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↕ổ҅

Å ӏѝ ֘

Å 3⁸ӏѝᾩ σ4ῐ7ᴹï4ῐ21ᴹ

Å 6₭ӐўᴵҨӔּזỞ 6ѦLate day

Å Late Day ṓᵅι⅛῝Ґ1ᶾἙ 20%Ẹ₭Ӑў֫ᾭ

Å 1⁸labᾩ σ3ῐ10Ὰѕ - 4ῐ10Ὰ11:59

Å 2ѥᶡ︠Үזα50%+50%β+ 1ѥBonusαᴴ2 1ε50%β

Å 2⁸labᾩ σ4ῐ11ᾤï6ῐ11ᾤ

Å 2ѥᶡ︠Үזα50%+50%β+ 1ѥBonusα50%β
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ḔCacheַײᶡ῞

ÅCache Block Placement
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Cache Block Sizeַײ⁭ồ

ÅEach cache block frame or (cache line) has only one tag but can hold multipleɒchunksɓof data 

ÅReduce tag storage overhead 

ÅIn 32ɉbit addressing, an 1ɉMB directɉmapped cache has 12 bits of tags 

Å4ɉbyte cache blockᵼ256K blocksᵼ~384KB of tag 

Å128ɉbyte cache block ᵼ8K blocks ᵼ~12KB of tag

ÅThe entire cache block is transferred to and from memory all at once 

Ågood for spatial locality because if you access address i you will 

probably want i+1 as well (prefetching effect)

ÅBlock size = 2^b; Direct Mapped Cache Size = 2^(B+b)
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Direct-Mapped Cache
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Block Offset (1-bit)

Line Index (2-bit)

Tag (2-bit) 

Compulsory Miss: ⁸ẫⱴԒḔᶑ

Capacity Miss: ṩӏ ᵘ ḔᶼṆїר

Conflict Miss: ṩӏ ᾰṂָᵂ Ḕ

3-Côs
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Direct-Mapped Cache
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Fully-Associative Cache

⅍ῑblock index
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N-Way Set Associative Cache
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N-Way Set Associative Cache

ÅAssociative Block Replacement

ÅẸᴧּו῾ᵘѧῊ ῲὭsetѧ￼ᵤ Ѧblock? 

Åתỳừ֙їððῲὭ῾‎ῳ῝ ￼block

ÅḅӍḫא? 

ÅApproximations: 

ÅLeast recently used ð LRU 

Å ḾῊ ṕ ớ ҃ҸקεӬ ῶ￼ )ιḾ҈ ѣ ￼ừ֙ιἄ 

ÅNot most recently used ð NMRU

Å MRUιҡԎҤblockѧ   ὍιỄḄ￼ἱ Ά⁮

ÅRandom

Å֠ѵᵘ LRU ‒ḃεΉ ᴄα ẁᾴҿ ῡβ

ÅתᶒῲὭᾤ ῶᶺ ό
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Cache Miss

ÅPlvv Fodvvlilfdwlrq +6.4 Fɋv,

ÅCompulsory Miss

Å ⁸  ѥᶑᾩ֦♪Ɏcold missɏ
Åðdefined as: miss in infinite cache 

ÅCapacity Miss

Åⱶ҇ Ḕїᶻᶼ ᴦⱳΊᵗѦð
defined as: miss in fullyɉassociative cache 

ÅConflict Miss

Åⱶ҇ ֹ ᾰṂ ꜝ ᴦⱳΊᵗѦ
Åҝᶈ ἆ ὶῑṃ ḕѧ
Åðdefined as: not attributable to compulsory or capacity 

ÅCoherence Miss

Åⱶ҇ᶹᶳⱣᵷѲ ԉҔײַ ᴦⱳΊᵗѦ
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Cacheᴟᾎַײ Ἤ

ÅCache SizeαCβ, Block Size αbβεAssociativity αaβ

Å ḔᶼṆᾴ ᾎὊαїפἭ  βḲ
Å῭ᶽᴵҨ῭ḄᶊַּזῊ ṕ ớ
Ånot ALWAYS better 

Å Ḕᶾᶼ
Å ṇ ồ => ᶽ ỹ
Å Ὴ ᴵ Һ Ӊԋ Ể

Å ḔᶾṆ
Å≡ῶỄḄᶊַּזῊ ṕ ớ
Åῶּז￼ᾭὯјᾸ ῲὭ
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Cacheᴟᾎַײ Ἤ

ÅBlock Size αbβ

ÅᶑᶼṆᾴἷ
Åљᶊᶍ‰ ԋ
Åј ḧῗṖ₭ ‗ѳ ￼ҽ ᴅӈεremember sub-blockingζ

ÅשᶑᶾṆ
Å≡ῶỄḄᶊַּז ṕ ớ
Åῶ ᶺ￼‰ Ầ

Åᶑᶾᶼ
Åҽ ҃ῂּז￼ᾭὯ
ÅῶּזᾭὯ ῲὭ
ÅỞתᶒᾭᶿṈ
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Cacheᴟᾎַײ Ἤ

ÅAssociativity αaβ

ÅPartition cache frames into

Åequivalence classes of frames called sets

ÅTypical values for associativity 

Å1, 2ɉ, 4ɉ, 8ɉ ԋ
ÅLarger associativity 

Å῭Ӊ￼miss rateᴵҨ֟ṇ ẑ￼ᴪט
ÅҝḾṇñC/bò

ÅSmaller associativity 

Åἄ ῭ӉιᵘѧῊ ῭ồ
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Cache ἬַײẼᵟ

ÅCache֑ԃᵘMissᶳⱣ ꜝ

Å֒Ԅ Ԅ῾ᵘѧό֒תχḅӍᶴצּ
ÅWrite-through / no-allocate

Å⅛₭֒ԄῊ῭Ὰԓḕ

ÅӠὙԓḕ῭Ὰ

ÅWrite-back / write-allocate

ÅҝᶈᶒῲὭῊ῭Ὰԓḕ

Å ᶺ ḕ ᴱ ιҡј֒Ԅ

ÅṄñdirtyòӈ▌ֹזꜛỗḔ

ÅῲὭᵅᴝӾ▐

ÅẸᶒṿ ֒ԄῊset

Åҝ֒ᵻdirtyᶒιẊ▐ cleanᶒ ј ԓḕ῭Ὰ
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2-Way Set Associative Cache
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Block Offset (unchanged)

1-bit SetIndex

Larger (3-bit) Tag 

Impact on the 3Cõs?
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative CacheḪӔ

ÅWrite -back & Write -allocate
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’Ӕ֪ῷ

ÅCacheᶉᶌַש֪◕₦ײᾰṂ

Ḿ҈ 32 ӈᶊᶍᵙԏῶ 64 Ḕ block￼ 16KB ḕιјᵃ ḕ ￼ᶊ
ᶍbreakdownχ
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’Ӕ֪ῷ

ÅCache Accessᾩ ֪ῷ

ÅT_avg = T_hit + miss_ratio x T_miss 

Åcomparable DM and SA caches with same T_miss

ÅӇῗῳṇקT_avg￼associativity ⅝ῳṇקmiss_ratio￼associativity ṇ
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< 34 >

Ḕ ╟Ύײַ

Åᶹ–ԉҔcache

Nvidia GPU Architecture
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Ḕ ╟Ύײַ

Åᶹ–ԉҔcache
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Ḕ ╟Ύײַ

Åᶹ–ԉҔcache

♪ҥᶳⱣᵷᶇṔ ḔѦᶵֹḔӳᵷַײԒḲ
σїᵂַײᶳⱣᵷᶇᵂ‒ԒḔӇ ᴴ ҹ Ḻָїᵂַײө
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Ḕ ╟Ύײַ

Å Ḕ ᴂ

Å₤ѥᶳⱣᵷַײ Ḕὔֹᵷẓ ᵟẓҧіὺӏ:

Å- ᶊᶴתᵸLoads and stores

Å-‎ Ở іԎҤ ḕ￼╦Ụ

ÅḄῺỨῑ Ḕὔֹᵷ Ἰ▓Ứ ᴂ ε Ѱṃӟἵ

Å- ḕɒᵀӐɓҨ ӠӠὙ ớ
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Ḕ ╟Ύײַ

ÅInvalidation -based write -back protocol

ÅԊ σ

Åᶴ҈ɒṰӢᾡɓꜛỗ￼ ᴵҨᶈј ԎҤ ḕ￼ừ֙ї Ӣᾡ

ÅᶳⱣᵷᴰ ֑ԃṯӡᾂ◦ ײַ

Å Ά│‎ᵓ ԎҤ ḕιᶴתᵸỳ ꜠ᴉ

ÅἅҪ ᵇἍῶԎҤ ḕᴧ ╦Ụ‎ḫא ♇

Åặ ḔὔֹᵷָּזḽԍỨפᵌַײ ӡᾂ ײַ ₱ᾩ

ÅḜọ Ӕ ḕѧ￼ ῂᾦ
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Ḕ

ÅMSI write -back invalidation protocol

Åᴂ ѭײַ Үז
Å Ӡᶴתᵸ ệ֒Ԅ￼꜠ᴉ  
Å ᶈ ḕ῾ᵘѧῊ‬ἧ ḕ ᾭὯ￼ῳᾺא 

Åє Ḕ ◦
Å ῂᾦεIζχљᴅᶴתᵸ ḕѧ￼ῂᾦᵍѲ ᵃ
Å Ԋҕ (S)χ ᶈ ѦἆᶺѦ ḕѧῶᾦιԓḕῗῳᾺ￼
Å ṰӢᾡ (M)χҝᶈ Ѧ ḕѧῶᾦ￼ εᴡ ɒdirtyɓἆɒexclusiveɓꜛỗζ

ÅѢѥᶳⱣᵷὺӏαⱶ῞ᶉ CPU ᴦβ
Å PrRd( ᴨ)

Å PrWr(֒Ԅ)

Åєѥј ײԊַגּ ὺӏαΎ Ḕβ
Å BusRdχ ᴨ ḕ ιῂỴӢᾡ א
Å BusRdXχ ᴨ Ӣᾡ￼ ḕ  א
Å BusWBχṄdirty ֒Ԅԓḕ
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Ḕ

ÅCache Coherence Protocol: MSI ◦ ᶂ
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< 41 >

Ḕ

ÅCache Coherence Protocol: MSI State Diagram
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< 42 >

Ḕ

ÅCache Coherence Protocol: MESI invalidation protocol

Åḽ҇ ᴧᶉᶌ▒ᵄ֑ԃᶉᶌַײẁ ֘εMSI Ѣѥ҉ ὺӏ

ÅᾛӐ 1χBusRd Ἣ I ꜛỗ ѭ S ꜛỗ

ÅᾛӐ 2χBusRdX Ἣ S ꜛỗ ѭ M ꜛỗ

Åᴎӓẓⱴ Ẑ—῞⅍ῑԉҔε ӈᾇ♆ҟ▒Ḕᶇ

Å ֗ᾛ’σ║ו ◦ו E(Ɏexclusive cleanɏ)

Å ῾ ӢᾡιӇᴱῶ℅ ḕῶ  א￼

ÅṄexclusivityљ Ἅῶ ֫ ε ј ιᵼ℅ԓḕѧ￼א ῗᾭὯ￼

ῶᾦא ζ

Åҡ E ״ ֹ M ј Ở ᾛӐ
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Ḕ

ÅCache Coherence Protocol: MESI invalidation protocol



אָ Ẹ
CONTENTS

01.

02.

03.

04.

Ḕ ᴧҷצῡֹ

Ἠ Ḕ⁭ồјῡֹ

ᶹ–ᶹ ᾎὊẉ

ᶹ Ḕ ῡֹ



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 45 >

Ḕ ᴧҷצῡֹ

ÅMemory Wall
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< 46 >

Ḕ ᴧҷצῡֹ

ÅқѰᾴ ᴧαPrefetch β

Åώׁ ᴨԓḕ
Å ᵇ ֘compulsory, capacity, & coherence misses

Åὠἇχ
Åּר ᴧқѰ
Å ᴨῂּז￼ӡỤҺ╡ Ḫ ￼ ◊

ÅɎӌᾩɏ ᴧ
Å Έ ᴨҺṀ ḕӴ█ҁ
Åθ ῝ ᴨҺ ɒ ɓ ᴨ￼ ￼
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< 47 >

Ḕ ᴧҷצῡֹ

Å ᴧαPrefetch β Ḕ ổᶂ
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< 48 >

ᶡ҇ Ҭַײ ᴧ

Å ᵷᵘἷҦ ᾀἵײַ

Å Compiler/programmer places prefetch instructions

Å Requires ISA support

Å Why not use regular loads?

Å Found in ISAɏs such as SPARC Vɉ9

Å Prefetch into 

Å register (binding)

Å caches (nonɉbinding): preferred in multiprocessors
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ᶡ҇︡Ҭַײ ᴧ

Åᾢ ᵷᵘἷҦ ᾀἵײַ

Å ᴧқѰψ
Å і Ӿ Ѧblock? 

ÅӔּזᶊᶍ ╜ᵸ-> Ẃ҈זּ ₩Ẫ(e.g., x, x+8, é)

ÅқѰᾩӦ ᴧψ
Å⅛₭Ậּז
Å⅛₭miss

ÅẸẬּזӾׁ ᴨ￼ᾭὯῊ
Åῳᵅ ₭ᶴתᵸẬּזῊ

Å ᴧַײᾎὊᾄᶇᵣ ? 

ÅBuffers caches
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ᶡ҇︡Ҭַײ ᴧ

Åֶⱴ Ṕ ײַ Ẑ ᴧ

Å ⱴ҇ IɅcache

ÅὝҧ ᴨӫᵇ҈ ẑ ԓḕ

Åḽ҇ DɅcache Ύ ᾇῺїᶾḃ

Å῭ј ֱ￼ ₩Ẫ

ÅẂ ₩Ẫᴵ ԏῶ ᴅӈℓ εӕḅ Ҧ ζ

ÅּגḽḲᾮḪ♪

Å ᶽ￼ ḕᶒᶽṇṰ ֹ ᴨ￼Ӑּז

Åז ḕᵅιḅ‛ јᶈ ḕѧћỞ јỒιֱ זẦḊט

ї

ÅḄῺӐᶇ ᾩײַ ᴧҹ Ѱ‒é.

Å֫ᾟ, etcé
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ᶡ҇︡Ҭַײ ᴧ

ÅStride Prefetchers

Å ◕Ḧ ײַ ⁴ẩΉᴴ ≡

Reference Prediction Table

(RPT)

Å ӊӾׁἚ ז￼ ḜҪ￼ PC ῳᵅẬּז￼ᶊᶍ ᶈῳᵅѣѦẬּזѳ ￼ℓẄ

Å Ἒ ז Ὴι‬ἧRPTẊ ẸׁᾭὯᶊᶍᵙῳᵅ Ѧᶊᶍѳ ￼

Å ḄῺᾚַײ јᾦַ₉ײẃר ᵼ

ἧֹ Ѧ₩Ẫι ᴨɒẸׁᶊᶍ+ℓẄɓ

Å ῭Ὰɒlast addrɓᵙɒlast strideɓҨӗї₭‬ἧ
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ᶡ҇︡Ҭַײ ᴧ

ÅCorrelation -Based Prefetchers

ҧіᶳⱣᵷᴦַ֦וײ ᶉᶌַײᴖᴶ Ẹ

A, B, C, D, C, E, A, C, F, F, E, A, A, B, C, D, E, A ,B C, D, C

ᶈẬּז⸗ḧᶊᶍεӕḅ A ἆ Eζᵅι•Ҏᶊᶍῗᵋὶї‎῭ᴵ Һ Ậּז
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ᶡ҇︡Ҭַײ ᴧ

ÅCorrelation -Based Prefetchers

Åָּז◕Ḧᶉᶌᵄ ᴴ іײַ ѥᶉᶌ
Å ᴨ ẙ Ẃ Ӊιᵼ℅ ᴨῳᶺNѦnextᶊᶍҨᶭז ᶀεӇ Һ╡ ṾḴζ
Å Ӕּז῭ ￼ᴗᴷ ẹᴵҨώ ᴨ֝ ớ
Å ‬ ῳᵅKѦז ᶊᶍ‎֘ḧї Ѧ ᴨ￼ᶊᶍι јҝҝῗẸׁᶊᶍ
ÅӕḅιӔּזῳᵅ K Ѧ ￼ᾭὯᶊᶍ￼ XOR Ậ
ÅӔּז₭֡ז ￼ᴗᴷ ẹᴵҨῘ ώ ֝ ớ
Å℅Ἡ ѼᴵẔּ҈זҝז ῾ᵘѧstream
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ᶡ҇︡Ҭַײ ᴧ

ÅΉᶹַײ ᴧῡֹ

Miss ᶉᶌᾴּגԊַײ
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ᾎὊẉ

ÅGdwdɅohyhoparallelism (DLP)

ÅᴵҨᵃῊ ệ Ὴ ᵙᴧṃḴẙᵈό
ÅᴵҨιӇ ӔּזјḅILP῞ ￼Ẋ ₩ᶚ

ÅᾭὯ Ẋ εDLPζ
ÅḾᶺᾭὯӺ ᶶ ᴅѦᾛӐ
ÅјḅILP῞ χẊ Ὕҧῗᵃ‾￼ᾛӐ
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ᾎὊẉ

ÅGdwdɅohyhoparallelism (DLP)
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ᾎὊẉ

ÅExploiting DLP With Vectors
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ᾎὊẉ

ÅExploiting DLP With Vectors
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ᾎὊẉ

ÅMIPS -V Instructions
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ᾎὊẉ

ÅMIPS -V Instructions
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ᶹ–῾ῶַײ Ẻẩ

ÅBus-based Multi -core ᵘ Network -on -chipσChip Multiprocessor (CMP)

Å Ԋҕ : e.g., bus

Å Ӊả
Å ӉṾḴχῂ│Ἓṝֹ 16 Ѧ
ᶴתᵸ

Å ԊҕṞớ ҃ק ḕ ớᴃ
εᵅ Һώֹζ

Å ♇Ḿ♇ : e.g., mesh or ring

Å ῭ ￼ả χᴵ ᶺѦɒhopsɓἑ
ӡ

Å ῭ ￼ṾḴχᴵἛṝ ᾭ׳Ѧᶴתᵸ
Å ḕ ớᴃ Ễᶶ 
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ᶹ–῾ῶַײ Ẻẩ

ÅNetwork -on -chipσChip Multiprocessor (CMP)

Mesh Topology

2-D torus topology Octagon topology

Irregular or ad hoc network

topologies
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ᶹ–῾ῶַײ Ẻẩ

ÅNetwork -on -chipσChip Multiprocessor (CMP)

Switching strategies

Å ᵥ Ҭ routers

Å ӈ ᴰ ֜
Åphit ҩ ῤ ᴰ ᵝ

Åtypically, phit size = flit size
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ᶹ–῾ῶַײ Ẻẩ

ÅNetwork -on -chipσChip Multiprocessor (CMP)
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ᶹ–῾ῶַײ Ẻẩ

ÅNetwork -on -chipσChip Multiprocessor (CMP)

ÅStatic and dynamic routing

Åstatic routing : ԍ ӊ ᴰ

Å ╠

Åstatic routing ᴨ :

Å ԍ ̆ ҹ₃ӍҌ

Å ᶏ ̆↕ ᴰ

Ådynamic routing : ╠ Ạ₮ ‗

Å

Å ӊ ᴪ

Å traffic ’

Å ꜚ

Å № Ҭ traffic
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ᶹ–῾ῶַײ Ẻẩ

ÅStatic Routing Tables

Dijkstraôs algorithm

Â ȁ

ï ñ ò

ï Ḥ

Â ѿҩ׆ ̂ñ ò̃ ⌠
ῒז ᵞ

ï ₮ ԍ

Â ̔ף k ̆ף ץ
⌠

A

ED

CB

F

2

2

1
3

1

1

2

5
3

5
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ᶹ–῾ῶַײ Ẻẩ

ÅDynamic Routing


