CO 05 Memory Hierarchy

1T Memory Intro

SRAM
volatile

DRAM
volative

Flash
nonvolatile

Magnetic Disk
noevolatile
cylinder, plate, track, sector, head

plate 2XHERY

® wRits >

Disk Access Example

O Given

= 512B sector, 15,000rpm, 4ms average seek time,

100MB/s transfer rate, 0.2ms controller overhead,
1dle disk

O Average read time

m 4ms seek time
+ 7/ (15,000/60) = 2ms rotational latency
+ 512/ 100MB/s = 0.005ms transfer time
+ 0.2ms controller delay
= 6.2ms

O1If actual average seek time is 1ms
= Average read time = 3.2ms

R EEHRIRET rotation time

2 Memory Hierarchy Intro

Temporal locality Bt a/E Rt
TR SRS TR R B ERIEA)
e.q. EIRHFHHES. TTEEETE

Spatial locality ZSjE)/5EBi4:
IR A IEEINNEIES D LA
e.g. ¥R, sequential inst access

¢ Taking Advantage of Locality

FF M ZEE] DRAM
FF M DRAM EXE| SRAM
Large and fast



2.1 Terms

Block(line): EABREFZ EREHISR/NETT, —&R word AY 2V, EAFESAREL
Hit: access the upper level and succeeds

Miss: access the upper level and fails

Hit Time: i5[R)ApHRYZERT, BIETHIKTES hit AT

Miss Penalty: miss f5, M lower level #i=#UEZE] upper level, LUK ZI CPU RIRTIAE]

The method

- Hierarchies bases on memories of different

speeds and size

The more closely CPU the level is, the faster the one is.
The more closely CPU the level is, the smaller the one is.
The more closely CPU the level is, the more expensive

Smaller et

Registers Increasing distance form

Levels in the memory L1-Cache the CPU 1n access time
hierarchy (On-Chip)

Biager /" MainMemory ORAM) N\
/ Disk ,Tape, ect. \ '

. >

N bk so ) B Size of the memory at each level 2 O RIS ER

2 L1 Cache 1 L2 Cache #}2 SRAM, (EREREKX5!

L1 Cache EEHMEFH/D hit time, B2/, SHUER
L2 Chche FEBAIZIENN hit rate (EEIERNFSE CPU stall), ZEK K, SUFIE

3 The basics of Cache
3.1 Direct Mapped Cache

32 Block \ N

00001 00101 01001 01101 10001 10101 11001 11101

Memory

1£ cache ittt 2 (block address) mod (#blocks in cache), LG it EE0RIRET L7
mem addr = block addr x block size + block offset
tag: block addr B&32 cache index B934
#tag bits = 32—
valid bits: #xiC cache block BB, &ERRYBIITHIR
pros and cons



pro: SR
con: AJREIERERS, e.g. XHEE—T cache index IR NEIEANELLHEN, F—KE= miss

3.1.1 BKitHE

Hit \20 10 Data
y N Tag o
Index

31 30...13712 11 --210

Byte
offset

Index Valid Tag Data
(0]
1
2

1021
1022
1023

i
20 +32

Tag bits: 32 - (n+ m + 2)
2"n: cache size
m: index to reference words in block

Cache size:
2" n x (block size + tag size + valid bit)

address Tag bits m Byte Offset

cache entry BVE|I) Tag bits Data

address: | tag
cache entry: |

‘= Example >

bits | cache block index | cache block word offset | word byte offset (2 bits) |
valid bit | tag bits | block data |

Example

0 How many total bits are required for a direct-mapped cache
16KB of data and 4-word blocks, assuming a 32-bit address?

Answer

16KB=4KWord=212 words

One block=4 words = 22 words

Number of blocks (index bit) = 212 + 22 = 210 blocks

Data bits of block =4x32=128 bits

Tag bits = address — index-block size =32-10-2-2 =18 bits
Valid bit = 1 bit

Total Cache size = 270 x (128+18+1)= 210x147= 147 Kbits
= 18.4KB

It is about 1.15 times as many as needed just for the data



Example
Consider a cache with 64 blocks and a block size of 16 bytes.
What block number does byte address 1200 map to?

(Block address) modulo (Number of cache blocks)

Answer .
Where the address of the blockis 20 7 0T

Byte address 1200 _ 75
Bytes per block B 16

-4

Notice!!! 75 modulo 64 =11 Then: get INDEX
Byte address | Byte per block Byte address |, block+( Byte per block-1)
Bytes per block| Y'¢ P “ | Bytes per blockJ Byte per bloc ytep

Here: 1200 <«— 1215

3.2 Miss Rate vs Block Size

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

\ . . 16K

10%

Miss 5%
rate

‘R_‘_
0% . —h — — 256K
16 32 64 128 256
Block size

BEABE#A, miss rate #(%

& size K/, TEFIRZTEEERE, e.g. — N EHIBH, B ESERFIZEE cache
4 size KK, ToixFmnauaE

A Attention

RITHIEIRARZREE miss rate, MREXIESH penalty
AR block 3K, TATAES miss rate EWBYE, (BEIEEUREHIFFEER

3.3 Hit and Misses
3.3.1 Read miss

miss BY penalty Ll
inst cache miss
data cache miss
ZbI8 miss
{REE[RIRRY PC
main memory read (in multiple cycles)
write to cache, update tag/valid



MEERRY PC BHFHAT, XXR—ES hit

3.3.2 Write

write hits: different strategies
write-back: RE#T cache, RAEFRKIFE
pros: IREE R
cons: inconsistent, #FHIEA—E
write-through: E25iE, RS EMEREFHE
cons: &
write miss: I, BiF(T write hit ##(F

@ P AL—EBEIZEE block EEHIZI cache BEAN?
E 95 main memory BIB(E—ERLL block AEIAY, cpu REETE cache 1T word RFIIE(E, FRrLA—CEE{RIEEEA block £5E

cache &1, &M main memory AgES B =

4 Set associative

| Reducing cache misses by more flexible placement of blocks

2 Intro: Fully associative

direct mapped: FIEESHRE, FIARLE
fully associative: block can go anywhere in cache
cons: EIFFEIE

block can go anywhere within its set

n-way set associative I5AUE2—" set A block £/ n
direct mapped = 1-way set associative
fully associative = n-way set

Direct Mapped Fully-associative 2-way Set-associative
block 12 can go only into block 12 can go anywhere  block 12 can go anywhere in set 0
Block  block 4 (12 mod 8) (12 mod 4)
Numbero1234567 01 2 3 456 1 0012 3 45 67
Cache
Set Set Set Set
0 1 2 3
BIOCk 11111111 11 2 2 2 2 22 2 2 22 33
2 3 45 6 78 9 0 1

Numbero + 2 3 45 6 78 90 1 2 34 5 67 8 9 0 1

Memory

4.1 Block Identification

| Tag | Index | Offset |
offset: block EBAY byte offset

index: select sets

tag: FIRAVMIIE L

tag + index = block address



¢ fully-associative

31 2.1 0
TAG |BY‘GI
Offset
]
Block Tag — Data /alid Bi

0

1

2

3 |

> é P HIT/MISS
O '
A 7 D. P HIT/MISS

——> HIT/MISS
—> HIT/MISS

2 Note

associative identification RTLAFIEREEHITIEH, (BEREIMEAKREARIT

4.2 Block Replacement

random

LRU(Least-recently used)

(EFEEIEIN cache block unit BERIER
FIFO(First in, first out)

4.2.1 LRU

£/ 1-bit, & T NEAREEE, seRrE=D T MFHRIRERATE
FLE, REARUZXNEEIE, 81 internal node 2fRF—> bit, RREFTHEEER, HASEEEHRIIRMNGE
e.g. leaf[0:3], &R 12304 RUINFILIE), A8 4 BIRHRSER R 2

5 Write Strategy

also written to main memory?

write-through cache
BEEBAE| main memory
A LAEEZEF block
write-back cache
FEFYMY dirty bit, 5T block 581K, NRE, BEERIHESH
$ lower bandwidth: cache block AIgE&ZRiAIE]. &M since data often overwritten multiple times

5.1 Write Stall

write stall: 14T write through Bt CPU 4508
Write buffers: 5\ main memory fUEUREFX
write-through FHEBEISIR)N
! buffer B/ \TEEH S

5.2 Write Misses

Write allocate: 5ci8 block J0E:Z! cache



IR ARAFEIEN block FEIEDAE, (EBREFREELL block NERALEE, FFLAFE write allocate
Write around: B35 A\ main memory
e.g. TETE init WIHMREE, BAMEMER, FPARABRMRIBRIFFHEE R, R/AERMNEEI cache —X

/ Note

d Taking advantage of spatial locality to lower miss rates
with many word in the block:

R I

g e e —m— ey

31...16 15--43210

. 16 12 2 Byte
~N ~ ~N
':“t Tag B ~ [~ offset
Index Block offset
16 bits 128 bits
Vo Tag a Data
A
—| ¢ ) p ] ] p 4K
entries
N \1 6 d \32 \ \32 d \32 d \32
(=
Ny
Mux
(Max )
;’j \\32

Date

m+2 SCER AT LAGFH, BEfEi#{T block RAY byte Sk

6 Memory System
6.1 Memory Addressing

A1AV111VU1 ‘y

CPU CPU CPU
%

Cache T T TI TI T Cache
| Cache |

___/\_ ,/\\
e Bus Bus
- S~ —

Interleaved memory FURERERYF, CO Ch5 1, p.60

6.2 Multi-level caches

12F+ high-level RYSHHRRES
F#{F SRAM BY miss rate

Memory || Memory || Memory || Memory
Memory bank 0 || bank 1 || bank 2 || bank 3
Memory b. Wide memory organization c. Interleaved memory organization

It can get a lot more complicated...



‘= Example >

O Example:
m CPI of 1.0 on a 5GHZz machine with a 2% miss rate, 100ns DRAM access
®= Adding 2nd level cache with 5ns access time decreases miss rate to 0.5%

O Miss penalty to main memory is: _100ns

=500 clock cycles
0.2

O The CPI with one level of caching
Total CPI = 1.0 + Memory-stall cycles per instruction
=1.0+2% X 500=11.0

Miss penalty with levels of cache5 without access main memory
ns

——— =25 clock cycles
0.2

O The CPI with Two level of cache with 0.5% miss rate for main memory

Total CPI =1.0 + Primary stalls per instruction + Secondary stalls per
instruction

=1+2% X25+0.5% X 500
=1.0+0.5+2.5 =4.0

O The processor with secondary cache is faster by

11.0
4.0

= 2.8

7 Measuring and imporving cache performance

Miss Penalties (Include Write-back Cache)

Read Miss Write Miss
Need to fetch data
from memory to cache l

Need to

Write-back Cache WL Yes Wwrite to cache

& Dirty? Save dirty
block first

Write Allocate?

Write
Around

No

Save dirty

Write-back Cache Yes block first

& Dirty?

A 4

\ 4 \ 4 A 4
Write Memory (Dirty) + : Write Memory (Dirty) +
Fetch Memory (Block) Fetch Memory (Block) Write Memory (Block) Fetch Memory (Block) Fetch Memory (Block)

» If the write buffer stalls are small, we can safely ignore them. (No penalty on Write Memory)
» If the cache block size is one word, the write miss penalty is 0. (Except the block is dirty)

Average Memory Access Time(AMAT) = hit time + miss time = hit time + miss rate x miss penalty

CPU Time = CPU exe. clock cycles + Mem-stall clock cycles

7.1 Mem-stall cycles



Mem-stall cycles = #mem inst. X miss ratio x miss penalty = Read-stall cycles + Write-stall cycles

Read-stall cycles = #Read inst. X Read miss rate x Read miss penalty
Write-stall cycles = (#Write inst. x Write miss rate x Write miss penalty) + Write buffer stalls
! Read miss penalty = Write miss penalty, #&BZ 7 M low level fetch BUIZFE

If write buffer stalls are small, we can safely ignore them
If the cache block size is one word, the write miss penalty is 0
EAREFEBM low-level 5F| high-level

7.2 Combine reads and writes

2% write buffer stalls, BJLASZ|

Mem-stall clock cycles = #Mem access x Miss rate x Miss penalty

7.3 11825

0 Assume:
instruction cache miss rate 2%
data cache miss rate 4%
CPI without any memory stalls 2
miss penalty 100 cycles

The frequency of all loads and stores in gcc is 36%, as we
see in Figure 3.26, on page 288.

O Question: How faster a processor would run with a perfect cache?

O Answer:
Instruction miss cycles =1X2%X100 =2.00I
Data miss cycles =1X36%X4% X100 =1.44]
Total memory-stall cycles= 2.001+ 1.44l =3.44 |

CPI with stall = CPI with perfect cache + total memory-stalls
=(2+ 3.44 )l = 5.44l

WNER clock rate ZR—(Z, miss penalty tBSEIE

3130---12111098---3210
22 \\8
Index V Tag Data VvV Tag Data VvV Tag Data VvV Tag Data
(0]
1
2
— | p p ® [ 4 ® ® ® p ® p p
253
254
255
\\22 \\32
(= (= (= (=

ki) g—to—1 mu.tip.ex@

Hit Data




8 Virtual Memory

ZHIENTHE
WELE, SMERREIMITREE R RIMET, &N
FHEMREIRRRE, T AIBART

Pages: virtual memory blocks

#virtual pages > #physical pages, not really now
page faults: ZHEARERTFF, FTEM disk EE
HTF miss penalty 18K, FrLA page EgiHAILLEK (e.g. 4KB)
{853 LRU 3&BE(E miss rate
page fault LEERAHSRANE, E79 stall BIFFEASHRK
write-through FHEAK, write buffer ;R G4k, RFE write back
| virtual(physical) page number | page offset |

Physical memory

Page tables
virtual page
number
| | Page table
Physical page or

Valid disk address
: —
1
1 \
1
o~ —

> 1 ./\x/
1 *—~
0]
1 o« |
1 o« /
0 L
1 "4

{5 virutal page address &%, 15! physical address
REEARTFREHRIONE

T

\

Disk storage

3
K |
"l |
j |
e it IR

—* page table register {R17 7 XIRFZFHY page table pyEitE, ARAVEFEZER page table, BILASCHIRE

valid bit R EIREEERZ
itE
Assume:
m Virtual address 1s 32 bits
= page size 1s 4KB
= Entry size 1s 4 Bytes

Number of page table entries=

Size of page table =22 page table entries X2

T =2

bytes

page table entry =4MB



Page faults

» When the OS creates a process, it usually creates the space on idsk for all the pages of a process.
¢ page fault R4ERS, OS 21RHE page table $#XFIXIRZRY disk LAY page, FHRIZZEIEF
+ OS B2l LRU

TLB(Translation-lookaside Buffer)

| a cache on the page table

O The TLB (Translation-lookaside Buffer) acts as Cache on the page table
O A cache for address translations: translation look aside buffer

TLE
Virtual page FPhysical page
number Valid Dirty Ref Tag address
| |
1[0[1 .
1{11 .. Physical memory
1(1]1 L - L
~ 1[0 1 = ,
(o0
1[0]1 .
m TLB size: 16-512 entries
m Block size: 1-2 page table entries (typically 4-8 bytes each) Pme table
m Hit time: 0.5-1 clock cycle Ph"jSiFEﬂll page
m Miss penalty: 10-100 clock cycles Valid Diﬁ‘h" Rel or disk address
B Miss rate: 0.01%—1%
Disk storage

REIN ta 2o L OB

» {FH tag LI associative
« reference bit TEHIEE, SCHIEERY LRU

Virtual address ifli) data 5t

Virtual address

831 30 29 - :iveervcrririnenaeennnn14 13 12 11 10 9-------3 2 1 O
| Virtual page number Page offset I
420 +12

Valid Dirty Tag Physical page number

@—
TLe @
TLB hit
-—
[©
=—
420
Physical page number l Page offset
Physlcal address
_ = Block Byte
Physical address tag I Cache index offset 7 offset
+1e Js Js ,l;z
48
J12 Data
Valid Tag
Cache
—[e] e 1]
C=
Cache hit "G
— [ ——
432
3
» 4 Y
A Data A

1. Translation I3%2: virtual mem addr -> physical mem addr
o 7£ TLB &h&#k virtual page number



« & hit, 1583 physical page number
o & miss, EEEH Page Table
o & hit, 1B8F physical page number, &#fr TLB
» #& miss(invalid), page fault #2{E, retry B¢ hit, 8%l physical page number, &#fr TLB
2. Physical Memory Access: physical mem addr -> data
o BRESRTE cache th
 hit, IREIEEE
o miss, BEXERREFNER, HELEN

Page
E Possible? If so, under what circumstance?

miss | Possible, although the page table is never really checked if TLB hits.

miss | hit hit TLB misses, but entry found in page table; after retry, data is found in cache.

miss hit miss | TLB misses, but entry found in page table; after retry, data misses in cache.

miss | miss miss | TLB misses and is followed by a page fault; after retry, data must miss in cache.
hit | miss miss | Impossible: cannot have a translation in TLB if page is not present in memory.
hit | miss hit Impossible: cannot have a translation in TLB if page is not present in memory.

/ Note

miss | miss hit Impossible: data cannot be allowed in cache if the page is not in memory.

o WNRHFIEARTE main memory BB, ABJEE TLB hit #1 cache hit
« BAHE TLB miss B2 cache hit



