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T elvail kpudpn pvnun (cache)

* Mukpn koL ypryopn pvhApn mou
XPNOLULOTIOLELTOL VLA VO LELWOEL TOV LECO
XpOVO npooné)\aonq O€ apyn UVNUN

Proc/ Regs

L1 Cache

Bigger L2- Cache Faster ‘

D|sk Tape etc.

Apyitextovikn YToAOYIGTOV



TOMIKOTHTA

* Xpovikn Torukotnta (Temporal Locality)

—uor AN pvAunNg  Tou  Xpnotporolnonke
npoocdatat  oto  mapeABov, €xelL  peyaAn
nibavotnta va &ava xpnolpomnownBel ocuvtopa
oTO MEANOV.

* Torukn Tormkotnta (Spatial Locality):

— oL A&€elc kovTa o€ pia Ae€n mou xpnotpomolnonke
npoocdata oto TAPEABOV  €xouv  LEYAAN
nibavotnta va ypnotluornotnBouv cuvtopo OTO
LEAAOV.



Napadetypata TomKOTNTOC

sum = 0;

for (1 = 0; i<n; 1i++)
sum += al[i];

return sum;

Mpoomnedoelc Asbopevwy

— [poomélaon Twv oToLXelWV ToU TtivaKa PE
Tn oslpa (stride-1 reference pattern).

— NMpoomnéhaon TNG HeETABANTAC sum o€
KAOe emavaAnyn.
Mpoome\ACELC EVIOAWV
— [poomnélaon evtioAwv oth oeLpda.
— EmavaAnyn evtoAwv oe loop.

Spatial locality

Temporal locality

Spatial locality
Temporal locality



MNHMH CACHE

* ANpwc¢ tpooctatplotikn (fully associative
cache)
— KaBe A€€n TnC KUPLAC LVIUNG UTTOPEL VAL
amoBnkevBel omtovdnmnote otnv cache
e MeyaAUtepn wPEALUN xwpnTKOTNTA
* povoonuoavtne amnewkovionc direct mapped
cache

— KaBe A€€n TnC KUPLAC LVUNG UTTOPEL VAL
amobnkevBel povo oe pia B€on otnv cache
e EUKoAn avalntnon



Opoloyia

— block: minimum unit of data to move between levels
— hit: data requested is in upper level
— miss: data requested is not in upper level

— hit rate: fraction of memory accesses that are hits (i.e.,
found at upper level)

— miss rate: fraction of memory accesses that are not hits
* miss rate = 1 — hit rate

— hit time: time to determine if the access is indeed a hit +
time to access and deliver the data from the upper level to
the CPU

— miss penalty: time to determine if the access is a miss +
time to replace block at upper level with corresponding
block at lower level + time to deliver the block to the CPU



DIRECT MAPPED CACHE
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ANAINQ2H
CACHE

H
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Address (bit positions)

* CACHEHIT

— Avayvwon amno
CACHE

e CACHE MISS
— Avayvwon amno
RAM

— Amnobnkevon
otnv cache

— Avavewon Valid
& Tag

Data
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Mpooetatplotikn Kpudpn Mvnun

Direct Mapped 2-way Set Associative Fully Associative

Block# 01234567 Set# 0 1 2 3
Data Data Data
12mod 8=4 12mod4=0
10 1[0 10
Tag 5 Tag Tag

search | search 1 | search TTTT1T1]

Ofomn evog block pviung pne address 12 o< pia cache pe 8 blocks
ILE OLAPOPETIKOVS PaONoVS TPOGETUIPLOTIKOTNTOS



Aueonc Artetkovionc (Direct Mapped)

e Kabe block amewkoviletal akplBwc o 1 B€on tnc cache
e Cache location = (block address) MOD (# blocks in cache)

0123 4506 7

|
/.

0123 456 7 8 91011121314151617 1819 20 212223 24252627 28129 30 M




MANpwc MNMpooeTalpLoTIKN

* KaBe block amnelkoviletal og onoladnmnote
* Cache location = any

0123 4546 7

[T}
7

0123 456 78 910111213141516171819 20 2122123 241252627 2829 30 31

Apyrtektovikn Ymoroy1ioTdV



[TPOCETALPLOTIKN UE ZET

e Kabe block amelkoviletol og €va uTto-0€T TNC cache
* Set selection = (block address) MOD (# sets in cache)

2-way set associative = 2 blocks in set
This example: 4 sets

- ¥




EUpeon 6€onc oe Direct Mapped

Address

With cache capacity = 8 blocks



EUpeon Beonc oe 2-way Set Associative

S - sets 2 elements per set
.

A - elements in each set ~~

A-way associative A
534, A=2 Setg

2-way associative
8-entry cache

Data



Tt oupBatvel otav ekteleital eva SW?

* Need to keep cache consistent with main memory

— Reads are easy - no modifications

— Writes are harder - when do we update main memory?

*  Write-Through

— On cache write - always update main memory as well

— Use a write buffer to stockpile writes to main memory for speed
* Write-Back

— On cache write - remember that block is modified (dirty bit)
— Update main memory when dirty block is replaced

— Sometimes need to flush cache (I/O, multiprocessing)

e Write-Allocate

— Bring written block into cache

— Update word in block

— Anticipate further use of block

e No-write Allocate

— Main memory is updated

— Cache contents unmodified



CPU

Cache

Bus

Memory

a. One-word-wide

BeAtiotomnoinon Anodoonc tnc Cache

Assume:

m cache block of 4 words

= 1 clock cycle to send address to memory address buffer (1 bus trip)

m 15 clock cycles for each memory data access

= 1 clock cycle to send data to memory data buffer (1 bus trip)

CPU

>

Multiplexor

IJ:\/FOOGZI

Cache
——/\~

Bus

Memory

QWlde memory organization W,

.Y
4 word wide memory and bus

1+ 1*15+1*1 =17 cycles

memory organization]

O
1+ 4*15 + 4*1 = 65 cycles

CPU

Cache

4/\\
Bus
~_—

~ -

=

Bus
Proce- Memory Memory Memory Memory
ssor bank 0 bank 1 bank 2 bank 3

Memory[l)] Memory[{| Memoryll
bank 0 bank 1 bank 2

I

Memoryll
bank 3

c. Interleaved memory organization

-

_/

'
4 word wide memory only

1 +1*15 + 4*1 = 20 cycles

Miss penalties

Interleaved memory units
compete for bus




Xpnowuot cuvdeopoL

* http://www.ecs.umass.edu/ece/koren/archite
cture/Cache/tutorial.html



AT[C')SOGH CaChe MissRate=MemMiss

_ _ es/MemAccess
* Miss-oriented Approach to Memory Access:

(

CPUtime = IC x| CPI .+ MemAccess x MissRate x MissPenaIty)x CycleTime
. Execution Inst
. :

CPUtime = IC x| CPI o+ MelissesX MissPenaIty)nycleTime
\  Execution Inst

— CPlg, ecuiion INCludes ALU and Memory instructions
« Separating out Memory component entirely

— AMAT = Average Memory Access Time
— CPlLyops does not include memory instructions

A'Iuotps «CPI__ 4 MlEMACCess AMAT)x CycleTime
ns

AluOps I nSt

CPUtime=IC x(

AMAT = HitTime + MissRate x MissPenalty
= (HitTime, + MissRate,,, x MissPenalty,, . )+

( HitTime Data + Miss RatAe;%%I%r{?\'M Iég(!:)?oeyr%%!)‘\: Data )



[Mapadelyua

» clock per instruction (CPI) is 1.0 when all memory accesses hit in the cache.
 The only data accesses are loads and stores: 50% of the instructions.

* miss penalty is 25 clock cycles and the miss rate is 2% (Unified instruction cache
and data cache),

« how much faster would the computer be if all instructions and data were cache hit?

CPUtime = (CPUCIockCycIes + MemeoryStaIIs)x ClockCycleTime
= (IC x CPIl + MemorysStalls) x ClockCycleTime

When all instructions are hit:
CPUtime _ Ideal = (IC x CPIl + MemoryStalls) x ClockCycle Time
= (IC x1.0 + 0) x ClockCycle Time
= IC x ClockCycle Time

In I’ea“tyi MemoryStallCycles = IC x MemAccess x MissRate x MissPenalty

Inst
=ICx(1+0.5)x0.02x25=1C x0.75

CPUtime _ Cache = (IC x CPI + MemoryStalls) x ClockCycle Time
= (IC x1.0+ IC x0.75) x ClockCycle Time
=1.75x IC x ClockCycle Time



