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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)

O0ys ' kXY <4>
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Cache Block Sizevt 06

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 32j bit addressing, an 1j MB directj mapped cache has 12 bits of tags
A 4jbyte cache block+ 256K blockst+ ~384KB of tag
A 128jbyte 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 S

Y Y
B-bits b-bits

0ys ' Nk Xy <5>



Direct-Mapped Cache
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Address Cache

01101 Vd tag data
T Q 1 ®
0 e

-

28
Block Offset ¢hit) %4

Line Index (Bit)

12

OO

> Tag (2oit)

NS

3-CH s Compulsory Miss: sav/E(d

Capacity Miss:  §1 u VM EzZ Ni 0

Conflict Miss: S aM W JVEDY




Direct-Mapped Cache

0ys ' Nk Xy

block index

I {a ||ntiex |

decoder

o

Matth
(hit?)

T~

tag

1dX

b.o.

decoder

NEF T

PEKING UNIVERSITY

\ 4

0>

Multiplexo Ta

(hit?)

Don't forget to check the valid/state bits

<7>
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Fully-Associative Cache

| tag |blk.offset|
|

Tag

Associative

h J h J
_\ Multislemr // Search

As1 block index

0ys ' Nk Xy <8>



N-Way Set Associative Cache NEEEE
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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

6ys * JJk Xy <9>
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N-Way Set Associative Cache

A Associative Block Replacement
AEA1 " U aH oQseta B, A block?
ANy 7 80 Qo w" osiblock
Ab MhN?

A Approximations:
A Least recently used 8 LRU

A MH p 6& -~ Uped o N M2 b G 1 &
A Not most recently used 8 NMRU

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

A vu LRU —-beH1ca wéhe 0P

Ane wQdM @A 6

0ys * NkXy <10



Cache Miss M
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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 fully} associative cache
A Conflict Miss
Ar™ 7 aMY' Arwlt A
Akp4 1T a 11T mAdéa
A & defined as: not attributable to compulsory or capacity
A Coherence Miss
Ar~ vs PgO® vuh4r wlit A

6ys * NkXy < i-
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A Cache Sizea CB , Block Size a bp £ Associativity o af

AMEZ NG AOai ®H VBK
A.\. Z | Gl.\. BS_ T \H p c,),
A not ALWAYS better

AVES3 z

"working set”

AWV Es3 N hit rate size
A=®OEBs. 1T H p 6 f
AT BQQ] A »Q .

holding b and a constant ]

0ys * NkXy <12
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Caches Av "H

A Block Size a b

Adz Nai
A mbs x %M KT
Aji hi1 PKJ_e ©e by e remembersub-blockingl

Awds N
A=®EBs. 1M p & t
Ad ~ GE%M A

Ad3 z

Ae -~ 1 @Q0Q
AT QQ  N¢Q
AOne Q% N ,

holding C and a constant

hit rate

0ys ' Nk Xy Shee
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Caches Av "H

A Associativity o af

A Partition cache frames into
A equivalence classes of frames called sets
A Typical values for associativity
A1,2,4i,8 = w

A Larger associativity . _
A" Hoimissratel @ n Y 2 Giw 0 /
Ak Mn i ® o |

A Smaller associativity hit rate -5
A(’] Hl uaAH ~ B '

—® > a
holding C and b constant

0ys ' NkXy Sl
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A Cache d,u Misss P Y '

A" WMXYbM n” 3 uad
A Write-through / no-allocate
Avek ™ JVH™ A e
A3'Ynpe™ A
A Write-back / write-allocate
Ak pe W QH" Ajeé
A rAdé E | xj
ANfidigltry o' 6 E
AopQo s x |
AEev  *J'Hset
Ak~ + dirtyg 1 X | cleang G j nér
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2-Way Set Associative Cache ge;)gz

Address Cache
Vd tag data

01101

o) (o] (o] (e

> Block Offset (unchanged)

> 1-bit Setindex

> Larger (zbit) Tag

| mpact O t he 3C0s?

—




2-Way Set Associative CacheH A

A Write -back & Write -allocate

Processor

Ld R1 « M|
Ld R2 « M|
St R2 — M[
St R1— M[
Ld R3 « M|
Ld R2 « M|

OO b~ U1 =

[ I gy s gy w—

Cache

vVd tag data

0

0

0

RO

R1

R2

R3

Misses: 0

Hits: 0

Memory
0p 78
1] 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
14 210
15} 225

10

0ys ' Nk Xy

CLII »
& ) - A\
?,5 z)t 5 . o}';
{508 PEKING UNIVERSITY
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2-Way Set Associative CacheH A

A Write -back & Write -allocate

Processor

#Ld R1 ¢« M[

Ld R2 « M|
St R2 > M[
St R1— M[
Ld R3 « M|
Ld R2 « M|

OO b~ U1 =

L R WP ey —

Cache

Vd tag data

0

0

0

RO

R1

R2

R3

Misses: 0
Hits: 0

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

11

0ys ' Nk Xy

CLII »
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2-Way Set Associative CacheH A

A Write -back & Write -allocate

CLII »
& ) - A\
?,5 z)t 5 . o}';
{508 PEKING UNIVERSITY

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

0ys ' Nk Xy R
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A Write -back & Write -allocate

AR - \
25 Je 5 F. o}'}
535” PEKING UNIVERSITY

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

0ys ' Nk Xy =e0”



2-Way Set Associative CacheH A

A Write -back & Write -allocate

AR - \
25 Je 5 F. o}'}
535” PEKING UNIVERSITY

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

0ys ' Nk Xy <21>



2-Way Set Associative CacheH A

A Write -back & Write -allocate

AR - \
25 Je 5 F. o}'}
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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

0ys ' Nk Xy <22>



2-Way Set Associative CacheH A

A Write -back & Write

0y

'tk Xy

-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 ]
T Gr e 4 [1]0] 1 71 6] 162
Ld R3¢ M[ 0 ] 150 71 173
ld R2¢« M[ 8 ] 11]1] 1 162 8 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

AR - \
25 Je 5 F. o}'}
535” PEKING UNIVERSITY
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2-Way Set Associative CacheH A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0 78
1 29
2] 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 ]
ol o] 1]10] 1 71 6] 162
Ld R3< M[ 0 ] 150 71 173
ld R2« M[ 8 ] 1|11 1 162 8] 18
150 9 21
=) 100 33
RO 11y 28
R1 29 . ) 121 19
~ | 150 Misses: 3 13" 200
R3 Hits: O 141 210
15 225 17

AR - \
25 Je 5 F. o}'}
535” PEKING UNIVERSITY
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2-Way Set Associative CacheH A

A Write -back & Write -allocate

0y

'tk Xy

Processor

ld RL«M[ 1 ]
Lld R2« M[ 5 ]
St R>M[ 7 ]
St RL>M[ 4 ]
Ld R3« M[ 0 ]
Lld R2« M[ 8 ]

RO

R1 29
rR2| 150
R3

Cache

Vd tag data
2l1]o] O 78
29

1111] 1 29
150
(1]1] 1 | 162
150

Misses: 3

Hits: 1

Memory
0p 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
141 210
15} 225

18

AR - \
25 Je 5 F. o}'}
535” PEKING UNIVERSITY

<25>



2-Way Set Associative CacheH A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0] 78
1] 29
2l 120
Vd tag data 3] 123
dri<mMm 11 |2|]1]0] O 78 4 71
ld R2<~M[ 5 ] 29 5| 150
St R2o>M[ 7 ]
AT T [1]1] 1 29 6] 162
- Ld R3« M[ 0 ] 150 71 173
drzem 81 | [1]1] 1 | 162 8| 18
150 9 21
Zo] | 10 33
RO 11} 28
R1[_29 S 121 19
0 [ 150 Misses: 3 13 200
R3 Hits: 1 14] 210
15 225 19

AR - \
25 Je 5 F. o}'}
535” PEKING UNIVERSITY
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2-Way Set Associative CacheH A

A Write -back & Write -allocate

AR - \
25 Je 5 F. o}'}
535” PEKING UNIVERSITY

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

0ys ' Nk Xy sere



2-Way Set Associative CacheH A

A Write -back & Write -allocate

AR - \
25 Je 5 F. o}'}
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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

0ys ' Nk Xy =e8e



2-Way Set Associative CacheH A

A Write -back & Write -allocate

AR - \
25 Je 5 F. o}'}
535” PEKING UNIVERSITY

Processor Cache Memory
0 78
1| 29
2] 120
Vd tag data 3 123
ld Rl~M[ 1 ] [1]0] O 78 al 29
Ld R2« M[ 5 ] 29 5 150
S RN | 2l
Ld R3« M[ 0 ] 150 71 173
qLd R2« M[ 8 ] 11]11] 1 162 8 18
150 of 21
=lof | 1033
RO 11} 28
29 . 12y 19
ﬁ; 150 Misses: 3 13200
R3| 78 Hits: 2 141 210

| 150 225 22

0ys ' Nk Xy R



2-Way Set Associative CacheH A

A Write -back & Write -allocate

AR - \
25 Je 5 F. o}'}
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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
qLd 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

0ys ' Nk Xy =907
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v

ACachery v " o wa M

M2 32§ X > T ® 64E  blockBil6KBd 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

0ys * NkXy <3
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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 Biassociativity n

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

miss 20
) > 0.2 cycle then SA loses

cache

0ys ' Nk Xy seee
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Av — ruP cache

Intel® Core™ i7-3960X Processor Die Detail

RRSHIEN b= TR H R

§ Queue, Uncore

& Shared

I L3 Cache

= 30% of the die area is cache
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Nvidia GPU Architecture
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NELFE S

‘Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

TENSOR
INT32 | FP32 -

Warp Sched patch (32 thread/clk)

Register File (16,384 x 32-bit)

INT32 | FP32 —

SFU

96KB L1 Data Cache |

PEKING UNIVERSITY

‘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 —

<34 >
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Caches exploit locality

3 Cs cache miss model

e (old

* (apacity

e (Conflict

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 cydle 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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»Hs PgnP JMEAU EYp" K
ocT Wvs PgnW—-—JJEHAH AW L_ T Wue

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

int foo; (stored at address X)

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

2]

The chart at right shows the value of variable foo (stored at P1 load X miss )
address X) in main memory and in each processor’s cache P2 load X o niss o
Assume the initial value stored at address Xis 0 Pl store X 1 e 0
P3 load X 1 (%] miss %}

Assume write-back cache behavior P3 store X 1 o > o
P2 load X 1 [e]hit 2 )

P1 load Y e 2 1

(assume this load causes eviction of X)

0ys * NkXy <36
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<

AV E ®

Afwes PgvVED fz 9 zmi U
A - sJ nw+ Loads and stores
A+s Oli THAGE

ABQUT MEUO g
A-AéenTAbQ 33Y 7 6

e WYWmi3ii °

0ys ' Nk Xy <37>
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A Invalidation -based write -back protocol
A H 9)
Alz:pTWob ™69 | @pj ~ THAGS& G | N
As PgD A dt 36 uvb
A NA|T 2 THAEGI I nvy 7
AGC P AOTHAEAN FUI bN P
AAVEO 7. |l cUnsub bHz4h . PQ

AEo AEAéar®E o

0ys ' Nk Xy <38>
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A MSI write -back invalidation protocol

NEF T
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Aae vmwm YT

ApAé& uaH AAé& QQaEQAN

Ae VEDo

ANoell X mwpl NH Aé AT @I O a

AHp Sx p AGr AdéAd®I JéT A

ATV Mxkp AAEAOdODB & wM o dirtyb & o exclusiveb T &
Abres PgOl ar "1 CPU 1 B

A PrRd( n)

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

A BusRdxy ndée X 1 nYNw
A BusRdXx n WN@@de X
A BusWBx Ndirty =~ uj é

0ys * NkXy <39
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A Cache Coherence Protocol: MSI = §

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

N o
PrRd /--{ |\ Prwr/ -- Processor initiated
./ - - - - Bus initiated
AM | Abbreviation | _ Action |
/ f/ J PrRd Processor
[ { Y
PrWr;’BuéfRdX \ /BusRd / BusWB Read
| \ \ BusRdX / BusWRB Prwr Processor
Prwr/ | S g Write
BusRdX BusRd Bus Read
i BusRdX / --

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

I BusRd / -- Bus\WB Bus
\ Writeback

0ys t kXY =107
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A Cache Coherence Protocol: MS| State Diagram

0y

-

'tk Xy

o> oA W N

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

BusRdX
BusRd
BusRd
BusRdX

_“‘\“",, »
NPT

PEKING UNIVERSITY

Data from

Memory
Memory
Memory
P3’s cache
Memory
Memory

<41 >
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qE

A Cache Coherence Protocol: MESI invalidation protocol

Al Apvie drvyvw

AHA 1x BusRd"HI' & wS'
A "HA 2x BusRIX'HS' 86 w®M' 6
Awnazv Z—" %1 ube = ya+k En

A" "H o1t 1 - E(Y¥exclusivecleany )

A Mol HE @%A & Q SN

A Nexclusivitytb A® €4 jJ T 1+ %npéaoExr T QQu
DN

Ax E" 1 Mj O41 "HA

0ys ' Nk Xy Shes
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A Cache Coherence Protocol: MESI invalidation protocol

PrWr / BusRdX

0ys ' Nk Xy

PrRd/--
Prr/ -

PrWr/ BusRdX

: BusRd/BusWE

BusRdX / BusWB

PrRd/BusRd

(no other cache
asserts shared)

PrRd/BusRd U ! BusRdX/- : BusRdX/-
(another cache PrRd /- i !
asserts shared) BusRd /- ' '

< 43>
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A Memory Wall

10000
& 1000
&
Processor

€ 100
@)
=
[«b)
o 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?
6ys * NkXy <45
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JdE AYXD
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A Compiler/programmer places prefetch instructions
A Requires ISA support
A Why not use regular loads?
A Found in ISAy s such as SPARC Vj9
A Prefetch into
A register (binding)

A caches (nonj binding): preferred in multiprocessors
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for (1= 1; | < rows; l++)
for (J =1; ) < columns; J++)

{
prefetch(&x[1+1,]]);

sum = sum + x[l,J];

< 48 >
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A 4 puiTh vai

A Ak VU

AM i X Ablock?

AErsx v > 3772 W WA (e.g., x, x+8, é)
Ak WVYQO Ay

A %K AT

A YsK miss

AEAT X n@QQH

Awe KJI nw A7 H

A AvAOIn, 2
A Buffers caches
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A Stride Prefetchers
A s H L 4 4’ HH =
. Load Inst. Last Address Last Flags

. . Load PCRf ........... d ................ S -d .........................

Reference Prediction Table nst = o pclag R eferenced 1 ¢ tride L

(RPT) PC T R RS

Ay X TE Dy EC@PC wo AT Gisx pwe® bAAT & @& W
AE 't Hi! ARPTX VE "QQ0sx=>w? Asxe o
ABQHy “j @ue Wn t
R AWAIL AA npbE §x+ Wb
A ~ Ap lastaddrb = p laststrideb @& i KT 1
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A Correlation -Based Prefetchers
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A Correlation -Based Prefetchers
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Misst v a A Hv

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

Miss seq. |Q

W

A

C

D

R

A

C

D

f

e Temporal Address Correlation

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

stream = ordered address sequence
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AGd wd A oparaligliam (DLP)

Clock rate and IPC are at odds with each other

n Pipelining

. Fast clock

- Increased hazards lower IPC
» Wide issue

. Higher IPC

- N? bypassing slows down clock

Al @Qa H & H s AmKydo
BIX W3

Al @i H AT j b ILP”
A "QQ1 X & DLPC

AMr QQF U & D A "HA
Aj bILP" x X “Yrpi a =
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AGd wd A oparaliglism (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

0ys * NkXy ol
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A Exploiting DLP With Vectors

kXY

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)
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A 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(rl1) ,vl
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

0ys ' Nk Xy

Aggregate loop control
» Add increment immediates

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

ez XY
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A 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]1, 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+] a svws vl, [r1, v2] ; M[r1+v2[l]] = v[l]
s svvl, [rl] s M[r1+1] = v[l]

0ys ' Nk Xy <60 >
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A MIPS -V Instructions

s Y
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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]

0ys * NkXy <ol
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A Bus-based Multi

-core U

Network -on-chip o Chip Multiprocessor (CMP)

CPU(S)

CPU(S)
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A HE A AN :e.g., bus
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Mem
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Mem
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A eMedA :e.g., meshorring
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A Network -on-chip o Chip Multiprocessor (CMP)

0 N
B
- =
PE| | |PE| | |PE| | |PE - il
o — A
PE| | |PE| | |PE| | |PE ./ T T
n o \
PE| | |PE| | |PE| | |PE
il Router Arbiter 2-D torus topology Octagon topology
PE| |PE| |PE| |PE
] Irregular or ad hoc network
Mesh Topology [0 topologies
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A Network -on-chip o Chip Multiprocessor (CMP)

Switching strategies

A v T routers

Ay D '
A phit i @ D D y B
A typically, phit size = flit size

Message
Packet
i Header \
Head flit Body flit Body flit  Tail flit
Flit |
Phit Phit Phit
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A Network -on-chip o Chip Multiprocessor (CMP)

+ Well-controlled electrical parameter

+ Reliable interconnection
Output

« High performance Channels

T/ile N/etwork Logic

Input
\\\:i:i?new

6ys ' kXY < 65>
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A Network -on-chip o Chip Multiprocessor (CMP)

A Static and dynamic routing

A static routing G H D
A i

A static routing n
A ¢ N W3 Mb
A a Y D

A dynamic routing : L AFE _
i

A H Ty |
A traffic T

A - i

A No T traffic
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A Static Routing Tables

1 CENTRAL ROUTING DIRECTORY

Di jkstraodos al ¢ ¢ "
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2 3 4 5 )
~ N\
A a 1 — | h] 2 4 5
2 2 — 5 2 4 5
] 4 3 — A 3 5
N To Node
| n 0 o W B e
5 4 e 5 A — 5
I H 6 4 4 B 5 6 B
A [ W A g
\ 1 Mawle 1 Directory Male 2 Directory MNivde 3 Directory
l T Y Destimation — Mext Node Destination  Mext Node Destimation  Mext Node
2 Al 1 1 1 5
I ? G 1 4 ] 1 » %
" 4 4 4 4 4 5
~ (4 ~ N
A 0 k 0 Y 5 4 5 4 5 s
4] 4 fi & 4] 5

Nuode 4 Directory Mopde 5 Directory MNoede  Directory
Destination  Next Node Destination  Next Node Destimation  Next Node
1 2 1 4 | L3
z 2 2 4 2 5
3 5 3 3 3 5
5 5 4 4 4 5
f 3 o f 5 5
0ys * NkXy <67
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A Dynamic Routing
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