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— Makefile
Fetch Decode Execute Memory Writeback — run_tests.sh

— setup_env.sh

M — testbench/

u

X J — testbench.v

|
+ — test_progs/
n | L x.s

— verilog/
— pipeline.
I— if stage.
— id_stage.
— ex_stage.

|
|
|
|
| | mem_stage.v
|
|
|
|

-1 pPC Inst ~ Register
mem 1| file

u Data
memory

x C =
< < < <

tend

Sign

|— wb_stage.v
F— regfile.v

— icache.v

02
16-18
.B L— cachemem.v

18 L— vs-asm
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— makefile
— run_tests.sh

|_
N
|
3
N
|
|
|
|
|
|
|
|

L

setup_env.sh
testbench/

— testbench.v
I_ LI

test_progs/
L— * ¢

verilog/

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

— icache.v

L— cachemem.v

< < < <

Vs-asm

#
#
#
#

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

H a5z A7 A B A
o B AA

WiF & KA #ife
E/hr =)

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

Lo TR, T ER R )

. 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 »
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}fi Jl‘ 4"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

6ys * Sk XY <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

6ys ' kXY <5>
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Tail

Dispatch
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A MIPS ¢ An alternative implementation

e s Y
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A" QLEpN Ty Gone
MapTabIe:E ﬁ mﬁd E A-PLEFART3EUT o
% o A# Nl &n =# _| &+
niﬂl?ﬂ Ifi'fte T + #ROB entries
Dispatch. §§§§ AN*_lervim rnl| éH
RS T 17 | Physical Redfile A= QQ Vern| ernlb
—ié_g ‘iE!_ RSX U

A — s & p map table/RAT

ATmjimoe=d" _| érnatl
A7 1, vwaPLEGB
A ROB Nrknl éer + M
Ax®Oi 1 Tpop " @ érn uvep|t m=@l év A
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A MIPS R10K Dispatch o

ey | R R
Tail

Free match

List RoOB | |

S N »
NPT TS
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Head
Retire

Dispatch:

CDB.T

AT A ALEg]| zprega~PLEFR Ve ENRS
A Toldxke T m “Ym Gl nl e n | énr Bpreg%o
M1 En ROBa Toldp
vye A N | er’ Abiprege freelist¢ 1 € p RSt ROBI Map tabe S
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A MIPS R10K Complete o

Map Table E

FSSIGN »
NPT TS
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Head
Retire

Tail

Free Dispatch
List ROB | [

Dispatch’

CDB.T

A nmaptableA HI M _ L Eg " ready bit
A pRSA hw V%M Giready bits
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A MIPS R10K Retire o

Map Table E

ONIELE B

PEKING UNIVERSITY

g Head
> Retire
® )
T&)ll
Free Dispatch
List ROB | \

Dispatch'

CPB.T

e Return Told of ROB head to free list

0ys ' Nk Xy <12>



MIPSo

AMIPSH A&

0ys ' Nk Xy

+Nn 1 N e 7 F
n l I_U- M X 5oL PEKINC{JNIVERS?Y
&)
ROB Map Table CDB
ht |# |Insn Told | S C Reg |T+ T

1 [1df X(r1),fl O |PR#1+

2 lmulf fO,f1,{f2 1 |PR#2+

3 |stf f2,Z(rl) £2 |PR#3+ \

4 addi rl1.,4,r1 r1 |(PR#4+ )

- +
5 |1df X(rl),f1 . X Ready bit
Free List

6 lmulf fO,f1,f2 PR#5 . PR#6 |

7 |stf £2,Z(r1) PR#7 PR#S
Reservation Stations
# |FU |busy |op T1 T2 Noticel: Yy "H T EYy L E g values
1 |ALU [no
2 |LD no . .

Notice Il:

ST g Map Tablei A
4 |FP1 |no
5 |FP2 |no

<13>
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AMIPSH A&

MIPS:

Cycle 1

0ys ' Nk Xy

W

+Nn | My M NEZFES]
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 [mulf fO,f1,f2 ™~ f1 |PR#5

3 |stf f2,Z(rl) ™~ 2 | PRE3+

4 |laddi rl,4,rl N r1 [|PR#4+

I

5 [1df X(r1),f1 | [Frde it

6 [mulf fO,f1,f2 Ipr#5, PRA#6

7 |stf £2,Z(rl) PR#7 . PR4S
Reservation Stations
# |FU |busy jop |T T1 12 .
AU Tog — A fl, HY pregH 1 a PR#503
2 |LD |yes [1df |PR#5 PR#4+
3 |ST [no W'QOn ROBE V flw prega PR#2[3
4 |FP1 [no
5 |FP2 [no

<14 >
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MIPS:

Cycle 2

0ys ' Nk Xy

N1 Ty M
W
ROB Map Table CDB
ht |# |Insn T Tod | S| X | C Reg | T+ T
h |1 {1df X(r1),f1 |PR#5/PR#2| c2 fO |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 f/

5|1df X(r1),fl1 \Fre/e =

6 |mulf fO,f1,f2 PR#G PRAT

7 |stf £2,Z(r1) //M
Reservation Stations //
# |FU_lbusy jop |T I ;;/ N2 AGEipregy J & PR#6C
1 |ALU [no M
2 |[LD |yes |1df |PR#5 | ~ |PR#4+
3 [ST [no P | a 'Hp ROBe Y f2f] prege PR#3C
4 |FP1 |yes |mulf|PR#6 |PR#1
5 |FP2 |no |

¢ \ »
N A 75 F

PEKING UNIVERSITY
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MIPS:

Cycle 3

0ys ' Nk Xy

W

v R 2 v of
+n l I_U- M T 0% / lgEISNGXI;Nj;‘RSﬁY
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 £2,Z(r1) 2 |PR#6
4 laddi r1,4,r1 r1 |PR#4+
5 |1df X(rl),fl T
6 (mulf fO,f1,f2 PR#7 . PR#8
7 |stf f2,Z(r1)
Reservation Stations -, -
# [FU |busy jop (T T1 T2 Store Yy Preg
1 |ALU |no
2 |LD [no Free p X 4 o Free¢ RS 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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AMIPSH A&

MIPS:

Cycle 4

0ys ' Nk Xy

+N T |b— |\/| ‘:l 3'1%*1%7
Q
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(rl) £2 |PR#6
t |4 |addi rl1,4,r1 |[PR#7PR#4 r1 |PR#7

5 [1df X(rl),fl T

6 lmulf fO,f1,f2 PR#7 . PR#8

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

completes

# |FU [|busy |lop [T Tl T2 .
1 |ALU |yes |addi |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 >
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MIPS:

Cycle 5

0ys ' Nk Xy

+N | T M
Q
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 f0,f1,f2|PR#6 PR#?)\Cﬂ\\CS 1 |PR#8

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

4 laddi rl1,4,r1 |PR#7|PR#4| c5 U1 [PR#7
t |5 |1df X(r1),f1 |PR#8PR#5 \.:r\?e\m;

6 lmulf fO,f1,f2 PR#8 PR#2

7 |stf f2,Z(r1) -
Reservation Stations df reti

retires

# |FU |busy lop [T Tl 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 p X 4 o Free¢ RS entry
5 |FP2 |no

NPT
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AMIPSHZE &

e Problem with R10K deS|gn? PreC|se state is more difficult

~-PLERCZ d

AT Qe =0 _| er aT
A OeaH mYfreey _ d" L EgWYrestorey o
A { © Map Tables FreeList H&1 aj T | é &1

A+t O¢ Map Table > Free ListosiA A
A "Hi 1o ¥ ROBA" Te ToldiAY t a wOnvcp

A HE20 K b] c~ 1 ta wOe nj aQ v B
A XM ne &l AAT x 7 U 0
A A rollbackos: At 5T P

A N rollbackgiiPage-fault= interrupt O

0ys ' Nk Xy R
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AMIPSHZE &
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ROB Map Table CDB
Replace witha  [ht |# [Insn T told]| s | x| c| [Reg|T+ T
taken branch 1 {1df X(rl),fl1 |[PR#5|PR#2| c2| c3| c4| |fO |PR#1+
_ ME PR#6|PR#3| c4 | c5 £1 |PR#8
MIPS! 3 |stf f2,Z(rl) f2 |PR#6
4 |laddi rl,4,r1 |PR#7|PR#4| c5 r1 |PR#7
Cycle 5 t |5 |1df X(rl),f1 |PR#8/PR#5 T liet
6 [mulf fO,f1,f2 PR#S PR#2
_ 7 |stf £2,Z(rl) —
Precise
Reservation Stations
# |FU |busy |o T T1 T2
State 1 |ALU yesy atdi |PRAT |PRA4Y BOQI M2 A ¢
2 |LD |yes |1df |PR#8 PR#7 rollback i 1 MB3-5
3 ST |yes |stf PR#6 |PR#4+
4 |FP1 [no
5 |FP2 |no

0ys ' Nk Xy =e0”
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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 PR#6|PR#3| c4 | c5 £1 |PR#5+
3 [stf £2,Z(r1) 7 |PR#6
t |4 |addi rl1,4,r1 |PR#7,PR#4 r1 |PR#7
MIPS: 5 [1df X(r1),fl PR#@-BR#Q\ S
6 lmulf fO,f1,f2 JIPR#2 PR#8
7 |stf £2,Z(r1)
Cycle 6
Reservation Stations N ldfe ROB#5C
# |FU |busy |op |T T1 T2 1. ORS
1 |ALU |yes |addi |PR#7 |PR#4+ 2. O Te PR#8T | i Ereelist
2 I Ino 3NMTf] A& U Tolde PR#5C
3 ST |yes |stf PR#6 |PR#4+ .
4 FPL Ino 4. W ROB#5
5 |FP2 |no

6ys * kXY “Ymm! @ rollback™E
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ROB Map Table CDB
ht |# |Insn T Tod | 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+
t |3 |stf £2,Z(r1) £2 ,|PR#6
4 laddi rl1,4,r1 |PR#/PR#4| cb r1 |PR#4+
MIPS: 5 [1df X(rl) ,f1 R#\\\--s_____ Free List
6 mulf fO,f1,f2 \"‘PR#Z,PR#S,
7 |stf £2,Z(r1) PR#7
Cycle 7 i
Reservation Stations n ldfe ROB#4C
# |(FU |busy lop [T T1 T2 1 ORS
1 |ALU [no N _
5 11D lno 2. wTe PR#7C 1t Freelist
3 [ST |yes [stf PR#6 |PR#4+ 3.NMT[rl]] Aé Y Tolds PR#4L
4 |FP1 Ino 4. O ROB#4
5 |FP2 |no

6ys ' kXY “ e -
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AMIPSHZE &
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 PR#6|PR#3| c4 | c5 f1 |PR#5+
3 |stf £2,Z(r1) 2 |PR#6
4 laddi r1.,4,r1 r1 |PR#4+
MIPS: 5 |1df X(r1),fl it
6 (mulf fO,f1,£f2 PR#2 PR#8.
7 |stf f2,72(rl
Cycle 8 — PRAT
Reservation Stations N ldfe ROB#3(
# |FU |busy lop [T T1 T2 1. ORS
1 |ALU |no .
2 |[LD |no 2. @ROB#S
3 [ST [no 3=®| e O# [ (b
4 |FP1 [no 4.D$%E5 Vb MR 0
5 |[FP2 |no

0ys ' Nk Xy
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1 cycle access (early in pipeline)

1-4 cycle access

6-15 cycle access

L2 Cache (¥32MB)

Memory (128 MiBewGB) 100500 cycle access

Disk (Many GB)
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AP LP EQ P J. P
Ap &ony
AY 2802 v BT 0 A1 Q0 "Ym
AH 6 ox w At ~E!'fpj WENG Ar
AY 6 6x sx @@ PBEERpH i JNLAT
sum = 0;
- A F') o for(i=0; i<n; i++)
T sum+=a[ il;
d AO *V = sum;
q AAT Q4FveM
di

ay zeM TAT Y
Qrel yveH €
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Al O E W

A Main Memory Smalll Big, Slow Memory
A Stores words Fast Cache

ACZ in example
A Cache
A Stores subset of the words

4 in example

A Organized in lines
A Multiple words

Processor

A
\ 4

A
\ 4

A
B
G
H

N|[<Pp>>O|T|>

A To exploit spatial locality

A Access

A Word must be in cache for
processor to access

O0ys ' kXY <27>
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A Cache"

E 4y

Keep recently accessed block in “block frame”

- state (e.g.,

valid)

» address tag

» data

0ys ' Nk Xy

address state data

\ U\ J
Y "
bookkeeping multiple bytes per block
overhead frame to amortize overhead

CUNT »
CATR) ) ¢ N
}fi ‘J,‘ 4.3

PEKING UNIVERSITY

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

o Io Do Io

< 28>
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d E Cachev + -

A Cachea v 0

A block (cache line) 8 minimum unit that may be present

A hit 8 block is found in the cache

A miss & block is not found in the cache

A miss ratio & fraction of references that miss

A hit time & time to access the cache miss penalty

A miss penalty
A time to replace block in the cache + deliver to upper level
A access time 8 time to get first word

A transfer time 8 time for remaining words

0ys ' Nk Xy <29>
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A 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)

0ys * JJk Xy <30>
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A Each cache block frame or (cache line) has only one tag but can hold multiplen chunksb of data

A Reduce tag storage overhead
A In 322it addressing, an 12vIB directZznapped cache has 12 bits of tags
A 4Zyte cache block+ 256K blockst+ ~384KB of tag
A 1287%yte cache block+ 8K blockst ~12KB of tag
A The entire cache block is transferred to and from memory all at once
A good for spatial locality because if you access address i you will
probably want i+1 as well (prefetching effect)
A Block size = 2”b; Direct Mapped Cache Size = 2*(B+b)

MSB LSB
tag block index | block offset
\. I J

Y Y
B-bits b-bits

0ys ' Nk Xy

<31>



Direct -Mapped Cache

Address Cache
01101 Vd tag data

— A

olollo

SIS »

o " at A J’ ?ﬁ

" J X‘ > 7T
5ss”  PEKING UNIVERSITY

EESES

~— > Block Offset (bit)

> Line Index (@it)

> Tag (i)

Compulsory Miss: first reference to memory block

Capacity Miss: Wor ki ng set does

Conflict Miss: Working set maps to same cache li

NICO

BISGREEES

1
1

~lIC

N
—
N

Fopolcop(o0

 NATENESR



Direct -Mapped Cache

0ys ' Nk Xy

block index

I {a ||ntiex |

decoder

o

Match
(hit?)

T~

tag

1dX

b.o.

decoder

CTU »
™ O\ \;
Je g )2

PEKING UNIVERSITY

h

0>

Multiplexo Ta

(hit?)

Don't forget to check the valid/state bits

<33>
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Fully -Associative Cache

| tag |blk.offset|
|

Tag

Associative

A 4 Y
_\ Multiilemr // Search

AsT block index

6ys * NkXy <34



N-Way Set Associative Cache BT
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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

0ys ' Nk Xy SO
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N-Way Set Associative Cache

A Associative Block Replacement

AEA1 " U AH ¢Qseta @i A block?
ANyu 188 @Q T diblock
AbMhKN?

A Approximations:
A Least recently used 8 LRU

A MH p & ~Wped o 1 M: b G 1§
A Not most recently used 8 NMRU

A MRU! ¥ T H blocka O EBGEH AT
A Random

A°vu LRU —-beHMTca wéhe 0P

Ane wQidMv & 0

0ys * NkXy <362
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A Compulsory Miss
A s kd Q. » Y cold missy
A & defined as: miss in infinite cache
A Capacity Miss
ArT MET 22 41 wlt AB
defined as: miss in fullyZassociative cache
A Conflict Miss
Ar™ aMY'  Arwlt A
Akp4 T a 11T mAdéa
A & defined as: not attributable to compulsory or capacity
A Coherence Miss
Ar~ vs PgO vuh4rwlt A

0ys * NkXy <37
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Caches Av "H

A Cache Sizea CB , Block Size a bp £ Associativity o af

AMEZ NG AOai ®H VBK
A.\. Z | CQ.\. BS_ T ‘H F,) c/),
A not ALWAYS better

AVES3 z

"working set”

AVE3 N hit rate size
A=®EBSs. T H p ¢ f
AT BQQ] A »1Q .

holding b and a constant ]

0ys * NkXy <38



Caches Av "H

S N »
NPT TS
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A Block Size a b

Adz Nai
Ambs x %M KT
Aji hi PKJ_e D DY e remembersub-blockingl

Awds N
A=®EBs. 1M p ¢ t
Ad ~ GE%M A

Ad3 z

Ae = f1 BHQQ
AdT QQ A o0
AOne Q% N X

holding C and a constant

hit rate

0ys ' Nk Xy =99
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A Associativity o af

A Partition cache frames into
A equivalence classes of frames called sets

A Typical values for associativity
A1,224Z8Z w

A Larger associativity
A~ Himiss rate! @
Ak Mna Mo

A Smaller associativity hit rate
Ad “Hi"aAH ~ b

-

)
=
N>
'S
Rt
€
G

Qo r--A1

-

holding C and b constant

0ys ' Nk Xy a0
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A Cache d,u Misss P Y

A" WMXYXbM n” 3 uad
A Write -through / no -allocate
Avek ™ JVH™ A e
A3'Ynée™ A
A Write -back / write -allocate
Ak pe W QH" Ajeé
A rAdé E | xj
ANfidigltry o' 6 E
ApQo s x |
AEev = UHset
Ak~ + dirtyg 1 X | cleang G j e

6ys * NkXy Sals
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2-Way Set Associative Cache

Address

01101

Cache
Vd tag data

o) (=] (@] (=)

> Block Offset (unchanged)

> 1-bit Setindex

> Larger (it) Tag

| mpact

o

n the 3C0s?

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



2-Way Set Associative Cache H A

A Write -back & Write -allocate

AR »
IANELE P

s PEKING UNIVERSITY

Processor Cache Memory
0 78
1] 29
2] 120
Vd tag data 3T 123
ld RL&M[ 1 ] 0 4 71
Ld R2« M[ 5 ] 5 150

St R2>M[ 7 ]
St R1>M[ 4 ] 0 6_162
Ld R3« M[ 0 ] 71 173
ld R2¢ M[ 8 ] 0 8 18
9 21
0 10 33
RO 111 28
R1 S 121 19
i Misses: 0 13[ 200
R3 Hits: O 141 210
| 15 225 10

0ys ' Nk Xy R
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

Processor Cache Memory
0p 78
1] 29
2| 120
Vd tag data 3T 123
#Ld RL&<M[ 1 ] 0 a4 71
Ld RZ(—M[ 5 ] 5 150

St R2>M[ 7 ]
St RL>M[ 4 ] 0 6| 162
Ld R3< M[ 0 ] 71 173
ld R2« M[ 8 ] 0 3] 18
9 21
0 10| 33
RO 11] 28
R1 S 121 19
R2 Misses: 0 13200
R3 Hits: O 14 210
| 15 225 11

0ys ' NkXy s
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

Processor Cache Memory
0 78
1| 29
2l 120
Vd tag data 3 123
qLd RI« M[ 1 ] [1]0] O 78 a4 71
Ld R2« M[ 5 ] 29 5 150

St R2>M[ 7 ]
st RLo>M[ 4 ] 2|0 6] 162
Ld R3« M[ 0 ] 71 173
Ld R2« M[ 8 ] 10 8 18
9 21
10 10p 33
RO 11} 28
R1 29 . . 12] 19
- Misses: 1 13 200
R3 Hits: 0 14 210
| 150 225 12

0ys ' NkXy R



2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY

Processor Cache Memory

0 78

1] 29

2 120

Vd tag data 3T 123

ld RL«<M[ 1 ] 11]0] O 78 4 71

Ld R2« M[ 5 ] 29 5 150

« rmom 41 |20L] o 162

Ld R3« M[ 0 ] 71 173

Wrzem 81 | 0] | 8| 18

9 21

(ol | 10l 33

RO 11} 28

R1 29 . . 12 19

- Misses: 1 13 200

R3 Hits: 0 14 210
150 225 13

0ys ' Nk Xy 40



2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY

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

0ys ' NkXy s



2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
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Processor Cache Memory
0 78
1| 29
2 120
Vd tag data 3T 123
RriemMm 1] [2[1]0] O 78 4 71
- Ld R2«~ M[ 5 ] 29 5 150

St R2>M[ 7 ]
St RL>M[ 4 ] [1fo] 1 71 6] 162
Ld R3« M[ 0 ] 150 71 173
ld R2« M[ 8 ] o] | 8 18
9 21
(o] | 10 33
RO 11} 28
R1 29 . _ 121 19
2 | 150 Misses: 2 13 200
R3 Hits: 0 141 210
| 15¢ 225 15

0ys ' Nk Xy R



2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0 78
11 29
2] 120
Vd tag data 3] 123
WdRrieMm 1] |2[1]0]j O | 78 4 71
- ld R2«~ M[ 5 ] 29 5| 150
St R2o5>M[ 7 ]
St Rl>M[ 4 ] Il OI 1 71 6| _162
Ld R3« M[ 0 ] 150 71 173
ld R2« M[ 8 ] 1]1] 1 162 8 18
150 9 21
=lo] | 10 33
RO 11} 28
R1 29 . i 121 19
| 150 Misses: 3 13 200
R3 Hits: O 141 210
15 225 16

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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A Write -back & Write

2-Way Set Associative Cache H A
-allocate
Processor Cache Memory
0L 78
1] 29
2] 120
Vd tag data 3 123
ldR1«<M[ 1] |2|1]0] O 78 4 71
Ld RZ(—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 R2« M[ 8 ] 1|11 1 162 8] 18
150 of 21
210 10 33
RO 111 28
R1 29 . _ 12 19
> [ 150 Misses: 3 13" 200
R3 Hits: 0 141 210
150 225 17

0y

'tk Xy

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0p 78
1 29
2] 120
Vd tag data 3] 123
dRri<mM 1] |[2[1]0] O 78 4 71
ld R2¢« M[ 5 ] 29 5] 150
St R2>M[ 7 ]
ot RL>M[ 4 ] (1]1] 1 29 6] 162
ld R3« M[ 0 ] 150 71 173
ld R2¢« M[ 8 ] 1]1] 1 162 8] 18
150 9 21
Zlo] | 100 33
RO 11} 28
R1|__ 29 : ) 121 19
~ | 150 Misses: 3 13 200
R3 Hits: 1 141 210
15p 225 18

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0p 78
11 29
2] 120
Vd tag data 3] 123
WrieMm 1] |2[1j0j 0| 78 4 71
ld R2« M[ 5 ] 29 5| 150
St R2o>M[ 7 ]
St Rl>M[ 4 ] 1|1| 1 29 6| _162
q Ld R3« M[ 0 ] 150 71 173
ld R2« M[ 8 ] 1]1] 1 162 8 18
150 9 21
Zlo] | 10 33
RO 11} 28
rR1l 29 : . 121 19
0 [ 150 Misses: 3 13" 200
R3 Hits: 1 141 210
150 225 19

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0] 78
1] 29
21 120
Vd tag data 3] 123
ldR1<M[ 1] |2 1]0] O 78 4 71
ld R2« M[ 5 ] 29 5] 150
St R2>M[ 7 ]
S T A 1]1] 1 29 6] 162
-Ld R3< M[ O ] 150 71 173
ld R2« M[ 8 ] 1|1] 1 162 8 18
150 9 21
Zlo] | 100 33
RO 11} 28
R1 29 . . 121 19
~ | 150 Misses: 3 13" 200
R3| 78 Hits: 2 141 210
15 225 20

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY

Processor Cache Memory
0 78
1] 29
21 120
Vd tag data 3 123
ld RL&M[ 1 ] 11]0] O 78 4 71
st rzom 71 |5 29 5150
St RL>M[ 4 ] Ef1faj 1 29 6] 162
Ld R3«< M[ 0 ] 150 7\ 173
qLd R2« M[ 8 ] 11]11] 1 162 8| 18
150 9 21
z|o] 1033
RO 11} 28
29 . 12 19
ﬁ; 150 Misses: 3 13200
R3| 78 Hits: 2 14 210

| 150 225 21

0ys ' NkXy o



2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY

Processor Cache Memory
0 78
1] 29
2| 120
Vd tag data 3 123
ld RLe~M[ 1 ] [1]0] O 78 a 29
Ld R2<~M[ 5 ] 29 5 150
SRR SR IE i | 2l
Ld R3« M[ 0 ] 150 71 173
‘Ld R2« M[ 8 ] [1]1] 1 | 162 8| 18
150 o9f 21
zlo] | 1033
RO 11 28
29 . 121 19
ﬁ; 150 Misses: 3 13" 200
R3| 78 Hits: 2 141 210

| 150 225 22

0ys ' NkXy R
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

Processor Cache Memory
0p 78
1] 29
2] 120
Vd tag data 3] 123
ld RLe~M[ 1 ] 11]o] O 78 4 29
ld R2«~M[ 5 ] 29 5| 150

St R2o>M[ 7 ]
bR AT Zl1]o] 2 18 6] 162
Ld R3< M[ 0 ] 21 7\ 173
‘Ld R2¢M[ 8 ] (1]1] 1 162 3 18
150 9 21
Z|o 10 33
RO 11} 28
R1|__29 S 12] 19
o 18 Misses: 4 13" 200
R3| 78 Hits: 2 141 210
] 15} 225 23

0ys ' Nk Xy =007
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ACachery v " o wa M

M2 32§ X > T Q 64E blockBil6KBAd é 1 j 2 A & ) Geig

nﬂ

X breakdowry

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

6ys * NkXy <or
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A Cache AccessQ . ®

A T avg = T_hit + miss _ratio x T_miss
A comparable DM and SA caches with same T_miss

A HT wn p T _avgdiassociativity ~ %swn p miss_ratio Giassociativity n

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

0ys ' Nk Xy =08
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Av — ruP cache

Intel® Core™ i7-3960X Processor Die Detail

= 30% of the die area is cache
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Nvidia GPU Architecture
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EEEEENENE SR

Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

TENSOR
INT32 | FP32 -

Lo,

Warp Schad patch (32 thread/clk)

Register File (16,384 x 32-bit)

INT32 [ FP32 —

FU

96KB L1 Data Cache |

Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

TENSOR
INT32 | FP32 e

Warp Scl Dispatch (32 threadiclk)

Register File (16,384 x 32-bit)

INT32 | FP32 —

<60 >
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Y

Caches exploit locality

L3: (per chip)

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

Shared I.3 Cache

(One banlci per core)

3 (s cache miss model
e (old
* (apadity

e (Conflict

Ring Interconnect

L2 Cache

L2 Cache

L2 Cache

L2 Cache

L1 Data Cache

L1 Data Cache

L1 Data Cache

L1 Data Cache

[

l

[

Core

Core

Core

Core

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)

<6l1l>



nub cache
>HSs PgnP

MWEAL T EYpU K
ocT Wvs PgnW—-—JJEHAH AW L_ T Wue

Processor Processor Processor Processor
(ache Cache Cache Cache
( Interconnect ]
Memory
int foo; (stored ataddress X)
Action P1$ P2$ P3$ Pa%

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 Xis 0

Assume write-back cache behavior

P1 load X miss

e
P2 load X o miss o
Pl store X 1 o (%]
P3 load X 1 ) miss )
P3 store X 1 %] 2 7}
P2 load X 1 [e]hit 2 )
P1 load Y e 2 1

(assume this load causes eviction of X)
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<

AV E ®

Afwes PgvvVED fz 8 zmi U
A - sT nw+ Loads and stores
A+s Oli THAGE

ABQUT MEUO g
A-AénTAbQ 33Y 7 ¢

e WYWmi3ii
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A Invalidation -based write -back protocol

A H o

Alz:pTWob ™68 | @pj ~ THAS& Y | N o
As PgD A dt 36 b

A NA|T 2 THAEGI I nvy 7

AGC P AOTHAEAN FUI bN P
AaVEOD 1. |l cUnsub Hzq " PQ
AEo AEAéar®E o

0ys ' Nk Xy o
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A MSI write -back invalidation protocol

NPT
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Ae vmwm YT
A 31 nw & @
ApAe  UaH ndAe QQEYAN

Ae VEDo

ANoell x bl N A éaAB| @I 6 a

AHp SxX B AGr AdEAO®l fJéT wA e

ATV Mxkp AAEAOODB & wN b dirtyb & o exclusiveb T &
Abres PgOl ar "1 CPU 1 B

A PrRd( n)

A Prwr( R) ) )
Aewrj = aHv*Y MOl a¥Y =~ JEB

A BusRdxy ndée X 1 nYNw
A BusRdXx n W@@®de X
A BusWBYx Ndirty =~ s é

0ys * NkXy <0652
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A Cache Coherence Protocol: MSI = §

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

PrRd /-- PrWr / -- Processor initiated
- - - - Bus initiated

—" M . ™
T H\
"1\ \\
bt LY
L] 5
1] Y,

PrRd Processor

PrWr / BuRdX BusRd/ BusWB Read
\.7 | BusRdX/BusWB P Processor

Prwr / S g Write
BusRdX N BusRd Bus Read
| BusRdX /- BusRdX Bus Read
PrRd / BusRd P — Exclusive

I BusRd / -- BusWB Bus

\_ Writeback

0ys * NkXy 0o
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A Cache Coherence Protocol: MS| State Diagram

0y

1)

'tk Xy

I O

Proc Action
. P1read x

P3 read x
P3 write x
P1 read x
P2 read x
P2 write x

P1 State

P2 state

P3 state

Bus Act
BusRd
BusRd
BusRdX
BusRd
BusRd
BusRdX

G UL »
NECE R

PEKING UNIVERSITY

Data from

Memory
Memory
Memory
P3’s cache
Memory
Memory

< 67>
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qE

A Cache Coherence Protocol: MESI invalidation protocol

AL™ ApyEe. dpyuw " eMSI B0l

AHA 1x BusRd'HIT & wS'T 6

A "HA 2x BusRAX™HS ' 86 mwmM' 6
Avnazv Z— % nbhe = yavrk En
A" "H o1t 1 - E(Y¥exclusive clean ¥ )

A Mo HE %A & &  BEN

A N exclusivityrb A ® ed T 1t %néa®@ T QQu

~

DN
Ax E" 1 Mj O41 "HA
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