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COMPUTER A.RCHITECTURE AND 

IMPLEMENTATION 

This textbook provides a clear and concise introduction to computer 
architecture and implementation. Two important themes are inter­
woven throughout the book. The first is an overview of the major 
concepts and design philosophies of computer architecture and or­
ganization. The second is the early introduction and use of analytic 
modeling of computer performance. 

The author begins by describing the classic von Neumann archi­
tecture and then presents in detail a number of performance models 
and evaluation techniques. He goes on to cover user instruction set 
design, including RISC architecture. A unique feature of the book 
is its memory-centric approach - memory systems are discussed be­
fore processor implementations. The author also deals with pipelined 
processors, input/output techniques, queuing modes, and extended 
instruction set architectures. Each topic is illustrated with reference 
to actual IBM and Intel architectures. 

The book contains many worked examples and over 130 home­
work exercises. It is an ideal textbook for a one-semester undergrad­
uate course in computer architecture and implementation. 

Harvey Cragon holds the Ernest J. Cockrell, Jr., Centennial Chair 
Emeritus in Engineering at the University of Texas at Austin. He is a 
member of the U.S. National Academy of Engineering, a Life Fellow 
of the IEEE, and a Fellow of the Association for Computing Machin­
ery. He has over 30 years' industrial experience, including 25 years 
with Texas Instruments. He has written over 50 technical papers and 
holds 9 patents in the field of computer engineering. 
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viii 

PREFACE 

This textbook is intended for use in a one-semester, upper-division undergraduate 
course. It is expected that the students will have had courses in logic design with state 
machines and assembly language programming. A course in data structures as well as 
basic operating systems would be helpful. 

There are two major themes running through this book. The first theme is an over­
view of the major ideas and design philosophies of computer architecture and imple­
mentation with some insight into their historical development. We are inclined to 
forget the work of our predecessors in computer design; the few pages devoted to this 
topic may help to rectify this neglect. 

The second theme is the introduction and use of analytic modeling of computer 
performance. I believe that engineering students should take an engineering approach 
to the study of computer architecture and implementation. Various design trade-off 
issues will be examined with analytical models. What is an engineering approach? 
Consider the following two quotations. 

"What distinguished the engineer from the technician is largely the ability to formu­
late and carry out the detailed calculations of forces and deflections, concentrations 
and flows, voltages and currents, that are required to test a proposed design on pa­
per witn regard to failure criteria. The ability to calculate is the ability to predict the 
performance of a design before it is built and tested." (Petroske 1996). 
" ... it is much easier to have some vague notion about any subject, no matter what, 
than to arrive at the real truth about a single question, however simple that may be." 
(Descartes 1629). 

In addition to the two major themes, this book will introduce students to a new 
vocabulary. Whenever a new topic is approached, it is inevitable that one learns a new 
vocabulary. Therefore, whenever a new word or term is introduced, this book attempts 
to provide a definition along with common synonyms. We recommend that students 
obtain a copy of a computer dictionary to support their studies. Reference can also 
be made to an on-line dictionary of computer terms at (http://wombat.doc.ic.ac.uk/ 
foldoc/index.html). 

One of the problems in the computer field is the lack of a standard set of terms. For 
example, the Intel x86 architecture uses the term linear address whereas I prefer the 
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Preface ix 

term virtual address, as used with the IBM S370 and S390. The reason for the prefer­
ence is that the IBM S370 predates the virtual-memory version of the Intel x86 and 
established precedence. Thus, in the text, wherever possible, the term with precedence 
is used. 

The von Neumann architecture is used in Chapter 1 to introduce the basic principles 
of computer architecture. Students should know what von Neumann proposed with 
this architecture and what its limitations were. These limitations were overcome in 
subsequent architectures while the underlying design remained unchanged. 

Two architecture families will be extensively used for illustrations: The IBM S360/ 
370/390 and the Intel x86 up to the Pentium Pro with MMX extensions. These two 
families represent the two most widely used processors today. For mainframe applica­
tions, the IBM family is preeminent in the world. The Intel family is found in approx­
imately 90% of all personal computers. These two families are the most likely to be 
encountered by students after they finish their studies. 

The sequence of presentation in this book differs from that found in other texts. 
It starts with a computer overview in Chapter 1 that covers the von Neumann ar­
chitecture and some of its precursors. Chapter 2 introduces analytical performance 
modeling, learning curves, and other related evaluation techniques. The modeling 
technique will be used throughout the balance of the book. 

Chapter 3 describes the issues in user instruction set design. The instruction set 
architecture taxonomy of addresses, data types, and operations is introduced. This 
chapter also provides a basic treatment of computer arithmetic and the IEEE floating­
point standard. 

Because a memory-centric view of a computer is taken, the text turns to memory 
implementation in Chapter 4. I believe that students should be exposed to memory 
systems before processors, as the process state is held memory and is the focus of how 
problems are solved. Further, I approach the memory system by first looking at virtual 
memory that provides the functionality required of large programs and large data 
sets. 

Performance follows functionality, from a designer's point of view; thus caches are 
covered after virtual memory. The gap between the cache and the disk is then covered 
by describing interleaved memory and DRAM organizations. Performance models for 
hierarchical memories are used throughout the chapter to illustrate design trade-offs. 

Following the chapter on memory, the issues of processor implementation are 
addressed. First, hardwired and microprogrammed implementations are covered in 
Chapter 5. Then Chapter 6 addresses the ideas and issues of pipelining. The techniques 
of performance models are interwoven with the functional descriptions of processor 
implementation. 

Chapter 7 covers input/output. In this chapter we look at requirements for vari­
ous workloads and examine how these requirements are satisfied in contemporary 
systems. Bus design and serial communications are discussed along with clock recov­
ery and clock synchronization. A brief introduction to queuing theory is included in 
this chapter. 

The concluding chapter, Chapter 8, covers extensions to the user instruction set archi­
tecture that support operating systems, virtual memory, caches, and multiprocessors. 
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x Preface 

This chapter concludes with a description of the MMX extensions to the Intel Pent­
ium Pro. 

A final goal of this book is to enable students to read the current literature on com­
puters with understanding and appreciation of the ideas presented. This is accom­
plished by exposing students to the basic principles of architecture and implementa­
tion, and by careful use of the nonstandard terminology of this field. 

REFERENCES 

Petroski, H. (1996). Invention by Design, Harvard U. Press, Cambridge, MA, 
pp. 89-90. 

Descartes, R. (1692). Rules for the Direction of the Mind. 
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ONE 

COMPUTER OVERVIEW 

1.0 INTRODUCTION 

The general-purpose computer has assumed a dominant role in our world-wide society. 
From controlling the ignition of automobiles to maintaining the records of Olympic 
Games, computers are truly everywhere. In this book a one-semester course is provided 
for undergraduates that introduces the basic concepts of computers without focusing 
on distinctions between particular implementations such as mainframe, server, work­
station, PC, or embedded controller. Instead the interest lies in conveying principles, 
with illustrations from specific processors. 

In the modern world, the role of computers is multifaceted. They can store infor­
mation such as a personnel database, record and transform information as ~ith a word 
processor system, and generate information as when preparing tax tables. Computers 
must also have the ability to search for information on the World Wide Web. 

The all-pervasive use of computers today is due to the fact that they are general 
purpose. That is, the computer hardware can be transformed by means of a stored pro­
gram to be a vast number of different machines. An example of this power to become 
a special machine is found in word processing. For many years, Wang Laboratories was 
the dominant supplier of word processing machines based on a special-purpose pro­
cessor with wired-in commands. Unable to see the revolution that was coming with 
the PC, Wang held to a losing product strategy and eventually was forced out of the 
business. 

Another example of the general-purpose nature of computers is found in the elec­
tronic control of the automobile ignition. When electronic control was forced on the 
auto industry because of pollution problems, Ford took a different direction from that 
of Chrysler and General Motors. Chrysler and General Motors were relatively well off 
financially and opted to design special-purpose electronic controls for their ignition 
systems. Ford on the other hand was in severe financial difficulties and decided to use 
a microprocessor that cost a little more in production but did not require the develop­
ment costs of the special-purpose circuits. With a microprocessor, Ford could, at rela­
tively low cost, customize the controller for various engine configurations by chang­
ing the read-only memory (ROM) holding the program. Chrysler and General Motors, 
however, found that they had to have a unique controller for each configuration of 

1 
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2 Computer Overview 

auto - a very expensive design burden. Microprocessor control, as first practiced by 
Ford, is now accepted by all and is the industry design standard. 

A number of special-purpose computers were designed and built before the era 
of the general-purpose computer. These include the Babbage difference engine (circa 
1835), the Anatasoff-Berry Computer (ABC) at Iowa State University in the late 1930s, 
and the Z3 of Konrad Zuse, also in the late 1930s. Other computers are the Colossus at 
Benchly Park (used for breaking German codes in World War 11) and the ENIAC (which 
stands for electronic numerical integrater and computer, a plug-board-programmed 
machine at The University of Pennsylvania). These computers are discussed in Sub­
section 1.3.1. 

Each of the early computers noted above was a one-of-a-kind machine. What was 
lacking was a design standard that would unify the basic architecture of a computer 
and allow the designers of future machines to simplify their designs around a common 
theme. This simplification is found in the von Neumann Model. 

1.1 VON NEUMANN MODEL 

The von Neumann model of computer architecture was first described in 1946 in the 
famous paper by Burks, Goldstein, and von Neumann (1946). A number of very early 
computers or computerlike devices had been built, starting with the work of Charles 
Babbage, but the simple structure of a stored-program computer was first described 
in this landmark paper. The authors pointed out that instructions and data consist of 
bits with no distinguishing characteristics. Thus a common memory can be used to 
store both instructions and data. The differentiation between these two is made by the 
accessing mechanism and context; the program counter accesses instructions while 
the effective address register accesses data. If by some chance, such as a programming 
error, instructions and data are exchanged in memory, the performance of the program 
is indeterminate. Before von Neumann posited the single address space architecture, 
a number of computers were built that had disjoint instruction and data memories. 
One of these machines was built by Howard Aiken at Harvard University, leading to 
this design style being called a Harvard architecture. 1 

A variation on the von Neumann architecture that is widely used for implementing 
calculators today is called a tagged architecture. With these machines, each data type 
in memory has an associated tag that describes the data type: instruction, floating­
point value (engineering notation), integer, etc. When the calculator is commanded 
to add a floating-point number to an integer, the tags are compared; the integer is 
converted to floating point, the addition is performed, and the result is displayed in 
floating point. You can try this yourself with your scientific calculator. 

All variations of the von Neumann that have been designed since 1946 confirm 
that the von Neumann architecture is classical and enduring. This architecture can be 
embellished but its underlying simplicity remains. In this section the von Neumann 

1 The von Neumann architecture is also known as a Princeton architecture, as compared with a 
Harvard architecture. 
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1 . 1 van Neumann Model 3 

architecture is described in terms of a set of nested state machines. Subsection 1.2.1 
explores the details of the von Neumann architecture. 

We should not underestimate the impact of the von Neumann architecture, which 
has been the unifying concept in all computer designs since 1950. This design permits 
an orderly design methodology and interface to the programmer. One can look at the 
description of any modern computer or microprocessor and immediately identify the 
major components: memory, central processing unit (CPU), control, and input/output 
(1/0). 

The programmer interface with the von Neumann architecture is orderly. The pro­
grammer knows that the instructions will be executed one at a time and will be com­
pleted in the order issued. For concurrent processors, discussed in Chapter 6, order is 
not preserved, but as far as the programmer is concerned order is preserved. 

A number of computer architectures that differ from the von Neumann architecture 
have been proposed over the years. However, the simplicity and the order of the von 
Neumann architecture have prevented these proposals from taking hold; none of these 
proposed machines has been built commercially. 

State Machine Equivalent 

A computer is defined as the combination of the memory, the processor, and the 
1/0 system. Because of the centrality of memory, Chapter 4 discusses memory before 
Chapters 5 and 6 discuss the processor. 

The three components of a computer can be viewed as a set of nested state ma­
chines. Fundamentally, the memory holds instructions and data. The instructions and 
the data flow to the logic, then the data (and in some designs the instructions) are 
modified by the processor logic and returned to the memory. This flow is represented 
as a state machine, shown in Figure 1. 1. 

The information in memory is called the process state. Inputs into the computer are 
routed to memory and become part of the process state. Outputs from the computer 
are provided from the process state in the memory. 

The next level of abstraction is illustrated in Figure 1.2. The logic block of Figure 1.1 
is replaced with another state machine. This second state machine has for its memory 
the processor registers. These registers, discussed in Chapter 3, include the program 
counter, general-purpose registers, and various dedicated registers. The logic consists 
of the arithmetic and logic unit (ALU) plus the logic required to support the interpre­
tation of instructions. 

Input----.i 
Memory 

Logic 

Figure 1. 1 State machine 

,___ ____ Output 

INSTRUCTIONS 
AND 
DATA 
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4 Computer Overview 

Input---.i 
Memory 

Figure 1.2 State machine II 

----output 

INSTRUCTIONS 
AND 
DATA 

Memory 
Registers 

Logic 

The information contained in the registers is called the processor state. The pro­
cessor state consists of (1) the information needed to interpret an instruction, and 
(2) information carried forward from instruction to instruction such as the program 
counter value and various tags and flags. When there is a processor context switch, it 
is the processor state that is saved, so the interrupted processor state can be restored. 2 

When microprogramming is discussed in Chapter 5, we will see that the logic block 
of Figure 1.2 can also be implemented as a state machine. For these implementations, 
there are three levels of state machine: process state, processor state, and microma­
chine processor state. 

We now examine the major components of a computer, starting with the memory. 
As discussed in the preceding paragraphs, the memory is the space that holds the 
process state, consisting of instructions and data. The instruction space is not only for 
the program in execution but also for the operating system, compilers, interpreters, 
and other system software. 

The processor reads instructions and data, processes the data, and returns results to 
memory, where the process state is updated. Thus a primary requirement for memory 
is that it be fast; that is, reads and writes must be accomplished with a small latency. 

In addition, there are two conflicting requirements for memory: memory should 
be both very large and very fast. Memory cost is always a factor, with low cost being 
very desirable. These requirements lead to the concept of hierarchical memory. The 
memory closest to the processor is relatively small but is very fast and relatively expen­
sive. The memory most distant from the processor is disk memory that is very slow 
but very low cost. Hierarchical memory systems have performance that approaches 
the fast memory while the cost approaches that of the low-cost disk memory. This 
characteristic is the result of the concept of locality, discussed in Chapter 4. Locality 
of programs and data results in a high probability that a request by the processor for 
either an instruction or a datum will be served in the memory closest to the processor. 

The processor, sometimes called the CPU, is the realization of the logic and reg­
isters of Figure 1.2. This portion of the system fetches instructions, decodes these 

2 A context switch saves the processor state and restores a previously saved processor state. 
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1 . 2 The van Neumann Architecture 5 

instructions, finds operands, performs the operation, and returns the result to mem­
ory. The complexity of the CPU is determined by (1) the complexity of the instruc­
tion set, and (2) the amount of hardware concurrency provided for performance 
enhancement. 

As shown in Figure 1.2, a computer must have some method of moving input data 
and instructions into the memory system and moving results from the memory to 
the outside world. This movement is the responsibility of the 1/0 system. Input and 
output devices can have differing bandwidths and latency. For example, keyboards are 
low-bandwidth devices whereas color display units have high bandwidth. In between 
we find such devices as disks, modems, and scanners. 

The control of 1/0 can take a number of forms. At one extreme, each transfer can 
be performed by the CPU. Fully autonomous systems, such as direct memory access 
(DMA), however, provide high-bandwidth transfers with little CPU involvement. 1/0 
systems are discussed in Chapter 7. 

The formal specification of a processor, its interaction with memory, and its 1/0 
capabilities are found in its instruction set architecture (ISA). The ISA is the program­
mer's view of the computer. The details of how the ISA is implemented in hardware, 
details that affect performance, are known as the implementation of the ISA. 

1.2 THE VON NEUMANN ARCHITECTURE 

The von Neumann ISA is described in this section. Except for the 1/0, this architec­
ture is complete and represents a starting point for the discussion in th~ following 
chapters. The features found in this architecture can be found in any of today's archi­
tectures; thus a thorough understanding of the von Neumann architecture is a good 
starting point for a general study of computer architecture. This architecture, of which 
a number were actually built, is used in this book for a simple example rather than the 
presentation of a contrived example of a simple architecture. When a von Neumann 
computer was actually completed at Princeton University in 1952, it was named the 
Institute for Advanced Studies (IAS) computer. 

The von Neumann architecture consists of three major subsystems: instruction pro­
cessing, arithmetic unit, and memory, as shown in Figure 1.3. A key feature of this 
architecture is that instructions and data share the same address space. Thus there is 
one source of addresses, the instruction processing unit, to the memory. The output of 
the memory is routed to either the Instruction Processing Unit or the Arithmetic Unit 

Instruction Addresses 

Processing Instructions 
Unit +----

Figure 1.3 von Neumann architecture Co ntrol ! ,. 

Arithmetic ; Memory Unit 
~ 

Data 
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6 Computer Overview 

Memory 

ALU Figure 1.4 Accumulator local storage 

Accumulator 

depending upon whether an instruction or a datum is being fetched. A corollary to the 
key feature is that instructions can be processed as data. As will be discussed in later 
chapters, processing instructions as data can be viewed as either a blessing or a curse. 

1.2.1 THE VON NEUMANN INSTRUCTION SET ARCHITECTURE 

The von Neumann ISA is quite simple, having only 21 instructions. In fact, this ISA 
could be called an early reduced instruction set computer (RISC) processor.3 As with 
any ISA, there are three components: addresses, data types, and operations. The tax­
onomy of these three components is developed further in Chapter 3; the three com­
ponents of the von Neumann ISA are discussed below. 

Addresses 

The addresses of an ISA establish the architectural style - the organization of mem­
ory and how operands are referenced and results are stored. Being a simple ISA, there 
are only two memories addressed: the main memory and the accumulator. 

The main memory of the von Neumann ISA is linear random access and is equiv­
alent to the dynamic random-access memory (DRAM) found in today's processors. 
The technology of the 1940s restricted random-access memory (RAM) to very small 
sizes; thus the memory is addressed by a 12-bit direct address allocated to the 20-bit 
instructions.4 There are no modifications to the address, such as base register relative 
or indexing. The formats of the instructions are described below in the subsection on 
data types. 

Local storage in the processor is a single accumulator, as shown in Figure 1.4. An 
accumulator register receives results from the ALU that has two inputs, a datum from 
memory, and the datum held in the accumulator. Thus only a memory address is 
needed in the instruction as the accumulator is implicitly addressed. 

Data Types 

The von Neumann ISA has two data types: fractions and instructions. Instructions 
are considered to be a data type since the instructions can be operated on as data, a 
feature called self-modifying code. Today, the use of self-modifying code is considered 

3 An instruction set design posited by Van der Poel in 1956 has only one instruction. 
4 The Princeton IAS designers had so much difficulty with memory that only lK words were in­

stalled with a 10-bit address. 
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1 . 2 The von Neumann Architecture 7 

to be poor programming practice. However, architectures such as the Intel x86 family 
must support this feature because of legacy software such as MSDOS. 

Memory is organized with 4096 words with 40 bits per word; one fraction or two 
instructions are stored in one memory word. 

FRACTIONS 

The 40-bit word is typed as a 2's complement fraction; the range is -1::; f < +1: 

39 0 

Fraction 

INSTRUCTIONS 

Two 20-bit instructions are allocated to the 40-bit memory word. An 8-bit operation 
code, or op-code, and a 12-bit address are allocated to each of the instructions. Note 
that, with only 21 instructions, fewer op-code bits and more address bits could have 
been allocated. The direct memory address is allocated to the 12 most significant bits 
(MSBs) of each instruction. The address and the op-code pairs are referred to in terms 
of left and right: 

39 28 27 20 19 8 7 0 

Left Address Left Op-Code Right Address Right Op-Code 

Registers 

A block diagram of the von Neumann computer is shown in Figure 1.5. Note that 
1/0 connections are not shown. Although only sketchily described in the original pa­
per on this architecture, 1/0 was added to all implementations of this design. 

The von Neumann processor has seven registers that support the interpretation of 
the instructions fetched from memory. These registers and their functions are listed 
in Table 1. 1. Note that two of the registers are explicitly addressed by the instructions 
and defined in the ISA (called architected registers) while the other six are not defined 

I ALU I Control 

+ t • '" 
I Accumulator ~ I IR I IBR I I Prog. Counter I 

I t 
L.r MQ I 

M M 
~ A Memory D 

R R 

Figure 1.5 Block diagram of the von Neumann architecture: MQ, multiplier quo­
tient register; IR, instruction register; IBR, instruction buffer register; MAR, mem­
ory address register; MDR, memory data register 
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8 Computer Overview 

1. 1 VON NEUMANN ISA REGISTERS 

Name Function 

Architected Registers 

Accumulator, AC, 40 bits 

Multiplier quotient register, MQ, 40 bits 

Holds the output of the ALU after an arithmetic 
operation, a datum loaded from memory, the 
most-significant digits of a product, and the 
divisor for division. 

Holds a temporary data value such as the 
multiplier, the least-significant bits of the 
product as multiplication proceeds, and the 
quotient from division. 

Implemented Registers 

Program counter, PC, 12 bits* 

Instruction buffer register, IBR, 40 bits 

Instruction register, IR, 20 bits 

Memory address register, MAR, 12 bits 

Memory data register, MOR, 40 bits 

Holds the pointer to memory. The PC contains 
the address of the instruction pair to be fetched 
next. 

Holds the instruction pair when fetched from the 
memory. 

Holds the active instruction while it is decoded in 
the control unit. 

Holds the memory address while the memory is 
being cycled (read or write). The MAR receives 
input from the program counter for an 
instruction fetch and from the address field of 
an instruction for a datum read or write. 

Holds the datum (instruction or data) for a memory 
read or write cycle. 

* The program counter is a special case. The PC can be loaded with a value by a branch instruction, 
making it architected, but cannot be read and stored, making it implemented. 

•= 

but are used by the control for moving bits during the execution of an instruction 
(called implemented registers). 

Operations 

The operations of the von Neumann ISA are of three types: 

• moves between the accumulator, multiplier quotient register, and memory 
• ALU operations such as add, subtract, multiply, and divide 
• Unconditional and conditional branch instructions that redirect program flow. 5 

The von Neumann ISA consists of 21 instructions, shown in Table 1.2, which are 
sufficient to program any algorithm. However, the number of instructions that must 

5 Many computer historians credit the von Neumann ISA with the first use of conditional branch­
ing with a stored program computer. No prior computer possessed this feature and subprograms 
were incorporated as in-line code. 
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TABLE 1. 2 THE VON NEUMANN ISA 

1. AC +-MQ 
2. M(x) +-AC 

3.* M(x,28:39) +-AC(28:39) 

4.* M(x,8:19) +-AC(28:39) 

5. ACc+- M(x) 

6. AC +- ACc - M(x) 

7. AC +-ACc + IM(x)I 

8. AC +-ACc - IM(x)I 

9. AC +- AC + M(x) 
10. AC +- AC - M(x) 

11. AC +-AC + IM(x)I 

12. AC +-AC - IM(x)I 

13. MQc+- M(x) 

14. ACc, MQ +- M(x) x MQ 

15. MQc, AC +-AC -c- M(x) 

16. AC+-ACx2 
1 7. AC +- AC -c- 2 

18. Go to M(x,2 0:39) 
19. Go to M(x,0:19) 
20. If AC ::: 0, then 

PC +-M(x,0:19) 

21 . lfAC:::O,then 
PC+- M(x,20:39) 

Move Instructions 

Move the number held in the MQ into the accumulator. 
Move the number in the accumulator to location x in memory. The 

memory address xis found in the 12 least-significant bits of the 
instruction . 

Replace the left-hand 12 bits of the left-hand instruction located at 
position x in the memory with the left-hand 12 bits in the 

accumulator.t 
Replace the left-hand 12 bits of the right-hand instruction in location 

x in the memory with the left-hand 12 bits in the accumulator. 

ALU Instructions 

Clear the accumulator and add the number from location x in the 
memory. 

Clear the accumulator and subtract the number at location x in the 
memory. 

Clear the accumulator and add the absolute value of the number at 
location x in the memory. 

Clear the accumulator and subtract the absolute value of the number 
at location x in the memory. 

Add the number at location x in the memory into the accumulator. 
Subtract the number at location x in the memory from the 

accumulator. 
Add the absolute value of the number at location x in the memory to 

the accumulator. 
Subtract the absolute value of the number at location position x in the 

memory into the accumulator. 
Clear the MQ register and add the number at location x in the 

memory into it. 
Clear the accumulator and multiply the number at location x in the 

memory by the number in the MQ, placing the most-significant 39 
bits of the answer in the accumulator and the least-significant 
39 bits of the answer in the MQ. 

Clear the register and divide the number in the accumulator by the 
number at location x of the memory, leaving the remainder in the 
accumulator and placing the quotient in MQ. 

Multiply the number in the accumulator by 2. 
Divide the number in the accumulator by 2. 

Control Instructions 

Shift the control to the left-hand instruction of the pair in M(x) . 
Shift the control to the right-hand instruction of the pair in M(x} . 
If the number in the accumulator is :::0, go to the right-hand 

instruction in M(x). 
If the number in the accumulator is :::0, go to the left-hand 

instruction in M(x). 

* These instructions move the address portion of an instruction between memory and the accumulator. These 
instructions are required to support address modification. Indexing, common today in all computer's ISAs, 
had not yet been invented. 

t The notation M(x,0:19) means the right-hand 20 bits of location M(x); M(x,20 :39) means the left-hand 
20 bits, and so on. 
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1 O Computer Overview 

be executed is considerably greater than that required by more modern ISAs. The in­
structions are grouped into three groups: move, ALU, and control. This grouping is 
typical of all computers based on the von Neumann architecture. A more modern 
terminology, not the terminology of von Neumann, is used in Table 1.2. 

1.2.2 INSTRUCTION INTERPRETATION CYCLE 

Interpretation of an instruction proceeds in three steps or cycles. The instruction is 
fetched, decoded, and executed. These three steps are discussed in the following sub­
sections. 

Instruction Fetch 

A partial flow chart for the instruction fetch cycle is shown in Figure 1.6. Because 
two instructions are fetched at once, the first step is to determine if a fetch from mem­
ory is required. This test is made by testing the least-significant bit (LSB) of the program 
counter. Thus, an instruction fetch from memory occurs only on every other state of 
the PC or if the previous instruction is a taken branch. The fetch from memory places 
a left (L) and a right (R) instruction in the instruction buffer register (IBR). 

Instructions are executed, except for the case of a branch instruction, left, right, 
left, right, etc. For example, consider that an R instruction has just been completed. 

Start 

PC - (PC)+ 1 

No No 
Branch? 

MAR-(PC) 

MDR-M(MAR) No 

MAR +- (Address) 
IBR-MDR 

IR - IBR(20:39) IR - IBR(O: 19) IR +- IBR(Address) 

Decode and Execute i--------------------_J 

Figure 1.6 Instruction fetch cycle 
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1 . 2 The van Neumann Architecture 11 

There is no instruction in the IBR and a reference is made to memory to fetch an 
instruction pair. 

Normally, the L instruction is then executed. The path follows to the left, placing 
the instruction into the instruction register (IR). The R instruction remains in the IBR 
for use on the next cycle, thereby saving a memory cycle to fetch the next instruction. 

If the prior instruction had been a branch to the R instruction of the instruction 
pair, the L instruction is not required, and the R instruction is moved to the IR. In 
summary, the instruction sequence is as follows: 

Sequence 

L followed by R 
R followed by L 
L branch to L 
R branch to R 
L branch to R 
R branch to L 

Action 

No memory access required 
Increment PC, access memory, use L instruction 
Memory access required and L instruction used 
Memory access required and R instruction used 
If in same computer word, memory access not required 
If in same computer word, memory access not required 

After the instruction is decoded and executed, the PC is incremented for the next 
instruction and control returns to the start point. 

Decode and Execute 

Instruction decode is only indicated in Figure 1.6. However, the instruction has 
been placed in the IR. As shown in Figure 1.7, combinatorial logic in the control unit 
decodes the op-code and decides which of the instructions will be executed. In other 
words, decoding is similar to the CASE statement of many programming languages. 
The flow charts for two instruction executions are shown in Figure 1.7: numbers 21 
and 6. After an instruction is executed, control returns to the instruction fetch cycle, 
shown in Figure 1.6. 

From Instruction Fetch 

Address Op-code Instruction Register 

Decoder 

MAR - Address 

MDR +- M(MAR) 
PC -Address Return 

LSB of PC- 0 AC -(MDR) 

21. PC - Address(20:39) 6. AC -M(x) 

Figure 1. 7 Decode and execute 
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12 Computer Overview 

The sequencing of the instruction interpretation cycle is controlled by a hard­
wired state machine, discussed in Chapter 5. Each of the states is identified in flow­
chart form, flip flops are assigned to represent each state, and the logic is designed 
to sequence through the states. After the invention of microprogramming, the flow 
chart is reduced to a series of instructions that are executed on the micromachine. In 
other words, a second computer, rather than a hardwired state machine, provides the 
control. 

Example Program 

Without indexing, the complexity of programming the von Neumann ISA is illus­
trated with the following example shown in Table 1.3. We wish to compute the vector 
add of two vectors of length 1000: 

Ci= Ai+ Bi. 

Vector A is stored in locations 1001-2000, vector B in locations 2001-3000, and 
vector C in locations 3001-4000. The first steps of the program initialize three memory 

TABLE 1. 3 VECTOR ADD PROGRAM 

Location Datum/Instruction 

0 999 
1 1 

2 1000 

Comments 

Count 
Constant 
Constant 

Inner Loop for Each Add 

3L 
3R 
4L 

4R 
SL 
SR 
6L 
6R 

7L 
7R 
8L 
BR 
9L 
9R 

lOL 
l0R 

AC +- M(3000) 
AC +-AC+ M(2000) 
M(4000) +-AC 

Load Bi 
Bi+Ai 
Store AC 

Loop Test and Continue/Terminate 

AC +-M(0) 
AC +-AC - M(l) 
If AC::: 0, go to M(6,0 :19) 
Go to M(6,20 :39) 
M(0) +-AC 

Load count 
Decrement count 
Test count 
Halt 
Store count 

Address Adjustment (Decrement) 

AC +-AC+ M(l) 
AC +-AC+ M(2) 
M(3,8:19) +-AC(28:39) 
AC +-AC+ M(2) 
M(3,28:39) +-AC 
AC +-AC+ M(2) 
M(4,28:39) +-AC 
Go to M(3,20:39) 

Increment count 
Add constant 
Store modified address in 3R 
Add constant 
Store modified address in 3L 
Add constant 
Store modified address in 4L 
Unconditional branch to 3L 
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1 . 3 Historical Notes 13 

locations with the count 999, the constant 1000 (for testing the number of times the 
operation is performed), and the constant 1 (for a decrement value). 

1.2.3 LIMITATIONS OF THE VON NEUMANN INSTRUCTION 
SET ARCHITECTURE 

There are a number of major limitations of the von Neumann ISA highlighted by 
the vector add program of Table 1.3. The first limitation has been noted in Subsec­
tion 1.2.2: there are no facilities for automatic address modification as with modern 
processors. Thus the addresses in the instructions must be modified by other instruc­
tions to index through an array. This is the self-modifying code that is very prone to 
programming error. 

In addition, modular programming was unknown at the time of the von Neumann 
ISA development. Thus the architecture provides no base register mode to assist in 
partitioning instructions and data. 

Another major limitation can be found in the vector add program of Table 1.3. With 
this architecture, the program counter is an implemented register. All modern pro­
cessors have an architected program counter; thus the PC can be stored and restored, 
thereby enabling the programming concepts of subroutines and procedure calls. These 
concepts cannot be used on the von Neumann ISA with its implemented program 
counter. 

Finally, as mentioned in Subsection 1.2.1, the 1/0 was only briefly mentioned in 
the original paper on the von Neumann ISA. The implementation of the 1/0 on this 
and other computers will be discussed in Chapter 7. 

1.3 HISTORICAL NOTES 

Indexing: Apparently, the first incorporation of indexing to an ISA was with the Mark I, 
developed by Kilburn and Williams at The University of Manchester, 1946-1949, and 
produced by Ferranti Corp. The first Ferranti machine was installed in 1951. Although 
this machine is well known for the development and the use of virtual memory, the 
pioneering work regarding indexing is equally important. Indexing was provided as 
an adjunct function, called the B lines or B box. 

The IBM 704, announced in 1954, has three index registers. These registers, along 
with floating point, provided the hardware support for the development of FORTRAN 
(Blaauw and Brooks 1997). It is interesting to note that the IBM 701, first installed in 
1953, required program base address modification, as did the von Neumann ISA. 

Subroutines: A subroutine is a program that executes only when called by the main 
program. After execution, the main program is then restarted. Because subroutines 
require a return to the main program, a necessary condition for subroutine support is 
that the program counter must be saved. As the von Neumann ISA had no provisions 
for saving the program counter, the ISA cannot execute subroutines. 

This problem was first solved by Wheeler for the EDSAC at Cambridge University 
under the direction of Maurice Wilkes (Wilkes, Wheeler, and Gill 1951). The program 
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14 Computer Overview 

counter became architected, permitting its contents to be saved and restored. A further 
discussion of subroutines is found in Chapter 3. 

1.3.1 PRECURSORS TO THE VON NEUMANN INSTRUCTION 
SET ARCHITECTURE 

There were a number of precursor computers to the von Neumann ISA. Noteworthy 
are the machines of Babbage, Atanasoff, Zuse, Aiken, and Eckert-Mauchly. Even before 
these machines there had been several centuries of study and design of calculating aids 
and mathematics, particularly the invention of logarithms and advances in numerical 
analysis. These topics are outside the scope of this textbook but reference can be made 
to the papers of Chase (1980) and de Solla Price (1984) for information. For additional 
information on the early computers, the reader is referred to Goldstein (1972) and 
Randell (1973). Extensive coverage can be found in the IEEE Annals of the History of 
Computing, now in its 21st volume. The reprint series of the Charles Babbage Insti­
tute (Cambell-Kelly and Williams 1985) provides insight into the writings of the early 
computer pioneers. 

The early computers were designed to solve two types of problems. First, there was a 
problem in preparing tables of functions; the machines of Babbage, Aiken, and Eckert­
Mauchly were designed for this purpose. The second problem class was the solution 
of systems of linear equations; the machines of Atanasoff and Zuse were designed for 
these problems. For both problem types, the amount of labor required for human so­
lutions to anything but trivial cases was excessive, and, as the problem became larger, 
errors would be made even when mechanical calculators were used for the arithmetic. 
Thus very large problems were almost intractable; they took too long and were too 
full of errors. 6 

Charles Babbage (1792-1871) can be called the father of modern computers. At 
the beginning of the 19th century, a critical need existed for computationally reli­
able printed tables of functions. Babbage posited that a difference engine could meet 
this need. He built a small model during 1820-1822 of a difference engine having six 
significant digits for functions with a constant second difference; a replica is shown 
in Figure 1.8. The method of differences was adopted as it requires only addition 
and subtraction. The technology for these operations had been long demonstrated, 
starting with Blase Pascal's mechanical adding machine, which used rotating decimal 
wheels. 

In 1836, efforts to make a larger, 26-decimal-digit, sixth-difference version of the 
difference engine eventually failed because of the difficulty of manufacturing the parts 
and the withdrawal of British government financial aid. A reproduction of this larger 
machine, built to Babbage's drawings, was completed in 1991 and can be found in 
the London Science Museum. Even though Babbage never completed the difference 

6 During the 1930s, the Works Progress Administration hired young women to compute tables by 
hand. Calculators were not used, as one of the goals of the program was to put as many people 
to work as possible. 
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Figure 1.8 Replica of Babbage difference 
engine (courtesy International Business 
Machines Corporation) 

1 . 3 Historical Notes 1 5 

engine, a machine based on his ideas was completed by Edvard Scheutz in 1843 in 
Stockholm, Sweden. 

With the failure of the difference engine design effort, Babbage turned his atten­
tion to an" analytical engine." He attempted to design a machine that could perform 
any sequence of operations and that would not be a slave to the numerical analysis 
technique of differences. The analytical engine consisted of three parts: the store is 
the memory of a modern computer, the mill is the arithmetic unit of a modern com­
puter, and the third part is the control. The store and the mill would be sequenced by 
punched cards, a technology perfected by the Jacquard loom. Thus Babbage spelled 
out the three major components of a modern computer. 

John Atanasoff (1903-1995), Professor of Mathematics and Physics at Iowa State 
College, made the first machine that brought computer technology out of the me­
chanical and relay ages into the electronics age. Atanasoff saw the need for an appa­
ratus for solving systems of linear algebraic equations. He estimated that the time in 
hours for using mechanical calculators to solve n simultaneous linear equations with 
n unknowns was 

n3 
-h. 
64 

Thus, large systems of equations, such as n = 30, would require over 50 8-h days, 
with the opportunity for many errors. In the spirit of physics researchers, he proceeded 
to design and construct an apparatus for the solution of these systems of equations. 
This apparatus is a special-purpose digital computer known as the Atanasoff-Berry 
Computer (ABC). Berry was a research assistant to Atanasoff. Unfortunately, Atana­
soff's work did not become widely known until 1967-1969 when patent litigation over 
the ENIAC patent between Sperry-Rand and Honeywell revealed that John Mauchly 
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Word 1 

SO Bits 
Ca Memory 

Word 30 L-------------4-+---="---, 

Word 1 

SO Bits 
Ka Memory 

Word 30 ~---------~ 
tvf emory viewed as shift registers 

Figure 1.9 Organization of the ABC memory and SAUs 

(one of the designers of ENIAC) visited with Atanasoff in 1940 or 1941 and received 
information on the ABC. 

In addition to the decision to construct an electronic computer, Atanasoff made a 
number of other design decisions that are noteworthy. First, arithmetic would be per­
formed by logical operations, not enumeration or counting as with Babbage. Second, 
the data type would be a SO-bit signed, binary integer that uses l's complement (see 
Chapter 3 for a discussion of l's complement arithmetic). Third, memory would be 
provided by a motor-driven drum of rotating capacitors: the first DRAM. The rotation 
time is ls; the capacitors are refreshed each rotation. 

The organization of the memory and the serial arithmetic units (SAUs) is shown 
in Figure 1.9. There are two memory banks, Ca and Ka. Each bank is 30 words of 
SO bits. The coefficients and constant of one equation are loaded into Ca and the 
coefficients and constant of another are loaded into Ka. Thirty full adder/subtractors 
add or subtract the bits of Ka and Ca, saving the carry, and replacing Ca with the sum, 
bit by bit. With 30 words, the system limit is 29 equations with 29 unknowns. 

The coefficients and the constant of one equation are read from the card reader into 
the Ca memory and the other equation into the Ka memory. By Gaussian elimination, 
one of the coefficients in Ca is reduced to zero. The technique iteratively subtracted 
the 30 coefficients in Ka from Ca, reducing one coefficient of Ca to zero (the coeffi­
cient to be eliminated). The process consists of successively dividing the coefficients 
by two in each cycle. When the coefficient becomes negative, subtraction is changed 
to addition; when the coefficient becomes positive, addition is changed to subtrac­
tion - a process akin to nonrestoring division (a topic discussed in Chapter 3). After 
one coefficient of Ca is reduced to zero, the results are punched into an output card 
and two new equations are introduced by the card reader; the problem has been re­
duced by one unknown. This process of input, compute, and output continues until 
all of the coefficients of the system are available. 

Figure 1.10 (Atanasoff 1984) shows an artist's conception of the final version of the 
ABC tested in the spring of 1942. Atanasoff reported difficulty with reliable punching 
of the output cards. Because of wartime demands on Anatasoff and his students' leav­
ing school for the military or war work, no further work was accomplished, and the 
machine was eventually scrapped. Today, elements of the machine can be seen at The 
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Figure 1.10 The Atanasoff-Berry computer(© 1984 IEEE) 
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l3OOST4 
CARRY DRUM 

ONE ADD-SUBTRACT 
M ECHANISM 

(7 DUAL TRIODES) 

Computer Museum in Boston. A working replica of the ABC has been constructed at 
Iowa State University and is on permanent display there. 

Konrad Zuse (1910-1995) worked in Germany and designed and built a number 
of machines during the period 1934-1944: Zl, Z2, and Z3. The primary motivation 
for these machines was the solution of systems of linear equations. Because he had a 
degree in civil engineering, Zuse was interested in the problem of static engineering 
of load-bearing structures. This problem required the solution of a system of linear 
equations, one example requiring 30 equations with 30 unknowns. Several months 
were required for solving this problem with mechanical calculators (Ceruzzi 1981, 
Rojas 1997). 

Zuse's work seems to have been supported by his family and occasional small grants 
from the Henschel Aircraft Company. Unfortunately, the Z3 was destroyed in a 
bombing raid on Berlin, but a reproduction was built in 1961-1963 from the origi­
nal plans. 

The Z3 is a relay machine, with approximately 2600 relays. A block diagram of the 
Z3 is shown in Figure 1.11 (Ceruzzi 1981). Note that the primary data type is float­
ing point, base 2, and the program input is from previously used punched 35-mm 
movie film. The main memory (64 words of 22 bits plus sign) is directly addressed and 
implemented with relays. Output used lamp displays, and no provisions for printing 
results were provided. Input is by means of a keyboard. With disjoint program and 
data memories, the Z3 is classified as a Harvard architecture. The minimum provision 
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Figure 1.11 Zuse Z3 computer(© 1981 IEEE) 

Add 2 

for input and output is not surprising, given that solving large systems of simulta­
neous linear equations is compute bound: few inputs, a lot of computing, and few 
outputs. 

The internal architecture is a basic register file of two registers. Instructions were of 
the form 

R2 ~ Rl op R2. 

The instruction set consisted of 11 operations-everything we expect in a modern com­
puter except for conditional branching, the ability to use subroutines, and indexing. 
Looping could be provided when a loop was made of the punched film. 

The instruction set and the number of cycles required per instruction are given 
in Table 1.4. The cycle time is estimated to be 5.33 Hz. Finally, a rudimentary form 
of pipelining and concurrency is used. The tape reader is two instructions ahead of 
the instruction in execution. This allows two instructions to be reversed in execution, 
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1 . 3 Historical Notes 19 

TABLE 1.4 23 INSTRUCTION SET AND 
EXECUTION TIME 

Type Description Cycles Time (s) 

Arithmetic Multiplication 16 3 
Division 18 3.4 
Square root 20 3.75 
Addition 3 0.56 
Subtraction 4-5 0.75-0.93 
Reciprocal 
Square 
Negation 
Double 
Halve 
Times 10 
Times 1/10 

Memory Load 1 0.18 
Store 0-1 0-0.18 

1/0 Read keyboard 9-41 1.68-7.7 
Display result 9-41 1.68-7.7 

two memory operations can be performed ahead of the time to overcome the slow 
memory, and a temporary result can be saved in a register to be used on a subse­
quent instruction. These ideas will be appreciated when pipelining is described in 
Chapter 6. 

Howard Aiken (1900-1973), Assistant Professor at Harvard University, in 1937 pro­
posed the development of a machine for the production of tables of functions usually 
defined by infinite series. He was aware of the work of Babbage but apparently not 
aware of the work of Atanasoff and Zuse. Babbage's technique of differences was re­
jected as being too constrained for the problems envisioned by Aiken. In his proposal 
(Aiken 193 7) he stated that the processes to be carried out are "evaluation of formulae 
and the tabulation of results, computation of series, solution of ordinary differential 
equations of the first and second order, numerical integration of empirical data, and 
numerical differentiation of empirical data." To achieve these ends, a programmable 
device with the normal arithmetic functions would be required. 

Aiken took his ideas to IBM and received encouragement and, more important, 
financial and engineering support. As a result, the machine was designed and con­
structed by a group of skilled engineers at IBM. This is unlike the situation for many 
early machines that were designed and constructed by ad hoc teams of university fac­
ulty and students. IBM had extensive experience in tabulators, machines that used 
punched cards to perform some limited calculations under plug-board control. 7 Thus 
it was natural that this technology would be applied to what became known as the 

7 Much of the World War II code breaking work in the U.S. depended on tabulating machines for 
gathering statistical information on Japanese messages. 
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MECHANICAL DRIVE SYSTEM 

Figure 1.12 Harvard Mark I mechanical drive (courtesy Harvard University) 

sequence-controlled automatic calculator (SCAC), later as the Harvard Mark I (The 
Staff of The Computation Laboratory 1946).8 

Like the Babbage analytical engine and the Z3, the Harvard Mark I has disjoint 
instruction and data memories. The program is stored on a 24-channel punched paper 
tape: instructions are read into the processor in sequence with no looping capability. 
The memory is composed of 60 24-bit decimal registers. Each of these registers acts 
as an accumulator that distributes the arithmetic function (there is no centralized 
arithmetic unit as with the von Neumann ISA). Data input is by means of one of three 
punched paper tape readers identical in design to the program reader. 

The registers are stepping switches J, driven from a motor Band rotating shafts, A, 
F, and G, as shown in Figure 1.12. The stepping switches are engaged to the shaft by 
electromechanical clutches. Addition is performed by the following scheme. Say, for 
example, a switch has the number 3 and another has the number 5 and the 3 is to 
be added to the 5. A cam-driven pulse generator would produce signals from the 3 
switch that would engage the clutch of the 5 switch for three steps, then disengage 
the clutch, leaving 8 in the switch. Today, this scheme seems to be almost unwork­
able. Nevertheless, the IBM engineers produced a very reliable computer in 1943 that 
remained in service until 1959.9 

Machine instructions include the usual add and subtract with multiplication and di­
vision. Other instructions with their execution times are shown in Table 1.5. The data 
type is 23-decimal digits in sign and magnitude representation. The decimal point is 
positioned by means of plug-board interconnections. However, because of the diffi­
culty of programming the decimal point, the decimal point was set between the 15th 
and the 16th digits for most of the life of the machine. In Chapter 3, this data type, 
called mixed, will be discussed. 

8 In the early days a II computer" was a person who performed calculations. A II calculator" was a 
machine that performed calculations. 

9 When asked in later years why he used the IBM technology rather than some other, such as 
electronic, Aiken pointed out that IBM, not some other company with electronics experience, 
provided the money. 
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TABLE 1.5 MARK I 
INSTRUCTION EXECUTION 
TIMES 

Instructions Seconds Cycles 

Addition 0.3 
Subtraction 0.3 
Multiplication 6.0 20 
Division 11.4 38 
Log10(xl 68.4 228 
,ox 61.2 204 
sinx 60.0 199 

f. Presper Eckert (1919-1995) and John Mauchly (1908-1980) developed the Elec­
tronic Numerical Integrator and Computer (ENIAC) at the Moore School of The 
University of Pennsylvania under contract from the U.S. Army. Development started 
in 1942, and the machine was operational in 1946 (Goldstine and Goldstine 1946). 

The data type is 10-decimal digits with a sign. The organization is similar to that 
of the Mark I in that the basic memory and computing elements are accumulators. 
Implementation is with vacuum tubes and the add cycle is 1/S000th of a second-16 
times faster than the Mark I. The purpose of this machine is to compute and print 
tables of functions and firing tables for artillery. Function switches provi~e tabular 
input of 104 words of 12-decimal digits plus sign. 

The ENIAC has 20 accumulators that are plugged together by means of five buses 
to form a primitive data flow processor. Three of the accumulators are shown in Fig­
ure 1.13 along with the five buses (Goldstine and Goldstine 1996). Note that each 
bus and the plug cables that interconnect the accumulators to the buses have 11 
conductors composed of 10 digits plus a sign. The overall view of this machine is 
that it is composed of 20 calculators with interconnections between them. A con­
stant transmitter could broadcast constants to all the accumulators. Also shown in 
Figure 1.13 are the circuits for issuing timing pulses that synchronize the operation 
of the accumulator. Because the output of this machine consists of tables, a printer is 
included. 

Programming is more constrained than with the Mark I. The accumulators were 
patched by means of cables into the buses that received timing pulses from a central 
source. The patching set the algorithm to be solved. As an example, consider the prob­
lem of computing a table of n, n2, and n3 for n, n + l, n + 2, and so on, as shown in 
Table 1.6. 

The calculation is seeded with the initial values of 2, 22
, and 23 (2, 4, and 8) that 

are entered into accumulators 18, 19, and 20. With the list of operations shown, the 
next values are computed. Initial values of 1, 12

, 13 could also have been used with 
the same results after more steps. 

Thus we see that the initial values of 2, 4, and 8 are changed to 3, 9, and 27. At the 
end of each iteration, the results would be printed. Note the concurrency of steps 2 
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Also see 
Figure 3 

Accumulator 18 

(b) (c) 

Accumulator 19 

(a) (b) (c) 

Accumulator 20 

(a),(b),(c) 

Constant 
Transmitter 

(c) 

Cables for 
static outputs 

of accumulators 

Printer 

for (a), (b), (c) 

A-1 -+-+-+----_j_-+---+-+----...L._------H---------t-+--r 
A-2 -1..+-+-----...1_-1.._+-----------H---------t-+--r 
A-3 _ _L_j_ _______ L_ __________ Y------++---t-
A-4 ------------,~------------t---------t-'---r 
A-5 -----------~-------------'------,--t---t-

Symbolism for Master 
Programmer Stepper 

Stepper Direct Input 

Stepper ~o d d 
Input O 1 2 

Stepper 
Clear 
In ut Output for 

p Stage 1 

Initiating 
Pulse 

Control 

Causes computation to be repeated 
until 200 printings are completed 

A-5 

0 0 0 0 

Stimulates printing after 
every 7th repetition of 

0 0 0 0 

c__ __ A-6 ----~ 
c__ ____ A-1 -------~ 

Figure 1.13 ENIAC, three accumulators(© 1996 IEEE) 

and 3. As there are no dependencies (discussed at length in Chapter 6) these operations 
can be executed in parallel. 

It is easy to imagine the difficulty of programming or setting up this machine. 
Debugging must have been a difficult job. Fortunately, reprogramming was infrequent 
since the computer time for a single job was extensive as only input constants were 
changed from run to run. 

TABLE 1.6 COMPUTING n, n2 , AND n3 ON THE ENIAC 

Operation Accumulator 18 Accumulator 19 Accumulator 20 
Step Initial Value n=2 n2 = 4 n3 = 8 

Add the contents of A 19 2 4 8 + 12 = 20 
three times to A20. 

2 Add the contents of A 1 8 2 4+4=8 
two times to A 19. 

Add the contents of A 1 8 20 + 6 = 26 
three times to A20. 

3 Add the constant 1 to 2+1=3 8+1=9 26 + 1 = 27 
A18, A19, and A20. 
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1. 7 EARLY COMPUTER FEATURES 

Feature ABC Zuse Z3 ENIAC Harvard Mark I 

Motivation Simultaneous Simultaneous Ballistic firing Functions 
linear equations linear equations tables defined by 

infinite series 
Primary data type SO-bit integer 22-bit F.P. 10-digit integer 24-digit integer 

(base 2) (base 2) (base 10) (base 10) 
Memory 2, 30w X 50 64w x 22, relay 20 words x 10 60 words x 24 

Capacitor, digits, vacuum digits, stepping 
refreshed every tube switches 
second 

ALU Centralized Centralized Accumulators, Accumulators, 
30, one for distributed distributed 
each word 

Program input Hardwired for Punched film Plug wired Punched paper 
one algorithm tape 

Data input Punched cards Keyboard Switches, Switches, 
IBM card reader punched paper 

tape 
Data output Punched cards Display lights Punched cards Punched cards, 

printer 
Logic Vacuum tube, Relay, word Vacuum tube, Electromechanical, 

bit serial, word parallel word parallel word parallel 
parallel 

Clock rate (Hz) 60 5.3 100K - 300 

Date first 1942 1941 1945 1944 

operational 
Estimated cost 7000 6500 486,804 450,000 

(U .S. $) 

* The rotating shaft drove and synchronized all of the stepping switches in the system and is analogous 
to the common clock of modern processors. 

Summary. A brief summary of some of the salient features of the ABC, Z3, ENIAC, 
and the Mark I is given Table 1. 7. 

We conclude this brief discussion of early computers with a comment on wartime 
work in Great Britain. A significant vacuum tube machine was designed and built for 
the purpose of breaking high-grade enciphered German Army teleprinter messages. 
The first model of this computer, named Colossus, was installed in December 1943. By 
war's end, 10 of these machines were operational. However, the existence of Colossus 
remained under security wraps until 1975 (Randell 1976). 
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EXERCISES 

1.1 Write the program for vector addition by using the ISAs of the IBM PowerPC and 
the Intel Pentium. 

1.2 Rewrite the von Neumann ISA vector add program for vectors of length 300. 

1.3 Is there a reason why the vector add program is written so that the vectors are 

added starting with the large address working back to the small address? 

1.4 Babbage was interested in the solution to the expression n2 + n+41 for increasing 

integer values of n. Show how this problem is solved on the difference engine for 
n = 1, 2, . .. , 10. 

1.5 Obtain the first terms of sin by using a well-known series expansion. Then com­

pute the first 10 terms of the sin function by using the methods of differences. 

1.6 Use the ENIAC and the format of Table 1.6 to compute n, n2 , and n3 for n = 1, 
n = 2, and n = 3. 
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1.7 Expand the program of Table 1.6 to compute n4 with the ENIAC. Hint: 

(n+ 1)4 = (n+ 1)(n+ 1)(n+ 1)(n+ 1). 

1.8 Write a program to evaluate a 3 x 3 determinant for the Z3 . Assume that the nine 

inputs are keyed in by means of the keyboard. 

1.9 Show the method by which the ABC solves the following simultaneous equations. 

Use decimal values and plot the convergence of the first coefficient to zero: 

2x+5y=9, 
3x+ 2y= 8. 

1.10 Compare the characteristics of each of the four machines described in Table 1.7 

with modern machines or current research . 

1.11 Figure 1.10 shows a rotating drum with brushes used to make conversions be­

tween base 10 and base 2. Suggest how this device performs this function . 

1.12 Show the execution steps for Instructions 1 and 3 in Table 1.2 in the flow-chart 

form used in Figure 1.7. 
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TWO 

PERFORMANCE MODELS 
AND EVALUATION 

2.0 INTRODUCTION 

Designers evaluate the performance of computers and the effect of design changes to a 
computer or subsystem. In general, there are two common techniques for performing 
these evaluations: simulation and analytic models. 

Simulation has a major disadvantage of hiding the effects of workload or architec­
tural parameters that are the input to the simulator. The simulation produces some 
single measure of performance but the underlying basis for the number is obscure. On 
the other hand, analytic models must explicitly comprehend each of the workload and 
architectural parameters. Because of the small time required for obtaining a solution as 
parameters vary, the effect of these parameters can be evaluated and understood. How­
ever, these models do not generally comprehend concurrency and are subject to signif­
icant error. Nevertheless, analytic models are used throughout this book for evaluating 
workloads and architectural parameters because of the insight into design options pro­
vided. Note that some of the parameters of an analytic model have been obtained by 
simulation of a small portion of a system. Memory behavior parameters are examples. 

2.1 PERFORMANCE MODELS 

For a computer or a computer subsystem, what measures of performance can be used 
by a designer when making design choices? In the domain of computers, we are gen­
erally interested in two things: the time to do tasks and the rate at which given tasks 
are performed. For example, 

Task A executes in 3 µ,s per task, 
Task A executes at a rate of 3.33 x 105 executions per second. 

Note that for a common work load (Task A), time and rate have a reciprocal relation­
ship. Because a computer has a clock that controls all of its functions, the number of 
clocks is frequently used as a measure of time. If the clock period of the processor is 
50 ns, 

300 clocks per execution of Task A, 
Task A executes at a rate of 0.0033 tasks per clock. 
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CPI Model 

A basic time model that is widely used in evaluating processors is clocks per in­
struction (CPI). The metric measures the time, in clocks, a processor takes to execute 
an average instruction: 

CPI = number of clocks 
number of instructions executed· 

The reciprocal of CPI is instructions per clock (IPC). IPC is a measure of processing 
rate and is a useful measure of performance in some situations. 

CPI is illustrated with the following example: A task that takes 1 x 106 clocks to 
execute 5 x 105 instructions has a CPI of 2.0. Small values of CPI indicate higher per­
formance than large values of CPI. For many processors, different instructions require 
a different number of clocks for execution; thus CPI is an average value for all instruc­
tions executed. Further, different programs use instructions in different mixes. CPI 
combines the weighted use of each instruction class (the fraction of the total instruc­
tions) with the number of clocks per instruction class to give a weighted mean, a topic 
discussed further in this section. 

Speedup 

Designers are faced with the question of evaluating the effect of modifying a design, 
called design A, to design B. Is the modified design, design B, better than design A? The 
answer is found by using the concept of speedup. Note that speedup is a dimensionless 
ratio: 

Time A 
Speedup= T B 1me 

CPIA 
CPI B 

Rate B 
Rate A 

IPC B 
IPCA. 

If design B is an improvement, then the speedup will be greater than 1. If design B 
hurts performance, the speedup will be less than 1. If speedup is equal to 1, there is 
no performance change. This relationship recognizes that reducing CPis is associated 
with improved performance because the number of clocks is a measure of time and an 
instruction is a measure of the work performed. 

Percent Difference and Change 

We are also interested in the percent difference in the performance between two 
systems, A and B. For the following derivations, assume that Rate A > Rate B and that 
Time A is < Time B: 

(
Rate A - Rate B) 

A is x% faster than B (Rate) = 100 Rate B 

= ioo(Rate A _ l) 
Rate B 

= lO0(Speedup - 1). 
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(
Time B -Time A) 

A is x% faster than B (Time) = 100 Time B 

( 
Time A) 

= lOO 1 - Time B 

= 100 1- --- . ( 
1 ) 

Speedup 

EXAMPLES 

1. Processor A performs a given task in 1 s while processor B requires 2 s for the 

same task. By what percentage is A faster than B? 

Solution 
The speedup of A over B is 2/1 = 2. Thus A is 100(1 - 1 /2) = 50% faster 

than B. 
2. Processor A performs the same task at the rate of 1 task per second while B 

performs the same task at 0.5 tasks per second. By what percentage is A faster 

than B? 

Solution 

The speedup is 1 /0.5 = 2. Thus A is 100(2 - 1) = 100% faster than B. 

Comment 

Note that the same change in performance of processor A compared with pro­

cessor B gives a 100% improvement in rate and a 50% improvement in time. 

3. What is the maximum percentage of difference in rate and time that can exist 

between two processors? 

Solution 

If the rate of processor A is infinite, the maximum percentage of difference in 

rate between the two processors is oo %. With an infinite rate, the time for pro­

cessor A is reduced to zero and the maximum percentage of difference in time 

is limited to 100%. 

4. A processor executes 1 00M instructions per second (where M indicates 106). 

With an improved memory, the execution rate increases to 125M instructions 

per second. What is the percentage of change in performance? 

Solution 

The speedup resulting from the memory change is 125M/1 00M = 1.25. Thus 

the percentage of change in performance is 100(1.25 - 1) = 25%. 

5. The same processor requires 1 x 1 o-8 s per instruction. This rate increases to 

8 x 10-9 s per instruction with the change. What is the percentage of change in 
performance? 

Solution 

The speedup is 1 x 1 o-8 /8 x 10-9 = 1.25. The percentage of change in execu­
tion rate is 100(1 .25 - 1) = 25%. 

Means and Weighted Means 

We now turn to the important topic of means and weighted means. There is a 

natural desire to characterize some performance measure of a computer with a single 
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number that can be compared with the comparable number of another computer or 
used to evaluate a design modification. We find a single number by evaluating a num­
ber of measurements or observations and mathematically determining the central ten­
dency or th~ mean of the observations. With computers, we can make three types of 
measurements or observations: (1) the time needed to perform a task, (2) the rate at 
which a task is performed, and (3) the ratio of times or rates called speedup in the 
preceding subsection. 

There are three types of means used to find the central tendency of the measure­
ments: arithmetic mean for time, harmonic mean for rates, and geometric mean for 
ratios. The observations for these three means may have equal weights or be weighted. 
If the name of the mean does not use the word weighted, it is assumed that the ob­
servations have equal weight. The selection of the correct mean is determined by the 
type of observed data and by the desired evaluation of the data (Croxton, Cowden, 
and Klein 1967). 

In many of the subsequent discussions of weighted means, the term weight will be 
used to refer to the fractional occurrence of an event, in which the fraction is x/100, or 
to the frequency of an event, in which the frequency is also given as x/100. There will 
be cases in which the context of the model implies the use of the terms frequency of use 
or fraction of time rather than weight. In general, these three terms are synonymous 
and the sum of weights, fractions, or frequencies is equal to one. 

Time-Based Means 

Smith (Smith 1988) states that "the time required to perform a specific _amount of 
computation is the ultimate measure of computer performance." Thus time measure­
ments are usually fundamental measurements in the field of computer performance 
modeling. When other measures are used, the validity of these measures can usually be 
checked by converting to time. In later chapters we consider and model such measures 
as latency time, access time, wait time, and response time. 

Arithmetic Mean. The arithmetic mean is used to find the central tendency for 
equal weight time measurements. The arithmetic mean of the time per event is deter­
mined by 

l n 

arithmetic mean = - L I;. 
n i= l 

An arithmetic mean requires that the data points have equal weights, and the result is 
frequently called the average. For example, the average grade, x1

, in a class is the sum 
of the observed grades divided by the number of students: 

l n 

x' = -I:x;. 
n i+l 

EXAMPLE 

A particular job is run on a corporate mainframe on the first of each month . The 

times required for running this job over a 4-month period are 2 h, 2.2 h, 1.9 h, 

and 2.3 h. What is the mean or average time to run this job? 
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Solution 

The data points have equal weight as the same job is run each month. Thus the 

arithmetic mean or average is used to find the central tendency. The mean or 

average time to run a job over the 4-month period is 

2.0 + 2.2 + 1.9 + 2.3 = 8.4 = 2_1 h per job. 
4 4 

Weighted Arithmetic Mean. For many cases, computing an equal-weight arithmetic 
mean will give misleading results. Care must be taken when events occur at different 
fractions of the total events and each event requires a different amount of time. The 
weighted time per event is the weighted arithmetic mean, defined as 

n 

weighted arithmetic mean = L WT;. 
i=l 

The weighted arithmetic mean is the central tendency of time per unit of work. v½ 
is the fraction that operation i is of the total operations, and T; is the time consumed 
by each use. Note that W1 + W2 + • • • + Wn = 1 and that l,,½ is not the fraction of time 
that the operation is in use. 

EXAMPLE 

A processor has two classes of instructions: class A instructions take two clocks 

to execute whereas class B instructions take three clocks to execute. Of all the 

instructions executed, 75% are class A instructions and 25% are class B instruc­
tions. What is the CPI of this processor? 

Solution 

The observations are in time and are weighted. Thus the CPI of the processor is 
determined by the weighted arithmetic mean: 

CPI= WA CPIA + Ws CPI 8 , 

CPI = (0.75 x 2) + (0.25 x 3) = 1.5 + 0.75 = 2.25 clocks per instruction 

Comment 

When solving a problem such as this one, add the event probabilities together 

and verify that the sum is one; if the sum is not equal to one, there is some error 

in the solution. A good practice is to use a table, as shown in Table 2.1, for the 

solution of these problems rather than attempt to bind variables to an equation. 

Rate-Based Means 

Performance is sometimes measured as rates. For example, my car goes 25 MPH or 
my computer performs 100 million instructions per second. Likewise, a computer may 
execute 0.5 IPC, the reciprocal of CPI. Thus, instead of time, we can also consider rates 
for evaluating performance or design changes. When rates are the observed events, the 
harmonic mean and the weighted harmonic mean will provide the central tendency 
of the observations. 
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TABLE 2.1 WEIGHTED ARITHMETIC MEAN 
(WAM) 

Instruction 

Type Weights Clocks Product 

A 0.75 2 1.50 
B 0.25 3 0.75 

SUM= 1.0 WAM = 2.25 clocks 
per instruction 

Harmonic Mean. The harmonic mean is the central tendency of the observations 
expressed as rates having equal weights and the result is the mean events per unit of 
time: 

1 
harmonic mean = ---

1 I:7=1 ¾; 
n 

n 1 • 
Li=l R; 

The harmonic mean is defined as the reciprocal of the arithmetic mean of the recip­
rocals of the values and is the central tendency of units of work per units of time. 

EXAMPLE 

Consider the example in the subsection on arithmetic means of jobs being run 

on the corporate computer. We express the observations in a rate measure of 

jobs per hour. These data are 0.5, 0.45, 0.53, and 0.43 jobs per hour. What is 

the central tendency of these measurements in jobs per hour? 

Solution 

The central tendency is found by using the harmonic mean: 

4 
Jobs per hour = 

1 1 1 1 
0.5 + 0.45 + 0.53 + 0.43 

4 

Comment 

= - = 0.476. 
8.4 

4 

2 + 2.2 + 1.9 + 2.3 

Note that 0.476 jobs per hour is the reciprocal of 2.1 h per job found previously 

with the arithmetic mean. 

Weighted Harmonic Mean. When the observed rate data are weighted, the mean 
becomes 

1 
weighted harmonic mean = n w, , 

Li=l R; 

where W is the fraction of the total task, not time, that is performed at R;. The result 
is the central tendency in weighted events per units of time. 
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TABLE 2.2 SOLUTION WITH WEIGHTED HARMONIC MEAN 
(WHM) 

Weight Rate Quotient 

0.4 
0.6 

10 million/s 
5 mil lion/s 

0.4/ 10 = 0.04 
0.6/ 5 = 0.12 

SUM = 1.0 WHM = 1 / (0.04 + 0.12) = 1 / 0.16 = 6.25 
million instructions per second 

EXAMPLES 

1. A program executes in two modes: 40% of the program instructions execute at 

the rate of 10 million instructions per second and 60% execute at the rate of 5 

million instructions per second. What is the weighted execution rate in millions 
of instructions per second? 

Solution 

Because the observations are rates and the executions are weighted, use the 

weighted harmonic mean to find the central tendency, shown in Table 2.2. 

2. Solve the same problem by using times in seconds per instruction, rather than 
rates. 

Solution 

Because the data are in time and the executions are weighted, use the weighted 
arithmetic mean as shown in Table 2.3 . 

Comment 

The two results have a reciprocal relationship, as expected: 

1 6 
-
1
-_
6
- X-

1
-
0
-_-

7 
= 6.25 X 10 . 

We can derive the weighted harmonic mean from the weighted arithmetic mean 

by taking the reciprocal of time, which is rate, and then the reciprocal of the 
summation . 

TABLE 2.3 SOLUTION WITH WEIGHTED ARITHMETIC MEAN 
(WAM) 

Weight 

0.4 
0.6 

SUM = 1.0 

Time 

1 x 10- 7 seconds per instruction 
2 x 10- 7 seconds per instruction 

Product 

0.4 X 10- 7 

1.2 X 10- 7 

WAM = 1 .6 x 1 0- 7 seconds per 
instruction 
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Ratio - Based Means 

Some data observations are the ratios of either times or rates. For example, we may 
execute a number of benchmarks on two computers and find the time ratio for each 
of the benchmarks. For these cases, we find the measure of central tendency of the 
ratios by computing the geometric mean or the weighted geometric mean. 

Geometric Mean. The geometric mean is used for evaluating performance when 
the observations have equal weights and are the ratios of times, rates, or the result 
of normalization. The geometric mean is the central tendency of ratios; it is not an 
overall performance measure such as total system speedup: 

n 

geometric mean = n n ratioi. 
i=l 

The proper use of the geometric mean is illustrated with the following examples. 

EXAMPLES 

1. An amplifier has three stages with gains of 2, 3, and 6 for a total gain of 36. The 

gains of the stages are increased to 3, 4, and 7 for a total gain of 84. What is the 

central tendency of the gain improvement per stage? 

Solution 
Because we are dealing with ratios and the observations have equal weight (be­

cause the amplifier stages are in cascade), the central tendency of the increase 

in stage gain is found with the geometric mean : -

Comment 

3 4 7 
mean increase per stage= 3 

2 x 3 x 6 

= ~2.333 = 1.326. 

The mean increase per stage is the ratio 1.326 or 32 .6%. Note that the geometric 

mean is not the overall increase of the amplifier gain, which is 84/36 = 2.333. 

However, because the gains of the stages multiply, the total increase of the am­

plifier's gain is the mean increase per stage raised to the power of the number 

of stages. That is, the total increase in amplifier gain is 1.32633 = 2.333, which 

is the product of the individual stage increases. 
2. The designers of a processor can reduce the clock period by 50% (a ratio of 0.5) 

and reduce the CPI by 25% (a ratio of 0.75). The time to execute an instruction 

is the product of the CPI and the clock period. What is the mean improvement 

for these two design changes in percent? 

Solution 
This problem deals with ratios of equal weight. Thus the solution is found with 

the geometric mean: 

mean reduction per change= Jo .5 x 0.75 

= Jo.375 = 0.612 = 38.7%. 
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TABLE 2.4 LOOP EXECUTION TIME 
(CLOCKS) 

Loop Computer A Computer B Speedup 

2 
3 
4 

39 20 1.95 
53 27 1.96 
27 13 2.08 
31 13 2.38 

Comment 
Note that the overall improvement in the processor's performance is 100(1 

0.375) = 62.5%. The mean reduction per change is not the average of the two 

reductions; (50% +25%)/2 = 37.5%. Remember that problems such as this can 

be checked by use of time. Before the change, the normalized CPI is 1. After the 

change, the normalized CPI is 0.5 x 0.75 = 0.375 and the percent improvement 

is 100(1 - 0.375) = 62.5%. 
3. Two computers execute four loops of a scientific program in the number of 

clocks shown in Table 2.4. What is the central tendency of the speedup for the 

loops? 

Solution 

The observations are clocks, a measure of time, and the events are of equal 

weight; thus the central tendency of the speedup for the four loops is found by 

the geometric mean. Remember that speedup is a dimensionless ratio: 

Mean loop speedup= j1.95 x 1.96 x 2.08 x 2.38 = ~ = 2.08. 

Comment 

There is a temptation to average the speedups for the four loops to find an aver­

age speedup. This calculation is 8.37 /4 = 2.09. Although close to the geometric 
mean, this result is not correct. 

The geometric mean is frequently and incorrectly used to summarize computer 

performance by a single number, as noted in the comment above. Consider the fol­

lowing example. Two computers, A and B, execute three programs in the time shown 

in Table 2.5. 

TABLE 2.5 PROGRAM EXECUTION TIME (SJ 

Program Computer A Computer B Ratio A/8 

1500 150 10 
2 2300 200 11 .5 
3 24,000 2500 9.6 
TOTAL TIME 27,800 2850 
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The geometric mean of the ratios is .y10 x 11.5 x 9.6 = ~1104 = 10.33. Does this 
number represent a valid measure of the speedup of computer B over computer A for 
these three programs? The answer is no; 10.33 is the central tendency of the ratios. 

Recall that the ultimate measure of performance is time. The total time for computer 
A is 27,800 sand for computer Bis 2850 s with a speedup of 27,800/2850 = 9.75. It is 
tempting to find the speedup by taking the arithmetic mean of the three ratios. The 
result of this operation is 10 + 11.5 + 9.6 = 31.1/3 = 10.37. Again, this result is close 
to the speedup found from total time but incorrect insofar as finding a single number 
that represents the relative performance of the two processors. 

Weighted Geometric Mean. For cases in which the observed ratios are weighted by 
the fraction of use, the weighted geometric mean is used to find the central tendency: 

n 

weighted geometric mean= n ratiow;. 
i=l 

EXAMPLE 

For the example above, assume that for a particular benchmark, loop 1 is exe­

cuted 20 times, loop 2 is executed 30 times, loop 3 is executed 50 times, and 

loop 4 is executed 100 times. What is the mean speedup of the four loops? 

Solution 
The weight for loop 1 is 20/200 = 0.1, loop 2 is 0.15, loop 3 is 0.25, and loop 

4 is 0.5. The weighted geometric mean provides the weighted mean speedup of 

the four loops: 

mean loop speedup= 1.95°·1 x 1.96°·15 x 2.08°·25 x 2.38°·5 

= 1.069 X 1.106 X 1.201 X 1.543 = 2.19. 

Comment 
The weighted mean loop speedup is biased to loop 4, which has both the greatest 
speedup (2.38) and the highest use (50%). As with other problems, the speedup 

of the processor executing the weighted loops is found with the weighted total 

times for computers A and B. 

Weighted time A 
speedup = . h d . 8 Weig te time 

(0.1 X 39) + (0.15 X 53) + (0.25 X 27) + (0.5 X 31) 

(0.1 X 20) + (0.15 X 27) + (0.25 X 13) + (0.5 X 13) 

= 3.9 + 7.95 + 6.75 + 15.5 = 34.1 = 2.16. 
2 + 4.05 + 3.25 + 6.5 15.8 

Means Summary 

The six means are summarized in Table 2.6. We select the proper mean equation for 
solving a problem by determining the units (times, rates, or ratios) and determining if 
the observations are of equal weight or weighted. Remember that the mean, however 
determined, is the central tendency of times, rates, or ratios. Only arithmetic and 
harmonic means give an indication of overall performance. 
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TABLE 2 .6 ARITHMETIC, HARMONIC, AND GEOMETRIC 
MEANS 

Mean Equal Weights Weighted Units 

Arithmetic 
1 n 1 Ln time 

AM= - Li= 1 T; WAM = - i= l \l\,f T; unit of work n n 
n 1 units of work 

Harmonic HM= - n - 1 WH M = ~ time Li=l,i L i=lT. 
I I 

Geometric GM= 1TT7=, r; WGM fl n • Wj 
= i= l ratio Ratio 

EXAMPLES 

1. You are processing 200 jobs on a computer. The first 100 jobs are processed at 

50 jobs per hour, and the second 100 jobs are processed at 100 jobs per hour. 
What is the mean rate of processing the 200 jobs? 

Solution 

The correct solution is found by use of the harmonic mean with equal weights. 

The reasons are that this problem is stated in rates (jobs per hour) and the work 
performed is the same (100 jobs); thus the weights are the same: 

mean rate = ---
1 1 
so+ 100 

2 2 
= -

2
- = 66.7 jobs per hour. 

0.02 + 0.01 0.03 

Comment 

This problem can also be solved in time. The first 100 jobs required 2 h whereas 

the second 100 jobs required 1 h. Thus the average time to process the 200 jobs 
is 3 h, giving a rate of 200/ 3 = 66.7 jobs per hour. 

2. A computer executes task A in 1 sand task B in 10 s. For each execution of task 

B, task A is executed nine times. What is the processing rate of the computer in 
tasks per second? 

Solution 

The observations are units of time and the number of executions is weighted. 

However, the question asks for processing rate. Thus the weighted arithmetic 

mean is used to find the central tendency of the time, which is then converted 

to rate. The weight for task A is 9/ 10 = 0.9 and for task B is 1 /1 0 = 0.1 . The 

weighed arithmetic mean execution time= 0.9 x 1 + 0.1 x 10 = 1.9 s, and the 
weighted execution rate is 1 / 1.9 = 0.526 tasks per second. 

Comment 

Another way of solving this problem is to convert the observations to rates and 
find the central tendency with the weighted harmonic mean: 

1 
weighted execution rate = --- - = - = 0.526 

0.9 + 2.2 0.9 + 1 1.9 
1 0.1 
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Compound Growth Rate 

Another concept of interest to computer engineers is compound growth rate. If 
each year we can have a processor that is twice as fast as last year's processor, the 
compound growth rate of performance is 100% per year. A doubling in performance 
every 2 years results from a compound growth rate of 41 % per year. Compound growth 
rate is identical to compound interest earned on money. Each year the interest rate is 
computed on the principle plus the prior year's interest. 

The formula for compound growth rate is 

. ro ra e 
( 

wth t 
number of time intervals 

last value = startmg value 1 + g ) 
100 

growth rate= 10o(number of time intervals last value _ 1) 
starting value • 

A growth rate of 10% per year and a starting value of 1 will have a value of 1.464 

after 4 years. Note that the interval can be any unit of time that is consistent with the 
definition of the growth rate. 

EXAMPLES 

1. In 1995, a transaction server performed at the rate of 100 transactions per sec­

ond . The server is upgraded over the years and in 2000 performs at the rate of 

700 transactions per second. If the transactions are identical, what is the com­
pound growth rate of the transactions per second over this 5-year period? 

Solution 

The speedup in processing rate is 700/100 = 7. The compound growth rate is 

100(,Vl - 1) = 47.5% per year. 
2. What would be the performance in transactions per second for a similar server 

in the year 2005 assuming that the compound growth rate remains the same? 

Solution 

The transaction per second rate of this server will be 700 x 1.4755 = 4887 

transactions per second. 

2.2 AMDAHL'S LAW 

This law models the speedup of a computer when it is processing two classes of tasks; 
one class can be speeded up whereas the other class cannot (Amdhal 1967). This situ­
ation is frequently encountered in computer system design. The solution of Amdahl's 
law model is normalized to the execution time of the system before any speedup is 
applied. 

Assume that a program has two components, tl and t2. The component t2 can be 
speeded up. What is the overall speedup of the system? 

tl + t2 
speedup = tl + (tZ/n) 
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30 Seconds 70 Seconds 

Original System Time= 100 Seconds 

Figure 2.1 Amdahl's law 

30 Seconds 8.75 Seconds 

Enhanced System Time= 38.75 Seconds 

For some problems, we may not know the values of tl and t2. However, we do know 
the fraction of time that can or cannot be speeded up. We define a to be the fraction of 
time10 that cannot be speeded up and 1 - a as the fraction of time that can be speeded 
up by a factor n: 

tl + t2 = 1, 

a= tl =tl 
tl + t2 I 

t2 
l-a= --=t2. 

tl + t2 

Thus the normalized speedup is 

1 

Consider these limits. As a ➔ 0 (in other words, the complete program can be 
speeded up), speedup ➔ n and as n ➔ oo (in other words, t2 is reduced to zero), 
speedup ➔ l/a. This second limit tells us that if 10% of the time of the original system 
cannot be speeded up, then the greatest speedup possible for the system is 10. 

Problems that can be solved by Amdahl's law may be easier to visualize graphically 
rather than by attempting to bind values to the equation. This is illustrated by the 
following example. 

EXAMPLE 

An executing program is timed, and it is found that the serial portion (that portion 

that cannot be speeded up) consumes 30 s whereas the other portion that can 
be speeded up consumes 70 s of the time. You believe that by using parallel 

processors, you can speed up this later portion by a factor of 8. What is the 
speedup of the system? 

Solution 

A graphical solution to this Amdahl's law problem is shown in Figure 2.1. The 

70-s portion of the time is decreased by a factor of 8 to 8.75 s. The speedup of 
the system is found by dividing the original time (100 s) by the enhanced time 

(38.75 s). Thus speedup is 2.58. The same result can be found by binding the 

10 The variable a is not a weight of work as used in finding the arithmetic mean. 
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arguments to Amdahl's law. For the original system, a = 0.3, the enhancement 
is n = 8. Thus the speedup is calculated as 

1 1 1 
speedup = ----- ----- --- - 2 58 

0.3 + (0.7 /8) 0.3 + 0.0875 0.3875 - • • 

EXAMPLE 

Derive Amdahl's law for the case in which a is the fraction of time that can be 
speeded up. 

Solution 

The solution is found by substituting a for (1 - a) and (1 - a) for a: 

t1 + t2 
speedup = ------

(1 - a)+ (a/ n) 

1 
=------

(1 - a)+ (a/n) 

2.3 MOORE'S LAW 

In 1965 Gordon Moore (Moore 1965), at the time head of research at Fairchild Semi­
conductor, observed that the number of circuits per die had doubled every year since 
1959. In a later paper (Moore 1979) he extended the data and restated his case by 
pointing out that the number of circuits per die is still doubling every year, as shown 
in Figure 2.2. Moore said, "I expect a change in the slope to occur at about the present 
time. From a doubling of the slope of the curve annually for the first 15 years 'or so, the 

, slope droops to about one-half its previous value to a doubling once every two years." 
This observation came to be known as Moore's law and is a useful tool for making 
projections on the circuit density of chips. 

16M ~---r-----r-----,-----,-----, 

• Bipolar logic 
■ MOS logic 

lM • MOS memory 
o Bubble memory 

1 1<...J._ __ _j_ __ _j_ __ __._ __ ____. __ ___, 

1960 1965 1970 1975 1980 1985 

Figure 2.2 Moore's law (©1979 IEEE): MOS, metal-oxide 
semiconductor 
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Figure 2.3 Transistors per microprocessor 

Recent data taken from various sources, shown in Figure 2.3, confirm the slope 
to be approximately 1.4 or doubling the number of transistors per microprocessor 
every 2 years. 11 Moore's law indicates the largest possible number of transistors per 
die that can be produced. However, smaller dies can and will be produced as well. 
Note that the law has been restated from transistors per die to transistors per 
microprocessor. 

The design cycle of an integrated circuit can be as short as a few months for a 
standard cell design to as long as several years for a complex microprocessor. In the 
latter case, the designers must be able to project ahead so as to forecast accurately the 
manufacturability of a proposed design. Moore's law is a useful tool for the designer 
to ensure that a new design will not be "behind the curve" when it is completed. 

There are two major reasons why Moore's law holds. First, the die area is increasing 
because of the ability to image over a larger area; second, the size of the features that 
can be processed is decreasing, making it possible to place more devices on a given 
area. Increased area times decreased geometry results in more devices per die. These 
improvements are the result of improved lithography, clean rooms, and overall pro­
cess control. Improvements do not "just happen"; they take large investments on the 
part of the semiconductor manufacturers and the research community in new design 
techniques, materials, and manufacturing technology. A modern chip factory costs in 
excess of $1 billion today. 

Moore's law is now observed to hold true in hard disks as well as semiconductors. 
Figure 2.4 shows that the increase in the disk bit density of 2.5-in. disks is even greater 
than that of chips. The forecast is made that, by the year 2030, 109 megabytes per 

11 Another example of compound growth. 
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Figure 2.4 Disk-drive capacity 

square inch will be achieved. With the expected growth in software size, this capacity 
will be needed. 

These remarkable increases in disk bit density are the result of massive research and 
development (R&D) investments in disk technology. Some of the results of this R&D 

' are smaller read and write heads that are closer to the disk surface and changed aspect 
ratios of the bit from 20 x 1 to 1 x 1 or square. In addition, improved electronics are 
able to read smaller- and higher-frequency signals. 

EXAMPLES 

1. In 1970 wafers had a diameter of 2 in. By 1997 12-in. wafers were entering 

production. What is the compound rate of increase in wafer area per year? 

Solution 
The wafer area in 1970 was 3.14 sq. in., whereas in 1997 the wafer area was 

113 sq. in. The area increase is 113 /3.14 = 36. Over the period of 27 years, the 

compound rate of increase is 14% per year. We check this result by observing 

that 1.1427 = 36. 
2. In 1970 the geometry size was 10 µ,m, 12 whereas in 1997 the geometry was 

0.6 µ,m. What is the compound rate of increase in devices per unit area? 

Solution 
The decrease in geometry size is 10/0.6 = 16.66 and the number of devices 

increases as the square of the geometry size. This increase is 16.662 = 278 per 

unit of area. A 278-fold increase over 27 years is a compound growth rate of 

12 A micrometer (µ,m) is one millionth of a meter or approximately 1/25,000 of an inch. 
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23.2% per year. We check this result by observing that 1.23227 = 280; the 

difference is due to rounding. 
3. Do the results of examples 1 and 2 above support Moore's law? 

Solution 
Not directly; wafer area is not a direct indicator of die area. However, investi­

gation will show that the number of dies per wafer has held relatively constant 

over many generations of the x86 architecture at approximately 80 dies/wafer. 

Thus the wafer area is a good surrogate for die area. 

The increase in die area times the devices per die is 36 x 278 = 10,008. 

This is a compound rate of increase over the 27 years of 41 %. A 41 % per year 

compound growth rate will give 99% growth in 2 years; 1.41 2 = 1.99. This is 

very close to doubling every 2 years, as forecasted by Moore's law. 

2.4 LEARNING CURVE 

There are dramatic examples all around us that show that the cost of computing (pro­
cessors and memory) is decreasing rapidly. The reason for these decreases is that the 
manufacturers make large investments in processes and manufacturing equipment 
that will result in a reduction in manufacturing costs. For many products in which 
these investments have been made, researchers have observed an effect called the 
learning curve. 13 

Figure 2.5 shows the price of integrated circuits during 1964-1966 (Conley 1970). 
These integrated circuits were small scale integration (SSI) devices of one to three gates 
each. For each doubling of the volume, the price was reduced by approximately 25%. 
For example, the price was $10.50 at the 5-million point and $3 at the 80-million 
point. 

• Annual average price data, 1964-68 • Monthly price data, 1965-66 

$50.00 

...., 
·a 

10.00 ;::l 
I-< 
CJ.) 

Cl. 
CJ.) 

-~ 5.0 I-< 
0... 

5 50 100 

Industry total accumulated volume, millions of units 

Figure 2.5 Learning curve for integrated circuits (©1970 IEEE) 

13 Also known as an experience curve. 
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Number of Doublings 

The learning curve law states that costs go down by a fixed percentage each time 
the number of units produced doubles. Figure 2.6 shows the curve in cleaned-up form. 
The learning curve factor L is defined as the fraction of cost remaining after the vol­
ume doubling. In other words, if cost is reduced 30% with each doubling of volume, 
the learning curve factor is 0. 7. Note that cost is in terms of constant dollars to remove 
inflation or deflation from the model. 

Based on Figure 2.6, if 1 million devices have been produced at a cost of $1 per 
device, the second million devices will cost only $0. 70; the cumulative volume is now 
2 million devices. When another 2 million devices are produced, the second 2 million 
will cost $0.49, and if another four million devices are produced, these devices will 
cost $0.329. 

The learning curve is stated mathematically as 

present cost = base cost X L number of doublings. 

If a product has a base cost of $1000 for the first unit and the volume produced is 
1024, there have been log2 1024 or 10 doublings of cumulative volume. If L = 0.9, 
then the cost of the last units produced is $1000 x 0.910 = $348. 

Learning curve theory requires that the units being produced must remain the same 
over the period of interest. Example constant units are bits of DRAM, gates, and M&M 
chocolates. Learning curve theory is difficult to apply to products such as automobiles 
and personal computers because there is no normalizing unit. In general, we do not 
buy the same PC today we bought 2 years ago. However, the under-$1000 PC is an 
example of the learning curve at work. 

Unfortunately, a number of authors have incorrectly reported that learning curve 
theory projects costs are reduced by a fixed percentage every year. This is a phenomena 
observed with DRAMs, but there is no theory to support this conjecture. It has also 
been observed that the cumulative volume of DRAM bits has approximately doubled 
every year for the past decade, leading to the erroneous conclusion that learning curve 
theory is time based. 

EXAMPLE 

In 1990, 4M-bit DRAMs sold for approximately $40. Assume that (1) the selling 
price is a function of manufacturing cost, (2) the cumulative volume of DRAM 
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bits doubles every year after 1990, and (3) the learning curve factor is 0.75. 

What would you expect a 4M-bit DRAM to sell for in 1999, 2005? 

Solution 

The estimated price of a 4M-bit DRAM in 1999 is $40 x 0.759 = $3.00. In 2005 

the estimated price will be $40 x 0.7515 = $0.53. 

Keep in mind that learning curve theory applies to manufacturing costs. From time 
to time the selling prices of DRAMs will be higher or lower than the price forecasts by 
learning curve theory. The reason for this is supply and demand. When supplies are 
tight, the devices will be priced high with resulting high profits, as in 1995. However, 
when supplies are plentiful, selling prices will be lower, as in 1996-1999. Also remem­
ber that the learning curve reduction in costs does not occur by magic. There must 
be a substantial investment in R&D, process development, and new manufacturing 
equipment. 

2.5 GROSCH'S LAW 

In 1953 Herb Grosch formalized an observation that has been widely misapplied in 
recent years (Grosch 1953). He observed that" ... giving added economy only as the 
square root of the increase in speedup - that is, to do a calculation ten times as cheaply 
you must do it one hundred times as fast." In other words, C = K ./P, where P is the 
computing power, K is a constant, and C is the system cost. 

This observation has been turned around to state that computing power increases 
as the square of the cost of the computer, or P = K C2 . This means that for twice the 
money one obtains four times the computing power. 

Figure 2. 7 shows the price of three Pentium II processors equally configured but 
with 300-, 333-, and 350-MHz clocks. Assume that the clock frequency is a surro­
gate for computing power. Also shown for comparison is Grosch's law, starting at 
$1200. 
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El 
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Figure 2.7 Pentium II system prices 
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The conclusion that can be drawn from these data is that there is only a rough 
correlation between real market prices and Grosch's law for PCs. However, if one needs 
to make a price forecast for a faster PC, Grosch's law provides a good rule of thumb. 

EXAMPLE 

The consumer price of a 350-MHz Pentium II PC is $1699. Estimate the price 
of a 500-MHz version of equal configuration that will be sold in 2 years. 

Solution 

There are two effects at work here. Grosch's law indicates that the price will be 

$1699ma = $1699 X 1.19 = $2021 . 

However, as production volume has to increase, PCs have experienced a learn­
ing curve of L = 0.7 per year for many years. Thus the expected price of the 
faster PC in 2 years will be 

$2021 X 0.72 = $2021 X 0.49 = $990. 

Comment 

With the combination of Grosch's law and the learning curve, we can forecast 
that the price of this faster computer in 2 years will cost approximately $709 
less than the base model. This estimate assumes that the memory, disk, and 1/0 
complement remain the same. 

2.6 STEADY-STATE PERFORMANCE 

There are a number of ways by which the steady-state performance may be measured. 
One of the more common measures is millions of instructions per second (MIPS). This 
measure is the result of observing how many instructions are executed by a processor 
in a time period. From this, the MIPS measure can be computed. 

EXAMPLE 

A given processor executes 2-million instructions in 3 s. What is the MIPS mea­
sure of performance? 

Solution 

# instructions executed 
MIPS= -------­

Seconds x 1 06 

2 X 106 

= 
3 

x 10& = 0.66 MIPS. 

The MIPS measure of processor performance is best used when comparing the per­
formance of two processors with the same instruction set (an Intel Pentium and a 
Pentium Pro, for example) executing the same program. If the instruction sets are dif­
ferent, the MIPS measure can be misleading. For example, if one of the processors has a 
multiply instruction and the other performs multiplication by a subroutine, the MIPS 
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rating is ambiguous as the same instructions are not being executed. This deficiency 
leads to another method for measuring performance. 

We find this other measure of processor performance by computing the time to 
execute a task. This performance model is 

task time= number of instructions executed x CPI x time per clock 
number of instructions executed x CPI 

= ----------------
clock frequency 

This model can be modified for various situations. For example, assume you want 
to know the performance impact if you are modifying the execution unit of a given 
processor, say an Intel Pentium, and are not changing the clock frequency. Knowledge 
of the change in CPI is all that is required because the number of instructions as well as 
the time per clock are unchanged. The determination of CPI for a processor is described 
in Chapter 5 for hardwired processors and in Chapter 6 for pipelined processors. 

A measure of processor performance used with scientific calculations is millions 
of floating-point operations per second (MFLOPS). This measure considers only the 
floating-point instructions executed; it does not consider instructions such as loads, 
stores, and branches. The reason they are not considered is that they are overhead 
instructions and do not contribute directly to the operational performance of the 
processor. 

EXAMPLE 

A processor executes 10-million floating-point and 1-million overhead instruc­
tions in 50 ms. What is the MFLOPS rating of this processor? 

Solution 

10 X 106 

MFLOPS = 
3 6 

= 200 
50 X 1 o- X 10 

Comment 

The 1-million overhead instructions do not contribute to the MFLOPS rating. 
The MIPS rating is 220 when the overhead instructions are counted. 

2. 7 TRANSIENT PERFORMANCE 

Section 2.5 discussed two measures of computer performance, the time to perform 
a task and the rate of performing tasks. Time is a useful measure for tasks such as 
performing a large SPICE evaluation of a die design. Rate measures are useful from 
mainframe and server applications that are receiving a job stream. Note that these 
measures of time and rate are the average performance in steady-state operation. 

However, steady-state performance measures are relatively useless for many com­
puter uses today. PCs and the clients attached to servers require another performance 
measure: response time or the transient performance. With a PC, when users click on a 
new task icon, they would like to see the results immediately, or at least with negligible 
delay. The same is true with a request presented to a server. 
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Chapter 7 discusses a queuing theory model that is useful for modeling the perfor­
mance of 1/0 devices when the system is under a steady-state condition. This model 
is the so-called open-system model. For closed systems, such as are found with a col­
lection of terminals attached to a server, the closed-system model is also described. 

For systems for which there is a single user of a resource, such as a PC, executing 
only one task, the transient performance measure of response time becomes simply 
the sum of the times required for performing each task in satisfaction of the request. 
For example, 

response time = operating system time + disk access time + data transfer time. 

Because the disk access time is usually much greater than the other two times, disk 
access time is a good estimate of the transient response time of a request that uses 
the disk. For this reason, the disks used on single-user workstations and PCs need the 
smallest access time consistent with the cost of the system. 

We see similar transient response time considerations with systems such as the 
World Wide Web (WWW). When a heavily loaded server is accessed, the server re­
sponse time constitutes a major portion of the total response time, regardless of the 
bandwidth of the modems and network. At other times, such as at 2:00 A.M., when 
the servers are lightly loaded, the bandwidth of the network assumes the dominant 
role in determining response time. WWW response time can be modeled by means 
of the open-queuing theory model, as discussed in Section 7.6. Thus response time is 
a function not only of the hardware but also of the environment at the time of the 
request. 
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EXERCISES 

2.1 Go to a library and check your local newspapers. Find the advertised prices for 

disks and DRAMs used in PCs. The prices are user prices and are usually found in 

the business sections. Tabulate these prices for the past five years (old newspapers 

will be found on microfi Im) and compute the learning curve factor, assuming that 

volume doubled every year. Make sure that you adjust for inflation. 
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TABLE 2. 7 NETWORK PROTOCOL 
LAYER IMPROVEMENTS 

Protocol Layer Performance Improvement(%) 

7 
6 
5 
4 
3 
2 

18 
13 
11 
8 
10 
28 

5 

2.2 The performance improvements (in time reduction) in the latest version of seven 

layers of a new networking protocol were measured separately for each layer, as 

shown in Table 2.7. What is the mean or average improvement per layer? What 

is the overall speedup of the protocol? 

2.3 Two benchmarks are run on a computer. BM 1 executes at 10 MIPS, and BM 2 

executes at 15 MIPS. What single number should be used to represent the perfor­

mance of this processor? 

\ti 2.4 Three computers execute two benchmarks in the times shown in Table 2.8 (Smith 
1988). 

Answer the following questions, showing the calculations: 

A is x% faster than 8 for BM 1. "i ()i 
A is x% faster than C for BM 1. Moo 
8 is x % faster than C for BM 1. t l?O 

8 is x% faster than A for BM 2. too 
C is x% faster than A for BM 2. ~ oe, 

C is x% faster than 8 for BM 2. I.-IJC:O 

8 is x% faster than A for the two benchmarks. tJ -0 
C is x% faster than 8 for the two benchmarks. \ > ~ 

/ 

C is x% faster than A for the two benchmarks. 2.)..). ~l • S 

"2.5 An enhanced computer system executes two 'programs in 40 s with 80% of the 
I 

time devoted to the nonenhanced program. When the two programs are 

TABLE 2.8 BENCHMARKS [BMs) ON THREE 
COMPUTERS 

BM Computer A Computer B Computer C 

1 (s) 1 10 20 
2 (s) 1000 100 20 
TOTAL TIME (s) 1001 110 40 
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executed on the nonenhanced system, the execution time is 200 s. What is the 

speedup of the enhanced portion? 

2.6 Your company is able to produce twice as many of a product each year as during 

the year before. At what rate is the cumulative volume of this product increasing 

per year? Explain your answer. 

2.7 Two microprocessors have been designed. One processor has an initial manu­

facturing cost of$ 1000 and the other has an initial manufacturing cost of $512. 

The learning curve for both processors is 0.80. What is the ratio of the cumulative 

volume of the two processors at which their manufacturing costs are equal? 

f-8 A formula for determining the MIPS of a processor is 

MIPS= clock frequency. 
CPI x 106 

Derive this formula from 

task time= number of instructions executed x CPI x time per clock. 

2.9 Explain the origin of the names arithmetic mean, harmonic mean, and geometric 

mean. 

2.10 One of the most frequently used applications of the geometric mean is to cal­
culate compound growth rate. Derive the compound growth formula, given in 

Section 2.1, from the geometric mean. 
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THREE 

USER INSTRUCTION SET DESIGN 

3.0 INTRODUCTION 

Over the past four decades of computer design and development, significant atten­
tion has been paid to the design of the processor instruction sets or the instruction set 
architecture (ISA), also known as the machine language. During the early period, start­
ing with von Neumann, designers focused primarily on the design of instructions that 
supported the user or application program. Three developments then expanded this 
focus to the instruction support of operating systems, virtual memory systems, and 
multiprocessors, covered in Chapter 8. Each of these expanded capabilities has been 
considered to be invisible to the user programmer. For efficient and logically correct 
implementations and use, these support instructions usually operate in a protected 
mode not available to the user. 

Because computers are general-purpose machines, functions can be provided by 
programming that are not available in the ISA. An example is the use of a subroutine 
to provide floating-point operations and data types. Functions and data types th,it are 
provided in the ISA are called architected, and functions and data types provided by 
programming are called programmed. 

Instruction sets of early computers were designed in an environment of few re­
sources. The memory was small, requiring that the instructions be as dense as possible. 
The resources for performing operations were likewise limited, leading to primitive in­
struction sets that would be recognized today as reduced instruction set computers. 
The von Neumann ISA contained only 21 instructions. All addresses are direct with 
address arithmetic, indexing for example, being performed by instructions operating 
on the program itself (called self-modifying code). 

Blaauw and Brooks note that the fundamental difference between a machine lan­
guage and a natural language is that a machine language is costly. They cite four aspects 
of cost that influence ISA design: 

1. One wants interpretation to be swift and the interpreter simple, so machine lan­
guages are rigidly constrained, using few constructs. 

2. Cost with respect to space and time requires compactness of representation ex­
pressed in the bit budget of the representation and lhe bit traffic of the use of this 
representation. 
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High-Level Language 
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Software Translation 
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RISC 
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Figure 3.1 ISA lexical level 

3. Fundamental technological reasons make it simplest to represent information by 
two-state devices, so most machine languages employ only two symbols, O and 1. 

4. To simplify interpretation, statements are constrained to be parseable without 
dependence or context, and even semantic interpretation has at most a limited 
context-dependence (Blaauw and Brooks 1997). 

3.1 LEXICAL LEVEL 

A primary consideration in the design of an ISA is establishing the lexical level of 
the machine language. ISAs with a high lexical level are usually called complex in­
struction set computers (CISCs) and those with a lower lexical level are called reduced 
instruction set computers (RISCs). This concept is illustrated in Figure 3.1. _ 

A program written in a high-level language, C for example, is compiled into the 
, language of the target machine's ISA. The program in the ISA is then interpreted by 

hardware to turn the gates of the processor and memory on and off. A few lines of C 
code can result in controls being exercised on millions of gates - a significant increase 
in the information content of the program. 

CISC machines move the ISA upward, thereby reducing the semantic gap that must 
be spanned by the compiler and increasing the semantic gap spanned by the hard­
ware. Experimental computers have been built that execute a program in a high-level 
language directly without software support. On the other hand, RISC architectures 
increase the software semantic gap and decrease the hardware semantic gap. The ar­
gument for RISC is that a faster system will result because of the simpler instructions. 
This argument has not proven to be completely true with modern microprocessors. 
The ultimate RISC is found in the work of van der Poll, who devised an ISA with only 
one instruction! Further discussion of the RISC and CISC architectural styles is found 
in Section 3.3. 

3.2 INSTRUCTION SET ARCHITECTURE 

An ISA specifies three things: operations, data types, and addresses. Figure 3.2 shows 
these components and the bindings that exist between them. Bindings are the speci­
fication relationships between the components. For example, if the ISA has floating­
point data types, there must be floating-point operations and vice versa. If the ISA 
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Figure 3.2 ISA components 

Data Types Addresses 

has single- and double-precision integers, the addresses must be bound to the data 
types so that alignment in memory is enforced. When operations look for operands in 
memory and/or registers, the proper address must be provided in the address field(s) 
of the instruction. 

In some designs, binding is enforced in the hardware whereas in other designs bind­
ing is enforced in the software. For example, some processors have instructions such 
as AddFloat and Addinteger. In this case, the operands in memory must be bound to 
the operation by the address in the instruction. In other words, floating-point and 
integer operands are stored in different regions of memory and are identified by their 
address. In other cases, operations such as add and subtract are generic. By tagging the 
operands or binding by addresses, the proper data type is identified. Establishing the 
binding between the three components is a task that must be carefully established by 
the ISA designer. 

The components of an ISA shown in Figure 3.2 are allocated into instructions con­
sisting of bit fields in the instruction word. In general, the instruction has two types 
of fields: operation field or op-code and address field or fields. 

I Op-Code Address(es) 

In many ISAs, the number of bits in the op-code field is ::::log2 (number o/ opera­
tions). For example, 8 bits can uniquely specify up to 256 operations or operation/data 
types, depending on how the operations are bound to the data types. Addresses are 
discussed in detail in Subsection 3.2.1, but the number of fields and their lengths are 
functions of how operands are addressed in either memory and/or registers. 

All instructions have direct effects that are specified by the instruction and may 
have side effects. A side effect is a consistent result of an instruction that is in addition 
to the direct effect. An example of a side effect is found in incrementing the program 
counter during the execution of an instruction. Another example is found with in­
structions that, after an ADD, say, set an indicator bit if the result is equal to zero or 
is negative.14 In general, side effects are used to carry information forward from one 
instruction to subsequent instructions. A side effect result may become an explicit 
operand of a subsequent instruction. Side effects must be defined in the ISA so there 
is no misunderstanding between the ISA designer and the programmer. 

To understand how a stored programmed computer works, one must understand 
the function of the program counter illustrated in Figure 3.3 . This counter provides 

14 Indicator bits, or flags, record the result of a comparison. Indicators are discussed further in 
Section 3.2.3.2. 
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the mechanism for indexing through a program stored in the program memory as a 
sequential list of instructions. The program counter, also called location counter or in­
struction pointer in some ISAs, points to the first instruction in the list to be executed. 
During the execution of the first instruction, the program counter is incremented by 
one so that it then points to the second instruction, then the third, and so on. The 
linear accessing of instructions from the sequential list can be redirected by means of 
branch and jump instructions. 

Not all computers use a program counter, as some early computers stored the pro­
gram as a linked list. With these computers, each instruction held the address of the 
next instruction. This technique was used because memory was sequentially accessed, 
not random as with modern memory technology. 

EXAMPLE 

Is the program counter a portion of the process state or the processor state? 

Solution 
There are a number of reasons why the program counter is a portion of the 
processor state: (1) The program counter is not explicitly described in a high­
level language program, (2) the program counter carries information forward 
from one instruction to the next, and (3) the content of the program counter is 
saved on a context switch with the other processor state information. 

3.2.1 ADDRESSES 

We begin the discussion of the three components of an ISA by considering addresses. 
The organization of memory and the procedures by which the processor acquires 
operands and disposes of results is a paramount ISA design consideration. ISAs support 
one or both of the following operation types, shown in Table 3.1. 

TABLE 3.1 REQUIRED ADDRESSES 

Type Sources Destination Example 

Dyadic 2 Add, subtract, multiply 
Monadic square root 
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Thus the instruction must provide two or three addresses as required by the opera­
tion. Keep in mind, however, that the addresses may be implicit or explicit. An operand 
may also be encoded in the instruction, called an immediate operand or literal, and 
does not require an address but must be bound in some way to the op-code. 

EXAMPLE 

Consider the operation left shift applied to an integer. Is this operation dyadic or 

monadic? 

Solution 
It all depends on your point of view. As a left shift is a multiplication by 2, 

the operation is dyadic. One operand is explicitly addressed while the second 

operand is implied in the op-code. The destination is the same as the source; 

thus only one address is required in the instruction. 
On the other hand, the operation can be considered as monadic with one 

source and one destination. The destination is the same as the source, so only 

one address is required. 

The memory of a modern processor is a hierarchy. That is, there are two levels of 
memory defined at the ISA level. The first level is composed of registers with various 
organizations and the second level is called main memory. 15 The register level is im­
plemented in the logic of the processor whereas main memory is implemented with a 
slower and less costly technology, such as metal-oxide semiconductor (MOS) DRAMs. 
Hierarchical memory was first described by von Neumann (von Neumann 1945). 

The following are the basic memory organizations for the sources or operands and 
the destination of the result: 

1. The sources and the destinations are stored in main memory and fiie addresses 
in the instructions point to main memory. This organization is called memory to 
memory. 

2. The sources and the destinations are stored in a local register file and the addresses 
point to this register file. This organization is called load/store or register file. 
Special load and store instructions are required for moving data between memory 
and the register file. 

3. One source and the destination are available in a single register, called an accu­
mulator. The other source is in memory; see Figure 1.4. 

4. The sources and destinations are stored in a local push-down stack, called an eval­
uation stack. Special load and store instructions, usually called push and pop, are 
used to move data between main memory and the evaluation stack. 

We now discuss these register and memory addressing options in more detail. The 
following discussion describes the memory organization with addresses and shows 
symbolically what operation is performed. A diagram of the instruction format is 
shown for each memory organization and its op-code. Ai is a direct memory address 
field and Ri is a direct register address field. 

15 Main memory will be referred to as real memory starting in Chapter 4. 
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• Three-address, memory to memory: 

I Op-Code I A 1 A2 A3 

Each instruction has three addresses, two for sources and one for the destination. 
The addresses point to memory and can be either a full memory address or a shortened 
base displacement that is added to a word-length base register: 

M(A3) +- (M(Al)) op (M(A2)). 16 

• Two-address, memory to memory: 

I Op-Code Al A2 

Each instruction has two addresses for the two sources. The destination is one of 
the sources. Thus the result overwrites one of the source operands. The addresses point 
to memory and can be either a full memory address or a shortened base displacement 
that is added to a word-length base register: 

M(Al) +- (M(Al)) op (M(A2)). 

• Three-address, register to register: 

I Op-Code Rl R2 R3 

For load/store register file architectures, the sources and the destination are in the 
register file. The addresses point to the register file and have as many bits as needed 

1 to address the registers (usually 4, 5, or 6 bits): 

R(R3) +- (R(Rl)) op (R(R2)). 

Because the operation instructions address only the register file, this architecture 
must have load and store instructions to move operands and results to and from 
memory: 

Load: R(R) +- (M(A)), 
Store: M(A) +- (R(R)). 

Op-Code A R 

Note that the load and store instructions have two addresses, the memory address 
and the register address. 

• Two-address, register to register: 

I Op-Code Rl R2 

For load/store register file architectures, the sources and the destination are in the 
register file. The destination is written into the location of one of the source operands. 

16 When the name of a field is in () such as (Al), the meaning is "the contents of field Al." Thus, 
(M(Al)) means the contents of the memory location addressed by the contents of the field Al. 
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The addresses point to the register file and need as many bits as there are registers 
(usually 4, 5, or 6 bits): 

R(Rl) ~ (R(Rl)) op (R(R2)). 

Because the operation instructions address only the register file, this architecture 
must have load and store instructions to move operands and results to/from memory: 

Load: R(R) ~ (M(A)), 
Store: M(A) ~ (R(R)). 

• One-address accumulator: 

Op-Code A R 

Op-Code A 

The number of addresses can be further reduced by having one of the operands 
addressed implicitly with the result returned to the same location. The implicitly ad­
dressed register is called the accumulator: 

Ace ~ (Ace) op (M(A)) 

An operand in memory is fetched; the operation is performed with the other 
operand in the accumulator, and the result is returned to the accumulator, as shown in 
Figure 1.4. The accumulator can be cleared with a Clear Ace instruction or by a special 
instruction that clears the accumulator and loads an operand from memory. 

• Zero address or stack: 
\ 

Op-Code 

Addresses can be further reduced with an evaluation stack as the internal register or­
ganization. All addresses are implied. For a dyadic operation, the two source operands 
are taken from the top of stack (TOS) and the top of stack-1 (TOS-1), also known as 
the next top of stack, and the result is returned to the TOS. The instruction contains 
only an op-code, op. The operation performed is 

TOS ~ (TOS) op (TOS-1) . 

Depending on the ISA design, the TOS-1 may or may not be vacated. As with a register 
file architecture, load and store instructions must be provided to move data to and . 
from the stack. The load is called push and the store is called pop. Only the memory 
address is explicit; the TOS address is implied in the op-code: 

I Op-Code I A I 
push: TOS ~ (M(A)) (the stack is pushed down to vacate TOS), 
pop: M(A) ~ (TOS) (The stack is popped to fill TOS from TOS-1). 
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TABLE 3.2 INSTRUCTION FORMAT BITS 

Architecture Type Bits 

Three address, memory to memory P+3A 
Two address, memory to memory P+2A 
Three address, register to register P+3R 

Load/store P+A+R 
Two address, register to register P+2R 

Load/store P+A+R 
One address, accumulator P+A 

~ Zero address, stack p 

Push/pop 
Multiple accumulator 

• Multiple accumulator: 

Op-Code A R 

R(R) ~ ( R(R)) op (M(A)). 

The multiple accumulator architecture selects a register from the register file to be 
an accumulator. Because both a memory and a register address are available, special 
load and store instructions are not required. 

The various instruction compositions (and local storage) are never found as "pure" 
architectures except in RISC designs. CISC ISAs are composed of several of these design 
options. The Intel Pentium supports load/store register file for integers, accumulator 
for integers, and an evaluation stack for floating point. A combination of the accu­
mulator, register-to-register, and multiple accumulator architectures are used with the 
IBM S360.17 

Bit Budget 

Observe that each of these register organizations has differing numbers of bits in 
their instruction formats. A major consideration in ISA design in the early decades 
of the computer industry was the minimization of the bits required to represent a 
program. The number of bits is known as the bit budget. 18 To illustrate how the bit 
budget is computed, assume that an op-code has P bits, a memory address has A bits, 
and a register address has R bits. Table 3.2 tabulates the number of bits required for 
each instruction format. 

17 The designation S360 is used in this text to identify all members of this ISA family: S360, S370, 
S390. The specific designation will be used when the feature being discussed applies to one of 
the family members. 

18 Bit budget may be measured in bits, bytes, words, or instructions. Any consistent metric will 
suffice. 
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TABLE 3.3 INSTRUCTION BIT BUDGET FOR A= B + C 

ISA Program Bit Budget 

Three address Add : M(A) +- M(B) + M(C) P+3A 

Memory to memory 

Two address Move: M(Temp1) +- M(C) 3P+6A 

Memory to memory Add : M(Temp1) +- M(Temp1) + M(B) 
Move: M(A) +- M(Temp1) 

Three address Load: R(1) +- M(B) 4P+6R+3A 

Register to register Load: R(2) +- M(C) 
Add : R(3) +- R(1) + R(2) 
Store: M(A) +- R(3) 

Two address Load : R(1) +- M(B) 4P+5R+3A 

Register to register Load: R(2) +- M(C) 
Add: R(1) +- R(1) + R(2) 
Store: M(A) +- R(1) 

One address ClrAdd: Ace+- M(B) 3P+ 3A 

Accumulator Add : Ace +- Ace + M(C) 
Store: M(A) +- Ace 

Zero address Push : TOS +- M(B) 4P+3A 

Stack Push : TOS +- M(C) 
Add : TOS +- TOS + TOS-1 
Pop: M(A) +- TOS 

The memory and the register organizations with the instruction format influence 
the bit budget required for a program. Consider the simple assignme~ statement 

A=B+C. 

The values Band Care in memory, and result A will be returned to memory. Neither 
of the sources will be overwritten. The results of this analysis are shown in Table 3.3. 

Before we consider addresses further, we need to look at another aspect of memory 
organization. Memory is a linear array of addressable units (AUs). Some memories are 
organized with byte AUs whereas others are organized with word AUs. If the word is 
4 bytes, then a four-times larger memory can be addressed with the same number of 
address bits. 

The processor registers, on the other hand, are usually addressed to the primary 
data type. In other words, if the integer primary data type is a word, the register file is 
word organized. If the processor has disjoint floating-point registers, such as the IBM 
S360, the Intel x86, and the PowerPC, the floating-point registers are usually allocated 
to 8 bytes. 

Variable-length instructions lead to the issue of instruction alignment in memory. 
Consider a byte-organized memory. Data types of 2 bytes are constrained to start on 
even-numbered bytes (0, 2, 4, . . . ,). Data types of 4 bytes must start on every fourth 
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even byte (0, 4, 8, 12, ... ,), and so on. Alignment must be bound to the data type 
expected by the op-code. For example, a double-precision floating-point operation will 
ignore the three least-significant bits (LSBs) of the address. The relationship between 
the size of the data-type AU and the address LSBs that are ignored (indicated by x) is 
shown in Figure 3.4. 

Byte Order 

I must now introduce an unfortunate and messy problem with processors that have 
byte-organized memory. When a multibyte word is transferred to or from the processor 
and the memory or to the 1/0, which byte is transferred first, the most-significant 
byte (MS Byte) or the least-significant byte (LS Byte)? Various manufacturers have, 
over time, introduced different standards for allocation position and numbers to bytes 
in multibyte integer and floating-point data types. Allocation itself is not a major 
problem; only when there are transfers between registers (either in the same computer 
or different computers) does it become a problem. Which byte is transferred first and 
how are the MS Bytes and the LS Bytes addressed in memory? This problem is called the 
Endian problem (Cohen 1981, Kirrmann 1983). There are two allocations, as shown 
in Figure 3.5, for 16-bit (2-byte) signed integers. 

Little Endian: The LS Byte is allocated to lowest address in memory. The LS Byte is 
read from memory first. 

Big Endian: The MS Byte is allocated to the lowest address in memory. The MS Byte 
is read from memory first. 
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Figure 3.5 Big and Little Endian integer allocations(© 1983 
IEEE) 
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In addition to the byte locations, for 2-byte integers, the Little Endian assigns the 
Byte number BO to the LS Byte and BlS to the sign of the MS Byte. The Big Endian does 
just the opposite, with BO the sign or MS Byte and BlS the LS Byte. A further compli­
cation arises with manufacturers who designate bits as Bl-Bl6 rather than BO-BlS. 

With the Little Endian, when a 2-byte word is loaded from memory into a register, 
the first byte is placed in the right-hand byte position of the register, and the second 
byte is placed in the left-hand byte position. The opposite is true for the Big Endian. 
Examples of the use of Little and Big Endian assignments in memory are 

Little Endian: PDP-11, VAX, x86, PowerPC (supports). 
Big Endian: IBM S360, MC680 xO, PowerPC (default). 

Memory Addressing Modes 

The von Neumann architecture had one memory addressing mode: the address in 
the instruction pointed directly to a memory location. This primitive addressing was 
quickly found to be inadequate because of the need to index into complex data struc­
tures, such as an array. Without hardware support for addressing, too many proces­
sor resources were needed to form the address. A subroutine, 8 of the 16 instructions 
shown in Table 1.6, had to be executed (with self-modifying code) to compose the 
addresses. 

The address that results from the various operations on an address is called the 
effective address (EA). The IBM S370 and S390 use the term logical storage address or 
logical address and the Intel Pentium Pro uses the term offset. 

Indexing was recognized as being a necessary additional addressing mode. At 
Manchester University in the early 1950s, a register was attached to the address bus 
that holds an integer to be added to the address. The value in this r~ster was in­
cremented after each use. Other addressing modes have been added to ISAs over the 
years. Some of these are shown in Table 3.4. 

The Sun Microsystems SPARC has an interesting addressing mode: EA= Ax B + C. 
This effective address mode is used for indexing into an array or matrix. Consider the 
n x m matrix of Figure 3.6, with m = 4 and n = S. The matrix is stored column major 
with the memory addresses shown. Memory location 1 holds the first (1, 1) element 
of the matrix in Figure 3.6. When the program needs to address the i, j element of the 
matrix, the EA of the desired element is found by 

EA(i , j) = address(l, 1) + (i - l)n + j - l 
= address(l, l)+in-n+ j-l 
= address(l, 1) - n - l + in+ j. 

~ i 

} [i [ H ![] n 
l 4 9 14 19 

S 10 15 20 
m 

Figure 3.6 Matrix addressing 
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TABLE 3.4 ADDRESSING MODES 

Mode 

Direct 
Indexed 
Base+ displacement 

Base+ displacement+ index 

Autoi ncrement-decrement 

Indirect 

Immediate or literal 
Register 
Register deferred 

Operand Effective Address 

The address in the instruction is the effective address. 
An index value is added to the direct address. 
The address in the instruction is a displacement that is added to 

a full-length base register. 
The address in the instruction is a displacement that is added to 

a full-length base register and a full-length index register. 
The index register(s) may be a special register or in the general­

purpose register file. This register is automatically adjusted in 
one of four modes: 

preincrement (before the operation is performed), 
postincrement (after the operation is performed), 
predecrement (before the operation is performed), 
postdecrement (after the operation is performed) . 

An effective address is determined by any mode, the operand is 
fetched, and the operand is the effective address. This addressing 
mode may be one level or multilevel. 

The operands are in the instruction; no address is required . 
The operands are found in the register file . 
The value in the addressed general-purpose register is the 

effective address to memory. 

The EA formula is divided into two parts. The [address(l, 1) - n - l] part is com­
puted by the compiler, which knows the value of n and the address of the first el­
ement. The result of this operation is placed in a base register. The second part, 
in + j, is a run-time calculation that uses the addressing mode EA = A x B + C. 
Two instructions are now needed to form the effective address of i, j. Assume that 
the compiler-generated portion of the EA has been computed and is stored in a base 
register: 

Compiler: base= address(l, 1) - n - l, 

1st instruction: base' = base+ j, 

2nd instruction: EA = i x n + base'. 

EXAMPLE 

A matrix, m = 4 and n = 5, is stored in memory starting at location 100. What 
is the effective address of i = 3 and j = 3? 

Solution 
The compiler computes the value: 100 - 5 - 1 = 94, and places it in a base 
register. At run time the effective address is computed with the following two 

instructions: 
1. 94 + 3 = 97, 
2. 3 X 5 + 97 = 112. 
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3.2.2 OPERATIONS 

Operations, as specified in the op-code of the instruction set, define what is to be 
accomplished. For user code, there are three general groups of operations: 

• arithmetic and logical 
• moves of data between memory locations and/or registers 
• control instructions such as branches, jumps, subroutine calls, and returns 

The arithmetic and logical instructions and control instructions perform the op­
erations that are the major purpose of the processor; these instructions do the work 
whereas the move instructions are overhead. A program written in a high-level lan­
guage does not have explicit moves; moves are added by the compiler to accommodate 
the memory organization of the processor. 

A prime consideration in the selection of operations to be included in the ISA is their 
frequencies of use. If an operation is deemed to be unnecessary because of its low fre­
quency of use or its being too costly to implement, there must be primitive operations 
that permit the synthesis of the compound operation. If, for example, multiply is not 
selected as an operation, then the primitives of shift and test must be included. The 
ISA designer must be sure that complex functions, such as transcendental functions, 
can be programmed with reasonable execution efficiency. 

Arithmetic and Logical Instructions 

These instructions constitute the core of the instruction set as seen by the user. 
The arithmetic operations of add, subtract, multiply, and divide are usually archi­
tected. With addition and multiplication, results can sometimes exceed the range of 
representation. The designer must make explicit provisions for this occurrence. For 
example, two 16-bit integers multiplied together will produce a 32-bit res'rtit. If the 
integer data type is fractional, the least-significant 16 bits are dropped. If the data 
type is whole number, the most-significant 16 bits are dropped. Adjusting the result 
of an operation to fit the expressible size requires an operation called the domain 
function. 

With logical operation, although there are 16 functions of two Boolean variables, 
the function NAND can be used to create all of the other 15 functions by repetitive 
application. The two functions NOT and AND can also be used. 

EXAMPLE 

Show a sequence of instructions that program the bitwise Exclusive OR function 
of two words by using only the NANO instruction . 

Solution 

Assume that the processor is a stack architecture. The NANO operations NAN Os 
the TOS with the TOS-1 and places the result in the TOS. The TOS, TOS-1, 

and other stack locations are shown (separated by commas) in the following 
program: 
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Instruction TOS, TOS-1, ... , TOS-n 

Push A A,x 
Push A A,A, X 

NANO A', X 

Push B B, A', X 

NANO (BA')', X 

Push B B, (BA')', X 

Push B B, B, (BA')', x 
NANO B',(BA')', X 

Push A A, B', (BA')', x 
NANO (AB')', (BA')', x 
NANO ((BA')' (AB')')', x 

Pop C X 

Comment 

The Exclusive OR function required 12 instructions. As this operation is fre­

quently used, it is included in the ISA of most processors. A duplicate instruction 

can be used in place of the second of the pair of pushes of A and B to eliminate 

the memory bandwidth required for fetching the second operand. 

Move Instructions 

Move instructions are not explicit in a high-level language. Various types 9f moves 
are added by the compiler to match the program to the memory system design of the 
specific ISA. In addition, moves are needed to (1) move operands around in memory 

1 space to simplify addressing, (2) move operands between memory and a register file for 
load/store register file architectures, and (3) move for loading and storing the contents 
of special registers. This third class of moves can be explicit or as side effects, as in the 
case of storing and loading the contents of the program counter after a context switch. 
Explicit moves are of the following types: 

memory to memory, 
memory to/from general-purpose register(s), 
memory to/from dedicated register(s). 

In some ISAs, move instructions are bound to a number of data types: byte, 2 byte, 
etc. We also find move instructions that move a block of operands for such tasks as 
loading or storing the complete register file in one instruction. 

An example of an implicit move is found in the subroutine call and return instruc­
tions. These instructions move the program counter to and from a temporary memory 
space. A call instruction places the contents of the program counter in either a mem­
ory location or a dedicated register such as the TOS. A return instruction reads the 
previously saved program counter value and places it into the program counter: 

call: Temporary location +- (PC), 

return: PC +- (temporary location). 
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Control Instructions 

The normal sequence of instruction execution is provided when the program coun­
ter is incremented. The next instruction is found in the next memory location follow­
ing the location of the present instruction. 19 Control instructions permit this linear 
sequence of instructions to be changed and program control transferred to another 
nonsequential memory location. A taxonomy for these instructions is 

• branches 
conditional 
unconditional 

• calls and returns to/from subroutines or procedures 
• interrupts and exceptions 

Branches assume that the change in the flow of the program is permanent, that is, 
the state of the branched-from program fragment is not retained. On the other hand, 
calls assume that the change in flow is not permanent and the program control will 
return to the calling program. This means that the state of the calling program must be 
retained. Interrupts are like calls in that most interrupted programs will be reinstated 
after the interrupt is serviced. 

Branches. There are two forms of branch instructions: conditional and uncondi­
tional. The conditional branch operation allows a program to be redirected based on 
the result of an operation or when the limit of an iteration is reached.20 Two forms of 
conditional branch instructions are architected in various processors: 

1. A pair of orthogonal instructions. The first instruction performs the test and sets 
an indicator bit (discussed further in Subsection 3.2.3.2). The second instruction 
tests the indicator bit and either continues sequential execution or places a target 
address in the program counter and branches. The second instruction does not 
need to be the immediate successor to the first instruction: there can be interven­
ing instructions. Examples of this type of branch are found with the IBM S360 ISA 
and the x86 ISA. 

2. A single instruction that performs the test and continues or does not continue the 
sequential execution based on the result of the test. This type of branch instruction 
is called test and branch. Examples of this type of branch are found in most early 
ISAs such as the von Neumann ISA and with the MIPS R2000 architecture.21 This 
form of branch does not use indicator bits; thus information cannot be passed 

19 The program counter is incremented by the length of the current instruction modulo, the AU. 
If memory is organized by bytes and the current instruction is 2 bytes, the program counter is 
incremented by 2. 

20 Believed to be first used on the Bell Labs Mark V. 
21 The R2000 processor was the first implementation of the MIPS architecture. Since that time, the 

MIPS architecture has evolved through five generations and a large number of implementations 
of the architecture. The description of the R2000 implementation and the MIPS architecture that 
it implements should be interpreted in the appropriate historical context and not as a represen­
tation of the MIPS architecture as it exists today. 
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to subsequent instructions. The R2000 instruction compares the contents of one 
register with zero: 

BGEZ: Branch on greater than or equal to zero. 

In addition to the conditional branch operation, an unconditional branch, or jump, 
is found in most ISAs. This class of instruction permits explicit transfer of control and 
is used for such things as returning from subroutines. Another type of unconditional 
branch is called a trap. Traps are instructions that unconditionally change the value 
of the program counter when a side effect event occurs, such as an arithmetic error. 

Unconditional branches do not have to be explicitly architected. A reserved register 
or memory location can hold zero, and a conditional branch can test for zero, giving 
the equivalent of an unconditional branch. 

Calls and Returns to/from Subroutines. Subroutines fall into two general categories: 
open and closed. Open subroutines are a set of sequential instructions that are incorpo­
rated into the main program during the assembly process. In other words, they appear 
as in-line code. Closed subroutines, on the other hand, can be called from any point 
in the main program and return control to the main program. Closed subroutines are 
designed to be reusable; that is, they can be used again. If the subroutine changes itself 
during execution, as can be done with a self-modifying program, the changes must be 
undone before the return. Subroutines can be reusable in one of the following ways: 

Serially reusable: can have only one activation at a time, 
Re-entrant: can have two or more activations at a time, 
Recursive: re-entrant and can call itself. 

The type of reusability supported has a direct impact on the architecture as each 
activation requires the allocation of storage space. The design issue is whether storage 
space is provided by the system software or by hardware. The usual design answer 
is that space is allocated by the system software. The Intel 432, no longer produced, 
provides an example of a processor that used hardware space allocation. 

The minimum architectural requirements for closed subroutines were posited by 
J.P. Eckert (Eckert 1946), as follows: 

1. instruction to return to the main routine 
2. the numbers required in the subroutine computation 
3. instructions telling it where the result of the computation is to be stored. 

We can see that the von Neumann ISA falls short of providing these facilities, es­
pecially the third. The program counter cannot be saved because it is implemented; 
thus there is no way that a return can be made to the main program. In the discussion 
that follows, the program that calls the subroutine is named the caller, and the called 
program is named the called. 

REQUIREMENT 1 

A major issue in the design of call instructions is the storage of the return address. 
The return address is usually the value in the program counter plus 1. This value can 

t 
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be stored in either (1) a process state location or (2) a processor state location (a special 

register or a stack). 
Store in Process State: With early processors that supported self-modifying programs, 

the call instruction stored the return program counter value in a register or memory lo­
cation. Instructions in the called subroutine loaded this value into the address portion 
of an unconditional branch, which is the last instruction of the subroutine. 

The first implementation of subroutines was with the EDSAC at Cambridge Univer­
sity, developed under the direction of Maurice Wilkes. Wilkes, Wheeler, and Gill wrote 
the seminal work on subroutines for the EDSAC (Wilkes, Wheeler, and Gill 1951). The 
EDSAC technique worked as follows: 

The call instruction performed two steps 

accumulator +--- (PC) + 1, 
PC +--- subroutine address. 

Knowing the subroutine's length, the first instruction in the called subroutine placed 
the contents of the accumulator into the address field of the last instruction; an un­
conditional branch. 

address, last instruction +--- (accumulator) 

This subroutine calling technique became known as branch and link and was fa­
vored by many early computer designers. When the subroutine reaches its end, the 
unconditional branch returns control to the caller. Note that this technique requires 
self-modifying programs that are not supported on some modern processors. 

Another early instance of an architected PC, providing for subroutine calls and 
returns, is found on the Atlas I, renamed the MUl. This machine had an instruction 
STA that stores the address of the next instruction to be executed, (PC) + 1. This address 
is later loaded into an index register, providing a subroutine return as all addresses, 
even instruction addresses, are indexed (Blaauw and Brooks 1997). 

Store In Processor State, Special Register: For processors that do not support self­
modifying programs, it is necessary to store the program counter value in an archi­
tected register. For example, the IBM S360 branch-and-link instruction places the in­
cremented program counter value into one of its general-purpose registers along with 
an instruction length code, the condition code bits, 22 and the program mask. The ad­
dress of the first instruction of the subroutine is either the normal effective address for 
the 16-bit RX format or the address is taken from the register file in the 32-bit RR for­
mat. IBM S360 instruction formats are shown in Chapter 8 in Figure 8.3. Subroutine 
returns use the branch-on-condition instruction that loads the program counter with 
the previously stored value in the register. 

Nesting of subroutines is accomplished by use of an unassigned register for each 
level of nesting. Obviously, if nesting is too deep, the processor will soon run out of 
registers for normal usage. Using registers this way is one of the penalties of a limited­
size, completely general-purpose register file. 

22 Indicators encoded into a 2-bit condition code. 
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The MIPS R2000 uses another version of branch and link named jump register and 
link (JALR). This instruction places the value of the next instruction to be executed 
(PC+ 1) into register 31. As branch instructions find the target address in register 31, 
any branch instruction can be used for the return. Because this processor does not 
use indicators for determining a conditional subroutine call, there is one instruction 
that combines the test and the call. The other instruction is unconditional. These 
instructions are 

1. link and branch on greater than or equal to zero, 
2. link. 

Because a dedicated register, R31, is the link register, nesting of subroutines is possible 
only with the expenditure of overhead in the form of context switches. The context 
switch parks the value in R31 before the subroutine call. Another context switch is 
required to unwind the first one. 

Store in Processor State, Stack: Another form of processor state storage is the stack. 
With the execution of a call instruction, the value in the program counter is pushed 
on the stack and the program counter is loaded with the address of the first instruction 
of the subroutine. 

A return from the subroutine requires only that the top of the stack be popped 
into the program counter. As described above, the saved program counter value is the 
address of the call instruction. Thus the program counter must be incremented before 
the next instruction after the return. For processor implementations that increment 
the program counter at the end of an instruction, this scheme also works. 

An advantage of using a stack for saving the program counter is that nesting of 
subroutines (a subroutine calls a subroutine) is automatic. As each subroutine is called, 
the program counter value is pushed on the stack. At each return, the stack is popped, 
returning to the calling subroutine. Some low-cost microcomputers have a fixed-depth 
stack, 4-6 levels, that requires an enforcement of the depth of subroutine stacking. 

The Intel Pentium Pro procedure stack is shown in Figure 3. 7. Parameters passed to 
the called procedure, and local variables for the calling procedure are pushed onto the 
stack. The return instruction pointer is the value of the calling program counter plus 
one instruction. The ESP (stack pointer) and EBP (pointer to data in the stack) registers 
are allocated to the general-purpose register file, shown in Figure 3.8. 

The Intel Pentium Pro, because of the segmentation organization of memory and 
the protection mechanism, provides four types of calls with their returns. These are 

near call: a call within the current code segment 
far call: a call to another code segment 
interprivilege-level far call: a call to a different segment at a different privilege level 
task switch: a call to a different task. 

REQUIREMENTS 2 AND 3 

These requirements call for the transfer of information between the caller and 
the called. For very simple ISAs, the responsibility for meeting these requirements is 
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Figure 3.7 Intel Pentium Pro procedure stack (courtesy of Intel Corporation) 

delegated to the subroutine itself, and no special hardware other than the ability to 
load and store the program counter is required. However, modern processors meet 
these requirements with hardware support. 

Parameter Passing: Parameters are passed by the caller to the subroutine by storing 
the parameters in memory locations set by convention. In other words, an agreed-on 
region of memory is reserved for parameter passing. The results of the subroutine are 
also deposited into locations agreed on by convention. 

For ISAs with stacks, such as the Pentium Pro, the caller pushes the parameters 
onto the stack. This is convenient because with nested subroutines the parameters 
for a second or third call will also be pushed. Thus the active subroutine will find its 
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parameters on the top locations of the stack. One of two conventions must be adopted: 
a fixed number of parameters will be pushed, or a count of parameters must be pushed 
with the parameters. 

Another technique for parameter passing is to designate, by convention, one or 
more of the general-purpose registers for parameters. This convention has the advan­
tage of eliminating the time required for passing parameters, but for computers with 
small register files, the number of registers that can be allocated is small and reduces 
the number of parameters that can be passed. 

Parameters can also be stored by the caller in memory, and the address of the space 
passed as a parameter in one word of the register file. The locations in memory are 
named the argument list, and the pointer is named the argument pointer. This tech­
nique eliminates the need for prior allocation of parameter space in memory. The ISA 
must, however, support the use of addresses from the register file. 

The Intel Pentium Pro provides an example of the design of parameter passing facili­
ties. This processor provides three methods: by means of the general-purpose registers, 
by means of the stack shown in Figure 3.7, or by means of an argument list. 

A call instruction saves only the value of the program counter on the stack; it does 
not save the register file values. Thus up to six of the registers can be used for passing 
parameters to/from a called subroutine. Parameters can be passed by pushing onto a 
stack in the stack frame. The stack frame base pointer is used as a frame boundary for 
the parameter stack. When an argument list is used, the argument pointer is passed to 
the called subroutine in an agreed-on register of the register file. 

Saving the Processor State: When a subroutine is called, the state of the processor 
must be saved so the subroutine can use the resources such as the register file, stack 
pointers, indicator bits, and the like. The design issues are how and where the processor 
state is saved. 

There are two choices for the how-to-design issue. The caller or called program can 
be given the responsibility. It is possible for the caller to copy all of the processor state 
into a designated space before the subroutine is called. The called subroutine must 
then initialize the processor state before subroutine execution begins. When control 
is returned to the caller, the processor state must be retrieved to reestablish the pro­
cess state that existed before the call. This technique requires presenting a uniform 
interface to all subroutines. 

On the other hand, the called subroutine can be given the task of storing and restor­
ing the processor state. There is an advantage to this technique in that all of the pro­
cessor resources may not be needed by the subroutine, resulting in a reduced time for 
saving and restoring the processor state. For example, if only one register is needed by 
the subroutine, why save and restore all the other registers? Also, if the indicator bits 
will not be used, why save and restore them? 

Interrupts and Exceptions. Sequential flow of program control can be changed by 
branches or jumps that are an integral part of the executing program. There are other 
processor- and system-related events that can require a change in program flow, fre­
quently for an extended period of time. These events are called interrupts. Interrupts 
are of three types: 
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• Internal: events that are requested by the program. Operating system calls and pro­
gram trace traps are examples. 

• Synchronous: events from inside the processor. Arithmetic exceptions and page 
faults are examples. 

• Asynchronous: events usually from outside the processor.1/0 requests and time out 
signals are examples. 

Internal and synchronous interrupts will occur at the same place in the program 
when run with identical programs and data. Asynchronous interrupts can occur at 
any time and the program is unable to anticipate their occurrence. Internal hardware 
failures are considered to be asynchronous events. 

Interrupt design has some of the characteristics of subroutine call design. A major 
difference is that none of the subroutine call techniques discussed above that require 
action by the caller, such as saving state or passing parameters, can be used. The rea­
son is that the event cannot be anticipated; thus the current program cannot do these 
tasks. Interrupts provide no advanced notice. However, the techniques of saving pro­
cessor and process state by a subroutine call can be used. To minimize the number of 
implemented techniques in an ISA, designers will frequently let the considerations of 
interrupt design drive the subroutine call/return design. The processor must perform 
four functions: 

1. recognize interrupt events 
2. terminate or hold in abeyance the executing program 
3. provide for starting the interrupt service routine (a program that responds to the 

interrupt) 
4. reinstate the interrupted program 

The processor ISA and hardware must provide facilities for these four functions. The 
strategies and facilities are discussed in the following paragraphs. Basic to providing 
interrupt support in the ISA is that the program counter must be saved and restored; 
thus the von Neumann ISA could not support interrupts. A major issue in the design of 
interrupts is the storage of the return address, a similar problem to that with subroutine 
calls. The return address is usually the value in the program counter plus 1. This value 
can be stored in either a process state or a processor state location. For processors 
that support self-modifying programs, the return address can be stored in a memory 
location. 

The action of an interrupt on a processor executing the serial execution model is 
illustrated in Figure 3.9.23 The special problems of interrupts on pipelined processors 
are addressed in Chapter 6. The normal sequence of instruction is shown at the top 
of the figure . At the end of an instruction, i for example, an interrupt is signaled. This 
signal causes the sequence to be interrupted, and the interrupt handler is run as shown 
in the lower portion of the figure. After the completion of the interrupt handler, the 
normal sequence is restarted with instruction i + l being executed. 

23 The serial execution model requires that one instruction be completed before another instruction 
is started. 
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Figure 3.9 Interrupt sequence 

For some interrupts, the return is not to instruction i + 1 but to i. For example, if 
the interrupt had been caused by an abnormal condition in the processor, such as an 
arithmetic exception in instruction i, the interrupt handler would perform whatever 
is required to eliminate that exception condition, and the processor would reexecute 
instruction i. 

In addition to the four functions required of an interrupt, discussed above, there 
are three additional requirements: 

1. a means for saving the processor and process state 
2. a means of identifying the source of the interrupt and loading the proper program 

counter value 
3. a means for restoring the processor and process state after the interrupt handler 

has been executed 

SAVING STATE 

As with subroutine calls, the program counter is the minimum processor state saved, 
and it is saved in either a dedicated hardware stack in the processor or a dedicated 
register or pushed onto a stack in memory. The use of a hardware stack is common with 
single-chip microcontrollers with the depth of the stack limiting the depth of interrupt 
nesting. A dedicated register was commonly used on early computers, but is no longer 
used because only one interrupt could be serviced. On the other hand, a memory stack 
is relatively fast, as the stack is usually cached as part of the operating system. 

IDENTIFICATION OF INTERRUPT SOURCE 

The source of the interrupt is identified in one of two ways. The simplest tech­
nique is to OR the interrupt signals, so any source can cause an interrupt. A common 
preamble to all of the interrupt handlers tests signal lines, called polling, to identify 
the source of the interrupt. Polling will take a number of instructions to complete. For 
random interrupts, the average number of polls is 1/2 the number of interrupts to be 
polled; however, the polling order is usually the order of the interrupt priorities. Once 
the source is identified, the preamble consults a table and finds the proper address to 
load into the program counter. 

The second technique for identification of the interrupt source is called a vectored 
interrupt. With this technique an interrupt source sends an interrupt signal plus an 
identifier. This identifier is used as an index into a table that holds the program counter 
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value for the required interrupt handler. The vectored interrupt has the shortest la­
tency but is more complicated to implement. 

RESTORING STATE 

After the interrupt handler has completed its execution, a return-from-interrupt 
instruction is executed. This instruction finds the saved value of the interrupted pro­
gram counter and places it in the program counter so that normal execution of the 
interrupted program can begin. Any other state that has been saved is restored either 
by the interrupt handler before the return or by the hardware. 

OTHER CONSIDERATIONS 

The timing diagram of Figure 3.9 indicates that interrupts occur at the end of an 
instruction execution. For external interrupts, such as 1/0, this is frequently the case. 
Even if the interrupt signal is received during the instruction, that instruction can be 
allowed to complete. What about interrupts that occur during the execution of an 
instruction that cannot continue execution? Examples are an illegal op-code or a page 
fault for an instruction or data reference. For these cases, the most common solution 
is to abandon the execution of the interrupted instruction. After the condition that 
caused the interrupt is corrected by the interrupt handler, the interrupted instruction is 
restarted. This technique is called restart. Some processors save the state of the partially 
executed instructions and then continue after the problem has been corrected. This 
technique is called continuation. 

The ISA design may also automatically save the values of registers holding the pro­
cess and the processor state, or this task can be performed as a preamble and postamble 
to the interrupt handler. If handled by the interrupt handler, the ISA must provide the 
necessary move instructions for storing and restoring these state values. 

Figure 3.10 shows a taxonomy of design techniques for handling interrupts that 
occur between and during instructions and with continuation and restart. The design 
choices of the IBM S360, MC68000, and the VAX-11 have been identified. 

There are a number of complications with implementing interrupts. Among these is 
the priority given to each of the interrupt sources; some interrupts are more important 
than others. The issue becomes especially important under two conditions: (1) an 
interrupt is being handled and another interrupt occurs, and (2) two or more interrupts 
occur at the same time. 

When a second interrupt occurs while an interrupt is being handled, the priority of 
the new interrupt is determined. If it has higher priority, it interrupts the current in­
terrupt handler. If it has lower priority, it is placed in an interrupt queue for future pro­
cessing. Two or more simultaneous interrupts require consulting the priority list. The 
highest priority interrupt is serviced, and the others are placed on the queue for future 
service. Note that the queue is serviced by priority, not by a first-in first-out protocol. 

Most systems need to recognize and respond to interrupts from a number of sources. 
In addition, there are situations when the processor should not respond to the in­
terrupt, such as when the interrupt handler is servicing an interrupt with a higher 
priority. There are three techniques for handling multiple interrupts: maskable, 

Petitioner Exhibit 1053, Page 84 of 334



Between Instructions 

Save Program State 

Service Interrupt 

Restore Program State 

Start next Instruction 

IBM 5360 

Interrupt 

Save Interrupt and 
Continue until 

Instruction is Complete 

Save Processor State 
and 

Program State 

Service Interrupt 

Restore Processor State 
and Program State 

Continue Interrupted 
Instruction 

MC68000 

Figure 3.10 Pentium Taxonomy 

3.2 Instruction Set Architecture 73 

During Instruction 
Execution 

Stop Instruction 
Execution 

Undo Interrupted 
Instruction 

Save Program State 

Service Interrupt 

Restore Program State 

Restart Interrupted 
Instruction 

VAX-11 

nonmaskable, and priority. As its name implies, a maskable interrupt has a prog­
rammed switch that will allow the interrupt to be disabled and deferred for later 
service. Nonmaskable interrupts, on the other hand, must be acknowledged by the 
processor, and the interrupt handler will determine if an interrupt should be deferred 
or serviced immediately. For both of these designs, the priority is established by the 
operating system (assume that the interrupt service routines are components of the 
operating system). Priority interrupts use hardware to establish the priority and the 
degree of urgency for service. 

For maskable interrupts, the processor must have an architected register that can 
be loaded with a bit pattern that turns on or off each of the interrupt lines. Thus, 
depending on the environment at the time, one interrupt is on and all the others 
are off. For example, if no 1/0 operation is active but a page fault is possible, the 1/0 
interrupts are off and the page fault interrupt is on. 

Polling. Some processors do not have architected interrupts. These processors re­
spond to external events by periodically polling the devices to see if any one of them 
needs to interrupt the processor. If an external event needs service an event service 
routine is executed, the same as interrupt service routines. 

The processor executes a polling loop on a periodic basis. For example, every mi­
crosecond the processor may poll all of the high-priority external event sources, but 
will poll something like the power line every 0.1 s for loss of power. A polling system 
has difficulty responding to a high-priority event when a low-priority event is being 
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serviced. This situation requires that the event service routines contain polling loops 
for polling higher-priority sources. 

Some supercomputers (CDC 6600, CDC 7600, and TI ASC) are multiprocessors that 
have a set of attached processors that perform the polling. These processors remove 
the polling load from the central processor. Today we find microcontrollers that use 
polling. An example is the keyboard control processor found in PC keyboards. These 
processors poll the keys to determine if one or more has been depressed. 

3.2.3 DATA TYPES 

Data types of the ISA handled by the processor are of two types: (1) number and log­
ical data types and (2) program sequencing data types. Data types required for the 
operating system, interrupts, and managing memory are discussed in Chapter 8. 

User programs need a variety of data types, primarily integers and floating point. 
Integers can be byte, half word, word, or double word, both signed and unsigned. To­
day, the IEEE floating-point data type is almost universally used for single- and double­
precision data (ANSI/IEEE Standard 754-1985). Another form of integer is the decimal 
data type. Decimal data types are usually packed two to a byte with the range of rep­
resentation 00-99. If the decimal data type requires a sign, it is assigned to a byte 
associated with a string of decimal data-type bytes. 

Supercomputers have a vector data type that is usually a vector of single- or double­
precision floating-point values. This data type requires a length value, either implicit 
or explicit in the instruction, to be associated with the data type. 

A partial taxonomy of three descriptors (precision, name, and length) for user data 
types is given in Table 3.5 (Siewiorek, Bell, and Newell 1982). The use of these specifiers 
is illustrated by the following, with the key words underlined. A data type can be a 
vector of decimal digits packed two to a byte (fractional). 

TABLE 3.5 DATA-TYPE SPECIFICATION 

Length Name Precision 

scalar logical fractional 
vector sign quarter 
matrix decimal half 
array octal single 
string character double 

byte triple 
syllable quadruple 
word multiple 
unsigned integer integer 
signed integer 
fraction 
floating 
not normalized 
complex 
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3.2.3.1 User Data Types 

There are a number of data types associated with user arithmetic programs. These data 
types can be classified according to the following taxonomy: 

Fixed-point numbers 
Integers 
Fractions 
Mixed 

Floating-point numbers 
Logical values 

Integers, fractions, and mixed data types can be either signed or unsigned. Floating­
point data types are always signed. Arithmetic for floating-point data types is discussed 
in Section 3.4. 

Unsigned Fixed-Point Integers, Fractions, and Mixed Data Types 

Numbers can be given various representations: the radix point can be to the right 
of the LSB, making the data type an unsigned integer. 24 Placing the radix point to the 
left of the MSB makes the number an unsigned fraction. If the radix point is between 
these two limits, the data type is mixed, having both an integer and fractional part. 
For an n-bit data type, consider the following: 

unsigned integer= 2n- 1 + 2n- 2 + 2n- 3 + ... + 2n- n_ 

The binary point is to the right: 

I 2n- 1 I 2n-2 I 21 2n-n I· 
unsigned fraction= 2 - 1 + 2 - 2 + 2 - 3 + .. . + 2-n. 

The binary point is to the left: 

· I 2 - 1 I 2 -2 I 2-n 

unsigned mixed= 2b- l + . . . + 2b-b + 2- 1 + 2- 2 + . . . + 2-<n-b), 

where bis the number of bits in the integer portion and n - b is the number of bits in 
the fractional portion: 

I 2b- l I 2b- 2 I . I 2b-b I . ...I _2-_1 ___ 2 -_2 _________ 2_-<_n-_b_) -

Signed Integers and Fractions 

One of the design problems with integer and fraction data types is the need to 
represent negative values. Three types of signed integer and signed fraction data types 

24 Also known as ordinals. 
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TABLE 3.6 INTEGER AND FRACTION DATA TYPES 

Sign and Magnitude 1 's Complement 2's Complement 

Binary Integer Fraction Integer Fraction Integer Fraction 

000 +o +o +o +o +o +o 

001 +1 +0.25 +1 +0.25 +1 +0.25 

010 +2 +a.so +2 +a.so +2 +a.so 

011 +3 +0.75 +3 +0.75 +3 +0.75 

100 -0 -0 -3 - 0.75 -4 -1.00 

101 -1 -0.25 -2 -0.50 -3 -0.75 

110 -2 -0.50 -1 -0.25 -2 -0.50 

111 -3 -0.75 -0 -0 -1 -0.25 

RANGE -(2n- 1 - 1) -[1 - 2-(n-l) ] -(2n- 1 _ 1) -[1 - 2-(n- 1)] -2(n-1) -1 

to to to to to to 
2n-l - 1 1 - 2-(n-l) 2n- l - 1 1 - 2-(n- l) 2n- l - 1 1 - 2-(11- l) 

have been commonly used: sign and magnitude, l's complement, also called digit 
complement, and 2's complement, also called radix complement. Table 3.6 shows the 
decimal representation of a 3-bit word of each of the six data types. 

These strange data types are a result of the desire to represent an odd number of 
symbols, x, x - l, ... ,0, ... , - x - l, - x, with an even number of symbols in a binary 
word, 211

• Thus there is either redundancy (sign and magnitude and l's complement 
have two zeros) or a nonsymmetrical representation (as with 2's complement). Reduc­
ing the complexity of the ALU has been a driving force in the development of these 
representations. 

Sign and Magnitude. The advantage of sign and magnitude is that it is natural. 
In other words, there is a sign bit, and the numbers represented can be symmetrical 
around zero. However, this system has the unusual characteristic in that there are two 
Os: +O and -0, which is far from natural. Thus there are special provisions made in 
the ALU to accommodate the redundant zeros. 

l's Complement. l's complement allocates a bit to the sign, as with sign and mag­
nitude, but the magnitude bits are formed as follows. For positive integers, the magni­
tude bits are the same as the unsigned integer value (2 = 0 A 010, for a 4-bit number).25 

Negative numbers are represented by the bitwise complement of the positive integer 
(-2 = 1 /\ 101, for a 4-bit number). 

The rules of arithmetic for l's complement data types are rather complicated; they 
require an end-around carry, discussed in Section 3.4. As a result, this data type has 
disappeared from modern ISAs. 

2's Complement. This representation eliminates the problems of two zeros and 
the end-around carry. However, the representation is not symmetrical. As shown in 

25 The symbol /\ is used to separate the sign bit. 
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Table 3.6, the largest value is +3 and the smallest value is -4. Changing a positive to 
a negative number, however, requires that the bits be complemented and a 1 added 
to the result (+2 = 0/\010, change to -2 = 1 /\ 101 + 1 = 1 /\ 110). The addition 
of 1 is an extra step needed to form negative values compared with the l's comple­
ment that simplifies the arithmetic operations by eliminating the end-around carry. 
2's complement arithmetic is discussed in Section 3.4. 

Fractional Data Types. Table 3.6 also shows the fractional sign and magnitude and 
l's and 2's complement data types. As with integer data types, there are either two 
zeros or the data type is not symmetrical. Fractional data types are used as a compo­
nent of some floating-point data types and as the primary data type of some scientific 
computers. 

Unsigned Decimal Data Types 

There are many user applications that require decimal data types. For example, 
systems that deal with decimal money, such as dollars and cents, and various calculator 
applications all need decimal data types. Other applications are found in programming 
languages such as spread sheets and COBOL. Some early computers, such as the Mark 1 
and the ENIAC, used decimal notation. On the other hand, binary notation was used 
by Zuse and Atanasoff and became established for scientific use with the von Neumann 
ISA. 

Binary Code. With decimal notation, the decimal digits 0-9 are allocated to 4 bi­
nary bits that have 16 states. An allocation or selection of a subset of the 16 states 
results in 6 unused states or a redundancy of 6 states. In addition, the weights of the 
bits in the state can be selected (8, 4, 2, 1 is but one example, called BCD). Allocation 
and weights are chosen to simplify addition operations, particularly the handling of 
carries from one decimal digit to the next. White has estimated that there are approxi­
mately 7 .6 x 107 possible allocations, only a few of which have been architected (White 
1953). 

The IBM S360, S370, and S390 uses the 8, 4, 2, 1 coding for decimal data types. An 
adder is implemented in the hardware to perform the addition properly. 

Two-Out-of-Five Code. With this system 2 bits of a 5-bit symbol are always 1, thus 
providing a degree of error protection. If a O is changed to a 1 or a 1 to a O during 
a move operation, the error can be detected because the 2/5 relationship is violated. 
Double errors may not be detected. The IBM 650, an early decimal business computer, 
used a two-out-of-five code allocated as shown in Table 3.7. 

Excess-Three Notation. This notation represents the 10 digits in their binary code 
plus three. The allocation is shown in Table 3.8. 

This notation has interesting arithmetic properties. Consider the result when two 
numbers are added together: (a+ 3) + (b + 3) = a+ b + 6. To restore the result to excess 
three, 3 must be subtracted from the result, giving a + b + 3. If a = 2 and b = 3, the 

addition produces 

0101 + 0110 = 1011 - 0011 = 1000 = 5, 

the correct result in excess three. 
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TABLE 3.7 IBM 650 ALLOCATION 

Decimal B4 B3 B2 B1 BO 

0 1 0 0 0 
1 0 0 0 
2 0 0 0 1 

3 0 0 1 1 0 
4 0 0 0 
5 0 0 1 0 
6 0 1 1 0 0 
7 0 0 0 1 
8 0 0 1 0 
9 0 0 0 

If there is a carry out, the carry is correct for the decimal digit, and 3 must be added 

to the result. Consider the addition of 7 + 6 = 13: 

1010 + 1001 = 10011 + 0011 = 1,0110 = 13 

This is the correct sum in excess three. However, the carry must be properly handled 
as 0100, not as 0001. 

Decimal Adjust. The x86 family of microprocessors encodes the digits 0-9 in binary 
codes: 0000 to 1001. Further, because the 8008 has only an 8-bit data type, two decimal 
digits are packed into 1 byte. The packed decimal digits are added by means of the 
8-bit ALU, and adjustments are made after the addition to restore the packed decimal 
notation. 

This process is illustrated below. Two unsigned decimal digits are packed into a 
single byte (D1 and DO). An addition adds 2 bytes together, producing a 1-byte result: 

TABLE 3.8 
EXCESS-THREE CODE 

Decimal Excess Three 

0 0011 
0100 

2 0101 
3 0110 
4 0111 
5 1000 
6 1001 
7 1010 
8 1011 
9 1100 
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7 4 3 0 

Dl DO I 
+ 

7 4 3 0 

Dl DO I 

7 4 3 0 

Dl DO 

In forming the sum, there can be a carry from the least-significant digit, DO, and 
from the most-significant digit, Dl. The values in DO and Dl after the addition can be 
in the range 0000-1111. Thus a correction is needed to bring the range to 0000-1001. 
The decimal-correct instruction corrects the result for each digit by the following two­
step rule: 

Step 1. If DO > 9 or there has been a carry out from bit 3, add 00000110. 

Step 2. If D1 > 9 or there has been a carry out from bit 7, from the first add or 

from step 1, add 01100000. 

The two adjustment steps will adjust the result to the proper representation and 
will produce a decimal carry from D1 if required. The decimal carry is used with an 
add-with-carry instruction for multiple precision addition. 

EXAMPLE 

Add the following decimal numbers by using the decimal-adjust instruction: 

56 + 67, 99 + 99, 81 + 52. 

Solution 

56 0101 0110 99 1001 1001 81 1000 0001 

+67 01100111 +99 1001 1001 +52 0101 0010 

1011 1101 1 0011 0010 1101 0011 

+0000 0110 +oooo 0110 +oooo 0000 

1100 0011 1 0011 1000 1101 0011 

+0110 0000 +0110 0000 +0110 0000 

123 1 0010 0011 198 1 1001 1000 133 1 0011 0011 

79 
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Signed Decimal Data Types 

Most computers represent a complete decimal data type in sign and magnitude 
notation. A string of decimal digits is preceded or followed by a byte or half byte 
containing the sign. A six-digit decimal data type is shown below, allocated to three 
bytes. The digits may be two-out-of-five codes, excess-three, decimal adjust, or any 
other of the possible decimal encodings: 

I S I OS I 04 I 03 D2 01 DO 

Because the data type itself is sign and magnitude, addition and subtraction follow 
the rules of arithmetic described in Section 3.4. However, the digits may be 9's or 
lO's complement to facilitate subtraction. The x86 architecture provides a subtract 
instruction with a corresponding decimal adjust for subtraction (DAS) instruction. 

Floating-Point Data Types 

Floating-point data types and operations were developed to remove the program­
ming burden of scaling engineering calculations. The data type is based on commonly 
used scientific notation or standard notation. This notation represents the decimal 
value + 18.5 as 

+1.85 X 101
. 

With this notation, the exponent value is adjusted so there is one decimal digit be­
fore the decimal point: a mixed data type. A straightforward translation of decimal 
scientific notation into binary suggests that + 18.5 can be represented as 

+1.00101000 X 24
. 

For some binary base floating-point data types, the number 18.5 is normalized until 
there is only a fractional component: 

+0. lQQlQlQQQ X 2 5 . 

In other words, normalization continues, either left or right, until there is a 1 in the 
MSB of a fractional mantissa. This format, for 18.5, is then allocated to the bits in 
a word. Note that the exponent is shown in sign and magnitude and has a sign as 
well as the fraction. The technique for eliminating the exponent sign is called a biased 
exponent, to be discussed later: 

s Exponent Fraction 

+ +101 0.100101000 

To generalize, a floating-point data type is divided into three components: sign, 
exponent, and mantissa. The mantissa may be a fraction, integer, or mixed data type. 
For most floating-point formats, the exponent is biased or excess, thus requiring no 
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sign. The combination of these three components is the floating-point number: 

number= sign, mantissa X baseexponent_ 

With a fixed number of bits for a floating-point data type, a large exponent extends 
the range while reducing the accuracy. By use of floating-point, the range of a value is 
greater than the range of an integer with the same number of bits. 

Design Decisions. Some of the design decisions faced by early designers are dis­
cussed below, along with the outcome, particularly for the IBM S360 format that is 
still widely used today. The IEEE floating-point format is also described in some detail. 
Floating-point data types are allocated to a fixed number of bits (32, 64, 80, etc.). The 
data-type designer must make a number of decisions for this allocation, some of which 
are the following. 

• Radix: machine representation; 2 is common for computers, 10 for calculators 
• Base: 10, 2, 16 are common26 

• Number of bits for the exponent: 7, 8, 12 are common 
• Is there a sign bit for the exponent or is the exponent biased? 
• Allocation of sign bit 
• Number of bits available from the word for the mantissa 
• Is the mantissa an integer, a fraction, or a mixed data type? 
• As floating point is an approximation, how are unusual conditions handled? 

The last point is discussed in Subsection 3.5.3.1 after floating-point arithmetic is 
described. 

Biased Exponents. Early computers with programmed floating point required that 
the data type and operations be provided by means of a subroutine. For these comput­
ers, it was natural to use the primary architected integer data type for the exponent as 
well as the mantissa. Thus, sign and magnitude, l's complement, and 2's complement 
found use as both the exponent and the mantissa (leading to 2 sign bits in the for­
mat). The very early computers (Z4, Bell Labs Mark V) with architected floating point 
used combinations of l's and 2's complement exponents and fractions. For example, 
Zuse's Z4 used 2's complement for the exponent and sign and mixed magnitude for 
the fraction.This choice of exponent data type then found its way into the hardware 
implementation of architected floating point on a number of machines such as the At­
las and the IBM Stretch, before being replaced with the biased exponent as the design 
of choice. 

It is possible to scale data values so that the values > half scale are positive and 
:s half scale are negative. Half scale can be either 211 or 211 

- 1, depending on the de­
tails of the design. This notation, called scaled or biased, is used for the exponent in 
floating-point formats to eliminate an explicit sign bit for the exponent. Performing 
arithmetic operations, comparing, incrementing, and decrementing a l's complement 
or 2's complement exponent, leads to unnecessary design complications. Therefore the 

26 One of the very early computers, the Bell Labs Mark V (1946), architected decimal floating point. 
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TABLE 3.9 BIASED EXPONENT 
VALUES 

Binary Bias =2n-1 -1 Bias= 2n-1 

000 -3 -4 
001 -2 -3 
010 -1 -2 
011 0 -1 
100 +1 0 
101 +2 +1 
110 +3 +2 
111 +4 +3 

design of choice is to use a biased or excess exponent, similar to the excess-three data 
type discussed above. 

Consider a 3-bit exponent in which the eight values are 000 to 111. Table 3.9 shows 
the exponent value with the two biases of 2n-1 - 1 and 2n- 1. Keep in mind that a zero 
exponent is not a zero result. A zero exponent is the base to the zero power or one. 
Arithmetic operations on biased exponents are discussed further in Subsection 3.5.3. 

The first computer known to the author that used a biased exponent is the IBM 704 
(1955). Architected floating-point instructions use implemented registers and opera­
tions; thus it is not necessary that the representation of the exponent be the same as 
the representation of the mantissa. 

In the following subsections two floating-point data types are described: the IBM 
S360 and the IEEE standard. Comparisons can be made between two different designs, 
one of base 16 and the other of base 2. These two floating-point data types are the most 
used in the world today. 

IBM S360. The selection of the base for floating point has been hotly debated. 
Since the introduction of the IBM S360, the choices have been reduced to two, base 
16 and base 2, even though base 8 has been popular in the past. The issue involved 
in the selection of the base has to do with the allocation of the bits in the word that 
determines whether range or accuracy is to be favored. 

Sweeney (Sweeney 1965) examined the number of shifts needed for alignment be­
fore an operation and normalization needed after an operation.27 His data, in the con­
text of a 26-bit fraction mantissa, are tabulated in Table 3.10. 

Base 16 was selected for the IBM S360 after Sweeney's extensive analysis of scientific 
programs and the desire for a wide range even in the single-precision format. The range 
of the exponent is 

t 2 number of bits range = baseexponen = base -, . 

The parameter r is the number of codes in the exponent that are reserved for special 

27 If a result is not normalized, alignment is usually performed before it is used as an input to a 
following arithmetic operation. 
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TABLE 3.10 SHIFTS REQUIRED FOR VARIOUS FLOATING-POINT BASES 

Alignment-shift frequency Normalization-shift frequency 

Base ➔ 2 4 8 16 32 2 4 8 16 

Zero result ➔ 1.42 1.42 1.42 1.42 
Shift Overflow ➔ 19.65 10.67 6.52 5.50 
0 32.61 38.24 45.77 47.32 52 .52 59 .38 72.11 79.40 82.35 

12.11 18.54 19.77 26 .02 26.37 6.78 7.96 8.75 7.29 
2 8.61 12 .83 11.92 10.47 5.92 3.47 3.35 1.61 1.38 
3 6.72 9 .87 6.26 2.24 1.82 2.35 1.49 0.38 1.01 
4 7.17 3.01 1.73 1.31 2.08 1.91 0.34 0.43 1.30 
5 3.88 2.05 1.10 1.70 1.87 1.06 0 .14 0.71 0.32 
6 4.39 1.01 0.89 1.24 0.56 0.92 0.25 0.43 
7 4.82 0 .72 1.52 0.48 0.18 0.22 
8 1.29 0.63 1.00 0.16 0.13 0.28 
9 1.28 0.94 0.14 0.15 
10 1.31 0.72 0.08 0 .18 
11 0.48 0 .97 0.09 
12 0.58 0.74 0.32 
13 0.38 0.27 0.55 
14 0.38 0.16 
15 0.32 0.02 
16 0.33 0 .04 
17 0.32 0.09 
18 0.40 0.08 
19 0.48 0 .07 
20 0.36 0.12 
21 0.53 0.07 
22 0.48 0.07 
23 0.33 0.09 
24 0.36 0.11 
25 0.36 0.16 
26 0.19 0 .52 

9.50 9.43 10.04 9.07 9.42 +- EXCESS SHIIT 

data representations. For the IBM floating-point format, r = 0, and for the IEEE 
floating-point format, r = 2. 

With a 7-bit exponent, the range of an unbiased exponent is 16° to 16127 . The bias 
is 27- 1 = 64, thus the range is approximately 16- 65 to 16+63 and, in decimal, 5.4 x 10- 79 

to 7 .2 x 10+75 . Biased exponents are discussed later in this section. The IBM S360 has 
two floating-point data types, single and double precision. Both of these two formats 
have the same range but differ in the length of the fraction: 

s 7-bit exponent 24-bit fraction 

s 7-bit exponent 56-bit fraction 

32 

1.42 
5.69 

83 .86 
5.99 
0 .87 
0.88 
0.41 
0.88 
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Note that 1 bit of the byte containing the exponent, for both single and double 
precision, is allocated to the sign of the data type. Both the single-precision and the 
double-precision formats have the same exponent allocation and thus the same range. 

The fraction is allocated to the bits remaining in the word after allocating the expo­
nent and sign. The IBM S360 data type has a fraction of 24 bits for single precision and 
56 bits for double precision. Because of the complications in performing arithmetic on 
mantissas by use of l's and 2's complement integer data types, many floating-point 
data types are signed fractions or sign and magnitude. 

As a historical note, the IBM S360 scientific models were introduced to compete 
with the very successful CDC 6600, which has only one floating-point data type al­
located to a 60-bit word. The base is 2 and the exponent is 11 bits with bias. Thus 
the range of representation is 2- 1024 to 2+1023 or approximately 10- 3oo to 10+3oo. With 
a greater range and with 48 bits of fraction, the CDC 6600 commanded the respect 
of heavy scientific users. This format does not run out of range with long executions, 
and the accuracy remains satisfactory. 

EXAMPLE 

Determine the difference in the number of exponent bits required for equal range 
for base 2 and base 16. The parameter r is set to zero. 

Solution 

2 bits(l 6) 2 bits(2) 
16 = 2 , 

assume bits(16) = 1, 
162 1 = 28 = 2 2bits(2) 1 

2bits(2) = S, 

bits(2) = 3. 

Thus the difference in the number of exponent bits is 3 - 1 = 2. 

Comment 

Saving 2 bits in the exponent that were allocated to the fraction was a significant 
factor in selecting base 16 for the IBM S360 floating-point data type. 

Base 16 representation requires a special approach to alignment and normaliza­
tion. The fraction is divided into hexadecimal fields of 4 bits each. A normalization 
shift, left or right, requires that each shift be over 4 bits. Thus the 24-bit IBM S360 
single-precision fraction will require, at most, 6 shifts. Each shift is accompanied by 
an increment or decrement of the exponent. 

The fraction is normalized when the left most-significant hexadecimal field is #0. If 
the 16 states of the hex field are evenly distributed, there is approximately a 3/4 wasted 
bit in the fraction. For worst case, 3 bits are wasted in the fraction. The designers of 
this data type believed that this loss of bits was a good trade-off as 2 bits are saved in 
the exponent (see the example above). 

Table 3.10 shows the normalization-shift frequency for various bases. Note that the 
frequency of shifts for normalizations is less than that for alignments. For example, 
for input alignment with base 2, 0 shifts are required 32.61 % of the time and 10 shifts 
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are required 1.31 % of the time. With base 16, 0 shifts are required 47.32% of the time. 
With normalization, 1.42% of all operations produce a zero result whereas 5.5% of the 
operations produce overflow in base 16. 

EXAMPLE 

For base 8, what is the weighted average number of shifts required for normal-
ization? 

Solution 

Base Shi~s Frequency Product 

zero result, 0 1.42 0 
overflow, 0 6.52 0 
0 79.40 0 

8.75 0.0875 
2 1.61 0.0322 
3 0.38 0.0114 
4 0.43 0.0172 
5 0.71 0.0355 
6 0.25 0.0150 
7 0.22 0.0154 
8 0.28 0.0224 

Weighted average number of 0.2366 
base shifts 

Comment 

Because 87.34% of all operations require no normalization because of a zero 
result, overflow, or a zero shift (result is produced in normalized form), the 

weighted average number of base shifts for normalization is quite small (0.2366) . 

Note that 89.27% of all base 16 operations require no normalization. 

IEEE Standard. The designers of the IEEE floating-point standard chose to use a 
mixed number rather than a fraction for the mantissa, calling it the significand (IEEE 
1985). This representation has one bit position to the left of the radix point. Arith­
metic performed in this representation is similar to the familiar scientific notation 
with one decimal digit to the left of the decimal point. Significand is defined in the 
IEEE Standard as 

"The component of a binary floating point number that consists of an explicit or 
implicit leading bit to the left of its implied binary point and a fraction field to the 
right." 

The IEEE floating-point data type is allocated to a binary word with a sign, an exponent 
that is a biased integer, and the significand: 

s Exponent Significand 
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As suggested by the definition of the significand, when a number is normalized 
there is a 1 in the MSB position that is redundant. The leading 1 can therefore be 
implicit and is called a hidden bit. 28 With a hidden bit, only the fractional portion of 
the significand needs to be stored. 

When a floating-point value is stored from the arithmetic unit, the leading 1 is 
dropped (hiding the hidden bit) and the fractional part is shifted one additional bit 
to the left, giving one additional bit of accuracy. The storage representation of the 
number + 18.5 in the IEEE format and as a fractional mantissa are 

IEEE in memory: 
IEEE in ALU: 
Fraction mantissa: 

+0.001010 X 24 

+ 1.001010 X 24 

+0.100101 X 25 

When an IEEE value is moved from storage into the ALU, the hidden bit is recovered 
and the representation is as shown without the hidden bit; that is a fraction mantissa. 
The use of a hidden bit allows the arithmetic unit to process one additional bit over 
the number of bits that are stored. 

The IEEE standard provides for three floating-point data types: 

Single precision: sign bit, 8-bit exponent, 23-bit significand 
Double precision: sign bit, 11-bit exponent, 52-bit significand 
Double extended precision; sign bit, ~ 15-bit exponent, ~63-bit significand 

The third data type is used internally to the ALU for maintaining a high degree of 
accuracy and range for extended calculations. To store this format it must first be 
converted into either the single- or the double-precision format. An extended precision 
value can be reintroduced into the ALU in its extended form, thereby preserving the 
accuracy of long calculations. 

EXAMPLE 

If only 5 bits are provided for storing the fraction, what is the decimal value of 
numbers stored above when used in the ALU? 

Solution 

IEEE value: 1.00101 x 24 = 1.15625 x 16 = 18.5. 

Value with fraction mantissa: 0.10010 x 25 = 0.56250 x 32 = 18.0. 

Comment 

This simple example shows that the IEEE floating point provides an additional 
bit of accuracy. 

The exponents of the IEEE data types are biased, and the single-precision exponent 
is shown in Table 3.11. The single-precision data type has an 8-bit exponent with a 
bias of 28

-
1

- l or 127, and the double-precision bias is 211 - 1 -1 or 1023. Two exponent 

28 A technique first used by Zuse on his Z4 in 1944-1950. The hidden bit is not explicitly defined 
in the IEEE specification. 
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TABLE 3.11 IEEE 
SINGLE-PRECISION 
EXPONENTS 

Exponent Value Meaning 

00000000 0 Reserved 
00000001 2-126 

01111111 127 20 I 
11111110 254 2+127 

11111111 255 Reserved 
Ji 

values, all zeros and all ones, are reserved for indicating special results, discussed in 
Subsection 3.5.3.1. 

Summary of Floating-Point Data Types 

Table 3.12 lists the parameters for a number of old and relatively new floating­
point data types. The IEEE data type has become a standard. Note that the fractions 
or significands of all the floating-point representation included in Table 3.12 use sign 
and magnitude. Thus, when the fractions or significands are added, subtracted, mul­
tiplied, or divided, the operation must follow the proper rules of arithmetic discussed 
in Section 3.4. 

EXAMPLE 

Compared with base 2, how many bits are saved in the exponent and lost in the 

fraction for base 256? Assume no hidden bit. 

Solution 

Base 256 has 8-bit fields in the fraction. Thus for normalization, in the worst 

case, 7 bits are lost. On average, 4 bits are lost. No bits are lost with a base 2 

TABLE 3.12 FLOATING-POINT DATA TYPES 

Exponent Fraction or Fraction or Significand 

Processor Base Radix Representation Significand Representation 

Zuse Z4 2 2 2's comp. 7 bits mixed S-M 22 bits+ sign,!, 

IBM 650 10 10 Bias, 2 dee. digits fraction S-M 8 dee. digits+ 

2/5 code sign (in a dee. digit) 

IBM S36O, sp 16 2 Bias, 7 bits fraction S-M 24 bits+ sign 

IBM S36O, dp 16 2 Bias, 7 bits fraction S-M 56 bits+ sign 

VAX 2 2 Bias, 8 bits fraction S-M 23 bits+ sign,!, 

IEEE, sp 2 2 Bias, 8 bits mixed S-M 23 bits+ sign+ 

IEEE, dp 2 2 Bias, 11 bits mixed S-M 52 bits+ sign,), 

IEEE, dex 2 2 Bias, 2: 15 bits mixed S-M 2: 63 bits+ sign,!, 

Note: ,!,hidden bit 

I 
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system. Following the technique of the example in Subsection 3.2.3.1 we find 
that 3 bits are saved in the exponent for equal range. 

Comment 
From a bits-lost-or-saved point of view, base 256 seems to be a poor choice: 
lose 4 bits in the fraction, save 3 bits in the exponent. 

Logical Data Types 

Many computers define logical data types, also called Booleans, that are a vector of 
bits allocated to a byte, half-word, word, or double-word primary data type. These bit 
vectors are used to record binary events or states. Logical data types are used primarly 
for housekeeping tasks within a program and are rarely found as the input or the 
output of a progam. 

The S360 allocates logical values to any of the data types, bytes, half words, words, 
and double words. The Pentium Pro can allocate a bit field of any length, as shown in 
Figure 3.11. One address specifies the start of the field, and a length parameter specifies 
the number of bits in the field. 

3.2.3.2 Program Sequencing Data Types 

A number of architected data types are used for controlling the sequence of the exe­
cuting programs. These data types are the program counter and the indicator bits. 

Program Counter 

With modern computers, a program is stored in sequential memory locations and is 
accessed by the program counter. The program counter data type is an unsigned integer 
having a length equal, in many architectures, to one of the primary data types of the 
ISA. It is convenient to have the program counter data type the same length as a user 
data type, so it can be stored in memory with a context switch. 29 The Pentium Pro pro­
gram counter is a 32-bit register called the extended instruction pointer (EIP) register. 

The IBM S360 takes a different approach. The program counter (called the instruc­
tion address) is allocated in the 64-bit program status word (PSW), a double word that 
can be conveniently stored. The S360 and S370 program counters are 24 bits, whereas 
the S390 has a 31-bit program counter. 

Branches require an EA that is loaded into the program counter when a branch is 
taken. There are three common forms of branch EAs that become the new program 
counter value. The displacement is the displacement field of the branch instruction: 

Direct 
PC relative 
Base relative 

PC +--- (displacement) 
PC +--- (PC) + (displacement) 
PC +--- (base) + (displacement) 

29 Some single-chip microcomputers do not follow this convention. The length of the program 
counter is set to address the on-chip program ROM. A special hardware stack is provided to save 
the program counter for the return address when calling a subroutine or when responding to an 
interrupt. 
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Sign 

31 30 

31 

3.2 Instruction Set Architecture 89 

Byte Signed Integer 

Sign~ 
7 6 0 

Word Signed Integer 

Sign 4._..1...I ______ ___. 
15 14 0 

Doubleword Signed Integer 

0 

Byte Unsigned Integer 

I 
7 0 

Word Unsigned Integer 

15 0 
Doubleword Unsigned Integer 

0 
BCD Integers 

X I BCD I . . . . I X I BCD I X I BCD I 
7 4 3 0 

Packed BCD Integers 

,--1 B_C_D...,...1-BC-D-,I . . . . 1 BCD I BCD I BCD I BCD 1 
7 -43 0 

Near Pointer 
Offset or Linear Address 

31 0 
Far Pointer or Logical Address 

Segment Selector Offset 
47 32 31 

Bit Field 

r Field Length 7 
Least 

Significant 
Bit 

Figure 3.11 Pentium Pro data types (courtesy of Intel Corporation) 

0 

What happens when a displacement is added to the PC or a base value and 

there is a carry out? 

Solution 
There are two solutions to this design problem. First, the carry can be detected 

and an interrupt signaled, indicating an error. Second, the effective address 

wraps around and the branch is taken to a low-order address. 
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Comments 
A designer must ens~re that all such unusual situations do not result in unpre-

dictable performance. 

Indicator Bits 

As data types, indicator bits are simply bits. The interesting characteristics of this 
data type are the methods by which they are set/reset. In Subsection 3.2.2 the use of 
indicator bits by branch instructions is discussed. Remember that the indicator bits 
permit a condition to be carried forward to a subsequent instruction that will test 
and branch based on the condition. Indicator bits are set/reset or recorded by two 
methods: 

• as a side effect of an instruction 
• explicitly as the primary result of an instruction 

An example of side effect recording is as follows. For all arithmetic operations, the 
output bus of the ALU is tested for zero; if zero, the indicator is set to 1; otherwise it 
is reset to 0. Explicit instructions can also record a result in an indicator. For example, 
a Pentium Pro instruction performs the following: 

CMP - compare two operands. Compare the contents of two registers and set 
the status flag according to the results. 

With most early computers, such as the von Neumann ISA, the branch instructions 
were of the test-and-branch type and did not use indicator bits to carry forward con­
dition information. 30 The first use of indicator bits known to the author is found in 
the IBM 704, first installed in 1955. With the IBM 704, an input byte is checked by 
hardware and its parity recorded in a P bit. This bit holds the parity condition un­
til there is another input operation that sets/resets the indicator. Thus the indicator 
must be used before it is changed by a following instruction. All other branches in 
this computer were of the test-and-branch type that tests the condition of various 
registers . 

The use of indicator bits, as we know them today, can be traced to the IBM Stretch 
installed in 1961. With this machine, 64 indicator bits are grouped into an architected 
double word that, in addition to being tested by branch instructions, could be stored 
and reloaded for context switching. Seven of the bits recorded the result of an integer 
ALU operation as side effects: negative, zero, positive, negative sign, low, equal, and 
high. Ten of the bits recorded the floating-point ALU results and exceptions. 

IBM S360 Condition Codes. The IBM S360 carried forward the architected indi­
cator bits idea from the IBM Stretch in a restricted fashion . The condition code is 
allocated to the architected PSW along with other status information. The design­
ers of the S360 believed that the indicators of the Stretch could be encoded, thereby 

30 The von Neumann ISA could branch on a previously computed value in the accumulator, :::0. 
Likewise, the Bell Model V relay calculator could branch on the sign of a previously computed 
value. 
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TABLE 3.13 IBM S36O CONDITION CODES 

Condition Code Value 

Instruction 00 01 10 11 

ADD logical zero, no carry not zero, no zero, carry 
carry 

SUBTRACT logical not zero, no zero, carry not zero, carry 
carry 

Test under mask zero mixed ones 
ADD zero <zero >zero overflow 
Move long count equal count low count high dest. overlap 
Compare floating point equal low high 
ADD decimal zero <zero >zero overflow 
Store clock set not set error not operational 

saving bits in the PSW and making room for the program counter and other control 
information. 

Two bits are used to encode four conditions; encoded indicators are called condition 
codes. Further complicating the design, the conditions are recorded as side effects 
and are context dependent. That is, the meaning of the encoded value depends on 
the instruction that records the condition. A small sample of the condition coding is 
shown in Table 3.13. 

The branch instructions have a 2-bit field that is compared with the 2-bit condition 
code. For example, if after performing an ADD one wants to test the result for zero, 
the 2 bits in the instruction would be 00. If a branch on overflow is desired, the bits 
would be 11. 

The system of the IBM S360 opens many opportunities for programming errors. 
Say, for example, an ADD is performed; then the clock is stored. The information in 
the condition code following the add has been destroyed. A branch on 00 would now 
report that the clock is set, not that the result of the previous add is not zero. 

Intel Architecture Family Indicator Bits. Intel literature refers to indicators as flags, 
the term used in this discussion. The first member of the x86 family, the i8008, has 
four implemented flags that are set/reset as side effects to other operations: carry, zero, 
positive, parity. Because the flags are implemented, their values cannot be stored and 
retrieved for context switching. 

As the evolution of the x86 family progressed to the i8080 and the i8086, the i286 
was the first member with architected flags. With the i286, 16 flags are allocated in a 
register that can be stored and retrieved for context switching. However, only 12 flags 
were assigned, leaving 4 bits for expansion. 

The flags of the Intel Pentium Pro are shown in Figure 3.12. The flags are allo­
cated to a 32-bit word. Note there are three classes of flags: status, control, and sys­
tem. The auxiliary carry flag is used for performing a decimal adjust after a deci­
mal addition. The alignment check flag is of interest because the x86 memory is 
byte addressable. If, for example, a word ( 4 bytes) is addressed and the address is not 
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31302928272625242322212019181716151413121110 9 8 7 6 5 4 3 2 1 0 
V V 

A V R ON 
I 

0 D I T s z A p C I 0 0 0 1 0 0 0 0 0 0 0 0 0 0 I I p F F F F F F F F F D p F C M F T 
L 

I l 7 I I I I I I I I I I I I I I 
ID Flag (ID) _________ I I I I I I I I I I I I I I I 

X I I I I I I I I I I I I I I 
X Virtual Interrupt Pending (VIP)- - I I I I I I I I I I I I I 
X Virtual Interrupt Flag (VIF)- - - - - I I I I I I J I I I I I 
X Alignment Check (AC)- - - - - - - - I I I I I I I I I I I 
X Virtual 8086 Mode (VM) - - - - - - - - _. I I I I I I I I I 
X Resume Flag (RF)- - - - - - - - - - - - -1 I I I I I I I I 
X Nested Task (NT) - - - - - - - - - - - - - - J I I I I I I I 
X 1/0 Privilege Level (IOPL)- - - - - - - - - - - - - J I I I I I I 
X Overflow Flag (OF) - - - - - - - - - - - - - - - - - I I I I I I 
X Direction Flag (DF) - - - - - - - - - - - - - - - - - - _ I : : : : 
X Interrupt Enable Flag (IF) - - - - - - - - - - - - - - - - - I I 1 

X Trap Flag (TF) - - - - - - - - - - - - - - - - - - - - - - - I I I 
S Sign Flag (SF) - - - - - - - - - - - - - - - - - - - - - - - - - I I I 
S Zero Flag (ZF) - - - - - - - - - - - - - - - - - - - - - - - - - -' I I 
S Auxiliary Carry Flag (AF)- - - - - - - - - - - - - - - - - - - - - - - -1 I 
S Parity Flag (PF) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I 
S Carry Flag (CF) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - l 

S Indicates a Status Flag 
C Indicates a Control Flag 
X Indicates a System Flag 

□ Reserved bit positions. DO NOT USE. 
Always set to values previously read. 

Figure 3.12 Pentium Pro flags (courtesy of Intel Corporation) 

aligned on word boundaries (the two-address LSBs = 0), an interrupt is signaled and 
the flag is set. The interrupt handler then checks the flags to determine the cause of the 
interrupt. 

All of the x86 status flags are set/reset as side effects of an instruction. The s stem 
flags are mixed: some are set explicitly by the operating system, such as the virtual 
memory flag, whereas others are set as side effects of user instructions, such as the 
overflow flag. 

EXAMPLE 

Using the Pentium Pro flags, how does one check for (r1) :::: (r2)? 

Solution 

The contents of the registers are subtracted and the flags are set as side effects. 

The flags are then tested by a second instruction. In this example, we are pri­
marily interested in the side effects of the instructions. 
Step 1. (r1)- (r2) = 

a. If the result is positive because r1 < r2, the sign flag is set to 1. 
b. If the result is zero, the zero flag is set to 1. 

Step 2. Logical and conditional branch instructions can determine which of 

the four states are represented with the two flags. The first flag indi­

cates+ OR - and the second flag indicates =I- OR=. After a register 
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TABLE 3.14 INDICATOR SUMMARY 

Saved with a Context 
Branch Type Indicators How set? Switch? 

Test-and-branch None No 
Orthogonal Implemented Side effect No 
Orthogonal Implemented Explicitly No 
Orthogonal Arch itected Side effect Yes 
Orthogonal Architected Explicitly Yes 

subtraction is made, the two indicator bits can be in one of the follow­
ing four states: 

00 
01 
10 
11 

Negative, not zero 
Negative, zero 
Positive, not zero 
Positive, zero 

(r1) < (r2), (r2) =I= (r1) 
(r1) < (r2), (r2) = (r1) 
(r1) > (r2), (r2) =I= (r1) 
(r1) > (r2), (r1) = (r2) 

If (r1) = 5 and (r2) = 3, the subtraction produces a positive and not 
zero result; thus the two flags are set/reset as side effect to 10. To test 
for :::, the OR of the two indicator bits will indicate if the test is true. 
For this example, the OR of 10 is 1 and 5 ::: 2. 

Indicator Summary 

Indicators are set/reset either as side effects or explicitly. The indicators are allocated 
to bits that are implemented or architected. The five variations of indicator bit design 
are summarized in Table 3.14. Note that many ISAs use a selection of indicator design 
techniques. Very few processors are consistent by using only one. 

3.2.4 INSTRUCTION COMPOSITION 

An instruction format is composed of the three components of an ISA: operation ad­
dresses and data type. The design and the allocation of op-codes and addresses are 
discussed in the following paragraphs. In general, user data types are not allocated to 
the instruction except for immediate integers. 

There are a number of design trade-offs to be made when allocating the various 
fields to the instruction. For instance, the length of the instruction should be a mul­
tiple of the size of the AU. The op-code allocation should provide for a rich set of 
operations while keeping the number of bits to a minimum. The number of bits al­
located to the register file addresses sets the size of the register file. Memory address, 
which, for direct addressing, can be very long, must somehow be reduced in size. 

The following paragraphs provide a discussion of the techniques for allocating bits 
and fields to an instruction. The goal is to achieve a balance between the conflicting 
requirements. 
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Operation Codes 

There are a number of ways to allocate op-codes to an instruction. The design issue 
is to reduce the number of bits in the instruction (small bit budget) while providing a 
large number of op-codes for a rich instruction set. Three design options or techniques 
have been used to meet these requirements. 

1. A fixed-length op-code allocated to variable length instructions: IBM S360. 
2. A variable-length op-code, provided by op-code expansion, allocated in a variable­

length instruction: Intel x86. 
3. A variable-length op-code, provided by op-code expansion, allocated in a fixed­

length instruction: MIPS R2000 and IBM PowerPC. 

We will look at these three techniques by examining the ISAs noted above. 
IBM S360. The rationale for variable-length instruction is that the instructions 

that are used most frequently can be short with the infrequent instructions being 
long, as with Morse Code. The IBM S360 has 16-, 32-, and 48-bit instructions. How­
ever, the op-code is of the same length, 1 byte, for each of these three instruction 
lengths. 

Within the 1-byte op-code, the four MSBs bind the instruction to the data type 
while the four LSBs bind the instruction to the operation. The four MSB bindings 
are shown in Table 3.15. For example, if the four MSBs of the op-code are 0111, the 
data type is short (single-precision) floating point. As this data type is 32 bits and the 
IBM S360 memory is byte addressed, the two LSBs of the data effective address are 
ignored when memory is accessed. Also, the floating-point ALU is used to execute the 
operation. 

TABLE 3. 15 IBM S36O OPERATION CODE 
CLASSES 

Op-Code MSBs 

0000 
0001 
0010 
0011 
0100 
0101 
0110 
0111 
1000 
1001 
1010 
1011 
1100 
1101 
1110 
1111 

Bindings 

Branching and status switching 
Fixed-point full word and logical 
Floating-point long 
Floating-point short 
Fixed-point ha lf word and branching 
Fixed-point full word and logica l 
Floating-point long 
Floating-point short 
Set system mask 
Fixed-point logical and 1/0 
Not defined 
Not defined 
Not defined 
Logical 
Not defined 
Decimal 
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3.2 Instruction Set Architecture 95 

The four LSBs specify the operations to be performed. Note the generous provision 
for future expansion of data types. Designers provide for decoding of unassigned op­
eration codes and causing a trap, so the illegal op-codes will not attempt execution. 

Intel x86 . . The original member of the x86 architecture, the 8008, has a single 
1-byte op-code. The design of the 8080 called for a richer instruction set leading to 
the need for an additional op-code byte. This expansion is accomplished by a tech­
nique called expanded op-codes. With expanded op-codes, ' reserve codes in the first 
op-code byte invoke fetching and decoding a second byte: 

7 0 

One Byte 
I I 

7 0 

Two Bytes 
I 

' 
1-byt,e instnictions can be decoded into 256 unique operations. However, with the 

x86, there are two reserve codes in the first byte that indicate _the need to fetch and 
decode a second byte. These codes are OF and 1F (in hexadecimal). Th~ 01; code leads 
to a s~cond byte of integer i,nstructions.whereas the 1F code leads to a byte of floating­
point instr:uct~ons. There _are further expjlnsions that are not described here, but this 
description gives the fla~or of the tecpnique.31 

' 
EXAMPLES 

1. From the information given above, how many op-~odes are possible with the 

x86 technique? 

Solution 
The number' of op-codes is 

#op-codes = #one byte + #2 byte 
• ·= 256 - ·2 + 2 x 256 = 254 + 512 = 766 op-codes. 

' ' ' • I 

Co_mmei:it 
With a 2-byte op-code, the total number of op-codes is 216 = 65,536. Thus a 
significant number of potertial op-codes are given up in order to have short 

op-codes for frequently used instructions. ' 
2. 1 O bits would be required for encoding the 766 instructions of the example 

above. What fraction of the variable-length. in~t~uctions should l;>e execl)ted for 
, the variable-length op-code to brfc;ik even with 10 bits required for a fixed-

.! / ' I _. ' 

length op-code? 

Solution 
The fraction of a· ·1-byte instruction length is represented by s. This problem 

is solved by finding s that will give the weighted. average instruction length 

31 When the designers of the Intel 8080 were expanding the op-code set of the' 8008, they ran out 
of time in the design schedule and left some of the op-codes unassigned. This turned out to be 
the key to future expansion of the Intel Architecture. 
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of 10: 

1 0 = 8s + (1 - s)16, 

-6 = -Bs, 
s = (6/8) = 0.75. 

Comments 
If more than 75% of the executed instructions are 1 byte and 25% are less than 
two bytes, the bit budget is smaller than that with a 10-bit op-code. 

MIPS R2000. With a fixed instruction length of 32 bits, 6 bits were allocated to the 
op-code. This number of bits provides only 64 op-codes, which is insufficient for the 
number of desired instructions. 

The solution to this design problem was to have variable-length operation codes 
within a fixed-length instruction that used expanded op-codes. The most frequently 
used operations are directly encoded in the 6-bit op-code, while a small set of the 64 
possible codes are reserved as escape codes that require decoding of more bits in the 
instruction to obtain the full op-code. This technique does not increase the length of 
the instruction as with the x86. 

Refer to Figure 3.13 for the following discussion. The op-code bits are 26-31 and 
the initial decoding of the op-code is shown at the top of the figure. For the op-code 
000011, the instruction is JAL, a jump or branch instruction. If the op-code is 000000, 
the special instructions are invoked with bits 0-5 of the instruction. These 6 bits, found 
in the R format, are decoded as shown in the SPECIAL map. BCOND is expanded with 
bits 16-20 of the instruction while COP0 is expanded with bits 0-4. COPl, 2, and 3 
are expanded with bits 16-25. 

PowerPC. Another example of an expanded op-code system is found in the Pow­
erPC ISA. This processor has a 32-bit instruction with 6 bits (bits 0-5) allocated to 
the op-code. Frequently used instructions such as addi (add immediate) are encoded 
within the 6 bits. The addi instruction has the encoding (0001110) with a 16-bit im­
mediate operand in bit positions 16-31. The other source register, A, and destination 
register, D, are addressed in two 5-bit fields as this processor has a 32-word register file: 

0 5 6 10 11 15 16 30 

addi I 14 I D A Immediate I 
Infrequently used instructions use an expanded op-code to obtain more op-code 

bits. The escape code is 31 10 • Examples found in the PowerPC instruction set illustrate 
the use of expanding op-codes: addx, addcx, and addex: 

addx 

addcx 

addex 

0 5 6 10 11 15 16 20 22 30 

31 D A B 256 

31 D A B 10 

31 D A B 139 

Each of these three instructions has the same op-code in bits 0-5, but the complete 
op-code requires that bits 22-30 also be decoded. 
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31..29 
0 
1 
2 
3 
4 
5 
6 
7 

5 .. 3 
0 
1 
2 
3 
4 
5 
6 
7 

28 .. 26 

0 
SPECIAL 

ADDI 
COP0 

t 
LB 
SB 

LWC0 
swco 

2 .. 0 

0 
SLL 
JR 

MFHI 
MULT 
ADD 

t 
t 
t 

18 .. 16 

1 2 
BCOND J 
ADDIU SLTI 
COPl COP2 

t t 
LH LWL 
SH SWL 

LWCl LWC2 
SWCl SWC2 

1 2 
t SRL 

JALR t 
MTHI MFLO 

MULTU DIV 
ADDU SUB 

t SLT 
t t 
t t 

20 .. 19 0 1 2 

i I B:~:J B::L I 
25 .. 23 

22,21,16 0 
0,0,0 
0,0,1 
0,1,0 
0,1,1 
1,0,0 
1,0,1 
1,1,0 
1,1,1 

4 .. 3 
0 
1 
2 
3 

MF 

CF 

2 .. 0 

0 

1 

I MT 

I CT 

1 

2 

2 
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Opcode 

3 4 5 6 7 
JAL BEQ I BNE I BLEZ I BGTZ 

SLTIU ANDI I ORI I XORI I LUI 
COP3 t t t t 

t t t t t 
LW LBU I LHU I LWR I t 
SW t t I SWR I t 

LWC3 t t t t 
SWC3 t t t t 

SPECIAL 
3 4 5 6 7 

SRA SLLV I t I SRLV I SRAV 
t SYSCALL I BREAK I t t 

MTLO t t t t 
DIVU t t t t 
SUBU AND I OR I XOR I NOR 
SLTU t t t t 

t t t t t 
t t t t t 

BCOND 
3 4 5 6 7 

COPz 
3 4 5 6 7 

BCF 
BCT 

co 

COPO 
3 4 5 6 7 

I TLBWR I 

t Operation codes marked with a dagger cause reserved instruction exceptions and 
reserved for future versions of the architecture. 

Figure 3.13 MIPS R2000 instruction maps (courtesy MIPS Technologies Inc.) 

Register Addresses 

The allocation of register addresses to the instruction format is straightforward. 
The questions to be resolved are the size of the register file and whether two or three 
addresses will be used. Register files with 32 words requiring 5 address bits are common 
today. Thus a three-address format uses 15 bits whereas a two-address format uses 10 
bits for register addresses. 

Petitioner Exhibit 1053, Page 109 of 334



98 User Instruction Set Design 

TABLE 3. 16 MEMORY ADDRESSES 

Processor 

IBM 5360 
Intel Pentium 
MIPS R2000 
PowerPC 

Bits in Instruction 

12-bit displacement 
8-, 16-, 32-bit displacement 
16-bit displacement 
None 

Memory Addresses 

Effective Address 

Index+ base+ displacement 
Index+ base+ di~placement 
Index+ displacement 
(RA)+ (RB) 

With the op-code and the register addresses allocated, there are _usually few bits re­
maining to allocate to a memory address(es). For this reason, many processor designs 
use two design strategies to reduce the number of memory address bits. The first strat­
egy is to use either an accumulator or a load/store architecture. These architectures, 
IBM S360 and x86, need only one memory address. The second strategy is to allo­
cate only a displacement in the instruction that is used to develop a longer effective 
address. These strategies can be combined, as shown in Table 3.16. 

Other Fields 

Other fields also need to be allocated to the instruction fonp.at. Examples are shift 
count, masks, and mode bits. In many cases, the designer wants to use as few bits as 
possible and will investigate the weighted average of the design choice. For example, 
a computer with a 32-bit integer primary word length could use up to 5 bits as a shift 
count. However, investigation shows that 90% of all shifts are ~4 bits. Thus a 2-bit 
shift count can be used; for longer shifts, multiple shift instructions will be, used in 
the program. • • ·' • 

3.3 CISC AND RISC ARCHITECTURAL STYLES 

Section 3.1 discusses the lexical level of an ISA. In this section, we compare the specifics 
of the CISC and RISC architectural styles. A CISC .. architecture is at a higher lexical 
level than RISC and performs more than one operation with a single instruction. RISC 
a.rchitectures use simple instructions placing complexity in the software. One of the 
direct consequences of these two styles is that a CISC architecture needs to execute 
fewer instructions than a RISC architecture for the same algorithmic function. This 
difference is discussed, with experimental verification, in Section 3.5. 

There are a number of distinguishing characteristics of CISC and RISC architec­
tures. These differences are discussed in the context of the x86, MIPS, and R2000 
processors: 

1. 
2. 

3. 
4. 
5. 

size and function of the register file 
accessing memory for data rea_ds and writes . 
number of operatipns performed by a single instruction 
variable or fixed instruction lengths ,, 
number _of data types • 
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Type of Data Movement Source ➔ Destination 

From memory to a register Memory location ➔ General-purpose register 
Memory location ➔ Segment register 

From a register to memory General-purpose register ➔ Memory location 
Segment register ➔ Memory location 

Between registers General-purpose register ➔ General-purpose register 
General-purpose register ➔ Segment register 

' •, Segment register ,7 General-purpose register 
Gen,eral-purpose .register ➔ Control re~ister 
Control register ➔ General-purpose register 
General-purpose register ➔ Debug register 
Debug register ➔ General-purpose register 

Immediate data to a register Immediate ➔ General-purpose register 

Immediate data to memory Immediate ➔ Memory location .. 

' ' 
Figure 3.14 Pentium Pro move instruction (courtesy of Intel Corpo~ation) 

CISC Architecture 

The Intel x86 architectu~e serves as a good example ot'a cisc a·rchitecture with a 
remarkable market success. The following discussion is not a complete description of 
tJ:iis architecture; for more info~mation, refer to Intel literature. The MMX extensions 
to the architecture are described in Section 8. 7. • 

Size and Fµnction of the Register File. The register architecture is basically a one­
address accumulator, described above. The accumulator (A register: AL, AH, AX, and 
EAX) is supp~rted by seven additional dedicated registers used for forming EAs an.9 as 
temporary storage. A map of the general purpose registers of the Pentium Pro is shown 
in Figure 3.8. 

The first member of the x86 architecture was the 8008, first producec;l in 1971.32 

This processor had only an 8-bit integer data type and four 8-bit registers (A, B, C, and 
D). With the i286 the registers were extended to 16 bits and four 16-bit registers were 
added (BP, SJ, DI, and SP). The i486 further extended the word length of the registers 
to 32 bits named, as shown in Figure 3.8. 

Accessing Memory for Data Reads and Writes. Figure 3 .14 shows a number of move 
instructions. Note that there is no memory-to-memory move; this functio~ is accom­
plished by two instructions moving the operand by means of a general-purpose regis­
ter. 'Some of the arithmetic instructions are accumulator based and require a memory 
access for one of the operands. However, there are register~to-register arithmetic in­
structions that do not require a memory operand access. The register-to-register arith­
metic instructions were provided in the 8008 to perform address arithmetic needed to 
compute meip.ory effective_ addresses. 

Number of Operations Performed by a Single Instruction. Many of the instructions 
perform more than one elementary function. For example, the 'instruction F2XM1 

32 The architecture of what became known as the x86 was designed by engineers at Computer 
Terminal Corporation, San Antonio, Texas. Intel and Texas Instruments, each designed a micro­
processor to the CTC instruction set specifications, with Texas Instruments delivering first . 
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performs the operation 

where ST is the top of the floating-point evaluation stack. Some of the move instruc­
tions are conditional on a flag set by a previous instruction; Pentium Pro flags are 
described in Figure 3.12. 

Other instructions are conditional within the instruction. For example, the 
CMPXCHG instruction compares two source operands (one each from the AL, AX, or 
EAX register, depending on the data-type size). If the operands are equal, the second 
operand is loaded into a destination register; otherwise the content of the destination 
is loaded into the AL, AX, or EAX register. 

Variable or Fixed Instruction Lengths. CISC architectures use variable-length in­
structions to reduce the instruction bit budget and bit traffic. The reason for variable­
length instruction is that simple instructions, such as a register-to-register ADD, could 
be encoded in one byte because no memory addresses are required. For other instruc­
tions, such as those requiring three memory addresses, the instruction is lengthened 
to provide the addresses. In other words, the length of the instruction will match the 
complexity of the instruction. 

Figure 3.15 shows the Pentium Pro instruction format. Note that the smallest in­
struction is 1 byte. Variable-length instructions lead to a number of implementation 
problems, one of which is that memory modules are usually implemented with widths 
that are even powers of 2: for example, 4 bytes wide or 8 bytes wide. With a stream 
of variable-length instructions, some instructions will reside in two or more memory 
words and will require two or more memory accesses to fetch the instruction. Exten­
sive hardware is used in the Pentium Pro to compensate for this problem. 

EXAMPLE 

A sequence of x86 instructions has the following number of bytes per instruction: 

#1 is 3 bytes, #2 is 2 bytes, #3 is 3 bytes, #4 is 1 byte, #5 is 7 bytes, #6 is 2 bytes, 
#7 is 1 byte, and # 8 is 8 bytes. The memory module and bus is 4 bytes wide. 
What is the weighted average number of memory cycles per instruction required 
for fetching this instruction stream? 

Solution 
A memory map of the instruction sequence is shown below, and the instruction 
numbers are indicated: 

Instruction 
Op-code ModR/M SIB Displacement Immediate Prefixes 

Up to four 1- or 2-byte 1 byte 1 byte Address Immediate 
prefixes of opcode (if required) (if required) displacement data of 
1-byte each 

/ ~ 
of 1, 2, or 4 1, 2, or 4 

(optional) bytes or none bytes or none 

7 65 32 0 7 65 32 0 

I Mod I o:.:~de I R/M I I Scale I Index I Base I 
Figure 3.15 Pentium Pro instruction format (courtesy of Intel Corporation) 
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.Memory word, 4 bytes 

1 1 1 2 

2 3 3 3 

4 5 5 5 

5 5 5 5 

6 6 7 8 

8 8 8 8 

8 8 8 

The eight instructions required seven memory cycles, giving 7 /8 = 0.875 mem­
ory cycles per instruction. 

Comment 

For this example, the average number of bytes per instruction is 27 /8 = 3.375. 
However, the only paper known to the author indicates that the average Intel 
8086 instruction is 2.25 bytes (Adams and Zimmerman 1989). Extensive pub­
lished statistics on the IBM S360 show that this CISC architecture has approxi­
mately 4 bytes per instruction. 

Another problem with variable-length instructions is that an instruction fetch page 
fault (for a virtual memory system, discussed in Chapter 4) can occur in the middle of 
the instruction fetch, since an instruction can reside in two pages. Extensive hardware 
support is required for overcoming this problem. 

Number of Data Types. Designers of CISC architectures attempt to provide a data 
type for most user applications. The Pentium Pro user data types, not including float­
ing point, are shown in Figure 3.11. Note that there are three 2's complement integers, 
three unsigned integers, two BCD, two-address, and 1-bit field data types. Each of these 
data types required specific op-codes and addresses in the instruction format - a reason 
for variable-length instructions. 

The IEEE standard floating-point data types used with the Pentium Pro are described 
in Subsectioµ 3.2.3, and the MMX data types are described in Section 8.7. 

RISC Ar~hitecture 

The MIPS R2000 processor is selected as an example of RISC design style. As with 
the x86, a complete architectural description is not given, but the five characteristics 
that distinguish CISC/RISC are highlighted. 

Size and Function of the Register File. The register file of the MIPS R2000 archi­
tecture consists of 32, 32-bit registers, shown in Figure 3.16. These registers are used 
for operands, results (both integer and floating point), and index registers. One of the 
registers, RO, is always set to zero for use in clearing a register, providing a zero con­
stant, and support of address arithmetic. Two 32-bit registers are provided to support 
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General-Purpose Registers 

31 0 
0 
rl 
r2 . . . . 

r29 
r30 
r31 

Multiply/Divide Registers 

31 0 

I HI I 

31 
LO 

Program Counter 

31 
I PC 

0 

0 

Figure 3.16 MIPS R2000 registers (courtesy MIPS Technolo­
gies Inc.) 

multiplication (holding the double-length product) and division (holding the quo­
tient and the remainder). The program counter is a separately architected register. 

Accessing Memory for Data Reads and Writes: The MIPS R2000 and all RISC pro­
cessors are known as load/store architectures. This means that the only instructions 
that address memory are the load and the store instructions. All other instructions 
find their operands and place results in the register file. 33 The load and the store in­
structions require two memory accesses (instruction plus data) and operate on signed 
arid unsigned bytes, words (2 bytes), and double words. 

The MIPS R2000 instructions use the three-address.register-to-register format. Other 
RISC processors use the two-address register-to-register architecture to save register 
address bits in the instruction. 

Number of Operations Performed by a Single Instruction: As with most RISC 
architectures, the MIPS R2000 performs simple instructions. The instruction· format 
is shown in Figure' 3.17. Note that there are three types of instructions: I type, J type, 
and R type: 

I type: These instructions perform load, store, and ALU operations with an imme­
diate. 

J type: These instructions perform branch instructions. 
R type: These instructions perform ALU operations with two . register sources and 

• one register destination address. 

Unlike the x86 architecture, there are no compound instructions in the MIPS R2000 
ISA. However, the R-type instructions do set indicator bits as side effects that are used 
by following branch instructions for program flow control. 

Variable or Fixed Instruction Lengths. The MIPS R2000 architecture- has a fixed­
length· 32•bit instruction, ~s shown in Figure 3.17. With an op-code of 6 bits, one 
would assume that only 64 unique instructions could be iQJ.plemented. Even for a 
RISC, this small number of instructions is not rich enough for practical programming. 
Thus the technique of expanded op-codes is ,used to enrich the.instrm;:tton set; the 
specifics were discussed previously. 

33 The first instance of a load/store architecture known to the author was the CDC 6600, first de­
livered in 1964 and designed by Seymour Cray. 
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I-Type (Immediate) 
31 26 25 21 20 16 15 0 

I op I rs I rt I immediate I 
J-Type Gump) 

31 26 25 0 

I op I target I 

Figure 3.17 MIPS R2000 instruction 
formats ( courtesy MIPS Technologies 
Inc.) 

R-Type (Register) 
31 26 25 21 20 16 15 11 10 6 5 0 

I op I rs I rt I rd I shamt I funct I 
where: 

op is a 6-bit operation code 
rs is a 5-bit source register specifier 
rt is a 5-bit target (source/destination) 

register or branch condition 
immediate is a 16-bit immediate, branch 

displacement or address displacement 

target is a 26-bit jump target address 

rd is a 5-bit destination register specifier 

shamt is a 5-bit shift amount 

funct is a 6-bit function field 

There are a number of advantages to a fixed-length instruction. Fetching across a 
fixed-width memory bus is quite easy. As the 32-bit word will not be split between 
pages, page faults will n?t occur during program fetches. There is little advantage in 
instruction decoding between the MIPS R2000 and the x86, as both require a prede-
code to see if another field must be decoded. , ' • 

Number of Data Types. The number of MIPS R2000 user data types is modest when 
compared with the data types of the x86. The data types consist of_ 

single- and double-precision IEEE floating point 
signed, 2's complement 8-, 16-, and 32-bit integers 
unsigned 8-, 16-, and 32-bit integers 

The MIPS R2000 memory is addressed to the byte. Thus the address for a 16-bit 
integer ignores the LSB of the address. The 2 LSBs of the address are ignored for 32-bit 
integers and single-precision floating-point data types. The three LSBs of the address 
are ignored for double-precision floating-point data types. Binding of the addresses to 
op-codes is accomplished in the instruction decoding hardware. 

3.4 STATIC AND DYNAMIC INSTRUCTION STATISTICS 

Reference was made earlier in this chapter to bit budget and bit traffic. Bit budget 
measures the number of bits, bytes, words, or instructions required for representing a 
program and is illustrated in the discussion above on instruction composition. With 

103 
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COMMENT INSTRUCTION 
Preparation h-2 Load k from ko 

h-1 Load io from ioo 
Initial Setup h Load i0 from i00 
New Product row h+l Load i from i0 f--

procedure 
New vector product h+Z Load j from io f--

procedure 
Vector multiply, inner h+3 Set accumulator to zero 
loop 

Load cumulative multiplicand from h+4 f--

location specified by i 
OPERATION h+S Multiply-add by operand location specified 

byj 
h+6 Increment j by p 

Housekeeping, inner h+7 Advance i, count, refill when count reaches 
loop zero, branch to h + 4 when count does not 

reach zero ➔ 

End of vector h+8 Store cumulative product at location 
multiplication specified by k 
procedure 

h+9 Increment k by 1 
h+ 10 Advance j0, count, refill when count reaches 

zero, and branch to h + 2 when count does 
not reach zero ➔ 

h+ 11 Increment i by n 
End of product row h+ 12 Reduce count of k, refill when count reaches 
procedure zero, and branch to h + 1 when count does 

not reach zero ➔ 

Figure 3.18 Matrix multiplication program 

early computers, reducing the bit budget of a program was of paramount importance 
because of the cost of main memory. Today, with lower-cost memory, the designer 
is not overly concerned with the bit budget or static instruction count. However, bit 
traffic, the dynamic instruction frequency of use, is of concern. Static instruction fre­
quencies are a measure of the frequency of use of each instruction type as represented 
in the program. Dynamic instruction frequencies are a measure of the frequency of 
use of an executing program. A program with a loop that is executed 100 times will 
have significantly different static and dynamic statistics. 

Consider the program shown in Figure 3.18 for performing matrix multiplication 
(Buchholz 1962). Instruction h + S performs the multiply-add operation and repre­
sents 1/15 or 6.6% of the static frequency of use. However, for a matrix dimension 
32 x 32, the instructions h + 4, h + S, h + 6, and h + 7 are each executed 32,768 times. 
The total number of instructions executed by the program is 133,271, so these four in­
structions have a dynamic weight of 24.6% each. The other 11 instructions collectively 
represent only 1.6% of the instructions executed. 

A designer uses static and dynamic statistics in different ways. If there is an opera­
tion or function that is infrequently used, say square root, the designer may elect not 
to include it as an instruction while making sure that there are primitives that can be 
used to program square root. By not implementing square root, the designer can sim­
plify the processor, an argument advanced in support of the RISC architectural style. 
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If a designer finds from dynamic statistics that a particular instruction represents a 
large fraction of all instructions executed, every effort is made to reduce the execution 
time of that instruction (recall Amdahl's law). A designer interested in improving the 
performance of the matrix multiplication program of Figure 3.18 will look first to the 
four instructions, h + 4, h + S, h + 6, and h + 7. 

There is an important piece of information that should be considered with instruc­
tion statistics. The availability of statistics for various computers varies from abundant 
to almost nonexistent. In the abundant class we find the MIPS R2000 and SPARC. Next 
in line is the VAX and the IBM S360. In the almost-nonexistent class is the x86 archi­
tecture. There seem to be two reasons for this. First, the x86 has not attracted the atten­
tion of academics, and second, manufacturers of this architecture gather statistics for 
their own engineering purposes and see no advantage in publishing their results. In 
other words, the availability of published statistics seems to be inversely proportional 
to the number of installed processors. 

EXAMPLE 

Compute the bit budget and the bit traffic, measured in instructions, for the 
vector program shown in Figure 3.18. Assume that the two source matrices and 

the destination matrix are 128 x 128. 

Solution 
The bit budget is 15 instructions. The bit traffic is determined approximately 
as the inner loop, h + 4 through h + 7, is executed 1283 times. Thus the bit 
traffic for this part is 4 x 1283 = 8.39 x 106 instructions. The next loop is 
executed 1282 times. Thus the bit traffic for this part is 5 x 1282 = 8.19 x 104 

instructions (h + 4 through h + 7 counted above). The outer loop is executed 
128 times. Thus the bit traffic for this part is 3 x 128 = 3.84 x 102 instructions 
(h + 2 through h + 10 counted above). The three initialization instructions are 

executed once: 

bit traffic ~ 8.39 x 106 + 8.19 x 104 + 3.84 x 102 + 3 
~ 8.47 x 106 instructions 

Comment 
This bit traffi c calculation clearly shows that signifi cant speedup in this algo­
rithm can come only from improvements to the inner loop. This is exactly what 
is done with vector computers such as the Tl ASC and the CRAY-1. The CRAY-1 
reduces four instructions to one by overlapping in hardware the overhead of 

h + 4, h + 6, and h + 7 with instruction h + 5. 

High-Level Language Statistics 

Remember that a program written in a high-level language is compiled into the 
language of the computer's ISA. Thus, it is instructive to investigate the frequency of 
use of the various high-level language statements before looking at the statistics of 
the ISA language. The information in Table 3.17 is taken from a survey of prior work 
directed to the development of a synthetic benchmark called Drystone (Weicker 1984). 
Static and dynamic statistics are reported. 
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TABLE 3.17 HIGH-LEVEL LANGUAGE STATIC 
FREQUENCY OF USE 

Language 

Operation FORTRAN(%) Pascal(%) Ada(%) 

Assignment 51 44 .p 37 .1 

Call 12 31 .8 26 .8 

Return 4 6.9 
' If 10 14.8 9.8 

' Loop with condition 3.3 1 .3 

Loop with "for" 9 2.8 0.9 

With 2.1 
Case 0.4 
Exit loop 1.4 

Goto 9 0.3 
Other 5 0 .1 15.4 

As mentioned above, high-level languages have no explicit move statements. These 
statements are introduced by the compiler to match the assignment statements to 
the processor's memory architecture: registers, accumulator, stack, etc. ·Note that the 
assignment and the call statements constitute ~ 65% of all the static statements. We 
should expect that other high-level languages such as C and c++ will show similar 
static statistics even though the author knows of no published data. 

Instruction Level Statistics 

Like high-level language, published instruction level statistics generally report on 
both the static and dynamic frequencies. We look at the instruction level statistics for 
the three CISC processors, the IBM S360, DEC VAX, and the x86. The statistics for two 
RISC processors, the MIPS R2000 and SPARC, are also shown. 

IBM S360. Extensive static and dynamic statistics are provided in an early study of 
IBM S360 programs (Alexander and Wortman 1975). A sample of these data is given in 
Table 3.18, showing the instructions with the most, frequent occurrence. The bench­
marks providing these data did not include floating-point instructions. 

An interesting thing about these data is that the instructions with the highest fre­
quency of use are those that are inserted by the compiler and are overhead to the 
problem, meaning they perform no useful work as specified by the high-level lan­
guage program. For the dynamic statistics, 63% of the executed instructions are found 
before arithmetic instruction. Also, the add and the subtract instructions constitute 
only 9% of all execute.ct instructions. 

DEC VAX. The in~truction statistics of the DEC VAX have been extensively mea­
sured by Clark qnd others. Some of the VAX statistics rank the instructions by fre­
quency of use and by the time of use. This second ranking gives insight into the time 
burner instructions that could be the object of design improvement. A sample of these 
data for a multiuser workstation workload is taken from (Clark and Levy 1982) and 
shown in Table 3.19. 
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TABLE 3.18 IBM S360 INSTRUCTION WEIGHTS 

Static Dynamic 

L Load fixed word 29% L Load fixed word 27°/o 
ST Store 15% BC Branch/condition 14% 
BC Branch/condition 10% ST Store 10% 
LA Load address 7% C Compare 6% 
SR Subtract 6% LA Load address 6% 
BAL Branch and link 5% SR Subtract 5% 
SLL Shift left, single. 4% IC Insert char. 4% 
IC Insert char. 3% A Add 4% 
C Compare 3% SLL Shift left, single. 3% 
A Add 2% N And 3% 

Note that 10 instructions constitute 47% of all executed instructions whereas a dif­
ferent set of 10 instructions constitutes 52% of execution time. Note also that one 
instruction, MOVC3, consumes 23% of time for the benchmarks. Because of the time 
consumed by this instruction, it would seem that a faster memory would be an ad­
vantage for this processor. 

EXAMPLE 

What 'Will be the speedup,of the VAX if the MOVC3 instruction time is cut by 

"50%? 

Solution 
The solution to this problem is a simple application of Amdahl's law: 

77%+23% 
speedup= 23~ 

77%+-i 

_ 100% = 1.13. 
88.5% 

TABLE 3.19 
STATISTICS 

Instruction 

MOVL 

• ,BEQL 
BBS 
CMPB 

BNEQ 
BLBC 
INCL 

RSB 
BBC 

SUBL3 

VAX INSTRUCTION 

Frequency 
of Use Instruction Time(%) 

0.1022 MOVC3 23.30 
0.0869 BBS 6.44 
0.0525 MOVL 4.48 
0.0483 BBC 3.82 
0.0360 CMPB 2.93 
0.0332 BEQL 2.47 
0.0307 EDIV 2.43 
0.0306 PROBEW 2.43 
0.0261 RSB 2.03 
0.0249 BSBW 2.00 
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TABLE 3.20 INTEL 8086 DYNAMIC INSTRUCTION 
WEIGHTS 

Rank 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Instruction Weight Description 

MOV 0 .299 Move source to destination 

PUSH 0.092 Push source on stack 

CMP 0.079 Compare source with destination 

POP 0.062 Pop TOS to destination 

JNE 0.045 Jump if not equal 

JE 0.036 Jump if equal 

ADD 0.034 Add 
CALL 0.033 Call subroutine 
RET 0.031 Return from subroutine 

JMP 0.023 Unconditional jump 

Comment 
At the time the VAX was designed, high-speed memory was very expensive. 
The cost of high-speed memory needed to improve MOVC3 by 50% probably 
exceeded 13% of the system cost, making this type of change unattractive from 

a cost/performance point of view. 

Intel x86. One of the few sources of x86 instruction use statistics are for the 8086 
executing MSDOS programs (Adams and Zimmerman 1989). The top 10 instructions 
executed are shown in Table 3.20. These statistics look very similar to those of the 
IBM S360. Note that approximately 39% of all executed instructions are either MOV 
or PUSH, instructions inserted by the compiler. The comparable number of the IBM 
S360 is 39% whereas the VAX is only 10%. 

MIPS R2000 and Sun SPARC Comparison. Two modern RISC architectures are the 
MIPS R2000 and SPARC. These two computers are similar in most respects, save two. 
The MIPS R2000 uses the atomic test-and-branch instruction type whereas the SPARC 
uses indicators with orthogonal branch instructions. A second difference is that the 
MIPS R2000 uses no-op (no-operation) instructions for scheduling the execution 
pipeline whereas the SPARC schedules with hardware. This subject is discussed in 
Chapter 6. 

An extensive study of instruction counts and frequencies for several of the integer 
and floating-point SPEC benchmarks on these two computers is available (Cmelik et al. 
1991). A sample of the data is shown in Table 3.21. The authors made adjustments for 
low frequency of use instructions that added approximately 100 executed instructions 
to the SPARC data. However, the results from these benchmarks indicate that the total 
number of instructions executed for these two computers is approximately the same 
even though the distributions differ. 

These two processors provide instructive examples of how architectural design de­
cisions can affect the processor's performance. The MIPS R2000 has atomic test-and­
branch instructions whereas the SPARC uses indicators. These data suggest that the 
two branch instruction methods result in an approximately equal number of executed 
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TABLE 3.21 MIPS R2000 & SUN SPARC 
INTEGER INSTRUCTION STATISTICS 

MIPS R2000 Sun SPARC 

# Inst. % # Inst. % 

Instruction Class Executed Executed 
Load 220 19.83 214 18.52 
Store 129 11 .58 94 8.14 
Control 205 18.50 234 20.26 
No-op 148 13.34 12 1.02 
Integer Arith. 407 36.66 580 50.20 
Misc., Library 2 0.09 22 1.90 

TOTAL 1111 100 1156 100 

instructions. Thus there is no clear superiority of one branch technique over the other 
as measured by bit traffic. 

The SPARC also has a larger register file than the MIPS R2000 (64 versus 32 words); 
thus the number of store instructions is smaller on the SPARC because of the ability to 
save variables in the register file. The smaller number of executed no-op instructions 
with the SPARC is a result of using more hardware to schedule the execution pipeline. 

RISC and CISC Instructions Comparison 

The instruction execution data given in the examples above give little guidance 
on how one can compare a RISC, such as the SPARC, with a CISC, such as the DEC 
VAX. As discussed in Section 3.1, the lexical level of a CISC is higher than that of a 
RISC. Thus it would be natural to believe that a CISC requires the execution of fewer 
instructions (smaller bit traffic) than does a RISC. Bhandarkar and Clark (Bhandarkar 
and Clark 1991) provide insight into this supposition. They have compiled and exe­
cuted nine benchmarks on the VAX (CISC) and the MIPS R2000 (RISC). The instruction 
ratio is shown in Table 3.22. The instruction ratio is the number of instructions exe­
cuted RISC/CISC. A ratio > 1 means that the RISC requires a larger number of executed 
instructions or has a higher bit traffic. 

These are rather startling numbers. From these benchmarks, we see that a RISC 
always executes more instructions than a CISC. Remember from Chapter 1 that the 
task time is the product of the number of executed instructions, the CPI, and the 
time/clock. One can conclude from these results that the CPI of a RISC must be ap­
proximately 1/2 that of a CISC with equal clock frequency for the performance to be 
equal. Chapters 5 and 6 will discuss the methods by which the CPI of a processor is 
determined. 

3.5 ARITHMETIC 

The arithmetic operations most commonly implemented in an ISA are add, subtract, 
multiply, and divide. The algorithms for performing these operations depend on the 
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TABLE 3.22 INSTRUCTION 
RATIO RISC/CISC 

Instruction 

Benchmark Ratio 

spice2g6 2.48 
matrix300 2.37 
nasal 2.10 
fpppp 3.88 
tomcatv 2.86 
doduc 2.65 
expresso 1.70 
eqntott 1.08 
Ii 1.62 

GEOMETRIC MEAN 2.17 

specific data types of the ISA. These operations are discussed in the following para­
graphs. In this section we discuss the arithmetic operation that can be performed on 
the data types described previously. However, before we look at how arithmetic is per­
formed on specific data types, the basic logic of addition and suptraction is reviewed. 
Consider the truth table for single-digit addition. The adder has an a and a b input 
plus a carry in ci input. The sums and ·carry out co are formed. In like fash4on,. the 
truth table of a binary subtractor is shown. The inputs are a, b, and bi (borrow) with 
outputs d (difference) and bo (borrow out): 

Addition Subtraction 

a +b ci s co a -b bi d bo 
0 0 0 0 0 0 0 0 0 0 
0 0 1 1 0 0 0 1 1 1 
0 1 0 1 0 0 1 0 1 1 
0 1 1 0 1 0 1 1 

. 
0 1 

1 0 0 1 0 1 0 0 1 0 
1 0 1 0 1 1 0 '1 0 0 
1 1 0 1 0 1 1 0 0 0 
1 1 1 1 1 1 1 1 1 1 

With addition, carries can occur at any bit position. When a carry occurs at the 
MSB, it is called an overflow because a value has been produced that is• outside of the 
expressible range of the data type. A similar situation occurs with the borrow. Students 
may wish to answer the question of what happens if a borrow occurs at the MSB on 
subtraction. 

A designer has the choice of implementing or not implementing the subtract op­
eration in logic. As discussed below, subtraction can be accomplished by adding the 
complement of the subtrahend. 
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EXAMPLE 

Add the unsigned values 1710 + 21 10 . Subtract the values 3810 - 21 10 by using 
• 'the ·rules of subtraction shown above. 

Solution 

Augend 17 010001 Minuend 38 100110 
Addend 21 010101 Subtrahend -21 010101 

Carry 0100010 Borrow 100010 
Sum= 38 100110 Difference= 17 010001 

3.5.1 ADDITION/SUBTRACTION 

The· rules of addition and subtraction for sign and magnitude., l's complement, and 2's 
complement data types are now described. Architected subtraction is frequently not 
architected in the ISA; the subtract function is performed by first complementing the 
subtrahend. 

Sign and Magnitude. The rules for integer and fraction addition and subtraction 
(Flores 1963) are given in Table 3.23. 

EXAMPLE 

Assume a 6-bit sign and magnitude word; the MSB is the sign., 
a. Add the following number pairs:+ 13 + 11, -13 - 11, -11 + 13, + 11 - 13. 
b. Subtract the same number pairs. 

TABLE 3.23 SIGN AND MAGNITUDE ADDITION AND 
SUBTRACTION RULES 

Addition , Augend Addend Rule 

+ + Add magnitudes, append the sign of 
addend. 

+ Complement addend, add to augend 

+ magnitude, if end-around carry add 
to result; if no end-around carry, 
complement the result, append sign 
of the augend. 

Subtraction Minuend Subtrahend Rule 

+ + Complement subtrahend magnitude 
bits, add to minuend magnitude; if 
end-around carry add to result, 
append sign of minuend. 

+ Add magnitudes, append sign of 

+ minuend. 
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Solution 
a. Addition : 

+13 001101 -13 101101 -11 101011 + 11 001011 

+ 11 op1011 -11 101011 +13 001101 -13 101101 

+24 011000 -24 111000 +2 -2 

101011 001011 

Comp 110010 Comp 110010 

11101 11101 
+o +o 

+2 000010 -2 100010 

b. Subtraction: 

+13 001101 -13 101101 -11 101011 +11 001011 

-(+ 11) 001011 -(-11) 101011 -(+ 13) 001101 -(-13) 101101 

+2 -2 +24 011000 +24 011000 

001101 001101 

Comp 010100 Comp 000100 

000001 000001 

+1 +1 

+2 0.00010 -2 1.00010 

1 's Complement. Table 3.24 lists the rules for integer and fraction addition and 
subtraction for l's complement notation. 

EXAMPLE 

Assume a 6-bit 1 's complement word: 
a. Add the following number pairs: +13 + 11, -13 -11, -11 + 13, +11 -13. 
b. Subtract the same number pairs. 

TABLE 3.24 1 'S COMPLEMENT ADDITION AND SUBTRACTION RULES 

Addition Augend Addend Rule 

+ + Add magnitudes; if there is an 
end-around carry add to result, 
append the sign of addend 

+ Add numbers including the sign 

+ If end-around carry, add to result, 
bit, append negative sign, otherwise, 
positive sign 

Subtraction Minqend Subtrahend Rule 

+ + Complement all bits of the 
subtrahend, add to minuend; if 

+ end-around carry add to result, 

+ append sign of minuend 
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Solution 

a. Addition: 

+13 001101 -13 110010 -11 110100 + 11 001011 
+11 +001011 -11 +110100 +13 +00110 -13 110010 

011000 1100110 1000001 111101 
+o +1 +1 +o 

+24 011000 -24 100111 +2 00011 -2 100010 

b. Subtraction : 

+13 001101 -13 110010 -11 110100 + 11 001011 
-(+ 11) 001011 -(-11) 110100 -(+13) 001101 -(-13) 110010 

+13 001101 -13 110010 -11 110100 -11 001011 
Comp +110100 Comp +001011 Comp + 110010 Comp + 101101 

1000001 111101 1100110 0111000 
+1 +o +1 +o 

+2 0.00010 -2 111101 -24 100111 +24 111000 

2's Complement: Table 3.25 gives the rules of arithmetic for 2's complement integer 

and fraction data types. 

a. 
b. 

EXAMPLE 

Assume a 6-bit 2's complement word; one of the six bits js the sign: 

Add the following number pairs:+ 13 + 11, -13 -11, -11 + 13, -11 -13. 

SL1btract the same number pairs. 

TABLE 3.25 2'S COMPLEMENT ADDITION ANO SUBTRACTION 
RULES 

Addition Augend Addend Rule 

+ + Add magnitudes, ignore end-
around carry. The sign of the result 

+ is the sign found by the 

+ result addition. 

Subtraction Minuend Subtrahend Rule 

+ + Complement all bjts of the 
subtrahend, add to minuend, 

+ ignore end-arou~d carry. Add 1 

+ to the result. The sign of the 
result is signfound by the 
addition. 

113 
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Solution 
a. Addition: 

+13 001101 -13 110011 -11 110101 +11 001011 

+11 +001011 -11 11 orn1 +13 +001101 -13 110011 

+24 011000 -24 101opo +2 000010 -2 111110 

b. Subtraction: 

+13 001101 -13 110011 -11 110101 + 11 001011 

-(+ 11) 001011 -(-11) 110101 -(+ 13) 001101 -(-13) 110011 

+13 001101 -13 110011 -11 110101 + 11 001011 

Comp + 110100 Comp -4--001010 Comp +110010 Comp +001100 

1000001 111101 1100111 010111 

+1 +1 +1 +1 

+2 000010 -2 111110 -24 101000 +24 011000 

3.5.2 MULTIPLICATION AND DIVISION 

Multiplication and division are two instructions architected in _man¥ I~As,. ij#ore the 
design specifics according to data type are discussed, the basic oper<Jtions are explai.ged. 
The following paragraphs discuss the algorithms of multiplication and division in the 
different representation but not the hardware implementation of the multiplication 
or division process. The rules of signs for multiplication and division ate tlie following: 

MULTIPLICATION: Like signs produce a like signed product; unlike signs produce a 
negative product. 

DIVISION: The magnitudes are divided as nonsigned integers. Like signs produce 
a positive quotient and remainder; unlike signs produce a negative quotient and 
remainder. 

Multiplication 
M ' .M ,, 

The multiply operation is similar to that learned in grade school e.xcept the base is 
2 rather than 10. The product of bit multiplication is-the logical AND of the multiplier 
and multiplicand bits. Multiplication is performed by ,a three-step gequence: (1) test 
the LSB of the multiplier, (2) if LSB = 1, add the multiplicand to the partial product, 
(3) shift the multiplier one bit to the right and the partial product one bit to the left. 
Consider a 4-bit unsigned integer for the multiplicand and multiplier: 

9 1001 :i ' -~ 

xS x0101 

45 1001 
0000-

1001--
0000---

00101101 
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Please note the following: with 4 bits, the largest number that can be represented 
is 24 

- 1 = 15, and there is clearly an overflow with this operation as 45 > 15. As the 
result is not expressible in the word length of the operands, the domain function is 
applied to convert the result into an expressible form. Th~s means that the four LSBs 
are saved: clearly an incorrect result. Some ISAs will save both halves of a product, 
leaving it to the programmer to decide what to do. 

If the data types are fractons, the above example becomes 

0.5625 
x0.3125 

0.17578125 

0.1001 
x0.0101 

1001 
0000-
1001--

0000---

0.00101101 

For fractions, the most-significant half of the result is saved as the product and the 
least-significant half is discarded. The result of the fraction multiply, 0.00101101, is 
truncated to 0.0010 or rounded up to 0.0011. Rounding is discussed further in Sub­
section 3.5.3.1 in the context of IEEE floating point. 

Division 

Division is a more difficult operation than multiplication. However, it is the in­
verse of multiplication: subtractions and shifts as compared with additions and shifts 
for multiplication. The basic idea is that the divisor (d) is subtracted from the divi­
dend (D). 

1

The process of division is illustrated with decimal values with the two division algo­
rithms: restoring and nonrestoring. The restoring algorithm is described first. This al­
gorithm consists of a number of steps listed below with the example 66 712 = 5 + 6/12, 
shown in Figure 3 .19. 

Cycle 

1 2 3 4 
Quotient ➔ 0 01 010 0101 

66 
d' -96 

-30 
d' +96 

Figure 3.19 Restoring division, 66--=- 12 66 66 
d'/2 -48 

18 18 
d'/4 -24 

-6 
d'/4 +24 

---rs 18 
d'/8 -12 

6 
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Cycle 

1 2 3 4 
Quotient ➔ 0 01 010 0101 

66 
d' -96 

-30 -30 Figure 3.20 Nonrestoring division, 66 +- 12 
d '/2 +48 

18 18 
d'/4 - 24 

-6 -6 
d'/8 +12 

6 

Initialization: Multiply the divisor by a power of 2, which makes it greater than 
the dividend. 34 For the example, 12 is multiplied by 8, making the ratio 66 + 96. Call 
96 the initial divisor d' . 

1. Subtract d' (96) from the dividend. If the result, called partial remainder P, is 
negative, go to 2. If positive, go to 3. 

2. Add back d'. Tally a 0 in the quotient, and go to step 4. 
3. Tally a 1 in the quotient, and go to step 4. 
4. Shift d' one bit to the right (divide by 2). Go to step 1. 

Repeat until the number of cycles is the same as the number of bits in the operands. 
The remainder is the last value of the intermediate divisor: quotient = 0101 + 
0110/1100 = S + 6/12 = S.S. 

The second form of division, nonrestoring division, does not require that the divi­
dend be restored after a negative result has been obtained. The rules are given below 
and the operation is shown in Figure 3.20 for the same example, 66 + 12. 

Initialization: Multiply the divisor by a power of 2, which makes it greater than 
the dividend. For the example used above, 12 is multiplied by 8, making the ratio 
66 + 96. 

1. Subtract the intermediate divisor (96) from the dividend. Go to step 2. 
2. Tally a 0 in the quotient, shift the intermediate divisor one bit right (divide by 2) 

and add to the prior result. If the result is negative, go to step 2. If the result is 
positive, go to step 3. 

3. Tally a 1 in the quotient. Then shift the intermediate divisor one bit right (divide 
by 2) and subtract from the dividend. If the result is negative, go to step 2. If 
positive, go to step 3. 

Repeat until the number of cycles is equal to the number of bits in the operands. 
The remainder is the last value of the intermediate divisor. 

With the restoring algorithm, the subtraction D - d is made and if the result is 
negative, the subtraction is reversed. These additional steps, illustrated above, increase 
the time required for executing the restoring algorithm. Consider what happened with 

34 The CDC 6600 has an instruction that locates the leading 1 in a word to assist in this operation 
before division. 
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the first two cycles of the two algorithms. For both algorithms, the first subtraction 
produced a negative result: 

Restoring: 

Cycle 1: 
Cycle 2: 

D-d+d=D'. 
D' -d/2 = D", 

D" = D - d + d - d/2 = D - d/2, 
D" = 66- 96/2 = 66 - 48 = 18. 

Nonrestoring: 

Cycle 1: D-d=D'. 
Cycle 2: D' +d/2 = D", 

D" = D - d + d/2 = D - d/2, 
D" = 66- 96/2 = 66 - 48 = 18. 

Thus we see that the two algorithms produce the same intermediate result for the 
two steps. With fewer steps, the nonrestoring algorithm is generally preferred. 

EXAMPLE 

Divide the integer 45 (101101) by 6 (0000110) by using the nonrestoring algo­
rithm and binary arithmetic. 

Solution 
The solution is shown in Figure 3.21. To initialize, multiply the divisor by 8, 

giving 6 x 8 = 48. The result is 7 + 3/6. 

Data types other than sign and integer magnitude have division algorithms. Exam­
ples are l's complement, 2's complement, l's complement fraction, and 2's comple­
ment fraction. However, there are many complications in their algorithms that make 
them difficult to implement, and these data types are beyond the scope of this book. 
Note that because of the complications of these division algorithms, some processors 
that uses these data types convert the architected data type to sign and magnitude, 
perform division, and then convert back to the architected data type. 

Cycle Dividend D' Decimal Quotient, q 

101101 45 
-110000 -48 

1 -000011 -3 0 

Figure 3.21 Restoring division, 45-;- 6 +110000 +24 
2 0001011 21 01 

-0001100 -12 
3 0001001 9 011 

-0000110 -6 
4 0000011 3 0111 
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3.5.3 FLOATING-POINT ARITHMETIC 

Addition, subtraction, multiplication, and division are the operations architected in 
most ISAs. These operations use a combination of the techniques described in 
Subsections 3.5.1 and 3.5.2. We begin this discussion with floating-point addition/ 
subtraction. 

Addition/Subtraction 

Recall that the IEEE floating-point data type allocates bits to a word: 

I S I Exponent I Significand I 

The sign bit is associated with the significand; in other words, this data type is sign 
and mixed magnitude representation. For a number of older floating-point represen­
tations, there is a fraction mantissa with the radix point to the left of the MSB. The 
exponent is usually biased, eliminating the need for an explicit exponent sign bit. 

Addition is illustrated with decimal engineering representation: 500 + 20 = 5.2x 
102 : ,, 

Alignment 

5.0 X 102 5.0 X 102 

+2.0 X 101 +0.2 X 102 

520 5.2 X 102 

Observe the steps needed to perform this addition: 

1. The exponents are compared. 
2. The mantissa with the smallest exponent is divided by 10 until the exponents are 

equal. Each division by 10 causes the exponent to be increased by one. 
3. The adjusted mantissas are added and the exponent appended. 

Addition is now illustrated with a binary base: 4 + 1.5 = 5.5: 

Alignment 

1.000 X 22 1.000 X 22 

+ 1.100 X 2° +0.011 X 22 

1.011 X 22 

Subtraction is illustrated with a binary base: 4 - 1.5 = 2.5: 

Alignment Normalized 

1.000 X 22 1.000 X 22 

-1.100 X 2° -0.011 X 22 

0.101 X 22 1.010 X 21 

The result of the subtraction (0.101 x 22) requires normalization. That is, the man­
tissa is shifted left until the MSB is 1 and the exponent is decremented for each shift. 
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EXAMPLE 

What happens when there is a carry out on the addition of the significands? 

Solution 
After the addition, normalization shifts the result one place to the right and in­

crements the exponent, for example, 4 + 4 = 8: 

1.000 X 22 

+ 1.000 X 22 

10.000 X 22 

1.000 X 23 

Multiplicatio'n and Division 

The IEEE floating-point data types can be multiplied and divided. In some respects, 
the rules are simpler than the rules of addition and subtraction. Remember that the 
exponent is biased and the significand is a signed mixed number. 

Multiplication. The rules for floating-point multiplication are the following: 

1. Add the exponents. 
2. • Mu1tiply the signed significands. 
3. Append the exponent from rule 1 to the result. 

For example, 4 x 1.5 = 6: 

• 1.00 X 22 

• X 1.10 X 2° 

1.1000 X 22 

Division. The rules for floating-point division are the following: . . 

1. Subtract the exponents. 
2. Divide the signed significands. 
3. Append the exponent from rule 1 to the result. 

For example, 6 7 3 = 2: 

1.100 X 22 

-;-1.100 X 21 

1.000 X 21 

Operations on Biased Exponents 

The exponent of a floating-point data type is bound to a limited set of operations, 
and thus it becomes a special dara type. From the examples above, we see the four 
operations bound to the exponent data type: 

1. Compare two exponentsJ select the smaller, and record the difference. 
2. Add two exponents. · 
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3. Subtract two exponents. 
4. Increment and decrement an exponent. 

With an architected floating point (the norm today) the exponent is an imple­
mented data type; it is not processed directly by the instructions. The exponent is 
processed in the context of the complete data type by a hardwired state machine or 
microprogrammed control. Thus the selection of the exponent data type is in general 
purely an implementation issue, given that the designer has achieved the accuracy 
and the range requirements of the floating-point data type. 

What representation is desired for the exponent? Recall that l's complement has 
two zeros and the need for end-around carry. 2's complement is also messy, requiring 
the complementation of the subtrahend for subtraction and the final addition of 1 to 
the result. Thus, with a biased exponent, comparisons are easier to make without the 
messy details of dealing with a sign. Addition and subtraction are also simpler because 
of the freedom from signs. 

Because a biased exponent is an excess notation (discussed previously in terms of 
decimal data types), the rules for performing the operations are similar. The major 
difference is the reason for using excess notation. For decimal data types, excess nota­
tion is used to provide for decimal representation and a decimal carry. For exponents, 
excess notation is used for ease in implementing the required arithmetic. 

EXAMPLE 

Because floating-point exponents are biased (excess notation), what corrections, 
if any, must be made to the result after adding or subtracting exponents? Assume 
a 3-bit exponent, n = 3, and a bias of 2n-l - 1 = 23- 1 - 1 = 3 = 011: see 
Table 3.9. 

Solution 
For a 3-bit exponent and a bias of 011, we have the following map: 

Binary Dedmal 

000 -3 
001 -2 
010 -1 

011 0 
100 +1 
101 +2 
110 +3 
111 +4 

For addition, (-2) + (+ 1) = -1, and in biased binary, 001 + 100 = 101, which 

is incorrect. Three must be subtracted from the result: 101 - 011 = 01 0, the 
correct result for -1 in biased notation. 

For subtraction, (+3) - (+ 1) = +2, and in biased binary, 11 0 - 100 = 01 0, 

which is incorrect. Three must be added to the result: 01 0 + 011 = 101, the 
correct result for +2 in biased notation. 
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Comment 

For addition, (a+ bias)+ (b + bias) = a+ b + 2bias, requires subtracting bias. 
For subtraction, (a+ bias) - (b+ bias)= a - b, requires adding bias. Making the 

correction, either plus or minus, is greatly facilitated in the hardware if the bias 
is an even power of 2; 2n- 1 . That is, instead of using the bias of 3 shown in this 
example, a bias of 4 could be a better choice. 

3.5.3.1 Precision Treatment 

Floating-point data types are approximations; thus the result of an arithmetic oper­
ation can produce results that must be interpreted and adjusted. This interpretation 
and adjustment are in the context of providing a result suitable as input for further 
operations. The following paragraphs discuss the issues involved and the procedures 
for handling many of the cases arising with the IEEE floating-point data types. 

Operations on floating-point numbers can produce a result that is longer than the 
length of the source operands. The result of the operation is called the infinitely precise 
result (Cody et al. 1984). The additional length consists of lower-value bits of the 
significand. For the following discussion, these bits are called excess low-order bits 
(ELBs), also known as residue bits (Blaauw and Brooks 1997). There are two uses of 
the ELBs: support of postnormalization with guard bits and support of rounding with 
round and sticky bits. 

Guard Bits 

Normalization of IEEE floating-point data types places a 1 in the bit position to 
the left of the binary point of the significand. ELBs are produced from arithmetic 
operations and postnormalization: 

I S I Exponent 1. Significand ELBs 

Multiplication of two significands will produce ELBs. Consider multiplying the sig­
nificands 1.125 and 1.625; a 4-bit significand is assumed: 

1.125 
X 1.625 

1.828125 

1.001 X 2° 
xl.101 X 2° 

1001 
1001 

1001 

1.110101 X 2° 
1.75 

Three ELBs, shown as boldfaced numbers, are produced because the data type is only 
4 bits whereas 7 bits were produced by the multiplication. If these bits are ignored, the 
result of the operation is 1. 75, a poor approximation to the precise result of 1.828125. 
As will be discussed later in this subsection, these ELBs are saved as guard bits and will 
be used for rounding to improve the accuracy of the result. 

When two floating-point numbers with different exponents are subtracted, there is 
the possibility for a substantial error in the result. Consider the following example of 
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significand subtraction: 3 - 1.25 = 1.75. Assume that the arithmetic unit and the sig­
nificands are 3 bits. The significand denominator is aligned before the subtraction -
the exponents must be equal - creating one ELB bit that is ignored by the 3-bit arith­
metic unit. The computed difference is 2, and the correct difference in binary is 1.11 x 
2° or 1.75; two of the result bits and the exponent are wrong: 

1.10 X 21 

-1.01 X 2° 
1.10 X 21 

-0.101 X 21 

1.00 X 21 

The loss of accuracy in this example is mitigated by the use of a guard bit that 
extends the arithmetic unit by one digit.35 The use of a guard bit is illustrated by the 
same example used above. After the addition, the guard bit provides the LSB of the 
normalized significand. The result, 1.75, is the correct difference: ' 

1.10 x 21 1.100 x 21 

- 1.01 X 2° -0.101 X 21 

0.lllx21 

Normalized 1.11 X 2° 

With addition and subtraction, one ELB is created for each difference of one in the 
exponents. As shown in Table 3.10, for base 2 systems, 6. 78% of all normalizatiol}s will 
produce 1 bit and 3.47% will produce 2 bits. 59.34% require no normalization shifts. 
The example above is repeated with the exponent of the subtrahend changed to -:-1: 

1.10 x 21 1.1000 x 21 

-1.01 x 2- 1 -0.0101 x 21 

1.0011 X 21 

Truncation 1.00 X 21 

The domain function of truncation gives a difference of 2, for · which the correct 
difference is 3.0 - 0.625 = 2.375 = 1.0011 x 21 . Truncation, also called chopping, 
simply drops all ELBs. With truncations the two ELBs are lost, but these bits can be 
saved to improve the accuracy of the result with rounding. 

Another source of an ELB is found with the addition of two numbers having the 
same exponents, followed by normalization of the sum. The following example illus­
trates how ELBs can be created: 3 + 3.5 = 6.5 = 1.110 x 22 . The normalized inputs 
are 3 bits and the ALU is 3 bits. The ELB is created because of the carry out from the 
addition followed by the normalization right shift: 

1.10 X 21 

+1.11 X 21 

11.01 X 21 

Normalized 1.101 x 22 

Truncation 1. 10 x 22 

35 The IEEE format has a guard bit; the IBM ·s360 format has a guard hex digit for base 16. 
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If the result is truncated, the result of this addition is 6.0, not the correct 6.5. The 
problem here is also what to do With the 1 in the ELB. The ELB is saved as the round 
bit to be us·ea for rounding the result. 

Manufacturers have taken different approaches to providing guard bits. The IBM 
S360 uses a hex guard digit. The 'PowerPC, implementing the IEEE standard, uses 64-
bit floating-p9int registers for both s~ngle- and double-precision data types. The arith­
metic unit is augmented with guard, r~und, and sticky bits. Intel, starting with the 
8087 coprocessor for the 8080, implements 80-bit floating-point registers as an eval­
uation stack. The 80-bit data type, called extended precision temporaries, provides 
ample bits to cover most guard bit requirements. Motorola, for the MC68000 series, 
also uses 80-bit internal floatin?-point registers. 

Rounding 

Addition, multiplication, or division ·of the sigr'lificand can produce a result with 
ELBs that are outside the 90.µiain of expr~ssible numbers and requires the application 
of a domain function. After postnormalization, the ELBs are saved as guard bits to 
participate in rounding. 

We are familiar with the simple round to nearest used with decimal . numbers. If 
the excess low-order digits (ELDs) are less than 1/2 of the result least-significant digit 
(LSD), round down. Otherwise round up. With this algorithm, the fractional ELDs 
0.0-0.4 round to O whereas 0.5-0.9 round up by adding one tq the LSD. Thus 84.3 

• , •.t• 

rounds to 84, 84.5 rounds to 85, and 84.7 rounds to 85. ,._, 
How can rounding be applied to floating-point results? There are a number of al­

gorithms that yield varying degrees of accuracy. In some processors, rounding is de­
termined by the designers and is wired in; for example, IBM S360 floating-poiqt arith­
metic uses truncation. With other processors, a number of choices are given with the 
one used selected by the user by means of the program. Th~re are four rounding algo­
rithms specified in the IEEE floating-point standard: 

_ Round to nfar~st:Jhis 9prration ro_un~s to the value neare~t to the infinit~ly p_recise 
value. From the two nearest representa~le values that a~e equally near, tb.e one 
with a LSB of zero is sele<:ted. 

Round toward 0: This oper~tion rounds toward zero: truncation. , 
Round to +oo: '.fpis operation, for positive nullJ-bers, rounds up closest to and n9 less 

1 
than_th~ !pfipitely precis~ result. • -

Round to -po: T1:i~ operatio?, for .negative numbers, rounds d?wn c\osest to anc;l no 
greater than the infinitely prec;:isf r~sult. • 

Round to nearest is · the IEEE default, and Table 3.26 shows the •implemeritation 
rules. These rules are applied after the result of the arithmetic operation is normalized. 
There are three cases, and 2 bits are required for uniquely identifying them; these bits 
are called the round bit and the sticky bit. 

• The round bit is 'the MSB of the ELBs after .normalizatio~. If this bit is a 0, the ELBs 
value is < 1/2 of the significand LSB and the significand is not changed. If the round 
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TABLE 3.26 IEEE FLOATING-POINT ROUND TO NEAREST 

ELBs 

Less than 1/2 of the significand LSB 
Equal to 1/2 of the significand LSB 

Greater than 1/2 gf the significand LSB 

Rounding Action 

Leave the significand unchanged. 
From the two nearest representable values 

that are equally near, the one with an LSB 
of zero is selected. 

Add 1 to the significand. 

TABLE 3.27 IEl;E Fl,.OATING-POINT ROUND AND STICKY 
BITS 

ELBs Round Bit Sticky Bit Rounding Action 

0xxxx 0 x Leave the significand unchanged. 
10000 0 Add the LSB of significand to the 

significand (0 + 0 = 0, 1 + 1 = 10). 
1001 0 Add 1 to the significand. 

TABLE 3. 28 ROUND TO 
NEAREST 

Rounq and Sticky Bits 

Significand Ox 10 11 

1.1000 
1.0001 

1.1000 1.1000 1.1001 
1 .0001 1.0010 1 .0010 

bit is a 1, the ELBs value is :::: 1/2 of the significand LSB. Thus, a second bit is required 
for resolving the two conditions of= and>. 

The second bit, the sticky bit, is set to a 1 if there is any 1 to the right of the round 
bit. If the round bit is 1 and the sticky bit is 1, then the value of the ELBs is > 1/2 of 
the significand LSB. Likewise, if the round bit is 1 and the sticky bit is 0, the value of 
the ELBs is exactly 1/2 of the significand LSB.36 Table 3.27 restates the information in 
Table 3.26 for five ELBs. An algorithm for adjusting the significand is shown for the 
case of the ELBs equal to 1/2 of the significand LSB. 

These rules as applied to two 5-bit significands, 1.1000 and 1.0001, are shown in 
Table 3.28. For example, when the round and sticky bits are 10, a significand having 
a LSB of 1 has 1 added, if the LSB is 0 the significand is unchanged. 

36 The sticky bit name comes from the observation that the ELBs are sometimes formed by shifting. 
If a 1 is detected, a flip flop is set to 1 and it sticks in that state until the domain function is 
applied. The sticky bit is also the OR of all of the ELBs to the right of the round bit. 
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EXAMPLE 

Show how the rounding action "Add the LSB of the signifi cand to the signifi -
cand (0 + 0 = 0, 0 + 1 = 1 0)" meets the specification for rounding when the 
two representable values are equally near. 

Solution 
Assume that the unrounded significand is 1 .0001 with R = 1 and 5 = 0. The 
next lowest infinitely precise value is 1.00010 and the next highest is 1.0010. 
Thus the rounded significand 1.0010 is selected because its LSB is zero. The 
selected significand is formed by adding the significand 1:.58 to the significand 
(1.0001 + 1 = 1.0010): 

Next lowest 
Significand 
Next highest 

1.000110 
1.000111 0 
1.001010✓ 

A second case with a 0 LSB of the significand is shown below: 

Next lowest 

Significand 
Next highest 

1.100010✓ 

1.100011 0 
1.100110 

For this case, the rounded significand is 1.1000 and is formed by adding the 
LSB of the significand to the significand (1.1000 + 0 = 1. i 000). Thus, if R = 1 
and 5 = 0, all that must be done is to add the LSB of the significand to the 
significand. 

The addition of two normalized numbers, 3 + 3.5 = 6.5, will illustrate the use of the 
round-to nearest algorithm. The 1 in the ELB was saved in a guard bit and becomes 
the round bit: 

Normalized 
Rounded 

l.10x21 

+1.11 X 21 

11.01 X 21 

l.101x22 

1.10 X 22 

There are no l's to the right of the guard bit, and the sticky bit is 0. Adding 0 to 
the significand produces the correctly rounded result. Rounding to nearest gives the 
result as 6.0, another approximation to the infinitely precise result of 6.5. 

The multiply case discussed previously in this subsection gives another example 
of the use of the round and sticky bits. The ELBs, 101, are interpreted as Round= 1, 
Sticky= 1. Thus the ELBs are > 1/2 the LSB of the significand and 1 is added to the 

Petitioner Exhibit 1053, Page 137 of 334



126 User Instruction Set Design 

significand; the rounded result is 1.875: 

1.125 
x l.625 

1.828125 

1.001 X 2° 
X 1.101 X 2° 

1001 
1001 

1001 

1.110101 X 2° 
+1 

1.111 
1.875 

I f • 

r' 

The round-to-nearest-domain function guarantees ,that tt.i~ ~bsolute value of the 
error is ~ 1/2 of the significand's LSB. The rounded. r~sult of this multiplication has 
an error of 1.828125 - 1.875 = -0.0468875. This error is within ±1/2 the LSB of the 
4-bit significand, which is 0.125/2 = 0.0625. 

EXAMPLE 

What is the maximum error for the IEEE single-predsidn floating-point when 

round to nearest is used? 

Solution 

For the single-precision format with a 23-bit significand, the maximum error is 

2-23 
< -- = 2-24 = 5.96 X 10-B . 
- 2 

Encoding Floating-Point Data Types 

Figure 3.22 displays the various data valu,es of the IEEE floating-point ~tandard. 
Shown across the top are the normal real data values that result horn an arith~etic 
operation. There ~re eight regions of reai numbers: ± oo, ± normalized finit:J.: ± 'de­
normalized finite, and ± 0. Remember that this data type is sign and magnitude with 
two zeros. 

The representation of the data types are shown to the right an_d the left of the figure 
for + and - values. These data types are ± zero, ± denormalized finite, ± normalized 
finite,± oo, SNAN, and QNAN. 

SNAN and QNAN call for explanation. NAN stands for not a number. , Some arith­
metic operations such as J=I will produce a result that is not a normal real number. As 
such, these values are encoded as shown with 255 in the exponent. The designations 
S and Q mean signal and quiet, respectively. A SNAN will signal an invalid operation 
interrupt if the value is used on a subsequent arithmetic operation. On the other hand, 
a QNAN will propagate through subsequent arithmetic operations without signaling 
and interrupt. The exponent values O and 255 are reserved from the 28 possible expo­
nent values along with special significand values to uniqqely encode ±oo, SNAN, and 
QNAN. 
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EXERCISES 

3.1 Redo the example of biased exponents in Subsection 3.5.3 by using a bias of 4 
rather than 3. Discuss the advantage of this change. 

3.2 From Table 3.12, determine the bias for each of the floating-point formats listed. 
Assume that the biases are even powers of 2. 

3.3 Consult Intel documentation and show how the Intel Pentium with MMX uses 
expanded op-codes. 

3.4 What is the range, in bytes, of the length of Pentium Pro instructions? That is, how 
long are the shortest and the longest instructions? 

3.5 Assume the following: 40% of all executed branches instructions are uncondi­
tional branches and 76% of all branches are taken. What percentage of all exe­
cuted branches are taken conditional branches? 

3.6 You are designing an ISA and need to allocate bits in the instruction for immedi­
ate operands. An examination of 399 immediate operands shows the following 
distribution: 

Address Bits Total Number Fraction 

1 41 0.103 
2 89 0.223 
3 47 0.118 
4 90 0.226 
5 46 0.115 
6 57 0.143 
7 18 0.045 
8 4 0.010 
9 5 0.012 
10 2 0.005 

Total 399 1.00 
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You have decided that you can have one of two designs: 

Design a: a 4-bit short immediate and a 10-bit long immediate. 
Design b: a 8-bit short immediate and a 10-bit long immediate. 

Exercises 129 

Which of these two designs will give the smallest weighted average number of 
bits for immediate values? 

3.7 Derive the rules for the x86 decimal adjust for subtraction instruction . 

3.8 You are designing an excess data type that will represent 0-99 in an 8-bit byte. 
What is the excess value? 

3.9 Show the 10 decimal digits for a 4-bit code having the weights +6, +2, -2, 

+1. 

3.10 In the discussion of the IBM S360 floating-point format, the following statement 
is made: If the 16 states of the hex field are evenly distributed, there is approx­
imately a 3/4 wasted bit in the fraction. For worst case, 3 bits are wasted in the 
fraction. Explain and justify this statement. 

3.11 Using Swenney' s data, Table 3. 9, what is the weighted average number of shifts 
required for normalization with a base 2 floating-point data type? 

3.12 The x86 ISA provides for a BCD data type. Is this not redundant with the decimal­

adjust instruction? Explain your answer. 

3.13 The Year 2000 problem is with us because the two LSD digits of the year are 
encoded, in BCD, into a single byte. As you should know, there are unused states 
in this encoding. Design a 1-byte encoding that will indicate the year within the 
twentieth and the twenty-first centuries. 8 bits can encode 256 states, so encoding 

200 states should pose no problem. 

3.14 The text states that the exponent bias of the IBM S360 floating-point format 
is 64. What is the binary value of the exponent and what is the value of the 

exponent? 

3.15 The exponent bias for the IBM S360 is 2n-1 whereas that of the IEEE format is 
2n- 1 - 1, where n is the number of exponent bits. Explain why these biases differ 

and cite the advantages and disadvantages of each. 

3.16 For the IBM S360 op-codes, what are the bindings, in the four LSBs, of the floating­

.point and the fixed-point data types to the operations? 

3.17 Explain why a hidden bit can be used only with a floating-point format of base 

2. 

3.18 Describe IEEE round to nearest if applied to the IBM S360 floating-point data 

type. 

3.19 Assume that the fractional part of an IEEE floating-point significand is 4 bits and 
that there is a round and sticky bit. Start with 0.0100, 00 and increment the sticky 
bit up to 0.1011, 11. Use the rounding rules of Table 3.6; plot the rounded values 
of the 4-bit significand along with the infinite precise values (6 bits) for each of 

the infinitely precise values. 
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3.20 The Atanasoff Berry Computer, described in Chapter 1, uses Gaussian elimination 

to solve linear algebraic equations; see Figure 1.9. Show how the ABC solves for 

x and y by using binary data types; 3x + 2 y = 12, 4x + y = 11. 

3.21 Can the two steps of the x86 decimal-adjust operation be combined into one step? 

If so, describe the operation . If not, explain why not. 

3.22 The text states in Section 3.3 that one advantage of a fixed-length instruction is 

that instructions will not cross page boundaries. Explain why this is so. 

3.23 Consult Intel documentation on any member of the x86 family and explain how 

signed decimal arithmetic is performed. 

3.24 The combinations of fixed-length/variable-length instructions and op-codes are 
discussed in Subsection 3.2.4. Why is the combination of fixed-length instruc­

tions and op-codes not included in the list of design options? 

3.25 The program counter of the VAX is allocated to register 15 of the register file. 

Discuss the advantages and disadvantages of this design. 

3.26 Consult the documentation for the IBM S390 and construct the equivalent of Table 

3.13 IBM S360 op-code classes. 

3.27 The example in Subsection 3.2.3 shows that base 16 requires 2 fewer bits than 

base 2 for the same range. The equality was solved by assuming one base 16 ex­

ponent bit. Show another solution of the equality that makes no such assumption 

and shows that the result is general. 

3.28 The average length of an 8086 instruction was given as 2.25 bytes in Section 

3.3. This average was found by running programs in 1989. At this time, do you 

think the number of bytes per Pentium Pro instructions is less than or greater than 

2.25? Explain your answer and give an estimate that you would use for modeling 
purposes. 

3.29 Provide a rationale for the round-to-nearest-domain function of the IEEE 
floating-point standard for the case in which R = 1 and 5 = 0. 

3.30 Figure 3.9 shows three classes of interrupt handling methods. However, the text 

suggests that there are four: the combinations of between instructions or within 

and instruction and continuation and restart. Explain how these four methods are 
accomodated in Figure 3.9. 

3.31 Generalize the rules for making the correction to biased exponents after an addi­
tion or subtraction. 

3.32 Are the Intel integer data types one of the six data types described in Table 3.6? 
Explain your answer. 
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FOUR 

MEMORY SYSTEMS 

4.0 INTRODUCTION 

Chapter 1 described a computer as a memory-centered system. The process state is 
stored in memory, then the state is modified by the processor and returned to memory. 
Because of the importance of memory, we first consider its architectural and imple­
mentation aspects before addressing processor design in Chapters 5 and 6. Chapter 3 
discussed data types, and the point is made that data types vary in length: 1 byte, 2 
bytes, etc. In this chapter the addressable unit (AU) will be the normalizing factor in 
discussing memory designs. For processors such as the Intel x86 and the IBM S360, 
the AU is a byte. For other processors, the AU may be 2 or 4 bytes. 

Process State 

A process is defined as a program in execution. A program is defined as a series of 
instructions that process data and is contained within the process state. Thus the pro­
cess state consists of the program, source data, and results. Execution of the program 
results in the transformation of data; the memory must supply instructions and data 
and accept the results. 

It follows then that the memory must be large enough to hold the process state, 
and the memory can be a limiting factor in the performance of a computer. On an 
instruction-by-instruction basis, the process state is modified. In some software sys­
tems, MSDOS and Windows 3.1 being examples, the instructions can be treated as 
data and modified by the program, called self-modifying code and discussed in Chap­
ter 1 in the context of the von Neumann programming example. For these systems, 
special consideration is given to the memory system design so that the instruction 
portion of the process state can be modified. 

Memory System Desiderata 

The memory system has three desiderata: 

1. Size: infinitely large, no constraints on program or data set size 
2. Speed: infinitely fast, latency equal to the fastest memory technology available 
3. Cost: the per bit cost should approach the lowest-cost technology available 

131 
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Clearly these specifications cannot all be achieved as they are mutually exclusive. How­
ever, with the semiconductor and magnetic memory technology of today, these spec­
ifications are closely approximated. 

There are two important parameters associated with a memory system (Flynn 
1966). 

"Latency or latent period is the total time associated with the processing (from exci­
tation to response) of a particular data unit at a phase in the computing process." 

"Bandwidth is an expression of time-rate of occurrence. In particular, computational 
or execution bandwidth is the number of instructions processed per second and 
storage bandwidth is the retrieval rate of operand and operation memory words 
(words/second) ." 

These parameters are independent and in many cases can be traded off by a designer. 
Some processors and memories need one or the other parameter emphasized. 

An illustration of latency and bandwidth outside the computer area is found in 
long-distance communication. Geosynchronous satellites are ideal for computer-to­
computer communications in which the long latency (approximately 250 ms) is easily 
absorbed in the long data transmission time. High bandwidth is paramount in this ap­
plication. However, person-to-person telephonic communication is quite unpleasant 
with this latency. Thus, satellite telephony is being replaced with fiber-optic underwa­
ter cables that have practically zero latency. Fiber optics may eventually be replaced 
with low orbit satellites that will have relatively small latencies. 

4.1 HIERARCHICAL MEMORY 

In this section it is shown how designers implement a practical memory that ap­
proaches the performance of an ideal memory at reasonable cost. This memory sys­
tem has a hierarchy of levels: The memory closest to the processor is fast and relatively 
small, but has a high cost per bit. This level is called the cache. The real memory, some­
times known as main memory, is slower, larger, and has a lower cost per bit than the 
cache. The lowest level in the hierarchy is usually a magnetic disk that has the longest 
latency and the lowest bandwidth; however, it can be very large and has a very low 
cost per bit. This hierarchy is illustrated in Figure 4.1. 

Note that Figure 4.1 does not include the processor register file in the memory 
hierarchy. The register file is a program-managed cache and is generally not included 
in the memory system. Also, there can be more than one cache in the hierarchy. 

Processor Cache 

Fast 
Small 

High Cost 

Figure 4.1 Hierarchical memory 

Real 
Memory Disk 

Slow 
Very Large 

Very Low Cost 
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4. 2 PAGED VIRTUAL MEMORY 

Paged virtual memory provides the solution to the first desideratum of a very large 
memory's being available to the processor. Because of the importance of this desidera­
tum, the relatfonship between virtual and real memory is discussed first. With virtual 
memory, the processor addresses the disk, the large, slow end of the hierarchy. The 
memories between the processor and the disk are there to increase the effective per­
formance (reduced latency and increased bandwidth) of the very slow disk. If every 
instruction and data reference were made to the disk, the processor performance would 
be slow indeed. 

Then why is virtual memory so important? Large memory is needed for large pro­
grams and data sets. Early computers with small real memory required that the trans­
fer of data between real memory and disk be managed explicitly by the operating 
system or the user. Virtual memory provides for automatic management of this por­
tion of the memory hierarchy through a combination of hardware and software 
aids. 

The virtual memory interface is shown in Figure 4.2. A real memory of 16M bytes 
and a virtual memory of 2G bytes are shown for illustration; many modern virtual­
memory systems are much larger than this. Virtual-memory space is divided into 
equal-sized groups called pages. A page in a modern computer is lK, 2K, or 4K bytes. 
Real memory is also divided into the same equal-sized groups, called page frames. 
When information is moved between virtual-memory space and real-memory space, 
a complete page is moved. 

Because the real memory is smaller than the virtual memory, pages lose their virtual­
address identity when they are moved to the higher level closer to the processor. Thus 
the processor effective address, now called the virtual address, must be translated in 
some way before it is presented to real memory. Note that the architecture of Figure 4.2 
is similar, except for the sizes of the memories, to the ATLAS computer built in the early 
1960s at The University of Manchester (Kilburn et al. 1962). 

Real Memory 
16M bytes 

Page Frame 

Processor ----

Virtual 
Address 

Page Frame 

Translation 

Virtual Memory 
2G bytes 

Figure 4.2 Page allocation and address translation 
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0 
Real Memory Size 

Virtual Memory Size 

1 

Figure 4.3 Page fault rates, without and with loca­
lity 

Although the primary purpose of a virtual-memory system is to provide a transpar­
ently large address space for the processor, memory performance cannot be ignored. 
Figure 4.2 shows the processor accessing the real memory and the disk. If the ad­
dresses produced by the processor are randomly distributed, as shown in Figure 4.3, 
then the fraction of references not found in real memory, called the page fault rate, 37 

will be 

size of real memory 
Page fault rate (random distribution) = 1 - . f . 

1 size o vutua memory 

With random distribution, the example of Figure 4.2 with 16M bytes of real memory 
and 2G bytes of virtual memory, 0.008 of all references will be found in real memory 
and 0.992 found in the disk. Why provide the faster, more expensive real memory if 
most of the memory references will be served from the very slow disk? 

The answer to the question is found in the fact that references are not randomly dis­
tributed. A processor, because of the nature of programs and data structures, produces 
addresses that have two forms of locality. 

Spatial Locality. Portions of the address space near the current locus of reference 
are likely to be referenced in the near future. 

Temporal Locality. Instructions and data recently referenced by a program are likely 
to be used again soon. 

Because of locality, the page fault rate, shown in Figure 4.3, is much smaller than 
that expected without locality. The page fault rate38 can now be defined as 

P f 1 1 
number of references found in real memory 

age au t rate= - -----------------...:... 
total number of references 

37 A page fault occurs when a reference is made to real memory and the page containing the refer­
enced AU is not present. A page fault is similar to a cache miss, which will be discussed later. 

38 Also known as page fault ratio. 
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Locality significantly reduces the page fault rate with just a small (relative to virtual 
memory) real memory, resulting in most of the references' being served in the small 
fast real memory. 

An instruction-address stream has spatial locality because the program counter is 
incrementing, and, except for branches, the next instruction is found in the next­
higher address from the present instruction. For this reason, a page is larger than 
one instruction and a complete page is brought into real memory when only one 
instruction reference produces a page fault. After a page is fetched into real memory, 
there is a high likelihood that the next instruction will be in real memory and the la­
tency will be real-memory latency, not disk latency. Spatial locality is sometimes called 
look ahead because the fetching mechanism looks ahead into the instruction or data 
stream. 

Temporal locality is sometimes called look behind. This means that the page, once 
it is fetched from the disk into real memory, will be retained in anticipation of future 
use. Only when there is the need for a vacant page frame or a context switch will pages 
be returned to the disk. The data-address stream has the property of temporal locality 
but usually does not have spatial locality to the extent of the instruction stream. After 
a datum has been used, it is likely that the datum will be used again. In addition, in­
struction loops have temporal locality because the instructions will be executed again 
in the near future. 

The hardware and/or software must perform a number of steps when accessing the 
real memory. A memory-read operation is assumed in the following discussion. The 
access steps are as follows: 

1. Determine if the page holding the requested addressable unit (AU) is in the real 
memory. 

2. If present, translate the page name, concatenate with the displacement, read real 
memory, return the AU to the processor, and continue. 

3. If not present, call the page fault handler: 
a. If there is a vacant page frame, fetch the page containing the AU from the disk 

into real memory, return the requested AU to the processor, update the name 
translation table, and continue. 

b. If there is not a vacant page frame in real memory, evict a page to the disk. 
Return to step 3a. 

Fundamental to these steps is the determination of the presence or absence of the 
page in real memory that holds the requested AU before accessing real memory, a 
process called early select. A paged memory uses congruence mapping39 between the 
virtual address and the real memory. This means that the virtual address is divided 
into two parts, the page name and the displacement within the page, as shown in 
Figure 4.4. The mathematical way of looking at congruence mapping is that the virtual 

39 Two integers are congruent modulus m if, after division by the modulus m, both have the same 
remainder r. 
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Virtual Address 
Page Name jDisplacementj 
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Page Present? 

Name Translation 
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Figure 4.4 Congruence mapping (courtesy Jones and Bartlett Pub­
lishers) 

address is divided by the page size; the quotient is the page name and the remainder 
is the displacement. 

The simplified system shown in Figure 4.4 has a virtual-address space of 8 pages 
and a real memory of 4 page frames. Because the size of a page is an even power of 2 
of the AUs, say 2K bytes, the virtual address is divided into two parts; the page name 
and the displacement within the page. For a 2K-byte page, the displacement is 11 bits 
and for this simple system, the page name is 3 bits. 

The lines indicate the current allocation of the pages to real-memory page frames: 
page 3 is in frame 2, page 7 is in frame 1, and so on. This relationship is shown in 
Table 4.1. The page name is translated by a table, from 4 to O for example, to give 
the page frame address in real memory. There is no direct correspondence between 
the page name and the page frame address because a page can be placed in any vacant 
page frame. The translated page name is concatenated with the displacement to give 
the address of the requested AU in real memory. 

There are two ways the page name can be translated into the page frame address: 
(1) direct translation and (2) inverted translation. Both of these methods are used in 
memory systems today. 

TABLE 4. 1 PAGE NAME 
TRANSLATION MAP 

Page Frame 

Page Name Address 

4 0 
7 
3 2 

5 3 
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Virtual 
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Figure 4.5 Direct name translation (courtesy Jones and 
Bartlett Publishers) 

Figure 4.4 is repeated in Figure 4.5 with a direct page table translation scheme. 
The page table is indexed by the page name.40 The entries in the page table have two 
fields; a 1-bit field indicates if the requested page is present in real memory, whereas 
the other field contains the starting, or base, real-memory address of the page frame 
holding the page. For example, if the name of the requested page is #5, page table 
entry #5 is indexed, the 1 in the present bit indicates that the page is present, and its 
real-memory page frame starting address is 3. The value 3 is concatenated with the 
displacement to form the real-memory address. 

If page #2 is accessed, the page table shows, by virtue of the O in the tag of location 
2, that the page is not resident in real memory and must be fetched from virtual mem­
ory. However, real memory is full as all of the page frames are occupied. Thus one page 
must be selected for eviction to disk memory to make room for the requested page. 
There are various algorithms for making the eviction selection that are discussed later 
in this chapter. 

A characteristic of direct name translation is that there is one table entry for each 
page in virtual memory. For small virtual addresses, direct name translation has proven 
to be quite effective. The page table is implemented in hardware and, being relatively 
fast, adds only a small increment of time to the latency of real memory. However, 
with large virtual addresses, the page table can become quite large - so large it must 
be stored in real memory, resulting in a significant increase in real-memory latency. 

EXAMPLE 

Consider a computer with a 32-bit virtual address and a 4K-byte page. How 
many entries are required in a direct page table? If each page table entry requires 

4 bytes, what is the total size of the page table? 

40 The term index is used when an entry of a table is selected. The term address is used when a 
memory location is accessed. 
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Figure 4.6 Intel 486 and Pentium Pro page name translation (courtesy Jones and 
Bartlett Publishers) 

Solution 
The number of pages in virtual memory is the number of AUs in virtual address 

space divided by the size of the page: 

number of pages = (232 /2 12
) = 220

. 

As there is one page table entry for each virtual page, there are 220 entries. If 
each entry is 4 bytes, the page table requires 222 bytes or 4M bytes of memory. 

Comment 
For large virtual addresses, such as those found on modern processors, the size 

of a direct page table can be much larger than real memory. 

Modem processors have even larger virtual addresses than the example above; for 
example, the IBM S3 70 has a 42-bit virtual address, and the Intel Pentium Pro and 
the IBM PowerPC have 52-bit virtual or linear addresses. For the Intel Pentium Pro, a 
multilevel direct partial page table name translation system is implemented as shown 
in Figure 4.6. The IBM S3 70 name translation system is similar and is discussed in 
Section 4.6. 

The 32-bit offset or linear address is extended by 20 bits from control register CR3, 
which produces a 52-bit virtual address. The most-significant 30 bits of the linear­
address index into the page directory, having lM pages of lK page entries each. The 
10-bit output of the page directory is concatenated with the next 10 bits of the virtual 
address to index into the page table with lK pages of lK entries. The 20-bit output 
of the page table is concatenated with the 12-bit displacement to give the 32-bit real­
memory address. As these tables are in real memory, translating a page name requires 
a number of memory cycles, adding to the latency of a real-memory access - a signifi­
cant performance penalty. The solution to this performance problem will be discussed 
later in the paragraphs on special caches in this chapter. 

The multilevel page table significantly reduces the size of the direct page table stored 
in memory. However, the complete page table is in virtual memory, and the active 
portion of the page table is itself paged into reserved page frames. Paging page tables 
introduces the problem of having page faults on the page table when the page name is 
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translated. Thus it is possible for the system to lock up or crash because of these page 
faults. This problem is solved, primarily, by placing page tables in a protected region 
of real memory that does not have its addresses translated. 

EXAMPLE 

The multilevel partial page table of the Intel Pentium Pro significantly reduces 

the real-memory storage requirement of a direct page table. What percent of the 

fully populated page table is active at one time with the Pentium Pro address 
translation system of Figure 4.6? 

Solution 

The number of entries of a fully populated page table for a 52-bit virtual address 
and a 4K byte page is 

number of entries= (252 /2 12) = 240 . 

The number of entries in the partial page table for both levels is 

number of entries = page directory entries+ page table entries 
= 230 + 220 ~ 230. 

Thus the percent of the fully populated page table is 

% populated= 100(~::) = 0.097%. 

Comment 

With a multilevel partially populated page table, the name translation page fault 

rate will be nonzero. However, in practice, the name translation fault rate ap­

proaches zero except after context switches. The reason for this is that, because 

pages have temporal locality, name translation table information has temporal 
locality as well. ISA support of page tables is discussed in Chapter 8. 

Inverted Translation 

Modern computers have virtual addresses of 52 bits. With direct name translation, 
the page tables will be very large or be partially populated and hierarchical, leading to 
page table page faults, as discussed above. A solution to these problems is found with 
inverted page tables used by IBM with the RS/6000 and the PowerPC, and by Hewlett­
Packard with their precision architecture. In the discussion to follow, refer back to 
Figure 4.4, which shows a block "Page Present?, Name Translation." This block can be 
implemented with an inverted page table. 

An inverted page table has one table entry for every page frame in real memory, 
resulting in a significant reduction in the size of the page table. For example, a real 
memory of 32M bytes and a page of 4K bytes has 8K page frames and the inverted 
page table needs only 8K entries with 13 index bits. This compares with a direct page 
table for a 52-bit virtual address of 240 entries and 40 index bits. Note that the size of 
the virtual address does not influence the size of an inverted page table, only the size 
of the installed real memory. 

A 52-bit virtual address with 4K bytes has a page name of 40 bits. This raises the 
question of how a long page name is converted into a small (13 bits for the 8K page 
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frames) address for indexing into the page table. The solution to this problem is the 
use of hashing. Hashing transforms a large sparsely populated address into a small 
uniformly populated address. A survey of hashing can be found in Lewis and Cook 
(1988). 

Hashing 

To illustrate how hashing works, we use the following example. We want to design 
a system to access the records of a class of 66 students; each student has a unique social 
security number. A social security number has 9 decimal digits, giving approximately 
109 unique addresses whereas there are only 66 unique addresses in the class. Thus the 
social security address space is sparsely populated. We would like to have a small table 
of 66 entries, not a large 109 entry table for storing student information. 

To access the table we take the social security number of a student and hash it 
into a smaller number that will index into the small table. A simple hashing function 
takes the two least-significant digits of the social security number as the index into the 
page table. Two digits are sufficient because the class size is less than 100. The table 
contains pointers to each of the 66 students' records, similar to the page slot address 
of Figure 4.5. 

To illustrate this process, the list of 66 student social security numbers is given in 
Table 4.2 with the first three digits suppressed. The distribution of hashed values is 
shown in Table 4.3. For example, the first social security number ends in 50 and one 
is tallied in the 50 position of Table 4.3. 

Note that some of the 100 possible hash outputs have 0, 1, 2, or 4 occurrences 
because the output of this hash function is not uniformly distributed. What hap­
pens when there is more than one hit on a given table entry, such as 75 with 4 
hits? This problem, called collision, can be resolved in a number of ways. One com­
mon solution to collisions is to link the table entries that have the same hash 
index into a linked list. A linked list with three items is shown in Figure 4.7. The 
list is accessed by the hashed page name to the first item. Item 1 has a link address 
to item 2 that has a link address to item 3. The last entry on the link list has a 

TABLE 4.2 CLASS SOCIAL SECURITY NUMBERS 

xxx-24-9750 xxx-06-5204 xxx-30-7338 xxx-33-5575 xxx-79-1528 xxx-24-4547 
xxx-15-5434 xxx-92-3719 xxx-16-0336 xxx-07-9694 xxx-78-3559 xxx-71-3545 
xxx-32-4770 xxx-79-2257 xxx-15-8675 xxx-14-2174 xxx-66-2744 xxx-49-1053 
xxx-74-2329 xxx-80-3192 xxx-33-7633 xxx-65-4266 xxx-64-7 567 xxx-31-9175 
xxx-51-7706 xxx-23-2470 xxx-37-8075 xxx-24-7287 xxx-33-4790 xxx-25-8960 
xxx-47-9713 xxx-58-9175 xxx-35-5887 xxx-67-0236 xxx-81-6899 xxx-45-5440 
xxx-07-8151 xxx-19-6783 xxx-31-7123 xxx-43-5165 xxx-33-5602 xxx-92-2685 
xxx-15-1499 xxx-33-7364 xxx-14-5397 xxx-15-8572 xxx-67-6292 xxx-21-2918 
xxx-09-3439 xxx-94-9000 xxx-70-8804 xxx-79-1364 xxx-98-6396 xxx-27-3156 
xxx-20-8363 xxx-25-7900 xxx-16-6251 xxx-54-9597 xxx-25-4877 xxx-14-2758 
xxx-24-6094 xxx-03-7826 xxx-03-3545 xxx-07-7529 xxx-72-6559 xxx-72-3616 
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TABLE 4. 3 DISTRIBUTION OF HASHED 
SOCIAL SECURITY NUMBERS 

u N T s 
0 1 2 3 4 5 6 7 8 9 

0 2 1 2 
T 
E 2 2 
N 3 1 2 
s 4 2 

5 2 2 
6 2 2 
7 2 4 
8 1 2 
9 2 2 2 2 

terminator symbol T rather than a link to another item. A four-entry linked list would 
be required for the four social security numbers that hashed into the index 75. 

The linked lists may be stored in real memory, and the items and their pointers can 
be in any location in the page table. For example, the collisions from hash index 75 
can be stored in page table locations 75, 20, 21, and 22. Items are added to or deleted 
from the list by adjusting the links. 

One-Level Inverted Page Table System 

We now look at an inverted page table system for translating page names. A simple 
inverted page table system block diagram is shown in Figure 4.8. The page name is 
hashed into a smaller value that indexes into the page table. One of the fields of the 
page table entry is a tag holding the page name of the page that is resident in the 
addressed page frame. 

The process of determining if the desired information is in the inverted page table 
and obtaining the page frame address is called a probe: 

1. Hash the page name. 
2. Index into the page table. If the tag matches the page name, go to 4; otherwise go 

to 3. 
3. Is the link field a terminator symbol? 

Yes: page fault; call the page fault handler. 
No: use the link as an index; go to 2. 

4. The page frame address is read out and concatenated with the displacement to 
give the real-memory address. 

Hashed 
Page 

Name 

Link Link 
Item I --+--- Item 2 --+-- Item 3 

Address Address 

Figure 4.7 Linked list 

T 
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Figure 4.8 One-level inverted page tables (courtesy Jones and Bartlett Pub­
lishers) 

In practice, it is desirable to make the page frame table twice the size of the num­
ber of real-memory page frames. The idea is to further spread out the hash-generated 
index values and reduce the number of collisions. Even so, experimental as well as 
theoretical evidence suggest that the weighted average number of probes for accessing 
an inverted page table is 1.5 with a well-designed hashing algorithm. This number 
of probes requires far fewer memory cycles than does a multilevel direct page table 
system. 

EXAMPLE 

Using the data from Table 4.2 and the results of using the two least-significant 
digit hashing shown in Table 4.3, what is the average number of probes required 
for accessing an item? 

Solution 

This is a simple weighted average problem. 48 entries can be found with 1 probe, 
16 with 2 probes, 1 with 3 probes, and 1 requires 4 probes. Thus the weighted 
average number of probes is 

(48 x 1) + (16 x 2) + (1 x 3) + (1 x 4) 87 b 
66 

= 
66 

= 1.32 pro es. 

Comment 

An average number of 1.32 probes is very close to the 1.5 probes mentioned in 
the last paragraph. 

Virtual-Memory Performance 

Virtual memory is hierarchical, as shown in Figure 4.2. What is the effective latency 
of real memory with a virtual-memory system as seen by the processor? The model is a 
steady-state model; transients such as context switching will change the performance 
from that predicted by the model. The parameters of a model are 
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TABLE 4.4 VIRTUAL-MEMORY LATENCY MODEL 

Event Probability Time 

Hit 1 - Pr tr+ t,m 
Miss Pr tr + Tdrm + tos 

SUM= 1 

te1,m = effective latency of real memory 
tt = name translation time 
Pr = page fault rate 
t,m = latency of real memory 

Product 

(1 - Pr)Ur + t,m) 
PrUr + Tdrm + tos) 

SUM= (1 - Pr)Ur + t,m) + Pr(tr + Tdrm + tos) 

Tit,m = transport time to move a page to/from disk and real memory (latency + 
transfer time) 

ios = time needed by the operating system to handle a page fault 

The performance model is derived with the tabular technique suggested in Chapter 
2 and shown in Table 4.4. There are two events: a page fault or a page hit. There are 
times associated with these two events. 

Collecting terms of the sum, the latency is 

The locality properties significantly improve the performance of a memory sys­
tem over memory system receiving addresses that are randomly distributed over the 
virtual-address space. The page fault rate has been defined previously in this section 
and is a key parameter used in modeling performance. Although there is little pub­
lished data on page fault rates, modern systems can be assumed to have a steady-state 
page fault rate of approximately 1 x 10-5 to 1 x 10-6 . 

EXAMPLE 

Consider a virtual-memory system with the following parameters. The disk-to­

real-memory transport time is 20 ms, the real-memory latency is 200 ns, the 
weighted average number of the name translation probes is 1.5, and the page 

fault rate is 1 x 1 o-s. The page fault handler requires 2 ms of computer time. 

What is the effective latency of real memory? 

Solution 

Use the model developed above: 

te/rm = 1.5 X 200 X 10-9 + (1 - 1 X 10-5)200 X 10-9 

+ 1 X 10-5 (20 X 10-3 + 2 X 10-3 ) 

~ 7.2 X 10-7 = 720 ns 

41 The effective latency could have been named the weighted arithmetic mean latency. 
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Comment 
Although 720 ns is a much longer latency than the 200-ns basic latency of the 
real memory, there is a speedup of 28 x 103 over the latency of the disk without 
real memory. 

A page that is resident in real memory and has been modified by the executing 
program must be returned to disk before the page frame can be used to receive a new 
page. An additional term is introduced into the l:ea,m model: Pm is the probability that a 
page has been modified. Given the assumption that all the page frames in real memory 
are occupied, the weighted average real-memory latency model is changed to 

If the memory allocation is able to have pages reserved for instructions, for these pages 
Pm is always zero. Some data pages may be modified and must be returned to the disk 
before the page frame can be used to hold a new page. A simple page fault handler 
may assume that all pages have been modified; in that case Pm = l. 

Multiprogramming 

Because the ratio of ¼rm to t,m is between 1 x 105 and 1 x 106, many systems do 
not wait for a page fault to be serviced. Rather, a new progmm is placed into execu­
tion while waiting. The magnitude of the problem that leads to multiprogramming is 
illustrated with the following example. A 200-MIPS processor can execute 6 x 106 in­
structions while waiting for a 30-ms page fault to be serviced. Thus the resources of the 
system are more efficiently used if used with multiprogramming. However, single-user 
systems with no background programs resident must wait for a page fault to be ser­
viced. The only solution to this problem is faster disks or disk caches, a topic discussed 
in Section 4.3. 

Translation Lookaside Buffers 

As discussed previously in this section both the direct and the inverted page name 
translation methods require several memory cycles that add to the latency of every 
memory access. In the example above, page name translation adds 300 ns to the la­
tency of the real memory. Even when there is a hit on the real memory, the latency 
is approximately 500 ns. What can be done to eliminate or at least reduce this perfor­
mance killer? 

The solution to this problem is called a translation lookaside buffer (TLB). A TLB 
is a small fast page table implemented in registers that holds the most recently used 
address translations. Experiments show that if this fast memory has only a few entries, 
say 10 or 16, then there is a high likelihood that the translation can be successful in 
the TLB without having to access the page tables in memory. 

A TLB that is implemented in fast registers can have a translation latency of approx­
imately 10 ns. With this TLB, the effective memory latency for the example above 
will decrease from 720 ns to ~430 ns, a speedup of 1.67. The TLB is similar tc a 
cache, discussed in Section 4.3, and a discussion of TLB design will be covered in 
that section. 
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4.3 CACHES 

Section 4.2 discussed how virtual memory extends the address space of a proces­
sor. However, the latency of real memory is too long to support high-performance 
processors. Even with the high-speed DRAMs used today for real memory, something 
must be done to overcome this latency problem. 

EXAMPLE 

Consider a processor that requires two memory accesses per instruction and 

follows the serial execution model. Assume a 70-ns memory latency and cycle 

time. If the processor is infinitely fast, what is the MIPS rating of the system? 

Solution 

The time for an instruction is memory time plus processor time: 

instruction time= 2 x 70-9 + 0 = 140 ns, 
1 

MIPS=------= 7.1 
1 40 X ,0-9 X 1 06 

Comment 

Modern microprocessors perform in the 100-500-MIPS range. The performance 
of this infinitely fast processor is limited by the memory latency. 

The solution to thfs performance problem is to add another level to the memory 
hierarchy, called a cache, shown in Figure 4.1. The allocation of spaces in a three-level 
memory is shown in Figure 4.9. As discussed in Section 4.2, the virtual-address space 
is divided into equal-sized pages. These pages are placed in real-memory frames of the 
same size. Because a page can be placed in any vacant frame, there is no particular 
order to the allocation of pages to frames. With the addition of a cache, blocks of 
16-32 bytes are taken from the page frames in real memory and placed into a block 
slot for access by the processor. For modern processors the cache usually has a latency 
of one processor clock, so that instructions and data may be fetched without delay 
except when the referenced item is not in the cache. 

Virtual Memory 

Real Memory 

Figure 4.9 Real memory and cache allocation 
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TABLE 4.5 MEMORY REFERENCE STATISTICS 

SPARC MIPS 

SPARC Floating MIPS Floating 

Integer Point Integer Point IBM S360 VAX Average 

Instruction 0.79 0.80 0.76 0.77 0.50 0.65 0.71 

Data Read 0.15 0.17 0.15 0.19 0.35 0.28 0.22 

Data Write 0.06 0.03 0.09 0.04 0.15 0.07 0.07 

Before we discuss the design of caches, it is helpful to understand the demand placed 
on the memory system by the processor. The memory and the memory system must 
support three or more reference streams from the processor: 

1. Instruction fetch to processor 
2. Data reads to processor 
3. Data writes from the processor42 

4. 1/0 

Measurements of referenced statistics for various processors, not counting 1/0, are 
shown in Table 4.5. Approximately 71 % of all memory references are instruction 
fetches, 22% are data reads, whereas only 7% are data writes. The inescapable conclu­
sion from these data is that the memory system designer has the priorities of provid­
ing short latency for instruction fetches, followed by data reads and then data writes. 
Remember Amdahl's law: make the most frequent case fast. 

Note that the load/store register file architectures (SPARC and MIPS) have fewer 
data memory references than do the architectures that reference memory (IBM S360 
and VAX). The reason for this is that SPARC and MIPS have large register files, and 
instructions find many of their operands in the register file and go to memory only 
with load and store instructions. For the load/store register file architectures there 
are approximately 0.25 data accesses per instruction, whereas for the S360 the data 
accesses per instruction are 1.0 and, for the VAX, 0.41. These ratios suggest that a 
memory system designed for a VAX, say, may not be ideal for a MIPS. A memory 
system designer must be familiar with the dynamic statistics of a given ISA to design 
the memory properly. 

EXAMPLE 

1. Explain why the S360 has one data reference per instruction. Use the statistics 
from Table 4.5. 

Solution 

The fraction of data reads and writes is 0.35+0.15 = 0.5. The fraction of instruc­

tion reads is also 0.5. Thus the number of data references per instruction is 1.0. 

42 If self-modifying programs are supported, modified instructions must be written into memory. 
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2. An instruction fetch has a latency of 100 ns and a data read of 150 ns. 
a. What is the effective memory latency time te1 with data writes of 200 and 

250 ns? Use the averages from Table 4.5. 
b. What is the percentage of change in performance with the 250-ns data 

writes compared with the 200-ns data writes? 

Solution 
This is a simple weighted mean calculation: 
a. 

b. 

te1(200 ns) = (0.71 x 100) + (0.22 x 150) + (0.07 x 200) = 118 ns, 
te1(250 ns) = (0.71 x 100) + (0.22 x 150) + (0.07 x 200) = 121.5 ns. 

% change in performance= 100(1 - 2-) = 100(1 -
1 

) 
5 118/121.5 

= 100(1 - 1.029) = -2.9%. 

Cache Topology 

Cache topology concerns the number and the interconnection of the caches be­
tween the processor and real memory. A number of topologies are shown in Figure 
4.10. 

Because such a large fraction of memory references are for instructions, early com­
puters had a one-level instruction cache; data were accessed directly from real memory. 
A later topology used a one-level unified cache that held both instructions and data. 
Two-level unified caches are a possible topology but are not known to have been used 
in any computer. A common topology for early microprocessors is the one-level split 
cache; one cache for instructions and one cache for data. With these microprocessors, 
the two caches are implemented on the processor chip. System designers, by using 
these microprocessors, could use a second-level unified cache between the on-chip 
split caches and the real memory. An example of a two-level split cache is the cache 
used with the Pentium Pro, which places the second-level unified cache within the 
same package as the processor with its split on-chip cache. 

One-Level 
Instruction Cache 

p 

One-Level 
Split Cache 

M 

One-Level 
Unified Cache 

P : Processor 
M: Memory 
I : Instruction 
D: Data 

Figure 4.10 Cache topologies 

Two-Level 
Unified Cache 

Two-Level 
Split-Unified Cache 
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Cache Allocation and Organization 

Figure 4.11 Cache allocation and address­
ing 

We now examine the organization of caches in general followed by a discussion of 
the characteristics that distinguish instruction and data caches. Figure 4.11 shows the 
processor - cache - real-memory connections. As with the allocation of pages from 
disk to real memory for virtual memory, blocks in real memory are allocated to the 
cache when there is a cache miss. Because the size of the cache is less than the size of 
real memory, there is not a direct correspondence between the real-memory addresses 
and the cache addresses. The cache may be accessed with either untranslated virtual 
addresses or translated real addresses. The consequences of this design option are dis­
cussed in Section 4.5. For now, just assume that an address is presented to the cache. 

There are more design options with a cache than with a virtual-memory system. 
Figure 4.12 shows the possible options. 

• A cache is divided into 1 - S sets. Control bits, indicated as LRU43 in each set, assist 
in selecting a block for eviction when a block must be moved into real memory. 

Set 1 . . 
Cache . . 

Set S 

Set Sector 1 Sector 2 I • • I Sector SE I LRU I 

Sector Tag Block 1 • • • • I Block B 

•••• I AU A 

Figure 4.12 Cache partitioning (courtesy Jones and 
Bartlett Publishers) 

43 Least recently used. 
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Sector 

Block Slot Block Slot 
,---A------,,_,.._______ 

VD AU AU VD AU AU 

AU = 4 Bytes Capacity = 256 Bytes 

Figure 4.13 Canonical cache (courtesy Jones and Bartlett Publishers) 

• A set is divided into 1 - SE sectors. Most modem caches have SE = l. Each sector 
has a tag field containing the block name and the blocks of data. 

• A sector is divided into 1 - B block slots. 44 Most modern caches have B = l. 
• A block and block slot are divided into 1 - A AUs. Each block slot may have valid, 

dirty, and shared bits. A valid bit indicates that the information in a block is valid, 
a dirty bit is used in some systems to indicate that a block has been modified 
by a write instruction, and a shared bit is used only in caches for multiprocessor 
systems. 

With the partitioning options of Figure 4.12, the layout of a canonical cache is 
shown in Figure 4.13. This cache has eight sets, two sectors per set, two blocks per 
sector, and two AUs per block. Shared bits are not shown in the block. 

Cache addressing, like virtual-memory page addressing, is congruence mapped. 
However, the address presented to a cache must be allocated to address fields for the 
set, the sector, the block, and the AU within the block. The canonical cache address is 
shown below: 

Block Name Set Index Blk Displacement 

Set index addresses the set, blk addresses the block, and displacement addresses the 
AU within the block. 

Most modern caches have only one block per sector and the blk field is of zero 
length; fully associative caches have one set, so the set index field is of zero length. 
With one block slot per sector, the term sector is usually not used. The following dis­
cussion of cache organization will assume one sector with one block slot and use the 
convention of block slot rather than sector. 

44 The block is the data, and the location in the cache that holds the block is a slot . This is analogous 
to the page and page frame of paged virtual-memory systems. 
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Figure 4.14 Associative cache (courtesy Jones and 
Bartlett Publishers) 

Testing to see if a block is present is performed in a different manner with a cache 
than with virtual memory. Recall that virtual-memory systems looked into a page ta­
ble (either direct or inverted) to see if the page of the requested AU is present before 
accessing real memory, a policy called early select. Caches, on the other hand, store 
the block name in a tag field along with the AUs, as shown in Figure 4.13. The access is 
made to both the blocks (sectors) and tags on the same cycle. After the access, the tags 
are checked to see if a valid block has been accessed. This policy is called late select. 

The following discussion is couched in terms of a read operation; write operations 
are discussed later in this section. The organization options shown in Figures 4.12 and 
4.13 are implemented in one of three organizations: associative, set associative, and 
direct. 

Associative Cache 

An associative cache has one set and is shown in Figure 4.14. This cache is shown 
with eight block slots with each block slot containing two A Us. The address presented 
to the cache is divided into a block name and a displacement. The set index and blk 
fields of the address are of zero length. 

Each of the eight blocks consists of a tag that holds the block name of a resident 
block, the two AUs, a valid bit, and a dirty bit. The valid bit is required because it is 
possible to have a match on the tag even though the data are invalid. The valid bit is 
set to valid only after the block slot has been loaded with valid data after a miss. The 
dirty bit indicates that some portion of the block has been modified. 

The block name is associatively searched against the tags and if there is a tag match 
and the valid bit is set, the AUs of the block are read out. Tag match with a set valid 
bit is called a cache hit, which means that the requested block is in the cache. The 
proper AU is selected by the displacement and passed on to the processor. A cache 
miss occurs if either the tag does not match or the valid bit is not set, which means 
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that the requested block is not in the cache and must be fetched from real memory. 
The associative organization has the desirable property that a block can be placed into 
any block slot in the cache; there are no constraints. 

Set Associative Cache 

The second organization of a cache is set associative, having two or more sets. Figure 
4.15 shows the organization of a two-way set associative cache of the same size as the 
cache shown in Figure 4.14. The two LSBs of the block name index into the cache and 
read its contents. The tags, holding the block names, are compared with the block 
name in the address. If the tag matches the block name and the valid bit is set, there 
is a hit and the AU is selected by the displacement and gated out to the processor. A 
miss requires a fetch from real memory. 

As this cache is two-way set associative, a requested block can be placed in only one 
of two block slots within a set. For example, blocks that have names with LSBs = 01 
can go only into the block slots with the index 01. Even if there are vacant block slots 
in the cache, the placement is constrained to this set. If the block slots are full and 
there is a request with the same set index value, there will be a set conflict miss. 

Note that this organization has only two comparators, as contrasted with the eight 
required for the fully associative cache of Figure 4.14. One can also design a four-way 
set associative cache with four comparators or even a five-way with five comparators. 
For caches with one sector per set the number of comparators and the degree of asso­
ciativity are equal to the number of block slots per set. 

Direct Cache 

The third organization, called a direct cache, reduces the number of comparators 
to one and is shown in Figure 4.16 for an eight-set cache. Three bits are taken from 
the block name for the set index. 

The direct cache is the simplest of the organizations with only one tag comparator. 
However, with only one block slot per set, the direct cache is fully constrained. Blocks 
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Figure 4.16 Direct cache (courtesy Jones and Bartlett 
Publishers) 

with the same set index values, regardless of the block name, can be placed in only 
one block slot. For example, block names ending with the LSBs 010 can only be stored 
in set 2's block slot even if every other block slot in the cache is vacant. Thus there is 
a greater probability of having to evict a block from a block slot to make room for a 
new block, resulting in an increase in the cache miss rate (equivalent to the page fault 
rate discussed previously). 

EXAMPLES 

1. For the two-way set associative cache, which sets can hold blocks with block 
names ending with the LSBs 011? 

Solution 

These blocks can be stored in only the left- or the right-hand block slots of set 3. 
2. For the three cache organizations illustrated in Figures 4.14- 4.16, tabulate the 

number of sets, the number of sectors, the number of blocks, and the number 

of AUs per block. Also compute the capacity of the caches in AUs and give a 
formula for determining the same. 

Solution 

The solution to this problem is shown in Table 4.6 . 

. sectors blocks AUs 
A Us m a cache = number of sets x --- x --- x --. 

set sector block 

Comment 

We see that each of these three organizations is the same size. Tables 4.8, 4.9, 

and 4.10 show that the selection of the organization parameters can have an 
infl uence on the performance of the cache. 
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TABLE 4.6 CACHE ORGANIZATION AND CAPACITY 

Organization Sets Sec/Set Bl ks/Sector AUs/Blk Capacity 

Associative 8 2 16 AUs 
Two-way set associative 4 2 2 16 AUs 
Direct 8 2 16 AUs 

Cache Read and Write Policies 

When the processor makes a read or write access of the cache, there must be a policy 
enforced in the hardware that governs the actions taken. We consider the read policy 
first. Remember, for a cache hit the tag must match the block name and the valid bit 
must be set. 

READ HIT: 

1. The referenced AU is in the cache; the AU is transferred to the processor. 

READ MISS: 

1. If there is a vacant block slot in which the new block can be placed, the block is 
fetched from real memory and placed in the block slot and the referenced AU is 
transferred to the processor. The tag and valid bit are updated. 

2. If there is no vacant block slot in the cache that can receive the desired block (such 
as a full cache or a set conflict) a block must be evicted to real memory to make 
room. The cache control reissues the read and finds a read miss with a vacant 
block slot, step 1 above. 

If the cache uses a dirty bit and if the block to be evicted has not been modified, 
the requested block can be written into the cache without a block being evicted. 
There are a number of algorithms for selecting the block to evict, such as LRU or 
a random choice. 

Write policies, needed for data caches but not needed for instruction caches, are 
more complicated. As with a read, there can be a hit or a miss when a store type 
instruction writes to the cache. The design alternatives for hit and miss are discussed 
below. 

WRITE HIT: 

1. The write is made to the cache and to real memory. This policy is called write 
through. Because the block in the cache and real memory are coherent,45 when 
there is a subsequent read miss on the block it is not necessary to evict the block 
as it can be overwritten by the fetched block. A dirty bit is not required with this 
policy because the cache and the real memory are always coherent. 

45 Memory is said to be coherent if addresses point to the same value, even though there are two 
or more copies of the value in different storage locations. 
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2. The write is made to the cache only. When this write is made, the dirty bit is set 
to indicate that the block or a portion of the block has been modified. Because 
the block in the cache and real memory are now not coherent, when there is a 
subsequent read miss the block must be evicted to real memory before the new 
block is fetched. This policy is called write back. 

WRITE MISS: 

1. The missed block is fetched into the cache and the write is made (by either write 
through or write back, depending upon the write hit policy). This policy is called 
write allocate because the needed block is allocated to the cache before the write 
is performed. 

2. The write is made to the real memory without writing to the cache, a policy called 
no-write allocate or write direct. 

For most processors, the write policy is selected by the designer and wired in as a 
default policy. Other processors give the programmer the option of selecting a write 
policy. These programmer options on policy are discussed in Section 8.5. 

Cache Latency Models 

The weighted effective latency fetc model for caches is similar to the model for the 
interface between real memory and the disk. The model is a steady-state model; tran­
sients such as context switching will change the performance from that predicted by 
the model. The parameters for this model are tc, cache latency time; T,mc, real-memory­
to-cache transport time; and Pmiss ; cache miss rate: 

Pmiss = 1 _ number of references served in the cache. 
total number of references to the cache 

The weighted effective latency model is derived with the tabular technique sug­
gested in Chapter 2 and shown in Table 4.7. There are two events: a cache miss and a 
cache hit, and each event has its associated time: 

fetc = (1 - Pmiss )tc + Pmiss (tc + Trmc) 
= t, - Pmiss tc + Pmiss tc + Pmiss T,mc 

= t, + Pmiss T,mc, 

TABLE 4. 7 CACHE EFFECTIVE LATENCY MODEL 

Event Probability Time Product 

Hit 1 - Pmiss tc (1 - Pmiss ltc 
Miss Pmiss Uc+ Trmcl PmissUc + Trmcl 

SUM = 1 SUM= (1 - Pmissltc + Pmiss (t, + Tr,nc) 
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The reason the time on a miss is the sum of the cache and real memory transport 
time is that the cache is accessed and the tag checked before the real memory is ac­
cessed. This sequence is called late select. The model can be normalized to the basic 
latency of the cache as this latency, for synchronous systems, is usually one processor 
clock. In synchronous systems, Trmc is always an integer. 

t"e1c (in clocks) = 1 + Pmiss Trmc 

EXAMPLE 

You are designing a cache and want to evaluate the interplay of Pmiss and Trmc• 

Plot the locus of cache latency for Trmc = 7 to 14 and for Pmiss = 0.1 and 0.08. 

Solution 

Figure 4.17 shows the plots of te1c (in clocks) for these design parameters. 

Comments 

Note the possible design tradeoff between Trmc and Pmiss• An effective latency 
of 1.7 clocks can be obtained by the combination Trmc = 7 and Pmiss = 0.1, or 
the combination Trmc = 13 and Pmiss = 0.08. 

Instruction Caches 

If we consider instruction references, we can surmise that spatial locality is at work 
because the program counter increments from instruction to instruction. Only when 
a branch is taken does spatial locality fail. Spatial locality is exploited by the following 
strategy. When an instruction reference has a cache miss, the block containing the 
referenced instruction is fetched into the cache. Thus, the referenced instructions and 
a number of the following instructions in the sequence are placed in the cache. Then 
when the program counter increments for the next instruction, the desired instruction 
is usually found in the cache. 
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