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↕ổ҅

Å ӏѝ ֘

Å 2⁸labᾩ σ11ῐ14ᾤ-12ῐ10ᾤᾺ23:59

Å Lab2ַאָײ σ1 ₉▫ ︡Ҭ јҷצ∫ τ2 ҂ ∫₯ ῞ᶡײַ ⁴ẩ
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↕ổ҅

Å ӏѝ ֘



Ẹ  אָ
CONTENTS

01.

02.

03.

04.

ח ᴦṂјҀẐỳ

֪ᾀᶳⱣῡֹјᶉᶌ ≡

ԏַײMIPS῾ῶḪӔ֪ῷ

  ῾ῶᾎὊὔֹ֖



ộỳ ץԒḳẊ יּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 8 >

MIPSσ   ח+ ἷҦᴦṂ

Å ѥᶼַײ◓ⱣḶḔᵷᶣӟḔỨῑᾎὊȤᾢ ᶵֹ

Å +  FU ￼ḷḕᵸᾰҭ Ÿ ṇᶚồ ᾭὯ Ể ROB

Å ROB and RSɒon the sideɓ used only for control and tags

ÅMIPSσAn alternative implementation
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSσAn alternative implementation

Å ῾ῶḶḔᵷᾑҬψ Gone

Å ◓ⱣḶḔᵷᾑҬӟḔỨῑө

Å#ⱶתḷḕᵸ = #‟‗ḷḕᵸ  

+ #ROB entries

Å Ṅ‟‗ḷḕᵸῑṃֹⱶתḷḕᵸ

Å ╦ ᾭὯ֗ εⱶתḷḕᵸᴨҦ 

RS א ζ

Physical Regfile

Å —῞ѕᾂᴩ map table /RAT

Å ῑṃј ѭ 0ε≡ῶ‟‗ḷḕᵸᾰҭζ

Å ֮ Ί֪ ⱣḶḔᵷ◓ײַ

Å ROB Ṅⱶתḷḕᵸ ᵻֹ ֯

Å ҡ₦Ổі ι ῗɒ ⃰￼ḷḕᵸ ᵘᵄɓιᵼѭ≡ῶḷḕᵸӪᾈ
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPS R10K Dispatch ₉

Å T ᴧ ԃḶḔᵷḽẓpregα◓ⱣḶḔᵷβ  εḔᶇRS

Å ToldχѳׁῑṃֹὝҧ ֧￼ⱶתḷḕᵸ ᴨ ֧ḷḕᵸ￼preg‰

ιḔᶇROBαToldβ

Å  ֧ḷḕᵸ֫ Ὰ￼pregεfree listζιḕᶈRSιROBιMap tabe
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPS R10K Complete ₉

Å ᶇmap tableѦ ḦἷҦ ֦ḶḔᵷַײready bit

Å ᶈRSѧ ḧש Ԅ‰ ￼ready bits
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPS R10K Retire ₉
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

+χReady bit

Үӌᶉᾛ їḔӳḶḔᵷvalues

Map TableїѬ
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 1

f1֪ ᾚַײpregӇ αPR#5β

ᵂᾩᶇROBḔӳf1ᾦpregαPR#2β
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 2

f2֫ Ὰ￼pregӈ εPR#6ζ

ᵃῊᶈROBḕӴf2ῇpregεPR#3ζ
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 3
StoreὝҧј֫ preg

ᶈX ⅎᴏFreeὲRS entry
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 4



ộỳ ץԒḳẊ יּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 18 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 5

ᶈX ⅎᴏFreeὲRS entry
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

--◓ⱣḶḔᵷҀẐ֑ԃ

Å ῗᴵҨ￼ι≡ῶ‟‗ḷḕᵸᾰҭ

Å ỠҩᴴҧɎfreeɏ ֑ԃַײḶḔᵷẉɎrestoreɏᾦַײ

Å ίֺMap TableᵙFree List‎Ḣἄι јῗḷḕᵸᾰҭ

Åѣ ỠᶶMap Table ᵙFree List￼ΆẪ
Å ᾛẩ1σ ⱴROBѦַײTεToldѨ ᶵα ẘỚӆ ᴄβ

Å ᾛẩ2σҠ ҍ‭  ᴄᵔῙ ᶵα ẘỒεӆ‭  ᾴᾫ βײַ

Å ᵸ￼ἱѧΆ⁮χתҦᶴא ῞ ừ֙ồ

Å rollback￼ Ӕּ₅ז‬♇

Å Ṉrollback￼Page-faultᵙinterrupt ѩ Ỡᶶ
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 5

Precise 

State ḄῺἷҦ2 ᴧ εְ
rollback ὶ ἷҦ3-5

Replace with a 

taken branch

jmp f0 f1 f2 



ộỳ ץԒḳẊ יּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 21 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 6

jmp f0 f1 f2 

ᾗ ldfεROB#5ζ

1. ᾣRS

2. ᾣTεPR#8ζι ᵻFreelist

3.ṄMT[f1] ᾺḕӴֹToldεPR#5ζ

4. ᾣROB#5

ὝҧᴵҨrollbackἚ
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 7

jmp f0 f1 f2 

ᾗ ldfεROB#4ζ

1. ᾣRS

2. ᾣTεPR#7ζι ᵻFreelist

3.ṄMT[r1] ᾺḕӴֹToldεPR#4ζ

4. ᾣROB#4
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MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 8

jmp f0 f1 f2 

ᾗ ldfεROB#3ζ

1. ᾣRS

2. ᾣROB#3

3.≡ῶḷḕᵸ Ỡᶶ/ ᾣ

4.D$￼֒ԄḅӍᾗ ό
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ḔCache ᶡ︠

Åặ׀ ○῾ῶѦַײ Ḕṕ

Memory pyramid

Disk (Many GB)

Memory (128MB ðfewGB)

L2 Cache  (½-32MB)

L1 Cache

(several KB)

Reg

100s bytes

1 cycle access (early in pipeline)

1-4 cycle access

6-15 cycle access

100-500 cycle access
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ḔCache ѦַײṔ

ÅṔ ᴜⱣ Ɇᾩ Ṕ ј Ṕ

Åṕ ớᴝתχ

Å ẑӫᵇ҈ ᶶӔּזῳ Ӕּז ￼ᾭὯᵙὝҧ

ÅῊ ṕ ớχ ῳ Ậּז￼ Ễᴵ ᶈјѰ￼Ṅ‎ Ậּז

Å ṕ ớχ ᶊᶍ ￼ⱶᵝỀỀҺᶈῊ і ḸẬּז

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

sum += a[ i];
*v = sum;

ӔѦַײṔ σ
ɗᾎὊ

Ɋ Ậּזᾭ Ӻ ε ζ

ɗἷҦ

ɊὟ ẑε ζẬּזὝҧ

ɊᴦᶶỈעεῊ ζ
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ḔCacheַײᶡ῞

ÅוỒ Ḕ ẘ

ÅMain Memory

ÅStores words

AɊZ in example

ÅCache

ÅStores subset of the words

4 in example

ÅOrganized in lines

ÅMultiple words

ÅTo exploit spatial locality

ÅAccess

ÅWord must be in cache for 
processor to access

Big, Slow Memory

A

B

C
Å

Å

Å

Y

Z

Small,

Fast Cache

A

B

G

H

Processor
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< 28 >

ḔCacheַײᶡ῞

ÅCacheַײἙ ⁴ᶙ

On memory read

Å if incoming address corresponds to on

e of the stored address tag then

Å HIT

Å return data 

Å else

Å MISS 

Å Choose and 

displace a current block in use

Å fetch new (referenced) block from

memory into frame

Å return data
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ḔCacheַײᶡ῞

ÅCacheӓⱴῠ

Åblock (cache line) ð minimum unit that may be present

Åhit  ð block is found in the cache

Åmiss ðblock is not found in the cache 

Åmiss ratio ð fraction of references that miss 

Åhit time ðtime to access the cache miss penalty

Åmiss penalty

Å time to replace block in the cache + deliver to upper level 

Åaccess timeð time to get first word 

Å transfer timeð time for remaining words
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ḔCacheַײᶡ῞

ÅCache Block Placement
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Cache Block Size ⁭ồײַ

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

ÅReduce tag storage overhead 

Å In 32Ȥbit addressing, an 1ȤMB directȤmapped cache has 12 bits of tags 

Å4Ȥbyte cache blockᵼ 256K blocksᵼ ~384KB of tag 

Å128Ȥbyte cache block ᵼ 8K 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

29

123

150
162

18

33

19

210

00000
00010
00100
00110
01000
01010
01100
01110
10000
10010
10100
10110
11000
11010
11100
11110

Cache
V d  tag   data

Memory

78

120

71

173

21

28

200

225

0

0
0

0

Address

01101 218

44

141
28

33

181

119

66

23

10

16

214

98

129

42

74

Block Offset (1-bit)

Line Index (2-bit)

Tag (2-bit) 

Compulsory Miss: first reference to memory block

Capacity Miss: Working set doesnõt fit in cache 

Conflict Miss: Working set maps to same cache line 

3-Côs
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Direct -Mapped Cache
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< 34 >

Fully -Associative Cache

⅍ῑblock index
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N-Way Set Associative Cache
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< 36 >

N-Way Set Associative Cache

ÅAssociative Block Replacement

ÅẸᴧּו῾ᵘѧῊ ῲὭsetѧ￼ᵤ Ѧblock? 

Åתỳừ֙ї ð ð ῲὭ῾‎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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< 37 >

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 fullyȤassociative 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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< 39 >

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, 2Ȥ, 4Ȥ, 8Ȥ ԋ
ÅLarger associativity 

Å῭Ӊ￼miss rateᴵҨ֟ṇ ẑ￼ᴪט
ÅҝḾṇñC/bò

ÅSmaller associativity 

Åἄ ῭ӉιᵘѧῊ ῭ồ



ộỳ ץԒḳẊ יּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 41 >

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

29

123

150
162

18

33

19

210

00000

00010

00100

00110

01000

01010

01100

01110

10000

10010

10100

10110

11000

11010

11100

11110

Cache

V d   tag       data     

Memory

78

120

71

173

21

28

200

225

0

0
0

0

Address

01101 218

44

141
28

33

181

119

66

23

10

16

214

98

129

42

74

Block Offset (unchanged)

1-bit SetIndex

Larger (3-bit) Tag 

Impact on the 3Cõs?
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< 43 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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2-Way Set Associative Cache ḪӔ

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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< 58 >

’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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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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< 65 >

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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< 66 >

Ḕ

ÅCache Coherence Protocol: MSI ◦ ᶂ
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< 67 >

Ḕ

ÅCache Coherence Protocol: MSI State Diagram
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< 68 >

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 clean ɏ)

Å ῾ ӢᾡιӇᴱῶ℅ ḕῶ  א￼

ÅṄexclusivityљ Ἅῶ ֫ ε ј ιᵼ℅ԓḕѧ￼א ῗᾭὯ￼

ῶᾦא ζ

Åҡ E ״ ֹ M ј Ở ᾛӐ




