
῀ ︡ҬӋ ῶ
ђ σᶡ҇RISCἷҦ MIPS῾ῶјײַ Ḕ

ѭ σ ḝ

2024Ẉ Ḗ



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 2 >

↕ổ҅

Å ӏѝ ֘

Å 2₭ӐўṄᶈ10ῐ31ᾤἈ₿

Å 3₭ӐўṄᶈ11ῐ1ᾤᾣ֧ι11ῐ15ᾤἈ₿εOoO ζ

Å ῾‎3⁸ӏѝα11.15-11.30 12.1-12.15 12.15-12.30β

Å Cache AI Ɑ‟‗ קᴃᵃҸז

Å 1₭ ḫ Ṱᾣ֧

Å ԏӌ ӡỤ ᴠ χhttps://aiarchpku.github.io/2024Fall//project/

Å 10ῐ22ᴹ~11ῐ25ᴹ

Å іᵔѦḟὑ ⁸Lab ꜡ι ᵃḙҪӾⱦủᵙת Ҧ ‗

Å ᾉấ ᴅModule₩ᶒ ╜ ᶫιἫverilogҦע ‎

Å ᵃḙҪṓồḢἄPaper Review VS ￼ ᴒ

https://aiarchpku.github.io/2024Fall/project/
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↕ổ҅

ÅLab 1 ֘ Ҟ

Å /CLABẈᴶχhttps://clab.pku.edu.cnזּ

Å CLABẈᴶ￼ԏӌӔּזΆẪ ᴠ χ CLABӔּזἐԛ

Å ḫ ᶫעLinuxזּ Ầᴧ

Å Ἅ ҭעᶫṰѭᴿӈᵃḙḠ Ḅιῂ ṯ ᶫע

Å Linux Lab￼ ῎ ᴠ χLinuxӔּזᴠ ӡỤ

Å ḅῶүӍ ι ά ṷἆיᾨή

https://clab.pku.edu.cn/
https://aiarchpku.github.io/2024Fall/static_files/Lab/Lab1/%E6%99%BA%E8%83%BD%E7%A1%AC%E4%BB%B6%E4%BD%93%E7%B3%BB%E7%BB%93%E6%9E%84.pdf
https://aiarchpku.github.io/2024Fall/static_files/Lab/Lab1/Linux%E7%8E%AF%E5%A2%83%E8%BF%90%E8%A1%8CLab%E8%AF%B4%E6%98%8E.html
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↕ổ҅

ÅLab 1 ֘ Ҟ
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↕ổ҅

ÅLab 1Ḫ Үז Ҟ

῞ ὝӖאָ ≡ҧᴢבҥֿאָ εᵂḘҩ ḡởַ⁴ײᶑפἭҧі4ѥσ

Ү1זσALU

Ү2זσDCACHEMEM

Ү3זσRAT/RATTABLE

Ү4זσSUPER_RS

ᵂḘҩṃ 4ѥ⁴ᶑѦ בҥֿײַ᷁ ֪ᶩӻḡᾐε ᷁ҥֿײַב ḉ ֪ ↕Ḅіσ

// ============ Start ===================

// ==========Descriptions of Functions=========

/*

Ểᶩӻַײҥֿ⁴בᶑ

*/

// =============End===================
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↕ổ҅

ÅLab 1Ḫ Үז Ҟ

1. ᶈverilog / alu.v◊ᾰҭѧιᶪ ᴅALU₩ᶒ￼ו ιḢἄᶢ    ӈ ᵙ֫ᾟ ו ι₩ᶒ Ԅ ֧

ᴠ Project ֫￼₩ᶒו ҟ ιALUOp Ḣἄ￼ו ᶈ sys_defs.vhѧιᴵ ‗ấ

testbench_alu .v₩ᶒ ╜ ιalu .vѦ ᶩ 3ѥҥֿבᶑε₤ ѥҥֿבᶑᶼ 10~ 20 Ṫᴷτ

2. ᶈverilog / dcachemem .v◊ᾰҭѧιᶪ 2-Way Cache￼ו ιḢἄᴥ ֧ ֒Ԅו ιᴵ ‗ấ

testbench_dcachemem .v₩ᶒ ╜ ιdcachemem .vѦ ᶩ 2ѥҥֿבᶑε₤ ѥҥֿבᶑᶼ 20 Ṫᴷτ

3. ᶈverilog / ratable .v◊ᾰҭѧιᶪ Ḣἄ ᴅRATTABLE₩ᶒ￼ו ιᾟὙArchitectural RegisterљPhysical

Register￼ῑṃљᵻᾠו ι ᶩ ᶑεᶼב1ѥҥֿײַ 10 Ṫᴷτᶈverilog / rat .v◊ᾰҭѧιᶪ freelist ԋ

ḫאḾ Physical Register￼ꜛỗ₅╜љ῭Ὰψᴵᴠ testbench/ testbench_rat .v‗ấ╜ ₩ᶒ ι ᶩ

ᶑεᶼב1ѥҥֿײַ 30 Ṫᴷτ

4. ᶈverilog / superrs .vḢἄSUPER_RS₩ᶒ￼ו ḫ ιṄ₩ᶒRSεrs.vѧζ ԄSUPER_RS₩ᶒҨᾟὙ ‰ = 2￼Ὕ

ҧᴧṃו ιᴵᴠ testbench_RS.v‗ấ╜ ₩ᶒ ι ᶩ ᶑεᶼב1ѥҥֿײַ 30 Ṫᴷτ
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ÅLab 1 ᾑҬאָ ῶ

--- Makefile ᵍἍῶmakeץ command
--- Make .* ᵍḒ₩ᶒ￼makeץ commandιᴵᾺấḒ₩ᶒ Ểᴅ꜠ ᴿѦḒ₩ᶒ

ӕχmake all ᴵ ט program.memԓ￼ ẑ
make clean ֵ Ἅῶ ғּוᾰҭ

--- debug_out ұ ғּו￼.outᾰҭιώӗ ᴅ￼ᴵ ק ḻ₩ᶒᵙ╙↨ ￼ꜛỗ
--- vs-asm MIPS RISCὝҧ￼Assembler ᵸιᴵҨṄtest_progs Ểї￼Ὕҧ∆ Ҧ

ἄHEX⁪ẪιḕԄ program.memᾰҭӗtestbenchᾰҭ᷆ї￼tb ᴨ
ӕχvs- asmtest_progs/ fib.s > program.mem

--- pipeline_gold ῳ ᴅ￼ ẑ5 ╙↨ ιғּזּוӐ ￼ᴠ write_back.outᵙmemory.outι
љ  ҁẑἚ ‰ ‛ Ḿ⅝

--- program .mem ∆ ὝҧҦ ￼HEX⁪Ẫᾰҭιῶtb ᴨӐѭicache￼ Ԅ
--- run_tests .sh  ᴵ ₭ớ test_progsԓ￼Ἅῶ∆ ὝҧҦ ῗᵋ⃰ ι

Ẋ⅝ ҁẑ ‰ љ ẑ5 ╙↨ ￼CPI
--- sys_defs .vh ḧѲ‟‗ ￼ Ṗ ᴠᾭιῂ ᾡט
--- test_progs ╜҈זᵍἍῶּץ ￼MIPSRISC- Style∆ Ҧ
--- testbench ᵍץ Ἅ ￼Ἅῶ tbᾰҭᵙᴵ ᾟὙᾰҭק
--- verilog ᵍץ Ἅ ￼Ἅῶ‟‗ Verilog◊ᾰҭιԏӌ ₩ᶒ ῎

https://aiarchpku.github.io/2024Fall/static_files/Lab/Lab1/%E6%A8%A1%E5%9D%97%E8%AF%B4%E6%98%8E.html
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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

ӔּזRSẑᴺӐѭῑṃӪ
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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
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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 finished (W) 

clear f1 RegStatus

CDB broadcast

free

RS#2 ready ­

grab CDB value
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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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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

no D stall on WAW: scoreboard would
overwrite f2 RegStatus

anyone who needs old f2 tag has it

ӫ multf 3ѥcycleḡở
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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 finished (W) 

clear r1 RegStatus

CDB broadcast

RS#1 ready ­

grab CDB value

no W wait on WAR: scoreboard would
anyone who needs old r1 has RS copy

D stall on store RS: structural

ӫ multf 3ѥcycleḡở
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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) 

donôt clear f2 RegStatus

already overwritten by 2nd mulf (RS#5)

CDB broadcast

RS#4 ready ­

grab CDB value

ӫ multf 3ѥcycleḡở
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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) 

clear f1 RegStatus

CDB broadcast
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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) 

no output register ­ no CDB broadcast
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  ח+ ἷҦᴦṂ

ÅTomasulo ח ἷҦᴦṂḪӔ

ÅDynamic scheduling and multiple issue are orthogonal

ÅE.g., Pentium4: dynamically scheduled 5 -way superscalar

ÅTwo dimensions

ÅN : superscalar width (number of parallel operations)

ÅW : window size (number of reservation stations)

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)

ÅSelect logic: W­N priority encoder (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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  ח+ ἷҦᴦṂ

ÅTomasulo ח ἷҦᴦṂḪӔ

ÅSuperscalar select logic: W ­N priority encoder

ɊSomewhat complicated (N 2 logW )

ÅCan simplify using different RS designs

ÅSplit design

ÅDivide RS into N banks: 1 per FU? 

ÅImplement N separate W/N ­1 encoders

+ Simpler: N * logW /N

ɊLess scheduling flexibility

ÅFIFO design

ÅCan issue only head of each RS bank 

+ Simpler: no select logic at all

ɊLess scheduling flexibility (but surprisingly not that bad)
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֪ᾀᶳⱣῡֹјᶉᶌ ≡

ÅTomasulo ח ᴦṂַײ▄ᶇ

ÅWhen can Tomasulo go wrong?

ÅBranches

ÅWhat if a branch finishes after younger instructions (after the 
branch) finish?

ÅExceptions!!

ÅNo way to figure out relative order of instructions in RS

ÅWe need a mechanism to predict branch results

ÅWe need a mechanism to ensure finish in order
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< 24 >

֪ᾀ ≡

ÅפἭᾛᵆ ≡ ᶉᶌ ≡ј ᶵῡֹ

ÅDirection Predictor εΆᵇ ╜ζ
ÅFor conditional branches

ÅPredicts whether the branch will be taken

ÅExamples: 

ÅAlways taken; backwards taken

ÅAddress Predictor εᶊᶍ ╜ζ
ÅPredicts the target address (use if predicted taken)

ÅExamples : 

ÅBTB;  Return Address Stack; Precomputed Branch

ÅRecovery logic
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< 25 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Å1-bit history (direction predictor)

ÅRemember the last direction for a branch

branchPC

NT T

How big is the table?

Å2-bit history (direction predictor)

branchPC

SN NT T ST

How big is the Table?
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< 26 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Å~80 percent of branches are either heavily TAKEN or 

heavily NOT -TAKEN

ÅFor the other 20%, we need to look at patterns of 

reference to see if they are predictable using a more 

complex predictor

ÅExample: gcc has a branch that flips each time

T(1)  NT(0)     10101010101010101010101010101010101010

Using History Patterns
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< 27 >

֪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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< 28 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Using History Patterns

Local historybranchPC

NT T

01010101

Pattern History

Table

Branch History

Table

On the next execution of this

branch instruction, the branch

history table is 01010101, 

pointing to a different pattern

What is the accuracy of a flip/flop branch 0101010101010é?
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< 29 >

֪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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< 30 >

֪ᾀ ≡

Åᾛᵆ ≡ Ɇɟ ҇ᴖᴶַײ ᴄ◦ ῡFSM

Using History Patterns

Hybrid predictors

Local predictor

(e.g. 2-bit)
Global predictor

(much more state)

Prediction

1
Prediction

2

Selection table

(2-bit state machine)

How do you select which predictor to use?

How do you update the various predictor/selector?

Prediction
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< 31 >

֪ᾀ ≡

Åᶉᶌ ≡ɆBranch Target Buffer

ÅBTB indexed by current PC

ÅIf entry is in BTB fetch target 

address next

Branch PC Target address

0x05360AF0 0x05360000

é é

é é

é é

é é

é é



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 32 >

֪ᾀ∫₯ ᶳⱣῡֹ

Åḽ҇ Ẑᶹ ∫₯ ₦ ᴄεḽҀẐỳ ᶸַײῡֹ

ÅSquash and restart fetch with right 

address

ÅJust have to be sure that nothing has 

ɒfrpplwwhgɓ lwv vwdwh |hw1

ÅIn our 5 -stage pipe, state is only 

committed during MEM (for stores) 

and WB (for registers)

ÅRecovery seems really hard
ÅWhat if instructions after the branch finish 

before we find that the branch was wrong? 

ÅThis could happen.  Imagine

R1=MEM[R2+0]

BEQ R1, R3 DONE ă Predicted not taken

R4=R5+R6

ÅSo we have to not speculate on branches 
or not let anything pass a branch

ÅBranches become serializing instructions. 

ÅNote that can be executing some things 
before and after the branch once branch 
resolves.

Ẑᶹ ∫₯
Tamosulo
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< 34 >

֪ᾀᶳⱣῡֹјᶉᶌ ≡

ÅTomasulo ח ᴦṂַײ▄ᶇ

ÅWhen can Tomasulo go wrong?

ÅBranches

ÅWhat if a branch finishes after younger instructions (after the 
branch) finish?

ÅExceptions!!

ÅNo way to figure out relative order of instructions in RS

ÅWe need a mechanism to predict branch results

ÅWe need a mechanism to ensure finish in order
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< 35 >

MIPS R10Kσ   ח+ ἷҦᴦṂ

ÅAdding a Reorder Buffer, aka ROB

ÅWhy need Reorder Buffer

ÅROB is an in-order queue where instructions are placed.

ÅInstructions complete (retire) in -order

ÅInstructions still execute out -of -order

ÅStill use RS

ÅInstructions are issued to RS and ROB at the same time

ÅRename is to ROB entry, not RS.

ÅWhen execute done instruction leaves RS

ÅOnly when all instructions in before it in program order are 

done does the instruction retire.
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< 36 >

MIPS R10Kσ   ח+ ἷҦᴦṂ

ÅAdding a Reorder Buffer, aka ROB

MEM

Å@ Alloc
ÅAllocate result storage at Tail

Å@ Sched
ÅGet inputs (ROB T -to -H then ARF)
ÅWait until all inputs ready

Å@ WB
ÅWrite results/fault to ROB
ÅIndicate result is ready

Å@ CT
ÅWait until inst @ Head is done
ÅIf fault, initiate handler
ÅElse, write results to ARF
ÅDeallocate entry from ROB

IF ID Alloc Sched EX

ROB

CT

Head Tail

PC

DstregID

Dstvalue

Except?

ɗReorder Buffer (ROB)
ɊCircular queue of spec state

ɊMay contain multiple 
definitions of same register

In-order In-order

Any order

ARF
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< 37 >

MIPSσ   ח+ ἷҦᴦṂ

ÅAdding a Reorder Buffer, aka ROB

Å Simple Tomasulo+ROB

Å Too much valuemovement(regfile/ROBŸRSŸROBŸregfile)

Å Multi input muxes long buses complicate routing and slow clock

Architectural Reg File α ARF β
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< 38 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSσAn alternative implementation

Å One big physical register file holds all data Ʌno copies

Å + Register file close to FUsŸ smallfast data path ROB

Å ROB and RSɒon the sideɓ used only for control and tags
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< 39 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSσAn alternative implementation
Å Architectural register file? Gone 

Å Physical register file holds all values

Å #physical registers = #architectural

registers + #ROB entries

Å Map architectural registers to physi

cal registers

Å Removes data hazards (physical 

registers replace RS copies)
Physical Regfile

Å Fundamental change to map table /RAT

Å Mappings cannot be 0 (there is no architectural register file)

Å Free list keeps track of unallocated physical registers

Å ROB is responsible for returning physical registers to free list

Å Conceptually, this isɒtrue register renamingɓwithout value moving



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 40 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSσAn alternative implementation
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< 41 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

Tomasulo+ROB χROB# Ą MIPSχPR#
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< 42 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ
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< 43 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPS R10K Dispatch ₉
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< 44 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPS R10K Complete ₉
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< 45 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPS R10K Retire ₉
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< 46 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

+χReady bit
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< 47 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 1
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< 48 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 2
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< 49 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 3
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< 50 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 4
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< 51 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 5
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< 52 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ
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< 53 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 5

Precise 

State Undo insns 3-5 using 
roll back if insn 2 is a 

taken branch

Replace with a 

taken branch

jmp f0 f1 f2 
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< 54 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 6

jmp f0 f1 f2 
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< 55 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 7

jmp f0 f1 f2 
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< 56 >

MIPSσ   ח+ ἷҦᴦṂ

ÅMIPSḪӔ֪ῷ

MIPS: 

Cycle 8

jmp f0 f1 f2 
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< 58 >

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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< 59 >

ḔCache ѦַײṔ

ÅṔ ᴜⱣɆᾩ Ṕ ј Ṕ

ÅPrinciple of Locality:
ÅPrograms tend to reuse data and instructions near those 

they have used recently.

ÅTemporal locality: recently referenced items are likely to be 
referenced in the near future.

ÅSpatial locality: items with nearby addresses tend to be 
referenced close together in time.

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

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

Locality in Example:
ɗData

ɊReference array elements in succession (spatial)

ɗInstructions

ɊReference instructions in sequence (spatial)

ɊCycle through loop repeatedly (temporal)
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< 60 >

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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< 61 >

Cache Ѧַײᴟᾎ

ÅCache Size Associativity Block Size Number of Set, etc.

ÅTotal cache size

Å(block size ³# sets ³
associativity)

ÅAssociativity (Number of 
ɒzd|vɓ,

ÅBlock size (bytes per block)

ÅNumber of sets

ÅPerformance Measures

ÅMiss rate

Å% of memory references which are not found in the cache.

ÅA related measure is #misses per 1000 instructions

ÅAverage memory access time

ÅMR* TMiss + (1 -MR)* THit

Å THit & TMiss -- Access time for a hit or miss

ÅBut what do we want to measure?

ÅImpact on program execution time.

ÅWhat are some flaws of using

ÅMiss Rate? 

ÅAve. Memory Access Time?

ÅProgram execution time? 

ÅMisses per 1000 instructions?
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< 62 >

Cache ἬַײẼᵟ

Å Ḳ σ Ύ εCache Ḳ ᶼεMiss Rate ӈ

ÅTotal cache size?

ïPositives:

ÅShould decrease miss rate

ïNegatives:

ÅMay increase hit time

ÅIncreased area requirements

ÅIncreased power (mainly static) 

ïInteresting paper:

» Krisztián Flautner, Nam Sung Kim, Steve Martin, David Blaauw, Trevor N. 

Mudge: Drowsy Caches: Simple Techniques for Reducing Leakage 

Power. ISCA 2002: 148-157
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< 63 >

Cache ἬַײẼᵟ

ÅBlock Size

ÅBigger block size?

ïPositives:

ÅExploit spatial locality ; reduce compulsory misses

ÅReduce tag overhead (bits)

ÅReduce transfer overhead (address, burst data mode)

ïNegatives:

ÅFewer blocks for given size; increase conflict misses

ÅIncrease miss transfer time (multi-cycle transfers)

ÅWasted bandwidth for non-spatial data
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< 64 >

Cache ἬַײẼᵟ

ÅAssociativity ײַ Ἤ

ÅIncreasing associativity

ïPositives:

ÅReduces conflict misses

ÅLow-associativity cache can have pathological behavior 

(very high miss)

ïNegatives:

ÅIncreased hit time

ÅMore hardware requirements (comparators, muxes, 

bigger tags)

ÅMinimal improvements past 4- or 8- way.
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< 65 >

Cache ἬַײẼᵟ

ÅCache Replacement ꜝ

ÅReplacement Strategy: (for associative caches)

ïLRU: intuitive; difficult to implement with high assoc; worst 

case performance can occur (N+1 element array)

ïRandom: Pseudo-random easy to implement; performance 

close to LRU for high associativity

ïOptimal: replace block that has next reference farthest in the 

future; hard to implement (need to see the future) J
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< 66 >

Cache ἬַײẼᵟ

ÅCache֑ԃᵘMissᶳⱣ ꜝ

ÅWrite Policy: How to deal with write misses?

ïWrite-through / no-allocate

ÅTotal traffic?  Read misses ³block size + writes

ÅCommon for L1 caches back by L2 (esp. on-chip)

ïWrite-back / write-allocate

ÅNeeds a dirty bit to determine whether cache data differs

ÅTotal traffic? (read misses + write misses) ³block size +                 

dirty-block-evictions ³block size

ÅCommon for L2 caches (memory bandwidth limited)

ïVariation: Write validate

ÅWrite-allocate without fetch-on-write

ÅNeeds sub-block cache with valid bits for each word/byte
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< 67 >

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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< 68 >

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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< 69 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate
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< 70 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 71 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 72 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 73 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 74 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 75 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 76 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 77 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 78 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 79 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 80 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 81 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 82 >

2-Way Set Associative Cache ḪӔ

ÅWrite -back & Write -allocate



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 83 >

’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:



ộỳ ץԒḳẊיּ

῀-ҕᶼḘק ︡ҬӋ ῶ

2024Ẉ ḖḘῙ

ѭ σ ḝ
< 84 >

і ⁸ ï 8⁸

Å Ḕ ј ἨԒḔἆῠ


