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1. 䰤从䠃䘦

1 . 1 㛼Ჟ⸕䇶

㠚儈䭏ঊ༛ 1966ᒤᨀࠪվᦏݹ㓔⨶䇪䎧ˈݹ㓔䙊ؑ൘ 50ཊᒤⲴᰦ䰤䟼伎
䙏ਁኅˈสҾᮠᆇݹ㓔䙊ؑᢰᵟⲴݹՐ䘱㖁䙀↕ᶴᷦҶޘ⨳䙊ؑⲴ僘ᷦˈѪޘ

Ӫ㊫Ⲵ⭏⍫ᑖᶕҶ࡙ׯǄ൘䗷৫Ⲵ 30ᒤ䟼ˈݹ㓔䙊ؑⲴਁኅቔѪᱮ㪇 [1]Ǆݹ
㓔䙊ؑⲴঅ䙊䚃䙏⦷Ӿ 1985ᒤⲴ 2.5Gbit/sᨀॷࡠ 400Gbit/sˈᇎ⧠Ҷ Ⲵؽ160
ᨀॷǄݹՐ䘱㖁Ⲵ䬮䐟ҏ⭡ᰙ䎧Ⲵঅ䐘Ր䗃ਁኅྲࡠӺⲴ᭟ᤱཊ䐘⇥Ր䗃ˈਟ

㠚⭡࠷ᦒⲴ䘿᰾⌒࠶㖁㔌઼ᕩᙗ⌒࠶㖁㔌Ǆ

ˈҶᇩ䟿大ǃਟ䶐ᙗ儈ǃ㜭㙇վⲴؑ᚟Ր䗃ᯩᔿ׋Ր䘱㖁㔉Ӫ㊫⽮Պᨀݹ

ަ㿴ࡂоᔪ䇮аⴤᱟ਴大䘀㩕୶ǃ䇮༷୶઼᭯ᓌ䴰㾱㘳㲁Ⲵ䰞仈 [2]Ǆ൘㿴ݹࡂ
Ր䘱㖁ᰦˈн਼Ⲵ㿴ࡂ㘵ՊӾн਼Ⲵ䀂ᓖࡦᇊᯩṸˈ䴰㾱Ⲵ㘳㲁ഐ㍐ҏнቭ⴨

਼Ǆа㡜㘼䀰ˈ㖁㔌㿴ࡂ㘵䴰㾱൘ᴹ䲀䍴ⓀⲴ䲀ࡦлˈ㘳㲁Ր䗃䐍⿫ǃՐ䗃ᇩ

䟿ǃ㖁㔌ᤃᢁǃൠ⨶ս㖞ǃ㓿⍾ᾲߥㅹㅹഐ㍐ˈ䙊䗷ਸ⨶ൠ㿴ࡂ㖁䐟ˈᶕᴰ大

ॆㅖਸ㾱≲Ⲵ㖁㔌ԧ٬Ǆ

1 . 2 ⴨ޣ䍴ᯉ઼ᮠᦞ

1. ᡁഭ෾ᐲൠ⨶ս㖞㔏䇑㔃᷌
2. ᡁഭ෾ᐲӪਓ㔏䇑㔃᷌
3. ᡁഭ෾ᐲ㓿⍾ਁኅᛵߥᾲ㿸

1 . 3 䰞仈ᨀࠪ

1 . 3 . 1 䰞仈а

䰞仈а⹄ウҶݹՐ䘱䬮䐟ᔪ⁑ˈؑ号൘ؑ䚃ѝՐ䗃ˈнਟ䚯ݽൠՊ䙷ࡠಚ

༠Ⲵᒢᢠˈਟ㜭Պӗ⭏䈟⸱䰞仈Ǆؑಚ∄઼䈟⸱⦷Ⲵޣ㌫٬ᗇ⹄ウǄ

䰞仈˄1-1˅㓐ࡽ䈟⸱⦷оؑಚ∄䇑㇇˖൘ٷᇊ⇿њㅖ号ㅹᾲ⦷ࠪ⧠Ⲵᛵߥ
лˈ㔉ᇊ䈳ࡦṬᔿ઼㕆⸱ᯩᔿˈ࡛࠶䇑㇇ QPSKǃ8QAM઼ 16QAMⲴ BER઼
SNRˈ⭫ࠪє㘵Ⲵޣ㌫ᴢ㓯ˈᒦ䇑㇇൘ BER = 0.02ᰦሩᓄⲴ SNRᇩ䲀⛩Ǆ
䰞仈˄1-2˅ݹ䬮䐟ᙗ㜭䇑㇇˖൘অ䐘Ր䗃䐍⿫࡛࠶Ѫ 80km઼ 100kmᰦˈ

䇮㖞㓐ࡽ䈟⸱⦷Ⲵ䰘䲀٬Ѫ 0.02ˈ䇑㇇˄1-1˅ѝሩᓄՐ䗃Ṭᔿᴰ䘌ⲴՐ䗃䐍⿫
˄⇿䐘䐍⿫ ×䐘⇥ᮠ䟿 Ǆ˅

1 . 3 . 2 䰞仈Ҽ

䰞仈Ҽ⹄ウҶݹՐ䘱㖁Ⲵ㿴ࡂ䰞仈ˈ㔉ࠪҶ㖁㔌Ⲵԧ٬Ⲵᇊѹˈ㾱≲൘н

਼䲀ࡦᶑԦлࡦᇊᡁഭ෾ᐲ㗔ⲴݹՐ䘱㖁䇑ࡂǄ
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䰞仈˄2-1˅ࡍ㓗㖁㔌㿴ࡂ˖൘н㘳㲁ѝ䰤㢲⛩Ⲵᛵߥлˈ؍䇱㖁㔌Ⲵ䘎䙊
ᙗˈᖃ㖁㔌䘎᧕ᮠѪ 16઼ 33ᰦˈࡦᇊᡁഭ෾ᐲ㗔ⲴݹՐ䘱㖁㔌㿴ࡂˈ㔉ࠪᴰ
Ո㖁㔌ԧ٬Ǆ

䰞仈˄2-2˅᭩䘋㖁㔌㿴ࡂ˖൘㘳㲁ѝ⛩㢲⛩Ⲵᛵߥлˈٷᇊєњ㢲⛩ѻ䰤
ਟԕᴹཊњ䘎᧕ˈ㔉ࠪ䰞仈˄2-1˅Ⲵ䀓ˈᒦ㔉ࠪᡰᴹѝ⛩㢲⛩Ր䗃ᇩ䟿Ⲵ࠶
䝽Ǆ䘋а↕ˈ㘳㲁ᢺ⹄ウ㤳ത⭡ᐲᢙ大Ѫⴱѻਾˈ㖁㔌㿴ࡂᱟ੖Պ᭩ਈˈᒦ䇑

㇇⴨ᓄⲴ㖁㔌ԧ٬Ǆ

䰞仈˄2-3˅䟽䇮ⴞḷ࠭ᮠ˖൘㔬ਸ㘳㲁ݹՐ䘱㖁㔌ԧ٬Ⲵᖡ૽ഐ㍐ਾˈ䟽
ᯠࡦᇊݹՐ䘱㖁㔌㿴ࡂⲴⴞḷ࠭ᮠǄᡁԜ࡛࠶Ӿ䘀㩕୶Ⲵ䀂ᓖ઼ഭᇦⲴ䀂ᓖ䘋

㹼᷀࠶ˈ

1 . 3 . 3 䰞仈й

䰞仈й⹄ウҶሩᱏᓗമⲴ᭩ழ䰞仈Ǆ㾱≲൘؍ᤱؑ᚟⟥нਈⲴᛵߥлˈ䙊

䗷᭩ਈ 16QAMᯩṸѝᱏᓗ⛩Ⲵս㖞ǃᮠ䟿ᡆ⇿њ⛩Ⲵᾲ⦷ˈራ᢮∄⽪ֻᯩṸ
ާᴹᴤվ SNRᇩ䲀⛩Ⲵ䈳ᯩࡦṸǄ
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2. 模ශٽ䇴

• 䇮ؑ号Ր䗃䗷〻ѝᆈ൘Ⲵಚ༠ਟԕ⭘࣐ᙗ儈ᯟⲭಚ༠䘁լ˄൘нਖ֌䈤᰾ٷ
Ⲵᛵߥл˅̠

• ˗⇥ᮠ䐘࠶Ր䗃䬮䐟ᱟᮤᮠ䐘⇥㓴ᡀⲴˈণн㘳㲁ݹ䇮⹄ウⲴٷ
• ᤱнਈф⇿䐘ਐ࣐؍∄Ր䗃ᰦؑಚ޵号൘䐘ؑݹˈՐ䗃䬮䐟ѝݹ䇮⹄ウⲴٷ
Ⲵಚ༠ᱟ⴨ӂ⤜立Ⲵ˗

• 䇮൘䘎᧕єњ෾ᐲᰦਟԕⴤ㓯䘎᧕ˈн㘳㲁ᇎ䱵䬪䇮ᰦⲴൠ⨶ս㖞ㅹަԆٷ
ഐ㍐Ǆ
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3. ੃䈃䀙䠀与ㅜਭ䈪᱄

3 . 1 名䇽䀓䟺

ޕⴞⲴ᧕ਇᵪ䗃ࡠಘӗ⭏Ⲵ⌒ᖒؑ号Ր䗃ࡦ㓔ؑ䚃˖䙊ؑؑ䚃ᱟа⿽㜭ᢺ䈳ݹ

ㄟⲴ⢙⨶ӻ䍘Ǆؑ䚃Ⲵ⿽㊫ᖸཊˈᴹ⭘ҾՐ䘱⭥ؑ号Ⲵሬ㓯ǃ⭥㔶˗⭘ҾՐ䗃

⭥⻱൪ؑ号Ⲵ㠚⭡オ䰤˗⭘ҾՐ䗃ؑݹ号Ⲵݹ㓔ㅹㅹǄݹ㓔ᨀ׋Ⲵؑ䚃ᑖᇭ∄

਼䖤⭥㔶ؑ䚃ᨀॷҶࠐњᮠ䟿㓗ˈ㜭ཏѪ⭘ᡧᨀ׋䈝丣ǃᮠᦞǃՐⵏ઼㿶仁ㅹ

ཊ⿽ъ࣑Ǆ

䈳ࡦ˖䈳ࡦᱟᢺؑ号ᖒᔿ䖜ॆᡀ䘲ਸ൘ؑ䚃ѝՐ䗃Ⲵањ䗷〻Ǆ

ᱏᓗമ˖൘༽ᒣ䶒к㺘⽪ᮠᆇؑ号ˈᱏᓗമⲴ≤ᒣ X䖤о਼⴨䖭⌒⴨ޣˈ඲ⴤ
Y䖤о↓Ӕ䖭⌒⴨ޣǄമѝⲴ⇿њ⛩वਜ਼ԕлഋ⿽ؑ᚟Ǆ⛩൘ X䖤Ⲵᣅᖡᇊѹ
Ҷ਼⴨ᡀ࠶Ⲵጠ٬ᥟᑵˈ⛩൘ Y䖤ⲴᣅᖡᇊѹҶ↓Ӕᡀ࠶Ⲵጠ٬ᥟᑵǄ⛩ࡠ৏
⛩Ⲵ䘎㓯 (ੁ䟿)䮯ᓖᱟ䈕ؑ号ݳ㍐Ⲵጠ٬ᥟᑵ (Xᡀ઼࠶ Yᡀ࠶Ⲵ㓴ਸ)ˈ䘎㓯
઼ X䖤ѻ䰤Ⲵ䀂ᓖᱟؑ号ݳ㍐Ⲵ⴨սǄᱏᓗമਟԕⴤ㿲ൠ㺘⽪ؑ号оؑ号ѻ䰤
Ⲵޣ㌫Ǆ

࣐ᙗ儈ᯟⲭಚ༠˄AWGN˅̟ ࣐ᙗ儈ᯟⲭಚ༠ᱟᮠᆇ䙊ؑ䟼ᑨ⭘Ⲵಚ༠оᒢᢠ⁑

රˈަᑵᓖᴽӾ儈ᯟ࠶ᐳˈ࣏⦷䉡Ѫ൷र࠶ᐳǄ

ؑಚ∄ (SNR)˖∄⢩㜭䟿оಚ༠অ䗩ᑖ࣏⦷䉡ᇶᓖⲴ∄٬Ǆ
∄⢩ᐞ䭉⦷˄BER˅̟ Ր䗃∄⢩ᙫᮠѝӗ⭏䭉䈟Ⲵ∄⢩ᮠⲴ∄ֻǄ

३䝽└⌒ಘ˖३䝽└⌒ಘᱟ䗃ࠪㄟⲴؑ号ⷜᰦ࣏⦷оಚ༠ᒣ൷࣏⦷Ⲵ∄٬ᴰ大

Ⲵ㓯ᙗ└⌒ಘˈަ└⌒ಘⲴՐ䙂࠭ᮠᖒᔿᱟؑ号仁䉡Ⲵޡ䖝Ǆ

Ṭ䴧⸱˄Gray code˅̟ ԫ᜿єњ⴨䛫Ⲵ㕆⸱ਚᴹаսҼ䘋ࡦᮠн਼Ⲵ㕆⸱ᯩᔿ

〠ѪṬ䴧⸱Ǆ

↓Ӕ⴨〫䭞᧗˄QPSK˅̟ ↓Ӕ⴨〫䭞᧗ᱟа⿽ᮠᆇ䈳ᯩࡦᔿˈ࡙⭘䖭⌒Ⲵഋ⿽

н਼⴨սᐞᶕ㺘ᖱ䗃ޕⲴᮠᆇؑ᚟ˈ࠶Ѫ㔍ሩ⴨઼〫⴨ሩ⴨〫Ǆ

↓Ӕᑵᓖ䈳ࡦ˄QAM˅̟ ↓Ӕᑵᓖ䈳ࡦᱟа⿽⸒䟿䈳ࡦˈሶ䗃ޕ∄⢩᱐ሴࡠᱏ

ᓗമкˈᖒᡀ༽ᮠ䈳ࡦㅖ号ˈ❦ਾሶㅖ号Ⲵ IǃQ࠶䟿˄ሩᓄ༽ᒣ䶒Ⲵᇎ䜘઼㲊
䜘˅䟷⭘ᑵᓖ䈳࡛࠶ˈࡦሩᓄ䈳ࡦ൘⴨ӂ↓ӔⲴєњ䖭⌒кǄ

㖁㔌ԧ٬˄NV˅̟ สҾཊ⿽ഐ㍐ᇊѹⲴ䬪䇮㖁㔌䘎᧕ᑖᶕⲴԧ٬എᣕǄ
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3 . 2 ㅖ号䈤᰾

ㅖ号 ᜿ѹ

εavg ᒣ൷ਁ䘱ؑ号㜭䟿

M ݳ⸱

dmin ؑ号⛩䰤Ⲵᴰሿ䐍⿫

A ؑ号Ⲵᑵᓖ

Att ؑ号㺠߿㌫ᮠ

Gain ᭮大ಘ໎⳺

Po ਁሴؑ号࣏⦷

Po′ ᧕᭦ؑ号࣏⦷

Pb ∄⢩䭉䈟ᾲ⦷ˈণ BER

Pe ㅖ号䭉䈟ᾲ⦷

Po′ 䗃࣏ࠪ⦷

Pnl 䶎㓯ᙗಚ༠

D অ䐘Ր䗃䬮䐟Ⲵ䮯ᓖ

wij 䘎᧕෾ᐲ i઼෾ᐲ j Ⲵ㖁㔌ԧ٬ᵳ䟽

l Ր䗃䬮䐟Ⲵᮠ䟿ݹ

r ശⲴॺᖴ

Ω ؑ᚟⟥

a ᦏཡ㺕گ参ᮠ

NV 㖁㔌ԧ٬

uij 䬮䐟㠚䓛ᵳ䟽

wij ⇿њ䘎᧕Ⲵԧ٬

qij 䬮䐟⍱䟿

rij 䘎᧕४ฏⲴ GDP
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4. 䰤从᷆࠼

ᵜ᮷ѫ㾱⹄ウҶݹՐ䘱㖁Ⲵᔪ⁑оԧ٬䇴ՠˈ䴰㾱䀓ݹߣՐ䘱䬮䐟Ⲵᔪ⁑ǃ

Ր䘱㖁Ⲵᮤփᙗ㜭Ǆݹԕ৺ᱏᓗമⲴ᭩ழㅹ䰞仈ˈӾ㘼ᨀॷࡂՐ䘱㖁Ⲵ㿴ݹ

4 . 1 䰞仈а᷀࠶

䰞仈а䴰㾱䀓ݹߣՐ䘱䬮䐟Ⲵᔪ⁑䰞仈Ǆؑ号൘Ր䗃䗷〻ᰦˈнਟ䚯ݽൠ

Պ䙷ࡠಚ༠Ⲵᒢᢠˈਟ㜭Պӗ⭏䈟⸱䰞仈Ǆ

䰞仈˄1-1˅㓐ࡽ䈟⸱⦷оؑಚ∄䇑㇇˖
ᵜ仈ᰘ൘䙊䗷ራ᢮䈟⸱⦷઼ؑಚ∄ѻ䰤Ⲵޣ㌫ˈᡁԜ俆ݸ䇘䇪สᵜⲴ

AWGN⁑රˈสҾ MAPỰ傼߶则ሩߣࡔฏ䘋㹼࠶ࡂˈ❦ਾสҾㅖ号ㅹᾲ⦷Ⲵ
䇮ˈ᧘ሬࠪᴰ䘁䛫Ự⍻ಘⲴ㺘䗮ᔿǄ᧕⵰ˈᡁԜ᧘ሬ䭉䈟ᾲ⦷Ⲵ㺘䗮ᔿˈᗇٷ

ࠪ SNR઼ BERⲴޣ㌫ᔿǄᴰਾˈُࣙMatlabԯⵏˈᡁԜਟԕᗇࡠ BER઼ SNR
ਈॆޣ㌫ᴢ㓯ˈᒦ䇑㇇ᗇࡠ BER=0.02ᰦⲴ SNRᇩ䲀⛩Ǆ
䰞仈˄1-2˅ݹ䬮䐟ᙗ㜭䇑㇇˖

ᵜ仈㾱≲൘┑䏣䈟⸱⦷㾱≲лˈн਼Ր䗃Ṭᔿлˈн਼অ䐘Ր䗃䐍⿫лⲴ

ᴰ䘌Ր䗃䐍⿫ǄᡁԜ俆ݸᔪ立অ䐘Ր䗃⁑රˈ᷀࠶ᗇࡠ SNRⲴ㺘䗮ᔿˈ❦ਾ൘
অ䐘Ր䗃⁑රⲴส⹰к᧘ᒯᗇࡠཊ䐘Ր䗃⁑රˈ᷀࠶ᗇࠪԫ᜿䐘ᮠᰦⲴ SNR㺘
䗮ᔿǄᡁԜ䘋а↕᷀࠶ᗇࡠ䐘⇥ᮠ䟿䲿ਁሴ࣏⦷ਈॆⲴᴢ㓯മˈӾ㘼⺞ᇊᴰ大

䐘⇥ᮠ䟿ˈҏቡᗇࡠҶᴰ䘌Ր䗃䐍⿫Ǆ

4 . 2 䰞仈Ҽ᷀࠶

䰞仈Ҽ⹄ウҶݹՐ䘱㖁Ⲵ㿴ࡂ䰞仈ˈ俆ݸ䴰㾱؍䇱㖁㔌Ⲵ䘎䙊ᙗˈ਼ᰦ൘

ᇩ䟿ㅹ䲀ࡦഐ㍐лˈ⺞ᇊਸ⨶Ⲵ㖁㔌䘎᧕ᯩṸˈ֯ᗇᇊѹⲴ㖁㔌ԧ٬ᴰ大ॆǄ

䢤Ҿᵜ仈䴰㾱大䟿Ⲵᮠᦞ᭟᫁ˈᡁԜ俆ݸḕ᢮Ҷᖵ⹄ウ෾ᐲⲴൠ⨶ս㖞઼Ӫਓ

ᛵߥˈ䇑㇇Ҷঅ⌒ᇩ䟿઼䘎᧕ԧ٬Ǆ

䰞仈˄2-1˅ࡍ㓗㖁㔌㿴ࡂ˖ᡁԜ俆ݸн㘳㲁ѝ䰤㢲⛩ˈ൘֯ᗇ㖁㔌䘎䙊ⲴᶑԦ
лˈᔪ立ҶสҾᴰሿ⭏ᡀṁⲴ㿴ࡂ⁑රˈ䘹ਆ Kruskal㇇⌅≲䀓ˈਸ⨶ൠ⭘ 16
ᶑ䘎᧕㓯ሶ෾ᐲ䘎᧕䎧ᶕˈԕ㧧ᗇᴰ大Ⲵ㖁㔌ԧ٬˗❦ਾˈ൘ࡽ㘵Ⲵส⹰кˈ

ሶ䘎᧕㓯໎࣐ࡠ 33ᶑˈ䘋а↕㿴ࡂ㖁㔌䘎᧕Ǆ
䰞仈˄2-2˅᭩䘋㖁㔌㿴ࡂ˖൘㘳㲁ѝ⛩㢲⛩Ⲵᛵߥлˈ਼ᰦєњ㢲⛩ѻ䰤ਟԕ
ᴹཊњ䘎᧕ˈ㖁㔌Ⲵ䘎᧕ᯩᔿᴤ࣐ཊṧҶǄᡁԜ俆ݸᇊѹҶ㖁㔌䬮䐟ѝ෾ᐲ䰤

⍱䟿Ⲵᾲᘥˈᔪ立ҶสҾ␡ᓖՈݸᩌ㍒˄DFS˅ⲴᴰՈ䬮䐟ᇩ䟿࠶䝽⁑රˈ⭘
ԕራ᢮ᐢ⸕മⲴᴰ大ᇩ䟿࠶䝽ᯩṸǄ❦ਾ࡙⭘ᔪ立Ⲵਜ਼ѝ䰤㢲⛩Ⲵཊ䘎᧕㖁㔌

㿴ࡂ㇇⌅ˈ≲䀓┑䏣仈䇮Ⲵ 16ᶑ䘎᧕㓯઼ 33ᶑ䘎᧕㓯Ⲵ㖁㔌㿴ᯩࡂṸǄᖃᢺ
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⹄ウ㤳ത⭡ᐲᢙ大ѪⴱѻਾˈᡁԜᴤᯠҶ઼Ӫਓᮠ⴨ޣⲴ䘎᧕ԧ٬ᵳ䟽ˈᗇࡠ

ҶᯠⲴ 16ᶑ䘎᧕㓯઼ 33ᶑ䘎᧕㓯Ⲵ㖁㔌㿴ᯩࡂṸǄ
䰞仈˄2-3˅䟽䇮ⴞḷ࠭ᮠ˖൘㔬ਸ㘳㲁ݹՐ䘱㖁㔌ԧ٬Ⲵᖡ૽ഐ㍐ਾˈ䟽ᯠࡦ
ᇊݹՐ䘱㖁㔌㿴ࡂⲴⴞḷ࠭ᮠǄӾഭᇦⲴ䀂ᓖˈ㘳㲁ൠ४ਁኅⲴ൷㺑ᙗˈሩҾ

৏࿻ՈॆⴞḷˈሩҾᵳ䟽䖳大Ⲵ෾ᐲሩˈަ൘㿴ࡂѝˈՊ䟽༽䘎᧕ཊ⅑Ǆ䘉ṧ

㲭❦㜭㧧ᗇ䖳大Ⲵ㖁㔌ԧ٬ˈնӾൠ४ਁኅⲴᒣ㺑ᙗᶕⴻˈሩҾٿ䘌ൠ४ǃӪ

ਓ䖳ቁⲴ४ฏ˄ަᵳ䟽а㡜䖳ሿ˅̍ ᱟᶱަн࡙ⲴǄᡰԕˈᡁԜ䴰㾱᭩ழ䜘࠶४

ฏ䗷ᓖ䘎᧕ⲴᛵߥǄ↔ཆˈ൘㖁㔌䘎᧕ᯩṸ⺞ᇊѻਾˈ࠶䝽䬮䐟ᇩ䟿ᰦˈᵳ䟽

䖳大Ⲵ෾ᐲሩѻ䰤Ⲵ䬮䐟ᇩ䟿䗷大ˈ࠶䝽н൷ᛵߥਟ㜭Պ∄䖳ѕ䟽ˈሬ㠤㖁㔌

䍴ⓀⲴ⎚䍩ˈ䘉ҏᱟ䴰㾱䚯ݽⲴǄӾ䘀㩕୶Ⲵ䀂ᓖˈ㘳㲁࡙⏖Ⲵᴰ大ॆˈᡁԜ

㘳㲁䘎᧕४ฏⲴ㓿⍾ᛵߥǄ

4 . 3 䰞仈й᷀࠶

䰞仈й⹄ウҶᱏᓗമⲴ᭩ழ䰞仈Ǆ䪸ሩ 16QAMᯩṸⲴᱏᓗമˈᡁԜ䴰㾱
൘䈳ࡦṬᔿⲴؑ᚟⟥؍ᤱѪ 3bitⲴࡽᨀлˈ䙊䗷᭩ਈᱏᓗ⛩Ⲵս㖞ǃᮠ䟿ԕ৺
⇿њ⛩Ⲵᾲ⦷˄ণㅖ号ᾲ⦷˅̍ 䱽վ SNRᇩ䲀Ǆ俆ݸˈᡁԜ൘ㅖ号ㅹᾲᶑԦлˈ
઼⦷Ҷㅖ号ᒣ൷࣏᷀࠶ SNRᇩ䲀⛩ѻ䰤Ⲵޣ㌫ˈ䙊䗷᭩ਈᱏᓗ⛩Ⲵս㖞઼ᮠ
䟿ˈᗇࡠҶഋ⿽ᯩṸǄ❦ਾˈᡁԜ㘳㲁ᾲ⦷ਟਈⲴᛵߥˈُࣙ 4PAMо 16QAM
ѻ䰤Ⲵ㚄㌫ˈ᷀࠶Ҷㅖ号ᾲ⦷࠶ᐳ઼ SNRᇩ䲀⛩ѻ䰤Ⲵޣ㌫ˈᔪ立ҶՈॆ䰞
仈ˈ≲䀓ਟᗇഋ⿽ᯩṸлᴰՈⲴㅖ号ᾲ⦷࠶䝽ᯩṸǄ㔬ਸԕк↕僔ˈᡁԜᗇࡠ

Ҷഋ⿽ᯩṸˈᒦ傼䇱Ҷަ⟥઼ BER൷┑䏣仈䇮Ǆ
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5. 䰤从жⲺ建模与≸䀙

䰞仈а⹄ウҶݹՐ䘱䬮䐟Ⲵᔪ⁑䰞仈Ǆؑ号൘ؑ䚃ѝՐ䗃ᰦˈнਟ䚯ݽൠ

Պ䙷ࡠಚ༠Ⲵᒢᢠˈਟ㜭Պӗ⭏䈟⸱䰞仈ǄᡁԜ俆ݸ䇘䇪สᵜⲴ AWGN⁑රˈ
สҾ MAPỰ傼߶则ሩߣࡔฏ䘋㹼࠶ࡂˈ❦ਾสҾㅖ号ㅹᾲ⦷Ⲵٷ䇮ˈ᧘ሬࠪ
ᴰ䘁䛫Ự⍻ಘⲴ㺘䗮ᔿǄ᧕⵰ˈᡁԜ᧘ሬҶ䭉䈟ᾲ⦷Ⲵ㺘䗮ᔿˈᗇࡠҶ SNR઼
BERⲴޣ㌫ᔿǄᴰਾˈᡁԜᗇࡠҶн਼䈳ࡦṬᔿ઼㕆⸱ᯩᔿлⲴ BER઼ SNR
ᴢ㓯Ǆ

5 . 1 䰞仈 1-1

5 . 1 . 1 AWGNؑ䚃⁑ර

ṩᦞ仈᜿ˈ䴰㾱㘳㲁Ⲵಚ༠ᱟ⤜立࠶ᐳⲴ࣐ᙗಚ༠ˈ৸ṩᦞѝᗳᶱ䲀ᇊ⨶

ਟ⸕ˈަ䘁լᴽӾ↓ᘱ࠶ᐳˈ⭡↔ᵜ᮷ٷ䇮ᡁԜᡰ⹄ウⲴᱟ AWGNؑ䚃⁑ර,
ྲമ1ᡰ⽪Ǆ

ਁ䘱ؑਧ

ಚ༠

᧕᭦ؑਧ+

മ 1 䙊䗷 AWGNؑ䚃Ⲵ᧕᭦ؑ号⁑රമ

AWGN⸒䟿ؑ䚃Ⲵᮠᆇ⁑රѪ r = sm + n, ަѝᡰᴹ⸒䟿ᱟ N 㔤ᇎ⸒䟿Ǆ

sm ᱟਁሴؑ号ˈnᱟಚ༠ˈަ࠶䟿 nj ᱟ⤜立࠶ᐳ˄iid˅䴦൷٬儈ᯟ䲿ᵪਈ䟿ˈ
ᴽӾ N (0, N0/2)࠶ᐳǄಚ༠⸒䟿Ⲵᾲ⦷ᇶᓖ࠶ᐳ˄PDF˅Ѫ

p (n) =

(
1√
πN0

)N

· e−
N∑

j=1
n2
j

2σ2 =

(
1√
πN0

)N

· e−
∥n∥2
N0 (1)

ሩҾ᧕᭦ᵪᶕ䈤ˈ᧕᭦ᵪ䴰㾱㿲ሏ rԕਁߣࡔ䘱ㄟᱟଚњ⎸᚟㻛ਁ䘱Ǆ⭘

g(r) 㺘⽪᧕᭦ᵪ֯⭘Ⲵ࠭ߣࡔᮠˈg(r) ᱟ⭡ RN ᱐ሴࡠ⎸᚟䳶Ⲵ࠭ᮠˈྲ᷌

g(r) = m̂,ቡԓ㺘᧕᭦ᵪਁߣࡔ䘱Ⲵ⎸᚟ m̂Ǆ↓⺞ߣࡔⲴᾲ⦷ቡᱟᇎ䱵ਁ䘱⎸᚟

Ѫ m̂Ⲵᾲ⦷Ǆ⭡↔ˈ൘㔉ᇊ᧕ਇ rᶑԦлⲴ↓⺞ߣࡔᾲ⦷Ѫ

P [correct decision|r] = P [m̂ sent|r] (2)

11



䛓Ѹ↓⺞ߣࡔⲴᾲ⦷Ѫ

P [correct decision] =
∫

P [m̂ sent|r] p (r) dr (3)

䇮䇑ањ֯䭉䈟ᾲ⦷ᴰሿˈণ↓⺞ᾲ⦷ p [correctdecision] ᴰ大ⲴỰ⍻ಘˈ
⴨ᓄⲴᴰ֣ߣࡔ˄ᴰ大ਾ傼ᾲ⦷ˈMAP˅㿴则ਟԕ㺘⽪Ѫ

m̂ = gopt(r) = argmax
1≤m≤M

P [sm|r] (4)

MAP᧕᭦ᵪਟԕㆰॆѪ

m̂ = argmax
1≤m≤M

Pmp (r|sm)
p(r)

(5)

⌘᜿ࡠ p(r)⤜立Ҿm,ᒦфሩᡰᴹm䜭аṧˈкᔿਟㅹԧҾ

m̂ = argmax
1≤m≤M

Pmp (r|sm) (6)

ฏߣࡔ⭘ Dm 㺘⽪㻛Ự⍻ಘ᱐ሴѪ⎸᚟ mⲴᡰᴹؑ䚃䗃ࠪⲴ䳶ਸˈሩҾ

MAPỰ⍻ಘ㘼䀰ˈަᴰ֣ߣࡔฏሶᑖᶕᴰሿⲴᐞ䭉ᾲ⦷ˈᴹ

Dm =
{
r ∈ RN : P [m|r] > P [m′|r], 1 ≤ m′ ≤ M,m′ ̸= M

}
(7)

ᡁԜ㿴ᇊˈྲ᷌ሩҾḀњ㔉ᇊⲴ rˈᴹн→ањ⎸᚟䗮ࡠᴰ大ਾ傼ᾲ⦷ˈਟ

ԕሶ rԫ᜿࠶䝽ަࡠѝањ⴨ᓄⲴߣࡔฏǄ
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5 . 1 . 2 ࠶ࡂฏߣࡔ

ѪҶᯩׯ䇑㇇ˈ⺞ᇊߣࡔฏˈᡁԜ䘋а↕ㆰॆ(6)Ⲵ㺘䗮ˈྲлᡰ⽪

m̂ = argmax
1≤m≤M

[Pmp (r|sm)] = argmax
1≤m≤M

Pm [pn (r − sm)]

= argmax
1≤m≤M

[
Pm

(
1√
πN0

)
· e−

∥r−sm∥2
N0

]
a
= argmax

1≤m≤M

[
Pm · e−

∥r−sm∥2
N0

]
b
= argmax

1≤m≤M

[
lnPm − ∥r − sm∥2

N0

]
c
= argmax

1≤m≤M

[
N0

2
lnPm − 1

2
∥r − sm∥2

]
= argmax

1≤m≤M

[
N0

2
lnPm − 1

2

(
∥r∥2 + ∥sm∥2 − 2r · sm

)]
d
= argmax

1≤m≤M

[
N0

2
lnPm − 1

2
εm + r · sm

]
e
= argmax

1≤m≤M

[ηm + r · sm]

(8)

ަѝˈ(a)ѝਟԕ㠽৫↓ᑨᮠ 1
/√

πN0; (b)ѝ ln(·)ᱟ໎࠭ᮠˈᡰԕਟԕ䘋㹼䈕䖜
ॆ;˄c˅ѝሶ↓ᮠ N0/2ᨀਆࠪᶕ;˄d˅ѝ䇠 εm = ∥sm∥2,㠽৫Ҷо mǃεm ᰐޣ

Ⲵ ∥r∥2; (e)ѝ则ᇊѹҶٿᐞ亩 ηm = N0

2
lnPm − 1

2
εm.

൘ؑ号ㅹᾲ⦷Ⲵࡽᨀлˈণ Pm = 1/M .ᡁԜਟԕ䘋а↕ㆰॆ(8)Ⲵ㺘䗮ˈᗇ
ࡠ

m̂ = argmax
1≤m≤M

[
N0

2
lnPm − 1

2
∥r − sm∥2

]
= argmax

1≤m≤M

[
−1

2
∥r − sm∥2

]
= argmin
1≤m≤M

∥r − sm∥

(9)

䪸ሩ䰞仈аˈᡁԜሶ䟷⭘(9)ѝⲴᴰ䘁䛫Ự⍻ಘˈަࠐօ䀓䟺ਟԕ⨶䀓Ѫ˖
᧕᭦ᵪ᧕᭦ؑࡠ号 r ѻਾˈ൘ᡰᴹ sm ѝራ᢮оަ⅗∿䐍⿫ᴰሿⲴؑ号Ǆ䘉ҏ

ቡ᜿ણ⵰ˈ൘ؑ号ㅹᾲ⦷Ⲵٷ䇮лˈMAPỰ⍻ಘㅹԧҾᴰ䘁䛫Ự⍻ಘˈߣࡔฏ
Dm઼ Dm′ Ⲵ䗩⭼ᱟоؑ号 sm઼ sm′ ㅹ䐍⿫Ⲵ⛩Ⲵ䳶ਸˈ൘ࠐօ᜿ѹкҏণᱟ

䘉єњؑ号⛩䘎㓯Ⲵ඲ⴤᒣ࠶㓯Ǆ
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5 . 1 . 3 䭉䈟ᾲ⦷᧘ሬ

ሩҾ㔉ᇊⲴỰ⍻ᯩᔿˈަࠪ⧠ᐞ䭉ҏቡ᜿ણ⵰ᖃਁ䘱 smᰦˈ᧕ਇⲴ rн൘

DmǄᡰԕߣࡔฏѪ DmⲴ᧕᭦ᵪⲴㅖ号䭉䈟ᾲ⦷Ѫ

Pe =
M∑

m=1

PmP [r /∈ Dm|sm sent] =
M∑

m=1

PmPe|m (10)

ަѝˈPe|m㺘⽪ਁ䘱⎸᚟mᰦⲴᐞ䭉ᾲ⦷ˈণ

Pe|m =
M∑

m=1

Pm

∑
1≤m′≤M,m′ ̸=m

∫
Dm′

p (r|sm)dr (11)

ሶ(11)ᑖ(10)ޕˈਟᗇㅖ号䭉䈟ᾲ⦷Ѫ

Pe =
M∑

m=1

Pm

∑
1≤m′≤M,m′ ̸=m

∫
Dm′

p (r|sm)dr (12)

⴨ᓄⲴˈᡁԜሶՐ䗃ᰦঅњ∄⢩Ⲵ䭉䈟ᾲ⦷㺘⽪Ѫ PbǄа㡜㘼䀰ˈ≲䀓∄

⢩䭉䈟ᾲ⦷䴰㾱ᐢ⸕н਼∄⢩ᒿࡇᱟྲօ᱐ሴᡀؑ号⛩ⲴˈሩҾᱏᓗമ⋑ᴹኅ

⽪ࠪ⺞ᇊⲴሩ〠⢩ᙗᰦᖸ䳮≲䀓Ǆᵜ᮷ѝˈ↓Ӕؑ号则ާ༷Ҷ䇑㇇∄⢩䭉䈟⦷

ᰦ䴰㾱Ⲵሩ〠ᙗؑ᚟ˈᡰԕਟԕሶ∄⢩䭉䈟ᾲ⦷㺘⽪Ѫ

Pb = Pe/log2M (13)

ṩᦞ᮷⥞ [3]ˈਟ⸕൘ڦᮠ⛩ (ণM = 2k,ަѝ kѪڦᮠ)ᯩᖒᱏᓗⲴ⢩↺ᛵ
лˈᱏᓗമⲴᴰሿ䐍⿫ਟԕ㺘⽪Ѫߥ

dmin =

√
6

M − 1
εavg (14)

ሶ┑䏣↔ᶑԦⲴ QAMᱏᓗⴻ֌єњ൘਼⴨઼↓ӔᯩੁкⲴ
√
M ݳ PAMᱏ

ᓗ,䈕 QAMᱏᓗⲴ↓⺞Ự⍻ᾲ⦷ᱟᶴᡀ PAM㌫㔏↓⺞Ự⍻ᾲ⦷Ⲵ҈〟ˈਟᗇ

Pc,M−QAM = P 2
c,
√
M−PAM

=
(
1− Pe,

√
M−PAM

)2 (15)

⴨ᓄⲴˈ䭉䈟ᾲ⦷Ѫ

Pe,
√
M−QAM = 1−

(
1− Pe,

√
M−PAM

)2
= 2Pe,

√
M−PAM

(
1− 1

2
Pe,

√
M−PAM

)
(16)

৸⭡ [3]ਟ⸕ PAMⲴ䭉䈟ᾲ⦷Ѫ Pe,
√
M−PAM = 2

(
1− 1√

M

)
Q
(

dmin√
2N0

)
ԓ޽,

ޕ (14),ਟᗇ

Pe,M−QAM = 4
(
1− 1√

M

)
Q
(√

3
M−1

· εavg
N0

)
×(

1−
(
1− 1√

M

)
Q
(√

3
M−1

· εavg
N0

))
= 4

(
1− 1√

M

)
Q
(√

3
M−1

· SNR
)
×(

1−
(
1− 1√

M

)
Q
(√

3
M−1

· SNR
)) (17)
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5 . 1 . 4 BERо SNRⲴޣ㌫ᴢ㓯㔈ࡦǃSNRᇩ䲀⛩≲䀓

• QPSK

QPSKਟԕⴻڊᱟާᴹᯩᖒᱏᓗⲴ 4QAMˈԓ(17)ޕˈԔM = 4ਟᗇˈ

Pe,QPSK = 2Q
(√

SNR
)[

1−1

2
Q
(√

SNR
)]

(18)

สҾ⇿њㅖ号ㅹᾲ⦷ࠪ⧠Ⲵٷ䇮ˈ䘋а↕ਟԕᗇࡠ QPSKⲴ BERⲴ㺘䗮
ᔿˈྲлᡰ⽪

BERQPSK =
1

log2M
· Pe,QPSK = Q

(√
SNR

)[
1−1

2
Q
(√

SNR
)]

(19)

ṩᦞ(19)ˈ࡙⭘Matlab䖟Ԧ⭫ࠪ BER઼ SNRⲴޣ㌫⽪᜿മྲമ 2ᡰ⽪Ǆ⭡
മਟ⸕ˈᖃ BERQPSK = 0.02ᰦˈSNRⲴᇩ䲀⛩Ѫ 6.25dBǄ
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SNR/dB

10-8

10-6

10-4

10-2

100
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R

മ 2 QPSKѝ BERо SNRޣ㌫ᴢ㓯⽪᜿മ

• 8QAM

䴰㾱⌘᜿Ⲵᱟˈമѝ㔉ࠪⲴ 8QAMᱏᓗമнᱟ㿴则ᱏᓗ᱐ሴˈнㅖਸሩ〠
ᙗⲴ㾱≲ˈᡰԕн㜭ⴤ᧕ᓄ⭘(17)ᶕ䇑㇇ BERǄᡰԕสҾㅖ号ㅹᾲ⦷Ⲵٷ䇮ˈ

15



ᡁԜ࡙⭘(12)઼(13)ᶕ䇑㇇ BER8QAMˈণ

BER8QAM = 1
log2M

· Pe

= 1
log2M

·
M∑

m=1

Pm

∑
1≤m′≤M,m′ ̸=m

∫
Dm′

p (r|sm)dr

= 1
M ·log2M

·
M∑

m=1

∑
1≤m′≤M,m′ ̸=m

∫
Dm′

p (r|sm)dr

= 1
M ·log2M

·
M∑

m=1

∑
1≤m′≤M,m′ ̸=m

∫
Dm′

(
1√
πN0

)2
e
− ∥r−sm∥2

N0 dr

(20)

൘മ 3ѝˈᡁԜṩᦞᴰ䘁䛫Ự⍻ಘⲴࠐօ䀓䟺ˈ࠶ࡂҶߣࡔฏˈަѝ㬍㢢
㲊㓯ԕཆⲴ䜘࠶ণѪ (20)ѝᡰ䴰Ⲵ〟࠶४ฏ Dm′Ǆ

മ 3 8QAMߣࡔฏ࠶ࡂ⽪᜿മ

Ӿ㘼ᡁԜਟԕ࡙⭘ Matlab䖟Ԧˈᗇࠪ BER઼ SNRⲴޣ㌫⽪᜿മྲമ.4ᡰ
⽪Ǆ⭡മਟ⸕ˈᖃ BER16QAM = 0.02ᰦˈSNRⲴᇩ䲀⛩Ѫ 10.33dBǄ
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മ 4 8QAMѝ BERо SNRޣ㌫ᴢ㓯⽪᜿മ

• 16QAM

ሩҾާᴹ⸙ᖒᱏᓗⲴ 16-QAMˈԓ(17)ޕˈԔM = 16ਟᗇˈ

Pe,16−QAM= 3Q

(√
1

5
SNR

)[
1− 3

4
Q

(√
1

5
SNR

)]
(21)

਼ṧൠˈสҾ⇿њㅖ号ㅹᾲ⦷ࠪ⧠Ⲵٷ䇮ˈᡁԜਟԕᗇࡠ 16QAMⲴ BER
㺘䗮ᔿˈྲлᡰ⽪Ǆ

BER16QAM =
1

log2M
· Pe,16−QAM=

3

4
Q

(√
1

5
SNR

)[
1− 3

4
Q

(√
1

5
SNR

)]
(22)

ṩᦞ(22)ˈ࡙⭘Matlab䖟Ԧ⭫ࠪ BER઼ SNRⲴޣ㌫⽪᜿മྲമ.5ᡰ⽪Ǆ⭡
മਟ⸕ˈᖃ BER16QAM = 0.02ᰦˈSNRⲴᇩ䲀⛩Ѫ 12.67dBǄ
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മ 5 16QAMѝ BERо SNRޣ㌫ᴢ㓯⽪᜿മ

5 . 2 䰞仈 1-2

5 . 2 . 1 অ䐘Ր䗃⁑ර

Ր䗃䬮䐟Ⲵཊ䐘⇥Ր䗃ݹՐ䗃䬮䐟⭡ཊњ⴨਼䐘⇥㓗㚄㘼ᡀˈѪҶᔪ立ݹ

⁑රˈᡁԜ俆ݸ⹄ウঅњ䐘⇥ѝݹՐ䗃 SNRо䐍⿫Ⲵޣ㌫Ǆྲമ6ᡰ⽪ˈᡁԜ
ᔪ立Ҷঅ䐘⇥ݹՐ䗃䬮䐟Ⲵᮠ学⁑රǄަѝˈPoԓ㺘䗃࣏ޕ⦷ ′Poˈ(⦷㓔࣏ޕ)

ԓ㺘䗃࣏ࠪ⦷ˈPnl Ѫㅹ᭸䶎㓯ᙗಚ༠࣏⦷ˈPn Ѫ᭮大ಘ㠚ਁ䗀ሴಚ༠࣏⦷ˈ

1/Aԓ㺘㺠߿ಘ㌫ᮠˈGainԓ㺘᭮大ಘ࣏⦷໎⳺Ǆ⭡Ҿ᭮大ಘ䴰㾱ሩ㺠߿Ⲵؑ

号䘋㹼㺕گˈӾ㘼ᴹ 1
Att

·Gain = 1,则 Att = GainǄ

+
o
P

nl
P

1

A G

n
P

o
P 

മ 6 অњ䐘⇥Ր䗃⁑ර

⭡仈᜿ Ā̍ؑ号⇿Ր䗃 15kmˈ࣏ݹ⦷㺠߿аॺā̍ 䇮Ր䗃䐍⿫Ѫ D,则⭘Ҿ
㺕࣏ݹگ⦷Ⲵ᭮大ಘ໎⳺Ѫ G = 2

D
15Ǆ৸ᴹ Pn = 2πhfB (NF + 1/G)ˈਟԕ䇑

㇇ᗇࡠ PnǄ৸⭡仈᜿Ā䶎㓯ᙗㅹ᭸ಚ༠࣏⦷оޕ㓔࣏⦷䘁լ੸ᒣᯩޣ㌫ˈݹ㓔
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࣏⦷Ѫ 1mWᰦⲴ䶎㓯ᙗಚ༠㓖ㅹҾঅњ᭮大ಘಚ༠Ⲵ 2/3ā,н࿘䇮 Pnl = aP 2
o ,

㚄立ˈᗇ 
Pnl = aP 2

o

Pnl =
2
3
Pn ·G

Po = 1mW

(23)

䀓ᗇ a = 2
3
GPnǄ

㔬кˈ⭡മ 6,ਟԕ᧘ᗇ䗃ޕ䗃࣏ࠪ⦷ѻ䰤Ⲵޣ㌫ᔿྲл

Po′ = Po + Pnl +G · Pn

= Po +
2
3
GPnP

2
o +GPn

(24)

ѪҶ㺘䘠ⲴᯩׯˈᡁԜሶঅ䐘Ⲵ䗃ޕ SNR䇠Ѫ SNRin,䗃ࠪㄟⲴ SNR⴨ᓄ
ൠ䇠Ѫ SNRout,则

SNRin =
Ps

Po − Ps

(25)

SNRout=
Ps

Po′ − Ps

=
Ps

Po +
2
3
GPnP 2

o +GPn − Ps

(26)

5 . 2 . 2 ཊ䐘Ր䗃⁑ර

᧕лᶕˈᡁԜ㘳㲁ሶঅ䐘Ր䗃⁑ර᧘ᒯࡠཊ䐘Ր䗃⁑රˈُࣙᮠ学ᖂ㓣⌅

Ⲵᙍᜣˈ䇮䐘ᮠ䳶ਸѪ {1, 2, ..., k, ..., K}ˈᡁԜӾ k = 1, k = 2,...,ᔰ࿻ˈቍ䈅᧘
ᒯࡠ kѪԫ᜿↓ᮤᮠⲴᛵߥˈ᧘ሬ SNR

(k+1)
in о PsⲴޣ㌫ᔿǄ

• k = 1

ᖃ k = 1ᰦˈሩҾㅜ k = 1䐘㘼䀰ˈޕ㓔࣏⦷ቡᱟؑ号࣏⦷ˈণ P
(1)
o = Ps,

则

SNR(1)
in = +∞ (27)

• k = 2

ᖃ k = 2ᰦˈሩҾㅜ k = 2䐘㘼䀰ˈ

SNR(2)
in =

Ps

2
3
GPnP 2

s +GPn

=
1

2
3
GPnPs +

GPn

Ps

(28)

ṩᦞ(28)ਟ⸕ˈᖃ Ps =
√

3
2
ᰦˈSNR(2)

in ਆᗇᴰ大٬Ǆ

ࡠᗇ࡛࠶㊫᧘ˈਟ↔׍ k = 3ǃk = 4ㅹᛵߥлⲴ SNR,࡙⭘Matlab䖟Ԧԯ
ⵏਟᗇࡠн਼䐘ᮠл SNR䲿 P

(1)
o ˄൘нᕅ䎧↗ѹⲴࡽᨀл䇠Ѫ Po˅ਈॆ⽪᜿

മˈྲമ 7ᡰ⽪Ǆṩᦞн਼䐘ᮠл SNR䲿 Poਈॆ⽪᜿മˈᡁԜਟԕⴤ㿲ṩᦞമ

ᖒራ᢮ᴰ大٬⛩Ǆ
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മ 7 н਼䐘ᮠл SNR䲿 Poਈॆ⽪᜿മ

• kѪԫ᜿↓ᮤᮠᰦ

䇮ㅜٷ k䐘ᐢ⸕ˈ则ሩҾㅜ k + 1䐘ᴹˈ

SNR
(k+1)
in =

Ps

P
(k+1)
o −Ps

(29)

৸ഐѪᡁԜᐢ㓿᧘ሬҶ k = 1, k = 2є⿽⢩↺ᛵߥⲴޣ㌫ᔿˈ则ᖃ k Ѫԫ

᜿↓ᮤᮠⲴ SNR㺘䗮ᔿ䜭ਟԕ䙊䗷䙂ᖂᗇࡠǄ

5 . 2 . 3 ᴰ䘌Ր䗃䐍⿫

สҾᔪ立Ⲵཊ䐘Ր䗃⁑රˈᡁԜ࡛࠶䇑㇇ᖃঅ䐘Ր䗃䐍⿫Ѫ 80km઼ 100km
ᰦˈԕ㓐ࡽ䈟⸱⦷ 0.02Ѫ䰘䲀лⲴᴰ䘌Ր䗃䐍⿫ (ሶ BER=0.02ᰦⲴ SNR䇠Ѫ
SNR0.02)Ǆ俆ݸˈᡁԜ㘳㲁ࡍࡠ࿻ؑಚ∄ SNR(1)

in о㓿䗷 K 䐘Ր䗃ਾⲴؑಚ∄

SNR(k+1)
in Ⲵᐞ٬ˈণ ∆SNR = SNR(1)

in − SNR(k+1)
in Ǆ䙊䗷ѻࡽⲴ᷀࠶ˈਟ⸕䲿⵰

㓗㚄䐘⇥ᮠⲴ໎࣐ˈSNRՊ䲿ѻ߿ሿǄᦒ䀰ѻˈѪҶ㧧ਆᴰ䘌Ր䗃䐍⿫ˈᡁԜ
䴰㾱⺞ᇊᴰሿⲴ ∆SNRˈᡆᴰ大Ⲵ SNR(k+1)

in Ǆ

• অ䐘Ր䗃䐍⿫Ѫ 80kmᰦ

൘অ䐘Ր䗃䐍⿫Ѫ 80kmⲴᛵߥлˈṩᦞࡽ᮷ᔪ立Ⲵཊ䐘Ր䗃⁑රˈ࡙⭘
Matlab䖟Ԧԯⵏᗇࡠй⿽Ր䗃ṬᔿлⲴ䐘⇥ᮠ䟿䲿ਁሴ࣏⦷Ⲵਈॆޣ㌫ˈ࡛࠶
ྲമ 8ǃമ 9ǃമ 10ᡰ⽪ǄQPSKⲴᴰ䘌Ր䗃䐍⿫Ѫ 20䐘ˈণ 1600km˗8QAM
Ⲵᴰ䘌Ր䗃䐍⿫Ѫ 8䐘ˈণ 640km˗16QAMⲴᴰ䘌Ր䗃䐍⿫Ѫ 5䐘ˈণ 400kmǄ
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മ 8 অ䐘Ր䗃䐍⿫Ѫ 80kmᰦˈQPSKՐ䗃䐍⿫⽪᜿മ
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മ 9 অ䐘Ր䗃䐍⿫Ѫ 80kmᰦ, 8QAMՐ䗃䐍⿫⽪᜿മ
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മ 10 অ䐘Ր䗃䐍⿫Ѫ 80kmᰦˈ16QAMՐ䗃䐍⿫⽪᜿മ

• অ䐘Ր䗃䐍⿫Ѫ 100kmᰦ

൘অ䐘Ր䗃䐍⿫Ѫ 100kmⲴᛵߥлˈṩᦞࡽ᮷ᔪ立Ⲵཊ䐘Ր䗃⁑රˈ࡙⭘
Matlab䖟Ԧԯⵏᗇࡠй⿽Ր䗃ṬᔿлⲴ䐘⇥ᮠ䟿䲿ਁሴ࣏⦷Ⲵਈॆޣ㌫ˈ࡛࠶
ྲമ 11ǃമ 12ǃമ 13ᡰ⽪ǄQPSKⲴᴰ䘌Ր䗃䐍⿫Ѫ 8䐘ˈণ 800km˗8QAM
Ⲵᴰ䘌Ր䗃䐍⿫Ѫ 3䐘ˈণ 300km˗16QAMⲴᴰ䘌Ր䗃䐍⿫Ѫ 2䐘ˈণ 200kmǄ
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മ 11 অ䐘Ր䗃䐍⿫Ѫ 100kmᰦˈQPSKՐ䗃䐍⿫⽪᜿മ
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മ 12 অ䐘Ր䗃䐍⿫Ѫ 100kmᰦˈ8QAMՐ䗃䐍⿫⽪᜿മ

0 5 10 15

Po/mW

0

0.5

1

1.5

2

2.5

മ 13 অ䐘Ր䗃䐍⿫Ѫ 100kmᰦˈ16QAMՐ䗃䐍⿫⽪᜿മ

ᡁԜሩ䰞仈 1-2ѝⲴᗇࡠⲴᮠᦞ㔃᷌䘋㹼Ҷᮤ⨶ˈྲമ14ᡰ⽪˖
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D 80 100

ḟ庒峧㑯 20 8

ḟ庒峜䢺濂濾瀀 1600 800

庒⁤↞䊆濂瀀瀊 0.94-1.31 0.95-1.31

SNR/dB 6.254-6.321 6.242-6.303

BER 0.0190-0.0197 0.0192-0.0199

ḟ庒峧㑯 8 3

ḟ庒峜䢺濂濾瀀 640 300

庒⁤↞䊆濂瀀瀊 0.84-1.65 0.73-1.95

SNR/dB 10.334-10.587 10.337-10.862

BER 0.0172-0.0200 0.01442-0.0200

ḟ庒峧㑯 5 2

ḟ庒峜䢺濂濾瀀 400 200

庒⁤↞䊆濂瀀瀊 1.08-1.34 1.13-1.29

SNR/dB 12.671-12.698 12.672-12.682

BER 0.0197-0.0190 0.0199-0.0200

QPSK

8QAM

16QAM

മ 14 䰞仈 1-2ᮠᦞ㔃᷌≷ᙫമ
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6. 䰤从ӂⲺ建模与≸䀙

䰞仈Ҽ⹄ウҶݹՐ䘱㖁Ⲵ㿴ࡂ䰞仈ˈᐼᵋ䙊䗷ਸ⨶ൠ䘎᧕෾ᐲˈ֯ᗇᇊѹ

Ⲵ㖁㔌ԧ٬ᴰ大ॆǄᡁԜ俆ݸн㘳㲁ѝ䰤㢲⛩ˈਚ൘֯ᗇ㖁㔌䘎䙊ⲴᶑԦлˈ

ਸ⨶ൠ⭘ 16ᶑ䘎᧕㓯ሶ෾ᐲ䘎᧕䎧ᶕˈԕ㧧ᗇᴰ大Ⲵ㖁㔌ԧ٬˗❦ਾˈ൘ࡽ㘵
Ⲵส⹰кˈሶ䘎᧕㓯໎࣐ࡠ 33ᶑˈ䘋а↕㿴ࡂ㖁㔌䘎᧕Ǆ䘋а↕ⲴˈᡁԜ㘳㲁
ѝ䰤㢲⛩ᆈ൘Ⲵᛵߥˈ䟽ᯠ䀓ߣᆀ䰞仈 2-1Ǆ᧕⵰ˈሶ⛩Ⲵ㿴⁑⭡ᐲᢙ大ࡠⴱˈ
≲䀓䰞仈 2-1Ǆᴰਾˈ㘳㲁ݹࡠՐ䘱㖁㔌ԧ٬Ⲵᇊѹᓄ䈕ާᴹⲴཊṧᙗˈᡁԜӾ
ᯠⲴ䀂ᓖ㔉ࠪҶݹՐ䘱㖁㔌㿴ࡂⲴⴞḷ࠭ᮠˈᒦ㔉ࠪҶ䰞仈 2-1Ⲵ䀓˄㘳㲁Ⲵ
ᱟ⴨ᓄⲴᐲӪਓ Ǆ˅

6 . 1 ᮠᦞ亴༴⨶

൘≲䀓ާփ䰞仈ѻࡽˈᡁԜ俆ݸ᭦䳶Ҷᡰ⹄ウ෾ᐲⲴൠ⨶ս㖞઼Ӫਓ㔏䇑

ᛵߥˈᮠᦞ࡛࠶ᶕ㠚 Googleൠമ˄http://www.google.cn/maps˅઼ഭᇦ㔏䇑ተᇈ
㖁 (http://www.stats.gov.cn/tjsj/pcsj/)ˈᮤ⨶ྲл˖

峞䢼 ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1053.20 1678.66 2794.00 1995.84 1640.47 1956.65 2500.08 2577.74 3143.76 3550.87 3046.83∘ᶭ 1053.20 0 1062.83 1891.14 1054.03 625.71 907.26 1450.96 1531.83 2096.57 2554.68 2411.48ᴋ㱸 1678.66 1062.83 0 1207.74 684.56 821.68 1221.04 1414.04 1656.81 1958.10 2900.34 3267.83ⶀⳟ 2794.00 1891.14 1207.74 0 833.25 1290.77 1312.18 944.40 1237.34 1071.41 2313.16 3280.83㩧㭊 1995.84 1054.03 684.56 833.25 0 463.77 657.35 718.73 988.22 1293.12 2231.07 2763.85忒ⳟ 1640.47 625.71 821.68 1290.77 463.77 0 431.74 866.16 1010.53 1510.26 2181.34 2442.17墀⪊ 1956.65 907.26 1221.04 1312.18 657.35 431.74 0 573.81 621.65 1202.02 1750.43 2116.22惎ⶇ 2500.08 1450.96 1414.04 944.40 718.73 866.16 573.81 0 301.49 643.35 1527.63 2337.03ㄑ忾 2577.74 1531.83 1656.81 1237.34 988.22 1010.53 621.65 301.49 0 646.08 1249.27 2061.72㔇㔏 3143.76 2096.57 1958.10 1071.41 1293.12 1510.26 1202.02 643.35 646.08 0 1267.59 2528.20㇊匩 3550.87 2554.68 2900.34 2313.16 2231.07 2181.34 1750.43 1527.63 1249.27 1267.59 0 1616.25ᵍ殂㘩湑 3046.83 2411.48 3267.83 3280.83 2763.85 2442.17 2116.22 2337.03 2061.72 2528.20 1616.25 0

㑯㉭㙤㶏漡濚瀂瀂濺濿濸☯◽漢≔Ṍ漡濾瀀

മ 15 ෾ᐲ䐍⿫㔏䇑മ

ᶻ⋤ ⴃ 䘂
⏉⬕㷩 10.93 37.99∘ᶭ 37.35 37.35ᴋ㱸 24.20 24.20ⶀⳟ 27.03 109.99㩧㭊 10.91 58.85忒ⳟ 9.57 95.32墀⪊ 9.62 38.13惎ⶇ 30.48 30.48ㄑ忾 16.04 82.62㔇㔏 6.73 47.71㇊匩 0.90 3.31ᵍ殂㘩湑 2.22 23.98

㑯㉭㙤㶏漡◼⪵䷞媠⬿漢≔Ṍ漡䕽ᴆ

മ 16 ෾ᐲӪਓ㔏䇑മ

ṩᦞ仈ⴞ㔉ࠪⲴй⿽ިරݹՐ䗃䇮༷参ᮠˈᡁԜ䇑㇇ҶสҾн਼෾ᐲ䰤Ր
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䗃䐍⿫Ⲵঅ⌒Ր䗃ᇩ䟿ˈᗇࡠⲴ㔃᷌ྲമ 17ᡰ⽪Ǆ

≖㯣⪺惐 ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 200 100 100 100 100 100 100 100 0 0 0∘ᶭ 200 0 200 100 200 200 200 100 100 100 100 100ᴋ㱸 100 200 0 100 200 200 100 100 100 100 100 0ⶀⳟ 100 100 100 0 200 100 100 200 100 200 100 0㩧㭊 100 200 200 200 0 400 200 200 200 100 100 100忒ⳟ 100 200 200 100 400 0 400 200 200 100 100 100墀⪊ 100 200 100 100 200 400 0 400 200 100 100 100惎ⶇ 100 100 100 200 200 200 400 0 400 200 100 100ㄑ忾 100 100 100 100 200 200 200 400 0 200 100 100㔇㔏 0 100 100 200 100 100 100 200 200 0 100 100㇊匩 0 100 100 100 100 100 100 100 100 100 0 100ᵍ殂㘩湑 0 100 0 0 100 100 100 100 100 100 100 0

≔Ṍ漡濚濵濂瀆

മ 17 สҾ෾ᐲ䐍⿫Ⲵঅ⌒ᇩ䟿䇑㇇㔃᷌മ

สҾᐢᗇࡠⲴ਴෾ᐲӪਓ઼⴨ӂ䐍⿫ˈᡁԜṩᦞ仈ѝᇊѹⲴ㖁㔌ԧ٬ˈণ

1)⇿ᶑⴤ㓯䘎᧕єњ෾ᐲ/४ฏⲴ䬮䐟ᖃڊањ䘎᧕ˈަԧ٬ᇊѹѪՐ䗃Ⲵᇩ䟿
о䘎᧕४ฏӪਓᮠⲴ҈〟˄ਆє४ฏӪਓᮠⲴᒣᯩ˅̠

2)㖁㔌Ⲵԧ٬Ѫᡰᴹ䘎᧕ԧ٬Ⲵ࣐ᵳ઼ˈণ NV =
∑

uijwijˈަѝ uij Ѫ⇿ᶑ䬮

䐟Ⲵᵳ䟽ˈwij Ѫ⇿ᶑ䬮䐟Ⲵԧ٬Ǆ

ᡁԜሶ෾ᐲ i઼෾ᐲ j 䘎᧕ᡰᑖᶕⲴԧ٬ wij 䇑㇇㔃᷌ᮤ⨶ྲമ 18ᡰ⽪˖

w ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 323.26 130.10 137.49 87.37 81.81 82.01 146.01 105.94 0.00 0.00 0.00∘ᶭ 323.26 0 481.03 254.17 323.04 302.48 303.23 269.92 195.84 126.82 46.45 72.78ᴋ㱸 130.10 481.03 0 204.59 260.03 243.48 122.04 217.27 157.64 102.08 37.39 0.00ⶀⳟ 137.49 254.17 204.59 0 274.79 128.65 128.97 459.22 166.59 215.75 39.51 0.00㩧㭊 87.37 323.04 260.03 274.79 0 327.02 163.92 291.82 211.73 68.55 25.11 39.34忒ⳟ 81.81 302.48 243.48 128.65 327.02 0 306.97 273.25 198.25 64.19 23.51 36.84墀⪊ 82.01 303.23 122.04 128.97 163.92 306.97 0 547.86 198.75 64.35 23.57 36.93惎ⶇ 146.01 269.92 217.27 459.22 291.82 273.25 547.86 0 707.66 229.12 41.96 65.75ㄑ忾 105.94 195.84 157.64 166.59 211.73 198.25 198.75 707.66 0 166.24 30.44 47.70㔇㔏 0.00 126.82 102.08 215.75 68.55 64.19 64.35 229.12 166.24 0 19.71 30.89㇊匩 0.00 46.45 37.39 39.51 25.11 23.51 23.57 41.96 30.44 19.71 0 11.31ᵍ殂㘩湑 0.00 72.78 0.00 0.00 39.34 36.84 36.93 65.75 47.70 30.89 11.31 0

≔Ṍ漡瀀ͼTb/s

മ 18 ᵳ䟽䇑㇇㔃᷌മ

6 . 2 䰞仈 2-1

䰞仈 2-1ਟԕⴻڊᱟㆰঅⲴᴹ䲀ࡦᶑԦⲴᮤᮠՈॆ䰞仈ˈሩҾ 16ᶑ䘎᧕㓯
Ⲵᛵߥˈਟԕݸ⭘Matlabᮤᮠ㿴ࡂᐕާ㇡≲䀓ˈᗇࡠ㿴ᯩࡂṸ˗޽ሶо䟷⭘ᴰ
ሿ⭏ᡀṁ⁑රⲴ㔃᷌䘋㹼ሩ∄ˈ䘹ਆ䖳ՈⲴᯩṸ˗ሩҾ 33ᶑ䘎᧕㓯Ⲵᛵߥˈᡁ
Ԝ൘ᐢᴹⲴ䖳ՈⲴ 16ᶑ䘎᧕㓯Ⲵส⹰кˈ䘋а↕࡙⭘㿴ࡂᗇࡠ 33ᶑ䘎᧕㓯Ⲵ
䘎᧕ᯩṸǄ
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6 . 2 . 1 สҾᴰሿ⭏ᡀṁⲴ㿴ࡂ⁑ර

ᡁԜሶ㖁㔌㿴ࡂ䰞仈⭘ањ䘎䙊ᰐੁമ G = (V , E)㺘⽪ˈV ᱟ෾ᐲⲴ䳶ਸˈ
Eᱟ෾ᐲѻ䰤Ⲵਟ㜭䘎᧕ˈሩҾ⇿ᶑ䗩 (i, j) ∈ EˈᡁԜѪަ䍻Ҹᵳ䟽 −wij ֌Ѫ

䘎᧕෾ᐲ i઼෾ᐲ j Ⲵԓԧ˄⴨ᓄⲴˈwij ਟԕ⨶䀓Ѫ䘎᧕є෾ᐲⲴᡰᑖᶕⲴԧ

٬ Ǆ˅ᡁԜᐼᵋ᢮ࡠањᰐ⧟ᆀ䳶 T ⊆ Eˈᰒ㜭ཏ֯ᗇᡰᴹⲴ෾ᐲ䘎᧕䎧ᶕˈ৸
֯ᗇᮤփⲴᵳ䟽ᴰሿˈഐ↔ T ᗵ❦ᱟаἥṁˈᒦ〠ަѪമ GⲴ⭏ᡀṁˈሶ≲ਆ

䈕ṁⲴ䰞仈〠Ѫᴰሿ⭏ᡀṁ䰞仈 [4]Ǆ
ᡁԜ࡙⭘ Kruskal㇇⌅ᶕ≲䀓ᴰሿ⭏ᡀṁ䰞仈ˈ൘⇿њᰦ࡫⭏䮯ᴰሿ⭏ᡀ

ṁⲴаᶑ䗩ˈᒦ൘ᮤњㆆ⮕Ⲵᇎᯭ䗷〻ѝˈᴤᯠ䗩䳶ਸ AǄ൘⇿⅑ᗚ⧟ѻࡽˈ
AᱟḀἥᴰሿ⭏ᡀṁⲴањᆀ䳶Ǆ൘⇿⅑ᗚ⧟ѝˈᡁԜ䴰㾱䘹ᤙаᶑ䗩 (i, j)ˈ

ሶަ࣐ࡠޕ䳶ਸ A ѝˈ֯ᗇ A ∪ (i, j) ӽ❦ᱟḀἥᴰሿ⭏ᡀṁⲴᆀ䳶ǄᡁԜ

ሶ䘉⿽ਟԕᆹޘൠ࣐ޕ䳶ਸ A 㘼н᭩ਈ A Ⲵᗚ⧟нਈᔿ〠Ѫ䳶ਸ A Ⲵᆹޘ
䗩Ǆ䴰㾱⌘᜿Ⲵᱟˈ⋑ᴹഎ䐟Ⲵᰐੁമᱟ䘎䙊ⲴᖃфӵᖃᆳᱟṁˈণㅹԧҾ˖

|E| = |V | − 1Ǆᡰԕ൘ᔪ立෾ᐲⲴ䘎䙊മᰦˈᡁԜՊ⭏ᡀ |E| = |V | − 1ᶑ䐟ᖴǄ

൘ Kruskal㇇⌅ѝˈ䳶ਸ Aᱟањ἞᷇ˈަ㔃⛩ቡᱟമⲴ㔃⛩ˈ⇿⅑࣐ޕⲴᆹ
䗩≨䘌ᱟᵳ䟽ᴰሿⲴˈਟ㿱ޘ Kruskal㇇⌅኎Ҿ䍚ᗳ㇇⌅Ǆ
Kruskal㇇⌅Ⲵ↕僔ྲл˗
࿻ॆࡍ˅1 S = ∅, i = 0,j = 0;
2˅ᢺ G Ⲵ䗩᤹ᵳ䟽ॷᒿᧂࡇˈণ w (e1) ≤ w (e2) ≤ ... ≤ w

(
e|E|
)
;

3˅㤕 G [S ∪ {ej}]ਜ਼ᴹസˈ䖜ࡠ 4˗੖则䖜 5
4˅Ԕ j = j + 1ˈ㤕 j ≤ |E|则䖜 3˗੖则ڌ→ˈGѝнᆈ൘᭟᫁ṁ˗

5˅Ԕ S = S ∪ {ej}ˈᒦ㖞 i = i+ 1;
6˅㤕 i = |V | − 1ˈ则㔃ᶏ,↔ᰦⲴ G [S]ণѪᡰ≲˗੖则䖜 4.

6 . 2 . 2 Ոॆ䰞仈Ⲵᔪ立

ѪҶׯҾ㺘⽪ˈᡁԜᕅߣޕㆆਈ䟿 sij ∈ {0, 1}ᶕ㺘⽪෾ᐲѻ䰤ᱟ੖ⴤ᧕⴨
䘎,ަѝ sij = 1㺘⽪⴨䘎ˈsij = 0㺘⽪н⴨䘎Ǆṩᦞ仈᜿ˈԕ㖁㔌ԧ٬ᴰ大ॆ

ѪՈॆⴞḷˈV њ෾ᐲᗵ享䘎䙊ф䘎᧕ᮠ lᐢᇊѪ䲀ࡦᶑԦˈᡁԜᔪ立Ҷྲл

ⲴՈॆ䰞仈 P-1Ǆ
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max
sij

V∑
i=1

V∑
j=1

wijsij (30)

s.t. G = (V,E) ∈ Gconnected (30a)
V∑
i=1

V∑
j=1

sij = l × 2. (30b)

ަѝˈ䲀ࡦᶑԦ(30a)㺘⽪ᔪ立Ⲵമᗵ享ᱟ䘎䙊Ⲵˈ䲀ࡦᶑԦ(30b)ԓ㺘䘎᧕ᮠ䲀
Ǆࡦ

㤕н㘳㲁മⲴ䘎䙊ᙗ䲀ࡦ˄࡙⭘ᴰሿ⭏ᡀṁਟԕ؍䇱മⲴ䘎䙊ᙗ˅̍ ᡁԜਟ

ԕㆰॆ䰞仈 P-1ˈᗇࡠ䰞仈 P-2ˈྲлᡰ⽪˖

max
sij

V∑
i=1

V∑
j=1

wijsij (31)

s.t.
V∑
i=1

sij ≥ 1, ∀j, (31a)

V∑
j=1

sij ≥ 1, ∀i, (31b)

V∑
i=1

V∑
j=1

sij = l × 2. (31c)

ަѝˈ䲀ࡦᶑԦ(31a)઼(31b)㺘⽪⇿њ෾ᐲ䜭㠣ቁ઼ањަԆ෾ᐲ⴨䘎ˈ┑䏣䘎
䙊ᶑԦǄ䲀ࡦᶑԦ (31c)则㺘⽪䘎᧕ᮠѪ lǄ

6 . 2 . 3 16ᶑ䘎᧕Ⲵᔪ⁑઼≲䀓

俆ݸ㘳㲁䘎᧕ᮠѪ 16ⲴᛵᖒǄ⭡Ҿ䈕ᛵߥл䘎᧕ᮠ䖳ቁˈᡁԜ㘳㲁ݸㆰঅ
Ⲵ⭘ᮤᮠ㿴ࡂⲴᯩ⌅≲䀓䰞仈 P-2,⭡Ҿ䰞仈 P-2ਚᱟ㾱≲ᡰᴹ⛩䜭нᱟᆔ立Ⲵˈ
нᧂ䲔ਟ㜭Պࠪ⧠㖁㔌нᱟ䘎䙊ⲴᛵߥǄᡁԜ俆࡙ݸ⭘Matlab䖟Ԧ≲䀓ᗇྲࡠ
лⲴ㔃᷌Ǆ

ᡁԜਁ⧠ˈ䈕䘎᧕ᯩṸሶ᣹㩘оѼ励ᵘ喀অ⤜䘎᧕൘Ҷа䎧ˈሬ㠤ᴰ㓸ᗇ

Ⲵമ䘎䙊ⲴǄᡁԜ㘳㲁䟷⭘ԕлє⿽᭩䘋ᯩ⌅Ǆࡠ

• ᭩䘋ᯩ⌅а˖߿ቁࡍ࿻䘎᧕ᮠ

ާփ↕僔ྲл˖

࿻䘎᧕ᮠˈ䇮ࡍቁ߿˅1 l = 15ˈ࡙⭘Matlabᮤᮠ㿴ࡂᶕ≲䀓䰞仈 P-2;
2˅൘ 1˅ѝᗇࡠⲴ㖁㔌䘎᧕Ⲵส⹰кˈ䇑㇇ᵚ䘎᧕Ⲵ෾ᐲоަ։ᡰᴹ෾ᐲ䘎᧕
Ⲵᵳ٬ˈ䘹ਆᵳ٬ᴰ大Ⲵ䘎ޕ㖁㔌Ǆ
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s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 0 1 1 1 1 0 0 0 0ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 1 0 0 1 0 0 0 0㩧㭊 0 1 0 1 0 1 0 1 0 0 0 0忒ⳟ 0 1 0 0 1 0 1 1 0 0 0 0墀⪊ 0 1 0 0 0 1 0 1 0 0 0 0惎ⶇ 0 1 0 1 1 1 1 0 1 1 0 0ㄑ忾 0 0 0 0 0 0 0 1 0 0 0 0㔇㔏 0 0 0 0 0 0 0 1 0 0 0 0㇊匩 0 0 0 0 0 0 0 0 0 0 0 1ᵍ殂㘩湑 0 0 0 0 0 0 0 0 0 0 1 0

മ 19 16ᶑ䘎᧕ࡍ↕㿴ࡂ㔃᷌മ

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 0 1 1 1 0 0 0 0 0ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 1 0 0 1 0 0 0 0㩧㭊 0 1 0 1 0 1 0 1 0 0 0 0忒ⳟ 0 1 0 0 1 0 1 1 0 0 0 0墀⪊ 0 1 0 0 0 1 0 1 0 0 0 0惎ⶇ 0 0 0 1 1 1 1 0 1 1 0 0ㄑ忾 0 0 0 0 0 0 0 1 0 0 0 0㔇㔏 0 0 0 0 0 0 0 1 0 0 0 0㇊匩 0 0 0 0 0 0 0 0 0 0 0 1ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 1 0

മ 20 16ᶑ䘎᧕᭩䘋ᯩṸа㔃᷌മ

᭩䘋ᯩ⌅аᗇࡠⲴ䘎᧕ᯩṸྲമ 20ᡰ⽪ˈ⴨ᓄⲴ㖁㔌ԧ٬Ѫ 5234.87.

• ᭩䘋ᯩ⌅Ҽ˖สҾᴰሿ⭏ᡀṁᯩ⌅Ⲵ㿴ࡂ⁑ර

ާփ↕僔ྲл˖

1˅⭘ᴰሿ⭏ᡀṁⲴ Kruskal㇇⌅ݸ⭏ᡀ 11˄12-1=11˅ᶑ䘎᧕䐟ᖴˈ؍䇱෾ᐲᱟ
䘎䙊Ⲵ˗

2˅ሶᐢ㓿䘎᧕Ⲵ㓯䐟Ⲵᵳ䟽㖞 0ˈᴤᯠᵳ٬ˈᗇࡠᵳ٬ wnew1
ij 䚯ݽ൘㿴ࡂѝࠪ

⧠䟽༽䘎᧕Ⲵᛵߥ˗

3˅ሶ l = 5, wij = wnew1
ij ԓࡠޕ䰞仈 P-2ˈ䟽ᯠ㿴ࡂ˗

4˅ሶ 3˅ѝⲴ㔃࣐᷌ࡠޕ 1˅⭏ᡀⲴ䘎᧕䐟ᖴѝˈᗇࡠᴰ㓸䘎᧕മ˗
5˅䇑㇇ 4˅ѝⲴ㖁㔌ᙫԧ٬Ǆ

ᡁԜᗇࡠⲴᴰሿ⭏ᡀṁྲлᡰ⽪˖
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 323.2626 

 481.0309 

 323.0407 

 327.0207 

 306.9703 

 459.2234  547.8611 

 707.6577  229.1239 

 46.4471 

 72.783 

മ 21 ⭏ᡀᴰሿṁ㔃᷌⽪᜿മ

㓿䗷޽⅑Ⲵ㿴ࡂਾˈᗇࡠⲴᴰ㓸㖁㔌䘎᧕ᯩṸྲമ 22ᡰ⽪ˈަ൘ൠമⲴ䘎
᧕ᯩṸྲമ 23ˈ⴨ᓄⲴ㖁㔌ԧ٬Ѫ 5270.01.

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 0 1 1 1 0 0 0 1 1ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 1 0 0 1 0 0 0 0㩧㭊 0 1 0 1 0 1 0 1 0 0 0 0忒ⳟ 0 1 0 0 1 0 1 1 0 0 0 0墀⪊ 0 1 0 0 0 1 0 1 0 0 0 0惎ⶇ 0 0 0 1 1 1 1 0 1 1 0 0ㄑ忾 0 0 0 0 0 0 0 1 0 0 0 0㔇㔏 0 0 0 0 0 0 0 1 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 22 16ᶑ䘎᧕᭩䘋ᯩṸҼ㔃᷌മ
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᣹㩘

മ 23 16ᶑ䘎᧕㓯ᴰ㓸ᯩṸ㔃᷌മ˄ൠമ˅

ሩ∄є⿽ᯩṸⲴ㖁㔌ᙫԧ٬ˈᯩṸаⲴ㖁㔌ԧ٬Ѫ 5234.87ˈᯩṸҼѪ
5270.01ˈਟ⸕ᯩṸҼⲴ㖁㔌ᙫԧ٬ᴤ儈ˈަ㿴ࡂ㔃᷌䖳ՈǄഐ↔䟷⭘ᯩṸҼ֌
Ѫᴰ㓸Ⲵ 16ᶑ䘎᧕㓯Ⲵ䘎᧕ᯩṸǄ

6 . 2 . 4 33ᶑ䘎᧕Ⲵᔪ⁑઼≲䀓

᧕лᶕ㘳㲁 33ᶑ䘎᧕㓯Ⲵᛵߥˈ൘ᐢᗇࡠⲴ 16ᶑ䘎᧕㓯Ⲵส⹰кˈ໎࣐
17ᶑ䘎᧕㓯ˈ֯ᗇ㖁㔌ᙫԧ٬ᴰ大Ǆ⭡Ҿ൘ 16ᶑ㓯䘎᧕ᯩṸᐢ㓿⺞؍Ҷ㖁㔌
Ⲵ䘎䙊ᙗˈᡁԜਟԕⴤ᧕ሩ䰞仈 P-2䘋㹼ՈॆǄ
ާփ↕僔ྲл˖

1)ሶᐢᗇࡠⲴ 16ᶑ䘎᧕㓯Ⲵᵳ٬㖞䴦,ᴤᯠᵳ٬ˈᗇࡠᵳ٬ wnew2
ij ˗

2)ሶ l = 17, wij = wnew2
ij ԓࡠޕ䰞仈 P-2ˈ䟽ᯠ㿴ࡂ˗

3)ሶ 2˅ᗇࡠⲴ㔃࣐᷌ࡠޕ৏ᴹⲴ 16ᶑ䘎᧕㓯䘎᧕മѝˈᗇࡠᴰ㓸Ⲵ 33ᶑ䘎
᧕㓯ⲴᯩṸǄ
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s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 1 0 0 0 1 0 0 0 0∘ᶭ 1 0 1 1 1 1 1 1 1 0 1 1ᴋ㱸 0 1 0 1 1 1 0 1 1 0 0 0ⶀⳟ 1 1 1 0 1 0 0 1 1 1 0 0㩧㭊 0 1 1 1 0 1 1 1 1 0 0 0忒ⳟ 0 1 1 0 1 0 1 1 1 0 0 0墀⪊ 0 1 0 0 1 1 0 1 1 0 0 0惎ⶇ 1 1 1 1 1 1 1 0 1 1 0 0ㄑ忾 0 1 1 1 1 1 1 1 0 1 0 0㔇㔏 0 0 0 1 0 0 0 1 1 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 24 33ᶑ䘎᧕ᯩṸ㔃᷌മ

മ 25 33ᶑ䘎᧕ᯩṸ㔃᷌മ˄ൠമ˅

ᗇࡠⲴ 33ᶑ䘎᧕㓯Ⲵ䘎᧕ᯩṸྲമ 24ᡰ⽪ˈަ൘ൠമⲴ䘎᧕ᛵྲߥമ25ᡰ
⽪ˈ⴨ᓄⲴ㖁㔌ᙫԧ٬Ѫ 8677.69.

6 . 3 䰞仈 2-2

䰞仈 2-2൘㘳㲁ѝ䰤㢲⛩ⲴᶑԦл䟽ᯠ㿴ࡂ㖁㔌ˈ൘┑䏣ᙫᇩ䟿Ⲵࡽᨀлˈ
ਟԕԫ᜿࠶䝽⇿ᶑ䬮䐟Ⲵᇩ䟿Ǆ࡛࠶㔉ࠪ 16ᶑ䘎᧕઼ 33ᶑ䘎᧕ⲴᯩṸˈᒦ䇑
㇇⴨ᓄⲴ㖁㔌ԧ٬Ǆ䘋а↕Ⲵˈሶᖡ૽㖁㔌ԧ٬Ⲵഐ㍐⭡ᐲӪਓᢙ大ࡠⴱӪਓˈ

䟽ᯠ㿴ࡂ㖁㔌Ǆ䴰㾱⌘᜿ⲴᱟˈᡁԜ൘ᵜ㢲ѝˈ33ᶑ䘎᧕ⲴᯩṸӽᰗᱟสҾ 16
ᶑ䘎᧕ⲴᯩṸᗇࡠⲴ˄؍ᤱሩ䰞仈 2-1仈䇮⨶䀓Ⲵа㠤ᙗ Ǆ˅

32



ѪҶׯҾ㺘䘠ˈᡁԜ俆ݸሩ㖁㔌ѝਟ㜭ᆈ൘Ⲵ䘎᧕ᛵߥ䘋㹼ભ名Ǆྲമ

26ᡰ⽪ˈᡁԜ㔉ࠪҶ൘䬪䇮ݹ㓔䬮䐟ᰦਟ㜭ᆈ൘Ⲵа⿽䘎᧕ᛵߥˈަѝ෾ᐲ i

઼෾ᐲ kˈ෾ᐲ k઼෾ᐲ j ѻ䰤ᆈ൘ᇎ䱵Ⲵݹ㓔䬮䐟ˈ〠෾ᐲ i઼෾ᐲ kⴤ᧕䘎

᧕ˈ෾ᐲ k઼෾ᐲ jⴤ᧕䘎᧕˗෾ᐲ i઼෾ᐲ jᱟ䙊䗷ѝ䰤㢲⛩üü෾ᐲ k䰤᧕

䘎᧕൘а䎧Ⲵˈ〠෾ᐲ i઼෾ᐲ j 䰤᧕䘎᧕ǄᡁԜሶ䘉⿽䰤᧕䘎᧕Ⲵᛵᖒ〠Ѫ

Ā㲊ᤏ䘎᧕āǄ

㲊ᤏ䘎᧕

෾ᐲi ෾ᐲk ෾ᐲj

ⴤ᧕䘎᧕

മ 26 ෾ᐲ䘎᧕⽪᜿മ

⭡Ҿєњ㢲⛩ਟԕᆈ൘ཊњ䘎᧕ˈᡁԜ䟽ᯠᇊѹ䰞仈 2-1ѝⲴߣㆆਈ䟿 sij ,
sij ∈ {0, 1, ..., l, ..., lmax},ަѝ sij = l㺘⽪෾ᐲ i઼෾ᐲ j ѻ䰤Ⲵ䘎᧕ᮠѪ lǄᡁ

Ԝ⭘ qij 㺘⽪෾ᐲ i઼෾ᐲ j ѻ䰤Ⲵ⍱䟿ˈhij 㺘⽪෾ᐲ i઼෾ᐲ j 䘎᧕४ฏⲴӪ

ਓᮠˈCij ∈ C 则㺘⽪෾ᐲ i઼෾ᐲ j Ѫⴤ᧕䘎᧕ᰦⲴ䬮䐟ᇩ䟿Ǆྲ᷌෾ᐲ i઼

෾ᐲ j нᱟⴤ䘎ⲴˈᡁԜਟԕ䇔ѪˈަՊ㓿䗷㤕ᒢѝ䰤㢲⛩෾ᐲˈ䘹ਆަѝⲴ

෾ᐲm઼෾ᐲ n֌Ѫ⹄ウሩ䊑ˈm઼෾ᐲ nⲴⴤ䘎䬮䐟ᇩ䟿㺘⽪Ѫ CmnǄ෾ᐲ

i઼෾ᐲ j ਟ㜭ᆈ൘㤕ᒢ⿽㲊ᤏ䘎᧕ˈሩҾḀሩⴤ䘎Ⲵѝ䰤㢲⛩෾ᐲᶕ䈤ˈᡰᴹ

㓿䗷䈕ᶑ䬮䐟Ⲵ⍱䟿ᙫ઼н㜭䎵䗷ަᇎ䱵Ⲵᇩ䟿䲀ࡦǄ⭘
∑

qKl
ij 㺘⽪㓿䗷ⴤ᧕

䘎᧕Ⲵ෾ᐲሩ (m,n)Ⲵᡰᴹ䘎᧕˄वᤜ㲊ᤏ䘎᧕઼ⴤ᧕䘎᧕˅Ⲵ⍱䟿઼,ҏণव
ਜ਼䗩 (m,n)Ⲵᡰᴹ䐟ᖴкⲴ⍱䟿઼ˈ则ᗵ❦ᴹ

∑
qKl
ij ≤ Cmn, ∀(m,n) ∈ G.

6 . 3 . 1 สҾ DFSⲴᴰՈ䬮䐟ᇩ䟿࠶䝽⁑ර

ᡁԜᔪ立䬮䐟ᇩ䟿Ⲵ䲀ࡦлᔪ立ᴰ大ॆ㖁㔌ԧ٬ⲴՈॆ䰞仈 P-3ˈྲлᡰ
⽪Ǆ

maxNV =
∑

uijhijqij (32)

s.t.
∑

qKl
ij ≤ Cmn, ∀(m,n) ∈ G (32a)

qKl
ij ≥ 0, ∀Kl ∈ {K1, K2, ...} (32b)
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ަѝ qKl
ij ԓ㺘䘎᧕෾ᐲ i઼෾ᐲ j ⲴḀᶑⴤ᧕䘎᧕Ⲵ䬮䐟Ⲵ⍱䟿ˈሩҾ⇿ᶑ䬮䐟

ᶕ䈤ˈަᇩ䟿ਟԕ㻛ԫ᜿࠶䝽ˈն䬮䐟Ⲵᙫᇩ䟿ᱟᴹ䲀Ⲵˈ䲀ࡦᶑԦ 32aণ৽ᓄ
Ҷ䘉а䲀ࡦǄ(2-2ѝ唈䇔 uij = 1)

俆ݸˈᡁԜ䟷⭘␡ᓖՈݸᩌ㍒˄DFS˅㇇⌅ራ᢮മѝᡰᴹⲴ㢲⛩ሩ (i, j)ѻ

䰤Ⲵᡰᴹਟ䗮䐟ᖴ V Kl
ij ˈ㢲⛩ሩ (i, j)ѻ䰤Ⲵ⍱䟿ᱟ䙊䗷ᆳԜѻ䰤Ⲵᡰᴹਟ䗮䐟

ᖴ䘋㹼Ր䗃ⲴǄ䟷⭘ᴹ᭸Ⲵᮠᦞ㔃ᶴᶕᆈ᭮䘉њᡰᴹ㢲⛩ሩѻ䰤Ⲵᡰᴹਟ䗮䐟

ᖴˈᒦ؍ᆈᆳԜѻ䰤Ⲵѝ䰤㢲⛩Ǆ❦ਾ᢮ራࠪᡰᴹ㓿䗷䬮䐟 (m,n)Ⲵᡰᴹਟ䗮

䐟ᖴ V Kl
ij ᒦ؍ᆈǄԕ䘉Ӌਟ䗮䐟ᖴкⲴ⍱䟿 qKl

ij ѪՈॆਈ䟿ˈᔪ⁑ᡀ P-3Ⲵ䰞
仈ˈ࡙⭘㓯ᙗ㿴ࡂ㇇⌅䘋㹼≲䀓ণਟᗇޘࡠተᴰՈ䀓Ǆ

6 . 3 . 2 ਜ਼ѝ䰤㢲⛩Ⲵཊ䘎᧕㖁㔌㿴ࡂ㇇⌅

สҾк䘠Ⲵᴰሿ⭏ᡀṁ⁑ර઼䬮䐟ᇩ䟿࠶䝽⁑රˈᡁԜᨀࠪҶਜ਼ѝ䰤㢲⛩

Ⲵཊ䘎᧕㖁㔌㿴ࡂ㇇⌅ˈྲ㇇⌅ 1ᡰ⽪Ǆ俆ݸˈᡁԜᢗ㹼ᴰሿ⭏ᡀṁ㇇⌅ˈ⭏
ᡀ 11ᶑ䐟ᖴˈԕ؍䇱෾ᐲⲴ䘎䙊ᙗˈণᔪ立Ⲵമ G = (V , E)ᱟ䘎䙊Ⲵ˗᧕⵰ˈ
ᡁԜ䙀аੁ Gѝ໎࣐䘎᧕㓯ˈ⇿໎࣐ањ䘎᧕ˈ䜭Պ᭩ਈ㖁㔌ᇩ䟿⸙䱥ˈᡁԜ

Պሩ⇿њ䘎᧕⭏ᡀⲴᯠമᢗ㹼สҾ DFSⲴᴰՈ䬮䐟ᇩ䟿࠶䝽㇇⌅ˈᗇࡠ⴨ᓄⲴ
㖁㔌ԧ٬ NV l

ijǄᴰ㓸ˈ䘎᧕㓯䗮ࡠᡰ㾱≲Ⲵ LᶑˈᡁԜሶާᴹᴰՈ NV٬Ⲵᯩ
Ṹ֌Ѫᴰ㓸Ⲵ㖁㔌㿴ᯩࡂṸǄ

Algorithm 1ਜ਼ѝ䰤㢲⛩Ⲵཊ䘎᧕㖁㔌㿴ࡂ㇇⌅
Input: L,C,V .
1: :࿻ॆࡍ Sij = 0, lmax = L− V + 1.
2: ᢗ㹼ᴰሿ⭏ᡀṁ㇇⌅ˈ⭏ᡀ V − 1ᶑ䐟ᖴˈ؍䇱䘎䙊ᙗ˗

3: for l = 1 : lmax do
4: for ∀ (i, j) ∈ E do
5: Sij = Sij + 1;
6: ᴤᯠ㖁㔌ᇩ䟿⸙䱥 C;
7: ᢗ㹼สҾ DFSⲴᴰՈ䬮䐟ᇩ䟿࠶䝽㇇⌅ˈᗇࡠ NV l

ij;
8: Sij = Sij − 1ˈ䟽㖞 Sij;
9: end for
10: ᴤᯠ NV l

maxˈS;
11: end for
12: ᴤᯠ NVmax;
Output: SˈNVmax.
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6 . 3 . 3 สҾᐲӪਓⲴ 16ᶑ䘎᧕㓯㿴ࡂ

ѪҶ㺘䘠ⲴᯩׯˈᡁԜሩᡰᴹⲴ෾ᐲ䘋㹼㕆号ˈྲлമᡰ⽪Ǆ

മ 27 ෾ᐲ㕆号⽪᜿മ

ሩҾԕᐲӪਓѪ⹄ウഐ㍐ˈ㾱≲⭘ 16ᶑ䘎᧕㓯䘋㹼㿴ࡂⲴᛵߥˈᡁԜሶ
L = 16ԓޕ㇇⌅ 1ˈᗇࡠสҾᐲӪਓⲴ 16ᶑ䘎᧕㓯㿴ᯩࡂṸ઼⴨ᓄⲴՐ䗃ᇩ䟿
മྲ࡛࠶ˈ䝽࠶ 28઼മ 29ᡰ⽪Ǆ

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 0 1 0 0 0 0 0 1 1ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 0 0 0 1 0 0 0 0㩧㭊 0 1 0 0 0 1 0 0 0 0 0 0忒ⳟ 0 0 0 0 1 0 1 0 0 0 0 0墀⪊ 0 0 0 0 0 1 0 1 0 0 0 0惎ⶇ 0 0 0 1 0 0 1 0 6 1 0 0ㄑ忾 0 0 0 0 0 0 0 6 0 0 0 0㔇㔏 0 0 0 0 0 0 0 1 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 28 สҾᐲӪਓⲴ 16ᶑ䘎᧕㓯㿴ᯩࡂṸ
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㱂惐澣澻濖澣濧
1 2 200

1 2 3 0

1 2 5 6 7 8 4 0

1 2 5 0

1 2 5 6 0

1 2 5 6 7 0

1 2 5 6 7 8 0

1 2 5 6 7 8 9 0

1 2 5 6 7 8 10 0

1 2 11 0

1 2 12 0

2 3 200

2 5 6 7 8 4 0

2 5 200

2 5 6 0

2 5 6 7 0

2 5 6 7 8 0

2 5 6 7 8 9 0

2 5 6 7 8 10 0

2 11 100

2 12 100

2 3 2 5 6 7 4 0

2 3 2 0

2 3 2 5 0

2 3 2 5 6 0

2 3 2 5 6 7 0

2 3 2 5 6 7 8 0

2 3 2 5 6 7 8 0

2 3 2 0

2 3 2 0

4 8 7 6 5 0

4 8 7 6 0

4 8 7 0

4 8 200

4 8 9 0

4 8 10 0

4 8 7 6 5 2 11 0

4 8 7 6 5 2 12 0

5 6 400

5 6 7 0

5 6 7 8 0

5 6 7 8 9 0

5 6 7 8 10 0

2 5 2 0

2 5 2 0

6 7 400

6 7 8 0

6 7 8 9 0

6 7 8 10 0

5 6 2 11 0

5 6 2 12 0

7 8 400

7 8 9 0

7 8 10 0

6 7 5 2 11 0

6 7 5 2 12 0

8 9 2400

8 10 200

7 8 6 5 2 11 0

7 8 6 5 2 12 0

8 9 8 0

8 9 7 6 5 2 11 0

8 9 7 6 5 2 12 0

8 10 7 6 5 2 11 0

8 10 7 6 5 2 12 0

2 11 2 0

廟㊦䷀峰

മ 29 สҾᐲӪਓⲴ 16ᶑ䘎᧕㓯㿴ᯩࡂṸՐ䗃ᇩ䟿࠶䝽⽪᜿മ

6 . 3 . 4 สҾᐲӪਓⲴ 33ᶑ䘎᧕㓯㿴ࡂ

ሩҾԕᐲӪਓѪ⹄ウഐ㍐ˈ㾱≲⭘ 33ᶑ䘎᧕㓯䘋㹼㿴ࡂⲴᛵߥˈᡁԜሶ
L = 33ԓޕ㇇⌅ 1ˈᗇࡠสҾᐲӪਓⲴ 33ᶑ䘎᧕㓯㿴ᯩࡂṸ઼⴨ᓄⲴՐ䗃ᇩ䟿
മྲ࡛࠶ˈ䝽࠶ 30઼മ 31ᡰ⽪Ǆ
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s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 0 1 0 0 0 0 0 1 1ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 0 0 0 1 0 0 0 0㩧㭊 0 1 0 0 0 1 0 0 0 0 0 0忒ⳟ 0 0 0 0 1 0 1 0 0 0 0 0墀⪊ 0 0 0 0 0 1 0 1 0 0 0 0惎ⶇ 0 0 0 1 0 0 1 0 23 1 0 0ㄑ忾 0 0 0 0 0 0 0 23 0 0 0 0㔇㔏 0 0 0 0 0 0 0 1 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 30 สҾᐲӪਓⲴ 33ᶑ䘎᧕㓯㿴ᯩࡂṸ

37



㱂惐澣澻濖澣濧
1 2 200

1 2 3 0

1 2 5 6 7 8 4 0

1 2 5 0

1 2 5 6 0

1 2 5 6 7 0

1 2 5 6 7 8 0

1 2 5 6 7 8 9 0

1 2 5 6 7 8 10 0

1 2 11 0

1 2 12 0

2 3 200

2 5 6 7 8 4 0

2 5 200

2 5 6 0

2 5 6 7 0

2 5 6 7 8 0

2 5 6 7 8 9 0

2 5 6 7 8 10 0

2 11 100

2 12 100

2 3 2 5 6 7 4 0

2 3 2 0

2 3 2 5 0

2 3 2 5 6 0

2 3 2 5 6 7 0

2 3 2 5 6 7 8 0

2 3 2 5 6 7 8 0

2 3 2 0

2 3 2 0

4 8 7 6 5 0

4 8 7 6 0

4 8 7 0

4 8 200

4 8 9 0

4 8 10 0

4 8 7 6 5 2 11 0

4 8 7 6 5 2 12 0

5 6 400

5 6 7 0

5 6 7 8 0

5 6 7 8 9 0

5 6 7 8 10 0

2 5 2 0

2 5 2 0

6 7 400

6 7 8 0

6 7 8 9 0

6 7 8 10 0

5 6 2 11 0

5 6 2 12 0

7 8 400

7 8 9 0

7 8 10 0

6 7 5 2 11 0

6 7 5 2 12 0

8 9 9200

8 10 200

7 8 6 5 2 11 0

7 8 6 5 2 12 0

8 9 8 0

8 9 7 6 5 2 11 0

8 9 7 6 5 2 12 0

8 10 7 6 5 2 11 0

8 10 7 6 5 2 12 0

2 11 2 0

廟㊦䷀峰

മ 31 สҾᐲӪਓⲴ 33ᶑ䘎᧕㓯㿴ᯩࡂṸՐ䗃ᇩ䟿࠶䝽⽪᜿മ

6 . 3 . 5 สҾⴱӪਓⲴ 16ᶑ䘎᧕㓯㿴ࡂ

ሶᖡ૽⭡ᐲᢙ大ࡠⴱѻਾˈᡁԜሶ⴨ᓄⲴӪਓᖡ૽ഐ㍐⭡ᐲӪਓ᭩ѪⴱӪ

ਓˈ޽⅑ᢗ㹼㊫լ㇇⌅ǄሩҾԕⴱӪਓѪ⹄ウഐ㍐ˈ㾱≲⭘ 16ᶑ䘎᧕㓯䘋㹼㿴
ᡁԜሶˈߥⲴᛵࡂ L = 16ԓޕ㇇⌅ 1ˈᗇࡠⲴสҾⴱӪਓⲴᴰሿ⭏ᡀṁ㔃᷌ྲ
മ 32,ᗇࡠⲴสҾⴱӪਓⲴ 16ᶑ䘎᧕㓯㿴ᯩࡂṸ઼⴨ᓄⲴՐ䗃ᇩ䟿࠶䝽ˈ࡛࠶
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ྲമ 33઼മ 34ᡰ⽪Ǆ

 602.6983 
 1287.2705 

 954.6789 

 768.4572  2396.7086 

 1929.1918  1419.8897 

 1605.8318 

 1159.0477 

 152.6443 

 382.4781 

മ 32 สҾⴱӪਓⲴᴰሿ⭏ᡀṁ⽪᜿മ

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 0 0 0 1 0 0 0 0 0 0ᴋ㱸 0 0 0 0 0 1 0 0 0 0 0 0ⶀⳟ 0 0 0 0 1 0 0 0 0 1 1 0㩧㭊 0 0 0 1 0 6 0 0 0 0 0 0忒ⳟ 0 1 1 0 6 0 1 0 1 0 0 1墀⪊ 0 0 0 0 0 1 0 0 0 0 0 0惎ⶇ 0 0 0 0 0 0 0 0 1 0 0 0ㄑ忾 0 0 0 0 0 1 0 1 0 0 0 0㔇㔏 0 0 0 1 0 0 0 0 0 0 0 0㇊匩 0 0 0 1 0 0 0 0 0 0 0 0ᵍ殂㘩湑 0 0 0 0 0 1 0 0 0 0 0 0

മ 33 สҾⴱӪਓⲴ 16ᶑ䘎᧕㓯㿴ᯩࡂṸ
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㱂惐澣澻濖澣濧
1 2 200

1 2 6 3 0

1 2 6 5 4 0

1 2 6 5 0

1 2 6 0

1 2 6 7 0

1 2 6 9 8 0

1 2 6 9 0

1 2 6 5 4 10 0

1 2 6 5 4 11 0

1 2 6 12 0

2 6 3 0

2 6 5 4 0

2 6 5 0

2 6 200

2 6 7 0

2 6 9 8 0

2 6 9 0

2 6 5 4 10 0

2 6 5 4 11 0

2 6 12 0

3 6 5 4 0

3 6 5 0

3 6 200

3 6 7 0

3 6 9 8 0

3 6 9 0

3 6 5 4 10 0

3 6 5 4 11 0

3 6 12 0

4 5 200

4 5 6 0

4 5 6 7 0

4 5 6 9 8 0

4 5 6 9 0

4 10 200

4 11 100

4 5 6 12 0

5 6 2400

5 6 7 0

5 6 9 8 0

5 6 9 0

4 5 4 0

4 5 4 0

5 6 12 0

6 7 400

6 9 8 0

6 9 200

5 6 4 10 0

5 6 4 11 0

6 12 100

6 7 6 8 0

6 7 6 0

6 7 5 4 10 0

6 7 5 4 11 0

6 7 6 0

8 9 400

8 9 6 5 4 10 0

8 9 6 5 4 11 0

8 9 6 12 0

6 9 5 4 10 0

6 9 5 4 11 0

6 9 6 0

4 10 4 0

4 10 4 5 6 0

4 11 4 5 6 0

廟㊦䷀峰

മ 34 สҾⴱӪਓⲴ 16ᶑ䘎᧕㓯㿴ᯩࡂṸՐ䗃ᇩ䟿࠶䝽⽪᜿മ
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6 . 3 . 6 สҾⴱӪਓⲴ 33ᶑ䘎᧕㓯㿴ࡂ

ሩҾԕⴱӪਓѪ⹄ウഐ㍐ˈ㾱≲⭘ 33ᶑ䘎᧕㓯䘋㹼㿴ࡂⲴᛵߥˈᡁԜሶ
L = 33ԓޕ㇇⌅ 1ˈᗇࡠสҾⴱӪਓⲴ 33ᶑ䘎᧕㓯㿴ᯩࡂṸ઼⴨ᓄⲴՐ䗃ᇩ䟿
മྲ࡛࠶ˈ䝽࠶ 35઼മ 36ᡰ⽪Ǆ

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 0 0 0 1 0 0 0 0 0 0ᴋ㱸 0 0 0 0 0 1 0 0 0 0 0 0ⶀⳟ 0 0 0 0 1 0 0 0 0 1 1 0㩧㭊 0 0 0 1 0 23 0 0 0 0 0 0忒ⳟ 0 1 1 0 23 0 1 0 1 0 0 1墀⪊ 0 0 0 0 0 1 0 0 0 0 0 0惎ⶇ 0 0 0 0 0 0 0 0 1 0 0 0ㄑ忾 0 0 0 0 0 1 0 1 0 0 0 0㔇㔏 0 0 0 1 0 0 0 0 0 0 0 0㇊匩 0 0 0 1 0 0 0 0 0 0 0 0ᵍ殂㘩湑 0 0 0 0 0 1 0 0 0 0 0 0

മ 35 สҾⴱӪਓⲴ 33ᶑ䘎᧕㓯㿴ᯩࡂṸ
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㱂惐澣澻濖澣濧
1 2 200

1 2 6 3 0

1 2 6 5 4 0

1 2 6 5 0

1 2 6 0

1 2 6 7 0

1 2 6 9 8 0

1 2 6 9 0

1 2 6 5 4 10 0

1 2 6 5 4 11 0

1 2 6 12 0

2 6 3 0

2 6 5 4 0

2 6 5 0

2 6 200

2 6 7 0

2 6 9 8 0

2 6 9 0

2 6 5 4 10 0

2 6 5 4 11 0

2 6 12 0

3 6 5 4 0

3 6 5 0

3 6 200

3 6 7 0

3 6 9 8 0

3 6 9 0

3 6 5 4 10 0

3 6 5 4 11 0

3 6 12 0

4 5 200

4 5 6 0

4 5 6 7 0

4 5 6 9 8 0

4 5 6 9 0

4 10 200

4 11 100

4 5 6 12 0

5 6 9200

5 6 7 0

5 6 9 8 0

5 6 9 0

4 5 4 0

4 5 4 0

5 6 12 0

6 7 400

6 9 8 0

6 9 200

5 6 4 10 0

5 6 4 11 0

6 12 100

6 7 6 8 0

6 7 6 0

6 7 5 4 10 0

6 7 5 4 11 0

6 7 6 0

8 9 400

8 9 6 5 4 10 0

8 9 6 5 4 11 0

8 9 6 12 0

6 9 5 4 10 0

6 9 5 4 11 0

6 9 6 0

4 10 4 0

4 10 4 5 6 0

4 11 4 5 6 0

廟㊦䷀峰

മ 36 สҾᐲӪਓⲴ 33ᶑ䘎᧕㓯㿴ᯩࡂṸՐ䗃ᇩ䟿࠶䝽⽪᜿മ
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6 . 4 䰞仈 2-3

6 . 4 . 1 Ӿ᭯ᓌⲴ䀂ᓖ

㘳㲁ൠ४ਁኅⲴ൷㺑ᙗˈ❦ਾӾ 2-2Ⲵ㿴ࡂѝˈᡁԜਁ⧠ˈঅ㓟ԕ 2-2ѝᇊ
ѹⲴ NVѪՈॆⴞḷᰦˈሩҾᵳ䟽䖳大Ⲵ෾ᐲሩˈަ൘㿴ࡂѝˈՊ䟽༽䘎᧕ཊ
⅑Ǆ䘉ṧ㲭❦㜭㧧ᗇ䖳大Ⲵ㖁㔌ԧ٬ˈնӾൠ४ਁኅⲴᒣ㺑ᙗᶕⴻˈሩҾٿ䘌

ൠ४ǃӪਓ䖳ቁⲴ४ฏ˄ަᵳ䟽а㡜䖳ሿ˅̍ ᱟᶱަн࡙ⲴǄӾ㘼Ӿ᭯ᓌⲴ䀂ᓖ

ᶕ䇢ˈᡁԜ䴰㾱᭩ழ䜘࠶४ฏ䗷ᓖ䘎᧕ⲴᛵߥǄ↔ཆˈ൘㖁㔌䘎᧕ᯩṸ⺞ᇊѻ

ਾˈ࠶䝽䬮䐟ᇩ䟿ᰦˈᵳ䟽䖳大Ⲵ෾ᐲሩѻ䰤Ⲵ䬮䐟ᇩ䟿䗷大ˈ࠶䝽н൷ᛵߥ

ਟ㜭Պ∄䖳ѕ䟽ˈሬ㠤㖁㔌䍴ⓀⲴ⎚䍩Ǆ䪸ሩ䘉єњ䰞仈ˈᡁԜ㘳㲁䟷⭘ԕл

є⿽ᯩṸ᭩䘋㖁㔌ՈॆⴞḷǄ

• 䪸ሩ㖁㔌㿴ࡂ䗷ᓖ䘎᧕

ᡁԜ⭘ Smax = max{Sij} 㺘⽪㖁㔌䘎᧕ѝ䘎᧕⅑ᮠᴰ大Ⲵє४ฏⲴ䘎
᧕ᮠ䟿ˈᖃ㖁㔌ࠪ⧠䗷ᓖ䘎᧕Ⲵᛵߥᰦˈҏণԓ㺘 Smax 䗷大ǄᡁԜ㘳㲁⭘

f (x) = 1
1+e|x|

ᶕᒣ㺑䘉аᛵߥˈԔ䬮䐟ᵳ䟽Ѫ uij =
1

1+e|Smax|
Ǆ

ᡁԜᗇࡠⲴᯠⲴ㖁㔌ՈॆⴞḷѪ

maxNV =
∑

1
1+e|Smax|

· hij · qijǄ
⭡↔ˈᡁԜሶ 2-2ѝⲴՈॆ䰞仈 P-2᭩䘋Ѫ

maxNV =
∑ 1

1 + e|Smax|
· hij · qij (33)

s.t.
∑

qKl
ij ≤ Cmn,∀(m,n) ∈ G (33a)

qKl
ij ≥ 0,∀Kl ∈ {K1, K2, ...} (33b)

ሩ 16ᶑ䘎᧕ᮠᰦ䘋㹼ՈॆˈᗇࡠⲴ㖁㔌㿴ᯩࡂṸ઼䬮䐟ᇩ䟿࠶䝽ᯩṸྲл
ᡰ⽪Ǆ⭡ҾㇷᑵⲴ䲀ࡦˈ䬮䐟ᇩ䟿ᯩṸᡁԜਚኅ⽪Ҷ䜘࠶㔃᷌ˈ䈖ᛵਟ㿱䱴ԦǄ

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 0 1 1 1 0 0 0 1 1ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 1 0 0 1 0 0 0 0㩧㭊 0 1 0 1 0 1 0 1 0 0 0 0忒ⳟ 0 1 0 0 1 0 1 1 0 0 0 0墀⪊ 0 1 0 0 0 1 0 1 0 0 0 0惎ⶇ 0 0 0 1 1 1 1 0 1 1 0 0ㄑ忾 0 0 0 0 0 0 0 1 0 0 0 0㔇㔏 0 0 0 0 0 0 0 1 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0

ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 37 䪸ሩ㖁㔌䗷ᓖ䘎᧕᭩䘋Ⲵᯠ㖁㔌䘎᧕ᯩṸ˄16ᶑ˅
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㱂惐澣澻濖澣濧
1 2 2.0000E+02

1 2 3 2.4349E-13

1 2 5 4 1.3300E-13

1 2 5 6 7 8 4 6.5818E-14

1 2 5 6 8 4 6.7024E-14

1 2 5 8 4 7.8050E-14

1 2 6 5 4 9.4872E-14

1 2 6 5 8 4 6.6451E-14

1 2 6 7 8 4 7.2383E-14

1 2 6 7 8 5 4 6.2291E-14

1 2 6 8 4 7.1306E-14

1 2 6 8 5 4 6.6600E-14

1 2 7 6 5 4 1.2028E-13

1 2 7 6 5 8 4 7.6232E-14

1 2 7 6 8 4 8.0790E-14

1 2 7 6 8 5 4 7.0087E-14

1 2 7 8 4 1.1204E-13

1 2 7 8 5 4 8.4301E-14

1 2 7 8 6 5 4 7.6764E-14

1 2 5 1.9164E-13

1 2 6 5 1.1180E-13

1 2 6 7 8 4 5 5.7295E-14

1 2 6 7 8 5 7.0668E-14

1 2 6 8 4 5 5.6000E-14

1 2 6 8 5 7.7657E-14

1 2 7 6 5 1.7683E-13

1 2 7 6 8 4 5 6.2291E-14

1 2 7 6 8 5 8.0320E-14

1 2 7 8 4 5 7.7222E-14

1 2 7 8 5 1.0314E-13

1 2 7 8 6 5 8.8793E-14

1 2 5 4 8 6 5.7286E-14

1 2 5 4 8 7 6 5.6393E-14

1 2 5 6 1.3133E-13

1 2 5 8 6 8.5149E-14

1 2 5 8 7 6 7.3327E-14

1 2 6 1.1757E-13

1 2 7 6 2.5437E-13

1 2 7 8 4 5 6 7.0350E-14

1 2 7 8 5 6 9.0736E-14

1 2 7 8 6 9.8206E-14

1 2 5 4 8 6 7 5.2784E-14

1 2 5 4 8 7 6.0977E-14

1 2 5 6 7 1.0654E-13

1 2 5 6 8 7 7.1108E-14

1 2 5 8 6 7 7.3039E-14

1 2 5 8 7 8.3478E-14

1 2 6 5 4 8 7 5.7129E-14

1 2 6 5 8 7 6.9925E-14

1 2 6 7 1.1139E-13

1 2 6 8 7 7.4975E-14

1 2 7 3.8572E-13

1 2 5 4 8 7.9533E-14

1 2 5 6 7 8 9.1512E-14

1 2 5 6 8 1.0939E-13

1 2 5 8 1.4857E-13

1 2 6 5 4 8 6.9972E-14

1 2 6 5 8 9.7792E-14

1 2 6 7 8 1.0113E-13

1 2 6 8 1.1179E-13

1 2 7 6 5 4 8 8.0623E-14

1 2 7 6 5 8 1.0891E-13

1 2 7 6 8 1.2690E-13

1 2 7 8 2.6361E-13

1 2 5 4 8 9 5.9896E-14

1 2 5 6 7 8 9 6.8262E-14

廟㊦䷀峰

മ 38 䪸ሩ㖁㔌䗷ᓖ䘎᧕᭩䘋Ⲵ䬮䐟ᇩ䟿࠶䝽˄16ᶑ˅

ሩ 33ᶑ䘎᧕ᮠᰦ䘋㹼ՈॆˈᗇࡠⲴ㖁㔌㿴ᯩࡂṸ઼䬮䐟ᇩ䟿࠶䝽ᯩṸྲл
ᡰ⽪Ǆ⭡ҾㇷᑵⲴ䲀ࡦˈ䬮䐟ᇩ䟿ᯩṸᡁԜਚኅ⽪Ҷ䜘࠶㔃᷌ˈ䈖ᛵਟ㿱䱴ԦǄ
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s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 1 1 1 1 1 1 0 1 1ᴋ㱸 0 1 0 1 1 1 0 1 1 0 0 0ⶀⳟ 0 1 1 0 1 0 0 1 1 1 0 0㩧㭊 0 1 1 1 0 1 1 1 1 0 0 0忒ⳟ 0 1 1 0 1 0 1 1 1 0 0 0墀⪊ 0 1 0 0 1 1 0 1 1 0 0 0惎ⶇ 0 1 1 1 1 1 1 0 1 1 1 1ㄑ忾 0 1 1 1 1 1 1 1 0 1 0 0㔇㔏 0 0 0 1 0 0 0 1 1 0 0 0㇊匩 0 1 0 0 0 0 0 1 0 0 0 0

ᵍ殂㘩湑 0 1 0 0 0 0 0 1 0 0 0 0

മ 39 䪸ሩ㖁㔌䗷ᓖ䘎᧕᭩䘋Ⲵᯠ㖁㔌䘎᧕ᯩṸ˄33ᶑ˅

㱂惐澣澻濖澣濧
1 2 2.0000E+02

1 2 3 0.0000E+00

1 2 4 3 0.0000E+00

1 2 4 5 3 0.0000E+00

1 2 4 5 6 3 0.0000E+00

1 2 4 5 6 7 8 3 0.0000E+00

1 2 4 5 6 7 8 9 3 0.0000E+00

1 2 4 5 6 7 8 10 9 3 0.0000E+00

1 2 4 5 6 7 9 3 0.0000E+00

1 2 4 5 6 7 9 8 3 0.0000E+00

1 2 4 5 6 7 9 10 8 3 0.0000E+00

1 2 4 5 6 8 3 0.0000E+00

1 2 4 5 6 8 7 9 3 0.0000E+00

1 2 4 5 6 8 9 3 0.0000E+00

1 2 4 5 6 8 10 9 3 0.0000E+00

1 2 4 5 6 9 3 0.0000E+00

1 2 4 5 6 9 7 8 3 0.0000E+00

1 2 4 5 6 9 8 3 0.0000E+00

1 2 4 5 6 9 10 8 3 0.0000E+00

1 2 4 5 7 6 3 0.0000E+00

1 2 4 5 7 6 8 3 0.0000E+00

1 2 4 5 7 6 8 9 3 0.0000E+00

1 2 4 5 7 6 8 10 9 3 0.0000E+00

1 2 4 5 7 6 9 3 0.0000E+00

1 2 4 5 7 6 9 8 3 0.0000E+00

1 2 4 5 7 6 9 10 8 3 0.0000E+00

1 2 4 5 7 8 3 0.0000E+00

1 2 4 5 7 8 6 3 0.0000E+00

1 2 4 5 7 8 6 9 3 0.0000E+00

1 2 4 5 7 8 9 3 0.0000E+00

1 2 4 5 7 8 9 6 3 0.0000E+00

1 2 4 5 7 8 10 9 3 0.0000E+00

1 2 4 5 7 8 10 9 6 3 0.0000E+00

1 2 4 5 7 9 3 0.0000E+00

1 2 4 5 7 9 6 3 0.0000E+00

1 2 4 5 7 9 6 8 3 0.0000E+00

1 2 4 5 7 9 8 3 0.0000E+00

1 2 4 5 7 9 8 6 3 0.0000E+00

1 2 4 5 7 9 10 8 3 0.0000E+00

1 2 4 5 7 9 10 8 6 3 0.0000E+00

1 2 4 5 8 3 0.0000E+00

1 2 4 5 8 6 3 0.0000E+00

1 2 4 5 8 6 7 9 3 0.0000E+00

1 2 4 5 8 6 9 3 0.0000E+00

1 2 4 5 8 7 6 3 0.0000E+00

1 2 4 5 8 7 6 9 3 0.0000E+00

1 2 4 5 8 7 9 3 0.0000E+00

1 2 4 5 8 7 9 6 3 0.0000E+00

1 2 4 5 8 9 3 0.0000E+00

1 2 4 5 8 9 6 3 0.0000E+00

1 2 4 5 8 9 7 6 3 0.0000E+00

1 2 4 5 8 10 9 3 0.0000E+00

1 2 4 5 8 10 9 6 3 0.0000E+00

1 2 4 5 8 10 9 7 6 3 0.0000E+00

1 2 4 5 9 3 0.0000E+00

1 2 4 5 9 6 3 0.0000E+00

1 2 4 5 9 6 7 8 3 0.0000E+00

1 2 4 5 9 6 8 3 0.0000E+00

1 2 4 5 9 7 6 3 0.0000E+00

1 2 4 5 9 7 6 8 3 0.0000E+00

1 2 4 5 9 7 8 3 0.0000E+00

1 2 4 5 9 7 8 6 3 0.0000E+00

1 2 4 5 9 8 3 0.0000E+00

1 2 4 5 9 8 6 3 0.0000E+00

1 2 4 5 9 8 7 6 3 0.0000E+00

1 2 4 5 9 10 8 3 0.0000E+00

廟㊦䷀峰

മ 40 䪸ሩ㖁㔌䗷ᓖ䘎᧕᭩䘋Ⲵ䬮䐟ᇩ䟿࠶䝽˄33ᶑ˅

• 䪸ሩ䬮䐟ᇩ䟿࠶䝽н൷

ᡁԜ⌘᜿ࡠˈᖃ㖁㔌䘎᧕⺞ᇊਾˈ࠶䝽䬮䐟ᇩ䟿ᰦˈ⭡Ҿ㇇⌅ᵜ䓛Ⲵ䍚ႚ

⢩ᙗⲴᖡ૽ˈՊࠪ⧠Ḁє⛩ᆈ൘ཊᶑ䘎᧕ᰦˈ㔍大ཊᮠ䬮䐟ᇩ䟿࠶䝽㔉Ḁаᶑ
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ᡆቁᮠࠐᶑᵳ䟽䖳大Ⲵ䬮䐟Ǆ䘉ㅖਸ㖁㔌ԧ٬ᴰ大ॆⲴ䴰≲ˈն઼ൠ४ᒣ㺑ਁ

ኅⲴⴞḷ⴨ᛆǄ

⭘CP ԓ㺘෾ᐲ i઼෾ᐲ jѻ䰤ⲴㅜKlᶑ䐟ᖴⲴ䬮䐟ᇩ䟿ᙫ઼ˈe㺘⽪㓿䗷

Ⲵᙫ䗩ᮠˈُࣙ࠭ᮠ f (x) = tanh (x)ˈᴤᯠ䬮䐟ᵳ䟽Ѫuij = α + tanh
(

CP−e·qKl
ij

CP

)
Ǆ

ަѝˈ参ᮠ a⭘Ҿሩঅ䬮᧕ⲴᛵߥⲴ䈳઼Ǆ䆜ྲ䈤ˈᖃḀањ४ฏਚоањ४

ฏ⴨䘎ᰦˈ䈕䬮䐟Ⲵᡰᴹਟ⭘ᇩ䟿䜭㻛䍻Ҹ䈕⍱䟿ˈӾᇎ䱵ᛵᖒᶕⴻᱟਸ⨶Ⲵˈ

ն൘ tanh(·)ѝᗇࡠⲴ㔃᷌Ѫ䴦ǄѪҶ㺕گ䘉аᛵߥлⲴᦏཡˈᡁԜ໎࣐Ҷ参ᮠ
aǄ

ᡁԜᗇࡠⲴᯠⲴ㖁㔌ՈॆⴞḷѪ

maxNV =
∑(

α + tanh
(

CP−e·qKl
ij

CP

))
· hij · qijǄ

⭡↔ˈᡁԜሶ 2-2ѝⲴՈॆ䰞仈 P-2᭩䘋Ѫ

maxNV =
∑(

α + tanh

(
CP − e · qKl

ij

CP

))
· hij · qij (34)

s.t.
∑

qKl
ij ≤ Cmn,∀(m,n) ∈ G (34a)

qKl
ij ≥ 0,∀Kl ∈ {K1, K2, ...} (34b)

ሩ 16ᶑ䘎᧕ᮠᰦ䘋㹼ՈॆˈᗇࡠⲴ㖁㔌㿴ᯩࡂṸ઼䬮䐟ᇩ䟿࠶䝽ᯩṸྲл
ᡰ⽪˖⭡ҾㇷᑵⲴ䲀ࡦˈ䬮䐟ᇩ䟿ᯩṸᡁԜਚኅ⽪Ҷ䜘࠶㔃᷌ˈ䈖ᛵਟ㿱䱴ԦǄ

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 0 1 0 0 0 0 0 1 1ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 0 0 0 1 0 0 0 0㩧㭊 0 1 0 0 0 1 0 0 0 0 0 0忒ⳟ 0 0 0 0 1 0 1 0 0 0 0 0墀⪊ 0 0 0 0 0 1 0 1 0 0 0 0惎ⶇ 0 0 0 1 0 0 1 0 6 1 0 0ㄑ忾 0 0 0 0 0 0 0 6 0 0 0 0㔇㔏 0 0 0 0 0 0 0 1 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0

ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 41 䪸ሩ䬮䐟ᇩ䟿࠶䝽н൷Ⲵᯠ㖁㔌䘎᧕ᯩṸ˄16ᶑ˅
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㱂惐澣澻濖澣濧
1 2 1.7355E+02

1 2 3 2.6454E+01

1 2 5 6 7 8 4 4.4692E-07

1 2 5 1.6193E-06

1 2 5 6 1.0954E-06

1 2 5 6 7 7.8165E-07

1 2 5 6 7 8 6.8677E-07

1 2 5 6 7 8 9 4.3696E-07

1 2 5 6 7 8 10 4.6988E-07

1 2 11 4.2229E-06

1 2 12 6.7249E-06

2 3 1.7355E+02

2 5 6 7 8 4 1.0307E-06

2 5 1.6797E+02

2 5 6 3.2032E+01

2 5 6 7 2.7386E-06

2 5 6 7 8 7.4318E-06

2 5 6 7 8 9 8.1829E-07

2 5 6 7 8 10 7.6960E-07

2 11 8.0262E+01

2 12 8.0262E+01

2 3 2 5 6 7 4 5.1930E-07

2 3 2 2.0443E-06

2 3 2 5 1.2425E-06

2 3 2 5 6 8.5430E-07

2 3 2 5 6 7 8.9844E-07

2 3 2 5 6 7 8 4.7797E-07

2 3 2 5 6 7 8 4.8344E-07

2 3 2 2.9741E-06

2 3 2 5.1022E-06

4 8 7 6 5 1.0358E-06

4 8 7 6 1.2864E-06

4 8 7 2.4571E-06

4 8 1.7263E+02

4 8 9 2.3065E+01

4 8 10 4.3072E+00

4 8 7 6 5 2 11 3.8266E-07

4 8 7 6 5 2 12 4.0584E-07

5 6 3.6797E+02

5 6 7 1.4460E-04

5 6 7 8 5.4352E-06

5 6 7 8 9 9.8404E-07

5 6 7 8 10 1.1686E-06

2 5 2 1.3785E-06

2 5 2 1.5689E-06

6 7 3.6495E+02

6 7 8 3.5047E+01

6 7 8 9 1.2298E-06

6 7 8 10 1.5753E-06

5 6 2 11 1.0090E-06

5 6 2 12 1.0991E-06

7 8 3.6495E+02

7 8 9 2.2558E-06

7 8 10 3.7648E-06

6 7 5 2 11 7.3607E-07

6 7 5 2 12 7.8303E-07

8 9 2.3565E+03

8 10 1.7528E+02

7 8 6 5 2 11 5.3266E-07

7 8 6 5 2 12 5.8218E-07

8 9 8 2.0411E+01

8 9 7 6 5 2 11 4.0070E-07

8 9 7 6 5 2 12 4.1931E-07

8 10 7 6 5 2 11 4.6823E-07

8 10 7 6 5 2 12 4.8295E-07

2 11 2 1.9738E+01

廟㊦䷀峰
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ሩ 33ᶑ䘎᧕ᮠᰦ䘋㹼ՈॆˈᗇࡠⲴ㖁㔌㿴ᯩࡂṸ઼䬮䐟ᇩ䟿࠶䝽ᯩṸྲл
ᡰ⽪˖⭡ҾㇷᑵⲴ䲀ࡦˈ䬮䐟ᇩ䟿ᯩṸᡁԜਚኅ⽪Ҷ䜘࠶㔃᷌ˈ䈖ᛵਟ㿱䱴ԦǄ

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 0 1 0 0 0 0 0 1 1ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 0 0 0 1 0 0 0 0㩧㭊 0 1 0 0 0 1 0 0 0 0 0 0忒ⳟ 0 0 0 0 1 0 1 0 0 0 0 0墀⪊ 0 0 0 0 0 1 0 1 0 0 0 0惎ⶇ 0 0 0 1 0 0 1 0 23 1 0 0ㄑ忾 0 0 0 0 0 0 0 23 0 0 0 0㔇㔏 0 0 0 0 0 0 0 1 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0

ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 43 䪸ሩ䬮䐟ᇩ䟿࠶䝽н൷Ⲵᯠ㖁㔌䘎᧕ᯩṸ˄33ᶑ˅
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㱂惐澣澻濖澣濧
1 2 1.7355E+02

1 2 3 2.6454E+01

1 2 5 6 7 8 4 4.4692E-07

1 2 5 1.6193E-06

1 2 5 6 1.0954E-06

1 2 5 6 7 7.8165E-07

1 2 5 6 7 8 6.8677E-07

1 2 5 6 7 8 9 4.3696E-07

1 2 5 6 7 8 10 4.6988E-07

1 2 11 4.2229E-06

1 2 12 6.7249E-06

2 3 1.7355E+02

2 5 6 7 8 4 1.0307E-06

2 5 1.6797E+02

2 5 6 3.2032E+01

2 5 6 7 2.7386E-06

2 5 6 7 8 7.4317E-06

2 5 6 7 8 9 8.1829E-07

2 5 6 7 8 10 7.6959E-07

2 11 8.0262E+01

2 12 8.0262E+01

2 3 2 5 6 7 4 5.1929E-07

2 3 2 2.0443E-06

2 3 2 5 1.2425E-06

2 3 2 5 6 8.5430E-07

2 3 2 5 6 7 8.9844E-07

2 3 2 5 6 7 8 4.7798E-07

2 3 2 5 6 7 8 4.8344E-07

2 3 2 2.9741E-06

2 3 2 5.1022E-06

4 8 7 6 5 1.0358E-06

4 8 7 6 1.2864E-06

4 8 7 2.4571E-06

4 8 1.7263E+02

4 8 9 2.7301E+01

4 8 10 7.0442E-02

4 8 7 6 5 2 11 3.8266E-07

4 8 7 6 5 2 12 4.0584E-07

5 6 3.6797E+02

5 6 7 1.4465E-04

5 6 7 8 5.4352E-06

5 6 7 8 9 9.8405E-07

5 6 7 8 10 1.1686E-06

2 5 2 1.3785E-06

2 5 2 1.5689E-06

6 7 3.6495E+02

6 7 8 3.5047E+01

6 7 8 9 1.2299E-06

6 7 8 10 1.5753E-06

5 6 2 11 1.0090E-06

5 6 2 12 1.0991E-06

7 8 3.6495E+02

7 8 9 2.2559E-06

7 8 10 3.7648E-06

6 7 5 2 11 7.3607E-07

6 7 5 2 12 7.8303E-07

8 9 9.1481E+03

8 10 1.7528E+02

7 8 6 5 2 11 5.3266E-07

7 8 6 5 2 12 5.8218E-07

8 9 8 2.4648E+01

8 9 7 6 5 2 11 4.0071E-07

8 9 7 6 5 2 12 4.1931E-07

8 10 7 6 5 2 11 4.6823E-07

8 10 7 6 5 2 12 4.8294E-07

2 11 2 1.9738E+01

廟㊦䷀峰
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6 . 4 . 2 Ӿ䘀㩕୶Ⲵ䀂ᓖ

઼᭯ᓌн਼ˈ䘀㩕୶а㡜Պԕ࡙⏖ᴰ大ॆѪⴞḷˈ൘ٿ䘌ǃ㓿⍾нਁ䗮ൠ

४ᔪ立ݹ㓔㖁㔌઼㓿⍾ਁ䗮ˈфൠ⨶ս㖞⴨ሩ䳶ѝⲴ४ฏ⴨∄ˈ㓿⍾᭦⳺䳮ݽ

Պᴹᡰл䱽ǄӾ䘉а䀂ᓖᶕⴻˈ४ฏⲴ GDPሩҾ䘀㩕୶ᶕ䈤ˈᱟ∄Ӫਓᴤᴹ᜿
ѹⲴ㺑䟿ഐ㍐ˈഐѪ㓿⍾䎺ਁ䗮Ⲵൠ४ˈ֯⭘ݹ㓔㖁㔌Ⲵ∄ֻ䎺儈ˈ൪ਸҏ䎺

ཊǄᡁԜ⭘ ri 㺘⽪४ฏ iⲴ GDPˈ㊫լҾ仈䇮ѝ䘎᧕४ฏӪਓᮠⲴᇊѹˈᡁԜ
㿴ᇊ䘎᧕४ฏ GDPѪє४ฏ GDP҈〟Ⲵ 0.5⅑ᯩǄ⭘ rij 㺘⽪४ฏ i઼४ฏ j

Ⲵ䘎᧕४ฏ GDPˈ则 rij =
√
ri · rjǄ

ᡁԜᗇࡠⲴᯠⲴ㖁㔌ՈॆⴞḷѪ maxNV =
∑

uij · hij · rij
⭡↔ˈᡁԜሶ䰞仈 2-2ѝⲴՈॆ䰞仈 P-3᭩䘋Ѫ

maxNV =
∑

uij · hij · rij (35)

s.t.
∑

qKl
ij ≤ Cmn, ∀(m,n) ∈ G (35a)

qKl
ij ≥ 0, ∀Kl ∈ {K1, K2, ...} (35b)

ᡁԜḕ䰵Ҷᡰ⹄ウ४ฏⲴ GDPᛵߥˈᮤ⨶ྲл˄ᮠᦞᶕ㠚Ҿഭᇦ㔏䇑ተ˅̟

GDP

⏇⬓㷧 6101.61

ᶫ㰤 43554.52

ᴉ㱶 28178.65

⵾㳰 39040.04

㩥㭈 11912.61

忐ⳝ 8025.31

塾⪈ 6257.18

惌ⶅ 17740.59

ㄏ忼 12170.23

㔅㔍 4300.08

㇈匧 389.46

ᵋ殀㘧湏 2458.98

≔Ṍ漡ᶾ⁂

മ 45 ෾ᐲ GDP㔏䇑㔃᷌

ሩ 16ᶑ䘎᧕ᮠᰦ䘋㹼ՈॆˈᗇࡠⲴ㖁㔌㿴ᯩࡂṸ઼䬮䐟ᇩ䟿࠶䝽ᯩṸྲл
ᡰ⽪˖⭡ҾㇷᑵⲴ䲀ࡦˈ䬮䐟ᇩ䟿ᯩṸᡁԜਚኅ⽪Ҷ䜘࠶㔃᷌ˈ䈖ᛵਟ㿱䱴ԦǄ
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s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 6 0 1 0 0 0 0 0 1 1ᴋ㱸 0 6 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 1 0 0 1 0 1 0 0㩧㭊 0 1 0 1 0 1 0 0 0 0 0 0忒ⳟ 0 0 0 0 1 0 0 0 0 0 0 0墀⪊ 0 0 0 0 0 0 0 1 0 0 0 0惎ⶇ 0 0 0 1 0 0 1 0 1 0 0 0ㄑ忾 0 0 0 0 0 0 0 1 0 0 0 0㔇㔏 0 0 0 1 0 0 0 0 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0

ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 46 䪸ሩ㓿⍾᭸⳺Ⲵᯠ㖁㔌䘎᧕ᯩṸ˄16ᶑ˅
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㱂惐澣澻濖澣濧
1 2 2.0000E+02

1 2 3 1.2876E-09

1 2 5 4 1.5759E-09

1 2 5 3.3551E-09

1 2 5 6 2.2838E-09

1 2 5 4 8 7 9.1272E-10

1 2 5 4 8 1.1313E-09

1 2 5 4 8 9 8.9296E-10

1 2 5 4 10 9.1981E-10

1 2 11 2.4436E-09

1 2 12 2.0547E-09

2 3 1.2000E+03

2 5 4 5.9271E-08

2 5 2.0000E+02

2 5 6 7.4886E-09

2 5 4 8 7 1.3528E-09

2 5 4 8 2.1202E-09

2 5 4 8 9 1.4331E-09

2 5 4 10 1.6024E-09

2 11 1.0000E+02

2 12 1.0000E+02

2 3 2 4 1.4353E-09

2 3 2 1.9451E-09

2 3 2 5 1.3216E-09

2 3 2 4 8 7 6.4429E-10

2 3 2 4 8 8.3758E-10

2 3 2 4 8 9 6.6722E-10

2 3 2 4 10 6.7175E-10

2 3 2 1.2845E-09

2 3 2 1.2479E-09

4 5 2.0000E+02

4 5 6 3.4752E-09

4 8 7 5.4053E-09

4 8 2.0000E+02

4 8 9 6.1613E-09

4 10 2.0000E+02

4 5 2 11 1.4909E-09

4 5 2 12 1.4723E-09

5 6 4.0000E+02

4 5 4 7 1.1416E-09

4 5 4 1.8774E-09

4 5 4 8 1.1224E-09

4 5 4 1.7628E-09

2 5 2 3.6092E-09

2 5 2 3.2239E-09

5 6 4 8 7 8.6802E-10

5 6 4 8 1.2294E-09

5 6 4 8 9 8.4428E-10

5 6 4 10 1.2711E-09

5 6 2 11 2.5198E-09

5 6 2 12 2.1873E-09

7 8 4.0000E+02

7 8 9 3.0178E-09

7 8 4 10 1.6196E-09

7 8 4 5 2 11 1.1576E-09

7 8 4 5 2 12 9.3134E-10

8 9 4.0000E+02

4 8 4 2.6539E-09

4 8 4 2 11 1.0810E-09

4 8 4 2 12 1.0354E-09

8 9 4 10 1.5280E-09

8 9 4 5 2 11 1.0622E-09

8 9 4 5 2 12 8.7789E-10

4 10 4 2 11 1.0648E-09

4 10 4 2 12 9.6063E-10

2 11 2 3.7242E-09

廟㊦䷀峰
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ሩ 33ᶑ䘎᧕ᮠᰦ䘋㹼ՈॆˈᗇࡠⲴ㖁㔌㿴ᯩࡂṸ઼䬮䐟ᇩ䟿࠶䝽ᯩṸྲл
ᡰ⽪˖⭡ҾㇷᑵⲴ䲀ࡦˈ䬮䐟ᇩ䟿ᯩṸᡁԜਚኅ⽪Ҷ䜘࠶㔃᷌ˈ䈖ᛵਟ㿱䱴ԦǄ

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 0 1 0 0 0 0 0 1 1ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 0 0 0 1 0 0 1 0 1 0 0㩧㭊 0 1 0 1 0 23 0 0 0 0 0 0忒ⳟ 0 0 0 0 23 0 0 0 0 0 0 0墀⪊ 0 0 0 0 0 0 0 1 0 0 0 0惎ⶇ 0 0 0 1 0 0 1 0 1 0 0 0ㄑ忾 0 0 0 0 0 0 0 1 0 0 0 0㔇㔏 0 0 0 1 0 0 0 0 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0

ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 48 䪸ሩ㓿⍾᭸⳺Ⲵᯠ㖁㔌䘎᧕ᯩṸ˄33ᶑ˅
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㱂惐澣澻濖澣濧
1 2 2.0000E+02

1 2 3 0.0000E+00

1 2 5 4 0.0000E+00

1 2 5 0.0000E+00

1 2 5 6 0.0000E+00

1 2 5 4 8 7 0.0000E+00

1 2 5 4 8 0.0000E+00

1 2 5 4 8 9 0.0000E+00

1 2 5 4 10 0.0000E+00

1 2 11 0.0000E+00

1 2 12 0.0000E+00

2 3 2.0000E+02

2 5 4 0.0000E+00

2 5 2.0000E+02

2 5 6 0.0000E+00

2 5 4 8 7 0.0000E+00

2 5 4 8 0.0000E+00

2 5 4 8 9 0.0000E+00

2 5 4 10 0.0000E+00

2 11 1.0000E+02

2 12 1.0000E+02

2 3 2 4 0.0000E+00

2 3 2 0.0000E+00

2 3 2 5 0.0000E+00

2 3 2 4 8 7 0.0000E+00

2 3 2 4 8 0.0000E+00

2 3 2 4 8 9 0.0000E+00

2 3 2 4 10 0.0000E+00

2 3 2 0.0000E+00

2 3 2 0.0000E+00

4 5 2.0000E+02

4 5 6 0.0000E+00

4 8 7 0.0000E+00

4 8 2.0000E+02

4 8 9 0.0000E+00

4 10 2.0000E+02

4 5 2 11 0.0000E+00

4 5 2 12 0.0000E+00

5 6 9.2000E+03

4 5 4 7 0.0000E+00

4 5 4 0.0000E+00

4 5 4 8 0.0000E+00

4 5 4 0.0000E+00

2 5 2 0.0000E+00

2 5 2 0.0000E+00

5 6 4 8 7 0.0000E+00

5 6 4 8 0.0000E+00

5 6 4 8 9 0.0000E+00

5 6 4 10 0.0000E+00

5 6 2 11 0.0000E+00

5 6 2 12 0.0000E+00

7 8 4.0000E+02

7 8 9 0.0000E+00

7 8 4 10 0.0000E+00

7 8 4 5 2 11 0.0000E+00

7 8 4 5 2 12 0.0000E+00

8 9 4.0000E+02

4 8 4 0.0000E+00

4 8 4 2 11 0.0000E+00

4 8 4 2 12 0.0000E+00

8 9 4 10 0.0000E+00

8 9 4 5 2 11 0.0000E+00

8 9 4 5 2 12 0.0000E+00

4 10 4 2 11 0.0000E+00

4 10 4 2 12 0.0000E+00

2 11 2 0.0000E+00

廟㊦䷀峰

മ 49 䪸ሩ㓿⍾᭸⳺Ⲵ䬮䐟ᇩ䟿࠶䝽˄33ᶑ˅
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6 . 4 . 3 㚄ਸՈॆ

ᡁԜӾ䘀㩕୶઼ഭᇦⲴ䀂ᓖ㔬ਸ㘳㲁ˈᗇྲࡠлⲴ㖁㔌Ոॆⴞḷˈྲлᡰ

⽪˖maxNV =
∑

1
1+e|Smax|

·
(
α + tanh

(
CP−e·qKl

ij

CP

))
· hij · rij .

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 1 1 1 1 0 0 0 1 1ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 1 0 0 1 0 0 1 0 1 0 0㩧㭊 0 1 0 1 0 1 0 0 0 0 0 0忒ⳟ 0 1 0 0 1 0 0 0 1 0 0 0墀⪊ 0 1 0 0 0 0 0 1 0 1 0 0惎ⶇ 0 0 0 1 0 0 1 0 1 0 0 0ㄑ忾 0 0 0 0 0 1 0 1 0 0 0 0㔇㔏 0 0 0 1 0 0 1 0 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0

ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 50 㚄ਸⲴᯠ㖁㔌䘎᧕ᯩṸ

s ⏉⬕㷩 ∘ᶭ ᴋ㱸 ⶀⳟ 㩧㭊 忒ⳟ 墀⪊ 惎ⶇ ㄑ忾 㔇㔏 ㇊匩 ᵍ殂㘩湑
⏉⬕㷩 0 1 0 0 0 0 0 0 0 0 0 0∘ᶭ 1 0 1 1 1 1 1 0 0 0 1 1ᴋ㱸 0 1 0 0 0 0 0 0 0 0 0 0ⶀⳟ 0 1 0 0 1 0 0 1 0 1 0 0㩧㭊 0 1 0 1 0 1 0 0 0 0 0 0忒ⳟ 0 1 0 0 1 0 0 0 1 0 0 0墀⪊ 0 1 0 0 0 0 0 1 0 1 0 0惎ⶇ 0 0 0 1 0 0 1 0 1 0 0 0ㄑ忾 0 0 0 0 0 1 0 1 0 0 0 0㔇㔏 0 0 0 1 0 0 1 0 0 0 0 0㇊匩 0 1 0 0 0 0 0 0 0 0 0 0

ᵍ殂㘩湑 0 1 0 0 0 0 0 0 0 0 0 0

മ 51 㚄ਸⲴ䬮䐟ᇩ䟿࠶䝽
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7. 䰤从пⲺ建模与≸䀙

䰞仈й⹄ウҶᱏᓗമⲴ᭩ழ䰞仈Ǆ൘ㅜа䰞Ⲵส⹰кˈᡁԜᐢ⸕൘㓐ࡽ

BERнਈᰦˈ䱽վ SNRᇩ䲀⛩ਟԕᨀ儈㌫㔏ᇩᗽಚ༠Ⲵ㜭࣋ˈӾ㘼ᔦ䮯䬮䐟Ⲵ
ᙫ䮯ᓖǄ⭡↔ਟ㿱ˈ⹄ウྲօ䱽վ SNRᇩ䲀⛩ሩҾᙗ㜭ⲴՈॆҏᖸᴹԧ٬Ǆ䪸
ሩ 16QAMᯩṸⲴᱏᓗമˈᡁԜ൘䈳ࡦṬᔿⲴؑ᚟⟥؍ᤱѪ 3bitⲴࡽᨀлˈቍ
䈅᭩ਈᱏᓗ⛩Ⲵս㖞ǃᮠ䟿ԕ৺⇿њ⛩Ⲵᾲ⦷˄ণㅖ号ᾲ⦷˅̍ ԕ≲䱽վ SNR
ᇩ䲀Ǆ

7 . 1 ൘ㅹᾲᶑԦлˈ᭩ਈ⛩Ⲵս㖞ǃᮠ䟿

൘ㅹᾲⲴٷ䇮лˈᡁԜਟԕ䟷⭘(9)ѝⲴᴰ䘁䛫Ự⍻ಘˈ↔ᰦⲴಚ༠ᇩ䲀Ѫ
dmin
2
Ǆ൘ dminаᇊˈBER؍ᤱнਈᰦˈᱏᓗ⛩ᢙᮓ䐍⿫大Ҿಚ༠ᇩ䲀Ⲵᾲ⦷ҏ؍

ᤱнਈˈҏণಚ༠࣏⦷аᇊ [5]Ǆ৸ഐѪ SNR (dB) = 10 log 10 (Ps/Pn)ˈᖃಚ༠

࣏⦷аᇊᰦˈ䱽վ SNRᇩ䲀ਟԕ䙊䗷䱽վ εavgᶕᇎ⧠Ǆ

7 . 1 . 1 16⛩ᯩṸ

൘⛩ᮠѪ 16Ⲵᛵߥлˈ؍ᤱᴰሿ䐍⿫нਈˈ䙊䗷䈳ᮤ⛩Ⲵս㖞ˈ֯ᗇᴰ㓸
⛩Ⲵо৏⛩Ⲵ䐍⿫൘┑䏣ᴰሿ䐍⿫ dminⲴ㓖ᶏл䗮ࡠᴰሿˈণㅖ号࣏⦷ᴰሿǄ
䟷⭘є⿽ᯩṸ䙀↕ᔪ立ᯠⲴᱏᓗമǄ࡛࠶

• ᯩṸа

Step1 ྲമ 52ᡰ⽪ˈ俆޵ࠪ⭫ݸ᧕↓ᯩᖒ䗩䮯Ѫ dmin ⲴശˈަॺᖴѪ r1 =
√
2
2
dminˈ↓ᯩᖒⲴഋњ亦⛩ሩᓄഋњᱏᓗ⛩Ǆ

A

d
min

r
1

മ 52 ᯩṸа˄16⛩˅Step1⽪᜿മ
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Step2ྲമ 53ᡰ⽪ˈԕ Step1ѝⲴ A⛩Ѫശᗳˈdmin Ѫॺᖴ⭫ശǄ਼⨶ਟᗇࡠ

⛩ࡠഋњശˈശєє⴨Ӕˈᗇࡠ B,⛩ A,B,DᶴᡀҶ䗩䮯Ѫ dminⲴㅹ䗩й䀂ᖒǄ

ഋњ⛩Ǆࡠਟᗇ⌅ᯩ⅑׍

d
min

d
min

d
min

d
min

A

B

D

മ 53 ᯩṸа˄16⛩˅Step2⽪᜿മ

Step3ྲമ 54ᡰ⽪ˈԕ Step2ѝᗇࡠⲴ B ⛩ˈdmin Ѫॺᖴ⭫ശǄ਼⨶ਟᗇࡠࡠ

ഋњശˈശശєє⴨ӔǄ䴰㾱⌘᜿ⲴᱟˈᡁԜн㜭ሶᱏᓗ⛩䇮ѪӔ⛩ˈഐѪ↔

ᰦᯠӗ⭏Ⲵє⛩ѻ䰤Ⲵ䐍⿫ሿҾ dminǄᡁԜ࡛࠶⋯⵰ശ B઼ശ F Ⲵ䗩ˈሩ〠ൠ

ሶ⛩ C ઼Dཆ〫ˈᖃ⛩ C ઼DⲴ䐍⿫Ѫ dminᰦˈڌ→〫ࣘˈ↔ᰦⲴ⛩ C ઼D

䇮ѪᯠⲴᱏᓗ⛩Ⲵս㖞Ǆ਼⨶ޡਟԕᗇࡠ 8њ⛩Ǆ

d
min

B

A

d
min

d
min

F D d
min

r
3

C

മ 54 ᯩṸа˄16⛩˅Step3⽪᜿മ

㓿䗷ԕк↕僔ˈᡁԜᗇࡠҶᯩṸаᴰ㓸㔃᷌⽪᜿മˈྲമ 55ᡰ⽪ˈަ
ѝ r1 =

√
2
2
dminˈr2 = 1+

√
3

2
dminˈr3 =

√
5+

√
3+

√
5+

√
15

2
dminǄԓ㺘⛩Ⲵ඀ḷ࡛࠶Ѫ

57



A
(
1
2
dmin,

1
2
dmin

)
, B
(

1+
√
3

2
dmin, 0

)
઼ C

(
2+

√
3+

√
5

2
dmin,

√
3+

√
5

2
dmin

)
Ǆ

C

r
1

r
2

r
3

A

B

മ 55 ᯩṸа˄16⛩˅ᴰ㓸㔃᷌⽪᜿മ

• ᯩṸҼ

㊫լҾᯩṸаѝ䙀↕ራ᢮ᱏᓗ⛩ⲴᯩᔿˈᡁԜ䘈ਟԕᗇྲࡠമ 56ᡰ⽪Ⲵ⸙
ᖒ 16QAMᱏᓗമǄަѝ r1 =

√
2
2
dminˈr2 =

√
10
2
dminˈr3 =

√
18
2
dminǄ਴⛩Ⲵ඀ḷ

Ѫ A
(
1
2
dmin,

1
2
dmin

)
ˈB

(
3
2
dmin,

1
2
dmin

)
ˈC

(
3
2
dmin,

3
2
dmin

)
Ǆ䴰㾱䈤᰾Ⲵᱟˈ䈕മӾ

ᖒᔿкᶕⴻ઼䰞仈аѝⲴ 16QAM⴨਼ˈն㘳㲁ࡠ൘᧕лᶕⲴ䰞仈ѝᡁԜՊ䘋
а↕᭩ਈㅖ号ᾲ⦷ˈᡰԕᡁԜ؍⮉Ҷ䘉аᯩṸǄ

C

B
A

r
1

r
2

r
3

മ 56 ᯩṸҼ˄16⛩˅ᴰ㓸㔃᷌⽪᜿മ

7 . 1 . 2 12⛩ᯩṸ

• ᯩṸй
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ሶ 16⛩᭩Ѫ 12⛩ˈራ᢮䖳ྭⲴᱏᓗമǄަᯩ⌅ок᮷⭘ࡠⲴสᵜ㊫լˈ
ն൘ Step3ѝˈᡁԜਚ䴰㾱⺞ᇊഋњ⛩ণਟˈণ൘ᯩṸаⲴ Step3ѝˈሶӗ⭏Ⲵ
8њ⛩᭩Ѫ 4њ⛩ˈྲമ 57ᡰ⽪Ǆ

d
min

d
min

d
min

d
min

r
3

A

C

B

മ 57 ᯩṸй˄12⛩ Step3⽪᜿മ˅

ᡁԜᗇࡠⲴᴰ㓸ᯩṸйⲴ㔃᷌ྲമ 58ᡰ⽪ˈަѝ r1 =
√
2
2
dmin r̍2 = 1+

√
3

2
dmin

઼ r3 =
(
4+

√
3
)
dminˈࠐњԓ㺘⛩Ⲵ඀ḷ࡛࠶ѪA

(
1
2
dmin,

1
2
dmin

)
ˈB

(
1+

√
3

2
dmin, 0

)
ˈ

઼ C
(

1+
√
3

2
dmin, dmin

)
Ǆ

C

B
r
1

A

r
2

r
3

മ 58 ᯩṸй˄12⛩˅ᴰ㓸㔃᷌⽪᜿മ

• ᯩṸഋ

ᡁԜ䘈ਟԕ⭏ᡀྲമ 59ᡰ⽪Ⲵॱᆇᖒᱏᓗമˈަѝ r1 =
√
2
2
dmin r̍2 =

√
10
2
dminˈ

ԓ㺘⛩඀ḷ࡛࠶Ѫ A
(
1
2
dmin,

1
2
dmin

)
ˈB

(
3
2
dmin,

1
2
dmin

)
Ǆ
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B

r
1

r
2

A

മ 59 ᯩṸഋ˄12⛩˅ᴰ㓸㔃᷌⽪᜿മ

7 . 2 ؑ᚟⟥аᇊⲴᛵߥл᭩ਈᾲ⦷

лⲴᯩṸˈ᧕лᶕᡁԜ㘳㲁⇿њㅖ号ᾲ⦷ਟߥ᮷ᐢ㓿⹄ウҶ൘ㅹᾲ⦷ᛵࡽ

ਈⲴᛵߥˈԕ⇿њㅖ号Ⲵᾲ⦷ѪՈॆਈ䟿ˈ൘؍䇱ؑ᚟⟥Ѫ 3bitнਈⲴ䲀ࡦлˈ
ቭਟ㜭䱽վ SNRᇩ䲀Ǆ

7 . 2 . 1 ⨶䇪᧘ሬ

⭡Ҿⴤ᧕ԕᴰሿॆ SNRᇩ䲀ѪՈॆⴞḷ∄䖳ഠ䳮ˈᡁԜቍ䈅ሩՈॆⴞḷ䘋
㹼䖜ॆǄ

ᡁԜ俆ݸ㘳㲁⸙ᖒ 16QAMˈㅖ号ᾲ⦷н⴨ㅹᛵߥлⲴ BERǄ

• нㅹᾲ 4PAMⲴ BER

⭡Ҿ⸙ᖒ 16QAMਟԕⴻڊᱟ⭡єњ↓ӔⲴ 4PAMᶴᡀˈᡁԜ俆ݸ᧘ሬн
ㅹᾲᛵߥлสҾ MLỰ⍻ಘⲴ 4PAMⲴ BERǄ䇮 4PAMⲴ਴⛩ᾲ⦷࡛࠶Ѫ P1ˈ

P2ˈP3 ઼ P4,ަѝ 2,3Ѫ1,4ˈ⛩޵Ѫཆ⛩Ǆ则 εavg =
(9P1+P2+P3+9P4)d2min

4
ˈᡰԕ

dmin =
√

4εavg
9P1+P2+P3+9P4

ǄṩᦞMLỰ⍻ಘ৏⨶ˈᡁԜਟԕᗇࡠ

Pe = (1 + P2 + P3)Q
(√

2SNR ·
√

1
9P1+P2+P3+9P4

)
= (1 + P2 + P3)Q

(√
SNR ·

√
2

1+8(P1+P4)

) (36)

⭡ᔿ(36)ਟԕਁ⧠ˈᖃ P2+P3нਈᰦˈ䱽վ P1+P4ˈBERҏ䲿ѻ䱽վǄᖃ
P1ˈP4нਈᰦˈ䱽վ P2 + P3ˈBERҏ䲿ѻ䱽վǄ

• нㅹᾲ 16QAMⲴ BER

䘋а↕ˈ㘳㲁є㓴↓Ӕ 4PAM ⲴᛵߥǄ䇠 4PAM Ⲵㅖ号ᾲ⦷Ѫ P I =[
P I
1 , P

I
2 , P

I
3 , P

I
4

]
ˈਖа㓴 4PAMⲴㅖ号ᾲ⦷Ѫ PQ =

[
PQ
1 , PQ

2 , PQ
3 , PQ

4

]
Ǆ⴨ᓄⲴ
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16QAMⲴㅖ号ᾲ⦷Ѫ P =
(
P I
)T

PQǄ਼ṧൠˈ䟷⭘MLỰ⍻ಘˈ16QAMⲴ䭉
䈟ᾲ⦷Ѫ

Pe,16−QAM = 1−
(
1− P I

e

) (
1− PQ

e

)
(37)

ަѝˈP I
e ઼ PQ

e ਟ⭡ᔿ (36)ᗇࡠǄ
਼ṧൠˈᡁԜਟԕ᷀࠶ᗇࡠˈ䙊䗷߿ሿ εavgਟԕᗇࡠ䖳վⲴ SNRᇩ䲀⛩Ǆ

7 . 2 . 2 ⁑රᔪ立о≲䀓

สҾк䘠᧘ሬˈ⭡Ҿᴰሿॆ SNRᇩ䲀Ⲵ⁑රн㜭؍䇱Ѫ㇇⌅᭦ᮋˈᶮᕋѪ
ԕлᖒᔿˈަѝ⭡Ҿ fpѪ㖊࠭ᮠˈԕѝ઼অ㓟ᴰሿॆᡰᑖᶕⲴ޵⛩ᾲ⦷࠶ᐳ䗷

大Ⲵ䰞仈Ǆ䘋а↕ᗇྲࡠлⲴՈॆ䰞仈ˈ䇠Ѫ䰞仈 P-5Ǆ

min
Pk

εavg + fp(
∑

interiorpoint

Pk) (38)

s.t. Ω = −
∑N

1
Pklog2 (Pk) = 3bit (38a)∑N

1
Pk = 1 (38b)

Pk > 0. (38c)

ަѝˈ
∑

interiorpoint
Pk 㺘⽪޵⛩ᾲ⦷઼ˈ䲀ࡦᶑԦ(38a)ԓ㺘䈳ࡦṬᔿⲴؑ᚟⟥

䴰㾱؍ᤱѪ 3bitˈ䲀ࡦᶑԦ(38b)઼(38c)则ԓ㺘ᾲ⦷ᵜ䓛Ⲵ䲀ࡦǄ
䰞仈 P-3ਟԕ⭘Matlab䖟Ԧ≲䀓ˈᡁԜሶᗇࡠⲴഋ⿽ᯩṸⲴՈॆ㔃᷌ᮤ⨶

ྲлˈ㿱മ 60Ǆަѝˈ޵സǃѝസǃཆസ࡛࠶ԓ㺘ᡁԜ൘ࡽ᮷ᨀࡠⲴԕ r1,r2,r3
ѪॺᖴശкⲴ⛩ǄᡁԜ傼䇱Ҷᡰ䟷⭘ᯩṸؑ᚟⟥൷൘ 3∄⢩ᐖਣˈؑ᚟⟥䈟ᐞ
н䎵䗷 0.01%Ǆ
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㒺㝉 1 2 3 4

0.2001 3.2632E-06 0.1927 0.1932

0.2001 3.4294E-06 0.1927 0.1932

0.2001 3.4294E-06 0.1927 0.1932

0.2001 3.2632E-06 0.1927 0.1932

0.1219 0.0284

0.1281 0.0284

0.1281 0.0284

0.1219 0.0284

0.1219 0.0284

0.1281 0.0284

0.1281 0.0284

0.1219 0.0284

0.0104

0.0104

0.0104

0.0104

0.0104

0.0104

0.0104

0.0104

0.0342

⠗☉

3.2631E-06 0.0232

3.4294E-06 0.0232

3.4294E-06 0.0232

3.2631E-06 0.0232

䨧⋸㢃䊈

₆☉

ᴮ☉

0.0291 0.0342

0.0291 0.0342

0.0291 0.0342

0.0291

മ 60 ᾲ⦷ਟਈᰦⲴՈॆ㔃᷌⽪᜿മ
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8. 模ශ评价与᧞ᒵ

ᵜ᮷ѫ㾱⹄ウҶݹՐ䘱㖁Ⲵᔪ⁑оԧ٬䇴ՠˈ䴰㾱䀓ݹߣՐ䘱䬮䐟Ⲵᔪ⁑ǃ

Ր䘱㖁Ⲵᮤփᙗ㜭Ǆݹԕ৺ᱏᓗമⲴ᭩ழㅹ䰞仈ˈӾ㘼ᨀॷࡂՐ䘱㖁Ⲵ㿴ݹ

䰞仈а䴰㾱䀓ݹߣՐ䘱䬮䐟Ⲵᔪ⁑䰞仈Ǆؑ号൘Ր䗃䗷〻ᰦˈнਟ䚯ݽൠ

Պ䙷ࡠಚ༠Ⲵᒢᢠˈਟ㜭Պӗ⭏䈟⸱䰞仈Ǆ

䰞仈˄1-1˅ᴹޣ㓐ࡽ䈟⸱⦷оؑಚ∄䇑㇇ˈᡁԜ俆ݸ䇘䇪สᵜⲴ AWGN
⁑රˈสҾMAPỰ傼߶则ሩߣࡔฏ䘋㹼࠶ࡂˈ❦ਾสҾㅖ号ㅹᾲ⦷Ⲵٷ䇮ˈ᧘
ሬࠪᴰ䘁䛫Ự⍻ಘⲴ㺘䗮ᔿǄ᧕⵰ˈᡁԜ᧘ሬ䭉䈟ᾲ⦷Ⲵ㺘䗮ᔿˈᗇࠪ SNR઼
BERⲴޣ㌫ᔿǄᴰਾˈُࣙMatlabԯⵏˈᡁԜਟԕᗇࡠ BER઼ SNRਈॆޣ㌫
ᴢ㓯ˈᒦ䇑㇇ᗇࡠ BER=0.02ᰦⲴ SNRᇩ䲀⛩Ǆ

䰞仈˄1-2˅ᴹݹޣ䬮䐟ᙗ㜭䇑㇇ˈᵜ仈㾱≲൘┑䏣䈟⸱⦷㾱≲лˈн਼Ր
䗃Ṭᔿлˈн਼অ䐘Ր䗃䐍⿫лⲴᴰ䘌Ր䗃䐍⿫ǄᡁԜ俆ݸᔪ立অ䐘Ր䗃⁑රˈ

ࡠᗇ᷀࠶ SNRⲴ㺘䗮ᔿˈ❦ਾ൘অ䐘Ր䗃⁑රⲴส⹰к᧘ᒯᗇࡠཊ䐘Ր䗃⁑
රˈ᷀࠶ᗇࠪԫ᜿䐘ᮠᰦⲴ SNR㺘䗮ᔿǄᡁԜ䘋а↕᷀࠶ᗇࡠ䐘⇥ᮠ䟿䲿ਁሴ
࣏⦷ਈॆⲴᴢ㓯മˈӾ㘼⺞ᇊᴰ大䐘⇥ᮠ䟿ˈҏቡᗇࡠҶᴰ䘌Ր䗃䐍⿫Ǆ

䰞仈Ҽ⹄ウҶݹՐ䘱㖁Ⲵ㿴ࡂ䰞仈ˈ俆ݸ䴰㾱؍䇱㖁㔌Ⲵ䘎䙊ᙗˈ਼ᰦ൘

ᇩ䟿ㅹ䲀ࡦഐ㍐лˈ⺞ᇊਸ⨶Ⲵ㖁㔌䘎᧕ᯩṸˈ֯ᗇᇊѹⲴ㖁㔌ԧ٬ᴰ大ॆǄ

䢤Ҿᵜ仈䴰㾱大䟿Ⲵᮠᦞ᭟᫁ˈᡁԜ俆ݸḕ᢮Ҷᖵ⹄ウ෾ᐲⲴൠ⨶ս㖞઼Ӫਓ

ᛵߥˈ䇑㇇Ҷঅ⌒ᇩ䟿઼䘎᧕ԧ٬Ǆ

䰞仈˄2-1˅ᴹࡍޣ㓗㖁㔌㿴ࡂˈᡁԜ俆ݸн㘳㲁ѝ䰤㢲⛩ˈ൘֯ᗇ㖁㔌䘎
䙊ⲴᶑԦлˈᔪ立ҶสҾᴰሿ⭏ᡀṁⲴ㿴ࡂ⁑රˈ䘹ਆ Kruskal㇇⌅≲䀓ˈਸ⨶
ൠ⭘ 16ᶑ䘎᧕㓯ሶ෾ᐲ䘎᧕䎧ᶕˈԕ㧧ᗇᴰ大Ⲵ㖁㔌ԧ٬˗❦ਾˈ൘ࡽ㘵Ⲵส
⹰кˈሶ䘎᧕㓯໎࣐ࡠ 33ᶑˈ䘋а↕㿴ࡂ㖁㔌䘎᧕Ǆ
䰞仈˄2-2˅ᴹޣ᭩䘋㖁㔌㿴ࡂˈ൘㘳㲁ѝ⛩㢲⛩Ⲵᛵߥлˈ਼ᰦєњ㢲⛩

ѻ䰤ਟԕᴹཊњ䘎᧕ˈ㖁㔌Ⲵ䘎᧕ᯩᔿᴤ࣐ཊṧҶǄᡁԜ俆ݸᇊѹҶ㖁㔌䬮䐟

ѝ෾ᐲ䰤⍱䟿Ⲵᾲᘥˈᔪ立ҶสҾ␡ᓖՈݸᩌ㍒˄DFS˅ⲴᴰՈ䬮䐟ᇩ䟿࠶䝽
⁑රˈ⭘ԕራ᢮ᐢ⸕മⲴᴰ大ᇩ䟿࠶䝽ᯩṸǄ❦ਾ࡙⭘ᔪ立Ⲵਜ਼ѝ䰤㢲⛩Ⲵཊ

䘎᧕㖁㔌㿴ࡂ㇇⌅ˈ≲䀓┑䏣仈䇮Ⲵ 16ᶑ䘎᧕㓯઼ 33ᶑ䘎᧕㓯Ⲵ㖁㔌㿴ᯩࡂ
ṸǄᖃᢺ⹄ウ㤳ത⭡ᐲᢙ大ѪⴱѻਾˈᡁԜᴤᯠҶ઼Ӫਓᮠ⴨ޣⲴ䘎᧕ԧ٬ᵳ

䟽ˈᗇࡠҶᯠⲴ 16ᶑ䘎᧕㓯઼ 33ᶑ䘎᧕㓯Ⲵ㖁㔌㿴ᯩࡂṸǄ
䰞仈˄2-3˅则ᱟ䟽䇮ⴞḷ࠭ᮠˈ൘㔬ਸ㘳㲁ݹՐ䘱㖁㔌ԧ٬Ⲵᖡ૽ഐ㍐

ਾˈ䟽ᯠࡦᇊݹՐ䘱㖁㔌㿴ࡂⲴⴞḷ࠭ᮠǄᡁԜ࡛࠶Ӿ䘀㩕୶઼ഭᇦⲴ䀂ᓖ㘳

㲁䰞仈ˈᴰਾ䘋㹼Ҷ㔬ਸՈॆǄ

䰞仈й⹄ウҶᱏᓗമⲴ᭩ழ䰞仈ˈ䪸ሩ 16QAMᯩṸⲴᱏᓗമˈᡁԜ䴰㾱
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൘䈳ࡦṬᔿⲴؑ᚟⟥؍ᤱѪ 3bitⲴࡽᨀлˈ䙊䗷᭩ਈᱏᓗ⛩Ⲵս㖞ǃᮠ䟿ԕ৺
⇿њ⛩Ⲵᾲ⦷˄ণㅖ号ᾲ⦷˅̍ 䱽վ SNRᇩ䲀Ǆ俆ݸˈᡁԜ൘ㅖ号ㅹᾲᶑԦлˈ
઼⦷Ҷㅖ号ᒣ൷࣏᷀࠶ SNRᇩ䲀⛩ѻ䰤Ⲵޣ㌫ˈ䙊䗷᭩ਈᱏᓗ⛩Ⲵս㖞઼ᮠ
䟿ˈᗇࡠҶഋ⿽ᯩṸǄ❦ਾˈᡁԜ㘳㲁ᾲ⦷ਟਈⲴᛵߥˈُࣙ 4PAMо 16QAM
ѻ䰤Ⲵ㚄㌫ˈ᷀࠶Ҷㅖ号ᾲ⦷࠶ᐳ઼ SNRᇩ䲀⛩ѻ䰤Ⲵޣ㌫ˈᔪ立ҶՈॆ䰞
仈ˈ≲䀓ਟᗇഋ⿽ᯩṸлᴰՈⲴㅖ号ᾲ⦷࠶䝽ᯩṸǄ㔬ਸԕк↕僔ˈᡁԜᗇࡠ

Ҷഋ⿽ᯩṸˈᒦ傼䇱Ҷަ⟥઼ BER൷┑䏣仈䇮Ǆ
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