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仈 ⴞ 相关矩阵基于近似矩阵分解概率算法的计算与存储优

化

摘 要：
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⸙䱥ˈሩ⸙䱥Ⲵཷᔲ࠶٬䀓䗷〻ਟԕ䖜ॆѪሩަᓄⲴվ䱦䘁լ⸙䱥䘋㹼ཷᔲ࠶٬䀓ˈ

䘉ᶱ大Ⲵᨀ儈Ҷ䇑㇇䙏ᓖǄ

ަ⅑ѪҶ䱽վ⸙䱥≲䘶䘀㇇Ⲵ༽ᵲᓖˈ俆ݸሶ Strassen㇇⌅о⸙䱥࠶⋫Ⲵᙍᜣ㔃
ਸˈᨀࠪҶаสҾ Strassen㇇⌅Ⲵ⸙䱥≲䘶㇇⌅ˈ䱽վҶ䇑㇇༽ᵲᓖˈ㓿⍻䈅ਾ㜭ཏሶ
1024㔤⸙䱥Ⲵ≲䘶䘀㇇ᰦ䰤䱽վ 41.5%˗᧕⵰ᣃտ䴰≲ᖃѝ Hermite䱥≲䘶䘉а⛩䘋㹼㇇
⌅ՈॆˈᨀࠪҶа᭩䘋Ⲵ Strassen≲䘶㇇⌅ˈণሶ Strassen≲䘶㇇⌅ѝⲴаӋ҈⌅䘀㇇
ᴯᦒѪㆰঅ᱐ሴˈ䘋а↕䱽վҶ䇑㇇༽ᵲᓖ˗ᴰਾሶ Coppersmith-Winograd㇇⌅ᕅޕ᭩䘋
Ⲵ Strassen㇇⌅ѝˈᴯᦒᦹަѝⲴสҾ Strassen㇇⌅Ⲵ⸙䱥҈⌅䘀㇇ˈᶱ大ൠ䱽վҶ≲䘶
䗷〻Ⲵ䘀㇇༽ᵲᓖǄ通䗷 1024㔤⸙䱥⍻䈅ਾਁ⧠ˈᴰ㓸֯⭘ Coppersmith-Winograd㇇⌅
ՈॆⲴ᭩䘋 Strassen≲䘶㇇⌅Ⲵ䘀㹼ᰦ䰤䖳Ҿ≲䘶㇇⌅䱽վҶ 46.9%ǄᴰਾสҾ䲿
ᵪཷᔲ࠶٬䀓ᨀࠪⲴĀ䱽㔤࠶ඇ㕙㇇⌅ā̍ ᇎ⧠Ҷ൘สᵜ䘈ᮠᦞ䊼Ⲵ਼ᰦˈᴰ大ॆ

Ⲵ䘋㹼⸙䱥㕙Ǆ㘼ਾⲴ䀓䗷〻ˈਚ䴰㾱通䗷ㆰঅⲴ⸙䱥҈⌅৺ᮠᦞॷ㔤ᶕᇎ⧠Ǆ

关键字： ޣ⸙䱥 ⁑ᯩ⌅ 㚊㊫⡦子㢲⛩㇇⌅ 䲿ᵪཷᔲ࠶٬䀓 ᭩䘋Ⲵ Strassen≲
䘶㇇⌅ 䱽㔤࠶ඇ㕙㇇⌅
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1. 䰤从䠃䘦

1 . 1 䰞仈Ⲵ㛼Ჟ

⸙䱥ᱟањ᤹➗䮯ᯩ䱥ࡇᧂࡇⲴ༽ᮠᡆᇎᮠ䳶ਸˈᱟ儈ㅹԓᮠ学ѝⲴᑨ㿱ᐕާˈҏᑨ

㿱Ҿ㔏䇑᷀࠶ㅹᓄ⭘ᮠ学学、ѝǄ൘⢙⨶学ѝˈ⸙䱥Ҿ⭥䐟学ǃ࣋学ǃݹ学઼䟿子⢙⨶ѝ

䜭ᴹᓄ⭘˗䇑㇇ᵪ、学ѝˈй㔤ࣘ⭫ࡦҏ䴰㾱⭘ࡠ⸙䱥˗䇑㇇ᵪ㿶㿹ǃ᧗䱥䴧䗮ㅹ亶

ฏⲴؑ号通ᑨ⧠Ѫ⸙䱥Ⲵᖒᔿ˗㿶仁ؑ号ѝⲴঅᑗമۿਟ㿶Ѫањ⸙䱥Ǆ䘉Ӌ亶ฏѝᓄ

⭘Ⲵ⸙䱥通ᑨ൘ḀӋ㔤ᓖᆈ൘аᇊⲴޣ㚄ᙗˈഐ↔ᮠ学上ਟ⭘ޣ⸙䱥㓴㺘⽪Ǆ⸙䱥Ⲵ䘀

㇇ᱟᮠ᷀࠶٬亶ฏⲴ䟽㾱䰞仈Ǆ䲿⵰ᇎ䱵䴰㾱ѝ⸙䱥䱥ࡇⲴᢙ大ˈሩ⸙䱥ᑨ㿴༴⨶㇇⌅

ሩ䇑㇇઼ᆈۘⲴ䴰≲ᡀؽ䮯,Ӿ㘼ሩ༴⨶ಘԦᡆ㇇⌅Ⲵᇎ⧠ᡀᵜ઼࣏㙇ᨀࠪҶᐘ大Ⲵ
ᡈǄሩаӋᓄ⭘ᒯ⌋㘼ᖒᔿ⢩↺Ⲵ⸙䱥ˈֻྲ〰⮿⸙䱥઼߶ሩ䀂⸙䱥ㅹˈᴹ⢩ᇊⲴᘛ䙏䘀

㇇㇇⌅ˈਟԕ䱽վ䇑㇇䙏ᓖ৺ᆈۘオ䰤Ǆഐ↔ˈ࠶ݵ᥆ᧈ⸙䱥䜘৺ޣ⸙䱥ѻ䰤Ⲵޣ㚄

ᙗˈᇎ⧠վ༽ᵲᓖⲴ䇑㇇઼઼ᓹԧᆈۘˈާᴹ䟽㾱ѹǄമ1ኅ⽪Ҷሩ䀂⸙䱥Ⲵ㕙ᆈۘ
ᙍᜣǄ

മ 1: ሩ䀂⸙䱥Ⲵ㕙ᆈۘ
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1 . 2 䰞仈Ⲵᨀࠪ

仈ⴞ㔉ࠪ data1üdata6ޡ 6њᮠᦞ䳶ˈަ䜘Ⲵᮠᦞԕ⸙䱥Ⲵᖒᔿ㺘䗮Ǆ㾱≲࠶ݵ᥆
ᧈ⸙䱥䜘৺⸙䱥ѻ䰤Ⲵޣᙗˈ通䗷ᔪ・ᓄⲴᮠ学⁑ර઼㇇⌅ˈ䀓ߣԕл䰞仈˖

䰞仈 1:
˄1˅สҾᮠᦞ䳶ѝ㔉ᇊⲴᡰᴹ⸙䱥ᮠᦞ H, 㚄ᙗˈ䇮䇑ањޣᮠᦞ䰤Ⲵަ᷀࠶

䘁լ᷀࠶⁑ර
∧
V = f1(H), ൘Ჲн㘳㲁⸙䱥ᮠᦞ H Ⲵ㕙о䀓㕙ᛵߥлˈ৺൘┑䏣

ρmin(V) ≥ ρth = 0.99Ⲵࡽᨀлˈ֯ᗇṩᦞ㺘Ṭ䇑㇇Ⲵᙫ䇑㇇༽ᵲᓖᴰվǄ

˄2˅สҾᮠᦞ䳶ѝ㔉ᇊⲴᡰᴹ⸙䱥ᮠᦞ H, 㚄ᙗˈ䇮䇑ањޣᮠᦞ䰤Ⲵަ᷀࠶
䘁լ᷀࠶⁑ර

∧
W = f(H), ൘Ჲн㘳㲁⸙䱥ᮠᦞ H Ⲵ㕙о䀓㕙ᛵߥлˈ৺൘┑䏣

ρmin(W) ≥ ρth = 0.99Ⲵࡽᨀлˈ֯ᗇṩᦞ㺘Ṭ䇑㇇Ⲵᙫ䇑㇇༽ᵲᓖᴰվǄ

䰞仈 2:
สҾᮠᦞ䳶ѝ㔉ᇊⲴᡰᴹ⸙䱥ᮠᦞ H ઼ W, 䇮䇑࡛࠶ˈ㚄ᙗޣᮠᦞ䰤Ⲵަ᷀࠶

ᓄⲴ㕙 P1(·)ǃP2(·)઼䀓㕙 G1(·)ǃG2(·)⁑රˈ൘┑䏣䈟ᐞ errH ≤ Eth1 = −30dBǃ

errW ≤ Eth2 = −30dB Ⲵᛵߥлˈ਼ᰦᲲн㘳㲁᷀࠶⁑ර
∧
W = f(H)ሩ䗃ࠪ⸙䱥㓴WⲴ

ᖡ૽ˈ֯ᗇᆈۘ༽ᵲᓖ઼㕙о䀓㕙Ⲵ䇑㇇༽ᵲᓖᴰվǄ䇑㇇༽ᵲᓖᰦ㾱㘳㲁㕙઼䀓

㕙࠭ᮠⲴᡰᴹ䘀㇇䗷〻Ǆ

䰞仈 3:
สҾᮠᦞ䳶ѝ㔉ᇊⲴᡰᴹ⸙䱥ᮠᦞ H, 㚄ᙗˈ൘┑䏣ޣᮠᦞ䰤Ⲵަ᷀࠶ ρmin(W) ≥

ρth = 0.99Ⲵᛵߥлˈ䇮䇑ањᯩṸˈᆼᡀӾ⸙䱥䗃ؑޕ号 Hࡠ䘁լ⸙䱥䗃ࠪؑ号
∧
WⲴ

ㄟࡠㄟ⍱〻,фᇎ⧠վ༽ᵲᓖ䇑㇇઼ᓹԧᆈۘǄ

2. 䰤从分᷆

仈ⴞ㔉ࠪ 6њᮠᦞ䳶ˈሩҾަѝᮠᦞⲴ༴⨶ˈᑨ㿴㇇⌅༴⨶઼ᆈۘᯩᔿՊ䙐ᡀ䇑㇇઼
ᆈۘ䍏ᣵǄ㾱≲᷀࠶⸙䱥ޣ㚄ᙗˈ䘋㹼ᔪ⁑઼ᨀࠪՈॆ㇇⌅ˈ൘н਼䰞仈ᡰ㾱≲Ⲵн਼Ⲵ

䲀ᇊᶑԦлˈ䗮ࡠվ༽ᵲᓖ䇑㇇઼ᓹԧᆈۘⲴⴞⲴǄ

2 . 1 䰞仈 ᷀࠶1

˄1˅仈ⴞ㾱≲สҾ㔉ᇊⲴ⸙䱥ᮠᦞ H,䇮䇑ањ䘁լ᷀࠶⁑ර
∧
V = f1(H)ǄሩҾᑨ㿴

㇇⌅㘼䀰ˈVѝⲴ⇿ањ Vj,k䜭ᱟоѻሩᓄⲴ Hj,k䘋㹼ḷ߶ SVD࠶䀓ਾਆ Hj,kⲴࡽ Lњ
ਣཷᔲੁ䟿ᶴᡀⲴ⸙䱥Ǆ൘䇮䇑

∧
V = f1(H)ᰦˈਟԕӾԕлєњ大ᯩੁሩ上䘠䗷〻䘋㹼᭩

䘋˖

(a)䱽վ Hj,k䘋㹼 SVD࠶䀓Ⲵ䇑㇇༽ᵲᓖǄ通䗷᥆ᧈ⸙䱥䜘Ⲵ㚄㌫ˈቭਟ㜭ൠ䱽վ
Hj,k 䘋㹼 SVD࠶䀓Ⲵ༽ᵲᓖǄ

(b)ᆈ൘ޣޣ㌫Ⲵн਼⸙䱥 Hj,k ѻ䰤ˈަ Vj,k ҏՊᆈ൘ޣޣ㌫Ǆራ Hj,k Ⲵޣ
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⸙䱥㓴ˈ᥆ᧈޣޣ㌫ˈ䘋а↕ቭਟ㜭ൠ߿ቁ䶎ᗵ㾱ൠሩ Hj,k 䘋㹼 SVD࠶䀓Ⲵ䗷〻Ǆ
਼ᰦˈ䈕ሿ䰞䘈㾱≲ ρmin(V) ≥ ρth = 0.99ˈ䘉а⛩䲀ᇊҶᡁԜ䘋㹼上䶒єњ大ᯩੁᰦ

㾱㘳㲁㇇⌅ሩᮠᦞᦏ㙇⦷ˈн਼⸙䱥ޣ〻ᓖⲴл䲀Ǆ

˄2˅仈ⴞ㾱≲สҾ㔉ᇊⲴ⸙䱥ᮠᦞ H,䇮䇑ањ䘁լ᷀࠶⁑ර
∧
W = f(H)Ǆ൘˄1˅

Ⲵส上㘳㲁
∧
W = f2(

∧
V),᭵

∧
W = f(H) = f2(f1(H))ǄӾ上䶒䘉њᙍ䐟ࠪਁˈᡁԜᨀ儈䇑

㇇䙏⦷ˈѫ㾱࠶Ѫԕлєњ大ᯩੁ˖

(a)Wk = Vk(Vk
HVk + σ2I)−1ˈ䱽վަѝ⸙䱥҈⌅Ⲵ༽ᵲᓖˈ䱽վ⸙䱥≲䘶Ⲵ༽ᵲᓖǄ

(b)Wk = Vk(Vk
HVk + σ2I)−1 䖜ॆѪ (Vk

HVk + σ2I)Wk
H = Vk

H ᶕ䇑㇇ˈ䱽վ䀓㓯ᙗ

ᯩ〻㓴Ⲵ༽ᵲᓖǄ

਼ᰦˈ䈕ሿ䰞䘈㾱≲ ρmin(W) ≥ ρth = 0.99ˈ⭡Ҿ
∧
VѪᗇࡠ

∧
WⲴѝ䰤䟿ˈ᭵䴰㾱䘋

а↕䴰㾱㘳㲁˄1˅ѝ㇇⌅ሩᮠᦞⲴᦏ㙇⦷৺䲀ᇊҶ˄1˅䗷〻ѝн਼⸙䱥ޣ〻ᓖⲴ
л䲀Ǆ

2 . 2 䰞仈 ᷀࠶2

สҾ㔉ᇊⲴᡰᴹ⸙䱥ᮠᦞ H઼W,⌘ࡠˈަѝⲴWнᱟ˄1˅ѝ㓿䗷䘁լ᷀࠶⁑ර
䘁լਾⲴ

∧
WǄӾH઼Wࠪਁˈ㓿䗷㕙઼䀓ˈ൘┑䏣䈟ᐞ errH ≤ Eth1 = −30dBǃ

errW ≤ Eth2 = −30dB Ⲵᛵߥлˈ֯ᗇᆈۘ༽ᵲᓖ઼㕙о䀓㕙Ⲵ䇑㇇༽ᵲᓖᴰվǄѫ

㾱Ӿл䶒ᯩੁ㘳㲁˖

(a)᭩ਈ⸙䱥ѝ⇿њݳ㍐ⲴᓅቲᆈۘᯩᔿǄ
(b)᷀࠶ᮠᦞ䰤Ⲵޣ㚄ᙗˈ㘳㲁Ӿ⸙䱥䜘৺н਼⸙䱥ѻ䰤Ⲵ㚄㌫ࠪਁˈ֯ᗇ㓿䗷

㕙઼䀓㕙ਾ㜭؍⮉ᮠᦞ大䜘࠶˄┑䏣㋮ᓖ䴰≲˅Ⲵṧ䊼ˈфቭਟ㜭ൠᨀ儈䇑㇇䙏

ᓖǄ

2 . 3 䰞仈 ᷀࠶3

ሩҾ䰞仈 3ˈ俆ݸሩ㔉ᇊᡰᴹⲴ⸙䱥ᮠᦞ H 䘋㹼䰞仈 2 ѝᨀࠪⲴ㕙о䀓㕙
ˈ䀓ਾѪ HrǄሩ Hr 䟷ਆ䰞仈 1ѝⲴㅜаሿ䰞䟷⭘Ⲵ⁑ර઼㇇⌅ᶕᨀ儈䇑㇇䙏ᓖˈ
ᗇࡠ VrǄሩ Vr 䟷⭘䰞仈 1 ㅜҼሿ䰞䟷⭘Ⲵ᭩䘋㇇⌅ᶕᨀ儈䇑㇇䙏ᓖˈ䘋㘼ᗇࡠ WrǄ

ሩ Wr 䘋㹼䰞仈 2 ѝᨀࠪⲴ㕙о䀓㕙ˈᗇࡠᴰ㓸Ⲵ
∧
WǄ൘┑䏣仈ⴞᡰ㾱≲Ⲵ

ρmin(W) ≥ ρth = 0.99Ⲵࡽᨀлˈሩ上䘠Ⲵа㌫ࡇ䗷〻ڊ䲀ᇊǄ

3. ⁗ශ的ٽ䇴

• 䜘Ⲵ䇮ӵ㘳㲁਼а㹼ඇٷ Kњ⸙䱥䰤ⲴޣᙗǄ
• 䇮大⸙䱥䘋㹼ٷ SVD࠶䀓ਾˈঐᦞᡰᴹཷᔲ٬ѻ઼大䜘࠶Ⲵࡽ nњཷᔲ٬ᡰሩᓄⲴ

Ⲵ⭘Ǆ࠶䀓㜭䀓䟺䈕⸙䱥大䜘࠶

• 䇮儈ᓖլⲴٷ Hj,k ާᴹլⲴ Vj,kǄ
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4. ㅜਭᇐѿ与䈪᱄

ㅖ号 ѹ

T л⭼

A 㓯ᙗ᱐ሴ

H 㔉ᇊⲴ⸙䱥ᮠᦞ

V ሩ H䘋㹼 SVD࠶䀓ᗇࡠⲴ V

W 通䗷 V䇑㇇ᗇࡠⲴ⸙䱥

Ŵ WⲴ䘁լ᷀࠶⁑ර

V̂ VⲴ䘁լ᷀࠶⁑ර

ρ ᔪ⁑㋮ᓖ

r ޣ㌫ᮠ

R ⸙䱥ޣ㌫ᮠ

5. ⁗ශᔰ与≸解

5 . 1 ⁑රаᔪ・о≲䀓

5 . 2 ⁑රаᔪ・о≲䀓

5 . 2 . 1 ⁑ᯩ⌅

⭡儈ㅹԓᮠ⸕䇶ˈሩҾ༽ᮠฏ上ањ㔤ᮠѪ nⲴ㓯ᙗオ䰤 V оањ㔤ᮠѪmⲴ㓯ᙗ

オ䰤 V ਆᇊањḷ߶↓交ส࡛࠶ˈ′ γ1, γ2, ...γnо η1, η2, ...ηmˈࡉ V ࡠ V ′Ⲵ㓯ᙗ᱐ሴ Aо
ᆳ൘上䘠สлⲴ⸙䱥 Aᱟ㓯ᙗオ䰤 Cm×nࡠ㓯ᙗオ䰤 Hom(V, V ′)Ⲵ਼ᶴ᱐ሴˈӾ㘼

Hom(V, V ′) ∼= Cm×n (1)

Ǆഐ↔ሩҾԫ⸙䱥 A ∈ Cm×nˈަоањ㓯ᙗ᱐ሴ A ∈ Hom(V, V ′)ሩᓄǄ

⁑ᯩ⌅⭘ᶕ㺑䟿єњ⸙䱥ⲴޣᙗǄሩҾ⸙䱥 B = (δ1, δ2, ...δn),C = (ζ1, ζ2, ...ζn) ∈
Cm×nˈݸ≲ࠪ⸙䱥ੁࡇ䟿ⲴҼ㤳ᮠ⭏ᡀᯠⲴ⸙䱥 B1 = (∥δ1∥2, ∥δ2∥2, ...∥δn∥2),C1 =

(∥ζ1∥2, ∥ζ2∥2, ...∥ζn∥2) ∈ C1×nˈ䇑㇇ B′
1о B′

2Ⲵޣ㌫ᮠ˖

r(B′
1,B′

2) =
Cov(B′

1,B′
2)√

Var[B′
1]Var[B′

2]
(2)

7



ˈѪ Bо CⲴޣ㌫ᮠ R(B,C)Ǆ
ሩҾ上䘠⸙䱥 Bо Cˈਆᇊ上䘠㓯ᙗオ䰤 V о V ′ Ⲵḷ߶↓交สˈࡉ Bо Cਟԕሩ

ᓄєњ㓯ᙗオ䰤Hom(V, V ′)ѝⲴ㓯ᙗਈᦒ Bо CˈδiѪ Bγi൘ V ′Ⲵส η1, η2, ...ηmлⲴ

ḷˈζi Ѫ Cγi ൘ V ′ Ⲵส η1, η2, ...ηm лⲴḷǄྲ᷌ᇊѹ㓯ᙗオ䰤 V ′ Ⲵ〟Ѫḷ߶〟ˈ

䛓ѸˈV ′ ᡀѪҶањ㻵༷Ҷḷ߶〟Ⲵ༽〟オ䰤ˈ∥δi∥2 ণѪ V ѝⲴสੁ䟿 γi 㓿䗷㓯

ᙗ᱐ሴ BⲴ⭘൘ V ′лੁ䟿Ⲵ䮯ᓖˈ∥ζi∥2ণѪ V ѝⲴสੁ䟿 γi㓿䗷㓯ᙗ᱐ሴ CⲴ⭘
൘ V ′лੁ䟿Ⲵ䮯ᓖǄ⭡Ҿ㓯ᙗ᱐ሴ⭡ᆳ൘ V ⲴањสлⲴۿᡰୟаߣᇊˈᡰԕˈR(B,C)
Ⲵᵜ䍘ᱟ㓯ᙗ᱐ሴ B,Cሶ V ѝⲴส᱐ሴлۿ䮯ᓖⲴޣᙗˈণˈн㘳㲁↓交ਈᦒ˄䖜

ਈᦒˈ䮌ۿ৽ሴ˅ѻਾⲴޣᙗ˄ྲമ2 Ǆ˅

മ 2: ⁑ᯩ⌅മ⽪

5 . 2 . 2 㚊㊫⡦子㢲⛩⌅

⭡上䘠⁑ᯩ⌅ˈਟԕ≲ᗇ仈ⴞᡰ㔉 H⸙䱥⇿а㹼ѝ 384њ⸙䱥 Hj,kѻ䰤Ⲵޣ㌫ᮠˈ

ㆋ䘹ࠪޣ㌫ᮠ大Ҿ 0.95Ⲵ⸙䱥ޣ㌫Ǆԕ Data1ᮠᦞ䳶 H⸙䱥Ⲵㅜа㹼Ѫֻˈ㺘1㔉ࠪҶ
ޣᙗᱮ㪇Ⲵ⸙䱥㕆号Ǆਟԕⴻࠪˈㅜ 1њ⸙䱥оㅜ 2њ⸙䱥ާᴹ儈ᓖޣᙗˈㅜ 2њ⸙

䱥оㅜ 3њ⸙䱥ާᴹ儈ᓖޣᙗˈਟᱟˈㅜ 1њ⸙䱥оㅜ 3њ⸙䱥нާᴹ儈ᓖޣᙗˈ⭡

↔ਟԕ⸕䚃ˈ儈ᓖޣᙗнާ༷Ր䙂ᙗˈ䘉ޣ㌫нᱟањㅹԧޣ㌫Ǆ

㔬上ᡰ䘠ˈਟԕ䟷⭘㚊㊫⡦子㢲⛩⌅Ǆ㚊㊫⡦子㢲⛩ᰘ൘ሶᡰᴹ儈ᓖޣⲴ⸙䱥䘋㹼

㚊㊫ˈ䛓Ѹ䘉Ӌ⸙䱥ሩᓄⲴ Vj,k ቡਟԕ֯⭘ަ⡦㢲⛩ሩᓄⲴ Vp,q ᶕԓᴯˈӾ㘼䗮߿ࡠቁ

䇑㇇༽ᵲᓖⲴⴞⲴǄ䈖㓶㿱㇇⌅ 1઼മ3Ǆ
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㺘 1 ޣ⸙䱥㺘

⸙䱥Ⲵ㕆号 оѻޣ⸙䱥Ⲵ㕆号

1 1

1 2

2 2

2 3

2 4

3 3

3 4

3 5

4 4

4 5

മ 3: 㺘 1Ⲵ㚊㊫↕僔

5 . 2 . 3 䘁լ⸙䱥࠶䀓Ⲵᾲ⦷㇇⌅ü䲿ᵪཷᔲ࠶٬䀓

վ〙⸙䱥䙬䘁˖

ḷ߶⸙䱥࠶䀓वᤜ䖜 QR࠶䀓ǃ⢩ᖱ࠶٬䀓઼ཷᔲ࠶٬䀓ˈᡰᴹ䘉Ӌ䜭⽪Ҷ⸙䱥
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Algorithm 1㚊㊫⡦子㢲⛩⌅
Require: ޣ⸙䱥㺘
Ensure: ᇩಘ
1: ᇩಘ⭏ӗㅜањޣ㊫ˈሶ ㊫Ⲵ⡦Ǆᇊѹањ䐣䏳ᤷ䪸ޣѝˈ1Ѫ䈕ަޕ࣐1 k,ࡍ
ॆѪ 1ˈ❦ਾᔰ䙽শޣ⸙䱥㺘ˈ⇿⅑䙽শᢗ㹼↕僔 2− 5˗

2: ∄䖳䙽শ⛩о䐣䏳ᤷ䪸Ⲵ大ሿǄྲ᷌ࡽ㘵ሿˈᖃࡽ䙽শ⛩ࡽ䘋ањ⛩Ǆࡉˈᢗ㹼↕

僔 3˗

3: ྲ᷌ᐖ઼ਣㅹˈфᐖ൘ᇩಘѝˈḕᐖ઼ਣㅹˈфㅹҾᖃࡽᐖ࣐ 1Ⲵս㖞ˈԔ䐣

䏳ᤷ䪸ㅹҾ䈕ս㖞Ǆࡉˈᢗ㹼↕僔 4˗

4: ྲ᷌ᐖ઼ਣㅹˈфᐖн൘ᇩಘѝˈࡋ䙐ањᯠⲴޣ㊫ˈሶᐖޕ࣐ᯠ⭏Ⲵ子ᇩಘ

ѝˈᐖᡀѪᯠޣ㊫Ⲵ⡦Ǆࡉᢗ㹼↕僔 5Ǆ̠

5: ྲ᷌ᐖ઼ਣнㅹˈфਣн൘ᇩಘѝˈሶਣޕ࣐ᴰᯠ⭏ᡀⲴ子ᇩಘѝˈਣᡀѪަѝ⡦Ⲵ

子˗

6: returnᇩಘǄ

Ⲵ (ᮠ٬)㤳തǄ䘉Ӌഐ子࠶䀓Ⲵᡚᯝ⡸ᵜ通ᑨ⭘Ҿ㺘⽪㔉ᇊ⸙䱥Ⲵվ〙䘁լ:

A
m×n

≈ B
m×k

× C
k×n

, (3)

㔤 kᴹᰦ㻛〠Ѫ⸙䱥Ⲵᮠ٬〙Ǆᖃᮠ٬〙∄ mᡆ nሿᗇཊᰦˈۿ上ᔿ䘉ṧⲴഐᔿ࠶䀓

ਟԕᓹԧൠᆈۘ⸙䱥ˈᒦᘛ䙏оੁ䟿ᡆަԆ⸙䱥҈Ǆഐ↔ࡠਸ⨶Ⲵ⸙䱥վ䱦䘁լᖒᔿ

ᱟ㠣ޣ䟽㾱Ⲵ [1]Ǆ
⸙䱥䘁լṶᷦ˖

䇑㇇㔉ᇊ⸙䱥Ⲵվ〙䘁լਟԕ㠚❦ൠ࠶ᡀєњ䇑㇇䱦⇥Ǆ俆ݸᱟᶴ䙐ањվ㔤Ⲵ子

オ䰤ˈᦅ⸙䱥Ⲵ⭘ǄㅜҼᱟሶ⸙䱥䲀ࡦ൘子オ䰤ˈ❦ਾ䇑㇇䈕ㆰ㓖⸙䱥Ⲵḷ߶ഐ子

䀓࠶ (QRǃSVDㅹ)Ǆާփ↕僔㓶ྲ࠶лǄ
Step A˖䇑㇇䗃ޕ⸙䱥 AⲴ䘁լสǄᦒਕ䈍䈤ˈᡁԜ䴰㾱ањ⸙䱥 Qˈ֯ᗇˈ

Qާᴹ↓交ࡇфA≈QQ∗A�

ᡁԜᐼᵋ Qवਜ਼ቭਟ㜭ቁⲴࡇˈնᴤ䟽㾱Ⲵᱟᇎ⧠䗃ޕ⸙䱥Ⲵ㋮⺞䘁լǄ
Step B˖㔉ࠪ⭡ Step AᗇࠪⲴ Q (k ̍˅ࡇ ࡙⭘ Qᶕᑞࣙ AⲴḷ߶ഐ子࠶䀓䗷〻˄ྲ QR,
SVDㅹ Ǆ˅

ሩҾ A Ⲵཷᔲ࠶٬䀓䗷〻ˈᡁԜᐼᵋᗇࡠ䝹⸙䱥 U,V ઼䶎䍏ሩ䀂䱥 Σˈ֯ᗇ

A=UΣV∗,䘉ਟԕ࡙ Q通䗷ԕл↕僔䘁լᗇࡠǄ
Step1˖ᶴᔪ⸙䱥 B=Q∗Aˈ䘋а↕ᗇࡠ AⲴվ〙䘁լ࠶䀓 A ≈ QB;
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Step2˖ሩ⸙䱥 B䘋㹼 SVD࠶䀓˖B=
∼
UΣV∗˗

Step3: U=Q
∼
UǄ

ᖃ QⲴࡇᮠᖸቁᰦˈ䘉њ䗷〻ᱟᴹ᭸ⲴˈഐѪᡁԜਟԕᖸᇩ᱃ൠㆰ㓖⸙䱥 Bᒦᘛ䙏䇑㇇
ᆳⲴཷᔲ࠶٬䀓 (മ4ᖒ䊑ൠ᧿㔈Ҷ䘉аᘛ䙏䇑㇇䗷〻)Ǆഐ↔᧕лᶕⲴԫ࣑ᱟ৫ራ QǄ

മ 4: ㆰॆ䇑㇇䗷〻⽪മ

䲿ᵪॆ㇇⌅˖

䰞仈㺘䘠˖

ӗ⭏վ〙⸙䱥䙬䘁Ⲵสᵜᡈᱟപᇊ㋮ᓖ䙬䘁䰞仈Ǆٷ䇮㔉ᡁԜањ⸙䱥 A઼ањ
↓Ⲵ䈟ᐞ䲀 εǄᡁԜራањާᴹ kњ↓交ࡇⲴ⸙䱥 Qˈ֯ᗇˈ

||A−QQ∗A|| ≤ ε, (4)

䘉䟼 || · ||ԓ㺘 l2㇇子㤳ᮠˈQⲴ㤳തᱟањ k㔤子オ䰤ˈᆳᦅҶ AⲴ大䜘࠶⭘ˈф
ᡁԜᐼᵋ kቭਟ㜭ⲴሿǄ

ཷᔲ࠶٬䀓Ѫപᇊ㋮ᓖ䰞仈ᨀҶањᴰ֣䀓ㆄǄਆ δj ԓ㺘 AⲴㅜ j њᴰ大ཷᔲ٬ˈ

ሩҾ⇿ањ j ≥ 0,

min
rank(X)≤j

||A− X|| = σj+1, (5)

ᶴ䙐ᶱሿ٬ൠањᯩ⌅ᱟ䘹ᤙ X=QQ∗A,䘉䟼 Qᱟ AⲴ k њѫᐖཷᔲੁ䟿Ǆഐ↔ˈަѝ

(4)ᡀ・Ⲵᴰሿ〙 kㅹҾ䎵䗷䈟ᐞ䲀 εⲴ AⲴཷᔲ٬Ⲵᮠ䟿Ǆ
ѪҶㆰॆ㇇⌅Ⲵᔰਁˈਟԕᯩׯൠٷ䇮ᵏᵋⲴ〙 kᱟ亴ݸᤷᇊⲴǄᡁԜ〠⭡↔ӗ⭏Ⲵ

䰞仈Ѫപᇊ〙䘁լ䰞仈Ǆ㔉ᇊ⸙䱥 Aǃⴞḷ〙 k઼䗷䟷ṧ参ᮠ pˈᡁԜ䈅മᶴ䙐ާᴹ k+ p
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њ↓交ࡇⲴ⸙䱥 Qˈ֯ᗇˈ

||A−QQ∗A|| ≈ min
rank(X)≤k

||A− X|| (6)

㲭❦ᆈ൘ањᴰሿ Qᶕ䀓ߣ p = 0Ⲵപᇊ〙䰞仈ˈնᱟ֯⭘ቁ䟿䱴ࡇ࣐ⲴᵪՊᨀҶа
⚥⍫ᙗˈ䘉ሩҾᡁԜ䇘䇪Ⲵ䇑㇇ᯩ⌅Ⲵᴹ᭸ᙗᱟ㠣ޣ䟽㾱ⲴǄപᇊ〙䰞仈Ⲵ㇇⌅ਟԕ䘲⭘

Ҿ䀓ߣപᇊ㋮ᓖ䰞仈ˈަ䰤Ⲵ㚄㌫ᱟสҾ䘉ṧⲴ㿲ሏˈণᡁԜਟԕ䟿ൠᔪ・ส⸙䱥 Qˈ
ᒦф൘䇑㇇Ⲵԫօа⛩ˈᡁԜ䜭ਟԕᓹԧൠՠ䇑 ||A−QQ∗A||Ⲵ↻⮉䈟ᐞˈഐ↔䘋а↕
ⲴᡁԜ䟷ਆл䶒Ⲵᯩ⌅ᶕᗇࡠ QǄ

䟿ᯩᔿᶴᔪ Q˖
ᇊٷ Aᱟањm× nⲴ⸙䱥ˈεᱟ䇑㇇ᇩᐞǄᡁԜራањᮤᮠ l઼ањm× lⲴ↓

交⸙䱥 Qˈ֯ᗇˈ

||(I−Q(l)(Q(l))∗)A|| ≤ ε (7)

ส⸙䱥 Qቪረ l通ᑨ⮕大Ҿ㜭ᇎ⧠↔ εⲴቪረᴰሿⲴส⸙䱥Ⲵቪረ lǄ

ӾオⲴส⸙䱥 Q(0)ᔰˈԕлⲴᯩṸ㜭ӗ⭏ањᦅࡠ A大䜘࠶⭘Ⲵ↓交ส⸙䱥:
for i=1,2,3,...
ᣭਆ 1њ㔤ᓖѪ n× 1Ⲵ儈ᯟ䲿ᵪ⸒䟿 w(i)ˈԔ y(i)=Aw(i);
䇑㇇

∼q
(i)

= (I−Q(i−1)(Q(i−1))∗)y(i);
ḷ߶ॆ

∼q =
∼q
(i)

/||
∼q
(i)

||,ᶴᔪ Q(i) = [Q(i−1)q(i)]Ǆ

end

Ҿ上䘠ᯩṸⲴ⸙䱥䘁լⲴ㋮⺞Ⲵ䘁լ䈟ᐞޣ ||(I−QQ∗)A||ਟ⭡лᔿ㺑䟿˖

||(I−QQ∗)A|| ≤ 10

√
2

π
max

i=1,...,r
||(I−QQ∗)Aw(i)|| (8)

ަѝ w(i):i=1,2,...,rǄ
ᖃᡁԜ㿲⍻ rњ䘎㔝Ⲵ⸙䱥㤳ᮠሿҾ ε/(10

√
2/π)Ⲵ

∼q
(i)

ᰦˈ䐣ࠪ䟿ᯩᔿᶴᔪส⸙

䱥 QⲴᗚ⧟䗷〻Ǆᵜሿ㢲㇇⌅ԓ⸱㿱䱴ᖅǄ

5 . 2 . 4 ᭩䘋Ⲵ Strassen㇇⌅઼ Coppersmith-Winograd㇇⌅

参䰵শਢ᮷⥞ਟ⸕ˈ⸙䱥≲䘶Ⲵ䇑㇇༽ᵲᓖо⸙䱥҈⌅Ⲵ䇑㇇༽ᵲᓖ൘൷֯⭘ O (•)
Ⲵᯩᔿ䘋㹼ᓖ䟿ᰦᱟ਼Ⲵˈഐ↔ˈ䱽վ⸙䱥҈⌅Ⲵ䇑㇇༽ᵲᓖਟԕᴹ᭸ൠ䱽վ⸙䱥≲䘶

Ⲵ䇑㇇༽ᵲᓖǄ

12



䇮 A઼ Bᱟєњ n× nⲴ⸙䱥ˈԆԜⲴ҈〟 C ਼ṧᱟањ n× nⲴ⸙䱥ˈA઼ BⲴ
҈〟⸙䱥 CѝⲴݳ㍐ cij ᇊѹѪ:

cij =
n∑

k=1

aikbkj

മ 5: A઼ BⲴ⸙䱥҈⌅

᤹➗↔ᇊѹᶕⴻˈྲമ5ᡰ⽪䇑㇇ A઼ BⲴ⸙䱥҈⌅ˈ㠣ቁ䴰㾱 n⅑҈⌅о n− 1⅑

ਟ⸕䇑㇇⸙䱥↔⭡ˈ⌅࣐ CⲴ҈⌅ᰦ䰤Ѫ O(n3)Ǆ

ᴰᰙⲴ⸙䱥҈⌅Ոॆ㇇⌅ˈᱟ⭡ᗧഭᮠ学ᇦ Volker StrassenҾ 1969ᒤᨀࠪᒦԕަ名

ᆇભ名Ⲵ Strassen㇇⌅ [2]ǄStrassen⸙䱥҈⌅㇇⌅䟷⭘㊫լҾ大ᮠ҈⌅ѝⲴ࠶⋫ᢰᵟˈሶ
䇑㇇ 2њ n䱦⸙䱥҈〟ᡰ䴰Ⲵᰦ䰤᭩䘋ࡠ O(nlog27)≈O(n2.81)ˈնᱟ䘉њ㇇⌅ᴹањࡽᨀᶑ

Ԧˈᗵ享ᱟєњ n× nⲴ⸙䱥҈ˈф nᗵ享Ѫ 2ⲴᑲǄ䘉ṧᡁԜ⇿⅑䜭ਟԕᢺ大⸙䱥࠶

Ѫࢢ 4њሿ⸙䱥ˈྲлᡰ⽪˖[
C11 C12

C21 C22

]
=

[
A11 A12

A21 A22

][
B11 B12

B21 B22

]

⭡上ᔿਟ⸕˖

C11 = A11B11 + A12B21

C12 = A11B12 + A12B22

C21 = A21B11 + A22B21

C22 = A21B12 + A22B22

ྲ᷌ n = 2ˈєњ 2× 2䱦⸙䱥҈⌅䴰㾱 8⅑҈⌅઼ Ǆᖃ子⸙䱥Ⲵ䱦ᮠ大Ҿ⌅࣐⅑4 2

ᰦˈѪ≲єњ子⸙䱥Ⲵ҈〟ˈਟԕ㔗㔝ሶ⸙䱥࠶ඇˈⴤࡠ子⸙䱥䱦ᮠ䱽Ѫ 2ˈ䘉ቡᱟ࠶⋫

䱽䱦Ⲵ䙂ᖂ㇇⌅Ǆ᤹➗䘉њ㇇⌅ˈ䇑㇇ 2њ n䱦⸙䱥Ⲵ҈〟䖜ॆѪ䇑㇇ 8њ n/2䱦⸙䱥Ⲵ

҈〟઼ 4њ n/2䱦⸙䱥Ⲵ࣐⌅Ǆ㘼 2њ n/2䱦⸙䱥Ⲵ࣐⌅ᱮ❦ਟԕ൘ O(n2)ᰦ䰤ᆼᡀˈ

⭡↔ਟ⸕上䘠㇇⌅Ⲵᰦ䰤㙇䍩 T (n) = O(n3)Ǆնᱟ䘉њᯩ⌅ᒦ⋑ᴹ߿ቁ䇑㇇ᡰ䴰㾱Ⲵᰦ

䰤ˈ䘉ѫ㾱ᱟഐѪ䈕ᯩ⌅ᒦ⋑ᴹ߿ቁ⸙䱥Ⲵ҈⌅⅑ᮠǄ

13



⭡↔ StrassenᨀࠪҶሩҾ 2䱦⸙䱥Ⲵ҈〟ᯩ⌅ˈӵӵ֯⭘ҶྲлⲴ 7⅑҈⌅઼ 18⅑

˖⌅࣐

മ 6: Strassen㇇⌅Ṩᗳᙍᜣ

䘉ṧڊᆼԕਾˈᆳⲴᰦ䰤༽ᵲᓖ T (n) = O
(
nlog2 7

)
≈ O (n2.81)Ǆ

ਟԕ֯⭘л䶒Ⲵй㔤മᶕᴤྭⲴ⨶䀓 Strassen⸙䱥㇇⌅ѝ儈㔤ᓖⲴ࠶⋫㇇⌅Ǆ

മ 7: й㔤オ䰤ѝⲴ࠶⋫㇇⌅
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䇮ٷ

A−1 =

[
[A11]n×n

[A12]n×m

[A21]m×n
[A22]m×m

]−1

=

[
[C 11]n×n

[C 12]n×m

[C 21]m×n
[C 22]m×m

]
䛓Ѹṩᦞ⸙䱥࠶ඇ≲䘶Ⲵ⨶ᴹ˖

C11 =
(
A11 − A12 × A22

−1 × A21

)−1

C12 = −C11 × A12 × A22
−1

C21 = −A22
−1 × A21 × C11

C22 = −A12
−1 × A11 × C12

㔃ਸ上ᔿሶ Strassen㇇⌅ᓄ⭘ࡠ≲䘶䘀㇇ѝᴹྲлޜᔿ (䈖㓶Ⲵᮠ学᧘ሬ㿱参㘳᮷⥞
[2])˖

M1 = A11
−1

M2 = A21 ×M1

M3 = M1 × A12

M4 = A21 ×M3

M5 = M4 − A22

M6 = M5
−1

C12 = M3 ×M6

C21 = M6 ×M2

M7 = M3 × C21

C11 = M1 −M7

C22 = −M6

(9)

൘上ᔿѝˈሩҾ N ×N 䱦⸙䱥 A࡙⭘а⅑࠶ඇ≲䘶ⲴᙫⲴ䘀㇇䟿Ѫ˖

T 1 (N) = T (m) + T (N) + 13m2n+ 11mn2 − 4mn+ 3m2

ሩҾ n > 1,m > 1ˈStrassen⸙䱥≲䘶㇇⌅ҏᱟ࡙⭘䙂ᖂᇎ⧠ⲴˈնഐѪ Strassen㇇
ඇⲴᑨ㿴㇇⌅䘀㇇䟿ᴹ᰾ᱮ䱽վǄ࠶ቁҶ⸙䱥Ⲵ҈⌅⅑ᮠˈᡰԕ∄ⴤ᧕߿⌅

਼ᰦ㿲ሏࡠ仈ⴞᡰ㔉Ⲵ
(
VH

k Vk + σ2I
)
⸙䱥Ѫањ Hermite⸙䱥ˈ䛓Ѹ A11, A22, A22

−1

൷Ѫ Hermite⸙䱥ˈф AH
12=A21ˈᑖࡠޕᔿ9ѝᗇࡠM3 = MH

2 , C21 = C12
Hˈṩᦞ Hermite

⸙䱥Ⲵޡ䖝ሩ〠⢩ᙗˈਟሶᔿ9ਈѪ˖
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M1 = A11
−1

M2 = A21 ×M1

M3 = MH
2

M4 = A21 ×M3

M5 = M4 − A22

M6 = M5
−1

C12 = M3 ×M6

C21 = CH
12

M7 = MH
2 × C21

C11 = M1 −M7

C22 = −M6

(10)

ṩᦞᔿ9ˈ⸙䱥 A࡙⭘а⅑࠶ඇ≲䘶ⲴᙫⲴ䘀㇇䟿Ѫ˖

T 1 (N) = T (m) + T (N) + 8m2n+ 8mn2 +mn

઼⸙䱥ⴤ᧕࠶ඇ≲䘶㇇⌅∄ˈᯠⲴ≲䘶㇇⌅㲭❦࣐ҶаӋ߿࣐䘀㇇ˈնᱟ҈⌅⅑

ᮠ䱽վˈሩҾ㔤ᮠ䖳儈Ⲵ⸙䱥ˈᴹ大䟿Ⲵ༽⸙䱥䘀㇇ˈަѝ҈⌅⎸㙇Ⲵ䘀㇇䟿ሶ䘌䘌大Ҿ

ഐ↔ᯠ㇇⌅ሩҾ҈⌅⅑ᮠⲴ䱽ˈ࣐ሶᴹᱮ㪇࣐㘼ф䘉њ䘀㇇䟿䲿⵰⸙䱥㔤ᮠˈ⌅߿࣐

վሶᱮ㪇᭩ழ≲䘶䘀㇇ˈᡰԕ൘䘀㇇䟿઼㇇⌅༽ᵲᓖ上䜭ᴹ᰾ᱮⲴ䱽վǄл䶒ሩєᯩ⌅

üü⭘Ҿ Hermite⸙䱥Ⲵ᭩䘋ⲴสҾ Strassen㇇⌅Ⲵ≲䘶ᯩ⌅ (ԕлㆰ〠Ѫ᭩䘋Ⲵ Strassen
㇇⌅)઼ᵚ᭩䘋ⲴสҾ Strassen㇇⌅Ⲵ≲䘶ᯩ⌅ (ԕлㆰ〠 Strassen㇇⌅)䘋㹼⹄ウǄ

֯⭘ Strassen㇇⌅઼Ր㔏≲䘶ᯩ⌅࡛࠶৫⍻䈅䇑㇇仈ⴞѝ
(
VH

k Vk + σ2I
)
⸙䱥Ⲵ䘶⸙

䱥ᡰ䴰ᰦ䰤ˈ਼ᰦѪҶ⍻䈅㇇⌅䇑㇇н਼㔤ᓖ⸙䱥Ⲵᙗ㜭ˈሩᡰ㔉⸙䱥䘋㹼Ҷаᇊ〻ᓖⲴ

ᡚਆ઼ᒯˈє㇇⌅Ⲵ⸙䱥㔤ᓖ઼䇑㇇㙇ᰦྲлമᡰ⽪˖
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മ 8: н਼л⭼ TⲴ Strassen㇇⌅䘀㇇ᰦ䰤

ਟԕⴻ֯ࡠ⭘ Strassen㇇⌅ᰦˈ㙇ᰦнն⋑ᴹ߿ቁ৽㘼⛸࣐ˈ൘ n = 512ᰦ䇑㇇

ᰦ䰤ቡᐢᰐ⌅ᗽਇǄ൘Ԅ㓶⹄ウਾਁ⧠ˈ䟷⭘ Strassen㇇⌅䙂ᖂ䘀㇇ˈ䴰㾱ࡋᔪ大䟿Ⲵ
ࣘᘱҼ㔤ᮠ㓴ˈަѝ࠶䝽ึᆈオ䰤ሶঐ⭘大䟿䇑㇇ᰦ䰤ˈӾ㘼᧙ⴆҶ Strassen㇇⌅ⲴՈ
࣯ǄҾᱟሩ Strassen㇇⌅ࠪڊ᭩䘋ˈ䇮ᇊањ⭼䲀 TǄᖃ n < T ⭼䲀ᰦˈ֯⭘Პ通㇇⌅䇑

㇇⸙䱥ˈ㘼н㔗㔝࠶⋫䙂ᖂǄ᭩䘋ਾ㇇⌅Ո࣯᰾ᱮˈ䘀㇇ᰦ䰤大ᑵл䱽Ǆѻਾˈ䪸ሩн਼

大ሿⲴ⭼䲀䘋㹼䈅傼ˈ䈅傼㔃᷌ྲമ9ᡰ⽪Ǆ㓿ࡍ↕䈅傼ѝਁ⧠ˈᖃᮠᦞ㿴⁑䖳ሿᰦˈቔ
ަᱟᖃ⸙䱥㔤ᓖሿҾ 256ᰦˈл⭼ SⲴ大ሿᐞ࡛н大ˈն䲿⵰⸙䱥㔤ᓖⲴ࣐㠣 512ԕ上

ᰦˈᑖᴹл⭼Ⲵ Strassen㇇⌅㙇ᰦ᰾ᱮվҾՐ㔏㇇⌅ˈфᴰՈⲴ⭼䲀٬൘ 32 − 128ѻ䰤ˈ

ᖃ㔤ᓖѪ 1024㔤ᰦˈл⭼Ѫ 64Ⲵ Strassen㇇⌅≲䘶ᰦ䰤䖳ҾՐ㔏㇇⌅䱽վҶ 41.5%Ǆ
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മ 9: н਼л⭼ TⲴ Strassen㇇⌅䘀㇇ᰦ䰤

᧕лᶕ䘹ਆ਼Ⲵ⭼䲀 T ሩ Strassen㇇⌅઼᭩䘋 Strassen㇇⌅Ⲵ㙇ᰦ䘋㹼⹄ウˈྲ
മ10ᡰ⽪Ǆਟԕⴻࡠ൘儈㔤ᓖл᭩䘋 Strassen㇇⌅Ⲵ㙇ᰦ䘋а↕䱽վˈ᭩䘋Ⲵ Strassen㇇
⌅൘䇑㇇ 1024㔤⸙䱥䘶⸙䱥ᰦ㙇ᰦ䘋а↕䱽վҶ 3.2%Ǆ

മ 10: ਼л⭼ Tл Strassen㇇⌅о᭩䘋 Strassen㇇⌅ሩ∄

ሶ᭩䘋 Strassen㇇⌅ਆн਼л⭼䇑㇇н਼㔤ᓖⲴ⸙䱥ᡰ㙇䍩Ⲵᰦ䰤㔈ࡦҾаᕐമ上ਟ
ԕᖸᲠൠⴻࠪ⭼䲀 T൘н਼㔤ᓖлሩ䇑㇇ᰦ䰤Ⲵᖡ૽Ǆྲമ11ᡰ⽪ˈ䲿⵰л⭼Ⲵ䱽վ
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઼㔤ᓖⲴ大ˈ㇇⌅Ⲵ㙇ᰦࠪ⧠Ҷањ䳮ԕ᧕ਇⲴጠ٬ˈަഐ൘ࡽа䜘࠶ҏᐢ᷀࠶䗷˗

൘㔤ᓖ䖳վⲴᰦىл⭼Ⲵ䇮㖞ሩ䘀㇇ᰦ䰤ࠐѾ⋑ᴹᖡ૽ˈഐѪՐ㔏㇇⌅઼᭩䘋 Strassen㇇
⌅൘վ㔤ᓖлⲴ䘀㹼᭸⦷ॱ࠶䘁˗նᱟ䲿⵰㔤ᓖⲴ上ॷਟԕਁ⧠ሩҾ⢩ᇊⲴ㔤ᓖᆈ൘

ањᴰՈⲴл⭼Ǆ䇑㇇й㔤മⲴᣅᖡᗇࡠമ11ˈਟԕⴻࡠ൘㔤ᓖ᧕䘁 800Ⲵᰦ֯ى⭘ 128

Ѫл⭼ਟԕᗇࡠᜣнࡠⲴ᭸᷌ˈഐ↔䪸ሩн਼Ⲵ䇑㇇ᛵߥ䇮㖞н਼Ⲵл⭼ᱟᖸᴹᗵ

㾱ⲴǄ

മ 11: ᭩䘋 Strassen㇇⌅н਼㔤ᓖол⭼ሩ䘀㹼ᰦ䰤Ⲵᖡ૽˄й㔤മ˅

മ 12: ᭩䘋 Strassen㇇⌅н਼㔤ᓖол⭼ሩ䘀㹼ᰦ䰤Ⲵᖡ૽˄ᣅᖡ˅

ᴤ␡ቲ⅑Ⲵ৫㘳㲁 Strassen㇇⌅Ⲵᓅቲ䘀㇇ˈྲлമѝᐖമᡰ⽪ˈ൘ᡁԜѻࡽⲴ〻ᒿ
ѝ༴⨶ಘ䴰㾱䇑㇇ᆼM⸙䱥ਾՊ৫䇑㇇ C⸙䱥ˈ൘䇑㇇ C⸙䱥ᰦࡽݸ䇑㇇ᗇࡠⲴ 7њ

M⸙䱥ӽ❦ঐ⭘大䟿ᆈオ䰤ˈ䴰㾱 C⸙䱥䘀㇇ᆼ∅ѻਾՊ৫䟺᭮M⸙䱥ᡰঐ⭘Ⲵ
ᆈオ䰤ˈфM⸙䱥䘀㇇ᵏ䰤⋑ᴹԫօަԆ䘀㇇䘋㹼ˈ䘉㇇⌅Ⲵ䘀㹼᭸⦷ᱟ䖳վⲴǄ㘳
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㲁൘↔ส上䘋㹼аӋ᭩䘋ˈྲлമਣമᡰ⽪ˈሶаӋ C⸙䱥Ⲵ߿࣐䘀㇇᭮㖞ࡠM⸙䱥
䇑㇇ᰦ䘀㹼ˈC⸙䱥Ⲵ䘀㇇㔃ᶏਾቡਟԕ䟺᭮ᦹн㻛䴰㾱ⲴM⸙䱥Ⲵᆈۘオ䰤ˈ㲭❦
䘉ṧਟ㜭Պ࣐аӋ߿࣐⌅䘀㇇ˈնᱟᒦ㹼䘀㇇Ⲵ᭸⦷ᨀॷ઼ᆈⲴঐ⭘䱽վᑖᶕⲴⲴ

ᙗ㜭ᨀॷ㾱䘌儈ҾՐ㔏䘀㇇ᯩ⌅Ǆ

മ 13: Strassen㇇⌅䘀㹼ᰦⲴᓅቲ᭩䘋⽪മ

ᴤ䘋а↕ⲴˈᡁԜਟԕࠪ߉䘉᭩䘋㇇⌅Ⲵ通⭘Ṭᔿ˖

M = (X + δY ) (V + εW )

C+ = γ0M

D+ = γ1M

γ0, γ1, δ, ε ∈ {−1, 0, 1}

(11)

л䶒⍱〻മ14ᴤ࣐䈖㓶Ⲵ䇢䘠᭩䘋㇇⌅ᱟྲօᨀॷ䘀㹼᭸⦷ⲴˈӾമѝਟԕⴻࡠˈ
䖳ҾՐ㔏 Strassen㇇⌅ˈ᭩䘋Ⲵ Strassen㇇⌅൘ቲᗚ⧟ѝ൷ሶ䇑㇇࠶Ѫєඇ䘋㹼ˈሶ C
⸙䱥Ⲵ߿࣐䘀㇇䘋а↕࠶ࡂѪє䜘࠶ˈ㲭❦аᇊ〻ᓖ上࣐Ҷ༴⨶ಘⲴ䘀㇇䍏ᣵˈնᱟ大

大䱽վҶ䘀㇇䗷〻ѝᆈۘオ䰤Ⲵঐ⭘Ǆ㤕ԕ∄⢩Ѫঅս䇑㇇ˈሩҾ༽ᮠ⸙䱥ѝঅњ༽ᮠݳ

㍐ˈަᇎ䜘઼㲊䜘൷䟷⭘ 32∄⢩অ㋮ᓖ⎞⛩㺘⽪ˈਟԔ䘀㇇䗷〻ѝᆈۘಘⲴጠ٬ঐ⭘Ӿ

7× 64N2 bit䱽㠣 64N2 bitǄ
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മ 14: Strassen㇇⌅Ⲵ᭩䘋䘀㇇⍱〻മ

൘ Strassen㇇⌅ᨀࠪѻਾᖸཊᒤˈ⸙䱥҈⌅Ⲵ༽ᵲᓖ㻛 Pan[3]䱽վ㠣Ҷ O(n2.494)ˈ

ӵӵ 6ᒤਾਖаᰦ䰤༽ᵲᓖᴤվⲴ㇇⌅㻛 Coppersmith઼Winogradᨀࠪˈ䘉㇇⌅ҏ㻛
〠ѪCoppersmith-Winograd㇇⌅ [4]ˈ䈕㇇⌅ሶ⸙䱥҈⌅Ⲵ䘀㇇༽ᵲᓖ䱽վࡠҶO(n2.376)ˈ

Coppersmith-Winograd㇇⌅൘ Strassen㇇⌅Ⲵᙍᜣ上䘋㹼Ҷ᭩䘋ˈሶ 2䱦⸙䱥Ⲵ҈⌅䘀㇇

ㆰॆѪྲлⲴ 7⅑҈⌅䘀㇇઼ :㇇䘀⌅߿࣐⅑15

മ 15: Coppersmith-Winograd㇇⌅ⲴṨᗳᙍᜣ

֯⭘ Coppersmith-Winograd㇇⌅৫⍻䈅䇑㇇仈ⴞѝ
(
VH

k Vk + σ2I
)
⸙䱥≲䘶䗷〻ѝⲴ

҈⌅ᡰ䴰ᰦ䰤ˈ਼ᰦѪҶ⍻䈅㇇⌅䇑㇇н਼㔤ᓖ⸙䱥Ⲵᙗ㜭ˈሩᡰ㔉⸙䱥䘋㹼Ҷаᇊ

〻ᓖⲴᡚਆ઼ᒯˈє㇇⌅Ⲵ⸙䱥㔤ᓖ઼䇑㇇㙇ᰦྲമ16ᡰ⽪Ǆਟԕⴻ઼ࡠ Strassen
㇇⌅аṧˈ㤕н䇮㖞⭼䲀 T 䲀㙇ᰦˈ൘ n = 512 ᰦ䇑㇇ᰦ䰤ቡᐢᰐ⌅ᗽਇǄ਼ṧሩ

Coppersmith-Winograd㇇⌅ࠪڊ᭩䘋ˈ䇮ᇊањ⭼䲀 TǄᖃ n < T ⭼䲀ᰦˈ֯⭘Პ通㇇

⌅䇑㇇⸙䱥ˈ㘼н㔗㔝䙂ᖂǄ᭩䘋ਾ㇇⌅Ո࣯᰾ᱮˈ䘀㇇ᰦ䰤大ᑵл䱽Ǆѻਾˈ䪸ሩн

਼大ሿⲴ⭼䲀䘋㹼䈅傼Ǆ㓿ࡍ↕䈅傼ѝਁ⧠ˈᖃᮠᦞ㿴⁑䖳ሿᰦˈቔަᱟᖃ⸙䱥㔤ᓖሿ

Ҿ 256ᰦˈл⭼ S Ⲵ大ሿᐞ࡛н大ˈն䲿⵰⸙䱥㔤ᓖⲴ࣐㠣 512ԕ上ᰦˈᑖᴹл⭼Ⲵ

Coppersmith-Winograd㇇⌅㙇ᰦ᰾ᱮվҾՐ㔏㇇⌅ˈфᴰՈⲴ⭼䲀٬൘ 32− 128ѻ䰤Ǆ
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മ 16: н਼л⭼ TⲴ Coppersmith-Winograd㇇⌅䘀㇇ᰦ䰤

ሶ Coppersmith-Winograd㇇⌅ਆн਼л⭼䇑㇇н਼㔤ᓖⲴ⸙䱥ᡰ㙇䍩Ⲵᰦ䰤㔈ࡦҾ
аᕐമ上ਟԕᖸᲠൠⴻࠪ⭼䲀 T ൘н਼㔤ᓖлሩ䇑㇇ᰦ䰤Ⲵᖡ૽Ǆྲമ17ᡰ⽪ˈ䲿⵰
л⭼Ⲵ䱽վ઼㔤ᓖⲴ大ˈ㇇⌅Ⲵ㙇ᰦࠪ⧠Ҷањ䳮ԕ᧕ਇⲴጠ٬ˈަഐ൘ࡽа䜘࠶

ҏᐢ᷀࠶䗷˗൘㔤ᓖ䖳վⲴᰦىл⭼Ⲵ䇮㖞ሩ䘀㇇ᰦ䰤ࠐѾ⋑ᴹᖡ૽ˈഐѪՐ㔏㇇⌅઼

Coppersmith-Winograd㇇⌅൘վ㔤ᓖлⲴ䘀㹼᭸⦷ॱ࠶䘁˗նᱟ䲿⵰㔤ᓖⲴ上ॷਟԕਁ
⧠ሩҾ⢩ᇊⲴ㔤ᓖᆈ൘ањᴰՈⲴл⭼Ǆ䇑㇇й㔤മⲴᣅᖡᗇࡠമ18ˈ਼ṧਟԕ൘㔤ᓖ᧕
䘁 700ᰦᗇࡠᜣнࡠⲴ᭸᷌ˈഐ↔֯⭘ Coppersmith-Winograd㇇⌅ᰦҏ㾱䇮㖞н਼Ⲵл
⭼Ǆ

മ 17: Coppersmith-Winograd㇇⌅н਼㔤ᓖол⭼ሩ䘀㹼ᰦ䰤Ⲵᖡ૽ (й㔤മ)
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മ 18: Coppersmith-Winograd㇇⌅н਼㔤ᓖол⭼ሩ䘀㹼ᰦ䰤Ⲵᖡ૽ (ᣅᖡ)

ሶ਼⭼䲀 T лⲴ Coppersmith-Winograd㇇⌅о᭩䘋 Strassen㇇⌅䘋㹼ሩ∄ˈሩ∄㔃
᷌ྲлമᡰ⽪ˈਟԕⴻࡠ Coppersmith-Winograd㇇⌅䖳Ҿ᭩䘋 Strassen㇇⌅൘≲䘶䘀㇇
䗷〻ѝ᭸⦷䘋а↕ᨀॷˈሩ 1024㔤⸙䱥≲䘶Ⲵᰦ䰤䘋а↕䱽վҶ 2.2%ˈަѫ㾱ഐᱟ
ഐѪ Coppersmith-Winograd㇇⌅൘⸙䱥≲䘶䗷〻ѝሶ᭩䘋 Strassen≲䘶㇇⌅ѝⲴᵜ⭡
Strassen㇇⌅䇑㇇Ⲵ⸙䱥҈⌅ˈ֯⭘ Coppersmith-Winograd㇇⌅䘋㹼ᴯԓˈ䘋а↕ᨀॷҶ
᭩䘋 Strassen㇇⌅≲䘶䗷〻ѝⲴ⸙䱥҈⌅䘀㹼᭸⦷ˈӾ㘼ᨀॷҶ≲䘶Ⲵ᭸⦷ˈഐ↔ᡁԜᴰ
㓸䘹ᤙ Coppersmith-Winograd㇇⌅䘋㹼仈ⴞѝⲴ⸙䱥≲䘶䇑㇇Ǆ

മ 19: Coppersmith-Winograd㇇⌅઼᭩䘋 Strassen㇇⌅䘀㹼ᰦ䰤ሩ∄
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5 . 2 . 5 䰞仈 1≲䀓

俆֯ݸ⭘⁑ᯩ⌅ˈ䇑㇇ࠪҶ⇿њᮠᦞ䳶਼а㹼 Hj,k ѻ䰤Ⲵޣ㌫ᮠˈ᧕⵰֯⭘㚊㊫

⡦子㢲⛩⌅ሩާᴹ儈ᓖޣᙗⲴ⸙䱥䘋㹼㚊㊫᷀࠶ˈ❦ਾ֯⭘䲿ᵪ SVD࠶䀓ᯩ⌅䇑㇇⡦
㢲⛩ሩᓄⲴ Vp,qˈ⭘ᶕԓᴯᮤњ㊫Ⲵ Vj,kˈԕ䗮ࡠㆰॆ䇑㇇༽ᵲᓖⲴⴞⲴǄമ??ਟԕⴻ
ࠪˈ┑䏣 ρmin(V) ≥ ρth = 0.99Ⲵ㾱≲Ǆ

䘉䟼ԕ Data4HⲴㅜ 1㹼ᮠᦞѪֻˈ⭡മ20ਟԕⴻࠪˈ384њ⸙䱥 H1,k 㻛࠶ѪҶ 193

њ㊫ˈ⇿њ㊫Ⲵ⡦㢲⛩ᑖᴹањᡆ㘵єњ子㢲⛩ˈഐ↔ਟԕ䘹ਆ⇿њ⡦㢲⛩ሩᓄⲴ Vp,qˈ

ᡰ䴰䇑㇇Ⲵ Vj,k ᮠ䟿ӵঐݸⲴ 50.260%ˈ大大䱽վҶ䇑㇇༽ᵲᓖǄ

മ 20: 㚊㊫⡦子㢲⛩മ
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മ 21: WⲴᔪ⁑㋮ᓖ

⭡മ21ਟԕⴻࠪˈ䇑㇇㔃᷌┑䏣 ρmin(W) ≥ ρth = 0.99Ⲵ㾱≲ˈަѝᴹӋ٬Պ大Ҿ 1ˈ

䘉ᱟ⭡MATLAB䖟ԦⲴᡚᯝ䈟ᐞሬ㠤ⲴǄ⭡ޜᔿ12ਟ⸕ˈަ࠶子Ѫањ㤳ᮠˈ࠶⇽Ѫє
њ㤳ᮠ҈ˈMATLABѝⲴ double㊫රਚᴹ 16սˈ上л਼ᰦ䘋㹼ᡚᯝˈቡՊሬ㠤ᡚᯝ䈟

ᐞǄ

俆֯ݸ⭘สҾ Strassen ㇇⌅Ⲵ⸙䱥≲䘶㇇⌅䱽վҶ⸙䱥≲䘶䗷〻ѝⲴ༽ᵲᓖˈሶ
1024㔤⸙䱥Ⲵ≲䘶ᰦ䰤䱽վҶ 41.5%˗㔗㘼৸㔃ਸ≲䘶⸙䱥Ѫ Hermite䱥Ⲵ⢩⛩ᨀࠪҶ
а᭩䘋ⲴสҾ Strassen㇇⌅Ⲵ≲䘶㇇⌅ˈ䘋а↕䱽վҶ䘀㇇༽ᵲᓖˈ֯ 1024㔤⸙䱥Ⲵ
≲䘶ᰦ䰤৸䱽վҶ 3.2%˗ᴰਾሶ Coppersmith-Winograd㇇⌅ᕅࡠޕ᭩䘋ⲴสҾ Strassen
㇇⌅Ⲵ≲䘶㇇⌅ˈ䘋а↕䱽վҶ᭩䘋 Strassen ㇇⌅≲䘶䗷〻ѝ⸙䱥҈⌅Ⲵ䇑㇇ᰦ䰤ˈ
֯ 1024 㔤⸙䱥Ⲵ≲䘶ᰦ䰤൘᭩䘋㇇⌅Ⲵส上䘋а↕䱽վҶ 2.2%ˈӾ㘼ᗇࡠҶ֯⭘
Coppersmith-Winograd㇇⌅ՈॆⲴ᭩䘋 Strassen≲䘶㇇⌅ˈ䖳ҾՐ㔏≲䘶ᯩ⌅大大䱽վ
Ҷ㇇⌅༽ᵲᓖˈሶ 1024㔤⸙䱥Ⲵ≲䘶ᰦ䰤䱽վҶ 46.9%ˈ਼ᰦҏ大大䱽վҶ仈ⴞѝᡰ㔉
Ⲵ⸙䱥≲䘶㙇ᰦǄ

ρl,j,k(W) =
∥ ˆWH

l,j,kWl,j,k∥2
∥ ˆWl,j,k∥2∥Wl,j,k∥2

, l = 1, ..., L (12)

5 . 3 ⁑රҼᔪ・о≲䀓

5 . 3 . 1 Huffman㕆⸱䀓⸱üᰐᦏ㕙

൘䇑㇇ᵪ、学઼ؑ䇪ѝˈHuffman⸱ᱟа⢩↺㊫රⲴᴰՈࡽ㔰⸱ˈ通ᑨ⭘Ҿᰐᦏ
ᮠᦞ㕙Ǆḕᡆ֯⭘↔㊫ԓ⸱Ⲵ䗷〻通䗷 Huffman㕆⸱䘋㹼 [5]ˈ㘼 Huffman㕆⸱Ⲵ俆
㾱↕僔ቡᱟ㾱⭏ᡀаἥᴰՈᑖᵳҼ৹ṁüHuffmanṁǄ
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Huffmanṁ:
ሩҾаἥҼ৹ṁᶕ䈤ˈ㤕ਦ㢲⛩Ⲵњᮠ਼фሩᓄᵳ٬ҏ਼ˈ㘼ሩᓄᵳ٬Ⲵਦ㢲⛩

ᡰ༴Ⲵቲ⅑н਼ˈࡉҼ৹ṁⲴᑖᵳ䐟ᖴ䮯ᓖਟ㜭н਼Ǆնᱟ൘ᡰᴹਜ਼ nњਦ㔃⛩ˈᒦф
ᑖᴹ਼ᵳ٬ⲴҼ৹ṁѝˈᗵᇊᆈ൘аἥަᑖᵳ䐟ᖴ䮯ᓖ٬ѪᴰሿⲴҼ৹ṁˈҏቡᱟᴰՈ

Ҽ৹ṁǄл䶒ᡁԜ㔉ࠪᶴ䙐ަⲴ㇇⌅↕僔˖

ᇊٷ nњਦ㔃⛩Ⲵᵳ࡛࠶٬Ѫ {w1, w2, ..., wn},ࡉ
˄1˅⭡ᐢ⸕㔉ᇊⲴ n њᵳ٬ {w1, w2, ..., wn}ˈᶴ䙐аἥ⭡ n ἥҼ৹ṁᡰᶴᡀⲴ

᷇ F = {T1, T2, ..., Tn}, ަѝ⇿аἥҼ৹ṁਚᴹањṩ㢲⛩ˈᒦфṩ㢲⛩Ⲵᵳ࡛࠶٬Ѫ
w1�w2�...�wnǄ

˄2˅൘Ҽ৹ṁ᷇ F ѝ䘹ਆṩ㢲⛩Ⲵᵳ٬ᴰሿ઼⅑ሿⲴєἥҼ৹ṁˈ࡛࠶ᢺԆԜ

Ѫᐖ子ṁ઼ਣ子ṁ৫ᶴ䙐аἥᯠⲴҼ৹ṁˈᯠҼ৹ṁⲴṩ㔃⛩ᵳ٬Ѫަᐖǃਣ子ṁṩ㢲⛩

Ⲵᵳ٬ѻ઼Ǆ

˄3˅ѪᯠҼ৹ṁⲴᐖǃਣ子ṁⲴєἥє৹ṁӾ᷇ F ѝࡐ䲔ˈሶᯠӗ⭏ⲴҼ৹ṁ

᷇ࡠޕ࣐ F ѝǄ

˄4˅䟽༽↕僔˄2˅઼˄3˅̍ ⴤࡠ᷇ѝਚ࢙лаἥҼ৹ṁѪ→ˈࡉ䘉ἥҼ৹ṁቡᱟ

ᡰᶴᡀⲴ HuffmanṁǄ
л䶒㔉ࠪањާփᱟᇎֻˈሩҾа㓴㔉ᇊⲴᵳ٬ {5ˈ4ˈ3ˈ2ˈ1}ˈമ22㔉ࠪҶ

HuffmanṁⲴᶴ䙐䗷〻Ǆ

മ 22: ᶴ䙐 HuffmanṁⲴ䗷〻

㔉ࠪ HuffmanṁਾˈᡁԜ⭘ Huffmanṁ䘋㹼㕆⸱Ǆ
Huffman㕆⸱:
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൘ؑ通ؑ亶ฏ䟼ˈؑՐ䘱Ⲵ䙏ᓖ㠣ޣ䟽㾱ˈ㘼Ր䘱䙏ᓖ⭡ҾՐ䘱Ⲵؑ䟿ᴹޣǄ

൘ؑՐ䘱ᰦ䴰㾱ሶؑㅖ号䖜ᦒѪҼ䘋ࡦ㓴ᡀⲴㅖ号Ѣˈ䘉ቡ䴰㾱䘋㹼Ҽ䘋ࡦⲴ㕆

⸱Ǆٷ䇮㾱Ր䘱Ⲵᱟ⭡ AǃBǃC઼ D4њᆇㅖ㓴ᡀⲴ⭥ᣕ᮷ ABCAABCAD,൘䇑㇇ᵪѝ
⇿њᆇㅖ൘⋑ᴹ㕙Ⲵ᮷ᵜ᮷Ԧѝ⭡ањᆇ㢲˄ֻྲᑨ㿱Ⲵ ASCII⸱˅ᡆєњᆇ㢲˄ࡇ
ྲ Unicode⸱˅㺘⽪ˈྲ᷌ᱟ⭘䘉ᯩṸˈ⇿њᆇㅖ䜭䴰㾱 8њᡆ 16њսᮠˈնᱟѪҶ
ᨀ儈ᆈ઼ۘՐ䗃᭸⦷ˈ൘ؑᆈ઼ۘՐ䘱ᰦᙫᱟᐼᵋՐ䗃ؑⲴᙫ䮯ᓖቭਟ㜭⸝ˈ䘉ቡ䴰

㾱䇮䇑а྇ሩᆇㅖ䳶䘋㹼Ҽ䘋ࡦ㕆⸱Ⲵᯩ⌅ˈ֯ᗇ䟷⭘䘉㕆⸱ᯩᔿሩؑ䘋㹼㕆⸱ᰦˈ

ؑⲴՐ䗃䟿ᴰሿǄྲ᷌㜭ሩ⇿ањᆇㅖ⭘н਼䮯ᓖⲴҼ䘋ࡦ㕆⸱ˈᒦфቭਟ㜭߿ቁࠪ⧠

⅑ᮠᴰཊⲴᆇㅖⲴ㕆⸱սᮠˈؑࡉՐ䘱Ⲵᙫ䮯ᓖׯਟԕ䗮ࡠᴰሿǄ

䇮ሶٷ AǃBǃC઼ D࡛࠶㕆⸱Ѫ ᣕ᮷⭥ࡉˈ10ˈ01ˈ1ˈ0 ABCAABCADⲴ㕆⸱䮯
ᓖਚᴹ 12㜭䗮ࡠᴰ⸝Ǆ❦㘼ˈ൘㕆⸱ᒿࡇѝˈ㤕⭘䎧ս㓴ਸ˄ᡆࡽ㔰˅਼Ⲵԓ⸱
ᶕ㺘⽪н਼Ⲵᆇㅖˈࡉ൘н਼ᆇㅖⲴ㕆⸱ѻ䰤ᗵ享⭘࠶䳄ㅖ䳄ᔰˈࡉՊӗ⭏Ҽѹᙗˈ⭥

᮷ҏቡᰐ⌅䈁⸱ҶǄѪҶ൘ᆇㅖ䰤ⴱ৫нᗵ㾱Ⲵ࠶䳄ㅖ号ˈ䘉ቡ㾱≲㔉ࠪⲴ⇿ањᆇㅖⲴ

㕆⸱ᗵ享Ѫࡽ㔰㕆⸱Ǆᡰ䉃ࡽ㔰㕆⸱ቡᱟ൘ᡰᴹᆇㅖⲴ㕆⸱ѝˈԫօањᆇㅖ䜭нᱟਖа

њᆇㅖⲴࡽ㔰Ǆ

࡙⭘ Huffmanṁਟԕᶴ䙐анㅹ䮯ⲴҼ䘋ࡦ㕆⸱ˈᒦфᶴ䙐ᡰᗇ Huffman㕆⸱ᱟ
аᴰՈࡽ㔰㕆⸱Ǆ

Huffman㕆⸱Ⲵᶴ䙐䗷〻ᱟ˖⭘⭥᮷ѝњᆇㅖ֯⭘Ⲵ仁ᓖѪਦ㔃⛩Ⲵᵳˈᶴ䙐
аἥާᴹᴰሿᑖᵳ䐟ᖴ䮯ᓖⲴ Huffmanṁˈ㤕ሩṁѝⲴ⇿њᐖ࠶᭟䍻Ҹḷ䇠 Ӿṩࡉˈ1
㢲⛩ࡠ⇿њਦ㔃⛩Ⲵ䐟ᖴ上Ⲵḷ䇠䘎᧕䎧ᶕቡᶴᡀҶањҼ䘋ࡦѢˈ䈕Ҽ䘋ࡦѢ㻛〠Ѫ

Huffman㕆⸱Ǆ䱴ᖅѝ㔉ࠪҶᶴ䙐 Huffmanṁ઼ Huffman㕆⸱㊫Ⲵ᧿䘠˄java䈝䀰 Ǆ˅

᧕⵰ˈᡁԜ㔉ࠪањֻ子ˈᐢ⸕ањؑ通ؑ㚄㔌ѝ֯⭘Ҷ 8њᆇㅖ˖aǃbǃcǃdǃ
eǃfǃg઼ hˈ⇿њᆇㅖൠ֯⭘仁ᓖ࡛࠶Ѫ˖6ǃ30ǃ8ǃ9ǃ15ǃ24ǃ4઼ 12ˈ䇮䇑њᆇ
ㅖⲴ Huffman㕆⸱ˈമ23ᖒ䊑ൠኅ⽪Ҷ䘉а㕆⸱䗷〻Ǆ
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മ 23: ֻѝ Huffmanṁ઼ Huffman㕆⸱

൘ᵜֻѝˈᗇࠪ䘉 8њᆇㅖⲴ Huffman㕆⸱ਾˈᡁԜоѻࡽⲴ˄ٷ䇮⇿њᆇㅖ䴰㾱
8սᮠ˅䘋㹼ᆈۘ∄䖳ǄHuffman㕆⸱ਾ˖6× 4 + 30× 2 + 8× 4 + 9× 4 + 15 × 3 + 24 ×
2 + 4 × 4 + 12 × 3 = 297;:(6 + 30 + 8 + 9 + 15 + 24 + 4 + 12) × 8 = 864Ǆਟ㿱㢲ⴱҶ

864-297=567њオ䰤Ǆ
㕆⸱ѻਾˈ䘋㹼䀓⸱ˈቡਟԕᆼᡀᮠᦞⲴ䈫ਆǄ

Huffman䀓⸱:
а㡜㘼䀰ˈ䀓⸱䗷〻ਚᱟሶࡽ㔰ԓ⸱⍱䖜ᦒѪঅњᆇ㢲٬ˈ通ᑨᱟ൘Ӿ䗃ޕ⍱ѝ䈫

ਆ⇿аսᰦ䙀њ㢲⛩䙽শ Huffmanṁ˄ࡠ䗮ਦ㢲⛩ᗵ❦Պ㓸→ሩ䈕⢩ᇊᆇ㢲٬Ⲵᩌ㍒ Ǆ˅

൘䘉ਁ⭏ѻࡽˈᗵ享ԕḀᯩᔿ䟽ᔪ䴽ཛᴬṁǄLinᨀࠪⲴสҾ䙂ᖂ䴽ཛᴬṁⲴ䴽ཛᴬ䀓
⸱ᘛ䙏㇇⌅ਟԕ࣐ᘛ䀓⸱䗷〻 [6]ǄሩҾᵜ仈㘼䀰ˈਟԕ൘ data1-data6ѝḕ⇿њݳ㍐
਼ᡆ㘵լ˄ᇎ䜘㲊䜘࡛࠶լˈᓄ䰞仈ᡰ䴰㋮ᓖਟᇊѹլᓖⲴ㺑䟿参ᮠ˅̍ ❦ਾ࡙⭘

Huffmanᯩ⌅䘋㹼㕙৺䀓Ⲵˈ䘉ሶ䱽վ⸙䱥Ⲵᆈۘオ䰤Ǆն䰞仈ѝᡰ䘠㾱≲㕙
ਾⲴ⇿њݳ㍐ӽ❦ԕ 32bitঅ㋮ᓖ⎞⛩ᮠᆈۘˈн㘳㲁սᇭⲴ㕙ˈ᭵䘉൘䀓ㆄ䰞仈 2
ᰦᲲн֯⭘ˈնнཡѪаᖸྭⲴ㕙ᙍᜣǄሩҾ䰞仈 2Ⲵ䀓ㆄˈᡁԜ䟷⭘ 5.2.2ѝᨀࠪ
Ⲵ䱽㔤࠶ඇ㕙㇇⌅Ǆ

5 . 3 . 2 ⌅㇇ඇ㕙࠶

Ոॆᯩ⌅ 1-䱽㔤 SVD㕙㇇⌅
⧠䟷⭘䱽㔤 SVD 㕙㇇⌅ሩҾ W 䘋㹼㕙Ǆᐢ⸕ˈW ᱟањ 64 × 2 × 4 × 384

Ⲵ 4 㔤⸙䱥ˈ俆ݸᢺ 4 㔤Ⲵ⸙䱥䘋㹼䱽㔤༴⨶ˈਈᡀ 256 × 768 Ⲵ 2 㔤⸙䱥ˈ䈕⸙

䱥䘋㹼 SVD лˈਆࠪ㍟䇑䍑⥞⦷大Ҿߥ䇱ᴰ㓸䈟ᐞⲴᛵ؍䀓ˈ൘࠶ 0.974 Ⲵࡽ m ࡇ
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U(:, 1 : m),V(:, 1 : m),ˈࡽ m њཷᔲ٬䘋㹼ᆈۘˈᴰਾ֯⭘ᆳԜ҈৺ॷ㔤ণਟ䀓

(മ24)Ǆᙫޡ㢲㓖Ⲵオ䰤Ѫ
196608− 1025m (13)

њᆈۘঅݳǄ

਼⨶ˈHᱟањ 4× 64× 4× 384Ⲵ 4㔤⸙䱥ˈ俆ݸᢺ 4㔤Ⲵ⸙䱥䘋㹼䱽㔤༴⨶ˈਈ

ᡀ 256× 1536Ⲵ 2㔤⸙䱥ˈ䈕⸙䱥䘋㹼 SVD࠶䀓ˈ൘؍䇱ᴰ㓸䈟ᐞⲴᛵߥлˈਆࠪ㍟
䇑䍑⥞⦷大Ҿ 0.947Ⲵࡽmࡇ U(:, 1 : m),V(:, 1 : m),ˈࡽmњཷᔲ٬䘋㹼ᆈۘˈᴰਾ֯⭘

ᆳԜ҈৺ॷ㔤ণਟ䀓Ǆᙫޡ㢲㓖Ⲵオ䰤Ѫ

393216− 1739m (14)

њᆈۘঅݳǄ

30



മ 24: Ոॆᯩ⌅ 1

Ոॆᯩ⌅ 2-䱽㔤࠶ඇ SVD㕙㇇⌅ (大࠶ඇ)
䘈ਟ䟷⭘大࠶ඇ㕙ሩҾW䘋㹼㕙Ǆᐢ⸕ˈWᱟањ 64 × 2 × 4 × 384Ⲵ 4㔤⸙

䱥ˈ俆ݸᢺ 4㔤Ⲵ⸙䱥䘋㹼䱽㔤༴⨶ˈਈᡀ 256× 768Ⲵ 2㔤⸙䱥ˈሶ䈕 2㔤⸙䱥࠶Ѫ

3њ 256× 256Ⲵ⸙䱥ˈ࡛࠶ሩ⇿њ⸙䱥䘋㹼 SVD࠶䀓ˈ൘؍䇱ᴰ㓸䈟ᐞⲴᛵߥлˈਆࠪ
㍟䇑䍑⥞⦷大Ҿ 0.966Ⲵࡽmࡇ U(:, 1 : m),V(:, 1 : m),ˈࡽmњཷᔲ٬䘋㹼ᆈۘˈᴰਾ֯

⭘ᆳԜ҈ǃ䟽㓴৺ॷ㔤ণਟ䀓 (മ25)Ǆ
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䇮䘉 3њ 256× 256⸙䱥࡛࠶ਆࡽm1,m2,m3њཷᔲ٬ˈ䛓Ѹᙫޡ㢲㓖Ⲵオ䰤Ѫ

196608− 513(m1 +m2 +m3) (15)

њᆈۘঅݳǄ

大࠶ඇ㕙਼ṧਟԕ⭘Ҿ HⲴ㕙ǄHᱟањ 4× 64× 4× 384⸙䱥ˈ俆ݸᢺ 4㔤Ⲵ

⸙䱥䘋㹼䱽㔤༴⨶ˈѪҶᗇࡠቭਟ㜭大Ⲵᯩ䱥ˈ䘉䟼ሶ⇿њ 4× 64⸙䱥ݸ䖜㖞ˈ䱽㔤ˈ

ᡀѪ 256× 1536Ⲵ 2㔤⸙䱥ˈሶ䈕 2㔤⸙䱥࠶Ѫ 6њ 256× 256Ⲵ⸙䱥ˈᴰਾӽ❦֯⭘

上䘠Ⲵ㕙䀓ᯩᔿ (മ25)Ǆ
䇮䘉 6њ 256× 256⸙䱥࡛࠶ਆࡽm1,m2,m3,m4,m5,m6њཷᔲ٬ˈ䛓Ѹᙫޡ㢲㓖Ⲵ

オ䰤Ѫ

393216− 513
6∑

i=1

mi (16)

њᆈۘঅݳǄ
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മ 25: Ոॆᯩ⌅ 2

Ոॆᯩ⌅ 3-䱽㔤࠶ඇ SVD㕙㇇⌅ (ሿ࠶ඇ)
⭡Ҿ Hj,k ᱟањ 4× 64⸙䱥ˈഐ↔ਟԕ通䗷ሶ⇿њ Hj,k ᡆWj,k ඇᡀѪ࠶ 16њ 4× 4
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Ⲵ⸙䱥ˈሩҾ⇿њሿ⸙䱥䘋㹼㕙༴⨶Ǆ

ሿ࠶ඇ㕙ሩҾ⇿њ⸙䱥Ⲵ㔤ᮠ䘋㹼Ҷ㾱≲ˈ⭡ҾWj,k ᱟањ 64 × 2⸙䱥ˈᡰԕн

㜭ሩަ䘋㹼ሿ࠶ඇ㕙ˈࡉᆈۘオ䰤н߿৽˄2 ∗ 2 < 2 + 1 + 2 Ǆ˅ഐ↔ˈ䈕ᯩ⌅ӵሩ

H䘲⭘Ǆ
ሩҾᡰᴹⲴ 4× 4ሿ⸙䱥ˈ俆ݸỰ傼ᱟᱟ〰⮿⸙䱥ᡆሩ〠⸙䱥ˈྲ᷌ᱟࡉਟԕ᤹➗

ᐢᴹⲴ㕙䀓㇇⌅˄ਚᆈۘ䶎䴦ݳᡆѫሩ䀂ݳԕ上˅䘋㹼ˈ㤕нᱟࡉ䘋㹼 SVD࠶䀓ˈ
≲ࠪᆳԜⲴཷᔲ٬৺ᐖਣཷᔲੁ䟿ˈ❦ਾሶᴰ大ཷᔲ٬䍑⥞⦷䎵䗷 74.9%Ⲵ⸙䱥ㆋ䘹ࠪ
ᶕˈᴰਾሶ UⲴㅜаࡇ U(:, 1)ˈV(:, 1)Ⲵㅜаࡇ৺ᴰ大ཷᔲ٬䘋㹼ᆈۘˈਟ䱽վᆈۘⲴ
༽ᵲᓖǄ䀓ᰦˈሶᆈۘⲴ U(:, 1)оᴰ大ཷᔲ٬৺ V(:, 1)∗ ҈ণਟᗇࡠ⸙䱥Ⲵ䘁լ
˄മ26 Ǆ˅
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മ 26: Ոॆᯩ⌅ 3⍱〻മ

ྲമ27ᡰ⽪ˈᶕ⇿њሿ⸙䱥ᡰঐ⭘ 4 × 4 = 16њᆈۘঅݳˈ⧠൘㓿䗷㕙ӵঐ⭘

4× 1 + 1+ 1× 4 = 9њᆈۘঅݳˈ⇿њㅖਸ䍑⥞⦷ᶑԦⲴሿ⸙䱥ਟԕ㢲㓖 16− 9 = 7њᆈ

ۘঅݳǄ
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മ 27: Ոॆᯩ⌅ 3

5 . 3 . 3 䰞仈 2≲䀓

通䗷䇑㇇ˈਟԕᗇࡠW˄മ33˅о V˄മ34˅൘上䘠йњՈॆᯩ⌅л㢲㓖Ⲵオ䰤Ǆ൘
Ոॆᯩ⌅ 3ѝ⋑ᴹỰ⍻ࡠሩ〠ᡆ㘵〰⮿⸙䱥Ǆ
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മ 28: Ոॆᯩ⌅ 3┑䏣ᶑԦⲴ⸙䱥ᮠⴞ

ਟԕⴻࠪˈՈॆᯩ⌅ 3൘ሩ H 䘋㹼㕙ᰦ㺘⧠н֣ˈаᯩ䶒ഐѪ⇿њㅖਸ㕙ᶑԦ

Ⲵ 4× 4⸙䱥ӵਟԕ㢲㓖 7њᆈۘঅս˗ਖаᯩ䶒ˈ┑䏣ᶑԦⲴ⸙䱥ᮠⴞҏ䗷ቁ˄മ28 Ǆ˅
Ոॆᯩ⌅ 1Ⲵ㺘⧠⅑ѻˈ˄ മ29)ኅ⽪Ҷᡰᴹᮠᦞ䳶൘䈕ᯩ⌅лᡰਆⲴ⸙䱥ཷᔲ٬ᮠ䟿ˈਟ
ԕⴻࡠˈ∄ᶕⲴ 256њཷᔲ٬ˈᡰ䘹ਆⲴཷᔲ٬ᮠⴞ䱽վᱮ㪇ˈ൘нཡ㋮⺞ᓖⲴᛵߥ

л㕙⦷ॷ儈ǄՈॆᯩ⌅ 2Ⲵ㺘⧠ᴰྭˈᴰ儈ⲴՈॆ䗮ࡠҶ 19551552∄⢩ˈ∄Ҿᯩ⌅

1ⲴՈॆオ䰤ᒣ൷ᨀॷҶ 65.799%Ǆሶᯩ⌅ 1оᯩ⌅ 2ᡰਆཷᔲ٬Ⲵᮠⴞ˄മ29оമ30˅
ᑖޜޕᔿ14઼16ˈ⨶䇪᷀࠶о㔃᷌㔃᷌а㠤ˈ䇱ᇎҶՈॆᯩ⌅ 2Ⲵ㺘⧠ᴰՈǄ

മ 29: Ոॆᯩ⌅ 1ਆཷᔲ٬ᮠⴞ
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മ 30: Ոॆᯩ⌅ 2ਆཷᔲ٬ᮠⴞ

Ոॆᯩ⌅ 1൘ሩW 䘋㹼㕙ᰦ㺘⧠⮕ᐞˈ˄ മ31)ኅ⽪Ҷᡰᴹᮠᦞ䳶൘䈕ᯩ⌅лᡰਆ
Ⲵ⸙䱥ཷᔲ٬ᮠ䟿ǄՈॆᯩ⌅ 2Ⲵ㺘⧠ᴤྭˈᴰ儈ⲴՈॆ䗮ࡠҶ 8150592∄⢩ˈ∄Ҿ

ᯩ⌅ 1ⲴՈॆオ䰤ᒣ൷ᨀॷҶ 52.190%Ǆሶᯩ⌅ 1оᯩ⌅ 2ᡰਆཷᔲ٬Ⲵᮠⴞ˄മ31о
മ32˅ᑖޜޕᔿ13઼15ˈ⨶䇪᷀࠶о㔃᷌㔃᷌а㠤ˈ䇱ᇎҶՈॆᯩ⌅ 2Ⲵ㺘⧠ᴤՈǄ

മ 31: Ոॆᯩ⌅ 1ᡰਆཷᔲ٬Ⲵᮠ䟿
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മ 32: Ոॆᯩ⌅ 2ᡰਆཷᔲ٬Ⲵᮠ䟿
↔ཆˈ上䘠ᡰᴹ㇇⌅൷┑䏣㋮⺞ᓖ㾱≲˖errH ≤ Eth1 = −30dBǃ

errW ≤ Eth2 = −30dBǄ

മ 33: W ൘н਼ᯩ⌅л㢲㓖Ⲵオ䰤
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മ 34: V ൘н਼ᯩ⌅л㢲㓖Ⲵオ䰤

5 . 4 ⁑රйᔪ・о≲䀓

5 . 4 . 1 ⁑රйⲴᔪ・

⁑රйሶ⁑රао⁑රҼ㔃ਸˈᰒ㘳㲁Ҷ䇑㇇༽ᵲᓖˈ৸㘳㲁Ҷᆈۘオ䰤༽ᵲᓖǄ

俆ݸˈสҾ⁑රҼⲴ≲䀓㔃᷌ˈሩҾ㔉ᇊⲴᡰᴹᮠᦞ䳶Ⲵ Hˈᓄ䈕䘀⭘Ոॆᯩ⌅ 2

䘋㹼ᮠᦞ㕙ˈ䱽վۘᆈオ䰤˗᧕⵰ˈሩҾ㕙Ⲵ⸙䱥 Hp䘋㹼䀓㕙ˈᗇࡠ䀓ਾⲴ⸙

䱥 Hr˗ሩ Hr ֯⭘⁑ᯩ⌅ǃ㚊㊫⡦子㢲⛩⌅৺䲿ᵪ SVD࠶䀓㇇ࠪ Vr˗❦ਾˈ֯⭘สҾ

StrassenⲴ᭩䘋≲䘶҈⌅䇑㇇Wr˗ᴰਾˈสҾ⁑රҼⲴ≲䀓㔃᷌ˈሩWr ֯⭘Ոॆᯩ⌅ 2

䘋㹼㕙ˈਟᗇWpˈሩަ䀓ণਟ≲ᗇ⁑රйᡰ䴰Ⲵ ŴǄ

5 . 4 . 2 䰞仈 3Ⲵ≲䀓

㓿䗷䇑㇇ˈਟᗇ⁑ᯩ⌅৺⡦子㢲⛩⌅㚊㊫Ⲵ㔃᷌ˈ䘉䟼ԕ Data4HⲴㅜ 1㹼ᮠᦞѪ

ֻˈ⭡മ37ਟԕⴻࠪˈ384њ⸙䱥 H1,k 㻛࠶ѪҶ 180њ㊫ˈ⇿њ㊫Ⲵ⡦㢲⛩ᑖᴹањᡆ

㘵єњ子㢲⛩ˈഐ↔ਟԕ䘹ਆ⇿њ⡦㢲⛩ሩᓄⲴ Vp,qˈᡰ䴰䇑㇇Ⲵ Vj,k ᮠ䟿ӵঐݸⲴ

46.875%ˈ大大䱽վҶ䇑㇇༽ᵲᓖǄ
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മ 35: 䰞仈й⍱〻മ
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മ 36: Wᔪ⁑㋮⺞ᓖ

മ 37: 㚊㊫⡦子㢲⛩മ

⭡മ36ਟԕⴻࠪˈ≲䀓┑䏣 ρmin(W) ≥ ρth = 0.99Ⲵ㾱≲ˈ䎵䗷 1Ⲵᮠᆇᐢ൘ѻࡽ䇘

䇪䗷Ǆ
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6. ⁗ශᙱ㔉与䇺ԭ

6 . 1 ⁑රՈ⛩

˄1˅ᵜ᮷൘䰞仈 1≲䀓䗷〻ѝᨀࠪⲴĀ⁑ᯩ⌅āਟԕᴹ᭸ൠᦅࡠн਼⸙䱥ѻ䰤ާ
ᴹޣޣ㌫Ⲵ⸙䱥Ǆ

˄2 Ā˅㚊㊫⡦子㔃⛩㇇⌅āਟԕ通䗷֯⭘䘉Ӌާᴹޣޣ㌫Ⲵ⸙䱥ᶕᶴᔪ⭡н਼⸙䱥
㓴ᡀⲴޣ⸙䱥㓴ˈ䘋㘼䚯ݽ䘋㹼䶎ᗵ㾱Ⲵཷᔲ࠶٬䀓䗷〻Ǆ

˄3˅֯⭘ Strassen≲䘶㇇⌅࡙⭘ Strassen㇇⌅઼⸙䱥࠶⋫ᙍᜣ䱽վҶ⸙䱥≲䘶Ⲵ༽
ᵲᓖ˗ᣃտҶ䴰≲ѝ Hermite䱥≲䘶䘉а㾱⛩䘋㹼ҶՈॆˈᨀࠪҶ᭩䘋Ⲵ Strassen≲䘶
㇇⌅ˈ䘋а↕߿ቁҶ≲䘶䗷〻ѝⲴ⸙䱥䘀㇇⅑ᮠ˗൘᭩䘋Ⲵ Strassen㇇⌅Ⲵส上ᕅޕ
Coppersmith-Winograd㇇⌅䱽վ≲䘶䗷〻ѝⲴ⸙䱥҈⌅䘀㇇Ⲵ༽ᵲᓖˈ䘋а↕䱽վҶᮤњ
≲䘶㇇⌅Ⲵ༽ᵲᓖǄ

˄4 Ā˅䘁լ⸙䱥࠶䀓Ⲵᾲ⦷㇇⌅ü䲿ᵪཷᔲ࠶٬䀓ā㜭儈᭸ൠḕ⸙䱥Ⲵվ䱦䘁
լ⸙䱥,㘼ਾਚ䴰ሩ䘉Ӌվ䱦䘁լ⸙䱥ཷڊᔲ࠶٬䀓Ǆоḷ߶ཷᔲ࠶٬䀓∄ˈᨀ儈Ҷ࠶
䀓䙏ᓖˈ䘋㘼䱽վ⁑රⲴ䇑㇇༽ᵲᓖǄ

˄5 Ā˅䱽㔤࠶ඇ㕙㇇⌅ā࡙⭘⸙䱥ཷᔲ࠶٬䀓ਾˈ䍑⥞⦷䖳大Ⲵࡽ nњཷᔲ٬৺ަ
ሩᓄⲴᐖǃਣཷᔲੁ䟿㜭ኅ⽪⸙䱥大䜘࠶Ⲵṧ䊼Ǆ਼ᰦ࠶ඇⲴᙍᜣ㜭ᴰ大ॆⲴ࡙⭘上

䘠⨶ᶕ㕙⸙䱥ˈ䘋㘼൘؍䇱㋮ᓖⲴࡽᨀлˈᇎ⧠ҶᓹԧᆈۘǄ

6 . 2 ⁑ර㕪⛩о᭩䘋ᯩੁ

˄1˅ᵜ᮷䴰㾱┑䏣㋮ᓖ㾱≲Ǆ൘Ā⁑ᯩ⌅āѝˈ┑䏣㋮ᓖ㾱≲Ⲵޣ㌫ᮠ RⲴл䲀

Rcriticalˈԕ৺Ā䱽㔤࠶ඇ㕙㇇⌅āѝ┑䏣㋮ᓖ㾱≲Ⲵ᤹䍑⥞ᓖᧂࡇⲴࡽ nњཷᔲ٬ѝⲴ
nⲴл䲀 ncritical,䴰㾱㋮ᓖ㾱≲ࣘ䈳㢲ḕǄྲ᷌ᰦ䰤ݵ㼅ˈਟԕ߉ањ㇇⌅ᶕࡠ
┑䏣㋮ᓖ㾱≲Ⲵ Rcritical ઼ ncriticalǄ

˄2˅䘉 6 њᮠᦞ䳶ѝˈሩ Hj,k(4 × 64) 䘋㹼䲿ᵪཷᔲ࠶٬䀓ˈӗ⭏Ⲵ↓交䱥 Qj,k

˄Hj,k ≈ Qj,kQj,k
∗Hj,k) ᴹᖸཊ㔤ᓖѪ 4 × 4, 䘉ṧⲴ Qj,k ሩҾ᧕лᶕ㾱䘋㹼Ⲵㆰ㓖⸙䱥

Bj,k(Bj,k = Qj,k
∗Hj,k) Ⲵཷᔲ࠶٬䀓⋑ᴹ䎧ࡠㆰॆ⭘ǄᡁԜਟԕ䈅മࠪ㜭࡛࠶ӗ⭏

4 × 4㔤ᓖⲴ↓交䱥 Qj,k Ⲵ Hj,k ઼ӗ⭏ 4 × 3㔤ᓖⲴ↓交䱥 Qj,k
′ Ⲵ Hj,k

′ˈሶ Hj,k ઼ Hj,k
′

᧕൘а䎧ˈᶴᔪањ㔤ᓖѪ 4× 128Ⲵ⸙䱥Hj,kfusion ,❦ਾሩHj,kfusion 䘋㹼䲿ᵪཷᔲ࠶٬

䀓ˈ᧒ウᱟ㜭ӗ⭏ањ㔤ᓖѪ 3 × 128Ⲵ⸙䱥 Qj,kfusion
˄ྲ᷌ӗ⭏ˈሶ䖳᧕ѻࡽ䘋а

↕ᨀ儈䇑㇇䙏ᓖ Ǆ˅նᱟ᧕ǃ᧒ウⲴ䗷〻ˈҏՊ㔉䇑㇇ᵪ䍏ᣵˈഐ↔ڊањᱟ

᧕Ⲵᵳ㺑ᯩṸᱟᖸᴹᗵ㾱ⲴǄ

˄3˅֯⭘ Coppersmith-Winograd㇇⌅ՈॆⲴ᭩䘋 Strassen≲䘶㇇⌅䘀㹼Ⲵ᭸⦷઼䇮
㖞Ⲵ⭼䲀 Tᇶ࠷ޣˈ䴰㾱ṩᦞ⸙䱥Ⲵ㔤ᓖ䈳ᮤ⭼䲀 Tˈнਸ䘲Ⲵ⭼䲀 T⭊㠣Պ䱽վ㇇⌅
Ⲵ䘀㹼᭸⦷Ǆ൘ਾ㔝Ⲵᐕᖃѝਟԕሶ⭼䲀 TѪањ㠚䘲ᓄ参ᮠ൘㇇⌅ѝᇎ⧠ˈ֯㇇
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⌅ਟԕṩᦞᖃࡽ⸙䱥㔤ᓖ઼䘀㹼᭸⦷㠚ࣘ䈳㢲⭼䲀 TǄ
˄4˅Strassen㇇⌅઼ Coppersmith-Winograd㇇⌅ਚ㜭䇑㇇ᯩ䱥Ⲵ҈⌅ˈфᯩ䱥Ⲵ㔤ᓖ

ᗵ享Ѫ 2nˈ䘉ቡ֯ᗇ㇇⌅Ⲵ䘲⭘ᙗᴹᡰ䱽վˈᓄሩ㇇⌅䘋㹼䘋а↕Ոॆˈ䱽վަሩ㔤ᓖ

ⲴᝏᙗǄ

˄5˅ሩҾĀ䱽㔤࠶ඇ㕙㇇⌅ā̍ ᵜ᮷ѝኅ⧠Ҷй࠶ඇᯩᔿሩҾ㕙ᆈۘⲴ㺘⧠Ǆ

ྲ᷌ᰦ䰤ݵ㼅ˈਟԕ䇮䇑ањ㇇⌅ᶕራᴰՈ࠶ඇᯩᔿˈԕᇎ⧠ᴰՈ䱽㔤࠶ඇ㕙ᆈۘǄ

˄6˅ᵜ᮷ѝ⎹৺⸙䱥䗃ޕⲴԓ⸱ᱟ᤹➗仈ⴞ㔉Ⲵ⸙䱥㔤ᓖ䇮䇑ⲴǄྲ᷌ᰦ䰤ݵ㼅ˈ
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A ᡇ的MATLABⓆぁᓅ

V2All=zeros(64,2,384,4,6);%存储所有随机加模方法算出来的svdV

containerAll=zeros(384,10,6,4);%最后两个参数表示哪个数据集，哪一行

filepath=’C:\Users\wangy\Desktop\A\H’;

for q=1:6

temp=load([filepath,’\Data’,num2str(q),’_H’,’.mat’]);

H=temp.H;

N=[];

for i=1:4%所有矩阵的二范数相当于压缩了,

for j=1:384

A=H(:,:,i,j);

for k=1:64

N(i,j,k)=norm(A(:,k));

end

end

end

Co=zeros(4,384,384);

for i=1:4

for j=1:384

for p=j:384

temp=corrcoef(N(i,j,:),N(i,p,:));

Co(i,j,p)=temp(1,2);

end

end

end

M=[];

l=1;

for i=1:4

for j=1:384

for k=j:384

if Co(i,j,k)>=0.9985%筛选出来相关系数大于的矩阵关系，存储在0.95中M

M(l,1)=i;

M(l,2)=j;

M(l,3)=k;

l=l+1;

end

end
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end

end

% 所有的算出来

V2=zeros(64,2,384,4);%是求出的所有矩阵V2V

for k=1:4

container=julei(M,k);

containerAll(1:size(container,1),1:size(container,2),q,k)=container;

column=container(:,1);

V1=zeros(64,2,size(column,1));

for i=1:size(column)

a=column(i);

tmp=suiji(H(:,:,k,a));

V1(:,:,i)=tmp(:,1:2);%求随机SVD

end

V3=zeros(64,2,384);

for i=1:size(column)

for j=1:size(container,2)

if container(i,j)~=0

V3(:,:,container(i,j))=V1(:,:,i);

end

end

end

V2(:,:,:,k)=V3;

end

V2All(:,:,:,:,q)=V2;

% 进行的检验V

temp1=load([filepath,’\Data’,num2str(q),’_V’,’.mat’]);

V=temp1.V;

P=zeros(2,4,384);

for i=1:4

for j=1:384

for l=1:2

a=V(:,l,i,j);

b=V2(:,l,j,i);

P(l,i,j)=norm(a’*b)/norm(a)*norm(b);

end
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end

end

errorAll(1,q)=min(min(min(P)));

end

%% 第一题求解写得到的，写出V.文件给程序运行matPython

%写入文件excel

V2final=zeros(256,768,6);

for k=1:6

for j=1:384

for i=1:4

tmp=V2All(:,:,j,i,k);

V2final((i-1)*64+1:i*64,(j-1)*2+1:j*2,k)=tmp;%此处的用于下一步的
对接V

end

end

end

data1=V2final(:,:,1);

data2=V2final(:,:,2);

data3=V2final(:,:,3);

data4=V2final(:,:,4);

data5=V2final(:,:,5);

data6=V2final(:,:,6);

for i=1:6

save([pwd,’\V’,num2str(i)],[’data’,num2str(i)]);

end

%% 问题一的求解再计算W 存储使用计算的的过程pythonW

dataAll=zeros(256,768,6);

for i=1:6

tmp=load([pwd,’\data’,num2str(i),’.mat’]);

dataAll(:,:,i)=tmp.mat;

end

dataAll(:,:,1)=data1;

dataAll(:,:,2)=data2;

dataAll(:,:,3)=data3;

dataAll(:,:,4)=data4;

dataAll(:,:,5)=data5;

dataAll(:,:,6)=data6;

W_new=zeros(64,2,4,384,6);%用来存储所有的数据W
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for i=1:6

W_new(:,:,:,:,i)=cunchuW(dataAll(:,:,i));%升维处理

end

%% 第一题的解答对算出来的进行检测pythonW

accuracy=zeros(6,1);%检测准确度

filepath=’C:\Users\wangy\Desktop\A\W’;

for q=1:6

temp1=load([filepath,’\Data’,num2str(q),’_W’,’.mat’]);

W=temp1.W;

P=zeros(2,4,384);

for i=1:4

for j=1:384

for l=1:2

a=W(:,l,i,j);

b=W_new(:,l,i,j,q);

P(l,i,j)=norm(a’*b)/norm(a)*norm(b);

end

end

end

accuracy(q,1)=min(min(min(P)));

end

%% 问题二的求解小分块压缩只能对 (进行处理H)

errorAll=zeros(6,1);

countAll=zeros(6,1);

countSymmetry=0;%寻找对称

filepath=’C:\Users\wangy\Desktop\A\H’;

for q=1:6

temp=load([filepath,’\Data’,num2str(q),’_H’,’.mat’]);

H=temp.H;

%首先先把每个进行分裂H

H2=zeros(4,384,4,4,16);%是存储的所有小矩阵H24*4

for i=1:4

for j=1:384

H1=H(:,:,i,j);

for k=1:16

H2(i,j,:,:,k)=H1(1:4,(k-1)*4+1:k*4);

end

end
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end

%接着算每个小矩阵首元奇异值的贡献率

contribution=zeros(4,384,16);

location=[];

p=1;

for i=1:4

for j=1:384

for k=1:16

H3=H2(i,j,:,:,k);

tmp=reshape(H3,[4,4]);

if isequal(tmp,tmp’)|| isequal(tmp,tmp.’)

countSymmetry=countSymmetry+1;%寻找每个小矩阵是否有对称矩阵

end

[U3,S3,V3]=svd(tmp);

contribution(i,j,k)=S3(1,1)/(S3(1,1)+S3(2,2)+S3(3,3)+S3(4,4));

if contribution(i,j,k)>=0.749

location(p,1)=i;

location(p,2)=j;

location(p,3)=k;

p=p+1;

end

end

end

end

countAll(q,1)=size(location,1);

H6=H;

for i=1:size(location,1)

H4=H2(location(i,1),location(i,2),:,:,location(i,3));

tmp=reshape(H4,[4,4]);

[U,S,V]=svd(tmp);

V=V’;

H5=U(1:4,1)*S(1,1)*V(1,1:4);

H6(1:4,(location(i,3)-1)*4+1:location(i,3)*4,

location(i,1),location(i,2))=H5;%是替换完
的H6

end

sum1=0;

sum2=0;
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for i=1:4

for j=1:384

a=H6(:,:,i,j);

b=H(:,:,i,j);

sum1=sum1+(norm(a-b,’fro’))^2;

sum2=sum2+(norm(b,’fro’))^2;

end

end

error=10*log10(sum1/sum2);

errorAll(q,1)=error;

end

spareSpace3H=7*countAll;

errorMinH=errorAll;

%% 问题二的求解大分块压缩先对进行处理 W

errorAll=zeros(6,1);

thresAll=zeros(6,3);

filepath=’C:\Users\wangy\Desktop\A\W’;

for k=1:6

temp=load([filepath,’\Data’,num2str(k),’_W’,’.mat’]);

W=temp.W;

W2D=zeros(256,768);%先把四维矩阵展成二维矩阵

for i=1:4

for j=1:384

W2D((i-1)*64+1:i*64,(j-1)*2+1:j*2)=W(:,:,i,j);

end

end

%然后分三个256大块进行分解×256SVD

H2DD=zeros(256,768);%存储解压之后的值

threshold=zeros(1,3);%存储用了前多少列

for i=1:3

[A,j]=accumCon(W2D(:,(i-1)*256+1:i*256));

H2DD(:,(i-1)*256+1:i*256)=A;

threshold(1,i)=j;

end

thresAll(k,:)=threshold;

sum1=0;

sum2=0;%计算误差
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for i=1:4

for j=1:384

a=W2D((i-1)*64+1:i*64,(j-1)*2+1:j*2);

b=H2DD((i-1)*64+1:i*64,(j-1)*2+1:j*2);

sum1=sum1+(norm(a-b,’fro’))^2;

sum2=sum2+(norm(b,’fro’))^2;

end

end

error=10*log10(sum1/sum2);

errorAll(k,1)=error;

end

errorMedium=errorAll;%大分块的误差

thres=zeros(6,1);

for i=1:6

sum=0;

for j=1:3

sum=sum+thresAll(i,j);

end

thres(i,1)=sum;

end

thresAllMedium=thresAll;

spareSpace2=ones(6,1)*196608-513*thres;%节省的空间

%% 问题二的求解大分块压缩再对于处理 H

errorAll=zeros(6,1);

thresAll=zeros(6,6);

filepath=’C:\Users\wangy\Desktop\A\H’;

for k=1:6

temp=load([filepath,’\Data’,num2str(k),’_H’,’.mat’]);

H=temp.H;

H2D=zeros(256,1536);%先把四维矩阵展成二维矩阵

for i=1:4

for j=1:384

H2D((i-1)*64+1:i*64,(j-1)*4+1:j*4)=H(:,:,i,j).’;%要转置

end

end

%然后分六个256大块进行分解×256SVD

H2DD=zeros(256,1536);%存储解压之后的值

threshold=zeros(1,6);%存储用了前多少列
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for i=1:6

[A,j]=accumCon(H2D(:,(i-1)*256+1:i*256));

H2DD(:,(i-1)*256+1:i*256)=A;

threshold(1,i)=j;

end

thresAll(k,:)=threshold;

sum1=0;

sum2=0;%计算误差

for i=1:4

for j=1:384

a=H2D((i-1)*64+1:i*64,(j-1)*4+1:j*4);

b=H2DD((i-1)*64+1:i*64,(j-1)*4+1:j*4);

sum1=sum1+(norm(a-b,’fro’))^2;

sum2=sum2+(norm(b,’fro’))^2;

end

end

error=10*log10(sum1/sum2);

errorAll(k,1)=error;

end

errorMediumH=errorAll;%大分块的误差H

thres=zeros(6,1);

for i=1:6

sum=0;

for j=1:6

sum=sum+thresAll(i,j);

end

thres(i,1)=sum;

end

thresAllMediumH=thresAll;

spareSpace2H=ones(6,1)*393216-513*thres;%节省的空间

%% 问题二的求解不分块处理！W一个大块()

errorAll=zeros(6,1);

thresAll=zeros(6,1);

filepath=’C:\Users\wangy\Desktop\A\W’;

for k=1:6

temp=load([filepath,’\Data’,num2str(k),’_W’,’.mat’]);

W=temp.W;

W2D=zeros(256,768);%先把四维矩阵展成二维矩阵
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for i=1:4

for j=1:384

W2D((i-1)*64+1:i*64,(j-1)*2+1:j*2)=W(:,:,i,j);

end

end

%然后直接进行分解SVD

H2DD=zeros(256,768);%存储解压之后的值

[A,j]=accumCon(W2D);

threshold=j;%存储用了前多少列

thresAll(k,1)=threshold;

H2DD=A;

sum1=0;

sum2=0;%计算误差

for i=1:4

for j=1:384

a=W2D((i-1)*64+1:i*64,(j-1)*2+1:j*2);

b=H2DD((i-1)*64+1:i*64,(j-1)*2+1:j*2);

sum1=sum1+(norm(a-b,’fro’))^2;

sum2=sum2+(norm(b,’fro’))^2;

end

end

error=10*log10(sum1/sum2);

errorAll(k,1)=error;

end

spareSpace1=ones(6,1)*196608-1025*thresAll;

thresAllMax=thresAll;

errorMax=errorAll;

%% 问题二的求解不分块处理！H一个大块()

errorAll=zeros(6,1);

thresAll=zeros(6,1);

filepath=’C:\Users\wangy\Desktop\A\H’;

for k=1:6

temp=load([filepath,’\Data’,num2str(k),’_H’,’.mat’]);

H=temp.H;

H2D=zeros(256,1536);%先把四维矩阵展成二维矩阵

for i=1:4

for j=1:384
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H2D((i-1)*64+1:i*64,(j-1)*4+1:j*4)=H(:,:,i,j).’;%要转置

end

end

%直接进行分解SVD

H2DD=zeros(256,1536);%存储解压之后的值

[A,j]=accumCon(H2D);

H2DD=A;

threshold=j;

thresAll(k,1)=threshold;

sum1=0;

sum2=0;%计算误差

for i=1:4

for j=1:384

a=H2D((i-1)*64+1:i*64,(j-1)*4+1:j*4);

b=H2DD((i-1)*64+1:i*64,(j-1)*4+1:j*4);

sum1=sum1+(norm(a-b,’fro’))^2;

sum2=sum2+(norm(b,’fro’))^2;

end

end

error=10*log10(sum1/sum2);

errorAll(k,1)=error;

end

spareSpace1H=ones(6,1)*393216-1793*thresAll;

thresAllMaxH=thresAll;

errorMaxH=errorAll;

%% 问题三的求解先压缩解压矩阵H

%大分块压缩 256*256

errorAll=zeros(6,1);

thresAll=zeros(6,6);

HAll=zeros(4,64,4,384,6);%存储解压缩后的H

filepath=’C:\Users\wangy\Desktop\A\H’;

for k=1:6

temp=load([filepath,’\Data’,num2str(k),’_H’,’.mat’]);

H=temp.H;

H2D=zeros(256,1536);%先把四维矩阵展成二维矩阵

for i=1:4

for j=1:384
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H2D((i-1)*64+1:i*64,(j-1)*4+1:j*4)=H(:,:,i,j).’;%要转置

end

end

%然后分六个256大块进行分解×256SVD

H2DD=zeros(256,1536);%存储解压之后的值

for i=1:6

[A,j]=accumCon(H2D(:,(i-1)*256+1:i*256));

H2DD(:,(i-1)*256+1:i*256)=A;

end

%接着对压缩后的升维度H

for i=1:4

for j=1:384

HAll(:,:,i,j,k)=H2DD((i-1)*64+1:i*64,(j-1)*4+1:j*4).’;

end

end

end

%% 第三题的求解再进行随机及模方法SVD

errorAll=zeros(1,6);

V2All=zeros(64,2,384,4,6);%存储所有随机加模方法算出来的svdV

containerAll=zeros(384,10,6,4);%最后两个参数表示哪个数据集，哪一行

filepath=’C:\Users\wangy\Desktop\A\H’;

for q=1:6

H=HAll(:,:,:,:,q);%使用解压后的矩阵H

N=[];

for i=1:4%所有矩阵的二范数相当于压缩了,

for j=1:384

A=H(:,:,i,j);

for k=1:64

N(i,j,k)=norm(A(:,k));

end

end

end

Co=zeros(4,384,384);

for i=1:4

for j=1:384

for p=j:384

temp=corrcoef(N(i,j,:),N(i,p,:));
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Co(i,j,p)=temp(1,2);

end

end

end

M=[];

l=1;

for i=1:4

for j=1:384

for k=j:384

if Co(i,j,k)>=0.998%筛选出来相关系数大于的矩阵关系，存储在0.95中M

M(l,1)=i;

M(l,2)=j;

M(l,3)=k;

l=l+1;

end

end

end

end

% 所有的算出来

V2=zeros(64,2,384,4);%是求出的所有矩阵V2V

for k=1:4

container=julei(M,k);

containerAll(1:size(container,1),1:size(container,2),q,k)=container;

column=container(:,1);

V1=zeros(64,2,size(column,1));

for i=1:size(column)

a=column(i);

tmp=suiji(H(:,:,k,a));

V1(:,:,i)=tmp(:,1:2);%求随机SVD

end

V3=zeros(64,2,384);

for i=1:size(column)

for j=1:size(container,2)

if container(i,j)~=0

V3(:,:,container(i,j))=V1(:,:,i);

end

end
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end

V2(:,:,:,k)=V3;

end

V2All(:,:,:,:,q)=V2;

% 进行的检验V

temp1=load([filepath,’\Data’,num2str(q),’_V’,’.mat’]);

V=temp1.V;

P=zeros(2,4,384);

for i=1:4

for j=1:384

for l=1:2

a=V(:,l,i,j);

b=V2(:,l,j,i);

P(l,i,j)=norm(a’*b)/norm(a)*norm(b);

end

end

end

errorAll(1,q)=min(min(min(P)));

end

%% 第三题求解写得到的，把Vdata1-给程序运行data6Python

%写入文件excel

V2final=zeros(256,768,6);

for k=1:6

for j=1:384

for i=1:4

tmp=V2All(:,:,j,i,k);

V2final((i-1)*64+1:i*64,(j-1)*2+1:j*2,k)=tmp;

end

end

end

data1=V2final(:,:,1);

data2=V2final(:,:,2);

data3=V2final(:,:,3);

data4=V2final(:,:,4);

data5=V2final(:,:,5);

data6=V2final(:,:,6);

for i=1:6

save([pwd,’\V’,num2str(i)],[’data’,num2str(i)]);
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end

%% 第三题的求解存储使用计算的的过程pythonW

dataAll=zeros(256,768,6);

for i=1:6

tmp=load([pwd,’\data’,num2str(i),’.mat’]);

dataAll(:,:,i)=tmp.mat;

end

W_new=zeros(64,2,4,384,6);%用来存储所有的数据W

for i=1:6

W_new(:,:,:,:,i)=cunchuW(dataAll(:,:,i));%升维处理

end

%% 第三题的求解再对进行降维压缩W

WAll=zeros(64,2,4,384,6);%存储解压缩后的W

for k=1:6

W=W_new(:,:,:,:,k);

W2D=zeros(256,768);%先把四维矩阵展成二维矩阵

for i=1:4

for j=1:384

W2D((i-1)*64+1:i*64,(j-1)*2+1:j*2)=W(:,:,i,j);

end

end

%然后分三个256大块进行分解×256SVD

H2DD=zeros(256,768);%存储解压之后的值

for i=1:3

[A,j]=accumCon(W2D(:,(i-1)*256+1:i*256));

H2DD(:,(i-1)*256+1:i*256)=A;

end

for i=1:4

for j=1:384

WAll(:,:,i,j,k)=H2DD((i-1)*64+1:i*64,(j-1)*2+1:j*2);

end

end

end

%% 第三题的求解对的检验W

accuracy=zeros(6,1);%检测准确度

filepath=’C:\Users\wangy\Desktop\A\W’;

for q=1:6

temp1=load([filepath,’\Data’,num2str(q),’_W’,’.mat’]);
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W=temp1.W;

P=zeros(2,4,384);

for i=1:4

for j=1:384

for l=1:2

a=W(:,l,i,j);

b=WAll(:,l,i,j,q);

P(l,i,j)=norm(a’*b)/norm(a)*norm(b);

end

end

end

accuracy(q,1)=min(min(min(P)));

end

function [A,j] = accumCon(A)

[U,S,V]=svd(A);

sum=0;

for i=1:256%算一下累计贡献率

sum=sum+S(i,i);

end

sum2=0;

con=zeros(1,256);

for i=1:256%算一下累计贡献率

sum2=sum2+S(i,i);

con(i)=sum2/sum;%累计贡献率

end

%记录到哪一个奇异值贡献率超过0.9

j=0;

for i=1:256

if con(i)>=0.99

j=i;

break;

end

end

A=U(:,1:j)*S(1:j,1:j)*V(:,1:j)’;

end

function [V1] = suiji(A)

Q=[];
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w=normrnd(0,1,size(A,2),1);

y=A*w;

q=y;

q_new=q/norm(q);

Q=horzcat(Q,q_new);

count1=0;

while norm(A-Q*Q’*A)>0.000001

w=normrnd(0,1,size(A,2),1);

y=A*w;

q=(eye(size(A,1))-Q*Q’)*y;

q_new=q/norm(q);

Q=horzcat(Q,q_new);

count1=count1+1;

end

B=Q’*A;

[u,s,V1]=svd(B);

end

function [W_new11] = cunchuW(num1)

W_new11=zeros(64,2,4,384);

for i=1:4

for j=1:384

W_new11(:,:,i,j)=num1((i-1)*64+1:i*64,(j-1)*2+1:j*2);

end

end

end

def main():

output()

if __name__ == ’__main__’:

main()

from ReadData import *

import numpy as np

import pandas as pd

import openpyxl as op

import os
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import xlwt

import scipy.io

# 读取.文件，并将矩阵储存起来mat

# 表示第几个表data_num

# 表示表中矩阵的行数row

# 表示表中矩阵的列数col

# 返回表中所有矩阵

def read_mat_file(data_num):

data = np.array(read_data_mat()[data_num])

# 用于存储整个矩阵

matrix_V = []

for i in range(4):

# 用于存储矩阵的每一行

matrix_V_line = []

for j in range(384):

V_ij = data[i*64:(i+1)*64, j*2:(j+1)*2]

matrix_V_line.append(V_ij)

matrix_V.append(matrix_V_line)

return np.array(matrix_V)

# 获取的方法v_k

# 表示第几个表data_num

# 表示第几列的，不大于，表示第一列KVk3830

def get_v_k(data_num, K):

data = read_mat_file(data_num)

v_k = data[0][K]

for i in range(1,4):

v_k = np.hstack((v_k,data[i][K]))

return v_k

# 计算矩阵的共轭转置

def conj_t(A):

return np.conj(np.array(A)).T

# 奇异值分解

def svd(matrix):

svd_matrix = []

u,d,v = np.linalg.svd(np.array(matrix))

61



svd_matrix.append(u)

svd_matrix.append(d)

svd_matrix.append(v)

return svd_matrix

# 利用求解线性方程组svdAx=b

def solve_equations_by_svd(A,b):

b = np.array(b)

svd_matrix = svd(A)

u,d,v = svd_matrix[0],svd_matrix[1],svd_matrix[2]

u = np.array(u)

d = np.array(d)

v = np.array(v)

y = np.ones([np.shape(v)[0],1])

b = np.matmul(conj_t(u),b)

for i in range(np.shape(y)[0]):

y[i] = b[i] / d[i]

return np.matmul(conj_t(v),y)

# 简单的矩阵乘法实现A*B

def matrix_multiply(A, B):

res = [[0] * len(B[0]) for i in range(len(A))]

for i in range(len(A)):

for j in range(len(B[0])):

for k in range(len(B)):

res[i][j] += A[i][k] * B[k][j]

return res

# 矩阵乘常数

def matrix_multiply_a(matrix_a,a):

shape_A = np.shape(matrix_a)

for i in range(shape_A[0]):

for j in range(shape_A[1]):

matrix_a[i][j] *= a

return matrix_a

# 简单的矩阵相加

def matrix_add(matrix_a, matrix_b):

rows = len(matrix_a)
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columns = len(matrix_a[0])

matrix_c = [list() for i in range(rows)]

for i in range(rows):

for j in range(columns):

matrix_c_temp = matrix_a[i][j] + matrix_b[i][j]

matrix_c[i].append(matrix_c_temp)

return matrix_c

# 简单的矩阵相减

def matrix_minus(matrix_a, matrix_b):

rows = len(matrix_a)

columns = len(matrix_a[0])

matrix_c = [list() for i in range(rows)]

for i in range(rows):

for j in range(columns):

matrix_c_temp = matrix_a[i][j] - matrix_b[i][j]

matrix_c[i].append(matrix_c_temp)

return matrix_c

# 矩阵的分块

def matrix_divide(matrix_a, row, column):

length = len(matrix_a)

matrix_b = [list() for i in range(length // 2)]

k = 0

for i in range((row - 1) * length // 2, row * length // 2):

for j in range((column - 1) * length // 2, column * length //

2):

matrix_c_temp = matrix_a[i][j]

matrix_b[k].append(matrix_c_temp)

k += 1

return matrix_b

# 矩阵的拼接

def matrix_merge(matrix_11, matrix_12, matrix_21, matrix_22):

length = len(matrix_11)

matrix_all = [list() for i in range(length * 2)]

for i in range(length):

matrix_all[i] = list(matrix_11[i]) + list(matrix_12[i])

for j in range(length):
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matrix_all[length + j] = list(matrix_21[j]) + list(matrix_22[j])

return matrix_all

# 算法计算矩阵的乘法Strassen

def strassen(matrix_a, matrix_b):

rows = len(matrix_a)

if rows == 1:

matrix_all = [list() for i in range(rows)]

matrix_all[0].append(matrix_a[0][0] * matrix_b[0][0])

elif rows <= 16:

matrix_all = matrix_multiply(matrix_a, matrix_b)

else:

s1 = matrix_minus((matrix_divide(matrix_b, 1, 2)),

(matrix_divide(matrix_b, 2, 2)))

s2 = matrix_add((matrix_divide(matrix_a, 1, 1)),

(matrix_divide(matrix_a, 1, 2)))

s3 = matrix_add((matrix_divide(matrix_a, 2, 1)),

(matrix_divide(matrix_a, 2, 2)))

s4 = matrix_minus((matrix_divide(matrix_b, 2, 1)),

(matrix_divide(matrix_b, 1, 1)))

s5 = matrix_add((matrix_divide(matrix_a, 1, 1)),

(matrix_divide(matrix_a, 2, 2)))

s6 = matrix_add((matrix_divide(matrix_b, 1, 1)),

(matrix_divide(matrix_b, 2, 2)))

s7 = matrix_minus((matrix_divide(matrix_a, 1, 2)),

(matrix_divide(matrix_a, 2, 2)))

s8 = matrix_add((matrix_divide(matrix_b, 2, 1)),

(matrix_divide(matrix_b, 2, 2)))

s9 = matrix_minus((matrix_divide(matrix_a, 1, 1)),

(matrix_divide(matrix_a, 2, 1)))

s10 = matrix_add((matrix_divide(matrix_b, 1, 1)),

(matrix_divide(matrix_b, 1, 2)))

p1 = strassen(matrix_divide(matrix_a, 1, 1), s1)

p2 = strassen(s2, matrix_divide(matrix_b, 2, 2))

p3 = strassen(s3, matrix_divide(matrix_b, 1, 1))

p4 = strassen(matrix_divide(matrix_a, 2, 2), s4)

p5 = strassen(s5, s6)

p6 = strassen(s7, s8)

p7 = strassen(s9, s10)
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c11 = matrix_add(matrix_add(p5, p4), matrix_minus(p6, p2))

c12 = matrix_add(p1, p2)

c21 = matrix_add(p3, p4)

c22 = matrix_minus(matrix_add(p5, p1), matrix_add(p3, p7))

matrix_all = matrix_merge(c11, c12, c21, c22)

return matrix_all

# 基于算法的求逆算法Strassen

def inv_strassen(matrix_a):

rows = len(matrix_a)

if rows >= 2:

if rows <= 4 or rows % 2 == 1:

matrix_all = np.linalg.inv(matrix_a)

else:

M1 = inv_strassen(matrix_divide(matrix_a, 1, 1))

M2 = strassen(matrix_divide(matrix_a, 2, 1), M1)

M3 = strassen(M1, matrix_divide(matrix_a, 1, 2))

M4 = strassen(matrix_divide(matrix_a, 2, 1), M3)

M5 = matrix_minus(M4, matrix_divide(matrix_a, 2, 2))

M6 = inv_strassen(M5)

C12 = strassen(M3, M6)

C21 = strassen(M6, M2)

M7 = strassen(M3, C21)

C11 = matrix_minus(M1, M7)

C22 = np.array(M6).dot(-1)

matrix_all = matrix_merge(C11, C12, C21, C22)

return matrix_all

else:

return np.linalg.inv(matrix_a)

# 基于算法的求逆优化算法Strassen

def inv_strassen_neo(matrix_a):

matrix_a = np.array(matrix_a)

rows = len(matrix_a)

cols = len(matrix_a[0])

if (rows <= 4) or (rows % 2 == 1 or cols % 2 == 1):

matrix_a_np = np.array(matrix_a)

matrix_all = np.linalg.inv(matrix_a_np)
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else:

M1 = inv_strassen_neo(matrix_divide(matrix_a, 1, 1))

M2 = strassen(matrix_divide(matrix_a, 2, 1), M1)

M3 = conj_t(M2)

M4 = strassen(matrix_divide(matrix_a, 2, 1), M3)

M5 = matrix_minus(M4, matrix_divide(matrix_a, 2, 2))

M6 = inv_strassen_neo(M5)

C12 = strassen(M3, M6)

C21 = conj_t(C12)

M7 = strassen(M3, C21)

C11 = matrix_minus(M1, M7)

C22 = np.array(M6).dot(-1)

matrix_all = matrix_merge(C11, C12, C21, C22)

return matrix_all

# Coppersmith-算法Winograd

def coppersmith_winograd(matrix_a, matrix_b):

rows = len(matrix_a)

if rows == 1:

matrix_all = [list() for i in range(rows)]

matrix_all[0].append(matrix_a[0][0] * matrix_b[0][0])

elif rows <= 16:

matrix_all = np.matmul(matrix_a, matrix_b)

else:

S1 = matrix_add(matrix_divide(matrix_a, 2,

1),matrix_divide(matrix_a, 2, 2))

S2 = matrix_minus(S1,matrix_divide(matrix_a, 1, 1))

S3 = matrix_minus(matrix_divide(matrix_a, 1,

1),matrix_divide(matrix_a, 2, 1))

S4 = matrix_minus(matrix_divide(matrix_a, 1, 2),S2)

T1 = matrix_minus(matrix_divide(matrix_b, 1,

2),matrix_divide(matrix_b, 1, 1))

T2 = matrix_minus(matrix_divide(matrix_b, 2, 2),T1)

T3 = matrix_minus(matrix_divide(matrix_b, 2,

2),matrix_divide(matrix_b, 1, 2))

T4 = matrix_minus(T2,matrix_divide(matrix_b, 2, 1))

M1 = coppersmith_winograd(matrix_divide(matrix_a, 1,

1),matrix_divide(matrix_b, 1, 1))
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M2 = coppersmith_winograd(matrix_divide(matrix_a, 1,

2),matrix_divide(matrix_b, 2, 1))

M3 = coppersmith_winograd(S4,matrix_divide(matrix_b, 2, 2))

M4 = coppersmith_winograd(matrix_divide(matrix_a, 2, 2),T4)

M5 = coppersmith_winograd(S1,T1)

M6 = coppersmith_winograd(S2,T2)

M7 = coppersmith_winograd(S3,T3)

U1 = matrix_add(M1,M2)

U2 = matrix_add(M1,M6)

U3 = matrix_add(U2,M7)

U4 = matrix_add(U2,M5)

U5 = matrix_add(U4,M3)

U6 = matrix_minus(U3,M4)

U7 = matrix_add(U3,M5)

matrix_all = matrix_merge(U1, U5, U6, U7)

return matrix_all

# 基于Coppersmith-算法的求逆算法Winograd

def inv_coppersmith_winograd(matrix_a):

matrix_a = np.array(matrix_a)

rows = len(matrix_a)

cols = len(matrix_a[0])

if (rows <= 4) or (rows % 2 == 1 or cols % 2 == 1):

matrix_a_np = np.array(matrix_a)

matrix_all = np.linalg.inv(matrix_a_np)

else:

M1 = inv_coppersmith_winograd(matrix_divide(matrix_a, 1, 1))

M2 = coppersmith_winograd(matrix_divide(matrix_a, 2, 1),M1)

M3 = coppersmith_winograd(M1,matrix_divide(matrix_a, 1, 2))

M4 = coppersmith_winograd(matrix_divide(matrix_a, 2, 1),M3)

M5 = matrix_minus(M4,matrix_divide(matrix_a, 2, 2))

M6 = inv_coppersmith_winograd(M5)

C12 = coppersmith_winograd(M3,M6)

C21 = coppersmith_winograd(M6,M2)

M7 = coppersmith_winograd(M3,C21)

C11 = matrix_minus(M1,M7)

C22 = np.array(M6).dot(-1)

matrix_all = matrix_merge(C11, C12, C21, C22)
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return matrix_all

# 计算的方法Wk

# 将拆分后存储到一个列表中Wk

def compute_w_k(matrix_v_k):

list_w_k = []

matrix_v_k_mul = np.matmul(conj_t(matrix_v_k), matrix_v_k)

o2i = matrix_multiply_a(np.eye(len(matrix_v_k_mul)), 0.01)

add = matrix_add(matrix_v_k_mul, o2i)

u = inv_coppersmith_winograd(add)

w_k = np.array(np.matmul(matrix_v_k, u))

for i in range(4):

list_w_k.append(w_k[:,i*2:(i+1)*2])

return list_w_k

# 批量计算的方法Wk

# data_one_base = data_all_six_base[i]

# W_ij = data_one_base[j][i]

def compute_all_w_k():

# 用来储存所有个数据库的矩阵6

data_all_six_base = []

# 读取个6.文件mat

for data_num in range(6):

# 用于储存一个数据库中的数据

data_one_base = []

# 数据库的第几列即第几个(V_K)

for col in range(384):

# 用于储存数据库的一列Wk

data_col = []

v_k = get_v_k(data_num,col)

list_w_k = compute_w_k(v_k)

for i in range(4):

data_col.append(list_w_k[i])

data_one_base.append(data_col)

data_all_six_base.append(data_one_base)

return data_all_six_base

# 将中的数据组成一个大数组data_one_base

def combine_all_matrix(data_one_base):
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list_all = []

for i in range(4):

list_row = np.array(data_one_base[0][i])

for j in range(1,384):

list_row =

np.hstack((list_row,np.array(data_one_base[j][i])))

list_all.append(list_row)

matrix_1 = np.vstack((np.array(list_all[0]),np.array(list_all[1])))

matrix_2 = np.vstack((np.array(list_all[2]),np.array(list_all[3])))

matrix = np.vstack((matrix_1,matrix_2))

return np.array(matrix)

# 将所有数据输出

def output():

data_all_six_base = compute_all_w_k()

for k in range(6):

data_one_base_matrix = combine_all_matrix(data_all_six_base[k])

matrix = {’mat’: data_one_base_matrix}

scipy.io.savemat(os.getcwd() + ’\\data’ + str(k+1) + ’.mat’,

matrix)

import csv

import numpy as np

from scipy.io import loadmat

# 读取数据

def read_data(filepath):

matrix = []

with open(filepath,’r’) as csv_file:

reader = csv.reader(csv_file)

for line in reader:

line_matrix = []

for line_data in line:

line_data = line_data.replace(’i’,’j’)

myoutput = complex(line_data)

line_matrix.append(myoutput)

matrix.append(line_matrix)

return matrix

# 读取.数据mat
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def read_data_mat():

data = []

data1 = loadmat(’V1.mat’)

data2 = loadmat(’V2.mat’)

data3 = loadmat(’V3.mat’)

data4 = loadmat(’V4.mat’)

data5 = loadmat(’V5.mat’)

data6 = loadmat(’V6.mat’)

data.append(data1[’data1’])

data.append(data2[’data2’])

data.append(data3[’data3’])

data.append(data4[’data4’])

data.append(data5[’data5’])

data.append(data6[’data6’])

return data

//此处为结点、树和编码的代码Huffmanjava

//Huffman 结点定义

package ch05;

public class HuffmanNode {

public int weight;

public int flag;

public HuffmanNode parent,lchild,rchild;

public HuffmanNode()

{

this(0);

}

public HuffmanNode(int weight)

{

this.weight=weight;

flag=0;

parent=lchild=rchild=null;

}

}

//树及编码HuffmanHuffman

package ch05;
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public class HuffmanTree {

public int[][] huffmancoding(int[] W)

{

int n=W.length;

int m=2*n-1;

HuffmanNode[] HN=new HuffmanNode[m];

int i;

for(i=0;i<n;i++)

{

HN[i]=new HuffmanNode(W[i]);

}

for(i=n;i<m;i++)

{

HuffmanNode min1=selectMin(HN,i-1);

min1.flag=1;

HuffmanNode min2=selectMin(HN,i-1);

min2.flag=1;

HN[i]=new HuffmanNode();

min1.parent=HN[i];

min2.parent=HN[i];

HN[i].lchild=min1;

HN[i].rchild=min2;

HN[i].weight=min1.weight+min2.weight;

}

int[][] HuffCode=new int[n][n];

for(int j=0;j<n;j++)

{

int start=n-1;

for(HuffmanNode c=HN[j],p=c.parent;p!=null;c=p,p=p.parent)

{

if(p.lchild.equals(c))

{

HuffCode[j][start--]=0;

}

else

{

HuffCode[j][start--]=1;

}
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HuffCode[j][start]=-1;

}

}

return HuffCode;

}

private HuffmanNode selectMin(HuffmanNode[] HN,int end)

{

HuffmanNode min=HN[end];

for(int i=0;i<=end;i++)

{

HuffmanNode h=HN[i];

if(h.flag==0&&h.weight<min.weight)

min=h;

}

return min;

}

public static void main(String[] args) {

// TODO Auto-generated method stub

int [] W= {23,11,5,3,29,14,7,8};

HuffmanTree T=new HuffmanTree();

int[][] HN=T.huffmancoding(W);

System.out.println(”哈夫曼编码为:”);

for(int i=0;i<HN.length;i++)

{

System.out.print(W[i]+” ”);

for(int j=0;j<HN[i].length;j++)

{

if(HN[i][j]==-1)

{

for(int k=j+1;k<HN[i].length;k++)

System.out.print(HN[i][k]);

System.out.print(” ”);

break;

}

}

System.out.println();

}
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}

}
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