲ 8✐♠❡* ♦✉8✳ ❚❤✐* ❤❛* 8✇♦ ❛❞✈❛♥8❛❣❡*✳ ❆ ♥♦❞❡ ❧❡❛✈✐♥❣

❛ ♥❡8✇♦#❦ ✐♥ ❛♥ ✉♥♣❧❛♥♥❡❞ ❢❛*❤✐♦♥ ✭✐✳❡✳ ♥♦8 ❛ ❝❧❡❛♥ *❤✉8❞♦✇♥✮ ❞♦❡* ♥♦8 ♥❡❡❞ 8♦ #❡❛❝8 8♦ ✐8✳

❲❤❡♥ 8❤❡ ♥♦❞❡ ❝♦♠❡* ❜❛❝❦✱ ✐8 ❞♦❡* ♥♦8 ♥❡❡❞ 8♦ *❡♥❞ ❛ ♣❛#8✐❝✉❧❛# ♠❡**❛❣❡ ❡①❝❡♣8 8❤❡ ♣❧❛♥♥❡❞

♣❡#✐♦❞✐❝ ❛❞✈❡#8✐*❡♠❡♥8*✳ ❚❤✉*✱ *❡#✈✐❝❡* ♠✐❣❤8 #❡♠❛✐♥ ✐♥ ♦8❤❡# ♥♦❞❡*✬ ❧♦❝❛❧ *❡#✈✐❝❡* ❝❛❝❤❡*✱ ❢♦# ❛

♠❛①✐♠✉♠ 8✐♠❡ ♦❢ ✶✷✵ *❡❝♦♥❞*✱ ❡✈❡♥ ✐❢ 8❤❡ ♥♦❞❡ ✐* ❛❧#❡❛❞② ✉♥#❡❛❝❤❛❜❧❡✳ ❍♦✇❡✈❡#✱ 8❤❡*❡ *✐8✉❛8✐♦♥*

♦♥❧② ❤❛♣♣❡♥ ❢♦# ✐♥❛❝8✐✈❡ *❡#✈✐❝❡* ❛♥❞ ✉♥#❡Q✉❡*8❡❞ *❡#✈✐❝❡*✳ ■❢ ❛ ♥♦❞❡ #❡Q✉❡*8* ❛ *❡#✈✐❝❡ ❞✉#✐♥❣

✐8* 8❡♠♣♦#❛#② ❞✐*❝♦♥♥❡❝8✐♦♥ ❛♥❞ ❞♦❡* ♥♦8 #❡❝❡✐✈❡ ❛ #❡*♣♦♥*❡✱ ✐8 ❞❡❧❡8❡* ✐8 ❢#♦♠ 8❤❡ ❝❛❝❤❡✱ ❛♥❞

*♦ ✇✐❧❧ ❛❧❧ 8❤❡ ♥♦❞❡* ❧✐*8❡♥✐♥❣ 8♦ 8❤❡ ♣❛**✐♥❣ ♠❡**❛❣❡*✳ ▼♦#❡♦✈❡#✱ 8❤❡ ✐♥❢♦#♠❛8✐♦♥✱ ✇❤❡8❤❡# 8❤❡

♥♦❞❡ ❤♦*8✐♥❣ 8❤❡ *❡#✈✐❝❡ ✐* #❡❛❝❤❛❜❧❡ ✐* ❛❧#❡❛❞② ❛✈❛✐❧❛❜❧❡ ❛♥❞ ♣#♦✈✐❞❡❞ ❜② ❙▲❙❘ ✐♥ ✐8* #♦✉8✐♥❣

8❛❜❧❡✳ ❙♦✱ ✐❢ ❛ ♥♦❞❡ ❝❤❡❝❦* ✐8* ❧♦❝❛❧ *❡#✈✐❝❡ ❝❛❝❤❡ ❢♦# ❛ #❡Q✉❡*8❡❞ *❡#✈✐❝❡✱ ✐8 ❛❧*♦ ❝❤❡❝❦* ✐8* ❙▲❙❘

#♦✉8✐♥❣ 8❛❜❧❡ 8♦ ✈❡#✐❢② 8❤❛8 8❤❡ ♥♦❞❡ ✐* *8✐❧❧ #❡❛❝❤❛❜❧❡✳ ❍♦✇❡✈❡#✱ ✐8 ✇✐❧❧ ♥♦8 ♥❡❝❡**❛#✐❧② ❞❡❧❡8❡

8❤✐* ♥♦❞❡ ❢#♦♠ ✐8* ❝❛❝❤❡✱ ❜✉8 ❥✉*8 ♥♦8 ✉*❡ ✐8 ♦# ✐❣♥♦#❡ ✐8 ❛* ❛ ♣♦8❡♥8✐❛❧ *❡#✈✐❝❡ ✉♥8✐❧ ✐8 ❝♦♠❡* ❜❛❝❦

✐♥ 8❤❡ ♥❡8✇♦#❦ ♦# 8❤❡ ❡♥8#② 8✐♠❡* ♦✉8✳ ❉♦✐♥❣ *♦✱ ❛ *❡#✈✐❝❡ ✐* ♥♦8 ✧#❡❥❡❝8❡❞✧ ✇❤❡♥ ✐8 ❞✐*❝♦♥♥❡❝8*

♦♥❧② ❢♦# ❛ *❤♦#8 8✐♠❡✱ ❜✉8 ✐8 ✐* ♦♥❧② ♥♦8 ❝♦♥*✐❞❡#❡❞ ❞✉#✐♥❣ ✐8* ❞✐*❝♦♥♥❡❝8✐♦♥ 8✐♠❡

✸✷

✳

❆ ♥♦❞❡ 8❤❛8 ♣#♦♣♦*❡* ❛ ✈❡#② ❛88#❛❝8✐✈❡ ❛♥❞ #❡❧✐❛❜❧❡ *❡#✈✐❝❡ ❜✉8 ✐* ✈❡#② ♠♦❜✐❧❡ ❛♥❞ ♦❢8❡♥

❞✐*❝♦♥♥❡❝8* *❤♦#8❧② *❤♦✉❧❞ ❜❡ ❛✈♦✐❞❡❞ ❛* ❛ ✜#*8 ❝❤♦✐❝❡ *❡#✈✐❝❡✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ *❡❝8✐♦♥ ❞❡*❝#✐❜❡*

❤♦✇ 8♦ ❞♦ 8❤✐* ✉*✐♥❣ ❝♦♥8❡①8✲❛✇❛#❡♥❡** ❛♣♣❧✐❡❞ 8♦ ❩❡#♦❝♦♥❢✳

✼✳✷ ❈♦♥&❡①&✲❛✇❛,❡♥❡-- ✐♥ ❙❡,✈✐❝❡ ❉✐-❝♦✈❡,②

❚♦ ❜❡ ❛❜❧❡ ♦❢ ♠♦#❡ 8❤❛♥ ❥✉*8 ✜♥❞✐♥❣ ❛ ♠❛8❝❤✐♥❣ *❡#✈✐❝❡✱ 8❤✐* *❡❝8✐♦♥ ♣#❡*❡♥8* ❤♦✇ ❛♥❞ ✇❤❡#❡ 8♦

♠❛❦❡ 8❤❡ ❞✐*❝♦✈❡#② ❛♥❞ 8❤❡ ✉*❛❣❡ ♦❢ *❡#✈✐❝❡* ❝♦♥8❡①8 ❛✇❛#❡✳ ■♥ ♦✉# ❛#❝❤✐8❡❝8✉#❡ ✇✐8❤ ❩❡#♦❝♦♥❢✱

❝♦♥8❡①8✲❛✇❛#❡♥❡** ❝❛♥ ♦❝❝✉# ❛8 8✇♦ ❞✐✛❡#❡♥8 ❧❡✈❡❧*✿

• ❛8 #❡*♦✉#❝❡ #❡❝♦#❞* ❧❡✈❡❧✿ ❚❳❚ #❡❝♦#❞* ❛**♦❝✐❛8❡❞ 8♦ ❙❘❱ #❡❝♦#❞* ❝❛♥ ✐♥❝❧✉❞❡ ❛❞❞✐8✐♦♥❛❧

❝♦♥8❡①8 ❞❛8❛✳ ❚❤❡ ❡①❛♠♣❧❡ ♦♥ ❋✐❣✉#❡ ✼✳✷ ❞❡♣✐❝8* ❛ ❚❳❚ #❡❝♦#❞ ♦❢ ❛ ❧✐❣❤8✇❡✐❣❤8✲❞❡✈✐❝❡

■♥8❡#♥❡8 ❣❛8❡✇❛② *❡#✈✐❝❡ 8❤❛8 ❛❞❛♣8* ■♥8❡#♥❡8 ❝♦♥8❡♥8 8♦ 8❤❡ ✉*❡#✬* ❞❡✈✐❝❡✳ ❚❤✐* #❡❝♦#❞*

✸✷

❛ !❡♠♣♦&❛&② ✉♥❛✈❛✐❧❛❜❧❡ .❡&✈✐❝❡ ❞✉❡ !♦ ❛ !♦♣♦❧♦❣✐❝❛❧ ❞✐.❝♦♥♥❡❝!✐♦♥ ❝♦✉❧❞ ❜❡ ♥♦!✐✜❡❞ !♦ !❤❡ ③❡&♦❝♦♥❢ ✉.❡& ❜②

❣&❛②✐♥❣ ♦✉! !❤❡ ❝♦&&❡.♣♦♥❞✐♥❣ .❡&✈✐❝❡ ❡♥!&②✳ ❚❤❡ ✉.❡& ❝♦✉❧❞✱ ❜❛.❡❞ ♦♥ !❤✐. ❦♥♦✇❧❡❞❣❡✱ ❞❡❝✐❞❡ !♦ !&② ❛❣❛✐♥ ❧❛!❡&

!♦ .❡❡ ✐❢ !❤❡ .❡&✈✐❝❡ ✐. &❡❛❝❤❛❜❧❡ ♦& ✉.❡ ❛♥♦!❤❡& .❡&✈✐❝❡✳

✶✶✼



❈❤❛♣$❡& ✼✳ ❙❡&✈✐❝❡ ❉✐.❝♦✈❡&② ✐♥ ❛❞ ❤♦❝ ♥❡$✇♦&❦. ✉.✐♥❣ ❩❡&♦❝♦♥❢ ❛♥❞ ❙▲❙❘

❝♦♥#❛✐♥& #✇♦ ❞❛#❛ ✜❡❧❞&✳ ❚❤❡ &❡/✈❡❞ #✐♠❡ #❤❛# ✐♥❞✐❝❛#❡& #❤❡ #♦#❛❧ #✐♠❡ #❤✐& &❡/✈✐❝❡ ❤❛&

♣/♦✈✐❞❡❞ ✐#& &❡/✈✐❝❡& ❛♥❞ #❤❡ ✢❛❣ #❤❛# ✐♥❞✐❝❛#❡& #❤❛# #❤❡ &❡/✈✐❝❡ ✐& ❢/❡❡ ✭✐✳❡✳ ♥♦ ❢❡❡& #♦ ♣❛②✮✳

❆ :✉❡/✐❡/ ❝❛♥✱ ❜❛&❡❞ ♦♥ #❤❡&❡ ✐♥❢♦/♠❛#✐♦♥✱ ♣✐❝❦ ❜❡#✇❡❡♥ #✇♦ &❡/✈✐❝❡& ❛♥❞ ❞❡❝✐❞❡ ✇❤✐❝❤ ♦♥❡

✐& #❤❡ ❜❡&#✳

TXT Lightweight device Internet gateway 3600|0x12|served time=2h23m|0x07|is free|in-unique

Record 

Type

._lightgw_tcp.local.

Record 

status

Service instance name Service type TTL TXT data

(|length of the data | key(=value)|)

      

❋✐❣✉/❡ ✼✳✷✿ ❚❳❚ /❡❝♦/❞ ❡①❛♠♣❧❡ ❝♦♥#❛✐♥✐♥❣ ❝♦♥#❡①#✉❛❧ ✐♥❢♦/♠❛#✐♦♥✳

• ❛# ❞✐&&❡♠✐♥❛#✐♦♥ ❧❡✈❡❧✿ ✐♥#❡/♠❡❞✐❛#❡ ♦/ ❞✐/❡❝#♦/② ♥♦❞❡& ✜❧#❡/ ♦✉# &✉♣❡/✢✉♦✉& ✐♥❢♦/♠❛#✐♦♥

❢/♦♠ #♦✲❜❡✲❢♦/✇❛/❞❡❞ :✉❡/✐❡& ♦/ /❡&♣♦♥&❡& ❞❡♣❡♥❞✐♥❣ ♦♥ #❤❡ ❝♦♥#❡①#✳ ❆❞❞✐#✐♦♥❛❧❧② #♦ #❤❡

♣/♦♣♦&❡❞ ❡①#❡♥&✐♦♥ ✐♥ ❩❡/♦❝♦♥❢ ❛& &❤♦✇♥ ✐♥ ❙❡❝#✐♦♥ ✷✳✸✳✸✱ ✇❡ ♣/♦♣♦&❡ #♦ ✜❧#❡/ :✉❡/✐❡& ♦/

/❡&♣♦♥&❡& ✐♥ ❛ ❤✐❡/❛/❝❤✐❝❛❧ ♠❛♥♥❡/✳ ❈❧✉&#❡/❤❡❛❞& ❝❛♥ ❧✐❣❤#❡♥ ❛♥❞ /❡❞✉❝❡ #❤❡ ❝❤♦✐❝❡ ❢♦/

#❤❡✐/ &❧❛✈❡&✳ ❋♦/ ❡①❛♠♣❧❡✱ ❛♠♦♥❣ ❛❧❧ #❤❡ /❡❝❡✐✈❡❞ /❡&♣♦♥&❡& #♦ ❛ :✉❡/②✱ ❛ ❝❧✉&#❡/❤❡❛❞ ❝❛♥

❦❡❡♣✱ ♦♥❧② #❤❡ ❜❡&# ♦/ #❤❡ #♦♣ ✜✈❡ &❡/✈✐❝❡&✳ ■❢ #❤❡ ♥✉♠❜❡/ ♦❢ ♥♦❞❡& ❤♦&#✐♥❣ ❛ &✐♠✐❧❛/ &❡/✈✐❝❡

✐♥ #❤❡ ♥❡#✇♦/❦ ✐& ❜✐❣✱ &❧❛✈❡& ✐♥&#❡❛❞ ♦❢ /❡❝❡✐✈✐♥❣ #❤❡ ❝♦♠♣❧❡#❡ ❧✐&#✱ ♦♥❧② /❡❝❡✐✈❡ #❤❡ ❜❡&#

&❡/✈✐❝❡✭&✮ ❛♠♦♥❣ ❛❧❧ #❤❡ &❡/✈✐❝❡& ❛✈❛✐❧❛❜❧❡✳

❯&✐♥❣ ❝♦♥#❡①#✲❛✇❛/❡♥❡&&✱ ❛ :✉❡/② ❝❛♥ ❜❡ ✜❧#❡/❡❞ ❡❛/❧② ❜② ✐♥#❡/♠❡❞✐❛#❡ ♥♦❞❡& ✐♥ ♦/❞❡/ #♦

/❡❛❝❤ ♦♥❧② #❤❡ /❡❧❡✈❛♥# ♥♦❞❡& ✭❡✳❣✳ ❞✐/❡❝#♦/② ♥♦❞❡&✮ ✐♥ #❤❡ ♥❡#✇♦/❦✳ ❚❤❡♥✱ ✉♣♦♥ /❡❝❡♣#✐♦♥✱ #❤❡

/❡❝✐♣✐❡♥#& ♠❛#❝❤ #❤❡ :✉❡/② ✇✐#❤ #❤❡ ❉◆❙ /❡❝♦/❞& ❛♥❞ ❛❞❞✐#✐♦♥❛❧❧② /❡✜♥❡ #❤❡ /❡&✉❧#& ✉&✐♥❣ #❤❡

❛❞❞✐#✐♦♥❛❧ ❝♦♥#❡①# ✐♥❢♦/♠❛#✐♦♥ ❝♦♥#❛✐♥❡❞ ✐♥ #❤❡ ❚❳❚ /❡❝♦/❞✳ ❖♥❝❡ #❤❡ /❡&♣♦♥&❡& ❛/❡ &❡♥# ♦✉#✱

✐♥#❡/♠❡❞✐❛#❡ ♥♦❞❡& ❝❛♥ ❛❣❣/❡❣❛#❡ &♦♠❡ ♦❢ #❤❡ /❡♣❧✐❡& #♦ /❡❞✉❝❡ #❤❡ #/❛✣❝ ❧♦❛❞ ✭❛& ♣❧❛♥♥❡❞ ✐♥ #❤❡

❩❡/♦❝♦♥❢ ❡①#❡♥&✐♦♥&✮✳ ❚❤❡ ♦/✐❣✐♥❛❧ /❡:✉❡&#❡/ ♦❜#❛✐♥& ❛ ❧✐&# ♦❢ &❡/✈✐❝❡& ♠❛#❝❤✐♥❣ ❤✐& :✉❡/② ❛♥❞

❤✐&✴#❤❡ ❝♦♥#❡①#✳

❚♦ ❜❡ ❛❜❧❡ #♦ ❛❝:✉✐/❡ #❤❡ ❝♦♥#❡①# ❢♦/ #❤♦&❡ ❧❡✈❡❧&✱ ✇❡ ❛/❡ ✉&✐♥❣ ♠❡"#✐❝&✳ ▼❡#/✐❝& ❛/❡ ❞✐❢✲

❢❡/❡♥# ❦✐♥❞ ♦❢ :✉❛♥#✐✜❛❜❧❡ ✐♥❢♦/♠❛#✐♦♥ ❣❛#❤❡/❡❞ #❤/♦✉❣❤ ❝❛❧❝✉❧❛#✐♦♥✱ &❡♥&♦/& ♦/ ✉&❡/ ✐♥#❡/❛❝#✐♦♥✳

❚❤❡② #❤❛# ❝❛♥ ❝❤❛/❛❝#❡/✐③❡ ❝♦♥#❡①# ✐♥❢♦/♠❛#✐♦♥ ❜② #❤❡♠&❡❧✈❡& ✭❡✳❣✳ ❣❡♦❣/❛♣❤✐❝❛❧ ♣♦&✐#✐♦♥✮ ♦/ ❜❡

❝♦✉♣❧❡❞ ✇✐#❤ ♦♥❡ ♦/ ♠♦/❡ ♦#❤❡/ ♠❡#/✐❝& ✭❡✳❣✳ #❡♠♣❡/❛#✉/❡ &❡♥&♦/ ❛♥❞ ❤✉♠✐❞✐#② &❡♥&♦/ #♦ ♣/♦✈✐❞❡

✇❡❛#❤❡/ ✐♥❢♦/♠❛#✐♦♥✮ #♦ ❛&&❡&& #❤❡ &✐#✉❛#✐♦♥✳

❲❡ ❝❧❛&&✐❢② ♠❡#/✐❝& ✐♥ ✹ ❝❛#❡❣♦/✐❡&✿ ◆❡#✇♦/❦✱ ◆♦❞❡✱ ❙♣❛❝❡✱ ❛♥❞ ❙❡/✈✐❝❡✳ ❋♦❧❧♦✇✐♥❣ ❛/❡ #❤❡

♠❡#/✐❝& ✇❡ &❡❡ ❛& #❤❡ ♠♦&# /❡❧❡✈❛♥# ❬▲❡❝❧ ✵✼❪✿

✼✳✷✳✶ ◆❡&✇♦)❦

▼❡#/✐❝& /❡❧❛#❡❞ #♦ #❤❡ ♥❡#✇♦/❦✱ #❤❛# ❝❛♥ ❜❡ ❝♦♠♣✉#❡❞ ♦/ ❣❛#❤❡/❡❞ ❞✐/❡❝#❧② ❢/♦♠ #❤❡ ♥❡#✇♦/❦✱

❛/❡✿

❍♦♣ ❝♦✉♥"✿ ◆✉♠❜❡/ ♦❢ ✐♥#❡/♠❡❞✐❛#❡ ♥♦❞❡& #❤❛# ♥❡❡❞ #♦ ❜❡ ❝/♦&&❡❞ #♦ /❡❛❝❤ ❛ ❞❡&#✐♥❛#✐♦♥✳

❆❧&♦ ❝❛❧❧❡❞ ❤♦♣ ❞✐&#❛♥❝❡✳ ■# ♣/♦✈✐❞❡& ❛ ❞✐&#❛♥❝❡ ♠❡#/✐❝ ✉&❡❞ ❢♦/ /♦✉#✐♥❣ ❞❡❝✐&✐♦♥&✳ ❇❛&❡❞ ♦♥ ❤♦♣

❝♦✉♥#✱ #❤❡ &❤♦/#❡&# ♣❛#❤ ❜❡#✇❡❡♥ #✇♦ ♥♦❞❡& ❝❛♥ ❜❡ ❝❛❧❝✉❧❛#❡❞ #♦ ❞❡❝✐❞❡ ✇❤✐❝❤ /♦✉#❡ #♦ #❛❦❡✳

❚❤#♦✉❣❤♣✉"✿ ❚❤❡ ❛♠♦✉♥# ♦❢ ❞❛#❛ #❤❛# ❝❛♥ ❜❡ ❝❛//✐❡❞ ❢/♦♠ ♦♥❡ ♣♦✐♥# #♦ ❛♥♦#❤❡/ ✐♥ ❛ ❣✐✈❡♥

#✐♠❡ ❧❛♣&✳ ❚❤/♦✉❣❤♣✉# ❡&#✐♠❛#✐♦♥ ♦/ ❝❛❧❝✉❧❛#✐♦♥ ❛/❡ ✉&❡❞ #♦ /❡❣✉❧❛#❡ #❤❡ ♣❛❝❦❛❣❡ &❡♥❞✐♥❣ /❛#❡&

#♦ ❛✈♦✐❞ ♥❡#✇♦/❦ ❝♦♥❣❡&#✐♦♥&✳

✶✶✽



✼✳✷✳ ❈♦♥&❡①&✲❛✇❛,❡♥❡-- ✐♥ ❙❡,✈✐❝❡ ❉✐-❝♦✈❡,②

❇❛♥❞✇✐❞&❤✿ ▼❛①✐♠✉♠ ❝❛♣❛❝✐(② ♦❢ (❤-♦✉❣❤♣✉( ♦♥ ❛ ❣✐✈❡♥ ❝♦♥♥❡❝(✐♦♥✳ ■( ✐4 (❤❡ ♠❛①✐♠✉♠

(❤❡♦-❡(✐❝❛❧ ✈❛❧✉❡ ♦❢ ♣♦44✐❜❧❡ (❤-♦✉❣❤♣✉(✳ ❚❤✐4 ♠❡(-✐❝ ✐4 ❣❡♥❡-❛❧❧② ✉4❡❞ ✐♥ ♥❡(✇♦-❦ ♠❛♥❛❣❡♠❡♥(

(♦ ❞✐4(-✐❜✉(❡ (❤❡ ♥❡(✇♦-❦ ❧♦❛❞ ❛♥❞ ♣-❡❞✐❝( ❧✐♥❦ ❝❛♣❛❝✐(✐❡4✳

▲❛&❡♥❝②✿ ▲❛(❡♥❝②✱ ❛❧4♦ -❡❢❡--❡❞ ❛4 ❧❛❣✱ ✐4 (❤❡ (✐♠❡ ❡❧❛♣4❡❞ ❜❡(✇❡❡♥ (❤❡ ♣❛❝❦❡( 4❡♥❞✐♥❣ ❛♥❞ (❤❡

-❡❝❡♣(✐♦♥ ❜② (❤❡ ❡♥❞✲-❡❝❡✐✈❡- ♥♦❞❡✳ ❚❤✐4 (✐♠❡✱ ✐4 ❝♦♠♣♦4❡❞ ♦❢ (❤❡ 4✉♠ ♦❢ ❞✐✛❡-❡♥( ❧❛(❡♥❝✐❡4✿ (❤❡
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❈❤❛♣$❡& ✼✳ ❙❡&✈✐❝❡ ❉✐.❝♦✈❡&② ✐♥ ❛❞ ❤♦❝ ♥❡$✇♦&❦. ✉.✐♥❣ ❩❡&♦❝♦♥❢ ❛♥❞ ❙▲❙❘

❱✐"✐#♦%" ❝❛♥ ❢♦❧❧♦✇ ❛ ❣✉✐❞❡❞ ✈✐"✐# ♦% ❢%❡❡❧② ✈✐"✐# #❤❡ ♠✉"❡✉♠✳ ❯"✐♥❣ #❤❡ 6❉❆✱ ✈✐"✐#♦%" ♦❜#❛✐♥

#❤❡✐% ❣❡♦❣%❛♣❤✐❝❛❧ ♣♦"✐#✐♦♥ ✐♥"✐❞❡ #❤❡ ♠✉"❡✉♠ ❛♥❞ ❛❞❞✐#✐♦♥❛❧ ♠❡❞✐❛ ♦% #❡①# ✐♥❢♦%♠❛#✐♦♥ ❛❜♦✉#

♥❡❛%❜② ✐#❡♠" ❛♥❞ ♣♦✐♥#" ♦❢ ✐♥#❡%❡"#✳ ▼♦%❡♦✈❡%✱ ❛ ❣❡♦✲❧♦❝❛❧✐③❡❞ @✉✐③ ✐" ♣%♦♣♦"❡❞ ✐♥ ✇❤✐❝❤ ✈✐"✐#♦%"

❛%❡ ❞✐"♣❧❛②❡❞ @✉❡"#✐♦♥"✱ ❜❛"❡❞ ♦♥ #❤❡✐% ♣♦"✐#✐♦♥✱ ❢♦% ✇❤✐❝❤ #❤❡ ❛♥"✇❡% ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ #❤❡✐%

"✉%%♦✉♥❞✐♥❣" ❜② %❡❛❞✐♥❣ ♦% ✇❛#❝❤✐♥❣ ♥❡❛%❜② ✐#❡♠"✳ ❙❡%✈✐❝❡ ❞✐"❝♦✈❡%②✱ ✐♥ #❤✐" "❝❡♥❛%✐♦✱ ♣❡%♠✐#" #♦

❛✉#♦♠❛#✐❝❛❧❧② ❞❡#❡❝# ❛♥❞ ✜♥❞ #❤❡ ❛❞❞✐#✐♦♥❛❧ ✐♥❢♦%♠❛#✐♦♥✱ ♦♥ #❤❡ ♥❡#✇♦%❦✱ %❡❧❛#❡❞ #♦ #❤♦"❡ ✐#❡♠"

❛♥❞ ♣♦✐♥#" ♦❢ ✐♥#❡%❡"#✳

✼✳✹✳✸ ❙❡&✈✐❝❡ ❞✐+❝♦✈❡&② ❛&❝❤✐0❡❝0✉&❡ ❞❡+❝&✐♣0✐♦♥

■♥ ♦%❞❡% #♦ ♣❡%♠✐# "❡%✈✐❝❡ ❞✐"❝♦✈❡%② ✐♥ #❤❡ ❙❆❘❆❍ "❝❡♥❛%✐♦✱ ✇❡ ♣%♦♣♦"❡ ❛♥ ❛%❝❤✐#❡❝#✉%❡ #❤❛#

✜#" ✐#✱ ❜✉# ❛❧"♦ #❤❛# ✐" ❣❡♥❡%✐❝ ❡♥♦✉❣❤ #♦ ❜❡ ❛♣♣❧✐❡❞ #♦ ♦#❤❡% "❝❡♥❛%✐♦" ❛♥❞ "✐#✉❛#✐♦♥" ❬❈✐❛% ✵✾✱

▲❡❝❧ ✶✵❛❪✳ ❚❤❡ ❣♦❛❧ ♦❢ #❤✐" "❡%✈✐❝❡ ❞✐"❝♦✈❡%② ❛%❝❤✐#❡❝#✉%❡ ✐" #♦ ❜❡ ❛❜❧❡ #♦ ♠❛❦❡ ❞✐✛❡%❡♥# #②♣❡" ♦❢

♥❡#✇♦%❦" ✐♥#❡%❛❝# ✐♥ ❛ ❧♦♦"❡❧②✲❝♦✉♣❧❡❞ ❦✐♥❞ ♦❢ ✇❛②✳ ❚❤❡ ❝♦%❡ ♦❢ #❤❡ ❛%❝❤✐#❡❝#✉%❡ ✐" ❢♦%♠❡❞ ❜②✱

"♣♦♥#❛♥❡♦✉"❧② ❝♦♥♥❡❝#❡❞✱ ❛❞ ❤♦❝ ❞❡✈✐❝❡" ✇✐#❤ ❛ "#❛#✐❝ ✭✜①❡❞✮ ✐♥❢%❛"#%✉❝#✉%❡ ❝♦♠♣♦"❡❞ ♦❢ ❛❝❝❡""

♣♦✐♥#" ❛♥❞ "❡%✈❡%" ❛%♦✉♥❞ #❤❡♠✭❋✐❣✉%❡ ✼✳✸✮✳
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❋✐❣✉$❡ ✼✳✸✿ ❙❡$✈✐❝❡ ❞✐.❝♦✈❡$② ❛$❝❤✐3❡❝3✉$❡✳

❖♥❡ ♦❢ 3❤❡ $❡7✉✐$❡♠❡♥3. ✇❛. 3♦ ❜❡ ❛❜❧❡ 3♦ 3$❛♥.♣❛$❡♥3❧② ✉.❡ 3❤❡ ✐♥❢$❛.3$✉❝3✉$❡ ✇❤✐❧❡ ❛❧.♦

❜❡✐♥❣ ❛❜❧❡ 3♦ ❝♦♥3✐♥✉❡ 3♦ ❢✉♥❝3✐♦♥ ♣$♦♣❡$❧② ✐♥ ❛ ♣✉$❡ ❛❞ ❤♦❝ ♠♦❞❡✳ ■♥ 3❤❡ ❝♦$❡ ♦❢ 3❤❡ ♥❡3✇♦$❦✱

❢♦$ 3❤❡ ❛❞ ❤♦❝ ♣❛$3✱ ✇❡ ✉.❡ 3❤❡ ❙▲❙❘✴❙▲❙❋ ♣$♦3♦❝♦❧ ❛. $♦✉3✐♥❣ ❛♥❞ ❞✐..❡♠✐♥❛3✐♦♥ ♣$♦3♦❝♦❧ ✇✐3❤

❩❡$♦❝♦♥❢ ♦♥ 3♦♣ ♦❢ ✐3✳ ❚❤❡ ✜①❡❞ ✐♥❢$❛.3$✉❝3✉$❡ ✉.❡. ❝❧❛..✐❝ $♦✉3✐♥❣ .❝❤❡♠❡.✳ ❍❛✈✐♥❣ ❩❡$♦❝♦♥❢ ✐♥

3❤❡ ❛❞ ❤♦❝ ♥❡3✇♦$❦ ❛♥❞ ❛ ❉◆❙ .❡$✈❡$ ✐♥ 3❤❡ ✜①❡❞ ✐♥❢$❛.3$✉❝3✉$❡✱ .❡$✈✐❝❡ ❞✐.❝♦✈❡$② ❝❛♥ .❡❡♠❧❡..❧②

♣❛.. ❢$♦♠ ✐♥❢$❛.3$✉❝3✉$❡✲❧❡.. 3♦ .❡$✈❡$✲❜❛.❡❞ ❞✐.❝♦✈❡$②✳ ❚❤✐. ✐. ❛ ❢❡❛3✉$❡ ♣$♦✈✐❞❡❞ ♥❛3✐✈❡❧② ❜②

❩❡$♦❝♦♥❢✳

❚❤❡ 3$❛♥.✐3✐♦♥ ❢$♦♠ ✐♥❢$❛.3$✉❝3✉$❡ 3♦ ❛❞ ❤♦❝ ♥❡3✇♦$❦ ❛3 3❤❡ ❩❡$♦❝♦♥❢ ❧❡✈❡❧ ✐. 3$❛♥.♣❛$❡♥3✳

❆3 3❤❡ $♦✉3✐♥❣ ❧❡✈❡❧✱ ❤♦✇❡✈❡$✱ ♣❛❝❦❡3. ❢♦$♠❛3. ❛♥❞ ♣$♦3♦❝♦❧. ❛$❡ ♥♦3 3❤❡ .❛♠❡ ❜❡3✇❡❡♥ 3❤❡

✐♥❢$❛.3$✉❝3✉$❡ ❛♥❞ 3❤❡ ❛❞ ❤♦❝ .✐❞❡✳ ❚❤❡$❡❢♦$❡✱ ❣❛3❡✇❛② ♥♦❞❡. ♥❡❡❞ 3♦ ♣$♦✈✐❞❡ 3❤❡ ♥❡❝❡..❛$②

3$❛♥.❧❛3✐♦♥ ❢✉♥❝3✐♦♥❛❧✐3✐❡.✳ ❆❞ ❤♦❝ ♥♦❞❡.✱ 3❤❛3 ❛$❡ ♥♦3 ❝♦♥♥❡❝3❡❞ ❞✐$❡❝3❧② 3♦ ❛♥ ❛❝❝❡.. ♣♦✐♥3✱
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✼✳✹✳ ❙❡%✈✐❝❡ ❉✐*❝♦✈❡%② ❆%❝❤✐/❡❝/✉%❡

♥❡❡❞ #♦ ❜❡ ❛❜❧❡ #♦ ❞❡#❡❝# ♦) ❞✐+❝♦✈❡) #❤❡ ❡①✐+#❡♥❝❡ ♦❢ +✉❝❤ ❣❛#❡✇❛②+✳ ❚❤❡)❡❢♦)❡✱ #❤❡ ❣❛#❡✇❛②+

❛❞✈❡)#✐+❡ #❤❡✐) ❛❞❞✐#✐♦♥❛❧ ❢✉♥❝#✐♦♥❛❧✐#② ❛+ ❛ +❡)✈✐❝❡✳ ❯+✐♥❣ ❩❡)♦❝♦♥❢✱ ♥♦❞❡+ ❞✐+❝♦✈❡) #❤❡ ❣❛#❡✇❛②

♥♦❞❡+ ❛♥❞ )❡❛❝❤ #❤❡♠ ✉+✐♥❣ #❤❡ )♦✉#❡ ♦❜#❛✐♥❡❞ ❜② ❙▲❙❘✳ ●❛#❡✇❛② ♥♦❞❡+ ❤❛✈❡ #❤)❡❡ #❛+❦+✿

• ❆❞✈❡)#✐+❡ #❤❡♠+❡❧✈❡+ ✉+✐♥❣ ❩❡)♦❝♦♥❢ ❛+ ♥❡✇ +❡)✈✐❝❡ #②♣❡ #♦ ❞❡+✐❣♥❛#❡ #❤❡✐) ❣❛#❡✇❛② ❝❛♣❛✲

❜✐❧✐#②✳

• ❯♥♣❛❝❦ ❞❛#❛ ♣❛②❧♦❛❞+ ❣♦✐♥❣ #♦✇❛)❞+ #❤❡ ✜①❡❞ ✐♥❢)❛+#)✉❝#✉)❡ ❢)♦♠ #❤❡✐) ❙▲❙❘✴❙▲❙❋ ❤❡❛❞✲

❡)+✳

• ❊♥❝❛♣+✉❧❛#❡ ❞❛#❛ ♣❛②❧♦❛❞+ ❣♦✐♥❣ ✐♥+✐❞❡ #❤❡ ❛❞ ❤♦❝ ♥❡#✇♦)❦ ✐♥ ❙▲❙❋✴❙▲❙❘ ♠❡++❛❣❡+✳

❚❤♦+❡ ❣❛#❡✇❛② ♥♦❞❡+ ❝❛♥ ❜❡ ❡✐#❤❡) ❞❡+✐❣♥❛#❡❞ ♥♦❞❡+ #❤❛# ❛)❡ ♣❛)# ♦❢ #❤❡ ❛❞ ❤♦❝ ♥❡#✇♦)❦

♦) #❤❡ ❛❝❝❡++ ♣♦✐♥#+ ❝♦♥♥❡❝#❡❞ #♦ #❤❡ ❛❞ ❤♦❝ ♥❡#✇♦)❦✳ ❚❤❡ ❞❡+✐❣♥❛#❡❞ ♥♦❞❡+ ✇♦✉❧❞ ❜❡ ❛❞ ❤♦❝

♥♦❞❡+ #❤❛# ❛)❡ ✐♥ ❞✐)❡❝# ❝♦♠♠✉♥✐❝❛#✐♦♥ )❛♥❣❡ ✇✐#❤ ❛♥ ❛❝❝❡++ ♣♦✐♥#✳ ❍♦✇❡✈❡)✱ #❤♦+❡ ♥♦❞❡ ❝♦✉❧❞

❛♥❞ ♠♦+# ♣)♦❜❛❜❧② ✇✐❧❧ ♦❢#❡♥ ♠♦✈❡✱ +♦ ♥❡✇ ♥♦❞❡+ ✇♦✉❧❞ ♥❡❡❞ #♦ ❜❡ ❞❡+✐❣♥❛#❡❞ ❡❛❝❤ #✐♠❡ ❛ ♥♦❞❡

♠♦✈❡+ ♦✉# ♦❢ )❛♥❣❡ ♦❢ #❤❡ ❛❝❝❡++ ♣♦✐♥#✳ ❚❤❡)❡❢♦)❡✱ ❣❛#❡✇❛② ♥♦❞❡+ +❤♦✉❧❞ ❜❡ #❤❡ ❛❝❝❡++ ♣♦✐♥#+

❝♦♥♥❡❝#❡❞ #♦ #❤❡ ❛❞ ❤♦❝ ♥❡#✇♦)❦✱ ❜❡❝❛✉+❡ ♦❢ #❤❡✐) )❡❧✐❛❜✐❧✐#② ❛♥❞ ❛❧+♦ #❤❡✐) +#❛#✐❝ ♣♦+✐#✐♦♥✳

❚♦ ❜❡❝♦♠❡ ❛ ❣❛#❡✇❛②✱ #❤❡ ❛❝❝❡++ ♣♦✐♥#+ ♥❡❡❞ #♦ ❤❛✈❡ ❙▲❙❘ ✇✐#❤ ❩❡)♦❝♦♥❢ ✉♣ )✉♥♥✐♥❣✱ #❤❡)❡❜②

❛❝#✐♥❣✱ ❢)♦♠ #❤❡ ❛❞ ❤♦❝ ♣♦✐♥# ♦❢ ✈✐❡✇✱ ❛+ ❛ ♥♦)♠❛❧ ❛❞ ❤♦❝ ♥♦❞❡✳ ❚❤❡ ❛❝❝❡++ ♣♦✐♥#+ ❛❞✈❡)#✐+❡

#❤❡✐) ❣❛#❡✇❛② ❝❛♣❛❜✐❧✐#② ❛+ ❛ ❩❡)♦❝♦♥❢ +❡)✈✐❝❡✳ ❆❞ ❤♦❝ ♥♦❞❡+ ❞✐+❝♦✈❡) #❤♦+❡ ❣❛#❡✇❛② +❡)✈✐❝❡+

❛♥❞ ❝❛♥ +❡❧❡❝# #❤❡ ✧❜❡+#✧ ❣❛#❡✇❛② ❛♠♦♥❣ +❡✈❡)❛❧✱ ✐❢ ❛✈❛✐❧❛❜❧❡✳ ❚❤❡ )♦✉#❡ #♦ #❤❡ ❣❛#❡✇❛② +❡)✈✐❝❡

✐+ ♣)♦✈✐❞❡❞ ❜② ❙▲❙❘✳ ❆♥② ♣❛②❧♦❛❞ #♦✇❛)❞+ #❤❡ ✐♥❢)❛+#)✉❝#✉)❡ ✐+ #❤❡♥ +✐♠♣❧② ❙▲❙❘✲✉♥✐❝❛+#❡❞

#♦✇❛)❞+ ❛ ♥♦❞❡ #❤❛# ♣)♦✈✐❞❡+ +✉❝❤ ❛ ❣❛#❡✇❛② +❡)✈✐❝❡✳ ❆♥② ♣❛②❧♦❛❞ ❢)♦♠ ♦✉#+✐❞❡ #❤❡ ❛❞ ❤♦❝

♥❡#✇♦)❦ ✇✐#❤ ❛ ❞❡+#✐♥❛#✐♦♥ ✐♥+✐❞❡ #❤❡ ❛❞ ❤♦❝ ♥❡#✇♦)❦ ❝❛♥ ❜❡ )♦✉#❡❞ ✉+✐♥❣ #❤❡ ❙▲❙❘ )♦✉#✐♥❣

#❛❜❧❡ ✐♥ #❤❡ ❛❝❝❡++ ♣♦✐♥#+ #♦✇❛)❞+ #❤❡ ❝♦))❡❝# ❛❝❝❡++ ♣♦✐♥#+ ❛♥❞ #❤❡♥ ✐♥+✐❞❡ #❤❡ ❛❞ ❤♦❝ ♥❡#✇♦)❦✳

❩❡)♦❝♦♥❢ ❛♥♥♦✉♥❝❡+ #❤❛# ❛)❡ ❙▲❙❋✲❜)♦❛❞❝❛+#❡❞ ♠❡++❛❣❡+ ❛)❡ +✐♠♣❧② ✉♥♣❛❝❦❡❞ ❛# #❤❡ ❣❛#❡✇❛②+

❛♥❞ ❢♦)✇❛)❞❡❞ ❛+ ❛ ♥♦)♠❛❧ ❩❡)♦❝♦♥❢✴❉◆❙ ♠❡++❛❣❡ #♦ #❤❡ ❉◆❙ +❡)✈❡)✳ ■♥ #❤❡ +❛♠❡ ✇❛②✱ ❩❡)♦❝♦♥❢

L✉❡)✐❡+ +❡♥# ❜② ♥♦❞❡+ ❢)♦♠ ✐♥+✐❞❡ #❤❡ ❛❞ ❤♦❝ ♥❡#✇♦)❦ ❛)❡ ❛❧+♦ ✉♥♣❛❝❦❡❞ ❛♥❞ ❢♦)✇❛)❞❡❞ #♦ #❤❡

❉◆❙ +❡)✈❡)✱ ✇❤✐❝❤ #❤❡♥ ❝❛♥ )❡♣❧② #♦ #❤❡♠✳ ❚❤✐+ #)❛♥+✐#✐♦♥ ❢)♦♠ ❛❞ ❤♦❝ #♦ ✐♥❢)❛+#)✉❝#✉)❡ ✐+

✐♠♣❧✐❝✐#✱ #❤❡ ❛❞ ❤♦❝ ♥♦❞❡✱ +♦✉)❝❡ ♦❢ #❤❡ L✉❡)②✱ ✐+ ♥♦# ♥❡❝❡++❛)✐❧② ❛✇❛)❡ ♦❢ #❤❡ ❢❛❝# #❤❛# ✐#+ L✉❡)②

♠✐❣❤# ❜❡ )❡♣❧✐❡❞ ❜② ❛♥ ❛❝#✉❛❧ ❉◆❙ +❡)✈❡)✳ ❯♣♦♥ )❡❝❡♣#✐♦♥ ♦❢ #❤❡ )❡♣❧✐❡+ ❢)♦♠ #❤❡ ❞✐✛❡)❡♥# ♥♦❞❡+✱

✐# ❝❛♥ ❞❡❝✐❞❡ #♦ ❣✐✈❡ ♠♦)❡ ❝)❡❞✐# #♦ #❤❡ ❉◆❙ +❡)✈❡)✬+ )❡+♣♦♥+❡ ❞✉❡ #♦ ✐#+ ❧♦♥❣❡✈✐#② ✐♥ #❤❡ ♥❡#✇♦)❦✳

❆♥ ❛❞ ❤♦❝ ♥♦❞❡ ❝❛♥ ❛❧+♦ ❞♦ ❛♥ ❡①♣❧✐❝✐# ✧♦✉#+✐❞❡✧ L✉❡)② ❜② ❙▲❙❘✲✉♥✐❝❛+#✐♥❣ #❤❡ L✉❡)② #♦ #❤❡

❉◆❙ +❡)✈❡)✳

❯+✐♥❣✱ ❛ +#❛♥❞❛)❞✐③❡❞ ❛♥❞ ✇❡❧❧✲❦♥♦✇♥ ♣)♦#♦❝♦❧ +✉❝❤ ❛+ ❩❡)♦❝♦♥❢✱ ♣)♦✈✐❞❡+ #❤❡ ♥❡❝❡++❛)②

✢❡①✐❜✐❧✐#② #♦ ❡❛+✐❧② ❛❞❛♣# #❤❡ ❛)❝❤✐#❡❝#✉)❡ #♦ ♥❡✇ +❝❡♥❛)✐♦+✳ ❋♦) ❡①❛♠♣❧❡✱ ❛+ +❤♦✇♥ ✐♥ ❋✐❣✉)❡

✼✳✹✱ ✇❡ ❝❛♥ ❡①#❡♥❞ #❤❡ +❝❡♥❛)✐♦ ✇✐#❤ ❛ #❤✐)❞ #②♣❡ ♦❢ ♥❡#✇♦)❦✱ ❛ ♠❡+❤ ♥❡#✇♦)❦✳ ❍❡)❡✱ #❤❡ ♠❡+❤

♥❡#✇♦)❦ ❝♦✉❧❞ ✉+❡ ❡①❛❝#❧② #❤❡ +❛♠❡ ♣)♦#♦❝♦❧ +#❛❝❦ ❛+ #❤❡ ❛❞ ❤♦❝ ♥❡#✇♦)❦✱ ♥❛♠❡❧② ❩❡)♦❝♦♥❢ ♦♥

#♦♣ ♦❢ ❙▲❙❘✱ ❜② ❛❞❛♣#✐♥❣ #❤❡ +❡##✐♥❣+ #♦ #❤❡ ♠♦)❡ +#❛❜❧❡ ♥❛#✉)❡ ♦❢ ♠❡+❤ ♥❡#✇♦)❦+ ✭✐✳❡✳ ♠❛♥✉❛❧❧②

+❡# ❝❧✉+#❡) ✇❡✐❣❤#+ #♦ ♦♣#✐♠✐③❡ #❤❡ ❝❧✉+#❡)❤❡❛❞ ♣♦+✐#✐♦♥+✮✳ ❍♦✇❡✈❡)✱ ✐# ❝♦✉❧❞ ❛❧+♦ ✉+❡ ❛♥② ♦#❤❡)

)♦✉#✐♥❣ ♣)♦#♦❝♦❧ ❛+ ❧♦♥❣ ❛+ ✐# +✉♣♣♦)#+ #❤❡ ❩❡)♦❝♦♥❢ ❧❛②❡) ✭✐✳❡✳ ❉◆❙✮✳

✼✳✹✳✹ ▼♦❞❡❧✐♥❣ ♦✉, -❝❡♥❛,✐♦ ✉-✐♥❣ ♠✉❧1✐✲❛❣❡♥1 ❛♥❞ ❝♦✲-✐♠✉❧❛1✐♦♥

❲❡ ✉+❡ #❤❡ ❆❆✹▼▼ ❛)❝❤✐#❡❝#✉)❡ ♣)❡+❡♥#❡❞ ✐♥ ❈❤❛♣#❡) ✺ #♦ ♠♦❞❡❧ ❛ +✐♠♣❧✐✜❡❞ ✈❡)+✐♦♥ ♦❢ #❤❡

❙❆❘❆❍ +❝❡♥❛)✐♦✳ ■♥ ♦✉) ✜)+# ♠♦❞❡❧✱ ✇❡ ❤❛✈❡ ✹ ❞✐✛❡)❡♥# ❣)♦✉♣+ ♦❢ ♥♦❞❡+ #❤❛# ❛)❡ )❛♥❞♦♠❧②

♣♦+✐#✐♦♥❡❞ ✐♥ ❛ ♠✉+❡✉♠✲❧✐❦❡ ❡♥✈✐)♦♥♠❡♥#✳ ❊❛❝❤ ♦❢ #❤❡ ✹ ❣)♦✉♣+ ❤❛+ ❛ ❞✐✛❡)❡♥# ♠❡❡#✐♥❣ ♣♦✐♥#✳

❱❡)② +✐♠✐❧❛) ❛+ ✐♥ ❙❡❝#✐♦♥ ✺✳✽✱ #❤❡ ❜❡❤❛✈✐♦) ♦❢ #❤❡ ♥♦❞❡+ ✭❛❣❡♥#+✮ ✐+ #❤❡ )❡+✉❧# ♦❢ #❤❡ ❝♦♠❜✐♥❛#✐♦♥

♦❢ ✸ +✐♠♣❧❡ ❢♦)❝❡+✿
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❋✐❣✉$❡ ✼✳✹✿ ❙❡$✈✐❝❡ ❞✐.❝♦✈❡$② ❛$❝❤✐3❡❝3✉$❡✳

• ❆❧❧ ♥♦❞❡. ❤❛✈❡ ❛ ❞✐✛❡$❡♥3 ❣♦❛❧ ❞❡♣❡♥❞✐♥❣ ♦♥ 3❤❡✐$ ❣$♦✉♣ ♠❡♠❜❡$.❤✐♣✳

• ❆❧❧ ♥♦❞❡. ❛✈♦✐❞ ✇❛❧❧. ❜② ❛♣♣❧②✐♥❣ ❛ $❡♣✉❧.✐✈❡ ❢♦$❝❡ ❢$♦♠ 3❤❡ ✇❛❧❧.✳

• ◆♦❞❡. ❤❛✈❡ ❛ $❡♣✉❧.✐✈❡ ❢♦$❝❡ ❢$♦♠ ❡❛❝❤ ♦3❤❡$ ✭❝♦♠❢♦$3 ③♦♥❡✮✳

❋✐❣✉$❡ ✼✳✺✿ ▼✉.❡✉♠ ✈✐.✐3 ❡①❛♠♣❧❡ ✐♥ ♠✉❧3✐♣❧❡ ❡♥✈✐$♦♥♠❡♥3.✳

❚❤❡ $❡.✉❧3✐♥❣ ❜❡❤❛✈✐♦$ ✐. 3❤❛3 ❡❛❝❤ ♥♦❞❡ ✇✐❧❧✱ ✇❤❡$❡✈❡$ ✐3 .3❛$3. ❢$♦♠✱ ❤❡❛❞ 3♦✇❛$❞. ✐3. ❣♦❛❧

❛$❡❛ ✭❤❡$❡ ❛3 3❤❡ ✹ ❝♦$♥❡$.✮✱ 3❤❡$❡❜② ❣❛3❤❡$ 3♦❣❡3❤❡$ ✇✐3❤ ♦3❤❡$ ❣$♦✉♣ ♠❡♠❜❡$.✱ ❛. .❤♦✇♥ ♦♥

❋✐❣✉$❡ ✼✳✻✳ ❆♥♦3❤❡$ ♠♦❜✐❧✐3② .❝❡♥❛$✐♦✱ ♦♥ ❋✐❣✉$❡ ✼✳✺✱ ✇❛. ❛❧$❡❛❞② ♣$❡.❡♥3❡❞ ✐♥ ❙❡❝3✐♦♥ ✺✳✽✿ ❆

❣$♦✉♣ ♦❢ .3✉❞❡♥3. ❢♦❧❧♦✇ 3❤❡✐$ ❣✉✐❞❡ ❛3 ❛ ✈✐.✐3 ♦❢ ❛ ♠✉.❡✉♠✳
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d)

b)a)

c)

f)e)

❋✐❣✉$❡ ✼✳✻✿ ●$♦✉♣ ❣❛.❤❡$✐♥❣ 1❝❡♥❛$✐♦✳ ❊✈♦❧✉.✐♦♥ ✭❢$♦♠ ❛ .♦ ❢✮ ❢$♦♠ $❛♥❞♦♠❧② ♣❧❛❝❡❞ ♥♦❞❡1

❤❡❛❞✐♥❣ .♦✇❛$❞1 .❤❡✐$ ❣♦❛❧ ❛$❡❛✳
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❋✐❣✉$❡ ✼✳✽✿ ❚❤❡ ❏❆◆❊ ♦♣❡$❛3✐♥❣ 5②53❡♠✳

✼✳✺ ❊①♣❡'✐♠❡♥+❛+✐♦♥. ♦♥ '❡❛❧ ❞❡✈✐❝❡.

❋✐❣✉$❡ ✼✳✼✿ ◆♦❦✐❛ ◆✽✵✵ ✉5❡❞

❢♦$ 3❤❡ ❡①♣❡$✐♠❡♥3❛3✐♦♥5✳

❉✉$✐♥❣ ♠② 3❤❡5✐5✱ 5❡✈❡$❛❧ $❡❛❧ ✇♦$❧❞ ❡①♣❡$✐♠❡♥35 ✇❡$❡ ❞♦♥❡✳

❚❤♦5❡ ❡①♣❡$✐♠❡♥35 ✇❡$❡ ❝♦♠♣♦5❡❞ ♦♥❧② ♦❢ ❛ ❧✐♠✐3❡❞ ♥✉♠❜❡$ ♦❢

❞❡✈✐❝❡5 ❛♥❞ ❛$❡ 3♦ ❜❡ ❝♦♥5✐❞❡$❡❞ ❛5 ❛ ♣$♦♦❢ ♦❢ ❝♦♥❝❡♣3 $❛3❤❡$ 3❤❛♥

♣❡$❢♦$♠❛♥❝❡ 3❡535✳ ❆5 3❡53 ❞❡✈✐❝❡5✱ ✇❡ ✉5❡❞ ◆♦❦✐❛ ◆✽✵✵ ❤❛♥❞✲

❤❡❧❞ ❞❡✈✐❝❡5✳ ❚❤❡② ❤❛✈❡ 3❤❡ ❣$❡❛3 ❛❞✈❛♥3❛❣❡ 3♦ ❜❡ ❧✐♥✉① ❜❛5❡❞

❛♥❞ ♣$♦✈✐❞❡ 3❤❡ ♥❡❝❡55❛$② ✇✐$❡❧❡55 ❛♥❞ ❞❡❜✉❣❣✐♥❣ 3♦♦❧5 ❢♦$ ♦✉$

❡①♣❡$✐♠❡♥35✳

❆❧❧ 3❤❡ ♣$♦3♦❝♦❧5 ♣$❡5❡♥3❡❞ ✐♥ 3❤❡ ❝♦♥3$✐❜✉3✐♦♥5 ♦❢ 3❤✐5 3❤❡5✐5

❤❛✈❡ ❜❡❡♥ ✐♠♣❧❡♠❡♥3❡❞ ✐♥ ❏❛✈❛ ❢♦$ 3❤❡ ❏❆◆❊ 5✐♠✉❧❛3♦$ ✭❞❡5❝$✐❜❡❞

✐♥ ❙❡❝3✐♦♥ ✺✳✶✮✳ ❋♦$ 3❤❡ ❡①♣❡$✐♠❡♥3❛3✐♦♥5 ♦♥ $❡❛❧ ❞❡✈✐❝❡5 ✇❡ ✉5❡❞

3❤❡✱ 5♦ ❝❛❧❧❡❞✱ ♣❧❛3❢♦$♠ ♠♦❞❡ ♣$♦✈✐❞❡❞ ❜② ❏❆◆❊✳ ❚❤✐5 ♠♦❞❡ ♣❡$♠✐35 ❛ $❛♣✐❞ ❝②❝❧❡ ❜❡3✇❡❡♥ 3❤❡
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Chapter 7. Service Discovery in ad hoc networks using Zeroconf and SLSR 

Routing Table: 
N"lft.IOC;OL-> 192.168.123.16 

-> 192.168.123.16 

Figure 7. 10: D~S Table view. 

ighbors: 
92.168.123.16=49.5, 192.168.123.16,49.5,0, 

.168.123.18=27.0, 192.168.123.16,49.5,0} 
ble neighbors: 

168.123.16=49.5, 192.168.123.16,49.5,0, 
.168.123.18=27 .0, 192.168.123.16,49.5,0} 

92.168.123.16=amount 1, LST 0, State 1, weight 1, 
92.168.123.18=amount 1, LST 0, State 1, weight 0} 

Figure 7.12: Zeroconf available services. 

record[a,in,N18.1ocal., 10000/6309, address 
192.168.123.18/lastCH :192.168.123.161 

record[a,in,Nokia_16.1ocal., 10000/9808, address 
192.168.123.16/lastCH :192.168.123.16'] 

Figure 7.11: DNS cache view. 

Register Service Send Alert Mes... Send CHAT Me .. 

Figure 7.13: Chat/ interaction window. 

marked red and the ICR. selected nodes are marked orange. In this network, nodes 3, 9 and 
18 provide a http service and nodes 6, 7 and 15 provide a video service. This simulat ion also 
includes a simplified service metric that provides a rating or quality of the service that influences 
the service discovery process. Using this metric, slaves obtain only the best service per type from 
their clusterhead, instead of all the services. Thus, cluster heads have the complete set of available 
services and slave nodes only a list of the best service, defined and given by the clusterhead . This 
metric service quality is here inserted in the TXT record of the Zeroconf service description. For 
example, following is the http service (DKS name 11 web-1511

) DNS records of node 15 (DNS name 
11 my Deviccl.J .local11

) : 

record [srv,in- unique ,web- 15._http. _tcp . local . ,120000/103165,myDevice15 . local . :888] 
record[txt,in- unique ,web- 15._http. _t cp . local . ,120000/103165, metric=10] 
record[ptr,in, _http ._tcp . local. ,120000/100165,web-15 . _http . _tcp . local.] 

Figure 7.15, shows the DNS and SLSR routing t able for duster head node 238 . All the available 
services are listed in the DNS table. At node 1 (Figure 7.16) , the DNS t able only contains t he 
considered-as-best services received by its CH node 2. The metric values for the three available 
http service at node 2 are: 

web-H) with metric= 10 

3 8The routing t able of clusterheads do not include nodes from inside the cluster. T herefore, the rout ing table 
of CH 2 only contains 18 entries out of 20 nodes. 
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✶✸✺



❈♦♥❝❧✉&✐♦♥

❛❧❣♦$✐&❤♠✱ ♥♦❞❡- ♦♥❧② ❡①❝❤❛♥❣❡ ✉-❡$ ♣$♦✜❧❡- ✇✐&❤ ♥♦❞❡- ✇✐&❤✐♥ &❤❡ -❛♠❡ ❝❧✉-&❡$✳

❚❤❡$❡❜②✱ &❤❡② ♦❜&❛✐♥ ❛ ♣$❡❞✐❝&✐♦♥ $❛&❡ ❢♦$ ♠♦✈✐❡- $❛&❡❞ ❜② -✐♠✐❧❛$ ✉-❡$-✳ ❲❡ ♣$♦♣♦-❡

&♦ ✉-❡ ❝♦❧❧❛❜♦$❛&✐✈❡ ✜❧&❡$✐♥❣ ❢♦$ -❡$✈✐❝❡ ❞✐-❝♦✈❡$②✳ ❚❤❡$❡❜②✱ ✐♥ ❛ -❡$✈✐❝❡ $✐❝❤ ❡♥✈✐$♦♥✲

♠❡♥&✱ ✉-❡$- ✜❧&❡$ ♦✉& ♦♥❧② &❤❡ -❡$✈✐❝❡- &❤❛& ❛$❡ $❡❝♦♠♠❡♥❞❡❞ ❜② ♦&❤❡$ ❧✐❦❡✲♠✐♥❞❡❞

✉-❡$-✳

• ❙✐♠✉❧❛&✐♦♥ &♦♦❧-✿

✕ ❚♦ ❛--✐-& $❡-❡❛$❝❤ ❢♦$ -❡$✈✐❝❡ ❞✐-❝♦✈❡$②✱ ✇❡ ♣$♦♣♦-❡ ❛ ❞✐-&$✐❜✉&❡❞ ❢$❛♠❡✇♦$❦ &❤❛& ❜✉✐❧❞-

♦♥ &❤❡ ✉-❡ ♦❢ ♠✉❧&✐✲♠♦❞❡❧✐♥❣ ❛♥❞ ❝♦✲-✐♠✉❧❛&✐♦♥ &❤❛& ✐- ❛❜❧❡ &♦ &❛❦❡ ✐♥&♦ ❛❝❝♦✉♥& ❜♦&❤

✉-❡$- ❜❡❤❛✈✐♦$- ❛♥❞ ♥❡&✇♦$❦ ♣❡$❢♦$♠❛♥❝❡-✳ ❖✉$ ❛♣♣$♦❛❝❤ ❤❛-✿ ✶✮ &❤❡ ❛❜✐❧✐&② &♦ &❛❦❡

♠✉&✉❛❧ ✐♥✢✉❡♥❝❡- ♦❢ ✉-❡$- ❜❡❤❛✈✐♦$- ❛♥❞ ♥❡&✇♦$❦ ♣❡$❢♦$♠❛♥❝❡- ✐♥&♦ ❛❝❝♦✉♥&❀ ✷✮ &❤❡

❛❜✐❧✐&② &♦ ❞❡-✐❣♥ ✉-❛❣❡ -❝❡♥❛$✐♦- ✇✐&❤ ❤❡&❡$♦❣❡♥❡♦✉- ✉-❡$- ❜❡❤❛✈✐♦$-❀ ✸✮ &❤❡ ❛❜✐❧✐&② &♦

❜❡♥❝❤♠❛$❦ ❛ ♥❡&✇♦$❦ ♣$♦&♦❝♦❧ ❛❣❛✐♥-& ❛ ✇✐❞❡ $❛♥❣❡ ♦❢ ✉-❛❣❡ -❝❡♥❛$✐♦-✳

✕ ❛& &❤❡ -❛♠❡ &✐♠❡✱ ✇❡ ❞❡✈❡❧♦♣❡❞ -❡✈❡$❛❧ -♠❛❧❧❡$ &♦♦❧- &❤❛& ✈✐-✉❛❧❧② ❛--✐-& -✐♠✉❧❛&✐♦♥-

✐♥ ♦$❞❡$ &♦ ❡❛-❡ &❤❡ ❛♥❛❧②-✐- ♦❢ ❛ ♣$♦&♦❝♦❧ ♦$ ❛♣♣❧✐❝❛&✐♦♥✳

• ❙❡$✈✐❝❡ ❞✐-❝♦✈❡$② ✐♥ ❛❞ ❤♦❝ ♥❡&✇♦$❦- ♣$♦✜&- ❢$♦♠ ❡❛❝❤ ♦❢ &❤❡-❡ ❝♦♥&$✐❜✉&✐♦♥- ✐♥ ❛ ❞✐✛❡$❡♥&

♠❛♥♥❡$✿

✕ ❉✐--❡♠✐♥❛&✐♦♥✿ ❙❡$✈✐❝❡ ❞✐-❝♦✈❡$② ❞✐--❡♠✐♥❛&❡- ✐&- -❡$✈✐❝❡ ❛♥♥♦✉♥❝❡- &❤$♦✉❣❤ &❤❡ ♥❡&✲

✇♦$❦✳ ❚❤✉-✱ ❛♥ ✐♠♣$♦✈❡❞ ❞✐--❡♠✐♥❛&✐♦♥ ❛❧-♦ ✐♠♣$♦✈❡- &❤❡ ♦✈❡$❧②✐♥❣ -❡$✈✐❝❡ ❞✐-❝♦✈❡$②

✐♥ &❡$♠- ♦❢ ♥❡&✇♦$❦ ♦✈❡$❤❡❛❞ ❛♥❞ ❡✛♦$&✳

✕ ❘♦✉&✐♥❣✿ ■♥ -♦♠❡ ❝❛-❡- ❞✉$✐♥❣ ❞✐-❝♦✈❡$②✱ ♥♦❞❡- ♥❡❡❞ &♦ ❜❡ ❝♦♥&❛❝&❡❞ ✐♥❞✐✈✐❞✉❛❧❧②

✭❡✳❣✳ ♦❜&❛✐♥ ❛❞❞✐&✐♦♥❛❧ ✐♥❢♦$♠❛&✐♦♥ ❢♦$♠ ❛ ♣❛$&✐❝✉❧❛$ -❡$✈✐❝❡✴♥♦❞❡✮ ❛♥❞ ❛❧-♦ ♦♥❝❡ &❤❡

-❡$✈✐❝❡ ✐- ❞✐-❝♦✈❡$❡❞✱ &♦ ✉-❡ ✐&✳ ❘♦✉&✐♥❣ ♣$♦✈✐❞❡- &❤❡ ♣❛&❤✭-✮ &♦ $❡❛❝❤ &❤❡ ❞❡-✐$❡❞ ♥♦❞❡

✉-✐♥❣ ✉♥✐❝❛-&✳

✕ ❈♦❧❧❛❜♦$❛&✐✈❡ ✜❧&❡$✐♥❣✿ ■♥ ❛ ❞❡♥-❡ ❛♥❞ ❝$♦✇❞❡❞ ♥❡&✇♦$❦ ✇❤❡$❡ ♥✉♠❡$♦✉- -❡$✈✐❝❡- ❛$❡

❛✈❛✐❧❛❜❧❡✱ ❝♦❧❧❛❜♦$❛&✐✈❡ ✜❧&❡$✐♥❣ ❝❛♥ ♣$♦✈✐❞❡ ♦♥❧② &❤❡ ❜❡-& -✉❜-❡& ♦❢ -❡$✈✐❝❡-✱ $❛&❡❞ ❜②

-✐♠✐❧❛$ ✉-❡$-✱ ✐♥-&❡❛❞ ♦❢ ❛♥ ✉♥♠❛♥❛❣❡❛❜❧❡ ❧♦♥❣ -❡$✈✐❝❡ ❧✐-&✳

✕ ❙✐♠✉❧❛&✐♦♥ &♦♦❧-✿ ❚❤❡ &♦♦❧- ❞❡✈❡❧♦♣❡❞ ❛♥❞ ♣$♦♣♦-❡❞ ❞♦ ♥♦& ❤❡❧♣ -❡$✈✐❝❡ ❞✐-❝♦✈❡$②

❞✐$❡❝&❧②✱ ❜✉& ❤❡❧♣ ♠♦$❡ ❣❡♥❡$❛❧❧② &❤❡ $❡-❡❛$❝❤ ♦♥ -❡$✈✐❝❡ ❞✐-❝♦✈❡$②✳ ■♥ ♣❛$&✐❝✉❧❛$

❢♦$ ❛❞ ❤♦❝ ♥❡&✇♦$❦- &❤♦-❡ &♦♦❧- ♣$♦✈✐❞❡ ✉-❡$ -❝❡♥❛$✐♦- ❛♥❞ ♥❡✇✱ ♠♦$❡ ❛❞❛♣&❡❞ ❛♥❞

$❡❛❧✐-&✐❝✱ ♠♦❜✐❧✐&② ♠♦❞❡❧-✳

✕ ❩❡$♦❝♦♥❢✿ ✜♥❛❧❧② ✇❡ ✉-❡❞ ❩❡$♦❝♦♥❢✱ ❛ -&❛♥❞❛$❞✐③❡❞ ❛♥❞ ✇✐❞❡❧② ✉-❡❞ -❡$✈✐❝❡ ❞✐-❝♦✈❡$②

♣$♦&♦❝♦❧✱ ❛♥❞ ♣$♦♣♦-❡❞ &♦ ❛❞❛♣& ✐& &♦ ❛❞ ❤♦❝ ♥❡&✇♦$❦- ❜② $❡♣❧❛❝✐♥❣ &❤❡ ♠✉❧&✐❝❛-& ✇✐&❤

♦✉$ ❙▲❙❋ ❞✐--❡♠✐♥❛&✐♦♥ -&$✉❝&✉$❡✳

✶✸✻



 ❡"#♣❡❝&✐✈❡#

 ❡"#♣❡❝&✐✈❡#

❈♦♥#❡①# ❛♥❞ ♠❡#)✐❝, ❢♦) ,❡)✈✐❝❡ ❞✐,❝♦✈❡)②

■♥ "❤✐% "❤❡%✐%✱ ✇❡ ♣*♦♣♦%❡ ❛ %❡*✈✐❝❡ ❞✐%❝♦✈❡*② ❛*❝❤✐"❡❝"✉*❡ "❤❛" ✐% ❛❜❧❡ "♦ ✐♥❝♦*♣♦*❛"❡ ❝♦♥"❡①" ❛♥❞

♠❡"*✐❝% ❛" ❡❛❝❤ ❞❡❝✐%✐♦♥ ❧❡✈❡❧✳ ■♥ ❛ ❢✉"✉*❡ ✇♦*❦✱ ✇❡ ♣❧❛♥ "♦ ✐♥❝♦*♣♦*❛"❡ ❛❞❞✐"✐♦♥❛❧ ♠❡"*✐❝% ❛♥❞

♠♦*❡ ✐♠♣♦*"❛♥"❧② "♦ ❛♥❛❧②③❡ ✇❤✐❝❤ ♠❡"*✐❝% ❛*❡ "❤❡ ♠♦%" *❡❧❡✈❛♥"✳ ❖✉* ❣♦❛❧ ✐% "♦ ❝❛♣"✉*❡ "❤❡

%✐"✉❛"✐♦♥ ✐♥ ✇❤✐❝❤ "❤❡ ✉%❡*✱ ❤❡♥❝❡ ❛❧%♦ "❤❡ ❞❡✈✐❝❡ ✐"%❡❧❢✱ ✐% ❛♥❞ ❛❞❛♣" "❤❡ ♣*♦"♦❝♦❧ ❝♦♥✜❣✉*❛"✐♦♥%

♦* ❡✈❡♥ %❡❧❡❝" ❛♥♦"❤❡*✱ ❜❡""❡* %✉✐"❡❞✱ ♣*♦"♦❝♦❧✳

❈♦❧❧❛❜♦)❛#✐✈❡ ❋✐❧#❡)✐♥❣

■♥ ❛♥♦"❤❡* ❢✉"✉*❡ ✇♦*❦✱ ✇❡ ✇✐❧❧ ✐♥✈❡%"✐❣❛"❡ ❤♦✇ ♠✉❝❤ ✇❡ ❝❛♥ ❣❛✐♥ ✉%✐♥❣ ❝♦❧❧❛❜♦*❛"✐✈❡ ✜❧"❡*✐♥❣ ♦♥

%❡*✈✐❝❡%✳ ■❢ ✇❡ ❝*❡❛"❡ ❛♥ ❛❞ ❤♦❝ ♥❡"✇♦*❦ ✉%✐♥❣ "♦❞❛②✬% %♠❛*"✲♣❤♦♥❡%✱ ✇✐"❤ "❤❡✐* *❡❝❡♥" "*❡♠❡♥❞♦✉%

♣♦♣✉❧❛*✐"②✱ ✇❡ ✇♦✉❧❞ ❤❛✈❡ ❛ ❧❛*❣❡ ♥✉♠❜❡* ♦❢ *❡❧❛"✐✈❡❧② ♣♦✇❡*❢✉❧ ❞❡✈✐❝❡% ♦✛❡*✐♥❣ %❡*✈✐❝❡%✳ ❚♦ ❝♦♣❡

✇✐"❤ "❤✐% ♦✈❡*❧♦❛❞ ♦❢ ✐♥❢♦*♠❛"✐♦♥✱ ❝♦❧❧❛❜♦*❛"✐✈❡ ✜❧"❡*✐♥❣ ❝♦✉❧❞ %❡❧❡❝" "❤❡ %❡*✈✐❝❡✭%✮ *❡❝♦♠♠❡♥❞❡❞

❜② %✐♠✐❧❛* ✉%❡*%✳ ❋✉*"❤❡*♠♦*❡✱ %✐♠✐❧❛* ✉%❡*% ❝♦✉❧❞ ❜❡ ❞❡"❡*♠✐♥❡❞ ❜❛%❡❞ ♦♥ "❤❡✐* %♦❝✐❛❧ ♥❡"✇♦*❦

♣*♦✜❧❡✳ ❉♦✐♥❣ %♦✱ ❛❞ ❤♦❝ ♥❡"✇♦*❦% ❝♦✉❧❞ ❛❧❧❡✈✐❛"❡ "❤❡ ❝❡❧❧✉❧❛* ♥❡"✇♦*❦ ❢♦* ❧♦❝❛❧ "❛%❦%✳ ❙♦❝✐❛❧

♥❡"✇♦*❦% ❝♦✉❧❞ ❛❧%♦ ✇♦*❦ ❜❛%❡❞ ♦♥❧② ♦♥ "❤❡ ❧♦❝❛❧❧② ❝*❡❛"❡❞ ❛❞ ❤♦❝ ♥❡"✇♦*❦✱ "❤✉% "❤❡ ♥❛"✉*❛❧

♣*♦①✐♠✐"②✳

❙▲❙❘ ❡✈❛❧✉❛#✐♦♥

■♥ ❛ ✈❡*② ♥❡❛* ❢✉"✉*❡ ✇♦*❦✱ ✇❡ ✇✐❧❧ ❡✈❛❧✉❛"❡ ✐♥ ❞❡"❛✐❧ "❤❡ ♣*♦♣♦%❡❞ ❙▲❙❘ ♣*♦"♦❝♦❧✳ ❲❡ ♣❧❛♥ "♦

✉%❡ "❤❡ ♠♦❜✐❧✐"② ♠♦❞❡❧% "❤❛" ✐♥❝❧✉❞❡ ❛ ❝❧♦%❡❞✲❧♦♦♣ ❜❡"✇❡❡♥ "❤❡ ✉%❡* ❛♥❞ "❤❡ ♥❡"✇♦*❦ ✐♥ ♦*❞❡* "♦

✐♥✈❡%"✐❣❛"❡ "❤❡ ❧✐♠✐"% ❛♥❞ ♣❡*❢♦*♠❛♥❝❡% ♦❢ ❙▲❙❘✳ ❆% ❛ ❢✉*"❤❡* ❛♥❛❧②%✐%✱ ✇❡ %♣❡❝✐✜❝❛❧❧② ❢♦❝✉% ♦♥

"❤❡ ❣❛✐♥ ♦❢ "❤❡ %②♠❜✐♦"✐❝ ❜❡❤❛✈✐♦*✳

❚♦✇❛)❞, ,#❛♥❞❛)❞ ♠♦❜✐❧✐#② ♠♦❞❡❧,

■♥ "❤❡ %❤♦*" "❡*♠✱ ✇❡ ♣❧❛♥ "♦ %❤♦✇ "❤❡ ❞✐%*✉♣"✐✈❡ ❡✛❡❝" ♦❢ ❛ ♥♦♥ ❝♦♥❢♦*♠✐♥❣ ❜❡❤❛✈✐♦* ❛♥❞ "♦

❡①"❡♥❞ ♦✉* ❡①♣❡*✐♠❡♥"% "♦ ♠♦*❡ ❛❞✈❛♥❝❡❞ ♣*♦"♦❝♦❧% ❛♥❞ %❝❡♥❛*✐♦%✳ ■♥ "❤❡ ❧♦♥❣❡* "❡*♠✱ "❤❡

❢*❛♠❡✇♦*❦ ✇✐❧❧ ❜❡ ❡♥*✐❝❤❡❞ ✇✐"❤ ❛ %❡" ♦❢ ♠♦❜✐❧✐"② ♠♦❞❡❧% ❛♥❞ ❛ %❡" ♦❢ ❡♥✈✐*♦♥♠❡♥"❛❧ ♠♦❞❡❧%✳

❲❡ ❛❧%♦ ♣❧❛♥ "♦ ❤❛✈❡ ❛ *❡❛❧ %❡"✉♣ ✭❛ "②♣✐❝❛❧ ❡①✐%"✐♥❣ *♦♦♠ ♦* ❜✉✐❧❞✐♥❣ ♦* ❝✐"② ♠♦❞❡❧❡❞ ✐♥ ✸❉

❢*♦♠ *❡❛❧ ❞❛"❛ ❢♦* ❡①❛♠♣❧❡✮✳ ❚❤❡%❡ %❡"% ❝❛♥ %❡*✈❡ ❛% *❡❢❡*❡♥❝❡% "❤❛" ❝♦✉❧❞ ❜❡ ✉%❡❞ "♦ ❛%%❡%% "❤❡

♣❡*❢♦*♠❛♥❝❡% ❛♥❞ ❛♣♣❧✐❝❛❜✐❧✐"② ♦❢ ❛ %♦❧✉"✐♦♥✱ ❛♥❞ ✈❛❧✐❞❛"❡ ✐" ✐♥ ❝❡*"❛✐♥ ❝♦♥"❡①"%✳ ❚❤✐% ❝♦✉❧❞ ❜❡

❛ ❣♦♦❞ ❜❛%✐% "♦ ♣*♦✈✐❞❡ "❤❡ ✉❜✐K✉✐"♦✉% ❝♦♠♣✉"✐♥❣ ❝♦♠♠✉♥✐"② ✇✐"❤ ❛ ❜❡♥❝❤♠❛*❦✐♥❣ ❡✈❛❧✉❛"✐♦♥

"♦♦❧❦✐"✳

✶✸✼



 ❡"#♣❡❝&✐✈❡#

❊①♣❡$✐♠❡♥(❛(✐♦♥

❚♦ ❛##❡## ♦✉& #✐♠✉❧❛*✐♦♥#✱ ✇❡ ♣❧❛♥ *♦ ❡①♣❡&✐♠❡♥* ♦✉& ♣&♦*♦❝♦❧# ❙▲❙❋ ❛♥❞ ❙▲❙❘✱ ✇✐*❤ ❩❡&♦❝♦♥❢

♦♥ *♦♣✱ ♦♥ ❛ ❧❛&❣❡& #❝❛❧❡ ♥❡*✇♦&❦ ✭✶✵✲✷✵ ✉#❡&#✮✳ ■* ✇✐❧❧ ❜❡ ❡#♣❡❝✐❛❧❧② ✐♥*❡&❡#*✐♥❣ *♦ ❝♦♠♣❛&❡ *❤❡

❡①♣❡&✐♠❡♥*❛❧ &❡#✉❧*# ✇✐*❤ *❤❡ #✐♠✉❧❛*✐♦♥# ❞♦♥❡ ✇✐*❤ ♦✉& ♣&♦♣♦#❡❞ ♠♦❜✐❧✐*② ♠♦❞❡❧#✳ ❚♦ ❣♦ ❡✈❡♥

❢✉&*❤❡&✱ ✇❡ ❝♦✉❧❞ *❤❡♥ ✜♥❡✲*✉♥❡ ♦✉& ✉#❡&#✬ ❜❡❤❛✈✐♦& ✉#✐♥❣ *❤❡ &❡#✉❧*# ❢&♦♠ ♦✉& ❡①♣❡&✐♠❡♥*# *♦

♦❜*❛✐♥ ♠♦&❡ &❡❛❧✐#*✐❝ #✐♠✉❧❛*✐♦♥ &❡#✉❧*#✳

✶✸✽



❆♣♣❡♥❞✐① ❆

❙❡"✈✐❝❡ ❞✐'❝♦✈❡"② ♣"♦+♦❝♦❧'

❆✳✶ ❯$♥$ ✕ ❯♥✐✈❡*+❛❧ $❧✉❣ ❛♥❞ $❧❛② ◆❡3✇♦*❦✐♥❣

❯!♥! ✐$ ❛ $❡' ♦❢ ♣+♦'♦❝♦❧$ $'❡❡+❡❞ ❜② '❤❡ ✧❯!♥! ❋♦+✉♠✧✱ ❝♦♠♣♦$❡❞ ♦❢ ♠❛♥② ❞✐✛❡+❡♥' ✐♥❞✉$'+②

♠❡♠❜❡+$✱ '♦ ❡♥❛❜❧❡✱ ♠❛✐♥❧② ✐♥ ❤♦♠❡✴+❡$✐❞❡♥'✐❛❧ ♥❡'✇♦+❦$✱ '❤❡ '+❛♥$♣❛+❡♥' ✐♥'❡+❝♦♥♥❡❝'✐♦♥ ♦❢

❞❡✈✐❝❡$ ❛♥❞ $❡+✈✐❝❡$✳ ❯!♥! ❞❡✜♥❡$ ❛ ♣+♦'♦❝♦❧ $'❛❝❦ ❧❛+❣❡❧② ✐♥$♣✐+❡❞ ❜② ✇❡❜ ❛♣♣❧✐❝❛'✐♦♥ ❞❡$✐❣♥

✭❋✐❣✉+❡ ❆✳✶✮✳ ❚✇♦ '②♣❡$ ♦❢ ❞❡✈✐❝❡$ ❛+❡ ❞❡✜♥❡❞✿ ❝♦♥'+♦❧❧❡❞ ❞❡✈✐❝❡$ ❛♥❞ ❝♦♥'+♦❧ ♣♦✐♥'$✳ ❈♦♥✲

'+♦❧❧❡❞ ❞❡✈✐❝❡$✱ $❤♦+'❧② ❝❛❧❧❡❞ ❞❡✈✐❝❡$✱ ♣+♦♣♦$❡ $❡+✈✐❝❡$ ♦+ ❝❛♣❛❜✐❧✐'✐❡$ ✭$✉❝❤ ❛$ ♠❡❞✐❛ ❞✐$♣❧❛②✮

❛♥❞ +❡$♣♦♥❞ '♦ ✐♥❝♦♠✐♥❣ +❡G✉❡$'$ ❢+♦♠ ❝♦♥'+♦❧ ♣♦✐♥'$✳ ❈♦♥'+♦❧ ♣♦✐♥'$ ✇❤❡+❡❛$✱ ❝❛♥ ❜❡ $❡❡♥ ❛$

'❤❡ +❡♠♦'❡ ❝♦♥'+♦❧ ❢♦+ '❤❡ ❞❡✈✐❝❡$✱ ✉$✉❛❧❧② '❤❡ ❝❧✐❡♥' ♦❢ '❤❡ $❡+✈✐❝❡✳ ❚❤❡② $❡♥❞ ♦✉' +❡G✉❡$'$

❛♥❞ $❡+✈✐❝❡ ❝♦♥'+♦❧$ ❛♥❞ +❡❝❡✐✈❡ ❡✈❡♥'$ +❡❣❛+❞✐♥❣ '❤❡ ❝♦♥'+♦❧❧❡❞ $❡+✈✐❝❡$ ❢+♦♠ ❝♦♥'+♦❧❧❡❞ ❞❡✈✐❝❡$✳

❯!♥! ✐$ ❞❡✜♥❡❞ ❛$ ✺ $'❡♣$ ✭✻ ✇✐'❤ ■!✮ ❢+♦♠ ♥♦ ♥❡'✇♦+❦✐♥❣ ❛' ❛❧❧ '♦ ❢✉❧❧ $❡+✈✐❝❡ ✉$❛❣❡ ❛♥❞ ❝♦♥'+♦❧✳

UPnP vendor

UPnP Forum

UPnP Device Architecture

SSDP Multicast events
SOAP GENA

HTTP HTTP

UDP TCP

IP

❋✐❣✉+❡ ❆✳✶✿ ❯!♥! ♣+♦'♦❝♦❧ $'❛❝❦✳

❆✳✶✳✶ ❙$❡♣ ✵✿ ■* ❆❞❞,❡--

❆$ ✐♥ ❛♥② ■! ❜❛$❡❞ ♥❡'✇♦+❦ '❤❡ ✜+$' ♦♣❡+❛'✐♦♥ ❜❡❢♦+❡ ❜❡✐♥❣ ❛❜❧❡ '♦ ✉$❡ '❤❡ ♥❡'✇♦+❦ ✐$ ♦❜'❛✐♥✐♥❣

❛♥ ■! ❆❞❞+❡$$✳ ❚❤✐$ $'❡♣ ✐$ '❤❡ $❛♠❡ ❛$ '❤❡ ❧✐♥❦✲❧♦❝❛❧ ❛❞❞+❡$$✐♥❣ ✐♥ ❩❡+♦❝♦♥❢ ✭❙❡❝'✐♦♥ ✷✳✸✳✸✮✳

❚❤+❡❡ ♣♦$$✐❜✐❧✐'✐❡$✿ '❤❡ ♣+❡$❡♥❝❡ ♦❢ ❛ ❉❍❈! $❡+✈❡+✱ ♠❛♥✉❛❧ ❝♦♥✜❣✉+❛'✐♦♥ ♦+ ❆✉'♦✲❛$$✐❣♥♠❡♥' ♦❢

❛♥ ■! ❛❞❞+❡$$✳ ❙'+❛'❡❣✐❡$ ❛♥❞ ❛❞❞+❡$$ +❛♥❣❡ +❡♠❛✐♥ '❤❡ $❛♠❡ ❛$ ❢♦+ ❩❡+♦❝♦♥❢✳

❆✳✶✳✷ ❙$❡♣ ✶✿ ❉✐-❝♦✈❡,② ✭❙❙❉*✮

❖♥❝❡ ❛♥ ■! ❛❞❞+❡$$ ✐$ ♦❜'❛✐♥❡❞ '❤❡ ✜+$' ❛❝'✉❛❧ ❯!♥! $'❡♣ ✐$ ❞✐$❝♦✈❡+②✳ ❯!♥! ✉$❡$ ❙❙❉! ✭❙✐♠✲

♣❧❡ ❙❡+✈✐❝❡ ❉✐$❝♦✈❡+② !+♦'♦❝♦❧✮ '♦ ❞✐$❝♦✈❡+ ❞❡✈✐❝❡$ ♦+ $❡+✈✐❝❡$✳ ❆ ✭❝♦♥'+♦❧❧❡❞✮ ❞❡✈✐❝❡ ❡♥'❡+✐♥❣

✶✸✾



❆♣♣❡♥❞✐① ❆✳ ❙❡)✈✐❝❡ ❞✐,❝♦✈❡)② ♣)♦/♦❝♦❧,

❛ ♥❡#✇♦&❦ ❛❞✈❡&#✐+❡+ ✐#+❡❧❢ ❛♥❞ #❤❡ ♣&♦♣♦+❡❞ +❡&✈✐❝❡+ ✈✐❛ ♠✉❧#✐❝❛+#✴❯❉6 ✉+✐♥❣ ❛♥ ❙❙❉6 ❛❞✈❡&✲

#✐+❡♠❡♥# ♠❡++❛❣❡ ✭❋✐❣✉&❡ ❆✳✷✮ #♦ #❤❡ ❝♦♥#&♦❧ ♣♦✐♥#+✳ ❚❤❡ ♦#❤❡& ✇❛② ❛&♦✉♥❞✱ ❛ ❝♦♥#&♦❧ ♣♦✐♥#

❡♥#❡&✐♥❣ ❛ ♥❡#✇♦&❦ +❡❛&❝❤❡+ ❢♦& +❡&✈✐❝❡+ ♦❢ ✐♥#❡&❡+# ✉+✐♥❣ ❛ +❡❛&❝❤ ♠❡++❛❣❡ ✭❋✐❣✉&❡ ❆✳✸✮✳ ❙❡❛&❝❤

#❛&❣❡# ❝❛♥ ❜❡ ❢&♦♠ ❛❧❧ +❡&✈✐❝❡+ ✧++❞♣✿❛❧❧✧ #♦ +♣❡❝✐✜❝ #②♣❡+ ♦❢ +❡&✈✐❝❡+ ❞❡✜♥❡❞ ❜② #❤❡ ❯6♥6 ❢♦&✉♠

✧✉&♥✿+❝❤❡♠❛+✲✉♣♥♣✲♦&❣✿+❡&✈✐❝❡✿+❡&✈✐❝❡❚②♣❡✿✈❡&✧ ♦& +♣❡❝✐✜❝ ✈❡♥❞♦& ❞❡✜♥❡❞ #②♣❡+ ✧✉&♥✿❞♦♠❛✐♥✲

♥❛♠❡✿❞❡✈✐❝❡✿❞❡✈✐❝❡❚②♣❡✿✈❡&✧✳ ▼❡++❛❣❡+ ❛&❡ +❡♥# ✐♥ ♠✉❧#✐❝❛+#✴❯❉6✳ ❆❧❧ ♠❛#❝❤✐♥❣ ❝♦♥#&♦❧❧❡❞

❞❡✈✐❝❡+ &❡+♣♦♥❞ #♦ #❤✐+ +❡❛&❝❤ I✉❡&② ✇✐#❤ ❛♥ ❙❙❉6 &❡+♣♦♥+❡ ✇❤✐❝❤ ❝♦♥#❛✐♥+ #❤❡ ▲♦❝❛#✐♦♥ ❯❘▲

❢♦& #❤❡ +❡&✈✐❝❡✳

NOTIFY * HTTP/1.1 

HOST: 239.255.255.250:1900 

CACHE-CONTROL: max-age = seconds until advertisement expires 

LOCATION: URL for UPnP description for root device 

NT: notification type 

NTS: ssdp:alive 

SERVER: OS/version UPnP/1.1 product/version 

USN: composite identifier for the advertisement 

BOOTID.UPNP.ORG: number increased each time device sends an initial announce or an update message 

CONFIGID.UPNP.ORG: number used for caching description information 

SEARCHPORT.UPNP.ORG: number identifies port on which device responds to unicast M-SEARCH

❋✐❣✉$❡ ❆✳✷✿ ❢♦$♠❛. ♦❢ ❛ ❙❙❉1 2❡$✈✐❝❡ ♥♦.✐✜❝❛.✐♦♥ ♠❡22❛❣❡✳ ❙❡$✈✐❝❡2 ❛$❡ ✐❞❡♥.✐✜❡❞ ❜② .❤❡✐$ ❯♥✐<✉❡

❙❡$✈✐❝❡ ◆❛♠❡ ✭❯❙◆✮✳

M-SEARCH * HTTP/1.1 

HOST: 239.255.255.250:1900  

MAN: "ssdp:discover" 

MX: seconds to delay response 

ST: search target 

USER-AGENT: OS/version UPnP/1.1 product/version

❋✐❣✉$❡ ❆✳✸✿ ❢♦$♠❛. ♦❢ ❛ ❙❙❉1 2❡❛$❝❤ ♠❡22❛❣❡✳ ❙❚ ✐2 2♣❡❝✐✜❡2 .❤❡ 2❡$✈✐❝❡ .②♣❡ .♦ ❞✐2❝♦✈❡$✳

❆✳✶✳✸ ❙%❡♣ ✷✿ ❉❡+❝-✐♣%✐♦♥

❆. .❤✐2 2.❛❣❡✱ .❤❡ ❝♦♥.$♦❧ ♣♦✐♥. ❞✐2❝♦✈❡$❡❞ .❤❡ 2❡$✈✐❝❡2 ♠❛.❝❤✐♥❣ ✐.2 $❡<✉❡2. ❜✉. ❞♦❡2 ♥♦. ❦♥♦✇

❤♦✇ .❤❡✐$ 2♣❡❝✐✜❝ ♦♣.✐♦♥2 ♦$ ❤♦✇ .♦ ✐♥.❡$❛❝. ✇✐.❤ .❤❡♠✳ ❚♦ ♦❜.❛✐♥ ❢✉$.❤❡$ ✐♥❢♦$♠❛.✐♦♥ ❛❜♦✉.

.❤❡ 2❡$✈✐❝❡✱ .❤❡ ❝♦♥.$♦❧ ♣♦✐♥. ✉2❡2 .❤❡ ❯❘▲ ♦❜.❛✐♥❡❞ ✐♥ .❤❡ $❡2♣♦♥2❡ ♠❡22❛❣❡ ❛♥❞ $❡.$✐❡✈❡2 ❛♥

❳▼▲ ❢♦$♠❛..❡❞ ✜❧❡ ✉2✐♥❣ ❍❚❚1 ❢$♦♠ .❤❡ ❞✐2.❛♥. ❞❡✈✐❝❡ ❤♦2.✐♥❣ .❤❡ 2❡$✈✐❝❡ ✭❋✐❣✉$❡ ❆✳✹✮✳ ❚❤❡

$❡.✉$♥❡❞ ❳▼▲ ✜❧❡ ♣$♦✈✐❞❡2 .❤❡ ♥❡❝❡22❛$② ✐♥❢♦$♠❛.✐♦♥ .♦ ✐♥.❡$❛❝. ✇✐.❤ .❤❡ ❞❡✈✐❝❡ ♦$ 2❡$✈✐❝❡✳

❋♦$♠❛.2 ♦❢ .❤❡ ❳▼▲ ❞❡2❝$✐♣.✐♦♥ ❢♦$ ❛ ❞❡✈✐❝❡ ❛♥❞ ❛ 2❡$✈✐❝❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❆♣♣❡♥❞✐① ❇✳

❆✳✶✳✹ ❙%❡♣ ✸✿ ❈♦♥%-♦❧

❚❤❡ ❝♦♥.$♦❧ ♣♦✐♥. ✐2 ♥♦✇ ❛✇❛$❡ ♦❢ .❤❡ ❞❡✈✐❝❡✴2❡$✈✐❝❡ ❝❛♣❛❜✐❧✐.✐❡2 ❛♥❞ .❤❡ ♥❡❝❡22❛$② ✐♥❢♦$♠❛.✐♦♥

.♦ ✉2❡ ❛♥❞ ❝♦♥.$♦❧ .❤❡ 2❡$✈✐❝❡✳ ❙✐♠✐❧❛$ .♦ ❛ $❡♠♦.❡ ♣$♦❝❡❞✉$❡ ❝❛❧❧✱ 2❡$✈✐❝❡2 ❛$❡ ❝♦♥.$♦❧❧❡❞ ✉2✐♥❣

.❤❡ ❙❖❆1

✸✾

♣$♦.♦❝♦❧✳ ▼❡22❛❣❡2 ❛$❡ .$❛♥2❢❡$$❡❞ ✈✐❛ ❍❚❚1 ♦✈❡$ ❚❈1 ♦✈❡$ ■1✳ ❙❖❆1 ❞❡✜♥❡2 .❤❡

✉2❡ ♦❢ ❳▼▲ ❛♥❞ ❍❚❚1 ❢♦$ $❡♠♦.❡ ♣$♦❝❡❞✉$❡ ❝❛❧❧2✳ ❛♥❞ ❯1♥1 ✶✳✶ ✉2❡2 ❍❚❚1 .♦ ❞❡❧✐✈❡$ ❙❖❆1

✶✳✶ ❡♥❝♦❞❡❞ ❝♦♥.$♦❧ ♠❡22❛❣❡2 .♦ ❞❡✈✐❝❡2 ❛♥❞ $❡.✉$♥ $❡2✉❧.2 ♦$ ❡$$♦$2 ❜❛❝❦ .♦ ❝♦♥.$♦❧ ♣♦✐♥.2✳

✸✾

❙✐♠♣❧❡ ❖❜❥❡❝* ❆❝❝❡,, -.♦*♦❝♦❧❬❙✐♠♣ ✵✵❪

✶✹✵



❆✳✷✳ ❏✐♥✐

GET service URL HTTP/1.1

HOST: hostname:portNumber

ACCEPT-LANGUAGE: language preferred by control point

HTTP/1.1 200 OK

CONTENT-LANGUAGE: language used in description

CONTENT-LENGTH: bytes in body

CONTENT-TYPE: text/xml; charset="utf-8"

DATE: when responded

Body (XML Service description)

HTTP  URL retrieval

HTTP  response containing XML description

Control Point Controlled device

❋✐❣✉$❡ ❆✳✹✿ ❯+♥+ -❡$✈✐❝❡ ❞❡-❝$✐♣2✐♦♥ $❡2$✐❡✈❛❧✳

❆✳✶✳✺ ❙%❡♣ ✹✿ ❊✈❡♥%✐♥❣

■♥ ♦$❞❡$ 2♦ $❡❝❡✐✈❡ -2❛2❡ ✐♥❢♦$♠❛2✐♦♥ ❢♦$ -❡$✈✐❝❡- ♦❢ ✐♥2❡$❡-2 ♦$ ❝✉$$❡♥2❧② ✉-❡❞✱ ❝♦♥2$♦❧ ♣♦✐♥2- ❝❛♥

-✉❜-❝$✐❜❡ 2♦ ❡✈❡♥2-✱ ✉-✐♥❣ ❛ -✉❜-❝$✐❜❡ ♠❡--❛❣❡✱ ♦♥ ❝♦♥2$♦❧❧❡❞ ❞❡✈✐❝❡-✳ ❊❛❝❤ 2✐♠❡ 2❤❡ -2❛2❡ ♦♥ ❛

❝♦♥2$♦❧❧❡❞ ❞❡✈✐❝❡ ❝❤❛♥❣❡-✱ $❡❣❛$❞❧❡-- 2❤❡ $❡❛-♦♥ ♦❢ 2❤❡ ❝❤❛♥❣❡ ✭❡✳❣✳ $❡-♣♦♥-❡ 2♦ ❛♥ ❛❝2✐♦♥✱ $✉♥♥✐♥❣

-❡$✈✐❝❡ ❡✈♦❧✉2✐♦♥✮✱ ✐2 ♥♦2✐✜❡- 2❤❡ ♥❡✇ -2❛2❡ ✐♥❢♦$♠❛2✐♦♥ ✐♥ ❛♥ ❡✈❡♥2 ♠❡--❛❣❡✳ ❊✈❡♥2 ♠❡--❛❣❡-

❝♦♥2❛✐♥ 2❤❡ ♥❛♠❡- ♦❢ ♦♥❡ ♦$ ♠♦$❡ -2❛2❡ ✈❛$✐❛❜❧❡- ❛♥❞ 2❤❡ ❝✉$$❡♥2 ✈❛❧✉❡ ♦❢ 2❤♦-❡ ✈❛$✐❛❜❧❡- ❡①♣$❡--❡❞

✐♥ ❳▼▲✳ ❊✈❡♥2✐♥❣ ♠❡--❛❣❡- ❝❛♥ ❜❡ -❡♥2 ♦✈❡$ ❚❈+ ✐♥ ✉♥✐❝❛-2✱ ❛- ❢♦✉♥❞ ✐♥ ❯+♥+ ✶✳✵✱ ♦$ ♦✈❡$

❯❉+ ✐♥ ♠✉❧2✐❝❛-2 2♦ $❡❛❝❤ ♠✉❧2✐♣❧❡ ❝♦♥2$♦❧ ♣♦✐♥2- ✇✐2❤ ♦♥❡ ♠❡--❛❣❡✳

❆✳✶✳✻ ❙%❡♣ ✺✿ 01❡2❡♥%❛%✐♦♥

❚❤❡ ✐♥✐2✐❛❧ -❡$✈✐❝❡ ❞✐-❝♦✈❡$② $❡-♣♦♥-❡✱ ❛❞❞✐2✐♦♥❛❧❧② 2♦ 2❤❡ -❡$✈✐❝❡ ❯❘▲✱ ♠❛② ❝♦♥2❛✐♥ ❛ ✧+$❡-❡♥✲

2❛2✐♦♥ ❯❘▲✧✳ ❚❤✐- ✉$❧ ✐- -✐♠♣❧② 2❤❡ ❯❘▲ ♦❢ ❛♥ ❍❚▼▲ ♣❛❣❡ 2❤❛2 ❝❛♥ ❜❡ $❡2$✐❡✈❡❞✳ ❚❤❡ ❝♦♥2❡♥2

♦❢ 2❤✐- ♣$❡-❡♥2❛2✐♦♥ ♣❛❣❡ ✐- ❝♦♠♣❧❡2❡❧② ✈❡♥❞♦$ -♣❡❝✐✜❝✳ ❚❤❡ ❞❡❣$❡❡- 2♦ ✇❤✐❝❤ ❛ ❝♦♥2$♦❧ ♣♦✐♥2 ✐-

❛❜❧❡ 2♦ ❞✐-♣❧❛② 2❤❡ ♣$❡-❡♥2❛2✐♦♥ ♣❛❣❡ ❞❡♣❡♥❞ ♦♥ ✐2- ❝❛♣❛❜✐❧✐2✐❡-✳ ❚❤❡ ♣❛❣❡ ♠✉-2 ❜❡ ❛♥ ❍❚▼▲

♣❛❣❡ ❛♥❞ ✐2 ✐- $❡❝♦♠♠❡♥❞❡❞ 2♦ ❜❡ ❜❛-❡❞ ✉♣♦♥ ❳❍❚▼▲✲❇❛-✐❝✳

❆✳✷ ❏✐♥✐

❏✐♥✐ ✐- ♦♥❡ ♦❢ 2❤❡ ♠❛✐♥ -❡$✈✐❝❡ ❞✐-❝♦✈❡$② ♣$♦2♦❝♦❧- 2❤❛2 ✇❤❡$❡ ✇✐❞❡❧② ❞❡♣❧♦②❡❞ ❛♥❞ ✉-❡❞✳ ❆❧-♦✱

❏✐♥✐ ❤❛- ❛ ✈❡$② ❞✐✛❡$❡♥2 ❛♣♣$♦❛❝❤ ❝♦♠♣❛$❡❞ 2♦ ❩❡$♦❝♦♥❢ ♦$ ❯+♥+ ❜② ✉-✐♥❣ ❘▼■ ❛♥❞ 2❤❡ ❏❛✈❛

❡♥✈✐$♦♥♠❡♥2✳ ❋♦$ 2❤❡-❡ $❡❛-♦♥- ✇❡ ❞❡-❝$✐❜❡ 2❤❡ -❡$✈✐❝❡ ♦♣❡$❛2✐♦♥- ✐♥ ❞❡2❛✐❧✳ ❏✐♥✐ ❞✐-2✐♥❣✉✐-❤❡- ✸

2②♣❡- ♦❢ ❡♥2✐2✐❡-✿

• ❚❤❡ ❏✐♥✐ ❈❧✐❡♥2✿ ❡♥2✐2② ✉-✐♥❣ ❛ -❡$✈✐❝❡✳

• ❚❤❡ ❏✐♥✐ ❙❡$✈✐❝❡✿ ❡♥2✐2② 2❤❛2 ♣$♦✈✐❞❡- 2❤❡ -❡$✈✐❝❡✳

• ❚❤❡ ❏✐♥✐ ▲♦♦❦✉♣ ❙❡$✈✐❝❡✿ ❡♥2✐2② 2❤❛2 ♣$♦✈✐❞❡- 2❤❡ ✐♥❢♦$♠❛2✐♦♥ ❛❜♦✉2 -❡$✈✐❝❡- ✐♥ 2❤❡ ♥❡2✇♦$❦
✭❞✐$❡❝2♦$②✮

❋♦❧❧♦✇✐♥❣ -❡❝2✐♦♥- -❤♦✇ 2❤❡ ♣$♦❝❡-- ♦❢ ❞✐-❝♦✈❡$②✱ ❥♦✐♥ ❛♥❞ ❧♦♦❦✉♣ ❢♦$ ❛ ❝❧✐❡♥2 ❛♥❞ ❛ -❡$✈✐❝❡

❬❖❧✐✈ ✵✵❪✳

✶✹✶



❆♣♣❡♥❞✐① ❆✳ ❙❡)✈✐❝❡ ❞✐,❝♦✈❡)② ♣)♦/♦❝♦❧,

❆✳✷✳✶ ❙❡&✈✐❝❡ ✐♥+❡&❛❝+✐♦♥. ✇✐+❤ ▲♦♦❦✉♣ ❙❡&✈✐❝❡

❚❤❡ ❢♦❧❧♦✇✐♥❣ ✹ +,❡♣+ +❤♦✇ ,❤❡ ✐♥,❡.❛❝,✐♦♥+ ❜❡,✇❡❡♥ ❛ ❏✐♥✐ ❡♥❛❜❧❡❞ +❡.✈✐❝❡ ❡♥,❡.✐♥❣ ❛ ♥❡,✇♦.❦

❛♥❞ ❛ ❧♦♦❦✉♣ +❡.✈✐❝❡✳

✶✮ ❆ ❏✐♥✐ ▲♦♦❦✉♣ ❙❡.✈❡. ✐+ +❡, ✉♣ ♦♥ ,❤❡

♥❡,✇♦.❦✳

Jini Lookup Service

Jini Lookup Service

Jini Enable Service

Mutlicast Discovery Message

✷✮ ❯♣♦♥ ❛..✐✈❛❧ ♦♥ ,❤❡ ♥❡,✇♦.❦ ,❤❡ ❏✐♥✐

❙❡.✈✐❝❡ +❡♥❞+ ❛ ♠✉❧,✐❝❛+, ▲♦♦❦✉♣ ❉✐+❝♦✈❡.②

♠❡++❛❣❡✳

✸✮ ❆♥② ❏✐♥✐ ▲♦♦❦✉♣ ❙❡.✈❡. ✐♥ .❛♥❣❡ ♦❢ ,❤❛,

♠✉❧,✐❝❛+, ♠❡++❛❣❡ .❡+♣♦♥❞+ ,♦ ,❤❡ +❡.✈✐❝❡

✇✐,❤ ❛ ✉♥✐❝❛+, ♠❡++❛❣❡ ❝♦♥,❛✐♥✐♥❣ ❛ ♣.♦①②

,♦ ❝♦♥♥❡❝, ,♦ ✐,+❡❧❢✳

Lookup Service proxy

Jini Lookup Service

Jini Enable Service

Lookup Proxy

Service proxy

Jini Lookup Service

Jini Enable Service

Service Proxy

✹✮ ❚❤❡ %❡&✈✐❝❡ ❥♦✐♥% -❤❡ ❏✐♥✐ ▲♦♦❦✉♣ ❙❡&✈✐❝❡

❜② %❡♥❞✐♥❣ ❜❛❝❦ ❛ ✉♥✐❝❛%- &❡❣✐%-&❛-✐♦♥ ♠❡%✲

%❛❣❡ ✉%✐♥❣ -❤❡ ▲♦♦❦✉♣ ♣&♦①②✳ ❚❤❡ ♠❡%%❛❣❡

❝♦♥-❛✐♥% ❛ ❙❡&✈✐❝❡ =&♦①② ♣♦✐♥-✐♥❣ -♦ -❤❡

❥♦✐♥✐♥❣ %❡&✈✐❝❡✳ ❆ ❝♦♣② ♦❢ -❤❛- ♣&♦①② ✐% ❧❛-❡&

♦♥ %❡♥- -♦ ❏✐♥✐ ❝❧✐❡♥-% %♦ -❤❡② ❝❛♥ &❡❛❝❤ -❤❡

%❡&✈✐❝❡ ❞✐&❡❝-❧②✳ ❆❞❞✐-✐♦♥❛❧❧② -♦ -❤❡ ♣&♦①②✱

-❤❡ &❡❣✐%-&❛-✐♦♥ ♠❡%%❛❣❡ ❛❧%♦ ❝♦♥-❛✐♥% -❤❡

%❡&✈✐❝❡ ❛--&✐❜✉-❡% ✭❡✳❣✳ ❤✉♠❛♥ &❡❛❞❛❜❧❡ ❞❡✲

%❝&✐♣-✐♦♥✱ ♣❤②%✐❝❛❧ ❧♦❝❛-✐♦♥✮✳

❆✳✷✳✷ ❈❧✐❡♥( ✐♥(❡)❛❝(✐♦♥- ✇✐(❤ ▲♦♦❦✉♣ ❙❡)✈✐❝❡ ❛♥❞ ❏✐♥✐ ❙❡)✈✐❝❡

❙-❡♣% ✶ -♦ ✸ ❛&❡ -❤❡ %❛♠❡ ❢♦& -❤❡ ❏✐♥✐ ❈❧✐❡♥- %✐❞❡ -♦ ❞✐%❝♦✈❡& -❤❡ ❧♦♦❦✉♣ %❡&✈✐❝❡ ♦♥ -❤❡ ♥❡-✇♦&❦

❛♥❞ ♦❜-❛✐♥ ✐-% ❧♦♦❦✉♣ ♣&♦①②✳ ❋♦❧❧♦✇✐♥❣ %-❡♣% %❤♦✇ -❤❡ ✐♥-❡&❛❝-✐♦♥% ❢&♦♠ %❡&✈✐❝❡ ❞✐%❝♦✈❡&② -♦
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Jini Lookup Service

Jini Enable Service

Service Proxy

Jini Enable Client

Lookup Proxy

Lookup proxy

Jini Lookup Service

Jini Enable Service

Service Proxy

Jini Enable Client

Available Services
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Jini Lookup Service

Jini Enable Service

Service Proxy

Jini Enable Client

Service proxy

Service Proxy

Jini Lookup Service

Jini Enable Service

Service Proxy

Jini Enable Client

exchange

Service Proxy
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<?xml version="1.0"?>

<root xmlns="urn:schemas-upnp-org:device-1-0"

 configId="configuration number">

          <specVersion>

<major>1</major>

<minor>1</minor>

          </specVersion>

<device>

<deviceType>urn:schemas-upnp-org:device:deviceType:v</deviceType>

<friendlyName>short user-friendly title</friendlyName>

<manufacturer>manufacturer name</manufacturer>

<manufacturerURL>URL to manufacturer site</manufacturerURL>

<modelDescription>long user-friendly title</modelDescription>

<modelName>model name</modelName>

<modelNumber>model number</modelNumber>

<modelURL>URL to model site</modelURL>

<serialNumber>manufacturer's serial number</serialNumber>

<UDN>uuid:UUID</UDN>

<UPC>Universal Product Code</UPC>

<iconList>

         <icon>

<mimetype>image/format</mimetype>

<width>horizontal pixels</width>

<height>vertical pixels</height>

<depth>color depth</depth>

<url>URL to icon</url>

         </icon>

         <!-- XML to declare other icons, if any, go here -->

</iconList>

<serviceList>

         <service>

<serviceType>urn:schemas-upnp-org:service:serviceType:v</serviceType>

<serviceId>urn:upnp-org:serviceId:serviceID</serviceId>

<SCPDURL>URL to service description</SCPDURL>

<controlURL>URL for control</controlURL>

<eventSubURL>URL for eventing</eventSubURL>

         </service>

         <!-- Declarations for other services defined by a UPnP Forum working committee

            (if any) go here -->

         <!-- Declarations for other services added by UPnP vendor (if any) go here -->

         </serviceList>

         <deviceList>

         <!-- Description of embedded devices defined by a UPnP Forum working committee

            (if any) go here -->

         <!-- Description of embedded devices added by UPnP vendor (if any) go here -->

         </deviceList>

         <presentationURL>URL for presentation</presentationURL>

  </device>

</root>

❋✐❣✉$❡ ❇✳✶✿ ❯+♥+ ❞❡✈✐❝❡ ❞❡0❝$✐♣2✐♦♥ ❢♦$♠❛2✳
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<?xml version="1.0"?>

<scpd

  xmlns="urn:schemas-upnp-org:service-1-0"

  xmlns:dt1="urn:domain-name:more-datatypes"

  <!-- Declarations for other namespaces added by UPnP Forum working committee (if any) go

         here -->

  <!-- The value of the attribute must remain as defined by the UPnP Forum working committee.

         -->

  xmlns:dt2="urn:domain-name:vendor-datatypes"

  <!-- Declarations for other namespaces added by UPnP vendor (if any) go here -->

  <!-- Vendors must change the URN’s domain-name to a Vendor Domain Name -->

  <!-- Vendors must change vendor-datatypes to reference a vendor-defined namespace -->

  configId="configuration number">

    <specVersion>

<major>1</major>

 <minor>1</minor>

    </specVersion>

    <actionList>

<action>

    <name>actionName</name>

    <argumentList>

<argument>

    <name>argumentNameIn1</name>

    <direction>in</direction>

    <relatedStateVariable>stateVariableName</relatedStateVariable>

</argument>

<!-- Declarations for other IN arguments defined by UPnP Forum working

       Committee (if any) go here -->

<argument>

    <name>argumentNameOut1</name>

    <direction>out</direction>

    <retval/>

    <relatedStateVariable>stateVariableName</relatedStateVariable>

</argument>

<argument>

    <name>argumentNameOut2</name>

    <direction>out</direction>

    <relatedStateVariable>stateVariableName</relatedStateVariable>

</argument>

<!-- Declarations for other OUT arguments defined by UPnP Forum working

       committee (if any) go here -->

</argumentList>

</action>

<!-- Declarations for other actions defined by UPnP Forum working committee

   (if any)go here -->

<!-- Declarations for other actions added by UPnP vendor (if any) go here -->

    </actionList>

    <serviceStateTable>

<stateVariable sendEvents="yes"|"no" multicast="yes"|"no">

    <name>variableName</name>

    <dataType>basic data type</dataType>

    <defaultValue>default value</defaultValue>

    <allowedValueRange>

    <minimum>minimum value</minimum>

    <maximum>maximum value</maximum>

    <step>increment value</step>

    </allowedValueRange>

</stateVariable>

<stateVariable sendEvents="yes"|"no" multicast="yes"|"no">

    <name>variableName</name>

    <dataType type="dt1:variable data type">string</dataType>

    <defaultValue>default value</defaultValue>

    <allowedValueList>

<allowedValue>enumerated value</allowedValue>

<!-- Other allowed values defined by UPnP Forum working committee

     (if any) go here -->

<!-- Other allowed values defined by vendor (if any) go here -->

    </allowedValueList>

</stateVariable>

<stateVariable sendEvents="yes"|"no" multicast="yes"|"no">

    <name>variableName</name>

    <dataType type="dt2:vendor data type">string</dataType>

    <defaultValue>default value</defaultValue>

</stateVariable>

<!-- Declarations for other state variables defined by UPnP Forum working committee

     (if any) go here -->

<!-- Declarations for other state variables added by UPnP vendor (if any) go here -->

    </serviceStateTable>

</scpd>
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■♥ ❛❞❞✐%✐♦♥ %♦ ❛✈❛✐❧❛❜❧❡ ✈✐+✉❛❧✐③❛%✐♦♥ ♦❢ +✐♠✉❧❛%♦0+ %❤❛% ✉+✉❛❧❧② +❤♦✇ %❤❡ ♥♦❞❡+ ♠♦✈✐♥❣ ♦♥ %❤❡

+✐♠✉❧❛%✐♦♥ ✜❡❧❞ ❛ ♠♦0❡ %♦♣♦❧♦❣✐❝❛❧ ✈✐❡✇ ❝❛♥ ❜❡ ✈❡0② ✉+❡❢✉❧✳ ●0❛♣❤ ✈✐+✉❛❧✐③❛%✐♦♥ ✐+ ♥♦% ♦♥❧②

✉+❡❢✉❧ %♦ 0❡♣0❡+❡♥% %❤❡ ♥❡%✇♦0❦ %♦♣♦❧♦❣② ✐%+❡❧❢ ❜✉% ❛❧+♦ %❤❡ ♣0♦%♦❝♦❧ ✐♥%❡0❛❝%✐♦♥+✱ %❤❡ ❞✐✛❡0❡♥%

❤✐❡0❛0❝❤✐❝❛❧ ✈✐❡✇+ ✭❡✳❣✳ ❝❧✉+%❡0 ✈✐❡✇✮✱ %❤❡ ♠❡++❛❣❡ ✢♦✇+ ♦0 ❛♥② ♦%❤❡0 ✐♥%❡0❡+%✐♥❣ ❞❛%❛ ❛❜♦✉% %❤❡
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Graph g {

"node 1" -- "node 9";

"node 1" -- "node 8";

"node 8" -- "node 7";

"node 9" -- "node 7";

"node 8" -- "node 5";

"node 8" -- "node 3";

"node 9" -- "node 2";

}
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✐♥0❡$❛❝0✐♦♥-✿ ❛ ♥♦❞❡ ❝❛♥ ♦♥❧② ❜❡ ♠♦✈❡❞ 0♦ ❛ ❣✐✈❡♥ ❧♦❝❛0✐♦♥ ❛♥❞ ♦♥❝❡ ✐0- ♠♦✈❡♠❡♥0 -0❛$0❡❞ ✐0 ❝❛♥

♥♦0 ❜❡ ✐♥0❡$$✉♣0❡❞ ♦$ ❝❤❛♥❣❡❞ ✉♥0✐❧ 0❤❡ ♥♦❞❡ ❛$$✐✈❡- ❛0 ❞❡-0✐♥❛0✐♦♥✳ ❚♦ ♣$♦✈✐❞❡ ♠♦$❡ ✢❡①✐❜❧❡

♠♦✈❡♠❡♥0 ❝♦♥0$♦❧- ✐♥ 0❤❡ ❝❧✐❝❦ ❛♥❞ ♣❧❛② ♠♦❞❡✱ ✇❡ ❛❞❞ ❢♦❧❧♦✇✐♥❣ ❢❡❛0✉$❡-✿

• ❚❤❡ ❛❜✐❧✐0② 0♦ ✐♥0❡$$✉♣0 ♥♦❞❡- ❞✉$✐♥❣ 0❤❡✐$ ♠♦✈❡♠❡♥0✳

• ❙❡❧❡❝0 ♥♦❞❡- ✇✐0❤ ❧❡❢0 ❝❧✐❝❦ ❛♥❞ ❞❡✲-❡❧❡❝0 ♥♦❞❡- ✇✐0❤ $✐❣❤0 ❝❧✐❝❦✳

• K$❡--✐♥❣ -❤✐❢0 ✇❤✐❧❡ -❡❧❡❝0✐♥❣ ❛ ❞❡-0✐♥❛0✐♦♥ ♠♦✈❡- 0❤❡ ♥♦❞❡ )♦✇❛1❞+ 0❤❡ ❞❡-0✐♥❛0✐♦♥✳ ❚❤❡
♥♦❞❡- ♠♦✈❡- ✐♥ 0❤❡ ❞✐$❡❝0✐♦♥ ❣✐✈❡♥ ❜② 0❤❡ ✈❡❝0♦$ ❜❡0✇❡❡♥ 0❤❡ ✐♥✐0✐❛❧ ❝♦♦$❞✐♥❛0❡ ❛♥❞ 0❤❡

❝❧✐❝❦❡❞ ♣♦-✐0✐♦♥✳ ❚❤❡ ♥♦❞❡ 0❤❡♥ ♦♥❧② -0♦♣- ✉♥0✐❧ ✐0 $❡❛❝❤❡- 0❤❡ ❜♦$❞❡$ ♦❢ 0❤❡ -✐♠✉❧❛0✐♦♥

❛$❡❛✳

• ▼✐❞❞❧❡✲❝❧✐❝❦ ✇❤✐❧❡ ❛ ♥♦❞❡ ✐- ✐♥ ♠♦✈❡♠❡♥0 -0♦♣- 0❤❡ ♥♦❞❡ ❢$♦♠ ♠♦✈✐♥❣✳

❚❤❡ ♥❡✇ ♠♦❜✐❧✐0② -♦✉$❝❡ ❆❞✈❛♥❝❡❞❴❈❧✐❝❦❆♥❞7❧❛②▼♦❜✐❧✐)②❙♦✉1❝❡

✹✶

✱ ♣$♦✈✐❞❡- 0❤♦-❡ ❢❡❛0✉$❡-

❜② ❝❤❛♥❣✐♥❣ 0❤❡ ✇❛② 0❤❡ ♠♦✈❡♠❡♥0 ❛$❡ ✐♥0❡$♥❛❧❧② ❡①❡❝✉0❡❞✳ ■♥ 0❤❡ ♦$✐❣✐♥❛❧ ❈❧✐❝❦❆♥❞7❧❛②▼♦❜✐❧✐✲

)②❙♦✉1❝❡❙✐♠♣❧❡ ❛ ♠♦✈❡♠❡♥0 ✐- ❝♦♠♣♦-❡❞ ♦❢ 0❤❡ ✐♥✐0✐❛❧ ♣♦-✐0✐♦♥✱ 0❤❡ ❞❡-0✐♥❛0✐♦♥ ♣♦-✐0✐♦♥ ❛♥❞ 0❤❡

♥♦❞❡✬- -♣❡❡❞✳ ❖♥❝❡ 0❤❡ ♠♦✈❡♠❡♥0- ✐- ❡①❡❝✉0❡❞ ✐♥0❡$♥❛❧❧② ❜② ❏❆◆❊ ✐0 ❝❛♥♥♦0 ❜❡ ✐♥0❡$$✉♣0❡❞ ✉♥0✐❧

0❤❡ ♥♦❞❡ ❤❛- $❡❛❝❤❡❞ 0❤❡ ❞❡-0✐♥❛0✐♦♥ ♣♦-✐0✐♦♥✳ ❚♦ ❜❡ ❛❜❧❡ 0♦ ✐♥0❡$$✉♣0 ❛ ♠♦✈❡♠❡♥0 ❛♥❞ ❝❤❛♥❣❡

0❤❡ ❞❡-0✐♥❛0✐♦♥✱ ♦✉$ ❆❞✈❛♥❝❡❞❴❈❧✐❝❦❆♥❞7❧❛②❙✐♠✉❧❛)✐♦♥❋1❛♠❡✮ ✐♠♣❧❡♠❡♥0❛0✐♦♥ -♣❧✐0- 0❤❡ ✐♥✐0✐❛❧

♠♦✈❡♠❡♥0 ✐♥0♦ -❡✈❡$❛❧ -♠❛❧❧❡$ -0❡♣-✳ ❚❤❡ ✐♥✐0✐❛❧ ❞✐-0❛♥❝❡ ✐- 0❤❡♥ ❞✐✈✐❞❡❞ ✐♥0♦ s -0❡♣- ❣✐✈❡♥ ❜②
0❤❡ ❢♦❧❧♦✇✐♥❣✿

✹✶

❝♦♠♣♦$❡❞ ♦❢ (✇♦ ❝❧❛$$❡$✿ (❤❡ ❆❞✈❛♥❝❡❞❴❈❧✐❝❦❆♥❞,❧❛②▼♦❜✐❧✐1②❙♦✉4❝❡ ❛♥❞ (❤❡ ❆❞✲

✈❛♥❝❡❞❴❈❧✐❝❦❆♥❞,❧❛②❙✐♠✉❧❛1✐♦♥❋4❛♠❡

✶✺✶



❆♣♣❡♥❞✐① ❈✳ ❘❡*❡❛,❝❤ /♦♦❧*

s =
1

(distance(intit❴pos, dest❴pos))/node❴speed

❋♦# ❡①❛♠♣❧❡✱ ❛♥ ✐♥✐-✐❛❧ ♣♦.✐-✐♦♥ ♦❢ x, y = 100, 100 ❛♥❞ ❛ ❞❡.-✐♥❛-✐♦♥ 200, 100 ✭distance(init, dest) =
100✮ ✇✐-❤ ❛ .♣❡❡❞ ♦❢ ✷✵ ✉♥✐-.✴♣❡# .❡❝♦♥❞ ❞✐✈✐❞❡. -❤❡ ✶✵✵ ✉♥✐- ❞✐.-❛♥❝❡ ✐♥-♦ ✶✵ .-❡♣. ♦❢ ✶✵ ✉♥✐-.
❡❛❝❤✳ ❆- ❡❛❝❤ ♦❢ -❤❡.❡ .-❡♣.✱ -❤❡ ♠♦✈❡♠❡♥- ❝❛♥ ❜❡ ✐♥-❡##✉♣-❡❞ ❛♥❞ ❛ ♥❡✇ ❞❡.-✐♥❛-✐♦♥ ❝❛♥ ❜❡

❛..✐❣♥❡❞ ✇❤❡#❡ ♥❡✇ .-❡♣. ❛#❡ ❝♦♠♣✉-❡❞✳

❈✳✷✳✷ ▼♦❜✐❧✐(② *❝❡♥❛/✐♦*

❇❡❢♦#❡ -❤❡ ❆❆✹▼▼ ❢#❛♠❡✇♦#❦ ✇❛. ❛✈❛✐❧❛❜❧❡✱ ✇❡ ✐♠♣❧❡♠❡♥-❡❞ ❛ ✜#.- ✈❡#.✐♦♥ ♦❢ ❛ .✐♠✉❧❛-✐♦♥

❡①-❡#♥❛❧❧② ❝♦♥-#♦❧❧❡❞ ❜② ❛♥ ♦-❤❡# .✐♠✉❧❛-♦# ♣#♦✈✐❞✐♥❣ ♠♦❜✐❧✐-② ♣❛--❡#♥. ✭❋✐❣✉#❡ ❈✳✹✮✳ ❆. ♠♦❜✐❧✐-②

.✐♠✉❧❛-♦# ✇❡ ✉.❡❞ -❤❡ ❙✐♠❜❛❞ .✐♠✉❧❛-♦# ❬.✐♠❜❛❞❪ ❬❍✉❣✉ ✵✻❪✳ ❙✐♠❜❛❞ ✐. ❛ ❥❛✈❛ ✸❞ #♦❜♦- .✐♠✉❧❛-♦#

-❤❛- ✇❛. ❦❡♣- ✈♦❧✉♥-❛#✐❧② .✐♠♣❧❡✳ ❚❤❡ .✐♠✉❧❛-✐♦♥ ❤❛. ❛♥ ❡♥✈✐#♦♥♠❡♥- ✇❤❡#❡ ♦❜❥❡❝-.✱ .✉❝❤ ❛.

✇❛❧❧.✱ ❝❛♥ ❜❡ ♣❧❛❝❡❞✳ ❚❤❡ #♦❜♦-. ♦♣❡#❛-❡ ✐♥.✐❞❡ -❤✐. .✐♠✉❧❛-✐♦♥ ❛#❡❛ ❛♥❞ ❛#❡ ❡O✉✐♣♣❡❞ ✇✐-❤

.❡♥.♦#. ✭❡✳❣✳ ✈✐.♦♥ .❡♥.♦#.✱ #❛♥❣❡ .❡♥.♦#.✱ ❝♦♥-❛❝- ❙❡♥.♦#✮✳ ❘♦❜♦-. ❝❛♥ ❤❛✈❡ .✐♠♣❧❡ ❜❡❤❛✈✐♦#.✱

✉.✐♥❣ -❤✐. .❡♥.♦# ✐♥❢♦#♠❛-✐♦♥✱ ❛♥❞ ❛❞❛♣- -❤❡✐# ♠♦✈❡♠❡♥- -♦ -❤❡ ❡♥✈✐#♦♥♠❡♥- ✭❡✳❣✳ ❜② ❛✈♦✐❞✐♥❣

✇❛❧❧. ♦# ♦-❤❡# #♦❜♦-.✮✳

❚♦ ❧✐♥❦ -❤❡ ❏❆◆❊ .✐♠✉❧❛-♦# ✇✐-❤ -❤❡ ❙✐♠❜❛❞ .✐♠✉❧❛-♦# -♦❣❡-❤❡# ✇❡ ❝#❡❛-❡❞ ❛ ♥❡✇ ♠♦❜✐❧✲

✐-② ♠♦❞❡❧ ✐♥ ❏❆◆❊ ♥❛♠❡❞ ❆❲❘❴❘♦❜♦/▼♦❜✐❧✐/②❙♦✉,❝❡❙✐♠♣❧❡✳ ❚❤❡ ❝♦♥♥❡❝-✐♦♥ ❜❡-✇❡❡♥ -❤❡ -✇♦

.✐♠✉❧❛-♦#. ✐. .✐♠♣❧❡✱ ❡❛❝❤ -✐♠❡ ❏❆◆❊ ❛✇❛✐-. ❛ ♥❡✇ ♣♦.✐-✐♦♥ ❢♦# ❛ ❣✐✈❡♥ ❞❡✈✐❝❡ ✐♥ -❤❡ ♥❡-✇♦#❦

.✐♠✉❧❛-✐♦♥

✹✷

✱ -❤❡ ❙✐♠❜❛❞ .✐♠✉❧❛-♦# ✐. O✉❡#✐❡❞ ❢♦# -❤❡ ♣♦.✐-✐♦♥ ♦❢ -❤❡ ❞❡✈✐❝❡ ❛- -❤❡ #♦❜♦- .✐♠✉✲

❧❛-✐♦♥✳ ❆. ❛ ❝♦♥.❡O✉❡♥❝❡✱ -❤❡ ♥♦❞❡. ✐♥ -❤❡ ❏❆◆❊ .✐♠✉❧❛-♦# ♦❜-❛✐♥ -❤❡✐# ♣♦.✐-✐♦♥ ❞✐#❡❝-❧② ❢#♦♠

❙✐♠❜❛❞✳ ❍♦✇❡✈❡#✱ -❤❡ ❙✐♠❜❛❞ .✐♠✉❧❛-✐♦♥ -✐♠❡ ✐. ♥♦- .-#♦♥❣❧② ❝♦♥♥❡❝-❡❞ ♦# .②♥❝❤#♦♥✐③❡❞ ✇✐-❤

-❤❡ ❏❆◆❊ .✐♠✉❧❛-✐♦♥ -✐♠❡✳ ❚❤❡#❡❢♦#✱ ✐❢ ♦♥❡ ♦❢ ❜♦-❤ .✐♠✉❧❛-♦#. ✐. ✉♥❞❡# ❤❡❛✈② ❝♦♠♣✉-❛-✐♦♥✱ ✐-

♠✐❣❤- ❤❛♣♣❡♥ -❤❛- -❤❡✐# -✐♠❡ ✈❛❧✉❡. ❣❡- ♦✉- ♦❢ .②♥❝❤#♦♥✐③❛-✐♦♥✳ ❏❆◆❊ -❛❦❡. -❤❡ ❝✉##❡♥- ♣♦.✐-✐♦♥

♦❢ -❤❡ ❣✐✈❡♥ ❞❡✈✐❝❡✱ #❡❣❛#❞❧❡.. -❤❡ -✐♠❡ ✈❛❧✉❡.✳ ❚❤✐. -✐♠❡# ✐..✉❡ ✐. ♦♥❡ ♦❢ -❤❡ ❝♦♥-#✐❜✉-✐♦♥ -❤❛-

✐. .♦❧✈❡❞ ✐♥ ❈❤❛♣-❡# ✺ ❜② -❤❡ ❆❆✹▼▼ ❢#❛♠❡✇♦#❦✳

❈✳✷✳✸ ❱✐*✉❛❧✐③❛(✐♦♥ ♣❛♥❡ ✇✐(❤ ❏✉♥❣

❉✉#✐♥❣ -❤❡ ❞❡.✐❣♥ ❛♥❞ ❞❡❜✉❣❣✐♥❣ ♦❢ ❛ ♣#♦-♦❝♦❧✱ ♦♥❡ ♠✉.- ♦❢-❡♥ #❡❛❞ -❤❡ ✐♥❢♦#♠❛-✐♦♥ ❝♦♥-❛✐♥❡❞ ❛-

❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ♥♦❞❡ -♦ ❝♦♠♣#❡❤❡♥❞ -❤❡ ♣#♦❜❧❡♠ ♦# ❜❡❤❛✈✐♦# ❝♦##❡❝-❧②✳ ■♥ ❏❆◆❊ ❤♦✇❡✈❡#✱ ❡①❝❡♣-

❢♦# ❛ ❝♦♥.♦❧❡ ♦✉-♣✉-✱ -❤❡#❡ ✐. ♥♦ .✉❝❤ ❢❡❛-✉#❡✳ ❚♦ ✜❧❧ -❤✐. ❣❛♣✱ ✇❡ ♣#♦♣♦.❡ ❛ .✐♠♣❧❡ ❛❞❞✐-✐♦♥❛❧

❧♦❝❛❧ ✈✐❡✇ ✐♥-❡#❢❛❝❡ -❤❛- ❝♦♥-❛✐♥. ❛ ❧✐.- ♦❢ ❛❧❧ -❤❡ ♥♦❞❡ ✭❋✐❣✉#❡ ❈✳✺✮✳ ❆ ✉.❡# ❝❛♥ -❤❛♥ ❞✐.♣❧❛②

❢♦# ❡❛❝❤ ♥♦❞❡ -❤❡ ❝✉##❡♥- .-❛-❡ ♦# ❛♥② ♦-❤❡# ✐♥❢♦#♠❛-✐♦♥ ♦❢ -❤❡ ❝✉##❡♥-❧② .✐♠✉❧❛-❡❞ ♣#♦-♦❝♦❧✳

❋♦# ❡①❛♠♣❧❡✱ ✇❤❡♥ .✐♠✉❧❛-✐♥❣ ❖▲❙❘✱ -❤❡ ✉.❡# ❝❛♥ ❞✐.♣❧❛② -❤❡ ❧♦❝❛❧ #♦✉-✐♥❣ -❛❜❧❡ ♦❢ -❤❡ .❡❧❡❝-❡❞

♥♦❞❡✳

❚♦ ♣#♦✈✐❞❡ ❛ ❣❧♦❜❛❧ ♦❢ ✈✐❡✇ ♦❢ -❤❡ ♥❡-✇♦#❦✱ ✇❡ ♣#♦♣♦.❡ ❛ .❡❝♦♥❞ ✐♥-❡#❢❛❝❡ -❤❛- ❞✐.♣❧❛②. -❤❡

♥❡-✇♦#❦ ❝♦♥♥❡❝-✐♦♥.✳ ❚♦ ❞♦ .♦✱ ✇❡ ✉.❡ -❤❡ ❏✉♥❣ ✈✐.✉❛❧✐③❛-✐♦♥ -♦♦❧✳ ❚❤❡ ✐♥-❡#❢❛❝❡✱ ♦♥ -❤❡ #✐❣❤-

♦♥ ❋✐❣✉#❡ ❈✳✺ ✐. ❝♦♠♣♦.❡❞ ♦❢ -❤#❡❡ ♣❛#-.✳ ❚❤❡ ✜#.- ✐. -❤❡ ♣❛#❛♠❡-❡# ♣❛♥❡❧ ✇❤❡#❡ -❤❡ ✉.❡# ❝❛♥

❢♦# ❡①❛♠♣❧❡ .❡❧❡❝- -✇♦ ✈❡#-✐❝❡. ✐♥ ❛ ❧✐.- ❛♥❞ ❞✐.♣❧❛② -❤❡ .❤♦#-❡.- ♣❛-❤ ❛✈❛✐❧❛❜❧❡ ❜❡-✇❡❡♥ -❤♦.❡

-✇♦ ✈❡#-✐❝❡.✳ ❚❤❡ .❡❝♦♥❞✱ ✐. -❤❡ ❧❡❢- ♣❛♥❡ -❤❛- .❤♦✇. -❤❡ ❝✉##❡♥- .-❛-✉. ♦❢ -❤❡ ♥❡-✇♦#❦ ✇✐-❤

❝♦❧♦#✐♥❣ ❛♥❞ ❞✐♠❡♥.✐♦♥. ❛❞❛♣-❡❞ -♦ -❤❡ ♥❡-✇♦#❦ ✐♥❢♦#♠❛-✐♦♥ ✭❤❡#❡ ❝♦❧♦#. ❞✐.♣❧❛② -❤❡ ♥✉♠❜❡# ♦❢

♥❡✐❣❤❜♦#.✮✳ ❚❤❡ -❤✐#❞ ♣❛♥❡ ✐. -❤❡ .❛♠❡ ✈✐❡✇ ❛. -❤❡ .❡❝♦♥❞ ♣❛♥❡ ❡①❝❡♣- -❤❛- ♦♥❡ ❝❛♥ ♥❛✈✐❣❛-❡

-❤#♦✉❣❤ -❤❡ ❤✐.-♦#② ♦❢ ♥❡-✇♦#❦ ❝♦♥♥❡❝-✐♦♥.✳

✹✷

❏❆◆❊ $❡&✉❡()( ♥❡✇ ♣♦(✐)✐♦♥( ❛) )❤❡ ♠♦❜✐❧✐)② ♠♦❞❡❧ ✭❤❡$❡ ❆❲❘❴❘♦❜♦&▼♦❜✐❧✐&②❙♦✉-❝❡❙✐♠♣❧❡✮ ✐♥ )❤❡ ✐♥♥❡$

❝❧❛(( ❉❡✈✐❝❡❊♥&✐&② ✇✐)❤ )❤❡ ❣❡&◆❡①&❆--✐✈❛❧■♥❢♦ ♠❡)❤♦❞✳

✶✺✷



❈✳✷✳ ■♠♣❧❡♠❡♥)❡❞ +✐♠✉❧❛)✐♦♥ )♦♦❧+

❋✐❣✉$❡ ❈✳✹✿ ❏❆◆❊ ✭❧❡❢1✮ ✇✐1❤ ❙✐♠❜❛❞ ✭$✐❣❤1✮ :✐♠✉❧❛1✐♦♥✳

❋✐❣✉$❡ ❈✳✺✿ ❏❆◆❊ ✭1♦♣ ❧❡❢1✮✱ ▲♦❝❛❧ ✈✐❡✇ ✐♥1❡$❢❛❝❡ ✭❜♦11♦♠ ❧❡❢1✮ ❛♥❞ ❏✉♥❣ ✈✐:✉❛❧✐③❛1✐♦♥ ♣❛♥❡

✭$✐❣❤1✮✳

✶✺✸
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❆♣♣❡♥❞✐① ❉

■♠♣❧❡♠❡♥&❛&✐♦♥*

❉✳✶ ❖▲❙❘

❲❡ ✐♠♣❧❡♠❡♥'❡❞ '❤❡ ❖▲❙❘ ✭✈❡01✐♦♥ ✶✮ ♣0♦'♦❝♦❧ ❛1 ❛ 0❡❢❡0❡♥❝❡ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ✐♥ '❤❡ ❙❆❘❆❍

♣0♦❥❡❝'✳ ❚❤❡ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ✇❛1 ❞♦♥❡ ❜② ❢♦❧❧♦✇✐♥❣ '❤❡ 0❢❝ ❬❈❧❛✉ ✵✸❪ ❛♥❞ ❦❡❡♣✐♥❣ ♦♥❧② '❤❡

❢❡❛'✉0❡1 0❡❧❡✈❛♥' '♦ ♦✉0 1✐♠✉❧❛'❡❞ ❡♥✈✐0♦♥♠❡♥'✳ ❚❤❡ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ✐1 ❞♦♥❡ ❢♦0 '❤❡ ❏❆◆❊ 1✐♠✲

✉❧❛'♦0✳ ■' ✐1 ✐♥'❡❣0❛'❡❞ ✐♥ '❤❡ ❏❆◆❊ ❡♥✈✐0♦♥♠❡♥' ❛1 ❛ ❘✉♥'✐♠❡ ❙❡0✈✐❝❡ ❛1 1❤♦✇♥ ✐♥ ❋✐❣✉0❡ ❉✳✶✳

❚❤❡ ♦♣❡0❛'✐♥❣ 1②1'❡♠✱ ❧♦❝❛❧ '♦ ❡❛❝❤ ❞❡✈✐❝❡✱ ♣0♦✈✐❞❡1 '❤❡ ❜❛1✐❝ ❝♦♠♠✉♥✐❝❛'✐♦♥ ♣❛0❛❞✐❣♠1 1✉❝❤

❛1 1❡♥❞✐♥❣ ♠❡11❛❣❡1 ✭❤❡0❡ ❛ ❜0♦❛❞❝❛1' ♣0♦✈✐❞❡❞ ❜② '❤❡  ❡♥❞❇%♦❛❞❝❛ ) ♠❡'❤♦❞✮ ❛♥❞ ✐'1 ♦♣♣♦✲

1✐'❡✱ 0❡❝❡✐✈✐♥❣ ♠❡11❛❣❡1 ✭❤❡0❡ ✐♠♣❧❡♠❡♥'❡❞ ✐♥ ❢♦0♠ ♦❢ ❛ ❤❛♥❞❧❡❁❚②♣❡ ♦❢ ♠❡11❛❣❡❃ ♠❡'❤♦❞❀ ❡✳❣✳

❤❛♥❞❧❡❍❡❧❧♦▼❡  ❛❣❡✮✳ ❚❤❡ ❧♦❝❛❧ ♦♣❡0❛'✐♥❣ 1②1'❡♠✱ 0❡❢❡00❡❞ ✐♥ '❤❡ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ❛1 ❘✉♥'✐♠❡✲

❖♣❡0❛'✐♥❣❙②1'❡♠✱ ✐1 ❛❧1♦ ♣0❡1❡♥' ✇❤❡♥ ✉1✐♥❣ ❏❆◆❊ ✐♥ ♣❧❛'❢♦0♠ ♠♦❞❡ ✭✐✳❡✳ ♦♥ 0❡❛❧ ❞❡✈✐❝❡1✮✳ ❖♥

'❤❡ ❝♦♥'0❛0②✱ '❤❡ ❙✐♠✉❧❛'✐♦♥ ❖❙ ✐1 ♦♥❧② ♣0❡1❡♥' ✇❤❡♥ ✉1✐♥❣ ❏❆◆❊ ✐♥ 1✐♠✉❧❛'✐♦♥ ♠♦❞❡✱ ❧✐❦❡✇✐1❡

❢♦0 '❤❡ ●❧♦❜❛❧ ❖♣❡0❛'✐♥❣ ❙②1'❡♠✳ ❆''❛❝❤❡❞ '♦ '❤❡ ❣❧♦❜❛❧ ♦♣❡0❛'✐♥❣ 1②1'❡♠ ❛0❡ ❤❡0❡ '✇♦ ❣❧♦❜❛❧

1❡0✈✐❝❡1✿ ❈♦❧❧✐1✐♦♥❋0❡❡◆❡'✇♦0❦ ❛♥❞ ▲♦❣❚♦❋✐❧❡❙❡0✈✐❝❡✳

❚❤❡ ✜01'✱ ❈♦❧❧✐1✐♦♥❋0❡❡◆❡'✇♦0❦✱ ✐1 ❛ ❣❧♦❜❛❧ 1❡0✈✐❝❡ ♣0♦✈✐❞❡❞ ❜② ❏❆◆❊ '❤❛' 1✐♠✉❧❛'❡1 ❛ ♥❡'✲

✇♦0❦ ✇❤❡0❡ ♥♦ ❝♦❧❧✐1✐♦♥ ❜❡'✇❡❡♥ ♥❡'✇♦0❦ ♣❛❝❦❡'1 ♦❝❝✉0✳ ❚❤✐1 ✐1 ❝♦♥✜❣✉0❛❜❧❡ ❛♥❞ ♥♦' ❛❝'✉❛❧❧②

♣❛0' ♦❢ '❤❡ ❖▲❙❘ ✐♠♣❧❡♠❡♥'❛'✐♦♥✱ ❜✉' ♠♦0❡ ❛1 ❛ 1✐♠✉❧❛'✐♦♥ ♣❛0❛♠❡'❡0✳ ❚❤❡ 1❡❝♦♥❞✱ ▲♦❣❚♦❋✐❧❡✲

❙❡0✈✐❝❡✱ ✐1 ❛ ❧♦❣❣✐♥❣ 1❡0✈✐❝❡ '♦ ❣❛'❤❡0 '❤❡ 1✐♠✉❧❛'✐♦♥ 0❡1✉❧'1 ❛❝V✉✐0❡❞ ♦♥ ❛❧❧ '❤❡ ❏❆◆❊ 1✐♠✉❧❛'❡❞

❞❡✈✐❝❡1 ❛♥❞ ❧♦❣ '❤❡♠ ✐♥'♦ ❛ ✜❧❡ ❢♦0 ❢✉0'❤❡0 ♣0♦❝❡11✐♥❣✳ ❚❤❡ ✜❣✉0❡ ✐❧❧✉1'0❛'❡1 ✇❡❧❧ '❤❡ 1❡♣❛0❛'✐♦♥ ♦❢

'❤❡ ♣0♦'♦❝♦❧ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ♣❛0' ❛♥❞ '❤❡ 1✐♠✉❧❛'✐♦♥ ♣❛0'✳ ❲❤❡♥ ✉1✐♥❣✱ ❤❡0❡✱ '❤❡ ✐♠♣❧❡♠❡♥'❡❞

❖▲❙❘ ♣0♦'♦❝♦❧ ♦♥ 0❡❛❧ ❞❡✈✐❝❡1✱ ❏❆◆❊ ❝✉'1 ✐'1 ❛0❝❤✐'❡❝'✉0❡ ❜❡'✇❡❡♥ '❤❡ ❖♣❡0❛'✐♥❣ ❙②1'❡♠ ❛♥❞

'❤❡ ❙✐♠✉❧❛'✐♦♥ ❖❙ ❛♥❞ ♣❧✉❣1 ✐♥✱ ❛♠♦♥❣ ♦'❤❡01✱ '❤❡ 0❡❛❧ ✇♦0❧❞ ♥❡'✇♦0❦1 1♦❝❦❡'1 ❛♥❞ '✐♠❡0 ✈❛❧✉❡1✳

❋✐❣✉0❡ ❉✳✷✱ ❞❡♣✐❝'1 '❤❡ ♦♣❡0❛'✐♥❣ 1②1'❡♠ ✈✐❡✇ ♦❢ ❏❆◆❊ ✇❤❡0❡ ❜♦'❤ 1✐♠✉❧❛'✐♦♥ ❛♥❞ ♣❧❛'❢♦0♠ ❈♦0❡

❛0❡ 1❡♣❛0❛'❡❞✳ ❋0♦♠ ❛ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ♣♦✐♥' ♦❢ ✈✐❡✇✱ '❤❡0❡ ✐1 ❛❜1♦❧✉'❡❧② ♥♦ ❞✐✛❡0❡♥❝❡✱ '❤❡ '0❛♥✲

1✐'✐♦♥ ❢0♦♠ 1✐♠✉❧❛'✐♦♥ ✐1 '0❛♥1♣❛0❡♥'✳ ❍❡♥❝❡✱ ❢♦0 ❡①❛♠♣❧❡✱ '❤❡ 1✐♠✉❧❛'✐♦♥ '✐♠❡ ✐1 0❡♣❧❛❝❡❞ ❜② '❤❡

0❡❛❧ ❞❡✈✐❝❡✬1 ❧♦❝❛❧ '✐♠❡✱ '❤❡ 1✐♠✉❧❛'✐♦♥ ✐❞✴❛❞❞0❡11 ✐1 0❡♣❧❛❝❡❞ ❜② '❤❡ ❞❡✈✐❝❡✬1 ♥❡'✇♦0❦ ■\ ❛❞❞0❡11

❛♥❞ '❤❡ ❝♦♠♠✉♥✐❝❛'✐♦♥1 ❛0❡ ♥♦✇ '❤0♦✉❣❤ '❤❡ 0❡❛❧ ♥❡'✇♦0❦ ✐♥'❡0❢❛❝❡1 ✭❡✳❣✳ '❤❡  ❡♥❞❇%♦❛❞❝❛ )

♠❡'❤♦❞ ♥♦✇ 0❡❛❝❤ ❛ ❏❆❱❆ 1♦❝❦❡' ✐♥1'❡❛❞ ♦❢ '❤❡ 1✐♠✉❧❛'✐♦♥ ❖❙✮✳

❚❤❡ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ✐1 ❞✐✈✐❞❡❞ ✐♥ ❢♦✉0 ♣❛0'1✿

• '❤❡ ♠❛✐♥ ♣❛0' ✇✐'❤ '❤❡ ❖▲❙❘ 1❡0✈✐❝❡✱ ❝♦♥'❛✐♥✐♥❣ ❛❧❧ '❤❡ ♣0♦'♦❝♦❧ ❧♦❣✐❝ ❛♥❞ ✐♥'❡0❛❝'✐♦♥1

• ♠❡11❛❣❡ 1'0✉❝'✉0❡1

• 0❡♣♦1✐'♦0✐❡1 ❛♥❞ ❞❛'❛ 1'0✉❝'✉0❡1

• 1✐♠✉❧❛'✐♦♥ ❛♥❞ '✐♠❡0 ✉'✐❧✐'✐❡1

✶✺✺
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OLSR

Device Device Device

Simulation

CollisionFree

Network

LogToFile

Service

Global Operating System
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❋✐❣✉$❡ ❉✳✶✿ ❖▲❙❘ ✐♠♣❧❡♠❡♥2❛2✐♦♥ ✐♥ ❏❆◆❊✳

❉✳✶✳✶ ❖▲❙❘ '❡)✈✐❝❡

■♥ ❏❆◆❊✱ ❡❛❝❤ ♣,♦.♦❝♦❧ ✐1 ,❡♣,❡1❡♥.❡❞ ❜② ❛ ,✉♥.✐♠❡ 1❡,✈✐❝❡✳ ❏❆◆❊ ♣,♦✈✐❞❡1 .♦ 1✉❝❤ 1❡,✈✐❝❡1✱

❜❛1✐❝ ❢✉♥❝.✐♦♥❛❧✐.✐❡1 1✉❝❤ ❛1✿ 1❡♥❞✐♥❣ ❛♥❞ ,❡❝❡✐✈✐♥❣ ♠❡11❛❣❡1✱ 1❡♥1✐♥❣ .❤❡ ♥❡✐❣❤❜♦,❤♦♦❞ ✭♣,♦✈✐❞❡❞

❜② .❤❡ ❖♥❡❍♦♣◆❡✐❣❤❜♦+❉✐-❝♦✈❡+②❙❡+✈✐❝❡✮✱ ✐♥✐.✐❛❧✐③❛.✐♦♥ ❛♥❞ .❡,♠✐♥❛.✐♦♥ ❢✉♥❝.✐♦♥1✱ ♣,♦✈✐❞✐♥❣

,✉♥.✐♠❡ ✐♥❢♦,♠❛.✐♦♥ ✭1✉❝❤ ❛1 .❤❡ 1✐♠✉❧❛.✐♦♥ .✐♠❡✮ ❛♥❞ .✐♠❡, ❢✉♥❝.✐♦♥❛❧✐.✐❡1✳

❚❤❡ ❖▲❙❘-❡+✈✐❝❡ ✐1 ✐♥ ♦✉, ❝❛1❡ ❛ ❏❆◆❊ ❧♦❝❛❧ 1❡,✈✐❝❡ ✭✐✳❡✳ ♦♥❡ 1❡,✈✐❝❡ ✐♥1.❛♥❝❡ ♣❡, 1✐♠✉❧❛.❡❞

♥♦❞❡✮ .❤❛. ♣,♦✈✐❞❡1 ❛❧❧ .❤❡ ♣,♦.♦❝♦❧ ❢✉♥❝.✐♦♥❛❧✐.✐❡1✿

• ❙❡♥❞ ❛♥❞ ,❡❝❡✐✈❡ ❍❊▲▲❖ ♠❡11❛❣❡1✱ ♠❛✐♥❧② ✉1❡❞ .♦ ♦❜.❛✐♥ .❤❡ .✇♦ ❤♦♣ ♥❡✐❣❤❜♦,❤♦♦❞✱

♣,♦✈✐❞❡❞ ❜② .✇♦ ❢✉♥❝.✐♦♥1✿

✕ ❣❡♥❡+❛5❡❍❡❧❧♦▼❡--❛❣❡✿ .,✐❣❣❡,❡❞ ❜② ❛ ❏❆◆❊ .✐♠❡, ❡✈❡,② 1❡❝♦♥❞ .♦ 1❡♥❞ ❛ ❍❊▲▲❖

♠❡11❛❣❡ ❝♦♥.❛✐♥✐♥❣ .❤❡ ❧✐1. ♦❢ ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦,1✳

✕ ❤❛♥❞❧❡❍❡❧❧♦▼❡--❛❣❡✿ .,✐❣❣❡,❡❞ ❜② ❏❆◆❊ ❛. ❡❛❝❤ ,❡❝❡♣.✐♦♥ ♦❢ ❛ ,❡❝❡✐✈❡❞ ❍❊▲▲❖ ♠❡1✲

1❛❣❡ ❢,♦♠ ❛ ♥❡✐❣❤❜♦,✳ ❚❤✐1 ❢✉♥❝.✐♦♥ ✇✐❧❧✱ ❛♠♦♥❣ ♦.❤❡, ❢✉♥❝.✐♦♥❛❧✐.✐❡1✱ ❣❛.❤❡, ❛♥❞

✉♣❞❛.❡ .❤❡ .✇♦ ❤♦♣ ♥❡✐❣❤❜♦,1 1❡. ❛♥❞ .,✐❣❣❡, ❛ ♥❡✇ ▼G❘ ❝♦♠♣✉.❛.✐♦♥ ✐❢ ♥❡❝❡11❛,②✳

• ❈♦♠♣✉.❡ .❤❡ ▼G❘ 1❡.✳ ❚❤✐1 ❢✉♥❝.✐♦♥❛❧✐.② ✐1 ❝♦♠♣♦1❡❞ ♦❢ ♦♥❡ ♠❛✐♥ ❢✉♥❝.✐♦♥ ❛♥❞ 1❡✈❡,❛❧

❤❡❧♣❡, ❢✉♥❝.✐♦♥1✿

✕ ♠♣+❴❝♦♠♣✉5❡▼<❘-❡5 ✿ ❝♦♥.❛✐♥1 .❤❡ ♠❛✐♥ ▼G❘ ❝♦♠♣✉.❛.✐♦♥ ❧♦❣✐❝ ❛♥❞ ✉1❡1 .❤❡ ❢♦❧✲

❧♦✇✐♥❣ ❤❡❧♣❡, ❢✉♥❝.✐♦♥1 .♦ ♠❛❦❡ .❤❡ ❝♦❞❡ ♠♦,❡ ,❡❛❞❛❜❧❡ ❛♥❞ ✉♥❞❡,1.❛♥❞❛❜❧❡✳

✕ ♠♣+❴❝❧❡❛♥✷❍♦♣◆❡✐❣❤❜♦+- ✿ G❡,❢♦,♠1 ❝❧❡❛♥✐♥❣ ♦❢ .❤❡ ✷✲❤♦♣ ♥❡✐❣❤❜♦,1 ❜② ❡①❝❧✉❞✐♥❣✿

.❤❡ ♥♦❞❡1 ♦♥❧② ,❡❛❝❤❛❜❧❡ ❜② ♠❡♠❜❡,1 ♦❢ ◆ ✇✐.❤ ✇✐❧❧✐♥❣♥❡11 ❲■▲▲❴◆❊❱❊❘✱ .❤❡ ♥♦❞❡

♣❡,❢♦,♠✐♥❣ .❤❡ ❝♦♠♣✉.❛.✐♦♥ ❛♥❞ ❛❧❧ .❤❡ 1②♠♠❡.,✐❝ ♥❡✐❣❤❜♦,1✿ .❤❡ ♥♦❞❡1 ❢♦, ✇❤✐❝❤

.❤❡,❡ ❡①✐1.1 ❛ 1②♠♠❡.,✐❝ ❧✐♥❦ .♦ .❤✐1 ♥♦❞❡ ♦♥ 1♦♠❡ ✐♥.❡,❢❛❝❡✳
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❉✳✶✳ ❖▲❙❘
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❋✐❣✉$❡ ❉✳✷✿ ❖▲❙❘ ✐♥ /❤❡ ❏❆◆❊ ♦♣❡$❛/✐♥❣ 8②8/❡♠✳

✕ ♠♣)❴+❡❧❡❝/❲✐❧❧❆❧✇❛②+◆♦❞❡+❆+▼:❘✿ ❙❡❧❡❝/8 ❛8 ▼>❘✱ ♥❡✐❣❤❜♦$8 /❤❛/ ❛❞✈❡$/✐8❡ /❤❡✐$

✇✐❧❧✐♥❣♥❡88 ❛8 ❲■▲▲❴❆▲❲❆❨❙✳

✕ ♠♣)❴❝❛❧❝✉❧❛/❡❉② ✿ ❈❛❧❝✉❧❛/❡8 /❤❡ ❉✭②✮ ❢♦$ ❡❛❝❤ ♥❡✐❣❤❜♦$✳ ❉✭②✮ ✐8 ❞❡✜♥❡❞ ❛8 /❤❡

♥✉♠❜❡$ ♦❢ ✶✲❤♦♣ ♥❡✐❣❤❜♦$8 ♦❢ ♥♦❞❡ ② /❤❛/ ❛$❡✿ ♥♦/ ♥❡✐❣❤❜♦$8 ♦❢ /❤❡ ♥♦❞❡ ♣❡$❢♦$♠✐♥❣

/❤❡ ❝♦♠♣✉/❛/✐♦♥✱ ♥♦/ /❤❡ ♥♦❞❡ ♣❡$❢♦$♠✐♥❣ /❤❡ ❝♦♠♣✉/❛/✐♦♥ ✐/8❡❧❢ ❛♥❞ ♥♦/ ❛❧$❡❛❞②

8❡❧❡❝/❡❞ ❛8 ▼>❘✳

✕ ♠♣)❴❝♦♠♣✉/❡❚✇♦❍♦♣◆❡✐❤❣❜♦)+❘❡❛❝❤❛❜✐❧✐/② ✿ ❈♦♠♣✉/❡8 /❤❡ ✷✲❤♦♣ ♥❡✐❣❤❜♦$8 $❡❛❝❤❛✲

❜✐❧✐/②✳ ■♥ ♦/❤❡$ ✇♦$❞8✿ ❝♦✉♥/8✱ ❢♦$ ❡✈❡$② ✷✲❤♦♣ ♥❡✐❣❤❜♦$ ①✱ ❤♦✇ ♠❛♥② ✶✲❤♦♣ ♥❡✐❣❤❜♦$8

❝❛♥ $❡❛❝❤ /❤❡ ❣✐✈❡♥ ① ✷✲❤♦♣ ♥❡✐❣❤❜♦$✳

✕ ♠♣)❴+❡❧❡❝/▼:❘✇✐/❤❘❡❛❝❤❛❜✐❧✐/②❖❢❖♥❡✿ ❆❞❞8 /♦ /❤❡ ▼>❘ 8❡/ /❤❡ ✱ ✇❤✐❝❤ ❛$❡ /❤❡

✶✲❤♦♣ ♥❡✐❣❤❜♦$8 /❤❛/ ❛$❡ /❤❡ ♦♥❧② ♥♦❞❡8 /♦ ♣$♦✈✐❞❡ $❡❛❝❤❛❜✐❧✐/② /♦ ❛ ✷✲❤♦♣ ♥♦❞❡✳ ❋♦$

❡①❛♠♣❧❡✱ ✐❢ ✷✲❤♦♣ ♥♦❞❡ ❜ ❝❛♥ ❜❡ $❡❛❝❤❡❞ ♦♥❧② /❤$♦✉❣❤ ♦♥❡ ✶✲❤♦♣ ♥♦❞❡ ❛✱ /❤❡♥ ❛❞❞

♥♦❞❡ ❛ /♦ /❤❡ ▼>❘ 8❡/✳

✕ ♠♣)❴)❡♠♦✈❡❈♦✈❡)❡❞◆❡✐❣❤❜♦)+ ✿ ❘❡♠♦✈❡8 /❤❡ ✷✲❤♦♣ ♥♦❞❡8 ❢$♦♠ /❤❡ /✇♦❍♦♣◆❡✐❣❤✲

❜♦)+❘❡❛❝❤❛❜✐❧✐/② 8❡/ ✇❤✐❝❤ ❛$❡ ♥♦✇ ❝♦✈❡$❡❞ ❜② ❛ ♥♦❞❡ ✐♥ /❤❡ ▼>❘ 8❡/✳

✕ ♠♣)❴✉♣❞❛/❡◆❡✐❣❤❜♦)❚②♣❡+ ✿ ❯♣❞❛/❡8 /❤❡ /②♣❡ ♦❢ ♥❡✐❣❤❜♦$8 ❜❛8❡❞ ♦♥ /❤❡ $❡❝❡✐✈❡❞

❍❊▲▲❖ ♠❡88❛❣❡8✳ ◆❡✐❣❤❜♦$8 /②♣❡8 ❛$❡✿

◆❖❚❴◆❊■●❍✱ ❙❨▼❴◆❊■●❍ ❛♥❞ ▼>❘❴◆❊■●❍✳

• ❙❡♥❞ ❛♥❞ $❡❝❡✐✈❡ ❚♦♣♦❧♦❣② ❈♦♥/$♦❧ ✭❚❈✮ ♠❡88❛❣❡8✳ ▼>❘ ♥♦❞❡8 ✉8❡ ❚❈ ♠❡88❛❣❡8 /♦

❛❞✈❡$/✐8❡ /❤❡✐$ ✶✲❤♦♣ ♥❡✐❣❤❜♦$❤♦♦❞ /♦ ❛❧❧ /❤❡ ♥❡/✇♦$❦✳ >$♦✈✐❞❡❞ ❜② /❤$❡❡ ❢✉♥❝/✐♦♥8✿

✕ ❣❡♥❡)❛/❡❚♦♣♦❧♦❣②❈♦♥/)♦❧▼❡++❛❣❡✿ /$✐❣❣❡$❡❞ ❜② ❛ ❏❆◆❊ /✐♠❡$ ❡✈❡$② ✺ 8❡❝♦♥❞8 ♦♥ ▼>❘

♥♦❞❡8 ♦♥❧②✳

✕ ❤❛♥❞❧❡:❛②❧♦❛❞▼❡++❛❣❡✿ /$✐❣❣❡$❡❞ ❜② ❏❆◆❊ ❛/ ❡❛❝❤ $❡❝❡♣/✐♦♥ ♦❢ ❛ $❡❝❡✐✈❡❞ ❚❈ ♠❡88❛❣❡

❢$♦♠ ❛ ♥❡✐❣❤❜♦$✳ ❇❛8✐❝❛❧❧②✱ ❞❡❝✐❞❡8 ✇❤❡/❤❡$ ♦$ ♥♦/ /❤❡ $❡❝❡✐✈❡❞ ❚❈ ♠❡88❛❣❡ 8❤♦✉❧❞ ❜❡

♣$♦❝❡88❡❞ ♦$ ♥♦/ ✭✉8✐♥❣ ♣)♦❝❡++❚♦♣♦❧♦❣②❈♦♥/)♦❧▼❡++❛❣❡✮ ✱ ❞❡♣❡♥❞✐♥❣ ✐❢ ✐/ ✐8 ❛ ❞✉♣❧✐❝❛/❡

♠❡88❛❣❡✱ ❛♥❞ ❛❧8♦ ✇❤❡/❤❡$ ✐/ 8❤♦✉❧❞ ❜❡ ❢♦$✇❛$❞❡❞ ♦$ ♥♦/✱ ❞❡♣❡♥❞✐♥❣ ✐❢ /❤❡ ❞❡❝✐❞✐♥❣

♥♦❞❡ ✐8 8❡❧❡❝/❡❞ ❛8 ▼>❘ ♦$ ♥♦/✳

✕ ♣)♦❝❡++❚♦♣♦❧♦❣②❈♦♥/)♦❧▼❡++❛❣❡✿ >$♦❝❡88❡8 /❤❡ ✐♥❝♦♠✐♥❣ ❚❈ ♠❡88❛❣❡8 ❛♥❞ ♣$❡♣❛$❡8

/❤❡ ❞❛/❛ ❢♦$ /❤❡ $♦✉/✐♥❣ /❛❜❧❡ ❝♦♠♣✉/❛/✐♦♥✳
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❆♣♣❡♥❞✐① ❉✳ ■♠♣❧❡♠❡♥,❛,✐♦♥/

• ❙❡♥❞ ❛♥❞ %❡❝❡✐✈❡ )❛②❧♦❛❞ ♠❡..❛❣❡.✳ ❈❛♥ ❝♦♥2❛✐♥ ❛♥② ♣❛②❧♦❛❞ ♠❡..❛❣❡ 2♦ ❜❡ .❡♥❞ ✉.✐♥❣

❖▲❙❘✳ )%♦✈✐❞❡❞ ❜② 2✇♦ ❢✉♥❝2✐♦♥.✿

• ❣❡♥❡1❛,❡2❛②❧♦❛❞▼❡//❛❣❡✿ 2♦ .❡♥❞ ❛♥② ♣❛②❧♦❛❞✳ ■♥ ♦✉% .✐♠✉❧❛2✐♦♥. ✉.❡❞ 2♦ ❣❡♥❡%❛2❡ ♥❡2✇♦%❦
2%❛✣❝ ❛♥❞ ❣❛2❤❡% ♣❡%❢♦%♠❛♥❝❡ ✐♥❢♦%♠❛2✐♦♥ .✉❝❤ ❛. %❡❛❝❤❛❜✐❧✐2②✳

• ❤❛♥❞❧❡2❛②❧♦❛❞▼❡//❛❣❡✿ 2%✐❣❣❡%❡❞ ❜② ❏❆◆❊ ❛2 ❡❛❝❤ %❡❝❡♣2✐♦♥ ♦❢ ❛ %❡❝❡✐✈❡❞ )❛②❧♦❛❞ ♠❡..❛❣❡

❢%♦♠ ❛ ♥❡✐❣❤❜♦%✳ ■♥ ♦✉% .✐♠✉❧❛2✐♦♥.✱ 2❤✐. ❢✉♥❝2✐♦♥ ❧♦❣. 2❤❡ ❣❛2❤❡%❡❞ .✐♠✉❧❛2✐♦♥ ✐♥❢♦%♠❛2✐♦♥✳

❉✳✶✳✷ ▼❡&&❛❣❡ &)*✉❝)✉*❡&

❚♦ ❝♦♠♠✉♥✐❝❛2❡ ✉.✐♥❣ ❏❆◆❊✱ 2❤❡%❡ ❛%❡ 2✇♦ ♠❛✐♥ 2②♣❡ ♦❢ ♠❡2❤♦❞.✿ 2❤❡ .❡♥❞ ♠❡2❤♦❞. ✭❡✳❣✳

/❡♥❞❇1♦❛❞❝❛/, ❛♥❞ /❡♥❞❯♥✐❝❛/,✮ ❛♥❞ 2❤❡ ❤❛♥❞❧❡ ♠❡2❤♦❞.✳ ❲❤✐❧❡ 2❤❡ .❡♥❞ ♠❡2❤♦❞. ❛%❡ ❧♦❝❛2❡❞

✐♥ 2❤❡ ♠❛✐♥ ❏❆◆❊ .❡%✈✐❝❡✱ 2❤❡ ❛❝2✉❛❧ ❤❛♥❞❧❡ ♠❡2❤♦❞ 2❤❛2 ✐. ❝❛❧❧❡❞ ❜② ❏❆◆❊ ✐. ❧♦❝❛2❡❞ ✐♥

❡❛❝❤ ♠❡..❛❣❡ 2②♣❡✳ ❋♦% ❡①❛♠♣❧❡✱ 2❤❡ ❍❡❧❧♦▼❡..❛❣❡ ❝❧❛.. ❝♦♥2❛✐♥. ❛ ❤❛♥❞❧❡✭▲✐♥❦▲❛②❡1■♥❢♦ ✐♥❢♦✱

❙✐❣♥❛❧▲✐/,❡♥❡1 ❧✐/,❡♥❡1✮ ♠❡2❤♦❞ 2❤❛2 ✐. ❝❛❧❧❡❞ ❜② ❏❆◆❊ ❡❛❝❤ 2✐♠❡ ❛ ♠❡..❛❣❡ ✐. %❡❝❡✐✈❡❞✳ ❚❤✐.

♠❡2❤♦❞ 2❤❡♥ ❝❛❧❧. 2❤❡ ♣%❡✈✐♦✉.❧② ♠❡♥2✐♦♥❡❞ ❤❛♥❞❧❡❍❡❧❧♦▼❡//❛❣❡ ✐♥ 2❤❡ ❖▲❙❘.❡%✈✐❝❡ ✇❤❡%❡ 2❤❡

♣%♦❝❡..✐♥❣ ♦❢ 2❤❡ ♠❡..❛❣❡ ♦❝❝✉%.✳ ❊❛❝❤ ❏❆◆❊ ♠❡..❛❣❡ ♠✉.2 ✐♠♣❧❡♠❡♥2 2❤❡ ▲✐♥❦▲❛②❡1▼❡//❛❣❡

❝❧❛.. ✇❤✐❝❤ %❡M✉✐%❡. 2❤❡ ❤❛♥❞❧❡ ♠❡2❤♦❞✳ ❆♠♦♥❣ 2❤❡ ❛❝2✉❛❧ ✜❡❧❞. ♦❢ 2❤❡ ♠❡..❛❣❡✱ 2❤❡%❡ ❛%❡ 2✇♦

✈❡%② ✐♠♣♦%2❛♥2 ♠❡2❤♦❞. 2❤❛2 .❤♦✉❧❞ ❜❡ ✐♠♣❧❡♠❡♥2❡❞ ❝❛%❡❢✉❧❧②✳ ❚❤❡ ✜%.2 ✐. 2❤❡ ❝♦♣②✭✮ ♠❡2❤♦❞✳

❚❤❡ ❝♦♣② ♠❡2❤♦❞ ✐. ❛✉2♦♠❛2✐❝❛❧❧② ❝❛❧❧❡❞ ❜② ❏❆◆❊ ❡❛❝❤ 2✐♠❡ 2❤❡ ♠❡..❛❣❡ ✐. ✧.❡♥❞✧ 2♦ ❛♥♦2❤❡%

♥♦❞❡✳ ■❢ 2❤❡ ❝♦♣② ♠❡2❤♦❞ ✐. ♥♦2 ❝♦%%❡❝2❧② ✐♠♣❧❡♠❡♥2❡❞ ❛♥❞ .✐♥❝❡ ✐2 ✐. ❛ .✐♠✉❧❛2✐♦♥✱ 2❤❡ ♠❡..❛❣❡

✐. ♥♦2 %❡❛❧❧② .❡♥❞ ❜✉2 %❛2❤❡% ❛ %❡❢❡%❡♥❝❡ 2♦ 2❤❡ ❏❛✈❛ ♦❜❥❡❝2 ✐. ❣✐✈❡♥ 2♦ ❛❧❧ %❡❝✐♣✐❡♥2.✳ ■❢ 2❤❡ ✜%.2

%❡❝✐♣✐❡♥2. 2❤❛2 %❡❝❡✐✈❡. 2❤❡ ♠❡..❛❣❡✱ ♠♦❞✐✜❡. ❛♥② ✜❡❧❞✱ ✐2 ✐. ❛❝2✉❛❧❧② ♠♦❞✐❢②✐♥❣ 2❤❡ ❝♦♠♠♦♥

❏❛✈❡ ♦❜❥❡❝2✳ ❚❤❡%❡❢♦%❡✱ 2♦ ❛✈♦✐❞ ❛♥② ❝♦♥❝✉%%❡♥2 ♠♦❞✐✜❝❛2✐♦♥.✱ ❏❆◆❊ ❝❛❧❧. 2❤❡ ❝♦♣② ♠❡2❤♦❞

2❤❛2 .❤♦✉❧❞ ♣%♦✈✐❞❡ ❛. ♦✉2♣✉2 2❤❡ ❝♦♠♣❧❡2❡ ❝♦♣② ♦❢ 2❤❡ ♦❜❥❡❝2✳ ❍❡%❡✱ 2❤❡ ✇♦%❞ ❝♦♠♣❧❡2❡ ✐. ✈❡%②

✐♠♣♦%2❛♥2 .✐♥❝❡ ✇❤❡♥✱ ✉.✐♥❣ ❢♦% ❡①❛♠♣❧❡ ❱❡❝2♦%. ✐♥ ❏❛✈❛✱ ♣❛..✐♥❣ ❛ ✈❡❝2♦% 2♦ ❛ ❝♦♥.2%✉❝2♦%✱ ❞♦❡.

♥♦2 ❝♦♣② 2❤❡ ✈❡❝2♦% ❜✉2 ♦♥❧② ❝♦♣✐❡. 2❤❡ %❡❢❡%❡♥❝❡ 2♦ 2❤❡ ✈❡❝2♦%✳ ❚♦ ♠❛❦❡ ❛ ❝♦♠♣❧❡2❡ ❝♦♣② ♦❢ ❛

✈❡❝2♦% ♦% ❞❛2❛ .2%✉❝2✉%❡✱ ❏❛✈❛ ♦❢2❡♥ ♣%♦✈✐❞❡. ❛ ❝❧♦♥❡✭✮ ♠❡2❤♦❞✳

■♥ ♦✉% ✐♠♣❧❡♠❡♥2❛2✐♦♥ ✇❡ ❤❛✈❡ ✻ ♠❡..❛❣❡ .2%✉❝2✉%❡.✳ ❖▲❙❘ ✉.❡. ❛ ✉♥✐✜❡❞ ♣❛❝❦❡2 ❢♦%♠❛2 ❢♦%

❝♦♠♠✉♥✐❝❛2✐♦♥ ♦❢ ❛♥② ❞❛2❛ %❡❧❛2❡❞ 2♦ 2❤❡ ♣%♦2♦❝♦❧✳ ❊❛❝❤ ♣❛❝❦❡2✱ ❝❛♥ ❝♦♥2❛✐♥ .❡✈❡%❛❧ ❖▲❙❘ ❜❛.❡

♠❡..❛❣❡.✳ ❆♥❞ ✜♥❛❧❧② 2❤♦.❡ ❜❛.❡ ♠❡..❛❣❡. ❝♦♥2❛✐♥ 2❤❡ ♣%♦2♦❝♦❧ ♠❡..❛❣❡. .✉❝❤ ❛. 2❤❡ ❍❊▲▲❖ ❛♥❞

❚♦♣♦❧♦❣② ❈♦♥2%♦❧✳ ❆❞❞✐2✐♦♥❛❧❧②✱ ❍❊▲▲❖ ♠❡..❛❣❡. ❝♦♥2❛✐♥ ❛♥ ✐♥♥❡% ♠❡..❛❣❡ .2%✉❝2✉%❡ ❝❛❧❧❡❞ ▲✐♥❦

♠❡..❛❣❡✳ ❋♦% ♦✉% .✐♠✉❧❛2✐♦♥. 2❡.2. ❛♥❞ ❧♦❣❣✐♥❣ ♣✉%♣♦.❡. ✇❡ ❛❧.♦ ✉.❡ ❛ ❣❡♥❡%✐❝ )❛②❧♦❛❞ ♠❡..❛❣❡

2❤❛2 ✉.❡. 2❤❡ ❖▲❙❘ ❞❡❢❛✉❧2 ❢♦%✇❛%❞✐♥❣ ❛❧❣♦%✐2❤♠✳

• ♦❧/1❇❛/❡2❛❝❦❡, ✿ %❢❝ ❞❡✜♥❡❞ ❜❛.❡ ♣❛❝❦❡2 .2%✉❝2✉%❡ 2❤❛2 ❝♦♥2❛✐♥. ♦♥❡ ♦% ♠♦%❡ ❖▲❙❘ ❜❛.❡

♠❡..❛❣❡.✳ ❈♦♥2❛✐♥. 2❤❡ ✜❡❧❞.✿ ♣❛❝❦❡2 ❧❡♥❣2❤ ❛♥❞ ♣❛❝❦❡2 .❡M✉❡♥❝❡ ♥✉♠❜❡%✳

• ♦❧/1❇❛/❡▼❡//❛❣❡✿ %❢❝ ❞❡✜♥❡❞ ❜❛.❡ ♠❡..❛❣❡ .2%✉❝2✉%❡ 2❤❛2 ❝♦♥2❛✐♥. ♦♥❡ ♦% ♠♦%❡ ❖▲❙❘ ❜❛.❡

♠❡..❛❣❡.✳ ❈♦♥2❛✐♥. 2❤❡ ✜❡❧❞.✿ ♠❡..❛❣❡ 2②♣❡✱ ✈❛❧✐❞✐2② 2✐♠❡✱ ♠❡..❛❣❡ .✐③❡ ❛♥❞ ♦%✐❣✐♥❛2♦%

❛❞❞%❡..✱ 2✐♠❡ 2♦ ❧✐✈❡✱ ❤♦♣ ❝♦✉♥2✱ ♠❡..❛❣❡ .❡M✉❡♥❝❡ ♥✉♠❜❡%. ❛♥❞ 2❤❡ ♠❡..❛❣❡ ✐2.❡❧❢✳

❙❡"✉❡♥❝❡ ♥✉♠❜❡() ✇(❛♣✲❛(♦✉♥❞✿ ✭❍❡%❡ ❛. ❞❡.❝%✐❜❡❞ ✐♥ 2❤❡ ❖▲❙❘ ❘❋❈ ❬❈❧❛✉ ✵✸❪✱

❜✉2 ❛❧.♦ ✈❛❧✐❞ ❢♦% ♦2❤❡% ♣%♦2♦❝♦❧.✮ ❚❤❡ .❡M✉❡♥❝❡ ♥✉♠❜❡%. ❛%❡ %❡♣%❡.❡♥2❡❞ ❜② ❛ ❧✐♠✐2❡❞

♥✉♠❜❡% ♦❢ ❜✐2.✱ .♦ 2❤❡%❡ ✐. ❛ ♠❛①✐♠✉♠ ♣♦..✐❜❧❡ .❡M✉❡♥❝❡ ♥✉♠❜❡%✳ ❚♦ ♦✈❡%❝♦♠❡ 2❤✐.

❧✐♠✐2❛2✐♦♥ ❛ ✇%❛♣✲❛%♦✉♥❞ ♦❝❝✉%.✿ 2❤❡ ✐♥❝%❡♠❡♥2❡❞ .❡M✉❡♥❝❡ ♥✉♠❜❡% ❛❢2❡% 2❤❡ ♠❛①✐♠✉♠

♣♦..✐❜❧❡ ✈❛❧✉❡ ✐. ③❡%♦✳ ❚♦ ❜❡ ❛❜❧❡ 2♦ ❞❡2❡%♠✐♥❡✱ ❡✈❡♥ ✐♥ ❝❛.❡ ♦❢ ❛ ✇%❛♣✲❛%♦✉♥❞✱ ✇❤✐❝❤

.❡M✉❡♥❝❡ ♥✉♠❜❡% ✐. 2❤❡ ❧❛2❡.2 ✭♥❡✇❡.2✮ ♦♥❡✱ 2❤❡ ❢♦❧❧♦✇✐♥❣ ❛❧❣♦%✐2❤♠ ✐. ✉.❡❞✿
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❛♥❞ ❛❞✈❡1.✐)❡) .❤❡ ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦1) ♦♥❧② .♦ .❤❡ ♦♥❡✲❤♦♣ ♥❡✐❣❤❜♦1❤♦♦❞✳ ❊❛❝❤ ♦♥❡✲❤♦♣

♥❡✐❣❤❜♦1 .❤❡1❡❜② ♦❜.❛✐♥) .❤❡ .✇♦✲❤♦♣ ♥❡✐❣❤❜♦1❤♦♦❞ ♦❢ .❤❡ )❡♥❞✐♥❣ ♥♦❞❡✳ ❈♦♥.❛✐♥) .❤❡
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Appendix D. Implementations 

Figure D.4: Three dusters example. 

Figure D.5: CH 5 SLSF beacon vvith fault recov­
ery. 

Figure D.6: :'-Jode 3 SLSF beacon with fault re­
cnvery . 

Node is CH dataToClusterBeacon 
Node is not CH dataToN odeDeacon 

Table D.l: Two different methods to build the beacon information . 

Obtain information from neighbor beacons 

The neighbor beacons arrive at the OneHopNeighborDiscoveryService methods: setNeighborData 
and updo,teNeighbmData. However \Ve onl:y process beacons coming frorn the update]'\ eighbor­
Data method, since the beacons incoming at the setNeighborData come from yet 11 unstablen 
neighbors that arc processed at the l'\LC\VA level and not at the SLSR level. At the np­
dateNeighborData the beacon information is first compared t o the old stored in formation (if 
any) and then passed to the handleNeighborhoodChange method if the information is of inter­
est / new. A specific method that processes the sequence nmnbers out of the beacon information 
is the handleSeqnenceNurnbers. 

The handleSeqnenceNnrnbers method dispatches the information for processing depending 
on 2 parameters: is the node processing a clusterhead or not and is the neighbor (source of the 
beacon) a clusterheacl or not. 

Beacon source is CH Beacon source is not CH 

Node is CH clusterheadBeaconToClusterhead nodeBeaconToClusterhead 

Node is not CH clusterheaclDeaconTol'\odeData no cleDeaconTol'\ odeData 

Table D.2: h anclleSequencel'\umbers dispatches to corresponding method d epending on the bea­
con source and node status . 

Message retransmission 

The fault recovery mechanism retransmits message if no corresponding acknmvledgement is re­
ceived in time. Only slave nodes that have not been designated as ICR retransmit messages. 
On reception of a m essage to be forwarded (in the handlePaylorulMe8.mge method), the retrans­
mission is only triggered if the node is a slave and not an ICR. T he Listing D.2 sho>vs hmv a 
message that is to be considered for rctransmission is added to the rct ransmission queue . In 
line 13 to 22, the timer of the retransmission is set according to the hop count the message has 
travelecl since the last clusterhead. If the hop-count is 1 then the transmission delay is set to 4 
seconds. If the hop-count is 2 then the transmission delay is set to 2 seconds. On ce the t imeout 
is set, the m essage is added to the retransmission queue at line 26 using a RetmnsrnissionOb-
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✽ ✴✴ ❤❛♥❞❧❡ ❞❛ ❛ ❣C❛♠♠ ♣❛❝❦❡ #

✾ ❤❛♥❞❧❡■♥❝♦♠✐♥❣❉❛5❛❣/❛♠A❛❝❦❡51 ✭ ✭ ❉❛5❛❣/❛♠A❛❝❦❡5 ✮

1❧1/❊✈❡♥5 ✳ ❣❡5A❛②❧♦❛❞ ✭ ✮ ✱ ✳ ✳ ✳ ✮ ❀

✶✵ ⑥

✶✶ ⑥

✶✷ ⑥

✶✸

✶✹ ♣✉❜ ❧ ✐ ❝ ✈♦✐❞ ❤❛♥❞❧❡■♥❝♦♠✐♥❣❉❛5❛❣/❛♠A❛❝❦❡51 ✭ ❉❛5❛❣/❛♠A❛❝❦❡5 ♣❛❝❦❡5 ✱ ✳ ✳ ✳ ✮ ④

✶✺ ✴✴ ❡①  C ❛ ❝  ♠❡##❛❣❡ ❢C♦♠ ❞❛ ❛❣C❛♠♠ ♣❛❝❦❡ 

✶✻ ❉◆❙■♥❝♦♠✐♥❣ ♠1❣ ❂ ♥❡✇ ❉◆❙■♥❝♦♠✐♥❣ ✭ ♣❛❝❦❡5 ✮ ❀

✶✼

✶✽ ✐ ❢ ✭ ♠1❣ ✳ ✐1◗✉❡/② ✭ ✮ ✮ ④

✶✾  ❤ ✐ # ✳ ❤❛♥❞❧❡◗✉❡/② ✭ ♠1❣ ✱ ♣❛❝❦❡5 ✱ ✳ ✳ ✳ ✮ ❀

✷✵ ⑥ ❡ ❧ # ❡ ④

✷✶  ❤ ✐ # ✳ ❤❛♥❞❧❡❘❡1♣♦♥1❡ ✭ ♠1❣ ✱ ♣❛❝❦❡5 ✱ ✳ ✳ ✳ ✮ ❀

✷✷ ⑥

✷✸ ⑥

✶✼✶



❆♣♣❡♥❞✐① ❉✳ ■♠♣❧❡♠❡♥,❛,✐♦♥/

✶✼✷



❘!"✉♠! ➱&❡♥❞✉✿ ❈♦♥&-✐❜✉&✐♦♥" ♣♦✉- ✉♥❡ ❞!❝♦✉✈❡-&❡ ❞❡ "❡-✈✐❝❡"

❛✈❛♥❝!❡ ❞❛♥" ❧❡" -!"❡❛✉① ❛❞ ❤♦❝





❆♣♣❡♥❞✐① ❊

❘!"✉♠! ➱&❡♥❞✉✿ ❈♦♥&-✐❜✉&✐♦♥" ♣♦✉-

✉♥❡ ❞!❝♦✉✈❡-&❡ ❞❡ "❡-✈✐❝❡" ❛✈❛♥❝!❡

❞❛♥" ❧❡" -!"❡❛✉① ❛❞ ❤♦❝

▲♦"# ❞❡ ❧❛ ❞❡"♥✐*"❡ ❞+❝❡♥♥✐❡✱ ❧❡ ♥♦♠❜"❡ ❞✬❛♣♣❛"❡✐❧# ♣♦##+❞❛♥2 ❞❡# ❝❛♣❛❝✐2+# #❛♥# ✜❧ ❛ 2"*# ❢♦"2❡✲

♠❡♥2 ❛✉❣♠❡♥2+✳ ❈❡# ❛♣♣❛"❡✐❧# #♦♥2 ❛✉##✐ ❞❡✈❡♥✉# ♣❧✉# ♣✉✐##❛♥2# ❡2 ❛❜♦"❞❛❜❧❡#✱ ❛22✐"❛♥2 ❛✐♥#✐ ❧❡

❣"❛♥❞ ♣✉❜❧✐❝ ✈❡"# ❧❡# "+#❡❛✉① ♠♦❜✐❧❡# #❛♥# ✜❧✳

▲❡# "+#❡❛✉① ♠♦❜✐❧❡# "❡❣"♦✉♣❡♥2 ♣❧✉#✐❡✉"# 2②♣❡# ❞❡ "+#❡❛✉① =✉❡ ❧✬♦♥ ♣❡✉2 ❝❧❛##❡" ❡♥ 2"♦✐# ❝❛2+✲

❣♦"✐❡#✿ ❧❡# "+#❡❛✉① #❛♥# ✜❧ ❛✈❡❝ ✐♥❢"❛#2"✉❝2✉"❡ 2❡❧ =✉❡ ❧❡# "+#❡❛✉① ♠❡#❤ ♦✉ ❝❡❧❧✉❧❛✐"❡✱ ❧❡# "+#❡❛✉①

#❛♥# ✜❧ ❛✈❡❝ ❞❡# ❛♣♣❛"❡✐❧# #♣+❝✐✜=✉❡# 2❡❧ =✉❡ ❧❡# "+#❡❛✉① ❞❡ ❝❛♣2❡✉"# ❡2 ❧❡# "+#❡❛✉① #❛♥# ✜❧ #❛♥#

❛✉❝✉♥❡ ✐♥❢"❛#2"✉❝2✉"❡✱ ❡2 ❞❡# ❛♣♣❛"❡✐❧# ❤+2+"♦❣*♥❡#✱ 2❡❧ =✉❡ ❧❡# "+#❡❛✉① ❛❞ ❤♦❝✳ ❉❛♥# ❝❡22❡ 2❤*#❡

♥♦✉# ❝♦♥#✐❞+"♦♥# ❧❡ ❝❛# ❞❡# "+#❡❛✉① ♠♦❜✐❧❡# ❛❞ ❤♦❝ ❛✉##✐ ❝♦♥♥✉# #♦✉# ❧❡ ♥♦♠ ❞❡ ▼❆◆❊❚ ✭▼♦❜✐❧❡

❆❞ ❤♦❝ ◆❊❚✇♦"❦#✮✳ ▲❡# ▼❆◆❊❚# #♦♥2 ❞❡# "+#❡❛✉① ❝♦♥#2✐2✉+# ❞✬❛♣♣❛"❡✐❧#✱ =✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ ❛✉##✐

♥J✉❞#✱ =✉✐ ❝♦♠♠✉♥✐=✉❡♥2 ❡♥2"❡ ❡✉① ❡♥ ✉2✐❧✐#❛♥2 ❧❡# ♦♥❞❡# "❛❞✐♦✳ ▲❡# "+#❡❛✉① ❛❞ ❤♦❝ #❡ ❢♦"♠❡♥2

#♣♦♥2❛♥+♠❡♥2 ❞*# ❧♦"# =✉❡ ❞❡# ♥J✉❞# #❡ 2"♦✉✈❡♥2 ❞❛♥# ❧❡✉"# "❛②♦♥# ❞❡ 2"❛♥#♠✐##✐♦♥# "❡#♣❡❝2✐❢#✱

❢♦"♠❛♥2 ❛✐♥#✐ ✉♥ "+#❡❛✉ #❛♥# ✐♥❢"❛#2"✉❝2✉"❡✳ ▲❡# ❝❛"❛❝2+"✐#2✐=✉❡# ♣"✐♥❝✐♣❛❧❡# ❞❡# ▼❆◆❊❚# #♦♥2

❧❛ ❣"❛♥❞❡ ❞②♥❛♠✐❝✐2+ ❞❡# ♥J✉❞# ✭✐♥❞✉✐2❡ ♣❛" ❧❡ ♠♦✉✈❡♠❡♥2 ❞❡# ✉2✐❧✐#❛2❡✉"#✮✱ ❧❛ ♣"♦♣"✐+2+ ✈♦❧❛2✐❧❡

❞❡# 2"❛♥#♠✐##✐♦♥# #❛♥# ✜❧✱ ❧❡ ❝♦♠♣♦"2❡♠❡♥2 ❞❡# ✉2✐❧✐#❛2❡✉"#✱ ❧❡# #❡"✈✐❝❡# ❡2 ❧❡✉"# ✉2✐❧✐#❛2✐♦♥#✳ ▲❛

#♣♦♥2❛♥+✐2+ ❡2 ❧❛ ❞②♥❛♠✐=✉❡ ❞❡# "+#❡❛✉① ❛❞ ❤♦❝ ❢❛✐2 ❞❡ ❧✬✉#❛❣❡ ❞❡ ❧❛ ❞+❝♦✉✈❡"2❡ ❞❡ #❡"✈✐❝❡# ✉♥

❛2♦✉2 ♠❛❥❡✉" ❡2 "❡♣"+#❡♥2❡✱ ❡♥ ♠L♠❡ 2❡♠♣#✱ ✉♥ ❞+✜ ✐♠♣♦"2❛♥2✳ ▲❛ ❞+❝♦✉✈❡"2❡ ❞❡ #❡"✈✐❝❡# ♣❡"✲

♠❡2 ❞❡ 2"♦✉✈❡" ❞❡# #❡"✈✐❝❡# ❢♦✉"♥✐# ♣❛" ❞✬❛✉2"❡# ♥J✉❞# ❞✉ "+#❡❛✉ ❞❡ ♠❛♥✐*"❡ ❛✉2♦♠❛2✐#+❡ #❛♥#

❧❛ ♥+❝❡##✐2+ ❞✬✉♥ ♣♦✐♥2 ❝❡♥2"❛❧ ❞❡ ❝♦♥2"M❧❡✳

❈❡""❡ "❤$%❡ ♣'♦♣♦%❡ ✉♥❡ %♦❧✉"✐♦♥ ❝♦♠♣❧$"❡ ♣♦✉' ❧❛ ❞1❝♦✉✈❡'"❡ ❞❡ %❡'✈✐❝❡% ❞❛♥%

❧❡% '1%❡❛✉① ❛❞ ❤♦❝✱ ❞❡ ❧❛ ❝♦✉❝❤❡ '1%❡❛✉ %♦✉%✲❥❛❝❡♥"❡ 7 ❧❛ ❞1❝♦✉✈❡'"❡ ❞❡ %❡'✈✐❝❡% 7

♣'♦♣'❡♠❡♥" ❞✐"❡✳ ▲❡ ♣"♦❝❡##✉# ❞❡ ❞+❝♦✉✈❡"2❡ ❞❡ #❡"✈✐❝❡# ✐♠♣❧✐=✉❡ 2♦✉# ❧❡# ♥✐✈❡❛✉① #♦✉#✲❥❛❝❡♥2#

❡2 ❧❡✉"# ❞♦♠❛✐♥❡# ❞❡ "❡❝❤❡"❝❤❡ "❡#♣❡❝2✐❢#✳ ❆✐♥#✐✱ ❜✐❡♥ =✉❡ ♥♦2"❡ ❜✉2 #♦✐2 ❞✬❛♠+❧✐♦"❡" ❧❛ ❞+❝♦✉✈❡"2❡

❞❡ #❡"✈✐❝❡#✱ ❧❡# ❞♦♠❛✐♥❡# ❧✐+# #♦♥2 ❛✉##✐ ✐♠♣❧✐=✉+# ❡2 ♣"✐# ❡♥ ❝♦♠♣2❡ ♣♦✉" ♥♦# ❝♦♥2"✐❜✉2✐♦♥#✳

❯♥ ♣"❡♠✐❡" ♦❜❥❡❝2✐❢ ❞❡ ❝❡22❡ 2❤*#❡✱ ❡#2 ❞❡ ❝♦♥#2"✉✐"❡ ✉♥❡ #2"✉❝2✉"❡ #2❛❜❧❡ ❛✉✲❞❡##✉# ❞✉ "+#❡❛✉

❛❞ ❤♦❝ #♣♦♥2❛♥+♠❡♥2 ❢♦"♠+✳ ❯♥ ❞+✜ ♠❛❥❡✉" ❡#2 ❞✬❛22❡✐♥❞"❡ ✉♥❡ #2❛❜✐❧✐2+ #❛2✐#❢❛✐#❛♥2❡ 2♦✉2 ❡♥

❣❛"❞❛♥2 ✉♥ ♥✐✈❡❛✉ ❜❛# ❞✉ ❝♦O2✱ ❡♥ 2❡"♠❡ ❞❡ ❜❛♥❞❡ ♣❛##❛♥2❡✱ ♣♦✉" ❧❛ ♠✐#❡ ❡♥ ♣❧❛❝❡ ❝❡22❡ #2"✉❝2✉"❡

#2❛❜❧❡✳ ◆♦2"❡ ♣"❡♠✐*"❡ ❝♦♥2"✐❜✉2✐♦♥ ❡#2 ❛✐♥#✐ ❧❡ ♣"♦2♦❝♦❧❡ ❙2❛❜❧❡ ▲✐♥❦❡❞ ❙2"✉❝2✉"❡ ❋❧♦♦❞✐♥❣

✭❙▲❙❋✮ =✉✐ ❡#2 ❜❛#+ #✉" ✉♥❡ #2"✉❝2✉"❡ ❞❡ ❝❧✉#2❡" R ✉♥ #❛✉2 ✭◆▲❲❈❆✮ ❡2 ♣❡"♠❡2 ❞✬♦❜2❡♥✐" ✉♥❡

❞✐✛✉#✐♦♥ ❡✣❝❛❝❡ ❞❡# ♠❡##❛❣❡# ❡2 =✉✐ ♣❛##❡ R ❧✬+❝❤❡❧❧❡✳ ▲❛ #❡❝♦♥❞❡ ❝♦♥2"✐❜✉2✐♦♥ ❡#2 ❧❡ ♣"♦2♦❝♦❧❡

❞❡ "♦✉2❛❣❡ ❙2❛❜❧❡ ▲✐♥❦❡❞ ❙2"✉❝2✉"❡ ❘♦✉2✐♥❣ ✭❙▲❙❘✮ =✉✐ ✉2✐❧✐#❡ ❙▲❙❋ ♣♦✉" ❧❛ ❞✐##+♠✐♥❛2✐♦♥

✶✼✺



❞❡" ♠❡""❛❣❡" ❞❡ &♦✉)❛❣❡✳ ❊♥ ✉)✐❧✐"❛♥) ❝❡" ♣&♦)♦❝♦❧❡" ❞❡ ❞✐""1♠✐♥❛)✐♦♥ ❡) ❞❡ &♦✉)❛❣❡ ❝♦♠♠❡

❜❛"❡✱ ♥♦✉" ♣&♦♣♦"♦♥" ❞✬❛♠1❧✐♦&❡& ❧❛ ❞1❝♦✉✈❡&)❡ ❞❡ "❡&✈✐❝❡" ❡♥ ♣&❡♥❛♥) ❡♥ ❝♦♠♣)❡ ❧❡ ❝♦♥)❡①)❡

❡) ❡♥ ❛❞❛♣)❛♥) ❝❡))❡ ❞1❝♦✉✈❡&)❡ 7 ❝❡❧✉✐✲❝✐✳ ❉❡ ♣❧✉"✱ ♥♦✉" ❛✈♦♥" 1❣❛❧❡♠❡♥) ❝♦♥)&✐❜✉1 ❛✉① ♦✉)✐❧"

❞❡ "✐♠✉❧❛)✐♦♥✳ ◆♦✉" ♣&♦♣♦"♦♥" ❞❡ ❝♦✉♣❧❡& ❡) ❞❡ ❝♦♠❜✐♥❡& ❧❡" "✐♠✉❧❛)❡✉&" ❡) ❧❡" ♠♦❞;❧❡"✱ <✉✐✱

❡♥"❡♠❜❧❡✱ ♣❡&♠❡))❡♥) ❞❡ "✐♠✉❧❡& ✉♥❡ ❣&❛♥❞❡ ✈❛&✐1)1 ❞❡ "❝1♥❛&✐♦" ❡) ♥♦)❛♠♠❡♥) ❞❡" "❝1♥❛&✐♦"

❝❛♣❛❜❧❡" ❞❡ &❡♣&♦❞✉✐&❡ ❧❡ ❝♦♠♣♦&)❡♠❡♥) ❤✉♠❛✐♥✳

❯♥❡ ❧✐❣♥❡ ❞✐&❡❝)&✐❝❡ ♣♦✉& )♦✉)❡" ♥♦" ❝♦♥)&✐❜✉)✐♦♥" ❛ 1)1 ❞❡ ♣♦✉✈♦✐& ✐♥)1❣&❡& ❧❛ ♣&✐"❡ ❡♥ ❝♦♠♣)❡

❞✉ ❝♦♥)❡①)❡ ❞❛♥" ❧❡" ♣&♦)♦❝♦❧❡" ❛✐♥"✐ <✉❡ ❞❛♥" ❧❡" ♦✉)✐❧" ❞❡ &❡❝❤❡&❝❤❡" ♣&♦♣♦"1"✳



❆♣♣❡♥❞✐① ❋
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❝❤❡♠✐♥+ ❝❤♦✐+✐+✱ ❡①❤❛✉+9✐✈✐9*✱ ❡9❝✳✮ ❞❡ ❧❛ 9❛❜❧❡ ❞❡ $♦✉9❛❣❡✳
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▲❡ ♣#♦%♦❝♦❧❡ ❞❡ #♦✉%❛❣❡ ❖▲❙❘ ❬❈❧❛✉ ✵✸❪ ❝♦♥5✉ ♣♦✉# ❧❡6 #76❡❛✉① ❛❞ ❤♦❝ ❛ 7%7 6%❛♥❞❛#❞✐67 ❛✉ 6❡✐♥

❞❡ ❧✬■❊❚❋

✹✹

♣❛# ❧❡ ❣#♦✉♣❡ ❞❡ %#❛✈❛✐❧ ▼❆◆❊❚ ❬▼♦❜✐❪✳ ❈✬❡6% ✉♥ ♣#♦%♦❝♦❧❡ ❞❡ #♦✉%❛❣❡ ♣#♦❛❝%✐❢

G✉✐ 7❝❤❛♥❣❡ ♣7#✐♦❞✐G✉❡♠❡♥% ❞❡6 ♠❡66❛❣❡6 ❍❊▲▲❖✳ ❈❡6 ♠❡66❛❣❡6 ♣❡#♠❡%%❡♥% J ❝❤❛G✉❡ ♥K✉❞ ❞❡

❞7❝♦✉✈#✐# 6♦♥ ✈♦✐6✐♥❛❣❡ ❞✐#❡❝%✱ ♠❛✐6 ❛✉66✐ 6♦♥ ✈♦✐6✐♥❛❣❡ J ❞❡✉① 6❛✉%6✳ ■❧ ♦❜%✐❡♥% ❛✐♥6✐ ✉♥❡ ✈✉❡ J

❞❡✉① 6❛✉%6 ❞✉ #76❡❛✉ ❝♦♠♠❡ ❧❡ ♠♦♥%#❡ ❧❛ ✜❣✉#❡ ❋✳✷✳

▲❡ ♣#✐♥❝✐♣❛❧ ❛%♦✉% ❞✬❖▲❙❘ ❡6% 6❛ 67❧❡❝%✐♦♥ ❞❡ ♥K✉❞6 ▼O❘ ✭▼✉❧%✐O♦✐♥% ❘❡❧❛②✮✱ G✉✐ ❡6% ✉♥❡

❢♦#♠❡ ❞❡ ❜♦#❞❡#❝❛6% J ❞❡✉① 6❛✉%6✳ ❊♥ ❡✛❡%✱ ❡♥ ✉%✐❧✐6❛♥% ❧✬✐♥❢♦#♠❛%✐♦♥ J ❞❡✉① 6❛✉% ❞❡ 6♦♥ ✈♦✐6✐♥❛❣❡✱

❖▲❙❘ 67❧❡❝%✐♦♥♥❡ ❧❡6 ♥K✉❞6 ❞❡ %❡❧❧❡ 6♦#%❡ J ❛✈♦✐# ❧❡ ♣❧✉6 ♣❡%✐% ♥♦♠❜#❡ ❞❡ ♥K✉❞6 J ✉♥ 6❛✉%

G✉✐ #❡❧❛✐❡♥% ❧❡6 ♠❡66❛❣❡6 %♦✉% ❡♥ ❛%%❡✐❣♥❛♥% %♦✉6 ❧❡6 ♥K✉❞6 J ❞❡✉① 6❛✉%6 ✭✜❣✉#❡ ❋✳✷❝✮✳ ❈❡6

♥K✉❞6 ✐♥%❡#♠7❞✐❛✐#❡6 6♦♥% ❛❧♦#6 ❞❡6 ♥K✉❞6 ▼O❘✳ ❈❤❛G✉❡ ♥K✉❞ ❡①7❝✉%❡ ❛❧♦#6 ❧❡ ♠T♠❡ ♣#♦❝❡66✉6

❧♦❝❛❧❡♠❡♥% ❡% ❞76✐❣♥❡ J 6♦♥ %♦✉# ❧❡6 ▼O❘ ❞♦♥% ✐❧ ❛ ❜❡6♦✐♥ ♣♦✉# ❛%%❡✐♥❞#❡ %♦✉6 ❧❡6 ♥K✉❞6 J ❞❡✉①

6❛✉%6 ✭✜❣✉#❡ ❋✳✷❞✮✳ ❆✉ ✜♥❛❧ ♦♥ ♦❜%✐❡♥% ✉♥❡ 6%#✉❝%✉#❡ ❞❡ ♥K✉❞6 ♦U ❡♥ ✉%✐❧✐6❛♥% ✉♥✐G✉❡♠❡♥% ❧❡6

▼O❘ ♣♦✉# #❡❧❛②❡# ✉♥ ♠❡66❛❣❡✱ ♦♥ ❛%%❡✐♥% %♦✉6 ❧❡6 ♥K✉❞6 ❞✉ #76❡❛✉ ✭✜❣✉#❡ ❋✳✷❡✮✳ ❖▲❙❘ ✉%✐❧✐6❡

❛❧♦#6 ❝❡%%❡ 6%#✉❝%✉#❡ ❞❡ ❞✐667♠✐♥❛%✐♦♥ ♣♦✉# ❞✐✛✉6❡# ❞❡6 ♠❡66❛❣❡6 ❚♦♣♦❧♦❣② ❈♦♥%#♦❧ ✭❚❈✮ G✉✐

❝♦♥%✐❡♥♥❡♥% ❧❛ ❧✐6%❡ ❞❡6 ✈♦✐6✐♥6 J ✶ 6❛✉% ❞❡ ❧✬7♠❡%%❡✉# ❞✬✉♥ %❡❧ ♠❡66❛❣❡✳ ❙❡✉❧6 ❧❡6 ▼O❘ 7♠❡%%❡♥%

❞❡6 ♠❡66❛❣❡6 ❚❈ ❡% ❡♥ ♠T♠❡ %❡♠♣6 6❡✉❧6 ❧❡6 ▼O❘ #❡❧❛②❡♥% ❧❡6 ♠❡66❛❣❡6✳

❯♥❡ ❢♦✐6 ❧❡6 ♠❡66❛❣❡6 ❚❈ ❞❡ ❝❤❛G✉❡ ▼O❘ ❞✉ #76❡❛✉ #❡5✉6✱ ❝❤❛G✉❡ ♥K✉❞ ♣♦66X❞❡ ✉♥❡ %❛❜❧❡

❞❡ #♦✉%❛❣❡ ❝♦♥%❡♥❛♥% ❧❛ %♦♣♦❧♦❣✐❡ ❝♦♠♣❧X%❡ ❞✉ #76❡❛✉✳ ◆♦✉6 ♥♦✉6 6♦♠♠❡6 %♦✉% ♣❛#%✐❝✉❧✐X#❡♠❡♥%

✐♥%7#❡6676 J ❖▲❙❘✱ J ❝❛✉6❡ ❞❡ ❧❛ 6%#✉❝%✉#❡ ❞❡ ❞✐667♠✐♥❛%✐♦♥ G✉✬✐❧ 7%❛❜❧✐% ❛✈❡❝ ❧❛ 67❧❡❝%✐♦♥ ❞❡6

♥K✉❞6 ▼O❘✳
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a) b)

c) d)

e)

❋✐❣✉#❡ ❋✳✷✿ ❙7❧7❝%✐♦♥ ❞❡6 ▼O❘ ✭❇♦#❞❡#❝❛6%✐♥❣✮ ❛✈❡❝ ❖▲❙❘✳

❋✳✶✳✷ ❙%&❛%(❣✐❡, ❞❡ ❞✐,,(♠✐♥❛%✐♦♥

■❧ ❡①✐6%❡ ❛✉66✐ ❞❡6 ♣#♦%♦❝♦❧❡6 6♣7❝✐✜G✉❡♠❡♥% ❞7❞✐76 J ❧❛ ❞✐667♠✐♥❛%✐♦♥✳ ❈♦♥%#❛✐#❡♠❡♥% ❛✉① ♣#♦✲

%♦❝♦❧❡6 ❞❡ #♦✉%❛❣❡✱ ✐❧6 ♥✬7%❛❜❧✐66❡♥% ♣❛6 ❞❡ %❛❜❧❡ ❞❡ #♦✉%❛❣❡ ♦✉ ❞❡ ❝❤❡♠✐♥ ✈❡#6 ✉♥ ♥K✉❞ ❡♥

♣❛#%✐❝✉❧✐❡#✳ ▲❡✉# ❜✉% ❡6% 6✐♠♣❧❡♠❡♥% ❞❡ ♣#♦♣♦6❡# ❞❡6 6%#❛%7❣✐❡6 ♣♦✉# #7❞✉✐#❡ ❧❡ ❝♦\% ❞❡ ❧❛ ❞✐6✲

67♠✐♥❛%✐♦♥ ❞✬✉♥ ♠❡66❛❣❡ ✭❡♥✈♦✐ ❞✉ ♠❡66❛❣❡ J %♦✉6 ❧❡6 ♥K✉❞6✮ ❞❛♥6 ❧❡ #76❡❛✉✳

✹✹

■♥"❡$♥❡" ❊♥❣✐♥❡❡$✐♥❣ ❚❛*❦ ❋♦$❝❡



❉✬✉♥ ❝❡&'❛✐♥ ♣♦✐♥' ❞❡ ✈✉❡✱ ❧❡0 ♣&♦'♦❝♦❧❡0 ❞❡ &♦✉'❛❣❡ ❡' ❞❡ ❞✐002♠✐♥❛'✐♦♥ ♣❛&'❛❣❡♥' ✉♥ ❜✉'

❝♦♠♠✉♥ ✿ ❛''❡✐♥❞&❡ '♦✉0 ❧❡0 ♥6✉❞0 ❞✉ &20❡❛✉ ❡♥ ♥❡ ❣❛&❞❛♥' 7✉❡ ❧❡0 ❧✐❡♥0 ♣❡&'✐♥❡♥'0✳ ❯♥ ❧✐❡♥

♣❡&'✐♥❡♥' ♣❡✉' :'&❡✿

• 0❡✉❧❡♠❡♥' ❧❡0 ❧✐❡♥0 ♦; ✉♥❡ ❝♦♠♠✉♥✐❝❛'✐♦♥ ❡0' ❡♥ ❝♦✉&0✱ ❝♦♠♠❡ ❧✬♦♥ ♣❡✉' ♦❜0❡&✈❡& ❞❛♥0 ❧❡0
♣&♦'♦❝♦❧❡0 &2❛❝'✐❢0 ✭✜❣✉&❡ ❋✳✸❜✮✳

• ✉♥ 0♦✉0 ❡♥0❡♠❜❧❡ ❞❡ ❧✐❡♥0 ♠✐♥✐♠❛✉① 7✉✐ ♣❡&♠❡' ❞✬❛''❡✐♥❞&❡ '♦✉' ❧❡0 ♥6✉❞0 ❞✉ &20❡❛✉✳
❚❡❧ ❡0' ❧❡ ❝❛0 ❞❡0 ♣&♦'♦❝♦❧❡0 ❞❡ ❞✐002♠✐♥❛'✐♦♥ ❡' ❧❡0 ♣&♦'♦❝♦❧❡0 ❞❡ &♦✉'❛❣❡ ♣&♦❛❝'✐❢0 ✭✜❣✉&❡

❋✳✸❝✮✳

a) b) c)

Active link

❋✐❣✉&❡ ❋✳✸✿ ❛✮ &20❡❛✉ ❛❞ ❤♦❝✳ ❜✮ ❧✐❡♥ ❛❝'✐❢ ✉♥✐7✉❡♠❡♥'✳ ❝✮ 0♦✉0✲❡♥0❡♠❜❧❡ ❞❡ ♥6✉❞0 ♣♦✉& ❧❛

❞✐002♠✐♥❛'✐♦♥✳

▲❡ ♣&♦❜❧G♠❡ 7✉✐ ❝♦♥0✐0'❡ H '&♦✉✈❡& ❧❡ ♣❧✉0 ♣❡'✐' ❡♥0❡♠❜❧❡ ❞❡ ❧✐❡♥0 ♦✉ ♥6✉❞0 7✉✐ ♣❡&♠❡' ❞❡

❝♦✉✈&✐& '♦✉0 ❧❡0 ♥6✉❞0 ❞✉ &20❡❛✉ ❡0' ✉♥ ♣&♦❜❧G♠❡ ❜✐❡♥ ❝♦♥♥✉ ❞❡ ❧❛ '❤2♦&✐❡ ❞❡0 ❣&❛♣❤❡0 0♦✉0

❧❡ ♥♦♠ ❞✬❡♥0❡♠❜❧❡0 ❞♦♠✐♥❛♥'0 ✭❞♦♠✐♥❛&✐♥❣ (❡&(✮✳ ❊♥ ✉'✐❧✐0❛♥' ❧❛ '❤2♦&✐❡ ❞❡0 ❣&❛♣❤❡0✱ ♦♥ ♣❡✉'

&❡♣&20❡♥'❡& ✉♥ &20❡❛✉ ❛❞ ❤♦❝ ♣❛& ✉♥ ❣&❛♣❤❡ G = (V,E) ♦; V ✭❱❡&'✐❝❡0✮ &❡♣&20❡♥'❡ ❧❡0 ♥6✉❞0 ❡'

E ✭❊❞❣❡0✮ ❧❡0 ❧✐❡♥0 ❧❡0 &❡❧✐❛♥'✳ ❊♥ ✉'✐❧✐0❛♥' ❝❡''❡ &❡♣&20❡♥'❛'✐♦♥✱ ✉♥ ❡♥0❡♠❜❧❡ ❞♦♠✐♥❛♥' D ⊆ V
❡0' ✉♥ 0♦✉0 ❡♥0❡♠❜❧❡ ❞❡ V 7✉✐ ❞♦♠✐♥❡ '♦✉0 ❧❡0 ♥6✉❞0 ❞✉ ❣&❛♣❤❡ G✳ ❊♥ ❞✬❛✉'&❡0 '❡&♠❡0✱ ❝❤❛7✉❡
♥6✉❞ 7✉✐ ♥✬❡0' ♣❛0 ❞❛♥0 ❧✬❡♥0❡♠❜❧❡ ❞♦♠✐♥❛♥' D ❛ ❛✉ ♠♦✐♥0 ✉♥ ♥6✉❞ ❞❛♥0 0♦♥ ✈♦✐0✐♥❛❣❡ ❞✐&❡❝'

7✉✐ ❢❛✐' ♣❛&'✐❡ ❞❡ ❧✬❡♥0❡♠❜❧❡ D ✭✜❣✉&❡ ❋✳✹✮✳ ❯♥❡ 2'✉❞❡ ❝♦♠♣❧G'❡ 0✉& ❧❡0 ❡♥0❡♠❜❧❡0 ❞♦♠✐♥❛♥'0 ❡'

♥♦'❛♠♠❡♥' ❝❡✉① 7✉✐ 0♦♥' ❝♦♥0'&✉✐'0 ❞❡ ♠❛♥✐G&❡ ❞✐0'&✐❜✉2❡ 0❡ '&♦✉✈❡ ❞❛♥0 ❬❇❧✉♠ ✵✹❪ ❡' ❬❲✉ ✵✷❪✳

a) b) c)

❋✐❣✉&❡ ❋✳✹✿ ❊♥0❡♠❜❧❡ ❞♦♠✐♥❛♥' ✭❉♦♠✐♥❛'✐♥❣ 0❡'✮ ✭♥6✉❞ ❡♥ &♦✉❣❡✮✳

❋✳✶✳✸ ❙%❧❡❝)✐♦♥ ❞❡. ♥/✉❞. 1❡❧❛✐.

❆✜♥ ❞❡ &2❞✉✐&❡ ❧❡ ♥♦♠❜&❡ ❞❡ '&❛♥0♠✐00✐♦♥ ❞❡ ♠❡00❛❣❡0✱ ❜❡❛✉❝♦✉♣ ❞❡ ♣&♦'♦❝♦❧❡0 ❛❞ ❤♦❝ ✉'✐❧✐0❡♥'

❧❛ 02❧❡❝'✐♦♥ ❞❡ ♥6✉❞0 &❡❧❛✐0✳ ❉❛♥0 ❬S❡♥❣ ✵✶❪✱ ❞❡0 ✧ ❜&♦❛❞❝❛0' &❡❧❛② ❣❛'❡✇❛②0 ✧ ✭❇❘●✮ 0♦♥'

02❧❡❝'✐♦♥♥20 ❞❡ '❡❧ ♠❛♥✐G&❡ H ❝♦✉✈&✐& ❝❤❛7✉❡ ♥6✉❞ H ✷ 0❛✉'0 ♣❛& ❛✉ ♠♦✐♥0 ✉♥ ❇❘●✳ ❯♥❡ ❛✉'&❡



❛♣♣"♦❝❤❡✱ ❉❈❇ ✭❉♦✉❜❧❡✲❝♦✈❡"❡❞ ❇"♦❛❞❝❛23✮ ❬▲♦✉ ✵✹❪✱ 2:❧❡❝3✐♦♥♥❡ ❞❡2 ♥=✉❞2 "❡❧❛✐2 ❞❡ 3❡❧❧❡ 2♦"3❡ >

❝♦✉✈"✐" ❝❤❛?✉❡ ♥=✉❞ > ✷ 2❛✉3 ♣❛" ❞❡✉① ♥=✉❞2 "❡❧❛✐2✳ ▲❡2 ♥=✉❞2 > ✷ 2❛✉32 2♦♥3 ❛✐♥2✐ ❞♦✉❜❧❡♠❡♥3

❝♦✉✈❡"32✳ ❈♦♠♠❡ ♥♦✉2 ❧✬❛✈♦♥2 ♣":❝:❞❡♠♠❡♥3 ❞:❝"✐3✱ ❧❡ ♠:❝❛♥✐2♠❡ ❞❡2 ▼F❘ ❞❡ ❖▲❙❘ ❢♦"♠❡ ✉♥❡

23"✉❝3✉"❡ ❞❡ ❞✐22:♠✐♥❛3✐♦♥ ❜❛2:❡ 2✉" ❧❛ 2:❧❡❝3✐♦♥ ❞❡2 ♥=✉❞2 "❡❧❛✐2 ♣♦✉" ❝♦✉✈"✐" ❛✈❡❝ ❧❡ ♥♦♠❜"❡

♠✐♥✐♠❛❧ ❞❡ ♥=✉❞ > ✶ 2❛✉3 3♦✉2 ❧❡2 ♥=✉❞2 > ✷ 2❛✉32 ❬❏❛❝? ✵✶❪✳

❋✳✶✳✹ ❍✐&'❛'❝❤✐❡ ❡, ❝❧✉/,❡'✐♥❣

❯♥❡ ❛✉3"❡ 23"❛3:❣✐❡ ♣♦✉" ":❞✉✐"❡ ❧❡ ❝♦O3 ❞❡ ❞✐22:♠✐♥❛3✐♦♥ ❡23 ❧✬♦"❣❛♥✐2❛3✐♦♥ ❞✉ ":2❡❛✉ ❡♥ ❤✐:"❛"❝❤✐❡

♦✉ ✧ ❝❧✉23❡"2 ✧✳

▲❡ ❝❧✉#$❡&✐♥❣ ❡23 ✉♥❡ 3❡❝❤♥✐?✉❡ ?✉✐ ♦"❣❛♥✐2❡ ❧❡ ":2❡❛✉ ❡♥ ❣"♦✉♣❡2 ❞❡ ♥=✉❞2 ❛♣♣❡❧:2 ❞❡2

❝❧✉23❡"2✳ ❈❤❛?✉❡ ❝❧✉23❡" ❛ ✉♥ ✧ ♠❡♥❡✉" ✧✱ ❛♣♣❡❧: ❝❧✉#$❡&❤❡❛❞✱ ?✉✐ ❡23 ❡♥ ❝❤❛"❣❡ ❞❡ ❧❛ ❣❡23✐♦♥

❞✉ ❝❧✉23❡"✳ ▲❡2 ❛✉3"❡2 ♣❛"3✐❝✐♣❛♥32 ❞✉ ❝❧✉23❡" 2♦♥3 ❛♣♣❡❧:2 ❞❡2 #❧❛✈❡#✳ ▲✬:3❡♥❞✉ ❞✬✉♥ ❝❧✉23❡"

♣❡✉3 ❞:♣❡♥❞"❡ ♣❛" ❡①❡♠♣❧❡ ❞✉ ♥♦♠❜"❡ ❞❡ 2❛✉32 ❞❡♣✉✐2 ❧❡ ❝❧✉23❡"❤❡❛❞ ♦✉ ❡♥❝♦"❡ ❞❡ ❧❛ ❞✐23❛♥❝❡

❣:♦♠:3"✐?✉❡✳ ▲❡ ❝❧✉23❡"❤❡❛❞ ♣❡✉3 Q3"❡ :❧✉ ♣❛" ✈♦3❡ ❝♦♦"❞♦♥♥:✱ ♠❛✐2 ❛✉22✐ ♣❛" 2✐♠♣❧❡ ❞:2✐❣♥❛3✐♦♥

✐♥❞✐✈✐❞✉❡❧❧❡ ❞❡ ❝❤❛?✉❡ ♥=✉❞✳ ❆✐♥2✐✱ 2❡❧♦♥ ❧✬❛❧❣♦"✐3❤♠❡✱ ❧❡2 ❝❧✉23❡"2 ♣❡✉✈❡♥3 2❡ "❡❝♦✉✈"✐" ♣❛"✲

3✐❡❧❧❡♠❡♥3 ❡3 ❛✈♦✐" ♣❧✉2✐❡✉"2 ❝❧✉23❡"❤❡❛❞ ❞❛♥2 ✉♥ ♠Q♠❡ "❛②♦♥✳ ❯♥ ❝❧✉23❡"❤❡❛❞ ♣❡✉3✱ ❧✉✐ ❛✉22✐✱

:❧✐"❡ ✉♥ ❛✉3"❡ ♥=✉❞ ?✉❡ ❧✉✐ ♠Q♠❡ ❡♥ 3❛♥3 ?✉❡ 2♦♥ ❝❧✉23❡"❤❡❛❞ ❡3 ❞❡✈❡♥✐" ✉♥ ✧ 2♦✉2✲❝❧✉23❡"❤❡❛❞

✧ ❞❡ ❝❡ ❞❡"♥✐❡" ❛♣♣❡❧: #✉❜❤❡❛❞✳

F❛" ❡①❡♠♣❧❡ ❧❡2 ❛✉3❡✉"2 ❞❡ ❬◆✐ ✾✾❪ ♣"♦♣♦2❡♥3 ✉♥ ❛❧❣♦"✐3❤♠❡ ❞❡ ❝❧✉23❡"✐♥❣ ?✉✐ :❧✐3 ❧❡2 ❝❧✉23❡"✲

❤❡❛❞ ❛♣"V2 ✉♥ :❝❤❛♥❣❡ ❞❡ ♠❡22❛❣❡2 ❞❛♥2 ❧❡ ✈♦✐2✐♥❛❣❡✳ ❉❛♥2 ❬❋♦"♦ ✵✺❪✱ ❧❡2 ❝❧✉23❡"2 2♦♥3 2:❧❡❝3✐♦♥♥:2

✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥3 2✉" ❧❛ ❜❛2❡ ❞❡2 ✐♥❢♦"♠❛3✐♦♥2 ❝♦♥3❡♥✉❡2 ❞❛♥2 ❧❡2 ♠❡22❛❣❡2 ♣:"✐♦❞✐?✉❡2 :❝❤❛♥❣:2✱

❧❡2 ❜❡❛❝♦♥2✳ ■❧ ♥✬② ❛ ❞♦♥❝ ♣❛2 ❞✬:❧❡❝3✐♦♥ ♠❛✐2 2✐♠♣❧❡♠❡♥3 ✉♥❡ ❛♥♥♦♥❝❡ ✐♥❞✐✈✐❞✉❡❧❧❡ ❞❡ ❝❤❛?✉❡

♥=✉❞ ❞✉ ❝❧✉23❡"❤❡❛❞ ❝❤♦✐2✐✳ ❉❡ ♣❧✉2✱ ✉♥❡ ♥♦3✐♦♥ ❞❡ 23❛❜✐❧✐3: ❞❡2 ♥=✉❞2 ② ❡23 ♣"♦♣♦2:❡ ♣♦✉"

2:❧❡❝3✐♦♥♥❡" ❡♥ 3❛♥3 ?✉❡ ❝❧✉23❡"❤❡❛❞ ❧❡ ♥=✉❞ ❧❡ ♣❧✉2 23❛❜❧❡✳ ❈❡33❡ ❛♣♣"♦❝❤❡✱ ❡23 3"V2 2✐♠✐❧❛✐"❡ ❛✉

♣"♦3♦❝♦❧❡ ◆▲❲❈❆ ?✉❡ ♥♦✉2 ❛✈♦♥2 ❝❤♦✐2✐✳ ▲✬❛✈❛♥3❛❣❡ ❞❡ ◆▲❲❈❆ ♣❛" "❛♣♣♦"3 > ❝❡33❡ ❛♣♣"♦❝❤❡

❡23 ?✉✬✐❧ ❞✐2♣♦2❡ ❞❡ ❝❡33❡ ♠Q♠❡ ♥♦3✐♦♥ ❞❡ 23❛❜✐❧✐3: ❞❡2 ♥=✉❞2 ♠❛✐2 ❡♥ ♣❧✉2 ❞✬✉♥❡ ♥♦3✐♦♥ ❞❡

23❛❜✐❧✐3: ❞❡2 ❧✐❡♥2 ❡♥3"❡ ❧❡2 ♥=✉❞2✳

◆▲❲❈❆ ✕ ◆♦❞❡ ❛♥❞ ▲✐♥❦ ❲❡✐❣❤/❡❞ ❈❧✉2/❡3✐♥❣ ❆❧❣♦3✐/❤♠

◆▲❲❈❆ ❬❆♥❞" ✵✽❜❪ ♦"❣❛♥✐2❡ ❧❡ ":2❡❛✉ ❡♥ ❝❧✉23❡"2 > ✶ 2❛✉3 ❡♥ ♥✬✉3✐❧✐2❛♥3 ?✉❡ ❞❡2 ✐♥❢♦"♠❛3✐♦♥2

❞✐2♣♦♥✐❜❧❡2 ❧♦❝❛❧❡♠❡♥3✳ ❈❤❛?✉❡ ♥=✉❞ ❝❤♦✐2✐3 ✉♥ ♥=✉❞ ❡♥ 3❛♥3 ?✉❡ 2♦♥ ❝❧✉23❡"❤❡❛❞✱ ❢♦"♠❛♥3

❛✐♥2✐ ❞❡2 ❝❧✉23❡"2 ❝♦♠♠❡ ❝❡✉① ❞❡ ❧❛ ✜❣✉"❡ ❋✳✺✳ ▲❡ ❝❤♦✐① ❞❡ ❝❧✉23❡"❤❡❛❞ ❡23 ❜❛2: 2✉" ❧❡2 ♣♦✐❞2

❛♥♥♦♥❝:2 ♣❛" ❝❤❛?✉❡ ♥=✉❞ ❞✉ ✈♦✐2✐♥❛❣❡✳ ▲❡ ♥=✉❞ ❛✈❡❝ ❧❡ ♣♦✐❞2 ❧❡ ♣❧✉2 ❣"❛♥❞ ❡23 ❛❧♦"2 ❝❤♦✐2✐

❝♦♠♠❡ ❝❧✉23❡"❤❡❛❞✳ ▲❡ ❜✉3 ♣"✐♥❝✐♣❛❧ ❞❡ ◆▲❲❈❆ ❡23 ❞✬:✈✐3❡" ❧❡2 ":♦"❣❛♥✐2❛3✐♦♥2 2✉♣❡"✢✉❡2 ❞❡2

❝❧✉23❡"2 ❧♦"2?✉❡ ❝❡✉①✲❝✐ 2❡ ❝"♦✐2❡♥3✳ ◆▲❲❈❆ ♣♦22V❞❡ ✉♥❡ ♥♦3✐♦♥ ❞❡ 23❛❜✐❧✐3: ❞❡2 ❧✐❡♥2✱ "❡♣":2❡♥3:❡

♣❛" ✉♥ ♣♦✐❞2 ♣♦✉" ❝❤❛?✉❡ ❧✐❡♥✱ ?✉✐ ♣❡"♠❡3 ❞✬:✈✐3❡" ❞❡ ♣"❡♥❞"❡ ❡♥ ❝♦♠♣3❡ ✉♥ ♥=✉❞ ✭✈♦✐"❡ ♠Q♠❡

✉♥ ❝❧✉23❡" ❡♥3✐❡"✮ ❞❛♥2 2♦♥ ♦"❣❛♥✐2❛3✐♦♥✳ ▲✬❡①❡♠♣❧❡ 2✉" ❧❛ ✜❣✉"❡ ❋✳✻ ♠♦♥3"❡ ❧❡2 ❧✐❡♥2 ✐♥3❡"✲❝❧✉23❡"

❞♦♥3 ❧❛ 23❛❜✐❧✐3: ❡23 > ✵ ❡3 :✈✐3❡ ❛✐♥2✐ ✉♥❡ ":♦"❣❛♥✐2❛3✐♦♥ ❞❡2 ❞❡✉① ❝❧✉23❡"2 ?✉✐ ♥❡ 2❡ ❝"♦✐2❡♥3 ?✉✬✉♥

❝♦✉"3 ✐♥23❛♥3✳

▲❡2 ✐♥❢♦"♠❛3✐♦♥2 ❞❡ ♣♦✐❞2 ❞✬✉♥ ♥=✉❞ ❡3 ❞✉ ❝❤♦✐① ❞❡ ❝❧✉23❡"❤❡❛❞ 2♦♥3 3"❛♥2♠✐2❡2 ❞❛♥2 ❧❡2

❜❡❛❝♦♥2 ♣:"✐♦❞✐?✉❡♠❡♥3 :♠✐2 ♣❛" ❝❤❛❝✉♥ ❞❡2 ♥=✉❞2✳ ▲❡2 ❜❡❛❝♦♥2 ❞❡ ◆▲❲❈❆✱ 2✉" ❧❛ ✜❣✉"❡ ❋✳✼✱

♦♥3 ❞❡✉① ✉3✐❧✐3:2✿

• F❡"♠❡33"❡ ❧❛ 2:❧❡❝3✐♦♥ ❞❡2 ❝❧✉23❡"❤❡❛❞2 ❡♥ 2❡ ❜❛2❛♥3 2✉" ❧❡2 ✐♥❢♦"♠❛3✐♦♥2 ?✉✬✐❧2 ❝♦♥3✐❡♥♥❡♥3

✭♣♦✐❞2 ❞✉ ♥=✉❞ ❛♥♥♦♥❝: ❡3 ❛❞"❡22❡ ❞❡ ❝❧✉23❡"❤❡❛❞✮✳

• ❈❛❧❝✉❧❡" ❧❛ 23❛❜✐❧✐3: ❞✬✉♥ ❧✐❡♥ ❡♥ ✉3✐❧✐2❛♥3 ❧❛ ♣:"✐♦❞✐❝✐3: ❞❡2 ❛♥♥♦♥❝❡2✳ ❈✬❡23 ❛✐♥2✐✱ ?✉❡ ❧❡2

♥=✉❞2 ❞♦♥3 ❧❡ ♥♦♠❜"❡ ❞❡ ❜❡❛❝♦♥2 "❡a✉2 ❞❛♥2 ✉♥❡ ♣:"✐♦❞❡ ❞♦♥♥:❡ ❡23 ✐♥❢:"✐❡✉" > ✉♥ 2❡✉✐❧

❞❡ 23❛❜✐❧✐3: ✭#$❛❜✐❧✐$② $❤&❡#❤♦❧❞✮ 2♦♥3 ❝♦♥2✐❞:":2 ❝♦♠♠❡ ✐♥23❛❜❧❡2✳



9
2

38

Cluster 1

Cluster 2

1

7

5
4

6

Clusterhead
Slave



Clusterhead 

Address
Weight

❋✐❣✉$❡ ❋✳✼✿ ❋♦$♠❛, ❞✉ ❜❡❛❝♦♥ ❞❡ ◆▲❲❈❆✳

Clusterhead 

Address

[Nearby Clusthead Address (Corresponding 

Hop Count); … ]
Weight

  

NLWCA part WCPD part

❋✐❣✉$❡ ❋✳✽✿ ❋♦$♠❛, ❞✉ ❜❡❛❝♦♥ ❲❈3❉ ❝♦♠❜✐♥5

❛✈❡❝ ◆▲❲❈❆✳

A

C

B

S

Broadcast

Cluster link

Unicast

Inter-cluster link

❋✐❣✉$❡ ❋✳✾✿ ❉✐;;5♠✐♥❛,✐♦♥ ❞✬✉♥ ♠❡;;❛❣❡ ❛✈❡❝ ❲❈3❉✳

❋✳✷ ❙❡%✈✐❝❡ ❞❡ ♥♦♠♠❛❣❡

❉✬✉♥ ♣♦✐♥, ❞❡ ✈✉❡ $5;❡❛✉✱ ❧❡; ❞✐✛5$❡♥,; ♣$♦,♦❝♦❧❡;✱ ,❡❧ A✉❡ ❧❡ $♦✉,❛❣❡ ♦✉ ❛✉,$❡✱ ✉,✐❧✐;❡♥, ❧❡ ♣❧✉;

;♦✉✈❡♥, ❧❡; ❛❞$❡;;❡; ■3 ♣♦✉$ ❧❛ ❝♦♠♠✉♥✐❝❛,✐♦♥✳ ❉✉ ♣♦✐♥, ❞❡ ✈✉❡ ❞✬✉♥ ✉,✐❧✐;❛,❡✉$ ❝❡♣❡♥❞❛♥,✱

✉,✐❧✐;❡$ ❧❡; ❛❞$❡;;❡; ■3 ♣♦✉$ ✐❞❡♥,✐✜❡$ ✉♥ ❛♣♣❛$❡✐❧✱ ✉♥ ;❡$✈✐❝❡ ♦✉ ✉♥❡ ❛✉,$❡ ❡♥,✐,5 ❞✬✉♥ $5;❡❛✉

♥✬❡;, ♣❛; ❞✉ ,♦✉, ♥❛,✉$❡❧ ❡, ♣$❛,✐A✉❡✳ 3♦✉$ ❝❡; $❛✐;♦♥;✱ ♦♥ ❛,,$✐❜✉, ✉♥ ♥♦♠ D ❝❤❛A✉❡ ❛♣♣❛$❡✐❧✱

❛♣♣❡❧5 ❤♦"#♥❛♠❡✱ A✉✐ ❞♦♥♥❡ ✉♥❡ ✐❞❡♥,✐,5 ♣❧✉; ❝♦♠♣$5❤❡♥;✐❜❧❡ ❡, ;✐♠♣❧❡ A✉✬✉♥❡ ;5$✐❡ ❞❡ ❝❤✐✛$❡;✳

❉❛♥; ✉♥ $5;❡❛✉ ❞♦♠❡;,✐A✉❡✱ ❧✬❛,,$✐❜✉,✐♦♥ ❞❡; ♥♦♠; ♣❡✉, F,$❡ ❝♦♥✜❣✉$5❡ ♠❛♥✉❡❧❧❡♠❡♥, ❡, ❧❛

❣❡;,✐♦♥ ❞❡ ❧✬✉♥✐❝✐,5 ❞❡ ❝❡✉①✲❝✐ ❡;, ❢❛❝✐❧❡✳ ❈❡♣❡♥❞❛♥, ❞❛♥; ❞❡; $5;❡❛✉① ♣❧✉; ❣$❛♥❞✱ ,❡❧ A✉✬✉♥ $5;❡❛✉

❞✬❡♥,$❡♣$✐;❡ ♦✉ ❜✐❡♥ ♣❧✉; ❣$❛♥❞ ❡♥❝♦$❡ ❧❡ $5;❡❛✉ ■♥,❡$♥❡,✱ ❝❡❝✐ ♥✬❡;, ♣❧✉; ❣5$❛❜❧❡ ♠❛♥✉❡❧❧❡♠❡♥,✳

❈✬❡;, ❛❧♦$; A✉✬✐♥,❡$✈✐❡♥, ❧❡ ❉◆❙ ✭❉♦♠❛✐♥ ◆❛♠❡ ❙②;,❡♠✮✱ ❬▼♦❝❦ ✽✼❪ A✉✐ ❡;, ❝❤❛$❣5 ❞✬❡♥$❡❣✐;,$❡$

❡, ❞❡ ❣❛$❛♥,✐$ ❧✬✉♥✐❝✐,5 ❞❡; ♥♦♠; ❞❛♥; ✉♥ $5;❡❛✉ ♦✉ ❞♦♠❛✐♥❡ ❞♦♥, ✐❧ ❛ ❧❛ ❝❤❛$❣❡✳ ■❧ ;❡$❛ ❛✉;;✐ ❡♥

❝❤❛$❣❡ ❞❡ ❝♦♥✈❡$,✐$ ❧❡; ❤♦;,♥❛♠❡; ❡♥ ❛❞$❡;;❡ ■3 ❧♦$;A✉✬✐❧ $❡S♦✐, ✉♥❡ $❡A✉F,❡ ❞✐,❡ ❞❡ $5;♦❧✉,✐♦♥ ❞❡

♥♦♠✳ ❯♥ ✉,✐❧✐;❛,❡✉$ ♥✬❛ ❛❧♦$; A✉✬D $❡,❡♥✐$ ❝❡; ♥♦♠; ❤✉♠❛✐♥❡♠❡♥, ❝♦♠♣$5❤❡♥;✐❜❧❡; ♣♦✉$ ❛❝❝5❞❡$

D ✉♥❡ ♠❛❝❤✐♥❡ ❞✐;,❛♥,❡✳ ▲❛ $5;♦❧✉,✐♦♥ ❞✉ ❤♦;,♥❛♠❡ ❡♥ ❛❞$❡;;❡ ■3 ;❡ ❢❛✐, ❞❡ ♠❛♥✐U$❡ ,$❛♥;♣❛$❡♥,❡

♣♦✉$ ❧✬✉,✐❧✐;❛,❡✉$✳

❋✳✸ ▲❛ ❞1❝♦✉✈❡%3❡ ❞❡ 4❡%✈✐❝❡

▼F♠❡ ❡♥ ❛②❛♥, ❞❡; ♥♦♠; ❞❡ ♠❛❝❤✐♥❡; ❤✉♠❛✐♥❡♠❡♥, ❝♦♠♣$5❤❡♥;✐❜❧❡;✱ ✐❧ ♠❛♥A✉❡ ❝❡♣❡♥❞❛♥,

,♦✉❥♦✉$; ✉♥ 5❧5♠❡♥, ✐♠♣♦$,❛♥,✳ ❊♥ ❡✛❡,✱ ;✐ ❧❡ ♥♦♠❜$❡ ❞❡ ♠❛❝❤✐♥❡ ❞❡✈✐❡♥, ,$♦♣ ✐♠♣♦$,❛♥,✱ ✐❧

❞❡✈✐❡♥, ❞✐✣❝✐❧❡ ❞❡ $❡,❡♥✐$ ,♦✉; ❧❡; ♥♦♠;✳ ❉❡ ♣❧✉;✱ ;✐ ✉♥ ✉,✐❧✐;❛,❡✉$ ❡♥,$❡ ❞❛♥; ✉♥ $5;❡❛✉ ✐♥❝♦♥♥✉✱

✐❧ ♥❡ ❝♦♥♥❛Y, ♣❛; ❧❡; ♥♦♠; ❞❡; ❞✐✛5$❡♥,❡; ♠❛❝❤✐♥❡;✳ ❈✬❡;, ❧D ♦Z ❧❛ ❞5❝♦✉✈❡$,❡ ❞❡ ;❡$✈✐❝❡ ✐♥,❡$✈✐❡♥,



❡! ♣❡#♠❡! % ✉♥ ✉!✐❧✐*❛!❡✉# ❞❡ ❞-❝♦✉✈#✐# ❧❡* ♥♦♠* ❡! ♠❛❝❤✐♥❡* 2✉✐ ❤-❜❡#❣❡♥! ✉♥ *❡#✈✐❝❡ *✉# ❧❡

#-*❡❛✉✳

▲❡ ❜✉$ ❞❡ ❧❛ ❞(❝♦✉✈❡,$❡ ❞❡ -❡,✈✐❝❡- ❡-$ ❞❡ $,♦✉✈❡, ❧❡- -❡,✈✐❝❡-✱ ❢♦✉,♥✐- ♣❛, ❞✬❛✉$,❡-

♥4✉❞-✱ ♣,(-❡♥$- ❞❛♥- ❧❡ ,(-❡❛✉ ❞❡ ♠❛♥✐6,❡ ❛✉$♦♠❛$✐-(❡✱ ❡♥ ♥❡ ,❡7✉(,❛♥$ ❞❡ ❧❛ ♣❛,$

❞❡ ❧✬✉$✐❧✐-❛$❡✉, ❞❡ ♥❡ ❢♦✉,♥✐, 7✉❡❧ $②♣❡ ❞❡ -❡,✈✐❝❡ ❡-$ ❞(-✐,(✳ ▲❛ ❞-❝♦✉✈❡#!❡ ❞❡ *❡#✈✐❝❡*

❢❛❝✐❧✐!❡ ❛✐♥*✐ ❧❛ ❧♦❝❛❧✐*❛!✐♦♥ ✭♣❤②*✐2✉❡ ❡! *✉# ❧❡ #-*❡❛✉✮✱ ❧✬✉*❛❣❡ ❡! ❧❛ ❝♦♥✜❣✉#❛!✐♦♥ ❞❡* *❡#✈✐❝❡*✳

❯♥ ✉!✐❧✐*❛!❡✉# 2✉✐ ❡♥!#❡ *✉# ✉♥ #-*❡❛✉ ✐♥❝♦♥♥✉ ♣❡✉! ❛❧♦#*✱ ❣#?❝❡ % ❧❛ ❞-❝♦✉✈❡#!❡ ❞❡ *❡#✈✐❝❡*✱

♦❜!❡♥✐# ❧❛ ❧✐*!❡ ❞❡* *❡#✈✐❝❡* ❞✐*♣♦♥✐❜❧❡*✳ ❯♥❡ ❢♦✐* ✉♥ *❡#✈✐❝❡ ❝❤♦✐*✐✱ ❧❛ ❝♦♥✜❣✉#❛!✐♦♥ ❡*! ❛✉✲

!♦♠❛!✐2✉❡ ❛✉**✐ ❜✐❡♥ ❛✉ ♥✐✈❡❛✉ ❞❡* ♣#♦!♦❝♦❧❡* ❞❡ ❝♦♠♠✉♥✐❝❛!✐♦♥ 2✉✬❛✉ ♥✐✈❡❛✉ ❞❡* ❛♣♣❧✐❝❛!✐♦♥*

♥-❝❡**❛✐#❡* ❛✉ ❜♦♥ ❢♦♥❝!✐♦♥♥❡♠❡♥!✳

❉✉#❛♥! ❝❡* ❞❡#♥✐B#❡* ❛♥♥-❡*✱ ✉♥❡ ❧❛#❣❡ ✈❛#✐-!- ❞❡ *❡#✈✐❝❡* ❡*! ❛♣♣❛#✉✱ !❡❧ 2✉❡ ❧❡ ♣❛#!❛❣❡

♠✉❧!✐♠-❞✐❛✱ ❧❡* *❡#✈✐❝❡* ❞❡ ❥❡✉① ♦✉ ❡♥❝♦#❡ ❧✬❛❝❝B* % ■♥!❡#♥❡! ❛✉ !#❛✈❡#* ❞✬✉♥❡ ♣❛**❡#❡❧❧❡ ❞✐*!❛♥!❡✳

❉❛♥* ❧❡* #-*❡❛✉① ❛❞ ❤♦❝✱ *❛♥* ✐♥❢#❛*!#✉❝!✉#❡✱ ❧❡ ❜❡*♦✐♥ ❞❡ !#♦✉✈❡# ❛✉!♦♠❛!✐2✉❡♠❡♥! ❛✉**✐ ❜✐❡♥

❧❡* *❡#✈✐❝❡* 2✉❡ ❧❡✉# ♣♦*✐!✐♦♥ ❞❛♥* ❧❡ #-*❡❛✉ ❞❡✈✐❡♥! ❡♥❝♦#❡ ♣❧✉* ❝#✉❝✐❛❧✳

❋✳✸✳✶ ❈❧❛''✐✜❝❛+✐♦♥ ❞❡' ♣1♦+♦❝♦❧❡' ❞❡ ❞2❝♦✉✈❡1+❡ ❞❡ '❡1✈✐❝❡

▲❡* ♣#♦!♦❝♦❧❡* ❞❡ ❞-❝♦✉✈❡#!❡ ❞❡ *❡#✈✐❝❡* ♣❡✉✈❡♥! F!#❡ ❝❧❛**-* *❡❧♦♥ ❞❡✉① ❝#✐!B#❡*✱ ❧❡ ♠-❝❛♥✐*♠❡

❞❡ ❞-❝♦✉✈❡#!❡ ❡! ❧✬✉!✐❧✐*❛!✐♦♥ ❞❡ #-♣❡#!♦✐#❡* ❞❡ *❡#✈✐❝❡* ✭✜❣✉#❡ ❋✳✶✵✮ ❬❉✉❞❛ ✵✷✱ ❈✐❛# ✵✷❪✳

■❧ ❡①✐*!❡ ❞❡✉① ♠-❝❛♥✐*♠❡* ❞❡ ❞-❝♦✉✈❡#!❡ ❞❡ *❡#✈✐❝❡*✱ ❧❛ ❞-❝♦✉✈❡#!❡ ❛❝!✐✈❡ ♦✉ ♣❛**✐✈❡✿

• O❛**✐✈❡✿ ❧❡* ♥P✉❞* ❤-❜❡#❣❡❛♥! ❞❡* *❡#✈✐❝❡* *✬❛♥♥♦♥❝❡♥! ♣-#✐♦❞✐2✉❡♠❡♥! ❞❛♥* ❧❡ #-*❡❛✉

!❛♥❞✐* 2✉❡ ❧❡* ❛✉!#❡* -❝♦✉!❡♥! ❡! ♥♦!❡♥! ❝❡* ❛♥♥♦♥❝❡*✳ ❆✐♥*✐✱ ❧♦#*2✉❡ 2✉✬✉♥ ♥P✉❞ ❞-*✐#❡

♦❜!❡♥✐# ✉♥ *❡#✈✐❝❡✱ ✐❧ ♥✬❛ 2✉✬% ✈-#✐✜❡# ❞❛♥* ❧❛ ❧✐*!❡ ❞❡* *❡#✈✐❝❡* ♦❜!❡♥✉* ❧♦#* ❞❡* ❛♥♥♦♥❝❡*

❡! ❝❤♦✐*✐# ❧❡ *❡#✈✐❝❡ ❞-*✐#-✳

▲✬❛✈❛♥!❛❣❡ ❞✬✉!✐❧✐*❡# ✉♥❡ ❞-❝♦✉✈❡#!❡ ❞❡ *❡#✈✐❝❡* ♣❛**✐✈❡ ❡*! 2✉❡ *❡✉❧* ❧❡* ♥P✉❞* ♣#♦♣♦*❛♥!

✉♥ *❡#✈✐❝❡ ❢♦♥! ❞❡* ❛♥♥♦♥❝❡* ❞❛♥* ❧❡ #-*❡❛✉✳ ❈❡♣❡♥❞❛♥!✱ ❧❛ ❞-❝♦✉✈❡#!❡ ♣❛**✐✈❡ ♣❡✉! ♣❛#❢♦✐*

#❛!❡# ❞❡* *❡#✈✐❝❡* ❞♦♥! ❧❡* ♥P✉❞* *♦♥! ✐♥❛❝!✐❢* ♦✉ ❜✐❡♥ ✈❡♥❛♥! ❞✬❛##✐✈❡# *✉# ❧❡ #-*❡❛✉✳

• ❆❝!✐✈❡✿ ❧❡* ♥P✉❞* ❞-*✐#❛♥! ✉♥ *❡#✈✐❝❡ ✐♥✐!✐❡♥! ✉♥❡ #❡❝❤❡#❝❤❡ ❞❡ *❡#✈✐❝❡* ❞❛♥* ❧❡ #-*❡❛✉✳

❆✐♥*✐✱ ✐❧* ❡♥✈♦✐❡♥! ✉♥❡ #❡2✉F!❡ ❞❛♥* ❧❡ #-*❡❛✉ ❝♦♥!❡♥❛♥! ❧❡ !②♣❡ ❞❡ *❡#✈✐❝❡ ❞-*✐#-✳ ❚♦✉*

❧❡* ♥P✉❞* ♣#♦♣♦*❛♥! ✉♥ ♦✉ ♣❧✉*✐❡✉#* *❡#✈✐❝❡* ❝♦##❡*♣♦♥❞❛♥! % ❧❛ ❞❡♠❛♥❞❡ #-♣♦♥❞❡♥! ♣❛#

✉♥ ♠❡**❛❣❡✳ ▲✬❛✈❛♥!❛❣❡ ♣❛# #❛♣♣♦#! % ❧❛ ❞-❝♦✉✈❡#!❡ ♣❛**✐✈❡ ❡*! 2✉❡ ❝❤❛2✉❡ *❡#✈✐❝❡ ❡*!

❞-❝♦✉✈❡#!✳ O❛# ❝♦♥!#❡✱ ❧❛ ❞-❝♦✉✈❡#!❡ ❛❝!✐✈❡ ♣❡✉! *❡ #-✈-❧❡# !#♦♣ ❝♦S!❡✉*❡ ❡♥ !❡#♠❡* ❞❡

❜❛♥❞❡ ♣❛**❛♥!❡ *✐ ❧❡ ♥♦♠❜#❡ ❞❡ #❡2✉F!❡* ❡! ❞❡ #-♣♦♥*❡* ❞❡✈✐❡♥! !#♦♣ ✐♠♣♦#!❛♥!✳
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♣❛# ✉♥❡ ❝❤❛#❣❡ ✧♣♦+✐(✐✈❡✧ ❡( ✉♥❡ #❡.✉A(❡ ❡+( #❡♣#/+❡♥(/❡ ♣❛# ✉♥❡ ❝❤❛#❣❡✱ ♦♣♣♦+/❡✱ ✧♥/❣❛(✐✈❡✧ ❛(✲

(✐#/❡ ♣❛# ❧❛ ❝❤❛#❣❡ ♣♦+✐(✐✈❡✳ ▲❡+ ♥%✉❞+ ❞✉ #/+❡❛✉ ❝❛❧❝✉❧❡♥( ❛❧♦#+ ✉♥ ♣♦(❡♥(✐❡❧ /❧❡❝(#✐.✉❡ ♣♦✉# ✉♥❡

#❡.✉A(❡✳ ▲❛ #❡.✉A(❡ ❝✐#❝✉❧❡✱ 6 ❝❤❛.✉❡ ❢♦✐+✱ ✈❡#+ ❧❡ ✈♦✐+✐♥ ❛✈❡❝ ❧❡ ♣❧✉+ ❣#❛♥❞ ♣♦(❡♥(✐❡❧ ❡( ❛✈❛♥❝❡ ✈❡#+

+❛ ❞❡+(✐♥❛(✐♦♥ ✭❋✐❣✉#❡ ❋✳✶✶✮✳ ▲❡+ ♥%✉❞+ ❤/❜❡#❣❡❛♥( ❞❡+ +❡#✈✐❝❡+ ❞✐✛✉+❡♥( ♣/#✐♦❞✐.✉❡♠❡♥( ❞❡+

♠❡++❛❣❡+ ❞✬❛♥♥♦♥❝❡ ❞❡ +❡#✈✐❝❡+✳ ❈❡((❡ ❛♣♣#♦❝❤❡ ❡+( ✐♥(/#❡++❛♥(❡ ❞❛♥+ +❛ ✈✐+✐♦♥ ❡( +♦♥ ❛♥❛❧♦❣✐❡

❛✈❡❝ ❧❡+ ❝❤❛♠♣+ /❧❡❝(#✐.✉❡+ ♠❛✐+ ♥❡ ❝♦♠♣♦#(❡ ♣❛+ ❞✬♦♣(✐♠✐+❛(✐♦♥ ♦✉ ❞✬❛♠/❧✐♦#❛(✐♦♥ ❞❡ ❧❛ ❞✐✛✉+✐♦♥

❞❡+ ♠❡++❛❣❡+✳

Potential

Q Q

query

Service ServiceClient

❋✐❣✉#❡ ❋✳✶✶✿ ❉/❝♦✉✈❡#(❡ ❞❡ +❡#✈✐❝❡+ ✉(✐❧✐+❛♥( ❧✬❛♣♣#♦❝❤❡ ♣❛# ❝❤❛♠♣+ /❧❡❝(#♦+(❛(✐.✉❡+✳

❙❝❛❧❛❜❧❡ ❙❡'✈✐❝❡ ❉✐*❝♦✈❡'② ❢♦' ▼❆◆❊❚✿ ❬❙❛✐❧ ✵✺❪ ❡+( ✉♥❡ ❛#❝❤✐(❡❝(✉#❡ ❞❡ ❞/❝♦✉✈❡#(❡ ❞❡

+❡#✈✐❝❡+ 6 #/♣❡#(♦✐#❡+ ❞✐+(#✐❜✉/+✳ ▲✬❛#❝❤✐(❡❝(✉#❡ +❡ ❜❛+❡ +✉# ❖▲❙❘✱ ❡♥ ✉(✐❧✐+❛♥( ❧❡+ ♥%✉❞+ ▼B❘

❝♦♠♠❡ ♣#❡♠✐❡# ♥✐✈❡❛✉ ❞❡ ❤✐/#❛#❝❤✐❡✳ ▲❡+ #/♣❡#(♦✐#❡+ +♦♥( +/❧❡❝(✐♦♥♥/+ 6 ❧❛ ✈♦❧/❡ ❡♥ ♣#❡♥❛♥(

❝♦♠♠❡ ❝#✐(7#❡ ♣#✐♥❝✐♣❛❧ ❧❛ ❝♦✉✈❡#(✉#❡ ❞❡+ ♥%✉❞+ ❞✉ ✈♦✐+✐♥❛❣❡✳ ▲❡+ ♥%✉❞+ #/♣❡#(♦✐#❡+ +✬/❝❤❛♥❣❡♥(

❡♥(#❡ ❡✉① ❧❡+ ♣#♦✜❧+ ❡( ✐♥❢♦#♠❛(✐♦♥+ 6 ❧✬❛✐❞❡ ❞❡ ✜❧(#❡+ ❞❡ ❜❧♦♦♠ ❡( ❡♥ ✉(✐❧✐+❛♥( ❧❛ ❞✐✛✉+✐♦♥ ❞❡ ❖▲❙❘



✭!♦✉!✲❥❛❝❡♥*✮✳ ❈♦♠♣❛01 2 ♥♦*0❡ ❛♣♣0♦❝❤❡✱ ❞1❝0✐*❡ ♣❧✉! *❛0❞ ❞❛♥! ❧❛ *❤8!❡✱ ❧❡ ❞1!❛✈❛♥*❛❣❡ ✐❝✐ ❡!*

;✉❡ ♠<♠❡ ❧❡! ♥=✉❞! ;✉✐ ♥❡ !♦♥* ;✉❡ ❞❡ ♣❛!!❛❣❡✱ ♣♦✉0 ✉♥ ❝♦✉0* ✐♥!*❛♥*✱ ♣❡✉✈❡♥* <*0❡ !1❧❡❝*✐♦♥♥1!

*08! ♠♦♠❡♥*❛♥1♠❡♥* ❝♦♠♠❡ ♥=✉❞ 01♣❡0*♦✐0❡✳ ❈❡❝✐ ✐♥❞✉✐* ✉♥❡ !✉0❝❤❛0❣❡ ❞✉ 01!❡❛✉ ❞✉❡ ❛✉①

♥♦♠❜0❡✉① ❝❤❛♥❣❡♠❡♥*! ❞❡ ♥=✉❞! 01♣❡0*♦✐0❡!✳

❋✳✹ ▼$%&✐(✉❡+ ❡% ❝♦♥%❡①%❡

@♦✉0 ❛♠1❧✐♦0❡0 ♦✉ ♦♣*✐♠✐!❡0 ✉♥❡ ❛♣♣❧✐❝❛*✐♦♥✱ ✉♥ ♣0♦*♦❝♦❧❡ ♦✉ ✉♥ !❡0✈✐❝❡ ❞❛♥! ✉♥ 01!❡❛✉ ❛❞ ❤♦❝✱

✉♥❡ ❜♦♥♥❡ !*0❛*1❣✐❡ ❡!* ❞❡ *✐0❡0 ❛✈❛♥*❛❣❡ ❞✉ ❝♦♥*❡①*❡✳ ▲❡ ❝♦♥*❡①*❡ ♣❡✉* <*0❡ ❞1✜♥✐ ❝♦♠♠❡ ❞❛♥!

❬❉❡② ✵✶❪✿

✧▲❡ ❝♦♥&❡①&❡ ❡(& &♦✉&❡ ✐♥❢♦,♠❛&✐♦♥ /✉✐ ♣❡✉& 1&,❡ ✉&✐❧✐(3❡ ♣♦✉, ❝❛,❛❝&3,✐(❡, ❧❛ (✐&✲

✉❛&✐♦♥ ❞✬✉♥❡ ❡♥&✐&3✳ ❯♥❡ ❡♥&✐&3 ❡(& ✉♥❡ ♣❡,(♦♥♥❡✱ ✉♥ ❡♥❞,♦✐& ♦✉ ✉♥ ♦❜❥❡& /✉✐ ❡(&

❝♦♥(✐❞3,3 ❝♦♠♠❡ ♣❡,&✐♥❡♥& ❧♦,( ❞✬✉♥❡ ✐♥&❡,❛❝&✐♦♥ ❡♥&,❡ ✉♥ ✉&✐❧✐(❛&❡✉, ❡& ✉♥❡ ❛♣♣❧✐❝❛✲

&✐♦♥✱ ② ❝♦♠♣,✐( ❧✬✉&✐❧✐(❛&❡✉, ♦✉ ❧✬❛♣♣❧✐❝❛&✐♦♥ ❡✉①✲♠1♠❡(✳✧

❯♥❡ !✐*✉❛*✐♦♥ ♣❡✉* <*0❡ ❝❛0❛❝*10✐!1❡ ♣❛0 ❞❡ ♥♦♠❜0❡✉① *②♣❡! ❞✬✐♥❢♦0♠❛*✐♦♥!✳ @♦✉0 ❡①♣0✐♠❡0

❝❡ ❝♦♥*❡①*❡ ❡♥ ✐♥❢♦0♠❛*✐♦♥ ❝❛❧❝✉❧❛❜❧❡ ❡* *0❛✐*❛❜❧❡ ❛✉*♦♠❛*✐;✉❡♠❡♥*✱ ❞❡! ♠1*0✐;✉❡! !♦♥* ✉*✐❧✐!1❡!✳

❯♥❡ ♠1*0✐;✉❡ ❡!* ✉♥❡ ♠❡!✉0❡ ;✉✐ ♣❡0♠❡* ❞❡ ;✉❛♥*✐✜❡0 ✉♥❡ ✐♥❢♦0♠❛*✐♦♥✳ ❯♥✴✉♥❡ ♣0♦*♦❝♦❧❡✴❛♣✲

♣❧✐❝❛*✐♦♥✴!❡0✈✐❝❡ ;✉✐ ❡!* ❝❛♣❛❜❧❡ ❞❡ ♣0❡♥❞0❡ ❡♥ ❝♦♠♣*❡ ❧❡ ❝♦♥*❡①*❡ ❡!* ❞✐* ❝♦♥&❡①&✲❛✇❛,❡✳

✃*0❡ ❝♦♥#❡①#✲❛✇❛)❡ ❡!* ❞1✜♥✐ ❞❛♥! ❬❉❡② ✵✶❪ ✿

✧❯♥ (②(&>♠❡ ❡(& ❞✐& ❝♦♥&❡①&✲❛✇❛,❡ (✬✐❧ ✉&✐❧✐(❡ ❧❡ ❝♦♥&❡①&❡ ♣♦✉, ❛♣♣♦,&❡, ✉♥❡ ✐♥❢♦,✲

♠❛&✐♦♥ ♣❧✉( ♣❡,&✐♥❡♥&❡ ? ❧✬✉&✐❧✐(❛&❡✉, ♦✉ ❛✉ (❡,✈✐❝❡✱ ♦A ❧❛ ♣❡,&✐♥❡♥❝❡ ❞3♣❡♥❞ ❞✐,❡❝&❡✲

♠❡♥& ❞❡ ❧✬❛❝&✐✈✐&3 ❞❡ ❧✬✉&✐❧✐(❛&❡✉,✳✧

❈♦♠♣❛01 ❛✉ 01!❡❛✉ ✜❧❛✐0❡ ❝❧❛!!✐;✉❡✱ ❧❡ ❝♦♥*❡①*❡ ❞❛♥! ❧❡! ▼❆◆❊❚! ♣❡✉* ♣0♦✈❡♥✐0 ❞❡ !♦✉0❝❡!

❜❡❛✉❝♦✉♣ ♣❧✉! ❞✐✈❡0!❡!✳ ❯♥ ♥=✉❞ ❞❛♥! ✉♥ 01!❡❛✉ ❛❞ ❤♦❝ ♣❡✉* <*0❡ ❝❛0❛❝*10✐!1 ♣❛0 ❧❡ 01!❡❛✉✱

❧❡! ❝❛0❛❝*10✐!*✐;✉❡! *❡❝❤♥✐;✉❡! ❞❡ ❧✬❛♣♣❛0❡✐❧✱ ❧❛ ♣♦!✐*✐♦♥ ❣1♦❣0❛♣❤✐;✉❡✱ ♠❛✐! ❛✉!!✐ ❡* !✉0*♦✉* ♣❛0

❧✬❛!♣❡❝* ❤✉♠❛✐♥ ;✉✐ ❝❛0❛❝*10✐!❡ ❡* ❞✐✛10❡♥❝✐❡ ❧❡ ♣❧✉! ❧❡! 01!❡❛✉① ❛❞ ❤♦❝ ❞❡! ❛✉*0❡! 01!❡❛✉①✳ ▲❡

❝♦♥*❡①*❡ ❤✉♠❛✐♥ ❞❡! 01!❡❛✉① ❛❞ ❤♦❝ 1❧❛0❣✐* ❣0❛♥❞❡♠❡♥* ❧❡! ♣♦!!✐❜✐❧✐*1! ❡* ❛✉!!✐ ❧❡ ❝♦♥*❡①*❡✳

❆✐♥!✐✱ ❧❡ ❝♦♥*❡①*❡ ❤✉♠❛✐♥ ❝♦♠♠❡ ❧❡! 1♠♦*✐♦♥! ❡* ❧❡! ❤✉♠❡✉0! ♣❡✉* ✐♥✢✉❡♥❝❡0 ❧❡ 01!❡❛✉✳ ❖❜*❡♥✐0

❡* ♣0❡♥❞0❡ ❡♥ ❝♦♠♣*❡ ❧❡ ❝♦♥*❡①*❡ ❞❛♥! ❧❡! 01!❡❛✉① ❛❞ ❤♦❝ 0❡❧8✈❡ ❧❡! ❞1✜! !✉✐✈❛♥*!✿

• ❉1✜♥✐0 ❝❡ ;✉✬❡!* ✉♥ ❝♦♥*❡①*❡ ♣❡0*✐♥❡♥* ❡* ✉*✐❧❡✳ ❯♥❡ ✐♥❢♦0♠❛*✐♦♥ ❞❡ ❝♦♥*❡①*❡ ♥✬❡!* ;✉❡

✐♥*10❡!!❛♥*❡ !✐ ❧✬♦♥ ♣❡✉* ❡♥ *✐0❡0 ❛✈❛♥*❛❣❡✳

• ❖❜*❡♥✐0 ❝❡ ❝♦♥*❡①*❡ ♥✬❡!* ♣❛! *♦✉❥♦✉0! 1✈✐❞❡♥*✳ ▲❡ ❝♦♥*❡①*❡ ;✉✐ ❝♦♥❝❡0♥❡ ❧✬❛!♣❡❝* ❤✉♠❛✐♥

♦✉ ❡♥❝♦0❡ ❧❡! ❞♦♥♥1❡! ❞✉ ♠♦♥❞❡ ♣❤②!✐;✉❡ ✭*❡❧ ;✉❡ ❧❛ ♣♦!✐*✐♦♥ ❣1♦❣0❛♣❤✐;✉❡✮ ♥❡ !♦♥* !♦✉✈❡♥*

♣❛! ❞❡! ✐♥❢♦0♠❛*✐♦♥! ❢❛❝✐❧❡ 2 ♦❜*❡♥✐0✳



❆♣♣❡♥❞✐① ●

❉✐""#♠✐♥❛'✐♦♥✿ ❙▲❙❋ ✲ ❙'❛❜❧❡ ▲✐♥❦❡❞

❙'3✉❝'✉3❡ ❋❧♦♦❞✐♥❣

❈♦♥#❡♥#%

●✳✶ ❱✉❡ ❞✬❡♥)❡♠❜❧❡✿ ◆▲❲❈❆ ✲ ❲❈4❉ ✲ ❙▲❙❋✲❘ ✲ ❙▲❙❋ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✾

●✳✷ ❙▲❙❋ ✲ ❙<❛❜❧❡ ▲✐♥❦❡❞ ❙<@✉❝<✉@❡ ❋❧♦♦❞✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✶

●✳✷✳✶ ■❈❘ ✕ ■♥)❡+✲❈❧✉/)❡+ ❘❡❧❛②/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✶

●✳✷✳✷ ❉✐✛✉/✐♦♥ ❞❛♥/ ❙▲❙❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸

●✳✸ ❙▲❙❋ ❛✈❡❝ @❡❝♦✉✈@❡♠❡♥< ❞✬❡@@❡✉@ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸
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0❛✉30✮ ♣♦✉$ ❧❡0 ❛33❡✐♥❞$❡✱ ♥♦✉0 ♣$♦♣♦0♦♥0 ❧❡ ♠+❝❛♥✐0♠❡ ❞✬■♥3❡$✲❈❧✉03❡$ ❘❡❧❛②✳ ▲❡ ❜✉3 ❞❡0 ■❈❘

❡03 ❞✬❛33❡✐♥❞$❡ 3♦✉0 ❧❡0 ❝❧✉03❡$❤❡❛❞0 ✈♦✐0✐♥0 ❡♥ ♠✐♥✐♠✐0❛♥3 ❧❡0 ♥O✉❞0 $❡❧❛✐0 ✐♥3❡$♠+❞✐❛✐$❡0✳ ❈❡0

♥O✉❞0 $❡❧❛✐0 0♦♥3 ❛♣♣❡❧+0 ■❈❘0✳

▲❡ ❝❤♦✐① ❞❡0 ♥O✉❞0 ✐♥3❡$♠+❞✐❛✐$❡0 $❡03❡ 0✐♠♣❧❡ ❞❡ ♣❛$3 ❧❛ ♥❛3✉$❡ ❞❡0 ❝❧✉03❡$0 ❢♦$♠+0 J✉✐

$❡03$❡✐♥3 ❧❡0 ♣♦00✐❜✐❧✐3+0 ❞❡ ❢♦$♠❛3✐♦♥ ❞❡0 ♥O✉❞0 ❡♥3$❡ ❝❡0 ❝❧✉03❡$0✱ ❝♦♠♠❡ ❞+♠♦♥3$+ 0✉$ ❧❛ ✜❣✉$❡

●✳✸✳

▲❡ ♣$♦❝❡00✉0 ❞❡ 0+❧❡❝3✐♦♥ ❞❡0 ■❈❘0 ❡03 ❧❡ 0✉✐✈❛♥3✿

✐✳ ❈❤♦✐0✐$ ❡♥ 3❛♥3 J✉❡ ■❈❘✱ ❧❡0 ♥O✉❞0 J✉✐ 0♦♥3 ❧❡0 0❡✉❧0 M ❛33❡✐♥❞$❡ ✉♥ ❝❧✉03❡$❤❡❛❞ ✈♦✐0✐♥✳

✐✐✳ ❘❡3✐$❡$ ❧❡0 ❝❧✉03❡$❤❡❛❞0 ❞+0♦$♠❛✐0 ❝♦✉✈❡$30 ♣❛0 ❝❡0 ♥♦✉✈❡❛✉① ■❈❘0✳

✐✐✐✳ ❘❡3✐$❡$ ❞❛♥0 ❧❡ ❝❤♦✐① ❞❡ ♥O✉❞0 ✐♥3❡$♠+❞✐❛✐$❡0 ♣♦✉$ ✉♥ ❝❧✉03❡$❤❡❛❞✱ ❧❡0 ♥O✉❞0 J✉✐ ♥✬❛33❡✐❣♥❡♥3

♣❛0 ❧❡ ❝❧✉03❡$❤❡❛❞ ❛✈❡❝ ❧❡ ♥♦♠❜$❡ ❞❡ 0❛✉3 ♠✐♥✐♠❛❧ ❞✐0♣♦♥✐❜❧❡ ✭♦♥ ♥❡ ❣❛$❞❡ J✉❡ ❧❡0 ❝❤❡♠✐♥0

❧❡0 ♣❧✉0 ❝♦✉$30✮✳
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❋✐❣✉$❡ ●✳✸✿ ❊①❡♠♣❧❡ ❞❡ ❝♦♥✜❣✉$❛5✐♦♥ ✐♥5❡$✲❝❧✉75❡$ ❛✈❡❝ ✶ ❡5 ✷ ❝❧✉75❡$❤❡❛❞7✳

✶✳ <♦✉$ ❝❤❛=✉❡ ✐♥5❡$♠>❞✐❛✐$❡ ♣♦5❡♥5✐❡❧✱ ♦♥ ❝❛❧❝✉❧❡ ❧❡ ♥♦♠❜$❡ ❞❡ ❝❧✉75❡$❤❡❛❞7 ✈♦✐7✐♥7 =✉✬✐❧

♣❡✉5 ❛55❡✐♥❞$❡✳

✷✳ ❊♥7✉✐5❡ ♦♥ ❝❤♦✐7✐5 ❝❡❧✉✐ =✉✐ ❛55❡✐♥5 ❧❡ ♣❧✉7 ❣$❛♥❞ ♥♦♠❜$❡✳

✸✳ ❊♥ ❝❛7 ❞✬❡①✲B=✉♦✱ ♦♥ ❝❤♦✐7✐5 ❝❡❧✉✐ ❛✈❡❝ ❧❡ ♣❧✉7 ❣$❛♥❞ ♣♦✐❞7✳

✹✳ ❊♥ ❝❛7 ❞✬❡①✲B=✉♦✱ ♦♥ ❝❤♦✐7✐5 ❝❡❧✉✐ ❛✈❡❝ ❧❛ ♣❧✉7 ❣$❛♥❞❡ ❛❞$❡77❡ ■<✳

✺✳ ❘❡5✐$❡$ ❧❡7 ❝❧✉75❡$❤❡❛❞7 ❞>7♦$♠❛✐7 ❝♦✉✈❡$5 ♣❛$ ❝❡7 ♥♦✉✈❡❛✉① ■❈❘7✳

✻✳ ❚❛♥5 =✉✬✐❧ ② ❛ ❞❡7 ❝❧✉75❡$❤❡❛❞7 ♥♦♥ ❝♦✉✈❡$57 ♣❛$ ✉♥ ■❈❘✱ ♦♥ $❡❝♦♠♠❡♥❝❡ K ❧✬>5❛♣❡ ✶✳

▲❡" ♠❡""❛❣❡" ❞✉♣❧✐+✉," ❞❛♥" ❙▲❙❋✿

❯♥ ♠❡77❛❣❡ ❡75 ❝♦♥7✐❞>$> ❝♦♠♠❡ ✧ ❞>❥K $❡O✉ ✧✱ ❞♦♥❝ ✉♥ ❞✉♣❧✐❝❛5❛✱ 7✐ ❝❡❧✉✐✲❝✐ ❛ ❧❛ ♠P♠❡

❛❞$❡77❡ 7♦✉$❝❡ ❡5 ❧❡ ♠P♠❡ ♥✉♠>$♦ ❞❡ 7>=✉❡♥❝❡ =✉✬✉♥ ♣$>❝>❞❡♥5 ♠❡77❛❣❡✳ ▲❡7 ✐♥❢♦$♠❛5✐♦♥7

❞❡7 ♠❡77❛❣❡7 ♣♦✉$ ❧❛ ✈>$✐✜❝❛5✐♦♥ ❞❡ ❞✉♣❧✐❝❛5❛ 7♦♥5 ❝♦♥7❡$✈>❡7 ❡♥ ♠>♠♦✐$❡ ♣❡♥❞❛♥5 ✉♥ 5❡♠♣7

❞♦♥♥>✳

❱♦✐"✐♥❛❣❡ ❞❡ ❝❧✉"4❡5

▲❡7 ❝♦♥✜❣✉$❛5✐♦♥7 ❛✉ ♥✐✈❡❛✉ ❞❡7 ♥S✉❞7 ✐♥5❡$♠>❞✐❛✐$❡7 7♦♥5 $❡75$❡✐♥5❡7 ♣❛$ ❧❡ ❢❛✐5 =✉✬✐❧ ♥❡ ♣❡✉5

② ❛✈♦✐$ ❛✉ ♠❛①✐♠✉♠ =✉❡ ❞❡✉① ♥S✉❞7 ❡7❝❧❛✈❡ ❡♥5$❡ ❞❡✉① ❝❧✉75❡$❤❡❛❞7✳ ❈❡❝✐ ❛ ✉♥ ✐♠♣❛❝5 ❛✉77✐

7✉$ ❧❡ ✈♦✐7✐♥❛❣❡ =✉✬✉♥ ❝❧✉75❡$❤❡❛❞ ♣❡$O♦✐5✳ ❙✉$ ❧❡ $>7❡❛✉ ❞❡ ❧❛ ✜❣✉$❡ ●✳✹❛✱ ❧❡7 ✸ ❝❧✉75❡$❤❡❛❞7

♥✬♦♥5 ♣❛7 ❧❛ ♠P♠❡ ✈✉❡ ❞✉ ✈♦✐7✐♥❛❣❡✳ ❊♥ ❡✛❡5✱ 7✐ ❧✬♦♥ 7❡ ♠❡5 ❞✉ ♣♦✐♥5 ❞❡ ✈✉❡ ❞✉ ❝❧✉75❡$❤❡❛❞

✷✱ 7✉$ ❧❛ ✜❣✉$❡ ●✳✹❜✱ ✐❧ ② ♣❡$O♦✐5 ❧❡7 ❞❡✉① ❝❧✉75❡$7 ✈♦✐7✐♥7✱ ✶ ❡5 ✸✳ <❛$ ❝♦♥5$❡✱ ❧❡ ❝❧✉75❡$❤❡❛❞ ✶✱

✜❣✉$❡ ●✳✹❝✱ ❡5 ❧❡ ❝❧✉75❡$❤❡❛❞ ✸✱ ✜❣✉$❡ ●✳✹❞✱ ♦♥5 ✉♥ ♣♦✐♥5 ❞❡ ✈✉❡ ❞✐✛>$❡♥5 ❡5 ♥❡ ✈♦✐❡♥5 =✉❡ ❧❡

❝❧✉75❡$❤❡❛❞ ✷ ❞❛♥7 ❧❡✉$ ✈♦✐7✐♥❛❣❡✳ ❈❡❝✐ ❡75 5♦✉5 7✐♠♣❧❡♠❡♥5 ❞V ❛✉ ❢❛✐5 =✉✬❡♥5$❡ ❧❡ ❝❧✉75❡$❤❡❛❞ ✶

❡5 ✸ ✐❧ ② ❛ ✸ ♥S✉❞7 ❡7❝❧❛✈❡7 ❆✱ ❇ ❡5 ❈✱ ✐❧7 ♥❡ ♣❡✉✈❡♥5 ❞♦♥❝ ♣❛7 P5$❡ ❝♦♥7✐❞>$>7 ❝♦♠♠❡ ✈♦✐7✐♥7✳

❆✉① ♣$❡♠✐❡$7 ❛❜♦$❞7✱ ❝❡❝✐ ♣❡✉5 ♣❛$❛Y5$❡ ❝♦♠♠❡ ✉♥ ❞>7❛✈❛♥5❛❣❡ ♦✉ ✉♥❡ ❧✐♠✐5❛5✐♦♥✱ ♠❛✐7 ❡♥ ❢❛✐5

❝✬❡75 ✉♥ ❣$❛♥❞ ❛✈❛♥5❛❣❡ ❝❛$ ❝❡❝✐ ❧✐♠✐5❡ ❣$❛♥❞❡♠❡♥5 ❧❛ ❝♦♠♣❧❡①✐5>✳ <$❡♥♦♥7 ❧✬❡①❡♠♣❧❡ 7✉$ ❧❛ ✜❣✉$❡

●✳✺❛✱ ♦♥ ② ✈♦✐5 ✉♥❡ 7✉✐5❡ ❞❡ ❝❧✉75❡$❤❡❛❞7 ❛✈❡❝✱ ❛✉ ❝❡♥5$❡✱ ✉♥❡ ❧♦♥❣✉❡ 7✉✐5❡ ❞❡ ♥S✉❞7 ❡7❝❧❛✈❡✳ ❙✐

❧✬♦♥ ❛✉5♦$✐7❛✐5 ♣❧✉7 ❞❡ ✷ ♥S✉❞7 ❡♥5$❡ ❧❡7 ❝❧✉75❡$❤❡❛❞7✱ ♦♥ ❛✉$❛✐5 ❛❧♦$7 ❧❡ ❝❧✉75❡$❤❡❛❞ ✶ =✉✐ 7❡$❛✐5

✈♦✐7✐♥ ❛✈❡❝ ❧❡7 7❡♣5 ❛✉5$❡7 ❝❧✉75❡$❤❡❛❞7 ❞❡ ❧❛ ✜❣✉$❡✳ ❖♥ ❛✉$❛✐5 ❛❧♦$7 ❞❡7 ♣$♦❜❧[♠❡7 ❞❡ ❣❡75✐♦♥

❞❡ ✈♦✐7✐♥❛❣❡7 5$♦♣ >5❡♥❞✉7✳ ❊♥ $❡75$❡✐❣♥❛♥5 ❧❡ ✈♦✐7✐♥❛❣❡ K ❝❡ ♠❛①✐♠✉♠ ❞❡ ✷ ♥S✉❞7 ❡♥5$❡ ❧❡7

❝❧✉75❡$❤❡❛❞✱ ♦♥ ♦❜5✐❡♥5 ✉♥❡ ✈✉❡ ❧♦❝❛❧❡ ♣♦✉$ ❝❤❛=✉❡ ❝❧✉75❡$❤❡❛❞ ❞❡ 7♦♥ ✈♦✐7✐♥❛❣❡ 5❡❧ =✉❡ 7✉$ ❧❛

✜❣✉$❡ ●✳✺❜✳ ❖♥ ❛ ❛❧♦$7✱ ❞❡ ♣❡5✐57 ✈♦✐7✐♥❛❣❡7 ❛❧❧❛♥5 ❛✉ ♠❛①✐♠✉♠ K ✸ 7❛✉57✳ ▲❡ ♣$✐① ❞❡ ❝❡ ❝❤♦✐①

❡75 =✉❡ ❧❛ ❞✐77>♠✐♥❛5✐♦♥ ❞✬✉♥ ♠❡77❛❣❡ ❛❧❧❛♥5 ❞✉ ❝❧✉75❡$❤❡❛❞ ✶ ✈❡$7 ❧❡ ❝❧✉75❡$❤❡❛❞ ✽✱ ♣❛$ ❡①❡♠♣❧❡✱

♣❛77❡ ♣❛$ ❝❤❛❝✉♥ ❞❡7 ❝❧✉75❡$❤❡❛❞7 ❞❡ ✷ K ✼✱ ❛❧♦$7 =✉✬✐❧ ♣♦✉$$❛✐5 5❤>♦$✐=✉❡♠❡♥5 ♣❛77❡$ 7❡✉❧❡♠❡♥5

♣❛$ ❧❛ ❧♦♥❣✉❡ 7>=✉❡♥❝❡ ❞❡ ♥S✉❞7 ❡7❝❧❛✈❡7✳

❯♥ ❡①❡♠♣❧❡ ❞❡ $>7❡❛✉ ❛✈❡❝ ✺ ❝❧✉75❡$7 ❡75 ❞♦♥♥> 7✉$ ❧❛ ✜❣✉$❡ ●✳✻✳ ❈❡55❡ ❡①❡♠♣❧❡ ♠♦♥5$❡ ❜✐❡♥

❧❡ ❣❛✐♥ =✉❡ ❧✬♦♥ ♣❡✉5 ♦❜5❡♥✐$ ❡♥ ✉5✐❧✐7❛♥5 ❙▲❙❋✱ ♣✉✐7=✉❡ 7❡✉❧7 ❧❡7 ❝❧✉75❡$❤❡❛❞7 ✭♠❛$=✉>7 ❡♥ ✈❡$5✮
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❋✐❣✉$❡ ●✳✺✿ ❛✮ ▲♦♥❣✉❡ /01✉❡♥❝❡ ❞❡ ♥4✉❞/ ❡/❝❧❛✈❡/ ❞❛♥/ ❙▲❙❋✳ ❜✮ ❱✉❡ ❞❡ ❝❤❛❝✉♥ ❞❡/ ❝❧✉/;❡$/

/✉$ /♦♥ ✈♦✐/✐♥❛❣❡ ♣$♦❝❤❡✳

❡; ❧❡/ ♥4✉❞/ ■❈❘/ ✭♥4✉❞/ ✶✱ ✷✱ ✸✱ ✹ ❡; ✺✮ $❡❧❛②❡♥; ❧❡/ ♠❡//❛❣❡/ ;♦✉; ❡♥ ❛;;❡✐❣♥❛♥; ;♦✉/ ❧❡/ ♥4✉❞/

❞✉ $0/❡❛✉✳ ❆✐♥/✐✱ ✶✵ ♥4✉❞/ /✉✣/❡♥; ♣♦✉$ ❛;;❡✐♥❞$❡ ❧❡/ ✷✸ ♥4✉❞/ ❞✉ $0/❡❛✉✳ K❛$ ❝♦♠♣❛$❛✐/♦♥✱

/✉$ ❝❡ ♠L♠❡ ❡①❡♠♣❧❡✱ ❖▲❙❘ ✉;✐❧✐/❡ ✶✺ ♥4✉❞/ $❡❧❛✐/ ♣♦✉$ ❛;;❡✐♥❞$❡ ❝❡/ ♠L♠❡/ ✷✸ ♥4✉❞/✳

●✳✷✳✷ ❉✐✛✉'✐♦♥ ❞❛♥' ❙▲❙❋

▲❛ ❞✐✛✉/✐♦♥ ❞❡ ♠❡//❛❣❡/ ❞❛♥/ ❙▲❙❋ ❡/; /✐♠♣❧❡✱ /❡✉❧/ ❧❡/ ♥4✉❞/ 1✉✐ /♦♥; ❝❧✉/;❡$❤❡❛❞ ♦✉ ■❈❘

$❡❧❛②❡♥; ❧❡/ ♠❡//❛❣❡/✳ ❆ ❝❤❛1✉❡ $❡❧❛✐✱ ❧❡ ♥4✉❞✱ ❧❡ ❝❧✉/;❡$❤❡❛❞ ♦✉ ■❈❘✱ ✈❛ ✐♥❝❧✉$❡ /❛ /0❧❡❝;✐♦♥

❞❡ ♥4✉❞/ ■❈❘/ ❞❛♥/ ❧✬❡♥;L;❡ ❞✉ ♠❡//❛❣❡✳ ❆✐♥/✐✱ ❧❡/ ♥4✉❞/ $❡❝❡✈❛♥; ❝❡ ♠❡//❛❣❡ /❛✉$♦♥;✱ ✉♥❡

❢♦✐/ ❝❡; ❡♥;L;❡ ❡①;$❛✐;✱ /✬✐❧/ ❞♦✐✈❡♥; $❡❧❛②❡$ ❝❡ ♠❡//❛❣❡ ♦✉ ♣❛/✳ ▲❡ ♠❡//❛❣❡ ❛;;❡✐♥; ❛✐♥/✐ ;♦✉/ ❧❡/

♥4✉❞/ ❞✉ $0/❡❛✉ ;♦✉; ❡♥ ♥✬❛②❛♥; 0;0 $❡❧❛②0 1✉❡ ♣❛$ ✉♥ /♦✉/✲❡♥/❡♠❜❧❡ ❞❡/ ♥4✉❞/✳

●✳✸ ❙▲❙❋ ❛✈❡❝ *❡❝♦✉✈*❡♠❡♥/ ❞✬❡**❡✉*

◆♦✉/ ❛❥♦✉;♦♥/✱ U ❙▲❙❋✱ ✉♥ ♠0❝❛♥✐/♠❡ ❞❡ $❡❝♦✉✈$❡♠❡♥; ❞✬❡$$❡✉$ ♣✉❜❧✐0 ❞❛♥/ ❬▲❡❝❧ ✶✵❝❪✳ ◆♦✉/

❞✐/;✐♥❣✉❡$♦♥/ U ❧✬❛✈❡♥✐$ ❧❡/ ❞❡✉① ♣❛$✱ ❙▲❙❋✲❘ ✭♠♦✐♥/ ❧❡ $❡❝♦✉✈$❡♠❡♥;✮ ❧❛ ✈❡$/✐♦♥ /❛♥/ $❡❝♦✉✲

✈$❡♠❡♥; ❡; ❙▲❙❋ ❧❛ ✈❡$/✐♦♥ ❝♦♠♣❧X;❡✳ ▲❡ ❜✉; ❞✉ $❡❝♦✉✈$❡♠❡♥; ❞✬❡$$❡✉$ ❡; ❞❡ ♣♦✉✈♦✐$ ❝♦$$✐❣❡$

❧❡/ ❡$$❡✉$/ ❞❡ $❡;$❛♥/♠✐//✐♦♥ ❛✉ ♥✐✈❡❛✉ ❧♦❝❛❧✳ ▲❡ $❡❝♦✉✈$❡♠❡♥; ❞✬❡$$❡✉$ ❡/; ❝❛♣❛❜❧❡ ❞❡ $❡;$❛♥/✲

♠❡;;$❡ ✉♥ ♠❡//❛❣❡✱ ❞♦♥; ❧❛ ❞✐✛✉/✐♦♥ ❛ 0❝❤♦✉0✱ /❛♥/ 1✉❡ ❧❛ /♦✉$❝❡ ❞✉ ♠❡//❛❣❡ ♥✬❛✐; U $00♠❡;;$❡

❝❡ ♠❡//❛❣❡✳ ▲✬❡$$❡✉$ ❡/; ❞0;❡❝;0❡ ❡; ♣$✐/ ❡♥ ❝♦♠♣;❡ ❧♦❝❛❧❡♠❡♥; ♣❛$ ❧❡/ ♥4✉❞/ ♥♦♥✲■❈❘✳ ❉❡✉①

♠0❝❛♥✐/♠❡/ ♣❡$♠❡;;❡♥; ❧❡ $❡❝♦✉✈$❡♠❡♥; ❞✬❡$$❡✉$ ❡♥;$❡ ❞❡✉① ❝❧✉/;❡$❤❡❛❞/✿

• ▲❡ ♠0❝❛♥✐/♠❡ ❞✬❛❝❝✉/0 ❞❡ $0❝❡♣;✐♦♥✿ ❆✜♥ ❞❡ ♣❡$♠❡;;$❡ ❞❡ /❛✈♦✐$ /✐ ✉♥ ♠❡//❛❣❡ ❛$$✐✈❡

❝♦$$❡❝;❡♠❡♥; ❛✉ ♣$♦❝❤❛✐♥ ❝❧✉/;❡$❤❡❛❞✱ ♥♦✉/ ❛❥♦✉;♦♥/ ✉♥ ♥✉♠0$♦ ❞❡ /01✉❡♥❝❡ 1✉✐ /❡$❛ $❡♣$✐/
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❋✐❣✉$❡ ●✳✻✿ ❙+❧❡❝.✐♦♥ ■❈❘ ❞❛♥6 ✉♥ $+6❡❛✉ ❛✈❡❝ ✺ ❝❧✉6.❡$6✳

❞❛♥6 ❧❡6 ❜❡❛❝♦♥6 ❞❡ ❝❤❛;✉❡ ♥<✉❞✳

• ▲❡ ♠+❝❛♥✐6♠❡ ❞❡ $❡.$❛♥6♠✐66✐♦♥ $❡.❛$❞+❡✿ ❧❡6 ♥<✉❞6 ♥♦♥✲■❈❘✱ ❞♦♥❝ ❝❡✉① ;✉✐ ♥✬♦♥. ♣❛6

❡♥❝♦$❡ $❡❧❛②+ ❧❡ ♠❡66❛❣❡✱ ✈♦♥. $❡.$❛♥6♠❡..$❡ ❧❡6 ♠❡66❛❣❡6 ;✉✐ ♥✬❛✈❛✐❡♥. ♣❛6 +.+ $❡❧❛②+6

❝♦$$❡❝.❡♠❡♥.✳ E♦✉$ ❝❡❧❛✱ ✐❧6 +❝♦✉.❡♥. ❧❡6 ♠❡66❛❣❡6✱ F ❧✬❛❧❧❡$✱ ❡. ❛..❡♥❞❡♥. ❧❡6 ❛❝❝✉6+6 ❞❡

$+❝❡♣.✐♦♥ ❝♦$$❡6♣♦♥❞❛♥.6✱ ❛✉ $❡.♦✉$✳ ❙✐ ✉♥ ❛❝❝✉6+ ❞❡ $+❝❡♣.✐♦♥ ♣♦✉$ ✉♥ ♠❡66❛❣❡ ♥✬❡6. ♣❛6

$❡G✉ ❛♣$H6 ✉♥ .❡♠♣6 ❞♦♥♥+✱ ❧❡ ♠❡66❛❣❡ ❡6. ❛❧♦$6 $❡.$❛♥6♠✐6✳

▲❡ ❝❤♦✐① ❞❡ ❣❛$❞❡$ ❧♦❝❛❧ ❧❡ ♠+❝❛♥✐6♠❡ ❞❡ $❡.$❛♥6♠✐66✐♦♥ ❡6. ✐♠♣♦$.❛♥.✳ ■❧ ♥❡ 6✬❛❣✐. ♣❛6

❞✬❛66✉$❡$ ❧❛ .$❛♥6♠✐66✐♦♥ 6✉$ .♦✉.❡ 6❛ ❧♦♥❣✉❡✉$✱ ♠❛✐6 ♣❧✉.I. ❞❡ ❣❛$❞❡$ ❧❡6 ✐♥❢♦$♠❛.✐♦♥6 ❡. ❧❡✉$

.$❛✐.❡♠❡♥. ❧♦❝❛❧✳ ▲❡6 ❜❡❛❝♦♥6 ♣❡$♠❡..❡♥. ❞❡ ❢❛✐$❡ $❡♠♦♥.❡$ ❧❡6 ❛❝❝✉6+6 ❞❡ $+❝❡♣.✐♦♥ ❧♦❝❛❧❡♠❡♥.✱

❝❡ ;✉✐ ♥❡ 6❡$❛✐. ♣❛6 ♣♦66✐❜❧❡ 6✐ ❧✬❛❝❝✉6+ ❞❡ $+❝❡♣.✐♦♥ ❞❡✈❛✐. .$❛✈❡$6❡$ .♦✉. ❧❡ $+6❡❛✉ ❝❛$ .$♦♣

❝♦K.❡✉①✳

❆✉66✐✱ $❡.$❛♥6♠❡..$❡ ❧❡6 ♠❡66❛❣❡6 ♣❛$ ❧❡6 ♥<✉❞6 ♥♦♥✲■❈❘ ❡6. ✉♥ ❝❤♦✐① 6.$❛.+❣✐;✉❡✳ E✉✐6;✉❡

❧❛ .$❛♥6♠✐66✐♦♥ ♣❛$ ❧❡ ❝❤❡♠✐♥ ✐♥✐.✐❛❧✱ ❧❡6 ■❈❘6✱ ❛ +❝❤♦✉+✱ ❧❛ $❡.$❛♥6♠✐66✐♦♥ 6❡ ❢❛✐. ♣❛$ ❞❡6 ♥<✉❞6

♥✬❛②❛♥. ♣❛6 ❡♥❝♦$❡ ❡66❛②+ ❧❛ .$❛♥6♠✐66✐♦♥✳ ▲❡ ♠❡66❛❣❡ ♣❡✉. ❛❧♦$6 ❛$$✐✈❡$ F ❞❡6.✐♥❛.✐♦♥ ❡♥ ✉.✐❧✐6❛♥.

✉♥ ❝❤❡♠✐♥ ❛❧.❡$♥❛.✐❢✳

●✳✹ ❘$%✉❧(❛(%

E♦✉$ +✈❛❧✉❡$ ❧❡6 ♣❡$❢♦$♠❛♥❝❡6 ❞❡ ♥♦.$❡ ♣$♦.♦❝♦❧❡6 ❙▲❙❋✱ ♥♦✉6 ❛✈♦♥6 ✐♠♣❧+♠❡♥.+ ❧❡6 .$♦✐6 ♣$♦.♦✲

❝♦❧❡6 ✭❖▲❙❘✱ ◆▲❲❈❆✴❲❈E❉ ❡. ❙▲❙❋✮ ❞❛♥6 ❧❡ 6✐♠✉❧❛.❡✉$ ❬●♦$❣ ✵✼❪✳ ▲❡6 6✐♠✉❧❛.✐♦♥6 ❡♥ ♦♥.

+.+ ❢❛✐.❡6 ❛✈❡❝ ❧❡ ♠♦❞H❧❡ ❞❡ ♠♦❜✐❧✐.+ ❘❡6.$✐❝.❡❞ ❘❛♥❞♦♠ ❲❛② E♦✐♥. ❬❇❧❛✈ ✵✷❪✱ ♦Z ❞❡6 ♥<✉❞6 6❡

❞+♣❧❛❝❡♥. 6✉$ ❞❡6 $♦✉.❡6 ♣$+❞+✜♥✐❡6 ❞✬✉♥❡ ❝❛$.❡ ❞✉ ▲✉①❡♠❜♦✉$❣ ✭✜❣✉$❡ ●✳✼✮ ❡. ❞+❝✐❞❡♥. F ❝❤❛;✉❡

❝$♦✐6❡♠❡♥. ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ $♦✉.❡ F 6✉✐✈$❡✳ E♦✉$ ❝❤❛;✉❡ ✈❛$✐❛♥.❡ ❞❡ 6✐♠✉❧❛.✐♦♥ ♥♦✉6 ❛✈♦♥6 ✉.✐❧✐6+ ✶✵

❣$❛✐♥❡6 ❛❧+❛.♦✐$❡6 ❞✐✛+$❡♥.❡6 ❛✜♥ ❞✬♦❜.❡♥✐$ ❞❡6 $+6✉❧.❛.6 ❛✈❡❝ ❞❡6 .♦♣♦❧♦❣✐❡6 ❡. ❞❡6 ♠♦✉✈❡♠❡♥.6

F ❝❤❛;✉❡ ❢♦✐6 ❞✐✛+$❡♥.6✳ ▲❡ .❡♠♣6 ❞❡ 6✐♠✉❧❛.✐♦♥ ❡6. ❞❡ ✶✵✵✵ 6❡❝♦♥❞❡6 ♣♦✉$ ❝❤❛;✉❡ 6✐♠✉❧❛.✐♦♥ ❡.

❧❛ ✈✐.❡66❡ ❞❡6 ♥<✉❞6 ✈❛$✐❛✐. ❡♥.$❡ ❬✵✳✺❀✶✳✺❪ ✉♥✐.+6✴6 ❛✈❡❝ ✉♥❡ ♣♦$.+❡ ❞❡ .$❛♥6♠✐66✐♦♥ 6❛♥6 ✜❧ ❞❡

✷✺ ✉♥✐.+6✳

▲❡ ❜✉. ❞❡ ❝❡6 6✐♠✉❧❛.✐♦♥6 ❡6. ❞❡ ♠❡6✉$❡$ ❧❛ ❜❛♥❞❡ ♣❛66❛♥.❡ ✉.✐❧✐6+❡ ♣❛$ ❧❡6 ♣$♦.♦❝♦❧❡6 ♣♦✉$

+.❛❜❧✐$ ❧❛ 6.$✉❝.✉$❡ ❞❡ ❞✐66+♠✐♥❛.✐♦♥ ✭▼E❘ ♣♦✉$ ❖▲❙❘✱ ❝❧✉6.❡$ ♣♦✉$ ❲❈E❉ ❡. ❝❧✉6.❡$✰■❈❘ ♣♦✉$



❋✐❣✉$❡ ●✳✼✿ ❏❆◆❊ .✐♠✉❧❛2✐♥❣ 2❤❡ ♣$♦2♦❝♦❧. ♦♥ ✶✵✵ ❞❡✈✐❝❡.✳ ❚❤❡ ♠♦❜✐❧❡ ❞❡✈✐❝❡. ♠♦✈❡ ♦♥ 2❤❡

.2$❡❡2. ♦❢ 2❤❡ ▲✉①❡♠❜♦✉$❣ ❈✐2② ♠❛♣✳ ❚❤❡ ❞❡✈✐❝❡. ♠♦✈❡ ✇✐2❤ ❛ .♣❡❡❞ ♦❢ ✵✳✺ ✲ ✶✳✺ ♠✴.✳

❙▲❙❋✮ ❡2 ❧❡. ♣❡$❢♦$♠❛♥❝❡. ❞❡ ❞✐..I♠✐♥❛2✐♦♥✳ ❉❡ ♣❧✉. ♥♦✉. ❝♦♠♣❛$♦♥. ❧✬❡✣❝❛❝✐2I ❞❡. ♣$♦2♦❝♦❧❡.

❡2 ❧❡. ♣❡$❢♦$♠❛♥❝❡. ❞❡ ❞✐..I♠✐♥❛2✐♦♥ ❧♦$. ❞✬✉♥ .❝I♥❛$✐♦ .2❛2✐M✉❡ .❛♥. ♠♦✉✈❡♠❡♥2✳

N♦✉$ ♠❡.✉$❡$ ❧❛ ❜❛♥❞❡ ♣❛..❛♥2❡ ✉2✐❧✐.I❡ ♣♦✉$ ❧❛ ♠✐.❡ ❡♥ ♣❧❛❝❡ ❞❡ ❧❛ 2♦♣♦❧♦❣✐❡ ♣❛$ ❝❤❛M✉❡
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Figure G.10: Efficacite de !'utilisation de la bande passante pour 100, 200 et 300 nreuds. 
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♠✉❧+✐♣❧✐❝❛+✐♦♥ ❢❛❝+♦$ × 5✐③❡ ♣❡$ ✐+❡♠

❇❛5✐❝ ❙▲❙❋ ❤❡❛❞❡$ ✶✻ ❜②+❡5 ♥❜$ ♦❢ ■❈❘5 × ✹ ❜②+❡5

❋❛✉❧+ ❘❡❝♦✈❡$② ❤❡❛❞❡$ ✹ ❜②+❡5

❘♦✉+❡❞ ▼❡55❛❣❡ ❤❡❛❞❡$ ✶✵ ❜②+❡5

❈✉$$❡♥+ 5❧❛✈❡5 ❤❡❛❞❡$ ✾ ❜②+❡5 ♥❜$ ♦❢ ❙❧❛✈❡5 × ✹ ❜②+❡5

▲♦5+ 5❧❛✈❡5 ❤❡❛❞❡$ ✼ ❜②+❡5 ♥❜$ ♦❢ ❧♦5+ ❙❧❛✈❡5 × ✹ ❜②+❡5

▲♦5+ $♦✉+❡ +♦ ❝❧✉5+❡$5 ❤❡❛❞❡$ ✸ ❜②+❡5 ♥❜$ ♦❢ ❧♦5+ $♦✉+❡5 × ✺ ❜②+❡5

❚❛❜❧❡ ❍✳✶✿ ❚❛✐❧❧❡5 ❞❡5 ❡♥+K+❡5 ❙▲❙❋ ❡+ ❙▲❙❘ ✭♣♦✉$ ❞❡5 ❛❞$❡55❡5 ■M ❞❡ ✸✷ ❜✐+5✮✳
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❙▲❙❘ ♣$♦✜+❡ ❞❡ ❧❛ ❞✐55Q♠✐♥❛+✐♦♥ ❢♦✉$♥✐❡ ♣❛$ ❙▲❙❋✱ ♠❛✐5 ✐❧ ♣$♦✜+❡ Q❣❛❧❡♠❡♥+ ❞✉ +$❛✜❝ $Q5❡❛✉

✈❡♥❛♥+ ❞❡5 ♥✐✈❡❛✉① 5✉♣Q$✐❡✉$5✳ ▲✬✐❞Q❡ ❡5+ ❞✬❛❥♦✉+❡$ ❧❡5 ✐♥❢♦$♠❛+✐♦♥5 ❞❡ $♦✉+❛❣❡ ❞❛♥5 ❧❡ +$❛✜❝ ❞❡5

♥✐✈❡❛✉① 5✉♣Q$✐❡✉$5✱ ♠❛✐5 5❡✉❧❡♠❡♥+ ❧♦$5U✉❡ ❝❡❧❛ ♥✬❛✛❡❝+❡ ♣❛5 ❧❡ ♠❡55❛❣❡ ♦$✐❣✐♥❛❧ ❡♥ ❧✉✐ ♠K♠❡✳

❈❡+ ❛❥♦✉+ ❡5+ $Q❛❧✐5Q ❛✉ ♠♦♠❡♥+ ♦W ❧❡ ♥✐✈❡❛✉ 5✉♣Q$✐❡✉$ ❝♦♥✜❡ ❧❡ ♠❡55❛❣❡ X ❙▲❙❘✳ ❈❡ ♠❡55❛❣❡

♣❡✉+ K+$❡ ❞❡5+✐♥Q X K+$❡ $♦✉+Q ✈❡$5 ✉♥❡ ❞❡5+✐♥❛+✐♦♥ ♣❛$+✐❝✉❧✐Y$❡ ♦✉ ❡♥❝♦$❡ X K+$❡ ❞✐✛✉5Q ❞❛♥5 +♦✉+

❧❡ $Q5❡❛✉✳ ❉❛♥5 ❧❡ ❝❛5 ❞❡ ❧❛ ❞✐✛✉5✐♦♥✱ ❧❛ ❝♦✉❝❤❡ ❙▲❙❘ ♥❡ ❢❛✐+ U✉❡ ♣❛55❡$ ❧❡ ♠❡55❛❣❡ X ❙▲❙❋✳

❈❡♣❡♥❞❛♥+✱ ❙▲❙❘ ♣❡✉+ ♣$♦✜+❡$ ❞❡ ❝❡ ♣❛55❛❣❡ ♣♦✉$ ❞Q❝✐❞❡$ 5✬✐❧ ♣❡✉+ ✐♥5Q$❡$ ✉♥ ❡♥+K+❡✱ ❝♦♥+❡♥+❛♥+
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❧✬❛❥♦✉+ ❞❡5 ❡♥+K+❡5 ❞❡ $♦✉+❛❣❡ ♥❡ ❞♦✐+ ♣❛5 ❛✛❡❝+❡$ ❧❡ ♠❡55❛❣❡ ♦$✐❣✐♥❛❧✳ ▲❡ ♠❡55❛❣❡ ♥❡ ❞♦✐+ ♣❛5
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✈✐❡♥+ X ❞Q♣❛55❡$ ❧❛ +❛✐❧❧❡ ♠❛①✐♠❛❧❡ ❞✬✉♥ ♣❛U✉❡+ ■M✱ ❧❡ ♠❡55❛❣❡ ❞❡✈$❛✐+ ❛❧♦$5 K+$❡ $Q♣❛$+✐ 5✉$ ❞❡✉①

♣❛U✉❡+5 ■M ❞✐5+✐♥❝+5✳ ❉❛♥5 ❧❡ ❝❛5 ♦W ✉♥ ❡♥+K+❡ ♥❡ ♣❡✉+ K+$❡ ✐♥5Q$Q ❞❛♥5 ✉♥ ♠❡55❛❣❡ ❝❡+ ❡♥+K+❡ 5❡$❛

✐♥5Q$Q ❞❛♥5 ✉♥ ♠❡55❛❣❡ 5✉✐✈❛♥+✱ 5✐ ❧❡5 ❞Q❧❛✐5 ❞✬❡♥✈♦✐ 5♦♥+ ✢❡①✐❜❧❡5✳ ❊♥ ❞❡$♥✐❡$ $❡❝♦✉$5 ❧✬❡♥+K+❡

❞❡✈✐❡♥+ ❛❧♦$5 ✉♥ ♠❡55❛❣❡ X ♣❛$+ ❡♥+✐Y$❡ ❡+ ❡5+ ❡♥✈♦②Q ❞❛♥5 ❧❡ $Q5❡❛✉✳

▲❡ +❛❜❧❡❛✉ ❍✳✶ ❞♦♥♥❡ ❧❡5 ❞✐✛Q$❡♥+❡5 +❛✐❧❧❡5 ❞❡5 ❡♥+K+❡5 ❝❛❧❝✉❧Q❡5 5✉$ ✉♥❡ ❜❛5❡ ❞✬❛❞$❡55❡ ■M ❞❡

✸✷ ❜✐+5 ✭✹ ❜②+❡5✮✳

❍✳✼ ❈♦♥❝❧✉+✐♦♥

❙▲❙❘ ❢♦✉$♥✐ ✉♥❡ ❝♦✉❝❤❡ ❞❡ $♦✉+❛❣❡ ❛✉ ❞❡55✉5 ❞❡ ❙▲❙❋✳ ■❧ +✐$❡ ❛✈❛♥+❛❣❡ ❞❡ ❧❛ 5+$✉❝+✉$❡ 5♦✉5✲

❥❛❝❡♥+❡ ❡+ ♣❡$♠❡+ ❧❡ $♦✉+❛❣❡ ✉♥✐❝❛5+✱ ❧❛ ♣✐Y❝❡ ♠❛♥U✉❛♥+❡ ❞❡ ❙▲❙❋✳ ❙▲❙❘ ❢❛✐+ ❞✉ $♦✉+❛❣❡ ✈❡$5

❧❡ ♣$♦❝❤❛✐♥ ❝❧✉5+❡$❤❡❛❞✱ ❝♦♥+$❛✐$❡♠❡♥+ ❛✉① ♣$♦+♦❝♦❧❡5 ❞❡ $♦✉+❛❣❡ ❝❧❛55✐U✉❡5 U✉✐ $♦✉+❡♥+ ✈❡$5 ❧❡

♣$♦❝❤❛✐♥ ✈♦✐5✐♥✳ ▲❡5 $♦✉+❡5 ❞❡ ❙▲❙❘ $❡5+❡♥+ ✐♥❝❤❛♥❣Q❡5 ♠K♠❡ ❧♦$5U✉❡ ❧❡5 ♥^✉❞5 ✐♥+❡$♠Q❞✐❛✐$❡5

❝❤❛♥❣❡♥+ +❛♥+ U✉❡ ❧❡5 ❝❧✉5+❡$5 ✈♦✐5✐♥5 $❡5+❡♥+ 5+❛❜❧❡✳

M♦✉$ ❧✬♦❜+❡♥+✐♦♥ ❞❡5 $♦✉+❡5✱ ❙▲❙❘ ✉+✐❧✐5❡ ❞❡5 ❡♥+K+❡5✱ U✉✐ ✈✐❡♥♥❡♥+ 5✬❛❥♦✉+❡$ ❛✉① ❡♥+K+❡5

❞❡ ❙▲❙❋✳ ❈❡5 ❡♥+K+❡5 ♣❡✉✈❡♥+ K+$❡ ✐♥+Q❣$Q5 ❞❡ ♠❛♥✐Y$❡ 5②♠❜✐♦+✐U✉❡ ❞❛♥5 ❧❡5 ♠❡55❛❣❡5✴❞♦♥♥Q❡5

✈❡♥❛♥+ ❞✬✉♥ ♥✐✈❡❛✉ 5✉♣Q$✐❡✉$✳ ❙▲❙❘ $Q❞✉✐+ ❛✐♥5✐ 5♦♥ ❡♠♣$❡✐♥+❡ $Q5❡❛✉✱ ❡♥ ❞✐♠✐♥✉❛♥+ ❧❡ ❝♦`+

❞✬❛❝❤❡♠✐♥❡♠❡♥+ ❞❡5 ♠❡55❛❣❡5 ❛✉ +$❛✈❡$5 ❞❡ ❧✬❛❣$Q❣❛+✐♦♥ ❞✬✐♥❢♦$♠❛+✐♦♥5✳

❉❡ ♣❧✉5✱ ♦♥ ♣❡✉+ ❝❧❛55❡$ ❙▲❙❘ ♣❛$♠✐ ❧❡5 ♣$♦+♦❝♦❧❡5 ❞✐+ ✧❜❛❧❛♥❝❡❞✲❤②❜$✐❞✧ U✉✐ ❡♠♣❧♦✐❡♥+

❧❡5 ❝❛$❛❝+Q$✐5+✐U✉❡5 ❞❡5 ❛❧❣♦$✐+❤♠❡5 X ✈❡❝+❡✉$ ❞❡ ❞✐5+❛♥❝❡ ❝♦♠❜✐♥Q❡5 X ❝❡✉① X Q+❛+ ❞❡ ❧✐❡♥✳ ▲❛
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✐❧ "✬❛❣✐/ "✐♠♣❧❡♠❡♥/ ❞❡ ❧✬❡♥✈♦✐ ❞✬✉♥ ♠❡""❛❣❡ ❛✈❡❝ ❡♥ /❛♥/ 1✉✬❛❞#❡""❡ ❞❡ ❞❡"/✐♥❛/❛✐#❡ ❧✬❛❞#❡""❡

❞✉ ❣#♦✉♣❡ ♠✉❧/✐❝❛"/ ■P #7"❡#✈7❡ ♣♦✉# ❩❡#♦❝♦♥❢ ❛✉♣#I" ❞❡ ❧✬■❆◆❆ ✭❛❞#❡""❡ ♠✉❧/✐❝❛"/ ✷✷✹✳✵✳✵✳✷✺✶

♣♦✉# ■P✈✹ ❡/ ✛✵✷✿✿❢❜ ♣♦✉# ■P✈✻✮✳ ❉❛♥" ✉♥ #7"❡❛✉ ✜❧❛✐#❡ ❧❛ ❞✐✛✉"✐♦♥ ❞❡ ❝❡" ♠❡""❛❣❡" ❡"/ ❢❛✐/❡



❛✉"♦♠❛"✐&✉❡♠❡♥" ♣❛* ❧❡, ,✇✐"❝❤ ❞❛♥, ❧❡ ♠1♠❡ ,♦✉, *2,❡❛✉ ✭❝♦♠♠❡ ♣♦✉* ❧❡, ♠❡,,❛❣❡, ❜*♦❛❞❝❛,"✮✳

8♦✉* ♣❛,,❡* ❞✬✉♥ ,♦✉,✲*2,❡❛✉ ; ❧✬❛✉"*❡✱ ❧❡, *♦✉"❡✉*, ❝♦♥,"*✉✐,❡♥" ✉♥ ❛*❜*❡ ♠✉❧"✐❝❛," ❡♥"*❡ ❡✉①

♣♦✉* ❞✐✛✉,❡* ❧❡, ♠❡,,❛❣❡, ❞❛♥, "♦✉, ❧❡, ,♦✉,✲*2,❡❛✉① ❛②❛♥" ❞❡, ♥@✉❞, ✐♥"2*❡,,2, ♣❛* ❝❡, ♠❡,,❛❣❡,

♠✉❧"✐❝❛,"✳ ▲❡, ❞✐✛2*❡♥"❡, "❡❝❤♥✐&✉❡, ♣♦✉* ❧❛ ❝♦♥,"*✉❝"✐♦♥, ❞❡ ❝❡, ❛*❜*❡, ♠✉❧"✐❝❛," ,♦♥" ❞2❝*✐"❡,

❞❛♥, ❬❙❛❤❛ ✵✷❪✳

❈❡♣❡♥❞❛♥"✱ ❞❛♥, ✉♥ *2,❡❛✉ ❛❞ ❤♦❝✱ ✐❧ ♥✬② ❛ ♣❛, ❞❡ ,✇✐"❝❤ ♦✉ ❞❡ *♦✉"❡✉* &✉✐ *❡❧❛②❡ ❧❡, ♠❡,,❛❣❡,

❞❛♥, ❧❡ *2,❡❛✉✳ ▲❡, ♠❡,,❛❣❡, ♠✉❧"✐❝❛," ❞♦✐✈❡♥" ❛❧♦*, 1"*❡ *❡❧❛②2, ♣❛* ❧❡, ♥@✉❞, ❡✉① ♠1♠❡✱ "♦✉"

❝♦♠♠❡ ❝✬❡," ❧❡ ❝❛, ♣♦✉* ❧❡, ♠❡,,❛❣❡, ❜*♦❛❞❝❛,"✳

◆♦✉, ♣*♦♣♦,♦♥, ❞❡ *❡♠♣❧❛❝❡* ❧❡ ♠✉❧"✐❝❛," ■8 ♣❛* ♥♦"*❡ ♣*♦"♦❝♦❧❡ ❞❡ ❞✐,,2♠✐♥❛"✐♦♥ ❙▲❙❋✱

❞♦♥" ✈♦✐❝✐ ❧❡, ❛✈❛♥"❛❣❡,✿

• ❩❡*♦❝♦♥❢ ✉"✐❧✐,❡ ❧❡ ♠✉❧"✐❝❛," ♣♦✉* ❧❛ ❞✐,,2♠✐♥❛"✐♦♥ ❡✣❝❛❝❡ ❞✬✐♥❢♦*♠❛"✐♦♥, ✈❡*, ❞✬❛✉"*❡,

♥@✉❞, ❩❡*♦❝♦♥❢✿ ❙▲❙❋ ❢♦✉*♥✐ ❝❡""❡ ❞✐✛✉,✐♦♥ ❡✣❝❛❝❡ ❡" *2❞✉✐" ❧❡ ♥♦♠❜*❡ ❞❡ ♥@✉❞, *❡❧❛✐,

♥2❝❡,,❛✐*❡,✳

• ▲❛ ❣❡,"✐♦♥ ❞❡ ❣*♦✉♣❡ ♠✉❧"✐❝❛," ♥✬❡," ♣❛, ♥2❝❡,,❛✐*❡ ❞❛♥, ♥♦"*❡ ❝♦♥"❡①"❡✱ "♦✉, ❧❡, ♥@✉❞, ❞✉

*2,❡❛✉ ,♦♥" ✐♥"2*❡,,2, ♣❛* ❧❡, ♠❡,,❛❣❡, ❞❡ ❩❡*♦❝♦♥❢✳ ▲❛ ♣*♦♣*✐2"2 ❞✉ ♠✉❧"✐❝❛," ❞❡ *❡,"*❡✐♥❞*❡

❧❛ ❞✐✛✉,✐♦♥ ; ✉♥ ❣*♦✉♣❡ ❞♦♥♥2 ♥✬❡," ❞♦♥❝ ♣❛, ✉"✐❧✐,2❡ ❞❛♥, ♥♦"*❡ ❝❛,✳ ❈❡♣❡♥❞❛♥"✱ ,✐ ❝❡❧❛

❞❡✈❡♥❛✐, ♥2❝❡,,❛✐*❡✱ ❙▲❙❋ ♣♦✉**❛✐" ♠1♠❡ ❣2*❡* ❧❡, ❛❜♦♥♥❡♠❡♥", ❡" ❛♣♣❛*"❡♥❛♥❝❡, ❛✉①

❣*♦✉♣❡, ♠✉❧"✐❝❛," ❛✉ ♥✐✈❡❛✉ ❞❡, ❝❧✉,"❡*❤❡❛❞, ❡♥ 2❝❤❛♥❣❡❛♥" ❞❡, ♠❡,,❛❣❡, ❞✬❛❜♦♥♥❡♠❡♥"

❞❡ ❣*♦✉♣❡,✳

• ❙▲❙❋✱ ❞❡ ♣❧✉,✱ ♣*♦♣♦,❡ ❞❡, ❛✈❛♥"❛❣❡, "❡❧, &✉❡ ❧❛ ,"❛❜✐❧✐"2✱ ❧❛ ♣*✐,❡ ❡♥ ❝♦♠♣"❡ ❞✉ ❝♦♥"❡①"❡

❡" ❧❡ ♣❛,,❛❣❡ ; ❧✬2❝❤❡❧❧❡✳

❈♦♠♠❡ ❧✬♦♥ ♣❡✉" ❧❡ ✈♦✐* ,✉* ❧❛ ✜❣✉*❡ ■✳✶ ❩❡*♦❝♦♥❢ *❡,"❡ ✐♥❝❤❛♥❣2✳ ❙❡✉❧❡ ❧❛ ❞✐✛✉,✐♦♥ ♠✉❧"✐❝❛,"

❡," *❡♠♣❧❛❝2❡ ♣❛* ✉♥❡ ❞✐✛✉,✐♦♥ ❙▲❙❋ ❞❡ ♠❛♥✐R*❡ "*❛♥,♣❛*❡♥"❡ ♣♦✉* ❩❡*♦❝♦♥❢✳

DNS-SD

mDNS

Multicast IP

IP (Self-assigned or DHCP)

DNS-SD

mDNS

SLSF

Original Zeroconf stack Modified Zeroconf stack

IP (Self-assigned or DHCP)

❋✐❣✉*❡ ■✳✶✿ 8✐❧❡ ❞❡ ♣*♦"♦❝♦❧❡, ❞❡ ❩❡*♦❝♦♥❢ ❛✈❡❝ ❧❡ ♠✉❧"✐❝❛," ■8 ❡" ❛✈❡❝ ❙▲❙❋✳



■✳✸ ❈♦♥#❡①#✲❛✇❛)❡♥❡** ♣♦✉& ❧❛ ❞*❝♦✉✈❡&.❡ ❞❡ /❡&✈✐❝❡/

 ♦✉# ♣♦✉✈♦✐# '#♦✉✈❡# ♣❧✉* +✉❡ ❧❡* *❡#✈✐❝❡* ❝♦##❡*♣♦♥❞❛♥'* *✐♠♣❧❡♠❡♥' 1 ✉♥❡ #❡+✉2'❡✱ ❝❡''❡ *❡❝'✐♦♥

♣#4*❡♥'❡ ❝♦♠♠❡♥' ❡' ♦5 ❧❡ ❝♦♥'❡①'❡ ♣❡✉' ✐♥'❡#✈❡♥✐# ♣♦✉# ❛♠4❧✐♦#❡# ❧❛ ❞4❝♦✉✈❡#'❡ ❞❡ *❡#✈✐❝❡*✳ ❉❛♥*

♥♦'#❡ ❛#❝❤✐'❡❝'✉#❡ ✉'✐❧✐*❛♥' ❩❡#♦❝♦♥❢✱ ❧❡ ❝♦♥'❡①'❡ ♣❡✉# ✐♥'❡#✈❡♥✐# 1 ❞❡✉① ♥✐✈❡❛✉①✿

• ❛✉ ♥✐✈❡❛✉ ❞❡* ❡♥'#4❡* ❉◆❙✿ ▲❡* ❡♥'#4❡* ❚❳❚ ❛**♦❝✐4❡* ❛✉① ❡♥'#4❡* ❙❘❱✱ ♣❡✉✈❡♥' ❝♦♥'❡♥✐#

❞❡* ❞♦♥♥4❡* ❞❡ ❝♦♥'❡①'❡✳ ▲✬❡①❡♠♣❧❡ *✉# ❧❛ ✜❣✉#❡ ■✳✷ ♠♦♥'#❡ ✉♥❡ ❡♥'#4❡ ❚❳❚ ❞✬✉♥ *❡#✈✐❝❡

♣#♦♣♦*❛♥' ✉♥❡ ♣❛**❡#❡❧❧❡ ■♥'❡#♥❡' ♣♦✉# ❛♣♣❛#❡✐❧* 1 ❢❛✐❜❧❡* ❝❛♣❛❝✐'4* ❡♥ ❛❞❛♣'❛♥' ❧❡ ❝♦♥'❡♥✉

❞❡* ♣❛❣❡* ■♥'❡#♥❡' 1 ❧✬❛♣♣❛#❡✐❧✳ ❈❡''❡ ❡♥'#4❡ ❚❳❚ ❝♦♥'✐❡♥' ❞❡✉① ❝❤❛♠♣* ❞❡ ❞♦♥♥4❡*✿ ▲❡

❝❤❛♠♣  ❡"✈❡❞ %✐♠❡✱ #❡♣#4*❡♥'❡ ❧❡ '❡♠♣* '♦'❛❧ ❞❡ *❡#✈✐❝❡ ❢♦✉#♥✐ ❡' ❧❡ ❝❤❛♠♣ ✐ ❋"❡❡✱ #❡♣#4*❡♥'❡

✉♥ ❜♦♦❧4❡♥ ✐♥❞✐+✉❛♥' ♣❛# *❛ ♣#4*❡♥❝❡ +✉❡ ❧❡ *❡#✈✐❝❡ ❡*' ❣#❛'✉✐'✳

❯♥ ♥L✉❞ #❡❝❤❡#❝❤❛♥' ✉♥ *❡#✈✐❝❡ ♣❡✉' ❛❧♦#* ❛✣♥❡# *❛ #❡❝❤❡#❝❤❡ ❡' *♦♥ ❝❤♦✐① ❡♥ ✉'✐❧✐*❛♥' ❧❡*

✐♥❢♦#♠❛'✐♦♥* *✉♣♣❧4♠❡♥'❛✐#❡* ❝♦♥'❡♥✉❡* ❞❛♥* ❧❡* ❝❤❛♠♣* ❞❡ ❞♦♥♥4❡* ❞❡* ❡♥'#4❡* ❚❳❚✳

TXT Lightweight device Internet gateway 3600|0x12|served time=2h23m|0x07|is free|in-unique

Record 

Type

._lightgw_tcp.local.

Record 

status

Service instance name Service type TTL TXT data

(|length of the data | key(=value)|)

      
❋✐❣✉#❡ ■✳✷✿ ❊♥'#4❡ ❚❳❚ ❝♦♥'❡♥'❛♥' ❞❡* ✐♥❢♦#♠❛'✐♦♥* ❞❡ ❝♦♥'❡①'❡✳

✖

• ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❞✐**4♠✐♥❛'✐♦♥✿ ▲❡* ♥L✉❞* ✐♥'❡#♠4❞✐❛✐#❡✴#4♣❡#'♦✐#❡ ♣❡✉✈❡♥' ✜❧'#❡# ❧❡* ♠❡*✲
*❛❣❡*✱ ♦✉ ❞❡* ♣❛#'✐❡* ❞❡* ♠❡**❛❣❡*✱ ❡♥ '#❛♥*✐' ❝♦♥'❡♥❛♥' ❞❡* ✐♥❢♦#♠❛'✐♦♥* ❝♦♥*✐❞4#4❡* ❝♦♠♠❡

*✉♣❡#✢✉❡* ❞✬❛♣#T* ❧❡ ❝♦♥'❡①'❡ ❝♦✉#❛♥'✳ ❊♥ '✐#❛♥' ❛✈❛♥'❛❣❡ ❞❡ ❧❛ *'#✉❝'✉#❡ ❞❡ ❝❧✉*'❡#✱ ❧❡*

❝❧✉*'❡#❤❡❛❞* ♣❡✉✈❡♥' ❞✐♠✐♥✉❡# ❡' ❛❧❧4❣❡# ❧❡ ❝❤♦✐① ♣♦✉# ❧❡✉#* ♠❡♠❜#❡*✳ ❙✐ ❞❛♥* ✉♥ #4*❡❛✉

✐❧ ② ❛ ❜❡❛✉❝♦✉♣ ❞❡ *❡#✈✐❝❡* ❞✉ ♠2♠❡ '②♣❡✱ ❧❡* ❝❧✉*'❡#❤❡❛❞* ♣❡✉✈❡♥' ✜❧'#❡# ❧❡* *❡#✈✐❝❡*

❡' ♥❡ ♣#♦♣♦*❡# 1 ❧❡✉#* ♠❡♠❜#❡* +✉❡ ❧❡* ♠❡✐❧❧❡✉#* *❡#✈✐❝❡* ♣❛#♠✐ ❧❛ ♠✉❧'✐'✉❞❡ ❞❡ *❡#✈✐❝❡*

❛♥♥♦♥❝4*✳

❊♥ ✉'✐❧✐*❛♥' ❧❡ ❝♦♥'❡①'❡✱ ✉♥❡ #❡+✉2'❡ ♣❡✉' ❛✐♥*✐ 2'#❡ 4❝❛#'4❡ ❡♥ ❛♠♦♥' ♣❛# ❧❡* ♥L✉❞* ✐♥'❡#✲

♠4❞✐❛✐#❡*✱ ♣❡#♠❡''❛♥' ❛✐♥*✐ +✉❡ *❡✉❧❡* ❧❡* ✐♥❢♦#♠❛'✐♦♥* ♣❡#'✐♥❡♥'❡* *♦✐❡♥' ❞✐✛✉*4❡* ❛✉① ♥L✉❞*✳

❉❡ ♣❧✉*✱ ❝❤❛+✉❡ ♥L✉❞ ♣❡✉' ❛✣♥❡# *♦♥ ❝❤♦✐① ❞❡ *❡#✈✐❝❡ ❡♥ ✉'✐❧✐*❛♥' ❧❡* ✐♥❢♦#♠❛'✐♦♥* ❞❡ ❝♦♥'❡①'❡

❝♦♥'❡♥✉❡* ❞❛♥* ❧❡* ❡♥'#4❡* ❚❳❚✳

▲❡* ♠!"#✐%✉❡( ♣❡#♠❡''❡♥' ❧✬❛❝+✉✐*✐'✐♦♥ ❞✉ ❝♦♥'❡①'❡✳ ◆♦✉* ❝❧❛**♦♥* ❧❡* ♠4'#✐+✉❡* +✉❡ ♥♦✉*
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❞❡❣(;✱ ❝❡//❡ ✈❛❧❡✉( ❡$/ $♦✉✈❡♥/ ♥;❝❡$$❛✐(❡ ❛✉① ♣(♦/♦❝♦❧❡$ ❞❡ (♦✉/❛❣❡✳

• ■♥&❡!♠'❞✐❛!✐&'✿ ❖♥ ❝♦♥$✐❞'(❡ *✉❡ ♣❧✉$ ✉♥ ♥.✉❞ $❡(/ ❞✬✐♥/❡(♠;❞✐❛✐(❡ ♣♦✉( ❞✬❛✉/(❡$ ♥.✉❞$
♣❧✉$ ✐❧ ❡$/ ✐♠♣♦(/❛♥/✳ ❖♥ ♠❡$✉(❡ ❧❛ $♦♠♠❡ ❞❡$ (❛/✐♦$ ❞❡$ ♣❧✉$ ❝♦✉(/$ ❝❤❡♠✐♥$ ❡♥/(❡ ❞❡✉①

♥.✉❞$ *✉✐ ♣❛$$❡♥/ ♣❛( ❧❡ ♥.✉❞ ❞♦♥/ ♦♥ ❝❛❧❝✉❧❡ ❧✬✐♥/❡(♠;❞✐❛(✐/;✳

▲❛ ♠❡$✉(❡ (;❡❧❧❡ ❞❡ ❝❡//❡ ♠;/(✐*✉❡ ❡$/ ❞✐✣❝✐❧❡✱ ❝❛( ✐❧ ❢❛✉/ $♦✐/ ❝♦♥♥❛?/(❡ /♦✉/❡ ❧❛ /♦♣♦❧♦❣✐❡ ❞✉

(;$❡❛✉✱ $♦✐/ ❧❛ ❝❛❧❝✉❧❡( @ ♣❛(/✐( ❞❡$ ♠❡$$❛❣❡$ ;❝❤❛♥❣;$✳ ❙✐ ❧✬♦♥ ♣❡✉/ ❝♦♥$✐❞;(❡( *✉❡ ❧❡ (;$❡❛✉

♥❡ ❝♦♠♣♦(/❡ ♣❛$ ❞❡ ❜♦✉❝❧❡✱ ❛❧♦($ ♦♥ ♣❡✉/ $✐♠♣❧✐✜❡( ❧❡ ❝❛❧❝✉❧ ❡/ ❝❛❧❝✉❧❡( ❧✬✐♥/❡(♠;❞✐❛(✐/;

@ ♣❛(/✐( ❞✬✉♥❡ /❛❜❧❡ ❞❡ (♦✉/❛❣❡ ❝♦♠♣♦(/❛♥/ $❡✉❧❡♠❡♥/ ❧❡ ♥♦♠❜(❡ ❞❡ $❛✉/$ *✉✐ $;♣❛(❡♥/ ❧❡

♥.✉❞ ❞❡ /♦✉$ ❧❡$ ❛✉/(❡$✳ C♦✉( ❧❡ ♥.✉❞ ✺ ❞❡ ❧❛ ✜❣✉(❡ ■✳✸ ♦♥ ❝❛❧❝✉❧❡ ❧✬✐♥/❡(♠;❞✐❛(✐/; ❡♥

♣(❡♥❛♥/ ❧❡ ♥♦♠❜(❡ ❞❡ ✈♦✐$✐♥$ $✉( ❝❤❛❝✉♥❡ ❞❡$ ✹ ❜(❛♥❝❤❡$ ✭♣❛( ❡①❡♠♣❧❡ ❧❛ ❜(❛♥❝❤❡ ❬✶✱✷✱✸ ❪✱

❬✹ ❪✱ ❬✻ ❪ ❡/ ❬✼✱✽✱✾✱✶✵ ❪✮✮ ❡/ ❡♥ ❧❡ ♠✉❧/✐♣❧✐❛♥/ ❛✈❡❝ ❧❡ ♥♦♠❜(❡ ❞❡ ✈♦✐$✐♥$ ❝✉♠✉❧;$ ❞❡$ ❛✉/(❡$

❜(❛♥❝❤❡$✳ C♦✉( ❧❛ ❜(❛♥❝❤❡ ✶✱✷✱✸ ♦♥ ♠✉❧/✐♣❧✐❡ ✸ ❢♦✐$ ✻ ✭✹✱✻✱✼✱✽✱✾✱✶✵ ✮✳ ❊♥ ❝✉♠✉❧❛♥/ ❧❡

(;$✉❧/❛/ ♣♦✉( ❝❤❛*✉❡ ❜(❛♥❝❤❡ ♦♥ ♦❜/✐❡♥/ 18 + 8+ 8+ 20 = 54✳ C♦✉( ❛✈♦✐( ❧✬✐♥/❡(♠;❞✐❛(✐/;✱
*✉✐ ❡$/ (;❝✐♣(♦*✉❡✱ ✐❧ $✉✣/ ❞❡ ❞✐✈✐$❡( ♣❛( ✷✳ ▲✬✐♥/❡(♠;❞✐❛(✐/; ❞✉ ♥.✉❞ ✺ ❡$/ 27✳
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♦✉ ❞✬✉♥❡ ❝♦♠❜✐♥❛✐$♦♥ /❡❧$ *✉❡✿ ❧❛ ♣✉✐$$❛♥❝❡ ❞✉ $✐❣♥❛❧✱ ❧❛ ♣♦$✐/✐♦♥ ●C❙✱ ❧❛ ✈✐/❡$$❡✱ ❧❛ ❞✉(;❡ ❞❡

✈✐❡ ❞✉ ❧✐❡♥✱ ❧❡ ♥♦♠❜(❡ ❞❡ ❜❡❛❝♦♥$ (❡R✉$ ✭(❡♣(;$❡♥/❡ ✉♥❡ ✐♥❢♦(♠❛/✐♦♥ ❞❡ ♣(;$❡♥❝❡✱ ❞✬❛✣♥✐/; ♦✉

❡♥❝♦(❡ ❛$$♦❝✐❛/✐✈✐/;✮✱ ❡/❝✳ ❬C❛(✐ ✵✾❪✳

▲♦1& ❘♦✉&❡❞  ❛❝❦❡&✿ ▲❘C ❬❇❛❞♦ ✵✺❪ ❡$/ ✉♥❡ ❝♦♠❜✐♥❛✐$♦♥ ❞❡ ❞❡✉① ♠;/(✐*✉❡$✿ ❘❡❝❡✐✈❡❞

❘♦✉/❡❞ C❛❝❦❡/$ ✭❘❘C✮✱ ❧❡ ♥♦♠❜(❡ ❞❡ ♣❛*✉❡/$ @ (❡❧❛②❡( (❡R✉$ ❡/ ❙❡♥❞ ❘♦✉/❡❞ C❛❝❦❡/$ ✭❙❘C✮✱ ❧❡

♥♦♠❜(❡ ❞❡ ♣❛*✉❡/$ @ (❡❧❛②❡( ❡♥✈♦②;$✳ ❆✐♥$✐ ♦♥ ♦❜/✐❡♥/ ❧❡ ▲❘C = ❘❘C − ❙❘C ✿ ❧❡ ♥♦♠❜(❡ ❞❡
♣❛*✉❡/$ @ (❡❧❛②❡( *✉✐ ♥✬♦♥/ ♣❛$ ;/; (❡❧❛②;$✳ ❈❡❝✐ ❝❛(❛❝/;(✐$❡ ❧❛ ♣❛(/✐❝✐♣❛/✐♦♥ ❡/ ❧❛ ❝♦♥/(✐❜✉/✐♦♥

❞✬✉♥ ♥.✉❞ ❞❛♥$ ❧❡ (;$❡❛✉✳
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• ❯"✐❧✐3❛"✐♦♥ ❞✉ 3❡%✈✐❝❡✿ ❉♦♥♥❡ ✉♥ ♣%♦✜❧ ❞✬✉"✐❧✐3❛"✐♦♥ ❞✉ 3❡%✈✐❝❡ "❡❧ '✉❡ ❧❛ ❞✉%$❡ ❞✬✉"✐❧✐3❛"✐♦♥
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❧❡ ✜❧"%❛❣❡ ❝♦❧❧❛❜♦%❛"✐❢✱ ✈❛ ♣❡%♠❡""%❡ ❞❡ %$❞✉✐%❡ ❧❛ ❧✐3"❡ ❞❡3 3❡%✈✐❝❡3 ❛✣❝❤$3✴%❡P✉3 ❛✉ ♥✐✈❡❛✉ ❞✬✉♥
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❣)♦❣*❛♣❤✐1✉❡ C ❧✬✐♥")*✐❡✉* ❞✉ ♠✉#)❡ ❛✐♥#✐ 1✉❡ ❞❡# ✐♥❢♦*♠❛"✐♦♥# ♠✉❧"✐♠)❞✐❛ ❝♦♠♣❧)♠❡♥"❛✐*❡# #✉*

❧❡# K✉✈*❡# ❞❡# ❡♥✈✐*♦♥#✳ ❉❡ ♣❧✉#✱ ❞❡# 1✉❡#"✐♦♥♥❛✐*❡# ❣)♦✲❧♦❝❛❧✐#)# #♦♥" ♣*♦♣♦#)# ❛✉① ✈✐#✐"❡✉*#✱ ❧❡#

*)♣♦♥#❡# #❡ "*♦✉✈❛♥" #✉* ❧❡# K✉✈*❡# ❡♥✈✐*♦♥♥❛♥"❡#✳ ▲❛ ❞)❝♦✉✈❡*"❡ ❞❡ #❡*✈✐❝❡# ✐♥"❡*✈✐❡♥" ❞❛♥# ❝❡

#❝)♥❛*✐♦ ♣♦✉* ❧❛ ❞)❝♦✉✈❡*"❡ ❛✉"♦♠❛"✐1✉❡✱ ❡" ❧❛ *)❝✉♣)*❛"✐♦♥ ❞❡♣✉✐# ❧❡ *)#❡❛✉✱ ❞❡# ✐♥❢♦*♠❛"✐♦♥#

#✉♣♣❧)♠❡♥"❛✐*❡# ❞❡# K✉✈*❡# ❡♥✈✐*♦♥♥❛♥"❡#✳

▲✬❛*❝❤✐"❡❝"✉*❡ ❞❡ ❞)❝♦✉✈❡*"❡ ❞❡ #❡*✈✐❝❡# #✉* ❧❛ ✜❣✉*❡ ■✳✹ ♠♦♥"*❡ ❧❡ ❝K✉* ❞✉ *)#❡❛✉ ❝♦♠✲

♣♦#) ❞❡ ♥K✉❞# ❛❞ ❤♦❝ ❡" ❞✬✉♥❡ ❛*❝❤✐"❡❝"✉*❡ #"❛"✐1✉❡ ❝♦♠♣♦#)❡ ❞❡ ♣♦✐♥"# ❞✬❛❝❝N# #❛♥# ✜❧ ❡" ❞❡

#❡*✈❡✉*#✳ ❈❡*"❛✐♥# ♥K✉❞# ❞✉ *)#❡❛✉ ❛❞ ❤♦❝ ♦♥" ❛✉##✐ ✉♥❡ ❝♦♥♥❡①✐♦♥ C ✉♥ ❞❡# ♣♦✐♥"# ❞✬❛❝❝N# ❞❡

❧✬✐♥❢*❛#"*✉❝"✉*❡ ✜①❡✳

❆✉ ♥✐✈❡❛✉ ❞❡ ❧✬✐♠♣❧❛♥"❛"✐♦♥ ✐❧ ② ❛ ❞❡✉① ♣♦##✐❜✐❧✐")#✳

• ▲❡# ♥K✉❞# ❛②❛♥" ❧❡# ❞❡✉① ❝♦♥♥❡①✐♦♥#✱ ❛❞ ❤♦❝ ❡" ✐♥❢*❛#"*✉❝"✉*❡ ✜①❡✱ ❥♦✉❡♥" ❧❡ *O❧❡ ❞✬✐♥"❡*♠)❞✐❛✐*❡
❡" ❞❡ *❡❧❛✐✳ ■❧# ❢♦♥" )❣❛❧❡♠❡♥" ❧❡# )✈❡♥"✉❡❧❧❡# ❛❞❛♣"❛"✐♦♥# ♥)❝❡##❛✐*❡# ✭❡✳❣✳ ❛❞❛♣"❡* ❧❡# ♠❡#✲
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❉❛♥2 ❧❡2 ❞♦♠❛✐♥❡2 ❞❡2 $/2❡❛✉① ❛❞ ❤♦❝✱ ❜✐❡♥ 2♦✉✈❡♥- ♦♥ ❢❛✐- ❛♣♣❡❧ = ❧❛ 2✐♠✉❧❛-✐♦♥ ♣♦✉$ /✈❛❧✉❡$ ❧❡2

♣$♦-♦❝♦❧❡2✳ ❊♥ ❡✛❡-✱ ❧❡2 ❡①♣/$✐♠❡♥-❛-✐♦♥2 ❛✈❡❝ ❞❡2 ❛♣♣❛$❡✐❧2 $/❡❧2✱ ❛✈❡❝ ✉♥ ♥♦♠❜$❡ $❡♣$/2❡♥-❛-✐❢

❞✬❛♣♣❛$❡✐❧2✱ 2♦♥- -$A2 ❞✐✣❝✐❧❡2 = ♠❡--$❡ ❡♥ ♣❧❛❝❡ ♣♦✉$ ❞❡2 $❛✐2♦♥2 ❞❡ ❝♦C-✱ ❞❡ -❡♠♣2 ❞❡ ♠✐2❡ ❡♥

D✉✈$❡ ❡- ❛✉22✐ ❞✬❛♥❛❧②2❡ ❞❡2 $/2✉❧-❛-2✳ ▲❡2 ❡①♣/$✐❡♥❝❡2 2♦♥- ❞✐✣❝✐❧❡♠❡♥- $❡♣$♦❞✉❝-✐❜❧❡2 ♣✉✐2G✉❡

❧❡2 $/2✉❧-❛-2 2♦♥- 2♦✉✈❡♥- ✐♥✢✉❡♥❝/2 ♣❛$ ❞❡2 /✈A♥❡♠❡♥-2 ❡①-/$✐❡✉$2 ✭♣✳ ❡①✳ ✐♥-❡$❢/$❡♥❝❡2 ❞❡2 ♦♥❞❡2

2❛♥2 ✜❧✮ ♦✉ ❡♥❝♦$❡ ❧❡ ❢❛❝-❡✉$ ❤✉♠❛✐♥✳

❉❡ ♥♦♠❜$❡✉① 2✐♠✉❧❛-❡✉$2 ❡- ♠♦❞A❧❡2 ♦♥- /-/ ❞/✈❡❧♦♣♣/2 ❞❛♥2 ❧❡ ❞♦♠❛✐♥❡2 ❞❡2 $/2❡❛✉① ❞②✲

♥❛♠✐G✉❡2 ❬◆❛✐❝ ✵✻✱ ❑✉$❦ ✵✺❪✳ ▲❡ ❜✉- ❞✬✉♥ 2✐♠✉❧❛-❡✉$ ❡2- ❞❡ 2✐♠✉❧❡$ ❧❡ $/2❡❛✉ ❡- 2❡2 ❝♦✉❝❤❡2 ❞❡

♠❛♥✐A$❡ ♣❧✉2 ♦✉ ♠♦✐♥2 ❞/-❛✐❧❧/❡ 2❡❧♦♥ ❧❡2 ❜❡2♦✐♥2✳ U♦✉$ 2✐♠✉❧❡$ ❞❡2 $/2❡❛✉① ❛❞ ❤♦❝ ❧❡2 2✐♠✉❧❛-❡✉$2

♦♥- ❛✉22✐ ❞❡2 ♠♦❞A❧❡2 ❞❡ ♠♦❜✐❧✐-/✳ ❈❡✉①✲❝✐ 2♦♥- ❜✐❡♥ 2♦✉✈❡♥- -$A2 ❜❛2✐G✉❡2✱ ❝❛$ ❝❡ ♥✬❡2- ♣❛2 ❧❡

❜✉- ♣$✐♥❝✐♣❛❧✳ U♦✉$-❛♥-✱ ✉♥ ❢❛❝-❡✉$ ♣$✐♠♦$❞✐❛❧ ♣♦✉$ ❧❛ ♠♦❜✐❧✐-/ ❡- ♣♦✉$ ❧❡ ❝♦♠♣♦$-❡♠❡♥- ❞✬✉♥

♥D✉❞ ❞❛♥2 ✉♥ $/2❡❛✉ ❛❞ ❤♦❝ ❡2- ❧❡ ❢❛❝-❡✉$ ❤✉♠❛✐♥✳

◆♦✉2 ♣$♦♣♦2♦♥2 ❞❡ ❝♦✉♣❧❡$ ❞✐✛/$❡♥-2 2✐♠✉❧❛-❡✉$2 ❡- ♠♦❞A❧❡2 ✈❡♥❛♥- ❞❡ ❞♦♠❛✐♥❡2 ❞✐✛/$❡♥-2 ❡♥

✉-✐❧✐2❛♥- ❧✬❛$❝❤✐-❡❝-✉$❡ ❆❆✹▼▼ ✭❆❣❡♥- ❛♥❞ ❆$-❡❢❛❝- ❢♦$ ▼✉❧-✐♣❧❡ ▼♦❞❡❧2 ❬❙✐❡❜ ✶✵❪✮✳ ❆✐♥2✐✱ ♥♦✉2

♣$❡♥♦♥2 ❧✬♦✉-✐❧ G✉✐ ❡2- ❧❡ ♣❧✉2 ❛❞❛♣-/ ❡- $❡❝♦♥♥✉ ♣♦✉$ ❝❤❛❝✉♥ ❞❡2 ❞♦♠❛✐♥❡2✳ ❉❡ ♣❧✉2✱ ❧❡2 ❡✛♦$-2 ❞❡
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✺✷

❏❛✈❛ ♥✬❡&' ♣❛& &✉♣♣♦+', ♦✣❝✐❡❧❧❡♠❡♥' &✉+ ❧❡& ◆♦❦✐❛ ◆✽✵✵ ✭❛♣♣❛+❡✐❧& ✉'✐❧✐&,& ♣♦✉+ ❧❡& ❡①♣,+✐❡♥❝❡&✳ ◆♦✉& ❛✈♦♥&

❞♦♥❝ ✉'✐❧✐&, ❧❛ ✈❡+&✐♦♥ ❏❛✈❛ ❞✉ ♣+♦❥❡' ❏❛❧✐♠♦ ❤!!♣#✿✴✴✇✐❦✐✳❡✈♦❧✈✐#✳♦.❣✴❥❛❧✐♠♦✴✐♥❞❡①✳♣❤♣✴❍❛✉♣!#❡✐!❡

❋✐❣✉(❡ ■✳✼✿ ❙❝/♥❛(✐♦ ❞❡ ✈✐"✐*❡ ❞❡ ♠✉"/❡ ❞❛♥" ❞✐✛/(❡♥*" ❡♥✈✐(♦♥♥❡♠❡♥*"✳



■✳✼✳✷ ❩❡&♦❝♦♥❢ ❛✉ ❞❡..✉. ❞❡ ❙▲❙❘

◆♦✉# ❛✈♦♥# '❣❛❧❡♠❡♥, ❡✛❡❝,✉' ❞❡# ❡①♣'2✐❡♥❝❡# ❞❡ ❩❡2♦❝♦♥❢ ❛✉✲❞❡##✉# ❞❡ ❙▲❙❘✳ ▲❡# ❡①♣'2✐❡♥❝❡#

❝♦♠♣♦2,❡♥, ✸ ◆♦❦✐❛ ◆✽✵✵✳ ❙✉2 ❧❛ ✜❣✉2❡ ■✳✾ ♦♥ ♣❡✉, ✈♦✐2 ✉♥ ♥B✉❞ ♥♦♠♠' ✧ ❇♦❜ ✧ F✉✐ ♣2♦♣♦#❡

✉♥ #❡2✈✐❝❡ ♥♦♠♠' ✧ #❡2✈✐❝❡❇♦❜ ✧ ❡♥ ✉,✐❧✐#❛♥, ❩❡2♦❝♦♥❢✳ ▲❛ ✜❣✉2❡ ♠♦♥,2❡ ❧❛ ,❛❜❧❡ ❉◆❙ ❝♦♥,❡♥❛♥,

❧❡# ♥♦♠# ❡, ❧❡# #❡2✈✐❝❡# ❤!!♣ ✧ #❡2✈✐❝❡❇♦❜ ✧ ❞'❝♦✉✈❡2, ♣❛2 ❆❧✐❝❡✳

❯♥❡ ❛✉,2❡ ❡①♣'2✐♠❡♥,❛,✐♦♥ ❛✈❡❝ ❧❡# ◆♦❦✐❛ ◆✽✵✵✱ ♣❧✉# 2'❝❡♥,❡✱ ❡#, ♣2'#❡♥,'❡ #✉2 ❧❡# ✜❣✉2❡#

■✳✶✵✱ ■✳✶✶✱ ■✳✶✷ ❡, ■✳✶✸✳ ❖♥ ② ✈♦✐, ❧❡# ✐♥,❡2❢❛❝❡# ❣2❛♣❤✐F✉❡# ❞❡# ❞✐✛'2❡♥,❡# ✐♥❢♦2♠❛,✐♦♥# ✈✐#✐❜❧❡#

#✉2 ❧❡# ❛♣♣❛2❡✐❧#✿

• ▲❛ ,❛❜❧❡ ❉◆❙✱ ✜❣✉2❡ ■✳✶✵✳

• ▲❡ ❞',❛✐❧ ❞❡# ❡♥,2'❡# ❉◆❙✱ ✜❣✉2❡ ■✳✶✶✳

• ▲❡# ✐♥❢♦2♠❛,✐♦♥# ❝♦♥❝❡2♥❛♥, ◆▲❲❈❆ ❡, ❙▲❙❋✱ ✜❣✉2❡ ■✳✶✷✳

• ▲✬✐♥,❡2❢❛❝❡ ♣♦✉2 ✐♥,❡2❛❣✐2 ❡, ❡♥✈♦②❡2 ❞❡# ♠❡##❛❣❡# ✈❡2# ❞✬❛✉,2❡# ♥B✉❞# ❞✉ 2'#❡❛✉✱ ✜❣✉2❡
■✳✶✸✳

■✳✼✳✸ ❩❡&♦❝♦♥❢✱ ❙▲❙❋ ❡5 ❙▲❙❘

❯♥ ❡①❡♠♣❧❡ ❞✬❡①♣'2✐❡♥❝❡ ❛✈❡❝ ❧❡# ✸ ♣2♦,♦❝♦❧❡#✱ ❙▲❙❋✱ ❙▲❙❘ ❡, ❩❡2♦❝♦♥❢✱ ❡#, ♣2'#❡♥,' #✉2 ❧❛ ✜❣✉2❡

■✳✶✹✳ ■❧ #✬❛❣✐, ❞✬✉♥❡ ❝❛♣,✉2❡ ❞❡ #✐♠✉❧❛,✐♦♥✱ ❛✜♥ ❞❡ ♣❡2♠❡,,2❡ ❞❡ ♠♦♥,2❡2 ✉♥ ❡①❡♠♣❧❡ ❛✈❡❝ ✷✵

♥B✉❞#✳ ▲❡# ❝❧✉#,❡2❤❡❛❞# #♦♥, ♠❛2F✉'# ❡♥ 2♦✉❣❡ ❡, ❧❡# ♥B✉❞# ■❈❘ ❡♥ ♦2❛♥❣❡✳ ❉❛♥# ❝❡ 2'#❡❛✉✱ ❧❡#

♥B✉❞# ✸✱ ✾ ❡, ✶✽ ♣2♦♣♦#❡♥, ✉♥ #❡2✈✐❝❡ ❤!!♣ ❡, ❧❡# ♥B✉❞# ✻✱ ✼ ❡, ✶✺ ♣2♦♣♦#❡♥, ✉♥ #❡2✈✐❝❡ ✈✐❞-♦✳

◆♦✉# ✐♥,2♦❞✉✐#♦♥# ✐❝✐ ✉♥ ♣2❡♠✐❡2 ❡①❡♠♣❧❡ ❞❡ ♠',2✐F✉❡ ❛##♦❝✐'❡ ❛✉① #❡2✈✐❝❡#✳ ❈❡,,❡ ♠',2✐F✉❡

2❡♣2'#❡♥,❡ ✉♥❡ ♥♦,❡ ✜❝,✐✈❡ ❞❡ F✉❛❧✐,' ❞✉ #❡2✈✐❝❡ ❡, ❡#, #✐,✉'❡ ❞❛♥# ❧✬❡♥,2'❡ ❚❳❚ ❞❡# ❡♥,2'❡# ❉◆❙✳

▲✬❡①❡♠♣❧❡ #✉✐✈❛♥, ♠♦♥,2❡ ❧❡# ❡♥,2'❡# ❉◆❙ ♣♦✉2 ❧❡ #❡2✈✐❝❡ ❤!!♣ ♥♦♠♠' ✧✇❡❜✲✶✺✧ ❛♥♥♦♥❝' ♣❛2 ❧❡

♥B✉❞ ✧♠②❉❡✈✐❝❡✶✺✳❧♦❝❛❧✧✿

 ❡❝♦ ❞❬& ✈✱✐♥✲✉♥✐-✉❡✱✇❡❜✲✶✺✳❴❤55♣✳❴5❝♣✳❧♦❝❛❧✳✱✶✷✵✵✵✵✴✶✵✸✶✻✺✱♠②❉❡✈✐❝❡✶✺✳❧♦❝❛❧✳✿✽✽✽❪

 ❡❝♦ ❞❬5①5✱✐♥✲✉♥✐-✉❡✱✇❡❜✲✶✺✳❴❤55♣✳❴5❝♣✳❧♦❝❛❧✳✱✶✷✵✵✵✵✴✶✵✸✶✻✺✱ ♠❡5 ✐❝❂✶✵❪

 ❡❝♦ ❞❬♣5 ✱✐♥✱❴❤55♣✳❴5❝♣✳❧♦❝❛❧✳✱✶✷✵✵✵✵✴✶✵✵✶✻✺✱✇❡❜✲✶✺✳❴❤55♣✳❴5❝♣✳❧♦❝❛❧✳❪

▲❛ ✜❣✉2❡ ■✳✶✺ ♠♦♥,2❡ ❧❛ ,❛❜❧❡ ❉◆❙ ❡, ❧❛ ,❛❜❧❡ ❞❡ 2♦✉,❛❣❡ ❞❡ ❙▲❙❘ ❞✉ ♥B✉❞ ❝❧✉#,❡2❤❡❛❞

✷

✺✸

✳ ▲❛ ,❛❜❧❡ ❉◆❙ ❛✣❝❤❡ ,♦✉# ❧❡# #❡2✈✐❝❡# ✭✐❝✐✱ ✻ #❡2✈✐❝❡#✮ ❞✐#♣♦♥✐❜❧❡# ❞❛♥# ❧❡ 2'#❡❛✉ ❛✐♥#✐ F✉❡

❧❡# ❛♣♣❛2❡✐❧#✱ ❡, ❧❡✉2# ♥♦♠# ❉◆❙✳ ❙✐ ❧✬♦♥ ❝♦♠♣❛2❡ ❛✈❡❝ ✉♥ ♥B✉❞ ♥♦♥✲❝❧✉#,❡2❤❡❛❞✱ #✉2 ❧❛ ✜❣✉2❡

■✳✶✻✱ ❧❡ ♥B✉❞ ✶ ❧✉✐ ♥✬❛ ♣❛# ❧❛ ❧✐#,❡ ❝♦♠♣❧\,❡ ❞❡# #❡2✈✐❝❡# ❞✉ 2'#❡❛✉✳ ❙♦♥ ❝❧✉#,❡2❤❡❛❞✱ ❧❡ ❈❍ ✷✱ ❛

✜❧,2' ❧❡# #❡2✈✐❝❡# ❡, ♥❡ ❧✉✐ ❛ ♣2'#❡♥,' F✉❡ ❧❡# #❡2✈✐❝❡# F✉✬✐❧ ❛ ❝♦♥#✐❞'2'# ❝♦♠♠❡ ❧❡# ♠❡✐❧❧❡✉2#✳ ▲❡#

♠',2✐F✉❡# ❝♦♥,❡♥✉❡# ❞❛♥# ❧❡# ❡♥,2'❡# ❚❳❚ ❞❡# ❞✐✛'2❡♥,# #❡2✈✐❝❡# #♦♥, ❧❡# #✉✐✈❛♥,❡#✿

• ✇❡❜✲✶✺ ✈❛❧❡✉2 ❞❡ ❧❛ ♠',2✐F✉❡ ❂ ✶✵✳

• ✇❡❜✲✼ ✈❛❧❡✉2 ❞❡ ❧❛ ♠',2✐F✉❡ ❂ ✷✻✳

• ✇❡❜✲✻ ✈❛❧❡✉2 ❞❡ ❧❛ ♠',2✐F✉❡ ❂ ✽✺✳

❉❛♥# ♥♦,2❡ ❡①❡♠♣❧❡✱ ❧❡ #❡2✈✐❝❡ ❤!!♣ ✧✇❡❜✲✻✧ ❛♣♣❛2❛b, ❞❛♥# ❧❛ ❧✐#,❡✳ ■❧ ❡#, ❧❡ ♠❡✐❧❧❡✉2 ✭❛✈❡❝ ❧❛ ♣❧✉#

❤❛✉,❡ ✈❛❧❡✉2✮ ❞❡# #❡2✈✐❝❡# ❞❡ ,②♣❡ ❤!!♣ ♣❛2♠✐ ❝❡✉① ♣2♦♣♦#'#✳

✺✸

▲❛ "❛❜❧❡ ❞❡ '♦✉"❛❣❡ ❞❡+ ❝❧✉+"❡'❤❡❛❞+ ♥❡ ❝♦♥"✐❡♥" ♣❛+ ❧❡+ ♥1✉❞+ ♠❡♠❜'❡ ❞✉ ❝❧✉+"❡'✳ ❆✐♥+✐✱ ❧❛ "❛❜❧❡ ❞❡ '♦✉"❛❣❡

❞✉ ❈❍ ✷ ♥❡ ❝♦♥"✐❡♥" 9✉❡ ✶✽ ❡♥"'<❡+ +✉' ❧❡+ ✷✵ ♥1✉❞+ ❞✉ '<+❡❛✉✳
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Provides a http service: 
"serviceBob" 

Bob 
( 

1 192.168.123.18 

A lice 
192.168.123.16 

Figure I.9: Experience avec Zeroconf au-dessus de SLSR. 

.local.-> 192.168.123.16 

92.168.123.16=49.5, 192.168.123.16,49.5,0, 
.168.123.18=27.0, 192.168.123.16,49.5,0} 
ble neighbors: 

168.123.16=49.5, 192.168.123.16,49.5,0, 
168.123.18=27 .0, 192.168.123.16,49.5,0} 

92.168.123.16=amount 1, LST 0, State 1, weight 1, 
92.168.123.18=amount 1, LST 0, State 1, weight 0} 

Figure 1.12: Services disponibles clans Zero­
conf. 

-cache-
record[a,in,N18.1ocal., 10000/6309, address 

192.168.123.18/lastCH :192.168.123.161 

record[a,in,Nokia_16.1ocal., 10000/9808, address 
192.168.123.16/lastCH :192.168.123.161 

F igure I.ll : Cache D~S . 

Register Service Send Alert Mes... Send CHAT Me .. 

Figure 1.13: Fenetre de chat et d 'interaction. 
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