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Major technological breakthroughs, like the transistor, are rare
events. These breakthroughs have far-reaching effects on science,
business, and, at times, society. The UNIX'" operating system is such
a breakthrough.

This breakthrough is reflected in its rapid and continuing academic
spread and acclaim, as well as its exploding commercial usage. The
UNIX operating system presently is used at 1400 universities and
colleges around the world. It is the basis for 70 computer lines covering
the microcomputer to supercomputer spectrum; there are on the order
of 100,000 UNIX systems now in operation, and approximately 100
companies are developing applications based on it. The 1983 Turing
Award was presented to Thompson and Ritchie for their invention.

The importance of the UNIX system to AT&T and AT&T's support
of it continue to grow. In his preface to the UNIX Time-Sharing
System 1 issue of the Journal, T. H. Crowley observed that "the orig­
inal design of the UNIX system was an elegant piece of work done in
the research area, and that design has proven useful in many appli­
cations." In AT&T that observation is even truer now than it was in
1978. The UNIX operating system is the backbone development
environment for AT&T and is now being used on hundreds of projects
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by thousands of programmers. The recently announced AT&T 3B
family of 32-bit computers is based on UNIX System V.

This Computing Science and Systems issue of the Journal demon­
strates two key points. First, the intellectual foundations laid by
Thompson and Ritchie are firm footings for continued innovation and
advances in computer science. Second, even though the UNIX system
is already widely accepted, it is continuously being improved by the
company that invented it.
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This is the second issue of the Technical Journal devoted exclusively
to papers on the family of computer operating systems bearing the
UNIX trademark of AT&T Bell Laboratories. The UNIX operating
system was created in 1969 by K. Thompson and D. M. Ritchie. Its
growth since then, in both the commercial world and the research
community, has been truly remarkable.

In the commercial world there are 100,000 UNIX systems in oper­
ation, and many hundreds of thousands of programmers who have
studied the system's commands and its implementation language C.
In the research community, dozens of books and thousands of papers
have been written about it, and in 1983 Thompson and Ritchie earned
the Turing Award for its invention. Virtually every major university
throughout the world now uses the UNIX system.

UNIX is an evolving system. In the Computing Science Research
Center at AT&T Bell Laboratories, where it was invented, the system
has developed in a series of releases called "editions" or "versions".
The paper by Ritchie in this issue describes the birth of the system in
this research environment. UNIX System V is available to the com­
mercial world from AT&T in a fully supported form.

Not only has the system provided the computing community a
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programming environment of unusual simplicity, power, and elegance,
it also has fostered a distinctive approach to software design: a problem
is attacked by interconnecting a few simple parts, often created by
software tools taken off the shelf. This approach to solving software
problems is eloquently described in this issue in the paper by Pike and
Kernighan.

The remaining papers in this issue of the Technical Journal repre­
sent a small sampling of ongoing system-related research and devel­
opment work at AT&T Bell Laboratories. The papers cover many
topics of current concern to the software community.

I. AN INTELLIGENT TERMINAL

In the first of these remaining papers, Pike describes the software
architecture of a programmable bitmap graphics terminal called the
Blit, which has evolved into the Teletype" Model 5620 terminal. The
terminal and its software were designed specifically to interface with
the UNIX system. The terminal allows programmers to interact with
a machine in a natural, visual way. As an important case in point,
Cargill describes an innovative, mouse-oriented facility for debugging
C programs using the terminal.

II. COMPUTER SECURITY

The next two papers address computer security, a subject of consid­
erable importance. The first paper, by Grampp and Morris, discusses
administrative steps to improve system security. In the second paper
Reeds and Weinberger present some of the analytic measures and
countermeasures that have gone into the development of the encryp­
tion command on the UNIX system.

III. THE C PROGRAMMING LANGUAGE

In the early 1970's Dennis Ritchie devised the programming lan­
guage C to implement the system in a higher-level language. Since
that time, C has become a major programming language in its own
right. Resler discusses the evolution of C and current efforts to
standardize the language. Stroustrup has added SIMULA67-style
classes to C to create a modern language, now known as C++, that
supports abstract data types in a particularly efficient manner.

IV. PORTABILITY

Because the system was written in the machine-independent lan­
guage C, it was possible to port the operating system from one machine
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to another. Before 1977, the system ran only on the PDP-ll * com­
puters. In 1977 experiments demonstrated that the system was indeed
portable. Since that' time, it has been ported to dozens of different
machines ranging from microprocessors to supercomputers. The pa­
pers by Bach and Buroff, by Felton, Miller, and Milner, and by
Bodenstab et al. describe experiences in porting the UNIX system to
several different machines including the Intel 8086, the IBM 370, and
multiprocessor architectures.

V. PERFORMANCE

The performance of the system and the software that runs on it is
of great importance to both users and developers at AT&T Bell
Laboratories. Feder talks about the continuing measures that have
been taken to improve the performance of the system as a whole.
Weinberger presents an effective tool that enables a user to monitor
the performance of programs easily. Linderman talks about steps
taken to improve the performance of an important utility program­
the sort routine. Linderman's paper illustrates the interaction of
theory and practice that has gone into the design and implementation
of many UNIX system programs. Henry discusses improving perform­
ance by changing the scheduler to allocate time more fairly to different
classes of users.

VI. NETWORKING

The last three papers in this issue describe communications be­
tween devices and networks of machines running the UNIX system.
The paper by Fitton et al. discusses the design of a set of software
tools to create portable data communications protocol programs. The
paper by Fritz, Hefner, and Raleigh discusses a software environment
that was implemented on a network of different machines all running
the UNIX system. The final paper by Ritchie describes an elegant
new stream input-output system that facilitates communication be­
tween the UNIX system and terminals and networks.

The papers in this issue are only a sampling of the broad range of
continuing UNIX system work being done at AT&T Bell Laboratories.
The system, C language, and the tools have been greeted with consid­
erable enthusiasm and are used increasingly to solve complex software
problems. The system is stimulating new computer science research
and in turn is benefiting from new advances in computer research.
The UNIX system approach to software design is influencing a new
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generation of programmers and system designers. The people at AT&T
Bell Laboratories are proud to be at the forefront of this advance in·
computing.
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The UNIX System:

The Evolution of the UNIX Time-sharing System

By D. M. RITCHIE*

This paper presents a brief history of the early development of the UNIX"'
operating system. It concentrates on the evolution of the file system, the
process-control mechanism, and the idea of pipelined commands. Some atten­
tion is paid to social conditions during the development of the system. This
paper is reprinted from Lecture Notes on Computer Science, No. 79, Language
Design and Programming Methodology, Springer-Verlag, 1980.

I. INTRODUCTION

During the past few years, the UNIX operating system has come
into wide use, so wide that its very name has become a trademark of
Bell Laboratories. Its important characteristics have become known
to many people. It has suffered much rewriting and tinkering since
the first publication describing it in 1974,1 but few fundamental
changes. However, UNIX was born in 1969 not 1974, and the account
of its development makes a little-known and perhaps instructive story.
This paper presents a technical and social history of the evolution of
the system.

II. ORIGINS

For computer science at Bell Laboratories, the period 1968-1969
was somewhat unsettled. The main reason for this was the slow,
though clearly inevitable, withdrawal of the Labs from the Multics
project. To the Labs computing community as a whole, the problem
was the increasing obviousness of the failure of Multics to deliver
promptly any sort of usable system, let alone the panacea envisioned
earlier. For much of this time, the Murray Hill Computer Center was

* AT&T Bell Laboratories.

1577



also running a costly GE 645 machine that inadequately simulated the
GE 635. Another shake-up that occurred during this period was the
organizational separation of computing services and computing re­
search.

From the point of view of the group that was to be most involved in
the beginnings of UNIX (K. Thompson, Ritchie, M. D. McIlroy, J. F.
Ossanna), the decline and fall of Multics had a directly felt effect. We
were among the last Bell Laboratories holdouts actually working on
Multics, so we still felt some sort of stake in its success. More
important, the convenient interactive computing service that Multics
had promised to the entire community was in fact available to our
limited group, at first under the CTSS system used to develop Multics,
and later under Multics itself. Even though Multics could not then
support many users, it could support us, albeit at exorbitant cost. We
didn't want to lose the pleasant niche we occupied, because no similar
ones were available; even the time-sharing service that would later be
offered under GE's operating system did not exist. What we wanted
to preserve was not just a good environment in which to do program­
ming, but a system around which a fellowship could form. We knew
from experience that the essence of communal computing, as supplied
by remote-access, time-shared machines, is not just to type programs
into a terminal instead of a keypunch, but to encourage close com­
munication.

Thus, during 1969, we began trying to find an alternative to Multics.
The search took several forms. Throughout 1969 we (mainly Ossanna,
Thompson, Ritchie) lobbied intensively for the purchase of a medium­
scale machine for which we promised to write an operating system;
the machines we suggested were the DEC PDP-10 computer and the
SDS (later Xerox) Sigma 7. The effort was frustrating, because our
proposals were never clearly and finally turned down, but yet were
certainly never accepted. Several times it seemed we were very near
success. The final blow to this effort came when we presented an
exquisitely complicated proposal, designed to minimize financial out­
lay, that involved some outright purchase, some third-party lease, and
a plan to turn in a DEC KA-lO processor on the soon-to-be-announced
and more capable KI-lO. The proposal was rejected, and rumor soon
had it that W. O. Baker (then vice-president of Research) had reacted
to it with the comment 'Bell Laboratories just doesn't do business this
way!'

Actually, it is perfectly obvious in retrospect (and should have been
at the time) that we were asking the Labs to spend too much money
on too few people with too vague a plan. Moreover, I am quite sure
that at that time operating systems were not, for our management, an
attractive area in which to support work. They were in the process of
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extricating themselves not only from an operating system development
effort that had failed, but from running the local Computation Center.
Thus it may have seemed that buying a machine such as we suggested
might lead on the one hand to yet another Multics, or on the other, if
we produced something useful, to yet another Comp Center for them
to be responsible for.

Besides the financial agitations that took place in 1969, there was
technical work also. Thompson, R. H. Canaday, and Ritchie developed,
on blackboards and scribbled notes, the basic design of a file system
that was later to become the heart of UNIX. Most of the design was
Thompson's, as was the impulse to think about file systems at all, but
I believe I contributed the idea of device files. Thompson's itch for
creation of an operating system took several forms during this period;
he also wrote (on Multics) a fairly detailed simulation of the perform­
ance of the proposed file system design and of paging behavior of
programs. In addition, he started work on a new operating system for
the GE 645, going as far as writing an assembler for the machine and
a rudimentary operating system kernel whose greatest achievement,
so far as I remember, was to type a greeting message. The complexity
of the machine was such that a mere message was already a fairly
notable accomplishment, but when it became clear that the lifetime of
the 645 at the Labs was measured in months, the work was dropped.

Also during 1969, Thompson developed the game of 'Space Travel.'
First written on Multics, then transliterated into Fortran for GECOS
(the operating system for the GE, later Honeywell, 635), it was nothing
less than a simulation of the movement of the major bodies of the
Solar System, with the player guiding a ship here and there, observing
the scenery, and attempting to land on the various planets and moons.
The GECOS version was unsatisfactory in two important respects:
first, the display of the state of the game was jerky and hard to control
because one had to type commands at it, and second, a game cost
about $75 for CPU time on the big computer. It did not take long,
therefore, for Thompson to find a little-used PDP-7 computer with an
excellent display processor; the whole system was used as a Graphic­
II terminal. He and I rewrote Space Travel to run on this machine.
The undertaking was more ambitious than it might seem; because we
disdained all existing software, we had to write a floating-point arith­
metic package, the pointwise specification of the graphic characters
for the display, and a debugging subsystem that continuously displayed
the contents of typed-in locations in a corner of the screen. All this
was written in assembly language for a cross-assembler that ran under
GECOS and produced paper tapes to be carried to the PDP-7.

Space Travel, though it made a very attractive game, served mainly
as an introduction to the clumsy technology of preparing programs for
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the PDP-7. Soon Thompson began implementing the paper file system
(perhaps 'chalk file system' would be more accurate) that had been
designed earlier. A file system without a way to exercise it is a sterile
proposition, so he proceeded to flesh it out with the other requirements
for a working operating system, in particular the notion of processes.
Then came a small set of user-level utilities: the means to copy, print,
delete, and edit files, and of course a simple command interpreter
(shell). Up to this time all the programs were written using GECOS
and files were transferred to the PDP-7 on paper tape; but once an
assembler was completed the system was able to support itself. Al­
though it was not until well into 1970 that Brian Kernighan suggested
the name 'UNIX,' in a somewhat treacherous pun on 'Multics,' the
operating system we know today was born.

III. THE PDP-7 UNIX FILE SYSTEM

Structurally, the file system of PDP-7 UNIX was nearly identical
to today's. It had

1. An i-list: a linear array of i-nodes each describing a file. An i-node
contained less than it does now, but the essential information was the
same: the protection mode of the file, its type and size, and the list of
physical blocks holding the contents.

2. Directories: a special kind of file containing a sequence of names
and the associated i-number.

3. Special files describing devices. The device specification was not
contained explicitly in the i-node, but was instead encoded in the
number: specific i-numbers corresponded to specific files.

The important file system calls were also present from the start.
Read, write, open, creat (sic), close: with one very important
exception, discussed below, they were similar to what one finds now.
A minor difference was that the unit of 10 was the word, not the byte,
because the PDP-7 was a word-addressed machine. In practice this
meant merely that all programs dealing with character streams ignored
null characters, because null was used to pad a file to an even number
of characters. Another minor, occasionally annoying difference was
the lack of erase and kill processing for terminals. Terminals, in effect,
were always in raw mode. Only a few programs (notably the shell and
the editor) bothered to implement erase-kill processing.

In spite of its considerable similarity to the current file system, the
PDP-7 file system was in one way remarkably different: there were no
path names, and each file-name argument to the system was a simple
name (without 'I') taken relative to the current directory. Links, in
the usual UNIX sense, did exist. Together with an elaborate set of
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conventions, they were the principal means by which the lack of path
names became acceptable.

The link call took the form
link (dir, file, newname)

where dir was a directory file in the current directory, file an existing
entry in that directory, and newname the name of the link, which was
added to the current directory. Because dir needed to be in the current
directory, it is evident that today's prohibition against links to direc­
tories was not enforced; the PDP-7 UNIX file system had the shape
of a general directed graph.

So that every user did not need to maintain a link to all directories
of interest, there existed a directory called dd that contained entries
for the directory of each user. Thus, to make a link to file x in directory
ken, I might do

In dd ken ken
In ken x x
rm ken

This scheme rendered subdirectories sufficiently hard to use as to
make them unused in practice. Another important barrier was that
there was no way to create a directory while the system was running;
all were made during recreation of the file system from paper tape, so
that directories were in effect a nonrenewable resource.

The dd convention made the chdir command relatively conven­
ient. It took multiple arguments, and switched the current directory
to each named directory in turn. Thus

chdir dd ken

would move to directory ken. (Incidentally, chdir was spelled ch;
why this was expanded when we went to the PDP-ll I don't remem­
ber.)

The most serious inconvenience of the implementation of the file
system, aside from the lack of path names, was the difficulty of
changing its configuration; as mentioned, directories and special files
were both made only when the disk was recreated. Installation of a
new device was very painful, because the code for devices was spread
widely throughout the system; for example there were several loops
that visited each device in turn. Not surprisingly, there was no notion
of mounting a removable disk pack, because the machine had only a
single fixed-head disk.

The operating system code that implemented this file system was a
drastically simplified version of the present scheme. One important
simplification followed from the fact that the system was not multi-
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programmed; only one program was in memory at a time, and control
was passed between processes only when an explicit swap took place.
So, for example, there was an iget routine that made a named i-node
available, but it left the i-node in a constant, static location rather
than returning a pointer into a large table of active i-nodes. A precursor
of the current buffering mechanism was present (with about 4 buffers)
but there was essentially no overlap of disk 10 with computation. This
was avoided not merely for simplicity. The disk attached to the PDP­
7 was fast for its time; it transferred one I8-bit word every 2 micro­
seconds. On the other hand, the PDP-7 itself had a memory cycle time
of 1 microsecond, and most instructions took 2 cycles (one for the
instruction itself, one for the operand). However, indirectly addressed
instructions required 3 cycles, and indirection was quite common,
because the machine had no index registers. Finally, the DMA con­
troller was unable to access memory during an instruction. The upshot
was that the disk would incur overrun errors if any indirectly-ad­
dressed instructions were executed while it was transferring. Thus
control could not be returned to the user, nor in fact could general
system code be executed, with the disk running. The interrupt routines
for the clock and terminals, which needed to be runnable at all times,
had to be coded in very strange fashion to avoid indirection.

IV. PROCESS CONTROL

By 'process control,' I mean the mechanisms by which processes are
created and used; today the system calls fork, exec, wait, and exit
implement these mechanisms. Unlike the file system, which existed
in nearly its present form from the earliest days, the process control
scheme underwent considerable mutation after PDP-7 UNIX was
already in use. (The introduction of path names in the PDP-ll system
was certainly a considerable notational advance, but not a change in
fundamental structure.)

Today, the way in which commands are executed by the shell can
be summarized as follows:

1. The shell reads a command line from the terminal.
2. It creates a child process by fork.
3. The child process uses exec to call in the command from a file.
4. Meanwhile, the parent shell uses wait to wait for the child

(command) process to terminate by calling exi t.
5. The parent shell goes back to step 1.
Processes (independently executing entities) existed very early in

PDP-7 UNIX. There were in fact precisely two of them, one for each
of the two terminals attached to the machine. There was no fork,
wait, or exec. There was an exit, but its meaning was rather
different, as will be seen. The main loop of the shell went as follows.
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1. The shell closed all its open files, then opened the terminal special
file for standard input and output (file descriptors 0 and 1).

2. It read a command line from the terminal.
3. It linked to the file specifying the command, opened the file, and

removed the link. Then it copied a small bootstrap program to the top
of memory and jumped to it; this bootstrap program read in the file
over the shell code, then jumped to the first location of the command
(in effect an exec).

4. The command did its work, then terminated by calling exi t. The
ex i t call caused the system to read in a fresh copy of the shell over
the terminated command, then to jump to its start (and thus in effect
to go to step 1).

The most interesting thing about this primitive implementation is
the degree to which it anticipated themes developed more fully later.
True, it could support neither background processes nor shell com­
mand files (let alone pipes and filters); but 10 redirection (via '<' and
I>') was soon there; it is discussed below. The implementation of
redirection was quite straightforward; in step 3 above the shell just
replaced its standard input or output with the appropriate file. Crucial
to subsequent development was the implementation of the shell as a
user-level program stored in a file, rather than a part of the operating
system.

The structure of this process control scheme, with one process per
terminal, is similar to that of many interactive systems, for example
CTSS, Multics, Honeywell TSS, and IBM TSS and TSO. In general
such systems require special mechanisms to implement useful facilities
such as detached computations and command files; UNIX at that
stage didn't bother to supply the special mechanisms. It also exhibited
some irritating, idiosyncratic problems. For example, a newly recreated
shell had to close all its open files both to get rid of any open files left
by the command just executed and to rescind previous 10 redirection.
Then it had to reopen the special file corresponding to its terminal, in
order to read a new command line. There was no /dev directory
(because no path names); moreover, the shell could retain no memory
across commands, because it was reexecuted afresh after each com­
mand. Thus a further file system convention was required: each
directory had to contain an entry tty for a special file that referred
to the terminal of the process that opened it. If by accident one
changed into some directory that lacked this entry, the shell would
loop hopelessly; about the only remedy was to reboot. (Sometimes the
missing link could be made from the other terminal.)

Process control in its modern form was designed and implemented
within a couple of days. It is astonishing how easily it fitted into the
existing system; at the same time it is easy to see how some of the

TIME-SHARING 1583



slightly unusual features of the design are present precisely because
they represented small, easily-coded changes to what existed. A good
example is the separation of the fork and exec functions. The most
common model for the creation of new processes involves specifying a
program for the process to execute; in UNIX, a forked process contin­
ues to run the same program as its parent until it performs an explicit
exec. The separation of the functions is certainly not unique to UNIX,
and in fact it was present in the Berkeley time-sharing system," which
was well-known to Thompson. Still, it seems reasonable to suppose
that it exists in UNIX, mainly because of the ease with which fork
could be implemented without changing much else. The system already
handled multiple (i.e, two) processes; there was a process table, and
the processes were swapped between main memory and the disk. The
initial implementation of fork required only

1. Expansion of the process table
2. Addition of a fork call that copied the current process to the disk

swap area, using the already existing swap 10 primitives, and made
some adjustments to the process table.

In fact, the PDP-7's fork call required precisely 27 lines of assembly
code. Of course, other changes in the operating system and user
programs were required, and some of them were rather interesting and
unexpected. But a combined fork-exec would have been considerably
more complicated, if only because exec as such did not exist; its
function was already performed, using explicit 10, by the shell.

The exit system call, which previously read in a new copy of the
shell (actually a sort of automatic exec but without arguments),
simplified considerably; in the new version a process only had to clean
out its process table entry and give up control.

Curiously, the primitives that became wai t were considerably more
general than the present scheme. A pair of primitives sent one-word
messages between named processes:

smes(pid, message)
(pid, message) = rmes()

The target process of smes did not need to have any ancestral rela­
tionship with the receiver, although the system provided no explicit
mechanism for communicating process IDs except that fork returned
to each of the parent and child the ID of its relative. Messages were
not queued; a sender delayed until the receiver read the message.

The message facility was used as follows: the parent shell, after
creating a process to execute a command, sent a message to the new
process by smes; when the command terminated (assuming it did not
try to read any messages) the shell's blocked smes call returned an
error indication that the target process did not exist. Thus the shell's
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smes became, in effect, the equivalent of wai t.
A different protocol, which took advantage of more of the generality

offered by messages, was used between the initialization program and
the shells for each terminal. The initialization process, whose ID was
understood to be 1, created a shell for each of the terminals, and then
issued rmes; each shell, when it read the end of its input file, used
smes to send a conventional 'I am terminating' message to the initial­
ization process, which recreated a new shell process for that terminal.

I can recall no other use of messages. This explains why the facility
was replaced by the wait call of the present system, which is less
general, but more directly applicable to the desired purpose. Possibly
relevant also is the evident bug in the mechanism: if a command
process attempted to use messages to communicate with other proc­
esses, it would disrupt the shell's synchronization. The shell depended
on sending a message that was never received; if a command executed
rmes, it would receive the shell's phony message, and cause the shell
to read another input line just as if the command had terminated. If
a need for general messages had manifested itself, the bug would have
been repaired.

At any rate, the new process control scheme instantly rendered
some very valuable features trivial to implement; for example, de­
tached processes (with '&') and recursive use of the shell as a com­
mand. Most systems have to supply some sort of special 'batch job
submission' facility and a special command interpreter for files distinct
from the one used interactively.

Although the multiple-process idea slipped in very easily indeed,
there were some aftereffects that weren't anticipated. The most mem­
orable of these became evident soon after the new system came up
and apparently worked. In the midst of our jubilation, it was discovered
that the ehdir (change current directory) command had stopped
working. There was much reading of code and anxious introspection
about how the addition of fork could have broken the ehdir call.
Finally the truth dawned; in the old system ehdir was an ordinary
command; it adjusted the current directory of the (unique) process
attached to the terminal. Under the new system, the ehdir command
correctly changed the current directory of the process created to
execute it, but this process promptly terminated and had no effect
whatsoever on its parent shell! It was necessary to make ehdir a
special command, executed internally within the shell. It turns out
that several command-like functions have the same property, for
example login.

Another mismatch between the system as it had been and the new
process control scheme took longer to become evident. Originally, the
read/write pointer associated with each open file was stored within

TIME-SHARING 1585



the process that opened the file. (This pointer indicates where in the
file the next read or write will take place.) The problem with this
organization became evident only when we tried to use command files.
Suppose a simple command file contains

ls
who

and it is executed as follows:

sh comfi1e > output

The sequence of events was
1. The main shell creates a new process, which opens outf ile to

receive the standard output and executes the shell recursively.
2. The new shell creates another process to execute ls, which

correctly writes on file output and then terminates.
3. Another process is created to execute the next command. How­

ever, the 10 pointer for the output is copied from that of the shell,
and it is still 0, because the shell has never written on its output, and
10 pointers are associated with processes. The effect is that the output
of who overwrites and destroys the output of the preceding ls com­
mand.

Solution of this problem required creation of a new system table to
contain the 10 pointers of open files independently of the process in
which they were opened.

V. 10 REDIRECTION

The very convenient notation for 10 redirection, using the '>' and
'<' characters, was not present from the very beginning of the
PDP-7 UNIX system, but it did appear quite early. Like much else in
UNIX, it was inspired by an idea from Multics. Multics has a rather
general 10 redirection mechanism" embodying named 10 streams that
can be dynamically redirected to various devices, files, and even
through special stream-processing modules. Even in version of Multics
we were familiar with a decade ago, there existed a command that
switched subsequent output normally destined for the terminal to a
file, and another command to reattach output to the terminal. Where
under UNIX one might say

ls > xx

to get a listing of the names of one's files in xx, on Multics the notation
was
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iocall attach user_output file xx
list
iocall attach user_output syn user_i/o

Even though this very clumsy sequence was used often during the
Multics days, and would have been utterly straightforward to integrate
into the Multics shell, the idea did not occur to us or anyone else at
the time. I speculate that the reason it did not was the sheer size of
the Multics project: the implementors of the 10 system were at Bell
Labs in Murray Hill, while the shell was done at MIT. We didn't
consider making changes to the shell (it was their program); corre­
spondingly, the keepers of the shell may not even have known of the
usefulness, albeit clumsiness, of iocall. (The 1969 Multics manual"
lists iocall as an 'author-maintained,' that is non-standard, com­
mand.) Because both the UNIX 10 system and its shell were under
the exclusive control of Thompson, when the right idea finally sur­
faced, it was a matter of an hour or so to implement it.

VI. THE ADVENT OF THE PDP-11

By the beginning of 1970, PDP-7 UNIX was a going concern.
Primitive by today's standards, it was still capable of providing a more
congenial programming environment than its alternatives. Neverthe­
less, it was clear that the PDP-7, a machine we didn't even own, was
already obsolete, and its successors in the same line offered little of
interest. In early 1970 we proposed acquisition of a PDP-ll, which
had just been introduced by Digital. In some sense, this proposal was
merely the latest in the series of attempts that had been made
throughout the preceding year. It differed in two important ways.
First, the amount of money (about $65,000) was an order of magnitude
less than what we had previously asked; second, the charter sought
was not merely to write some (unspecified) operating system, but
instead to create a system specifically designed for editing and for­
matting text, what might today be called a 'word-processing system.'
The impetus for the proposal came mainly from J. F. Ossanna, who
was then and until the end of his life interested in text processing. If
our early proposals were too vague, this one was perhaps too specific;
at first it too met with disfavor. Before long, however, funds were
obtained through the efforts of L. E. McMahon and an order for a
PDP-ll was placed in May.

The processor arrived at the end of the summer, but the PDP-ll
was so new a product that no disk was available until December. In
the meantime, a rudimentary, core-only version of UNIX was written
using a cross-assembler on the PDP-7. Most of the time, the machine
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sat in a corner, enumerating all the closed Knight's tours on a 6 x 8
chess board-a three-month job.

VII. THE FIRST PDP-11 SYSTEM
Once the disk arrived, the system was quickly completed. In internal

structure, the first version of UNIX for the PDP-ll represented a
relatively minor advance over the PDP-7 system; writing it was largely
a matter of transliteration. For example, there was no multiprogram­
ming; only one user program was present in core at any moment. On
the other hand, there were important changes in the interface to the
user: the present directory structure, with full path names, was in
place, along with the modern form of exec and wa i t, and conveniences
like character-erase and line-kill processing for terminals. Perhaps the
most interesting thing about the enterprise was its small size: there
were 24K bytes of core memory (16K for the system, 8K for user
programs), and a disk with 1K blocks (512K bytes). Files were limited
to 64K bytes.

At the time of the placement of the order for the PDP-ll, it had
seemed natural, or perhaps expedient, to promise a system dedicated
to word processing. During the protracted arrival of the hardware, the
increasing usefulness of PDP-7 UNIX made it appropriate to justify
creating PDP-ll UNIX as a development tool, to be used in writing
the more special-purpose system. By the spring of 1971, it was gener­
ally agreed that no one had the slightest interest in scrapping UNIX.
Therefore, we transliterated the roff text formatter into PDP-ll
assembler language, starting from the PDP-7 version that had been
transliterated from McIlroy's BCPL version on Multics, which had in
turn been inspired by J. Saltzer's runoff program on CTSS. In early
summer, editor and formatter in hand, we felt prepared to fulfill our
charter by offering to supply a text-processing service to our Patent
department for preparing patent applications. At the time, they were
evaluating a commercial system for this purpose; the main advantages
we offered (besides the dubious one of taking part in an in-house
experiment) were two in number: first, we supported Teletype's model
37 terminals, which, with an extended type-box, could print most of
the math symbols they required; second, we quickly endowed roff
with the ability to produce line-numbered pages, which the Patent
department required and which the other system could not handle.

During the last half of 1971, we supported three typists from the
Patent department, who spent the day busily typing, editing, and
formatting patent applications, and meanwhile tried to carryon our
own work. UNIX has a reputation for supplying interesting services
on modest hardware, and this period may mark a high point in the
benefit/equipment ratio; on a machine with no memory protection
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and a single O.5-MB disk, every test of a new program required care
and boldness, because it could easily crash the system, and every few
hours' work by the typists meant pushing out more information onto
DECtape, because of the very small disk.

The experiment was trying but successful. Not only did the Patent
department adopt UNIX, and thus become the first of many groups
at the Laboratories to ratify our work, but we achieved sufficient
credibility to convince our own management to acquire one of the first
PDP 11/45 systems made. We have accumulated much hardware since
then, and labored continuously on the software, but because most of
the interesting work has already been published (e.g., on the system
itself1•5•6 and the text processing applications'v-"), it seems unnecessary
to repeat it here.

VIII. PIPES

One of the most widely admired contributions of UNIX to the
culture of operating systems and command languages is the pipe, as
used in a pipeline of commands. Of course, the fundamental idea was
by no means new; the pipeline is merely a specific form of coroutine.
Even the implementation was not unprecedented, although we didn't
know it at the time; the 'communication files' of the Dartmouth Time­
Sharing System" did very nearly what UNIX pipes do, though they
seem not to have been exploited so fully.

Pipes appeared in UNIX in 1972, well after the PDP-ll version of
the system was in operation, at the suggestion (or perhaps insistence)
ofM. D. McIlroy, a long-time advocate of the non-hierarchical control
flow that characterizes coroutines. Some years before pipes were
implemented, he suggested that commands should be thought of as
binary operators, whose left and right operand specified the input and
output files. Thus a 'copy' utility would be commanded by

inputfile copy outputfile

To make a pipeline, command operators could be stacked up. Thus, to
sort input, paginate it neatly, and print the result off-line, one
would write

input sort paginate offprint

In today's system, this would correspond to

sort input I pr I opr

The idea, explained one afternoon on a blackboard, intrigued us but
failed to ignite any immediate action. There were several objections
to the idea as put: the infix notation seemed too radical (we were too
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accustomed to typing 'cp x y' to copy x to y); and we were unable to
see how to distinguish command parameters from the input or output
files. Also, the one-input one-output model of command execution
seemed too confining. What a failure of imagination!

Some time later, thanks to McIlroy's persistence, pipes were finally
installed in the operating system (a relatively simple job), and a new
notation was introduced. It used the same characters as for 10 redi­
rection. For example, the pipeline above might have been written

sort input >pr>opr>

The idea is that following a '>' may be either a file, to specify
redirection of output to that file, or a command into which the output
of the preceding command is directed as input. The trailing '>' was
needed in the example to specify that the (nonexistent) output of opr
should be directed to the console; otherwise the command opr would
not have been executed at all; instead a file opr would have been
created.

The new facility was enthusiastically received, and the term 'filter'
was soon coined. Many commands were changed to make them usable
in pipelines. For example, no one had imagined that anyone would
want the sort or pr utility to sort or print its standard input if given
no explicit arguments.

Soon some problems with the notation became evident. Most an­
noying was a silly lexical problem: the string after '>' was delimited
by blanks, so, to give a parameter to pr in the example, one had to
quote:

sort input >"pr -2">opr>

Second, in attempt to give generality, the pipe notation accepted '<!
as an input redirection in a way corresponding to '>'; this meant that
the notation was not unique. One could also write, for example,

opr<pr<"sort x input"<

or even

pr <"sort x input"<>opr>

The pipe notation using '<! and '>' survived only a couple of months;
it was replaced by the present one that uses a unique operator to
separate components of a pipeline. Although the old notation had a
certain charm and inner consistency, the new one is certainly superior.
Of course, it too has limitations. It is unabashedly linear, though there
are situations in which multiple redirected inputs and outputs are
called for. For example, what is the best way to compare the outputs
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of two programs? What is the appropriate notation for invoking a
program with two parallel output streams?

I mentioned above in the section on 10 redirection that Multics
provided a mechanism by which 10 streams could be directed through
processing modules on the way to (or from) the device or file serving
as source or sink. Thus it might seem that stream-splicing in Multics
was the direct precursor of UNIX pipes, as Multics 10 redirection
certainly was for its UNIX version. In fact I do not think this is true,
or is true only in a weak sense. Not only were coroutines well-known
already, but their embodiment as Multics spliceable 10 modules re­
quired that the modules be specially coded in such a way that they
could be used for no other purpose. The genius of the UNIX pipeline
is precisely that it is constructed from the very same commands used
constantly in simplex fashion. The mental leap needed to see this
possibility and to invent the notation is large indeed.

IX. HIGH-LEVEL LANGUAGES

Every program for the original PDP-7 UNIX was written in assem­
bly language, and bare assembly language it was-for example, there
were no macros. Morever, there was no loader or link-editor, so every
program had to be complete in itself. The first interesting language to
appear was a version of McClure's TMGll that was implemented by
McIlroy. Soon after TMG became available, Thompson decided that
we could not pretend to offer a real computing service without Fortran,
so he sat down to write a Fortran in TMG. As I recall, the intent to
handle Fortran lasted about a week. What he produced instead was a
definition of and a compiler for the new language B.12 B was much
influenced by the BCPL language;" other influences were Thompson's
taste for spartan syntax, and the very small space into which the
compiler had to fit. The compiler produced simple interpretive code;
although it and the programs it produced were rather slow, it made
life much more pleasant. Once interfaces to the regular system calls
were made available, we began once again to enjoy the benefits of
using a reasonable language to write what are usually called 'systems
programs': compilers, assemblers, and the like. (Although some might
consider the PL/I we used under Multics unreasonable, it was much
better than assembly language.) Among other programs, the PDP-7 B
.cross-compiler for the PDP-ll was written in B, and in the course of
time, the B compiler for the PDP-7 itself was transliterated from
TMG into B.

When the PDP-ll arrived, B was moved to it almost immediately.
In fact, a version of the multi-precision 'desk calculator' program de
was one of the earliest programs to run on the PDP-ll, well before
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the disk arrived. However, B did not take over instantly. Only passing
thought was given to rewriting the operating system in B rather than
assembler, and the same was true of most of the utilities. Even the
assembler was rewritten in assembler. This approach was taken mainly
because of the slowness of the interpretive code. Of smaller but still
real importance was the mismatch of the word-oriented B language
with the byte-addressed PDP-l1.

Thus, in 1971, work began on what was to become the C language."
The story of the language developments from BCPL through B to C
is told elsewhere.l" and need not be repeated here. Perhaps the most
important watershed occurred during 1973,when the operating system
kernel was rewritten in C. It was at this point that the system assumed
its modern form; the most far-reaching change was the introduction
of multi-programming. There were few externally-visible changes, but
the internal structure of the system became much more rational and
general. The success of this effort convinced us that C was useful as a
nearly universal tool for systems programming, instead of just a toy
for simple applications.

Today, the only important UNIX program still written in assembler
is the assembler itself; virtually all the utility programs are in C, and
so are most of the applications programs, although there are sites with
many in Fortran, Pascal, and Algol 68 as well. It seems certain that
much of the success of UNIX follows from the readability, modifiabil­
ity, and portability of its software that in turn follows from its
expression in high-level languages.

X. CONCLUSION

One of the comforting things about old memories is their tendency
to take on a rosy glow. The programming environment provided by
the early versions of UNIX seems, when described here, to be ex­
tremely harsh and primitive. I am sure that if forced back to the PDP­
7 I would find it intolerably limiting and lacking in conveniences.
Nevertheless, it did not seem so at the time; the memory fixes on what
was good and what lasted, and on the joy of helping to create the
improvements that made life better. In ten years, I hope we can look
back with the same mixed impression of progress combined with
continuity.
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Much of the power of the UNIX'" operating system comes from a style of
program design that makes programs easy to use and, more importantly, easy
to combine with other programs. This style is distinguished by the use of
software tools, and depends more on how the programs fit into the program­
ming environment-how they can be used with other programs-than on how
they are designed internally. But as the system has become commercially
successful and has spread widely, this style has often been compromised, to
the detriment of all users. Old programs have become encrusted with dubious
features. Newer programs are not always written with attention to proper
separation of function and design for interconnection. This paper discusses
the elements of program design, showing by example good and bad design,
and indicates some possible trends for the future.

I. INTRODUCTION

The UNIX operating system has become a great commercial success,
and is likely to be the standard operating system for microcomputers
and some mainframes in the coming years.

There are good reasons for this popularity. One is portability: the
operating system kernel and the applications programs are written in
the programming language C, and thus can be moved from one type

* AT&T Bell Laboratories.
Copyright © 1984 AT&T. Photo reproduction for noncommercial use is permitted with­
out payment of royalty provided that each reproduction is done without alteration and
that the Journal reference and copyright notice are included on the first page. The title
and abstract, but no other portions, of this paper may be copied or distributed royalty
free by computer-based and other information-service systems without further permis­
sion. Permission to reproduce or republish any other portion of this paper must be
obtained from the Editor.
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of computer to another with much less effort than would be involved
in recreating them in the assembly language of each machine. Essen­
tially, the same operating system therefore runs on a wide variety of
computers, and users need not learn a new system when new hardware
comes along. Perhaps more important, vendors who sell the UNIX
system need not provide new software for each new machine; instead,
their software can be compiled and run without change on any hard­
ware, which makes the system commercially attractive. There is also
an element of zealotry: users of the system tend to be enthusiastic and
to expect it wherever they go; the students who used the UNIX system
in universities a few years ago are now in the job market and often
demand it as a condition of employment.

But the UNIX system was popular long before it was even portable,
let alone a commercial success. The reasons for that are more inter­
esting.

Except for the initial PDP-7* version, the UNIX system was written
for the PDP-ll* computer, which was deservedly very popular. The
PDP-ll computers were powerful enough to do real computing, but
small enough to be affordable by small organizations such as academic
departments in universities.

The early UNIX system was smaller but more effective, and tech­
nically more interesting, than competing systems on the same hard­
ware. It provided a number of innovative applications of computer
science, showing the benefits to be obtained by a judicious blend of
theory and practice. Examples include the yacc parser-generator, the
di f f file comparison program, and the pervasive use of regular expres­
sions to describe string patterns. These led in turn to new program­
ming languages and interesting software for applications like program
development, document preparation, and circuit design.

Since the system was modest in size, and since essentially everything
was written in C, the software was easy to modify, to customize for
particular applications, or merely to support a view of the world
different from the original. (This ease of change is also a weakness, of
course, as evidenced by the plethora of different versions of the
system.)

Finally, the UNIX system provided a new style of computing, a new
way of thinking of how to attack a problem with a computer. This
style was based on the use of tools: using programs separately or in
combination to get a job done, rather than doing it by hand, by
monolithic self-sufficient subsystems, or by special-purpose, one-time
programs. This has been much discussed in the literature, so we don't
need to repeat it here; see Ref. 1, for example.

* Trademark of Digital Equipment Corporation.
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from the standard input. The output is the standard output. The
manual suggested two uses, the general file copy:

cat file 1 f ile2 >f ile3

and printing a file on the terminal:

cat file

The general case is certainly what was intended in the design of the
program. Output redirection (provided by the> operator, implemented
by the UNIX shell) makes ca t a fine general-purpose file concatenator
and a valuable adjunct for other programs, which can use cat to
process filenames, as in:

cat file file2 ... Iother-program

The fact that cat will also print on the terminal is a special case.
Perhaps surprisingly, in practice it turns out that the special case is
the main use of the program.*

The design of cat is typical of most UNIX programs: it implements
one simple but general function that can be used in many different
applications (including many not envisioned by the original author).
Other commands are used for other functions. For example, there are
separate commands for file system tasks like renaming files, deleting
them, or telling how big they are. Other systems instead lump these
into a single "file system" command with an internal structure and
command language of its own. (The PIP file copy program found on
CP/Mt or RSX-ll* operating systems is an example.) That approach
is not necessarily worse or better, but it is certainly against the UNIX
philosophy. Unfortunately, such programs are not completely alien to
the UNIX system-some mail-reading programs and text editors, for
example, are large self-contained "subsystems" that provide their own
complete environments and mesh poorly with the rest of the system.
Most such subsystems, however, are usually imported from or inspired
by programs on other operating systems with markedly different
programming environments.

III. CAT-v

There are some significant advantages to the traditional UNIX
system approach. The most important is that the surrounding envi-

* The use of cat to feed a single input file to a program has to some degree
superseded the shell's < operator, which illustrates that general-purpose constructs­
like cat and pipes-are often more natural than convenient special-purpose ones.

t Trademark ofDigital Research Inc.
*Trademark ofDigital Equipment Corporation.
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ronment-the shell and the programs it can invoke-provides a uni­
form access to system facilities. File name argument patterns are
expanded by the shell for all programs, without prearrangement in
each command. The same is true of input and output redirection.
Pipes are a natural outgrowth of redirection. Rather than decorate
each command with options for all relevant pre- and post-processing,
each program expects as input, and produces as output, concise and
header-free textual data that connect well with other programs to do
the rest of the task at hand. It takes some programming discipline to
build a program that works well in this environment-primarily, to
avoid the temptation to add features that conflict with or duplicate
services provided by other commands-but it's well worthwhile.

Growth is easy when the functions are well separated. For example,
the 7th edition shell was augmented with a backquote operator that
converts the output of one program into the arguments to another, as
III

cat cat f ilelist

No changes were made in any other program when this operator was
invented; because the backquote is interpreted by the shell, all pro­
grams called by the shell acquire the feature transparently and uni­
formly. If special characters like backquotes were instead interpreted,
even by calling a standard subroutine, by each program that found the
feature appropriate, every program would require at least recompila­
tion whenever someone had a new idea. Not only would uniformity be
hard to enforce, but experimentation would be harder because of the
effort of installing any changes.

The UNIX 7th edition system introduced two changes in cat. First,
files that could not be read, either because of denied permissions or
simple nonexistence, were reported rather than ignored. Second, and
less desirable, was the addition of a single optional argument -u, which
forced cat to unbuffer its output (the reasons for this option, which
has disappeared again in the 8th edition of the system, are technical
and irrelevant here.)

But the existence of one argument was enough to suggest more, and
other versions of the system soon embellished cat with features. This
list comes from cat on the Berkeley distribution of the UNIX system:

-s Strip multiple blank lines to a single instance.
-n Number the output lines.
-b Number only the nonblank lines.
-v Make nonprinting characters visible.
-ve Mark ends of lines.
-vt Change representation of tab.
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In System V, there are similar options and even a clash of naming:
-s instructs cat to be silent about nonexistent files. But none of these
options is an appropriate addition to cat; the reasons get to the heart
of how UNIX programs are designed and why they work well together.

It's easy to dispose of (Berkeley) -s, -n, and -b: all of these jobs are
readily done with existing tools like sed and awk. For example, to
number lines, this awk invocation suffices:

awk ' I print NR "\ t" $0 I' filenames

If line numbering is needed often, this command can be packaged
under a name like 1 inenumber and put in a convenient public place.
Another possibility is to modify the pr command, whose job is to
format text such as program source for output on a line printer.
Numbering lines is an appropriate feature in pr; in fact UNIX System
V pr has a -n option to do so. There never was a need to modify cat;
these options are gratuitous tinkering.

But what about -v? That prints nonprinting characters in a visible
representation. Making strange characters visible is a genuinely new
function for which no existing program is suitable. ("sed -n 1", the
closest standard possibility, aborts when given very long input lines,
which are more likely to occur in files containing nonprinting char­
acters.) So isn't it appropriate to add the -v option to cat to make
strange characters visible when a file is printed?

The answer is "No". Such a modification confuses what cat' s job
is-concatenating files-with what it happens to do in a common
special case, showing a file on the terminal. A UNIX program should
do one thing well, and leave unrelated tasks to other programs. Cat' s
job is to collect the data in files. Programs that collect data shouldn't
change the data; cat therefore shouldn't transform its input.

The preferred approach in this case is a separate program that deals
with nonprintable characters. We called ours vis (a suggestive, pro­
nounceable, non-English name) because its job is to make things
visible. As usual, the default is to do what most users will want-make
strange characters visible-and as necessary include options for vari­
ations on that theme. By making vis a separate program, related
useful functions are easy to provide. For example, the option -s strips
out (i.e., discards) strange characters, which is handy for dealing with
files from other operating systems. Other options control the treatment
and format of characters like tabs and backspaces that mayor may
not be considered strange in different situations. Such options make
sense in vis because its focus is entirely on the treatment of such
characters. In cat, they require an entire sublanguage within the -v
option, and thus get even further away from the fundamental purpose
of that program. Also, providing the function in a separate program

1600 TECHNICAL JOURNAL, OCTOBER 1984



makes convenient options such as -s easier to invent, because it
isolates the problem as well as the solution.

One possible objection to separate programs for each task is effi­
ciency. For example, if we want numbered lines and visible characters,
it is probably more efficient to run the one command

cat -n -v file

than the two-element pipeline

linenumber file I vis

In practice, however, cat is usually used with no options, so it makes
sense to have the common cases be the efficient ones. The current
research version of the cat command is actually about five times
faster than the Berkeley and System V versions because it can process
data in large blocks instead of the byte-at-a-time processing that might
be required if an option is enabled. Also, and this is perhaps more
important, it is hard to imagine any of these examples being the
bottleneck of a production program. Most of the real time is probably
taken waiting for the user's terminal to display the characters, or even
for the user to read them.

Separate programs are not always better than wider options; which
is better depends on the problem. Whenever one needs a way to
perform a new function, one faces the choice of whether to add a new
option or write a new program (assuming that none of the program­
mable tools will do the job conveniently). The guiding principle for
making the choice should be that each program does one thing. Options
are appropriately added to a program that already has the right
functionality. If there is no such program, then a new program is
called for. In that case, the usual criteria for program design should
be used: the program should be as general as possible, its default
behavior should match the most common usage, and it should coop­
erate with other programs.

IV. FAST TERMINAL LINES

Let's look at these issues in the context of another problem, dealing
with fast terminal lines. The first versions of the UNIX system were
written in the days when 150 baud was "fast" and all terminals used
paper. Today, 9600 baud is typical, and hard-copy terminals are rare.
How should we deal with the fact that output from programs like cat
scrolls off the top of the screen faster than one can read it?

There are two obvious approaches. One is to tell each program about
the properties of terminals, so it does the right thing (whether by
option or automatically). The other is to write a command that handles
terminals, and leave most programs untouched.
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An example of the first approach is Berkeley's version of the Is
command, which lists the file names in a directory. Let us call it Ise
to avoid confusion. The 7th edition 1 s command lists file names in a
single column, so for a large directory, the list of file names disappears
off the top of the screen at great speed. The 1s c command prints in
columns across the screen (which is assumed to be 80 columns wide),
so there are typically four to eight times as many names on each line,
and thus the output usually fits on one screen. The option -1 can be
used to get the old single-column behavior.

Surprisingly, Ls c operates differently if its output is a file or pipe:

Ise

produces output different from

Ls c I cat

The reason is that 1s c begins by examining whether its output is a
terminal, and prints in columns only if it is. By retaining single­
column output to files or pipes, Ise ensures compatibility with pro­
grams like grep or we, which expect things to be printed one per line.
This ad hoc adjustment of the output format depending on the desti­
nation is not only distasteful, it is unique-no standard system com­
mand has this property.

A more insidious problem with Ise is that the columnation facility,
which is actually a useful, general function, is built in and thus
inaccessible to other programs that could use a similar compression.
Programs should not attempt special solutions to general problems.
The automatic columnation in Ise is reminiscent of the "wild cards"
found in some systems that provide file name pattern matching only
for a particular program. The experience with centralized processing
of wild cards in the system shell shows overwhelmingly how important
it is to centralize the function where it can be used by all programs.

One solution for the 15 problem is obvious-a separate program for
columnation, so that columnation into, say, five columns is just

Is 15
It is easy to build a first-draft version with the multicolumn option of
pr. The commands 2, 3, etc., are all links to a single file:

pr -$0 -t -11 $*

$0 is the program name (2, 3, etc.), so -$0 becomes -n, where n is
the number of columns that pr is to produce. The other options
suppress the normal heading, set the page length to one line, and pass
the arguments on to pr. This implementation is typical of the use of
tools-it takes only a moment to write, and it serves perfectly well for
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most applications. If a more general service is desired, such as auto­
matically selecting the number of columns for optimal compaction, a
Cprogram is probably required, but the one-line implementation above
satisfies the immediate need and provides a base for experimentation
with the design of a fancier program, should one become necessary.

Similar reasoning suggests a solution for the general problem of
data flowing off screens (columnated or not): a separate program to
take any input and print it a screen at a time. Such programs are by
now widely available, under names like pg and more. This solution
affects no other programs, but can be used with all of them. As usual,
once the basic feature is right, the program can be enhanced with
options for specifying screen size, backing up, searching for patterns,
and anything else that proves useful within that basic job.

There is still a problem, of course. If the user forgets to pipe output
into pg, the output that goes off the top of the screen is gone. It would
be desirable if the facilities of pg were always present without having
to be requested explicitly.

There are related useful functions that are typically only available
as part of a particular program, not in a central service. One example
is the history mechanism provided by some versions of the UNIX
shell: commands are remembered, so it's possible to review and repeat
them, perhaps with editing. But why should this facility be restricted
to the shell? (It's not even general enough to pass input to programs
called by the shell; it applies to shell commands only.) Certainly other
programs could profit as well; any interactive program could benefit
from the ability to re-execute commands. More subtly, why should the
facility be restricted to program input? Pipes have shown that the
output from one program is often useful as input to another. With a
little editing, the output of commands such as Is or make can be
turned into commands or data for other programs.

Another facility that could be usefully centralized is typified by the
editor escape in some mail commands. It is possible to pick up part of
a mail message, edit it, and then include it in a reply. But this is all
done by special facilities within the mail command and so its use is
restricted.

Each such service is provided by a different program, which usually
has its own syntax and semantics. This is in contrast to features such
as pagination, which is always the same because it is only done by one
program. The editing of input and output text is more environmental
than functional; it is more like the shell's expansion of file name
metacharacters than automatic numbering of lines of text. But since
the shell does not see the characters sent as input to the programs, it
cannot provide such editing. The emacs editor provides a limited form
of this capability, by processing all system command input and output,
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but this is expensive, clumsy, and subjects the users to the complexities
and vagaries of yet another massive subsystem (which isn't to criticize
the inventiveness of the idea).

A potentially simpler solution is to let the terminal or terminal
interface do the work, with controlled scrolling, editing and retrans­
mission of visible text, and review of what has gone before. We have
used the programmability of the Blit terminal"-a programmable
bitmap graphics display-to capitalize on this possibility, to good
effect.

The Blit uses a mouse to point to characters on the display, which
can be edited, rearranged, and transmitted back to the UNIX system
as though they had been typed on the keyboard. Because the terminal
is essentially simulating typed input, the programs are oblivious to
how the text was created; all the features discussed above are provided
by the general editing capabilities of the terminal, with no changes to
the UNIX programs.

There are some obvious direct advantages to the Blit's ability to
process text under the user's control. Shell history is trivial: commands
can be selected with the mouse, edited if desired, and retransmitted.
Since from the terminal's viewpoint all text on the display is equiva­
lent, history is limited neither to the shell nor to command input.
Because the Blit provides editing, most of the interactive features of
programs like mail are unnecessary; they are done easily, transpar­
ently, and uniformly by the terminal.

The most interesting facet of this work, however, is the way it
removes the need for interactive features in programs; instead, the
Blit is the place where interaction is provided, much as the shell is the
program that interprets file name matching metacharacters. Unfor­
tunately, of course, programming the terminal demands access to a
part of the environment that is off limits to most programmers, but
the solution meshes well with the environment and is appealing in its
simplicity. If the terminal cannot be modified to provide the capabil­
ities, a user-level program or perhaps the UNIX system kernel itself
could be modified fairly easily to do roughly what the Blit does, with
similar results.

v. CONCLUSIONS

The key to problem solving on the UNIX system is to identify the
right primitive operations and to put them at the right place. UNIX
programs tend to solve general problems rather than special cases. In
a very loose sense, the programs are orthogonal, spanning the space
of jobs to be done (although with a fair amount of overlap for reasons
of history, convenience, or efficiency). Functions are placed where
they will do the most good: there shouldn't be a pager in every program
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that produces output any more than there should be file name pattern
matching in very program that uses file names.

One thing that the UNIX system does not need is more features. It
is successful in part because it has a small number of good ideas that
work well together. Merely adding features does not make it easier for
users to do things-it just makes the manual thicker. The right
solution in the right place is always more effective than haphazard
hacking.
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The Blit is a programmable bitmap graphics terminal designed specifically
to run with the UNIXT

" operating system. The software in the terminal
providesan asynchronous multiwindow environment, and thereby exploits the
multiprogramming capabilities of the UNIX system, which have been largely
under-utilizedbecause of the restrictions of conventional terminals. This paper
discusses the design motivation of the Blit, gives an overview of the user
interface,mentions some of the novel uses of multiprogramming made possible
by the Blit, and describes the implementation of the multiplexing facilities on
the host and in the terminal. Because most of the functionality is provided by
the terminal, the discussion focuseson the structure of the terminal's software.

I. INTRODUCTION

The Blitt is a graphics terminal characterized more by the software
it runs than by the hardware itself. The hardware is simple and
inexpensive (see Fig. 1): 256K bytes of memory dual-ported between
an 800-by-1024-by-1-bit display and a Motorola MC68000 micro­
processor, with 24K of ROM, an RS-232 interface, a mouse, and a
keyboard. Unlike many graphics terminals, it has no special-purpose
graphics hardware; instead, the microprocessor executes all graphical

* AT&T Bell Laboratories.
t The name comes from the second syllable of the bi tbl t graphics operator.P It

is not an acronym.
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TO
UNIX SYSTEM

Fig. I-Hardware overview.

operations in software. The reasons for, and consequences of, this
design are discussed elsewhere.'

The microprocessor can be loaded from the host with custom appli­
cations software, but the terminal is rarely used this way. Instead, a
small multiprocess operating system is loaded into the terminal, and
the processes under that operating system are then loaded. The
operating system is structured around asynchronous overlapping win­
dows, called layers." Layers extend the idea of a bitmap and the b i tb1t
operator'< to overlapping areas of the display, so a program may draw
in its portion of the screen independently of other programs sharing
the display. The Blit screen is therefore much like a set of truly
independent, asynchronously updated terminals. This structure nicely
complements the multiprogramming capabilities of the UNIX system
and has led to some new insights about multiprogramming environ­
ments.

Programs in the terminal have access to an extensive bitmap graph­
ics library, which is implemented using the layerop primitive," and
is distinct in its use of abstract data types for geometrical objects and
its lack of device independence-the library is closely coupled to the
terminal and its programming environment.' The programs that have
been written for the Blit include a popular text editor with a paucity
of commands, a debugger that can be used effectively without reading
any documentation, a surfeit of 24-by-80-character terminal emula­
tors, and not nearly enough games. But this paper is not about the
programs in the terminal so much as their environment and interre­
lationships. Reference 3 discusses how to update overlapping windows
asynchronously; this paper discusses what to do with them.

The discussion is in three main sections: an overview of the history
and motivation behind the terminal, a brief description of the user
interface, and some details of the implementation. The reader is
assumed to have some familiarity with the UNIX operating system,
although the details relevant to the Blit will be discussed.

II. HISTORY AND MOTIVATION

The original idea behind the development of the Blit hardware was
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to provide a graphics machine with about the power of the Xerox
Alto,' but using 1981 technology (large address space microprocessors,
64K RAMs, and programmed array logic) to keep size, complexity,
and, particularly, cost much lower. Too many graphics work stations
are so expensive that several people must share one, sometimes using
sign-up lists.

Because we refuse to have rotating machinery in our offices, we
wanted to build the Blit around a network interface rather than a disc.
But after several lengthy discussions we decided that network hard­
ware and software were not yet inexpensive, available, or reliable
enough to be the center of a work station (the situation now is hardly
better). Rather than compromise our principles, and to keep costs low,
we therefore chose to make the Blit a regular terminal with an RS­
232 Electronic Industries Association (EIA) port to a time-shared
host. Only one integrated circuit is needed to connect the micropro­
cessor to the EIA line, so the electronics fits on a single board, which
minimizes cost, size, and packaging complexity-the board mounts
inside the monitor cabinet. This decision to use RS-232 limited the
high end of the capabilities of the Blit, but it expanded the low end
enormously. Blits can be used anywhere 24-by-80 ASCII terminals are
used, including each office in our research center.

But perhaps most important (at least to us), Blits are inexpensive,
portable, and so easy to communicate with that we can take them
home. Researchers in our group have 1200-baud dial-up terminals at
home. For the home computing environment to be effective, it must
be as similar to the office environment as possible; although 1200 baud
is slow (our terminals at work run at 19,200 baud), a Blit at 1200 baud
is much better than a regular terminal at 1200 baud. Also, the local
processing power of the terminal can make up for some of the reduced
bandwidth. So although a high-speed network would be desirable,
much of the Blit's success can be attributed to the use of RS-232.

We initially intended to use the Blit to explore interactive graphical
environments along the lines of Smalltalk, but soon decided that we
had neither the energy nor the inclination to build a complete pro­
gramming environment. The UNIX system has a comfortable set of
tools for program development and general programming that would
require great effort to reproduce, but that we wanted to use when
developing and using the Blit. Also, the UNIX system is the framework
of all computing done in our group and is not likely to be supplanted
easily by something new, no matter how attractive. We therefore
began thinking about using the Blit to improve the programming
environment, rather than replace or even merely add to it.

One of the distinguishing characteristics of the UNIX system is
multiprogramming, the ability to run several programs at once. The
best known use of multiprogramming is the pipe, an I/O connection
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between two processes that sends the output from one process to the
input of another. The UNIX command interpreter, called the shell,
has a simple syntax for pipes:

who Ilpr

which sends the output of who to the Lp r command, which spools
output for the line printer.

Programs in a pipeline are related by their interconnection, but the
UNIX system also allows unrelated processes to execute simultane­
ously. The shell postfix operator s runs a command in the background,
that is, without waiting for it to finish. For example,

cc prog.c &

runs the C compiler on the file prog. c and immediately returns to
the user; normally, the shell would wait for cc to complete before
reading the next command from the terminal. Background processes
have their input disconnected from the terminal, but messages printed
on the terminal will appear there, asynchronously with other input
and output on the same terminal. This can be annoying if a process
using the terminal interactively is maintaining a full-screen image,
because output from background processes will modify the screen
image without the foreground process's knowledge. For example, error
messages from a background cc will interfere with a screen editor.

The problem exists because several processes are using a single
terminal for their I/O. If the terminal were multiplexed between the
processes, their input and output could be kept separate. The "job
control" software" developed by Jim Kulp at International Institute
for Applied Systems Analysis in Vienna and Bill Joy at the University
of California at Berkeley allows the user to pass the terminal between
processes on the same terminal, essentially by flipping processes from
the background to the foreground at the user's signal. But the state of
the terminal is not maintained correctly when the user flips between
processes-the screen contents and terminal modes are not restored
to those of the new foreground process. The problem is resolved by
interfacing the editors to the job control mechanism so they can
preserve the screen's appearance; but that is far from transparent to
the programs.

To provide a better terminal for use by the UNIX system, we began
thinking about programming the Blit so each process or related set of
processes has a reserved portion of the screen, called a window. That
way, compiler error messages appear in the window where the compiler
is running, and editing can continue undisturbed in another window.
If the terminal maintains the state for the various processes and
provides an appropriate user interface for creating and switching
between windows, the UNIX system need not have job control or
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maintain the state of the screen for the various processes. Instead, the
UNIX system can treat the windows like individual terminals.

Most window systems permit the user to focus attention on one
window at a time, with the other windows maintained statically.
Windows on the multiprogrammed UNIX system, however, must be
updated asynchronously. That is, characters written to a window by a
process must appear immediately, regardless of whether the user's
keyboard is currently connected to that window. Otherwise, compiler
errors would not appear until the user asked for them, which would
cancel some of the advantages of multiprogramming. Also, as will
develop later, the possibility of conveniently controlling asynchronous
processes leads to some innovative computing techniques.

While the Blit hardware was being designed, we experimented with
asynchronous windows on a Blit predecessor built by Dave Ditzel.
Following the pattern set by "intelligent terminals," we programmed
the terminal to interpret escape sequences to create, delete, and switch
the host character stream between windows. A program on the UNIX
system sat between the user programs and the terminal, and inserted
escape sequences in the character stream to send data to the correct
window. Although this early implementation was clumsy and fragile,
it demonstrated the feasibility and power of an asynchronous window
terminal and pointed out the issues that must be resolved for a
workable multiwindow terminal:

1. Windows must be updated asynchronously. The trial system was
primitive but worked well enough to be convincing.

2. The screen is not big enough (regardless of how big it might be).
Therefore, windows must overlap. The desires for overlap and asyn­
chronism led to the development of layers, an implementation of
overlapping, asynchronously updated windows.

3. The software to generate the incremental control information
(escape sequence" "switch to window x") from high-level requests
("draw these characters in this window") was messy-too much state
information was maintained by the terminal and guessed at by the
UNIX program. The implementation also encouraged attempts to
optimize the number of characters sent, which added to the complexity,
a situation familiar to authors of screen editors. Putting all data into
labeled packets eliminates this confusion and obviates optimization.

4. A simple RS-232 connection is not robust or controllable enough
to connect two communicating programs, in this case the UNIX
system and the code in the terminal. An error-corrected protocol with
flow control is required.

5. To draw graphics in the windows, sending escape sequences is
traditional but makes poor use of the processing power ofthe terminal,
and requires the terminal to be preprogrammed with all desired
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capabilities. Contrary to popular usage, an intelligent terminal is not
an idiot savant; it is one that can be educated. If the terminal could
be dynamically programmed, the desired functionality could be added
on demand. Our solution was to write a small time-shared operating
system for the terminal, called mpxterm (multiplexed terminal), into
which we dynamically load programs from the host, customizing the
terminal process running in a layer for the execution of a particular
graphics task.

The Blit therefore developed into a programmable graphics multi­
plexer, distributing the terminal resources-screen, mouse, keyboard,
RS-232 interface-between terminal processes connected to independ­
ent UNIX system processes.

Since the design of the terminal's software was largely dictated by
the desired user and programmer interface, the next two sections
present the overall user interface and an overview of two programs
that run in the multiplexed environment. The subsequent sections
outline the implementation of the multiplexing software.

III. WHAT THE USER SEES

After logging in to a UNIX system, a Blit user types mpx to the
shell. The multiplexed terminal code is then down loaded into the
terminal, which takes a few seconds at 19,200 baud and about two
minutes at 1200 baud. Hpxterm includes all the graphics primitives,
but since the graphics primitives and interrupt-level I/O drivers exe­
cute out of read-only memory, they are not down loaded.

Hpxterm is controlled by the mouse. Of course, programs running
in the terminal may also be controlled by the mouse, so some rules
must decide which mouse events are interpreted by which process in
the terminal.

The screen consists of several possibly overlapping layers. Portions
of the screen not occupied by layers are "colored" with a distinctive
grey texture. Except for internal control and demultiplexer processes
of mpxterm, terminal processes are one-to-one with layers. Once the
first layer has been created, exactly one layer is the current layer, that
is, the layer that receives keyboard characters and interprets mouse
motion and button hits. The mouse and keyboard come as a pair; all
user input is directed at a single process. The control process contin­
ually updates the current process's mouse coordinates and button
state, and a process may ask to be suspended until it is current. When
a button is depressed, the current process receives the event if the
mouse cursor is pointing at a visible portion of the process's layer;
otherwise, the button hit is interpreted by the mpxterm kernel.

To identify the current process, the layers of all noncurrent proc­
esses are stippled by a gauzy texture, leaving only the current layer
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with a clear image* (see Fig. 2). The usual solution to this identification
problem is to label the windows, but we elected not to label them
because the label takes up useful screen space and either the user or
the program must decide what the label is. Neither option is appealing.
Another possibility is to distinguish the borders of the layer, but that
probably isn't a strong enough visual clue, especially when the user is
concentrating on a portion of a large layer. However, we admit that
this identification issue is one of the uglier aspects of the system and
that our solution is, at best, a small improvement over others. One
decision that differs from the usual, but in which we are on firmer
ground, is our requirement that a mouse button hit changes the current
layer. In most systems, the location of the mouse defines the current
window, but when the current window may be partially or even wholly
obscured, this is unworkable. (It makes sense, and is common, for the
current layer to be obscured: consider typing instructions to a com­
mand in one layer based on data displayed on a graph in another large,
nearly full-screen, layer.)

The mouse has three buttons, and the Blit software maintains a
convention about what the buttons do. The left button is used for
pointing. The right button is for global operations, accessed through
a menu that appears when the button is depressed and makes a
selection when the button is lifted. The middle button is for local
operations such as editing. Put simply, the right button changes the
position of objects on the screen, and the middle button changes their
contents. For example, pointing at a noncurrent layer and clicking the
left button makes that layer current. Pointing outside the current
layer and pushing the right button presents a menu with entries for
creating, deleting, and rearranging layers. Clicking a button while
pointing at the current layer invokes whatever function the process in
that layer has bound to the button. The next section discusses two
programs and how they use the mouse.

The state of mouse input is reflected by the cursor tracked by the
mouse as it is moved. Usually, the cursor is an arrow pointing to the
pixel at the mouse's location. A program may change the cursor to
reflect its state. For example, when the user selects New on the mpxterm
menu, the cursor switches to an outlined rectangle with an arrow,
indicating that the user should define the size of the layer to be created
by sweeping the screen area out with the mouse. Similarly, a user who
has selected the Exi t menu entry is warned by a skull-and-crossbones

* This practice interferes with noncurrent processes drawing in their layers, but most
graphics in the Blit world is done in XOR mode, which commutes with the stippling,
and the operating system provides a simple routine to help with graphics that are not
XOR.
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cursor that confirmation is required before that potentially dangerous
operation will be executed.

IV. TWO APPLICATION PROGRAMS: JIM AND JOFF

A variety of programs have been written for the mpxterm environ­
ment. As with any graphics terminal, the first few programs were
games, which in this case were characterized by being self-playing, at
least optionally. On the multiplexed Blit screen, a game program can
play itself while the user does putatively useful work in another layer.
After the games came a spate of terminal emulators, coinciding with
the proliferation of Blits inside our research center and triggered by
the desire to promote the programs written for the 24-by-80 displays.
This period has passed, and not entirely because a successful emulator
has been created. Even strong supporters of the cursor-addressing
style ofterminal control have accepted the possibilities of a customized
terminal program and communications protocol. Many of the 24-by­
80 programs have been supplanted by Blit programs that divide the
task between the host and terminal. Two programs that divide the
labor effectively are jim, a text editor, and joff, a debugger for
mpxterm programs. References 6 and 7 describe their user interfaces
and the details of their implementation. Here we present an overview
of their structure and illustrate how they use the programmability of
the terminal.

Jim is a multifile screen editor that uses the mouse for all editing
tasks and the keyboard only for input of text, including file names
and strings such as regular expressions for context search. It is written
in two pieces: a UNIX program that maintains a copy of the entire
file being edited and executes global operations such as context
searches on the copy; and a Blit program that does all editing and
screen updating. The two programs maintain parallel data structures.
The UNIX program maintains a complete copy, while the terminal
tracks only what is visible on the display. Because the Blit program
keeps the visible page locally, screen update can be done entirely inside

running a dynamic UNIX system monitor, reporting the current time, average number
of UNIX processes ready to run, and change in that number in the last minute. The
textured bar in the upper portion of the layer adjusts constantly to report the fraction
of host CPU time consumed (by all users) in, from left to right, regular user computation,
low priority user computation, system overhead, character processing, and idle time.
The constantly shifting bars give interesting feedback on the quantity and quality of
computation on the host computer. The large obscured layer in the middle is running
the UNIX shell; the other layers are running down-loaded Blit programs with host
support. Note the relationships between the programs: the debugger is examining the
editor, but the editor is free to run; the editor and typesetter emulator are asynchronously
coupled through the file system; the system monitor runs constantly, and all programs
are able to draw on the display at any time, regardless of overlap or user attention.
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the terminal; in fact, the UNIX program knows nothing about the
appearance of the display.

The two programs communicate by a protocol consisting essentially
of "insert string" and "delete string" message packets and requests for
data, with strings containing arbitrary characters including tabs and
newlines. This high-level protocol allows the software to ignore the
usual problems of screen update, such as inserting and deleting tab
characters and minimizing the length of transmitted strings that
update the screen, and makes jim efficient in host cycles compared
even to line editors. The update algorithm used by the terminal is
discussed in Ref. 7. Users want the screen to update quickly, so the
protocol is double-buffered for speed and the two programs usually
execute asynchronously, with the terminal in control because that
permits user input to be handled immediately even with low commu­
nications bandwidth.

Unlike most UNIX text editors, jim has no interactive shell escape
to invoke the command interpreter from within the editor, because
mpx permits the user to create a new layer with a fresh shell at any
time. The typical Blit display therefore has a jim layer and a shell
layer for typing commands such as compilation requests. Conversely,
compiler error messages are trivially maintained by the display while
a program is being edited.

The j 0 f f debugger is also controlled mostly by the mouse, although
the user interface is substantially different from the user interface of
jim. The half of j 0 f f that is a UNIX program maintains the large
symbol table for the Blit program being debugged, and executes other
large-scale tasks such as interpreting C expressions. The code in the
terminal displays menus at the user's request, collects typed input,
and monitors and probes the target process.

The protocol between these programs falls into two sections: plain
text that is displayed in a scrolling region in the debugger's layer, and
remote procedure calls that control the debugging, retrieve information
about the target process, and build data structures such as menus and
breakpoint tables in the j 0 f f terminal program. The terminal buffers
user input such as keyboard characters and mouse button hits, but the
host is in control. The menus displayed on a button hit are loaded by
the host, and the terminal is not concerned with their contents: all
interpretation of user action is done on the UNIX system. This
structure is significantly simpler than the protocol in jim, but results
in slower response, which is unimportant in a debugger.

The j 0 f f debugging program has no direct interface to a text editor
(although it displays the text of the source line at a breakpoint), again
because the mpx environment allows the user to have an editor avail­
able at all times.
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Both jim and j 0 ff down load about 10K bytes of code to the
terminal. The half of j im executed on the UNIX system is another
20K ofVAX-ll* code; joff is about 70K on the VAX* computer.

V. WHAT DOES IT ALL MEAN?

The Blit application programs, with some noteworthy exceptions,
are really not all that interesting. They are fairly ordinary graphics
programs, many of them written as playthings by people new to
graphics. What is interesting is how the programs work together in
the underlying environment. The standard example is compiling a
program while editing, with compiler messages appearing in a separate
layer without interfering with the editor; but there are more interesting
examples.

Our local computing environment contains many minicomputers
connected by a local area network, controlled by a cluster of five 24­
by-80 terminals, so the person maintaining the network can simulta­
neously monitor several machines, including those running the net­
work control program. With a Blit, a programmer writing network
code can, instead, monitor and debug the distributed processes from a
single terminal-and from anywhere there's a Blit, including at home.
Similarly, a Blit makes a fine console terminal for a multiprocessor
computer.

The graphics capabilities can be used for more than text. Computer­
Aided Design (CAD) applications are obvious, although there actually
have not been many CAD programs written-certainly fewer than
have been asked for. Still, it is valuable to be able to use one's terminal
to share graphics and text in separate parts of the screen, for example
to edit the textual description of an integrated circuit while inspecting
a plot of the circuit in another layer. This extends to looking at
separate parts of the same circuit in different layers, or comparing
different versions of the same circuit.

These are ordinary uses of multiple window environments, but
multiprogramming provides new applications. For example, interactive
design programs can be assembled out of existing parts, as is done on
the UNIX system. The figures in this paper were made with pic,S and
the pic source edited with jim. There is a program, proof, that
interprets the typesetter codes generated by troff for display in a
layer on the Blit. A large layer was initialized running the pipeline

watch fig 1. piclpicltrofflproof

where watch is a variant of cat (the standard UNIX program to
display a file's contents) that prints the file's contents each time the

* Trademark of Digital Equipment Corporation.
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file is modified. Therefore, whenever the pic file was written from
jim, wa tch would notice it had been updated and send the new picture
description down the pipeline, without starting a fresh pic or troff
process, for immediate display on the Blit. Syntax errors from pic
can be redirected to another layer or to a file, which is then watched
in another layer. Although this is hardly a real interactive picture­
drawing program, it took only a few seconds to assemble and can fill
the gap until an interactive program is written.

We discovered an unexpected benefit of asynchronous processes
while using joff. With the standard system debuggers, the program
being debugged is a child process of the debugger, which means, for
example, that a program cannot be attacked with the debugger if it
was started independently. This is not fundamental to UNIX, but
rather is a property of the usual terminal environment. The debugger
must act as an I/O multiplexer between itself, the user, and the target
program. When the terminal does the multiplexing, a debugger can be
started at any time and applied to any program, including one that is
running-even itself.

A Blit asteroids game had a bug that caused a rock to pass over the
spaceship instead of hitting it. The bug was intermittent-perhaps
once out of every 100 collisions-so setting a breakpoint was impract­
ical. Instead, j 0 f f was loaded and applied to an asteroids game, which
was then played for about 10 minutes until the bug occurred. Then
j 0 f f was told (by a flick of the wrist and two button clicks) to halt
the game. A breakpoint on the collision-testing routine was then set
in the asteroids program, and the game resumed. The breakpoint fired
and the bug was found easily.

As a second example, consider the following scenario, debugging
j 0 ff. Some changes are made to j 0 ff, making a new version of n j 0 f f
with bugs. A program with bugs intentionally added, say Bugs, is
loaded in the Blit as a target for njoff. During testing, njoff makes
a mistake interpreting a data structure in Bugs. An instance of joff
is, therefore, loaded to investigate njoff to see where it went wrong,
but the correct interpretation of the data structure is unknown, so a
second joff is called.up as a reference source to look at Bugs. At this
point, there are three debuggers and a target program active on the
terminal, but the situation is comfortably under control, although
inconceivable in a conventional terminal environment.

There are more mundane uses of the asynchronism. Many of us
have mail boxes on remote machines, reachable only through 1200- or
even 300-baud phone lines. A mail message could take one minute to
print out at 300 baud, but a Blit user need not be idle during that
time. The layer with the remote connection will collect the message
while the user does something else in another layer, so the user's
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bandwidth can be much higher. If the phone lines to the remote
machine are all busy, the user could type

until cu remote-machine
sleep 600

done

to try every ten minutes until the connection is made. The layer with
this program will print something like

connect failed: line busy

every ten minutes. Meanwhile, the user can do anything else on the
terminal. Eventually, a line becomes free, the remote machine's login
banner pops up, and the user can switch to that layer and log in. No
combination of background processes, job control, and static window
contexts can achieve this so simply.

VI. MPX: THE HOST PROCESS MULTIPLEXER

The multiplexing is handled by software distributed between the
host and terminal. A user-level UNIX program, mpx, communicates
with a small real-time multiprocess operating system, mpxterm, run­
ning in the terminal (see Fig. 3). The design of mpx is sensitive to the
details of UNIX system Interprocess Communication (IPC) facilities,
which vary widely between UNIX system versions. Mpxterm, on the
other hand, is independent of the host except for communication by a
simple protocol that it is the job of mpx to interpret; all versions of
mpx speak the same protocol.

Fig. 3-0verview ofmpx.
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The protocol multiplexes I/O on the single RS-232 cable from the
terminal to the host. The multiplexing connects UNIX system process
groups one-to-one to processes in the terminal. A user on a UNIX
system with a conventional terminal types instructions to a shell. The
shell and the programs it invokes, such as editors and compilers, are
members of a single process group, a structure maintained by the
kernel. The process group associates processes with a terminal session,
mainly to send events such as keyboard interrupts to all processes on
the terminal.

The mpx program couples each process group to an independent
terminal process in the Blit. Four basic capabilities are necessary to
implement mpx:

1. Dynamic creation and control of several process groups by a
single master process (mpx)

2. Multiplexing of I/O between the process groups and the master
3. A means to prevent the master from being suspended when it

reads data from a process that has no characters available while
another has data

4. Ability to distinguish control information (such as setting ter­
minal modes) and data on an interprocess channel.

The original mpx was written using Greg Chesson's file multiplexing
facilities in the 7th edition UNIX system. In UNIX System V, the
IPC for mpx is provided by a kernel driver written by Piers Dick­
Lauder. The mpx running on the author's machine exploits the user­
level IPC in the character I/O system of the 8th edition. Since that
version of mpx is the closest to hand, it will be described here. It
comprises about 1600 lines of code, half of which implement the error­
correcting protocol between the host and the terminal. A schematic of
the mpxjmpxterm pair is in Fig. 3.

Character processing in the 8th edition kernel is done by a sequence
of coroutines called line disciplines," each of which is a full-duplex 1/
o pseudoprocess that performs its portion of the processing and hands
the data along to the next line discipline. They are not proper processes
because the kernel maintains no call records across scheduling bound­
aries. They are connected together serially to achieve the desired
function, much like a full-duplex shell pipeline. For example, a ter­
minal connected to a user program on our local area network is
connected, from the bottom up, to a network driver (essentially half
of a line discipline, the other half residing in the network), a line
discipline interpreting the network protocol, a standard terminal line
discipline that provides services such as character echo and correction
of typing mistakes, and another half-discipline to connect to user level.

To connect a terminal, there must be a name in the file system to
attach to the associated data structure in the kernel. The directory j
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dev/pt contains even-odd pairs of junctor devices, each of which is
called a pseudoterminal, or pt. If one process opens an odd-numbered
pt file and another opens the corresponding even file, then data
written on one file can be read from that file's partner, in symmetrical
full-duplex fashion. The odd-numbered member of a pair is the master.
Masters and slaves differ only in the rules for opening; I/O is sym­
metric. Master pt files may be open in at most one process. A process
wishing to establish a connection opens an odd-numbered file; then
one or more slave processes may open the corresponding even-num­
bered file and communicate with the master.

Multiplexed I/O is done by a primitive called select. Because I/O
can block-if a process reads from a device that has no data available,
the process is suspended until data arrive-mpx cannot simply read
from the active processes in turn, or it may wait for data from one
process while another has data. The select call returns a bit vector
indicating which file descriptors have data to be read, or, according to
an argument in the call, which file descriptors may be written to
without similarly being suspended until the data are read at the other
end.

Figure 4 illustrates the interconnection of these components. Fol­
lowing the path from a user process such as a shell, running in a layer,
characters enter the kernel and flow through a terminal discipline that
does terminal processing for the user process, such as echoing char­
acters typed by the user. The bottom of the terminal discipline
connects to the slave side of the pseudoterminal. The characters cross
to the master side, where they are passed through a message line
discipline out of the kernel to mpx. The message discipline converts
all information on the path into data messages, each of which is

USER

KERNEL

UNIX SYSTEM

RS-232

BLIT

Fig. 4-Interprocess communication in mpx.
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prefixed by a header identifying the type of the message. Ordinary
characters are tagged DATA, system I/O control requests (ioctl) are
marked as such, and some other control messages are translated, such
as HANGUP, which occurs when the channel shuts down, for example,
when the shell exits. These messages are read by mpx, which identifies
the channel with data using a select call. Mpx interprets the data,
which for ordinary characters merely involves reformatting the mes­
sage (adding a tag specifying which layer will receive the data and a
cyclic redundancy check for error detection and recovery) and sending
it down its standard output to the terminal. Data from the process is
read from a channel established by mpx (see the discussion of layer
creation below), while the connection to the Blit is through the
standard input and output, because mpx is multiplexing its subpro­
cesses onto its terminal, the Blit. On the other hand, the standard
input and output of the shell process in a layer are connected to the
mpx channel for that layer.

On their way from mpx to the Blit, the characters enter the kernel
again, where they pass through a terminal discipline (the one installed
by the login program when the user signed on to the system before
running mpx; for data transparency this discipline is actually largely
disabled) and out to the terminal. In the Blit, the layer identification
tag is stripped off, and the data are placed in the input buffer of the
terminal process in the appropriate layer. Information flowing in the
other direction follows the reverse path.

Although this structure sounds complicated, it is actually fairly
clean: the delicate requirements of the interprocess communication
are met by connecting together small piece parts with simple inter­
faces. As a result, the multiplexing does not interfere with other
programs, in contrast, for example, with the original mpx using mul­
tiplexed files, which prohibited running in layers programs that them­
selves multiplexed. Moreover, because the 8th edition UNIX system
I/O was written precisely to do this sort of stream processing and
interconnection, it is efficient. Perhaps the most brutal test of effi­
ciency is down loading a program into a terminal process: the terminal
does almost no processing of the program text, so it is constantly
waiting for data from the host. After each 64 bytes of data sent, an
acknowledgment packet from the terminal arrives and is processed by
mpx as part of the communications protocol, so there is frequent
scheduling between the down loader and mpx. Our UNIX system has
no assembly language assist for terminal I/O, the hardware generates
an interrupt for every character sent or received, and the data from
the down loader cross the kernel-user interface twice. Despite this
overhead, at 19,200 baud the RS-232 line is almost saturated, deliv­
ering over 16,000 user bits per second into the terminal and consuming
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70 percent of a VAX-11/750* machine's capability (this implies a
maximum of about 400 instructions executed per byte on the VAX
system). To our knowledge, no other version of the system on the
same hardware can deliver down-loaded programs faster than about
6000 baud.

When the user on the Blit asks to create a new layer, the following
events occur. The terminal allocates a layer data structure on the
display and creates a terminal process to manage it. It then sends a
message on its RS-232 connection, the standard input of mpx, stating
that a layer has been created and specifying the channel in the
communications protocol onto which its data will be multiplexed.
Then mpx opens an idle master pt file, and the channel number
(different from the communications channel) returned by the open is
the connection of mpx to the subprocess about to be created. Mpx
pushes a message line discipline onto the stream on the master side of
the pseudoterminal and forks to create a child process. The child closes
all of its file descriptors and opens the slave side of the pseudoteletype,
which becomes its standard input and is duplicated to form its standard
output and standard error output. It then pushes a terminal line
discipline onto the stream and initializes the terminal modes. Finally,
it establishes itself as a separate process group and executes a shell.
When the shell begins, it prints a prompt on its standard output,
which flows through the path outlined above and eventually arrives in
the input buffer of the terminal process, which copies it to the display,
and the act of creation is complete. The elapsed time is perhaps a half
second.

VII. MPXTERM: THE TERMINAL OPERATING SYSTEM

Inside the Blit runs a tiny operating system that provides essentially
the same multiprogramming and data transparency as mpx. It is
basically a mirror image of mpx, but with considerably less mechanism,
largely because the multiplexing is built into the operating system
rather than being constructed at user level. The basic structure of the
system is a set of independent processes scheduled round robin that
call a primitive queue-based kernel to service I/O requests.

At the time of writing, mpxterm is 1627 lines of C, excluding code
for the protocol (which uses the same source files as mpx) and the
graphics primitives, but including all the user interaction and I/O
primitives; and 204 lines of assembler. The assembler lines include 11
lines to switch stacks, 108 lines to interface interrupt routines to C
code, and 85 repetitive lines to interface to C code after a process
traps.

* Trademark of Digital Equipment Corporation.
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Process switching is performed only at the process's request; there
is no preemptive scheduling. Since the Blit is a terminal, and not a
general-purpose computer, the processes all do some form of input or
output, whether to read characters from the host or keyboard, or even
just display something on the screen. If a process wants a character
from, say, the keyboard, but none has been typed, it can suspend itself
by executing

wait(KBD)

which says "wait until a keyboard character becomes available." Be­
cause the display is updated at 30 Hz, a display program will usually
suspend execution until the screen reflects the change it has made in
memory. Therefore, although the programmer must be aware that the
CPU is being shared among other processes, the habit of relinquishing
the processor fits smoothly into the discipline required for real-time
graphics programming. This structure keeps mpxterm simple (and
easy to debug). Except for the lowest level of I/O, which must protect
against device interrupts, there are no semaphores or interlocks in the
kernel; the process control part of mpxterm was written and debugged
in an evening.

The devices-mouse, keyboard, and host RS-232 port-are all in­
terrupt driven. The keyboard and RS-232 port place their characters
into queues that are read by server processes running at user level
(i.e., with processor interrupts enabled). The mouse buttons generate
an 'interrupt when their state changes, and their value is kept in a
global data structure, along with the mouse position. As the mouse
moves, the hardware updates two registers in the I/O page but gener­
ates no interrupts. Instead, the mouse position on the screen is updated
during vertical blanking by a low-priority interrupt routine that runs
off a 60-Hz clock coupled to the start of vertical retrace. Because of
the 30-Hz display refresh, there is no reason to update it more
frequently.

The clock interrupt and mouse button interrupt schedule a control
process that multiplexes the mouse among the user processes. At any
time, only one user process receives mouse tracking and button hit
information from the control process. Any other process attempting
to use the mouse is suspended until the user indicates by a button hit,
handled by the control process, that the mouse and keyboard should
be bound to that process instead.

A second system process, the demultiplexer, reads the characters
from the host input queue, unpacks the messages, and executes the
error-correcting protocol. Correctly received messages are placed in
the input queue of the associated user processes. The error correction
is transparent to the processes; as far as they can tell, they have a
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direct link to a plain RS-232 wire, except that no flow control is
necessary on either end (compare this to the control-Sjcontrol-Q or
NUL-padding flow control necessary with many standard terminals).
The demultiplexer occasionally receives control messages, indicating,
for example, that a terminal process is to begin executing the down­
load receiving procedure preparatory to loading a new terminal pro­
gram into a layer.

All resources are shared among the processes in the Blit. Memory
allocation occurs through two primitives: alloc allocates memory at
fixed locations, to store programs, for example; and gcalloc allocates
relocatable memory in a compacted arena, to store bitmaps and strings.
This split structure is imposed by the open addressing of C and the
necessity to compact the arena containing dynamically allocated bit­
maps. User processes and the kernel allocate using the same code, and
each allocated object is tagged with a pointer to the process that owns
it, so storage can be reclaimed when a program exits. Storage allocation
is simplified by the lack of preemptive scheduling; interlocks during
compaction are unnecessary, since allocations are atomic.

Because the hardware does not provide memory management and
our C compiler does not generate position-independent code, down­
loaded programs are relocated in the host to an address returned by
alloc in the Blit. Relocation is not expensive; the text editor, which
is about 10K bytes long, is relocated in three seconds and down loads
in about six seconds at 19,200 baud. This is comparable to the
initialization time of most conventional screen editors.

The Blit hardware provides one feature for protection. Read or write
references to the first eight bytes of the processor's address space
generate an interrupt that is caught by the kernel, which halts the
offending process. Because a common C programming error is to
dereference through a null-valued pointer, this small feature has saved
mpxterm many times.

For an unprotected system, mpxterm is pleasantly robust. It is
certainly shut down quietly at the end of a working day far more often
than it crashes. Left running, its mean up time is several days, even
during periods of program development.

VIII. PROGRAMMING

Processes in the terminal may be loaded, by a procedure analogous
to executing a UNIX program, to customize the terminal for a partic­
ular task. The programmer's interface to mpxterm is unaffected by
other programs running in the terminal. To a rough approximation,
the programming environment is a virtual machine: programs run as
though they have a keyboard, mouse, display, and host RS-232 con­
nection all to themselves.
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