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FEEREED

- FREGSITETRIBRS
2l a g e S L Ty ;
- g, B, RERNE @9
- BPXEESRR B8, it
EE" EXREHEEFER
- IEEWIR, BMNMSHES
- BEBKX, SNSHE

- BEBK, REHE
— HRIEF—AREDRAMFIRY
« Microprocessor5Memory

Z BRI TEREE Ttk Rk X

A ——
_ CPUMHBEAMIOO% year ﬂ
rganiz computer, showing the classic components. The
- D RAM II‘EﬁETIEEI_éJ_xQ/\J 9 %/yea r Processor gets lnstru-.:nth:-m and dﬂ:t'::un:m mory. [np!rm writes data to rre:ar:.r. and uugui mads dat:.r'mm
= —

memory, Control sends the signals that determine the operations of the datapath, memary, input, and output.

Camgilar

Evaluating
periormance
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Trends in DRAM

Year Bus Latency
Produced Cycle | New Request
1980 64 Kbit Asynchronous DRAM 250 ns
1983 256 Kbit Asynchronous DRAM 190 ns
1986 1 Mbit Asynchronous DRAM 140 ns
1989 4 Mbit Asynchronous DRAM 110 ns
1992 16 Mbit Asynchronous DRAM 90 ns
1996 64 Mbit SDRAM 10 ns 70 ns
1998 128 Mbit SDRAM 7.5 ns 60 ns
2000 256 Mbit DDR SDRAM 6 ns 99 ns
2002 512 Mbit DDR SDRAM o ns 95 ns
2004 1 Gbit DDR2 SDRAM 3 ns 90 ns
2006 2 Gbit DDR2 SDRAM 2ns 45 ns
2010 4 Gbit DDR3 SDRAM 1.5 ns 37 ns
120421 8 Gbit DDR3r2RAM 1ns 31 ns




LS SDRAM BIEREES

100,000

10,000

Processor-Memory
Performance Gap
Growing

1,000
Processor

100

Performance

10

1

1980 1985 1990 1995 2000 2005 2010

Year

Microprocessor-DRAM [$£EEZS: time of a full cache miss in instructions executed
1st Alpha: 340 ns/5.0 ns = 68 clks x 2 or 136 instructions
2nd Alpha :266 ns/3.3 ns = 80 clks x 4 or 320 instructions
3rd Alpha :180 ns/1.7 ns =108 clks x 6 or 648 instructions
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Workload or
Benchmark
programs RAM

Processor

reference stream =2
<op,addr>, <op,addr>,<op,addr>,<op

op: i-fetch, read, write

External Hard Disk uUsB Flash Drive Internal Hard Diak

Memory

$ Bir: sHRENAEGEFRNEEE
= R B AEFRERFRIER
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SRR AR SRERGH
- SHPEEHI
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M2
CPU M1 ...........

-M1IREHR, TE&/])\, BNERE

- MNREFE, 8=mA, BUNMERK

- FHEEFZBEMIANEE, a=HMtSEEMn
- H17
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TR RSNSRIFERX

L1 L2 L3
CPU C C C
, A A A -
Reqister C c C MEMORY /O device
H H H
E E E
Server
1000B 64KB 256K 2-4MB 4-16GB 4-16TB
L1 L2
CPU C 2
Register —é C MEMORY /O device
H H
E E

P

MD
500ps 10-20ns [ 50-100ns | 25-50ps

500B 64KB 256K 256-512MB  4-8GB
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n loop iterations

Address "
A 7~ e, S
E o o o L o (o] L o
o] o o o] O
Instruction e, o 5
o}
fetches o s
subroutine Sibroiting
call
Stack
accesses . 2 &
O o o}
o
Data
accesses
Time
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FEEXTIFRIE: Locality!

RNRBERREPIERIE: LSRR

- — I XARRTIEARZNEFESE. (2K, ME(E)
- — P RASEFEEAKRERLREE. (EEIR)

. Temporal Locality (B3EESRTE):

— =>{REFRA LRI R IR IS

Spatial Locality (Z=[EIBERE):

- L‘)\)Elzﬂliiﬂthi%?iEl"J%:F/l\?—Wﬁﬁﬁ"ﬁk%%ﬁz, MEEEHIZI_E

Lower Level

To Processor | Upper Level Memory
Memory

Blk X

From Processor R - BlkY
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FERRENEE RENE

Block

— Block : ANEIEIREYBlock K/NE]GEANE]

— AePFdAsP=R

ol WG IESHES

RIRFI—3 I

- BEFESREREEFESEN—ER

- BEFMESERENERY IR RENEEFEEF
- FUBE—EMiERR

Sit: FEMWAR, B mrhEaainEs

=3k RAREXLERXIMAILARE

— LASRAEBRNOHITEIER A

— Ak CacheREYA /N GEAE

— WA () KJNEFEAKTFCachetR AR/

— {F EHBLERR ST E) R

— YpIERBNEAET Block Frame Address + Block Offset

Tl

4/10/2021 xhzhou@USTC 14



&(1/2)

- [RISKRBAZHFE: M1FIM2

- MIFAOM2IEE. &, BaEdEs 3l

- S1, C1, TA1 S2. C2. TA2
Lower Level
To Processor | Upper Level Memory
Memory
Blk X
From Processor R . BRIk Y
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O RIS (2/2)
- FiEERRIFIIBLUHEC

— C=(C1*S1+C2*52)/(S1+S2)

- @R (Hit): ITERNREFHERANRSEXL
- B ORI, HPNUREMITREIRTREIE, N2RE
M2rREE SR T
- HitRate () : FFRESSHITERBE®FAILLH) H= N1/(N1+N2)

— HitTime (apFRENE)) GREREERRTE, TA1
o KH(Miss) BRARAEFERFRREEXL
— Miss Rate (&¥=FE) =1-(HitRate)=1 - H = N2/(N1+N2)
— HEMIRZEGHR: —MRMM2RRIG BRI EUR AT EIM 1
th, FAECPUABEEMLAifIE],
— REE— RIS E 9T, B A G PRTAYIEIRIAY ()9 . TA2+TB+TAL =
TAL+TM
- TMBERAKEFTE
« E1NhERIE:
— F57ERTE] TA = HTAL+(1-H)(TAL+TM) = TA1+(1-H)TM
Rl: SFIARTERIE = aprRATE+REE < KA
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RHEFEERAIZER

« Registers <-> Memory

— BmIETAEE
- cache <-> memory

— BB REE
« memory <-> disks

— REHFIRMFRS (FEIUEE)
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“Cache” FAATE

- (RZRZIH, CacheAARTE

- H{FEE: Cache on variables
« —, —#KCache: Cache on memory
« Memory: Cache on hard disks
- FERIER TR HIEUE
— Hard disksBJLAMAEFRIT B (VM)

» P BIREEFENRDZINNERF
—- ZFOBirkIUER
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FERFRREH

Processor Fast, Expensive, i HSE;IEEH?I.‘?’E
but Small TINY CAPACITY

FASTER

EXPENSIVE

SMALL CAPACITY

EDO, SD-RAM, DDR-SORAM, RD-RAM PHYSICAL MEMORY FAST
PRICED REASONABLY
and More... : AVERAGE CAPACITY
; SOLID STATE MEMORY
Fi ' SOLIDSTATEMEMORY '\ AVERAGE SPEED
S el 1 PRICED REASONABLY
4 ATILE FLASHBA : \\ AVERAGE CAPACITY
y | b,
Mechanical Hard Drives VIRTUAL MEMORY - cﬂ-E‘:l";'g
/ : i - LARGE CAPACTITY
’_.,r' FILE-BASED MEMORY ,
Cheap,
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Cache Memory ?

- iR (SRAM) HIFFREEIA

— FEIEERIRIRIER D IE<SFIEEE
- BFREIDLREFRE
— BRI RVET

eSSl e SR

N

NSRS

- BRI
S ks

- FEHIR:

— IEI_.Iljj'f.er_J+

— AR T A
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CacheEAENR

Sample Memory Hierarchy

CPU
[.0ICache 1.0 DCache ] ]
s L&
et | |
L1 Cache :Cnche:
i backside
_I I I_ option
1.2 L.2 1.2
a2 @ @2
@ Cache Cache Cache

I'O Adapter] Main Memory

4/10/2021 xhzhou@USTC 22




Q1: BRgAINY

- HBP—-MRMNEFFANCacheld, tMAIGERIER
- =AU
— 2tEBAI0: BIFTBAARIRET AR E cache RAU A&
- BEMRSAHT: FFPE— R TcachePRIE—(IE
—i%, it Scachedrbiitslil X R A

j =imod (M), MJAcachedBILRZL

~ PHERIRG: PSR EE CacherRIlE—HI—MAF
AMEE—IMUE, BHETRMAN, E—HEMRAMN, BAIFRN
IRZHIBEL
- ‘Ha|EEMs
- AL EEX
« FHcacheBGA, NFEFHAIZEI RAVESK
- K=imod (G),
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Q1: Where can a block be placed in

the upper level?

« Block 12 placed in 8 block cache:

— Fully associative, direct mapped, 2-way set associative
— S.A. Mapping = Block Number Modulo Number Sets

Fully associative: Direct mapped: Set associative:
block 12 can go block 12 can go block 12 can go
anywhere only into block 4 anywhere in set 0
(12 mod 8) (12 mod 4)

Block 51234567 Block 51234567 Block 51234567
no. no. no.

Set Set Set Set

Block-frame address 0 1 2 3

Block 1111111111222222222233

N0 0123456789012345678901234567890 1
4/10/2021 xhzhou@USTC 24



Q1RNTIE

- N-WayZH{8E%: WIRBAEHBANMRIEGRE, cachefyiREAM,
MjcachefY2HZ4GHM/N

+ ARMEERE TROEEEFIZHES

IREN ¢HEY
2H8% M 1
=7 ic):5S 1 M
HithBiBEX 1 <N <M 1<G<M
— 1BEREE, cacheTTEIRIFRMEES, PSR/, KK

ZREE
— NEWK, KHEMMIE, {BECachefILIFHEZ, KMEX
- AKSETENEPREERIRSR, Wi lURRAHEER.
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Q2(1/2): ¥ 5%

. ;;%@g%%hf_bIOCkﬂﬁﬁtagﬁ (tmickg) |,

— Address Tags RCETA RIS —IRAR, XA
Bt /=209 : Address Tags ## Block index##
block Offset

—  S1EECIRSREY, i&BBlock Index
— 25X Address tagithfs, BEFCFTRATRLER/)
— Status Tags: FRICIZIRAVIAZ:, 40Valid, DirtyZF

| [T

Block Address Block
Tag Index offset

Set Select |

4/10/2021 xhzhou@USTC Data Select
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Q2 (2/2)EHKITiE

- [FN: FRABRIgEAItRCFHFITEE, cachefl§
EEEXEE, iIHITER

- HHTEXHIGIE

— FHEK gL, IR BIEER

— B RSZFFEesfItL B sssc Il

. JL?**EH*F' Nk K, SCINEIRAIHNHITAEE
%, (KINEES

- TiCBEEMSARAIEEA, Sk, RE
EbER tag, indexTRSNNELER
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!

Tag arrav Dara arrav

AN wayo |- [ way N N wayo |- [ way N
2 s

-} -}

s |l ____ N sl ___ L.L____|
= M Tagsi L = H Set

S~ T"11 71" s 1T 1171
= =

= =T

index

offset

Address

HitM\iss Data

FIGURE 2.1: Highdevel logical cache organization.
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Dizambiguation

l_______
Aligner
!
[ Fala

Address
decoder

offset
|

b
index
[ ]
Address
decoder

FIGURE 2.2: Parallel tag and data array access pipeline,
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/ Mddress decoder \
-
=
Ra :
{ﬁ_ :
/ Address decoder \

| .. | index |offset| T y'  Alizner
Address

o>
HitMdss Diam

FIGURE 2.3: Highdevel logical cache organization with seral tag and data array access.
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Tag FNEHERFS ER1TIHIARYFRZK ZART

| Address caleulation, Disambizuation | Taz access ; Data access | Besult dnsve
I | ! |
. | e I P
; 5 JBE| L om | B
| | = T R T
| ' |
| T~

Address
decoder
FL I s

FIGURE 2.4: Serial tag and data array access pipelinge,
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BEEIECacheE TS

byte offset

Data-in

I
—»/ Aligner /

+———— word select

write

l

—

8|0
t!
S P
r @
a | |5% 3
i e
% P @
< < -
Q o
S | |&F-
o
X

V| Tag 0 Data Block 0
V| Tag 1 Data Block 1
' 1

Tag | 2¢-1 Block | 24-1

|

enable

/ Aligner )L— byte offset

!

Data-out

Enable write access {o
data block if cache hit

Hit

4/10/2021

Aligner shifts data within

word according to byte offset
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Data-in

byte offset

'-\...-G-

ﬁ word select
D v L i
V| Tag 0 Data Block 0
o t 1
D (it @—'_'\ enable
LA |
V| Tag 1 Data Block 1
A &
I8 == enable
=~ )
V| Tag m-1 Data Block (m—-1)
é__—-\ lenable
|/ |
(Tj pSionast
m-way associative
Hit Data-out
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Example: 1 KB Direct Mapped Cache with 32 B

Blocks

. WFBREH 2N EPHHcache:
— Bx=(32-N){i7EZR45 /3 Cache Tag
— BRIEMAIAZFETIERE(IL (Block Size = 2 M)
“ Block address
31 9 4 0

Cache Tag  Example: 0x50 Cache Index Byte Select
Ex: 0x01 Ex: 0x00

v

Stored as part
of the cache “state”

Valid Bit Cache Tag Cache Data
Byte 31] °° |Byte1l |Bytd0 |0
0x50 ¥ Byte 63| °° | Byte 33| Byte 32| 1+—
2
3

Byte 1023 e Byte 992 | 31
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Example: Set Associative Cache

- N-way set associative: 88—  cacheZE5|¥IBN4 cache entries
— IXN/NcacheIIFH TIR(E
- Example: Two-way set associative cache
— Cache index i%&#Ecache I H—H
— IX—BPRIFIRYI N A Tags SHEINRIHELEEIRT ELAR
— TR RIS EE

Cache Index
Valid Cache Tag Cache Data Cache Data Cache Tag Valid
Cache Block 1 Cache Block 0

. 1 Cache Block
Hit
4/10/2021 xhzhou@USTC 35



Q3: BMEZX

- FEEFRRE—ARtbcacheYRE, AJEEHINIZIREAXI NIEY—LHEE—
MCachelRB£aMEHBNER, XPNEaFIBHEARE—IR, LA
EMFHRAARR, SHiEM—IR, XEHHEEEMRAEM:
- BEEMxR, HAREG—R, 3Tk
— BEBRFIEEERE SRt
- BRnGE
— BEWLIE (Random), BELIEZRE—HRER
- L= @R, ZFLI
o R IRBFEECachelRBFEADYE, RIEFHNBEILRE, KRR
— FIFO - 1GEREENRILR
- {fieg: (AR

- BAFETE—HPSHRIENCache I, BARRMIEFFEREATE, F&x
SEHANRIR, RAJREREHERRIR

— BFE/MERIE (LRU) (Least Recently Used)
- i BRIFHFIRTEFNEISRME, LBRRE
- FRe: IS, TBESCIEME
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LRUFIRandomBiLLER (53)

Associativity
Two-way Four-way Eight-way
Size LRU Ramndom FIFO LRU Random FIFO LRU  Ramdom  FIFO
16 KB 114.1 1173 1155 111.7 115.1 1133 1.0 111.8 1104
&4 KB 1034 104 3 103.9 102.4 1023 104l 997 00s 1003
256 KB 0.2 92.1 92.5 92.1 92.1 92.5 92.1 92.1 92.5

Data Cache misses per 1000 instructions comparing LRU, Random, FIFO replacement for several sizes and
associativities.

These data were collected for a block size of 64 bytes for the Alpha architecture using 10 SPEC2000

benchmarks. Five are from SPECint2000(gap, gcc, gzip, mcf and perl) and five are from SPECfp2000(applu,
art, equake, lucas and swim)

- WBER (FKEEE)
- HHERRES, KERERE.
— CacheBEIRAK, KHERIE,
— LRU ECacheBZERU/NY, KRHERK(K
— fEECacheBERINNA, RandomPYsBERIEIEK
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- IERNIEFHESREERES26%, SIFES9%
- SHTGHERERRSIELLE 9/(100+26+9) X£IF97%

— GiaREFECachefIELHI: 9/(26+9) X£9/925%
« KEEZESEHFIRN - iibCacheRTEIRIE
+ AmdahlE®RE: A2 "5" phEE
5" B
— =R, A fE, XXCacheE (EB{THR(F)
— Cache5XFAETH—EU4 AT
- ERIEFESEMAR: (IR EHTEFRRE
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EHi1XiZ (Write through)

- iR ZTE, SSRGS ARERERN—EUE
- B RERE

=]

- LR EBER, BHERRE

— R —BUEERR
HARESKABIRIFFIERES

— &5 HELA(Write allocate): B5RAY, FoiCRTEERITATERIEAN
Cache, AEEHHITEN, FRERIEL (Fetch on Write)J374

AEEDHEGZE (no-write allocate): 5RZIAY, ERSEN N —RFE
a% ﬁ'ﬁZ‘ RN RYH N Cache, WBFRGREE (Write around)
— BN LA ER# A EE T LN BFEBEIRAE NS EE, —RRIET T

« Write Back FHWrite allocate
 Write through FBno-write allocate
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Write-back, Write Allocate

Processor issues: address + wdata

Write Allocate

Compare address tag against
all tags stored in the indexed set

Yes No
<t HIZ—> 1A 1

) Write-Back

e D- ~ ~ 7 A
it caF:he Send block address to Select block
Set M-bit
lower-level memory to replace.
& lookup victim buffer. If modified,
Transfer block move into
into D-cache. victim buffer
" ,

Write D-cache
Set M-bit
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Write-Through, No Write Allocate

Write-Through
No Write Allocate

Processor issues
address + wdata

1

Compare address tag against all Queue address + wdata
tags stored in the indexed set into write buffer
Yes No Stall processor if
“W write buffer is full
Write Do Nothing
D-cache
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Alpha AX 21064 Cache%5fd (iR Cache)

- BEEAREHE
— BE 8KB, Block 32Bytes, 256/ Blocks, B NF /8 1NFT
- BEERZx

— BEBEIAE, BEUAT, no-write allocate /57%
B4 /M. 41 blocks

21 064%&@1&3414

— 21{\tag##8{\index ##5\RANRFE

Cacheds RIS R

— EamH

- BEmH

Cachedci¥

— Cache[@CPUEHE=S

— LYEIX, 21064 Cache S N4 iFliEss 2 BIBUEBIR 16T, BXEEP
32FPEE10 cycles
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Biock
Block addrecs offaet Q g
-L?‘ 5 ‘:H:‘ ‘:5:- - = = - Hm:l
R Data Data
|| T |'|'HHI - i} -ﬂ-l.ll
Valia Tag Data —t
<l>» «21» 256> [ ' ’

Li

i Wrile
| Dufler

| Lowear |eyel mw i




Alpha 21264 Data Cache

» BRBRIAISIIE

— Cache size: 64Kbytes
— Block size: 64-bytes
— Two-way ZBFHEX
— Write back, 55340Y, write allocate
» 21264 48-bits EHiEE, FE3CiRET/H44-
bitsRIPIEMELE, 13523543 -bitsiEilEiE,
EESEMRET /941 -bitsay$IEith it

— 29{i[tags##9{iindex##61i Block offset
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Block

Block address offset

CPU
address

=
=g

OData Data
in out

=k =8 =6
| Tag |Ir|d9x| I
Walid Tag Ciata
=1 =25 : i
(512 @ L
blocks) e 11
.
¥ 3
(512 @ -
blocks)

ok =

Wictim
buffar
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organization of the data cache in the Alpha 21264 microprocessor.



INE . CacheEAHES:
- FeRHDESH

— I ABIXFEE?
— AR LUXEE?

- FERFRIERE hh E=E, & mmm
M EFEY(e)=1p :'H]LIE_L|+5E>&? x G FTE
Cache 4Q
— BRETRR
-BXAA
— E?E]:ﬁ/\mﬂ

/—
— 55Kl
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