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Making Address Translation Fast

Virtual page # TLB (Translation Lookaside Buffer)
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A TLB in the Memory Hierarchy

Ya t hit Yl \

VA PA miss
CPU TLB Main
Core Lookup Cache Memory
T age
miss hit ?agl’r
Translation
(page table)
data 10D

« A TLB miss —is it a TLB miss or a page fault ?

« If the page is in main memory, then the TLB miss can be
handled (in hardware or software) by loading the translation
information from the page table into the TLB

Takes 100’s of cycles to find and load the translation info into the TLB
« If the page is hot in main memory, then it’s a true page fault
_ @a- « Takes 1,000,000’s of cycles to service a page fault
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A Typical Memory Hierarchy

By taking advantage of the principle of locality
Present much memory in the cheapest technology

at the speed of fastest technology i
S S
On-Chip Components =T T
Control =T
= ] Second Secondary
- Level Memory
Datapath | 2 Cache (Disk)
I (SRAM)
ol] =
Speed (%cycles): Y2's 1's 10’s 100’s 1,000’s
Size (bytes): 100’s K's 10K’s M’s GstoT’s
Cost: highest lowest

ﬁ’ TLB: Translation Lookaside Buffer
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The Hardware/Software Boundary

\
« What parts of the virtual to physical address translation
is done by or assisted by the hardware?

* Translation Lookaside Buffer (TLB) that caches the recent
translations

« TLB access time is part of the cache hit time
« May cause an extra stage in the pipeline for TLB access
 Page table storage, fault detection and updating

« Page faults result in interrupts (precise) that are then
handled by the OS

* Hardware must support (i.e., update appropriately) Dirty and
Reference bits (e.g., ~LRU) in the Page Tables

™
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Q3 2022 Hard Drive Failure Rates
\ B TBackblazo Hard Drives Quarterly Failure Rates for Q3 2022 \

Reporting period: 7/1/2022 through 9/30/2022 for drive medels active as of 9/30/2022

Drive Drive | Avg. Age Drive Drive
. . MFG Model Size Count |(months) Days Failures | AFR
annualized failure rate ( AFR ) HGST  HMS5C4040ALE640 | 4TB 3731 740 341,509 3 032%
HGST |HMS5C4040BLEG40 | 4TB = 12730 | 711 1170,825 14| 044%
HGST  |HUH728080ALEGOO | 8TB M9 | 536 103,354 8| 283%
HGST  |HUH728080ALEGO4 | 8TB 95 | 626 7,637 - | 0.00%
. HGST  |HUH721212ALEBOO | 12TB 2,605 | 359 239,644 3| 048%
Backbieze S5D Quartsrly Faluwe Retes forQ2 2022 HGST  |HUH721212ALEB04 | 12TB 13157 | 183 1,209,798 19| 057%
Reporting period: 4/1/22 thru 6/30/22 for drive models active as of 6/30/22 : : — :
HGST  |HUH721212ALN6O4 | 12TB = 10784 | 418 992,989 27 | 099%
fee | Ddve | Dhbew | Deles S ST4000DMOOO aTB | 18202 | 831 1683020 | 202 | 438%
MFG Model (GB) | Count Days Failures | AFR sagats ' : o :
- Seagate | STEOOODX000 6TB 886 | 896 81,509 3| 134%
Crucial |CT250MX500SSDI 250 272 | 20,002 0 -
Seagate | STBO0ODMOO2 8TB 9566 | 716 883,015 62 | 2.56%
Dell DELLBOSS VD 480 351 | 29,066 0 -

: Seagate | STBOOONMOOOA 8TB 79| m2 26,974 - | 0.00%
Micron |MTFDDAV240TC8 240 89 8.084 1 452% Seagate | STBOOONMOOS5 8TB = 14374 | 607 1,322,195 107 | 2.95%
Seagate |ZA250CMI0003 250 | 1106 | 99379 | 2 0.73% Seagate STIOOOONMOO86 | 10TB 1174 | 586 108,372 9| 3.03%
Seagate |[ZA500CMIO003 (*) | 500 3 42 0 - Seagate STI2000NMOOO7 | 12TB 1272 | 347 17,739 16 4.96%
Seagate |ZA2000CM10002 2000 3 2n 0 = Seagate STI2000NMOOO8 12TB 19910 | 301 1,837,021 124 | 2.46%
Seagate [ZA250CMI10002 250 559 | 50,477 4 2.89% Seagate |STI2000NMOOIG 12TB | 12530 | 221 146,368 35 1%
Seagate [ZA500CMI0002 500 18 1625 0 = Seagate |STI400ONMOOIG 14TB | 10737 | 199 987,184 40 | 148%
Seagate |ZA250NMIO00 (*) 250 9 126 0 - Seagate | STI4000NMO138 14TB 1,535 218 142,894 36 | 9.20%
Seagate |SSD 300 106 9541 0 _ Seagate |STIBOOONMOOIG 16TB | 20402 | 107 1,696,759 29 | 062%

2668 | 222,394 = T Toshiba MDO4ABA400OV 4TB 95 | 883 8,849 2| 825%
Toshiba |MGO7ACAI4TA 14TB | 38203 | 231 3,514,384 n7 | 1.22%
1~ ow iy, misdelin Qe etiad Toshiba |MGO7ACAI4TEY 14TB 537 | 184 47,742 2| 153%
oshniba X . K
{8 Backblaze -
https:// backbl /blog/ssd-dri tat  d-2022 e/ Toshiba |MGOSACAIGETA 16TB 3751| 39 243,198 5| 075%
pS://Www.backblaze.com/blog/ss rive-stats-mi FEVIEW/ oshiba IMGOSACAIGTE 16TB 5942 | 17 546,805 22 | 1.47%
Toshiba MGOSBACAIBTEY 16TB 4244 | 19 385,715 12| 114%
WDC  |WUH721414ALE6LA | 14TB 8409 | 218 773,557 5| 024%
WDC  |WUH72I8I6ALEELO | 16TB 2702 | ms8 248,428 - | 0.00%
WDC  WUH721816ALESL4 | 16TB 7138 | 28 310,502 6| 071%
226,309 20,201,091 910 | 164%
https://www.backblaze.com/blog/backblaze-drive-stats-for-q3-2022/
$ Backblaze 6
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RAID: Redundant Array of Inexpensive Disks
\
« Arrays of small and inexpensive disks X

 Increase potential throughput by having many disk drives
« Data is spread over multiple disk
« Multiple accesses are made to several disks at a time

* Reliability is lower than a single disk

* But availability can be improved by adding redundant disks

~— — ~— ~— — ’
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RAID: Level O (RAID O, i 4L, RESAMEVY) X
\

e B2 B B

« Multiple smaller disks as opposed to one big disk

« Spreading the blocks over multiple disks — striping — means
that multiple blocks can be accessed in parallel increasing the
performance

4 disk system gives four times the throughput of a1 disk
system

« Same cost as one big disk — assuming 4 small disks cost the
same as one big disk

« No redundancy, so what if one disk fails?

™

Af_a'
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RAID: Level 1 (Redundancy via Mirroring)

redundant (check) data

\

« Uses twice as many disks for redundancy
so there are always two copies of the data

 The number of redundant disks = the number of data disks
so twice the cost of one big disk

* writes have to be made to both sets of disks, so writes
would be only 1/2 the performance of RAID O

 What if one disk fails?

« If adisk fails, the system just goes to the “mirror” for the
data

~ =
@ 10
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RAID: Level O+1 (RAIDO1, Striping with Mirroring)

redundant (check) data

 Combines the best of RAID O and RAID 1,

\

data is striped across four disks and mirrored to four disks

* Four times the throughput (due to striping)
« # redundant disks = # of data disks

so twice the cost of one big disk

writes have to be made to both sets of disks,
so writes would be only 1/2 the performance of RAID O

 What if one disk fails?

« If adisk fails, the system just goes to the “mirror” for the
= data
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RAID: Level 3 (Bit/Byte-Interleaved Parity)

\

Bit parity disk

] ) 5 G |

* Cost of higher availability is reduced to 1/N where N is the
number of disks in a protection group

» # redundant disks =1 x # of protection groups

« writes require writing the new data to the data disk as well as
computing the parity, meaning reading the other disks,
so that the parity disk can be updated

 reads require reading all the operational data disks as well as
the parity disk to calculate the missing data that was stored on
the failed disk

~ =
@ 12
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RAID 3 and parity

\

« RAID 3 X
New D1 data @

3 reads and 2 writes © _XOR

involving all the disks T~ <—
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RAID: Level 4 (Block-Interleaved Parity) X
\

S Block parity disk
W] [Be] (5e) ] | [

 Cost of higher availability still only 1/N but the parity is
stored as blocks associated with sets of data blocks
* Four times the throughput (striping)
* # redundant disks =1 x # of protection groups

« Supports “small reads” and “small writes”
(reads and writes that go to just one (or a few) data disk in a

protection group)

™

Af_a'
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Small Reads and Small Writes

\
New D1 data s T - S < S -
3 reads and 2 writes

involving all the disks S R S—

« RAID 4 small reads and small writes

New D1 data e W < S s S <—
o [ (o] [or

2 reads and 2 writes
involving just two disks
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Distributing Parity Blocks

RAID 4 RAID 5
C Y O C Y O Ay
B s s R a A D
— | | ——| | —— | |/ N\
)| |G| (]| || |32
N~ — ~ ~ S ~ - N~ — ~ ~ ~  ~_

By distributing parity blocks to all disks, some small writes
can be performed in parallel

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH
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RAID: Level 5 (Distributed Block-Interleaved Pc1r'i’ry)égi

\
coooo

one of these assigned as the block parity disk

 Cost of higher availability still only 1/N but the parity block
can be located on any of the disks
so there is no single bottleneck for writes

« Still four times the throughput (striping)
« # redundant disks =1 X # of protection groups

« Supports “small reads” and “small writes” (reads and writes
that go to just one (or a few) data disk in a protection group)

 Allows multiple simultaneous writes

P CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 17
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Superscalar R—/\—ZX A EEBHHFL AL

A
o BHDINATSA42%FFIALT IPC (instructions per cycle) & 1Ll E
IZ5IEEITH, ERODRTELHNICEIT

¢ n-way XA—/\—XHN5

Time (in clock cycles)

Y

CC 1 CC 2 CC 3 CC 4 CC 5 CC 6 CC1 CC 2 CC 3
Ins;g:{l;:inn Inds:cu;::jign Execution agéiet:g Wirite back
Ins;r;;l;:iun Inds;rcu;:;i:n Execution agéietass Wiite back
nometen [nsicten [ eeeawen | 225, [wneas | 2-way superscalar
Insr?_:::::ﬂn Inds:cu::’i:n Execution agc?etass Wirite back
Ins;;'l;l:::;inn Inds;rcu;::ji:n Execution a[n]:?ézs Wirite back
Ins;cg;:::r:iun Inds:cu;:;i:n Execution a[n]:?etass Write back
Insrh;:::r’fliun Inds:ﬂu;:;i:n Execution agci:letass Write back
Instruction | Instruction Execution agsetass Write back

fetch decode
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A—/IN—RAHh57atyvH (MIPSAR2)—T S A EYER)

1f stage

4 If_npe [0] Ifle

imem1

If npe[1] Iflc

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH

\

20



IN—RAAS5T7atyH (MIPSAAR)—J a5 AEYRR)

If stage Id stage
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A—/IN—RAHh57atyvH (MIPSAR2)—T S A EYER)
\
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