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Chapter 1

Basic Concepts and
Computer Evolution
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Computer Architecture
Computer Organization

45

Attributes of a system
visible to the
programmer

*Have a direct impact on
the logical execution of a

program
\ Computer
Architecture
Organizational
attributes
43 include:

*Hardware details
transparent to the
programmer, control
signals, interfaces
between the computer
and peripherals, memory
technology used

u
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Architectural
attributes
include:

Computer
Organization

S

*Instruction set, number
of bits used to represent
various data types, /O
mechanisms, techniques
for addressing memory

*The operational units
and their
interconnections that
realize the architectural
specifications




" IBM System

370 Architecture

® [BM System/370 architecture
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Was introduced in 1970
Included a number of models

Could upgrade to a more expensive, faster model without having to
abandon original software

New models are introduced with improved technology, but retain the
same architecture so that the customer’s software investment is
protected

Architecture has survived to this day as the architecture of IBM'’s
mainframe product line




Structure and Function

® Hierarchical system

Set of interrelated
subsystems

® Hierarchical nature of
complex systems is essential
to both their design and their
description

= Designer need only deal with
a particular level of the
system at a time

Concerned with structure
and function at each level
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® Structure

The way in which
components relate to each
other

® Function

The operation of individual
components as part of the
structure




+ :
Function

® There are four basic functions that a computer can perform:
® Data processing

" Data may take a wide variety of forms and the range of
processing requirements is broad

® Data storage
" Short-term
®" Long-term
® Data movement

" Input-output (I/0) - when data are received from or delivered to a
device (peripheral) that is directly connected to the computer

® Data communications - when data are moved over longer
distances, to or from a remote device

® Control

® A control unit manages the computer’s resources and
orchestrates the performance of its functional parts in response
to instructions
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COMPUTER

Structure

Sequencing
Logic

Control Unit
Registers and
Decoders

Control
Memory

Figure 1.1 A Top-Down View of a Computer
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] CPU - controls the operation
of the computer and performs
its data processing functions

There are four
main structural
components [ Main Memory - stores data

of the

] I/0 - moves data between the
computer: computer and its external
environment

] System Interconnection -
some mechanism that
provides for communication
among CPU, main memory,
and I/0
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CPU B Control Unit

= Controls the operation of the CPU
and hence the computer

Major structural
components:

= Arithmetic and Logic Unit (ALU)

= Performs the computer’s data
processing function

® Registers
" Provide storage internal to the CPU

® CPU Interconnection

= Some mechanism that provides for
communication among the control
unit, ALU, and registers
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Multicore Computer Structure

" Central processing unit (CPU)
" Portion of the computer that fetches and executes instructions
" Consists of an ALU, a control unit, and registers
" Referred to as a processor in a system with a single processing unit

® Core
" An individual processing unit on a processor chip
" May be equivalent in functionality to a CPU on a single-CPU system
" Specialized processing units are also referred to as cores

® Processor
" A physical piece of silicon containing one or more cores
" Is the computer component that interprets and executes instructions
" Referred to as a multicore processor if it contains multiple cores
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" Cache Memory

® Multiple layers of memory between the processor and main
memory

® [s smaller and faster than main memory

® Used to speed up memory access by placing in the cache
data from main memory that is likely to be used in the near
future

m A greater performance improvement may be obtained by
using multiple levels of cache, with level 1 (L1) closest to the
core and additional levels (L2, L3, etc.) progressively farther
from the core
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Figure 1.2 Simplified View of Major Elements of a Multicore Computer
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Intel® 3420
Chipset

2x Quad-Core Intel® Xeon® Processors ~ Six Channel DDR3-1333 Memory Interfaces Serial ATA/300 (SATA)

with Integrated Memory Controllers Up to 48GB Interfaces

2x USB 2.0
Internal

2x USB 2.0
External

-
E—— VGA Video Output

J BIOS

=
i

__—— 2x Ethernet Ports
10/100/1000Base-T

Ethernet Controller

Power & Backplane 1/0 PCl Express® PCl Express® ™ Clock
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Figure 1.3

Motherboard with Two Intel Quad-Core Xeon Processors
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Figure 1.4
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i
History of Computers
First Generation: Vacuum Tube

® Vacuum tubes were used for digital logic
elements and memory

N\

m JAS computer

= Fundamental design approach was the stored program concept
m Attributed to the mathematician John von Neumann

® First publication of the idea was in 1945 for the EDVAC
= Design began at the Princeton Institute for Advanced Studies
= Completed in 1952

= Prototype of all subsequent general-purpose computers
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siLn bit (a) Number word
left instruction (20 bits) right instruction (20 bits)
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(b) Instruction word

Figure 1.7 IAS Memory Formats
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: Registers

=
VLT LT g A Vi T =Te [ {I@8 * Contains a word to be stored in memory or sent to the 1/0 unit
(MBR) * Oris used to receive a word from memory or from the I/0 unit
J
S
Memory address * Specifies the address in memory of the word to be written from
register (MAR) or read into the MBR
J
\
Instruction register 1114193 Contains the 8-bit opcode instruction being executed
J
: B
Instruction buffer * Employed to temporarily hold the right-hand instruction from a
register (IBR) word in memory
J
=
* Contains the add fth t instructi ir to be fetched
Program counter (PC) frg%am:mo%;a ress of the next instruction pair to be fetche
4
.
VLU [T ETL TR (G BT, T B < Employed to temporarily hold operands and results of ALU
multiplier quotient (MQ) BEECECUE
J
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Yes Is next No
instruction MAR+—PC
No memory in IRR?
F Ct(;h access +
cycle 2
Siced MBR «— M(MAR)
\ 4
IR «—IBR (0:7)

MAR <« IBR (8:19)

IR «— MBR (20:27)
MAR «— MBR (28:39)

instruction
required?

IBR+—MBR (20:39)
IR«—MBR (0:7)
MAR «—MBR (8:19)

'
Y
PC+—PC+1
X Decode instruction in IR
AC +— M(X) Go to M(X, 0:19) If AC > 0 then AC+—AC + M(X)
go to M(X, 0:19)
Execution
cycle
\ 4 4 Y
MBR+—M(MAR) PC+—MAR No MBR+—M(MAR)
\ 4 \ 4
AC<—MBR AC<«—AC + MBR
LY o Y 4 4 Y

M(X) = contents of memory location whose address is X
(i:j) = bits i through j

Figure 1.8 Partial Flowchart of IAS Operation
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Symbolic

Instruction Type Opcode Representation Description
00001010 LOAD MQ Transfer contents of register MQ to the
accumulator AC
00001001 LOAD MQ M(X) Transfer contents of memory location X to
MQ
00100001 STOR M(X) Transfer contents of accumulator to memory
Data transfer location X
00000001 LOAD M(X) Transfer M(X) to the accumulator
00000010 LOAD -M(X) Transfer -M(X) to the accumulator
00000011 LOAD IM(X)I Transfer absolute value of M(X) to the
accumulator
00000100 LOAD —IM(X)I Transfer -IM(X)l to the accumulator
Unconditional 00001101 JUMP M(X.0:19) Take next instruction from left half of M(X)
branch 00001110 JUMP M(X.20:39)  Take next instruction from right half of M(X)
00001111 JUMP+ M(X,0:19) If number in the accumulator is nonnegative,
take next instruction from left half of M(X)
JU If number in the
MP accumulator is nonnegative,
Colbonsl et + take next instruction from
M(X right half of M(X)
20
39)
00000101 ADD M(X) Add M(X) to AC; put the result in AC
00000111 ADD IM(X)I Add IM(X)! to AC; put the result in AC
00000110 SUB M(X) Subtract M(X) from AC; put the result in AC
00001000 SUB IM(X)I Subtract IM(X)I from AC; put the remainder
in AC
00001011 MUL M(X) Multiply M(X) by MQ; put most significant
At i bits of result in AC, put least significant bits
rithmetic :
in MQ
00001100 DIV M(X) Divide AC by M(X); put the quotient in MQ
and the remainder in AC
00010100  LSH Multiply accumulator by 2: i.e., shift left one
bit position
00010101 RSH Divide accumulator by 2; i.e., shift right one
position
00010010 STOR M(X . 8:19) Replace left address field at M(X) by 12
. rightmost bits of AC
el 00010011  STOR M(X28:39)  Replace right address field at M(X) by 12

rightmost bits of AC
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Table 1.1
The IAS

Instruction
Set

(Table can be found on page 17 in the textbook.)



History of Computers
Second Generation: Transistors

m Smaller
m Cheaper
m Dissipates less heat than a vacuum tube

® s a solid state device made from silicon

® \Was invented at Bell Labs in 1947

® [t was not until the late 1950's that fully transistorized
computers were commercially available
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Table 1.2

Computer Generations

Approximate Typical Speed
Generation Dates Technology (operations per second)
1 1946-1957  Vacuum tube 40,000
2 1957-1964  Transistor 200,000
3 1965-1971  Small and medium scale 1,000,000
integration

1972-1977  Large scale integration 10,000,000
5 1978-1991  Very large scale integration 100,000,000
6 1991- Ultra large scale integration >1,000,000,000
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Second Generation Computers

BIntroduced:

= More complex arithmetic and logic units and
control units

® The use of high-level programming languages
® Provision of system software which provided the
ability to:
® | oad programs
® Move data to peripherals
m | ibraries perform common computations
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IBM 7094 computer
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Figure 1.9 An IBM 7094 Configuration
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History of Computers o

Third Generation: Integrated Circuits

m 1958 - the invention of the integrated circuit

® Djscrete component
= Single, self-contained transistor

= Manufactured separately, packaged in their own containers, and
soldered or wired together onto masonite-like circuit boards

= Manufacturing process was expensive and cumbersome

® The two most important members of the third generation
were the IBM System/360 and the DEC PDP-8

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



> Boolean

Input o logic
. function
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—> Output

|

Activate
signal

(a) Gate

Figure 1.10 Fundamental Computer Elements

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Binary
Input =——3p storage |f——3p Qutput
cell
Read T
Write
(b) Memory cell
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Integrated
Circuits

Data storage - provided by
memory cells

Data processing - provided by
gates

Data movement - the paths
among components are used
to move data from memory to
memory and from memory
through gates to memory

Control - the paths among
components can carry control
signals

® A computer consists of gates,

memory cells, and
interconnections among

these elements

® The gates and memory cells

are constructed of simple
digital electronic components

" Exploits the fact that such

components as transistors,
resistors, and conductors can
be fabricated from a
semiconductor such as silicon

Many transistors can be
produced at the same time on a
single wafer of silicon

Transistors can be connected
with a processor metallization
to form circuits
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Figure 1.11 Relationship Among Wafer, Chip, and Gate
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Moore's Law

1965: Gordon Moore - co-founder of Intel

Observed number of transistors that could
be put on a single chip was doubling every
year

Consequences of Moore’s law:

The pace slowed to a
doubling every 18
months in the 1970's
but has sustained
that rate ever since

The cost of The electrical Computer
computer logic path lengthis || becomes smaller Reduction in
and memory shortened, and is more power and
circuitry has increasing convenient to cooling
fallen at a operating use In a variety requirements
dramatic rate speed of environments

Fewer
interchip
connections
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" 1BM System/360

® Announced in 1964
® Product line was incompatible with older IBM machines

® \Was the success of the decade and cemented IBM as the
overwhelmingly dominant computer vendor

® The architecture remains to this day the architecture of
IBM’s mainframe computers

® \Was the industry’s first planned family of computers

= Models were compatible in the sense that a program written for
one model should be capable of being executed by another
model in the series
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+ Family Characteristics

‘Hll‘ |IIHH ||I system

!!!!I ports
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Console CPU Main /0 /0
controller memory module § module
| Omnibus

Figure 1.13 PDP-8 Bus Structure
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Later

Generation

Semiconductor Memory
Microprocessors

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Semiconductor Memory

In 1970 Fairchild produced the first relatively capacious semiconductor memory

Chip was about the size Could hold 256 bits of

of a single core memory Non-destructive Much faster than core

h 4

In 1974 the price per bit of semiconductor memory dropped below the price per

bit of core memory

There has been a continuing and rapid decline in Developments in memory and processor
memory cost accompanied by a corresponding technologies changed the nature of computers in
increase in physical memory density less than a decade

h 4

Since 1970 semiconductor memory has been through 13 generations

Each generation has provided four times the storage density of the previous generation, accompanied by
declining cost per bit and declining access time

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



e
Microprocessors

" The density of elements on processor chips continued to
rise
" More and more elements were placed on each chip so that

fewer and fewer chips were needed to construct a single
computer processor

" 1971 Intel developed 4004

" First chip to contain all of the components of a CPU on a single
chip

" Birth of microprocessor

® 1972 Intel developed 8008
" First 8-bit microprocessor

® 1974 Intel developed 8080
" First general purpose microprocessor

" Faster, has a richer instruction set, has a large addressing
capability

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Evolution of Intel Microprocessors

4004 8008 8080 8086 8088
Introduced 1971 1972 1974 1978 1979
Clock speeds | 108kHz | 108kHz | 2MHz | ° MHzﬁH“ng 10 5 MHZ, 8 MHZ
Bus width 4 bits 8 bits 8 bits 16 bits 8 bits
Number of 2300 3500 6.000 29 000 29 000
transistors
Feature size 10 2 6 3 6
(¢m)
Addressable | ¢4 pyies| 16 KB 64 KB | MB | MB
I'l'li:l'lf"l'llilll'j.-r

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(@) 1970s Processors




Evolution of Intel Microprocessors

80286 386TM DX | 386TM SX “ﬁgg{]l’x
Introduced 1982 1985 1988 1989
Clock sneeds 6MHz-125 | 16 MHz-33 | 16 MHz-33 | 25 MHz-50
: P MHz MHz MHz MHz
TEPLT 16 bits 32 bits 16 bits 32 bits
R 134.000 275 000 275.000 12 milkion
Feature size (um) 1.5 ] ] 0.8 -1
Addressable 16 MB 4GB 16 MB 4GB
H'ICIT]DI"}"
Virtual | GB 64 TB 64 TB 64 TB
ITIEIT]DI"}"
Cache — — — 8 kB

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(b) 1980s Processors




Evolution of Intel Microprocessors

486TM SX Pentium Pentium Pro Pentium 11
Introduced 1991 1993 1995 1997
Clock sooeds 16 MHz - 33 60 MHz - 166 | 150 MHz-200 | 200 MHz - 300
: P MHz MHz. MHz MHz
Bis width 32 bits 32 bits 64 bits 64 bits
Number of 1185 million 3.1 million 5.5 million 7.5 million
transistors
Feature size (um) ] 0.8 0.6 0.35
Addressable 4GB 4GB 64 GB 64 GB
ITICI'DDI'}"
Virtual memory 64 TB 64 TB 64 TB 64 TB
512kB L1 and 1
Cach 8 kB 8 kB 512 kB L2
ache MB L2

(c) 1990s Processors
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Evolution of Intel Microprocessors

] . Core 2 Duo Core 17 EE
Pentium 111 Pentium 4 1960X
Introduced 1999 2000 2006 2013
Clock speeds 450 - 660 MHz 13- 1.8 GHz 1.06 - 1.2 GHz 4 GHz
Bus
wid 64 bits 64 bits 64 bits 64 bits
th
Number of TS A5 it IO 1 .86 billion
transistors
Feature size (nm) 250 180 65 22
Addressable 64 GB 64 GB 64 GB 64 GB
Memory
Virtual memory 64 TB 64 TB 64 TB 64 TB
: 1.5MB L2/15
o) )
Cache 512 kB L.2 256 kB L2 2MB L2 MB 1 3
Number of cores 1 | 2 6

(d) Recent Processors

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




The Evolution of the Intel x86
Architecture

® Two processor families are the Intel x86 and the ARM
architectures

® Current x86 offerings represent the results of decades of
design effort on complex instruction set computers (CISCs)

® An alternative approach to processor design is the reduced
instruction set computer (RISC)

® ARM architecture is used in a wide variety of embedded
systems and is one of the most powerful and best-designed
RISC-based systems on the market

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Highlights of the Evolution of the

Intel Product Line:

* World's first
general-
purpose
microprocessor

* 8-bit machine,
8-bit data path
to memory

* Was used in the
first personal
computer
(Altair)

* A more * Extension of
powerful 16-bit the 8086
machine enabling

* Has an addressing a
instruction 16-MB memory
cache, or instead of just
gueue, that 1TMB

prefetches a
few instructions
before they are
executed

* The first
appearance of
the x86
architecture

* The 8088 was a
variant of this
processor and
used in IBM's
first personal
computer
(securing the
success of Intel

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

* Intel's first 32- * Introduced the

bit machine use of much
* First Intel more
processor to sophisticated
support and powerful
multitasking cache

technology and
sophisticated
instruction
pipelining

* Also offered a
built-in math
coprocessor



Highlights of the Evolution of the  pmm
Intel Product Line:

Pentium

* Intel introduced the use of superscalar techniques, which allow multiple instructions to execute in

Pentium Pro

* Continued the move into superscalar organization with aggressive use of register renaming, branch
prediction, data flow analysis, and speculative execution

Pentium II

* Incorporated Intel MMX technology, which is designed specifically to process video, audio, and graphics
data efficiently

Pentium III

*Incorporated additional floating-point instructions
*Streaming SIMD Extensions (SSE)

Pentium 4
* Includes additional floating-point and other enhancements for multimedia

Core
* First Intel x86 micro-core

e COre 2

* Extends the Core architecture to 64 bits

* Core 2 Quad provides four cores on a single chip

* More recent Core offerings have up to 10 cores per chip

* An important addition to the architecture was the Advanced Vector Extensions instruction set

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



" Embedded Systems @

" The use of electronics and software within a product ~BaL

® Billions of computer systems are produced each year
that are embedded within larger devices

®" Today many devices that use electric power have an
embedded computing system

" Often embedded systems are tightly coupled to their
environment

" This can give rise to real-time constraints imposed by the
need to interact with the environment

® Constraints such as required speeds of motion,
required precision of measurement, and required time
durations, dictate the timing of software operations

" If multiple activities must be managed simultaneously
this imposes more complex real-time constraints

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Figure 1.14 Possible Organization of an Embedded System
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The Internet of Things (IoT)

® Term that refers to the expanding interconnection of smart devices,
ranging from appliances to tiny sensors

® Js primarily driven by deeply embedded devices

B Generations of deployment culminating in the IoT:
® Information technology (IT)

" PCs, servers, routers, firewalls, and so on, bought as IT devices by enterprise IT
people and primarily using wired connectivity

® Operational technology (OT)

® Machines/appliances with embedded IT built by non-IT companies, such as
medical machinery, SCADA, process control, and kiosks, bought as appliances
by enterprise OT people and primarily using wired connectivity

® Personal technology

" Smartphones, tablets, and eBook readers bought as IT devices by consumers
exclusively using wireless connectivity and often multiple forms of wireless
connectivity

® Sensor/actuator technology

® Single-purpose devices bought by consumers, IT, and OT people exclusively
using wireless connectivity, generally of a single form, as part of larger systems

® Jtis the fourth generation that is usually thought of as the IoT and it is
marked by the use of billions of embedded devices

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Embedded

Operating
Systems

® There are two general " Application processors
approaches to developing an ® Defined by the processor’s ability
o t] " to execute complex operating
embedded operating system systems
(OS): " General-purpose in nature
(et ® An example is the smartphone -
" Take an existing OS and the embepdded system ispdesigned
adapt it for the embedded i ATH s]ypport nlamerous ap?s and
e erform a wide variety o
application Aedodiy y

z Desjgn S0 implemfent an " Dedicated processor
OsS intended SOIer caf ¥ Ts dedicated to one or a small

embedded use number of specific tasks required
by the host device

- ® Because such an embedded
system is dedicated to a specific
task or tasks, the processor and
associated components can be
engineered to reduce size and cost
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Figure 1.15 Typical Microcontroller Chip Elements
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X Deeply Embedded Systems

® Subset of embedded systems

® Has a processor whose behavior is difficult to observe both by the
programmer and the user

® Uses a microcontroller rather than a microprocessor

® Is not programmable once the program logic for the device has been
burned into ROM

® Has no interaction with a user

® Dedicated, single-purpose devices that detect something in the
environment, perform a basic level of processing, and then do
something with the results

" Often have wireless capability and appear in networked
configurations, such as networks of sensors deployed over a large
area

® Typically have extreme resource constraints in terms of memory,
processor size, time, and power consumption
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ARM

Refers to a processor architecture that has evolved from
RISC design principles and is used in embedded systems

Family of RISC-based microprocessors and
microcontrollers designed by ARM Holdings, Cambridge,
England

Chips are high-speed processors that are known for their
small die size and low power requirements

Probably the most widely used embedded processor
architecture and indeed the most widely used processor
architecture of any kind in the world

Acorn RISC Machine/Advanced RISC Machine
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ARM Products

Cortex-R

Cortex-A/
Cortex-A50

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

A

Cortex-M

* Cortex-MO
* Cortex-MO+
* Cortex-M3
* Cortex-M4
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Figure 1.16 Typical Microcontroller Chip Based on Cortex-M3
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" Cloud Computing

® NIST defines cloud computing as:

“A model for enabling ubiquitous, convenient,
on-demand network access to a shared pool of
configurable computing resources that can be
rapidly provisioned and released with minimal
management effort or service provider interaction.”

® You get economies of scale, professional network
management, and professional security management

" The individual or company only needs to pay for the
storage capacity and services they need

® Cloud provider takes care of security
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Cloud Networking

® Refers to the networks and network management functionality that
must be in place to enable cloud computing

" One example is the provisioning of high-performance and/or high-
reliability networking between the provider and subscriber

® The collection of network capabilities required to access a cloud,
including making use of specialized services over the Internet, linking
enterprise data center to a cloud, and using firewalls and other
ne'lc_vv.ork security devices at critical points to enforce access security
policies

Cloud Storage

® Subset of cloud computing

® Consists of database storage and database applications hosted
remotely on cloud servers

" Enables small businesses and individual users to take advantage of
data storage that scales with their needs and to take advantage of a
variety of database applications without having to buy, maintain, and
manage the storage assets
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Traditional IT Infrastructure as Platform as a Software as a
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Figure 1.17 Alternative Information Technology Architectures
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+ Summary

Chapter 1

® Organization and architecture
® Structure and function

® Brief history of computers

® The First Generation:; Vacuum
tubes

® The Second Generation:
Transistors

® The Third Generation: Integrated
Circuits

® Later generations

® The evolution of the Intel x86
architecture

® Cloud computing
® Basic concepts
® Cloud services

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

® Embedded systems

The Internet of things
Embedded operating systems

Application processors versus
dedicated processors

Microprocessors versus
microcontrollers

Embedded versus deeply
embedded systems

® ARM architecture
® ARM evolution

Instruction set architecture

" ARM products



William Stallings
Computer Organization
and Architecture

10t Edition
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.Chapter 2

Performance Issues



. Designing for Performance

The cost of computer systems continues to drop dramatically, while the performance
and capacity of those systems continue to rise equally dramatically

Today's laptops have the computing power of an IBM mainframe from 10°or 15 years
ago

Processors are so inexpensive that we now have microprocessors we throw away
Desktop applications that require the great power of today's microprocessor-based

systems include:
® Image processing

Three-dimensional rendering : - ?

Speech recognition : : <
Videoconferencing ; V?
$\/

Multimedia authoring

Voice and video annotation of files
Simulation modeling

Businesses are relying on increasingly powerful servers to handle transaction

and database processing and to support massive client/server networks that

have replaced the huge mainframe.computer centers of yesteryear

Cloud service providers use massive high-performance banks of servers to
slatisfy high-volume, high-transaction-rate applications for a broad spectrum of
clients
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. Microprocessor Speed

Techniques built into contemporary processors include:

* Processor moves data or instructions into a

Pi pel i N i N g conceptual pipe with all stages of the pipe

processing simultaneously

* Processor looks ahead in the instruction code
1 H fetched from memory and predicts which branches,
B ra n C h p re d I Ctl O n or groups of instructi)é)ns, aFr)e likely to be processed

next

S u pe rsca Ia r * This is the ability to issue more than one instruction

in every processor clock cycle. (In effect, multiple

executi O n parallel pipelines are used.)

* Processor analyzes which instructions are

D ata 'ﬂ oW adnad Iys i S dependent on each other’s results, or data, to create

an optimized schedule of instructions

. * Using branch prediction and data flow analysis,
S e C u Iat IVe some processors speculatively execute instructions
ahead of their actual appearance in the program
execution, holding the results in temporary

exec utl O n locations, keeping execution engines as busy as

possible
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il
Performance
Balance

m Adjust the organization and
architecture to compensate
for the mismatch among the
capabilities of the various
components -

® Architectural examples
include:

bandwidth between
processors and
memory by using
higher speed buses
and a hierarchy of
buses to buffer and
structure data flow

other buffering
scheme on the DRAM
chip

—_— —— e ——————
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Figure 2.1 Typical I/O Device Data Rates
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Improvements in Chip
Organization and Architecture

® [ncrease hardware speed of processor
= Fundamentally due to shrinking logic gate size
® More gates, packed more tightly, increasing clock rate
o Propagation time for signals reduced |

B Increase size and speed of caches
= Dedicating part of processor chip
® Cache access times drop significantly

B Change processor organization and architecture
= Increase effective speed of instruction execution
= Parallelism
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Problems with Clock Speed and
Login Density

® Power . .
" Power density increases with density of logic and clock speed
" Dissipating heat

® RC delay

" Speed at which electrons flow limited by resistance and
capacitance of metal wires connecting them

" Delay increases as the RC product increases

" As components on the chip decrease in size, the wire
interconnects become thinner, increasing resistance

" Also, the wires are closer together, increasing capacitance

® Memory latency
" Memory speeds |lag processor speeds

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



¢ Transistors (Thousands)
= Frequency (MHz)

4 Power (W)

® Cores

1980 1985 1990 1995 2000 2005 2010
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' I\/Ilultic'ore'

© 2016 Pearson Education, Inc., Hoboken, NIJ. All rights reserved.

The use of multiple .
processors on the same chip
provides the potential to
increase performance
without increasing the clock
rate

Strategy is to use two
simpler processors on the
chip rather than one more -
complex processor

With two processors larger
caches are justified

As caches became larger it .
made performance sense to
create two and then three
levels of cache on a chip



i Many Integrated Core (MIC)
Graphics Processing Unit

cou) _

® | eap in performance as well m Core designed to perform
as the challenges in parallel operations on graphics
developing software to  data | |
. exploit such a large number - -
of cores _ ® Traditionally found on a plug-
in graphics card, it is used to
® The multicore and MIC encode and render 2D and 3D
strategy involves a . ~ graphics as well as process.
homogeneous collection of video
' general purpose processors |
on a single chip - m Used as vector processors for

a variety of applications that
require repetitive
- computations
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Amdahl’s
Law

Gene Amdahl .

Deals with the potential speedup of a
program using multiple processors
compared to a single processor

Illustrates the problems facing
industry in the development of multi-
core machines

= Software must be adapted to a
highly parallel execution

~ environment to exploit the power of
parallel processing

Can be generalized to evaluate and

design technical improvementin a
computer system
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Figure 2.3 Illustration of Amdahl’s Law
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Number of Processors

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Little's Law

" Fundamental and simple relation with broad applications.

" Can be applied to almost any system that is statistically in
steady state, and in which there is no leakage

® Queuing system

" If server is idle an-item is served immediately, otherwise an
arriving item joins a queue

" There can be a single queue for a single server or for multlple
servers, or multiple queues with one being for each of multiple
servers

® Average number of items in a queuing system equals the
~average rate at which items arrive multiplied by the time
that an item spends in the system

= Relatlonshlp requires very few assumptions
" Because of its simplicity and generality it is extremely useful

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



From Computer Desktop Encyclopedia
1998. The Cnmputer Languag_c £

Figure 2.5 System Clock
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I p m k

Instruction set X
architecture

Compiler technology X X X

Processor
implementation

Cache and memory X
hierarchy

Table 2.1 Performance Factors and System Attributes
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The use of benchmarks to

The three
common

+\\

compare systems involves formulas
calculating the mean value of a
- set of data points related to

used for
calculating a
mean are:

EXECUtIOH time

* Arithmetic
* Geometric
* Harmonic

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



vt |
©® ont

HM

=

1 2 3 4 5 6 ¥ 8 9 10

! _(a) Constant (11, 11, 11, 11, ll 11510, 11,11, 11,711) MDD = Hhedisn
(b) Clustered around a central value (3, SERLOATTE, ToRYBO51T) A NEE ithAlE et mean
(c¢) Uniform distribution (1,2, 3,4,5,6,7,8,9,10,11) GM = geometric mean
(d) Large-number bias (1,4,4,7,7,9,9,10, 10,11, 11) Sl 1 g et T
(e) Small-number bias(1,1,2,2,3,3,5,5,8,8,11)
(f) Upper outlier(11,1,1,1,1,1,1,1,1,1,1)
(g) Lower outlier (1,11, 11,11, 11, 11,11, 11, 11,11, 11)

: Figure 2.6 Comparison of Means on Various Data Sets
(each set has a maximum data point value of 11)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. ;



m An Arithmetic Mean (AM) is an

appropriate measure if the sum of all the.
measurements is a meaningful and

interesting value Arithmetic

® The AM is a good candidate for
comparing the execution time
performance of several systems

For example, suppose we were interested in using a system

for large-scale simulation studies and wanted to evaluate several
alternative products. On each system we could run the
simulation multiple times with different input values for each run,
and then take the average execution time across all runs. The use
of

multiple runs with different inputs should ensure that the results
are not heavily biased by some unusual feature of a given input
set. The AM of all the runs is a good measure of the system’s
performance on simulations, and a good number to use for
system comparison.

® The AM used for a time-based variable, such as
program execution time, has the important

property that it is directly proportional to the total
time

m [f the total time doubles, the mean value doubles
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Computer
A time
(secs)

Computer
B time
(secs)

Computer
C time
(secs)

Computer
A rate
(MFLOPS)

Computer
B rate
(MFLOPS)

Computer
C rate
(MFLOPS)

20

1.0

0.75

50

100

133.33

Table 2.2

A Comparison

execution
time

of Arithmetic
and

Arithmetic
mean of
times

Harmonic
Means for

Inverse of
total
execution

Rates

Arithmetic
mean of
rates

Harmonic
mean of
rates
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Table 2.3 A Comparison of Arithmetic and Geometric Means for Normalized
Results

(a) Results normalized to Computer A

Computer A time

Computer B time

Computer C time

Program 1 20(1.0) 1.0 (0.5) 0.75 (0.38)
Program 2 0.75(1.0) 2.0 (2.67) 4.0 (5.33)
Total execution time 2.75 30 4.75
Arithmetic mean of 1.00 1.58 2.85
normalized times

Geometric mean of 1.00 1.15 1.41

normalized times

(b) Results normalized to Computer B

Computer A time

Computer B time

Computer C time

Program 1 20(2.0) 1.0 (1.0) 0.75 (0.75)
Program 2 0.75 (0.38) 2.0(1.0) 4.0 (2.0)
Total execution time 2.75 30 4.75
Arithmetic mean of 1.19 1.00 1.38
normalized times

Geometric mean of 0.87 1.00 1.22

normalized times
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Table 2.4 Another Comparison of Arithmetic and Geometric Means for
Normalized Results

(a) Results normalized to Computer A

Computer A time

Computer B time

Computer C time

Program 1 20(1.0) 1.0 (0.5) 0.20 (0.1)
Program 2 04 (1.0) 2.0(5.0) 4.0 (10)
Total execution time 24 3.00 4.2
Arithmetic mean of 1.00 2.75 5.05
normalized times

Geometric mean of 1.00 1.58 1.00

normalized times

(b) Results normalized to Computer B

Computer A time

Computer B time

Computer C time

Program 1 2.0(2.0) 1.0(1.0) 0.20 (0.2)
Program 2 04(0.2) 2.0(1.0) 4.0 (2)
Total execution time 24 3.00 4.2
Arithmetic mean of 1.10 1.00 1.10
normalized times

Geometric mean of 0.63 1.00 0.63

normalized times
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Benchmark Principles

®Desirable characterlst|cs of a benchmark
program: |

1. Itis written in a high-level language, making it
portable across different machines

2. Itis representative of a particular kind of
programming domain or paradigm, such as
systems programming,. numerical .
programming, or commercial programming

3 It can be measured easily
4. It has wide distribution

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



. System Performance Evaluation
Corporatlon (SPEC)

0 Benchmark suite .
= A collection of programs, defined in a high-level language

= Together attempt to provide a representative test of a computer
in a particular application or system programmlng area

2 SPEC

= An industry consortium

® Defines and maintains the best known collection of benchmark
suites aimed at evaluating computer systems

- ® Performance measurements are widely used for comparison
and research purposes

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



B Best known SPEC benchmark suite

® [ndustry standard suite for processor
intensive applications |

SPEC

® Appropriate for measuring
performance for applications that
spend most of their time doing
computation rather than I/0

CPU2006

m Consists.of 17 floating point programs
written in C, C++, and Fortran and 12
integer programs written in C and C++

N S_uite contains over 3 million Ii_nes of
code

m Fifth generation of processor intensive
suites from SPEC
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Reference

Benchmark ¢ Instr | Language | Application Brief Description
time count Area
(hours) | (pillion)
Programming | PERL programming
400 perlbench 271 2378 C Language language interpreter, applied
to a set of three programs.
Compression | General-purpose data
401 bzip2 268 2472 C compression with most work
’ ) : i done in memory, rather than
doing I/O.
403.gcc 224 1064 C C Compiler Based on gee Version 3.2,
generates code for Opteron.
Combinatoria | Vehicle scheduling
429 mef 253 327 C | algorithm.
Optimization
Artificial Plays the game of Go, a
445 .gobmk 291 1.603 € Intelligence | simply described but deeply
complex game.
Search Gene | Protein sequence analysis
456 hmmer 2.59 3363 C Sequence using profile hidden Markov
models.
Artificial A highly ranked chess
458 sjeng 336 2383 € Intelligence | program that also plays
several chess variants.
Physics / Simulates a quantum
462 libquantum 576 3555 c Quantum computer, running Shor's
' Computing polynomial-time
factorization algorithm.
Video H.264/AVC (Advanced
464 .h264ref 6.15 3,731 e Compression | Video Coding) Video
compression.
Discrete Uses the OMNet++ discrete
471 omnetpp 174 687 Cat ]:‘venl . event stjmulalor to model a
Simulation large Ethernet campus
network.
473 astar 195 1 200 Cit Path-t_lndmg Pathfinding library for 2D
Algorithms maps.
XML A modified version of
483 xalancbmk 192 1,184 Ci+ |Processing | Xalan-C++, which

transforms XML documents
to other document types.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 2.5

SPEC
CPU2006
Integer
Benchmarks

(Table can be found on page 69 in the textbook.)



Instr count

Reference - L. L L.
Benchmark time (hours) (billion) Language | Application Area Brief Description
Computes 3D transonic
410.bwaves 3.78 1.176 Fortran Fluid Dynamics transient laminar viscous
flow.
416.gamess 544 5189 Fortran (guant_um Quantum.chcnucal
Chemustry computations.
433.mile 255 937 C lihysms / QuanFum Simulates behavior of
Chromodynamics quarks and gluons
Computational fluid
434.zeusmp 2.53 1.566 Fortran Physics / CFD dynamics simulation of
astrophysical phenomena.
Biochemistry / bnmul@lc.Ngt:_wtomant_
435.gromacs 1.98 1.958 C. Fortran | Molecular equations ol motion for
- hundreds to millions of
Dynamics .
i particles.
j J - o . ) Tl TETIE .. e = Fineten
436.cactusAD 332 1376 C. Fortran Ph}m.u._ / General 'soln,s_ the l:un.gm
M Relatvity evolution equations.
437 leshe3d 2.61 1,273 Fortran Fluid Dynamices Model fuel injection flows.
Biology / g
. . i Simulates large
444 namd 2.23 2483 C++ ez .
! MUI“"_hr biomolecular systems.
Dynamics
TR Program library targeted at
. i Finite Element s =
447 dealll 3.18 2323 Ct++ n L,‘.‘L “f adaptive finite elements and
Analysis ) i
error estimation.
Linear Test cases include railroad
450.soplex 232 703 C++ Programming, planning and military airlift
Optimization models.
453.povray 1.48 940 C++ Image Ray-tracing | 3D Image rendering.
Structural Finite element code for
454 calculix fo ] 304 C.Fortran | yo. 5. . linear and nonlinear 3D
Mechanics o
structural applications.
459.GemsFDT 295 1.320 Fortran [::)mputauonal. bolx-‘cls thclM.achll
D Electromagnetics equations in 3D.
Quantum chemistry
_ ] uantum :
465.tonto 213 2,392 Fortran :"ghcrlni 51[ = package, adapted for
' i crystallographic tasks.
470 1bm 3.82 1,500 C Fluid Dynamics | >'mulates incompressible
fluids in 3D.
481 .wrt 3.10 1.684 C. Fortran | Weather Weather forecasting model
482 sphinx3 5.41 2472 C Speech recognition | SPeech recognition

software.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 2.6

SPEC
CPU2006
Floating-
Point
Benchmarks

(Table can be found on page 70
in the textbook.)



+Terms Used in SPEC

Documentation

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

' Benchmark

" A program written in a high-level
language that can be ‘compiled
and executed on any computer
that implements the compiler

System under test
® This is the system to be evaluated

Reference machine

" This is a system used by SPEC to
establish a baseline performance
for all benchmarks

® Fach benchmark is run and
measured on this machine to
establish a reference time fo
that benchmark '

Base metric

® These are required for all
reported results and have strict
guidelines for compilation

B Peak metric

" This enables users to attempt to
optimize system performance by
optimizing the compiler output

® Speed metric

® This is simply a measurement of
the time it takes to execute a
compiled benchmark -

® Used for comparing the ability
of a computer to complete
single tasks

® Rate metric

® This is a measurement of how
many tasks a computer can
accomplish in a certain amount
of time

" This is called a throughput, |
capacity, or rate measure

" Allows the system under test
to execute simultaneous tasks
to take advantage of multiple
processors



Yes

Get next
program

v

Run program
three times

;

Select
median value

v

Ratio(prog) =
Tref(Prog)/Tsyr(prog)

'

More No
programs?

Compute geometric
mean of all ratios

Figure 2.7 SPEC Evaluation Flowchart

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Table 2.7 Some SPEC CINT2006 Results

(a) Sun Blade 1000
Betichioiik Exc:.:utiﬂn Exc:::u tion Excﬂcu tion Rcfi:zrcncc Ratio
fime fime time time
400.perlbench 3077 3076 3080 9770 3.18
401 .bzip2 3260 3263 3260 9650 2.96
403.gcc 2711 2701 2702 8050 2.98
429 mcf 2356 2331 2301 9120 3.91
445 .gobmk 3319 3310 3308 10490 £ 4
456.hmmer 2586 2587 2601 9330 3.61
458 sjeng 3452 3449 3449 12100 3.51
462 libquantum 10318 10319 10273 20720 201
464 h264ref 5246 5290 5259 22130 4.21
471 .omnetpp 2565 2572 2582 6250 243
473 .astar 2522 2554 2565 7020 {38
483 .xalancbmk 2014 2018 2018 6900 342
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(b) Sun Blade X6250
Beiickiaaik Exc::u tion EKEftutiDﬂ Exc:.:utiﬂn R{:f::trcncc Ratio Rate
time time time time

400.perlbench 497 497 497 9770 19.66 78.63
401 bzip2 613 614 613 9650 15.74 62.97
403.gcc 529 529 529 8050 15.22 60.87
429 mcf 472 472 473 9120 19.32 77.29
445 gobmk 637 637 637 10490 16.47 65.87
456.hmmer 446 446 446 9330 20.92 83.68
458 .sjeng 631 632 630 12100 19.18 76.70
462 libquantum 614 614 614 20720 33.75 134 98
464 h264ref 830 830 830 22130 26.66 106.65
471.omnetpp 619 620 619 6250 10.10 40.39
473 astar 580 580 580 7020 12.10 48 41
483 .xalancbmk 422 422 422 6900 16.35 65.40

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



+ Summary

Chapter 2

m Designing for performance
= Microprocessor speed
. ® Performance balance

= Improvements in chip
organization and
architecture

® Multicore

B MICs

m GPGPUs

m Amdahl's Law
m |ittle's Law

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Performance
Issues

B Basic measures of computer
performance

® Clock speed _
B Instructio_n execution rate

® Calculating the mean
= Arithmetic mean
® Harmonic mean
= Geometric mean

B Benchmark principles

B SPEC benchmarks




William Stallings
Computer Organization
and Architecture

10t Edition
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. Chapter 3
A Top-Level View of Computer
Function and Interconnection
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+ | | |
Computer Components

® Contemporary computer -designs are based on concepts
developed by John von Neumann at the Institute for
Advanced Studies, Princeton

B Referred to as the von Neumann architecture-and is based-
- on three key concepts:

® Data and instructions are stored in a smgle read-write memory

= The contents of this memory are addressable by location,
without regard to the type of data contained there

® Execution occurs in a sequential fashion (unless explicitly
modified) from one instruction to the next

® Hardwired program

= The result of the process of connecting the various components
in the desired configuration -

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Hardware
and Software
Approaches

Sequence of
Data —— 3 arltilmeflc 43 Results
and logic

functions

(a) Programming in hardware

Instruction Instruction
—_———]
codes interpreter

Control
signals

General-purpose
Data ——>» arlthmell‘.lc ——3» Results
and logic

functions

(b) Programming in software

- Figure 3.1 Hardware and Software Approaches
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* A sequence of codes or instructions

* Part of the hardware interprets each instruction
and generates control signals

* Provide a new sequence of codes for each new
program instead of rewiring the hardware

\V/ ) AN NAr

* Instruction interpreter Components
* Module of general-purpose arithmetic and logic
functions

* I/O Components
* Input module

~ * Contains basic components for accepting data
and instructions and converting them into an
internal form of signals usable by the system

* Output module
* Means of reporting results
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Memory Memory buffer
address register (MBR)

reg|5ter (MAR) * Contains the data
* Specifies the to be written into
address in memaory or

memory for the receives the data
next read or write read from memory

I/0 address I/0 buffer
register (I/OAR) register (I/OBR)

* Specifies a * Used for the
particular I/0 exchange of data
device between an I/0O

module and the
CPU

w

-
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CPU

PC MAR
IR MBR
I/0 AR

\ ExcMion }
unit I/0 BR

1I/0 Module

Buffers

System
Bus

PC

IR
MAR
MBR
1/0 AR
/0 BR

Main Memory

Instruction

o=

Instruction

Instruction

Data
Data
Data
Data

-
I

Program counter

Instruction register

Memory address register
Memory buffer register
Input/output address register
Input/output buffer register

Figure 3.2 Computer Components: Top-Level View
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Fetch Cycle Execute Cycle

Execute
Instruction

Fetch Next
Instruction

Figure 3.3 Basic Instruction Cycle
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e |
Fetch Cycle

® At the beginning of each instruction cycle the processor
fetches an instruction from memory

B The program counter (PC) holds the address of the
instruction to be fetched next .

B The processor increments the PC after each instruction
fetch so that it will fetch the next instruction-in sequence

B The fetched instruction is Ioaded into the mstructlon
register (IR)

0 The processor interprets the |nstruct|on and performs the
required action .
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Action Categories

-

* Data transferred
from processor to
memory or from
memory to processor

.

* Data transferred to
or from a peripheral
device by
transferring between
the processor and an
I/0 module

\- Processor- § Processor- y
memory I/0

Control Data

processing

* An instruction may
specify that the
sequence of
execution be altered

* The processor may
perform some
arithmetic or logic
operation on data

A,
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Opcode Address

(a) Instruction format

S Magnitude

(b) Integer format

Program Counter (PC) = Address of instruction
Instruction Register (IR) = Instruction being executed
Accumulator (AC) = Temporary storage

(c) Internal CPU registers

0001 = Load AC from Memory
0010 = Store AC to Memory
0101 = Add to AC from Memory

(d) Partial list of opcodes

Figure 3.4 Characteristics of a Hypothetical Machine
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Memory CPU Registers Memory CPU Registers
300{1 940 30 0|PC 300{1 9 4 0 30 1}PC
30159411 AC] 301|5 9 4 1 000 3]AC
30212 9 4 1 19 40|IR|302(2 9 4 1 1 9 4 0]IR
940[0 0 0 3 940[0 0 0 3

9410 0 0 2 941{0 0 0 2

Step 1 Step 2

Memory CPU Registers Memory CPU Registers
300{1 9 40 30 1|PC 300{1 9 4 0 30 2|PC
30115 9 4 1 000 3[/]AC]J301|59 41 000 5[AC
3022941“5941111 3022941<‘594jk
940[0 0 0 3 940[0 0 0 3] *3+2=5
941[0 0 0 2 941[0 0 0 2}——"

Step 3 Step 4

Memory CPU Registers Memory CPU Registers
300{1 9 40 30 2|PC 300{1 9 4 0 30 3|PC
30115 94 1] |00 0 5]AC]301|5 9 4 1 000 5[AC
30212 9 4 1—»2 9 4 1]IR|302(2 9 4 1 29 4 IR
940[0 0 0 3 940[0 0 0 3

94110 0 0 2 941{0 0 0 5

Step 5 Step 6

Figure 3.5 Example of Program Execution
(contents of memory and registers in hexadecimal)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Instruction Operand Operand
fetch fetch store
e : - : : Y
Multiple Multiple
operands : " results
v v
Instruction Instruction Operand Operand
: Data
address operation =  address 3 —Pp address
; z ; Operation 2
calculation decoding calculation calculation

Return for string

Instruction complete, r vector data

fetch next instruction

Figure 3.6 Instruction Cycle State Diagram
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Program Generated by some condition that occurs as a result of an instruction
execution, such as arithmetic overflow, division by zero, attempt to
execute an illegal machine instruction, or reference outside a user's
allowed memory space.

Timer Generated by a timer within the processor. This allows the operating
system to perform certain functions on a regular basis.

/O Generated by an I/O controller, to signal normal completion of an
operation, request service from the processor, or to signal a variety of
error conditions.

Hardware failure Generated by a failure such as power failure or memory parity error.

Table 3.1

Classes of Interrupts

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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(c) Interrupts; long I/O wait
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- Figure 3.7 Program Flow of Control Without and With Interrupts

(a) No interrupts
interrupt occurs during course of execution of user program

R
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User Program Interrupt Handler -

1
2
a
[ ]
1
Intesropt it
occurs here jia] >
M i,

Figure 3.8 Transfer of Control via Interrupts
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Fetch Cycle - Execute Cycle Interrupt Cycle
& Interrupts
Disabled
Fetch Next Execute ek e

START Interrupt;

Instruction Instruction

Enabled

! HALT '

Figure 3.9 Instruction Cycle with Interrupts
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Time

HON

1/0 operation;
processor waits
I/0 operation;
processor waits

(a) Without interrupts

concurrent with

I I/O operation
.w processor executing

concurrent with

I /O operation
processor executing

olojelelelolelole

(b) With interrupts

Figure 3.10 Program Timing: Short I/O Wait
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Time

1/O operation;

: I/O operation
processor waits

concurrent with
processor executing;
then processor
waits

/O operation
concurrent with
processor executing;
then processor
waits

I/O operation;
processor waits

Jol Jol
(4) (4)
B c
zou B
© 9
NGH =
B -
zou .
(3)

(b) With interrupts

(a) Without interrupts

Figure 3.11 Program Timing: Long I/0O Wait
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Instruction Operand Operand
fetch : fetch : store
Multiple ; Multiple
operands results
Instruction * Instruction Operand Data Operand '
address operation = address Overatiol =P address Interrupt ——p Interrupt
calculation decoding calculation P calculation Reck

No
Instruction complete, Return for string interrupt
fetch next instruction or vector data

Figﬁre 3.12 Instruction Cycle State Diagram, With Interrupts
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Interrupt
User program handler X

|~

\

\

/.

Interrupt
handler Y

/

(a) Sequential interrupt processing

Int.errupt
User program handler X

L=

/\

\

/IIII\II

Interrupt
andler Y

v

(b) Nested interrupt processing

Figure 3.13 Transfer of Control with Multiple Interrupts

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Printer Communication
User program -

interrupt service routine interrupt service routine

by

\

-
™
\C,

Q

7

/

Disk

interrupt service routine

f/
S
i

[

.f

i

{

Figure 3.14 Example Time Sequence of Multiple Interrupts
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+
I/0 Function

® 1/0 module can exthange data 'directly with the processok

® Processor can read data from or write data to an I/O
module

" Processor identifies a specific device that is controlled by a
particular I/0 module - -

- ® 1/0 instructions rather than memory referencing instructions

® In some cases it is'desirable to allow I/0O exchanges to
occur directly with memory

" The processor grants to an I/0 module the authority to read
from or write to memory so that the I/O memory transfer can
occur without tying up the processor

® The I/0 module issues read or write commands to memory
relieving the processor of responsibility for the exchange

" This operation is known as direct memory access (DMA)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Read

Memory
Write
N Words
Address U e E
Data N-1 11110
—_Read | 1/0 Module =
Write Data
E al
Address M Ports ’ﬁ:ﬁ:

Internal
Data Interrupt

Signals

e

External
Data

ol

Instructions Address
Control
Data CPU Signals

Data

Interrupt
Signals

Iyt

4

. Figure 3.15 Computer Modules

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



The interconnection structure must support the

following types of transfers:

-~

L

Memory
to
processo
r

Processor
reads an
instruction

or a unit of
data from
memory

~

v

e I I
Processor I/0 to
to - processo Prfoccle/scs)or
memory r

Processor
writes a

unit of data
to memory

. W,

L

Processor

reads data
from an I/0
device via

an1/0
module

Processor

sends data

to theI/0
device
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P

I/0 to or
from
memory

module is
allowed to
exchange
data
directly
with
memory
without

going
through
the

processor
using
direct
memory




A communication pathway
connecting two or more
devices

* Key characteristic is that it is a
shared transmission medium

| one device are available for
| reception by all other

Typically consists of multiple
communication lines
* Each line is capable of

transmitting signals representing
binary 1 and binary 0

System bus

* A bus that connects major
computer components
(processor, memory, 1/0)

Signals transmitted by any

devices attached to the bus

* If two devices transmit during the
same time period their signals
will overlap and become garbled

Computer systems contain
a number of different buses
that provide pathways
between components at
various levels of the
computer system hierarchy

The most common
computer interconnection
structures are based on the
use of one or more system
buses

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Bus
Inter
conn
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Data Bus

m Data lines that provide a path for moving data among .
system modules

® May consist of 32, 64, 128, or more separate lines

B The number of lines is referred to as the width of the data
biis . . . .

® The number of lines determines how many bits can be
transferred at a time

® The width of the data bus
is a key factor in
determining overall
system performance

Q@Q@)j { & =
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+ Address Bus

® Used to designate the source or
destination of the data on the data
bus

® [f the processor wishes to read a
word of data from memory it
puts the address of the desired
word on the address lines

® Width determines the maximum
possible memory capacity of the
system

® Also used to address I/0 ports

. ®-The higher order bits are used to
select a particular module on the
bus and the lower order bits
select a memory location or I/O
port within the module

© 2016 Pearson Education, Inc., Hoboken, NIJ. All rights reserved.

Control Bus

Rl A

R ; O ==/
g@ A =

Used to control'the access and the
use of the data and address lines

Because the data and address lines
are shared by all components there
must be a means of controlling
their use ;

Control signals transmit both
command and timing information
among system modules

Timing signals indicate the validity
of data-and address information

Command signals specify
operations to be performed



CPU

Memory [|* * * | Memory
Control lines
[T [

Address lines

Bus

K /0 el HO
T
I

=

Data lines

Figure 3.16 Bus Interconnection Scheme
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" Point-to-Point Interconnect

perform the
synchronization and
arbitration functions in a
timely fashion

frequency of wide
synchronous buses

bus data rate and reducing
bus latency to keep up with
the processors

scalability

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Quick Path Interconnect

® Introduced in 2008

® Multiple direct connections

= Direct pairwise connections to other components
eliminating the need for arbitration found in shared
transmission systems

m | ayered protocol architecture

= These processor level interconnects use a layered
protocol architecture rather than the simple use of
control signals found in shared bus arrangements

B Packetized data transfer

= Data are sent as a sequence of packets each of which
includes control headers and error control codes

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



I/0 device
P e |
=
=]
s
=
o
| —
I/0 device

DRAM
DRAM

DRAM

e
=
=)
)
=
o
G —
1/0 device

T l 1/O device DRAM

e
QPI PCI Express Memory bus

Figure 3.17 Multicore Configuration Using QPI
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4

Figure 3.18 QPI Layers

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

/ Packets
Protocol < Protocol
Routing Routing
Flits
Link Link
Physical < Phits Physical




COMPONENT A
Intel QuickPath Interconnect Port
=t e~
& T o : O
— ransmission Lanes Reception Lanes =
o
z =
mimwmww mwwwe wewew e AMAA AAAAL  ALhAL ALddS
"""""_"!""'LT_"""'"'_"T'i"' AT LA TR AT TR Gl T LR TR L TR AT TR LR GG LRI T
= ¢
U;_ Reception Lanes Transmission Lanes g
2 :
< &
Intel QuickPath Interconnect Port

COMPONENT B

Figure 3.19 Physical Interface of the Intel QPI Interconnect
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bit stream of flits

N

#2n+1

#2n

#n+2

#n+l1

#n

Figure 3.20 QPI Multilane Distribution

#2
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5 QPI Link Layer

® Flow control function -

® Performs two key . ® Needed to ensure that a

functions: flow control
and error control

= Operate on the level of
the flit (flow control

sending QPI entity does not
overwhelm a receiving QPI
entity by sending data faster
than the receiver can process
the data and clear buffers for

unit) | more incoming data
= Each flit consists of a
72-bit message payload

. .
and an 8-bit error Error control function

control code called a ® Detects and recovers from

cyclic redundancy check bit-errors, and so-isolates
(CRQ) | _ higher layers from

experiencing bit errors
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+ | | | | |
QPI Routing and Protocol Layers

Routing Layer

B Packet is defined as the unit

® Used to determine the course ~ of transfer

that a packet will traverse
- across the available system - ® One key function performed
interconnects _ _ at this level is a cache
coherency protocol which

m Defined by firmware and deals with making sure that
describe the possible paths ~ main memory values held in
that a packet can follow multiple caches are consistent

m A typical data packet payload
is a block of data being sent
to or from a cache

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



o

Peripheral Component
Interconnect (PCI)

® A popular high bandwidth, processor independent bus that

can function as a mezzanine or peripheral bus

Delivers better system performance for high speed I/0
subsystems

PCI Special Interest Group (SIG)

" Created to develop further and maintain the compatibility of the PCI
specifications

PCI Express (PCle).

" Point-to-point interconnect scheme mtended to replace bus- based

schemes such as PCI

" Key requirement is high capacity to support the needs of higher -
data rate I/O devices, such as Gigabit Ethernet

" Another requirement deals with the need to support time
dependent data streams

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



i R r( _\" y B
Gigabit PCle
N . Chipset N J
i Ny y )
PCle-PCI || PCle Mo
Bridge . | y
N g . S e J
PCle
PCle PCle
PCle PCle

Legacy PCle PCle PCle
endpoint endpoint endpoint endpoint

Figure 3.21 Typical Configuration Using PCle
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Transaction layer
packets (TLP)

Data link layer
packets (DLLP)

[ Transaction

Data Link

Physical

Transaction
Data Link <€
Physical <

i

Figure 3.22 PCle Protocol Layers
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byte stream

N

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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BS B4

B2

Bl

Figure 3.23 PCle Multilane Distribution
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I

Scrambler

I

128b/130b Encoding

'lSOb

Parallel to serial

llb

Transmitter Differential
Driver

'

D+ D-

(a) Transmitter

D+ D-

!

Differential
Receiver
1b > Clock recovery
¥ 3 circuit
Data recovery
O g
circuit
1b
Y

Serial to parallel

' 130b

128b/130b Decoding

' 128b

Descrambler

l%

(b) Receiver

Figure 3.24 PCIe Transmit and Receive Block Diagrams
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m Receives read and write requests from
the software above the TL and creates
request packets for transmission to a
destination via the link layer

PCle | ® Most transactions use a split
transaction technique _
Transaction Layer (TL) = A request packet is sent out by a

source PCle device which then waits
for a response called a completion
packet

® TL messages and some write
transactions are posted
transactions (meaning that no
ﬁ response is expected) _
| ® TL packet format supports 32-bit
memory addressing and extended
64-bit memory addressing

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights'reserved.



" The TL supports four address
spaces:

® Memory . = [/O

® The memory space includes = This address space is used
system main memory and for legacy PCI devices, with
PCle I/O devices . reserved address ranges:
® Certain ranges of memory used to address legacy I/0
- _addresses map into I/0 devices
devices -
® Configuration ® Message
® This address space enables - ® This address space is for
the TL to read/write . control signals related to
configuration registers ~interrupts, error handling,
associated with I/0 devices and power management

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 3.2 -
PCle TLP Transaction Types

Address Space TLP Type Purpose
Memory Read Request S - T
ransfer data to or from a location in the
Memory Memory Read Lock Request
system memory map.
Memory Write Request
/O I/O Read Request Transfer data to or from a location in the
I/0 Write Request system memory map for legacy devices.
Config Type 0 Read Request
. Config Type 0 Write Request | Transfer data to or from a location in the
Configuration = ) :
Config Type 1 Read Request configuration space of a PCle device.
Config Type 1 Write Request
Message Request Provides in-band messaging and event
Message : :
Message Request with Data reporting.
Completion
Memory, I{O’ CDIHPICITD]] with Data Returned for certain requests.
Configuration Completion Locked

Completion Locked with Data
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Number
of octets

1

2

12 or 16 {

0 to 4096 <

Oor4d

STP framing

Sequence number

Header

Data

ECRC

LCRC

STP framing

Created by Transaction Layer
I
Appended by Data Link Layer

e

——

Appended by Physical Layer

Start

DLLP

CRC

Created
by DLL

Appended by PL

(a) Transaction Layer Packet (b) Data Link Layer Packet

- Figure 3.25 PCIe Protocol Data Unit Format
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. Summa ry . A Top-Level View of

Computer Function
and Interconnection

Chapter 3

B Point-to-point interconnect
= QPI physical layer
= QPI link layer
= QPI routing layer

®m Computer components
®m Computer function

® [nstruction fetch and . .
execute ® QPI protocol layer

" Interrupts = PCI express

® /O function = PCI physical and logical
® Interconnection structures architecture '

m Bus interconnection - ® P(Cle physical layer
= PCle transaction layer
= PCle data.link layer
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.Chapter 4

Cache Memory



Location
Internal (e.g. processor registers, cache,
main memory)
External (e.g. optical disks, magnetic disks,
tapes)
Capacity
Number of words
Number of bytes
Unit of Transfer
Word
Block
Access Method
Sequential
Direct
Random
Associative

Performance
Access time
Cycle time
Transfer rate
Physical Type
Semiconductor
Magnetic
Optical
Magneto-optical
Physical Characteristics
Volatile/nonvolatile
Erasable/nonerasable
Organization
Memory modules

Table 4.1

Key Characteristics of Computer Memory Systems
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Characteristics of Memory
Systems

o Locatlon . . .
" Refers to whether memory is internal and external to the computer
" Internal memory is often equated with main memory
® Processor requires its own local memory, in the form of registers:
® Cache is another form of internal memory.
|

External memory consists of peripheral storage devices that are
accessible to the processor via I/0 controllers

® Capacity
" Memory is typically expressed in terms of bytes

® Unit of transfer

= For internal memory the unit of transfer is equal to the number of
electrical lines into and out of the memory module

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Method of Accessing Units of

Random
access

Direct

Sequential
access

Associative

dCCessS

4 N : s N 4 N : é N
Each addressable

location in memory has LYIRE s (EitEse

Memory is organized based on a portion of its

Involves a shared read-

—| into units of data called = : : — aunique, physically == d
DESe i write mechanism wired-in addressing contentzé?jtrr;igthan its
mechanism
\ J \_ L \ J \ y,
r N e ™ . N ; (- i ] D
Each location has its own

The time to access a
given location is
— independent of the Sl

addressing mechanism
and retrieval time is
constant independent of

Individual blocks or
records have a unique
address based on

Access must be made in
= a specific linear : =

sequence : 3 sequence of prior ; :
physical location O bR LG AL location or prior access
patterns
\_ J \ J \_ J \_ J
4 N e N e N N
Any location can be :
he memories m
—— Access time is variable — Access time is variable B selected at random and Cgf‘n eIo eass?oc?gtiv:y
: directly addressed and : P gccess
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L 4 : - V) = L J : J
s N

Main memory and some
— cache systems are
random access
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Capacity and Performance:

The two most important characteristics of
memory

Three performance parameters are used:

Memory cycle time

Access time (latency)

*For random-access memory it is
the time it takes to perform a read
or write operation

*For non-random-access memory it
is the time it takes to position the
read-write mechanism at the
desired location

*Access time plus any additional

time required before second
access can commence

*Additional time may be required

for transients to die out on signal
lines or to regenerate data if they
are read destructively

*Concerned with the system bus,

not the processor

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Transfer rate

*The rate at which data can be
transferred into or out of a
memory unit

*For random-access memory it is
equal to 1/(cycle time)




+ Memory

® The most common forms are:

Semiconductor memory
Magnetic surface memory
Optical

Magneto-optical

B Several physical characteristics of data storage are important:

Volatile memory
®. Information decays naturally or is lost when electrical power is switched off .
Nonvolatile memory

» Ohnce redcorded, information remains without deterioration until deliberately
change

® No electrical power is needed to retain information

Magnetic-surface memories

®  Are nonvolatile

Semiconductor memory

® May be either volatile or nonvolatile

Nonerasable memory

® Cannot be altered, except by destroying the storage unit

® Semiconductor memory of this type is known as read-only memory (ROM)

® For random-access memory the organization is a key design issue

Organization refers to the physical arrangement of bits to form words
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Memory Hierarchy

® Design constraints on a computer’s memory can be
summed up by three questions:

= How much, how fast, how expensive

= There is a trade-off among capaC|ty access time, and cost
~® Faster access time, greater cost per bit
= Greater capacity, smaller cost per bit
= Greater capacity, slower access time

" The way out of the memory dllemma is not to rely on a
single memory component or technology, but to employ a
memory hierarchy
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‘Figure 4.1 The Memory Hierarchy
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Average access time

|
0 1

Fraction of accesses involving only Level 1 (Hit ratio)

Figure 4.2 Performance of a Simple Two-Level Memory
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Memory

- The use of three IeveIs exploits the fact that semlconductor
memory comes |n a variety of types which dlffer in speed
and cost

® Data are stored more permanently on external mass
storage devices

® External, nonvolatile memory is also referred to as
secondary memory or auxiliary memory

® Disk cache

® A portion of main‘'memory can be used as a buffer to hold data
temporarily that is to be read out to disk

" A few large transfers of data can be used instead of many small
transfers of data

" Data can be retrieved rapidly from the software cache rather
than slowly from the disk
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Block Transfer

(b) Three-level cache organization

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Word Transfer (_\M
CPU Cache Main Memory
Fast Slow
(a) Single cache
CPU Level 1 Level 2 Level3 |F—»| Main
(L1) cache (L2) cache (L3) cache | lg—| Memory
Fastest Fast
Less Slow
fast

Figure 4.3 Cache and Main Memory



Line
Number Tag Block
0
|
2
®
[ ]
.
C-1

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

G

Block Length
(K Words)

(a) Cache

Memory

address
0
1
-
3
.
®
®
5 s
Word
Length

(b) Main memory

 Figure 4.4 Cache/Main-Memory Structure

Block 0

(K words)

Block M -1



Receive address
RA from CPU

Is block
containing RA

No

Access main

in cache?

Fetch RA word
and deliver
to CPU

memory for block
containing RA

v

Allocate cache
line for main
memory block

A

r

Load main

Deliver RA word
to CPU

memory block
into cache line

( DONE ,

Figure 4.5 Cache Read Operation
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Processor
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Address

> >
Address
buffer

2 Control Cachie Control
Data
buffer

& 1= % +—>

Data

Figure 4.6 Typical Cache Organization

System Bus



Cache Addresses Write Policy

Logical Write through
Physical Write back

Cache Size Line Size

Mapping Function Number of caches
Direct Single or two level
Associative Unified or split

Set Associative
Replacement Algorithm
Least recently used (LRU)

First in first out (FIFQO)
Least frequently used (LFU)

Random

Table 4.2
Elements of Cache Design

© 2016 Pearson Education, Inc., Hoboken, NIJ. All rights reserved.




: Cache Addresses
Virtual Memory

® Virtual memory

= Facility that allows programs to address memory from a logical
point of view, without regard to the amount of main memory
physically available

® When used, the address fields of. machine instructions contain.
virtual addresses

® For reads to and writes from main memory, a hardware memory
management unit (MMU) translates each virtual address into a

physical address in main memory

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Logical address »| MMmU Physical address
Processor l d Main
Cache memory
< i Data >
(a) Logical Cache
Logical address »| MMmU Physical address
Processor |- = l - Main
Cache memory
D i
. — =
(b) Physical Cache

Figure 4.7 Logical and Physical Caches
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Year of

Processor Type PRI L1 Cachea L2 cache L3 Cache
IBM 360/85 Mainframe 1968 16 to 32 kB — —
PDP-11/70 Minicomputer 1975 1 kB — —
VAX 11/780 | Minicomputer 1978 16 kB — —
IBM 3033 Mainframe 1978 64 kB — —
IBM 3090 Mainframe 1985 128 to 256 kB — —
Intel 80486 PC 1989 8 kB — —
Pentium PC 1993 8 kB/8 kB 256t0 512 KB —
PowerPC 601 PC 1993 32kB — —
PowerPC 620 PC 1996 32 kB/32 kB — —
PowerPC G4 PC/server 1999 32 kB/32kB 256 KBto 1 MB 2MB
IBM S/390 G6 Mainframe 1999 256 kB 8 MB —
Pentium 4 PC/server 2000 8 kB/8 kB 256 KB —
High-end
IBM SP server/ 2000 64 kB/32 kB 8 MB —
supercomputer
CRAY MTADb | Supercomputer 2000 8 kB 2 MB —
[tamum PC/server 2001 16 kB/16 kB 96 KB 4 MB
Itanium 2 PC/server 2002 32kB 256 KB 6 MB
P&&fki H:‘ii:‘d 2003 64 kB 19 MB 36 MB
CRAY XD-1 | Supercomputer 2004 64 kB/64 kB 1MB —
Pf;\?fflill{ﬁ PC/server 2007 64 kB/64 kB 4 MB 32MB
IBM z10 Mainframe 2008 64 kB/128 kB 3MB 24-48 MB
1“‘;‘;;;&; 7 W“;:::::““” 2011 6 x 32 KB/32 kB 1.5 MB 12 MB
IBM . 24 MB L3
zEnterprise Ma;"fr“mef 2011 24 x 64 kB/ 24 x 1.5 MB 192 MB
196 Server 128 kB L4

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 4.3

Cache Sizes of
Some
Processors

2 Two values separated by
a slash refer to instruction
and data caches.

b Both caches are
instruction only; no data
caches.

(Table can be found on
page 134 in the textbook.)



Mapping Function

® Because there are fewer cache lines than main memory
blocks, an algorithm is needed for mapping main memory
blocks into cache lines

B Three techniques can be used:

Set Associative

* The simplest technique

* Maps each block of main
memory into only one
possible cache line

Associative

* Permits each main
memory block to be
loaded into any line of the
cache

* The cache control logic
interprets a memory
address simply as a Tag
and a Word field

* To determine whether a
block is in the cache, the
cache control logic must
simultaneously examine
every line’s Tag for a match

* A compromise that
exhibits the strengths of
both the direct and
associative approaches
while reducing their
disadvantages

© 201.6 Pearson Education, Inc.,. Hoboken, NJ. All rights réserved.




o T TN, e AP
B, > Bo= ik
L]
. =
. =
ke 8
Bm—l ; L_,"_| v
First m blocks of
) cache memory
main memory . .
(equal to size of cache) b = length of block in bits
t = length of tag in bits
(a) Direct mapping
b
> <€ >
LU
b
>
[
one block of
main memory
Lm—l

cache memory

(b) Associative mapping

Figure 4.8 Mapping From Main Memory to Cache:
; Direct and Associative ;
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s+w/
7
Cache
Memory Address Tag Data
| Tag| Line | Word |
Lo
.'.—r/ s r/ W
I ®
[ ]
S—T/ I
]
|
w oz
Compare W Fd - :
- (hit in cache) "
1 if match I 2
0 if no match |
]
Lm—]

0 if match
1 if no match

Main Memory

WO

W1

W2

W3

W4

(miss in cache)

Figure 4.9 Direct-Mapping Cache Organization
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Tag
(hex)

00
00

00
00

16
16

16

16

B
FiF,

e
EE

Main memory address (binary)
B

Line + Word
e

________________________________________

................

Data

13579246

drlbadniclybe)
11235813

L ~

FEDCBA98

- ~

12345678

11223344

24682468

Ty
32 bits

16—M]5;ytc main memory

Line
Tag Data Number
00 | 13579246 | 0000
16 | 11235813 | 0001
16 | FEDCBA98 | OCE7
FF | 11223344 | 3FFE
16 | 12345678 | 3FFF
G e
8 bits 32 bits

16-Kline cache

Note: Memory address values are
in binary representation;
other values are in hexadecimal

Figure 4.10 Direct Mapping Example
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Tag Line Word
Main n&cmory address = I I I I
>4 >

8 bits 14 bits 2 bits



" Direct Mapping Summary

. Address Ie'ngth =(s+ w) bits
®m Number of addressable units = 2s*"words or bytes
= Block size = line size = 2 words or bytes
® Number of blocks in main memory = 2s*w/2w = 2s
® Number of lines in cache =m = 2’

~m Sjze of tag = (s - r) bits

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



: Victim Cache

® Originally proposed as an approach to reduce the conflict
misses of direct mapped caches without affectlng its fast
access time

o FuIIy_associétive cache
m Typical size is 4 to 16 cache lines

m Residing between direct mapped L1 cache and the next
- level of memory

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



S+w s

‘ e -
K\A——’_\ Cache Main Memory
Memory Address Tag Data ‘ )
| Tag I Word I I W1 .
Ly W2 0
sy W3
7
w b I b4 | | |
/]
| I | | I
.
| I | |
| I
X <7 > Lf l |
il S
X |  Wi;
Widj+1)
Compare I " l w : B;
ﬁL) Wi(4j+2) J
M
| | W (4j+3)
bt (hit in cache) o
1 if match ‘ e |
0 if no match I | A |
S/ I L
7 m—1 | ® I
I - s =l
0 if match
1 if nomatch , . .
b (miss 1n cache)

Figure 4.11 Fully Associative Cache Organization
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Main memory address (binary)
B

Tag (hex) Data
000000 :00000000:0000:0000:0000:0000: 13579246 F == "1
000001 QD_O_D.Q_QD.D.O.Q.QD._.Q .................. 1
1
-~ ~ l
= | i
1
1
1
1
: Line
1 Tag Data Number
1 1= =|3FFFFE] 11223344 | 0000
e - =pr=+4058CE7| FEDCBA98 | 0001
— 0 ot " 1 1
1 1
FEDCBA98 | =1 "/ < | A T
- i : -
= = L = 4 - < 3FFFFD| 33333333 | 3FFD
i |l = 1 = =]000000| 13579246 | 3FFE
1 = = 4+ = «|3FFFFF| 24682468 | 3FFF
] 1 1
I I ; « > 4 >
| ! i 22 bits 32 bits
T 1 L
: : : 16 Kline Cache
] 1 1
1 1 1
. = T 1 1 1
-~ - E 1
SFFFFD H7TTITITIIITITINNTIII0I00: | 33333333 p = A
3FFFFE IT1TIMIIINTITITITNITT000; | 11223344 | = = = L = :
3FFFFF llllllllllllllllli_Ll_lLl_l_Q_QE 916321639 Lraiite) Note: Memory address values are
AR AT, in binary representation;
32 bits other values are in hexadecimal

16 MByte Main Memory

Main Memory Address =

Tag Word
< >
22 bits 2 bits

Figure 4.12 Associative Mapping Example

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



" Associative Mapping Summary

i Address Iength =(s +Ww) bits

® Number of addressable units = 2s*“words or bytes
m Block size = line siie - 2W_Word§ or bytes |

® Number of blocks'in main‘memory = 2s*w/2w = 2s

0 Num_ber of lines in cache = und_etermined

® Size of tag = s bits

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



.
Set Associative Mapping

®m Compromise that exhibits the strengths of both the direct
and associative approaches while reducing their
disadvantages

B Cache consists of a number of sets
B Each set contains a number of lines
® A given block maps to any line in a given set

m e g.2lines per set
= 2 way associative mapping
= A given block can be in one of 2 lines in only one set

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



BO
:
L] =
. . =
Liy
Cache memory - set
B\'—I

First v blocks of 2

main memory |

(equal to number of sets) =,

k

Cache memory - set »-1

(a) v associative-mapped caches

main memory
(equal to number of se

N
By NN, - 7
First v blocks of \ Cache memory - way 1 Cache memory - way k
ts)

(b) k direct-mapped caches

Figure 4.13 Mapping From Main Memory to Cache:
: k-way Set Associative :
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S4+W

- Cache - Main Memory
Memory Address Tag Data B
0
L Set Word
[Tzl T Wod] | B B
1
_d| |
5 // d// w// - Fi
. Set 0 I I
°
g | !
B, | I ' |
L
.5—(4"/ |_ Ff\ 1 I I
7 ]
| I

T . £
Fi g R |
Compare () _ .ﬁ’l— Fryi Set 1 | . |
T L | [ ] |

| |

| |

(hit in cache) I_ For1
1 if match T A o
0 if no match

0 if match
1 if no match

(miss in cache)

Figure 4.14 k-Way Set Associative Cache Organization
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" Set Associative Mapping

Summary
® Address length = (s + w) bits

" Number of addressable units = 2s*wwords or bytes
® Block size = line size = 2% words or bytes

; Number of _bIockS in main merhory x 25+w/2W425

®" Number of lines in set =k

®" Number of sets = v = 2¢

® Number of lines in cache = m=kv = k * 2¢

" Size of cache KiE 20 Words or bytes

® Size of tag = (s - d) bits

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Tag oA Main mcmor'\liti_dress (binary) Miin Memory Al = -
hex Tag Set + Word
o ey L ol a_ e e — Ct + — Or _________ Data Tag Set ‘Word
000 1000000000000:0000:00000000:f 13579246 f = = = 1
000 000000000000000000000100: [
[
I < < >
k= = I 9 bits 13 bits 2 bits
[
[
000 000000001111 111T11111000: :
000 0000000011111 111H1111100: 1
. g R R I T LR i B e e L -
. 1 1 Set I
. e b= Tag Data Rnmbers Tas Data !
02C 000101100000000000000000:f 77777777 = =1 == === 000] 13579246 | 0000 JO2C| 77777777 :
02C 00010110000000000000:0100:] 11235813 | - = = = = = = - 02C| 11235813 | 0001
02C 000101100011001110011100;| FEDCBA98 |- = = = = = = = 402C| FEDCBA98 | OCE7
ST r==11FF| 11223344 | 1FFE
02Cc 000101100111111111111100'| 12345678 j= = = = == = 402C| 12345678 | 1FFF | 1FF| 24682468 |=
. 1
: NS 1 o e ey 2 T e S
G ¥ 9 bits = 32 bits 9 bits 32 bits y
1FF 'Il1IllillGUOOOOO:UUD'D':O'O'CIUE 1 - 1
1FF 11111 1111000000000000100; : e e ;
I 1
Y . I 1
= | 1
1 1
JER 113011 1) 1_1_1__11_1__1_1!_1___1:_1_1_';'_‘3_0_ 11303344 |reie) fuen st 1
1FF nl11111111111111111111100' 24682468 ------------------------------ -
4
32 bits - 2
: Note: Memory address values are
16 MByte Main Memory in binary representation;

other values are in hexadecimal
Figure 4.15 Two-Way Set Associative Mapping Example
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1.0 -
09 - orm TR N
0.8 - =0
0.7 - —
= M
= 0.6 - =
1= =
= 0.5 - i
04 -
0.3 -
0.2 -
0.1 -
0'0 | | 1 | | ] | | 1 |
1k 2k 4k 8k 16k 32k 64k 128k 256k 512k 1M
Cache size (bytes)
1 direct
1 2-way
mm 4-way
I 8-way
HEl 16-way

Figure 4.16 Varying Associativity over Cache Size
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.
Replacement Algorithms

0 Oncé the cache has been filled, when a new block is
brought into the cache, one of the existing blocks must be
replaced '

= For direct rhappin_g there is only one pbssibl_e line for any
particular block and no choice is possible

® For the associative and set-associative techniques a
replacement algorithm is needed

®.To achieve high speed, an-algorithm must be implemented
in hardware

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



+ The most common replacement
algorithms are:

® | east recently used (LRU)
" Most effective

" Replace that block in the set that has been in the cache Iongest
with no reference to it

" Because of its simplicity of implementation, LRU is the most -
popular replacement algorithm

B First-in-first-out (FIFO)
" Replace that block in the set that has been in the cache longest
o Easily implemented as a round-robin or circular buffer technique

® | east frequently used (LFU)

" Replace that block in the set that has experienced the fewest
references

" Could be implemented by associating a counter with each line

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Write Polit-y

If the old block in the cache has not been
altered then it may be overwritten with a
new block without first writing out the
old block

4
il i

If at least one write operation has been
performed on a word in that line of the
cache then main memory must be
updated by writing the line of cache out
to the block of memory before bringing
in the new block

There are two problems to

contend with:

.

Ve

More than one device may have access to
main memory

b >

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

-

\ 4

& N
A more complex problem occurs when
multiple processors are attached to the

same bus and each processor has its

own local cache - if a word is altered in

one cache it could conceivably invalidate

a word in other caches

\ 4




" Write Th rough
and Write Back

® Write through
= Simplest technique

= All write operations are made to main memory as well as to the
fet . . . .

- ® The main disadvantage of this technique is that it generates
substantial memory traffic and may create a bottleneck

® Write back
= Minimizes memory writes
- ® Updates are made only in the cache

= Portions of main memory are invalid and hence accesses by I/O
modules can be allowed only through the cache

® This makes for complex circuitry and a potential bottleneck

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Line Size

“Two specific effects
come into play:
: *Larger blocks'reduce the
As the block size number of blocks that fit

increases more _into a cache _
*As a block becomes larger

When a block of-
data is retrieved
and placed in the
cache not only the
desired word but

also some number useful data are e e
of adjacent words brought into the ?:rih:r frgﬁqaevﬁgaulessted
cache word

are retrieved

The hit ratio will

As the block size
begin to decrease

increases the hit

ratio will at first. as the block -
increase because becomes bigger
and the

of the principle of

locality probability of

using the newly
fetched .
information
becomes less than
the probability of
reusing the
information that
has to be replaced

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



. o |
Multilevel Caches

® As |logic density has increased it has become possible to have a cache
on the same chip as the processor

® The on-chip cache reduces the processor’s external bus activity and.
speeds up execution time and increases overall system performance

" When the requested instruction or data is found in the on-chip cache, the
bus access is eliminated

" On-chip cache accesses will complete appreciably faster than would even
zero-wait state bus cycles

" During this period the bus is free to support other transfers

® Two-level cache:
® Internal cache designated as level 1 (L1)
® External cache designated as level 2 (L2)

B Potential savings due to the use of an L2 cache depends on the hit
rates in both the L1 and L2 caches -

® The use of multilevel caches complicates all of the design issues
related to caches, including size, replacement algorithm, and write

policy

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



0.98—

0.96—

0.94—
.92+
0.90—

10.88—

Hit ratio

0.86—

0.84—
0.82-

0.80—

0.78 I } I I EERay i B I
1k 2k 4k 8k 16k 32k 64k 128k 256k 512k 1M 2M

L2 Cache size (bytes)

Figure 4.17 Total Hit Ratio (.1 and L2) for 8 Kbyte and 16 Kbyte L.1
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Unified Versus Split Caches

® Has become common to split cache:
- ® QOne dedicated to instructions
® One dedicated to data
® Both exist at the same level, typically as two L1 caches

® Advantages of unified cache:
® Higher hit rate
® Balances load of instruction and data fetches automatically
® Only one cache needs to be designed and implemented

® Trend is toward split caches at the L1 and unified caches for higher
levels

® Advantages of split cache:

® Eliminates cache contention between instruction fetch/decode unit and
execution unit

® Important in pipelining

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Processor on which
Feature First

Problem Solution Appears
External memory slower than the system St bl _—
bus faster memory
] technology.
Increased processor speed results in T}?yc CXtC[‘[-'lEll cacl;]c on- B
external bus becoming a bottleneck for chip, operating at the
cache access same speed as the
' Processor.
; 7
Internal cache is rather small, due to Ac‘Id Bl L eal et
e —— using faster technology
than main memory
Contention occurs when both the Create separate data and Pentium

Instruction Prefetcher and the Execution
Unit simultaneously require access to the
cache. In that case, the Prefetcher is stalled
while the Execution Unit’s data access
takes place.

Increased processor speed results in
external bus becoming a bottleneck for .2
cache access.

Some applications deal with massive
databases and must have rapid access to
large amounts of data. The on-chip caches
are too small.

instruction caches.

Create separate back-side
bus that runs at higher
speed than the main
(front-side) external bus.
The BSB is dedicated to
the L2 cache.

Pentium Pro

Move L2 cache on to the
processor chip.

Pentium [I

Add external L3 cache.

Pentium II1

Move L3 cache on-chip.

Pentium 4

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 4.4

Intel
Cache
‘Evolution

(Table is on page
150 in the
taxtbook )



System Bus

L1 instruction .
Out-of-order = ek Instruction e
execution cache (12K pops) fetch/decode I
logic : unit :
64 V
7
bits
L3 cache
l (1 MB)
Integer register file (T) FP register file
| B A R A i e R vy t v 1
Load Store Simple Simple Complex FP/ FP
address address integer integer integer MMX move
unit | unit ALU ALU ALU unit unit L2 cache
(512 KB)
S
L1 data cache (16 KB) 7 556
bits

~ Figure 4.18 Pentium 4 Block Diagram
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Table 4.5 Pentium 4 Cache Operating Modes

Control Bits Operating Mode

CD NW Cache Fills Write Throughs Invalidates
0 0 Enabled Enabled Enabled
1 0 Disabled Enabled Enabled
1 1 Disabled Disabled Disabled

Note: CD =0: NW = 1 1s an invalid combination.
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o | |
Summary Cache
Memory

Chapter 4

B Flements of cache
design
® Cache addresses

® Computer memory
system overview

- ®m Characteristics of

Memory Systems - ®Cachesize
= Memory Hierarchy = Mapping function
®m Cache memory o prlaiﬁment
principles . algorithms
principles . .
® Pentium 4 cache PRt el

®|inesize

organization
- ® Number of caches -
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10t Edition
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Chapter 5

Internal I\/Iemory



- Control | - Control

Select

Data in Select Sense

(a) Write (b) Read

Figure 5.1 Memory Cell Operation
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Memory Type Category Erasure Mcfh:aitneism Volatility
Random-access Read-write Electrically, ; .
memory (RAM) | memory byte-level BEcincilly e
Read-only

Masks

memory (ROM) | Read-only :

Not possible
Programmable DeinnY
ROM (PROM)
Erasable PROM UV light, chip-
(EPROM) level Nonvolatile
Electrically ; : Electrically
(EEPROM)

Flash memory

Electrically,
block-level

Table 5.1

Semiconductor Memory Types
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Dynamic RAM (DRAM)

® RAM technology is divided into two technologies:
" Dynamic RAM (DRAM)
= Static RAM (SRAM)

= DRAM
® Made with cells that store data.as charge on capacitors

® Presence or absence of charge in a capacitor is interpreted
as a binary 1 or 0

. ® Requires periodic charge refreshing to maintain data storage

® The term dynamic refers to tendency of the stored charge to
leak away, even with power continuously applied

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



dc voltage -

b

AddT line T‘Z| b J Er4
R | R |

[ . - L . 5 6 . ]

TI_'ansistnr : : I_I \ / I—I

Storage __|
capacitor — [

o e

e Ground T
Bit line ; : > . Ciaian

!

Bit line Address Bit line
B _ line _ B

(a) Dynamic RAM (DRAM) cell (b) Static RAM (SRAM) cell

Figure 5.2 Typical Memory Cell Structures
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Static RAM
(SRAM)

- Digital device that uses the same
logic elements used in the
processor

= Binary values are stored using
traditional flip-flop logic gate
configurations

= Will hold its data as long as
power is supplied to it

© 2016 Pearson Education, Inc., Hoboken, NIJ. All rights reserved.



'SRAM versus DRAM

® Both volatile

- ® Power must be continuously supplied to the
memory to preserve the bit values

" Dynamic cell
" Simpler to build, smaller

- ® More dense (smaller cells = more cells per unit
area)

‘® Less expensive
" Requires the supporting refresh circuitry

® Tend to be favored for large memory
requirements

. ® Used for main memory

W Static
" Faster
® Used for cache memory (both on and off chip)
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Read Only Memory (ROM)

® Contains a permanent pattern of data that cannot be
changed or added to

® No power source is required to maintain the bit values in
memory

® Data or program is permanently in main memory and
never needs to be loaded from a secondary storage device

® Data is actually wired into the chip as part of the fabrication
process

- ® Disadvantages of this:

m No room for error, if one bit is wrong the whole batch of
ROMs must be thrown out

® Data insertion step includes a relatively large fixed cost

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



.
Programmable ROM (PROM)

m | ess expensive alternative
= Nonvolatile and may be written into only once

0 Wr|t|ng process is performed eIectrlcaIIy and may be
performed by supplier or customer at a time later than the
original chip fabrication

m Special equipment is required for the writing process
® Provides flexibility and convenience

m Attractive for high volume production runs

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



o

Read-Mostly Memory

EPROM

Erasable programmable
read-only memory

Erasure process can be
performed repeatedly

More expensive than
PROM but it has the
advantage of the multiple
update capability

S

S

.

EEPROM

Electrically erasable
programmable read-only
memory

Can be written into at any
time without erasing prior
contents

Combines the advantage
of non-volatility with the
flexibility of being
updatable in place

More expensive than
EPROM

=

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Flash
Memory

Intermediate between
EPROM and EEPROM in
both cost and
functionality

Uses an electrical erasing
technology, does not
provide byte-level erasure

Microchip is organized so

that a section of memory

cells are erased in a single
action or “flash”
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Figure 5.3 Typical 16 Megabit DRAM (4M X 4)
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I nte rI e ave d M e m O ry ' . goRrAr\ll\p/)locsrﬁgsof'a.collecti(.)n of -

Grouped together to form a
memory bank :

Each bank is independently
able to service a memory read
or write request

K banks can service K requests
simultaneously, increasing
memory read or write rates by
a factor of K

If consecutive words of
memory are stored in

different banks, the transfer of
a block of memory is speeded

up.
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+ _ S
Error Correction

® Hard Failure _
" Permanent physical defect

® Memory cell or cells affected cannot reliably store data but
become stuck at 0 or 1 or switch erratically between 0 and 1

® Can be caused by:
® Harsh environmental abuse
® Manufacturing defects
® Wear |

B Soft Error

® Random, non-destructive event that alters the contents of onée
or more memory cells

" No permanent damage to memory
" Can be caused by:

® Power supply problems

® Alpha particles -
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Figure 5.7 Error-Correcting Code Function
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Figure 5.8 Hamming Error-Correcting Code
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Single-Error Correction

Single-Error Correction/

Double-Error Detection

Data Bits Check Bits % Increase Check Bits % Increase
8 4 50 5 62.5
16 5 31.25 6 37.5
32 6 18.75 7 21.875
64 7 10.94 8 12.5
128 8 6.25 9 7.03
256 9 3.52 10 391
Table 5.2

Increase in Word Length with Error Correction
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Figure 5.9 Layout of Data Bits and Check Bits
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Bit

S Rl 10 | 9 MRl 7 [GEb o8 Sra 3 BiEgroiieag
position

Position | 501 1011 | 1010 | 1001 | 1000 | 0111 | 0110 | 0101 | 0100 | 0011 [ 0010 | 0001
number

Databit| D8 | D7 | D6 | D5 D4 | D3 | D2 DI

Check C8 C4 oy B8 i ad
bit

Word

stored 0 0 1 I 0 I 0 0 I 1 1 1
as

Word

fetched | 0 0 I I 0 I I 0 I I i I
as

Position | 1,001 1011 | 1010 1001 | 1000 | 0111 | 0110 | 0101 | 0100 | 0011 | 0010 | 0001
Number

Check

i 0 0 0 1

Figure 5.10 Check Bit Calculation
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Figure 5.11 Hamming SEC-DED Code



Advanced DRAI\/I Organizati_on

DDR-DRAM

‘m One of the most critical system bottlenecks
when using high-performance processors is the
mterface to main mternal memory

~ ® The traditional DRAM chip is constrained both
by its internal architecture and by its mterface to
the processor’'s memory bus -

B A humber of enhancements to the basic DRAM
architecture have been explored -

®m The schemes that currently dominate the market
. are SDRAM and DDR-DRAM
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Synchronous DRAM (SDRAM)

One of the most widely used forms of DRAM

Exchanges data with the processor synchronized
to an external clock signal and running at the full
speed of the processor/memory bus without
imposing wait states

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Figure 5.12 256-Mb Synchronous Dynamic RAM (SDRAM)
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AOto Al2 Address inputs

BAO, BAl Bank address lines
CLK Clock input

CKE Clock enable

CS Chip select

RAS Row address strobe
CAS Column address strobe
WE Write enable

DQO to DQI15 Data input/output
DOQM Data mask

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 5.3

SDRAM
Pin
Assignment
S



T1 T2 T3 T4 TS Te6 T7 TS

TO
I I I I I I I I I
COMMAND -(READ A)—( NOP )—( NOP )—( NOP )—( NOP )—( NOP )—( NOP )—( NOP )—( NOP )—
: : 5 I = I e g :

I
I I

DQs : : I { DOUT Ay X DOUT A4 X DOUT A» X DOUT A; }
I | - :

Figure 5.13 SDRAM Read Timing (Burst Length = 4, CAS latency = 2)
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Double Data Rate SDRAM
(DDR SDRAM)

= Developed by the JEDEC Solid State Technology Association
(Electronic Industries Alliance’s semiconductor-engineering-
standardization body)

® Numerous companies make DDR chips, WhICh are WIder
used in desktop computers and servers

® DDR achieves higher data rates in three ways:

0 Flrst the data transfer is synchronlzed to both the rising and
falling edge of the clock, rather than just the rising edge

= Second, DDR uses higher clock rate on the bus to increase the
transfer rate

= Third, a buffering scheme is used
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DDR1 DDR2 DDR3 DDR4
Prefetch buffer , 4 3 ]
(bits)
Voltage level (V) 2.5 1.8 1.5 1.2
Front side bus 200—400 400— 1066 8002133 21334266
data rates (Mbps)
Table 5.4

DDR Characteristics
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Figure 5.14 DDR Generations °
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" Flash Memory

B Used both forinternal memory and external memory applications
" First introduced in the mid-1980's

B [s intermediate between EPROM and EEPROM in both cost and
functionality '

® Uses an electrical erasmg technology like EEPROM
mJtis p055|ble to erase just blocks of memory rather than an entire ch|p

B Gets its name because the microchip is organized so that a section of
memory cells are erased in a single action

" Does not provide byte-level erasure
B Uses only one transistor per bit so it achieves the high density of

EPROM
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Figure 5.15 Flash Memory Operation
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Figure 5.16 Flash Memory Structures
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Increasing performance
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Figure 5.18 Nonvolatile RAM within the Memory Hierarchy
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+ Summary

® Semiconductor main memory
= Organization
. ® DRAM and SRAM

= Types of ROM

= Chip logic

= Chip packaging

= Module organizati'on
- ® Interleaved memory
®m Error correction

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Internal
Memory

‘= DDR DRAM

= Synchronous DRAM
= DDR SDRAM

® Flash memory
" QOperation

= NOR and NAND flash
memory |

= Newer nonvolatile solid-state
memory technologies




William Stallings
Computer Organization
and Architecture

10t Edition
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.Chapter 6

External Memory



" Magnetic Disk

® Adisk is a circular platter constructed of nonmagnetic
material, called the substrate, coated with a magnetizable
material '

" Traditionally the substrate has been an aluminium or aluminium
alloy material

" Recently gIass substrates have been mtroduced

® Benefits of the glass substrate

® Improvement in the uniformity of the magnetlc film surface to
increase disk reliability

" A significant reduction in overall-surface defects to help reduce
read-write errors )

. Ability to support lower fIy heights
= Better stiffness to reduce disk dynamics
" Greater ability to withstand shock and damage
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read head and a write head

* During a read or write operation the
head is stationary while the platter
rotates beneath it

Magnetic
Read
and Write
Mechanism
S

and negative currents

the opposite side

recording medium

recording medium
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Figure 6.1 Inductive Write/Magnetoresistive Read Head
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Figure 6.2 Disk Data Layout
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gap | 1D | gap | 9 | gap | gap | 1P | gap | 92 | gap gap | 10 | gap | 9312 [ gqp
1 field 2 field 3 1 field 2 field 3 1 field 2 field 3
0 0 1 1 29 29
bytes ! o 7 41 515 20 17 7 41 - 515 . * 20 17 7 41 515 20
T e ¥ E i =1
. : 2 # 5 | 600 bytes/sector I
synch | track | head |sector synch
: CRC ; CRC
byte | # # # hyte | =
bytes - 1 2 1 1 2 1 121

Figure 6.4 Winchester Disk Format (Seagate ST506)
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Head Motion Platters
Fixed head (one per track) Single platter
Movable head (one per surface) Multiple platter

Disk Portability Head Mechanism
Nonremovable disk Contact (floppy)
Removable disk Fixed gap

Aerodynamic gap (Winchester)

Sides

Single sided
Double sided

| Table 6.1 |
Physical Characteristics of Disk Systems
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+  (Characteristics

® Fixed-head disk

® One read-write head per
track | |

® Heads are mounted on a
fixed ridged arm that
extends across all tracks

® Movable-head disk
. ®_0One read-write head

® Head is mounted on an
arm

B The arm can be extended
or retracted

B Non-removable disk

. ® Permanently mounted in the
disk drive

® The hard disk in a personal
gQrEputer iSs a non-removable
is

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

~ B Removable disk

® Can be removed and
replaced with another disk
® Advantages: .

B Unlimited amounts of data
are available with a limited
number of disk systems

® A disk may be moved from
one computer system to
another ;

® Flo disks and ZIP
car?rri)c)j/ e disks are

examples of removable
disks

® Double sided disk

= Magnetizable
coating is applied
to both sides of the
platter




The head mechanism provides

a classification of disks into
three types

® The head must generate or
sense an electromagnetic
field of sufficient magnitude
to write and read properly

® The narrower the head, the
closer it must be to the
platter surface to function

" A narrower head means
narrower tracks and
therefore greater data
density

®" The closer the head is to the
disk the greater the risk of
error from impurities or
imperfections

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

' Disk
Classification

Winchester Heads

B Used in sealed drive assemblies that
are almost free of contaminants

® Designed to operate closer to the
disk’s surface than conventional
rigid disk heads, thus allowing
greater data density

® [s actually an aerodynamic foil that
rests lightly on the platter’s surface
when the disk is motionless :

® The air pressure generated by a
spinning disk is enough to make
the foil rise above the surface



Table 6.2

Typical Hard Disk Drive Parameters

Characteristics Seagate Seagate Seagate Seagate Laptop
Enterprise Barracuda XT Cheetah NS HDD
Application Enterprise Desktop Network Laptop
attached storage,
application
Servers
Capacity 6 TB 3TB 600 GB 2TB
Average seek 4.16 ms N/A 3.9 ms read 13 ms
time 4.2 ms write
Spindle speed 7200 rpm 7200 rpm 10,075 rpm 5400 rpm
Average latency | 4.16 ms 4.16 ms 298 5.6 ms
Maximum 216 MB/s 149 MB/s 97 MB/s 300 MB/s
sustained
transfer rate
Bytes per sector | 512/4096 512 512 4096
Tracks per 8 10 8 4
cylinder (number
of platter
surfaces)
Cache 128 MB 64 MB 16 MB 8 MB
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Figure 65 Timing of a Disk I/0 Transfer
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+ Disk Performance Parameters

® When the disk drive is operating the disk is rotating at constant speed

" To read or write the head must be posmoned at the desired track and at
. the beginning-of the desired sector on the track

" Track selection involves moving the head in a movable-head system or
electronically selecting one head on a fixed-head system

" Once the track is selected, the disk controller waits until the appropriate sector
rotates to line up with the head

B Seek time
mORa movable—head system, the time it takes to position the head at the track

® Rotational delay (rotational latency)
" The time it takes for the beginning of the sector to reach the head

® Access time
" The sum of the seek time and the rotational delay
" The time it takes to get into position to read or write

® Transfer time

" Once the headis in position, the read or write operation is then p
as the sector moves under the head

" This is the data transfer portion of the operation
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B Consists of 7 levels

m | evels do not imply a hierarchical
relationship but designate different
design architectures that share three’
common characteristics;

1) Set of physical disk drives viewed
by the operating system as a single
logical drive

2) Data are distributed across the
physical drives of an arrayin a
scheme known as striping

Redundant Array of

Independent Disks - - .
: P _ 3) Redundant disk capacity is used to

store parity information, which
guarantees-data recoverability in
case of a disk failure
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Table 6.3
RAID Levels

. Large I/O Data
Category Level | Description DlSkS, Data Availability | Transfer Danpl US) Thequet
Required A Rate
Capacity
Striping 0 Nonredundant N L.owcr e Very high SeryjiEn f{_Jr Eivh
disk read and write
Higher than RAID Higher than single | Up to twice that of a
Mirroring 1 Mirrored 2N 2,3.4,or5; lower d_ISkf 1oy rea_d : s‘mg‘lc cusk ‘for rcafiz
than RAID 6 similar to single similar to single disk
disk for write for write
Much higher than
D Redundant via Hamming N+ single disk: Highest of all Approximately twice
code 4 comparable to listed alternatives | that of a single disk
Parallel access RAID 3_‘ 4.0r5
Much higher than
¥, ; single disk; Highest of all Approximately twice
: Simicu e pani X Y comparable to listed alternatives | that of a single disk
RAID 2.4,0r 5
M, highas thom s | o R ARDNY e SR AR O B
gl e, for read; 1 ciiBeaitl
4 Block-interleaved parity N+1 SR S significantly AT
comparable to : lower than single disk
RAID 2,3,0r5 * | loWerthansingle 1 o5 orite
e disk for write
Y- Much higher than | Similar to RAID 0 | Similar to RAID 0 for
Yy 5 Block-interleaved Nd single disk; for read; lower read; generally lower
: distributed parity comparable to than single disk than single disk for
RAID 2,3, 0r4 for write write
Similar to RAID 0 | Similar to RAID 0 for
6 Block-interleaved dual N+2 Highest of all for read: lower read; significantly
distributed parity listed alternatives | than RAID 5 for lower than RAID 5 for
write write

N = number of data disks;

m proportional to log N
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Figure 6.6 RAID Levels (page 1 of 2)
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(d) RAID 3 (bit-interleaved parity)
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(e) RAID 4 (block-level parity)
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(f) RAIII! 5 (block-level distributed parity) :
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(g) RAID 6 (dual redundancy)
Figure 6.6 RAID Levels (page 2 of 2)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



.Logical Disk
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Figure 6.7 Data Mapping for a RAID Level 0 Array
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+ | | . Addresses the ilssues of requestl patterns
RAI D ' of the host system and layout of the data

® Impact of redundancy does not interfere
Level O : with analysis :

RAID 0O for High Data Transfer
Capacity

® For applications to experience
a high transfer rate two
- requirements must be met:

m For an individual - I/O request for a
small amount of data the I/0
time is dominated by the seek

1. A high transfer capacity must time and rotational latency

exist along the entire path

between host memory and . m Adisk array can provide high I/0
the individual disk drives execution rates by balancing the

3 I/0 load across multiple disks
2. The application must make

I/0 requests that drive the m If the strip size is relatively large

disk array efficiently multiple waiting I/0 requests can
be handled in parallel, reducing
the queuing time for each

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. re q ue St



RAID
Level 1

Characteristics

® Differs from RAID levels 2 through 6

in the way in which redundancy is
achieved

Redundancy is achieved by the
simple expedient of duplicating all
the data

Data striping is used but each
logical strip is mapped to two
separate physical disks so that
every disk in the array has a mirror
disk that contains the same data

RAID 1 can also be implemented
without data striping, although this
is less.common

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

A read request can be serviced by
either of the two disks that contains
the requested data

There is no “write penalty"

Recovery from a failure is simple,
when a drive fails the data can be
accessed from the second drive

Provides real-time copy of all data

Can achieve high I/0 request rates
if the bulk of the requests are reads

Principal disadvantage is the cost




+

RAID
Level 2

Characteristics

® An error-correcting code is
® Makes use of a parallel access calculated across corresponding
technique . ~ bits on each data disk and the bits
of the code are stored in the
corresponding bit positions on

® In a parallel access array all riLiltipie parity sisks

member disks participate in the

used, which is able to correct
® Spindles of the individual drives single-bit errors and detect
are synchronized so that each - double-bit errors
! d'Sk. head 5 lnltrfw]%.sakme . ® The number of redundant disks is
position on each disk at any proportional to the log of the
given time - - number. of data disks -
® Data striping is used ® Would only be an effective choice
. in an environment in which many
= Strips are very small, often as  disk errors occur _

small as a single byte or word

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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RAID

Level 3

® Requires only a single

redundant disk, no matter how
large the disk array

Employs parallel access, with
data distributed in small strips

Instead of an error correcting
code, a simple parity bit is
computed for the set of

~individual bits in the same

position on all of the data disks

Can achieve very high data
transfer rates

In the event of a drive failure, the
parity drive is accessed and data is
reconstructed from the remaining
devices

Once the failed drive is replaced, the
missing data can be restored on the
new drive and operation resumed

In the event of a disk failure, all of
the data are still available in what is
referred to as reduced mode

Return-to full operation requires that
the failed disk be replaced and the
entire contents of the failed disk be
regenerated on the new disk

In a transaction-oriented
environment performance suffers




+ RAID
Level 4

Characteristics

® Makes use of an independent

access technique m Involves a write penalty when
" In an independent access ~an /O write request of small
array, each member disk size is performed
operates independently so that :
separate 1/O requests can be ‘m Each time a write occurs the

satisfied in parallel
array management software

® Data striping is used must update not only the user
" Strips are relatively large - databutalsothe
corresponding parity bits
B To calculate the new parity - | |

the array management -® Thus each strip write involves
software must read the old two reads and two writes
user strip and the old parity

strip.
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T, RAID
Level 5

® Organized in a similar fashion r
to RAID 4

A D|fference IS dlstrlbutlon of
the parity strips across all 0
disks |

m Atypical allocation is around- ™

robin scheme

® The distribution of parity
strips across all drives avoids o
the potential I/0 bottleneck
found in RAID 4

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

RAID
Level 6

Two different parity
calculations are carried out and
stored in separate blocks on.
different disks

Advantage is that it prowdes
extremely high data availability

Three disks would have to fail
within the mean time to repair
(MTTR) interval to cause data to
be lost

Incurs a substantial write
penalty because each write
affects two parity blocks




Level

Advantages

Disadvantages

Applications

I/O performance is greatly
improved by spreading the [/O
load across many channels and
drives

The failure of just one
drive will result in all
data in an array being
lost

Video production and
Editing

Image editing
Pre-press applications

0 v caleulati di
NO parity calculation overhead is Any application requiring
involved high bandwidth
Very simple design
Easy to implement
100% redundancy of data means | Highest disk overhead | Accounting
no rebuild is necessary in case of a | of all RAI.D types Payroll
disk failure, just a copy to the (100%) - inefficient | ¢~ )
replacement disk A . .
o ny application requiring
| Under certain 01rc‘umstan.ces, very high availability
RAID 1 can sustain multiple
simultaneous drive failures
Simplest RAID storage subsystem
design
Extremely high data transfer rates | Very high ratio of No commercial
possible ECC disks to data implementations exist /
The higher the data transfer rate disks with smaller not commercially viable
required, the better the ratio of WOTd S.iZGS -
2 | data disks to ECC disks inefficient

Relatively simple controller design
compared to RAID levels 3.4 & 5

Entry level cost very
high - requires very
high transfer rate
requirement to justify

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 6.4

RAID
Comparison
(page 1 of 2)



Very high read data transfer rate
Very high write data transfer rate
Disk failure has an insignificant
impact on throughput

Low ratio of ECC (parity) disks to
data disks means high efficiency

Transaction rate equal
to that of a single disk
drive at best (if
spindles are
synchronized)
Controller design is
fairly complex

Video production and live
streaming

Image editing

Video editing

Prepress applications
Any application requiring
high throughput

Very high Read data transaction
rate

Low ratio of ECC (parity) disks to
data disks means high efficiency

Quite complex
controller design

Worst write
transaction rate and
Write aggregate
transfer rate

Difficult and
inefficient data
rebuild in the event of
disk failure

No commercial
implementations exist /
not commercially viable

Highest Read data transaction rate

Low ratio of ECC (parity) disks to
data disks means high efficiency

Good aggregate transfer rate

Most complex
controller design
Difficult to rebuild in
the event of a disk
failure (as compared
to RAID level 1)

File and application
servers

Database servers

Web, e-mail, and news
servers

Intranet servers
Most versatile RAID level

Provides for an extremely high
data fault tolerance and can sustain
multiple simultaneous drive
failures

More complex
controller design

Controller overhead
to compute parity
addresses is extremely
high

Perfect solution for
mission critical
applications

©.2016.Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 6.4

RAID
Comparison
(page 2 of 2)



e | | |
SSD Compared to HDD

® SSDs have the following advantages over HDDs:

® High-performance input/output operations per second
(IOPS)

® Durability

® [onger lifespan

® | ower power consumption

® Quieter and cooler running capabilities

® | ower access times and latency rates

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



NAND Flash Drives Seagate Laptop Internal
HDD
File copy/write speed 200—550 Mbps 50—120 Mbps

Power draw/battery life

Less power draw, averages 2—
3 watts, resulting in 30+
minute battery boost

More power draw, averages
6-—7 watts and therefore uses
more battery

Storage capacity

Typically not larger than 512
(GB for notebook size drives: 1
TB max for desktops

Typically around 500 GB and
2 TB maximum for notebook
size drives; 4 TB max for
desktops

Cost

Approx. $0.50 per GB fora 1-
TB drive

Approx $0.15 per GB for a 4-
TB drive

Table 6.5

Co'mparison of Solid State Drives and Disk Drives

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Figure 6.8 Solid State Drive Architecture -
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* Practical Issues

There are two practical issues pecullar to SSDs
that are not faced by HDDs:

® SDD performance has a
tendency to slow down as the
device is used

® The entire block must be
read from the flash
memory and placed in a
RAM buffer ;

" Before the block can be
written back to flash
memory, the entire block of
flash memory must be
erased

" The entire block from the
buffer is now written back
to the flash memory

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

® Flash memory becomes unusable
after a certain number of writes

® Techniques for prolonging life:

® Front-ending the flash with a
cache to délay and group write
operations

B Using wear-leveling algorithms
that evenly.distribute writes .
across block of cells

® Bad-block management
techniques

® Most flash devices estimate
their own remaining lifetimes so
systems can anticipate failure
and take preemptive action -



CD
Compact Disk. A nonerasable disk that stores digitized audio information. The standard -
system uses 12-cm disks and can record more than 60 minutes of uninterrupted playing time. '

CD-ROM
Compact Disk Read-Only Memory. A nonerasable disk used for storing computer data.
The standard system uses 12-cm disks and can hold more than 650 Mbytes.

CD-R Table 6.6

CD Recordable. Similar to a CD-ROM. The user can write to the disk only once.

CD-RW
CD Rewritable. Similar to a CD-ROM. The user can erase and rewrite to the disk O pti Ca I

multiple times.

DVD Disk

Digital Versatile Disk. A technology for producing digitized, compressed representation
of video information, as well as large volumes of other digital data. Both 8 and 12 cm diameters P ro d u CtS
are used, with a double-sided capacity of up to 17 Gbytes. The basic DVD is read-only (DVD- '
ROM).

DVD-R
DVD Recordable. Similar to a DVD-ROM. The user can write to the disk only once.
Only one-sided disks can be used.

DVD-RW
DVD Rewritable. Similar to a DVD-ROM. The user can erase and rewrite to the disk
multiple times. Only one-sided disks can be used.

Blu-Ray DVD
High definition video disk. Provides considerably greater data storage density than DVD,
using a 405-nm (blue-violet) laser. A single layer on a single side can store 25 Gbytes.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Compact Disk Read-Only Memory

® Audio CD and the CD-ROM share a similar technology

(CD-ROM)

The main difference is that CD-ROM players are more rugged and
have error correction devices to ensure that data are properly transferred

® Production:;

The disk is formed from a resin such as polycarbonate

Digitally recorded information is imprinted as a series of microscopic pits on
the surface of the polycarbonate

® This is done with a finely focused, high intensity laser to create a master
disk

The master is used, in turn, to make a die to stamp out copies onto

polycarbonate

The pitted surface is then coated with a highly reflective surface, usually
aluminum or gold

This shiny surface is protected against dust and scratches by a top
coat of clear acrylic

Finally a label can be silkscreened onto the acrylic

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Figure 6.9 CD Opératiﬂn
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Figure 6.10 CD-ROM Block Format

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

i~ @
Z |9 | & Layered
00 |FF...FFf 00 (& | & g é Data ECC
12 bytes 4 bytes =15 2048 bytes 288 bytes
SYNC ID Data L-ECC
2352 bytes
€




®m CD-ROM is appropriate for the distribution of large
amounts of data to a large number of users

® Because the expense of the initial writing process
it is not appropriate for individualized applications

® The CD-ROM has two advantages:

®m The optical disk together with the information
stored on it can be mass replicated inexpensively

®m The optical disk is removable, allowing the disk itself
to be used for archival storage

® The CD-ROM disadvantages:

® ]t is read-only and cannot be updated

® ]t has an access time much longer than that of a
magnetic disk drive

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



: CD Recordable
(CD-R).

® Write-once read-many

B Accommodates applications in
which only one or a small number
of copies of a set of data is needed

® Disk is prepared in such a way that
it can be subsequently written once
with alaser beam of modest-
intensity

® Medium includes a dye layer which
is used to change reflectivity and is
~ activated by a high-intensity laser

B Provides a permanent record of
large volumes of user data

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

CD Rewritable

(CD-RW)

Can be repeatedly written and
overwritten :

Phase change disk uses a material that
has two significantly different
reflectivities in two different phase.
states

Amorphous state

Molecules exhibit'a random
orientation that reflects light poorly

Crystalline state

& Has a smooth surface that reflects
light well -

A beam of laser light can change the
material from one phase to the other

Disadvantage is-that the material -
eventually and permanently loses its
desirable properties

Advantage is that it can be rewritten



Label

Protective lﬂyer\

R e e P

i ) 1
(acrylic) / rp—
thick

Reflective layer

(aluminum) /

Polycarbonate substrate Laser focuses on polycarbonate
(plastic) : : pits in front of reflective layer.

(a) CD-ROM - Capacity 682 MB

Polycarbonate substrate, side 2

Semireflective layer, side 2
Polycarbonate layer, side 2
Fully reflective layer, side 2&

AN
Fully reflective layer, side 1 1.2 mm
| | thick
Polycarbonate layer, side 1
Laser focuses on pits in one layer

Semireflective layer, side 1
on one side at a time. Disk must

Polycarbonate substrate, side 1 be flipped to read other side.

(b) DVD-ROM, double-sided, dual-layer - Capacity 17 GB

Figure 6.11 CD-ROM and DVD-ROM
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Figure 6.12 Optical Memory Characteristics
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+ Magnetic Tape

B Tape systems use the same reading and recording techniques as
disk systems

= Medium is flexible polyester tépe coated with magnetizable |
material | | |

B Coating may consist of particles of pure metal in special binders or
vapor-plated metal films

B Data on the tape are structured as a number-of parallel tracks
running lengthwise

® Serial recording
® Data are laid out as a sequence of bits along each track

® Data are read and written in contiguous blocks called physical
records

® Blocks on the tape are separated by gaps referred
inter-record gaps
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/ Direction of
Bottom read/write
edge of tape
(a) Serpentine reading and writing
Trak3 [ 4 | [8 | [12] [16] [20]

Teack 2 (NS~ (WO - NN *- (WIS /[0

Trackl | 2 | | 6 | [10 | |14 | [18 |

Track0|1||5||9||13||17|

Direction of
tape motion

(b) Block layout for system that reads/writes four tracks simultaneously

Figure 6.13 Typical Magnetic Tape Features
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Table 6.7
LTO Tape Drives

LTO-1 LTO-2 LTO-3 LTO-4 LTO-5 LTO-6 LTO-7 LTO-8
Release date 2000 2003 2005 2007 2010 TBA TBA TBA
Compressed 200 GB 400 GB 800 GB 1600 GB 32TB 8TB 16 TB 32TB
capacity
Compressed 40 MB/s 80 MB/s | 160 MB/s | 240 MB/s | 280 MB/s | 525 MB/s | 788 MB/s | 1.18 GB/s
transfer rate
(MB/s)
Linear density 4880 7398 0638 13250 15142
(bits/mm)
Tape tracks 384 512 704 896 1280
Tape length 609 m 609 m 680 m 820 m 846 m
Tape width (cm) 1.27 1.27 1.27 1.27 1.27
Write elements 8 8 16 16 16
WORM? No No Yes Yes Yes Yes Yes Yes
Encryption No No No Yes Yes Yes Yes Yes
Capable?
Partitioning? No No No No Yes Yes Yes Yes
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+ Summary

External Memory

Chapter 6

® Magnetic disk g EAFSZID level 0
® Magnetic read and wrlte

mechanisms ® RAID level 1

- ® Data organization and formatting ® RAID level 2

" Physical characteristics = RAID level 3

" Disk performance parameters = RAID level 4

® Solid state drives ® RAID level 5

= SSD compared to HDD " RAID level 6

™ SSD organization | | |
" Practical issues " Optical memory

" Compact disk
" Digital versatile disk
® High-definition optical disks

® Magnetic tape
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Chapter 7

Input/Output



Address Lines
, System
Data Lines Bus
Control Lines
\
I/0 Module
N 4
Links to
peripheral
devices

Figure 7.1 Generic Model of an I/O Module
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= | =
External Devices

® Provide a means of
‘exchanging data between the
external environment and the
computer

m Attach to the computer by a
link to an I/0 module

®= The link is used to exchange
control, status, and data
between the I/0 module and
the external device

®m Peripheral device

B An external dévice connected |
to an I/0 module

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Three
categories:

® Human readable

¥ Suitable for communicating with
the computer user

® .Video display terminals (VDTs),
printers

® Machine readable
® Suitable for communicating with
equipment
® Magnetic disk and tape systems,
sensors and actuators

® Communication

® Suitable for communicating with
remote devices such as a terminal,
a machine readable device, or
another computer



. Control A Status A Data bits
signals from signals to to and from
IO module /0O module I/0 module
Y Y
Control Buffer
Logic
Transducer
A
Data (device-unique)
to and from
Y environment

Figure 7.2 Block Diagram of an External Device
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* Keyboard/Monitor

International Reference Alphabet
(IRA)

B Basicunit of exchange is the
character

B Associated with each character is a
code

® Each character in this code is
re%resented by a unique 7-bit binary
code !

® 128 different characters can be
represented. - :

® Characters are of two types:
" Printable

® - Alphabetic, numeri¢, and special
characters that can be printed on
paper or displayed on a screen

= Control

" Have to do with controlling the’
printing or displaying of
characters

® Example is carriage return

" Other control characters are
concerned with communications

© 2016 Pearson Epu@genj UnredHoboken, NJ. All rights reserved.

Keyboard Codes

® Whenthe user depresses a key it

Most common means of
User provides input through th

The monitor displays data

computer/user interaction

keyboard

provided by the computer

generates an electronic signal that is
interpreted by the transducer in the
keyboard and translated into the bit
pattern of the corresponding IRA code

This bit pattern is transmitted to the I/0
module in the computer

On output, IRA code characters are
transmitted to an external device from
the I/0 module

The transducer interprets the code and
sends the required electronic signals to
the output device either to display the
indicated.character or perform the
requested control function



" The major functions for an I/0 N\
module fall into the following
categories:

Control and timing
* Coordinates the flow of traffic between internal resources and external devices

Processor communication
* Involves command decoding, data, status reporting, address recognition

Device communication
* Involves commands, status information, and data

Data buffering

* Performs the needed buffering operation to balance device and memory speeds

Error detection

\ * Detects and reports transmission errors

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Figure 7.3 Block Diagram of an I/O Module
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+ Programmed [/O

Three techniques are possible for I/0

operations:

" Programmed I/0
" Data are exchanged between the processor and the I/0 module

" Processor executes a program that gives it direct control of the I/O
operation

® When the processor issues a command it must wait until the 1/0
operation is complete

" If the processor is faster than the I/0 module this is wasteful of
processor time

® Interrupt-driven I/O

® Processor issues an I/O commahd, continues to execute other
instructions, and is interrupted by the I/0 module when:the latter
has completed its work

® Direct memory access (DMA)

" The I/0 module and main memory exchange data directly without
processor involvement -
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Table 7.1
[/0 Techniques

No Interrupts Use of Interrupts
I/0-to-memory transfer Programmed /O Interrupt-driven 1/O
through processor
Direct I/0O-to-memory Direct memory access (DMA)
transfer
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. | |
[/0 Commands

® There are four types of /0O commands that an I/0O module may
receive when it is addressed by a processor:

1) Control
- used to activate a peripheral and tell it what to do

2) Test

- used to test various status conditions associated with an I/0
module and its peripherals

3) Read

- causes the I/0 module to obtain an item of data from the
peripheral and place it.in an internal buffer

4) Write
- causes the I/0 module to take an item of data from the data

bus and subsequently transmit that data item to the
- peripheral ' |
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Issue Read CPU—1/0 Jeais Read CPU—~DMA -

Issue Read
—» command to || CPU—I/O * P command to Do something block command Do something -
1/0 module O module B~ Pelse to /O module |7~ ™ ¢lse
Read status : Read status [ ' _ Interrupt Read status - = = Interrupt
of /O I/0O—CPU of /O /O—CPU of DMA
module module module DMA—CPU
: ‘Next instruction

Error Error

condition condition (c) Direct memory access
Read word Read word
from I/O /O —CPU from I/O I/0— CPU
Module Module
Write word Write word
into memory Sitlspane gy into memory LU iEmary

Next instruction Next instruction
(a) Programmed /0 (b) Interrupt-driven I/O

Figure 7.4 Three Techniques for Input of a Block of Data
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1/0 Instructions

With programmed I/O there is a close correspondence between the I/0-related
instructions that the processor fetches from memory and the I/O commands
that the processor issues to an I/O module to execute the instructions

The form of the
instruction depends
on the way in which
external devices are

addressed

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Each I/O device connected through I/0 modules is given a
unique identifier or address

When the processor
issues an I/0
command, the
command contains
the address of the
desired device

Thus each I/0 module
must interpret the
address lines to
determine if the
command is for itself

Memory-mapped I/O

There is a single address space for A single read line and a single write
memory locations and I/O devices line are needed on the bus




. | | |
[/0O Mapping Summary

® Memory mapped I/0
= Devices and memory share an address space
= /O looks just like memory read/write

= No special commands for I/0
m | arge selection of memory access commands available

®[solated I/0

® Separate address spaces
~ ® Need I/0 or memory select lines

® Special commands for I/0
® | imited set
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e s s T e |

516 Keyboard input data register

R b it B 3E 20 15 Sl

517 Keyboard input status
_ and control register
Ll:rcady T—Scltolto
0 = busy start read
ADDRESS INSTRUCTION OPERAND COMMENT
200 Load AC o T Load accumulator
Store AC 517 Initiate keyboard read
202 Load AC 517 Get status byte
: Branch if Sign=0 . 202 Loop until-ready
Load AC 516 Load data byte

(a) Memory-mapped I/O

ADDRESS INSTRUCTION OPERAND COMMENT

200 Load I/O S Initiate keyboard read
201 Test I/O : 5 Check for completion
Branch Not Ready 201 Loop until complete
In < Load data byte
(b) Isolated I/O

Figure 7.5 Memory-Mapped and Isolated 1/O
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Interrupt-Driven/0 =

The problem with programmed I/0 is that the

processor has to wait a long time for the I/0

module to be ready for either reception or
transmission of data

An alternative is for the processor to issue an I/O

command to a module and then go on to do some
other useful work

The I/0 module will then interrupt the processor to
request service when it is ready to exchange data

with the processor

The processor executes the data transfer and
resumes its former processing
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Hardware

A

Device controller or
other system hardware
issues an interrupt

Software

—A—

h 4

Processor finishes
execution of current
instruction

h 4

Processor signals
acknowledgment
of interrupt

Processor pushes PSW
and PC onto control
stack

Processor loads new
PC value based on

interrupt

v
Save remainder of
process state
information

Process interrupt

h 4

Restore process state
information

Restore old PSW
and PC

Figure 7.6 Simple Interrupt Processing
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(a) Interrupt occurs after instruction

AT fionN (b) Return from interrupt

Figure 7.7 Changes in Memory and Registers for an Interrupt
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Des-ign Issues —

* Because there will
be multiple 170
modules how
does the

: processor
Two deS|gn determine which

issues arise in  device issued the
o & 1 ?
implementin "M

g Interrupt -« 1f multiple
I/0: interrupts have
occurred how
does the
processor decide
which one to

process? |
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" Device Identification
Four general categories of techniques are in
common use: | |

= Multiple interrupt lines
m Between the processor and the I/O modules
s Most straightforward approach to the problem

= Consequently even if multlﬁle lines are used, it is likely that each line will have
multiple 1/0 modules attached to it

= Softwa re poll

m When processor detects an interrupt it branches to-an interrupt-service routine whose
job is to poll each I7/0 module to determlne which module caused the mterrupt

= Time consuming

m Daisy chain (hardware poll, vectored)
m Theinterrupt acknowledge line is daisy chained through the modules
m Vector - address of the I/O module or some other unique identifier

= Vectored interrupt dprocessor uses the vector as a pointer to the appropriate device-
service routine, avoiding the need to execute a general interrupt-service routine first

a Bus arbitration (vectored)

= An I/0O module must first gain control of the bus before it can raise the interrupt
request line

m }Nhen the processor detects the interrupt it responds on the interrupt acknowledge
ine

o 2pis plsal Echne Badssup iodiie placesiisvector o the data.lines
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Figure 7.8 Use of the 82C59A Interrupt.Controller
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Figure 7.9 The Intel 8255A Programmable Peripheral Interface
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Group A

" (a) Mode definition of the 8255 control
register to configure the 8255

Group B Don’t care
Tk e s g i
D2 | D1 | DO D7 |D6 (D5 |D4 (D3 | D2 | D1 | DO
|
D3 D2 I:‘.:1
?t::niﬂto o) 0 0 0 bitOof Port C
0 = Output 0 0 1 bit 1 of Port C
Port B 0 1 0 bit2of PortC
1= Input 0 1 1 bit3 of Port C
0 = Output 1 0 0 bitdofPortC
Mode selection 1 0 1 bit5of PortC
0 = Mode 0 1 1 0 b3t 6 of Port C
1 = Mode 1 1 1 1 bit7of PortC
Port C (upper)
1 =Input Bit set/reset Bit set/reset
0 = Output flag 1 = set
Port A 0 = Active 0 = reset
1= Input -
0 = Output
Mode selection
Mode set 00 = Mode 0
flag 01 = Mode 1
1=Active 1X = Mode 2

(b) Bit definitions of the 8255 control
register to modify single bits of port C

Figure 7.10 The Intel 8255A Control Word
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Figure 7.11 Keyboard/Display Interface to 82C55A
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Drawbacks of Prograrh_med and
Interrupt-Driven I/O

m Both forms of I/0 suffer from two inherent
drawbacks:

1) The I/0 transfer rate is limited by the speed
with which the processor can test and
service a device

2) The processor is tied up in managing an I/0
transfer; a number of instructions must be
executed for each I/0 transfer

= When large volumes of data are to be moved a more
efficient technique:-is direct memory access (DMA)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Data
—TP
count

Data lines « > Data
register

> Address

Address lines 4 P register
Request to DMA p
Acknowledge from DMA « Chatsal
Interrupt « logic
Read »

Write 5

Figure 7.12 Typical DMA Block Diagram
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Time -

Instruction Cycle

< 4
Processor Processor Processor | Processor Processor Processor
Cycle Cycle Cycle Cycle Cycle Cycle
< pid B pid pid pie B
" Fetch Decode Fetch - Execute Store Process
Instruction | Instruction | Operand | Instruction Result Interrupt
4 : : A
~ DMA : ~ Interrupt
Breakpoints Breakpoint

Figure 7.13 DMA and Interrupt Breakpoints During an Instruction Cycle

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Sl R R e

1/0O bus

Processor DMA o ST e o Memory
(a) Single-bus, detached DMA
Processor DMA DMA Memory
/0 /
/o /o
(b) Single-bus, Integrated DMA-1/Q
System bus
Processor DMA Memory

Vo

Vo

(c) ifO bus

Vo

Figure 7.14 Alternative DMA Configurations
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CcPU
" Data bus
&
DREQ
HRQ bt -
8237 DMA Main Disk
chip memory controller
HLDA DACK
Address bus

)

DACK = DMA acknowledge
DREQ = DMA request
HLDA = HOLD acknowledge
HRQ = HOLD request

Control bus (IOR, IOW, MEMR, MEMW)
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Figure 7.15 8237 DMA Usage of System Bus




. | | |
Fly-By DMA Controller

8237 contains four
DMA channels

Data does not pass
through and is not
stored in DMA chip

* DMA only between
I/0 port and Can do memory to

* Programmed
independently
* Any one active

* Numbered O, 1, 2,
and 3

memory memory via register
* Not between two

I/0O ports or two

memory locations
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Bit Command Status Mode Single Mask All Mask
DO Memory-to- Channel 0 has h Clczllrésct «
memory E/D reached TC channet ' fmas
Select channal bit
Channel select L bi
Channel 0 e Clear/set
Channel 1 has
DI address hold reached TC channel 1 mask
E/D ‘ ‘ bit
Clear/set
D2 | Controller E/D Chmnnel - s Ch.,arfs-;t Ik channel 2 mask
reached TC bit :
Verify/write/ bit
read transfer 3
Normal/compre | Channel 3 has e
D3 i channel 3 mask
ssed timing reached TC bit
Fixed/rotating Channel 0 e
D4 rionity e initialization
E/D
Address
D5 Late/extended Channel 0 increment/ Not used
~ | write selection request decrement
Not used
select
D6 DREQ sense Channel 0
active high/low request
Demand/single/
DACK sense Channel 0
D7 . : ¥ block/cascade
active high/low request

mode select

E/D = enable/disable
TC = terminal count
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Table 7.2

Intel
8237A
Registers



i Direct Cache Access (DCA)

A DI\/IA is not able to scale to meet the |ncreased demand
due to dramatic i increases in data rates for network I/0

® Demand is coming primarily from the widespread
deployment of 10-Gbps and 100-Gbps Ethernet switches to
handle massive amounts of data transfer to and from
database servers and other hlgh performance systems

0 Another source of trafﬂc comes from Wi-Fi in the gigabit
range

® Network Wi-Fi devices that handle 3.2 Gbps and 6.76 Gbps
are becoming widely available and producing demand on.
enterprise systems
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To other To I/O
processor chip devices
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* Figure 7.16 Xeon E5-2600/4600 Chip Architecture
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Cache-Related Performance
ues | | |
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Cache-Related Performance

Issues

For both
outgoing and
incoming traffic
the core, main
memory, and
cache are all
involved

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

In a DMA scheme, when an
application wishes to transmit
data, it places that data in an
application-assigned buffer in
main memory

* The core transfers this to a system
buffer in main memory and creates
the necessary TCP and IP headers,
which are also buffered in system
memory

* The packet is then picked up via DMA
for transfer via the NIC

* This activity engages not only main
memory but also the cache

* Similar transfers between system and
application buffers are required for
incoming traffic



" Packet Traffic Steps:

® Packet arrives
" DMA
" NIC interrupts host

® Retrieve descriptoré and
headers

® Cache miss occurs °
® Header is processed

® Payload transferred

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Outgoing
Packet transfer requested
Packgt creatéd
Output operation invoked -
DMA transfer
NIC signals cbmpletipn

Driver frees buffer




Direct Cache Access Strategies

Simplest strategy was implemented as a prototype on a

number of Intel Xeon processors between 2006 and
2010

The DCA function in the memory
This form of DCA applies only to controller sends a prefetch hint to the This enables the core to prefetch the
incoming network traffic core as soon as the data is available in data packet from the system buffer
system memory

@

Much more substantial gains can be realized by avoiding

the system buffer in main memory altogether

For incoming packets,
the core reads the
data from the buffer
and transfers the
packet payload to an
application buffer

The packet and packet
descriptor information
are accessed only
once in the system
buffer by the core

Implemented in Intel's
Xeon processor line,
referred to as Direct

Data I/0

It has no need to
access that data in the Cache injection
system buffer again
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Figure 7.17 Comparisen of DMA and DDIO
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Evolution of the I/0 Function

1. The CPU directly controls a -
peripheral device.

2. A controller or I/0 module
is added. The CPU uses
- programmed 1/0 without
interrupts.

3. Same configuration as in
step 2 is used, but now

interrupts are employed. 6.

. The CPU need not spend
time waiting for an I/0
operation to be performed,
thus increasing efficiency.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

4.

The I/0 module is given direct access

to memory via DMA. It can now move
a block of data to or from memory
without involving the CPU, except at

-the beginning:-and end of the transfer.

The I/0 module is enhanced to

become a processor in its own right,

with a specialized instruction set
tailored for I/O

‘The I/0 module has a local memory

of its own and is, in fact, a computer
in its own right. With this architecture

a large setof I/O devices can be

controlled with minimal CPU
involvement.
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Figure 7.18 I/O Channel Architecture
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+ Universal Serial Bus (USB)

® Widely used for peripheral connections
® Is the default interface for slower speed devices

® Commonly used high-speed 1/0

® ‘Has gone through multiple generations

USB 1.0

® Defined a Low Speed data rate of 1.5 Mbps and a Full Speed rate of 12 Mbps
USB 2.0 : : : :

® Provides a data rate of 480 Mbps

USB 3.0 ; ;

® Higher speed bus called SuperSpeed.in parallel with the USB 2.0 bus

" Signalirgjg speed of Superioeed is 5 Gbps, but due to signaling overhead the
usable data rate is up to 4 Gbps

USB 3.1
® Includes a faster transfer mode called SuperSpeed+

® This transfer mode achieves a signaling rate of 10 Gbps and a theoretical
usable data rate of 9.7 Gbps

" s controlled by a root host controller which attaches to devices to
create a local network with a hierarchical tree topology
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+ FireWire Serial Bus

® Was developed as an alternative to small computer system interface
(SCSI).to be used on smaller systems, such as personal computers, .
workstations, and servers

" Objective was to meet the increasing demands for high I/O rates
while avoiding the bulky and expensive I/0 channel technologies
developed for mainframe and supercomputer systems

® TEEE standard 1394, for a High Performance Serial Bus

® Uses a daisy chain configuration, with up to 63 devices connected off
- asingle port - | | |

® 1022 FireWire buses can be interconnected using bridges

® Provides for hot ﬁlug ing which makes it possible to connect and
disconnect peripherals without having to power the computer system
down or reconfigure the system

" Provides for automatic configuration

®" No terminations and the system automatically performs a
configuration function to assign addresses
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" 5CsI

® Small Computer System Interface

® A once common standard for connecting perlpheral devices to smaII
and medium-sized computers :

® Has lost popularity to USB and FireWire in smaller systems

®m High-speed versions remain popular for mass memory support on
enterprise systems -

® Physical organization is a shared bus, which can supportup =~ to 16
or 32 devices, depending on the generation of the standard

® The bus provides for parallel transmission rather than serial, with a bus
width of 16 bits on earlier generations:and 32 bits - on later
generations
® Speeds range from 5 Mbps on the original SCSI-1 specification to 160
Mbps on SCSI-3 U3 . . : ( 3
\

-
&
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. |
Thunderbolt

® Most recent and fastest 5 )
peripheral connection |
technology to become
available for general-purpose
use - |

. Developed by Intel with

collaboration from Apple ™ Provides up to 10 Gbps

throughput in each direction

m The technology combines data, and up to 10 Watts of power
video, audio, and power intoa = to connected peripherals:
. single high-speed connection
for peripherals such as hard
drives, RAID arrays, video-
capture boxes, and network
interfaces
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+InfiniBand |

® /0 specification aimed at the high-end server market
" First version was released in early 2001
" Heavily relied on by IBM zEnterprise series of mainframes

® Standard describes an architecture and specifications for data
- flow among-processors and intelligent I7O devices

" Has become a popular interface for storage area networking
and other large storage configurations

® Enables servers, remote storage, and other network devices
. to be attached in a central fabric of switches and links.

® The switch-based architecture can connect up to 64,000
servers, storage systems, and networking devices
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PCI Express

® ' High-speed bus system for
connecting peripherals of a
wide variety of types and
speeds '

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

SATA

® Serial Advanced Technology

Attachment

B An interface for disk storage

systems

B Provides data rates of up to

6 Gbps, with a maximum
per device of 300 Mbps

® Widely used in desktop

computers and in industrial
and embedded applications




+ | | | |
Ethernet ,
® Predominant wired ' : :
. networking technology . . . _
-® Has moved from bus-based to
switch-based

® Data rate has periodically
increased by an order of

® Has evolved to support data
rates up to 100 Gbps and
distances from a few meters
to tens of km

. magnitude
® Has become essential for . ® There is a.central switch.
supporting personal with all of the devices
computers, workstations, connected directly to the
servers, and massive data . switch
storage devices in
--organizations large and small m Fthernet systems are
' ' currently available at speeds
® Began as an experimental up to 100 Gbps

bus-based 3-Mbps system

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



+
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Wi-Fi

Is the predominant wireless

. Internet access technology

Now connects computers,
tablets, smart phones, and
other electronic devices such as
video.cameras TVs and
thermostats

In the enterprise has become
an essential means of
enhancing worker productivity
and network effectiveness

Public hotspots have expanded

- dramatically to provide free

Internet access in maost public
places

® As the technology of
antennas, wireless
transmission techniques, .
and wireless protocol
design has evolved, the IEEE
802.11 committee has been
able to introduce standards
for new versions of Wi-Fi at
higher speeds -

® Current version is 802.11ac
(2014) with a maximum
data rate of 3.2 Gbps
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P r B
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Figure 7.19 IBM EC12 I/0 Channel Subsystem Structure
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Figure 7.20
IBM zEC12 I/0 Frames-Front View
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+ Summary
y Input/Output

Chapter 7

® Interrupt-driven I/0O

" External devices = Interrupt processing

" Keyboard/monitor = Design issues

" Disk drive _ - ® Intel 82C59A interrupt controller
® 1/0O modules = Intel 82C55A programmable
Sl Module funetion ' peripheral interface

- B Direct.Cache Access
= DMA using shared last-level

® 1/0 module structure
" Programmed I/O

cache
" Overview of programmed /O~ = Cache-related performance
® 1/0 commands/instructions issues
® Direct memory access | = Direct cache access strategies

= Drawbacks of programmed - ® Direct data I/O

and interrupt-driven I/O ® J/O channels and processors
" DMA function " The evolution of the I/O function
= Intel 8237A DMA controller - ® Characteristics of I/O channels
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Chapter 8

Operating System Support |



" Application
programming interface
Application

binary interface

Instruction Set
Architecture

Application programs

Libraries/utilities

Operating system

Execution hardware
: Memory
System interconnect ¢ .
ranslation
(bus)
I/O devices Main
L memo
networking Y

Software

> Hardware

Figure 8.1 Computer Hardware and Software Structure
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. | | | |
Operating System (OS) Services

® The most important system program

® Masks the details of the hardware from the programmer
and provides the programmer with a convenient interface
for using the system

® The OS typically provides services in the following areas:
= Program creation | | |
= Program execution
= Access to I/0 devices

. ® Controlled access to files . =

® System access

. -
= Error detection and response i ./
A

= Accounting Y
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Intérfaces- - e anbe e o

® Key interfaces in a typical computer system:

Instruction set

Application Application

architecture
(ISA)

binary
interface (ABI)

programming
interface (API)

@ N @ D == £y
: Gives a program access to

the hardware resources and

Defines the machine _ Defines a standard for _ services available in a
language instructions that a binary portability across system through the user ISA
computer can follow programs supplemented with high-
level language (HLL) library
calls
\ y \ y \ 4

[ ) (£ Y i Y

Defines the system call
interface to the operating

Boundary between - system and the hardware
hardware and software resources and services
available in a system
through the user ISA

Using an API enables
application software to be
ported easily to other
systems that support the
same API
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Operating System
as
Resource Manager

A computer is a set of resources for the movement,
storage, and processing of data and for the control of
these functions

" The OS is responsible for managing these
resources

The OS as a control mechanism is unusual in two
respects:

" The OS functions in the same way as ordinary
computer software - it is a program executed by
the processor

" The OS frequently relinquishes control and must
depend on the processor to allow it to regain
control
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Figure 8.2 The Operating System as Resource Manager
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. Types of Operating Systems

® [nteractive system

® The user/programmer interacts directly with the computer to
request the execution of a job or to perform a transaction

= User may, depending on the nature of the application,
communicate with the computer during-the execution of the job

® Batch system
" Opposite of interactive

® The user’s program is batched together with programs from
other users and submitted by a computer operator

= After the program is completed results are printed out for the.
user
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i Ea rly Systems

® From.the late 1940s to the mid-1950s the
interacted directly with the computer
OS -

/™ Processors were run from a console consisting of
toggle switches, some form of input device and a printer

display lights,

® Problems:
® Scheduling
B Sign-up sheets were used to reserve processor time .
® This could result in wasted computer idle time if the user finished early

mIf problerns occurred the user could be forced to stop before resolving
the problem

B Setup.time
B Asingle program could involve
® Loading the compiler plus the source program into memory:
® Saving the compiled program
® loading and linking together the object program and common functlons
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Figure 8.3 Memory Layout for a Resident Monitor
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+ From the View of the
"N ch@G@t&S@chtlpns frpm the portion of main memory containing the

monitor
m These instructions cause the next job to be read in another portion-of main memory

= The processor executes the |nstruct|on in the user’s program until it encounters an ending
or error condition

m Either event causes the processor to fetch its next instruction from the monitor program

m The monitor handles setup and scheduling
m A batch of jobs is queued up and executed as rapidly as possible with no idle time

m Job control language (JCL)
m Special type of programming language used to provide instructions to the monitor

m Example:
= $JOB
m $FTN
O Some Fortran Instructlons **Eagh FORTRAN instruction and each item of
data is on a separate punched card or a separate record on
[ $LOAD_ . . tape. In addition to FORTRAN and data lines, the job
$RUN includes job control instructions, which are
- c a3 denoted by the beginning “$".
iy >0Me aata .
= $END

m Monitor, or batch OS, is simply a computer program

= It relies on the ability of the processor to fetch instructions from various portions of main
memory in order to seize and relinquish control alternately
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+ _. _ |
Desirable Hardware Features

. Memory protectlon

= User program must not alter the
memory area containing the
monitor

® The processor hardware should
detect an error and transfer
control to the monitor

. B The monitor aborts the job,
prints an error message, and
loads the next job

B Timer

= Used to prevent a job from
monopolizing the system

= If the timer expires an
interrupt occurs and control
returns to monitor

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

® Privileged instructions
® Canonly be executed by the

monitor

m_If the processor encounters such

an instruction while executing a
user program an error mterrupt
occurs

I/0 instructions are privileged so
the monitor retains control of all
I/0 devices

" Interrupts

= Gives the OS more erX|b|I|ty
in‘relinquishing control to
and regaining control from
user programs




Read one record from file 15 us
Execute 100 instructions | s
Write one record to file

TOTAL 31 s

Percent CPU utilization = % =0032=32%

Figure 8.4 System Utilization Example
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Program A

Program A

Program B.

Combined

Program A’

Program B

Program C

Combined .
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Run Wait Run Wait
Time B
(a) Uniprogramming
Run Wait Run Wait
Wait| Run Wait Run -Wait
Run | Run X Run | Run :
A B Wait & B Wait
Time - &
(b) Multiprogramming with two programs
Run Wait Run Wait
Wait| Run Wait Run Wait
Wait Run Wait Run Wait
Run | Run | Run 3 Run | Run | Run 3
A B C Wait A B C Wait
Time 5

(¢) Multiprogramming with three programs

Figure 8.5 Multiprogramming Example



Table 8.1
Sample Program Execution Attributes

JOB1 JOB2 JOB3
Type of job Heavy compute Heavy I/O Heavy /O
Duration 5 min 15 min 10 min
Memory required 50 M 100 M 80 M
Need disk? No No Yes
Need terminal? No Yes No
Need printer? No No Yes
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Table 8.2

Effects of Multiprogramming on Resource Utilization

Uniprogramming Multiprogramming

Processor use 20% 40%

Memory use 33% 67%

Disk use 33% 67%

Printer use 33% 67%

Elapsed time 30 min 15 min
Throughput rate 6 jobs/hr 12 jobs/hr
Mean response time I8 min 10 min
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(b) Multiprogramming

Figure 8.6 Utilization Histograms
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.
Time Sharing Systems

® Used when the user interacts directly with the computer .
® Processor’s time is shared among multiple users

® Multiple users simultaneously access the system through
terminals, with the OS interleaving the execution of each
user program in a short burst or quantum of computation

® Example:

= If there are n users actlvely requestlng service at one time, each
user will only see on the average 1/n of the effectlve computer
speed -
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Table 8.3

Batch Multiprogramming versus Time Sharing

Batch Multiprogramming

Time Sharing

Principal objective

Maximize processor use

Minimize response time

Source of directives to
operating system

Job control language
commands provided with the

Jjob

Commands entered at the
terminal

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Table 8.4 Types of Scheduling

Long-term scheduling The decision to add to the pool of processes to be executed

Medium-term scheduling The decision to add to the number of processes that are
partially or fully in main memory

Short-term scheduling The decision as to which available process will be executed
by the processor

I/0 scheduling The decision as to which process's pending 1/0 request
shall be handled by an available I/O device

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




'Long Term Scheduling

Determines which ' Once submitted, a job
programs are submitted becomes a process for the
for processing short term scheduler

Time-sharing system

*A process request is generated when a
user attempts to connect to the system

*OS will accept all authorized comers until
the system is saturated

* At that point a connection request is met
with a message indicating that the
system is full and to try again later

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

In some systems a newly
created process begins in
a swapped-out condition,
in which case it is added to
a queue for the medium-
term scheduler

Batch system

*Newly submitted jobs are routed to disk and
held in a batch queue

*The long-term scheduler creates processes
from the queue when it can




+

mPart of the swapping
function

mSwapping-in decision is
based on the need to
manage the degree of
multiprogramming

mSwapping-in.-decision will -
consider the memory
requirements of the
swapped-out processes

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Medium-Term Scheduling
and Shor_t-Term Scheduling

® Also known as the

- dispatcher-

A Executes frequentiy and
makes the fine-grained
decision of which job to

. execute next



Dispatch

Admit —_— Release
New e Ready Running S Exit
-
‘ Timeout

Event
Occurs

Blocked

Figure 8.7 Five-State Process Model
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Identifier

State

Priority

Program counter

Memory pointers

Context data

I/0 status
information

Accounting
information

Figure 8.8 Process Control Block
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Operating system

[ Service handler }

| Scheduler |

Operating system
P g sy MLES
o ‘.
= In =
-;r:onlrol:-
o &
71N

| Scheduler |

[ Service handler }

Operating system

[ Service handler }

| Scheduler |

i Interrupt handler |

i Interrupt handler |

i Interrupt handler |

A A A
"Running" "Waiting" "Waiting"
N
> “
g In B
— control =
Ny
B B B
"Ready" "Ready" "Running"
Wiy
o &
F - B
— control =~
s ~
711\
Other partitions Other partitions Other partitions

(a)

(b)

(c)

Figure 8.9 Scheduling Example.
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Operating System -
Service Call Service
from Process — Call
Handler (code)
Interrupt Long- Short- /0
p = Term Term Queues
from Process Interrupt
Yrtarsaint Handler (code) Queue  Queue
pt — 1 »
AN Short-Term
Scheduler
(code)
A4
Pass Control
to Process

Figure 8.10 Key Elements of an Operating System for Multiprogramming
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Long-term Short-term

gy queue queue e
mi > n
: - ; | Processor —
=ik
/o1 - -
Occurs
I/0 1 Queue
/O 2 = 23
QOccurs
“1/O 2 Queue
L ]
[ ]
/O n
Occurs i
I/O n Queue
R

Figure 8.11 Queuing Diagram Representation of Processor Scheduling
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Main

Disk storage ° memory
Operating
system
. Long-term f__,Comp_leted jobs
queue /-—--* and user sessions
L /
(a) Simple job scheduling
Disk storage
- .
Intermediate R
queue Operating
iy \ system
< N
Completed jobs
Long-term \h —and user sessions
queue -, / 3
/
>
(b) Swapping

Figure 8.12 The Use of Swapping"
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Operating System Operating System
8M §M
2M
A 4M
6M
8M
SM
8sM
SM
sM
12M
8sM
8M
16 M
8sM
(a) Equal-size partitions (b) Unequal-size partitions

Figure 8.13 Example of Fixed Partitioning of a 64-Mbyte Memory
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Logical address

- expressed as a‘location
relative to the beginning of the
program

Physical address
- an actual location in main
memory

Base address
- current-starting location of
the process

Ogeratlng } M
System
} 56M
/
(a)
Operating
System
Process 1 20M
14M
Process 3 18M
4M
(e)

Figure 8.14
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Page 3
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Figure 8.15 Allocation of Free Frames

Main
memory

use

use

use

Process A

Page 0
Page 1
Page 2
Page 3

Free frame list :

20

Process A
page table

18 |
13
14
15

(b) After

AT S

13

14

15

16

17

18

19

20

Main
memory

Page 1
of A

Page 2
of A

Page 3
of A

In
use

In
use

Page 0
of A

use




page relative address frame relative address
within frame

number  within page number

Physical
Address

Logical
Address

e \

2

A

Main
Memory

Page 1
of A

Page 2
of A

Y

A

_ 18

14

15

Process A
Page Table

| Page 3

of A

Page 0
of A

Figure 8.16 Logical and Physical Addresses
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*+ Virtual Memory
Demand Paging

® Each page of a process is brought in-only when.it is needed

® . Principle of locality

" When working with a large process execution may be confined to a small section
of a program (subroutine)

" Itis better use of memory toload in just a few pages

= If the program references data or branches to an instruction on a page not.in
main memory, a page fault is triggered which tells the OS to bring in the desired

page

" ‘Advantages:
® ‘More processes can be maintained in memory
" Time is saved because unused pages are not swapped in and out of memory

® Disadvantages:

® When one page is brought in, another page must be thrown out (page
replacement)

= If a-page is thrown outjust before:it is about to be used the OS will have to go get
the page again

® Thrashing

® When the processor spends most of its time swapping pages rather than
executing Instructions : :

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



page relative address frame = relative address|
within frame

number  within page number
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Address

Logical
Address

N Y \

2

3

Main
Memory

Page 1
of A

Page 2
of A

Y

A

: 18
——1 13

14

15

Process A
Page Table

Page 3
of A

Page 0
of A

Figure 8.16 Logical and Physical Addresses
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Virtual address

n bits
Page # | Offset
Control
n bits bits
A . Process :
hash m bits Page # ID Chain
function 0
R ]
J
h 4 Y
2™ -1 Frame #| Offset
m bits

Inverted page table
(one entry for each
physical memory frame)

Figure 8.17 Inverted Page Table Structure
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Real address




Return to
faulted instruction

Page fault
handling routine

* CPU checks the TLB

OS instructs CPU
to read the page
from disk

CPU activates
I/O hardware

Update TLB

Page transferred
from disk to
main memory

|

CPU generates
physical address

Y

Perform page

replacement

Page tables
updated

Figure 8.18 Operation of Paging and Translation Lookaside Buffer (TLB) [FURHS87]
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TLB Operation

Virtual Address

'
TLB

TLB miss |

| Page # | Offset |

TLB
hit

<l
.
Y
(Dt

Page Table

Cache Operation

Y

\/\

Real Address
| v
— Tag‘ Rcmainder| Hit Value
Cache
k—’—QY-"_J
Miss |
\/\ Main
Memory
Value

Figure 8.19 Translation Lookaside Buffer and Cache Operation
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+
Segmentation | N
e B

m Usually visible to the

T i m Advantages:

® Provided as a convenience for - = Simplifies the handling of
organizing programs and

- data and as a means for
associating privilege and
protection attributes with

growing data structures

= Allows programs to be
altered and recompiled

instructions and data independently without
_ _ _ requiring that an entire set
m Allows the programmer to of programs be re-linked
- view memory as consisting of and re-loaded
multiple address spaces or ~® |ends itself to sharing
segments among processes

= Lends itself to protection

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



m [ncludes hardware for both segmentatlon and paglng

m Unsegmented unpaged memory
m Virtual address is the same as the physical address

m Useful in low-complexity, high performance controller
applications

m Unsegmented paged memory -
= Memory is viewed as-a paged linear address space
= Protection and management of memory is done via paging
= Favored by some operating systems

m Segmented unpaged memory |
-m ‘Memory is viewed as a collection of logical address spaces Ma nagemen
= Affords protection down to the level of a single byte : t

= Guarantees that the translation table needed is on-chip when
the segment is in memory

m Results in predictable access times
‘Segmented paged memory

= Segmentation is used to define logical memory partitions
- subject to access control, and paging is used to manage the
allocation of memory within the partitions

= QOperating systems such as UNIX System V favor this view
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Segmentation

® Each virtual address consists of a 16-bit segment
reference and a 32-bit offset

" Two bits of segment reference deal with the protection mechanism
" 14 bits specify segment

® Unsegmented virtual memory is 232 = 4Gbytes
" Seg mented virtual memory is 246=64 terabytes .(Tbytes)

® Physical address space employs a 32-bit address for a
maximum of 4 Gbytes

® Virtual address space is divided into two parts
® One-halfis global, shared by all processors
" The remainder is local and is distinct for each process

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



+ Segment Protection

® Associated with each segment are two forms of protection:. .
~ ® Privilege level
" Access attribute

® There are four privilege levels
" Most protected (level 0)
" Least protected (level 3)

" Privilege level associated with a data segment is its “classification”
® Privilege level associated with a program segment is its “clearance”

m An executing program may only access data segments for which its
. clearance level is lower than or equal to the privilege level of the data
segment

® The privilege mechanism also limits the use of certain instructions

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



15 3210

Index T|rpL

TI — Table indicator
RPL — Requestor privilege level
(a) Segment selector

31 22 21 12 11 0
Directory Table Offset
(b) Linear address

3 242322 2019 161514131211 8 7 0

D| |A| Segment

Base 31..24 G|/ |L|V| limit |P|DPL|S| Type Base 23...16
B| [L| 19..16
Base 15...0 Segment limit 15...0

AVL — Available for use by system software L — 64-bit code segment _
Base — Segment base address (64-bit mode only)
D/B — Default operation size P — Segment present
DPL — Descriptor privilege size Type — Segment type
G — Granularity S — Descriptor type

(¢) Segment descriptor (segment table entry)

31 1211 9 76 5:4:3"2 1.0
P PIPlulr
Page frame address 31...12 AVL S[0]A g ‘I“J S [w|P
AVL — Available for systems programmer use PWT — Write through I:l e
P = — Page size " US — User/supervisor :
A — Accessed RW — Read-write
PCD — Cache disable | — Present
(d) Page directory entry
31 - - 1211 9 76 5°4:3,2 1-0
PIPllp
Page frame address 31...12 AVL D (A g YI'V S [w|P
D  — Dirty

(e) Page table entry

Fig'ure 8.20 Intel x86 Merhory Management Formats
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Table 8.5 ]

x86 Memory Management Parameters (page 1 of 2)

Segment Descriptor (Segment Table Entry)

Base

Defines the starting address of the segment within the 4-GByte linear address space.
D/B bit

In a code segment, this is the D bit and indicates whether operands and addressing modes
are 16 or 32 bits.
Descriptor Privilege Level (DPL)
Specifies the privilege level of the segment referred to by this segment descriptor.
Granularity bit (G)
Indicates whether the Limit field is to be interpreted in units by one byte or 4 KBytes.
Limit
Defines the size of the segment. The processor interprets the limit field in one of two ways,
depending on the granularity bit: in units of one byte, up to a segment size limit of 1
MByte, or in units of 4 KBytes, up to a segment size limit of 4 GBytes.
S bit
Determines whether a given segment is a system segment or a code or data segment.
Segment Present bit (P)
Used for nonpaged systems. It indicates whether the segment is present in main memory.
For paged systems, this bit is always set to 1.
Type
Distinguishes between various kinds of segments and indicates the access attributes.
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Table 8.5
L

x86 Memory Management Parameters (page 2 of 2)

Page Directory Entry and Page Table Entry

Accessed bit (A)
This bit 1s set to 1 by the processor in both levels of page tables when a read or write
operation to the corresponding page occurs.

Dirty bit (D)
This bit is set to 1 by the processor when a write operation to the corresponding page
occurs.

Page Frame Address
Provides the physical address of the page in memory if the present bit is set. Since page
frames are aligned on 4K boundaries, the bottom 12 bits are 0, and only the top 20 bits are
included in the entry. In a page directory, the address is that of a page table.

Page Cache Disable bit (PCD)
Indicates whether data from page may be cached.

Page Size bit (PS)
Indicates whether page size 1s 4 KByte or 4 MByte.

Page Write Through bit (PWT)
Indicates whether write-through or write-back caching policy will be used for data in the
corresponding page.

Present bit (P)
Indicates whether the page table or page is in main memory.

Read/Write bit (RW)
For user-level pages, indicates whether the page is read-only access or read/write access for
user-level programs.

User/Supervisor bit (US)
Indicates whether the page 1s available only to the operating system (supervisor level) or is
available to both operating system and applications (user level).
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* Paging

. Segmentation may be disabled
a0 Wh|ch case Ilnear address space is used

" Two Ievel page table lookup
" First, page directory
®. 1024 entries max

® Splits 4 Gbyte linear memory into 1024 page groups of 4
Mbyte

® Each page table has 1024 entrles correspondlng to4 Kbyte
pages

® Can use one page directory for all processes, one per process
or mixture

® page directory for current process always in memory
" Use TLB holding 32 page table entries
" Two page sizes available, 4k or 4M
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Figure 8.21 Intel x86 Memory Address Translation Mechanisms
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- Figure 8.22 ARM Memory System Overview
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memory




Translation

® The ARM supports memory access
based on either sections or pages

B Supersections (optional)

® Consist of 16-MB blocks of main
memory

® Sections

® Consist of 1-MB blocks of main
memory

B | arge pages

® Consist of 64-kB blocks of main
: memory : :

® Small bages

B Consist of 4-kB blocks of main
memory

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Virtual Memory Address

m Sections and supersections are

supported to allow mapping of a
large region of memory while
using only a single entry in the
TLB ' '

The translation table held in main
memory has two levels:

" First-level table

® Holds section and
supersection translations,
and pointers to second-level
table

® Second-level tables

" Hold both large and small
page translations



Virtual address

Sl J9= 1} 0

: & page
L1 index index| index

Level 1 (L1) page table
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L L2PTbaseaddr | o1
0

Level 2 (L2)
page table
255
—— page base addrl |10

Main Memory

\/\

Figure 8.23 ARM
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Virtual Memory Address Translation
for Small Pages

Small page (4 KB)



Fault

Page table

Section

Supersection

Fault

Small page

Large page

Supersection

Section

Small
page

Large
page

31 24 23 2019 14 121110 9-°8 LA Rt el
IGN | 00 |
Coarse page table base address | P ‘ Domain | SBZ | (1| |
. S n AP ] X
Section base address BlO S TEX AP | P| Domain C|B[ 10
2| el |x N
: 5
Supersection Base address n AP Base address| X
B
base address [35:32] 7 . G 3 yo| ZER e [39:36] N B 0
(a) Alternative first-level descriptor formats
31 16 1_5 14 120 10 RN EE G 4_ 31251570
IGN | 0wl |
Small page base address n & ! TEX AP |C|B |1 i
X n AP .
Large page base address N TEXS b ba X SBZ AP|C|B|D 1
(b) Alternative second-level descriptor formats
31 24 23 20519 0
Level 1 table index I—l Supersection index
3 20 19 0
Level 1 table index | Section index |
31 20119 12 11 0
Level 1 table index I Level 2 table index I Page index |
31 20 19 16 15 12-11 0
. Level 2 | :
Level 1 table index Page index
table index 9

(c) Virtual memory address formats

Figure 8.24 ARM Memory Management Formats
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Table 8.6 ARM Memory-Management Parameters

Access Permission (AP), Access Permission Extension (APX)
These bits control access to the corresponding memory region. If an access 1s made to an
area of memory without the required permissions, a Permission Fault is raised.

Bufferable (B) bit
Determines, with the TEX bits, how the write buffer is used for cacheable memory.

Cacheable (C) bit
Determines whether this memory region can be mapped through the cache.

Domain
Collection of memory regions. Access control can be applied on the basis of domain.

not Global (nGG)
Determines whether the translation should be marked as global (0), or process

specific (1).

Shared (S)
Determines whether the translation is for not-shared (0), or shared (1) memory.

SBZ

Should be zero.

Type Extension (TEX)
These bits, together with the B and C bits, control accesses to the caches, how the write
buffer is used, and if the memory region is shareable and therefore must be kept coherent.

Execute Never (XN)
Determines whether the region is executable (0) or not executable (1).
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+ Access Control

® The AP access control bits in each table entry control access to a region of
memory by a given process

® A region of memory can be designated as:
® - No access
=  Read only
® . Read-write

® The region can be pr|V|Ieged access only, reserved for use by the OS and not by
applications :

' ARM employs the concept of a domain:
®  Collection of sections and/or pages that have particular access permissions
® The ARM architecture supports 16 domains

= Allows multiple processes to use the same translation tables while maintaining some
protection from each other

= Two kinds of domain access are supportedf
= (Clients

m  Users of domains that must observe the access permissions of the individual sections
and/or pages-that make up that domain

= . Managers

® Control the behavior of the domain and bypass the access permissions for table entries
in that domain
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+. '
Summary Operating System

Support

® Memory management

® Operating system overview

: ® Swapping
® Operating system = partitioning
objectives and functions . . |

Paging

. ™ Types of operating systems
® Scheduling
" Long-term scheduling

" Medium-term scheduling e e
® Short-term scheduling | - -

. . .
® [ntel x86 memory Memory system organization

; O
management Virtual memory address
| | translation

® Virtual memory
" Translation lookaside buffer
® Segmentation

" Address space

_ ® Memory-management
|
; Segmentatlon formats

paging ' ™ Access control
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Chapter 9

Number Systems -



The Decimal System

® System based on decimal digits (0, 1, 2 3,4,5,6,7, 8 9) to
- represent numbers |

w-EQr example the number 83 means eight tens plus three:
83=(8*10)+3

® The number 4728 means four thousands, seven hundreds,
two tens, plus eight:

4728 = (4 *1000) +(7*100)+ (2*10) + 8

® The decimal system is said to have a base, or radix, of 10.
. This means that each digit in the number is multiplied by 10
raised to a power corresponding to that digit’s position:

83=(8*10"+(3*10°
4728—(4*103)+(7*’IOZ)+(2*’IO1)+(8*100)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Decimal Fractions

" The same principle holds for decimal fractions, but negative
powers of 10 are used. Thus, the decimal fraction 0.256 stands
for 2 tenths plus 5 hundredths plus 6 thousandths:

0.256 = (RO (S .* 102 + (6 * 10_3)

" A number with both an integer and fractional part has digits
raised to both positive and negative powers of 10:

442,256 = (4% 102) + (4 +107) + (2 * 109 + (2 * 10) + (5 * 10?)
+(6*103)

® Most significant digit

" The leftmost digit (carries the highest value)
" Least significant digit

" The rightmost digit

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 9.1

Positional Interpretation of a Decimal Number

4 7 2 2 5 6
100s 10s 1s tenths hundredths | thousandths
102 101 100 10-1 10-2 10-3
position 2 | position 1 | position 0 §position =1 | position -2 | position =3

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Positional Number Systems

® Each number is represented by a string of digits in which
each digit position i has an associated weight r, where r is
the radix, or base,-of the number system.

® The general form of a number in such a system with radix r
T . . . .

(...0,0,0,0,0,0,0;...)

r

where the value of any digit a, is an integer in the range
0 <a.<r. The dot between a,and a,is called the radix
point.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 9.2
Positional Interpretation
of a Number in Base 7

Position 4 3 2 1 0 -1

Value in

exponential 74 73 72 71 70 7-1
form

i 2401 343 49 7 1 1/7
value

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



The Binary System

" Only two digits, 1 and 0

" Represented to the base 2

" The digits 1 and 0 in binary notation have the same meaning as in
decimal notation: . .

0,=0,,
1,="14

® To represent larger numbers-each digit in a binary number has a
value depending on its position:

10,=(1*21)+(0* 29 =2,
11,=(1*21)+(1*29=3,,
100, =123 + (0,F 21) +:{0 %29 54,

and so on. Again, fractional values are represented with negative
powers of the radix:

1001.101 = 23 + 20+ 21 + 23 = 9,625,

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Binary notation to

decimal notation:

Multiply each binary digit
by the appropriate power
of 2 and add the results

Decimal notation to

binary notation:

Integer and fractional
parts are handled
separately

Converting
Between Binary and
Decimal

© 2016 Pearson Education, Inc., Ho‘boken, NIJ. All rights reserved.



For the integer part, recall that in binary notation, an integer represented by
Gty D=, B : b, =0or 1

has the value Integers
: (B 2 (e s 2 2SN o D e 2T :

Suppose it is required to convert a decimal integer N into binary form. If we divide
N by 2, in the decimal system, and obtain a quotient N, and a remainder R,, we

‘may write

N=2 RN R R,=0or 1

Next, we divide the quotient N, by 2. Assume that the new quotientis N,
and the new remainder R.. Then

N,=2%*N,+R, | _ | R,=0o0r1

so that

N=2(2N,+R,)+R,=(N,*22) + (R, *21) + R,
If next
N,=2N, +R,
we have

N = (N, * 23+ (R, *22) + (R, *21) + R,

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Integers

Because N >N, > N, , continuing this sequence will
eventually produce a quotient N, , = T (except for

the decimal integers 0 and 1, whose binary
equivalents are 0 and 1, respectively) and a
remainder R__, which is 0 or 1. Then

m-2/

(L SR TR Sl ok e Sl (R D) Shiie SO e PR

which is the binary form of N. Hence, we convert
from base 10 to base 2 by repeated divisions by 2.
The remainders and the final quotient, 1, give us, in
order of increasing significance, the binary digits of
N. - - -

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Quotient Remainder

Quotient Remainder

10 1

[\
=

N

AN

l\.)ll\J

NN

-

oLl = 11

(a) 11,

N |-

1
_l 1|

10101, = 21,

(b) 2140

Figure 9.1 Examples of Converting from Decimal
Notation to Binary Notation for Integers
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For the fractional part, recall that in binary
notation, a number with a vaIue between 0 and 1
is represented by

O.b_,b_zb_3. 24 b.=0or 1
and has the value
: (b *27)+(b *22)+(b *23)

This can be rewritten as
2% (e +27*(b +27*(b s ) .))

Suppose we want to convert the number
F(0<F<1)from decimal to blnary notation. We

know that F can be expressed in-the form
ehante Y b 0 B P S . R o I SO R

If we multiply F by 2, we obtain, |

2 2 EEO b 2L R (DS RN
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From this equation, we see that the integer part
of (2 * F), which must be either 0 or 1 because
0<F<1,issimply b, Sowe cansay (2 B =b

+F,where 0<F, <1andwhere

20 * by 23 By 21 b))

~To find b_, we repeat the process.

At each step, the fractional part of the number
from the previous step is multiplied by 2. The
digit to the left of the decimal point in the
product will be 0 or 1 and contributes to the
binary representation, starting with the
“most significant digit. The fractional part.of the
product is used as the multiplicand
in the next step.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Product Integer Part 0.110011, -
T —N Figure 9.2
0.62X 2 = 1.24 1

e Examples of
0'24‘98 ’ Converting
0.48x 2 = 0.96 0 from

e Decimal
0.96 x 2 = 1.92 1 - Notation
0 92‘<4 1 TO
.02 X2 = 1. : :

Binary Notation
(a) 0.81,,= 0.110011, (approximately) For Fractions
Product Integer Part 0.01,
0.2‘5><2/=0.5 0 1
.5 X &= 4.0 ik

(b) 0.25,, = 0.01, (exactly)
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Hexadecimal Notation

B Binary digits are grouped into sets of four bits, called a nibble

® Each possible comblnatlon of four binary dlglts is given a symbol as

follows:

0000 =0 0100 =4 1000 = 8 - 1100=C
0001 =1 01071:=5 1001 =9 1101 =D
.0010 =2 Y 0 o Y e 1010 = A: T110=E
0011 =3 0111 =7 1011 =8B o e B B =

B Because 16 symbols are used, the notation is called hexadeCImaI and
the 16 symbols are the hexadecimal digits

B Thus
2C16 (20 161) (i * 169
= (2,0 % 16") +(12,, * 169 = 44

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 9.3

Decimal,

Binary, and
Hexadecimal

© 2016 Péarson Education, Inc., Hoboken, NIJ. All rights reser\./ed.

Decimal

Binary (base 2)

Hexadecimal

(base 10) (base 16)

0 0000 0

1 0001 1

2 0010 2

3 0011 3

4 0100 4

5 0101 5

6 0110 6

7 0111 7

8 1000 8

9 1001 9
10 1010 A
11 1011 B
12 1100 C
13 1101 D
14 1110 E
15 1111 F
16 0001 0000 10
17 0001 0001 11
18 0001 0010 12
31 0001 1111 1F
100 0110 0100 64
255 1111 1111 FF
256 0001 0000 0000 100




Hexadecimal Notation

Not only used for
representing integers
but also as a concise
notation for
representing any
sequence of binary digits

J

Reasons for using
hexadecimal notation
are:

It is more compact than
binary notation

In most computers,
binary data occupy some
multiple of 4 bits, and

single hexadecimal digit

hence some multiple of a

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

4

It is extremely easy to

convert between binary

and hexadecimal
notation




+ Summary

Chapter 9

® The decimal system

® Positional number
systems

® The binary system

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Number Systems

® Converting between
binary and decimal

= Integers
® Fractions

- ®mHexadecimal notation
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Chapter 10

Computer Arithmetic



. Arithmetic & Logic Unit (ALU)

® Part of the computer that actually performs arithmetic and
logical operations on data

m All of the other elements of the computer system are there
mainly to bring data into the ALU for it to process and then
to take the results back out

® Based on the use of simple digital logic devices that can
store binary digits and perform simple Boolean logic
operations

Nl
1 1 3
\\\\\\\\\\\
\\\\\\\\

Wt
W

“\\“ ' J A

y () of &
‘a"“‘ I~
NN Nlllpv

Ll
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Control $ il . »
Signals - . > . Flags

Operand Result
Registers # # Registers

Figure 10.1 ALU Inputs and Outputs
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Integer Representation

® In the binary number system arbitrary numbers can be
represented with: | |

® The digits zero and one
® The minus sign (for negative numbers)

. ® The period, or radix point (for numbers with a fractional
component)

® For purposes of computer storage and processing we do
not have the benefit of special symbols for the minus sign
and radix point

® Onlybinary digits (0,1) may be used to represent numbers

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



S-ign-Magni-tudé Repre'sen-tatibn —

There are several alternative *All of these alternatives involve treating the

: most significant (leftmost) bit in the word as
conventions used to represent a sign bit

negative as well as positive *If the sign bit is 0 the number is positive
Integers *If the sign bit is 1 the number is negative

Sign-magnitude representation
is the simplest form that
employs a sign bit

*Addition and subtraction require a
consideration of both the signs of the
Drawbacks: numbers and their relative magnitudes to
carry out the required operation

*There are two representations of 0

Because of these drawbacks,
sign-magnitude representation
is rarely used in implementing
the integer portion of the ALU

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



_ N
Table 10.1

Characteristics of Twos Complement Representation and Arithmetic

Range

-2, through2 , -1

Number of Representations
of Zero

One

Negation

Take the Boolean complement of each bit of the corresponding
positive number, then add 1 to the resulting bit pattern viewed as
an unsigned integer.

Expansion of Bit Length

Add additional bit positions to the left and fill in with the value
of the original sign bit.

Overflow Rule

If two numbers with the same sign (both positive or both
negative) are added, then overflow occurs if and only if the result
has the opposite sign.

Subtraction Rule

To subtract B from A, take the twos complement of B and add it
to A.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 10.2
Alternative Representations for 4-Bit Inteqgers

Decimal Sign-Magnitude Twos Complement Biased
Representation Representation Representation Representation

+8 — — 1111
+7 0111 0111 1110
+6 0110 0110 1101
+5 0101 0101 1100
+4 0100 0100 1011
+3 0011 0011 1010
+2 0010 0010 1001
+1 0001 0001 1000
+0 0000 0000 0111
0 1000 — —

-1 1001 1111 0110
-2 1010 1110 0101
-3 1011 1101 0100
-1 1100 1100 0011
-5 1101 1011 0010
—6 1110 1010 0001
7 1111 1001 0000
-8 — 1000 —

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



—128

64

tad
I~

16

(a) An eight-position two's complement value box

—-128

64

Ll
[~

16

2

1

1

1

—-128

+2

(b) Convert binary 10000011 to decimal

+1

=-125

-128

64

1

-120= =128

Figure 10.2 Use of a Value Box for Conversion

(c) Convert decimal —120 to binary

Between Twos Complement Binary and Decimal

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Range Extension

®m Range of numbers that can be expressed is extended by
increasing the bit.length

® [n sign-magnitude notation this is accomplished by moving
the sign bit to the new leftmost position and fill in with
. Zeros

® This procedure will not work for twos complement negative
integers

= Rule is to move the sign bit to the new leftmost position and fill
in with copies of the sign bit

= For positive numbers, fill in with zeros, and for negatlve
numbers, fill in with ones

= This is called sign extension

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Fixed-Point Representation

Programmer
can use the

The radix point
(binary point) is
fixed and

assumed to be

to the right of

the rightmost
digit

some other
location -

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



e
Negation

® Twos complement operation

= Take the Boolean.complement of each bit of the integer
(including the sign bit)

= Treating the result as an unsigned binary integer, add 1

+18 = 00010010 (twos complement)
bitwise complement=11101101 _

3 1

11101110 =-18

® The negative of the negative of that number is itself:

=18 = 11101110 (twos complement)
bitwise complement = 00010001
+ 1
00010010 = +18

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



.
Negation Special Case 1

00000000 (twos

complement) i
Bitwise complement = 11111111
Add 1 to LSB - | A g
Result 100000000

Overflow is ignored, so:

-0=0

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



.
Negation Special Case 2

-128 = | 100_00000' (twos comp'lemen_t)
Bitwise complement = 01111111
Add 1 to LSB ' + DR
Result | | - 10000000
So:
-(-128)=-128 X

Monitor MSB (sign bit)

It should change during negation

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



1001 = -7 1100 = —4
+0101 = 5 +0100 = 4
1110 = -2 10000 = O
(a) (7) + (+5) (b) (4) + (+4)
0011 = 3 1100 = —4
+0100 = 4 +1111 = -1
0111 = 7 1011 = 5
) (+#3)+(+4) (d) (4) + (-1)
0101 = 5 1001 = —7
+0100 = 4 +1010 = —6
1001 = Overflow 10011 = Overflow
©)+#)+(+4) ) -7) + (-6)

Figure 10.3 Addition of Numbers in Twos Complement Representation

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



T,

§ . .
' OVERFLOW RULE:

If two numbers are
~added, and they are both
positive or both negative,
~ then overflow occurs if
~and only if the result has
the opposite sign.
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T,

f%»

SU BTRACTION RU LE

To subtract one number
(subtrahend) from
another (minuend), take
the twos complement
(negation) of the
subtrahend and add it

to the mlnuend

Hoboken, NJ. All rights




0010 = 2 0101 = 5

+1001 = -7 +1110 = -2
1011 = -5 10011 = 3

(a) M =2 = 0010 (b) M =.5/=:0101
S =7 = 0111 S:= 2 = 0010

T = 1001 —S 1110
1011 = -5 0101 = 5

+1110 = -2 +0010 = 2

11001 = -7 0111 = 7

(c) M =5 = 1011 (d) M = 5 = 0101
S =2 = 0010 S =2 = 1110

-S 1110 -8 = 0010
0111 = 7 1010 = —6

+0111 = 7 +1100 = —4

1110 = Overflow 10110 = Overflow

(e) M = 7 = 0111 (f) M = —6 = 1010
S = -7 = 1001 S = 4 = 0100
—S = 0111 —S = 1100

Figure 10.4 Subtraction of Numbers in Twos Complement Representation (M - S)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




subtraction addition subtraction addition
of positive of positive " of positive of positive
numbers numbers numbers 000...0 numbers

98-76-54-3-2-10123456789

(a) 4-bit numbers (b) n-bit numbers

Figure 10.5 Geometric Depiction of Twos Complement Integers -

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



B Register | A Register I

Complementer

Adder

OF = overflow bit

SW = Switch (select addition or subtraction)

Figure 10.6 Block Diagram of Hardware for Addition and Subtraction

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



1011 Multiplicand (11)
x 1101 Multiplier (13)
1011
0000
1011
1011
10001111 Product (143)

Partial products

Figure 10.7 Multiplication of Unsigned Binary Integers

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Multiplicand
|Mn-1| e o o |M0|

S

n-Bit Adder

; ; Shift Right

ey o= il e viy | G

Add Shift and Add
Control Logic

Multiplier
(a) Block Diagram
C A (0] M
0 0000 1101 1011 Initial Values

0 1011 1101 1011 Add }_ First

6 9101 1119 1011 Shift Cycle
Second
6 oolp 1111 1011 Shift } s
g 11a1 1111 1011 } Third
0 0110 1111 1011 Shlft Cycle
1 0001 1111 1011 } Fourth
6 1pop 1111 1011 Shlft Cycle

(b) Example from Figure 9.7 (product in A, Q)

Figure 10.8 Hardware Implementation of
Unsigned Binary Multiplication
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C,A<—0
M-<«—Multiplicand
Q-<—Multiplier

Count<«—n

Shift right C, A, Q
Count<«—Count -1

Figure 10.9 Flowchart for Unsigned Binary Multiplication

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



1011
x1101

00001011 1011 % 1 x 2°

00000000 1011 x 0 x 21

00101100 1011 x 1 X 2°

glollono 1011 % 1. X 2

1 D00

Figure 10.10 Multiplication of Two Unsigned 4-Bit Integers Yielding an 8-Bit
Result

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



1001 (9) 1001 (—7)

x0011 (3) x0011 (3)
00001001 1001 x 2° 11111001 (=7) X 2° = (=7)
00010010 1001 x 2° 11110010 (—7) X 2! = (—14)
00011011 (27) 11101011 (—21)

(a) Unsigned integers

(b) Twos complement integers

Figure 10.11 Comparison of Multiplication of Unsigned and Twos

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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START

A—-0,Q 0

M —Multiplicand
Q~—Multiplier
Count«—n

Arithmetic Shift

Right: A, Q, Q.1
Count<—Count - 1

No

Figure 10.12 Booth's Algorithm for Twos Complement Multiplication
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A 0 M
0000 0011 0 0111 Initial Values
1001 0011 0 0111 R A=~ M }_ First
1100 1001 1 glii Shift Cycle
_ Second
1110 0100 1 gili1 shift }- cvele
0101 0100 1 0111 A<«A + M }_ Third
0010 1010 0 0111 Shift Cycle
0001 0101 0 0111 Shift } s
Cycle

Figure 10.13 Example of Booth's Algorithm (7X 3)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




0111 0111
x0011 (0) x1101 (0)
11111001 1—0 11111001 1—0
0000000 1—1 0000111 021
000111 0—1 111001 1—0
00010101 (21) 11101011 (—21)
(@ Mx3)=(@2D _ (b) (7) X (3)=(-21)
1001 1001
x0011 (0) x1101 (0)
00000111 1—0 00000111 1—0
0000000 1-1 1111001 01
111001 0—1 000111 1—0
11101011 (—21) 00010101 (21)
(c) (=7) x (3) = (=21) | (d) (=7) x (=3)=(21) .

Figure 10.14 Examples Using Booth's Algorithm

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



00001101 <«—— Quotient
Divisor ——3 1011/10010011 <«—— Dividend

1011V
QULL1Y
/ 1011
Partial — 001111
remainders
) alidi

100 «—— Remainder

Figure 10.15 Example of Division of Unsigned Binary Integers
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START

A<—0
M <«—Divisor

Q-<«—Dividend
Count«—n

Shift Left
A,Q

Count<—Count - 1

Quotient in Q
Remainder in A

Figure 10.16 Flowchart for Unsigned Binary Division
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A Q
0000 0111 Initial wvalue
0000 1110 Shift
1101 Use twos complement of 0011 for subtraction
1101 Subtract
0000 1110 Restore, set Q, = 0
0001 1100 Shift
1101
1110 Subtract
0001 1100 Restore, set Q, = 0
0011 1000 Shift
1101
0000 1001 Subtract, set 9, = 1
0001 0010 Shift
1101
1110 Subtract
0001 0010 Restore, set Q, = 0

Figure 10.17 Example of Restoring Twos Complement Division (7/3)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Floating-Point Representation
Principles

® With a fixed-point.notation it is.possible to represent a
range of positive and negative integers centered on or near
0

B By assuming a fixed binary or radix point, this format
allows the representation of numbers with a fractional
component as well

B | imitations:

- ® Very large numbers cannot be represented nor can very small
fractions

= The fractional part of the quotient in a division of two large
numbers could be lost

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



sign of
significand , .
e 8 hits i 23 bits— -
\T biased exponent significand
(a) Format

1.1010001 X 21°100 - 5 10010011 10100010000000000000000 = 1.6328125 X 22°
~1.1010001 X 210100 _- 3 710010011 10100010000000000000000 = —1.6328125 X 22°
1.1010001 X 2719100 — 5 51101011 10100010000000000000000 = 1.6328125 X 220
~1.1010001 X 2°10100 — 9 51101011 10100010000000000000000 = —1.6328125 X 220

(b) Examples

Figﬁre 10.18 Typicél 32-Bit Floating-Point Format

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



+
Floating-Point
Significand

. The final portlon of the word

" Any floating-point number can be expressed in many ways

The following are equivalent, where the S|gn|f|cand IS
expressed in binary form:
0. 110 % 22
110 * 22
0.0110 * 2¢

" Normal number
" The most significant digit of the significand is nonzero

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Expressible Integers

‘ ‘ ‘ Number

g 31 0 231 _1 »  Line
(a) Twos Complement Integers
Negative - Positive
Underflow Underflow
Negative Expressible Negative Expressible Positive Positive
Overflow Numbers Numbers Overflow

—(2-2B)x 2128 127 0 9127 2-2B)x 2128 Line

(b) Floating-Point Numbers

Figure 10.19 Expressible Numbers in Typical 32-Bit Formats
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~ Figure 10.20 Density of Floating-Point Numbers

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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IEEE Standard 754 o e

defined encourage the development
- of sophisticated, numerically
oriented programs

processors and arithmetic point representations
coprocessors

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



" IEEE 754-2008

® Defines the following different types of floating-point formats:

® Arithmetic format

= All the mandatory operations defined by the standard are
supported by the format. The format may be used to represent
floating-point operands or results for the operations described in
the standard.

B Basic format

" This format covers five floating-point representations, three binary
and two decimal, whose encodings are specified by the standard,
and which can be used for arithmetic. At least one of the basic
formats is implemented in any conforming implementation.

® Interchange format

= A fully specified, fixed-length binary encoding that allows data
interchange between different platforms and that can be used for
storage.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



sign biased
bit /exponent

significand field

il

8 bits

(a) binary32 format

sign  biased
bit /€xponent

trailing significand field

[
Ll

11 bits

(b) binary64 format

sign.
bit

Y

biased
exponent

trailing significand field

e
-

15 bits

(c) binary128 format

112 bits

Figure 10.21 IEEE 754 Formats

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Table 10.3 IEEE 754 Format Parameters

Parameter “ormat

binary32 binary64 binary128
Storage width (bits) 32 64 128
Exponent width (bits) 8 11 15
Exponent bias 127 1023 16383
Maximum exponent 127 1023 16383
Minimum exponent —-126 —1022 -16382
Approx normal number range 10 436,10 43¢ | 10 308 10,55 | 10 49395 10, 4935
(base 10)
Trailing significand width (bits)* 23 52 112
Number of exponents 254 2046 32766
Number of fractions 2,5 2., 2,12
Number of values .98 x 24, 1.99 x 2, 199 x2,,,
Smallest positive normal number 2 106 2 om 2 616
Largest positive normal number 2198 — 2104 2,004 — 2971 216384 — 216071
Smallest subnormal magnitude 2 140 2 1074 2 16194

* not including implied bit and not including sign bit

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




+ Additional Formats

Extended Precision Formats

Extendable Precision Format

® Provide additional bits in the exponent
(extended range) and in the significand
(extended precision) ® Precision and range are defined

: - under user-control
B | essens the chance of a final result that

~ has been contaminated by excessive ®m May be used for intermediate
roundoff error : - calculations but the standard -
places no constraint or format or
® | essens the chance of an intermediate length

overflow aborting a computation whose
final result would have been
. representable in a basic format

m Affords'some of the benefits of a larger
basic format without incurring the time
penalty usually associated with higher
precision

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Table 10.4
IEEE Formats

(k= nx32forn>4)

extended precision

F Format Type
ormat : : - —
Arithmetic Format Basic Format Interchange Format

binaryl6 X
binary32 X X X
binary64 X X X
binary128 X X X
binary{k}
(k= nx32forn>4) = =
decimal64 X X X
decimall28 X X X
decimal{k} X X

X

X

extendable !]rﬂcisinn

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 10.5
Interpretation of IEEE 754 Floating-Point Numbers (page 1 of 3)

Sign Biased exponent Fraction Value
positive zero 0 0 0 0
negative zero 1 0 0 —0
plus infinity 0 all 1s 0 %
Minus infinity ] all 1s 0 oo
quiet NaN 0orl all 1s =l flr]St = gNaN
signaling NaN Oorl all Is =0; f"gt - sNaN
positive normal nonzero 0 0<e<?255 f 2, 7(1.D)
negative normal nonzero 1 O<e <255 f 127(LD)
positive subnormal 0 0 £f20 _126(0.0)
negative subnormal 0 £f20 2. 1560.10)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(a) binary32 format




Table 10.5
Interpretation of IEEE 754 Floating-Point Numbers (page 2 of 3)

Sign Biased exponent Fraction Value
positive zero 0 0 0 0
negative zero 1 0 0 —0
plus infinity 0 all Is 0 20
Minus infinity ] all 1s 0 .
quiet NaN Oorl all 1s =L fir]st e gNaN
signaling NaN Oorl all 1s L fi:)st & sNaN
positive normal nonzero 0 0<e <2047 f 2. 1003(10)
negative normal nonzero 1 0<e <2047 f —2._1003(1.5)
positive subnormal 0 0 £20 2. 1022(0.5)
negative subnormal 1 0 £20 2, 1022(0.0)

(a) binary64 format
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Table 10.5
Interpretation of IEEE 754 Floating-Point Numbers (page 3 of 3)
Sign Biased exponent Fraction Value
positive zero 0 0 0 0
negative zero 1 0 0 0
plus infinity 0 all Is 0 oa
minus infinity 1 all 15 0 _o
quiet NaN Oorl all Is =0; fu‘]st = gNaN
signaling NaN Oorl all Is =L fhgt o sNaN
positive normal nonzero 0 all 1s f 2, 1638310
negative normal nonzero 1 all 1s f —2._16383(1.0)
positive subnormal 0 0 f£0 2. 16383(0.0)
negative subnormal 1 f20 -2 1635300

(a) binary128 format

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Table 10.6 Floating-Point Numbers and Arithmetic Operations

Floating Point Numbers Arithmetic Operations

X = X x B X+Y=(X, B 47) xB"
| Xp=Yg
Y- Y, xB X-¥=(X,xB¥ % _y)xB% [ "E7

¥ o Y=(X,, v E-)XBXE.FFE

£= X, « BXe—Ye
¥ Y

by

Examples:

X-=03'x105=30
Y=02x10"=200

X+Y=(03x10,;+0.2)x 10,=0.23 x 10, =230
X-Y=(03x10, ,-02) x 10,=(-0.17) x 10, = =170
XxY=(0.3x%x0.2)x10,,,=0.06 x 10, = 6000
X+¥Y=([03+02)%x10, ,=15%x10 ;=0.15
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SUBTRACT

e > si:zedd Round
A
significands result
Change
signof Y
. Yes Shift RETURN
P lem 20 Significand significand
smaller o et
exponent l
l RETURN Decrement
Shift exponent
7 =Y T X significand Significand
right overflow?,
RETURN
Shift
significand
Significand gl: ight
=07
l Report
underflow
Increment
exponent
Put other RETURN
number in Z
A\ RETURN
Report Exponent

RETURN overflow

overflow?

Figure 10.22 Floating-Point Addition and Subtraction (A X 1Y)
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MULTIPLY

Add
Exponents

v
Subtract Bias

RETURN

Report
Overflow

Report
Underflow

Multiply
Significands

A 4
Normalize

A
Round RETURN

Figure 10.23 Floating-Point Multiplication (Z— XX Y)
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DIVIDE

Subtract
Exponents

Report
Overflow

Report
Underflow

Divide

Significands

v
Normalize

v g
Round RETURN

Figure 10.24 Floating-Point Division (Z«— X/Y)
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x = 1.000.....00 x 2! x = .100000 x 16%
A T s Y o —y = .OFFFFF x 16!
z=0.000.....01 x 21 z = .000001 x 16%
= 1 000.....00 x 22 = _100000 X 16—
(a) Binary example, without guard bits (c) Hexadecimal example, without guard bits
x = 1.000.....00 0000 x 2% x = .100000 00 x 16!
=y = 0.11 ... 11 1000 x 2! —y = .0FFFFF F0 x 161
z = 0.000..... 00 1000 x 2! =z .000000 10 x 161
= 1.000..... 00 0000 x 223 = .100000 00 % 16 °
b) Binary example. with euard bits d) Hexadecimal example, with euard bits
ry P E P £

Figure 10.25 The Use of Guard Bits
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G | | |
Precision Considerations
‘Rounding

®IEEE standard approaches:

® Round to nearest:

® The result is rounded to the nearest representable
number.

¥ Round toward +o : .
® The result is rounded up toward plus infinity.

" Round toward - | _
® The result is rounded down toward negative infinity.

® Round toward O: |
® The result is rounded toward zero.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Interval Arithmetic

" Provides an efficient method for ~m Minus infinity and rounding

- monitoring and controlling errors in .
floating-point computations by to plus are useful in

producing two values for each result . implementing interval
arithmetic

® The two values correspond to the
lower and upper endpoints of an

interval that contains the true result : Tr'u N Cati O N

® The width of the interval indicates
the accuracy of the result TR LS e

B If the endpoints are not
representable then the interval
endpoints are rounded down and up
respectively

® Extra bits are ignored
B Simplest technique

® If the range between the upper and B A consistent bias toward zero in the

lower bounds is sufficiently narrow operation '
then a sufficiently accurate result ® Serious bias because it affects
has been obtained every operation for which there

are nonzero extra bits

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



e | | | |
IEEE Standard for Binary Floating-Point Arithmetic
Infinity

Is treated as the limiting case of real arithmetic, with the
infinity values given the following interpretation:

- o0 < (every finite number) <+ o -

For example:

t(+ o) =40 - LD E o) k()
5-(t) =-c (o) t(te) =+w
Sl R e AT (=005 h{-roo) o =i 00
5:(-0) =+ ((o0)-(+0) =-w
5%(+m) =+o (t)-(-o) =to

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 10.7 ]
Operations that Produce a Quiet NaN

Operation Quiet NaN Produced by
Any Any operation on a signaling NaN
Magnitude subtraction of infinities:
LERy - |
Add or subtract (—2) + (+)
(+00) — (+%)
(~0) — (—=2)
Multiply 0 x>
Division 0 or =
0 v
Remainder xREMO or = REMy
Square root Jx where x<0

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



<—gap—p

7-126 2-125 7-124 7-123
0

(a) 32-bit format without subnormal numbers

uniform

7-126 2-125 7-124 7-123

(b) 32-bit format with subnormal numbers

Figure 10.26 The Effect of IEEE 754 Subnormal Numbers
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+ Summary

Computer
Arithmetic

Chapter 10

® [nteger arithmetic
= Negation
= Addition and subtraction
= Multiplication
= Division

= ALU
® [nteger representation
= Sign-magnitude
representation

= Twos complement

representation B Floating-point arithmetic

® Addition and subtraction
= Multiplication and division
® Precision consideration

= [EEE standard for binary
= [EEE standard for binary floating-point arithmetic
floating-point - - -

representation
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

" Range extension

= Fixed-point representation
o Floating-poiht representatidn

O Prihciples |



William Stallings
Computer Organization
and Architecture

10t Edition

© 2016 Pearson Education, Inc.,
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.Chapter 11
Dlgltal Loglc
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4.
Boolean Algebra

® Mathematical discipline used to design and analyze the behavior of
- the digital circuitry in digital computers and other dlgltal systems

® Named after George Boole
® English mathematician
® Proposed basic principles of the algebra in 1854

B Claude Shannon suggested Boolean algebra could be used to solve
problems in relay-switching circuit design

® Is a convenient tool:
® Analysis
® Jtis an economical way of describing the function of digital circuitry
. 1. Design

B Given a desired function, Boolean algebra can be applied to develop a
simplified implementation of that function

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Boolean Variables and Operations

® Makes use of variables and operations

- ™ Are logical - |
" Avariable may take on the value 1. (TRUE) or 0 (FALSE)
" Basic logical operations are AND, OR, and NOT

= AND. . .
® Yields true (binary value 1) if and onIy if both of its operands are true

= In the absence of parentheses the AND operatlon takes precedence
over the OR operation

" When no ambiguity will occur the AND operation is represented by
simple concatenation instead of the dot operator

LOR
- ® Yijelds true if either or both of its operandé are true

BENOT;
® Inverts the value of its operand

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 11.1

Boolean Operators

(a) Boolean Operators of Two Input Variables

Pl Q NOT P P AND Q PORQ P NAND Q PNOR Q P XOR Q
(P) (P+Q) (P+Q) | (P+Q) | (P+Q) | (POQ

010 1 0 0 1 1 0

0 1 1 0 1 1 0 1

110 0 0 1 1 0 1

1 1 0 1 1 0 0 0

(b) Boolean Operators Extended to More than Two Inputs (A, B,...)

Operation Expression Output =1 if
AND A*Be . All of the set {A,B, ...} are 1.
OR A+B+... Any of the set {A.B, ...} are 1.
NAND AeBe__. Any of the set {A.B, ...} are 0.
NOR A+B+. .. All of the set {A, B, ...} are 0.
XOR A®@B®... The set {A, B, ...} contains an
odd number of ones.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Table 11.2

Basic Identities of Boolean Algebra

Basic Postulates

A*B=B-+A A+B=B+A Commutative Laws

A*B+OC)=(A*B)+(A*(C) A+(B+*O)=(A+B)*(A+C) Distributive Laws

l1=sA=A O+A=A Identity Elements

Ae A =0 T e Inverse Elements
Other Identities

0¢A=0 l1+A=1

AsA=A A+A=A

A*(BOC)=(A*B)+C A+(B+O)=(A+B)+C Associative Laws

A*B=A+B A+B=A°*B DeMorgan's Theorem

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Algebraic

Name Graphical Symbol F . Truth Table
unction
AR LF
o — i F=A-+B b 5010
AND :)—F Slose U B
| F=AB VA L
s Bt B S
A BAE
TS . 0-0/fo0
OR :D—F F=A+B 0o 1|1
B : 1w 0k
qisig =]
: : F—2&' A|F
NOT A—>0—F d5ed ‘7‘0 1
FeA 1|0
A B
pAL A : == AR Al
NAND }F F-AB P B
B s LV R g, (%
T vo
B[ F
STy . o =0=Itq!
NOR :‘_L>0—F | F=A+B 0 10
B L 1 =01 0
oo £o
&' L BilE)
e A o olo
XOR |- D—F F=A®B SR
B_I 1350405,
T T e

Figure 11.1 Basic Logic Gates
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s —

Figure 11.2 Some Uses of NAND Gates
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Ai} (A+B) e

>|

Figure 11.3 Some Uses of NOR Gates
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Combinational Circuit

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

An interconnected set of
gates whose output at any
time is a function only of
the input at that time

The appearance of the input
is followed almost
immediately by the
appearance of the output,
with only gate delays ;

Consists of n binary inputs
and m binary outputs

Can be defined in three
ways:
* Truth table

* For each of the 2" possible
combinations of input
signals, the binary value of
each of the m output signals
is listed

* Graphical symbols
* The interconnected layout of
gates is depicted
* Boolean equations

* Each output signal is
expressed as a Boolean
function of its input signals



Table 11.3 L
A Boolean Function of Three Variables

A B C F
0 0 0 0
0 0 I 0
0 1 0 I
0 1 I I
1 0 0 0
1 0 I 0
1 1 0 I
1 1 I 0

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



SR

Figure 11.4 Sum-of-Products Implementation of Table 11.3.
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>

0l

g
Y

Figure 11.5 Product-of-Sums Implementation of Table 11.3
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Ol >l

Figure 11.6 Simplified Implementation of Table 11.3
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AB BC -
{—\M .

00 01 11 10 ' 00 01 11 10
HHE L0 1|1,

Pl \ _ I 1
(a) F=AB + AB *\

(b) F=ABC + ABC + ABC
q

CD | |
~—~A— g
00 01 11 10 (\M
00 1+ A
01
AB : B
11| 1< 5
10 1
w
(c)F:EECD+A§ED+ABE[‘) | L/Y\J
L ¥, D

(d) Simplified Labeling of Map

Figure 11.7 The Use of Karnaugh Maps to Represent Boolean Functions
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AB 01
11

10

AB 01
11

10

00
AB 01
11

10

CD

00=101-41 0

(a) ABD
CD
00 01 11 10
ali1f1]1
(d) AB
CD
00 01 11 10
(1 1 N
d]1 )
(@A

CD
0081511730
00 1
AB %!
11
10 1
(b) BCD
- CD
00 01 11 10
00
AB ©! (1]1
1|1 |1
10
(e) BC
CD
00 01=Tl 10
oo 1) 1 |
AB or| 1 1
1|1 1
o I i
(h)D

AB

AB

AB

CD
00 01 11 ‘10
00
oD@
11
10
(c) ABD
CD
00 01 11 10
00
oM@
S
10
() BD
CD
00 o1 ,”=.L—0\
00 1({1
01 1|1
11 1({1
10 d | 1)

@C

Figure 11.8 Example Use of Karnaugh Maps
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BC
00 01 11 10

0 @]m

(a) F=AB + BC

CD
00 O1. 11 10

aB O[T
u| @@
10 1

(b) F=BCD + ACD

Figure 11.9 Overlapping Groups
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Table 11.4
Truth Table for the One-Digit Packed
Decimal Incrementer

Input Output
Number A B @ D Number W X Y Z
0 0 0 0 0 1 0 0 0 1
1 0 0 0 1 2 0 0 1 0
2 0 0 1 0 3 0 0 1 1
3 0 0 1 1 4 0 1 0 0
4 0 1 0 0 5 0 1 0 1
5 0 1 0 1 6 0 1 1 0
6 0 1 1 0 1 0 1 1 1
7 0 1 1 1 8 1 0 0 0
8 1 0 0 0 9 1 0 0 1
9 1 0 0 1 0 0 0 0 0
- 1 0 1 0 d d d d
1 0 1 1 d d d d
Don't 1 1 0 0 d d d d
Cary ' 1 1 0 1 d d d d
s 1 1 1 0 d d d d
dition L1 1 1 | d d d d

Table 11.4 Truth Table for the One-Digit Packed Decimal
Incrementer
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CD
00 01 11 10

AR © )
'Bu d\ d dﬁi—_
0] 1 d@_

0004 01100 10

AR ! 1 '
11]d|d|d]|d
10 d|d

()Y =ACD + ACD

CD

00 01 ll| 10
00 @

l@d

(b) X =BD + BC + BCD

CD

00 01 11 10
oo 1) 1
AB 01| 1 1
11]d d

o] Y| |d|\d|

(d)Z=D

Figure 11.10 Karnaugh Maps for the Incrementer -
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Table 11.5
First Stage of Quine-McCluskey Method

(for F=ABCD+ABD +AB + ACD +BCD +BC +BD + D)

Product Term Index A B C D
ABCD 1 0 0 0 1 v
ABCD 5 0 1 0 1 v
ABCD 6 0 1 1 0 v
ABCD 12 1 1 0 0 v
ABCD 7 0 1 1 1 v
ABCD 11 1 0 1 1 v
ABCD 13 1 1 0 1 v
ABCD 15 1 1 1 1 v
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Table 11.6
Last Stage of Quine-McCluskey Method

(for F=ABCD+ABD +AB +ACD+BCD +BC +BD + D)

ABCD ABCD ABCD ABCD ABCD ABCD ABCD 11 Ip
BD X X X X
ACD X X
ABC X ®
ABC X ®
ACD X ®

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



o

* 1D

Figure 11.11 NAND Implementation of Table 11.3
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DO
. 4-to-1 |
multiplexer F
D2
D3
S2 S1

Figure 11.12 4-to-1 Multiplexer Representation
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Table 11.7
4-to-1 Multiplexer Truth Table

S2 Sl F
0 0 DO
0 | DI
| 0 D2
| | D3
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S2 S1

Y | Y

Figure 11.13 Multiplexer Implementation
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(in ITu ALIUu Ci1 ITi A|-|U1 Crs IR|15AL1]15
S2— 4-to-1 S2— 4-to-1 LR asc) d-to-1
= MUX si—| Mux * s1_1 MuX

| | |
PCy | PC, | PCys

Figure 11.14 Multiplexer Input to Program Counter
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A ° De A 000
B * Dc ®
] 001
L
ey Dc ®
1 .— 010
&
011
L 2
L
[ 100
&
[
® 101
L
[ 110
4
111

Figure 11.15 Decoder with 3 Inputs and 2° = 8 Outputs
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256 X 8
RAM

AOQ
.
A7
256 X 8 256 X 8 256 X 8
RAM RAM RAM
9 9 9
el L i a]
(1] (1] [{+]
= = | =z
Ll L Ll
A8 ——
2-to-4
A9 decoder

Enable

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Figure 11.16 Address Decoding



n-bit

destination 3 n-to-2" :
address | decoder . 2" outputs

Data input

Figure 11.17 Implementation of a Demultiplexer Using a Decoder
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" Read-Only Memory (ROM)

® Memory that is implemented with combinational circuits .

= Combinational circuits are often referred to as “memoryless”
circuits because their output depends only on their current
input and no history of prior inputs is retained -

. Memory unit that performs only the read operatlon

= Binary information stored in a ROM is permanent and is created
during the fabrication process

= A given input to the ROM (address lines) always produces the:
same output (data lines)

= Because the outputs are a function only of the present mputs
ROM is a combinational circuit

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 11.8
Truth Table for a ROM

Output

Input

o - -0 -0 00— -0

D D ) D v e e e e e e

L I e I e e e I I I I T T |
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4-input
16-output
decoder

0000

0001

0010

0011

(0100

0101

0110

0111

[ 1000

1001

1010

1011

(1100

1101

1110

1111 |

Figure 11.18 A 64-Bit ROM
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(a) Single-Bit Addition

Binary Addition Truth Tables

Table 11.9

(b) Addition with Carry Input

A B Sum Carry Cs A B Sum G
0 0 0 0 0 0 0 0 0
0 1 1 0 0 0 1 1 0
1 0 1 0 0 1 0 1 0
1 1 0 1 0 1 1 0 1

1 0 0 1 0

1 0 1 0 1

1 1 0 0 1

1 1 1 1 1
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Overflow

signal<«—C; Cin<C; Cin<—Cy Cinl<

Figure 11.19 4-Bit Adder
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0 o »|

sls]slofsfofx

0|l m »|

Sum

p-]

N W

>

Carry

Figure 11.20 Implementation of an Adder
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A;;By;, A3B3; AzBy,3; AgByg AsB;s Ag Bg A, B, Aj B

C.. <] 8-bit c‘z_,,' 8-bit 0(15 8-bit ‘c? 8-bit [ c
e adder adder adder adder o
S33 S5 Sy3 S  Sis  Sg S; S

Figure 11.21 Construction of a 32-Bit Adder Using 8-Bit Adders
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Sequential Circuit

Sequential

Circuit

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Current output
depends not
only on the
current input,
but also on the
past history of
inputs

Makes use of
combinational
circuits




. Flip-Flops

® Simplest form of sequential circuit

® There are a variety of flip-flops, all of which share two
properties: -

1. The flip-flop is a bistable device. It exists in one of two.
states and, in the absence of input, remains in that state.
Thus, the flip-flop can function as a 1-bit memory.

- 2. The flip-flop has two outputs, which are always the
complements of each other.
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Figure 11.22 The S-R Latch Implemented with NOR Gates
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Figure 11.23 NOR S-R Latch Timing Diagram
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Table 11.10 The S-R Latch

(a) Characteristic Table

(b) Simplified Characteristic Table

Current Current Next State S R &
Inputs State sl
SR Q,
00 0 0 0 0 Q,
00 1 1 0 1 0
01 0 0 1 0 1
01 1 0 1 1 —
10 0 ]
10 1 1
11 0 —
11 1 —
(c) Response to Series of Inputs
t 0 1 2 3 4 5 6 7 8 9
S 1 0 0 0 0 0 0 0 1 0
R 0 0 0 1 0 0 1 0 0 0
Q.. 1 1 1 0 0 0 0 0 1 1
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Clock

| )
S J

Figure 11.24 Clocked S-R Flip Flop
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L

Figure 11.25 D Flip Flop
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Clock

e R
o 4

Figure 11.26 J-K Flip Flop
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Name Graphical Symbol Truth Table
S Q S R | Qr+1
0::40 Qi
S-R —>Ck e | 0
1 0 1
R 6 1 1 o
s [ |y J K | Qu+i
0 0 Qn
J-K —>Ck 0-4:F 0
1 0 _l“
i 2em g ol 1 1 Qn
=D S g D | Quyi
0 0
D ——t>Ck 1 1
Qb

Figure 11.27 Basic Flip-Flops
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Data lines
- — T
I E D17 D16 DIS: - D14 D13 D12 . D1l
=D QF 4D OFf D QF =D O =D QFS=D QFn =D QFs, =D Q=
— Clk —> Clk —> Clk —> Clk —> Clk —{> Clk — Clk — Clk
Clock — - . . :
5y _D—o & & & & & &
DOS D07 D06 D05 D04 D03 D02 DO1
oL el .

Qutput lines

- Figure 11.28 8-Bit Parallel Register
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Serial In D Q D Q D Q Serial Out

Clk Clk Clk

Clock

- Figure 11.29 5-Bit Shift Register
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* Counter

m A register whose value is easily incremented by 1 modulo
- the capacity of the register |

m After the maximum value is achieved the next increment
sets the counter value to0

m An example of a counter in the CPU is the program counter

® Can be designated as:
= Asynchronous

m Relatively slow because the output of one flip-flop triggers a
change in the status of the next flip-flop

= Synchronous
m All of the flip- flops change state at the same t|me
® Because it is faster it is the kind used in CPUs

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Data lines
__-l-A'-—
D18 D17 D16 D15 D14 D13 D12 D11
—o o Hp o YHp o Hp e Hr o Hp o Hp o Hp o

sy j—o & o ® P P o
Load = ' ' '

D08 DO7 D06 D05 D04 D03 D02 D01

——

Output lines

Figure 11.30 8-Bit Parallel Register
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Figure 11.31 Design of a Synchronous Counter
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Programmable Logic Device (PLD)
A general term that refers to any type of integrated circuit used for implementing digital
hardware, where the chip can be configured by the end user to realize different designs.

Programming of such a device often involves placing the chip into a special programming unit,
but some chips can also be configured “in-system”. Also referred to as a field-programmable

device (FPD).

Programmable Logic Array (PLA)
A relatively small PLD that contains two levels of logic, an AND-plane and an OR-plane,
where both levels are programmable

Programmaﬁle Array Logic (PAL) .
A relatively small PLD that has a programmable AND-plane followed by a fixed OR-
plane.

Simple PLD (SPLD)
A PLA or PAL.

Complex PLD (CPLD)
A more complex PLD that consists of an arrangement of multiple SPLD-like blocks
on a single chip.

Field-Programmable Gate Array (FPGA)
A PLD featuring a general structure that allows very high logic capacity. Whereas

CPLD:s feature logic resources with a wide number of inputs (AND planes), FPGAs offer more
+ narrow logic resources. FPGAs also offer a hlgher ratio of flip-flops to loglc resources than do

PLIs.

Logic Block

A relatively small circuit block that is replicated in an array in an FPD. When a circuit is
implemented in an FPD, it is first decomposed into smaller sub-circuits that can each be mapped
into a logic block. The term logic block is mostly used in the context of FPGAs, but it could also
refer to a block of circuitry in a CPLD.
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| | l - “OR” array
)
L
)
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s
|/
“AND” array
(a) Layout for 3-input
2-output PLA 0, 0,
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|/
. ) AB
=
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|/

(b) Programmed PLA
_ ] ABC+AB AB +AC
Figure 11.32 An Example of a Programmable Logic Array
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Figure 11.33 Structure of an FPGA
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Figure 11.34 A Simple FPGA Logic Block
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+ Summary

Digital
Logic
Chapter 11
m Boolean Algebra m Sequential Circuits
m Gates | - = Flip-Flops
= Combinational Circuits - = Registers
= Implementation of Boolean ..~ m=Counters

Functions : .
® Programmable Logic Devices

= Programmable Logic Array

® Field-Programmable Gate
Array

= Multiplexers
= Decoders

- ® Read-Only-Memory
= Adders |
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.Chapter 12
Instruction Sets:
Characteristics and Functions
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+ _ ,
Machine Instruction
Characteristics

® The operation of the processor is determined by the
instructions it executes, referred to as machine instructions
or computer instructions | | |

® The collection of different instructions that the processor.
can execute is referred to as the processor’s instruction set

® Fach-instruction must contain the information required by
 the processor for execution
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Elements of a Machine Instruction

Operation code
(opcode)

* Specifies the operation
to be performed. The
operation is specified
by a binary code,
known as the
operation code, or
opcode

Result operand
reference

* The operation may
produce a result

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Source operand
reference

* The operation may
involve one or more
source operands, that
is, operands that are
inputs for the
operation

Next instruction
reference

* This tells the processor
where to fetch the next
instruction after the
execution of this
instruction is complete



Instruction Operand Operand
fetch fetch store
A y A
Multiple . Multiple
| operands results
v v
Instruction Instruction Operand Data Operand
address operation =P  address o =  address
; : . Operation 2
calculation decoding calculation calculation

Return for string

Instruction complete, r vector data

fetch next instruction

Figure 12.1 Instruction Cycle State Diagram
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Source and result operands can

be i |n one of four areas:

3) Processor register

A processor contains one or -

1) Main or virtual memory more registers that may be

u ASW|th next InStI’UCtIOH . referenced by machine
references, the main or Hetructions.
virtual memory address must _
be supplled = If more than one register

exists each register is

assigned a unique name or

number and the instruction
2) I/0 device must contain the number of

" The instruction must specify the desired register

the /0O module and device 4) Immediate
for the operation. If |
memory-mapped I/O is used,
this is just another main or
virtual memory address

®= The value of the operand is
contained in a field in the
instruction being executed
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Instruction Representation

® Within the computer each instruction is represented by a
sequence of bits

® The instruction is divided into fields, corresponding to the
cons_tituent eleme_nts of the ins_truction

4 bits . 6 bits . 6 bits.
Opcode Operand Reference Operand Reference
<t 16 bits B

Figure 12.2 A Simple Instruction Format
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» v

+ : _ . : _ : o : S 00

Instruction Representation o AT
oy @70 10

10,01010 i1e7

® Opcodes are represented by abbreviations - r0 7070 1LA® 1

called mnemonics

=
® Examples include: ' |

= ADD Add

" SUB Subtract

" MUL Multiply
= DIV - Divide

= LOAD ‘Load data from memory

BSTOR Store data to memory

® Operands are also represented symbolically

2 Each symbollc opcode has a fixed blnary representatlon

" The programmer specifies the location of each symbolic
operand
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Instruction Types ~ mm

~

KArithmetic instructions provide
computational capabilities for
processing numeric data

*Logic (Boolean) instructions
operate on the bits of a word as
bits rather than as numbers, thus
they provide capabilities for
processing any other type of data
the user may wish to employ

*Movement of data into or
out of register and or
memory locations

h Data Data /
processing storage

Data
ntrol
4 Contro movement A

*Test instructions are used to test the
value of a data word or the status of a
computation

*Branch instructions are used to branch
to a different set of instructions
depending on the decision made

*1/0 instructions are needed
to transfer programs and
data into memory and the
results of computations
back out to the user

b
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Instruction Comment
SUB Y.,A,B Y—<A-B
MPY T.D,E Te«DxE
ADD: T, T.C T«T+C
DIV Y,Y.T Ye<Y+T

(a) Three-address 1nstructions

Instruction Comment
MOVE Y. A YA

SUB Y.B Y—<Y-B
MOVE T.D T«D

MPY T.E T—TxE
ADD T.C T<T+C
DIV Y.,T YeY=T

Instruction Comment
LOAD D AC«D
MPY E AC— ACXxE
ADD C AC—AC+C
STOR Y Y « AC
LOAD A ACe« A

SUB B AC«< AC-B
DIV Y AC—AC=+Y
STOR Y Y <« AC

(b) Two-address instructions

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Figure 12.3 Programs to Execute Y =

(c) One-address instructions

A-B

C +(DXE)




Table 12.1

Utilization of Instruction Addresses
(Nonbranching Instructions)

Number of Addresses Symbolic Representation Interpretation

3 OP A.B.C A< BOPC
2 OPA.B A< AOPB
1 OP A AC «— ACOPA
0 OP Te (T-1)OPT

AC = accumulator

T = top of stack

(T—1) = second element of stack

A,B.C = memory or register locations
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Instruction Set Design

Defines many of the functions performed by the processor

Operation repertoire

*How many and which
operations to provide and
how complex operations
should be

Fundamental design issues:

Data types

*The various types of data
upon which operations are
performed

Instruction format

*Instruction length in bits,
number of addresses, size
of various fields, etc.

Registers

*Number of processor
registers that can be
referenced by instructions
and their use

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Addressing

*The mode or modes by
which the address of an
operand is specified




- Types of Operands
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+ Numbers

® All machine languages include numeric data types

5 Numbers stored in a computer are limited:
= Limit to the magnltude of numbers representable on a machine -
" In the case of floating-point numbers, a limit to their precision

® Three types of numerical data are common in computers:
™ Binary integer or binary fixed point |

® Binary floating point

" Decimal

B Packed decimal

- ® Each decimal digit is represented by a 4-bit code with two digits
stored per byte

‘B To form numbers 4-bit codes are strung together, usually in
multiples of 8 bits
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. |
Characters

® A common form of data is text or character strings-

m Textual data in character form cannot be easﬂy stored or
transmitted by data processing and communications
systems because they are designed for binary data

® Most commonly used character code is the International
Reference Alphabet (IRA) | | |

® Referred to in the United States as the American Standard Code
for.Information Interchange (ASCII)

B Another code used to encode characters is the Extended
Binary Coded Decimal Interchange Code (EBCDIC)

®m EBCDIC is used on IBM mainframes
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. Logical Data

® An n-bit unit consisting of n 1-bit items of data, each item.
having the value 0 or 1

® Two advantages to bit-oriented view:

. ® Memory can be used most efficiently for. storing an array of
Boolean or binary data items in which each item can take on
only the values 1 (true) and 0O (false)

= To manipulate the bits of a data item

m If floating-point operations are implemented in software, we
need to be able to shift significant bits in some operations

® To convert from IRA to packed decimal, we need to extract the
rightmost 4 bits of each byte
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Data Type

Description

(General

Integer

Ordinal

Unpacked binary coded
decimal (BCD)

Packed BCD

Near pointer

Far pointer

Bit field

Bit string

Byte string

Floating point
Packed SIMD (single

instruction, multiple data)

Byte, word (16 bits), doubleword (32 bits), quadword (64 bits),
and double quadword (128 bits) locations with arbitrary binary
contents.

A signed binary value co4ntained in a byte, word, or doubleword,
using twos complement representation.

An unsigned integer contained in a byte, word, or doubleword.

A representation of a BCD digit in the range 0 through 9, with one
digit in each byte.

Packed byte representation of two BCD digits; value in the range 0
to 99.

A 16-bit, 32-bit, or 64-bit effective address that represents the
offset within a segment. Used for all pointers in a nonsegmented
memory and for references within a segment in a segmented
memory.

A logical address consisting of a 16-bit segment selector and an
offset of 16, 32, or 64 bits. Far pointers are used for memory
references in a segmented memory model where the identity of a
segment being accessed must be specified explicitly.

A contiguous sequence of bits in which the position of each bit is
considered as an independent unit. A bit string can begin at any bit
position of any byte and can contain up to 32 bits.

A contiguous sequence of bits, containing from zero to 24, — 1
bits.

A contiguous sequence of bytes, words, or doublewords,
containing from zero to 24, — 1 bytes.

See Figure 12.4.
Packed 64-bit and 128-bit data types

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 12.2

X86
Data Types



]

~1

|

15 0
31 0
63 0
sign bit
twos comp

; 7 0

sign bit
15 0

sign bit
31 0
sign bit

63 0

sign bit
[ool i
15 519 0

sign bit
” exp | significand |
31 2 0
sign bit
" exp | significand |
63 51 0
sign bit integer bit

| exponent " significand |
79 63 0

Byte unsigned integer
Word unsigned integer
Doubleword unsigned integer

Quadword unsigned integer

Byte signed integer
(twos complement)

Word signed integer
(twos complement)

Doubleword signed integer
(twos complement)

Quadward usigned integer
(twos complement)t

Half precision
floating point

Single precision
floating point

Double precision
floating point

Double extended precision
floating point

Figure 12.4 x86 Numeric Data Formats
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. Single-Instruction-Multiple-Data
(SIMD) Data Types

® Introduced to the x86 architecture as part of the extensions of the
instruction set to optimize performance of multimedia
applications

®m These extensions include MMX (multimedia extensions) and SSE
(streaming SIMD extensions)

® Data types:
= Packed byte and packed byte integer
= Packed word and packed word integer

- ® Packed doubleword and packed doubleword integer
= Packed quadword and packed quadword integer

u

Packed single-precision floating-point and packed double-precision
floating-point
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ARM DataTypes S

ARM processors support
data types of:

*8 (byte)

*16 (halfword)

*32 (word) bits in length

Alignment checking

*When the appropriate control
bit is set, a data abort signal
indicates an alignment fault
for attempting unaligned
access

All three data types can
also be used for twos
complement signed

integers

For all three data types
~an unsigned
interpretation is

supported in which the

Unaligned access

*When this.option is-enabled,
the processor uses one or
more memory accesses to

generate the required
Va_lue represents an transfer of adjacent bytes
unsigned, nonnegative _ ~transparently to the
mteger programmer
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Data bytes
in memory
(ascending address values
from byte 0 to byte 3)

>

>

31y Y y 0O
Byte3 | Byte2 | Bytel | Byte 0
ARM register

program status register E-bit =0

Figure 12.5 ARM Endian Support - Word Load/Store with E-bit
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Byte 3

-

Byte 2
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Byte 1

<€

Byte 0

31y Y Y y. 0
Byte0 | Bytel | Byte2 | Byte3
ARM register

program status register E-bit =1



Type

Operation Name

Description

Data Transfer

Move (transfer)

Transfer word or block from source to destination

Store

Transfer word from processor to memory

Load (fetch)

Transfer word from memory to processor

Exchange

Swap contents of source and destination

Clear (reset)

Transfer word of Os to destination

Set Transfer word of 1s to destination
Push Transfer word from source to top of stack
Pop Transfer word from top of stack to destination
Add Compute sum of two operands
Subtract Compute difference of two operands
Multiply Compute product of two operands
e b Divide Compute quotient of two operands
Absolute Replace operand by its absolute value
Negate Change sign of operand
Increment Add 1 to operand
Decrement Subtract | from operand
AND Perform logical AND
OR Perform logical OR
NOT (complement) | Perform logical NOT
Exclusive-OR Perform logical XOR
. Test Test specified condition; set flag(s) based on outcome
Logical Compare Make logical or arithmetic comparison of two or more

operands; set flag(s) based on outcome

Set Control

Class of instructions to set controls for protection

Variables purposes, interrupt handling, timer control, etc.
Shift Left (right) shift operand, introducing constants at end
Rotate Left (right) shift operand, with wraparound end

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 12.3

Common
Instruction Set
Operations
(page 1 of 2)

(Table can be found on page
426 in textbook.)



Type

Operation Name

Description

Transfer of Control

Jump (branch)

Unconditional transfer; load PC with specified address

Jump Conditional

Test specified condition; either load PC with specified

address or do nothing, based on condition

Jump to Subroutine

Place current program control information in known
location; jump to specified address

Return Replace contents of PC and other register from known
location

Execute Fetch operand from specified location and execute as
mnstruction; do not modify PC

Skip Increment PC to skip next instruction

Skip Conditional

Test specified condition; either skip or do nothing based

on condition

Halt

Stop program execution

Wait (hold)

Stop program execution; test specified condition
repeatedly: resume execution when condition is satisfied

No operation

No operation is performed, but program execution is
continued

Input/Output

Input (read)

Transfer data from specified I/O port or device to

destination (e.g., main memory or processor register)

Qutput (write)

Transfer data from specified source to I/O port or device

Start /O Transfer instructions to /O processor to initiate [/O
operation

Test /O Transfer status information from I/O system to specified
destination

Translate Translate values in a section of memory based on a table

. of correspondences
Conversion
Convert Convert the contents of a word from one form to another

(e.g., packed decimal to binary)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 12.3

Common
Instruction Set
Operations
(page 2 of 2)

(Table can be found on page
426 in textbook.)



Table 12.4

Processor Actions for Various Types of Operations

Data Transfer

Transfer data from one location to another

If memory is involved:

Determine memory address

Perform virtual-to-actual-memory address transformation
Check cache

Initiate memory read/write

May involve data transfer, before and/or after

Arithmetic Perform function in ALU
Set condition codes and flags
Logical Same as arithmetic
Conversion Similar to arithmetic and logical. May involve special logic to

perform conversion

Transfer of Control

Update program counter. For subroutine call/return, manage
parameter passing and linkage

/O

Issue command to I/O module

If memory-mapped 1/O, determine memory-mapped address

(Table can be found on page 427 in textbook.)
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Data Transfer

Most
fundamental

type of
machine
instruction

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

source and
destination
operands
* The length of data
to be transferred
must be indicated
* The mode of

addressing for
each operand




Table 12.5 .
Examples of IBM EAS/390 Data Transfer Operations

Operation Number of Bits
Mnemonic Name Transferred Description

| i Load 32 Transfer from memory to register

LH Load Halfword 16 Transfer from memory to register

LR Load 32 Transfer from register to register

LER Load (Short) 32 Transfer from floating-point register to
floating-point register

LE Load (Short) 32 Transfer from memory to floating-point
register

LDR Load (Long) 64 Transfer from floating-point register to
floating-point register

LD Load (Long) 64 Transfer from memory to floating-point
register

23 Store 32 Transfer from register to memory

STH Store Halfword 16 Transfer from register to memory

S1C Store Character 8 Transfer from register to memory

STE Store (Short) 32 Transfer from floating-point register to
memory

S L) Store (Long) 64 Transfer from floating-point register to
memory

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. (Table can be found-on page 428 in textbook.)



" Most machines provide the basic arithmetic
operations of add, subtract, multiply, and divide

= These are provided for signed integer (fixed-
point) numbers

= Often they are also Frowded for floating-point
and packed decimal numbers

= Other possible operations include a variety of
single-operand instructions:

Absolute Arithmetic

= Take the absolute value of the operand
Negate

= Negate the operand

Increment

= Add 1 to the operand
Decrement
= Subtract 1 from the operand

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




Table 12.6

Basic Logical Operations

P Q NOTP |PANDQ| PORQ [ PXORQ P=Q
0 0 1 0 0 0 I
0 I 0 1 1 0
1 0 0 1 1 0
1 I 1 1 0 I

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




T T

(a) Logical right shift

“\r\ﬁ;(\r\r\ ¥ e LI" X

(b) Logical left shift

CTTTTT——TT7

(c) Arithmetic right shift

(e) Right rotate

(f) Left rotate

Figure 12.6 Shift and Rotate Operations
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Table 12.7

Examples of Shift and Rotate Operations

Input (Operation Result
10100110 Logical right shift (3 bits) 00010100
10100110 Logical left shift (3 bits) 00110000
10100110 Arithmetic right shift (3 bits) 11110100
10100110 Arithmetic left shift (3 bits) 10110000
10100110 Right rotate (3 bits) 11010100
10100110 Left rotate (3 bits) 00110101
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Instructions
that change the A
format or _ ~Conversion
operate on the . . .
format of data

' i i An example of a
, | _ | _ more complex

editing

instruction is
the EAS/390

Translate (TR)
instruction
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Input/Output

® Variety of approaches taken:
= [solated programmed I/0
= Memory-mapped programmed I/O
= DMA | |

- ® Use of an I/0 processor

® Many implementations provide only a few I/O instructions,
with the specific actions specified by parameters, codes, or
command words

—~

\
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Sy_st-em 'Controll -

Instructions that can be executed only while the processor is in a certain

privileged state or is executing a program in a special privileged area of
memory

Typically these instructions are reserved for the use of the operating
system

Examples of system control operations:

A system control An instruction to read or | A¢®SS E)ciopcrlgsciensz control
instruction may read or modify a storage multioroarammin
alter a control register protection key Psysgtem g
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+
Transfer of Control

m Reasons why transfer-of-control operations are required:

® [t is essential to be able to execute each instruction more than
once

= Virtually all programs involve some decision making

= It helps if there are mechanisms for breaking the task up into
' smaller pieces that can be worked on one at a t|me

® Most common transfer-of-control operations found in
instruction sets:

= Branch
~m Skip
® Procedure call

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Unconditional
branch
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Memory
address

200
201

—> 202
203

210
211

225

235

Instruction

SUBX,Y

BRZ 211

" BRE R1, R2, 235

Conditional
branch

Conditional
branch

Figure 12.7 Branch Instructions



Skip 'I_nst_ru'ct_ion_s

Includes an implied
address

Typically implies that one
instruction be skipped,

thus the implied address |
equals the address of the
next instruction plus one
instruction length

Because the skip
instruction does not
require a destination

address field it is free to
do other things

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Example is the

increment-and-skip-if-
zero (ISZ) instruction




. | | .
Procedure Call Instructions

B Self-contained computer program that is incorporated into a larger
. program | ' ' '
® At any point in the program the procedure may be invoked, or called

® Processor is instructed to go and execute the entire procedure and then
return to the point from which the call took place

® Two principal reasons for use of procedures:
- ™ Economy
B A procedure allows the same piece of code to be used many times
® Modularity

B Involves two basic instructions:
® A call instruction that branches from the present location to the procedure

. ® Return instruction that returns from the procedure to the place from which it
was called
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Addresses
4000

4100
4101

4500

4600
4601

4650
4651

4800

Main Memory

CALL Procl

CALL Proc2

CALL Proc2

RETURN

RETURN

(a) Calls and returns

Main
Program

Procedure
Procl

Procedure
Proc2

(b) Execution sequence

Figure 12.8 Nested Procedures
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(a) Initial stack

contents

4101

{b) After
CALL Procl

4601

4101

4101

(c) Imitial
CALL Proc2

(d) After
RETURN

4651

4101

4101

(e) After

CALL Proc2

(f) After
RETURN

(g) After
RETURN

Figure 12.9 Use of Stack to Implement Nested Procedures of Figure 12.8
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x2

x1

Old Frame Pointer

P: Return Point

(a) P is active

4

Stack
Pointer

Frame
Pointer

2 Stack
Y Pointer
vyl
Old Frame Pointer - .
B Fr.?lme
Pointer

Return Point

x2

x1

Old Frame Pointer

Return Point

(b) P has called Q

Figure 12.10 Stack Frame Growth Using Sample Procedures P and Q
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. x86 Operation Types

® The x86 provides a complex array of operation types |nclud|ng a
- number of spécialized instructions

® The intent was to provide tools for the compiler writer to produce
optimized machine language translation of high-level language
programs

® Provides four instructions to support procedure call/return:
m.CALL
= ENTER
= LEAVE
® RETURN

® When a new procedure is called the following must be performed
upon entry to the new procedure:

® Push the return point on the stack

® Push the current frame pointer on the stack

® Copy the stack pointer as the new value of the frame pomter
® Adjust the stack pointer to allocate a frame
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Table 12.8
x86 Status Flags

Status Bit Name Description

CF Carry Indicates carrying or borrowing out of the left-most bit position
following an arithmetic operation. Also modified by some of
the shift and rotate operations.

PF Parity Parity of the least-significant byte of the result of an arithmetic
or logic operation. 1 indicates even parity; 0 indicates odd
parity.

AF Auxiliary Carry | Represents carrying or borrowing between half-bytes of an 8-bit
arithmetic or logic operation. Used in binary-coded decimal
arithmetic.

ZF Zero Indicates that the result of an arithmetic or logic operation is 0.

SF Sign Indicates the sign of the result of an arithmetic or logic
operation.

OF Overflow Indicates an arithmetic overflow after an addition or subtraction

for twos complement arithmetic.
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Symbol

Condition Tested

Comment

A,NBE CF=0 AND ZF=0 Above; Not below or equal (greater than,
unsigned)
AE_NB. NC CF=0 Above or equal; Not below (greater than or
equal, unsigned); Not carry
B.NAE.C £ h=] Below; Not above or equal (less than,
unsigned); Carry set
BE, NA CF=1 OR ZF=1 Below or equal; Not above (less than or
equal, unsigned)
E, 7 =1 Equal; Zero (signed or unsigned)
G,NLE [(SF=1 AND OF=1) OR (SF=0 | Greater than: Not less than or equal (signed)
and OF=0)] AND [ZF=0]
GE,NL (SF=1 AND OF=1) OR (SF=0 | Greater than or equal; Not less than (signed)
AND OF=0)
L, NGE (SF=1 AND OF=0) OR (SF=0 | Less than; Not greater than or equal (signed)
AND OF=1)
LE, NG (SF=1 AND OF=0) OR (SF=0 | Less than or equal; Not greater than (signed)
AND OF=1) OR (ZF=1)
NE, NZ ZF=0 Not equal; Not zero (signed or unsigned)
NO OF=0 No overflow
NS SF=0 Not sign (not negative)
NP, PO PF=0 Not parity; Parity odd
0 OF=1 Overflow
P Ph=1 Parity; Parity even
S SE=1 Sign (negative)
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Table
12.9

X86
Condition
Codes
for
Conditional
Jump
and
SETcc
Instructions

(Table can be found on page
440 in the textbook.)



Category

Instruction

Description

Arithmetic

Comparison

PADD [B. W, D]

Parallel add of packed eight bytes, four 16-bit words, or two 32-bit
doublewords, with wraparound.

PADDS |B, W] Add with saturation.
PADDUS |B, W] Add unsigned with saturation
PSUB |[B.W. D] Subtract with wraparound.

PSUBS [B, W]

Subtract with saturation.

PSUBUS [B, W]

Subtract unsigned with saturation

PMULHW Parallel multiply of four signed 16-bit words, with high-order 16
bits of 32-bit result chosen.

PMULLW Parallel multiply of four signed 16-bit words, with low-order 16 bits
of 32-bit result chosen.

PMADDWD Parallel multiply of four signed 16-bit words; add together adjacent

pairs of 32-bit results.

PCMPEQ [B, W, D]

Parallel compare for equality; result is mask of 1s if true or Os if
false.

PCMPGT B, W. D]

Parallel compare for greater than: result is mask of s if true or Os if
false.

PACKUSWB

Pack words into bytes with unsigned saturation.

PACKSS [WB, DW]

Pack words into bytes, or doublewords into words, with signed
saturation.

Conversion PUNPCKH [BW. WD, Parallel unpack (interleaved merge) high-order bytes, words, or
DQJ doublewords from MMX register.
PUNPCKL [BW, WD, Parallel unpack (interleaved merge) low-order bytes, words. or
DQ] doublewords from MMX register.
PAND 64-bit bitwise logical AND
Looi PNDN 64-bit bitwise logical AND NOT
ogical _ —— —
POR 64-bit bitwise logical OR
PXOR 64-bit bitwise logical XOR
PSLL [W.D, Q| Parallel logical left shift of packed words, doublewords, or
quadword by amount specified in MMX register or immediate
value.
Shift PSRL [W,D, Q] Parallel logical right shift of packed words, doublewords, or
gquadword.
PSRA [W,D| Parallel arithmetic right shift of packed words, doublewords, or
quadword.
Data Transfer MOV [D. Q] Move doubleword or quadword to/from MMX register.
State Mgt EMMS Empty MMX state (empty FP registers tag bits).

Note: If an instruction supports multiple data types [byte (B), word (W), doubleword (D),
qguadword (Q)], the data types are indicated in brackets.
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MMX

Instruction
Set

(Table can be found on page
442 in the textbook.)



. X86 Single-Instruction, Multiple-
Data (SIMD) Instructions

® 1996 Intel introduced MMX technology into its Pentium
product line

" MMX s a set of highly optimized instructions for multimedia tasks

= Video and audio data are typlcally composed of large arrays of
- small data types

" Three new data types are defined in MMX
" Packed byte
" Packed word

~ ® Packed doubleword

® Each data type is 64 bits in length and consists-of multiple
smaller data fields, each of which holds a fixed-point integer
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Alpha ~ Alpha
B B
- G : G
R R
Image A Image A

| Jam3[Ar2]Arl |Ar0| |Br3 [Br2[Br1][B10]
* 1. Unpack byte R pixel [CAB | A2 ] Arl vy L e e I e |
components from
images A and B \ /
; ; Subtract ;
2. Subtract image B from image A [==Ei e S S = O
X X x X

3. Multiply result by fade value [ fade | fade | fade | fade |

[fade* 13 | fade- 12 fade- r1|fade- 10]

+ + + +

4. Add image B pixels "B+ ] B2 | Bri i} B0 ]

| newr3 | newr2 | newrl | newr0 |

5. Pack new composit pixels
back to bytes

R I el I (70 POV B IR

MMX code sequence performing this operation:

pxor mm7, mm7 :zero out mm?7

movq mm3, fad_val :load fade value replicated 4. times

movd mm0, imageA ;load 4 red pixel components from image A

movd mml, imageB :load 4 red pixel components from image B

punpckblw  mmO, mm7 ;unpack 4 pixels to 16 bits

punpckblw'  mml, mm7 ;unpack 4 pixels to 16 bits

psubw mm0, mm1 ssubtract image B from image A

pmulhw mm0, mm3 :multiply the subtract result by fade values

padddw mm0, mm1 :add result to image B

packuswb mmO0; mm7 :pack 16-bit results back to bytes

Figure 12.11 Image Compositing on Color Plane Representation
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ARM Operation Types

' Load and store Branch
instructions Instructions

Parallel addition
and subtraction
Instructions

Multiply
iInstructions

Status register
access
Instructions
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Data-processing
Instructions

Extend
Instructions




Code Symbol Condition Tested Comment
0000 EQ =1 Equal
0001 NE Z=0 Not equal
0010 CS/HS C=1 Carry set/unsigned higher or same
0011 CC/LO C=0 Carry clear/unsigned lower
0100 Ml N=1 Minus/negative
0101 PL N=0 Plus/positive or zero
0110 VS V=1 Overflow
0111 VC V=0 No overflow
1000 HI C=1ANDZ=0 Unsigned higher
1001 LS C=00RZ=1 Unsigned lower or same
1010 GE N=V Signed greater than or equal
[N=1ANDV=1)
OR (N=0AND V =0)
1011 LT N#V Signed less than
[N=1AND V =0)
OR (N=0AND V =1)]
1100 GT (Z=0)AND (N=V) Signed greater than
1101 LE (Z=1)OR(N=V) Signed less than or equal
1110 AL — Always (unconditional)

1111

This instruction can only be executed
unconditionally
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Table 12.11

ARM
Conditions
for
Conditional
Instruction
Execution

(Table can be found on
Page 445 in the
textbook.)



+ Summa ry . Instruction Sets:

Characteristics and
Chapter 12 Functions

® Machine instruction ‘® Intel x86 and ARM data types
characteristics

= Elements of a machine " Types of operafions

instruction ~ ® Data transfer
- ® [nstruction representation = Arithmetic
= Instruction types - ® |ogical
® Number of addresses ® Conversion
= Instruction set design - =® [nput/output
" Types of operands - = System control -
= Numbers

® Transfer of control
® Characters

= Logical data m Intel x86 and ARM operatio

types | |
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William Stallings
Computer Organization
and Architecture

10t Edition
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. Chapter 13
Instruction Sets: Addressing
Modes and Formats
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Addressing Modes
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Instruction Instruction Instruction
[ I Operand | (1 A | [ 1 A I
Memory Memory
Operand |«
| Operand
(a) Immediate (b) Direct (c¢) Indirect
Instruction Instruction Instruction
I [R ] I [ R | L IR] A ]
Memory Memory
Operand : +
- - # Operand - Operand
Registers Registers Registers
(d) Register (e) Register Indirect {f) Displacement
Instruction
Implicit

Top of Stack

Register

(g) Stack

Figure 13.1 Addressing Modes
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Table 13.1

Basic Addressing Modes

Mode Algorithm Principal Advantage Principal Disadvantage
Immediate Operand = A No memory reference Limited operand magnitude
Direct EA=A Simple Limited address space
Indirect EA =(A) Large address space = Multiple memory references
Register EA =R No memory reference Limited address space
Register indirect EA =(R) Large address space  Extra memory reference
Displacement EA=A+(R) Flexibility Complexity
Stack EA =top of stack No memory reference Limited applicability
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* Immediate Add re'ssin'g

B Simplest form of addressing
B Operand =A

® This mode can be used to define and use constants or set initial
values of variables

= Typically the number will be stored in twos complement form
® The leftmost-bit of the operand field is used as a sign bit

B Advantage:

®. No memory reference other than the instruction fetch is required to obtain
the operand, thus saving one memory or cache cycle in the instruction cycle

® Disadvantage:

® The size of the number is restricted to the size of the address field, which, in
most instruction sets, is small compared with the word length
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Direct Addressing

Address field
contains the
effective address of
the operand

Effective address
(EA) = address field
(A)

Was common in
earlier generations
of computers

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Requires only one
memory reference
and no special
calculation

Limitation is that it

provides only a
limited address
space




" Indirect Addressing

B Reference to the address of a-.word in memory which contains a
full-length address of the operand

®EA=(A)
® Parentheses are to be interpreted as meaning contents of

® Advantage:
® For a word length of N an address space of 2Nis now available

B Disadvantage:
® [nstruction execution requires two memory references to fetch the operand
B One to get its address and a second to get its value

® A rarely used variant of indirect addressing is multilevel or
cascaded indirect addressing

B OEA=(L 0 (AL L)

® Disadvantage is that three or more memory references could be required to
fetch an operand
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Regi-stef -AddreSsing

Address field
refers to a
register rather

than a main

memory
address

Advantages: Disadvantage:

* Only a small * The address space
address field is ; is very limited
needed in the
instruction

* No time-consuming
memory references
are required
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. Reqgister Indirect Addressing

® Analogous to indirect addressing

= The only difference is whether the address field refers to a
memory location or a register

®= EA=(R)

m Address space limitation of the address field is overcome by
having that field refer to a word-length location containing
an address

m Uses one less memory reference than'indirect addressing
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i Displacement Addressing

® Combines the capabilities of direct addressing and register
indirect addressing

" EA=A+(R)

® Requires that the instruction have two address fields, at least
one of which is explicit | | |
" The value contained in one address field (value = A) is used directly

" The other address field refers to a register whose contents are
added to A to produce the effective address

® Most common uses:
" Relative addressing
® Base-register addressing
" Indexing
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Relative Addressing

“* The next instruction address is added to the address field to produce the EA
* Typically the address field is treated as a twos complement number for this
~ operation

* Thus the effective address is a dlsplacement relatlve to the address of the
instruction ' '
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i Base-Register Addressing

" The referenced register contains a main memory address and
the address field contains a displacement from that address

" The register reference may be explicit or implicit
® Exploits the locality of memory references
® ‘Convenient means of implementing segmentation

" In some implementations a single segment base register is
employed and is used implicitly - |

® In others the programmer may choose a register to hold the
base address of a segment and the instruction-must reference
it explicitly

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



'I-ndexinlg

" The address field references a main memory address and the referenced
register contains a positive displacement from that address

® The method of calculating the EA is the same as for base-register
.addressing ; : ; : ; : :

® An important use is to provide an efficient mechanism for performing
iterative operations

" Autoindexing
" Automatically-increment or decrement the index register after each reference to it
" EA=A+(R)
®(RYE (R

" Postindexing
" Indexing is performed after the indirection
o EAR (A R

¥ Preindexing
‘® Indexing is performed before the indirection
MBS E(AT(R])
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" Stack Addressing

® Astack is a linear array of locations
® Sometimes referred to as a pushdown list or last-in-first-out queue

m A stack is a reserved block of locations
= [tems are appended to the top of the stack so that the block:is partially filled

® Associated with the stack is a pointer whose value is the address of the top
of the stack

= The stack pointér is maintained in a register
= Thus references to stack locations in memory are in fact register indirect

addresses
m Js a form of implied addressing

® The machine instructions need notinclude a memory
reference but implicitly operate on the top of the stack
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Segment Registers

Base Register

Index Register

Selector

Scale
1,2,4,0or 8

+ _Dis:placcm::nt
(in instruction;

0, 8, or 32 bits)

Effective
Descriptor Registers Address
A Dicli SSI Linear
.\‘ Tzl i Gg

Address
,“ Tal.i ]:‘1q +
- —Acmﬁq
A il §

—q: —Access RightscS
q: Limit
Base Address
P

Figure 13.2 x86 Addressing Mode Calculation
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Table 13.2
x86 Addressing Modes

Mode Algorithm
Immediate Operand = A
Register Operand LA=R
Displacement LA=(SR)+ A
Base LA =(SR) + (B)
Base with Displacement LA=SR)+(B)+ A

Scaled Index with Displacement

Base with Index and Displacement

Base with Scaled Index and Displacement

Relative

A=SR)+(DxS+A
_( SR)+(B)+(D+ A
(SR)+(DHxS+(B)+A
=(PC)+ A

linear address

contents of X

segment register

program counter

contents of an address field in the instruction
register

base register

index register

scaling factor

U:“UJPULPR%E;
I
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STRB r0, [rl, #12]

rl

Offset
0xC 0x20C

Original -
base register 0x200 0x200

STRB r0; [rl, #12]!

Updated i

pdate

base register 0x20C
rl

(a) Offset

Offset
0xC 0x20C

Original ¥
base register 0x200 0x200

STRB r0, [rl], #12

rl
Updated

(b) Preindex

Offset

base register 0xC 0x20C

rl

A

» 0x200

sl [ 0x200
ase register

Figure 13.3 ARM Indexing Methods

(c) Postindex
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0x5

0x5

0x5

r0 Destination
0x5 register
for STR

r0 Destination
0x5 register
for STR

- 10 Destination
0x5 register
for STR



: ARM Data Processing Instruction
Addressing

and Branch Instructions

® Data processing instructions

= Use either register addressing or a mixture of register and
immediate addressing

" For register addressing the value in one of the register operands
may be scaled using one of the five shift operators

B Branch instructions

® The only form of addressing for branch instructions is
immediate.

® [nstruction contains 24 bit value. . .
m Shifted 2 bits left so that the address is on a word boundary
= Effective range + 32MB from from the program counter
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LDMxx rl0, {r0, rl, r4}.
STMxx rl0, {r0, rl, r4}

Increment
r10 after (IA)
Base register | 0x20C
(r4)
(rl)

»| (xr0)

Increment Decrement Decrement
before (IB) after (DA) before (DB)
(r4)
(rl)
(r0)
(r4)
{rl) (rd)
(xr0) {rl)
(r0)

Figure 13.4 ARM Load/Store Multiplé Addressing |
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0x218
0x214
0x210
0x20C
0x208
0x204
0x200



istruction Formiats. .. .

addressing
mode for
each operand
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S o |
Instruction Length

® Most basic design issue

m Affects, and is affected by:
= Memory size
= Memory organization
. ® Bus structure
= Processor complexity
" Processor speed

® Should be equal to the memory-transfer length or one
. should be a.multiple of the other

= Should be a multiple of the character Iength; which is
usually 8 bits, and of the length of fixed-point numbers
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Allocation of Bits

operan!s

reglster sets range

“modes ‘memory
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Memory Reference Instructions

| Opcode | DA | ZziC | Displacement |
i) 23550 i 5= - 117
Input/Output Instructions
| 1 1 0 | Device | Opcode |
0 2 3 B 9 11

Register Reference Instructions
Group | Microinstructions

| 1 1 1 0 |CLA | CLL | CMA | CML | RAR | RAL | BSW | IAC |
0 1 2 3 1 5 6 4 8 9 10 11
Group 2 Microinstructions
| 1 1 1 1 |CLA |SMA | SZA | SNL | RSS | OSR | HLT | 0 |
ML 1 T iy 4 e 7y & 9 10  § B
Group 3 Microinstructions
| 1 1 1 1 |CLA|[MQA| 0 |[MQL| 0 | 0 | 0 | 1 |
ol 1 2 i 4 SipA 7 B Ayl 10 11,5
D/ = Direct/Indirect address IAC = Increment ACcumulator
Z/C = Page 0 or Current page SMA = Skip on Minus Accumulator
. CLA = Clear Accumulator . SZA = Skip on Zero Accumulator
CLL- = Clear Linik SNL = Skip on Nonzero Link
CMA = CoMplement Accumulator RSS = Reverse Skip Sense
CML = CoMplement Link OSR = Or with Switch Register
. RAR = Rotate Accumultator Right =HET=rHalkT :
RAL = Rotate Accumulator Left MQA = Multiplier Quotient into Accumulator
BSW = Byte SWap MQL = Multiplier Quotient Load

Figure 13.5 PDP-8 Instruction Formats
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Opcode Register

Index
Register

Memory Address

0 : 8 9

[ = indirect bit

12

14

17.- 18

Figure 13.6 PDP-10 Instruction Format
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Variable-Length Instructions

® Variations can be provided efficiently and compactly
® [ncreases the complexity of the processor

. ® Does not remove the desirability of making all of the
instruction lengths integrally related to word length

® Because the processor does not know the length of the next
instruction to be fetched a typical strateqgy is to fetch a number
of bytes or words equal to at least the longest possible
instruction

= Sometimes multiple instructions are fetched
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10

11

12

13

Opcode| Source |Destination Opcode R Source 3 Opcode Offet
4 6 6 7 e 6 8 8
Opcode FP| Destination Opcode Destination| 6 Opcode CC
8 2 6 10 6 12 4
Opcode R Opcode
13 3 16
Opcode| Source [Destination Memory Address
4 6 6 16
Opcode R Source Memory Address
7 3 6 16 ~
Opcode FP| Source Memory Address
8 2 6 16
Opcode Destination Memory Address
10 6 16
Opcode| Source |Destination Memory Address 1 Memory Address 2
4 6 6 16 16

Numbers below fields indicate bit length

Source and Destination each contain a 3-bit addressing mode field and a 3-bit register-number
FP indicates one of four floating-point registers
R indicates one of the general-purpose registers
CC is the condition code field

Figure 13.7 Instruction Formats for the PDP-11
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Hexadecimal

Format

Explanation

Assembler Notation
and Description

8 bits

e p—————

Opcode for RSB

RSB
Return from subroutine

D 4 Opcode for CLRL CLRLR9

5 9 Register R9 Clear register R9

B 0 Opcode for MOVW MOVW 356(R4), 25(R11)

C 4 Worfd displacement mode, Move a word from address

6 4 Register R4 that i1s 356 plus contents
ST S ] of R4 to address that is

0 1 25 plus contents of R11
Byte displacement mode,

A B Register R11

1 9 25 in hexadecimal

pcode for A 3 #5, , @A
Opcode for ADDL3 DDL3 #5, R0, @A[R2]
Short litera A to a 32-bit integer in
Short literal 5 dd 5 32-bit i I
- RO and store the result in
5 0 Register mode RO : .
location whose address is-

4 2 Index prefix R2 sum of A and 4 times the

D F Indirect word relative contents of R2
(displacement from PC)

+ Amount of displacement from

PC relative.to location A -

.Figure 13.8 Exampleé of VAX Instructions
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Dorl Oorl Oorl Oorl
bytes bytes bytes bytes -
Instruction| Segment ﬂpnfrand Adflmss
fix override N e
pre override | override
: . £ . 0orl  Oorl . .
: 0,1,2,3,ordbytes ; 1,2,o0r 3 bytes bytes bytes 0,1,2,or 4 bytes 0,1,2,o0r 4 bytes
Instruction prefixes Opcode ModR/m SIB Displacement Immediate
Mod Reg/Opcode RM Scale Index Base
7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0

Figure 13.9 x86 Instruction Format
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31-30-29 28 27 2625 24 23 22 21 20:19 18 1716 15:14 1312 1+-10-9- 827 . 6.5 .43 21 D -

iﬁfﬁ;iﬁ?ﬁ cond [0 O O| opcode |S Rn Rd shift amount | shift| 0 Rm
dmi;g;?:;‘ft cond [0 O 0| opcode |S Rn Rd Rs 0 | shift| 1 Rm
550 ﬁﬁjﬁ;‘% cond 0 01 r_;-pcode S Rn Rd rota.te immediaté
Joadsore 0 T o TR ulBW]L] e Rd "~ immediate
ceisrofier | cond [0 1 1[P[u[Bw[L] rn Rd | shiftamount|shift| o] Rm
| cond 1 0 ofp[ulsw[L] R ] registerlict
"”““EZE’QE‘I?EE cond |1 0 T|L ! 24-bit offset

S = For data processing instructions, signifies that B = Distinguishes between an unsigned

the instruction updates the condition codes byte (B==1) and a word (B==0) access
S = For load/store multiple instructions, signifies L = For load/store instructions, distinguishes
whether 1nstruction execution is restricted tc- between a Load (L==1) and a Store (L==0)
_supervisor mode L = For branch instructions, determines whether
P, U, W = bits that distinguish among . areturn address is stored in the link register

different types of addressing_mode

Figure 13.10 ARM Instructlon Formats
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3130 20 28 27 26 25 2423 22 21 20191817 16 151413 121110 9 B 7 6 5 3. 2
ofojojojojo|ojofojojojojojojojofojojofojojojoyo
ror #0 - range 0 through 0x000000FF - step 0x00000001
31302928 27 26.25 24-23 2221201918 17°16.1514'13 121110 98 .7 6. 5 35k
olofo|ofo|ofo|ofo]ofo]ofo]|ofo|ofo]o|o|of0]0
ror #8 - range 0 through OxFF000000 - step 0x01000000
31:30.20 28-27 26 25 24 23 22 2172019181716 1514 1312 1110 9 8.7 6 5 3- 2

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0 |

0

0

0

0

0

Figure 13.11 Examples of Use of ARM Immediate Constants
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ror #30 - range 0 through 0x000003FC - step 0x00000004




5141312 171098 76,5 477372170

add/subract/compare/move

op f h
immediate format 001 code Rd/Rn immediate
App 3 #1010 0 1 ERAHO 1 1A 00 k-1

: M minor opcode
MNICE picoce denoting ADD 1

denoting format 3
move/compare/add/sub

instruction

destination and

with immediate value scrurccl register immediate
value
update
always condition L,
condition code A 4 flags L 4 rotation
RDDE x3, x3; #1911 1 1 0|0 O 1|00 P0OLE0 01 110 0 1 1]00-0 O0]l00 @.1-0-0 .17

data processing
immediate format

cond 0 0 1| opcode |5

Rn

Rd rotate immediate

31:30:29 28 37'26:-25.24-23 2221 019 18:172:16 1514 1312 11:18: 9 Bi /- 6% 4.:3::2 350

Figure 13.12 Expanding a Thumb ADD Instruction into its ARM Equivalent
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: Thumb-2 Instruction Set

® The only instruction set available on the Cortex-M microcontroller
products

® Js a major enhancement to the Thumb instruction set architecture
(ISA) - '

- ® Introduces 32-bit instructions that can be intermixed freely with the older 16-
bit Thumb instructions

® Most 32-bit Thumb instructions are unconditional, whereas almost all ARM
instructions can be conditional

® Introduces a new If-Then (IT) instruction that delivers much of the
functionality of the condition field in ARM instructions

® Delivers overall code density comparable with Thumb, together with
the performance levels associated with the ARM ISA

® Before Thumb-2 developers had to choose between Thumb for size
and ARM for performance
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i i+2 +4 i+6 +8 i+10 Instruction flow
thm | [hwi |[[hw2| |thm | | hwit || hw2 thm #
Halfword 1 [15:13] | Halfwordl [12:11] Length Functionality
Not 111 XX 16 bits (1 halfword) 16-bit Thumb instruction
111 00 16 bits (1 halfword) 16-bit Thumb unconditional
branch instruction
111 Not 00 32 bits (2 halfwords) 32-bit Thumb-2 instruction

Figure 13.13 Thumb-2 Encoding
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Address Contents Address Contents
101 0010 0010 101 2201 101 2201
102 0001 0010 102 1202 102 1202
103 0001 0010 103 1203 103 1203
104 0011 0010 104 3204 104 3204
201 0000 0000 201 0002 201 0002
202 0000 0000 202 0003 202 0003
203 0000 0000 203 0004 203 0004
204 0000 0000 204 0000 204 0000

(a) Binary program (b) Hexadecimal program
Address Instruction Label Operation Operand
101 LDA 201 FORMUL LDA |
102 ADD 202 ADD |
103 ADD 203 ADD K
104 STA 204 STA N
201 DAT 2 | DATA 2
202 DAT 3 J DATA 3
203 DAT 4 K DATA 4
204 DAT 0 N DATA 0

(c) Symbolic program

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(d) Assembly program

Figure 13.14 Computation of the FormulaN=1+ J+ K



+ Summa ry . Instruction Sets:

Addressing Modes
and Formats

Chapter 13

m x86 addressing modes

® Addressing modes ® ARM addressing modes.

= Immediate addressing

- ® Direct addressing | m [nstruction formats
" Indirect addressing ' ® Instruction length
® Register addressing = Allocation of bits
= Register indirect addressing . = Variable-length instructions

- ® Displacement addressing

. m X86 instruction formats
m Stack addressing

®m ARM instruction formats
®m Assembly language
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. Chapter 14

Processor Structure and Function
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Processor Organization

Processor Requirements:

‘B Fetch instruction
" The processor reads an instruction from memory (register, cache, main memory)

" Interpret instruction
" The instruction is decoded to determine what action is required

" Fetch data

- Thede>iecution of an instruction may require reading data from memory or an I/0
module

® Process data

® The execution of an instruction may require performing some arithmetic or logical
operation on data

" Write data
- ™ The results of an execution may require writing data to memory or an I/0 module

® In order to do these things the processor needs‘to store some data
temporarily and therefore needs a small internal memory

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Registers

ALU

Control
Unit

Control Data Address
Bus Bus Bus

VY\J

System
Bus

Figure 14.1 The CPU with the System Bus
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Control
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Control
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Figure 14.2 Internal Structure of the CPU




Register Organization

~® Within the processor there is a set of registers that function as
a level of memory above main memory and cache in the

hierarchy

® The registers in the processor perform two roles:

User-Visible Registers

® Enable the machine or
assembly language
programmer to minimize
main memory references by

~ optimizing use of registers .

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

m Used by the control unit to-
control the operation of the
processor and by privileged
operating system programs
to control the execution of
programs




User-VisibIe-Registers

S . Categories:

Referenced by means of - General purpose
the machine |anguage * Can be assigned to a variety of functions by
: the programmer
that the processor * Data
executes * May be used only to hold data and cannot be
employed in the calculation of an operand
address
* Address

* May be somewhat general purpose or may be
devoted to a particular addressing mode

* Examples: segment pointers, index registers,
stack pointer

* Condition codes
* Also referred to as flags

* Bits set by the processor hardware as the
result of operations

it g
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Table 14.1
Condition Codes

Advantages

Disadvantages

Because condition codes are set by normal
arithmetic and data movement instructions,
they should reduce the number of
COMPARE and TEST instructions needed.
Conditional instructions, such as BRANCH
are simplified relative to composite
instructions, such as TEST AND
BRANCH.

Condition codes facilitate multiway
branches. For example, a TEST instruction
can be followed by two branches, one on
less than or equal to zero and one on
greater than zero.

Condition codes can be saved on the stack

during subroutine calls along with other
register information.

Condition codes add complexity, both to
the hardware and software. Condition code
bits are often modified in different ways
by different instructions, making life more
difficult for both the microprogrammer
and compiler writer.

Condition codes are irregular; they are
typically not part of the main data path, so
they require extra hardware connections.
Often condition code machines must add
special non-condition-code instructions for
special situations anyway, such as bit
checking, loop control, and atomic
semaphore operations.

In a pipelined implementation, condition
codes require special synchronization to
avoid conflicts.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Control and Status Registers
Four registers are essential to instruction

execution: -
® Program counter (PC)

® Contains the address of an instruction to be fetched

® [nstruction reqister (IR) ' | (’QF[\X\\

- ® Contains the instruction most recently fetched \)b )
| s | | ’\\\g;)} \é

® Memory address register (MAR) R

= Contains the address of a location in memory

® Memory buffer register (MBR)

= Contains a word of data to be written to memory or the word
most recently read

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



* Program Status Word (PSW)

Register or set of registers that
contain status information

Common fields or flags include:
Sign

Zero

Carry

Equal

Overflow

Interrupt Enable/Disable

Supervisor

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



DO
D1
D2
D3
D4
D5
D6
D7

A0
Al
A2
A3
Ad
AS
A6
AT

Data registers

Address registers

Program status

Program counter

I Status register

(a) MC68000

General registers

AX
BX
CX
DX

Pointers & index

SP
BP
SI

DI

CS
DS
SS
ES

Accumulator

Base

Count

Data

Stack ptr

Base ptr

Source index

Dest index

Segment

Code

Data

Stack

Extrat

Program status

Flags

Instr ptr

(b) 8086

EAX
EBX
ECX
EDX

ESP
EBP
ESI

EDI

General Registers

AX

BX

CX

DX

SP

BP

SI

DI

Program Status

FLAGS Register

Instruction Pointer

(¢) 80386 - Pentium 4

'Figure 14.3 Example Microprocessor Register Organizations
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Includes the following
stages:

' InstruCtion

Cycle

Fetch

Read the next
instruction from
memory into the
processor

Execute

y

Interpret the opcode
and perform the
indicated operation

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Interrupt

If interrupts are
enabled and an
interrupt has occurred,
save the current
process state and
service the interrupt




Fetch

Interrupt

Indirect

Execute

Figure 14.4 The Instruction Cycle
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Indirection

Indirection
Instruction Operand Operand
fetch fetch store
Multiple Multiple
operands results
Instruction Instruction Operand Data Operand
address operation =  address B atinh =P address
calculation decoding calculation calculation
Instruction complete, Return for string
fetch next instruction or vector data
. : No “
Interrupt  pterrupt <
check
l Interrupt
Interrupt

Figure 14.5 Instruction Cycle State Diagram
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CPU

PC ——>{MAR

Control 7 :>

Unit

IR K—MBRK

Address Data Control

Bus Bus Bus

MBR = Memory buffer register
MAR = Memory address register
IR = Instruction register

PC = Program counter

Figure 146 Data Flow, Fetch Cycle
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Vallv;




CPU

SIMAR

Control
Unit

Address Data Control
-Bus Bus Bus

Figure 14.7 Data Flow, Indirect Cycle
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CPU

PC

MAR J—[>
h

Control ::>,

Unit

{MBR

A_ddress Data | Control
Bus Bus Bus

Figure 14.8 Data Flow, Interrupt Cycle
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Pipe-linihg Stratégy

To apply this concept
to instruction
execution we must
Similar to the use of recognize that an
an assembly line in a instruction has a
manufacturing plant ' number of stages

- New inputs are
accepted at one end
before previously
accepted inputs
appear as outputs at
the other end

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



L L

Instruction /i Instruction
»| Fetch L

II Result
Execute

(a) Simplified view

Wait New address Wait

Instruction

Instruction
Fetch - ;

v

Discard

Result
Execute - ;

(b) Expanded view

Figure 14.9 Two-Stage Instruction Pipeline
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+ Additional Stages

m Fetch instruction (FI)

= Read the next expected " Fetch operands (FO)
- _instruction into a buffer = Fetch each operand from
' | memory '

= Decodg inseruction (DI} = Operands in registers need
= Determine the opcode and not be fetched
the operand specifiers | |
B Execute instruction (EI)

® Calculate operands (CO) ® Perform-the indicated -

® Calculate the effective operation and store the

address of each source result, if any, in the
operand - - specified destination

~ ® This may involve | operand location
displacement, register
indirect, indirect, or other - ® Write operand (WO)
forms of address = Store the result in memory
calculation
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Instruction 1
Instruction 2
Instruction 3
Instruction 4
Instruction 5
Instruction 6
Instruction 7
Instruction 8

Instruction 9

Figure 14.10 Timing Diagram for Instruction Pipeline Operation
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Time 5
112 |3|4]|5|6]|7]|8]|9]|10|11]|12|13 |14
FI1 | DI | CO| FO | EI | WO

FI | DI | CO| FO | EI | WO
FI1 | DI |CO| FO | EI | WO
FI1 | DI |CO| FO | EI | WO
FI | DI |CO| FO | EI | WO
FI | DI |CO | FO| EI | WO
FI | DI |CO | FO | EI | WO
FI | DI |CO| FO | EI | WO
FI | DI |CO| FO | EI | WO




Time
> < Branch Penalty % -

1|12 )|3|4|5]|]6]|7|8|]9|10|11|12]|13 |14
Instruction1 | F1 | DI | CO | FO | EI | WO
Instruction 2 FI | 1 | CO| FO | EI | WO
Instruction 3 F1 | b1 |co| Fo| EI |wO
Instruction 4 Fi | o1 | col Fo
Instruction 5 FI1 | o1 | co
Instruction 6 FI | DI
Instruction 7 FI
Instructioﬁ 15 FI | DI | CO| FO | EI | WO
Instruction 16 FI | DI | CO| FO | EI | WO

Figure 14.11 The Effect of a Conditional Branch on Instruction Pipeline Operation
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Fetch

FI

DI

CO

Yes

FO

El

Instruction

Decode
Instruction

Calculate
Operands

Uncon-
ditional
Branch?

Fetch
Operands

Execute
Instruction

Write
Operands

Figure 14.12 Six-Stage Instruction Pipeline
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FI | DI |CO|FO|EI WO FI | DI |CO|FO | EI WO
kI Lo
2 |12 |11 2112 | 11
3 |3 |12|11 3 ([B|R2|11
4 |4|B3|12|11 . 4 (4| B|12|1
S 1|43 12|11 S (B4 B|12|11
o 6 |Ie|IS|4 |13 |12 |11 ; 6 (I6e|IS|H4 |13 |12 |11
é 7 |17 116 |15 |14 |13 |12 7 (17|16 |15 |14 |13 | 12
8 |I18|17 |16 |15 |14 |13 : 8 |[I15 : 3
v 9 |9 |18 |17 |16 |15 14 9 (116|115
10 9 |18 |17 [I6 | IS 10 116|115
11 9 |18 |17 | I6 | 11 116|115
12 9|18 |17 12 116 | 115
13 : 9|18 : 13 : 116 | 115
14 19 14 116
(a) No branches : (b) With conditional branch

Figure 14.13 An Alternative Pipeline Depiction
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12

10 k =12 stages

k =9 stages

k = 6 stages

Speedup factor

53 | T | R
1 2 4 8 16 32 64 128

Number of instructions (log scale)

(a)

14

] gt
n = 30 instructions

10 —

n = 20 instructions

n = 10 instructions

Speedup factor
o
l

|
0 ' 5 =R E (), Thics 20

Number of stages

(b)

Figure 14.14 Speedup Factors with Instruction Pipelining
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Pipeline Hazards o

Occur when the
pipeline, or some

~portion of the There are three types
pipeline, must stall of hazards:
because conditions O
do not permit * Data
continued execution * Control

Also referred to as a
pipeline bubble

|
=

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. .’




I1
12
13

Instrutcion

14

I1
12
I3

Instrutcion

14

Clock cycle

IS PR el R T PR -
FI | DI | FO | EI |[WO
FI | DI | FO | EI | WO
FI | DI | FO | EI |WO
FI | DI | FO| EI |[WO

(a) Five-stage pipeline, ideal case

Clock cycle
J DI Aeaoie, ST RERAIT - DORY Teater ARUAY - RETL
FI | DI | FO | EI | WO
FI | DI | FO| EI | WO
Idle] FI | DI | FO| EI | WO
FI | DI | FO | EI | WO

(b) I1 source operand in memory

Figure 14.15 Example of Resource Hazard
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ADD EAX, EBX
SUB ECX, EAX
I3

14

Clock cycle
j (R TR, Sl et N (T ey G SRR S (|
FI | DI | FO | EI | WO
FI | DI Idle FO | EI | WO
FI DI | FO| EI | WO
FI | DI | FO| EI | WO

Figure 14.16 Example of Data Hazard
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Types of Data Hazard

B Read after write (RAW), or true dependency
- ™ Aninstruction modifies a register or memory location
B Succeedinginstruction reads data in memory or register location

® Hazard occurs if the read takes place before write operation is
complete

B Write after read (WAR) or antldependency
" An instruction reads a register or memory location
= Succeeding instruction writes to the location

® Hazard occurs if the write operation completes before the read
operation takes place

B Write after.write (WAW),.or output dependency
® Two instructions both write to the same location.

B Hazard occurs if the write operations take place in the reverse order
of the intended sequence

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Control Hazard

® Also known .as a branch hazard

m Occurs when the pipeline makes the wrong decision on a
branch prediction

0 Brings instructions into the pipéline that must
subsequently be discarded

® Dealing with Branches:
Multiple streams
Prefetch branch target
Loop buffer
Branch prediction'
Delayed branch

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



'I\/Iu-ItipI'e Streams

use Oor two streams

* Additional branch instructions may enter the pipeline
before the original branch decision is resolved

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Prefetch Branch Target

= When a conditional branch is recognized, the
target of the branch is prefetched, in

- addition to the instruction following the
branch

® Target is then saved until the branch
instruction is executed -

m If the branch is taken, the target has already
been prefetched

= IBM 360/91 uses this approaéh

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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. Loop Buffer

® Small, very-high speed memory maintained by the
instruction fetch stage of the pipeline and contalnlng the n
most recently fetched instructions, in sequence

B Benefits:

" Instructions fetched in sequence will be available without the
usual memory access time

" If a branch occurs to a target just a few Iocatlons ahead of the
address of the branch instruction, the target will already be in
the buffer

" This strateqgy is particularly well suited to dealing with loops .

® Similar in principle to a cache dedicated to instructions

B Differences:
® The loop buffer only retains instructions in sequence
® s much smaller in size and hence lower in cost

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Branch address -

Instruction to be
decoded in case of hit

Loop Buffer
(256 bytes)

£ Most significant address bits
compared to determine a hit

Figure 14.17 Loop Buffer
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o |
Branch Predi

ction

® Various techniques can be used to predict whether a

branch will be taken:

—

Tt Pr.edict never taken
2. Predict always taken

3. Predict by opcodé

—

4. Taken/not taken switch

5. Branch history table

= These approaches are static

= They do not depend on the
execution history up to the time of
the conditional branch instruction

® These approaches are dynamic

" They depend on the execution
history

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Read next
conditional
branch instr

—p] conditional

v

Predict taken

Read next

branch instr

A 4

Predict not taken

Read next
conditional
branch instr

A 4

Predict taken

Read next
conditional
branch instr

A 4

Predict not taken

Figure 14.18 Branch Prediction Flow Chart
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Not Taken =] -

Taken Predict Predict
Taken Taken
< Taken
A
=
=¥
=
2 =
o
= 7
Y
Not Taken
Predict _ Predict | Not Taken
Not Taken < Not Taken
Taken

Figure 14.19 Branch Prediction State Diagram
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Next sequential

(b) Branch history table strategy

address
IR
2t
)
5| ¥ Memory
.| Branch Miss
Handling
(a) Predict never taken strategy
Next sequential
v address
IPFAR | T 3
instruction ~ Target =
address address  State ‘E
Lookup > = =
2 Memory
—]
Add new 5 IPFAR = inslructi?n
entry prefix address register
Update 7
state |
Branch f\fliss Redirect
Handling

Figure 14.20 Dealing with Branches
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Intel 80486 Pipelining = 8
_. | Fetch | | .

Objective is to fill the prefetch buffers with new data as soon as Operates independently of the other stages to keep the
the old data have been consumed by the instruction decoder prefetch buffers full

Decode stage 1

All opcode and addressing-mode 3 bytes of instruction are passed to the D1 decoder can then direct the D2 stage
information is decoded in the D1 stage D1 stage from the prefetch buffers to capture the rest of the instruction

Decode stage 2

Expands each opcode into control signals for the ALU Also controls the computatlorggget?e more complex addressing

Stage includes ALU operations, cache access, and register update

Updates registers and status flags modified during the preceding execute stage

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Fetch | D1 D2 EX WB MOV Regl, Mem1
Fetch | D1 D2 EX WB MOV Regl, Reg2
Fetch | D1 D2 EX WB MOV Mem2, Regl
(a) No Data Load Delay in the Pipeline
Fetch | D1 D2 EX WB MOV Regl, Mem1
Fetch | D1 D2 EX MOV Reg2, (Regl)
(b) Pointer Load Delay
Fetch | D1 D2 EX WB ~ CMP Regl, Imm
Fetch | D1 D2 EX Jee Target
Fetch | D1 D2 EX Target

(¢) Branch Instruction Timing

Figufe 14.21 80486 Instruction Pipeline Exarﬁples
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(a) Integer Unit in 32-bit Mode

Type Number Length (bits) Purpose
General 8 32 General-purpose user registers
Segment 6 16 Contain segment selectors
EFLAGS 1 32 Status and control bits
Instruction Pointer 1 32 Instruction pointer
(b) Integer Unit in 64-bit Mode Ta b | e 1 4. 2
Type Number Length (bits) Purpose
General 16 32 General-purpose user registers
Segment 6 16 Contain segment selectors
RFLAGS 1 64 Status and control bits X8 6
Instruction Pointer 1 64 Instruction pointer

Processor
(c) Floating-Point Unit R e g i St e rS

Type Number Length (bits) Purpose

Numeric 8 80 Hold floating-point numbers

Control 1 16 Control bits

Status 1 16 Status bits

Tag Word 1 16 Specifies contents of numeric
registers

Instruction Pointer 1 48 Points to instruction interrupted
by exception

Data Pointer 1 48 Points to operand interrupted by
exception

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



31.30 29 28:27 26 25:24 23.22 21 2019 18 17 16 15 14:13 12 11

10 9:8 -7 6.5 4. 32

1. 0
I Y AV (I) OID|II|T|S|ZEA RSP B C
DOGOOOUGUODIICM PFFFFFFOF FIF
P|F
L.
XID = Identification flag CDF = Direction flag
X VIP = Virtual interrupt pending X IF = Interrupt enable flag
X VIF = Virtual interrupt flag X TF = Trap flag
X AC = Alignment check S SF . = Sign flag
X VM = Virtual 8086 mode S ZE ;| =. Zero flag :
XRF = Resume flag S AF = Auxiliary carry flag
X NT = Nested task flag S PF = Parity flag
X IOPL = 1/O privilege level S UE = Cairy flag

S-OF Overflow flag

S Indicates a Status Flag
C Indicates a Control Flag
X Indicates a System Flag
Shaded bits are reserved

Figure 14.22 x86 EFLAGS Reglster
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FSGSBASE

PCIDE
{ OSXSAVE OSXMMEXCPT OSEXSR
63)
31 30 29 28 2726 25 24 23 22 21 20_1& 17516 15 14 1312_1\0 9/377 =01 s 5 =43 25100
o b plpfmfplp| |TP|V]
E X|x CTELCT |5 Lp [ VISP IERS
P ElE EE|E|E]E DILIE
gL
Page-Directory Base C|W L S
DT (PDBR)
Page-Fault Linear Address CR2
31:30 29 28 27:26-25 2423 22.21:20 19 18171615 1413 12.11:10 9 8 7265 4.°F 2.1 :0
EJGIN A W NIE|TIEM|P| ~pg
G|D|W M p E|T|SIM|P|E :

shaded area indicates reserved bits

OSXSAVE
PCIDE
FSGSBASE
SMXE
VMXE
OSXMMEXCPT
OSFXSR
PCE

PGE

MCE

PAE

PSE

DE

TSD

PVI

XSAVE enable bit

Enables process-context identifiers

Enables segment base instructions

Enable Safer mode extensions

Enable virtual machine extensions
Support unmasked SIMD FP exceptions

Support FXSAVE, FXSTOR
Performance Counter Enable
Page Global Enable

Machine Check Enable

Physical Address Extension
Page Size Extensions

Debug Extensions

Time Stamp Disable

Protected Mode Virtual Interrupt

VME =

PCD

PWT: =

PG
CD
NW
AM
WP
NE
ET
TS
EM
MP
PE

Virtual 8086 Mode Extensions
Page-level Cache Disable
Page-level Writes Transparent
Paging

Cache Disable

Not Write Through
Alignment Mask

Write Protect

Numeric Error

Extension Type

Task Switched

Emulation

Monitor Coprocessor
Protection Enable

Figure 14.23 x86 Control Registers
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Floating-Point
Tag Floating-Point Registers -

S/ | 79 /63 oA
0_0 “t "¢
= —
00 "l “J‘
- ¢ r g
00 I‘ f‘
l‘ J‘
00 :
63 0
00 MM7
00 MMG6
00 MMS5
00/ MM4 /
MM3
MM?2
MM1
MMO0 /

MMX Registers

Figure 14.24 Mapping of MMX Registers to Floating-Point Registers
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+ =
Interrupt Processing

Interrupts and Exceptlons

® Interrupts

" Generated by a signal from hardware and it may occur at
random times during the execution of a program

" Maskable
- ™ Nonmaskable

" Exceptions

" Generated from software and is provoked by the execution of an
instruction

® Processor detected
- ® Programmed

® Interrupt vector table
" Every type of interrupt is assigned a number
" Number is used to index into the interrupt vector table
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Vector Number

Description

0 Divide error; division overflow or division by zero

1 ‘Debug exception: includes various faults and traps related to debugging

2 NMI pin interrupt; signal on NMI pin

3 Breakpoint; caused by INT 3 instruction, which is a 1-byte instruction useful for debugging

4 INTO-detected overflow: occurs when the processor executes INTO with the OF flag set

2 BOUND range exceeded; the BOUND instruction compares a register with boundaries stored in
memory and generates an interrupt if the contents of the register is out of bounds.

6 Undefined opcode

7 Device not available; attempt to use ESC or WAIT instruction fails due to lack of external device

8 Double fault; two interrupts occur during the same instruction and cannot be handled serially

9 Reserved

10 Invalid task state segment; segment describing a requested task 1s not imitialized or not valid

11 Segment not present; required segment not present

12 Stack fault; limit of stack segment exceeded or stack segment not present

13 General protection; protection violation that does not cause another exception (e.g., writing to a
read-only segment)

14 Page fault

15 Reserved

16 -Floating-point error; generated by a floating-point arithmetic instruction

17 Alignment check: access to a word stored at an odd byte address or a doubleword stored at an
address not a'multiple of 4

18 Machine check: model spcciﬁc

19-31 Reserved
32-255 User interrupt vectors; provided when INTR signal is activated
Unshaded:
exceptions

%?(ﬂ%q’.ela%ggrg&tc%ﬁon, Inc., Hoboken, NJ. All rights reserved.

Table 14.3

X86
Exception
and
Interrupt
Vector Table



* The ARM Processor

ARM is primarily a RISC system with the following
attributes: ' ' ' '

® Moderate array of uniform registers

" Aload/store model of data processing in which operations only
perform on operands in registers and not directly in memory

® A uniform fixed-length instruction of 32 bits for the standard set and
16 bits for the Thumb instruction set

® Separate arithmeticlogic unit (ALU)-and shifter units

® A small number of addressing modes with all load/store addresses
determined from registers and instruction fields

® Auto-increment and auto-decrement addressing modes are used to
- improve the operation of program loops |

B Conditional execution of instructions minimizes the need for

conditional branch instructions, thereby improving pipeline efficiency,
because pipeline flushing is reduced
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External memory (cache, main memory)

A
—)-I Memory address register I Memory buffer register I—
ﬁ Incrementer Sign
R15 (PC) extend
Rd
— User Register File (R0 - R15)

Rn Rm -~ [l Acc - r

’

Instruction
decoder

!

Control
unit

1

I Instruction register
Barrel
shifter

Multiply/
accumulate

Figure 14.25 Simplified ARM Organization
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Processor Modes

change mode, other
than by causing an
exception to occur

*Certain registers are
dedicated for use for each
of the privileged modes,
allows swifter changes in

. context

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Exception Modes

* Is used for running
certain privileged
operating system tasks

* May be interrupted by
any of the five exception
categories

* Interrupt mode

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Modes
Privileged modes
Exception modes
User System | Supervisor Abort Undefined | Interrupt Fast
Interrupt
RO RO RO RO RO RO RO
R1 R1 R1 R1 R1 R1 R1
R2 R2 R2 R2 R2 R2 R2
R3 R3 R3 R3 R3 R3 R3
R4 R4 R4 R4 R4 R4 R4
R5 R5 R5 R5 R5 R5 R5
R6 R6 R6 R6 R6 R6 R6
R7 R7 R7 R7 R7 R7 R7
R8 R8 R8 R8 R8 R8 R8_fig
RO R9 R9 R9 RO R9 R9_fiq
R10 R10 R10 R10 R10 R10 R10_fiq
R11 R11 R11 R11 R11 R11 R11_fiq
R12 RI12 R12 R12 RI12 R12 RI12_fiq
R13 (SP) R13 (SP) R13_svc R13_abt R13_und R13_irq R13_fiq
R14 (LR) R14 (LR) R14_svc R14_abt R14_und R14_irq R14_fiq
R15 (PC) R15 (PC) R15 (PC) R15 (PC) R15 (PC) R15 (PC) R15 (PC)
CPSR CPSR CPSR CPSR CPSR CPSR CPSR
SPSR_sve | SPSR_abt | SPSR und | SPSR_irq | SPSR_fiq

Shading indicates that the normal register used by User or System mode has been replaced by an

alternative register specific to the exception mode.

CPSR = current program status register
SPSR = saved program status register

SP = stack pointer
LR = link register
PC = program counter

Figure 14.26 ARM Register Organization
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



31302028 27 26 25 24232221 201918171615 141312111009 8 7.6 5 4. 3 2 1-0
N|Z|C|V|Q|Res | J | Reserved | GE[3:0] Reserved |E|A|I|F|T M]4:0]
i i, S ok

e

User flags
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e Py

System control flags

Figure 14.27 Format of ARM CPSR AND SPSR



Exception type

Mode

Normal

enfry

address

Description

Reset

Supervisor

0x00000000

Occurs when the system is initialized.

Data abort

Abort

0x00000010

Occurs when an invalid memory address
has been accessed, such as if there is no
physical memory for an address or the
correct access permission is lacking.

FIQ (fast interrupt)

FIQ

0x0000001C

Occurs when an external device asserts the
FIQ pin on the processor. An interrupt
cannot be interrupted except by an FIQ.
FIQ is designed to support a data transfer
or channel process, and has sufficient
private registers to remove the need for
register saving in such applications,
therefore minimizing the overhead of
context switching. A fast interrupt cannot
be interrupted.

IRQ (interrupt)

IRQ

0x00000018

Occurs when an external device asserts the
IRQ pin on the processor. An interrupt
cannot be interrupted except by an FIQ.

Prefetch abort

Abort

0x0000000C

Occurs when an attempt to fetch an
instruction results in a memory fault. The

exception is raised when the instruction
enters the execute stage of the pipeline.

Undefined
instructions

Undefined

0x00000004

Occurs when an instruction not in the
instruction set reaches the execute stage of
the pipeline.

Software interrupt

Supervisor

0x00000008

Generally used to allow user mode
programs to call the OS. The user program
executes a SWI instruction with an
argument that identifies the function the
user wishes to perform.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Interrupt
Vector



+ Summary
y Processor Structure
and Function

Chapter 14

® Processor organization m [nstruction pipelining

® Pipelining strategy

= Pipeline performance
= Pipeline hazards

m Register organization
~ ® User-visible registers

= Control and status registers _ ,
| | = Dealing with branches

® [nstruction cycle = Intel 80486 pipelining
= The indirect cycle. Ko ey

T AReEON = Processor organization

® The x86 processor family ' ® Processor modes
= Register organization = Register organization
= Interrupt processing | = Interrupt processing .
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Chapter 15

Reduced Instruction Set Computers (RISC)



Table 15.1
Characteristics of Some CISCs, RISCs, and

Superscalar Processors

Complex Instruction Set Reduced Instruction
(CISC)Computer Set (RISC) Computer
Characteristic IBM VAX Intel SPARC MIPS
370/168 1 1/780 80486 R4000
Year developed 1973 1978 1989 1987 1991
Number of 208 303 235 69 94
instructions
Instruction size (bytes) 26 L 1-11 4 4
Addressing modes 2! 22 11 1 I
Number of general- 16 16 8 40 - 520 32
purpose registers
Control memory size 420 480 246 — —
(kbits)
Cache size (kB) 64 64 8 32 128

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page 538 in the




Table 15.1 N
Characteristics of Some CISCs, RISCs, and
Superscalar Processors

Superscalar

Characteristic PowerPC Ultra MIPS
SPARC R 10000

Year developed 1993 1996 1996
Number of 225
instructions
Instruction size (bytes) 4 4 4
Addressing modes 2 I I
Number of general- 32 40 - 520 32
purpose registers
Control memory size — — —
(kbits)
Cache size (kB) 16-32 32 64

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. (Table can be found on page 538 in the



I n St ru Ctl O n : - High-level languages (HLLs)
*Allow the programmer to express algorithms more

Execution

*Allow the compiler to take care of details that are
not important in the programmer’s expression of

Ch teristi Fents
| a ra C e rl S I CS . ‘?)gtz::tsur;:ort naturally the use of structured

programming and/or object-oriented design

Execution sequencing Semantic gap

*Determines the controland (.. ;
pipe"ne organization ; 1 *The dlf.ference betwegn the
: * operations provided in'HLLs
and those provided in computer
architecture .

Operands used

*The types of operands and the
frequency of their use determine
the memory organization for
storing them and the addressing
modes for accessing them

Operations performed

*Determine the functions to be
performed by the processor and
its interaction with memory

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 15.2
Weighted Relative Dynamic Frequency of
HLL Operations [PATT82a]

Machine-Instruction Memory-Reference
Dynamic Occurrence Weighted Weighted
Pascal C Pascal C Pascal C
ASSIGN 45% 38% 13% 13% 14% 15%
LOOP 5% 3% 42% 32% 33% 26%
CALL 15% 12% 31% 33% 44% 45%
IF 29% 43% 11% 21% 7% 13%
GOTO — 3% — — — —
OTHER 6% 1% 3% 1% 2% 1%

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page 540 in the




Table 15.3
Dynamic Percentage of Operands

Pascal C Average
Integer Constant 16% 23% 20%
Scalar Variable 58% 33% 35%
Array/Structure 26% 24% 25%

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 15.4
Procedure Arguments
and Local Scalar Variables

Percentage of Executed Compiler, Interpreter, and Small Nonnumeric
Procedure Calls With Typesetter Programs

>3 arguments 0-7% 0-5%

>5 arguments 0-3% 0%

>8 words of arguments and 1-20% 0-6%

local scalars

>12 words of arguments and 1-6% 0-3%
local scalars

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. (Table can be found on page 541 in the



+ L
Implications

® HLLs can best be supported by optimizing performance of
the most time-consuming features of typical HLL programs

B Three elements characterize RISC architectures:

. ® Use a large number of registers or use a compiler to optimize
register usage

= Careful attention needs to be paid to the design of instruction
pipelines

. ® Instructions should have predictable costs and be consistent
with a high-performance implementation

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



. | | | |
The Use of a Large Register File

Software Solution

m Requires compiler to allocate ® More registers

registers | | |
_ . . ® Thus more variables will be in
® Allocates based on most used registers

variables in a given time |

® Requires sophisticated
program analysis

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Parameter Local Temporary

Registers Registers Registers LEveRd

~ Call/Return
Parameter Local Temporary
Registers Registers Registers

- Level J+1

Figure 15.1 Overlapping Register Windows

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Current
window
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y

Figure 15.2 Circular-Buffer Organization of Overlapped Windows
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: Global Variables

® Variables declared as global in.an HLL can be assigned memory
- locations by the compiler and all machine instructions that reference
these variables will use memory reference operands

® However, for frequently accessed global variables this scheme is mefﬂuent

" Alternative is to incorporate a set of global registers in the processor
= These registers would be fixed in number and available to all procedures
. ® Aunified numbering scheme can be used to simplify the instruction format

® There is an increased hardware burden to accommodate the split in
register addressing

® [n addition, the linker must decide which global variables should be
assigned to registers

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 15.5
Characteristics of Large-Register-File
and Cache Organizations

Large Register File
All local scalars

Individual variables
Compiler-assigned global variables

Save/Restore based on procedure
nesting depth

Register addressing

Multiple operands addressed and

accessed 1n one cycle

Cache
Recently-used local scalars
Blocks of memory
Recently-used global variables

Save/Restore based on cache
replacement algorithm

Memory addressing

One operand addressed and accessed
per cycle

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page 546 in the



Instruction

R

Wi#——»| Decoder

Registers

> Data

(a) Windows-based register file

Instruction

A

Compare

Tags Data
A4
Select
o o |
(b) Cache

Figure 15.3 Referencing a Scalar

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



. Symbolic Registers
B C D E F

A

I;

A
" el S |

H Y

v :E

v
. ¥

Rl  R2 R3
Actual Registers

(a) Time sequence of active use of registers (b) Register interference graph

Figure 15.4 Graph Coloring Approach

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Why CISC ?

(Complex Instruction Set Computer)

" There is a trend ta richer instruction sets which include a .
larger and more complex number of instructions

® Two principal reasons for this trend:
" A desire to simplify compilers
" A desire to improve performance

® There are two advantages to smaller programs:
" The program takes up less memory
" Should improve performance

" Fewer instructions means fewer instruction bytes to be
fetched

® In a paging environment smaller programs occupy fewer
pages, reducing page faults

® More instructions fit in cache(s)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 15.6
Code Size Relative to RISC I

|[PATTS2a] |[KATES3] [HEATE4]
11 C Programs 12 C Programs 5 C Programs
RISC I 1.0 1.0 1.0
VAX-11/780 0.8 0.67
M68000 0.9 09
Z3002 1.2 1.12
PDP-11/70 0.9 0.71

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page 550 in the



Characteristics of Reduced =~ = IR
Instruction Set Architectures

One machine
instruction per
machine cycle

* Machine cycle --- the time it takes to fetch two operands from
registers, perform an ALU operation, and store the result in a register

Reg iste r-to-reg IS {=I@ 8 - Only simple LOAD and STORE operations accessing memory
operations * This simplifies the instruction set and therefore the control unit

Simple addressing
modes

* Simplifies the instruction set and the control unit

, , _ * Generally only one or a few formats are used
Sim ple Instruction * Instruction length is fixed and aligned on word boundaries

* Opcode decoding and register operand accessing can occur
formats simultaneously

Y G - G . .

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



8 4 16
Load RB
Load RC
Add R | RB | RC
A
Store R A
A

Register to memory

[=104,D=96,M =200

8 16 16 16
Add B C A
Memory to memory
L="56,DP=95,M =152
(aA) A« B+C
8 16 16 16
Add B C A
Add C B
Sub B D D

8 4 4 4
Add RA | RB | RC
Add RB | RA | RC
Sub RD [ RD | RB

[ = number of bytes occupied by executed instructions

Memory to memory

I= 168, D=288, M =456

MA«B+C;B«A+C;D«D-B

D = number of bytes occupied by data
M = total memory traffic =1+ D

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Register to register

[=60,D=0,M=60

Figure 15.5 Two Comparisons of Register-to-Register and Memory-to-Memory Approaches




Table 15.7
Characteristics of Some Processors

Number Number of
of Max Load/store Max bits for Number of
instruc- instruc- Number of combined number of Unaligned Max mnteger bits for FP
tion tion size | addressing Indirect with memory addressing | Noamber of register register
Processor s1Zes in bytes modes addressing arithmetic operands allowed MMU uses specifier specifier
AMD29000 1 4 1 no no 1 no 1 8 3¢
MIPS R2000 1 4 1 no no 1 no 1 5 -
SPARC 1 4 2 no no 1 no 1 5 -
MCEB000 1 4 3 no no 1 no 1 5 4
HP PA 1 4 10 no no 1 no 1 5 4
IBM RT/PC x + 1 no no 1 no 1 4 - i
IBM RS/6000 1 4 4 no no 1 yes 1 5 5
Intel 1860 1 4 4 no no 1 no 1 5 4
IBM 3090 4 8 2 no” yes 2 yes 4 4 2
Intel 80486 12 12 15 no” yes 2 yes 4 3 3
NSC 32016 21 21 23 yes yes 2 yes 4 3 3
MC63040 111 22 44 yes yes i yes 8 4 )
VAX 56 56 22 yes yes 6 yes 24 4 0
Clipper 4 8¢ 9= no no 1 0 2 4 3¢
Intel 80960 X 8¢ g* no no 1 yes” - 5 3

a RISC that does not conform to this characteristic.
b CISC that does not conform to this characteristic.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page
554 in the textbook.)



lLoad A<M ~ I1|E|D

lLoad ™B<M I1|E|D

Add rCe<rA+r1B I1I|E

Store M < rC I|E|D

Branch X : |

(a) Sequential execution

Load rA<M 1|E|D

Load BB<M I1|E|D

NOOP I|E

Add 1C<—rA+1B I|E

Store . M <1 I |E|D
Branch X T HE
NOOP I|E

(c) Three-stage pipelined timing

load rA<M ~ TIEID

Load 1B <M I ElID

Add rC<—rA+rB 1 E

Store - M« rC I1IEID

Branch X : 1 E

NOOP I|E
(b) Two-sfage pipelined timing :

Load rA<M I [E;|E,[D

Load rB< M I [E,|E»|D

NOOP I [E|E>

NOOP : I [E,|E>

Add 1C < rA +1B I |E|E,

Store . Me1C I [E;|E;|D

Branch X I |[E|E;

NOOP I [E |E;

NOOP I [E;

(d) Four-stage pipelined timing

Figufe 15.6 The Effects of Pipelining.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.




. Optimization of Pipelining

® Delayed branch -
" Does not take effect until after execution of following instruction .
® This following instruction is the delay slot

® Delayed Load |
® Register to be target is locked by processor

- ® _Continue execution of instruction stream until reglster required
® Idle until load is complete
® Re-arranging instructions can allow useful work while loading

" Loop Unrolling
. ™ Replicate body of loop a number of times .
® Jterate loop fewer times
® Reduces loop overhead
® Increases instruction parallelism
® Improved register, data cache, or TLB locality

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 15.8
Normal And Delayed Branch

Address Normal Branch Delayed Branch Optimized
Delayed Branch
100 LOAD X,rA LOAD X,rA LOAD X,rA
101 ADD 1, rA ADD 1,rA JUMP 105
102 JUMP 105 JUMP 106 ADD 1,rA
103 ADD rA,rB NOOP ADD rA,rB

104 SUB iC, 1B
105 STORE rA,Z
106

ADD rA.rB SUB C, 1B
SUB i, h STORE rA,Z
STORE rA,7Z

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page 557 in the



Time

§
: Il 2 3 4 s 6 7
100 LOAD X, rA I
101 ADD 1,rA I E
102 JUMP 105 | E
103 ADD rA, B I E
105 STORE rA, Z I E

(a) Traditional Pipeline

1 2 3 4 5 6 7

100 LOAD X, rA I

101 ADD 1,rA I E

102 JUMP 106 I E

103:NOOP I E

106 STORErA,Z | E

(b) RISC Pipeline with Inserted NOOP

1 2 3 4 5 6

100 LOAD X, Ar I D

101 JUMP 105 I E

102 ADD 1,rA I E

105 STORE rA, Z | E D

(c) Reversed Instructions

Figure 15.7 Use of the Delayed Branch

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



do 1=2, n-1
a[i1] = a[1] + a[1-1] * a[1+]1l]
end do

(a) original loop

do 1=2, n-2, 2

da[1] = a[1] + a[i-1] * a[i+1]
afi+l] = afa+l] + afi] * a[i+2]
end do

1f (mod(n-2,2) = 1) then
a[n-1] = a[n-1] + a[n-2] * a[n]
end if

(b) loop unrolled twice

Figure 15.8 Loop unrolling

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



One of the first
commercially available
RISC chip sets was
developed by MIPS
Technology Inc.

Uses 64 bits for all
internal and external

data paths and for
addresses, registers,
and the ALU

MIPS R4000

Inspired by an
experimental system
developed at Stanford

[s partitioned into two
sections, one containing
the CPU and the other
containing a
coprocessor for memory
management

Provides for up to 128
Kbytes of high-speed
cache, half each for

instructions and data

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Has substantially the
same architecture and
instruction set of the
earlier MIPS designs
(R2000 and R3000)

Supports thirty-two 64-
bit registers




6 5 5 16

I-type Operation Is rt Immediate -

- (immediate)

6 26
J_ JEE Operation Target
(Jump)

6 9 5 2 5 6
R-type Operation IS rt rd Shift | Function

(register)

Operation  Operation code

rs Source register specifier

rt Source/destination register specifier
Immediate Immediate, branch, or address displacement
Target Jump target address

rd Destination register specifier

Shuft Shift amount

Function ~ ALU/shift function specifier

Figure 15.9 MIPS Instruction Formats

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



F 9

Clock Cycle

>

Pr. 0y 0 ) o ) 0 9 0 0y
IF RD ALU MEM WB
I-Cache RF ALU OP D-Cache WB
ITLB IDEC DA DTLB
1A
(a) Detailed R3000 pipeline
‘ ‘ IF = Instruction fetch
Cycle Cycle Cycle | Cycle | Cycle | Cycle RD = Read
MEM = Memory access
ITLB | I-Cache | RF| ALU | DTLB |D-Cache|WB WB = Write back to register file
[-Cache = Instruction cache access
RF = Fetch operand from register
(b) Modified R3000 pipeline with reduced latencies D-Cache = Data cache access
ITLB = Instruction address translation
IDEC = Instruction decode
IA = Compute instruction address
DA = Calculate data virtual address
e L ycle | G | S | Fen DTLB = Data address translation
TC = Dats he tag check
ITLB |RF| ALU |D-Cache] TC |WB o £ S

(c) Optimized R3000 pipeline with parallel TLB and cache accesses

Figure 15.10 Enhancing the R3000 Pipeline

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 15.9
R3000 Pipeline Stages

Pipeline
Stage Phase Function
IF ¢1 Using the TLB, translate an instruction virtual address to a physical
address (after a branching decision).
IF $2 Send the physical address to the instruction address.
RD ¢1 Return instruction from instruction cache.
Compare tags and validity of fetched instruction.
RD $2 Decode instruction.
Read register file.
If branch, calculate branch target address.
ALU ¢l+¢2  If register-to-register operation, the arithmetic or logical operation is
performed.
ALU Bl If a branch, decide whether the branch is to be taken or not.
If a memory reference (load or store), calculate data virtual address.
ALU $2 If a memory reference, translate data virtual address to physical using
TLB.
MEM ¢1 If a memory reference, send physical address to data cache.
MEM $2 If a memory reference, return data from data cache, and check tags.
WB ¢1 Write to register file.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page 563 in the



Clock Cycle

ry

" ]

IC1 IC2 RF ALU ALU DC1 DC2 TC1 TC2 WB

IC1 IC2 RF ALU ALU DC1 DC2 T g § B WB

(a) Superpipelined implmentation of the optimized R3000 pipeline

g Clock Cycle
0 0,10, 00, 0519 L

IF IS RF EX DF DS ), i WB

IF IS RF EX DF DS 1 5 WB
(b) R4000 pipeline

IF = Instruction fetch first half DC = Data cache
IS° = Instruction fetch second half DF ' = Data cache first half -
RF = Fetch operands from register DS = Data cache second half
EX = Instruction execute TC = Tag check
IC = Instruction cache WB = Write back to register file

Figure 15.11 Theoretical R3000 and Actual R4000 Superpipelines

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



R4000 Pipeline' Stages'

® Instruction fetch first half

® Virtual address is presented to
the instruction cache and the
translation lookaside buffer

® Instruction fetch second half

® Instruction cache outputs the
instruction and the TLB
generates the physical address

B Register file
® One of three activities can occur:

B TInstruction is decoded and
check made for interlock
conditions

® Instruction cache tag check is
made

® QOperands are fetched from the
reqgister file

® Tag check

® Cache tag checks are performed
for loads and stores .

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Instruction execute
® One of three activities can occur:

Sk relgister-to-register operation
the ALU performs the operation

® If a load or store the data virtual
address is calculated

B If branch the branch target
virtual address is calculated and
branch operations checked

Déta cache first

® Virtual address is presented to the
data cache and TLB

Data cache second

" The TLB generates the physical
address and the data cache outputs
the data :

Write back

B Instruction result is written back to
register file



" SPARC

Scalable Processor Architecture

® Architecture defined by Sun Microsystems

m Sun licenses the architecture to other vendors to produce
- SPARC-compatible machines '

0 Inspired by the Berkeley RISC 1 machine, and its instruction

set and register organization is based cIoser on the
Berkeley RISC model '

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Physical Logical Registers
Rengte_rS Procedure A . Procedure B Procedure C
135 R31,
« Ins + Ins
128 R24,
127 R23,
* Locals + Locals
120 R164
119 R15, R31g
« Outs/Ins «  Outs 3 Ins
112 RS, R24,
111 - R23g
« Locals . Locals
104 R16
103 R15g R31¢
+ Outs/Ins . Outs : Ins
9% RSy R24,.
95 R23¢
+ Locals . Locals
88 R16,
87 R15¢
Outs - . Outs
80 RS
[} ° o a
[} ° o o
° ° © °
7 R7 R7 R7
+ Globals « Globals « Globals « Globals
(1] RO RO RO

Figure 15.12 SPARC Register Window Layout with Three Procedures

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



w2
locals

w2

w4
locals

Figure 15.13 Eight Register Windows Forming
. a Circular Stack in SPARC

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 15.10
Synthesizing Other Addressing Modes
with SPARC Addressing Modes

Instruction Type Addressing Mode Algorithm SPARC Equivalent
Register-to-register Immediate operand = A S2
[.oad. store Direct EA=A R, + 52
Register-to-register Register EA=R L. .
Load, store Register Indirect EA =(R) R, +0
Load, store Displacement EA=(R)+ A R, +S2

S2 = either a register operand or a 13-bit immediate operand

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. (Table can be found on page 568 in the



2 30

Call Format |Op‘ PC-relative displacement I

2k -4 3 22
S |0p ‘a‘ Cond ‘ Opz‘ PC-relative displacement I
Format
T - T T HE 22 . 7
T Op| Dest | Op2 Immediate Constant
Format
Floating- 2 5 6 > 9 5
Point Op Dest Op3 Src-1 FP-op Src-2
Format
2 5 6 5 1 8 S
Op| Dest Op3 Src-1 |0 ignored Src-2
General
Formats
: Op| Dest Op3 Src-1 |1] Immediate Constant

Figure 15.14 SPARC Instruction Formats

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



RISC versus CISC Controversy

B Quantitative

Compare program sizes and execution speeds of programs on
RISC and CISC machines that use comparable technology

®m Qualitative

Examine issues of high level language support and use of VLSI
real estate

N Problems with comparlsons

No pair of RISC and CISC machines that are comparable in life-
cycle cost, level of technology, gate complexity, sophistication of
compiler, operating system support, etc.

No definitive set of test programs exists
Difficult to separate hardware effects from complier effects

Most comparisons done on “toy” rather than commercial
products

Most commercial devices advertised as RISC possess a mixture
of RISC and CISC characteristics

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



+ Summa ry  Reduced Instruction

Set Computers
(RISC)

Chapter 15

- m RISC pipelining
= Pipelining with regular instructions

m Instruction execution characteristics = Optimization of pipelining
® Operations ' . .
" Operands _ = MIPS R4000
= Procedure calls = Instruction set
= Implications ; : :

® [nstruction pipeline
®m The use of a large register file
= Register windows SPARC

= Global variables | = SPARC register set
. ®m large register file versus cache

® Instruction set

m Reduced instruction set-architecture - ® [nstruction format
m Characteristics of RISC
m CISC versus RISC characteristics ® Compiler-based register optimization
|

RISC versus CISC controversy
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. ; ;
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.Chapter 16
Instruction-Level Parallelism
and Superscalar Processors

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



mstructlons

Processors

different from the
pipelines program order

concurrently In aiirerent



Floating point

register file
[} ‘ S - ALk |-

Y ¢ Y

Integer register file

Memory
3 [ |
Pipelined integer Pipelined floating-
functional unit _ point functional unit

(a) Scalar organization

Floating point

Integer register file register file

A - A AL : I A A A
A L 4 ¢ 2 A

Memory

] | I | B

Pipelined integer Pipelined floating-
functional units _ point fum_:tional units

(b) Superscalar organization

Figure 16.1 Superséalar Organization Co.mpar-ed to Ordinary Scalar Organization
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Table 16.1
Reported Speedups of
Superscalar-Like Machines

Reference Speedup
TIAD70] 1.8
KUCKT77] 8
WEIS84| 1.58
ACOS86| 20
SOHI90] 1.8
SMITS89] 25
JOUPR9b] 22

[ EE9]] 7

Education, Inc., Hoboken, NJ. All rights reserved.
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Key:
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! pipeline
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Figure 16.2 Comparison of Supers;calar and Superpipeliné Approaches
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T Constraints

m Instruction level parallelism

= Refers to the degree to which the instructions of a program
can be executed in parallel

= A combination of compiler based optimization and
hardware techniques can be used to maximize instruction
level parallelism - | |

® Limitations:
® True data dependency
® Procedural dependency
= Resource conflicts
= Qutput dependency
= Antidependency-

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Key: Execute
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Figure 16.3 Effect of Dependencies
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s |
Design Issues

Instructlon Level Parallelism
and Machlne Parallellsm |

® [nstruction level parallelism
= Instructions in a sequence are independent
- ® Execution can be overlapped
= Governed by data and procedural dependency -

® Machine Parallelism
= Ability to take advantage of instruction level parallelism
- ® Governed by number of parallel pipelines |

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



InstructiOn I.ssue Po.Iic'y".

*Refers to the process of
initiating instruction execution
in the processor’s functional
units

Instruction
issue

Superscala
instruction
issue policies
can be grouped
into the
following
categories:

*In-order issue with in-order
completion

*In-order issue with out-of-
order completion

* Out-of-order issue with out-of-
order completion

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

* Refers to the protocol used to
issue instructions

* Instruction issue occurs when
instruction moves from the
decode stage of the pipeline to
the first execute stage of the

pipeline

Instruction
issue policy

Three types of
orderings are
important:

*The order in which instructions
are fetched

*The order in which instructions
are executed

*The order in which instructions
update the contents of
register and memory locations



Decode Execute Write Cycle
11 12 1
I3 14 11 12 2
13 14 11 3
14 13 n| i 4
15 I6 14 5
I6 15 3| 14 6
I6 7
I5 | Ie 8
(a) In-order issue and in-order completion
Decode Execute Write Cycle
11 12 1
13 14 I1 12 2
14 11 13 12 3
I5 16 14 Im|i3 4
16 15 14 5
16 I5 6
16 i
(b) In-order issue and out-of-order completion
Decode Window Execute Write
11 12
13 14 11,12 11 12
15 I6 13,14 11 13 12
14,1516 I6 14 nm| i3
I5 I5 I4 | I6
I5

(c) Out-of-order issue and out-of-order completion

Cycle

S W

Figure 16.4 Superscalar Instruction Issue and Completion Policies
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Buffer of instructions

Fetch
Decode
Rename
Dispatch
Commit

Issue
Register read
Execute
Write back

In-order front end
Out-of-order execution

Figure 16.5 Organization for Qut-of-Order Issue with Out-of-Order Completion

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



R'egister'Renam'ing_

Output and antidependencies occur

§ because register contents may not
reflect the correct ordering from the
program

May result in a pipeline stall

Registers allocated dynamically

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



: 8 16 Y v
Window size I I | |
(construction)
Without renaming With renaming
Speedup Speedup

4 : 4

5 4 I_

2 — o

1 1

base +1d/st +alu +both base +ld/st +alu +both

Figure 16.6 Speedups of Various Machine Organizations Without Procedural Dependencies
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+ Branch Prediction

® Any high-performance pipelined machine must address the
- issue of dealing with branches

® Intel 80486 addressed the problem by fetching both the
next sequential instruction after a branch and speculatively
fetching the branch target instruction

® RISC machines:

" Delayed branch strategy was explored

" Processor always executes the single instruction that
immediately follows the branch

" Keeps the pipeline full while the processor fetches a new
instruction stream

® Superscalar machines:
" Delayed branch strategy has less appeal
® Have returned to pre-RISC techniques of branch prediction

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



instruction instruction -

~ instruction fetch dispatch issue

and branch
static prediction I

1 instruction instruction
execution  reorder and
commit

program : I /'(
- |
—— /

window of
execution

Figure 16.7 Conceptual Depiction of Superscalar Processing
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Superscalar Implementation =

Key elements:

* Instruction fetch strategies that simultaneously fetch
multiple instruction

* Logic for determining true dependencies involving register
values, and mechanisms for communicating these values
to where they are needed during execution

* Mechanisms for initiating, or issuing, multiple instructions
in parallel

* Resources for parallel execution of multiple instructions,
including multiple pipelined functional units and memory
hierarchies capable of simultaneously servicing multiple
memory references

* Mechanisms for committing the process state in correct
order

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



L1 Instruction Cache ‘
Shared
‘ Bus
Instruction Fetch and PreDecode <_I Interface
Unit
* Branch
Instruction Queue Prediction
* Unit
Microcode ‘
ROM | Decode
I : > \ 4
l Shared L2 Cache
Up to 10.7 Gbps
R All
ename/Alloc ESB
v 3
Retirement Unit
(Re-Order Buffer)
Scheduler/Reservation Station
lPort 0 lPort 1 lPort 2 lPort 3 lPort 4
Integer ALU Integer ALU Integer ALU Load Unit Store Unit
Branch FPAdd FPMul
MMX/SSE MMX/SSE MMX/SSE X
FPmove FPmove FPmove Memory Ordering Buffer
T T L1 Data Cache and DTLB | «—m—"

| Figure 16.8 Intel Core Microarchitecture
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(a) Cache Parameters

Cache Level Capacity Associativity Line Size Write Update
(ways) (bytes) Policy
L1 data 32 kB 8 64 Writeback
L1 instruction 32kB 8 N/A N/A
.2 (shared)1 2.4 MB 8orl6 64 Writeback
L2 (shared)2 3.6 MB 12 or 24 64 Writeback
L3 (shared)2 8,12, 16 MB 15 64 Writeback
Notes:
]. Intel Core Microarchitecture
2. Enhanced Intel Core Microarchitectire
(b) Load/Store Performance
. Load Store
Data Locality
Latency Throughput Latency Throughput

.1 data cache

3 clock cycles

1 clock cycles

2 clock cycles

3 clock cycles

L1 data cache of
the other core in
modified state

14 clock cycles +
5.5 bus cycles

14 clock cycles +
5.5 bus cycles

14 clock cycles +
5.5 bus cycles

N/A

L2 cache

14

3

14

3

Memory

14 clock cycles +
5.5 bus cycles +
memory latency

Depends on bus
read protocol

14 clock cycles +
5.5 bus cycles +
memory latency

Depends on bus
read protocol

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 16.2

Cache/Memory
Parameters
and
Performance
of
Processors
Based on
Intel Core
Microarchitecture

(Table can be found on
page 592 in the textbook.)



Front End

Branch prediction unit

Consists of (BPU)

three major .
components: Instruction fetch and

predecode unit

Instruction queue and
~ decode unit

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Branch Prediction Unit

- Helps the instruction fetch unit fetch the most likely
- instruction to be executed by predlctlng the various branch

types:

® Conditional
" Indirect
" Direct
= Call

® Return

® Uses dedicated hardware for each branch type

" Enables the processor to begln executing |nstruct|ons Iong
- before the branch outcome is decided

"A branch target buffer (BTB) is maintained that caches
information about recently encountered branch
instructions -

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Instruction Fetch and Predecode

The instruction translation lookaside buffer (ITLB)
* An instruction prefetcher |

The instruction cache

The predecode logic

* Determine the length of the instructions
* Decode all prefixes associated with instructions
* Mark various properties of instruction for the decoders

Instruction queue

* If a fetch contains more than six instructions, the predecoder continues to decode up
to six instructions per cycle until all instruction in the fetch are written to the
instruction queue

* Subsequent fetches can only enter predecoding after the current fetch completes
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Instruction Queue and Decode
Unit

® Fetched instructions are placed in an instruction queue

®= From there the decode unit scans the bytes to determine
instruction boundaries

® The decoder translates each machine instruction into from one
to four micro-ops

B Each of which is a 118-bit RISC-instruction

m A few instructions require more than four micro-ops so they
are transferred to microcode ROM, which contains the

. series of micro-ops (five or more) associated with a.complex
machine instruction

® The resulting micro-op sequence is delivered to the
rename/allocator module

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



" Out-of-Order Execution Logic

® This part of the prdcessor reorders MiCro-ops to allow them to
- execute as quickly as theiriinput operands are ready

® Allocate stage
" Allocates resources required for execution
" Performs the following functions: -

" If a needed resource is unavailable for one of the three micro-ops
arriving at the allocator during a cIock cycle, the allocator staIIs
the pipeline

® Allocates a reorder buffer (ROB) entry which tracks the
completion status of one of the 126 micro-ops that could be in
process at any time

® Allocates one of the 128 integer or floating-point register entries
for the result data value of the micro-op, and possibly a load or
store buffer used to track one of the 48 loads or 24 stores in the
machine pipeline

" Allocates an entry in one of the two micro-op queues in front of
the instruction schedulers

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Reorder Buffer (ROB)

Circular buffer that can
hold up to 126 micro-ops
and also contains the 128
hardware registers

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Each buffer entry
consists of the following
fields:

* State
* Indicates whether this micro-op is
scheduled for execution, has
been dispatched for execution, or
has completed execution and is
ready for retirement
* Memory address
* The address of the Pentium
instruction that generated the.
micro-op
* Micro-op
* The actual operation
* Alias register
* If the micro-op references one of
the 16 architectural registers, this
entry redirects that reference to
one of the 128 hardware registers




+

m Register renaming

= The rename stage remaps
references to the 16

architectural registers into _ ® Micro-op queuing .
a set of 128 physical " After resource allocation and
registers register renaming, micro-ops

are placed in one of two
micro-op queues, where they

® Micro-op scheduling and are held until there is room in
dispatching the schedulers

" Schedulers are responsible
for retrieving micro-ops

from the micro-op queues " Integer and floating-point
and dispatching these for execution units
ERCEUARIT | = The execution units retrieve

values from the register
files as well as from the L1
data cache

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



2 stages - 5 stages - 6 stages

: _ 13-stage integer pipeline : :
—_— LR AL = PR -
=)

—

|
Instruction execute and Load/Store

lREPLiy Z Instruction register writeback

Branch mispredict

Instruction fetch Instruction decode ALU pipe
L1 T o MUL pipe 0 L
I-side || cache Prea-fr:aéch = Decode & ||Dependency =5 BE PP cache || D-side
L1 interface check and g : interface || L1
branch seguencer ; = ALU pipe 1
RAM prediction Iy ehe W g B
< Load/store
TLB pipeQor1 TLB
F s
I - l l :
L2 NEON unit NEON register writeback
cache Instruction, data, NEON and preload ]
engine buffers L | Integer ALU pipe |
<11 |
L2 cache = Integer MUL pipe
itrati — T
Aubization pipeline control NEON 7 [T ——
instruction > | Ingeger shift pipe |
N decode [ = H-» )
Fill and eviction g | non-lEEE FP ADD pipe |
w
SUEES L2 cache [l L2 cache Z ?[  non-EEEFPMULpipe |
data RAM tag RAM " .
Bus Write 9 | |EEE floating-point engine |
interface buffer Load and store
unit (BIU) data queue — | Load/store permute pipe |
3. stages 1 stage -6 stages

S A

~

10-stage SIMD pipeline

Figure 16.9 Architectural Block Diagram of ARM Cortex-A8
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(c) Instruction execute and load/store pipeline

Figure 16.10 ARM Cortex-A8 Integer Pipeline
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Instruction Fetch Unit

i : . = FO
m Predicts instruction stream , :
| | | = Address generation unit (AGU)
m Fetches instructions from the L1 generates a new virtual address

instruction cache - m Not counted as part of the 13-

m Places the fetched instructions into stage pipeline
a buffer for consumption by the x F1

decode pipeline
®m The calculated address is used to

cache . : - instruction cache
m Speculative (there is no guarantee m In parallel, the fetch address is
that they are executed) used to access branch prediction
; , = A arrays :
m Branch or exceptional instruction in
- the code stream can cause a . m 3
PIREibICHL - m [nstruction data are placed in the
m Can fetch up to fourinstructions instruction queue
per cycle = If an instruction results in branch

prediction, new target address:is

sent to the address generation unit
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. ; ;



Instruction Decode Unit

® Decodes and seqUences all ARM and Thumb instructions

® Dual pipeline structure, pipe0 and pipe1
® Two instructions can progress at a time
® Pipe0 contains the older instruction in program order

® If instruction in pipe0 cannot issue, instruction in pipe1 will not
issue

B All issued instructions progress in order

B Results written back to reglster file at end of execution
pipeline - -

- B Prevents WAR hazards

= Keeps track of WAW hazards and recovery from flush condltlons |
straightforward

® Main concern of decode plpellne IS preventlon of RAW
hazards

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Instruction Processing Stages |I

\\ o 4
\\\ 4 -
\\/

load/store units

- *Hazard checking
- isdone >
i,\ //,‘
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Table 16.3

Cortex-A8 Memory System Effects on Instruction Timings

Replay Delay Description
event
Load data 8 cycles 1. A load instruction misses in the L1 data cache.
miss 2. A request is then made to the L2 data cache.

3. If a miss also occurs in the L2 data cache, then a second replay
occurs. The number of stall cycles depends on the external
system memory timing. The minimum time required to receive
the critical word for an .2 cache miss is approximately 25
cycles, but can be much longer because of L3 memory latencies.

Data TLB 24 cycles 1. A table walk because of a miss in the L1 TLB causes a 24-cycle
miss delay, assuming the translation table entries are found in the .2
cache.

2. If the translation table entries are not present in the L2 cache,
the number of stall cycles depends on the external system
memory timing.

Store buffer | 8 cycles 1. A store instruction miss does not result in any stalls unless the

full plus latency store buffer is full.
to drain fill | 2. In the case of a full store buffer, the delay is at least eight
buffer cycles. The delay can be more if it takes longer to drain some
entries from the store buffer.
Unaligned 8 cycles 1. If a load instruction address is unaligned and the full access is
load or store not contained within a 128-bit boundary, there is a 8-cycle
request penalty.

. If a store instruction address is unaligned and the full access is

not contained within a 64-bit boundary, there is a 8-cycle
penalty.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page 601 in the



Table 16.4
Cortex-A8 Dual-Issue Restrictions

Restriction Description Example Cycle Restriction
type
Load/store | There is only one LS LDR r5, [r6] 1
resource pipeline. Only one LS STR 17, [r8] 2 Wait for LS umit
hazard instruction can be issued per | MOV 9, r10 2 Dual issue possible
cycle. It can be in pipeline 0
or pipeline 1
Muluply There 1s only one multiply ADDrl,r2,r3 1
resource pipeline, and it is only MUL 4,15, 16 2 Wait for pipeline 0
hazard available in pipeline 0. MUL 7,18, 19 3 Wait for multiply unit
Branch There can be only one BXrl 1
resource branch per cycle. It can be in | BEQ 0x1000 2 Wait for branch
hazard pipeline O or pipeline 1. A ADDrl,r2,r3 2 Dual issue possible
branch is any instruction that
changes the PC.
Data output | Instructions with the same MOVEQr1, 12 1
hazard destination cannot be issued | MOVNE rl, r3 2 Wait because of output
in dependency
the same cycle. This can LDR 15, [r6] 2 Dual issue possible
happen
with conditional code.
Data Instructions cannot be issued | ADDrl,r2,r3 I
source if their data is not available. | ADD 4, rl, 6 2 Wait forrl
hazard See the scheduling tables for | LDR 7, [r4] 4 Wait two cycles for r4
source requirements and
stages results.
Multi-cycle | Multi-cycle instructions must | MOV rl, r2 1 Wait for pipeline 0, transfer r4
instructions | issue n pipeline 0 and can LDM r3, {rd4-r7} 2 Transfer r5, 16
only dual issue in their last LDM (cycle 2) 3 Transfer r7
iteration. LDM (cycle 3) 4 Dual issue possible on last
transfer
ADD 18,19, rl0 4

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page 602 in the



+ Integer Execute Unit

m Consists of:

Two'symmetric arithmetic logic unit
(ALU) pipelines

An address gen'erator for load and -
store instructions

The multiply pipeline

m The instruction execute unit;

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Executes all integer ALU and
multiply operations, including flag
generation

Generates the virtual addresses for
loads and stores and the base write-
back value, when required

Supplies formatted data for stores
and forwards data and flags

Processes branches and other
changes of instruction stream and
evaluates instruction condition
codes

For ALU instructions, either
pipeline can be used, consistin
of the following stages:

EO

Access register file

Up to six registers for two
instructions

255
e Barrel shifter if needed.

E2
ALU function

E3

If-needed, completes saturation
arithmetic

E4

Change in control flow
prioritized and processed

ES5

Results written back to register




Load/Store Pipeline

® Runs parallel to integer pipeline -
. mE1 ' '

= Memory address generated from base and index
register

mE)
= Address applied to cache arrays
. m E3 ' '
® |oad -- data are returned and formatted

® Store -- data are formatted and ready to be
written to cache

mE4 _ _
= Updates L2 cache, if required
mES5 -
® Results are written back into the register file

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Cycle Program Instruction Timing Description
Counter

| 0x00000ed0 | BXrl4 Dual issue pipeline 0

| 0x00000ee4 | CMP r0#0 Dual issue in pipeline 1

2 0x00000ee8 | MOV r3 #3 Dual issue pipeline 0

2 0x00000eec | MOV r0.#0 Dual issue in pipeline 1

3 0x00000ef0 STREQ r3,[r] #0] Dual issue in pipeline 0, r3 not needed
until E3

3 0x00000ef4 | CMP r2.#4 Dual issue in pipeline 1

4 0x00000ef8 | LDRLS pc,[pc.r2 LSL #2] | Single issue pipeline 0, +1 cycle for load
to pc, no extra cycle for shift since LSL
#2

5 0x00000f2¢ | MOV r0.#1 Dual issue with 2nd iteration of load in
pipeline 1

6 0x00000f30 | B {pc}+8 #0xf38 dual issue pipeline 0

3] 0x00000£38 STR 10,[r]1 #0] Dual issue pipeline 1

7 0x00000f3c: | LDR pc.|r13]#4 Single issue pipeline 0, +1 cycle for load
to pc

8 0x0000017¢ ADD r2 r4 #0xc Dual issue with 2nd iteration of load in
pipeline 1

9 0x00000180 LDR 10,[r6 #4] Dual issue pipeline 0

9 0x00000184 | MOV rl #0xa Dual issue pipeline |

12 0x00000188 | LDR r0.[r0.#0] Single issue pipeline 0: 10 produced in
E3, required in E1, so +2 cycle stall

13 0x0000018¢ | STR r0,[r4 #0] Single issue pipeline 0 due to LS
resource hazard, no extra delay for r0
since produced in E3 and consumed in
E3

14 0x00000190 | LDR r0,[r4 #0xc]| Single issue pipeline 0 due to LS
resource hazard

15 0x00000194 | LDMFD r13!.{r4-r6,r14} | Load multiple: loads r4 in Ist cycle, r5
and r6 in 2nd cycle, r14 in 3rd cycle, 3
cycles total

17 0x00000198 | B {pc}+0xda8 #0xf40 dual issue in pipeline 1 with 3rd
cycle of LDM

18 0x00000f40 | ADD r010#2 ARM Single issue in pipeline 0

19 0x00000f44 | ADD rO.rl 0 ARM Single issue in pipeline 0. no dual issue

due to hazard on r0 produced in E2 and
required in E2

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Table 16.5

Cortex-A8
Example
Dual Issue

Instruction Sequence

for

Integer Pipeline

(Table can be found on page 603 in the
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Figure 16.11 ARM Cortex-A8 NEON and Floating-Point Pipeline




Cortex-M3 Processor
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Figure 16.12 ARM Cortex-M3 Block Diagram
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Figure 16.13 ARM Cortex-M3 Pipeline
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o Summa ry | Instruction-Level

Parallelism and
Superscalar

Chapter 16 Processors
~ ® Intel core microarchitecture
m Superscalar versus " Front end

Superpipelined " Qut-of-order execution logic

= Constraints = Integer and floating-point
. - | execution units’
P = ARM Cortex-A8

® Instruction fetch unit
® Instruction decode unit
" Integer execute unit

® Instruction-level parallelism
® Machine parallelism
® Jnstruction issue policy

- W Register renaming | = SIMD and floating-point
= Branch prediction | pipeline |
® Superscalar execution ® ARM Cortex-M3
® Superscalar implementation - " Pipeline structure

- ing with branch
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. 'Deallng t b a cnes
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Chapter 17

Parallel Processmg



Multiple Processor Organization

® Single instruction, single data ® Multiple instruction, single data

(SISD) stream (MISD) stream
" Single processor executes a ® A sequence of data is transmitted
single instruction stream to to a set of processors, each of
operate on data stored in a single : which executes a different
memory instruction sequence
- ® Uniprocessors fall into this = Not commercially implemented
category : : .

® Single instruction, multiple data ® Multiple instruction, multiple

(SIMD) stream : . data (MIMD).stream
® Asingle machine instruction " A set of processors
' controls the simultaneous : simultaneously execute different
execution of a number of _ instruction sequences on
processing elements on a different data sets
lockstep basis = SMPs, clusters and NUMA
® Vector and array processors fall systems fit this category

into this category
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- Processor Organizations

Single Instruction, Single Instruction, Multiple Instruction, = Multiple Instruction,
Single Data Stream Multiple Data Stream  Single Data Stream Multiple Data Stream
(SISD) (SIMD) (MISD) (MIMD)
Uniprocessor
Vector Array Shared Memory Distributed Memory
Processor = Processor (tightly coupled) (loosely coupled)
Clusters
Symmetric Nonumiform
Multiprocessor Memory
(SMP) ~ Access
(NUMA)

Figure 17.1 A Taxonomy of Parallel Processor Architectures
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Symmetric Multiprocessor (SMp)

Two or more
similar
processors of
comparable
capacity

Processors
share same
memory and
I/0 facilities

* Processors are
connected by a
bus or other
internal
connection

* Memory access
time is
approximately
the same for
each processor

All processors
share access
to I70 devices

* Either through
same channels
or different
channels giving
paths to same
devices
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All processors

can perform
the same
functions
(hence
“symmetric”)

System
controlled by
integrated
operating
system

* Provides
interaction
between
processors and
their programs
at job, task, file
and data
HEENAEES
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. Process 1 IS 0=
Process 2 BN 00 T 00000 ]
Process 3 s I— :

(a) Interleaving (multiprogramming, one processor)
Process 1 I = ]
Process 2 I — s E—
Process3 I ]

(b) mmrleaﬁng and m'erlappin;g (multiprocessing; two pm.vcessors)

I Blocked — Running

Figure 17.3 Multiprogramming and Multiprocessing

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Proccssorl Proccssorl - Proccssorl . .

/O

/O

Interconnection
Network

Main Memory

Figure 17.4 Generic Block Diagram of a Tlghtly Coupled Multlpmcessor
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Figure 17.5 Symmetric Multiprocessor Organization
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o | |
The bus organization has several
attractive features:

® Simplicity
= Simplest approach to multiprocessor organization

m Flexibility

- ® Generally easy to expand the system by attaching more
processors to the bus

m Reliability

® The bus is essentially a passive medium and the failure of any
attached device should not cause failure of the whole system

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Disadvantages of the bus organization:

® Main drawback is performance
= All memory references pass through the common bus
= Performance is limited by bus cycle time

® Fach processor should have cache memory
- ® Reduces the number of bus accesses

m | eads to problems with cache coherence

= [f a word is altered in one cache |t could concelvably mvahdate a
word in another cache

® To prevent this the other processors must be alerted-that an
update has taken place

= Typically addressed in hardware rather than the operating
system

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Multiprocessor Operating System
Design Considerations

= Simultaneous concurrent processes
®  OS routines need to:be reentrant to allow several processors to execute the same IS code simultaneously
m  OS tables and management structures must be managed properly to avoid deadlock or invalid operations

= Scheduling
® - Any processor may perform scheduling so conflicts must be avoided
®  Scheduler must assign ready processes to available processors

= Synchronization

®  With multiple active processes having potential access to shared address spaces or I/0 resources, care must be
taken to provide effective synchronization

® Synchronization is a facility that enforces mutual exclusion'and event ordering

= Memory management

® In addition to dealing with alt of the issues found on uniprocessor machines,'the OS needs to exploit:the available
hardware parallelism to achieve the best performance

= Paging mechanisms on different processors must be coordinated.to enforce consistency when several processors
share a page or segment and to decide on page replacement

= Reliability and fault tolerance
m  OS should provide graceful degradation in the face of processor failure

u Scheddqlerland other portions of the operating system must recognize the loss of a processor and restructure
accordingly
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Cache Coherence ' (N
/

Software Solutions

0 Atterhpt to avoid t.he need for additional hardware circuitry
and logic by relying on the compiler and operatlng system
to deal with the problem

m Attractive because the overhead of detectlng potentral
problems is transferred from run time to compile time, and
the design complexity is transferred from hardware to
software

~ ™ However, compile-time software approaches generally must
make conservative decisions, leading to inefficient cache
utilization
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Cache Coherence

Hardware-Based Solutions

® Generally referred to as cache coherence protocols

" These solutions provide dynamic recognition at run time of
potential inconsistency conditions

" Because the problem is only dealt with when it actually
arises there is more effective use of caches, leading to
improved performance over a software approach

® Approaches are transparent to the programmer and the
compiler, reducing the software development burden

® Can be divided into two categories:
" Directory protocols
" Snoopy protocols

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Directory Protocols

Collect and maintain
information about
copies of data in
cache

Directory stored in
main memory

Requests are
checked against
directory

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Effective in large
scale systems with
complex
interconnection
schemes

Creates central
bottleneck

Appropriate
transfers are
performed




Snoopy Protocols

® Distribute the responsibility for maintaining cache coherence
- ~among all of the cache controllers in a-multiprocessor

" A.cache must recognize when a line that it holds is shared with .
other caches

" When updates are performed on a shared cache line, it must be
announced to other caches by a broadcast mechanism

" Each cache controller is able to “snoop” on the network to observe
these broadcast notifications and react accordingly

" Suited to bus-based multiproce'ssor because the shared bus
provides a simple means for broadcasting and snooping

® Care must be taken that the increased bus traffic required for .
broadcasting and snooping does not cancel out the galns from the
use of local caches

® Two basic approaches have been explored:
" Write invalidate
" Write update (or write broadcast)
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Write Invalidate

® Multiple readers, but only one writer at a time

® When a write is required, all other caches of the line are
invalidated

® Writing processor then has exclusive (cheap) access until
line is required by another processor

® Most widely used in commercial multiprocessor systems
such as the x86 architecture

m State of every line is marked as modified, exclusive, shared
or invalid - - -

= For this reason the write-invalidate protocol is called MESI
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Write Update

Can be multiple readers and writers

When a processor wishes to update a shared line
the word to be updated is distributed to all
others and caches containing that line can
update it

Some systems use an adaptive mixture of both
write-invalidate and write-update mechanisms
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. MESI Protocol

To provide cache consistency on an SMP the data cache
supports a protocol known as MESI:

" Modified
" The line in the cache has been modified and is available only in
this cache

B Exclusive

" The line in the cache is the.same as that in main memory and-is
not present in any other cache

® Shared

® The line in the cache is the same as that in main memory and
| may be presentin another cache

- Invalld
® The line in the cache does not contain valid data

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 17.1

MESI Cache Line States

other caches?

M E S I
Modified Exclusive Shared Invalid
Thils cache line Yii Yo Yes No
valid?
The TR out of date valid valid =
copy 1s...
Copies exist 1n No No Maybe Maybe

A write to this
line...

does not go to
bus

does not go to
bus

goes to bus and
updates cache

goes directly to
bus
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RH Modified e WH Exclusive RH Modified Exclusive
\ J
{wu) '
(a) Line in cache at initiating processor (b) Line in snooping cache

RH Read hit Dirty line cppyback

RMS Read miss, shared
RME Read miss, exclusive @ Invalidate transaction
WH = Write hit
WM  Write miss ®
SHR  Snoop hit on read
SHW Snoop hit on write or
read-with-intent-to-modify @

Read-with-intent-to-modify

Cache line fill

Figﬁre 17.6 MESI State Transition Diagram
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Multithreading and Chip
Multiprocessors

" Processor performance can be measured by.the rate at
which it executes instructions

W _MIPS rate = f * IPC
" f=processor clock frequency, in MHz
. IPC average mstructlons per cycle

® Increase performance by increasing clock frequency and
mcreasmg mstructlons that complete durlng cycle

" Multithreading

" Allows for a high degree of instruction-level parallellsm without
increasing circuit complexity or power consumption

" Instruction stream is divided into several smaller streams,
known as threads, that can be executed in parallel

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Definitions of Threads
and Processes '

Thread in multithreaded
processors may or may not be
the same as the concept of
software threads in a
multiprogrammed operating
system

Thread éwitch

*The act of switching processor control
between threads within the same
process

* Typically less costly than process
switch = °

Thread:

* Dispatchable unit of work within a
process

*Includes processor context (which
includes the program counter and
stack pointer) and data area for stack

* Executes sequentially and is
interruptible so that the processor
can turn to another thread

Process switch

* Operation that switches the processor
from one process to another by saving
all the process control data, registers,
and other information for the first and
replacing them with the process
information for the second

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Thread is concerned with
scheduling and execution,
whereas a process is
concerned with both
scheduling/execution and
resource and resource
ownership

Process:

*An instance of program running on
computer

*Two key characteristics:
*Resource ownership
*Scheduling/execution



Impllicit and -Explicif
Multithreading

m All commercial processors and most
experimental ones use explicit multithreading
= Concurrently execute instructions from different

explicit threads

- ® Interleave instructions from different threads on
shared pipelines or paraIIeI executlon on paraIIeI
- pipelines

® Implicit multithreading is concurrent
execution of multiple threads extracted from
- single sequential program -

= Implicit threads defined statically by compiler or
dynamically by hardware
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'Approaches to Explici't
Multithreading

® [nterleaved | o Blocked
" Fine-grained = Coarse- gralned
® Processor deals with two or ® Thread executed until event
more thread contexts at a ~causes delay
time = Effective on in-order
. ® Switching thread at each - RLB R0
clock cycle ~ = Avoids pipeline staII
= If thread is blocked it is . : ]
skipped ® Chip multiprocessing
® Processor is replicated on a
® Simultaneous (SMT) - single chip-
- m Instructions are = Each processor handles
simultaneously issued from separate threads
multiple threads to - ® Advantage is that the
execution units of available logic area on a chip
superscalar processor is used effectively
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Figure 17.7 Approaches to Executing Multiple Threads
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Clusters

m Alternative to SMP as an approach to providing
high performance:and high availability

® Particularly attractive for server applications

®m Defined as:

= A group of interconnected whole computers working
togéther as a unified computing resource that can
create the illusion of being one machine

= (The term whole computer means a system that can
" run on its own, apart from the cluster)

® Fach computer in a cluster is called a node

~ ®m Benefits:
= Absolute scalability
= Incremental scalability
= High availability
® Superior price/performance
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High-speed message link

(a) Standby server .with no shared disk

High-speed message link

o| (P||P

/0 /0| |M

(b) Shared disk

Figure 17.8 Cluster Configurations
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Table 17.2
Clustering Methods: Benefits and Limitations

Clustering Method

Description

Benefits

Limitations

Passive Standby

A secondary server
takes over in case of
primary server failure.

Easy to implement.

High cost because the
secondary server is
unavailable for other
processing tasks.

Active Secondary:

The secondary server is
also used for processing
tasks.

Reduced cost because
secondary servers can
be used for processing.

Increased complexity.

Separate Servers

Separate servers have
their own disks. Data 1s
continuously copied
from primary to
secondary server.

High availability.

High network and
server overhead due to
copying operations.

Servers Connected
to Disks

Servers are cabled to the
same disks, but each
server owns its disks. If
one server fails, its disks
are taken over by the
other server.

Reduced network and
server overhead due to
elimination of copying
operations.

Usually requires disk
mirroring or RAID

technology to
compensate for risk of
disk failure.

Servers Share Disks

Multiple servers
simultaneously share
access to disks.

Low network and server
overhead. Reduced risk
of downtime caused by
disk failure.

Requires lock manager
software. Usually used
with disk mirroring or
RAID technology.
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. Operating System Design Issues

E Hovgfailures-are managed depends on the clustering method
used. | |

® Two approaches:
" Highly available clusters
® Fault tolerant clusters

® Failover

® The-function of switeching applications and data resources over from a
failed system to an alternative system in the cluster

® Failback

® Restoration of ap1pli'cations and data resources to the original system
once it has been fixed _

® Load balancing
" Incremental scalability
® Automatically include new computers in scheduling

" Middleware needs to recognize that processes may switch between
machines

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



P'a ra I__IeIiz'-i,ng__COmpu_tation

Effective use of a cluster requires executing
software from a single application in
parallel

Three approaches are:

Parallelizing complier Parallelized Parametric computing

* Determines at compile time app|lcatI0n * Can be used if the essence
which parts of an » Application written from the of the application is an
application can be executed outset to run on a cluster algorithm or program that
in parallel and uses message passing must be executed a large

* These are then split off to be to move data between number of times, each time
assigned to different cluster nodes with a different set of

computers in the cluster starting conditions or
parameters




Parallel Applications

Sequential Applications

ﬁ Parallel Programming Environment h

Cluster Middleware
(Single System Image and Availability Infrastructure)
PC/Workstation PC/Workstation PC/Workstation PC/Workstation | PC/Workstation
Comm SW Comm SW Comm SW Comm SW ‘ Comm SW
Net. Interface HW Net. Interface HW Net. Interface HW Net. Interface HW Net. Interface HW

High Speed Network/Switch

Figure 17.9 Cluster Computer Architecture
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" Clusters Compared to SMP

® Both provide a configuration with multiple processors to
support high demand applications

m Both solutions are available commerually

SMP
m Fasier to manage and ® Far superior in terms of
. configure - - incremental and absolute
_ _ scalability
® Much closer to the original
single processor model for m Superior in terms of
which nearly all applications availability
are written | |
. . _ ® All components of the system
m | ess physical space and lower can readily be made highly
power consumption ~ redundant

m Well established and stable
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" Nonuniform Memory Access
(NUMA)

m Alternative to SMP and clustering

m Uniform memory access (UMA)

m All processors have access to all parts of main memory using loads and
stores .

® Access time to all regions of memory is the same
 m Access time to memory for different processors is the same

m Nonuniform memory access (NUMA)

= All processors have access to all parts of main memory using loads and
stores

m Access time of processor differs depending on which region of main memory
is being accessed

-~ m Different processors access different regions of memory at different speeds

m Cache-coherent NUMA (CC-NUMA)

= A NUMA system in which cache coherence is maintained among the caches
of the various processors
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Motivation

SMP has practical limit to
number of processors that
can be used

* Bus traffic limits to between 16
and 64 processors

NUMA retains SMP flavor
while giving large scale
multiprocessing

© 2016 Pearson Education, Inc., Hoboken, NJ. Ali rights reserved.

In clusters each node has
its own private main
memory

* Applications do not see a large
global memory

* Coherency is maintained by
software rather than hardware

Objective with NUMA is to
maintain a transparent
system wide memory while
permitting multiple
multiprocessor nodes, each
with its own bus or internal
interconnect system
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Figure 17.11 CC-NUMA Organization :
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S NUMA Pros and Cons

®m Main advantage of a CC-
NUMA system:is that it can
deliver effective performance
at hlgher levels of parallelism | B Does not t.ransparenﬂy |ook
than SMP without requiring like an SMP

- major software changes - -
m Software changes will be.

m Bus traffic on any individual required to move an

node is limited to a demand operating system and
that the bus can handle applications from an SMP to a

CC-NUMA system
® [f many of the memory
accesses are to remote nodes,
performance begins to break
down

m Concern with availability -
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Cloud Application Software Cloud Application Software -
(provided by cloud, visible to subscriber) \ - (developed by subscriber) .
Cloud Platform Cloud Platform
[« 4
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Cloud
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Figure 17.13 Cloud Service Models
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. Deployment Models

® Community cloud
® Like a private cloud it is not open

® Public cloud

" The cloud infrastructure is
made available to the general
public or a large industry
group and is owned by an
organization selling cloud .
services

" Major advantage is cost

® Private cloud

® A cloud infrastructure
implemented within the
internal IT environment of
the-organization

" A key motivation for opting
for a private cloud is security

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

to any subscriber

" Like a public cloud the resources

are shared among a number of
independent orgaizations

® Hybrid cloud
® The cloud infrastructure is a

composition of two or more
clouds that remain unique
entities but are bound together
by standardized or proprietary
technology that enables data and
application portability

Sensitive information can be
placed in a private area of the
cloud and less sensitive data can
take advantage of the cost
benefits of the public cloud
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Figure 17.14 Cloud Computing Context
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" Cloud Computing Reference
Architecture

m NIST.SP 500-292 establishes a reference architecture,
described as:

“The NIST cloud computing reference architecture focuses on
the requirements of “what” cloud services provide, not a “how
to” design solution and implementation. The reference
architecture is intended to facilitate the understanding of the

operational intricacies in cloud computing. It does not .
represent the system architecture of a specific
cIoud computing system; instead it is a tool for describing,
discussing, and developlng a system- speC|f|c
architecture using a common framework of reference.”
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. Chapter 18

Multicore Computers
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+ . s .
Effective Applications for Multicore
Processors

" Multi-threaded native applications -
" Thread-level parallelism

" Characterized by having a small number of hlghly threaded
processes

" Multi-process applications
- ® Process-level parallelism:

" Characterized by the presence of many single- threaded
processes

" Java applications
® Embrace threading in a fundamental way

® Java Virtual Machine is a multi-threaded process that provides
schedullng and memory management for Java appllcatlons

" Multi-instance applications

® If multiple application instances require some degree of isolation,
virtualization technology can be used to provide each of them with
its own separate and secure environment

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Heterogeneous Multicore
Organization

* This mix however presents
issues of coordination and
correctness \ -

amounts of vector and
matrix data
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Table 18.1

Operating Parameters of AMD 5100K
Heterogeneous Multicore Processor

CPU

GPU

ad

Clock frequency (GHz)

0.8

Cores

384

FLOPS/core

2

— T

GFLOPS

6144

FLOPS = floating point operations per second
FLOPS/core = number of parallel floating point operations that can be
performed
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. Heterogeneous System
Architecture (HSA)

m Key features of the HSA approach include:
® The entire virtual memory space is visible to both CPU and GPU

® The virtual memory system brings in pages to physical main
memory as needed

- ® A coherentmemory policy ensures that CPU and GPU caches
both see an up-to-date view of data -

= A unified programming interface that enables users to exploit
the parallel capabilities of the GPUs within programs that rer
on CPU execution as well '

® The overall obJectlve is to allow programmers to write
applications that exploit the serial power of CPUs and the
parallel-processing power of GPUs seamlessly with efficient
coordination at the OS and hardware level

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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. Cache Coherence

® May be addressed with software-based techniques
. ™ Software burden consumes too many resources.in a SoC chip

® When multiple caches exist there is a need for.a cache-coherence
scheme to avoid access to invalid data

® There are two main approaches to hardware implemented cache
coherence - - -

" Directory protocols
- ™ Snoopy protocols

" ACE (Advanced Extensible Interface Coherence Extehsions)
® Hardware coherence capability developed by ARM
® Can be configured to implement whether directory or snoopy approach
" Has been designed to support a wide range of coherent masters with
~_differing capabilities _ _ _
® Supports coherency between dissimilar processors enabling ARM
big.Little technology : :

® Supports I/0 coherency for un-cached masters, supports masters with
differing cache line sizes, differing internal cache state models, and
masters with write-back or write-through caches

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Table 18.2 Comparison of States in Snoop Protocols

(a) MESI
Modified Exclusive Shared Invalid
Clean/Dirty Dirty Clean Clean N/A
Unique? Yes Yes No N/A
Can write? Yes Yes No N/A
Can forward? Yes Yes Yes N/A
Comments Must write back | Transitions to M | Shared implies Cannot read
to share or on write clean, can
replace forward
(b) MOESI
Modified Owned Exclusive Shared Invalid
Clean/Dirty Dirty Dirty Clean Either N/A
Unique? Yes Yes Yes No N/A
Can write? Yes Yes Yes No N/A
Can Yes Yes Yes No N/A
forward?
Comments Can share Must write Transitions to | Shared, can Cannot read

without write

back

back to
transition

M on write

be dirty or
clean

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Interrupt Handling

Generic interrupt controller (GIC) provides:

* Masking of interrupts

* Prioritization of the interrupts

* Distribution of the interrupts to the target A15 cores
* Tracking the status of interrupts

* Generation of interrupts by software

GIC

* Is memory mapped

* Is a single functional unit that is placed in the system
alongside A15 cores

* This enables the number of interrupts supported in the
system to be independent of the A15 core design

* Is accessed by the A15 cores using a private interface
through the SCU

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



GIC

Designed to satisfy two
functional requirements:

* Provide a means of routing an
interrupt request to a single CPU
or multiple CPUs as required

* Provide a means of
interprocessor communication
so that a thread on one CPU can
cause activity by a thread on
another CPU

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Can route an interrupt to
one or more CPUs in the
following three ways:

* An interrupt can be directed to a
specific processor only

* An interrupt can be directed to a
defined group of processors

* An interrupt can be directed to
all processors



Interrupts can be:

® [nactive

- ® One that is nonasserted, or which in a multiprocessing environment has
been completely processed by that CPU but can still be either Pending or
Active in some-of the CPUs to which it is targeted,‘and so might not-have -
been cleared at the interrupt source

® Pending

® One that has been asserted, and for which processing has not started on -
that CPU

® Active _ : :
® One that has been started on that CPU, but processing s not complete

" Can be pre-empted when a new interrupt of higher priority interrupts A15
core interrupt processing

® Interrupts come from the following sources:
. ® Interprocessor interrupts (IPIs)

® Private timer and/or watchdog interrupts

" Legacy FIQ lines

" Hardware interrupts

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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" Cache Coherency

m Snoop Control Unit (SCU) resolves most of the traditional bottlenecks
related to access to shared data and the scalablllty I|m|tat|on
- introduced by coherence traffic

= L1 cache coherency scheme is based on the MESI protocol

m Direct Data Intervention (DDI)

m Enables copying clean data between L1 caches without accessing external
memory

- m Reduces read after write from L1 to L2
m Canresolve local L1 miss from remote L1 rather than L2

m Duplicated tag RAMs
m Cache tags implemented as separate block of RAM
= Same length as number of lines in cache

-m Duplicates used by SCU to check data availability before sending coherency
commands

m Only send to CPUs that must update coherent data cache

m Migratory lines

o AIIoWs moving dirty data between CPUs without writing to L2 and reading back

xternal
© 2016 Pearson Etlu%atﬁ% Ir'i:"c rigo%nllen XIJ All rights reserved.
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Summary Multicore
Computers

Chapter 18

= Multicore organization
" Levels of cache
= Simultaneous multithreading

® Hardware performance issues
® Increase in parallelism and
complexity

B Power consumption )
M u Heterogeneous multicore

organization
® Differentinstruction set
architectures

® Equivalent instruction set
architectures

® Cache coherence and the MOESI

m Software performance issues
® Software on multicore
® Valve game software example

® Intel Core i7-990X

: del
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® Cache coherency
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. Chapter 19
General-Purpose
- Graphic Processing Units



+ Compute Unified Device
Architecture (CUDA)

" A parallel computing platform and programming model created by NVIDIA
- and implemented by the graphics processing units (GPUs) that they produce

® ‘CUDACis a C/C++ based language

® Program can be divided into three general sections
® Code to be run on the host (CPU)
® Code to be run on the device (GPU)
. ™ The code related to the transfer of data between the host and the device

" The data-parallel code to be run on the-GPU is called a kernel
" Typically will have few to no branching statements

® Branching statements in the kernel result in serial execution of the threads in the
GPU hardware

" Athread is a single instance of the kernel function

- ™ The programmer defines the number of threads launched when the kernel
function is called

" The total number of threads defined is fypically in the thousands to maximize
the utilization of the GPU processor cores, as well as maximize the available
speedup

" The.programmer specifies how these threads are to be bundled

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Table 19.1

CUDA Terms to GPU’s Hardware Components
Equivalence Mapping

CUDA Term Definition Equivalent GPU Hardware
Component

Kernel Parallel code in the form of a function to | Not applicable
be run on GPU

Thread An instance of the kernel on the GPU GPU/CUDA processor core

Block A group of threads assigned to a CUDA multiprocessor (SM)
particular SM

Grid The GPU GPU

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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GPU Architecture Overview I

The The first phase would cover early 1980s to late 1990s,
: : where the GPU was composed of fixed,
historical nonprogrammable, specialized processing stages

evolutio
n can be
dIVI,dEd The second phase would cover the iterative
up Into modification of the resulting Phase I GPU architecture
three from a fixed, specialized, hardware pipeline to a fully
. programmable processor (early to mid-2000s)
major
phases:

The third phase covers how the GPU/GPGPU
architecture makes an excellent and affordable highly
parallelized SIMD coprocessor for accelerating the run
times of some nongraphics-related programs, along
with how a GPGPU language maps to this architecture
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: CUDA Cores

® The NVIDIA GPU processor cores are also known as
CUDA cores

B There are a total of 32 CUDA cores dedlcated to each SM
in the Fermi architecture |

® Fach CUDA core has two separate pipelines or data paths.
= An integer (INT) unit pipeline

m [s capable of 32-bit, 64-bit, and extended preC|5|on for
integer and logic/bitwise operations

- ® Floating-point (FP) unit pipeline

m Can perform a single-precision FP operation, while a
double-precision FP operation requires two CUDA cores

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Table 19.2
GPU’s Memory Hierarchy Attributes

Memory Relative Access Access Scope Data Lifetime
Type Times Type
Registers | Fastest. On-chip R/W Single thread Thread
Shared Fast. On-chip R/W All threads in a Block
block

Local 100x to 150x slower than R/W Single thread Thread
shared & register. Off-chip

Global 100x to 150x slower than R/W All threads & host | Application
shared & register. Off-chip.

Constant | 100x to 150x slower than R All threads & host | Application
shared & register. Off-chip

Texture 100x to 150x slower than R All threads & host | Application

shared & register. Off-chip

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Graphic Processing
Chapter 19 Units

B GPU architecture

B CUDA basics

overview
m GPU versus CPU . ® Baseline GPU architecture
= Basic differences between . = Full chip layout
CPU and GPU architectures = Streaming multiprocessor
= Performance and architecture details
performance perwatt | = Importance of knowing and
comparison - programming to your
memory types

® [ntel's Gen8 GPU
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Chapter 20

Control Unit Operatlon '



Micro-Operations

® The functional, or atomic, operations of a processor

m Series of steps, each of which involves the processor
registers

m Micro refers to the fact that each step is very S|mple
- and accomplishes very little |

® The execution of a program consists of the sequential
execution of instructions
= Each instruction is executed during an instruction cycle

made up of shorter subcycles (fetch, indirect, execute, -
interrupt)

= The execution of each subcycle mvolves one or more
shorter operations (micro-operations)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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" The Fetch Cycle

" Occurs at the beginning of each instruction cycle and
. causes an instruction to be fetched from memory -

® Four registers are involved:
" Memory Address Register (MAR)
® Connected to address bus
B Specifies address for read or write operation
® Memory Buffer Register (MBR)
® Connected to data bus
® Holds data to write or last data read
® Program Counter-(PC)
- ® Holds address of next instruction to be fetched
" Instruction Register (IR) | Qﬂa YY)

B Holds last instruction fetched e
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Rules for Micro-Operations
Grouping

® Proper sequence must be followed
= MAR € (PC) must precede MBR € (memory)

®m Conflicts must be avoided
- ® Must not read and write same register at same time
= MBR € (memory)and IR € (MBR) must not bein same cycle -

® One of the micro-operations involves an addition

® To avoid duplication of circuitry, this addition could
be performed by the ALU-
® The use of the ALU may involve additional

micro-operations, depending on the functionality
of the ALU and the organization of the processor

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



" Indirect Cycle

® Once an instruction is fetched, the next step is to fetch
source operands -

B Assuming a one-address instruction format, Wlth direct
and indirect addressing allowed:

- ® If the instruction specifies an indirect address, then an
indirect cycle must precede the execute cycle

® The address field of the instruction is transferred to the
MAR

® This is then used to fetch the address of the operand

- ® Finally, the address field of the IR is updated from the MBR,
so that it now contains a direct rather than an indirect
address

" The IR is now in the same state as if indirect addressing had
not been used, and it is ready for the execute cycle

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Interrupt Cycle

" At the completion of the execute cycle, a test is made to determine
- whether any enabled interrupts have occurred, and if so, the interrupt
cycle occurs

® The nature of this cycle varies greatly from one machine to another

® In a simple sequence of events:

" In the first step the contents of the PC are transferred to the MBR so that
they can be saved for return from the interrupt

" Then the MAR is loaded with the address at which the contents of the PC are
to be saved, and the PC is loaded with the address of the start of the :
interrupt-processing routine

® These two actions may each be a single micro-operation

® Because most processors provide multiple types and/or levels of
interrupts, it may take one or more additional micro-operations to obtain
the Save_Address and the Routine_Address before they can be transferred
to the MAR and PC respectively - -

® Once this is done, the final step is to store the MBR, which contains the old
value of the PC, into memory

" The processor is now ready to begin the next instruction cycle

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



. | | | |
Execute Cycle | | | |I

® Because of the variety of opcodes, there are a number of different
sequences of micro-operations that can occur

" Instruction decoding

® The control unit examines the opcode and generates a sequence of
micro-operations based on-the value of the opcode

" A simplified add instruction:
= ADD R1, X (which adds the contents of the location X to register R1)

® In the first step the address portion of the IR is loaded into the.MAR
Then the referenced memory location is read

|
® Finally the contents of R1 and MBR are added by the ALU
|

Additional micro-operations may be required to extract the register

reference from the IR and perhaps to stage the ALU inputs or outputs
in some intermediate registers

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



11 (interrupt) / 1CC? \ 00 (fetch)
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/

10 (execute) 01 indirect
Setup Read Fetch
interrupt address intstruction
y Execute Y
ICC=00 instruction ICC=10 Indirect
addressing?
Interrupt
for enabled ICC=10 ICC =01
interrupt?
ICC=11 ICC =00
Y ¢ ¢ Y Y Y
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Figure 20.3 Flowchart for Instruction Cycle




+ .
Control Unit
Functional Requwements

. By reducing the operatlon of the processor to its most
fundamental level we are able to define exactly what it is
that the control unit must cause to happen

" Three step process to Iead to a characterlzatlon of the
- control unit:

" Define basic:elements of processor
" Describe micro-operations processor performs

® Determine the functions that the control unit must perform to
cause the micro-operations to be performed

" The control unit performs two basic tasks:
" Sequencing
" Execution

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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to control bus

Figure 20.4 Block Diagram of the Control Unit

Control bus
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- Figure 20.5 Data Paths and Control Signals
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Table 20.1 Micro-operations and Control Signals

Micro-operations Active Control
Signals
t;: MAR < (PC) G,
t, MBR < M
Fetch: 2 il e
PC «— (PC) + 1 ]
ty: IR < (MBR) C,
t,;: MAR <« (IR(Address)) C;
Indirect: t,: MBR < Memory Cs. Cy
ty: IR(Address) <~ (MBR(Address)) C,
t;: MBR « (PC) €,
t,: MAR <« Save-address
Interrupt: =
PC <« Routine-address
ty: Memory < (MBR) Clz' Cw
Cr = Read control signal to system bus.
Cy = Write control signal to system bus.
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. (Table can be found on page 719 in the

textbook.)
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INTA RST6.5 TRAP
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8) (8)
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(8) (8)
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> ALU and stack pointer y
machine
cycle (16)
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incrementer/ (16)
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address latch J
Power { +5V =
supply |GND —p Timing and control
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Xl :: Clk 8) )
. Gen Control Status DMA Reset address buffer address buffer
ClkOnut RDWR ALE Se S I0O/M | HLDA | Reset out 4
: : —ral ] Az —Ag AD, -AD,
= rriid e oy address bus address/data bus

Figure 20.7 Intel 8085 CPU Block Diagram
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Address and Data Signals -
igh Address (A15-A8) :
The high-order 8 bits of a 16-bit address.
Address/Data (AD7-AD0)
The lower-order 8 bits of a 16-bit address or 8 bits of data. This multiplexing saves on pins.
erial Input Data (SID)
A single-bit input to accommodate devices that transmit serially (one bit at a time). Tabl e
erial Qutput Data (SOD) '

A single-bit output to accommodate devices that receive serially. 20 2
. e

Timing and Control Signals

LK (OUT)
The system clock. The CLK signal goes to peripheral chips and synchronizes their timing. Intel
1,X2 :
These signals come from an external crystal or other device to drive the internal clock 8085
generator. ;
\ddress Latch Enabled (ALE) External
Occurs during the first clock state of a machine cycle and causes peripheral chips to store the : . '
address lines. This allows the address module (e.g., memory, I/O) to recognize that it is being Slgnals
addressed. (page 1 of 2)
tatus (S0, S1)
Control signals used to indicate whether a read or write operation is taking place.
oM
Used to enable either I/O or memory modules for read and write operations.
ead Control (RD)
Indicates that the selected memory or I/O module is to be read and that the data bus is
available for data transfer.
Write Control (WR)

Indicates that data on the data bus is to be written into the selected memory or [/O location.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. TablRicintba fOLjnd on page 722 in the ;
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Memory and /O Initiated Symbols

old
Requests the CPU to relinquish control and use of the external system bus. The CPU will complete

execution of the instruction presently in the IR and then enter a hold state, during which no signals are
inserted by the CPU to the control, address, or data buses. During the hold state, the bus may be used
for DMA operations.
old Acknowledge (HOLDA)
This control unit output signal acknowledges the HOLD signal and indicates that the bus is now :
available. Table

ADY

Used to synchronize the CPU with slower memory or I/O devices. When an addressed device asserts : 20.2 _
READY, the CPU may proceed with an input (DBIN) or output (WR) operation. Otherwise, the CPU

enters a wait state until the device is ready.

Interrupi-Related Signals
RAP : Intel
Restart Interrupts (RST 7.5, 6.5,5.5)
nterrupt Request (INTR) 8085
These five lines are used by an external device to interrupt the CPU. The CPU will not honor the '
request if it is in the hold state or if the interrupt is disabled. An interrupt is honored only at the EXternal

completion of an instruction. The interrupts are in descending order of priority.

nterrupt Acknowledge SignalS

Acknowledges an interrupt.
(page 2 of 2)

CPU Initialization
SET IN

Causes the contents of the PC to be set to zero. The CPU resumes execution at location zero.

SET OUT
Acknowledges that the CPU has been reset. The signal can be used to reset the rest of the system.

Voltage and Ground

VCC

+5-volt power supply
VSS

Electrical ground

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



X; —o{]1 40 [—— Vec
X, —9»{]2 39[<¢— HOLD
Reset out <¢—{]3 38— HLDA
SOD «—{|4 37— CLK (out)
SID —»{]5 36[l«@— Reset in
Trap 4—{]6 35— Ready
RST.7:5 —p[]7 34— I0/M
RST 6.5 «€—{]8 3B—=5;
RST 5.5 —p{|9 32— Vpp
INTR —9»{] 10 31[—#RD
INTA €t—]11 30[—#» WR
AD, @p{]12 29— S
AD, wp{]13 28[—»Ajs
AD, @p{]14 27— Ay
AD; @®{]15 26[—Aj3
AD, @®{|16 25[ A
ADs 9|17 24— Ay
AD, 9|18 23[9 Ajo
AD, 49|19 22[— Ag
Vss —]20 21— Ag

Figure 20.8 Intel 8085 Pin Configuration
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OUT Byte
Ml MZ M3
T, T, T, T, T, T, T, T, |1, T,
3-MHz
CLK \\_/_\\_/_\\_/_\\_/_\\_/_\\_/_\\_/_\\_/_\\_/_\\_/_\
Ais-As |X PCy X PCy X 10 PORT
AD; - ADy [X_ PCy y---{INSTR }-1-------- -(INSTR )---{INSTR )~ INSTR X ACCUM
ALE /_\ /q / \
\ / X /
WR
1/
10/M
N\
PC out |PC+1—PC|INSTR—IR X PC out |[PC+1—PC|byte—Z,W| WZ out A —Port
f—————Instruction fetch T Memory read T Output write ——3»

Figure 20.9 Timing Diagram for Intel 8085 OUT Instruction
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= | . |
Summary Control Unit
Operation

Chapter 20

m Control of the
Processor
= Functional requirements
= Control signals

® Internal processor
organization

® The Intel 8085

® Micro-operations
" The fetch cycle
m The indirect cycle
® The interrupt cycle
" The execute cycle
= The instruction 'cycle
| | ® Hardwired
implementation
= Control unit inputs
= Control unit logic
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Microprogrammed
- Control



- Machine Instruction Set for Wilkes
Order Effect of Order Exa m p I e

An C(Acc) + C(n) to Acc,

Sn C(Acc) — C(n) to Acc,

Hn C(n) to Acc,

Vn C(Acc2) x C(n) to Acc, where C(n) =0

Tn C(Acc;) ton,0 to Ace

Un C(Acc;) ton

R n C(Acc) x 2-(n+1) to Ace

Ln C(Acc) x 2"+ to Acc

Gn IF C(Acc) <0, transfer control to n; if C(Acc) = 0, ignore (i.e., proceed serially)
I'n Read next character on input mechanism into n
On Send C(n) to output mechanism

Notation: Acc accumulator

Acc; = most significant half of accumulator
Acc, = least significant half of accumulator

n = storage location n : :
C(X) = contents of X (X = register or storage location)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



I— Microinstruction address
Jump condition

— Unconditional

—Zero :

— Overflow

— Indirect bit
System bus control signals
Internal CPU control signals

(a) Horizontal microinstruction

L Microinstruction address
Jump condition

Function codes

(b) Vertical microinstruction

Figure 21.1 Typical Microinstruction Formats
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Jump to indirect or execute

Jump to execute

Jump to fetch

Jump to opcode routine

Jump to fetch or interrupt

L
L)
L ]
Jump to fetch or interrupt

Jump to fetch or interrupt

Fetch
cycle
routine

Indirect
cycle
routine

Interrupt
cycle
routine

Execute cycle beginning

AND routine.

ADD routinc.

IOF routine -

Figﬁre 21.2 Organiiation of Control Memory
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- Figure 21.3 Control Unit Microarchitecture
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Control
Memory
I Control Buffer Register I
Next Address Control
Decoder

Control Signals Control Signals
Within CPU to System Bus

Figure 21.4 Functioning of Microprogrammed Control Unit
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Figure 21.5 Wilkes's Microprogrammed Control Unit
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Table 21.2 Microinstructions for Wilkes Example (page 1 of 2) -

Notation: A, B, C, ... stand for the various registers in the arithmetical and control register units. C
to D indicates that the switching circuits connect the output of register C to the input register D;
(D + A) to C indicates that the output register of A is connected to the one input of the adding

unit (the output of D is permanently connected to the other input), and the output of the adder to
register C. A numerical symbol n in quotes (e.g., 'n') stands for the source whose output is the

number n in units of the least significant digit.

Control Next Micro-
Arithmetical Unit  Register Unit ~ Conditional Flip-Flop instruction

Set Use 0 1
0 FtoGand E 1
1 (Gto'l)Yto F 2
2 Store to & 3
3 GtoE 4
4 E to decoder —
A 5 CtoD 16
y b CtoD 17
H 7 Store to B 0
V 8 Store to A 27
Tr 9 C to Store 25
U 10 C to Store 0
K 11 BtoD EtoG 19
L 12 CtoD EtoG 22
G 13 EtoG (1Cs 18
I 14 Input to Store 0
O 15  Store to Output 0
16 (D + Store) to C 0
17 (D — Store)to C 0

18 1 0 1
19 Dto B (R)* (G -1t E 20
20 CtoD (1)E; 21

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. ;
(Table can be found on page 738 in the



Table 21.2 Microinstructions for Wilkes Example (page 2 of 2)

21 Dto C(R) 1 11 0
22 Dto C (L)t (G —1")to E 23
23 BtoD (1)E; 24
24 DtoB(L) 1 12 0
25 ‘0’to B 26
26 BtoC 0
27 0VtoC ‘18 to E 28
28 BtoD EtoG (1)B, 25
29 D to B (R) (G -‘1")to E 30
30 CtoD(R) (2)E; 1 31 50
31 DtoC 2 28 33
32 (D+A)to C 2 28 33
33 BtoD (1)B, 34
34 D to B (R) 35
35 CtoD(R) 1 36 37
36 DtoC 0
37 (D —A)to C 0

*Right shift. The switching circuits in the arithmetic unit are arranged so that the least significant
digit of the register C is placed in the most significant place of register B during right shift micro-

operations, and the most significant digit of register C (sign digit) is repeated (thus making the

correction for negative numbers).
tLeft shift. The switching circuits are similarly arranged to pass the most significant digit of

register B to the least significant place of register C during left shift micro-operations.

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Microinstruction Sequencing

® The two basic tasks performed by a microprogrammed
control unit are:

= Microinstruction sequencing
® Get the next microinstruction from the control memory
- ® Microinstruction execution | |

B Generate the control signals needed to execute the
microinstruction

m In designing a control unit, these tasks must be considered.
together because both affect the format of the
microinstruction and the timing of the control unit

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



Design Considerations

Two concerns are involved in the design of
a microinstruction sequencing technique:

In executing a microprogram the address

of the next microinstruction to be
executed is in one of these categories:

The size of the microinstruction

* Minimizing the size of the control memory
reduces the cost of that component

The address-generation time
* Execute microinstruction as fast as possible

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

Determined by instruction register

* Occurs only once per instruction cycle, just
after an instruction is fetched

Next sequential address
* Most common in most designs

Branch
* Are a necessary part of a microprogram
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Table 21.3
Microinstruction Address Generation Techniques

Explicit Implicit
Two-field Mapping
[Inconditional branch Addition
Conditional branch Residual control

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



00 07 08 09 10 11 12

| T | | BC@4) BE(4)
BB(4) BD(4) BF(7)
BA(S)

Figure 21.9 IBM 3033 Control Address Register
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LSI-11 Microinstruction
Sequencing

® LSI-11 is a microcomputer version of a PDP-11, with the .
main components of the system residing on a single board

" The LSI-11 is implemented using a microprogrammed
control unit

® Makes use of a 22-bit microinstruction and a control
memory of 2K 22-bit words

" The next microinstruction address is determined in one of
five ways:
- ™ Next sequential address
" Opcode mapping
" Subroutine facility
® Interrupt testing

" Branch
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Table 21.4
The Microinstruction Spectrum

Characteristics
Unencoded Highly encoded
Many bits Few bits

Detailed view of hardware
Difficult to program
Concurrency fully exploited
Little or no control logic
Fast execution

Optimize performance

Aggregated view of hardware
Easy to program

Concurrency not fully exploited
Complex control logic

Slow execution

Optimize programming

Terminology
Unpacked Packed
Horizontal Vertical
Hard Soft

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



e Field Field Field cee
Decode Decode Decode
logic logic logic
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Control signals

(a) Direct encoding
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Decode Decode Decode
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Control signals

(b) Indirect encoding

Figure 21.11 Microinstruction Encoding
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Simple register tran

sfers

0,0,0{0,0,0

0,0,0{0,0,1

0,0,0[0,1,0

Memory operations

h-'T-.d
Register

select

0,0,1{0,0,0

0,0,1[0,0,1

MDR <«Register

| Register +MDR

MAR <Register

Read

Write

Special sequencing operations

0,1,0

0,0,0

0,1,0

0,0,1

0,1,0

0,1,0

ALU operations

01,1

0,0,0

0,0,1

10

0,1,1

0,1,0

0,1,1

0,1,1

jo 1,1

1,0,0

Syt
Register
select

(a) Vertical microinstruction format

CSAR «Pecoded MDR
CSAR «€onstant (in next byte)

Skip

ACC <ACC + Register
ACC+ACC - Register
ACC «Register
Register «ACC

ACC «Register + 1

0 12 3 45 6 7 8 9 1011121314 151617 18

Field definition

1 - register transfer
2 - memory operation
3 - sequencing operation

(b) Horizontal microinstruction format

4 - ALU operation
5 - register selection
6 - Constant

Figure 21.12 Alternative Microinstruction Formats for a Simple Machine
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Figure 21.13 Simplified Block Diagram of the LSI-11 Processor
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Figure 21.14 Organization of the LSI-11 Control Unit
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Table 21.5

Some LSI-11

Arithmetic OperafN€rOINSTrUuCtiONS General Operations

Add word (byte, literal)

Test word (byte, literal)
Increment word (byte) by 1
Increment word (byte) by 2
Negate word (byte)
Conditionally increment (decrement) byte
Conditionally add word (byte)
Add word (byte) with carry
Conditionally add digits
Subtract word (byte)

Compare word (byte, literal)
Subtract word (byte) with carry
Decrement word (byte) by 1

Logical Operations
AND word (byte, literal)
Test word (byte)
OR word (byte)
Exclusive-OR word (byte)
Bit clear word (byte)
Shift word (byte) right (left) with (without)
carry
Complement word (byte)

MOV word (byte)

Jump

Return

Conditional jump

Set (reset) flags

Load G low

Conditionally MOV word (byte)

Input/Output Operations
Input word (byte)
Input status word (byte)
Read
Write
Read (write) and increment word (byte) by 1
Read (write) and increment word (byte) by 2
Read (write) acknowledge
Output word (byte, status)

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.



4 1.-1 16 -

Spec'lal Encoded micro-operations
functions
Load return register
Translate
(a) Format of the full LSI-11 microinstruction
5 11 4 8 4
Opcode Jump address Opcode Literal value A register
Unconditional jump microinstruction format Literal microinstruction format
4 : 4 e Y : 8 : 4 : 4
Opcode Test code Jump address Opcode B register | A register
Conditional jump microinstruction format : Register jump microinstruction format

(b) Format of the encoded part of the LSI-11 microinstruction

Figure 21.15 LSI-11 Microinstruction Format
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0 35
P AA AB AC AD AE AF AG AH AJ AK Al
3 - - -——
A, B, C, D registers Arithmetic Shift
3o 71
P BA BB BC BD BE BF BH
o g >
Next address Storage address
72 107
P|] BH CA CB CC CD CE CF CG CH
| - o | : >
Stokin mikivi Shift control Local storage Miscellaneous controls
108 125
Pl DA DB DC DD DE
) -

Testing and condition code setting

Figure 21.16 IBM 3033 Microinstruction Format



ALU Control Fields -

Activate shifter I\/I i C ro i n St ru Cti O n

AA(3) Load A register from one of data registers

AB(3) Load B register from one of data registers

AC(3) Load C register from one of data registers

AD(3) Load D register from one of data registers

AE4) Route specified A bits to ALU

AF(4) Route specified B bits to ALU Ta b I e 2 1 : 6

AG(5) Specifies ALU arithmetic operation on A input : :

AH(4) Specifies ALU arithmetic operation on B input

Al(1) Specifies D or B input to ALU on B side

AK(4) Route arithmetic output to shifter ; I B I\/I 3 O 3 3

CA(3) Load F register

CB(1)

CC(5) Specifies logical and carry functions ' '

CE(7) Specifies shift amount C O n t ro I
Sequencing and Branching Fields Fi e I d S

AL(D) End operation and perform branch ' '

BA(8) Set high-order bits (00—07) of control address register

BB(4) Specifies condition for setting bit 8 of control address register

BC(4) Specifies condition for setting bit 9 of control address register

BD(4) Specifies condition for setting bit 10 of control address register

BE(4) Specifies condition for setting bit 11 of control address register

BF(7) Specifies condition for setting bit 12 of control address register

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.

(Table can be found on page 755 in the



15 Next microcode address

Microcode memory
32K X128 bits

ilzs Microinstruction

Control and

Microinstruction
pipeline register

Microinstruction 96 DA31-DAOO
32
~
t Y i ' i
ACT8847

ACTS8832 floati . ACTS8818

% oating-point and :
registered ALU microsequencer

integer processor

i 32

!

t System Y bus

!

Local data

mMemory
32K X 32 bits

PC/AT
interface

$16

T
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Table 21.7 TI1 8800 Microinstruction Format -

Field Number ] ]
Number of Bits Description

Control of Board
| 4l Select condition code input
2 1 Enable/disable external I/O request signal
3 2 Enable/disable local data memory read/write operations
4 1 Load status/do no load status
5 2 Determine unit driving Y bus
6 2 Determine unit driving DA bus

8847 Floating Point and Integer Processing Chip
7 1 C register control: clock, do not clock
8 1 Select most significant or least significant bits for Y bus
9 1 C register data source: ALU, multiplexer
10 4 Select IEEE or FAST mode for ALU and MUL
11 8 Select sources for data operands: RA registers, RB registers, P register, 5 register, C
register
12 1 RB register control: clock, do not clock
13 1 RA register control: clock, do not clock
14 2 Data source confirmation
15 2 Enable/disable pipeline registers
16 11 8847 ALU function
8832 Registered ALU
17 2 erta. enable/disable data output to selected register: most swnn‘u.'mt half, least
significant half
18 2 Select register file data source: DA bus, DB bus, ALU Y MUX output, system Y bus
19 3 Shift instruction modifier
20 1 Carry in: force, do not force
21 2 Set ALU configuration mode: 32, 16, or 8 bits
22 2 Select input to 5 multiplexer: register file, DB bus, MQ register
23 1 Select input to R multiplexer: register file, DA bus
24 6 Select register in file C for write
25 6 Select register in file B for read
26 6 Select register in file A for write
27 8 ALU function
8818 Microsequencer

28 12 Control input signals to the 8818

WCS Data Field
29 16 Most significant bits of writable control store data field
30 16 Least significant bits of writable control store data field
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Table 21.8 TI 8818 Microsequencer Microinstruction Bits (Field 28)

Mnemonic Value Description

RST8818 000000000110 Reset Instruction

BRASSIS] 011000111000 Branch to DRA Instruction

BRABS180 010000111110 Branch to DRA Instruction

INC88181 000000111110 Continue Instruction

INCB8180 001000001000 Continue Instruction

CALB8181 010000110000 Jump to Subroutine at Address Specified by DRA
CALB8180 010000101110 Jump to Subroutine at Address Specified by DRA
RET8818 000000011010 Return from Subroutine

PUSHS8818 000000110111 Push Interrupt Return Address onto Stack
POP8818 100000010000 Return from Interrupt

LOADDRA 000010111110 Load DRA Counter from DA Bus

LOADDRB 000110111110 Load DRB Counter from DA Bus

LOADDRAB 000110111100 Load DRA/DRB

DECRDRA 010001111100 Decrement DRA Counter and Branch If Not Zero
DECRDRB 010101111100 Decrement DRB Counter and Branch If Not Zero

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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Table 21.9 TI 8832 Registered ALU Instruction Field (Field 27) (page 1 of 2)

Group 1 Function
ADD H#01 R+5+Cn
SUBR H#02 (NOTR)+5 +Cn
SUBS H#03 R =(NOT S§) + Cn
INSC H#04 S+Cn
INCNS H#05 (NOT S) + Cn
INCR H#06 R +Cn
INCNR H#07 (NOTR) + Cn
XOR H#09 R XOR §
AND H#0A R AND S
OR H#0B RORS
NAND H#0C R NAND S
NOR H#0D R NOR §
ANDNR H#0E (NOT R) AND S
Group 2 Function
SRA H#00 Arithmetic right single precision shift
SRAD H#10 Arithmetic right double precision shift
SRL H#20 Logical right single precision shift
SRLD H#30 Logical right double precision shift
SLA H#40 Arithmetic left single precision shift
SLAD H#50 Arithmetic left double precision shift
SLC H#60 Circular left single precision shift
SLCD H#70 Circular left double precision shift
SRC H#30 Circular right single precision shift
SRCD H#90 Circular right double precision shift
MQSRA H#AO Arithmetic right shift MQ) register
MQSREL H#BO Logical right shift M() register
MQSLL H#CO Logical left shaft MQ) register
MQSLC H#DO0 Circular left shuft M() register
LOADMOQ H#EO Load M() register
PASS H#FO Pass ALU to Y (no shift operation)
Group 3 Function
SETI1 H#08 Set bit 1
Set0 H#18 Set bit 0
TBI H#28 Test bt |
TBO H#38 Test bit 0
ABS H#48 Absolute value
SMTC H#58 Sign magnitude/twos-complement
ADDI H#68 Add immediate
© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved. (Table can be found on page 764 in the
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Table 21.9 TI 8832 Registered ALU Instruction Field (Field 27) (page 2

of 2)

Subtract immediate

Byteadd Rto §

Byte subtract S from R

Byte subtract R from §

Byte increment S

Byte increment negative S

Byte XOR R and §

Byte AND R and S

Byte OR R and §

Function

Cyclic redundancy character accum.

Select Sor R

Single length normalize

Double length normalize

Divide remainder fix

Signed divide quotient fix

Signed multiply iterate

Signed multiply terminate

Signed divide initialize

Signed divide start

Signed divide iterate

Unsigned divide start

Unsigned divide iterate

Unsigned multiply iterate

Signed divide terminate

Unsigned divide terminate

Function

Load divide/BCD fhip-flops

Clear

Output divide/BCD flip-flops

BCD to binary

Excess -3 byte correction

Excess -3 word correction

Signed divide overflow test

Binary to excess -3

SUBI H#78
BADD H#88
BSUBS H#98
BSUBR H#AS
BINCS H#B8
BINCNS H#C8
BXOR H#D8
BAND H#ES
BOR H#F8
Group 4
CRC H#00
SEL H#10
SNORM H#20
DNORM H#30
DIVRF H#40
SDIVQF H#50
SMULI H#60
SMULT H#70
SDIVIN H#80
SDIVIS H#90
SDIVI H#AD
UDIVIS H#BO
UDIVI H#CO
UMULI H#D0
SDIVIT H#EO
UDIVIT H#F0
Group 5
LOADFF H#OF
CLR H#1F
DUMPFF H#5F
BCDBIN H#7F
EX3BC H#8F
EX3C H#9F
SDIVO H#AF
BINEX3 H#DF
NOP32 H#FF

No operation

© 2016 Pearson Education, Inc., Hoboken, NJ. All rights reserved.
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