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׆ ҉ ̆ ӈ Cache ҍ ӈ Cache Ӟ ѿ֓̕

҉ ̆ ӈ Cache ӈ CacheȂ Ӟ ῒѿ

ᴪ ᵣ ӈ Cache ̆ᶭ ׆ץ ֓ Ҭ Ȃ ֓ ̆ ץ

ԍ Ҭ̆ ץ ‗ѿ֓ ῀ Ȃ Ҍ

Ҭ̆ Ҭ̆ ѿ ≠ ̆ Ȃ 

ӥΏѿ ӈ҉ Ȃ Ώᵬ̆

Ҍ ῤ ᶭȂ ֓ ᶏ Ҍ ̆ ҩ Ҭ ₃̆

Ӎ ָӇ ᴆ Cache Memory ҹ Ȃ 

ӥΏ Cache ץ Alphă Power̆ UltraSPARC x86 ҹҺ ̆ ҩ

╠ ԍ Tier 1Ȃ Alpha ₮ ̆ᵖ ῒ Tier 1 ᵝȂ Ҍ

ᴪ┴ ӥΏ ╠ ҹ ῀ ̆because yŜǎǘŜǊŘŀȅΩǎ ƘƛƎƘ-performance 

technologies ŀǊŜ ǘƻŘŀȅΩǎ ŜƳōŜŘŘŜŘ ǘŜŎƘƴƻƭƻƎƛŜǎΣ ōǳǘ ȅŜǎǘŜǊŘŀȅΩǎ ŜƳōŜŘŘŜŘ-systems issues are 

ǘƻŘŀȅΩǎ ƘƛƎƘ-performance issues.  

Tier 1 Ҭ̆ Ẓ ԍ Intel x86 ̆Ҍ Power

UltraSPARC ᴨ x̆86 ᶭ ᶏ ҹ ̆ ҹ Ȃ

׆ ҉ Ĭntel x86̆ Ḃ Sandy Bridge EP ̆Ӟ ⌠

ӈ҉ Ȃᵖ Cache Memory ̆Intel ᾢ Ԋ Ȃ 

∆ ᶏ ӥΏ ֓ ̆ Ҍ ѿ ӟ Ҭ

ӥ ₃ᵥ Ҭ̆ ӥ Ҍ Ҋ Ȃ ӥΏ ⱬ̆

ᶭ ᶏ Ώ ̆Ҍ ӥΏ ⱴ Ȃ ԅ ҩ ̆ ҹ

ҕ ̆ ҹ Cache Memoryӊ ῤ ̆ ҹҬ ҕ ֲ

ѿּׂ֓ש ҍ Ȃ 

⌠ ̆ Ȃ ӟ ׆ ֓ Ҭẽ ̆ ѿ ȂӥҌ ̆

Ҍ ᵥȂ ֓ ԇ ᴋᵥ ̆ ᾢ ᵬ ̆ Ҋ

ᵥ Ȃ ԍ Ȃ 

֓ ╠̆ ה John DavidӥΏ ľA Quantitative ApproachĿȂ

ӥ̆ ԅ ̆ ῤ ѿ֓ ׅ Ҍ ԅ Ώ̆ᵬ ӥ ԅ

̆Ṣ ԅҊ↓ Ȃ 

∆ 0.01̆ ӥ Cache MemoryȂ 
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1  ῏ Cache  

ף Ҭ̆Cache Memory ԍ Memory Hierarchy ̆ῒҊ Һ Ữ

Ữ Ȃ ѿҩ ף Ҭ C̆ache ҩ L̆1̆ L2 L3 CacheȂ

CPU Cache ⌠ Һ Ữ Ȃ CPU CacheҬ

Ҭ̆ Ҍᴪ Һ Ữ ץ̆ Ȃ 

̆ᶏ Һ Ữ ̆ Ӟ ѿ ̆ᵖ

ᶭ ҍ CPU Һ ῤ̆ ȂҺ Ữ ѿҩҌԈ ̆

Ҍ ױֲ ̆ Ȃ 

Һ Ữ ᵣ Cache Memory ₮ԅ ̆Ӟ ѿ ᵞԅҺ Ữ

ᶫ ҍ ӊ Ȃ ֓ ̆ Ḥ ᶫ ᴰ ⌠ԅ └

̆ᶏ №Ḥ ֦ Ȃ №Ḥ ᶏ ѿ ԅ ̆ ԍ ̆

֞ ҹⱬ̆ ԅѿҩῈ 1-1̆ ѿҩ Ȃ 

 

,ÁÔÅÎÃÙ )ÍÐÒÏÖÅÍÅÎÔ  "ÁÎÄ×ÉÄÔÈ )ÍÐÒÏÖÅÍÅÎÔ      ῎ 1-1 

 

Ὲ҉ץ׆ ץ ̆ ץ ̆ ץ Ȃ ץ Ҍ ̆

CPU Һ Ữ ѿ ̆ Һ Ữ ׂ ̆ ᶏ

ᶏ Cache Memory ֓ Latency̆ Ӟᶏ Cache 

Memory ᶏ ץ Ȃ ף Ҭ̆ѿҩᴋⱵ

ң № ̆CPU Ữ ̆ Ὲ 1-2 Ȃ 

 

%ØÃÕÔÉÏÎ 4ÉÍÅ#05 ÃÌÏÃË ÃÙÃÌÅÓ-ÅÍÏÒÙ ÓÔÁÌÌ ÃÙÃÌÅÓ #ÌÏÃË ÃÙÃÌÅ ÔÉÍÅ ῎ 1-2 

 

ѿҩ Ҭ̆ CPU ̆ Ḃ ₃ ӥ Ӟ

ῒ Ȃp Ḃ ѿҩ ץ ₃ פ CPU Ҭ̆

ILP ѿ CPU ̆ ֓ Ӟפ ᴪ ҹ Ữ

Ȃ 

ᶏ ᵥ Ữ ⌠ ῏ ̆ ᶏ Cache ᵞ Ữ

Ȃ ̆ ѿ ᴋⱵ ̆ ѿ ῤ ᴪ

Ȃ ֓ᴋⱵ ΐ (Temporal Locality) (Spatial Locality)

̆ ᶏ Cache ῀ Ȃ Ҍ ΐ ̆ ѿҩ

⅞ Ȃ Ҍױ ֓ ңҩ Locality Ȃ ԍ ̆

Ḃ ⱴ Cache ̆ᶏ CacheӞ ӈȂ 

ѿҩᴋⱵ Ҭ̆ Ḃ ѿ Ữ פ Ữ Ӟ ᴪ₮

Cache Hit Cache Missң ’Ȃ ѿҩᴋⱵ ѿ Ữ ѿᴆ ץ

ᴋⱵ̆ԍ ֲ῏ Ữ AMAT(Average Memory Access Time)̆

Ὲ 1-3 Ȃ 

 

!ÖÅÒÁÇÅ -ÅÍÏÒÙ !ÃÃÅÓÓ 4ÉÍÅ(ÉÔ ÔÉÍÅ-ÉÓÓ ÒÁÔÅ -ÉÓÓ 0ÅÎÁÌÔ   ῎ 1-3 

 

Ὲ׆ 1-3 ץ ѿҩ Ҭ̆AMAT Ӟ Ҍ ̆

Hit timĕ Miss Rate Miss Penalty ҈ҩ Ȃp ᵥ ҈ҩ Ȃ 
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ѿҩ Ҭ̆ Hit timĕ Miss Rate Miss Penalty ҈ҩ

Ҍ ̆ Ḃ ֓ ԅѿ ѿ Ȃ ֓ ̆ ѿ֓

Candidates Ṝ̆ ѿҩױז ̆ ױז ̆ ᴋᵥѿҩז

Ҭ ѿ̆ Ữ Ώ פ ῃ Ȃ ῤ ᴋᵥѿҩֲ

ҩ ̆ Ḃ ҩ Candidate ԅ ᵣ ᵝȂ 

ⱴ ₃Ӎῃ ԅ ֓ ҉ ̆ ᴪᶏױז

ῤ Ȃ ⱴ ױ ῒ Ҍ ӟ ̆

ᵥ ⱬ̆ ѿ֓ҍ ᵬ ΐᵣ ῏ Ȃ ֓ Ҍ ױ ̆

ױ ֽҒ ԍ ⱬȂ 

֓ΐᵣ ⱬ ̆ Ҍ ѿҩ Ҭ ӟ Ȃ

Ҭ̆ ᴪ ֓ ̆ ҩ ҩ Ҭ Potential ᵞȂ ╤

̆ ҌῈȂ ҹ ̆Ҍ ӥΏ ̆ Ȃ 

1.1 CacheҌ Ҍ Ӟ 

ף Ҭ C̆ache Hierarchyѿ ̆ ԍ CPU Һ Ữ ӊ ̆ ԅ

ѿҩ ̆ ҩ ȂIntel ᶏ ᴿ Cache

̆ ᶏ LLC(Last-Level Cache)̆ MLC(Medium-Level Cache) Ȃ 

ԅѿҩԊ ̆Cache ҩ Ҭ ̆Ӟ

ȂSandy Bridge ᶏ ԅ ַҩ ᵣ ̆ ῒ ҬҌῬ ᴰ CPŬ Ring Bus

ѿ Cache [1]Ȃ 

 

 

1-1 Sandy Bridge [1]   

 

└ᵬ Ȃ ֲ ҉ ῒ̆ ҍῒץ

̆ Ḃ Ӟ ᶏ ԅ 230҆ҩ ̆₃ ҆ҩꞋ Ȃ ף CPU

ᵥ ֓ Ȃ Ҭ̆Cache Ȃ 

₃ ╠̆ ľ̆ῑ ̆ ӊ Ԋ̆ ӊ ̆ ֙ӊ ̆Ҍ Ҍ ӞĿȂ

ԍ ԍ ̆ Ḃ Ӟ̆ CachĕҌ Ҍ ӞȂ

Intel Values->DisciplineҬ ѿ ľPay attention to detailĿȂ 
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ᵖ Ҍ Devil is in the detailȂ‰ ῀ Cache ┴

ԅ ָӇ ӊ ̆ ᴪ ̆ ᾧ ҹ Ȃ

ҩ ҍᵰ Ȃ 

ױ ⌠Ὲ 1-3̆ Hit timĕ Miss Rate Miss Penalty ҈ҩ

῏ Ȃ 

ᵌӍHit Time Ȃ ױ ׆ץ CPU ΎҬ ⌠ Cache Hit

̆ ׆ L1 Cache Hit TimeȂ ҉ױ ԅ̆ ף

ᶏ ԅ Store-Load Forwarding Ȃ Ữ ᵬ ᾢ Ҍ L1 Cachĕ

╠ ̆ ֜ Store ̆ ֓ Ḡ ѿ ‖Ҭ̆

ҩ ‖Ӟ ѿ Cachĕ Ҍ L1 Cache ⱴ ѿ֓̆Ӟ CPUȂ 

ԅ Cachĕ ף Ҭ̆ פ Cache╠ ѿҩ Line-Fill BufferȂSandy Bridge

Ҭ ѿҩ o˃ps Cache[1]̆ פ Cache Hit Ӟ Ҭ Ȃ

ҍפ Cache Hit Ȃ ӊ̆ Ữ Ҭ̆

L1 Cache Ҍ ̆ӞҌ ѿ Ȃ ѿ ⌠ Load Speculationᶏ

Ҭ ̆Hit Time Ҍ Ȃ 

ḂҌ ֓ ҹ ̆ ׆ֽױ L1 Cache H̆it Time Ӟ

Ὲ Ȃ Ҭ L̆1 Miss ᴪ Ҋ Cachĕ ⌠Һ Ữ Ȃᵖ

ῤ Ҭ̆ ’ ̆ѿ Ữ ῤ Ҭ Ҭ̆ ᴪ

ῒזῤ CacheҬ Ҭ̆ ῒזῤ CacheҬ Ҭ ̆ ᵥᴰ ̆ ᵥ

֓ Ȃ ֓ Ҍ Ȃ Ῥױ ѿ ҩ SMP Cache

ѿ ̆ ҩ Hit Time ⱴ Ȃ ѿ ῤ̆

ᵥ Hit Time ҩ Ȃ 

Miss Rate ⱴ ץ Ȃ ױ ץ Vtune P̆erf ΐ ₮

ҩᴋⱵ Miss Rate ̆ ΐ ⌠ ṿ ָӇ Ȃ ѿ

̆ ֲѿ ̆ ֲѿ ȂҌ ҹѿ Ȃ ₃ ̆ ᴪ

⌠ ̆ӞҌ ҹѿ Ỹ̆ ₃ ̆ ᴪ ѿ Ȃ 

Miss Penalty ᴏᵫ ѿ֓Ȃ ’ ԍ CPU׆Һ Ữ Ҭ

Ȃ ױ ץ ѿ Ḃԍץ̆ ҩ Ȃ ױ Ҍץ SMP

Cacheѿ ̆ Ҍ SMPӊῤ Cacheѿ ֽ̆ Ȃ Ḃ Miss 

Penalty ӞҌ ̆ Ḃ ’ӊҊ̆ ױ Ữ Ȃ 

ױ Cache╠ᶏ Queuĕ Ữ ᵬ ᾢ L1 Cache

Ȃ Ҭ Cachĕ ѿ ⌠ץ L2 Cache ̆ Ҍ L2 Cachĕ

ѿ CacheȂ ѿ℗ L1 L2 Cache ῏ ‗ Ȃ ѿҩ Ҭ̆L1ҍ

L2 Cacheӊ Inclusivĕ Ӟ ExclusiveȂ Inclusivĕ Ữ ᵬ

L2 Cachĕ Ҍ ᴪ CacheȂԊ L̆1ҍ L2 Cache Ҍᴪ

̆ӊ ᶭ BufferȂ 

҆ ̆ ⌠ ѿ Cachĕ Ҭ̆ Һ׆ץ Ữ

Ҭ Ȃ ’ӊҊ̆ ᴏᵫױ ץ ₮ ⱷ ’ӊҊ Miss PenaltyȂᵖ

Ȃ ף Ҭ̆ ѿ Ữ Ώ ̆פ ҩ ̆

֓ ΐ ԑ ̆ ѿ Memory Consistency ̆ ⌠ ᵬ

ѿ֓̆ ֓ ᵬ Ҍ ₃ Ȃ 

ױ ֓ ̆ L1 L2 Cache Missӊ ׆ Ữ ҩ Ȃ

Ữ ׆ Ữ ֽ ѿ Ȃ׆Һ Ữ Ҍᴪ ҡ

ᴪ̆ CacheҬ̆ ֓ ⌠ ѿ Cache ҹ L̆LC̆MLCs FLCȂ 
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ѿҩ Ҭ̆ ѿҩ Cache BlockҬ Ȃ

Ȃṿ ᵥ ֓ ᵬ ᶏ̆ ָӇ Ȃ

׆ L1 CacheҬ ̆ᵖ Ҍ ץ ҡ ̆ ᾢ

῀⌠ L2 Cache Ȃ ̆L2 CacheӞ ᵬȂ 

҉׆ ץ ⌠ ѿ̆ҩ Ữ ԅѿ ↓ Ȃ ױ ᾢ

ҹ Ữ Ạ ‰ ̆ Ữ ̆ ӊ ̆

ᵬȂ ᵌ Miss Penalty Ḃ ⌠ԅҌ Ῥ ף Ҭ̆Ӟ

Ȃ 

ױ Ữ Ώ Cache Block ҍ ̆Ώ ᵬ ᴪ Cache 

Block ̆ᶏ Ữ ᵬ ⱴҽ ̆Ώ ᵬ ᴪ Bus Traffic̆ ֓ Traffic

ⱴ ԅ Ữ Miss Penalty̆ ױ ῤ Ҋ Cache CoherenceȂ 

ᶭױ ԅѿҩ ⱴ ̆ Ȃ ף ᵬ Ҭ ᴋⱵ̆

ҩᴋⱵ ץ ᶏ Physical Address(PA)̆ ᶏ Effective Address(EA)Ȃ

Ҭ̆EA ᾢ ҹ Virtual Address(VA)̆ӊ Ῥ ҹ PAȂ

Ҭ ᶏ PĂ Ҍ VA Ҍ EAȂ 

῀̆ ֓ VĂ PA EA ҉ ῀ԅ MPA(Machine 

Physical Address) GPA(Guest Physical Address)̆ ԅѿ ↓ Mapping └ Ҭ̆

ῤ Ȃ ԅ IOMMU I/O Ȃҹԅ

̆ ױ ̆Ғ Ȃ 

1.2 ᴯ  

₮ ץ ⌠҉ҕ Έ ף Atlas [2]Ȃ Atlas

ѿҩ ̆ᵖӞ 96K ῤ Ữ 576K ᵬҹ Ữ Ȃ

ױ ┴ᵣᴪ ∆ ̆ ᶏ Ȃ 

ᶏ Ὶ ̆ ᾢ ѿҩ ֲ Ҍ̆ ᴪ ӯ ᶏ

̕ ѿҩ ̆Ҍ ᴰ̕ ѿҩ ̆ ᶏ

̕ Ȃ 

Atlas ᶫ 96KB Ȃ

ῤ ҍ ӊ ֜ ̆ ≠ Ữ ῀ ₮ѿ֓ ̆

ץ ῤ Ȃ ֓ ֜ ᴴԅ Ȃ ҩ ӊҊ Ătlas

῀ԅ Virtual Memory̆ ῀ № └Ȃ 

ל ֲ ᵌȂ ΐ ֲ ‗ԅ ז ‗ ̆

῀ ֲ ῒ ̆ Ҋѿᵝ ҕҺ ҳȂ ₮ ӊ

ԅ ֓ Ȃ 

Ҍ⌠ 40 ̆ Ữ ҩ Ȃ׆ ᴆ ̆

῀ Ȃҍ ῏ ῤ └ ⱴ ₮Ҍ ̆ On-Demand№

̆COW(Copy On Write) Ȃ׆ ᴆ ̆ ̆

ᴆ Ȃ ֓ ₮ ῀ Ȃ ѿ℗ ̆

Ҭ ̆ Ȃ 

῀№ ԅ ⌠ ᶏ ̆ ԅѿҩ ῏

ҍ ῏ ̆ ҩ ῏ Ӟ ӊҹ (Page Table)Ȃ

⌠ ᶏ Һ Ữ ҩ ῏ ̆p ᶏ

ѿ ̆ ᾢ Һ׆ Ữ Ҭ Ȃ 
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ᶏ TLB(translation Lookaside Buffer)ᵬҹ ‖ ѿҩҌ ̆

ҬȂTLBѿ ҩ Entry ̆Ҍ ᶏ Entry Ҍ ȂҊ

ץ Freescale E500ῤ ҹᶛ ׃ TLB Entry ̆ 1-2 Ȃ 

 

 

1-2 E500 TLB Entry [3]  

 

E500ῤ TLBҬ̆ѿҩ Entry № EPN(Effective Page Number)̆

RPN(Real Page Number)̆TSIZE( ̆ ҹ 4KB)ȂῒҬ EPNҍ TIS TS

VPN(Virtual Page Number)[4]̕RPN ̕TSIZE ̆WIMGE

UWRXҹ Ḥ Ȃ 

ѿ Ữ ̆ Ȃ ᾢ Ạ EA ҹ VĂ

ҩ ̆ VA=f(EA)Ȃ₱ f ̆x86

ҹ ȂE500ῤ Ạ ҹ ̆ TS̆ TID EA Ȃ 

CPU ⌠ VA ̆ ҍ TLBҬ Entry ̆ Hit↕ RPN̆ ӊ

̆ PA̕ Miss̆ ׆ PTEҬ ̆ ᶏ ᴆ ᶏ

ᴆ Ȃ ֓ ҹ Miss ѿ ↓ ᵬᴪ CPU Ȃ 

TLB Ҍ Miss̆ TLB Cover ҩҺ Ữ ̆ ᴆ

TLBȂ ғ TLB ̆ῒ Ӟ ̆ Ҭ ᶏ ȂTLB

Ӟ №ҹ L1 L2 TLB̆ ҍ Cache Hierarchy ѿ ȂTLBӞ ѿ ӈ CacheȂ 

℗ ҹ TLB└ ԅҌ Ȃ ף Ҭ̆ ѿҩ ᶏ

̆ ℗ ℗ ̆Ӟ TLB ┘ Ȃ

℗ TLB ̆ ҩ ץ Ȃ ᶏ PCID(Process Context 

Identifiers) ῀ ҹ Ȃ 

Intel׆Westmere ѿⱳ [5]Ȃῒ TLB EntryҬⱴ῀ PCID̆

ᵬҹ VA ѿ №Ȃᶏ ⱳ ̆ ℗ ̆ ┘ TLB̆ ׆ ѿ ҉

TLB ᶏ ȂE500ῤ ᶏ 1-2 Ҭ TID Ӟ ץ ⱳ ȂAMD

Opteron ᶏ ASN(Address Space Number)[6] ѿⱳ Ȃ ⁞ TLB

┘ ᵬ ̆ ѿ ԅ₱ f ᴆ Ȃ₄Ԋ ≠ Ȃ 

῀Ῥѿ ⱴԅ TLB Ȃ Ҭ̆ ҩ

CPUȂ ₃ҩ CPU̓̀ ֣ ѿ ̆ ᶏ Ҍ ̆Ӟ ᶏ TLB

̆ ’Ҋ̆ ֓ CPU̓̀ ֣ TLB̆ ℗ TLB┘

ᵬ Zero-ToleranceȂ ᶏ Logical Processor IDӞⱴ῀⌠ TLB EntryӊҬȂ 

TLB ̆ῒ Entry ̆ ԅ ⱴҤ Ȃ ҹҺ Ữ

Ҍ └Ȃ Һ Ữ ₮ Ȃ ᶏ Һ Ữ

₃Ӎץ 100% ̆ᶏ TLB Coverage Rate ᵞ̆ TLB 

Miss Rate Ҍ Ȃ 
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ῖ ӥ ̆ױ TLB Miss Rate ṿֽҹ 5% ̆ ֓ ’ӊҊ

Ҍ⌠ 1%[7]Ȃ ֓ ̆ Ҭ T̆LB Miss Rateֽ ҹ 30~60%[8]Ȃ ᶏ

ᵥ ᵞ TLB Miss Rate ⌠῏ Ȃ 

ⱴ TLB Coverage Rate ᵞ TLB Miss Rate ̆Coverage Rate TLB

Ữ ҍҺ Ữ ṿȂ ֓ Һ Ữ Ҍ ̆TLB Miss 

Rate ᵞȂ Һ Ữ Ҍ ╠ Ҋ̆ ⱴ TLB Coverage Rate ңҩ Ȃ

ѿ ⱴ TLB Entry ̆ ҩ Ҍ ⱴ̆ᶭ ҍ ⱴ Һ

Ữ ̕ ѿ ⱴѿ TLB Entry Cover SizeȂ 

Intel x86 TLB Sizeҹ 4K~4MB Hugepage ҉̆ ₮ԅ 1GB Superpage

[5]Ȃ ѿ x86 ̆ѿ֓ ῀ ̆ Freescale E500ῤ ̆ ᶏ

TLB1[4] Superpagĕ ᶏ TLB0 Ȃ 

ᵬ ԅ Ȃ ⱴ̆ ῤ ᴪ

ⱴ̆ ғ Ӟ ѿ Ȃᵖ ֽֽ 4K~4MB ̆

ᵬ ׅ ⱬ ⌠ F̆reeBSD׆ 7.0 4K~4MB Hugepagĕ Linux

Ӟ׆ 2.6.23 ҹ ᶫ Hugepage Ȃ 

1GBӊ҉ SuperpageȂ ҍ ֲ ѿ֓Superpage

[9][10][11]̆ᶭ ץ ‗ Superpages Allocation̆ Relocation̆

Promotion̆ Pollution Fragmentation Control ѿ ↓ Ȃ ᶏ ֓ Superpage

₃ӍẢ ҉ Ҭ̆ ֲ ᶏ ᵬ ᶫ └Ȃ 

ᶏ ֲ ᵬ ‗ ̆ ҹҒ ҍ

└ ᶫ Ⱶ̆ ҆ ̆ ⌠ ȂIntel TLB Size ׆

4MB ҹ 1GB Ԋ Ӟ ̆ ᵬ ѿ ҹ ̆ҌῬ ῃ ̆

ҌῬ └ ӊ ‰ ↕̆ ╠ ̆ ҹ

ѿ ᴨ ᶫ Ȃ 

Superpages ῀ ᵞԅ TLB Miss RateȂ ֲ TLB ᶭ

ԍ Ữ Ώ ῏ ҉Ȃ Ҭ̆ѿ Ữ ̆פ ᾢ

̆ ⌠ ӊ ̆ Cachĕ ҍҺ Ữ ֜ Ȃ

Ữ ץ № TLB Cachĕ ץ Ữ ῏

҉ ׆̆ ⁞ ȂVirtual Cacheҹ ̆John David ῒ ̆

Virtual CacheӞ MIPS ↓ Ҭ ⌠ԅ ̆ Pentium 4̆ Opteron̆ Alpha21164

֓ ARM Ҭᶏ ԅ Virtual CacheȂ 

Virtual CacheҌ Ҹ ̆ ԅ Ữ ῏ Ӟ̆

ԅ Cache Synonym/Alias֓ ̆ ֓ SMP SSMP Ҭ ₮ԅ Ȃ

‗ ֓ ᴆ ҍ Ȃ 

׃ ῏ ӊ ̆ ױ ᾢ ῏ ѿҩ Ҭ̆ Ữ Ώ

פ Ȃ ѿ ̆ ѿ Cache ȂӞ Cache

῀̆ⱴ ԅ Ữ Ώ פ Ȃ 

פ 1.3  

Superscalarҍ OOO(Out-of-order) ῀ Ḇ ԅ ף Ȃ

̆ Nehalem̆ Sandy Bridgĕ Opteron̆ Power ARM Cortex ↓

ᶏ ԅ Ȃ ԅ ILP(instruction level parallelism) ̆ⱴ ԅ

ҩ Cache Memory Ȃ 
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ױ Ữ Ώ פ Superscalarҍ OOO Ҋ Ȃ Ữ Ώ

פ ᵌӍ Ȃ ᶏ Ώ ₃ ף ֞ Ȃ

ֲ ҹ Ữ Ҍ Һ׆ Ữ Ҭ ῀ ̆ Ữ Ώ Ҭ

Ώ῀⌠Һ Ữ ҬȂ 

ҩ ѿ ̆ Ḃ ᶏ Ȃ ѿ

ҩ Superscalar OOO Ҭ̆ѿ פ № ҹ Ȃ פ ᾢ ῀

Pipeline Front-End̆ Fetchҍ Decodĕ ӊ Dispatch Scheduler ῀

ᾝ̆ Commit Ȃ 

Ẋ ѿҩ Ҭ̆ ᶏפ In-Order Front-End̆ Out-of-Order

Issuĕӊ ᶏ Out-of-Order Execution Completion ̆ Commitment

ᶏ In-order ȂῒҬ פ Commitment ӈ ῒ ̆

ROB(re-order buffer) LSQ(Load-Store Queue) Ȃ 

ף Commit In-order ̆ ӞḠ ԅ פ

Out-of-Oder ̆ ⌠ ҍ ѿ Ȃ

ѿẊ ̆ ҹ CPU Ӱ ֽҍ ᴆ ῏̆ Ҍᴪ ᴆ Ȃ 

Ԋ Ȃ ҹԅ Ӱ ̆ ֓ ̆פ Ữ ̆פ ᴪ ╠

̆ ҹ ̆ № ̆ ᴪ Ȃ Ӱ Ḡץ

ҍ ѿ ̆p ῃ Ҍ פ Ҭ̆

Ữ Ҭ Ҋ Ȃ 

ҹԅ ѿ ̆ ֽױ ֓ CPUҬ̆ Ữ Ώ פ

Ȃҍῒז פ ̆ ң פ ⱴ ȂҊ ץ Nehalem

ҹ Ữ פ ȂNehalem Pipeline 1-3 Ȃ 

 

 
1-3 Nehalem Pipeline [12]  

 

Ữ Ώ פ Front-End ԅ ᵬ̆ ῒ ԍ x86

̆ ҌῬ Ạ ѿ Ȃ ֓ Ữ Ώ פ Front-Endӊ ̆ ᾢ

Rename/Allocate ᴆ ᶏ̆ Renaming ץ ‗ҍ Ữ Ώ ῏ WAW̆

WAR ῏̆ӊ Operand‰ ̆ ῒ Dispatch SchedulerȂ ֓ פ ׆

RS(Reservation Stations) Entry̆ ԍ Ữ Ώ פ ׆ LSQҬ ̆

҉ ROB Tag ̆ In-Order Out-of-Order (Issue) ̆ Ȃ 
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֓ פ ̆ ғ פ ᴪ ╠ Ȃ Ữ Ώ

פ ῒҬ ₃ Ȃ ֓ Ữ Ώ פ ѿҩ LSQ̆ ѿ

֓ Ḥ ᴪ ⌠ ROB RS EntryҬȂ 

֓ פ ̆ Ӟ Ҍ Ȃ Ҍ פ ⌠

ѿҩ LSQ ̆ ֜ȂҌ פ Commitment ӊ╠

̆ ̆ Ȃ Ӟ ԅ ѿ פ Ҭ ҩ Outstanding

Ώ ̆פ Ώ פ ROB̆ LSQ RSҬ Entry ‗ Ȃ ף

Ҭ̆LSQ Entry ԍ ROB RSҬ Entry ̆ ѿҩ PipelineҬ ץ

Ώ פ ᾢ LSQ ‗ Ȃ 

Ữ Ώ פ Ҭ̆ ̆

Ȃ Ӟ ῀ԅ Ώ פ Speculation └Ȃ ԍ Out-of-Order Issue ̆

פ ᾢԍӊ╠ פ ̆ ԍ Out-of-Order Execution Out-of-Completion ̆

ᾢ ӞҌѿפ ᾢ Ȃ 

֓ └└ ԅ Ӱ Ȃ פ ׅ In-Order Commitment̆

ᵖ ѿ └ Ҍ Ḡ Ữ פ in-order Ȃ Ữ פ ҍῒ

₮ԅѿҩ Memory ConsistencyȂ ҩ Ғ Ȃ 

ױ ᾢ№ Ữ Ώ פ Ȃ ң פ Ữ ̆ ѿҩ

Ώ̆ ѿҩ ̆ᵖ ᶭ ῒ Ȃ ױ ᾢ ῒ Ȃ ѿҩ CPU

Ҭ̆ Ώ פ ῀ Pipelineӊ╠̆ ᾢ № ҹңҩ ңҩ ̆פ Ҍ

x86 ̆ ҹԅ Ữ פ ᶏ ԅ Ȃ 

ῒҬѿ פ ᶏפ EAȂ ֓ Ҭ̆ ѿ Load/Store

פ ῒӊ╠ Store פ EA ̆ ѿ └ ‗ԅ Ữ פ

RAW ῏̆ᵖ ҹ ConservativeȂ ᾢẶ ԅῬ ̆

ԍẠ ԅ ѿ ҹȂ 

ף Ҭ̆ ᶏ EĂ ᵖ ԍ Ữ Ώ ̆פ ԍ

῀ P̆ipeline Ҍᴪ ≠ ⌠ EAȂ x86 Ҭ ĔA Ὲ

Ὲ 1-4 Ȃ 

 

%ÆÆÅÃÔÉÖÅ !ÄÄÒÅÓÓ"ÁÓÅ)ÎÄÅØḺ3ÃÁÌÅ$ÉÓÐ3ÅÇÍÅÎÔ     ῎ 1-4 

 

Ὲ Ҍ ₮ ̆ ᶏ ף ԅ AGU(Address 

Generate Unit) ҩҒ ᴆȂAGU ᴆ ₮ ᶏפ EA ̆ᴪ ῒᴰ

LSQҬ Ữ Ώ ӊ̆פ ֓ פ Ữ ᵬȂ 

Ҭ פ ѿ Ȃ Ώ פ ̆ ‗ױ

ᾢ Ữ Ώ ̆פ פ ҍ ᵌӊ ̆Ӟ ≢Ȃ Ữ Ώ פ

ѿҩ LSQ Entry̆ פ Operand EA ̆ Ữ ΏȂ

Cache ӊ╠̆ ױ Ữ Ώ ᵥ Ҭ Ȃҹ

̆ ױ Ữ Ώ Ȃ 

ᴋᵥѿҩ ᵣ ᴪ Ữ Ώ פ Ȃ ѿҩ

̆ ᵰ ѿҩ Ữ Ώ῀ѿҩ ᵰ̆

ῒ Ḥ ȂΏ Ҍ ̆ Ḃῒ ѿҩ Well-Behavior Ữ Ȃ ֓ ⇔

ԅ Ữ Ώ ҩ Ȃ Ҭ Ữ Ώ ῒ̆פ ≢ ̆ Ữ

פ ⌠ῒ ӊ╠ ԅ ҕ ̆ Ữ Ώ פ ѿ

Ȃ 
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ף Ҭ̆ Ữ Ώ פ Commitӊ Cache

Ȃ Ҍ Ữ Ώ Ҍפ Speculativĕ Ữ Ώ Commitӊ╠

Ӟ Ữ ѿ ̆ ғ ’ҊΏ ᵬӞ ᾢ ӊ̆ ̆

Ώ ᵬȂ Ữ Ώ פ Commit ̆ Ḡѿ

Ҍᴪ₮ ӊ ֜Ȃ ѿ └Ḡ ԅ Ữ Ώ ᵬ פ Ҭ ץ ̆

Ӟ ԅ Ữ Ώ Ȃ 

ԍѿҩ Ữ ̆ Ҭ Ữ Ώ ᵬ ᶭ Ҍ

Ḡ ⌠ DDR PCIe ̆ Ữ Ώ ᵬᶭ ᴪ ⌠ Ȃѿ Ữ Ώ ᵬ

̆ѿ № CPU Ҭ̆ѿ №ᴪ Ȃ Commitҍ Barrier פ

Ḡ CPU Ȃ Ữ ⌠ ῒז ̆ ῒז ↕Ȃ ֓ῤ

₮ԅ Ȃ 

ױ Ữ Ώ Ȃ ̆ Ữ Ώ ץ Posted̆ ץ

̆ ԍ Speculative ̆ Ữ Ώ ᵬ ᴪ ╠ ̆

Ữ Ώ פ Commitӊ╠̆ ḱ ᵩ Ȃ ҩᵩ ԅΏ Ȃ 

ҩ ѿҩ Ҭ Ҍ Ȃ ΐ ѿ ֲ ѿ

̆ Ȃ ֲ֓ Ҭ̆ ѿҩ Cycle ҹ №ӊѿ̆

№ӊѿȂңҩ CPŬ פ ԅѿҩ Cyclĕ

ңҩ CPU Ҍ ѿҩ ҉ ԈȂ 

≠ ҩ ץ̆ Ữ Ȃҍ Ữ Ώ ̆ Ữ

Ȃ ’Ҋ̆ ԍ Well-Behavior Ữ ҩ ѿ ѿ҆ ̆ӞҌ

ῒ׆ 0 1Ȃ ᵬ ץ ѿ֓Ȃ 

Ữ פ EA ̆ ᾢ LSQ̆ Commit Ώ ᵬ

Ҭ ΐ ◐ ׆̆ ԅ Ữ Ώ Ȃ LSQҬ Ҭ ̆ Ữ

פ ᴪ Cache ̆ ῀ LSQ ֜Ȃ Cache ̆

֓ פ ̆ ԅ Ữ Ӱ Ȃ ҹ ̆ ֓ ᵬ Ҍ

╠ Ȃ ҩ Ữ ץ פ ҡ ̆p ῒ Ȃ 

ҹ Load/Store Speculation̆Ӟ ₮ԅ ֓ Ȃ

֓ Ӟ̆ ≠ ֓ ȂҊ ҩ ᶛ ѿҩ

ҬȂ ҩ Ҭ̆ C1 C2 ңҩ CPŬ ᶏ ῍֣ Ữ ḤȂ 

C1 ᾢ A1 Ώ῀ѿҩ ӊ̆פ A2 ⱴ 1ȂC2ᶏ Ữ ᵬ

A2 ̆ ᾢ ̆ ̆ A1Ҭ ԅ ̆פ

ӊ Ῥ ҩ ῒ̆פ ף 1-4 Ȃ 

 

Write A1, new command

C1

Increase  A2

Wait new command

C2

Read A2

Check A2

Read A1, get the new command

῀Barrier פ

 
1-4 C1ғ C2 ֢  

 

ף Load/Store Speculation Ҭ̆ Ȃѿҩ

C2 Load Speculation Read A1 ⌠ פ Ҍ Ȃᵖ C2 ᵥ ’ӊ

Ҋ ⌠ ̆ Ҍ Load Speculation Ȃ 
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ѿҩ ҍ ̆ӯ ῒ J̆ust buy low and sell high̆ But how ᵟ

ԅזȂLoad Speculation Ӟ ѿң Ȃ ץֽ 1-4

ѿҩ ₮ Ȃ 

Ẋ C1 ₮ ̆ A1 A2 ңҩ Ữ Ώ Ȃҍ ̆

C2 Load Speculation ⱴץ Ữ ̆ᵖ Read A2 Read A1 ңҩ ᵬ ᶭ

Ȃ C2 A2 ̆ ԅ Cache Miss̆ ѿ ӊ ̆Ẋ

ҹm C̆2 ̆ Speculative Read A1 CacheҬ Ҭ C̆2

ῒ ῀ LSQҬ̆ ֜Ȃ 

C2 ׆ A2Ҭ (Check A2)̆↕ A2 ∞ ̆ LSQ

Ҭ A1 ȂSpeculative Read A1 ᴪ ̆ ָӇ Ȃ ҩ

ӊҊ̆Speculative Read A1 ᴪ ̆ ҩ ᵞȂ 

Ẋ m ҩ C̆1 ԅ A1 A2 ԍ C2 ⌠ Ȃ C1

A1ӊ╠̆C2 Speculative Read A1̆ C2 ⌠ A1 ѿҩ ṿȂC2

mῤ ԅ A2̆ ҩṿ C1 ̆ C2 A2̆ №

ᾝ ҹ C2 Speculative Read A1 ̆Ҍᴪ A1 Ȃ

ԅ C2 ԅѿҩ A2 A1̆ ԅѿҩ Ȃ 

‗ ҩ ̆ Check A2ӊ ̆ ⱴ῀ Barrier ̆פ ᾧ Load 

Speculation̆ MMU Ữ Load SpeculationȂ

ҩ ӊҊ̆Speculative Read A1 ᴪ ̆ ғ ҩ ᵞ̆ᵖ ׅױ

Ḡ Ҭ 100% Ȃ ױ ҹҌ⌠ 1% ̆

Barrier ᵬ ⱴ⌠ ҉ץ99% ѿҩ ӊ҉Ȃ 

ҩ Barrier Ҍ Ȃ C2 Read A1 ҬCacheӊ ̆ ῒӊ╠₮ Read 

Miss ᵬⱴ҉ Snoop Resync Flag Ȃ ҹ Snoop Resync Flag פ Commit

̆ ῒ ᵬ̆ ᾧ ֓ Barrier ᵬȂ ҩᶛ Ҭ̆ᶏ

└ ̆Speculative Read A1 ҡ ̆ӊ ̆ Barrier ᵬ ץ

ȂAMD Opteronᶏ ԅ └[13]̆ ᵌ └Ӟ₮ ῒז ף ҬȂ 

ֲᴪ׆ ᴨ Ύ ֓Ὲ IP̆ ₮ ֓

֓ ̆ Ḃ ֓Ὲ ѿ֓ Ҍ׆̆ ֓ IPȂ

̆ ‖ ᴋᵥ Ȃ Ҭ ̆ RSA ӊ╠̆ױז

ԅῈ ᵣ└̆ Ὲ Ȃױז ҩᵣ└ ̆

ԅ Rivest̆ Shamir Adleman Ҍҕӊⱳ̆ᴰҕӊ Ȃ 

Ҍ ῏ IP ̆ᵖ ȂIP ῒ Ȃ ᾙ

ᾙ ̆ ᾙ ᾙ ȂIPץḠ ֟ ӈ ̆ ӄ Ὲ ĬP

Ӟ ⱴ ֓Ȃ Ṝ̆ ױ Ҍ ֓ IP ᵥ Ȃ ֓ ҙ ֓

IP ľ ̆ Ŀ Ȃ ֓ IPҌ ױ ῒ ֙̆ ֓ IP

֓ Ὲ Ȃ 

IP└ ∆ ҹԅḠ ⇔ ̆ ׂ ₮ῒ ⇔ ᶛȂ Ṝ ⇔

֟ ԍ ֜ ֲ Ҭ Ҍ̆ ̆

ҬȂ ᶏ ӄ Ὲ ҹ ⇔ Ạ₮ ꜜⱬ Ҍ Ҭ ᵬ

ֲ̆ ѿҩ Ԋ Ȃ 

֓ ֲ ҆ ̆ ľ ̆ Ŀ IP

ӊ Ȃ ῀ ֓ ▼ᵩ Ȃ ̆ ᶭ Ȃֲ

ҍ ̆ Ҍ ⇔ ̆ ҕ ̆ Ῥ ̆Ῥ

Ȃ 
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1.4 Crime and Punishment  

Ṝ ѿ̆ҩ Load/Store Speculation ̆ ѿ

ҩ Ȃ ℗ ֲ ̆ ԍ

ӊ ᶏ Ȃ ֲ ָӇ ≢Ȃ ѿ

Ⱳ ̆ ᵰ ̆ ӊ Ȃ 

Load/Store Speculation ̆Ӟ Ȃ ̆ ѿ

ⱳ ̆ ᴪ ѿ Ȃ ѿ Ҍ ̆ῒ

Ҍ Ҍ ֓ Ȃ ҹȂ ҍ

ץ ѿҩ Ȃ ֲ ҍ Ḵ Ȃ ⱳ ̆

ᵞ ̆ ҩ ⱴ Ȃ 

Speculation ⱳ Ȃ └ ׆̆ ҉

ץ ѿ℗ Ȃ ҩ ̆ ӞҊҌ ѿ ̆ ץ ҹ

̆ ᵝ ѿ Ȃ ↕ ̆ ᵝ

Ҭ ̆ ҍ Ҋӊ Ȃ 

̆ ױ ҹָӇᴪ₮ Load/Store SpeculationȂҹ ̆ ֽױ

Load Speculation Store SpeculationȂ ף Ҭ̆ Ữ Load

Latency ԍCPU Һ Ҍ ᶏ̆ Ữ ⱴ ₮ѿ֓Ȃᶏ Load 

Speculation Һ ҹԅ ֓ Load Latency̆ Ữ

פ ᾢ ῀ Ȃ ᵥ‗ ᾢ ѿҩ ҹ Ȃ ֓

ӊ╠̆ ױ ᾢ ֓ └ Ȃ 

ױ Confidence Counter └ C̆onfidence Counter ѿ ∞̆

ⱴ Ȃ ԅ Load/Store Speculation ӊ ̆Confidence CounterӞ

ԍ Branch Prediction ̆ ѿ ⌠ ̆ ӊ Ȃῒ └

ҍ N-bit Saturating Counter(Bimodal Predictor) ᵌȂConfidence Counter Saturation̆ Predict 

Threshold̆ Misprediction Penalty Increment for Correct Prediction ҩ [14][15] Ȃ 

ҹᶛ{30(Threshold), 15(Penalty), 1(Increment) ,(Saturation)31}ץױ Confidence 

Counter ᶏ ȂẊ ѿҩ Ҭ̆Confidence Counter ∆ṿҹ 29̆ פ

Ҍᴪ Load Speculation ᵬȂ פ ҹ ̆

Confidence Counter ⱴ 1(Increment)̕ Confidence Counter ṿ ԍ Threshold

̆ פ Load Speculation̕ Confidence Counter ṿҹ 31(Saturation)

̆ ҹ ӞḠ Ҍ ̕ C̆onfidence Counter ѿ ⁞ 15(Penalty)̆

⌠ ⱴ 1⌠ Threshold Load SpeculationȂ 

Branch PredictionҬӞᶏ ԅConfidence Counter └ȂẊ ѿҩ№ Ҭ̆

ᶏ 2-b Confidence Counter̆ ғ Strongly Taken, Weekly Taken, Weekly not Taken Strongly 

not Taken ᵝҹ 3 2̆ 1̆ 0 T̆aken ᶏ Confidence Counterҹ{3, 2, 1, 1}̆ Not 

Taken ᶏ Confidence Counterҹ{0, 1, -1, -1}Ȃ 

Load Prediction ᶏ Confidence Counterᵬҹ № ΐȂ

Load Speculation ̆ פ ᶏ ң └ ᵬ̆№≢ҹ Squash

Reexecution └[14][15]Ȃ 

Squash Load פ ̆ ROBҬ ῒӊ פ ̆ ׆ פ

CacheҬ Fetch Ȃפ ҍ BTB ᵌȂReexecution Load

פ ֽֽ̆ ҍ פ ῏  Ȃפ
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׆ ҉ ̆ Reexecution Squash └ ₮ Ȃᵖ ᶭױ Ҍ ᶭ

₮ Reexecutionѿ ᴨԍ Squash └ Ȃ ᵣ Ҭ̆ ᶭ

ȂReexecution └ ᶏ ‖Ӟ ҌԈ Ԋ Ȃ 

פ Ҭ L̆oad SpeculationҺ №̆≢ Dependency 

Prediction̆ Address Prediction̆ Value Prediction Memory RenamingȂ ֓ Prediction

ᶭ ̆ Ṣ Confidence Counter └ ץ ȂLoad Speculationҍ

Brach Prediction ᵌӊ ̆ ҉ ѿҩ ӟ Ȃ 

ῒҬ Dependence Prediction └ ҹ Ȃ ԍ ף ̆ ∞

Ữ Ώ פ ᶭ ῏ ῏ Ȃ ѿ֓ Ώ פ Ӱ Ҭ̆

֓ Ҭ ᶏ LSQ Ữ Ώ ץ̆ פ Ȃ

ҹ Ḡ Ώ פ ᶭ ῏ ̆̓ ѿ ѿ Load פ Ӱ ӊ╠̆

LSQҬ Store ̆פ ḠҍῒҌ ᶭ ῏ Ȃ LSQ ᶭ ῏ ̆

Load פ ץ Ӱ Ȃ 

Ḡ ԅ Ữ Ώ פ ̆ ԅ ȂStore

פ ⌠ѿ L̆oad פ ∞ ῏ ̆ LSQҬ Store פ

Ҍ ‰ ȂDependence Prediction ҹԅ ѿ Ȃ

Blind Prediction̆ Wait Dependency Predictor Store Sets Ȃ 

ԍ Blind PredictionȂ Blind Prediction̆ Load ֽפ LSQ

Ҭ‰ Store ̆פ ῏ ̆ ╠ ̆ LSQ ԅ Store Alias̆

↕ ׆ Store QueueҬ Ȃ ԍ Store פ B̆lind Prediction ҹҌ

῏ Ȃ ң ӊ ῏ ̆ Load ̆פ

Squash Reexecution Ȃ 

Alpha 21264 ԅWait Dependency Predictor [18] Load SpeculationȂῒ

└ פ CacheҬ ѿ ⱴ῀ѿҩWaitᵝ̆פ Load פ EA ̆ ғ

Waitᵝҹ 0 ̆ Load פ ץ Speculation̆ ↕ Ȃ ̆

Waitᵝ ץ1 ᾧ ѿ Ȃῃ Waitᵝ 100,000ҩ Cycle

ꜚ ץ̆ ᾧ ҹ Waitᵝ 1 ’ Ȃ פ Cache 

Miss Ṝ̆Waitᵝ Ȃ 

Store Set ѿ Dependence Prediction Ȃῒ └ ᶏ Store Set ID

ѿҩ Ữ Ώ ̆ ֓ ID SSIT({ǘƻǊŜ {Ŝǘ LŘŜƴǘƛŬŜǊ ¢ŀōƭŜ)ҬȂ

Ữ Ώ פ ӊ ᶏ̆ PCᵬҹ Index SSIT ID̆ ҩ ID ѿ

LFST(Last Fetched Store Table)Ȃ LFSTҬ ԅ Store ̆פ ᶏ

∞ Ώ ӊפ ᶭ ῏ ̆ ᶭ ῏ Load ̆פ ץ

SpeculationȂ 

҉ץ ₃ ≠ Ώ פ ᶭ ῏ ̆ Load Prediction

ⱳ Ȃᶏ ̆ Ữ Ώ פ EA ̆ Ȃ

Address Prediction ⱴ Aggressiveѿ֓̆ Ữ Ώ פ

EAӊ╠̆ ҩEA ṿ ׆̆ EAҍ Ữ ᵬ Ȃ ԍCritical 

Patch Ữ ᵬ̆ῒ EAҌᵖ ץ ̆ ғ ⱳ Ȃ 

Address Prediction LVP(Last Value Prediction)̆Stride ContextȂ

ᶏ LVP ̆Ҋѿ Ữ ҉ѿ ↨↨ ̕ᶏ Stride

̆ ҉ѿ ↨↨ ⱴ҉ ҩẒ ̕Context ΐ ̆

ѿ ̆ ≠ץ Ữ Ḥ VHT̆ ѿҩ Pattern̆ ӊ ₮ѿҩ

ṿ ѿ VPT̆ ץ ̆ ѿ ҍ BTBҬ gshare └ ᵌȂ 
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ԍҌ ̆LVP̆ Stride Context ⱳ Ҍ ̆Context

ᵌ ᴨ̆ᵖᶭ ѿ֓ ᶏ LVP Stride ⱳ ѿ֓Ȃ ѿҩ

ΐᵣ Ҭ ᶏץ Ҍ ṿ Confidence Counter ᶏ LVP̆ Stride Context

ץ̆ ᴨ Ȃ 

Value Prediction ҍ Address Prediction ᵌȂῒҌ ӊ ѿҩ

ᶏ ѿ̆ҩ Ȃ Value Prediction ⱴ Aggressiveѿ

֓ȂValue PredictionҍAddress Prediction ҹѿ Ӟ̆ᶏ ԅLVP̆Stride Context

̆ Ӟ₃Ӎѿ Ȃ 

Value Prediction Ҍ ᾧ Ữ ᵬ Cache Hierarchy̆ Ҍ ᾧᴋ

ᵥ Bus Traffic ₮ Ȃ פ ӊ ̆ Check-Load ᵬ̆

ԅ Misprediction̆ ᵖ ᶏ פ ץ Load ᵬ ׆̆

ᶏῒ פ ץ Ҭ Ȃ 

Ữ Ҥ ׂ ̆Value Prediction ȂAndy Glew ѿҩ

Crazy ז̆ ԅѿҩ ץ ₃ ̆ᶏ

ֲ ̆ Value Prediction ѿ ᴨ MLP(Memory-Level Parallelism)[22]Ȃ

ҩֲץ ᶏ̆ ѿҩ ̆ ₃ ᾠ ѿ CacheӞ ֓ Ȃ

└ᵬ ⌠ 10nm ̆ ѿҩ₃ ᾠ EDRAM Ҍ ָӇ ԊȂ

14nm ӊҊ ץ LLCȂ 

Memory Renaming Ȃ Store Load פ Ữ

ץ ᴆ [19][21]̆ ᶏ Confidence Counter Ḃ ѿ Ȃ Store

Load פ ԅ ῏ ӊ ̆Load Ҍפ ѿ ׆ Ữ Ҭ ̆

ҹ Store פ ץ ῏ Load Ȃפ ѿ ԍ פ

ҍ Store פ ῏ Load פ Ữ ̆ ҹ LSQ ̆ Ӟ

Renaming ȂMemory Renaming Ӟ ѿ֓ΐᵣ ̆ ғ ֓ ᶭ

ץ ᶏ Ȃ ҌῬѿѿ Ȃ 

ѿҩ Ҭ ץ ᶏ ̆Ӟ ץ ᶏ №Ȃ Ҭ̆

̆ ֓ ץ ᶏ ȂConfidence Counterᶏ Ҍ Ӟ‗

ԅ ⱳ Ȃ ң Ȃ 

ᶏ ѿҩ Load/Store Speculation Ҭ Ȃ ῒז Ҭ̆

Ӟᴪ ⌠ Ȃ ֲפ Ȃ׆ Ὲ׆ Ὲ

̆ № Ҭ ₮ Ặ₮

Ȃױז ŵȂ 

ľ Ŀ Ȃѿҩ ҍ Ȃ ֓

Ӟ ₃ӍҌ ѿױז̆ ԅ ҍ Ȃ ԅ ̆

Ҭ ҍ Ȃ ẁץ ֲ ѿ Ȃ 

̆ Ḃ ֓ ₮ ӊ Ȃ ֓Ҍ

ԅѿҩ ̆ ӊҊ̆ ᴨ Ȃ ױ ѿҩΐᵣ

Ҭ̆O(n×Log2n)ѿ ᴨԍ O(N2) ̆ ѿҩ Ҭ N ̆Ҍ ҉

̆ ғҌ ᶏ Ҍ Ȃ 

Ḃᶏ ̆ΐᵣ ᶭ ᴨⱷӊ№Ȃ ֓ ᴪᵣ ֓ Ȃ

֓ Ҍֽ₮ ῀ ≢ Ὲ Ӟ̆₮ ῤ Ὲ Ȃ ∆ ֓ ̆

ӟץҹ ▼Ҋ Ȃ ֓ ԅ ҩᵣ̆ ̆

Ȃ ֲ֓ ⱴ ָ̆Ӈ ָ̆Ӈ ָ̆Ӈ Ҭ Ҍ Ȃ 

                                                             
ŵ
 ῤ Ὲ Ӟ ҩ ҹ Ȃ 
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ѿ℗ ԅ ̆ ԍ Ȃ ѿ ̆

ⱳ ҩҕ Ḥ Ȃ ֲҍֲ Ԉ ֲ̆ ҍֲ ԑ ҍ

ᵞ҉̆ ѿ ̆ ҩҕ Ӟᴪ ⱴ Ȃ 

֓ᴏᵫ ₮ Ҭ Һ қ ̆ ҍ ҹ Ӟ̆

Ȃ ѿ ֲ ̆ ҹᴏᵫ ҩ ѿ̆ף

Ȃᴋᵥ Ҽ ╠ Ȃ 

ԅ ѿ ӥΏ ̆ ₃Ӎ‰ ȂҌ ҹ Ώ ԅ ӥΏ ῤ ̆

Ҍ ᵥ Ȃ ↓ ̆ ̆Ώ⌠ Ḃ ̆

┴ ⅞Ȃ 
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2  Cache  

ҹ Cache ̆ ץ ӥΏױז Ȃױז

̆ ץ Cachĕ Ӟ Cache ̆ ѿ ̆ ѿ ̆ ֟

ף ȂAll of them are deceivedȂ 

ᵌ Ҍ Cachĕ └ ԅ̆ └ ̆ ᴪ└ ȂӞ

ԅ ̆ ֲ֓ Cache ֓ ̆ Ҍ └Ȃ Cache

Ҍ ̆ Ạ⌠ Ȃ 

2.1 Cache ᵬ  

Cache ҍ Һ Ữ ᵌӊ ȂҺ Ữ ᶏ

̆ ץ ֓ Ữ ȂCacheӞᶏ ԅ ᵌ ̆

Ӟ ᶏ ֓ Cachĕ ץ Ώ῀ Cachĕ Ӟ ׆ץ CacheҬ ₮ῤ

Ȃ ѿ℗ Cache ᵬ Ҍ ᵬȂҹ ̆ ױ

Virtual Cachĕ Cache ᵬ̆ Ṣ CPU ᵥᶏ TLB

̆ Cache Ώ ᵬȂ 

 

Effective Page Number Cache Line Number Byte in Line

Effective Page to Virtual Page 

Number

TLB ...S

Compare Addresses & Select Data

To Main Memory

Real Address data

Byte Select and Align

Data Out

Address Data line

Cache

2-1ῖ Cache ŵ 

 

Cache ᶏ CPU Core Ữ Ώ ᵬ ȂCPU Core Ữ

̆ ᾢᶏ EPN(Effective Page Number) ̆ ᶏ CLN(Cache Line 

Number) Cache BlockȂ ңҩ ץ Ȃ ᶏ Virtual Cache ̆

ᶏץ Cache Ȃҹ ̆ ױ Ҍ Virtual Cache Ȃ 

EPN ⌠ VPN̆ ӊ TLBҬ ⌠ RPN(Real Page Number)Ȃ

ԅ TLB Miss̆ ѿ ↓ Ҥ ̆ ױ TLB Hit ’̆

RPN̆ ᶭ ⌠ PA(Physical Address)Ȃ 

                                                             
ŵ
 [23] Figure 2. A typical cache and TLB design̆ ԍ ̆ ҩ ̆ ꜚȂ 
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Ҭ C̆ache ↓ ̆ᶏ CLN ץ ⌠ѿҩ

Cache BlockȂᵖ ҩ Cache BlockҬ Ҍѿ CPU Core Ȃ

ѿ֓ ̆ Cache BlockҬ Addressҍ ⌠ PA

(Compare Address)Ȃ ғ ᵝ ̆↕ Cache HitȂ

Ῥ Byte Select and Alignᴆ Ȃ Cache Miss̆ CPU ᶏ

PA ѿ Һ Ữ Ȃ 

҉ № ̆ ױ ץ ̆ѿҩ Cache Block ᾢ Ḥ ̆ ᵝ

ᾝ Ȃѿҩ Cache ҩ Cache Block ̆ Ҍ Ҭ̆ ᶏץ Ҍ

Cache Block Ȃ ױ ᾢ№ ҩ Cache Block Ȃ ҩ Cache Block

Tag ̆ ᵝ ᾝ ̆ 2-2 Ȃ 

Real Address Tag Status Data
 

2-2 ү Cache Block  

 

ῒҬ Data Cache BlockҬ ̆ Ҭ̆ῒ ҹ 32

64 ȂStatus ╠ Cache Block ̆ Ҭ̆ ҩ

MESĬ MOESI MESIF ֓ Ḥ ̆ ֓ Cache BlockҬ̆ ѿҩ

Lᵝ̆ ╠ Cache Block ץ Ȃ Cache SRAM ≠ ԅ

ҩ LᵝȂ ῏ MOESIFL ֓ ᵝ Ҋ Ҭ Ȃ

Cache Hierarchy Ҋ̆ Ḥ Ҍ MOESIFȂ 

RAT(Real Address Tag) Cache BlockҬ Data ҍ ҩ ῏̆ RAT

Ҭ № Ḥ ̆ ѿҩ CPUҬ 40̆ 46 48ᵝ̆ᵖ

CacheҬ Ҍ ῃ Ḥ Ȃ ҹ׆ Cache ҉ C̆PUᶏ №

ҹԅ ̆ 2-3 Ȃ 

 

Cache Line Index Bank Byte

5            3 2            012 639       13

Real Address Tag

 
2-3 CPU Cacheᶕ  

  

ҩ Ӟ ץ ҹ CPU Cacheᶏ ̆ ҩ Ȃ ᾢ

Cache Line Index Ȃ ѿ ҍ 2-1Ҭ Cache Line Numberᵌ̆CPUᶏ

׆ CacheҬ ѿҩ ѿ EntryŵȂ 

Bank Byte ӊ ԅ ҩCache Data ̆ Ӟ ҩ ҹCache 

̆ 2-3 Ҭ Cache Block ҹ 64 Ȃ ╠ DDR3 SDRAM

ᶏ Cache Block 64 Ȃ № ԍ DDR3 SDRAM ѿ Burst 

Lineҹ 8[24]̆ѿ Burst ᵬ ҹ 64 Ȃ 

Ҭ̆ ҹ Bank Byteңҩ ₮ԍ Cache Block

ȂMulti-Bank Mechanism ѿ ̆ └ ̆CPU

Cache ̆ Ҍ ѿҩ Bank ̆ ȂByte ‗ ԅ Cache

ᵝ ̆ ף Ҭ̆ Cache ᵝ ҹ 64ᵝ ҹ 128ᵝȂ 

▼ᵩ ҹ Real Address Tağ ҩ ҍ ҩ CacheҬ Real Address Tag

ȂCPUᶏ Ҭ Real Address Tag ҍ Cache Block ѿ֓ ᵝ

̆∞ ῒ CacheҬ ҬȂ 

                                                             
ŵ
 ᶏ Set-Associative Cache ̆ ᶏ Index ץ ѿ EntryȂ 



19 
 

2.2 Cache  

҉ ̆ ѿҩ CacheҬ ↓̆ Ȃ ᵣ

҉̆ ₮ ̆ ▼ᵩҊ ױ Set-Associative

Ȃ ף Ҭ ⌠ԅ Ȃ 

׃ Set-Associative ӊ╠̆ ױ ѿ Cache ̆Sector 

Buffer [23]ȂẊ ѿҩ Ҭ̆Cache ҹ 16KB̆ ᶏ Sector Buffer ̆

ҩ 16KB № ҹ 16ҩ 1KB Sector̆ CPU ץ 16ҩ SectorȂ 

CPU Ҍ 16ҩ SectorҬ Ҭ ̆ ᾢ Sector ᵬ̆

ѿҩ Sector ̆ 64B ῀ ҩ SectorȂ CPU

Ҭԅ ҩ Sector̆ ᵖ Ҍ Sector ̆ ⌠ ҩ SectorҬȂ

̆Cache ⅞№ ҹ ̆ ȂCache ᵣ

Ҭ Ҍ Set-Associative [23]Ȃ 

ӈ Cache Ҭ̆ Ҍ ᶏ Ȃᵖ ᶭ ῃ Ȃ

ᵣ ̆ Ȃ ѿ֓ ӈ Cache Ҭ̆Sector Buffer ᶭ

ѿ ӊ Buffer Ȃ ׅ Ҍ ᶏ Ȃ Ҍ

ҹ ̆ Ҍ ᴪᶏֲ ԅ Ȃ 

ѿ֓ ᵬԅ Verilogף ̆ ף֓ Ҭᶏ ԅѿ

֓ ̆ ֓ ᵌ ̆ ֲ Ȃױז ҉ ῖ

̆ Ԉ ̆ ↓῀ԅ ӥҬȂ ֓ ԅ ֓ ӥ

ῖ̆ ה ֓ӥ ̆ ҹ Ҭ ῀ Ȃ ҹ

̆ѿ֓ ᴆ ױז ԅȂ 

֓ ῖӥ ѿᴆ Ԋ Ȃ A Quantitative Approach

The Art of Computer Programming֓ӥ ̆ ᵩ ̆ ֓ӥ Ҭ ⌠ѿ֓

ᵣᴪȂ Ȃ ֲѿ ᵬ ̆ ᵩ̆ ׆ױז

̆ Ạ Ԋ Ȃ ҹ ̆

Ӎ Ҭ₮ ᾣѿ Ȃ ֓ ᵰ ԅ₃

̆ ῒז ̆Ӟ Ҍ ₮ ᵬ ӊ҉Ȃ 

Ώᵬ Sector Buffer └ ΏҊԅ ֓ Ȃ ף Ҭ C̆ache Block

ԅ Set-Associative Ȃҍ Set-Associative ῏ Cache Block

Direct Mapped Fully-Associativeң └ȂDirect Mapped Fully-AssociativeӞ ץ

ҹ Set-Associative ң ᶛȂ 

҉ҕ 90 Direct Mapped̆ף └ ῒ ̆ Alpha 21064̆ 21064A 21164

Ҭ L̆1 I Cache D Cache ᶏ ԅ Direct Mapped Write Through Ȃ ⌠ Alpha 

21264̆ L1 Cache ᶏ 2-Way Associative Write Back [16][17][18]Ȃ

Ḃ Alpha 21264 L1 I Cacheׅ Ạ₮ԅѿ֓ ̆ ԅ 2-Way Set-Predict ̆

҉ ᶏ ̆L1 I Cache ԍ ᵬ Direct Mapped ҬȂ 

90 ҕ̆ף ҉ ᴋᵥѿҩ ҍ Alpha ̆ ᴋᵥѿҩῈ

DEC Ҭ ᵝ̆ DEC ₃Ӎ ҹ ̆ ғ ֓ ῀

ᵬҹ Ȃҍ Fully-Associative Set-Associative ̆Direct Mapped ᴆ

̆ ѿ Ữ ⌠ԅѿҩ Cache BlockȂ ԅ

ԅѿ ↓ᴨ ̆ ᴨ 200~300MHz CPUҺ ’Ҋ L̆oad-Use Latency ץ 1

ҩ CycleȂ Ҋ ⱳ Ҍ ̆ Ҍ Ȃ 



20 
 

ׂ L1 ᶏ Direct Mapped ̆p

Ҭ Ȃ Direct Mapped ̆ Ạ₮ԅ ꜜⱬ̆ῒҬ

Normal P. JouppiӥΏ ľImproving Direct-Mapped Cache Performance by Addition of a 

Small Fully-Associative Cache and Prefetch BuffersĿ̆ῒҬ ⌠ Victim CachĕStream Buffer[20]

ׂᶭ Ȃ 

ᶏ Direct Mapped ₮ № CPU CoreҺ ⱴᶏ Direct 

Mapped Load-Use Latency ̆ ҹ ≢ ⱴ Һ

Ữ ᶏ Cache Ȃ 

׆ Cache Miss Rate ѿ̆ҩ Direct Mapped ҹ N Cacheῒ Miss 

Rateҍ 2-Way Set-Associative ҹN/2 Cache₃Ӎ Ȃ ҩObservation John

David ҹ 2:1 Cache Rule of Thumb[7]Ȃ Direct Mapped Cachĕ

Cache Ȃ 

֓ L1 CacheҍҺ Ữ ṿҌᵖ ȂL1 Cache

ԅ Pentium׆̆ 16/32KB L1 Cache⌠Sandy Bridge 64KB L1 Cachĕ

Intel ԅ ԋ Ȃ ԋ Ҭ̆Һ Ữ ᵥ ԅң ṐȂ

ԊӞ L2ҍ L3 CacheҬȂ ᶏ Direct Mapped C̆ache Miss Ratio

̆Ӟᶏ N-Way Set-Associative ֦ Ȃ 

Set-Associative C̆ache № ҹ Sҩ Sets̆ῒҬ ѿҩ SetҬ NҩWaysȂ

N Ҍ C̆ache ҹFully-Associative, N-Ways Set-Associative№ץ Direct MappedȂ

Cache Ҍ ’Ҋ̆ S×N ṿҹѿҩ M ̆N ̆↕ S ̆ ӊ

֞ Ȃ8-Way Set-Associative Cache 2-4 Ȃ 

Way 0 Real Address Tag

Real Address Tag

Real Address Tag

Way 1

Way 2

Way 3

Way 4

Way 5

Way 6

Way 7

N
 w

ay
s

DW0

DW0

DW0

DW0

DW0

DW0

DW0

DW0

... DW7

S 
se

ts

Status

Real Address Tag

Real Address Tag

Real Address Tag

Real Address Tag

Real Address Tag

Status

Status

Status

Status

Status

Status

Status

...

...

...

...

...

...

...

DW7

DW7

DW7

DW7

DW7

DW7

DW7

DW1

DW1

DW1

DW1

DW1

DW1

DW1

DW1

S 
se

ts

 

2-4 8-Way Set-Associative Cache  

 

2-4 ̆ Cache BlockҬ Real Address Tag ҍ № ̆ ҹ ң

№≢ Ҍ Ữ ҬȂ ѿҩ SetҬ R̆eal Address Tag ↓ ᶏ CAM(Content 

Addressable Memory) ԍ≠ץ̆ PS(Parallel Search) ̆ ҬӞ ץ

ᶏ ұ SS(Sequential Search)Ȃҍ PS ̆SS ᶏ

̆ᵖ ᶏ Ways ̆ ҩ Ȃ ף Ҭ̆

↓ѿ ᶏ ̆ Bank SRAMȂҊ Һ PS Ȃ 

ԍѿҩ Cachĕ ῒ Tag ↓ SRAM ↓ ̆ N ᵞ Ӟ ץ

RAM Tağ ֽ CAM Tağ ⱳ ׂ ̆Highly Associative Cacheẁ

ԍᶏ CAM TagȂ Ҭ̆ Nehalem L1 Cacheҹ 32KB[12]̆

SRAM ↓̆ Tag ↓ȂTag ↓ Die SizeҌ Ȃ 
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Set-Associative Tag ↓ӊ╠̆ ױ ѿ NS ҩ ȂҌ

ԅҌ Cache ̆ Fully-Associative, N-Ways Set-Associative Direct 

MappedȂ ᶏ NS ̆ ҈ ҉ N-Ways Set-Associative ̆

ԅҌ NS Ȃ 

ᶏ N-Ways Set-Associative ̆Cache ᾢ № ҹ ҩ SetȂ S ԍ 1

̆ Cache Blockᶏ ѿҩ Set ̆ ҹ Fully-Associative̕ N ҹ

1 ҹ Direct Mapped̕ NS Ҍҹ 1 ᶏ̆ ҹ N-Ways Set-Associative

Ȃ 2-4Ҭ̆Nҹ 8̆ ҹ 8-Way Set-AssociativeȂ 

̆ N Ҍ ̆Cache Miss Ratio ᵞ[7][23]Ȃ

Ҍ ᶏץ NȂ ’Ҋ ᶏ̆ N Ҍᴪ ᵞ

Miss Ratiŏ Cache ̆8-Way Set-Associativeҍ Fully-Associative ׆ Miss Ratio

҉ [7]Ȃ ᶏ 16-Way 32-Way Set-Associativĕ Ҍ

ҹԅ ᵞMiss RatioȂ 

Way ⱴ̆ Ḃ Cache ᶏ Data ↓Ḡ Ҍ ̆Cacheᶏ ץ

Tag Ӟ ⱴȂ ѿҩ Ҭ̆ ᵌ CPU Die

ҌҊ₃ Cachĕ Ҭѿҩ Die ᶫ ≠ ץ ⱴ̆ ᵌ

ᴨ Ҍ ◓ Ȃ Ӟᶏ ᴆ└ ӊҊ̆ N Ҍ Ȃ ҩ

Ȃ 

S ҹ 1 N̆ ԍM̆ Tag ↓ Entry ᶭ ҹ M̆p ԍ CAM

Ữ ̆ ѿҩ M ᾝ Die ̆ Sҩ N

ᾝȂ N ̆Tag ↓ ⱴ̆ ⱳ Ӟ

Ȃ ѿ ֓ ╠̆ ױ ԅ CAM ̆ 2-5 Ȃ 

C

C

C

C

C

C

C

C

C

C

C

C

Search Data Registers/Drivers

SL0 SL0 SL1 SL1 SL2 SL2 SL3 SL3

ML0

ML1

ML2

ML Sense amps

 

2-5 CAM [25]  

 

2-5Ҭ CAMҬ 3ҩ Word̆ ѿҩ Word 4ҩ Bits ̆ῒҬ ѿҩ Bit

ѿҩ CAM CellȂῒҬ ѿҩWord ѿ ML(Match Line)̆ ML0~2 Ȃ ѿ

ҩCAMῤ̆ Word Bits Ȃ ѿ↓Ҭ B̆its№≢ҍңҩ SL(Serach Line)

̆ SL0~3 ~SL0~3#ȂῒҬѿҩ Bit ѿҩ CAM CellȂ 

ᶏ CAM ̆ ᾢ Search Word ῀ Search Data Register/DriversҬ̆

ӊ Search Word№ ҹ ҩ Bits̆ SL ~SL ⌠ CAM CellҬȂῒҬ

ѿҩ CAM Cell Hit/MissḤ ᴰ MLȂ MLḤ ѿ ѿ ̆ ₮

Hit/Miss ̆ Ӟ ₮ CAM ҩ Ҭ Ḥ ŵȂ ץ ̆ ԍ

CAMᶏ ̆ῒ ᵬ SRAMȂ 

                                                             
ŵ
 Cache Ҭ̆ Ḥ Ҍ Ȃ Routing Table Ҭ ᶏ ԅ Ḥ Ȃ 
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Ӟᶏ CAM ⌠ԅ Ȃp ᶭױ ׆ ֓ Ҭ̆ CAM

Word ⱴ̆ ⱴ̆ ⱳ Ӟ ҩ ̆Ӟ

Cache ҬҹָӇҌ ᶏ WayȂҹ ױ ѿ ԅ CAM 

Cell Hit/Miss ≢ └Ȃ Ҭ ѿ̆ҩ CAM Cell ᶏץ ң

̆ѿҩ ԍ NOR̆ ѿҩ ԍ NAND̆ 2-6 Ȃ 

SL SLML

M1 M2

M3 M4

D D

D D

SL SL

MD MD

M1MLn MLn+1

B

NOR-Type CAM Cell NAND-Type CAM Cell

SRAM Cell

 

2-6 NOR NAND CAM Cell[25]  

 

҉ Ҭ ץ NOR-Type CAM Cell NAND-Type CACM Cell№≢ 4 3ҩMOSGET

ⱴ҉ѿҩ SRAM Cell ̆ѿҩ SRAM Cell 6ҩ Transistor ŵȂ ץ ѿҩ

NOR-Type CAM Cell 10ҩ̆NAND-Type CACM Cell 9ҩ Transistor Ȃ 

Ҍ NOR/NAND CAM Cell N̆OR CAM Cell 9ҩ Transistor N̆AND 

CAM Cell 10ҩ Transistor ̆ ֓ Ҭ ‗ ȂNOR NAND CAM

Һ ≢ Word ̆NOR CAM Cell ̆NAND CAM Cellᶏ

̆ 2-7 Ȃ 

SL0 SL0

M1 M2

M3 M4

SRAM 

CELL

SLn SLn

M1 M2

M3 M4

SRAM 

CELL

ML

pre

SL0 SL0

MD MD

M1ML0 ML1

B

SRAM CELL

eval

SLn SLn

MD MD

MnMLn-1 MLn

B

SRAM CELL

ML

pre

D D D

D

D

D D D

Mpre

Mpre

ML Sense amps

 
2-7 NOR/NAND CAM Word [25]  

 

ҹ ̆ ᵥ ֓ ᵣ Prechargĕ Dischargĕ ᵥ Evaluatĕ

ѿҩ Word Hit Miss̆ ץ ѿ [25] Ḥ Ȃ ҹ ῤ

׆ 2-7Ҭ ץ ̆ ᶏ NAND CAM ̆Word ᶏ ̆MLn

⌠ MLn-1 Ḥ ̆ NOR CAM ῃ Ȃֽ׆ ֓ ҉ᵌӍ ץ

̆NOR CAM Transistor ╠ ӊҊ̆׆ ҉ ԅ ̆

ᵌ NAND CAM ᴨ Ȃ 

                                                             
ŵ
 SRAM Cell ᶏץ 8ҩ Transistors Ȃ 
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Ԋ Ȃ ᶏ NOR CAM ̆ Word Bit ⱴ̆ML҉

Ӟ ӊ ⱴȂ ֓ ῀ ҍ ᵬ ⱳ Ȃ 2-7 N-Inputҍ ᵬ

ԅ One-Stage ̆ ᶏ Sense Amplifier ᵞ ̆ᵖ ҩ Sense Amplifier

ᵬ ԍ Idle ⱳ Ȃ n M̆ulti-Stage n-input AND Gate

֟ Ҍ Ȃ 

Ḃᶏ ԅ Sense Amplifier̆ Ӟ Ҍ ‗ῃ Ȃ ̆

֟ Ȃᶏ NAND CAM ѿ ѿ῏ ̆

Ȃ Cache TagҬ ԅ Ḡ Real Addressӊ Ḥ ̆ Ӟⱴ ԅ AND 

Gate Ȃ 

CAM ԅ ∞ ѿҩWord Hit Missӊ ̆ ѿҩ ̆ Search 

Data Register/Driver ꜚ ⱬ ̆ ҩ ѿ N-Way Set-AssociativeҬ N

Ȃѿҩ ꜚ ҩ ῏̆ ̆

׃ Ȃ ԍѿҩ 3.3GHz L1 Cache ̆ѿҩ Cycleֽ 300ps̆ Ӈ

ῤ̆ ẠҌԅ Ԋ Ȃ 

ױ ꜚ ⱬ̆Buffering the fan-out̆ᶏ ׃

ꜚ ̆ Ȃ Ҭ̆ ֓ Ҍ ԅ ̆

ԅⱳ Ȃѿҩ ̆ᶏ ̆ᵖ ᵰ ҹԅ

ѿ ԅ ꜜⱬȂ ѿ℗ᶏ N-Ways Set-Associative Ҭ N ѿ

ҩ Ҭ̆Ӟᶏ ף L1 CacheҬ NҌᴪ Ȃ 

֓ ̆ ף ԅ N-Ways Set-Associative ̆

N ԅ ҬȂ Ҋ̆ CPUᶏ r(i) Ữ ̆ ᾢᶏ ₱

f Set̆ s(i) = f(r(i))̆ ҍ Ҭ Set Real Address Tag

↓ ̆ Tag ↓Ҭ Ҭ̆ Cache Miss̕ Ҭ↕ ѿ

Cache Block Ḥ ̆ ₮ Ώ῀Ȃ 

ף ᶏ 2-Ways̆ 4-Ways̆ 8-Ways 16-Ways Set-Associative Cache

ȂWays ҹ 2 ̆ Ḃԍ ᴆ Ȃ ᶭ ᶛ

̆ ֓ Ҭ ₮ 10-Ways ῒז 2 WaysȂ 

₮ Һ ҩ Way Ȃ ѿҩ Ҭ̆

̆ PCIe ̆ ץ Ữ Ȃ ֓ Ữ Ҍ Ȃ

’Ҋ̆ LSQ̆ FLC̆ MLCs̆ ӊ LLC̆ ҍҺ Ữ ֜ Ȃ

DMA ̆ LLC Һ Ữ ̆ L1 Cache MLC֟ ׃

Ȃ ҍ Һ Ữ ̆‗ ԅ ֓ Ҭ̆LLC Way

Ҍѿ 2 ̆ 2 ӊ ̆ 10-Ways Set-Associative ѿҩ

8-Ways ѿҩ 2-Ways Ȃ 

ᴆ ᴆ ̆ Ḃ≠ҍ Ȃp

’Ҋ Ԋ̆ ᶏ̆ Ҥ Ҍ ⱳ ̆ Ṝ ᶏ

ᶏ ҹ Ȃ 

CacheҬ̆Ҍ Way ֟ ԅ ҹ Ҍѿ ӊ ̆ ѿҩ ҹ

ԅ ᵞ Cache Miss Ratĕ ֓ Way ᶏ ԅҌ Ȃ Skewed-Associative 

Cache[26] ᶏץ Ҍ Hash ̆f0 f1№≢ ѿҩ Setῤ ңҩ Way̆

ⱴ Set Ways ’Ҋ̆ ᵞԅ Cache Miss RateȂ[26] Cache

2̆-Way Skewed- Associative Cache Hit Ratioҍ 4-Way Associative Cache ̆

ῒ Hit Timeҍ Direct Mapped Ȃᵖ Cache ̆f0 f1 Ӟ

ӊⱴ ׆̆ ѿ ҉ ⱴԅ Cache Ȃ 
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҉ ₮ ῒז Cache ̆ Hash-rehash Cachĕ Column-Associative 

Cache ̆ ҌῬѿѿ׃ Ȃṿ Parallel Multicolumn Cache[27]̆ Cache

ԅ Direct Mapped Cache N-Ways Set-Associative ̆ Cache

ᾢᶏ Direct Mapped ץ ̆ DM Ҭ Ῥ̆ N-Ways

Ȃ 

҉ ֓ Direct Mapped ᴨ ̆ ╠ ף ᶏ

֓ ̆ᵖ ѿҩ ӈ Cache Ҭ̆ ֽ ѿ Cachĕ ֓ ᶭ

Ȃ Ӟ ֓ Һ Ȃ 

ᵣ ̆ Cache Way ҉̆ ̆ᵖ ҩ Cache

ӊ ΐ̆ ᴇṿ Ҍ Ȃ ╠ Ҭ̆ᶏ

ᶭ N-Ways Set-AssociativeȂ 

֓ Ҋ M̆iss Penalty ̆ TLB Miss̆ ᴆ Hareware 

Assistance M̆iss Penalty ᴇף ԍ Ȃ ᶏ ԅ Fully Associative

Ȃ ף Ҭ̆TLB Hit Time Miss Rate Ҭ̆TLB

№ҹң L̆1 L2ȂL1-TLB ᶷ ԍHit Time ̆ ѿ֓̆ ᶏ Fully Associative

̆ ῒ Extremely Fast̕ L2 TLB ѿ Miss Ratĕ ѿ

֓̆ ᶏ N-Way Associative Ȃ 

2.3 Why Index -Aware  

N-Ways Set-Associative CacheҬ̆CPU ᵥ ₱ f CacheҬ Set

ѿҩṿ ȂῒҬ Bit SelectionȂ 2-3 C̆PUᶏ Bits 12~6

ѿҩ SetȂ f(r(i)) = Bits 12~6Ȃ 

ѿ ̆ ̆ᶏ ԍ Set Ҍ

Ȃ ҉ ֲ ᶏ ֓ pseudo-random ᵬҹ₱ f̆ᵖ

Set SelectionҬ̆Ҥ ӈ҉ Random Ҍ Ȃ 

ѿ ҹ Silicon DesignҬ̆ ῤ֟ ѿҩ ̆ Ḃᶏ

LFSR(Linear feedback Shift Register) └Ӟ ѿ ̆ ғӞ Ҍ Ȃ

ԋ ҹ ΐ Spatial Locality ̆ᶭ ᶏ Cachĕ Ҥ ӈ

Random Ȃ 

Ҭ S̆et Selection pseudo-random ԍ Hash ̆ ֓ Hash

ԍ XOR-Mapping └̆ ₃ҩ XOR Ȃ [23][28][29]̆

Cache Conflict Miss ᴨԍ Bit SelectionȂ 

Ҭ̆ Hit Time L1 Cache ᶏ Hash └̆ᵖ ֓ ᶭ

₮ ѿ֓ MLC LLC Ҭ̆ ≢ LLC Ȃ MLC ҉̆

ᶏ Set Selection ᶭ ғ Bit Selection Ȃ 

Bit Selection Set ̆ Ȃ ᵞԅ

Cache ᵣ≠ ̆ ᶏ ᴆ ᶏ ῤ ῏ ҩ ̆Ӟ ֟

ԅҍ ῤ № ῏ ѿ ↓ Index-Aware Ȃ 

ᵬ ᶏ № └ ῤ Ȃᶏ └ ̆ ῤ №ҹ ҩ 4KBŵ

Ȃ ᶏ ῤ ̆ ᵬ ׆ ῤ Ҭ ѿҩ

(Available Page Frame)Ȃ ᵬ Ȃ 

                                                             
ŵ
 ᵬ Ҭ̆4KB Ȃ ץ ҹᶛ Index-Aware Ȃ 
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֓ ᵬ ҩ ̆ ≢ ̆ ᵬҹȂ

Ṝ̆ ҹ ᴪ ̆ Ȃ ԍ Cacheᶏ ̆

ᵬҹ Ȃ 

└ ҍ ̆ ғ ֓ ѿ ꜜⱬ

̆ ≠ CacheȂ ᶏѿ ↓ Index-Aware Memory№ ץ

῀Ȃ ׃ ֓Memory№ ӊ╠̆ ױ ᾢ׃ № └ ̆ѿҩ ᵥ

Cachĕ ῒ 2-8 Ȃ 

 

Virtual Page Page Offset

Page Frame Page Offset

Cache Line IndexReal Address Tag

Cache Line Offset

Bin Index

Set 0
Set 1
Set 2
Set 3
Set 4
Set 5
Set 6
Set 7

...

Offset Index=2

Bin Box0

Bin Box1

 

2-8ⅎ ┼Ґ Cache ᶕ [30]  

 

’Ҋ̆ ᵬ ץ 4KBҹ ᵝ Memory№ ҹ ҩ Ȃ ҉ ̆

ҩ 4KB Cache Line Index№ ңҩ № ῒ̆Ҭ Page FrameҬ № ҹ Bin 

Index̆ Page OffҬ № ҹ Offset IndexȂץ № M̆emory№ Ӟ

№ҹң ̆ѿ Bin Index Awarĕ ѿ Offset Index Aware Memory№ Ȃ 

ױ ᾢ ׃ Bin Index ᴨ Ȃ Bin Index Ҍ ̆Cache №ҹ Large Cache

Small Cacheң Ȃ ѿҩCache Wayץ ԍ ᶏ ̆ Cache

ҹ Large Cachĕ ӊ ҹ Small CacheȂ 

Ҭ̆L2 L3ѿ ԍ Large Cachĕ L1 Cache ’

Ȃ Sandy Bridge L1 Data Cache ҹ 32KB̆ 8-Ways [5]̆ң ӊ ҹ 4KB̆ Ҍ

ԍ 4KB ̆ Cache ҹ Small CacheȂᶛ Opteron L1 Data Cacheҹ 64KB̆ 2-Ways

[6]̆ң ӊ ҹ 32KB̆ ԍ 4KB ̆ Cache ҹ Large CacheȂ 

4KB ᵬ Ҭ ̆ ֓ ᵬ ᶏץ

̆ 8KB̆ 16KB Ȃ ᶏ Small Cache Big Cache ⅞№Ҍֽҍ ῏̆

ғҍ ᵬ ΐᵣ ῏Ȃѿҩ ᶏ ҍ ῏̆ ̆

Ӟ Ҥ ̆ᵖ ҍ ῏ TLB Miss RateӞ ᵞȂ ҉ ⌠ ̆ Superpages

Ҭ Allocation̆ Relocation̆ Promotion̆ Pollution Fragmentation Control ̆

ⱴ̆ῒ ‗ Ӟ Ȃ 

̆ ľ Ŀ ᶏ Ȃ 1GB Superpage

╠̆ Cache ԍ Small Cachĕᵖ ᶏ ҩ 1GB

̆ ’Ҋ 1̆GB Superpageׅ № ҹ ̆ 4KB̆ 8KB̆

ῒז Ȃ 
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Bin-Indexᴨ Ҍ̆ ᶏ Cache ̆ № ⌠Ҍ

Bin BoxҬȂ 2-8 ̆ ѿҩ BinҬ ҩ Set̆ SetҬ ҩ

ᾝ̆ Set ᾝ ̆ ᶭ ᶏ ҩ Bin Box

̆ ѿ ҉ Cache Contention̆ Ḃ CacheҬׅ ῒז BlockȂ 

ԍѿҩ ̆֟ Cache Contention ̆ѿҩ ᶏ

̆p ῤ̆ № Bin-Index ᴨ ̆ ľ Ŀ

ѿҩ ҍӊ ̆ ҩľ ĿҌᵖҌ ľ Ŀ ̆ ғ ̆

׆ ԅѿ֓ Ҍ ₮ Cache ContentionȂ 

[30]↓ҽԅ₃ҩ Bin-Index ᴨ ̆ Page Colorinğ Bin Hoopinğ Best Bin

HierarchicalȂ ֓ FreeBSD SolarisҬ ⌠ԅ ̆ Linux Ҭ̆ ╠

ᶏ ֓ Bin-Index Ȃ 

ᵖ Ҍױ ₮ ҹ Linux ᶏ ᵞҊ ѿ Ȃ҉

Bin-Index ῒᴨ Ȃ ғ׆ ӈ҉ ̆Ҍᶏ Bin-IndexӞ ѿ

Bin-Index ̆ Cache Ҭ̆ ԍ Virtual Cache Hash ᶏ

̆ᶏ Bin-Index Ҍᴪ Ȃ 

Page Coloring ҹ ̆ῒҺ ≠ ԅ Virtual Cache ̆ ҹ

’Ҋ Virtual Page CacheҬ‖ ̆ № ̆ῒ

№ᵞᵝ ץ ᶏ ᵞᵝ̆׆ ѿ ҉ ᾧԅ Cache ContentionȂ

ѿ ’̆ᶏ ץ ӊ╠ ҍ PID Ῥ

XOR-Mapping ᵬ̕ ѿ ῤ ’̆ ץ Ῥӊ╠ ҍῤ Logical Processor 

ID XOR-Mapping ᵬȂ 

ԍᶏ ԅ Virtual Cache ̆ Ҍ Bin-Index ҌῬ Ȃ ҹ

’Ҋ̆Virtual Cacheֽ ѿ ᵞ Hit Time L1 CacheҬᶏ ŵ̆ L2

CacheҬ̆ Ῥᶏ Ȃ 

[30]Ҭ₮ Bin Hoopinğ Best Bin Hierarchical Ӟ Ҍ ̆ ֓ ≠

Temporal Locality ↕ ῒ̆ [30]̆ ֓ Ҍ ̆ Ȃ

ᵬ ҍ Ҭ̆ᶏ Ҍ Ȃ 

ѿҩ ᵬ Ҭ̆Memory Allocator ѿҩ ᴆ̆ῒ

Ȃ ѿֲ֓ ꜜⱬ ᴨ ̆ № ↕̆ ᴨ ₃Ӎ ⅞ Ȃ

↕ ↕ Ғ̆ └ ↕Ӟ ῒ ̆ ѿҩ ‰↕Ȃ

ѿҩMemory Allocator Ҭ ῏ ̆ Footprint̆ False Sharinğ

Alignment TLB ᴨ ѿ ↓ ̆Ӟ Cache-Index ᴨ Ȃ 

ᵬ ԅ Cache-Index ᴨ ̆ Bin-Index Offset-IndexȂѿ֓ ᵬ

Bin Offset Index̆ ῒ ҹ Cache-Index̆ ῒҬ Hoard

SlabȂ ֓ Ӟ₮ ԅѿ֓ Cache-Index Aware ̆ CLFMalloc CIF(Cache-Index 

Friendly)[31]Ȃ 

֓ ῏ ᵥ ץ ᾧ Cache Index ‖ ̆ ᶏ

⌠ Cache Ҍ SetҬȂ ѿ ̆ Ḃҹ ҩ ⌠ԅ ֓ ᴨ

̆ ֓ Ȃ ֓ ᴨ ῒ

̆ ӊ ‰ Ȃ 

ҹ ױ ᾢ Cache ȂҊ ѿҩץ 2-Way Set-AssociativĕCache 

Block ҹ 64B̆ ҹ 64KB Cache ῒῤ Ȃ

̆ Cache Set ҹ 512Ȃ 

                                                             
ŵ
 TLB Translation ԍ L1 Cache Critical PathҬ V̆irtual Cache ץ ̆p ᶭ ѿҩ Ȃ 
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Cacheҍ Opteron L1 Data Cache ᵌ̆ 2-9 Ȃ ҉ C̆ache

ң № ̆ѿҩ Tag ↓̆ ѿҩ ↓Ȃ Opteron L1 CacheҬ̆Tag ↓

512ҩ Set ̆ ҩ Set Entry ҹ 2̆ ↓ҍ ѿѿ Ȃ 

 

 

2-9 Opteron L1 Data Cache[6]  

 

ױ ᾢ Cache Data ↓Ȃ ף Ҭ̆׆ ҉ Data ↓ ᾢ

⅞№ҹ ҩ Set̆ ѿҩ SetҬ ҩ Way̆ ғ ѿҩ Way ҩ Bank Ȃᵖ

׆ ҉ D̆ata ↓ ҉ ѿ SRAM̆ᶏ ѿ Ȃ׆ Silicon 

Design ҉ ̆Cache Data ↓ΐ ̆ῒ 2-10 Ȃ 

 

Set Number Bank Byte

5            3 2            014            6Way Number 15
 

2-10 Cache Data ∆  

 

ԍ 64KB Cachĕ ѿ῍ 16ᵝ Ȃҹ ̆ ױ ҩ

6ᵝֽ̆ Set Number Way NumberȂѿҩ Cache ᵣ ̆

Way Number⅞№ ҹ ҩ Ȃ 

CPU Cache ̆ ᾢᶏ Set Number ̆ 2-Ways Set- Associative Ҭ̆

ңҩ Ҭ ӊ̆ ֓ ῀ѿҩ Way-Select ᴆȂ ’

Ҋ ҩWay-Select ᴆ ҹ 2 1 Ȃ 

ף Ҭ̆ҹ Cache ̆ ҩ Way-Select ᴆ̆ץ

Multi-Port Cache Ȃ ̆AGUӞ ΐ ֟ ⱬ̆№≢ Ҍ Tag

↓Ȃ׆ Ҭ ҩ AGŬ ҹ Cache ҩ Tag ץ↓ Multi-Ports 

Cache Ȃ Cache ᴇף ̆ ֽ L1 ̆ῒז

ᶭ ᶏ Single-Port Ȃ 
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2-9Ҭ Cache ᶏ ԅ 2-Ports ̆ ᶏ ѿҩ Port └ѿ

ҩ Tag ↓̆Ӟ ԅҌ ̆ ғ Port ֟ Bank ConflictȂ

ף Ҭ̆L1 Cache ᶏ 2ҩ Port̆ PortȂ ҹԅ Cache

ᵬ̆Opteron ԅ 3ҩ AGU ᴆ̆ҩ ԅ 2ҩ Port ȂῒҬ

x86 EA ֓ ’Ҋ ԍ Ȃ 

Cache Ҭ̆ ѿҩ ῏ Ȃ CPU ѿҩ

CacheҬ Ҭ ̆ ѿҩ Cache Block ȂCache Block

Cache Hit ӂ ҩ Cache ῏ Ȃ 

2.4 Cache Block  

ԍ ̆ Cache ԍ Ȃ ԍ Cache

ԍҺ Ữ C̆ache Miss Ȃѿ Cache MissҌֽ Һ׆ Ữ Ҭ

̆ ғ Cache ѿҩ Block ₮ Ȃ 

Ҍ ᶏ ԅҌ Cache Block ̆ ֽ῏ Set-Associative

Cache Block Ȃ ֓ ӊ╠̆ ԅ Cache Block Ȃ 2-4

̆ Tag ↓Ҭ̆ ԅΐ Ḥ ӊ ̆ Cache Block Ḥ ȂҌ Cache

ѿ ᶏ Cache Ḥ Ҍ ̆ Illinois Protocol[32] ᶏ ῏

Ḥ ̆ Ӟ ҹ MESI Ȃ 

MESI Ҭ̆ѿҩ Cache Block MESI ҩ ᵝ̆ Cache

M̆ESI ֓ ᵝ ҹ ѿ֓Ȃ ֓ Ҭ C̆ache Block

Ҭ ѿҩ L(Lock)β ̆ ᵝ ̆ BlockҌ ȂLᵝ ̆ ץ Ḃ

Ҭ Cache ҹ SRAM̆ ᶫ └ᶏ Ȃᶏ Ȃ 

’Ҋ̆ └ᶏ Cacheᴨ Ҍ CPU └Ȃ ѿ

ᴨ ᴪ Ҭ ᵬ ̆ ⌠ῃ ҌᵖҌᴪⱴ№̆

ԅ Ȃ Ҍ ֓ᴨ ̆ ᶏ

ҍ ȂҌ ҆ҕ ̆Ҍ ѿ ̕Ҍ ῃ ̆Ҍ ѿ Ȃ 

Cache BlockҬ̆ ԅ MESIL ֓ ᵝӊ ̆ ѿ֓ ᵝ̆ ֓

ᵝҍ Cache Block ῏Ȃ Cache Block ֓ ᵝ∞

ѿҩ SetҬ Cache Block ᶏ ’̆ӊ Cache Block Ȃ

Replacement MRU(Most Recently Used)̆FIFŎ RR(Round Robin)̆Random̆ LRU(Least 

Recently Used) PLRU(Pseudo LRU) Ȃ 

ҍ Belady's Algorithm Ҍ ᴨ ȂBelady ץ

└ ̆ ץ ‗ ῤҌᶏ Ȃ ’ ᵬ

ᴨ ̆Belady's Algorithm ӈ̆ ҹ ѿҩ Cache Block

Ҭ ᵬ ̆ ᴇṿȂ ҩ ҹҌ

ѿҩ ‰Ȃ 

҉ץ Ҍ Ҭ̆RR̆ FIFO Random Cache Blockᶏ

Ḥ Ȃ Temporal Spatial Locality ᶭ ֓ Ḥ ̆ ᶏ ֓

֓ ̆ ᶏ LRU ̆ Ҍ RR̆ FIFO Random ᴨ Ȃ 

Benchmark [23][35][37] ̆ Miss Ratio Ҭ L̆RU ᴨԍMRŬ

FIFO RR Ȃ Ӟ Ҍ LRU Ҭ ᴨ Cache ȂԊ ҉̆

Ҋ LRU Ȃ 4-Way Set-Associative Cachĕ ѿҩ

↓{a, b, c, d, e} Ҭ⌠ ѿҩ Set ̆Cache Miss Ratio Ȃ 
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Ҋ̆LRU Ҍ RR̆ FIFO ₮ ̆ ᴪ ԍ Random

ȂԊ ҉ ױ ⌠ ҩ LRU ԍ RR̆ FIFO ҉ Ҭ ᴋᵥѿ

Ȃ Ӟױ ץ ⌠ᴨԍ LRU ̆ 2Q̆ LRFŬLRU-K̆

Clock Clock-Pro Ȃ 

֓ № Ữ W̆eb ҍ ᴆ Ҭ ⌠ԅ ȂCacheҍҺ Ữ

̆γ ԍҺ Ữ ҍ Ữ Ȃ ᶏ Һ Ữ

ᶏ̆ ӈ CacheҬ ⌠ LRU/PLRU ԅ ӊ ȂPLRU

ҹ ҩᴨ ̆ ֓ ᵣ Ҍ ̆Ҍ ץ ῒⱷלȂ 

LRU ≠ ҩ Ḥ ̆ File Scanning Weak Locality

ⱬҌ׆ Ȃ ғ ӈ Cache ѿ֓ ̆Miss Rate [42]ȂLRU

₃ ̆ LRFU LRU-KȂ 

LRFU LRU LFU(Least Frequently Used)̆LFU ᴨᾢ

ȂLRU-K [38] ̆Kҹ ṿȂ ᾢ׆ ҹ 1

Ҭ LRU ᵬ̆ ҹ1 ↕ ҹ2 ⌠ K̆

K ԍ 1 ̆ ҍ LRU ̆ Ҭ LRU-2 ҹ Ȃ 

LRU-K ᶏ ҩ Priority Queuĕ ҹ O(log2N) [39]̆ LRŬ FIFO

ҹ O(1)̆ Overhead ̆ ҩ Queueᶏ ԑ ̆

Ȃ2Q [39] ∆ Ḡ LRU-2 Ҍ ╠ Ҋ⁞ Overhead

ᶏ Ȃ2Q ң ̆Simplified 2Q Full VersionȂ 

Simplified 2Qᶏ ԅ A1 Amңҩ ↓̆ῒҬ A1ᶏ FIFO Ămᶏ LRU

ᵬȂA1 Cold Ăm Hot ̆ῒҬ A1 ץ ⌠

Am̆ ᵖ Ҍ ᵬȂ 

p AmҬ Ҭ ῒ Rearŵ̕ A1Ҭ Ҭ̆ ῒ

῀⌠ AmҬȂ p A1 AmҬ Ҭ ̆ ᾢᶏ ֓ QueueҬ ᵩ ̆

ῒ ῀⌠ A1 Rear̕ ᵩ ̆↕ A1 Threshold ̆

׆↕ A1 Front ̆ p ῀ A1 Rear̕ ׆↕ Am Front

̆ p ῀ A1 RearȂ 

Ҭ̆ Threshold ῏ Ȃ ҩ ̆

A1 Am Ȃ ҩ Access Pattern ̆ ᶏ

֓ ȂLRU-2 Ȃ Full Version 2Q ‗ Ȃ 

Full Version 2Q A1№ ҹ A1in A1outңҩ Queuĕ ῒҬ Kinҹ A1in ṿ̆Kout

ҹ Aout ṿȂ A1in A1outҬҌῬḠ ̆ ̆ᶏ Am

ᶏץ Slot̆ ѿ ҉ ‗ԅ Adaptive Ȃ 

x AmҬ Ҭ ῒ Rear̕ A1out Ҭ̆↕ ҹ x

‖̆ reclaimfor(x)̆ ӊ x ῀ Am Rear̕ x A1inҬ Ҭ̆Ҍ Ạᴋ

ᵥ ᵬ̕ x ᴋᵥ queueҬ Ҭ̆↕ reclaimfor(x) ῒ ῀ A1in RearȂ 

A1in̆ A1out Amΐ Slot̆ reclaimfor(x)ᴨᾢᶏ ҩ Slot̆ ↕ Am̆

Ain AoutҬ Ȃ |Ain| ԍ Kin ̆↕ ᾢ׆ Ain Front identifier y̆

∞ |Aout| ԍ Kout̆ ԍ↕ Aout Frontץ y̆ ↕ yȂ

Ain Aout ṿ̆↕ Am FrontȂ 

֓ ԍ LRU ̆ LRU ᶏ Link List ̆ Ҭ ̆

׆ Link List Front ₮ Rear̆ Replacement ̆ Front

῀ RearȂ ҩ Ҍ ̆ᵖ Link List ᶭ Ҍ Ȃ 

                                                             
ŵ
 ԅḱ Ȃ[39]Ҭᶏ FrontҌ Rear̆ ӟ ׆ Front ̆ ⱴ῀⌠ RearȂ 
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Clock ץ ⁞ ̆ ₮ Clock-Pro ₮ᶏ FIFO

⌠ԅ ῏ Ȃᴰ FIFO ҍ LRU ῍ ᶏ

ҩḤ ̆Ҍ ԍ Weak Locality Access PatternȂ 

Second Chance ᴰ FIFO ԅḱ ̆ ѿ ҉ ץ Weak 

Locality Access PatternȂSecond Chance Queue ̆ҹ QueueҬ ѿҩ

Entry ѿҩ Reference BitȂ Ҭ ̆ Reference Bit ҹ 1Ȃ

Front ̆ ῒ Reference Bitҹ 1 ̆ Entry Reference Bit̆ ῒ ῀ Rear

⌠ ҩ Entry Reference Bitҹ 0 ᵬ̆ ῀ Rear

Reference BitȂ 

Clock LRU ѿ ̆ Second Change ӊ

҉ ₮̆ ԍ FIFO ȂClock Ҍ ׆ Front EntryῬ ⱴ⌠ Rear ᵬ̆

Circular List ̆ Second Changeᶏ Front Rear ҹ Hand Ȃ 

֓ ᴨ ῒ̆ ҹԅ LIRS(Low Inter-Reference Recency Set)[40]

₮ҕȂ׆ ҉ L̆IRS ҉ ‗ԅLRU File ScanninğLoop-Like 

Accesses Accesses with Distinct Frequencies Access Pattern ╠ Ҍ ̆ ҹ

‗ԅWeak Locality Ȃῒ ҹ O(1)̆ ῒ ᶭ ҹ ̆ᵖ I/O Ữ

̆ ᴨל ╠ᵥ Ȃ 

LIRS Ҭᶏ ԅ IRR(Inter-Reference Recency) Recency ңҩ ȂῒҬ IRR ѿ

ҩ ң ̕Recency ѿ ╠ ῤ

Ȃ IRR Recency ҬҌ ̆ ҹῒז ╠

ᴨᾢ ȂIRR Recency ᶛ 2-11 Ȃ 

 

 

2-11 IRR Recency ᶡ[41]  

 

ῒҬ 1 ѿ Ҭ̆ ҈ҩҌ 2̆3 4̆ ץ IRRҹ 3̕

1 ѿ ╠ ῤ 2ҩҌ ̆ ץ Recencyҹ 2Ȃ ױ ѿҩ

ⱴ ↓̆ 2-12 IRR Recency Ȃ 

 

 

2-12 ү IRR Recency [41]  

 

↓ҹ{Ă D̆ B̆ C̆ B̆ ĂD̆ ĂE}̆ ҩ 10

IRR Recency Ȃץ Dҹᶛ̆ ѿ 7 ̆Recencyҹ 2̕

2~7Ҭ 3ҩҌ ĬRRҹ 3ȂῒҬ IRR ҹ Infinite ӊῤ̆

ң ̆ ץ ῒ IRR ȂLIRS ᾢ IRR

̆ῒҬ Infiniteҹ ṿ̕ IRR ̆ Recency Ȃ 
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IRR ѿ ҉ ץ ̆ ԍѿҩ ╠ IRR ̆ IRR

ᴪ ̕Recency ҍ LRUȂ ̆IRRᴨᾢԍ Recency̆ ׆ ᵞԅ

ѿ ᴨᾢ Ȃ ֓ Ҍѿ ̆ ѿ

ҌᴪῬ ᶏ Ȃ Recencyᴨᾢԍ IRR̆ ֽ֓ ѿ Ả Ȃ 

ѿҩ ↓Ҭ̆ ѿҩ ῤ ₮ IRR Recency

Ҍ Ȃᵖ Ҍױ IRR Recency ңҩ Ȃ Ṝ ѿҩ

ԅȂ LIRS Ҭ IRR ̆ ѿҩ Infinitĕ Ҍ ῒז Ȃ

Ẋ ҩ infinitĕ C D̆ ױ ѿ C D Recency̆ ᵖ ױ

῏ CR>DR ҩ ̆ Ҍ῏ C 4 5Ȃ 

LIRS IRR Recency ̆ ₮ԅѿҩ ԍ LIRS Stack

ᵌ ȂLIRS IRR Ҍ ̆ №ҹ LIR(Low IRR) HIR(High IRR)ң ̆

ᶏ LIR CacheҬ Ҭ̆ ᴨᾢ CacheҬ HIR Ȃ 

LIRS Stack ѿҩ LRU Stack̆ LRU Stack Cache‗ ̆ CacheҬ

̆ CacheҬ ᶏ LRU ̆ ∞ץ Recency ̕ ѿҩ

LIRS Stack S̆ῒҬḠ RecencyҌ RMAX
ŵ LIR HIR ῒ̆ҬHIR Ҍ Cache

Ҭ̆ᶭ ᶏ LRU ̆ῒ ̆ ԍ∞ IRR ̕ ѿҩ ↓ Q Cache

Ҭ HIR ⱴץ̆ ̆ Free ̆ ᾢ Ȃ

ᵬ ᴪ ѿ ↓ Ȃ ץױ 2-13ҹᶛ ѿ Ȃ 

 

 

2-13 Ғ Cache Ҳ HIR [41]  

 

ֽױ 2-13Ҭ Access5 ’̆ Stack SҬ {9̆7̆5̆3̆4̆8}̆

QҬ {9̆7}ȂStack S {9̆7̆3̆4̆8} CacheҬ̆{3̆4̆8}ҹ LIR ̆{9̆7̆5}

ҹ HIR ȂῒҬ Cache ҹ 5̆3ҩ LIR ̆2ҩ HIR Ȃ 

5 CacheҬ Ҭ̆ ѿҩ Free ȂLIRS

ᾢ QҬ 7̆ SҬ ҹҌ Cache Ҭ̕ӊ

׆8 S ⌠ QҬ̆ ׆ LIR ⌠ HIR̆ ᵖ ҩ ׅ CacheҬ̆ ̕

5 CacheҬ Ҭ̆p SҬ Ҭ̆ ῒ ₮ ̆ ҹ Cache

Ҭ ҬȂ ҌῬ׃ LIRS ̆ ῐ ץ [40][41]Ȃ 

₮ Clock-Pro LIRS Clock Ҭ ᵣ ȂClock-Pro LIRS ҹ LIRS

ȂῒҬClock-Pro ̆ ԍ ᵬ Virtual Memory Management̆

⌠ԅ L̆inux NetBSDᶏ ԅ L̕IRS ԍ I/O Ữ Ҭ m̆ySQL

Apache Derbyᶏ ԅ ȂLIRS ҹ ‗ԅ Weak Access Locality Access 

Pattern Ȃ LIRS ₮ ӊ ̆ ̆ ֓ ₮ ̆

ѿ ѿ ԅ ₮ ֓ ҉ LIRS Ȃ 

                                                             
ŵ
 RMAXҹ Recency ṿȂ 
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LIRS Clock-Pro ҩ ᵝ ԍ Two-Level Adaptive Branch Prediction

Branch PredictionҬ ᵝȂ [40][42] ӊ ̆ ᵬ Ȃ

LIRS Ҍ ̆ ԅ 99 ӊ Ȃ ⇔ ӊ Ȃ 

Ӟ̆ ױ Ạ Ҍ ֲז ӥ ̆

Ȃ ԅ ֓ ̆ ᴪ ḤȂ ҩ ḤҌ ׆ ̆ז

̆ ₮ ҩ ֲᵰ Ȃ 

ҍ ̆ ᵬ ץ ᶏ̆ ᴨ

Ȃ ᵬ ᶭ ̆p ҩ ҉ᶏ

Ῥ Ῥ ⌠ Ҭ Ȃ Ҭ̆ ᵬ

Ҍ Ȃ 

Ẋ ѿҩ CPU Һ ҹ 3.3GHz̆ ѿҩ Cycle 300ps ’ӊҊ̆ ᵬ

ᶏץ ᴨ Ҍᴪ ᾟ Ȃ LRU Simplicity Adaptability

҉ᶭ ῒᴨ̆ל Ҭᶭ ⌠ Ȃ Ḃ LRU ̆ Cache

Ways Number ’ӊҊӞ Ҍ Ȃ Way Number ԍ 4 L̆RU

ᶏ Link Lists Silicon DesignҌ Ȃ ̆

Way Number ⱴ̆LRU ᶏ ᵝȂ 

Ҋ N-Way Set Associative Ȃ ’Ҋ̆Cache

ҩ Set ̆ Ữ Ҭῒז Set ̆Ҍᴪ ╠ Set ̆

ᵬ ץ Setҹ ᵝ Ȃҹ ̆Ẋ Ҋ Ҭ₮ Ữ

ѿҩ Set̆ ҌῬ ῒז Set ’Ȃ 

’̆ N-Way Set Associative CacheҬ̆ Full LRU N×(N-1)/2

ҩҌ ԑΌᵩ ᵝ̆ ҉ ṿ Floor(LOG2(N!))ҩ ᵝ[23]Ȃ Way Number

ԍ 4ӊ ̆ ᵝҌ ᴆ ̆ Ҍ

Ȃ ᶏ ԅ PLRU Cache Block ReplacementȂ 

ҍ LRU P̆LRU ᶏ ԅ Ữ ̆ Ӟ ̆

ғ׆ Miss Rate ҉ҍ LRU ҹ ᵌ̆ ֓ Ҭ ᴪᴨԍ LRU

[36]̆ ׆ Ҭ ⌠ԅ Ȃ 

PLRU ң ̆№≢ҹ MRU-Based Tree-Based ȂMRU-Based PLRU

ҹ ѿҩCache Block ѿҩMRU Bit̆ Ữ Ҭ ̆ ᵝ ҹ 1̆

╠ Cache Block Ȃ ҹ Cache Miss Replacement ̆

ҹ 0 MRU Bit̆ ῒ ̆ ῒ MRU Bitҹ 1Ȃ 

ᾧ ѿҩ Set Cache Block MRU Bit ҹ 1 Ȃ

ѿҩ 4-Way Set Associative Cachĕ ѿҩ Set ѿҩ Cache Block MRU BitҌҹ

1 ̆ CPU ҩ Cache Block Ҭ ↕̆ Cache Block MRU Bit ҹ 1̆

ῒז Cache Block MRU Bit ҹ 0̆ 2-14 Ȃ 

 

1MRU[0:3] 1 0 0

Hit in Cache Block2

1MRU[0:3] 1 1 0

Hit in Cache Block3

0MRU[0:3] 0 0 1

Hit in Cache Block1

0MRU[0:3] 1 0 1
 

2-14 MRU-Based PLRU  

 

҉ Ҭ̆Ẋ MRU[0:3] ∆ ṿҹ{1, 1, 0, 0}̆ ѿ Ữ Ҭ Cache Block2

M̆RU[0:3] ҹ{1, 1, 1, 0}̕Ҋѿ Ҭ Cache Block3 M̆RU[0:3] 3ᵝ 1̆

ҹԅ ᾧMRU[0:3] ᵝ ҹ 1 ₮ ̆ ῒזᵝ ҹ 0̆ MRU[0:3] ҹ{0, 0, 

0, 1}̕ Ῥ Ҭ Cache Block1 ̆ ҹ{0, 1, 0, 1}Ȃ 



33 
 

֓ № [36] ҹ MRU-Based Cache Miss Ratio ҉̆ ᴨԍ

Tree-Based PLRU Ȃᵖ ׆ ҉ ̆ᶏ MRU-Based ̆ ѿҩ Set

ⱴѿҩ BitȂ Ҍ ῏ ̆ MRU-Based ҹ ѿҩҹ

0 MRU Bit ̆Ӟ ᾧҹԅ MRU Bits Ȃ 

Tree-Based PLRU ȂҊ ѿҩץ 4-Way Set Associative

Cache PLRU ᶏ ̆ᶏ Way ᶭ Ȃ 4-Way ’ӊҊ̆

PLRU 3ҩ ᵝ B[0~2] ̆№≢ҍ 4ҩ Way ̕ 8-Way ’Ҋ̆

7ҩ ᵝ B[0~7]̕ N-Way Set Associative N-1ҩ ᵝ̆ ѿҩ

ȂTree-Based PLRUᶏ ↕ 2-15 Ȃ 

 

Are all 4 line 

valid

No

Replace a 

non-valid line

Yes

10

L2 L3L1L0

0 1 0 1

B0

B1 B2

 
2-15 Tree-Based PLRU  

 

Cache Set∆ B̆0~2β ҹ0̆ SetҬ Cache Block ҹ InvalidȂ

Cache ̆ᴨᾢ ҹ Invalid Cache BlockȂ ╠ SetҬ̆

Cache Block ᵝ Ҍҹ Invalid ̆Cache └ ᴪᶏ PLRU Cache Block

ᵬȂ 

Tree-Based PLRU Ҭ̆ ԍ Binary Search Treĕ N ̆ῒ

ԍ MRU-Based PLRUȂ Ҭ̆ Cache Block Ҍҹ Invalid ̆

ᾢ∞ B0 ӊ̆ ‗ ∞ B1 B2Ȃ B0ҹ 0 ↕̆ ∞ B1 ̆

B2 ̕ B0ҹ 1̆↕ ∞ B2 ̆ B1 Ȃ 

ҽᶛ ̆ B0ҹ 0 ғ B1ҹ 0 ̆↕ L0̕ ↕ L1Ȃ B0ҹ 1 ғ

B2ҹ 0̆↕ L2̕ ↕ L3Ȃ Cache Block ̆B0~B2 Ȃṿ

̆ ԅ Cache Allocate Replacementӊ ̆ Cache Hit ̆B0~B2

ȂCache Set ↕ 2-1 Ȃ 

 

2-1 PLRU Bits ∑ 

Current Access New State of the PLRU Bits 

B0 B1 B2 

L0 1 1 No Change 

L1 1 0 No Change 

L2 0 No Change 1 

L3 0 No Change 0 

 

҉ץ ↕ Ȃ׆ 2-15Ҭ ץ L0 ̆ B0 B1ҹ 0̆

ҍ ↕ B0 B1 ̆ B2Ḡ Ҍ ̕ L3 ̆ B0 B2

ҹ 1̆ҍ ↕ B0 B2 ̆ B1Ḡ Ҍ Ȃ 
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ᶭ ҉ץ ↕̆ ױ ҽѿҩ ᶛ PLRU ↕ȂẊ

҈ Ữ №≢ Ҭԅ ѿҩ Set Ҍ Way̆ Way 3̆0 2Ȃῒ B0~2

2-16 Ȃ 

 

10

L2 L3L1L0

0 1 0 1

B0

B1 B2
Way 3

10

L2 L3L1L0

0 1 0 1

0

B1 0
Way 0

10

L2 L3L1L0

0 1 0 1

1

1 0
Way 2

10

L2 L3L1L0

0 1 0 1

0

1 1

 

2-16 Way3, 0 1 ∆ 

 

҉ץ ↓ ץ ̆ CPU Way 3̆ 0 2ӊ B̆0~B2 ҹ0b011̆

Cache Block Replacement ̆ ᴨᾢ Way 1Ȃ ҩ ҍ ̆

ῐ ̆ ץ ₮ѿ֓ῒז ↓̆ᶏ ҍ LRU Ҍ Ȃ

̆ PLRU Pseudo Ȃ 

҉ץ ̆ ױ ҍ Tree-Based PLRU ῏ ↕Ȃ ҉

ץ Cache ⌠ѿҩ Ữ ↓ C̆ache Set PLRU

̆ Ẋױ ֓ Ữ ↓ ѿҩ Set̆ ғ Ữ ᶏ ңң

Ҍ Ȃ ҹ Ҍᴪ ⌠ Cache Set ̆ԋ ҹ ↓

ῃ ̆₃Ӎ Ⱳ Cache Ȃ ѿ ̆ ғ

↓ ̆ ѿҩ Offset ĬndexḠ Ҍ ῒ̆҉ Ữ ↓Ȃ 

ҹԅ ѿ Cache Block ̆ ױ ῀ Evict(k) Fill(k) ңҩ ῒ̆Ҭ

k Way NumberȂEvict Ữ ᴪ Cache SetҬ ῃ

̆ ѿҩ ̆Cache SetҬ ̆ᵖ Evict(k) Ữ

ץ ֓ ῃ Ȃ Fill(k) Ữ ̆ ץ Cache Set

Ҭ ֓ ̆Evict Fill ῏ 2-17 Ȃ 

 

ŀ
ŀ

ŀ

[f, e, d]

[h, g, f]

ŀ

Evict
Fill

[f, e, c]

[f, d, c]

[g, f, e]

[d, c, x]
Seq: <a, b, c, d, e, f, g, h,ŀ >

 

2-17 Fill(k)ғ Evict(k) [37]  

 

Fill(k) Evict(k) № ’№≢ Ȃ ױ ᾢ Evict(k)Ȃ

ѿҩ Cache Setῤ Way ҹ Invalid̆ ’₃ӍҌ ̆ Ӈ

K Ữ ̆ѿ ץ Setῤ Way EvictȂ Way Valid̆

’Ӟ ҹ ̆ K Ữ Evict WayȂ 

ѿҩ Cache Setῤ̆ ֓Wayҹ Invalid ֓Ҍ ̆ ’ ѿ֓Ȃ

ғѿ Ữ ץ CacheҬ Hit Ӟ Miss̆ Evict Fill ҹ

ѿ֓Ȃ ᶏױ Evictm Fillm Ữ CacheҬ Miss ’̆ ᶏ Evicthm

Fillhm ῒז ’Ȃ 
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ױ ᾢ ѿ Ữ ₮ Cache Miss ’̆ Cache Setῤΐ

Invalid Cache Block̆ Ҍᴪᶏ PLRU ‰ ̆ ᶏ ҹ Invalid Cache 

BlockȂ ѿҩ Setῤ Way Evict Ữ Ὲ 2-1 Ȃ 

%ÖÉÃÔ
ςËЍςËḊË ς ȟÉɴ ɦ

ςË Ѝ+ḊÏÔÈÅÒ×ÉÓÅ
           ῎ 2-1[37]  

k ԍ8 Ĕvictmҹ12Ȃ Ӟ PowerPC E500ΎҬ Ĕvict ҹ32KB L1 Dcache

ᵬ 48KBῤ Ȃᶏ ѿ ңҩ ѿ̆ҩ Interrupts 

must be disabled̆ ѿҩ The 48-Kbyte region chosen is not being used by the systemτthat is, 

that snoops do not occur to this region.[43]Ȃ 

ѿ ѿҩ Ữ ↓Ҭ̆ Cache SetҬ̆Ҍᵖΐ Invalid Cache 

Block̆ ғҌ ѿ Ữ ᴪ₮ Miss ᵬ Replacement ᵬ̆ ҹ

ԅ₮ Cache Hit ̆Ὲ 2-1 ѿ ҹῈ 2-2Ȃ 

%ÖÉÃÔÌÏÇ+ ρ              ῎ 2-2[37]  

’Ҋ̆ ԍ 8-Way Set Associative Cachĕ ѿҩ Set Way Evict

Ữ ҹ 13Ȃ Cache Block Ҭ M̆LS(Minimum Life-Span) Ӟṿ ῏

̆ ѿҩWay Cache SetҬ Ȃ ѿ Ữ ᵬ Ҭԅѿ

ҩ Way̆ ҩ Way MLS Cache ᵬ ̆ ׆ ╠ SetҬ ₮ Ȃ

ԍ Tree-Based PLRU ̆MLS Ὲ  2-3 Ȃ 

 

-,3Ë ÌÏÇË ρ              Ὲ  2-3[37] 

 

Ὲ҉ץ ̆ ץ ԍѿҩ 8-Ways Set Associative Cachĕѿҩ Block̆

ῒ ҹ 4̆ ѿҩ↨↨ Hit̆ ҹ Miss Refill Cache Block̆ 4

Cache Block ᵬ EvictȂ 

MLS ץ ꜛ№ Cache Hit Ratĕ ԍѿҩ Cachĕ ≠ץ

֓ ↕̆ Hit Ratĕ ֓ᴨ ̆ ȂҍCache Block

῏ Fillm Fillhm Ὲ  2-4 Ȃ 

&ÉÌÌË ςËρ

&ÉÌÌË ÌÏÇË Ë ρ
            ῎  2-4[37]  

ԅ PLRU ӊ ̆ [37] FIFŎ MRU LRU ԅ ̆ ֓

Ҍ Ӟ̆ Ҍ҉ ӈ҉ ̆p ₮ Fill Evict

῏ ̆ᶭ ׆ץ Qualitative Research ҉ ѿҩ Beautiful̆ ≢

ԍѿҩ Cache ̆ Cache ̆ ҹ

Cacheѿ № Ȃ 

ᵥ Cache Block Replacement ѿҩ Trade-Off ̆ ָӇ ѿ

ᴨ Ȃ Niagara MIPS Ҭ ᶏ ԅ Rand ̆ ҩ

̆ ᶏ LFSR ᵌ₮ѿ ↓̆ҍ Cache SetҬ  ̆

LFSRᶏ ̆ ғ Replacement Cache Block Ȃ 

ץ Random Ҍ PLRŬ ᵖ ҩ ᶏ ԅ

̆ ғ Ȃ≠ ֓ Ҋ ̆ זẠῒץ ᴨ Ȃ ׆

Trade-Off ̆Random Ҍ Ȃ 
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ᵣ ӊ ‰ ȂPLRU ӊ ̆Ӟ ῒҌ

̆ ֓ ᶭ Trade OffȂp Ҍ ֓ ̆ ҹ‰

№ ӊ╠̆Ҍ Ȃ ҍ Ҍ Ȃֲ ҉̆ ᴯ

ҩֲ Ȃ ֓ ₮ ᴪҍ Ȃ 

ѿҩ ῀⌠ ̆ Ȃ Ṝ̆ ̆Ӟ

ᶏ ӟ ̆Ӟ ₮ҕȂ ’Ҋ̆CS EE Ҍ

ῃᶭ ҉ ̆ ṜӞ ῒז ҩ

ȂCache ̆ᵣ ֲ̆ ֞ Ȃ 

MLP ̆ ֲ ῏ Cache Block ̆₮ ԅѿ

↓MLP-Aware ̆ LIN(Linear) Policy[44] L̆IP(LRU Insertion Policy) B̆IP(Bimodal 

Insertion Policy) DIP(Dynamic Insertion Policy)[45]Ȃ 

ῒҬ LIN Cache Miss№ҹ Multiple Cache Miss Isolated MissȂῒҬ Isolated 

Miss₮ Һ Pointer-Chasing Load ᵬ̆ Multiple Cache Miss ѿҩArray

ᵬҬȂMultiple Cache Miss ץ ᵬ Ămortize ̆ ̕

Isolated Miss ѿҩ ᵬ ̆ᴰ Cache Block

֓ ׆̆ ԅ ȂLIN ҹԅ ‗ ֓ ῀[44]Ȃ 

LIP̆ BIP DIP Memory-Intensive Ȃ ֓ Memory-Intensive Ҭ̆

₮ Cache ̆ ғᴪ ѿ ᶏ Ȃ ᴰ

LRU ̆ Cache Block ҹ MRŬ MLSҩ Cycle ̆

Ҍ Cache Block ׆̆ ԅ Cache TrashingȂ 

LIP ↕̆ Incoming Cache Block ҹ LRŬץ ᾧ Cache Trashinğ

Ҍ҉ ̆ ȂBIP LIP ȂDIP BIP ᴰ

LRU ⱴ ץ̆ Adaptive Insertion Policies[45]Ȃ 

ԅ Memory-Intensive ӊ ̆ Ҍ DDR Ӟ̆ Cache 

Block Replacement Ȃ ף Ҍ DDR ҉

̆ ῀ Cache ̆ LLC̆

Coverage ҍҌ DDR Ȃҍ ̆֟ ԅѿ֓ ԍ Cache

Cache Block ̆ Bypass and Insertion Algorithms for Exclusive LLC[46]Ȃ 

֓ ₮ ҍ ⱴ Һ Ữ ҍ ῏̆Ӟ ╠ Cache Block

Ȃ ҹ Cache Hierarchy ₮ԅ ̆ᶏ ץ

̆ ץ ץ Cache ̆ ⱴ Ȃ 

פ 2.5 Cache 

ѿҩ Ҭ̆ פ Cacheҍ Cache ᶏ ↕ Ҍ Ȃ

ף Ҭ̆ L1 Cache ̆ פ Cacheҍ Cache № ̆ ῒ Cache

Ҭ̆ ҍפ ̆ ’Ҋ L1 פ Cache ̆ Cache BlockҬ

ѿ֓̆ѿ ҹ Ȃ 

ҍ פ Cache ̆ Cache ҍ Ȃ פ Cache Һ

̆ ӊ Ҭ̆ ᴪҒ ԍ׃ CacheȂ ╠ Ҭ̆x86ᵣ

פ Cache פ ҹ Ȃ ץ ׃ x86 Ҭ פ Cache

ҍῒ ῏ Ȃ ֓ ҍ x86 Ҍ ῏̆

x86 Backword-Compatibility CISC Ӟפ Ȃ ֓ פ ԍ

ѿҩҌ Ȃ Ҭ̆x86 ӄ Ḇ ԅѿҩ ѿҩ Ȃ 
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’Ҋ̆ ҙ ᾢԍ Ȃ ’ ҉ ҹ

ӊ Industry ȂIntel ᴯ ӊ ԍ Ҭ ᾢԍ

Ȃ ⱴֲפ ̆Intel ῒ ҹԅ ‗ Ҍ Ȃ 

Intel ѿף Tock̆ ₃Ӎ ׆ Branch Predictor ҍᴨ ̆ ԍ

פ ҍ Cache Hierarchy Ȃ Ҭⱳ ҍ Һ Ӟ Ҭ

ԍ Ȃ Ҭ ⱳ ԍ ѿ֓ פ ѿ֓Ҍ

ᵬȂ פ ̆Misprediction ┘ פ ̆ ҡ In-Flight

̆פ ԍ x86 ҡ̆ ѿ 256b ̆פ ѿҩҌ Ȃ Cache Hierarchy

ᴆȂѿҩ ӈ ӈ Cache ӊ ̆ ▼ ₃Ȃ 

Intel x86 Tick-Tock Ҍ Ҭ̆Branch Predictor ᶭ Ҍ

̆ פ Ӟ ӊ Ȃ פ Ҍ ῏ ̆ᵖׅ

׃ ѿ֓ҍ פ Cache ῏ ῤ Ȃ x86 Ҭ ѿ̆ פ №

ҹ Front-End Back-Endң №Ȃ Front-Endҍ Back-Endӊ ᶏ DQ(Decoder Queue)

̆ῒ 2-18 Ȃ 

 

Instruction Fetch 

and

Instruction Decode

Instruction 

Execution

Branch outcomes/Jump addresses

Front-end Back-endDecoder Queue
 

2-18 Front-endғ Back-endӐ ῗ [67]  

 

Front-End פ Fetches Decodes̆ פ Decoder Queuĕ ԍProducer̕

Back-End ᴆᾛ ’ ׆ Decoder QueueҬ פ ̆ ԍ ConsumerȂ

פ Back-EndҬ ̆ Decoder Queuĕ ѿ Depedency

‖ ̆ ҹ Front-EndҬ Branch Predictor Branch פ

ȂBranch Predictorᶏ ֓ ԅMispredictionȂ 

Front-End̆ Decoder Queue Back-Endӊ ᵬ Ḡץ̆ ҩ ≠

Ȃ ’ Front-End ץ פ Ҍ Decoder Queuĕ Back-End

ץ ≠ ׆ Decoder Queue ̆פ ᵌӍ Ҍ Front End

Decoder Queue פ (Instruction Block)̆ Ҍץ ILPȂ 

ᵖ ҩ Block Ҍ └ ̆ ҹ DQҬ פ Branch ◓℗פ

ҹ ҩ פ ̆ פ ׆ ҉ Ҍ ҹ̆ ף

ԅ Branch Predictor ᶏ Ȃ 

ᵖ ԍѿҩ פ ̆ѿ Misprediction Penaltyׅ ץ

₯ פ Ȃ ԍ ֓ ̆Intel Pentium IV Ҭ̆ ᾢᶏ ԅ Trace 

Cache ץ└ ᶏ פ Ԋ ҉ פ Ȃ 

׆ ҉ ̆Trace Cache └ ѿҩ ӟⱴḱ ̆

№ ץ פ ̆ ῒ ᶏ̆ פ פ Ȃ׆ ҩ

҉ ̆ ≢ ⱳ ᶛȂҹָӇẒ ԇֽ ≢ 0

1 ңҩ ᴋȂ׆ ҉ ׆̆ Ҭ ᴰҊ

ȂẒ Pentium IVᶏ ԅ Trace CacheȂ 
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ҩ John David ҹľlikely a one-time innovationĿ[7] ̆ ᶭ

⌠ ľ̆Trace cache: a low latency approach to high bandwidth instruction fetchingĿ

Ὲ ԅԓ Ȃ 

ᶭ ֲ ᶏ Trace Cache ҍט₮ ᴇҤף Ҍ ᶛ̆ᵖ

ӥ ӥ ҩҺ ̆ ֓ ᶫ ῏ Quantitative Analysis̆

Ҍ ₮Trace Cache ѿҩᴯ ̆ ⌠ ᵞ Pentium IV AMD Opteron

₯ Ȃ Ḥ № Ҍ Ȃ 

Trace Cache ᶏ Ҍ ӥ ῤ̆ № ῐ

ץ [67] Ḥ Ȃ Intel Ҭ Ҍ Trace Cache ̆ᵖ ᶭ

Ҍ ῃ Pentium IV ᶏ פ ̆ῒ 2-19 Ȃ 

 

Two 64-byte instruction 

Streaming Buffers

L2 Cache Lookup

IA32 ɛop Decoder

Microcode 

ROM

12K  ɛop 

Trace Cache

Trace Cache 

BTB

Static Branch Predictor

Front-End BTB

Feedback from 

Retirement Stage

Decoder Queue

BTB Miss

BranchTarget 

not in Trace 

Cache BTB

Feedback from 

Retirement Stage

Branch 

predicted 

taken
Complex instruction

Address translation

Instruction 

Prefetcher
L3 Cache

BSQ

FSB

 

2-19 Pentium IV Front-End[68]  

 

x86 Ҭ F̆LC № ҹ ҍפ Cachĕ  MLCs LLC ҍפ Ȃ

ף Cache ̆Ӟ ҹ Harvard Architecuturĕ

ҹ‰ Modified Harvard ArchitecutureȂ 

Pentium IV Ҭ̆ פ ׆ L2 Cache ᾢ⌠ Instruction Stream Buffers̆ҹ

̆ Ҍ פ L2 Cache Miss ’Ȃ Instruction Stream BuffersҌ ̆

̆ └ ᴪ ׆פ L2 Cache Lookupᾝ Ҍ ᴰ Ҋ Ȃ 

Instruction Stream BufferҬ ҹפ Conditional Branch ̆ פ ᾢ

Front-End BTB ̆ ҉ ̆ ѿҩ Ҭᶏ פ Ҍ

Conditional Branch№◓ ҹ ҩ ̆ פ ≢ Ȃ 

֓ פ Ḡ Front-End BTBҬ̆ ҩ Front-End BTBӞ ѿ ӈ Cachĕ ῒ

ᶏ ҍ ӈ Cache ᵌȂ ҹ Front-End BTBҬ 4096ҩ Entry̆ ץ Miss

̆ Miss ̆ ѿҩ Entry̆ ⇔ ѿҩ Entry̆

ᵖ Ҍᴪ פ ̆ Conditional Branch ֜ Static Branch 

PredictorẠ ѿ ̆ Ҍ῏ ’Ȃ 
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Hit̆ BTB Not Taken TakenȂ Not Taken̆ BTBҌ

ᴪ פ ᾝ ̕ Taken̆ ↕ BTB Target Address

פ ᾝ̆ ᴰ ⌠ L2 Cache Lookupᾝ̆ Target Address פ Ҋᴰ

Instruction Stream BuffersȂ 

Conditional Branch׆ פ ᾝҬ Retire ᴪ̆ Commit ᴰ Front-End BTB

Trace Buffer BTBȂ Conditional Branch ҍ BTB

ȂҌ ҹ Misprediction̆ ᴪ ѿ ↓Ҥ ̆ҌῬ ҩ Ȃ 

Instruction Stream Buffersᴪ CISC פ ᴰ IA ˃ op DecoderȂDecoder

№ CISC פ ҹ o˃ps ῀ Trace Cachĕ ῀Decoder QueueȂ Trace 

CacheҬḠ o˃ps̆ ҌῬ CISC Ȃפ № CISC ̆פ ᴪ ῀⌠Microcode 

ROM̆ ̆ ֓ CISC פ ҹ ̆ ᴪ № ҹ 5 ҉ץ o˃ps̆

Microcode ROM x86 ̆ ױ ҩ Ȃ  

⌠ o˃ps ᶭ ῀ Trace CacheȂῒҬ Conditional Branch ⌠ o˃ps

̆ ҹ Trace Cache ֓ Conditional Branch

פ Ҍ פ Ȃ 

Pentium IVҹ Trace Cache ԅҒ BTB̆ Trace Cache BTB̆ ғ ῒ Ҭ

100%̆ Decoder QueueҬ o˃ps ῃץ Trace CacheҬ

פ Ȃ ѿҩ ’̆ᶭ Branch Target ҩ BTBҬ Ҭ

’̆ ᶭ ⌠ Address Translation ᴆ̆ פ ȂTrace Cache BTBɰ ᴪ

Conditional Branch ’̆ Ạ ѿ Ȃ 

Pentium IV Front-End Ạ ꜜⱬ̆ ῒ ᵞ Ȃ ѿ

ҩ₃Ӎ Intel ꜝ ץ̆ ↓ IDC Core Architecuture ԅ

IntelȂIntel ꜚԅTick-Tock ⅞̆ ⱴᴨ Nehalem ₮ҕ̆ Sandy BridgeȂ 

Nehalem Ḡ Trace CachĕSandy Bridge Ӟ Ȃp Pentium IV Front-End

̆ ᶭױ ץ Nehalem Sandy Bridge Ҭ ⌠ Pentium 

IV ̆ῒ Front-End 2-20 Ȃ 

 

Instruction Fetch Unit

32KB L1 I-Cache

Branch 

Predictors

16B Predecode, Fetch Buffer

16 Bytes

6 instructions

18+ Entry Instruction Queue

Instruction Fetch Unit

32KB L1 I-Cache

Branch 

Predictors

16B Predecode, Fetch Buffer

16 Bytes

6 instructions

1.5K ɛop Cache

(8 Way)

4 ɛops 

32Bytes

Complex 

Decode

Simple 

Decode

Simple 

Decode

Simple 

Decode

18+ Entry Instruction Queue

Complex 

Decode

Simple 

Decode

Simple 

Decode

Simple 

Decode

ɛops 

Engine

ɛops 

Engine

28 ɛop Decoder Queue

4 ɛops 4 ɛops 1 ɛops 1 ɛops 1 ɛops

28 ɛop Decoder Queue

4 ɛops 4 ɛops 1 ɛops 1 ɛops 1 ɛops

Sandy BridgeNehalem

ɛops loop buffer

 

2-20 Nehalem Sandy Bridge Front End[69]  

 

Nehalem Front-End Core Archtecturĕ ҍ Pentium IV ȂPentium IV

ԅ Intel ȂPentium IV ̆

ԅѿҩ Trace Cache Ȃx86 CISC פ ԍΌ ̆ҍῒז

Ӟ Ȃ Trace CacheҬḠ o˃ps ѿҩҌ Ȃ 
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Merom ԅ ҩ ᶏ̆ Instruction Loop BufferḠ ֓ o˃ps̆ Nehalem

Ҭ ҩ ᴆ ҹ o˃ps Loop Buffer̆ Sandy Bridgeᶏ ѿҩ 1.5KB o˃ps CacheḠ

֓ o˃ps[1]Ȃ 

ҩ Decoded ˃ ops CacheӞ Sandy Bridge ӊҹ L0 Cache[1]ȂSandy Bridge

L0 פ Cache ԅ Ḡץ ӊ ̆ ԍ Power/Energy

Ȃ ѿҩ Ҭ̆ ⌠ Loop ̆ ׆ o˃ps CacheҬ ̆פ

῏ Ҍ ᴆץ ⱳ Ȃ 

Nehalem Sandy Bridgeң Tockӊ ̆x86 Branch Predictor ᴆ

Ҭ ׅ ̆p Ȃx86 ῀ Two-Level Adaptive Branch Prediction[47]

└ӊ ̆BTB ⱴ Ȃ ԅ o˃ps Cacheӊ ̆Nehalem Branch Predictor

ᶏ Gshare Predictor̆ Indirect Branch Target Array Renamed Return Stack Buffer ₃ҩ

ᴆ Sandy Bridge [69]Ȃ 

ҍ Pentium IV C̆orĕ Nehalem Sandy Bridge ԅ Front-End Ӟ̆

ᶏ ԅ ѿ ᶏ ꜚⱬȂᵖ ҍῒז ̆ Power MIPS ̆Ҍ

Nehalem Sandy Bridgĕ Front-End Ҭᶭ ῀ԅ Ȃ ԍ x86ᵣ

̆Ӟ ԅ Backword-compatibilityӊ ̆ Front-End ȂӞ

⌠ԅ ѿ ̆Front-End ҩҒ Ӟᴪ ӊ Ȃ 

2.6 Cache Never Block  

ѿҩ Ҭ̆ ң ṿ ῏ ̆ѿҩ פ Ȃ ѿҩ Cache 

Controllerᶏ ̆Ҋ ῒ ҹ Cache Ȃ ң ԍ

῏ Ȃ פ ҍ Cache ῏̆ ӊ֞ Ȃ 

1967 6 ̆ IBM ROBERT MACRO TOMASULOᾢ ԅ ץ פ

[48]̆ ҩ ᶏ Alpha ̆MIPS ̆Power ̆x86 ̆

ARM ↓ ̆ OOO ҹ Ȃ1997 Eckert-Mauchly Award

ԇ TOMASULOᾢ , for the ingenious Tomasulo's algorithm, which enabled out-of-order 

execution processors to be implemented. 

2008 4 3 ̆TOMASULOᾢ זȂױ Ӟ ԅ Ȃ Ḃ

ILP ᴨ ҹ Memory Stall ̆TOMASULO Ӟ Ҍ Ȃ

Ҍ Superscalar OOŎ ׅ Ⱶ TOMASULO

Superscalar פ Ȃҹ ̆ Ҍᴪ ֓ Ạ ѿ Ȃ 

Cache Ҭ̆Non-Blocking₃Ӎ ԍ TOMASULO פ Ҭ ᵝȂ

ף Ҭ ₃̆Ӎ Cache Hierarchy ԅ Non-Blocking ȂNon-Blocking 

Cache ҹ Superscalar ѿ ᶫԅ Ȃ 

Ẋ ѿҩ Superscalar Ҭ̆ѿҩ n Ȃפ

ҩ ᴆ̆ ᶫᾟ№ ȂẊ ҩ Ҭ̆ ⱳ ᴆ x

ᶫ ҹ BWX̆ Ṣ Ữ ̆ ⱳ ᴆ 4 ѿ

ᵬ̆ Ӈ ⱳ ᴆҹ פ ᶫ ҹ 1/4Ȃ 

ѿҩ Ҭᶏ ⱳ ᴆ № ҹ fXȂ Ӈ BWX/f XҌ

ԍ n S̆uperscalar ᾟ№ ̆ ↕ ⱳ ᴆ ҹ Ȃ

Ҭ̆ ҩ ⱳ ᴆץ BWX ̆ ѿҩ

fX Ȃ ᵥ fX Ҍ ῏ ̆ ҹ ѿҩ Ҭ̆

׆ ҉ ̆fX Ȃ 
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ױ ץ BWX/f XῈ ⌠ Ữ Ώ ȂẊפ BWSҹ ᶫ פ Ữ

̆ fMҹ Ữ Ώ פ ᶛ̆ Ӈ BWS/f MҌ ԍ n ̆ Ữ

ᾝ Ҍᴪ ҹ פ Ȃ 

ҹ ױ ѿҩ Ữ Ȃҹ ̆Ẋ ѿҩ Superscalar

Ҭ̆ Ữ ҹ L1 CachĕῒҬ L1 Cache פ Cacheң № ̆

ᶏ Write Back Ώ̆L1 Cache L1-L2 Busҍ L2 Cache ȂL2 CacheҍҺ

Ữ Ȃ Ữ ̆ ᾢ L1 Cacheӊ Ῥ L2 Cachĕ

⌠ Һ Ữ Ȃ Ӟ ץ ѿ ⌠ L3 Cache Cache ̆ᵖ ҹԅ

̆ ֽױ L1 L2 Cache ’Ȃ ҩ╠ ӊҊ̆ ױ ҍ Cache ῏

ҍ ̆ ῏ Cache Hierarchyҹ פ ᶫ ̆ BWS Ȃ 

Ữ ̆ ᾢ L1 Cachĕ Hit ҍMissң ’Ȃ

ҹ Hit L̆1 Cache ᶫ ̕ ҹMiss̆ L1 Cache ֟ ѿҩMiss ̆ L1-L2 

Bus׆ L2 CacheҬ Ȃ 

’Ҋ Cache Missᴪ Cache Block Replacement̆ Cache Block

ҹ Dirty ̆ L1-L2 Bus ֜Writeback ̆ L1 Cache Controller L2 Cache

ң ̆ѿҩ Cache Miss Request̆ ѿҩ Write Back RequestȂҹԅ Miss 

Request ̆ Ҭ ᾢ L2 Cache Cache Miss Request̆ӊ Ῥ

Write Back RequestȂ 

҉ № ץ B̆WS Ҍ ₮̆ ҩCache 

Hierarchy ȂBWS ҍ L1-L2 Bus ̆ҍ ԅ Non-Blocking Cache

℗ ῏Ȃ 

ף Ҭ Ῥ ᶏ Blocking Cache ̆ᵖ ᶭױ № ҹָ

ӇҌ ᶏ Ȃ ᶏ Blocking Cache Ҭ̆ Ữ L1 CacheҬ

Hit ̆ ץ ̆Ҍᴪ פ Ȃ 

ᵖ ₮ Cache Miss ̆ ԍ Cache Blocking ̆L1-L2 Bus ̆ ῒҊ׆⌠

Ữ Ҭ Ȃ ԍ L1-L2 Busѿ ֽ ѿҩ L1 Cache Miss̆

₮ ҩ Cache Miss ’ ̆ ֓Miss ѿ ҉ѿҩ Miss Ȃ

Ạ Ҥ ᵞԅ BWS ׆̆ ԅ Superscalar Ȃ 

҉ץ׆ ץ Blocking Cache Һ Cache Miss ᶏ̆ ԅẢ ̆

L1 Cache ֽ ѿҩ Pending Miss Ȃ L1-L2 Busѿ Ӟ ѿ

̆ Miss ̆ Writeback Ȃ 

Blocking Cacheӊ╠̆ ױ BWS Ạ ѿ № ȂẊ ѿ Ҭ

ѿ῍ ԅ H+M Ữ ̆ῒҬ H L1 Cache Hit ̆ Mҹ Miss Ȃ ԍ

Ữ Ҍ Bypass L1 Cachĕץ L1 CacheҬ Hit Miss ӊ ҹ

Ữ Ȃ 

ף Ҭ L1 Cache ңҩ Ports̆ ᵖ ҹԅ ̆ Ẋױ L1 Cache

Ҭ ѿҩ PortȂẊ L1 Cache Hit ’Ҋ̆ѿҩ Cycle ₮̆

Hҩ Hit ᵬ̆L1 Cacheѿ῍ ᶏ Hҩ Cyclĕ Ữ Ҭ L1 Cachĕ

BWS ҹ 1Ȃp L1 CacheҌ Hit̆ BWS ̆ MҩCache 

Miss ’Ȃ 

L1 Cache ѿ Miss ҹ TM+B̆ L1-L2 Bus ѿ Miss

ҹ[TM+B(1+d)]ȂῒҬ TM L1 Cache ₮ Miss ӊ L̆2 Cache ץ ᶫ Block

B̕ L2 Cache L1-L2 Bus L1 Cache ֜ѿҩ Block d̕

Writeback ᶛȂ 
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Blocking CacheҬ̆ ԍ Hit Miss ᵬҌ ̆ L1 Cache L1-L2 Bus

H+M Ữ ̆ѿ῍ (H+M[TM+B]) M×[TM+B(1+d)]ҩ CycleȂ ѿҩ

Ҭ̆BWS ҹ L1 Cache L1-L2 Bus ᶫ ṿ̆ Ὲ 2-5 Ȃ 

-ÉÎ ȟ -ÉÎ ȟ    ῎ 2-5[49]  

ῒҬ mҹ Miss Ratiŏ M/(H+M)Ȃ Ὲ 2-5 ץ ̆ m ⱴ BWS

ᶛ ᵞȂ m ԍ 0.05̆ TM ԍ 10̆ B ԍ 1 d̆ ԍ 0 ҩ ̆BWS Ӟ

ֽҹ 0.67Ȃ fM ҹ 0.4̆ BWSҍ fM ṿҹ 1.67Ȃ ץ ₮

Ҋ̆ѿҩ Superscalar Ҍ ῤ ΐ ץ ̆ᵖ ѿ פ

Ҍ ң ̆ ↕ Ữ Ώ ҹ ̆ ҩ Ȃ ѿ ᶏ

Superscalar ҹ Cache Blocking ₃Ӎ Ȃ 

BWS Ȃ BWS ңҩ ̆ѿҩ ⱴ Ҭ L1 

Cache ̆Ӟ ԅ Cache Ȃ ҉ ̆Cache҉

ⱴѿҩ ̆ ̆ ғ Cache ̆ Ȃ ף Ҭ̆

L1 Cache ңҩ ̆ 2-9 Ȃҹԅ ѿ ̆Superscalar

ᶏץ ̆ᵖ ᶏ Ȃ 

Cost/Performance Trade-Offӊ C̆ache ῀ԅ Multi-Bank Ȃѿ֓

№ ̆ҍ Multi-Port Cache ̆Multi-Bankҍ Port

ѿ֓ Bank Conflict ᴨ ӊ ̆ ץ Cost/Performance [50]Ȃ

ᶏ MBMP(Multi-Banks and Multi-Ports) ף Cache Ҭ ⌠ԅ

ȂOpteron L1 Data Cacheᶏ ԅ 8-Banks 2-Ports [6]Ȃ 

֓ᴨ ᶭ ԅ Cache Hit Cache Ȃ Ὲ 2-5 ̆ Cache

Cache Miss ’Ȃ Ḃ ױ Hit Cache ⌠ Infinitĕ

ᶭ Ҍ ‗ῃ ̆ 1/(m×[TM+(1+d)×B]) № Ȃ 

m TM ̆ ғ B ԍ 1 ̆ № Ҍṿ ה Ȃᵖ Ԋ

̆ Һ Ҍ ̆TM ṿѿ Ҍ ̕ Һ Ữ

ⱴ̆L1 Cache ̆ᶏ m ѿ Ȃ ᶏ Miss ᶏ

῏ Ȃ ᶏ ҩ Outstanding Cache Miss ̆ᶏ ҩ

Miss ץ Amortize TM ׆̆ BWS Ȃ 

ѿ ᶏDavid Kroft 1981 ₮ԅ Lockup-Free Cache(Non-Blocking Cache)[51]

ҩ ȂKroft ѿ MSHR(Miss Information/Status Holding Registers)

Miss ȂῒҬ ѿҩ MSHRҍѿҩ Outstanding Miss Ȃ MSHR ҩ ҹ N ̆

Cache ҹNon-Blocking(N) CacheȂNon-Blocking(N) Cacheץ NҩOutstanding 

Cache Miss̆ ғ Cache Miss ץ Cache Hit̆ḱ ԅ Blocking Cache

̆ᶏ Superscalar ץ Ȃ 

David Kroft̆ ҩ ₃ ̆Ӟ ῬӞҌ

̆ ᴧ ₃ ̆ ₃ Fellow Ȃז RetrospectiveҬ

ᴇ ҩ Ȃ 

How does one begin to describe the dreams, thoughts and fears that surround a discovery 

of a different view of some old concepts or the employment of old accepted methodology to new 

avenues? It is probably best to start the account by describing the field of Computer Architecture, 

in particular, the area of hierarchical memory design, that was prevalent around and before the 

time the ideas came to light. 

... 
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As indicated at the beginning, a discovery is just a different look at some old concepts or the 

use of some old concepts for new mechanisms. Mine was the latter [52]. 

ׂ׆ Cache ҉ ̆David Kroft ̆₃Ӎ ѿҩֲ ץ ⌠Ȃ

David Kroft ₮ ҩ ҩ Miss Blocking₃Ӎ̆ף ̆ ץ

Cache ȂDavid Kroft ץ ₮ ҩ ̆ ΐז

שּׂ Ȃ 

ѿ֓ Ȃ ӊ ₃ӍҌᴪ₮

̆ Ȃ ᶏ ׆ ӟ ₮

Ȃ ԍ ̆ Ȃ ẠᵌӍ ѿ Ȃ ᴟӄ ̆ ̕

ᾢ ̆ Ȃҕ҉ ̆ ∆ ҹ ₮ט  ᴇȂף

ᶭ ֓ ץ Ḥ ̆ ԍ ̆ ⱴ

ᶏֲ ѿ֓ ⱴ Ȃ ֓ ᴪ Ҭ Ȃ

̆ ֓ ӊ Ҍᴪ שּׂ ̆ ԅ Ȃ ӊ

̆ ԍ ȂץҬ ֲ ̆ ҍ ̆ Cache Memory̆

̆ ̆ Ȃ ԍ ̆ ԍ ̆ ԍ Ȃ 

David Kroft ₮ԅ Non-Blocking Cache ̆ ԅ ̆ ҩ

Elite҆ꜝҌ Ȃ Lockup-Free Cache₮ Ҍ ῤ̆ ԅ ḱ ᶏ̆ CPU Core-L1 

Bus̆ L1-L2 Bus̆ ῒ Bus ѿ Ȃ 

David Kroft ₮ 4 ̆ ץ̆ ԍ ҩ

̆ ₮ Non-Blocking Cache Ȃ ֓ ҌῬ ȂDavid Kroft ԍ

̆ ̆ ̆ ԍ Statically-Scheduled ̆ᶭ

ԅ╠ ӊ Ȃῒ Dynamically-Scheduled ѿ ԅ Lockup-Free Cache Ȃ

Ӟ ף Cache Ȃ 

ԍDynamically-Scheduled N̆on-Blocking Cache Ăddress Stack̆

Load Queuĕ Address-Reorder Buffer ῒז Ȃ ׃ֽ Address Stack └̆

└ ҹ ̆ῒ 2-21 Ȃ 

Block Valid 

Bit
Block Address

Destination 

Bits

Comparator

Address

Valid Bit

Physical 

Address

Comparator

Instruction 

ID

Comparator

5 MSHRs 16 Entries Address Stack  

2-21 ԓ Address Stack Non-Blocking Cache[53]  

 

҉ץ Non-Blocking Cache Ҭ̆ 5ҩ MSHRs̆ Address Stack Entries ҹ

16Ȃ Ҭ̆ Ữ ₮ Cache Miss ̆ ᾢ∞

⌠ Cache BlockҬ̆ ⱳ MSHRs └

̕ ׆ Ữ Ҭ ̆ ‗ ᶭ ҩ Pending Cache Miss̆

ⱳ Address Stack └ Ȃ 

ҩ MSHR 3ҩ ᾝ̆Block Valid Bit̆ Block Address Destination BitsȂ

ῒҬ Block Valid Bit ҹ Block Address Cache Block Fetch̆ ׆ IC Design

҉ ̆Cache Block ̆҉ Ȃ 

Cache Miss C̆ache ᾢ MSHRs Block Address̆∞

Cache Block FetchȂ MSHRs Ҭ Ҭ̆ Cache Miss

ҹ Secondary Cache Miss̆ ↕ҹ Primary Cache MissȂ 
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ԍ Primary Cache Miss̆ MSHRs Ҭ ѿҩ Entry̆ Ώ

Block Address̆ Block Valid Bit̆ ῒҊ Ữ Fetch ̕ ╠MSHRs

Ҭ Entry̆ ӊ Ҍ issue Ữ C̆ache Stall̆

⌠ӊ╠ ₮ Fetch ̆ MSHRs Ҭ EntryȂ 

Secondary Miss ҹ Ȃ Ҍ ’ ȂҌ ԅ

Ҍ Secondary MissȂ Kroft Ҭ C̆ache Block Word № Ȃ

Secondary Miss Word ҍ Pending Miss ῃѿ ̆Cache

ᴪ Stall̆ MSHRsӞ ҹ Implicitly Addressed MSHRs[54]Ȃҍ Explicitly 

Addressed MSHRs̆ ̆ ץ ‗ ѿ ̆Ҍᴪ Stall Cache

̆ῒ [54]Ȃ 

ѿҩ ⌠ ̆ ⱴ Primary Miss ῒ ҩ Secondary Miss

ҹѿҩ Fetch Ȃᵖ Merge ᴆ ̆ Buffer Ȃ Ҍֽ

̆ ҹ Memory Consistency└ ԅҌ Ȃ 

Cache Miss Fetch ̆ ῒҊ׆ Ữ Ҭ Cache Block

ӊ ȂCache MSHRs ̆ Destination Bits̆ ᶭ ∞

̆ פ Cachĕ Cachĕ ҩ Ȃ

Dynamically-Scheduled Ҭ̆ҹԅ Cache Consistency̆ ⱴ Ȃ 

Dynamically-Scheduled Ҭ̆ ԍ Load Speculation ̆ Ữ ᵬ

₮ Mispredicted ̆פ Exception ̆ ӊ╠ Speculative Load ̆

ץ Address Stack ’Ȃ 

Address Stackҹ Fully-Associative Buffer̆ Address Valid Bit, Physical Address, Instruction 

ID҈ҩ Ȃ Ữ Ώ פ ̆ ᾢ Physical Address̆ӊ

Address Stack̆ ᵩ EntryȂ Address StackҬ ᵩ Entry̆ ֟ Structural 

Hazard̆ Ữ Ҍפ ̆ ⌠ ᵩ Entry̕ ᵩ ↕̆ Entry

Address Valid Bit̆ Ώ Physical Address̆ ῒҊ Ữ Fetch Ȃ 

Fetch Cache Block ̆ᴪ Address Stack̆ Match̆

῀ Cachĕ ᴪᴰ ҩ Ȃ פ ‗ץ Ữ

Ώ פ Complete Commit ̆ Address Stack EntryȂ╠

ҹ ̆ ҹ Ȃ 

ѿ℗ ľ Ŀ ’Ҋ̆ Cache Block Address Stackɜ Ӎ Όᵩ

Ȃᵖ Misprediction Exception ӊ ̆ Ҍױ ₮ Ȃ

ң ’ ̆ ┘ ̆ Speculative Store/LoadפӞ ┘ Ȃ 

ᶏ Address Stack Non-Blocking Cache ̆ ֓ Entry

Address Valid BitȂ ̆ Address StackҬ ⌠ EntryȂ ԍ Ữ

̆ ҌᴪΏ῀ Physical Register̆ ԍ Ữ Ώ ̆ Ҍᴪ Ώ῀̆ץ

ᾧ Ȃ 

҉ץ ̆ ץ Non-Blocking ң № ѿ̆ҩ Cache Miss ᶏ

Address Queuĕ ᶏ Address StackȂҌ ᶏ Non-Blocking 

Cache ̆ Ғ Buffer ҩ Cache Miss̆ ̆

ᶏ ҩ Cache Miss ץ Amortize TM ̆ BWS Ȃ 

Non-Blocking Cache Ҍ ̆ Ȃ Ҍ ̆ᶏ ֓

Ȃ ף Ҭ̆ ԍ Cache ԑ ̆ № ҹ ҩ ̆

Dată Request̆ Ack Snoop ̆ Ҭ ᴪ № ץ̆

ѿ Ȃ ֓ ᶏ Non-Blocking Cache Ȃ 
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Ҭ₮ ֓ ⱴԅ Cache Ȃ ױ ѿ

Cache ׆ L1 L̆3⌠ EDRAM̆ ѿ ׆ CMP̆ SMP⌠ ccNUMĂ

ѿ Memory Consistency׆ Strict consistency̆ Sequential Consistency⌠ Weak 

Consistency̆ ѿ Ҍ Cache ̆ᴪᶏ ΐ ѿ ֲҹ

ӊ Ȃױז ҕ҉Ῥ ᴋᵥ Ȃ 

Cache ҍ ̆ ԅ ᵥ ‗ State-Explosion ̆ ᶏ Cache 

VerificationӞ ҹԅѿҩҒ ̆ ԅ Ȃ Cache ╠̆ Ҭ

҉҆ Ⱶ Ҍ ̆ ҉Ҍ

└Ȃ 

ѿ℗̆ᴋ₡ Ҍ Ȃ 
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3  Coherency and Consistency 

₮ Coherency Cache Coherency̆Consistency Memory ConsistencyȂ

ңҩ ̆ ‰ Memory Consistency ȂConsistencyҍ

Coherencyӊ ѿ ̆ ῏ Ҍ Ȃ 

Memory Consistency Cache Coherencyᶏ Ȃ ԅ

ӈ Cacheӊ ̆ Ҭ ӈ Cacheɰ ᴪ Memory Consistency ֟

ȂMemory Consistency Cache Coherencyѿ ̆ᵖ Ҍ Ȃ ң №

ῤ ҹ ̆ ץ Ȃ ֓ ҹ Cache Coherency Memory Consistency

ѿ №[55]̆ ҹ‰ Memory Coherency ѿ №Ȃ 

ױ ᾢ ₮Memory Coherency ӈȂMemory Coherency Ḡ ῒ

Ữ CorrectnessȂ ױ Ҍ῏ Ữ ֽ̆ ῍֣

’̆ Ḃ ’Ҋ ӈ Correctnessɰ Ȃ 

ѿҩ Distributed SystemҬ̆῍֣ Ữ № Ҍ ᵝ ̆ ԍ ӈ

ӈ Cache ̆ ֓ ᾝ ҩ◐ ̕ Distributed SystemҬ̆Ҍ

Ữ ץ ̆ᶏ Memory Coherency Correctness Ҍ Ḡ Ȃ 

Ẋױ ѿҩ Distributed SystemҬ nҩ №≢ҹ P1~Pn̆PiҬ Siҩ Ữ

ᵬ̆ ῃ׆ ҉ Ữ ↓ (S1+S2+Χ+Sn)! / (S1! ×S2˻ҎΧҎ{n) [56]Ȃ

ҹḠ Memory Coherency Correctness̆ ↕ ₮ Ȃ ҩ ↕

ҹMemory Consistency Model̆Ӟ‗ ԅ Ữ CorrectnessȂ ҩ ↕

Correctness ╠ Ҋ Ḡ̆ ᵬ Ḡ̆ Ữ Ȃ 

Ҍ ↕ ӈӊҊ̆Correctness ӈ Ҍ ̆ ҩ Correctness ᴆ Ȃ

ᴰ Ҋ C̆orrectness Ữ ᵬ Most RecentΏ῀

Ȃ Distributed SystemҬ̆ Ҋ ӈ Correctness̆ ҹ ҩ

Ữ Ḡ Ȃ Ҋ̆ Ḃ ӈָӇ Most RecentӞ Ȃ 

ѿҩ Distributed SystemҬ̆ ⌠ ᶏ ѿҩ Global Time Scale‗ Ữ

׆̆ ∞ Most Recent̆ Memory Consistency Model ҹ Strict Consistency̆Ӟ

ҹ Atomic ConsistencyȂGlobal Time ScaleҌ ץ ᴇף ̆ ῒ

ѿҩ Local Time Scale Most Recent ҹ Sequential Consistency[56]Ȃ 

ҍ Sequential Consistency Ҍ Ώ ᵬ ԍ ΐ ѿ OrderҌ

C̆ausal Consistency ΐ Inter-Process Order Ώ ᵬΐ ѿ Order̆ Sequential 

Consistency ѿ ȂProcessor Consistencyѿ ̆ ѿҩ

Ώ ᵬΐ ѿ Order ȂSlow Memory ֽ̆ ѿҩ ѿ

Ώ ᵬΐ ѿ Order[56]Ȃ 

҉ץ ֓ Consistency Model Ữ Ώ פ ̆ ѿ ╠ᶏ ҹ

ModelȂ ֓Model ᶏ Synchronization ̆פ Ӟפ ҹ Barrier Ȃפ

ӊҊ̆ Ữ פ №ҹ Data Synchronization ңפ ȂῒҬ Synchronization

פ Issue ᴆ ӊ╠ Data פ ῒ̆ז פ Synchronization פ

╠Ҍ IssueȂ Synchronization ӊפ Ữ ᶭ ̆

ץ ReorderedӞ ץ OverlappedȂ 

ModelҬ D̆ata פ Order ⌠῏ ̆ ↕ֽ Synchronization

פ ᵬ Ӟ̆ ֟ ԅWeak Consistency̆Release Consistency Entry Consistency[55][56]

҈ҩҺ Ȃ ֓ Ҋ Ạ ѿ Ȃ 
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ԍҌ Network Partitions Distributed System̆ ץ Strict Data Consistency

AvailabilityŵȂ ԍѿҩ Distributed SystemҬ̆Network Partitions

ѿҩᾢ‗ ᴆȂᶛ ѿҩ Ҭ̆ ᶏ Web Ⱶ №

ҕ ҉ ̆Network Partitions ѿҩԊ Ȃ 

Consistency̆Availability Partition-Tolerance҈ Ҍ Ὶ [57]̆ ᶏ ѿҩ Network 

Partitions Distributed SystemҬ̆ Consistency Availabilityӊ Trade-Off̆ Ӟ

₮ԅ Eventually Consistent [58]Ȃ ѿ Weak Consistency Model̆ ԍѿ

ҩ ῤ ᵬ̆ ◐ ѿ Ẋ Ȃ 

Eventually Consistent DNS(Domain Name System) Ҭ ⌠ԅ ҹ ̆Ӟ

Distributed Storage ӊ Ȃ ֓ῤ Cloud ӊ ҹ ̆ Ҍ

Ȃ ᶭ Ḥ Cloud ῏ ᵬ ֲ ץ Ữ Ҭ

ѿ ╠ ꜚⱬ̆ ꜚⱬȂ 

֓ῤ ₮ԅ ӥ ̆ ױ Cache CoherencyẠ ѿ Ȃ҉׆

Ҭ ץ Memory Consistency̓͂ ҩ Ữ ↓̕Cache 

Coherency ѿ֓̆῏ ѿҩ ҩ ᴍ ѿ ȂҌ Cache Coherency

Memory Coherency Ȃ 

Cache Coherency Ώ ᵬ ⌠ ҍ Cache Coherency ῃ Ҭ̆

Write Propagation̕ ҍ Cache Coherency ⌠ ѿҩ Ώ

ᵬ̆ ̆ Write SerializationȂ 

Write Propagation Invalidate-Based Update-Basedң ȂInvalidate-Based

ᾢ ѿ Ữ Cache Hit̆ Hit ғ ╠ Cache Block

ҹ ӈ Exclusive/Ownership̆Ҍ Ạ ѿ ᵬ̕ ↕ Cache Miss

Exclusive/OwnershipȂ Ữ CPU ҍ Coherency

CPU RFO(Read for Ownership) ̆ ֓ CPU RFO ᵬ₮ Ȃ 

RFO Ҭԅῒז CPU Cache Block̆ ѿ ҩ Cache 

Block ̆ ҩ Cache Block ḱ ̆↕ ץ Invalidate̕ ↕

₮ CPU ╠ Cache Block ῤ ̆ ’Ҋ̆ ḱ Cache Block ѿҩ

◐ Ȃ Share-Bus Ҭ ⌠ԅ ̆ Ữ

Ҭ Cachĕ Ҭ Cache Block ԍ Exclusive ̆Ҍ ᶏ RFO ̆

Ҍᴪ ₮ ᵬ̆ Write-Back Ȃ 

Update-based ᶏ Central Directory Cache Block Ownership̆

Cache Block Miss̆ Write Updateῒז CPU Cache Block ◐ ̆ ץ

ҩ◐ ̆ Ḃ Bus Trafficׅ Ҥ ̆ ԍᶏ Directory

ѿ ᵬ Ȃ ѿ Ҭ Race Condition̆

Ҍ Ȃ 

ԅ Invalidate Update-Based ӊ C̆ache Coherencyץᶏ Read Snarfing Ȃ

Ҭ̆ ץ ѿ ҉ ᾧῬ Read Write-Invalidate Cache Block ̆

MissȂ ѿҩ CPU ѿҩ Data Block ̆ ҩ ԅ ҩ CPUӊ ̆

ῒז CPU↨↨ Invalidate Cache BlockȂ Ҭ ῒ̆ז CPU ץ ҩ

ҍ Ḥ ̆Һꜚ ↨↨ Invalidate [59]Ȃ 

[59] Ҭ̆ᶏ Read Snarfing ⁞ץ 36~60% Bus TrafficȂᵖ

ҹ ̆ ╠ Ҍ ҙ Ȃ

̆Wisconsin Multicube ᶏ Read Snarfing [61]Ȃ 

                                                             
ŵ
 Availbility ᴋᵥѿҩ Ώ ѿ ץ ResponseȂ 
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Write Serialization ᶏ Cache Coherent Protocol Bus TransactionȂ ᵌ RFO

Ҍ Ȃ ᶏ Share Bus Ring-Busԑ ̆ Write SerializationȂ

Directory ѿҩ Cache Block Ώ ᶏ ACK Conflict̆

֓ Home Agent/NodeҬȂ 

3.1 Cache Coherency 

Cache Coherency֟ ѿҩ Ҭ̆Ҍ Cache Memory ΐ

ѿҩ ҩ◐ ̆ ֽ ѿҩ ◐ ҬҌ Coherency Ȃ

Cache Coherency ῏ ԍ ѿҩ Cache Block ̆ CPU Core Ώ

ᵬ ҉ Transaction̆ Cache Block ̆Ṣ Cache CoherencyȂCache 

Coherency ᶏץ ᴆ ᴆ Ḡ Ȃ 

ᶏ ᴆ C̆PU ᶫҒ ᵬ Cache ̆פ Cache Block 

Copy̆ Movĕ Eviction Invalidate ̆פ ᶫԅ ̆פ PowerPC

dcbt̆ dcbf̆ dcba  Ȃ[43]פ

ᶏץ ֓ ̆פ Cache CoherencyȂ DMA ᵬӊ╠̆

ץ ҍҺ Ữ ᴆ Ḡפ Cache Coherency̆ DMA ᵬ ̆Ҍ

ᴆ Cache CoherencyȂ ’Ҋ̆ᶏ ץ ᴰ Ȃ 

ᴆ Cache Coherencyᴨ ᴆ ̆ ’Ҋ ̆

ғ Ȃ῀׃ ’Ҋ Cache Coherency ᴆ ȂҌ ᶏ Ҍ

Cache Coherency Protocol Cache CoherencyȂ ֓ Protocol ѿҩ

FSM(Finite State Machine)̆ Ữ Ώ פ Bus Transaction̆

Cache Block ᵬ̆ Ḡ Cache Coherency̆ Ҍ  Ȃ῀׃

Cache Coherency Protocol Cache Block Ҍ ̆ ᶏץ Bus 

Snooping Directory ң └Ȃ ң └ Һ ≢ ԍ Directory └ῃ ѿ

Ҍ Cache ̕ Bus Snooping └Ҭ̆ ҩ Cache№≢ Cache Block

̆ Interconnection Ҍ Cache Ȃ 

└ C̆oherency Protocol Cache Block ᵬ ץ Invalidatĕ

Update Read Snarfing ȂUpdate Read Snarfing ᵬ̆

̆ Cache Coherency Protocol ԅ Invalidate Ȃ 

ҹ ῖ Write-Once[60] James Goodmanԍ 1983 ₮̆ x86̆

ARM Power Ҭ ῒ MESI Protocol(Ӟ Illinois Protocol) ╠ ѿ ᵣ̆

ѿ ΐᵣ Ȃ 

Write-Once Protocol ῏ ԍῒᶏ Cache Ώ └̆ Write OnceȂ

Write-Once Write-Back Write-Through Ȃ ᶏ └ ̆ ѿҩ Cache Block

ѿ Ώ ̆ Write-Through Ώ⌠ Cache Һ Ữ ̆ӊ

Ώ ᵬ Write-Back̆ Ώ⌠ Cache Ҍ Ώ⌠Һ Ữ Ȃ 

≠ԍ Coherency Protocol ӊ ȂWrite-Back └

̆ᵖ ԍҺ Ữ Ҭ ◐ ̆ ⱴԅ Cache 

Coherency ȂWrite-Through↕ Ȃ ῏ Write-Back Write-Through Ḥ

ץ Ȃ 

ӊ╠ ץ ̆ ᴋᵥѿ Cache Coherency ProtocolҬ̆ ҩ Cache Block

ѿҩ Ȃ Cache Coherency ῏ ԍ ҩ Cache Block

ȂCache Controller ᶏ ѿҩ ֓ Ȃ 
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ᶏ Write-Once Ώ └ Cache Coherency̆ ѿҩ CPU CoreҬ Cache Block

4ҩ ᵝ̆ ץ ≢ ╠ Cache Block ̆ ԍ ֓ Cache Block

⌠Ҍ ῀ ̆ Ḡץ̆ Cache CoherencyȂ 

 ̧ InvalidᵝȂ ╠ Cache BlockҌ ̆ ҩ Cache BlockȂ 

 ̧ ValidᵝȂ ╠ Cache Block ҹ ̆ Һ Ữ Ҭ Cache Block

◐ Ȃ Eviction Ҍ ΏҺ Ữ Ȃῒז CPU Core CacheҬ

Cache Block Ȃ ҩ Cache BlockҬ ҍῒז CPU CoreҬ

Cache̓̀ ֣̆ ҩ῍֣ ◐ ҹ ṿ̆ ҍҺ Ữ Ȃ Ữ

ᵬ ̆Cache Block ԍ Ȃ 

 ̧ Reservedβ Cache BlockҬ ̆ Һ Ữ Ҭ Cache 

Block ◐ Ȃ Eviction Ҍ ΏҺ Ữ Ȃῒז CPU Core CacheҬ

Ҍ Cache Block Ȃ ѿ Ώ ᵬ ⌠ ̆

ץ write-once Ώ └Ȃ 

 ̧ DirtyᵝȂ Cache BlockҬ ̆ ғ Cache Block ҩ

◐ ̆ ғҍҺ Ữ Ҍ ȂҺ Ữ ῒז CPU Core CacheҬ

ҩ ◐ Ȃ Ώ ᵬ ⌠ ̆ Ῥץ

Write-Once Ώ └Ȃ 

҉ץ ₃ ̆ ױ № ԍWrite-Once Cache Coherency Protocol̆

ῒ FSM 3-1 ̆ῒҬ ᶏ Write-Once Ȃ

Ҭ ңҩ ̆ ғ ѿ Cachĕ №≢ҹ C0 C1̆ ῍֣ ҍ

Һ Ữ Ȃ 

 

Bus-induced Transition

Invalid Valid

Dirty Reserved

Processor-based Transition P0 P1

C0 C1

Memory

PR/PW

BR/BW

ᶏ Write-OnceBR/BW

BW

PR/PW BR

PW

BW

PR

PR

PW Write 

Once

BR

PR/BR

 

3-1 Write-Once Transition DiagramƘ 

 

ӟ ԍWrite-Once Cache Coherency Protocol ̆ ҍ

ԑ Ȃ Write-Once Ҭ ҩ ̆№≢ҹ Invalid̆ Valid̆ Dirty

ReservedȂCache Block ԍ ֓ ̆ ץ ⌠ ῀ Ȃ 

῀ Ӟ Ҍ Cache Controller ⌠ Ώ ᵬ̆

Ҭ ῀Ḥ ̆ BR(Bus Read)̆ Ώ BW(Bus Write)̆ PR(Processor Read)

Ώ PW(Processor Write)Ȃ Cache Controller ⌠ ҩ Cache Block ᵬ

Ṝ̆ ╠ Cache Block Ȃ 

BR Cache Controller ⌠ԅ ᵬȂ ᵬ ֟

Ҍ ῒ CacheҬ̆ Һ Ữ ῒז CacheȂ

ѿҩ Cache ◐ ̆ Cache Controller ᶫ

ҩ ◐ ̆ Data Refill̆ ◐ ҹ Dirty ̆ Ώ⌠Һ Ữ ̆

                                                             
ŵ
 3-1 Error! Reference source not found.Yale N. Patt ӈȂ 
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ҹ Valid̆ ҩ ҩ Cache̓̀ ֣Ȃ 

Ώ BW ҩ CPU Cache Block ΏҺ Ữ Ȃ Ώ BW ѿ

Cache Block Ώ ᵬ ֟ ̆ ᶏ Write-Through ̆ Ҍ Write-BackȂ

≢ ̆Cache Block ҹ Replacement Ώ⌠Һ Ữ Ҍᴪ֟ Ώ BWȂ 

ҩ Cache Controller ⌠ԅ Ώ BW̆ ғ CacheҬ

ѿҩ◐ Ȃ Cache Block ԍ Valid̆ Reserved Dirty ̆ ᾢ

Ώ ᶫ ֓ ̆ Data Refill ᵬ̆ӊ Invalidate ҩ Cache BlockҬ

◐ ̆ ⌠ InvalidȂ 

PR Cache ֟ TransactionȂ Cache Ҭ̆

ԍ Invalidate ̆ Data Refill ᵬ ̆ Cache Controller

₮ BR̆ זῒ׆ CPU Core CacheҬ ◐ ̆ӊ ⌠ ValidȂ

Cache Blockҹ Valid̆ Reserved Dirty ҹ Cache Ҭ̆ Ҍ Ȃ 

Ώ PW CacheΏ ֟ TransactionȂ Write-Once ᶏ

Ώ └Ҭ̆ ѿ Ώ ᵬ̆ Cache Block

ҹ Reserved̆ ╠ Cache Block Һ Ữ ◐ Ȃ 

Cache Controller ᶏ Ώ BW Invalidateῒז Ҭ ◐ Ȃ

Ώ ᵬ̆↕ Ώ Cachĕ ׆ ᶏ ҹ Dirty̆ ╠ Cache

◐ ̆ Ҍᴪ֟ BWḤ Ȃ ̆ ҩ ҹ

⌠Һ Ữ ̆ӊ Ῥ ῀ Cache ̆ Ώ ᵬӞ ԍ ѿ ̆ ԍ

ѿҩ Cache Coherency Ȃ 

ԅ׆ Cache Controller № ֓ ӊ ̆ ׆ץ

Write-Once └Ȃ Cache ̆ ᴪ₮ Read Miss̆Read Hit̆ Write Miss Write 

Hit ’Ȃ ≢№ױ ’Ȃ 

Read Hit̆ Ҭ Cache Blockѿ ԍ Valid̆ Reserved Dirty ȂRead 

HitҌᴪ Cache Block Ȃ Read Miss̆ ↕ Cache Block ╠

Invalid Ҍ CacheҬȂ Cache Controllerᴪ֟ ѿҩ BR̆ זῒ׆

Cache ̆ ᴪ ԍҺ Ữ ҬȂ Cache Block

ҹ Valid̆ Cache BlockҬ Һ Ữ ѿ ̆ ғῒז Cache

◐ Ȃ 

Write Hit̆ ↕ Ώ ᵬ ѿ Ώ̆ №≢ ⌠ Reserved

Dirty Ȃ ѿ Ώ ᵬ̆ Write-Through ᵬ Ӟᴪ֟ Ώ BW̆

Ḡץ CacheҬ Һ Ữ ӊ ѿ ◐ Ȃ Write Miss̆ ↕ Cache 

Block ╠ Invalid Ҍ CacheҬ̆ Ώ ᵬѿ ѿ Ώ̆

ҹ ReservedȂ 

Write-Once ԍ ѿ Ώ ᵬ Write-Through̆ Write-Through

֟ Ώ BW̆ Invalidateῒז CacheҬ ◐ ̆ᶏ CacheҬ

ҹ ԅҺ Ữ ץ ѿ◐ ׆̆ Cache CoherencyȂ 

MESI Protocol̆ Ӟ ҹ Illinois Protocol[65]̆ SMP Cache Coherency

̆ῒ ҍWrite-Once Protocol ̆ Protocol₮ ̆

⌠ԅ Ȃ ╠Һ ̆ x86̆ Power̆ MIPS ARM ̆ ᶏ

MESI Cache CoherencyȂ 

MESI Protocol ԍ ᶏ Modified̆ Exclusivĕ Shared Invalid ҩ

̆ ֓ Write-Once ᶏ Dirty, Reserved, Valid, Invalidҩ ̆

ӈӞ ̆ᵖ ׅ ֓ ≢Ȃ ‰ MESI Protocol ѿ֓ ̆ MOESI
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MESIF ѿ ↓ Ȃ 

ṿ ῏ ѿ̆ҩ Cache Block ԅ ᶏ MESI ֓ ᵝӊ ̆

ꜛ ᵝ̆̓̀ Cache CoherencyȂ Cache Race Condition

’̆MESI Protocol Ҭ ₮ Ȃ ‰ Illinois ProtocolҬ ӈԅץҊ

Ȃ 

 ̧ M(Exclusive-Modified) ╠ Cache BlockҬ ҍҺ Ữ Ҍѿ ̆

ғֽ ╠ CacheҬ ◐ Ȃ 

 ̧ E(Exclusive-Unmodified) ╠ Cache BlockҬ ╠ Cache Һ Ữ

Ҭѿ ȂM E Exclusive ̆ѿҩ Dirty̆ѿҩ CleanȂ 

 ̧ S(Shared-Unmodified) ╠ Cache BlockҬ ╠ Cache Һ

Ữ Ҭ ̆ ῒז CacheҬӞ ◐ Ȃ 

 ̧ I(Invalid)̔ ╠ Cache Block ̆Ҍ Ȃ 

Illinois protocol Write-Once Ҍ ԍ Ώ └ȂIllinois Protocol Ώ Ҭ

Write-Back̆ Write-Once № ѿ Ώ ΏȂ ᶏ Write-Once

̆ ѿ Ώ Write-Through ̆ ѿ Write-Through֟

Ώ BW Invalidateῒז◐ ׆ Cache CoherencyȂ 

ᶏ Write-Back Illinois ProtocolҬ̆ѿҩ CacheΏ ᵬ ̆ Һꜚ

ѿҩ Invalidate Transaction̆ Ӟ ҹ RFO(Request For Ownership)ȂIllinois Protocol

Write MissҍWrite Hitң ’̆ Write-Once ᶏ Ώ BW̆ № ҹ BRI(Bus Read 

with Invalidate) BI(Bus Invalidate Observed)ң InvalidateḤ ȂҊ № Ҭҍ

BRI BI ῏ ̆ῒᵩ ’ Write-Once ҹ ᵌȂIllinois Protocol

FSM 3-2 Ȃ 

 

Invalid Exclusive

Modified Shared

Bus-induced Transition

Processor-based Transition

BI/BRI/BW

PW/BRI

PR/PW

/ ₮ꜚᵬ̆ PW/BRI

⌠PW BRI

BRI/Supply Data

BR/Supply Data

PW/BI

PW

BI

PR Hit 

Other

PR Hit None

BRI/Supply Data PR

BR/Supply Data

PR

BR/Supply Data

 
3-2 Illinois Protocol Transition DiagramƘ 

 

Cache Block ԍ Invalid ̆ Cache Controller ⌠ Ḥ ̆

BR̆ BRI BĬ Ḡ Ҍ ̕ Cache Controller ⌠ Ώ PW ̆ ₮ Write 

Miss̆ Cache Controllerᴪ ѿҩ BRIḤ ̆ זῒ׆ Ҭ ̆

Data Refill̆ ғ Invalidateῒז ◐ ̆ Ӟ ᵬӞ ҹ Bus Read with Invalidate

̆ӊ Cache Block ҹModified̆ ѿ ◐ Ȃ 

Cache Block ԍ Shared ̆ ⌠ Ώ PWḤ ̆ᴪ ѿҩ BIḤ ̆

Cache ◐ ̆p Ώ ᵬ╠ Invalidateῒז◐ ӊ̆ Cache 

Block ҹ ModifiedȂ ԍ Shared Cache Block ⌠ BRI

BI Transaction ̆ Invalidate Cache◐ ̆ ғ ҹ Invalid̕ ⌠

                                                             
ŵ
 3-2 Error! Reference source not found.Yale N. Patt ӈȂ 
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BRI ᶫ ◐ Ạץ Data RefillȂ 

Cache Block ԍ Exclusive ̆ Ҭ CacheҬ Cache

◐ ̆ Ҍ ⌠ BI̕ ⌠ BRĬ

ᶫ ◐ Ạץ Data Refill̆ ғ Invalid Ȃ 

Cache Block ԍ Modified ̆ Ҭ CacheҬ Cache

◐ ̆ ӞҌ ⌠ BI̕ ⌠ BRĬ

ᶫ ◐ Ạץ Data Refill̆ ғ Invalid Ȃ 

MESI ѿҩ ̆ MOESIȂDEC Alpha21264̆AMD x86̆ RMI Raza ↓

ĂRM Cortex A5 SUN UltraSPARC ᶏ ԅ Ȃ ԍMOESI FSM

3-3 ̆ ԍ AMD ᶏ MOESI ȂҌ MOESI

̆ ᵌ̆ᵖ ҉ׅ ≢Ȃ 

 

I E

S M

O

P
robe W

rite H
it

R
ea

d 
M

is
s,
 S

ha
re

d
P
ro

be
 W

ri
te

 H
it

Read Hit

Probe Read Hit

Probe R
ead

 H
it

Read Hit

Probe Read Hit

Probe W
rite Hit

Read Miss, Exclusive

W
rite H

it

W
rite Miss (W

B Memory)

Read Hit

Write Hit

Probe Write Hit

Write Hit

Probe Read Hit

Write Hit

Reset

INVD, WBINVD
Read Hit

 

3-3 MOESI Protocol Transition Diagram[62]  

 

MOESI ῀ԅѿҩ O(Owned) ̆ MESI ҉̆ ԅ ӈԅ S

̆ Ĕ M I MESI Ȃ 

 ̧ OᵝȂOᵝҹ 1 ╠ Cache Ҭ ╠

̆ ғ ῒז CPUҬ ΐ Cache ◐ ̆ ῒז CPU Cache

ҹ SȂ Һ Ữ ҩ CPU CacheҬ ΐ ◐ ̆ ғֽ ѿҩ

CPU Cache ҹ Ŏ ῒז CPU Cache ҹ SȂҍ MESI Ҭ S

Ҍ ̆ ҹ O Cache Ҭ ҍҺ Ữ Ҭ Ҍѿץ Ȃ 

 ̧ SᵝȂ MOESI Ҭ S̆ ԅ Ȃ Cache Block ҹ S ̆ῒ

Ҍѿ ҍ Ữ ѿ ȂҌ ҹ O ◐ ̆Cache BlockҬ

ҍ Ữ ѿ ̕ ҹ O ◐ C̆ache BlockҬ ҍ Ữ Ҍѿ Ȃ 

MOESI Ҭ̆Probe Read Һ זῒ׆ CPUҬ ҹԅ

P̕robe Write Һ CPUҬזῒ׆ ҹԅΏ῀ R̕ead Hit

Write Hit ╠ CacheҬ ◐ ̕Read Miss Write Miss ╠

CacheҬ ◐ ̕Probe Read Hit Probe Write Hit ╠
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ῒז CPU CacheҬ ◐ Ȃ 

Ҍ 3-3 FSM̆ ẁ ᶏ 3-1 3-2 Ҭ ̆Ҋѿ ѿᶏ

BR/BW PR/PW ȂMESI Protocol ҍ Bus-Snooping ̆CMP Cache 

Coherency ᶏ Directory ProtocolȂ 

ҍ Bus-Snooping ̆Directory Protocol Latency ̆ᵖ Bus Traffic ̆

Ҋѿ ᴪҺ ԍ Stanford FLASH DASH[63][64] ӥΏ №ῤ ȂIntel Sandy Bridge EP

↓ Ӟᶏ ԅ ̆ ╠ Ὲ ȂAMD Magny-CoursҬӞᶏ ԅ

Cache Coherency̆ ᵖ Ӟ Ὲ Bulldozer Ȃ ѿҩ

ҍ Ring-Bus Token Protocolṿ ῏ ̆‰ Ҋѿ ӥΏȂ ╠ Ȃ 

3.2 Memory Consistency 1  

3.3 Memory Consistency 2  

3.4 Memory Consistency 3  

3.5 Memory Consistency 4  
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4  Cache  

ѿ Ữ ҩ ҉ҕ Ӝ ̆ף ׂ ԋ Ȃ ׂ ҩ

ᵖ ̆ל ̆ ѿ ҹMemory WallȂ ֓ ⌠

‗ӊ╠̆ ̆ ῒ ѿҩ CMPҬ CPU Core ₃Ӎ

ӈ̆ ᵰ Ȃ Ҭ̆ ѿҩ CMP

Ҭ ᶫ ҩ ῤ ῃ ᵬ ̆ ԅҌ Ȃ ҍ

῏̆ Ҍױ ᵥ ‗ ֓ ̆ ԅ ֓ ᵥ Ȃ 

4.1 Cache ῀ 

ѿ֓ ̆ ‗ Ữ ̆ ᴪ ῀ Ȃ

ױ ҩ ̆ ҩ ̆ף Ҍ ₮ѿ֓ Ȃ ֓ ᴪ ╠ӊױ

҆ ѿ֓ Ȃ ֓ Ҍᴪᶭ ᵰ Ȃ 

1975 M̆oor ῒ ḱ ҹľ ᵣ 18 ⱴѿṐ̆ Ӟ ѿṐĿȂ

ҩ ԅ ѿ ӊ Ȃ ᾢᵣ ѿṐ҉ ᶏ̆

ֲҌ 3 ҩ ѿ ⌠ ӗ 2 ̆Ҍ 2

ҩ Ȃ Ҍ ľ18ҩ ѿṐĿҌ Ȃ 

ᵣ 18ҩ ⱴ 1ṐӞ ⌠ԅ╠ ȂIntel Tick-Tick ⅞ꜜⱬ

Ӟ̆ Ȃ׆ ₃Ӎῃ ̆

∆ ׆̆ ҉№ Ȃ Ҍᴪᶛ ᴪ

ѿ Ȃ ᾣ ԍ Intel ᵣ Ȃ 

Ҍ ̆ Die ᵣ Ȃ ᾣ Ҭ̆ ҩ

ױ ҩ ף ̆ ҹ Ҍ Ȃ ̆ ҩ ᾢ

╠Ԑ ֲ ֟ Ȃ 

ᴰ ӈ ף Ȃ ᵣ ᶭ ҍ

ӊ╠ ᶏ̆ ᵣ Ҍ Ȃ Ὲ Ҭ ᵬ

ѿ֓ ׂ̆ ױז ץ ῤ Intel

Ȃ ױז ץ Diĕ Intel ץ ῤ ̆ 256̆ 512

ῤ Intel Ҍ Ȃ Ҍ Ạ ᵥ ̆

4ҩ 8ҩῤ Ȃ 

ḂҌ ֓ ̆ ױ ⱳ Ȃ ҩ Ҭ ץ ̆

̆ ⱳ ᴨ Ȃ Ạ ᴆԊ ̆ ԅѿ֓ ῒז

Ҭ ̆ Ȃ 

֓ Ạꜜⱬ Ȃ ̆ ѿᴆԊ

ҩᴋⱵ ̆ ᵞⱳ ₮ ᴆԊ ̆ ҩᴋⱵ

̆ ᾧ ᵬȂ 

׆ ҩ ҉ ̆ Misprediction ̆֟ ᵬ ⱳ ̆

ҩᴋⱵ Ҭ ҍ̆ ╠ᴋⱵ ῏ ⱳ ᴆ ̆ ֓ ΐᵣ ᴨ

Ȃ ⱳ ᴨ ̆ ᵬ₮ꜜⱬ ᵬ ̆ ֲ ҍȂ

Ῥ ֲӞ Ҍ Ȃ ⌠ׂ ̆ ₮ ҹԅ ‗ ̆

Feature ҊȂ 
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׆ ѿ ̆ ҩ ף ׂ ҹ Ȃ ῒ

῏ ҍ ԋ ӊ ֲ ꜚⱬȂῒז Ҍ

Ҭ֟ ᶏ̆ ₃Ӎ▼ᵩ ѿ ȂӞ ֟ ԅ

̆ᶏ ⱴ ̆ ⱴ Ȃ 

ȂIntel ֟ ῖ

Ȃ ╠ Ԋ ҽ ̆ Memory Wall̆

ⱳ ҌҊ Ȃ 

₮ԅ ҹ ̆ ҉ ѿҩᶏ ҌῬ

Ȃ ԍ └̆ҌῬ ῃ ᶭ Ȃ ֓ ̆

ֽᵬҹѿҩ ̆ ҩ └ Ȃ 

ԅ ̆ ̆ᶏ ҌῬ ᶏ̆ ѿ

֓ ֟ ᶏ ӟ ѿ Ȃ ԍ ȂJobsῬ ⌠

ẠԅѿᴆԊ ̆ᶏMP3 Ἕ MP3̆ Ἕ ̆ Ἕ Ȃ ⱳ ԍ Jobsᶏ

ѿҩ ⌠ ֓ Ғҙ Ғҙֲ ӊҊ̆ ᶏ ֓ Ȃ

Ҍ ⇔ ̆ Ȃᴋᵥֲ̆ᴋᵥ ᵣ̆ᴋᵥῈ ⱬ Ȃ 

ӊ╠ ᴋ̆ᵥѿ ֟ Ҍ ⌠ԅ Ȃ

̆ ῀ ֞ ᾧȂ ԍ

̆ Ȃ Ҭ̆

῀ ԅ ⱳȂ ⱳ ҉ ԅ ᶏ̆

ֲ Ҭ ῏ Ȃ 

֓ Ғ ף ȂҒ └ ₮

Ҭ̆ ⱴ ᶏ Ғ ̆ ԍ Ἕ GPU Ȃ ᴪ₮

ⱴ ̆ᴪ ѿ Ȃ ץ Ғ └ ף ҳ̆

ᴪ Ȃ 

׆ ҩ ҉ Ĭntelӊ Ҍ ⱳ ARM Cortex ↓ ̆

̆ ᶏ ⱴ ץ̆ ᴪ

Memory Wall ⱴ Ҍ Wall̆ ₃Ӎ Ȃ ARM Ҍ ѿ

ҹ ̆ ֓ ̆ ҳ Ȃ 

Ҭ̆ARM ⱳ ѿҩ ┬Ȃ ῒ ⱳ ̆ Һ

ᶏ ARM Ҭ̆ARM Ҍ Ҭ Ȃ ױ ץ ↓ҽ

₮ ᶏ ARM Ҭ ᴯ ₃ ֟ ῒ̆Ҭ ѿҩ ҹ ᶏ ARM

ᴯ ȂARMῈ ӊ ̆ ῒ EcosystemלҌ ̆

ᾢ ԅҒ ARM̆ף Ҍ ѿҩ ᵣȂ 

ѿ └ Ҍ ₮ Ȃ ԍ ̆ └ ץ

̆ ӊҊ̆ └ ҍ № ҹҺ Ȃ ҹ

’ 95% └ҍ 5% Ȃ ꜛԍ ‗ Ữ Wall ⱳ Ȃ

’Ҋ̆ Ҍᴪ Һ Ữ ̆ ᶏ Ӟ 5% ҉̆ӞҌ ⱳ

̆ ҹ 5% Ȃ 

Ҍ ῃ ⌠ԅ └ №ȂҌ ҹ Ạ ̆ ᶏ

Ạ ֓ ̆ ԍ ԍ ֟ ԅ Ҍ Ữ ̆

῀ԅ Ҍ ⱳ Ȃ └ Ạ⌠Ҍ ᴰ Ӟ̆ ᾧҌ ̆

ᵖ └⌠ ӊῤȂ ҉ ᵬ Ӟ̆ᴪ ҹ

֓ Ȃ׆ ҉ x̆86 Windows ᵬ ԍѿ ֟ ̆ ѿҩ

̆ѿҩ ᵬ Ȃ ңҩ֟ ԍ ѿҩ ҬȂ 
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Ҍӄ Ӟ ᴪ₮ ԍ № ᵬ ̆ ҩ ᵬ ҍᴰ ᵬ ̆

Windows Linux̆ ֓ ᵬ Ạ ᵬ ҹ ᵌ̆ Ҍ ̆Linux ῀⌠ 2.6

ῤ ӊ ̆Ῥ ̆ ᵬ ҳ ѿҩ Ȃ ѿҩ № ᵬ

ҍ └ ῏̆Ӟ ҹ ᵬ ̆ ֓ ᵬ Ȃ 

ֲᴪ ̆ ᵰ ҹ └ ף ̆ҹָӇ ⱬ

CacheҬȂ ҹז ӊ ץ Ȃ Ṣ ԅ ̆ └

ῐ ף Ҍ̆ Ȃ └ ᶭ ᴪ׆ ӈ ӈ Cache

Ҭ ȂCache ‖ ̆ ̆ ̆ ֓ῤ

ҹ Ȃҕ ҆ ̆ ҆ ̆ ῤ ҹ Ȃ 

ᶏ └ᴪ Ạ ⌠ ̆ Ҍ ȂҺ Ữ

Ҍ ⱴᶭ Ԋ Ȃ ‗ ῀ ≢ CacheȂ

ѿ ᶏ Cache Ȃ 

Ҭ̆Cache Memory ҩ Ȃ ֓ ԑ῏ ̆ ԑᶭ ̆

ҹ Ȃ Һ Ữ ҍ Ữ ῒ̆҉ Cache

ԍ Buffer̆ Ȃ ֓ ̆

ѿ ̆ ҹ ̆ ҹ ̆ ԍ ̆ ӊ̆ ӊ Ȃ ѿҩ ccNUMA

Ҭ̆ῖ Cache Memory 4-1 Ȃ 

 

Processor

Register 

files

LSU

FLC

LSU

ctrl ctrl

FLC Interconnect

...

...

LSU LSU

ctrl ctrl

FLC Interconnect

...

MLCs

FLC FLC FLC

ctrl ctrl MLCs

MLCs Interconnect

...

Global Interconnect

...

...

ctrlMemory ctrl Memory

Processor

Register 

files

Processor

Register 

files

Processor

Register 

files

ctrl LLC ctrlLLC

...

 

4-1 Cache Memory [66]  

 

Ҍ ⱴ Һ Ữ Cache⁞ Miss Ratĕ ᶏ ѿҩ L1 Cache

ᴋ ҩ ᵬ Һ̆ Ữ Ҍֽ ̆ Ӟ ̆ ѿ ⱴ ԅ פ

Ȃ ѿ Cache ҩ Ȃ Cache ҍ ѿ

ѿҩ Trade-OffȂ ғ Cache ̆ῒ Ӟ Ȃ 

֓ ᶏ ף Ҭ ῀ Cache ҹ Ȃ ׆ ҉ ‗ Ữ

֓ ̆Cache ᴪ ̆ ╠ Ҭ

ԅ L3 cachĕ ᶏ L4 Cache Ҍ Ȃ 
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Cache Memory ҹ Ҭ Buffer̆ ҍ

Data Cache LSQ ҍ Instruction Cache I-Cache Line FillingᴆҬ BufferȂ

FLC(First-Level Cache)ҍ CacheȂ Ҭ̆FLC L1 Cachĕ

֓ Ҭ̆ L1 Cacheӊ҉̆ ѿ L0 Cachĕ ҩ L0 Cache ҹ FLCȂ 

LLC ҬҍҺ Ữ CacheȂ Ҍ Ҭ L̆LC

̆ ᶏ L2 Cache Һ Ữ ̆ L2 CacheҹLLC̕ ᶏ L3 Cachĕ

L3 Cacheҹ LLCȂ ֓ Ҭ̆ᶏ L1 Cache ῒ҉ ̆ ῒҊ

Һ Ữ ̆ L1 Cacheҹ FLC Ӟҹ LLCȂ 

MLCῒ҉ҍ FLC ̆ῒҊҍ LLC Ȃ ѿҩ Ҭ̆Cache Memory

L0~L3 Cache EDRAM ̆ῒҬ L0 Cacheҍ ̆ EDRAMҍҺ

Ữ Ȃ L0 Cacheҹ FLC̆ EDRAMҹ LLC̆ L1~L3 Cacheҹ MLCsȂ 

Ҭ Ҍ̆ ≢ Cache ᶏ ↕ Ҍ Ȃ ѿ Cache

Һ ᴋⱵ̆ Ҍ ҍ ῏ ȂẊ ѿҩ Ҭ L1 L2

ң CacheȂ ΐ Temporal Spatial Localityᶏ L1 Cache Hit Rate ̆

Ḃ L1 Cache 4KB 32KBȂ ᶏ L2 Cache Ҍᴪ ⌠ Miss[70]̆

ᶏ L2 Cache ᴨ Ҍ ҍ ̆ ғ L1 Cache Miss Rate ᵞ̆L2 

Cache ῏ [70]Ȃ 

ᶏ Ҭ̆ ԍ L1 Cache ᴨ Ғ ԍ Hit Timĕ ף

Ҭῒ 3~5ҩ Cycleӊ ҹ̆ԅ ᾧ ҩ Critical Path҉ ̆

̆ Cortex A8/9 Opteron̆ ᶏ ԅ Virtual CacheȂ L2 Cache ̆ῒ Cycleҍ

ԍ L1 Cache ṿȂ ֓ ᶏ Cache Hierarchy ҍ ᶏ

ѿ Cache ᵣ Miss Ratio ̆ ԅ Hit Time ҩ Ȃ 

Ҍ Ҭ̆L1ҍ L2 Cache ῏ ץ InclusiveӞ ץ Exclusive ῒז

̆ Exclusive̓͂ ̆ L2 Cache ⱴ L1 Cache Ȃ L2 Cache

Ҭ̆ΐ ̆ ץ Way Associatively ѿ ᵞ Miss RatioȂ 

ף Ҭ̆ ҩ L1 L2 Cache ȂLLC ῍֣

̆ ԅ ῏ Hit Timĕ Miss Ratio Miss Penalty ֓ ӊ ̆

Scalability̆ Bus Traffic ѿ ↓ Ȃ 

ѿҩ Ҭ Ҍ̆ Cache Cache Coherent Networking

̆ ѿҩ ccNUMA Ȃ ҩ Cache Coherent Networkingץ

̆ ᶏץ MESH̆ n-Cubĕ Ӟ ץ ̆ Ȃ ҩ ccNUMA

Ҭ̆ ҩ Cache Coherent Networking Ȃ 

ҩ Networking Cache ѿ ̆ ҩѿ ᶏץ

ᴆ̆Ӟ ᶏץ ᴆ Message ȂCache ῀ѿ ̆ ҩѿ

Ȃῒ ῏ ₮ ֲ Ȃ 

Cache Hierarchy ҍҺ Ữ ῏ ̆ ҍ ң Ȃ

ҩ ӊ ⱳ ֞ṿ ℗῏ Ȃ Һ Ữ ӊҊ Ữ ̆ SSD(Solid 

State Disk)̆ ↓ ῒזᵞ Ữ ׃ Ȃ Ữ Ҍᵖ ҹ

ᵞ ⁞ ̆ ғ ᵞ ᶏ ᵩ ̆ ץ ₮

Cache ᶏ Ȃ ҉ LIRS Clock-Pro Ȃ ҩ

ָӇ ҆ ̆ Ȃ 

֓ ӊ╠̆ ױ ׆ ⱴ ῤ ̆ Ữ Ώ

פ ̆ Ҭᶏ LSU ᴆ Cache Hierarchy Ȃ

Ҭ̆LSŬ AGU ALU ᵬ Ữ Ώ פ ҍ Ȃ 
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4.2 Ữ Ώ פ ҍ  

CPU CoreҬ̆ѿ Ữ פ ᾢ ṿ̆ ̆Dispatch ѿ ↓ ᵬ ̆

ᾢ⌠ LSU(Load/Store Unit)ᴆȂLSU ᴆ ץ ҹ Ữ ̆ ᴆҬ

Load QueueҍStore QueueȂῒҬLoad QueueҍStore Queueӊ ῏ ̆

ῒ ҹ LSQȂ Ữ Ҭ̆LSU ̆Ӟ

פ ҍ Cache Ȃ 

LSU ᴆ פ ѿҩ ᴆ ῒ̆҉ CPU Ữ פ ῒ̆Ҋ

Ữ ȂῒҺ ⱳ CPU Ữ ⌠ Ữ ̆ ῒҊ

Ữ Ȃ Ҭ̆ ῀ԅ AGU ⱴץ Ữ

פ ̆ᶏ ALU № LSUҬ Ȃ ׆ ⱳ ҉ ̆AGU ALU

Ạ ᵬᶭ ԍ LSUȂ 

ѿҩ ף Ҭ̆LSU ᴆ ⱳ ҹ ȂLSU ᴆ ᾢ

Memory Consistency Orderinğ ╠ѿ Ữ ҍפ

╠ פ Ordering ᶭ ῏ ̆ ╠ Ҍפ Schedulĕ Stall פ ̆

׆ ҹҤ L̕SU Ữ פ ᶭ ῏ ̆ ѿҩ

Ώ ̆ Race Condition ᴨ L̕SU ‰ Cache Hierarchy

ᶏ ̆ ̆ L1 Cache ῒ

№≢ ῀⌠ Tag ↓Ȃ 

L1 Cache № Ữ Ữ Ώ Ȃפ Ữ Ώ פ

LSU ᴆ ҹ Ȃҹ ̆Ҋ ῏ Ữ פ Ȃ Ữ

ᵬ Cache Block ̆ Miss Hit̆ Cache Hit̆↕

̆ LSUҬ Ḥ Ȃ 

L1 CacheҬMiss̆ ’ ѿ֓Ȃ ף Ҭ N̆on-Blocking Cache

҉ ѿҩ ̆ҹ ᾢ MSHRҬ№ ᵩ Entry̆ ӊ L1 Cache 

Controller ῒҊMemory Hierarchy Probe Ȃ 

L1 Cache ControllerҬ̆ ᶏ Split Transaction ҩ Probe ̆ӊ ѿ

↓ ᵬ̆ ҩ ᵬ ӊ Cacheѿ Ҍ̆ ѿ Ҍ

Ȃ ӊ ̆ Reply ȂLSU ⌠ ҩ Reply ᴰ

פ ̆ MSHRҬ EntryȂ 

҉ץ ֓ ᵬ ץ ̆ ᶏ Virtual Cache ץ ᶏ ̆

̆ ץ ҍ Tag ᴆ ̆ ѿ ↓ └ ѿ

Cache Ȃ 

Ữ Ώ Ữ ѿ֓̆ L1 Cache Hit ̆ᴪ ҹ ᵝ

ѿ ↓ Bus Traffic̕ L1 Cache Miss̆ ᾢ Ownership ExclusiveȂ

Ownership ҍ Ữ Miss ᵌ̆p Ữ Ώ Commitment ̆

Ώ῀⌠ CacheҬȂ 

Ҭ̆ Cache ҍ Cache ѿҩ

Ȃ ֓ ץ ̆ ₮ № Ȃp ֓

ccNUMA Cache ̆ ⱬȂ 

Ҋ ץ AMD Opteron ҹҺ̆ ѿ Ữ Ώ Ȃ ׆ױ Cache 

Hit Load-Use Latency ҩ № ̆ ѿ ׃ Cache Hierarchy

ᴇ ‰̆ Opteron LSU ᴆ ᵬ Ȃ 
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ΎҬ L̆oad-Use Latency ׆ פ ῀LSUӊ ̆

ץ ׆פ Cache HierarchyҬ ᵬҹ Ȃ Ҍ ̆ ῒҊ Cache Hit

Miss ̆ ⌠ Load-Use Latency Ҍ Ȃ 

Cache Hit ĂMD Opteron ₡Ṣ Virtual Cachĕᶏ ῒ L1 Cache Load-Use 

Latencyֽ ҹ 3ҩ Cycle[6]̆ ѿҩ Ȃ Intel Sandy BridgeҬ L̆1 

Cache Load-Use LatencyӞֽҹ 4ҩ Cycle[69]Ȃ ҩ Ҍ ῃ ѿҩ

Ҭ Cache Hierarchy ᵣ Hit Time Ữ ̆ Ҍ ֽ₡ ѿҩ ₮

Opteron Cache Hierarchy ᴨԍ Sandy Bridge Ȃ 

׆ Benchmark ҉ S̆andy Bridge Cache HierarchyҬ ԍ

Opteron̆ Virginia STREAM Opteron Copy̆ Scalĕ And Traid ҉

ᴨԍ Pentium4̆ ԍᶏ Nehalem Xeon Apple Mac Pro 2009̆ 4-1 Ȃ 

 

4-1 STREAM "standard" results[71]  

Data Machine ID ncpus COPY SCALE ADD TRAID 

2000.12.23 Generic_Pentium4-1400 1 1437.2 1431.6 1587.7 1575.4 

2005.02.04 AMD_Opteron_848 1 4456.0 4503.6 4326.3 4401.4 

2009.10.23 Apple_Mac_Pro_2009 1 8427.6 8054.4 8817.4 8953.4 

 

Copy̆ ScalĕAnd Traid Virginia STREAMӈ 4ҩ ᵬȂῒҬ Copy ᵬҍ a(i) = b(i)

S̕caleҍ a(i) = q×b(i) A̕ddҍ a(i) = b(i) + c(i) ̕ Traidҍ a(i) = b(i) + q×c(i) Ȃ

҉ץ ᵬ ץ ̆STREAM Ҍֽ Cache ῏̆ ғҍҺ Ữ

ⱬ ῏Ȃ ѿ Ҍ ᵬҹ Opteron Nehalem Cache

ᴨ ⱷ ᶭ Ȃҍ Ữ ῏ ѿҩ ΐ lmbench̆ ҌῬ Ȃ 

֓ Benchmark ҉ ԅ Cache Ữ Ȃᵖ ѿҩ

Ҭᶭ ᵬҹ Ȃ ԍ ҩ ̆ ѿ ׆ Ҭ

₮ Ȃ ֲᴪ ҩ ̆ ҹ ӥΏ ̆ ⌠ ᴨ

Ȃᵖ ҆ ̆ ̆ ֲ▼Ҋ Ȃ 

Intel Nehalem Sandy Bridge Ҭ̆FLC ҹ 4ҩ Cycle[12][69]̆ ѿ

ҩ ̆Intel x86 Pentium IV VIPT(Virtually Indexed and 

Physically Tagged) [12][68] L1 Cachĕ ԅ PIPT(Physically Indexed and Physically 

Tagged) ŵȂOpteron ᶏ VIPT ̆ L1 Cache ץ ᶏ Virtual Address̆

׆ ץ ѿҩ Ȃᵖ Opteron ᵝ ҹ 64ᵝȂAMD Bulldozer

̆ ᵝ ҹ 128b ̆Load-Use Latency ҹ 4Ȃ 

Ữ ԅ Hit Time ӊ ̆ Miss Penalty

̆Virtual Cache Ҍ ‗ Ȃ L1 Cache Miss ̆Opteron PIPT

L2 Cache ̆ᶭ ᶏ TLB̆ TLB Ҍᴪ Ȃ 

Virtual Cache ᴪ Cache Synonym/Alias ̆ RTB(Reverse Translation 

Buffer) ‗ ѿ Ȃᶏ ԅ ᶏ ᴆ ̆ ғ Ҭ ῀

ԅ TLB Consistency Ȃ ѿҩ Ҭ V̆irtual Cache Physical Cache

ᶭ ѿҩ Trade-OffȂ 

Virtual Cache ̆ Ғױ LSU ᴆȂ ף Ҭ̆ҹԅ

Ữ Ώ פ ѿ̆ҩ ҩ LSU ᴆ̆ ֓ LSUҌ

῏ ̆ ԑ ᶭ ῏ Ȃ 
                                                             
ŵ
 Sandy Bridge L1 Cache VIPT PIPTȂ 



60 
 

ԍ ѿҩ Ҭ ԅ ҩⱳ ѿ ̆ LSU ᴆȂҹԅḠ

Memory Consistency Model ̆ ֓ ᵬ ҩ

׆̆ ԅ Ȃ Ҍ Ҍ ץ ᾧ ֓

̆ Ȃ 

Ҭ̆ ҩ LSU ᴆ ῒ ̆ ῃ ȂOpteron

LSU ᴆӞ ԅ ңҩ LSU ᴆȂ ׃ ֓ῤ ӊ╠̆ ױ ԅ Opteron

̆ 4-2 Ȃ 

 

 

4-2 Opteron ת [72]  

 

Opteron Ҭ̆ Ữ פ Fetch̆ decodĕ Dispatch ̆ Operands

‰ ̆ Scheduler launch⌠ ᴆȂ҉ Ҭ Res ᴆῃ ҹ Reservation 

Station̆ Scheduler ѿҩ ᴆȂῒҬ Ữ Ώ פ ᶏ Integer Scheduler̆

ҩ SchedulerҬ ѿҩ AGU ѿҩ ALUȂ 

Opteron ҍ Ữ פ ῏ ᴆ Integer Scheduler̆ Load/Store Queuĕ

L1 Cache ῒҊ Ữ ȂLoad/Store Queue ҹ҉ LSQ̆ Opteron 

LSU ᴆ №Ȃ LSU ᴆҬ ԅΐ LSQӊ ̆ └

ҍ פ ֜ ̆ ѿҩ Ữ ̆

Ữ פ Ȃ 
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x86 Ҭ̆ Ữ פ ᵣ ҹ№ץ F(reg, reg)ŵ F̆(reg, mem) F(mem, reg) 

҈ Ȃ ֓ Ҭ̆פ 1ҩ Operandҹ ᵬ Ӟ ҹץ ᵬ ̆ 2ҩ Operand

ҹ ᵬ Ȃҍ LSU ᴆ ῏ ҹפ F(reg, mem) F(mem, reg)Ȃ ѿ פ

ҹ ̆ פ ᾢ Ữ ̆ Ῥ̆ Ữ Ώ̆

Read-Modify-Write ˃ opȂ Opteron Ҭ̆ SSE פ Ữ Ώᶭ

Integer פ ̆ҹ ̆Ҋ ҌῬ SSE פ Ữ Ώ  Ȃפ

ѿ Ữ פ ᶏ AGŬ ALU LSU҈ ᴆȂAGŬ ALU LSU ᴆ

ᵬҙ̆ ѿ Ữ Ώ ᵬȂL1 Cache Load-Use Latency

׆ Ữ פ ῀ LSQ Ȃҹԅ פ ̆ AGU ALUҬӞ

ΐ Ȃ Ữ פ ALŬ AGUҍ LSU ᴆ Ҭ ԑᶭ ῏ ̆

4-3 Ȃ 

 

Schedule AGU ɛop

Execute AGU ɛop Schedule LSU ɛop

TLB/Cache Access #1

TLB/Cache Access #2 Schedule ALU ɛop

Execute ALU ɛop

Write data to LS2

Write data to Cache

When all operands available

Tags appears on AGU result bus

Is the oldest LS1 entry

Virtual address

Tags appears on LSU result bus

Load data

Calculated data

(Read-Modify-Write ops only)

Completed (no longer speculative)

LSU pipelineAGU pipeline ALU pipeline

Send data to 

future file and ROB

(Read-Modify-Write ops only)

 

4-3 AGU/ALUғ LSU ᶳ ῗ  

 

≢№ױ F(reg, mem) פ F(mem, reg) פ Ȃ RS(Reservation Station)

F(reg, mem) ̆פ Operands Available ᾢ Launch⌠ AGU ᴆ̆

̆ ⌠ LSU ᴆȂᵖ Ữ o˃p ῀⌠ AGU LSU

№Ҭ ̆ LSU AGU Ȃ 

LSU ᴆ׆ Ữ Ҭ ӊ ̆ ῒ ALŬ פ

ȂF(mem, reg) פ ҍ ̆ LSQҬ ң ̆ 1

ALU ̆ 2 Store ˃ op commit Ώ῀ CacheȂF(mem, reg)

Ữ ᵬҍ F(reg, mem)ѿ Ȃ 

AGU ALU Pipeline ̆ ҌẠ ѿ ȂOpteron LSU

ᶏ Tag Data № ȂScheduler Result Bus ̆ Tag

ꜚ LSU ALU o˃p Ҍ̆ Data ̆ ’Ҋ Tag bus҉ ᾢԍ

Result Busѿҩ cyclĕ ץ OverlapҌ Ȃ Opteron Ҭ̆1ҩ Cyclĕ ץ

Launchѿҩ ALU ѿҩ AGU ᵬȂ 4-3 ̆ ңҩ ᵬ ῏ Ȃ 

                                                             
ŵ
 ӥ ҹ F(reg, reg) Ҍפ ԍ Ữ  Ȃפ



62 
 

LSU ᴆ ҍῒҊ Ữ ֜ԑ̆Ӟ 4-3 ҈ ᴆҬ ҹ

ѿҩ ᴆȂ Opteron Ҭ̆LSU ңҩ ᴆ ̆№≢ LS1 LS2ȂῒҬ LS1

Ҭ 12ҩ Entry̆ LS2Ҭ 32ҩ Entry̆ ῍ 44ҩ Entry[6]Ȃ 

LS1 LS2Ӟ №≢ ҹ Pre-Cache Post-Cache Load/Store Unit̆ ֲᴪ ҹ LS1

ԍ L1 Cachĕ LS2 ԍ L2 CacheȂ ѿ AMD ᴆᴨ Ύ[73]̆

ᵌӍ ѿҩ ̆Ӟ ҉ Ȃ ѿ ᵖ Ҍ‰ ̆

҉ ȂOpteron LSU 4-4 Ȃ 

 

 

4-4 Opteron LSU [6]  

 

Opteron Ҭ̆ѿ Ữ Ώ פ Dispatch⌠ Integer Scheduler ̆

Ӟᴪ Dispatch⌠ LS1 EntryҬ ȂLS1 AGU Tag Ḥ

̆ ӈ҉ Ȃ ֓ Ḥ ̆LS1 Ҋѿ

̆ ᶏ ѿҩ AGU֟ ȂLS1ᶏ Tag Ḥ Ҍ ԍ L1 Cache Probe

ᵬ̆ ץ AGU LSU Ȃ 

Opteron № Tag Data ≠ ⱴ ̆ AGU №

ҹңҩ ץ̆ AGUҍ LSU ᴆ OverlapȂ ԅ AGU ᴆ№ Tag Data

̆LSU ALUӞ ԅ № Ȃ 

LS1Ҭ פ Ҋѿ ׆ Data Ҭ ̆ ҉ Ŏpteron

L1 Cacheΐ ңҩ ̆ Ҍ ‖ ╠ Ҋ L̆S1 ᾢ ᾢ ῀

↓ ң Ữ Ώ ̆פ ῒ ֜ L1 Cache ControllerẠ ѿ Ȃ 

Ữ Ữ Ώ ᵬ̆L1 Cache Controller ᾢ Probe ᵬȂ

ᵬ Cache Read Probe ᵬ ȂΏ ᵬ Cache Probe ᵬ̆Ӟ

ӊҹ Probe-before-WriteȂ ҩ Probe ᵬӊ╠̆ ‰ Ώ Cache Block̆ Probe

ᵬ ᴪ ̆ ғֽ Ữ Ώ פ ғ Commit ᵬӊ

̆ Ώ῀Ȃ ԍΏ῀ ’Ҍ ѿҩ Cache Block̆

Probe ᵬ Merge Ώ῀ ᵬȂ 
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Ώ ᵬ ҉ Ȃ Ḃ ױ ԅҍ Store Ordering ῏

Memory Consistency Cache Write ̆ Cache Write Hit

ᶏ Write-Through̆ Write-Back Write-Once ̆ Cache Write Miss ᶏ

Write-Allocate, Write-Validate Write-Around Ȃ 

ױ ᾢ Write Probe ᵬӊ╠̆ Cache ‰ ѿҩ ᶏ Cache 

Block̆ ׆⌠ Ữ Ώ῀ Ȃ ױ ᾢ῏ ҩ↨↨‰

Cache Block ᶏ Ḥ ̆ɜ Ӎ MOESIF ₃ҩ ‰

Cache Block Ȃ 

MOESIF ֓ ᵝֽ Cache Controller ᶏ Ҍ Ῥ ᵝֽ̆ ѿ

ҩ Stable ̆ Cache Block Ҭѿҩ ȂѿҩCache BlockҬ ῒז ᵝ̆

ҹ Race Condition Transient ᵝȂ Cacheҍ Cache Ҭ

Coherence Message Bus TransactionȂ ѿ Cache ̆

Cache Controller FSMᶏ ᵝ ֲפ ҹ Ȃ 

ῒ ױ Ữ Ώ ᵬ Commitment Ȃ ҉ ̆

Ữ פ LSQҬ Ҭ ̆ Ҍᴪ L1 Cachĕ

׆ ᾟ№≠ ԅ ҩ Ȃ ҩ ץ ѿҩ ̆ ԍ Ữ פ

Cache Block̆ Ӟ Probe Cache ᵬȂ ҩ Ҭ̆ ңҩProbe

ᵬ ץ ׆̆ ѿ ҉ ᵞԅ TrafficȂ ֓ᴨ ԅ Ữ Ώ

פ ̆Ӟ ԅ Ȃ 

Opteron LS1Ҭ Ữ Ώ ᵬ̆ ̆ᶛ Ữ Ώ פ

Commitment̆ Ữ Ώ ᵬ LS1Ҭ ̆ Ữ

L1 CacheҬ ҬӞ ̆ ֓ LS1Ҭ פ ῀ LS2̆ ׆ ҹ

Ữ פ Ȃ ֓ ҹץ L1 Cache Hit Ữ ᵬ Ȃ׆

ҩ № ץ LS1Һ ԍ Cache Hit Ȃ 

LS2Ҭ Ữ Ώ ̆פ Load̆ Store Load-Store פ Cache 

Probe ̆ Cache Miss ̆ Ữ Ώ BUI(Bus Interface Unit)

ᴆ B̆UI ᴆ ׆ L2 Cache Һ Ữ Ҭ Ȃ LS2 ԍ Cache 

Miss ̆ Ữ Ώ  Ȃפ

Opteron Ҭ̆ ԅ Non-Blocking Cache ҹ̆ ѿ Miss Ữ

ⱴԅѿҩ MAB Tag(Missed Address Buffer Tag)ӊ Ῥ BUI ᴆ̆ ҹ ֓Miss

LS2Ҭ ԅ Fill TagȂ Probe ᵬ ׆ L2 Cache Controller ῒ̆ MAB Tag

ҍ LS2Ҭ Fill Tag ̆ ѿ ̆ LS2Ҭ Ữ פ

Miss׆ ҹ HitȂ 

Store פ LS2ҬẢ ̆ ⌠ ׆פ Ҭ ₮ ̆

Ώ῀⌠ Ữ ҬȂ Misprediction Exception̆ ҡץ LS2Ҭ

Store Ȃפ Store פ LSŬ ҡץ ̆ ҡ ᴆ ̆

Ҍ ҡ Ȃ 

Opteron Ҭ L̆1 L2 Cache Controllerҍ LSU̓̀ ѿ Ữ Ώ ᵬȂ

L1 L2 ControllerҬ Buffer̆ ֓ Buffer Ȃѿ Ữ ̆פ

פ ̆ ᾢ⌠ LSŬ LSU ῒ L1 L2 Cache Controller̆

֓ Cache Controller ▼ᵩ ᵬȂ 

Cache Controller Ḡ Memory Consistency ╠ Ҋ̆ ᴰ LSŬ

ѿ Ữ Ώ ῃ Ȃ ѿҩ Ҭ C̆ache Controller ѿҩ ҹ ⱳ ̆

ῒ Cache ҩ Ȃ 
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4.3 Cache Controller ᴆ 

ѿҩ Ҭ̆ Ữ ѿҩ ꜚ ᴆ̆ Ữ Ώ פ

DMA ᵬ Ȃ Ữ Ҭ Ԋ D̆MA ᵬᶭ

Ȃ Ҭ̆ѿҩ DMA ᵬ ᾢ ⌠ LLC̆ ӊ ԍῒז Cache

ѿ ᵬȂ LLC └ ᾢ ֓ DMA ᵬȂ 

ԅ ̆ ֓ ҍ⌠

Cache CoherencyҬ̆ ֓ ץ ԍ Ữ Ȃ ῖ

Graphic ControllerȂ׆ Sandy Bridge x̆86 ῤ ԅ Graphic 

Controller̆ Graphic Controller ҍץ ῍֣ Ữ Ȃ ᶏ Nvidia ҍ

ҩῤ ץ̆ ᴨ ̆ӈ ARM Ȃ 

ҌῬ῏ ֓ҍ ῏ Cacheѿ ̆ӞҌῬ ҍ DMA ᵬ ῏

̆ ῏ פ Ữ פ ץ̆ ֓ Ữ פ Ҭ̆

Cache Controller ᵬȂ 

׆ ҉ ᴋ̆ᵥѿҩ ‖̆ ֓ ‖

└ ȂῒҬҍ Cache Controller ῏ ̆ ‖ └

ᴆ̆Ӟ ҺᵣȂ 

֓ Cache Controller ῒ ‖ ̆ ѿҩ CMP ̆

֓ CMP ѿ ̆ ccNUMA ̆ 4-1

Ȃ ῏ ̆ ѿҩ CMP ӊῤ Cache Controller ҍ ̆

׃ ccNUMA ԑ Ȃ 

ѿҩ ccNUMA Ҭ C̆ache Controller FLC/MLCs/LLC Cache ControllerD̆MA 

Controller Directory Controller̆ ῍ ȂῒҬ FLC Cache Controllerҍ LSU פ

̆ 1 № ҍפ Cache̕ MLCs Cache Controller MLC 

Controller ̆҉ FLCҊ LLC Controller̆ Ҭ CacheȂ CMP

Ҭ̆FLCҍ MLCs Controller ѿҩ CPU Coreӊῤ̆ ԍ Cachĕ ғҍ CMP Ҭ

ῒז FLC/MLCsḠ ѿ Ȃ 

LLC Controller CMP ѿ CacheȂ ѿҩ CMP Ҭ L̆LC

ҩ CPU Core̓̀ ֣ ῒ̆ ץ Ҭ῍֣ Ӟ̆ №ץ ҹ ҩ Distributed LLCȂDirectory 

Controller ccNUMA ̆ Controller Home Agent/NodeҬ̆

ҍҺ Ữ └ ῏ ѿ Ȃ ѿҩ LLCҬMiss ̆ ⌠ Home Agent̆

ӊ ҹ CMP Cache Coherency/Memory Consistency Ȃ 

ױ ᾢ ѿҩ CMP ῤ̆FLC̆ MLCs̆ LLC ̆ Cache ԑ

Ȃ ҩ Ҭ̆ ῏ ᶭ Throughput Latency̆

Memory Consistency Ȃ 

ѿҩ CPU Coreῤ F̆LC ҹ Private Cachĕ ױ SMT ῖ ῍֣

FLC ȂMLCs ץ ҩ CPU Core Sharĕ Ӟ ҹץ PrivateȂ Intel Nehalem

[12] Sandy Bridge [69]Ҭ̆MLCsҹ PrivateȂ ∆ Power ↓ CPU 

Core῍֣ MLCs P̆ower4 Power5 ԅ [75][76]̆ ₮ Power6

Power7 ԅ Share MLCs ̆Ӟ ԅ Private MLCs [77][78]Ȃ 

AMD Bulldozer ԅңҩ CPU Core̓̀ ֣ѿҩ MLC(L2 Cache) ̆

ғ₮ֲ ᶏ ԅ NI/NE (Non-inclusive and Non-Exclusive) Write-Through [74]̆

ҍӊ╠ Cache ̆ ѿ VIPTȂ 
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֓CMPҬ L̆LCҹ ҩCore῍֣ Ӟ̆ №CMP LLCᵬҹ Victim Cachĕ Power6

Power7[77][78]Ȃҹ ⱴ LLC Scalability̆ ѿ֓ CMP ԅ Distributed LLC Ȃ

ױ ᾢ CPU Coreҍ LLCӊ ῏ Ȃ ѿҩ CMP Ҭ̆ ҩ CPU Coreҍ LLC

ᶏ Share Bus̆ Ring Crossbar҈ ̆ 4-5 Ȃ 
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4-5 CPU Coreғ Cache Hierarchy  

 

ῒҬ Share Bus ҹ ̆ Memory Consistency Ӟ ҹḂ ̆

Ӟ ̆ Share Bus ᶫ ̆ CPU CoreȂ ҩ CPU 

Core Ԉ ѿ ̆Ҍֽ ᵞԅ ̆Ӟ ѿ ⱴ ԅ LatencyȂ 

╠ CMP ᶏ ԅ Ring Bus ̆ Intel Sandy Bridge[69]̆ IBM

Power4[75]̆ Power5[76]̆Cell [79] XLP832[80]Ȃҍ Share Bus ̆Ring Bus

ᶫ ̆ Memory ConsistencyӞ ҹ Ȃ 

ᶏ Ring Bus ̆ ѿҩCPU Core Ring NodeҍRing Busԑ ̆ ѿҩRing Node

ҍῒ ңҩ Node ⌠ Ȃ ѿҩ Ҭ Ring Bus ץ ̆Ӟ

ץ Ȃ ԍ Coherency ̆Ring Bus ҩ Sub-Ring ̆№≢

ҍ Coherent Message Ȃῒ Һ Ҭ Ring Bus Ordering Ring-Based

Token Coherence Ȃ ҉ S̆hare Busҍ Ring Bus ѿ ̆ ῒ Snoop 

Message ҬȂ 

ҍ Share Bus Ring Busң ̆ᶏ Crossbar Switch ץ ᶫ

̆ ғ ץ Latency̆ Memory Consistency ₮ט

ꜜⱬȂ ֓ Ҭ̆ ᶏ ԅ Crossbar Ring Ȃ Power4ᶏ Crossbar ң

ҩ L1 Cache L2 Cachĕ ᶏ Ring L2 Cachĕ L3 Cachĕ L3 Directory Ữ └

[75]Ȃ Crossbar Switch ѿҩ UltraSPARC ↓ ̆ ╠UltraSPARC T1

T2(Niagara Niagara 2)[81] ԅ Ȃ Niagara 2 Ҭ 8ҩ CPU Corĕ

ѿҩ CoreҬ 8ҩ ThreadȂ 
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T2 Crossbar Non-Blockinğ Pipelined ̆҉ 8ҩ L1 CachĕҊҍ 8ҩ

Bank L2 Cache ̆ ץ 8ҩ Load/Store 8ҩ Data Return ȂL1 

Cache Write-Through L̆2 Cache Write-Back̆ Write-Allocate Ȃᶏ Crossbar

Ҍ Cache Coherent̆  T2 Ғ ԅ L2 Directory[81]̆ ԅ Die 

Sizĕ ץ ԍ T2 ӊ SPARC64 VIIIfx(Venus) L3 Cache ̆ BLAS ῒז

ԍ Ȃ Venus K Computer ԅ 68,544ҩ CPU 

Corĕ LINPACK Benchmark ⌠ԅ 8.162 petaflops̆ TOP500 ӊ [82]Ȃ 

֓ CMP ץ ѿ ԑ ̆ ҹ ccNUMA ̆

ҹ Supercomputer ̆ K Computer̆ Tianhe-1Ă Jaguar Roadrunner Ȃ

ӊ ̆ Infiniband̆ QPI HT ֓ ӊ Ȃ

҉҆ҩ PE(Processor Element)Interconnectionֲפ Ȃ ֓ Interconnection ᶏ

̆ Ḥ ԅѿҩ Ȃ 

Performancĕ Performancĕ Performance ᶏ Supercomputer Ҍ

ῒ Ȃ ѿҩ ̆ᴋᵥѿҩ ᴪ ᵞѿҩ ᵣ StabilityȂ

Scalability ⱴ ԅ Ȃ ѿ℗ ᵞԅ Supercomputer

ProgrammabilityȂ 

ᴪ ₮ᶏ ₃ҩ CMP̆ 2S̆ 4S 8S ̆

ѿҩ CMPῤ ᶏ Cache Hierarchy ῏ Ȃ ғ ֓

ֽ Cache Hierarchy ѿ №̆ FLC̆ MLCs LLCӊ BufferȂ

̆ ‗ ᾢ׃ LSŬ FLCҍ MLCsӊ Buffer̆ 4-6 Ȃ 

 

Out-of-order 

CPU

FLC Tag Array

Load Q Store Q

Snoop Q

System address and response bus

MLCs Tag Array

RSHR

MSHR

FLC Data Array

Store through Q

MLCs Data Array

WB buffer

WB buffer Fill buffer

System data bus

Fill buffer

bypass
L

S

U

RSHR

MSHR

 

4-6 CPUғ Cache ῗ  

 

ᶭ Ҍ CPUҍῒҊ Cache Hierarchy ῏ ̆ѿҩ CPU Coreҍῒ

Ҋ Ữ ȂҌ ῒ Ữ Ӟ

≢Ȃᵖ ԍѿҩ Ữ ̆ῒ Һ ᴋⱵᶭ Ȃ 

Ữ ᴋⱵ Cachĕ ᴰ ⌠ CPU Core

ѿ ‖̆ ᴰ ̕ ѿҩᴋⱵ ᶏ └ ҍ ֓ ῏

Ḥ ̆ Cache Tağ MSHR ῒז Ḥ ̕ Ӟ ῏

̆ Ữ ᶏ Consistency Model Coherence ProtocolȂ 
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ѿҩ Ữ Ҭ̆ɰ ȂῒҬ ѿҩ ᵣ ᾝ

Data Array ῏ Buffer̆ Cache └ ҈ № Ȃ ҩ ҍῒ҉

ῒҊ Buffer ̆ Ữ ҈ ᴋⱵȂ 

҉ LSQ MSHR̆ 4-6Ҭ RSHR(Request Status Handling Register)

ҍMSHR Ҍ ̆MSHR Һ ⱳ CPU Core Cache Miss ̆

RSHRҺ Ữ └ Coherence Ȃ ֓ Ҭ RSHR̆

ԅῒז ᵌ ᴆ Ȃ 

Fill Buffer MSHR ᵬ ῒҊ Cache Hierarchy ̆ ῒҬ Ḡ

ԅ № Cache Block̕ Store through QueueҺ ԍ Defer Write Write Combining Ȃ

Writeback Buffer Evicted Cache LinĕῒҺ Defer Writeback ҩ Transaction̆

Ḡ ῒҊ Cache Hierarchy ᴨᾢץ Cache Miss Ȃ 

҉ Buffer FLC/MLCs Controllerᶏ ῃ Buffer̆ Bufferҍ Cache

C̆ache Block ץ̆ Cache Read/Write/Evict Policy῏ȂҌ

ԅҌ Ȃ ֓Ҍ Ҭ ῏ ᶭ Bandwidth̆ Latency

ConsistencyȂ 

ҹ ᴋⱵ҉ץ C̆ache Controller ₃ Ȃ ᾢ Data Transfer

̆ ̕ῒ Data Transfer Replies̆ ҩ Reply ץ

Ữ ᶏ Ӟ̆ Ҍץ ӊ̕ State Inquiry/Update Requests State 

Inquiry/Update Replies̆ ҹḠ ‖ Ḥ ConsistencyȂ 

ѿҩ Ҭ̆ ѿ ⌠ Cache Controller ̆ ₃

ҍ ᴪ ѿ №ҹ ץ̆ Cache ҍ ȂҌ

ᶏ ԅҌ Cache ҍ ̆ᶏ ԅҌ ̆ ѿ ⱴ ԅ

Cache Controller Ȃ ccNUMA Ҭ̆ ҍ Coherence ῏ Data

MessageȂ ֓ῤ ҍ Cache Memory └ ῏Ȃ 

ѿҩҍ └ ῏ Cache Block M̆OESIF ῒҬ

№ ̆ ԍ Cache ԑ ̆ ԍ Consistency Base ̆ ѿ

֓ Transient ԍ Cache Block ℗ ₮ Race Condition ᴆȂ 

Ҍ Cache ControllerҬ̆ FLC/MLCs/LLC Directory Cache Controller̆ ֓

Ḃ ᵌ̆ῒ ӈᶭ Ȃ ֓ ᵝӊ ԑ῏ Ӟ ԑ ̆ ѿ ԅ

Cache Controller Ȃ 

ױ Cache Controllerᶏ ῒז ᵝ̆ ῏ ῒҬѿҩ ҹ

ᵝ Ĭnclusion Property[83]ȂInclusion Property Wen-Hann Wangᾢ ⱴ῀ԅ Intel̆

ԅ Intel׆ P6 ⌠ Sandy Bridge Cache Hierarchy ȂWen-Hannᾢ

ѿ ᶏ Cache Hierarchy ԅ Inclusivĕ Exclusiveӊ ̆ ԅ ѿ

ҩ NI/NE Ȃ 

4.4 To be inclusive or not to be  

ῖ ᵣ ӥ Ғ ԍ׃ InclusiveȂ ᶏ ҙ

Exclusive NI/NE Cache ̆ ₃ ╠ Ȃѿ֓

Ӟ ӊ ȂӞ ױ ԅ Inclusice Cache Hierarchy ̆ ҹ CPU Core

L1 CacheҬ Miss L2 Cachĕ L2 Cache Miss ῒҊ Ȃ ף CMP

Cache Ҭ ᶏ Exclusive NI/NE ̆ Inclusive

ΐ 3 ҉ץ Cache Ҭ Ҍ Ȃ 
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Ҭ̆ ױ ῀ Inner Outer Cache ȂInner Cache ӊῤ Cachĕ

Sandy Bridge Ҭ L1 L2ң Cachĕ Outer Cache ӊ Cachĕ

LLCȂ ֓ Ҭ Ĭnner Cache ѿ ̆ L1 Cachĕ Outer Cache

ҩ ῍֣̆ ’ҊӞֽ ѿ Ȃ 

֓ Ҭ Ĭnner Cache ҩ ̆ Sandy Bridge Ҭ̆ L1

L2 Cachĕ ң Cache ԍ Cachĕ Inner CacheȂ Inclusive Exclusive

ᾢ₮ Inner CacheҬ̆ӊ Inner Cache Outer Cacheӊ ȂҹḂԍ

̆ Inner Cache Outer Cache ѿ Ȃ 

Inclusive Cache ҹ Ӟ̆ ̆ Ĭnner Cache Outer 

Cache ѿҩ ̆ Inner CacheҬ₮ Cache Block Outer CacheҬѿ ΐ ◐ ̕

Exclusive Cache ̆ Inner CacheҬ₮ Cache Block Outer CacheҬѿ

◐ ̕NI/NE ѿ Ҭ ̆Inner Cache Outer Cache ῏ ̆ᵖ

ѿ֓ ᵝ Ȃ 

Inclusive Cache ҹ ̆ CPU Core Ҋ ⌠ԅ Ȃᵖ

Ҭ̆ ԍ Inner Cache Outer Cache Inclusive̓͂ ᶏ̆ Cache

Ῥᶏ Ȃ ѿҩ Ҭ̆ ѿ Cache

ῒ҉ Cache ◐ ̆Ҍֽ ѿ ̆ ⱴԅ Cache Coherency Ȃ 

Ḃ 2 Cache ̆Ҥ InclusiveӞҌ Ȃҹ ̆ Ẋױ

ѿҩ CMPҬ ңҩ CPU CoreȂ ѿҩ CoreҬ L̆1ҹ Inner Cachĕ L2ҹ Outer Cachĕ

Inner Cache Outer Cacheᶏ Write-Back ̆Core ᶏ MESI ѿ Ȃ 

ױ ᾢ L1 Cache Block̆ ҩ Cache BlockҬ Modified Ĕxclusivĕ

Shared Invalid 4 Stable Ȃ ԍStrict Inclusive ̆ № ԅL2 Cache 

BlockȂL2 Cache Block ԅMESI ֓ ᵝӊ ̆ҹԅḠ L1 Cacheӊ Inclusivĕ

ѿ֓ ̆ Shared with L1 CachĕOwned by L2 CachĕL1 Modified and L2 stale

ѿ֓ҍ L1 Cache ῏ Ȃ 

ѿҩ CMPҬֽ̆ ң Cachĕ ⱴ ᵝׅ ῤ̆ᵖ

⌠ L3 Cache ̆L3 Cache ԅ ӊ ̆ ⌠ Inclusive L1 L2 

Cache ҍ̆ң Cache ̆ ₮ ᴪ̆₮ L1 Modified̆ L2 Unchanged 

and Shared with L3 Ȃ 

ֲ Inclusive ̆ ԅ Cache ̆ ҹ ҉ Ҭ ῒ

Ҋΐ ◐ ׆̆ ԅѿ֓ Ȃ ҍ ѿҩ Trade-Off̆ ֓

ӊҊ ῏ ̆ ῏ Ȃ 

Outer Cache ԍ Inner Cache 4Ṑ 8Ṑ ̆ ᴪ

̆ Exclusive Cache₃Ӎ Ҍԋ Ȃ Outer Cache ̆ Inclusive 

CacheҌֽ ᵞ̆ ҩ Inclusive Outer Cache ᵬҹץ Snoop Filer̆ ᵞԅ

Cache Coherency ̆ Inner Cache Ȃ 

Inclusive Cache ѿҩᴨ ץ Inner CacheҬ Ώ Cache Block

Silent EvictionȂ ֓ Inclusive Cache ᴨ Ȃᵖ ׆ ҉ ̆ Inclusive 

Cache Ҥ Inclusive Cache Hierarchy ̆ ֓

ԅ Cache Ȃ 

ᾢ Outer Cache Eviction ̆ ԍ Inner Cache ◐ ̆ Ӟ

Ȃ Backward Invalidation ץ ‗ ҩ ̆ ԍ Snoop Filter

̆ᶏ ѿ ᵬ ⱴ‰ ȂҌ ᶭױ ̆Ẋ Inner CacheҬ

◐ Ώ ̆ Invalidation╠ ΏȂ 
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ѿҩ ῏ Inclusive Cache Ҭ Race ConditionȂ

ᵥ Cache ̆ ֓ҳ ᴆ ≢ ̆p Inclusive CacheҬ Ĭnner Cache

ҍ Outer Cache ⱴ ԅ ֓ Race Condition ‗ Ȃ 

ױ ᾢ ₃ ῖ Race ConditionȂẊ Outer Cache ԍѿҩ CPU Core Ữ

ᵬ Cache Miss Outer Cache Eviction ᵬȂ ԍ Inclusive ̆

Backward Invalidateῒז CPU Core Inner Cache Block̆ ̆ ҩ CPU Core

Ώ ѿҩ Cache BlockȂ Ẋ ѿҩ CPU Core Ώѿҩ Inner Cache Block̆ ѿҩ

CPU Core ׆ Outer Cache BlockҬ ̆Ӟ ₮ Race ConditionȂ 

֓ Race Condition Ҍ Ҍ ̆ ױ ץ ₮ ‗ ֓ Ȃ ֓

Inner Cache Outer Cache ᵬ ѿ֓ ̆ Cache 

BlockҬ ѿ֓ ꜛ ̆ ֓ ⱴ ԅ Cache Hierarchy ҍ Ȃ

‗ ֓ ҩ Race Condition ̆Ӟ Ҍ ̆ ⱴ֟ ԅ

ѿ Ȃ ѿ CMP Cache ѿ Ȃ 

Ҍ Inclusive Cache Ȃ ҩ ₮ Exclusive NI/NE

Cache Ҭ̆ Ạ ң Ạѿҩ ≢Ȃ ֟

̆ז ӊ Ȃ 

Inclusive Cache ѿ ̆ ҉ Snoop Filter̆ Inclusive LLC ѿҩ

Snoop Filter̆ ҹ LLCҬ ҩ CMPҬ Cache ◐ ̆ Ҭ

LLCҬⱴ῀ѿ ҩ Filter̆ Ҍ ̆Nehalem ᶏ ԅ

[12]Ȃ 

̆ᶏ Inclusive Cache ̆ ԍ Outer Cache Inner Cache

ῃ Ḥ ̆ CPU Core ῀ ̆Inner Cache₃Ӎ ῃץ ῀ᵞⱳ ̆

ֽֽ Ḥ ̆Ҍ ῒῤ Snoop ᵬȂ NI/NE Exclusive Cache

ΐ Ȃ 

Exclusive Cache Pure Inclusive Cache ѿҩ ׆̆ ҉ ̆ᶭ

Ȃ Cache Ҭ̆1ҩ Cache Block ץ ԍ Inner CacheӞ

ץ ԍ Outer CacheҬ̆p Ҍ ԍ ң CacheӊҬȂҍ Inclusive Cache ̆

Inner Outer Cacheӊ ᾧԅ Cache Block ֟ ׆̆ CPU Core ҉ ̆

Exclusive Cache ԍ ᶫԅѿҩ Cachĕ ҉ ԅ Cache 

Hierarchy ᵣ Hit RatioȂ 

ѿҩ Ҭ̆Cache Hit Ratio ῏Ȃ ᾢ ᵥᾟ№ ᴋ

Ⱶ Temporal Locality Spatial Locality̆ ҍ Ȃ ᵥ

̆ ԍ ѿҩ ̆ ᶫ Cachĕ ꜛԍ Cache Hit RatioȂ 

҉ ױ ץ ̆ ᶏ ╠ Ҋ̆ᶏ Exclusive Cache

ץ Cache ̆ Cache Inner Cache+Outer CacheȂ

Inclusive Cache NI/NE Ạ⌠ ̆Ӟ Exclusive Cache ᴨ Ȃ ֽ Ԋ

ѿ №Ȃ 

Ẋ ѿҩ Ҭ̆ ң Cachĕ №≢ Inner Outer̆ Exclusive Ȃ

ѿ Ữ Inner Missғ Outer Hit ̆ Inner OuterҬ Cache Block

ԑ֜ ̆ Inner CacheҬ Evict Cache Block Outer Cache Hit Cache Block̆ Outer 

Cache Hit Cache Block Inner Cache Evict Cache BlockȂ 

Ữ Inner Outer CacheҬῃ Miss ̆ ῒҊ Memory Hierarchy

῀ Inner CacheȂ ҹ Exclusive ̆ ῒҊMemory Hierarchy

Ҍᴪ ῀⌠ Outer CacheȂ 
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ҩ Ҭ̆Inner Cache ᴪ Cache Block Eviction ᵬ̆ Eviction

Cache Block Outer Cache ̆ Outer CacheӞ ᴪ ₮ Eviction ᵬȂ ֓

ҹ Inner Outer Cache Eviction ᵬ Cache Block̆Ӟ ҹ Victim Cache Block

Victim Cache LineȂ 

Exclusive Cache Ҭ̆ ᾢ Victim Cache Block Ȃ CPU Core

ᵬ ̆ Inner CacheҬMiss̆ Outer Cache׆ ῒҊ Memory Hierarchy

Ҭ ̆ ҩ ῀⌠ Inner CacheȂ Inner Cache ᾢ Eviction

ᵬ̆ ҩ Cache Block Ȃ ҩ Victim Cache Block ᾟ⌠ ҩ ‖ҬȂ ץ

Outer Cacheᵬҹ Victim CacheȂ Cache Block ῀ Outer Cachĕ ̆

Outer Cache Eviction ᵬ̆׆ Ȃ 

Exclusive Cache Ҭ̆Outer Cache Hit Cache BlockӞ

Inner Cache Evict Cache Block[84]Ȃ ҍWen-Hann ῏NI/NE Cache Accidentally 

Inclusive ѿ ̆ NI/NE Cache Ҭ̆ Inner Cacheҍ Outer Cache

ᵬ̆ᵖ ̆ Inner CacheҬ Hit Cache BlockӞ ԍ Outer CacheȂ

Ҍ ̆ ѿҩ Accident̆ Wen-Hann ῒ ҹ Accidentally Hit[85]Ȃ 

[84] [85] ѿ ңҩҌ ̆ ѿ Inner Cache Outer 

Cache ԑ῏ Ȃ ԍᶏ Exclusive Cache ̆ ᶏ ‖ Cache 

Block̆ Victim Replication[88]̆Adaptive Selective Replication[84] ѿ ↓ ̆

Ȃ ֓ῤ ῀⌠ԅ Ғҙ ̆ Ҍ ̆ ׃ֽ

AMD K7 ↓ Athlon Duron Ȃ 

Athlon Ҭ L̆1 Cache ҹ128KB̆№≢ҹ64KB Data 64KB Instruction Cachĕ

ҍ CPU Core Clock ̆ Hit Load-Use Latencyҹ 3ҩ Clock CycleȂL2 Cache

ҹ 512KB̆ ҹ CPU Core Clock ѿ [86]ŵȂL1ҍ L2 Cacheӊ ṿҹ 4̆

ᶏ Exclusive Cache ҹ Ȃ L1 Cacheҍ L2 Cacheӊ Ăthlon

ԅҒ Buffer̆ ׆ L1 CacheҬ Cache Block̆ ҩBufferӞ ӊҹVictim BufferȂ

L1 Cachĕ L2 Cacheҍ Victim Buffer Ȃ 

 

CPU L1 Cache

Victim 

Buffer
M

U

X

L2 

Cache

BIU

Main 

Memory

(DRAM)  

4-7 L1 CacheЇL2 Cacheғ Victim Buffer [89] ƙ 

 

Athlon Ҭ V̆ictim Buffer 8ҩ 64B Entry Ȃ L1 CachĕVictim Buffer

L2 Cacheӊ Ӟ Ҥ Exclusive̓͂ Ȃ Athlon L1 Cachĕף ҹ

128KB ѿҩ ̆ ҩ ⌠ׂ Ӟ Ҍ Ȃ ᶏ CPU Core

L1 CacheҬ Ҭ L̆1 Cache L2 Cache Ҍ V̆ictim Buffer Cache Block

ץ Idle ҍ L2 Cache ȂVictim Buffer ᴪ ҹ Entry

ҹ [86]Ȃ 

                                                             
ŵ
׃  Athlon L2 Cacheҹ Full-Speed On-Die L2 CacheȂ 
Ŷ
 [89]̆ ꜚȂ Ҍ №ῤ ֽ̆ Ȃ 
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CPU Core L1 Cache Miss̆ Victim Buffer Hit ̆ Victim Buffer׆

Ҭᴰ CPU Core L1 Cachĕ ׆ L1 CacheҬ Evict Cache Block Victim Cachĕ

L2 Cache ҍȂ Ḃ L1 Cache Victim Bufferῃ Miss ̆Athlon

L2 Cache Load-Use LatencyӞֽҹ 11ҩ Clock Cyclĕ L1 Miss ᶏ 3ҩ CycleȂ 

Victim Bufferҹ ̆CPU Core L1 CacheҬ Missғ L2 CacheҬ Hit

Ҭ V̆ictim Buffer Cache Block ᶏ 8ҩCycle┘ ⌠L2 CacheҬ ӊ̕ L2 Cache

2ҩCycles Turnaround Ҭ Cache Block ֜ L1 Cachĕ L1 Cache

Ҭ Evict Cache Block Victim Buffer̕ L2 Cache 2ҩ Turnaround

ҩ ᵬȂ L2 Cache Load-Use LatencyӞֽҹ 20ҩ CycleȂ 

Athlon Cache Hierarchy ҍ Ҭ ԅᾢ Ȃ

Ҭ̆ ᾢ Cache HierarchyҬȂ K8 ѿ ᴨ

ԅ Cache Hierarchy Ȃ 

AMD Magny Cours Ҭ̆L3 Cacheᵬҹ L2 Cache Victim[87]ȂAMD Exclusive 

Cache ̆ ԍ K7̆ K8 K10 ѿ ↓ ᶏ ԅ ѿ Ȃ AMD₡Ṣ

Cache Hierarchy ҉ ֓ ᵌ ᾢᴨ̆ל ԅῒ ҉ ᾣ ȂIntelף

⌠Nehalem ӊ ԅAMD̆ Cache Hierarchy ҉ ѿ Ȃ 

AMD Bulldozer Cache Hierarchy ҉Ạ₮ԅ ҹ ̆

L1 Cache ᶭ ᶏ VIPT ̆ ҹ 16KB̆ ӞҌῬ ӊ╠ 3 ҩ Cycle

Load-to-use Latency̆ ⌠ 4ҩ CycleȂLatency ᶏ Bulldozer L1 Cache

ᶏ 128ᵝ ҹ ̆ ԅ Ȃ 

L2 Cache ңҩ CPU Core῍֣̆ 2MB̆ ᶏ Exclusive Cache

ӈ̆Ҍ₮ Bulldozer ԅ NI/NE Ȃ ֲפ L2 Cache

Load-to-use Latency ⌠ԅ 18~20ҩ Cyclĕ ԍ Nehalem Sandy Bridge 10

ҩ Cycle[74][12][69]Ȃᵖ ҍ Nehalem Sandy Bridge ̆Bulldozer ԅ

Outstanding Cache Miss  ̆ L1 Cache Miss ҹ 8ҩ L̆2 Cache Miss

ҹ 23ҩȂ 

Bulldozer ֓ Qualitative Research Quantitative Analysis̆

ӊ╠̆ ѿ Bulldozer ᴨⱷȂԊ ҉ Ḃᵰ

⌠ ֓ ̆ Ȃ ֓ Ạ⌠Ὲ ῃ ̆ ’ӊҊ

ᶭ ѿҩ Ȃ ץ ̆AMDᶭ Ҍ ╠ ̆ Intel

Ԋ Ҭ ̆ ҩῈ ṿ Ȃ 

Bulldozer ԅ Exclusive Cache ԍῒ Ȃ Ḃ

№ Ĕxclusive CacheӞ ȂExclusive Cache Pure Inclusive Cache ѿҩ

̆Inner Cacheҍ Outer Cache ᶭ ѿ ̆ ԅ Cache

֜ ̆ ῒ Inner Cache Victim Cacheӊ Ȃ CMP ccNUMA

Ҭ ⱴ€ Ȃ 

ᾢ Outer Cacheᵬҹ Inner Cache Victim ̆Outer Cacheׅ Inner 

Cache Request Reply Ḥ ̆ⱴ ԅ Outer Cache Controller Ȃῒ ѿҩ

CMP Ҭ̆ ҩ CPU Core Snooping ᵬ̆ Probeῒז CPU Core

Outer Cache Tag Inner Cache TagȂ 

Inner Cache Tag Probe ᵬ ╠ CPU Core Inner Cache ̆

ҩ ҩ CPU Core ῏ ῤ ̆ ԍ῏ Ȃ Probe ᵬ

L1 Cache Tağ CPU Core L1 Cache ̆ ᴪ Stall פ

̆ Ҥ Ȃ 
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’Ҋ̆ ᶏץ ң ‗ Ȃѿҩ Ғ Snoop Filter̆

ῒז CPU Snoop Transaction̆⁞ Inner CacheҌ Probĕ ԍ Exclusive 

Cache Snoop Filter ̆ Inclusive Cache Snoop FilterȂ ѿ

└ Inner Cache Tağ CPU Core Inner Cache Tagҍ Snoop ᵬȂ 

ң ᴪ ᴆ ׆̆ ⱴ ԅ Cache Controller ȂҌֽ

̆ Cache Hierarchy Ҭ ⱴ῀ѿҩ Buffer Memory Consistency

̆ Race Condition Transient StateȂ ѿ℗ᶏ

ҹ Cache Controller̆ ⱴ ץ Ȃ 

NI/NE Cache Exclusive Cacheҍ Inclusive Cache ȂIntel׆ P6 ѿ ⌠

╠ Sandy Bridge ѿ̆ ᶏ ȂIntelӞ Exclusive Inclusive 

Cache ̆ ԅ NI/NE ̆Ӟ ԅ Intel x86 Memory Hierarchy

ᾢȂp Ҍױ ᶭ ₮ NI/NE ᴨ Ӟ̆Ҍ ҹ ҩ ѿҩ

̆ ⌠ ҹῃ ӊ╠̆ Ạ₮ ᴨ ⱷ ∞ Ȃ Ḃ

֓ ӞҌ ᵬ₮ Ȃ 

ᶏ NI/NE Cache Ĭnner Cacheҍ Outer Cache № ῤ ҍ̆ Inclusive

C̆ache ≠ ̆p ׅ Ҍ Exclusive Cache ̆ ҹ Accidentally 

Hit ̆NI/NE Cache ≠ ҍ Inclusive Cache ̆ ҹ Ȃ ׆ ҩ

₮ ̆ Ҭ ᶏ NI/NE Cache ꜚⱬȂ 

NI/NE Cache ̆ Outer CacheҬҌḠ Inner CacheҬ ῃ Ḥ ̆

ῒז CPU Core Snoop Transactionׅ Probe Inner Cachĕ ᶏ NI/NE Cache

ᶭ └ Inner Cache Tağ ⱴ῀ѿҩ Snoop FilerȂ 

ң҉ץ׆ № ̆ ױ ₮ᶏ NI/NE ᴨ ȂNI/NE Cache

ᴪ ֓ ᴪױז̆ ₮ NI/NE Cache ᴨ ȂNI/NE Cache ץ Outer CacheҬ

ⱴ῀ IB(Inclusive Bit) CD(Clean/Dirty)β ̆ ᾥ Inclusive Exclusive Cache

̆ ᴨ ̆ ⁞Outer Cache Conflict Miss̆ᾟ№≠ Inner CacheҍOuter Cache

̆Write Allocate on Inner Cache without Outer Cache interaction̆⁞ Ҍ

RFO(Read for ownership)ᵬ Ȃ 

׆ ֓ ᴨ ̆p ⱴ῏ ֓ᴨ ᵥ׆ Ȃ׆ѿҩ

҉ N̆I/NE Cache ᴨ ԍ ԅ Cache Hierarchy Ȃҍᶏ Inclusive

Exclusive Cache ̆ ᶏ Inner Cache Outer Cache ⌠

ԅ ᵞ̆Ӟ ᵞԅ Cache Hierarchy Ȃ 

ᵞ ꜛԍ Inner Outer Cache Controller ѿ ҉ ҹ Ȃ

ҹ Ҍֽֽ ԅ Cache Controller ̆ ԅ ֲ

ᵬ Ȃᵖ ҹ ѿ ҉ ̆Inner Outer Cache Inner ҩԊ

‗ ԅ Inner Cache Outer Cache ᵥ ԑ ̆ᶭ Ȃ 

NI/NE Cache Ҍ Intel x86 ῃ ȂIntel Nehalem Sandy 

Bridge ̆ ᶏ NI/NE Cache ̆Ӟᶏ ԅ Inclusive CacheȂNehalem EP

4ҩ CPU CorĕῒҬ ѿҩ CPU Core L1 L2 Cachĕ ῒҬ L1 L2 Cache

ҹ Inner Cache̕ CPU̓̀ ֣ ѿҩL3 Cachĕ ҩL3 CacheӞ ҹLLC Outer CacheȂ 

ῒҬL1 Cache 32KB Cacheҍ32KBפ Cache ̆ NI/NE L̕2 Cache

ҹ 256KB̆ NI/NE L̕3 Cache ҹ 8MB̆ Inclusive ̆ Cache

Ҭ CPU Core L1 L2 Cache ◐ ȂInclusive LLCӞ ѿҩ Snoop filterȂ

LLCҬ ѿҩ Cache BlockҬ ѿҩ 4ᵝ Valid Vector ̆ LLC

Ҭ ◐ ԍ 4ҩ CPU Core Inner CacheҬ[12]Ȃ 
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Valid Vector[i]ҹ 1 ̆ iҩ CPU Core Inner CacheҬ LLCҬ Cache 

Block◐ ̆ ҹ NI/NE V̆alid Vector[i]ҹ 1 ҌḠ Inner CacheҬ L1 L2 

CacheҬ ◐ ׅ̆ ѿ Probe ᵬ̕ Valid Vector[i]ҹ 0 ̆ i

ҩ CPU Core Inner CacheҬѿ Ҍ LLCҬ Cache Block◐ [12]Ȃ 

LLC Valid Vector ץ Nehalem EP/EX ccNUMA Ҭ

Cache CoherencyȂ ҹ LLC ףץ ѿҩ Nehalem EP/EX Ҭ Cachĕ ῒז

Socket Snoop Cache ֽ̆ ᾢ LLC ̆ Ҍ ѿ Probe Inner

Outer Cachĕ ׆ ԅ Cache Hierarchy Ȃ 

Sandy Bridge Snoop Filter ҍ Nehalem EP/EX ᵌ̆ ѿ

ԅ Nehalem EP/EX Valid Vector ץ̆ ῤ GPU[69]Ȃ Exclusive 

Cache Magny Cours 6MB L3 CacheҬ⅞₮ԅ 1MB Probe Filter Directoryᵬҹ

Snoop filter[87]̆ ғ ԅ Cache Controller Ȃ 

AMD ῒ ԍ Intel̆ Die Size ᵣ ⱷלҊ ᶏ̆

Probe Filter Directory ≠ԍ ҩ CMP Cacheѿ ̆ ῒ 4ҩ

Socket Ȃᵖ Ḃ ҩ Ҋ̆AMDֽᶭ Probe Filter Directory Ҍ

ץ IntelȂSandy Bridge LLC ₃Ӎ Ҋ̆Ҍֽ Clock Frequency̆

ғῒ Load-Use Latencyֽ ҹ 26~31ҩ Cycles[69]Ȃ 

ӊ Sandy Bridge LLC Ҭᶏ ԅ Distributed ̆ ѿҩ LLC№ ҹ

ҩ Slicĕ ῒҬ ѿҩ CPU Core ѿҩ Slicĕ CPU Core Hash SliceȂ

Partitioning Cache Sliceᵞԅ Cache Coherency ̆ ѿ ԅ LLC

̆ ԅ LLC Scalability̆ ᾧԅ Cache Contention[69]ȂAMD Magny Cours

Ӟ Cache [87]Ȃ ӊ ̆NI/NE with Inclusive Cache ᶏץ ѿ֓

ѿ ᴨ ̆ [90]Ҭ׃ TLA(Temporal Locality Aware) Ȃ 

Intel NI/NE Inner Cacheⱴ Inclusive Outer Cache ̆ AMD

Exclusive Cache ŵ̆ Cache Hierarchy Ҭ̆ ᵞ ≢Ȃ

׆ ҉ ̆ ֓ Ҍ Ῥ Ȃ 

Ҭ̆ѿҩ ׆ ֲ ̆ Ӟ ѿ̆ᵣ

ꜛԍ ᵣ ̆p Ӟ ⇔ Ȃѿҩ ᵬҹӟ

ץ ѿҩ ̆⇔ ₮ѿҩ ѿҩ ԍז Ȃ ֟ Ҍ̆

̆Ҍ └̆ Ȃ ѿ ▲̆ ֓ ▲ᶏ ֓

Ȃ 

Ҍ ᵣ Ҍ ᶏ ֓ ▲₃Ӎ Ȃף ֓ ֲҌ

└ ᶏ̆ ѿҩ ֲ ԍ ҩ ף ԇ ̆ ԍ ֲ

Ȃ ᶏ ֟ ̆ ̆ Ҍ ̆ Ҍ Ȃ

Ӟᶏ ѿҩᴨ ᾣ ̆ Ặ₮ԅ Ҍ ӞҌ

Ҭ Ȃ ֓Ҭ Ȃ ѿֲ֓ ֓Ҭ Ȃ 

4.5 Beyond MOESIF 

Ῥ ҍ Cache Coherency ῏ MOESIF ᵝ̆ Ҍ ᵥ׆ ȂMOESIF ֓

ᵝᵌ ̆ ֲ Ȃ CMP Ҭᶏ Cache CMP

Cache Coherency̆ ԅMOEIF ֓ ᵝ Ȃ 

                                                             
ŵ
 Magny Cours Ҍ Ҥ ӈ Exclusive CachĕL3 Cache True Sharing [87]Ȃ 
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ѿҩ ҩ CMP ccNUMA Ҭ̆Cache Coherency ң ῤ ̆

ᾢ Intra-CMP Coherencĕῒ Inter-CMP CoherenceȂῒҬ Intra-CMP Coherence ѿ

ҩ CMPῤ Cache Coherency̆ Inter-CMP Coherence CMP Cache Coherency̆ ң

ӊ ῏ 4-8 Ȃ 

 

P0 P1 P2 P3

L1 L1 L1 L1

Interconnect

Mem 

I/F

Node 

I/F
L2 L2 L2 L2

CMP Node

CMP

CMP

CMP

CMP

Intra-CMP Coherence Inter-CMP Coherence  
4-8 Intra -CMP Coherence Inter -CMP CoherenceӐ ῗ [91]  

 

ѿҩ ccNUMA Ҭ̆Intra-CMP Coherence ҍ Inter-CMP Coherence

ᵬ̆ Cache ῃ CoherencyȂҌ CMP ԅҌ Intra-CMP Coherence

̆ ץ Share Bus̆ Ring Bus Directory̆ ֓ ≠ ȂInter-CMP Coherence

ץ ᴆ֜ Message ̆ ҹԅ ᴆ Programmability̆

ᶏ ԅ ᴆ ֓ Message֜ Ȃ ѿҩ ccNUMA Ҭᶏ CMP 4ҩ

̆ ᶏ Directory Ȃ 

ұ ף Ҋ̆ccNUMAל ץ Coherence Message

Packet ᴰ ̆ᴪ InternetҬ₮ Router̆NI(Networking Interface)̆

Flow Control̆QoS̆ Routing Algorithm Ȃ ccNUMA Ҭᶏ Interconnection

ҌᵖҌ Internet ғ ȂK Computerᶏ 6D Mesh/Torus Interconnect[92]

╠ ԍ Internet Ȃ 

 

4-9 6D Mesh/Torus Interconnect[92]  

 

Supercomputerᶏ Interconnect ₮ԅ ̆p Cache׆ֽ Coherency

№ Ĭnter-CMP Coherence ԍ Intra-CMP CoherencĕCache Coherency

ᶭ CPU Core ̆Cache ԑ Ӟ CPU Core Ȃ

׃ Intra-CMP Coherence Һ Ȃ 

Intra-CMP Coherence ԅ∆ ȂῒҬ Cacheӊ ῏ ̆

ҹԅ ֓῏ ᶏ Cache Block ҹ Ȃֽ ῒҬᶏ Cache 

Coherency Protocol Ӟ ⌠ԅ ᶏ Ғ ῒ Ȃ ҩ

SLICC(Specification Language for Implementing Cache Coherence)̆ ҩ ԍ ῀ԅ

Cache Coherency Protocol ԅ Ȃ 
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ԍ ֲ ̆ ӟ Cache Coherency Protocol ΐ Simulator ᶏ SLICC

ӥΏ ֓ ף Ȃ Ҭ ᴪ ̆ᵖ ̆

ֲ ᵰ Ȃ ᶫԅ ӟ Cache Coherency ProtocolȂ 

ҍ CMP ῏ Һ SESC̆Simics̆ M5 GEMSȂSimics ∆ Virtutech

Ȃ Virtutech ҉ ԅѿ֓ ᵬ̆ Simics ҙ֟

̆ ױ ᴪ ט LicenseȂ ȂIntel ԅ VirtutechȂ 

M5 GEMSҺ ԍ ҍ ̆ ѿҩᾧ ғף Ὲ ȂM5 ᶷ CPU 

Model̆ ISAs ̕GEMS ᴆ Cache Coherency Protocol Ruby Memory 

HierarchyȂM5 GEMSΐ ԑ ̆Ӟ ҹ ҩ ̆ ңҩ Simulator

ҹ GEM5 Simulator[93]Ȃ 

GEM5 ᾣ ῤ̆ ӥΏ ȂGEM5 ԅM5 GEMS

Һ ᴨ ̆ Alphă ARM̆ SPARC x86 ̆ Functional Timing Simulation̆

ᶫ FS(Full-System) SE(Syscall Emulation)ң Ȃ Ḃ Android Ӟ ץ

GEM5 Simulatorӊ҉Ȃ GEM5 SimulatorҬ ῤ ̆ ῏ ᶏ SLICC

Cache Coherence ProtocolȂ 

GEM5 Simulator ף http://www.gem5.org/DownloadҬҊ Ȃ ֓ ף Ҭ̆

ױ ῏ ./src/mem/protocol Ȃ ҩ GEM5 Cache Coherence 

Protocol̆ MI_examplĕ MOESI_hammer̆ MOESI_CMP_token̆MOESI_CMP_directory

MESI_CMP_directory̆ .slicc .smң ᴆ ȂῒҬ xyz.slicc ᴆ xyz protocol

.sm ᴆ̆ .sm ᴆҬ Cache Controller ΐᵣ Ȃ 

ѿҩ.sm ᴆҬ̆ ᾢ ѿҩ machine(L1Cache, "MSI Directory L1 Cache CMP")̆

ץ ₮ ╠ Cache Controller Ȃῒ Network Ports̆States̆ Events̆

Ruby Structurĕ Trigger Events̆ Actions Transitions Ȃ 

 ̧ Network Ports MessageBuffer ӈ̆ Cacheᶏ ľFromĿ ľtoĿ

̆ᶏ virtual_network ѿ ↓Ḥ Ȃ 

 ̧ States Cache Blockᶏ ᵝ̆ Base Transient States Ȃ ֓ ҍ

Cache Coherence Protocol ῏̆ ԅ MOESIF ֓ ᵝȂ Cache

ԇԅ MOESIF ֓ ᵝץ Ȃ 

 ̧ Events Cache Block ̆ Load̆ Ifetch̆ ACK̆ NAK ѿ ↓Ԋ

ᴆȂ ֓ Event ץ Ӟ ץ ῤ ֟ Ȃ 

 ̧ Ruby Structures ԍ ӈ ╠ ῤ ᶏ Variables̆ Structures Functions̆

Ӟ ץ ╠ ӊ Ruby StructuresȂ 

 ̧ Trigger Events ӈ Input Output Ȃ ѿҩ ѿҩMessageBuffer Ȃ

Input ץ ף ̆ ╠ Components Wakeup ̆ ף ᾢ

Ҭ Messagĕ ↕ᶏ peek₱ ῒ ⌠ѿҩῤ in_msgҬ̆

ӊ ץ ҩ in_msg № ̆ Ạ ᵬ̆ Trigger ҩ EventȂ 

 ̧ Actions Cache Block ᵬ̆ enqueue dequeue

ᵬ Ȃ 

 ̧ Transitions Starting StatĕTriggering Event̆ Final State ѿ ↓Actions Ȃ

Final State ̆ Actions ̆ Ả Starting StateȂ 

ԍ ѿҩΐᵣ Cache Coherence Protocol ̆ ֓.sm ᴆ ⱴ ѿ Ӟ Ҍ Ȃ

ῒҬ MOESI_CMP_directory Protocol̆ ῒ ף Ӟֽ 5,565 Ȃ ֓.sm ᴆ

ԑ῏ ̆ ԑᶭ ̆ ᾢ Cache C̆ache Transaction̆

Cacheѿ ̆CPU LSU ᴆ ҍᵣ ῏ Ȃ 

http://www.gem5.org/Download
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ҍ Cache ῏ ӊ ̆ ֓ ף Ҍᴪ ҹ Ȃ

׆ MI_example Protocol ⌠ ҹ MOESI_CMP_directory ProtocolȂ

Ҋ GEM5 MOESI_CMP_directory protocol̆ Ҍ GEM5Ҭ

Protocol̆ GEM5 ᶫԅѿ֓ State Transition FSM(Finite-State Machine)

̆ ԅ ᵬȂ 

ױ ᾢ↓₮MOESI_CMP_directory protocolᶏ Coherence Messages̆ ֓Messages

ң № ̆ѿҩ Coherence Request̆ ѿ № Coherence Responsĕῒ

4-2ҍ 4-3 Ȃ 

 

4-2 MOESI_CMP_directory protocol ᶕ Coherence Request[94]  

Message Description 

GETX Request for exclusive access. 

GETS Request for shared permissions to satisfy a CPU's load or IFetch. 

PUTX Request for writeback of cache block. 

PUTO Request for writeback of cache block in owned state. 

PUTO_SHARERS Request for writeback of cache block in owned state but other sharers of the 

block exist. 

PUTS Request for writeback of cache block in shared state. 

WB_ACK Positive writeback ack 

WB_ACK_DATA Positive writeback ack with data 

WB_NACK Negative writeback ack 

INV Invalidation request. This can be triggered by the coherence protocol itself, or 

by the next cache level/directory to enforce inclusion or to trigger a 

writeback for a DMA access so that the latest copy of data is obtained. 

DMA_READ DMA Read Request 

DMA_WRITE DMA Write Request 

 

GETX̆ GETS̆ PUTO ѿ֓╠ ̆ῒҬ L1_╠ L1 Cache ̆

Fwd_╠ ῒז CMP ̆ Own_╠ ╠ CMP Ȃ ֓ Request

̆ Ȃ 

 

4-3 MOESI_CMP_directory protocol ᶕ Coherence Response[94]  

Message Description 

ACK Acknowledgment, responder doesn't have a copy 

DATA Acknowledgment, responder has a data copy 

DATA_EXCLUSIVE Data, no processor has a copy 

UNBLOCK Message to unblock next cache level/directory for blocking 

protocols. 

UNBLOCK_EXCLUSIVE Unblock, we're in E/M 

WRITEBACK_CLEAN_DATA Clean writeback with data 

WRITEBACK_CLEAN_ACK Clean writeback without data 

WRITEBACK_DIRTY_DATA Dirty writeback with data 

DMA_ACK Ack that a DMA write completed 
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Ҍ Cache Controllerᶏ Ҍ Coherence Request Response MessageȂ ԍ L1 

Cacheῒ҉ CPU CorĕӞ ҹ Sequencer̆ L2 Controller̆

Response ץ CPU CoreӞ ץ L2 ControllerȂL1 Cache Controller CPU 

Core Load̆ Store IFetch ̆ ӊ ῒῤ ֟ L1_Replacement Ȃ 

ᶏ ל ⱴ ֓ Request Responseᶏ ԅҌ Virtual Network̆ ҹ

Request Responseӊ ֟ Race Condition Ҍ ץ ‗Ȃ Ӟ‗ ԅ

L1 L2 Cache BlockҬ Ҍ MOESIF ̆ ѿҩ Cache Controller ᶏ

Ҍ ᵝȂ ֓ ᵝ ῒ ԅѿҩ Ҍ FSM FSMȂ 

MOESI_CMP_directory Protocol L1 Cache ControllerҬ ԅ 7ҩ Stable ᵝȂ 

 ̧ IȂ ╠ Cache BlockҌ Ȃҍᴰ ӈ Ȃ 

 ̧ SȂ ╠ Cache Block ԍ 1ҩ ҩ ◐ ̆ҍᴰ ӈ ȂRead_OnlyȂ 

 ̧ OȂ ╠ Cache Block ̆ҍᴰ ӈ O ᵝ ȂRead_OnlyȂ 

 ̧ MȂֽ ╠ Cache Block ҍ̆ᴰ ӈ E ᵝ ȂRead_OnlyȂ 

 ̧ M_WȂֽ ╠Cache Block ҍ̆ᴰ ӈ E ᵝ ȂCache Block

ԍ ̆ Replacement DMA ῒ ̆ ѿ ̆ ꜚ

ҹM ȂStore:Hit ̆ ⌠ MM_W ȂRead_OnlyȂ 

 ̧ MMȂҍᴰ ӈ M ᵝ ȂRead_WriteȂ 

 ̧ MM_WȂҍᴰ ӈ M ᵝ ȂCache Block ԍ ̆ Replacement

DMA ῒ ̆ ѿ ̆ ꜚ ҹ MM ȂRead_WriteȂ 

֓ FSM 4-10 Ȃ 

 

 
4-10 L1 Cache Controller FSM[95]  

 

ṿ MM_W⌠ MM̆M_W⌠ M_W ȂMM_W Store:GETX

Store:Hit ̆ S̆ ĬO M_W ̆ҹ⁞ DMA ᵬ Cache

̆ ҹԅ ᾧ Ώ Cache Block̆ FSM Ώ Cache Block

MM_W Ả ѿ ̆ ῀MM Ȃ M_W Timeout ѿҩ Ȃ 

MOESI_CMP_directory ProtocolҬ̆L2 Cache Controller ⱴ ̆ ҹ

Controller Ὶ L1 Cache ControllerῒҊ Directory ControllerȂL2 Cache Controller̓̀

ԅ 14ҩ Stable ̆ CMP_directory ProtocolȂ ֓ ῍№ҹ 4 ̆ῒ ӈҍ

4-4 Ȃ 
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4-4 L2 Cache Controllerᶕ Stable [95]  

Intra-Chip 

Inclusion 

Inter-Chip 

Exclusion 

State Description 

Not in any 

L1 or L2(1) 

May be 

present  

NP/I The cache block at this chip is invalid. 

Not in L2, 

but in L1 

or more 

L1s(2) 

May be 

present at 

other 

chips 

ILS The cache block is not present at L2 on this chip. It is shared 

locally by L1 nodes in this chip. 

ILO The cache block is not present at L2 on this chip. Some L1 

node in this chip is an owner of this cache block. 

ILOS The cache block is not present at L2 on this chip. Some L1 

node in this chip is an owner of this cache block. There are 

also L1 sharers of this cache block in this chip. 

Not 

present at 

any other 

chip 

ILX The cache block is not present at L2 on this chip. It is held in 

exclusive mode by some L1 node in this chip. 

ILOX The cache block is not present at L2 on this chip. It is held 

exclusively by this chip and some L1 node in this chip is an 

owner of the block. 

ILOSX The cache block is not present at L2 on this chip. It is held 

exclusively by this chip. Some L1 node in this chip is an 

owner of the block. There are also L1 sharers of this cache 

block in this chip. 

In L2, but 

not in any 

L1(3) 

May be 

present 

S The cache block is not present at L1 on this chip. It is held in 

shared mode at L2 on this chip and is also potentially shared 

across chips. 

O The cache block is not present at L1 on this chip. It is held in 

owned mode at L2 on this chip. It is also potentially shared 

across chips. 

Not 

present  

M The cache block is not present at L1 on this chip. It is present 

at L2 on this chip and is potentially modified. 

Both in L2, 

and 1 or 

more 

L1s(4) 

May be 

present 

SLS The cache block is present at L2 in shared mode on this chip. 

There exist local L1 sharers of the block on this chip. It is also 

potentially shared across chips. 

OLS The cache block is present at L2 in owned mode on this chip. 

There exist local L1 sharers of the block on this chip. It is also 

potentially shared across chips. 

Not 

present 

OLSX The cache block is present at L2 in owned mode on this chip. 

There exist local L1 sharers of the block on this chip. It is 

held exclusively by this chip. 

 

֓ Stable ᵝ№ҹң № 4̆ҩ ̆ѿ № ԍ L2 Cache Coherence

̆ ѿ № ԍ CMPῤ ҩ L1 CacheȂ 

 ̧ 1 {NP, I}̆ CMPҬ Cache Block ̆ ῒז CMPΐ ◐ Ȃ 

 ̧ 2 {ILX, ILOX, ILOSX, ILS, ILO, ILOS}ȂῒҬ{ILX, ILOX, ILOSX} ╠ CMP

ѿҩ Cache Blockΐ ז Ownership̆ Exclusive Ownership̆ ῒז CMPҌᴪ
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◐ ̆ ҌḠ ╠CMP ҩ CPU CoreӞΐ Exclusive Ownership̕

{ ILS, ILO, ILOS}̆Ḡ ╠ CMPҬ L2 Cache ◐ ̆ᵖ ҌḠ ῒז

CMPΐ ◐ Ȃ 

 ̧ 3 ҹ{S, O, M}̆ ֓ ԍ L2 Cache ̆ᴰ S, O M ᵝ̆

╠ CMPҬ L1 CacheҌ ◐ Ȃ 

 ̧ 4 ҹ{ SLS, OLS, OLSX}ҍ 3 ᵌ̆ ╠CMP L1 CacheҬ ◐ Ȃ 

1, 3 4 ᵝ FSM̆ Intra-Chip Inclusion FSM 4-11 Ȃ 

 

 

4-11 Intra -Chip Inclusion FSM[95]  

 

{ILX, ILOX, ILOSX, ILS, ILO, ILOS} ֓ ᵝ ԍ L2 Cache Block̆ ҍ L1 Cache

Ȃ ֓ FSM 4-12 Ȃ 

 

 
4-12ғ L1 Cache Block ῗ FSM[95]  
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ҍ L1 Cache Block῏ ᵝҬ̆{ILX, ILOX, ILOSX} ᵝ ץ ╠ CMP

Exclusive Owned Cache Block̆ ̆Ҍ CMP Directory GETX Ȃ

Cache Block ԍ M̆OLSX ̆ӞҌ CMP Directory GETX ̕ ↕

GETX Ȃ ᵥ ҩ GETX ҍ CMP ᶏ ῏̆ ץ

̆Ӟ ץ CMPȂ 

ѿ CMP ѿ ̆ Directory ControllerҬ ᶏ ᵝ Ҍ

L1 L2 Cache Controller Ȃ CMP_directory ProtocolҬ Directory Controller ԅ

4ҩ ᵝ̆ Ҋ Ȃ 

 ̧ Mᵝ Cache Blockֽ ╠ CMPҬΐ ◐ ̆ ҍҺ Ữ

Ҍѿ ̆Ӟ ѿ ̆ ᴰ EȂ 

 ̧ Oᵝ Cache Block ╠ CMPҬΐ ◐ ̆ ғ ῒז CMP

Ҭ ◐ Ȃ ◐ ҍҺ Ữ Ҍѿ Ȃ 

 ̧ Sᵝ Cache Block ╠ CMPҬΐ ◐ ̆ ғ ῒז CMPҬ

◐ Ȃ ◐ ҍҺ Ữ ѿ ̆Ӟ Ҍѿ Ȃ 

 ̧ Iᵝ Cache Block Ȃ 

֓ ᵝ FSM ̆ 4-13 Ȃ 

 

 

4-13 Directory Controller ᶕ FSM[95]  

 

ѿ ҩ Cache Controller FSM 4-10̆ 4-11̆ 4-12 4-13

ῤ Ȃṛ ̆ ױ ḂῬ ῀ѿ Cache Ӟ Ҍᴪ ̆ᶭ

ҩҩᵣ ҩ Cache Hierarchy Ȃ 

Ԋ ҉ 4-10Ҭ̆OҌ ⌠ I̕ 4-11Ҭ OҌ ⌠ I̕ 4-12

Ҭ̆ILOҌ ⌠ ILX̕ 4-13Ҭ̆OӞҌ ⌠ IȂ ҩ Cache Hierarchy

Ҭ̆ ‗ ҹMemory Consistency Race Condition ̆Ӟ ῀

ԅ ľSafe StateĿ̆ ֓ Safe State ҹ Transient StateȂ ץױ 4-10Ҭ ⌠

Ҍ Ῥ I⌠ MM_W ֓ Transient State ᵬ Ȃ 

L1 Cacheҍ Sequencer ̆ CPU Core ѿ Ữ Store ᵬ̆ ѿ

↓ ᵬ̆ ֓ ᵬҌֽҍ Cache Coherence Protocol̓͂ ҍ̆ Write Policy

ᶏ Memory Consistency Ӟ ῏ Ȃҹ ̆ ױ Weekly Ordered 

Memory Model̆ Write PolicyҹWrite-Back Write-Allocatĕ Coherence Protocolҹ

MOESI_CMP_directoryȂ 
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Ḃ ’ӊҊ̆ ᶭ ᴪ ̆ Ḥ

Transaction̆ ֽӥΏ Store ᵬҬ ѿ ’Ȃ ץ ѿҩ ῤ

̆ ԇ №ῤ ῐ ѿҩ῀ ≢ Ȃ 

CPU CoreҬ ѿ̆ҩStore ᵬ̆ ̆ ҩStore ᵬ ᾢ⌠ L1 Cache 

Controller̆ ӊ ѿҩ׆ Stable State ῀⌠ѿҩ Safe Statĕ ӊ ╠ CMP

L2/Directory Cache Controller̆⌠ ҩ Store ᵬ ῏ ῒז CMP ̆Ῥ

⌠ ╠ CMP L1 Cache Controller̆Ῥ ῀⌠ ѿҩ Safe Statĕ

ҩ ᵬ ῀⌠ Stable StateȂ ԍ MOESI_CMP_directory̆I

⌠MM_W ̆ IM̆OMңҩ Transient State ̆ῒ 4-14 Ȃ 

transition(I, Store, IM) {

    ii_allocateL1DCacheBlock;

    i_allocateTBE;

    b_issueGETX;

    // uu_profileMiss;

    k_popMandatoryQueue;

}

transition(IM, { Exclusive_Data, Data} , OM) {

    u_writeDataToCache;

    m_decrementNumberOfMessages;

    o_checkForCompletion;

    n_popResponseQueue;

}

transition(OM, All_acks, MM_W) {

    hh_store_hit;

    gg_sendUnblockExclusive;

    s_deallocateTBE;

    o_scheduleUseTimeout;

    j_popTriggerQueue;

}

transition(OM, Ack) {

    m_decrementNumberOfMessages;

    o_checkForCompletion;

    n_popResponseQueue;

}

 

4-14 I MM_W  

 

Store ᵬ ̆ ҹ ῒ Miss ̆ ѿҩ ᵝҹ I Cache Block̆

’ CacheҬ Hit Ȃ ᾢ I ⌠ IM ̆ Ҭ̆

Cache Block № ̆ GETX ᵬ̆ ╠ Cache Block └ Ȃ 

IM ̆ ⌠ Exclusive_Data Data ̆ ⌠ OM ̆

Ҭ̆ Merge Ώ῀ Cache BlockҬȂҹԅ Store Global View ѿ̆

Ώ῀⌠ Cache Block̆ᶭ Ҍ CPU Core ╠ Store ᵬ ̆

CMP Ҭ CPU Core ACKȂѿ GETX ᵬ ᴪ֟ ҩ ACKȂ

ACK ̆L1 Cache Controller Trigger All_acks ҩ MessageȂ 

GEM5 Simulatorɰ ԅ IM ̆ ҹ Data/Exclusive_Data ACK

̆ Ḃ ⌠ԅ ACK̆ Data/Exclusive_DataӞ ⌠ ̆ ҹ ACKҍ Data ᴰ

ᶏ ԅҌ Ȃ ҹ ָӇ All_acks̆Ҍ Protocol Ҍ Ȃ 

Intel MESIF Protocol[96] ῀ԅѿҩ F(Forward) Ȃ ccNUMA Ҭ̆

ҩ CacheҬ ◐ ̆ ֓ ◐ Ҭ̆ ѿҩ Cache Block

ҹ F̆ ῒז Cache Block ҹ SȂ 

ѿҩ ҩ ◐ ̆ ҹ F Cache ̆ ץ ◐

̆ ᵝҹ S CacheҌ ◐ Ȃ ׆ ᵝҹ F Cache 

BlockҬ ⌠ ACK ̆ ҹ ԅ ACKȂ ⁞ץ Bus Traffic̆ ῒז ccNUMA

ᴪ ῒז ᾧ Bus Traffic̆ Ҍ҉ ᴯ Ȃ 

OM ⌠ All_acks ̆ ⌠ MM_W ̆ ᾢ CPU Core Store

ᵬ ̆ ╠ Cache Block ԍ Exclusive ̆ӊ Timeout̆

ѿ ӊ ̆MM_W ꜚ ⌠MM Ȃ 

MOESI_CMP_directory Protocol L1 Cache ControllerҬҍ IM OM ᵌ Transient 

State SM̆ IS̆ SĬ OĬ MI IĬ ῍ 8ҩ̕L2 Cache ControllerҬ 50ҩ ᾞ ̕

Directory ControllerҬ 15ҩ Ȃ ֓ ѿ FSMҌ 2

̆ 3 Ȃ 

2 FSM MESI_CMP_directory Protocol̆ ⌠

ȂӞ ᶏ PDA(Pushdown Automation)ѿҩҌ ̆ ᴪ

Ȃ ֲ Ҍ Quantum ῏ ᴋᵥῤ ̆ɰ ̆ ԅQFA(Quantum 

Finite Automata)Ȃ 
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֓ SLICC ץ Ḃ ҹ HTML ᴆ̆ ₯ Stateӊ

̆ http://www.cis.upenn.edu/~arraghav/protocols/VI_directory/L1Cache.html ̆

̆ᶏ Ҍ ḂȂ 

ⱴԅ Cache Coherence Protocol ̆ Ḃ GEM5 Ӟ

Ҍ ῃ Ȃ ⌠ ױ GEM5̆ ₴ ҉ ̆ҹױז Ỹ

ױז ȂGEM5Ҍ Cache Hierarchy ῃ ̆ Ҍ Cache Coherence Protocol

ῃ ȂGEM atomic ᵬ̆ Memory Barrier̆ Cache

Buffer̆ Ӟ Cache ̆ L3 Cachĕ Ȃ 

GEM5 ᶫ Verification Ȃ ӈ҉ ̆Cache Verification

DesignȂ Cache Coherence ProtocolӞ Ҍ Ҭ

Ҍֽ̆ ԍ Verification Ҭ ᴪ̆ ⌠ ₃ ̆ ԍ Verification

Ȃ 

Design Verification ℗ ̆ Ȃ ᶏ ѿҩ Cache 

Hierarchy Ҭ̆ Ȃ ᵰ ╠ ̆ ѿҩ ҹ ̆

ᵰ ╠Ӟ ָӇ Formal Proof MethodsȂ 

ֲ ‗֜ ᵄ ₄ NP Hard ╠ Ҋ̆

O(N!) ≢ ҽȂ ֓ ₄ ѿ Ҍ ₄ Ȃ ‗ ֓ ֲ

Ҍ ҩ Ҍ Ȃ ѿ℗ Ҋֲ ҕפ̆ ҉

K ComputerҌ Ȃ ֲ ᶭ Ӈ Quantitative ApproachȂ

֓ ApproachҬ̆ ԅ ᶏ Models̆ Theories hypothesesȂ 

֓Ҍ ҬԐҬ Ȃ₃Ӎ ֲ ‰ Ȃ ֓ ֲ

ᴰ ̆ ҹ ֲ Ȃ ᶏ ҩ Elitĕ ῒѿ Ạ ̆

ֲ Ȃ ֲ Ȃ Ȃ 

Stay Hungry̆ Stay FoolishȂ 

4.6 Cache Write Policy  

̆ ᶏ Write ᵬ̆Write ᵬҌ Ώ̆

Read ҆ ԍѿ ̆ Cache Hierarchy Ȃ

Ώ ᵬ Cache BlockҬ Ҍᴪ Ӈ ̆ Memory Consistency Ȃ 

ֲ Ҍ Ώ ᵬ̆ Ҍ Ȃ ֲ Ώ ᵬ Ӟ̆Ҍ

ᵥ Ώ ᵬ Ώ̆ ̆ᵖ ҉ ̆ Ώ

ԅ̆ ԅ ◐ᵬ ȂҌᾛ Ώ ᵬᶏ Cache ᵌ ҩ ̆ ₃Ӎ

Ạ⌠ ѿ Ȃ № └Ώ ᵬӞ ̆₄Ԋ Ȃ 

ᶏ Cache Hierarchy Ҭ Ώ ᵬ ⌠ԅ ≢ Ȃ ԅѿ֓̆

֗ ‗̆ Critical ᵥ Load-Use Latency̕ ԍΏ̆ Ҍ Ӱ

C̆ache Bus Bandwidth ̆ ᵞѿ Bus Traffic ѿ ̆

Ҍ ̆ ≢ֲҌ ṜῬ Ȃ׆ ҉ L̆oad Store ѿ֓̆

Cacheᴨ ̆ ֲ῏ Ȃ 

ѿҩ ҬҌ Ҍᶏ Write ᵬȂ ᵥ Ḡ Memory Consistency

╠ Ҋ̆ ᵞWrite ᵬ Performance ̆ ᵥ⁞ Write Traffic̆ Ҭ

ӊ Ȃ ѿҩ Ҭ̆Write ᵬ №ң ’№≢ ̆ѿҩ Write Hit̆ ѿ

ҩ Write MissȂWrite Hit ѿ Write ᵬ Probe Ҭ ╠ CMP Cache 

HierarchyҬ Ҭ̆ Write Miss ҬȂ 

http://www.cis.upenn.edu/~arraghav/protocols/VI_directory/L1Cache.html
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ױ ᾢ Write Hit̆ ׆ ҉ Write Hit ҹ ̆ҍ ῏ ֓ ₃

Ӎ ȂWrite Hit ң ѿ̆ҩ Write Through̆ ѿҩ Write BackŵȂ

Ḥ № ң ȂWrite Through Ώ ᵬ ̆ ῀

╠ Cachĕ ῒҊ ѿ Cache Һ Ữ ̕Write Back Ώ ᵬ ̆

Ώ῀ ╠ Cachĕ Ҍᴪ ᴰ ̆ Cache Block Replace ̆ Ώ

ᴪ ⌠ῒҊ Cache Һ Ữ ҬȂ 

ֲ ҹWrite-Back ᵞWrite Traffic҉ᴨԍWrite-Though ̆ Write-Back

ԍWrite-Though̆ ץ ֓ᵞ ᶏ ԅWrite-Though ̆

Write-Back Ȃ 

Ҍ ῃ Ӟ̆ Ȃ ⌠ѿҩ ῃ

̆ ҩ ҍ№ ӊ╠̆ Ҍ ₮ῒ Write-Through

Write-Back Ȃ Ḃ ⌠ԅ ̆ ԅ ҹ Qualitative Research

Quantitative Analysisӊ ̆ᵰӞ ₮ ⱬ Ȃ 

╠ Ҭ̆SUN Niagara Niagara 2 L1 Cacheᶏ

Write-Through [81]̆ AMD Bulldozer Ӟ L1 CacheҬᶏ Write-Through

[74]ȂIntel Nehalem Sandy Bridge ᶏ Write-Back ȂWrite-Through

Write-Back ῒᴨ Ҍ ̆ ᴨ ⱷ Ȃ 

Norman P. Jouppi↓ҽԅWrite-Through 3 ᴨ ̆ѿ ≠ԍ CPU Core

L1 Cache ̕ԋ Store ᵬ ץ פ Ҭ̕҈ Error-Tolerance [97]Ȃ

ҍ 1993 ̆p № ᶭ Cache Write Policies ṿ̆ Ṣ Ȃ 

ῒҬ╠ң ᴨ Direct Mapped ̆ ̆ [97] Ȃ

└ Cache ѿ ԅ ӊ ̆ Hit TimeȂ ҉ ̆

Cache ⱴ H̆it TimeӞ ӊ Ȃ Cache Ạ⌠ ̆ ᶏ Direct 

Mapped John David 2:1 Cache Rule of Thumb̆ ╠

Ҭ Ҍ ᶏ Direct Mapped Ȃ 

֓Rule of Thumb ѿ Ȃ ̆ ᾢ Challenge

ӊ╠ Rule of ThumbȂ ꜚ̆ ̆ ѿҩҍ ҕ

ҕ ̆Ҍᴪ Ȃ 

ӊ ̆ ᵟ ̆ ̆ ᵟ Stay Hungry Stay Foolish

Ȃ ₃ ╠ ľ Ҍ ̆ Ҍ ̆ Ҍ Ȃ

Ҋӊ ̆ Ҋӊ ᵝ̆ Ҋӊ Ȃ ̆ҍ ӊ̆Ҍ ̆ ῒ ĿȂ₃

ӟ ҕ Ȃ 

҉ץ Ȃ ױ Norman P. Jouppi ᶏ Write-Through

҈ҩᴨ Ĕrror-ToleranceȂCMOS Ҍ ̆ ѿ ԅ ̆Ӟ

ⱴԅ ᵣ ̆ᶏ Ẽ ₮ Hard Failures Soft Errors ⱴ Ȃ

ѿ℗ ԅ SRAM Cells ̆ ԍ SRAM Cells Cache MemoryҬ H̆ard Soft 

DefectsҌ Ȃ 

Write-Back Cache Single Bit Defects̆ ⱴ῀ ECC

̕ᶏ Write-Though ̆Cache ҹׅ ◐ ⱴ῀ Parity BitȂҍ ECC

P̆arity Bit Overhead Ȃ Ҍ ECC ῃ ̆ ѿҩ Ҭ̆

ҹԅ⁞ Overhead̆ 32ᵝ ᵝ ҍ֟ ѿ ECC Ȃ ֓ Overhead

⁞ Ҍ≠ԍ Bytĕ Word Store ᵬ̆ ҹ ֓ ᵬ ̆ ᾢ

32ᵝ ECC ̆ӊ Ῥ Merge and Write Ώ῀ ECC ṿȂ 

                                                             
ŵ
 ѿ ҉ Write Oncĕ Write Once Write Through Write Back Ȃ 
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ӊ ᶏ Write-Though ץ ᵞ Cache Coherence ̆ Dirty

ᵝᶏ ҹ Ȃᵖ ᵰ ѿҩ ccNUMA Ҭ C̆ache

ᶏ Write-Though Ȃ Bus Traffic ᵥ Ȃ 

Write-Though ῒז Cache Write Traffic̆

ѿҩ Cache Hierarchy Ҭ̆ ꜜⱬ ᾧ Ȃҹԅ ᵞ ֓Write Traffic̆ ₃Ӎ

Write-Though ᶏ ԅWCC(Write Coalescing Cache) ῒז

Store-Though Queuĕ ֽ῏ WCCȂ 

Ẋ ѿҩ L1 Cache Write-Through ȂWCC ᵬ ‖ Coalescing

L1 Cache Store ᵬ ⁞ץ̆ L2 Cache Write TrafficȂ ᶏ WCC ̆ L1 Cache

Store ᵬ ᾢ WCCҬ ҍῒ Entry̆ ↕ ҍ Entry

Ҭ Coalescing̕ Store ῀WCC EntryҬ̕ WCCҬ

Entry↕ Write Through ᵬȂWCC ‗ ԅWrite Traffic⁞ ȂWCC

῀Ӟ ԅѿ ↓ Memory Consistency Ȃ 

Write-Back ⱴԅ Cache Coherency ̆Ӟ ᵞԅWrite Traffic̆

ᾧԅѿ ↓ Write-Through ȂҊ ץ GEM5Ҭ MOESI_CMP_directoryҹᶛ

Write-Back Ȃ 

Write Hit Cache Block ԍExclusiveŵ ̆ ץ Ώ῀̆ CPU Core 

Write ᵬ ȂWrite Hit Cache Block ԍ Shared Owner ҹ Ȃ

Ḃ Write-Through ̆ ’ ᶭ ҹ ̆ Cache

ᶭ Ȃ ׃ֽ Ҭԅ Shared ’Ȃ 

L1 Cache ̆ ҩWrite Hit Ҭ Cache Block̆ῒ ᴪ׆ S ⌠MM_W

ӊ̆ ѿ ⌠MM Ȃ MOESI_CMP_directory ProtocolҬ̆ L2 Cache 

Block ҹ ILS̆ ILŎ ILOS̆ SLS̆ OLS OLSX ̆L1 CacheҬ ҹ S

BlockȂ ԍAccidentally Inclusive L̆1 Cache Block Ṝ L2 CacheҬΐ ◐ ̆

L1 Cache Block L2 Cache Controller ȂҌֽ

CMP Cache Coherencyᶏ DirectoryȂ 

ױ ᾢ L1 Cache Block׆ S Ȃ CPU Core Cache Hit⌠

ҩ ᵝ S L1 Cache Block Ḃ ԅѿ Ȃ ҩ Clock Block S

SM̆ OM̆ ⌠ MM_W MM ̆ 4-15 Ȃ 

transition(S, Store, SM) {

    i_allocateTBE;

    b_issueGETX;

    // uu_profileMiss;

    k_popMandatoryQueue;

}

transition(SM, Ack) {

    m_decrementNumberOfMessages;

    o_checkForCompletion;

    n_popResponseQueue;

}

transition(SM, { Data, Exclusive_Data} , OM) {

// v_writeDataToCacheVerify;

m_decrementNumberOfMessages;

o_checkForCompletion;

n_popResponseQueue;

}

 

4-15 S └ MM_W ש  

 

CPU Core Store ᵬ̆Cache Hitѿҩ ҹ S Block ̆ ᾢ ⌠ SM ̆

ӊ ⌠ Data Exclusive Dataӊ ῀⌠ OM ŎM ⌠MM_W

ҍ 4-14 ᵌȂ ῏ b_issueGETX ̆ ҩ ҹRead for ExclusiveȂ 

ѿҩ ccNUMA Ҭ̆b_issueGETX ᶭ ̆ ᾢ

Intra-CMPҬ Cache Block Exclusive Ȃ Exclusive ̆

↕ ҩ Directory Controller̆ Home Agent/Node CMP ԑ

ῒז CMP ⌠ Exclusive Ȃ 

                                                             
ŵ
 M̆M_W̆MM MM_W ԍ Exclusive Ȃ 
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MOESI_CMP_directory ProtocolҬ̆Cache Block ҹ S ╠ ccNUMA

Ҭ ѿҩ ◐ ̆ b_issueGETX ᾢ Intra-CMPҬ ̆

requestIntraChipL1Network_out L2 Cache ControllerȂ 

L2 Cache Controller L1requestNetwork_in b_issueGETX ̆ L2 Cache

Ҭ ◐ ̆b_issueGETX ҹ L1_GETX Ȃ L2 CacheҬ L1 

Cache Blockҹ S ◐ ’ ̆ ѿ֓ L2 Cache Block ◐ ̆ᵖ

╠ CMPҬῒז L1 CacheҬӞ ◐ ’Ȃ ֓

̆ Ҍᴪ SLICC Ғ ᴇṿȂ 

Intra-CMPҬ ץ b_issueGETX ̆ Ҍ ̆ Ҍ ̆ ғ L2 Cache 

Block ҹ SLS ̆ ѿ Ạ Inter-CMP Coherence ̆ b_issueGETX

ҹ a_issueGETX̆ globalRequestNetwork_out Directory ControllerȂ

Directory Controller requestQueue_in ̆ ῒ ҹ GETX Ȃ

DirectoryҬΐ 4ҩ Stable M Ŏ̆ S I Ҍ̆ ԍ GETX Ҍ Ȃ 

ԍO ̆ Intra-CMPҹ Cache Block Owner̆ ֽ ῒז Inter-CMP

g_sendInvalidations ̆ Exclusive_Data ҉ ̆L1 Cache Block Ӟ

ҹ OMȂ 

DirectoryҬ ֓CMPҬΐ ҹS ğ_sendInvalidations

⌠ ҍ Cache Coherence CMP Ҭ̆ Bus Traffic

Ҥ Ӟ̆ ҩ DirectoryҬ ԅ Bit Vectors̆ ֓ CMPҬΐ ҹ S

◐ Ȃ 

’Ҋ g_sendInvalidations ֽ ⌠ CMP̆ Ҍ Ȃ

ҹ Memory Consistence ̆ CMP ֓ CMP

ACK ̆ ѿ CPU Core Store ᵬȂ ԅ DirectoryҬ ԅ Bit Vectorsӊ ̆

Intel MESIFҬ F Ӟ ץ ҉ ᾧ ҹ ACK Bus TrafficȂ 

’ CMP Ҍᴪᶏ Share Bus ̆ ԍ Request/ACK

̆ Share Bus ΐ ѿҩ ῃ ̆ ҩ Ҥ

ԅ ╠ Ҋ̆ ԅ ᵞԅ Ȃ 

Share Bus ̆ ҉ ⱴ ‖̆ Ӟץ O(N!) ≢

ѿ Ȃ ᶏ ѿҩ CMP ԑ Share-Bus Ȃ ῒ

ז ̆ Ring-Bus ⱴ ̆ ᴪ ⌠ ҩ ̆ ᶏ ׆

֓ CMP ACK ָӇ ̆Home Agent/NodeҌ ⌠ѿҩ ACK ҉ ѿ

̆ ѿ Ȃ 

L1 Cache Block⌠ All_acks ̆ OM׆ ҹMM_W ̆ ᵬ̆

ῒ ҍ 4-14 Ȃҹ ̆ ҌῬ׃ DirectoryҬ M̆S I

’Ȃ Ғ ҍWrite Miss Ȃ 

Norman P. Jouppi׆ңҩ Write Miss Ȃ ᾢ ҹ ѿҩMiss

‰ ѿҩ Cache Block̆ ֟ ԅң ̆Write-Allocate No-Write AllocateȂ

ᶏ Write-Allocate ̆Cache Controllerҹ Miss ╠ CacheҬ№ ѿҩ

Cache Block̆ ↕Ҍ № ̕ 

ῒ ׆ CacheҬ ̆ ֟ ԅң ̆Fetch-on-Write

No-Fetch-on-Write ̆ Fetch-on-Write ̆Cache Controller ῒҊ׆ Cache

Ҭ Fetch Ώ῀ ̆ Merge ᵬ ѿ Ώ ᵬ̆ ↕Ҍ

FetchȂ ѿ Write-Before-Hit̆ ₮ Direct Mapped Write Through 

CacheҬ̆ ҌῬ῏ Ȃ 
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Write-Allocateҍ Fetch-on-Write ̆ᵖ ң ץ̆

ԍ ҍᵩ ̆ ӈ҉ ⌠ Write-Allocate Write-Allocate

ҍ Fetch-on-Write ̕ ҉ Write-AllocateӞ ҍץ No-Fetch-on-Write ᶏ ̆

Ӟ ҹWrite-Validatĕ ᶏ ̕No-Write Allocateҍ No-Fetch-on-Write

ҹWrite-Around̆ 4-5 Ȃ 

 

4-5 Write-Allocateғ Fetch-on-Write Ƙ 

 Fetch-on-Write No-Fetch-on-Write 

Write-Allocate Write-Allocate Write-Validate 

No-Write Allocate N.Ä  Write-Around 

 

Ẋױ ѿҩ Memory Hierarchy L1̆ L2 Cache Һ Ữ ̆ Cache 

Miss L1 CacheȂ Ҋ̆№ Write-Allocatĕ Write-Validate Write-Around

҈ Ȃ 

Write L1 Cache Miss ғᶏ Write-Allocate ̆L1 Cache Controller № ѿҩ

Cache Block̆ӊ ҍ Fetch ̆ Ώ῀⌠ L1 Cache BlockҬȂ

ҹ ̆ᵖ ԅ Bus TrafficȂ 

№ ѿҩCache Block Replaceѿҩ Cache Block̆ ҩ Cache Block

Ҭ Dirty ̆Cache Controller Ҍ ῒ Silent Eviction̆ Write-Back̕

ῒ Fetch ᵬ Ӟᴪ Ҍ Bus TrafficȂ 

Write-Around No-Write Allocate No-Fetch-on-Write Ȃᶏ

̆ Ώ῀⌠ L2 Cache Һ Ữ ̆ Ҍᴪ Touch L1 CacheȂ Cache Miss ̆

Ҍᴪ Memory ConsistencyȂᵖ Cache Hit ̆ Ӟᴪ Around⌠Ҋ

ѿ ‖̆ Memory Consistency Ȃ 

₮ ‗ ֓ ̆p ֓ Ҍ Ȃ ץ

⌠ѿ ̆ Cache Hit Ҍ ҩ Around ᵬ̆ ῐ ץ ѿ

’ӊҊ̆ ᵥ Ḡ Memory Consistency ’ ҹ Cache Hit

Missң ’Ȃ ҌῬ ѿ Ȃ 

Write-Validate No-Fetch-on-Write Write-Allocate Ȃᶏ ̆

L1 Cache Controller ᾢ № ѿҩ Cache Block̆ ᵖ Ҍᴪ FetchῒҊ Memory 

HierarchyҬ Ȃ CPU Core Ώ῀ № L1 Cache BlockҬ ᶏ̆

Bus Traffic Ȃ 

ᵖ CPU Core Ҍᴪ Cache Block ᵬ̆ Bytĕ Word DWord̆

L1 Cache ᶏ ᵝ̆ ҩᶏ ᵝ ץ By Byte W̆ord Dword̆

Ӟ OverheadȂ Cache Write ᵬ ̆ ԅ Ώ῀ ᶏ ᵝ

ҹ ῒ̆ז ᵝ ҹ Ȃ ᶏ ̆ №≢ ҍ L1 Cache

L2 Cachĕ ҹMemory Consistence ԅҌ Ȃ 

No-Write Allocate Fetch-on-Write Ȃ׆ῒҊ Memory Hierarchy 

Fetch ҹ ᵝ ̆ ҍ CPU Core ̆ᶭ ⌠ῒ

Ҋ Memory HierarchyȂ₃Ӎ ָӇ ᴪ Ҍ ң ᵬȂ 

Write Miss Ҭ W̆rite-Allocate Write-Around ҹ W̆rite-Validate

Ҍ ȂWrite Miss ҍWrite Hit ѿ ᶭ ῏ ȂWrite-Around

ҍWrite-Through ᶏ ̆ Write-Allocate ԍWrite-Through Write-Back Ȃ 

                                                             
ŵ
 4-5 [97]̆ ꜚȂ 
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ѿҩ ccNUMA Ҭ ҍ̆Write ᵬ ῏ ҹ Ȃ ׃ Hit Miss

ῒᴨ ̆ ֓ ᶭ ᵥ ᵞ ҹWrite Bus 

Traffic Memory ConsistencyȂ 

4.7 Case Study on Sandy Bridge  Cache Load 

ѿ ‰ ӥΏ ῤ ̆ ӊ╠ ѿ ӥΏ Ȃ ⌠ ̆

ꜚ Ȃ ֓ ᶏ ѿҩ Case Studyᵬҹ ̆ ҹ Ạ ҹ Ȃ

֓ Case ̆Ҍץᵰ Ȃ ҍᴨ ᵰ ╠̆ᵰ ̆

Ԋ Ȃ 

Sandy Bridge Nehalem ӊ Tock̆ Nehalem ҉ᵬ₮ ꜚȂ

῏ Cache Hierarchy҉ ꜚȂ ԍ ̆ ԍ Ὲ ̆ Ҍ

Sandy Bridge ῃ ̆ Ḃ ԍ Cache Hierarchy Ȃ ѿ ԇ

ꜛ ץ Ȃ 

Intel Ὲ Sandy Bridge ̆ ᶫ ȂDavid Kanter

Realworldtech҉ [69][99] ҹ ̆ᵖ Ҍ ̆ ԍ Ὲ

̆ ׅ ᶏ ԅ David Kanter Ȃ ᵬҹ Intel

Intel 64 and IA-32 Architectures Optimization Reference ManualҬ 2.1.1 [98] Intel

2010 IDF҉Ὲ http://www.intel.com/idf/audio_sessions.htm[1]Ȃ 

Sandy Bridge ң ӈȂ ᾢ Sandy Bridge ̆ Core №̆ פ ̆

L1 Cache L2 Cache ̆ 4-16 ȂῒҬ פ Scheduler ᴆ̆ Load̆ Store

ᴆ ῏ ̆ ṿ ῏ L1 L2 Cache Ȃ 

 

 

4-16 Sandy Bridge [98]  

 

׆ CPU Core ҉ S̆andy Bridgeҍ Nehalem ̆ Ȃ ṿ

῏ Sandy Bridge ⱴ L0 Instruction Cache PRF(Physical Register File)ȂL0 Instruction 

CacheӞ ҹ Decoded ˃ ops Cachĕ Sandy Bridge פ Ҭ ԍ Nehalem

ȂPRF ԅNehalem ᶏ CRRF(Centralized Retirement Register File)Ȃ

PRFҌ ָӇ ̆ Intel ԅ֓Ȃ 

http://www.intel.com/idf/audio_sessions.htm
http://www.intel.com/idf/audio_sessions.htm
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Core Nehalem Ҭ̆ ѿҩ o˃ps Opcode OperandȂ ֓ o˃ps

פ Buffer̆ ֓ Buffer Opcodĕ ᵖ Ӟ

Operand̆ ԅҌ ᴆ Ȃ Core Operand̆ף ҹ 80b̆

Nehalemҹ 128b̆ ⌠ԅ Sandy Bridge ̆Operand ҹ 256bȂ 

Sandy BridgeҌᶏ PRF̆ AVX(Advanced Vector Extension)ףᴇᴪ

̆ ҹ ֓ AVX פ Operand ȂAVX ₮ Ҍֽ ԅ פ Ӟ̆

ԅ Sandy Bridge Memory Ȃ ױ ᾢ῏ פ ᴆҬ Memory 

Cluster̆ Memory Cluster ҹ LSŬ ῒ 4-17 Ȃ 

 

Nehalem

Sandy Br idge

 

4-17 Nehalem Sandy Bridge LSU[1]  

 

ҍNehalem ѿҩCycleҬ ѿ 128b Load Store [12][1]פ ̆

Sandy Bridge ѿҩ CycleҬ ץ ң 128b Load ѿ 128b Store ̆פ

ѿ ԅ Load פ ̆ Ҭ̆ ᴪᴨᾢ Load ̆פ Ҍ

Store Ȃפ Store פ ҹң ̆ῒҬ ҹ Memory Consistency Ҍ

ȂӞ ҹ ҩ S̆andy Bridge ԅң Load L̆SUҍ L1 Data Cache

Ӟ׆ Nehalem 2×128b ⌠ 3×128bȂ 

Load Store Address ᴆ ӊҬ̆ ҹ Load ᵬ Store Probe ᵬ

ӊ ̆ ף Ҭ̆Store ᵬ ѿ Read for Ownership/Exclusivĕ ᾢ

̆ῬẠ ѿ Ȃ 

Sandy BridgeҬ F̆LC MLC ҍ Nehalem Ȃ ꜚ

̆ L1 Cacheӊ҉ ⱴԅѿҩ Ȃ ₡ ѿ Ȃ Cache 

Memory ᴋᵥѿҩ ꜚ̆ ԍ ѿ Ȃ 

ῒҬ FLC פ Cacheҍ Cache ̆ ңҩ Thread῍֣̕MLCҹ ῤ

CacheȂL1 פ Cache ҹ 32KB̆ MLC ҹ 256KBȂFLC MLC ῏

ҹ NI/NĔ ҹ 8-Way Set-Associativĕ Cache Blockҹ 64B̆ MPMB̆ Non-Blockinğ

Write-Allocatĕ Write Back Write-InvalidateȂCache Coherence Protocolҹ MESIȂ 

ֽ֓ Sandy Bridge ̆ Core ῤ ȂSandy Bridge ѿ ӈ Sandy 

Bridge ȂSandy Bridge ץ Sandy Bridge ҹ ̆ ԍ

Sandy Bridge ̆ Serverᶏ Sandy Bridge EP Ȃp Sandy Bridge Sandy 

Bridge EP Uncore № Ҍ ̆ Sandy Bridge EP Ȃ 
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Sandy Bridge EP CPU Core ĭMC └ (Home Agent)[98]̆ Cache Box[1][99]̆ PCIe 

Agent̆ QPI Agent LLC(L3 Cache) ̆ Ring Bus(Ring-Based Interconnect) ѿ ̆

ῒῤ Graphics Controller̆ ῒ 4-18 Ȃ 

 

Cache Box

 

4-18 Sandy Bridge EP [1] [99]   

 

ῒҬ Cache Box Coreҍ Uncore № Ȃ 4-18 ̆Cache Box ᶫԅ

҈ҩ ̆ҍ CPU CorĕLLC Ring Bus ȂCache Box Һ ⱳ Sandy Bridge 

EP Ҭ CPU Coreҍ Core Memory Consistency̆ CPU Core

⌠ LLC Slice ῒז Ҭ[1]Ȃ 

Sandy Bridge EP LLC Distributed ̆ ѿҩ CPU Core ѿҩ

LLC Slicĕ ҩ Slice ץ 0.5/1/1.5/2MB̆ ᶏץ 4/8/12/16-Way Associated Ȃ

Ҍ ѿҩ CPU Core ѿҩ SliceȂ 

CPU Core Cache Box ̆ ᾢ Hush̆ Ring Bus

⌠ Cache SliceȂᵖ ׆ ҉ ֓ Slice ѿҩ LLCȂSandy Bridge EP

LLCҍ Coreῤ Cache ῏ Inclusivĕ ҍ Nehalem L3 Cache Ȃ

̆Ӟ Snoop Filter[99]Ȃ 

CPU Corĕ LLC SlicĕQPI Agent̆ iMC̆ PCIe Agent̆ GT(Graphics uniT) Ring Bus

ѿ [1][99]ȂRing Bus Sandy Bridge EP ̆Ӟ GT ץ Ḃ

ҍ CPU Core Cache CoherenceᵬȂ ѿ ҉‗ ԅ Sandy Bridge

₮ҕ ̆ ԍ PCIe Nvidia Graphics Unit Ȃ 

Sandy Bridge EP Ring Bus̆ Fully Pipelined ῒ̆ ᵬ ҍCPU Core

̆ ҩ Sub-Ring Bus ̆№≢ Data Rinğ Request Rinğ Acknowledge Ring

Snoop Ring[1]̆ῒҬ Data Ring ҹ 256ᵝȂ ֓ Sub-Ring Bus ᵬ̆῍

Ring Bus҉ Transaction̆ Request̆ Dată Snoop ResponseȂ 4ҩ Sub-Ring 

Bus ץ ҉ᶏҌ Transaction Ȃ 

Sandy Bridge EP ֓ Sub-Ring Bus Ҍ҉ ָӇ⇔ ̆ ᶏ ԅ Ring Bus

ף ӇẠȂ ԍ Dual Ring ̆Sub-RingҬ ң ̆

Snoop Ring ̆ ץ Sandy Bridge Ring Bus 7 Bus ŵȂ 

                                                             
ŵ
 ֓ ֽ ȂSnoop Ring ң ̆ Ҍ₮ָӇ Ḡ Memory ConsistencyȂ 
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Ring Bus҉̆ ңҩ Agent̆ ѿҩ Memory Agent̆ ѿҩ QPI AgentȂ

ῒҬMemory Agent Һ Ữ ̆ iMC̆ QPI Agent ԍ QPI ̆

ҍῒז Sandy Bridge EP ԑ ̆ ҹ ccNUMA Ȃ 

҉ץ Sandy Bridge EP ҍMemory Hierarchy ׃ ̆Ҋ ץ ҹ

ѿ Sandy Bridge EP ᵥ Load ᵬȂ 

▼ᵩ ῤ IntelῈ Sandy Bridge EPᶏ Transaction Flow̆T ᴪ Sandy 

Bridge EP Ὲ ȂSandy Bridge EP ⌠ԅ 2012 Q1̆ ᴪ

ӥΏ Ȃ Ȃ
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5  Data Prefetch 

ҍ Ữ ᶏ̆ Ữ ῏ ̆

ᶏ ԅ CacheȂ Ҭ̆LLC ₃ᾠ Ȃ

̆ᶏ Cache ̆ Ҍ Ȃ Cache ᶭ Ҍ ҍҺ Ữ

ⱴ Ȃ ֓ Ҭ̆ Ḃ Cache ѿṐӞԍԊ Ȃ 

Ữ ѿ CacheҬ Miss ̆ פ ᴪ Stall̆ ֓ ᴆ

ҹ ₃ ҩ Cyclĕ ᵞԅ ᵣ Ȃ ’ӊҊ̆ᶏ Ῥ

פ Ӟ ҹⱬȂ 

ѿ℗ᶏ ֲ Ữ Ȃ ₮Ҍ ̆ ⱴᾟ

№≠ Non-Blocking Cache ̆ ҉ פ OOO פ ̆Runahead ̆

Prefetch Ȃ ֓ ̆ΐ ҍ ᵬҹ Ȃ ֓ Ҍ

̆ Trade-OffȂ ֓ Ҭ̆ ╠ᶏ ̆ ҹ ⱳ PrefetchȂ 

5.1  

Prefetch ̆ ╠ Ữ ‰ ̆

֓ ̆ ץ ׆ ֓ ‖Ҭ̆ Cachĕ ֓ ̆Ҍ

Ῥ Ữ ׆̆ ԅ Ữ ҍ ̆ ԅ Ữ ȂPrefetch

ץ ң H̆B(Hardware-Based) SD(Software-Directed)Ȃ ң ≠

̆ ױ ᾢץ 5-1ҹ SD Ȃ 

 

Computation

0 10 20 30 40

Memory delay

(a)

Computation

Memory delay

(b)

r1

r2 r3

r2 r3

Computation

Memory delay

(c)

r1 r2 r3

Computation Memory access Cache Hit Cache Miss Prefetch

r1

 
5-1 ┼ [100]  

 

ῒҬ ᶛ a ᶏ └̕ ᶛ b ѿҩ └ ’̕ ᶛ c ѿҩ

└ ’Ȃ Ẋױ 5-1 ᴋⱵ ҩ ̆

ҩ פ Ữ פ Ȃ 
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ῒҬ ѿ Ữ 5ҩ Ȃ ѿҩ 4ҩ

Ữ ̕ ԋҩ 6ҩ Ữ ̕ ҈

ҩ 8ҩ Ữ ̕ ҩ 4ҩ

ҩᴋⱵȂ 

ᶛ a ᶏ └̆ Ҭ̆ Ữ ̆ Ҍ ᾧ ₮ Cache 

MissȂ ҉ ᴋⱵ῍ 40ҩ Ȃᶏ └ ץ ҩ Ȃ

ᶛ bҬ Ҭ ᴪ̆ ╠ ᵬ̆ ֓ ᵬӞᴪ ѿҩ ̆p

֓ ᵬ ṿ Ȃ ᶏ ֓ ̆ ᴋⱵ CPUֽ 28ҩ

׆̆ ԅ Ȃ 

’ ̆ ҩᴋⱵ ׆̆ ̆

Ữ ῃ ̆ ’ Ҍ Ȃ ѿҩᴋⱵ Ҭ̆ Ҍ

ᶃ ῒ̕ Ҍѿ ≠ ̆ ҹ

Ҭ ᴪ₮ № ̆ ᶏ Ȃ 

ᶛ cҬ̆ └ ῃ ᵬ ̆ ץ ᴋⱵ ̆Cache Missׅ ᴪ

̆⁞ᵞԅ ҩᴋⱵ Ȃ Ḃ ̆ ᶛ cӞ ῃ ᶏ ᶛ a ᴋ

Ⱶ ѿ֓Ȃ ᶛ cҬ̆ ᴋⱵ῍ 34ҩ Ȃ ױ

ץ ₮ ᶏ 5-1Ҭ ᶛ ⱴ Ȃ 

5-1Ҭ ᶛ ᶏץ ᴆ Ȃᵖ ָӇ ̆

̆ ғ ֟ Overhead ҉ᶫ ᶏ Ȃ ᶛ c

r1 r2Ҭ̆ ᵬ ̆ פ ᶭ ᴪ Stall̆ ׆ Ȃ 

r3Ҭ̆ ᵬ ̆ ץ ╠ ῀ ҩ Cache Block̆ᵖ

ᴪ ҩ ᶏ Cache Block ₮ ̆ CPU Core ᴪ

ҩ ₮ Cache Block̆ ׆ ԅ Cache PollutionȂ ӊ ѿҩ Cache Block

MLS̆ ̆ ῒז Ữ ₮ ̆ CPU Core ᶏ

̆ CacheҬ ҬȂ 

̆ ᾢ ῏ Ҍ̆ ӞҌ Ȃ

̆ HB SD ̆Ạ⌠ ⌠ Ȃ ԅ ӊ

̆ ѿ ̆ ⌠ Cache Hierarchy ѿ ̆L1̆ L2 LLC̆

῍֣ Ȃ ѿ Granularity̆ By Word, Bytĕ

Cache Block̆ ҩ Cache Block̕ ѿ HB SD Ȃ ѿ

℗ ⱴԅ Prefetch Ȃ 

Ӟ ԅ ֓ ’Ҋ̆ └ ᴪ ᵞ Ȃָ Ӈ Ṝ └̆̓͂

⌠ ҩ ̆ ᴆ ̆ Ҍ ѿ Ȃ

ᶫԅ ᴆ ᴆ ץ ̆ ľv Ŀᶏ └

ѿҩ Ȃ ᶏץ ᴆ ᴆ ң Ҋ̆ ׃

ң Ȃ 

ᴆ ᴆ ᶭ Coveragĕ Accuracy Timeliness[101]Ȃ

Coverage CPU Core ׆ PrefetcherҬ ̆ Ҍ Ữ ̕

Accuracy Prefetched CacheҬ CPU Core ̕Timeliness

⌠ ⌠ ̆Ҍ ӞҌ Ȃ 

ᴆ ᴆ Һ ҩ҈҉ץ ̆ ֓

ᶏ Ҍ ԍԍҌᶏ └ Cache Miss Ȃ ’Ҋ̆ Ҍ

ֽҌᴪ ̆ ᴪ ̆ Ҥ ̆

Ҍ ֓ └Ȃ 
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ױ № ȂẊ Prefetch Ratio ԍ Prefetch

Cache Block Ữ Cache BlockҬ ̕Transfer Ratio Prefetch 

Ratio Miss Ratioӊ Ȃ 

Access Ratio Cache ҍ Prefetch Lookupӊ ṿȂ Cache

Actual Prefetch Lookupӊ ȂῒҬ Prefetch Lookup Prefech ‗ ╠

Cache Block ̆ Prefetch Cache Block Cache ̆

Cache ControllerҺꜚ Cache ᵬ̕Actual Lookup Cache Controllerӊ

ᵬ̆ CPU Core Cache ᵬȂAccess Ratio ṿ ԍ 1Ȃ 

ӊ҉̆ ױ ѿ ῀ D̆ P AȂῒҬ Dҹ Demand Miss

Penalty̆ Demand Miss ֟ Cache Miss ̕ Pҹ ᴇ̆ף

῀̆ ҹ ῀ Replacement ̆ ҹ ᴰ

̕ Aҹ ҹ ԅ Cache ᶏ Ȃ ’Ҋ ѿ̆

ҩ Ὲ 5-1Ȃ 

$ -ÉÓÓ 2ÁÔÉÏ$ÅÍÁÎÄ  

            $ -ÉÓÓ 2ÁÔÉÏ0ÒÅÆÅÔÃÈ 0 0ÒÅÆÅÔÃÈ 2ÁÔÉÏ! !ÃÃÅÓÓ 2ÁÔÉÏρ  ῎ 5-1[23]  

₮ Miss Ratio(Prefetch)ԍ Miss Ratio(Demand) ’̆ Ḃ P̆ A P̆refetch Ratio

ҹ 0̆҉ Ὲ Ӟ Ȃ ’ ᶏ └ Ȃ

Cache Pollution̆ᶏ Cache Miss Ratio ᵞԍҍ ᶏ ’ 

ᴆ ᴆ └ ᴪ ’Ȃҍ ᴆ ̆ ᴆ ⱴ ѿ֓Ȃ

ᵖ ’ӊҊ̆ Ҍ ᶏ ⱴ῀ ẁ̆

ΐᵣ ̆ӥΏ ֓ ף Ȃ ⱴ ף ԅ ѿ פ Cache

ӊ ̆Ҍᴪ ꜛȂ Ҍ ꜜⱬ̆ └ Ȃ 

5.2 ᴆ  

ᴆ └ ӄ̆ ᾢ פ Motorola 88110 ̆

ᾢ ԅ Touch Load ̆פ פ PowerPC dcbt [4]פ ╠ Ȃ

פ ᴆ ̆Intel i486 Ҭᶏ Dummy Read

̆פ Ӟפ x86 Ҭ PREFETCHh[5] פ Ȃ 

ᶏ ᴆ פ ץ ӊ╠̆ Ữ ᾢ ₮ ̆ ҩ

Ҍ ⌠ Ữ ӊ ̆ ץ ץ̆ Ữ ҍ

׆̆ ԅᴋⱵ ᵣ Ȃ 

ԅҒ פ ̆ Ӟפ ץ ᵬ ̆ Non-Blocking Load Ȃפ ҩ

ҍפ Prefetch פ ≢ ̆ ֓ Ҍֽפ ῀ Cache ̆ ғᴪ

Ώ῀ ҩ ̆ Ӟפ ҹ Binding PrefetchȂҍ ̆ ҬҒ

Prefetch פ ҹ Non-Binding Prefetch  Ȃפ

Prefetch פ Non-Blockinğ Non-Exception-Generating ȂNon-Blocking

̆ ҹ ѿҩᶏ Blocking Cache Ҭ̆ ᶏ Prefetch פ ᴋᵥ Ȃ

Ҭ̆ѿҩ Prefetch פ Ạ Ṣ Non-Blocking load ̆פ ᴰ

Nobody ̆ ҹ ̆ ῀ѿ֓ Hint̆ ᵥ

ᶏ ̆ Ώ ̆ ֓Ḥ ꜛԍ ѿ Ȃ 

Non-Exception-Generating Prefetch Ҍ Exception̆ Page Fault ῒז

Memory ExceptionȂ ѿ֓ Ҭ Prefech ԅ Exception̆ ҡ

Ȃ Exception ᴪ Overhead̆ Memory Consistency └ Ȃ 
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ᴆ פ ץ ꜚⱴ῀̆p ̆ ⱴ Һ

ꜚⱴ῀ Ȃפ ֓ פ ̆ ץ ᵬ Ȃ ѿ

Ҭ̆ Loop IterationȂ

׆̆ ѿ ҉ ԅ Temporal Locality Spatial Locality̆ ᶏ

ҹ Ȃ ױ 5-2Ҭ ᶛȂ  

 

f or  ( i  = 0;  i  < N;  i ++)

i p = i p + a[ i ] * b[ i ] ;

f or  ( i  = 0;  i  < N;  i ++)  {

f et ch( &a[ i +1] ) ;

f et ch( &b[ i +1] ) ;

i p = i p + a[ i ] * b[ i ] ;

}

f or  ( i  = 0;  i  < N;  i  += 4) {

f et ch( &a[ i +4] ) ;

f et ch( &b[ i +4] ) ;

i p = i p + a[ i ]  * b[ i ] ;

i p = i p + a[ i +1] * b[ i +1] ;

i p = i p + a[ i +2] * b[ i +2] ;

i p = i p + a[ i +3] * b[ i +3] ;

}

f et ch( &i p) ;

f et ch( &a[ 0] ) ;

f et ch( &b[ 0] ) ;

f or  ( i  = 0;  i  < N- 4;  i +=4)  {

f et ch( &a[ i +4] ) ;

f et ch( &b[ i +4] ) ;

i p = i p + a[ i ] * b[ i ] ;

i p = i p + a[ i +1] * b[ i +1] ;

i p = i p + a[ i +2] * b[ i +2] ;

i p = i p + a[ i +3] * b[ i +3] ;

}

f or  ( ;  i  < N;  i ++)

i p = i p + a[ i ] * b[ i ] ;

a) No Prefetching

b) Simple Prefetching

c) Prefetching with loop unrolling d) Software pipelining

Prolog-prefetching only

Main loop-prefetching 

and computing

Epilog-computation only

 
5-2⌐ ᴌ ת ᴮ [100]  

 

ҩᶛ ᶏ ̆ ף ᵬ int a

b ѿ ӗ̆ ṿ ip̆ῒҬ a b Cache Block Ȃ ױ

Ẋ Nҹѿҩ ғ 4 ̆ Cache Blockҹ 32 ̆

҉ 5-2Ҭ ₃ҩ ᶛȂ 

ᶛ aҬ ᶏ └ ᴨ Ȃ ă[i] b[i]Ҭ Ҍᴪ

CacheҬ Ҭ̆ ғ a b ᾝ ̆ Cache Block

ᴪ ҹ Compulsory Misses Ữ ׆̆ stall פ ̆

ᵞԅ Ȃ 

ᶛ b ip ṿӊ╠̆ ᾢ a b ̆ ip ṿ ̆

a bҬ CacheҬ̆׆ ѿ ҉ ԅף Ȃ ף

Ҍ Ȃ ҹ Ҭ̆ ץ Cache Blockҹ ᵝ ̆ a[0], a[1], a[2], a[3]

ѿҩ Cache Block Ȃ ף ѿҩ Cache Block ԅ

׆̆ ԅ Ȃ 

ᶛ cᶏ Loop Unrolling ̆ ᵣῤ ṿ ᵬ ѿ ҹ 4ҩ ׆̆

ᾧԅ ᶛ bҬ Ȃ ף Ҭ̆Branch Prediction ҹ ̆ ₮

Loop Unrolling Ҍᴪ ᵞ ̆ῒҺ Cache Block ≠ ̆

⁞ץ Ȃ 

ᶛ d c ҉ ᴨ Ṣ̆ ̆ ѿ №̆ ҹ Proloğ

Main loop Epilog҈ҩ ȂῒҬ Prolog ‰ ᵬ M̆ain Loop ҍ

̆ Epilog ᵬȂ 

҉ץ ֓ ҹ ̆ ֓ ᴪ ꜚ ᶛ a ҹ ᶛ dȂᵖ ֓ᴨ

ׅ ԅѿҩ ̆ ԍ Ữ ̆ Ҍᴪ ⌠̆

פ ᶭ ᴪ StallȂҹ פ ѿ Ữ ҍ ӊ ῏

̆Ḡ ‰ ⌠ Ȃ 
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ҹ ױ Prefetch Distance Ạ ѿ № ̆ ҹ ʵ̆ ῒ Ὲ ҹ

 ɻ= Ceiling(L/S) [100]ȂῒҬ Lҹ Ữ ̆ Sҹѿҩ Loop IterationҬ №

ᶏ Ȃ 

Ẋ ᶛ dҬ̆ Ữ ҹ 100ҩ ̆ ѿҩ Loop IterationҬ

ᶏ ҹ 45ҩ ̆ɻ ṿҹ 3Ȃ ѿ פ

3Ṑԍ Loop IterationҬ ӊ╠ ̆ Ḡ ᴆ ץ ≠ ̆Ҍ

ᴪ ҹ ⌠ Ȃᶏ Prefetch Distance ץ ѿ ᴨ ᶛd̆

5-3 Ȃ 

 

f et ch(  &i p) ;

f or  ( i  = 0;  i  < 12;  i  += 4) {

f et ch( &a[ i ] ) ;

f et ch( &b[ i ] ) ;

}

f or  ( i  = 0;  i  < N- 12;  i  += 4) {

f et ch( &a[ i +12] ) ;

f et ch( &b[ i +12] ) ;

i p = i p + a[ i ]  * b[ i ] ;

i p = i p + a[ i +1] * b[ i +1] ;

i p = i p + a[ i +2] * b[ i +2] ;

i p = i p + a[ i +3] * b[ i +3] ;

}

f or  (  ;  i  < N;  i ++)

i p = i p + a[ i ] * b[ i ] ;

Main loop-prefetching 

and computing

Epilog-computation only

Prolog-prefetching only

 

5-3 Prefetch Distance ᴮ [100]  

 

֓ᴨ Ҍ ᴆ ̆ ≠ ֓ Cache Ạ ѿ ᴨ

Ȃ ֓ᴨ ΐ ѿ ̆ ᵣ ҹ ┴ Ȃ

’Ҋ ᴆ └ ҹ ̆ ᾢ Code Expansion ̆ ᴆ ᴨ

ⱴԅף ̆ ѿ ҉ L1 Cache Pollution̆ ῒ פ

OverheadȂ ᴆ └ ץ ᾧ ң ̆ ᶏ ֲ ῏

ᴆ └Ȃ 

5.3 ᴆ  

ᴆ ᴨ Ҍ ᴆ Ҍ̆ᴪ ף Ҍ̆ ѿ

פ ̆ ғ ≠ץ ᴋⱵ Ḥ (Run Time Information) ̆

֓ ᴆ ᴨ Ȃ 

ᴆ Ҍ‰ ̆ Ҍ ̆

₮ Cache Pollution Ȃ ̆ ᴆ └ ᶏ

Ȃ ’Ҋ̆ ֓ ҍ Ҍ ᶛȂ 

ᴆ └ ᴆ ҹӄ ̆ IBM 370/168 Ҭ

ᴆ └Ȃ ᴆ ֽ Ữ ⌠ Cache ̆ Ҭ̆≠

ᴆ Ȃ 

ҹ ᴆ └ OBL(One Block Lookahead)└̆ ̆ᵖ

’Ҋ Ҍᵞԍ Ӟ̆ ȂOBL └

ΐᵣ ̆ Always prefetch̆ Prefetch-on-miss Tagged prefetch[23]Ȃ 
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ᶏ Always Prefetch OBL ̆ ѿ b ̆ b+1

CacheҬ Hit̆ b+1 Ȃ b

ӊ ̆ Ҍᶏ b+1̆ ׆ ҹҤ Cache PollutionȂᶏ

Access Ratioҹ 2Ȃ 

ᶏ Prefetch-on-Miss OBL ̆ b ₮ Cache Miss

̆ ᾢ b׆ Ữ ⌠ CacheҬ̆ b+1 CacheҬ̕

b+1 CacheҬ̆ Ҍ Ȃᶏ Access Ratioҹ 1+Miss RatioȂ 

Always Prefetch Prefetch-on-Miss OBL ≠ ӊ╠ Ḥ ̆ ֓ Ҭ̆

Cache PollutionȂTagged Prefetch Prefetch-on-Miss ѿ ̆ῒ

ҹ ̆Ӟᶏ ԅ ᴆ Ȃ 

ᶏ Tagged Prefetch OBL ̆ ҹ ѿҩ Cache Block ѿҩ Tagᵝ̆

ᵝ ᵝ ╠ Cache Block ҹ 0Ȃ ╠ Cache Block ҹ Prefetch

ῒҊ׆ Ữ Ҭ ̆ ᵝᶭ Ḡ ҹ 0Ȃ 

╠ Cache Block ѿ ᶏ ̆ Demand-Fetched ̆Tagᵝ ׆ 0

ҹ1̆ ῒ Ҍ Cache Block [23]Ȃ ҍPrefetch-on-Miss

≢ ԍ Prefetch⌠ CacheҬ Ȃ 

⌠ Cache Block ̆ ᶏ Prefetch-on-Miss Ҍ̆ᴪ

Ҋѿҩ Cache Block̆ ᶏ Tagged Prefetch ̆ᴪ Ҋѿҩ Cache Block̆׆

⁞ ԅ Demand-Fetched ̆ῒ 5-4Ȃ 

 

Demand-fetched

Prefetched

a) Prefetch-on-Miss

Demand-fetched

Prefetched

Demand-fetched

Prefetched

Demand-fetched

Prefetched

Demand-fetched

Prefetched

0

1

0

0

0

Demand-fetched

Prefetched

0

1

1

0

0

Prefetched

Demand-fetched

Prefetched

1

1

1

0

0

Prefetched

Prefetched

b) Tagged Prefetch
 

5-4 Prefetch-on-Missғ Tagged Prefetch [100]  

 

҉׆ ץ ̆ ԍѿҩ Access Patern̆ᶏ Prefetch-on-Miss ̆

ѿҩ Prefetched Cache Block̆ ᴪ₮ ѿ Cache Miss̕ Tagged Prefetch

ֽᴪ₮ ѿ Cache MissȂ 

ᵖ ֽ ѿ ̆ Ҍ Tagged Prefetchѿ ԍPrefetch-on-Miss Ȃ

Alan J. Smith [23] Miss Ratiŏ Access Ratio Transfer Ratio҈ҩ ҉ץ

ԅ ҹ Ȃ׆ Access Ratio ҉ Ălways prefetch ԍ ң Ȃ 

ҍ Prefetch-on-miss ̆Tagged prefetch Access Ratio Transfer Ratio

╠ Ҋ̆ ᵞԅ 50%~90% Miss Ratio [23]Ȃᵖ ᶭױ Ҍ ₮ Tagged 

prefetchѿ ᴨԍ Prefetch-on-miss Ȃҍῒז ̆Tagged Prefetch ѿ

ҩ Cache Block ᶏ ԅѿҩ Tagᵝ̆ᶭ Trade-offȂ 
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Tagged Prefetch └̆ ץ b+1̆ b+2̆ Χ̆ b+k ⌠ Cache

ҬȂῒҬ kҹ Prefetch ̆ kҹ 1 ̆ ҹ ‰ Tagged PrefetchȂ ₮ԅ

ѿ Adaptive Sequential Prefetching ̆ k ץ ᴋⱵ Run TimeḤ

̆ ҹץ ̆Ӟ ҹץ Ȃ 

҉ץ ֓ ᴆ ῒ ̆ ≢ Strided Array ῏ ̆ҹ

Ӟ֟ ԅѿ ↓ ≠ץ StrideḤ ᴆ ̆ Lookahead Data Prefetching

[102]Ȃ 5-5 Ȃ 

 

LA-PC

MUX

INC Branch 

Prediction 

Table

target 

address

match?
Reference 

Prediction 

Table

A

D

D

ORL

Execution 

Unit

PC

Effective Address

branch targetWrite Buffer

Data Cache

Instruction 

Cache

prev

N
ex

t 
L

ev
el

 o
f 

M
em

o
ry

 H
ie

ra
rc

h
y

 

5-5 Lookahead data prefetching [104]  

 

Ẋ ѿҩ 3-Nested Loop IterationsҬ̆ Ữ פ mi a1, a2

a3Ȃ (a2- a1) = ɲ ґ 0 ̆ mi ̆ɲ ҹ StrideȂ ѿ A3 

= a2 +ɲ̆ ῒҬ A3ҹ ṿ̆ ҍ a3 ̆↕ ̆ ⌠ An ґ anȂ

̆ ᶏ Ḥ ѿ ⱳ ɲ ̆ҹ ᴆ҉

ѿҩ RPT(Reference Prediction Table)̆RPT ҍ Cache ᵌ̆ 5-6 Ȃ 

PC Effective Address

instruction tag previous address stride state

ï

+

Prefetch Address  

5-6 RPT  

 

RPT PC Ȃ miפ ѿ ̆ №RPTҬ׆ ѿҩ Entry̆

Ώ Instruction Tağ Previous Address̆ state ҹ initial Ȃ miפ ԋ

̆ RPTҬ Ҭ ̆ ╠ EAҍ Previous Address Atride ῀

╠ Entry̆ State ҹ Transient Ȃ 
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(Effective Adderss+Stride) CacheҬ Ҭ̆ Tantative 

Prefetch ᵬȂ פ mi ҈ ̆ RPTҬ Ҭ̆ ғ A3ҍ a3 ̆

ԅѿ Correct stride Prediction̆ Ҋѿҩ ̆ State Ώҹ

SteadyȂ RPTҬ̆State 5-7 Ȃ 

 

initial

transient

steady

no 

prediction

initial Start state. No prefetching.

transient Stride in transition. Tentative prefetch.

steady Constant Stride. Prefetch if stride Í 0

no prediction Stride indeterminate. No prefetching.

Correct stride prediction

Incorrect stride prediction

Incorrect prediction with stride update

 

5-7 RPT state  

 

5-7 ῏ ̆ ױ Ҋץ ᶛ̆ 5-8 ȂῒҬ ҹѿҩ3-Nested 

Loop Iterations̆ a ṿ ᵬ ῒ̆Ҭ a b̆ cᶏ Stride Ҍ Ȃ

ᵖ ѿҊ Ҭ̆ ăb cᶏ Stride ᶭ ΐ ̆ RPTҬ№

≢Ḡ ֓ ׆̆ ѿ ҉ ԅ ‰ Ȃ 

 

f l oat  a[ 100] [ 100] ,  b[ 100] [ 100] ,  [ 100] [ 100] ;

é

f or  (  i  = 0;  i  < 100;  i ++)

f or  (  j  = 0;  j  < 100;  j ++)

f or  (  k = 0;  k < 100;  k++)

a[ i ] [ j ]  += b[ i ] [ k]  *  c[ k] [ j ] ;

instruction tag previous address stride state
ld b[i][k] 20,000 0 initial
ld c[k][j] 30,000 0 initial
ld a[i][j] 10,000 0 initial

instruction tag previous address stride state

instruction tag previous address stride state

ld b[i][k] 20,004 4 transient
ld c[k][j] 30,400 400 transient
ld a[i][j] 10,000 0 steady

ld b[i][k] 20,008 4
ld c[k][j] 30,800 400
ld a[i][j] 10,000 0

steady
steady
steady

after first iteration

after second iteration

 

5-8 Matrix multiply ᴌ  

 

Ẋ a, b c 20,000 ,10,000ץ≢№ 30,000 Ȃ ѿ ̆

ץ RPT Ҭ Previoud Address̆ ă b c Stride ҹ∆

ṿ 0̆ Stateҹ∆ InitialȂ 

ѿ Iterationӊ R̆PT Ҭ b c Stride№≢ҹ 4 400(Current Address

ҍ Previous Addressӊ )̆State ҹ Transient̆ ӊ Cache Block̆

a Strideҹ 0̆ҍӊ╠ ṿ S̆tate ҹ Steady̆ Ҍ ̕ ԋ

Iterationӊ R̆PTҬ b, c a Stride Ῥ S̆tate ҹ Steady̆

Ȃ 

ѿ k ̆ ԍ k ̆ ᶏ RPT c ῀ Initial ̆

῀‰ ̕ ԋ j ̆ ԍ j ̆ ᶏ RPT a c ῀ Initial

̆ ῀‰ ̕ ҈ i ̆ ԍ i ̆ ᶏ RPT a

b ῀ Initial ̆ ῀‰ Ȃ 
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̆ ⌠҈ ῃ Ȃ 

ᴆ ̆ ץ ‗ Loop IterationsҬ Stride Ȃ ѿ

ԅ Prefetch Distancĕ ʵ ҉ L̆ookahead data prefetching ץ

҉ ᴨ ̆ ץ ѿҩ LA-PC(Lookahead Program Count)Ȃ Prefetch 

Address ԍ Effective Addess + (Stride × ɻ )̆LA-PCҍ PC ṿ ҹ Ȃɻ 

֓ ’Ҋ̆ ԍ RPT └ Ҍ Triangle-Shaped Loop̆ Loop

Stride ṿ Ҍᵖҍ ῏̆ ғҍ Loop ῏Ȃ Correlated 

Reference Prediction └[103] ץ ‗ ѿ Ȃ 

└ ԅ῏ ѿҩ Loopῤ ӊ ̆ ῏ Loop̆

ץ Triangle-Shaped Loop Ȃҹ 5-6Ҭ ⱴ῀ ѿ Prev Address

Stride ̆ ῐ ץ[103] Ḥ Ȃ 

ᴆ ᴆ Prefetch ̆ Ҍ ᾧ ₮ Prefetch

ᶏ ׆̆ ᴪ ѿ ҉ѿ ҉ ̆ ᴪ ѿ ⱳ ̆

ԍ ֓ⱳ ̆ ᶏ Prefetch └ȂPrefetch └ ԅ

ӊ ̆ ᴪ ѿ Cache PollutionȂ ᶏ Stream buffer[20] └ ῀Ȃ 

5.4 Stream Buffe r  

Stream Buffer ѿ ӈ Cachĕ Һ ⱳ ᾧ ҹ Cache Pollution

Ȃ └ ̆ ץ ↓ ῀Stream BufferҬ Ҍ ῀Cachĕ

ᶏ CacheҬ Ҭ̆ ᾢ Stream BufferҬ ̆

ץ Cache ̆ᵖ Ӟ ⱴԅ ȂStream Buffer

5-9 Ȃ 

 

Next Address Cache Block Valid Tag

... ... ...

Cache Block Valid Tag

Incrementer

Comparator

From next lower cachePrefetch Address

Address from ProcessorTo processor

Stream Buffer

Front point

Rear point

 

5-9 Stream Buffer [105]Ƙ 

 

ѿҩStream BufferҬ̆ ҩEntry ̆ ҩEntryҬ ץ ѿҩ ҩCache 

Block̆ Ӟ ҩ ᵝȂStream Buffer ѿҩ Entry Cache Block̆Validᵝ ҍ

Tag ȂῒҬ Validᵝ ╠ Cache BlockҬ ̆ Tag

ȂStream Buffer ᶏ ҍ FIFO ᵌ̆׆ Front ᶏ ̆

῀ Rear ᵝ Ȃ 

₮ Cache Miss ̆ ᾢ Stream Buffer Front ̆ Ҭ̆

῀ Cachĕ ׆ Ҍᴪ Cache Pollution̆ Cache ׆

Stream Buffer Ȃ Prefetch Address׆ῒҊ Cache HierarchyҬ

Cache Block̆ ΏRear Entry TagḤ ̆ Ώ Cache Block̆

                                                             
ŵ
 ҍ[20]Ҭ Stream Buffer ̆[105]Ҭ ҹ ѿ֓Ȃ 
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Validᵝ ҹ Ȃ 

Stream BufferҬ Miss̆ ғ Ҭ ѿҩ Stream Buffer̆ Stream Buffer

┘ ̆ ↓Ȃ ’Ҋ̆ ѿҩ Stream Buffer Ҍ

̆ ѿҩ Ҭ ѿ̆ҩᴋⱵ ᴪ ҩ StrideҌ ↓̆ 5-8 Ȃ

ҹ ף Ҭ̆ѿ ҩ Stream Buffer̆ Multi-Way Stream Buffers̆ ῒ

5-10 Ȃ 

 

Tag 

= ? a data

a dataTag

a dataTag

a dataTag

Tag 

= ? a data

a dataTag

a dataTag

a dataTag

Tag 

= ? a data

a dataTag

a dataTag

a dataTag

Tag 

= ? a data

a dataTag

a dataTag

a dataTag

Address from Processor Data to Processor

From next lower cache

+1 +1 +1 +1

To next lower cache

5-10 Multi -way stream Buffer [20]  

 

₮ Stream Buffer Miss ̆ ᶏ ̆LRU PLRŬ ῒҬ ѿҩ

Stream Buffer̆ ץ ↓Ȃ ᶏ ̆ ѿҩᴋⱵ StrideҌ

₃ ↓ ̆ ᶏץ Ҍ Stream Buffer̆׆ ԅ Stream Buffer ≠

Ȃ ѿҩ ΐᵣ Ҭ ץ Stream Bufferҍ Lookahead Data Prefetching

ᶏ ̆ῒ 5-11 Ȃ 

Instruction 

Cache
Read BufferWrite Buffer

Data  Cache

Stream Buffer

Execution Unit

Program 

Counter

Branch 

Prediction 

Table

Reference 

Prediction 

Table

Look-Ahead 

Program 

Counter

Interface to the next level of memory hierarchy

 

5-11 ᶕ Stream Bufferғ Lookahead data prefetching [20]  

 

Ḃ ᶏ ᴆ ̆Ӟ ‗ ҹ Cache Pollution ̆

‗ ѿ ↓Ȃ ᴆ └Ҍ ҍ̆ №

֓ ӊ ̆ῒ ᴆ ӟ Ȃ 

Stride Prefechinğ Distance Prefeching Global Histrory Buffer Prefeching ̆ῒ

̆ Ῥѿѿ ׃ Ȃ ׆ Qualitative Research Ҍ

̆ῒ Quantitative Analysis OBL Ȃ ֓ᴨ

̆ Access PatternӊҊ ̆ ῒז ’ӊҊ Ҍ Ȃ
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Prefectch ҩ ̆ Ҍ ԍ Ȃ 

Ӟ ԅѿҩ ̆ ᴆ ԍ ῒז №̆ ԍ

ᴆ Ȃѿ֓ ᴨ̆ OBL Stream BufferȂ ѿ℗ᶭ

ѿҩ Trade-Off ̆ ᴨⱷӊ№Ȃ
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Ҍ Ȃ ӄӊ╠̆ ҍ ҳᾢ ‰ ӥΏ ῏ Cache ̆ Ҍ

ӥΏ ̆ ҍ Ȃ Ҭ ȇ ȈҬ ľ Ҍ ̆

╠ ̕ ̆ Ԑ Ԑ Ŀ̆ Ҍ Ҍ ԅ ֓ Ȃ 

ᶭ Ҍ ԅҹᵥ Ώ ֓ ̆Ҍ ̆ ԅ ⱬ̕Ҍ

ԅҹᵥѿ ̆ Ȃ ץ Ȃ

⌠ ̆ Ȃ 

ױ ╠ҍӊף ѿף ̆ ֓ ץ Ԋ Ȃ ֓ ѿ

֓Ԋ ױז̆ Ҥҍ ᾣ ̆ ⱴṐ ₮ Ȃ ֓ ץ

Ԋ Ҍ ҩᵣ ᵣ Ȃ 

ץ ᴇ Ԋ ̆ Ҍ ᴇ ҹᵥ ̆ Ҍ ף ץ Ȃ

ҹ Ȃ ᴋ ᾥ ̆ ѿ ̆

When our founders boldly declared America's independence to the world and our purposes to 

the Almighty, they knew that America, to endure, would have to change. Not change for change's 

sake, but change to preserve America's ideals; life, liberty, the pursuit of happiness. Though we 

march to the music of our time, our mission is timeless. 

ᶏ Ҋӊ№̆ ҹ Ҥ Ȃ Ҥ ̆Ҍ ӝ ̆ ֲᴪ ԇᵰ̆

ԅ ѿ̆ Ȃ Ҍ Ȃ ץ ᶭ ֲӊ ̆

ӊȂ ֲ ῒᶏ ̆ ҩᵣ ̆ Ҋӊ№Ȃ 

Ҭ ľAnd let us not be weary in well-doing, for in due season, we shall reap, if we 

faint notĿ̆ Ҭ ľ ⱬ̆Ҍꜜױ ̆ Ṝ⌠ԅ̆ ĿȂ ָӇ

≢ ᶏ ֓ Ȃ 

Ҍ Ȃῐӊ ̆ Ҍ ӏ Ȃ ԍ Ҭ╠ ̆ ╠

̆Ҍ Ӎ Ȃ ӥΏ̆ ӊ╠ ₮ ̆

̆ Ȃ Ȃ ȇ Ȉ̆ ῒҬץ ѿ ᵬҹ

ῃ Ȃ 

ҕ ̆ ҆ ἝȂ ȁ ȁ ȁ Қ ȁ ֲ ֲȁ

ȁ ȁѿ℗ ȁ ̆ ҬȂ 
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