mzuriCh ETH Library

The personal computer Lilith

Report

Author(s):
Wirth, Niklaus

Publication date:
1981-04

Permanent link:
https://doi.org/https://doi.org/10.3929/ethz-a-000230996

Rights / license:
In Copyright - Non-Commercial Use Permitted

Originally published in:
D-INFK Technical Report 40

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://doi.org/https://doi.org/10.3929/ethz-a-000230996
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

M.V, kA

ETH

Eidgenossische Technische Hochschule
Zurich

Institut fur Informatik

N. Wirth
THE PERSONAL COMPUTER LILITH

April 1981 40



- (© 1981 Institut fir Informatik, ETH Ziirich



The Personal Computer Lilith

Abstract

The personal work station offers significant advantages over the
large-scale, central computing facility accessed via a terminal.
Among them are availability, reliability, simplicity of
operation, and a high bandwidth to the user. Modern technology
allows to build systems for high-level language programming with
significant computing power for a reasonable price.

At the Institut Ffur Informatik of ETH we have designed and built
such a personal computer tailored to the language Modula-2. This
paper is a report on this project which encompasses language
design, development of a compiler and a single-user operating
system, design of an architecture suitable for compiling and
yielding a high density of code, and the development and
construction of the hardware. 20 Lilith computers are now in use
at ETH.

A principal theme 1is that the requirements of software
engineering influence the design of the language, and that its
facilities are reflected by the architecture of the computer and
the structure of the hardware. That the hardware should be
designed according to the programming language, instead of vice-
versa, is particularly relevant in view of the current trend
towards VLSI technology.
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1. Introduction

Software Engineering builds upon two pillars: methods and tools.
Their interrelation is strong. In order to apply new methods
effectively, we need the appropriate tools. In order to build
supporting tools, we must master powerful methods. Much effort
has been spent on improving our methods, particularly in
programming, and many discussions and conferences have been
devoted to the subject of furthering the state of the art by
applying more effective methods. This includes a tendency
towards the highly mathematical treatment of programming, the
postulation of high-level 1languages for programming large
systems, the method of structured programming, and the
managerial aspects of organizing the work of programmers' teams.

All of these areas are important; they form the part of a whole.
But perhaps none is as important as the adequate training of the
individual team number into a habit of systematic thinking. No
team can be successful without all its members being trained to
regard programmingy as a highly logical and mathematical
activity. And the success of a mathematical treatment rests
largely on the use of an adequate notation, 1.e. programming
"language". The designer of algorithms might be content with the
adequate notation and regard it as his only tool needed.
However, our subject at large is not the design of algorithms or
programs, but the design of machines. We must regard programming
as designing machinery, for programs turn "raw hardware®” into
that machinery which fulfils the specified task.

Obviously a good notation must therefore be supported by an
excellent implementation, just as a good mathematical framework
for program design must be supported by an appropriate notation.
Moving one step further, the notation's implementation must be
supported by an appropriate computer system. The measure of its
quality not only includes aspects of computing power, cost-
effectiveness, and software support (the so-called programming
environment), but alsc a simplicity and perspicuity of the
entire system, a convenience to use the system, a high degree of
availability, and - on the more technical side - a high
bandwidth of information transfer between computer and
programmer. The latter aspects point in the direction of a
personal work station in contrast to the remote, time-shared,
large-scale computing facility.

Fortunately, modern semiconductor technology has made it
possible to implement a modern programming language with
excellent support facilities on relatively small computers that
are very inexpensive compared to conventional large computing
installations. The fact that the mechanisms for sharing a
computer - and in particular that for protecting the users from
the mistakes of others - can be discarded, reduces a system's
complexity drastically, and thereby improves both its



reliability and perspicuity. The possibility to implement
modern, high-level languages on relatively small non-shared
computers was perhaps the most significant "discovery" during
the last five years. A personal computer, programmable in such a
language, constitutes, in my opinion, a necessary tool for the
creative software engineer of the future.

2. Project history and overview

The decision to design and build a personal computer as
motivated above was made in the fall of 1977, after the author
had learned to appreciate the advantages of working with an Alto
computer [1]. The project included the following principal parts
[2]:

- design of the programming language Modula-2.

~ implementation of a multipass compiler suitable for relatively
small computers.

- development of a basic, single-user operating system,
including a file system and a linking loader.

- design and implementation of a modern, flexible text editor
taking full advantage of the computer's capabilities.

~ implementation of a set of basic utility programs for Ffile
directory inspection, copying, renaming, deleting, and listing
files.

~ programming and implementing an appropriate set of library
modules for file handling, access to peripheral devices - in
particular the display - and storage management.

- designing a suitable machine architecture as ideal interface
between compiler and hardware, and programming this
architecture in microcode.

- design of the hardware capable of efficiently interpreting the
microcode and supporting the desirable peripheral devices.

- building two prototypes of the designed hardware, and
modifying them according to insight gained from the
concurrent development of hard- and software.

- building a series of 2@ computers, debugging and testing them.

- writing documentation and user manuals.

The language Modula-2 =~ the notation in which this system
presents itself to the software engineer - was designed as a
general system programming language [3]. The guiding principle
was that this language would be the only lanquage available on
the computer. Especially, no assembler would be available, and
hence, the language should be suitable for both high-level
programming in a machine-independent manner and low-level
programming of machine-particular aspects, such as device
handling and storage allocation. In fact, the entire operating
system, the compiler, the utility programs, and the library
modules are programmed exclusively in Modula-2.

g



The compiler is subdivided into four parts. Each part processes
the output of 1its predecessor in sequential fashion and is
therefore called a pass. The first pass performs lexical and
syntactic analysis, and it collects identifiers, allocating them
in a table. The second pass processes declarations, generating
the so-called symbol tables that are accessed in the third pass
to perform the type <consistency checking in expressions and

statements. The fourth pass generates code. Its output is called
M-code.

The operating system is conceived according to the concept of an
"open" system [4]. It 1is divided into three principal parts,
namely the linking loader, the file system, and routines for
keyboard input and text output on the display. The file system
maps abstract files (sequences of words or characters) onto disk
pages and provides the necessary basic routines for creating,
naming, writing, reading, positioning, and deleting files. Both,
loader and file system present themselves to the Modula-2
programmer as modules (packages) whose routines can be imported
into any program. Whenever a program terminates, the basic
operating system activates the command interpreter which
requests the file name of the next program to be loaded and
initiated.

The computer as "seen by the compiler" is implemented as a
microprogrammed interpreter of the M-code. The M-code is
designed with the principal goals of obtaining a high density of
code and of making the process of its generation relatively
systematic and straight-forward. Although space is definitely
the scarcer resource than time, a high density of code is
desirable not only in the interest of saving memory space, but
also for reducing the frequency of instruction fetches. A
comparison between two different, but strongly related compilers
revealed that M-code 1is shorter than code for the PDP-11 by a
factor of almost 4. This surprising figure is clear evidence of
the inappropriate structure of "conventional" computer
instruction sets, including those of most modern microprocessors

that were still designed with the human assembly language coder
in mind.

The actual hardware consists of a central processing unit based
on an Am2901 bit-slice unit, a multi-port memory with 128K words
of 16 bits, a micro-code memory of 2K instructions implemented
with PROMs, a controller each for the display, the disk, and a
local network, and interfaces for the keyboard, a cursor
tracking device called the mouse, and a V-24 (RS-232) serial
line interface. The central processor operates at a basic clock
cycle of 158 ns, the time required to interpret a micro-
instruction. The most frequently occuring M-code instructions
correspond to about 5 micro-instructions on the average.

2z
The display is based on the raster scan technique using 59
lines of 768 dots each. Each of the 4&%6*192 dots is represented
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in main memory by one bit. If the entire screen is fully used,
its bitmap occupies 28+5T2 words, 1i.e. 22% of memory. The
representation of each dot (picture element) in pProgram
accessible main memory makes the display equally suitable for
text, technical diagrams, and graphics in general. In the case
of text, each character is generated by copying the character's
bitmap into the appropriale place of the entire screen's bitmap.
This 1is done by software, supported by appropriate microcoded
routines, corresponding to special M-code instructions. This
solution, 1in contrast to hardware character generators, offers
the possibility to wvary the characters' size, thickness
(boldface), inclination (italics) and even style. In short,
different fonts can be displayed. This feature, which is
particularly attractive for text processing, requires a
substantial amount of computing power to be available in short
bursts. The writing of a full screen, 1i.e. conversion of
~haracters from ASCII code to «correctly positioned bitmaps,
takes about 1/4 second. Using a small font, a full screen nay
display up to 18'88¢ characters.

The disk used in this personal computer 1is a Honeywszll-Bull
D-128 cartridge disk with a capacity of 18 MBytes and a
potential transfer rate of 728 kB/s, which results in an actual
rate of 60 kB/s for reading or writing of sequential files. Disk
sectors, each containing 256 Bytes, are allocated in multiplas
of 8 on the same track. Allocation is entirely dynzaic, and
hence no storage contraction processes are needed to retrieve
"holes". The use of exchangeable cartridge disks in coalrast to
sealed (Winchester) disks has been considered as essential 1in
order that a work station may be used by different peopl=s at
different times without reliance on the existence of a netwsrk
and a central file store.

The mouse is a device that transmits signals to the computer
which represent the mouse's movements on the tabla. Thnose
movements are translated (again by software) into a cursor
displayed on the screen. The accuracy of position is as high as
the resolution of the screen, because the feedback from cursor
to mouse travels via the user's eye and hand. The mouse also
contains three pushbuttons (keys) which are conveniant for
9iving commands while positioning the mouse.

The various principal parts of the projects were undertaken nore
or less concurrently. The team consisted of 8 (part time) peopla
in the average (not counting the production of 20 machines), and
was small enough to require neither management staff nor
methods. The hardware was designed and built by three engineers
(including the author), two computer scientists built the
compiler, one the operating system, one implemented the
microcode and most of the editor. The software effort was based
on the use of a PDP-11/4¢ computer (with a 28K store) and was
initiated with the development of a compiler for Modula-2
generating code for the PDP-11 itself. This "preliminary"



compiler development constituted a significant part of the
entire software effort, and resulted in a valuable software tool
that had recently been released for distribution. It also made
the development of the Lilith softwars quite independent from
the progress of the hardware. Both the Modula-2 compiler for M-
code, the operating system, and even the highly display-oriented
editor were developed on the PDP-11, and the subsequent
transport to the Lilith computer proved to be quite
unproblematic due to programming In Modula-2. 1In fact, the
untested compiler was transported and debugged (at least to an
acceptable degree) in a few days only.

Whereas the software development could profit from our previous
experience in designing compilers and programming in general,
such was not the case in the hardwars ssctor, as our institute
had neither hardware expertise nor facilities. To gain
experience and develop such facilities was, however, a prime
challenge, and this project offered a welcome opportunity.

From the start it was planned to base the Lilith computer on the
2981 bit-slice processor, because one-chip processors available
in 1977 did not offer the computing speed required for the
efficient handling of the planned bitmap operations. This
decision proved to be a good one. After 15 months of
development, a first prototype was operational (without disk),
proved to be too unreliable for extensive use, but confirmed the
sensibility of the overall design. An additional year was needed
to produce two identical prototypes which served to test the
software that had been developed in the meantime. In the spring
of 1988, a team was formed at the Department of Electrical
Engineering of Brigham Young University in Provo, Utah, to build
a series of 28 Lilith computers. This goal was achieved within 8
months by three graduating engineers and with the aid of student
employees during the summer months. The cost per unit, not
counting the development of the prototypes nor of organizing the
production effort, but including labor and parts, in particular
the 10MB disk, was about SFr 28'008.

In the meantime, a few important application programs were
written at ETH, including a text editor, an editor for drawing
circuit diagrams, and a window handler module. Some sample
pictures 1illustrating their use are shown in Fig 1. They are
printed with the same resolution as seen on the screen.

3. Modules and interfaces in Modula-2

Perhaps the most important criterion of a language for
programming large systems is how well it supports program
modularization. The earliest facilities introduced for effective
program decomposition was the concept of locality, i.e. the
restriction of the validity of names (identifiers) to well-



delineated parts of the program, such as a block or a procedure.
This concept was introduced by Algol 6@ and adopted in Algol 58,
PL/I, and Pascal, among others. The range of validity is called
a name's scope. Scopes can be nested, and the rule (s that names
valid in the scope's environment are also valid inside it,
whereas names declared within the scope are invisible outside.
This rule immediately suggests a connection between the range of
visibility (scope) of a name within the program text, and the
time of existence of the object associated with the name: as
soon as control enters the scope (procedure, block), the object
must be created (e.g. storage must be allocated to a variable),
and as soon as it leaves the scope, the object can be deleted,
for it will no longer be visible. In spite of the tremendous
value of this locality concept, there are two reasons why it is
inadequate for large programs.

~ there is a need to hide objects, i.e. to retain them while
they are invisible. This calls for a separation of visibility
and existence: visiblity as a property of names, existence as
a property of objects.

- there is a need for closer control of wvisibility, 1i.s2. for
selection of particular names to be visible or invisiole, in
contrast to the "inheritance" of the total environment into 2
local scope.

In Modula-2, we have therefore added the structure of a module
to the structure of the procedure. Both structures appear
syntactically as almost identical, but are governed by different
rules about visibility of local names and existence of the
associated objects:

P1. An object declared local to a procedure exists only as long
as the procedure remains activated.

M1. An object local to a module exists as long as the enclosing
procedure remains activated.

P2. A name local to a procedure is invisible outside the taxt of
that procedure, one visible 1in the =2nvironment 1is also
visible inside the procedure.

M2. A name local to a module is visible inside the module, and
outside too, 1if it appears in the so-called export list in
the module heading. A name visible in a module's environment
is wvisible inside that module only if it appears in its so-
called import list.

From these rules, we can draw the following conclusion: A module
itself has no "existence", since its local obj=cts inherit their
lifetime from the module's environment (procedure). Heance, the
module is a purely syntactic structure acting like a wall
enclosing its local objects and controlling their visibility by
means of export and import lists. Modules therefore need not be
instantiated; there are no instancas of a wmodule. The module is
merely a textual unit.



A typical example of a module is the following:

MODULE m;
IMPORT u,v;
EXPORT p,q;

VAR Xx: ...;
PROCEDURE p(...);
BEGIN ... x ... END p;
PROCEDURE gq(...);
BEGIN ... X .
BEGIN ... U ... X
END m

This module owns three local objects: variable x and procedures
p and q operating on x. It exports p and g and hides x by not
exporting it. The body of the module serves to initialize x; it
is activated when the environment of m is activated (created).
This example is typical, because it shows how an object x can be
hidden and how access from outside is restricted to occur via
specific procedures. This makes it possible to guarantee the
existence of invariant conditions on x, independent of possible
errors in the environment accessing x via p and g. Such 1is the
very purpose of modularization.

The typical purpose of a module 1is indeed to hide a set of
interrelated objects, and the module is often identified by
these objects, e.g. a table handler hiding the table, a scanner
hiding the input stream, a terminal driver hiding the interface,

or a disk system hiding the disk's structure and allocation
strategy.

The module concept as described above had been introduced with
the language Modula [5]. Modula-2 extends this concept in two
important ways, namely by

- gualified export mode, and
- subdivision of a module into two textual parts, the so-called
definition and implementation parts.

Qualified export serves to avoid clashes between identical
identifiers exported from different modules into the same
enclosing scope. If an identifier x is exported in qualified
mode from a module m, then the object associated with x needs to
be denoted as m.x. The qualified mode is therefore appropriate,
if the writer of m does not know the environment of m. This is
not the usual case for nested modules; individual members of a
programming team more typically design modules that lie on the
same level, namely the outermost, or global level (that may be
considered as being enclosed in a universal and empty scope). It
is this case that is particularly important in the design of
large systems, where a better separation of the specification of
import and export lists from the description of the actual



objects is desirable.

Consequently, we divide a global module 1into two parts. The
first is called a definition module; it contains the export list
and specifications of the exported objects as far as relevant
for the user (client) of this module to verify the adherence to
language rules (in particular type consistency). A definition
module also specifies the types of its exported variables and
the parameter lists of its exported procedures. The second part
is called the implementation module. It contains (usually)
import lists and all the details that need not concern the
client, such as the bodies of procedures. The notion of
textually separate definition and implementation parts was
pioneered by the language Mesa [6] and 1is here smoothly
integrated with the module concept of Modula.

Example:

DEFINITION MODULE B;
EXPORT QUALIFIED p,q;
PROCEDURE p(...);
PROCEDURE q(...);

END B.

IMPLEMENTATION MODULE B;
FROM A IMPORT u,v;
VAR x: ...;
PROCEDURE p(...);
BEGIN ... X ... u ... END p;
PROCEDURE g(...);
BEGIN ... v ... X ... END q;
BEGIN ... x ...
END B.

4. Coroutines and processes

With the design of the Lilith computer we did not follow the
fashionable trend to design a system consisting of several co-
operating concurrent processors, thereby avoiding one certain
source of difficulties, namely their synchronization. The
conseguence for the language Modula-2 was that the concept of
concurrent processes played a minor role only, whereas in
Modula-1 it had been the major theme. The primary idea had been
to distinguish the logical process from the physical processor,
allowing implementations to choose their own mechanisms for
allocating processors to processes. Logical processes are served
by time-sharing the processors, which may well have different
characteristics and capabilities. The processes are implemented
as coroutines, and transfers of control between them are implied
in statements that send signals or wait to receive signals,
where the signal is an abstract notion represented as a data
type. Each processor executes a sefuence of coroutine segments,
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and the processor scheduling can well be hidden behind the
primitive operations on signals. The principal difference
between processes (as in Modula-1) and coroutines (as in Modula-
2) is that the latter are explicitly identified whenever a
transfer occurs, whereas processes are not, since transfers are

implied by sending a named signal to some process which remains
anonymous.

It is well in accordance with the premise of Modula-2 - namely
to make primitives directly available to the programmer - to
include coroutines instead of processes, because the latter are
implemented by the former. As a consequence, Modula-2
implementations need no "run-time system"™ and no fixed, built-in
scheduling algorithm. There exists no data type Signal, but
instead transfer of control from a coroutine P to a coroutine Q
is specified explicitly by the statement TRANSFER(P,Q). Here P
and Q are variables of the primitive type PROCESS, whose actual

values are pointers to the coroutines' workspace and state
descriptors.

Furthermore, experience with Modula-1 showed the advisability of
separating interrupt-driven from "regular"™ processes, because an
interrupt signals a transfer of service among processors within
the same process. A programmer may adopt this advice by
supplying his own scheduling program. Modula-2 provides the
appropriate mechanism for encapsulating such a user—-defined
scheduler in the form of its module structure. Naturally, such
algorithms may also be provided in the form of library modules.

As an example we list a scheduler reflecting the simple round-
robin algorithm. The module exports the data type Signal and the
operators StartProcess, Send, and Wait, which correspond to the
language facilities of Modula-1. The example excludes, however,
the treatment of interrupt-driven processes. (Note that the type
Signal is exported in opagque mode such that its structures lis
invisible to the importer.) Both Send and Wait imply a coroutine
transfer. The primitive operation TRANSFER 1is, 1like the data
type PROCESS, imported from-the module SYSTEM, which typically
contains low-level facilities. High-level programs should
preferrably rely on the process concept as presented by such a
ProcessScheduler module, rather than on named coroutines and
explicit transfer of control.

DEFINITION MODULE ProcessSceduler;
FROM SYSTEM IMPORT ADDRESS;
EXPORT QUALIFIED Signal, StartProcess, Send, Wait;

TYPE Signal;
PROCEDURE StartProcess(P: PROC; A: ADDRESS; n: CARDINAL);
PROCEDURE Send (VAR s: Signal);
PROCEDURE Wait (VAR s: Signal);
END ProcessScheduler.
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IMPLEMENTATION MODULE ProcessScheduler;
FROM SYSTEM IMPORT PROCESS, ADDRESS, NEWPROCESS, TRANSFER;

TYPE Signal = POINTER TO ProcessDescriptor;
ProcessDescriptor =
RECORD ready: BOOLEAN;
pr: PROCESS;
next: Signal; (* ring *)
queue: Signal; (* waiting queue *)
END ;

VAR cp: Signal; (* current process *)

PROCEDURE StartProcess(P: PROC; A: ADDRESS; n: CARDINAL);
(* start P with workspace A of length n *)
VAR t: Signal;
BEGIN t := cp; NEW(cp);
WITH cp”™ DO
next := t".next; ready := TRUE;
queue := NIL; t".next := cp
END ;
NEWPROCESS (P, A, n, cp”.pr); TRANSFER(t".pr, cp”.pr)
END StartProcess;

PROCEDURE Send (VAR s: Signal);
(* resume first process waiting for s *)
VAR t: Signal;
BEGIN
IF s‘# NIL THEN
t := ¢cp; cp = s;
WITH cp” DO
s := queue; ready := TRUE; queue := NIL
END ;
TRANSFER(t" .pr, cp”.pr)
END
END Send;

PROCEDURE Wait (VAR s: Signal);
VAR t#, tl: Signal;
BEGIN (* insert current process in queue s *)
IF s = NIL THEN s := cp
ELSE t@ := s;
LOOP t1 := t@".queue;
IF t1 = NIL THEN
t#”.queue := cp; EXIT
END
te :
END
END ;
cp”.ready := FALSE; cp”.queue := NIL;
t@ := cp; (*now find next ready process*)

[

t1



REPEAT cp := cp”.next;
TF cp = t@# THEN HALT (*deadlock*) END
UNTIL cp”.ready;
TRANSFER(t@8" .pr, <p”.pr)
END Wait;

BEGIN NEW(cp);
WITH cp” DO
next := cp; ready := TRUE; queue := NIL
END
END ProcessScheduler.

Interrupts are transfers of control that occur at unpredictable
moments. We can regard an interrupt as equivalent to a statemesnt

TRANSFER (interrupted, interrupting)

that is effectively inserted in the program wherever control
happens to be at the moment when the external interrupt request
is applied. The variable "interrupting" denotes the process that
is destined to service the request, whereas the variable
"interrupted" will be assigned the interrupted coroutine. The
typical interrupt handler 1is a device driver coroutine of the
following pattern; P and Q are variables of the primitive type
PROCESS.

PROCEDURE driver;
BEGIN initialization;
LOOP ...
start device; TRANSFER(Q,P); ...
END
END driver

The driver process is created by the primitive statement
NEWPROCESS (driver ,wsp,n,Q)

which allocates the procedure "driver" and the workspace wsp of
size n to this coroutine, now identified by Q. It |is
subsequently activated by the statement

TRANSFER (P, Q)

which assigns the starting coroutine (e.g. the main program) to
pP. After initiation of a device operation the statement
TRANSFER(Q,P), which symbolically stands for that part of the
process which is executed by the device (i.e. another processor)
actually returns control to P and assigns (the current state of)
the driver <coroutine back to Q. Termination of the device
operation causes an interrupt signal which (if enabled)
corresponds, as explained above, to an unwritten TRANSFER(P,Q).
This signal again switches control back from the interupted to
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the driver (interrupting) routine.

Each interrupt signal - the Lilith computer offers 8 of them -
is associatad with its own variables P and Q at fixed locations.
In order that further interrupts remain disabled while the
processor executes the interrupt routine, drivers are typically
declared inside a module with specified "priority" that causes
interrupt inhibition up to that specified "priority" level.

This elegant conceptual unification of coroutine transfers and
interrupt handling was made possible by an appropriately
designed computer architecture and instruction set.

5. The operating system

The most noticeable aspect of the Lilith operating system Medos
is its orientation towards a single user. It is deveoid of any
protection mechanism against malicious programs that could
hamper another user's program. Since Medos 1is programmed in
Modula, it benefits from the safety provided by Modula's type
consistency and various run-time checks. Its safety features are
"defensive", but certainly not invulnerable, considering the
Modula's facilities for low-level ©programming offered to the
brave programmer. In this regard, Medos follows the strategy of
Pilot [9]. In a first, superficial look it can be regarded as a
collection of modules that are imported by the current program
(and its imported modules). Since a number of low-level modules
(such as the file system) are used by virtually every program,
they form a resident section. This set of modules consists of
three main parts:

"Program" - storage allocation, program loader
"Terminal” — drivers for keyboard and display
"FileSystem" - disk driver and file administration

The module Program exports the procedures

Call(name,sharedHeap,status)
AllocateHeap(size)
DeallocateHeap(size)

of which the first effectively represents the loader. The module
administers the entire store as a stack and loads called
programs sequentially. The remainder of the store is treated as
data store. In this part, the data stack grows from one end and
the heap from the other. The heap is used for variables that are
allocated dynamically by calls of AllocateHeap and
DeallocateHeap, which merely move the pointer that denotes the
separation between data stack and heap. More sophisticated
allocators can be programmed which, however, will also refer to
these basic procedures.
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If a program P calls the loader, the code and data segments of
the loaded module Q (and of the modules imported by Q and not
already present) are stacked on top of those of P. The set of
segments thus loaded forms a new "level", one higher than that
of P. The loader operates as a coroutine, and each new level of
program is represented as a coroutine too. This slight misuse of
the coroutine facility is justified by the convenience in which
new sections of data and program (a level) can be administered,
if described as a coroutine. Fig. 2 shows the storage layout and
the implied transfers of control when a program is loaded from a
caller at level 1.

The set of resident modules forms level @#. Its main program is
called the Sequential Executive Kernel. It invokes the loader
which loads the command interpreter. This is merely a program
that outputs a prompt character, reads a £file name, and
transmits the file identity to the kernel, which loads this file
after the command interpreter has terminated and control is
returned to level 2. Loading of the main program wusually
raquires the loading of further modules that are specified in
import lists. Linking or binding of modules is simplified by the
architecture of the Lilith computer such that it is performed
directly upon program loading. Fig. 3 shows a typical sequence
of programs, and how they occupy the store.

Since a program 1is loaded only after removal of the command
interpreter, and because the command interpreter typically has
ample time to process the slow input from the keyboard, it can
be designed with additional sophistication. It «can search the
file table for program files whose names match with the input so
fFar received and extend it as far as it 1is unambiguous. For
example, 1if File names ABCD and ABCE are present, and no others
starting with A, it may display both names after receiving "A2"
and then allow continuation after receiving either D or E. This
is a small but typical example of providing a convenient user
interface without additional burden on the user's program.

The entire mechanism Ffor loading and allocating is programmed
exclusively in Modula-2; this includes the subtle point of
shanging our view of a program as data before to code after its
loading. In Modula-2, this 1is possible without resorting to
tricky programming and without the escape to small sections of
assembly code.

The second principal part of the set of resident modules handles
input from the keyboard and output to the display. This module
is called Terminal. The input stream fetched by the procedure
Read (contained in Terminal) flows through a switch that allows
reading from a file instead of the keyboard. Because the command
interpreter also calls Read, that file can even be a command
file. The output stream, which is fed by calling the procedure
Write, is fed to the low-level module TextScreen that simulates
sequential writing and generates the bit pattern for each




- 16 -
character according to a default font.

The module FileSystem constitutes the third major part of the
resident system. Files are used for three main purposes:

- long-term storage of data on permanent, named files,
- communication among programs, )
- secondary storage of data on temporary, unnamed files.

We distinguish between the naming and abstract definition of
files as extendable arrays of elements (FileSystem) and the
physical implementation of files on the disk (DiskSystem). The
programmer refers to files through the module FileSystem which
in turn calls procedures of the module DiskSystem hiding the
details of their physical representation.

FileSystem exports the type File and operations on this type for
opening (creating), naming, reading, writing, modifying,
positioning, and closing files. Normally files are regarded as
streams of either words or characters; writing occurs at the end
of the stream only, and if writing is requested at some position
other than the end, the file's tail is lost and deallocated.
Although it 1is also possible to modify files, i.e. overwrite
them, the abstraction of the stream is the preferred view of
files.

The module DiskSystem implements Files on the Honeywell-Bull
D-128 disk. It is designed according to the following main
requirements:

- fast access, in particular if strictly sequential,

— robustness against hard- and software failures,

- accommodation of a large number of (mostly short) Ffiles,
~ economical use of storage space.

The following scheme was chosen as a compromise between the
various design objectives: Space is allocated in blocks of 2048
bytes. This results in a memory resident allocation table of 392
words (one per cylinder), each bit indicating whether or not its
corresponding block is allocated to some File. Each block
corresponds to 8 disk sectors, equally spaced on the same
cylinder. A separate file, allocated at a fixed place, is called
FileDirectory and consists of file descriptors. Every file is
identified by the 1index of its (first) descriptor (= file
number), and each descriptor contains a table of addresses of
the blocks which constitute the file. Additionally, the
descriptor specifies various properties of the file, such as its
length, creation date, last modification date, whether it is
permanent, protected, etc. Upon startup, the system reads the
entire FileDirectory and computes the allocation table.

Unnamed files are released either by closing them or when the



system is started. They are used as temporary files during
execution of a program. For long tsrm storage of data, a file
has to be named. To administer permanent files, the module
DiskSystem maintains another file (also placed in a fixed
location) called the Name Directory. Each entry consists of a
file name and the number of the associated file. The procedure
Lookup(f,name,create) is used to search the name 1in the Name
Directory and connects the £file (if found) with the file
variable f. The parameter "“create” allows to ask for the

creation and naming of a new f