T EH4HRL PART2

CHAPTER 5: MEMORY HIERARCHY

Memory Hierarchy Introduction
Principle of Locality B&RIERIE

—RRIERT, BERAFEtI=EPENBNN—ED, FEBENATEERERM: TRBIRI )BT T A%
EES BRI

 Temporal Locality: BfEFERE, ENERATARIMNIMERE A RERAEEN BABXRKILE. FINEFFIFES . induction
variobles (BFHAREITHNES) F

* Spatial Locality: =[E)FEFE, BNERTAEIE MITZRIE thE A RER G B ERBIAE.. FIALELNIESHAT, =
EHATES

Memory Hierarchy

RIE RN BEMRIE, FNURITTBRCERRS, EHRhRNATFERETREMTINRSREE/IVERE BIRIVEMSF
HIZIACPU, REMIR, BAHES, B2/
Registers

\Y4
L1 — Cache

(On Chip)

N 1)
L2 — Cache (SRAM)

\Y
Main Memory (DRAM)

Y4
Disk, Tape, etc.

—LEH=

1. Block: Unit of copying, CacheflEFEEMmEEMET, —ARN2"words

2. Words: Cachef4M 223 EEHRIE 2AIER T

3. Hit: If accessed data is present in upper level, CPU accesses the upper level and succeeds
o HitTime: #&ft FEEFHEFENNE, SFEhitFIMIissAIF]BTAYE
o Hit Ratio: Hits/Accesses

4. Miss: If accessed data is absent, CPU accesses the upper level and fails. The block is needed to be copied
from lower level



o Miss Penalty: MEEFEE HIMFHERbIOCKE L EFHERRIE + 1FiZblockE T4t IEEZAIRY )

o Miss Ratio: Misses/Accesses

Processor

r

Data are transferred

FERAR
SRAM

SFITIRRNE D —RARASRAM, HEREEIR, ERAtES. SRAMBEH D NS TERNcache, MSHISRAMEREEM
ANSL3EZR, FELMRITAISRAMIS A BEHEK

SRAMRE—iRO, BEARBAS., SRAMEEREFTENNEARE, BN TARMUENEERDREZERN, HERSD
BIRE (fransistor) skFfERfE, SCHMAH, RILRFTESEINER A NHRIIENREFE

DRAM

DRAMFISRAMBARELEF S RRZ, ITHFNZEAREKRN, MNEICAET, EEMY

FFHDRAMIH], ERSNRMAEREFMER, FAWBLEDRAMEEZREES, NAER. EFEHTAHERF B2+
%, SXRIFEHEERETHEEEE, FBXSE) , ATIIX—5, DRAMREMA2-level decoding structure, IATERIER
FERERMRIEEIERI E E A

itk AT IAE I ZIDRAMABRIEE—Pbit, BEERIT. BT ERAFGIEIAHPRAEIE, LADRAMIRIN T B, RN
Synchronous DRAM (8SDRAM, [EFHDRAM) , SDRAMi#{Tburst transferfd 18 EEN/MIHiE (BREFE—T, MER
FELR DAL, FEMNBET BT HINSIZMFEAHEDL) . BERIRNARZAZDouble Data Rate (DDR) SDRAM,
R A _EFHEF TR O EME AR

Bank |
Column l
Rd/Wr |
B Act
Pre e
Row

Flash & Disk

1. Flash: RETFDiskfIDRAMZ 8], Mgt 2



2. Disk: BAEH
Basics of Cache

Direct Mapped Cache

NFEEMSIcache, B— P EFMIENIE——"Tcacheiutthit, LIRZRLGE—TEFME, BATEEEA NcacheF Ry
ik, FH#FEAcache T, BEMNMELAMEBNR, ERcacheB2"Molock, FABREFRTRE RN

(Block address) mod (Number of blocks in the cache) (2)

o
&
Q
=3
@

000
001
010
011
100
101
110
111

N

00001 00101 01001 01101 10001 10101 11001 11101
Memory

Consider a cache with 64 blocks and a block size of 16bytes. What block number does byte address 1215 map
to?

Eotthit 2 Mbyte MBI, FeEEEMAblock: [1215/16] = 75 (FBERAREESEHN, ElN—TblockkEHMEHE
BZbyte, HFRE2E—Pbyte#i2— N blockiJiZiatl)

SREIEblock# IR 75 mod 64 =11

1. EFHHEAIFS: Tag + Index + Offset

o Byte Offset: block#y{R#, K/\FlblockidA/MMERE (BAbyteRBfi, #EFHUTEMEIMEDloCkHRRI—
byte)

o Index: BFENIRIcacheiFEMblock, EitbA/\FlcachetIA/\EE

o Tag: EFitEREOfsetflindex®E TIEES, BFFcachediTag#TEES, WIR—2K, 1RBAcacher7ZfiEl
MEHEIHABMolock

BRIEFEMIBE—132bitAaddress, cacherA/NA256block, blockigA/AHdword, NMOffseta (A Fdwordig
LT 216N byte, FEBANARERT) , Indexh8 (AXcache—HHF256 M block, EIEESMIENMEI—DEEH
block) , Tagmi2R THI204L T

Tag Index Offset

20 8 4

2. Cachefy4#3: Tag + Data + Valid Bit
o Tag: FMEEEFHILEERNTag, TEIndex®E THIERD
o Data: EFEHNAS

© Valid Bit: AOBIRTiZblocknZ=, FEATEHS, HINER



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

S ETagEREMMIE., BN 11 blockB4Pword, ALtOffsetya

ER—35 16KBIIEIR, S MblockfFdword, Eitt—#EE2? x 210/16 = 2109 plock, IndexBE 101, Hitt
TagA181i

&fE, — T blockfFAwordiyEitE, FLtDatafFE4 x 32 = 128bit (FEXERSLITIMEUE, TEihit)

Valid Bit Tag Data
1 18 128
Total Bits = 2'% x (1 + 18 + 128) = 147Kbits (3)

. EEAR

MEFRUEFRIE HIndex, FEcacheHREIXIMIblock, EEAMNTags EFbUtFITagt R, #IBTESHIt, HiR[E
Data

Address (showing bit positions)

6362 ---- 131211 ----2 10
Byte
offset
452 J.10
Hit Tag ~
Index Data
Index Valid Tag Data
0
1
2
<
1021
1022
1023
452 4.32
(=

— P blockmBEE B Z Mword, BESL FERIFERSHFE—word, BEIEEITEEEEblockPIERBHNIZENID
word

TEZ—Mntrinsity RostMATHAMESRHcache, IndexE8fiI, EHE28 = 256 cache entry; & block#H
2% = 16 word, ETEINdextyAinBAfIBlock Offset; FlTF2MIfByte OffsetFl FEwordEIZI4EE Rbyte



Address (showing bit positions)

31 - 1413---65---210
. 18 48 44 Byte Data
Hit Tag + offset
Index Block offset
18 bits 512 bits
V' Tag Data

256
entries

rzp l_! o

1. Write Hits Strategy

Write

o Write Back: CPUEANEUIEITRE Ncache, EEAEF, HIREIREIE
RARERERE, FIRER, BRANEEFPIIEREH, 55Hinconsistent, Eltbcachemfivalidfii z SMNEFE
Mizdirtyfiz, @R cacheBREEFARER, dirty =1

CPU by Cache --» Main Memory (4)

o Write Through: ZRRNEFicacheflE#E
fRIE T consistent, BRANTEILEERE, RERE. ELtFEIEMwrite buffer, ATFEFREBANRIE, BRE
NHIHEAZE 1S
CPU "2 Cache -5 Main Memory (5)
2. Write Misses
o Write Allocate: EFHE MolockEE|cached, HEA

WX FAwrite allocateflwrite backf9sERg, Bdirty = 1, HEAENS#H B EZrcache P IEIEBR KRBT FH,
WEEHE cachePHIEIBEANTTE, BMEERIEEmMIsskiblock A\cache, BE A\cache

¥ Fwrite backzRlg, B KB write dllocateffilg, {RifcacheRIEIBIAZR &Y T write through,
allocateflaround#BH iE+F

o Write Around: EiENEE7E, FEblockEZ|cacherd
Read

1. Read Hits: XFiEMEcache B, BHIEMT

CPU <% Cache ¢ Main Memory )

2. Read Misses: EH{ECPUz{T, FiFEFHHIblockiZAZlcached, AERKREPFENwWoOrdZaEI4M B

e et
CPU <— Cache +— Main Memory (7)



o Data Cache Misses: IR EEZEARNNEIEARTECached, E{ECPUIETT, FmemorydhiiblockE 3k, AFik
CPUEFFHAIEIT

o Instruction Cache Misses: IR A4 T ER ZI/MIBkER, TTRESBILBERIEL A EcacheFIER, XTE
instruction cache misses

FREPCHRIAE (HBIPC - 4) &ixtEmemory, BEFFHIHIBEIHHAS AZElcached, STREEMBURIET
EERIESLS

R write missAtwrite bufferfEEfstallfR/)y, vIAZBEwrite memory penalty

WMRblockA/NA Tword, write miss penalty20, FRiEdirty = 1, ERCPULALEIX PworditE— 1 5eEMblock, HiEEA
cache, [FIFEERET ZHINEIE. THREFFRMHEEIMIDIOCKENE (@zEZZD%CPUéﬁH:'.E’\]word/"ﬂ:—ﬁ\block, M3z
block RN EL M E1HE R BEM EFH RS

Read Miss | Write Miss

Need to fetch data
from memory to cache

Need to

Write-back Cache Yes write tocache

& Dirty? Save dirty
ry block first

Write Allocate?

Write

Write through | No Around

| Dirty bit =0

Save dirty

Write-back Cache Yes block first

& Dirty?

Write Memory (Dirty) +
Pt ey o™ W write Memory glociy [l Feten Wemery (156K« I etch Memory (Block) +
ry 2 Write 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)

F At BRGIH51
EEMSEARKES, BENRIRES, SHcacheHMER, EMFABBNCoche, EILHITEE M F2MMEIH

Fetch Memory (Block)

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)
Numbero,zg.s,” 001 2 3 456 1 0012 3 45 671

Cache

Set  Set Set Set
0 1 2 3

1. Fully Associative: BlockRIIAZEZ|cacheEFE— 7
MNFEIEERIR, FFEINdex, BT Offsetfl THERTagT, EANMEHERIEE, ReE— DMK

2. Set Associative: Jgcachefp /1L set, IF—"k-way set associativeficache3ijt, S sethBFkMblock, 1
FEPRMblock R —set, RIAEANEIZsetFRIEEME



BAIFRPsetrh & B Mblocki N associativity, ESLdirect mappedifi£associativity = 189454, Mfully associative
#Eassociativity = ng4S

Xt Fset associativels, IndexRBRATFEMEIblock, MEset, EltindexfImAEHRHEsettI M. LEFPAINdex
Nz 21

3130---12111098---3210
T
Index V Tag Data V Tag Data V Tag Data V Tag Data

k?@ I_gp Lé') L$_>

Block &R REg

1. Random Replacement: Rl &ia—1
2. LRU: Least Recently Used, ETHIEIEERE. WA ESEFRIIMIGFMETT, oxE—IRiARIZARblIockrIRTE]
3. FIFO: Firstin First out

Measuring and Improving Cache Performance

REDLERTW, ERR[REBE—, FEX) LRI

Measuring Cache Performance

In this exercise, we will look at the different ways capacity affects overall performance. In general, cache access
time is proportional to capacity. Assume that main memory accesses take 70 ns and that 36% of all instructions
access data memory. The following table shows data for L1 caches attached to each of two processors, P1 and P2.

L1 Size L1 Miss Rate L1 Hit Time
P1 2 KiB 8.0% 0.66 ns
P2 4 KiB 6.0% 0.90 ns

1. What is the Average Memory Access Time for P1 and P2 (in cycles)?

B
o FBhiEZmiss, hit imeBRBEM, Eit THEERURL;
o 70/0.66F2EH, T LEE, EHABETAILNBPONREFET—5

70
Mem A =|—| =1
em Access; ’V 0.90 -‘ 07
70
Mem Accessy = {m—‘ =178 (8)

t;=1+8% x 107 = 9.56
ty=1+6% x 78 = 5.68




WNRBEIRFrcachetfe, RIESCPI without any memory stalls (thFi 2 NEEIN) S5

2. Assuming a base CPI of 1.0 without any memory stalls, what is the total CPI for P1 and P2? Which processor is
faster? (When we say a “base CPI of 1.0”, we mean that instructions complete in one cycle, unless either the
instruction access or the data access causes a cache miss.)

FREIELEEFEIF, HhB8%EmMIss; LI, BB 36%IIESFEH#Tdata access, X36%H X HF8%=miss

CPI; =1+ 8% x 107 + 36% x 8% x 107 = 12.64

t1 = CPI; - Clock Time; = 8.34ns (9)
CPI, =1+ 6% x 78 + 36% x 6% x 78 = 7.36

ts = CPI; - Clock Times = 6.63ns

The second processor is faster.,

For the next three problems, we will consider the addition of an L2 cache to P1 (fo presumably make up for its
limited L1 cache capacity). Use the L1 cache capacities and hit times from the previous table when solving these
problems. The L2 miss rate indicated is its local miss rate.

L2 Size L2 Miss Rate L2 Hit Time

1MiB 5% 5.65ns
4. What is the AMAT for P1 with the addition of an L2 cache? Is the AMAT beftter or worse with the L2 cache?

XEL2 hit imeth Z2IGRFEN, RELUSSPMEFEXTE, FALESEHTITERMUALL

AMAT =1+ 8% x ([@—‘ + 5% x 107)

0.66 (10)

=1.292

5. Assuming a base CPI of 1.0 without any memory stalls, what is the total CPI for P1 with the addition of an L2
cache?

CPI=1+8% x (94 5% x 107) 4+ 36% x 8% x (9 + 5% x 107) (11)
= 2.56

6. What would the L2 miss rate need to be in order for P1 with an L2 cache to be faster than P1 without an L2
cache?

9 + Miss Rate x 107 < 107

12
Miss Rate < 91.59% (12)

7. What would the L2 miss rate need to be in order for P1 with an L2 cache to be faster than P2 without an L2
cache?

ST AL IEEZ AT £ B R B AN —1FRY

[1+ 8% x (9 + 107 - Miss Rate) + 36% x 8% x (9 + 107 - Miss Rate)] x 0.66 < 6.62832

Miss Rate < 69.27% (13)

Improving Cache Performance

1. RALNIEREE



o Instruction cache miss rate = 2%
o Data cache miss rate = 4%

o CPI without any memory stalls = 2
o Miss penalty = 100 cycles

o The frequency of all loads and stores in gcc = 36%

1. How faster a processor would run with a perfect cache?

CPI = CPI with Perfect Cache + Instruction Miss Cycle + Data Miss Cycles

=2+ 2% x 100 + 36% x 4% x 100 = 5.44

CPLya 5.4

=2.72
CPIperfect 2

2. What if the processor is made 2 times faster?

(14)

AR, XERIINELERTRT, MAZmemoryTIRT, UAZRHPERT, FEIESL FstallFRR—#*

19, RBCPlarecth23REIT 1

CPlpergect = 1+ 3.44 = 4.4

3. How much faster will the computer be with a 2-times faster clock rate?

(15)

BANMEHT®RT —F, EFEmiss penaltyfIitE AL (MIEAEAE) , Eittmiss penaltyZz 200
cycles; @RS, CPIAZE, EANITE—FRIESHBEENAREAE (IFETIR, {EEEAER)

CPI =2+ 2% x 200 + 36% x 4% x 200
= 8.88

2. MRIEERE (FF{Emissing penalty)

-

~

a. One-word-wide
memory organization

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

It can get a lot more complicated...

(16)

ETENSHFR, BIRIE: SHittitEE1NEE, BsIDRAMEZE151MER (15 memory bus clock cycles for each
DRAM access initiated) , Eii—wordfIEIBEEE 11N EER; & blockE&HE4 ™ word

Bandwidth: S EHAR LAEHAIoyte R

o One-word-wide Memory Organization

SRREEE M word, busBERMFERAR, ELER1MolockEIEBERER:
1+4x(156+1) =65

(17)



BandwidthAK/N g
4 x4

1
~ — 18
65 4 (18)
o Wide Memory Organization
BRIREFNEERIw, BREE—RERMIUZLE M block, EILHEZENERN:
1+1x(1+15)=17 (19)
o Bank: FH{TEfiE
fRigBE4 T bank, CRAMREFZFN 1R, BHIELREZLX:
1+154+4x1=20 (20)

3. EINEFEHEER
I — Kcacheth AT BURFHIERE, FRIRE—1CPIX1.0. ISR FSGHz, miss ratey2%. DRAMIKIE)AT[E] g 100ns;
BRAEFEABEM—D ZKcache, ThEIATEFSNS, FHIEmiss ratefEF0.5%

1t Emiss penalty
100 x 107°
Miss Penalty = X—g = 500 (21)
1/(5 x 107)
R B EcachefECPIA:
Total CPI; =1+ 2% x 500 = 11 (22)
WMR—Fmiss T, MiHRIZLER, FREERATERN:
. . . 5x 107"
Miss Penalty without Accessing Mem = ————— =25 (23)
1/(5 x 10°)
A, Z“ZHcachem=CPIy:
Total CPI, = 1 + 25 x 2% + 500 x 0.5% = 4 (24)

Virtual Memory

RRNARERHZTRES ARIE— ML, I TSI EFAIUEN. 2ethHENE, FELAFE M ERERBIRNGESE
HAE (BIERESD EFR EHAREAREZR, fEdiskd) . Bit, SINEMAFERAR, AH—1EDNE, BiZpage tablefk&dZl
HiypiEtht, #ADRAM (FE7F) &BH; WMREHKE (page fault) , FL#AdiskEHK

Virtual addresses Physical addresses
Address translation

Sy

B Ll

Disk addresses



e Physical Address: F7zH{EF
e Virtual Address: F2FRREMER, B—THEEEEAR
¢ Page Table: Virtual page numberZlPhysical page numberfIBRETR, REMHLEHEZI, 7ZfiEmain memoryd

FE U Z IR it A AR BT
fEdiskSmain memoryH, HIHERIEMpage N BALRITH (HIHKIBEMZE— T byte, FLLiTEOffsetit 2iREBbyte hE

AENM) ., AHRI&page size94KiB, MIPage Offsetg12{iz, I TAIFEE Virtual page number

RIEVirtual page numberift Apage tableZ#Physical page number, ZAGIEPhysical page numberflOffsetiiicskmi 2
physical address 7

e Fully-associative: ENpage fautBEEWEHERK, FHEIEEAR, AUFERTEERESTHE, TFERELHE, At
&AEIndex, BRT Offsetfi@Tag (page number)

* Write Back: write througetRB8 &ML A aldisk, T &5, FELLRAwrite back; page faultlf{XEAER, FEAN
disk

Page Table

TIRAT IR TIERYIRTIEAIMEY, FHEELER, 8THEHE— I MiIMpage table, Page tabler] LAIBfEN—
#4H, page table[i] FALEEI M virtual pageXtizIphysical page number

Page tablefIE—1THE—"page table entry, MR Validfizg0, IHERZELRIbIE R AEIEREEED, K& page fault
(LR AT AR A Sk 72 i physical page numberfyFERILET RIS R A diski B, a0 EEFfR; siE el AR E i RS | i
512 disk)

E R KRB R write backzklg, FLAEE RS HEE—AIDirty i

| Page table register ‘

Virtual address
A7 46 45 44 43 ceeveveneinennnnannanns 15 14 13 12 11 10 9 8+-+-+-+ 3210
’ Virtual page number Page offset ‘
36 12
Valid Physical page number
Page table

28

If 0 then page is not
present in memory

B9 B8 37 cererrereareieniinaaieniains .15 14 13 12 11 10 9 8-} 3210

Physical page number Page offset

Physical address
BRI R 327/, page sizey4KB, entry sizeJ4B
EXpage size}akB, FILAOfset—$t@121I, MF FHI20INIndex, Eitt—35220Pentry
A4S PentryA/\k4B, Eitpage tablefiA/\R4B x 220 = 4MB

Page Fault



LIRERRFE—THEN, HESEJkPLIE—"T=IE (swap space) , A/WFIESBIE—F, H&E%page faulthy, 5|
&Zexception, BRIERZHEE, MdAiskhKEINNpage, MEIFEEFF (MRFEFCH, TJeER5IAER, REBLRUEN) , A
[EEfipage table

Translation Look-aside Buffer: 4ggpkg4at 8]

RIBZAINIBLE, BITAR—1FT, BESLibapage tablebUGE ML A YR, B R—RNTFAE; REBRINE
RIERGMIEMIES [R5, SOPR—RAFHE., hMER, ER—INFHHEERHEOMAAET, FHERA

Att, BT Apage tableigit—cache, thFtETLB, TLB—ARFAEEAMNESRAD, HEERERIR, Fcache—#E, H
associativity a] At B R EERE

1. TLB Miss: ZaHi— T EHUthiE, THE]TLB, MERA®GH, #MEpage tablehER, WRpage tableB2L, MAFEZZITLE
B (LERIRESRISHTIB enfryZ2dityly, FELEMOpage tableBEX) . THE—TEHEENTLE

TLB

Virtual page Physical page

number Valid Dirty Ref Tag address

|
T]0]1 [N
} 1 } by Physical memory
1/0]1 ~
of[ofo
1/0]1 o~

Page table
Physical page
Valid Dirty Ref or disk address

g
1/0]1 —

}88 ? Disk storage
1[0]1 —

000 —= L

1]0]1 L [
1[0[1 — —

oToTo |/
11 ¢ .
111 e

0[0]0 o~

111 7

2. TLB Hit: NRTLBar, EIFREMIBML, HTH—FSHEERE, FcachedhHITIES, MASHNTEFHITER., &
cachemhitFlmisstyig/EF 2 BTN B —E

o Read: EitMcacheriEEY

o Write: %i&illwrite access bit, MMRAWE, #MiFAcache=it BN



Virtual address

31@29 AAAAAAAAAAAAAAAAAAAAAAAAAAAAA 14131211109 ......... 3210
Virtual page number ‘ Page offset |
20 ,| 12
Valid Dirty Tag Physical page number
TLB ?
TLB hit <o S
e
420
Physical page number | Page offset
Physical address: Byte
Physical address tag | Cache index
offset
+18 Js
8
412 Data
Valid Tag
Cache
=
Cache hit
432
Data

TIBRRMER LW T . THEM, TLBXFE EMEpage tablefJcache (5HR G2, AWR"ME")

Virtual address

TLB miss

exception Physical address

No Yes

Write access
bit on?

Write protection

i N Ye exception ———————| Try to write data
Cache miss stall o les .

while read block

Deliver data
to the CPU

Cache miss stall |___N° Yes
while read block

Write data into cache,
update the dirty bit, and
put the data and the
address into the write buffer|

EEEENZ, WRILB hit, Mipage table—xEhit; WRTLBFIpage tabletgmiss, Mcacheth—Emiss, EJpage table#R
miss T, REEERdiskpI, BATZUHIMECached

CHAPTER 6: 1/O

IOREFNZITEEEZEBRZRAR, tbARAIAEM (expandability) | AIIRREM (resilience) MUKkMEE (performance)



TMIOIRENMEEIRREE R, ATANGR TEERAARINTIN AN, —NMORENMENIRES RAERER. FHEERM
FIRERZHBE XA

FEMORES NIRRT EBE T memory-1/0 busH{TEIRH, REEUT:

Interrupts
Processor «
’ Memory. I/O bus l
110 /10 110
Main controller controller controller

memory | |
Yy
Disk Graphics Network
output

3 Characters of I/O Devices

/0 Introduction

1. Behavior: I0Ig&XFMTA (REER. REES, ;ETFAE)

INPUTREEZ—R (read once, thll, MERE—IEN, TAEATAMBANAS) , oulpUIRZHEH, fistorage
AIMEEIES (reread and usually rewritten)

2. Partner: I0& S —inHENE (feeding data) TEEMAZE (input or reading data on output, AEXFEXNE
WMEPIREHTEAN, LLMBEEEREITF, BHEFH)

3. Data Rate: IO EIFEMEMEIBIIEETINIER
Performance
HEIOREFNWHEEERZHEE, AARNNBIISHEERIREAEER

e Throughput: FItE, EXHENIERT, 10REMNbandwidthEREEN, FRIUNEMMEEAR: —2NE A E
RIOIRFE A AMERMINEIE (—RERASHIE) , Z2RUNBERIORE MHITIIRIERE REEHR/)\IIELHIE)
® Response Time

* Both

Amdahl's Law

REMRERTIIBE RHITTERAREDREN, FLERARFMENIMENERRIONTTH. BELt, 2RIOLXEHZEE, B
LR EthRIFREEN

#l/0ig&FInterfaceRI{ZfiE. WIEBRBFIRERSP
1. Memory-mapped I/0: A7ZMEIONIES . —Eomemory addresst D EREIOIRE, 1w Fl sw IES TR FIOR
ZHEE (REHEMIOES, BAREELME)
2. Communication with Processor: 1018 & FI4MESRAY3F TR A T

o Polling: fMEFSR—ERNEMCE-—TE2S AT T —TIORKRE, XFNRRALNLERFHEE, BAREIOC
R EME—ERNE



RIZ—/RpolingFEACON I #EE ((E=fractiontEfE " Stt”, MRBEFEKRITERIFKT)

1. The mouse must be polled 30 times per second to ensure that we do not miss any movement
made by the user.

30 x 400 = 12000cycle/s (25)

2. The floppy disk tfransfers data to the processor in 16-bit units and has a data rate of 50KB/sec. No
data transfer can be missed.

50KB/s
2B

o Interrupt: HENMOTMN T RRIEFLEREFTEMER IR, BAERRETIES

x 400 =1 x 107cycle/s (26)

A8 L EAE FiRpinteruptB g, RIZIHIEHRE AT EE5%, FEH100%iHEREZNFE (M),
interruptf R EF I poling/XEHERE) , AETRIUS%ENF]

o DMA: Direct Memory Access, Z&EEMmemory #HTHIBIEE, S E:R

1% L EBIF I AHDMAKEE, DMAREsetup, {RiksetupBEZE1000EHA, DMALMETEEELME2RFES00E
Hiskinterrupt, MEAEEHIERNAMB/s, average transfer from disk is 8KB (b 2% P19 /R1E8KBRIER
12) , 100%H9R B ERFE L4

BOERBINREN:

4MB

_ -1
SKB 500s (27)
BHFENREERN:

1000 + 500 = 1500cycles (28)

SHEFNI PR LER RER
iRIHOR S

L—1BHIF: A CPU sustains 3 billion instructions per second and it takes average 100,000 instructions in the operating
system per /O operation. (CPUXZ#3ZEKIES, FHENIOKREFTE100005%1E<) A memory backplane bus is
capable of sustaining a fransfer rate of 1000MB/sec. (& Z&&E# 1000MB) SCSI-Ultra320 controllers with a transfer rate
of 320MB/sec and accommodating up to 7 disks. (RS XX F7MHEE, £ 3EE J329MB/s) Disk drives with a
read/write bandwidth of 75MB/sec and an average seek plus rotational latency of 6ms. (FEEFINEEREN

75MB/s, Ftgseek Ttk RAT(E]H6ms)

If the workload consists of 64-KB reads (assuming the the data block is sequential on a frack), and the user program
need 200,000 instructions per I/O operation, please find the maximum sustainable |/O rate and the number of disks
and SCSI controllers required.

MFCPUME, RANIOEENESHTERSENORETENIESHZLE, METIOHRFAEH200000AFHESH
100,00010OSHE<

3 % 10°
(100 + 200) x 103

= 100004/E4L /# (29)

HTBEME, SRIORENGAKBRIEIE, ML ST) I &% 1000MBLE




1000 x 106
= 145258F% /B (30)
64 x 10

HILt RS EERITHIORIEE 10,0001,
AREBIMMTERTEZ DR HEHEST10,000RI0, HEAFTITE#ES/RIOKETE:
= 6.9ms (31)

M ERS MERF HREMW#H171000/6.9 = 146,810, HTLIM10,000/RkI0, FE10000/146 = 691N ER, EH
P controllergEZE71, ELLEZE 10 controller

Disk
Introduction

1. HEER R
o Floppy Disk: #&., BE/, REIE
o Hard Disk: &, REFEKX, FHREEES, REFIR

2. Organization of Hard Disk

> Platters
\ Tracks

> g %Q
%%

&ﬂ

Platter

Track

o Platters: STHEMERZ TR, FEOMEYAIFHE
o Tracks: T HELHARSELE, thMENE
o Sectors: MEHRDARZEX, BXEER LH/NWAIREHET

3. Access Data of Disk: EEMEEZAIELEE, BAFERIINNNplotter, L5 LBEBINNNrack L, SAGHEEE
W B EEE I sector

o Seek: J§read/write head MZIEMRIFE L (Bminimum seek time. maximum seek fime. average seek
time)

o Rotational Latency: g hetEEI3I N sectorEEmMAT 8] (GEREME ReE— 1A mEbesE, EiFEirgrotational
latency#f = 1 22 et 3 B AT &)

RIS R ®R J95400RPM  (Rotation per Minute) , Mlaverage rotational timey
0.5/5400 x 60s = 5.6ms

o Transfer: #BEhEIIEENsectorfm, EEsectoriEiti, Transfer timeBRFsectorfy K/h\EA K transfer rate

Bi&sectorigA/Ng0.5KB/sector, transfer rate350MB/sec, Nitransfer time (8{disk read time) 7
0.5/(50 x 10%) = 0.01ms (EE—1EKB, —PEMB)



o Disk Controller: #Z#ldiskflmemory g)#y{Esa

Disk access timeffi& £ &0 A9 250
Flash Storage

NFLEdiskpiAE S, EREHEIR, FN, NEFNEGREERE, ZHERREEEETRESRK (wearout) , BELTIERME
RAMELdiskiI5e £ B fm

INEEZSR NN

e NOR: FEHIESAE (random read/write access) , fEinstruction memoryf BN RS H{EH
e NAND: BZEBEA. MAER, BEFHRIAE (block-at-a-time access) , EURE. mediastorage (Ffig£. BESER
%) PEH

Disk Performance Issues 2lidisk it gERIE =

* Average Seek Time: #HE FRFIHEHNEZETERITTENTFE, {Blocality & OS schedulingrl ALLEIHZISE
3B

e Smart Disk Controller: 7Edisk - &1 Edsector

o fEdisk EiEincache: JFPseekfrotationaliFERY
Dependability, Reliability and Availability
MTTF, MTTREBEAIRZ RN ERNENERZ—

Dependability : RI{KEM . IENBITENRALNRSREXZFEHREFEHKFE (The quality of delivered service that
reliance can justifiably be placed on this service. IRIEIRIE R MR service accomplishment) , 8MERTEHEIEE
BT H, HLMITHEBETARERSBE, RAKLEHEIR (A system failure occurs when the actual behavior
deviates from the specified behavior, service interruption)

3t FdependabilityFreliability # T iX L& 247 :

e MTIF: Mean Time to Failure, FITHFERE], RAMITFE=fAR:
1. Fault Avoidance: j@jdconstructionfifhfE 1=
2. Fault Tolerance: @dredundancy MRIEEMEREIR R £ KA BRI ML ERFESEBITHNER (FBHWIEHEIR)
3. Fault Forecasting: IR (SREEFLIIERE)

e MTTR: Mean Time to Repair, &S RTE]

e MTBF: Mean Time between Failure, FJ#FE 8RR E]

* Availability: MTTF/MTBF, B, RZiHHE Z/DEEEEAIRETHESITH
BRINEEE TR RAID

‘ RURHREEABNES Y —, NTEARREEASHEHATEN
Infroduction

RANMENRERIENETE, REM—BREANEE; NAS, ReEliFihe), BNREPN—2HImE, BREEE
BRI, IBRETEER S HRNHBIHE—RE, M — T HEFTIE?



X 2redundant arrays of disks, ERAER, AJLAZIMH1TiAE, HEEBESHNARM

BEXEFEHBERE, RERdiskireliability, NIREZPHES—REMBEENHEZALE—REZL MK ENORRES, T
X (FRBREMRRICHAEERXMTE, FTRAFREWEX TR FEHIRN, ROMERMIAAMITFERFREENL/N) -
liability of 1 disk
reliability of N disks = reliability of 1 dis (32)

N
RUEMEBAMTAEINRE T UR#EEES (redundant arrays of disk)
RAIDEIA R FhE

B— " NHEERETRN/NMEES (MARER—TMHERINFEFME) , BN, BnnRTENRAavailability (FESE—E
HIZRShEEE], Bcapacility penalty; B, R7T E#Hiredundant info, &4 —FEMbandwidih penalty) ., %X, RAIDt:
A 2B A EEfailf)

FETERP, BEELTAENRADITREFMEL N, RIgBEN—HBSTERTEFMHEE

RZAFHRIFILITE Check Disk RIS HR
RAID 0 0 0 Foredundancy
RAID 1 1 8 g4, IEMRERTS
RAID 2 1 4 (FEE)
RAID 3 1 1 1M bitfEtEdisk 1797, F2PbitfFfEdisk2q, fkILEH

RE—TEPARKAM, BRIES RN 2EUE
RAID 4 1 1 1M block{F#Edisk 19, 27 blockfFfEdisk2/, fkILZEHE
RE— M EPARKbIock, FRAID 3F{B#&L (parity)

RAID 5 1 1 (RER) RBESHLFR
RAID 6 2 2 P + Qredundancy, [RIEZEMLIRAID 5, 1Ein—MRE6E

1. RAID 4 vs. RAID 3: /NER#EIE

ERER IR SIRIEDR, RAID AZZEMRTFRAID 3. RAD IRMLKARRKE, SHEERSIRN; [, RAD 3
REZZAEE, FHEX

New Data 1. Read 2. Read 3. Read New Data1. Read 2. Read

o] (o] o] [ez o] [ ] | [oo] [oo]{or]fez] (o]
(Dxon
XOR XOR

(o] [o] [e2] [oe] [ 7]

4. Write 5. Write 3. Write 4. Write

2. RAID 5vs. RAID 4: /NEIES
RAID ATENEUREIREN EIETRYF, EEA/NSIENSPREIPE (RIE) 89hE, EIRETZER/ NSRS TTERNH
17 (LB ES TEFRI0MS, BLEETHRR, BXiR EEANONSNEHL REIPRNER, EE— 2R 8EINFAE,
FEFHTT) , {BRAID SRARRIR T XM a)



O dd MO s
sllisiialiiEl RN EEielE
A E|| =B @ E|E B
B | ||| 60 | B | | ||| | B || e ||
EEENGHE
BHENEIIEIIE
S~  ~ U~ S~ W~ W W S~
RAID 4 RAID 5

AR, WTFRHUHEFEWUEAN, RAD 3., 415 EB I ER — 89, For large writes, RAID 3, 4, and 5 have the same
throughput.

Buses and Other Connections: E4%&

Introduction

B lEprocessor memoryfll/ O & EZLK, —MousE Fitline:

e Control Line: #Z#l%, $&RPT data line EEIEAIFNE
¢ Dataline: AFEARBNRFERSEIE (HuiEEH@EiTdata linefE4)

BustEfEidizt, SamMidiE:

1. Sending Address

2. Receiving or Sending Data

2 Operations of Bus
I FEUEREIAE, busEmoperation:

e Input: MdeviceZElmemory, fbESRSMAE Fcontrolfldata (data lineAF &) ES, HUmemERIFEEREE

Stidevice, deviceldZFgS BIEEIELAEIMmem

Control lines

Memory Processor
Data lines
Disks

a.
Control lines indicate a write request for memory, while the data lines
contain the address

Control lines

Memory | Processor
Data lines

Disks

b.
When the memory is ready, it signals the device, which then transfers the

data. The memory will store the data as it receives it. The device need not
wait for the store to be completed.

e Output: MmemoryZlldevice, 4ME2E% HcontrofES, FHigibit Mdata lined{E4amem; memifTiEER, FHigss
Mdata lineiREIZi&EH (Lhfcontrol ineth FEAEI, AANFTEX D IRIEMNEIETESE)



Control lines

Processor

Memory T
Data lines
) Initial a read for memory. Control lines
Disks signal a read request to memory, while

the data lines contain the address
Control lines
Memory 1 i
Data lines the data

Disks

Control lines

T

Memory T Processor
Data lines
Memory transfers data and signal data
Disks is available. The device stores data as it

appears on the bus.

Wb
U

Types of Buses

¢ Processor-memory Bus: EIZLAERMNEFNEEL, B, &
e Backplane Bus: —HI01g&F@iI1/O bustEi®, —&I/O busi@idbackplanetfi. BinEl, SiF
e |/OBus: K, tnEN, EEARNI/OKE

Processor-memory bus
Processor Memory
Bus
adapter
Bus
adapter

1/0 bus

Backplane
bus

Synchronous vs. Asynchronous

e EFEL: BIRHMHEENMIN (fixed prorocol) , LA DL ERIREMRBERNIEME, BT HIHHREE
(clock skew) SHNSEBRNRE, BTSETEAK

s REBLE: BIEFIMN (handshaking prorocol) SEMAEIRE BMEIEAES L LAER. REBWNT7EH, HiARE
HASPREBNS R, AERBMEMAIL, MMBEIFRIE2, 3. AAmemiNZRERD#THN, FIHEER
#9RY ) Jymax{3 x handshake, mem access}

ReadReq

Data

Ack

DataRdy
ETHOAIESEUER, TE—ACRREAEHEREN, REMESTERMT AT B A AL

Assume: The synchronous bus has a clock cycle time of 50ns, and each bus fransmission takes 1 clock cycle.
The asynchronous bus requires 40ns per handshake. The data portion of both buses is 32bits wide.

Question: Find the bandwidth for each bus when reading one word from a 200-ns memory.

¢ Synchronous Bus: B40/EHA 50ns, EIZEEIEZEEN T =4

1. BiEslESfitiHELmem: 50ns




2. FfFmemiZEX: 200ns
3. BEYEEEIIRE: 50ns
= bandwidth = 32bit/300ns = 13.3MB/s (33)
e Asynchronous Bus: 1. 5, 6. 7&Z4handshake, 2. 3. 45mem readFiEERIAT B ERAE
= bandwidth = 32bit/(4ns x 40 + max{40ns x 3,200ns}) = 11.1MB/s (34)
Increasing the Bus Bandwidth: BJ£P5iZH200MHz, SEHOAIFE 1T ITHES, EHtitthFZ1TER, 8/Xbus
ZmE A EEER2TEALE. A memory access time for the first four words of 200ns; each additional set of four

words can be read in 20ns. Assume that a bus transfer of the most recently read data and a read of the next
four words can be overlapped.

Find the sustained bandwidth and the latency for a read of 256words for tfransfers that use 4-word blocks and
for transfers that use 16-word blocks. Also compute effective number of bus transactions per second for each
case.

e 4-word: BR{E1Pblock, 128f#E, hit—X{EH, EHdword, AEDFXELCIEIE, RAEERE2TER. 8
RiZdblock, —HEEF6AR, FERIERT 6

e 16-word: ERfE1Tblock, S12{I¥E, Hitt—RIEH, EH16word, EASIELHAword#fRIMERER], ~HE
F1516word#BiR5e 7 A o HEERE, FIESERR EEREENREEE2TER (RERGE4wordFEEMIMINT EE
m) , REER2EL

Bus Arbitration: S4Z{hE

Bus Master: fRATRAEItbus FANISFBEFMITREMS, FHLEE—Mous mastersk¥A Mt HizEIFRAENbusERIE R, B
2, RZiIEE& AR5 HMEHbus master, {i@idbus mosterToiEmEMRIR DL PRI, £3X 28 #1ThE S & 2lbus
arbitration

Increase the Bus Bandwidth

e RFtdata bus width, —/RAJIAEHE ZEIE
o RAPEMdata addressflldata line, 12FAFHITLHIRAIEE
o Transfer multiple words (2% FEHIFIZR)
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