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Sun Technical Reports

The engineer or system architect evaluating a computer is often
presented with two written descriptions of the product. These are
the “brochure” and the “manual.” Between these is a large gulf that
makes it difficult to obtain a moderately detailed picture of a
system, or a particular aspect of it. To fill this gap, Sun provides
this first in a series of Technical Reports.

As implied in its name, a Technical Report introduces a subject
to the technically competent engineer., What do we mean by
“technically competent?” We mean that the reader is familiar with
the general subject area, but not with the specifics of Sun's
implementation. For example, the UNIX" System Technical Report
describes how processes are created, how processes communicate,
how they are scheduled, and so on, but it does not describe what a
process 5, nor what a multiprocess operating system is good for. The
reader is expected to bring this level of knowledge from school or
from experience with other operating systems. At the same time,
some Technical Reports will cover topics that have not yet become
part of the “general knowledge.” Such a Technical Report provides
commensurately more background information.

While Technical Reports are not aimed at the computer-naive,
they nevertheless deliberately oversimplify their subjects and omit
coverage of some features. If a subject appears to be missing, or is
explained in insufficient detail for your needs, consult a Sun sales
office for more information.

1. UNIX is a crademark of AT&T Bell Laboratories.
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Fig. 1

UNIX System
Structure

Introduction

This Technical Report describes the UNIX system — the operating
system that is the heart of the Sun computing environment.' The
material is organized in four chapters. Chapter 1 establishes a
perspective that helps to explain why the UNIX system looks
different from many other operating systems. It also explains how
the several versions of the UNIX system came into being, and
describes some of the differences between these versions.

The remaining three chapters reflect the structure of the
UNIX system. It is convenient to think of the system as consisting
of a kernel, a shell, and a large collection of utilities (see Figure 1);
one chapter describes each of these.” The kernel manages the
hardware (for example, processor cycles and memory) and supplies
fundamental services (for example, filing) that the hardware does
not provide. The shell is the interface between the kernel and
system users; it is both a command interpreter and a programming
language. Utilities are programs in the usual sense: compilers,
editors, debuggers, and the like; however, the number of utilities
(around 220), their scope (they include a compiler-compiler and
typesetting software), and the ways in which they can be fit
together is unusual indeed.

©
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This “inside-to-outside” sequence differs from most descriptions of
the UNIX system which begin with instructions for logging in,
and discuss the kernel lictle if at all. However, readers of this report

1. The report describes Sun's Release 2.0.

2. Actually, the shell is just another urilicy, bur is so important as to merit separate
consideration,
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THE UNIX SYSTEM

are likely to be as interested in the services the UNIX system
provides for programs as those it provides for users. Moreover,
several important shell services are not the shell’s own inventions
but convenient notations that give users access to underlying kernel
facilities. Exposing the kernel first provides a more accurate
description of the system and shortens the total discussion as well.
Such an approach does, however, rely on the reader’s general
familiarity with multiprocess operating systems.

The report also surveys two facilities that are Sun innovations
and are not part of the UNIX system proper. These are the
Network File System (covered in the Input/Output section of the
kernel chapter) and the SunWindows® user interface, which is
covered in its own chapter following the utilities. These facilities
are fundamental to “what makes a Sun a Sun,” are heavily used by
Sun customers, and fit so well with the UNIX system that for
practical purposes they are not considered as separate. While it is
possible to use a Sun workstation as standalone “UNIX system
box,"” with no Network File System and no windows, no one would
willingly do so.

For these reasons, the topics are covered in this report.
However, the subjects are large and rich and space does not permit
their treatment in the same depth as the UNIX system. Therefore,
the NFS and SunWindows descriptions should be considered as
introductions only.

3. SunWindows is a trademark of Sun Microsystems, Inc.
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Sources of Strength

Perspectrve

The UNIX operating system is a multiprocess (or multitask)
operating system with facilities functionally similar to other
minicomputer and mainframe operating systems. But the UNIX
system is also a phenomenon. Designed by a small group of people for
their own use, it has, with almost no conventional marketing effort,
become perhaps the most widely used operating system for
mid-range computers.

The UNIX system has been propelled to prominence not by a
corporate campaign, but by the grassroots enthusiasm of its users.
These users have diverse impressions and opinions of the system; as
a result, the public image of the UNIX system is somewhat fuzzy.
This chapter tries to clarify the picture by illuminating some key
issues: why the UNIX system is so popular; why it is fairly
criticized; how Sun has changed it; and why there are multiple
versions of the UNIX system.

The UNIX system’s extraordinary popularity can be credited to
three of its fundamental properties:

1. The UNIX system is a portable operating system. Hard-
ware vendors are attracted to it because they can imple-
ment it on a new computer with relatively little effort; in
so doing, they inherit a large community of users. With
implementations available on dozens of machines, both
software vendors and users become computer-independent
when they adopt the UNIX system. A high-level language
program can make direct use of operating system facilities
and yet be transported to a different machine by simply
recompiling. Not only do programs move easily from one
UNIX machine to another, but so do the tools and
expertise of people. Personnel trained on one UNIX
implementation are productive almost immediately on
another.

2. The UNIX system provides an exceptionally productive
computing environment, particularly for programmers.
Included in the UNIX system is a rich set of software
development tools, many of which apply to general text
manipulation (for example, documentation) as well. More-
over, these tools can be used in combination to solve a
remarkable number of problems without conventional
programming. In sum, the UNIX system probably sup-




1.2
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ports the ideal of reusable software more effectively than
any other commercial operating system.

3. Finally, the UNIX system is an elegant design that is
intellectually appealing and satisfying to use — many
experienced users would say fun to use. It is difficult to
capture the essence of the system’s elegance, but it has to
do with power derived from simplicity, rather than
complexity. Instead of the “laundry list” of semi-indepen-
dent (and sometimes conflicting) features that characterize
many operating systems, the UNIX system provides a
relatively small number of fundamental, but universal,
facilities. It obtains generality by eliminating restrictions
instead of adding options. In the words of one of its
designers, it is a “simple, coherent system that pushes a
few good ideas and models to the limit.”' At the same
time, users can connect these simple mechanisms to build
powerful new tools that meet their own needs or reflect
their own preferences.

It is easy to understand and appreciate the value of a portable
operating system. The UNIX system’s qualities of elegance and
improved productivity are less tangible. This report tries to
demonstrate them, but they can only be deeply understood by
using the system for a few months. Nevertheless, it is these
qualities that fuel the enthusiasm of UNIX system users; it is very
hard to find a user who both deeply understands the UNIX system
and would voluntarily choose another commercial operating sys-
tem. The system’s strengths greatly overbalance the shortcomings
described in the next section.

Critics tend to focus their complaints on the interface the UNIX
system presents to novice users.” The command interface is terse
and inconsistent, error reports are sketchy, and the system has no
“help” facility. Some commands have strange names like grep and
awk. The system presumes users know what they are doing; for
example, its default action is to overwrite an existing file when a
new file with the same name is created.

Why are these widely perceived shortcomings present in such
a popular system? They are the consequence of the environment in
which the UNIX system was designed and first used. This
environment was a Bell Laboratories computer science research
group in the early 1970s. The members of this community were
computing experts, and they were building a system for their own

1. Dennis M. Rirchie, “Reflections on Sofeware Research,” Communications of the ACM, Volume
27, Number 8, August 1984

2. It is only fair to point out, however, that many expert users are proponents of the system’s user
interface, especially its terseness and ics implied respect for their competence.
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use — they had no pretensions of building a commercial operating
system. Their hardware was a small minicomputer equipped with
slow teletypewriter terminals. They designed the system so operat-
ing system utilities, which comprise much of the user interface,
could be added by users, and many were. It is not surprising that
this environment spawned a simple timesharing system, with a
terse and inconsistent user interface (remember those slow terminals
and their expert users).

The UNIX system initially spread to similar environments,
namely research laboratories and university computer science
departments. The user interface presented no particular difficulties
to these communities, particularly when balanced against the
system’s strengths. Later, when the system was adopted by
professional programmers in industry, the user interface again was
not a major issue. Now, however, the UNIX system is used in
many different environments. System users include the
computer-naive as well as the computer scientist. As a result, the
difficulty of the user interface for new users is appropriately
receiving more attention. There may be another reason that the user
interface has been slow to change: the hardware and conceprual
ingredients for radically improving the user interface, such as
dedicated processors, bit-mapped displays, pointing devices, and
the notions of windows and menus, have only recently become
widely available and affordable.

Other UNIX system weaknesses have been cited as well: small
process address spaces, a slow file system, and overly constrained
interprocess communication are among them. These kinds of
defects have somewhat inhibited the system’s acceptance as a
general-purpose operating system. As will be shown in this report,
some UNIX versions, including Sun’s, have eliminated most of
these problems, thereby widening the scope of problems to which
the system can be effectively applied.

UNIX system users have changed since the system was designed, as
have the problems to which the UNIX system has been applied.
But the hardware on which it runs has changed even more
dramatically. Microcomputers with multimegabyte address spaces
are common, and fast display terminals have completely replaced
teletypewriters. Bit-mapped graphics displays and pointing
devices, such as mice, are emerging as standard equipment.
Increasingly, timesharing is giving way to networks of dedicated
workstations.

To keep pace with changing patterns of use and developing
hardware, the UNIX system has changed over the years, as it must
continue to change. At the same time, to keep one of its most
important strengths — portability — intact, it has also stayed the
same and must continue to stay the same. These seemingly




1.4

Multiple Versions

THE UNIX SYSTEM

paradoxical requirements can be reconciled by carefully distin-
guishing between interfaces and implementations.

Two kinds of interface are of interest, program interfaces and
user interfaces. Sun's general approach is to maintain existing
interfaces to preserve portability, and to add new interfaces to
provide access to new capabilities. As an example of a such a new
interface, consider the SunWindows system described later in this
report. SunWindows supports the construction of applications that
present interfaces based on the recent technologies of overlapping
display windows, pop-up menus, and the mouse pointing device.
Such an application is called a tool. A tool can be designed to
assume its user knows nothing of the UNIX system, perhaps not
even how to type. Thus SunWindows allows the development of
alternate system interfaces. Although most tools are developed by
Sun customers, several general-purpose ones are supplied with the
SunWindows system. One of these is a terminal emulator that
makes a window behave like an ordinary display terminal, thereby
preserving the conventional UNIX system interface. Thus, the
SunWindows system embraces new technologies, permits con-
struction of natural interfaces for varieties of different users, and
simultaneously maintains compatibility with the UNIX system.

Besides adding new interfaces, Sun has improved the imple-
mentation of several facilities, and will continue to do so. Where an
interface defines what something does, an implementation
embodies Aow something is done. Implementations are functionally

. invisible and therefore can be changed without adversely affecting
programs or users. For example, the Sun file system is considerably
faster than many UNIX file system implementations, and Sun’s
virtual memory management accommodates programs that are t0o
large for many UNIX versions. Programs written for other UNIX
versions work properly on Suns because Sun has not altered the file
system and memory management interfaces, only their implemen-
tations.

Speaking of versions, as Figure 1.1 shows, there have been, and
continue to be, several versions of the UNIX system. These are
largely but not completely compatible. In general, two forces have
driven the evolution of the UNIX system, new hardware capabili-
ties (for example, virtual memory microprocessors and local area
networks) and the quest for wider applicability (for example, from
running on timeshared minicomputers to dedicated workstations).
As the system matures and gains the commitment of more
computer vendors, its shape should stabilize. For the present,
compatibility is a larger problem than it should be. (On the other
hand, it is hard to think of any commercial operating system that is
available for processors of different architecture. The UNIX system
is commercially available on at least a dozen of them.) The




Fig. 1.1

Perspective 9

following historical overview traces the ancestors of the currently
extant versions and gives some reasons for their development.

1969 1973 1976 1979 1980 1982 1984

UNIX System [ Version 3 Version 6 Viersion 7 32v [Systemiil|  [SystemV

Belllabs  'Bopi79 | [ POPAT, POP/TT, POPITT, VAX | PDP1,VAX | PDPAL
“Interdata®  “Interdata’  “interdata : + Lyax, 38+
418sD || [ 42BSD
LsE:Beiey VAX VAX
. Sun UNIX

Sun Microsystems Sun

Others

UNIX System
Genealogy

~LWarious 3] L |
{e.g., XENIX") Varigus Various J,_,
Various Various

*XEMIX is a frademark of Microsoll

The name “UNIX" is not an acronym but a play on the phrase
“castrated MULTICS,"” MULTICS being an operating system that
influenced (both positively and negatively) the UNIX system's
designers. In 1969 there was no simple powerful minicomputer
operating system, so Ken Thompson at Bell Laboratories set out to
build one for his own use and the use of his programming research
group. He was soon joined by Dennis Ritchie.

Following the initial assembly language implementation for
the PDP-7? and two assembly language versions for the PDP/11, a
major milestone was reached in 1973. The system was translated
from PDP/11 assembly language to the mid-level language C. (C
was developed by Ritchie and was based on Thompson's language
B, itself a descendent of Martin Richards's BCPL.) Recoding the
system in C reduced its machine-dependent components to a few
percent of the total lines of code, and made the job of transporting
the UNIX system to a new machine a matter of a few months work.
(It also increased the size of the system by about one-third.) Soon a
version was running in Bell Laboratories on an Interdata 8/32, a
machine whose architecture was much like an IBM/370 and very
little like a PDP/11. The C implementation was described in the
July 1974 issue of Communications of the ACM; this was the UNIX
system’s first exposure to a large audience outside Bell Labs. The
essence of the system has not changed since then.

By 1974 Bell Labs was licensing Version 5, and shortly
thereafter Version 6, to universities for a nominal fee.* The system

3. PDP is a crademark of Digital Equipment Corporation.

4. The early versions were also known by the editions of the manuals that described them, for
example, the 6th and 7th Editions.
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was unsupported, but the source code was included in the distribution.
As a result, over the next few years the UNIX system was both used
and studied by many students. Following graduation these enthusi-
astic students “marketed” the system in the commercial world.
Version 7 is the common ancestor of virtually all UNIX versions in
existence today. Compared to its predecessor, Version 7 was more
easily transportable, and incorporated a better file system and
additions to the C language.

The next major historical event occurred in 1980 when the
U. S. Department of Defense chartered the University of California
at Berkeley to redesign the UNIX system. Up to this time, the
UNIX system had been a pure timesharing operating system. The
Berkeley group was to transform it into an appropriate vehicle for
research in distributed computing. The result is commonly known
as 4BSD, for Fourth Berkeley Software Distribution (earlier Berke-
ley efforts for the PDP/11 are known as 2BSD). The first
development in this project was called 4. 1BSD: its roots were in
System 32V, a UNIX version that ran on the VAX’ , bur did not
exploit the virtual memory facilities of that machine. 4.1BSD,
which amounted to a major redesign of System 32V, included:

O A greatly expanded process address space;
O Demand-paged virtual memory;
O A faster, more robust file system;

O Generalized interprocess communication, including basic
local network support.

Berkeley also added utility programs such as a full-screen editor, a
generic interface to smart terminals, and an alternate command
interpreter. This second group of facilities, which many UNIX
versions have adopted, is often described as the “Berkeley enhance-
ments,” but it is the first group that constitutes the really
outstanding Berkeley achievement.

In 1982 AT&T offered their first commercial version of the
UNIX system, called System III. System III added a number of new
capabilities, including remote job entry, a Source Code Control
System for managing large evolving software products, and
accounting routines, but maintained the memory management
limitations of its predecessors. System III's successor, System V,
was largely compatible with System III and included a faster file
system, an improved terminal driver, generalized interprocess
communication (quite different from Berkeley's), shared memory,
and semaphores.

Sun adopted the 4.2BSD design as the starting point for its
operating system. While in many ways suitable for a network of
technical workstations, 4.2BSD is still at its heart a minicomputer
timesharing system. Accordingly, after transporting the system to
its own hardware, Sun began a continuing program of adaptation

3. VAX is a rrademark of Digital Equipment Corporation.
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and extension. For example, support for graphics and a win-
dow/mouse interface were added and workstations without local
disks gained the ability to transparently use the network for paging,
file storage, and file sharing. Remnants of the timesharing heritage
remain (for example the process scheduler and virtual memory
manager), but can also be re-implemented to better fit the Sun
workstation environment.

The UNIX system is unquestionably one of the great milestones in
the history of computing. Its strengths are substantial and undeni-
able. It has no faral flaws. Its shortcomings, which are largely
historical artifacts, are disappearing. Indeed, the system has proven
remarkably adaptable; it has incorporated change more gracefully,
than, for example, FORTRAN, with which it is sometimes
compared.

In fact, the comparison with the FORTRAN of the 1950s and
1960s is fairly apt. FORTRAN was the first “programming
environment” that transcended machine and manufacturer bound-
aries. The language itself was well-suited to a large class of
computing problems, and was a great advance over assembly
language. FORTRAN's greater significance, though, was its
replacement of dozens of assembly languages, in other words, its
nearly universal availability. FORTRAN demonstrated the power
of a standard (or largely standard) language for programs and
programmers.

The UNIX system, of course, is not a language but an
operating system. Keeping in mind that it is considerably more
powerful, flexible, and fun to work with than FORTRAN, the
similarities between the two are nevertheless clear. Not without its
faults, the UNIX system is a very good operating system. It is
applicable to a wide spectrum of computing situations. It provides a
largely standard environment for both programs and programmers
that spans a wide range of machines. Finally, the shared pool of
knowledge and software built upon this standard provides tremen-
dous leverage for applying computers to business and technical
problems.

6. The UNIX system does not, however, pretend to be suitable for applications with severe
real-time requirements. At the same time, machines running true real-time operating
systems can productively coexist and cooperate with Sun workstations on a network.
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2.2.1

System Calls

Processes

Privilege

The Kernel

Strictly speaking, the kernel /s the UNIX operating system; the
shell and the utilities are ordinary programs with no special
privileges. The kernel is a virtual machine that hides the character-
istics of the underlying hardware, providing a collection of services
that is independent of any particular computer. These services fall
into four broad functional groups: processes, memory manage-
ment, I/O, and timers. Before describing these services, it is
necessary to see how they are invoked.

The kernel performs some functions autonomously (for example,
allocating CPU cycles and real memory) and others in response to
requests for service from processes. These requests take the form of
system calls. To the programmer, a system call is indistinguish-
able from an ordinary function or procedure call.

System calls are most often made from C programs (the C
language is described later in this report), but they can be made
from programs written in other languages as well. For the benefit of
those readers not familiar with C, examples in this report are
written in a pseudocode that resembles languages in the Pascal
family. All system calls take the form of functions. A function
always returns a value and for system calls, the value -1 indicates
unsuccessful execution. When a call returns -1, an external variable
called errno describes the nature of the problem.

In this report we consider a program to be a machine-interpretable
text of instructions and data; it is analogous to a musical score. We
define a process as one execution of a program, analogous to a
performance. (Some operating systems give the term “task” to this
notion of a unit of execution). Multiple concurrently executing
processes are the norm in a UNIX system, and multiple processes
frequently execute the same program (for example, a compiler or a
shell) simultaneously. Each process, however, runs in its own
address space, protected from all other processes.

The UNIX system provides a number of system calls that, while
necessary for system administration, can be disruptive or damaging
if improperly used. Only privileged processes can execute such
calls. Fundamental control over which processes are privileged and






















































































































































































































































































































