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Revisao sobre Organizagdo de Computadores

Como o processador 1& um dado da meméria?
Como estao organizados os médulos de oria de um
computador?
Como compor memérias
— Para formar palavras maiores
— Para armazenar mais palavras do mesmo tamanho
- Para armazenar mais palawras de tamanho maior
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Como o processador 1é um dado da meméria?

Enderego

Como acelerar as leituras?

Processador Memodria
Controle
| 0 1 2 3 4 5 6 7
Enderego | S09 {0
Dado ?Ogo [ ?/ﬁ
Controle | [ 3 ML

01 o
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Data a sequéneia leityras daremoéria: g
_W%ﬁepﬁ ) %().Lm” 2),
5(16), Le(20), Le(4)

Se vocé tivesse apenas duas posigdes temporarias no processador,
que leituras guardaria?

Faca um diagrama passo a passo
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Como acelerar as leituras?

Data a sequéncia leituras da gria: )
— L&{0): L&{a), Lpt8), Lgn{). ¢(16), Wy@(m.
©(16), Le(20), Lé(4)
Se vocé tivesse apenas quatro posicées temporarias no

processador, que leituras guardaria?

Faca um diagrama passo a passo
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Qual o critério?

Que critério vocé usou em cada um dos casos para detectar em qual
lugar a leitura seria guardada?

I N

O que voce guardou em cada caso? E suficiente?

W4 Dado \_/_@L
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A cache

A cache éum lugar temporario que guarda informacées lidas
recentemente da meméria pelo processador.
A cache deve ser controlada por software ou por hardware? Por

.HMj

O que a cache deve guardar?
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Como funciona?

Vocé consegue descrever um algoritmo de funcionamento do
sistema com cache indo deste o pedido de leitura pelo processador
até o valor lido da meméria ser entregue?
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Caches de Instrucdes e de Dados

- As duas memérias que vimos no datapath monociclo e no pipeline
sdo, narealidade. caches. Os processadores tém uma cache de
instrucées e uma de dados. A cache de dados difere da cache de
instrugédes pela capacidade de suportar escritas. O que vocé
meodificaria no seu modelo anterior para suportar escritas?
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Unidade de armazenamento (bloco)

- Aunidade de arma: to da cache é ch da de bloco. Toda
transferéncia entre a cache e a memoria é feita por blocos. Qual o
tamanho do bloco de sua cache? Qual o tamanho dos dados
transferidos entre a cache e o processador? Justifique as duas
respostas.

+ Faz sentido ter um bloco menor que uma palavra? E maior?
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Hit e Miss

Quando uma cache contém o dado que o processador solicitou,
dizemos que acontece um HIT na cache. Quando ela néo contém o
dado, dizemos que acontece um MISS.

Se uma cache tem uma taxa de MISS de 5%, qual sera a taxa de HIT?

-0
aAs
Se o tempo de acesso a cache é de 1 ciclo e o de acesso a meméria
€100 ciclos, quanto tempo sera gasto na leitura de 1000 instrugées

com a taxa de HIT acima?
T 9 eodos 55G0 o oy

Mss S0 x oo = Soow vlos

- Se um processador tem o CPl =1 sem considerar a cache, qual sera
o novo CPl considerando os dados acima? /
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Memories: Review

-+ SRAM:
— value is stored on a pair of inverting gates
- very fast but takes up more space than DRAM (4 to 6 transistors)

- DRAM:
— value is stored as a charge on capacitor (must be refreshed)
— very small but slower than SRAM (factor of 5 to 10)
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Exploiting Memory Hierarchy

+  Users want large and fast memories!

SRAM access timnes are.5 — 5ns at cost of $4000 to $10,000 per GB.
DRAM access times are 0-70ns at cost of $100 to $200 per GB. 2004
Disk access times are S to 20 million ns at cost of $.50 to $2 per GB.

PU

« Try and give it to them anyway I
— build a memory hierarchy
Increasing distance
from the CPU in
access time

Level 1

Levels in the Level 2
memory hierarchy

Leveln

Size ofthe mermary at each 8vel e o raman powien 13
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Locality
- A principle that makes having a memory hierarchy a good idea
- If an itemis referenced,
temporal locality: it will tend to be referenced again soon
spatial locality: nearby items will tend to be referenced soon.
Wy does code ave locality?
+ Our initial focus: two levels (upper, lower)
- block: minimum unit of data
- hit: data requested is in the upper level
— miss: data requested is not in the upper level
14
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Cache

- Two issues:
— How do we know if a data item is in the cache?
= Ifitis, how do we find it?
+  Our first example:
- block size is one word of data
— "direct mapped"

For eachitem of data at the lower level,
there is exactly one location in the cache where it might be.

e.g.. lots of items at the lower level share locations in the upper level
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Direct Mapped Cache

. ppi address is. dulo the ber of blocks in the cache
Cache
b, 23

000
oot
010
o1
100

00001 00901  o1@01 01107 10001 / 10901 ] 11001 14101
Memory
[ep————
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Tt kind of locality ave we wrking advantage of?
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Direct Mapped Cache
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- Taking advantage of spatial locality:
Adibess (shoving kit postions) ¥
#M_ - 1413--85--210 \L& Z

Data

Black offset

512hits

Data

‘ 256 %
. = Sl
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Exemplo

Index v Tag Valor

000

001

010
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100

101

110

1
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Hits vs. Misses
+ Read hits
— this is what we want!
+ Read misses
— stall the CPU, fetch block from memory, deliver to cache, restart
+  Write hits:
— canreplace data in cache and memory (write-through)
— write the data only into the cache (write-back the cache later)
- Write misses:
— read the entire block into the cache, then write the word
20
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Hardware Issues

Hr)m = L1 (;qlaurm

+ Make reading multiple words easier by using banks of memory

Memary

L =~ I [~ ]!
=

Memary || Memory || Memory
bark 1 || bank2 || banks

bW/ ide memary nrg)nllzhan o Interleavad memory organization
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a. One-word-wide
memory o1 anization

« It can get a lot more complicated...
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Performance

+ Increasing the block size tends to decrease miss rate:

351 [ “‘\1
30 — =
258 [ S~ "
B oo - _—
] ——
= 15% |
105
se L — e
0% “ 16 64 166
Block size (bytes) w1 KB
-4 KB
=15 KB
-b4 KB
w288 KB
+ Use split caches because there is more spatial locality in code:
Block sizein Instruction Data miss Effective combined ‘
Program words miss rate rate miss rate
ace 1 61 19 549
4 0 17% 19¢
spice 1 12% 13% 12%
4 03% 06% 04%
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Performance
- Simplified model:
execution time = (execution cycles & stall cycles) x cycle time
stall cycles = # of instructions x miss ratio x miss penalty
+ Two ways of improving performance:
— decreasing the miss ratio
- decreasing the miss penalty
TWhat huppens if we increase block size?
a0t o bt P 29
Decreasing miss ratio with associativity
,\k’mmmumm
(direct mapped)
PN i ™ l[ *
U"» . T way satass ocatira [l ,
N Set Tag_pats Tag_Data
s o
M '
. 2
. 3
' \
Y
F ourway set assosiative ( L;(,
set Taguoos g pots 1 vas ey vas U
o
1
Eignt way 3ot asssciatve (il 3 soiatiss) g -
Tag Dats Ty bats Tag Data Tag Dala Tag bats Tag Data Tag Dala Taa Dats
eitipared 1o divect napped, give a series of refereiices that:
— vesuity ina lower miss ratio using a 2-way set associative cache
— wesuits in a higher miss vatio 1ising a 2-way set associntive cache
assunting we use the “Teast recently nsed” replacement strategy 24
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Performance
15%
1KB
12%
2KB
o 9%+
©
H 4KB
= 6%
8KB
3% 16 KB
— ____B4KB 128 KB
0 T T T 1
One-way Two-way Four-way Eight-way
Associativity 26
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Decreasing miss penalty with multilevel caches

Add a second level cache:
— often primary cache is on the same chip as the processor
- use SRAMSs to add another cache above primary memory (DRAM)
— miss penalty goes down if data is in 2nd level cache

Example:
— CPI of 1.0 on a § Ghz machine with a 5% miss rate, 100ns DRAM access
— Adding 2nd level cache with 5ns access time decreases miss rate to .5%

Using multilevel caches: ]
- try and optimize the hittime on the 1stlevel cache
— try and optimize the miss rate on the 2nd level cache)

27
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Cache Complexities

Not always easy to understand implications of caches:

1 2000

Fadic sort

1000 Fadixsort

1600

a0

so0

Instructions ! e

40

Ouidksort e

———

auidcon . e

T e m e e e o e e PRI TR TR e Ty
Size (Kitems o sort) Size (Kitemsto sorty
Theoretical behavior of Observed behavior of
Radix sort vs. Quicksort Radix sort vs. Quicksort

28

ol Mo bt an P lers




Cache Complexities

+  Here is why:
Radicsort
4
§
FE
£
HE!
Cuicksort -
a8 ® = 64 12 268 S12 10 2040 acss
Stze (Ktems tosor)

+  Memory system performance is often critical factor
— multilevel caches, pipelined processors, make it harder to predict outcomes
— Compiler optimizations to increase locality sometimes hurt ILP

+ Difficult to predict best algorithm: need experimental data

29
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Virtual Memory

- Main memory can act as a cache for the secondary storage (disk)
Yirtual addresses Physicaladdresses

Disk addresses
+ Advantages:
- illusion of having more physical memory
— program relocation
- protection
30
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Pages: virtual memory blocks

- Page faults: the data is not in memory, retrieve it from disk
— huge miss penalty. thus pages should be fairly large (e.g.. 4KE)
- reducing page faults is important (LRU is worth the price)
— can handle the faults in software instead of hardware

- using write-through is too expensive so we use writeback
Virtual address

3 0283827 aveeenneseneens 1514131211 1088 oooooov 3210

Virtual page number ‘ Page offset

Translation

293827 -+ £ 15141312111088 - - 3210

Physical page nurrber ‘ Page offset
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Page Tables
Virtual page
number
Page table
Physical page or Physical memory
Valid disk address
1 -~—
1 [
1 —_
1
0 LN
L— 1 -~
1 ]
0 LV
1 S Disk storage
1 o
T -7
! . | —
Pa
[
b,
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Page Tables
Page table register

Virtual address
3130 29 28 27 ceseeeermeeeannaan 15 14 13 12 11 10 § 8 ------- 3z 10

‘ Virtual page number Page offset

20 12
valid P hysical page num ber

Page table

110 then page is not
presentin memory

29 28 27 --

~=15 14 13 12 11 10 g 8 -

;3210

Fhysical page num ber Page offset

Physical address 33
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Making Address Translation Fast

«  Acache for tr i ide buffer
e
Vittual page Physical page
number  aligDirty Ref Tay
o -
1 C— Physical mem ory
[1] [ .
1]
[i] -
Page table 7 z
Physical page g -
ValidDirty Ref or disk address ) ==
T L
1ol
iloto Disk storage
ol
ol (I
it T [m—
KK

ENERE]
Typical values:

16-512 entries,
iss-rate: .01% - 1%
penalty: 10 —100 cyeles
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TLBs and caches
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TLBs and Caches naow
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Modern Systems

I L X

Virtual address | 32 bits 48 tits
Physical address | 36 bits 40 bits
Page size 4K, 2/4MB 4 KB, 2/4 M8

TLB organtzation | 1 TLE for Instructions and 1 TLB for | 2 TLBS for Instructions and 2 TLBS for data
data Both L1 TLES fully assoclatve, LRU

B0th are fourway st assoclathve | replacement

Both use Pseudo-LRU replacement | Both L2 TLES are fourway set associatiity,

Both have 128 entries Founcobin LRY

TLB misses handied In hargware | B0t L1 TLES have 40 entries
BOth L2 TLBS have 512 entries

TLB misses handled In haraware

FIGURE 7.34 Address translation and TLB hardware for the Intel Pentium P4 and AMD
Opteron. The word size sets the maximum size of the virtual address, but a processor need not use all bits.
The physical address size is independent of word size. The P4 has one TLB for instructions and a separate
identical TLB for data, while the Opteron has both an L1 TLB and an L2 TLB for instructions and identical
L1 and L2 TLBs for data. Both processors provide support for large pages, which are used for things like the
operating system or mapping a frame buffer. The large-poge scheme avoids using a large number of entries
to map a single cbject that is always present

Modern Systems

[cranciriste _|maipentimpt [0 optaren |

L1 Spiit Instruction and data caches SpIRt Instruction and data caches

L1 cache size 8 KB for data, 96 KB trace cache for |64 KB each for Instructions /data
RISC Instructions (12K RISC

L1 cache associativity | 4-way set associative 2way set assoclatve

L1 LRU LRU

L1 block size 64 bytes. 64 bytes

L1 wiite policy Wiitethrough ‘Write-back

L2 Unined (Instruction and data) Unined (Instruction and data)

L2 cache size 512 KB 1024 KB (1 MB)

L2 cache associativity | -way set associative 16-way set assoclatve

L2 LRU LRU

L2 block size 128 bytes 64 bytes

L2 wiite policy ‘Wiite-back Write-back

FIGURE 7.35 Firstdevel and seconddevel caches in the Intel Pentium P4 and AMD
Opteron. The primary caches in the P4 are physically indexed and tagged; for a discussion of the alterna-

tives, see the Elaboration on page 527.
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Some Issues

- Processor speeds continue to increase very fast

100 50 much faster than either DRAM or disk access times

10,000 4

1,000
Performance

100 |

1
-~ A N 2 N
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Year
- Design challenge: dealing with this growing disparity
— Prefetching? 3" level caches and more? Memory design?
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