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Abstragg

The MONADS project was established in 1976 at Monash University, with the main -
aim of investigating Improved techniques for designing and developing large
software systems. Thils paper gives a brief history of the project and then
discusses the aims and objectives of the MONADS system. This i{s followed by a
description of the latest phase of the project, the development of a small

microprogrammed workstation (called MONADS

the MONADS architecture.

1 INTRODUCTION

The MONADS project was established in 1976 at
Monash University in Melbourne, Australfa, with
the main aim of investigating improved technlques
for designing and developing large software
systems. The first phase of the project was the
design and implementation of an'operating system
for a Hewlett Packard 21004 minicomputer, which
had heen locally modified to support a paged
virtval memory and extra addressing modes [1, 2,
3, 4, 5, 6, 7]. This system became known as MONADS
I.

From our experience with the project 1t
became obvious that conventional computer hardware
was not appropriate for our ldeas on software
atructures. This led us to the MONADS II project,
In which we undertook a far more extensive set of

modifications to a second HP2100 computer [8, 9],
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~PC) specifically designed to supporti

Although this hardware did allow us to test and
demonstrate our ideas In practice, it suffered
severely from limitations of the underlying
machine egpeclally in the area of addressing which
1s critical to the MONADS architecture,

We were therefore convinced that the only
sengible approach was to build a completely new
machine to efficiently implement our ideas in
hardware. The design of this machine, to be known
as MONADS IIT, began in 1981, MONADS III wac to be
comparable in power to a VAX 11/7B0 and to support
a large complement of memory and disk. Although a
substantial portion of the design of the MONADS
completed [10, 11, 12, 13], the
project had to be shelved following the

IIT system was

resignation of two of the three chief

investigators.



Proceedings of the Eighteenth Annual Hawaii Iinternational Conference on System Sciences, 1985.

In 1984 the MONADS project was revived and we
were again determined to build a MONADS machine.
However, changes In technology, especfally in the
memory and disk areas, now make development of a
number of small workstations a mote attractive
proposition than returning to the MONADS III

appreach,

Before describing the proposed workstation,
known as MONADS~PC, 1t 1s instructive tfo describe
the major aims and objectlves of the. MONADS

architecture.

2 AIMS AND OBJECTIVES

The MONADS project has threé major design
philosophies and these affect the hardware design
in several different ways, In this section each of
these philosophies is described and the resuleing

hardware reguivements discussed.

2.1 Module Structure

It has long been recognized that one of the
keys to successful software engineering is to
limit the scope of azccess to data {14}, Parnas
f15] and others [16] have suggested that this can
be achieved by decomposing software systems into
information~hiding modules, Each software module,
according to the Information-hiding principle,
hides major design and implementation decisions
from other modules, so that changes to a specific
module have minimal impact on the rest of the
system. This implies that alterations to data
structures, te algorithms and even to lower-level
abstract or real machines can be hidden from the
users of a module (unless these Involve changes to
the module’s specification). A good way of
achieving this is to insist that all inter-module
interfaces are purely precedural and that the
private database of a module be accessible only to

the procedures of that module,

The MONADS system rigorously enforces the
information-hiding principle by not supporting
free-standing data-structures (including files

[17]) and by forbidding the exportation of
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variables from modules [18]. Thus all conventional
program units and files are implemented as

information hiding modules and all data is -
accessed via a procedural interface [19}. The -
Implementation of this 1s deseribed later im ithig

paper.

2.2 Process Structure

Lauer and Needham {20] have proposed two
basic models for the decomposition of operating
systems into processes. In the first, known as the
procedure~orlented or "in-process’ medel,
operating system functions are requested bf
procedure calls within the user’s process.‘fhﬁéz‘
the only processes In existence on the macéine .
{apart from system management procéséeé such aéti
spoolers) are the user processes, In the secdndrl‘
model, knowe as the process oriented or “out—of-
process’ model, each system functlon or related -~
group of functions is associlated with a system
process. Requests for system functions in thisghﬁ
model are made by passing messages to the

appropriate process,.

Lauer and Needham have shown that statlcally
the two models can be made to look equivalent and
that the statle structure of the operating system
need not be affected by the choice. However, once
the dynamic properties of the two models are
considered this duality argument fails. Keedy
[21] has argued that the in-process model is
superior in that it potentially allows a greater
degree of parallelism and has several .
administrative advantages. We do not have the. =
space to discuss these advantapges here, however

the interested reader is referrved to [21]..

One potential disadvantage of the in-process
model is rhat it requires a higher degree of =
hardware support. In particular, procedure calls:
and returns involve a change of domain, For
example, when an operating system:function is :
called the operating system code and data must be
made addressable on the call and non~addressable
on the return,

Many systems make this a special

case and provide a supervisor-mode which ig =
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énabled on a system call and makes certain areas
of memory addressable, However, such a facility
will not handle the common situation of a user
requesting the operating system to run a program.
In this case the operating system is calling the
‘user program and the operating system data should
become non—addressable on the call rather than the
return. The usual solution to this problem is to
call the user program by a simulated ‘return’ from
the operating system and the user program then

calls the operating system when {t has finished,

The MONADS architecture supports the in-
process model by providing a procedure calling
mechanism which performs a domaln switch on the
call and reinstates the caller’s domain on the
return. The implementation of this mechanism is

briefly described later in the paper.

2,3 Uniform Virtual Memory

Most modern computers support a virtual
memoty. In a virtual memory system the addressing
range available to programs is larger than the
gize of physical memory on the machine and program
addresses are mapped onto physical addresses by
the hardware. Sections of code or data which are
not currently im physical memory are held in a
special area on disk. Thus the apparent memory
space of the machine is extended by using some of

the disk,

In the MONADS architecture the virtual memory
structure is extended to the limit. All of the
disk is considered to be part of the virtual
memory of the machine. Thus there is no
conventional filestore and filles simply reside in
the virtual memory like computational data. This
approach, which has been adopted on at least one
commercial machine {22], has the major advantage
that 1t avolds duplication of mechanisms, Two
obvious examples of such duplication are the dual
protection mechanisms which have to be supported
(one to protect running programs from each other
and the other to guarantee privacy of files) and
the dual synchronisation mechanisms (for example

semaphores in the computational memory and record
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locks in the filestore). In hoth cases the same
fundamental probdblem is being solved and in both .
cases the filestore mechanism 1s clumsier and less

efficient because of the lack of hardware support,

There are other areas of duplication (eig, "
data accessing technigues) and these have bedn
fully described in [23]. For all of these redsony’
the MONADS architecture supports a very large
unlform virtual memory. A conseguence of this fa, .
that addresses must also be gquite large (large ...
enough to address all of the disks that may be- . .

connected to the machine).

3 THE MONADS ARCHITECTURE

The main features of the MOWADS architecture
are the large addresses required to aceess the
virtual memory, capability-based protection and ..
the procedure calling mechanism. In this section
we Wwill briefly describe how these are

implemented.

The idea of capability-based addressing‘was
first propesed by Dennls and Van Horn [24] and can
be summarised as follows. Evefy abject in the
system is given a unlque, non-forgeable address =
called a capability. These addresses are never
re~used, even when the object has been delefed.
Capabilities themselves are protected and cannot
be modifled or directly generated by programs,
rather they are created and transferred under
system control, A particular object can only be
accessed Lf a procedure has a capability for the
obiect. Thus a fine grain of protection. and
control over access to data can be achieved. The'
MONADS architecture exploits this praopebty of
capabilities in order to implement information~
hiding modules.

MONADS virtual addresses are 60 bits in siée.
The address is divided intoe two parts, an address
space number and an offset. This ts 1llustrated 1in
figure 1. An address space 1s used to hold a
related group of segments (e.g. the code of a
module, the data of a modul: or a stack). When an
address space is created 1t {s allocated a unique

number and this number 1s never re—used, even
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after the address space has been deleted. Address
spaces are paged, with a page slze of 4096 bytes.
The 28 bit offset portion of a virtual address
identifies a byte within the address space.

Each address space is divided into a number
of segments. Segments are not related to pages or
page boundariles. Programs never directly use
virtual addresses, rvather they address segments
via segment lists. A segment list contains a
number of capabilities for segments in an address
space. The format of each segment list entry is
shown in figure 2. Thus a segment list entry is
effectively a capability for a window on the
address space. The entire structure is illustrated

in figure 3.

Each process In MONADS has a stack address
space, This is used to hold linkage information on
procedure calls, local data for procedures and for
temporary storage during expression evaluation.
The data on the stack is also held in segments and

is addressed via segment lists.

The addressing environment of a process on
MONADS {s defined by the segment list entries of
the segment lists which it can use. The valid
segment ilsts for a process are pointed to by a
table held at the base of the stack, in an area of
memory not directly addressable by programs, The
entries In this table are called bases, and point
at segment lists for the following types cof data:
constant data segments in the code address space,
permanent data segments associated with the
current module, local data segments held on stack
and parameter segments. In fact there are several
other segment listas, including multiple local and
parameter segment lists to support block
structure, which are not relevant to this
discussion [25}. Access £o a byte in the wvirtual
memory is achieved by specifying a hase, segment
1ist entry and an offset within the segment.
Naturally, the bases and segment list entries are
oﬁly modified by special system management

instructions.

The MONADS archltecture supports up to 64

bases and 1024 segments per segment list, Thus 16

bits are needed fo identify uniqueiy a segment: .
list entry. In order to reduce the size of
addresses in instructions, and for efficiency
reasons, a set of 16 capability registers are
provided. These have the same format as segmentf}_
list entries and may be loaded from a segment 1i§t
hy a system management instruction. Thus machine-
instructions can address data by specifyving a

capabllity repgister and an coffset,

From the above, 1t can be seen that the
addressing enviromment at any time is defined. by
the segment lists pointed to by the bases, This...
provides very flexihle control over access to
data. On a prhcedure call the call mechanisml
modifies the hases to create the appropriate zi;_h
environment for the called procedure, This |
environment is derived from the ‘red-tape’ . .- .
information held in non-addressable segments in:
the address space{s) of the called module. B
Tnformation from this red-tape is also used to
create local data segments on the stack for the
called procedure. The call mechanism also performs
several other useful tasks and these are fully
described in [25]. e

4 MONADS~PC

4.1 Overview

Figure 4 shows a block diagram of the
MONADS~PC system. The major components are the )
microprogrammed central processor, the cache, the
address translation unit and the multibus memory

and I/D subsystem.

An early decision in the MONADS-PC design was
to build our own microprogrammable processor
rather than utilizing one of the available
microprocessors (e.g. M68000 or National 320323,
The main reason for this was the addressing and: ©
stack structure of the MONADS architecture. All of
these microprocessors generate (relatively) small
addresses and naturally do not provide the
required capability registers. One possibility was

to provide these registers externally to the
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microprocessor and to interpret the address
generated by the microprocessor as a register
number and offset. This is basically the approach
that was adopted on MONADS II and from our
experience we felt that the amount of hardware
required to support this and allow the registers
to be loaded, etc. would be similar to that
required to bulld a simple microcoded machine,
Also such a structure would prohibit effective use
of many of the addressing modes of the
microprocessor (e.g. stack addressing) as they

would net produce sensible results.

A second reason.for reiecting this appreach
was that none of the avallable microprocessors
provide the procedure calling mechanism requirved
by the MONADS architecture, The procedure call
would thus have had to be a system software
routine with an obvious loss in efficiency. By
building a microprogrammable machine we are able
te mlerocode exactly the required call and return

instructions.

A second design decision was that an
industry=-standard memory and I/0 bus would be
used. This was so that off-the-shelf memory and
input-output controllers could be purchased. The
Multibus I [26] was chosen, despite its rather
slow speed and lack of support for 32 bit data
transfers. This cholce was made mainly because of
the availability of a large range of disk and
serial line controliers. The initial MONADS-PC
will have 2 megabytes of dynamic memory, an ST-506
compatible disk controller (capable of supporting
up to 4 winchester disks) and an ‘elght port

intelligent serial line controller.

4,2 Instruction Set

The main purpose of bullding the MONADS-PC is
to provide a machine that will support good
software engineering techniques. We therefore did
net want to lnvest a large amount of effort into
designing a complex Instruction set, and resolved
to keep the machine as simple as possible. In this
way we could concentrate on the software

engineering aspects of the project.

MONADS-PC is 32 bit machine., It supperts oaly
three basic data types, 32 bit integers, 32 bit-i-i-
floating-point numbers and 8 bit characters. -
Integers and reals must be word aligned, howevet) s
this is not considered to be a seriocus .
restriction. Most machines which do allow non-—
aligned data suffer from a severe degradation in

performance when such data Is accessed and thus

the compilers force all words to be aligned.

MONADS-PC is a single accumulator machine.’
The accumulator is an implicit operand on most <"
arithmetic and logical operations. The accumulator
(A) is a 32 bit register. There is also an
accumulator extend register (AX) which can be used
for double length arithmetlc operations. There are
three index registers (I1-I3) and sixteen
capability registers (CG—ClS) of the format
described earlier. In addition there are two
dedlcated capability/index replster combinations,
one for accessing the computaticnal area of the
stack and one for fetching words of code from the .
instruction stream. Finally there is processor
status word (PSW) which contains conditlon codes

indicating the result of the last iInstruction,

MONADS-PC has only three basic addressing
modes, data mode, literal mode and top-of-stack
mode. In data mode a capability reglster, offset
and index register are specified. The capability
reglster effectively points to a window on the
virtual address space, the offset is an offset
from the start of this window and the index _
reglster (scaled by four for ilnstructions with
word operands) is added to this offset. Thus data
mode can be used to access any byte inm the
addressing environment of the current process.
Literal mode is used to generate a constant
literal., Top-of-stack mode has different effects
depending on whether it is used as a read operand
or a write operand. On a read the data is obtained
from the top of the stack and the stack 1s popped,
on a write the data is pushed onto the stack, For
certaln instructions {e.g. index register
operations) the accumulator and index registers

may be specified as operands.
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All Instructions in MONADS-PC occupy an
integral number of words, most being one word
leng. MONADS-PC has the uwsual complement of
arithmetic and logical operations as well as an
extensive set of bit manipulation instructions
{27}, These are used to manipulate sets which are
used extensively hy the operating system modules.
Instructions are provided to allow the accumulator
to be viewed as an extension to the top-of-stack,
in particular there 1s a “push and reload
accumulator’ instruction, This assists ia
efficient evaluation of arithmetic expressions
[281.

performed on the index registers to avoid

Limited arithmetic operatiocns may be

unnecessary saving and restoring of the

accumulator during array index operations.

At this stage it {s envisaged that the only
byte instructions that will be provided will be
load, store.and compare, Tt will be possible
later to provide support for variable length
strings. There is a general multiple word/byte
move insteruction. Control instructions include the
usual branches on conditiens, a simple jump and
link instruction and the procedure call and return
instructions. In addition there Is a large set of
system management instructions to manipulate
bases, segment lists and the capability registers

in a controliled manner.

4.3 The Micromachine

MONADS~PC is based on a 37 bit
microprogrammable processor [29]. When we embarked
on the design 1t was hoped that we would be able
to make considerable use of the AMD 2900 series
bit~glice components {30} both for the ALU and the
control loglc. Unfortunately this turned out not
to be practical. The 2901/3 ALU chip has only 16
internal registérs. The MONADS architecture
requires sixty-four 32-bit registers simply to
hold the capability registers. Although extra
registers can be added externally to the 2901 this
becomes quite cumbersome. The 2%10 sequencer was
re jected because of the limited control store size

it will support (4096 words). MONADS~PC makes

227

extensive use of microcode for system management
functions and thus we wanted the flexibility to
add more control memory at a later stage. The _
2909/2911 series sequencers were rejected mainly:;
because they were too glow. 1t is very\difficultu
to achieve reasonable speed without employing .
several levels of pipe~lining which makes coding
more complex, or using very fast contrel store _
(less than 70 nanosecond access time) which 1s not

available in high density memory components.

For these reasons the MONADS-PC micro—machine
is built using standard MSI and LST chips. It has
a highly horizontal structure with a microword of
approximately 100 bits, The basic cyecle time is
140 nanoseconds, although for conditional branch.::
instructions this is stretched to 175 nanoseconds.
The initial implementation will have 8K words of
100 nanosecond writable control store. With this:
configuration the fetch and execution of an
indexed add to accumulator Instruction will take: -
il microeycles (ignoring memory access time which :
is zero if the iInstruction and data are in the

cache) or about 1.65 micreseconds,

A horizontal structure was chosen hecause of ¢
the obvious efficiency advantages in not needing:
to decode the micreinstructions. However, we were
concerned about the difficulty of developing large
amounts of microcode for a micromachine with such
a large number of bits per word. In order Lo
simplify this task we developed a general-purpose
micro—assemblar which allows the code to be
written for a pseudo-vertical machine and then
maps this vertical code onto the real horizontal

structure [31].

4.4 Address Translation and the Cache

The MONADS-PC processor generates 60 bit

virtual addresses. These are translated into

physical addresses by the address translation unit
(ATU). The ATU contains a hash table with imbedded
overflow. At all times the table contains an entry
for every occupled physical page frame. The

structure of each cell in the hash table is shown

in figure 3. This table 1s used on a memory
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access as follows. The page number portion of the
virtual address (48 bits) is hashed to produce an
address within the hash table. The key portion of
the cell is compared to the page number, if it
matches then the physical page number is
extracted. Otherwise the link field is used to
obtain the address of the next cell in the chain.
This process continues until either a match is
found or the end-of-chain is reached. The foreign
bit indicates that a cell 1is part of a chain
rather than being a primary entry point. This
process of chasing chains 1s controlled by a
(hardwére) state machine. In order to minimise
chain length it ig desirable that the hash table
be sparsely occupied, We are alming for an
occupancy ratio of four to one, which should
require, on average, 1.l probes to translate an
address. Thus the processor can view the ATY as a
black box which, given a virtual address, either
reads/writes the data or causes a page fault. This
type of address translation scheme is further

dezseribed in [327.

Having made the decision to use Maltibus, we
had séme concerns abcut the time taken to perform
memory accesses. The Multibus only supports 16 bit
transfers and thus most memory requests will
require two bus cycles. The cache was Iincluded in
the design to try to reduce the effect of the slow
memory access on the overall performance of the
processor. The cache holds both code and data and
is one-way set—assoeciative on virtual addresses.
It operates in parallel with the ATYU and uses a
write~through update strategy. In the Initial .
implementation the cache will be iéK bytes long,
and we anticipate a hit-rate of at least 95% [331,
although this is difficult to estimate given the
MONADS architecture,

4,5 Software

Fortunately much of the software from earller
MONADS projects will be able to be used on
MONADS~PC, Tn pavticular a Pascal compller and a
compller for a modified form of Modula 2 {34] are

available, These use a common code generator [35]

and a new code generator for MONADS-PC is
currently heing developed. It is envisaged That a
small part of the kernel will be written in
assembier and that the rest of the system code
will be written in a high~level language, probably

Module 2,

5 CONCLUSICN

At the time of writing, the hardware for -
MONADS-PC is still at the design and construction”
stage. The microassembler [35] and much of the e
microcode has been written. An assembler for £h
MONADS~PC machine code {s under construction [37}
and a new code generator is being developed . Wé““;
view this initlal implementation as a model for -°
further research inte computer architectures with
support for good software enginéering principles,.
In particufar we are interested in designing a. .
VLSI version of the MONADS machine. .
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Hhere:
F denotes cell is foreign .
E denctes cell is end of overflow chain
R denotes page is read-only
M is set by hardware when page has been modified
C denotes page cannot be placed in cache

Figure 5 - R cell of the Address Translator Table
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