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Abstract

The adoption of design patterns as part of software development has had a profound effect. The
patterns in use, though, are essentially static in nature showing different designs that might

work differently in a partic ular context. The originator of the notion of patterns and that of a
pattern language, Christopher Alexander, has also proposed that a segeferativepatterns,

which influence the development of buildings might also have analogues that are appropriate

for a generative approach to software development.

4EEO AT AOI AT O ARAOAOEAAO AT OE '1 AgAT AROS6O CAT AOAC
design and architecture that exist in the development of both conventional software systems
and complex systems. IndkAO O1T OT AAOOOAT A 1 AgAT ARO6O PAOOAO
hypothesis relating those patterns to software development can be properly investigated, an
APDDOT AAE OI A OEZEAT A OEAT OUS T £ '1 AGAT AROGO DPAOC

of some aspects of this field concept, based on an adaptation of the Ising model of magnetic

domain formation, is shown. Initial results from this implementation are sufficiently

encouraging to point the way to further work in this area, leading to an improwe

Ol AAROOOAT AET ¢ AT OE T &£ '1 AGAT AROGO CAT AOAOEOA DAL
work in the context of software development, in particular for that of complex systems.
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1 Introduction

The current research is part of theEPSRCand Microsoft Research fundedTomplex Systems

Modelling and Simulation Infrastructured(CoSMoS) project which is aimingt© AOET A AADPAAEO
generic modelling tools and simulation techniques for complex systems, to support the modelling,
analysisAT A POAAEAOGEITT 1 &£ Al i pPiAg OUOGOAI 6bh AT A O EA
(CoSM0$2007).

The part of thisproject under discussionis specifically concernedwith the architecture of
complex systems and how that architecture could bgeneratedwithin the context of an extant
complex system. The starting point for this generation is initially taken to b€hristopher

I 1 A @ A iGAnkratisedPatterngAlexander 2002).Alexander is an architect, in the sense of
building, and as made many contributiongo architecture one of which in particular, that of
pattern languages, has had a major influence on computer science.

In more detail, the research:

Qvill investigate fully generative pattern languages, how their use affects software
architectures, and howithey can benefit CoSMoS. Alexander sees Pattern Languages as
a foundation for generative methodshow to use pattern languages to generate and
transform configurations, and the way that those configurations unfold into systems.

He hypothesises that sucmiolding configurations, when being generated and
transformed in a principled and deeply structured manner, possess qualities beneficial
to software architectures, including being robust, maintainable, adaptable, and
configurable. We will investigate thieypothesis in the context of complex systems.
(CoSM0$2007)

4EA x1 OE AAOAOEAAA ET OEEO AT AOIi AT O EAO AAAT AAC
The rest of this documenexamineswhat is meant by the termsoftware architectureand how

such architectureinfluences the development and behaviour of both classic and complex

systems.A complex systens defined to be a system which isomposed ofa group of

communicating componentsthat as a whole exhibitproperties that are notobvious from the

properties of the individual parts; such properties beingreferred to asemergent propertiesThe

term classic systers used to refer to conventional, norcomplex, software systems. Broadly,

OOAE OUOOATI O AOA OEI OA xEAOA OEA AbdepeadyA | OOAI
AAGECT AA ET 01 OEA OUOOAIi h OAOGEAO Th&bkhaviokrofaOCET C
classic system may well beomplicatedbut it might well not be acomplexsystem.

i A
/

Further, the roles of various sorts opatterns are examined, inparticular how generative

patterns might have a role in complex, and classic, systems development. The results that have
been achieved so faare examined, ass the way those results are intended to be extended in

the next phase of this research.

The mainfocus of this work is therefore intended to be omenerativeapproaches to software
design and development.

1EPSRC Referenc&P/E053505/1.

Tim Hoverd 1



Qualifying Dissertation Generative patterns of software

1.1 Terminology

ITA T £ OEA AEAZEAOI OEAO xEOE xOEOET ¢ AT AOi AT 0O 1
used to refer to two differentthings: the architecture of software systems and that of buildings

and building sites. In order to avoid ambiguitywhen the word architecture appears unqualified

then it is referring to software architecture.

2 Background
There are three distinct aspects tahe background to the current research, all of which are
explored in this section. These aspects are:

1. software architectureand the various definitions and techniques that are associated
with it .

2. design patternsand the way that they have been taken up ihe software development
community.

3. generative patternsand how they have been defined in the context of buildirg Also,
what they might mean in the future of software development and in particular in the
creation of useful complex systems.

2.1 Software archi tecture

2.1.1 Definitions of software architecture
This research isultimately concernedwith software architecture and in particular whether
generative patterns, as defined in (Alexander 2002) have benefits for software architectures

Althoughtheterm O O1 A& x A O A E & AhRAdDIDBE d is worthy of some preliminary
definition. There are many extant definitions which actually show a range of meanings. The
most straightforward definition is typified by:

O4EA O1 £Ox AOA AOAEEOAAQ &S isithEstiictuBe@i COAT T O Al
structures of the system, which comprise software componentsetternally visible

DOl PAOOEAO 1T £ OET OA AT i BT 1 AT QEus, Cleineits @ EA OAT AO
Kazman, 1998, p6)

O.. software architecture is a set afchitectural (or, if you will, design) elements that

have a particular form. We distinguish three different classes of architectural element:
processing elements; data elements; and connecting elemafRerry, Wolf 1992)

Thesedefinition s, and others ike them, areconcerned primarily with the structure of a software
system. As such it is not clear howrchitecture differs from designwhich would commonly
concern itself with structure.

A further definition, and one whichis more relevant to the actual practice of software
architecture, at least in classic systems, is:

0! OAEEOAAOOOA EO OEA m&EO1T AAT AT OA1 1 OGAT EUAOQET I
their relationships to each other, and to the environment, and the prpies guiding its

AROGECT AT A AOI 1 OOETT 856

(IEEEComputer Society, 2000)
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This definition is more useful for this current research as it specifically encompasses the notion

that the organisation of a system might evolve through its lifetime. T OEE O OATl I0AA T E OOD
means the process of developing, growing and changing. It does not refer to Darwinian

evolution. This inclusion of evolution in this definition is relevant to the current research in that

it is to be expected that the architecture of a complesystem will changeas that system

executes and i behaviour, desired or otherwiseemerges

2.1.2 Structures in space and time

In general the extant definitions of software architectureaddress both spatial structure how a
software architecture is represental as collection of connected components and temporal
structure? how those components are used as the system executes and interacts with itself. For
example, a software architecture might include a transaction manager component which is
connected to many pats of the system. The architecture includes both that component with its
inter-connectivity and also the patterns of behaviour that create, commit and reback

OOAT OAAOCET 1 O AOOETI ¢ OEA OUOOAI 60 AGAAOOETT 8
In general a software system is constructed of a mber of components, usually with well

defined interfaces between them. It has a particular behaviour which is usually a direct
consequence of the way the components are composed to make the whole system. All of these
aspects of a system change over timeoth as the system is being developed and when it is
executing.

4EAO EOh OEA AOAEEOAAOOOA T &£ A OUOOAI EO AITAAOI
composed and how those components behave in time. Design techniques have been developed

over the history of software engineering all of which in some way are concerned with the

definition and development of various @stract views of the system. It$ an interesting

observation that these techniques, for example those included by the UML graphical languages

(Fowler, 2004) are typically good at representing abstractions of structure but rather poor at

representing abstractions ofprocess UML, for example, allows the user t@present abstract

components as superclasses and interfaces but includes no equivalerays of representing

abstractions of process; either of execution or development.

2.1.3 Components and ADLs

Many techniques exist for describing languages for defining architectures and their usage.
Perhaps the most successful of these is tda-1 modelof software architecture, first proposedby
Kruchten (1995). Although originally defined using the Booch notation (Booch, 1993) this
technique has since been refined to use thearious UML notations for a rather different purpose

from that for which they were originally intended.) T DAOOEAOI AO OEA Ot1d6 OEAx
architecture allow the expression of:

1 alogical view of the system, which describes the structures that are part of the system,

9 aprocess viewwhich shows the processes that execute in thimal system, using the
components described in the logical view,

1 adevelopment viewwhich describes the parts of the logical view that are developed
together and, finally,

1 aphysical viewwhich shows how the processes in therocess vievand the products of
the development vievare supported by the physical hardware.

Tim Hoverd 3
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&ET AT 1T URh OEA OCpo A Obsédehados thaEis,Ode BasdmiUmIA that shdwEl AAOO
how the other four aspects of the architecture interact to produce the desired final result

In addition to the 4+1 model there aremany other G\rchitecture Description Language8(ADLS)
in the literature all of which give some way of describing an architecture. Extant ADLs include

1 Koala(Ommering, 2000) which is specifically targeted at softvare configuration in
consumer electronic products, Koala is intended to ease the complexity of software
configuration in family of such products all with subtly different requirements for the
control software

1 Rapide(Luckham & Vera, 1995) This ADL is diferent because it isevent based

1 Wright (Allen, 1997) is an attempt at a mathematically formal ADL being based on CSP
(Hoare, 1985).

1 Darwin(Mageeet al,1995) has the unigue characteristic that spatial connections are not
defined in the ADL but are implied by a language that defisdehaviour, allowing
particular sorts of formal reasoning.

There are also several attempts at classifpig and comparing ADLs suchsa(Medvidovic and
Taylor, 2000).

However, all of these reflect a static view of architecture, not the generatiespect that this
research is concentrating oreven though that aspect of architecture is to some extent apparent
in the IEEE definition of softvare architecture given above

2.1.4 Requirements and emergence

Classic software systems are always constructed in the presence of system requirements, even if
thoserequirements are not explicitly recorded.Further, those requirements are usually

separated nto functional requirements andnon-functional requirements.

These terms are not easy to define precisely, in particular because the satisfaction of non
functional requirements tends to create new requirements which are functional in their nature.
Nevertheless:

1 Afunctional requirementdefines a function that a piece of software must be capable of
performing. That is, these requirements define the behaviour of the system as it
consumes its inputs and produces its outputs.

1 Anonfunctional requirementdefines the criteria by which the operation d a system can
be judged. They g the qualities of the system encompassing things like security, safety,
availability, maintainability and performance.

This distinction leads to a useful way of distinguishinglesignfrom architecture in software
development. It canusefully be said that:

1 Designis that aspect of software development that addresses the satisfaction of the
OUOOAI 60 &O1 AOET T Al OANOEOAI AT OO0 AT A
1 Architectureis that aspectof software developmentthat addresses thesatisfaction of the
O U O O Al -mirGtional rdquirements.
It is in these terms that software architecture and software design is discussed in this document.
Note that this particular definition of architecture does not wholly concur with those given

Tim Hoverd 4
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earlier in section2.1.1 However, this particular definition does have some utility because
architecture and designare distinguished which was not the case for the earlier definitions.

In general, the process of software devepment is one of the definition of a number of useful
abstractions andthe subsequentdevelopmenttowards an implementation. Design is therefore
the development of those abstractions that address the basic functionality of the system. For
example in the deign of an air traffic control system such abstractions would represent aircraft,
airspace sectors and routesThese abstractions are therrefined ultimately into the code that
executes in the final system.

Architecture, in contrast, is the development ofbstractions that address the norfunctional
requirements of the system and in the example these would be models of performansecurity
or usability. Such models are nousually capable ofrefinementinto code. Rather, other designs
must be constructedthat satisfythe architectural models. These latter designs are also
subsequently refined towards the implementation.

Notwithstanding these different starting points all aspects of architecture and design will, of
course, end up being defined using theraple mechanisms available to the programmer:
classes, threads, processes, data structures and so on.

The distinction between these activities is significant for this research because a useful
approach to generative patterns that address the general issoé software must address both
design and architecture.

This model, though, only really applies to classic systems. In the world of complex systems there
is no such simple picture, for the reason that there is no clear relationship between the
requirements for a system and the abstractions used in the development of the system. This is
because the real results of the complex system, which would be expected to be part of the
requirements if they actually existed, emerge from the execution of the system rathéhan

being explicitly coded into the system.

For examplethe Game of Life (Gardnerl970) is a complex system where each cell in a two
dimensional spaceis either alive or dead Each cell is square and has 8 immediate neighbours.
The game proceeds in aumber of steps and at each one each separate cell decides whether it
will be alive or dead at the next step according to some simple rules that are expressed purely in
terms of whether the neighbours of that cell are &e or dead. Specifically, the rukeare:

Any live cell with fewer than two live neighbours dies, as if by loneliness.

Any live cell with more than three live neighbours dies, as if by overcrowding.

Any live cell with two or three live neighbours lives, unchanged, to the next geradion.
Any dead cell with exactly three live neighbours comes to life.

= =4 =4 =

Theseapparently simplerules are expressed just at the level of the cells but they have
remarkably complicated consequences which appear as a number of emergent properties. One
of the most obvious is thaicertain patterns of life and death appear to move across the game
space.Suchglidersare asignificant consequence of the rules of theystembut there is nothing

in the code for the Game of Life that is a refinement of a gliderstbaction that was conceived of
early in the desig of the system.That is, the gliders have not appeared by any sort of
conventional design process which haproduced artefacts thatbeen refined into an

Tim Hoverd 5
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implementation. Remarkably, the Game of Life and igliders provide a Turing-complete
computation system Berlekamp et al, 1982), something that was complete unsuspected at the
time of the original development of the game.

Complex systems are, therefore, rather different from classic systems as regardsu@ggments.

In general, emergent properties are not the consequence of specific requirements and are not
abstracted and refined in the manner familiar from classic systemgdhis is reminiscent of

(Polack & Stepney2005) which examines the distinction betwen functional requirements
xEEAE AOA ODBOAOA OO A AfunhtionalGelyuiEshierdtsi whith @dnotAeking in1 1 1
this manner. The satisfaction of noffunctional requirements is,according tothe definitions

here, a process oérchitecture.But, the ndion of emergent properties, as in the gliders example,
is also one that does not refineAs suchthe gliders, and emergent properties in generatould be
considered to besome sort of architectural construct

As discussed earlier, the notion of architecire is usually targeted at norfunctional behaviour

such as that of performancelf ahigh-performance variant of the Game of Lifevas required then

it is likely that having an explicit representation of things like gliders would be a useful strategy,

as that would allow various performance improvements in the codeThat is, rather than

laboriously calculating what each of the cells do individually the code would be allowed to say

O/TTE 1TTTER OEAOA8O A ClEAAO8 ) HihéundeyBcdAO OEAU
AAOAEIT O8 6 8algorithis fGospek DD&4) iEivEAany ways an example of this sort of

approach, dthough rather more generalised in that it recognises many possible equivalences in

the Game of Life space rather than just gliders.

In this case, then, the architectural requirement for improved performance is satisfied by
constructing an artefact that is a concrete representation of an emergent property. The
emergent property is in some way reified as an explicit part of the system.

This discussion leadstE T OOECOET ¢ T AOGAOOAOCEIT OEAO ET O i1 A x,
properties are the same sorts of things as the properties that are the satisfaction of a classic
O U O O A i -mirGtional rdquirements. This observation is still tobe explored in detail.

2.2 Patterns
The appearance of design patterns in the 1990sashad a profound effect on the world of

software development.4 EA AAOECT DAOOAOT O 11 OAI AT OOEO 1 OECGE]
0AOOAOT ,AMexaqiérat@ii@r7)jvhichshowssA OAOEAO 1T £ ¢uo OPAOOAOI
Apbl EAAAT A ET OEA ATIT AET 1T & AOEI AET ¢ AT A pPIATTEI

occurs over and over again in our environment, and then describes the core of the solution to

that problem, in sucha way that you can use this solution a million times over, without ever

ATET ¢ EO OEA (Mekdnder exaf1977 pagex8Ad 1T AOOAT AAh OEATHh 11,
patterns are elements of reusabléuilding design.

The notion of patterns was taken up by Gamaet al(1994). They proposes a small collection of

¢o Ol #OxAOA AAOECT DAOOAOT O AAAE 1T &£ xEEAE EAO OE
and are indeed described by reference to the same Alexander quote as used in the previous

paragraph (Gammeet al 1994, p2) Each pattern is described in standardised mannavith

(Gamma et al, 1994, p3) four essential elements:

1. Anamewhich is a succinct description of a design problem and its solution.

Tim Hoverd 6
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2. Theproblemthat the pattern is applied to.
3. Thesolutionto that problem.
4. Theconsequencesf using the pattern.

In many ways it is the names that are the best thing about the (Gamma et al, 1994) patterns as

they have become part of theernacular of software development So, designers wiltoutinely

OA1T E AAT OO OOET ¢ O6EOEOI O6h O/ AGAOOAOGS 10 O#1 1 bl
communicate just the required amount of information Finding these names is difficult; Gamma
etalcommentthatO& ET AET C CI T A T Al AO EAGofAekelopingiodirA T £ OEA
A A O A (Gan@rea ét al, 1994, p3).

Theuseof design patterns in software development novextends to both the original patterns

in the book, the many other patterns that have appeared in the literature and on the internet
and usually poject specific patterns that document how a common problem is to be solved for a
specific development. For example, the same approach has been applied to

1 patterns for requirements analysis Fowler 1997),
9 testing patterns (Young et al 2005),
1 coding (Bedk 1996).

The notion of patterns has even been applied to software development itself in the concept of
Process PatternfAmbler, 1998).

All of thesepatterns, and in particular the ones irboth (Alexanderet al, 1977) and (Gammeaet

al, 1994) are more than just isolated examples of good design. Each pattern is explicitly part of a

1 AOCAO AT AU 1 &£ x1 OE | EAlaAgbagdd Q8 IHAABODPAOOADD Oi AE /
to other patterns and describes when other patterns might be more appropriate; ongattern is

often expressed using the language provided by other patterns. For example, Garrehald O

Facadepattern references theAbstract Factorypattern as a way of creating objects in a system

independent manner and also says thdtacadeobjects are dten also instances of the&Singleton

pattern.

Similarly in Alexanderet al ( 1977) the Small Work Groupgattern, which relates to the
structure of the space people work in, is related to th8elf Governing Workshops and Officewl
Flexible Office Spagmtterns. Almost every single pattern in these rerences is related to
others. Gammaet al (1994) even includes a diagram showing how all the patterns are inter
related.

The notion of patterns hasalso been applied to software architecture For example Fowler
2003) examines application architecturé and includes patterns calledOptimistic Offline Lock
and Pessimistic Offline Loakhich neatly encapsulate a common architectural decision, whether
to use optimistic or pessimistic locking, as a pair of design patterns.

Pessimistidocking refers to a locking strategy where one user locks some shared component so
that another user isprevented from accessing the shared component until the prior lock is

2 Application Architectureis a term in common use to indicate the structure of a system from the point of A
view of a running application. As such, itteA® OT AT 1T AAT OOAOA 11 OEET CO 1 EEA C
transactional structure. It is usually contrasted withtechnical architecturewhich is the set of hardware

and software products needed to support a particular application architecture.

Tim Hoverd 7
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released.Optimisticlocking makes the assumption that an attempt to access a shared
component simultaneously is actually very unlikely and merely detects that such an access has
been male when the second accessor tries to modify the shared resource.

The issue of locking choic¢herefore AT T AAOT Oh AO AEOA QOO AunctidnA Ol EAON
requirements; in this case something about how concurrent access by multiple users to the

same data is to be handledThat is, the architectural patterns affect the way the system satisfies

its non-functional requirements.

2.3 Generative patterns

TheAGEOOET ¢ OOACA 1T £ PAOOAOT O ET O1 £OxAOA AAOGAITE
is, the patterns describe stable configurations that are usefully used in a design but which retain

that form throughout the life of the system. That is, thegre not associated with any generative

aspects, the core focus of the current research.

Software devebpment as a whole, though, is moving away from a static approach to design and
development. Traditional design and development has always emphasised an approach typified
by the timely production of detailed designs and architectures. Once produced thesdefacts

are intended to be mostly static, only being changed as the requirementg the system change
The best approabes to such desigm for examplethat referred to by (Booch, 1995) as

O A OA E E-® A B OvdhBrReinphasises the production of a coreystem that is then perturbed
by the inevitably changing requirement® allow certain variability as the design develop$ut

the essentialy static structure remains.

However, this approach is how being challenged. In particular, tragile movement (Agile

Manifesto) has shown awvay to build systems whereit is accepted that the design will be

AT 1T OET OAT T U OOAZEAAOQT OAAa&s d&3dilel for@tammpled (FOvleh AAOAT T DI
1999). In this environment, new structures are only introduced when the currery executing

part of the system activelyneedshat new structure. That is, rather than slavishly following the

original design the specifics of the design are allowed to change during development as a direct
consequence of the partially constructed system executing in the real system context.

Most importantly, if the need does not arise, which is commonly the case as the requirements
change continuously, then that new structure is not required and is not implementedhis
contrasts with traditional approaches where the structure would have been implemented from
the outset and would doubtless have continued cluttering up the system for all time.

ThismoreO A U1 AdpgtcAdh to system development is becoming more common in classic
systems. Itis also an essential aspect of complex systems. When such systems are executing
then new structures appear, they are said to emerge, ags@nsequence of the small scale
structure of the parts of the system. For example, in the Game of L{eardner, 1970)then an
emergent property of the rules that are in every cell is that the structies known as gliders will,
if they emerge, appear to move across the space.

The architectural issue about things like the Game of Life is that there is no part of the
underlying program that directly corresponds to a glider. However, it is probably the casthat
the overall performance of the system would be improved if thergvere such a program
component, that could efficiently represent the movement of the glider should one appear.

Tim Hoverd 8
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However, explicitly coding for such a construct would be a consequencekwfowing in advance
that this behaviour was going to emerge.

One of the thingsthaAODEEO AOOOAT 6 OAOGAAOAE EO 111 EET C £A& Oh
things like the emerging gliders and provides a special component that supports them

efficiently. This mechanism would allow the complex system (or indeed the classic system, there

seems to be no large difference from this point of view) to run until something could be

observed about the system. The generative mechanism could thgeneratesome new artefact

in the software architecture that supported the new observation.

Presently, this is very ambitious, but it does seem likely that something of this form will be
needed in the future of systems, especially complex systems, development. Ultimately this is
because a group of humans, of a size capable of handling a development, will not be capatble
directly designing all parts of a system. That is, if computer systems continue to get more
complex thenmechanisms of this form will become necessary.

The intent, therefore, isto look to be able to generate parts of the system that are a consequence

i £/ OEA OUOOAI 60 OOOOAOOOA AT A Eix EO AgAAOOAON
This sort of execution is familiar from (Thompson1961) which looks at biological development

as a consequence of growth within a particular environmenihe environment is important for

the biological systems and it should be equally important for software systems. This should

mean that the exact same system, execugjrin a different environment, shouldunfold

(Alexander, 2009) differently.

There is some sort of continuum of software system development, with at least the following
sorts of system feasible:

1. Astatic systemwhere the system is always exactly the same structure as the way it was
first coded. This is the sort of system typified by atepwiserefinementapproach to
development as in(Wirth , 1976).

2. Adynamicsystem where new instances of pralefined structure are created at run time.
This is the sort of system typified by most object oriented designs as in (Mey@000).

3. Agenerativesystem is defined as one where new structures are created at run time
which may then be instantiated or used directly in the alreaglrunning system.

Conventional system design and implementation is about type 1 and 2 systems. This research is
looking at ways to develop a type 3 system.

2.4 The nature of order

)y O EO OEAOA O1 000 1 £ E 00O Adure@iOMdéAldxantier, 20824 OAO0A A
This is afour volume publication which addresses thegeneral notion of rules which generate
components ofabuilding structure. These rules are ones that Alexander (2002) maintains

produces result that have a particular property which he refers to akife.

2.4.1 Centres

The Nature of Order describes howhe built environment can be described in terms of what

Alexander callscentres Thes are not point like structures but rather refer to generalised

regions of interest in the context of development of the building sitdde defines centres, in

(Alexander 2007a) asO! AAT OAO EO A UITA T &£ Ai EAOAT &4A OEAOD
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There is no more elementary substance from which centers are manufactured. Centers can only be

is just a region which can somehow be seen as being segartom other regions.

I OEiIi Pl A AgAi DI A T £ '1 AoAT AAO6O AAT OOKHen EO ET OE
this is empty it is devoid of interest, although perhaps it is to be regarded as a single centre.

However, the addition of a single dot maés clear the presence of a number of structures, each

of which might bean interesting part of the design that encompasses this dot. For exampiee

drawings in Figure 1 appear in (Alexander, 2002).

2

Halo round the dot Four largest lutent rectangles, creating four other Svstem of rays
rectangles in the corners, by their overlap.
These are seen on the right.

Figure 1: Centres due to a single dot (Alexander, 2002, v1, p82)

In fact, Alexander estimates that there are the vicinity of 20 centres that appear on this
diagram just by the addition of this single datas follows:

The sheet itself.
The dot.
The halo around the dot.
Bottom rectangle trapped by dot.
Left hand rectangle trapped by dot.
Right hand rectangle trapped by dot.
Top rectangle trapped by dot.
Top left corner.
Top right corner.
. Bottom left corner.
. Bottom right corner.
. The ray going up from the dot.
. Ray going down from the dot.
. Ray going left from the dot.
. Ray going right from the dot.
. The white cross formed by these fourays.
. Diagonal ray from dot to nearest corner.
. Diagonal ray from dot to next corner
. Ray from dot to third corner
. Ray from dot to furthest corner.
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Alexander says that

Ghese stronger zones or entitigthat is, the 20 regions above]together, define the
structure which we recognize as the wholeness of the sheet of paper with the dot. |
OAZAO O OEEO OOOOAOOOA AO OEA xET1 AT AOO88806
This is unfamiliar language to scientistslt is also an unfamiliar style of thinking which is
difficult to formalise in the usual scientific manner.However, the essence of what Alexander
means is clear in that these structures are definitely perceived by observerstbie paper with
and without dot.

2.4.2 Properties

)T AAAEOEIT OiF OEA 11 OET 1 Natse dhGrde@oOphbes a3etAfi1DAT OAOH
properties that describe aspecs| £ A OUOOAI 1T £ AAT OOAO OEAO AOA OA
Al 01 AAEET AO OEAOA DPOI PAOOGEAO Ra7apiTiedeopk@abrOo 06 h Al
are the generativeaspect of theproperties. That is, they are used to enhance a system of centres

from a possibly primitive starting point, to a complete design) T ' | AGAT AAO6 O AQAI Pi
this unfolding takes place with the direction of a skilled designet-or example, Alexander

(2007b) gives an examplef a sequence of application of the properties, as operators, that leads

to the final design of a window in a particular opening in a house.

The properties are listed in the following paragraphs. In each case the property is defihéwice:

as a propertyfrom (Alexander 2002, pp 239 241) and as an operatofrom (Alexander 2007a).

Some of the properties can be seen as applicable to software architecture as well as building

and, where appropriate, some ntes are included to this effectSimilarly there are noticeable

parallels to other fields of endeavour, in particular musical structures which have temporal

DOl PAOOEAO OEAO AOA OAT AOGAT O O1 11 AgGAT AAOGO DBOI E
relevant.

Levels of Scale

Property: "how a centre is made stronger (more coherent) by the smaller strong
centres within it and the larger strong centres that surround it

Operator: Of | AE/EEAO OEA CEOAT AAT OAOh AU Al AAl 1 EOEE
smaller centers are typically one Iifeto one third the diameter of the original center,

but sometimes smaller. They may be created within the original center, or in the space

adjacent to it

At first sight this property could easily be seen as relevant to software design or in fact most

engineered artefacts. That is, there is usually some gradation in the value of almost any variable
acrossasystem( | x AOAOh 11 AGAT AAO8O POI PAOOU AT AO 110 0O/
guantised than that in that Alexander sees a change in magnitudelstween one half and one

third between adjacent levels. The engineering analogue of this is not easily apparent. It is also

worthy of note that the property definition relates both smaller and larger centres. The operator
representation, though, merely foesees the application of the operator as a way of creating

smallercentres.
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Strong Centre
Property: "Strong Centres defines the way that a strong centre requires a specialfield
like effect, created by other centres, as the primary source of its strefigth
Operator: O4 EEO EO A CAT AOEA 1 PAOAOI O xEEAE OEIi Bl U
O000I T CAOh AU | AEEEA6BO) DI ARAOGADT OAD AAITETC A
operators: The Thick boundary, the Levels of scale operator, the Gradient operator
AT A T OEAOOS8O

A software analogue of this property is not immediately apparent. However, there are two

things of note here. Firstly, Alexander is making explicit reference to some sortfegld in the

definition of this property, and hefrequently returns to this concept elsewhere. This concept
has been further examined and is further discussed in sectidnof this document.

Secondly, Alexander clearly sees somers of calculus of operators in the notion of theStrong
Centrel PAOAOT O OAAT 1 ETCo 1T OEAO 1 PAOAOI 008

Thick Boundary
Property: "the way in which the fieldike effect of a centre is strengthened by the
creation of a ringlike centre, madeof smaller centres which surround and intensify
the first. [It] also unites the centre with the centres beyond it, thus strengthening it
further."

Operato: O4 EEO 1T PAOAOT O i AAAO A OEEAE AT O1 AAOU A«
I AAOPEAA AU A xAAE AAT OAOh OEOO i1 AEET ¢ OEA AA

In the terms of software design this could be seen as a Facade or Adapter, where some software
structure is made moreisolated (and hence generally useful) by being accessed using some
specific pattern.It should be noted that theThick Boundaryis not just an extension of an

existing centre but is, as is apparent from the property definition above, a centre in its own

right. This fits with the proposed software analogue where patterns like Fagcade and Adapter are
fundamentally separate from the accessed structure.

Alternating Repetition
Property: "the way in which centres are strengthened when they repeat, by the
insertion of other centres between the repeating ones".
Operator: O4 EEO | BAOAOI O OAPAAOO AAT OAOO O1 & O Al
two, or three dimensions. The key effectloé operator is that it then creates a second
system of centers between the loose packing of the first centers, in such a way that the
first centers and the second centers are made strongly distinct, by shape or material or
color, and become more coherelly virtue of the alternation. In the course of the
operation, the operator often changes the shape of the first centers, to make the in
AAOxAAT h OAATTA AAT OAOO xAi1 OEAPAAS8OG
In terms of software design this property is rather more difficult to interpret. There is no
obvious area where a repetition of the formabababaoccurs. However simplaepetition is
frequently observed, most obviously temporally as an iteration.
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The operator definition is phrased specifically in terms that ardor buildings. For exampe it
refers to a three dimensional structure and specific shape attributes such as colour and
material. Such attributes would not be appropriate to the components of a software system.
However, other attributes could well be and such a property aAlternating Repetitionmight
well apply to those components.

The same notions are seen in many other areas. For example, alternating repetition is a common
feature of musical structures, most clearly in a simple verschorus/verse/chorus arrangement.

Positive Space

Property: "the way that a given centre must draw its strength, in part, from the

strength of other centres immediately adjacent to it in space."

Operator: O4 EEO | PAOAOGI O EO 11T A T &£ OGEA 1106 Ei pi 00/

appliedtoanyA AT OAOh AT A EAI PO O OEAPA OEA O AAIITA

positiveness of space comes from a combination of good shape, local symmetries,

boundedness and above all from the appropriateness of the space for human purposes.

This operator isapplied most typically to the latent centers formed in the space

AAOGOxAAT 1T OEAO AAT OAOOh O CEOA OEEO OPAAA A O
Good Shape

Property: "the way that the strength of a given centre depends on its actual shape and

the way this effect requires that evenatshape, its boundary, and the space around it

are made up on strong centres."

Operator: O4 EEO 1 PAOAOTI O AEOAAOI U ET &£ OAT ARG OEADPA:

been generated, this operator examines the overall convex pieces of the shape, and

tries, as far as possible, to strengthen or emphasize these pieces, within the segments of

OEA AOOOAA AT O1 AAouh ET OOAE A xAU OEAO i AEAO
In software it is not clear whatshapemeans. However, there are lots ajoodnesgproperties. For
AogAi bl Ah OEA AAOAT AA 1 £ (QmD49) iOaptindaty kritedon fE OAOOOAA E
goodnes8 )1 CAT AOAI h £ET AET ¢ A OOE énhAphin shitwAré obidld CU /&l C
be the key to seeing how to apply his operators, or transfimations of that general sort, to a
software system.

Local Symmetry
Property: "the way that the intensity of a given centre is increased by the extent to
which other smaller centres that it contains are themselves arrangedbcally
symmetrical groups"

p>2
T
—_
O
T

Operator: O4 EEO | DBAOAOI O OOOAT COEAT O A CEOAI
symmetriesz most often a bilateral symmetry. If the center already has a natural axis
of orientation, the symmetry is made to coincide with it. Otherwise, it orients the
symmetry to make it as congruent as possible, with the field induced by other nearby
centers (i.e. where it seems natural). It is best to put the symmetry on a center that is
Al OAAAU T AAOIT U OUiil AOOEAAI 80

)y 060 110 Al AAO ET x O Eapply the @infde@sobla sdftivadd sjsterh 8f OA AT

any sort. However, it could be seen as applying, again in a temporal manner, to things like the
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well-nesting of transactions in a distributed transactional system, and indeed in a piece of
nested pseudecode.

Swch symmetries do appear elsewhere. For example, in the structures that appear in music, and
especially in the more formal arrangements such as canons and fugues. Again, though, the
symmetries are often apparent in the temporal domain.

Contrast
Property: "the way that a centre is strengthened by thkagpness of the distinction
between itscharacter and the character of surrounding centres".

Operator: 04 EA AT E A OAT -dedter,lisnhénEell By cdienbt,Qvhether of

color, or material, or gradientpr density. The contrast operator increases the contrast

AAOxAAT OEA ET OEAA AT A OEA 1T OOO0EAA 1T &£ OEA AAI
Many aspects of software design could be seen as betuntrastsof one form or another. For
example,information hiding is essentially a contrast between the parts of the system that are
hiding information and the parts that aredenied access to that information. Many of the aspects
i £ OCiT Ad O £#OxAOA AAOGECT AiI O A AA T1.TEAA AO AO
&OOOEAOI T OAh OOGAE OCI T Ad thindske Dd Gamrda ef alE(984) OADOA OGS
patterns such as the Fgade and Adapter mentioned in the context of th&hick Boundary
property.

Roughness
Property: "the way that the field effect of a given cea draws its strength, necessarily,
from irregularities in the sizes, shapes and arrangements of other nearby centres."

Operator: 0) T OEA Al OOOA 1T &£ O1 £ 1 AETch AO OEA 1 bDAO/
various things happen, as required by the operatdt$iappens, very often, that
something does not quite fit neatly. Instead of creating a perfect, or pristine shape, it is
then necessary- absolutely necessary to relax certain conditions, in order to make
OEA AT 1 EZECOOAOQEI T x1 OE OOAAAOOAEOI T US8S
Again,this property has no clear software design analogy. That is, software designs are usually

characterised by exact repetition, not by many minor variationddowever, each of those
repetitions in a software design is in fact different due to the different caext.

Such small variationsalsoappear in other forms. For example, the musical ornaments of

appoggiaturaand aciaccatur@a AOOAT OEAT 1 U OOI OCEAT 6 OEA OOOEAO G
more pleasing to the ear.

Gradient

Property: "the way in which a centre is strengthened by a global series of different
sized centres which thepoint to the new centre and intensify its field effect”

Thescah OEA OCOAAA 171 OAGS 1 & | OOEAAI 11 0AGEITd Of Al

[
AO6O xEEAE AOA OAOAI T AA ET o6 O OEA AAOEA OEI A OECT AOOC
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Operator: O4 EEO | PAOAOI O AOAAOAO COAAEAT OO OEAO DI
center. The common gradients are gradients of size, gradients of contrast, gradients of
OPAAET ¢ch COAAEAT OO 1T &£ 1 OEAT OAOCET 1 86

From the point of view of software design many such gradients can be seen. For example in the
hierarchy of responsibilities that is inherent in amulti -tier enterprise architecture.

Deep Interlock and Ambiguity
Property: "the way in which the intensity of a given centre can be increased when it is
attached to nearby strong centres, through a third set of strong centres that
ambiguously belong to bib4."
Operator: O4 EEO | PAOAOI O EO OOAA AO Al EI OAOAEAAA Al
purpose is to create a zone, usually an ambiguous zone, forming a third center between
the two original centers. It is made ambiguous, in the sense that there a®ftiom one

side, and ties from the other, with the result that there is a visible ambiguity about
xEEAE | £ OEA Oxi 1T OOAO AAT OAOO OEEO 1 Ax AAT OA

The notion of a intermediate layer which looks different from the point of view of two other
adjacent layers is actually common in software design, in particular in the structure of stubs and
proxies that are created in distributed systems; for example when using the Java Rl@rosso,
2001) mechanism.

Echoes
Property: "the way that the strength of aiven centre depends on similarities of angle
and orientation and systems of centres forming characteristic angles thus forming
larger centres, among the centres it contains".
Operator: O4 EEO | BAOAOI O EAO 1 AET1T U Of stkhé xEOE ATl CI
collection of centers grows, there will be a certain predominant angles, or curves, or
ratios or proportions in the shapes that have been created. This operator, then uses the
statistics of the angles that so far dominate the configuration, and intuzes these
angles (or curves or ratios) as a default in the drawing of later centers that are
created, thus slowly giving the whole system of centers a family resemblance shared by
i ATu 1T &£ OEAI 86
'l A@AT ARO6O AAEET EOCET T O Autvds whAidh lare diehrly impokantOA O O 1T &
when designing buildings. However, if looked on a more generally about family resemblences
then it could be seen as applicable to software, in particular in things like repetitive patterns of
processing where a particula system handles all possible inputs in the same general pattern.
Note that this is again a temporal analogy.

Simplicity and Inner Calm
Property: "the way the strength of a centre depends on its simplicign the process of
reducing thenumber of different centres which exist in it, while increasing the
strength of these centres to make them weigh more."

4 This essentially norrhierarchical structure is also familiar from (Alexander 1965).
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Operator: O4 EEO | PAOAKD ®DIEHO AITAEEAIC AiTT1 ¢ OEA 1 ETA

It simplifies a configuration. It removes, as far as possibleja OODPAO&AI 01 0O OOO0OA (

There are two obvious software analogues to this property. The first is the calm that returns,
temporally, to a system when a prior transaction is committed. The second is an appeal to the
i AET OAT AT AA 1 £ O BidsigrEsiaiaihed n@ oHeotHese As @dEhing moke to
AAAh AOGO xEAT 1171 OEET ¢ (®nkkufm,11939)01 AA OAEAT AxAUGbE
In either case the notion of a calm simplicity to systems is an appealing one, and in many ways
OEA A1 OEOEAOE O thit gppddEni(FodIdr A989).01 AT 1 06
The Void
Property: "the way that the intensity of every centre depends on the existence of a still
place- an empty centre somewhere in its field".
Operator: O4 EEO EO A DPAOOAOEOA 1T PAOATGdbésicideal OEET C A
of the operator, is that at the core of a center, there is always some undisturbed and
perfectly peaceful area which lacks busgess or excessive structure. It is very
important that each serious center, has, within its boundary, some dileathis. Often
this area is large in extent, compared with all the other elements that have a great deal
of structure. This operator can be expressed arithmetically, as a statistic on the whole
AT T ZFECOOAOQEIT T 80
Not Separateness
Property: "the way the Ife and strength of a centre depends on the extent to which

that centre is merged smoothlysometimes even indistinguishabhwith the centres
that form its surroundings."

A

T

Operator: O4 EEO | BAOAOGI O AT i AOG ET 01 bPI Au AEOAO O
established. The purpose is to overcome any separation that is caused between the
configuration and its environment, or between any individual center, and its

immediate environment. To mobilize this operator, wherever a boundary is too sharp,

bridges shoull be formed, by chains of centers, which cross that boundary, thus
AOAAOGET ¢ A O £#OAO AT A 11 OA bAOI AAAT A AACAS8O

I 1 A @ A icéhtbesate the essential embodiment of his ideas about generative patterns.
Although his definition of centres has ittha® !  ér &b £bne of coherence that occurs in space.
4EAO EO Al itis dehrat Aeldbes seédndiesadiributes of centres in that the

definitions include the possibility of a centre havingstrength, acore, shape colour and material.
Recent discusions with Alexander have also included the notions of centres having anigin

and afootprint and anextent That is, centres do appear to have more attributes than just being
a zone of coherence in space

2.4.3 Process

Behind the notion of centres angroperties, Alexander sees a process that guides the overall

application of thesegenerative patterns.The idea is essentially an iterative one in that the 15

properties are repeatedly applied to the space that contains the centreslexander (2002, vols

2,30 OEI xO0 EI x OEA 1T OAOAI 1T DBOI AAOGO EO ApPI EAA Ol
Square in Venice.
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10 AAT AA OAATh AAAE T £ '1 AgAT AAOGO POT PAOOEAO E
the space and as an operator that creates newrtees so as to optimise one or more properties

That is, each of the properties is metric for some part of the space, saying whether it B®1 E /A 6
(as Alexander puts it). So, for example, tHeevels of Scalproperty might say that the centres in
aparticular space did indeed have a suitable gradation of scale.

Secondly, the operatorsire used to construct newartefacts in the space that give rise to new
centres. These new centres expose the given property in a suitable way. So, if a particular space
has a large structure, and nothing else, then tHeevels of Scalproperty can be seen as an

operator that constructs new structures, giving rise to new centres, that more clobefit the

metric defined by theLevels of Scalproperty.

That is, the overal cycle of observe/generate is iterated for the space, and recursivetiescends
the structures ofcentres that exist in the space.

One aspect of this that is as yet unclear is what parts of this process lead to the removal of

structures in the space. Theroperties as they stand are essentially constructional but it is clear

from looking at building sites as they evolve in time®© OAE AO 308 - AOEfdas3 NOAOA
an example by AlexanderZ009), that structures are removed. It would seem reasonablhat

the removal of some structures would enhance the ntiecs of some of the properties, most

obviously of The Void The cycletherefore isto be one of iterativeU ABDDBI UET ¢ OI-AOAOOAT
or-AAOGOOT Uob 8

3 Generative patterns of software

So, as has been sliussed, there is a @ for generative patterns ofsoftwareand that is the main
thrust of this researchalthough an essential prerequisites to understand and formalise
particularly to the complex systems that are the focus of the overall CoSMoS projeatl this
research This generation would be seen as modifying thenplementation of the system as it
executed in its environment.

In a classic system, sucfenerativechanges could be the introduction of a cache of frequently
accessed data or the intvduction of optimistic locking. Such changes fivith the notion of
software architecture addressing the norfunctional requirements. That is, with the addition of
such a cahe the system has the same functional behaviour, but its performance is potentially
improved.

In a complex system it could be introduction of specific processes to represent properties that

had, previously, merely been emergent propertied-or example, oe of the complex systems

examined by the CoSMoS project is thmidssystem (Reynolds 1987). This system simulates

the behaviour of a collection of birds flying in space using a small number of surprisingly simple

001 A0 ' O OEA OUOOAI AQAAOOAOG OmI 1T AEOGSG Ai AOGCA EI
flying around as a number of groupsather than as individuals.One consequence of an

implementation of the generative patterns of software would spot the flocks, in some way, and

create architectural structures tosupport them.
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Similar mechanisms would ideally exist to extend the implemeation of the complex system,

not just to optimise the performance and expose existing emergent properties, but to allow new

properties to emerge as a consequence of the way the system executes in a specific

AT GEOTT1 AT 08 1 AgAT AAOP®MY) ik eddntally haathed ET ! 1 AGAT A
implementation of software analogues of his 15 properties (and more particularly the related

operators) would allow such beneficial new behaviours to appeato unfold as he describes it

The current research was originallyproposed specifically as a means of exploring and

expanding on this hypothesis.

This generative approach needs to be, in principle at least, autonomous. That is, once a complex
system starts executinghen the ideal embodiment of the generative patterns dcussed in this
researchwould be one that created new structures in accordance with a set of generative
patterns.

4EA POT AAOGO EO OANOEOAA O1 AA AOOT1T1Ti100 AAAAGOA
is not explicitly designed in. Rather it is energing. Hence, new constructs must also emerge from
OEA OUOOAI 80 A adrdi &aly thas theBelnevEcArBtictsirdst emerge from
OEA O pérbérAsioféexzcution.

A suitable approach to this sd of problem will inevitably be patterns based That is, a set of
architectural patterns, and an environment where systems are generatethat in some wayis
related to the sotts of things Alexander discusses the Nature of Order it seems unlikely that
OEA A@AAO OAI A b A O A Geidforsdiwarel sys@ns] ittde @am®d way Ehat
the patterns in(Gamma et al1994) are very different from those in(Alexander et al 1977).

Whilst it was relatively easy to generalise the approach in (Alexander et al, 1977) to software as
in (Gamma et al, 1994) the task of generalising the generative patterns is much harder.

These patterns would allow for spottingsomeparticular behaviour in a running system,

perhaps the concentration of dots around a boids flock or a regularly moving pattern olider

AAT 1 6nh OEAT OIT i A POI PAOOU x1T O A AA AOAEI AAT A Ol
execution of this detected characteristicFurther, the patterns would allow completely new

AAEAOGET 600 O1 Ai AOGCAh 1 O OOlegaéntefobtheAudrentsyste@AT AAO £
and its environment.

Thereis something quite different about this sort of pattern from the ones that are discussed in

(Gamma et al 1994)All of the patterns in that book represent various abstractions of the

software design.For example:

1 Afacadeis an abstraction of a particular sort of interface to a another abstraction
1 Anadapteris an abstraction of a different sort of interface, as isfaroxy.
9 Acompositeis an abstraction of a structuring concept.

That is, all thesepatterns are abstractions of various products of the development process. The
sorts of patterns that are needed for the these new generative patterns are abstractions of parts
of the development process itselfa rather different structure.
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4 Research direction

The direction of this research, thenis towards a set of generative patterns that could feasibly be

Ei b1 AT AT OAA AU OI T A AGOGITT111 0606 AcCAT O AT A OADPDI ER
classic system. These ptdrns should be of the general fornof the properties and operators

defined by Alexander in(Alexander, 2002). In particular, they must represent in some way

aspects of the development process itself, rather than abstractions in the final system.

This does, though, leave us witthree significant issues which are essentially the current topics
of this research:

1. Exactyhowdo AR @AT AAOS8 O CAT AOROEOA PAOOAOT O x1 OE
2. How are the ideas in those patternsipplicable, if at all, to he software development
process?
3. How can a running software system, classic or complexe made subject to development
following patterns of this form?

Clearly, these questions follow on from each other, although in agile approach to this work,
there seems no reason to adopt a purely aterfall approach to these questions. That is, is not
necessary to wait for an answer to question 1 before thinking about question 2.

The rest of this documeniexamines eachof these questions andlescribes current and future
work in eacharea.

5 Pattern s and Fields

The first question, then, is how do Alexander's Generative Patterns workds necessary to

understand this in a sufficiently mechanistic manner to be able to implement some sort of agent

at some point. There is a hidden assnption here in that it seemslikely that generative patterns

that were of use in software development would not be the exact same patterns as Alexander

uses. However, the assumption is that they would be sufficiently similar, at least in their mode

of operation, tomake WOEAO OOOAU 1T £ '1 AGAT AA0O8O PAOOAOT O Oc
supportable assumption.

5.1 Generative patterns meta model

In order to discuss how the patterns might work, some sort of notion of the context in which

they work is needed. An earlyapproach to determining this was the definition of a simple meta
model of the actions of the patterns. This was developed in UNMd is shown inFigure 2.
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* | components
Design
wholeness
adjacent
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Primitive Structure
LevelsOfScale Echoes Gradient

Figure 2: Generative patterns meta -model

The model is rather simple, but seems to adequately summarise the essencghef property

formulation of Alexander's Generative Patterns. In this model, a designrepresented asa

hierarchically structured collection of designs (that is, each design may have a bunch of

components which are other designs. Further, the design is distinguished by an attribute that

1T AGAT ARO AAT 1 O OxET1 AT AGO6 xEEAE EO AQGfiei A OAT OA
. AOOOA 1T &£ | OAAO EO Ai T AAOT AA xEOE OEALEOOOA T £ ¢
constructs.)

I AAOGECI EO OAEA O1 EAOA Al OAOOAT AA6 j AT 1T OEAO 1
centres that populate the space of that desigentres abut one another and also have a

hierarchical structure. This structure is represented here, in pleasing bit of seteference, using

the compositedesign pattern which allows the explicit distinction between primitive centres,

which have no contaned structure, and centres which do have such structur&ach centre is

OAEA O1 E A Odfurther eRadd@Adim@OE 6 h

Finally, the set of properties, as discussed earligis present. For any one design or component

of a design (and it should be oted that in this meta model all designs at all stages of generation

are seen as caxisting) then there are a set of properties that express metrics relating to the

centres that are the essence of that desigAny oneproperty can also be seen as resporige for

generating a new part of the design, presumably as a response to the values of the associated

metrics not being within some rangeEach property can actually be one of the set delineated by

Alexander. (The diagram only shows thredp avoid clutter.)

As a meta model that is suitable. But, the obvious missing issuéh®w a particular property can
be said to determine that a paticular metric has an unsuitablevalue or what component of a
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design should be constructed so as to resolve that issue. Th&tthere is nomechanism
underneath this model,it is just a static representation of the results of a dynamic process.

5.2 Fields hypothesis

An obvious early observation of Alexander's Generative Patterns was that their operation was
way reminiscent ofthe field theory that is common in the study of things like electromagnetism.
Alexander himself often talks about fields, as in the definitions of thBtrongCentreand Thick
Boundaryproperties in section2.4.2of this document.Oneaspect of this that seemed originally
appealing, and still does, is that the centres might in some way be seen as a consequence of
some suitable derivative of the field, for example thgradient of a scalar field or thecurl of a
vector field. Theseconcepts aredescribed in any undergraduate textboolcovering vector
calculus such agRamoet al 1965).

This fields hypothesiswas confirmedas being worthy of examinationat an early stageby

Alexander who showed some early workAlexander & Cowan2008)i 1 O1T 1 A O1 00 1 £ OF
OEAT OU 1T &£ PAOOAOI 668 4EA AOOOAA &FniethanismEforOOAE A Of
explaining how the behaviour of the various operators could be derivefom some underlying

form. Whatis more, that underlying form is amenable to automated analysis meaning that the

notion of some autonomous agent for progressing the development of some complex system

might be feasible.

(1T xAOAOR EOOO OiswEphritulddlykiSeiul. The Gdeidel digettion for this part
of the research was refined in various discussions with Alexander. The results of these
discussions were really that there were at least two sorts of fields. One of these is a sort of
OA1 AG®AXiKke ffeld which is due to things Ike the edge of a space and the artefacts in the

space. Initial discussions indicated that it was probably a useful starting point to think of the
field as being normal to these artefacts.

For exampleFigure 3 shows how the fieldwould be initialised i an empty square space.
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Figure 3: Field normal to edge

The current work on fields, whichis described later, is all based around this general sort of field.
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5.2.1 Fields in the Alhambra

The notions of fields were refined in some further analysis that &kander did with various
plans of the Alhambra in Spain. For exampl€&jgure 4 shows some parts of the field that heees
in that complex structure (Alexander, 2008):

Figure 4: Fields in the Alhambra (From Alexander , 2008)

In this case the blue arrows ar® EA AEAT A OEAO 1 AGAT AAO OAAO AO
centres to the larger centres. He describes this field as

O.shows arrows that typically run from the smaller to the larger centers. The arrow
means the smaller center "hangs off from" the larger one, or "helps the life of the
larger one." It can also mean that the arrow points in the direction whimeans "is the
DAOAT O 1 &£80

In more detail Alexander sees the field being relateth a complex mannetrto the shape of the
originating artefact. For examplefFigure 5 showshow he sees this field around a particularly
complex pillar in the Alhambra.
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Figure 5: Field due to Alhambra pillar. (From Alexander ,2008)

A further type of field came from these discussions with Alexander where he talked about the

11T O0ET 1

investigation but as yet this has not occurred.

I £ GRAT QORD® ODAEI!TI BPEAOOAEAEEOADE 1 kI 1T EO

The notion of multiple fields is probably going to be necessary dise non-linear interaction of
more than one field could give rised a range of complex behaviours.

5.3 The Ising mode

One obvious possibility is that the centres that are a consequence of the fields might wasl the
result of some sort of symmetry breaking process. That is, a field could well indicate that a
centre shouldexist in one of a number of possible positions. Just like a pencil standing on its
point collapses toone of many stable but equivalent positions as the symmetry is broken it

seems likely that the same thing would apply to the centrgenerating fieldin that a centre

could be created in one of a number of equivalent position. That is, the centyenerating field

xT O1T A AT 1T x
symmetry was broken.

£l O A

T 0i AAO

I £ Obl OAT OEAI

AAT OOAOG

If this analogy with symmetry breaking isuseful then the field should allow for some sort of

OAT Aocu &O01 AGET 146

i AATET C OEAO OEA DPOIT AAOGO 1 &
collapsing into a lower energy configuration. This is, of course, just @malogy but models like
this are useful inall forms of engineering.

Given these issues one possible moditlat presented itself was thelsing model(lsing model) of
magnetc domain creation. This model due toErnst Ising, a German physicist is a simple
model of the creation of magnetic domains in ferromagnetic materials. It models the material as

A 101 AAO

T £ AATT O EI
magnetic moment. The model applies statistical mechanics and sk® how below a certain

A Dbl AT A

xEAOA AAAE AAI ]

critical temperature, the cells in the space start aligning with their neighbours so as to lower the
overall energy of the configurationThe energy of a configuration is calculated by garticular
energy function which, for each celin the configuration, essentially multiplies the energy of a
cell with those of its immediate neighbours. The neighbourhood used for this calculation is the

OEi bl AOGO Pi OOEAT A 0611
and west of eachcell. The neighbourhood is shown irFigure 5.
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Figure 6: Von Neumann neighbourhood

Core to the model is the notion of the current temperature, as the probabilities that are attached
to the sites changing spin value are derived from the Boltzmann probability distribution

function which defines the probability that the overall system will be in some particular state at
a particular temperature.

The spin™pf each cell is represented as either +1 ol representing a spin direction either
above or below the plane of the mode The energy function for a particular cell is then defined
to be:

O U B+ 6%

&1l.4

Equation 1: Ising model energy function

where
T vEO OEA OAI 0PI ET ¢ AT AOCUG -spinERadtiean)] ¢ OEA OOOAT C
1 ™gs the spin of a particular site
9 ™4s the spin of each of the four adjacent siteand
1 0 represents thecoupling energyrelated to the external magnetic field

I implemented asimplified version of the Ising model using Java, initially testablish that the
model did behave as it was claimed’he main simplifications were to seth)= 1 and to remove
the effect of the external magnetic fieldy setting 6 = 0.

Figure 7 shows an example of the execution of this modelt showsa typical starting position,
where each cell in a 200x200 array has a randomly allocatedspin which is rendered as either
a black gjuare or a white squaredepending on whether itis+1or 1:
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Figure 7: Initial state of Ising model

It should be noted that in this implementation that simulation is taking place on the surface of a
toroid. That is, the left of he space abuts the right, and the top the bottom.

The execution of the Ising model follows a Monte Carlo style approach, as in this pseudo code:

do
select random site in model
calculate current energy of site
calculate energy of site should the siteasige spin value
calculate probability that site will change state according to Boltzmann
probability distribution function at the current temperature
change the chosen site in accordance with the calculated probability
while true

The probability of the state change is definedfor an energy difference greater than zerday:
r‘] =0 yIay
Equation 2: State change probability

where:

1 nis the probability of the state change occurring,

§ Vis the energy difference of the site should the state change occur,

"Ovdescribes the value of the thermal energgue toan assumeddEAAO AAQEOS
environment. Usually QE O " T 1 OUIT AT T 86 thdténip@adubein Belvinl A
However, by settingd = 1 a different (and arbitrary) set of energy units have been
defined here.
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The particular value of the temperature is critical to the execution of the model. If the
temperature is sufficiently high the sitesE DO O O E E C Qind\patterA énie@dsA A1l
Essentally, the thermal energyis swamping any potental reductions in the value of the energy
at any particular site.

However, if the temperature is lowered sufficiently, thernagnetic domain®start to form as is
shown in Figure 8.

Fixed Initialise Quit

Figure 8: Domain formation at kT = 2

In this particular case the temperature (or, more accurately, the value &Y is 2.0 as can been
seen in the slider at thebottom of the window.

AscanbeA AT A£O0T 1 OEA OHispEyahere is A3tiI0d sigriificnt PrebRbDity that a

AA1T1 OEAO EO Ali pil AGAT U 00001 O1 AAA xEOE OAIl AAES®
However, such noise disappears quicklyf the temperature is lowered still further then the

DOl AAAEI EOU 1T £ OOAE A AEAT CA EO OAAOARguredl A OEA
shows thedisplay when "(3Yis set to 0.07
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067 Start Initialise Quit

Fixed

Figure 9: Ising model with KT near zero

If this model were accurate then if were run long enouglat a low enough temperaturethen it
would eventually collapse toa configuration that is close tahe lowest possible energy
configuration, which would have all cells the same spin arliencecolour. With a non-zero
temperature there is always a probability thatany particular cell will change state. However, the
probability that this will happen at a low temperature is small and it is likelyto soon revert to
the original, lower energy, configuration.

However, thissimple stateis not what is observed with the implementation as the size of the
neighbourhoods is very small, just the four nearest cells to a chosen cell. The consequence of
this is that the model often reduces to a configuration whert¢he display has a small numbeof
stripes of one colour or another. For exampld=-igure 10 shows a single large stripe that formed
after the model was left executing for about an hour.
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Figure 10: Stripe formation as a consequence of Von Neumann neighbourhoods

The stripes appear because there is no mechanism for evaluating the energy function across the
entire space (which would include both black and white parts of this exaple). The only place
where both the black and white portions enter into the energy calculation is at the edge of the
stripe. Given the shape of the neighbourhoods then there is no reason for the edge of the stripe
to move in any direction and so it tendgo stay in position.

It would be possible to make the neighbourhoods larger, which also require using some
coefficients to represent the effects of distance on the energy function. However, this has not
been done as it is likely that the computatioal complexity of the implementation would
overwhelm the computingpower that is currently available.

5.3.1 Adapting the Ising model

The Ising model, thenis a suitable test bed for some of the fields ideak particular, it is

computational environment where a simpk energy functionis used to determine how

individual parts of a modelbehave in the presence of an overall field. However, in order to

examine the fields that could be useful for ldxander's Generative Patterns more detail is

needed in the model. In paritular the putative patterns field has a direction that is more

AAOGAEI AA OEAT EOOO O0OP6 AT A OAT x1 068

As a test of the basic idea the Ising implementatidmas beenmodified to allow the field vector in

each cell to have one of 12 vaas, representing 30°, 60, 90° and so orwhere these values are in

OEA PIATA T &£ OEA TTAAT h OAGEAO OEAT OO0OPO6 AT A OAI
Rather than just using black and white these dirdibns were rendered as one of 12olours,

AAOEOAA &EO1T T OEA AT 11000 AOT 01 A Odidhfurktiogwlas | £ A OF
modified to use the dot product of each paiof vectors in the site being examined
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Equation 3: Adapted Ising model energy function

where —is the angle between the two vectors.

That is, the energy function is modified so that if the angles the vectors intwo adjacent cells
coincide then the value of the functionis at a minimum whereas if theanges are 180° apart
then the value of the energy functionis at a maximum.

Note that the vectors all have the same magnitude; it is only the direction that is changing.

In order to represent the notion that the field is normal to the edge of the space andl artefacts

in that space theJavacode was further enhanced to detect such edges and to calculate the

normal direction of the field. Further modifications allow for the user to draw such artefacts as

are required directly onto the space using the pointinglevice.In this implementation the notion

I £ OEA 11T AAT AgAAOOEI ¢ 11T OEA OOOZAAA T &£ A OI OTE
the space was needed, and the space is now a simple bounded@®angle. In all the figures

shown in this document the rectangle is a 200x200 site square. However, it could easily be

modified.

A final refinement is that the display was modified to not only show the coloured display of the
cell vectors, but to also display the magnitude of the energy functiomhis is dore in

monochrome where, in the reversed manner used by astronomers, black represents the highest
energy and white the lowest. Some additional controls were found to be necessary to adjust the
black and white level in order tobetter see the detail on this @play.

The end result is a displays is shown inFigure 11. In this casethe model isagain initialised to a
purely random starting position apart from the normal edge vectors. Note that the colowd

blobs around the display give an indication of thelirections thatrelate to the cell colours.That

is, the predominantly blue bar at the top of this diagram is the colour assigned to a cell that has
a vector pointing vetically upward.

Figure 11: Adapted Ising model display with colour key
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