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↕ổ҅

Å ӏѝ ֘

Å 1⁸ӏѝợ₆ᾤῙσ11ῐ7ᴹᾺ11:59

Å 3₭ӐўᴵҨӔּזỞ 7ѦLate day

Å Late Day ṓᵅι⅛῝Ґ1ᶾἙ 20%Ẹ₭Ӑў֫ᾭ

Å 1⁸labᾩ σ10ῐ17ᾤ11:59ᴦṴ - 11ῐ10ᾤᾺ11:59

Å 3ѥḑҮזα60%+30%+10%β

Å 2₭labῊ χ11ῴ10ῄ-12ῴ7ῄ
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ח ᴦṂјҀẐỳ

ÅҀẐỳ ῶᾀἵ῾ײַ

ÅἷҦ Insn שꜜỡӟש֖ buffer or Reservation station (RS) (ῶỄᶺᵄḔ)

Åᶢ ᴅӺ: ӠὙὝҧ￼ ḕᵸ

ÅὝҧӧ −

ÅṄ ID Ἴ֫ѭѣ ֫

Å ש֖ Ẑ ᴧ ἷҦײַבֿ

ÅRSṃἷҦ ếі ∫₯ ҀẐỳ

regfile

D$
I$

B
P

Reservation Station

D2D1
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ח ᴦṂјҀẐỳ

ÅҀẐỳ ῶᾀἵ῾ײַ

ÅDispatch (D) ײַבֿ : ֪αᴜΎַײID֪ Ѭ2₉β

ÅᶈRSὝҧ ֗ѧ֫ ӈ

ɊᾺᶚ ‗֗ Structure Hazard εὝҧ Ṱ◑ζת֗

Å ẑἚ : stall back-propagates to younger insns

ÅIssue (S) ײַבֿ : ҆ ֪αᴜΎַײID֪ Ѭ2₉β

ÅṄὝҧҡRS ֗ ֹἚ ᴅӺ

+ ҁẑἚ : wait grhvqɏw edfn-propagate to younger insns

regfile

D$
I$

B
P

Reservation Station

SD
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ח ᴦṂјҀẐỳ

ÅἷҦח ᴦṂ ←

ɗ ẘ ←: ⁞ὯḷḕᵸӘ ԋ ẙ

ÅѢ ᶡ῞ ẘ ←

ÅScoreboard: ῂḷḕᵸ ᵘᵄ­ῶ ￼ ẙ♄╗ớ

ÅTomasulo: ḷḕᵸ ᵘᵄ­῭♄╗ιớ ῭ӓ

ÅἅҪ ҟ Tomasulo │

ÅScoreboard │≡ῶ╜

Å├Ỵᶈ⸗ḧGPUѧḜҺ ֹזּ

ÅIssue

ÅḄῺῑᶹῪἷҦṎ ε Ἤᵣ ῪψIssue policy

Åῳ ׁ￼ӾἚ όḠԅ

Åῳ ả ҸӾἚ όᴵ Ṿ‎῭Ḅ￼ớ

ÅSelect logic : implements issue policy

Åᶽᶺᾭ ⱭӔּז  ἆҸӾ ᵸ
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Tomasulo ח ἷҦᴦṂ ←

ÅἷҦח ᴦṂ ←

ÅWrpdvxorɋvalgorithm

Å ꜜ Reservation stations (RS) : Ὕҧ ת֗

Å ⱴᾎὊ Common data bus (CDB) : Ṅ ‛ẍᾘֹ RS

ÅḶḔᵷ ᵗᵃ Register renaming : ╦ WAR/WAW ᾭὯӘ

Å ₭ḫא: IBM 360/91 -> Modern x86 CPU -> GPU -> ASIC ҟᶇӓⱴ!

Å ҈זּ Ḿᶺ ᴅӺ￼טỗ ẙ

ÅἅҪ￼ ᴅ ӕ= ɒVlpsoh Wrpdvxorɓ

ÅḾ ֬ ỗט ẙιץὐז /ḕӴ

Å5 RS entry: 1 ALU, 1 load, 1 store, 2 FP (3 -cycle, pipelined)
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ᶡ︠ײַ← ῶ

ÅReservation Stations (RS#)

Å FU, busy , op , R: destination register name

Å T: destination register tag (RS# of this RS)

Å T1,T2: source register tags (RS# of RS that 
will produce value)

Å V1 ,V2 : source register values

ÅRename Table/Map Table/RAT

Å T: tag (RS#) that will write this register

ÅCommon Data Bus (CDB)

Å Broadcasts <RS#, value> of completed 
insns

ÅTags interpreted as ready -bits++

Å T==0 ­ Value is ready somewhere

Å T!=0 ­ Value is not ready, wait until CDB 
broadcasts T

ÅInsn fields and status bits

ÅTags

ÅValues

value

V1 V2

FU

T

T2T1Top
==
==
==
==

RAT

Reservation Stations

C
D

B
.V

C
D

B
.T

Fetched

insns

Regfile

R

T

==
==
==
==
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ᶡ︠ײַ← ῶ

ÅReservation Stations (RS#)

ÅR: ‰ḷḕᵸᵄ ιBusyχ ῎RSῗᵋ ιOpχḕӴὝҧᾛӐ ᶚ

ÅT: ‰ḷḕᵸ‰ (RS# of this RS)

ÅT1,T2: ◊ḷḕᵸ‰ (RS# of RS that will produce value)

ÅV1 ,V2 : ◊ḷḕᵸӪ

ÅRename Table/Map Table/RAT

ÅT: Ṅ ᵘᵄ ḷḕᵸ￼‰ εRS#ζ

ÅCommon Data Bus (CDB)

ÅẍᾘṰḢἄὝҧ￼ <RS#, value>

ÅTags interpreted as ready -bits++

ÅT==0 ­ҮӪᶈ•ᶴṰ ֝ᶵḄ

ÅT!=0 ­ӪṌ῾֝ᶵḄι ể CDB ẍᾘ T
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ᾚᶬ₉ײַ←

ÅᾺ￼╙↨ ‗: F, D, S, X, W

ÅD (dispatch)

ÅStructural hazard ? stall : ֫ RS

ÅS (issue)

ÅRAW hazard ? wait (monitor CDB) : go to execute

ÅW (writeback)

Å֒Ԅḷḕᵸεvrphwlphvɚ,/ ᾣRS

ÅWљԏῶRAWӘ ￼Sᶈᵃ ᵕῼḢἄ

ÅWљԏῶ ‗Ә ￼Dᶈᵃ ᵕῼḢἄ
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ←₉ Tomasulo Dispatch (D)

ÅRS ‗֗ ᴵ Ṿ‎￼Stall

Å֫ RS 

Å Ԅḷḕᵸ֝ᶵḄ҃ᵈόṄӪ ԄRSχṄ‰ ԄRS

ÅṄ ֧ḷḕᵸ ᵘᵄѭ RS#εҦ ᵪ Ӫ￼ɒᵄ ɓζ

value

V1 V2

FU

T

T2T1Top
==
==
==
==

RAT

Reservation Stations

C
D

B
.V

C
D

B
.T

Fetched

insns

Regfile

R

T

==
==
==
==
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ←₉

Tomasulo Issue (S)

ÅᵼRAW֗ ể

ÅҡRS ᴨḷḕᵸӪ

value

V1 V2

FU

T

T2T1Top
==
==
==
==

RAT

Reservation Stations

C
D

B
.V

C
D

B
.T

Fetched

insns

Regfile

R

T

==
==
==
==
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ←₉

Tomasulo Execute (X)

value

V1 V2

FU

T

T2T1Top
==
==
==
==

RAT

Reservation Stations

C
D

B
.V

C
D

B
.T

Fetched

insns

Regfile

R

T

==
==
==
==
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ←₉ Tomasulo Writeback (W)

value

V1 V2

FU

T

T2T1Top
==
==
==
==

RAT

Reservation Stations

C
D

B
.V

C
D

B
.T

Fetched

insns

Regfile

R

T

==
==
==
==

ÅᵼCDB ‗֗ ể

Åḅ‛RAT ᵘᵄҠⱡש ό▐ ῑṃιṄ ‛֒Ԅregfile

ÅCDB ẍᾘֹ RSχ‰ ש ό▐ ‰ ιᶶֺӪ

Å▐ RSѧ ẔḕӴ
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ←₉ Tomasulo Register Renaming

value

V1 V2

FU

T

T2T1Top
==
==
==
==

RAT

Reservation Stations

C
D

B
.V

C
D

B
.T

Fetched

insns

Regfile

R

T

==
==
==
==

ÅTomasulo ￼ḶḔᵷ ᵗᵃѧӮ҃Ҝѱ?

ÅRS ѦַײөᶵֹαV1 V2β

ÅInsn ᶈԎ ṯ￼ RS ӈ ѧḕӴ⃰ ￼ ԄӪ

+ Future insns can overwrite master copy in regfile / grhvqɏw pdwwhu
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Tomasulo ח ἷҦᴦṂ ←

ÅValue -based / Copy -based Register Renaming

ÅTomasulo -style register renaming
ÅFdoohg ɒvalue -basedɓ ru ɒcopy -basedɓ 

ÅNames : ‟‗ḷḕᵸ

ÅḔӳӇ σḶḔᵷᶣỡRS

ÅӪᴵҨẊ ḫḕӴᶈѣ ѳѧ

ÅḶḔᵷᶣӟḔѭαᴎ῏ᾚβө

+ RS ׇ ῞┌ ҂ WAR ᴍ

ÅRS￼‰ ῎҃ḕӴӈ

ÅRegister table ṃᵃ ὈѬ 

ÅTag == 0 ￼Ӫӈ҈ḷḕᵸᾰҭѧ

ÅTag != 0 ￼ӪṌ῾֝ᶵḄι⃰ᶈּי RS# 

ÅCDB ẍᾘṾῶ‰ ￼Ӫ

ÅἍҨὝҧ ҤҪ⃰ᶈḿἧҜѱӪ
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂ῾ῶ ổᶂ

ÅRS:
ÅꜛỗӡỤ
ÅR: ‰ḷḕᵸ
ÅopχᾛӐᾭεז│ ζ

Å‰
ÅT1 T2χ◊ᾛӐᾭ‰

ÅӪ
ÅV1 V2χ◊ᾛӐᾭӪ

value

V1 V2

FU

T

T2T1Top
==
==
==
==

RAT

Reservation Stations

C
D

B
.V

C
D

B
.T

Fetched

insns

Regfile

R

T

==
==
==
==

ωῑṃ εᴡ RATχḷḕᵸָᵄ ζ

ωṄḷḕᵸῑṃֹ‰

ωḷḕᵸᶤεᴡᴲARFχ‟‗ḷḕᵸᶤζ

ωḅ‛ RS ѧ≡ῶӪιֱӠּפḷḕᵸ￼Ӫ
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

InsnStatus
Insn D S X W
ldf X(r1),f1

mulf f0,f1,f2

stf f2,Z(r1) 

addi r1,4,r1

ldf X(r1),f1

mulf f0,f1,f2

stf f2,Z(r1) 

Map Table
Reg T
f0

f1

f2

r1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU no

2 LD no

3 ST no

4 FP1 no

5 FP2 no

CDB
T V
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

InsnStatus
Insn D S X W
ldf X(r1),f1 c1

mulf f0,f1,f2

stf f2,Z(r1) 

addi r1,4,r1

ldf X(r1),f1

mulf f0,f1,f2

stf f2,Z(r1) 

Map Table
Reg T
f0

f1 RS#2

f2

r1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU no

2 LD yes ldf f1 - - - [r1]

3 ST no

4 FP1 no

5 FP2 no

CDB
T V

allocate

Tomasulo : 

Cycle 1
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

InsnStatus
Insn D S X W
ldf X(r1),f1 c1 c2

mulf f0,f1,f2 c2

stf f2,Z(r1) 

addi r1,4,r1

ldf X(r1),f1

mulf f0,f1,f2

stf f2,Z(r1) 

Map Table
Reg T
f0

f1 RS#2

f2 RS#4

r1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU no

2 LD yes ldf f1 - - - [r1]

3 ST no

4 FP1 yes mulf f2 - RS#2 [f0] -

5 FP2 no

CDB
T V

allocate

Tomasulo : 

Cycle 2
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Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

InsnStatus
Insn D S X W
ldf X(r1),f1 c1 c2 c3

mulf f0,f1,f2 c2

stf f2,Z(r1) c3

addi r1,4,r1

ldf X(r1),f1

mulf f0,f1,f2

stf f2,Z(r1) 

Map Table
Reg T
f0

f1 RS#2

f2 RS#4

r1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU no

2 LD yes ldf f1 - - - [r1]

3 ST yes stf - RS#4 - - [r1]

4 FP1 yes mulf f2 - RS#2 [f0] -

5 FP2 no

CDB
T V

allocate

Tomasulo : 

Cycle 3

Ể insn ײ#1ַ Ὼ
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< 22 >

Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

Tomasulo : 

Cycle 4

InsnStatus
Insn D S X W
ldf X(r1),f1 c1 c2 c3 c4

mulf f0,f1,f2 c2 c4

stf f2,Z(r1) c3

addi r1,4,r1 c4

ldf X(r1),f1

mulf f0,f1,f2

stf f2,Z(r1) 

Map Table
Reg T
f0

f1 RS#2

f2 RS#4

r1 RS#1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU yes addi r1 - - [r1] -

2 LD no

3 ST yes stf - RS#4 - - [r1]

4 FP1 yes mulf f2 - RS#2 [f0] CDB.V

5 FP2 no

CDB
T V
RS#2 [f1]

allocate

Ldf ἷҦḡở(W) 

CDBẌίf1ַײḶḔ◦

free

RS#2 ready ­

ᴧCDBַײө
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< 23 >

Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

Tomasulo : 

Cycle 5

InsnStatus
Insn D S X W
ldf X(r1),f1 c1 c2 c3 c4

mulf f0,f1,f2 c2 c4 c5

stf f2,Z(r1) c3

addi r1,4,r1 c4 c5

ldf X(r1),f1 c5

mulf f0,f1,f2

stf f2,Z(r1) 

Map Table
Reg T
f0

f1 RS#2

f2 RS#4

r1 RS#1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU yes addi r1 - - [r1] -

2 LD yes ldf f1 - RS#1 - -

3 ST yes stf - RS#4 - - [r1]

4 FP1 yes mulf f2 - - [f0] [f1]

5 FP2 no

CDB
T V

allocate
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< 24 >

Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

Tomasulo : 

Cycle 6

InsnStatus
Insn D S X W
ldf X(r1),f1 c1 c2 c3 c4

mulf f0,f1,f2 c2 c4 c5+

stf f2,Z(r1) c3

addi r1,4,r1 c4 c5 c6

ldf X(r1),f1 c5

mulf f0,f1,f2 c6

stf f2,Z(r1) 

Map Table
Reg T
f0

f1

f2 RS#4RS#5

r1 RS#1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU yes addi r1 - - [r1] -

2 LD yes ldf f1 - RS#1 - -

3 ST yes stf - RS#4 - - [r1]

4 FP1 yes mulf f2 - - [f0] [f1]

5 FP2 yes mulf f2 - RS#2 [f0] -

CDB
T V

allocate

ḽWAWї Dᶳstall : scoreboard ṃ f2שׁ
◦ḶḔײַ εḄῺ ᾦf2 өᴴҧҠtag ᴧ

ӫ  multf 3ѥcycleḡở
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< 25 >

Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

Tomasulo : 

Cycle 7

InsnStatus
Insn D S X W
ldf X(r1),f1 c1 c2 c3 c4

mulf f0,f1,f2 c2 c4 c5+

stf f2,Z(r1) c3

addi r1,4,r1 c4 c5 c6 c7

ldf X(r1),f1 c5 c7

mulf f0,f1,f2 c6

stf f2,Z(r1) 

Map Table
Reg T
f0

f1 RS#2

f2 RS#5

r1 RS#1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU no

2 LD yes ldf f1 - RS#1 - CDB.V

3 ST yes stf - RS#4 - - [r1]

4 FP1 yes mulf f2 - - [f0] [f1]

5 FP2 yes mulf f2 - RS#2 [f0] -

CDB
T V
RS#1 [r1]

addi ḡở (W) 

ṃr1ḶḔ◦
CDBẌί

RS#1 ready ­

ᴧCBDַײө

D stall on store RS: ῶ֖

ӫ  multf 3ѥcycleḡở

ḽWARї Wᶳstall : scoreboard ṃ r1שׁ
◦ḶḔײַ εḄῺ ᾦr1 өᴴҧҠRSׇ῞ ᴧ
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< 26 >

Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

Tomasulo : 

Cycle 8

InsnStatus
Insn D S X W
ldf X(r1),f1 c1 c2 c3 c4

mulf f0,f1,f2 c2 c4 c5+ c8

stf f2,Z(r1) c3 c8

addi r1,4,r1 c4 c5 c6 c7

ldf X(r1),f1 c5 c7 c8

mulf f0,f1,f2 c6

stf f2,Z(r1) 

Map Table
Reg T
f0

f1 RS#2

f2 RS#5

r1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU no

2 LD yes ldf f1 - - - [r1]

3 ST yes stf - RS#4 - CDB.V [r1]

4 FP1 no

5 FP2 yes mulf f2 - RS#2 [f0] -

CDB
T V
RS#4 [f2]

mulf finished (W) 

ї ֺᾚf2ַײḶḔ◦
ṯ ҆ѥmulfἷҦ ҂(RS#5)שׁ

CDB Ẍίf2

RS#4 ready ­

grab CDB value

ӫ  multf 3ѥcycleḡở
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< 27 >

Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

Tomasulo : 

Cycle 9

ӫ  multf 3ѥcycleḡở

InsnStatus
Insn D S X W
ldf X(r1),f1 c1 c2 c3 c4

mulf f0,f1,f2 c2 c4 c5+ c8

stf f2,Z(r1) c3 c8 c9

addi r1,4,r1 c4 c5 c6 c7

ldf X(r1),f1 c5 c7 c8 c9

mulf f0,f1,f2 c6 c9

stf f2,Z(r1) 

Map Table
Reg T
f0

f1 RS#2

f2 RS#5

r1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU no

2 LD no

3 ST yes stf - - - [f2] [r1]

4 FP1 no

5 FP2 yes mulf f2 - RS#2 [f0] CDB.V

CDB
T V
RS#2 [f1]

RS#2 ready ­

grab CDB value

2nd ldf finished (W) 

ֺᾚ f1 ḶḔ◦
CDB broadcast
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< 28 >

Tomasulo ח ἷҦᴦṂ ←

ÅTomasulo ח ἷҦᴦṂḪӔ

Tomasulo : 

Cycle 10

ӫ  multf 3ѥcycleḡở

InsnStatus
Insn D S X W
ldf X(r1),f1 c1 c2 c3 c4

mulf f0,f1,f2 c2 c4 c5+ c8

stf f2,Z(r1) c3 c8 c9 c10

addi r1,4,r1 c4 c5 c6 c7

ldf X(r1),f1 c5 c7 c8 c9

mulf f0,f1,f2 c6 c9 c10

stf f2,Z(r1) c10

Map Table
Reg T
f0

f1

f2 RS#5

r1

Reservation Stations
T FU busy op R T1 T2 V1 V2
1 ALU no

2 LD no

3 ST yes stf - RS#5 - - [r1]

4 FP1 no

5 FP2 yes mulf f2 - - [f0] [f1]

CDB
T V

free ­ allocate

stf finished (W) 

map tableѦ⅍ῑ ֦ḶḔᵷ­ї CDBẌί
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  ח+ ἷҦᴦṂ

ÅTomasulo ח ἷҦᴦṂḪӔ

Åטỗ ẙᵙᶺᴧṃῗ⃰Ґ￼

ÅӕḅιPentium4 χטỗ ẙ￼5 ‰

ÅѣѦ ẙ

ÅNχ ‰ ḴẙεẊ ᾛӐ￼ᾭ ζ

ÅWχ ᴭᶽṇεӠּפ ￼ᾭ ζ

ÅWhat do we need for an N -by-W Tomasulo ?

ÅRS: N tag/value w -ports (D), N value r -ports (S), 2N tag CAMs (W)

Å Ὅ : W­N ҸӾ ᵸ(S)

ÅMT: 2N r-ports (D), N w-ports (D)

ÅRF: 2N r-ports (D), N w-ports (W)

ÅCDB: N (W)

ÅWhich are the expensive pieces?
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< 30 >

  ח+ ἷҦᴦṂ

ÅTomasulo ח ἷҦᴦṂḪӔ

Å ‰ Ὅ χW­N ҸӾ ᵸ

Ɋῶ♇ᶶ εN2 logWζ

ÅᴵҨ ￼јᵃזӔּק RS 

Åsplit

Å Ҩ RSḕԄ N Ѧbankχ⅛Ѧ FU ḕԄ 1 Ѧό

Åḫᾼ N Ѧᴅ꜠￼ W/N ­1 ᵸ

+ ῭ ᴅχN*logW /N

Ɋ ẙ♄╗ớ Ӊ

ÅFIFO design

Åᴱ ᴧṃ⅛Ѧ RS bank￼head

+ ῭ ᴅχ⁞ ≡ῶ Ὅ

ɊῊ Ḡὴ♄╗ớ ӉεӇ֧ѶỴᾳ￼ј ᶿ ζ



Ẹ  אָ
CONTENTS

01.

02.

03.

04.

ח ᴦṂјҀẐỳ

֪ᾀᶳⱣῡֹјᶉᶌ ≡

ԏַײMIPS῾ῶḪӔ֪ῷ

  ῾ῶᾎὊὔֹ֖
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< 32 >

֪ᾀᶳⱣῡֹјᶉᶌ ≡

ÅTomasulo ח ᴦṂַײ▄ᶇ

ÅWhen can Tomasulo go wrong?

Å֫ ᾟ
Åḅ‛֫ᾟᶈ Ὰ￼Ὕҧε֫ᾟѳᵅ֧אζḢἄᵅᴧּוҺỘ‾

ÅExceptions!!

Åῂ│ ḧ RS ѧὝҧ￼ Ḿ ẑ

ÅỠҩ ≡֪ᾀ Ὼַײῡֹ

ÅỠҩ ῡֹΎ︢ӟἸ Ẑḡở
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< 33 >

֪ᾀ ≡

ÅפἭᾛᵆ ≡ ᶉᶌ ≡ј ᶵῡֹ

ÅΆᵇ ╜ᵸ
ÅḾ҈‍ҭ֫ᾟ

Å ≡֪ᾀᾴᵊҹ ỳ

ÅӕḒχ

ÅỞῗ ᴨψᵇᵅ ᴨ

Åᶊᶍ ╜ᵸ
Å ╜ ‰ᶊᶍε ῊӔּזζ

Å ӕχ

ÅBTB;  Return Address Stack; Precomputed Branch

ÅỠᶶ
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< 34 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Å1 ӈᴗᴷ ẹεΆᵇ ╜ᵸ)

Å ӊ֫ᾟ￼ῳᵅΆᵇ

branchPC

NT T

How big is the table?

Å2 ӈᴗᴷ ẹεΆᵇ ╜ᵸ)

branchPC

SN NT T ST

How big is the Table?
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< 35 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Å 80ή ᾀ֪ײַ Ѱᶼ ⱴε Ѱᶼ Ί ⱴ

ÅḾ҈׆ї￼ 20%ιἅҪ ‬ ᴠ ₩Ẫι ῗᵋ

ᴵҨӔּז῭ᶶ ￼ ╜ᵸ ╜

ÅExample: gcc has a branch that flips each time

T(1)  NT(0)     10101010101010101010101010101010101010

Using History Patterns
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< 36 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Using History Patterns

Local history

branchPC

NT T

10101010

Pattern History

Table

Branch History

Table

What is the prediction

for this BHT 10101010?

When do I update the tables?
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< 37 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Using History Patterns

Local historybranchPC

NT T

01010101

Pattern History

Table

Branch History

Table

ᶇі⁸ỳ ₈
֪ᾀἷҦε֪ᾀ
ᴖᴶ ᾴ01010101ε
ἷᵆїᵂַ⁴ײẩ

What is the accuracy of a flip/flop branch 0101010101010é?
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< 38 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Using History Patterns

Global history

01110101

Pattern History

TableBranch History

Register

if (aa == 2)

aa = 0;

if (bb == 2)

bb = 0;

if (aa != bb) { é

How can branches interfere with each other?
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< 39 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Using History Patterns

Hybrid predictors

Local predictor

(e.g. 2-bit)
Global/gshare predictor

(much more state)

Prediction

1
Prediction

2

Selection table

(2-bit state machine)

Ḅӌ Ἤӓⱴᵣѥ ≡ᵻḑψ
ḄӌΉᾚᴾ ≡ᵷ/ Ἤᵷ

Prediction
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< 40 >

֪ᾀ ≡

Åᶉᶌ ≡ ɆBranch Target Buffer

ÅὟẸׁ PC Ậ￼ BTB

Åḅ‛‍ ӈ҈ BTB ѧιֱї ℓ

ᴨ ‰ᶊᶍ

Å Ẃ ԋ εӐѭ FA ᶿỹζ

Å Ẃּ֫יᾟ ╜ᵸ ḧ

Branch PC Target address

0x05360AF0 0x05360000

é é

é é

é é

é é

é é
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< 41 >

֪ᾀ∫₯ ᶳⱣῡֹ

Åḽ҇ Ẑᶹ ∫₯ ₦ ᴄεḽҀẐỳ ᶸַײῡֹ

ÅSquash ẊӔּ⃰ז ￼ᶊᶍ Ὰᵏט ᴨ

Åᴱ ӠṌ῾ῶүӍὝҧӔּזԎꜛỗ

ÅᶈἅҪ￼ 5 ѧιꜛỗҝᶈ MEM

εּ҈זḕӴζᵙWBεּ҈זḷḕᵸζῼ

ώҐḢἄ

ÅỠᶶӆѶ ￼Ễ
Åḅ‛ᶈἅҪᴧ֫אᾟ ѳׁ֫ᾟᵅ￼ὝҧṰ
Ḣἄι Ộѱהό

Å ῗῶᴵ ᴧּו￼ ỳ ї

R1=MEM[R2+0]

BEQ R1, R3 DONE ă Predicted not taken

R4=R5+R6

Åᵼ℅ιἅҪј Ḿ֫ᾟ ꞊╜ιѼј ү
ӍѠ ֫ᾟ

Å ḫ іῗᵃ ҭ҆

Å֫ᾟἄѭ ẑἚ Ὕҧ

Å ├Ỵι ῆ֫ᾟ ֘ιṏᴵҨᶈ֫ᾟѳׁᵙѳ
ᵅἚ ҎᾛӐ

Ẑᶹ ∫₯
Tamosulo
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< 42 >

MIPS R10Kσ   ח+ ἷҦᴦṂ

ÅAdding a Reorder Buffer, aka ROB

ÅѭҜѱ Reorder Buffer

ÅROB ῗ Ѧ ẑᾣ Ὕҧ￼ ֯.

Åἷ Ἰ Ẑḡở

Åἷ ҟ▒ᾢẐỳ

Å ῗּזRS

ÅᵂᾩᵆRSᵘROBᴦ֦ἷҦ

Å ᵘᵄѭ ROB ‍ ι јῗ RS

ÅҜѱῊӧἚ ḢἄὝҧ Ầ RS

ÅҝẸ ẑ ẑѧ Ὕҧѳׁ￼ἍῶὝҧ Ḣἄᵅι ὝҧἑҺ ֧
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< 43 >

MIPS R10Kσ   ח+ ἷҦᴦṂ

ÅAdding a Reorder Buffer, aka ROB

MEM

Å@ Alloc
ÅᶈṔ ֫ ‛ḕӴ

Å@ Sched
Å ᴨ Ԅ(ROB T-to -H then ARF)
ÅW ֹἍῶ Ԅ֝ᶵṏ

Å@ WB
ÅṄ ‛/ ֒Ԅ ROB
Å ‛Ṱ֝ᶵḄ

Å@ CT
ÅWait until inst @ Head is done
Åḅ‛ᴧּו ιᵏטᶴת ẑ
ÅᵋֱιṄ ‛֒Ԅ ARF
Åҡ ROB ѧ ᾣḕӴ

IF ID Alloc Sched EX

ROB

CT

Head Tail

PC

DstregID

Dstvalue

Except?

ÅReorder Buffer (ROB)
ïspec ꜛ ỗ￼Ỉע ֯
ïᵃ Ѧḷḕᵸᴵ ḕᶈᶺ
ѦḧѲ

In-order In-order

Any order

ARF
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< 44 >

MIPS R10Kσ   ח+ ἷҦᴦṂ

ÅAdding a Reorder Buffer, aka ROB
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< 45 >

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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< 46 >

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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< 47 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSσAn alternative implementation

Å σdivѲᵄַײἷҦ Ḅӌ ᵗᵃ

Å ⱶתḷḕᵸ ᴉּ҃ז

Å ♪Ḫַײ σ◓ⱣḶḔᵷẓặᶇқѰᾩӦ ᾄ
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< 48 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

Tomasulo+ROB χROB# Ą MIPSχPR#

Å T:ḾẔὝҧ ֧￼ⱶתḷḕᵸ

Å ToldχѳׁῑṃֹὝҧ ֧￼ⱶתḷḕᵸ
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< 49 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ
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< 50 >

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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< 51 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPS R10K Complete ₉

Å ᶇmap tableѦ ḦἷҦ ֦ḶḔᵷַײready bit

Å ᶈRSѧ ḧש Ԅ‰ ￼ready bits
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< 52 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPS R10K Retire ₉
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< 53 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

+χReady bit

Үӌᶉᾛ їḔӳḶḔᵷvalues

Map TableїѬ
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< 54 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 1

f1֪ ᾚַײpregӇ αPR#5β

ᵂᾩᶇROBḔӳf1ᾦpregαPR#2β
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< 55 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 2

f2֫ Ὰ￼pregӈ εPR#6ζ

ᵃῊᶈROBḕӴf2ῇpregεPR#3ζ
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< 56 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 3
StoreὝҧј֫ preg

ᶈX ⅎᴏFreeὲRS entry
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< 57 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 4
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< 58 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 5

ᶈX ⅎᴏFreeὲRS entry
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< 59 >

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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< 60 >

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 
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< 61 >

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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< 62 >

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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< 63 >

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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< 65 >

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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< 66 >

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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< 67 >

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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< 68 >

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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< 69 >

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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< 70 >

ḔCacheַײᶡ῞

ÅCache Block Placement
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< 71 >

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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< 72 >

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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< 73 >

Direct -Mapped Cache
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< 74 >

Fully -Associative Cache

⅍ῑblock index
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< 75 >

N-Way Set Associative Cache
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< 76 >

N-Way Set Associative Cache

ÅAssociative Block Replacement

ÅWhich block in a set to replace on a miss? 

ÅIdeallyð replace the block thatɒwillɓ be accessed the furthest in the future

ÅHow do you implement it? 

ÅApproximations: 

ÅLeast recently used ð LRU 

Åoptimized (assume) for temporal locality (expensive for more than 2Ȥway)

ÅNot most recently used ð NMRU

Åtrack MRU, random select from others, good compromise

ÅRandom

Ånearly as good as LRU, simpler (usually pseudoȤrandom)

ÅHow much can block replacement policy matter?
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< 77 >

Cache Miss

ÅPlvv Fodvvlilfdwlrq +6.4 Fɋv,

ÅCompulsory Miss

ÅɎcold missɏ on first access to a block 

Åðdefined as: miss in infinite cache 

ÅCapacity Miss

Åmisses occur because cache not large enough ð

defined as: miss in fullyȤassociative cache 

ÅConflict Miss

Åmisses occur because of restrictive mapping strategy

Åonly in setȤassociative or directȤmapped cache

Åðdefined as: not attributable to compulsory or capacity 

ÅCoherence Miss

Åmisses occur because of sharing among multiprocessors
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< 78 >

Cacheᴟᾎַײ Ἤ

ÅCache SizeαCβ

ÅCache size is the total data (not including tag) capacity

Åbigger can exploit temporal locality better

Ånot ALWAYS better 

ÅToo large a cache 

Åsmaller is faster => bigger is slower

Åaccess time may degrade critical path 

ÅToo small a cache

Ådonôtexploit temporal locality well

Åuseful data constantly replaced
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< 79 >

Cacheᴟᾎַײ Ἤ

ÅBlock Size αbβ

ÅBlock size is the data that is 

Åassociated with an address tag

Ånot necessarily the unit of transfer between hierarchies (remem

ber subȤblocking) 

ÅToo small blocks 

Ådonôtexploit spatial locality well 

Åhave inordinate tag overhead

ÅToo large blocks 

Åuseless data transferred

Åuseful data permanently replaced

Åðtoo few total # blocks
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< 80 >

Cacheᴟᾎַײ Ἤ

ÅAssociativity αaβ

ÅPartition cache frames into

Åequivalence classes of frames called sets

ÅTypical values for associativity 

Å1, 2Ȥ, 4Ȥ, 8Ȥway associative 

ÅLarger associativity 

Ålower miss rate less variation among

programs

Åonly important for smallñC/bò

ÅSmaller associativity 

Ålower cost, faster hit time
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< 81 >

Cache ἬַײẼᵟ

ÅCache֑ԃᵘMissᶳⱣ ꜝ

ÅWrite Policy: How to deal with write misses?

ÅWrite -through / no -allocate

Åupdate memory on each write 

Åkeeps memory upȤtoȤdate

ÅWrite -back / write -allocate

Åupdate memory only on block replacement 

ÅMany cache lines are only read and never written to

Åaddñdirtyòbit to status word

Åoriginally cleared after replacement

Åset when a block frame is written to

Åonly write back a dirty block, andñdropòclean blocks w/o memory update
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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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< 83 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 84 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 85 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 86 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 87 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 88 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 89 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 90 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 91 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 92 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 93 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 94 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 95 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 96 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 97 >

’Ӕ֪ῷ

ÅCacheᶉᶌַש֪◕₦ײᾰṂ

For a 32-bit address and 16KB cache with 64-byte blocks, show the 
breakdown of the address for the following cache configuration:
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< 98 >

’Ӕ֪ῷ

ÅCache Accessᾩ ֪ῷ

ÅT_avg = T_hit + miss _ratio x T_miss 

Åcomparable DM and SA caches with same T_miss

Åbut, associativity that minimizes T_avg often smaller than associativity t

hat minimizes miss_ratio
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