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PEKING UNIVERSITY

— Makefile
Fetch Decode Execute Memory Writeback — run_tests.sh # [ ST s
— setup_env.sh # NlEHEHA
M — testbench/ # M & LAl
. | | testbench.v # ENBEFE
+ — test_progs/ # MRFE4FEF GL% s M
] | L—*.s # T{ﬁj*iﬁi{#
— verilog/ # RIGTERHAI L Verilog CfF
A | | pipeline.v # TR
-1 pC Inst |~ u L i A S gl
mem : U | — if_stage.v # IF FirEescii
M Data | | id_stage.v # ID [rBEscil
: memory | | ex_stage.v # EX FrEEscil
| | mem_stage.v # MEM FirEESIR
|  |— wb_stage.v # WB PFrERsEil
| | regfile.v # EF A A T
| | icache.v # RAYELF (MERBEEHR)
| L— cachemem.v # iﬁﬁ%@ (MERERER)
18 L— vs-asm # LT HE, T4l r it

- Lab2pyBfR: 1, H—LRAEBBEGT, RIESHATRE: 2. TRAKZPEFEITIEN

BIEEH REHE <2>
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— makefile
— run_tests.sh
|— setup_env.sh
|— testbench/

— testbench.v
L—

|— test_progs/

L— * ¢

— verilog/

|— pipeline.
|— if_stage.
|— id_stage.
|— ex_stage.
|— mem_stage.v
|— wb_stage.v
— regfile.v

— icache.v

L— cachemem.v

< < < <

L— Vs-asm

EHAE

TONT G

B REHE

#
#
#
#

H OH O H O H O H OH O H O H OH OH H O H OH

H iz 47 I A 5 A

fic B SR 5 A
MIRF & K a] Pk

FEMRFE
MiRFELSEF JLE .s XD
PN At

R¥ FTERR %0 Verilog SO
THE R

IF BrExscil

ID PrExscif

EX PrEseii

MEM P/t BSEIA

WB BB sEIl

i FH FF A7 2 U

w42 F (IENEE/ERD
HIEZAF (ATERNEEERD
ICHTE, FFARIMRERF 2

. if_stage.v

~5171KhS

. id_stage.v

~154T1CES

. ex_stage.v

~154T1CES

. mem_stage.v

<5{T1CES

. wb_stage.v

~5171Ch5

. pipeline.v

~10171EES

// TELANIE ARAIACRS
/] ZBEBEFZFEENER
// Insert your code below

. Your code here ...

// Insert your code above

CUNT »
~ O\ D
NELT R

PEKING UNIVERSITY

<3>
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*F Debug

f£fR5ER CPU SEME, BITIRERFBSEMAZ MARBLXF. ST XGFREFERXNES, FBEIRERE CPUEETHE
HA T 4, MEaTRELTET.

Tips: RIMFEITIHZEFRAE:BHL, FBREFJEECPUILEIF T, SEAERSRIRM AL T stall;

itk SZ{FiRER

MFZREI REET

ctest proaram.ss detailed.csy ST ABESMENIFAESEN (BEFEFEFSHE. ALUBH. ERIES. PCH), E&8R
_program.s>_ . AR FBIRAITRE.

<test_program.s>_memory.out BFETERE, RFPHENSLARES.

RRERTHBRESTRABORATER EIMFESEB MR, REZ Lab PEIRF
17, HATATAERITESER.

<test_program.s>_program.out AR HBNIIER AT .
<test_program.s>_writeback.out BU#N WB B EREY, SENFFRES. EMFEL PC,

{REJLATE /golden_result EEXFIHAZER L, HATEE;

<test_program.s>_pipeline.out

BIEER FREHE <4>
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*F Debug

f£fR5ER CPU SEME, BITIRERFBSEMAZ MARBLXF. ST XGFREFERXNES, FBEIRERE CPUEETHE
HA T 4, MEaTRELTET.

Tips: RIMFEITIHZEFRAE:BHL, FBREFJEECPUILEIF T, SEAERSRIRM AL T stall;

itk SZ{FiRER

MFZREI REET

ctest proaram.ss detailed.csy ST ABESMENIFAESEN (BEFEFEFSHE. ALUBH. ERIES. PCH), E&8R
_program.s>_ . AR FBIRAITRE.

<test_program.s>_memory.out BFETERE, RFPHENSLARES.

RRERTHBRESTRABORATER EIMFESEB MR, REZ Lab PEIRF
17, HATATAERITESER.

<test_program.s>_program.out AR HBNIIER AT .
<test_program.s>_writeback.out BU#N WB B EREY, SENFFRES. EMFEL PC,

{REJLATE /golden_result EEXFIHAZER L, HATEE;

<test_program.s>_pipeline.out

BIEER FREHE <5>
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1. EFENziptHEILBISEIAY Verilog X (1RRZEA verilog/ BR)
{RA] LGB nake submic SRIRIRERE— 1 zipXHF;
2. ERRMNLEIRE, B8
o LIEBRR
o {RIFXPTIBRIB KRB FRRG
 FE: REFEI 2]

m

C
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MIPS: IBIFR+EISIES ST @ e 70

« MIPS: An alternative implementation

gl |y e, g

Head

—

Retire

> ,I. -
Te_ul
Free Dispatch
List ROB | |

Dispatc h

© =N KRS EFSRIEFREFREEIE- LTRSS
-+ Fif FU N&EFSRXE — MBS RIESIRERZ ROB

« ROB and RS “on the side” used only for control and tags

CDHB.T

i}

,EE*EEE %gﬁ:@ <8>

C



MIPS: BirE+aISIES &8

« MIPS: An alternative implementation

Map Table - ZAAFTEEENIH? Gone
e | n:n!m_ oy | ST E S I R T

Head
: o . WYIRESTFES = #ARHIES 1T RS
nﬁ If{ff —— L] Diseateh + #ROB entries
SrepaciT == . SIS ST R IR 15

RS

ChB.T

Physical Regfile - HIRSUERR (MIEFEREN
iE RS EI%)

- RA_LXNZT map table/RAT
« MREIAREEN 0 ((RBIZEFFEENY)
- FRAHIRIRER D EAIES TS
ROB A=Y IIES FeaREIEIHF IR
- WS LR, X2 "HIENSFFesREns | BAESFesEk

BIEEH REHE <9>
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MIPS: BIFE+HISESR NPT

598 PEKING UNIVERSITY

« MIPS R10K DispatchZ ¥

e
Tail

Free match

List ROB |

Dispatch:

CDB.T

- TiERUMASEFSRRpreg (MBS I5E, FERS
- Told: ZRIBREIZEFE<EERHANYIES FenEBEHE Faspregin
%, Z{EROB (Told)
SERER . staiEsmeesEEoreg (free list) , FFZERS, ROB, Map tabe o



MIPS: BirE+aISIES &8

« MIPS R10K CompletesZ &

Map Table E

Dispatch’

Free
List

Head

i ——

Retire

Tail

Dispatch

ROB |

- {Emap tableiGEIESHIE SFaE00ready bit
~Hiready bits

«  ERSHIZIE LA NIRES

FIEBH FEAE

CDB.T

)
> -
{8593

SELE P

PEKING UNIVERSITY

<11 >



MIPS: #_*-.FE ﬂ]lu\ B%EQ?

« MIPS R10K Retirez> 38

BIEEH FREHE

Map Table E

>

ROB

Dispatch'

Head
Retire

Tail

Dispatch

CPB.T

Return Told of ROB head to free list

<12 >
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MIPS: Bir=E+miSiES&s]
. MIPSZLHIS#

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg |T+ T
1 |1df X(r1),fl £O |PR#1+
2 [mulf fO,f1,f2 1 |PR#2+
3 [stf f2,Z(rl) 2 |PR#3+ \
4 laddi r1.,4,r1 r1 |PR#4+ +: Readv bit
5 |1df X(rl),fl T y
6 [mulf fO,f1,f2 PR#5 . PR#6 |
7 |stf £2,Z(r1) PR#7 PR#S
Reservation Stations
# |FU |busy lop |T T1 (T2 Notice I: {FaJith G EBATFiESFaavalues
1 |ALU |no
2 |LD no i ey
Notice Il: Map TablefA A=
3 |ST no
4 |FP1 |no
5 |FP2 |no

i}

,%T‘\EEE %@#@ <13 >
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PEKING UNIVERSITY

» MIPSECfl4 R
ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
ht|1 [1df X(r1).f1 |PR#5/PR#2 fO |PR#1+
2 lmulf fO,f1,f2 ™~ £1 |PR#5
3 |stf f2,Z(rl) ™~ 2 | PRE3+
4 |laddi rl,4,rl N r1 [|PR#4+
[
MIPS: 5 |1df X(rl),f1 | [Frde it
6 |mulf fO,f1,f2 Ipr#5, PRA#6
cvele 1 7 |stf £2,Z(r1) PR#7 . PR4S
yc € Reservation Stations
# |FU |busy lop |T T1 AT 4o "
0 T — a1 tcEiRYpregfii (PR#5)
2 |LD |yes |1df |PR#5 PR#4+
3_[ST_[no FIEI7EROBEZ &M [Hpreg (PR#2)
4 |FP1 I|no
5 |FP2 |no

i}

BIEEH FREHE

C

<14 >
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. MIPSSZHIS3#H

MIPS:

Cycle 2

i}

BIEEH FREHE

C

SRS

< ) »
N e 7 ) ¥

PEKING UNIVERSITY

ROB Map Table CDB
ht |# |Insn T Tod | S| X | C Reg | T+ T
h |1 |1df X(r1),f1 |PR#5PR#2[ c2 O |[PR#1+
t |2 |mulf fO,f1,f2|PR#6|PR#3 £1 |PR#5
3 |stf f2,Z(rl1) T~ £2 |PR#6
4 |addi r1,4,rl e r1 fPR#4+
T fi
clarxen Sl
mu
Rl PR#6 , PR#7 ,
7 |stf £2,Z(r1) A Neres
Reservation Stations //
# JFU lbusylop T T 27 | saposNFiasitipregfir® (PR#6)
1 [ALU |no M
2 |[LD |yes |1df |PR#5 | ~ |PR#4+
3 |ST |no A | EITEROBFE2|Hpreg (PR#3)
4 |FP1 |yes |mulf|PR#6 |PR#1
5 |FP2 |no |

<15 >
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. MIPSIZBISHR

MIPS:

Cycle 3

i}

BIEEH FREHE

C

SRS

¢ \ »
N A 75 F

PEKING UNIVERSITY

ROB Map Table CDB
ht |# [Insn T Told | S| X | C Reg [T+ T
h |1 |1df X(r1) ,f1 |[PR#5/PR#2| c2 | c3 fO |PR#1+
2 \'mulf f0,f1, 2 |PR#6|PR#3 1 |PR#5
t |3 |stf f2,Z(rl) 2 |PR#6
4 laddi r1,4,r1 r1 |PR#4+
5 |1df X(rl),fl ——
6 (mulf fO,f1,f2 PR#7 . PR#8
7 |stf £2,Z(rl)
Reservation Stations BAT-/\
# |FU |busy lop |T 1 |12 Storefg A7 Ecpreg
1 |ALU |no
2 |LD [no Free TEXMEZRDFree}gRS entry
3 |ST yes |stf PR#6 |PR#4+
4 |FP1 |yes |mulf |[PR#6 |PR#1+|PR#5
5 |FP2 |no

<16 >
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. MIPSIZBISHR

MIPS:

Cycle 4

i}

BIEEH FREHE

C

SRS

¢ \ »
N A 75 F

PEKING UNIVERSITY

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
h |1 |1df X(r1),f1 |PR#5/PR#2| c2 | c3 | c4 fO |PR#1+ PR#5
2 \mulf fO,f1,f2 |PR#6|PR#3| c4 1 |PR#5+
3 [stf £2,Z(r1) £2 |PR#6
t |4 |addi rl1,4,r1 |[PR#7PR#4 r1 |PR#7
5 [1df X(rl),fl R
6 lmulf fO,f1,f2 PR#7 . PR#8
7 |stf £2,Z(r1) —
Reservation Stations \df completes
# |FU |busy |o T T1 T2 .
1 |ALU yesy acpidi PR#7 |PR#4+ set MapTable ready bit
2 |LD no
3 |ST yes |stf PR#6 |PR#4+
4 |FP1 Jyes |mulf |PR#6 |PR#1+|PR#5+1 Match PR#5 tag from CDB & issue
o5 |[FP2 |no

<17 >



MIPS: Bir=E+miSiES&s]
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MIPS:

Cycle 5

i}

BIEEH FREHE

C

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T

1 |1df X(r1),f1 |PR#5/PR#2| c2| c3| c4 fO |PR#1+
h |2 \[mulf fO,f1,f2 |PR#6 PR#?)\Cﬂ\\CS 1 |PR#8

3 |stf f2,Z(r1) N 2 |PR#6

4 laddi r1.,4,r1 |PR#7|PR#4| cb5 NUdr1 |[PR#7
t |5 |1df X(r1),f1 |PR#8PR#5 \.:r\?e\m;

6 mulf fO,f1, 2 PR#8 PR#2

7 |stf £2,Z(r1) —
Reservation Stations df reti

retires

# |FU busy |op T T1 T2 .
I |ALU |yes |addi |PR#7 |PR#A+ Return PR#2 to free list
2 |LD yes |1df |PR#8 PR#7
3 ST |yes |stf PR#6 |PR#4+
4 |FP1 |no Free 1EXFTERRIFreeigRS entry
5 |FP2 |no

¢ \ »
N A 75 F

PEKING UNIVERSITY

<18 >



MIPS: Bir=E+miSiES&s]
. MIPSSZHIS#

e Problem with R10K design? Precise state is more difficult

- YIRS EFSRELFESA

- RO, IREEWEFEE XY

« ALl “free” HEANBSFSRF “restore” |HAY

. EIFEHIMap TablefIFree Listsk52R, MAERSFes G

- FFPREMap Table F1Free ListByAT,
- BH1: BIZFAROBHRIT, ToldiEfTIRE (EEIS(BREEE)
- B2: N-EEECHFHRE (EER, BEESERERY)
o ICALIEESAVIAH AR 1LEREE R RIS T
«  FHEMZErollbackRIBFEERRER
- /DrollbackfyPage-faultflinterruptiF# TR TR E

BB/ FFaHE <19 >




MIPS: iBrFE+EliS

. MIPSIZBISHR

Replace with a
taken branch

MIPS:
Cycle 5
Precise

State

i}

BIEEH FREHE

C

“a

Rt Drexrz

ROB Map Table CDB
ht |# |Insn T Tod | S| X | C Reg | T+ T

1 |1df X(rl1),fl1 |PR#5|PR#2| c2| c3| c4| |fO |PR#1+
h |2 PR#6|PR#3| c4 | c5 £1 |PR#8

3 |stf £2,Z(rl) 2 |PR#6

4 |addi rl,4,r1 |PR#7|PR#4| c5 r1 [PR#7
t |5 |1df X(rl),f1 |PR#8/PR#5 o Lot

6 [mulf fO,f1,f2 PR#8  PR#2

7 |stf £2,Z(rl) E—
Reservation Stations
# |(FU [busy lop |T T1 T2
1 |ALU |yes |addi |PR#7 |PR#4+ WMRISS2KRANHkAE, WS
2 |LD |yes |1df |PR#8 PR#7 =rollbackigifEig<$3-5
3 ST |yes |stf PR#6 |PR#4+
4 |FP1 Ino
5 |FP2 |no

<20 >
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ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 |1df X(rl) ,f1 |PR#5/PR#2| c2 | c3| c4 fO |PR#1+
h |2 PR#6|PR#3| c4 | c5 £1 |PR#5+
3 [stf £2,2(r1) T2 |PR#6
t |4 |addi rl1,4,r1 |PR#7/PR#4 r1 |PR#7
MIPS: 5 [1df X(r1),fl PR#S-BR.@&‘\ e
6 mulf fO,f1,f2 JIPR#2 PR#8
7 |stf £2,Z(r1)
Cycle 6
Reservation Stations FiEIdf (ROB#5)
# |FU |busy |op |T T1 T2 1. FZHRS
; IIA:I];U yes |addi [PR#7 |PR#4+ 2 BZHT (PR#8) ., iR[E|Freelist
010 & Ty ey
3 |ST |yes |stf PR#6 |PR#4+ 3'\4§MT[HET‘E@I%¢UTOM (PRES)
2 [FP1 lno 4 FZEFIROB#5
5 |FP2 |no

i}

BIEEM #5HE 5< A LArollback#tl{T

C
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. MIPSIZBISHR

MIPS:

Cycle 7

i}

BIEEH FREHE

C
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PEKING UNIVERSITY

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 |1df X(r1l),f1 |[PR#5/PR#2| c2| c3| c4 fO |PR#1+
h |2 imp fO f1 f2 PR#6|PR#3| c4 | c5 1 |PR#5+
t |3 |stf £2,Z(r1) £2_|PR#6
4 laddi rl1,4,r1 |PR#/7|PR#4| c5 r1 |PR#4+
5 |1df X(rl) ,fl R#\\\--s____ Free List
6 mulf fO,f1,f2 \"‘PR#Z,PR#S,
7 |stf £2,Z(rl) PR#7
Reservation Stations iBiEIdf (ROB#4)
# |(FU |busy lop [T T1 T2 1 EZHIRS
1 |ALU [no $:FB$Z . _
> 1D o 2. BT (PR#7) , iR[A]Freelist
3 |ST |yes |stf PR#6 |PR#4+ 3. BMT[rEFFiEZTold (PR#4)
4 |FP1 Ino 4 BERIROB#4
5 |FP2 |no




MIPS: Bir=E+miSiES&s]
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MIPS:

Cycle 8

i}

BIEEH FREHE

C

G »
NECE R

PEKING UNIVERSITY

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T

1 |1df X(r1l),f1 |PR#5/PR#2| c2| c3 | c4 fO |[PR#1+
ht|2 imp fO f1 f2 PR#6|PR#3| c4 | c5 1 |PR#5+

3 [stf f2,Z(rl) £2 |PR#6

4 laddi r1.,4,r1 r1 |PR#4+

5 [1df X(r1) ,f1 Free List

6 (mulf fO,f1,£f2 PR#2 PR#8.

7 |stf £2,Z(r1) PRA7
Reservation Stations iBiEldf (ROB#3)
#;F ;gU busy [op [T T1 T2 1 BRHRS

no T2

> 11D oo 2.%4:}55[508#3 ‘
3 [ST |no 3.8 BT Feah 2 IS FE
4_[FP1_|no 4 DSRIS NATigHH?
5 |[FP2 |no

<23 >
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#EfFCachei@it B NP XS
- BRSSP EFEN

1 cycle access (early in pipeline)

1-4 cycle access

L2 Cache (%-32MB) 6-15 cycle access

Memory (128MB - fewGB) 100-500 cycle access

Disk (Many GB)

B A
Y

SEH REHE .

m

C



‘BfFCacheiitRRIEERE NEEES
- BERERIE - BHEBESPIES=EEIEERE

- FERYERIE:

- EEmTFEE AR ERIENEUEFIES.

. =15 | NI BRI ReEAA RIS 45 | .
. R R S ERT A _ L S 255 | A,

sum = 0;
OB for (- 0:i < i i
sum += ali];
o HiE *V = sum;
—1E425 |FAEETTE (FA)
- 189

-®ZRiFE (ZE) s5|AEES
- RE@I (BSi8)

<26 >
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B1FCachefEABES
- MRIBTEERE

« Main Memory

« Stores words
A-Z in example

« Cache
 Stores subset of the words
4 in example
« Organized in lines

« Multiple words
« To exploit spatial locality

 Access

« Word must be in cache for
processor to access

i}

BIEEH FREHE

C

Processor

Small,

Fast Cache

A

A

Big, Slow Memory

\ 4

A

\ 4

B
G
H

N|<| « <[o|m]|>

CUNIY »
[ @ M.
EN) e 7. ¥

PEKING UNIVERSITY

<27 >



BiFCache U EAR IS
« Cachef{ifiSRi=E

Keep recently accessed block in “block frame”
- state (e.g., valid)
» address tag

- data
address state data
L VAN Y
Y '

bookkeeping
overhead

multiple bytes per block
frame to amortize overhead

i}

BIEEH FREHE

C

CUNT »
CATR) ) ¢ N
}fi ‘J,‘ 4.3

PEKING UNIVERSITY

On memory read
» if incoming address corresponds to on
e of the stored address tag then
« HIT
* return data
« else
« MISS
« Choose and
displace a current block in use
» fetch new (referenced) block from
memory into frame
* return data

<28 >
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» CachefEFAARIF

S N »
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PEKING UNIVERSITY

* block (cache line) — minimum unit that may be present

» hit — block is found in the cache

* miss —Dblock is not found in the cache

* miss ratio — fraction of references that miss

* hit time —time to access the cache miss penalty

* miss penalty
 time to replace block in the cache + deliver to upper level
« access time — time to get first word

 transfer time — time for remaining words
BB BER FEHE <29 >

i}

C
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PEKING UNIVERSITY

« Cache Block Placement

Where does block 12 (b’1100) go?

Block Set/Block Set

0 0

1 1

2 2

3 3

! . [

5 5

6 6

7 7

Fully-associative Set-associative Direct-mapped
block goes in any frame a block goes in any block goes in exactly

frame in exactly one set one frame

(think all frames in 1 ” (frames grouped into ” (think 1 frame per
set) sets) set)

i}

,ELE,'*EEE %gﬁ:@ <30>

C



Cache Block SizefJ#f=:

S N »
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PEKING UNIVERSITY

« Each cache block frame or (cache line) has only one tag but can hold multiple “chunks” of data

 Reduce tag storage overhead

» In 32-bit addressing, an 1-MB direct-mapped cache has 12 bits of tags
» 4-byte cache block = 256K blocks = ~384KB of tag
« 128-byte cache block = 8K blocks = ~12KB of tag
* The entire cache block is transferred to and from memory all at once
« good for spatial locality because if you access address i you will
probably want i+1 as well (prefetching effect)

» Block size = 2”b; Direct Mapped Cache Size = 2*(B+b)

MSB

LSB

tag

block index

block offset

i}

BIEEH FREHE

C

.

I\

J

Y
B-bits

Y.
b-bits

<31 >



Direct-Mapped CacheiZit ’“’EJ’?

Address Cache
01101 Vd tag data
e 0

0
0
0

" Block Offset (1-bit)
~ " Line Index (2-bit)

v

Tag (2-bit)

N | | |
R BERRERERERR =R

3.C’s Compulsory Miss: first reference to memory block

Capacity Miss: Working set doesn’t fit in cache

Conflict Miss: Working set maps to same cache line




Direct-Mapped Cacheiit e g S

PEKING UNIVERSITY

block index

Fla_ymg tag | 1dx | b.o.

decoder
decoder

R e
Multiplexo Ta
v e " matth

(hit?) (hit?)
Don't forget to check the valid/state bits

i}

BIEEH REHE <33>

C



Fully-Associative Cachei&it AT LS

PEKING UNIVERSITY

| tag |blk.offset|
|

Tag

Associative

A 4 Y
_\ Multiilemr // Search

iZ8block index

i}

,ELE,'*EEE %gﬁ:@ <34 >

C



N-Way Set Associative Cacheigit O e 7S

s PEKING UNIVERSITY

a way (bank})

a set
| tag | 1dx | b.o.] A

v
decpder
decoder

’6 1aq M\ Ta
Y Y Y match L 2 7 Zmatch

\\ i S Multiplexo,

< I

Cache Size = N x 2B+b

i}

BIEEH REHE <35>
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N-Way Set Associative Cacheigit

 Associative Block Replacement

o« HERERFIIESsetPAIE— P block?
- IHEER T — — B RKERHIHIEAIblock
o YN{AJSCIR?

* Approximations:
* Least recently used — LRU
- FHRTEIESREHT T (RiRBENE), WTHEUIMEBRIER, MRS
* Not most recently used — NMRU
- BRER MRU, MEftblock hpEM%E, RIFAIFRAE
« Random
- JLFHI LRU —#¥lF, B (BEE(AEEMN)
» XRERBERBEZEE?

,%T‘\EEE %@#@ <36 >

i}

C



Cache MissFh3s

« Miss Classification (3+1 C’ s)

NG UNIVE SITY

« Compulsory Miss
- BXIBRENMRESHIR “cold miss”
« —defined as: miss in infinite cache
« Capacity Miss
- AFEREFABRKMAERIBR—
defined as: miss in fully-associative cache
« Conflict Miss

. T IR ST A R
AR B S

« —defined as: not attributable to compulsory or capacity
« Coherence Miss

. MFSHEBE A EEREERS

BIEEH REHE <37>




CacheZ=£AN#®HEE

« Cache Size (C) , Block Size (b) , Associativity (a)

- FEXRIMEBREHIE (AEETE) 88
. B KATLAEYFHER AR (B SRt
* not ALWAYS better
« J|IFAK
o B/NERTR => FROCHK|E
+ 15IalAY B e] BE PR IR IR R
« BEXKN hit rate
« XBRHFHEFI B EEERE
- BREHEIEA RS R

"working set”

:f size
-

holding b and a constant ]

i}

,EL!,H\?F~\§EE| %Fﬁ‘q#@ <38 >
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CacheZ=£AN#®HEE

« Block Size (b)

t;UC’J‘TE =1
71_ —IExEJz:/A%*’JZI‘EUEI’\J%i@Ei{ﬁ (remember sub-blocking)
« XIRAX

- JSBERFMF BRI t
- BIZRIRETFHE
- PRKRXK

- (&l 7 TRREEE
+ BHEUERINZEER
. RRREAD

hit rate

holding C and a constant

FIEBH FEAE <39>



CacheZ=£AN#®HEE

 Associativity (a)

FSSIGN »
NPT TS

PEKING UNIVERSITY

Partition cache frames into
* equivalence classes of frames called sets
Typical values for associativity

e 1,2- 4-, 8-F%FF%

 Larger associativity N —
+ B{KHImiss rater] LA/ NERFEIZSS /
» G/ NCIEE 5

- Smaller associativity hit rate i -5
. A, BEEEER f

—@ > a
holding C and b constant

i}

BB/ FFaHE <40 >

C



CacheizitiE&iEAISZ N

« CacheE\#lMissM RS
- BAEE: GHFQES \Rarh?

» Write-through / no-allocate
- BIREANNEFARF
- (RISRFEH
- Write-back / write-allocate
« (NERB IR EFRF
s FEERFITRIE, MBA
B dirty [ INEMAES T
- BIRRIRTEIR
» JERMEE N\ATset
- (XS [EdirtyR, FHidkRcleant A TRFER

BIEBEH FEHE <41>




2-Way Set Associative Cachei&it

SEy: »
o 0 3 t A J’ :ﬁ
: - 59 =
&’ PEKING UNIVERSITY

Address Cache
Vd tag data

01101

=) [==—) (=) ==

~—* Block Offset (unchanged)

> 1-bit Set Index

> Larger (3-bit) Tag

Impact on the 3C’s?




2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
vVd tag data
ld Rl M[ 1 ] 0
Lld R2« M[ 5 ]
St R 5>M[ 7 ] 0
St R1->M[ 4 ]
Ld R3«< M[ 0 ]
Lld R2< M[ 8 ] 0
0
RO
R1 Misses: 0
R2
R3 Hits: 0

Memory
0 78
1] 29
2] 120
31 123
a4 71
5| 150
6| 162
7\ 173
8 18
9 21
10 33
11 28
12 19
13] 200
14 210
15 225

10

i}

BIEEH REHE

C

AR »
NEFER

s PEKING UNIVERSITY

<43 >



2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor

# Ld R1 <« M[
Ld

1

R2< M[ 5
St R2 > M[ 7
St R1—> M[ 4
Lld R3« M[ 0
Lld R2« M[ 8

L N SR e gy —

Cache

Vd tag data

0

0

0

RO

R1

R2

R3

Misses:
Hits:

0
0

Memory
0p 78
1] 29
2| 120
3| 123
4 71
5| 150
6| 162
7\ 173
8] 18
9 21
10 33
11 28
12 19
13] 200
14 210
15 225

11

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
qLdR1<—M[1] [1]0] O 78
Ld R2« M[ 5 ] 29
St R2>M[ 7 ] s[0
st R1oM[ 4] |-
Ld R3« M[ 0 ]
Ld R2< M[ 8 ] 10
10
RO
R1 29 Misses: 1
R2
R3 Hits: 0

Memory
0 78
1 29
2l 120
3] 123
4 71
5| 150
6] 162
% 173
8| 18
9 21
10 33
11 28
12 19
131 200
141 210
15 225

12

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RLeM[ 1 ] 11/0] O 78
Ld R2« M[ 5 ] 29
St R2o>M[ 7 ] :,IO I
St R1>M[ 4] |-
Lld R3«< M[ 0 ]
ld R2« M[ 8 ] 10] |
o] |
RO
R1 23 Misses: 1
R2
R3 Hits: 0

Memory
0p 78
1] 29
2| 120
3| 123
4 71
5| 150
6] 162
7} 173
8| 18
9 21
10 33
11 28
12 19
13| 200
141 210
15} 225

13

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache Memory
0 78
1] 29
2] 120
Vd tag data 3 123
-Ld R1«M[ 1] [2]1]0] O 78 4 71
Ld R2« M[ 5 ] 29 5 150

St R2>M[ 7 ]
St RL>M[ 4 ] 110] 1 71 6] 162
Ld R3< M[ 0 ] 150 71 173
ld R2Z« M[ 8 ] 0 8| 18
91 21
0 10} 33
RO 111 28
R1 29 . . 121 19
> [ 150 Misses: 2 13 200
R3 Hits: 0 141 210
| 150 225 14

i}

BB/ FFaHE <47 >
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache

Vd tag data
RriemMm 1] [2[1]0] O 78
ld R2¢~M[ 5 ] 29
St R2o>M[ 7 ]

#St Ril>M[ 4 ] Il OI 1 71
Ld R3¢ M[ 0 ] 150
Lld R2« M[ 8 ] o] |

o] |
RO
R1 29 . .
0 [ 150 Misses: 2
R3 Hits: 0

Memory
0 78
1] 29
2l 120
3] 123
a4 71
5| 150
6] 162
¢ 173
8 18
9 21
10 33
11 28
12 19
131 200
141 210
15} 225

15

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
dRri<mM 1] [2[1]0] O 78
ld R2¢M[ 5 ] 29
St R2>M[ 7 ]
~St Rl1>M[ 4 ] Il OI 1 71
Lld R3< M[ 0 ] 150
ld R2« M[ 8 ] 1111] 1 162
150
Zlo] |
RO
R1 29 . i
0~ [ 150 Misses: 3
R3 Hits: 0

Memory
0p 78
1 29
2| 120
3| 123
a4 71
5| 150
6l 162
7\ 173
8] 18
9 21
10 33
11 28
12 19
13] 200
141 210
15 225

16

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld Ri<M[ 1] [|2]110] O 78
ld R2«M[ 5] | 29
St R2>M[ 7 ]
St RL>M[ 4 ] 110] 1 71
ld R3¢« M[ 0 ] 150
ld R« M[ 8 ] 1/11] 1 162
150
=Zlo
RO
R1 29 ) _
> [ 150 Misses: 3
R3 Hits: 0

Memory
0] 78
11 29
2| 120
3] 123
4 71
5| 150
6] 162
7\ 173
8 18
9 21
10 33
11 28
12 19
13] 200
14] 210
15 225

17

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor

Ld R1 « M
Ld R2 « M][
St R2 > M

Ld R2 « M|

Cache

Vd tag data
2l1]o] O 78
29
1111] 1 29
150
(1]1] 1 | 162
150

2lo] |
Misses: 3
Hits: 1

Memory
0p 78
11 29
2] 120
31 123
4 71
5] 150
6| 162
7\ 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15} 225

18

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
dRrieMm 1] |2[1]0] O 78
Lld R2< M[ 5 ] 29
St R2 >M[ 7 ]
St RL>M[ 4 ] 1]1] 1 29
-Ld R3« M[ 0 ] 150
ld R2« M[ 8 ] 1{1] 1 162
150
=lo] |
RO
R1 29 . ]
> [ 150 Misses: 3
R3 Hits: 1

Memory
0p 78
11 29
2] 120
3 123
4 71
5] 150
6] 162
71 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15 225

19

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
WrieMm 11 |2[1]0] O 78
Ld R2< M[ 5 ] 29
St R2o>M[ 7 ]
St R1>M[ 4 ] 1I1I 1 29
‘Ld R3¢« M[ 0 ] 150
Ld R2< M[ 8 ] 1]1] 1 162
150
Zlo] |
RO
R1 29 . .
0 [ 150 Misses: 3
R3 78 Hits: 2

Memory
0 78
11 29
2| 120
3| 123
4 71
5| 150
6] 162
7 173
8 18
9 21
10 33
11 28
12 19
131 200
14 210
15 225

20

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RLe~M[ 1 ] 11]0] O 78
ld R2«~M[ 5 ] 29
St R2>M[ 7 ] =
St RL>M[ 4 ] Ef1faj 1 29
Ld R3«< M[ 0 ] 150
‘Ld R2< M[ 8 ] 11]11] 1 162
150
z|o]
RO
R1| 29 : :
0 [ 150 Misses: 3
R3 78 Hits: 2

Memory
0 78
1] 29
2| 120
3| 123
4 71
5| 150
6| 162
7} 173
8 18
9 21
10 33
11 28
12 19
13| 200
14F 210
15} 225

21

i}

BIEEH REHE

C

N e 7S ¥
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache Memory
0 78
1 29
2] 120
Vd tag data 3] 123
ld RL«M[ 1 ] 11]o] o 78 4 29
ld R2<M[ 5 ] 29 5] 150

St R2o>M[ 7 ] >
St RL>M[ 4 ] 2l1]1] 1 29 /5 162
Ld R3« M[ 0 ] 150 71 173
-Ld reeMm[ 81 | [1]2] 1 | 162 8| 18
150 9 21
Z|o] | 10 33
RO 11 28
R1 29 . . 12 19
0| 150 Misses: 3 13" 200
R3| 78 Hits: 2 14) 210
] 15 225 22

i}

BIEBEH FEHE <55 >
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld Rl M[ 1 ] 11]0] o 78
Ld R2Z«~M[ 5 ] 29
St R2>M[ 7 ]
o riom 2] |212l0] 2 18
Ld R3« M[ 0 ] 21
ﬂLd reeMm 81 | [1]2] 1 | 162
150
Zlo
RO
R1 29 ) .
o 18 Misses: 4
R3 78 Hits: 2

Memory
0p 78
1] 29
2] 120
3] 123
4 29
5| 150
6| 162
"\ 7\ 173
8 18
9 21
10 33
11 28
12 19
13| 200
141 210
15 225

23

i}

BIEEH REHE

C

N e 7S ¥
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b ayin
» CacheltBltAIELYS 9o X IR G

XJ7F 32 AitFNEH 64 F1iblocklY 16KB %51F, ARIEFLCERIMD
IFbreakdown:

A) fully associative cache B) 4-way set associative cache

Block Offset = 6 bits
Tag = 32 - 6 = 26 bits Block Offset = 6 bits

#sets = #lines / ways = 64
Set Index = 6 bits

C) Direct-mapped cache _
Tag =32 -6 - 6 =20 bits

Block Offset = 6 bits

#lines = 256 Line Index = 8 bits
Tag =32 -6—-8 =18 bits

<57 >

i}
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e Iba g
« Cache AccessHiEI
« T avg =T hit + miss_ratio x T_miss
« comparable DM and SA caches with same T_miss

- (BE&/IMKET avgiiassociativity—RZ LV ER/IMEmiss_ratio BdassociativityE/)\

d"ff(tcache) = tcache(SA) - tcache(DM) 20
diff(miss) = miss(SA) - miss (DM) <0

e.g.,

assuming diff(t_....)= 0 => SA better

cache

assuming diff(miss) = -1%, t
= if diff(t

miss 2()
) > 0.2 cycle then SA loses

cache

i}

,Eé,H\ZngEE %@#@ <58 >
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RE—HIERIRIR

- ZfzIHZcache

Intel® Core™ i7-3960X Processor Die Detail

 veremeres Vs x
LN Queue, Uncore

e

BIEEH FEHE

o
o
o
b=
e
=
2
o
T

GigaThead

1 ) P O D

Bl Jul=lufalsfalolafalafalufslofu]

{npEnEEEEEEEER DD E
| T

58 [ 0 W 0 1 5 0 ) D O

:‘imﬁﬂﬁﬂ.iﬂﬂlmgmmiﬁﬂﬂ

mmﬂil!ﬂmlﬂ!!lll!ﬂ!mi

) 3 I

5 I ) O i I Y

|mEEDEERDEREOEEEE

ENEENNEEEEAEEEEE

= 30% of the die area is cache

| Y I 0 O I 10

I 0 T O O

(nmEEEENEEEEEEEEE

ENEENNEIEEEREEED

Nvidia GPU Architecture

‘:iﬂlﬂ!lmmﬁimﬂlﬂamﬂ[lﬂm

HENENNENEENEEEE

ANTIFES

598 PEKING UNIVERSITY

Warp Scheduler + Dispatch (32 threadiclk) Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

TENSOR TENSOR
INT32 | FP32 INT32 | FP32 e

INT32 [ FP32 cores | || INT3z SUFP32 ——

TENSOR

<60 >
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Caches exploit locality

3 (s cache miss model

e (old

* (apadity

e (Conflict

Shared I.3 Cache

(One banlci per core)

Ring Interconnect

BIEEH FREHE

L2 Cache L2 Cache L2 Cache L2 Cache
L1 Data Cache L1 Data Cache L1 Data Cache L1 Data Cache
Core Core Core Core

L3: (per chip)

8 MB, inclusive
16-way set associative
32B/ dock per bank
42 cyde latency

64 byte cache line size

L2: (private per core)

256 KB

4-way set associative, write back
64B / dock, 12 cyde latency

L1: (private per core)

32KB

8-way set associative, write back
2x32B load + 1 x 32B store per clock
4 cyde latency

Support for:
72 outstanding loads
56 outstanding stores

Source: Intel 64 and IA-32 Architectures Optimization Reference Manual (June 2016)

<61>
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(A3}

ZtzE=cache

ML ERERS

SR EFREHIFMHEINIAS
@8 : ARCERERFERFETRESMEIARYE

Processor Processor Processor Processor
Cache Cache Cache Cache
E Interconnect ]
Memory

int foo; (stored ataddress X)

The chart at right shows the value of variable foo (stored at
address X) in main memory and in each processor's cache

Assume the initial value stored at address X is 0

Assume write-back cache behavior

BIEEH REHE

C

Action P1$ P23 P33 Pas mem[X]

0
P1 load X @ |miss o
P2 load X 2] miss ]
P1 store X 1 9 (%]
P3 load X 1 o 0| miss )
P3 store X 1 0 2 (<]
P2 load X 1 [e]hit 2 )
P1 load Y 0 2 1

(assume this load causes eviction of X)

NELF TS

PEKING UNIVERSITY

<62 >
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-  BMCIESRREFEHEENIZINNEA THEE:
-ZNIta B SR oads and stores
- RKEEZ EEMEFRIER
- MRFIBEFEHIESANZIRFMATNETT, BAEHFITF—EIE
. -B77 "B DUBREE—EE

,EL!,H\?FE\QEE %ﬁ#@ <63 >
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« Invalidation-based write-back protocol

. 5@&53%".3‘
- AT "B RERTHLIERNBAEMEFIER FEITIZ
- WIRRHEES A SESUIAST
- FE—WLIERESREMES, LEREEIRSEENZT
- HNEYEMEEMEFASEEREIX—H
- JEFEHRSENEMESITHITERBEERE
+ BRVEEFTHI TN

L

,EL!,H\?FE\QEE %ﬁ#@ <64 >



EF—HIE
« MSI write-back invalidation protocol

.« YR ER(ESS

- HRGCIEESREB AR SEIERER

« AEEFRIpPFINEREFHTICENRSEIA
« ZMEFTRES

o TR (1) : SRR EFHRITEHE XiEE

« HZE (S): TE—ESITEFTEN, AFERFHY

« B (M): (RE—NEFPEENT (XFR "dirty” 8¢ "exclusive” JAZ)
- FAPMLIEEEIRIE (B4 CPU &)

- PrRA(IZEEY)

« PrWr(BA\)

o SENE5—HHEXHNEEIRE CRETRRER)
+ BusRd: 3RENEFTRIA, TEIEN
 BusRdX: SRENEEZHHIEF TEIZA
+ BusWB: #&dirtyiTEARTF

i}

,EE\ZF‘\EEE %Fﬁ‘q#@ < 65>
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« Cache Coherence Protocol: MSI JASE

)
<] -
{592

A/ B:if action A is observed by cache controller, action B is taken

7N -
PrRd /--{ | PrWr/-- Processor initiated
\__J - - - - Bus initiated
— M
| Vo,
Prwr / BuRdX | /BusRd / BusWB
|I \ \ HI'L BusRdX / BusWB
Prwr/ | S ll
BusRdX | Vo
\ | | BusRdX / --

PrRd / --
BusRd / --

\ | . :
PrRd / B&\
— kl e

BIEEH FEHE

PrRd Processor
Read
Priwr Processor
Write
BusRd Bus Read
BusRdX Bus Read
Exclusive
BusWB Bus
Writeback

I
N) I 7 F
PEKING UNIVERSITY

<606 >
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« Cache Coherence Protocol: MSI State Diagram

Proc Action P1 State P2 state P3state Bus Act Data from

1. P1 read x S -- - BusRd Memory
2. P3 read x S -- S BusRd Memory
3. P3 write x | - M BusRdX Memory
4. P1 read x S -- S BusRd P3’s cache
5. P2 read x S S S BusRd Memory
6. P2 write x I M I BusRdX Memory

i}

,%ZF~\§EE| %Fé‘-#@ <67 >
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« Cache Coherence Protocol: MESI invalidation protocol

o XFERUIEAR S A A ERIBR, MSI EEFBNEEHEE

« ¥{E1: BusRd 1B | IREE SN S IS

+ 12{E 2: BusRdX }ESKKE@JMR*
- ENAERERSEHE, XMMENRAREFE
« BRRBER: RIMIDNAATS E( “exclusive clean” )

.« TERWIEN, BRENEEEIZITHEIER

. Eexclusivity SITRrENSE (ZKIEAE, EttREFREIASEEUER

BUEIZA)
« M E AHREI M AEEL IR

,EL!,H\?FE\QEE %ﬁ#@ <68 >
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« Cache Coherence Protocol: MESI invalidation protocol

PrRd/--
Prr /-

PrWr / BusRdX :  BusRd/BusWB
PrWr / BusRdX BusRdX / BusWB
PrRd/BusRd PrRd /BusRd U BusRdX/ - BusRdX/ -
(no other cache (another cache PrRd /- J . :
asserts shared) asserts shared) BusRd /- ' : '
,ELE,'*EEE %gﬁ:@ & <069 >
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