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Preface

Hardware engineering has shifted the use of discrete electronic components to the
use of programmable devices. Consequently, programming has become much more im-
portant. Programmers who understand how hardware operates and a few basic
hardware principles can construct software systems that are more efficient and less
prone to errors. Consequently, a basic knowledge of computer architecture allows pro-
grammers to appreciate how software maps onto hardware and to make better software
design choices. A knowledge of the underlying hardware is also a valuable aid in de-
bugging because it helps programmers pinpoint the source of problems quickly.

The text is suitable for a one-semester undergraduate course. In many Computer
Science programs, a course on computer architecture or computer organization is the
only place in the curriculum where students are exposed to fundamental concepts that
explain the structure of the computers they program. Unfortunately, most texts on com-
puter architecture are written by hardware engineers and are aimed at students who are
learning how to design hardware. This text takes a different approach: instead of focus-
ing on hardware design and engineering details, it focuses on programmers by explain-
ing the essential aspects of hardware that a programmer needs to know. Thus, topics
are explained from a programmer’s point of view, and the text emphasizes conse-
quences for programmers.

The text is divided into five parts. Part I covers the basics of digital logic, gates,
data paths, and data representation. Most students enjoy the brief look at the underlying
hardware (especially because the text and labs avoid minute hardware details). Parts II,
III, and IV cover the three primary aspects of architecture: processors, memories, and
I/0 systems. In each case, the chapters give students enough background to understand
how the mechanisms operate and the consequences for programmers without going into
many details. Finally, Part V covers the advanced topics of parallelism, pipelining,
power and energy, and performance.

Appendix 1 describes an important aspect of the course: a hands-on lab where stu-
dents can learn by doing. Although most lab problems focus on programming, students
should spend the first few weeks in lab wiring a few gates on a breadboard. The equip-
ment is inexpensive (we spent less than fifteen dollars per student on permanent equip-
ment; students purchase their own set of chips for under twenty dollars).

Appendix 2 provides a quick introduction to x86 assembly language and the x64
extensions. Many professors teach x86 and have requested that it be included. The ma-
terial is in an appendix, which means that professors who choose to focus on a RISC as-
sembly language (e.g., the ARM architecture) can use it for comparison.



XXii Preface

The second edition contains two new chapters as well as changes and updates
throughout. Chapter 3 on data paths shows the components of a computer and
describes how data flows among the components as instructions are executed. The sim-
plified example bridges the gap between digital logic in Chapter 2 and the subsequent
chapters that describe processors. Chapter 20 on power and energy covers the basics
without going into detail. It explains why a dual-core chip in which each core runs at
half speed takes less power than a single core chip that runs at full speed.

We have set up a Web site to accompany the book at:
http://www .eca.cs.purdue.edu

The text and lab exercises are used at Purdue; students have been extremely posi-
tive about both. We receive notes of thanks for the text and course. For many students,
the lab is their first experience with hardware, and they are enthusiastic.

My thanks to the many individuals who contributed to the book. Bernd Wolfinger
provided extensive reviews and made several important suggestions about topics and
direction. Professors and students spotted typos in the first edition. George Adams pro-
vided detailed comments and suggestions for the second edition.

Finally, I thank my wife, Chris, for her patient and careful editing and valuable
suggestions that improve and polish the text.

Douglas E. Comer
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Introduction And Overview

1.1 The Importance Of Architecture

Computers are everywhere. Cell phones, video games, household appliances, and
vehicles all contain programmable processors. Each of these systems depends on
software, which brings us to an important question: why should someone interested in
building software study computer architecture? The answer is that understanding the
hardware makes it possible to write smaller, faster code that is less prone to errors. A
basic knowledge of architecture also helps programmers appreciate the relative cost of
operations (e.g., the time required for an I/O operation compared to the time required
for an arithmetic operation) and the effects of programming choices. Finally, under-
standing how hardware works helps programmers debug — someone who is aware of
the hardware has more clues to help spot the source of bugs. In short, the more a pro-
grammer understands about the underlying hardware, the better he or she will be at
creating software.

1.2 Learning The Essentials

As any hardware engineer will tell you, digital hardware used to build computer
systems is incredibly complex. In addition to myriad technologies and intricate sets of
electronic components that constitute each technology, engineers must master design
rules that dictate how the components can be constructed and how they can be intercon-
nected to form systems. Furthermore, the technologies continue to evolve, and newer,
smaller, faster components appear continuously.



4 Introduction And Overview Chap. 1

Fortunately, as this text demonstrates, it is possible to understand architectural
components without knowing low-level technical details. The text focuses on essen-
tials, and explains computer architecture in broad, conceptual terms — it describes each
of the major components and examines their role in the overall system. Thus, readers
do not need a background in electronics or electrical engineering to understand the sub-
ject.

1.3 Organization Of The Text
What are the major topics we will cover? The text is organized into five parts.

Basics. The first section covers two topics that are essential to the rest
of the book: digital logic and data representation. We will see that in each
case, the issue is the same: the use of electronic mechanisms to represent
and manipulate digital information.

Processors. One of the three key areas of architecture, processing
concerns both computation (e.g., arithmetic) and control (e.g., executing a
sequence of steps). We will learn about the basic building blocks, and see
how the blocks are used in a modern Central Processing Unit (CPU).

Memory. The second key area of architecture, memory systems,
focuses on the storage and access of digital information. We will examine
both physical and virtual memory systems, and understand one of the most
important concepts in computing: caching.

1I/0. The third key area of architecture, input and output, focuses on
the interconnection of computers and devices such as microphones, key-
boards, mice, displays, disks, and networks. We will learn about bus tech-
nology, see how a processor uses a bus to communicate with a device, and
understand the role of device driver software.

Advanced Topics. The final section focuses on two important topics
that arise in many forms: parallelism and pipelining. We will see how ei-
ther parallel or pipelined hardware can be used to improve overall perfor-
mance.

1.4 What We Will Omit

Paring a topic down to essentials means choosing items to omit. In the case of this
text, we have chosen breadth rather than depth — when a choice is required, we have
chosen to focus on concepts instead of details. Thus, the text covers the major topics in
architecture, but omits lesser-known variants and low-level engineering details. For ex-
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ample, our discussion of how a basic nand gate operates gives a simplistic description
without discussing the exact internal structure or describing precisely how a gate dissi-
pates the electrical current that flows into it. Similarly, our discussion of processors and
memory systems avoids the quantitative analysis of performance that an engineer needs.
Instead, we take a high-level view aimed at helping the reader understand the overall
design and the consequences for programmers rather than preparing the reader to build
hardware.

1.5 Terminology: Architecture And Design

Throughout the text, we will use the term architecture to refer to the overall organ-
ization of a computer system. A computer architecture is analogous to a blueprint —
the architecture specifies the interconnection among major components and the overall
functionality of each component without giving many details. Before a digital system
can be built that implements a given architecture, engineers must translate the overall
architecture into a practical design that accounts for details that the architectural specifi-
cation omits. For example, the design must specify how components are grouped onto
chips, how chips are grouped onto circuit boards, and how power is distributed to each
board. Eventually, a design must be implemented, which entails choosing specific
hardware from which the system will be constructed. A design represents one possible
way to realize a given architecture, and an implementation represents one possible way
to realize a given design. The point is that architectural descriptions are abstractions,
and we must remember that many designs can be used to satisfy a given architecture
and many implementations can be used to realize a given design.

1.6 Summary

This text covers the essentials of computer architecture: digital logic, processors,
memories, /O, and advanced topics. The text does not require a background in electri-
cal engineering or electronics. Instead, topics are explained by focusing on concepts,
avoiding low-level details, and concentrating on items that are important to program-
mers.
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2

Fundamentals Of Digital
Logic

2.1 Introduction

This chapter covers the basics of digital logic. The goal is straightforward — pro-
vide a background that is sufficient for a reader to understand remaining chapters.
Although many low-level details are irrelevant, programmers do need a basic
knowledge of hardware to appreciate the consequences for software. Thus, we will not
need to delve into electrical details, discuss the underlying physics, or learn the design
rules that engineers follow to interconnect devices. Instead, we will learn a few basics
that will allow us to understand how complex digital systems work.

2.2 Digital Computing Mechanisms

We use the term digital computer to refer to a device that performs a sequence of
computational steps on data items that have discrete values. The alternative, called an
analog computer, operates on values that vary continuously over time. Digital compu-
tation has the advantage of being precise. Because digital computers have become both
inexpensive and highly reliable, analog computation has been relegated to a few special
cases.

The need for reliability arises because a computation can entail billions of indivi-
dual steps. If a computer misinterprets a value or a single set fails, correct computation
will not be possible. Therefore, computers are designed for failure rates of much less
than one in a billion.

11
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How can high reliability and high speed be achieved? One of the earliest computa-
tional devices, known as an abacus, relied on humans to move beads to keep track of
sums. By the early twentieth century, mechanical gears and levers were being used to
produce cash registers and adding machines. By the 1940s, early electronic computers
were being constructed from vacuum tubes. Although they were much faster than
mechanical devices, vacuum tubes (which require a filament to become red hot) were
unreliable — a filament would burn out after a few hundred hours of use.

The invention of the transistor in 1947 changed computing dramatically. Unlike
vacuum tubes, transistors did not require a filament, did not consume much power, did
not produce much heat, and did not burn out. Furthermore, transistors could be pro-
duced at much lower cost than vacuum tubes. Consequently, modern digital computers
are built from electronic circuits that use transistors.

2.3 Electrical Terminology: Voltage And Current

Electronic circuits rely on physical phenomena associated with the presence and
flow of electrical charge. Physicists have discovered ways to detect the presence of
electrical charge and control the flow; engineers have developed mechanisms that can
perform such functions quickly. The mechanisms form the basis for modern digital
computers.

Engineers use the terms voltage and current to refer to quantifiable properties of
electricity: the voltage between two points (measured in volts) represents the potential
energy difference, and the current (measured in amperes or amps) represents the flow of
electrons along a path (e.g., along a wire). A good analogy can be made with water:
voltage corresponds to water pressure, and current corresponds to the amount of water
flowing through a pipe at a given time. If a water tank develops a hole and water be-
gins to flow through the hole, water pressure will drop; if current starts flowing through
a wire, voltage will drop.

The most important thing to know about electrical voltage is that voltage can only
be measured as the difference between two points (i.e., the measurement is relative).
Thus, a voltmeter, which is used to measure voltage, always has two probes; the meter
does not register a voltage until both probes have been connected. To simplify meas-
urement, we assume one of the two points represents zero volts, and express the voltage
of the second point relative to zero. Electrical engineers use the term ground to refer to
the point that is assumed to be at zero volts. In all digital circuits shown in this text,
we will assume that electrical power is supplied by two wires: one wire is a ground
wire, which is assumed to be at zero volts, and a second wire is at five volts.

Fortunately, we can understand the essentials of digital logic without knowing
more about voltage and current. We only need to understand how electrical flow can be
controlled and how electricity can be used to represent digital values.
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2.4 The Transistor

The mechanism used to control flow of electrical current is a semiconductor device
known as a transistor. At the lowest level, all digital systems are composed of transis-
tors. In particular, digital circuits use a form of transistor known as a Metal Oxide Sem-
iconductor Field Effect Transistor (MOSFET), abbreviated FET. A MOSFET can be
formed on a crystalline silicon foundation by composing layers of P-type and N-type
silicon, a silicon oxide insulating layer (a type of glass), and metal for wires that con-
nect the transistor to the rest of the circuit.

The transistors used in digital circuits function as an on/off switch that is operated
electronically instead of mechanically. That is, in contrast to a mechanical switch that
opens and closes based on the mechanical force applied, a transistor opens and closes
based on whether voltage is applied. Each transistor has three terminals (i.e., wires)
that provide connections to the rest of the circuit. Two terminals, a source and drain,
have a channel between them on which the electrical resistance can be controlled. If the
resistance is low, electric current flows from the source to the drain; if the resistance is
high, no current flows. The third terminal, known as a gate, controls the resistance. In
the next sections, we will see how switching transistors can be used to build more com-
plex components that are used to build digital systems.

MOSFET transistors come in two types; both are used in digital logic circuits.
Figure 2.1 shows the diagrams engineers use to denote the two typesf.

Source Source
current flows current flows
from S to D from S to D
Gate I: when G is Gate when G is
positive negative
Drain Drain
(a) (b)

Figure 2.1 The two types of transistors used in logic circuits. The type la-
beled (a) turns on when the gate voltage is positive; transistor la-
beled (b) turns on when the gate voltage is zero (or negative).

In the diagram, the transistor labeled (a) turns on whenever the voltage on the gate
is positive (i.e., exceeds some minimum threshold). When the appropriate voltage ap-
pears on the gate, a large current can flow through the other two connections. When the
voltage is removed from the gate, the large current stops flowing. The transistor labeled
(b), which has a small circle on the gate, works the other way: a large current flows
from the source to the drain whenever the voltage on the gate is below the threshold
(e.g., close to zero), and stops flowing when the gate voltage is high. The two forms

fTechnically, the diagram depicts the p-channel and n-channel forms of a MOSFET.
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are known as complementary, and the overall chip technology is known as CMOS
(Complementary Metal Oxide Semiconductor). The chief advantage of CMOS arises
because circuits can be devised that use extremely low power.

2.5 Logic Gates

How are digital circuits built? A transistor has two possible states — current is
flowing or no current is flowing. Therefore, circuits are designed using a two-valued
mathematical system known as Boolean algebra. Most programmers are familiar with
the three basic Boolean functions: and, or, and not. Figure 2.2 lists the possible input
values and the result of each function.

A|B| AandB AlB| AorB A | nota
oo 0 oo 0 0 1

0| 1 0 0| 1 1 1 0

1|0 0 100 1

1|1 1 1|1 1

Figure 2.2 Boolean functions and the result for each possible set of inputs.
A logical value of zero represents false, and a logical value of
one represents frue.

Boolean functions provide a conceptual basis for digital hardware. More impor-
tant, it is possible to use transistors to construct efficient circuits that implement each of
the Boolean functions. For example, consider the Boolean not. Typical logic circuits
use a positive voltage to represent a Boolean / and zero voltage to represent a Boolean
0. Using zero volts to represent 0 and a positive voltage to represent 1 means a circuit
that computes Boolean not can be constructed from two transistors. That is, the circuit
will take an input on one wire and produce an output on another wire, where the output
is always the opposite of the input — when positive voltage is placed on the input, the
output will be zero, and when zero voltage is placed on the input, the output will be po-
sitivef. Figure 2.3 illustrates a circuit that implements Boolean not.

The drawing in the figure is known as a schematic diagram. Each line on a
schematic corresponds to a wire that connects one component to another. A solid dot
indicates an electrical connection, and a small, open circle at the end of a line indicates
an external connection. In addition to the two inputs and an output, the circuit has
external connections to positive and zero voltages.

Electronic circuits that implement Boolean functions differ from a computer pro-
gram in a significant way: a circuit operates automatically and continuously. That is,
once power is supplied (the + voltage in the figure), the transistors perform their func-
tion and continue to perform as long as power remains on — if the input changes, the

TSome digital circuits use 5 volts and some use 3.3 volts; rather than specify a voltage, hardware en-

gineers write V,, to denote a voltage appropriate for a given circuit.
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o + voltage (denoted V,_)

input output

O Ovolts

Figure 2.3 A pair of complementary transistors used to implement a Boolean
not.

output changes. Thus, unlike a function in a program that only produces a result when
called, the output of a circuit is always available and can be used at any time.

To understand how the circuit works, think of the transistors as capable of forming
an electrical connection between the source and drain terminals. When the input is po-
sitive, the top transistor turns off and the bottom transistor turns on, which means the
output is connected to zero volts. Conversely, when the input voltage is zero, the top
transistor turns on and the bottom transistor turns off, which means the ouput is con-
nected to positive voltage. Thus, the ouput voltage represents the logical opposite of
the input voltage.

A detail adds a minor complication for Boolean functions: because of the way elec-
tronic circuits work, it takes fewer transistors to provide the inverse of each function.
Thus, most digital circuits implement the inverse of logical or and logical and: nor
(which stands for not or) and nand (which stands for not and). In addition, some cir-
cuits use the exclusive or (xor) function. Figure 2.4 lists the possible inputs and the
results for each functionf.

A | B | AnandB A|B| AnorB A|B| AxorB
oo 1 oo 1 oo 0
0|1 1 0| 1 0 0| 1 1
110 1 110 0 100 1
1] 1 0 1] 1 0 1] 1 0

Figure 2.4 The nand, nor, and xor functions that logic gates provide.

TA later section explains that we use the term fruth tables to describe the tables used in the figure.
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2.6 Implementation Of A Nand Logic Gate Using Transistors

For the remainder of the text, the details of transistors and their interconnection are
unimportant. All we need to understand is that transistors can be used to create each of
the Boolean functions described above, and that the functions are used to create digital
circuits that form computers. Before leaving the topic of transistors, we will examine
an example: a circuit that uses four transistors to implement a nand function. Figure
2.5 contains the circuit diagram. As described above, we use the term logic gate to
describe the resulting circuit. In practice, a logic gate contains additional components,
such as diodes and resistors, that are used to protect the transistors from electrostatic
discharge and excessive electrical current; because they do not affect the logical opera-
tion of the gate, the extra components have been omitted from the diagram.

T + voltage (V,,)

A iréput f
& :

output

B input

(35)_(77)

O 0volts

Figure 2.5 Example of four transistors interconnected in a circuit that imple-
ments a nand logic gate.

To understand how the circuit operates, observe that if both inputs represent logical
one, the bottom two transistors will be turned on, which means the output will be con-
nected to zero volts (logical zero). Otherwise, at least one of the top two transistors
will be turned on, and the output will be connected to positive voltage (logical one). Of
course, a circuit must be designed carefully to ensure that an output is never connected
to positive voltage and zero volts simultaneously (or the transistors will be destroyed).
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The diagram in Figure 2.5 uses a common convention: two lines that cross do not
indicate an electrical connection unless a solid dot appears. The idea is similar to the
way vertices and edges are drawn in a graph: two edges that cross do not indicate a ver-
tex is present unless a dot (or circle) is drawn. In a circuit diagram, two lines that cross
without a dot correspond to a situation in which there is no physical connection; we can
imagine that the wires are positioned so an air gap exists between them (i.e., the wires
do not touch). To help indicate that there is no connection, the lines are drawn with a
slight space around the crossing point.

Now that we have seen an example of how a gate can be created out of transistors,
we do not need to consider individual transistors again. Throughout the rest of the
chapter, we will discuss gates without referring to their internal mechanisms. Later
chapters discuss larger, more complex mechanisms that are composed of gates.

2.7 Symbols Used For Logic Gates

When they design circuits, engineers think about interconnecting logic gates rather
than interconnecting transistors. Each gate is represented by a symbol, and engineers
draw diagrams that show the interconnections among gates. Figure 2.6 shows the sym-
bols for nand, nor, inverter, and, or, and xor gates. The figure follows standard termi-
nology by using the term inverter for a gate that performs the Boolean not operation.

1 d >

nand gate nor gate inverter
and gate or gate xor gate

Figure 2.6 The symbols for commonly used gates. Inputs for each gate are
shown on the left, and the output of the gate is shown on the
right.

2.8 Example Interconnection Of Gates

The electronic parts that implement gates are classified as Transistor-Transistor
Logic (TTL) because the output transistors in each gate are designed to connect directly
to input transistors in other gates. In fact, an output can connect to several inputsf. For
example, suppose a circuit is needed in which the output is true if a disk is spinning and
the user presses a power-down button. Logically, the output is a Boolean and of two

¥The technology limits the number of inputs that can be connected to a single output; we use the term
Jfanout to specify the number of inputs that an output supplies.
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inputs. We said, however, that some designs are limited to nand, nor, and inverter

gates. In such cases, the and function can be created by directly connecting the output
of a nand gate to the input of an inverter. Figure 2.7 illustrates the connection.

input from

power button ——— {>C
output
input from ———

disk

Figure 2.7 Illustration of gate interconnection. The output from one logic
gate can connect directly to the input of another gate.

As another example of gate interconnection, consider the circuit in Figure 2.8 that
shows three inputs.

> c {>Coutput

Figure 2.8 An example of a circuit with three inputs labeled X, Y, and Z.
Internal interconnections are also labeled to allow us to discuss
intermediate values.

What function does the circuit in the figure implement? There are two ways to
answer the question: we can determine the Boolean formula to which the circuit
corresponds, or we can enumerate the value that appears on each output for all eight
possible combinations of input values. To help us understand the two methods, we
have labeled each input and each intermediate connection in the circuit as well as the
output.

To derive a Boolean formula, observe that input Y is connected directly to an in-
verter. Thus, the value at A corresponds to the Boolean function not Y. The nor gate
takes inputs not Y (from the inverter) and Z, so the value at B corresponds to the Boole-
an function:

Z nor (not'Y)
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Because the combination of a nand gate followed by an inverter produces the Boolean
and of the two inputs, the output value corresponds to:

X and (Z nor (not Y))

The formula can also be expressed as:

X and not (Z or (not Y)) 2.1

Although we have described the use of Boolean expressions as a way of under-
standing circuits, Boolean expressions are also important in circuit design. An engineer
can start a design by finding a Boolean expression that describes the desired behavior of
a circuit. Writing such an expression can help a designer understand the problem and
special cases. Once a correct expression has been found, the engineer can translate the
expression into equivalent hardware gates.

The use of Boolean expressions to specify circuits has a significant advantage: a
variety of tools are available that operate on Boolean expressions. Tools can be used to
analyze an expression, minimize an expressionf, and convert an expression into a di-
agram of interconnected gates. Automated minimization is especially useful because it
can reduce the number of gates required. That is, tools exist that can take a Boolean
expression as input, produce as output an equivalent expression that requires fewer
gates, and then convert the output to a circuit diagram. We can summarize:

Tools exist that take a Boolean expression as input and produce an
optimized circuit for the expression as output.

A second technique used to understand a logic circuit consists of enumerating all
possible inputs, and then finding the corresponding values at each point in the circuit.
For example, because the circuit in Figure 2.8 has three inputs, eight possible combina-
tions of input exist. We use the term truth table to describe the enumeration. Truth
tables are often used when debugging circuits. Figure 2.9 contains the truth table for
the circuit in Figure 2.8. The table lists all possible combination of inputs on wires X,
Y, and Z along with the resulting values on the wires labeled A, B, C, and output.

X| Y|z |A| B /| C | output
o|lo|o]|1]o0o]n1 0
olo|1]1]o0]n1 0
o|1]o]o]|1]1 0
o|1]|1]0]o0]n1 0
1loflo|l1]o]f1 0
1o 1|1]0]1 0
1]1]|o0flo]|1]|o 1
111 ]o0o]o0]1 0

Figure 2.9 A truth table for the circuit in Figure 2.8.

FAppendix 2 lists a set of rules used to minimize Boolean expressions.
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The table in Figure 2.9 is generated by starting with all possible inputs, and then
filling in the remaining columns one at a time. In the example, there are three inputs
(X, Y, and Z) that can each be set to zero or one. Consequently, there are eight possible
combinations of values in columns X, Y, and Z of the table. Once they have been filled
in, the input columns can be used to derive other columns. For example, point A in the
circuit represents the output from the first inverter, which is the inverse of input Y.
Thus, column A can be filled in by reversing the values in column Y. Similarly, column
B represents the nor of columns A and Z.

A truth table can be used to validate a Boolean expression — the expression can be
computed for all possible inputs and compared to the values in the truth table. For ex-
ample, the truth table in Figure 2.9 can be used to validate the Boolean expression (2.1)
above and the equivalent expression:

X and Y and (not 7))

To perform the validation, one computes the value of the Boolean expression for
all possible combinations of X, Y, and Z. For each combination, the value of the ex-
pression is compared to the value in the output column of the truth table.

2.9 A Digital Circuit For Binary Addition

How can logic circuits implement integer arithmetic? As an example, consider us-
ing gates to add two binary numbers. One can apply the technique learned in elementa-
ry school: align the two numbers in a column. Then, start with the least-significant di-
gits and add each column of digits. If the sum overflows a given column, carry the
high-order digit of the sum to the next column. The only difference is that computers
represent integers in binary rather than decimal. For example, Figure 2.10 illustrates the
addition of 20 and 29 carried out in binary.

carry carry carry

Figure 2.10 Example of binary addition using carry bits.

A circuit to perform the addition needs one module for each column (i.e., each bit
in the operands). The module for the low-order bits takes two inputs and produces two
outputs: a sum bit and a carry bit. The circuit, which is known as a half adder, con-
tains an and gate and an exclusive or gate. Figure 2.11 shows how the gates are con-
nected.
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and gate

exclusive-or gate
bit 1 el

bit 2 sum

carry

Figure 2.11 A half adder circuit that computes the sum and carry for two in-
put bits.

Although a half adder circuit computes the low-order bit of the sum, a more com-
plex circuit is needed for each of the other bits. In particular, each successive computa-
tion has three inputs: two input bits plus a carry bit from the column to the right. Fig-
ure 2.12 illustrates the necessary circuit, which is known as a full adder. Note the sym-
metry between the two input bits — either input can be connected to the sum of the cir-
cuit for the previous bit.

D
|
L_\ carry out

L/

Figure 2.12 A full adder circuit that accepts a carry input as well as two in-
put bits.

carry in

As the figure shows, a full adder consists of two half adder circuits plus one extra
gate (a logical or). The or connects the carry outputs from the two half adders, and
provides a carry output if either of the two half adders reports a carry.

Although a full adder can have eight possible input combinations, we only need to
consider six when verifying correctness. To see why, observe that the full adder treats
bit 1 and bit 2 symmetrically. Thus, we only need to consider three cases: both input
bits are zeros, both input bits are ones, and one of the input bits is one while the other is
zero. The presence of a carry input doubles the number of possibilities to six. An exer-
cise suggests using a truth table to verify that the full adder circuit does indeed give
correct output for each input combination.
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2.10 Multiple Gates Per Integrated Circuit

Because the logic gates described above do not require many transistors, multiple
gates that use TTL can be manufactured on a single, inexpensive electronic component.
One popular set of TTL components that implement logic gates is known as the 7400
Sfamilyt; each component in the family is assigned a part number that begins with 74.
Physically, many of the parts in the 7400 family consist of a rectangular package ap-
proximately one-half inch long with fourteen copper wires (called pins) that are used to
connect the part to a circuit; the result is known as a /4-pin Dual In-line Package (14-
pin DIP). More complex 7400-series chips require additional pins (e.g., some use a
16-pin DIP configuration).

To understand how multiple gates are arranged on a 7400-series chip, consider
three examples. Part number 7400 contains four nand gates, part number 7402 contains
four nor gates, and part number 7404 contains six inverters. Figure 2.13 illustrates how
the inputs and outputs of individual logic gates connect to pins in each case.

rlplpinicininEciEiizicinin MTTTTTE
mggbmmﬁ MR W e B B ]
7400 7402 7404

Figure 2.13 Illustration of the pin connections on three commercially avail-
able integrated circuits that implement logic gates.

Although the figure does not show gates connected to pins 14 and 7, the two pins
are essential because they supply power needed to run the gates — as the labels indi-
cate, pin 14 connects to plus five volts and pin 7 connects to ground (zero volts).

2.11 The Need For More Than Combinatorial Circuits

An interconnection of Boolean logic gates, such as the circuits described above, is
known as a combinatorial circuit because the output is simply a Boolean combination
of input values. In a combinatorial circuit, the output only changes when an input value
changes. Although combinatorial circuits are essential, they are not sufficient — a com-
puter requires circuits that can take action without waiting for inputs to change. For ex-
ample, when a user presses a button to power on a computer, hardware must perform a
sequence of operations, and the sequence must proceed without further input from the
user. In fact, a user does not need to hold the power button continuously — the startup

7In addition to the logic gates described in this section, the 7400 family also includes more sophisticated
mechanisms, such as flip-flops, counters, and demultiplexors, that are described later in the chapter.
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sequence continues even after the user releases the button. Furthermore, pressing the
same button again causes the hardware to initiate a shutdown sequence.

How can a power button act to power down as well as power up a system? How
can digital logic perform a sequence of operations without requiring the input values to
change? How can a digital circuit continue to operate after an input reverts to its initial
condition? The answers involve additional mechanisms. Sophisticated arrangements of
logic gates can provide some of the needed functionality. The rest requires a hardware
device known as a clock. The next sections present examples of sophisticated circuits,
and later sections explain clocks.

2.12 Circuits That Maintain State

In addition to electronic parts that contain basic Boolean gates, parts are also avail-
able that contain gates interconnected to maintain state. That is, electronic circuits exist
in which the outputs are a function of the sequence of previous inputs as well as the
current input. Such logic circuits are known as sequential circuits.

A latch is one of the most basic of sequential circuits. The idea of a latch is
straightforward: a latch has an input and an output. In addition, a latch has an extra in-
put called an enable line. As long as the enable line is set to logical one, the latch
makes its output an exact copy of the input. That is, while the enable line is one, if the
input changes, the output changes as well. Once the enable line changes to logical zero,
however, the output freezes at its current value and does not change. Thus, the latch
“remembers” the value the input had while the enable line was set, and keeps the output
set to that value.

How can a latch be devised? Interestingly, a combination of Boolean logic gates is
sufficient. Figure 2.14 illustrates a circuit that uses four nand gates to create a latch.
The idea is that when the enable line is logical zero, the two nand gates on the right
remember the current value of the output. Because the outputs of two nand gates feed
back into each other’s input, the output value will remain stable. When the enable line
is logical one, the two gates on the left pass the data input (on the lower wire) and its
inverse (on the higher wire) to the pair of gates on the right.

data in -
o— —
} output
Q—:
enable
o 4 L

Figure 2.14 Illustration of four nand gates used to implement a one-bit latch.
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2.13 Propagation Delay

To understand the operation of a latch, one must know that each gate has a propa-
gation delay. That is, a delay occurs between the time an input changes and the output
changes. During the propagation delay, the output remains at the previous value. Of
course, transistors are designed to minimize delay, and the delay can be less than a mi-
crosecond, but a finite delay exists. To see how propagation delay affects circuits, con-
sider the circuit in Figure 2.15.

Ai >0—e——— output

Figure 2.15 An inverter with the output connected back to the input.

As the figure shows, the output of an inverter is connected back to the input. It
does not seem that such a connection makes sense because an inverter’s output is al-
ways the opposite of its input. The Boolean expression for such a circuit is:

output = not(output)

which is a mathematical contradiction.

Propagation delay explains that the circuit works. At any time, if output is O, the
input to the inverter will be 0. After a propagation delay, the inverter will change the
output to 1. Once the output becomes 1, another propagation delay occurs, and the out-
put will become 0 again. Because the cycle goes on forever, we say that the circuit os-
cillates by generating an output that changes back and forth between 0 and 1 (known as
a square wave). The concept of propagation delay explains the operation of the latch in
Figure 2.14 — outputs remain the same until a propagation delay occurs.

2.14 Using Latches To Create A Memory

We will see that processors include a set of registers that serve as short-term
storage units. Typically, registers hold values that are used in computation (e.g., two
values that will be added together). Each register holds multiple bits; most computers
have 32-bit or 64-bit registers. The circuit for a register illustrates an important princi-
ple of digital hardware design:

A circuit to handle multiple bits is constructed by physically replicat-
ing a circuit that handles one bit.
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enable line for the register — = | Register

1-bit
—— latch

1-bit

input bits for latch output bits for

the register the register
# 1-bit #
—— latch

1-bit
L latch

Figure 2.16 A 4-bit register formed from four 1-bit latches.

To understand the principle, consider Figure 2.16 which shows how a 4-bit register
circuit can be constructed from four 1-bit latchest. In the figure, the enable lines of all
four latches are connected together to form an enable input for the register. Although
the hardware consists of four independent circuits, connecting the enable lines means
the four latches act in unison. When the enable line is set to logical one, the register ac-
cepts the four input bits and sets the four outputs accordingly. When the enable line be-
comes zero, the outputs remain fixed. That is, the register has stored whatever value
was present on its inputs, and the output value will not change until the enable line be-
comes one again.

The point is:

A register, one of the key components in a processor, is a hardware
mechanism that uses a set of latches to store a digital value.

2.15 Flip-Flops And Transition Diagrams

A flip-flop is another circuit in which the output depends on previous inputs as
well as the current input. There are various forms. One form acts exactly like the
power switch on a computer: the first time its input becomes /, the flip-flop turns the
output on, and the second time the input becomes /, the flip-flop turns the output off.
Like a push-button switch used to control power, a flip-flop does not respond to a con-
tinuous input — the input must return to 0 before a value of 1 will cause the flip-flop to
change state. That is, whenever the input transitions from 0 to 1, the flip-flop changes
its output from the current state to the opposite. Figure 2.17 shows a sequence of inputs
and the resulting output.

TAlthough the diagram only shows a 4-bit register, the registers used in typical processors store 32 bits or
64 bits.



26 Fundamentals Of Digital Logic

input output

flip-flop

time increases

Figure 2.17 Illustration of how one type of flip-flop reacts to a sequence of
inputs. The flip-flop output changes when the input transitions
from O to 1 (i.e., from zero volts to five volts).

Chap. 2

Because it responds to a sequence of inputs, a flip-flop is not a simple combina-
torial circuit. A flip-flop cannot be constructed from a single gate. However, a flip-

flop can be constructed from a pair of latches.

To understand how a flip-flop works, it is helpful to plot the input and output in
graphical form as a function of time. Engineers use the term transition diagram for
such a plot. In most digital circuits, transitions are coordinated by a clock, which
means that transitions only occur at regular intervals. Figure 2.18 illustrates a transition
diagram for the flip-flop values from Figure 2.17. The line labeled clock in Figure 2.18
shows where clock pulses occur; each input transition is constrained to occur on one of
the clock pulses. For now, it is sufficient to understand the general concept; later sec-

tions explain clocks.

time increases

Figure 2.18 Illustration of a transition diagram that shows how a flip flop
reacts to the series of inputs in Figure 2.17. Marks along the x-
axis indicate times; each corresponds to one clock tick.

We said that a flip-flop changes output each time it encounters a one bit. In fact,
the transition diagram shows the exact details and timing that are important to circuit
designers. In the example, the transition diagram shows that the flip-flop is only trig-
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gered when the input rises. That is, the output does not change until the input transi-
tions from zero to one. Engineers say that the output transition occurs on the rising
edge of the input change; circuits that transition when the input changes from one to
zero are said to occur on the falling edge.

In practice, additional details complicate flip-flops. For example, most flip-flops
include an additional input named reset that places the output in a O state. In addition,
several other variants of flip-flops exist. For example, some flip-flops provide a second
output that is the inverse of the main output (in some circuits, having the inverse avail-
able results in fewer gates).

2.16 Binary Counters

A single flip-flop only offers two possible output values: 0 or 1. However, a set of
flip-flops can be connected in series to form a binary counter that accumulates a numer-
ic total. Like a flip-flop, a counter has a single input. Unlike a flip-flop, however, a
counter has multiple outputs. The outputs count how many input pulses have been
detected by giving a numerical total in binary{. We think of the outputs as starting at
zero and adding one each time the input transitions from O to 1. Thus, a counter that
has three output lines can accumulate a total between 0 and 7. Figure 2.19 illustrates a
counter, and shows how the outputs change when the input changes.

input | outputs | decimal
0 000 0
0 000 0
1 001 1
counter 0 001 1
outputs i 1 010 2
input — time 1 010 2
increases 0 010 2
1 011 3
(a) 0 011 3
1 100 4
] 0 100 4
1 101 5
(b)

Figure 2.19 Illustration of (a) a binary counter, and (b) a sequence of input
values and the corresponding outputs. The column labeled deci-
mal gives the decimal equivalent of the outputs.

TChapter 3 considers data representation in more detail. For now, it is sufficient to understand that the
outputs represent a number.
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In practice, an electronic part that implements a binary counter has several addi-
tional features. For example, a counter has an additional input used to reset the count to
zero, and may also have an input that temporarily stops the counter (i.e., ignores the in-
put and freezes the output). More important, because it has a fixed number of output
pins, each counter has a maximum value it can represent. When the accumulated count
exceeds the maximum value, the counter resets the output to zero and uses an additional
output to indicate that an overflow occurred.

2.17 Clocks And Sequences

Although we have seen the basic building blocks of digital logic, one additional
feature is absolutely essential for a digital computer: automatic operation. That is, a
computer must be able to execute a sequence of instructions without any inputs chang-
ing. The digital logic circuits discussed previously all use the property that they
respond to changes in one or more of their inputs; they do not perform any function un-
til an input changes. How can a digital logic circuit perform a series of steps?

The answer is a mechanism known as a clock that allows hardware to take action
without requiring the input to change. In fact, most digital logic circuits are said to be
clocked, which means that the clock signal, rather than changes in the inputs, controls
and synchronizes the operation of individual components and subassemblies to ensure
that they work together as intended (e.g., to guarantee that later stages of a circuit wait
for the propagation delay of previous stages).

What is a clock? Unlike the common definition of the term, hardware engineers
use the term clock to refer to an electronic circuit that oscillates at a regular rate; the os-
cillations are converted to a sequence of alternating ones and zeros. Although a clock
can be created from an inverter{, most clock circuits use a quartz crystal, which oscil-
lates naturally, to provide a signal at a precise frequency. The clock circuit amplifies
the signal and changes it from a sine wave to a square wave. Thus, we think of a clock
as emitting an alternating sequence of O and 1 values at a regular rate. The speed of a
clock is measured in Hertz (Hz), the number of times per second the clock cycles
through a 1 followed by a 0. Most clocks in high-speed digital computers operate at
speeds ranging from one hundred megahertz (100 MHz) to several gigahertz (GHz).
For example, at present, the clock used by a typical processor operates at approximately
3 GHz.

It is difficult for a human to imagine circuits changing at such high rates. To make
the concept clear, let’s consider a clock is available that operates at an extremely slow
rate of 1 Hz. Such a clock might be used to control an interface for a human. For ex-
ample, if a computer contains an LED that flashes on and off to indicate that the com-
puter is active, a slow clock is needed to control the LED. Note that a clock rate of 1
Hz means the clock completes an entire cycle in one second. That is, the clock emits a
logical 1 for one-half cycle followed by a logical zero for one-half cycle. If a circuit ar-
ranges to turn on an LED whenever the clock emits a logical 1, the LED will remain on
for one-half second, and then will be off for one-half second.

TSee Figure 2.15 on page 24.
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How does an alternating sequence of O and 1 values make digital circuits more
powerful? To understand, we will consider a simple clocked circuit. Suppose that dur-
ing startup, a computer must perform the following sequence of steps:

e Test the battery

e Power on and test the memory

e Start the disk spinning

e Power up the screen

e Read the boot sector from disk into memory
e Start the CPU

To simplify the explanation, we will assume that each step requires at most one second
to complete before the next step can be started. Thus, we desire a circuit that, once it
has been started, will perform the six steps in sequence, at one-second intervals with no
further changes in input.

For now, we will focus on the essence of the circuit, and consider how it can be
started later. A circuit to handle the task of performing six steps in sequence can be
built from three building blocks: a clock, a binary counter, and a device known as a
decoder/demultiplexort, which is often abbreviated demux. We have already con-
sidered a counter, and will assume that a clock is available that generates digital output
at a rate of exactly one cycle per second. The last component, a decoder/demultiplexor,
is a single integrated circuit that uses a binary value to map an input to a set of outputs.
We will use the decoding function to select an output. That is, a decoder takes a binary
value as input, and uses the value to choose an output. Only one output of a decoder is
on at any time; all others are off — when the input lines represent the value i in binary,
the decoder selects the i output. Figure 2.20 illustrates the concept.

decoder

“000”
“001”
—— “010~
in, uts{ ; ] o outputs
v ! L «“100” r
“101”
“110”
“111”

Figure 2.20 Illustration of a decoder with three input lines and eight output
lines. When inputs x, y, and z have the values 0, 1, and 1, the
fourth output from the top is selected.

TAn alternate spelling of demultiplexer is also used.
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When used as a decoder, the device merely selects one of its outputs; when used as
a demultiplexor, the device takes an extra input which it passes to the selected output.
Both the decoder function and the more complex demultiplexor function can be con-
structed from Boolean gates.

A decoder provides the last piece needed for our simplistic sequencing mechanism
— when we combine a clock, counter, and decoder, the resulting circuit can execute a
series of steps. For example, Figure 2.21 shows the interconnection in which the output
of a clock is used as input to a binary counter, and the output of a binary counter is
used as input to a decoder.

decoder

—— not used

counter — test battery
clock

— test memory

— start disk

— power on display

—— read boot block
— start CPU
—— not used

Figure 2.21 An illustration of how a clock can be used to create a circuit that
performs a sequence of six steps. Output lines from the counter
connect directly to input lines of the decoder.

To understand how the circuit operates, assume that the counter has been reset to
zero. Because the counter output is 000, the decoder selects the topmost output, which
is not used (i.e., not connected). Operation starts when the clock changes from logical 0
to logical 1. The counter accumulates the count, which changes its output to 001.
When its input changes, the decoder selects the second output, which is labeled fest bat-
tery. Presumably, the second output wire connects to a circuit that performs the neces-
sary test. The second output remains selected for one second. During the second, the
clock output remains at logical 1 for one-half second, and then reverts to logical O for
one-half second. When the clock output changes back to logical 1, the counter output
lines change to 010, and the decoder selects the third output, which is connected to cir-
cuitry that tests memory.

Of course, details are important. For example, some decoder chips make a selected
output 0 and other outputs 1. Electrical details also matter. To be compatible with
other devices, the clock must use five volts for logical 1, and zero volts for logical 0.
Furthermore, to be directly connected, the output lines of the binary counter must use
the same binary representation as the input lines of the decoder. Chapter 3 discusses
data representation in more detail; for now, we assume the output and input values are
compatible.
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2.18 The Important Concept Of Feedback

The simplistic circuit in Figure 2.21 lacks an important feature: there is no way to
control operation (i.e., to start or stop the sequence). Because a clock runs forever, the
counter in the figure counts from zero through its maximum value, and then starts again
at zero. As a result, the decoder will repeatedly cycle through its outputs, with each
output being held for one second before moving on to the next.

Few digital circuits perform the same series of steps repeatedly. How can we ar-
range to stop the sequence after the six steps have been executed? The solution lies in a
fundamental concept: feedback. Feedback lies at the heart of complex digital circuits
because it allows the results of processing to affect the way a circuit behaves. In the
computer startup sequence, feedback is needed for each of the steps. If the disk cannot
be started, for example, the boot sector cannot be read from the disk.

We have already seen feedback used to maintain a data value in the latch circuit of
Figure 2.14 because the output from each of the right-most nand gates feeds back as an
input to the other gate. For another example of feedback, consider how we might use
the final output of the decoder, call it F, to stop the sequence. An easy solution consists
of using the value of F to prevent clock pulses from reaching the counter. That is, in-
stead of connecting the clock output directly to the counter input, we insert logic gates
that only allow the counter input to continue when F has the value 0. In terms of
Boolean algebra, the counter input should be:

CLOCK and (not F)

That is, as long as F is false, the counter input should be equal to the clock; when F is
true, however, the counter input changes to (and remains) zero. Figure 2.22 shows how
two inverters and a nand gate can be used to implement the necessary function.

decoder

these two gates perform —— not used
clock the Boolean and function counter —— test battery

— — test memory

— start disk

—— power on display

— read boot block
— start CPU

feedback stop

Figure 2.22 A modification of the circuit in Figure 2.21 that includes feed-
back to stop processing after one pass through each output.
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The feedback in Figure 2.22 is fairly obvious because there is an explicit physical
connection between the last output and the combinatorial circuit on the input side. The
figure also makes it easy to see why feedback mechanisms are sometimes called feed-
back loopsT.

2.19 Starting A Sequence

Figure 2.22 shows that it is possible to use feedback to terminate a process. How-
ever, the circuit is still incomplete because it does not contain a mechanism that allows
the sequence to start. Fortunately, adding a starting mechanism is trivial. To under-
stand why, recall that a counter contains a separate input line that resets the count to
zero. All that is needed to make our circuit start is another input (e.g., from a button
that a user pushes) connected to the counter reset.

When a user pushes the button, the counter resets to zero, which causes the
counter’s output to become 000. When it receives an input of all zeros, the decoder
turns on the first output, and turns off the last output. When the last output turns off,
the nand gate allows the clock pulses through, and the counter begins to run.

Although it does indeed start the sequence, allowing a user to reset the counter can
cause problems. For example, consider what happens if a user becomes impatient dur-
ing the startup sequence and presses the button a second time. Once the counter resets,
the sequence starts again from the beginning. In some cases, performing an operation
twice simply wastes time. In other cases, however, repeating an operation causes prob-
lems (e.g., some disk drives require that only one command be issued at a time). Thus,
a production system uses complex combinatorial logic to prevent a sequence from being
interrupted or restarted before it completes.

Although it only contains a few components, the example demonstrates an impor-
tant concept: a set of Boolean logic gates and a clock are sufficient to allow the execu-
tion of a sequence of logical steps. The point is:

The example circuit shows that Boolean logic gates and a clock make
it possible to build a circuit which, when started, performs a logical
sequence of steps and then hallts.

Only one additional concept is needed before we can create a general-purpose com-
puter: programmability. Chapter 6 extends our discussion of hardware by showing how
the basic components described here can be used to build a programmable processor
that uses a program in memory to determine the sequence of operations.

TA feedback loop is also present among the gates used to construct a flip-flop.
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2.20 lteration In Software Vs. Replication In Hardware

As we think about hardware, it will be important to remember a significant differ-
ence between the way software and hardware handle operations that must be applied to
a set of items. In software, a fundamental paradigm for handling multiple items con-
sists of iferation — a programmer writes code that repeatedly finds the next item in a
set and applies the operation to the item. Because the underlying system only applies
the operation to one item at a time, a programmer must specify the number of items.
Iteration is so essential to programming that most programming languages provide state-
ments (e.g., a for loop) that allow the programmer to express the iteration clearly.

Although hardware can be built to perform iteration, doing so is difficult and the
resulting hardware is clumsy. Instead, the fundamental hardware paradigm for handling
multiple items consists of replication — a hardware engineer creates multiple copies of
a circuit, and allows each copy to act on one item. All copies perform at the same time.
For example, to compute a Boolean operation on a pair of thirty-two bit values, a
hardware engineer designs a circuit for a pair of bits, and then replicates the circuit
thirty-two times. Thus, to compute the Boolean exclusive or of two thirty-two bit in-
tegers, a hardware designer can use thirty-two xor gates.

Replication is difficult for programmers to appreciate because replication is anti-
thetical to good programming — a programmer is taught to avoid duplicating code. In
the hardware world, however, replication has three distinct advantages: elegance, speed,
and correctness. Elegance arises because replication avoids the extra hardware needed
to select an individual item, move it into place, and move the result back. In addition to
avoiding the delay involved in moving values and results, replication increases perfor-
mance by allowing multiple operations to be performed simultaneously. For example,
thirty-two inverters working at the same time can invert thirty-two bits in exactly the
same amount of time that it takes one inverter to invert a single bit. Such speedup is
especially significant if a computer can operate on sixty-four bits at the same time. The
notion of parallel operation appears throughout the text; a later chapter explains how
parallelism applies on a larger scale.

The third advantage of replication focuses on high reliability. Reliability is in-
creased because replication makes hardware easier to validate. For example, to validate
that a thirty-two bit operation works correctly, a hardware engineer only needs to vali-
date the circuit for a single bit — the remaining bits will work the same because the
same circuit is replicated. As a result, hardware is much more reliable than software.
Even the legal system holds product liability standards higher for hardware than for
software — unlike software that is often sold “as is” without a warranty, hardware (e.g.,
an integrated circuit) is sold within a legal framework that requires fitness for the in-
tended purpose. We can summarize:

Unlike software, which uses iteration, hardware uses replication. The
advantages of replication are increased elegance, higher speed, and
increased reliability.
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2.21 Gate And Chip Minimization

We have glossed over many of the underlying engineering details. For example,
once they choose a general design and the amount of replication that will be used, en-
gineers seek ways to minimize the amount of hardware needed. There are two issues:
minimizing gates and minimizing integrated circuits. The first issue involves general
rules of Boolean algebra. For example, consider the Boolean expression:

not (not z)

A circuit to implement the expression consists of two inverters connected together. Of
course, we know that two not operations are the identity function, so the expression can
be replaced by z. That is, a pair of directly connected inverters can be removed from a
circuit without affecting the result.

As another example of Boolean expression optimization, consider the expression:
X nor (not x)

Either x will have the value 1, or not x will have the value 1, which means the nor func-
tion will always produce the same value, a logical 0. Therefore, the entire expression
can be replaced by the value 0. In terms of a circuit, it would be foolish to use a nor
gate and an inverter to compute the expression because the circuit resulting from the
two gates will always be logical zero. Thus, once an engineer writes a Boolean expres-
sion formula, the formula can be analyzed to look for instances of subexpressions that
can be reduced or eliminated without changing the result.

Fortunately, sophisticated design tools exist that help engineers minimize gates.
Such tools take a Boolean expression as an input. The design tool analyzes the expres-
sion and produces a circuit that implements the expression with a minimum number of
gates. The tools do not merely use Boolean and, or, and not. Instead, they understand
the gates that are available (e.g., nand), and define the circuit in terms of available elec-
tronic parts.

Although Boolean formulas can be optimized mathematically, further optimization
is needed because the overall goal is minimization of integrated circuits. To understand
the situation, recall that many integrated circuits contain multiple copies of a given type
of gate. Thus, minimizing the number of Boolean operations may not optimize a circuit
if the optimization increases the types of gates required. For example, suppose a Boole-
an expression requires four nand gates, and consider an optimization that reduces the re-
quirements to three gates: two nand gates and a nor gate. Unfortunately, although the
total number of gates is lower, the optimization increases the number of integrated cir-
cuits required because a single 7400 integrated circuit contains four nand gates, but two
integrated circuits are required if an optimization includes both nand and nor gates.

2.22 Using Spare Gates

Consider the circuit in Figure 2.22 carefullyf. Assuming the clock, counter, and
decoder each require one integrated circuit, how many additional integrated circuits are
required? The obvious answer is two: one is needed for the nand gate (e.g., a 7400)

TFigure 2.22 can be found on page 31.

[vww.ebook3000.con)



http://www.ebook3000.org

Sec.2.22 Using Spare Gates 35

and another for the two inverters (e.g., a 7404). Surprisingly, it is possible to imple-
ment the circuit with only one additional integrated circuit. To see how, observe that
although the 7400 contains four nand gates, only one is needed. How can the spare
gates be used? The trick lies in observing that nand of 1 and O is 1, and nand of 1 and
1is 0. That is,

1 nand x

is equivalent to:

not X

To use a nand gate as an inverter, an engineer simply connects one of the two inputs to
logical one (i.e., five volts). A spare nand gate can be used as an inverter.

2.23 Power Distribution And Heat Dissipation

In addition to planning digital circuits that correctly perform the intended function
and minimizing the number of components used, engineers must contend with the
underlying power and cooling requirementsf. For example, although the diagrams in
this chapter only depict the logical inputs and outputs of gates, every gate consumes
power. The amount of power used by a single integrated circuit is insignificant. How-
ever, because hardware designers tend to use replication instead of iteration, complex
digital systems contain many circuits. An engineer must calculate the total power re-
quired, construct the appropriate power supplies, and plan additional wiring to carry
power to each chip.

The laws of physics dictate that any device that consumes power will generate
heat. The amount of heat generated is proportional to the amount of power consumed,
so an integrated circuit generates a minimal amount of heat. Because a digital system
uses hundreds of circuits that operate in a small, enclosed space, the total heat generated
can be significant. Unless engineers plan a mechanism to dissipate heat, high tempera-
tures will cause the circuits to fail. For small systems, engineers add holes to the
chassis that allow hot air to escape and be replaced by cooler air from the surrounding
room. For intermediate systems, such as personal computers, fans are added to move
air from the surrounding room through the system more quickly. For the largest digital
systems, cool air is insufficient — a refrigeration system with liquid coolant must be
used (e.g., circuits in the Cray 2 supercomputer were directly immersed in a liquid
coolant).

2.24 Timing And Clock Zones

Our quick tour of digital logic omits another important aspect that engineers must
consider: timing. A gate does not act instantly. Instead, a gate takes time to settle (i.e.,
to change the output once the input changes). In our examples, timing is irrelevant be-

FChapter 20 considers power in more detail.
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cause the clock runs at the incredibly slow rate of 1 Hz and all gates settle in less than a
microsecond. Thus, the gates settle long before the clock pulses.

In practice, timing is an essential aspect of engineering because digital circuits are
designed to operate at high speed. To ensure that a circuit will operate correctly, an en-
gineer must calculate the time required for all gates to settle.

Engineers must also calculate the time required to propagate signals throughout an
entire system, and must ensure that the system does not fail because of clock skew. To
understand clock skew, consider Figure 2.23 that illustrates a circuit board with a clock
that controls three of the integrated circuits in the system.

clock

Figure 2.23 Illustration of three integrated circuits in a digital system that are
controlled by a single clock. The length of wire between the
clock and an integrated circuit determines when a clock signal
arrives.

In the figure, the three integrated circuits are physically distributed (presumably,
other integrated circuits occupy the remaining space). Unfortunately, a finite time is re-
quired for a signal from the clock to reach each of the circuits, and the time is propor-
tional to the length of wire between the clock and a given circuit. As a result, the clock
signal will arrive at some of the integrated circuits sooner than it arrives at others. As a
rule of thumb, a signal requires one nanosecond to propagate across one foot of wire.
Thus, for a system that measures eighteen inches across, the clock signal can reach loca-
tions near the clock a nanosecond before the signal reaches the farthest location. Obvi-
ously, clock skew can cause a problem if parts of the system must operate before other
parts. An engineer needs to calculate the length of each path and design a layout that
avoids the problem of clock skew.

As a consequence of clock skew, engineers seldom use a single global clock to
control a system. Instead, multiple clocks are used, with each clock controlling one part
of the system. Often, clocks that run at the highest rates are used in the smallest physi-
cal areas. We use the term clock zone to refer to the region that a given clock controls.
The idea is not limited to physically large systems — integrated circuits, such as CPUs,
have become so large and complex that multiple clock zones are used on a chip.
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Although using multiple clock zones avoids the problems of clock skew, multiple
clocks introduce another problem, clock synchronization: digital logic at the boundary
between two clock zones must be engineered to accommodate both zones. Usually,
such accommodation means the circuit slows down and takes multiple clock cycles to
move data.

2.25 Clockless Logic

As chips increase in size and complexity, the problem of clock skew and the divi-
sion of a system into clock zones has become increasingly important. In many systems,
the boundary between clock zones forms a bottleneck because logic circuits at the boun-
dary must wait multiple clock cycles before the output from one clock zone can be for-
warded to another clock zone. The problem of zone synchronization has become so im-
portant that researchers have devised an alternative approach: clockless logic. In
essence, a clockless system uses two wires instead of one to represent a Boolean value.
The use of two wires means that an output can indicate the end of a bit unambiguously
without depending on a clock. Figure 2.24 lists the four possible combinations of
values on two wires and their meanings.

Wire1 Wire 2 Meaning
0 0 Reset before starting a new bit
0 1 Transfer a 0 bit
1 0 Transfer a 1 bit
1 1 Undefined (not used)

Figure 2.24 Meaning of signals on two wires when clockless logic is used to
transfer bits from one chip to another.

The idea is that the sender sets both wires to zero volts between each bit to reset
the receiver. After the reset, the sender transfers a logical O or a logical 1. A receiver
knows when a bit arrives because exactly one of the two wires is high (e.g., 5 volts).

Why use clockless logic? In addition to eliminating the problem of clock zone
coordination and allowing higher speed data transfer among chips, the clockless ap-
proach can use less power. Clocked circuits need to propagate the clock signal continu-
ously, even when parts of the circuit are inactive. Clockless logic can avoid the over-
head of propagating clock signals.

Does the clockless approach work in practice? Yes. By designing an entire pro-
cessor that uses clockless logic, ARM, Inc. has demonstrated that the approach scales to
large, complex circuits. Thus, the clockless approach has potential. Currently, most
chip designers still use the clocked approach.
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2.26 Circuit Size And Moore’s Law

Most digital circuits are built from Integrated Circuits (ICs), a technology that per-
mits many transistors to be placed on a single silicon chip along with wiring that inter-
connects them. The idea is that the components on an IC form a useful circuit.

ICs are often created by using Complementary Metal Oxide Semiconductor
(CMOS) technology. Silicon is doped with impurities to give it negative or positive
ionization. The resulting substances are known as N-type silicon or P-type silicon.
When arranged in layers, N-type and P-type silicon form transistors.

IC manufacturers do not create a single IC at a time. Instead, a manufacturer
creates a round wafer that is between twelve and eighteen inches in diameter and con-
tains many copies of a given IC design. Once the wafer has been created, the vendor
cuts out the individual chips, and packages each chip in a plastic case along with pins
that connect to the chip.

ICs come in a variety of shapes and sizes; some have only eight external connec-
tions (i.e., pins), and others have hundreds of pinsf. Some ICs contain dozens of
transistors, others contain millions.

Depending on the number of transistors on the chip, ICs can be divided into four
broad categories that Figure 2.25 lists.

Name Example Use
Small Scale Integration (SSI) Basic Boolean gates
Medium Scale Integration (MSI) Intermediate logic, such as counters
Large Scale Integration (LSI) Small, embedded processors

Very Large Scale Integration (VLSI) Complex processors

Figure 2.25 A classification scheme used for integrated circuits.

For example, integrated 7400, 7402, and 7404 circuits described in this chapter are clas-
sified as SSI. A binary counter, flip-flop, or demultiplexor is classified as MSI.

The definition of VLSI keeps changing as manufacturers devise new ways to in-
crease the density of transistors per square area. Gordon Moore, a cofounder of Intel
Corporation, is attributed with having observed that the density of silicon circuits, meas-
ured in the number of transistors per square inch, would double every year. The obser-
vation, known as Moore’s Law, was revised in the 1970s, when the rate slowed to dou-
bling every eighteen months.

As the number of transistors on a single chip increased, vendors took advantage of
the capability to add more and more functionality. Some vendors created multicore
CPU chips by placing multiple copies of their CPU (called a core) on a single chip, and
then providing interconnections among the cores. Other vendors took a System on Chip
(SoC) approach in which a single chip contains processors, memories, and interfaces for
I/O devices, all interconnected to form a complete system. Finally, memory manufac-

TEngineers use the term pinout to describe the purpose of each pin on a chip.
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turers have created chips with larger and larger amounts of main memory called
Dynamic Ram (DRAM).

In addition to general-purpose ICs that are designed and sold by vendors, it has be-
come possible to build special-purpose ICs. Known as Application Specific Integrated
Circuits (ASICs), the ICs are designed by a private company, and then the designs are
sent to a vendor to be manufactured. Although designing an ASIC is expensive and
time-consuming — approximately two million dollars and nearly two years — once the
design is completed, copies of the ASIC are inexpensive to produce. Thus, companies
choose ASIC designs for products where standard chips do not meet the requirements
and the company expects a large volume of the product to be produced.

2.27 Circuit Boards And Layers

Most digital systems are built using a Printed Circuit Board (PCB) that consists of
a fiberglass board with thin metal strips attached to the surface and holes for mounting
integrated circuits and other components. In essence, the metal strips on the circuit
board form the wiring that interconnects components.

Can a circuit board be used for complex interconnections that require wires to
cross? Interestingly, engineers have developed multilayer circuit boards that solve the
problem. In essence, a multilayer circuit board allows wiring in three dimensions —
when a wire must cross another, the designer can arrange to pass the wire up to a higher
layer, make the crossing, and then pass the wire back down.

It may seem that a few layers will suffice for any circuit. However, large complex
circuits with thousands of interconnections may need additional layers. It is not uncom-
mon for engineers to design circuit boards that have eighteen layers; the most advanced
boards can have twenty-four layers.

2.28 Levels Of Abstraction

As this chapter illustrates, it is possible to view digital logic at various levels of
abstraction. At the lowest level, a transistor is created from silicon. At the next level,
multiple transistors are used along with components, such as resistors and diodes, to
form gates. At the next level, multiple gates are combined to form intermediate scale
units, such as flip flops. In later chapters, we will discuss more complex mechanisms,
such as processors, memory systems, and I/O devices, that are each constructed from
multiple intermediate scale units. Figure 2.26 summarizes the levels of abstraction.

The important point is that moving up the levels of abstraction allows us to hide
more details and talk about larger and larger building blocks without giving internal de-
tails. When we describe processors, for example, we can consider how a processor
works without examining the internal structure at the level of gates or transistors.



40 Fundamentals Of Digital Logic Chap. 2

Abstraction Implemented With

Computer Circuit board(s)

Circuit board Processor, memory, and bus adapter chips
Processor VLSI chip

VLSI chip Many gates

Gate Many transistors

Transistor Semiconductor implemented in silicon

Figure 2.26 An example of levels of abstraction in digital logic. An item at
one level is implemented using items at the next lower level.

An important consequence of abstraction arises in the diagrams architects and en-
gineers use to describe digital systems. As we have seen, schematic diagrams can
represent the interconnection of transistors, resistors, and diodes. Diagrams can also be
used to represent an interconnection among gates. In later chapters, we will use high-
level diagrams that represent the interconnection of processors and memory systems. In
such diagrams, a small rectangular box will represent a processor or a memory without
showing the interconnection of gates. When looking at an architectural diagram, it will
be important to understand the level of abstraction and to remember that a single item
in a high-level diagram can correspond to an arbitrarily large number of items at a
lower-level abstraction.

2.29 Summary

Digital logic refers to the pieces of hardware used to construct digital systems such
as computers. As we have seen, Boolean algebra is an important tool in digital circuit
design — there is a direct relationship between Boolean functions and the gates used to
implement combinatorial digital circuits. We have also seen that Boolean logic values
can be described using truth tables.

A clock is a mechanism that emits pulses at regular intervals to form a signal of al-
ternating ones and zeros. A clock allows a digital circuit output to be a function of time
as well as of its logic inputs. A clock can also be used to provide synchronization
among multiple parts of a circuit.

Although we think of digital logic from a mathematical point of view, building
practical circuits involves understanding the underlying hardware details. In particular,
besides basic correctness, engineers must contend with problems of power distribution,
heat dissipation, and clock skew.
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EXERCISES
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22

23

24

25

2.6

2.7

238

29

2.10

211

212

Use the Web to find the number of transistors on a VLSI chip and the physical size of the
chip. If the entire die was used, how large would an individual transistor be?

Digital logic circuits used in smart phones and other battery-powered devices do not run on
five volts. Look at the battery in your smart phone or search the Web to find out what vol-
tage is being used.

Design a circuit that uses nand, nor and inverter gates to provide the exclusive or function.
Write a truth table for the full adder circuit in Figure 2.12.

Use the Web to read about flip-flops. List the major types and their characteristics.

Create the circuit for a decoder from nand, nor, and inverter gates.

Look at Web sources, such as Wikipedia, to answer the following question: when a chip
manufacturer boasts that it uses a seven nanometer chip technology, what does the
manufacturer mean?

What is the maximum number of output bits a counter chip can have if the chip has sixteen
pins? (Hint: the chip needs power and ground connections.)

If a decoder chip has five input pins (not counting power and ground), how many output
pins will it have?

Design a circuit that takes three inputs, A, B, and C, and generates three outputs. The cir-
cuit would be trivial, except that you may only use two inverters. You may use arbitrary
other chips (e.g., nand, nor, and exclusive or).

Assume a circuit has a spare nor gate. Can any useful functions be created by connecting
one of the inputs to logical one? To logical zero? Explain.

Read about clockless logic. Where is it being used?
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3

Data And Program
Representation

3.1 Introduction

The previous chapter introduces digital logic, and describes basic hardware build-
ing blocks that are used to create digital systems. This chapter continues the discussion
of fundamentals by explaining how digital systems use binary representations to encode
programs and data. We will see that representation is important for programmers as
well as for hardware engineers because software must understand the format that the
underlying hardware uses, and the format affects the speed with which the hardware can
perform operations, such as addition.

3.2 Digital Logic And The Importance Of Abstraction

As we have seen, digital logic circuits contain many low-level details. The circuits
use transistors and electrical voltage to perform basic operations. The main point of di-
gital logic, however, is abstraction — we want to hide the underlying details and use
high-level abstractions whenever possible. For example, we have seen that each input
or output of a 7400-series digital logic chip is restricted to two possible conditions: zero
volts or five volts. When computer architects use logic gates to design computers, how-
ever, they do not think about such details. Instead, they use abstract designations of
logical 0 and logical 1 from Boolean algebra. Abstracting means that complex digital
systems, such as memories and processors, can be described without thinking about in-
dividual transistors or voltages. More important, abstraction means that a design can be

45
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used with a battery-operated device, such as a smart phone, that uses lower voltages to
reduce power consumption.

To a programmer, the most important abstractions are the items visible to software:
the representations used for data and programs. The next sections consider data
representation, and discuss how it is visible to programs; later sections describe how in-
structions are represented.

3.3 Definitions Of Bit And Byte

All data representation builds on digital logic. We use the abstraction binary digit
(bit) to describe a digital entity that can have two possible values, and assign the
mathematical names 0 and / for the two values.

Multiple bits are used to represent more complex data items. For example, each
computer system defines a byfe to be the smallest data item larger than a bit that the
hardware can manipulate.

How big is a byte? The size of a byte is not standard across all computer systems.
Instead, the size is chosen by the architect who designs the computer. Early computer
designers experimented with a variety of byte sizes, and some special-purpose comput-
ers still use unusual byte sizes. For example, an early computer manufactured by CDC
corporation used a six-bit byte, and a computer manufactured by BB&N used a ten-bit
byte. However, most modern computer systems define a byte to contain eight bits —
the size has become so widely accepted that engineers usually assume a byte size equal
to eight bits, unless told otherwise. The point is:

Although computers have been designed with other size bytes, current
computer industry practice defines a byte to contain eight bits.

3.4 Byte Size And Possible Values

The number of bits per byte is especially important to programmers because
memory is organized as a sequence of bytes. The size of the byte determines the max-
imum numerical value that can be stored in one byte. A byte that contains k bits can
represent one of 2* values (i.e., exactly 2* unique strings of 1s and Os exist that have
length k). Thus, a six-bit byte can represent 64 possible values, and an eight-bit byte
can represent 256 possible values. As an example, consider the eight possible combina-
tions that can be achieved with three bits. Figure 3.1 illustrates the combinations.

000 010 100 110
001 011 101 111

Figure 3.1 The eight unique combinations that can be assigned to three bits.
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What does a given pattern of bits represent? The most important thing to under-
stand is that the bits themselves have no intrinsic meaning — the interpretation of the
value is determined by the way hardware and software use the bits. For example, a
string of bits could represent an alphabetic character, a string of characters, an integer, a
floating point number, an audio recording (e.g., a song), a video, or a computer pro-
gram.

In addition to items a computer programmer understands, computer hardware can
be designed in which a set of bits can represent the status of three peripheral devices.
For example:

e The first bit has the value 1 if a keyboard is connected.
¢ The second bit has the value 1 if a camera is connected.

e The third bit has the value 1 if a printer is connected.

Alternatively, hardware can be designed in which a set of three bits represent the
current status of three pushbutton switches: the i bit is 1 if a user is currently pushing
switch i. The point is:

Bits have no intrinsic meaning — all meaning is imposed by the way
bits are interpreted.

3.5 Binary Weighted Positional Representation

One of the most common abstractions used to associate a meaning with each com-
bination of bits interprets them as a numeric value. For example, an integer interpreta-
tion is taken from mathematics: bits are values in a positional number system that uses
base two. To understand the interpretation, remember that in base ten, the possible di-
gits are 0, 1, 2, 3,4,5,6,7, 8, and 9, each position represents a power of 10, and the
number 123 represents 1 times 102 plus 2 times 10! plus 3 times 10°. In the binary sys-
tem, the possible digits are O and 1, and each bit position represents a power of two.
That is, the positions represent successive powers of two: 2°, 21,22, and so on. Figure
3.2 illustrates the positional concept for binary numbers.

25=-32 2*=16 2%-8 22

T

Figure 3.2 The value associated with each of the first six bit positions when
using a positional interpretation in base two.
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As an example, consider the binary number:
010101
According to the figure, the value can be interpreted as:
010101 = OX25+1x2*+0x2*+1x2>+0x2! +1x2° = 2]

We will discuss more about specific forms of integer representation (including negative
numbers) later in the chapter. For now, it is sufficient to observe an important conse-
quence of conventional positional notation: the binary numbers that can be represented
in k bits start at zero instead of one. If we use the positional interpretation illustrated in
Figure 3.2, the binary numbers that can be represented with three bits range from zero
through seven. Similarly, the binary numbers that can be represented with eight bits
range from zero through two hundred fifty-five. We can summarize:

A set of k bits can be interpreted to represent a binary integer. When
conventional positional notation is used, the values that can be
represented with k bits range from 0 through 2*—1.

Because it is an essential skill in the design of both software and hardware, anyone
working in those fields should know the basics. Figure 3.3 lists the decimal equivalents
of binary numbers that hardware and software designers should know. The table in-
cludes entries for 2°2 and 2% (an incredibly large number). Although smaller values in
the table should be memorized, hardware and software designers only need to know the
order of magnitude of the larger entries. Fortunately, is it easy to remember that 2%
contains ten decimal digits and 2% contains twenty.

3.6 Bit Ordering

The positional notation in Figure 3.2 may seem obvious. After all, when writing
decimal numbers, we always write the least significant digit on the right and the most
significant digit on the left. Therefore, when writing binary, it makes sense to write the
Least Significant Bit (LSB) on the right and the Most Significant Bit (MSB) on the left.
When digital logic is used to store an integer, however, the concepts of “right” and
“left” no longer make sense. Therefore, a computer architect must specify exactly how
bits are stored, and which are the least and most significant.

The idea of bit ordering is especially important when bits are transferred from one
location to another. For example, when a numeric value is moved between a register
and memory, the bit ordering must be preserved. Similarly, when sending data across a
network, the sender and receiver must agree on the bit ordering. That is, the two ends
must agree whether the LSB or the MSB will be sent first.
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Power Of 2 Decimal Value Decimal Digits
0 1 1
1 2 1
2 4 1
3 8 1
4 16 2
5 32 2
6 64 2
7 128 3
8 256 3
9 512 3
10 1024 4
11 2048 4
12 4096 4
15 16384 5
16 32768 5
20 1048576 7
30 1073741824 10
32 4294967296 10
64 18446744073709551616 20

Figure 3.3 Decimal values for commonly used powers of two.

3.7 Hexadecimal Notation

Although a binary number can be translated to an equivalent decimal number, pro-
grammers and engineers sometimes find the decimal equivalent difficult to understand.
For example, if a programmer needs to test the fifth bit from the right, using the binary
constant 010000 makes the correspondence between the constant and the bit much
clearer than the equivalent decimal constant 16.

Unfortunately, long strings of bits are as unwieldy and difficult to understand as a
decimal equivalent. For example, to determine whether the sixteenth bit is set in the
following binary number, a human needs to count individual bits:

11011110110010010000100101001001

To aid humans in expressing binary values, a compromise has been reached: a po-
sitional numbering system with a larger base. If the base is chosen to be a power of
two, translation to binary is trivial. Base eight (known as octal) has been used, but base
sixteen (known as hexadecimal) has become especially popular.
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Hexadecimal representation offers two advantages. First, because the representa-
tion is substantially more compact than binary, the resulting strings are shorter. Second,
because sixteen is a power of two, conversion between binary and hexadecimal is
straightforward and does not involve a complex arithmetic calculation (i.e., a human can
perform the transformation easily and quickly, without the need for a calculator or other
tools).

In essence, hexadecimal encodes each group of four bits as a single hexf{ digit
between zero and fifteen. Figure 3.4 lists the sixteen hex digits along with the binary
and decimal equivalent of each. The figure and the examples that follow use uppercase
letters A through F to represent hex digits above nine. Some programmers and some
programming languages use lowercase letters a through f instead; the distinction is
unimportant and programmers should be prepared to use either form.

Hex Digit Binary Equivalent Decimal Equivalent
0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010 10
1011 11
1100 12
1101 13
1110 14
1111 15

oooNOOOCOA~,WN=0O

TMTMOUOUOWD»POONOURWN=O

Figure 3.4 The sixteen hexadecimal digits and their equivalent binary and
decimal values. Each hex digit encodes four bits of a binary
value.

As an example of hexadecimal encoding, Figure 3.5 illustrates how a binary string
corresponds to its hexadecimal equivalent.

1 011 01 0010010000100t

o
o
o
=
o
o
-

D E c 9 0 9 4 9

Figure 3.5 Illustration of the relationship between binary and hexadecimal.
Each hex digit represents four bits.

fTProgrammers use the term hex as an abbreviation for hexadecimal.
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3.8 Notation For Hexadecimal And Binary Constants

Because the digits used in binary, decimal, and hexadecimal number systems over-
lap, constants can be ambiguous. To solve the ambiguity, an alternate notation is need-
ed. Mathematicians and some textbooks add a subscript to denote a base other than ten
(e.g., 135, specifies that the constant is hexadecimal). Computer architects and pro-
grammers tend to follow programming language notation: hex constants begin with pre-
fix Ox, and binary constants begin with prefix 0b. Thus, to denote 135, a program-
mer writes 0x135. Similarly, the 32-bit constant from Figure 3.5 is written:

0xDEC90949

3.9 Character Sets

We said that bits have no intrinsic meaning, and that the hardware or software
must determine what each bit represents. More important, more than one interpretation
can be used — a set of bits can be created and used with one interpretation and later
used with another.

As an example, consider character data that has both a numeric and symbolic in-
terpretation. Each computer system defines a character sett to be a set of symbols that
the computer and I/O devices agree to use. A typical character set contains uppercase
and lowercase letters, digits, and punctuation marks. More important, computer archi-
tects often choose a character set such that each character fits into a byte (i.e., each of
the bit patterns in a byte is assigned one character). Thus, a computer that uses an
eight-bit byte has two hundred fifty-six (2%) characters in its character set, and a com-
puter that uses a six-bit byte has sixty-four (2°) characters. In fact, the relationship
between the byte size and the character set is so strong that many programming
languages refer to a byte as a character.

What bit values are used to encode each character? The computer architect must
decide. In the 1960s, for example, IBM Corporation chose the Extended Binary Coded
Decimal Interchange Code (EBCDIC) representation as the character set used on IBM
computers. CDC Corporation chose a six-bit character set for use on their computers.
The two character sets were completely incompatible.

As a practical matter, computer systems connect to devices such as keyboards,
printers, or modems, and such devices are often built by separate companies. To inter-
operate correctly, peripheral devices and computer systems must agree on which bit pat-
tern corresponds to a given symbolic character. To help vendors build compatible
equipment, the American National Standards Institute (ANSI) defined a character
representation known as the American Standard Code for Information Interchange
(ASCII). The ASCII character set specifies the representation of one hundred twenty-
eight characters, including the usual letters, digits, and punctuation marks; additional
values in an eight-bit byte can be assigned for special symbols. The standard is widely
accepted.

FTNames of character sets are pronounced, not spelled out. For example, EBCDIC is pronounced ebb’se-
dick, and ASCII is pronounced ass’key.
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Figure 3.6 lists the ASCII representation of characters by giving a hexadecimal
value and the corresponding symbolic character. Of course, the hexadecimal notation is
merely a shorthand notation for a binary string. For example, the lowercase letter a has
hexadecimal value 0x61, which corresponds to the binary value 0bO01100001.

00 nul | 01 soh | 02 stx | 03 etx | 04 eot | 05 enq | 06 ack | 07 bel
08 bs |09 ht |OA If |OB vt |[OC np [OD cr [ OE so | OF si
10 dle | 11 dc1 | 12 dc2 | 13 dc3 | 14 dcd4 | 15 nak | 16 syn | 17 etb
18 can | 19 em | 1A sub (1B esc (1C fs | 1D gs | 1e rs | 1F us
20 sp |21 ! 22 " 23 # |24 $ |25 % |26 & |27
28 ( 29 ) 2A * |2B + | 2C , 2D - | 2E . 2F /
30 0 |31 1 32 2 |33 3 3 4 |3 5 |36 6 |37 7
38 8 |39 9 |3A : 3B ; 3C < |3D = |3E > |3F ?
40 @ |41 A |42 B |43 C |44 D |45 E |46 F |47 G
48 H |49 | 4A J |4B K (4C L |4D M (4E N |4F O
50 P |51 Q |52 R |53 S |54 T |55 U |5 V |57 W
58 X |59 Y |5A Z |5B [ 5C \ |5D ] 5 A [5F _
60 61 a 62 b |63 c 64 d |65 e 66 f 67 g
68 h |69 i 6A | 6B k |6C | 6D m |[6E n |6F o
70 p |71 ¢q 72 r 73 s 74t 75 u |76 v |77 w
7 x |79 y |7A z | 7B { 7C | 7D } 7E ~ | 7F del

Figure 3.6 The ASCII character set. Each entry shows a hexadecimal value
and the graphical representation for printable characters and the
meaning for others.

We said that a conventional computer uses eight-bit bytes, and that ASCII defines
one hundred twenty-eight characters (i.e., a seven-bit character set). Thus, when ASCII
is used on a conventional computer, one-half of the byte values are unassigned (decimal
values 128 through 255). How are the additional values used? In some cases, they are
not — peripheral devices that accept or deliver characters merely ignore the eighth bit
in a byte. In other cases, the computer architect or a programmer extends the character
set (e.g., by adding punctuation marks for alternate languages).

3.10 Unicode

Although a seven-bit character set and an eight-bit byte work well for English and
some European languages, they do not suffice for all languages. Chinese, for example,
contains thousands of symbols and glyphs. To accommodate such languages, exten-
sions and alternatives have been proposed.
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One of the widely accepted extended character sets is named Unicode. Unicode
extends ASCII and is intended to accommodate all languages, including languages from
the Far East. Originally designed as a sixteen-bit character set, later versions of Uni-
code have been extended to accommodate larger representations. Thus, future comput-
ers and I/O devices may base their character set on Unicode.

3.11 Unsigned Integers, Overflow, And Underflow

The positional representation of binary numbers illustrated in Figure 3.2 is said to
produce unsigned integers. That is, each of 2% combinations of bits is associated with a
nonnegative numeric value. Because the unsigned integers used in a computer have fi-
nite size, operations like addition and subtraction can have unexpected results. For ex-
ample, subtracting a positive k-bit unsigned integer from a smaller positive k-bit un-
signed integer can yield a negative (i.e., signed) result. Similarly, adding two k-bit un-
signed integers can produce a value that requires more than k bits to represent.

Hardware to perform unsigned binary arithmetic handles the problem in an in-
teresting way. First, the hardware produces a result by using wraparound (i.e., the
hardware adds two k-bit integers, and takes the k low-order bits of the answer).
Second, the hardware sets overflow or underflow conditions to indicate whether the
result exceeded k bits or was negativef. For example, an overflow indicator
corresponds to the value that would appear in the k+1* bit (i.e., the value commonly
known as carry). Figure 3.7 illustrates an addition with three-bit arithmetic that results
in a carry.

+

/3

overflow  result

-
O | = =
o Y
o |00

Figure 3.7 Illustration of addition with unsigned integers that produces over-
flow. The overflow indicator, which tells whether wraparound
occurred, is equal to the carry bit.

3.12 Numbering Bits And Bytes

How should a set of bits be numbered? If we view the set as a string, it makes
sense to start numbering from the left, but if we view the set as a binary number, it
makes sense to start numbering from the right (i.e., from the numerically least signifi-
cant bit). Numbering is especially important when data is transferred over a network
because the sending and receiving computers must agree on whether the least-significant
or most-significant bit will be transferred first.

fFigure 3.2 can be found on page 47.
+The term underflow denotes a value that is less than the representation can hold. A negative result from
unsigned integer arithmetic is classified as an underflow because negative values cannot be represented.
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The issue of numbering becomes more complicated if we consider data items that
span multiple bytes. For example, consider an integer that consists of thirty-two bits. If
the computer uses eight-bit bytes, the integer will span four bytes, which can be
transferred starting with the least-significant or the most-significant byte.

We use the term little endian to characterize a system that stores and transmits
bytes of an integer from least significant to most significant, and the term big endian to
characterize a system that stores and transmits bytes of an integer from most significant
to least significant. Similarly, we use the terms bit little endian and bit big endian to
characterize systems that transfer bits within a byte starting at the least-significant bit
and most-significant bit, respectively. We can think of the bytes of an integer as being
stored in an array, and the endianness determines the direction in memory. Figure 3.8
uses an example integer to illustrate the two byte orders, showing positional representa-
tion and the arrangement of bytes in memory using both little endian order and big en-
dian order.

00011101 10100010 00111011 01100111

(a) Integer 497,171,303 in binary positional representation

loc. i loc. i+1 loc. i+2 loc. i+3

L 01100111 00111011 10100010 00011101 CR

(b) The integer stored in little endian order

loc. i loc. i+1 loc. i+2 loc. i+3

LR 00011101 10100010 00111011 01100111 "

(c) The integer stored in big endian order

Figure 3.8 (a) Integer 497,171,303 expressed as a 32-bit binary value, with
spaces used to mark groups of eight bits, (b) the integer stored in
successive memory locations using little endian order, and (c) the
integer stored in successive memory locations using big endian
order.

The big endian representation may seem appealing because it mimics the order hu-
mans use to write numbers. Surprisingly, little endian order has several advantages for
computing. For example, little endian allows a programmer to use a single memory ad-
dress to refer to all four bytes of an integer, the two low-order bytes, or only the
lowest-order byte.
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3.13 Signed Binary Integers

The positional representation described in Section 3.5 has no provision for negative
numbers. To accommodate negative numbers, we need an alternative. Three interpreta-
tions have been used:

e Sign Magnitude. With sign-magnitude representation, bits of an
integer are divided into a sign bit (1 if the number is negative and
0 otherwise) and a set of bits that gives the absolute value (i.e., the
magnitude) of the integer. The magnitude field follows the posi-
tional representation illustrated in Figure 3.2.

e One’s Complement. The set of bits is interpreted as a single field.
A positive integer uses the positional representation illustrated in
Figure 3.2 with the restriction that for an integer of k bits, the
maximum positive value is 2¥!. To form a negative of any value,
invert each bit (i.e., change from 0 to 1 or vice versa). The most
significant bit tells the sign of the integer (1 for negative integers,
0 otherwise).

e Two’s Complement. The set of bits is interpreted as a single field.
A positive integer uses the positional representation illustrated in
Figure 3.2 with the restriction that for an integer of k bits, the
maximum positive value is 2%'-1. Thus, positive integers have
the same representation as in one’s complement. To form a nega-
tive number, start with a positive number, subtract one, and then
invert each bit. As with one’s complement, the most significant
bit tells the sign of the integer (1 for negative integers, O other-
wise).

Each interpretation has interesting quirks. For example, the sign-magnitude in-
terpretation makes it possible to create a value of negative zero, even though the con-
cept does not correspond to a valid mathematical concept. The one’s complement in-
terpretation provides two values for zero: all zero bits and the complement, all one bits.
Finally, the two’s complement interpretation includes one more negative value than po-
sitive values (to accommodate zero).

Which interpretation is best? Programmers can debate the issue because each in-
terpretation works well in some cases. However, programmers cannot choose because
computer architects make the decision and build hardware accordingly. Each of the
three representations has been used in at least one computer. Many hardware architec-
tures use the two’s complement scheme. There are two reasons. First, two’s comple-
ment makes it possible to build low-cost, high-speed hardware to perform arithmetic
operations. Second, as the next section explains, hardware for two’s complement arith-
metic can also handle unsigned arithmetic.
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3.14 An Example Of Two’s Complement Numbers

We said that k bits can represent 2% possible combinations. Unlike the unsigned
representation in which the combinations correspond to a continuous set of integers
starting at zero, two’s complement divides the combinations in half. Each combination
in the first half (zero through 2¥'-1) is assigned the same value as in the unsigned
representation. Combinations in the second half, each of which has the high-order bit
equal to one, correspond to negative integers. Thus, at exactly one-half of the way
through the possible combinations, the value changes from the largest possible positive
integer to the negative integer with the largest absolute value.

An example will clarify the two’s complement assignment. To keep the example
small, we will consider a four-bit integer. Figure 3.9 lists the sixteen possible bit com-
binations and the decimal equivalent when using unsigned, sign magnitude, one’s com-
plement, and two’s complement representations.

Unsigned Sign One’s Two’s
Binary (positional) Magnitude Complement Complement
String Interpretation Interpretation Interpretation Interpretation
0000 0 0 0 0
0001 1 1 1 1
0010 2 2 2 2
0011 3 3 3 3
0100 4 4 4 4
0101 5 5 5 5
0110 6 6 6 6
0111 7 7 7 7
1000 8 -0 -7 -8
1001 9 -1 -6 -7
1010 10 -2 -5 -6
1011 11 -3 -4 -5
1100 12 -4 -3 -4
1101 13 -5 -2 -3
1110 14 -6 -1 -2
1111 15 -7 -0 -1

Figure 3.9 The decimal value assigned to each combination of four bits
when using unsigned, sign-magnitude, one’s complement, and
two’s complement interpretations.

As noted above, unsigned and two’s complement have the advantage that except
for overflow, the same hardware operations work for both representations. For exam-
ple, adding one to the binary value 1001 produces 1010. In the unsigned interpreta-
tion, adding one to nine produces ten; in the two’s complement interpretation, adding
one to negative seven produces negative Six.
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The important point is:

A computer can use a single hardware circuit to provide unsigned or
two’s complement integer arithmetic; software running on the
computer can choose an interpretation for each integer.

3.15 Sign Extension

Although Figure 3.9 shows four-bit binary strings, the ideas can be extended to an
arbitrary number of bits. Many computers include hardware for multiple integer sizes
(e.g., a single computer can offer sixteen bit, thirty-two bit, and sixty-four bit represen-
tations), and allow a programmer to choose one of the sizes for each integer data item.

If a computer does contain multiple sizes of integers, a situation can arise in which
a value is copied from a smaller-size integer to a larger-size integer. For example, con-
sider copying a value from a sixteen-bit integer to a thirty-two-bit integer. What should
be placed in the extra bits? In two’s complement, the solution consists of copying the
least significant bits and then extending the sign bit — if the original value is positive,
extending the high-order bit fills the most significant bits of the larger number with
zeros; if the original value is negative, extending the high-order bit fills the most signi-
ficant bits of the larger number with ones. In either case, the integer with more bits will
be interpreted to have the same numeric value as the integer with fewer bitst.

We can summarize:

Sign extension: in two’s complement arithmetic, when an integer Q
composed of k bits is copied to an integer of more than k bits, the ad-
ditional high-order bits are made equal to the top bit of Q. Extending
the sign bit ensures that the numeric value of the two will be the same
if each is interpreted as a two’s complement value.

Because two’s complement hardware gives correct results when performing arith-
metic operations on unsigned values, it may seem that software could use the hardware
to support all unsigned operations. However, sign extension provides an exception to
the rule: the hardware will always perform sign extension, which may have unexpected
results. For example, if an unsigned integer is copied to a larger unsigned integer, the
copy will not have the same numeric value if the high-order bit is 1. The point is:

Because two’s complement hardware performs sign extension, copying
an unsigned integer to a larger unsigned integer can change the
value.

TBecause division and multiplication by powers of two can be implemented with shift operations, sign
extension occurs during a right-shift operation, which results in the correct value. Thus, shifting integer -14
right one bit results in -7, and shifting integer 14 right one bit results in 7.
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3.16 Floating Point

In addition to hardware that performs signed and unsigned integer arithmetic,
general-purpose computers provide hardware that performs arithmetic on floating point
values. Floating point representation used in computers derives from scientific notation
in which each value is represented by a mantissa and an exponent. For example, scien-
tific notation expresses the value —12345 as —1.2345x10%. Similarly, a chemist might
write a well-known constant, such as Avogadro’s number, as:

6.023 x 10%

Unlike conventional scientific notation, the floating point representation used in
computers is based on binary. Thus, a floating point value consists of a bit string that is
divided into three fields: a bit to store the sign, a group of bits that stores a mantissa,
and a third group of bits that stores an exponent. Unlike conventional scientific nota-
tion, everything in floating point is based on powers of two. For example, the mantissa
uses a binary positional representation to store a value, and the exponent is an integer
that specifies a power of 2 rather than a power of 10. In scientific notation, we think of
an exponent as specifying how many digits to shift the decimal point; in floating point,
the exponent specifies how many bits to shift the binary point.

To further optimize space, many floating point representations include optimiza-
tions:

e The value is normalized.
e The most significant bit of the mantissa is implicit.

e The exponent is biased to simplify magnitude comparison.

The first two optimizations are related. A floating point number is normalized by
adjusting the exponent to eliminate leading zeros from the mantissa. In decimal, for ex-
ample, 0.003x10* can be normalized to 3x10'. Interestingly, normalizing a binary
floating point number always produces a leading bit of 1 (except in the special case of
the number zero). Therefore, to increase the number of bits of precision in the mantis-
sa, floating point representations do not need to store the most significant bit of the
mantissa when a value is stored in memory. Instead, when a floating point number
computation is required, the hardware concatenates a 1 bit onto the mantissa.

An example will clarify the concepts. The example we will use is IEEET standard
754, which is widely used in the computer industry. The standard specifies both single
precision and double precision numbers. According to the standard, a single precision
value occupies thirty-two bits, and a double precision value occupies sixty-four bits.
Figure 3.10 illustrates how the IEEE standard divides a floating point number into three
fields.

TIEEE stands for Institute of Electrical and Electronics Engineers, an organization that creates standards
used in electronic digital systems.
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3130 23 22 0

S|exponent| mantissa (bits 0 - 22)

(a)
6362 52 51 0
S| exponent mantissa (bits 0 - 51)

(b)

Figure 3.10 The format of (a) a single precision and (b) a double precision
floating point number according to IEEE Standard 754, with the
lowest bit in each field labeled. Fields consist of a sign bit, ex-
ponent, and mantissa.

Bit numbering in the figure follows the IEEE standard, in which the least signifi-
cant bit is assigned bit number zero. In single precision, for example, the twenty-three
rightmost bits, which constitute a mantissa, are numbered zero through twenty-two.
The next eight bits, which constitute an exponent, are numbered twenty-three through
thirty, and the most significant bit, which contains a sign, is bit number thirty-one. For
double precision, the mantissa occupies fifty-two bits and the exponent occupies eleven
bits.

3.17 Range Of IEEE Floating Point Values

The IEEE standard for single precision floating point allows normalized values in
which the exponent ranges from negative one hundred twenty-six through one hundred
twenty-seven. Thus, the approximate range of values that can be represented is:

2-]26 to 2 127
which, in decimal, is approximately:

10 to 10

The IEEE standard for double precision floating point provides an enormously larger
range than single precision. The range is:

2—]()22 to 2 1023
which, in decimal, is approximately:

10—3()8 to 103()8
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To make magnitude comparison fast, the IEEE standard specifies that an exponent
field stores the exponent (a power of two) plus a bias constant. The bias constant used
with single precision is one hundred twenty-seven, and the bias constant used with dou-
ble precision is one thousand twenty-threet. For example, to store an exponent of three,
the exponent field in a single precision value is assigned the value one hundred thirty,
and an exponent of negative five is represented by one hundred twenty-two.

As an example of floating point, consider how 6.5 is represented. In binary, 6 is
110, and .5 is a single bit following the binary point, giving us 110.1 (binary). If we
use binary scientific notation and normalize the value, 6.5 can be expressed:

1.101 x 22

To express the value as an IEEE single precision floating point number, the sign bit is
zero, and the exponent must be biased by 127, making it 129. In binary, 129 is:

10000001

To understand the value in the mantissa, recall that the leading 1 bit is not stored, which
means that instead of 1101 followed by zeros, the mantissa is stored as:

10100000000000000000000

Figure 3.11 shows how the fields combine to form a single-precision IEEE floating
point representation of 6.5.

S exponent (23 — 30) mantissa (bits 0 — 22)

0)]1000000O0T1 1010000000000O0OO0O0OO0OOOOO0ODO

Figure 3.11 The value 6.5 (decimal) represented as a single-precision IEEE
floating point constant.

3.18 Special Values

Like most floating point representations, the IEEE standard follows the implicit
leading bit assumption — a mantissa is assumed to have a leading one bit that is not
stored. Of course, any representation that strictly enforces the assumption of a leading
one bit is useless because the representation cannot store the value zero. To handle
zero, the IEEE standard makes an exception — when all bits are zero, the implicit as-
sumption is ignored, and the stored value is taken to be zero.

The IEEE standard includes two other special values that are reserved to represent
positive and negative infinity: the exponent contains all ones and the mantissa contains
all zeros. The point of including values for infinity is that some digital systems do not

FThe bias constant is always 2*'—1, where k is the number of bits in the exponent field.
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have facilities to handle errors such as arithmetic overflow. On such systems, it is im-
portant that a value be reserved so that the software can determine that a floating point
operation failed.

3.19 Binary Coded Decimal Representation

Most computers employ the binary representations for integers and floating point
numbers described above. Because the underlying hardware uses digital logic, binary
digits of 0 and 1 map directly onto the hardware. As a result, hardware can compute
binary arithmetic efficiently and all combinations of bits are valid. However, two
disadvantages arise from the use of binary representations. First, the range of values is
a power of two rather than a power of ten (e.g., the range of an unsigned 32-bit integer
is zero to 4,294,967,295). Second, floating point values are rounded to binary fractions
rather than decimal fractions.

The use of binary fractions has some unintended consequences, and their use does
not suffice for all computations. For example, consider a bank account that stores U.S.
dollars and cents. We usually represent cents as hundredths of dollars, writing 5.23 to
denote five dollars and 23 cents. Surprisingly, one hundredth (i.e., one cent) cannot be
represented exactly as a binary floating point number because it turns into a repeating
binary fraction. Therefore, if binary floating point arithmetic is used for bank accounts,
individual pennies are rounded, making the totals inaccurate. In a scientific sense, the
inaccuracy is bounded, but humans demand that banks keep accurate records — they
become upset if a bank preserves significant digits of their account but loses pennies.

To accommodate banking and other computations where decimal is required, a
Binary Coded Decimal (BCD) representation is used. Some computers (notably on
IBM mainframes) have hardware to support BCD arithmetic; on other computers,
software performs all arithmetic operations on BCD values.

Although a variety of BCD formats have been used, the essence is always the
same: a value is represented as a string of decimal digits. The simplest case consists of
a character string in which each byte contains the character for a single digit. However,
the use of character strings makes computation inefficient and takes more space than
needed. As an example, if a computer uses the ASCII character set, the integer 123456
is stored as six bytes with valuest:

0x31 0x32 0x33 0x34 0x35 0x36

If a character format is used, each ASCII character (e.g., 0x31) must be converted
to an equivalent binary value (e.g., 0x01) before arithmetic can be performed. Further-
more, once an operation has been performed, the digits of the result must be converted
from binary back to the character format. To make computation more efficient, modern
BCD systems represent digits in binary rather than as characters. Thus, 123456 could
be represented as:

0x01 0x02 0x03 0x04 0x05 0x06

TAlthough our examples use ASCII, BCD is typically used on IBM computers that employ the EBCDIC
character set.
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Although the use of a binary representation has the advantage of making arithmetic
faster, it also has a disadvantage: a BCD value must be converted to character format
before it can be displayed or printed. The general idea is that because arithmetic is per-
formed more frequently than I/O, keeping a binary form will improve overall perfor-
mance.

3.20 Signed, Fractional, And Packed BCD Representations

Our description of BCD omits many details found in commercial systems. For ex-
ample, an implementation may limit the size of a BCD value. To handle fractions,
BCD must either include an explicit decimal point or the representation must specify
the location of the decimal point. Furthermore, to handle signed arithmetic, a BCD
representation must include a sign. Interestingly, one of the most widely used BCD
conventions places the sign byte at the right-hand end of the BCD string. Thus -123456
might be represented by the sequence:

0x01 0x02 0x03 0x04 0x05 0x06 O0x2D

where 0x2D is a value used to indicate a minus sign. The advantage of placing the sign
on the right arises because no scanning is required when arithmetic is performed — all
bytes except the last byte of the string correspond to decimal digits.

The final detail used with BCD encodings arises from the observation that using a
byte for each digit is inefficient. Each digit only requires four bits, so placing one digit
in each eight-bit byte wastes half of each byte. To reduce the storage space needed for
BCD, a packed representation is used in which each digit occupies a nibble (i.e., four
bits). With a packed version of BCD, the integer -123456 can be represented in four
bytes:

0x01 0x23 0x45 0x6D

where the last nibble contains the value OxD to indicate that the number is negativey.

3.21 Data Aggregates

So far, we have only considered the representation for individual data items such
as characters, integers, or floating point numbers. Most programming languages allow a
programmer to specify aggregate data structures that contain multiple data items, such
as arrays, records, or structs. How are such values stored? In general, an aggregate
value occupies contiguous bytes. Thus, on a computer that uses an eight-bit byte, a data
aggregate that consists of three sixteen-bit integers occupies six contiguous bytes as Fig-
ure 3.12 illustrates.

FTo aid with BCD arithmetic, the x86 architecture has a condition code bit that indicates whether 4-bit
addition overflows.
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integer #1 integer #2 integer #3
| | |

Figure 3.12 A data aggregate consisting of three sixteen-bit integers arranged
in successive bytes of memory numbered O through 5.

We will see later that some memory systems do not permit arbitrary data types to
be contiguous. Thus, we will reconsider data aggregates when we discuss memory ar-
chitecture.

3.22 Program Representation

Modern computers are classified as stored program computers because programs
as well as data are placed in memory. We will discuss program representation and
storage in the next chapters, including the structure of instructions the computer under-
stands and their storage in memory. For now, it is sufficient to understand that each
computer defines a specific set of operations and a format in which each is stored. On
some computers, for example, each instruction is the same size as other instructions; on
other computers, the instruction size varies. We will see that on a typical computer, an
instruction occupies multiple bytes. Thus, the bit and byte numbering schemes that the
computer uses for data values also apply to instructions.

3.23 Summary

The underlying digital hardware has two possible values, logical 0 and logical 1.
We think of the two values as defining a bit (binary digit), and use bits to represent data
and programs. Each computer defines a byte size, and most current systems use eight
bits per byte.

A set of bits can be used to represent a character from the computer’s character set,
an unsigned integer, a single or double precision floating point value, or a computer
program. Representations are chosen carefully to maximize the flexibility and speed of
the hardware while keeping the cost low. The two’s complement representation for
signed integers is particularly popular because a single piece of hardware can be con-
structed that performs operations on either two’s complement integers or unsigned in-
tegers. In cases where decimal arithmetic is required, computers use Binary Coded
Decimal values in which a number is represented by a string that specifies individual
decimal digits.

Organizations, such as ANSI and IEEE, have created standards for representation;
such standards allow hardware manufactured by two separate organizations to interoper-
ate and exchange data.
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Give a mathematical proof that a string of k bits can represent 2* possible values (hint: ar-
gue by induction on the number of bits).

What is the value of the following binary string in hexadecimal?

11011110101011011011111011101111

Write a computer program that determines whether the computer on which it is running
uses big endian or little endian representation for integers.

Write a computer program that prints a string of zeros and ones that represents the bits of
an integer. Place a blank between each bit, and add an extra space after every four bits.
Write a computer program that determines whether the computer on which it is running
uses one’s complement, two’s complement, or (possibly) some other representation for
signed integers.

Write a computer program that determines whether the computer on which it is running
uses the ASCII or EBCDIC character set.

Write a computer program that takes a set of integers as input and for each integer prints
the two’s complement, one’s complement, and sign-magnitude representation of the integer.
Write a C program that prints a table of all possible eight-bit binary values and the two’s
complement interpretation of each.

Write a computer program that adds one to the largest possible positive integer and uses the
result to determine whether the computer implements two’s complement arithmetic.

Write a computer program to display the value of a byte in hexadecimal, and apply the pro-
gram to an array of bytes. Add an extra space after every four bytes to make the output
easier to read.

Extend the hexadecimal dump program in the previous exercise to also print the character
representation of any printable character. For characters that do not have a printable
representation, arrange for the program to print a period.

A programmer computes the sum of two unsigned 32-bit integers. Can the resulting sum
be less than either of the two values? Explain.

Suppose you are given a computer with hardware that can only perform 32-bit arithmetic,
and are asked to create functions that add and subtract 64-bit integers. How can you per-
form 64-bit computations with 32-bit hardware? (To simplify the problem, limit your
answer to unsigned arithmetic.)

The C Programming language allows a programmer to specify constants in decimal, binary,
hexadecimal, and octal. Write a program that declares 0, 5, 65, 128, and -1 and -256 in
decimal, binary, hexadecimal, and octal, and uses printf to show that the values are correct.
Which is the easiest representation?

Create a form of Binary Coded Decimal similar to the one described in the text, and write a
computer program that uses the form to add two arbitrary length integers.

Extend the previous program to include multiplication.

The financial industry uses a “bankers” rounding algorithm. Read about the algorithm, and
implement a program that uses decimal arithmetic to compute the sum of the two decimal
values with both bankers rounding and conventional rounding.

[vww.ebook3000.con)



http://www.ebook3000.org

Part I

Processors

The Engines That
Drive Computation



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com

[vww.ebook3000.com)



http://www.ebook3000.org

4.1
42
43
4.4
45
4.6
4.7
4.8
49
4.10
4.11
4.12
413
4.14
4.15
4.16

Chapter Contents

Introduction, 69

The Two Basic Architectural Approaches, 69

The Harvard And Von Neumann Architectures, 70
Definition Of A Processor, 71

The Range Of Processors, 72

Hierarchical Structure And Computational Engines, 73
Structure Of A Conventional Processor, 74
Processor Categories And Roles, 75

Processor Technologies, 77

Stored Programs, 77

The Fetch-Execute Cycle, 78

Program Translation, 79

Clock Rate And Instruction Rate, 79

Control: Getting Started And Stopping, 80
Starting The Fetch-Execute Cycle, 81

Summary, 82



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com

[vww.ebook3000.com)



http://www.ebook3000.org

The Variety Of Processors
And Computational Engines

4.1 Introduction

Previous chapters describe the basic building blocks used to construct computer
systems: digital logic and representations used for data types such as characters, in-
tegers, and floating point numbers. This chapter begins an investigation of one of three
key elements of any computer system: a processor. The chapter introduces the general
concept, describes the variety of processors, and discusses the relationship between
clock rate and processing rate. The next chapters extend the basic description by ex-
plaining instruction sets, addressing modes, and the functions of a general-purpose
CPU.

4.2 The Two Basic Architectural Approaches

Early in the history of computers, architects experimenting with new designs con-
sidered how to organize the hardware. Two basic approaches emerged that are named
for the groups who proposed them:

e Harvard Architecture

e Von Neumann Architecture

We will see that the two share ideas, and only differ in how programs and data are
stored and accessed.

69
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4.3 The Harvard And Von Neumann Architectures

The term Harvard Architecturet refers to a computer organization with four
principal components: a processor, an instruction memory, a data memory, and I/O
facilities, organized as Figure 4.1 illustrates.

computer

instruction

memory

processor

data
memory

input/output facilities

Figure 4.1 Illustration of the Harvard Architecture that uses two memories,
one to hold programs and another to store data.

Although it includes the same basic components, a Von Neumann Architectures:
uses a single memory to hold both programs and data. Figure 4.2 illustrates the ap-
proach.

computer

processor memory

input/output facilities

Figure 4.2 Tllustration of the Von Neumann Architecture. Both programs
and data can be stored in the same memory.

FThe name arises because the approach was first used on the Harvard Mark I relay computer.
+The name is taken from John Von Neumann, a mathematician who first proposed the architecture.
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The chief advantage of the Harvard Architecture arises from its ability to have one
memory unit optimized to store programs and another memory unit optimized to store
data. The chief disadvantage arises from inflexibility: when purchasing a computer, an
owner must choose the size of the instruction memory and the size of data memory.
Once the computer has been purchased, an owner cannot use part of the instruction
memory to store data nor can he or she use part of the data memory to store programs.
Although it has fallen out of favor for general-purpose computers, the Harvard Architec-
ture is still sometimes used in small embedded systems and other specialized designs.

Unlike the Harvard Architecture, the Von Neumann Architecture offers complete
flexibility: at any time, an owner can change how much of the memory is devoted to
programs and how much to data. The approach has proven to be so valuable that it has
become widely adopted:

Because it offers flexibility, the Von Neumann Architecture, which
uses a single memory to hold both programs and data, has become
pervasive: almost all computers follow the Von Neumann approach.

We say a computer that follows the Von Neumann Architecture employs a stored
program approach because a program is stored in memory. More, important programs
can be loaded into memory just like other data items.

Except when noted, the remainder of the text implicitly assumes a Von Neumann
Architecture. There are two primary exceptions in Chapters 6 and 12. Chapter 6,
which explains data paths, uses a simplified Harvard Architecture in the example.
Chapter 12, which explains caching, discusses the motivation for using separate instruc-
tion and data caches.

4.4 Definition Of A Processor

The remainder of this chapter considers the processor component present in both
the Harvard and Von Neumann Architectures. The next sections define the term and
characterize processor types. Later sections explore the subcomponents of complex pro-
Cessors.

Although programmers tend to think of a conventional computer and often use the
term processor as a synonym for the Central Processing Unit (CPU), computer archi-
tects have a much broader meaning that includes the processors used to control the en-
gine in an automobile, processors in hand-held remote control devices, and specialized
video processors used in graphics equipment. To an architect, a processor refers to a
digital device that can perform a computation involving multiple steps. Individual pro-
cessors are not complete computers; they are merely one of the building blocks that an
architect uses to construct a computer system. Thus, although it can compute more than
the combinatorial Boolean logic circuits we examined in Chapter 2, a processor need
not be large or fast. In particular, some processors are significantly less powerful than
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the general-purpose CPU found in a typical PC. The next sections help clarify the defi-
nition by examining characteristics of processors and explaining some of the ways they
can be used.

4.5 The Range Of Processors

Because processors span a broad range of functionality and many variations exist,
no single description adequately captures all the properties of processors. Instead, to
help us appreciate the many designs, we need to divide processors into categories ac-
cording to functionality and intended use. For example, we can use four categories to
explain whether a processor can be adapted to new computations. The categories are
listed in order of flexibility:

¢ Fixed logic
e Selectable logic
e Parameterized logic

e Programmable logic

A fixed logic processor, which is the least flexible, performs a single task. More
important, all the functionality needed to perform the operation is built in when the pro-
cessor is created, and the functionality cannot be altered without changing the underly-
ing hardwaref. For example, a fixed logic processor can be designed to compute a
function, such as sine(x), or to perform a graphics operation needed in a video game.

A selectable logic processor has slightly more flexibility than a fixed logic proces-
sor. In essence, a selectable logic processor contains facilities needed to perform more
than one function; the exact function is specified when the processor is invoked. For
example, a selectable logic processor might be designed to compute either sine(x) or
cosine(x).

A parameterized logic processor adds additional flexibility. Although it only com-
putes a predetermined function, the processor accepts a set of parameters that control
the computation. For example, consider a parameterized processor that computes a hash
function, A(x). The hash function uses two constants, p and ¢, and computes the hash
of x by computing the remainder of x when multiplied by p and divided by ¢g. For ex-
ample, if p is 167 and g is 163, h(26729) is the remainder of 4463743 divided by 163,
or 151%. A parameterized processor for such a hash function allows constants p and g
to be changed each time the processor is invoked. That is, in addition to the input, x,
the processor accepts additional parameters, p and ¢, that control the operation.

A programmable logic processor offers the most flexibility because it allows the
sequence of steps to be changed each time the processor is invoked — the processor can
be given a program to run, typically by placing the program in memory.

TEngineers use the term hardwired for functionality that cannot be changed without altering the underly-
ing wiring.

+Hashing is often applied to strings. In the example, number 26729 is the decimal value of the two char-
acters in the string “hi” when treated as an unsigned short integer.
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4.6 Hierarchical Structure And Computational Engines

A large processor, such as a modern, general-purpose CPU, is so complex that no
human can understand the entire processor as a single unit. To control the complexity,
computer architects use a hierarchical approach in which subparts of the processor are
designed and tested independently before being combined into the final design.

Some of the independent subparts of a large processor are so sophisticated that
they fit our definition of a processor — the subpart can perform a computation that in-
volves multiple steps. For example, a general-purpose CPU that has instructions for
sine and cosine might be constructed by first building and testing a trigonometry pro-
cessor, and then combining the trigonometry processor with other pieces to form the fi-
nal CPU.

How do we describe a subpiece of a large, complex processor that acts indepen-
dently and performs a computation? Some engineers use the term computational en-
gine. The term engine usually implies that the subpiece fills a specific role and is less
powerful than the overall unit. For example, Figure 4.3 illustrates a CPU that contains
several engines.

CPU

graphics
trigonometry engine
engine

other query
components engine arithmetic
engine

Figure 4.3 An example of a CPU that includes multiple components. The
large arrow in the center of the figure indicates a central intercon-
nect mechanism that the components use to coordinate.

The CPU in the figure includes a special-purpose graphics engine. Graphics en-
gines, sometimes called graphics accelerators, are common because video game
software is popular and many computers need a graphics engine to drive the graphics
display at high speed. For example, a graphics engine might include facilities to repaint
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the surface of a graphical figure after it has been moved (e.g., in response to a joystick
movement).

The CPU illustrated in Figure 4.3 also includes a query engine. Query engines and
closely related pattern engines are used in database processors. A query engine exam-
ines a database record at high speed to determine if the record satisfies the query; a pat-
tern engine examines a string of bits to determine if the string matches a specified pat-
tern (e.g., to test whether a document contains a particular word). In either case, a CPU
has enough capability to handle the task, but a special-purpose processor can perform
the task much faster.

4.7 Structure Of A Conventional Processor

Although the imaginary CPU described in the previous section contains many en-
gines, most processors do not. Two questions arise. First, what engine(s) are found in
a conventional processor? Second, how are the engines interconnected? This section
answers the questions broadly, and later sections give more detail.

Although a practical processor contains many subcomponents with complex inter-
connections among them, we can view a processor as having five conceptual units:

e Controller

e Arithmetic Logic Unit (ALU)

e [ocal data storage (typically, registers)
e Internal interconnection(s)

e External interface(s) (I/O buses)

Figure 4 4 illustrates the concept.

Controller. The controller forms the heart of a processor. Controller hardware has
overall responsibility for program execution. That is, the controller steps through the
program and coordinates the actions of all other hardware units to perform the specified
operations.

Arithmetic Logic Unit (ALU). We think of the ALU as the main computational en-
gine in a processor. The ALU performs all computational tasks, including integer arith-
metic, operations on bits (e.g., left or right shift), and Boolean (logical) operations (e.g.,
Boolean and, or, exclusive or, and not). However, an ALU does not perform multiple
steps or initiate activities. Instead, the ALU only performs one operation at a time, and
relies on the controller to specify exactly what operation to perform on the operand
values.

Local Data Storage. A processor must have at least some local storage to hold
data values such as operands for arithmetic operations and the result. As we will see,
local storage usually takes the form of hardware registers — values must be loaded into
the hardware registers before they can be used in computation.
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< internal interconnection(s) >

local
storage

ALU controller

external interface

< external connection

Figure 44 The five major units found in a conventional processor. The
external interface connects to the rest of the computer system.

Internal Interconnection(s). A processor contains one or more hardware mecha-
nisms that are used to transfer values between the other hardware units. For example,
the interconnection hardware is used to move data values from the local storage to the
ALU or to move results from the ALU to local storage. Architects sometimes use the
term data path to describe an internal interconnection.

External Interface(s). The external interface unit handles all communication
between the processor and the rest of the computer system. In particular, the external
interface manages communication between the processor and external memory and I/O
devices.

4.8 Processor Categories And Roles

Understanding the range of processors is especially difficult for someone who has
not encountered hardware design because processors can be used in a variety of roles.
It may help if we consider the ways that hardware devices use processors and how pro-
cessors function in each role. Here are four examples:

e Coprocessors

e Microcontrollers

e Embedded system processors
e General-purpose processors
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Coprocessors. A coprocessor operates in conjunction with and under the control
of another processor. Usually, a coprocessor consists of a special-purpose processor
that performs a single task at high speed. For example, some CPUs use a coprocessor
known as a floating point accelerator to speed the execution of arithmetic operations —
when a floating point operation occurs, the CPU automatically passes the necessary
values to the coprocessor, obtains the result, and then continues execution. In architec-
tures where a running program does not know which operations are performed directly
by the CPU and which operations are performed by a coprocessor, we say that the
operation of a coprocessor is transparent to the software. Typical coprocessors use
fixed or selectable logic, which means that the functions the coprocessor can perform
are determined when the coprocessor is designed.

Microcontrollers. A microcontroller consists of a programmable device dedicated
to the control of a physical system. For example, microcontrollers run physical systems
such as the engine in a modern automobile, the landing gear on an airplane, and the au-
tomatic door in a grocery store. In many cases, a microcontroller performs a trivial
function that does not require much traditional computation. Instead, a microcontroller
tests sensors and sends signals to control devices. Figure 4.5 lists an example of the
steps a typical microcontroller can be programmed to perform:

do forever {
wait for the sensor to be tripped;
turn on power to the door motor;
wait for a signal that indicates the
door is open;
wait for the sensor to reset;
delay ten seconds;

turn off power to the door motor;

[

Figure 4.5 Example of the steps a microcontroller performs. In most cases,
microcontrollers are dedicated to trivial control tasks.

Embedded System Processors. An embedded system processor runs sophisticated
electronic devices such as a wireless router or smart phone. The processors used for
embedded systems are usually more powerful than the processors that are used as
microcontrollers, and often run a protocol stack used for communication. However, the
processor may not contain all the functionality found on more general-purpose CPUs.

General-purpose Processors. General-purpose processors are the most familiar

and need little explanation. For example, the CPU in a PC is a general-purpose proces-
sor.
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4.9 Processor Technologies

How are processors created? In the 1960s, processors were created from digital
logic circuits. Individual gates were connected together on a circuit board, which then
plugged into a chassis to form a working computer. By the 1970s, large-scale integrat-
ed circuit technology arrived, which meant that the smallest and least powerful proces-
sors — such as those used for microcontrollers — could each be implemented on a sin-
gle integrated circuit. As integrated circuit technology improved and the number of
transistors on a chip increased, a single chip became capable of holding more powerful
processors. Today, many of the most powerful general-purpose processors consist of a
single integrated circuit.

4.10 Stored Programs

We said that a processor performs a computation that involves multiple steps.
Although some processors have the series of steps built into the hardware, most do not.
Instead, they are programmable (i.e., they rely on a mechanism known as program-
ming). That is, the sequence of steps to be performed comprise a program that is placed
in a location the processor can access; the processor accesses the program and follows
the specified steps.

Computer programmers are familiar with conventional computer systems that use
main memory as the location that holds a program. The program is loaded into memory
each time a user runs the application. The chief advantage of using main memory to
hold programs lies in the ability to change the program. The next time a user runs a
program after it has been changed, the altered version will be used.

Although our conventional notion of programming works well for general-purpose
processors, other types of processors use alternative mechanisms that are not as easy to
change. For example, the program for a microcontroller usually resides in hardware
known as Read Only Memory (ROMT). In fact, a ROM that contains a program may re-
side on an integrated circuit along with a microcontroller that runs the program. For ex-
ample, the microcontroller used in an automobile may reside on a single integrated cir-
cuit that also contains the program the microcontroller runs.

The important point is that programming is a broad notion:

To a computer architect, a processor is classified as programmable if,
at some level of detail, the processor is separate from the program it
runs. To a user, it may appear that the program and processor are
integrated, and it may not be possible to change the program without
replacing the processor.

FLater chapters describe memory in more detail.
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4.11 The Fetch-Execute Cycle

How does a programmable processor access and perform steps of a program? The
data path description in Chapter 6 explains the basic idea. Although the details vary
among processors, all programmable processors follow the same fundamental paradigm.
The underlying mechanism is known as the fetch-execute cycle.

To implement fetch-execute, a processor has an instruction pointer that automati-
cally moves through the program in memory, performing each step. That is, each pro-
grammable processor executes two basic functions repeatedly. Algorithm 4.1 presents
the two fundamental stepsy.

Algorithm 4.1

Repeat forever {

Fetch: access the next step of the program from the
location in which the program has been stored.

Execute: perform the step of the program.

Algorithm 4.1 The Fundamental Steps Of The Fetch-Execute Cycle

The important point is:

At some level, every programmable processor implements a fetch-
execute cycle.

Several questions arise. Exactly how is the program represented in memory, and
how is such a representation created? How does a processor identify the next step of a
program? What are the possible operations that can be performed during the execution
phase of the fetch-execute cycle? How does the processor perform each operation?
The next chapters will answer each of these questions in more detail. The remainder of
this chapter concentrates on three questions: how fast does a processor operate, how
does a processor begin with the first step of a program, and what happens when the pro-
cessor reaches the end of a program?

TNote that the algorithm presented here is a simplified form; when we discuss I/O, we will see how the
algorithm is extended to handle device interrupts.
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4.12 Program Translation

An important question for programmers concerns how a program is converted to
the form a processor expects. A programmer uses a High Level Language (HLL) to
create a computer program. We say the programmer writes source code. The program-
mer uses a tool to translate the source code into the representation that a processor ex-
pects.

Although a programmer invokes a single tool, such as gcc, multiple steps are re-
quired to perform the translation. First, a preprocessor expands macros, producing a
modified source program. The modified source program becomes input to a compiler,
which translates the program into assembly language. Although it is closer to the form
needed by a processor, assembly language can be read by humans. An assembler
translates the assembly language program into a relocatable object program that con-
tains a combination of binary code and references to external library functions. A linker
processes the relocatable object program by replacing external function references with
the code for the functions. To do so, the linker extracts the name of a function,
searches one or more libraries to find binary code for the function. Figure 4.6 illustrates
the translation steps and the software tool that performs each step.

preprocessed
source source . assembly
code preprocessor |—& — compiler code
code j
relocatable binary
assembler |—# oObject — linker —+» object
code code

}

object code
(functions)
in libraries

Figure 4.6 The steps used to translate a source program to the binary object
code representation used by a processor.

4.13 Clock Rate And Instruction Rate

One of the primary questions about processors concerns speed: how fast does the
fetch-execute cycle operate? The answer depends on the processor, the technology used
to store a program, and the time required to execute each instruction. On one hand, a
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processor used as a microcontroller to actuate a physical device (e.g., an electric door)
can be relatively slow because a response time under one-tenth of a second seems fast
to a human. On the other hand, a processor used in the highest-speed computers must
be as fast as possible because the goal is maximum performance.

As we saw in Chapter 2, most processors use a clock to control the rate at which
the underlying digital logic operates. Anyone who has purchased a computer knows
that sales personnel push customers to purchase a fast clock with the argument that a
higher clock rate will result in higher performance. Although a higher clock rate usual-
ly means higher processing speed, it is important to realize that the clock rate does not
give the rate at which the fetch-execute cycle proceeds. In particular, in most systems,
the time required for the execute portion of the cycle depends on the instruction being
executed. We will see later that operations involving memory access or I/O can require
significantly more time (i.e., more clock cycles) than those that do not. The time also
varies among basic arithmetic operations: integer multiplication or division requires
more time than integer addition or subtraction. Floating point computation is especially
costly because floating point operations usually require more clock cycles than
equivalent integer operations. Floating point multiplication or division stands out as
especially costly — a single floating point division can require orders of magnitude
more clock cycles than an integer addition.

For now, it is sufficient to remember the general principle:

The fetch-execute cycle may not proceed at a fixed rate because the
time taken to execute an instruction depends on the operation being
performed. An operation such as multiplication requires more time
than an operation such as addition.

4.14 Control: Getting Started And Stopping

So far, we have discussed a processor running a fetch-execute cycle without giving
details. We now need to answer two basic questions. How does the processor start
running the fetch-execute cycle? What happens after the processor executes the last
step in a program?

The issue of program termination is the easiest to understand: processor hardware
is not designed to stop. Instead, the fetch-execute cycle continues indefinitely. Of
course, a processor can be permanently halted, but such a sequence is only used to
power down a computer — in normal operations, the processor continues to execute one
instruction after another.

In some cases, a program uses a loop to delay. For example, a microcontroller
may need to wait for a sensor to indicate an external condition has been met before
proceeding. The processor does not merely stop to wait for the sensor. Instead, the
program contains a loop that repeatedly tests the sensor. Thus, from a hardware point
of view, the fetch-execute cycle continues.
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The notion of an indefinite fetch-execute cycle has a direct consequence for pro-
gramming: software must be planned so a processor always has a next step to execute.
In the case of a dedicated system such as a microcontroller that controls a physical de-
vice, the program consists of an infinite loop — when it finishes the last step of the pro-
gram, the processor starts again at the first step. In the case of a general-purpose com-
puter, an operating system is always present. The operating system can load an applica-
tion into memory, and then direct the processor to run the application. To keep the
fetch-execute cycle running, the operating system must arrange to regain control when
the application finishes. When no application is running, the operating system enters a
loop to wait for input (e.g., from a touch screen, keyboard, or mouse).

To summarize:

Because a processor runs the fetch-execute cycle indefinitely, a system
must be designed to ensure that there is always a next step to execute.
In a dedicated system, the same program executes repeatedly; in a
general-purpose system, an operating system runs when no applica-
tion is running.

4.15 Starting The Fetch-Execute Cycle

How does a processor start the fetch-execute cycle? The answer is complex be-
cause it depends on the underlying hardware. For example, some processors have a
hardware reset. On such processors, engineers arrange for a combinatorial circuit to ap-
ply voltage to the reset line until all system components are ready to operate. When
voltage is removed from the reset line, the processor begins executing a program from a
fixed location. Some processors start executing a program found at location zero in
memory once the processor is reset. In such systems, the designer must guarantee that a
valid program is placed in location zero before the processor starts.

The steps used to start a processor are known as a bootstrap. In an embedded en-
vironment, the program to be run usually resides in Read Only Memory (ROM). On a
conventional computer, the hardware reads a copy of the operating system from an I/O
device, such as a disk, and places the copy into memory before starting the processor.
In either case, hardware assist is needed for bootstrap because a signal must be passed
to the processor that causes the fetch-execute cycle to begin.

Many devices have a soft power switch, which means that the power switch does
not actually turn power on or off. Instead, the switch acts like a sensor — the processor
can interrogate the switch to determine its current position. Booting a device that has a
softswitch is no different than booting other devices. When power is first applied (e.g.,
when a battery is installed), the processor boots to an initial state. The initial state con-
sists of a loop that interrogates the soft power switch. Once the user presses the soft
power switch, the hardware completes the bootstrap process.
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4.16 Summary

A processor is a digital device that can perform a computation involving multiple
steps. Processors can use fixed, selectable, parameterized or programmable logic. The
term engine identifies a processor that is a subpiece of a more complex processor.

Processors are used in various roles, including coprocessors, microcontrollers, em-
bedded processors, and general-purpose processors. Although early processors were
created from discrete logic, a modern processor is implemented as a single VLSI chip.

A processor is classified as programmable if at some level, the processor hardware
is separate from the sequence of steps that the processor performs; from the point of
view of the end user, however, it might not be possible to change the program without
replacing the processor. All programmable processors follow a fetch-execute cycle; the
time required for one cycle depends on the operation performed. Because fetch-execute
processing continues indefinitely, a designer must construct a program in such a way
that the processor always has an instruction to execute.

A set of software programs are used to translate a source program, written by a
programmer, into the binary representation that a processor requires. The set includes a
preprocessor, compiler, assembler, and linker.

EXERCISES

4.1 Neither Figure 4.1 nor Figure 4.2 has sforage as a major component. Where does storage
(e.g., flash or an electro-mechanical disk) fit into the figures?

4.2 Consider the System-on-Chip (SoC) approach described in Chapter 2. Besides a processor,
memory, and I/O facilities, what does an SoC need?

4.3 Consult Wikipedia to learn about early computers. How much memory did the Harvard
Mark I computer have, and what year was it created? How much memory did the IBM
360/20 computer have, and what year was it created?

44 Although CPU manufacturers brag about the graphics accelerators on their chips, some
video game designers choose to keep the graphics hardware separate from the processor.
Explain one possible motivation for keeping it separate.

4.5 Imagine a smart phone that employs a Harvard Architecture. If you purchase such a phone,
what would you need to specify that you do not normally specify?

4.6 What aspect of a Von Neumann Architecture makes it more vulnerable to hackers than a
Harvard Architecture?

4.7 If you have access to gcc, read the man page to learn the command line argument that al-
lows you to run only the preprocessor and place the preprocessed program in a file that can
be viewed. What changes are made in the source program?

4.8 Extend the previous exercise by placing the assembly language output from the compiler in
a file that can be viewed.

4.9 Write a computer program that compares the difference in execution times between an in-
teger division and a floating point division. To test the program, execute each operation
100,000 times, and compare the difference in running times.

[vww.ebook3000.con)



http://www.ebook3000.org

5.1
52
53
54
55
5.6
5.7
5.8
59
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25

Chapter Contents

Introduction, 85

Mathematical Power, Convenience, And Cost, 85
Instruction Set Architecture, 86

Opcodes, Operands, And Results, 87

Typical Instruction Format, 87

Variable-Length Vs. Fixed-Length Instructions, 87
General-Purpose Registers, 88

Floating Point Registers And Register Identification, 89
Programming With Registers, 89

Register Banks, 90

Complex And Reduced Instruction Sets, 91

RISC Design And The Execution Pipeline, 92
Pipelines And Instruction Stalls, 93

Other Causes Of Pipeline Stalls, 95

Consequences For Programmers, 95

Programming, Stalls, And No-Op Instructions, 96
Forwarding, 97

Types Of Operations, 97

Program Counter, Fetch-Execute, And Branching, 98
Subroutine Calls, Arguments, And Register Windows, 99
An Example Instruction Set, 101

Minimalistic Instruction Set, 103

The Principle Of Orthogonality, 104

Condition Codes And Conditional Branching, 104
Summary, 105



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com

[vww.ebook3000.com)



http://www.ebook3000.org

5

Processor Types And
Instruction Sets

5.1 Introduction

The previous chapter introduces a variety of processors and explains the fetch-
execute cycle that programmable processors use. This chapter continues the discussion
by focusing on the set of operations that a processor can perform. The chapter explains
various approaches computer architects have chosen, and discusses the advantages and
disadvantages of each. The next chapters extend the discussion by describing the vari-
ous ways processors access operands.

5.2 Mathematical Power, Convenience, And Cost

What operations should a processor offer? From a mathematical point of view, a
wide variety of computational models provide equivalent computing power. In theory,
as long as a processor offers a few basic operations, the processor has sufficient power
to compute any computable functiony.

Programmers understand that although only a minimum set of operations are
necessary, a minimum is neither convenient nor practical. That is, the set of operations
is designed for convenience rather than for mere functionality. For example, it is possi-
ble to compute a quotient by repeated subtraction. However, a program that uses re-
peated subtraction to compute a quotient runs slowly. Thus, most processors operations
include hardware for each basic arithmetic operation: addition, subtraction, multiplica-
tion, and division.

FIn a mathematical sense, only three operations are needed to compute any computable function: add one,
subtract one, and branch if a value is nonzero.

85



86 Processor Types And Instruction Sets Chap. 5

To a computer architect, choosing a set of operations that the processor will per-
form represents a tradeoff. On the one hand, adding an additional arithmetic operation,
such as multiplication or division, provides convenience for the programmer. On the
other hand, each additional operation adds more hardware and makes the processor
design more difficult. Adding hardware also increases engineering considerations such
as chip size, power consumption, and heat dissipation. Thus, because a smart phone is
designed to conserve battery power, the processors used in smart phones typically have
fewer built-in operations than the processors used in powerful mainframe computers.

The point is that when considering the set of operations a given processor provides,
we need to remember that the choice represents a complex tradeoff:

The set of operations a processor provides represents a tradeoff
among the cost of the hardware, the convenience for a programmer,
and engineering considerations such as power consumption.

5.3 Instruction Set Architecture

When an architect designs a programmable processor, the architect must make two
key decisions:

e Instruction set: the set of operations the processor provides
e Instruction representation: the format for each operation

We use the term instruction set to refer to the set of operations the hardware recog-
nizes, and refer to each operation as an instruction. We assume that on each iteration of
its fetch-execute cycle, a processor executes one instruction.

The definition of an instruction set specifies all details about instructions, including
an exact specification of actions the processor takes when it executes the instruction.
Thus, the instruction set defines values on which each instruction operates and the
results the instruction produces. The definition specifies allowable values (e.g., the
division instruction requires the divisor to be nonzero) and error conditions (e.g., what
happens if an addition results in an overflow).

The term instruction representation (instruction format) refers to the binary
representation that the hardware uses for instructions. The instruction representation is
important because it defines a key interface: the interface between software that gen-
erates instructions and places them in memory and the hardware that executes the in-
structions. The software (e.g., the compiler, linker, and loader) must create an image in
memory that uses exactly the same instruction format that the processor hardware ex-
pects.

We say that the definition of an instruction set and the corresponding representa-
tion define an Instruction Set Architecture (ISA). That is, an ISA defines both syntactic
and semantic aspects of the instruction set. IBM Corporation pioneered the approach in
the 1960s when it developed an ISA for its System/360 line of computers — with minor
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exceptions, all computers in the line shared the same basic instruction set, but individual
models differed widely (approximately a 1:30 ratio) in the size of memory, processor
speed, and cost.

5.4 Opcodes, Operands, And Results

Conceptually, each instruction contains three parts that specify: the exact operation
to be performed, the value(s) to use, and where to place the result(s). The following
paragraphs define the idea more precisely.

Opcode. The term opcode (short for operation code) refers to the exact operation
to be performed. An opcode is a number; when the instruction set is designed, each
operation must be assigned a unique opcode. For example, integer addition might be
assigned opcode five, and integer subtraction might be assigned opcode twelve.

Operands. The term operand refers to a value that is needed to perform an opera-
tion. The definition of an instruction set specifies the exact number of operands for
each instruction, and the possible values (e.g., the addition operation takes two signed
integers).

Results. In some architectures, one or more of the operands specify where the pro-
cessor should place results of an instruction (e.g., the result of an arithmetic operation);
in others, the location of the result is determined automatically.

5.5 Typical Instruction Format

Each instruction is represented as a binary string. On most processors, an instruc-
tion begins with a field that contains the opcode, followed by fields that contain the
operands. Figure 5.1 illustrates the general format.

opcode operand 1 operand 2

Figure 5.1 The general instruction format that many processors use. The op-
code at the beginning of an instruction determines exactly which
operands follow.

5.6 Variable-Length Vs. Fixed-Length Instructions

The question arises: should each instruction be the same size (i.e., occupy the same
number of bytes) or should the length depend on the quantity and type of the operands?
For example, consider integer arithmetic operations. Addition or subtraction operates
on two values, but negation operates on a single value. Furthermore, a processor can
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handle multiple sizes of operands (e.g., a processor can have an instruction that adds a
pair of sixteen-bit integers as well as an instruction that adds a pair of thirty-two bit in-
tegers). Should one instruction be shorter than another?

We use the term variable-length to characterize an instruction set that includes
multiple instruction sizes, and the term fixed-length to characterize an instruction set in
which every instruction is the same size. Programmers expect variable-length instruc-
tions because software usually allocates space according to the size of each object (e.g.,
if the strings “Hello” and “bye” appear in a program, a compiler will allocate 5 and 3
bytes, respectively). From a hardware point of view, however, variable-length instruc-
tions require complex hardware to fetch and decode. By comparison, fixed-length in-
structions require less complex hardware. Fixed-length instructions allow processor
hardware to operate at higher speed because the hardware can compute the location of
the next instruction easily. Thus, many processors force all instructions to be the same
size, even if some instructions can be represented in fewer bits than others. The point
is:

Although it may seem inefficient to a programmer, using fixed-length
instructions can make processor hardware less complex and faster.

How does a processor that uses fixed-length instructions handle cases where an in-
struction does not need all operands? For example, how does a fixed-length instruction
set accommodate both addition and negation? Interestingly, the hardware is designed to
ignore fields that are not needed for a given operation. Thus, an instruction set may
specify that in some instructions, specific bits are unusedt. To summarize:

When a fixed-length instruction set is employed, some instructions
contain extra fields that the hardware ignores. The unused fields
should be viewed as part of a hardware optimization, not as an indi-
cation of a poor design.

5.7 General-Purpose Registers

As we have seen, a register is a small, high-speed hardware storage device found
in a processor. A register has a fixed size (e.g., 32 or 64 bits) and supports two basic
operations: fetch and store. We will see later that registers can operate in a variety of
roles, including as an instruction pointer (also called a program counter) that gives the
address of the next instruction to execute. For now, we will restrict our attention to a
simple case that is well known to programmers: general-purpose registers that are used
as a temporary storage mechanism. A processor usually has a small number of
general-purpose registers (e.g., thirty-two), and each register is usually the size of an in-
teger. For example, on a processor that provides thirty-two bit arithmetic, each
general-purpose register holds thirty-two bits. As a result, a general-purpose register

7Some hardware requires unused bits to be zero.
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can hold an operand needed for an arithmetic instruction or the result of such an instruc-
tion.

In many architectures, general-purpose registers are numbered from O through
N-1. The processor provides instructions that can store a value into (or fetch a value
from) a specified register. General-purpose registers have the same semantics as
memory: a fetch operation returns the value specified in the previous sfore operation.
Similarly, a store operation replaces the contents of the register with a new value.

5.8 Floating Point Registers And Register Identification

Processors that support floating point arithmetic often use a separate set of registers
to hold floating point values. Confusion can arise because both general-purpose regis-
ters and floating point registers are usually numbered starting at zero — the instruction
determines which registers are used. For example, if registers 3 and 6 are specified as
operands for an integer instruction, the processor will extract the operands from the
general-purpose registers. However, if registers 3 and 6 are specified as operands for a
floating point instruction, the floating point registers will be used.

5.9 Programming With Registers

Many processors require operands to be placed in general-purpose registers before
an instruction is executed. Some processors also place the results of an instruction in a
general-purpose register. Thus, to add two integers in variables X and Y and place the
result in variable Z, a programmer must create a series of instructions that move values
to the corresponding registers. For example, if general-purpose registers 3, 6, and 7 are
available, the program might contain four instructions that perform the following steps:

e [oad a copy of variable X from memory into register 3

e Load a copy of variable Y from memory into register 6

Add the value in register 3 to the value in register 6, and place
the result in register 7

e Store a copy of the value in register 7 to variable Z in memory

We will see that moving a value between memory and a register is relatively ex-
pensive, so performance is optimized by leaving values in registers if the value will be
used again. Because a processor only contains a small number of registers, a program-
mer (or compiler) must decide which values to keep in the registers at any time; other
values are kept in memoryT. The process of choosing which values the registers con-
tain is known as register allocation.

Many details complicate register allocation. One of the most common arises if an
instruction generates a large result, called an extended value. For example, integer mul-
tiplication can produce a result that contains twice as many bits as either operand.

TThe term register spilling refers to moving a value from a register back into memory to make the regis-
ter available for a new value.
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Some processors offer facilities for double precision arithmetic (e.g., if a standard in-
teger is thirty-two bits wide, a double precision integer occupies sixty-four bits).

To handle extended values, the hardware treats registers as consecutive. On such
processors, for example, an instruction that loads a double precision integer into register
4 will place half the integer in register 4 and the other half in register 5 (i.e., the value
of register 5 will change even though the instruction contains no explicit reference).
When choosing registers to use, a programmer must plan for instructions that place ex-
tended data values in consecutive registers.

5.10 Register Banks

An additional hardware detail complicates register allocation: some architectures
divide registers into multiple banks, and require the operands for an instruction to come
from separate banks. For example, on a processor that uses two register banks, an in-
teger add instruction may require the two operands to be from separate banks.

To understand register banks, we must examine the underlying hardware. In
essence, register banks allow the hardware to operate faster because each bank has a
separate physical access mechanism and the mechanisms operate simultaneously. Thus,
when the processor executes an instruction that accesses two operands in registers, both
operands can be obtained at the same time. Figure 5.2 illustrates the concept.

Bank A Bank B

WN =0
No abs

separate hardware
< units used to access ————=
the register banks

Processor

Figure 5.2 Illustration of eight registers divided into two banks. Hardware
allows the processor to access both banks at the same time.

Register banks have an interesting consequence for programmers: it may not be
possible to keep data values in registers permanently. To understand why, consider the
following assignment statements that are typical of those used in a conventional pro-
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gramming language, and assume we want to implement the statements on a processor
that has two register banks as Figure 5.2 illustrates.

R« X +Y
S« 7 -X
T« Y + 7

To perform the first addition, X and Y must be in separate register banks. Let’s
assume X is in a register in bank A, and Y is in a register in bank B. For the subtrac-
tion, Z must be in the opposite register bank than X (i.e., Z must be in a register in bank
B). For the third assignment, Y and Z must be in different banks. Unfortunately, the
first two assignments mean that Y and Z are located in the same bank. Thus, there is
no possible assignment of X, Y, and Z to registers that works with all three instructions.
We say that a register conflict occurs.

What happens when a register conflict arises? The programmer must either reas-
sign registers or insert an instruction to copy values. For example, we could insert an
extra instruction that copies the value of Z into a register in bank A before the final ad-
dition is performed.

5.11 Complex And Reduced Instruction Sets

Computer architects divide instruction sets into two broad categories that are used
to classify processorst:

e Complex Instruction Set Computer (CISC)
e Reduced Instruction Set Computer (RISC)

A CISC processor usually includes many instructions (typically hundreds), and
each instruction can perform an arbitrarily complex computation. Intel’s x86 instruction
set is classified as CISC because a processor provides hundreds of instructions, includ-
ing complex instructions that require a long time to execute (e.g., one instruction mani-
pulates graphics in memory and others compute the sine and cosine functions).

In contrast to CISC, a RISC processor is constrained. Instead of arbitrary instruc-
tions, a RISC design strives for a minimum set that is sufficient for all computation
(e.g., thirty-two instructions). Instead of allowing a single instruction to compute an ar-
bitrary function, each instruction performs a basic computation. To achieve the highest
possible speed, RISC designs constrain instructions to be a fixed size. Finally, as the
next section explains, a RISC processor is designed to execute an instruction in one
clock cyclet. Arm Limited and MIPS Corporation have each created RISC architec-
tures with limited instructions that can be executed in one clock cycle. The ARM
designs are especially popular in smart phones and other low-power devices.

We can summarize:

TInstead of using the full name, most engineers use the acronyms, which are pronounced sisk and risk.
#Recall from Chapter 2 that a clock, which pulses at regular intervals, is used to control digital logic.
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A processor is classified as CISC if the instruction set contains in-
structions that perform complex computations that can require long
times; a processor is classified as RISC if it contains a small number
of instructions that can each execute in one clock cycle.

5.12 RISC Design And The Execution Pipeline

We said that a RISC processor executes one instruction per clock cycle. In fact, a
more accurate version of the statement is: a RISC processor is designed so the processor
can complete one instruction on each clock cycle. To understand the subtle difference,
it is important to know how the hardware works. We said that a processor performs a
fetch-execute cycle by first fetching an instruction and then executing the instruction.
In fact, the processor divides the fetch-execute cycle into several steps, typically:

e Fetch the next instruction

e Decode the instruction and fetch operands from registers
e Perform the arithmetic operation specified by the opcode
e Perform memory read or write, if needed

e Store the result back to the registers

To enable high speed, RISC processors contain parallel hardware units that each
perform one step listed above. The hardware is arranged in a multistage pipelinet,
which means the results from one hardware unit are passed to the next hardware unit.
Figure 5.3 illustrates a pipeline.

stage 1 stage 2 stage 3 stage 4 stage 5
fetch decode perform read or store
next |:> plus fetch :> arithmetic |::> write |:> the

instruction operands operation memory result

Figure 5.3 An example pipeline of the five hardware stages that are used to
perform the fetch-execute cycle.

In the figure, an instruction moves left to right through the pipeline. The first
stage fetches the instruction, the next stage examines the opcode, and so on. Whenever
the clock ticks, all stages simultaneously pass the instruction to the right. Thus, instruc-
tions move through the pipeline like an assembly line: at any time, the pipeline contains
five instructions.

TThe terms instruction pipeline and execution pipeline are used interchangeably to refer to the multistage
pipeline used in the fetch-execute cycle.
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The speed of a pipeline arises because all stages can operate in parallel — while
the fourth stage executes an instruction, the third stage fetches the operands for the next
instruction. Thus, a stage never needs to delay because an instruction is always ready
on each clock cycle. Figure 5.4 illustrates how a set of instructions pass through a
five-stage pipeline.

clock stage 1 stage 2 stage 3 stage 4 stage 5
Time 1 inst. 1 - - - - -
2 inst. 2 inst. 1 - - -
3 inst. 3 inst. 2 inst. 1 - -
4 inst. 4 inst. 3 inst. 2 inst. 1 -
5 inst. 5 inst. 4 inst. 3 inst. 2 inst. 1
6 inst. 6 inst. 5 inst. 4 inst. 3 inst. 2
7 inst. 7 inst. 6 inst. 5 inst. 4 inst. 3
8 inst. 8 inst. 7 inst. 6 inst. 5 inst. 4

Figure 5.4 Instructions passing through a five-stage pipeline. Once the pipe-
line is filled, each stage is busy on each clock cycle.

The figure clearly illustrates that although a RISC processor cannot perform all the
steps needed to fetch and execute an instruction in one clock cycle, parallel hardware al-
lows the processor to finish one instruction per clock cycle. We can summarize:

Although a RISC processor cannot perform all steps of the fetch-
execute cycle in a single clock cycle, an instruction pipeline with
parallel hardware provides approximately the same performance:
once the pipeline is full, one instruction completes on every clock cy-
cle.

5.13 Pipelines And Instruction Stalls

We say that the instruction pipeline is transparent to programmers because the in-
struction set does not contain any explicit references to the pipeline. That is, the
hardware is constructed so the results of a program are the same whether or not a pipe-
line is present. Although transparency can be an advantage, it can also be a disadvan-
tage: a programmer who does not understand the pipeline can inadvertently introduce
inefficiencies.

To understand the effect of programming choices on a pipeline, consider a program
that contains two successive instructions that perform an addition and subtraction on
operands and results located in registers that we will label A, B, C, D, and E:
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Instruction K: C « add A B
Instruction K+1: D <« subtract E C

Although instruction K can proceed through the pipeline from beginning to end, in-
struction K+1 encounters a problem because operand C is not available in time. That
is, the hardware must wait for instruction K to finish before fetching the operands for
instruction K+1. We say that a stage of the pipeline szalls to wait for the operand to
become available. Figure 5.5 illustrates what happens during a pipeline stall.

stage 1 stage 2 stage 3 stage 4 stage 5
fetch fetch ALU access write
clock instruction operands operation memory results
1 inst. K inst. K-1 inst. K-2 inst. K-3 inst. K-4
Time 2 inst. K+1 inst. K inst. K-1 inst. K-2 inst. K-3
3 inst. K+2 (inst. K+1) inst. K inst. K-1 inst. K-2
4 (inst. K+2) (inst. K+1) - inst. K inst. K-1
5 (inst. K+2) (inst. K+1) - - inst. K
6 (inst. K+2) inst. K+1 - - -
7 inst. K+3 inst. K+2 inst. K+1 - -
] 8 inst. K+4 inst. K+3 inst. K+2 inst. K+1 -
9 inst. K+5 inst. K+4 inst. K+3 inst. K+2 inst. K+1
10 inst. K+6 inst. K+5 inst. K+4 inst. K+1 inst. K+2

Figure 5.5 Illustration of a pipeline stall. Instruction K+1 cannot proceed
until an operand from instruction K becomes available.

The figure shows a normal pipeline running until clock cycle 3, when Instruction
K+1 has reached stage 2. Recall that stage 2 fetches operands from registers. In our
example, one of the operands for instruction K+1 is not available, and will not be avail-
able until instruction K writes its results into a register. The pipeline must stall until in-
struction K completes. In the code above, because the value of C has not been comput-
ed, stage 2 cannot fetch the value for C. Thus, stages 1 and 2 remain stalled during
clock cycles 4 and 5. During clock cycle 6, stage 2 can fetch the operand, and pipeline
processing continues.

The rightmost column in Figure 5.5 shows the effect of a stall on performance: the
final stage of the pipeline does not produce any results during clock cycles 6, 7, and 8.
If no stalls had occurred, instruction K+1 would have completed during clock cycle 6,
but the stall means the instruction does not complete until clock cycle 9.

To describe the delay between the cause of a stall and the time at which output

stops, we say that a bubble passes through the pipeline. Of course, the bubble is only
apparent to someone observing the pipeline’s performance because correctness is not af-
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fected. That is, an instruction always passes directly to the next stage as soon as one
stage completes, which means all instructions are executed in the order specified.

5.14 Other Causes Of Pipeline Stalls

In addition to waiting for operands, a pipeline can stall when the processor exe-
cutes any instruction that delays processing or disrupts the normal flow. For example, a
stall can occur when a processor:

e Accesses external storage
¢ Invokes a coprocessor
¢ Branches to a new location

e Calls a subroutine

The most sophisticated processors contain additional hardware to avoid stalls. For
example, some processors contain two copies of a pipeline, which allows the processor
to start decoding the instruction that will be executed if a branch is taken as well as the
instruction that will be executed if a branch is not taken. The two copies operate until a
branch instruction can be executed. At that time, the hardware knows which copy of
the pipeline to follow; the other copy is ignored. Other processors contain special
shortcut hardware that passes a copy of a result back to a previous pipeline stage.

5.15 Consequences For Programmers

To achieve maximum speed, a program for a RISC architecture must be written to
accommodate an instruction pipeline. For example, a programmer should avoid intro-
ducing unnecessary branch instructions. Similarly, instead of referencing a result regis-
ter immediately in the following instruction, the reference can be delayed. As an exam-
ple, Figure 5.6 shows how code can be rearranged to run faster.

C « add A B C « add A B

D « subtract E C F <« add G H

F <« add G H M « add K L

J « subtract I F D « subtract E C

M « add K L J « subtract I F

P « subtract M N P « subtract M N
(a) (b)

Figure 5.6 (a) A list of instructions, and (b) the instructions reordered to run
faster in a pipeline. Reducing pipeline stalls increases speed.
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In the figure, the optimized program separates references from computation. For
example, in the original program, the second instruction references value C, which is
produced by the previous instruction. Thus, a stall occurs between the first and second
instructions. Moving the subtraction to a later point in the program allows the proces-
sor to continue to operate without a stall.

Of course, a programmer can choose to view a pipeline as an automatic optimiza-
tion instead of a programming burden. Fortunately, most programmers do not need to
perform pipeline optimizations manually. Instead, compilers for high-level languages
perform the optimizations automatically.

Rearranging code sequences can increase the speed of processing
when the hardware uses an instruction pipeline; programmers view
the reordering as an optimization that can increase speed without af-
fecting correctness.

5.16 Programming, Stalls, And No-Op Instructions

In some cases, the instructions in a program cannot be rearranged to prevent a stall.
In such cases, programmers can document stalls so anyone reading the code will under-
stand that a stall occurs. Such documentation is especially helpful if a program is modi-
fied because the programmer who performs the modification can reconsider the situation
and attempt to reorder instructions to prevent a stall.

How should programmers document a stall? One technique is obvious: insert a
comment that explains the reason for a stall. However, most code is generated by com-
pilers and is only read by humans when problems occur or special optimization is re-
quired. In such cases, another technique can be used: in places where stalls occur, in-
sert extra instructions in the code. The extra instructions show where items can be in-
serted without affecting the pipeline. Of course, the extra instructions must be innocu-
ous — they must not change the values in registers or otherwise affect the program. In
most cases, the hardware provides the solution: a no-op. That is, an instruction that
does absolutely nothing except occupy time. The point is:

Most processors include a no-op instruction that does not reference
data values, compute a result, or otherwise affect the state of the com-
puter. No-op instructions can be inserted to document locations
where an instruction stall occurs.
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5.17 Forwarding

As mentioned above, some hardware has special facilities to improve instruction
pipeline performance. For example, an ALU can use a technique known as forwarding
to solve the problem of successive arithmetic instructions passing results.

To understand how forwarding works, consider the example of two instructions
where operands A, B, C, D, and E are in registers:

Instruction K: C < add A B
Instruction K+1: D <« subtract E C

We said that such a sequence causes a stall on a pipelined processor. However, a
processor that implements forwarding can avoid the stall by arranging for the hardware
to detect the dependency and automatically pass the value for C from instruction K
directly to instruction K+ /. That is, a copy of the output from the ALU in instruction
K is forwarded directly to the input of the ALU in instruction K+ /. As a result, in-
structions continue to fill the pipeline, and no stall occurs.

5.18 Types Of Operations

When computer architects discuss instruction sets, they divide the instructions into
a few basic categories. Figure 5.7 lists one possible division.
¢ Integer arithmetic instructions
¢ Floating point arithmetic instructions
e Logical instructions (also called Boolean operations)
¢ Data access and transfer instructions
¢ Conditional and unconditional branch instructions
e Processor control instructions

e Graphics instructions

Figure 5.7 An example of categories used to classify instructions. A
general-purpose processor includes instructions in all the
categories.
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5.19 Program Counter, Fetch-Execute, And Branching

Recall from Chapter 4 that every processor implements a basic fetch-execute cycle.
During the cycle, control hardware in the processor automatically moves through in-
structions — once it finishes executing one instruction, the processor automatically
moves past the current instruction in memory before fetching the next instruction. To
implement the fetch-execute cycle and a move to the next instruction, the processor uses
a special-purpose internal register known as an instruction pointer or program countert.

When a fetch-execute cycle begins, the program counter contains the address of the
instruction to be executed. After an instruction has been fetched, the program counter is
updated to the address of the next instruction. The update of the program counter dur-
ing each fetch-execute cycle means the processor will automatically move through suc-
cessive instructions in memory. Algorithm 5.1 specifies how the fetch-execute cycle
moves through successive instructions.

Algorithm 5.1

Assign the program counter an initial program address. Repeat
forever {

Fetch: access the next step of the program from the loca-
tion given by the program counter.

Set an internal address register, A, to the address beyond
the instruction that was just fetched.

Execute: Perform the step of the program.

Copy the contents of address register A to the program
counter.

Algorithm 5.1 The Fetch-Execute Cycle

The algorithm allows us to understand how branch instructions work. There are
two cases: absolute and relative. An absolute branch computes a memory address, and
the address specifies the location of the next instruction to execute. Typically, an abso-
lute branch instruction is known as a jump. During the execute step, a jump instruction
computes an address and loads the value into the internal register A that Algorithm 5.1
specifies. At the end of the fetch-execute cycle, the hardware copies the value into the
program counter, which means the address will be used to fetch the next instruction.
For example, the absolute branch instruction:

FThe two terms are equivalent.
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jump O0xO5SDE

causes the processor to load OxO5DE into the internal address register, which is copied
into the program counter before the next instruction is fetched. In other words, the next
instruction fetch will occur at memory location OxO5DE.

Unlike an absolute branch instruction, a relative branch instruction does not speci-
fy an exact memory address. Instead, a relative branch computes a positive or negative
increment for the program counter. For example, the instruction:

br +8

specifies branching to a location that is eight bytes beyond the current location (i.e.,
beyond the current value of the program counter).

To implement relative branching, a processor adds the operand in the branch in-
struction to the program counter, and places the result in internal address register A.
For example, if the relative branch computes -/2, the next instruction to be executed
will be found at an address twelve bytes before the current instruction. A compiler
might use a relative branch at the end of a short while-loop.

Most processors also provide an instruction to invoke a subroutine, typically jsr
(jump subroutine). In terms of the fetch-execute cycle, a jsr instruction operates like a
branch instruction with a key difference: before the branch occurs, the jsr instruction
saves the value of the address register, A. When it finishes executing, a subroutine re-
turns to the caller. To do so, the subroutine executes an absolute branch to the saved
address. Thus, when the subroutine finishes, the fetch-execute cycle resumes at the in-
struction immediately following the jsr.

5.20 Subroutine Calls, Arguments, And Register Windows

High-level languages use a subroutine call instruction, such as jsr, to implement a
procedure or function call. The calling program supplies a set of arguments that the
subroutine uses in its computation. For example, the function call cos(3.14159) has
the floating point constant 3./4/59 as an argument.

One of the principal differences among processors arises from the way the underly-
ing hardware passes arguments to a subroutine. Some architectures use memory — the
arguments are stored on the stack in memory before the call, and the subroutine extracts
the values from the stack when they are referenced. In other architectures, the processor
uses either general-purpose or special-purpose registers to pass arguments.

Using either special-purpose or general-purpose registers to pass arguments is
much faster than using a stack in memory because registers are part of the local storage
in the processor itself. Because few processors provide special-purpose registers for ar-
gument passing, general-purpose registers are typically used. Unfortunately, general-
purpose registers cannot be devoted exclusively to arguments because they are also
needed for other computation (e.g., to hold operands for arithmetic operations). Thus, a
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programmer faces a tradeoff: using a general-purpose register to pass an argument can
increase the speed of a subroutine call, but using the register to hold a data value can in-
crease the speed of general computation. Thus, a programmer must choose which argu-
ments to keep in registers and which to store in memoryf.

Some processors include an optimization for argument passing known as a register
window. Although a processor has a large set of general-purpose registers, the register
hardware only exposes a subset of the registers at any time. The subset is known as a
window. The window moves automatically each time a subroutine is invoked, and
moves back when the subroutine returns. More important, the windows that are avail-
able to a program and subroutine overlap — some of the registers visible to the caller
are visible to the subroutine. A caller places arguments in the registers that will overlap
before calling a subroutine and the subroutine extracts values from the registers. Figure
5.8 illustrates the concept of a register window

registers 0 - 7 before other registers
subroutine is called are unavailable
~
X, [ x| x|x,|A|[B]|C|D
(a)
) registers 0 - 7
unavailable when subroutine runs unavailable
NG v
X% | X (X ) A|B|C|[D|IL[L]|L]]L
(b)

Figure 5.8 Illustration of a register window (a) before a subroutine call, and
(b) during the call. Values A, B, C, and D correspond to argu-
ments that are passed.

In the figure, the hardware has 16 registers, but only 8 registers are visible at any
time; others are unavailable. A program always references visible registers as numbers
0 through the window size minus one (0 through 7 in the example). When a subroutine
is called, the hardware changes the set of registers that are visible by sliding the win-
dow. In the example, registers that were numbered 4 through 7 before the call become
0 through 3 after the call. Thus, the calling program places arguments A through D in
registers 4 through 7, and the subroutine finds the arguments in registers 0 through 3.
Registers with values x; are only available to the calling program. The advantage of a
register window approach is that registers that are not in the current window retain the
values they had. So, when the called subroutine returns, the window will slide back,
and registers with values x, will be exactly the same as before the call.

TAppendix 3 describes the calling sequence used with an x86 architecture, and Appendix 4 explains how
an ARM architecture passes some arguments in registers and some in memory.
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The illustration in Figure 5.8 uses a small window size (eight registers) to simplify
the diagram. In practice, processors that use a register window typically have larger
windows. For example, the Sparc architecture has one hundred twenty-eight or one
hundred forty-four physical registers and a window size of thirty-two registers; howev-
er, only eight of the registers in the window overlap (i.e., only eight registers can be
used to pass arguments).

5.21 An Example Instruction Set

An example instruction set will help clarify the concepts described above. We
have selected the MIPS processor as an example for two reasons. First, the MIPS pro-
cessor is popular for use in embedded systems. Second, the MIPS instruction set is a
classic example of the instruction set offered by a RISC processor. Figure 5.9 lists the
instructions in the MIPS instruction set.

A MIPS processor contains thirty-two general-purpose registers, and most instruc-
tions require the operands and results to be in registers. For example, the add instruc-
tion takes three operands that are registers: the instruction adds the contents of the first
two registers and places the result in the third.

In addition to the integer instructions that are listed in Figure 5.9, the MIPS archi-
tecture defines a set of floating point instructions for both single precision (i.e., thirty-
two bit) and double precision (i.e., sixty-four bit) floating point values. The hardware
provides a set of thirty-two floating point registers. Although they are numbered from
zero to thirty-one, the floating point registers are completely independent of the
general-purpose registers.

To handle double precision values, the floating point registers operate as pairs.
That is, only an even-numbered floating point register can be specified as an operand or
target in a floating point instruction — the hardware uses the specified register plus the
next odd-numbered register as a combined storage unit to hold a double precision value.
Figure 5.10 summarizes the MIPS floating point instruction set.
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Instruction Meaning
Arithmetic
add integer addition
subtract integer subtraction

add immediate

add unsigned

subtract unsigned

add immediate unsigned
move from coprocessor
multiply

multiply unsigned
divide

divide unsigned

move from Hi

move from Lo

Logical (Boolean)

and

or

and immediate
or immediate
shift left logical
shift right logical

Data Transfer

load word
store word
load upper immediate

move from coproc. register
Conditional Branch

branch equal

branch not equal

set on less than

set less than immediate
set less than unsigned
set less than immediate

Unconditional Branch
jump
jump register
jump and link

integer addition (register + constant)
unsigned integer addition
unsigned integer subtraction
unsigned addition with a constant
access coprocessor register
integer multiplication

unsigned integer multiplication
integer division

unsigned integer division

access high-order register
access low-order register

logical and (two registers)
logical or (two registers)
and of register and constant
or of register and constant
shift register left N bits

shift register right N bits

load register from memory

store register into memory

place constant in upper sixteen
bits of register

obtain a value from a coprocessor

branch if two registers equal

branch if two registers unequal

compare two registers

compare register and constant

compare unsigned registers

compare unsigned register and constant

go to target address
go to address in register
procedure call

Figure 5.9 An example instruction set. The table lists the instructions of-
fered by the MIPS processor.
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Instruction Meaning

Arithmetic

FP add floating point addition

FP subtract floating point subtraction

FP multiply floating point multiplication

FP divide floating point division

FP add double double-precision addition

FP subtract double double-precision subtraction

FP multiply double double-precision multiplication

FP divide double double-precision division

Data Transfer

load word coprocessor load value into FP register
store word coprocessor store FP register to memory

Conditional Branch

branch FP true branch if FP condition is true

branch FP false branch if FP condition is false

FP compare single compare two FP registers

FP compare double compare two double precision values

Figure 5.10 Floating point (FP) instructions defined by the MIPS architec-
ture. Double precision values occupy two consecutive floating
point registers.

5.22 Minimalistic Instruction Set

It may seem that the instructions listed in Figure 5.9 are insufficient and that addi-
tional instructions are needed. For example, the MIPS architecture does not include an
instruction that copies the contents of a register to another register, nor does the archi-
tecture include instructions that can add a value in memory to the contents of a register.
To understand the choices, it is important to know that the MIPS instruction set sup-
ports two principles: speed and minimalism. First, the basic instruction set has been
designed carefully to ensure high speed (i.e., the architecture has the property that when
a pipeline is used, one instruction can complete on every clock cycle). Second, the in-
struction set is minimalistic — it contains the fewest possible instructions that handle
standard computation. Limiting the number of instructions forms a key piece of the
design. Choosing thirty-two instructions means that an opcode only needs five bits and
no combination of the bits is wasted.

One feature of the MIPS architecture, which is also used in other RISC processors,
helps achieve minimalism: fast access to a zero value. In the case of MIPS, register 0
provides the mechanism — the register is reserved and always contains the value zero.
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Thus, to test whether a register is zero, the value can be compared to register zero.
Similarly, register zero can be used in any instruction. For example, to copy a value
from one register to another, an add instruction can be used in which one of the two
operands is register zero.

5.23 The Principle Of Orthogonality

In addition to the technical aspects of instruction sets discussed above, an architect
must consider the aesthetic aspects of a design. In particular, an architect strives for
elegance. Elegance relates to human perception: how does the instruction set appear to
a programmer? How do instructions combine to handle common programming tasks?
Are the instructions balanced (if the set includes right-shift, does it also include left-
shift)? Elegance calls for subjective judgment. However, experience with a few in-
struction sets often helps engineers and programmers recognize and appreciate elegance.

One particular aspect of elegance, known as orthogonality, concentrates on elim-
inating unnecessary duplication and overlap among instructions. We say that an in-
struction set is orthogonal if each instruction performs a unique task. An orthogonal in-
struction set has important advantages for programmers: orthogonal instructions can be
understood more easily, and a programmer does not need to choose among multiple in-
structions that perform the same task. Orthogonality is so important that it has become
a general principle of processor design. We can summarize:

The principle of orthogonality specifies that each instruction should
perform a unique task without duplicating or overlapping the func-
tionality of other instructions.

5.24 Condition Codes And Conditional Branching

On many processors, executing an instruction results in a status, which the proces-
sor stores in an internal hardware mechanism. A later instruction can use the status to
decide how to proceed. For example, when it executes an arithmetic instruction, the
ALU sets an internal register known as a condition code that contains bits to record
whether the result is positive, negative, zero, or an arithmetic overflow occurred. A
conditional branch instruction that follows the arithmetic operation can test one or more
of the condition code bits, and use the result to determine whether to branch.

An example will clarify how a condition code mechanism is used{. To understand
the paradigm, consider a program that tests for equality between two values. As a sim-
ple example, suppose the goal is to set register 3 to zero if the contents of register 4 are
not equal to the contents of register 5. Figure 5.11 contains example code.

TChapter 9 explains programming with condition codes and shows further examples.

[vww.ebook3000.con)



http://www.ebook3000.org

Sec.5.24 Condition Codes And Conditional Branching 105

camp r4, r5 # compare regs. 4 & 5, and set condition code
be labl # branch to labl if cond. code specifies equal
mov 13, 0 # place a zero in register 3

labl: ...program continues at this point

Figure 5.11 An example of using a condition code. An ALU operation sets
the condition code, and a later conditional branch instruction
tests the condition code.

5.25 Summary

Each processor defines an instruction set that consists of operations the processor
supports; the set is chosen as a compromise between programmer convenience and
hardware efficiency. In some processors, each instruction is the same size, and in other
processors size varies among instructions.

Most processors include a small set of general-purpose registers that are high-speed
storage mechanisms. To program using registers, one loads values from memory into
registers, performs a computation, and stores the result from a register into memory. To
optimize performance, a programmer leaves values that will be used again in registers.
On some architectures, registers are divided into banks, and a programmer must ensure
that the operands for each instruction come from separate banks.

Processors can be classified into two broad categories of CISC and RISC depend-
ing on whether they include many complex instructions or a minimal set of instructions.
RISC architectures use an instruction pipeline to ensure that one instruction can com-
plete on each clock cycle. Programmers can optimize performance by rearranging code
to avoid pipeline stalls.

To implement conditional execution (e.g., an if-then-else), many processors rely on
a condition code mechanism — an ALU instruction sets the condition code, and a later
instruction (a conditional branch) tests the condition code.

EXERCISES

5.1 When debugging a program, a programmer uses a tool that allows them to show the con-
tents of memory. When the programmer points the tool to a memory location that contains
an instruction, the tool prints three hex values with labels:

OC=0x43 OP1=0xff00 OP2=0x0324

What do the labels abbreviate?
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If the arithmetic hardware on a computer requires operands to be in separate banks, what
instruction sequence will be needed to compute the following?

A « B-C
Q « Ax*C
W <« Q+A
Z <« W-0

Assume you are designing an instruction set for a computer that will perform the Boolean
operations and, or, not, and exclusive or. Assign opcodes and indicate the number of
operands for each instruction. When your instructions are stored in memory, how many
bits will be needed to hold the opcode?

If a computer can add, subtract, multiply, and divide 16-bit integers, 32-bit integers, 32-bit
floating point values, and 64-bit floating point values, how many unique opcodes will be
needed? (Hint: assume one op code for each operation and each data size.)

A computer architect boasted that they were able to design a computer in which every in-
struction occupied exactly thirty-two bits. What is the advantage of such a design?

Classify the ARM architecture owned by ARM Limited, the SPARC architecture owned by
Oracle Corporation, and the Intel Architecture owned by Intel Corporation as CISC or
RISC.

Consider a pipeline of N stages in which stage i takes time #,. Assuming no delay between
stages, what is the total time (start to finish) that the pipeline will spend handling a single
instruction?

Insert nop instructions in the following code to eliminate pipeline stalls (assume the pipe-
line illustrated in Figure 5.5).

loadi 17, 10 # put 10 in register 7

loadi 8, 15 # put 15 in register 8

loadi 19, 20 # put 20 in register 5

addrr r10, r7, 18 # add registers 7 8; put the result in register 10

movr rl12, 19 # copy register 9 to register 12

movr rll, 17 # copy register 7 to register 11

addri rl4,rll1, 27 # add 27 plus register 11; put the result in register 14
addrr rl3,r12,rll # add registers 11 and 12; put the results in register 13
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6

Data Paths And Instruction
Execution

6.1 Introduction

Chapter 2 introduces digital logic and describes the basic hardware building blocks
that are used to create digital systems. The chapter covers basic gates, and shows how
gates are constructed from transistors. The chapter also describes the important concept
of a clock, and demonstrates how a clock allows a digital circuit to perform a series of
operations. Successive chapters describe how data is represented in binary and cover
processors and instruction sets.

This chapter explains how digital logic circuits can be combined to construct a
computer. The chapter reviews functional units, such as arithmetic-logic units and
memory, and shows how the units are interconnected. Finally, the chapter explains how
the units interact to perform computation. Later sections of the text expand the discus-
sion by examining processors and memory systems in more detail.

6.2 Data Paths

The topic of how hardware can be organized to create a programmable computer is
complex. Rather than look at all the details of a large design, architects begin by
describing the major hardware components and their interconnection. At a high level,
we are only interested in how instructions are read from memory and how an instruction
is executed. Therefore, the high-level description ignores many details and only shows
the interconnections across which data items move as instructions are executed. For ex-
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ample, when we consider the addition operation, we will see the data paths across
which two operands travel to reach an Arithmetic Logic Unit (ALU) and a data path that
carries the result to another unit. Our diagrams will not show other details, such as
power and ground connections or control connections. Computer architects use the
terms data paths to describe the idea and data path diagram to describe a figure that
depicts the data paths.

To make the discussion of data paths clear, we will examine a simplified computer.
The simplifications include:

e Our instruction set only contains four instructions

e We assume a program has already been loaded into memory

e We ignore startup and assume the processor is running

e We assume each data item and each instruction occupies exactly 32 bits
e We only consider integer arithmetic

e We completely ignore error conditions, such as arithmetic overflow

Although the example computer is extremely simple, the basic hardware units we
examine are exactly the same as a conventional computer. Thus, the example is suffi-
cient to illustrate the main hardware components, and the example interconnection is
sufficient to illustrate how data paths are designed.

6.3 The Example Instruction Set

As the previous chapter describes, a new computer design must begin with the
design of an instruction set. Once the details of instructions have been specified, a
computer architect can design hardware that performs each of the instructions. To illus-
trate how hardware is organized, we will consider an imaginary computer that has the
following properties:

e A set of sixteen general-purpose registerst
e A memory that holds instructions (i.e., a program)

e A separate memory that holds data items

Each register can hold a thirty-two bit integer value. The instruction memory con-
tains a sequence of instructions to be executed. As described above, we ignore startup,
and assume a program has already been placed in the instruction memory. The data
memory holds data values. We will also assume that both memories on the computer
are byte-addressable, which means that each byte of memory is assigned an address.

Figure 6.1 lists the four basic instructions that our imaginary computer implements.

THardware engineers often use the term register file to refer to the hardware unit that implements a set of
registers; we will simply refer to them as registers.
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Instruction Meaning
add Add the integers in two registers and place the result
in a third register
load Load an integer from the data memory into a register
store Store the integer in a register into the data memory
jump Jump to a new location in the instruction memory

Figure 6.1 Four example instructions, the operands each uses, and the mean-
ing of the instruction.

The add instruction is the easiest to understand — the instruction obtains integer
values from two registers, adds the values together, and places the result in a third regis-
ter. For example, consider an add instruction that specifies adding the contents of regis-
ters 2 and 3 and placing the result in register 4. If register 2 contains 50 and register 3
contains 60, such an add instruction will place 110 in register 4 (i.e., the sum of the in-
tegers in registers 2 and 3).

In assembly language, such an instruction is specified by giving the instruction
name followed by operands. For example, a programmer might code the add instruc-
tion described in the previous paragraph by writing:

add r4, r2, r3

where the notation rX is used to specify register X. The first operand specifies the des-
tination register (where the result should be placed), and the other two specify source
registers (where the instruction obtains the values to sum).

The load and store instructions move values between the data memory and the re-
gisters. Like many commercial processors, our imaginary processor requires both
operands of an add instruction to be in registers. Also like commercial computers, our
imaginary processor has a large data memory, but only a few registers. Consequently,
to add two integers that are in memory, the two values must be loaded into registers.
The load instruction makes a copy of an integer in memory and places the copy in a re-
gister. The store instruction moves data in the opposite direction: it makes a copy of
the value currently in a register and places the copy in an integer in memory.

One of the operands for a load or store specifies the register to be loaded or stored.
The other operand is more interesting because it illustrates a feature found on many
commercial processors: a single operand that combines two values. Instead of using a
single constant to specify a memory address, memory operands contain two parts. One
part specifies a register, and the other part specifies a constant that is often called an
offset. When the instruction is executed, the processor reads the current value from the
specified register, adds the offset, and uses the result as a memory address.
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An example will clarify the idea. Consider a load instruction that loads register 1
from a value in memory. Such an instruction might be written as:

load rl, 20(x3)

where the first operand specifies that the value should be loaded into register 1. The
second operand specifies that the memory address is computed by adding the offset 20
to the current contents of register 3.

Why are processors designed with operands that specify a register plus an offset?
Using such a form makes it easy and efficient to iterate through an array. The address
of the first element is placed in a register, and bytes of the element can be accessed by
using the constant part of the operand. To move to the next element of the array, the
register is incremented by the element size. For now, we only need to understand that
such operands are used, and consider how to design hardware that implements them.

As an example, suppose register 3 contains the value 10000, and the load instruc-
tion shown above specifies an offset of 20. When the instruction is executed, the
hardware adds 10000 and 20, treats the result as a memory address, and loads the in-
teger from location 10020 into register 1.

The fourth instruction, a jump controls the flow of execution by giving the proces-
sor an address in the instruction memory. Normally, our imaginary processor works
like an ordinary processor by executing an instruction and then moving to the next in-
struction in memory automatically. When it encounters a jump instruction, however,
the processor does not move to the next instruction. Instead, the processor uses the
operand in the jump instruction to compute a memory address, and then starts executing
at that address.

Like the /load and store instructions, our jump instruction allows both a register and
offset to be specified in its operand. For example, the instruction

Jjump 60 (rll)

specifies that the processor should obtain the contents of register 11, add 60, treat the
result as an address in the instruction memory, and make the address the next location
where an instruction is executed. It is not important now to understand why processors
contain a jump instruction — you only need to understand how the hardware handles
the move to a new location in a program.

6.4 Instructions In Memory

We said that the instruction memory on our imaginary computer contains a set of
instructions for the processor to execute, and that each instruction occupies thirty-two
bits. A computer designer specifies the exact format of each instruction by specifying
what each bit means. Figure 6.2 shows the instruction format for our imaginary com-
puter.
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operation reg A reg B dst reg unused
o ool [T T ] |

operation reg A unused dstreg offset
oo fooool [ [ ] |

operation reg A reg B unused offset
sore jooortf | ] | |

operation reg A unused unused offset
e [oo ool [ [ ] |

Figure 6.2 The binary representation for each of the four instructions listed
in Figure 6.1. Each instruction is thirty-two bits long.

Look carefully at the fields used in each instruction. Each instruction has exactly
the same format, even though some of the fields are not needed in some instructions. A
uniform format makes it easy to design hardware that extracts the fields from an in-
struction.

The operation field in an instruction (sometimes called an opcode field) contains a
value that specifies the operation. For our example, an add instruction has the operation
field set to 1, a load instruction has the operation field set to 2, and so on. Thus, when
it picks up an instruction, the hardware can use the operation field to decide which
operation to perform.

The three fields with the term reg in their name specify three registers. Only the
add instruction needs all three registers; in other instructions, one or two of the register
fields are not used. The hardware ignores the unused fields when executing an instruc-
tion other than add.

The order of operands in the instructions may seem unexpected and inconsistent
with the code above. For example, the code for an add instruction has the destination
(the register to contain the result) on the left, and the two registers to be added on the
right. In the instruction, fields that specify the two registers to be added precede the
field that specifies the destination. Figure 6.3 shows a statement written by a program-
mer and the instruction when it has been converted to bits in memory. We can sum-
marize the point:

The order of operands in an assembly language program is chosen to
be convenient to a programmer, the order of operands in an instruc-
tion in memory is chosen to make the hardware efficient.
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add r4, r2, r3
(@)
operation reg A reg B dst reg offset
0oooo1loo10/oo11jo100/000000000000000
(b)

Figure 6.3 (a) An example add instruction as it appears to a programmer,
and (b) the instruction stored in memory.

In the figure, the field labeled reg A contains 2 to specify register 2, the field la-
beled reg B contains 3 to specify register 3, and the field labeled dst reg contains 4 to
specify that the result should be placed in register 4.

When we examine the hardware, we will see that the binary representation used for
instructions is not capricious — the format is chosen to simplify the hardware design.
For example, if an instruction has an operand that specifies a memory address, the re-
gister in the operand is always assigned to the field labeled reg A. Thus, if the
hardware must add the offset to a register, the register is always found in field reg A.
Similarly, if a value must be placed in a register, the register is found in field dst reg.

6.5 Moving To The Next Instruction

Chapter 2 illustrates how a clock can be used to control the timing of a fixed se-
quence of steps. Building a computer requires one additional twist: instead of a fixed
sequence of steps, a computer is programmable which means that although the
computer has hardware to perform every possible instruction, the exact sequence of in-
structions to perform is not predetermined. Instead, a programmer stores a program in
memory, and the processor moves through the memory, extracting and executing suc-
cessive instructions one at a time. The next sections illustrate how digital logic circuits
can be arranged to enable programmability.

What pieces of hardware are needed to execute instructions from memory? One
key element is known as an instruction pointer. An instruction pointer consists of a re-
gister (i.e., a set of latches) in the processor that holds the memory address of the next
instruction to execute. For example, if we imagine a computer with thirty-two-bit
memory addresses, an instruction pointer will hold a thirty-two-bit value. To execute
instructions, the hardware repeats the following three steps.

e Use the instruction pointer as a memory address and fetch an instruction
e Use bits in the instruction to control hardware that performs the operation

e Move the instruction pointer to the next instruction
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One of the most important aspects of a processor that can execute instructions
arises from the mechanism used to move to the next instruction. After it extracts an in-
struction from the instruction memory, the processor must compute the memory address
of the instruction that immediately follows. Thus, once a given instruction has execut-
ed, the processor is ready to execute the next sequential instruction.

In our example computer, each instruction occupies thirty-two bits in memory.
However, the memory is byte-addressable, which means that after an instruction is exe-
cuted, hardware must increment the instruction pointer by four bytes (thirty two bits) to
move to the next instruction. In essence, the processor must add four to the instruction
pointer and place the result back in the instruction pointer. To perform the computa-
tion, the constant 4 and the current instruction pointer value are passed to a thirty-two-
bit adder. Figure 6.4 illustrates the basic components used to increment an instruction
pointer and shows how the components are interconnected.

32-bit o
pgm. ctr. -bit
1 adder

4

program counter value
used by other components

Figure 6.4 Hardware that increments a program counter.

The circuit in the figure appears to be an infinite loop that will simply run wild in-
crementing the program counter continuously. To understand why the circuit works, re-
call that a clock is used to control and synchronize digital circuits. In the case of the
program counter, the clock only lets the increment occur after an instruction has execut-
ed. Although no clock is shown, we will assume that each component of the circuit is
connected to the clock, and the component only acts according to the clock. Thus, the
adder will compute a new value immediately, but the program counter will not be up-
dated until the clock pulses. Throughout our discussion, we will assume that the clock
pulses once per instruction.

Each line in the figure represents a data path that consists of multiple parallel
wires. In the figure, each data path is thirty-two bits wide. That is, the adder takes two
inputs, both of which are thirty-two bits. The value from the instruction pointer is obvi-
ous because the instruction pointer has thirty-two bits. The other input, marked with the
label 4 represents a thirty-two-bit constant with the numeric value 4. That is, we ima-
gine thirty-two wires that are all zero except the third wire. The adder computes the
sum and produces a thirty-two-bit result.
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6.6 Fetching An Instruction

The next step in constructing a computer consists of fetching an instruction from
memory. For our simplistic example, we will assume that a dedicated instruction
memory holds the program to be executed, and that a memory hardware unit takes an
address as input and extracts a thirty-two bit data value from the specified location in
memory. That is, we imagine a memory to be an array of bytes that has a set of input
lines and a set of output lines. Whenever a value is placed on the input lines, the
memory uses the value as input to a decoder, selects the appropriate bytes, and sets the
output lines to the value found in the bytes. Figure 6.5 illustrates how the value in a
program counter is used as an address for the instruction memory.

32-bit o
pgm. ctr. -bit
] adder

instruction
memory

addr.

in
data instruction
out [~ from memory

Figure 6.5 The data path used during instruction fetch in which the value in
a program counter is used as a memory address.

6.7 Decoding An Instruction

When an instruction is fetched from memory, it consists of thirty-two bits. The
next conceptual step in execution consists of instruction decoding. That is, the
hardware separates fields of the instruction such as the operation, registers specified,
and offset. Recall from Figure 6.2 how the bits of an instruction are organized. Be-
cause we used separate bit fields for each item, instruction decoding is trivial — the
hardware simply separates the wires that carry bits for the operation field, each of the
three register fields, and the offset field. Figure 6.6 illustrates how the output from the
instruction memory is fed to an instruction decoder.
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32-bit o
pgm. ctr. -bit
] adder

4

instr. decoder

instruction I———— s srcreg A

memory
s srcreg B
addr.
in s dstreg
data
out

—» offset

|——» oOperation

Figure 6.6 Illustration of an instruction decoder connected to the output of
the instruction memory.

In the figure, individual outputs from the instruction decoder do not all have
thirty-two bits. The operation consists of five bits, the outputs that correspond to regis-
ters consist of four bits each, the output labeled offset consists of fifteen bits. Thus, we
can think of a line in the data path diagram as indicating one or more bits of data.

It is important to understand that the output from the decoder consists of fields
from the instruction. For example, the path labeled offset contains the fifteen offset bits
from the instruction. Similarly, the data path labeled reg A merely contains the four
bits from the reg A field in the instruction. The point is that the data for reg A only
specifies which register to use, and does not carry the value that is currently in the re-
gister. We can summarize:

Our example instruction decoder merely extracts bit fields from an in-
struction without interpreting the fields.

Unlike our imaginary computer, a real processor may have multiple instruction for-
mats (e.g., the fields in an arithmetic instruction may be in different locations than the
fields in a memory access instruction). Furthermore, a real processor may have variable
length instructions. As a result, an instruction decoder may need to examine the opera-
tion to decide the location of fields. Nevertheless, the principle applies: a decoder ex-
tracts fields from an instruction and passes each field along a data path.
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6.8 Connections To A Register Unit

The register fields of an instruction are used to select registers that are used in the
instruction. In our example, a jump instruction uses one register, a load or store in-
struction uses two, and an add instruction uses three. Therefore, each of the three pos-
sible register fields must be connected to a register storage unit as Figure 6.7 illustrates.

32-bit 39.b
pgm. ctr. -bit
— adder ;
register
unit
4 data in
_—
instr. decoder
instruction reg A > gg:t::gtrseg:ster A
memory reg B contents of
source register B
addr. dst reg
in >
data
out
——» offset
——» operation

Figure 6.7 Illustration of a register unit attached to an instruction decoder.

6.9 Control And Coordination

Although all three register fields connect to the register unit, the unit does not al-
ways use all three. Instead, a register unit contains logic that determines whether a
given instruction reads existing values from registers or writes data into one of the re-
gisters. In particular, the load and add instructions each write a result to a register, but
the jump and store instructions do not.

It may seem that the operation portion of the instruction should be passed to the re-
gister unit to allow the unit to know how to act. To understand why the figure does not
show a connection between remaining fields of the instruction and the register unit,
remember that we are only examining data paths (i.e., the hardware paths along which
data can flow). In an actual computer, each of the units illustrated in the figure will
have additional connections that carry control signals. For example, each unit must re-
ceive a clock signal to ensure that it coordinates to take action at the correct time (e.g.,
to ensure that the data memory does not store a value until the correct address has been
computed).
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In practice, most computers use an additional hardware unit, known as a controller,
to coordinate overall data movement and each of the functional units. A controller must
have one or more connections to each of the other units, and must use the operation
field of an instruction to determine how each unit should operate to perform the instruc-
tion. In the diagram, for example, a connection between the controller and register unit
would be used to specify whether the register unit should fetch the values of one or two
registers, and whether the unit should accept data to be placed in a register. For now,
we will assume that a controller exists to coordinate the operation of all units.

6.10 Arithmetic Operations And Multiplexing

Our example set of instructions illustrates an important principle: hardware that is
designed to re-use functional units. Consider arithmetic. Only the add instruction per-
forms arithmetic explicitly. A real processor will have several arithmetic and logical in-
structions (e.g., subtract, shift, logical and, etc), and will use the operation field in the
instruction to decide which the ALU should perform.

Our instruction set also has an implicit arithmetic operation associated with the
load, store, and jump instructions. Each of those instructions requires an addition
operation to be performed when the instruction is executed. Namely, the processor
must add the offset value, which is found in the instruction itself, to the contents of a
register. The resulting sum is then treated as a memory address.

The question arises: should a processor have a separate hardware unit to compute
the sum needed for an address, or should a single ALU be used for both general arith-
metic and address arithmetic? Such questions form the basis for key decisions in pro-
cessor design. Separate functional units have the advantage of speed and ease of
design. Re-using a functional unit for multiple purposes has the advantage of taking
less power.

Our design illustrates re-use. Like many processors, our design contains a single
Arithmetic Logic Unit (ALU) that performs all arithmetic operationsf. For our sample
instruction set, inputs to the ALU can come from two sources: either a pair of registers
or a register and the offset field in an instruction. How can a hardware unit choose
among multiple sources of input? The mechanism that accommodates two possible in-
puts is known as a multiplexor. The basic idea is that a multiplexor has K data inputs,
one data output, and a set of control lines used to specify which input is sent to the out-
put. To understand how a multiplexor is used, consider Figure 6.8, which shows a mul-
tiplexor between the register unit and ALU. When viewing the figure, remember that
each line in our diagram represents a data path with thirty-two bits. Thus, each input to
the multiplexor contains thirty-two bits as does the output. The multiplexor selects all
thirty-two bits from one of the two inputs and sends them to the output.

FIncrementing the program counter is a special case.
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Figure 6.8 Illustration of a multiplexor used to select an input for the ALU.

In the figure, inputs to the multiplexor come from the register unit and the offset
field in the instruction. How does the multiplexor decide which input to pass along?
Recall that our diagram only shows the data path. In addition, the processor contains a
controller, and all units are connected to the controller. When the processor executes an
add instruction, the controller signals the multiplexor to select the input coming from
the register unit. When the processor executes other instructions, the controller speci-
fies that the multiplexor should select the input that comes from the offset field in the
instruction.

Observe that the operation field of the instruction is passed to the ALU. Doing so
permits the ALU to decide which operation to perform. In the case of an arithmetic or
logical instruction (e.g., add, subtract, right shift, logical and), the ALU uses the opera-
tion to select the appropriate action. In the case of other instructions, the ALU performs
addition.

6.11 Operations Involving Data In Memory

When it executes a load or store operation, the computer must reference an item in
the data memory. For such operations, the ALU is used to add the offset in the instruc-
tion to the contents of a register, and the result is used as a memory address. In our
simplified design, the memory used to store data is separate from the memory used to
store instructions. Figure 6.9 illustrates the data paths used to connect a data memory.
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Figure 6.9 Illustration of data paths including data memory.

6.12 Example Execution Sequences

To understand how computation proceeds, consider the data paths that are used for
each instruction. The following paragraphs explain the sequence. In each case, the pro-
gram counter gives the address of an instruction, which is passed to the instruction
memory. The instruction memory fetches the value from memory, and passes bits of
the value to the instruction decoder. The decoder separates fields of the instruction and
passes them to other units. The remainder of the operation depends on the instruction.

Add. For an add instruction, the register unit is given three register numbers,
which are passed along paths labeled reg A, reg B, and dst reg. The register unit
fetches the values in the first two registers, which are passed to the ALU. The register
unit also prepares to write to the third register. The ALU uses the operation code to
determine that addition is required. To allow the reg B output from the register unit to
reach the ALU, the controller (not shown) must set multiplexor M2 to pass the value
from the B register unit and to ignore the offset value from the decoder. The controller
must set multiplexor M3 to pass the output from the ALU to the register unit’s data in-
put, and must set multiplexor M1 to ignore the output from the ALU. Once the output
from the ALU reaches the input connection on the register unit, the register unit stores
the value in the register specified by the path labeled dst reg, and the operation is com-
plete.

Store. After a store instruction has been fetched from memory and decoded, the
register unit fetches the values for registers A and B, and places them on its output lines.
Multiplexor M2 is set to pass the offset field to the ALU and ignore the value of regis-
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ter B. The controller instructs the ALU to perform addition, which adds the offset and
contents of register A. The resulting sum is passed to the data memory as an address.
Meanwhile, the register B value (the second output of the register unit) is passed to the
data in connection on the data memory. The controller instructs the data memory to
perform a write operation, which writes the value of register B into the location speci-
fied by the value on the address lines, and the operation is complete.

Load. After a load instruction has been fetched and decoded, the controller sets
multiplexor M2 so the ALU receives the contents of register A and the offset field from
the instruction. As with a sfore, the controller instructs the ALU to perform the addi-
tion, and the result is passed to the data memory as an address. The controller signals
the data memory to perform a ferch operation, which means the output of the data
memory is the value at the location given by the address input. The controller must set
multiplexor M3 to ignore the output from the ALU and pass the output of the data
memory along the data in path of the register unit. The controller signals the register
unit to store its input value in the register specified by register dst reg. Once the regis-
ter unit stores the value, execution of the instruction is complete.

Jump. After a jump instruction has been fetched and decoded, the controller sets
multiplexor M2 to pass the offset field from the instruction, and instructs the ALU to
perform the addition. The ALU adds the offset to the contents of register A. To use the
result as an address, the controller sets multiplexor M3 to pass the output from the ALU
and ignore the output from the data memory. Finally, the controller sets multiplexor
M1 to pass the value from the ALU to the program counter. Thus, the result from the
ALU becomes the input of the 32-bit program counter. The program counter receives
and stores the value, and the instruction is complete. Recall that the program counter
always specifies the address in memory from which to fetch the next instruction.
Therefore, when the next instruction executes, the instruction will be extracted from the
address that was computed in the previous instruction (i.e., the program will jump to the
new location).

6.13 Summary

A computer system is programmable, which means that instead of having the entire
sequence of operations hardwired into digital logic, the computer executes instructions
from memory. Programmability provides substantial computational power and flexibili-
ty, allowing one to change the functionality of a computer by loading a new program
into memory. Although the overall design of a computer that executes instructions is
complex, the basic components are not difficult to understand.

A computer consists of multiple hardware components, such as a program counter,
memories, register units, and an ALU. Connections among components form the
computer’s data path. We examined a set of components sufficient to execute basic in-
structions, and reviewed hardware for the steps of instruction fetch, decode, and exe-
cute, including register and data access. The encoding used for instructions is selected
to make hardware design easier — fields from the instruction are extracted and passed
to each of the hardware units.
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In addition to the data path, a controller has connections to each of the hardware
units. A multiplexor is an important mechanism that allows the controller to route data
among the hardware units. In essence, each multiplexor acts as a switch that allows
data from one of several sources to be sent to a given output. When an instruction exe-
cutes, a controller uses fields of the instruction to determine how to set the multiplexors
during the execution. Multiplexors permit a single ALU to compute address offsets as
well as to compute arithmetic operations.

We reviewed execution of basic instructions and saw how multiplexors along the
data path in a computer can control which values pass to a given hardware unit. We
saw, for example, that a multiplexor selects whether the program counter is incremented
by four to move to the next instruction or has the value replaced by the output of the
ALU (to perform a jump).

EXERCISES

6.1 Does the example system follow the Von Neumann Architecture? Why or why not?

6.2 Consult Figure 6.3, and show each individual bit when the following instruction is stored in
memory:
add rl1, rl4, r9

6.3 Consult Figure 6.3, and show each individual bit when the following instruction is stored in
memory:
load «r7, 43(rl5)

64 Why is the following instruction invalid?
jump 40000(rl5)
Hint: consider storing the instruction in memory.

6.5 The example presented in this chapter uses four instructions. Given the binary representa-
tion in Figure 6.2, how many possible instructions (opcodes) can be created?

6.6 Explain why the circuit in Figure 6.5 is not merely an infinite loop that runs wildly.
6.7 When a jump instruction is executed, what operation does the ALU perform?

6.8 A data path diagram, such as the diagram in Figure 6.9 hides many details. If the example
is changed so that every instruction is sixty-four bits long, what trivial change must be
made to the figure?

6.9 Make a table of all instructions and show how each of the multiplexors is set when the in-
struction is executed.

6.10 Modify the example system to include additional operations right shift and subtract.
6.11 In Figure 6.9, which input does multiplexor M1 forward during an add instruction?
6.12 In Figure 6.9, for what instructions does multiplexor M3 select the input from the ALU?

6.13 Redesign the computer system in Figure 6.9 to include a relative branch instruction. As-
sume the offset field contains a signed value, and add the value to the current program
counter to produce the next value for the program counter.

6.14 Can the system in Figure 6.9 handle multiplication? Why or why not?



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com

[vww.ebook3000.com)



http://www.ebook3000.org

7.1
7.2
7.3
74
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
7.13
7.14

Chapter Contents

Introduction, 127

Zero, One, Two, Or Three Address Designs, 127
Zero Operands Per Instruction, 128

One Operand Per Instruction, 129

Two Operands Per Instruction, 129

Three Operands Per Instruction, 130

Operand Sources And Immediate Values, 130
The Von Neumann Bottleneck, 131

Explicit And Implicit Operand Encoding, 132
Operands That Combine Multiple Values, 133
Tradeoffs In The Choice Of Operands, 134
Values In Memory And Indirect Reference, 135
[lustration Of Operand Addressing Modes, 136
Summary, 137



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com

[vww.ebook3000.com)



http://www.ebook3000.org

/

Operand Addressing And
Instruction Representation

7.1 Introduction

The previous chapters discuss types of processors and consider processor instruc-
tion sets. This chapter focuses on two details related to instructions: the ways instruc-
tions are represented in memory and the ways that operands can be specified. We will
see that the form of operands is especially relevant to programmers. We will also
understand how the representation of instructions determines the possible operand
forms.

The next chapter continues the discussion of processors by explaining how a Cen-
tral Processing Unit (CPU) operates. We will see how a CPU combines many features
we have discussed into a large, unified system.

7.2 Zero, One, Two, Or Three Address Designs

We said that an instruction is usually stored as an opcode followed by zero or more
operands. How many operands are needed? The discussion in Chapter 5 assumes that
the number of operands is determined by the operation being performed. Thus, an add
instruction needs at least two operands because addition involves at least two quantities.
Similarly, a Boolean not instruction needs one operand because logical inversion only
involves one quantity. However, the example MIPS instruction set in Chapter 5 em-
ploys an additional operand on each instruction that specifies the location for the result.

127
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Thus, in the example instruction set, an add instruction requires three operands: two that
specify values to be added and a third that specifies a location for the result.

Despite the intuitive appeal of a processor in which each instruction can have an
arbitrary number of operands, many processors do not permit such a scheme. To under-
stand why, we must consider the underlying hardware. First, because an arbitrary
number of operands implies variable-length instructions, fetching and decoding instruc-
tions is less efficient than using fixed-length instructions. Second, because fetching an
arbitrary number of operands takes time, the processor will run slower than a processor
with a fixed number of operands.

It may seem that parallel hardware can solve some of the inefficiency. Imagine,
for example, parallel hardware units that each fetch one operand of an instruction. If an
instruction has two operands, two units operate simultaneously; if an instruction has
four operands, four units operate simultaneously. However, parallel hardware uses
more space on a chip and requires additional power. In addition, the number of pins on
a chip limits the amount of data from outside the chip that can be accessed in parallel.
Thus, parallel hardware is not an attractive option in many cases (e.g., a processor in a
portable phone that operates on battery power).

Can an instruction set be designed without allowing arbitrary operands? If so,
what is the smallest number of operands that can be useful for general computation?
Early computers answered the question by using a scheme in which each instruction
only has one operand. Later computers introduced instruction sets that limited each in-
struction to two operands. Surprisingly, computers also exist in which instructions have
no operands in the instruction itself. Finally, as we have seen in the previous chapter,
some processors limit instructions to three operands.

7.3 Zero Operands Per Instruction

An architecture in which instructions have no operands is known as a 0-address ar-
chitecture. How can an architecture allow instructions that do not specify any
operands? The answer is that operands must be implicit. That is, the location of the
operands is already known. A 0-address architecture is also called a stack architecture
because operands are kept on a run-time stack. For example, an add instruction takes
two values from the top of the stack, adds them together, and places the result back on
the stack. Of course, there are a few exceptions, and some of the instructions in a stack
computer allow a programmer to specify an operand. For example, most zero-address
architectures include a push instruction that inserts a new value on the top of the stack,
and a pop instruction removes the top value from the stack and places the value in
memory. Thus, on a stack machine, to add seven to variable X, one might use a se-
quence of instructions similar to the example in Figure 7.1.

The chief disadvantage of a stack architecture arises from the use of memory — it
takes much longer to fetch operands from memory than from registers in the processor.
A later section discusses the concept; for now, it is sufficient to understand why the
computer industry has moved away from stack architectures.
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push X
push 7
add

pop X

Figure 7.1 An example of instructions used on a stack computer to add
seven to a variable X. The architecture is known as a zero-
address architecture because the operands for an instruction such
as add are found on the stack.

7.4 One Operand Per Instruction

An architecture that limits each instruction to a single operand is classified as a /-
address design. In essence, a 1-address design relies on an implicit operand for each in-
struction: a special register known as an accumulatort. One operand is in the instruc-
tion and the processor uses the value of the accumulator as a second operand. Once the
operation has been performed, the processor places the result back in the accumulator.
We think of an instruction as operating on the value in the accumulator. For example,
consider arithmetic operations. Suppose an addition instruction has operand X:

add X
When it encounters the instruction, the processor performs the following operation:

accumulator < accumulator + X

Of course, the instruction set for a 1-address processor includes instructions that al-
low a programmer to load a constant or the value from a memory location into the ac-
cumulator or store the current value of the accumulator into a memory location.

7.5 Two Operands Per Instruction

Although it works well for arithmetic or logical operations, a 1-address design does
not allow instructions to specify two values. For example, consider copying a value
from one memory location to another. A 1-address design requires two instructions that
load the value into the accumulator and then store the value in the new location. The
design is especially inefficient for a system that moves graphics objects in display
memory.

To overcome the limitations of 1-address systems, designers invented processors
that allow each instruction to have two addresses. The approach is known as a 2-
address architecture. With a 2-address processor, an operation can be applied to a
specified value instead of merely to the accumulator. Thus, in a 2-address processor,

TThe general-purpose registers discussed in Chapter 5 can be considered an extension of the original ac-
cumulator concept.
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add X Y

specifies that the value of X is to be added to the current value of Y:

Y <« Y + X

Because it allows an instruction to specify two operands, a 2-address processor can
offer data movement instructions that treat the operands as a source and destination.
For example, a 2-address instruction can copy data directly from location Q to location
Rf:

move Q R

7.6 Three Operands Per Instruction

Although a 2-address design handles data movement, further optimization is possi-
ble, especially for processors that have multiple general-purpose registers: allow each
instruction to specify three operands. Unlike a 2-address design, the key motivation for
a 3-address architecture does not arise from operations that require three input values.
Instead, the point is that the third operand can specify a destination. For example, an
addition operation can specify two values to be added as well as a destination for the
result:

add X Y Z
specifies an assignment of:

Z «— X +Y

7.7 Operand Sources And Immediate Values

The discussion above focuses on the number of operands that each instruction can
have without specifying the exact details of an operand. We know that an instruction
has a bit field for each operand, but questions arise about how the bits are interpreted.
How is each type of operand represented in an instruction? Do all operands use the
same representation? What semantic meaning is given to a representation?

To understand the issue, observe that the data value used as an operand can be ob-
tained in many ways. Figure 7.2 lists some of the possibilities for operands in a 3-
address processorz:.

TSome architects reserve the term 2-address for instructions in which both operands specify a memory lo-
cation, and use the term / //2- address for situations where one operand is in memory and the other operand is
in a register.

iTo increase performance, modern 3-address architectures often limit operands so that at most one of the
operands in a given instruction refers to a location in memory; the other two operands must specify registers.
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Operand used as a source (item used in the operation)

¢ A signed constant in the instruction

e An unsigned constant in the instruction

* The contents of a general-purpose register
e The contents of a memory location

Operand used as a destination (location to hold the result)

¢ A general-purpose register
¢ A contiguous pair of general-purpose registers
e A memory location

Figure 7.2 Examples of items an operand can reference in a 3-address pro-
cessor. A source operand specifies a value and a destination
operand specifies a location.

As the figure indicates, most architectures allow an operand to be a constant.
Although the operand field is small, having an explicit constant is important because
programs use small constants frequently (e.g., to increment a loop index by 1); encoding
a constant in the instruction is faster and requires fewer registers.

We use the term immediate value to refer to an operand that is a constant. Some
architectures interpret immediate values as signed, some interpret them as unsigned, and
others allow a programmer to specify whether the value is signed or unsigned.

7.8 The Von Neumann Bottleneck

Recall that conventional computers that store both programs and data in memory
are classified as following a Von Neumann Architecture. Operand addressing exposes
the central weakness of a Von Neumann Architecture: memory access can become a
bottleneck. That is, because instructions are stored in memory, a processor must make
at least one memory reference per instruction. If one or more operands specify items in
memory, the processor must make additional memory references to fetch or store
values. To optimize performance and avoid the bottleneck, operands must be taken
from registers instead of memory.

The point is:

On a computer that follows the Von Neumann Architecture, the time
spent accessing memory can limit the overall performance. Architects
use the term Von Neumann bottleneck to characterize the situation,
and avoid the bottleneck by choosing designs in which operands are
found in registers.
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7.9 Explicit And Implicit Operand Encoding

How should an operand be represented in an instruction? The instruction contains
a bit field for each operand, but an architect must specify exactly what the bits mean
(e.g., whether they contain an immediate value, the number of a register, or a memory
address). Computer architects have used two interpretations of operands: implicit and
explicit. The next sections describe each of the approaches.

7.9.1 Implicit Operand Encoding

An implicit operand encoding is easiest to understand: the opcode specifies the
types of operands. That is, a processor that uses implicit encoding contains multiple op-
codes for a given operation — each opcode corresponds to one possible combination of
operands. For example, Figure 7.3 lists three instructions for addition that might be of-
fered by a processor that uses implicit operand encoding.

Opcode Operands Meaning
Add register R1 R2 R1 « R1 + R2
Add immediate signed R1 | R1 « R1 + |
Add immediate unsigned R1 Ul R1 « R1 + Ul
Add memory R1 M R1 « R1 + memory[M]

Figure 7.3 An example of addition instructions for a 2-address processor that
uses implicit operand encoding. A separate opcode is used for
each possible combination of operands.

As the figure illustrates, not all operands need to have the same interpretation. For
example, consider the add immediate signed instruction. The instruction takes two
operands: the first operand is interpreted to be a register number, and the second is in-
terpreted to be a signed integer.

7.9.2 Explicit Operand Encoding

The chief disadvantage of implicit encoding is apparent from Figure 7.3: multiple
opcodes are needed for a given operation. In fact, a separate opcode is needed for each
combination of operands. If the processor uses many types of operands, the set of op-
codes can be extremely large. As an alternative, an explicit operand encoding associ-
ates type information with each operand. Figure 7.4 illustrates the format of two add
instructions for an architecture that uses explicit operand encoding.

As the figure shows, the operand field is divided into two subfields: one specifies
the type of the operand and the other specifies a value. For example, an operand that
references a register begins with a type field that specifies the remaining bits are to be
interpreted as a register number.
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opcode operand 1 operand 2
add register : 1 register : 2
opcode operand 1 operand 2
. : signed : 3
add register : 1 integer 93

Figure 7.4 Examples of operands on an architecture that uses explicit encod-
ing. Each operand specifies a type as well as a value.

7.10 Operands That Combine Multiple Values

The discussion above implies that each operand consists of a single value extracted
from a register, memory, or the instruction itself. Some processors do indeed restrict
each operand to a single value. However, other processors provide hardware that can
compute an operand value by extracting and combining values from multiple sources.
Typically, the hardware computes a sum of several values.

An example will help clarify how hardware handles operands composed of multi-
ple values. One approach is known as a register-offset mechanism. The idea is
straightforward: instead of two subfields that specify a type and value, each operand
consists of three fields that specify a register-offset type, a register, and an offset.
When it fetches an operand, the processor adds the contents of the offset field to the
contents of the specified register to obtain a value that is then used as the operand. Fig-
ure 7.5 shows an example add instruction with register-offset operands.

opcode operand 1 operand 2

register- : 2 Coq7 reglster-;

add offset : : offset

4 76

Figure 7.5 An example of an add instruction in which each operand consists
of a register plus an offset. During operand fetch, the hardware
adds the offset to the specified register to obtain the value of the
operand.

In the figure, the first operand specifies the contents of register 2 minus the con-
stant 17, and the second operand specifies the contents of register 4 plus the constant
76. When we discuss memory, we will see that allowing an operand to specify a regis-
ter plus an offset is especially useful when referencing a data aggregate such as a C
language struct because a pointer to the structure can be left in a register and offsets
used to reference individual items.
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7.11 Tradeoffs In The Choice Of Operands

The discussion above is unsatisfying — it seems that we have listed many design
possibilities but have not focused on which approach has been adopted. In fact, there is
no best choice, and each operand style we discussed has been used in practice. Why
hasn’t one particular style emerged as optimal? The answer is simple: each style
represents a tradeoff between ease of programming, size of the code, speed of process-
ing, and complexity of the hardware. The next paragraphs discuss several potential
design goals, and explain how each relates to the choice of operands.

Ease Of Programming. Complex forms of operands make programming easier.
For example, we said that allowing an operand to specify a register plus an offset makes
data aggregate references straightforward. Similarly, a 3-address approach that provides
an explicit target means a programmer does not need to code separate instructions to
copy results into their final destination. Of course, to optimize ease of programming, an
architect needs to trade off other aspects.

Fewer Instructions. Increasing the expressive power of operands reduces the
number of instructions in a program. For example, allowing an operand to specify both
a register and an offset means that the program does not need to use an extra instruction
to add an offset to a register. Increasing the number of addresses per instruction also
lowers the count of instructions (e.g., a 3-address processor requires fewer instructions
than a 2-address processor). Unfortunately, fewer instructions produce a tradeoff in
which each instruction is larger.

Smaller Instruction Size. Limiting the number of operands, the set of operands
types, or the maximum size of an operand keeps each instruction small because fewer
bits are needed to identify the operand type or represent an operand value. In particular,
an operand that specifies only a register will be smaller than an operand that specifies a
register and an offset. As a result, some of the smallest, least powerful processors limit
operands to registers — except for load and store operations, each value used in a pro-
gram must come from a register. Unfortunately, making each instruction smaller de-
creases the expressive power, and therefore increases the number of instructions needed.

Larger Range Of Immediate Values. Recall from Chapter 3 that a string of k bits
can hold 2* possible values. Thus, the number of bits allocated to an operand deter-
mines the numeric range of immediate values that can be specified. Increasing the
range of immediate values results in larger instructions.

Faster Operand Fetch And Decode. Limiting the number of operands and the pos-
sible types of each operand allows hardware to operate faster. To maximize speed, for
example, an architect avoids register-offset designs because hardware can fetch an
operand from a register much faster than it can compute the value from a register plus
an offset.

Decreased Hardware Size And Complexity. The amount of space on an integrated
circuit is limited, and an architect must decide how to use the space. Decoding complex
forms of operands requires more hardware than decoding simpler forms. Thus, limiting
the types and complexity of operands reduces the size of the circuitry required. Of
course, the choice represents a tradeoff: programs are larger.
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The point is:

Processor architects have created a variety of operand styles. No sin-
gle form is optimal for all processors because the choice represents a
compromise among functionality, program size, complexity of the
hardware required to fetch values, performance, and ease of program-
ming.

7.12 Values In Memory And Indirect Reference

A processor must provide a way to access values in memory. That is, at least one
instruction must have an operand which the hardware interprets as a memory addressy.
Accessing a value in memory is significantly more expensive than accessing a value in
a register. Although it may make programming easier, a design in which each instruc-
tion references memory usually results in lower performance. Thus, programmers usu-
ally structure code to keep values that will be used often in registers and only reference
memory when needed.

Some processors extend memory references by permitting various forms of indirec-
tion. For example, an operand that specifies indirection through register 6 causes a
processor to perform two steps:

e Obtain A, the current value from register 6.

e Interpret A as a memory address, and fetch the
operand from memory.

One extreme form of operand involves double indirection, or indirection through a
memory location. That is, the processor interprets the operand as memory address M.
However, instead of loading or storing a value to address M, the processor assumes M
contains the memory address of the value. In such cases, a processor performs the fol-
lowing steps:

e Obtain M, the value in the operand itself.

e Interpret M as a memory address, and fetch the
value A from memory.

¢ Interpret A as another memory address, and fetch the
operand from memory.

Double indirection that goes through one memory location to another can be useful
when a program has to follow a linked list in memory. However, the overhead is ex-
tremely high (execution of a single instruction entails multiple memory references).

FThe third section of the text describes memory and memory addressing.
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7.13 lllustration Of Operand Addressing Modes

A processor usually contains a special internal register, called an instruction regis-
ter, that is used to hold an instruction while the instruction is being decoded. The pos-
sible types of operand addresses and the cost of each can be envisioned by considering
the location of the operand and the references needed to fetch the value. An immediate
value is the least expensive because the value is located in the instruction register (i.e.,
in the instruction itself). A general-purpose register reference is slightly more expensive
than an immediate value. A reference to memory is more expensive than a reference to
a register. Finally, double indirection, which requires two memory references, is the
most expensive. Figure 7.6 lists the possibilities, and illustrates the hardware units in-
volved in resolving each.

cpu memory

locations in memory

instruction register

®» /]

® @

|
I

— ®

general-purpose register

IS
L

1 Immediate value (in the instruction)
2 Direct register reference

3 Direct memory reference

4 Indirect through a register

5 Indirect memory reference

Figure 7.6 Illustration of the hardware units accessed when fetching an
operand in various addressing modes. Indirect references take
longer than direct references.

In the figure, modes 3 and 5 each require the instruction to contain a memory ad-
dress. Although they were available on earlier computers, such modes have become un-
popular because they require an instruction to be quite large.
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7.14 Summary

When designing a processor, an architect chooses the number and possible types of
operands for each instruction. To make operand handling efficient, many processors
limit the number of operands for a given instruction to three or fewer.

An immediate operand specifies a constant value; other possibilities include an
operand that specifies using the contents of a register or a value in memory. Indirection
allows a register to contain the memory address of the operand. Double indirection
means the operand specifies a memory address and the value at the address is a pointer
to another memory location that holds the value. The type of the operand can be encod-
ed implicitly (i.e., in the opcode) or explicitly.

Many variations exist because the choice of operand number and type represents a
tradeoff among functionality, ease of programming, and engineering details such as the
speed of processing.

EXERCISES

7.1 Suppose a computer architect is designing a processor for a computer that has an extremely
slow memory. Would the architect choose a zero-address architecture? Why or why not?

7.2 Consider the size of instructions in memory. If an architecture allows immediate operands
to have large numeric values, an instruction takes more space in memory. Why?

7.3 Assume a stack machine keeps the stack in memory. Also assume variable p is stored in
memory. How many memory references will be needed to increment p by seven?

74 Assume two integers, x and y are stored in memory, and consider an instruction that sets z
to the sum of x+y. How many memory references will be needed on a two-address archi-
tecture? Hint: remember to include instruction fetch.

7.5 How many memory operations are required to perform an add operation on a 3-address ar-
chitecture if each operand specifies an indirect memory reference?

7.6 If a programmer increments a variable by a value that is greater than the maximum im-
mediate operand, an optimizing compiler may generate two instructions. For example, on a
computer that only allows immediate values of 127 or less, incrementing variable x by 140
results in the sequence:

load 17, x
add_immediate 17, 127
add_immediate t7, 13
store 17, X

Why doesn’t the compiler store 140 in memory and add the value to register 77

7.7 Assume a memory reference takes twelve times as long as a register reference, and assume
a program executes N instructions on a 2-address architecture. Compare the running time
of the program if all operands are in registers to the running time if all operands are in
memory. Hint: instruction fetch requires a memory operation.
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7.8 Consider each type of operand that Figure 7.6 illustrates, and make a table that contains an
expression for the number of bits required to represent the operand. Hint: the number of
bits required to represent values from zero through N is:

L log_«,NJ

7.9 Name one advantage of using a higher number of addresses per instruction.

7.10 Consider a two-address computer that uses implicit operands. Suppose one of the two
operands can be any of the five operand types in Figure 7.6, and the other can be any ex-
cept an immediate value. List all the add instructions the computer needs.

7.11 Most compilers contain optimization modules that choose to keep frequently used variables
in registers rather than writing them back to memory. What term characterizes the problem
that such an optimization module is attempting to overcome?
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8

CPUs: Microcode,
Protection, And Processor
Modes

8.1 Introduction

Previous chapters consider two key aspects of processors: instruction sets and
operands. The chapters explain possible approaches, and discuss the advantages and
disadvantages of each approach. This chapter considers a broad class of general-
purpose processors, and shows how many of the concepts from previous chapters are
applied. The next chapter considers low-level programming languages used with pro-
Cessors.

8.2 A Central Processor

Early in the history of computers, centralization emerged as an important architec-
tural approach — as much functionality as possible was collected into a single proces-
sor. The processor, which became known as a Central Processing Unit (CPU), con-
trolled the entire computer, including both calculations and 1/0.

In contrast to early designs, a modern computer system follows a decentralized ap-
proach. The system contains multiple processors, many of which are dedicated to a
specific function or a hardware subsystem. For example, we will see that an I/O de-
vice, such as a disk, can include a processor that handles disk transfers.

141
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Despite the shift in paradigm, the term CPU has survived because one chip con-
tains the hardware used to perform most computations and coordinate and control other
processors. In essence, the CPU manages the entire computer system by telling other
processors when to start, when to stop, and what to do. When we discuss I/0, we will
see how the CPU controls the operation of peripheral devices and processors.

8.3 CPU Complexity

Because it must handle a wide variety of control and processing tasks, a modern
CPU is extremely complex. For example, Intel makes a CPU chip that contains 2.5 bil-
lion transistors. Why is a CPU so complex? Why are so many transistors needed?

Multiple Cores. In fact, modern CPU chips do not contain just one processor. In-
stead, they contain multiple processors called cores. The cores all function in parallel,
permitting multiple computations to proceed at the same time. Multicore designs are re-
quired for high performance because a single core cannot be clocked at arbitrarily high
speeds.

Multiple Roles. One aspect of CPU complexity arises because a CPU must fill
several major roles: running application programs, running an operating system, han-
dling external I/O devices, starting or stopping the computer, and managing memory.
No single instruction set is optimal for all roles, so a CPU often includes many instruc-
tions.

Protection And Privilege. Most computer systems incorporate a system of protec-
tion that gives some subsystems higher privilege than others. For example, the
hardware prevents an application program from directly interacting with I/O devices,
and the operating system code is protected from inadvertent or deliberate change.

Hardware Priorities. A CPU uses a priority scheme in which some actions are as-
signed higher priority than others. For example, we will see that I/O devices operate at
higher priority than application programs — if the CPU is running an application pro-
gram when an I/0 device needs service, the CPU must stop running the application and
handle the device.

Generality. A CPU is designed to support a wide variety of applications. Conse-
quently, the CPU instruction set often contains instructions that are used for each type
of application (i.e., a CISC design).

Data Size. To speed processing, a CPU is designed to handle large data values.
Recall from Chapter 2 that digital logic gates each operate on a single bit of data and
that gates must be replicated to handle integers. Thus, to operate on values composed
of sixty-four bits, each digital circuit in the CPU must have sixty-four copies of each
gate.

High Speed. The final, and perhaps most significant, source of CPU complexity
arises from the desire for speed. Recall the important concept discussed earlier:

Parallelism is a fundamental technique used to create high-speed hardware.
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That is, to achieve highest performance, the functional units in a CPU must be re-
plicated, and the design must permit the replicated units to operate simultaneously. The
large amount of parallel hardware needed to make a modern CPU operate at the highest
rate also means that the CPU requires many transistors. We will see further explana-
tions later in the chapter.

8.4 Modes Of Execution

The features listed above can be combined or implemented separately. For exam-
ple, a given core can be granted access to other parts of memory with or without higher
priority. How can a CPU accommodate all the features in a way that allows program-
mers to understand and use them without becoming confused?

In most CPUs, the hardware uses a set of parameters to handle the complexity and
control operation. We say that the hardware has multiple modes of execution. At any
given time, the current execution mode determines how the CPU operates. Figure 8.1
lists items usually associated with a CPU mode of execution.

e The subset of instructions that are valid

e The size of data items

* The region of memory that can be accessed
e The functional units that are available

e The amount of privilege

Figure 8.1 Items typically controlled by a CPU mode of execution. The
characteristics of a CPU can change dramatically when the mode
changes.

8.5 Backward Compatibility

How much variation can execution modes introduce? In principle, the modes
available on a CPU do not need to share much in common. As one extreme case, some
CPUs have a mode that provides backward compatibility with a previous model. Back-
ward compatibility allows a vendor to sell a CPU with new features, but also permits
customers to use the CPU to run old software.

Intel’s line of processors (i.c., 8086, 186, 286,...) exemplifies how backward com-
patibility can be used. When Intel first introduced a CPU that operated on thirty-two-
bit integers, the CPU included a compatibility mode that implemented the sixteen-bit in-
struction set from Intel’s previous CPU. In addition to using different sizes of integers,
the two architectures have different numbers of registers and different instructions. The
two architectures differ so significantly that it is easiest to think of the design as two
separate pieces of hardware with the execution mode determining which of the two is
used at any time.
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We can summarize:

A CPU uses an execution mode to determine the current operational
characteristics. In some CPUs, the characteristics of modes differ so
widely that we think of the CPU as having separate hardware subsys-
tems and the mode as determining which piece of hardware is used at
the current time.

8.6 Changing Modes

How does a CPU change execution modes? There are two ways:

e Automatic (initiated by hardware)

e Manual (under program control)

Automatic Mode Change. External hardware can change the mode of a CPU. For
example, when an I/O device requests service, the hardware informs the CPU.
Hardware in the CPU changes mode (and jumps to the operating system code) automat-
ically before servicing the device. We will learn more when we consider how I/0
works.

Manual Mode Change. In essence, manual changes occur under control of a run-
ning program. Most often, the program is the operating system, which changes mode
before it executes an application. However, some CPUs also provide multiple modes
that applications can use, and allow an application to switch among the modes.

What mechanism is used to change mode? Three approaches have been used. In
the simplest case, the CPU includes an instruction to set the current mode. In other
cases, the CPU contains a special-purpose mode register to control the mode. To
change modes, a program stores a value into the mode register. Note that a mode regis-
ter is not a storage unit in the normal sense. Instead, it consists of a hardware circuit
that responds to the store command by changing the operating mode. Finally, a mode
change can occur as the side effect of another instruction. In most CPUs, for example,
the instruction set includes an instruction that an application uses to make an operating
system call. A mode change occurs automatically whenever the instruction is executed.

To accommodate major changes in mode, additional facilities may be needed to
prepare for the new mode. For example, consider a case in which two modes of execu-
tion do not share general-purpose registers (e.g., in one mode the registers have sixteen
bits and in another mode the registers contain thirty-two bits). It may be necessary to
place values in alternate registers before changing mode and using the registers. In such
cases, a CPU provides special instructions that allow software to create or modify
values before changing the mode.
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8.7 Privilege And Protection

The mode of execution is linked to CPU facilities for privilege and protection.
That is, part of the current mode specifies the level of privilege for the CPU. For exam-
ple, when it services an I/O device, a CPU must allow device driver software in the
operating system to interact with the device and perform control functions. However,
an arbitrary application program must be prevented from accidentally or maliciously is-
suing commands to the hardware or performing control functions. Thus, before it exe-
cutes an application program, an operating system changes the mode to reduce
privilege. When running in a less privileged mode, the CPU does not permit direct con-
trol of I/O devices (i.e., the CPU treats a privileged operation like an invalid instruc-
tion).

8.8 Multiple Levels Of Protection

How many levels of privilege are needed, and what operations should be allowed
at each level? The subject has been discussed by hardware architects and operating sys-
tem designers for many years. CPUs have been invented that offer no protection, and
CPUs have been invented that offer eight levels, each with more privilege than the pre-
vious level. The idea of protection is to help prevent problems by using the minimum
amount of privilege necessary at any time. We can summarize:

By using a protection scheme to limit the operations that are allowed,
a CPU can detect attempts to perform unauthorized operations.

Figure 8.2 illustrates the concept of two privilege levels.

appl. 1 appl. 2 appl. N
low
privilege
. high
Operating System privilege

Figure 8.2 Illustration of a CPU that offers two levels of protection. The
operating system executes with highest privilege, and application
programs execute with less privilege.
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Although no protection scheme suffices for all CPUs, designers generally agree on
a minimum of two levels for a CPU that runs application programs:

A CPU that runs applications needs at least two levels of protection:
the operating system must run with absolute privilege, but application
programs can run with limited privilege.

When we discuss memory, we will see that the issues of protection and memory
access are intertwined. More important, we will see how memory access mechanisms,
which are part of the CPU mode, provide additional forms of protection.

8.9 Microcoded Instructions

How should a complex CPU be implemented? Interestingly, one of the key
abstractions used to build a complex instruction set comes from software: complex in-
structions are programmed! That is, instead of implementing the instruction set directly
with digital circuits, a CPU is built in two pieces. First, a hardware architect builds a
fast, but small processor known as a microcontrollert. Second, to implement the CPU
instruction set (called a macro instruction set), the architect writes software for the
microcontroller. The software that runs on the microcontroller is known as microcode.
Figure 8.3 illustrates the two-level organization, and shows how each level is imple-
mented.

visible to
macro instruction set <~ programmer
(implemented with microcode)
hidden
CPU< |- - - -~ micro instruction set - - - - - - - - — < (internal)
(implemented with digital logic) Microcontroller

Figure 8.3 Illustration of a CPU implemented with a microcontroller. The
macro instruction set that the CPU provides is implemented with
microcode.

7The small processor is also called a microprocessor, but the term is somewhat misleading.
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The easiest way to think about microcode is to imagine a set of functions that each
implement one of the CPU macro instructions. The CPU invokes the microcode during
the instruction execution. That is, once it has obtained and decoded a macro instruc-
tion, the CPU invokes the microcode procedure that corresponds to the instruction.

The macro- and micro architectures can differ. As an example, suppose that the
CPU is designed to operate on data items that are thirty-two bits and that the macro in-
struction set includes an add32 instruction for integer addition. Further suppose that the
microcontroller only offers sixteen-bit arithmetic. To implement a thirty-two-bit addi-
tion, the microcode must add sixteen bits at a time, and must add the carry from the
low-order bits into the high-order bits. Figure 8.4 lists the microcode steps that are re-
quired:

/* The steps below assume that two 32-bit operands are
located in registers labeled R5 and R6, and that the
microcode must use 16-bit registers labeled r0 through
r3 to compute the results.

*/

add32:

move low-order 16 bits from R5 into r2

move low-order 16 bits from R6 into r3

add r2 and r3, placing result in r1

save value of the carry indicator

move high-order 16 bits from R5 into r2

move high-order 16 bits from R6 into r3

add r2 and r3, placing result in r0

copy the value in r0Q to r2

add r2 and the carry bit, placing the result in rO

check for overflow and set the condition code

move the thirty-two bit result from rO and r1 to
the desired destination

Figure 8.4 An example of the steps required to implement a thirty-two-bit
macro addition with a microcontroller that only has sixteen-bit
arithmetic. The macro- and micro architectures can differ.

The exact details are unimportant; the figure illustrates how the architecture of the
microcontroller and the macro instruction set can differ dramatically. Also note that be-
cause each macro instruction is implemented by a microcode program, a macro instruc-
tion can perform arbitrary processing. For example, it is possible for a single macro in-
struction to implement a trigonometric function, such as sine or cosine, or to move large
blocks of data in memory. Of course, to achieve higher performance, an architect can
choose to limit the amount of microcode that corresponds to a given instruction.
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8.10 Microcode Variations

Computer designers have invented many variations to the basic form of microcode.
For example, we said that the CPU hardware implements the fetch-execute cycle and in-
vokes a microcode procedure for each instruction. On some CPUs, microcode imple-
ments the entire fetch-execute cycle — the microcode interprets the opcode, fetches
operands, and performs the specified operation. The advantage is greater flexibility: mi-
crocode defines all aspects of the macro system, including the format of macro instruc-
tions and the form and encoding of each operand. The chief disadvantage is lower per-
formance: the CPU cannot have an instruction pipeline implemented in hardware.

As another variation, a CPU can be designed that only uses microcode for exten-
sions. That is, the CPU has a complete macro instruction set implemented directly with
digital circuits. In addition, the CPU has a small set of additional opcodes that are im-
plemented with microcode. Thus, a vendor can manufacture minor variations of the
basic CPU (e.g., a version with a special encryption instruction intended for customers
who implement security software or a version with a special pattern matching instruc-
tion intended for customers who implement text processing software). If some or all of
the extra instructions are not used in a particular version of the CPU, the vendor can in-
sert microcode that makes them undefined (i.e., the microcode raises an error if an un-
defined instruction is executed).

8.11 The Advantage Of Microcode

Why is microcode used? There are three motivations. First, because microcode
offers a higher level of abstraction, building microcode is less prone to errors than
building hardware circuits. Second, building microcode takes less time than building
circuits. Third, because changing microcode is easier than changing hardware circuits,
new versions of a CPU can be created faster.

We can summarize:

A design that uses microcode is less prone to errors and can be up-
dated faster than a design that does not use microcode.

Of course, microcode does have some disadvantages that balance the advantages:

e Microcode has more overhead than a hardware implementation.

e Because it executes multiple micro instructions for each macro in-
struction, the microcontroller must run at much higher speed than
the CPU.

e The cost of a macro instruction depends on the micro instruction
set.
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8.12 FPGAs And Changes To The Instruction Set

Because a microcontroller is an internal mechanism intended to help designers, the
micro instruction set is usually hidden in the final design. The microcontroller and
microcode typically reside on the integrated circuit along with the rest of the CPU, and
are only used internally. Only the macro instruction set is available to programmers.
Interestingly, some CPUs have been designed that make the microcode dynamic and ac-
cessible to customers who purchase the CPU. That is, the CPU contains facilities that
allow the underlying hardware to be changed after the chip has been manufactured.

Why would customers want to change a CPU? The motivations are flexibility and
performance: allowing a customer to make some changes to CPU instructions defers the
decision about a macro instruction set, and allows a CPU’s owner to tailor instructions
to a specific use. For example, a company that sells video games might add macro in-
structions to manipulate graphics images, and a company that makes networking equip-
ment might create macro instructions to process packet headers. Using the underlying
hardware directly (e.g., with microcode) can result in higher performance.

One technology that allows modification has become especially popular. Known
as Field Programmable Gate Array (FPGA), the technology permits gates to be altered
after a chip has been manufactured. Reconfiguring an FPGA is a time-consuming pro-
cess. Thus, the general idea is to reconfigure the FPGA once, and then use the resulting
chip. An FPGA can be used to hold an entire CPU, or an FPGA can be used as a sup-
plement that holds a few extra instructions.

We can summarize:

Technologies like dynamic microcode and FPGAs allow a CPU in-
struction set to be modified or extended after the CPU has been pur-
chased. The motivations are flexibility and higher performance.

8.13 Vertical Microcode

The question arises: what architecture should be used for a microcontroller? From
the point of view of someone who writes microcode, the question becomes: what in-
structions should the microcontroller provide? We discussed the notion of microcode as
if a microcontroller consists of a conventional processor (i.e., a processor that follows a
conventional architecture). We will see shortly that other designs are possible.

In fact, a microcontroller cannot be exactly the same as a standard processor. Be-
cause it must interact with hardware units in the CPU, a microcontroller needs a few
special hardware facilities. For example, a microcontroller must be able to access the
ALU and store results in the general-purpose registers that the macro instruction set
uses. Similarly, a microcontroller must be able to decode operand references and fetch
values. Finally, the microcontroller must coordinate with the rest of the hardware, in-
cluding memory.
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Despite the requirements for special features, microcontrollers have been created
that follow the same general approach used for conventional processors. That is, the
microcontroller’s instruction set contains conventional instructions such as load, store,
add, subtract, branch, and so on. For example, the microcontroller used in a CISC pro-
cessor can consist of a small, fast RISC processor. We say that such a microcontroller
has a vertical architecture, and use the term vertical microcode to characterize the
software that runs on the microcontroller.

Programmers are comfortable with vertical microcode because the programming
interface is familiar. Most important, the semantics of vertical microcode are exactly
what a programmer expects: one micro instruction is executed at a time. The next sec-
tion discusses an alternative to vertical microcode.

8.14 Horizontal Microcode

From a hardware perspective, vertical microcode is somewhat unattractive. One of
the primary disadvantages arises from the performance requirements. Most macro in-
structions require multiple micro instructions, which means that executing macro in-
structions at a rate of K per second requires a microcontroller to execute micro instruc-
tions at a rate of Nx K per second, where N is the average number of micro instructions
per macro instruction. Therefore, hardware associated with the microcontroller must
operate at very high speed (e.g., the memory used to hold microcode must be able to
deliver micro instructions at a high rate).

A second disadvantage of vertical microcode arises because a vertical technology
cannot exploit the parallelism of the underlying hardware. Computer engineers have in-
vented an alternative known as horizontal microcode that overcomes some limitations
of vertical microcode. Horizontal microcode has the advantage of working well with
the hardware, but not providing a familiar interface for programmers. That is:

Horizontal microcode allows the hardware to run faster, but is more
difficult to program.

To understand horizontal microcode, recall the data path description from Chapter
6: a CPU consists of multiple functional units, with data paths connecting them. Opera-
tion of the units must be controlled, and each unit is controlled independently. Further-
more, moving data from one functional unit to another requires explicit control of the
two units: one unit must be instructed to send data across a data path, and the other unit
must be instructed to receive data.

An example will clarify the concept. To make the example easy to understand, we
will make a few simplifying assumptions and restrict the discussion to six functional
units. Figure 8.5 shows how the six functional units are interconnected.
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Arithmetic : macro
Logic - general-
Unit ——f result 1 result 2 . purpose
(ALU) - registers

\

| operand 1 | | operand 2 | register access

< data transfer mechanism >

Figure 8.5 An illustration of the internal structure within a CPU. Solid ar-
rows indicate a hardware path along which data can move.

The major item shown in the figure is an Arithmetic Logic Unit (ALU) that per-
forms operations such as addition, subtraction, and bit shifting. The remaining func-
tional units provide mechanisms that interface the ALU to the rest of the system. For
example, the hardware units labeled operand 1 and operand 2 denote operand storage
units (i.e., internal hardware registers). The ALU expects operands to be placed in the
storage units before an operation is performed, and places the result of an operation in
the two hardware units labeled result 1 and result 2. Finally, the register access unit
provides a hardware interface to the general-purpose registers.

In the figure, arrows indicate paths along which data can pass as it moves from one
functional unit to another; each arrow is a data path that handles multiple bits in parallel
(e.g., 32 bits). Most of the arrows connect to the data transfer mechanism, which
serves as a conduit between functional units (a later chapter explains that the data
transfer mechanism depicted here is called a bus).

8.15 Example Horizontal Microcode

Each functional unit is controlled by a set of wires that carry commands (i.e.,
binary values that the hardware interprets as a command). Although Figure 8.5 does
not show command wires, we can imagine that the number of command wires connect-
ed to a functional unit depends on the type of unit. For example, the unit labeled result
I only needs a single command wire because the unit can be controlled by a single
binary value: zero causes the unit to stop interacting with other units, and one causes
the unit to send the current contents of the result unit to the data transfer mechanism.
Figure 8.6 summarizes the binary control values that can be passed to each functional
unit in our example, and gives the meaning of each.

TRecall that an arithmetic operation, such as multiplication, can produce a result that is twice as large as
an operand.
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Unit Command Meaning
000 No operation
001 Add
010 Subtract
ALU 011 Multiply
100 Divide
101 Left shift
110 Right shift
111 Continue previous operation
operand 0 No operation
1 1 Load value from data transfer mechanism
operand 0 No operation
2 1 Load value from data transfer mechanism
result 0 No operation
1 1 Send value to data transfer mechanism
result 0 No operation
2 1 Send value to data transfer mechanism

00xxxx No operation
register | 01 xxxx Move register xxxx to data transfer
interface | 10xxxx Move data transfer to register xxxx
11xxxx No operation

Figure 8.6 Possible command values and the meaning of each for the exam-
ple functional units in Figure 8.5. Commands are carried on
parallel wires.

As Figure 8.6 shows, the register access unit is a special case because each com-
mand has two parts: the first two bits specify an operation, and the last four bits specify
a register to be used in the operation. Thus, the command 0 100 1 1 means that value in
register three should be moved to the data transfer mechanism.

Now that we understand how the hardware is organized, we can see how horizontal
microcode works. Imagine that each microcode instruction consists of commands to
functional units — when it executes an instruction, the hardware sends bits from the in-
struction to functional units. Figure 8.7 illustrates how bits of a microcode instruction
correspond to commands in our example.
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ALU Oper.1 Oper.2 Res.l Res.2 Register interface
A A A A A
X X X : X : X : X : X X X X X X X

Figure 8.7 Illustration of thirteen bits in a horizontal microcode instruction
that correspond to commands for the six functional units.

8.16 A Horizontal Microcode Example

How can horizontal microcode be used to perform a sequence of operations? In
essence, a programmer chooses which functional units should be active at any time, and
encodes the information in bits of the microcode. For example, suppose a programmer
needs to write horizontal microcode that adds the value in general-purpose register 4 to
the value in general-purpose register 13 and places the result in general-purpose register
4. Figure 8.8 lists the operations that must be performed.

e Move the value from register 4 to the hardware unit for
operand 1

e Move the value from register 13 to the hardware unit for
operand 2

e Arrange for the ALU to perform addition

¢ Move the value from the hardware unit for result 2 (the low-
order bits of the result) to register 4

Figure 8.8 An example sequence of steps that the functional units must exe-
cute to add values from general-purpose registers 4 and 13, and
place the result in general-purpose register 4.

Each of the steps can be expressed as a single micro instruction in our example
system. The instruction has bits set to specify which functional unit(s) operate when
the instruction is executed. For example, Figure 8.9 shows a microcode program that
corresponds to the four steps.

In the figure, each row corresponds to one instruction, which is divided into fields
that each correspond to a functional unit. A field contains a command to be sent to the
functional unit when the instruction is executed. Thus, commands determine which
functional units operate at each step.
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Instr. ALU OP, OP, RES, RES, REG. INTERFACE

1 0 0 o0 | 1 | 0 | 0 | 0 | 0o 1 0 1 0 o0
2 o o o0:0: 1 0:'0:0 1 1 1 0 1
3 0o o0 1:0 0 :0:0:0 0 0 0 0 ©
4 0o 0 0: 0 0 0:1:1 o0 0 1 0 ©

Figure 8.9 An example horizontal microcode program that consists of four
instructions with thirteen bits per instruction. Each instruction
corresponds to a step listed in Figure 8.8.

Consider the code in the figure carefully. The first instruction specifies that only
two hardware units will operate: the unit for operand 1 and the register interface unit.
The fields that correspond to the other four units contain zero, which means that those
units will not operate when the first instruction is executed. The first instruction also
uses the data transfer mechanism — data is sent across the transfer mechanism from the
register interface unit to the unit for operand 11. That is, fields in the instruction cause
the register interface to send a value across the transfer mechanism, and cause the
operand 1 unit to receive the value.

8.17 Operations That Require Multiple Cycles

Timing is among the most important aspects of horizontal microcode. Some
hardware units take longer to operate than others. For example, multiplication can take
longer than addition. That is, when a functional unit is given a command, the results do
not appear immediately. Instead, the program must delay before accessing the output
from the functional unit.

A programmer who writes horizontal microcode must ensure that each hardware
unit is given the correct amount of time to complete its task. The code in Figure 8.9 as-
sumes that each step can be accomplished in one micro instruction cycle. However, a
micro cycle may be too short for some hardware units to complete a task. For example,
an ALU may require two micro instruction cycles to complete an addition. To accom-
modate longer computation, an extra instruction can be inserted following the third in-
struction. The extra instruction merely specifies that the ALU should continue the pre-
vious operation; no other units are affected. Figure 8.10 illustrates an extra microcode
instruction that can be inserted to create the necessary delay.

TFor purposes of this simplified example, we assume the data transfer mechanism always operates and
does not require any control.
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ALU OP, OP, RES, RES, REG. INTERFACE

1 1 1 0 0 0 0 0 0 ©0 0 o0 o©

Figure 8.10 An instruction that can be inserted to add delay processing to
wait for the ALU to complete an operation. Timing and delay
are crucial aspects of horizontal microcode.

8.18 Horizontal Microcode And Parallel Execution

Now that we have a basic understanding of how hardware operates and a general
idea about horizontal microcode, we can appreciate an important property: the use of
parallelism. Parallelism is possible because the underlying hardware units operate in-
dependently. A programmer can specify parallel operations because an instruction con-
tains separate fields that each control one of the hardware units.

As an example, consider an architecture that has an ALU plus separate hardware
units to hold operands. Assume the ALU requires multiple instruction cycles to com-
plete an operation. Because the ALU accesses the operands during the first cycle, the
hardware units used to hold operands remain unused during successive cycles. Thus, a
programmer can insert an instruction that simultaneously moves a new value into an
operand unit while an ALU operation continues. Figure 8.11 illustrates such an instruc-
tion.

ALU OP, OP, RES, RES, REG. INTERFACE

1 1 1.1 0 0 0 0 1 0 1 1 1

Figure 8.11 An example instruction that simultaneously continues an ALU
operation and loads the value from register seven into operand
hardware unit one. Horizontal microcode makes parallelism
easy to specify.

The point is:

Because horizontal microcode instructions contain separate fields that
each control one hardware unit, horizontal microcode makes it easy
to specify simultaneous, parallel operation of the hardware units.
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8.19 Look-Ahead And High Performance Execution

In practice, the microcode used in CPUs is much more complex than the simplistic
examples in this chapter. One of the most important sources of complexity arises from
the desire to achieve high performance. Because silicon technology allows manufactur-
ers to place billions of transistors on a single chip, it is possible for a CPU to include
many functional units that all operate simultaneously.

A later chapter considers architectures that make parallel hardware visible to a pro-
grammer. For now, we will consider an architectural question: can multiple functional
units be used to improve performance without changing the macro instruction set? In
particular, can the internal organization of a CPU be arranged to detect and exploit situ-
ations in which parallel execution will produce higher performance?

We have already seen a trivial example of an optimization: Figure 8.11 shows that
horizontal microcode can allow an ALU operation to continue at the same time a data
value is transferred to a hardware unit that holds an operand. However, our example re-
quires a programmer to explicitly code the parallel behavior when creating the micro-
code.

To understand how a CPU exploits parallelism automatically, imagine a system
that includes an intelligent microcontroller and multiple functional units. Instead of
working on one macro instruction at a time, the intelligent controller is given access to
many macro instructions. The controller looks ahead at the instructions, finds values
that will be needed, and directs functional units to start fetching or computing the
values. For example, suppose the intelligent controller finds the following four instruc-
tions on a 3-address architecture:

add R1,R3,R7
sub R4,R4,R6
add R9, RS, R2
shift R8, 5

We say that an intelligent controller schedules the instructions by assigning the
necessary work to functional units. For example, the controller can assign each operand
to a functional unit that fetches and prepares operand values. Once the operand values
are available for an instruction, the controller assigns the instruction to a functional unit
that performs the operation. The instructions listed above can each be assigned to an
ALU. Finally, when the operation completes, the controller can assign a functional unit
the task of moving the result to the appropriate destination register. The point is: if the
CPU contains enough functional units, an intelligent controller can schedule all four
macro instructions to be executed at the same time.
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8.20 Parallelism And Execution Order

Our above description of an intelligent microcontroller overlooks an important de-
tail: the semantics of the macro instruction set. In essence, the controller must ensure
that computing values in parallel does not change the meaning of the program. For ex-
ample, consider the following sequence of instructions:

add R1,R3,R7
sub R4,R4,R6
add R9, R1,R2
shift R8, 5

Unlike the previous example, the operands overlap. In particular, the first instruc-
tion specifies register one as a destination, and the third instruction specifies register
one as an operand. The macro instruction set semantics dictate sequential processing of
instructions, which means that the first instruction will place a value in register one be-
fore the third instruction references the value. To preserve sequential semantics, an in-
telligent controller must understand and accommodate such overlap. In essence, the
controller must balance between two goals: maximize the amount of parallel execution,
while preserving the original (i.e., sequential) semantics.

8.21 Out-Of-Order Instruction Execution

How can a controller that schedules parallel activities handle the case where an
operand in one instruction depends on the results of a previous instruction? The con-
troller uses a mechanism known as a scoreboard that tracks the status of each instruc-
tion being executed. In particular, a scoreboard maintains information about dependen-
cies among instructions and the original macro instruction sequence execution. Thus,
the controller can use the scoreboard to decide when to fetch operands, when execution
can proceed, and when an instruction is finished. In short, the scoreboard approach al-
lows the controller to execute instructions out of order, but then reorders the results to
reflect the order specified by the code.

To achieve highest speed, a modern CPU contains multiple copies of
Sfunctional units that permit multiple instructions to be executed simul-
taneously. An intelligent controller uses a scoreboard mechanism to
schedule execution in an order that preserves the appearance of
sequential processing.
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8.22 Conditional Branches And Branch Prediction

Conditional branches pose another problem for parallel execution. For example,
consider the following computation:

Y « f(X)
if (Y > Z){

-

When translated into machine instructions, the computation contains a conditional
branch that directs execution either to the code for Q or the code for R. The condition
depends on the value of Y, which is computed in the first step. Now consider running
the code on a CPU that uses parallel execution of instructions. In theory, once it
reaches the conditional branch, the CPU must wait for the results of the comparison —
the CPU cannot start to schedule code for R or Q until it knows which one will be
selected.

In practice, there are two approaches used to handle conditional branches. The
first, which is known as branch prediction, is based on measurements which show that
in most code, the branch is taken approximately sixty percent of the time. Thus, build-
ing hardware that schedules instructions along the branch path provides more optimiza-
tion than hardware that schedules instructions along the non-branch path. Of course, as-
suming the branch will occur may be incorrect — if the CPU eventually determines that
the branch should not be taken, the results from the branch path must be discarded and
the CPU must follow the other path. The second approach simply follows both paths in
parallel. That is, the CPU schedules instructions for both outcomes of the conditional
branch. As with branch prediction, the CPU must eventually decide which result is
valid. That is, the CPU continues to execute instructions, but holds the results
internally. Once the value of the condition is known, the CPU discards the results from
the path that is not valid, and proceeds to move the correct results into the appropriate
destinations. Of course, a second conditional branch can occur in either Q or R; the
scoreboard mechanism handles all the details.

The point is:

A CPU that offers parallel instruction execution can handle conditional
branches by proceeding to precompute values on one or both branches,
and choosing which values to use at a later time when the computation
of the branch condition completes.
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It may seem wasteful for a CPU to compute values that will be discarded later.
However, the goal is higher performance, not elegance. We can also observe that if a
CPU is designed to wait until a conditional branch value is known, the hardware will
merely sit idle. Therefore, high-speed CPUs, such as those manufactured by Intel and
AMD, are designed with parallel functional units and sophisticated scoreboard mecha-
nisms.

8.23 Consequences For Programmers

Can understanding how a CPU is structured help programmers write faster code?
In some cases, yes. Suppose a CPU is designed to use branch prediction and that the
CPU assumes the branch is taken. A programmer can optimize performance by arrang-
ing code so that the most common cases take the branch. For example, if a programmer
knows that it will be more common for Y to be less than Z, instead of testing Y > Z, a
programmer can rewrite the code to test whether Y < Z.

8.24 Summary

A modern CPU is a complex processor that uses multiple modes of execution to
handle some of the complexity. An execution mode determines operational parameters
such as the operations that are allowed and the current privilege level. Most CPUs offer
at least two levels of privilege and protection: one for the operating system and one for
application programs.

To reduce the internal complexity, a CPU is often built with two levels of abstrac-
tion: a microcontroller is implemented with digital circuits, and a macro instruction set
is created by adding microcode.

There are two broad classes of microcode. A microcontroller that uses vertical mi-
crocode resembles a conventional RISC processor. Typically, vertical microcode con-
sists of a set of procedures that each correspond to one macro instruction; the CPU runs
the appropriate microcode during the fetch-execute cycle. Horizontal microcode, which
allows a programmer to schedule functional units to operate on each cycle, consists of
instructions in which each bit field corresponds to a functional unit. A third alternative
uses Field Programmable Gate Array (FPGA) technology to create the underlying sys-
tem.

Advanced CPUs extend parallel execution by scheduling a set of instructions
across multiple functional units. The CPU uses a scoreboard mechanism to handle
cases where the results of one instruction are used by a successive instruction. The idea
can be extended to conditional branches by allowing parallel evaluation of each path to
proceed, and then, once the condition is known, discarding the values along the path
that is not taken.
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EXERCISES

8.1

82
83

84

8.5

8.6

8.7

88

89

8.10

8.11

8.12

If a quad-core CPU chip contains 2 billion transistors, approximately how many transistors
are needed for a single core?

List seven reasons a modern CPU is complex.

The text says that some CPU chips include a backward compatibility mode. Does such a
mode offer any advantage to a user?

Suppose that in addition to other hardware, the CPU used in a smart phone contains addi-
tional hardware for three previous versions of the chip (i.e., three backward compatibility
modes). What is the disadvantage from a user’s point of view?

Virtualized software systems used in cloud data centers often include a hypervisor that runs
and controls multiple operating systems, and applications that each run on one of the
operating systems. How do the levels protection used with such systems differ from con-
ventional levels of protection?

Some manufacturers offer a chip that contains a processor with a basic set of instructions
plus an attached FPGA. An owner can configure the FPGA with additional instructions.
What does such a chip provide that conventional software cannot?

Read about FPGAs, and find out how they are “programmed.” What languages are used to
program an FPGA?

Create a microcode algorithm that performs 32-bit multiplication on a microcontroller that
only offers 16-bit arithmetic, and implement your algorithm in C using short variables.

You are offered two jobs for the same salary, one programming vertical microcode and the
other programming horizontal microcode. Which do you choose? Why?

Find an example of a commercial processor that uses horizontal microcode, and document
the meaning of bits for an instruction similar to the diagram in Figure 8.7.

What is the motivation for a scoreboard mechanism in a CPU chip, and what functionality
does it provide?

If Las Vegas casinos computed the odds on program execution, what odds would they give
that a branch is taken? Explain your answer.
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Assembly Languages And
Programming Paradigm

9.1 Introduction

Previous chapters describe processor instruction sets and operand addressing. This
chapter discusses programming languages that allow programmers to specify all the de-
tails of instructions and operand addresses. The chapter is not a tutorial about a
language for a particular processor. Instead, it provides a general assessment of features
commonly found in low-level languages. The chapter examines programming para-
digms, and explains how programming in a low-level language differs from program-
ming in a conventional language. Finally, the chapter describes software that translates
a low-level language into binary instructions.

Low-level programming and low-level programming languages are not strictly part
of computer architecture. We consider them here, however, because such languages are
so closely related to the underlying hardware that the two cannot be separated easily.
Subsequent chapters return to the focus on hardware by examining memory and I/O fa-
cilities.

9.2 Characteristics Of A High-level Programming Language

Programming languages can be divided into two broad categories:

¢ High-level languages
e |Low-level languages

163



164 Assembly Languages And Programming Paradigm Chap. 9

A conventional programming language, such as Java or C, is classified as a high-
level-language because the language exhibits the following characteristics:

e One-to-many translation
Hardware independence
Application orientation
General-purpose
Powerful abstractions

One-To-Many Translation. Each statement in a high-level language corresponds to
multiple machine instructions. That is, when a compiler translates the language into
equivalent machine instructions, a statement usually translates into several instructions.

Hardware Independence. High-level languages allow programmers to create a pro-
gram without knowing details about the underlying hardware. For example, a high-
level language allows a programmer to specify floating point operations, such as addi-
tion and subtraction, without knowing whether the ALU implements floating point
arithmetic directly or uses a separate floating point coprocessor.

Application Orientation. A high-level language, such as C or Java, is designed to
allow a programmer to create application programs. Thus, a high-level language usual-
ly includes 1/0 facilities as well as facilities that permit a programmer to define arbi-
trarily complex data objects.

General-Purpose. A high-level language, like C or Java, is not restricted to a
specific task or a specific problem domain. Instead, the language contains features that
allow a programmer to create a program for an arbitrary task.

Powerful Abstractions. A high-level language provides abstractions, such as pro-
cedures, that allow a programmer to express complex tasks succinctly.

9.3 Characteristics Of A Low-level Programming Language

The alternative to a high-level language is known as a low-level language and has
the following characteristics:

¢ One-to-one translation
e Hardware dependence
¢ Systems programming orientation
e Special-purpose
e Few abstractions
One-To-One Translation. In general, each statement in a low-level programming

language corresponds to a single instruction on the underlying processor. Thus, the
translation to machine code is one-to-one.
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Hardware Dependence. Because each statement corresponds to a machine instruc-
tion, a low-level language created for one type of processor cannot be used with another
type of processor.

Systems Programming Orientation. Unlike a high-level language, a low-level
language is optimized for systems programming — the language has facilities that allow
a programmer to create an operating system or other software that directly controls the
hardware.

Special-Purpose. Because they focus on the underlying hardware, low-level
languages are only used in cases where extreme control or efficiency is needed. For ex-
ample, communication with a coprocessor usually requires a low-level language.

Few Abstractions. Unlike high-level languages, low-level languages do not pro-
vide complex data structures (e.g., strings or objects) or control statements (e.g., if-
then-else or while). Instead, the language forces a programmer to construct abstractions
from low-level hardware mechanisms.

9.4 Assembly Language

The most widely used form of low-level programming language is known as as-
sembly language, and the software that translates an assembly language program into a
binary image that the hardware understands is known as an assembler.

It is important to understand that the phrase assembly language differs from
phrases such as Java language or C language because assembly does not refer to a sin-
gle language. Instead, a given assembly language uses the instruction set and operands
from a single processor. Thus, many assembly languages exist, one for each processor.
Programmers might talk about MIPS assembly language or Intel x86 assembly
language. To summarize:

Because an assembly language is a low-level language that incor-
porates specific characteristics of a processor, such as the instruction
set, operand addressing, and registers, many assembly languages ex-
ist.

The consequence for programmers should be obvious: when moving from one pro-
cessor to another, an assembly language programmer must learn a language. On the
down side, the instruction set, operand types, and register names often differ among as-
sembly languages. On the positive side, most assembly languages tend to follow the
same basic pattern. Therefore, once a programmer learns one assembly language, the
programmer can learn others quickly. More important, if a programmer understands the
basic assembly language paradigm, moving to a new architecture usually involves learn-
ing new details, not learning a new programming style. The point is:

TComputer scientist Alan Perlis once quipped that a programming language is low-level if programming
requires attention to irrelevant details. His point is that because most applications do not need direct control,
using a low-level language creates overhead for an application programmer without any real benefit.
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Despite differences, many assembly languages share the same funda-
mental structure. Consequently, a programmer who understands the
assembly programming paradigm can learn a new assembly language
quickly.

To help programmers understand the concept of assembly language, the next sec-
tions focus on general features and programming paradigms that apply to most assembly
languages. In addition to specific language details, we will discuss concepts such as
macros.

9.5 Assembly Language Syntax And Opcodes

9.5.1 Statement Format

Because assembly language is low-level, a single assembly language statement
corresponds to a single machine instruction. To make the correspondence between
language statements and machine instructions clear, most assemblers require a program
to contain a single statement per line of input. The general format is:

label: opcode operand,, operand,, ...

where label gives an optional label for the statement (used for branching), opcode speci-
fies one of the possible instructions, each operand specifies an operand for the instruc-
tion, and whitespace separates the opcode from other items.

9.5.2 Opcode Names

The assembly language for a given processor defines a symbolic name for each in-
struction that the processor provides. Although the symbolic names are intended to help
a programmer remember the purpose of the instruction, most assembly languages use
extremely short abbreviations instead of long names. Thus, if a processor has an in-
struction for addition, the assembly language might use the opcode add. However, if
the processor has an instruction that branches to a new location, the opcode for the in-
struction typically consists of a single letter, b, or the two-letter opcode br. Similarly, if
the processor has an instruction that jumps to a subroutine, the opcode is often jsr.

Unfortunately, there is no global agreement on opcode names even for basic opera-
tions. For example, most architectures include an instruction that copies the contents of
one register to another. To denote such an operation, some assembly languages use the
opcode mov (an abbreviation for move), and others use the opcode /d (an abbreviation
for load).
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9.5.3 Commenting Conventions

Short opcodes tend to make assembly language easy to write but difficult to read.
Furthermore, because it is low-level, assembly language tends to require many instruc-
tions to achieve a straightforward task. Thus, to ensure that assembly language pro-
grams remain readable, programmers add two types of comments: block comments that
explain the purpose of each major section of code, and a detailed comment on each in-
dividual line to explain the purpose of the line.

To make it easy for programmers to add comments, assembly languages often al-
low comments to extend until the end of a line. That is, the language only defines a
character (or sequence of characters) that starts a comment. One commercial assembly
language defines the pound sign character (#) as the start of a comment, a second uses
a semicolon to denote the start of a comment, and a third has adopted the C++ comment
style and uses two adjacent slash characters. A block comment can be created in which
each line begins with the comment character, and a detailed comment can be added to
each line of the program. Programmers often add additional characters to surround a
block comment. For example, if the pound sign signals the start of a comment, the
block comment below explains that a section of code searches a list to find a memory
block of a given size:

Search linked list of free memory blocks to find a block
of size N bytes or greater. Pointer to list must be in
register 3, and N must be in register 4. The code also
destroys the contents of register 5, which is used to
walk the list.

#
#
#
#
#
#
#

o W W HH W

Most programmers place a comment on each line of assembly code to explain how
the instruction fits into the algorithm. For example, the code to search for a memory
block might begin:

1d r5,r3 # load the address of list into r5
loop 1: cmp r5,r0 # test to see if at end of list
bz notfnd # if reached end of list go to notfnd

Although details in the example above may seem obscure, the point is relatively
straightforward: a block comment before a section of code explains what the code ac-
complishes, and a comment on each line of code explains how that particular instruction
contributes to the result.
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9.6 Operand Order

One frustrating difference among assembly languages causes subtle problems for
programmers who move from one assembly language to another: the order of operands.
A given assembly language usually chooses a consistent operand order. For example,
consider a load instruction that copies the contents of one register to another register.
In the example code above, the first operand represents the rarget register (i.e., the re-
gister into which the value will be placed), and the second operand represents the
source register (i.e., the register from which the value will be copied). Under such an
interpretation, the statement:

1d r5,r3 # load the address of list into r5

copies the contents of register 3 into register 5. As a mnemonic aid to help them
remember the right-to-left interpretation, programmers are told to think of an assign-
ment statement in which the expression is on the right and the target of the assignment
is on the left.

As an alternative to the example code, some assembly languages specify the oppo-
site order — the source register is on the left and the target register is on the right. In
such assembly languages, the code above is written with operands in the opposite order:

1d r3,r5 # load the address of list into r5

As a mnemonic aid to help them remember the left-to-right interpretation, pro-
grammers are told to think of a computer reading the instruction. Because text is read
left to right, we can imagine the computer reading the opcode, picking up the first
operand, and depositing the value in the second operand. Of course, the underlying
hardware does not process the instruction left-to-right or right-to-left — the operand
order is only assembly language syntax.

Operand ordering is further complicated by several factors. First, unlike our exam-
ples above, many assembly language instructions do not have two operands. For exam-
ple, an instruction that performs bitwise complement only needs one operand. Further-
more, even if an instruction has two operands, the notions of source and destination
may not apply (e.g., a comparison). Therefore, a programmer who is unfamiliar with a
given assembly language may need to consult a manual to find the order of operands for
a given opcode.

Of course, there can be a significant difference between what a programmer writes
and the resulting binary value of the instruction because the assembly language merely
uses notation that is convenient for the programmer. The assembler can reorder
operands during translation. For example, the author once worked on a computer that
had two assembly languages, one produced by the computer’s vendor and another pro-
duced by researchers at Bell Labs. Although both languages were used to produce code
for the same underlying computer, one language used a left-to-right interpretation of the
operands, and the other used a right-to-left interpretation.
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9.7 Register Names

Because a typical instruction includes a reference to at least one register, most as-
sembly languages include a special way to denote registers. For example, in many as-
sembly languages, names that consist of the letter » followed by one or more digits are
reserved to refer to registers. Thus, a reference to r/0 refers to register 10.

However, there is no universal standard for register references. In one assembly
language, all register references begin with a dollar sign followed by digits; thus, $10
refers to register 10. Other assemblers are more flexible: the assembler allows a pro-
grammer to choose register names. That is, a programmer can insert a series of declara-
tions that define a specific name to refer to a register. Thus, one might find declara-
tions such as:

#

# Define register names used in the program

#

rl register 1 # define name rl to be register 1
r2 register 2 # and so on for r2, r3, and r4
r3 register 3

rd register 4

The chief advantage of allowing programmers to define register names arises from
increased readability: a programmer can choose meaningful names. For example, sup-
pose a program manages a linked list. Instead of using numbers or names like r6, a
programmer can give meaningful names to the registers:

#

# Define register names for a linked list program

#

listhd register 6 # holds starting address of list
listptr register 7 # moves along the list

Of course, allowing programmers to choose names for registers can also lead to
unexpected results that make the code difficult to understand. For example, consider
reading a program in which a programmer has used the following declaration:

r3 register 8 # define name r3 to be register 8!

The points can be summarized:

Because registers are fundamental to assembly language program-
ming, each assembly language provides a way to identify registers. In
some languages, special names are reserved; in others, a programmer
can assign a name to a register.
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9.8 Operand Types

As Chapter 7 explains, a processor often provides multiple types of operands. The
assembly language for each processor must accommodate all operand types that the
hardware offers. As an example, suppose a processor allows each operand to specify a
register, an immediate value (i.e., a constant), a memory location, or a memory location
specified by adding an offset in the instruction to the contents of a register. The assem-
bly language for the processor needs a syntactic form for each possible operand type.

We said that assembly languages often use special characters or names to distin-
guish registers from other values. In many assembly languages, for example, /0 refers
to the constant ten, and r/0 refers to register ten. However, some assembly languages
require a special symbol before a constant (e.g., #/0 to refer to the constant ten).

Each assembly language must provide syntactic forms for each possible operand
type. Consider, for example, copying a value from a source to a target. If the processor
allows the instruction to specify either a register (direct) or a memory location (indirect)
as the source, the assembly language must provide a way for a programmer to distin-
guish the two. One assembly language uses parentheses to distinguish the two possibil-
ities:

mov r2,rl # copy contents of reg. 1 into reg. 2
mov r2,(rl) # treat rl as a pointer to memory and
# copy from the mem. location to reg. 2

The point is:

An assembly language provides a syntactic form for each possible
operand type that the processor supports, including a reference to a
register, an immediate value, and an indirect reference to memory.

9.9 Assembly Language Programming Paradigm And Idioms

Because a programming language provides facilities that programmers use to struc-
ture data and code, a language can impact the programming process and the resulting
code. Assembly language is especially significant because the language does not pro-
vide high-level constructs nor does the language enforce a particular style. Instead, as-
sembly language gives a programmer complete freedom to code arbitrary sequences of
instructions and store data in arbitrary memory locations.

Experienced programmers understand that consistency and clarity are usually more
important than clever tricks or optimizations. Thus, experienced programmers develop
idioms: patterns that they use consistently. The next sections use basic control struc-
tures to illustrate the concept of assembly language idioms.
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9.10 Coding An IF Statement In Assembly

We use the term conditional execution to refer to code that may or may not be exe-
cuted, depending on a certain condition. Because conditional execution is a fundamen-
tal part of programming, high-level languages usually include one or more statements
that allow a programmer to express conditional execution. The most basic form of con-
ditional execution is known as an if statement.

In assembly language, a programmer must code a sequence of statements to per-
form conditional execution. Figure 9.1 illustrates the form used for conditional execu-
tion in a typical high-level language and the equivalent form used in a typical assembly
language.

if (condition) { code to test the condition and
body set the condition code

} branch to label if condition false

next statement; code to perform body

label:  code for next statement

(a) (b)

Figure 9.1 (a) Conditional execution as specified in a high-level language,
and (b) the equivalent assembly language code.

As the figure indicates, some processors use a condition code as the fundamental
mechanism for conditional execution. Whenever it performs an arithmetic operation or
a comparison, the ALU sets the condition code. A conditional branch instruction can be
used to test the condition code and execute the branch if the condition code matches the
instruction. Note that in the case of emulating an if statement, the branch instruction
must test the opposite of the condition (i.e., the branch is taken if the condition is not
met). For example, consider the statement:

if (a==1b) { x}

If we assume a and b are stored in registers five and six, the equivalent assembly
language is:

cIp r5, r6 # campare the values of a and b and set cc
bne labl # branch if previous caomparison not equal
code for x

labl:  code for next statement
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9.11 Coding An IF-THEN-ELSE In Assembly

The if-then-else statement found in high-level languages specifies code to be exe-
cuted for both the case when a condition is true and when the condition is false. Figure
9.2 shows the assembly language equivalent of an if-then-else statement.

if (condition) { code to test the condition and
then_part set the condition code

} else { branch to labell if condition false
else_part code to perform then_part

} branch to label2

next statement; labell: code for else_part

label2: code for next statement

(@) (b)

Figure 9.2 (a) An if-then-else statement used in a high-level language, and
(b) the equivalent assembly language code.

9.12 Coding A FOR-LOOP In Assembly

The term definite iteration refers to a programming language construct that causes
a piece of code to be executed a fixed number of times. A typical high-level language
uses a for statement to implement definite iteration. Figure 9.3 shows the assembly
language equivalent of a for statement.

Definite iteration illustrates an interesting difference between a high-level language
and assembly language: location of code. In assembly language, the code to implement
a control structure can be divided into separate locations. In particular, although a pro-
grammer thinks of the initialization, continuation test, and increment as being specified
in the header of a for statement, the equivalent assembly code places the increment after
the code for the body.

9.13 Coding A WHILE Statement In Assembly

In programming language terminology, indefinite iteration refers to a loop that ex-
ecutes zero or more times. Typically, a high-level language uses the keyword while to
indicate indefinite iteration. Figure 9.4 shows the assembly language equivalent of a
while statement.
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for (i=0;1<10; i++) { set r4 to zero

body labell: compare r4 to 10
} branch to label2 if >=
next statement; code to perform body

increment r4
branch to labell
label2: code for next statement

(@) (b)

Figure 9.3 (a) A for statement used in a high-level language, and (b) the
equivalent assembly language code using register 4 as an index.

while (condition) { labell: code to compute condition
body branch to label2 if false

} code to perform body

next statement; branch to labell

label2: code for next statement

(a) (b)

Figure 9.4 (a) A while statement used in a high-level language, and (b) the
equivalent assembly language code.

9.14 Coding A Subroutine Call In Assembly

We use the term procedure or subroutine to refer to a piece of code that can be in-
voked, perform a computation, and return control to the invoker. The terms procedure
call or subroutine call to refer to the invocation. The key idea is that when a subroutine
is invoked, the processor records the location from which the call occurred, and resumes
execution at that point once the subroutine completes. Thus, a given subroutine can be
invoked from multiple points in a program because control always passes back to the
location from which the invocation occurred.

Many processors provide two basic assembly instructions for procedure invocation.
A jump to subroutine (jsr) instruction saves the current location and branches to a sub-
routine at a specified location, and a return from subroutine (ret) instruction causes the
processor to return to the previously saved location. Figure 9.5 shows how the two as-
sembly instructions can be used to code a procedure declaration and two invocations.
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x() { x:  code for body of x
body of function x ret

¥

x(); jsr X

other statement; code for other statement

x(); jsr x

next statement; code for next statement
(a) (b)

Figure 9.5 (a) A declaration for procedure x and two invocations in a high-
level language, and (b) the assembly language equivalent.

9.15 Coding A Subroutine Call With Arguments In Assembly

In a high-level language, procedure calls are parameterized. The procedure body
is written with references to parameters, and the caller passes a set of values to the pro-
cedure that are known as arguments. When the procedure refers to a parameter, the
value is obtained from the corresponding argument. The question arises: how are argu-
ments passed to a procedure in assembly code?

Unfortunately, the details of argument passing vary widely among processors. For
example, each of following three schemes has been used in at least one processort:

e The processor uses a stack in memory for arguments
e The processor uses register windows to pass arguments
e The processor uses special-purpose argument registers

As an example, consider a processor in which registers r/ through r8 are used to
pass arguments during a procedure call. Figure 9.6 shows the assembly language code
for a procedure call on such an architecture.

9.16 Consequence For Programmers

The consequence of a variety of argument passing schemes should be clear: the as-
sembly language code needed to pass and reference arguments varies significantly from
one processor to another. More important, programmers are free to invent new mecha-
nisms for argument passing that optimize performance. For example, memory refer-
ences are slower than register references. Thus, even if the hardware is designed to use
a stack in memory, a programmer might choose to increase performance by passing
some arguments in general-purpose registers rather than memory.

TThe storage used for a return address (i.e., the location to which a ret instruction should branch) is often
related to the storage used for arguments.
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x(a,b) { x:  code for body of x that assumes
body of function x register 1 contains parameter a

-

and register 2 contains b

ret
x(-4,17); load -4 into register 1
other statement; load 17 into register 2
x(71,27 ); jsr X
next statement code for other statement

load 71 into register 1
load 27 into register 2
Jsrox

code for next statement

(a) (b)

Figure 9.6 (a) A declaration for parameterized procedure x and two invoca-
tions in a high-level language, and (b) the assembly language
equivalent for a processor that passes arguments in registers.

The point is:

No single argument passing paradigm is used in assembly languages
because a variety of hardware mechanisms exist for argument pass-
ing. In addition, programmers sometimes use alternatives to the basic
mechanism to optimize performance (e.g., passing values in registers).

9.17 Assembly Code For Function Invocation

The term function refers to a procedure that returns a single-value result. For ex-
ample, an arithmetic function can be created to compute sine(x) — the argument speci-
fies an angle, and the function returns the sine of the angle. Like a procedure, a func-
tion can have arguments, and a function can be invoked from an arbitrary point in the
program. Thus, for a given processor, function invocation uses the same basic mecha-
nisms as procedure invocation.

Despite the similarities between functions and procedures, function invocation re-
quires one additional detail: an agreement that specifies exactly how the function result
is returned. As with argument passing, many alternative implementations exist. Proces-
sors have been built that provide a separate, special-purpose hardware register for a
function return value. Other processors assume that the program will use one of the
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general-purpose registers. In any case, before executing a ret instruction, a function
must load the return value into the location that the processor uses. After the return oc-
curs, the calling program extracts and uses the return value.

9.18 Interaction Between Assembly And High-level Languages

Interaction is possible in either direction between code written in an assembly
language and code written in a high-level language. That is, a program written in a
high-level language can call a procedure or function that has been written in assembly
language, and a program written in assembly language can call a procedure or function
that has been written in a high-level language. Of course, because a programmer can
only control the assembly language code and not the high-level language code, the as-
sembly program must follow the calling conventions that the high-level language uses.
That is, the assembly code must use exactly the same mechanisms as the high-level
language uses to store a return address, invoke a procedure, pass arguments, and return
a function value.

Why would a programmer mix code written in assembly language with code writ-
ten in a high-level language? In some cases, assembly code is needed because a high-
level language does not allow direct interaction with the underlying hardware. For ex-
ample, a computer that has special graphics hardware may need assembly code to use
the graphics functions. In most cases, however, assembly language is only used to op-
timize performance — once a programmer identifies a particular piece of code as a
bottleneck, the programmer writes an optimized version of the code in assembly
language. Typically, optimized assembly language code is placed into a procedure or
function; the rest of the program remains written in a high-level language. As a result,
the most common case of interaction between code written in a high-level language and
code written in assembly language consists of a program written in a high-level
language calling a procedure or function that is written in an assembly language.

The point is:

Because writing application programs in assembly language is diffi-
cult, assembly language is reserved for situations where a high-level
language has insufficient functionality or results in poor performance.

9.19 Assembly Code For Variables And Storage

In addition to statements that generate instructions, assembly languages permit a
programmer to define data items. Both initialized and uninitialized variables can be de-
clared. For example, some assembly languages use the directive .word to declare
storage for a sixteen-bit item, and the directive .long to declare storage for a thirty-two-
bit item. Figure 9.7 shows declarations in a high-level language and equivalent assem-
bly code.
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int X,Y, Z; x: long
y: .long
z:  long
short w, q; w: .word
q:  .word
statement(s) statement(s)
(a) (b)

Figure 9.7 (a) Declaration of variables in a high-level language, and (b)
equivalent variable declarations in assembly language.

The keywords .word and .ong are known as assembly language directives.
Although it appears in the same location that an opcode appears, a directive does not
correspond to an instruction. Instead, a directive controls the translation. The directives
in the figure specify that storage locations should be reserved to hold variables. In most
assembly languages, a directive that reserves storage also allows a programmer to speci-
fy an initial value. Thus, the directive:

x: .word 949

reserves a sixteen bit memory location, assigns the location the integer value 949, and
defines x to be a label (i.e., a name) that the programmer can use to refer to the loca-
tion.

9.20 Example Assembly Language Code

An example will help clarify the concepts and show how assembly language
idioms apply in practice. To help compare x86 and ARM architectures, we will use the
same example for each architecture. To make the example clear, we begin with a C
program and then show how the same algorithm can be implemented in assembly
language.

Instead of using a long, complex program to show all the idioms, we will use a
trivial example that demonstrates a few basics. In particular, it will show indefinite
iteration and conditional execution. The example consists of a piece of code that prints
an initial list of the Fibonacci sequence. The first two values in the sequence are each
1. Each successive value is computed as the sum of the preceding two values. Thus,
the sequence is 1, 1, 2, 3,5, 8, 13, 21, and so on.

To ensure our example relates to concepts from computer architecture, we will ar-
range the code to print all values in the Fibonacci sequence that fit into a two’s comple-
ment thirty-two-bit signed integer. As the sequence is generated, the code will count
the number of values greater than 1000, and will print a summary.
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9.20.1 The Fibonacci Example In C

Figure 9.8 shows a C program that computes each value in the Fibonacci sequence
that fits in a thirty-two-bit signed integer. The program uses printf to print each value.
It also counts the number of values greater than 1000, and uses printf to print the total
as well as a summary of the final values of variables that are used in the computation.

#include <stdlib.h>
#include <stdio.h>
#include <ctype.h>

int a=1,b=1, n, tmp;
void main(void) {
n = 0;

printf(" %10d\n", b);
printf(" %10d\n", a);
while ( (tmp = a + b) >0 ) {

b = a;

a = tmp;

if (a > 1000) {
n++;

}

printf(" %10d\n", a);

printf("\nThe number of values greater than 1000 is %d\n", n);
printf("Final values are: a=0x%08X b=0x%08X tmp=0x%08X\n",a,b,tmp);
exit(0);

Figure 9.8 An example C program that computes and prints values in the Fi-
bonacci sequence that fit into a thirty-two-bit signed integer.

Figure 9.9 shows the output that results when the program runs. The last line of
the output gives the value of variables a, b, and tmp after the while loop finishes. Vari-
able a (1,836,311,903 in decimal) is 6D73ES55F in hex. Notice that variable tmp has
value B11924E1, which has the high-order bit set. As Chapter 3 explains, when tmp is
interpreted as a signed integer, the value will be negative, which is why the loop ter-
minated. Also note that variable n, which counts the number of Fibonacci values has
the final value 30; the value can be verified by counting lines of output with values
greater than 1000.
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89

144

233

377

610

987

1597

2584

4181

6765
10946
17711
28657
46368
75025
121393
196418
317811
514229
832040
1346269
2178309
3524578
5702887
9227465
14930352
24157817
39088169
63245986
102334155
165580141
267914296
433494437
701408733
1134903170
1836311903

The number of values greater than 1000d is 30
Final values are: a=0x6D73E55F b=0x43A53F82 tmp=0xB11924E1l

Figure 9.9 The output that results from running the program in Figure 9.8.
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9.20.2 The Fibonacci Example In x86 Assembly Language

Figure 9.10 shows x86 assembly code that generates the same output as the pro-
gram in Figure 9.8. The code uses the gcc calling conventions to call printf.

.data
a: .long 1 # initialized data (a and b)
b: .long 1
.coom n,4,4 # uninitialized data (n and tmp)

.comm tmp, 4,4

fmtl: .string " %10d\n"
fmt2: .string "\nThe number of values greater than 1000 is %d\n"
fmt3: .string "Final values are: a=0x%08X b=0x%08X tmp=0x%08X\n"

.text
.globl main
main:
movl $0, n #n =20
movl b, %esi # set up args to print a
movl $fmtl, %edi
movl $0, %eax
call printf
movl a, %esi # set up args to print b
movl $fmtl, %edi
movl $0, %eax
call printf
while:
movl a, %eax # eax <- a
addl b, %eax # eax <- eax + b
movl %eax, tmp # tmp <- eax
testl %eax, %eax # test eax
jle endwhile # if <= 0 jump to endwhile
movl a, %eax # eax <- a
movl %eax, b # b <- eax
movl tmp, %eax # eax <- tmp
movl %eax, a # a <- eax
cmpl $1000, %eax # compare 1000 to eax
jle endif # if <= jump to endif
movl n, %ebx # ebx <- n
addl $1, %ebx # ebx <- ebx + 1
movl %ebx, n # n <- ebx
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endif:
movl a, %esi # set up args to print a
movl $fmtl, %edi
movl $0, %eax
call printf
jmp while
endwhile:
movl n, %esi # set up args to print n
movl $fmt2, %edi
movl $0, %eax

call printf

movl tmp, %ecx # set up args to print a, b, and tmp
movl b, %edx

movl a, %esi

movl $fmt3, %edi

movl $0, %eax

call printf

movl $0, %edi # exit with argument 0
call exit

Figure 9.10 An x86 assembly language program that follows the C program
shown in Figure 9.8.

9.20.3 The Fibonacci Example In ARM Assembly Language

Figure 9.11 shows ARM assembly code that generates the same output as the pro-
gram in Figure 9.8. Neither the x86 nor the ARM code has been optimized. In each
case, instructions can be eliminated by keeping variables in registers. As an example, a
small amount of optimization has been done for the ARM code: registers r4 through r8
are initialized to contain the addresses of variables a, b, n, tmp, and the format string
fmtl. The registers remain unchanged while the program runs because called subpro-
grams are required to save and restore values. Thus, when calling printf to print vari-
able a, the code can use a single instruction to move the address of the format into the
first argument register (r0):

mov 10, r8

The code can also use a single instruction to load the value of a into the second argu-
ment register (71):

Idr rl, [r4]

Exercises suggest ways to improve the code.



182
.text
.align 4
.global main
main:
movw r4, #:lowerlé6:a
movt r4, #:upperlé6:a
movw r5, #:lowerl6:b
movt r5, #:upperl6:b
movw r6, #:lowerl6:n
movt r6, #:upperl6:n
movw r7, #:lowerl6:tmp
movt r7, #:upperl6:tmp
movw r8, #:lowerl6:fmtl
movt r8, #:upperl6:fmtl
mov r0, #0
str r0, [r6]
1dr rl, [r5]
mov r0, r8
bl printf
1ldr rl, [r4]
mov r0, r8
bl printf
while:
1dr r3, [r4]
1ldr r2, [r5]
add rl, r3, r2
str rl, [r7]
cmp rl, #0
ble endwhile
str r3, [r5]
str rl, [r4]
cmp rl, #1000
1drgt r3, [r6]
addgt r3, r3, #1
strgt r3, [r6]
mov r0, r8
bl printf
b while
endwhile:
movw r0, #:lowerl6:fmt2

Assembly Languages And Programming Paradigm
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Chap. 9

r4 <- &a

r5 <- &b

r6 <- &n

r7 <- &tmp

r8 <- &fmtl

n=20

rl <- b

r0 <- &fmtl

rl <- a

r0 <- &fmtl

r3 <- a

r2 <- b

rl <-a+b

tmp <- rl (i.e., tmp <- a + b)
test tmp

if tmp <= 0 go to endwhile
b <- a

a <- tmp

compare a and 1000

if a>1000 r3 <- n

if a>1000 r3 <- r3 + 1
if a>1000 n <- r3

r0 <- &fmtl

rl is still a
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movt r0, #:upperl6:fmt2 @ r0 <- &fmt2

1dr rl, [r6] @rl <-n

bl printf

1ldr r3, [r7] @ r3 <- tmp

1dr r2, [r5] @r2<-b

1dr rl, [r4] @rl<-a

movw r0, #:lowerl6:fmt3

movt r0, #:upperl6:fmt3 @ r0 <- &fmt3

bl printf

mov r0, #0

bl exit @ exit with argument 0

.align 4

.comm tmp,4,4 @ uninitialized data

. comm n,4,4

.data

.align 4
b: .word 1 @ initialized data
a: .word 1

fmtl: .ascii " %10d\012\000"
fmt2: .ascii "\012The number of values greater than 1000 is %d\012\000"
fmt3: .ascii "Final values are: a=0x%08X b=0x%08X tmp=0x%08X\012\000"

Figure 9.11 An ARM assembly language program that follows the algorithm
shown in Figure 9.8.

9.21 Two-Pass Assembler

We use the term assembler to refer to a piece of software that translates assembly
language programs into binary code for the processor to execute. Conceptually, an as-
sembler is similar to a compiler because each takes a source program as input and pro-
duces equivalent binary code as output. An assembler differs from a compiler, howev-
er, because a compiler has significantly more responsibility. For example, a compiler
can choose how to allocate variables to memory, which sequence of instructions to use
for each statement, and which values to keep in general-purpose registers. An assem-
bler cannot make such choices because the source program specifies the exact details.
The difference between an assembler and compiler can be summarized:
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Although both a compiler and an assembler translate a source pro-
gram into equivalent binary code, a compiler has more freedom to
choose which values are kept in registers, the instructions used to im-
plement each statement, and the allocation of variables to memory.
An assembler merely provides a one-to-one translation of each state-
ment in the source program to the equivalent binary form.

Conceptually, an assembler follows a two-pass algorithm, which means the assem-
bler scans through the source program two times. To understand why two passes are
needed, observe that many branch instructions contain forward references (i.e., the label
referenced in the branch is defined later in the program). When the assembler first
reaches a branch statement, the assembler cannot know which address will be associated
with the label. Thus, the assembler makes an initial pass, computes the address that
each label will have in the final program, and stores the information in a table known as
a symbol table. The assembler then makes a second pass to generate code. Figure 9.12
illustrates the idea by showing a snippet of assembly language code and the relative lo-
cation of statements.

locations assembly code
0x00 - 0x03 X: Jong
0x04 - 0x07 labell:  cmp rl, 2
0x08 - 0x0OB bne label2
0x0C -  OxOF jsr label3
0x10 - 0x13 label2:  load 3,0
0x14 - 0x17 br label4
0x18 - OxIB label3:  add 5, 1
0x1C -  OxIF ret
0x20 - 0x23 label4: 1d rl, 1
0x24 - 0x27 ret

Figure 9.12 A snippet of assembly language code and the locations assigned
to each statement for a hypothetical processor. Locations are
determined in the assembler’s first pass.

During the first pass, the assembler computes the size of instructions without actu-
ally filling in details. Once the assembler has completed its first pass, the assembler
will have recorded the location for each statement. Consequently, the assembler knows
the value for each label in the program. In the figure, for example, the assembler
knows that label4 starts at location 0x20 (32 in decimal). Thus, when the second pass
of the assembler encounters the statement:

br label4
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the assembler can generate a branch instruction with 32 as an immediate operand.
Similarly, code can be generated for each of the other branch instructions during the
second pass because the location of each label is known.

It is not important to understand the details of an assembler, but merely to know
that:

Conceptually, an assembler makes two passes over an assembly
language program. During the first pass, the assembler assigns a lo-
cation to each statement. During the second pass, the assembler uses
the assigned locations to generate code.

Now that we understand how an assembler works, we can discuss one of the chief
advantages of using an assembler: automatic recalculation of branch addresses. To see
how automatic recalculation helps, consider a programmer working on a program. If
the programmer inserts a statement in the program, the location of each successive
statement changes. As a result, every branch instruction that refers to a label beyond
the insertion point must be changed.

Without an assembler, changing branch labels can be tedious and prone to errors.
Furthermore, programmers often make a series of changes while debugging a program.
An assembler allows a programmer to make a change easily — the programmer merely
reruns the assembler to produce a binary image with all branch addresses updated.

9.22 Assembly Language Macros

Because assembly language is low-level, even trivial operations can require many
instructions. More important, an assembly language programmer often finds that se-
quences of code are repeated with only minor changes between instances. Repeated se-
quences of code make programming tedious, and can lead to errors if a programmer
uses a cut-and-paste approach.

To help programmers avoid repetitious coding, many assembly languages include a
parameterized macro facility. To use a macro facility, a programmer adds two types of
items to the source program: one or more macro definitions and one or more macro ex-
pansions. Note: C programmers will recognize assembly language macros because they
operate like C preprocessor macros.

In essence, a macro facility adds an extra pass to the assembler. The assembler
makes an initial pass in which macros are expanded. The important concept is that the
macro expansion pass does not parse assembly language statements and does not handle
translation of the instructions. Instead, the macro processing pass takes as input an as-
sembly language source program that contains macros, and produces as output an as-
sembly language source program in which macros are expanded. That is, the output of
the macro preprocessing pass becomes the input to the normal two-pass assembler.
Many assemblers have an option that allows a programmer to obtain a copy of the ex-
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panded source code for use in debugging (i.e., to see if macro expansion is proceeding
as the programmer planned).

Although the details of assembly language macros vary across assembly languages,
the concept is straightforward. A macro definition is usually bracketed by keywords
(e.g., macro and endmacro), and contains a sequence of code. For example, Figure 9.13
illustrates a definition for a macro named addmem that adds the contents of two
memory locations and places the result in a third location.

macro addmem(a, b, ¢)

load 1, a # load 1lst arg into register 1
load 12, Db # load 2nd arg into register 2
add rl, r2 # add register 2 to register 1
store r3, c # store the result in 3rd arg
endmacro

Figure 9.13 An example macro definition using the keywords macro and
endmacro. Items in the macro refer to parameters a, b, and c.

Once a macro has been defined, the macro can be expanded. A programmer in-
vokes the macro and supplies a set of arguments. The assembler replaces the macro call
with a copy of the body of the macro, substituting actual arguments in place of formal
parameters. For example, Figure 9.14 shows the assembly code generated by an expan-
sion of the addmem macro defined in Figure 9.13.

#

# note: code below results from addmem(xxx, YY, zgz)
#

load rl1, xxx # load lst arg into register 1

load 1r2, YY # load 2nd arg into register 2

add rl, r2 # add register 2 to register 1
store r3, zqz # store the result in 3rd arg

Figure 9.14 An example of the assembly code that results from an expansion
of macro addmem.

It is important to understand that although the macro definition in Figure 9.13
resembles a procedure declaration, a macro does not operate like a procedure. First, the
declaration of a macro does not generate any machine instructions. Second, a macro is
expanded, not called. That is, a complete copy of the macro body is copied into the as-
sembly program. Third, macro arguments are treated as strings that replace the
corresponding parameter. The literal substitution of arguments is especially important
to understand because it can yield unexpected results. For example, consider Figure
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9.15 which illustrates how an illegal assembly program can result from a macro expan-
sion.

#

# note: code below results from addmem(1l+, %*J , +)
#

load rl, 1+ # load lst arg into register 1
load 12, %*J # load 2nd arg into register 2

add rl, r2 # add register 2 to register 1
store r3, + # store the result in 3rd arg

Figure 9.15 An example of an illegal program that can result from an expan-
sion of macro addmem. The assembler substitutes arguments
without checking their validity.

As the figure shows, an arbitrary string can be used as an argument to the macro,
which means a programmer can inadvertently make a mistake. No warning is issued
until the assembler processes the expanded source program. For example, the first argu-
ment in the example consists of the string /+, which is a syntax error. When it expands
the macro, the assembler substitutes the specified string which results in:

load rl, 1+
Similarly, substitution of the second argument, %*J, results in:
load 12, %*]

which makes no sense. However, the errors will not be detected until after the macro
expander has run and the assembler attempts to assemble the program. More important,
because macro expansion produces a source program, error messages that refer to line
numbers will reference lines in the expanded program, not in the original source code
that a programmer submits.

The point is:

A macro expansion facility preprocesses an assembly language source
program to produce another source program in which each macro in-
vocation is replaced by the text of the macro. Because a macro pro-
cessor uses textual substitution, incorrect arguments are not detected
by the macro processor; errors are only detected by the assembler
after the macro processor completes.
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9.23 Summary

Assembly languages are low-level languages that incorporate characteristics of a
processor, such as the instruction set, operand addressing modes, and registers. Many
assembly languages exist, one or more for each type of processor. Despite differences,
most assembly languages follow the same basic structure.

Each statement in an assembly language corresponds to a single instruction on the
underlying hardware; the statement consists of an optional label, opcode, and operands.
The assembly language for a processor defines a syntactic form for each type of
operand the processor accepts.

Although assembly languages differ, most follow the same basic paradigm. There-
fore, we can specify typical assembly language sequences for conditional execution,
conditional execution with alternate paths, definite iteration, and indefinite iteration.
Most processors include instructions used to invoke a subroutine or function and return
to the caller. The details of argument passing, return address storage, and return of
values to a caller differ. Some processors place arguments in memory, and others pass
arguments in registers.

An assembler is a piece of software that translates an assembly language source
program into binary code that the processor can execute. Conceptually, an assembler
makes two passes over the source program: one to assign addresses and one to generate
code. Many assemblers include a macro facility to help programmers avoid tedious
coding repetition; the macro expander generates a source program which is then assem-
bled. Because it uses textual substitution, macro expansion can result in illegal code
that is only detected and reported by the two main passes of the assembler.

EXERCISES

9.1 State and explain the characteristics of a low-level language.
9.2 Where might a programmer expect to find comments in an assembly language program?

9.3 If a program contains an if-then-else statement, how many branch instructions will be per-
formed if the condition is true? If the condition is false?

94 What is the assembly language used to implement a repeat statement?
9.5 Name three argument passing mechanisms that have been used in commercial processors.

9.6 Write an assembly language function that takes two integer arguments, adds them, and re-
turns the result. Test your function by calling it from C.

9.7 Write an assembly language program that declares three integer variables, assigns them 1,
2, and 3, and then calls printf to format and print the values.

9.8 Programmers sometimes mistakenly say assembler language. What have they confused,
and what term should they use?

9.9 In Figure 9.12, if an instruction is inserted following label4 that jumps to label2, to what
address will it jump? Will the address change if the new instruction is inserted before la-
bell?
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9.10 Look at Figure 9.8 to see the example Fibonacci program written in C. Can the program be
redesigned to be faster? How?

9.11 Optimize the Fibonacci programs in Figures 9.10 and 9.11 by choosing to keep values in
registers rather than writing them to memory. Explain your choices.

9.12 Compare the x86 and ARM versions of the Fibonacci program in Figures 9.10 and 9.11.
Which version do you expect to require more code? Why?

9.13 Use the -S option on gcc to generate assembly code for a C program. For example, try the
program in Figure 9.8. Explain all the extra code that is generated.

9.14 What is the chief disadvantage of using an assembly language macro instead of a function?
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10

Memory And Storage

10.1 Introduction

Previous chapters examine one of the major components used in computer systems:
processors. The chapters review processor architectures, including instruction sets,
operands, and the structure of complex CPUs.

This chapter introduces the second major component used in computer systems:
memories. Successive chapters explore the basic forms of memory: physical memory,
virtual memory, and caches. Later chapters examine I/O, and show how I/O devices
use memory.

10.2 Definition

When programmers think of memory, they usually focus on the main memory
found in a conventional computer. From the programmer’s point of view, the main
memory holds running programs as well as the data the programs use. In a broader
sense, computer systems use a storage hierarchy that includes general-purpose registers,
main memory, and secondary storage (e.g., a disk or flash storage). Throughout this
text, we will use the term memory to refer specifically to main memory, and generally
use the term sforage for the broader hierarchy and the abstractions programmers use
with the hierarchy.

An architect views a memory as a solid-state digital device that provides storage
for data values. The next sections clarify the concept by examining the variety of possi-
bilities.

195
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10.3 The Key Aspects Of Memory

When an architect begins to design a memory system, two key choices arise:

e Technology

¢ Organization

Technology refers to the properties of the underlying hardware mechanisms used to
construct the memory system. We will learn that many technologies are available, and
see examples of their properties. We will also learn how basic technologies operate,
and understand when each technology is appropriate.

Organization refers to the way the underlying technology is used to form a work-
ing system. We will see that there are many choices about how to combine a one-bit
memory cell into multibit memory cells, and we will learn that there are multiple ways
to map a memory address into the underlying units.

In essence, memory technology refers to the lowest-level hardware pieces (i.e., in-
dividual chips), and memory organization refers to how those pieces are combined to
create meaningful storage systems. We will see that both aspects contribute to the cost
and performance of a memory system.

10.4 Characteristics Of Memory Technologies

Memory technology is not easy to define because a wide range of technologies has
been invented. To help clarify the broad purpose and intent of a given type of memory,
engineers use several characteristics:

e Volatile or nonvolatile

e Random or sequential access
¢ Read-write or read-only

e Primary or secondary

10.4.1 Memory Volatility

A memory is classified as volatile if the contents of the memory disappear when
power is removed. The main memory used in most computers (RAM) is volatile —
when the computer is shut down, the running applications and data stored in the main
memory vanish.

In contrast, memory is known as nonvolatile if the contents survive even after
power is removedf. For example, the flash memory used in digital cameras and Solid
State Disks (SSDs) is nonvolatile — the data stored in the camera or on the disk

TAn emerging technology known as NonVolatile RAM (NVRAM) operates like a traditional main
memory, but retains values when the power is removed.
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remains intact when the power is turned off. In fact, data remains even if the storage
device is removed from the camera or computer.

10.4.2 Memory Access Paradigm

The most common forms of memory are classified as random access, which means
that any value in the memory can be accessed in a fixed amount of time independent of
its location or of the sequence of locations accessed. The term Random Access Memory
(RAM) is so common that consumers look for RAM when they purchase a computer.
The alternative to random access is sequential access in which the time to access a
given value depends on the location of that value in the memory and the location of the
previously accessed value (typically, accessing the next sequential location in memory
is much faster than accessing any other location). For example, one type of sequential
access memory consists of a FIFOT queue implemented in hardware.

10.4.3 Permanence Of Values

Memory is characterized by whether values can be extracted, updated, or both.
The primary form of memory used in a conventional computer system permits an arbi-
trary value in memory to be accessed (read) or updated (written) at any time. Other
forms of memory provide more permanence. For example, some memory is character-
ized as Read Only Memory (ROM) because the memory contains data values that can be
accessed, but cannot be changed.

A form of ROM, Programmable Read Only Memory (PROM), is designed to allow
data values to be stored in the memory and then accessed many times. In the extreme
case, a PROM can only be written once — high voltage is used to alter the chip per-
manently.

Intermediate forms of permanence also exist. For example, the flash memory com-
monly used in smart phones and solid state disks represents a compromise between per-
manent ROM and technologies with little permanence — although it retains data when
power is removed, the items in flash memory do not last forever. An exercise asks the
reader to research flash technologies to discover how long data will last if a flash device
sits idle.

10.4.4 Primary And Secondary Memory

The terms primary memory and secondary memory are qualitative. Originally, the
terms were used to distinguish between the fast, volatile, internal main memory of a
computer and the slower, nonvolatile storage provided by an external electromechanical
device such as a hard disk. However, many computer systems now use solid-state
memory technologies for both primary and secondary storage. In particular, Solid State
Disks (SSDs) are used for secondary storage.

FFIFO abbreviates First-In-First-Out.
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10.5 The Important Concept Of A Memory Hierarchy

The notions of primary and secondary memory arise as part of the memory hierar-
chy in a computer system. To understand the hierarchy, we must consider both perfor-
mance and cost: memory that has the highest performance characteristics is also the
most expensive. Thus, an architect must choose memory that satisfies cost constraints.

Research on memory use has led to an interesting principle: for a given cost, op-
timal performance is not achieved by using one type of memory throughout a computer.
Instead, a set of technologies should be arranged in a conceptual memory hierarchy.
The hierarchy has a small amount of the highest performance memory, a slightly larger
amount of slightly slower memory, and so on. For example, an architect selects a small
number of general-purpose registers, a larger amount of primary memory, and an even
larger amount of secondary memory. We can summarize the principle:

To optimize memory performance for a given cost, a set of technolo-
gies are arranged in a hierarchy that contains a relatively small
amount of fast memory and larger amounts of less expensive, but
slower memory.

Chapter 12 further examines the concept of a memory hierarchy. The chapter
presents the scientific principle behind a hierarchical structure, and explains how a
memory mechanism known as a cache uses the principle to achieve higher performance
without high cost.

10.6 Instruction And Data Store

Recall that some of the earliest computer systems used a Harvard Architecture
with separate memories for programs and data. Later, most architects adopted a Von
Neumann Architecture in which a single memory holds both programs and data.

Interestingly, the advent of specialized solid state memory technologies has reintro-
duced the separation of program and data memory — special-purpose systems some-
times use separate memories. Memory used to hold a program is known as instruction
store, and memory used to hold data is known as data store.

One of the motivations for a separate instruction store comes from the notion of
memory hierarchy: on many systems, overall performance can be increased by increas-
ing the speed of the instruction store. To understand why, observe that high-speed in-
structions are designed to operate on values in general-purpose registers rather than
values in memory. Thus, to optimize speed, data is kept in registers whenever possible.
However, an instruction must be accessed on each iteration of the fetch-execute cycle.
Thus, the instruction store experiences more activity than the data store. More impor-
tant, although data accesses tend to follow a random pattern of accessing a variable and
then another variable, a processor typically accesses an instruction store sequentially.
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That is, instructions are placed one after another in memory, and the processor moves
from one to the next unless a branch occurs. Separating the two memories allows a
designer to optimize the instruction store for sequential access.

We can summarize:

Although most modern computer systems place programs and data in
a single memory, it is possible to separate the instruction store from
the data store. Doing so allows an architect to select memory perfor-
mance appropriate for each activity.

10.7 The Fetch-Store Paradigm

As we will see, all memory technologies use a single paradigm that is known as
fetch-store. For now, it is only important to understand that there are two basic opera-
tions associated with the paradigm: fetching a value from the memory or storing a value
into the memory. The fetch operation is sometimes called read or load. If we think of
memory as an array of locations, we can view reading a value from memory as an array
index operation in which a memory address is used:

value <« memory[address]

The analogy also holds for store operations, which are sometimes called write
operations. That is, we can view storing a value into memory as storing a value into an
array:

memory[address] « value

The next chapter explains the idea in more detail. Later chapters on I/O explain
how the fetch-store paradigm is used for input and output devices, and how the underly-
ing memory access relates to 1/0.

10.8 Summary

The two key aspects of memory are the underlying technology and the organiza-
tion. A variety of technologies exist; they can be characterized as volatile or nonvola-
tile, random or sequential access, permanent or nonpermanent (read-only or read-write),
and primary or secondary.

To achieve maximal performance at a given cost, an architect organizes memory
into a conceptual hierarchy. The hierarchy contains a small amount of high perfor-
mance memory and a large amount of lower performance memory.
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Memory systems use a fetch-store paradigm. The memory hardware only supports
two operations: one that retrieves a value from memory and another that stores a value
into memory.

EXERCISES

10.1 Define storage hierarchy and give an example.

10.2 What are the two key choices an architect makes when designing a memory system?

103 Read about RAM and SSD technologies for a typical computer. What is the approxi-
mate financial cost per byte of each type of memory?

104 Extend the previous exercise by finding the speed (access times) of the memories and
comparing the financial cost of the performance.

105 Which type of memory is more secure (i.e., less susceptible to someone trying to change
the contents), flash memory or ROM?

10.6 If data is stored in a volatile memory, what happens to the data when power is removed?

10.7 Suppose NVRAM were to replace DRAM. What characteristic of memory technologies
becomes less important (or even disappears)?

10.8 Compare the performance of an NVRAM to traditional RAM. How much slower is
NVRAM?

109 Research the flash technology used in typical USB flash drives which are also called
Jjump drives or thumb drives. If a flash drive is left unused, how long will the data per-
sist? Are you surprised by the answer?

10.10 Registers are much faster than main memory, which means a program could run much
faster if all the data were kept in registers instead of main memory. Why do designers
create processors with so few registers?

10.11 If a computer follows a Harvard Architecture, do you expect to find two identical
memories, one for instructions and one for data? Why or why not?

10.12 Do the terms fetch-execute and fetch-store refer to the same concept? Explain.
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11

Physical Memory And
Physical Addressing

11.1 Introduction

The previous chapter introduces the topic of memory, lists characteristics of
memory systems, and explains the concept of a memory hierarchy. This chapter ex-
plains how a basic memory system operates. The chapter considers both the underlying
technologies used to construct a typical computer memory and the organization of the
memory into bytes and words. The next chapter expands the discussion to consider vir-
tual memory.

11.2 Characteristics Of Computer Memory

Engineers use the term Random Access Memory (RAM) to denote the type of
memory used as the primary memory system in most computers. As the name implies,
RAM is optimized for random (as opposed to sequential) access. In addition, RAM
offers read-write capability that makes access and update equally inexpensive. Finally,
we will see that most RAM is volatile — values do not persist after the computer is
powered down.

203
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11.3 Static And Dynamic RAM Technologies

The technologies used to implement Random Access Memory can be divided into
two broad categories. Static RAM (SRAMT) is the easiest type for programmers to
understand because it is a straightforward extension of digital logic. Conceptually,
SRAM stores each data bit in a latch, a miniature digital circuit composed of multiple
transistors similar to the latch discussed in Chapter 2. Although the internal implemen-
tation is beyond the scope of this text, Figure 11.1 illustrates the three external connec-
tions used for a single-bit of RAM.

write enable

l

circuit
for
one bit

input output

Figure 11.1 Illustration of a miniature static RAM circuit that stores one data
bit. The circuit contains multiple transistors.

In the figure, the circuit has two inputs and one output. When the write enable in-
put is on (i.e., logical 1), the circuit sets the output value equal to the input (0 or 1);
when the write enable input is off (i.e., logical 0), the circuit ignores the input and
keeps the output at the last setting. Thus, to store a value, the hardware places the
value on the input, turns on the write enable line, and then turns the enable line off
again.

Although it performs at high speed, SRAM has a significant disadvantage: high
power consumption (which generates heat). The miniature SRAM circuit contains mul-
tiple transistors that operate continuously. Each transistor consumes a small amount of
power, and therefore, generates a small amount of heat.

The alternative to static RAM, which is known as Dynamic RAM (DRAM), con-
sumes less power. The internal working of dynamic RAM is surprising and can be
confusing. At the lowest level, to store information, DRAM uses a circuit that acts like
a capacitor, a device that stores electrical charge. When a value is written to DRAM,
the hardware charges or discharges the capacitor to store a 1 or 0. Later, when a value
is read from DRAM, the hardware examines the charge on the capacitor and generates
the appropriate digital value.

The conceptual difficulty surrounding DRAM arises from the way a capacitor
works: because physical systems are imperfect, a capacitor gradually loses its charge.
In essence, a DRAM chip is an imperfect memory device — as time passes, the charge
dissipates and a one becomes zero. More important, DRAM loses its charge in a short
time (e.g., in some cases, under a second).

TSRAM is pronounced “ess-ram.”
#DRAM is pronounced “dee-ram.”
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How can DRAM be used as a computer memory if values can quickly become
zero? The answer lies in a simple technique: devise a way to read a bit from memory
before the charge has time to dissipate, and then write the same value back again. Writ-
ing a value causes the capacitor to start again with the appropriate charge. So, reading
and then writing a bit will reset the capacitor without changing the value of the bit.

In practice, computers that use DRAM contain an extra hardware circuit, known as
a refresh circuit, that performs the task of reading and then writing a bit. Figure 11.2
illustrates the concept.

write enable

l

circuit
for
one bit

input output

Figure 11.2 Illustration of a bit in dynamic RAM. An external refresh cir-
cuit must periodically read the data value and write it back
again, or the charge will dissipate and the value will be lost.

The refresh circuit is more complex than the figure implies. To keep the refresh
circuit small, architects do not build one refresh circuit for each bit. Instead, a single,
small refresh mechanism is designed that can cycle through the entire memory. As it
reaches a bit, the refresh circuit reads the bit, writes the value back, and then moves on.
Complexity also arises because a refresh circuit must coordinate with normal memory
operations. First, the refresh circuit must not interfere or delay normal memory opera-
tions. Second, the refresh circuit must ensure that a normal wrife operation does not
change the bit between the time the refresh circuit reads the bit and the time the refresh
circuit writes the same value back. Despite the need for a refresh circuit, the cost and
power consumption advantages of DRAM are so beneficial that most computer memory
is composed of DRAM rather than SRAM.

11.4 The Two Primary Measures Of Memory Technology

Architects use several quantitative measures to assess memory technology; two
stand out:

e Density
e Latency and cycle times
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11.5 Density

In a strict sense, the term density refers to the number of memory cells per square
area of silicon. In practice, however, density often refers to the number of bits that can
be represented on a standard size chip or plug-in module. For example, a Dual In-line
Memory Module (DIMM) might contain a set of chips that offer 128 million locations of
64 bits per location, which equals 8.192 billion bits or one Gigabyte. Informally, it is
known as a I gig module. Higher density is usually desirable because it means more
memory can be held in the same physical space. However, higher density has the
disadvantages of increased power utilization and increased heat generation.

The density of memory chips is related to the size of transistors in the underlying
silicon technology, which has followed Moore’s Law. Thus, memory density tends to
double approximately every eighteen months.

11.6 Separation Of Read And Write Performance

A second measure of a memory technology focuses on speed: how fast can the
memory respond to requests? It may seem that speed should be easy to measure, but it
is not. For example, as the previous chapter discusses, some memory technologies take
much longer to write values than to read them. To choose an appropriate memory tech-
nology, an architect needs to understand both the cost of access and the cost of update.
Thus, a principle arises:

In many memory technologies, the time required to fetch information
from memory differs from the time required to store information in
memory, and the difference can be dramatic. Therefore, any measure
of memory performance must give two values: the performance of read
operations and the performance of write operations.

11.7 Latency And Memory Controllers

In addition to separating read and write operations, we must decide exactly what to
measure. It may seem that the most important measure is latency (i.e., the time that
elapses between the start of an operation and the completion of the operation).
However, latency is a simplistic measure that does not provide complete information.

To see why latency does not suffice as a measure of memory performance, we
need to understand how the hardware works. In addition to the memory chips them-
selves, additional hardware known as a memory controllert provides an interface
between the processor and memory. Figure 11.3 illustrates the organization.

TWe will learn more about the memory controller later in the chapter.
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physical
memory

processor controller

Figure 11.3 Illustration of the hardware used for memory access. A control-
ler sits between the processor and physical memory.

To access memory, a device (typically a processor) presents a read or write request
to the controller. The controller translates the request into signals appropriate for the
underlying memory, and passes the signals to the memory chips. To minimize latency,
the controller returns an answer as quickly as possible (i.e., as soon as the memory
responds). However, after it responds to a device, a controller may need additional
clock cycle(s) to reset hardware circuits and prepare for the next operation.

A second principle of memory performance arises:

Because a memory system may need extra time between operations,
latency is an insufficient measure of performance; a performance
measure needs to measure the time required for successive operations.

That is, to assess the performance of a memory system, we need to measure how
fast the system can perform a sequence of operations. Engineers use the term memory
cycle time to capture the idea. Specifically, two separate measures are used: the read
cycle time (abbreviated tRC) and the write cycle time (abbreviated tWC).

We can summarize:

The read cycle time and write cycle time are used as measures of
memory system performance because they assess how quickly the
memory system can handle successive requests.

11.8 Synchronous And Multiple Data Rate Technologies

Like most other digital circuits in a computer, a memory system uses a clock that
controls exactly when a read or write operation begins. As Figure 11.3 indicates, a
memory system must also coordinate with a processor. The controller may also coordi-
nate with I/O devices. What happens if the processor’s clock differs from the clock
used for memory? The system still works because the controller can hold a request
from the processor or a response from the memory until the other side is ready.
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Unfortunately, the difference in clock rates can impact performance — although
the delay is small, if delay occurs on every memory reference, the accumulated effect
can be large. To eliminate the delay, some memory systems use a synchronous clock
system. That is, the clock pulses used with the memory system are aligned with the
clock pulses used to run the processor. As a result, a processor does not need to wait
for memory references to complete. Synchronization can be used with DRAM or
SRAM; the two technologies are named:

SDRAM- Synchronous Dynamic Random Access Memory
SSRAM- Synchronous Static Random Access Memory

In practice, synchronization has been effective; most computers now use synchronous
DRAM as the primary memory technology.

In many computer systems, memory is the bottleneck — increasing memory per-
formance improves overall performance. As a result, engineers have concentrated on
finding memory technologies with lower cycle times. One approach uses a technique
that runs the memory system at a multiple of the normal clock rate (e.g., double or qua-
druple). Because the clock runs faster, the memory can deliver data faster. The techno-
logies are sometimes called fast data rate memories, typically double data rate or qua-
druple data rate. Fast data rate memories have been successful, and are now standard
on most computer systems, including consumer systems such as laptops.

Although we have covered the highlights, our discussion of RAM memory technol-
ogy does not begin to illustrate the range of choices available to an architect or the de-
tailed differences among them. For example, Figure 114 lists a few commercially
available RAM technologies:

Technology Description

DDR-DRAM Double Data Rate Dynamic RAM

DDR-SDRAM Double Data Rate Synchronous Dynamic RAM
FCRAM Fast Cycle RAM

FPM-DRAM Fast Page Mode Dynamic RAM

QDR-DRAM Quad Data Rate Dynamic RAM

QDR-SRAM Quad Data Rate Static RAM

SDRAM Synchronous Dynamic RAM
SSRAM Synchronous Static RAM
ZBT-SRAM Zero Bus Turnaround Static RAM
RDRAM Rambus Dynamic RAM

RLDRAM Reduced Latency Dynamic RAM

Figure 114 Examples of commercially available RAM technologies. Many
other technologies exist.
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11.9 Memory Organization

Recall that there are two key aspects of memory: the underlying technology and
the memory organization. As we have seen, an architect can choose from a variety of
memory technologies; we will now consider the second aspect. Memory organization
refers to both the internal structure of the hardware and the external addressing structure
that the memory presents to a processor. We will see that the two are related.

11.10 Memory Access And Memory Bus

To understand how memory is organized, we need to examine the access paradigm.
Recall from Figure 11.3 that a memory controller provides the interface between a phy-
sical memory and a processor that uses the memory¥. Several questions arise. What is
the structure of the connection between a processor and memory? What values pass
across the connection? How does the processor view the memory system?

To achieve high performance, memory systems use parallelism: the connection
between the processor and controller consists of many wires that are used simultaneous-
ly. Each wire can transfer one data bit at any time. Figure 11.5 illustrates the concept.

parallel interface

control- physical

processor

ler memory

Figure 11.5 The parallel connection between a processor and memory. A
connection that contains N wires allows N bits of data to be
transferred simultaneously.

The technical name for the hardware connection between a processor and memory
is bus (more specifically, memory bus). We will learn about buses in the chapters on
I/0; for now, it is sufficient to understand that a bus provides parallel connections.

11.11 Words, Physical Addresses, And Memory Transfers

The parallel connections of a memory bus are pertinent to programmers as well as
computer architects. From an architectural standpoint, using parallel connections can
improve performance. From a programming point of view, the parallel connections de-
fine a memory transfer size (i.e., the amount of data that can be read or written to

7In later chapters, we will learn that I/O devices also access memory through the memory controller; for
now, we will use a processor in the examples.
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memory in a single operation). We will see that transfer size is a crucial aspect of
memory organization.

To permit parallel access, the bits that comprise a physical memory are divided
into blocks of N bits per block, where N is the memory transfer size. A block of N bits
is sometimes called a word, and the transfer size is called the word size or the width of
a word. We can think of memory being organized into an array. Each entry in the ar-
ray is assigned a unique index known as a physical memory address; the approach is
known as word addressing. Figure 11.6 illustrates the idea and shows that the physical
memory address is exactly like an array index.

physical

address
5 word 5
4 word 4
3 word 3
2 word 2
1 word 1
0 word 0

=— 32bits ——=

Figure 11.6 Physical memory addressing on a computer where a word is
thirty-two bits. We think of the memory as an array of words.

11.12 Physical Memory Operations

The controller for physical memory supports two operations: read and write. In
the case of a read operation, the processor specifies an address; in the case of a write
operation, the processor specifies an address as well as data to be written. The funda-
mental idea is that the controller always accepts or delivers an entire word; physical
memory hardware does not provide a way to read or write less than a complete word
(i.e., the hardware does not allow the processor to access or alter part of a word).

The point is:

Physical memory is organized into words, where a word is equal to
the memory transfer size. Each read or write operation applies to an
entire word.
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11.13 Memory Word Size And Data Types

Recall that the parallel connection between a processor and a memory is designed
for high performance. In theory, performance can be increased by adding more parallel
wires. For example, an interface that has 128 wires can transfer data at twice the rate of
an interface that has 64 wires. The question arises: how many wires should an architect
choose? That is, what word size is optimal? The question is complicated by several
factors. First, because memory is used to store data, the word size should accommodate
common data values (e.g., the word should be large enough to hold an integer).
Second, because memory is used to store programs, the word size should accommodate
frequently used instructions. Third, because the connection of a processor to a memory
requires pins on the processor, adding wires to the interface increases the pin require-
ments (the number of pins can be a limiting factor in the design of a CPU chip). Thus,
the word size is chosen as a compromise between performance and various other con-
siderations. A word size of thirty-two bits is popular, especially for low-power systems;
many high-performance systems use a sixty-four-bit word size.

In most cases, an architect designs all parts of a computer system to work together.
Thus, if an architect chooses a memory word size equal to thirty-two bits, the architect
will make a standard integer and a single-precision floating point value each occupy
thirty-two bits. As a result, a computer system is often characterized by stating the
word size (e.g., a thirty-two-bit processor).

11.14 Byte Addressing And Mapping Bytes To Words

Programmers who use a conventional computer may be surprised to learn that phy-
sical memory is organized into words because most programmers are familiar with an
alternate form of addressing known as byfe addressing. Byte addressing is especially
convenient for programming because it gives a programmer an easy way to access small
data items such as characters.

Conceptually, when byte addressing is used, memory must be organized as an ar-
ray of bytes rather than an array of words. The choice of byte addressing has two im-
portant consequences. First, because each byte of memory is assigned an address, byte
addressing requires more addresses than word addressing. Second, because byte ad-
dressing allows a program to read or write a single byte, the memory controller must
support byte transfer.

A larger word size results in higher performance because many bits can be
transferred at the same time. Unfortunately, if the word size is equal to an eight-bit
byte, only eight bits can be transferred at one time. That is, a memory system built for
byte addressing will have lower performance than a memory system built for a larger
word size. Interestingly, even when byte addressing is used, many transfers between a
processor and memory involve multiple bytes. For example, an instruction occupies
multiple bytes, as does an integer, a floating point value, and a pointer.
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Can we devise a memory system that combines the higher speed of word address-
ing with the programming convenience of byte addressing? The answer is yes. To do
so, we need an intelligent memory controller that can translate between the two address-
ing schemes. The controller accepts requests from the processor that specify a byte ad-
dress and size. The controller uses word addressing to access the appropriate word(s) in
the underlying memory and extract the specified bytes. Figure 11.7 shows an example
of the mapping used between byte addressing and word addressing for a word size of
thirty-two bits.

physical
address

5 20 21 22 23
16 17 18 19

4

3 12 13 14 15

2 8 9 10 11 a byte address
1

1]

assigned to each

4 5 6 7 byte of each word

0 1 2 3

=— 32bits —=

Figure 11.7 Example of a byte address assigned to each byte of memory
even though the underlying hardware uses word addressing and
a thirty-two-bit word size.

To implement the mapping shown in the figure, a controller must convert byte ad-
dresses issued by the processor to word addresses used by the memory system. For ex-
ample, if the processor requests a read operation for byte address 17, the controller
must issue a read request for word 4, and then extract the second byte from the word.

Because the memory can only transfer an entire word at a time, a byte wrife opera-
tion is expensive. For example, if a processor writes byte 11, the controller must read
word 2 from memory, replace the rightmost byte, and then write the entire word back to
memory.

Mathematically, the translation of addresses is straightforward. To translate a byte
address, B, to the corresponding word address, W, the controller divides B by N, the
number of bytes per word, and ignores the remainder. Similarly, to compute a byte
offset, O, within a word, the controller computes the remainder of B divided by N.
That is, the word address is given by:

wo| 2
N

and the offset is given by:
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O =B mod N

As an example, consider the values in Figure 11.7, where N=4. A byte address of
11 translates to a word address of 2 and an offset of 3, which means that byte 11 is
found in word 2 at byte offset 37.

11.15 Using Powers Of Two

Performing a division or computing a remainder is time consuming and requires
extra hardware (e.g., an Arithmetic Logic Unit). To avoid computation, architects or-
ganize memory using powers of two. Doing so means that hardware can perform the
two computations above simply by extracting bits. In Figure 11.7, for example, N = 22,
which means that the offset can be computed by extracting the two low-order bits, and
the word address can be computed by extracting everything except the two low-order
bits. Figure 11.8 illustrates the idea:

Byte Address, B (17)
A

4 A
0 0 1 0 0 0 1
N
N N )
Word Address, W (4) Offset, O (1)

Figure 11.8 An example of a mapping from byte address 17 to word address
4 and offset 1. Using a power of two for the number of bytes
per word avoids arithmetic calculations.

We can summarize:

To avoid arithmetic calculations, such as division or remainder, phy-
sical memory is organized such that the number of bytes per word is a
power of two, which means the translation from a byte address to a
word address and offset can be performed by extracting bits.

11.16 Byte Alignment And Programming

Knowing how the underlying hardware works helps explain a concept that pro-
grammers encounter: byte alignment. We say that an integer value is aligned if the
bytes of the integer correspond to a word in the underlying physical memory. In Figure
11.7, for example, an integer composed of bytes 12, 13, 14, and 15 is aligned, but an in-
teger composed of bytes 6,7, 8, and 9 is not.

TThe offset is measured from zero.
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On some architectures, byte alignment is required — the processor raises an error
if a program attempts an integer access using an unaligned address. On other proces-
sors, arbitrary alignment is allowed, but unaligned accesses result in lower performance
than aligned accesses. We can now understand why an unaligned address requires more
accesses of physical memory: the memory controller must convert each processor re-
quest into operations on the underlying memory. If an integer spans two words, the
controller must perform two read operations to obtain the requested bytes. Thus, even
if the processor permits unaligned access, programmers are strongly encouraged to align
data values.

We can summarize:

The organization of physical memory affects programming: even if a
processor allows unaligned memory access, aligning data on boun-
daries that correspond to the physical word size can improve program
performance.

11.17 Memory Size And Address Space

How large can a memory be? It may seem that memory size is only an economic
issue — more memory simply costs more money. However, size turns out be an essen-
tial aspect of memory architecture because overall memory size is inherently linked to
other design choices. In particular, the addressing scheme determines a maximum
memory size.

Recall that data paths in a processor consist of parallel hardware. When the pro-
cessor is designed, the designer must choose a size for each data path, register, and oth-
er hardware units. The choice places a fixed bound on the size of an address that can
be generated or passed from one unit to another. Typically, the address size is the same
as the integer size. For example, a processor that uses thirty-two-bit integers uses
thirty-two-bit addresses and a processor that uses sixty-four-bit integers uses sixty-four-
bit addresses. As Chapter 3 points out, a string of k bits can represent 2* values. Thus,
a thirty-two-bit value can represent:

232 = 4294967296

unique addresses (i.e., addresses O through 4,294,967,295). We use the term address
space to denote the set of possible addresses.

The tradeoff between byte addressing and word addressing is now clear: given a
fixed address size, the amount of memory that can be addressed depends on whether the
processor uses byte addressing or word addressing. Furthermore, if word addressing is
used, the amount of memory that can be addressed depends on the word size. For ex-
ample, on a computer that uses word addressing with four bytes per word, a thirty-two-
bit value can hold enough addresses for 17,179,869,184 bytes (i.e., four times as much
as when byte addressing is used).
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11.18 Programming With Word Addressing

Many processors use byte addressing because byte addressing provides the most
convenient interface for programmers. However, byte addressing does not maximize
memory size. Therefore, specialized systems, such as processors designed for numeric
processing, use word addressing to provide access to the maximum amount of memory
for a given address size.

On a processor that uses word addressing, software must handle the details of byte
manipulation. In essence, software performs the same function as a memory controller
in a byte-addressed architecture. For example, to extract a single byte, software must
read the appropriate word from memory, and then extract the byte. Similarly, to write a
byte, software must read the word containing the byte, update the correct byte, and
write the modified word back to memory. To optimize software performance, logical
shifts and bit masking are used to manipulate an address rather than division or
remainder computation. Similarly, shifts and logical operations are used to extract bytes
from a word. For example, to extract the leftmost byte from a thirty-two-bit word, w, a
programmer can code a C statement:

(w >> 24) & Oxff

The code performs a logical and with constant Oxff to ensure that only the low-order
eight bits are kept after the shift is performed. To understand why the logical and is
needed, recall from Chapter 3 that a right shift propagates the sign bit. Thus, if w con-
tains Oxalb2c3d2, the expression w>>24 will produce Oxffffffal. After the logical
and, the result is Oxal.

11.19 Memory Size And Powers Of Two

We said that a physical memory architecture can be characterized as follows:

Physical memory is organized into a set of M words that each contain
N bytes; to make controller hardware efficient, M and N are each
chosen to be powers of two.

The use of powers of two for word and address space size has an interesting conse-
quence: the maximum amount of memory is always a power of two rather than a power
of ten. As a result, memory size is measured in powers of two. For example, a Kilo-
byte (Kbyte) is defined to consist of 2!° bytes, a Megabyte (MB) is defined to consist of
2% bytes, and a Gigabyte (GB) is defined to consist of 2*° bytes. The terminology is
confusing because it is an exception. In computer networking, for example, a measure
of Megabits per second refers to base ten. Thus, one must be careful when mixing
memory size with other measures (e.g., although there are eight bits per byte, one Kilo-
byte of data in memory is not eight times larger than one Kilobit of data sent across a
network). We can summarize:
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When used to refer to memory, the prefixes kilo, mega, and giga are
defined as powers of 2; when used with other aspects of computing,
such as computer networking, the prefixes are defined as powers of
10.

11.20 Pointers And Data Structures

Memory addresses are important because they form the basis for commonly used
data abstractions, such as linked lists, queues, and trees. Consequently, programming
languages often provide facilities that allow a programmer to declare a pointer variable
that holds a memory address, assign a value to a pointer, or dereference a pointer to ob-
tain an item. In the C programming language, for example, the declaration:

char *cptr;

declares variable cptr to be a pointer to a character (i.e., to a byte in memory). The
compiler allocates storage for variable cptr equal to the size of a memory address, and
allows the variable to be assigned the address of an arbitrary byte in memory.

The autoincrement statement:
cptr++;

increases the value of cptr by one (i.e., moves to the next byte in memory).

Interestingly, the C programming language has a heritage of both byte and word
addressing. When performing arithmetic on pointers, C accommodates the size of the
underlying item. As an example, the declaration:

int  *iptr;

declares variable iptr to be a pointer to an integer (i.e., a pointer to a word). The com-
piler allocates storage for variable iptr equal to the size of a memory address (i.e., the
same size as allocated for cptr above). However, if the program is compiled and run on
a processor that defines an integer to be four bytes, the autoincrement statement:

iptr++;

increases the value of iptr by four. That is, if iptr is declared to be the byte address of
the beginning of a word in memory, autoincrement moves to the byte address of the
next word in memory.

In fact, all the examples above assume a byte-addressable computer. The compiler
generates code to increment a character pointer by one and an integer pointer by four.
Although C has facilities that allow a pointer to move from one word to the next, the
language is intended for use with a byte-addressable memory.
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11.21 A Memory Dump

A trivial example will help us understand the relationship between pointers and
memory addresses. Consider a linked list as Figure 11.9 illustrates.

head
node 1 node 2 node 3

w2 | o= 20 | = 0 | A |

Figure 11.9 Example of a linked list. Each pointer in the list corresponds to
a memory address.

To create such a list, a programmer must write a declaration that specifies the con-
tents of a node, and then must allocate memory to hold the list. In our trivial example,
each node in the list will contain two items: an integer count and a pointer to the next
node on the list. In C, a struct declaration is used to define the contents of a node:

struct node {
int count;
struct node *next;

-

Similarly, a variable named head that serves as the head of the list is defined as:
struct node *head;

To understand how the list appears in memory, consider a memory dump as Figure
11.10 illustrates¥.

Address Contents Of Memory
0001bde0 00000000 0001bdf8 deadbeef 4420436f
0001bdf0 6d657200 0001be18 000000cO 0001bei4
0001be00 00000064 00000000 00000000 00000002
0001be10 00000000 000000c8 0001be00 00000006

Figure 11.10 Illustration of a small portion of a memory dump that shows
the contents of memory. The address column gives the
memory address of the leftmost byte on the line, and all values
are shown in hexadecimal.

TAs the figure shows, a programmer can initialize memory to a hexadecimal value that makes it easy to
identify items in a memory dump. In the example, a programmer has used the value deadbeef.
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The example in the figure is taken from a processor that uses byte addressing.
Each line of the figure corresponds to sixteen contiguous bytes of memory that are di-
vided into four groups of four bytes. Each group contains eight hexadecimal digits to
represent the values of four bytes. The address at the beginning of a line specifies the
memory address of the first byte on that line. Therefore, the address on each line is six-
teen greater than the address on the previous line.

Assume the head of a linked list is found at address 0x0001bde4, which is located
on the first line of the dump. The first node of the list starts at address 0x0001bdf8,
which is located on the second line of the dump, and contains the integer 192 (hexadec-
imal constant 000000c0).

The processor uses byte addressing, and bytes of memory are contiguous. In the
figure, spacing has been inserted to divide the output into groups of bytes to improve
readability. Specifically, the example shows groups of four-byte units, which implies
that the underlying word size is four bytes (i.e., thirty-two bits).

11.22 Indirection And Indirect Operands

When we discussed operands and addressing modes in Chapter 7, the topic of in-
direction arose. Now that we understand memory organization, we can understand how
a processor evaluates an indirect operand. As an example, suppose a processor executes
an instruction in which an operand specifies an immediate value of Ox 1belf, and speci-
fies indirection. Further suppose that the processor has been designed to use thirty-
two-bit values. Because the operand specifies an immediate value, the processor first
loads the immediate value (hexadecimal 1belf). Because the operand specifies indirec-
tion, the processor treats the resulting value as an address in memory, and fetches the
word from the address. If the values in memory correspond to the values shown in Fig-
ure 11.10, the processor will load the value from the rightmost word in the last line of
the figure, and the final operand value will be 6.

11.23 Multiple Memories With Separate Controllers

Our discussion of physical memory has assumed a single memory and a single
memory controller. In practice, however, some architectures contain multiple physical
memories. When multiple memories are used, hardware parallelism can be employed to
provide higher memory performance. Instead of a single memory and a single control-
ler, the memory system can have multiple controllers that operate in parallel, as Figure
11.11 illustrates.

In the figure, interface hardware receives requests from the processor. The inter-
face uses the address in the request to decide which memory should be used, and passes
the request to the appropriate memory controllert.

Why does it help to have multiple memories, each with their own controller?
Remember that after memory is accessed, the hardware must be reset before the next

fChapter 13 explains that the interface acts as a Memory Management Unit (MMU), and explains the
functionality in more detail.
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access can occur. If two memories are available, a programmer can arrange to access
one while the other resets, increasing the overall performance. That is, because memory
controllers can operate in parallel, using two memory controllers allows more memory
accesses to occur per unit time. In a Harvard Architecture, for example, higher perfor-
mance results because instruction fetch does not interfere with data access and vice ver-
sa.

| interface |

Memory 1 Memory 2

Figure 11.11 Illustration of connections for two memory modules with
separate controllers.

11.24 Memory Banks

Multiple physical memories can also be used with a Von Neumann Architecture as
a convenient way to form large memory by replicating small memory modules. The
idea, known as memory banks, uses the interface hardware to map addresses onto two
physical memories. For example, suppose two identical memory modules are each
designed to have physical addresses O through M— /. The interface can arrange to treat
them as two banks that form a contiguous large memory with twice the addresses as
Figure 11.12 illustrates.

2M-1
Memory 2

M

M-1
Memory 1

0

Figure 11.12 The logical arrangement of two identical memory banks to
form a single memory that is twice the size.
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In Figure 11.12, addresses O through M-I are assigned to one bank and addresses
from M to 2M — I are assigned to the second bank. In Chapter 13, we will see that map-
ping an address can be extremely efficient.

Although the banks are arranged to give the illusion of one large memory, the
underlying hardware is configured as Figure 11.11 shows. As a result, controllers for
the two memory banks can operate in parallel. Thus, if instructions are placed in one
bank and data in another, higher performance can result because instruction fetch will
not interfere with data access and vice versa.

How do memory banks appear to a programmer? In most architectures, memory
banks are transparent — memory hardware automatically finds and exploits parallelism.
In embedded systems and other special-purpose architectures, a programmer may be
responsible for placing items into separate memory banks to increase performance. For
example, a programmer may need to place code at low memory addresses and data
items at high memory addresses.

11.25 Interleaving

A related optimization used with physical memory systems is known as interleav-
ing. To understand the optimization, observe that many programs access data from
sequential memory locations. For example, if a long text string is copied from one
place in memory to another or a program searches a list of items, sequential memory lo-
cations will be referenced. In a banked memory, sequential locations lie in the same
memory bank, which means that successive accesses must wait for the controller to
reset.

Interleaving uses the idea of separate controllers, but instead of organizing
memories into banks, interleaving places consecutive words of memory in separate phy-
sical memory modules. Interleaving achieves high performance during sequential
memory accesses because a word can be fetched while the memory for the previous
word resets. Interleaving is usually hidden from programmers — a programmer can
write code without knowing that the underlying memory system has mapped successive
words into separate memory modules. The memory hardware handles all the details au-
tomatically.

We use the terminology N-way interleaving to describe the number of underlying
memory modules (to make the scheme efficient, N is chosen to be a power of two). For
example, Figure 11.13 illustrates how words of memory are assigned to memory
modules in a four-way interleaving scheme.

How can interleaving be achieved efficiently? The answer lies in thinking about
the binary representation. In Figure 11.13, for example, words 0, 4, 8, and so on all lie
in memory module 0. What do the addresses have in common? When represented in
binary, the values all have two low-order bits equal to 00. Similarly, the words as-
signed to module 1 have low-order bits equal to O1, the words assigned to module 2
have low-order bits equal to 10, and the words assigned to module 3 have low-order
bits equal to 11. Thus, when given a memory address, the interface hardware extracts
the low-order two bits, and uses them to select a module.
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requests
| intetlface |
word 0 word 1 word 2 word 3
word 4 word 5 word 6 word 7
word 8 word 9 word 10 word 11
module 0 module 1 module 2 module 3

Figure 11.13 Illustration of 4-way interleaving that illustrates how successive
words of memory are placed into memory modules to optimize
performance.

Interestingly, accessing the correct word within a module is equally efficient. The
modules themselves are standard memory modules that provide an array of words ad-
dressed 0 through K- I, for some value of K. The interface ignores the two low-order
bits of an address and uses the rest of the bits as an index into the memory module. To
see why it works, write 0, 4, 8, ... in binary, and remove the two low-order bits. The
result is the sequence O, 1, 2,... Similarly, removing the two low-order bits from 1, 5,
9... also results in the sequence 0, 1, 2,...

We can summarize:

If the number of modules is a power of two, the hardware for N-way
interleaving is extremely efficient because low-order bits of an ad-
dress are used to select a module and the remaining bits are used as
an address within the module.

11.26 Content Addressable Memory

An unusual form of memory exists that blends the two key aspects we discussed:
technology and memory organization. The form is known as a Content Addressable
Memory (CAM). As we will see, a CAM does much more than merely store data items
— it includes hardware for high-speed searching.

The easiest way to think about a CAM is to view it as memory that has been or-
ganized as a two-dimensional array. Each row, which is used to store an item, is called
a slot. In addition to allowing a processor to place a value in each slot, a CAM allows
a processor to specify a search key that is exactly as long as one slot. Once a search
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key has been specified, the hardware can perform a search of the table to determine
whether any slot matches the search key. Figure 11.14 illustrates the organization of a
CAM.

CITTTTTTITTITTITITT] Key

one slot

CAM Storage

Figure 11.14 Illustration of a Content Addressable Memory (CAM). CAM
provides both a memory technology and a memory organiza-
tion.

For the most basic form of a CAM, the search mechanism performs an exact
match. That is, the CAM hardware compares the key against each slot, and reports
whether a match was found. Unlike an iterative search performed by a conventional
processor, a CAM reports results instantly. In essence, each slot in a CAM contains
hardware that performs the comparison. We can imagine wires leading from the bits of
the key down through all the slots. Each slot contains gates that compare bits of the
key to bits of the value in the slot. Because the hardware for all slots operates in paral-
lel, the time required to perform the search does not depend on the number of slots.

Of course, parallel search hardware makes CAM extremely expensive because the
search mechanism must be replicated for each slot. It also means CAM consumes much
more power (and produces much more heat) than a conventional memory. Thus, an ar-
chitect only uses a CAM when lookup speed is more important than cost and power
consumption. For example, in a high-speed Internet router, the system must check each
incoming packet to determine whether other packets have arrived previously from the
same source. To handle high-speed connections, some designs use a CAM to store a
list of source identifiers. The CAM allows a search to be performed fast enough to ac-
commodate packets arriving at a high rate (i.e., over a high-speed network).
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11.27 Ternary CAM

An alternative form of CAM, known as Ternary CAM (TCAM), extends the idea of
CAM to provide partial match searches. In essence, each bit in a slot can have three
values: zero, one, or “don’t care.” Like a standard CAM, a TCAM performs the search
operation in parallel by examining all slots simultaneously. Unlike a standard CAM, a
TCAM only performs the match on bits that have the value zero or one. Partial match-
ing allows a TCAM to be used in cases where two or more entries in the CAM overlap
— a TCAM can find the best match (e.g., the longest prefix match).

11.28 Summary

We examined two aspects of physical memory: the underlying technology and the
memory organization. Many memory technologies exist. Differences among them in-
clude permanence (RAM or ROM), clock synchronization, and the read and write cycle
times.

Physical memory is organized into words and accessed through a controller.
Although programmers find byte addressing convenient, most underlying memory sys-
tems use word addressing. An intelligent memory controller can translate from byte ad-
dressing to word addressing. To avoid arithmetic computation in a controller, memory
is organized so the address space and bytes per word are powers of two.

Programming languages, such as C, provide pointer variables and pointer arithme-
tic that allow a programmer to obtain and manipulate memory addresses. A memory
dump, which shows the contents of memory along with the memory address of each lo-
cation, can be used to relate data structures in a program to values in memory at run-
time.

Memory banks and interleaving both employ multiple memory modules. Banks
are used to organize a large memory out of smaller modules. Interleaving places suc-
cessive words of memory in separate modules to speed sequential access.

Content Addressable Memory (CAM) combines memory technology and memory
organization. A CAM organizes memory as an array of slots, and provides a high-
speed search mechanism.

EXERCISES

11.1 Smart phones and other portable devices typically use DRAM rather than SRAM. Ex-
plain why.

11.2 Explain the purpose of a DRAM refresh mechanism.

11.3 Assume a computer has a physical memory organized into 64-bit words. Give the word

address and offset within the word for each of the following byte addresses: 0, 9, 27, 31,
120, and 256.
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Extend the above exercise by writing a computer program that computes the answer.
The program should take a series of inputs that each consist of two values: a word size
specified in bits and a byte address. For each input, the program should generate a word
address and offset within the word. Note: although it is specified in bits, the word size
must be a power of two bytes.

On an ARM processor, attempting to load an integer from memory will result in an error
if the address is not a multiple of 4 bytes. What term do we use to refer to such an er-
ror?

If a computer has 64-bit addresses, and each address corresponds to one byte, how many
gigabytes of memory can the computer address?

Compute the number of memory operations required for a two-address instruction if the
instruction and both operands are unaligned.

Write a C function that declares a static integer array, M, and implements fetch and store
operations that use shift and Boolean operations to access individual bytes.

Find the memory in a PC, identify the type of chips used, and look up the vendor’s
specification of the chips to determine the memory type and speed.

Redraw Figure 11.13 for an 8-way interleaved memory.

Emulate a physical memory. Write a C program that declares an array, M, to be an ar-
ray of 10,000 integers (i.e., an array of words). Implement two functions, ferch and
store, that use array M to emulate a byte-addressable memory. fetch(i) returns the i®
byte of the memory, and store(i,ch) stores the 8-bit character ch into the i byte of the
memory. Do not use byte pointers. Instead, use the ideas in this chapter to write code
that computes the correct word that contains the specified byte and the offset within the
word.

Simulate a TCAM. Write a program that matches an input string with a set of patterns.
For the simulation, use characters instead of bits. Allow each pattern to contain a string
of characters, and interpret an asterisk as a “wild card” that matches any character. Can
you find a way to make the match proceed faster than iterating through all patterns?
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Caches And Caching

12.1 Introduction

The previous chapter discusses physical memory systems, focusing on the underly-
ing technologies used to build memory systems and the organization of address spaces.
The chapter also discusses the organization of a physical memory into words.

This chapter takes a different view of the problem: instead of concentrating on
technologies used to construct memory systems, the chapter focuses on a technology
used to improve memory system performance. The chapter presents the fundamental
concept of caching, shows how caching is used in memory systems, explains why cach-
ing is essential, and describes why caching achieves high performance with low cost.

12.2 Information Propagation In A Storage Hierarchy

Recall from Chapter 10 that storage mechanisms are organized into a hierarchy that
includes general-purpose registers, main memory, and secondary storage. Data items
migrate up and down the hierarchy, usually under control of software. In general, items
move up the hierarchy when they are read, and down the hierarchy when they are writ-
ten. For example, when generating code for an arithmetic computation, a compiler ar-
ranges to move items from memory into registers. After the computation finishes, the
result may be moved back to memory. If an item must be kept after the program fin-
ishes, the programmer will arrange to copy the item from memory to secondary storage.
We will see how caching fits into the storage hierarchy, and will learn that a memory
cache uses hardware rather than software to move items up and down in its part of the
hierarchy.

227



228 Caches And Caching Chap. 12

12.3 Definition of Caching

The term caching refers to an important optimization technique used to improve
the performance of any hardware or software system that retrieves information. In
memory systems, caching can reduce the Von Neumann bottleneckf. A cache acts as
an intermediary. That is, a cache is placed on the path between a mechanism that
makes requests and a mechanism that answers requests, and the cache is configured to
intercept and handle all requests.

The central idea in caching is high-speed, temporary storage: the cache keeps a lo-
cal copy of selected data, and answers requests from the local copy whenever possible.
Performance improvement arises because the cache is designed to return answers faster
than the mechanism that normally fulfills requests. Figure 12.1 illustrates how a cache
is positioned between a mechanism that makes requests and a mechanism that answers
requests.

large data storage

requester
cache

Figure 12.1 Conceptual organization of a cache, which is positioned on the
path between a mechanism that makes requests and a storage
mechanism that answers requests.

12.4 Characteristics Of A Cache

The above description is purposefully vague because caching is a broad concept
that appears in many forms in computer and communication systems. This section clar-
ifies the definition by explaining the concept in more detail; later sections give exam-
ples of how caching can be used.

Although a variety of caching mechanisms exist, they share the following general
characteristics:
e Small
e Active
e Transparent
e Automatic

Small. To keep economic cost low, the amount of storage associated with a cache
is much smaller than the amount of storage needed to hold the entire set of data items.
Most cache sizes are less than ten percent of the main storage size; in many cases, a

FThe Von Neumann bottleneck is defined on page 131.
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cache holds less than one percent as much as the data store. Thus, one of the central
design issues revolves around the selection of data items to keep in the cache.

Active. A cache contains an active mechanism that examines each request and de-
cides how to respond. Activities include: checking to see if a requested item is avail-
able in the cache, retrieving a copy of an item from the data store if the item is not
available locally, and deciding which items to keep in the cache.

Transparent. We say that a cache is transparent, which means that a cache can be
inserted without making changes to the requester or data store. That is, the interface the
cache presents to the requester is exactly the same as the interface a data store presents,
and the interface the cache presents to the data store is exactly the same as the interface
a requester presents.

Automatic. In most cases, a cache mechanism does not receive instructions on
how to act or which data items to store in the cache storage. Instead, a cache imple-
ments an algorithm that examines the sequence of requests, and uses the requests to
determine how to manage the cache.

12.5 Cache Terminology

Although caching is used in a variety of contexts, some of the terminology related
to caching has universal acceptance across all types of caching systems. A cache hit
(abbreviated hif) is defined as a request that can be satisfied by the cache without access
to the underlying data store. Conversely, a cache miss (abbreviated miss) is defined as
a request that cannot be satisfied by the cache.

Another term characterizes a sequence of references presented to a cache. We say
that a sequence of references exhibits high locality of reference if the sequence contains
repetitions of the same requests; otherwise, we say that the sequence has low locality of
reference. We will see that high locality of reference leads to higher performance. Lo-
cality refers to items in the cache. Therefore, if a cache stores large data items (e.g.,
pages of memory), repeated requests do not need to be identical as long as they refer-
ence the same item in the cache (e.g., memory references to items on the same page).

12.6 Best And Worst Case Cache Performance

We said that if a data item is stored in the cache, the cache mechanism can return
the item faster than the data store. As Figure 12.2 shows, we represent the costs of re-
trieval from the requester’s view.
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c -l

]

requester cache large data storage

Figure 12.2 Illustration of access costs when using a cache. Costs are meas-
ured with respect to the requester.

In the figure, C, is the cost if an item is found in the cache (i.e., a hit), and C is
the cost if an item is not found in the cache (i.e., a miss). Interestingly, individual costs
are not informative. Observe that because a cache uses the contents of requests to
determine which items to keep, the performance depends on the sequence of requests.
Thus, to understand caching, we must examine the performance on a sequence of re-
quests. For example, we can easily analyze the best and worst possible behavior for a
sequence of N requests. At one extreme, if each request references a new item, caching
does not improve performance at all — the cache must forward each request to the data
store. Thus, in the worst case, the cost is:

C\t'UI',\I = N C/N (12.1)

It should be noted that our analysis ignores the administrative overhead required to
maintain the cache. If we divide by N to compute the average cost per request, the
result is C,,

At the other extreme, if all requests in the sequence specify the same data item
(i.e., the highest locality of reference), the cache can indeed improve performance.
When it receives the first request, the cache fetches the item from the data store and
saves a copy; subsequent requests can be satisfied by using the copy in the cache.
Thus, in the best case. the cost is:

C/m\/ = Cm + (N - l) C/'] (122)
Dividing by N produces the cost per request:

C,+(N-1)C C c
Crer_request = M = — - L + C, (12.3)
per_reques N N N

As N — oo, the first two terms approach zero, which means that the cost per request
in the best case becomes C;,. We can understand why caching is such a powerful tool:
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If one ignores overhead, the worst case performance of caching is no
worse than if the cache were not present. In the best case, the cost
per request is approximately equal to the cost of accessing the cache,
which is lower than the cost of accessing the data store.

12.7 Cache Performance On A Typical Sequence

To estimate performance of a cache on a typical sequence of requests, we need to
examine how the cache handles a sequence that contains both hits and misses. Cache
designers use the term hit ratio to refer to the percentage of requests in the sequence
that are satisfied from the cache. Specifically, the hit ratio is defined to be:

. . number of requests that are hits
hit ratio = f req , (12.4)
total number of requests

The hit ratio is a value between zero and one. We define a miss ratio to be one minus
the hit ratio.

Of course, the actual hit ratio depends on the specific sequence of requests. Ex-
perience has shown that for many caches, the hit ratio tends to be nearly the same
across the requests encountered in practice. In such cases, we can derive an equation
for the cost of access in terms of the cost of a miss and the cost of a hit:

Cost = rCy, + (1-r) C, (12.5)

where r is the hit ratio defined in Equation 12.4 above.

The cost of accessing the data store, given by C,, in the equation, is fixed. Thus,
there are two ways a cache designer can improve the performance of a cache: increase
the hit ratio or decrease the cost of a hit.

12.8 Cache Replacement Policy

How can a cache designer increase the hit ratio? There are two ways:

¢ Increase the cache size

¢ Improve the replacement policy

Increase the cache size. Recall that a cache is usually much smaller than a large
data store. When it begins, a cache keeps a copy of each response. Once the cache
storage is full, an item must be removed from the cache before a new item can be ad-
ded. A larger cache can store more items.

Improve the replacement policy. A cache uses a replacement policy to decide
which item to remove when a new item is encountered and the cache is full. The re-
placement policy specifies whether to ignore the new item or how to choose an item to
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evict to make space for the new item. A replacement policy that chooses to keep those
items that will be referenced again can increase the hit ratio.

12.9 LRU Replacement

What replacement policy should be used? There are two issues. First, to increase
the hit ratio, the replacement policy should retain those items that will be referenced
most frequently. Second, the replacement policy should be inexpensive to implement,
especially for a memory cache. One replacement policy that satisfies both criteria has
become extremely popular. Known as Least Recently Used (LRU), the policy specifies
replacing the item that was referenced the longest time in the pastf.

LRU is easy to implement. The cache mechanism keeps a list of data items that
are currently in the cache. When an item is referenced, the item moves to the front of
the list; when replacement is needed, the item at the back of the list is removed.

LRU works well in many situations. In cases where the set of requests has a high
locality of reference (i.e., where a cache can improve performance), a few items will be
referenced again and again. LRU tends to keep those items in the cache, which means
the cost of access is kept low.

We can summarize:

When its storage is full and a new item arrives, a cache must choose
whether to retain the current set of items or replace one of the current
items with the new item. The Least Recently Used (LRU) policy is a
popular choice for replacement because it is trivial to implement and
tends to keep items that will be requested again.

12.10 Multilevel Cache Hierarchy

One of the most unexpected and astonishing aspects of caching arises from the use
of caching to improve the performance of a cache! To understand how such an optimi-
zation is possible, recall that the insertion of a cache lowers the cost of retrieving items
by placing some of the items closer to the requester. Now imagine an additional cache
placed between the requester and the existing cache as Figure 12.3 illustrates.

large data storage

requester new cache original cache
! M
| L

Figure 12.3 The organization of a system with an additional cache inserted.

TNote that “least recently” always refers to how long ago the item was last referenced, not to the number
of accesses.
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Can a second cache improve performance? Yes, provided the cost to access the
new cache is lower than the cost to access the original cache (e.g., the new cache is
closer to the requester). In essence, the cost equation becomes:

Cost = r C/ll + o C/12 + (] —ry - }’2) C,,, (126)

where r; denotes the fraction of hits for the new cache, r, denotes the fraction of hits
for the original cache, Cj,; denotes the cost of accessing the new cache, and Cj,,
denotes the cost of accessing the original cache.

When more than one cache is used along the path from requester to data store, we
say that the system implements a multilevel cache hierarchy. A set of Web caches pro-
vides an example of a multilevel hierarchy. The path between a browser running on a
user’s computer can pass through a cache at the user’s ISP as well as the local cache
mechanism used by the browser.

The point is:

Adding an additional cache can be used to improve the performance
of a system that uses caching. Conceptually, the caches are arranged
in a multilevel hierarchy.

12.11 Preloading Caches

How can cache performance be improved further? Cache designers observe that
although many cache systems perform well in the steady state (i.e., after the system has
run for awhile), the system exhibits higher cost during startup. That is, the initial hit ra-
tio is extremely low because the cache must fetch items from the data store. In some
cases, the startup costs can be lowered by preloading the cache. That is, values are
loaded into the cache before execution begins.

Of course, preloading only works in cases where the cache can anticipate requests.
For example, an ISP’s Web cache can be preloaded with hot pages (i.e., pages that have
been accessed frequently in the past day or pages for which the owner expects frequent
access). As an alternative, some caches use an automated method of preloading. In one
form, the cache periodically places a copy of its contents on nonvolatile storage, allow-
ing recent values to be preloaded at startup. In another form, the cache uses a reference
to prefetch related data. For example, if a processor accesses a byte of memory, the
cache can fetch 128 bytes. Thus, if the processor accesses the next byte, which is
likely, the value will come from the cache.

Prefetching is especially important for Web pages. A typical Web page contains
references to multiple images, and before the page can be displayed, a browser must
download a copy of each image and cache the copy on the user’s computer. As a page
is being downloaded, a browser can scan for references to images, and can begin to pre-
fetch each of the images without waiting for the entire page to download.
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12.12 Caches Used With Memory

Now that we understand the basic idea of caching, we can consider some of the
ways caches are used in memory systems. In fact, the concept of caching originated
with computer memory systemst. The original motivation was higher speed at low
cost. Because memory was both expensive and slow, architects looked for ways to im-
prove performance without incurring the cost of higher-speed memory. The architects
discovered that a small amount of high-speed cache improved performance dramatically.
The result was so impressive that by the 1980s, most computer systems had a single
cache located between the processor and memory. Physically, memory was on one cir-
cuit board and the cache occupied a separate circuit board, which allowed computer
owners to upgrade the memory or the cache independently. As described above, a cach-
ing hierarchy can increase performance more than a single cache. Therefore, we will
see that modern computers employ a hierarchy of memory caches and use caching in a
variety of ways. The next sections present a few examples.

12.13 Physical Memory Cache

Caching has become popular as a way to achieve higher memory performance
without significantly higher cost. Early computers used a physical memory system.
That is, when it generated a request, the processor specified a physical address, and the
memory system responded to the physical address. Thus, to be inserted on the path
between a processor and the memory, a cache had to understand and use physical ad-
dresses.

It may seem that a physical memory cache is trivial. We can imagine the memory
cache receiving a fetch request, checking to see if the request can be answered from the
cache, and then, if the item is not present, passing the request to the underlying
memory. Furthermore, we can imagine that once an item has been retrieved from the
underlying memory, the cache saves a copy locally, and then returns the value to the
processor.

In fact, our imagined scenario is misleading — a physical memory cache is much
more complex than the above description. To understand why, we must remember that
hardware achieves high speed through parallelism. For example, when it encounters a
fetch request, a memory cache does not check the cache and then access the physical
memory. Instead, the cache hardware performs two tasks in parallel: the cache simul-
taneously passes the request to the physical memory and searches for an answer locally.
If it finds an answer locally, the cache must cancel the memory operation. If it does not
find an answer locally, the cache must wait for the underlying memory operation to
complete. Furthermore, when an answer does arrive from memory, the cache uses
parallelism again by simultaneously saving a local copy of the answer and transferring
the answer back to the processor. Parallel activities make the hardware complex. The
point is:

FIn addition to introducing the use of microcode, Maurice Wilkes is credited with inventing the concept
of a memory cache in 1965.
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To achieve high performance, a physical memory cache is designed to
search the local cache and access the underlying memory simultane-
ously. Parallelism complicates the hardware.

12.14 Write Through And Write Back

In addition to parallelism, memory caches are also complicated by write (i.e.,
store) operations. There are two issues: performance and coherence. Performance is
easiest to understand: caching improves the performance for retrieval requests, but not
for storage requests. That is, a wrife operation takes longer because a write operation
must change the value in the underlying memory. More important, in addition to for-
warding the request to the memory, a cache must also check to see whether the item is
in the cache. If so, the cache must update its copy as well. In fact, experience has
shown that a memory cache should always keep a local copy of each value that is writ-
ten because programs tend to access a value a short time after it has been stored.

Initial implementations of memory caches handled write operations as described
above: the cache kept a copy and forwarded the write operation to the underlying
memory. We use the term write-through cache to describe the approach.

The alternative, known as write-back cache, keeps a copy of a data item that is
written, and waits until later to update the underlying physical memory. To know
whether the underlying physical memory must be updated, a write-back cache keeps an
extra bit with each item that is known as the dirty bit. In a physical memory cache, a
dirty bit is associated with each block in the cache. When an item is fetched and a copy
is placed in the cache, the dirty bit is initialized to zero. When the processor modifies
the item (i.e., performs a write), the dirty bit is set to one. When it needs to eject a
block from the cache, the hardware first examines the dirty bit associated with the
block. If the dirty bit is one, a copy of the block is written to memory. If the dirty is
zero, however, the block can simply be overwritten because data in the block is exactly
the same as the copy in memory. The point is:

A write-back cache associates a dirty bit with each block to record
whether the block has been modified since it was fetched. When eject-
ing a block from the cache, the hardware writes a copy of a dirty
block to memory, but simply overwrites the contents if the block is not
dirty.

To understand why write-back improves performance, imagine a for loop in a pro-
gram that increments a variable in memory on each iteration of the loop. A write-back
cache places the variable in the cache the first time the variable is referenced. On each
successive iteration, changes to the variable only affect the cached copy. Assume that
once the loop ends, the program stops referencing the variable. Eventually, the program
generates enough other references so that the variable is the least recently used item in
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the cache, and will be selected for replacement. When a new item is referenced and a
cache slot is needed, the cache writes the value of the variable to the underlying physi-
cal memory. Thus, although the variable can be referenced or changed many times, the
memory system only has one access to the underlying physical memory.

12.15 Cache Coherence

Memory caches are especially complex in a system with multiple processors (e.g.,
a multicore CPU). We said that a write-back cache achieves higher performance than a
write-through cache. In a multiprocessor environment, performance is also optimized
by giving each core its own cache. Unfortunately, the two optimizations conflict. To
understand why, look at the architecture in Figure 12.4, which shows two processors
that each have a private cache.

processor processor
1 2

y y

cache 1 cache 2

physical memory

Figure 12.4 Illustration of two processors sharing an underlying memory.
Because each processor has a separate cache, conflicts can occur
if both processors reference the same memory address.

Now consider what happens if the two caches use a write-back approach. When
processor 1 writes to a memory location X, cache 1 holds the value for X. Eventually,
when it needs space, cache 1 writes the value to the underlying physical memory. Simi-
larly, whenever processor 2 writes to a memory location, the value will be placed in
cache 2 until space is needed. The problem should be obvious: without an additional
mechanism, incorrect results will occur if both processors simultaneously issue read and
write operations for a given address.

To avoid conflicts, all caches that access a given memory must follow a cache
coherence protocol that coordinates the values. For example, when processor 2 reads
from an address, A, the coherence protocol requires cache 2 to inform cache 1. If it
currently holds address A, cache 1 writes A to the physical memory so cache 2 can ob-
tain the most recent value. That is, a read operation on any processor triggers a write-

TAn optimizing compiler can further improve performance by using a general-purpose register to hold the
variable until the loop finishes (another form of caching).
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back in any cache that currently holds a cached copy of the address. Similarly, if any
processor issues a write operation for an address, A, all other caches must be informed
to discard cached values of A. Thus, in addition to requiring additional hardware and a
mechanism that allows the caches to communicate, cache coherency introduces addi-
tional delay.

12.16 L1, L2, and L3 Caches

We said that arranging multiple caches into a hierarchy can improve overall perfor-
mance. Indeed, most computer memory systems have at least two levels of cache
hierarchy. To understand why computer architects added a second level of cache to the
memory hierarchy, we must consider four facts:

e A traditional memory cache was separate from both the memory
and the processor.

e To access a traditional memory cache, a processor used pins that
connect the processor chip to the rest of the computer.

e Using pins to access external hardware takes much longer than ac-
cessing functional units that are internal to the processor chip.

e Advances in technology have made it possible to increase the
number of transistors per chip, which means a processor chip can
contain more hardware.

The conclusion should be clear. We know that adding a second cache can improve
memory system performance, we further know that placing the second cache on the pro-
cessor chip will make the cache access times much lower, and we know that technology
now allows chip vendors to add more hardware to their chips. So, it makes sense to
embed a second memory cache in the processor chip itself. If the hit ratio is high, most
data references will never leave the processor chip — the effective cost of accessing
memory will be approximately the same as the cost of accessing a register.

To describe the idea of multiple caches, computer manufacturers originally adopted
the terms Level 1 cache (LI cache) to refer to the cache onboard the processor chip,
Level 2 cache (L2 cache) to refer to an external cache, and Level 3 cache (L3 cache) to
refer to a cache built into the physical memory. That is, an L1 cache was originally
on-chip and an L2 or L3 cache was off-chip.

In fact, chip sizes have become so large that a single chip can contain multiple
cores and multiple caches. In such cases, manufacturers use the term LI cache to
describe a cache that is associated with one particular core, the term L2 cache to
describe an on-chip cache that may be shared, and the term L3 cache to describe an on-
chip cache that is shared by multiple cores. Typically, all cores share an L3 cache.
Thus, the distinction between on-chip and off-chip has faded.



238 Caches And Caching Chap. 12

We can summarize the terminology:

When using traditional terminology for a multilevel cache hierarchy, an
LI cache is embedded on the processor chip, an L2 cache is external to
the processor, and an L3 cache is built into the physical memory. More
recent terminology defines an LI cache to be associated with a single
core, whereas L2 and L3 refer to on-chip caches that all cores share.

12.17 Sizes Of L1, L2, And L3 Caches

Most computers employ a cache hierarchy. Of course, the cache at the top of the
hierarchy is the fastest, but also the smallest. Figure 12.5 lists example cache memory
sizes. The L1 cache may be divided into separate instruction and data caches, as
described in the next section.

Cache Size Notes
L1 64 KB to 96 KB  Per core
L2 256 KBto2 MB May be per core
L3 8 MB to 24 MB Shared among all cores

Figure 12.5 Example cache sizes in 2016. Although absolute sizes continue
to change; readers should focus on the amount of cache relative
to RAM that is 4 GB to 32 GB.

12.18 Instruction And Data Caches

Should all memory references pass through a single cache? To understand the
question, imagine instructions being executed and data being accessed. Instruction fetch
tends to behave with high locality — in many cases, the next instruction to be executed
is found at an adjacent memory address. Furthermore, the most time-consuming loops
in a program are usually small, which means the entire loop can fit into a cache.
Although the data access in some programs exhibits high locality, the data access in
others does not. For example, when a program accesses a hash table, the locations
referenced appear to be random (i.e., the location referenced in one instant is not neces-
sarily close to the location referenced in the next).

Differences between instruction and data behavior raise the question of how inter-
mixing the two types of references affects a cache. In essence, the more random the se-
quence of requests becomes, the worse a cache performs (because the cache will save
each value, even though the value will not be needed again). We can state a general
principle:
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Inserting random references in the series of requests tends to worsen
cache performance; reducing the number of random references that
occurs tends to improve cache performance.

12.19 Modified Harvard Architecture

Is performance optimized by having a separate cache for instructions and data?
The simplistic answer is obvious. When both data and instructions are placed in the
same cache, data references tend to push instructions out of the cache, lowering perfor-
mance. Adding a separate instruction cache will improve performance.

The simplistic answer above is insufficient, however, because the question is not
whether additional hardware will help, but how to choose among tradeoffs. Because ad-
ditional hardware will generate more heat, consume more power, and in portable de-
vices, deplete the battery faster, an architect must weigh all the costs of an additional
cache. If an architect does decide to add more cache hardware, the question is how best
to use the hardware. We know, for example, that increasing the size of a single cache
will increase performance by avoiding collisions. If a cache becomes sufficiently large,
intermixing instructions and data references will work fine. Would it be better to add a
separate instruction cache or to retain a single cache and increase the size?

Many architects have decided that the optimal way to use a modest amount of ad-
ditional hardware lies in introducing a new I-cache (instruction cache) and using the ex-
isting cache as a D-cache (data cache). Separating instruction and data caches is trivial
in a Harvard Architecture because an I-cache is associated with the instruction memory
and a D-cache is associated with the data memory. Should architects abandon the Von
Neumann Architecture?

Many architects have adopted a compromise in which a computer has separate in-
struction and data caches, but the caches lead to a single memory. We use the term
Modified Harvard Architecture to characterize the compromise. Figure 12.6 illustrates
the modified architecture.

Processor

I-cache | | D-cache

Memory

Figure 12.6 A Modified Harvard Architecture with separate instruction and
data caches leading to the same underlying memory.
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12.20 Implementation Of Memory Caching

Conceptually, each entry in a memory cache contains two values: a memory ad-
dress and the value of the byte found at that address. In practice, storing a complete ad-
dress with each entry is inefficient. Therefore, memory caches use clever techniques to
reduce the amount of space needed. The two most important cache optimization tech-
niques are known as:

e Direct mapped memory cache
e Set associative memory cache

We will see that, like virtual memory schemes, both cache implementations use powers
of two to avoid arithmetic computation.

12.21 Direct Mapped Memory Cache

A direct mapped memory cache uses a mapping technique to avoid overhead.
Although memory caches are used with byte-addressable memories, a cache does not
record individual bytes. Instead, a cache divides both the memory and the cache into a
set of fixed-size blocks, where the block size, B (measured in bytes), is chosen to be a
power of two. The hardware places an entire block in the cache whenever a byte in the
block is referenced. Using cache terminology, we refer to a block in the cache as a
cache line; the size of a direct mapped memory cache is often specified by giving the
number of cache lines times the size of a cache line. For example, the size might be
specified as 4K lines with 8 bytes per line. To envision such a cache, think of bytes in
memory being divided into 8-byte segments and assigned to lines of the cache. Figure
12.7 illustrates how bytes of memory would be assigned for a block size of eight in a
cache that has four lines. (Note: a memory cache usually holds many more than four
lines; a small cache size has been chosen merely as a simplified example for the figure.)

Observe that the blocks in memory are numbered modulo C, where C is the
number of slots in the cache. That is, blocks are numbered from zero through C—-1 (C
is 4 in the figure). Interestingly, using powers of two means that no arithmetic is re-
quired to map a byte address to a block number. Instead, the block number can be
found by extracting a set of bits. In the figure, the block number can be computed by
extracting the fourth and fifth bits of an address. For example, consider the byte with
address 57 (111001 in binary, shown with the forth and fifth bits underlined). The bits
11 are 3 in decimal, which agrees with the block number in the figure. In address 44
(101100 in binary), the fourth and fifth bits are 01 and the block number is 1. We can
express the mapping in programming language terms as:

b = (byte_address >> 3) & 0x083;

In terms of a memory cache, no computation is needed — the hardware places the value
in an internal register and extracts the appropriate bits to form a block number.
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block addresses of bytes in memory
3 |56 |57 |58 (|59)|60|61|62] 63
2 |48 |49 | 50 [ 51 | 52 | 53 | 54 | 55
1 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47
0 |32 (33|34 (35|36 |37 (38|39
3 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31
2 |16 (17 (18 |19 | 20 | 21 | 22 | 23
1 8 9 10 (11 | 12 | 13 | 14 | 15
0 0 1 2 3 4 5 6 7

Figure 12.7 An example assignment of block numbers to memory locations
for a cache of four blocks with eight bytes per block.

The key to understanding a direct mapped memory cache arises from the following
rule: only a memory block numbered i can be placed in cache slot i. For example, the
block with addresses 16 through 23 can be placed in slot 2, as can the block with ad-
dresses 48 through 55.

If multiple memory blocks can be placed in a given slot, how does the cache know
which block is currently in a slot? The cache attaches a unique fag to each group of C
blocks. For example, Figure 12.8 illustrates how tag values are assigned to memory
blocks in our example cache that has four slots.

memory block
<— 8 bytes ——=

3

2
tag 3
1 8

cache 0

3

tag value 5
3 tag 2
1 (¢

2
0
1

3

0 2
tag 1
1 8

0

3

2
tag 0
1 8

0

Figure 12.8 An example memory cache with space for four blocks and a
memory divided into conceptual blocks of 8 bytes. Each group
of four blocks in memory is assigned a unique tag.
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To identify the block currently in a slot of the cache, each cache entry contains a
tag value. Thus, if slot zero in the cache contains tag K, the value in slot zero
corresponds to block zero from the area of memory that has tag K.

Why use tags? A cache must uniquely identify the entry in a slot. Because a tag
identifies a large group of blocks rather than a single byte of memory, using a tag re-
quires fewer bits to identify a section of memory than using a full memory address.
Furthermore, as the next section explains, choosing the block size and the size of
memory identified by a tag to be powers of two makes cache lookup extremely effi-
cient.

12.22 Using Powers Of Two For Efficiency

Although the direct mapping described above may seem complex, using powers of
two simplifies the hardware implementation. In fact, the hardware is elegant and ex-
tremely efficient. Instead of modulo arithmetic, both the tag and block number can be
computed by extracting groups of bits from a memory address. The high-order bits of
the address are used as the tag, the next set of bits forms a block number, and the final
set of bits gives a byte offset within the block. Figure 12.9 illustrates the division.

tag block offset

Figure 12.9 Illustration of how using powers of two allows a cache to divide
a memory address into three separate fields that correspond to a
tag, a block number, and a byte offset within the block.

Once we know that all values can be obtained via bit extraction, the algorithm for
lookup in a direct-mapped memory cache is straightforward. Think of the cache as an
array. The idea is to extract the block number from the address, and then use the block
number as an index into the array. Each entry in the array contains a tag and a value.
If the tag in the address matches the tag in the cache slot, the cache returns the value. If
the tag does not match, the cache hardware must fetch the block from memory, place a
copy in the cache, and then return the value. Algorithm 12.1 summarizes the steps.

The algorithm omits an important detail. Each slot in the cache has a valid bit that
specifies whether the slot has been used. Initially (i.e., when the computer boots), all
valid bits are set to O (to indicate that none of the slots contain blocks from memory).
When it stores a block in a slot, the cache hardware sets the valid bit to 1. When it ex-
amines the tag for a slot, the hardware reports a mismatch if the valid bit is set, which
forces a copy of the block to be loaded from memory.
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Algorithm 12.1

Given:
A memory address
Find:
The data byte at that address
Method:
Extract the tag number, t, block number, b, and offset, o,
from the address by selecting the appropriate bit fields
Examine the tag in slot b of the cache
If the tag in slot b of the cache matches t {
Use o to select the appropriate byte from the
block in slot b, and return the byte
} else { /* Update the cache */
Fetch block b from the underlying memory
Place a copy in slot b
Setthe tag on slot b to t

Use o to select the appropriate byte from the
block in slot b, and return the byte

Algorithm 12.1 Cache Lookup In A Direct Mapped Memory Cache

12.23 Hardware Implementation Of A Direct Mapped Cache

Algorithm 12.1 describes cache lookup as if the cache is an array and separate
steps are taken to extract items and index the array. In fact, slots of a cache are not
stored in an array in memory. Instead, they are implemented with hardware circuits,
and the circuits work in parallel. For example, the first step that extracts items from the
address can be implemented by placing the address in an internal register (a hardware
circuit that consists of a set of latches), and arranging each bit of the address to be
represented by the output of one latch. That is, once the address has been placed in the
register, each bit of the address will be represented by a separate wire. The items ¢, b,
and o in the address can be obtained merely by dividing the output wires into groups.

The second step in Algorithm 12.1 requires the cache hardware to examine one of
the slots. The hardware uses a decoder to select exactly one of the slots. All slots are
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connected to common output wires; the hardware is arranged so that only a selected slot
puts its output on the wires. A comparator circuit is used to compare the tag in the ad-
dress with the tag in the selected slot. Figure 12.10 gives a simplified block diagram of
the hardware to perform cache lookup.

incoming address Tag Value

\')
index bits I:I | | | |

[ H |
[ H |
[ H |

decoder selects D | | | |
only one slot |

tag bits
from address |

only the selected slot
passes values down

logical
and

v

“valid” output value output

Figure 12.10 Block diagram of the hardware used to implement lookup in a
memory cache.

The circuit takes a memory address as an input, and produces two outputs. The
valid output is 1 if and only if the specified address is found in the cache (i.e., the cache
returns a value). The value output is the contents of memory at the specified address.

In the figure, each slot has been divided into a valid bit, a tag, and a value to indi-
cate that separate hardware circuits can be used for each field. Horizontal lines from
the decoder to each slot indicate a connection that can be used to activate the circuits
for the slot. At any time, however, the decoder only selects one slot (in the figure, the
selected slot is shown shaded).

Vertical lines through the slots indicate parallel connections. Hardware in each
slot connects to the wires, but only a selected slot places a value on the vertical wires.
Thus, in the example, the input to the and gate only comes from the V circuit of the
selected slot, the input to the comparator only comes from the 7Tag circuit of the
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selected slot, and the value output only comes from the Value circuit of the selected
slot. The key point is that cache lookup can be performed quickly by combinatorial cir-
cuits.

12.24 Set Associative Memory Cache

The chief alternative to a direct mapped memory cache is known as a set associa-
tive memory cache. In essence, a set associative memory cache uses hardware parallel-
ism to provide more flexibility. Instead of maintaining a single cache, the set associa-
tive approach maintains multiple underlying caches, and provides hardware that can
search all of them simultaneously. More important, because it provides multiple under-
lying caches, a set associative memory cache can store more than one block that has the
same number.

As a trivial example, consider a set associative cache in which there are two copies
of the underlying hardware. Figure 12.11 illustrates the architecture.

Hardware For Parallel Test

tag value tag value

o = N W
o = N W

Figure 12.11 Illustration of a set associative memory cache with two copies
of the underlying hardware. The cache includes hardware to
search both copies in parallel.

To understand the advantages of the set associative approach, consider a reference
string in which a program alternately references two addresses, A, and A,, that have dif-
ferent tags, but both have block number zero. In a direct mapped memory cache, the
two addresses contend for a single slot in the cache. A reference to A, loads the value
of A, into slot O of the cache, and a reference to A, overwrites the contents of slot O
with the value of A,. Thus, in an alternating sequence of references, every reference
results in a cache miss. In a set associative memory cache, however, A, can be placed
in one of the two underlying caches, and A, can be placed in the other. Thus, every
reference results in a cache hit.

As the amount of parallelism increases, performance of a set associative memory
cache increases. In the extreme case, a cache is classified as fully associative, if each of
the underlying caches contains only one slot, but the slot can hold an arbitrary value.
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Note that the amount of parallelism determines a point on a continuum: with no paral-
lelism, we have a direct mapped memory cache, and with full parallelism, we have the
equivalent of a Content Addressable Memory (CAM).

12.25 Consequences For Programmers

Experience has shown that caching works well for most computer programs. The
code that programmers produce tends to contain loops, which means a processor will
repeatedly execute a small set of instructions before moving on to another set.
Similarly, programs tend to reference data items multiple times before moving on to a
new data item. Furthermore, some compilers are aware of caching, and help optimize
the generated code to take advantage of the cache.

Despite the overwhelming success of caching, programmers who understand how a
cache works can write code that exploits a cache. For example, consider a program that
must perform many operations on each element of a large array. It is possible to per-
form one operation at a time (in which case the program iterates through the array many
times) or to perform all the operations on a single element of the array before moving to
the next element (in which case the program iterates through the array once). From the
point of view of caching, the latter is preferable because the element will remain in the
cache.

12.26 Summary

Caching is a fundamental optimization technique that can be used in many con-
texts. A cache intercepts requests, automatically stores values, and answers requests
quickly, whenever possible. Variations include a multilevel cache hierarchy and
preloaded caches.

Caches provide an essential performance optimization for memories. Most com-
puter systems employ a multilevel memory cache. Originally, an L1 cache resided on
an integrated circuit along with the processor, and an L2 cache was located external to
the processor, and an L3 cache was associated with the memory. As integrated circuits
became larger, manufacturers moved L2 and L3 caches onto the processor chip, using
the distinction that an L1 cache is associated with a single core and L2/L.3 caches are
shared among multiple cores.

A technology known as a direct mapped memory cache handles lookup without
keeping a list of cached items. Although we think of the lookup algorithm as perform-
ing multiple steps, a hardware implementation of a direct mapped memory cache can
use combinatorial logic circuits to perform the lookup without needing a processor. A
set associative memory cache extends the concept of direct mapping to permit parallel
access.
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EXERCISES

121
12.2

12.3

124

12.5

12.6

12.7

12.8

129

12.10
12.11

12.12

What does the term transparent mean when applied to a memory cache?

If the hit ratio for a given piece of code is 0.2, the time required to access the cache is
20 nanoseconds, and the time to access the underlying physical memory is 1 mi-
crosecond, what is the effective memory access time for the piece of code?

A physicist writes C code to iterate through a large 2-dimensional array:

float a[32768, 32768], sum;
for (i=0; i<32768; i++) {
for (j=0; j<32768; j++) {
sum += a[j,1i];
}
}

The physicist complains that the code is running very slowly. What simple change can
you make that will increase execution speed?

Consider a computer where each memory address is thirty-two-bits long and the memory
system has a cache that holds up to 4K entries. If a naive cache is used in which each
entry of the cache stores an address and a byte of data, how much total storage is needed
for the cache? If a direct mapped memory cache is used in which each entry stores a tag
and a block of data that consists of four bytes, how much total storage is needed?

Extend the previous exercise. Assume the size of the cache is fixed, and find an alterna-
tive to the naive solution that allows the storage of more data items. Hint: what values
are placed in the cache if the processor always accesses four-byte integers in memory?
Consult vendors’ specifications and find the cost of memory access and the cost of a
cache hit for a modern memory system (C, and C_ in Section 12.6).

Use the values obtained in the previous exercise to plot the effective memory access cost
as the hit ratio varies from zero to one.

Using the values of C, and C, obtained in Exercise 12.6, what value of the hit ratio, r, is
needed to achieve an improvement of 30% in the mean access time of a memory system
(as compared to the same memory system without a cache)?

State two ways to improve the hit ratio of a cache.

What is cache coherence, and what type of system needs it?

Write a computer program to simulate a direct mapped memory cache using a cache of
64 blocks and a block size of 128 bytes. To test the program, create a 1000 x 1000 ar-
ray of integers. Simulate the address references if a program walks the array in row-
major order and column-major order. What is the hit ratio of your cache in each case?
The hardware diagram in Figure 12.10 only shows the circuits needed for lookup. Ex-
tend the diagram to include circuits that load a value into the cache from memory.
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13

Virtual Memory
Technologies And Virtual
Addressing

13.1 Introduction

The previous chapters discuss physical memory and caching. The chapter on phy-
sical memory considers the hardware technologies used to create memory systems, the
organization of physical memory into words, and the physical addressing scheme used
to access memory. The chapter on caching describes how a memory cache is organized,
and explains why a memory cache improves performance dramatically.

This chapter considers the important concept of virtual memory. It examines the
motivation, the technologies used to create virtual address spaces, and the mapping
between virtual and physical memory. Although our focus is primarily on the hardware
systems, we will learn how an operating system uses virtual memory facilities.

13.2 Definition Of Virtual Memory

We use the term Virtual Memory (VM) to refer to a mechanism that hides the de-
tails of the underlying physical memory to provide a more convenient memory environ-
ment. In essence, a virtual memory system creates an illusion — an address space and
a memory access scheme that overcome limitations of the physical memory and physi-
cal addressing scheme. The definition may seem vague, but we need to encompass a

251
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wide variety of technologies and uses. The next sections will define the concept more
precisely by giving examples of virtual memory systems that have been created and the
technologies used to implement each. We will learn that the variety in virtual memory
schemes arises because no single scheme is optimal in all cases.

We have already seen an example of a memory system that fits our definition of
virtual memory in Chapter 11: an intelligent memory controller that provides byte ad-
dressing with an underlying physical memory that uses word addressing. The imple-
mentation consists of a controller that allows a processor to specify requests using byte
addressing. We further saw that choosing sizes to be powers of two avoids arithmetic
computation and makes the translation of byte addresses to word addresses trivial.

13.3 Memory Management Unit And Address Space

Architects use the term Memory Management Unit (MMU) to describe an intelli-
gent memory controller. An MMU creates a virtual address space for the processor.
The addresses a processor uses are virtual addresses because the MMU translates each
address into an underlying physical memory. We classify the entire mechanism as a
virtual memory system because it is not part of the underlying physical memory.

Informally, to help distinguish virtual memory from physical memory, engineers
use the adjective real to refer to a physical memory. For example, they might use the
term real address to refer to a physical address, or the term real address space to refer
to the set of addresses recognized by the physical memory.

13.4 An Interface To Multiple Physical Memory Systems

An MMU that can map from byte addresses to underlying word addresses can be
extended to create more complex memory organizations. For example, Intel designed a
network processor that used two types of physical memory: SRAM and DRAM. Recall
that SRAM is faster than DRAM, but costs more, so the system had a smaller amount
of SRAM (intended for items that were accessed frequently) and a large amount of
DRAM (intended for items that were not accessed frequently). Furthermore, the SRAM
physical memory was organized with four bytes per word and the DRAM physical
memory was organized with eight bytes per word. Intel’s network processor used an
embedded RISC processor that could access both memories. More important, the RISC
processor used byte addressing. However, rather than using separate instructions or
operand types to access the two memories, the Intel design followed a standard
approach: it integrated both physical memories into a single virtual address space.

To implement a uniform virtual address space out of two dissimilar physical
memory systems, the memory controller must perform the necessary translations. In
essence, the MMU must supply an abstraction that hides details of the underlying
memory systems. Figure 13.1 illustrates the overall architecture.
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processor
I
MMU
physical physical
controller controller
I I
physical physical
memory memory
#1 #2

Figure 13.1 Illustration of an architecture in which two dissimilar memories
connect to a processor. The processor can use either memory.

In the figure, the processor connects to a Memory Management Unit. The MMU
receives memory requests from the processor, translates each request, and forwards the
request to the controller for physical memory 1 or to the controller for physical memory
2. The controllers for the two physical memories operate as described in Chapter 11 —
a controller accepts a request that specifies byte addressing, and translates the request
into operations that use word addressing.

How can the hardware in Figure 13.1 provide a virtual address space? The answer
is related to the memory banks described in Chapter 11. Conceptually, the MMU
divides the address space into two parts, which the MMU associates with physical
memory | and physical memory 2. For example, if each physical memory contains a
gigabyte (0x40000000 bytes) of RAM, the MMU can create a virtual address space that
maps addresses O through Ox3fffffff to the first memory and addresses 0x40000000
through Ox7fffffff to the second memory. Figure 13.2 illustrates the resulting virtual
memory system.

13.5 Address Translation Or Address Mapping

Each of the underlying memory systems in Figure 13.2 operates like an indepen-
dent physical memory — the hardware expects requests to reference addresses begin-
ning at zero. Thus, each of the two memories recognizes the same set of addresses.
For memory 1, the virtual addresses associated with the memory cover the same range
as the hardware expects. For memory 2, however, the processor generates virtual ad-
dresses starting at 0x40000000, so the MMU must map an address to the lower range
(i.e., real addresses O through Ox3fffffff) before passing a request to memory 2. We say
that the MMU ftranslates the address.
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Virtual Address

OX7fFfffff A

memory 2

Processor sees a

0x40000000 i .
OX3FFFFfff > single contiguous
memory
memory 1
0

Figure 13.2 Illustration of a virtual memory system that divides an address
space among two physical memoriest. The MMU uses an ad-
dress to decide which memory to access.

Mathematically, the address mapping for memory 2 is straightforward: the MMU
merely subtracts 0x40000000 from an address. Figure 13.3 explains the concept.

Receive a virtual memory request from processor;
Let V be the address in the request;
it (V < 0x40000000) {
Pass the unmodified request (address V) to memory 1;
} else { /* map the address for memory 2 */
V2 = V-0x40000000;
Pass the modified request (address V2) to memory 2;
h
Figure 13.3 The sequence of steps used by a Memory Management Unit to

create the virtual memory depicted in Figure 13.2. The MMU
maps the virtual address space onto two physical memories.

The point is:

An MMU can combine multiple underlying physical memory systems
to create a virtual address space that provides a processor with the il-
lusion of a single, uniform memory system. Because each underlying
memory uses addresses that start at zero, the MMU must translate
between the addresses generated by the processor and the addresses
used by each memory.

TWe have chosen to label an address space with address zero at the bottom; some documentation uses the
convention of placing zero at the top of the address space.
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13.6 Avoiding Arithmetic Calculation

In practice, an MMU does not use subtraction to implement address translation be-
cause subtraction requires substantial hardware (e.g., an ALU) and takes too much time
to perform for each memory reference. The solution consists of using powers of two to
simplify the hardware. For example, consider the mapping in Figure 13.2. Addresses 0
through Ox3fffffff map to memory 1, and addresses 0x40000000 through Ox7fffffff onto
memory 2. Figure 13.4 shows that when expressed in binary, the addresses occupy
thirty-one bits, and the ranges differ only in the high-order bit.

Addresses Values In Binary (31 bits)
0 0000000000000000000000000000000
to to

Ox3fffffff oOo111111111111111111111111111111

0x40000000 1000000000000000000000000000000
to to
Ox7fffffff 111111111111 1111111111111111111

Figure 134 The binary values for addresses in the range O through 2 giga-
bytes. Except for the high-order bit, values above 1 gigabyte are
the same as those below.

As the example shows, choosing a power of two can eliminate the need for sub-
traction because low-order bits can be used as a physical address. In the example, when
mapping an address to one of the two underlying physical memories, an MMU can use
the high-order bit of an address to determine which physical memory should receive the
request. To form a physical address, the MMU merely extracts the remaining bits of
the virtual address.

To summarize:

Dividing a virtual address space on a boundary that corresponds to a
power of two allows the MMU to choose a physical memory and per-
form the necessary address translation without requiring arithmetic
operations.

13.7 Discontiguous Address Spaces

Figure 13.2 shows an example of a contiguous virtual address space, an address
space in which all addresses are mapped onto an underlying physical memory. That is,
the processor can reference any address from zero to the highest address because each
address corresponds to a location in one of the physical memories. Interestingly, most
computers are designed to be flexible — the physical memory is designed to allow the
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computer’s owner to determine how much memory to install. The computer contains
physical slots for memory, and the owner can choose to populate all the slots with
memory chips or leave some of the slots empty.

Consider the consequence of allowing an owner to install an arbitrary amount of
memory. Because it is defined when the computer is created, the virtual address space
includes an address for each possible physical memory location (i.e., addresses for the
maximum amount of memory that can be installed in the computer). If an owner de-
cides to omit some of the memory, part of the virtual address space becomes unusable
— if the processor references an address that does not correspond to physical memory,
an error results. The virtual address space is not contiguous because regions of valid
addresses are separated by invalid addresses. For example, Figure 13.5 shows how a
virtual address space might appear if the virtual address space is mapped onto two phy-
sical memories, and part of each physical memory is omitted.

Address
N
memory 2
Hole
(not present)
N/2
N/2-1
memory 1
Hole
0 (not present)

Figure 13.5 Example of a noncontiguous virtual address space of N bytes
that is mapped onto two physical memories. Some addresses do
not correspond to physical memory.

When part of a virtual address space does not map onto physical memory, we say
that the address space contains a hole. In Figure 13.5, for example, the virtual address
space contains two holesf.

We can summarize:

A virtual address space can be contiguous, in which case every ad-
dress maps to a location of an underlying physical memory, or non-
contiguous, in which case the address space contains one or more
holes. If a processor attempts to read or write any address that does
not correspond to physical memory, an error results.

TWe will see further examples of address spaces that contain holes when we discuss 1/0.
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Many other possibilities exist for mapping a virtual address space onto physical
memories. For example, recall from Chapter 11 that the two low-order bits of an ad-
dress can be used to interleave memory among four separate physical memory modules
(i.e., banks), and the remaining bits of the address can be used to select a byte within a
module. One of the chief advantages of interleaving bytes among a set of modules
arises from the ability of underlying hardware to access separate physical memories
simultaneously. Using low-order bits to select a module means that successive bytes of
memory come from different modules. In particular, if a processor accesses a data item
composed of thirty-two bits, the underlying memory system can fetch all four bytes
simultaneously.

13.8 Motivations For Virtual Memory

The trivial examples above show that a memory system can present a processor
with a virtual address space that differs from the underlying physical memory. The rest
of the chapter explores more complex virtual memory schemes. In most cases, the
schemes incorporate and extend the concepts discussed above. We will learn that there
are four main motivations for the use of complex virtual memory:

e Homogeneous integration of hardware
e Programming convenience

Support for multiprogramming

e Protection of programs and data

Homogeneous Integration Of Hardware. Our examples explain how a virtual
memory system can provide a homogeneous interface to a set of physical memories.
More important, the scheme allows heterogeneity in the underlying memories. For ex-
ample, some of the underlying physical memories can use a word size of thirty-two bits,
while others use a word size of sixty-four bits. Some of the memories can have a much
faster cycle time than others, or some of the memories can consist of RAM while others
consist of ROM. The MMU hides the differences by allowing the processor to access
all memories from a single address space.

Programming Convenience. One of the chief advantages of a virtual memory sys-
tem arises from the ease of programming. If separate physical memories are not in-
tegrated into a uniform address space, a processor needs special instructions (or special
operand formats) for each memory. Programming memory accesses becomes painful.
More important, if a programmer decides to move an item from one memory to another,
the program must be rewritten, which means that the decision cannot be made at run
time.

Support For Multiprogramming. Modern computer systems allow multiple appli-
cations to run at the same time. For example, a user who is editing a document can
leave a word processor open, temporarily launch a Web browser to check a reference,
and listen to music at the same time. The terms multiprogramming and multiprocessing
each characterize a computer system that allows multiple programs to run at the same



258 Virtual Memory Technologies And Virtual Addressing Chap. 13

time. We will see that a virtual memory system is needed to support multiprogram-
ming.

Protection Of Programs And Data. We said that a CPU uses modes of execution
to determine which instructions are allowed at any time. We will see that virtual
memory is inherently linked to a computer’s protection scheme.

13.9 Multiple Virtual Spaces And Multiprogramming

Early computer designers thought that multiprogramming was impractical. To
understand why, consider how an instruction set works. The operands that specify in-
direction each reference a memory address. If two programs are loaded into a single
memory and run at the same time, a conflict can occur if the programs attempt to use
the same memory location for two different purposes. Thus, programs can only run to-
gether if they are written to avoid using the same memory addresses.

The most common technology for multiprogramming uses virtual memory to estab-
lish a separate virtual address space for each program. To understand how a virtual
memory system can be used, consider an example. Figure 13.6 illustrates a straightfor-
ward mapping.

M physical
virtual \ memory
space N

4

0

i % B 3N/4
virtual
space

3

) —— ) N7z

m virtual
space

2 N/4

° —

m virtual
space 0

1 /

0

Figure 13.6 Illustration of four partitions mapped onto a single physical
memory. Each virtual address space starts at address zero.

The mechanism in the figure divides the physical memory into equal-size areas that
are known as partitions. Partitioned memory systems were used on early mainframe
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computers in the 1960s and 1970s, but have since been replaced. One of the main
drawbacks of partitioned memory is that the memory available to a given program is a
fraction of total physical memory on the computer. As Figure 13.6 illustrates, systems
that used partitioned memory typically divided memory into four partitions, which
meant that one-fourth of the total memory was dedicated to each program.

The diagram in Figure 13.6 implies that an MMU translates multiple virtual ad-
dress spaces onto a single physical memory. In practice, however, MMU hardware can
perform additional mappings. For example, an MMU can translate from virtual address
space 1 to an intermediate virtual address space, and then translate the intermediate vir-
tual address space onto one or more underlying physical memories (which may imple-
ment further translation from byte addresses to word addresses).

13.10 Creating Virtual Spaces Dynamically

How should a virtual memory system be created? In the simplistic examples
above, we implied that the mapping from virtual address space(s) to physical memories
is chosen when the hardware is built. Although some small, special-purpose systems
have the mappings designed into hardware, general-purpose computer systems usually
do not. Instead, the MMU in a general-purpose system can be changed dynamically at
run time. That is, when the system boots, the processor tells the MMU exactly how to
map the virtual address space onto the physical memory.

How can a program running on a processor change the address space and continue
to run? In general, the address space to be used is part of the processor mode. The
processor begins running in real mode, which means that the processor passes all
memory references directly to the physical memory without using the MMU. While
operating in real mode, the processor can interact with the MMU to establish a map-
ping. Once a mapping has been specified, the processor can execute an instruction that
changes the mode, enables the MMU, and branches to a specified location. The MMU
translates each memory reference according to the mapping that was configured.

The next sections examine technologies that have been used to create dynamic vir-
tual memory systems. We will consider three examples:

e Base-Bound Registers
e Segmentation

e Demand Paging

13.11 Base-Bound Registers

A mechanism known by the name base-bound is among the oldest and easiest
dynamic virtual memory schemes to understand. In essence, the base-bound scheme
creates a single virtual address space and maps the space onto a region of physical
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memory. The name refers to a pair of registers that are part of the MMU; both must be
loaded before the MMU is enabled. The base register holds an address in physical
memory that specifies where to map the virtual address space, and the bound register
holds an integer that specifies the size of the address space. Figure 13.7 illustrates the

mapping.

physical
memory

virtual
space

0

_— |

bound base

Figure 13.7 Illustration of a virtual memory that uses a base-bound mecha-
nism. The base register specifies the location of the virtual ad-
dress space, and the bound register specifies the size.

13.12 Changing The Virtual Space

It may seem that a base-bound mechanism is uninteresting because it only provides
a single virtual address space. We must remember, however, that a base-bound mecha-
nism is dynamic (i.e., easy to change). The idea is that an operating system can use the
base-bound mechanism to move among multiple virtual address spaces. For example,
suppose the operating system has loaded two application programs at different locations
in memory. The operating system, which runs in real mode, controls the MMU. When
an application, A, is ready to run, the operating system configures the MMU to point to
A’s section of the memory, enables the MMU mapping, and branches to the application.
Later, when control returns to the operating system, the operating system selects another
application to run, B, configures the MMU to point to B’s memory, enables the MMU,
and branches to the code for B. Each application’s virtual address space starts at zero;
the application remains unaware of its location in physical memory.

The point is that an operating system can use a base-bound mechanism to provide

as much functionality as the static virtual memory mechanisms considered earlier. We
can summarize:
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A base-bound mechanism uses two values in the MMU to specify how
a virtual address space maps onto the physical address space. The
base-bound mechanism is powerful because an operating system can
change the mapping dynamically.

13.13 Virtual Memory And Protection

Why is a bound register used in the base-bound approach? The answer is protec-
tion: although a base register is sufficient to establish the mapping from virtual address
to physical address, the mapping does not prevent a program from accidentally or mali-
ciously referencing arbitrarily large memory locations. In Figure 13.7, for example, ad-
dresses higher than M lie beyond the region allocated to the program (i.e., the addresses
may be allocated to another application).

The base-bound scheme uses the bound register to guarantee that a program will
not exceed its allocated space. Of course, to implement protection, the MMU must
check each memory reference and raise an error if the program attempts to reference an
address greater than M. The protection offered by a base-bound mechanism provides an
example of an important concept:

A virtual memory system that supports multiprogramming must also
provide protection that prevents one application from reading or
altering memory that has been allocated to another application.

13.14 Segmentation

The memory mappings described above are intended to map a complete address
space (i.e., all memory that is needed for an application to run, including the compiled
program and the data the program uses). We say that a virtual memory technology that
maps an entire address space is a coarse granularity mapping. The alternative, which
consists of mapping parts of an address space, is known as a fine granularity mapping.

To understand the motivation for a fine granularity mapping, consider a typical ap-
plication program. The program consists of a set of functions, and flow passes from
one function to another through a procedure call. Early computer architects observed
that although memory was a scarce resource, coarse granularity virtual systems required
an entire application to occupy memory. Most of the memory was unused because only
one function was actively executing at any time.

To reduce the amount of memory needed, the architects proposed that each pro-
gram be divided into variable-size blocks, and only the blocks of the program that are
needed at any time be loaded in memory. That is, pieces of the program are kept on an
external storage device, typically a disk, until one of them is needed. At that time, the
operating system finds an unused region of memory that is large enough, and loads the
piece into memory. The operating system then configures the MMU to establish the



262 Virtual Memory Technologies And Virtual Addressing Chap. 13

mapping between the virtual addresses that the piece uses and the physical addresses
used to hold the piece. When a program piece is no longer used, the operating system
copies the piece back to disk, thereby making the memory available for another piece.

The variable-size piece scheme is known as segmentation, and the pieces of pro-
grams are known as segments. Once proposed, segmentation generated many questions.
What hardware support would be needed to make segmentation efficient? Should the
hardware dictate an upper bound on the size of a segment?

After much research and a few hardware experiments, segmentation faded. The
central problem with segmentation arises after an operating system begins to move
blocks in and out of memory. Because segments are variable size, the memory tends
toward a situation in which the unused memory is divided into many small blocks.
Computer scientists use the term fragmentation to describe the situation, and say that
the memory becomes fragmentedt. We can summarize:

Segmentation refers to a virtual memory scheme in which programs
are divided into variable-size blocks, and only the blocks currently
needed are kept in memory. Because it leads to a problem known as
memory fragmentation, segmentation is seldom used.

13.15 Demand Paging

An alternative to segmentation was invented that has become extremely successful.
Known as demand paging, the technique follows the same general scheme as segmenta-
tion: divide a program into pieces, keep the pieces on external storage until they are
needed, and load an individual piece when the piece is referenced.

The most significant difference between demand paging and segmentation lies in
how the program is divided. Instead of variable-size segments that are large enough to
hold a complete function, demand paging uses fixed-size blocks called pages. Initially,
when memories and application programs were much smaller, architects chose a page
size of 512 bytes or 1 Kbyte; current architectures use larger page sizes (e.g., Intel pro-
cessors use 4 Kbyte pages).

13.16 Hardware And Software For Demand Paging

A combination of two technologies is needed for an effective virtual memory sys-
tem that supports demand paging:

e Hardware to handle address mapping efficiently, record when
each page is used, and detect missing pages

e Software to configure the hardware, monitor page use, and
move pages between external store and physical memory

7To avoid memory fragmentation, some architects experimented with larger, fixed-size segments (e.g., 64
Kbytes per segment).
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Demand Paging Hardware. Technically, the hardware architecture provides an ad-
dress mapping mechanism and allows software to handle the demand aspect. That is,
software (usually an operating system) configures the MMU to specify which pages
from a virtual address space are present in memory and where each page is located.
Then, the operating system runs an application that uses the virtual address space that
has been configured. The MMU translates each memory address until the application
references an address that is not available (i.e., an address on one of the pages that is
not present in memory).

A reference to a missing page is called a page fault, and is treated as an error con-
dition (e.g., like a division by zero). That is, instead of fetching the missing page from
external storage, the hardware merely informs the operating system that a fault has oc-
curred and allows the operating system to handle the problem. Typically the hardware
is arranged to raise an exception. The hardware saves the current state of the computa-
tion (including the address of the instruction that caused the fault), and then uses the ex-
ception vector. Thus, from the operating system’s point of view, a page fault acts like
an interrupt. Once the fault has been handled, the operating system can instruct the pro-
cessor to restart execution at the instruction that caused the fault.

Demand Paging Software. Software in the operating system is responsible for
management of the memory: software must decide which pages to keep in memory and
which to keep on external storage. More important, the software fetches pages on
demand. That is, once the hardware reports a page fault, paging software takes over.
The software identifies the page that is needed, locates the page on secondary storage,
locates a slot in memory, reads the page into memory, and reconfigures the MMU.
Once the page has been loaded, the software resumes executing the application, and the
fetch-execute cycle continues until another page fault occurs.

Of course, the paging hardware and software must work together. For example,
when a page fault occurs, the hardware must save the state of the computation in such a
way that the values can be reloaded later when execution resumes. Similarly, the
software must understand exactly how to configure the MMU.

13.17 Page Replacement

To understand paging, we must consider what happens after a set of applications
has been running a long time. As applications reference pages, the virtual memory sys-
tem moves the pages into memory. Eventually, the memory becomes full. The operat-
ing system knows when a page is needed because the application references the page.
A difficult decision involves selecting one of the existing pages to evict to make space
for an incoming page. Moving a page between external storage and memory takes time,
so performance is optimized by choosing to move a page that will not be needed in the
near future. The process is known as page replacement.

Because page replacement is handled by software, the discussion of algorithms and
heuristics is beyond the scope of this text. We will see, however, that the hardware pro-
vides mechanisms that assist the operating system in making a decision.
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13.18 Paging Terminology And Data Structures

The term page refers to a block of a program’s address space, and the term frame
refers to a slot in physical memory that can hold a page. Thus, we say that software
loads a page into a frame of memory. When a page is in memory, we say that the page
is resident, and the set of all pages from an address space that are currently in memory
is called the resident set.

The primary data structure used for demand paging is known as a page table. The
easiest way to envision a page table is to imagine a one-dimensional array that is in-
dexed by a page number. That is, entries in the table have index zero, one, and so on.
Each entry in the page table either contains a null value (if the page is not resident) or
the address of the frame in physical memory that currently holds the page. Figure 13.8
illustrates a page table.

physical memory
divided into frames

N
page
table
P o—
o—]
o—|
o—\b
A T—
A
o—|
o—\b
A
0 9—\
0

Figure 13.8 Illustration of an active page table with some entries pointing to
frames in memory. A null pointer in a page table entry (denoted
by A) means the page is not currently resident in memory.

13.19 Address Translation In A Paging System

Items in Figure 13.8 correspond to frames, not individual words. To understand
paging hardware, imagine an address space divided into fixed-size pages as Figure 13.9
illustrates.
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ake1 |
Page 2
2K .........
2K-1
Page 1
K .........
K-1
Page 0
0
address

space

Figure 13.9 Illustration of a virtual address space divided into pages of K
bytes per page.

We will see that the addresses associated with each page are important. As the fig-
ure shows, if each page contains K bytes, bytes on page zero have addresses zero
through K—1, bytes on page 1 have addresses K through 2K-1, and so on.

Conceptually, translation of a virtual address, V, to a corresponding physical ad-
dress, P, requires three steps:

1. Determine the number of the page on which address V lies.

2.Use the page number as an index into the page table to find
the location of the frame in memory that holds the page.

3. Determine how far into the page V lies, and move that far into
the frame in memory.

Figure 13.9 illustrates how addresses are associated with pages. Mathematically,
the page number on which an address lies, N, can be computed by dividing the address
by the number of bytes per page, K:

page_number = N = (13.1)

v
K

Similarly, the offset of the address within the page, O, can be computed as the
remainder of the divisionf.

offset = O =V modulo K (13.2)

Thus, a virtual address, V, is translated to a corresponding physical address, P, by
using the page number and offset, N and O, as follows:

physical_address = P = pagetable [N] + O (13.3)

TNote that the computation of a byte address within a page is similar to the computation of a byte address
within a word discussed on page 212.
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13.20 Using Powers Of Two

As Chapter 11 discusses, an arithmetic operation, such as division, is too expensive
to perform on each memory reference. Therefore, like other parts of a memory system,
a paging system is designed to avoid arithmetic computation. The number of bytes per
page is chosen to be a power of two, 29, which means that the address of the first byte
in each frame has q low-order bits equal to zero. Interestingly, because the low-order
bits of a frame address are always zero, a page table does not need to store a full ad-
dress. The consequence of using a power of two is that the division and modulo opera-
tions specified in the mathematical equations can be replaced by extracting bits. Furth-
ermore, the addition operation can be replaced by a logical or. As a result, instead of
using Equations 13.1 through 13.3, the MMU performs the following computation to
translate a virtual address, V, into a physical address, P:

P = pagetable[ high_order_bits(V)] or low_order_bits (V) (13.4)

Figure 13.10 illustrates how MMU hardware performs a virtual address mapping.
When considering the figure, remember that hardware can move bits in parallel. Thus,
the arrow that points from the low-order bits in the virtual address to the low-order bits
in the physical address represents a parallel data path — the hardware sends all the bits
at the same time. Also, the arrow from the page table entry to the high-order bits in the
physical address means that all bits from the page table entry can be transferred in
parallel.

virtual address

==

page table

physical address

Figure 13.10 Illustration of how an MMU performs address translation on a
paging system. Making the page size a power of two elim-
inates the need for division and remainder computation.
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13.21 Presence, Use, And Modified Bits

Our description of paging hardware omits several details. For example, in addition
to a value that specifies the frame in which a page is located, each page table entry con-
tains control bits that the hardware and software use to coordinate. Figure 13.11 lists
three control bits found in most paging hardware.

Control Bit Meaning

Presence bit Tested by hardware to determine whether
page is currently resident in memory

Use bit Set by hardware whenever page is referenced

Modified bit Set by hardware whenever page is changed

Figure 13.11 Examples of control bits found in each page table entry and the
actions hardware takes with each. The bits are intended to as-
sist the page replacement software in the operating system.

Presence Bit. The most straightforward control bit is called a presence bit, which
specifies whether the page is currently in memory. The bit is set by software and tested
by the hardware. Once it has loaded a page and filled in other values in the page table
entry, the operating system sets the presence bit to one; when it removes a page from
memory, the operating system sets the presence bit to zero. When it translates an ad-
dress, the MMU examines the presence bit in the page table entry — if the presence bit
is one, translation proceeds, and if the presence bit is zero, the hardware declares a page
fault has occurred.

Use Bit. The use bit, which provides information needed for page replacement, is
initialized to zero and later tested by software. The bit is set by hardware. The mecha-
nism is straightforward: whenever it accesses a page table entry, the MMU sets the use
bit to one. The operating system periodically sweeps through the page table, testing the
use bit to determine whether the page has been referenced since the last sweep. A page
that has not been referenced becomes a candidate for eviction; otherwise, the operating
system clears the use bit and leaves the page for the next sweep.

Modified Bit. The modified bit is initialized and later tested by software. The bit
is set by hardware. The paging software sets the bit to zero when a page is loaded.
The MMU sets the bit to one whenever a write operation occurs to the page. Thus, the
modified bit is one if any byte on the page has been written since the page was loaded.
The value is used during page replacement — if a page is selected for eviction, the
value of the modified bit tells the operating system whether the page must be written
back to external storage or can be discarded (i.e., whether the page is identical to the
copy on external storage).
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13.22 Page Table Storage

Where do page tables reside? Some systems store page tables in a special MMU
chip that is external from the processor. Of course, because memory references play an
essential role in processing, the MMU must be designed to work efficiently. In particu-
lar, to ensure that memory references do not become a bottleneck, some processors use
a special-purpose, high-speed hardware interface to access an MMU. The interface con-
tains parallel wires that allow the processor and MMU to send many bits at the same
time.

Surprisingly, many processors are designed to store page tables in memory! That
is, the processor (or the MMU) contains a special purpose register that the operating
system uses to specify the location of the current page table. The location of a page
table must be specified by giving a physical address. Typically, such systems are
designed to divide memory into three regions as Figure 13.12 illustrates.

- memory =

operating | page

system tables frame storage

Figure 13.12 Illustration of how physical memory might be divided in an ar-
chitecture that stores page tables in memory. A large area of
physical memory is reserved for frames.

The design in the figure illustrates one of the motivations for a memory system
composed of heterogeneous technologies: because page tables are used frequently, the
memory used to store page tables needs high performance (e.g., SRAM). However, be-
cause high performance memory is expensive, overall cost can be reduced by using a
lower-cost memory (e.g., DRAM) to store frames. Thus, an architect can design a sys-
tem that uses SRAM to hold page tables and DRAM for frame storage.

13.23 Paging Efficiency And A Translation Lookaside Buffer

A central question underlies all virtual memory architectures: how efficient is the
resulting system? To understand the question, it is important to realize that address
translation must be performed on every memory reference: each instruction fetch, each
operand that references memory, and each store of a result. Because memory is so
heavily used, the mechanisms that implement address translation must be extremely ef-
ficient or translation will become a bottleneck. Architects are primarily concerned with
the amount of time the MMU uses to translate a virtual address to a physical address;
they are less concerned with the amount of time it takes for the operating system to
configure page tables.
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One technique used to optimize the performance of a demand paging system stands
out as especially important. The technique uses special, high-speed hardware known as
a Translation Lookaside Buffer (TLB) to achieve faster page table lookups. A TLB is a
form of Content Addressable Memory that stores recently used values from a page
table. When it first translates an address, the MMU places a copy of the page table en-
try in the TLB. On successive lookups, the hardware performs two operations in paral-
lel: the standard address translation steps depicted in Figure 13.10 and a high-speed
search of the TLB. If the requested information is found in the TLB, the MMU aborts
the standard translation and uses the information from the TLB. If the entry is not in
TLB, the standard translation proceeds.

To understand why a TLB improves performance, consider the fetch-execute cycle.
A processor tends to fetch instructions from successive locations in memory. Further-
more, if the program contains a branch, probability is extremely high that the destina-
tion will be nearby, probably on the same page. Thus, rather than randomly accessing
pages, a processor tends to fetch successive instructions from the same page. A TLB
improves performance because it optimizes successive lookups by avoiding indexing
into a page table. The difference in performance is especially dramatic for architectures
that store page tables in memory; without a TLB, such systems are too slow to be use-
ful. We can summarize:

A special high-speed hardware device, called a Translation Lookaside
Buffer (TLB), is used to optimize performance of a paging system. A
virtual memory that does not have a TLB can be unacceptably slow.

13.24 Consequences For Programmers

Experience has shown that demand paging works well for most computer pro-
grams. The code that programmers produce tends to be organized into functions that
each fit onto a page. Similarly, data objects, such as character strings, are designed so
the data occupies consecutive memory locations, which means that once a page has
been loaded, the page tends to remain resident for multiple references. Finally, some
compilers understand paging, and optimize performance by placing data items onto
pages.

One way that programmers can affect virtual memory performance arises from ar-
ray access. Consider a two-dimensional array in memory. Most programming systems
allocate an array in row-major order, which means that rows of an array are placed in
conti