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Virtual Memory

 Main memory can act as a cache for the secondary storage (disk)

Virtual addresses Physical addresses

—

LA

Disk addresses

Advantages:
— 1llusion of having more physical memory
— program relocation
— protection



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., 4KB)
— 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

3130292827 «rrrvvnnineenns 15141312111098 ---+---- 3210

Virtual page number Page offset

Yy
( Translation )

292827 ++--v- G 15141312111098 -+ ---- 3210

Physical page number Page offset

Physical address



Page Tables
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Page Tables

Page table register

Virtual address

31 30 29 28 27 -rrrrrriiniaaan 15 14 13 12 11 10 9 8------- 3210
Virtual page number Page offset
\\20 \\12
Valid Physical page number
] [ )
Page table
1 \\18
If 0 then page is not
present in memory
292827 ......................... 15141312111098 ..... 3210
Physical page number Page offset

Physical address



Making Address Translation Fast

« A cache for a

ddress translations: translation lookaside buffer
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Typical values:

16-512 entries,
miss-rate: .01% - 1%
miss-penalty: 10 — 100 cycles



TLB miss
exception

TLBs and caches

No

Virtual address

TLB access

TLB hit?

No

Cache miss stall
while read block

No

Try to read data
from cache

Cache hit?

Yes

Physical address

Yes

Write?

Write protection
exception

Yes

Deliver data
to the CPU

Write access
bit on?

Cache miss stall
while read block

Try to write data
to cache

_ Yes
Cache hit?

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




TLBs and Caches

Virtual address
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Modern Systems

Virtual address | 32 bits 48 Hits
Physlcal addrass | 36 bits 40 Hits
Page slze 4 KB, 2/4 MB 4 KB, 2/4 ME

TLE organization

1 TLB far Instructions and 1 TLE Tor
data

Baoth are fouraay set assoclative
Both use pseudo-LREU replacement
Both have 128 entias

TLE milssas handled In hardwars

replacamant

rouncHabln LRU

2 TLEs Tor Instructions and 2 TLES Tor data
Both L1 TLBS Tully assoclstive, LRU

Both L2 TLBS are Tourway set assoclativity,

Both L1 TLBS have 40 enties
Both L2 TLBS have 512 antres
TLE missas handled In handwars

AGURE 7.34 Address translation and TLE hardware for the Intel Pentium P4 and AMD
Opteron. The word size sets the maximum size of the virtual address, but o processcr nesd not use all bits.
The physical address size is independent of word size. The P4 has one TLE for instructions and a separats
identical TLEB for data, while the Opteron hos both an L1 TLE and an L2 TLE for instructions and identical
L1 and L2 TLEs for data. Both processors provide suppert for large pages, which are used for things like the
operating system or mapping a frame buffer. The large-page scheme awoids using a large number of entries

to map a single ohiject that is always present.

Craacerisic it pontiomP4 [ AMDOptorn |

L1 cache organization

Split Instruction and data caches

SpIt Instructlon and data cachas

L1 cache slze

8 KB for data, 5 KB traca cachs tor
RISC Instructions (12K RISC
operations)

G4 KB each Tor Instructlons Adata

L1 cache assoclatily

d-way setassoclatlve

2away set assoclative

L1 replacament

Approximated LEU raplacemeant

LRL! rapl acemant

L1 block slze Gd Dytes Gd bytas

L1 werltes polloy Writethrough Writa-ack

LZ cache organization | Unifad (nstruction and data) Lnifed {Instruction and data)
L2 cache slze 512 KB 1024 KB (1 MB)

L2 cache assoclathity

Brway set assoclative

16-way set assoclathie

L2 replacameant

Approximated LEU raplacemant

Approxlmated LRL replacament

L2 block slze

128 bytes

84 bylas

L2 wiite polloy

Write-back

Write-back

AGURE 7.35 Firstdevel and second-level caches in the Intal Pantium P4 and AMD
Optaron. The primary caches in the P4 are physically indexed and tagged; for a disoussion of the alterna-
tives, see the Elaboration on page 527.



Modern Systems

Things are getting complicated!

AMD Sun
Optaron Intal PXA2E0 UitraSPARC IV

Instruction set architecture | 1432, AMDS4 MIPS32 SPARC v
Intended appllication Sefved ambaddad I:IBSKUJD Iuw-pmh'er embeddad | sanver
Dl slize (Mm=) (2004) 193 122 217 356
Instructions Issusd /elock 3 2 3 RISC 0ps 1 4x2
Clock rate (2004) 2.0 GHz 2.0 GHz 3.2 GHz 0.4 GHz 1.2 GHz
Instruction cache &4 KE, 16 KB, 12000 RISC op tracs 32 KE, 32 KB,
Zoway sat direct mapped cache (~5 KB) 32-way set d-way set
assoclathva assolatlve assoclative
Latency (clotks) 37 4 4 1 2
Data cache &4 KB, 16 KB, B KB, 32 KB, 64 KB,
Zway et 1away A-way A2-way set dawgy set
assoclathia et assoclative sat assoclative ASE0C atlve Ass0Clative
Latency (clocks) 3 3 2 1 2
TLE entries {I/0/L2 TLE) 40,/40,/5127 16 128/128 32732 128/512
512
MInimum page size 4 KB 4 KB 4 KB 1 KE 8 KB
On-chip L2 cache 1024 KB, 1024 KB, 512 KE, — —
1Gway sat d-way set Beway sot
aszoclativa assoclative asaoclative
Oft-chip L2 cache — — — — 16 MB, Z-way
2ot assoclative
Block slze (L1712, bytes) B4 & 64,126 3z 3z

AGURE 7.36 Desktop, embaedded, and server microprocessors in 2004, From a memery hisrarchy perspective, the primary differ-
ences between categories 15 the L2 cache, There is no L2 cache for the low-power embedded, a large on-chip L2 for the embedded and desktop, and 16
ME off chip for the server. The processor clock rates alss vary: 0.4 GHz for low-power embedded, 1 GHz or higher for the rest. Mote that UltraSFARC
IV has two precessors on the chip.




Some Issues

Processor speeds continue to increase very fast
— much faster than either DRAM or disk access times

1010100

10,000

1,000
Performance

100

10

1_:| | I D B | L L I |
O N D Mxo® O A DD DN D »H O AN O O N LD o
DD VRV RXRRRRXDDDDVXD D DD DD DO O LT
N7 AR R AR R AT AT R AT R AT AT AT DT R TR TR R A 0T D R D P

Year

Design challenge: dealing with this growing disparity
— Prefetching? 3" level caches and more? Memory design?



