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Topic IV: Memory Hierarchy
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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
1892 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 25 ns
2002 512 Mbit DDR SDRAM o ns 29 ns
2004 1 Gbit DDR2 SDRAM 3ns o0 ns
2006 2 Gbit DDR2 SDRAM 2 ns 45 ns
2010 4 Gbit DDR3 SDRAM 1.5 ns 37 ns
2012 8 Gbit DDR3 SDRAM 1ns 31 ns
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Microprocessor-DRAM48EER:

FlAcachesERHLIERSFiESE5EE LHER
« Microprocessor-DRAM [$5EER

— 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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FlERFRIRIT BN

Workload or
Benchmark
programs

Processor

reference stream
<op,addr>, <op,addr>,<op,addr>,<op,addr>, . ..

op: i-fetch, read, write

Memory WL EALFFIER TR AL RAE1F T XS T
9 HH-FEI v 17 [ R A
MEM
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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

Personal Mobile Device

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

500B 64KB 256K 256-512MB  4-8GB
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HBNFiEERRIEED

n loop iterations

Address "
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Instruction ol el %
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fetches o i
subroutine sSiibroiiting
call
Stack
accesses . & i
8] ] Q
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Data
accesses
Time
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FEEXTIFRIE: Locality!

MAREFREIERE: ‘SR

- — I RBEAEEARNRZNFEESE. (82X, ME)
- — M RASERFERANAZENEREE. (RER)

- Temporal Locality (BSERERILE):

— =>{FRF BN SRR RN S

Spatial Locality (Z[EIBERE):

- L‘)\)Eﬁliiﬂiii%?iﬁ’ﬂﬁ FNFHpRIR AL, WMEEEFIE] L

Lower Level

To Processor | Upper Level Memory
Memory

Blk X

From Processor - Blk Y
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FERRENEE RENE

« Block
— Block (3R) : AREEREIBlock K/NEJBEANH]
— ag (hit) FOARHRER (hit rate)
— 5B (miss) FORIEZR (miss rate)
- SHIFFI—2LEMIER (inclusion and consistency)
- BEFHESEEREEFESSIN—MER
— %)%T?ﬁ%%%lj\lﬁﬁ'\]ﬂ%ﬂﬁl%ﬁﬁ&ﬂ%ﬁﬂﬁ%ﬁﬁ%ﬁ%':F'
- HUE—ELER
- Stk AE !ll]ﬁéﬂf'\. il mEmaanalisa e
- E3K: ARBRLERKIMAILIARRE
— £LO cache__[ el Double, Words, Halfwords, Bkbytes
— fEL1cachef{YLAcache line By slotJE{A1i)5(9]
- EEEE.....
— FHtR R AR e]FR
— YIIEHHET, Block Address + Block Offset
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FhaEREIERESEN(1/2)

- [RIZRBZHREFE: M1FIM2

—I\/I1$|]I\/I2EI’J§5 (size). fMF&(cost). 1EIAJATIE]
(time to access) %Jjj

- 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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FheERAMERESE

FHERRAIFIBLREC
— C=(C1*S1+C2*S2)/(S1+S2)

an R (Hit): iBERIREFERAREEX L

- A HERNFERILE, HRNUREMIPREIRELSEE, N2RE

M2eh R Bl EE N
— HitRRate (dp9hER) : FEESHAEREEMHAIELA] H= N1/(N1+N2)

— Hit Time (@5 PAY(E]) wﬁuﬂixm):'ﬂﬁﬁj‘uﬂ__ TA1

KB (Miss) iBRIRAEFERFRSERL

— Miss Rate (&%) =1- (HitRate)=1 - H = N2/(N1+N2)

— YHEMLIF, B : —fAgAsmMM2 a)i9% HREIM1
%Z‘ FEI% gﬁ_r ; E;_E/I ) Epl%zléé MMM 2RE FT (R AV SRR A LR IRE M

— %ﬁﬁﬂ—/\ﬂ%lﬂ’JHTIEﬂbTB BNAEPATASIARRTE S ;. TA2+TB+TAL =

— TMIBEMRAKRITH
F13hERIE:

— EIHTERTIE TA = H*¥TAL+(1-H)* (TAL+TM) = TAL+(1-H)*TM
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RHEFEERAIZER

« Registers <-> Memory

— BmIETAEE
- cache <-> memory
— SR EE
« memory <-> disks

- REMHFIRERS (EILETE)
— *EJ_‘%_JI:\;_IGWU_.IJX
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Cache Memory

- iR (SRAM) HIFFREEIA

— FEIEERIRIRIER D IE<SFIEEE
- BFREIDLREFRE

— B RFsIh e RIS EE R TR Sk SRIZHE
NS e

—%ﬁ%ﬁtﬁu&4ﬁﬁu@ﬁﬁm%ﬁﬁﬁ
=R
- FERFFR:

— IEI_.IUJ 'f.jrl_f_‘_

— AR T A
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Cache FANATE

. (FREHIT, CacheTUATE
- 5158%: Cache on variables
—. —#KCache: Cache on memory
« Memory: Cache on hard disks
- FERIER TR HIEUE
— Hard disksr]LANAEFAI R (VM)

- 3ZBtREF(branch target buffer)
P 2R (branch prediction buffer)

- REOZHIFKIUUIER

2025-4-6 HENRRES




CacheEAENR

Sample Memory Hierarchy

CPU

[.01Cache 1.0 DCache ] |

y L2

et |

L1 Cache :Cm:he:
backside

I I—I I_ option

L2 L.2 L2
a2 @ @2
@ Cache Cache Cache

I/O Adapter] Main Memory

?
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pRZR (mapping) AN

- SEE—IMRMEFRACachelld, WHAIHIEIRRE

- =B
— £fHEXFA T (Fully Associative): BIFTANBIERE] AR EcachePRY
FE
— BizM5753( (Direct Mapped): EFHFE—RRGEFRIEcacheH
HNE—NE, —i8, TR ScachedrBRit FIKERA:
j =imod (M), MAcachedRILRZL
— ‘AfHBRIREE (Set Associative): FFFE—IRALIEECache®
HE—— M Eset) FEUER—MUIE, B TR, &—4A
FAntRtaRk, A JFRNERZEHEX
- AaEEMsR
- HARN=EHEX
« FHcachedBGAH, NEFFAIZFEI TRAVESKH K =i mod (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

no. 01234567890123456789012345678901
2025-4-6 TTENWKRREMS 20



Q1RNTIE

« N-WayHtHEX: WMRBAEBANMRIGRE, cacheRIREAAM,
MjcachefY2HELIGAM/N

- ARHEXE TRIEREIFIHES

IREN HEY

2188% M 1

EiEtHEX 1 M
BEfthzB{EEX 1 < N <M 1<G<M

— THERE#S, cacheZ ARG, MR/, KX
2R

— NEEKX, KHEMEE, BCachelILIIFMEZ:, MK

- MAKRSETENERAERZIRS, Wik lUSEEER,

2025-4-6 TTENWKRREMS 21



Q2(1/2): ¥ 5%

TCACHERRES—Dblock#watagls (Friclak
e PlockaimRtaght (imichy)

— 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 |

2025-4-6 HENRRES D ata Select
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- [&N): FRABEIEERYtRCHITETL, cachel

Q2 (2/2)EHKITiE

REEXEE, IHITEK
+ HITEHIAE

. EORERAE Nk, TIIERAONEIGE

=}

. %ieﬁﬁﬂye%ﬂjzszﬂ*ﬁﬂ* B, 2%
indexZCESNELER

T EHURREH

Eb#s tag,

JE

— FItEER R NEESSEIN,

N2 FIF =R

, NS

R AL E
Ve SEIN



Tag arrav Data arav
A wayo |- [Way Mot N wayo |- | way Nt
L &
i} i}
2l ___ I S I I I
—¥ - H Tags1 Ly 2 bl Jxis
s | T~ T~ 1" 1" "1~ s [~ F"1"1""1"~
g o=
) L
- X
! {’fj v -
) /:\ + = \’\ Way mux /
oy
index |offset T 9/ Aligner /
Address il

FIGURE 2.1: Highdevellogical cache organization.
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p Address calculagon, Disambiguaton
I

!
[l

Address
decoder

'l Array i !

I |

I |

i | =

2 | -

I |
" l oy
5] 6= : Tag ' : =
“E . EE i Array @I *E
< o | ! L=

I |

I |

| |

| |

| |

I |

| |

| |

1 |

FIGURE 2.2: Parallel tag and data array access pipeline,
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/ Mddress decoder \
-
=
R :
{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 pipeline,
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byte offset

+————— word select

5|0
t.r
G e
4 @
o | |5l 8
et e
% = @
< < -
Q o
= =
o
L

Enable write access to
data block if cache hit

2025-4-6

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

Tag | 2¢-1 Block | 24-1

|

enable

/ Aligner /L— byte offset

|

Data-out

Hit

Aligner shifts data within
word according to byte offset

THETUWRREN
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Data-in

byte offset

'-\...-G-

ﬁ word select
D v L4
V| Tag 0 Data Block 0
o t 1
R SR @—'_'\ enable
LA |
V| Tag 1 Data Block 1
A [
I8 ) s enable
=~ )
V| Tag m-1 Data Block (m—-1)
é__—-\ lenable
|/ |
(Tj —_—
m-way associative
Hit Data-out
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Example: 1 KB Direct Mapped Cache with 32 B

Blocks

« WFBREH 2N FEPHWcache:
— B=(32-N)i7EZR4%5 /3 Cache Tag
— BRIEMAIAZFETIERE(I (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] °° |Bytel |Bytd0 |0
0x50 ¥ Byte 63| °° | Byte 33| Byte 32| 1+—
2
3

Byte 1023 e Byte 992 | 31

2025-4-6 TTENWKRREMS 30



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

2025-4-6 TTENWKRREMS 31



Q3: BMEZX

- FEEFRRE—ARtbcacheYRE, AJEEHINIZIREAXI NIEY—LHEE—
MCacheiRE2EMEHBNER, ZIREEFEHEPRIE—IR, LA
EMFRRAANRIER, EiE—R, XEENEEERFRAY R
- BEEMxR, HAREG—R, 3Tk
— AR IEEAE SFhEE
- BitRiE
— BEWIE (Random), BEHLIERE—HRER
- L= @R, ZFLI
o R IRBFEECachelRBFEADYE, RIEFHNBEILRE, KRR
— FIFO - 1 REENRILR
- L HER

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

— BIFE/MFERE (LRU) (Least Recently Used)
- i BFRRIRTREFNEERME, ERE(E
o TRe LUIREZ:, TR SCHUEME

2025-4-6 TTEUAR G 32



LRUFIRandomBiLLER (53)

Associativity
Two-way Four-way Eight-way
Shre LRU Random FIFO LRU Random FIFO LRU  Ramdom  FIFO
16 KB 114.1 1173 1155 111.7 1151 1133 109.0 111.8 1104
&4 KB 1034 143 1059 1024 1023 104, Q.7 100.5 1003
256 KB 2.2 92.1 92.5 92.1 92.1 925 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 (FKEE)
- 1HERES, KERRIE.
— CacheBEIRK, KHERRIRE.
— LRU ECacheBFER/MY, KLEEMBBE
— MEECacheBEINNA, RandomfysRERIERH K
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- IERNIEFHESREERES26%, SIFES9%
- SATGHERERRSIELLE 9/(100+26+9) XAIF97%

— qipaEdECachefILLHl: 9/(26+9) K29/925%
« KEEZESEHAIRN - (iibCacheRTiEZRE
« AmdahlFE®E: A2 5" HEE
5" B
— =R, A fE, XXCacheE (EB{THR(F)
— Cache5XFABTH—E4[ AT
- SRIEMEERR: (IATEFHEFRRR
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EHi1XiZ (Write through)

- iR BT, BZREFAEBEXER—EE
— R EERIE

5[aliZ (Write back)

- i HWER, WMBFRREL

— BRe: —SUEE
HRES AT RIFFIERAS

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

AEBEDESE (no-write allocate): BIIEY, EIEBEN F—RF#
a% ﬁ'ﬁ7ﬂ M ERYEF N Cache, tHFRERE)EL (Write around)

- RN ELL ERR SR LN AT EEXEAISRE, —RIERT

« 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

) Write-Back

o D- ~ ~ 7 A
e ca.t: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
VRN J

Write D-cache
Set M-hit

2025-4-6 TTENWKRREMS 36




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

2025-4-6 TTENWKRREMS 37




Alpha AX 21064 Cache%5fd (iR Cache)

- BEFREAEE
— ZE 8KB, Block932Bytes, 1£256“ Blocks, B NF NS NFET
- BERzx

- BEEIXZE, 55T, no-write allocate /572
B 4 blocks

21 064%ﬂﬂ1’.ﬂt34{4

— 21{ftag##8{sindex ##5NRNHE BABELER?

Cacheds RRYZ IR

— JEap

- B

Cachesll

— Cache[@CPUREZEES

— LYEIX, 21064 Cache S N4 iFliEss 2 BIBUEBIR 16T, BXEEP
32FPEE10 cycles
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Blook
Block addiess offsst @ CPU
 <21s B B s a 'W‘B‘“
. T Indax =l in oul

Valia Tag Data -
<l>» «21» 256> [

Li

Wrila
| buller

| Lower FHHW i




Alpha 21264 Data Cache

» BRBRIAISIIE

— Cache size: 64Kbytes
— Block size: 64-bytes

— Two-way ZBFHEX
— Write back, 55347, write allocate

+ 21264 48-bits E#lltilt, EESEIRES/544-
bitsRY42IRENE, 1573543 -bitsEE#AIL,
BESCIRET 41 -bits Ao IR it

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

(ST Kk 30N
2025-4-6 HENRRES 40



Block CPL
Block address ofset
=gt addross
2= whm e Data Dats
| Tag | Index | I —= in out
Valid Tag Data
=1 =28= =G4 g 4
(5182 @ e

blocks) e

= 14

(512 @ |

blocks)

l 21 Mux
= =7] @) ¥
buffar

Lowar level mama

41

FIGURE 5.7 The organization of the data cache in the Alpha 21264 microprocessor.



Cache [$gERH

CPU time = (CPU execution clock cycles +
Memory stall clock cycles) x clock cycle time

Memory stall clock cycles =
(Reads x Read miss rate x Read miss penalty +
Writes x Write miss rate x Write miss penalty)

Memory stall clock cycles =
Memory accesses x Miss rate x Miss penalty

Different measure: AMAT

Average Memory Access time (AMAT) =
Hit Time + (Miss Rate x Miss Penalty)

Note: memory hit time is included in execution cycles.
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EREDHrasfl

= Suppose a processor executes at
e Clock Rate = 200 MHz (5 ns per cycle), Ideal (no misses) CPl = 1.1
e 50% arith/logic, 30% ld/st, 20% control

= Miss Behavior:
* 10% of memory operations get 50 cycle miss penalty (data cache)
* 1% of instructions get same miss penalty (instruction cache)

= CPlI = ideal CPI + average stalls per instruction

= 1.1(cycles/ins) +
[ 0.30 (DataMops/ins)
x 0.10 (miss/DataMop) x 50 (cycle/miss)] +
[ 1 (InstMop/ins)
x 0.01 (miss/InstMop) x 50 (cycle/miss)]
= (1.1 + 1.5 + .5) cycle/ins = 3.1

=  65% (2/3.1) of the time the processor is stalled waiting for memory!

= AMAT=(1/1.3)x[1+0.01x50]+(0.3/1.3)x[1+0.1x50]=2.54
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Example: Harvard Architecture

Unified vs Separate I&D (Harvard)

Proc
Unified I-Cache-1 Proc D-Cache-1
Cache-1 Unified
Unified Cache-2
Cache-2

Statistics (given in H&P):
— 16KB I&D: Inst miss rate=0.64%, Data miss rate=6.47%
— 32KB unified: Aggregate miss rate=1.99%

Which is better (ignore L2 cache)?
— Assume 33% data ops = 75% accesses from instructions (1.0/1.33)
— hit time=1, miss time=50
— Note that data hit has 1 stall for unified cache (only one port)

AMATHarvard=75%x(1+0.64%x50)+25%x(1+6.47%x50) = 2.05
AMATUnified =75%x(1+1.99%x50)+25%x(1+1+1.99%x50)= 2.24
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Sire Instruction cache Data cache Unified cache
8 KB 8.16 44.0 63.0
16 KB 382 409 51.0
32 KB |.36 384 43.3
64 KB 0.61 36.9 394
128 KB 0.30 353 36.2
256 KB 0.02 326 32.9

FIGURE 5.8 Miss per 1000 instructions for instruction, data, and unified caches of dif-
ferent sizes. The percentage of instruction references Is about 78%. The data are for two-
way associative caches with 64-byte blocks for the same computer and benchmarks as Fig-

ure 5.6.

2025-4-6
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«  LURFEHRITRILTEN UltraSPARC HIIABY. {Ri&CachekiiF /3100

clock cycles, FiBIESRIRFMEEE(EINEE 1/ cycle, Cachek¥
LA AMmHA G

(1) BRgFEHRBEF2%, FISEIESIHFE1.5K
(2) RiZE10005R{§S cacheRBURENI30IR
SRlEF LiAFmRRE TS RS/ 1EEE
- i
« CPUtime=I1C*(1 +2%*1.5*100)*T=I1C*4*T
(1) CPIEHE, EIEREEIAICachecFFBETIBARRREEX

(2) fEITECPIRY, KAFHHRIPAERFHEAEE. Eit, BERSITEINEFERR2ER,
RIRRERRAICPURIRHHERRK, HCPIREFEHEIRERZ BAEK.

Btk CacheXIFECPI, SRIHSHZFAICPURIRENEE
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= S EHREFRICacheXTERERYFZNM:

B-19f5l5%k: EHiZFCache FIFBiIRAHIEIXCache, iR[AfB{iIxT
CPUMEERICIm? SekEITnTERIE, ARBITECPUEE. 9

AR TR :
(1)

1*Ecache( I:I:IZ%Z?J']OO%) 'IE;R-FCPI y;'l'l.o, Efll‘i“l i BF

T

730.35ns, EHIBFIESIHEFE1.4R
(2) FHCachea&1979128KB, A/ EE264B
(3) KAAMHEEKEY, AFSEEERNEFE, RN EEREMmER

FA91.35(F

(4) ﬁﬂ%@ﬂ’]#&x& FiH

#B265ns ((EEEFRAAR, RENEHE

S RIEREIHR)

(5) onFHjIH'.I?ﬂAcycle 128KBEEMR{F CacheRIKAZE /T

2.1%, tHREERIFRIRE

2025-4-6
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= S EHREFRICacheXTERERYFZNM:

B-19(I%%: EHiZR{KCache FFREELHIEEACache, RIEMRIFICPUERERIRZIE? FoKF
19iptERdE, AEHITECPUMEE. DIFINSALATERIS:

(1) E#Cache(HHh=EH100%) BRTFCPI H1.0, BEhEL70.35ns, FHERIES
iHE1.41%

(2) FAFhCacheBEITH128KB, RAIIEBE64B
(3) RAHEKE, BFSEEESRMNEE, N EERIEINEIRERA1.356F
(4) FAHEIERYATFIHEBR65ns (TECIRR AR, MEVEE9EREN/ ATEhEHE)

(5) @A 1cycle, 128KBEIEMUSCachefSeiliE}2.1%, RIS BRIFHISE
HE£Cache RIKHEH1.9%

AMAT(1Tway)=0.35+.021x65 = 1.72ns
AMAT(2way)=0.35x1.35+0.019x65 = 1.71ns

CPU(1way)=IC x (1.0x0.35 + (0.021x1.4x65)) = 2.26xIC
CPU(2way)=IC x (1.0x0.35x1.35 + (0.019x1.4.65)) = 2.20xIC
Speed up = 2.26/2.20 = 1.03
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2inncl-z:-: Cache size

Biocs: . .
CPU execution time = ( CPL clock cyeles + Memory stall cyeles ) =« Clock cycle time

Memory stall cycles = Number of misses » Miss penalty

Mis=es

Memory stall cycles = IC g .= Miss penalty
Misses ... Memory acce sses
hrstroction AhaETas trrstroctiom

Average memory access time = Hit time + Miss rate = Miss penalty

secution T ey sta CI.DGk Eyees 1| = Clock cycle time
e — oo
Misses )

ewecution V fretrretion Miss penalty | = Clock cycle time

CPU execution time = [C = |'C'P‘I

CPU execution time = [IC = [.CPI

execution + Miss rate x O SUCERIPS w Miss pen:ﬂt}r] # Clock cycle time

CPU execution time = IC = | CPI

hrstroctom

Memory stall cyeles Misses : _
- T = . i Total miss latency — Overlapped miss latency
TIT=tTICtToT trstrocton ¥ PP =

Average memory access time = Hit time| | + Miss rate| | = { Hit time| , + Miss rate| , = Miss penalty; 5

: . Misses hiixzns
Memory stall cycles _ L o Hit time 5 + I

3 .
2 ; : # Miss penalty, ,
=TT fr=rmoerion

FIGURE 5.9 Summary of performance equations in this chapter. The first equation calculates with cache index size,
but the rest help evaluates performance. The final two equations deal with multilevel caches, is explained early in the next
section. They are included here to help make the figure a useful reference.
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Bl Cache MEERVTTIE

+ SEHSHTFRIIE = SrhATE + SR x ST
« MENOTH], BFIiEE

— PRI

— D RTTE

— fEFgapHPAT(E]
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HARCachefftit /5%

S S
— 1. EJNCacheRAYA /N

— 2. I®XCacheB=
. RSHERE

° 'JEEJ"?E:&F%%

— 4. ZZCache
-5, FIERBNITTTERN
- 4518 REdE
- 6, EHREZRS|EFHAAF TR
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EITSTE:

CacheXRWRIEE "J53A=3€ 3C
- 5@FITEEK (Compulsory or cold)
- E%’\—Zﬁﬁ@%—ik, HEEMT—RLoad, IR NESEEHE
NBIEIESS
IREFNITE, FIERATSEAE, ABEEEREAN
Cache, M=t iR E a2 A, ekt
- aJgEek4E "Blo" M
o 35 (Conflict (collision))
i .
— EXZHIRIYEREIE—AH ( % B, NsHIZEPEN
HAIRIRER (BMERIRESREESHNE), AN HEE
i e

~I
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Compulsory misses are independent of cache size

Very small for long-running programs

Miss Rate
14% 1 Capacity misses decrease as
e | capacity increases
12% 5
10% R Conflict misses decrease
89 4-way as associativity increases
4]
5% 8-way Data were collected using
; Capacity LRU replacement
4% Compulsory
2%
0 Cache size

1 2 = 8 16 32 64 128 KB

2025-4-6 TTENARSEE
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MGiHRERFEIRN—E5R

- HEXE S, MSEIEREE)

o sRFIERAINBERBAZIHIXERI N
- sRFIERBAZ CacheFESN

- fEXVEEE=ERIEMMmEY

o §E&2:1CacheZIEMY

— BIR/INANBYEREZIRSR CacheBISRIERLEFET A/ AN/ 289 ESEHEEAAY
CacheZ3iE:,
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WA 3CRIBIE

MFHRETTA
- @k Cachex &=
— XSS EEYEDE T
. IBKIR
— RSN
— OJEESEImHsREN (AN EDSEATHERT,
eV EH IR T)
o BT FREY nI FE RN D s m Sl TR
— WV INOARIE(REENRARE A
— EEFUNECBOERR (FWEIEREME, XIESHENE

Z)

2025-4-6 HENRRES



IENNERAIA )

28% 1roermmrememe e Increased Conflict Misses

Reduced

20% + Compulsory ---------.-, .
& Misszs ! 1K 64-byte blocks

15%< ----------------------------------------- —*— AK are common in

L1 caches
______________________________________________ *— 16K

o/
= '\.‘./'/‘ 128-byte blocks
—% 64K

are common In

Miss Rate

-— g —8— oK L2 caches

g % Block Size (bytes)
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RX), FEWNKBEE=GIFID

« @Given: miss rates for different cache sizes & block sizes

Block Size Cache =4 KB Cache = 16 KB Cache =64 KB Cache = 256 KB

16 bytes 8.57% 3.94% 2.04% 1.09%
32 bytes 7.24% 2.87% 1.35% 0.70%
64 bytes 7.00% 2.64% 1.06% 0.51%
128 bytes 7.78% 2.77% 1.02% 0.49%
256 bytes 9.51% 3.92% 1.15% 0.49%

« Memory latency = 80 cycles + 1 cycle per 8 bytes
— Latency of 16-byte block = 80 + 2 = 82 clock cycles
— Latency of 32-byte block = 80 + 4 = 84 clock cycles
— Latency of 256-byte block = 80 + 32 = 112 clock cycles

« Which block has smallest AMAT for each cache size?
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A,

SENAMATR ST

 Solution: assume hit time = 1 clock cycle

— Regardless of block size and cache size

« Cache Size = 4 KB, Block Size = 16 bytes

— AMAT =1 + 8.57% x 82 = 8.027 clock cycles

« Cache Size = 256 KB, Block Size = 256 bytes
— AMAT =1+ 0.49% x 112 = 1.549 clock cycles

Block Size
16 bytes
32 bytes
64 bytes
128 bytes
256 bytes

2025-4-6

Cache = 4 KB
AMAT = 8.027
AMAT = 7.082
AMAT = 7.160
AMAT = 8.469
AMAT = 11.65

Cache = 16 KB Cache =64 KB Cache = 256 KB

AMAT = 4.231
AMAT = 3.411
AMAT = 3.323
AMAT = 3.659
AMAT = 4.685

T EHURREH

AMAT = 2.673
AMAT = 2.134
AMAT = 1.933
AMAT =1.979
AMAT = 2.288

AMAT = 1.894
AMAT = 1.588
AMAT = 1.449
AMAT =1.470
AMAT = 1.549

58



SEXNAMATRISSIH

Illfwk Penalty Cache Size | Cache Size E;lrhf*him Cache Siee {‘.:u."hrf Size
Size : 1K 1K 16K K 256K
16 42 15.06% /7321 | 857%/4.599 | 3.04% /2,665 | 204%/ 1857 | 1.00% /1458
2 44 13.4% /6.870 | 7.24%/4.186 | 287%/2.263 | 1.35% /1594 | 0.70% /1.208
i 48 0% /7605 N 7.00%/4.360 | 264%/2.267 | 1.06%/1.509 | 0.51% /1.45

128 56 || 1664% 10318 | 7 18% /5357 @_fm_m;%\ 0.49% 11274
[ 1 15% 14

256 72 1 2201%/16.847) 951%/7.847 | 3.20% /3,389 p 0.40% (1,353

' X
| :. Miss Rate / Average Access Time (in cycles)
' : y
1 Remember what's going on here’

’ .-'h;;-gu'l_'q-aa-I1|nv-- hit-1 itm- - mlwa'nh- X [tHHH-pI'[I;I][}'

' KEE 5 '31131#16/\ B i e ST, B e
RS- sﬂtuag&ﬂaéﬁg%aché‘ rf;uw\ﬁ,,nfﬂa;yuj $§1ﬁrumn§: ¢
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R, FERINE

+ NG eiErIS I TS
- MYTFATECache R, JANMEIRY, SUEFFHEET
%, [BERRT LT
- Cache SRR, BESMEABIRITASAN HE ()
- B
- SN, ETREERIMESRL (ASEMERTE)
- SA/NEDN, FIEPIRISKIEN (CacherFIARERL)
- SUFFEIEA (LRI, SURCHETEEX)
+ RITRADRIRN, ARENB R
- R PRI = SoRda] + S S
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— XJF

BRA 1,
+ MFITEIRESREIMN TS

Z8ECacheld &, WA/NINRET, ZE=FF

fE, (Eakkim L

— CacheB&=;

-+ Ot

— BRA/NEIN, Bl
— BRA/NEIN, BIfERSRUENN (CacheF

— R385

aEINE

Ay =]
AAE

K, (FIREIA RS RATER AN

KU (ZEEERIE

LY

R

 RITRADHIREN, AEERERWE

- IRIX

2025-4-6

. Y ERIE = ap

FREYIR] + SRR x 585

T EHURREH

H)

AR = D)
HIZK (ETEERZE), #EEERRNEZX)

tH
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IRSHIRE

- SIRBREAEIF XML I EACEM 2B —HFEN

.« 2:1CachefZB&iRM

—- BFEANRIERBRR Cache RIERSEFE N/ 2RI EREHERCacheHYRIERE
A ZHHME]

- IRSEEXE, SigmMassREdE

Size (KIB) 1-way Z-way 1-way S-way

1 7.65 6.60 .22 5.44
Fd 5.90 4.90 4.62 4.09
4 4.60 3.95 3.57 3.19
8 3.30 3.00 2.87 2.59
16 2.45 2.20 212 2,

32 2.00 1.80 1.77 1.79
64 1.70 1.60 1.57 1.59

128 1.50 1.45 1.42 1.44
Average Memory Access Time
OOPS!



Wirita
outtar

Lonwar iavd mamar

FIGURE 5.13 Placement of victim cache in the memory hierarchy. Although it reduces
miss penalty, the victim cache is aimed at reducing the damage done by conflict misses, de-
soribed in the next section. Jouppi [19290] found the four-entry victim cache could reduce the
2 miss penalty for 20%% to 955 of conflict misses. 63



Victim Cache(2/2)

- HAEE
— 1B Cache I B EIRSR AT PSS SRS A
— Victim cache>RFIEEEX - FSEREYE
_VI%Blem cachefZIHT (FzR) KM EFAIAP

— e TE=V h Eﬁ" Z1 ,
%?%JEMﬁijg—égachelgg%m@g? ij%l%&x SR AR

¢ J DEC SRO) A&, Z=1F5InA
V?ct:ltmlzI c(achei\: 2 ‘%a&'ﬁﬁﬁg jﬁﬂﬁﬁ 2=:'=t

EFﬂB“"IJ\iEIﬁE Hﬂ%ﬁ&?ECac e,
794E|’_‘1V|ct|m CachegE{#4KB

%&f&Cache;ﬁF,&#&g&:ﬁE} 20%-90%
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>R

- O CPUSTEHESRIANERERNERZFE

Y

23 H1FHT ) = fpE

- BAFER:
— 4, 2 CacheFAK(
— 5. 1EEMIETF S (Giving Priority to Read Misses
over Writes)

2025-4-6

L NEIRESYES S SYE

Multilevel Caches)

T EHURREH

tH
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— PEMian

xXFZ % Cache
« —fFcachelMIFRINEE

==I0]|z]

— BMEERIFI0RYEERE
. IEHI=%Kcache
— > 5FE=ERgap

— AR R R AT S

&&cacheﬂwc,m

— D5

— Y73g

—i’JU’J‘T— HITE] (AMAT)

Processor Core

Addr

i Inst Addrl I Data

I-Cache D-Cache

Addr

I Block Addrl ‘ Block

Unified L2 Cache

Addr tBIock

Main Memory

'ﬁ%jcggﬂﬂz cachetJLUiIR1FZ L1 cache
oS E SV ER
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ZREI M (multilevel inclusive)

L1 cache RS ETZEEFL2 cacherh
— BZ T L2 cache T=[g], L2 &N HEFHEMRAIZSE]

L1Hmiss, {BEL2HAd

, MIML2¥E IUFERRIEREL 1

« {EL1F0L2AR1gmiss, M E{EKLRFE AR RIAYIRZIL1FOL2

- WL SIRMESEISHIERRSRIL1FIL2

« Write-through RHg

HFL1EIL2

- Write-back &R H-=

RIRIEE I ETD

L2 ZISB(RRFiERR, LARRTEiECS 2

- L2p9EHRaE (ERFTH)XIL1AI R
- BIL2A—ReEE#R R, BRAREELIFNAVR RS

M.
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L1

L2

2025-4-6

’_-\

1 <—( Invalld 1

-

N o O AN R

L1: 1-way, B=: 2IR
L2 4-way, B=: 4R
RKIVEE
iBEAERES110246
&intkhE: LRU
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=
=

1 <« Invalid
N 7’

~

1
I AN E

CE CCN

O 00 N o U1 B W N =

2025-4-6

L1: 1-way, Re:

L2 2-way, B=:

LAFAL2BYER K /NAS[E], L1BYblockSizeEL2

HYblockSizefy1/2

BIREE: LRU
£ 23R LI ELX) 7 891G Bl 751 -

0148

THETUWRREN

-

23R

23R
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Q) SHAESE (Multilevel Exclusive)

* L1 cache FRYIRAETEL2 cacherh, LlEtfaREE=SH
« EL1HAmiss, {BEL2RAEAR, 1S CachelAlIRAY TR
. ﬁLﬁﬁ] L2rRmiss, 1E{UXABIKERE IWERAIIRE]

« L1A9HERRVIRIZEL2

— L2 FELIEFATR, LABSELEL 1A S EE
- L1FIL255RAE7 Write-Back
. L2F|FE{KkHcacheBIS5KEE S Write-Back
« L1FIL2B9R A/ a] ARSI LAARE

— Pentium 4 had 64-byte blocks in L1 but 128-byte blocks in L2
— Core i7 uses 64-byte blocks at all cache levels (simpler)
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«L1: 1-way (28R) L2: 2-way (41R)

. HIEAEREEF10123456 3
- RS LRU
« RA/NEE]

THETUWRREN
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. @Eg?&?&-?ﬁ iz CachefyBREL / BhiXiZzKkCacheANiHTF
IX

— Miss ratelL1 for L1 cache

— Miss ratel.2 for L2 cache
- ZREWE: P CacheMIKBRE/ CPULLRNIBTREZIREN
— Miss ratel1 for L1 cache
— Miss ratelL1 x Miss ratelL.2 for L2 cache
—- ERREREEEL2 cachebREMNTIF X
- [EEESE
— AMAT = Hit TimeL1+Miss rateL1 xMiss penaltyL1
—  Miss penaltyL1 = HitTimeL2 + Miss ratelL2 x Miss penaltylL2

— AMAT = Hit TimeL1+Miss rateL1 x (Hit TimeL2+Miss rateL2xMiss
penaltylL2)
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L1 cache Z&34=<

o ¥FI-CacheFlID-Caches3FHIL1 Cache

Miss Rate (L1) = %inst x Miss Rate(lI-Cache) + %data x Miss Rate
(D-Cache)

%inst = Percent of Instruction Accesses =1 / (1 + %LS)
%data = Percent of Data Accesses = %LS / (1 + %LS)
%LS = Frequency of Load and Store instructions

- BFESHILT KHRE:
Misses per InstructionL1 = Miss RatelL1l x (1 + %LS)

Misses per InstructionL1 = Miss Rate (l-Cache) + %LS x Miss Rate
(D-Cache)
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EHB " ZyCachelJAMATZA5l|

« Problem: 11§ AMAT

— |-Cache &34 = 1%, D-CacheZL¥{E = 10%

— L2 CacheZeZ= = 40% ([FER)

— L1 #HRRT{8E] = 1 cycle ( I-Cache FID-CachetB[aE])

— L2 apPATE] = 8 cycles, L2 SR85
— Load + Store I5SHE = 25%
« Solution:

5 = 100 cycles

- HIIFFRIESIHFREL = 1+25% = 1.25
— FIEFRIBHIRIUREL = 1%+25%x 10% = 0.035

— L1AYEERER= 0.035/1.25=0.028

— L1AYEEAFFEE = 8 + 0.4%x 100 = 48 cycles

— AMAT = 1+0.028%x48 = 2.344

2025-4-6 HENRRES
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Memory Stall Cycles Per Instruction

« Memory Stall Cycles per Instruction

= Memory Access per Instruction x Miss RateL1 x Miss
PenaltyL1

= (1 + %LS) x Miss RateL1 x Miss PenaltyL1

= (1 + %LS) x Miss RateL1 x (Hit TimelL2 + Miss RatelL2 x
Miss PenaltylL2)

« Memory Stall Cycles per Instruction
= Misses per InstructionL1 x Hit TimelL2 +
Misses per InstructionL2 x Miss PenaltylL2
Misses per InstructionLl = (1 + %LS) x Miss RatelL1

Misses per InstructionL2 = (1 + %LS) x Miss RatelL1 x
Miss Ratel2
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FZ CachetERE

* Problem: E2FIiE177=4£1000/MF(ik=21h10)
— [|-Cache misses = 5, D-Cache misses = 35, L2 Cache misses = 8
— L1 Hit = 1 cycle, L2 Hit = 8 cycles, L2 Miss penalty = 80 cycles
— Load + Store frequency = 25%, CPl-execution = 1.1 (perfect cache)
— ITEmemory stall cycles per instruction FOBXNAYCPI
— WIRIKBL2 cache, BRICPIRZ/?
« Solution:
— L1 Miss Rate = (5 + 35) / 1000 = 0.04 (or 4% per access)
— L1 misses per Instruction =0.04 x (1 + 0.25) = 0.05
— L2 misses per Instruction =(8 / 1000) x 1.25 = 0.01
— Memory stall cycles per Instruction =0.05 x 8 + 0.01 x 80 = 1.2

— CPI (L1+L2) =1.1+ 1.2 =2.3, CPI/CPlexecution =2.3/1.1 =
2.1x slower

— CPIL1only =1.1 + 0.05 x 80 = 5.1 (worse)
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AEIF/MYL2cacheds B g4 TET(E]

B L2 hit = 8 clock cycles
8192 LO= '
106 [ L2 hit = 16 clock cycles
1.10
4096 a
1.14 Reference is 8 MB

L2 cache with L2 hit=1

2048

1024

512

Second-level cache size (KB)

2.34

256 2.39

1.00 1.25 1.50 1.75 2.00 2.25 2.50
Relative execution time

Copyright © 2012, Elsevier Inc. All rights reserved.
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Miss rates versus cache size for

multilevel caches

100% 7
—@—Local miss rate
GG iR e e SRR e = éan} --------- —— Global miss rate
: Single cache miss rate
BD'?J{:: A e e R = e e A O R e e LA e e A e e T e e e e e s T i o - R R T
_f'rD':.'fn R e e e i e e e - T T e e S S e
ED'?ID A A e A e e R T e e R e A T e i e = A e L T e e o e e e o B e LA e e T ST o i o s e L o
-
L S R T T I .+ T L T TR
4':"'-1';0 F] T B i i i i e e e i R e L s iy, e i o
3 4%
BDQ‘FD B T B i e e e e i i i R e e s i e e T e s o
Global miss rate is a better metric
ED% A A e e e e R e S P A L e D A e e e A o e L i O = = e Lo
1 D"-f'fcu ] BT R Ty e i e e e T i e N i T e iy L e e e R S i o
el 8% Pdor T 4o 48 g o igoy ;
0% . . . . ; : : 2% 820 -t0-m 14,
4 8 16 32 &4 128 256 512 1024 2048 4086

Cache size (KB) 78



M Cachefy—LErAR &1L

7’ LZELL1XSZBIER T, AfkCache2R/ERM= Hl
=58 " CachetfFAHIR LK CacheRIKH=REIA

E*Bgéﬂfzzzmﬁ]a%—-&caCheﬂgyﬂah
—~ tst 5—2% Cache SRRV ER EY
BEEH BRI CachefRZEKATERE

%_.&Cachewﬁvl' = E SRR
BE. —WREX, IJRRESERN, REEHIMERSEDH
9%95‘5(

- HEEXEXIE P CacheBI{EFH

Cache_ﬂ«l?#xj( LURID S8R EL
- Q&@“ﬁllﬂ . F—4CacheFHIEIER R B ERINEFT

:_Fﬁs_,&CacheE
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Z 2 Cachez 5l

Given the data below, what is the impact of
second-level cache associativity on its miss
penalty?

— Hit timelL2 for direct mapped = 10 clock cycles

— Two-way set associativity increases hit time by 0.1 clock
cycles to 10.1clock cycles

— Local miss ratel2 for direct mapped = 25%
— Local miss ratel2 for two-way set associative = 20%
— Miss penaltyL2 = 100 clock cycles

- &1t IRSEERE, nIRAE—RKCachefyFTEFH
- ECachelFn: BEKX, BHIKE, REX, EX
T DFRBURES,
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INE S TEER

Write Buffer

r
mh BE 1, - HE

Duas

DRAM
(or lower mem)
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1SRRI TE

- BAFERMEAXMESG, FREXUMNST, LRSS

. Wr|te -Through Cache ->Write Buffer (54&h), FuIJSU'%E ZEAW

Wr'te«l?i‘aﬁ?ﬁ} C&JKM%?% SiMEh, BEMSESRIEUEFNEULXZWrite Bufferfg, CPU

- BENERNEFESAINERML
- EEENETBE PR EE MR TNRNE, 58E5R
- {Blan, HiEMEY. SENA. 512F11024ME3RIE—bR, N
« SWR3, 512(R0)
« LWR1, 1024(RO) 5%
. LWR2,512(R0) 3%
— BRREIRRRYGE
o HERINELRMAALIE, HRISENEREE, SEENIEE—ERFHEIEX,
- HERNEY, MEEEPHNARE, RSE /EPae, mBFEEs AR, Bal LALRERabIEEESRY
- BMEER], AL AFIREE bR tee
- EEERMAETRR, REEEESE, B '5??11%%%
« Write-Back Cache ->Victim Buffer
—  HEBRRIAELRE! T victim buffer
- FIRRESER, TEIMEERN
— [AJ@&: victim buffer BJRERBIZIELNEEEAIL
« Solution: E¥Rvictim buffer, NER&EHEEEEIZERIE N Cache
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grasahAE Virtually indexed cache

+ Cache indexfvirtualitiliti® 2 physicalitiiik?
- Virtual index "]l Eita{Ecache indexingBdfdvirtual
to physical address translation, pRLAssHRAY[E)%E

- How about tags? A pure virtual cache (with
virtual index + virtual tag) seems faster. But what
is its problem?

« With multiple processes and process switching, a
pure virtual cache is not practical

— May need to purge the entire cache on a process switch
— Or can attach a PID field

 Usually Virtually index, physically tagged

H'l

L0

2025-4-6 TTEUAR G 83



| Virtual address <B4>

8 |

l

| Virtual page number <50= |

Page offset <14 |

|TLB tag compare address <43>|TLB index <?>| |L1 cache index < >| Block offset <E>|

it 5 CacheEil H1T

To P

TLB data <26>

TLB tag <43>

L1 cache tag <26>

L1 tag compare address <26>

Virtually indexed, Physically
tagged L1

L1 data <612=>

l Physical address <40>

| L2 tag compare address <21 | L2 cache index <14 | Block offset <6>|

To P

L2 cache tag <21>

Physically indexed,
Physically tagged L2

L2 data <512>

To L1 cacheor P

Figure B.17 The overall picture of a hypothetical memory hierarchy going from virtual address to L2 cache access. The
page size is 16 KB. The TLB is two-way set associative with 256 entries. The L1 cache is a direct-mapped 16 KB, and the L2
cache is a four-way set associative with a total of 4 MB. Both use 64-byte blocks. The virtual address is 64 bits and the physical

address is 40 bits.

Copyright © 2011, Elsevier Inc. All rights

Reserved.



B Cachelftit 5%

 YAFEnsRAYE)
— 1. /NTofEERRYSE—ZKCache
- 2. Eafﬁljslfj_li

- {EhNCachews
- 3. CaChelEl':_'JmJJ('f'{ﬁ
— 4. FoPHZECache

— 5, y{ZIKCaChe

o KB A
6. EEFRAIEHIER
- 7. &H5

. BRI
~ 8. WL

. B TR
— 9. FRHFREN
— 10, fmiFsstHIRITREN
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L

. Small and simple first level caches

« Small and simple first level caches

- FE/N, —feisEdEE, BREMERW

- B—HxE, RiFTagfER N, REFEEHI, WIDEC Alpha

— FE—RCacheIEFERE/NBEHBERANRITLE
« Critical timing path:

1) BN\, FEtaghINE

2) tEiRtags,

3) TS 1EARRTLR
- Direct-mapped caches can overlap tag compare and

transmission of data

-

EEttag LT

-+ Lower associativity reduces power because fewer
cache lines are accessed

— [BIERHYCache 5y, AIBERUM D tagttRAVREL, IATIFFETIFE
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L1 Size and Associativity

900

m 1-way o 2-way
m 4-way m 8-way

800 1

700

600 1

500 A

400 +

300

Access time in picrosecornds

200 1

100 +

16 KB 32KB 64 KB 128 KB 256 KB
Cache size

2025-4-6 TTENWKRREMS 87



L1 Size and Associativity

Reading out 8 tags and data

T blocks in parallel

0.45 - M 4-way O 8-way / \

!‘:'
e
1

0.35 -

o
(0]
!

0.25 A

o
ra
1

0.15 4

Energy per read in nano joules

o
iy
!

0.05

16 KB 32 KB 64 KB 128 KB 256 KB
Cache size
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2. Way Prediction

» JAGHAFRATE, FRNRERAYEE(way)
- FsE RS S E KA e PHTE]
— FNB R
 90%+ for two-way
 80%+ for four-way

* |-cachett,D-cache BB B IFRY/ERRME
— QOTF{REAEE—I X FHFMIPS R10000
— FHT7ARM Cortex-A8
+ Way PredictionF5iZtBaJ[#{XINFE: EHIEM
BB AR
— IR "E&%EIER" “Way selection”
-~ %;%&&B%{ KIiE, (B—BEmllERegE KamT
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B Cachelftit 5%

- YaFEnsRAJE
— 1. /NTofEERRYSE—ZKCache
— 2. Eafﬁljslfj_li

- EINCachewmE
- 3. CaChelEl':_'JmJJ('f'{ﬁ
— 4, FoPAZECache

— 5, y{ZIKCaChe

o KB A
6. EEFRAIEHIER
- 7. &H5

. BRI
~ 8. WL

. B TR
— 9. FRHFREN
— 10, fmiFsstHIRITREN
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3. Pipelining Cache

. ekiLCachetﬁlﬂElfl Kt

ECachellEE, AFITRASERLENER

— L1 cachelYi5|nFHZ T £ B HAYE B,

* Pentium: 1 cycle

* Pentium Pro - Pentium lll: 2 cycles

 Pentium 4 - Core i7: 4 cycles
IBM Power7 . 3 cycles

— i""')]:
— 10
— 10

2025-4-6

. IEINRIKERIEREY

> FUNEEIRERHIEIMNTEE  (I-cache)
T Loadigs S S E(FHEZERIVIES AR Iatency
T I-CacheF1D-CacheAZERT
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Eemlt drive
_—

SRS
-

Japonap
SSAIPPY

t Address caloulation

25110

FIGURE 2.2: Parallel tag and data array access pipeline,
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Sy

\ 1ua Iy \ﬁ BRI

Be=ult drive
-~

| Address caleul ati ot

FIGURE 2.4: Serial tag and data array access pipeline,
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4. Nonblocking Caches

FIFECache kN T 4£LEns

— fECachedBY, CPUFGEstall

- FEBTFEFRITIIZ %24 1EEs
Hit under a Miss

— . héxﬁﬁ']%xﬁj H
— IENCachelY s

Hit under Multiple Misses

— XS R ARRAYCache AN
— A RES B SR DB HI T
— imbﬂTCGChej:I%Jﬁ%E/Jazl—x |‘$
— FERF O] LSTHF 2N R ET BT ERRSS
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Blocking Cache M = Cache Miss = Stall
v
Execution Time Execution Time
Miss Penalty
Hit Under 1 Miss M H S M = Cache Miss, H = Hit, S = Stall
VR
Execution Time Execution Time
Miss Penalty
Hit Under 2 Misses MMMH S M = Cache Miss, H = Hit, S = Stall
v ¥ ¥4
Execution Time Execution Time
Miss Penalty
Miss PenaIE_y

2025-4-6
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-a— Hit-under-1-miss + Hit-under-2-misses - Hit-under-64-misses
100% - ;

90% ¢
80% -
70% -
60% -
50% -
40%

Cache acess latency

calculix
GemsFDTD

libquantum
cactusADM

SPECINT SPECFP

Reduces the miss penalty by not stalling the processor on a cache miss

Copyright © 2012, Elsevier Inc. All rights reserved.
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Miss Status Holding Register (MSHR)

+ MSHR € SIEEFSLIEAIRH
— HHERIRAT LIS &3 KRR RAYLoad/Store K3
— LA Z KRR RAI R b
o« MM
— Primary: S—IR A EFEUEKATRISRZUR
— Secondary: EfGEEIFEDRIERN
— Structural Stall miss: MSHR fE{43FRFER

f-

V| Type |Offset Destination or Data

V| Block address | <

v | V[ Type|Offset Destination or Data
New miss address
Type: LD, SD, LW, SW, etc. Offset: block offset
match Destination register for load or Data for store

2025-4-6 TTEUAR G 97



. WCacheHWAY, BEMSHRESS LEIIER
it
— 4
— 4

— 41
- SMIEEEHCachelRAY

— IRz IR
— Load: fR#Eblock offsetp\iziRhIs
— Store: R

tlﬂ’%

8, Nzt EdFaYload/store FRIT

S ECETBIMSHRFOload/storeZ=1n
T EMSHRIZRRER D ELE, MStall (ZStafEXK)

— STRZRATERIRRAILoad/Storefq

2025-4-6

OfLoadFStorefg§ < %Iﬁ_EI’HEx&

EUER S 7

FRRYXI MR

T EHURREH

=block offsetiGHIEBE NIZUEENE

, BEPIMSHR
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Multi-Ported Cache

 Dual-Ported Data Cache

- PO (B CycleXZiFMiskload/store 1§

— AL IEEE P RIFREMNIESTILE
* True Multi-ported Cache Design
— FTBRYEHIAIZUEIR £ Cache PEZTHY

* Address Decoder, way multiplexor, tag comparator, aligners

* Tag Array, Data Array

— EBEMIENNT CacheAVEIFRFDVIIRIATE

« Multi-Banked Cache

. address1 — Dual
— ¥GcachefBZIFZZ Nbanks  datainl = ported
— /'5_:4\ba N kIEE_/l\ﬁﬁu'-lﬁ address?2 — Data

— ALAF AR ERIBank data-in2 = Cache

— data-out1

> data-out2

2025-4-6 HENRRES
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5. Multibanked Caches

+ JECacheHE S MIZAIbanks, LASZF
176
— ARM Cortex-A8 supports 1-4 banks for L2
— Intel i7 supports 4 banks for L1 and 8 banks for

L2
® Block Block Block Block
address Bank 0 address Bank 1 address Bank2 address Bank 3
0 i 2 3
4 5 (5] 7
8 9 10 11
12 13 14 15

Figure 2.6 Four-way interleaved cache banks using block addressing. Assuming 64
bytes per blocks, each of these addresses would be multiplied by 64 to get byte

addressing.
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+ KBEFNTC

SeiERCPURE S
R BIARLAACPU, (RS, B
RS EE T\ Bt
- IERIER
BRI
R EIAREIACPY, EEUET,
SRS N LAt
o WERERILERKR, XEFARATBH
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- ERSENEREANEIFIEER, MRSENEPEE
HETOI AR, S EHMNE, FEFXEANEERIMT
RES55EMIRANFENEHIRIBIICES, WRITE,
MIEFAIRESIZREH, A "SHE"

- JLAERRHTFEE M

Write address  V

&Rk AYCPUER

W v v

100 1 | Mem[100] | O V] 0
108 1 | Mem[108] | 0 0 0 NO erte
116 1 | Mem[1186] | O 4] 0 merglng

124 i | Mem[124] | o 0 0

rite address WV \' WV V
1 1 | Mem[100] | 1 | Mem[1 1 | Mem[116] | 1 | Mem[124 . .

With Write

merging

2025-4-6
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8. TmiEssiiit

FoB xR EMICRE, BRI

RARMARLER:

— RMESHERY

— R EERERR
MESEA, ERARER (BSRAE) MAIWERRIIE/RE

— Eﬁ?‘?:%%%: B ERprofiling{SBRAMTE S HIBRTBEAERIRR, FHEIE

SEFHERLUBD L,
— fHRZREA:
. BEH2KB, Tk 4BytestIEEM SR Icache, BT ERIESTEER LAFELEIEK50%.

BEIEKE 8KB, LR PEEK75%
. EELERT, HEeisRLESAENICachelt, TTLIERIGR(EMEE. RIEAXEEM,

e (BSREE) REFEERRSR Cache PRIRER R T R IMIRFERFEA/ISERE
FEEXCacheFPRIKRIER,

g DEESE, EEEIRARELSIENZ R BER A REBERE,
HARBEA:
— HUEEFH
— RIMEIRRHR, BIARLS
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RiFsilitRiEablz—: SESH

// Original Code
for (i=0;i<N; i++)
ali] = b[i] + c[i];
for (i=0;i<N; i++)
d[i] = a[i] + b[i] * c[i];
Blocks are replaced in first loop then accessed in second

// After Loop Fusion
for (i=0;i<N;i++){
ali] = bli] + c[i];
d[i] = a[i] + b[i] * c[i];
}

Revised version takes advantage of temporal locality
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iFsaiiithizablz=: RIMEIAITHR

/* Before */
for (j =0;j<100;j=j+1)
for (i=0;1<5000;i=i+1)
x[i]0] = 2 = x[i]0];
/* After */
for (i=0;1<5000;i=i+1)
for (j =0;] <100;j=j+1)
x[i]0] = 2 = x[i]0];

Revised version takes advantage of spatial locality
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iFsiiithizallz=: SR (1/2)

/* Before */
for (i=0;i<N;i=i+1)
for j=0;j<N;j=j+1)
{ r=0;
for(k=0;k<N; k=k+1)
r=r+y[l[kI*z[K]U];
X[i][j] = r;
% i ; :

Z
0 1 2 3 4 5 o] 1 2 d 4 5 0 1 2 3 4 3

0]
1
: 2
3
4

0
1
2
3
4
5

n o 3] Ia —_ L ]

NSURIRAE, 77 2R BIAFAk 4 Vg IrCEUN: 2N3+N2
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iFsiiithizallz=: SR (2/2)

/* After */
for (j = 0; ji < N; Jj = Jj+B)
for (kk = 0; kk < N; kk = kk+B)
for (i=0;i<N;i=i+l)
for (j =jj; j < min(jj+B,N); j = j+1)
{ r=0;
for (k = kk; k < min(kk+B,N); k =k + 1)
r=r+ y[il[k]*z[K][];
x[il0] = x[i]0] + r;

+ Ca P -+ =]

%] + i3] I — ]
tn £ ol 5] Lo o]

5
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9. Hardware Prefetching

- CPUERTHBIRCIBRS, fEHFRENT—IRICES
= 95’;@&%‘55J:§)ﬁ%ﬂﬁi2ﬂﬁﬁ% IXHERT AR Ek R Cache i
1=l
- HIRABIEZHIIESH, fMEKRW
- FRENRYIESHILIRfEIcacherR, tHRILAGIEES BIES (FELE
ELtMemoryiRadityg)
- AXP210645<3483, BN2iRiSSIR
— BirR{EIcache, F—RIEISBHES RET) F
— WNRiGAEREISBY, BEUEIAFER, EIEMISBHE, FHiH
X 15 S HRIVTREGHFIE K
« ARGEER: ”XRIMAF165ET, BEHIKBRIEEMS Cache,
TMREYIESTRE RS, JLUEIR15% - 25% /9558, 41MR
ISBEJIEZK50% Y%, 16IRISBRIIFZK72 %Ay
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RER{A-FREN

° ﬁﬁﬂ!ﬁﬁ&
H&m: CPUILIR—REHE, _J g5 _FEipn F—tREdE
— JouppitARESER . thRAK/N16=FT5, 4KBEEM S Cache, 1Block DSB - 25%
— 4Block DSB - 43%

— Palacharlaf0Kessler 1994553

- —MNEBER 64KBIYSZEEEX (Icache, Dcache) UL IEEESIE, SBlocksitiE HeSaEBIRE50% -
7T0% RIS

- Ztfjll: Alpha AXP21064RRISSTIHEAR, HECRKRWERSLV? EAXKH
IRSTEURA, Alpha AXP 21064f9f§<Cache b AZ KA BERIFFIIN
FAIEARZE?

- RI§HIESAHEIES Cacherh, EMENE N X HIRERY, FEZELATHERH
— BRI A =R 925%, wp At B NATHERE, AFFE 50 AT EER
—  8KBIES CachefUEEN1.10%, 16KBIES cachelILEE0.64%

— AMAT (FREX) = apPR3iE)+S50ER TREN A R > 1+ SR (1-FRENARRER) *SRR0FH

- IR MHENREESRNEATEERE, MARSEENEFERIEERS.

2025-4-6 TTEUAR G 109



G4 TiaEN

Fetch two blocks on miss (include next sequential block)

2.20
2,00 4 i 1.97
=
E 1.80
g -
e
E
= 180
e i 1.49
g 1.45 |
= i 1.40
£ 1.40~ : 1 32
[i¥ ! .
& E i a8
i 1.20 1.21
1.204 1.16 i 1.18 I I I I
-I.(I:l I T :I I T T T T T T
gap mef fam3d wupwise galgel facerec swim  applu  lucas  mgrid equake
SPECint2000 SPEC{p2000

Pentium 4 Pre-fetching
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10. Compiler Prefetching (1/2)

o {EISAHIEITREUES, 1L9miFE=SiEHlIFREY
- FREYAYFHS
— E{FSTNEY : {EEUEENEIRA
— CacheFlEX: RIEEHEEEICached, AEINE 175
. ESZBEI‘H]EE
— FRFSERIRYTREN AT AR SR TREN, el A2 FAPE 4 FREN

— PMESCEIE TGS FIENAY & HIN B SR, SR
WE,T é EEE S

_ IEEMTREL, ANSE SR AR
. Flﬁ?ﬂﬁﬂ!ﬂj CPURILA4AZEEITRIBR T, WEAE

—C heEEF A ZHER BRI [E R DAEEHsSE
i ac 13"@]_ Eﬁg%ﬂg;gh% = HE(EELéCj;Chg AIEERAIESFEL
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AR =HITE (2/2)
- EAEREAANEEEIR

" SRR, CompilerEEMHIRF—FIR,
B SR TEE

— RFHHBAR], RiEssBIMIETZIR, LUME
R E A TR

- HFAEMBiESEERE—RIE<SHIFE, EIt
%Lﬁxﬁ&ﬁ%m o

B R TR n] BE S Y IE]
2|'51§IJ1 P93 (70) (Hennessy &
Patterson 5th /HRiESR)

12: P94 (71 H &
fl-;l.gzterson 5’$h/l=)|=14=(2|5§nnessy
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=551

Example : For the code below, determine which accesses are likely to cause data cache
misses. Next, insert prefetch instructions to reduce misses. Finally, calculate the number
of prefetch instructions executed and the misses avoided by prefetching.

Let’ s assume we have an 8 KB direct-mapped data cache with 16-byte blocks, and it is a
write-back cache that does write allocate. The elements of a and b are 8 bytes long since
they are double-precision floating-point arrays. There are 3 rows and 100 columns for a
and 101 rows and 3 columns for b. Let’ s also assume they are not in the cache at the
start of the program.

for(i=0;i<3;i=i+1)
for(j=0;j <100;j=j+1)
ali][j1 = b[j1[0] * b[j+1][0];

- A ELISIEFESPNEHEIFES A, aJLiZ st Fspatial locality; jABEHETR
%, FEESHR. ’HifRSEH150:Xmisses
- BAJlAtemporal localitydhiEZ#: (1)BAFiERNSBEERTE; (2) 8
RIGIECHERbRERES L—RXERER. HbSEAY misses: (1) i=0R}iA1E
b[j+1][0], (2) j=O0R&/XisEDb[jI[0]HIR., 10Tmisses
1L AT R LAV SR
-  FEAERPRERIGEHI TR
- Big: MEAIMNEK, BEE/MET (Bban) 7RECRFRTIE
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for(j=0;j<100;j=j+1){
prefetch(b[j+7][0]);
/* b(j,0) for 7 iterations later */
prefetch(a[O][j+7]);
/* a(0,)) for 7 iterations later */

alO](j] = bpl[O] * b[+1][OL};

for(i=1;i<3;i=i+1)
for (j =0;]j < 100;j=j+1) {
prefetch(ali][j+7]);
/* a(i,j) for +7 iterations */

alili] = bO][O] * bj+1][0];}

2025-4-6 HENRRES

FRHY a[il[7]1Z8ali][99],b[7][0]Z=
b[1 00][0], PFEIEFREYmisses

SE—IXaIRRAIRTEDI0][0],

b[1][0], ..., b[6][O]RIRY7IRERK
SE—IXfaRrhialEITEal0][0],
a[0][1], ..., a[0][6]BIRY4RERK (FI

Hspatial localityl&missesif &=
1651 cache block—iXmiss

SR fEMRiILETEal1][0],
a[11[1], ..., a[1]1[6]RY4IRERK

SBIRaRTRIRITE=a2][0],
a[2][1], ..., a[2][6]A94IREREK

2319 X4EfEYmisses

E#m (251-19) 232)Rmisses, {1
BT T400E=MEES

Very worthwhile!
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Example :
Calculate the time saved in the example above.

(1) Ignore instruction cache misses and assume

there are no conflict or capacity misses in the data
cache.

(2) Assume that prefetches can overlap with each
other and with cache misses, thereby transferring at
the maximum memory bandwidth.

(3) Here are the key loop times ignoring cache misses:
The original loop takes 7 clock cycles per iteration,
the first prefetch loop takes 9 clock cycles per
iteration, and the second prefetch loop takes 8 clock
cycles per iteration (including the overhead of the
outer for loop). A miss takes 100 clock cycles.
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-review : Summary

Hit Band- Miss Miss Power Hardware cost/

Technigque time width penalty rate consumption complexity Comment

Small and simple + — -+ O Trivial: widely used

caches

Way-predicting caches + 1 Used in Pentium 4

Pipelined cache access — + 1 Widely used

Monblocking caches + 3 Widely used

Banked caches + 1 Used in L2 of both 17 and
Cortex-AS

Critical word first 2 Widely used

and early restart

Merging write buffer 1 Widely used with write
through

Compiler techniques to O Software is a challenge. but

reduce cache misses many compilers handle
common linear algebra
calculations

Hardware prefetching 2 instr., Most provide prefetch

of instructions and data 3 data instructions; modern high-
end processors also
automatically prefetch in
hardware.

Compiler-controlled = MNeeds nonblocking cache:

prefetching

possible instruction overhead:
in many CPUs

Figure 2.11 Summary of 10 advanced cache optimizations showing impact on cache performance, power con-
sumption, and complexity. Although generally a technique helps only one factor, prefetching can reduce misses if
done sufficiently early; if not, it can reduce miss penalty. + means that the technique improves the factor, — means it
hurts that factor, and blank means it has no impact. The complexity measure is subjective, with O being the easiest and

3 being a challenge.

2025-4-6
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FERIRA SR

- FEEANGEIE

- <. B, BiE(EENI/0
- FhE=SIEEERER

- BE. EHENSMNTE

— 1pa)AdE (Access Time)

— FHEREER (Cycle Time)
- #2<: DRAM#FISRAM

— Memory: DRAM, Cache: SRAM

;kccess Timé

Cycle Time

Time
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. DRAMEHEMER (SIS o e

m  word lines

— LL’[TLLFQE*D@J j:=|=é£173_|':—'.] 2 -—lﬂ—iﬁ—ﬁl—iﬁ—ﬁ—iﬁ Row 1
~ FEDRAMEBERIX LSRG, M2 s Pl e
~ R IR AR BRI R A S ST A SRR
- FFEDRAMASIBIAIZEL=MER N fColumn Decoder &) -t}
— Precharge, row access, column access Datal D
- DRAM performance
— Latency
« QIRER A HIEKEIMEKHE — B LR IR NS 12
IXRT R ERcycle®]
— Bandwidth
- B—HEMIRRIXE, EEEUERIARYESR
:r‘ RP “T“ tRCD ’}“" cL “}

Figure 3.2: Timing Phases of a DRAM Access



- DRAM
— AN EEEEEH SR, WEFRRERIRIFET
— B2 transistor

- RS
Lower half of address: column access strobe (CAS)
Upper half of address: row access strobe (RAS)

-« SRAM
— {6 Mransistors

- RERRAIDISEERIFANRE

bit lines
Col. / Col. ]
, >m word lines
1 - )
7 Row 1
| (EREIERE -
f— '_g g _|J_.| —|£I —|£I Ifl —|J_'I|]—|£|
I RRFRRERE
o 2 | Row 2N
ol bk HAo —&k\
Memory
M cell
N+M / > Column Decoder & .
Sense Amplifiers (one bit)

2025-4-6 TTEAIPRE 54
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Memory {t{t

 Some optimizations: Column

_ Address |<— N cols —'l
— Fast Page Mode Operation
* Multiple accesses to same row

— Synchronous DRAM
 Added clock to DRAM interface
* Burst mode with critical word first

— Wider interfaces

/]
l /|
— Double data rate (DDR) él/

DRAM
Row

Address

— N rows —>

N x M “SRAM”
— Multiple banks on each DRAM device /I M bits
M-bit Qutput ¥
. Ist M-bit Access L. 2ndM-bit 3rdM-bit | 4th M-bit
RAS L} ! ! ! '
| | | | |
cAs L | AW S G ST WD S Y S
|
X

— | |
A X RowAddress X Col Address X Col Address X Col Address Col Address X

2025-4-6 TTEUAR G 120



« DDR:

— DDR2: Lower power (2.5V->1.8V), Higher clock
rates (266 MHz, 333 MHz, 400 MHz)

— DDR3: 1.5V, 800 MHz
— DDR4: 1-1.2V, 1600 MHz

- GDDRS5 is graphics memory based on
DDR3

« Graphics memory:

— Achieve 2-5 X bandwidth per DRAM vs. DDR3
* Wider interfaces (32 vs. 16 bit)
* Higher clock rate
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Memory IJ§%

Reducing power in SDRAMs:
* Lower voltage
 Low power mode (ignores clock, continues to refresh)

600 -
500 -
=
400 -
E B Read, write, terminate
'% 300 ~ power
2 200 - O Activate power
an B Background power
100 -
0 .

ow Typlcal Fully
power usage active

mode
Figure 2.6 Power consumption for a DDR3 SDRAM operating under three conditions:

low-power (shutdown) mode, typical system mode (DRAM is active 30% of

the time for reads and 15% for writes), and fully active mode, where the DRAM is
continuously reading or writing. Reads and writes assume bursts of eight transfers.
These data are based on a Micron 1.5V 2GB DDR3-1066, although similar savings occur

in DDR4 SDRAMs
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=MEEsREARI

64 bits & 256 bits)

a. One-word-wide
memory organization

Simple:
CPU, Cache, Bus, Memory same
width
(32 bits)
2025-4-6 TR REGE

CPU
Cache
Bus
L
Memory || Memory || Memory || Memory
bank O bank 1 bank 2 bank 3

CPU CPU
Multiplexor
Cache T _TT T
Cache
‘/\_‘ ___/—)—\__
Bus Bus
e 2T il -—v#
Memory
Memory b. Wide memory organization
Wide:
CPU/Mux 1 word; Mux/Cache,
Bus, Memory N words (Alpha:

c. Interleaved memory organization

Interleaved:

CPU, Cache, Bus 1 word: Memory N
Modules

(4 Modules); example is word
interleaved
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Tx‘?‘z%—iﬁ'&ﬁbl@’i 155 imjc??ﬁ%%%ﬁ’ﬂﬁfﬁ

- REREHENGZE
- = W, Hi%, I8%UENFESE

- R
— 18007 CPUSTRiRRR L BHERBERHIEE, SRS
- FFEEY 7Y, IBENZEFESENEE
- EiMERR (o 5HR(E)

MSE[E)RE
— Bg<hse, BRI, — MEEREEIEHAINFIES
[EERIESI A

— EHEFEUTEE, —IRERNEHAL MRS, ~—EaEH

- %TA’E/EF% ajq:#/-m VIRETN T E— AN, JIR
,\_ KRR T R — M e e
e R N Ay Ul P

— 1 'ﬁﬁlﬂae SEEENFER—NMMFETFHN, TEFHTERE.
- sERRE
- NEFEEEASE, FERIBISFSEISHZERE—E.
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RV B SERIF IR

- —EliFEaatEHliZE

- FiE=RBANAZME (Bank)

- FHEPNEE, BEA—1IF, FEENERSHNEE
BiY: EREREEAENERT, TSI FHHITIES

- FERIRABAESAEEL, AEinapsE, EXRENTT:
— {KB9£08 >= 1pinfRP— 1 FRrERYRT R EHAZL
— N E—AENEERSE, cCPUEHIEEEKR10M I ERAE, CPU
BNFEAROBEI— =, MEAROHFHISZZFEIRIN T—1 =, MCPUK
IRNERTNMEERPEBREIEHRNTINE., EF181EE, CPUBEER
@%MVOTE&T—/P?, (EiZzFERFE 20 T EHAA IS, CPURIFE
=,
o TRPE: AEEXTERMERMIGIR, MWEFRMPSELBIEA, Zig LE—H
iriass, WSMFEEESLREZHIEAR AT EIESR
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Access Pattern without Interleaving: CPU [«——| Memory
[ I
—
D1 available I
Start Access for D1 Start Access for D2
Memory
Access Pattern with 4-way Interleaving: Bank 0
Memory
o
Bank 1
— CPU L
Memory
— | Bank 2
| = 5
= emory
x — — | Bank 3
& Access Bank 1 [ |
2 Access Bank 2
;5 Access Bank 3
We can Access Bank 0 again
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Write

bank0 _ h.lnh_t! h_ani_:.? _ : t_l.lﬂl'l

| Ex88 !mod 4 = B
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, BMFER

s SRS NRIE : BTt TR A T T4t
EEANTE | {75 ) FIRVATT , EEME
A=jxn+i [J/HF:j=0~m-1;i=0~n-1

2R | —NERFTRIZM I AA , W
j=14/n] //A / n BURR
i =Amodn

A S log,mEBAERS | ESERSRS Pttt
o (RAIATRGRIL : 18Tttt BT S T TRt

ERATSE | 1758 ) 7RV T , Hebhit s
A=ixm+j [J/HEF:i=0~n-1;j= 0~m-1

20 : — N ERTHIZ I mA |, W
I =|A/m] j =Amodm

HUZe MBI logmUBRIS | EERB(IERS B Palthlt
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2561 : RRESN=ESHERECacheYIEEEN :
- BRKINRINEFE

- FHESSEEREALINE

— CacheZLE 3%

- EHEFIESIHEFEL2R

— CacheZFFHE /9321 AT /EHA
— YEHYCPI (ZB&CachesLs®) 792

Etllil

ZIRZNENNF AR SRR S EAIER?

wig:

&L 4cycles

- B FRVAAASE (FFEUEHE) J924cycles,
— (EEX— P EFRIEUEFEE 4cycles

FELALEEEF, CachetRK/INA—1=F, HCPIJI:
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2+(1.2x3%x (4+24+4) )=3.15
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&E%%%Cachei%k/J\Q?ﬂZ/P?Eﬁ, RERENI2%; RANERINFRT, K
SERRE/I1 %,
IRIERIELS BADEIARTIE], SRIERA2E, 4SRN FRAN G FiERRE%

SRR AT, AR BIEES?

SFFRAMENNA2NFRT, £ FE=ER FAICPID 37
R CAlFhaRE, FRAZAHRX:
2+ (1.2x2%%2%32) = 3.54

MR EANFERE, KAZARX:
2+ (1.2x2%x (4 + 24 + 2x4)) = 2.86

14ERERS 7 10%

bANLT AR ERE, ARSI
2+(1.2%2%x1x32) =2.77
|ERERS T 14%
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Summary

Hit Band- Miss Miss Power Hardware cost/

Technigque time width penalty rate consumption complexity Comment

Small and simple + — -+ O Trivial: widely used

caches

Way-predicting caches + + 1 Used in Pentium 4

Pipelined cache access — + 1 Widely used

Monblocking caches + + 3 Widely used

Banked caches + + 1 Used in L2 of both 17 and
Cortex-AS

Critical word first + 2 Widely used

and early restart

Merging write buffer + 1 Widely used with write
through

Compiler techniques to + O Software is a challenge. but

reduce cache misses many compilers handle
common linear algebra
calculations

Hardware prefetching + + — 2 instr., Most provide prefetch

of instructions and data 3 data instructions; modern high-
end processors also
automatically prefetch in
hardware.

Compiler-controlled + + = MNeeds nonblocking cache:

prefetching

possible instruction overhead:
in many CPUs

Figure 2.11 Summary of 10 advanced cache optimizations showing impact on cache performance, power con-
sumption, and complexity. Although generally a technique helps only one factor, prefetching can reduce misses if
done sufficiently early; if not, it can reduce miss penalty. + means that the technique improves the factor, — means it
hurts that factor, and blank means it has no impact. The complexity measure is subjective, with O being the easiest and

3 being a challenge.
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- RIFMAIEEFNK)D, BdFFRE. BNERES

FiERAAORE
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— B NHIERTLAT

CHYItEEZSE]

- REZS NHIEZS ERYRIF

- TGS

MEZAERIRGT R F I FEeR

- PSEEMAEISEEM
- RIFGERPES T EREBI 2
.+ BRSSP R AR
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Virtual

Phy=zical
address:

4K
K

address.;
0] Pl
4k =
Sk C
12K [

Virual memory

12K
— 16K
20K

P hysical
main memaory

FIGURE 5.31 The legical program in its contiguous virtual address space is shown
on the left. It consists of four pages A, B, C, and D. The actual location of three of the blocks

Is in physical main memaory and the other is located on the disk.

THETUWRREN
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Cache5VMEX 5

=]:pENE
— CacheRATIRENFRE
- VMEATIREFHESE
SRR E AR
— CacheZRXXEHRFALIE
— VMBYTERUE F FHOSAM
« —RRIEKIFHER, BLEHREFIEEERE
btk ==
— VMZE[ECPURIHBIE R T HxE
— Cachefy K/NSCPUMIHER I X
T—Hi=Fik=s
— Cache PR EF=

— VWWTN—REWE, KSHHEBESEXHRR, YEHEAIUSFEARE,
BEERE/OZEF, VM TN —IEEFR/ISWAPSS|E]
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EilfFiERR I EIEVHEE S5 CacheBIELER

Parameter First-level cache Virtual memory

Block (page) size 16128 bytes 4096-65,536 bytes

Hit time 1-3 clock cycles 100-200 clock cycles

Miss penalty 8-200 clock cycles 1,000.000-10,000,000 clock cycles
(access time) (6160 clock cycles) (800,000-8,000,000 clock cycles)
(transfer time) (2—40 clock cycles) (200,000-2,000,000 clock cycles)

Miss rate 0.1-10% 0.00001-0.001%

Address mapping  25—45 bit physical address 3264 bit virtual address to 2545
to 14-20 bit cache address bit physical address

Figure C.19 Typical ranges of parameters for caches and virtual memory. Virtual
memory parameters represent increases of 10-1,000,000 times over cache parameters.
Normally first-level caches contain at most 1 MB of data, while physical memory con-
tains 256 MB to 1 TB.

« MEHFRE (5Cache#tBLL)
— BRTREREK, Eftis#EbkCacheX
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SRR EE

Code Data

Paging

Sagmeantation

FIGURE 5.33 Example of how paging and segmentation divide a program.
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A EEEIVEE

Aspect Page Segment
Words/Address 2ne - confains page and offsat Two - possible large max-size
hence need Seq and offset
address words
Programmer visible | No Sometimes yes
Replacemeant Trivial - due to fixed size Hard - nesd to find contiguous
space ==> GC necessary or
wasted memary
Memaory Ineficiency | Intemal fragmentation - wasted External fragmentation - due
part of a page to variable size blocks
Disk Efficiency Yes - adjust page size to balance Mot always - segment size
access and transfer ime varies

o VME]AMEE: TR
- T BA/NEE
- B BBRAIAE
- mERXH:
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NajEt (1/2)

- BRsEW
— IGERES: RSERMERNMRRE R, KERRREGE B
SEAI?

- BTRIOHERA, —REREIEEERGE, RIEEERIRET

SHEE - AINEREEA
- @Eﬁﬁd\ - FIR
* VPN ->PPN
* TaghRmRIZUESEER
- TERTFAIE: —RAERAIEHE

- AJRKE - BER
- BRERPEFHATERRERRER
- BS - >REU BIRAREE
AREFEITS/IRTR
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VMBIENElER (2/2)

o EFHEFRM

- LquEEaEﬁ!lﬂ’\J

— (BEIFILRUAE, BEEIERK

« A THEBIOSSFLRUTT, E N IREIZE— use bit

« HpEEFEP— P mmEbY, Huse bitE{\

- OSEHRSFIEERM, XFEE/REMN 2RI, (ERMAY
BRI T M RSB R, Rk T
Hand,

« BT, HOSKIRTEWL T HIEH X,
- 5%
- BREEBEZE, BALEEEER
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Virtual addrass

Virtual page numkbsar

Main
memary

[ ¥

Page
" table Physical address

FIGURE 5.35 The mapping of a virtual address to a physical address via a page table.

2025-4-6 TTENWKRREMS 140



TRETR/NHIIZEHE
* WENEFRKR R

— B T TERAIR /N
- WNEREEPERSF, LIRS e

« TMHENGEIFRAKRIR=
- AEPRIRRRREZ, NEFIBZERE
— HEE AT S
— SRFFENINK
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.1 Table

I.1 Table

Note potential delay _
problem - sequential phvsical address

looK-ups x3

phvsical page frame # page offset
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TLB (Translation look-aside Buffer)

- IIER—RBKX, FHEEFR.
- SEEXLFEFIREERXIDEER, —XEEIGERE, —RXEEE0E
— RRRINE: KR TLB

- TLB
— FHUEEAEEERIVIGER, 2 TRV AEEIA.,
- BEAER:

VPN##PPN##Protection Field##use bit ## dirty bit
— OS{ENTRIAY, FTERIFHTLE, BWRIUETLBHZEIZIERIIAIRIA
— TLBIVREER
- BEEEXEE
« TLBid/\, BEXAK
- TLBIEX, NRE
- HERERS (B2/)M)
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 block size - same as a page table (a
page)

« entry - 1 or 2 words

* hit time - 1 cycle

« miss penalty - 10 to 30 cycles

« miss rate - .1% to 2%

- TLB size - 32 B to 8 KB
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30 bits 13 bits

Page Frame Number | Page Offset

43 -bit Virtual Address

2025-4-6

1 2 2 30 bits 21 hits
@ VI R| W VPN Tag Physical PN
VIR | W VPN Tag | Physical PN
—= V| R | W VPN Tag Physical PN

32 entries total : a0 bits/entry
]
4.4 V | R| W VPN Tag Physical PN
I[H‘n![i Hinlll - ‘ v e
oy location

4.| 32:1 Mux

Indicates steps thal
could be pipeline
possibilities - Why?

3

TTEVARSEH

@

Y

31 -bit

whysical
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l Virtual address <Gd> |

I Wirual pags number <51 | Pape offsat <13 ]

ITLE- 18g compars address <43 I TLE index <f= I [ L1 cache index <7= ]E-h:ll:i'i offsst -.-E:-l

To GPU

TLE data <28 L1 cachs teg <43 L1 date <512

TLE tag <43»

I Lt teg compars address <28

| Physical address <41 |

l | l

| L2 tag compare Bddress <18 | L2 cache indsx <18= | Block offset <6 |

To CPU

L2 data <512

L2 cachs tag <15

Tao L1 cache or GPU

Figure C.24 The overall picture of a hypothetical memory hierarchy going from virtual address to L2 cache
access. The page size is 8 KB.The TLB is direct mapped with 256 entries. The L1 cache is a direct-mapped 8 KB, and
the L2 cache is a direct-mapped 4 MB. Both use 64-byte blocks. The virtual address is 64 bits and the physical address
is 41 bits. The primary difference between this simple figure and a real cache is replication of pieces of this figure.
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