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PREFACE

This book evolved from notes written for a course in machine structures
offered at the University of California at Berkeley. It is a second course in
computer science (the first being a course in a high-level language program-
ming) where students are exposed to the basic concept of computer opera-
tion (registers, instruction set, addressing modes, etc.) and learn assembly
language programming techniques.

The course offers the students ‘‘hands-on’’ experience with a stand-alone
computer, one which they can program and manipulate with no operating
system standing between them and important machine features. The avail-
ability of a “‘bare”” machine not only eliminates much of the “magic’’ associ-
ated with computers and computation, but also permits experimentation
with I/O programming, interrupt handling, and other essential techniques
not possible with simulated or ‘protected” machines. In addition to the
stand-alone machine, students have access to a large time-shared computer
where they can perform editing, assembling, linking, filing, and other opera-
tions which are essentially of a bookkeeping nature.

For these purposes we selected the Digital Equipment Corporation’s
PDP-11 family of computers. (Specifically, we used the PDP-11/10 as the
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xiv Preface

stand-alone machine, and the PDP-11/70, equipped with the UNIX oper-
ating system, as the time-shared computer.) The PDP-11 machines were
chosen because of their versatility, popularity, and the wide range of avail-
able software systems. We found the PDP-11"s highly suitable as vehicles for
presenting the fundamental concepts of the course, and at the same time
exposing the students to the ever-widening world of minicomputers.

The objective of this book, then, is to familiarize the reader with the
basic organizational and operational features of the PDP-11 and to present
machine and assembly language techniques for this class of computers. It is
not, per se, a general text on machine structures, and does not attempt to
provide a comprehensive treatment of available computer organizations and
assemblers. However, to the extent that the concepts and methods governing
the operation and programming of the PDP-11 are used in many other mini-
computers, the material in this book should serve as good preparation for
the operation and programming of other machines.

Chapter 1 outlines algorithms for converting numbers from one system
(binary, octal, decimal) to another. The algorithms are not provided with
proof and are intended to serve only for reference. Chapter 2 describes the
organizational structure of the PDP-11 (the central memory, central pro-
cessor, and peripheral devices). Chapter 3 explains how numbers (integers
and floating point), characters, and strings are represented in the PDP-11.
Chapter 4 describes the PDP-11’ instruction formats and addressing modes,
and Chapter 5 introduces the reader to assembly language programming.

The first five chapters should provide the reader with sufficient back-
ground to write simple programs for the PDP-11. The remaining chapters
delve deeper into operational details and describe further techniques. Chap-
ter 6 introduces stacks and subroutines (including recursion). Chapter 7
looks closer at the PDP-11’s arithmetic (including double-precision) and
other operations, such as the test, comparison, branch, and shift operations.
Chapter 8 explains the trap and interrupt mechanisms. Chapter 9 describes
the workings of the assembler and linkage editor and the notion of reloca-
tion. (Although the MACRO-11 assembler and LINKR-11 linkage editor are
used for illustration, the concepts discussed are quite general.) Chapter 10
introduces some advanced assembler facilities, such as macros, repeated
assembly, and conditional assembly.

The book ends with a number of appendixes, which consist of reference
lists and tables (character code, summary of addressing modes, list of opera-
tion codes, etc.). There is also an appendix on programming style, which
should be carefully read by the beginner.

Each chapter concludes with a set of exercises that serve to illustrate and
sometimes complement the material in the text. The reader is encouraged to
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solve the problems and run the programs included in these exercises. True
assimilation of the material in this book can come about only through
practice —by the actual writing and execution of programs.

The only prerequisite to this book is some experience with high-level
language programming. No particular language is assumed, but it is taken for
granted that the reader is familiar with the notions of an algorithm, a flow-
chart, and a stored program.

It is not intended that this book stand alone as a course text. Since it
does not describe all the fine details of the PDP-11 instructions and assem-
bler directives, students should be in possession of the PDP-11 processor
handbook and the assembler manual appropriate to their particular installa-
tion, where these details can be found when needed. Little is said in the
book regarding peripheral equipment (only the teletype and line clock are
treated in any detail), and students doing I/O programming may wish to
refer to the PDP-11 peripherals handbook and local manuals for assistance.

The author is indebted to Mr. R. S. Epstein of the University of Califor-
nia at Berkeley for reviewing the manuscript, for offering useful advice, and
for contributing most of Section 5.5 as well as some exercises. Thanks are
also due to Professors R. S. Fabry and M. R. Stonebraker (also of U.C,,
Berkeley) for helpful comments and suggestions.

ARTHUR GILL
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NUMBER
SYSTEMS

In working with the PDP-11, we shall make extensive use of the binary
and octal number systems, as well as the decimal system. It is important
that the student acquire, as soon as possible, the facility to convert from
one system to another. In this chapter we shall outline, without proof, some
algorithms for carrying out these conversions. Students familiar with these
algorithms may proceed directly to Chapter 2.

A “number” in this chapter will mean a non-negative integer (0, 1,
2, . . .). The number N will be denoted by N,,, Ng, or N, if it is in the
decimal, octal, or binary system, respectively. However, the subscript may
be dropped if it is understood from the context.

An m-digit number will be written symbolically as D _; - - - D; D,
[D, being the (i + 1)st digit from the right].



1.1
DECIMAL-TO-BINARY CONVERSION

The flowcharts in Figures 1.1 and 1.2 describe algorithms for converting
a decimal number N into its binary equivalent M.

Example (Subtraction-of-powers method)

N =217,
217-27 =217-128=89 (D, =1)
89 -26 =89-64=25 (Dg = 1)
25-2* =25-16=9 (D, =1)
9-23=9-8=1 (Dg = 1)
1-20=1-1=0 (D, =1)
M = 11011001, O

YES

Find greatest
power of 2, say

Zk, not exceed-
ing X. *
Dk<-1

X <« x-2

M« D _jeseDiDy

(with all Dk not

previously as-
signed set to 0)

il

*Use Table 1.1

Figure 1.1 Decimal-to-binary conversion by subtraction of powers.

Example (Division method)
N=217,,

217is0dd (D, =1)

217/2 =108 is even (D, =0)
108/2 = 54 is even (D, =0)
54/2 = 27 is odd (D =1)



Sec. 1.2 | Decimal-to-Octal Conversion 3

27/2 =13 is odd (D, =1)

13/2 =6iseven (Dy, =0)

6/2 =3isodd (Dg =1)

3/2 =1lisodd D, =1)

1/2 =0

M=11011001, O

X <N

m<« 0

!

X« at(X /2)*
m <« m+l

Figure 1.2 Decimal-to-binary conversion by division.

* qt(a/B) = integer quotient a/g

1.2
DECIMAL-TO-OCTAL CONVERSION

The flowcharts in Figures 1.3 and 1.4 describe algorithms for converting
a decimal number N into its octal equivalent M.

Example (Subtraction-of-powers method)

N = 2591,

2591 -5 - 83 = 2591 - 2560=31 (D, = 5)
31-3-8'=31-24=7 (D, =3)
7-7-8°=0 (Do =17)

M = 5037, O



START

G

YES

NO

y

Find greatest
number of form
a-gk (1<ax<7)
not exceeding

X. *

i

(with

M+« D

previously assigned
set to 0)

n-1- 2109
all Dk not

*Use Table 1.1

Figure 1.3 Decimal-to-octal conversion by subtraction of powers.

START

YES

D rm(X/8)*

X < qt(x/8)T
m <« m+l

L

*qt({a/g)
rm(a/B)

integer quotient a/g
remainder of o/

Figure 1.4 Decimal-to-octal conversion by division,



