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Computer with Input/Output

Processor

storage, keyboard,

interconnect -
graphics,
l (e.g., bus) network, etc
L2 Cache
<—Input
Output=—=>p
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Computer with Input/Output

Interrupts
Processor -
Cache
Memory-I/O Interconnect
Main 1/0O I/0O I/0
memory controller controller controller
J
Graphics Network
Disk Disk output f
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Some Input/Output Devices
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Example Server System with I/O

Intel Xeon 5300

Intel Xeon 5300 |
|
|

processor processor
|
| ——— T TTT T T
Front Side Bus (1333 MHz, 10.5 GB/sec)
FB DDR2 667
(5.3 GB/sec) Memory PCle x16 (or 2 PCle x8)
Main cor;]tlzzller (4 GB/sec)
rg?'\rmg (north bridge)
5000P
<D Serial ATA PCle/ESI
— (300 MB/sec)
Disk
PCle x4
— (1 GB/sec)
TN PCle x4
~— (1 GB/sec)
Disk I
controller PCI-X bus
— LPC hub (1 GB/sec)
(1 MB/sec) (south bridge) PCI-X bus
Keyboard, Entreprise South (1 GB/sec)
mouse, ... Bridge 2
USB 2.0 Parallel ATA

(60 MB/sec)

(100 MB/sec) cD/DVD
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Interface Standards

Firewire USB 2.0 PCIl Express | Serial ATA | Serial
(PCle) Attached
SCSI
Intended use | External External Internal Internal External
Devices per |63 127 1 1 4
channel
Data width 4 2 2/lane 4 4
Peak 50MB/s or | 0.2MB/s, 250MB/s/lane | 300MB/s 300MB/s
bandwidth 100MB/s 1.5MB/s, or 1%, 2%, 4%,
60MB/s 8%, 16x%, 32x
Hot Yes Yes Depends Yes Yes
pluggable
Max length 4.5m om 0.5m m 8m
Standard IEEE 1394 | USB PCI-SIG SATA-10 INCITS TC
Implementers T10
Forum

FB DDR2 = Fully-Buffered Double Data Rate Version 2
(DRAM interface standard)
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Reading Data from Disk

Intel Xeon 5300 | Intel Xeon 5300 |

processor | processor |
|

Front Side Bus (1333 MHz, 10.5 GB/sec)

FB DDR2 667
(5.3 GB/sec) PCle x16 (or 2 PCle x8) ESB
Main (4 GB/sec) _interface
memory
DIMMs
J memory
<> Serial ATA ‘ PCle/ESI controller
(300 MB/sec) —
o NB-SB
PCle x4 -
— (1 GB/sec) == terface
T O PCle x4
] (1 GB/sec) SATA
Disk - PCI-X bus - controller
~— LPC (1 GB/sec)
Keyboard, (1 MB/sec) PCI-X bus
mouse, ... (1 GB/sec)
(G(L)JSIE[;?.O ) Parallel ATA
Sec 100 MB
(100 /sec) oD/DVD

Caveat: The examples don’t reflect the exact operation of this system
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Reading Data from Disk

Intel Xeon 5300 : Intel Xeon 5300
processor | processor

Front Side Bus (1333 MHz, 10.5 GB/sec)

FB DDR2 667
(5.3 GB/sec) PCle x16 (or 2 PCle x8) FSB
Main (4 GB/sec) _interface
memory
DIMMs
memory
troll
C Serial ATA | coniroter
(300 MB/sec)
Disk NB-SB
PCle x4 — -
~— (1 GB/sec) interface
— PCle x4
— (1 GB/sec) SATA
Disk PCI-X bus - controller
~ LPC “refad Ndpylt(es (1 GB/sec)
(1 MB/sec) rom dis .
Keyboard, starting at addr X (T%:BX /lS)ler)
mouse, ... to memory
(68388?'0 ) starting at addr Y” Parallel ATA
sec 100 MB
(100MB/sec) —op,pvp
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Reading Data from Disk

Intel Xeon 5300 | Intel Xeon 5300 |
processor | processor :
|

Front Side Bus (1333 MHz, 10.5 GB/sec)

FB DDR2 667
(5.3 GB/sec) PCle x16 (or 2 PCle x8) ESB
Main (4 GB/sec) _interface
memory
DIMMs
_ memory
>  Serial ATA ‘ PCle/ES| controller
(300 MB/sec) ——
o NB-SB
PCle x4 -
h— (1 GB/sec) == terface
> PCle x4
“read N bytes Disk 1€ - (1 GB/sec) - SATA
starting at addr X | 'S PCLX bus controller
~— LPC (1 GB/sec)
Keyboard, (1 MB/sec) PCI-X bus
mouse, ... (1 GB/sec)
(G(gjf/IBB?-O ) Parallel ATA
sec 100 MB
(100 MB/sec)  —ppvp
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Reading Data from Disk

Intel Xeon 5300 : Intel Xeon 5300
processor | processor
|

Front Side Bus (1333 MHz, 10.5 GB/sec)

FB DDR2 667
(5.3 GB/sec) PCle x16 (or 2 PCle x8) ESB
Main (4 GB/sec) _interface
memory
DIMMs
] memory
C Serial ATA ‘ PCle/ESI controller
(300 MB/sec) —
o NB-SB
PCle x4 -
— (1 GB/sec) == terface
> PCle x4
data returned Disk ' (1 GB/sec) - SATA
to SATA controller | ='° PCI-X bus controller
— LPC (1 GB/sec)
Keyboard, (1 MB/sec) PCI-X bus
mouse, ... (1 GB/sec)
(G(gjf/IBB?-O ) Parallel ATA
Sec 100 MB
(100 MB/sec) CD/DVD
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Reading Data from Disk

Intel Xeon 5300

data transferred to
memory controller

processor
FB DDR2 667
(5.3 GB/sec)
Main
memory
DIMMs
<D Serial ATA
— (300 MB/sec)
Disk
N—
N
N
Disk
~— LPC
1 MB
Keyboard, ( /sec)
mouse, ...
USB 2.0

(60 MB/sec)

PCle/ES

Intel Xeon 5300
processor

Front Side Bus (1333 MHz, 10.5 GB/sec)

PCle x16 (or 2 PCle x8)
(4 GB/sec)

PCle x4
(1 GB/sec)

PCle x4
(1 GB/sec)

PCI-X bus
(1 GB/sec)

PCI-X bus
(1 GB/sec)

Parallel ATA

(100 MB/sec) cD/DVD

—
memory
controller

—

FSB

interface

NB-SB
interface

SATA
controller
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Reading Data from Disk

Intel Xeon 5300 : Intel Xeon 5300
processor | processor
|

Front Side Bus (1333 MHz, 10.5 GB/sec)

FB DDR2 667
(5.3 GB/sec) PCle x16 (or 2 PCle x8) ESB
Main (4 GB/sec) _interface
data written to memory
memory location Y | DIMMs <
J memory
C Serial ATA ‘ PCle/ESI controller
(300 MB/sec) —
Disk NB.SB
PCle x4 -
— (1 GB/sec) == terface
T PCle x4
] (1 GB/sec) SATA
Disk - PCI-X bus - controller
— LPC (1 GB/sec)
Keyboard, (1 MB/sec) PCI-X bus
mouse, ... (1 GB/sec)
(G(gjf/IBB?-O ) Parallel ATA
Sec 100 MB
(190 /sec) CD/DVD
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Reading Data from Disk

Intel Xeon 5300

processor
interrupt
“I/0O complete”
FB DDR2 667
(5.3 GB/sec)
Main
memory
DIMMs
<D Serial ATA
— (300 MB/sec)
Disk
N—
N
N
Disk
~— LPC
Keyboard, (1 MB/sec)
mouse, ...
USB 2.0

(60 MB/sec)

A

-

le/ES

Front Side Bus (1333 MHz, 10.5 GB/sec)

PCle x16 (or 2 PCle x8)
(4 GB/sec)

PCle x4
(1 GB/sec)

PCle x4
(1 GB/sec)

PCI-X bus
(1 GB/sec)

PCI-X bus
(1 GB/sec)

Parallel ATA

(100 MB/sec) cD/DVD

—
memory
controller

—

FSB

interface

NB-SB
interface

SATA
controller
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Sending Commands to I/O Devices

* |/O controllers have special registers for
communication with the processor

e Command register
— Tells the device to do something
— “read N bytes from disk...”
— Written by the processor/OS using Store instructions

e Status register
— Indicates the status of the device (ready, busy, error)
— Read by the processor/OS using Load instructions
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Sending Commands to I/O Devices

e How do we get a command to the right device?

e Memory-mapped /O

— Portion of the physical memory space is assigned to
I/O device registers

— Only the OS can use these addresses
— Each I/O device register has a unique memory address

e |/O instructions
— Separate Load/Store instructions to access I/O registers
— Only the OS can use these instructions (U/S = 1)
— Separate addresses for I/O devices
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/0 Command to Disk Controller

Intel Xeon 5300
processor

FB DDR2 667

(5.3 GB/sec)
Main
memory
DIMMs
<D Serial ATA
— (300 MB/sec)
Disk
N—
N
N
Disk
~— LPC
1 MB
Keyboard, ( /sec)
mouse, ...
USB 2.0

(60 MB/sec)

Intel Xeon 5300
processor

Front Side Bus (1333 MHz, 10.5 GB/sec)

—_—_——— e ——_——

PCle x16 (or 2 PCle x8)

—
memory
controller

—

(4 GB/sec)
I
PCle x4
(1 GB/sec)
PCle x4
(1 GB/sec)
PCI-X bus
“read N bytes (1 GB/sec)
from disk
: PCI-X bus
starting at addr X (1 GB/sec)
to memory
starting at addr Y” Parallel ATA

(100 MB/sec) cD/DVD

FSB

interface

NB-SB
interface

SATA
controller
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Data Transfer Between I/O and Memory

 Direct Memory Access (DMA)
e |/O device transfers data directly to main memory

* Processor/OS sets up the transfer through
/O commands

— And then can do something else, like run another
program
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DMA Transfer from Disk Controller

Intel Xeon 5300

processor
FB DDR2 667
(5.3 GB/sec)
Main
data written to memory
memory location Y | DIMMs <
TN Serial ATA
] (300 MB/sec)
Disk
N—
A
N ]
data returned )
to SATA controller Disk
~— LPC
1 MB
Keyboard, ( /sec)
mouse, ...
usB 2.0
(60 MB/sec)

PCle/ES

data transferred to
memory controller

Intel Xeon 5300
processor

Front Side Bus (1333 MHz, 10.5 GB/sec)

PCle x16 (or 2 PCle x8)
(4 GB/sec)

PCle x4
(1 GB/sec)

PCle x4
(1 GB/sec)

PCI-X bus
(1 GB/sec)

PCI-X bus
(1 GB/sec)

Parallel ATA

(100 MB/sec) cD/DVD

—
memory
controller

—

FSB

interface

NB-SB
interface

SATA
controller
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Data Transfer Between I/O and Memory

* Programmed I/0O (PIO): Processor completely
handles transfer of data from device to memory

* Input
— Sets up an I/O read through I/O commands
— Waits until data becomes ready in the device

— Reads data from I/O device Data Output register, then
writes it into memory

e Output

— Reads data from memory, then writes it to I/O device
Data Input register

— Sets up the I/O write through /O commands
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PlIO Transfer from Keyboard

Intel Xeon 5300

A

‘PC
——

. processor
interrupt
‘I have data”
FB DDR2 667
(5.3 GB/sec)
Main
memory
DIMMs
<D Serial ATA
— (300 MB/sec)
Disk
N—
N
N
Disk
~— LPC
1 MB
“tap” Keyboard, ( /sec) -
mouse, ...
USB 2.0

(60 MB/sec)

le/ES

Front Side Bus (1333 MHz, 10.5 GB/sec)

PCle x16 (or 2 PCle x8)

(4 GB/sec)

PCle x4
(1 GB/sec)

PCle x4
(1 GB/sec)

PCI-X bus
(1 GB/sec)

PCI-X bus
(1 GB/sec)

Parallel ATA

FSB
interface

—.
memory
controller

—

NB-SB
interface

- controller

(100 MB/sec) cD/DVD
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PlIO Transfer from Keyboard

Intel Xeon 5300 '

PCle/ES

processor
FB DDR2 667
(5.3 GB/sec)
Main
memory
DIMMs
<D Serial ATA
— (300 MB/sec)
Disk
N—
N
N
Disk
~— LPC
1 MB
Keyboard, ( /sec)
mouse, ...
USB 2.0

(60 MB/sec)

-_

processor loads
data from controller

Front Side Bus (1333 MHz, 10.5 GB/sec)

PCle x16 (or 2 PCle x8)

(4 GB/sec)

PCle x4
(1 GB/sec)

PCle x4
(1 GB/sec)

PCI-X bus
(1 GB/sec)

PCI-X bus
(1 GB/sec)

Parallel ATA

FSB
interface

—.
memory
controller

—

NB-SB
interface

- controller

(100 MB/sec) cD/DVD
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PlIO Transfer from Keyboard

processor stores
data to memory

Intel Xeon 5300

processor
FB DDR2 667
(5.3 GB/sec)
Main
memory <
DIMMs
<D Serial ATA
— (300 MB/sec)
Disk
N—
N
N
Disk
~— LPC
1 MB
Keyboard, ( /sec) -
mouse, ...
USB 2.0
(60 MB/sec)

Front Side Bus (1333 MHz, 10.5 GB/sec)

E

le/ES

PCle x16 (or 2 PCle x8)

(4 GB/sec)

PCle x4
(1 GB/sec)

PCle x4
(1 GB/sec)

PCI-X bus
(1 GB/sec)

PCI-X bus
(1 GB/sec)

Parallel ATA

FSB
interface

—.
memory
controller

—

NB-SB
interface

- controller

(100 MB/sec) cD/DVD
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Informing the Processor

* Need to inform the processor when an I/O
operation is completed

 Polling

— 1/O device Status Register indicates when an
operation is done

— Processor periodically reads the Status Register

e Interrupt-driven I/O

— /O device sends an interrupt to the processor when
the operation is done
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Informing Using an Interrupt

Intel Xeon 5300 :

. processor | processor
interrupt I it s
“I/0O complete” Front Side Bus (1333 MHz, 10.5 GB/sec)
FB DDR2 667
(5.3 GB/sec) 1 PCle x16 (or 2 PCle x8) FSB
Main (4 GB/sec) _interface
memory
DIMMs
] memory
Il
>  Serial ATA ‘ PCle/ESI controller
(300 MB/sec)
Disk NB.SB
PCle x4 -
— (1 GB/sec) == terface
T PCle x4
] (1 GB/sec) SATA
Disk PCI-X bus - controller
— LPC (1 GB/sec)
Keyboard, (1 MB/sec) PCI-X bus
mouse, ... (1 GB/sec)
(G(gjf/IBB?-O ) Parallel ATA
sec 100 MB/
( sec) CD/DVD
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Let’s Pull Some Pieces Together
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Data Page Fault Occurs in Task A

PC of LW

“‘page fault”

exception —-yp) Control 3y ¥
. CU Signals Exception||Exception
PC Cause
sign bit f f MW
T :- I M EL i l M
L1
m-- Fo Data
RF _-E!_, Cache
O =»{LD
(F; Ih;t - »g +{SA
Cache o —>(SB 1
- aft R E!—»
PCL /D _in 4
PC of the < >
exception . U IEI' >_ g U
handler IF/ID ID/EX EX/IMEM MEM/WB
>
INSTR INSTR INSTR LW R1,0(R1)
<TLB miss>

<page fault>
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Exception Handler Gets Loaded

exception —-yp) cuU Control
. Signals Exception||Exception
PC Cause
sign bit f T f MW
T : - I i EL l I
L1
S S
RF _-E!_, Cache
O =»{LD
(F; Ih;t ng »g +{SA i
Cache o —>(SB 1
- aft R E!—»
PCJ 7 — u MB
PCL /D _in 4
PC of the < >
exception . U IEI' >_ g U
handler IF/ID ID/EX | EX/MEM MEM/WB
<>
NOP NOP NOP NOP

1st instruction in
exception handler
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Exception Handler Takes Action
e Saves task A state (PC, PTR, and registers)

e Reads the Cause register and determines that a
page fault occurred

e Calls the appropriate part of the OS
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OS Sets Up Disk Transfer

Intel Xeon 5300 : Intel Xeon 5300
processor | processor

Front Side Bus (1333 MHz, 10.5 GB/sec)

FB DDR2 667
(5.3 GB/sec) PCle x16 (or 2 PCle x8) FSB
Main (4 GB/sec) _interface
memory
DIMMs
memory
troll
C Serial ATA | coniroter
(300 MB/sec)
Disk NB-SB
PCle x4 -
— (1 GB/sec) == terface
— PCle x4
— (1 GB/sec) SATA
Disk PCI-X bus - controller
~ LPC “refad th?yl’ies (1 GB/sec)
(1 MB/sec) relntl el ]
Keyboard, starting at addr X (T%:BX /ls)ler)
mouse, ... to memory
((ﬁfﬂ%f'o ) starting at addr Y” Parallel ATA
sec 100 MB
(100 MB/sec)  —5p,pvp
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OS Schedules Another Task

 While waiting for the disk read to complete, the
OS scheduler runs a different task (task B)

e |t loads the processor with the state (PC, PTR,
and registers) of task B, and sets U/S =0
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(now running

Data is Read from Disk

Intel Xeon 5300

task B) processor
FB DDR2 667
(5.3 GB/sec)
Main
memory
DIMMs
<D Serial ATA
— (300 MB/sec)
Disk
N—
N
N
“read N bytes e
starting at addr X> | Disk
~— LPC
Keyboard, (1 MB/sec)
mouse, ...
USB 2.0

(60 MB/sec)

E

le/ES

Front Side Bus (1333 MHz, 10.5 GB/sec)

PCle x16 (or 2 PCle x8)

(4 GB/sec)

PCle x4
(1 GB/sec)

PCle x4
(1 GB/sec)

PCI-X bus
(1 GB/sec)

—
memory
controller

—

PCI-X bus
(1 GB/sec)

Parallel ATA

(100 MB/sec) cD/DVD

FSB

interface

NB-SB
interface

SATA
controller
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Data is Read from Disk

(now running

Intel Xeon 5300

task B) processor
FB DDR2 667
(5.3 GB/sec)
Main
memory
DIMMs
Y Serial ATA
— (300 MB/sec)
Disk
N—
N
data returned ]
a .
to SATA controller Disk >-
~— LPC
Keyboard, (1 MB/sec)
mouse, ...
USB 2.0

(60 MB/sec)

Front Side Bus (1333 MHz, 10.5 GB/sec)

E

le/ES

PCle x16 (or 2 PCle x8)

(4 GB/sec)

PCle x4
(1 GB/sec)

PCle x4
(1 GB/sec)

PCI-X bus
(1 GB/sec)

PCI-X bus
(1 GB/sec)

Parallel ATA

FSB

interface

—
memory
controller

—

NB-SB
interface

SATA
controller

(100 MB/sec) cD/DVD
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(now running

task B) processor
FB DDR2 667
(5.3 GB/sec)
Main
data written to memory
memory location Y | DIMMs <
Y Serial ATA
—| (300 MB/sec)
Disk
N—
N
N
Disk
~— LPC
1 MB
Keyboard, ( /sec)
mouse, ...
USB 2.0
(60 MB/sec)

data transferred to
memory controller

PCle/ES

Intel Xeon 5300
processor

DMA Transfer to Memory

Intel Xeon 5300

Front Side Bus (1333 MHz, 10.5 GB/sec)

PCle x16 (or 2 PCle x8)
(4 GB/sec)

PCle x4
(1 GB/sec)

PCle x4
(1 GB/sec)

PCI-X bus
(1 GB/sec)

PCI-X bus
(1 GB/sec)

Parallel ATA

(100 MB/sec) cD/DVD

—
memory
controller

—

FSB

interface

NB-SB
interface

SATA
controller
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Device Interrupts Processor

Intel Xeon 5300 :

(now running

task B) processor | processor
|
——— T TT T T
interrupt Front Side Bus (1333 MHz, 10.5 GB/sec)
“I/O complete” FB DDR2 667
(5.3 GB/sec) 1 PCle x16 (or 2 PCle x8) FSB
Main (4 GB/sec) _interface
memory
DIMMs
J memory
)  Serial ATA ‘ PCIe/ESI controller
(300 MB/sec)
o NB-SB
PCle x4 -
h— (1 GB/sec) = iterface
<4 PCle x4
] (1 GB/sec) SATA
Disk PCI-X bus - controller
— LPC (1 GB/sec)
Keyboard, (1 MB/sec) PCI-X bus
mouse, ... (1 GB/sec)
(G(gjf/IBB?-O ) Parallel ATA
sec 100 MB
(100 MB/sec) CD/DVD
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Task B is Interrupted

PC of ADD “I/O complete”

exception —-yp) Control 3y ¥
. CU Signals Exception||Exception
PC Cause
sign bit f f MlW
[AdderH - ’
0 Data
RF _-E!_, Cache
O =|LD
(F; Ih;t > > g +{SA
Cache o —>(SB 1
. aff bR E!—»
PCL /D _in 4
PC of the < >
exception U IEI' >_ g U
handler IF/ID ID/EX EX/IMEM MEM/WB
>
OR R4,R1,R2 ADD R1,R2,R3 INSTR INSTR
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Exception Handler Gets Loaded

exception —-yp) Control
— CU ISignals

Exception||Exception
PC Cause

sign bit f | f MlW

| Data
RF —p Cache
L1 LD >
->| > SA i

P Or1T >
Inst 8 ]
C Cache 8_ > gg 1
L) @ ~ E!"'
PCL /D _in 4
PC of the < >
exception . U IEI' >_ g U
handler IF/ID ID/EX | EX/MEM MEM/WB

1st instruction in NOP NOP INSTR INSTR

exception handler
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Task A Can Now Run Again

Page fault was handled, so OS marks task A
as “runnable”

If OS scheduler chooses to run task A, it loads
its state (PC of the LW, PTR, and registers)

Key point: Processor was free to do other work
during the long /O transfer time

— DMA: Processor did not have to directly handle data
transfers from device to memory

— Interrupt-driven 1/O: Processor did not have to poll
the device to see when the I/O operation completed

Lecture 26:40




Next Time

Advanced Topics
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