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&KDSWHU�6HYHQ
6LVWHPDV�GH�0HPyULD

SDUWH�%
0HPyULD�9LUWXDO
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9LUWXDO�0HPRU\

• 0DLQ�PHPRU\�FDQ�DFW�DV�D�FDFKH�IRU�WKH�VHFRQGDU\�VWRUDJH��GLVN�

• $GYDQWDJHV�
– LOOXVLRQ�RI�KDYLQJ�PRUH�SK\VLFDO�PHPRU\��SURJUDPD�LQGHSHQGHQWH�GD�

FRQILJXUDomR�GR�KDUGZDUH�
– SURJUDP�UHORFDWLRQ�
– SURWHFWLRQ��DGGUHVV�VSDFH�

Physical addresses

Disk addresses

Virtual addresses
Address translation
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3DJHV���YLUWXDO�PHPRU\�EORFNV

• 3DJH�IDXOWV���WKH�GDWD�LV�QRW�LQ�PHPRU\��UHWULHYH�LW�IURP�GLVN
– KXJH�PLVV�SHQDOW\��WKXV�SDJHV�VKRXOG�EH�IDLUO\�ODUJH��H�J����.%�
– UHGXFLQJ�SDJH�IDXOWV�LV�LPSRUWDQW��/58�LV�ZRUWK�WKH�SULFH�
– FDQ�KDQGOH�WKH�IDXOWV�LQ�VRIWZDUH�LQVWHDG�RI�KDUGZDUH
– XVLQJ�ZULWH�WKURXJK�LV�WRR�H[SHQVLYH�VR�ZH�XVH�ZULWH�EDFN

3 2 1 011 10 9 815 14 13 1231 30 29 28 27

Page offsetVirtual page number

Virtual address

3 2 1 011 10 9 815 14 13 1229 28 27

Page offsetPhysical page number

Physical address

Translation

12 bits: 4 KB
VPN: 20 bits 

1M page
4 GB

PPN: 18  bits 
256 K page
1 GB
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3DJH�7DEOHV

Physical memory

Disk storage

Valid

1
1
1
1
0
1
1
0
1
1
0
1

Page table

Virtual page
number

Physical page or
disk address
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3DJH�7DEOHV

Page offsetVirtual pagenumber

Virtual address

Page offsetPhysical pagenumber

Physical address

Physical pagenumberValid

If 0 then page is not
present in memory

Pagetable register

Page table

20 12

18

31 30 29 28 27 15 14 13 12 11 10 9 8 3 2 1 0

29 28 27 15 14 13 12 11 10 9 8 3 2 1 0

• uma PT por processo
• estado:

• PT
• PC
• registradores
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3ROtWLFD�GH�VXEVWLWXLomR�H�WDPDQKR�GD�37

• 6H�SDJH�IDXOW��ELW�YiOLGR ���
– VLVWHPD RSHUDFLRQDO H[HFXWD D�FDUJD GD SiJLQD

• 3DUD�PLQLPL]DU�SDJH�IDXOWV��SROtWLFD�GH�VXEVWLWXLomR�PDLV�XVDGD��/58

• 7DPDQKR�GD�37��S��HQG����ELWV��SDJ�GH��.%���%���OLQKD�GD�37�
– Q~PHUR�GH�OLQKDV����� �����  ����
– WDPDQKR�GD�37� ���0%
– ��37�SRU�SURJUDPD�DWLYR ��
– SDUD�UHGX]LU�iUHD�GHGLFDGD�SDUD�37��UHJLVWUDGRUHV�GH�OLPLWH�

VXSHULRU�H�LQIHULRU

• 37�WDPEpP�VmR�SDJLQDGRV



7/%��WUDQVODWLRQ�ORRNDVLGH�EXIIHU

Valid

1
1
1
1
0
1
1
0
1
1
0
1

Page table

Physical page
addressValid

TLB

1
1
1
1
0
1

Tag
Virtual page

number

Physical page
or disk address

Physical memory

Disk storage

7\SLFDO�YDOXHV
- TLB size: 32 - 4,096 entries
- Block size: 1 - 2 page table entries
- Hit time: 0.5 - 1 clock cycle
- Miss penalty: 10 - 30 clock cycle
- Miss rate: 0.01% - 1%
- map direto ou fully associativo



7/%V
DQG�FDFKH
'(&�����

Valid Tag Data

Page offset

Pageoffset

Virtual pagenumber

Virtual address

Physical page numberValid

1220

20

16 14

Cache index

32

Cache

DataCachehit

2

Byte
offset

Dirty Tag

TLBhit

Physical page number

Physical address tag

TLB

Physical address

313029 15 14 1312 11109 8 3 2 1 0

• mapeamento
fully associative

• mapeamento
direto

• pior caso:
3 misses
TLB, PT, cache
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7/%V DQG�FDFKHV��'(&������

Yes

Deliver data
to the CPU

Write?

Try to read data
from cache

Write data into cache,
update the tag, and put

the data and the address
into the write buffer

Cache hit?Cache miss stall

TLB hit?

TLB access

Virtual address

TLB miss
exception

No

YesNo

YesNo

Write access
bit on?

YesNo

Write protection
exception

Physical address

• nesta máquina não há write hit
• write through
• linha de uma palavra
• write buffer
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7/%��9LUWXDO�PHPRU\�DQG�&DFKH��SDJ�����

Cache TLB Virtual
memory                       Possible? If so, under what circumstance?

Miss Hit Hit Possible, although the page table is never really checked if TLB hits.
Hit Miss Hit TLB misses, but entry found in page table; after retry data is found in cache.
Miss Miss Hit TLB misses, but entry found in page table; after retry data misses in cache.
Miss Miss Miss TLB misses and is followed by a page fault; after retry, data must miss in cache.
Miss Hit Miss Impossible: cannot have a translation in TLB if page is not present in memory.
Hit Hit Miss Impossible: cannot have a translation in TLB if page is not present in memory.
Hit Miss Miss Impossible: data cannot be allowed in cache if the page is not in memory.
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3URWHFWLRQ�ZLWK�9LUWXDO�0HPRU\�

• 6XSSRUW�DW�OHDVW�WZR�PRGHV
– XVHU�SURFHVV��
– RSHUDWLQJ�V\VWHP�SURFHVV��NHUQHO��VXSHUYLVRU��H[HFXWLYH���

• &38�VWDWH�WKDW�XVHU�SURFHVV�FDQ�UHDG�EXW�QRW�ZULWH��������������
SDJH�WDEOH�DQG�7/%
– special instructions that are only available in supervisor mode

• Mechanisms whereby the CPU can go from XVHU mode to VXSHUYLVRU ,   
and vice versa
– user to supervisor : V\VWHP�FDOO�H[FHSWLRQ
– supervisor to user :  UHWXUQ�IURP�H[FHSWLRQ��5)(�

• OBS: page tables (operating system´s address space)
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+DQGOLQJ�3DJH�)DXOWV�DQG�7/%�PLVVHV

• 7/%�PLVV��VRIWZDUH�RU�KDUGZDUH��
– WKH�SDJH�LV�SUHVHQW�LQ�PHPRU\��DQG�ZH�QHHG�RQO\�FUHDWH�WKH�

PLVVLQJ�7/%�HQWU\�
– WKH�SDJH�LV�QRW�SUHVHQW�LQ�PHPRU\��DQG�ZH�QHHG�WR�WUDQVIHU�

FRQWURO�WR�WKH�RSHUDWLQJ�V\VWHP�WR�GHDO�ZLWK�D�SDJH�IDXOW�
• 3DJH�IDXOW��H[FHSWLRQ�PHFKDQLVP��

– 26�VDYHV�WKH�HQWLUH�VWDWH�WKH�DFWLYH�SURFHVV�
– (3&� �YLUWXDO�DGGUHVV�RI�WKH�IDXOWLQJ�SDJH�
– 26�PXVW�FRPSOHWH�WKUHH�VWHSV�

• look up the page table entry using the virtual address and find the location 
of referenced page on disk.

• chose a physical page to replace; if the chosen page is GLUW\, it must be 
written out to disk before we can bring a new virtual page into this physical 
page.

• Start a read to bring the referenced page from disk into the chosen 
physical page. 
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0HPRU\�+LHUDUFKLHV
• :KHUH�FDQ�D�%ORFN�%H�3ODFHG"

Scheme name Number of sets Block per set

Direct mapped Number of blocks in cache 1

Set associative Number of blocks in cache

Associativity

Associativity (typically  2 – 8)

Fully associative 1 Number of block in the cache

 
 

Feature 
Typical values 

for cache 
Typical values for 

page memory 
Typical values 

for a TLB 
Total size in blocks  1000 –100,000         2000 – 250,000         32 – 4,000 
Total size in kilobytes    8 – 8,000         8000 – 8,000,000    0.254 – 32 
Block size in bytes        16 – 256         4000 – 64,000           4 – 32 
Miss penalty in clocks        10 – 100 1,000,000 – 10,000,000         10 – 100 
Miss rate    0.1% -- 10% 0.00001% -- 0.0001%   0.01% -- 2% 
 



0LVV�UDWH�YV�VHW�DVVRFLDWLYLW\

0%
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6%

9%

12%

15%

Eight-wayFour-wayTwo-wayOne-way

1 KB
2 KB
4 KB
8 KB
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Associativity 16 KB
32 KB
64 KB
128 KB
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0HPRU\�+LHUDUFKLHV

• +RZ�,V�D�%ORFN�)RXQG"

• 2%6����,Q�YLUWXDO�PHPRU\�V\VWHPV
– )XOO�DVVRFLDWLY\�LV�EHQHILFLDO��VLQFH�PLVVHV�DUH�YHU\�H[SHQVLYH
– )XOO�DVVRFLDWLYLW\�DOORZV�VRIWZDUH�WR�XVH�VRSKLVWLFDWHG�

UHSODFHPHQW�VFKHPHV�WKDW�DUH�GHVLJQHG�WR�UHGXFH�WKH�PLVV�UDWH�
– 7KH�IXOO�PDS�FDQ�EH�HDVLO\�LQGH[HG�ZLWK�QR�H[WUD�KDUGZDUH�DQG�

QR�VHDUFKLQJ�UHTXLUHG
– 7KH�ODUJH�SDJH�VL]H�PHDQV�WKH�SDJH�WDEOH�VL]H�RYHUKHDG�LV�

UHODWLYHO\�VPDOO��

Associativity Location method Comparisons required
Direct mapped Index 1
Set associative Index the set, search among elements Degree of associativity

Search all cache entries Size of the cacheFull
Separate lookup table 0
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0HPRU\�+LHUDUFKLHV

• :KLFK��%ORFN�6KRXOG�%H�5HSODFHG�RQ�D�&DFKH�0LVV"

– 5DQGRP����FDQGLGDWH�EORFNV�DUH�UDQGRPO\�VHOHFWHG��SRVVLEO\�
XVLQJ�VRPH�KDUGZDUH�DVVLVWDQFH�

– /HDVW�5HFHQWO\�8VHG��/58���7KH�EORFN�UHSODFHG�LV�WKH�RQH�WKDW�
KDV�EHHQ�XQXVHG�IRU�WKH�ORQJHVW�WLPH��
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0HPRU\�+LHUDUFKLHV

• :KDW�+DSSHQV�RQ�D�:ULWH"

– :ULWH�WKURXJK
• Misses are simpler and cheaper because they never require a     

block to be written back to the lower level.
• It is easier to implement than write-back, although to be practical                

in a high-speed system, a write-through cache will need to use a          
write buffer 

– :ULWH�EDFN��FRS\�EDFN�
• Individuals words can be written by the processor at the rate that the 

cache, rather than the memory, can accept them.
• Multiple writes within a block require only one write to the lower level in 

the hierarchy.
• When blocks are written back, the system can make effective use of a 

high bandwidth transfer, since the entire block is written
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0RGHUQ�6\VWHPV
• 9HU\�FRPSOLFDWHG�PHPRU\�V\VWHPV�

&KDUDFWHULVWLF ,QWHO�3HQWLXP�3UR 3RZHU3&����
Virtual address 32 bits 52 bits
Physical address 32 bits 32 bits
Page size 4 KB, 4 MB 4 KB, selectable, and 256 MB
TLB organization A TLB for instructions and a TLB for data A TLB for instructions and a TLB for data

Both four-way set associative Both two-way set associative
Pseudo-LRU replacement LRU replacement
Instruction TLB: 32 entries Instruction TLB: 128 entries
Data TLB: 64 entries Data TLB: 128 entries
TLB misses handled in hardware TLB misses handled in hardware

&KDUDFWHULVWLF ,QWHO�3HQWLXP�3UR 3RZHU3&����
Cache organization Split instruction and data caches Split intruction and data caches
Cache size 8 KB each for instructions/data 16 KB each for instructions/data
Cache associativity Four-way set associative Four-way set associative
Replacement Approximated LRU replacement LRU replacement
Block size 32 bytes 32 bytes
Write policy Write-back Write-back or write-through
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• 3URFHVVRU�VSHHGV�FRQWLQXH�WR�LQFUHDVH�YHU\�IDVW
² PXFK�IDVWHU�WKDQ�HLWKHU�'5$0�RU�GLVN�DFFHVV�WLPHV

• 'HVLJQ�FKDOOHQJH���GHDOLQJ�ZLWK�WKLV�JURZLQJ�GLVSDULW\

• 7UHQGV�
– V\QFKURQRXV�65$0V��SURYLGH�D�EXUVW�RI�GDWD�
– UHGHVLJQ�'5$0�FKLSV�WR�SURYLGH�KLJKHU�EDQGZLGWK�RU�SURFHVVLQJ�
– UHVWUXFWXUH�FRGH�WR�LQFUHDVH�ORFDOLW\
– XVH�SUHIHWFKLQJ��PDNH�FDFKH�YLVLEOH�WR�,6$�

6RPH�,VVXHV
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