Chuong 5
BO nh& dém (Caches)



NOi dung

e Phéan cép bd nhé
— Lam thé nao dé tao ra mot bd nh& Ién va nhanh?
— Lién két SRAM, DRAM, va dia clrng
» Caching
— Nhirng bé nh& nhé lwvu nhirng dir liéu quan trong
—Vidu
« BO nh& cache lam viéc nhu thé nao?
— Cac thé: Tags
— Céc khoi: Blocks (lines)
e Thuc thi
— 3 loai cache: két hop toan phan (Fully-associative), két hop theo tap hop
(set-associative), anh xa truc ti€p (direct-mapped)

e Hiéu nang



Ppat van de

Disks are big | |capacity | latency | Throughput
but super slow Disk (378 SN oW/ $o.07/GB

Flash 256GB 85 s 500 MB/s $1.48/GB
DRAM 16GB e 10,240 MB/s $12.50/GB
SRAM is fast, SRAM 8MB 13 ns 26,624 MB/s $7.200/GB

but small
SRAM 326 13ns  47104MBfs

e Can bo nh& 16n va nhanh
— BO nh& Iénh Ion ISA : 232 memory address (4GB)
— Yéu cau nhanh vi 33% cac |énh |a loads/stores va 100% cac |énh can phai tai

vé thanh ghi Iénh

* TON tai bd nh& co thé c6 dung lwgng I&n va truy nhap nhanh?



Bo nhé& I&n va nhanh

» Cac loai bd nh& da c6?
— Hard disk: Huge (1000 GB) Super slow (1M cycles)
— Flash: Big (100 GB) Very slow (1k cycles)
— DRAM: Medium (10 GB) Slow (100 cycles)
— SRAM: Small (10 MB) Fast (1-10 cycles)
e Can b6 nh& nhanh va I&n
— Khong thé str dung SRAM (too small)
— Khong thé str dung DRAM (too slow and small)
— Khong thé st dung Flash/Hard disk (way too slow)
 C6 thé két noi giltra chung:
— Speed tir (small) SRAMs
— Size tir (big) DRAM va Hard disk
Xay dwng mot phan cap st dung cdng nghé khac dé tan dung cac wu diém cla
cac bd nh& cé san.



Phan cap bd nhé

* Phan loai:
— Dung lwvgng nhé va nhanh: SRAM

q

— Cham: DRAM
— Pia cirng dung lvong I&én nhung
rat cham

* Vién canh:
— Rat lon
— Rat nhanh (on average)

* Muc tiéu?
— Lwu trir théng tin quan trong trong
bd nh& nhanh.
— Di chuyén nhirng thdng tin khong
guan trong vao bd nh& cham

sk

2TB Hard Disk

Very large, super slow




Vi du: stra video

* Video dung lvgng I&n (I6n hon DRAM)
 Lwu vao 0 cirng

e Tai phan can chinh stra vao DRAM
« CPU tai div liéu dé xur ly vao cache.
« Di chuyén di¥ liéu m¢&i vao DRAM va
cache khi xtr ly video

Chuy:

— Lwu nhi*rng di¥ liéu quan trong vao _/_

bd nhé nhanh

— Di chuyén nhirng di¥ liéu khong
guan trong vao bd nh¢d cham

2TB Hard Disk
Very large,

super slow
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So sanh sw phat trién cong
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Lam thé nao dé SRAMs c6
dung lwong Ion hon, DRAM
truy cap nhanh hon?



Cac y twong co’ ban vé cache

e Dat nhirng di¥ liéu quan trong trong bo
nh& nhoé va nhanh (cache).

* Néu truy cap (load/store) nhirng dir liéu
guan trong, can thwc hién nhanh.

* Néu truy cap (load/store) nhirng dir liéu

khac, dich chuyén dit liéu vao trong cache.

* Néu dat chinh xac dir liéu can dung vao
cache, khi d6 hau hét cac truy cap sé tim
ra di¥ liéu hiru ich trong cache va tré nén
nhanh hon.

Not in DRAM:
1,000,000 cycles

2TB Hard Disk
Very large, super slow




Hiéu nang cua caches

 Truy nhap dir liéu trong DRAM hét 100 chu ky
 Truy nhap dir liéu trong Cache (SRAM) hét 1 chu ky
* Ty I€ l1énh load/stores la 33%.

With 1 cycle cache With 100 cycle DRAM

O OO0 0 EXI.WB

9 cycles with a 1 Finish in 108

cycles with a 100

cycle SRAM cache cycle DRAM




Tinh toan hiéu nang cache

e Sir dung DRAM:
— Truy nhap di¥ liéu trong DRAM hét 100 chu ky
— (33% tai/lwu dir liéu)*100 chu ky = 33 chu ky truy cap bé nhé/ 1énh.

e Sir dung mét SRAM cache hoan hao (dir li€u trong cache 100% tho&i
gian):
— (33% tai/lvu di¥ liéu)*1 chu ky = 0.33 chu ky truy cap bd nhé& / 1énh.

e Str dung SRAM cache thuwc té€ hon (div liéu & trong 90% th&i gian):
— (33% tai/lwu di¥ lieu)*(1 chu ky 90% thoi gian + 100 chu ky 10% thoi

gian)
=0.33*(1*0.9+100*0.1) =0.33*(1.9) = 0.67 chu ky truy cap bé nh¢& / Iénh



Vi du: bOo nh& dém

Main Memory (DRAM, large)



Example: caching
Instructions

Cycle Addr 1Inst rl r2 Miss!
Not in cache:
go to DRAM

9 Ox0  FETCH 9 2

100 Ox0  addi 1 2

Cache (SRAM, small)

100 cycles

addi r1, ri, 1

Main Memory (DRAM, large)



Cycle

100
101

201

Example: caching
Instructions

Addr
0x0

Ox0
ox4

x4

Inst
FETCH

addi
FETCH

bne

rl

%)

1
1

1

r2

2
2
2

2

Miss!
Not in cache:
go to DRAM

Cache (SRAM, small)

100 cycles
oxo rt: addi_ r1._r1_ 1
ox4 iart
ox8 add r2, rz, ri
oxc j start

Main Memory (DRAM, large)



Example: caching
Instructions

Cycle Addr Inst rl

(%} ox0 FETCH (%)

Hit!

100 0x0 addi 1 In the cache!

101 ox4 FETCH 1 ox0 addi r1, ri1, 1
x4 bne rl, r2, start
201 ox4  bne 1 A

202 Ox0 addi 2 ‘

Cache (SRAM, small)

Main Memory (DRAM, large)



Example: caching
Instructions

Cycle Addr Inst r

(7] ox0 FETCH 7] 2

100 ox0 addi 1 2 Hit!
101 Ox4 FETCH 1 2 In the cache!
201 ox4  bne 1 2

202 Ox0 addi 2 2

203 ©x4 bne 2 2 —

Cache (SRAM, small)

ox@ start: addi ri, ri, 1

x4 bne ri, r2, start
0x8 add r2, r2, ri
exc j start

Main Memory (DRAM, large)



Example: caching
Instructions

Cycle Addr Inst ri r2

() Ox0 FETCH (%] 2

100 Ox0 addi 1 2 o e

101 ox4  FETCH 1 2 go to DRAM

addi r1, r1, 1
201 ox4 bne 1 2 bne rl, r2, start
202 Ox0 addi 2 2

203 ox4  bne 2 2

204 0x8 FETCH 2 2 ——

100 cycles Cache (SRAM, small)
304 Ox8 add 2 4

0x8 add r2, r2, ri1

Main Memory (DRAM, large)



Cycle

100
101
201
202
203
204
304
305

405

Example: caching

Addr
Ox0

0x0
ox4

ox4
0x0
ox4
Ox8

Ox8
oxC

oxC

Iigst[ugtions
FETCH (%) 2

addi 1 2
FETCH 1 2 )
Miss!

Not in cache:
bne 1 2 go to DRAM
addi 2 2
bne 2 2
FETCH 2 2
add 2 4 100 cycles  Cache (SRAM, small)
FETCH 2 4 1
. oxe start: addi ri, ri, 1
J 2 4 9:4 e I:amel :1, :2, start

ox8 add r2, r2, ri

Oxc

Main Memory (DRAM, large)



Cycle

100
101
201
202
203
204
304
305
405
406
407
408
409
410

411
412

Example: caching
Instructions

Addr Inst
0x0 FETCH
0x0 addi
ox4 FETCH
0x4 bne
0x0 addi
0x4 bne
0x8 FETCH
ox8 add
oxC FETCH
oxC j

O0x0 addi
0x4  bne
0x0 addi
0x4  bne
Ox8 add
oxC j

0x0 addi

(%

NNNR ==

NN

NephrhrpwWwwNn

2

NN

N MNNN

(o0 v v R S S g C g b

addi r1, ri, 1
bne rl1, r2, start
add r2, r2, ri

j start

Cache (SRAM, small)

Hit!

All are in the
cache

Main Memory (DRAM, large)



Example: caching
instrictions

Cycle Addr Inst ri r2

0 Ox0 FETCH ] 2 addi r1. r1. 1
2 k)
100 0x0 addi 1 2 bne r1, r2, start
101 ox4 FETCH 1 2 add r2, r2, ri
591 ox4 bne 1 2 100 cycles j start
202 ox0 addi 2 2 per
203 0x4  bne IS instruction: Cache (SRAM, small)
204 0x8 FETCH 2 2 in DRAM
304 ox8  add 2 4
305 oxC FETCH 2 4
ZGS oxC j 2 4
406 0x0 addi 3 4
407 0x4 bne 3 4
408 0x0 addi 4 ¥ 1 cycle per
j‘jg gi‘s‘ ggg j: g instruction: Main Memory (DRAM, large)
411 OxXC 3 4 8 all in cache
412 0x0 addi 5 8




Cache lam viéc nhw thé nao?

- Tra loi cac cau hoi sau:
Sap xép khai trong cache nhu thé nao?

Lam thé nao dé bhiét sw hién dién clla mot
khoi trong cache — tim kiém va nhan dién
cache.

Khoéi nao duoc thay thé trong trudng hop
tim kiém dir liéu trong cache that bai.

Ghi vao b0 nh& - ghi dir lieu vao bo nho
nhw thé nao -> chién thuat ghi.



Cache lam viéc nhw thé nao?

* B6 nhé& két hop:
— Lwu trlr mot thé (tag) dé chi ra dinh vi
b6 nhé trong cache. Tag Data
— Céac thé (tag) la dia chi hoac mot phan
dia chi cua di¥ liéu dwoc dinh vi trong
cache.
— Phan con lai cua cache la lwu trly di¥ liéu
« Lam thé& nao dé biét div liéu & trang thai san
sang?
— Cache b4t dau tai thé c6 gia tri bing 0 /
vi tri dia chi 0?

! t

® R R R P B

— Lam thé nao biét c6 hay khong Iénh &

« Bit danh dau - Valid/Invalid bit ox0 fart: addi ri,|ri1, 1
— Thém bit 1 khi di¥ liéu la hop 1€ va bit 0 ox4 bne ri,yr2, start
néu khang hop lé. ox8 ‘add  r2, r2, r1
— Néu thé anh xa dén co6 bit danh ddu bang oxc J start

0 (invalid (0)), b6 qua dir liéu

Main Memory (DRAM, large)



Cau tao cache

Tag Data

addi r1, r1, 1 Valid: This bit tells

us if the data in the
cache is garbage (0)
or good (1).

Tag: Tells us what

bne rl, r2, start
address the data —
add r2, r2, rl

j start

comes from.

Vv
1
1
1
1
%)

Data: This is the actual
information from memory that
we want to be able to access
quickly. (Remember that’s why
we put it in a cache.)




Luwu trie dir liéu tron

e Tai di¥ liéu tir BO nh¢

e Lwru thé (tag) (0x8)

o Liru di¥ liéu (data) (add r2, r2, rl)
» Bat gia tri valid bit (1)

Q: Khi nao cac bit danh dau bi x6a?
1/ Khdéng bao gior

2/ Khi x6a bd nh& cache

3/ Sau khi tai vé

A:2

Cache bi x6a khi chuyén doi gitra cac
chwong trinh hodc dé may tinh & ché do
chd. Can x6a cache bai vi dir liéu sé
khdng con hop Ié.

Address

g cache

Tag Data

® P r R P B

1\ pata

ox4
ox8
Oxc

Ox0 start:

addi ri, ri, 1
bne rl, r2, start

add r2, r2, ri1
J start

Main Memory (DRAM, large)



Truy cap dir lieu twr cache

* Kiém tra thé tag (0x8) trong cache
* Kiém tra néu bit hop 1é bang 1
* Poc di¥ liéu tir cache.

Q: Sé lam gi néu bit danh diu bang 0
1/ B6 qua dir liéu.

2/ Pat lai bang 1.

2/ Lay dir liéu tr DRAM.

A: Lay dir liéu tir DRAM

Néu cac bit hop |é khéng duoc dat gia tri
c6 nghta la dir lieu trong cache khéng hop
|€&. Trong trvd'ng hop nay can lay dir liéu tw
DRAM duwa vao cache.

oxo
ox4
ox8
oxc

vV
Ox8 —
start: addi ri, ri, 1
bne rl, r2, start
add r2, r2, ri
J start

Main Memory (DRAM, large)




Cache blocks (lines)
Tang hiéu ndng bang cach
lwu trr nhiéu di¥ liéu hon &

moi tag



Hieu nang str dung cache la

\
A\u u

Tag Data Vv

e Tim kiém mot Cache n-phan tu:
— Cung mét vi tri - n chu ky
— Cung mot thoi diém — n bd
— T6n kém!

e Sir dung bd nhé:
— Data: 32 bits (one word)
— Tag: 30 bits (one address)
— Valid: 1bit
— 63 bits cho moi phan ttr
— Chi c6 32 str dung dé lwu dir lidu} =22
— R&t khéng hiéu qua! address tag

PP

Q: Bao nhiéu bit can cho mot A: 30

dia chi thé (tag)? DPia chi thé xac dinh dia chi di¥ liéu

. 4 trong cache, can bits dé nhan dién dia
., 30 chi ttr.

. 32 (We would need 32 bits if the memory

was not word-aligned.)




Ton qua nhiéu khéng gian cho
the

e Hai phi ton cuia caches:
— T6n nhiéu khéng gian cho thé (tags)
— T6n nhiéu phan ttr logic dé tim ki€m

Cache block or
cache line:

« Khac phuc véan deé: multiple words
—1word/tag: 1/2 wasted
|
] |
|

— 2 words /tag: 1/3 wasted
— 4 words / tag:  1/5 wasted |

— 8 words /tag: 1/9 wasted | | | |
— 16 words / tag: 1/17 wasted (dwoc st dung trong bd x&r ly ngay nay)

« Phwong phap khac phuc?
— Cac dir liéu trong cache Ion hon - it thé hon - hiéu nang lwu trir tot hon



Truy nhap dir lieu twr cache

® ® ©® P R~ K

» Twong ty nhu trudc: Tag Data Data
— Kiém tra néu the tag (0x8) & addr: tag+0=0x@  addr: tag+4=0x4
trong cache addr: tag+@=0x8  addr: tag+4=0xC
— Kiém tra néu bit danh dau la 1 \;
— Poc di¥ liéu tir cache AN

0x8

e Nhwng cé nhiéu ttr hon trong .l, 1

mot khoi cache: \ MUX [
— St dung dia chi cac bit dé l
ChQn ter dljng VO bf) doén kénh Address Block Tag Word Byte
MU X Ox0 00000000 00000 0 00

. , , .o Ox4 00000100 00000 1 00

— Tag chi so sanh cac bit la nhw 0x8 00001000 00001 o 00
nhau trong toan bd khoi OxC 00001100 00001 1 00




Panh dia chi cho cac cache
co kich thwée khoi khac
 Pia chi: @u

— 2 bit cubi : xac dinh byte trong

(khéng can thiét bai vi truy nhap bd nhé bang cac tir)
— N bit tiép theo: xac dinh ttr trong khoi

(vi du, kich thuéc khoi la 4 can 2 bits dé xac dinh tlr)
— 32-N-2 bit con lai: tag

(can thiét dé xac dinh dia chi bd nh&)

(1 bit to choose word) (2 word bits to choose from 4 words)
I | | | l I | | | |
1 word cache block 2 word cache block 4 word cache block
TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT
TTTT TTTT TTTT TTBB TTTT TTTT TTTT TWBB TTTT TTTT TTTT WWBB

30 tag, 2 byte 29 tag, 1 word, 2 byte 28 tag, 2 word, 2 byte



Addr
ox0
x4
0x0
ox4
o0x8
oxC
Ox0
ox4
o0x0
ox4
ox8
oxC
ox0

Vi du: cache block size

Inst
addi
bne
addi
bne
add

]
addi
bne
addi
bne
add
j
addi

VAR WWNMNMNNNMNNRERE®T

[y

WA, RRARLRANNNNSTS

N

1w 2w 4w
FETCH FETCH FETCH
FETCH

FETCH FETCH
FETCH

A: 2

Bang viéc tai 3 tir tiép
theo cung véi tlr can
dung, ty I1é thanh cong
cao hon. Phuong

Q: Tai sao kich thwéc block 4 phap nay duoc goi la
tir la tot ?
it t6n khong gian hon

1

2.

Tai trwdre cac dir liéu can
dung sau doé

Thé it bit hon.

khéng gian “cuc bo -
dia phuong”: Nhirng
di¥ liéu gén v&i nhirng
di¥ liéu vtra str dung la
nhirng dir liéu hop 1€
nhat.

= =8 S S

ox0 start: addi ri, ri, 1

ox4
ox8
oxc

bne ri, r2, start
add r2, r2, r1
j start

Main Memory (DRAM, large)




Cac khoi cache I&n hon
lién két theo dong/khoi

e Yu diém:
— it tdn khdng gian cho cac thé (higher % data)
— Quy dinh cuc bd:
* N-1 words tiép theo c6 sé duoc sir dung sau do
* Nhwoc diém:
— Néu khéng st dung di¥ liéu trong cache sé lam tén khéng gian di liéu
— Vi du:
o for (int i=0; i<100; i+=2) { 3

afi]++;
}
e T6n mot nira khdng gian

— 64 bytes (8 words) la kich thuéc chuan

— Intel lubn nap 2 khoi cache tai mot thoi diém twong duwong véi 128 bytes hay 16

words




Lo~ & WN 2O

Cac loai caches

[
1

Direct-
Mapped

Inflexible

o
I
3

Set-
Associative

Compromise

Fully-
Associative

NoumswN o

Complex

Pia chi twong (rng mot khoi
(9mod8) =1

Tim kiém dé dang, khong linh hoat

Pia chi twong Png v&i moét tap .
(9 mod 4) =Set 1

Tim kiém tot hon, linh hoat hon
bia chi twong rng véi bat ky vi tri nao
trong cache.

Khé trong viéc tim kiém, rat linh hoat



BO dém lién két toan khoi
full — associative

- Tim kiém ki — .
— Can n bo so sanh
— Hoac can n chu ky ¢

* Muc tiéu? ~
— C6 thé dat di¥ liéu & bat ky dau
trong cache: flexibility

— N blocks - c¢6 thé lwu di¥ n mang
dir liéu, moi vi tri dat khdi co thé

SEE

chtra mdt trong mot trong tat c& cac Q: Nhwoc diém? A: Chi mo6t block dwoc tim
. S L .+ Itlang phi khéng gian  ki€ém
khoi trong bo nho. .. Chi can mot bo so Tim kiém toan bo cache, v&i
sanh n bd so sanh hoac véi mét

. Chi mot block duwoc bd sanh trong n chu ky
tim kiém



Uu nhwoc diém cua cac loai
cache
* Fully-associative

— Uu diém: linh hoat, di¥ liéu c6 thé dat & bat ky vi tri nao (no conflicts)
— Nhuoc: Kho khan trong viéc tim ki€m (slow/expensive)

» Set-associative
— Uu: twong dai linh hoat: di¥ liéu c6 thé dat & bat ky vi tri nao trong tap
— Nhuoc: Chi can tim kiém mot vai vi tri trong tap (reasonable
speed/complexity)

 Direct- mapped
— Uu: Tim kiém linh hoat, chi can tim kiém mét vi tri (fast/simple)
— Nhuoc: xay ra xung dot div lieu (conflicts)



Thiét ké cache

Tag Data \'} Tag Data \'}

Fully-Associative
Address: ETTTTIBB Address: [ITT BB

=t h

Tag Data V Tag Data Vv

Hit?

Set 0
Set 1

Address: TTI'TIlNlBB




BO nh& dém anh xa truc tiép
tang hiéu qua tim kiém



Vi tri khoi trong bo dém anh
xa trwc tiép

« Mbi dia chi &nh xa t&i mot block 1

« Danh dia chi theo modulo (K =i mod n) 3

K : vi tri khéi d&t trong cache -

i : s6 thi tw khéi trong bo nhé trong 5

n : sO khoi clia cache - Cache

Vi du: {D We know where any address
-0 - (Omod8)=0 will go in the cache, so we
-1 - (1Imod8) =1 only need to search one tag

-2 - (2mod8)=2
-8 - (B8mod8)=0
-9 - (9mod8) =
—18 - (18 me=3g) =2
* Chu y 3 bits e~or:
000000 - O
- 000001 - 1
Tag bits —2 — 000010 - 2
—8 - 001000 - O Memory
-9 - 001001 - 1
—18 - 010010 - 2

(b6 qua danh
dia chi byte)




Vi du bo dém anh xa trwc

tiép

« Uu diém: dé dang trong viéc tim kiém Address bits
— St dung dia chi dé tim mot vi tri (modulo i Reaeeie
addressing) addressing

— So sanh voi tag

« Nhwoc diém: kém linh hoat (1 chu ky tim ki€m Xx00xx 1
- xx01xx |

1 khoi ) xx10xx %}

— Néu 2 dia chi &nh xa t&i cung mot dong khi dé ol Ixx 7

chi c6 thé lwu trdk mot khoi dir liéu

— Xay ra xung dét

Néu 2 dia chi khéi trong bd nhé trong c6 —5555558] start 1 11

cling dia chi modulo, ca 2 khdng duoc lwu trip | Starts o lne

< o . . 0x04 000100 rl, r2, new

cung nhau trong cache, ké ca khi cache con Ox08 001000 r2, r2, ri

tréng. (Inflexible — Conflicts) 0x0c 001100 start
0x10 010000 new: rl, rl, r4
0x14 010100 start

Main Memory (DRAM, large)




Bo dém anh xa trwc tiép don gian

BO6 nhé& chinh: 16 twr

Bd dém: 2 khéi nhé, 0000xx Céc tir: 2 bit thil
mdi khéi c6 2 tir 0001xx ~ ac il <bitthap
0010xx dung dé xac dinh cac
Index Valid Tag  Data byte trong tr (32b
0011xx
words)
0 0100xx
1 0101xx
0110xx

0111xx Q2: Vi tri cac tw trong
1000xx 0O dém?

Q1: Co trong bo dém 1001xX

khong? 1010xx

1011xx

1100xx

1101xx

1110xx

1111xx

(block address) modulo (# of blocks in the cache)

SET-HUST, Chuong 4. B6 nh¢ - Phan 41
799102 /ON11 ~An hA nhA&



Bo dém anh xa trwc tiép don gian

BO6 nhé& chinh: 16 twr

B6 dém: 4 kh6i nhé
kich thwoc 1t

Index Valid Tag  Data

0000xx
0001xx

00110xx

00

01

10

0011xx
0100xx
0101xx

11

0110xx

Q1: Co trong bo dém
khdng?

So sanh trevong thé bo
dém v&i 2 bit cao cua
dia chi bd nhé& dé xac
dinh khoi di¥ liéu c6
trong b0 dém khong?

SET-HUST,
2791N2/9°011

0111xx
1000xx
1001xx

i@hOXX

1011xx
1100xx
1101xx

1110xx

1111xx

Chuong 4. B6 nh¢ - Phan

~An hA nhA&

Cac 1 tw: 2 bit thap
dung dé xac dinh céac
byte trong tr (32b
words)

Q2: Vi tri cac tur trong
bo dém?

Dung 2 bit thap ti€p
theo cua dia chi —chi
sO — dé xac dinh khoi
bo dém nao (i.e., chia
lay dw cho sb khoi
trong bo dém)

(block address) modulo (# of blocks in the cache)

42



BO dém anh xa truwc tiép MIPS
- Cac khoi 1 tw, kich thwdc bd dém = 1K tw

(hay 4KB)

Hit

Tag

3130 1312 11 ... 210

" Byté
offset

20 0
Index

Index Valid Tag

Data

S0 ) ———

120

&

43



Hit

DU ULl Al A Uuu v Ucvpy AiJl

Khoi 4 tir, Kich Qhul(%jog%ém = 1K words

" Byte’

Data

A

3130 ... 1312 11 ... 432 1
,/O offset
Tag ~20 ~3 Block offset
Index
IndexValid Tag < Data >
0
1
2
253
254
255
T—20
’§ y \ 4 v
<
UJ .
' "32

44



BO nh& dém lién két kiéu
tap hop: Set-associative
caches
linh hoat hon



Co thé théa hiép?

« C6 thé két hop viéc tim ki€ém dé dang trong bd dém anh xa truc ti€p (direct-
mapped) va s linh hoat trong bd dém két hop toan khai (fully-associative
caches)?

« CO: BO dém két hop theo tap hop (set-associative)
— M6i kh&i nam trong mot tap (1 set gébm nhiéu khéi - co6 cung dia chi
modulo)
— MOi tap c6 nhiéu khdi (tim ki€ém két hop)

« Dé dang hon trong viéc tim kém:

— Xac dinh duoc khoi dwa trén dia chi

— Chi can kiém tra mot s6 khoi cache trong tap.
e Linh hoat:

— C6 thé dat khoi & bat ky dau trong tap

— Giadm so lan trwot bo dém.



Bo dém kiéu tap hop (Set-
associative cache)

« MOi dia chi &nh xa t&i mot khoi
« S{r dung dia chi modulo (K =i mod s) B et
K : vi tri khéi dat trong cache Set 1
i 1 s6 thr tw khdi trong bd nhé trong Set 2
s : sO lvgng tap hop trong cache Set3
—0 - (0 mod 4) = anywhere in Set 0
—1 - (1 mod 4) = anywhere in Set 1 We know which set any
— 2 > (2 mod 4) = anywhere in Set add;ess ‘:’"' = ti;‘: Wet"""’
— 8 - (8 mod 4) = anywhere in-5et 0 S
-9 - (9 mod 4) = anywbzre in Set 1
— 18 - (18 mod 4) =anywhere in Set 2
» Xem xét 2 bits .
-0 - P25000 - SetO
= 000001 - Set1l
—2 - 000010 - Set?2
Tag bits —8 - 001000 - SetO

Cache

(Ignoring byte
addressing for
now)

—9 - 001001 - Set1l
—18 - 010010 - Set 2



Vi du: Set-associative

« Vu diém: Dé dang trong viéc tim kiém Address bits
> . . . , n used for modulo
— St dung dia chi tim kiém cac tap addressing to

— So sanh tat ca cac tag trong tap choose the set

 Nhwoc diém:
— [t linh hoat hon kiéu fully-associative (can Set 0: xXXOXX
only go anywhere in the set)
— Phtrc tap hop (ki€m tra nhiéu tags hon)

Set 1: xxx1xx

B R R e

0x00 000000|start: addi ri, ri1, 1
i 0x04 000100 bne ri1, r2, new
Néu hai dia chi c6 cung mét dia chi modulo, c6 0x08 001000 add r2, r2, ri1
thé tim chiing trong mot tap. (More flexible - 9x0c 001100 J start
Fewer conﬂicts) 0x10 010000 new: sub ri, ri, r4d
0x14 010100 J start

Main Memory (DRAM, large)



Bé\) dém ké’t ho’-—p n d%Q@ngh 16 khoi 1 tir

0)10:¢ e a n L
A an A Khai 1 twr, 2 bit thap
Bo dem: 4 khoi, 2 tap Oo?llxx cui dung dé xéc dinh
Way Set V. Tag Data gglgxx byte trong tir (tr 32b)
XX
0 0 100xx
! X 0101xx
0 0110xx
1 0111xx
Lodoxx Q2: Vi tri tir trong b
am?
10(j)llxx dem
1: C6 trong b dém 101]0xx \ e s
Q - Co trong bo de St dung bit thap tiép
khong? 1011xx o e
1100xx theo dé xac dinh tap
So sanh tat ca céac thé 1101xx (Ihe" th;? Iaty phalr;Adu’
trong tap véi 3 bit dia 111Dxx gAO >0 tap rohg bo
chi cao 1111xx  dem)
SET-HUST, Chuong 4. B6 nh¢ - Phan 49

799102 /ON11 ~An hA nhA&



BO dém két ho’R

4 ta

28 = 256 duong / tap, 4 tap (m0| dwong chira 1 khéi' =256
3130 . 1312 11 ... 210 / Byte Oﬂ:set
duong)
Tag 22 s
Index
ndex V Tag Data V Tag Data V Tag Data V Tag Data
0 0 0 0
1 AL 1 A1 1 Ay D 1 A D
2 VA y U 2 VVSly L 2 VVSly L 2 VVSly J
253 253 253 253
254 254 254 254
255 255 255 255
(D {';. oD e
| ) | %32
|
—— 4x1 select /
v
Hit Data

50




Bo tri bd dém két hop toan
vophanh e bk edteariphany do

két hop theo hé sb 2 s€ tang so6 khoi trong

moi taptang sO dusng) Vagiam, so tap —
_giam kidh thwrée trieerng index 1 bit vz

S g - 130 ,  Index J o J,%Iopk Qffset |Byte|offset
lally KICIT L TrOCtroron dg Il
B o — > Tang do két ho
Giam do két hgp +—

I Két hop toan phan
Anh xa truc tiép (chi c6 mét tap)
(chi c6 mét duwong) Tag gbm téat ca cac bit trir bit

Tag nho hon, chico 1 offset ctia khoéi va byte
khoi so sanh
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Loi ich cua bo dém két hop toan
Lwra tron gitra bd dgarket hop va bo dém

B ALY Ry s ,
truc tlepzw%emmat trurot va gia
4KB
thanh trien khal GKE
3 | - 16KB
= o~ 32KB
- +— 64KB
n
£ \ — 128KB
4 A — 256KB
M : |4+ 512KB
2 .
— —— —o . Data from Hennessy &
0 - - - Patterson, Computer

1-way 2-way 4-way 8-way Architecture, 2003
Associativity

Loi ich I&n nhat 1a khi chuyén tir bd dém truc ti€p sang két
hop 2 duong (ti Ié trrot giam 20%+)
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Kich thwdc cac treong trong bo
- S0 bit trong b0 défifégem bit cho dir liéu
va bit cho cac trwong thé

- Pia chi byte 32 bit

- Bd dém anh xa trwc ti€p 2n khdi, n bits cho
trrong index

- Kich thudc khéi la 2m tir (2m+2 bytes), m
bits cho triong block offset xac dinh vi tri tw
trong khai; 2 bits cho trwdng byte offset xac
dinh vi tri byte trong tw

- Kich thwdc trong tag sé [a?
- Tong 88 bit troffeBe BNt hh xa&3trwc tiép



BO nh& déem ngay nay

Same block size
across the whole
hierarchy

tel lvy Bridge (2012, 4-core x86)
— L1 Data: 32kB 8-way set-associative 64-byte line
Instruction: 32kB 8-way set-associative 64-b

D: 256kB 8-way set-associative 64-by

“Filter” cache.
Designed to
save energy for

o-byte line small pieces of

ped —64-byte tine ] code

Set-associative 64-byte line
— L1 Instruction: 16 4-way set-associative 64-byte line
sociative 64-byte line

Higher associativity for
larger caches.




Dung lwong bo nhé dem
diéu gi xay ra néu bé nh& dém
day?



Dung lwong caches

 Diéu gi xay ra khi cache day?

e Chinh xach thay thé
— Can chon mot s6 dit liéu trong caches dé loai bd (evict)
— Chon nhirng di¥ liéu khéng str dung twr lau nhat

 Dan dén:
— Direct-mapped: chi loai di mot khéi (b&i vi mot khdi twong rng véi
MOt vi tri)
— Set/Fully-associative:
« Chon ngau nhién mot khéi dé loai bo
e Chon khéi nao khéng str dung lau nhéat (least recently used - LRU)
dé loai bo.



Chinh sach thay thé

e BONn chién thuat chd yéu chon khoi thay thé trong cache

e Thay thé ngau nhién
— Pé phan b6 dong déu viéc thay thé, cac khoi can thay thé trong cache
dwoc chon ngau nhién

« Khoi xwa nhat (Least Recently Used ): hiéu qua trong cac vi tri tam thoi
— Thay thé khéi khdng dwoc dung tir lau nhat

e Vao trudc ra trvdce (FIFO)
— Khéi duoc dua vao cache dau tién, néu bi thay thé sé la khoi bi thay thé
trwvdc nhat.

« Khéi c6 tan suat sir dung it nhat (LFU — Least Frequently Used): Khéi trong
cache dwoc tham chiéu it nhat



Thay th& ngau nhién

Randomly choose which
block to replace

50% chance we will evict Just evicted one of

the instructions from

75% chance we will evict
the

an instruction from the
!

Fully-associative 75% chance we will
evict an instruction
from the !

« Chon ngau nhién mét khai dé loai bo

* Vi du:
— Black loop va blue loop
— Khi chuyén doi gitra hai vong lap dt
liu lubn dwoc st dung lai

* Problem: D{¥ liéu loai bé la di¥ liéu can
str dung lai



Thay thé khoi xwa nhat
Least recently used (LRU)
replacement

Choose the least Choose the least
recently used (add) recently used (addi)

Choose the least Choose the least
recently used (j) recently used (beq)

L a A LA s " Fully-associative
 Loai b6 khoi khong dwoc stir dung lau Y

nhat
Ox00 00000 start: gaddi ri, ri, 1
eVidu: 0x04 00100 beq ri, r2, next
— Black loop va blue loop Ox08 01000 add r3, r3, ril
— Khi chuyén d6i gitra cac vong lap, | ©9X@c 01160 j  start
can tat ca cac 1énh trong vong Iap gﬁg iggz s :::1 :1-' :;’ :tar-t
mau xanh & lai trong cache ox18 11000 add M: M: 1

Oxlc 111e0 j next




Ghi vao b6 nh& dém
Chién thuat ghi?



Ghi vao b6 nh& dém

* Khi doc Iénh hoac di¥ liéu: dat vao cache
e Ghi nhw thé nao?

e Write-through (ghi déng thoi)
— Théng tin duoc ghi déng thoi vao khoi ciia cache va khoi cia bd nhé
trong
— bon gian, nhuwng cham (phai doi ghi vao DRAM)

» Write-back (ghi lai)
— Chi ghi di¥ liéu vao cache
— Néu khoi khéng c6 trong cache, can nap lai vao cache
— Can danh dau lai néu dir liéu trong cache duoc cap nhat
— Khi mot khoi bi thay thé, khoi nay sé duoc ghi lai vao bd nhé trong.



Write-through

store 24 = 0x8

Tag Data Data

e Luén ghivao DRAM
* Néu di¥ liéu & trong cache, khi dé ghi
dong thoi vao cache.

© o o r KBS

Q: Ghi cham hon vi sao?

. Phu thudc vao vi tri ciia di liéu \
trong cache. 0x00 o 32
A N 0x04 0001 (]
2 Ch?.m do gh! vao DRAM \ [T
.. Cham do ghi vao DRAM va oxac 001100 60
0x14 010100 00

A: Cham do ghi vao DRAM
Ghi vao DRAM & moi thoi diém.



Write-through with
allocate-an-write

store 24 = 0x8

e Luén ghi vao DRAM

» Néu di¥ liéu trong cache, ghi déng thoi vao
cache

* Allocate-on-write
— Néu khdi dir lieu khéng c6 trong cache, tai khoi
vé cache

Q: Tot hon tai sao?

v ltisn’t

. Faster to read and write than just write
s Subsequent reads will hit in the cache

A: Subsequent reads will hit in the cache
Thuwong hay truy cap dir liéu va ghi lai, chi ghi mét
phan cua khéi nhuw mét t&r hoac mét byte, do vay tai
vao cache sé nhanh hon.

Tag

Data

Data

24

\

oxe0
oxe4
0x08
@x0c
ax10
ex14

(2] 32
0001 0
001000 24
001100 00
©10eee o3
010100 00

® ®o & © r K



Write-back

e Ludn ghi vao cache

store 24 = 0x8

e Nt g 1A ~ , Tag Data Data
* Néu khoi dir liéu khong co trong

cache, tai vao cache

* Note: cache va DRAM la khéng '

nhw nhau!

® ® ©® ® R KBS
® ®© ®© ® ~ k=%

I Dirty bit keeps track of

whether the cache

 Khi chung ta loai bé mdt dong can . :

> e A , e ot~ geA . < ock has been written.
phai biét khac v&i dir lieu ghi tw If it is dirty, we need to
DRAM nhu; th’e" néof) write it back to DRAM

when we evict it.




Ghi vao b6 nh& dém

* Write-through don gian, nhwng cham
— Phai doi ghi dong thdi védi DRAM trong moi lan ghi

« Write-back phtrc tap ho'n, nhwng nhanh
— Phai danh dau di¥ liéu ‘ban’ (dirty data) trong cache va ghi lai vao bo
nh& trong néu no bi loai bo
— Ghi nhanh hon

 Allocate-on-write tai dir li€u vao cache khi ghi
— no allocate : chi tai dir liéu vao cache khi doc.

« Ghi vao cache ngay nay la ki€u write-back
— Intel's new Xeon Phi c6 murc L2 write-through cache



Hiéu nang bo nh& dem



Ti lé trvot vs Kich thuwéc khoi vs Kich thuwéc bo dém

d Ti lé trwot tang khi kich thwée khoi tré nén dang ké so voi
kich thwéc bd dém vi vai cling kich thuwdc bd dém sb khoi
c6 thé lwu gilr gidm (tang trwot do dung lwong)

d Tang kich thuwéc khoi lam ton that trwot tang

SET-HUST, Chuong 4. B6 nh¢ - Phan 67
799102 /ON11 ~An hA nhA&



Xt ly trdng bo dém

Poc tring (I1$ va D$)

- Po6 la diéu ta can!

Ghi tring (chi v&i D$)
- yéu cau bd dém va bd nhd phai thong nhat
(allocate)
- lubn ghi di¥ liéu vao ca khoéi bd dém va vao bd nhé
& murc ké tiép (ghi xuyén - write-through)
- ghi v&i téc dd cua bd nhd & muire ké ti€ép — cham
hon! — str dung bo dém ghi (write buffer) va chi
dirng khi bd dém ghi day -

o m e - - o m > - - o



X ly trvot bd dém (Khoi kich thuée 1 tw)

Poc truot (I$ va D$): mat thoi gian

read_miss_penalty

- dirng duwdong 6ng, nap khoi ttr bd nhé & mirc
ké tiép, dua vao b6 dém va guiri tr dwoc yéu
cau toi bo xur ly, tiép tuc dwdng dng

Ghi trrot (D$) mat thdi gian

write_miss_penalty va write_buffer_stalls

- Cap phat va ghi — bau tién doc khoi tr bd nhé
va ghi tr vao khoi

or

- Iéhongr cap E)hat v4a ghrll— t%(r? gua V|ec ghi vao
BESL- qhiiuonest BR ahtalhan o B2 15 <& qhi



Do hieu nang bo dem
Gia st thdi gian truy cap bd nhé khi trdng

b0 dém (ju’o’clbaplg@m trong 1 chu ky thuc
hién thong therqpg; dlua ]@Way@) T

CPRlstall
J S6 chu ky MemStallC la ton that trrot la tong clia read-

stalls va write-stalls

Read-stall cycles = reads/program x read miss rate x read miss
penalty

Write-stall cycles = (writes/program x write miss rate X
write miss penalty) + write buffer stalls

J'Vai bd dém ghi xuyén, ta co cong thirc don gian
Memory-stall cycles = accesses/program X miss rate X miss penalty

70



Anh hudng cla hiéu ndang b

- Ton that tvong dﬁg&g\oé dém sé tang khi
hiéu nang bd xtr ly tang (tang téc d6 déng
hé va/hoac gidm CPI)

- To6c dd bd nhé khdng duoc cdi thién nhanh
nhu toc do bd xtr ly. Ton that triot dung dé tinh
CPIstall dwgc do theo sbé chu ky bd xt&r ly can
thiét dé xor ly trwot

- CPlideal cang thap thi anh hwdng ctia dirng do
trirot cang lon

- BO xtr ly v&@i CPlideal = 2, ton that truot la
10GE™3B% 12 IEMPrid&arstore” (i 1é fruot bo



Anh huo’n cua hleu nang bo
- Ton thattuo’ng y(ffua b0 dem sé tang Khi

hiéu nang b6 xur Iy Qﬁ‘(tang toc dd dong
hé va/hoac gidm CPI)

- Toc dd bd nh& khéng duoc cai thién nhanh
nhu toc do bd xir ly. Tén that triot dung dé tinh
CPIstall dwgc do theo sd chu ky bd xt&r ly can
thiét dé xor ly trwot

- CPlideal cang thap thi anh huwdng ctia dirng do
trrot cang I&n

-+ BO xtr ly v&i CPlideal = 2, tOn that trwot la
100, 36% la Iénh load/store, ti I€ trivot bd
Nheetbder 2% ¥adko Bhe: DEda 4%

799102 /ON11 ~An hA nhA&



Nguyén nhan
- KhQ LP QN
ot bo'dem
- Lan dau truy cap khoi
- Giai phéap: tang kich thwéc khoi (lam tang
ton that trirot, khoi rat Ién lam tang ti 1€
trrrort)

- Dung luvgng:

- BO dém khong thé chira toan bd cac khoi
truy cap boi chwong trinh

- Gidi phap: tang kich thuwéc bd dém (cé thé
lam tang thoi gian truy cap)

. XUQ,Q,QQ# Chuong 4. Bo nh¢ - Phan 73

799102 /ON11 ~An hA nhA&



Ty so6 trwwot b6 dém

Miss ratio = % of cache misses = (# cache misses / # memory accesses)
Ty |é trwot (%) = (s6 lan truot/s6 lan truy nhap)

-n o - e 10.5% miss
Q: Hieu nang thay dOAI thAe _ B
nio kh‘l ty sO tru’:_)’t b0 dém 64kB cache 6.5% miss
giam tr 10.5% dén 3.5%7? - ratio at
. Slower 256kB cache
.. Stays the same ° 365%:;;:453
ratio a
.. Faster E 3% miss ratio
82 at 32kB
E
A: Faster
Céac &ng dung co thé chay
nhanh hon, nhwng khdng _ in2 0% miss ratio
thé biét la nhanh on bao T —, at4MB

cache

nhiéu. Ty Ié Trang cache I&n

~ A , - 32kB 64kB 128kB 256kB 512kB 1MB 2MB 4MB
hon rat nhiéu so voi truot.



Average Memory Access Time (AMAT
-Thoi gian truy cap bo nhé trung

« SO chu ky trung binh cho
= (hit time) + (miss %)*(miss time + miss pen

Miss Penalty la thoi gian
sau khi tim kiém trong
cache.

Mem | Mem
%h
Hit time = 1 Hit (1cycle)
Miss time =1 Miss (1 cycle)

Miss penalty = 3 Penalty

% miss = 2/6 = 33%
AMAT = (1) + (33%)*(1 + 3) = 2.3 cycles per access



Vi du: AMAT

Machine 1 014 -
— 100 truy nhap DRAM 012 Hbm
— 1 chu ky truy nhap cache (hit or miss) 0.1

e Tinh AMAT cho Ibm? 2

— cache c6 dung lugng 256kB ? p 0.08 |~
* 6% miss ratio E  0.06
* (1) + (6%)*(1+100) = 7.06 cycles per memory 0.04
access

— cache c6 dung lvong 8MB ?
* 3% miss ratio

0.02

0 [ ———

° (1) + (3%)*(1+100) — 403 CyCIeS per memory 32kB  64kB 128kB 256kB 512kB  1MB 2MB  4MEBE  BMB

access
Machine 2
— 100 cycles to DRAM
— 2 cycle cache access time (hit or miss)
e Tinh AMAT cho bzip2?
— 256kB cache?

* 1.5% miss ratio

* (2) + (1.5%)*(2+100) = 3.53

Q: Tai sao bzip2’'s AMAT
v&i 256kB cache gan gidng
véi lbm’s véi 8MB?

1.

2.

3.

Slower cache
Different miss ratios
Different applications

A: Slower cache

Cache mat 2 cycles cho
Machine 2 va chi mot chu ky
cho Machine 1. Diéu nay lam
anh huwdng dén AMAT.Ung
dung khac nhau sé thay 8MB
cache c6 3% miss ratio doi
vOi Ibm trong khi bzip2 cé
1.5% miss ratio v&i cache
256kB



Performance impacts of
memory access time

« Anh thuéng ctia cace dén hiéu ndng nhw thé nao(CPI)?
— 100 chu ky trirng phat tregt bd dém
— 3% ty |é trwot
— 1.33 lan truy nhéap bd nh& trén mot Iénh (1 for instruction 33% for data)
— CPI = 1.0 khi thwc thi thdng thwdng (ly twdng)

* Hiéu nang thay do6i thé nao?
— CPI = CPIExecution + Memory stall cycles per instruction = 1.0 +
1.33*0.03*100 = 4.99
— Phén cép bd nhé& nay lam bd xt&r ly chay cham hon 5 lan!

 Caches la rat quan trong! Caches la quan trong nhat dé tang hiéu nang.



How much does cache

. matter?

Bandwidth ”2‘
(G B/ s) 0.1 ;t_%__ S S
0.0 e
CPI 0.4 |

(lower better)” .

i
1M 3M SM ™
Cache Size

Insensitive

T
S~

IM M SM ™
Cache Size

Sensitive

o =T Rt

0.0

IM 3M SM
Cache Size

Insensitive

* When an application gets less cache it makes more accesses to memaory.

(Higher bandwidth)

* Some applications are more sensitive to trading off bandwidth and cache than others.

™




Phan tach Iénh va div lieu b

nhé dém

« Can nap Iénh(IF) va di¥ liéu (MEM) cung mot thoi diém

|
« Can 2 loai cache: n_l '

— Instruction cache (just instructions)
— Data cache (just data)

* AMAT khi phan chia cache:
— AMAT: (% |énh truy cap)*(hit time + (ty |é trvot bd dém
[énh)*(miss time + miss penalty)) + (% di liéu truy
cap)*(hit time + (ty Ié trwot bd dém dir liéu)*(miss time +
miss penalty))

* Vi du:
— Thaoi gian truy nhap cache la 1 cycle (hit or miss) va
thoi gian truy nhap bd nhé 100 cycle
— |I-cache: 1% miss ratio, D-cache: 5% miss ratio
— 33% la lénh loads/stores — 25% truy cap dir liéu /
75% truy cap lénh
— (75%)*(1 + (1%)*(1+100)) + (25%)*(1 + (5%)*(1+100))
=15+15=3.0



AMD/Intel caches

System - E
Agent’&

imcluding
Display;
DMl and
Misc. I/0

lemory Controller 1/0

AMD Bulldozer dual-core* Shares one |- Intel SandyBridge 4-core

cache and two D-caches



~chipworks

Apple A6 (2-core CPU + GPU)

Pual ARM Cores

§ EEA g b G pRfRAA s
& piAniibey. b

Heterogeneous processor

AMD Llano Fusion (4-core CPU + GPU)



Memory hierarchy

* We want big and fast
— Build a hierarchy where we keep the most important data in fast memory
— Other data goes in slow memory
— If we move the data correctly we provide the illusion of fast and big

* Registers 3 accesses/cycle 32--64
e Cache 1--10 cycles 8kB--256kB

» Cache 40 cycles 4--20MB

« DRAM 200 cycles 4--16GB

* Flash 1000+ cycles 64--512GB
» Hard Disk 1M+ cycles 2 --4TB



Summary: how to make the
memory hierarchy work

3 different cache types
— Fully-associative: Have to search all blocks, but very flexible
— Direct-mapped: Only one place for each block, no flexibility
— Set-associative: Only have to search one set for each block, flexible

» We can adjust the block (line) size to reduce the overhead of tags

* We figure out where data goes in a cache by looking at the address
— Last 2 bits are the byte in the word
— Next N bits are the word in the cache block
— Remaining bits are for the tag

* We have different write policies

— Write-through: slow, simple

— Write-back: fast (keeps the data just in the cache), more complex
» Performance effects are due to the average memory access time
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