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HIGHLIGHTS OF THE MULTICS SYSTEM*

‘January 18, 1971

Introduction

Multics (from: Multiplexed Information and Computing Service) is
The name of a new general purpose computer system developed by
the Computer System Research group at M.I.T. Project MAC, in
cooperation with the General Electric Company and the Bell
Telephone Laboratories. This system 1is designed to be a
"computer utility", extending the basic co pts and philosophy
of the Compatible Time-Sharing System (@gﬁg?eoperating now on the
IBM 7094 computer) in many directions. Multics is implemented
initially on the General Electric 645 computer system, an
enhanced relative of the GE 635 computer.

one of the overall design goals of Multics is to create a
computing system which is capable of meeting almost all of the
present and near-future requirements of a large computer utility.
Such systems must run continuously and reliably 7 days a week, 24
hours a day in a way similar to telephone or power systems, and
must be capable of meeting wide service demands: from multiple
man-machine interaction to the sequential processing of
absentee-user jobs; from the wuse of the system with dedicated
languages and subsystems to the programming of the system itself;
and from centralized bulk card, tape, and printer facilities to
remotely located terminals. Such information processing and
communication systems are believed to be essential for the future
growth of computer use in business, in industry, in government
and in scientific laboratories as well as stimulating
applications which would be otherwise undone.

Because the system must ultimately be comprehensive and able
to adapt to unknown future requirements, its framework must be
general, and capable of evolving with time. As brought out in
the sequel, this need for an evolutionary framework influences
and contributes to much of the system design and is a major
reason why most of the programming of the system has been done in
a subset of the PL/I language. Because the PL/I language is
largely machine-independent (e.g. data descriptions refer to

logical items, not physical words), the system should also be.
Specifically, it'is hoped that .future hardware improvements will

not make system and user programs obsolete and that
implementation of the entire system on other suitable computers
will require only a moderate amount of additional programming.

* Adapted from section I-1l.l of the Multics Programmers' Manual
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As computers have matured during the last two decades from
curiosities to calculating machines to information processors,
access to them by useys Qgg/not improved and in the case of most
large machines hasqa%e ogressed. Principally for economic
reasons, batch processing of computer jobs has been developed and
is currently practiced by most large computer installations, and
the concomitant isolation of the user from elementary
cause-and-effect relationships has been either reluctantly
endured or rationalized. For several years a solution has been
proposed to the access problem., This solution, usually called
time-sharing, is basically the rapid time-division multiplexing
of a central processor unit among the jobs of several users, each
of which is on-line at a typewriter-like console. The rapid
'switching of the processor unit among user programs is, of
course, nothing but a particular form of multiprogramming.

The impetus for time-sharing first arose from professional
programmers because of their constant frustration in debugging
programs at batch processing installations. Thus, the original
goal was to time-share computers to allow simultaneous access by
several persons while giving to each of them the illusion of
having the whole machine at his disposal. However, at Project
MAC it has turned out that simultaneous access to the machine,
while obviously necessary to the objective, has not been the
major ensuing benefit., Rather, it is the availability at one's
fingertips of facilities for editing, compiling, debugging, and
running in one continuous interactive session that has had the
greatest effect on programming. Professional programmers are
encouraged to be more imaginative in their work and to
investigate new programming techniques and new problem approaches
because of the much smaller penalty for failure. But, the most
significant effect that the MAC system has had on the M,I.T,
community is seen in the achievements of persons for whom
computers are tools for other objectives. The availability of
the MAC system has not only changed the way problems are
attacked, but also important research has been done that would
not have been wundertaken otherwise, As a consequence the
objective of the current and future development of time-sharing
extends beyond the improvement of computational facilities with
respect to traditional computer applications. Rather, it is the
on-line use of computers for new purposes and in new fields which
provides the challenge and the motivation to the system designer.
In other words, the major goal is to provide suitable tools for
what is currently being called machine-aided cognition.

More specifically, the importance of a multiple-access
System operated as a computer utility is that it allows a vast
enlargement of the scope of computer-based activities, which can
in turn stimulate a corresponding enrichment of many areas of our
society. Over six years of experience indicates that continuous
operation in a utility-like manner, with flexible remote access,
eéncourages users to view the system as a thinking tool in their
daily intellectual work. Mechanistically, the qualitative change
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from the past results from the drastic improvement in access time
and convenience. Objectively, the change 1lies in the user's
ability to control and affect interactively the course of a
process whether it involves numerical computation or manipulation
of symbols., Thus, parameter studies are more intelligently
guided; new problem-oriented languages and subsystems are
developed to exploit the interactive capability; many complex
analytical problems, as in magnetohydrodynamics, which have been
too cumbersome to be tackled in the past are now being
successfully pursued; even more, new, imaginative approaches to
basic research have been developed as in the decéding of protein
structures. These are examples taken from an academic
environment;. the effect of multiple-access systems on business
and industrial organizations can be equally dramatic. It is with
such new applications in mind that the Multics system has been
developed. Not that the traditional uses of computers are being
disregarded. Rather, these needs are viewed as a subset of the
broader more demanding requirements of the former.

To meet the above objectives, issues such as response time,
convenience of manipulating data and program files, ease of
controlling processes during execution and above all, protection
of private files and isolation of independent processes become of
critical importance. These issues demand departures from
traditional computer systems, While these departures are deemed
to be desirable with respect to traditional computer
applications, they are essential for rapid man-machine

interacticn.

System Requirements

In the early days of computer design, there was the concept
of a single program on which a single processor computed for
long periods of time with almost no interaction with the outside
world., Today such a view 1is considered incomplete; for the
effective boundaries of an information processing system extend
beyond the processor, beyond the card reader and printer and even
beyond the typing of input and the reading of output. In fact
they encompass, as well, what several hundred persons are trying
to accomplish., To better understand the effect of this broadened
design scope, it is helpful to examine several phenomena
characteristic of large service-oriented computer installations.

First, there are incentives for any organization to have the
biggest possible computer system that it can afford. It is
usually only on the biggest computers that there are elaborate
programming systems, compilers and features which make a computer
"powerful". This comes about partly because it is more difficult
to prepare system programs for smaller computers when limited by
speed or memory size and partly because the large systems
involve more persons as manufacturers, managers, and users and
hence permit more attention to be given to the system programs.
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Moreover, by combining resources in a single computer system,

rather than in several, bulk economies and therefore lower
computing costs can be achieved. Finally, as a practical matter,
considerations of floor space, management efficiency and
operating personnel provide a strong incentive for centralizing
computer facilities in a single large installation.

Second, the capacity of a contemporary computer
installation, regardless of the sector of applications it serves,
must be capable of growing to meet continuously increasing
demand. A doubling of demand every two years is not uncommon.
Multiple-access computers promise to accelerate this growth
further since they allow a man-machine interaction rate which is
faster by at least two orders of magnitude. Present indications
are that multiple-access systems for only a few hundred users can
generate a demand for computation exceeding the capacity of the
fastest existing single-processor system. Since the speed of
light, the physical sizes of computer components, and the speeds
of memories are intrinsic limitations on the speed of any single
processor, it is clear that systems with multiple processors and
multiple memory units are needed to provide greater capacity.
This is not to say that fast processor units are undesirable but
that extreme system complexity to enhance this single parameter
among many appears neither wise or economic.

Third, computers are no longer a luxury used when and if
available, but primary working tools in business, government,
and research laboratories. The more reliable computers become,
the more their availability is depended upon. A system
structure including pools of functionally identical units
(processors, memory modules, input/output controllers, etc.) can
provide continuous service without significant interruption for
equipment maintenance, as well as provide growth capability
through the addition of appropriate units.

Fourth, user programs, especially in a time=-sharing system,
interact frequently with secondary storage devices and terminals.
This communication traffic produces a need for multiprogramming
to avoid wasting main processor time while an input/output
request is being completed. It is important to note that an
individual wuser is ordinarily incapable of doing an adequate job
of multiprogramming since his program lacks proper balance, and
he probably lacks the necessary dynamic information ingenuity, or
patience,

Finally, as noted earlier, the value of a time-sharing
system lies not only in providing, in effect, a private computer
to a number of people simultaneously, but, above all, in the
services that the system places at the fingertips of the users.
Moreover, the effectivenegs of a system increases as
user-developed facilities &red shared by other users. This
increased effectiveness because of sharing is due not only to
the reduced demands for core and secondary memory but also to the
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cross-fertilization of user ideas. Thus a major goal of the
present effort is to provide multiple access to a growing and
potentially vast structure of shared data and shared program
procedures. In fact, the achievement of multiple access to the
computer processors should be viewed as but a necessary subgoal
of this broader objective. Thus the primary and secondary
memories where programs reside play a central role in the
hardware organization and the presence of independent
communication paths between memories, processors and terminals is
of critical importance.

From the above it can be seen that the system requirement of
a computer installation are not for a single program on a single
computer, but rather for a 1large system of many components
serving a community of users. Moreover, each user of the system
asynchronously initiates jobs of arbitrary and indeterminate
duration which subdivide into sequences or processor and
input/output tasks. It is out of this seemingly chaotic, random
environment that one arrives at a utility-like view. For instead
of chaos, one can average over the different user requests to
achieve high wutilization of all resources. The task of
multiprogramming required to do this need only be organized once
in a central supervisor program. Each wuser thus enjoys the
benefit of efficiency without having to average the demands of
his own particular program.

With the above view of computer use, where tasks start and
stop every few milliseconds and where the memory requirements of
tasks grow and shrink, it is apparent that one of the major jobs
of the supervisor program (i.e., "monitor," "executive," etc.) is
the allocation and scheduling of computer resources. The general
strategy is clear. Each wuser's job is subdivided into tasks,
usually as the job proceeds, each of which is placed in an
appropriate queue (i.e., for a processor or an input/output
controller). Processors or input/output controllers are in turn
assigned new tasks as they either complete or are removed from
old tasks. All processors are treated equivalently in an
anonymous pool and are assigned to tasks as needed in
particular, the supervisor does not have a special processor,
Further, processors can be added or deleted without significant
change in either the wuser or system programs, Similarly,
input/output controllers are directed from queues independently
of any particular processor. Again, as with the processors, one
can add or delete input/output capacity according to system load
without significant reprogramming required.

The Multics System

The overall design goal of the Multics system is to create a
computing system which is capable of comprehensively meeting
almost all of the present and near-future requirements of a
large computer service installation. It is not expected that the
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initial system, although useful, will reach the objective; rather
the system will evolve with time in a general framework which
permits continual growth to meet unknown future requirements.
The use of the PL/I language will allow major system software
changes to be developed on a schedule separate from that of
hardware changes. Since most organizations can no longer afford
to overlap old and new equipment during changes, and since
software development is at best difficult to schedule, this
relative machine- independence should be a major asset.

It is expected that the Multics system will be published and
will therefore be available for implementation on any equipment
with suitable characteristics. Such publication is desirable for
two reasons: First, the system should withstand public scrutiny
and criticism volunteered by interested readers; second, in an
age of increasing complexity, it is an obligation to present and
future system designers to make the inner operating system as
lucid as possible so as to reveal the basic system issues,

An ability to share data contained within the framework of a
general purpose time-sharing system is a unique feature of
Multics, and is directly applicable to administrative problems,
research requiring a multi-user accessible data base, and general
application of the computer to very complicated research
problems. The attention paid to mechanisms to provide and
control privacy is of direct interest for several of the same
applications as well as, for example, medical data. Multics can
thus be a valuable tool which provides opportunities for
important new research in these areas.

The Hardware System

The General Electric 645 Computer System is a large-scale,

information processing system with most of the features currently
found in such systems. If one attempted to classify systems, it
would fall in the same general category of size as the GE 635,
the Univac 1108, and the IBM Systems 360/65 and 67.

The configuration at M.I.T,.,, shown in figure 1, contains

384k (k = 1024) 36 bit words of core memory (1 microsec. access
to 36 bits or 1.3 microsec. access to 72 bits), 2 central
processors (330,000 instructions per second when running
Multics), a high performance paging drum, (moves 1024 words in
2ms., 16 ms. average latency with queue-driven channel

controller), 78 million words of disk storage, and a General I/0
Controller which handles magnetic tapes, card equipment, and
high-speed full ASCII printers, as well as all telecommunications
channels, The central processor is built on the GE=-635
instruction set with augmentation to permit control of paging and
segmentation hardware,
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Overview of Multics Capabilities

Multics offers a number of capabilities which go well beyond
those provided by many other systems. Those which are most
significant from the wuser's point of view are described here.
Perhaps the most interesting aspect of all is that a single
system encompasses all of these capabilities simultaneously.

1. The ability to be a small user of Multics.

An important difference between Multics and CTSS is that
Multics provides a really small user with a proportionally
small cost. or example, a student can be handed a limited
set of tools, can do limited work (perhaps debugging and
running small FORTRAN programs), and expect to receive a
bill for resource usage which is substantially smaller than
the corresponding CTSS-like user., If all users are small,
then of course the number of wusers can be increased in
proportion to their smallness. An underlying consideration
throughout the Multics design has been that the simple user
should not pay a noticeable extra price for a system which
also accomodates the sophisticated user, As an
administrative aid, facilities are provided so that one can
restrict any particular user to a specific set of tools and
thereby limit his ability to use up resources.

2. The ability to control sharing.

There are a variety of applications of a computer system
which involve building up a base of information which is to
be shared among several individuals. Multics provides
facilities in two directions.

Sharing:
. CTSS=-style links to other users' files.

. Ability to move one's base of operation into another
user's file directory (with his permission).

. Direct acess with uniform conventlons to any file
stored in the system,

. Ability for two or more users to share a single copy
of a file as data in core memory.

Control:

. Ability to specify precisely to whom, and with what
access mode (e.g., read, write and execute
permissions are separate and per-user{ a piece of
data or the entire contents of a sub-directory are
available.
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. Ability to revoke access at any time. (A flaw in

CTSS on this point has been corrected in the Multics
design,)

« Ability, wusing the Multics "protection ring"

structure, to force access to a data base to be only
via a program supplied by the data base owner. This
facility may be used to allow access to aggregate
information, such as averages or counts, or
specified data entries, without simultaneously
giving access to the entire file of raw data, which
may be confidential. There are a large number of
- potential administrative applications of this
feature, and as far as is known, Multics is the only
general-purpose system which provides it.

The virtual memory approach.

In a direction diametrically opposed to the little user is
the person with a difficult research problem requiring a
very large addressable memory. The Multics File System with
the aid of a high-performance paging drum, provides this
facility in what is often called a "virtual memory" of
extent 1limited only by the totality of secondary storage
(drums, disks, etc.) attached to the system. An interesting
property of the Multics implementation is that a procedure
may be written to operate in a very large virtual memory,
but core resources are used only for those parts of the
virtual memory actually touched by the program on that
execution, and disk and drum resources are used only for
those parts of the memory which actually contain data.
Another very useful property from a programmer's point of
view is that files stored in the "file system" are directly
accessible to his program by a virtual memory address. This
property eliminates the need for explicitly programmed
"overlays", "chain links", or "core loads", and also reduces
the number of explicitly programmed input and output
operations. Following the same style of operation as CTSS,
the Multics File System takes on the responsibility for safe
keeping of all information placed there by the user. It
therefore automatically maintains tape copies of all files
which have remained in the system for more than an hour.
These tapes can be used to reload any user files lost or
damaged as a result of hardware or software failures, and
may also be used to retrieve individual files damaged by a
user's own blunder.

Each wuser has an administratively set quota of space which
limits the amount of storage he can use, although he may
purchase as large an amount of space as he would like;
additional disk'storage can be added to the 645 in 1large
quantities if necessary.
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4, The option of dynamic linking.

In constructing a program or system of programs, it is
frequently convenient to begin testing certain features of
one program before having written another program which is
needed for some cases. Dynamic linking allows the execution
of the first program to begin; and a search for the second’
program is undertaken only when (and if) it is actually
called by the first one. This feature also allows a user to
freely include in his program a conditional call out to a
large and sophisticated error diagnostic program, secure in
the knowledge that in all those executions of his program
which do not encounter the error, he will not pay the cost
of locating, linking, and mapping into his virtual memory
the error diagnosis package. It also allows a user
borrowing a program to provide a substitute for any
subroutine called by that program when he uses it, since he
has control over where the system looks to find missing
subroutines, In those cases where subroutine "A" calls
subroutine "B" every time, there is, of course, no need to
use dynamic 1linking (and the implied library search) so
facilities are provided to "bind" "A" and "B" together prior

to execution.
5. Configuration flexibility.

An important aspect of the Multics design is that it is
actually difficult for a user to write a program which will
stop working correctly if the hardware configuration is
changed. In response to changing system-wide needs, the
amount of core memory, the number of central processors, the
amount and nature of secondary storage (disks, drums, etc.),
and the type of interactive typewriter consoles may change
with time over a range of 2 or 3 to 1 but users do not
normally need to change their programs to keep up with the
hardware. The system itself can adapt to changes in the
number of processor or memory boxes dynamically, that is,
while wusers are logged 1in. Most other configuration
changes, (e.g., I/O device cabling) require that the system
be re~initialized, an operation which takes a few minutes.

6. The Human Interface.

Experience with CTSS has proven that ease of use of a
time-sharing system is considerably more sensitive to human
engineering than is a batch processing system. The Multics
command language has been designed with this aspect in mind.
Features such as universal use of character set with both
upper and lower case letters in it and allowing names of
files to be 32 characters long are examples of the 1little
things which allow the non-specialist to feel that he does
not have to discover a secret in order to be an effective
user., In a similar vein, a hierarchial file system provides
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a very useful file organization and bookeeping aid, so that
a user need keep immediately at hand only those files he is
working with at the moment. Such a facility 1is of great
assistance when attaching complicated or intricately
structural problems.

Languages

Multics provides two primary user languages; FORTRAN IV and
PL/I, The FORTRAN compiler is fairly standard with a speed of
compilation comparable to or a little slower than that of the
extremely fast MAD compiler on 7094 CTSS. It is supported by the
usual library of math routines and formatted input/output
facilities. Its primary  use is for translation of
already-written programs which have been imported from other

computer systems,

The PL/I compiler for Multics is quite interesting, because
it offers a very full selection of language facilities, over 300
helpful error diagnostics, and ability to "get at" the advanced
features of Multics all at a reasonable cost. On a "seconds to
translate a source language page" basis, the PL/I compiler
currently takes about twice as long as does the FORTRAN compiler;
on the other hand a page of PL/I program can express considerably
more than a page of FORTRAN program. For these reasons, as well
as the anticipated wide availability of PL/I on other computer
systems, it 1is the recommended language for sub-system
implementers and general research users needing an expressive
language.

Also available is a translator and editor subsystem for the
BASIC language, developed at Dartmouth College. A "Limited
Multics" service will soon be available which restricts the user
to just this subsystem, if desired. The BASIC subsystem is also
available to regular Multics users.

An implementation of the APL language, a powerful and
popular interpretive language developed by Kenneth Iverson is
under development. It is expected to be available late in 1971,

A few other languages are available in the
"Author-Maintained Public Library" and are not considered part of
Multics; their maintenance responsibility rests with the authors
(or enthusiastic users) of the translator programs. These
include:

BCPL - "Basic Compiler Programming Language", developed by
Martin Richards, and recommended as a good
alternative where machine language might be
indicated. (Also available on 7094 CTSS, System
360, and GE-635.)
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ALM - A machine lanquage assembler for the GE-645 (not
recommended for general use; it is slow and the
machine language is very difficult).

QEDX - A programmable editor which qualifies as a minor
interpretive language. (Also available on 7094
CTSS and GE=-635).

All of the above languages translate a source program which
has been previously stored in a file. Input and editing of
source files is done with one of the available text editors, EDM
(a close relative of CTSS, TYPSET and EDL) or QEDX. Although
interactive, line-by-line syntax checking languages are easily
implemented in the Multics environment, none are yet available.

A source language debugging system, named "debug", provides
the ability to inspect variables and set breakpoints in terms of
the PL/I program being debugged. It also has a variety of
features to allow inspection of all aspects of the Multics

execution environment,

Reliability and Performance

An initial version of Multics began operating on a
scheduled daily basis for system programming use in September,
1968. It has been scheduled to run on a 24-hour-a-day basis
since May 1, 1969. Since that time, almost two years of
operational experience has been obtained. During this time,
reliability, functional capabilities, and performance have been
brought to the point that, as of January 1, 1971, a one-processor
system serves 40 to 45 users, one restricted batch stream, and
two intermittent batch streams, simultaneously and with good
interactive response.

The full configuration shown in Figure 1 is used regularly,
and should ultimately handle about 90 average PL/I programmers.
Both smaller and larger users are also runnable on the system in
increased and reduced numbers, respectively.

As an offering of the M.I.T. Information Processing Center,
Multics has attracted a community of about 600 registered users
and an equal number of unregistered student users. These users
are organized around approximately 100 projects, thus making
Multics the primary source of time-sharing services at M.I.T.
(As with all I.P.C. computer systems, the wuse of Multics is
charged to its users at rates adjusted to return full hardware
and running costs when the system is operating at about 2/3
capacity.)



6 lines to Data
Switch for ARDS

Use

&

] llill“Tl—L]fLJ

Magnetic tape
Drives

- MULTICS PROGRAMMERS ° MANUAL Section I,1.1 Page 12
GE645 Configuration at M,I,T,
645 645 Paging
Drum
Processor Processor 4 % 10° words
=
Operatiog
Console
Core Core Core -
Printer
Memory Memory Memory 1200LPM
System
lclock 128K words 128K words 128K words
Card
Reader
General I/0 Controller Ccard
Punch
Character |High-Perf.|DirectDisk|Teletype
Adapter (2)|Channel Adapter Adapter(3)
] i I
Characteq Tape Disk Teletype
Channel Control Control Channels
(6) (88)
Disk 36x Teletype
6 ] Channels
202¢c6 w 10 words (88)
Data Sed
(6) Disk 37x
6 - S~——
10 words
88 lines to Data
N 6 - 120kc Switch for 1050/2741

and M37 Teletype

(END)



