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Abstract

The concept of specification architecture is introduced, and its importance is emphasised.
Three important architectural principles are offered as away of achieving a satisfactory speci-
fication architecture: modularity, generality and simplicity. These are supported by subsidiary
techniques that realise them. Criteria are identified to evaluate successful application of the
techniques and conformance to the principles. The approach isillustrated throughout with the
example of a message switch, culminating in a larger case study based on the work of the
PANGLOSS project to design a high-speed message switch.
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1 Intr oduction

1.1 Specification Architecture

Except for completely trivial specifications, a specification necessar-
ily has a significant structure — its specification architecture. Even
non-constructive specifications have an architecture. The thesis of
this paper is that an effective specification architecture is important
and hard to achieve, but that there are general principles that can
guide the specifier in choosing an appropriate architecture. Neglect-
ing the architecture of a specification leads to the familiar woes of
the software world: difficulty in understanding the specification,
expense in modifying and extending it, problems in analysing it, etc.
When aformal, mathematical specification isrequired, agood archi-
L tecture is all bt essential.

Specification architecture becomes particularly significant when the problem under study isill-
defined; in fact, finding a good architecture without actually specifying the problem is a major step




forwards. Experience shows that the major difficulty liesin architecting a specification, not writing it.
By analogy, it is harder to design a program than to code it. Experience also shows that it may take
severa attempts to find a suitable architecture. It is tempting to tinker with the first architecture
selected in the hope of making it match the problem better. However, it is usually better to throw away
early attempts and to startaag with a clearer understanding.

The quality of a specification architecture needs to be evaluated in the context of its use. For
example, a specification may be organised differently depending on whether its purpose is to convey
requirements clearly, to allow easy transition to an implementation, or to guide derivation of test
cases. The level of technical sophistication expected of the reader might influence the style. The appli-
cations and even the devel opment tools might affect the choice of architecture. Nonetheless, there are
generally desirable features of specification architecture that apply in most cases.

Definitions of architecture in a standard dictionary emphasise style and structure: ‘the art or sci-
ence of building’, ‘a unifying or coherent form or structure’, ‘a method or style of building’ [31].
Interestingly, definitions of ‘ specification’ and ‘formality’ also emphasise form and structure, so there
seems to be alink among all three words. The writings of famous historical architects (in the building
sense) clearly indicate that architecture is a subtle combination of art and science. Certainly there is
nothing mechanical and rule-based about choosing a specification architecture. Fortunately, there are
sound principles that can be followed in the process of specification. The purpose of this paper isto
elucidate some of these principles.

1.2  An Architectural Approach

Theterm ‘architecture’ iswidely used (and perhaps abused) in computer science. A software architec-
ture or a hardware architecture generally refersto alogical or physical design. Some authors make a
sharp distinction between requirements and architecture, the latter being a complete design [29]. In
the context of this paper an architecture is a structure, whether for specification or for design. Even
more particularly, a specification architecture refersto the structure of a high-level requirements spec-
ification.

Many different architectures may be defined for the same system. For example the architectures
may be defined at different stages during development and may thus have differing levels of abstrac-
tion (e.g. for requirements or implementation). The relationship between such architectures is one of
refinement and is discussed in section Section 2.1. Another possibility is that the architectures reflect
different viewpoints and so may not be strictly comparable. This occurs in ODP (Open Distributed
Processing [14]), for example, where various viewpoints may be specified. Consistency among such
architectures is still an open area of research [3].

An architecture may be purely syntactic and reflect the layout of the specification — textual or
graphical. More significantly the structure may be semantic and be reflected in the behavioural organ-
isation of the specification — interactions among elements,* hierarchical dependencies, or whatever. In
general, the architecture of a specification is concerned with its elements and the way they are com-
bined. Thisraisesthe question of whether a specification architectureis a design. The answer depends
on what the structure represents. The conceptual architecture of a system, for example, should reflect
only the structure inherent in the problem and should avoid solution bias. The implementation archi-
tecture, however, would be entirely focused on design aspects. It is thus necessary to be clear about
the purpose of structure in an architecture.

Specification architecture may reflect the use of the specification language — its style [30]. If the
specification language is sufficiently expressiveit will be possible to adopt the conceptual architecture
directly. However, aless suitable specification language or specification style might force a particular
structure that is not intrinsic to the problem. Alternative ways of organising the specification may
yield different benefits such as clarity, conciseness, comprehensibility, extensibility and analysability.
Such specifications may differ only in essentially syntactic ways, produced by algebraic reformula-

1The term ‘element is preferred to ‘component’, since the latter suggests a condrite tlock.
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tion. However, much deeper variations may arise from substantial differences in the language con-
structs used, even if the resulting specifications are formally eguivalent. Differences among such
specification architectures might be considered ‘horizontal’ in that they do not concern changes in
level of abstraction or non-determinism. lbwd not be usual to describe such structure as design.

Specification architecture may reflect some inherent or intended structure in the system being
considered. The structure might be in the formulation of requirements, defining a framework for
thinking about the system. The structure might be in the formulation of how the system should be
built, defining a framework for constructing it. Specifications of the same thing may be written at
many levels of abstraction, from fully abstract to fully concrete.? The more abstract (non-construc-
tive) levels of specification may be considered as requirements, the more concrete (constructive) lev-
els as implementations. The specification levels in between would be regarded as designs in the
normal usage of the word. Differences among such specification architectures might be considered
‘vertical’ due to difering levels of abstraction or non-determinism.

Many aspects of architecture are specific to the problem domain in question. Since the combina
tion of elements is a key feature of architecture, the combinators available in the specification lan-
guage also hee a major déct. For ekample, the combinators might be:

* sequence, iteration and selection in a program specification language
* conjunction, disjunction and gation in a logic specification language
* process creation, interigiag and synchronisation in a concurrent specification language.

Despite the dependency of specification architecture on problem domain and specification language,
there is genera architectural guidance that is relevant in most contexts, and this is the focus of the
paper

An architectural approach is needed to answer questians lik

* How can a good architecture be produced?

* Isthisa good architecture?

* Isthisa better architecture thamat?

Behind such an approach are architectural principles that provide an overall framework. Such prin-
ciples are put to wrk by usingarchitectural techniquesthat realise them.

There is only a matter of degree between principles and techniques; it would be possible to
regard techniques as subsidiary principles. At best, principles can only guide the architect. However,
they can serve as a useful check-list of ideas to try. Architectural principles can be drawn from many
disciplines; in software engineering these include systems theory, software design and formal meth-
ods. Communications system engineering builds on software engineering principles, and also on
information theorydistrituted system design and haate engineering.

Enunciating principles will not guarantee their effective use. How can it be recognised that some
principle has been properly applied? A complementary approach is therefore the use of architectural
criteria to assess whether principles have been adhered to. Together, the principles (prescriptive) and
the criteria (evaluative) provide aframework for the architect. There are many principles that could be
adopted, so this paper concentrates on only afew important ones: modularity, generality and simplic-

ity.

1.3 Related Work

Perhaps surprisingly, specification architecture appears to have attracted only limited attention in the
literature. [16] isaclassical discussion of important related issues. Specification architecture seemsto
have manifested itself mainly in the discussion of specification style. The closest work to that of this

2Making a specification more concretedives adding design detail and rerimg non-determinism. Puristsould
regard only the most abstract (non-constefispecification as a specification proerd only the most concrete
(constructve) specification as an implementation proper
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paper is on principles for design quality [19]. Although this work was rather different in context and
was undertaken independently, the quality principlesthat are enunciated bear an uncanny resemblance
to the principles and criteria discussed here. A good discussion is also presented in [19] of how qual-
ity principles can interact and even conflict. Intriguingly, there are parallels between specification
structure and the structure and presentation of mathematical proofs [28].

In standards circles, work on an architectural semantics for OSI (Open Systems I nterconnection,
[9]) was undertaken in ISO/IEC project 97.43.1 [12]. Similar work is also being undertaken for ODP
(Open Distributed Processing [14]) in Part 4 (Architectural Semantics [13]) of this work. [8] was
motivated by distributed systems architecture, building on earlier specifications of architectural con-
cepts using temporal logic [7].

Interestingly, much of the work on specification architecture has been stimulated by the use of
just one formal approach: LoTos (Language Of Tempora Ordering Specification [11]). The SEDOS
project (Software Environment for the Design of Open distributed Systems, ESPRIT 410 [27])
included work on the architecture of LoTOS specifications. [23] built on this to define an architectural
semanticsfor OS| using LOTOS. An investigation of architecture and specification style was also stim-
ulated [30]. The SEDOS results were further developed by the PANGLOSS project discussed in
Section 5; [2] and [18] record some of the results on specification architecture. The LOTOSPHERE
project (B5PRIT2304 [26]) &tended treatment of architecture to the safeife-g/cle.

In the object-oriented world, architectural issues have been considered in the context of ‘pat-
terns' and ‘frameworks' for design (e.g. [4, 5, 6]). It could be profitable to see what lessons can be
learned from this for specification architecture in general.

1.4 Paper Structure

It might be difficult for the reader to relate to a purely theoretical exposition of architecting specifica
tions. A ssimple but definite exampl e has therefore been used throughout the paper — a message switch.
The switch merely reads messages on one incoming line and routes them individually to one of a
number of outgoing lines, as illustrated in Figlire

Figure 1 Message Switch

As each architectural principle and its criteria are introduced, examples of their use will be
related to the message switch. Architectural criteria for the principle will then follow, together with
further examples for the message switch. Sections 2, 3 and 4 of the paper deal respectively with the
principles and criteria for modularity, generality and simplicity. Section 5 brings these to bear on a
larger case study: a high-speed message switch. The principles, techniques and criteria to be studied
are summarised in Table 1. Architecture principles, techniques and criteria are not absolute in any
sense. The ones considered here might be regarded as less important or subsidiary by another archi-
tect (e.g. see the principles in [19]). The key thing is to employ some systematic architectural



approach to specification.

Principles Techniques Criteria
Functional Decomposition
) .. | Coherence
.. | Constraint Decomposition .
Modularity ... | Decoupling
Temporal Decomposition :
) . Proportion
Spatial Decomposition
Parameterisation Abstractness
Generality Generalisation Commonality
Unification Adaptability
Idealisation Uniformity
Simplicity Deferment Elegance
Minimisation Economy

Table 1 Summary of Achitectural Principles and Criteria
2 Modularity

2.1 The Principle of Modularity

The principle of modularity is a familiar one; ‘top-down specifica-
tion’, ‘structured analysis and ‘divide and conquer’ al apply the
same approach. What may be less obvious is that there are many
kinds of modularity apart from the obvious one of functional modu-
larity, for example modularisation in terms of constraints, time or
o space. The objective is to have atree (or possibly directed graph) of
T elements at progressive levels of detail. Such atree has breadth (hor-

\ izontal partitioning at the same level of abstraction) and depth (verti-

@ cal partitioning at dferent levels of abstraction).

Modularity reflects a subdivision of the problem. The means of achieving this may be decompo-
sition (top-down), composition (bottom-up), or even both. The end result is a structure of multiple
hierarchical levels. Since the structure is more important here than the means of deriving it, decompo-
sition is arbitrarily referred to in the following. However, similar observations can be made about
composition.

Functional decomposition is commonly used on a complex system with rich functionality. To
break this into manageable piecesit is normal to decompose the overall functionality into a hierarchy
of functions. A wide range of so-called ‘ structured’ methods adopt this approach. However, functions
give kut one viev of a system.

Constraint decomposition is an alternative approach. Many systems are conveniently specified
by separation of concerns. These concerns may be global and not related to just one function. In
effect, the system may be projected onto a number of different ‘planes’, each giving a different but
complementary view of the system. The overall specification is then the conjunction of these views.
Some views may be distinct, others may overlap. Each view givesrules or constraints for some partic-
ular aspect of the system. This approach is assertional in nature, and is the essence of the constraint-
oriented specification style [21,22,3?)].

Temporal decomposition emphasises time-related phases of a system instead of functions or
constraints. A system typically has distinct stages of operation, suggesting a natural, time-related
decomposition of its specification. The decomposition by time may be undertaken at many levels of

3Work at the Uniersity of Oxford by Carroll Mayan and ®ny Hoare vas influential in inspiring the approach.
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granularity from coarse-grained phasing to fine-graining pipelining.

Spatial decomposition deals with ‘space’ in atopological rather than geometrical sense. The
important issues are separation, distribution and replication of elements. Spatial isolation may refer
equally to physical elements (hardware) and to logical elements (software). A spatial decomposition
defines boundaries that may cross functional, constraint or temporal boundaries. Such a decomposi-
tion may distribute one function over several elements, may separate different parts of one view, or
may combine severa phases. Object-oriented analysis may be considered as a kind of spatial decom-
position.

Decomposition stops when the specifier considers that the architecture has sufficiently managea-
ble elements. This may not be an easy decision, and carries the danger of decomposing too far. A
specification architecture derived in thisway may be so highly structured that it has a strong influence
on the implementation architecture. Over-specification must be avoided in a requirements specifica-
tion, but of course ahigh degree of structure and detail is expected in an implementation specification.

Decomposition might be termed architectural refinement — the elements and their means of
combination are elaborated from level to level. Architectural concerns apply throughout al levels of
decomposition but the nature of the concerns changes. It is helpful to ensure that successive architec-
tures are compatible. A discontinuity may lead to errors or may make it impossible to show that one
architecture is a valid refinement of another. Figure 2 illustrates compatibility in a geometrical way.
The boundaries in Architecture 1 can be found in Architecture 2a; the new architecture has compati-
bly decomposed the origina elements. Architecture2b is not however compatible with
Architecture 1; there is a structural mismatch. Nonetheless, there are times when a major change in
architectural elementsis unavoidable — usually when there is a distinct change in level of abstraction,
as when maing from a problem-oriented wieto a solution-oriented we

Architecture 1

Architecture 2aArchitecture 2b

Figure 2 Compatible and Incompatible Achitectural Refinements

In a system sense, one architecture compatibly refines another if it preserves the same interfaces
while decomposing the original elements. Although elements may be decomposed in a strictly hierar-
chical fashion, it may nonetheless be possible to partition the functions of an interface across subsidi-
ary components. A structural mismatch arises if an original agerflisappears or is changed.

2.2 Examples of Modularity

A functional decomposition of the message switch might yield the following functions: message-han-
dling (message reception, buffer management, message transmission) and routing (routing decision,
internal message transfer).

A constraint decomposition of the message switch might yield constraints on the following: for-
mat and ordering of received messages; relationship between messages received and transmitted; for-



mat and ordering of transmitted messages.

A tempora decomposition of the message switch might yield the following alternative
approaches: time-division multiplexed switching (time-sliced processing of each message in stages)
or pipelined switching feerlapping reception, routing and transmission).

A spatial decompoasition of the message switch might yield the following aternative approaches:
a switching element and a control element, or replicated point-to-point switches between the message
switch input and its outputs.

As an example of architectural discontinuity, consider refining the communications architecture
from the functional decomposition above into an implementation-oriented architecture. In abstract
terms, a computing implementation consists of transformation functions (abstract processors), com-
munication functions (abstract buses or interfaces) and storage functions (abstract memories or stor-
age devi c&s).4 The relationship between these two architecturesis summarised in Table 2. Theticksin
the figure indicate how problem-oriented functions could be realised by solution-oriented functions,
thereby establishing the relationship between the architectures.

Computing Architecture
Transformation Communicationy Storage
Function Function Function
Message Reception v v
o Buffer Management v v
Communications —
) Message flansmission v v
Architecture = —
Routing Decision v v
Internal Messageransfer v

Table 2 Communications/Computing Achitecture Relationship

2.3  Criteria f or Modularity

A modular architecture should exhibit coherence, decoupling and proportion. In software engineering,
the concepts of cohesion and coupling are used when talking about modularity [20].

Coherence of an element has many aspects. The element should bring together closely related
aspects — functions, constraints or whatever. Related data should be encapsulated in the same element.
A coherent element will also hide internal detail such as structure that should not be visible at a higher
level. At a concrete ieel, an element should also use closely related technologies.

Decoupling of elements is heeded; again, software engineering practice recognises many forms
of coupling. Decoupling should reflect a separation of concerns among elements. Interfaces between
elements should be narrow, i.e. have a limited range of interactions and require a limited volume of
information to be exchanged. Elements should act as self-standing modules, with a high degree of
independence between them. Decoupling should also allow replacement of elements in case a better
or different implementation should beuvited in future.

Proportion requires a balance between breadth and depth of decomposition. A broad and shal-
low tree may introduce too many elements at each level for proper control and understanding. A nar-
row and deep tree may introduce unnecessary levels of refinement that confuse the decomposition
strategy. It is often suggested that an element should be refined into no more than seven elements,
though a little fewer is better. The notion of proportion is related to span of control in management
science.

“This catgorisation vas olved by the BnGLOss project discussed in Sectién
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2.4  Examples of Modularity Criteria

Modularity criteria apply to any kind of decomposition strategy; as an example, only functional
decomposition of the message switch will be considered in the following. The criteria are perhaps
best understood when thare seen to be brek.

Suppose that the message switch decomposition yielded an element with the following functions:
validation of input message headers, update of a routing table and buffer management. There is no
strong logical relationship among the functions of this element. The functions also deal with rather
different kinds of data (message header, routing table, buffer) and so do not encapsulate closely
related data. Although buffer management details are hidden by this function, only parts of message
handling and routing are treated. Clearly this is a not a coherent element.

Alternatively, suppose that the whole message switch were decomposed into the following ele-
ments: handling message headers, fragmenting messages, analysing message addresses and routing.
Since fragmentation control is usually defined by message header fields, there would be close interac-
tion between the elements dealing with these. Similarly, address analysis would require close interac-
tion with header handling and with routing. Address analysis, routing and fragmentation could also be
linked since the path taken by a message may depend on packet size limits along the route. Fragmen-
tation might be affected by choice of route. Clearly this set of elements would have awkward interde-
pendencies and so lack proper decoupling.

Functional decomposition of the switch might all be carried out at one level, leading to a set of
elements such as buffer allocation, message reception, analysis of incoming messages, routing deci-
sion, routing update, internal message transfer, construction of outgoing messages, message transmis-
sion and buffer dealocation. A single-level decomposition like this would introduce a lot of
complexity at one step, and would risk premature structure and omission of regquirements. Conversely,
a very restrained decomposition might initially lead to elements for message-handling and routing
only. These might then be broken down progressively into afew elements at each level. The resulting
decomposition tree could be very deep, introducing little at each level and masking the natural struc-
ture of the problem. The ideal approach would be somewhere in between, achieving proportion
between breadth and depth @pansion.

3 Generality

3.1 The Principle of Generality

The principle of generality tends to be either
neglected or over-applied. The architect must strike
a balance between specificity and genericity. An
architecture specific to current regquirements may be
lean and effective, but be extremely hard to modify
=2k when requirements change. A very general architec-
: ture may alow for future enhancements and func-

§ % | : tions not yet envisaged, but be too cumbersome for
foreseeable needs.

Software is apeculiarly malleable product. Architectsin the civil engineering sense seldom have
to alow for major alterations in the future. It is hardly conceivable, for example, that a bridge would
be designed to cater for moving it to ancther place or to serve an entirely new function [17: Chapter
1]. Nonetheless, software engineers are often expected to accommodate large changes in require-
ments.

Par ameterisation is one way of making a system more general. What is given and fixed now
(‘constants’, operations, types of users, etc.) may change in future. Value parameterisation as used
with software procedures may be helpful here. Structural parameterisation can allow for replication of




elements. It is unwise to assume that there will aways be exactly one of a certain element; new
requirements for distribution, fault tolerance or parallel processing may arise. Parameterisation can
become excessive and interfere with straightforward use, so sensible parameter defaults should be
provided where possible.

Generalisation avoids unnecessary restrictions in behaviour, environment or technology. Of
course, there will always be necessary restrictions that are an inherent and immutable part of a prob-
lem. A useful disciplineisto try imagining alternative ways of structuring or realising a specification.
If there are conceivabl e alternatives that have a major impact on the architecture, then the architecture
is insuficiently general and open-ended.

Unification is a powerful means of ensuring generality. Similarities between elements should be
identified, and the elements unified as long as this respects the need for coherence. Where elements
are similar lnt not identical, the need for tifences should be questioned.

In applying these techniques, the architect must consciously consider how the requirements
might change due to new uses, changes in the system environment and developments in technology.
Accurate predictions are unlikely, but it is possible to query systematically the stability of all assump-
tions and present requirements. A technique such as ‘lateral thinking' may be helpful in breaking out
of fixed patterns of thought. ‘What if?’ questions can she&dligit on supposedly fed issues.

3.2 Examples of Generality

The message switch islikely to require queues of messages waiting to be transmitted. A specific solu-
tion would be to treat queues asfirst-in first-out. However, many others forms of queue could beimag-
ined. A double-ended queue, for example, would alow a message that is not transmitted correctly to
be re-inserted at the head pending a retransmission attempt. Although messages may be treated
equally at present, it is not hard to imagine a future extension in which messages could have degrees
of urgeng; a priority queue wuld therefore be arth considering.

The buffers of the message switch could also be specified at various levels of generality. Fixed
size messages would suggest fixed size buffers. However, assuming that one message always equated
to one buffer would be unduly restrictive. A wiser decision would allow buffers to be chained for
larger messages. Alternatively, buffers of arbitrary size might be chosen. An even more general solu-
tion would be to allocate fed size bffers initially, but to allov buffers to grev to the message size.

3.3 Criteria f or Generality

Criteria from systems theory and software engineering can be applied to check for adequate general-
ity.

Abstractness ensures that irrelevant details are omitted from the architecture. An abstract archi-
tecture isamodel of the system, and like all modelsis scaled down in some way. The omitted details
may concern internal interfaces, algorithms or structures. Even functional aspects may be omitted if
the architecture concentrates on, say, physical aspects. Architects with an engineering background
will be accustomed to placing practical considerations first; they may have to consciously practise a
more abstract approach. A common way of expressing this is that abstraction deals with ‘what’ not
‘how’. However, a balance must be sought between choosing an architecture that is overly abstract
and one that is overly concrete. Over-specification leads to details that are not properly part of the
requirements. Over-generalisation leads to heavy architectures that are hard to understand and to par-
ticularise for some task. It should be easy to specialise an architecture for a more limited purpose.

Commonality aims to absorb arbitrary differences. Re-using a library of existing elements
encourages commonality, though there are problemsin defining sufficiently general elements that can
be instantiated easily. Object-oriented approaches tackle this kind of problem. Elements of an archi-
tecture need not be implementation elements; they might include functional specifications or con-
straints for example. More interestingly, a library can contain combinations as well. This is very
common in engineering, where ready-made structures (e.g. circuit designs) gploibede[25].
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Adaptability to foreseeable changes is needed. Such changes may affect requirements directly,
of course, but may be external to the system — in its environment or implementation technology. A
general architecture will certainly be implementation-independent. This is particularly important in
the world of computing, where each decade sees sweeping innovations in hardware and software
capabilities. A useful technique in checking for implementation independence is to deliberately think
of other realisations (e.g. a hardware treatment of what is currently perceived as a software problem).
If such alternaties fit poorly with the current architecture then it may need rethinking.

3.4 Examples of Generality Criteria

The essence of the message switch is that it routes an input message to a selected output. There are
mary possible treatments of such a routing decision, all susceptible to considerations of generality

Abstractness requires that the essence of routing be captured without becoming mired in details
of the routing strategy or routing update mechanism. A communications architect might immediately
think of a routing table, but that of course is not an essential ingredient of routing. Routing might
examine traffic history or be purely algorithmic, perhaps in consultation with neighbouring switches.
It would be important to ensure that the routing architecture allowed sophisticated approaches such as
backwards-learning, it could easily be restricted for simple approaches such as flooding.

Commonality would suggest alibrary of architectural elements to support routing. These would
include specific routing algorithms and data structures, but could also include more abstract specifica-
tion elements such as assertions to be satisfied by all routingjitsate

Adaptability would take into account factors such as new applications of routing, changesin net-
work technology and different implementations of routing. A network routing agorithm might, for
example, be adapted to message routing inside a parallel computer. Changes in network technology
might introduce new factors into routing such as message priority, real-time constraints and network
topology. Advances in implementation technology might allow use of storage techniques like con-
tents-addressable memory for a routing table, or might introduce specialised routingrardw

4 Simplicity

4.1 The Principle of Simplicity

The principle of simplicity is complementary to gener-

:Eb i 5|_1|5 élr—l%ii aity; indeed it may be in tension with it. Generality

seeks a common solution that unifies differences,

%%%@%T whereas simplicity seeks to remove differences where

T they are unnecessary. Simplicity leads to a more
C%C{r&{{?:t%“% abstract architecture because irrelevant details are
Z D[ PP ignored; the architecture is not necessarily more gen-
I%%“ % lad —I— eral, however, because it may have less capability due

to the elimination of features.

I dealisation ignores constraints until they have to be taken into account. A cleaner architecture
often results from taking a ‘blue sky’ approach initially, ignoring practical restrictions. Only later
need these limitations be addressed. This incremental style of architectural refinement allows early
concentration on the essential features. Perhaps paradoxically, specifications are often simpler without
bounds (unlimited sequence numbers, unbounded queues, arbitrarily fast transmission rate, etc.). A
constraint-oriented style of specification canwallmounds to be added later as separate issues.

Deferment is necessary to ensure a controlled development of an architecture. Details should not
be introduced too soon, and should be dealt with in a systematic way. Note that deferment considers
when to introduce detail, whereas proportion concerns the balance of breadth and depth in the decom-
position tree. Deferment should be exercised during architectural refinement, since there is aways a
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temptation to make too large ajump in abstraction level. During top-down architectural development,
implementation concerns should be gradually eased into the process. Initially these concerns should
be large-scale matters such as physical distribution and types of resources. Later, boundaries should
be firmed up and interfaces defined. Communications interfaces, storage mechanisms, processing
resources, data types and algorithms can then be addressed. Details such as the specific hardware,
operating system or programming language should intrude only in the final stages.

Minimisation requires one solution where several are offered — the Occam'’s razor of the archi-
tect. It is therefore important to avoid special cases unless there is strong justification. Minimisation
also requires consistency: asmall set of basic constructs should be used with afixed and unambiguous
meaning.

4.2 Examples of Simplicity

The message switch would in practice have to cope with a variety of practical restrictions. Nonethe-
less, an idealised architecture could be defined with some simplifying assumptions. It might be
assumed, for example, that buffers are unlimited in number, internal errors do not occur, communica-
tions links and neighbouring switches do not fail, and routing is fast enough to avoid an internal back-
log.

On first decomposing the message switch, the details of routing should not appear. Only later
would internal communication paths and routing strategies be defined. The switch is probably simple
enough not to need deferment in considering tooyndetails too early during refinement.

Message processing in the switch offers some examples of special cases to be avoided, at least
initially. A low-level architecture might have separate buffer pools for incoming data messages, out-
going data messages, routing update messages and acknowledgements. At a higher level these should
al be treated simply as message buffers. Similarly, a low-level architecture might prescribe special
processing for routing messages and management messages to be consumed by the switch itself, but
at a higher leel this would be a premature consideration.

A good example of one thing having several meanings is the Disconnect Request message used
in many protocols. This can mean ‘ connection attempt refused’ when used during connection estab-
lishment, and ‘ connection released’ or ‘connection failed” when used during data transfer. Half-open
connections lead to ambiguity of thissignal. Ideally, there should be separate disconnection messages.
Note that ssimplicity here would avoid ambiguity in concepts by increasing their number! Having too
few concepts andverloading them inconsistently does not simplify matters.

4.3 Criteria f or Simplicity

The criteria for satisfctory application of simplicity to some&tent mirror those for generality

Uniformity requires unnecessary differences to be eliminated. Symmetry is one aspect of this.
Care should be taken over introducing asymmetrical trestment such as a general function that only
certain elements can invoke, the presence of some but not all complementary functions, or universal
rules that are suspended in some circumstances.

Eleganceis subjective and hard to define; inelegance is perhaps easier to recognise. Exampl es of
inelegance include ad hoc constructions, complex interdependencies, and large or monalithic archi-
tectures. Elgance is found in compact architectures that clearly embody the essence of a problem.

Economy should show in the use of few but powerful constructs. Restricting the number of
architectural elements and their types of combination promotes economy. There should aso be econ-
omy in the distribution of features. Ideally, features should be localised where possible (where locality
means logical not pfsical boundaries).

4.4  Examples of Simplicity Criteria

Uniformity in buffering messages inside the switch would ignore their origin, destination, type and
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size. Although these factors might be grounds for separate treatment in the actual implementation, this
would be at the expense of simplicity. Uniformity would also require that any switch be able to route
via any other, though there may be cost or quality reasons against this for particular messages. It
might be considered that checksum processing should be undertaken only for external messages.
However, amore symmetrical view would extend thisto internal messages aswell if it were necessary
to ensure the same level of protection. The switch may choose only to fragment messages when
required by the next hop, whereas the complementary function of internal reassembly might be desir-
able. Always allocating buffers to messages would achieve consistency. In practice, not using buffers
for acknowledgements might be desirable since acknowledgements are generally short and fixed-
length. Havever, special-case processing of acktedgements wuld add nev complexity.

The factors involved in routing decisions are many and varied: cost, throughput, security, relia-
bility, fragmentation limits, etc. An elegant and economical treatment might reduce all factorsto sin-
gle numerical quantities which had to be minimised, taking the weight of each factor into account. If
the architecture treated the entire processing of a message as a single activity, it would be monolithic
and lacking in manageable structure. Special-purpose processing of particular kinds of messages in
particular circumstances would be inelegant. The switch might have to treat acknowledgements spe-
cially under buffer overload, for example, because they free buffers for outgoing messages. Such com-
plexity may be justified in the implementation, but should not intrude in early stages of the
architecture.

Economy would require alimited number of data types in the switch (e.g. message content, mes-
sage address) and a limited number of operations on them (e.g. receive and transmit, route). Localisa-
tion of buffer management would imply that buffers were allocated and deallocated by a single
element inside the switch.

5 Ar chitectural Case Study: A High-Speed Message Switch

5.1 The PANGLOSS Project

The architecture of a high-speed message switch
was developed by the PANGLOSS project (Parallel
Architecture for Networking Gateways Linking OS|
Systems, ESPRIT 890 [1, 24]). Within the project,
work on developing the switch architecture was
undertaken by an Architecture Task including the
author. Internetworking was required to follow the
i , principles of OSI.

The expectations of the message SNItCh were demanding. It had to support a variety of scenarios
and traffic patterns. connection-less, connection-oriented and stream-oriented. Throughput per sub-
network attachment point was planned at 2700 packets per second, each packet being 128 bytes (i.e.
about 2.8 Mbits per second). Staging delay (the delay caused by the switch) was felt to be important
in a high-speed switch; 95% of messages had to be dealt with in less than 30 milliseconds. To alow
performance of the switch to be scaled up, the switch had to allow extra processing capacity to be
added. Performance was to be extensible up to 45 times the base capacity, with at most a 25% devia-
tion from linearity in performance vs. added capacity

The use of formal approaches wasfelt to be essential as the switch was a complex and concurrent
system. As the specification architecture was developed, it was formalised in LOTOS. This gave preci-
sion to the architecture, and allowed rigorous analysis of the design for functionality and perform-
ance. A series of architectures was evolved, beginning with the basic communications requirements,
proceeding to areference architecture for the switch, and ending up with a hardware architecture. The
hardware architecture was chosen to be a collection of transputers linked by high-speed interconnec-
tion structures. A strategy was developed for translation of low-level LOTOS into occam [15], the prin-
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cipa language of the transputer. Performance analyses were based on both communications
architectures and hardwe architectures.

The architectural approach presented in this paper was not explicitly used during PANGLOSS.
However, the evolution of the PANGLOSS architecture is a good example of how the approach can be
applied. The follaing subsections illustrate only anfef the principles and techniques airk.

5.2 Internetworking Ar chitecture

In conformance with OSI, the internetworking architecture of the switch was based on the Internal
Organisation of the Network Layer [10]. As shown in Figure 3, this decomposes the network layer
into three sublayers:

3C (Internet) This sublayer presents a uniform network service and uniform network addressing to
al end systems. It also handles routing across subnetworks and deal s with congestion control
at the level of the global network. Since the message switch acts purely as arelay, there are no
3C service access points. In practice these might be necessary to handle routing or manage-
ment messages destined for the switch.

3B (Subnetwork Convergence) This sublayer harmonises differences between the globa network
service and the individual service offered by one subnetwork. This may require enhancing
less comprehensive subnetworks or even hiding unneeded services in more sophisticated sub-
networks.

3A (Subnetwork Access)This sublayer pnades the service fdred by just one subnebrk.

Layer 2 (Data Link) deals with reliable transfer over one transmission link, while layer 1 (Physical)
deals with low-level aspects. 3C is common across the global network, but sublayers from 3B down-
wards are particular to a subnetwork. Although there may be many subnetworks attached to the
switch, only two will be shown in subsequent figures for simplicity. The central ‘pillar’ in Figure 3 is
shavn shaded to suggest another suboetwService access points arewhas ®als in the figure.

Interne 3C
Subnetvork Corvergenc¢ 3B 3B 3B
Subnetvork Acces$ 3A 3A 3A
Data Link 2 2 2
Physica 1 1 1

Figure 3 (Sub)layring within the Inter networking Ar chitecture

The PANGLOSS project used the internetworking architecture to develop the switch architecture.
The following description shows how some of the principles in this paper can (retrospectively) justify
the switch architecture.

Modularity (Functional Decomposition) The initial functional decomposition of the switch in
Figure3 was determined by the OSI architecture.

Simplicity (Defer ment) It is assumed that the 3A, 2 and 1 services will be realised later in the design
by standard subnetwork modules. Thisis a reasonable assumption because equipment suppli-
erswill normally provide drivers for major subnetwork types, so the provision of these serv-
ices can be deferred.

Simplicity (Defer ment) The 3B service matches the standardised 3C service by definition of the net-
work sublayers. The mapping between the 3B service and the various 3A services is then
entirely dependent on subnetwork type. Again it is reasonable to conclude that equipment

13



suppliers will provide an adaptor to offer the global network service over major subnetwork
types. The conclusion from this and the previous simplification is that the 3C sublayer is the
key feature of the architecture. It is therefore possible to concentrate on the internetworking
aspects that form the essence of the switch.

Simplicity (Minimisation) 3B service access points are interconnected via the 3C sublayer in exactly
the same way as the service access points of a subnetwork. In other words, the switch itself
contains a subnetwork!® The architecture for OSI networking can therefore be applied recur-
sively within the switch rather thanwgop a ne architecture.

Modularity (Functional Decomposition), Simplicity (Minimisation) 3C can be decomposed into
Partial Internet Functions (PIFs) and an internal subnetwork. Following OSI principles, the
internal subnetwork must offer an internal 3B service. The PIFs together form the original 3C
function. Each PIF entity need connect only one external 3B service access point to one inter-
nal one as shown in Figure 4. A one-to-one relationship between service access pointsis sim-
plest, lut can realise all the required intercommunication.

Internetl PIF | | PIF |

Function
| “Internal 38~ |

Figure 4 Decomposition of the 3C Sublay

Generality (Unification) Theinternal 3B must carry different kinds of traffic, all of which should use
a common core of communication. At this level of abstraction it would be inappropriate to
define diferent kinds of internal subnetrk for different kinds of tréfc.

Modularity (Functional Decomposition) Just as with the OSI internetworking architecture, the
internal subnetwork should be decomposed into a common Interconnection Function (IF, the
raw internal subnetwork) and a Harmonised Interconnection Function (HIF, to adapt the raw
internal subnetwork to the 3B service). As with any OSI subnetwork, the service offered by
the IF may not match the global network service, so a convergence function (the HIF) is nec-
essary The result is shwn in Figure5.

[ PIFE_] PIF
Harmonise§ HiF HIF

Interconnection Functic = Interconnectior
Function

Figure 5 Decomposition of the Intemal 3B

5.3 Internal Architecture

Now that the basic decomposition of the switch has been determined, attention can focus on more
detailed architectural issues. In the following, note that significant progress can be made at an archi-
tectural level without having to consider implementation matters in detail. However, general imple-
mentation concerns now begin to influence the architecture. In particular, efficiency issues are
addressed at an architectural level. Observe that a common pattern in developing the architecture is
first to consider general approaches and then to simplify them to a specific solution. References to
‘transmitting/receiving HIF' in the following mean the HIF instance that is transmitting/receiving data

5Though, of course, the internal subnethvis not visible in the OSI sense.
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via the IF to/from its peer

Generality (Generalisation) Internal message transfer may use message passing or pointer passing.
Message passing is a clean solution but may have undesirable performance penaties. Mes-
sage copying is time-consuming and inefficient. Messages could be large, leading to long
copying delays. The additional complication of internal segmentation would therefore be
advisable to deal with size problems and to reduce delays. On the other hand, pointer passing
is efficiently realised through shared memory. In a closely coupled system such as the switch,
the requirement for shared memory could be easily satisfied. Pointer passing improves high-
speed processing of message streaumidiag delays while bffers are being copied.

Simplicity (Minimisation) Message passing is most appropriate for transfer across a communica-
tions medium, and therefore at the HIF « IF interface. Pointer passing is most appropriate for
transfer between closely coupled systems, and therefore at theHPFHnterface.

Generality (Parameterisation) The PIF and HIF entities should be replicated per subnetwork attach-
ment since there may be connections toyraurbnetwrks.

Simplicity (Minimisation) The IF is unique in the switch, and therefore should not be replicated
unless it is strictly necessary. This might, however, lead to the |F becoming the main bottle-
neck in the switch. Internal flow control would then be necessary in order to allocate switch
capacity fairly and to prevent heavy traffic streams from interfering with others. If this can be
satisfactorily addressed then asingle | F should be used, otherwise the | F should be replicated.

Generality (Generalisation) Flow control might be based on knowing the capacity of an |F stream or
a receiving HIF entity in advance. However, this is unrealistic due to the bursty nature of
much communications traffic. Other flow control mechanisms might include using a window,
credit, choke packets or pacing transmissions to match acknowledgements from the receiving
HIF. Unfortunately these all add undesirable complexity to the IF protocol, and it is already
clear that performance of the IF should be optimised.

Simplicity (Minimisation) The best solution is for the transmitting HIF instance to negotiate in
advance the capacity needed from the IF and the receiving HIF instance. A HIF instance is
connected through itslocal PIF instance to a particular subnetwork and so has the information
required to determine this capacity

Generality (Generalisation) Internal buffering is best avoided where possible since it makes shared
memory a bottleneck. Buffer management strategies could become complex, and would con-
sume processor power and increase delays. In general, buffering is needed by a transmitter to
retransmit messages or to cope with delays while waiting to transmit. In general, buffering is
needed by a reogdr to resequence misordered messages.

Simplicity (Minimisation) Asasmall-scale, integrated subnetwork the IF islikely to have avery low
error rate so retransmission should not be an issue. Resequencing messages should also not be
anissueinthelF. Theonly justifiable need for buffersistherefore to hold messages until they
can be transmitted internally. It follows that buffering should be used on the transmitting
HIF - IF interface. Buffering might similarly be considered for the receiving PIF - 3B inter-
face, but its use could lead to problems. Since there is no direct flow control over the IF, trans-
mitting data from a high-speed subnetwork to a low-speed one could saturate the IF. The
correct place for buffering is therefore in the transmitting HIF instance for the HIF - IF inter-
face.

Generality (Parameterisation) In order to scale up the capacity of the switch, it must be possible to
replicate certain of its elements. In general, replicated processing is appropriate where inde-
pendent processing of messages is logically possible and when parallel processing is desira
ble. For the HIF, this means that each pair of transmitting/receiving HIF instances should be
replicated. Message queues should then be introduced for each transmitting HIF instance,
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avoiding one destination fafcting trafic to other destinations sex by that instance.

6 Conclusion

The importance and role of specification architecture have been
explained. It has been argued that specification architecture not spec-
ification writing is difficult. As summarised in Table 1, three main
principles and associated techniques and criteria have been proposed
for developing effective architectures: modularity, generality and
simplicity. The approach is general and could be used with many
classes of system. However, it has been illustrated in the context of
communications with the example of a message switch. The PAN-
GLOSS example of a high-speed message switch also provided a
: * larger and more realistic case study

The Ilst of prlnC| pIesfor ensuring a clean and effective architecture could be extended much fur-
ther. It could be worthwhile to compare the approach to that of ‘patterns’ and ‘frameworks' in the
object-oriented community. It is hoped that the brief presentation in this paper will encourage interest
in architectural matters, and will bring specification architecture into proper focus.
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