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Preface

My computing experience dates back to the early 1960s, when higher-level lan-
guages were fairly new. It is therefore no wonder that my introduction to computers
and computing came through assembler language; specifically, the IBM 7040 assem-
bler language. After programming in assembler exclusively (and enthusiastically)
for more than a year, I finally studied Fortran. However, my love affair with as-
semblers has continued, and I very quickly discovered the lack of literature in this
field. In strict contrast to compilers, for which a wide range of literature exists,
very little has ever been written on assemblers and loaders. References [1,2,3,64]
are the best ones known to me, that describe and discuss the principles of opera-
tion of assemblers and loaders. Assembler language textbooks are—of course—very
common, but they only talk about what assemblers do, not about how they do it.

One reason for this situation is that, for many years—from the mid 1950s to
the mid 1970s—assemblers were in decline. The development of Fortran and other
higher-level languages in the early 1950s overshadowed assemblers. The growth of
higher-level languages was taken by many a programmer to signal the demise of
assemblers, with the result that the use of assemblers dwindled. The advent of the
microprocessor, around 1975, caused a significant change, however.

Initially, there were no compilers available, so programmers had to use assem-
blers, even primitive ones. This situation did not last long, of course, and today, in
the early 1990s, there are many compilers available for microcomputers, but assem-
blers have not been neglected. Virtually all software development systems available



xii Preface

for modern computers include an assembler. The assemblers described in Ch. 8 are
typical examples.

References [5-7] list three Z-80 assemblers running under CP/M. In spite of
being obsolete, they are good examples of modern assemblers. They are all state
of the art, relocatable assemblers that support macros and conditional assembly.
References [5,6] also include linking loaders. These assemblers reflect the interest
in the Z-80 and CP/M in the early 80s. Current processors, such as the 80x86 and
the 680x0 families, continue the tradition. Modern, sophisticated assemblers are
available for these processors, and are used extensively by programmers who need
optimized code in certain procedures.

The situation with loaders is different. Loaders have always been used. They
are used with as well as with assemblers, but their use is normally transparent to
the programmer. The average programmer hardly notices the existence of loaders,
which may explain the lack of literature in this area.

This book differs from the typical assembler text in that it is not a programming
manual, and it is not concerned with any specific assembler language. Instead
it concentrates on the design and implementation of assemblers and loaders. It
assumes that the reader has some knowledge of computers and programming, and it
aims to explain how assemblers and loaders work. Most of the discussion is general,
and most of the examples are in a hypothetical, simple, assembler language. Certain
examples are in the assembler languages of actual machines, and those are always
specified. Some good references for specific assembler languages are [5, 6, 7, 13, 26,
27, 30, 31, 32, 35, 37, 39, 101].

This work has its origins at a point, a few years ago, when my students started
complaining about a lack of literature in this field. Since I include assemblers and
loaders in classes that I teach every semester, I responded by developing class notes.
The notes were an immediate success, and have grown each semester, until I had
enough material for an expository paper on the subject. Since I was too busy to
polish the paper and submit it, I pretty soon found myself in a situation where the
work was too large for a paper. So here it is at last, in the form of a book.

This is mostly a professional book, intended for computer professionals in gen-
eral, and especially for systems programmers. However, it can be used as a sup-
plementary text in a systems programming or computer organization class at any
level.

Chapter 1 introduces the one-pass and two-pass assemblers, discusses other
important concepts—such as absolute- and relocatable object files—and describes
assembler features such as local labels and multiple location counters.

Data structures for implementing the symbol table are discussed in chapter 2.

Chapter 3 presents many directives and dicusses their formats, meaning, and
implementation. These directives are supported by many actual assemblers and,
while not complete, this collection of directives is quite extensive.

The two important topics of macros and conditional assembly are introduced
in chapter 4. The treatment of macros is as complete as practically possible. I have
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tried to include every possible feature of macros and the way it is implemented,
so this chapter can serve as a guide to practical macro implementation. At the
same time, I have tried not to concentrate on the macro features and syntax of any
specific assembler.

Features of the listing file are outlined, with examples, in chapter 5, while
chapter 6 is a general description of the properties of disassemblers, and of three
special types of assemblers. Those topics, especially meta-assemblers and high-level
assemblers, are of special interest to the advanced reader. They are not new, but
even experienced programmers are not always familiar with them.

Chapter 7 covers loaders. There is a very detailed example of the basic opera-
tion of a one pass linking loader, followed by features and concepts such as dynamic
loading, bootstrap loader, overlays, and others.

Finally, chapter 8 contains a survey of four modern, state of the art, assemblers.
Their main characteristics are described, as well as features that distinguish them
from their older counterparts.

To make it possible to use the book as a textbook, each chapter is sprinkled
with exercises, all solved in appendix C. At the end of each chapter there are review
problems and projects. The review questions vary from very easy questions to tasks
that require the student to find some topic in textbooks and study it. The projects
are programming assignments, arranged from simple to more complex, that propose
various assemblers and loaders to be implemented. They should be done in the order
specified, since most of them are extensions of their predecessors. Some instructors
would find appendix A, on addressing modes, useful.

References are indicated by square brackets. Thus [14] (or Ref. [14]) refers to
Grishman’s book listed in the reference section.

This is the attention symbol. It is placed in front of paragraphs that require
special attention, that present fundamental concepts, or that are judged important
for other reasons.

Acknowledgement: I would like to acknowledge the help received from B. A.
Wichmann of the National Physical Laboratory in England. He sent me information
on the PL516 high-level assembler, the BABBAGE language, and the GE 4000
family of minicomputers. His was the only help I have received in collecting and
analyzing the material for this book. Johnny Tolliver, of Oak Ridge National Labs,
should also be mentioned. His version of the MakeIndex program proved invaluable
in preparing the extensive index of this book.

A human being; an ingenious assembly of portable plumbing
— Christopher Morley
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Introduction

A work on assemblers should naturally start with a definition. However, com-
puter science is not as precise a field as mathematics, so most definitions are not
rigorous. The definition I like best is:

An assembler is a translator that translates source in-
structions (in symbolic language) into target instruc-
tions (in machine language), on a one to one basis.

This means that each source instruction is translated into ezxactly one target in-
struction.

This definition has the advantage of clearly describing the translation process
of an assembler. It is not a precise definition, however, because an assembler can
do (and usually does) much more than just translation. It offers a lot of help to
the programmer in many aspects of writing the program. The many types of help
offered by the assembler are grouped under the general term directives (or pseudo-
instructions). All the important directives are discussed in chapters 3 and 4.

Another good definition of assemblers is:

An assembler is a translator that translates a machine-
oriented language into machine language.
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This definition distinguishes between assemblers and compilers. Compilers being
translators of problem-oriented languages or of machine-independent languages.
This definition, however, says nothing about the one-to-one nature of the trans-
lation, and thus ignores a most important operating feature of an assembler.

One reason for studying assemblers is that the operation of an assembler re-
flects the architecture of the computer. The assembler language depends heavily on
the internal organization of the computer. Architectural features such as memory
word size, number formats, internal character codes, index registers, and general
purpose registers, affect the way assembler instructions are written and the way the
assembler handles instructions and directives. This fact explains why there is an
interest in assemblers today and why a course on assembler language is still required
for many, perhaps even most, computer science degrees.

The first assemblers were simple assemble-go systems. All they could do was
to assemble code directly in memory and start execution. It was quickly realized,
however, that linking is an important feature, required even by simple programs.
The pioneers of programming have developed the concept of the routine library very
early, and they needed assemblers that could locate library routines, load them into
memory, and link them to the main program. It was this task of locating, loading,
and linking—of assembling a single working program from individual pieces—that
created the name assembler [4]. Today, assemblers are translators and they work
on one program at a time. The tasks of locating, loading, and linking (as well as
many other tasks) are performed by a loader.

A modern assembler has two inputs and two outputs. The first input is short,
typically a single line typed at a keyboard. It activates the assembler and specifies
the name of a source file (the file containing the source code to be assembled). It
may contain other information that the assembler should have before it starts. This
includes commands and specifications such as:

= The names of the object file and listing file. m Display (or do not display) the
listing on the screen while it is being generated. m Display all error messages but do
not stop for any error. m Save the listing file and do not print it (see below). = This
program does not use macros. = The symbol table is larger (or smaller) than usual
and needs a certain amount of memory.

All these terms are explained elsewhere. An example is the command line that
invokes MACRO, the VAX assembler. The line:
MACRO /SHOW=MEB /LIST /DEBUG ABC

activates the assembler, tells it that the source program name is abc.mar (the .mar
extension is implied), that binary lines in macro expansions should be listed (shown),
that a listing file should be created, and that the debugger should be included in
the assembly.

Another typical example is the following command line that invokes the Mi-
crosoft Macro assembler (MASM) for the 80x86 microprocessors:
MASM /d /Dopt=5 /MU /V
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It tells the assembler to create a pass 1 listing (/D), to create a variable opt and
set its value to 5, to convert all letters read from the source file to upper case (MU),
and to include certain information in the listing file (the V, or verbose, option).

The second input is the source file. It includes the symbolic instructions and
directives. The assembler translates each symbolic instruction into one machine
instruction. The directives, however, are not translated. The directives are our
way of asking the assembler for help. The assembler provides the help by executing
(rather than translating) the directives. A modern assembler can support as many
as a hundred directives. They range from ORG, which is very simple to execute,
to MACRO, which can be very complex. All the common directives are listed and
explained in chapters 3 and 4.

The first and most important output of the assembler is the object file. It
contains the assembled instructions (the machine language program) to be loaded
later into memory and executed. The object file is an important component of the
assembler-loader system. It makes it possible to assemble a program once, and later
load and run it many times. It also provides a natural place for the assembler to
leave information to the loader, instructing the loader in several aspects of loading
the program. This information is called loader directives and is covered in chapters
3 and 7. Note, however, that the object file is optional. The user may specify no
object file, in which case the assembler generates only a listing.

The second output of the assembler is the listing file. For each line in the source
file, a line is created in the listing file, containing:

= The Location Counter (see chapter 1). m The source line itself. = The machine
instruction (if the source line is an instruction), or some other relevant information
(if the source line is a directive).

The listing file is generated by the assembler, sent to the printer, gets printed,
and is then discarded. The user, however, can specify either not to generate a listing
file or not to print it. There are also directives that control the listing. They can
be used to suppress parts of the listing, to print page headers, or to control the
printing of macro expansions.

The cross-reference information is normally a part of the listing file, although
the MASM assembler creates it in a separate file and uses a special utility to print
it. The cross-reference is a list of all symbols used in the program. For each symbol,
the point where it is defined and all the places where it is used, are listed.

Exercise .1 Why would anyone want to suppress the listing file or not to print it?

As mentioned above, the first assemblers were assemble-go type systems. They
did not generate any object file. Their main output was machine instructions loaded
directly into memory. Their secondary output was a listing. Such assemblers are
also in use today (for reasons explained in chapter 1) and are called one-pass as-
semblers. In principle, a one pass assembler can produce an object file, but such a
file would be absolute and its use is limited.



4 Introduction

Most assemblers today are of the two-pass variety. They generate an object file
that is relocatable and can be linked and loaded by a loader.

A loader, as the name implies, is a program that loads programs into memory.
Modern loaders, however, do much more than that. Their main tasks (chapter
7) are loading, relocating, linking and starting the program. In a typical run,
a modern linking-loader can read several object files, load them one by one into
memory, relocating each as it is being loaded, link all the separate object files into
one executable module, and start execution at the right point. Using such a loader
has several advantages (see below), the most important being the ability to write
and assemble a program in several, separate, parts.

Writing a large program in several parts is advantageous, for reasons that will
be briefly mentioned but not fully discussed here. The individual parts can be
written by different programmers (or teams of programmers), each concentrating
on his own part. The different parts can be written in different languages. It is
common to write the main program in a higher-level language and the procedures in
assembler language. The individual parts are assembled (or compiled) separately,
and separate object files are produced. The assembler or compiler can only see one
part at a time and does not see the whole picture. It is only the loader that loads
the separate parts and combines them into a single program. Thus when a program
is assembled, the assembler does not know whether this is a complete program or
just a part of a larger program. It therefore assumes that the program will start at
address zero and assembles it based on that assumption. Before the loader loads the
program, it determines its true start address, based on the memory areas available
at that moment and on the previously loaded object files. The loader then loads the
program, making sure that all instructions fit properly in their memory locations.
This process involves adjusting memory addresses in the program, and is called
relocation.

Since the assembler works on one program at a time, it cannot link individual
programs. When it assembles a source file containing a main program, the assembler
knows nothing about the existence of any other source files containing, perhaps,
procedures called by the main program. As a result, the assembler may not be
able to properly assemble a procedure call instruction (to an external procedure) in
the main program. The object file of the main program will, in such a case, have
missing parts (holes or gaps) that the assembler cannot fill. The loader has access
to all the object files that make up the entire program. It can see the whole picture,
and one of its tasks is to fill up any missing parts in the object files. This task is
called linking.

The task of preparing a source program for execution includes translation (as-
sembling or compiling), loading, relocating, and linking. It is divided between the
assembler (or compiler) and the loader, and dual assembler-loader systems are very
common. The main exception to this arrangement is interpretation. Interpretive
languages such as BASIC or APL use the services of one program, the interpreter,
for their execution, and do not require an assembler or a loader. It should be clear
from the above discussion that the main reason for keeping the assembler and loader
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separate is the need to develop programs (especially large ones) in separate parts.
The detailed reasons for this will not be discussed here. We will, however, point out
the advantages of having a dual assembler-loader system. They are listed below, in
order of importance.

» [t makes it possible to write programs in separate parts that may also be in
different languages.

» It keeps the assembler small. This is an important advantage. The size of the
assembler depends on the size of its internal tables (especially the symbol table and
the macro definition table). An assembler designed to assemble large programs is
large because of its large tables. Separate assembly makes it possible to assemble
very large programs with a small assembler.

s When a change is made in the source code, only the modified program needs to
be reassembled. This property is a benefit if one assumes that assembly is slow and
loading is fast. Many times, however, loading is slower than assembling, and this
property is just a feature, not an advantage, of a dual assembler-loader system.

m The loader automatically loads routines from a library. This is considered by
some an advantage of a dual assembler-loader system but, actually, it is not. It
could easily be done in a single assembler-loader program. In such a program, the
library would have to contain the source code of the routines, but this is typically
not larger than the object code.
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The words of the wise are as goads, and as nail fastened by masters of
assemblies

— Ecclesiastes 12:11



A Short History of
Assemblers and Loaders

One of the first stored program computers was the EDSAC (Electronic De-
lay Storage Automatic Calculator) developed at Cambridge University in 1949 by
Maurice Wilkes and W. Renwick [4, 8 & 97]. From its very first days the EDSAC
had an assembler, called Initial Orders. It was implemented in a read-only memory
formed from a set of rotary telephone selectors, and it accepted symbolic instruc-
tions. Each instruction consisted of a one letter mnemonic, a decimal address, and
a third field that was a letter. The third field caused one of 12 constants preset by
the programmer to be added to the address at assembly time.

It is interesting to note that Wilkes was also the first to propose the use of
labels (which he called floating addresses), the first to use an early form of macros
(which he called synthetic orders), and the first to develop a subroutine library [4].

Reference [65] is a very early description of the use of labels in an assembler The
IBM 650 computer was first delivered around 1953 and had an assembler very similar
to present day assemblers. SOAP (Symbolic Optimizer and Assembly Program) did
symbolic assembly in the conventional way, and was perhaps the first assembler to
do so. However, its main feature was the optimized calculation of the address of
the next instruction. The IBM 650 (a decimal computer, incidentally), was based
on a magnetic drum memory and the program was stored in that memory. Each
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instruction had to be fetched from the drum and had to contain the address of
its successor. For maximum speed, an instruction had to be placed on the drum
in a location that would be under the read head as soon as its predecessor was
completed. SOAP calculated those addresses, based on the execution times of the
individual instructions. Chapter 7 has more details, and a programming project,
on this process.

One of the first commercially successful computers was the IBM 704. It had
features such as floating-point hardware and index registers. It was first delivered
in 1956 and its first assembler, the UASAP-1, was written in the same year by Roy
Nutt of United Aircraft Corp. (hence the name UASAP—United Aircraft Symbolic
Assembly Program). It was a simple binary assembler, did practically nothing
but one-to-one translation, and left the programmer in complete control over the
program. SHARE, the IBM users’ organization, adopted a later version of that
assembler [9] and distributed it to its members together with routines produced
and contributed by members. UASAP has pointed the way to early assembler
writers, and many of its design principles are used by assemblers to this day. The
UASAP was later modified to support macros [62].

In the same year another assembler, the IBM Autocoder was developed by R.
Goldfinger [10] for use on the IBM 702/705 computers. This assembler (actually
several different Autocoder assemblers) was apparently the first to use macros. The
Autocoder assemblers were used extensively and were eventually developed into
large systems with large macro libraries used by many installations.

Another pioneering early assembler was the UNISAP, [47] for the UNIVAC 1
& 11 computers, developed in 1958 by M. E. Conway. It was a one-and-a-half pass
assembler, and was the first one to use local labels. Both concepts are covered in
chapter 1.

By the late fifties, IBM had released the 7000 series of computers. These came
with a macro assembler, SCAT, that had all the features of modern assemblers.
It had many directives (pseudo instructions in the IBM terminology), an extensive
macro facility, and it generated relocatable object files.

The SCAT assembler (Symbolic Coder And Translator) was originally written
for the IBM 709 [56] and was modified to work on the IBM 7090. The GAS (Gen-
eralized Assembly System) assembler was another powerful 7090 assembler [58].

The idea of macros originated with several people. Mcllroy [22] was probably
the first to propose the modern form of macros and the idea of conditional assembly.
He implemented these ideas in the GAS assembler mentioned above. Reference [60]
is a short early paper presenting some details of macro definition table handling.

One of the first full-feature loaders, the linking loader for the IBM 704-709-
7090 computers [59], is an example of an early loader supporting both relocation
and linking.

The earliest work discussing meta-assemblers seems to be Ferguson [24]. The
idea of high-level assemblers originated with Wirth [61] and had been extended,
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a few years later, by an anonymous software designer at NCR, who proposed the
main ideas of the NEAT/3 language [85,86].

The diagram summarizes the main phases in the historical development of
assemblers and loaders.

| would like to present a brief historical background as a preface to the
language specification contained in this manual.

— John Warnock Postscript Language Reference Manual, 1985.



Types of
Assemblers and Loaders

m A One-pass Assembler: One that performs all its functions by reading the source
file once.

» A Two-Pass Assembler: One that reads the source file twice.

= A Resident Assembler: One that is permanently loaded in memory. Typically
such an assembler resides in ROM, is very simple (supports only a few directives
and no macros), and is a one-pass assembler. The above assemblers are described
in chapter 1.

= A Macro-Assembler: One that supports macros (chapter 4).

m A Cross-Assembler: An assembler that runs on one computer and assembles pro-
grams for another. Many cross-assemblers are written in a higher-level language to
make them portable. They run on a large machine and produce object code for a
small machine.

» A Meta-Assembler: One that can handle many different instruction sets.

» A Disassembler: This, in a sense, is the opposite of an assembler. It translates
machine code into a source program in assembler language.
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= A high-level assembler. This is a translator for a language combining the features
of a higher-level language with some features of assembler language. Such a language
can also be considered a machine dependent higher-level language. The above four
types are described in chapter 6.

m A Micro-Assembler: Used to assemble microinstructions. It is not different in
principle from an assembler. Note that microinstructions have nothing to do with
programming microcomputers.

Combinations of those types are common. An assembler can be a Macro Cross-
Assembler or a Micro Resident one.

» A Bootstrap Loader: It uses its first few instructions to either load the rest of
itself, or load another loader, into memory. It is typically stored in ROM.

m An Absolute Loader: Can only load absolute object files, i.e., can only load a
program starting from a certain, fixed location in memory.

= A Relocating Loader: Can load relocatable object files and thus can load the same
program starting at any location.

» A Linking Loader: Can link programs that were assembled separately, and load
them as a single module.

= A Linkage Editor: Links programs and does some relocation. Produces a load
module that can later be loaded by a simple relocating loader. All loader types are
discussed in chapter 7.
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1. Basic Principles

The basic principles of assembler operation are simple, involving just one prob-
lem, that of unresolved references. This is a simple problem that has two simple
solutions. The problem is important, however, since its two solutions introduce,
in a natural way, the two main types of assemblers namely, the one-pass and the
two-pass.

1.1 Assembler Operation

As mentioned in the introduction, the main input of the assembler is the source
file. Each record on the source file is a source line that specifes either an assembler
instruction or a directive.

1.1.1 The source line

A typical source line has four fields. A label (or a location), a mnemonic (or
operation), an operand, and a comment.

Example: LOOP ADD R1,ABC PRODUCING THE SUM

In this example, LOOP is a label, ADD is a mnemonic meaning to add, R1 stands
for register 1, and ABC is the label of another source line. R1 and ABC are two
operands that make up the operand field. The example above is, therefore, a double-
operand instruction. When a label is used as an operand, we call it a symbol. Thus,
in our case, ABC is a symbol.
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The comment is for the programmer’s use only. It is read by the assembler, it
is listed in the listing file, and is otherwise ignored.

The label field is only necessary if the instruction is referred to from some
other point in the program. It may be referred to by another instruction in the
same program, by another instruction in a different program (the two programs
should eventually be linked), or by itself.

The word mnemonic comes from the Greek uveuovikoo, meaning pertaining to
memory; it is a memory aid. The mnemonic is always necessary. It is the operation.
It tells the assembler what instruction needs to be assembled or what directive to
execute (but see the comment below about blank lines).

The operand depends on the mnemonic. Instructions can have zero, one, or
two operands (very few computers have also three operand instructions). Directives
also have operands. The operands supply information to the assembler about the
source line.

As a result, only the mnemonic is mandatory, but there are even exceptions
to this rule. One exception is blank lines. Many assemblers allow blank lines—in
which all fields, including the mnemonic, are missing—in the source file. They make
the listing more readable but are otherwise ignored.

Another exception is comment lines. A line that starts with a special sym-
bol (typically a semicolon, sometimes an asterisk and, in a few cases, a slash) is
considered a comment line and, of course, has no mnemonic. Many modern assem-
blers (see, e.g., references [37], [99]-[102]) support a COMMENT directive that has the
following form:

COMMENT delimiter text delimiter

Where the text between the delimiters is a comment. This way the programmer
can enter a long comment, spread over many lines, without having to start each
line with the special comment symbol. Example:

COMMENT =This is a long

comment that ...

... sufficient to describe what you want=

Old assemblers were developed on punched-card based computers. They re-
quired the instructions to be punched on cards such that each field of the source
line was punched in a certain field on the card. The following is an example from
the IBMAP (Macro Assembler Program) assembler for the IBM 7040 [12]. A source
line in this assembler has to be punched on a card with the format:
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Columns  Field

1-6 Label
7 Blank
8- Mnemonic

and also obey the following rules:

» The operand must be separated from the mnemonic by at least one blank, and
must start on or before column 16.

» The comment must be separated from the operand by at least one blank. If there
is no operand, the comment may not start before column 17.

s The comment extends through column 80 but columns 73-80 are normally used
for sequencing and identification.

It is obviously very hard to enter such source lines from a keyboard. Modern
assemblers are thus more flexible and do not require any special format. If a label
exists, it must end with a ‘:’. Otherwise, the individual fields should be separated
by at least one space (or by a tab character), and subfields should be separated by
either a comma or parentheses. This rule makes it convenient to enter source lines
from a keyboard, but is ambiguous in the case of a source line that has a comment
but no operand.

Example: EI ;ENABLE ALL INTERRUPTS

The semicolon guarantees that the word ENABLE will not be considered an
operand by the assembler. This is why many assemblers require that comments
start with a semicolon.

Exercise 1.1 Why a semicolon and not some other character such as ‘$’ or ‘@’ ?

Many modern assemblers allow labels without an identifying ‘.. They simply
have to work harder in order to identify labels.

The instruction sets of some computers are designed such that the mnemonic
specifies more than just the operation. It may also contain part of the operand.
The Signetics 2650 microprocessor, for example, has many mnemonics that include
one of the operands [13]. A ‘Store Relative’ instruction on the 2650 may be written
STRR,RO SAV; the mnemonic field includes RO (the register to be stored in location
SAV), which is an operand.

On other computers, the operation may partly be specified in the operand
field. The instruction IX7 X2+X5, on the CDC Cyber computers [14] means: “add
register X2 and register X5 as integers, and store the sum in register X7.” The
operation appears partly in the operation field (‘T') and partly in the operand field
(‘+7), whereas X7 (an operand) appears in the mnemonic. This makes it harder
for the assembler to identify the operation and the operands and, as a result, such
instruction formats are not common.
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Exercise 1.2 What is the meaning of the Cyber instruction FX7 X2+X57

To translate an instruction, the assembler uses the OpCode table, which is a
static data structure. The two important columns in the table are the mnemonic
and OpCode. Table 1-1 is an example of a simple OpCode table. It is part of the
IBM 360 OpCode table and it includes other information.

mnemonic OpCode type length

A 5A RX 4

AD 6A RX 4

ADR 2A RR 2

AER 3A RR 2

AE 1A RR 2
Table 1-1

The mnemonics are from one to four letters long (in many assemblers they
may include digits). The OpCodes are two hexadecimal digits (8 bits) long, and the
types (which are irrelevant for now) provide more information to the assembler.

The OpCode table should allow for a quick search. For each source line input,
the assembler has to search the OpCode table. If it finds the mnemonic, it uses the
OpCode to start assembling the instruction. It also uses the other information in
the OpCode table to complete the assembly. If it does not find the mnemonic in the
table, it assumes that the mnemonic is that of a directive and proceeds accordingly
(see chapter 3).

The OpCode table thus provides for an easy first step of assembling an instruc-
tion. The next step is using the operand to complete the assembly. The OpCode
table should contain information about the number and types of operands for each
instruction. In table 1-1 above, the type column provides this information. Type
RR means a Register-Register instruction. This is an instruction with two operands,
both registers. The assembler expects two operands, both numbers between 0 and
15 (the IBM 360 has 16 general-purpose registers). Each register number is assem-
bled as a 4 bit field.

Exercise 1.3 Why does the IBM 360 have 16 general purpose registers and not a
round number such as 15 or 207

Example: The instruction ‘AR 4,6’ means: add register 6 (the source) to reg-
ister 4 (the destination operand). It is assembled as the 16-bit machine instruction
1A46, in which 1A is the OpCode and 46, the two operands.

Type RX stands for Register-indeX. In these instructions the operand consists
of a register followed by an address.

Example: ‘BAL 5,14’. This instruction calls a procedure at location 14, and
saves the return address in register 5 (BAL stands for Branch And Link). It is
assembled as the 32-bit machine instruction 4550000E in which OOE is a 12-bit
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address field (E is hexadecimal 14), 45 is the OpCode, 5 is register 5, and the two
zeros in the middle are irrelevant to our discussion. (A note to readers familiar
with the IBM 360—This example ignores base registers as they do not contribute
anything to our discussion of assemblers.)

Exercise 1.4 What are the two zeros in the middle of the instruction used for?

This example is not a typical one. Numeric addresses are rarely used in assem-
bler programming, since keeping track of their values is a tedious task better left to
the assembler. In practice, symbols are used instead of numeric addresses. Thus the
above example is likely to be written as ‘BAL 5,XYZ’, where XYZ is a symbol whose
value is an address. Symbol XYZ should be the label of some source line. Typically
the program will contain the two lines

XYZ A 4,ABC ;THE SUBROUTINE STARTS HERE

BAL  5,XYZ ; THE SUBROUTINE IS CALLED

Besides the basic task of assembling instructions, the assembler offers many
services to the user, the most important of which is handling symbols. This task
consists of two different parts, defining symbols, and using them. A symbol is
defined by writing it as a label. The symbol is used by writing it in the operand
field of a source line. A symbol can only be defined once but it can be used any
number of times. To understand how a value is assigned to a symbol, consider the
example above. The ‘add’ instruction A is assembled and is eventually loaded into
memory as part of the program. The value of symbol XYZ is the memory address of
that instruction. This means that the assembler has to keep track of the addresses
where instructions are loaded, since some of them will become values of symbols.
To do this, the assembler uses two tools, the location counter (LC), and the symbol
table.

The LC is a variable, maintained by the assembler, that contains the address
into which the current instruction will eventually be loaded. When the assembler
starts, it clears the LC, assuming that the first instruction will go into location 0.
After each instruction is assembled, the assembler increments the LC by the size
of the instruction (the size in words, not in bits). Thus the LC always contains
the current address. Note that the assembler does not load the instructions into
memory. It writes them on the object file, to be eventually loaded into memory by
the loader. The LC, therefore, does not point to the current instruction. It just
shows where the instruction will eventually be loaded. When the source line has
a label (a newly defined symbol), the label is assigned the current value of the LC
as its value. Both the label and its value (plus some other information) are then
placed in the symbol table.

The symbol table is an internal, dynamic table that is generated, maintained,
and used by the assembler. Each entry in the table contains the definition of a
symbol and has fields for the name, value, and type of the symbol. Some symbol
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tables contain other information about the symbols. The symbol table starts empty,
labels are entered into it as their definitions are found in the source, and the table
is also searched frequently to find the values and types of symbols whose names are
known. Chapter 2 discusses various ways to implement symbol tables.

In the above example, when the assembler encounters the line

XYZ A 5,ABC ;THE SUBROUTINE STARTS HERE

it performs two independent operations. It stores symbol XYZ and its value (the
current value of the LC) in the symbol table, and it assembles the instruction.
These two operations have nothing to do with each other. Handling the symbol
definition and assembling the instruction are done by two different parts of the
assembler. Many times they are performed in different phases of the assembly.

If the LC happens to have the value 260, then the entry

name value type
XYZ 0104 REL

will be added to the symbol table (104 is the hex value of decimal 260, and the type
REL will be explained later).

When the assembler encounters the line

BAL 5,XYZ

it assembles the instruction but, in order to assemble the operand, the assembler
needs to search the symbol table, find symbol XYZ, fetch its value and make it part
of the assembled instruction. The instruction is, therefore, assembled as 45500104.

Exercise 1.5 The address in our example, 104, is a relatively small number. Many
times, instructions have a 12-bit field for the address, allowing addresses up to
212 _ 1 = 4095. What if the value of a certain symbol exceeds that number?

This is, in a very general way, what the assembler has to do in order to assemble
instructions and handle symbols. It is a simple process and it involves only one
problem which is illustrated by the following example.

BAL 5,XYZ ;CALL THE SUBROUTINE

XYZ A 4,ABC ; THE SUBROUTINE STARTS HERE

In this case the value of symbol XYZ is needed before label XYZ is defined. When the
assembler gets to the first line (the BAL instruction), it searches the symbol table
for XYZ and, of course, does not find it. This situation is called the future symbol
problem or the problem of unresolved references. The XYZ in our example is a future
symbol or an unresolved reference.
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Obviously, future symbols are not an error and their use should not be prohib-
ited. The programmer should be able to refer to source lines which either precede
or follow the current line. Thus the future symbol problem has to be solved. It
turns out to be a simple problem and there are two solutions, a one-pass assembler
and a two-pass assembler. They represent not just different solutions to the future
symbol problem but two different approaches to assembler design and operation.
The one-pass assembler, as the name implies, solves the future symbol problem
by reading the source file once. Its most important feature, however, is that it
does not generate a relocatable object file but rather loads the object code (the
machine language program) directly into memory. Similarly, the most important
feature of the two-pass assembler is that it generates a relocatable object file, that
is later loaded into memory by a loader. It also solves the future symbol problem
by performing two passes over the source file. It should be noted at this point that
a one-pass assembler can generate an object file. Such a file, however, would be
absolute, rather than relocatable, and its use is limited. Absolute and relocatable
object files are discussed later in this chapter. Figure 1-1 is a summary of the most
important components and operations of an assembler.

Pass .
Location counter

A

proc.
Source line Main \
buffer Program
Object
| o
“ code

|

assembly
area
Lexical scan '
routine Table search procedures
Opcode Directive Symbol
table table table

Figure 1-1. The Main Components and Operations of an Assembler.
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1.2 The Two-Pass Assembler

A two-pass assembler is easier to understand and will be discussed first. Such
an assembler performs two passes over the source file. In the first pass it reads the
entire source file, looking only for label definitions. All labels are collected, assigned
values, and placed in the symbol table in this pass. No instructions are assembled
and, at the end of the pass, the symbol table should contain all the labels defined in
the program. In the second pass, the instructions are again read and are assembled,
using the symbol table.

Exercise 1.6 What if a certain symbol is needed in pass 2, to assemble an instruc-
tion, and is not found in the symbol table?

To assign values to labels in pass 1, the assembler has to maintain the LC. This
in turn means that the assembler has to determine the size of each instruction (in
words), even though the instructions themselves are not assembled.

In many cases it is easy to figure out the size of an instruction. On the IBM 360,
the mnemonic determines the size uniquely. An assembler for this machine keeps
the size of each instruction in the OpCode table together with the mnemonic and
the OpCode (see table 1-1). On the DEC PDP-11 the size is determined both
by the type of the instruction and by the addressing mode(s) that it uses. Most
instructions are one word (16-bits) long. However, if they use either the index or
index deferred modes, one more word is added to the instruction. If the instruction
has two operands (source and destination) both using those modes, its size will be
3 words. On most modern microprocessors, instructions are between 1 and 4 bytes
long and the size is determined by the OpCode and the specific operands used.

This means that, in many cases, the assembler has to work hard in the first
pass just to determine the size of an instruction. It has to look at the mnemonic
and, sometimes, at the operands and the modes, even though it does not assemble
the instruction in the first pass. All the information about the mnemonic and
the operand collected by the assembler in the first pass is extremely useful in the
second pass, when instructions are assembled. This is why many assemblers save
all the information collected during the first pass and transmit it to the second pass
through an intermediate file. Fach record on the intermediate file contains a copy
of a source line plus all the information that has been collected about that line in
the first pass. At the end of the first pass the original source file is closed and is no
longer used. The intermediate file is reopened and is read by the second pass as its
input file.

A record in a typical intermediate file contains:

m The record type. It can be an instruction, a directive, a comment, or an invalid
line.

m The LC value for the line.

= A pointer to a specific entry in the OpCode table or the directive table. The
second pass uses this pointer to locate the information necessary to assemble or
execute the line.
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m A copy of the source line. Notice that a label, if any, is not use by pass 2 but
must be included in the intermediate file since it is needed in the final listing.

Fig. 1-2 is a flow chart summarizing the operations in the two passes.

There can be two problems with labels in the first pass; multiply-defined labels
and invalid labels. Before a label is inserted into the symbol table, the table has to
be searched for that label. If the label is already in the table, it is doubly (or even
multiply-) defined. The assembler should treat this label as an error and the best
way of doing this is by inserting a special code in the type field in the symbol table.
Thus a situation such as:

AB  ADD 5,X
AB SUB 6,Y
JMP AB

will generate the entry:

name value type

AB — MTDF

in the symbol table.

Labels normally have a maximum size (typically 6 or 8 characters), must start
with a letter, and may only consist of letters, digits, and a few other characters.
Labels that do not conform to these rules are invalid labels and are normally con-
sidered a fatal error. However, some assemblers will truncate a long label to the
maximum size and will issue just a warning, not an error, in such a case.

Exercise 1.7 What is the advantage of allowing characters other than letters and
digits in a label?

The only problem with symbols in the second pass is bad symbols. These are
either multiply-defined or undefined symbols. When a source line uses a symbol in
the operand field, the assembler looks it up in the symbol table. If the symbol is
found but has a type of MTDF, or if the symbol is not found in the symbol table (i.e.,
it has not been defined), the assembler responds as follows.

= It flags the instruction in the listing file.
» It assembles the instruction as far as possible, and writes it on the object file.

» It flags the entire object file. The flag instructs the loader not to start execution
of the program. The object file is still generated and the loader will read and load
it, but not start it. Loading such a file may be useful if the user wants to see a
memory map (see discussion of memory maps in chapter 7).
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Figure 1-2. The Operations of the Two-Pass Assmbler (part 1).

The JMP AB instruction above is an example of a bad symbol in the operand
field. This instruction cannot be fully assembled, and thus constitutes our first
example of a fatal error detected and issued by the assembler.

The last important point regarding a two-pass assembler is the box, in the flow
chart above, that says write object instruction onto the object file. The point is that
when the two-pass assembler writes the machine instruction on the object file, it has
access to the source instruction. This does not seem to be an important point but,
in fact, it constitutes the main difference between the one-pass and the two-pass
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Figure 1-2. The Operations of the Two-Pass Assmbler (part 2).

assemblers. This point is the reason why a one-pass assembler can only produce
an absolute object file (which has only limited use), whereas a two-pass assembler
can produce a relocatable object file, which is much more general. This important
topic is explained later in this chapter.



24 Basic Principles Ch.1

1.3 The One-Pass Assembler

The operation of a one-pass assembler is different. As its name implies, this
assembler reads the source file once. During that single pass, the assembler handles
both label definitions and assembly. The only problem is future symbols and, to
understand the solution, let’s consider the following example:

LC
36 BEQ AB ;BRANCH ON EQUAL
67 BNE AB ;BRANCH ON NOT EQUAL
89 JMP AB  ;UNCONDITIONALLY

126 AB anything

Symbol AB is used three times as a future symbol. On the first reference, when
the LC happens to stand at 36, the assembler searches the symbol table for AB, does
not find it, and therefore assumes that it is a future symbol. It then inserts AB into
the symbol table but, since AB has no value yet, it gets a special type. Its type is
U (undefined). Even though it is still undefined, it now occupies an entry in the
symbol table, an entry that will be used to keep track of AB as long as it is a future
symbol. The next step is to set the ‘value’ field of that entry to 36 (the current
value of the LC). This means that the symbol table entry for AB is now pointing
to the instruction in which AB is needed. The ‘value’ field is an ideal place for the
pointer since it is the right size, it is currently empty, and it is associated with
AB. The BEQ instruction itself is only partly assembled and is stored, incomplete,
in memory location 36. The field in the instruction were the value of AB should be
stored (the address field), remains empty.

When the assembler gets to the BNE instruction (at which point the LC stands
at 67), it searches the symbol table for AB, and finds it. However, AB has a type
of U, which means that it is a future symbol and thus its ‘value’ field (=36) is not
a value but a pointer. It should be noted that, at this point, a type of U does not
necessarily mean an undefined symbol. While the assembler is performing its single
pass, any undefined symbols must be considered future symbols. Only at the end of
the pass can the assembler identify undefined symbols (see below). The assembler
handles the BNE instruction by:

» Partly assembling it and storing it in memory location 67.

» Copying the pointer 36 from the symbol table to the partly assembled instruction
in location 67. The instruction has an empty field (where the value of AB should
have been), where the pointer is now stored. There may be cases where this field
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in the instruction is too small to store a pointer. In such a case the assembler must
resort to other methods, one of which is discussed below.

= Copying the LC (=67) into the ‘value’ field of the symbol table entry for AB,
rewriting the 36.

When the assembler reaches the JMP AB instruction, it repeats the three steps
above. The situation at those three points is summarized below.

memory symbol memory symbol memory symbol
table table table
loc contents n v t loc contents n v t loc contents n v t
36 BEQ - . 36 BEQ - . 36 BEQ -
AB 36 U . AB 67 U . AB 89 U
67 BNE 36 . 67 BNE 36
89 JVMP 67

It is obvious that an indefinite number of instructions can refer to AB as a future
symbol. The result will be a linked list linking all these instructions. When the
definition of AB is finally found (the LC will be 126 at that point), the assembler
searches the symbol table for AB and finds it. The ‘type’ field is still U which tells
the assembler that AB has been used as a future symbol. The assembler then follows
the linked list of instructions using the pointers found in the instructions. It starts
from the pointer found in the symbol table and, for each instruction in the list, the
assembler:

» saves the value of the pointer found in the address field of the instruction. The
pointer is saved in a register or a memory location (‘temp’ in the figure below), and
is later used to find the next incomplete instruction.

= Stores the value of AB (=126) in the address field of the instruction, thereby
completing it.

The last step is to store the value 126 in the ‘value’ field of AB in the symbol
table, and to change the type to D. The individual steps taken by the assembler in
our example are shown in the table below.

It, therefore, follows that at the end of the single pass, the symbol table should
only contain symbols with a type of D. At the end of the pass, the assembler scans
the symbol table for undefined symbols. If it finds any symbols with a type of U, it
issues an error message and will not start the program.

Figure 1-3 is a flow chart of a one-pass assembler.

The one-pass assembler loads the machine instructions in memory and thus
has no trouble in going back and completing instructions. However, the listing
generated by such an assembler is incomplete since it cannot backspace the listing
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Address Contents Contents Contents
36 BEQ - BEQ - BEQ 126
67 BNE 36 BNE 126 BNE 126
89 JMP 126 JMP 126 JMP 126

temp=67 temp=36 temp=/
Step 1 Step 2 Step 3

file to complete lines previously printed. Therefore, when an incomplete instruction
(one that uses a future symbol) is loaded in memory, it also goes into the listing
file as incomplete. In the example above, the three lines using symbol AB will be
printed with asterisks ‘*’ or question marks ‘?’, instead of the value of AB.

iy The key to the operation of a one-pass assembler is the fact that it loads the
object code directly in memory and does not generate an object file. This makes it
possible for the assembler to go back and complete instructions in memory at any
time during assembly.

The one-pass assembler can, in principle, generate an object file by simply
writing the object program from memory to a file. Such an object file, however,
would be absolute. Absolute and relocatable object files are discussed below.

One more point needs to be mentioned here. It is the case where the address
field in the instruction is too small for a pointer. This is a common case, since
machine instructions are designed to be short and normally do not contain a full
address. Instead of a full address, a typical machine instruction contains two fields,
mode and displacement (or offset), such that the mode tells the computer how to
obtain the full address from the displacement (see appendix A). The displacement
field is small (typically 8-12 bits) and has no room for a full address.

To handle this situation, the one-pass assembler has an additional data struc-
ture, a collection of linked lists, each corresponding to a future symbol. Each linked
list contains, in its nodes, pointers to instructions that are waiting to be completed.
The list for symbol AB is shown below in three successive stages of its construction.

When symbol AB is found, the assembler uses the information in the list to
complete all incomplete instructions. It then returns the entire list to the pool of
available memory.

An easy way to maintain such a collection of lists is to house them in an array.
Fig. 1-5 shows our list, occupying positions 5,9,3 of such an array. Each position
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Figure 1-3. The Operations of the One-Pass Assmbler (part 1).

has two locations, the first being the data item stored (a pointer to an incomplete
instruction) and the second, the array index of the next node of the list.
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Figure 1-3. The Operations of the One-Pass Assmbler (part 2).
» Exercise 1.8 What would be good Pascal declarations for such a future symbol
list:
a. Using absolute pointers.

b. Housed in an array.
1.4 Absolute and Relocatable Object Files

To illustrate the concept of absolute and relocatable object files, the following
example is used, assuming a two-pass assembler.

LC
86 JMP TO

104 TO ADD 1,2

The JMP instruction is assembled as ‘JMP 104’ and is written onto the object file.
When the object file is loaded starting at address 0, the JMP instruction is loaded
at location 86 and the ADD instruction, at location 104. When the JMP is executed,
it will cause a branch to 104, i.e., to the ADD instruction.
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symbol table symbol table symbol table
L v t L v t L v t
AB U AB U AB U

[36] | 67] /|

LC=36 LC=67 LC=89

Figure 1-4. A linked list for symbol AB.

symbol table 3 4 5 6 7 8 9
nov ot 36 89 67

9 3
AB 5 U /

Figure 1-5. Housing a linked list in an array.

On subsequent loads, however, the loader may decide to load the program
starting at a different address. On large computers, it is common to have several
programs loaded in memory at the same time, each occupying a different area.
Assuming that our program is loaded starting at location 500, the JMP instruction
will go into location 586 and the ADD, into location 604. The JMP should branch to
location 604 but, since it has not been modified, it will still branch to location 104
which is not only the wrong location, but is even outside the memory area of the
program.

1.4.1 Relocation bits

In a relocatable object file, this situation is taken care of by cooperation between
the assembler and the loader. The assembler identifies and flags each item on the
object file as either absolute or relocatable. The JMP instruction above would be
relocatable since it uses a symbol (T0). The ADD instruction, on the other hand,
would be absolute. It is assembled as ‘ADD 12’ and will always add registers 1 and
2 regardless of the start address of the program.
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In its simplest form, flagging each item is done by adding an extra bit, a
relocation bit, to it. The relocation bit is set by the assembler to 0, if the item
is absolute and to 1, if it is relocatable. The loader, when reading the object file
and loading instructions, reads the relocation bits. If an object instruction has a
relocation bit of 0, the loader simply loads it into memory. If it has a relocation bit
of 1, the loader relocates it by adding the start address to it. It is then loaded into
memory in the usual way. In our example, the ‘JMP TO’ instruction will be relocated
by adding 500 to it. It will thus be loaded as ‘JMP 604’ and, when executed, will
branch to location 604 i.e. to the ADD instruction.

The relocation bits themselves are not loaded into memory since memory should
contain only the object code. When the computer executes the program, it expects
to find just instructions and data in memory. Any relocation bits in memory would
be interpreted by the computer as either instructions or data.

This explains why a one-pass assembler cannot generate a relocatable object
file. The type of the instruction (absolute or relocatable) can be determined only
by examining the original source instruction. The one-pass assembler loads the
machine instructions directly in memory. Once in memory, the instruction is just
a number. By looking at a machine instruction in memory, it is impossible to tell
whether the original instruction was absolute or relocatable. Writing the machine
instructions from memory to a file will create an object file without any relocation
bits, i.e., an absolute object file. Such an object file is useful on computers were the
program is always loaded at the same place. In general, however, such files have
limited value.

Some readers are tempted, at this point, to find ways to allow a one-pass
assembler to generate relocation bits. Such ways exist, and two of them will be
described here. The point is, however, that the one-pass assembler is a simple,
fast, assemble-load-go program. Any modifications may result in a slow, complex
assembler, thereby losing the main advantages of one-pass assembly. It is preferable
to keep the one-pass assembler simple and, if a relocatable object file is necessary, to
use a two-pass assembler (see also the discussion of a one-and-a-half pass assembler
below).

Another point to realize is that a relocatable object file contains more than
relocation bits. It contains loader directives and linking information (covered in
chapter 7). All this is easy for a two-pass assembler to generate but hard for a
one-pass one.

1.4.2 One-pass, relocatable object files

Two ways are discussed below to modify the one-pass assembler to generate a
relocatable object file.

1. A common approach to modify the basic one-pass assembler is to have it generate
a relocation bit each time an instruction is assembled. The instruction is then
loaded into memory and the relocation bit may be stored in a special, packed array
outside the program area. When the object code is finally written on the object
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file, the relocation bits may be read from the special array and attached each to its
instruction.

Such a method may work, but is cumbersome, especially because of future sym-
bols. In the case of a future symbol, the assembler does not know the type (absolute
or relocatable) of the missing symbol. It thus cannot generate the relocation bit,
resulting in a hole in the special array. When the symbol definition is finally found,
the assembler should complete all the instructions that use this symbol, and also
generate the relocation bit and store it in the special array (a process involving bit
operations).

2. Another possible modification to the one-pass assembler will be briefly outlined.
The assembler can write each machine instruction on the object file as soon as it is
generated and loaded in memory. At that point the source instruction is available
and can be examined, so a relocation bit can be prepared and written on the object
file with the instruction. The only problem is, as before, instructions using future
symbols. They must go on the object file incomplete and without relocation bits.
At the end of the single pass, the assembler writes the entire symbol table on the
object file.

The task of completing those instructions is left to the loader. The loader
initially skips the first part of the object file and reads the symbol table. It then
rereads the file, and loads instructions in memory. Each time it comes across an
incomplete instruction, it uses the symbol table to complete it and, if necessary, to
relocate it as well.

The trouble with this method is that it shifts assembler tasks to the loader,
forcing the loader to do what is essentially a two-pass job.

None of these modifications is satisfactory. The lesson to learn from these
attempts is that, traditionally, the one-pass and two-pass assemblers have been
developed as two different types of assemblers. The first is fast and simple; the
second, a general purpose program which can support many features.

Chapter 7 discusses typical formats of relocatable object files and other items
added by the assembler to those files, to be used by the loader.

1.4.3 The task of relocating

The role of the loader is not as simple as may seem from the above discussion.
Relocating an instruction is not always as simple as adding a start address to it.
On the IBM 7090/7094 computers [65,66], for example, many instructions have the
format:

Field OpCode Decrement Tag Address
Size (in bits) 3 15 3 15

The exact meaning of the fields is irrelevant except that the Address and Decrement
fields may both contain addresses. The assembler must determine the types of both
fields (either can be absolute or relocatable), and prepare two relocation bits. The
loader has to read the two bits and should be able to relocate either field. Relocating
the Decrement field means adding the start address just to that field and not to the
entire instruction.



32 Basic Principles Ch.1

Exercise 1.9 How can the loader add something to a field in the middle of an
instruction ?

The discussion of separate assembly in chapter 3 (the EXTRN and ENTRY di-
rectives) shows that each field can in fact have three different types, Absolute,
Relocatable, and special relocation. Thus the assembler generally has to generate
two relocation bits for each field which, in the case of the IBM 7090/7094 (or simi-
lar computers), implies a total of four relocation bits. Chapter 7 shows how those
pairs of relocation bits are used as identification bits, identifying each line in the
relocatable object file as one of four types: an absolute instruction, a relocatable
instruction, an instruction requiring special relocation, or as a loader directives.

On the IBM PC, an absolute object file uses the extension .COM, and a relo-
catable object file, the extension .EXE.

1.5 Two Historical Notes

1.5.1 Early relocation

The mathematician John von Neumann, the principal contributor to early com-
puter design, was using relocatable code as early as 1945 [11].

1.5.2 One-and-a-half pass assemblers

Some old assemblers use a technique which is intermediate between one-pass
and two-passes. Such assemblers are called one-and-a-half pass assemblers. In the
first pass, such an assembler generates an object file on a tape (usually a paper
tape), but that object file is incomplete. Instructions with forward references are
only partly assembled and go into the object file with a hole in them. Once such
an instruction is written on the file, it is impractical to backspace the tape, find the
instruction, and store a pointer in it. As a result, the object file remains incomplete.
However, each time an instruction uses a future symbol, an entry is added to the
symbol table with the name of the symbol and the current LC value (which is a
pointer to the instruction). At the end of the pass, the final value of the LC is
written on the same tape, followed by the entire symbol table (which at that point
should be complete). In the second pass (the ‘half’ pass), such an assembler reads
the tape backwards (easy to do with paper tape). It first reads the symbol table
and stores it in memory. Then it reads the LC value and the object instructions,
from last to first. The instructions are stored in memory (in reverse, from the LC
value backwards) and each incomplete instruction is completed using information
from the symbol table.

The UNISAP assembler [47] for the UNIVAC I computer is an example of a
one-and-a-half pass assembler.
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1.6 Forcing Upper

In most computers, the main problem in designing the instruction set is to
keep the instructions short. Normally we want an instruction to occupy one or two
memory words, at most three words. On some computers, however, this problem
does not exist. Computers such as the CDC Cyber or the Cray have very long
words (60-64 bits per word) and, consequently, several instructions can be packed
in one word. On the Cyber computers, instructions are 15-, 30-, or 60-bits long, so
1, 2, 3, or even 4 instructions can be loaded in one word; on the Cray computers,
instructions are 16- or 32-bits long, with similar consequences.

On such computers, the LC must contain two parts, one pointing to the current
word and the other, to a position in the word. There are four positions in a word,
numbered 0-3, each corresponding to one quarter of the word. At run time, it is
only possible to branch to position 0, and this creates a special problem with labels.
An instruction with a label can be referred to from some other place in the program
and, as a result, must be the first one (position 0) in a word. The assembler on such
a machine must recognize this situation and, each time it sees a label, make sure
that the labeled instruction is loaded into the start (position 0) of the next word.
This is called forcing the next instruction up, and is done by the assembler padding
the rest of the current word with NOP instructions. Example:

LC.P LC.P

15.0 SB5 A6 15.0 L1 SB5 A6
15.1 SB6 X5 15.1 SB6 X5
15.2  SX6 A6+B6 16.0 L2 SX6 A6+B6
16.0 SA15 16.1 SA15

The P part of the LC indicates the position in the current word. The example
on the left does not have any labels but still has some forcing upper. Three 15-bit
instructions are loaded into location 15, positions 0, 1, 2. The next instruction,
‘SA1 5, is 30 bits long and does not fit in the rest of the word. It is forced into
position 0 of word 16, and position 3 of location 15 is padded with a NO instruction
(which is not shown). In the example on the right, label L2 causes a forcing up of
the third instruction, resulting in two NO instructions padding location 15.

Note. The position counter in the Cyber actually indicates the number of
bits remaining in the current word. It is initialized to 60 and is decremented by the
size of the instruction, in bits. The programmer can explicitly indicate a forcing
upper of an instruction by placing a plus ‘+’ in the label field of the instruction. A
hyphen ‘-’ in this field suppresses an automatic forcing upper.

» Exercise 1.10 What are other ways to explicitly request a forcing upper?

» Exercise 1.11 What other case causes a forcing upper situation?
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1.6.1 Relocating packed instructions

An interesting problem is, how does the assembler handle relocation bits when

several instructions are packed in one word?

In a computer such as the Cyber, only 30- and 60-bit instructions may contain
addresses. There are only six ways of combining instructions in a 60-bit word, as

the following diagram shows.

60
30 30
30 15 15
15 30 15
15 15 30
15 15 15 15

Figure 1-6. Packing long instructions.

The assembler has to generate one of the values 0-5 as a 3-bit relocation field
attached to each word as it is written on the object file. The loader reads this field

and uses it to perform the actual relocation.

0 60
1 30 30
2 30 15 15
3 15 30 15
4 15 15 30
5 15 15 15 15

Figure 1-7. Adding relocation information.
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1.7 Absolute and Relocatable Address Expressions

Most assemblers can handle address expressions. Generally, an address expres-
sion may be written instead of just a symbol. Thus the instruction ‘LOD R1,AB+1’
loads reg. 1 from the memory location following AB; the instruction ‘ADD R1,AB+5’
similarly operates on the memory location whose address is 5 greater than the ad-
dress AB. More complex expressions can be used, and the following two points should
be observed:

= Many assemblers (almost all the old ones and some of the newer ones) do not
recognize operator precedence. They evaluate any expression strictly from left to
right and do not even allow parentheses. Thus the expression ‘A+B*C’ will be eval-
uated by the assembler as ‘(A+B)*C’ and not, as might be expected, as ‘A+(B*C)’.
The reason is that complex address expressions are rarely necessary in assembler
programs and it is therefore pointless to add parsing routines to the assembler.
However, see Ch. 8 for some interesting exceptions.

= When an instruction using an expression is assembled, the assembler should gen-
erate a relocation bit based on the expression. Every expression should therefore
have a well defined type. It should be either absolute or relative. As a result, certain
expressions are considered invalid by the assembler. Examples: ‘AB+1’ has the same
type as AB. Typically AB is relative, but it is possible to define absolute symbols (see
the discussion of EQU & SET in chapter 3). In general, an expression of the form
rel+abs, rel-abs, are relative, and expressions of the form abs + abs are absolute.

An expression of the form rel — rel is especially interesting. Consider the case

LC
16 A LOD
27 B STO

The value of A is 16 and its type is relative (meaning A is a regular label, defined
by writing it to the left of an instruction). Thus A represents address 16 from the
start of the program. Similarly B is address 27 from the start of the program. It is
thus reasonable to define the expression B-A as having a value of 27 — 16 = 11 and
a type of absolute. It represents the distance between the two locations, and that
distance is 11, regardless of where the program starts.

Exercise 1.12 What about the expression A-B? is it valid? If yes, what are its
value and type?

On the other hand, an expression of the form rel + rel has no well-defined
type and is, therefore, invalid. Both A & B above are relative and represent certain
addresses. The sum A+B, however, does not represent any address. In a similar
way abs x abs is abs, rel x abs is rel but rel  rel is invalid. abs/abs is abs, rel/abs
is rel but rel/rel is invalid. All expressions are evaluated at the last possible
moment. Expressions in any pass 0 directives (see Ch. 4 for a discussion of pass 0)
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are evaluated when the directive is executed, in pass 0. Expressions in any pass 1
directives are, similarly, evaluated in pass 1. All other expressions (in instructions
or in pass 2 directives) are evaluated in pass 2.

An extreme example of an address expression is ‘A-B+C-D+E’ where all the
symbols involved are relative. It is executed from left to right ‘(((A-B)+C)-D)+E’,
generating the intermediate types: (((rel —rel) 4+ rel) —rel) +rel — ((abs +rel) —
rel) + rel — (rel — rel) + rel — abs + rel — rel. A valid expression.

In general, expressions of the type ‘X+A-B+C-D+-: - -+M-N+Y’ are valid when ‘X,Y’
are absolute and ‘A,B,---,M,N’ are relative. The relative symbols must come in
pairs like A-B except the last one M-N, where N may be missing. If N is missing, the
entire expression is relative, otherwise, it is absolute.

Exercise 1.13 How does the assembler handle an expression such as ‘A-B+K-L’ in
which all the symbols are relative but K,L are external?

1.7.1 Summary

The two-pass assembler generates the machine instructions in pass two, where it
has access to the source instructions. It checks each source instruction and generates
a relocation bit according to:

» If the instruction uses a relative symbol, then it is relocatable and the relocation
bit is 1.

= If the instruction uses an absolute symbol (see the discussion of EQU in chapter 3)
or uses no symbols at all, the instruction is absolute and the relocation bit is 0.

= An instruction in the relative mode contains an offset, not the full address, and
is therefore absolute (see App. A for the ralative mode).

The one-pass assembler generates the object file at the end of its single pass,
by dumping all the machine instructions from memory to the file. It has no access
to the source at that point and therefore cannot generate relocation bits.

As a result, those two types of assemblers have evolved along different lines,
and represent two different approaches to the overall assembler design, not just to
the problem of resolving future symbols.

1.8 Local Labels

In principle, a label may have any name that obeys the simple syntax rules of
the assembler. In practice, though, label names should be descriptive. Names such
as DATE, MORE, L0SS, RED are preferable to AOO1, A002,...

There are exceptions, however. The use of the non-descriptive label Al in the
following example:

JMP Al
DDCT DS 12 reserve 12 locations for array DDCT
Al
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is justified since it is only used to jump over the array DDCT. (Note that the array’s
name is descriptive, possibly meaning deductions or double-dictionary) The DS di-
rective is explained in chapter 3. We say that Al is used only locally, to serve a
limited purpose.

As a result, many assemblers support a feature called local labels. It is due
to M. E. Conway who used it in the early UNISAP assembler for the UNIVAC I
computer [47]. The main idea is that if a label is used locally and does not require
a descriptive name, why not give it a name that will signify this fact. Conway used
names such as 1H, 2H for the local labels. The name of a local label in our examples
is a single decimal digit. When such a label is referred to (in the operand field), the
digit is followed by either B or F (for Backward or Forward).

LC

13 1:

17 JI‘.’[P 1F jump to 24

24 1: L[‘JD R2,1B 1B here means address 13
31 1: A]E)D R1,2F 2F is address 102

102 2: Dé 1206,-17

115 SUB R3,2B-1 102-1=101

Example. Local labels.

The example shows that local labels is a simple, useful, concept that is easy to
implement. In a two-pass assembler, each local label is entered into the symbol table
as any other symbol, in pass 1. Thus the symbol table in our example contains:

Symbol Table

1 v
1 13
1 24
1 31
2 102
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The order of the labels in the symbol table is important. If the symbol table is
sorted between the two passes, all occurrences of each local label should remain
sorted by value. In pass 2, when an instruction uses a local label such as 1F, the
assembler identifies the specific occurence of label 1 by comparing all local labels
1 to the current value of the LC. The first such instruction in our example is the
‘JMP 1F’ at LC=17. Clearly, the assembler should look for a local label with the
name ‘1’ and a value > 17. The smallest such label has value 24. In the second
case, LC=24 and the assembler is looking for a 1B. It needs the label with name ‘1’
and a value which is the largest among all values < 24. It therefore identifies the
label as the ‘1’ at 13.

Exercise 1.14 If we modify the instruction at 24 above to read 1: LOD R2,1F
would the 1F refer to address 31 or 247

In a one-pass assembler, again the labels are recognized and put into the symbol
table in the single pass. An instruction using a local label iB is no problem, since
is needs the most recent occurence of the local label ‘17 in the table. An instruction
using an iF is handled like any other future symbol case. An entry is opened in the
symbol table with the name iF, a type of U, and a value which is a pointer to the
instruction.

In the example above, a snapshot of the symbol table at LC=32 is:
Symbol Table

n v t

1 13 D

1 24 D

1 31 D 31 is the value of the third 1

2 31 U 31 is a pointer to the ADD instruction

An advantage of this feature is that the local labels are easy to identify as such,
since their names start with a digit. Most assemblers require regular label names
to start with a letter.

In modern assemblers, local labels sometimes use a syntax different from the
one shown here. See Ch. 8 for examples.

1.8.1 The LC as a local symbol

Virtually all assemblers allow a notation such as ‘BPL #+6’ where ‘“*’ stands

for the current value of the LC. The operand in this case is located at a point 6
locations following the BPL instruction.

The LC symbol can be part of any address expression and is, of course, relo-
catable. Thus *+4 is valid if A is absolute, while *-A is always okay (and is absolute
if A is relative, relative if A is absolute). This feature is easy to implement. The
address expression involving the ‘¥’ is calculated, using the current value of the LC,
and the value is used to assemble the instruction, or execute the directive, on the
current source line. Nothing is stored in the symbol table.
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Some assemblers use the asterisk for multiplication, and may designate the
period ‘. or the ‘$’ for the LC symbol.

On the PDP-11 the notation ‘X: .=.+8’ is used to increment the L.C by 8, and
thus to reserve eight locations (compare this to the DS directive).

Exercise 1.15 What is the meaning of JMP *, JMP *-x7
1.9 Multiple Location Counters

This feature makes it possible to write the source program in a certain way,
convenient to the programmer, and load it in memory in a different way, suitable
for execution. It happens many times that, while writing a program, a new piece of
data, say an array, is needed at a certain point. It is handy to write the declaration
of the array immediately following the first instruction that uses it, like:

ADD D, ...
D DS 12

However, at run time, the hardware, after executing the ADD instruction, would
try to execute the first element of array D as an instruction. Obviously, instruc-
tions and data have to be separated, and normally all the arrays and constants are
declared at the end of the program, following the last executable instruction (HLT).

1.9.1 The USE directive

Multiple location counters make it possible to enjoy the best of both worlds.
The data can be declared when first used, and can be loaded at the end of the
program or anywhere else the programmer wishes. This feature uses several direc-
tives, covered in chapter 3, the most important of which will be described here.
It is based on the principle that new location counters can be declared and given
names, at assembly time, at any point in the source code. The example above can
be handled by declaring a location counter with a name (such as DATA) instructing
the assembler to assemble the DS directive under that LC, and to switch back to
the main LC—which now must have a name—like any other LC. Its name is ‘ ’ (a
space).

This is done by the special directive USE:

ADD D,

USE DATA
D DS 12

USE *

This directive directs the assembler to start using (or to resume the use of) a new
location counter. The name is specified in the operand field, so an empty operand
means the main LC. The asterisk ‘*’ implies the previous L