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METHODOLOGY OF ARCHITECTURE

Gene M. Amdahl

Architecture is essentially an exercise in economic tradeoffs, an
aggregation of many compromises. It is sort of like designing a bibini,
in that it's a challenge in attempting to encompass an impressive array
of essentials with an immodestly small amount of material. It is more
closely characterized as deciding what not to include rather than as by

what could be put in.

Addressing methodology requires placing relative emphasis on diff_eren‘t
design and evaluation processes, as such it is quite dependent upon the
architectural task one is addressing such as: whether it is a new design
or an improvement of an older one; whether it is a single product or a

line of products; whether it serves an established or extended market or

a new one; or, whether it is aimed at a specialized market or a generalized

ane,

Differences in logical complexity of the architectural task are apparent
between new design and improvements. One may design new releases of
old products which would involve improved cost performance, reliability or

serviceability.

In such case improvements would result mainly from minor changes in
design, technology replacement and optimization of manufacturing pro-
cesses. Qr one may design new products in an established architecture
requring work to reaching to market requirements for products of substantially
higher performance, lower cost, greater reliability, different functional
balance than existing products or to substantial progress in technological
state-of-the-art. Or one could be designing new products with new
functional architecture as a requiring work to reaction to changes in
competitive environment, requirements for new functions of data processing

components, a too rapidly growing volume of transactions in data bases, .
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needs for more reliable and secure data processing than can be cofferad in
the old architecture, a desire to expand into new market areas, or the
discovery of a recognizably more effective architecture for addressing

one or more of the preceding.

Differences in constraints on performance of hardware realizations to

be demonstrated are apparent between a single product and a line of
compatible products. For a single product, one may have a clearly
specified cost/performance objective in order to address a particular
market segment, or one could have freedom to select that cost/performance
which capitalized most effectively upon the characteristics of an available
technology. For a line of products the freedoms are somewhat roduced,
for the members of the line must essentially satisfy at least two rcquirc-
ments: that the spacing of performance ratios be rather recgular and that
the cost/performance be essentially constant. If this linc relates to an
older product line, another pair of requirements probably arc also appliced:
that the spacing of new performance ratios are cbout the same as hefore
and that the new line be spaced almost but not guite one spacing ratio
higher than the old line, at least when executing the old applications.
These spacing constraints are economic considerations rclating to uniform
coverage of the market for the first pair and relating to revenue upgrading

for the new line for the second pair of constraints.

Differences in efforts needed to characterize the market appears between
established and new markets. An established market has its two major
aspects already defined: the functiona! requirements and the econcmic
tradeoffs. The development of a new market requires extaensive study,
modeling and trial tests to ascertain the operational and economic viability
of any proposed solution. The new market area may fall in either of

two categories: activities or processes presently being performed in an
alternate, probably manual, manner; and activities or processes which
are postulated as providing beneficial returns if adopted. The first of
these categories implies that the application resisted economic or
operational sclution with the previous generation of products and, hence,
is probably only marginally soluble this time. The second category
probably requires repeated demonstration under a variety of circumstances
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to develop adequate acceptance to establish a market.

Differences in the nature of the architectural solutions and of the
evaluation testing are apparent between a product specified for a specialized
market as opposed to a generalized one. A particular example might be
the market for solution of partial differential equations. In such a market
one might be able to postulate several varieties of parallel architectures,
each of which possessed particular advantage for particular situations,
and each of which may possess superior advantage over a sequential
arechitecture for the majority of situations. In such a market, one must
pay particularly careful attention as to whether or not this is a "real"
market; that is, is there also a need to perform processing that is other
than parallel. If so, how much? Can the users afford both a parallel and
another computer? These questions are important for the efficacy of the
processor vyet may end up being determined by the irregular undiciplined

processing.

One must also determine the applicability of compiler techniques to the
automatic utilization of the parallel componentry of the system, for the
potential capability will almost certainly not be fully realized if hand

coding is required.

The architecture of computing systems is by its very nature an inter-
disciplinary activity. The major burden of planning, coordinating and
performing architectural tasks will rest with a core architectural group.

To be able to cope with problems of varying scope and importance and to
function efficiently and productively within a dynamic corporation, an
intensive cooperation of key professionals from major corporate departments
is an ultimate requirement. On the one hand they provide the architectural
group with the knowledge and expertise of specialists, and on the other
hand their participation in the architectural activity gives them an intimate
feeling of participation and of the overall goals of product strategy and
architecture so that they are motivated and informed to carry it through in
their departments.

The necessary complement to such a distributed architectural activity is

the centralized core architectural group, composed of professionals with
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interdisciplinary backgrounds and interests. They synthesize the expertise
and state-of-the~art of different areas into structures which relate to the

needs of the data processing market.

I like to think of architectural activities as divided into four categories:

1) functional architecture, which is the synthesis role; 2) evaluation

of architecture and products; 3) technology evaluation and selection:

and 4} design architecture which validates the realizability of the planned

products.

The functional architecture, or synthesis, requires as input: the product
strategy to be followed; the market research data base with analysis and
projections of users’ EDP functional needs; system activity measurement
data with distribution and correlation of activities; programming concepts
of advanced operating systems, structure of high level languages and their

translators and data base and data communication structures and accessing

methods; trends in computer architecture; structure, algorithms and performance

of storage hierarchies; super-reliable computer architecture with field
engineering and reliability statistics; technology studies and evaluations;
and concurrent experimenting with trial machine organizations for each

product for each major synthesis attempt.

In this synthesis phase of architecture one is most strongly tempted to
succumb to the Lorelei call of the latest most innovative architectural
concepts. But I would warn you most loudly to ke suspicious of new ideas.
I warn you, not because I dislike them, but because [ become intrigued
with them. Their power of attraction lies in the things that they do well.
However, the bitter lesson of experience is that the true capability of a
computer is far more often determined by the things it does not do so well

than by those it does do well. A second rule to observe is to avoid adding

to the computer structure additional capabilities to supplement its performance

in specific applications. These additions add littie or nothing to the computer's

capability in general application and the pursuit of these capability additions

will soon affect the machine clock cycle to the point where the net effect

is an overall negative one.

The last rule I suggest is to avoid capitalizing upon a functional property

unique to a single technology. It is all right to do so in a particular
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product realization, but if it is done in the architecture the subsequent

technology improvements may severely limit its effective life.

The evaluation of architecture and products requires the development as
well as the application of a methodology, tools, models and data base

for evaluating functions, reliability and cost/performance of products,
product alternatives, product design alternatives and of systems using
those products. The evaluation methodology must be carefully formulated
to give rather complete and reasonably precise results in order to provide
adequate distinction between competing solutions. System activity
measurement tools must be developed which allow acquisition of data from
external actual operating sources as well as from simulated equivalents.
From these measurements the generation, maintenance and interpretation
of a measurement data base must accrue. Proper interpretation is
difficult, but distribution and correlations exhibited can vield exceedingly
useful analytical tools for preliminary selection of alternatives and may
also yield model transformations which permit more rapid system modeling
and evaluation. In testing applications be certain to give adequate
weighting to the existing developed applications. These, particularly the
least exotic ones, are the economic foundation of the computer industry.
If these oldies are not handled efficiently in a new architecture do not
presuppose that a modest rewrite effort will properly accommodate them to
a new architecture, for the costs would probably aggregate to a prohibitive
level. Be careful to identify as much of the overhead and exception
handling situations as you can, for people are prone to fail to include these
tasks and almost never unnecessarily include them. Finally, I'll give a
caution to be sure that 3 workload is characterized by operations to be
performed rather than by division of time. This is a simple trap people

so often get caught in. One hears, "We do this kind of processing half
the time, so by doing it ten times as fast the system will perform overall
more than five times as fast”. Instead, the statement should have been,
“"We do this kind of processing for half the operations, so by doing it ten
times as fast the system will perform overall less than twice as fast”.

Quite a difference!

The technology evaluation requires detailed studies in the packaging, logic
design and memory areas particularly, with emphasis on manufacturing
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processes, heat dissipation, maintenance, reliability and costs. Studies
in wireability, leading characteristics and achievable integration levels
of the logic are important. The set of technologies to be employed for the

set of products in the line should be chosen, with alternates if possible,

so that product verification through cost and perfermance can be determined.

The design architecture or architectural and product verification process
requires the architects to provide at least one internal organizaticnal
structure, using the selected technology, for each product in the planned
line. These structures must specify critical design parameters within the
proposed technologies and with these be able to meet the functional,
performance, reliability and cost specifications of the products. 1 would
visualize these organizational structures to be worked out in cooperation
with the preduct development engineering groups involved and to be utilized

by these groups as their initial design plan.

I have tried te give a methodology which turns out to have many ccookbook
attributes in lieu of method at times. The subject is too broad and tco
pervasive to permit a truly methodical approach, but continued attempts
to be analytical, to apply consistent evaluation determinations, even if

somewhat crude, will be valuable in the long run.
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1.

Iintroduction

We can tockle the problem of specifying objectives
for computer system design from two main points of view -
that of a typical individuol company engaged in making
its living from computer business, or alternatively by
considering the reguirements of society as a whole.

In my opinion, these two opparently controsting views,

if anolysed in sufficient cepth Yeod to similar conclu-
sions since no large company can prosper unless its
products exploit up~to-date technology to meet real

social requirements. Accordingly, this paper gives a
paersonal view of the objectives, derived by such arguments,
which designers should try to achieve in systems intro-

duced in the next few years.

tet us consider first the point of view of on
individual company. Computer business is hiahly
competitive., Lay to doy, or yeor to yeor decisions in
running any company are properly based upon the over-
riding necessity tc survive and moke a profit. ldeally,
even the choice by o computer compnay of system design
objectives should be bosed on these some criteria.
However, the time required to bring o computer system
project to fruition considered against o background of
rapid evoelution in computer technology ond users reguire-
ments is so long that the profitability criterion,
although o proper meosure of success after the event, is
of little value as a guide to plenning. £lthough it is
impassible to produce credible finoncial figures as o

foundation for long range planning, it is quite
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!

pessible to plan rotionelly by tockling the problem

closer to its roots in human offcoirs.

Every computer user must believe when he mokes
his purchose decision thot the computer wiil do a useful

job for him.

The decisive competition between computer componies
therefore occurs when systems are sold. Success in
selling must be bosed an a combination of good maorketing
methods and o product relevont to the users needs when
the sole taokes ploce. System design haos on oll pervoding
influence on the odaptability of an informaotion system to
continuously changing morket requirements. The choice
of objectives for system design is therefore in effact
o choice of bottle fields for the subsequent competition

in the morket place.

111 chosen objectives, even if totally achieved,
moy be irrelevant by the time the competition takes
place; well chosen objectives, even if only partially
achieved, may confer decisive advantages. Several yeors
must elapse between choosing objectives and facing the
consequential moment of truth, by trying to sell systems
derived from thos.: objectives, so that their choice
should properly be based on o forecast of social require-

ments and technological passibilities.

This stotement éf the problem although originally
derived fram the point of view of a typical individual
company expresses the selection criterio for design
objectives from the point of view of society as o whole.
The choice of system design objectives must therefore be
besed on an analysis of the social purpose of computers

ond the technologicol opportunities.

2.
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How Should One Specify System Design Obtiectives in 19737

Since the computer industry is now some 25 yeors
old, one might suppose thot the objectives for system
design would be olready well understood, even if they are
not achieved; this is not so however, since the design
and opplication of computere has alwoys been an open-~
ended exploratory process. #t the present time, there
is o fortunate coincidence of three separote lines of
argument which together can leod to o better specifica-
tion of objectives thon has been possible for previous
generations of computers, The main components of these
new lines of argument cre the fruition of semiconductor
technology, experience of the inadeauocies of present
computer systems and an improved understanding of the

humon purpose for which informotion systems are required,

2.1, Semiconductor Technology

Up to the present the only effect of semi-
conductor technology on computers has been that
they now work well enough to do a useful job,
whereas in the days of electron tube technology
computers were so unrelioble thot only very dedicated

users were prepored to put up with them.

The moin outlines of computer design are still
the same as they were before semiconductor techno-
logy was introduced. ‘e $till have o clear
distinction between the programmed agutomaten ond
the storage devices; a design decision which
occurately reflected the ovailable techniques some

25 yeors ago. We moke extensive use of compiling

3.



BIBLIOTHEQUE DU CERIST

2.2.

in the implementoticon .of high level languages -
a strategy which wos introduced o* least 15 years
age when the crude processing speed was very much

less thon con ecasily be achieved now.

The toctical manoeuvreobility conferred by
the availability of L5! has recently been used to
introduce "mini-computers” Fellowing this trend,
it is now possible ta chionge our mental image of o
computer system from "a set of storoge devices ond
the central processor™ to a "team aof storage ond
processing devices well adapted to the specific

work lood".

The ratia of internal processing speed to
external communication speed has consequently
increased so greotly that it is now appropriote
te re-introduce some of the interpretive
techniques which were tried but gbandoned when
high level languages were first introduced,.
HHeither the concept of the "well adapted team™
nor the extension of interpretive techniques has

yet been adopted in commercial systems.

How Do Present Systems Perform?’

Many present computing systems ore certainly
successful wher?us others are a continual headacha
to their usaers. The main factor which determines
into which of these classes each installation
falls, is the rate of change of requirements.
Vhere the users requirements change slowly, it

is quite possible to evolve a total system which

4.
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is well

matched to them. there, hoﬁever, the

requirements change rapidly this adaptation process

caonnot be made to toke place. The main prablems

in present designs can therefore be listed as

follows:

2.2.1.

2.2.2.

2,2.3.

2,2.4.

2.2.5,

To a very great extent it is the human
users who have to aodapt to their computer

rother then the other way about.

Present systems incorporate many ltogically
unnecessary links between sub-components.
Each deliberate modificotion therefore
necessitates so many consequential changes
due to the parasitic cross links between
sub-elements that it is difficult to evoive
the system to match changing requirements.
Even the software could now be better

described as "brittleware".

The computing productivity of present
systoms is itl-defined. It is quite
common for the user to discover ta his
surprise thot the computing pawer provided
by Lis installation differs grently fram
that which he expected,

Although one might suppose that computer
installations ore instolled primarily to
Help people, the communication means

provided between man ond machine is ill-

adapted to the real requirements.

Attempts to devise and odapt & universal
high level language have failed and con

now be seen to be af doubtful value,

5.
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2.3.

The Human Requirements

The earliest computers, before exploration
had beenmgde of their potential fields of gpplica-
tion, were conceptuaily simple. Since those
innocent days, the range of known computer applico-
tions haos exppnded enormously so that as computers
became useful they also became complex and incom-
prchensible because it was difficult to formulate
general simplifyiny theorems concerning computer
design ond operation for the very wide range of

applications.

Irn 1973 we are at lest beginning to see our
way through this jungle. Ve ¢con now recognise thot
there is a common factor behind the diverse range

of computer applications; it is people.

Ve may define the term "#ocial information"
to refer to the information which men use to effect
their co-operative behaviour in organised groups.
There are recognisable hobits of human thought
which mould the organisotional structure of such
social informotion laorgely independently af the
detailed ac*ivity. ‘'a therefore now have the
opportunity to design our computer systems ta be
well adapted to the natural behoaviour of such

social informgtion.

hen eventually this adaptatian process is
token to its logicel conclusion we should perhaps
regard a computer, not as an informotion system
in its own right but as an artificial subsystem
which must be plugged into the naturaliy occurr-
ing human informotion system in order to justify
its existence.

6.
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V'hat Features of the Behaviour of Social

Informotion can be fecognised?

It is useful at this point to sketch in the ouvtline
of o typical main stream computer applicotion. b computer
vser makes his living from some primary activity, e;g.
tunning an insurance company or a retail store. is
primary activity will be portly internal to his orgoniso-
tion and portly external, e.g; in the sense that he has

commerciol relations with suppliers and customers.

The user with advice from the computer manufacturer
devises o data baose which provides o dynamic description
odequate for his purpose of the current state of his
primary activity. The organisotion of the data base,
the specification of its access mechanisms and marnipula-
tion facilities is collectively termed o "Dota Base
Monagement System” and its design is o problem of great
subtlety. If the user's primary activity is complex
and unpredictable it is more difficult to design a DBMS
for it than if the primary activity is comparatively
simple. it is therefore useful to introduce the concept
of "intrinsic disarder"” to refer to o recognisable
feature of a primary activity which largely determines
the difficulty of designing and implementing a DBMS for
it.

We can already recagnise thet a primary activity
with high intrinsic disorder leads to greater emphosis
an tronsactian rather thon botch processing ond the
introductian of cancepts such as virtuol files. Up

to the present, hawevar, we have anly just begun to

7.
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tackle the problem of designing ¢ DBHS for primary
activities with high disorder. indeed, there is o
regrettoble tendency omong computer system anclysts
to regard high disorder in the primary activity as
evidence of incompetence rather then humanity.
Fortunately, there is also @ great deal of order in
most primary activities. ft is often possiblie to
structure the data base so that many of the accesses
to it, to record events in the primary activity, can
be made by o comparatively simple eddress calculation.
Indeed, the majority of computer applicotions at the

present time are of this noture.

The main features of the natural behaviour of
social! information can therefare be summarised as

follows:

3.1. The behaviour pattern is typically a combination
of order ond disorder. The proportion of the
two, however, varies from one primary activity

to anothar.

3.2. The ordered companent of the behaviour pattern
is largely represented by the widespread use of

set structures in the deta bose organisation.

3.2. The most common set structure is the tree
possibly due to the ubiquity of the hierarchical

social organisation.

3.4. The disordered component arises from the fact
thot there is no unigque tree for describing the
association potterns of ¢ typical mass of informa-
tion and the trees themselves are "living" things
which are frequently changed to svit varying

circumstances.

&.
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Other structures such as rings, chains or networks
con be regorded as combinetions of superppsed trees
nn&, indeed, one may speculute_tﬁot‘the} arise in
that way as owb}Qpéadﬁctbof maltiple trees rather
than as naturally occurring structures in their

own Tight.





