251-lec-HP-16-17-18

Input/Output

eDatapath

eControl

eMemory

Datapath

* |/O devices can be characterized by

- (Behaviourk(Fput/outpR(EToraEe)
_ (Partnerfhuman ofmaching, <—— toha’s ot the Aer emd ?

- ot ooy eecransterlien) <— which i o b ot ?

Device Behavior Partner Data Rate (KB/sec)
(T(—gyboard Input Human
S Input Human
Line Printer Output Human
aser Printer Output Human
{ Graphics Output Human
Network-LAN Communication Machine
Floppy disk Storage Machine
Optical Disk Storage Machine 10, 000.00
Magnetic Disk Storage Machine 30,000.00




Typical x86 PC 1/O System

Intel )(eil iin(}

Front Side Bus (1:333 MHz, 10.5 GB/sec)

x16(or2 PCle x8) <&—— pom"':f;— Pbm% /a'_y,eg

FB DDR2 667 =
(5.3 GB/sec) ool
Main el (4 GB/sec)
1]
(north bridge)
5000P
. ESI PCle x8
& (2 GB/sec)|(2 GB/sec
| (300 MB/sec) )
Disk
PCle x4
— (1 GB/sec)
PCle x4
Hﬂ.—! {1 GB/sec)
G PCI-X bus c oc}i 99(
St LPC (1GB/sec) | Loidth =2-Yx
{F BE/'5a0) PCI-X bus
Keyboard, Entreprise South \ (1 GB/sec
mouse, ... Bridge 2 A
50 MB T560) ( Parallel ATA)
S 100 MB/
{ se®) " cp/DVD

‘ Performance measures >

—( Latenci}response time)

~ Throughput)bandwidth)

(Dependability)is important

— Resilience in the face 0
Particularly for{storage devices)

Expandability

. Computer classes

W expandablllty

response time

-'

d\diversity of devices

failure resilience

crog lrx;k

0 aag
MUM

o,
it

()

7]



* CThroughput
— Aggregate measure of amount ol@lta moved perﬂill‘[n\’e_&ag@

over a window

+ Measure in bytes/sec or transfers/sec

— Sometimes referred to as bandwidth

. Example@andwidth, disk ban@

OQesponse time

— Response time to do@ngle I/O operation
* Measured in seconds or cycles

— Sometimes referred to as latency

* Example: Write a block of bytes to dis

» Example: Send a datd packet over the network

/0

requests

Producer Queue Server

is the number o completed by serve :
 taskgcompleted by serveR per unit time  apene W;k él/f}ém
% W )

is the elapsed time between tasks entering queue and tasks <— &N

completed by the server
'(etween throughput and response time
— Highest possible throughputfis when th = and the

queue is never empty

~ _Fastest(response time)is when th and the server is idle

when the task arrives

Throughput vs. Response Time

Response 300}

N pun g 11 0)
2001 (egu& )'U;Q JBLS)

1001 7% we LM
575 m que w
T o /%w; f\//ﬁ

20% 40% 60% 80% 100%
Percentage of maximum throughput




* Nonvolatile, rotating magnetic storage

Sector
e Platters <
. :\:? sector Track

Cylinder

o >=] platter per disk with disk heads on both sides m w\
Platters are divided in concentric tracks Same ;eek

Each track is divided in sectors /(“{'a tiem
Unit of transfer to/from diski.e.

- Some disks have gConstantnumber ofSectors per track
w\&vz—\ AR - Others keep constant bit densitywhich places more sectors on outer track

» Acommon track across multiple platters is referred to as a cylinder

J

* Basic operation
— (Rotating platter)koated with magnetic surface
- @Ving read/write head)used to access the disk
* Features of hard disks

E——
Platters are rigid (ceramic or metal)

High depsity since head can be controlled more precisely
High datarate with higher rotational speed

Can include mu|1_‘ig|e Elatters

* Incredible improvements
— Example of 1/O device performance being technology driven

_ 5roumJ gae

—\JTransfer rate: 1.4x every year
— Price approaching|15/GB|= 10° bytes

* Each read or write has three major components

eek time\is the time to over the proper track

—(Rotational latencyJs the wait for the desired(sector to rotatdunder

the read/write head

* Note that these represent only the “raw performance” of the disk

—ggther componentsﬁ I/ othem M
'\ M 7‘




* Industry definition is that[seek timais the\time/forall possible seeks
divided by he@mber of possible see@

— In practice(locality reduces this to 25-33% pf this number =

— Note that some({manufacturers report minimum seek timesrather
than average seek times

Q. 3_ .
. (Average rotational latency )
— Average rotational latency ﬁrotaﬁon / RPM

* Example: 7200 RPM

0.5 rotation 0.5 rotation
= 4 2ms

Average rotational latency = -
7200 RPM | 7200 RPM /(60 sec/min )

. is the time required to transfer a block of bits
w\ rotational speed,and recordin

— Transfer size is usually a sector

e A factor of the

e Most drives today us@o help buffer the effects of seek time and
rotational latency N 5\”\‘& CO'VVTro”(’_r N o’V\bom‘é AlSl< 2ke.

drive osﬁ\'ro“g HW s bw+e,r$«(,e boaré o CPU (Coﬂ"(éuef>

Typical Hard Drive

e Typical hard disk drive

— Rotation speed;)3600, 5200, 7200, or{15000 RPM )
- &l 500,000 tracks
(racks)per surface: 50042,000 track
— Gectors)per track: 32
7
R Sectors 512 B{1024 KB DRLICK
i (seektime is often approximatel

&seek time is often approximately 5 m
— CAccess timé)is often approximately 9

—ate is often 504200 MB/s ) 1




Average Access Example

e Consider the Seagate 36.4 GB Ultra2 SCSI

Rotation speed:(10,000 RPM

Sector sjze @
Averag e.time

Transfer rate:(24.5 MB/s
Controller overhead of 1 ms

e What is the average read time?

- 0.5 rotation 0.5 rotation
Avera eroi‘arionam =
. 2/"70000 RPM 10000 RPM /(60 sec/ min ) > Jd 235)
Averagd transferitime = ———
g 24.5MB/ s @

Average(access}ﬁme = seel + rotational + transfer + overhead ( 4 B s ?>
=57ms+3ms+0.02ms +1ms ‘

[iv4
xpected seeﬁﬁme 0.25

T m— .
Expected access time

§=1.43ms

seek + rotational + transfer + overhead

+3f+0.02m3+1m5

* Note that the effects of the@ﬁtional delay(are even more pronounced

Dependability Measures

Reliability:\mean(time to failure}(MTTF) | ble ]
> . TN - ) A&V IE 4v¢il£L ¢
fSerwce mterru-g_non':SmeaM(MTTR) S
ean timegbetween)failures A
«etween) ) [ mrre  [mvre]  mrrE .-

— (MTBR = MTTF + MTTR -
iy T o T e

MTRE

Improving availability

— Increase MTTF:UauIt avoidan@, fault{tolerancel fault@

— Reduce MTTR: improved tools and processes for@iagnosis and repair)

How would you improve the availability of a storage system?

— Assume multiple disks...



|/O System Design Example:
Transaction Processing

Examples: Airline reservation inventory system, e-business
- Many(small changes]to shared data space @
e Each transaction: 2 ~2Mi5M CPU instructions|per disk I/O

— Demands placed on system by many different users

Important Considerations

— Both throughput and response times are important

igh throughput|needed to(transactions/sec)

*| Low response timg is also very important for the users

— Terrible locality

— Requires graceful handling 0 >
« (Redundant storage operations < | ée_‘l- J a

Vs

|/O Performance Factors

Overall performance is dependent upon a many factors

. Howcan the processor operate on the data?

—ystem andwidth and latency

¢ Multilevel caches
e Main memory

—| Sistemiinterconnect‘ion

e |/O and memor
+ Yo(Gantalerd)

~ 1/ddevices)disks)
—efﬁciency

* |/O(device handlern)instruction path length, OS overhead, etc



|/O System Design

e Satisfying latency requirements
— For time-critical operations

— If system is unloaded

Add up latency of components

e (Maximizing throughputjat steady state (loaded system)

- Find lowest-bandwidth component)

— Configure to operate at its(mMaximum bandwidth

—| Balance)remaining components in the system

() o voldey
ops | BMIOPS )| 1y 16Ps

M op3 + - \ Buloweck
G’T‘—J&B <%%f°ef. tnet,

¢ Analyze a multiprocessor to be used for transaction processing:

Transaction'Ktwo 128-byte Yisk accesses +\3.2 M instructions
Databaseffile)must be(TPS x 10° bytes

* Where TPS is the transactions/second achieved

+
HW(Cost:)system (%4,000)($3,000 per CPU
CPUperformance:400 millioninstructionsjper second

* Each processor can be connected with any number of disks

DisiGantroller)ielay {2 msec)

Can choose between two disk types, but can’t mix them

1M IOPS

= . S/TZ.\?(

C?W

<%

—

>is'&)

R 2

) \‘S\L

—

Disk size

Cost

Capacity

Avg seek
time

Rotation
speed

Transfer
rate

3.5inch

$200

50 GB

8 msec

5400 RPM

4 MB/s

12 msec

7200 RPM

2 NMB/s

24inch | $120 | 25 GB

* What is the highest TPS you can process for $40,000, and with what
configuration?

. Knzurakia FF1N8h | artura 1R 43



Solution
Part 1: pick a disk

. 7' .
First calculate how man (w an sustain

access time =(seeK time + otationa dE|EF|V+"'

— (3 5” dlskl‘nme 8+ 1/2(1/5400 RPM) + 128B / 4MB/s+ 2 =(15.6 msec
- [24” disK time = 12 + 1/2(1/7200 RPM) + 1288 / 2MB/s + 2 =|18.2 msec
Need 2 accesses per transaction, so TPS = 1/(2*time)
— 3.5” TPS=1/(2*15.6 msec) =(32.0 TPS (1 T“"">/ (1 mm5
— 2.4”TPS=1/(2*18.2 msec)
But the@a_t_a_up_a/sa@on each disk = TPS x 10? bytes

— 3.5"size ?max(BZTP:S}(ﬁts!)(I/O limited)

— 2.4" size =25 GB (doesn’t fit!) (capacity limited)

Must reduce|TPS to 25\so that file fits

Which has better(cost/performance?)

- for 3.5” = $200/32TPS =
— $/TPs for 2.4” = $120/25TPS ={3.8 5/TPS]

Pick the 2.4” disk

Part 2: pick a CPU configuration

L/oaM

TPS limit h CPU =

imit for eac | . {({L Tf&V\S>/3& M (Mﬂl""‘ o S 594
400 MIPS / (3.2 M instructions/transaction) =\ 125 TPS

To fully utilize the CPU TPS, the number of disks that each can
accommodate is

#disks/CPU = m / — =5 JISL_S o CFL\,

So a system W|th n CPUs and costing $40,000 means
-4000 +—+[$120f5j— $40000.; ,_\, l\
o d l
orn=10 BUA )6 ) 5 IV( n

The system has a total account
a

[ilesiza of (50 x 25GB) = nd can process
(50 x 25) {1250 TPS.)




Buses

e Abusis ashared communication link that connects multiple devices

Single set of wires connects multiple “subsystems” as opposed to a point to
point link which only connects two components together

* Wires connect in parallel, sohas!32 wires of data)

o /O j7{8]
Processor Device Device Device

Memory

™ Knzurakis

FE1NAK | artire 17 eal

. (Adva ntaées}

- (ﬁoadcast capabilitﬂof shared communication link
- Versatility
. Nean be@dded easil

¢ Peripherals can be between computer systems that use the same bus
standard

¢ Asingle set o@ismulﬁple ways

* (Disadvantages

— Communicatio ene

1

* Bandwidth of bus can limit the maximum I/O throughput

~ (Uimitedmaximum bu
* (Cength of the bus
. @umber of devices]on the bus

* Need to support a range of devices witt{ﬁrying latencies and transfer rates s

Control Lines
- Data Lines

¢ Bus Components
—Lines
. Signalandof transactions

¢ |ndicate thf information on the@ line

. Cary information between source and destination

¢ Caninclud addresses, or comple;{ commands )



Y —————
* Processor-Memory Bus (ori{front-side|pus ous)

- f'uhort,TT@h-speed bus
— Connect{memoryjand processor directly

— Designed to the memory system and achieve the maximum memory-to-
processor bandwidth (cache transfers)

— Designed specifically for a given@essor/memory system((proprietary))

* 1/0 Bus (or{peripheral uA
- Usually(ong and slow>

Connect devices to the processor-memory bus

- Mus a wide range of i isti
(match) of{ /0 device|performance characteristics
Industr W

® |Synchronous Bus
— Includes a(clockn control lines

— Fixed@rotocol for communication relative to the clock
— Advantages

* Involveslvery little logic)and can therefore ru

Disadvantages

. Every\decisionlon the bus must run at the Eame clock rate}

«\T0 avoid(clock skew)bug cannot be long)if it is fast

— ExamplesProcessor-Memory Bus
e

 |Asynchronous|Bus
- control line
— Can easily accommodate alwide range of devices

— (No clock skew)problems, so bus can beiquite long )
- Require{handshaking protocol




¢ Several factors account for bus bandwidth
— Wider bus width

* Increasing datalp »@ ' Y
+ Cost(Wordpus(inedy

! cyclel cycle2

@L

- @?te address and dm

* Address and data can be transmitted i@if separate address and data
lines are available

. Costs r
! cyclel ! cycle2

(' Combined)Addr and data
('Seéarate)Addr and Data

Block transfers
* Transfe inbus cycles
. Only eeds to be sent at the start

* Bus s not released until the last word is transferred

. CostsanreaseEfcomplexityhnWor pending requests

:cyclel 1+ cycle5 ! cycle6 ! cycle10 ! cyclel

cycle 15

Multiple;‘ reads

cycle 5 cycle 6

Block traﬁsfer read

—CSplit transaction Y'pipelining the bus”

ring time(between request|and dat
» Costs: Increased complexity and higher potential latency
Jn v\ufo Tramsiion S%m]Ls mmeﬁ/
N &'\ ’ ?

! cyclel | cycle2 cycled cycled ! cycle5 | cycle6 !

|~—-L¢J"c\»c\l,E —_l 2 helf 4 Tmmadzlm

Split transaction bus with separate Address and Data wires



Accessing the Bus

Control: Master initiates requests

Bus Data can go either way Bus

Master |« o Slave

* Howis thby a device that wishes to use it?

Master-slave\arrangement

— Only the bus master can@@to the bus

— The bus mastel{initiategfand controls all bus requests
A(sTave respondsjto read and write requests

— All bus requests must be@ntrolled by the processD Va
p— ’_\ —
— Majof drawback sthe\fmrocessoﬂmust belinvolved in every transfer N

Multiple Masters

o With multiple masters(arbitrationimust be used so that only@
to the bus at a given time

0(. ArEitration )
— The bus master wanting to use the bu

— The bus master cannot use the bus until the request is granted : wai‘t )C({) per m}yy}m
— The bus master must(signal the a@when finished lusing the bus

* Bus arbitrat‘io
— Bus priority {Highest priority)device should be serviceﬁrs;—t)

— Fairness — devices should(fot starve |

\

9?’0& ’




Centralized Parallel Arbitration

Device 1 Device2| o o Device N
F 3
GNT 1] [REQ1 GNTZ] REQ 2 GNT REQN
Arbiter |«

= Advantages ,
— Centralized control where all devices submit request — S”Yl

@)
- aican be implemented (FCFS, round-robin) U
* Disadvantage
— Potential bottleneck lat central arbiter

o

Case Study: PCI

e Peripheral Component Interconnect (PCl) peripherallbackplane bus standard
e Clock Rate: 33 MHz (or(66 MHzJin PCI Version 2.1) [CLK]

e (Central arbitration)|REQ#, GNT#

— (Overlapped)with previous transaction
e C Multiplexed Address/Data

—( 32 IinesS{with extension to 64) [AD]

e General Protocol — Or —~
— (Transaction type\(bu command is memory‘ memory‘ memory
ey — (readling, etc Command/ AD ByTES
- Addressand dura‘non(RAlVlE# TRDD

- Dat(byte enable)
- ong alblock handshake\between Initiatory Ready and Target

e Maximum bandwidth is 132 MB/s (533 MB/s at 64 bit/ 66 MHz)
32 bit PCI Signals

CLK RST# CLK RST#
AD[31:0]
C/BE#[3:0
[3:0] >

4

5 PCI
anr FRAME# Target
TRDVY# \:g

IRDY#

A F Y

R DEVSEL#
IDESEL#




T'e 3& the. bus

1\

2 3 4 5 6 7 8 9
' : : —
CLK
: : : : : / /
’
: OV ! / / : / / VA 0
|+ y y
FRAME# | E ' b ’ ‘ / . / E / k/? "o
[ i i u Fl i '
1 W L4 [ ] [
‘ 0 Y I A f,,rl.‘) / robud ’ \L T
«<—» D | ADDRESS ) 0 [ ) patat DATA-2 A3 .
[ A —— =7 7
: ? : ? : ? 1 : ; 3
[
=3 (/BE# ——\ EAD \ BYTES o, | Q ' X ?\ i
. . : v ’ ‘ ‘ ’
. X . ’ a ‘ W / o /
< * / M / Qki | .
™ Roye| ( ;: / 9{ 1 ‘ / ¢ T\ 35141_, BER = wl'an\
X | / v g : s ohos. + | U a— :
f 4 ¢ & : & 1 ] & o .
“e (T(:I):;n?_poﬁ—l'ﬁ \L EJGE : (?AX = : : byfes on AD Jumes
; i i
: ; \B = /’. 2 g r g = ‘
' : g A ';"' 5° g ‘ g :
v__:go\ ¢ : ' = ‘ = ,
DEVSEL# | / / \\ ' 9 w ; ' ) / // /
. 4 ‘ 4 i ! ‘ S ',
< > / > e .
A[ldless Phas Data Phase Data Phase \ L"e
 ——  ——
Wait State Wait State Wait State —
) Bus Transaction i
b this « §
] $ Tor Me
PCl Read Steps 1 PCl Read Steps 2
e) The initiator reads the data at the beginning of clock 4 and changes the
a)  Once a bus master has gained control of the bus, it initiates the transaction byte enable lines as needed in preparation for the next read.
by a;sgrﬁng FRAME. This line remains asserted until the last data phase. f) In this example, the target needs some time to prepare the second block of
The initiator also puts the start address on the address bus, and the read data for transmission. Therefore, it deasserts TRDY to signal the initiator
command on the C/BE lines. that there will not be new data during the coming cycle. Accordingly, the
b)  The target device recognizes its address on the AD lines. initiator does not read the data lines at the beginning of cycle 5 and does
c) The initiator ceases driving the AD bus. A turnaround cycle (marked with Eot;ha}nge ]Ehe t;‘/te enable on that cycle. The block of data is read at the
two circular arrows) is required before another device may drive any egfnmng of cycle 6. ) .
multiple-source bus. Meanwhile, the initiator changes the C/BE lines to g During clock 6, the target p'f‘“’s the third data item on the blj's- However,
designate which AD lines are to be used for data transfer (from 1-4 bytes in this example the initiator is not yet ready to read the data item (ie.
wide). The initiator also asserts IRDY to indicate that it is ready for the first temporarily buffers are full). It therefore deasserts IRDY. This will cause
data item the target to hold the data for an extra cycle.
d)  The selected target asserts DEVSEL to indicate that it has recognized its h)  The initiator deasserts FRAME to signal the target that the third data

address and will respond. It places the requested data on the AD lines and
asserts TRDY to indicate that valid data is present on the bus.

transfer is the last, and asserts IRDY to signal that it is ready.

Return to the idle state. The initiator deasserts IRDY, and the target
deasserts TRDY & DEVSEL.




Trends for Buses PCl vs. PCI Express

Logical Bus and Physical Switch
=
— ame drive

L]
- 32‘shared.
- Frency: 33MH2

— Bandwidth: 132 IVIB/s
v . mdvamages -
—(Fasten)links
VS. —hip packag

- Higher performance VS, — Bandwidthi(300 MB/s)per direction/y WIres

= Switch keep * ( PCI Express Advantage))

Many bus standards are moving to serial,
point to point
* 3GIO, PCI-Express(PCl) .

: : SerlaQ
» Serial ATA (IDE hard disk)

* AMD Hypertransport versus Intel Front
ecoble  Side Bus (FSB)

-
L)

C. Kozyrakis

Operating System Tasks

* The(0S is a resource managerand acts as the interface between /0
hardware and programs that request /O

* Several important characteristics of the I/O system: L Operating System @

- 1/0 system isby multiple programs Dev Dr | | Dev Dr

_ |/0 systems often USE to notify CPU .......I.............l...........

/O Dev | | /O Dev | HW

* Typically
* OS handles interrupts by transferring(control to kernel mode)

—@Ievel controrﬁf an 1/0 device|is complex ]

» Managing a set of concurrent events)
* Requirements for correct device control are(very detaile

. I/ are the(most fommon area for@?g?in an 0S!




OS Communication

* The operating system should prevent user programs from communicating
with I/O device directly

- Must{ protect I/O resourcedto keep sharing fair

— Protection of shared /O resources cannot be provided if user
programs could perform 1/O directly

. ‘Three types of communicah@are required:
@— OS must be able to give(commands to 1/O devices)

®— must be able tohen I/O device has completed

an operation or has encountered an error

@—must bbetween memory and an /O device

* (Memory-mapped 1/0:
— Portions of the address space are assigned to each 1/0 device

_ I/O@orrespond t
- User programs prevented form issuing |/O operations directly since I/
Ofaddress space is protected)by the address translation mechanism

0x00000000 > OXFFFFFFFF

* |/O devices are managed byhardware
- to/from device

- tiqns wit! éoftwa re )
\AYY
. (Eomma@egisters

— Cause device to\do something

. egisters

—! Indicate)what the device is doing and occurrence of errors

‘@@; egisters
— Write: to a device

— Read: transfer data from a device




Data Transfer

* The third component to I/O communication is the transfer of data from
the 1/O device to memory (or vice versa)

e Simple approach: {Programmed” I/O)

— Software on the@ocessor moves all daa between memory
addresses and I/O addresses L

A XY o~
~ —@and flexible, buttwastes CPU time )

— Also, lots of(excess data movemenpin modern systems

+ Ex.{Memy== NB SCPU »>NB Sgraphics)

* So need a solution to allow data transfer to happen without the
processor’s involvement

¢ Direct Memory Accesg

— (Transfer blocks)f data to or from memorntervent'ion

— Communication coordinated by the DMA controller
* re integrated’in memory QO controller chips
— DMA controller acts as abus master) in bus-based syste

—{Processor sets upOMA by supplying:
* |dentity of thend the(operation fread/write)

. Th for source/destination

¢ The(humber of byte} to transfer

—( DMA controlleristarts the operation by\arbitrating for the busland then
starting the(fransferwhen the data is ready
—Notify the processop when the DMA transfer is(gmplete or on error x
¢ Usually using anlinter

Reading a Disk Sector (1)

1 GHz Pentium Processor Biosline @ initiates a disk read by writing a
logical\block humber)and a

C P u [Cadnes] destination memory address)to disk
controller
Monitor Graphics | > © +~—>|Memory
:_ Controller Brigge
& Comwmands PCl 1; U_S

A r 4

A

<
<

A 4 h 4
USB Hub Ethernet w
Controller Controller Conftroller D \ S K / ")MA
— —
-—»ﬂ

—>
4| Keyboard |



1 GHz Pentium Processor m

Caches

Disk controller|reads the sector and

performs a direct memory access (DMA)
R

AGP -—
; N
e I S
Controller Briflge L4 M
) DJ‘&, PCI
- A A A >
A 4 A 4 u¢
USB Hub Ethernet D|s
Controller Controller Contr ler

e

| Keyboard |

1 GHz Pentium Processor m

When the@transfer completes, the

disk controllér_notifies the CPUJ with an
interrupt (i.e., asserts a spem
pin on the CPU)

AGP

A
A

Controller

<+« Memory

1n7L€rrup‘f PCI

A

r s

v

Nofth
Briflge
y

h

v

A\ J

1

USE Hub
Controller

Ethernet Disk
Controller Controller

e N o

| Keyboard |

DMA Problems: Virtual Vs. Physical Addresses

If DMA uses(physical addresses

— Memory access acros@al page boundaries may

toContiguous virtual pages)(or even the same application!)

ransfer

Solution(il+:jchain a serie

sYof 1-page requests provided by the OS

— Single interrupt at the end of the last DMA request in the chain

Solution 2:(DMA)engine@ virtual addre@

— Multi-page DMA requests are now easy

A(ILB:js necessarﬂforthe DIVIAkengine WIYZ(J”]Q) éu,) CPWU

For DMA with(physical ac resses ust be\pinned in DRAM
OS should not page to disk} pages involved with pending I/O



?

*e A copy of th 'nvolved in a DMA transfer may reside(in processor cache

— If memory is updated: must(update or invalidate\|“old” cached copy
— If memory is read{\Must read latest value) which may be in the cache
* Onlya problem
~ \ froc \
e Thisis called theM c,(qq, ME
— Same problem in multiprocessor systems

DMA & Coherence > o ot
- In
WEME I/O reads oefore 1/O
writes

— Flush/write-back may mvolveQechve addresses or whole cache

— Can be donW|th hardware (ISA) support

. Route memory accesses fol |/O through the cach
— Search the cache for copies and\invalidate or write-back as needed
— This hardware solution mayCmpact performance negatlvely A

* While searchlnfor I/O requests it |5Cot availableto processcD
— Multi-level, |ncIuS|ve caches make this easier

searche~( L1 cache mostly)(until it misses)

-equestmunhl it finds a copy of interest)
TB T\ﬂe\(\ L/L rf‘ h\"

Flash Storage

* Nonvolatile semiconductor storage e \/'}+

N 1
- %rge trapped in a ﬂoaﬁig_ag e _—L~

e General characteristics —
— 100x — 1000 faster than disk

— (Smallendower power more

- But@{between disk and DRAM)




Flash Types

* NOR ﬂash bit cell like a(NOR gate_
\s. ”100ns ,Glow wrlte>(200usec (very slow erase\(1sec)
disk ) — 10I< to@ 00K erase cycles
— Used for@_@gw@in embedded systems
* NAND flash: bit cell like alNAND gate
0

— (Denseny(bits/area, f NOR), cheaper per GB

low read (50usec), slow writes 200usec), (2msec)
— 100K to M erase cycles)
— Used for data storage (USB keys, media storage, ...) \ Next?

. FIasW&lﬂer 1000’s of accesses Pem Poly=Silii Rj‘
— Not suitable for direct RAM or disk replacement
—(Wear Ieveling-data to less used]blocks E@ > E
i T P 1\ C.R\ﬁ{'q_( Rl
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Another Example: Rack-Mounted Servers [&f] V]
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|/O System Design Example

e Given a Sun Fire x4150 system with

- Workload:l64KB disk reads ) @

e Each I/O op requires 200,000 user-code & 100,000 OS instructions
— Each CPU: 109 instructions/sec |
— DRAM DDR2 667MHz: 5.336 GB/sec \
— PCI-E 8x bus: 8 x 250MB/sec = 2GB/sec |
— Disks: 15,000 rpm, 2.9ms avg. seekjtime, 112MB/sec transfer mii}

e What |/O rate can be sustained?

_ Foand for(Sequential reads - /I,Q,é.J
530 07 s
7 ?

«(_1/0 rate for CPUs)

— Per core: 10°/(100,000 + 200,000)‘= 3,333’

— 8 cores: 26,667 ops/sec

¢ Random reads{ 1/O rate foraisks)

— Assume actual seek time is average/4

A

v

— Time/op = seek + latency + transfer
= 2.9ms/4 + 4ms/2 + 64KB/(112MB/s) = 3.3ms

— 303 ops/sec per disk| 2424 ops/sec for 8 disks RAN\

* Sequential reads b
— 112MB/s / 64KB = 1750 ops/sec per disk

[}
—114,000 ops/sec for 8 disks N EQ
. ‘ PCI-E 1/O rate I
— 2GB/sec / 64KB =|31,250 ops/sec

. RAM rate
— 5.336 GB/sec / 64KB 83,375 ops/sg

e (FSB1/O rate <

— Assume we can sustain half the peak rate

~ 5.3 GB/sec / 64KB £ 81,540 ops/sec per FSB )

— 163,080 ops/s€lc fuf 2 FSBs
*  Weakest link: disks

— 2424 ops/sec random, 14,000 ops/sec sequential

— Other components have ample headroom to accommodate these
rates



Fas‘l‘u Disk L/0
- Larse dik Mﬁjcam}

R/w
T - N R/w heads

ke p\etter s :P@

NREA > bty

¥ P(fal) = P (4 fals) + (o feld) +- P (dh)
: . <JI?K) C/& ‘S‘( M 4
espn disks  MYE L P/fll)ﬁ

Jisks /48 ? f
" S/Zﬁk < 1( ?‘—‘—J f;{;/u/w/(ajfc (ﬂ 2 n apmlww(dl ”)

6{ A‘X_ b Redundant Arrays of Inexpensive Disks

. RAID CONTROLLER Appears 4§ 4 sbnj/e Jisk
Le\le\ é) ’Lj

Disks run in parallel.
. ' D1 \i 3 i
D \SL\ ﬁ‘ D \Sk % \ § Byte striping:

N~ Bytes sequentially per

STRIPIW 9

Dy
=4
~
So

Dala -

disk, n disks
Rn’k’s B’é 3 B B ==> n bytes in parallel
B ‘ [ 3 ==> fast, large serial
H Bg Bé B7 Block striping:
Bg B (Y B parallel sequential
9 0 or parallel random
B, 6, B, By access

T 8 Be |Bie (B, .
];BOJMﬁBz\ 33%_}9/7@7 lf_‘;‘ 118 V:IE Bo[Bs] B4 No parallel file access,

R/W one file at a time.
FILE-1 File-2



Leve! L7 — e
'mn‘rvoreé m ‘d|$k¢ l L_\_/ldlsk,[

Parallel duplicated
(IS gigks.
m 2-disk striping, @

Level 1 mirrored
1 W to both Bié %75 %‘ %\
or ’B B Automatic switch-
2 separate R z pB B B over on failure
for pair ’BL!. ,B 3 3
y "Always up"
tevel 1 wipeorip 3 tevel 1 wiiroriy cost 2X

R/ W “bje“H)ef‘

L{vcl & =
} EDBEC CobES

leve[ g st iping

R/w Together

> Lvel 10

level-1 k-mirrored, up to k failures

w3 ] ]

P(l('l’\'\é L\j E\j+ﬁ %Sé %\ B1 ?575-1 V\\ Pa/u+9
B3 BLI, BS’ Pg—g ,B\‘ﬁ-?. for
B, B, By -2
By 11O].

B, o\\Q..-..- > 1 L4 oun csneim ﬁqﬁ,«&(j disk

B, o0,

1000 ---
%hl N pm\-\'\l 5\1 Column

=> f—el)u;u o[lsk 4 mm o(lsli MSL(WJ’U"/Q M}

Striping by byte, same as level 0: fast for large serial file access; 1 file R or W at a time.

Why parity works. Parity as XOR.
(0®AY= A Properties of XOR.

(1®A) = A
(A$A/> = j_ , é A‘# A/ , 0 oH)er wise (detects changes)

(A ® 'B) = Vg (Def'n of Parity)
AR BOC = PAB @c = PA 8¢ (Associativity of Parity)

AR =F

(roR)®B = Peb ro(eob®) L A= PeB

A® O
A

nmu o

dlSk{j N4S Lles

%¢ @B, @BZ = %—1
B?S = P—Z. @(B\@BZ)

-- retreive data on the fly

-- When disk_0 is replaced,
-- rebuild disk_0 on the fly

-- handle P disk in same way




Level Yo Jped 3

v d T @nd PMJ(’A] by flocks

Independent block accesses, bitwise XOR by blocks (same as by bytes). Multiple, asynchronous, file

block reads. Collision on parity disk.

Levt/ g M 7 + loﬂ-/v?éj HN/{(S Jz;%uéuﬂﬁ ol c/i'sl(s

=it

o 02,
B3 B;./ P3~S' ,BS"
Bé Pl*g B7 Bg

Parallel, independent random block access, multiple file
access in parallel.

Level §: And 5 + 28 pondti Lt

~ CompJ}e pa,n'l'\f K(OYIJ AinOh@\S
~ & disks /ﬂl

—Sme @, AM, «mL, //&il
~ Fix block (1,4/,\12 Sine mejf('wc},w kL)WC)

1-bt et
Fix block

=~ Now row \\qg G\\\\ a

( cee IBM Rail DP)

7/

wily (B2
Recd Bo
Reas B,
= B,® B,
Bitwice, if 8,8 ,C=1
p.= c®f, (pyc)

. /
[/urﬂ"e /36 Jﬁ,/

EDEC: handle 2 disk failures.

Jisk,  disk, disk, disky

A
e ,
AL \
S ’,
[ ")3

1-bit error £ sl HJ(
fix bock.



Py disks
3oolor$ Scalors Jcolors /\-/\/\

R 1‘ P

<> B
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Y edlars (4 Q; s) Piik. AM? Co}-J e cels n ’“Wj

ov\\g ?m@‘m No pair ‘;f eols have same 3 colory.
S:?W FUA &]“ 507775 Mﬂ myé MMCC W‘ 16071—4

So-u!\d No pain 5
Jl)cvea S/Iww 3 > Co]-S- M

OR

Co|6r.5'.
. y +
st P+ Q bt = nebwtd F£+Q
Disk
reloui\J --- Longer delays in getting data onto
Time replacement disk,
ﬂ\ --- Greater risk of additional failure.

Continue running under error condition:

==> use 3-bit EDEC
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