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- SBIR(EIHIE: 4R7S - 48215

- GX{RIAILUERSIT6 Late day

+ Late DayfERfa, BIRIZIKIFR20% =Xl 52L

. EB1LRlabBdE: 38108 L% - AB10ME11:59

o 2AMEMYESS (50%+50%) + 14Bonus (TJ2i%1, 50%)

- S2/RlabAdE: 4B11H -68B11H

o 27MEMMESS (50%+50%) + 14MBonus (50%)
BIEEH F#FEHE <2>
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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}

BIEEH REHE <4>
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« 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+D)

MSB

LSB

tag

block index

block offset

i}

BIEEH FREHE
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B-bits

Y.
b-bits
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Direct-Mapped Cachei&it

AR - \
23 Je 5 F. 4};
535” PEKING UNIVERSITY

Address Cache
01101 Vd tag data

— A

ol

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

> Tag (2-bit)

3.c’s  Compulsory Miss: F—IXS|HREFR
Capacity Miss: TEENMEEFKNALTHS
Conflict Miss: TR aiRIR—&E=F T




Direct-Mapped Cacheigit NPT

PEKING UNIVERSITY

block index

Fla_ymg tag | 1dx | b.o.

decoder
decoder

"On T
Multiplexo Ta
v A — 2 matth

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

i}

BIEEH REHE <7>
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Fully-Associative Cachei&it

é&‘\”'/e »
NI E®

PEKING UNIVERSITY

| tag |blk.offset|
|

Tag

Associative

h J h J
_\ Multislemr // Search

iZ8block index

i}

BEBH &5HE <8>
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N-Way Set Associative Cacheizit NP

s PEKING UNIVERSITY

a way (bank})

a set
| tag [ 1dx | b.o.| A
( N\ /

v
decpder
decoder

)E_: Taqg NallE!
Y L ¢ match v L 2 Smatch

\, i S Multiplexo,

< I

Cache Size = N x 28B+b

i}

BIEEH REHE <9>
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N-Way Set Associative Cacheigit

 Associative Block Replacement

o HERERmmPITES et PRIE— block?
- IHEER T — — B KREHAIGIEAYblock
o« YN{AJSCER?

« Approximations:
« Least recently used — LRU
- XIS EBEREHIT T (RiRBRYE), XMNTFEIMEBEIER, RARS
 Not most recently used — NMRU
- IRER MRU, MEfthblockehBEHNIERE, RIFAHFERAE
« Random
 JUFH LRU —H3F, ERE (BEZEREEN)
» XREBBRBIREZEE?

BIEEH REHE <10 >
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Cache MissfhizE ANEZ T

S PEKING UNIVERSITY

« Miss Classification (3+1 C’ s)

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

. T PR ST A
AR B S

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

- HFSLERZENEEmALERS

BIEEH REHE <11 >




Cache=EIAN®EE

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

- RFEXRIMEBREIE (AEERE) 88
B XAILASEFHF FRET e EER
* not ALWAYS better
« BEAK
o B/NERTR => RS
Sl B 2 i S s

.+ EFEAXD hit rate Sive
SRR PR SR f
» BHENZIEA TSR =

- -
holding b and a constant

i}

BIEBEH FEHE <12 >
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CacheZ=#B01%E#E

« Block Size (b)

t;UC’J‘TE =1
71_ —ZExEm/A—n*’JZI‘EUE’\Jﬁ%i@ﬁiﬁz (remember sub-blocking)
« XIRAX

- JSBERFMF BB t
- BIZAIRETFHE
- PRKRXK

- (&l 7 TTRREEE
- BRSUERINEER
» EXEREKD

hit rate

holding C and a constant

FIEBH FEAE <13>
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Cache=EIAN®EE

 Associativity (a)

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

e 1,2- 4-, 8-IHEX

Larger associativity 4
. E(Efmiss rateB] LU0 /
. (NCIEE g

Smaller associativity hit rate

+ AR, apPRdIRER

—® > a
holding C and b constant

i}

C

BB/ FFaHE <14 >



CacheiithEZEaI=20m
. CacheSAHIMissqM RS
« ENKEE: W{AIEEE AR ER?

« Write-through / no-allocate
- BRENNEFNE
- (RITRFEEF
« Write-back / write-allocate
- (NEREIRITEFARF
- WEERFTRIE, MAEA
» R dirty" (AR INEMRESF
- BIRFIRAERR
« SRS NI set
- (XBE[EdirtytR, FiEkkRcleant AR TREEHT

BIEBEH FEHE <15>




2-Way Set Associative Cachei&it

Address

Cache

Vd tag data

01101

o) (o] (o] (-

Impact on the 3C’s?

> Block Offset (unchanged)

> 1-bit Set Index

> Larger (3-bit) Tag

AR - \
25 It 7. J. 4}}
535” PEKING UNIVERSITY



2-Way Set Associative CacheSEfjl Je 7 X 5

 Write-back & Write-allocate

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

St R2>M[ 7 ]
St RLo>M[ 4 ] 0 6] 162
Ld R3« M[ 0 ] 71 173
ld R2« M[ 8 ] 0 8 18
9 21
0 10 33
RO 11} 28
R1 S 121 19
i Misses: O 13[ 200
R3 Hits: 0 14 210
| 150 225 10

i}

BIEBEH FEHE <17 >
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2-Way Set Associative CacheSEfjl Je 7 X 5

 Write-back & Write-allocate

Processor Cache Memory
0p 78
1 29
21 120
Vd tag data 3T 123
#Ld R1I« M[ 1 ] 0 4 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 8 18
9 21
0 10} 33
RO 11} 28
R1 :ccac 121 19
R2 Misses: 0 13200
R3 Hits: O 141 210
| 15 225 11

i}

BIEBEH FEHE <18>
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2-Way Set Associative CacheSEfjl Je 7 X 5

 Write-back & Write-allocate

Processor Cache Memory
0p 78
1] 29
2\ 120
Vd tag data 3 123
qLd RLM[ 1 ] 1jlojo | 78 a 71
Ld R2<~M[ 5 ] 29 5 150

St R2o>M[ 71 |5
st Ril>M[ 4] |- 0 6] 162
Ld R3< M[ 0 ] 7 173
Ld R2<~ M[ 8 ] 0 g 18
9 21
0 10} 33
RO 11} 28
R1 29 . . 12] 19
B Misses: 1 13200
R3 Hits: 0 14 210
| 150 225 12

i}

BIEBEH FEHE <19>
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2-Way Set Associative CacheZEfl
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 Write-back & Write-allocate

Processor Cache Memory
0 78
1] 29
2l 120
Vd tag data 3T 123
ld RL&«M[ 1 ] 11]0] O 78 4 71
Ld R2« M[ 5 ] 29 5 150

St R2o>M[ 7] |5
St RLo>M[ 4 ] 2lo] | 6] 162
Ld R3« M[ 0 ] 71 173
WrzeMm 81 | [0] ] 8| 18
9 21
o] | 100 33
RO 11} 28
R1 29 . ) 12] 19
- Misses: 1 13 200
R3 Hits: 0 141 210
| 15p 225 13

i}

BIEBEH FEHE <20>
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2-Way Set Associative CacheSEfjl Je 7 X 5

 Write-back & Write-allocate

Processor Cache Memory
o 78
1] 29
2] 120
Vd tag data 3 123
ldRi«<M[ 11 |2|1]0] O 78 4 71
Ld R2« M[ 5 ] 29 5 150

St R2>M[ 7 ]
St RLo>M[ 4 ] 1101 1 71 6] 162
Ld R3« M[ 0 ] 150 71 173
ld R2Z« M[ 8 ] 0 8l 18
9 21
0 10} 33
RO 11} 28
R1 29 . ) 121 19
> | 150 Misses: 2 13 200
R3 Hits: 0 141 210
| 150 225 14

i}

BIEBEH FEHE <21>
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2-Way Set Associative CacheSEfjl Je 7 X 5

 Write-back & Write-allocate

Processor Cache Memory
0 78
1] 29
21 120
Vd tag data 3T 123
dRrie<M 11 |2]1]0] O 78 a 71
Ld R2«< M[ 5 ] 29 5 150

St R2>M[ 7 ]
-St RL>M[ 4 ] [1f0] 1 71 6] 162
Ld R3« M[ 0 ] 150 71 173
ld R2« M[ 8 ] o] | 8 18
9 21
[of | 10 33
RO 11] 28
R1 29 . _ 12 19
0 | 150 Misses: 2 13 200
R3 Hits: 0 141 210
. 15p 225 15

i}

BIEBEH FEHE <22>
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2-Way Set Associative CacheSEfjl Je 7 X 5

 Write-back & Write-allocate

Processor Cache Memory
0L 78
1] 29
2| 120
Vd tag data 3] 123
dRrieM 1] [2[1]0] O 78 4 71
ld R2« M[ 5 ] 29 5| 150
St R2->M[ 7 ]
ﬂﬂ aom o) | 120l 1] 71 6162
Ld R3¢ M[ 0 ] 150 71 173
ld R2¢~ M[ 8 ] [1]1] 1 162 8l 18
150 9 21
=lo] | 10f 33
RO 11} 28
R1|__29 : . 121 19
| 150 Misses: 3 13" 200
R3 Hits: O 141 210
15 225 16

i}

BIEBEH FEHE <23>
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 Write-back & Write-allocate

Processor Cache Memory

0 78

1| 29

21 120

Vd tag data 3] 123

ldR1<M[ 1] |2|1]0] O 78 a4 71

Lld R2¢ M[ 5 ] 29 5] 150

% gijm ; } 1ol 1 [ 71 6| 162

Ld R3< M[ 0 ] 150 71 173

Ld R2< M[ 8 ] 111] 1 162 8] 18

150 9 21

Zlo 10 33

RO 11y 28

29 . 12 19

ﬁ; 150 Misses: 3 13" 200

R3 Hits: O 141 210
15p 225 17

i}

BB/ FFaHE <24>
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2-Way Set Associative CacheSEfjl Je 7 X 5

 Write-back & Write-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 ]
~St Lo O T [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
=[] 10 33
RO 11 28
R1|__ 29 . ) 121 19
= | 150 Misses: 3 13" 200
R3 Hits: 1 14 210
15 225 18

i}

BB/ FFaHE < 25>
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 Write-back & Write-allocate

Processor Cache Memory
0p 78
1 29
2] 120
Vd tag data 3] 123
ld RL«M[ 1 ] g|1|0| 0 78 4 71
Y | e
—>
St Rl>M[ 4 ] Illll 1 12590 g }g;
Ld R3«< M[ 0 ]
-Ld R2¢ M[ 8 ] [1]1] 1 162 8 18
150 9 21
2lo] | 1033
RO 11} 28
12
g; 12590 Misses: 3 13 2:}390
R3 Hits: 1 14 210
150 225 19

i}

BIEBEH FEHE <26>
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 Write-back & Write-allocate

Processor Cache Memory
0p 78
1 29
21 120
Vd tag data 3] 123
WriemMm 1] [2]1]0] 0| 78 4 71
ld R2« M[ 5 ] 29 5] 150

St R2>M[ 7 ]
bt 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
Z|o] 10 33
RO 11} 28
R1 29 . . 12 19
= | 150 Misses: 3 13" 200
R3| 78 Hits: 2 14} 210
| 15p 225 20

i}

BB/ FFaHE <27>
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 Write-back & Write-allocate

Processor Cache Memory
0] 78
1| 29
2] 120
Vd tag data 3 123
ld RLe-M[ 1 ] 11]0] O 78 4 71
S et o0 | 22 o150
St RL>M[ 4 ] Efafaj 1 29 6 162
Ld R3< M[ 0 ] 150 71 173
‘Ld R2« M[ 8 ] 11]1] 1 | 162 8| 18
150 9 21
z|o] 10 33
RO 11 28
29 . 12} 19
ﬁ; 150 Misses: 3 13 200
R3| 78 Hits: 2 14 210

| 150 225 21

i}

BIEBEH FEHE <28>
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2-Way Set Associative CacheSEfjl Je 7 X 5

 Write-back & Write-allocate

Processor Cache Memory
0f 78
1 29
2 120
Vd tag data 3 123
WdRriem 1] | [1]0] O | 78 a 29
Ld R2« M[ 5 ] 29 5 150
soromr ) AT 20 11 ofTies
Ld R3« M[ 0 ] 150 71 173
m)dreem s | [1]1] 1 | 262 s 18
150 of 21
Zlof | 1033
RO 11} 28
29 . 12 19
ﬁ; 150 Misses: 3 13200
R3| 78 Hits: 2 141 210

| 15¢ 225 22

i}

BIEBEH FEHE <29>
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 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 ]
BT A 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
rR1l 29 ) . 121 19
o 18 Misses: 4 13[" 200
R3| 78 Hits: 2 141 210
] 15 225 23

i}

BIEBEH FEHE <30>
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Ay
» CacheltBltAIELYS 9o X IR G

XJ7F 32 At FNEH 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 bhits

i}

BEBH &5HE <31>
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ZhIath
« Cache AccessHiaIS
« T avg =T hit + miss_ratio X T_miss
« comparable DM and SA caches with same T_miss

- (BEH/IMYT avgiiassociativity—fi%EbER/IMEmiss_ratio BassociativityZ/)\

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

e.g.,

assuming diff(t = 0 => SA better

cache)

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

nﬂss:=‘2()
) > 0.2 cycle then SA loses

cache

i}

BB/ FFaHE <32>
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EE—HIERIFIR

cache

E2 2

Intel® Core™ i7-3960X Processor Die Detail

T L3 Cache

Host Interface

GigaThead

]
| |
]
| |
mL
=
]
n
]
_ui

) O [

445 0 I O DI
i |

1 0 W 0 1 5 0 A L O O

‘.‘EEEIEMIHIEIQIIIEMWIIEW

ﬂlmﬁl!ﬂl‘ll!]!.’.’l!!ﬂ!m::‘

NN DEENEEEOEEEED

5 I ) i )

{mmmnEEEEEEEE RN

ENEENNEEEEAEEEEE

.| O Y 1 0 O Y 1

T
ENEEENENEEREEED

mpEEEENEEEEREEER

Nvidia GPU Architecture

‘:émllmwﬂimﬂlﬂﬂlﬂlmlﬂm

ENNENNEENEREEEEE]

a ez XY
S / 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 coree || INT3z | FP32 ——

TENSOR

<34 >
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Caches exploit locality

3 Cs cache miss model
e (old
* (apacity

e (Conflict

BIEEH FREHE

Shared I.3 Cache

(One banki per core)

|

Ring Interconnect

l

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 cycle latency

L1: (private per core)

32KB

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

Support for:
72 outstanding loads
56 outstanding stores

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

<35>
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REFRSFIFERIIIAE
B8 ARLGIERERFEAFMETRESMREIARNE

Processor Processor Processor Processor
Cache Cache Cache Cache
( Interconnect J
Memory

int foo; (stored at address 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 Xis 0

Assume write-back cache behavior

BIEEH FREHE

Action P1$ P2$ P3$ Pa% mem[X]

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

(assume this load causes eviction of X)

TARY Z)t z
)5 ‘
3 9 8

PEKING UNIVERSITY

<36 >
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- BMCIERRIERFEHEENIZ RN LA TRE:
A EEEL oads and stores
kBB Z& LEMMEFRIER
- MRFIBEFEHIESANZIRFMATNETT, BABHFITF—EIE
- %77 "B UmARERES—EE

BIEBEH FEHE <37>
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« Invalidation-based write-back protocol

- XHEEE:
- AbF "BiEX WERITHUERNENEMEFIER P TIER
- MR OGEE A BIENUIASRITT
- EE—MEARESIREMET, WIEFEENSIHEIZIT
- FRIBEIEEREMEFAXERRSLINX—
- HEFEHSRERINEMRS ZSIITEHITESGRRANERET
« BRRFEEFFRITIEN

LR )
R

L

BIEBEH FEHE <38>



EF—HIE
« MSI write-back invalidation protocol

o IHNRYEE(ES
o« TRRUIEESRIEBE NI 517501 R
» EEFRGFHNEREFRTIENSETEIAN
¢ EMEFTIE
o XX (1) : S5R4MEESEEFTRIILAE N EE
- HE(S): TE—1EESINEFHEN, REFEEmHHY
« BB (M): (NE—PEFHPEIRIT (XFR “dirty” B “exclusive” IRZ)
o ANMLIEEIRE (BT CPU %)
+  PrRd(iEEY)
« PrWr(EA\)
o ENMNE—HHEHEXINSHIRE CRE=REERS)
« BusRd: XENEFITRIAE, TERIEXN
» BusRdX: JRENEEZHNHIEF I TRIA
- BusWB: Edirty{fTBEAHNE

i}

BIEEH REHE <39>
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PEKING UNIVERSITY
« Cache Coherence Protocol: MSI IXSE]|

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

VRN -
PrRd /--{ | PrWr/-- Processor initiated
\__/ - - - - Bus initiated
AM | Abbreviation | Action |
/ f/ J PrRd Processor
[ ! ",
PrWr;’BuéfRdX \ /BusRd / BusWB Read
| \ \ BusRdX / BusWRB Prwr Processor
Prwr/ | S g Write
BusRdX BusRd Bus Read
 BusRdX / --

PrRd / BusRd \ | BusRdX Bus Read
.~ A~ PrRd/-- Exclusive

I BusRd / -- Bus\WB Bus
\ Writeback

BEER F*EHE <40 >
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« Cache Coherence Protocol: MSI State Diagram

:‘\\“"4 »
NPT

PEKING UNIVERSITY

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 I -~ 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 | BusRdX Memory

i}

BIEEH REHE <41>
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« Cache Coherence Protocol: MESI invalidation protocol

o YWFEEUHRIIPARSAMIATERIER, MSI EERNEIEE
« ¥{E 1: BusRd & I ]A&HE N S A&
« BE 2: BusRdX i SIS A MRS
- BMfENAREFRETSBHE, XFEIEE(NIAEE
« BRRFBE: HIMMIDMAZT E( “"exclusive clean” )
o« ITRWIEN, BERENEFEZITHEIAN
- ZexclusivitySITEFrENSE (XIS, BtRFEFHEIRZEIEAY
BUEIAR)
« M E HEKE M AEELSIRE

BIEBEH FEHE <42>
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« Cache Coherence Protocol: MESI invalidation protocol

PrRd/--
Prr/ -

: BusRd/BusWE

PrWr/BusRdX
PrWr / BusRdX BusRdX/ BusWB
PrRd/BusRd PrRd/BusRd U BusRdX /- BusRdX/ -
(no other cache (another cache PrRd/ - I : :
asserts shared) asserts shared) BusRd/-- ' : '
BIEEA FaHE & <43>

i}
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RIFFuEEN (AL H
« Memory Wall

10000 -

1000

Processor

100

Performance

10

1
1985 1990 1995 2000 2005 2010

Source: Hennessy & Patterson, Computer Architecture: A Quantitative Approach, 4t ed.

Today: 1 mem access ~ 500 arithmetic ops

How to reduce memory stalls for existing SW?
IR REHE < 45>

i}
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RN e QIerrd
* HFAETREEY (Prefetch)
. IREBRENARF
- HEIfERcompulsory, capacity, & coherence misses
o« Hkdk:

- MEEEUTA

s KR ER S REESIRIR
 "{oJAY" 3REX

s RIS SAMFEREL

» KEEIKENS 'jb " SRENRYERY

BIEEH REHE <46 >



EETRRARALHS] G 1ein
. J5iERY (Prefetch) EFEBITTREE

Branch [ ™| |-cache
Predictor e e o=
A [ﬁrjﬁfitﬂﬁlfl Decode Buffer v
Decode Memory
T ?515|5515 i Dispatch Buffer Reference
S—— Prediction
| Dispatch A ;
Reservation I

| | | Statioris
Ve 0 i

micgen oAty [Slore
| T | T :

|
vV .
Data Cache I :
|
\ ‘ '

Main Memory I

Completion Buffer I il 1 i 5 e ...IE
~ __Complete

Store Bu

<47 >

i}

BIEEH FREHE
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« Compiler/programmer places prefetch instructions
for (1=1; 1 <rows; |++)
* Requires ISA support
for (J = 1; J < columns; J++)
* Why not use regular loads?

{
e FoundinISA" s such as SPARC V-9 prefetch(&x[I1+1,)]);
* Prefetch into sum = sum + x[1,J];
- register (binding) }

« caches (non-binding): preferred in multiprocessors

i}

BIEEH REHE <48 >
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 Buffers., caches
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- =S R AR I I FtisE Y

« 1&ERF I-cache
« IBSHREURMETINFRIRIANE
 XJTF D-cache FRiRHRAXNLF
« BEAFHNIBEYIGERD
- BIMRIVAIgeEBIERMI I (HIR0FEREAES)
°ﬁﬁﬁ5*m
o WAKHEFRA/NSEHERFUERIER
« IE—1TEFR, WRZITAMEEFFREHEBEAIT, NBaiFmEiiE
17
» MEREERBETRINSEARF ..

« 9%, etc...
BBl ®RaHE <50 >
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BT B ROF5iEEY

« Stride Prefetchers
- IFEFERFANHEMRIUE TR

- Load Inst. Last Address Last Flags
\ Load PC Rf ........... d ................ S d .........................
Reference Prediction Table ~ ~ " — | fce | " cferenced [ s tiee |
(RPT) PC I e I

o 1BEFCEIATRIINE. B PC. &=/E5|HRYME. EREMNNE|IBZERIZIE
o HTI0ERY, BEXRRPTHITEIRZEEIIAIRE— Mt 2 BRIEEE
- WMERFHIEESIHNZERE -
HE—MEZC, GREFREN " Hanitut+2og”
« EFF “lastaddr’ 1 “last stride” LMETIRERR

i}

BB/ FFaHE <51 >
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« Correlation-Based Prefetchers

EELA TR AR LA ISR R R SBiCR
A, B,C,D,C,EACFFEAABCDEABC,D,C

E5 | FRfEREE (BIENA L E) 5, FLHIIE SRR P REAESHS|H

:‘\\“"4 »
NPT

PEKING UNIVERSITY

Markov
Model

i}

BIEEH REHE <52 >

C



é)txi‘ff’

NG UNIVERSIT

BT B ROF5iEEY

« Correlation-Based Prefetchers

Load Data Addr Prefetch Confidence Prefetch Confidence
Load (tag) Candidate 1 : Candidate N
ﬂ -------------------------------------------------------------------------------------------------------------------------
Data | .
Addr = s == -] T )" B A S R
\

- HBISENLIRIRIRRIGERY T —/ i,
- MEVEEBERME, FELFENEZN Thextittit L ENNEETE ((BXSRET )
- BEEFEREEKNBEICEA LIESTIEUERE
s BEYEEEEKMINEMUERRE F— 1 FuEEtELE, AV ZE Bt
- Flg0, ER&E K NMMaziIEdEbiaY XOR #1755
- ERJLRINERID EE'LE%__“«)\J.L%‘ e ERRME
o FARE ] N X InERdg R stream

BEEH FREHE <53>
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Miss it 2+ECHY

e Intuition: Miss sequences repeat
o Because code/data traversals repeat

Miss seq. |Q|W]A|B|C|D|E|R|---|T[A|B[C|D[E]Y
I 1

e Temporal Address Correlation
o Prior evidence: [Joseph 97][Luk 99][Chilimbi 01][Lai 01]
o Contrast: temporal locality

stream = ordered address sequence

i}

BIEEH REHE <54 >
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- Data-level parallelism (DLP)

Clock rate and IPC are at odds with each other

» Pipelining
. Fast clock
~ Increased hazards lower IPC

» Wide issue
. Higher IPC
- N? bypassing slows down clock

- AJLARRIIRIG ST sl R 5I B ENS?

- AL, (EFEFERANILPEBIFTEE
- #UERF1T (DLP)

- WEEIREITREE IR TR MMEE

« MILPEIR: H1T18<REFINE(F

i}
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- Data-level parallelism (DLP)

for (I = 0; I < 100; I++)
Z[I] = A*X[I] + Y[I];

LO: 1df X(r1),f1 // 1 is in rl
mulf 0O, f1,f2 // A is in 0O

1df Y(rl1),f3
addf f2,f3,f4
stf f4,7Z(r1)
addi r1.,4,r1
blti r1,400,L0

One example of DLP: inner loop-level parallelism
s Iterations can be performed in parallel

<57 >
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 Exploiting DLP With Vectors

regfile |e

V-regfile |e

One way to exploit DLP: vectors
» Extend processor with vector “data type”

» Vector: array of MVL 32-bit FP numbers
- Maximum vector length (MVL): typically 8-64

» Vector register file: 8-16 vector registers (vO—v15)

i}

BIEEH FREHE
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 Exploiting DLP With Vectors
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1df X(rl1) ,f1
mulf fO,f1,f2
1df Y(rl) ,f3
addf f2,f3,f4
stf f4,7Z(r1)

1df X(r1),f1
mulf fO,f1,f2
1df Y(r1) ,f3
addf f2,f3,f4
stf f4,7Z(r1)

1df X(r1),f1
mulf fO,f1,f2
1df Y(rl) ,f3
addf f2,f3,f4
stf f4,7Z(r1)

1df X(r1) ,f1
mulf fO,f1,f2
1df Y(rl1),f3
addf f2,f3,f4
stf f4,Z(rl)

addi r1,4,r1

addi r1.4,r1 |
111, ,

addi r1,4,r1

addi r1.,4,r1 |
111, )

+

bITT r1,400,0

*

1df.v X(rl

,vi
mulf.vs vl,{f0,v2
1df.v Y(rl1) ,v3
addf .vv v2,v3,v4
stf.v v4,Z(r1)

addil rl,10,rl

blti r1,400,0

BIEEH FREHE

Aggregate loop control
» Add increment immediates

Pack loop body into vector insns
5 Horizontal packing changes execution order

ez XY

PEKING UNIVERSITY
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« MIPS-V Instructions

Vector-vector instructions
s operate on two vectors
s produce a third vector
o addv vl, v2, v3

|d/st vector with stride
s vectors are not always contiguous in memory
» add non-unit stride on each access

Vector-scalar instructions 5 lvws [r1,r2], v1 sv[1] = M[r1+1*r2]
n operate on one vector and one scalar s svws vl, [r]l, r2] s M[r1+1*r2] = v[l]
o addv vl, fO, v3

Vector |d/st instructions |d/st indexed
o Id/st a vector from memory into a vector register - indirect accesses through an index vector
» operates on contiguous addresses o lvws [r1,v2], vl ; V] = M[r1+v2[l]]
s Iv [r1], v1 sv[l] = M[r1+] » svws vl, [r1, v2] ; M[r1+v2[l]] = v[l]
s svvl, [rl] s M[r1+1] = v[I]

BIEBEH FEHE <60 >
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« MIPS-V Instructions

s Y

PEKING UNIVERSITY

DAXPY: double-precisiona * x +y

for (I=1; I1<=64;|++)
y[I] = a*x[l]+y[l]

VLR 64

ld [a], fO

v [rx], vl

multv v1, f0O, v2 6 instructions total as compared to
v [ry], v3 600 MIPS instructions!
addvv2, v3, v4

sv V4, |[ry]

i}

BEBH &5HE <61>
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« Bus-based Multi-core #1 Network-on-chip: Chip Multiprocessor (CMP)
CPU(S) CPU(S)
cpu(s) | [crus) ] [cpucs) ] [[cru@s) o TR el R e
Mem|R| [Mem|R| |[Mem|R| |Mem]|R I I
—— I . gy 1 T
CPU(S) CPU(S)
) ;:5_%?;%\:}:9-9” bus o FRXTRANZE: e.g., mesh or ring
e \ « BEKRYFER: FJREEESZ "hops” AHeH
BB TR 161 el o AR
Fes - BT A BREHTMEERS
. HERME T EE— B = i e e
(EE=REE)

i}

C
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« Network-on-chip: Chip Multiprocessor (CMP)

H—
PE PE PE PE
H—a L]
PE PE PE PE
H—a—a
PE PE PE PE
Router Arbiter
a—a—Aa
PE PE PE PE

==F3
Y

m

C

SEH REHE

Mesh Topology

o

/i

A

i)

ap

i

2-D torus topology

R e 2 ) S

FR

7y I =
1598 X

PEKING UNIVERSITY

Octagon topology

i : Irregular or ad hoc network
[ 11 g topologies

< 63>
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« Network-on-chip: Chip Multiprocessor (CMP)

Switching strategies

o fiff 5 B anar e i R 2% H Y routers

o JE SCHUHR AL S Bk BE AL S (R A b R
o phit RLE R B PN I8 I B A ) KA BT
« typically, phit size = flit size

Packet
Header \
Head flit Body flit Body flit  Tail flit

Flit |

Message

Phit Phit Phit

m

BIEEH FEHE

C

L »
NI E®

s PEKING UNIVERSITY
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« Network-on-chip: Chip Multiprocessor (CMP)

+ Well-controlled electrical parameter

+ Reliable interconnection
Output

«+ High performance Channels

T/ile N/etwork Logic

Input
~\\\\Ei:i?nehs

88 H F#&5HE < 65>

O O O (O |Header
E g E E Decode
]

m
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« Network-on-chip: Chip Multiprocessor (CMP)

:‘\\“‘4 »
NPT

PEKING UNIVERSITY

« Static and dynamic routing

- static routing: [ 5E #42 H T7E47 € IR B Fr 2 A A& 32
o BATHRE LRI L RTIRAS

- static routingfJt s
o GTSERL, BRUONJLPANTR ZEAUAN 2% #4512 5
o LSS FBRERAR, AT A e

« dynamic routing: HR4E P 2% 1) 4 ARS8 H 2% ook
o PRI AR B A R K

o VEANH bR IE] B RRAE A] e 2 N TR] 0 28R
o A trafficR LA N FH 2R 281k

o T BT 2 TRYECR M A X 4IRS B A IR I R AR

o HEME ST i oy FE I 2% i traffic

BIEEH REHE < 66 >



ZHESRERARRR

- Static Routing Tables
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CENTRAL ROUTING DIRECTORY

Dijkstra’s algorithm 5

w R AR T T
BB A - HEEE
BB SIE S e
— B A AR O

o AT CURD S 1

Mawle 1 Directory Male 2 Directory MNivde 3 Directory

ﬁ ;H;{m‘jl_jp ){—:_': E/\J % 1& }j& ZIK E% //[:ZE‘ Destination  Next Node Destination  Next Node Destimation  Next Nodde
2 Al 1 1 ! 3
— Gz SR AR [ - [ - . |
4 4 4 4 4 3
o AR £k kA, L ) o e s s e
TRk A 3 A B '
/X Nuode 4 Directory Mopde 5 Directory MNoede  Directory
/f':r:‘ Destination  Next Node Destination  Next Node Destination  Next Nodde
1 2 1 4 I 5
2 2 2 4 2
3 3 3 3
4 4 4

i}

BIEEH REHE <67 >

C



ZHESRERARRR

« Dynamic Routing

ERE) 0_’0_’0l @)
oo ‘l O
O—O Ql O
O—O0—O0—0O

anl;

BEEE 0—0—0—0 &

mel, | 2%
O—© ._’Ql =
0—0—0 ‘l i0E
O—O—0—0O

RO

i}
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- EHMEEISH

» = \ _AQ ¢
e B R e
VC %Bﬁéﬁmjlzﬂ%ﬁ{ﬁ i ir"""“"_““"_""_"1: Routing Logic ] I _

. . VC identifier
Sk fits | :
D —-:ED_. : VC Allocator
Ip\tl‘Ch\\ e |

i »
ONELF TR
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Arbitrates between
competing input VC &
allocates output VC

oV Switch Allocator
~

—- —>

eweee— (L) .
i i VC Buffer :

skfigOGERVeR | R o2
2 alifEE SR S ; ¥ BRI IG  E
N . CROSSBAR . 1) VC) 5 H i L UL G
| ! (PxP) :
Input Channel i i i i Output Channel
credit out i i i ~ i
T meutrorr | N VC AbSRAFEERLI Flits

e WA F I VC
BB/ FFaHE <69 >

i}
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LIBHESHR: 20 EZNNEREIFEATNER, £&
SKAFIRERES . IBIIEPIEEHEREE. FIEEIdER

HinIBIIEYMES, BRE—EERIRORSERITEH,
(BERFAEINES MR EmEE, FESratEk, 1B

SIEIMWEEEEEE, NMEERIETREEZHIR

2. BHREURINE : 1277 AN N ARIRFE ISR P RYEIEIAES
FEETIRITSENBRAEL, RERINRAIAE

3 HGHEESHERRIGRA : 1275 AN RIEFF RIS
R M, RIEGHEEZUERNEENSREK. —R=ZRE
—MREENEFAEE, MRIESERBEFTREPRE
&, WMgZetiisied, BiEESREX, FAIRE
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Workload Mapping

. Hyeﬁ:tlnjmﬂ
[ send msg H recv msg } 4 'ff \Eﬂéé.\’rﬁﬁ

TaskA T Task B « IS HBUERIR N FRIRMESSHLE
: Mapping ; o« FEI7FX[HA]channels
: _.-' RO WAl ST ISy AN
i8 81818)88/ 818!
I F.ﬁI;III!IIII! ﬂuIm E o« EGEHE: NoC OS
%’!‘"‘!‘“’!ﬂ!““!r'ﬂ" B « OS. RTOS. run-timeilEE2sE
IIII!III!IHI!“II%IHI%III_‘%N %III : . H&; ;&:- - gﬁ 1 tl:*l:l IX—)_(-I g %
.f.f.f':.:f-: I:.:: - NFRERF
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* Instruction Issue

Time

v

Time >

Scalar Pipeline

Time

Limited utilization when only running one thread

Superscalar leads to more performance, but lower utilization
BB BER FEHE <74>
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 Fine Grained Multithreading (FGMT)

Time >
o« FGMT
B HEE Nl e moeen
Saturated workload -> Lots of threads a MU|t|p|e threads in pipe”ne at once

Unsaturated workload -> Lots of stalls

thread scheduler

Intra-thread dependencies still limit performance

« B \Thread (%&fE) MEAZEFATLARIRHAT
—MNEITES

- HERFTHESY, HERLENES "

- SRERIEITR, 20— HEREH, M
XNMHEFIFEFEE T S NEE Many threads — many register files

F W

BIEEH REHE <75>
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« Simultaneous Multithreading (SMT)

« Can we multithread an out-of-order machine?
s Don’t want to give up performance benefits
» Don’t want to give up natural tolerance of DS (L1) miss latency

Time

Maximum utilization of function units by independent operations

. « Simultaneous multithreading (SMT)

. . Tolerates all latencies (e.g., L2 misses, mispredicted branches)
. Sacrifices some single thread performance

a Thread scheduling policy

L
.... > Round-robin (just like FGMT)

Superscalar OoO Issue

s Pipeline partitioning
. Dynamic, hmmm...
s Example: Pentium4 (hyper-threading): 5-way issue, 2 threads

s Another example: Alpha 21464: 8-way issue, 4 threads (canceled)

i}

BEBH &5HE <76>
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Simultaneous Multithreading (SMT)

map table

> ————

regfile
) : |
« SMT

o Replicate map table, share physical register file

U

thread scheduler map tables

-

 Large map table and physical register file
o #mt-entries = (#threads * #arch-regs)

i}

BER F5HE » #phys-regs = (#threads * #arch-regs) + #in-flight insns
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« Simultaneous Multithreading (SMT) Pipeline

Fetch Decod Queue Reg Execut  Dcach Reg Retire
e/Map Read e e/Stor Write
e
Buffer

-l ‘-.—I :
P P

Regs

Regs
Dcache

F¥y

- Thread- >
blind

§

Dcache Regs

L »
ANEZES

PEKING UNIVERSITY

SMT Changes

Basic pipeline — unchanged

Replicated resources
a Program counters
s Register maps

Shared resources
- Register file (size increased)
s Instruction queue
5 First and second level caches
s Translation buffers
s Branch predictor

<78 >
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« Simultaneous Multithreading (SMT) vs Chip Multiprocessor (CMP)

o WR{FEZXIEEITIRESEE. ...
o ZAMHESSHHE (CMP) : 0D ERIKE?
o —NZBLEFELMEESE (SMT) | BANEARIKES?

« Both will get you throughput on multiple threads
» CMP will be simpler, possibly faster clock

o SMT will get you better performance (IPC) on a single thread
- SMT is basically an ILP engine that converts TLP to ILP
> CMP is mainly a TLP engine

« Again, do both
s Sun’s Niagara (UltraSPARC T1)
o 8 processors, each with 4-threads (coarse-grained threading)
s 1Ghz clock, in-order, short pipeline (6 stages or so)
» Designed for power-efficient “throughput computing”
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