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Abstract
Empirical modelling is a new approach to the construction of physical (typ-ically computer-based) artefacts. Model construction proceeds in an open-endedand exploratory manner in association with the identi�cation of observables, depen-dency and agency. Knowledge of the referent is acquired through experiment, and| through the use of metaphor | interaction with the artefact is contrived so as toresemble interaction with the referent. Previous research has demonstrated the po-tential for empirical modelling in many areas. These include concurrent engineering,virtual reality and reactive systems development.This thesis examines the relationship between empirical modelling and geo-metric modelling on computer systems. Empirical modelling is suggested as com-plementary to variational and parametric modelling techniques commonly used insoftware packages for geometric modelling. E�ective techniques for exploiting richergeometric models in visual metaphors within empirical modelling are also developed.Technical issues arising from geometric aspects of existing empirical mod-elling tools and case-studies are reviewed. The aim is improve the e�ciency of ex-isting implementations, and to introduce data representations that better supportgeometric modelling. To achieve this, a mathematical model (the DM Model) forrepresenting the dependency between observables is introduced, and this is used asthe basis for a new algorithm for propagating updates through observables. A novelcomputing machine (the DAM Machine) that maintains dependencies representingindivisible relationships between words in computer store is derived from the DMModel. Examples of the use of this machine for the representation of geometry arepresented. In implementation, a comparative e�ciency gain is achieved by the DAMMachine over existing tools. This allows for the real-time animation of models.A novel and general approach to the representation of data, suitable for inte-grating empirical modelling and general Java applications, with additional supportfor collaborative working, is developed. Object-oriented programming methods pro-vide the foundation for new tools to support this representation. The empiricalworld class library allows a programmer to implement new applications for shapemodelling that support empirical modelling and integrate a wide range of shape rep-resentations. A method of integrating these geometric techniques into spreadsheet-like environments that are well-adapted to support empirical modelling is proposed.xix



Abbreviations
API - Application Programming InterfaceB-Rep - Boundary RepresentationBCSO - Boolean Compound Soft ObjectCAD - Computer-Aided DesignCADNO - Computer-Aided Design NotationCAM - Computer-Aided ManufacturingCSG - Constructive Solid GeometryDAM - De�nitive Assembly MaintainerDM Model - Dependency Maintainer ModelHTML - Hypertext Mark-Up LanguageJaM - Java MaintainerVRML - Virtual Reality Modelling Language

xx



Chapter 1
Introduction
Empirical modelling is concerned with the exploration of artefacts through exper-imentation and the construction of new instruments that support interactive elab-oration of these artefacts. These artefacts inform the process of discovering newconcepts through the use of metaphorical representations of state. By exploitingnovel computational abstractions and through a broad concept of what constitutesa computer | any reliable, interpretable, state-changing device | empirical mod-elling can be used to create computer-based artefacts that explicitly imitate phe-nomena as observed. Artefact construction is similar to the process of developing anengineering prototype [Rus97]; it is open-ended and does not require early circum-scription to a models components or parameters. Further exposition of empiricalmodelling principles in relation to education and learning can be found in [Bey97],and in relation to the foundations of arti�cial intelligence in [Bey98a].Empirical modelling has the scope to support early conceptual development,concurrent engineering, reactive systems design, computer-aided design and soft-ware requirements capture. Geometry in its broadest sense plays an important rolein establishing metaphors for the representation and communication of the statesof artefacts. In this thesis, aspects of geometry that support metaphorical state1



representations are studied with reference to the principles of empirical modelling.This process necessarily involves the design and implementation of tools that allowempirical modelling to exploit richer geometry. These tools can provide appropriateand exible interfaces for empirical modelling that support concurrent engineering,possibly on distributed computer systems, in an e�cient manner. The process alsoinvolves the development of empirical modelling tools and techniques to supportdesign. This requires re-appraisal of existing implementation techniques to bettersupport script management, data structure, agent privileges and solid modelling.The representation of artefacts bene�ts from strong visual metaphors thatclosely imitate their observed real world referent. Empirical modelling aspires tothe use of photo-realistic images and virtual reality environments for the real-timeanimation of models, although empirical modelling on a computer system can beadequately carried out without these bene�ts.1.1 Motivations for Empirical ModellingHuman agents play many di�erent roles in design and the creative process. Someof these many di�erent roles are categorised in the triangle in �gure 1.1. In Sec-tion 1.1.1, an analogy with the composition and performance of music is drawn toillustrate how modern technology supports the conation of these many roles. Inthis thesis, empirical modelling and geometric shape modelling are central themes.The processes of modelling shape and composing and performing music have a sig-ni�cant a�nity as both involve establishing metaphors for aspects of the real worldthat have an analogue character. The �gure refers to the roles of agents in thedesign of computer hardware and software systems, to assist in the explanation ofthe relationship between empirical modelling and the development and the use ofcomputer systems in Section 1.1.2. 2



1.1.1 An Analogy from MusicIn a traditional view of music, a composer writes music in a well-understood notation.This music is played by a performer who adds their own interpretation based ontheir insight and understanding of the composer's other work and general style.The performer (of non-vocal music) plays the music on an instrument created by aninstrument maker who has assessed the available materials and used their knowledgeof the construction of similar instruments to build a new one. The composer doesnot need to know about the construction process for the instrument or how to playmusic with it to write music for it. They only need a conception of the kind of soundthat instruments make1. The performer does not need to know how to compose orabout the internal structure within a composition be able to play it. Nor do theyneed to know how to construct the instrument they are playing.The composer is creating recipes for interaction between performer and in-struments from their conceptualisation of the interaction process. This process isprescribed to a certain extent by the musical notation that is used to communicatebetween the composer and the performer. The performer executes this interactionfollowing the recipe to a certain degree and with an expertise on how to use theirinstrument within a musical framework, such as where to place their �ngers on thestring of a violin to achieve a particular note. Many instruments allow the user toplay notes that cannot be recorded in conventional musical notation. A violinist canchoose to place their �nger half way in between two notes that can be scored andproduce a quarter tone. This ability of the performer to play beyond anticipatedlimits is explored in music of the twentieth century, where composers have inventednew notations for the communication of sound concepts such as quarter tones andnotations that give the performer more freedom for improvisation2.1The British composer Vaughan-Williams wrote at least one concerto for every instrument ofthe orchestra, while only being able to play a few of them himself.2A seminal composition that demonstrates the use of new notations for music is Penderecki's3
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Technical developments have supported the conation of the three musicalroles, with signi�cant bene�ts to all agents involved. The electronic synthesiser isa new musical instrument that allows a composer to experiment with new soundsthat are beyond the scope of existing instruments, or can assist a performer tocompose music by recording their improvisations and translating them into a musicalnotation via a computer system. Similar conations of roles can bene�t concurrentengineering, where there is a need for exploratory contexts that support references,values and privileges. Empirical modelling can support the conation of these rolesby providing interactive, computer-based exploratory contexts.1.1.2 Computer-Based InteractionIn computer-based interaction, there are three conventional roles for human agents.The computer systems expert knows about the physical aspects of constructing re-liable computational devices. The programmer (consider in the broad sense as anagent who speci�es, designs, codes and tests software) creates recipes for interactionwith the computer system. The interface between the programmer and the systemsexpert is through programming languages, libraries of code and common abstrac-tions. The computer user uses applications created by programmers for their ownpurposes and has no interest in source code for the applications. All three rolesmust exist for the general use of computers in this conventional framework.Empirical modelling on computer systems supports the conation of the rolesof programmer, user and systems expert by allowing them to explore common areasbetween their roles. In the development of reactive systems, an agent needs tohave a good understanding of the reliable devices in the system to create softwareto control the system. This is the same for the evolving process of design, where adesigner needs to understand the materials and environment that situate their modelThrenody for the Victims of Hiroshima. 5



to create new and improved designs. Alternatively, computer users may decide touse their computer hardware in a way that was not anticipated by the hardwaredesigners, such as the use of video-conferencing equipment as security surveillancedevices.Suchman introduces the concept of situated actions in [Suc87]. She considersall purposeful actions as situated actions that take account of particular, concretecircumstance. She argues that no matter how carefully you make a plan before anevent, it cannot take account of unforeseen circumstances. When asked to describea plan in retrospect, plans �lter out the detail that characterises situated actions.Situated actions are similar to the common understanding of music by the composerand the performer. A performer may adapt their performance to suit an audience orcurrent stylistic fashion. In the same way, a user of a software package for computeraided design (CAD) may wish to explore the possibilities of shape beyond thosepermitted by the user interface of their software package3 in the same way that theymight use a paper sketch-pad.1.2 Motivations for this ThesisThis thesis examines geometric aspects of empirical modelling from two angles:1. Empirical modelling for geometry, where empirical modelling tools and tech-niques support geometric shape modelling, conceptual design and concurrentengineering;2. Empirical modelling with geometry, where geometry supports the empiricalmodelling process in a non-geometric design context.3The incorporation of a Visual Basic interpreter in the Microsoft Excel spreadsheet [Jac97,KDS96] is an example of a computer program that allows a user to become a programmer, tailoringthe spreadsheet functions to their own needs. 6



The possibility of supporting both these angles through implementation oncomputer systems is examined in detail. In relation to geometric modelling, thisthesis concerns the creation of instruments for geometric modelling that can sup-port the development of computer-based applications for shape modelling and anexploratory design environment for a designer using a computer. Much of the dis-cussion in the thesis can be applied generally to the implementation of tools thatsupport empirical modelling, although the results presented are based on researchrelating to how to improve existing tools to better support geometry. Most of thecase-studies presented relate to geometry and shape modelling.Existing work on empirical modelling, and its application in a number ofdi�erent case-studies4, has demonstrated potential to support open-ended devel-opment and experimental interaction in several di�erent contexts. In relation tosupporting the empirical modelling angle, the work in this thesis is a continua-tion of existing research into the combination of empirical modelling and geometricmodelling [ABH86, BC89, Car94a]. In the previous work, both existing tools thatsupport empirical modelling and interfaces to CAD packages have been investigated.The aim was to bring the support for empirical with and for geometric modellingcloser to the standard of interactivity and graphical air that is expected by usersof modern computer software. The existing tools proved too slow and it was foundthat the coding of CAD packages restricts the freedom of expression required tosupport open development.This work is motivated by the need to overcome the technical hurdles de-scribed above and to be able to demonstrate the bene�ts of uniting empirical andgeometric modelling. Empirical modelling is observation-oriented: all variables inempirical models are considered as representing the current state of some observedquantity in a referent. Empirical modelling requires strong visual metaphors and4For a background to empirical modelling, see section 2.2 of chapter 2.7



good interfaces for direct manipulation to represent entities as they are observedand controlled. This requires integral support in tools for the speci�cation and ma-nipulation of geometry. Empirical modelling takes direct account of dependencybetween observables in a manner that cannot be achieved by circumscribed mathe-matical models. In many geometric structures, there is inherent dependency (suchas characteristic patterns of incidence, and dimensional constraints). For this rea-son, empirical modelling cannot make direct use of traditional mathematical modelsof geometry, and other representation techniques are required.Section 1.2.1 introduces the essential concepts that underlie empirical mod-elling and the terminology relating to empirical modelling that are required in latersections. This is followed in section 1.2.2 by an explanation of the aims of thisresearch work.1.2.1 Essential Empirical Modelling ConceptsAt this early point in the thesis, it is important to de�ne some key concepts re-lating to Empirical Modelling related to the discussion throughout the document(see also [Tea, Bey85, BY88a, Bey97, Bey98a]). Empirical modelling focusses on theconstruction of artefacts (models) for interaction and experiment in a doamin thatis not yet well understood. Analyis of a domain or referent proceeds through theidenti�cation of the fundamental structure of our personal experience of that do-main. The atomic elements of this structure are observables which consist of uniquename and value pairs. Each observable represents a measurable or quanti�able el-ement of the domain and its current value in the model corresponds to a state ofthe referent. Empirical modelling principles concern the identi�cation of measur-able observables in some real-world referent and, if appropriate, the observation ofdependency between observables and the agents associated with these observables.Observables can be given a unique identi�er and their current value can be8



expressed by the statement \identi�er = value", in the manner of assignment to avariable in a conventional programming language. This statement is a de�nition ofthe value of the observable. An artefact constructed through empirical modelling willhave a collection of many observables, which each have their own de�nition. Such acollection of de�nitions is known as a de�nitive script. A de�nitive notation consistsof the data types and operators of the underlying algebra suitable for modelling thedomain over which de�nitive scripts for models are constructed.Analysis of the domain also involves the observation of the syncronised pat-terns of changes in observables. Observables that are seen to be dependent on otherobservables can also be expressed as de�nitions by describing the relationships be-tween their values. These de�nitions are of the form \identi�er is expression", forexample \width is 2*height". If a value that forms the right-hand side of a def-inition is changed, the value of a dependent observable is updated consistent withits de�nition. The process is similar to interaction with a spreadsheet application,where a user identi�es the relationships between cells on the spreadsheet and chang-ing the value in one cell causes other dependent cells to update automatically.The process of constructing computer-based artefacts using de�nitive scriptsis called de�nitive programming. Support for de�nitive programming on computersystems is provided by the EDEN interpreter [YY88, Yun90], a generic evaluator forde�nitive notations. Some EDEN de�nitions are shown in Table 1.1, where the valueof observable a is de�ned to be equal to the sum of the values of observables b and c(9 in the example). Subsequent change to the value of b or c during interaction withthe interpreter will cause the value of a to update. Interaction with EDEN modelstakes place through an ongoing process of typing de�nitions line-by-line on-the-y.These de�nitions represent the introduction of new observables and the rede�nitionof existing ones.The de�nition of observable d in Table 1.1 to depend on the values of b9



b = 4;c = 5;a is b + c;d is f(b, c);e = a;EDEN de�nitions
func f freturn $1*$1 - $2;gproc p : c, d fwriteln(c, d);g EDEN functions andprocedures (actions)Table 1.1: Example de�nitions, functions and procedures for EDEN.and c by a user de�ned function f. An EDEN speci�cation of the function f,where f(x; y) = x2 � y is shown in the table. If the code describing a function isupdated, then all values de�ned using the function are updated. EDEN also includesprocedural triggered actions, like proc p in Table 1.1. These are segments of codethat are executed every time the values of particular observables are updated. Inthe example, every time the value of c or d changes, the current values of both cand d are written out by the EDEN interpreter program5.1.2.2 AimsEmpirical modelling principles have not yet been applied to the speci�cation of datatypes for underlying algebras for observables and their operators. In an ideal generalde�nitive programming tool, it would be possible to introduce new data types on-the-y to correspond with new observations. Using existing tools, a domain to bemodelled must be understood in terms of the underlying algebra for a new de�nitivemodel in that domain prior to model construction. The e�ciency of implementationof an ideal tool should be su�cient to provide realistic interaction corresponding toa user's experience of the domain, including domains containing geometric models5Note that there is a distinction that exists only in the EDEN notation between the tokens \is",for a de�nition where a value is maintained automatically to be consistent with its de�nition, and\=", for a value that remains exactly the same until it is rede�ned. In the example, observable eremains equal to the value of observable a at the exact moment of de�nition.10



with a large volumne of associated data. The existing tools provide no support forabstract data types, are not suitable for large volumes of data and execute slowlyas they are based in interpreters. A central aim of this thesis is to investigate andexperiment with other ways of implementing empirical modelling instruments tosupport generalised data representations and improve e�ciency, so as to enhancethe quality of stimulus-response interaction with tools.This thesis also aims to address issues that are not tackled by existing toolssuch as EDEN, or at best are handled rather clumsily. These include:� the representation and support for the privileges of interacting agents;� unifying representations for references, values and privileges to support appli-cations such as concurrent engineering;� the potential for a greater degree of exibility, e�ciency and portability;� the dynamic instantiation/elimination of de�nitions;� support for higher-order de�nitions;� integrated extension to general data types and operators beyond those cur-rently supported.The integration of support for general data structure and geometry will leadto richer computer-based models that correspond more closely to their real worldcounterparts. It will be possible to imitate geometric characteristics of the referentin the metaphor for interaction with an artefact. By improving the e�ciency ofimplementation, it should be possible in the longer-term to produce convincing real-time animations and simulations of real-world reactive systems. A central goal ofthe work is to demonstrate the potential for the use of empirical modelling principlesto support open-ended geometric modelling.11



1.3 Contents of ThesisIn this section, a brief outline of the thesis is presented as a guide to the structureand dependency between the chapters and sections. The thesis describes a model forformulating and reasoning about dependency maintenance and includes informationabout three new tools developed as part of the research work. The technical issuesraised by existing tools are identi�ed, and a method for overcoming these is proposed.A new Java class library that allows a programmer to implement new applications forshape modelling and integrate a wide range of shape representations is presented. Amethod of integrating these geometric techniques into spreadsheet-like environmentsthat are well-adapted to support empirical modelling is proposed. In section 1.3.2,the overall contribution of the thesis is described.1.3.1 Thesis LayoutThis thesis is divided into nine chapters, of which this is the �rst introductorychapter. Chapter 2 provides the background to this work, highlighting the relevantliterature from geometric modelling as well as empirical modelling. This chapteralso includes a discussion of the underlying concepts for empirical modelling withgeometry to support the construction of computer-based artefacts, and empiricalmodelling to support the abstract, open development of geometric models. Case-studies to illustrate these concepts address modelling of timepieces and physicaltables. Chapter 3 examines the technical challenges of representing geometric dataand dependency in de�nitive scripts, by examining existing de�nitive notations andother small case-studies. At the end of the chapter, the use of serialised data typesto represent all types of data in a de�nitive notation is proposed and justi�ed. Chap-ter 4 presents a method of reasoning about dependency maintenance free of concerns12



of data types and structure, called the Dependency Maintainer Model (DM Model).The new block rede�nition algorithm that improves e�ciency in dependency main-tenance by considering several rede�nitions in a block simultaneously is describedwith the DM Model. The chapter ends by examining the relationship between de-pendency maintenance and conventional algorithms, such as sorting.Chapters 5 and 6 describe two programming toolkits based on the DM Modelof Chapter 4 that both implement the block rede�nition algorithm. Chapter 5 de-scribes the design of a novel machine concept called the De�nitive Assembly Main-tainer Machine (DAM Machine), contrived to maintain dependencies between wordsof computer RAM store. This machine has been implemented over the ARM ar-chitecture [Fur96] and programmed to support the DoNaLD de�nitive notation forline drawing [ABH86]. This use of the toolkit is described and the possibility fore�cient animation is demonstrated with a case-study of an engine model.Chapter 6 presents the Java Maintainer Machine (JaM Machine) applica-tion programming interface (API), which maintains dependency between Java ob-jects [CH96]. The toolkit o�ers support for multi-user collaborative working anddistribution of scripts to several computer systems simultaneously over a TCP/IPnetwork [Har97]. Chapter 7 and 8 describe empirical worlds | a case-study in theuse of the JaM Machine API for shape modelling. Chapter 8 includes a descriptionof the empirical world builder application that integrates the empirical world class li-brary and supports shape modelling within a World-Wide-Web browser application.Virtual reality worlds (cf. VRML [ANM96]) are used as the display mechanism forgeometry described in a de�nitive script.The thesis ends in Chapter 9 by drawing conclusions from the research de-scribed. Further research work is proposed, including the possibility of a new styleof application to support shape modelling that is based on spreadsheet ideas.13



1.3.2 Contribution of ThesisIn respect of empirical modelling, the work in this thesis contributes a new methodfor handling data structure with dependency to better support observation-orientedmodelling. The new block rede�nition algorithm provides a more e�cient meansto propagate updates through the values of observables by considering more thanone rede�nition simultaneously. The JaM Machine API brings many of the fea-tures available in object-oriented programming to empirical modelling. The use ofcompiled code in JaM and assembly language directly in the DAM Machine allowsfor empirical modelling that supports the e�cient and smooth animation of mod-els. This also enhances the scope for interactive experimentation with a model thatplays an essential role in its construction and interpretation. The use of the Javaprogramming language provides a platform-independent way of integrating exist-ing (not de�nitive) libraries of objects for graphical user interfaces, device control,networking and databases, into applications that support empirical modelling.In respect of geometric modelling, the thesis presents a new approach to rep-resenting dependency in geometric modelling that allows for open development andsupports conceptual design \what-if?" experimentation. This approach is di�erentin character from variational and parametric modelling techniques in that it doesnot require the solution of several constraints. The use of implicit function rep-resentation for shape allows designers to explore many di�erent representations forshape in a uni�ed design environment. This is demonstrated by the proof-of-conceptempirical world builder tool. Scripts of de�nitions that represent a geometric modelcan be shared between more than one workstation and there is support provision(by the JaM Machine API) for collaborative working and concurrent engineering.For more general computer science, this thesis provides an insight into a newapproach to the use of objects in object-oriented programming, where the commu-14



nication between objects is through dependency-maintenance mechanisms. Insightinto how the integration of general data structure and dependency can be achievedin the same de�nitive script provides the possibility to use empirical modelling in abroader range of applications. These de�nitive scripts can support the incrementalconstruction and open-ended development of models over a diverse and extendablerange of data types. This could provide a basis for new powerful spreadsheets wherethe values in cells can be richer data types than text, numbers and dates alone.It also provides support for software development and modelling using computersystems in which the roles of the user, programmer and computer systems designerare conated.During the research work associated with this thesis, a number of otherpublications were made jointly by the author and other members of the empiricalmodelling group. These are [BC95, GYC+96, BC97, BCCY97, ABCY98].
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Chapter 2
Empirical Modelling Principlesand Geometry
2.1 IntroductionThis chapter presents the conceptual basis and background to the work in therest of the thesis. Geometric modelling on computer systems is commonly usedin applications that support engineering and architectural computer aided design,computer games and computer generated animations. These are all well-covered�elds of research with a signi�cant volume of associated literature. The princi-pal aim of this thesis is to �nd a way of uniting some of these well-developedresearch areas with empirical modelling principles. In comparison with tools de-veloped with procedural and declarative programming techniques, many case stud-ies [BBY92, NBY94, BJ94, BSY95] have shown that uniting these principles withvarious application areas leads to tools for modelling and simulation that exhibit anunprecedented degree of interactivity.The background to this thesis can be classi�ed into two distinct areas. Theseareas are discussed independently in Section 2.2 and are briey described below:16



1. Relevant literature on geometric modelling and computer-aided design. Par-ticular attention is paid to notations for geometric design that allow for thetextual description of geometric shapes.2. History and background to the Empirical Modelling Project and its relevanceto geometric modelling.The empirical modelling process on a computer system bene�ts from strongvisual metaphors for the representation of models, to aid a modeller's interpreta-tion of the current state of a model and to assist their conceptualisation of modelbehaviour through interaction with a model. The construction of computer-basedcognitive artefacts [BC95] with empirical modelling principles is introduced in Sec-tion 2.3. These artefacts are contrived to imitate interaction with a real worldreferent. The process of animating artefacts bene�ts from strong geometrical repre-sentations, as does support for the collaboration agents by providing many di�erentviews and interfaces for interaction with an artefact. In Section 2.3.2, a digitalwatch and other timepieces are used as the basis of a case-study to demonstrate theconstruction of cognitive artefacts using empirical modelling principles.The process of constructing geometric models, as well as the process of de-scribing and reasoning about abstractions associated with geometric models, canbe supported by applying empirical modelling principles and de�nitive program-ming techniques. Many dependencies arise as constraints between the componentsof geometric entities, such as:� two lines have a common end-point;� two lines are set at perpendicular angles to one another;� sides of a regular polygon all have the same length.17



Section 2.4 examines the process of modelling abstract geometry on a com-puter system from an empirical modelling perspective, as well as the realisation ofthis geometry by lines and faces, vertices and point sets. In Section 2.4.1, consid-eration is given to the use of abstraction by designers in the design process. TheCADNO de�nitive notation for the representation of geometry is introduced in Sec-tion 2.4.2. A case-study demonstrates the use of the CADNO notation to representthe abstract geometric relationships in a model of a table1.In the �nal section of this chapter (2.4.4), a brief description of the EdenCADtool [Car94a] is given. This tool, implemented to work as a modular part of theAutoCAD computer-aided design package from AutoDesk [Aut92a] allows a userto establish dependencies between de�ning parameters for geometry from withinthe package and o�ers support for empirical modelling. The relationship betweenEdenCAD and the work in this thesis is discussed2.2.2 Background to Empirical Modelling with and forGeometryGeometric modelling on a computer system is a well-established area of researchthat has developed alongside advances in the capabilities of computer hardware,particularly computer-graphics hardware. Many geometric modelling software toolsare available for Computer-Aided Design (CAD), Computer-Aided Manufacturing(CAM) and Computer-Aided Engineering (CAE). They are often expensive and soldinto a competitive market, usually on the strength of their graphical user-interface.Empirical modelling, in contrast, can be viewed as a novel approach to programminga computer system that is established as a research project located at one university.1The kind of table used here is a dining table or a desk, rather than that used to tabulate dataor organise information in a thesis.2It is coincidence that EdenCAD is developed by my namesake Alan Cartwright.18



As a result, there is a wealth of literature relating to CAD/CAM/CAE and only arelatively small local group of papers relating to empirical modelling.This thesis discusses issues related to bridging the gap between geometric andempirical modelling through the cross propagation of concepts. This process essen-tially involves improving data representations and e�ciency of the implementationof empirical modelling methods, to bring them into line with geometric modellingmethodologies. It is not possible to approach this work from the opposite perspec-tive, by adapting existing CAD/CAM/CAE tools for empirical modelling, as thesetools exploit aspects of conventional programming paradigms that conict with em-pirical modelling priciples. The approach adopted here is to explore the scope forextending empirical modelling to encompass abstractions in geometry.A brief background and introduction to current CAD techniques and toolsis presented in Section 2.2.1. The two main data representation techniques (B-rep. and CSG) for geometric modelling are described, along with recent work onimplicit shape representations. Empirical modelling involves the identi�cation andexpression of observed dependencies between data. In existing geometric modellingtools, techniques exist to support similar expressions of observed dependency andthese are known as parametric and variational modelling. In Section 2.2.2, thesetechniques are distinguished from the representation of dependency in a de�nitivescript. Section 2.2.3 describes the history of the Empirical modelling project. Thework described is based at the University of Warwick and the associated referencesare, therefore, mainly local to Warwick. Although there are signi�cant similaritiesbetween spreadsheets and programming with de�nitive notations, de�nitive pro-gramming methods form a paradigm for programming whereas spreadsheets areapplications written with more conventional procedural programming techniques.The types of data stored in spreadsheet cells are generally simple types such as19



integers, oating point numbers, dates and strings. The de�nitive programmingparadigm has the potential to support more complex data types3.2.2.1 Geometric ModellingThe development of geometric modelling on computer systems has developed along-side the development of computer graphics hardware. One of the earliest tools fortwo dimensional drafting on computer systems is Sutherland's Sketchpad [Sut63],the �rst proposal for a human/computer interface through graphics. Manufacturingindustry developed many Numerical Control (NC) systems for controlling manu-facturing equipment, such as lathes and milling machines, by computer program.This prompted much commercial work on sculptured surface modelling. This in-cluded B�ezier's work for Renault on the development of B�ezier Surfaces [Far90].At the time, there was a need to be able to simulate the NC process on computersystems prior to manufacture because of the potential for errors in the NC code.This initiated study into how to model and represent three-dimensional geometryof apparently solid material on computer systems.The addition of the third dimension proved to be a challenging problem.During the 1970s, there were two distinct research groups investigating the repre-sentation of three-dimensional geometric shape on computer systems. The productof this work is two separate representations:CSG Constructive Solid Geometry techniques represent shape on computer systemsas a �nite number of boolean set operations (union, intersection, set di�erence)on half spaces de�ned by algebraic inequalities. Based on work carried out atthe University of Rochester by Voelcker and Requicha, the seminal journalpaper on CSG techniques is by Requicha [Req80]. Similar half-space represen-3This is demonstrated in the ARCA, DoNaLD and SCOUT implementations, described in Sec-tion 2.2.3. 20



tations were developed independently by Okino et al [ONK73].B-Rep Boundary Representations of shape consisting of facets that are subsetsof planar, quadric or toroidal surfaces were developed at the University ofCambridge by Braid [Bra79].Requicha et al developed the PADL-1 notation [VRH+78] (the Part andAssembly Description Language), implemented as a computer based tool for con-structing CSG models. Shape is constructed by textual description, where the con-struction sequence is represented by a sequence of assignments to variables in themodel. These variables can be associated with de�ning parameters of the modeland its component shapes. PADL-1 is mainly regarded as a research tool thatdoes not support the full coverage of geometry required in industry4. This has ledto the development of PADL-2 notation [Bro82] and its prototype implementationP2/MM, a computer-based tool for solid modelling with support for both CSG andboundary representation models. PADL-2 supports data types for primitive solidshapes (block, wedge, cylinder, sphere, cone), primitive faces (plate, disk, cylinderface, sphere face, cone face), half spaces de�ned by surfaces (planar, cylindrical,spherical, conical) and line segments.The PADL-2 notation was widely adopted and developed by many industrialcompanies during the 1980s, as noted by Sheridan in [She87]. McDonnell Dou-glas and other industrial partners devoted a large amount of e�ort to improvingthe rather academic and text-based implementation to create an application withgraphical user interface support for the modelling process. This application allowsa non-programmer to select points by choosing them on the screen representation ofthe model and click on icons to select shape primitives and operations. This removesthe need to write code in order to construct models.4See \A tale of technology transfer" by Voelcker, an inset to [Bro82].21



Cadetron developed The Engineering Works [She87], the �rst solid mod-elling package to run on the PC. The package incorporates PADL-2 as its kernelmodeller and data representation. This implementation dispenses with the textualconstruction of models, in favour of an interactive graphical interface with multiplewindows.The data representations for PADL-2 only allow geometric data and somestandard attributes (colour, bounding box) to be associated with geometric entities.Geometric data may be appropriate for the design of shape, but for other processessuch as the generation of NC machining code and �nite element material stressanalysis, information relating the features in the geometry with its components isalso required. For example, a machine tool may be able to machine edges accuratelyto a certain tolerance but can drill holes with much greater accuracy. It is thereforenecessary to know which edges in the geometric model relate to drilled holes andwhich edges to the boundaries of the object. A data representation technique forfeature based modelling is described by Ansaldi et al in [AFF85, AF88].The development of graphical user-interfaces has signi�cant bene�ts for me-chanical engineers who are not expert programmers. However, it is not possibleto program with a graphical interface for the purpose of integrating solid modellingwithin other applications. Bowyer developed the SVLIS [Bow94] geometric modellingkernel modeller as a C++ library to support integration of CSG modelling into be-spoke computer-based modelling tools. The ACIS kernel modeller and programmingtoolkit from Spatial Technology is widely used for B-rep modellers [Cor97]. Bowyeret al also developed Djinn [BCJ+95, BCJ+97], an application programming interface(API) to standardise procedure calls to libraries of procedures where the representa-tion is independent of language or point sets, regardless of the underlying software orhardware. Paoluzzi et al [PPV95] have carried out research into the use of functionalprogramming techniques in the construction of geometry. Programming techniques22



and interfaces to solid modelling allow a programmer to construct solid geometricmodels, build new application domain speci�c user interfaces for geometric mod-elling and perform simulations or generate animations from solid geometric models.The CAS.CADE C++ programming library5 from Matra Datavision allows a pro-grammer to construct bespoke modelling tools and is also used by Matra Datavisionas the underlying library for their latest family of modelling software products.Sculptured surface modelling techniques (B�ezier surfaces, B-spline surfaces)can be merged with solid modelling techniques using boundary representation. Itis not yet possible to completely integrate these techniques completely with CSGmodelling and there is a divide between CSG solid and B-rep surface modellers.This has been partially achieved by Kirshnan and Manocha [KM96] (by pluggingNURBS bounded solids into the CSG-tree) and by Berchtold and Bowyer [BB98](by integrating support for Bezier surfaces and CSG modelling). It is interesting tonote Shah and M�antayl�a's comment on the future of modelling programs and theseparation of CSG modelling and sculptured surfaces [SM95]:\More lately, implicitalization techniques have been introduced thatmay eventually make it possible to merge sculptured surfaces also inCSG models."Implicit techniques are adopted in this thesis, and implicit and CSG tech-niques are merged in the case-studies in Chapters 7 and Chapter 8. Implicit sur-face representation techniques, the function representation of shape, are a currenttopic for research by Pasko, Savchenko and their colleagues [PSA93, SP94, PASS95,MPS96]. In general, point sets constructed from any representation of shape inEuclidean space can be combined into this uniform representation of shape thatincludes all the standard CSG operations and many more. Traditional CSG mod-5See http://www.matra-datavision.com/. 23



els, closed boundary representations, volumetric objects [KCY93] and skeletal-basedimplicits [BBCG+97] (also known as blob-tree models [WvO97]), in common use incomputer generated animations, can all be combined with the function represen-tation of geometric shape. The rendering of shapes represented by function repre-sentation require the arbitrary and repeated sampling of mathematical functions atpoints in Euclidean space, a procedure that is di�cult to optimise.The de�nitive notation \HyperJazz", developed by Adzhiev et al [APS96],is of particular interest in this context. This notation allows a modeller to designshapes using function representation and express dependencies between the de�ningparameters of the shapes. The notation requires its users to have a good under-standing of the function representation of point sets and it would be advantageousif tool included a library of geometric primitives that could be drawn upon duringmodelling. It would also be bene�cial if it were possible to express dependenciesbetween shapes as well as between de�ning parameters. The latest version of Hy-perJazz, entitled \HyperFun", contains better support for geometry but no longersupports the expression of dependency between parameters.2.2.2 Variational and Parametric ModellingThe expression of dependency between de�ning parameters and geometric entities issupported by many geometric modelling tools. Mathematical expressions of desiredrelationships between numerical variables express the constraints between compo-nent entities of a model. These include:� constraining two points so that they are the same distance apart;� constraining two lines to be parallel to one another in a particular plane;� constraining the radii of two circles to be proportional to one another (circleA has twice the radius of circle B).24



The terms parametric model and variational model are used almost inter-changeably to describe models containing geometric constraints. Their di�erencesare explained later in this section.The overall design process for parametric and variational systems is similar.It is described by the following four stages6:1. A user creates the nominal topology of a design using standard geometric andsolid modelling techniques. The result is a model with the same underlyingcombinatorial structure as the �nal geometry, but without exact dimensioning.In other words, all component entities are connected in the way that they willbe connected in the �nal model.2. The user describes the relationships between entities in terms of geometricconstraints.3. Once the constraints are speci�ed, the modelling system applies a generalconstraint satisfaction procedure to produce an evaluated model with dimen-sions. The system may be over-constrained leading to no solution, or under-constrained leading to many possible evaluations.4. The user can create variants of the model by changing the values of constrainedvalues, or even the constraints themselves. Each change creates a new evalua-tion of the model through the re-execution of the complete constraint solvingprocedure of stage 3.It can be seen from the stages above that this process is very di�erent frompropagation of change in a spreadsheet, where only values in cells that require re-evaluation are computed. If every change in a spreadsheet required the re-evaluation6Process as described by Shah and M�antayl�a [SM95].25



of every cell, the system would be seen as ine�cient. The de�nitive program-ming process is closer to the construction and use of a spreadsheet model thanthe parametric/variational design process, yet it can represent dependencies similarto those expressed through geometric constraints using de�nitions7. Moreover, withthe de�nitive approach it is possible to express relationships between the topologyof the models during the conceptual design phase, integrating stages 1 and 2. Thisintegration process is discussed further in Section 2.4.PADL-1 [VRH+78] implements a constraint satisfaction mechanism in a pro-cedural way. A sequence of assignments to variables of a model constructs the model.Changing one of the values in the construction sequences and re-executing this se-quence results in a new evaluation of the shape. The order in a procedural scriptof de�nitions is important and the ow of computation describes models that areunidirectionally parametric. The description of the topology of the geometry has tobe expressed with references to its de�ning parameters, leading to the rigid couplingof stages 1 and 2 of the design process.Flexible constraint satisfaction is independent of the construction order ofthe geometric model. Parametric systems apply sequential assignments to variablesin a model, where every assignment is computed as some function of previous assign-ments. The ordering of the sequence of assignments is determined by an algorithm.For example, to constrain a point (x; y) in two dimensional space to lie on theline passing through the origin (0; 0) and point (2; 1), the mathematical constrainty = 12x is used. This system works well unless the value of x depends on the valueof y in another constraint. One solution algorithms is the graph method devisedby Serrano [Ser87]. Another, called DeltaBlue, is credited to Freeman-Benson etal [FBMB90].7The expression of some constraints may require the use of Higher-order dependency as describedin Section 3.2.2 of Chapter 3. 26



Variational modelling systems represent geometric constraints using sets ofequations. These equations are solved simultaneously to evaluate the dimensionsfor a model. To constrain a point (x; y) as above, the equation x � 2y = 0 issolved by numerical or symbolic methods along with the equations for all the otherconstraints. One possible numerical algorithm is given by Press et al [PFTV92]| this is based on the popular Newton-Raphson solution method. The algorithmiterates through a series of estimated solutions until the estimation is accurate withina certain tolerance level. This algorithm requires an initial guess for the solution.Another approach is to use symbolic manipulation to solve the system of equations,as described by Kondo [Kon92]. In both the symbolic and numerical cases, it isrequired that there are mechanisms to deal with sets of equations that are over- orunder-constrained.Whether variational or parametric modelling techniques are implementedin a computer-aided design system, the system solves a set of constraints with analgorithm and is conceived in the framework of conventional procedural or declara-tive programming paradigms. For instance, the GEOMAP-III parametric modellingtool [KSW86] allows a user to represent constraints between geometric entities us-ing a logic programming notation, solving the constraints using inference rules.In contrast, the de�nitive programming paradigm, founded on empirical modellingprinciples, represents dependencies as observed from an agent viewpoint and notas logical propositions. This representation encourages open development at theconceptual design phase without the need for early circumscription to topologicalor mathematical relationships. Stage 3 of the parametric/variational design processimposes a barrier to open development resembling the separation established bycompilation of source code to executable binary. Compilation is not required in thede�nitive programming paradigm. 27



Figure 2.1: Three dimensional Cayley Diagrams generated by the ARCA tool.2.2.3 The Empirical Modelling ProjectThe Empirical Modelling Project (EMP) at the University of Warwick originatedfrom a study by Beynon in 1983 of a tool interactively to display and manipulateCayley diagrams [Cox65], entitled ARCA [Bey83, Bey86a]. Two Cayley diagramsrendered by this tool are shown in Figure 2.1. The research report describing ARCAcontains a detailed description of a context free grammar for a notation that supportsboth de�nition and declaration of variables. These variables can be of type integer,vertex, colour and diagram. This notation is of interest in the context of this thesisas it includes amoding mechanism for handling the dependency between componentsof data structures in the underlying algebra of the notation.Interest in the general concept of de�nitive notations by Beynon resulted inthe development of EDEN (the Evaluator for DE�nitive Notations), a computerprogram that is an interactive evaluator for generic de�nitive notations [Yun90] (seeSection 1.2.1). This tool is a script interpreter which in use is similar to interactionwith a shell program on a UNIX system. Users of this interpreter can at any point28



in their interaction:� create a variable or modify the value of an existing variable;� create a dependency between variables by introducing a new de�nition ormodifying an existing de�nition;� create code for a function or modify a function that is or will be used as partof a de�nition;� create or modify code for a procedural triggered action;� inspect the current values of variables, their current de�nition and the currentcode for functions and triggered actions.The syntax of EDEN has control constructs that mimic those in the ANSIC programming language, with for, if-then-else and while statements. Triggeredactions are necessary to reveal the current state of the value of de�nitive variablesin the script. When the value of a variable is updated, an action can be set tobe triggered as a result of this update. By analogy with a spreadsheet, actionsperform an equivalent operation with the updating of one spreadsheet cell causingthe display of other cells dependent on it to be redrawn, once they have had theirvalue recalculated. Triggered actions are required as an interface between a de�nitivescript in the de�nitive programming paradigm and a procedural operating systembased in a traditional procedural paradigm, through textual and graphical inputand output.The design of a de�nitive notation for interactive graphics called DoNaLD(theDe�nitiveNotation for LineDrawing) is described in [ABH86]. The data typesof the underlying algebra of DoNaLD are geometric entities such as points, lines andcircles. Dependencies between these entities can be expressed using de�nitions, as29



illustrated in Figure 2.28. An implementation of the notation through translationinto EDEN de�nitions is described by Beynon and Edward Yung in [BY88b]. Com-munication between the translator and the EDEN interpreter in this implementationis via the UNIX command pipeline. For many years, this translation methodologyremained a mechanism that could be used to implement newly designed de�nitivenotations or improved versions of existing ones. For example, there is a new im-plementation of the ARCA notation with translation into EDEN on-the-y [Bir91]that uses the drawing procedures of DoNaLD.The SCOUT notation (notation for SCreen LayOUT) for screen layout bySimon Yung [Yun93] is another de�nitive notation that is implemented using asimilar translation mechanism. On initialisation, SCOUT opens a window within thescreen of the current window-manager. It then becomes its own de�nitive window-manager within this space. SCOUT can control the layout of sub-windows, buttons,text and provide a viewport for DoNaLD drawings. Viewports provide zoom andpan facilities for DoNaLD 2D drawings. SCOUT has no built-in capability to drawshapes and lines.Issues in the design of DoNaLD and its use as an interactive graphics lan-guage were evaluated in [Bey89], a report that addresses the problems of creatingand referencing a recursively described shape, such as an in�nite staircase. Apartfrom the �rst stair, each stair of the staircase is de�ned to be the same as the onebelow it, translated by a suitable vector. The report poses an open question: Howis it possible to make reference to the n-th step of the staircase?9 The implementa-tion method for DoNaLD cannot support recursive shape description or reference.8In this screen snapshot �gure, the DoNaLD de�nitions are shown in the window labelled\Tkeden: DoNaLD Definitions". The section of code shown is the de�nition of the ag on thechess clock's face that is pushed up by the minute hand and then drops the instant that the minutehand reaches the vertical position.9For example, how can I hang a bucket on the 56th step, or animate a ball rolling down thestairs from the 109th step? 30



Figure 2.2: Chess clocks constructed from the digital watch model.
31



Ideally, DoNaLD should also incorporate de�nitions for shape description like thoseused by van Emmerick et al in their hypertext approach to the interactive design ofsolid models [vERR93].DoNaLD has potential to be used in the engineering design process as a toolfor drafting and displaying models, where the dependency between geometric ele-ments can be linked to observed dependency in the model's real world referent10.This resulted in research by Beynon and Alan Cartwright into new de�nitive nota-tions which were speci�cally aimed at CAD, rather than just simple line drawingtools [BC89]. The CADNO de�nitive notation (Computer-AidedDesignNOtation)for the description of combinatorial structure and coordinate geometry is describedin [BC88] and in Section 2.4.2. A partial implementation of the notation was madeby Stidwill for his third year project [Sti89]. This implementation is based on trans-lating CADNO de�nitions to EDEN de�nitions. The tool produces three dimen-sional, wire-frame, black and white graphical output of the geometry representedby scripts of CADNO de�nitions.More recent research into the use of de�nitive notations for CAD softwareexamines the design of de�nitive notations that support interactive conceptual de-sign [BC92] and concurrent engineering design [BACY94a, BACY94b]. Rede�nitionsin a de�nitive script can represent the actions of di�erent agents. This means thatthe privileges for rede�nitions can represent the roles of di�erent designers in thedesign process. The LSD speci�cation language [Bey86b] is used to describe agentprivileges for rede�nition in a script. This process is called agent-oriented modelling.An agent has de�nitions in a script that correspond to its current state, de�nitionsof the states of other agents that in can observe, its privilege to change other agentsde�nitions and protocols for action. LSD speci�cations can be animated throughthe use of the Abstract De�nitive Machine (ADM) [Sla90]. The roles of di�erent10For example, if a lamp is resting on a table, then moving the table will also move the lamp.32



designers in the design process can be speci�ed using LSD. Adzhiev examines theroles of di�erent agents in the implementation of CAD systems in [Adz94].Collaboration between Beynon and Adzhiev initiated further research intode�nitive notations for interactive shape modelling using implicit function repre-sentation techniques. The Hypersurf tool [PSA93] developed by Adzhiev and hiscolleagues provides an environment for experimenting with implicit function rep-resentations of shapes. The textual description of shape in Hypersurf has manysimilarities with a de�nitive script: the association of a left-hand-side identi�er fora function representation with its de�nition. This motivated further discussion ofthe bene�ts of de�nitive programming techniques for the representation of geometryusing function representation.In my undergraduate project work, I designed and implemented a new de�ni-tive notation entitled CADNORT [Car94b]. This notation is based on a combinationcomponents of the syntax of CADNO and Hypersurf. The implementation supportstextual interactivity with a notation for the design and encapsulation of the func-tion representation of shape on-the-y. It is possible to create libraries of shapeprimitives. Only limited graphical output of these models is available in the formof visualisations of two-dimensional slices through point sets, a task for which theEDEN interpreter is particularly ine�cient. CADNORT raises many issues con-cerning the use of complex data types in de�nitive notations. These are discussedin Chapter 3.The line of development of the tools SCOUT, DoNaLD and EDEN has culmi-nated in an amalgamated tool entitled Tkeden11. This tool integrates the SCOUT,DoNaLD and EDEN front-ends with the EDEN engine for de�nition maintenance.It o�ers an attractive window interface environment for the interactive management11The Tk in Tkeden refers to a switch in implementation strategy made by programmerY. P. Yung from basing EDEN on the X Windows programming libraries to using Ousterhout'sTk/Tcl library. See [Ous90, Ous91]. 33



of de�nitive scripts, as well as being less demanding on system resources than pre-vious versions of EDEN. Figure 2.2, to be discussed in detail in Section 2.3.1, showsthe Tkeden tool in use. The current implementation of the graphical tool does notsupport the UNIX shell pipeline. The result of this is that writing new de�nitivenotations becomes a complex software development task, requiring a developer tohave an in-depth understanding of the Tkeden source code.The term empirical modelling was adopted for the work in 1995. This changewas intended to make a clear distinction between conventional mathematical mod-elling and the phenomenological, experiential models described by de�nitive scripts.The adoption of the term reects the fact that there are some primitive underlyingconcepts that bring coherence to the diverse activities of modelling using de�ni-tions, which has a deeper purpose in trying to model the world. These primitiveunderlying concepts are common to De�nitive Programming, Observation-OrientedModelling12 and Agent-Oriented Modelling.2.3 Cognitive ArtefactsA cognitive artefact is an object or an environment that is contrived to represent(through metaphor) interaction with some other (typically real-world) system13. Anartefact exhibits di�erent states, each of which corresponds to a state of the systemthat it represents. Interaction with an artefact in this mode of representation al-lows a human interpreter to explore the correspondence between the artefact and itsreferent beyond preconceived limits. This interaction is used as a well-establishedmeans of communication in many disciplines and is distinguished from communica-tion via documents expressed in a formal language. Examples of artefacts include12For an explanation of Observation-Oriented, seehttp://www.dcs.warwick.ac.uk/modelling/hi/principles/observation.html.13De�nition for Cognitive Artefacts given in [BC95].34



models of engineering systems, architectural models, molecular models, maps andglobes.Cognitive artefacts serve a useful function in the general design process(rather than the geometric design process in particular) in two di�erent ways, listedbelow. Both kinds of representation are especially signi�cant in relation to moderntrends towards concurrent engineering [BACY94a, CB91] and several di�erent arte-facts are necessary to take account of a whole range of design participants, usersand scenarios. The two purposes of artefacts in the design process are:� artefacts with which the designer can interact in order to develop an insightinto the nature and current status of an object being designed;� artefacts that inform the designer about the current status and progress of thedesign process.The purpose of discussing cognitive artefacts in this thesis is to explore theempirical modelling process and its requirement for good metaphors for interactionthat can be provided through multi-media interfaces. Solid geometric models canprovide interaction with computer-based artefacts that closely imitates interactionwith the real world referent. Current tools that support the empirical modellingprocess provide only simple line-drawn graphical models. Through understandingthe relationship that exists between artefacts and their graphical representation,there is potential to support empirical modelling for richer interaction with and moredetailed construction of artefacts. This process will bene�t from better geometricmodels to assist in the communication of the model. The relationship betweenempirical modelling and cognitive artefacts is explored in Section 2.3.1 and a case-study examining cognitive artefacts for timepieces is presented in Section 2.3.2.Many di�erent agent views of the same artefact can exist. For example,in the mechanical design process a component part may be the responsibility of a35



geometric designer, an electrical engineer, a materials expert and others. Each agenthas its own viewpoint of the artefact and the nature of their interaction with theartefact is dependent on their viewpoint. Issues in the use of artefacts as a meansof communication between agents are discussed in Section 2.3.3.2.3.1 Cognitive Artefacts and Empirical ModellingEmpirical modelling can be used for constructing artefacts by specifying each stateof a referent in terms of the current values of a collection of observables14. Primi-tive interactions with the referent by manipulation of the observables are speci�edas synchronised changes to these observables. The artefact has its own collectionof observables and primitive interactions that correspond with the observables andprimitive interactions of the referent. This presumes a metaphor for the repre-sentation of the current state of the referent, whereby observables (variables) ofthe computer model correspond to observables of the referent. The use of suchmetaphors can be illustrated by considering di�erent representations of time. Forexample, consider the following three metaphors for time:� the position of hands on a clock;� the value on a numerical display;� the position of the sun in the sky inside some virtual environment, such as acomputer game.The exact and explicit correspondence between states and transitions in arte-fact and referent plays a fundamental role in the empirical modelling method, andis the basis for being able to recognise the association between them. It is throughexperimentation with the artefact that the characteristic relationships between ob-14This content of this section is based on work previously presented in [BC95].36



servables that determine the identity of the referent are revealed. Traditional pro-gramming techniques render the current state of the screen that represents a modelusing procedural algorithms. The empirical modelling approach is to treat the stateof the screen as part of the computational state of a model. The state is de�nedby a system of variables, whose values are appropriately synchronised in change torepresent the dependencies between graphical elements. These graphical elementsare often of a geometric nature, such as lines, circles and polygons.It is the representation of dependency, both between graphical elements andthe observables that form computer-based artefacts, and the linking of these twokinds of dependency, that facilitates construction and animation with artefacts.Through the use of this dependency, it is possible to represent the e�ect of sponta-neous human agent interaction in a system, continuous processes and instantaneousevents. The geometric primitives available in current empirical modelling tools suchas DoNaLD do not allow for the representation of geometric shape in more than twodimensions by techniques such as boundary representation and CSG methods15, orfor adequate representation of dependencies between components of shapes. As aresult, current support of metaphor for the representation of artefacts using empir-ical modelling on a computer system is limited, and not generally suitable for taskssuch as mechanical design. These tasks may require three-dimensional models ofshape to achieve the goal for the construction of artefacts: to place into correspon-dence the states and state transitions of the artefact and referent, and to be able torecognise the association of the artefact with the referent through interaction withthe artefact.15See Section 2.2.1.
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2.3.2 Case-Study - Timepiece ArtefactsFigure 2.3 depicts three artefacts representing aspects of timepieces: a digital watch,an analogue clock and a statechart (cf. Harel [Har87b, Har87a]), which representsthe functionality of the digital display. The clock faces are artefacts for communi-cating time and the statechart serves to tell a designer how the display functionsof the digital watch are a�ected by the pressing of watch buttons and the level ofcharge of the battery. In Figure 2.3a, the digital watch face is surrounded by fourbuttons that respond to mouse button clicks. The buttons are linked by de�nitionto the statechart in Figure 2.3c, where the current internal state of the watch isgiven by boxes with solid lines rather than dotted lines.In a real analogue clock, the hands of the clock may be coupled mechanicallyso that when the hour hand moves, the minute hand moves with it. This dependencycan be expressed with a de�nition for angle hour hand 16, the angle between verticaland the hour hand measured clockwise, in the following way:angle hour hand = angle min hand2� � �6 (2.1)This dependency is represented in the analogue clock face in Figure 2.3bin a graphical line drawing representation, where the angle of the second handangle sec hand is linked to the angle of the minute hand in the same way. The timeon the digital watch shown in 2.3a is linked by a de�nition of angle sec hand to thenumber of seconds through a day. This is calculated from the time display of thedigital watch.Sundials are timepiece instruments that could be represented with the sup-port of three-dimensional graphical representations of artefacts. Time is representedon a sundial by the shadow of a pointer cast by the sun on to a graduated disc. Thepointer is raised above the at disc. An environment could be constructed for the16The angle of the minute hand angle min hand is measured modulo 24�.38



Figure 2.3: View of the Tkeden cognitive artefact for a digital watch, analogue clockand statechart. 39



exploration of sundial artefacts, where the rotation of the earth causes the apparentmotion of the sun throughout the day. In this environment, it is possible to exploreagent views of time by:� correctly and incorrectly positioning and orienting sundials;� the e�ect of breaking or modifying the geometry of the pointer of a sundial;� examining an agent's misconceptions of time when glancing at the graduationson the disc from an oblique angle;� comparing the margins for error in viewing time during di�erent seasons, inbad weather and in di�erent countries of the world.Characteristic patterns of change in observables in the referent model areidenti�ed through observation and experiment, and are always subject to revision inthe light of subsequent observation. The process of developing an artefact naturallyinvolves incremental construction that is guided by evolving knowledge about theproperties of the referent. In this process, it is essential to be able to record thecurrent status of partial models, and revise these to take account of new informationand perspectives on the referent as they are encountered. Empirical modellingprinciples can be used to support this process.Figure 2.2 shows the Tkeden development environment in use for the con-struction of, and interaction with, the model of a chess clock17. The �gure shows thede�nition input window (top left), SCOUT de�nition viewing window (top right),DoNaLD de�nition viewing widow (middle right), translated to EDEN de�nitionwindow (bottom right), model viewing window (middle left) and an independent17The nature of development and interaction with the Tkeden tool is di�cult to convey in asnapshot image. It is only the experience of the tools over time that demonstrates the full potentialof the tool. Note that only the interpretation and maintenance of de�nitions has occurred duringthe construction of the model and no compilation has taken place40



computer system clock (inset bottom left). The model was developed on-the-ydirectly from the digital and analogue clock models, reusing the components (ana-logue clock face, relationship between the hands) of the time artefacts to constructthe new chess clock cognitive artefact. The existing clock mechanism is linked to thechess clock model to make the clocks tick and runs in real time, simultaneously withthe digital watch model. This on-the-y construction of models in Tkeden supportscomputer-based rapid prototyping methods for the incremental development andreuse of components of artefacts.With support for good geometric representations, the tools can provide muchbetter virtual environments for interaction and rapid prototyping. Support for solidgeometrical models that can be used as visual metaphors for the communication ofthe current state of a cognitive artefact and can assist the incremental constructionof a modeller's evolving insight into a model. For a clock model, a three dimensionalmodel can be used to experiment with the design of the clock casing or the designof the clock hands. It is also possible to consider inventing a completely new spatialmethod for the representation of time, such as a spinning globe representing theworld with the location of dawn and dusk indicated by illuminated and dull areas.This is well beyond the scope for data representation in the current Tkeden tool,which supports only data types for two-dimensional line geometry through trans-lation from DoNaLD de�nitions to EDEN de�nitions. The data structure used forthe representation of DoNaLD data is a general EDEN data structure that is notspeci�cally designed for the representation of geometry18.2.3.3 Agent Views of Cognitive ArtefactsThe timepiece models demonstrate how empirical modelling techniques can supportthree kinds of agent interaction with a model:18Further discussion of the DoNaLD to EDEN translation process is presented in Section 3.4.1.41



� Interaction with the model through interfaces provided to represent the inter-face of the referent. This is illustrated in Figure 2.3a, where virtual buttonsthat represent the real buttons of a digital watch can be pressed by mouseclicks.� Revision of the model through open-ended rede�nition to represent revisionand incremental construction of the model. This is demonstrated by the on-the-y construction of the chess clocks model, as shown in Figure 2.2.� Autonomous agents who take action to change the model without the inter-vention of a user modeller. An autonomous time-updating agent exists in thetimepiece examples.It is also possible to treat the components of a model and their relationshipas interacting agents. For example, rather than the analogue de�nition of the rela-tionship between the hour hand and the minute hand expressed in Equation 2.1, wecan conceive an autonomous agent that observes the position of the minute hand.Every ten minutes, this agent updates the position of the hour hand.Harel's vision of software development for reactive systems [Har92] empha-sises the role of visual formalisms, in particular the use of statecharts [Har88].The widespread adoption of statecharts in software development methodologies(cf [Rum91]) is a motivation for interpreting statecharts as cognitive artefacts withinthe empirical modelling framework. The concepts of state depth (a state that canbe one of many possible sub-states) and orthogonality (a state with several coex-isting sub-states) are central to the construction of statecharts. The depth conceptcan be represented by an agent who plays more and more speci�c roles in a model,the orthogonality concept by agents cooperating simultaneously. These roles andprivileges of agents can be described by the LSD speci�cation notation [Bey86b].42



Statecharts as cognitive artefacts can play an important role in the concurrentengineering process [BACY94b, CB91], where several cooperating human agents arecollaborating in the construction of an engineering model. The artefact representsthe current internal states of the model and allows for the discussion of states and ofhow the state model can be collaboratively improved by the agents. The statechartcan also be used to represent and to compare several prototype models for the sameartefact. Visual formalisms assist design agents in the process of bringing togetherseveral di�erent versions of a design artefact and committing to components of theseto form a new artefact.Each human agent may have a particular focus on an aspect of the design,e.g. the materials used or the electrical properties of a referent. Practical supportfor the concurrent engineering process across distributed systems is a current topicfor research. No support for associating variables with agents and controlling theirprivileges to rede�ne or reference other variables is provided by EDEN. There isfurther discussion of LSD and support for multi-user modelling in Section 6.3.2.4 Abstract Geometry from an Empirical ModellingPerspectiveCommercial modelling packages place their primary emphasis on geometry andonly recently have e�orts been made to capture a greater part of human designintent in the construction of models19. Feature-based approaches to geometric mod-elling (cf. [SM95, AF88]) allow the association of high-level information, such asthe result of cutting a cylinder away from a block of material being a hole, withthe good mathematical representation of the geometry of the model formed by theboolean set-di�erence operation for the cut operation. In general, abstracting the19The work presented in this Section (2.4) has previously appeared in a technical research re-port [BCCY97]. 43



geometry of a real-world object entails discounting some of the characteristics ofthe real object. It seems that there is a need to liberate a designer from the obli-gation to specify explicit geometry at the initial, conceptual phase of the modellingprocess. A designer typically conceives and manipulates an object in terms of itscombinatorial features rather than as an abstract point set in Euclidean space.Geometric modelling can be viewed as the construction of cognitive artefactsfor the exploration of shape, both as metaphor for communicating structure in amodel in the manner of a skeletal sketch, and as a virtual reality object that canbe viewed as a product. Empirical modelling can be used to support the conceptualand initial phases of the geometric design process, as well as in the speci�cation ofmathematical models for geometry. Empirical modelling techniques can also be usedto establish dependencies between feature information, combinatorial structure, at-tributes, design processes and geometric models in an open-ended way. Section 2.4.1examines the relationship between design process, geometric modelling and empiri-cal modelling. This is followed by the description of the CADNO de�nitive notationfor geometric modelling (Section 2.4.2) and a case-study in the use of the CADNOnotation for a table (Section 2.4.3).2.4.1 Meta-Modelling in DesignThe concept of meta-modelling is introduced by Tomiyama in [Tom89]. He expressesthe need for modelling methods that combine the representation of objects with therepresentation of the design process itself. His vision is a design framework inwhich there are many descriptions of the design product, all of which are relatedand draw on a single source of information. To realise this objective requires anintimate integration of geometric and non-geometric modelling in a context thatalso supports the management aspects of the design process - meeting the need torecord versions, alternative viewpoints, archives and libraries. Empirical modelling44



principles have the potential to represent the dependency between the geometricand non-geometric data and scripts (or sections of scripts) of de�nitions can beused to record versions, viewpoints and create libraries of parts. These scripts canbe managed in the same way that text documents are managed by a word processoror desk top publishing system.The ADDL system, developed by Veerkemp [Vee92], is one proposal thatinvolves the integration of two kinds of knowledge:1. Knowledge about objects - their attributes and characteristics.2. Knowledge about the design process - a designer's intention.Non-geometric information is recorded in the knowledge base for each object.An important characteristic of Veerkemp's conception is that the designer has acreative role to play in the selection of scenarios that shape the development of theevolution of objects.The context for the paradigm shift proposed in the work in this thesis issupplied by a conict between two engineering cultures that are well characterisedin the words of Br�odner [Br�o95]:One position, : : : the \closed world" paradigm, suggests that all real-world phenomena, the properties and relations of its objects, can ulti-mately, and at least in principle, be transformed by human cognitioninto objecti�ed, explicitly stated, propositional knowledge.
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The counterposition, : : : the \open development" paradigm : : : conteststhe completeness of this knowledge. In contrast, it assumes the primaryexistence of practical experience, a body of tacit knowledge grown witha person's acting in the world. This can be transformed into explicittheoretical knowldge under speci�c circumstances and to a principallylimited extent only : : :. Human interaction with the environment, thus,unfolds a dialectic of form and process through which practical experi-ence is partly formalized and objecti�ed as language, tools or machines(i.e. form) the use of which, in turn, produces new experience (i.e. pro-cess) as basis for further observation.The essential need for interaction between user and computer makes its im-possible to construct a computer modelling system that exclusively and faithfullyrepresents a closed-world perspective. This is because experience is necessarily in-volved in interaction between the user and the systems. A user can interpret systemresponses in ways that are beyond the scope of what has been formally speci�ed. Theopenness of interaction between user and computer system can be suppressed by re-stricting the experimental channels available to the user. The products of the closedworld culture are systems that o�er preconceived framework for interaction betweenthe designer and the computer. The nature of the content relation that associatesthe computer model with an external referent is prescribed and the manner in whichthe computer model is shaped by the designer's interaction is predetermined.During the modelling process, de�nitive programming techniques supportcomputer-based modelling that makes explicit provision for both the content relationand the user-computer interaction to be enriched beyond preconceived limits. Is itpossible to preconceive which information about an object will be signi�cant inthe design process and what exceptional scenarios will need to be considered? Ingeneral, the closed world approach to modelling cannot address these and other46



concerns of meta-modelling. Description of the design of a product from a number ofdi�erent viewpoints of the design of an object cannot be expected to be coherent andconsistent. Interaction with de�nitive scripts allows for the introduction and testingof new scenarios for designs on-the-y, with support for \what-if?" experimentation,as well as the representation of interdependencies between di�erent viewpoints of adesign.If the pro�le of a table top is transformed from a square to a circle, at whatpoint does it cease to have corners? Moreover, if reference is made to the cornersof the table to connect its legs, what is the new location of the table legs duringand following the transformation? Human insight is typically necessary for decisionmaking in design and computer-based tools for design should support this essentialinvolvement of this interpretive activity in the development process. The problemsof computational e�ciency that arise when dealing with shape as a product haveencouraged investigation of closed-world frameworks for shape modelling, whereoptimisation of algorithms takes priority over situating shape modelling in a widercontext.De�nitive programming can be thought of as a programming paradigm thatprovides a spreadsheet-like environment for interaction with computer systems.Chmilar and Wyvill [CW89], and Emmerick, Rappaport and Rossignac [vERR93]demonstrate the potential for applying spreadsheet principles to shape modelling.Nardi's thought-provoking analysis of the spreadsheet paradigm culture [Nar93] in-dicates that such principles can have an even more radical impact when used outsidethe conventional programming framework. Conceptual design and design in a con-current engineering context demand a degree of openness that entails such a shift ofprogramming paradigm. The research in this thesis examines the enabling technolo-gies for and the implications of such a radical paradigm shift to support geometricshape modelling. 47



2.4.2 The CADNO NotationThe de�nitive notation for computer aided design (CADNO) introduced in [BC89]can be used to model abstract geometry, which places emphasis on the combinatorialand metaphorical aspects of geometry rather than Euclidean point sets. In varia-tional and parametric design, dependencies can be expressed between parametersthat de�ne the location of geometry by formulating constraints. These dependen-cies are determined after commitment to the topological / combinatorial structure ofthe geometry. The CADNO notation allows for both the expression of dependencybetween components of combinatorial structures and between scalar parameters.Dependencies can also express the relationship between these two areas and therealisation of geometric objects as graphical representations of Euclidean point sets.Variables for the representation of combinatorial structure do not necessarilyhave a realisable counterpart in geometric shape. In an agent view of the DoNaLDnotation for line drawing, a designer's mental model of a table object may have cor-ner observables that are end points of lines and each corner can be clearly identi�ed(see Figure 2.4b, to be discussed in Section 2.4.3). These corners are distinguishedfrom points in a wire frame quasi-realistic rendering of a geometric table (as shownin Figure 2.4d) that are observables for the computer application used in renderingalgorithms. Paradoxically, there may be no location on a physical table that canproperly be called the corner of a table (cf. the table depicted in Figure 2.4d), yet theconcept of a corner as a feature of the table is essential for high-level communicationabout table design.The data types in the underlying algebra for CADNO are summarised in thetable below:
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a, b, c

dFigure 2.4: DoNaLD and VRML realisation of an abstractly de�ned table.49



complex list-of label � list-of list-of labeld-complex complex � intframe list-of vector-of real � d-complexobject list-of frame � (list-of frame ! (vector-of real ! boolean))In general terms, a complex is a combinatorial structure used to specifythe abstract geometric entities from which a geometric object is synthesised, suchas points, lines, faces and scalar values. A complex can be realised in Euclideanspace as a frame, by attaching coordinates and values to its vertices. A geometricobject is functionally determined as a point set from a list of frames. A range ofdi�erent functions can be used for realisation: for instance, a list of frames can beinterpreted as the basis of a boundary representation, a CSG model, an implicitfunction speci�cation, or simply a three-dimensional line drawing20.No complete implementation of CADNO yet exists21 and this thesis does notdescribe one. CADNO is viewed here as an ideal notation that �ts well within theframework of de�nitive notations conceived prior to CADNO. This thesis examinesnew ways to approach the implementation of de�nitive script notations with refer-ence to the technical problems encountered when trying to use existing de�nitivenotations for geometry. This approach leads to the new empirical worlds de�nitivenotation for computer-aided geometric design. This notation exhibits many of thesame qualities as the CADNO notation. The CADNO notation is compared to thenew approach in Chapter 9.2.4.3 Case-Study - TableTo demonstrate the potential for the use of the CADNO notation, a case-study forthe modelling of a table is presented. Table 2.1 shows a listing of de�nitions in20The three-dimensional version of DoNaLD I developed for this case-study was further improvedby MacDonald in his third year undergraduate project [Mac97].21An attempt to implement a tool to support the CADNO notation exists. It is written byStidwill as part of his undergraduate degree project [Sti89].50



the CADNO notation that captures the combinatorial structure, point coordinatelocations and relationships between scalar parameters of a designer's model of aphysical table. This table has four folding cylindrical legs and a square pro�le tabletop with rounded corners.In the following list, some of the de�nitions in the CADNO script for themodel are described:table A three-dimensional combinatorial structure representing eight identi�ablereference points A to H for the table, as well as their interconnections. Thelegs of the table are represented by the pairs \[A, E]", \[C, G]" etc. and thetable top face as the quadruple \[E, G, H, F]".angles The four scalar quantities representing the current angle of fold for each ofthe four legs.table1 An association of coordinate points with the labels in the combinatorialstructure \table". Notice the dependencies expressed between labels fromcomplexes not yet associated with this frame. These associations occur duringthe realisation process.angle1 A frame that associates a scalar value with the fold angles from complex\angles" and represents limits (\subject to") for the range of values thescalar values can take.pict1 A geometric object on three frames with a realisation as a line drawing in athree dimensional version of DoNaLD. The dots in the braces (\f .... g")should be replaced with a template description of how to realise the geometryfrom the frames that the object is based on.The listing in Table 2.1 is a speci�cation for the geometric models shown inFigure 2.4. The �gure is a simple demonstration screen, constructed using Tkeden,51



table = 3-complex on [A, B, C, D, E, F, G, H] with {[A, E], [C, G],[D, H], [B, F], [E, G, H, F]}base = 3-complex on [origin] # User's handlesangles = 1-complex on [angle1, angle2, angle3, angle4]dimensions = 1-complex on [height, width, length] # Designer's handlesradii = 1-complex on [legRad, cornerRad]table1 = frame on [table, base]where A = B - height * {sin(angle1), cos(angle1), 0},B = origin + {0, height, 0},C = D - height * {sin(angle2), cos(angle2), 0},D = origin + {0, height, depth},E = F - height * {-sin(angle3), cos(angle3), 0},F = origin + {width, height, depth},G = H - height * {-sin(angle4), cos(angle4), 0},H = origin + {width, height, 0}origin = {0, 0, 0}radii1 = frame on radiiwhere legRad = 3.0,cornerRad = 10.0subject to0.5 <= legRad <= 20.0,legRad <= cornerRad <= 25.0angle1 = frame on angleswhere angle1 = 0, angle2 = 0, angle3 = 0, angle4 = 0subject to0 <= angle1 <= 90,0 <= angle2 <= 90,0 <= angle3 <= 90,0 <= angle4 <= 90dimensions1 = frame on dimensionswhere height = 40, width = 50, depth = 30subject to height > 0, width > 0, depth > 0pict1 = object on [table1, angle1, dimensions1]with extent(donald3d) { .... }pict2 = object on [table1, angle1, dimensions1, radii1]with extent(VRML){ Cylinder { axis A E radius legRad}Cylinder { axis B F radius legRad}Cylinder { axis C G radius legRad}Cylinder { axis D H radius legRad}Profile { base E F G H extrude 10 }.... }Table 2.1: CADNO script for a table model.52



that is contrived to illustrate how CADNO could be integrated with other empiricalmodelling tools. Figure 2.4a depicts the underlying complex that represents thetable: it provides a mode of reference to the three dimensional DoNaLD image inFigure 2.4b of the �gure through mouse sensitive spots. The location of a featureof the table in Figure 2.4b, such as the position of the foot of a particular leg, isidenti�ed by an arrow when the appropriate spot on the combinatorial structure(complex) is selected.Figure 2.4c illustrates how the geometric models of the table can be usedin conjunction with non-geometric models in an integrated manner. It depicts thedistribution of weight on the legs of the table (values s1 : : : s2) when a load isplaced on the table top. The tool supplies an interface through which the load canbe relocated by direct manipulation and includes a slider bar to allow its mass tobe scaled. The load is also represented by an inverted prism in Figure 2.4b. Otherslider controls allow for experimentation with the scalar parameters that de�ne thegeometry for the table, such as its height, width, depth and the angle by which itslegs are folded (a1 : : : a4) within the range limits speci�ed in the CADNO script.A more realistic rendering of the table geometry is shown in Figure 2.4d.The image is generated by �rst creating a section of VRML code22 to representthe geometry consistent with its template de�nition in the CADNO listing, andthen rendering this in a VRML browser. Existing dependency maintenance toolsdo not support good renderings of objects and the most complex graphics currentlyavailable in Tkeden is three-dimensional line drawing with labelling and attributes(cf Figure 2.4a, b and c).22VRML, the Virtual Reality Modelling Language, is discussed further in Chapter 7 and [ANM96].
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2.4.4 The EdenCAD ToolWith standard two-dimensional computer graphics hardware, it is impossible togenerate a realisation of a high-level parametric description of a geometric object asfast as it is possible to update a line drawing in a DoNaLD image. To improve e�-ciency, there is a CADNO-like tool developed at the University of Warwick by AlanCartwright as part of his doctoral research [Car94a], which links a de�nitive nota-tion with a geometric modeller. EdenCAD is a Lisp-based dependency maintainerthat makes use of the AutoLISP interface [Aut92b] to the AutoCAD draughtingdesign package [Aut92a]. The idea is that by utilising an existing package to handlethe realisation of objects, e�ciency in the realisation of geometry can be improved.Dependencies can be established between the de�ning parameters of the AutoCADgeometry by EdenCAD de�nitions.In general, this strategy leads to some loss of control over the representationwithout the construction of a sophisticated interface to the dependency maintainer.The most common problems are concerned with reference to the components of anartefact. At other times, it is the very intelligence of the software being invoked thatposes problems, since it entails an implicit agency that subverts the intended depen-dency relationships. For example, consider the problems of implementing a de�ni-tive notation for screen layout when windows are subject to relocation to respect\intelligent" constraints (such as visible, non-overlapping, automatically scaled).The work in this thesis takes a di�erent approach to e�cient implementationfrom EdenCAD. It investigates how greater e�ciency can be achieved by improvingdata representations and algorithms for dependency maintenance. Considerationis given to the exploitation of three-dimensional computer graphics hardware, nowbecoming commonplace in high-end computer workstations and personal computersalike. This hardware can be utilised through software interfaces, such as OpenGL54



programming libraries [WND97].
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Chapter 3
Theoretical Issues
3.1 IntroductionIn the previous chapter, I have discussed reasons why empirical modelling is goodfor geometry, and why strong geometry is bene�cial for empirical modelling. In thischapter, the technical issues faced in trying to develop the relationships betweenthese two types of modelling are described, in terms of both conceptual issues andthe limitations of current tools that support empirical modelling. It is importantthat the representation of geometric data and dependency between that data inthe implementation of such a tool is clearly consistent with the geometry itself.Solving the problems posed by the technical issues is the motivation for the researchpresented in the chapters that follow.Interaction with geometric models reveals the integrity of the geometry. It isoften the case that what is apparently one piece of geometry is actually an assemblyof several component parts. A mechanism is required to manage the componentsand their dependencies so that interaction, reference and rede�nition of the subcom-ponent parts are consistent with the overall de�nition of the assembled geometry ina de�nitive script. The way in which interaction with a geometric assembly a�ects56



a copy needs to be appreciated by the modeller. An overview of the issues discussedin this chapter is introduced in the following itemized list.� The copying of geometric assemblies is a desirable feature in an interactivenotation for geometric modelling. What is the status of the internal subcom-ponent de�nitions of a copied assembly and its dependency on the originalassembly?� Dynamic instantiation and removal of geometric entities is a desirable featurein some applications, for instance, drawing graph paper with scales that de-pend on the contents of particular data sets. If component geometry is at onelevel of de�nition in a script, are there higher-levels of abstraction in de�ni-tions in a script dynamically to control the lower-level geometry consistentlywith some high-level model?� Where dependencies exist between geometric entities, these entities can bede�ned in many di�erent modes. A mode describes the level in the datastructure of an entity at which its de�ning parameters are given by de�nitionsor by construction with constructors. How does this process a�ect a modeller'sinteraction with geometry in a modelling environment containing dependency?� Structure in data can be considered as a form of dependency between valuesof di�erent types. What is the relationship between dependency and datastructure?� Geometric data is often of a continuous rather than a discrete nature. Astraight line can be de�ned by two end points and it is also a point set de-�ned by a set membership condition of the set of points that lie directly be-tween the end points. A straight line can also have in�nite length, where itis parametrised by a vector and a point through which is passes. Dependency57



between geometric entities may need to be de�ned in terms of point sets ratherthan de�ning parameters. By what methods is it possible to represent geo-metric continuous data in an environment containing dependency on a discretecomputer system?� Geometric data can be de�ned by parameters, is represented by point setsand is often associated with many attributes for data such as colour, texture,transformation, line width and so on. How is it possible to associate attributeswith geometric entities where there is dependency?Each of these questions is considered in separate sections of this chapter.Firstly, issues relating to empirical modelling tools that capture aspects of geome-try are considered Section 3.2. This is followed in Section 3.3 by discussion of therelationship between data structure and dependency, with motivating examples re-lating to geometry. Secondly, issues relating to integration of good geometry withempirical modelling are considered. Material in Section 3.4 examines issues of datarepresentation, the creation of good computer-based representations for geometricdata that can be bene�cial to a modeller and consistent with real world experience ofgeometry. Finally, Section 3.5 presents the basis for a solution to the problems posedby the technical issues raised. This is the basis for the practical work presented inchapters 4, 5, 6, 7 and 8.Where possible, examples of existing methods for handling the technicalproblems that arise from the technical issues are presented. Often these methods areonly partial solutions and not suitable for the representation of complex geometry.In particular, Section 3.4.1 examines the issues of representing geometric data withinthe EDEN generic dependency maintainer tool [YY88, Yun90].
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3.2 De�nitions and Dependency with GeometryDependency in geometry cannot be observed through static inspection. It is inter-action with artefacts that reveals the integrity of their geometry. A polygon is ageometric entity made up of interdependent lines, where the end point of every lineis also the end point of another. This relationship is a form of dependency thatis common in geometry. Empirical modelling principles can be applied to repre-sent this dependency in a script of de�nitions. A polygon can be considered as anassembly of integrated subcomponent lines with dependencies between them. Anassembly is de�ned as a grouping of de�nitions in a de�nitive script that combineto construct an entity that contains subcomponent dependencies. The polygon andits component lines can each be uniquely identi�ed and the indivisible relationshipsbetween the lines expressed as de�nitions in a de�nitive script.
a

C

B A
B = line(a, l @ pi/3)A = line(B.2, l @ -pi/3)C = line(A.2, a)Dependency relationships in empirical modelling are acyclic and thereforethere is a need to de�ne a starting point on which all the lines depend. Consider thetriangle T shown above. With de�nitions in de�nitive scripts, it is not possible tode�ne the start of line A to be the end of line B, the start of C to be the end of line Aand the start of B to be the end of line C, because this is a cyclic dependency. Withthe introduction of one more de�nition for point a it becomes possible to de�ne thestart of line A to depend on a and the end of line C to also depend on a. The loopof cyclic dependency is removed in this way.Triangle T is an assembly that integrates straight line subcomponents. The59



construction of assemblies may take the form of one de�nition for the whole assembly,for example \T = triangle(a; jjAjj; jjBjj; jjCjj)"1 or a grouping of separate de�nitionsfor each separate line2. This section of the chapter examines the issues for thede�nition and subsequent reference to or rede�nition of the subcomponents of anassembly de�nition.The �rst issue discussed in this section (Section 3.2.1) concerns the statusof a copy of assembled geometry. In a graphical drawing tool such as x�g, whenan object is copied its new instance is like a photograph of the original in the statethat the original is in at the exact moment of the copy operation. The copy iscompletely independent of any subsequent changes to the original. If S is a trianglede�ned by indivisible relationship to be a copy3 of T , i.e. a de�nition of the form\S = copy(T )", the subsequent states of S and T are in some way connected.Dependency introduces ambiguity into the concept of copy and a modeller needs tobe aware of the subtle qualities of the di�erent kinds of copy possible by de�nition.Ambiguity can be introduced in respect of three types of activity:� rede�nition of T or its subcomponents;� referencing subcomponents of T ;� privilege to make rede�nitions of subcomponents of S.The rede�nition of T or its subcomponents, making reference to the subcom-ponents of S and the permission to make rede�nitions of the subcomponents of Scan all have more than one possible interpretation in terms of the future state ofthe script and may not match a modeller's expectation of the e�ect of the copy.1The length of a line x is given by \jjxjj".2The second grouping method is similar to the DoNaLD openshape notation construct.3Copying is a general term that admits the possibility of operations such as rotation, scalingand translation of shapes in a geometric modelling environment.60



Dependency introduces ambiguity into the concept of copy and a modeller needs tobe aware of the di�erent kinds of equivalent copy possible by de�nitions.In Section 3.2.2, the levels of abstraction for the de�nition of assemblies aredemonstrated. At a low-level of abstraction, a script may have operators and datatypes for geometry such as triangles, rectangles, hexagons, circles and so on. At ahigher-level, an operator such as polygon may be available to construct assemblies oflines to represent a generic polygon. In the high-level notation, a polygon is de�nedto depend on a parameter representing its number of sides. Changing the value ofthis parameter directly inuences the number of component lines in the assemblyof the geometry at the lower-level. If de�nitions in the low-level script depend onthe lines that represent a high-level polygon, what happens if the value de�ningthe number of sides is rede�ned? This issue often creates a complex de�nitionmanagement problem, especially if the number of sides is reduced. The referencesthat low-level de�nitions depended on for their evaluation may no longer exist.The polygon operator is an example of higher-order dependency. Higher-orderdependency and the di�erent kinds of copy are compared in Section 3.2.3.3.2.1 De�nitions for Copying AssembliesThe process of making a copy of an object in a de�nitive script is very di�erent fromthe style of cut and paste copying provided by tools such as word processors anddrawing packages. The reason for this is that there is the need to consider the e�ectof dependency maintenance between the state of original assembly and its copiedinstance. An example of this in an application that contains dependency mainte-nance is the use of the copy and paste system for a block of cells in a spreadsheet.The default method for copying cells is one of many possible paths by which a copycould be carried out. Subsequent alteration to the values in these cells by a usermay cause the update of other cells in a way that the user is not expecting.61



Figure 3.1: Copying a region of cells in an Excel spreadsheet.
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Close examination of the traditional copying operation in a spreadsheet appli-cation illustrates some of the issues. Consider the spreadsheet shown in Figure 3.1.The �rst step in its creation was to enter the values in cells A1 up to A10. CellA11 is then de�ned by a formula to be the average of these cells. The next step wasto highlight cells A1 through to A11, copy them and then paste them into columnB. Cell A1 contains only a number and not a formula, so only it's explicit value iscopied. Any subsequent change to A1 will not then update B1.Cell B11, a copy of the formula in cell A11, is copied in a particular way.The formula from A11 is not copied into B11 verbatim, character by character.Instead, the range for the evaluation of the average formula is substituted withcells B1 through to B10. Cell B11 remains independent of cells A1 to A11, evenif the users intention for the copy is that cell B11 is equal to the average of A1through A10. This would be the e�ect of an exact character by character copy ofthe formula. Many spreadsheet applications provide some form of a special pastethat allow a user to set the future behaviour of a paste operation to suit subsequentinteraction with a spreadsheet model4.A de�nition for an observable is either explicit of implicit. An explicit de�ni-tion is of the form \identi�er = value", where the identi�er on the left-hand side isassociated with the explicit value on the right-hand side. An implicit de�nition is ofthe form \identi�er = function(arguments)", where the identi�er on the left-handside is associated with a value that is evaluated by applying the function to thesequence of arguments.The process of copying a single de�nition that is for an explicit value, has onlytwo possible outcomes in term of de�nitions to represent that copy in future statesof the same script. Consider the example de�nitions \a = 3" and \b = copy(a)".4The spreadsheet used for this example is Microsoft's Excel 97 [KDS96, Jac97], which includesa \Paste special" operation to give a user additional control over copying of cells.63



The de�nition of b is a new de�nition that a user passes to a tool for dependencymaintenance that can implement the copy process for a in one of two ways, as shownin the two cases below. To name the di�erent kinds of copy, analogies are drawn tomechanisms used to copy images in the real world.Photographic copy The value associated with identi�er b is set to be equal to thevalue of a at the moment of the copy. In this case, the de�nition \b = copy(a)"cannot remain in the script and should be replaced by \b = 3". This is similarto a photograph where the image in the picture remains exactly the same asthe image viewed by a camera lens the instant that the shutter was open.Mirror copy The value associated with identi�er b depends on the value of a andsubsequent change of the value of a changes the value of b. The de�nitionof b is unchanged. This is similar to the way in which the image in a mirrorcontinuously reects the image of objects placed in front of it, including themotion of these objects.When copying a single de�nition that is implicitly de�ned, there are at leastthree possible outcomes in terms of de�nitions to represent that copy. Considerthe example de�nitions \a = c + d" and \b = copy(a)". Photographic and mirrorcopies for the implicit de�nition are similar in the list below to the types of copyfor explicit de�nitions in the list above. Reconstruction copy is a more general casethan the �rst two and can take more than one form. Reconstruction of an imageinvolves the use of the same or apparently identical components of an original tomake a copied instance.Photographic copy The value associated with identi�er b is set to be equal tothe value of a in the state of the script at the point of the de�nition of b. Fora value of c + d of 4, the de�nition \b = copy(a)" should not remain in the64



script and is replaced with \b = 4". Subsequent change to the values of a, cor d does not a�ect the value of b.Mirror copy The value associated with identi�er b depends exactly on the valueof a and any subsequent change to the value of a changes the value of b. Thede�nition of b should remain unaltered.Reconstruction copy The value associated with identi�er b is de�ned by the sameimplicit formula as the value of a. The de�nition of b is replaced by thede�nition \b = c+d". Subsequent rede�nition of a will not e�ect the value of b.Further interpretations of the copy of a are possible in this case, where implicitand explicit de�nitions are mixed in the right-hand side of the formula. Forexample, if the current value of d is 2 then the de�nition of b can be replacedby \b = c+ 2". In this mixed argument example, the value of b is e�ected bysubsequent change to c but not by subsequent change to d.All the cases above are representations of copying processes that de�ne thevalue of the copy to be identical to the value of the original de�nition at the momentthat the copy de�nition for b is introduced into the script. The process by whichthe copy is represented in the creation of new de�nitions in a script determines thee�ect that subsequent rede�nitions have in the propagation update of the currentstate of the values in the script.With an assembly of geometry, there are several more cases possible thanthose listed for one single de�nition. If T is an assembly of some geometry, thede�nition \S = copy(T )" can have many interpretations for the de�nition of thesubcomponents of the assembly. For every component de�nition of an assemblythat is implicit, there can be any of the three types listed for single implicit def-initions above. The e�ect of subsequent rede�nition of the initial subcomponentson the copy is determined by the procedure for the creation of the copied instance65



by a tool for dependency maintenance. In general, it is better if every subcom-ponent de�nition is handled in exactly the same way to avoid ambiguity. It may,however, be necessary to consider mixtures of the procedures presented for copyingsubcomponent de�nitions in certain applications.Figure 3.2 is split into six parts. Each part contains an identical piece ofgeometry de�ned by an assembly of de�nitions and the script to represent thatgeometry. A brief synopsis of the script notation used in the �gure is presentedin Table 3.1. The diagram of the geometry is labelled with parametrisations thatcorrespond with the associated script of de�nitions and highlight the di�erencesbetween di�erent scripts the represent the same piece of geometry. The di�erencesrelate to the dependencies between the subcomponents of the assembly and otherparameters in the script. In Figure 3.2a, the basic shape \section" represents theassembled geometry that is considered as the original geometry. This is copied inthe other parts of the �gure. This original geometric assembly consists of two lines(\l1" and \l2") and an arc (\a1"). The de�ning parameters of the geometry are acentre \c" and a radius \r". The subcomponent geometry of the arcline assemblydepends on these parameters.Each part of Figure 3.2 other than the top left hand corner represents acopy of \section" that is called \section2". These parts correspond to possibleinterpretations of the de�nition \section2 = copy(section)" and the script shownin each of these parts details the resulting de�nitions that persist in a script torepresent the copy. The following list describes each part of the �gure in moredetail.b - Every single subcomponent de�nition in the mirror copy de�nes the value ofthe associated identi�er in the copy to be equal and dependent on the valueof the identi�er with the same name in the original assembly. Any subsequent66
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c = {0, 0}
r = 2
h = 2 * r
object section {
  l1 = [c-{r, 0}, c+{0, h-r}]
  l2 = [c+{0, h-r}, c+{r, 0}]
  a1 = arc(c, r, c-{r, 0), c+{r, 0})
}

  l1 = section.l1
  l2 = section.l2
  a1 = section.a1
}

object section2 {

section.l1 section.l2

section.a1

object section2 {
  l1 = [{-2, 0}, {0, 2}]
  l2 = [{0, 2}, {2, 0}]
  a1 = arc({0, 0}, 2, {-2, 0}, {2, 0})
}

object section2 {
  l1 = [c-{r, 0}, c+{0, h-r}]
  l2 = [c+{0, h-r}, c+{r, 0}]
  a1 = arc(c, r, c-{r, 0}, c+{r, 0})
}

object section2 {
  r2 = r
  c2 = c
  h2 = h
  l1 = [c2-{r2, 0}, c2+{0, h2-r2}]
  l2 = [c2+{0, h2-r2}, c2+{r2, 0}]
  a1 = arc(c2, r2, c2-{r2, 0}, c2+{r2, 0})
}
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Figure 3.2: Di�erent procedures for the copy of an assembly of geometric de�nitions.67



Expression Descriptionid = expr De�nition of identi�er id to be equal to the right-handside expression expr.fp, qg A point on the drawing plane de�ned by scalars p and q.[m, n] A line on the drawing plane with end points m and n.arc(c, t, p1, p2) An arc on the drawing place with centre c, radius r,start point p1 and end point p2.object o f : : : g An assembly of de�nitions called o constructed from agroup of subcomponent de�nitions.x.y Reference to subcomponent y of assembly x.Table 3.1: Synopsis of the script notation used in Figure 3.2.rede�nition of the original l1, l2 and a1 will propagate to e�ect the valuesassociated with the copy.c - The photographic copy de�nes the assembly section2 to be equal to the valuesassociated with the de�nitions in the original section in the state as they arein at the instance of the copy. Subsequent changes to the original shape or itsde�ning parameters will not propagate through to update the copy instance.d - For the reconstruction with reuse copy, subsequent rede�nition of the original l1,l2 and a1 parameters does not propagate to the copy. However, the changeof the value through rede�nition of the de�ning parameters c, r and h will.Other possible interpretations of a copy are illustrated in Figure 3.2e andFigure 3.2f. The reconstruction with replacement copy of Figure 3.2e is a variant ofthe reconstruction with reuse copy. The right-hand side of the de�nitions for l1, l2and a1 of section2 are similar to the right-hand side de�nitions for section withthe parameters c, r and h replaced by c2, r2 and h2 respectively. At the exactmoment of the copy, c2 is de�ned to be equal to c, r2 equal to r and h2 equal68



to h. Subsequent changes to the parameters c and r will e�ect both the original(section) and the copy (section2). The de�nition of the de�ning parameters canbe rede�ned to break their link with the original de�ning parameters. The copy canbecome independent of the original in this way. This reconstruction copy can beviewed as a way of creating templates of dependency that can be instantiated andcustomised by their parameters.Figure 3.2f illustrates a script in which the high-level de�nition \section2 =copy(section)" is the persistent de�nition of the copy and there is no copy of theassembly of de�nitions. This copy is like the image on a television set of a livebroadcast, where whatever happens in front of the camera lens in the televisionstudio is shown on the television screen. In this case, there is no rede�nable sub-component geometry for section2 as de�nitions in their own right. If there were,rede�nition of a subcomponent would cause section2 to be no longer consistentwith its de�nition as a copy. This kind of copy does not �t well in current de�nitiveprogramming environments. There are several possible ways in which subsequentinteraction with the subcomponents of section and section2 can be handled by adependency maintaining tool. For instance:1. Attempts to rede�ne the subcomponents of section2 by the user cause aruntime error to be reported.2. A rede�nition of the subcomponents of section2 is considered as a rede�nitionof the same subcomponent of section. Using this procedure, the de�nitions\section2 = copy(section)" and \section = copy(section2)" can coex-ist in the same script.In this section, several di�erent procedures for copying assemblies of geom-etry with de�nitions have been discussed. Note that if there were no assemblies69
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Figure 3.3: Mass on a spring experiment.of de�nitions then there would be far fewer possible procedures for copying singlede�nitions.3.2.2 Higher-Order DependencyThe process of model making requires a period of observation of a real world phe-nomena and the recording of quanti�able data during a period of experimentation.This data can then be analysed, possibly through the preparation of a graph or othergraphical representation, in such a way that patterns of behaviour that exist betweencertain observables can be determined. In the empirical modelling paradigm, thisdependency between observables can be represented in a de�nitive script. Once thepatterns between primitive observables have been represented in de�nitions, it maybe that it is possible to observe patterns in the de�nitions that could be expressedin a higher-order de�nition. 70



For example, take the experiment that demonstrates Hooke's Law as shownin Figure 3.3. Increasing the mass increases the length of the spring and reducingthe mass shortens the spring length. Experiments with several di�erent springscan be carried out to measure the relationship between mass and extension. Fromthe data set of each experiment there can be observed, within a certain marginfor error, a proportional relationship between the mass and the extension. Foreach di�erent spring tested, it is possible to express as a de�nition the observedrelationship between mass and extension by �nding an explicit constant for thespring concerned.At some level of abstraction above the single spring on experiment, it canbe observed that there is a common dependency to many spring experiments. Eachhas the same template de�nition describing the relationship between the length ofthe spring and the mass, the only di�erence is some constant of multiplication.This pattern between de�nitions can then be represented as a template de�nitiondescribing all experiments involving masses suspended on springs.This is similar to the reconstruction with replacement process shown in Fig-ure 3.2 and described in Section 3.2.1 of the chapter. In this copying process, thede�ning parameters for a geometric assembly are identi�ed independently of thedependency between the subcomponents and a local version of these parameters iscreated in the copied assembly. The equivalent in higher-order dependency is thatthese parameters become arguments to a high-level implicit de�nition, where thevalue associated with the left-hand side identi�er of the de�nition is an assembly.With no original to copy from, the assembly is created by the high-level de�nition.The higher-order de�nition is in a separate de�nitive script notation at a level ofabstraction above the representation of the low-level dependency for the geometricassemblies.The table below shows high-level de�nition and the associated low-level ge-71



an observation

an instance of A

ob
se

rv
ab

le 
A

an observation
at level 0

an observation
at level 1

an observation
at level 2Figure 3.4: Levels of abstraction in observations.ometric assembly generated by the high-level de�nition. In the high-level notation,the de�nition below of the arc and two line shapes called \arcline" will generateand maintain dependency for the assembly in the low-level script. The geometry ofthe arcline is the similar to the examples in �gure 3.2. Rede�nition of the value ofr or the point c at the high-level will rede�ne the explicit values of section3.r andsection3.c at the lower-level.High-Level section3 = arcline(r; c)Low-Level object section3 fc = Current value of c at high-level.r = Current value of r at high-level.h = 2 * rl1 = [c-fr, 0g, c+f0, h-rg]l2 = [c+f0, h-rg, c+fr, 0g]a1 = arc(c, r, c-fr, 0g, c+fr, 0g]gThis process of observing phenomena from patterns in experimental data toform higher-level de�nitions at many increasing levels of abstraction is generalisedin Figure 3.4. The advantage of characterising common patterns in observed realworld data is that it is often more appropriate to represent these patterns ratherthan to model the original data sets in their entirety. The diagram shows three72



separate levels in the abstraction of higher-order dependency that are also listedbelow.Level 0 Observation of data that may be related in some way, over the variationof one or more parameters. In the �gure, a single straight line represents asnapshot of a system's state and the dots represent the value of the observablesduring the snapshot. In the Hooke's Law example the parameter being variedis the mass and the e�ect on the extension is observed to see if it is possibleto establish a dependency between these parameters at level 1.Level 1 Observation of data from level 0 shows that there is a dependency betweencertain observed values. This dependency is represented as one level 1 de�ni-tion. In the Hooke's Law example, the mass applied and resulting extensionfor one spring experiment is represented as a de�nition.Level 2 Observation of a number of dependencies shows that there are similaritiesbetween the de�nitions that represent common level 0 phenomena at level 1.These patterns of dependency also be observed and can be represented inone level 2 higher-order de�nition. In the Hooke's Law example, the level 2de�nition represents the fact that there is a linearly proportional relationshipbetween mass and spring extension in all such experiments.Level n It is possible to extend the process of observing higher and higher levelsof dependency between sets of de�nitions up to some �nite level n. For theHooke's Law example, the top level possible is level 2 as there is only onede�nition at this level.This process, when used to construct de�nitions in a script, is an observation-oriented method for identifying structure in observed dependency. It is motivatedby observation of phenomena that already exist in the world and can be experienced73



in some way, even if that experience is one of some new conceptual model that hasnever been realised as a real world referent5. In a geometric context, the processcan be used as a means to identify and represent common parameters and varyingparameters between geometry that has a common basis. For example, a rectangularbox has a height and a width at level 1 but consists of four lines in a geometricassembly of de�nitions at level 0.3.2.3 Comparison of Complex DependenciesMany similarities exist between the many procedures for a copy in a tool thatsupports de�nitive scripts and the management of higher-order dependency. Thetwo methods of structuring dependency for similar entities using assemblies andlevel of scripts are compared in this section. Higher-order dependency is a usefulprocess for identifying patterns in real world observation for the construction ofcomputer-based artefacts. Copying is a useful tool in the incremental constructionof computer-based artefacts.When a user interacts with a script, there are many ways in which a createdobject can be instantiated and linked to its original object component. The problemswith many methods for copy, as detailed in Section 3.2.1, are associated with assem-blies constructed from subcomponent de�nitions. Higher-order de�nitions allow auser to go from observation to reusable templates for making several lower-level def-initions, whereas making a copied instance of an object is used as a tool in creationof objects in scripts. Tools that support empirical modelling with geometry shouldincorporate both support for higher-order template de�nitions and the ability tomake copies of newly created de�nitions with a high degree of exibility.With higher-order dependencies, it is possible to create a template for ge-ometry. This is similar to the way that a programmer creates a primitive object5For further examples, see [GYC+96]. 74
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graph speedo
within speedo {
    real needleLength = 100.0
    real minA = 4 * pi div 3
    real maxA = - pi div 3
    real A = minA + (maxA - minA) * ~/curSpeed div ~/topSpeed
    line needle = [{0,0}, {needleLength @ A}]
    real gap1, gap2, LSpc
    gap1, gap2, LSpc = 10.0, 30.0, 50.0

    x<i> = ~/topSpeed * <i> div nSegment
    f<i> = minA + (maxA - minA) * <i> div nSegment
    nSegment = 8
    node = [
        label: label(itos(trunc(x<i>)), {(needleLength + gap2 + LSpc) @ f<i>});
        line: [{(needleLength + gap2) @ f<i>}, {(needleLength + gap1) @ f<i>}]
    ]
    segment = []
}Figure 3.5: Two speedometer models and one template de�nition in DoNaLD thatrepresents both models.
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constructor that can be used in a drawing application, such as x�g. The generictemplate de�nition has a right-hand side that consists of parameters that will makethe left-hand side of the de�nition recon�gure, where the left-hand object entity con-sists of assembled lower-level de�nitions. The example in the previous section for an\arcline" demonstrates how the de�ning parameters for the low-level dependencycan depend on high-level values. The number of subcomponents of an assembly mayalso change depending on high-level de�ning parameters. Changing parameters onthe right-hand side of the high-level generic de�nitions can cause the assembly oflower-level de�nitions to recon�gure.One form of higher-order dependency is already implemented for the DoN-aLD notation [ABH86], which is part of the Tkeden tool. It is known as the graphabstraction. Figure 3.5 shows generic template de�nitions in use in DoNaLD todescribe the layout of a speedometer that has a top speed and number of divisionsegments on the right-hand side. At the lower-level, there is a block of DoNaLD de�-nitions representing the picture of a speedometer. Changing the number-of-segmentsparameter, considered as on the right-hand side of the high-level de�nition for thespeedometer, leads to the recon�guration of the low-level subcomponent de�nitionsof the assembly of geometry.The number of subcomponent de�nitions generated on the low-level left-handside will change depending on the value of the special parameter \nSegments". Theabstraction is considered as based on a two-dimensional plotted line with x valuesalong the x-axis and f(x) values along the y-axis. These are speci�ed by de�nitionsin the DoNaLD notation by descriptions of template de�nitions \x<i>" and \f<i>".Where \<i>" appears in these de�nitions, the elements of the sequence \0, : : :, nSeg-ments" are used to create new low-level de�nitions for \x 0, : : :, x nSegments" and\f 1, : : :, f nSegments" respectively. The right-hand side of these de�nitions havethe token <i> replaced by the index through the sequence for the de�nition. The76



\node" and \segment" de�nitions can be used to create a mini script of DoNaLDautomatically for each segment of the graph, depending on the values of x<i> andf<i>. In the speedometer example, these mini scripts correspond to the speedometergraduation lines and labels.The problem with the DoNaLD implementation is that if a user rede�nes asubcomponent de�nition then the graph is no longer consistent with its high-levelde�nition. Maybe a designer wishes to change the length of the 70 miles-per-hourline segment to highlight the top speed limit on British roads. If the number ofsegments for the speedometer is increased, then this change will be lost and, in theworst case, there may no longer be a line segment corresponding to 70 miles-per-hour on the face of the speedometer. The order in which de�nitions are introducedinto the script becomes important and the behaviour resulting from rede�nition ofparameters and the associated propagation of change introduces conict. For onescript of de�nitions there can be at least two possible states. The integrity of thestate between the higher-level and lower-level of abstraction in scripts should beprotected in some way.The use of higher-order dependency in geometric modelling has a place oncecommitment can be made to the description of generic element templates throughreal world observations. In the creation of new geometry, these templates restrictthe open-ended geometric design process. Higher-order abstraction in de�nitions isa tool that can be used for the constructing primitive geometric elements. Copyingentities is a process that allows a user to take existing structure and reuse it withouthaving to reconstruct of reason about dependencies between internal subcomponentsat di�erent levels of abstraction. The challenge of managing dependency betweenassemblies of de�nitions is to �nd a consistent and unambiguous way to supportmany kinds of copy and higher-order dependency in uni�ed de�nitive notations.77



3.3 Data Structure and DependencyThis section examines the issues of integrating arbitrary data structure and depen-dency into the same de�nitive notations. High-level programming languages providedata types for the representation of atomic data such as scalar and Boolean values.These atomic data types can be combined into arbitrary new data structures withabstract data types (ADTs) [AHU82] that represent data that is more complex thana variable of one atomic type can represent alone. The structure can be given anidentity in its own right and mechanisms exist for accessing components of atomicor other constructed data types. Data structure is an association of component datatypes that can be regarded as a form of dependency. De�nitions in de�nitive scriptsrepresent indivisible relationships between variables, considered as observables, ofany data type. In existing notations, de�nitions can record structural dependencies(as in the point constructor \p = fx, yg") but not reect their special character-istics. For example, consider the case-study of assemblies of geometry in Section 3.2.Data types exist in the example notation in Table 3.1 to represent scalar values(integer or oating point), two-dimensional points (two scalar values) and two-dimensional lines (start and end points). These are the data types, and every vari-able of the non-atomic data types has an internal structure: points are constructedfrom the atomic data type for scalars, lines are constructed from component points.These types are provided as an integral part of the notation and in order to rep-resent more complex data a user must create assemblies that group de�nitions forvalues of these types. Dependency can be established between single variables ofthe built-in data types at di�erent levels in their internal data structures, where thevalue of each component of data is either explicitly given or implicitly given by theevaluation of the right-hand side of the de�nition.78



The level at which the de�nition of a variable of a non-atomic data type isconstructed, rather than given by de�nitions, is known as its mode. The ARCAnotation [Bey83, Bey86a] for scripts of de�nitions that describe Cayley Diagramsincludes an implementation of modes for its variables. The process of assigning amode to ARCA variables is known as moding. The relationship between levels indata structure and dependency is considered through the examination of modingand ARCA in Section 3.3.1.Data structure describes the association of component values within a com-pound data type. Dependency in de�nitive scripts represents indivisible relation-ship between variables. In Section 3.3.2, the argument that data structure anddependency can be regarded as orthogonal concerns is presented. The possibilityof representing one dependency between variables of compound types as several de-pendencies between their components at an atomic data type level is demonstrated.The ambiguities introduced by dependencies that are expressed by de�nition be-tween variables at di�erent component levels in data structures are discussed.3.3.1 Moding and ARCAARCA was the �rst example of a de�nitive notation to be developed at War-wick [Bey83, Bey86a]6. The data types and operators of ARCA are illustratedin Figure 3.6. This shows an ARCA representation of the symmetric group S3 inthree sections. From top to bottom in the �gure, these are: a Cayley diagram for S3,a graphical representation of its ARCA data structure and two segments of its scriptof de�nitions in the ARCA notation. The explicit de�nitions for the diagram canbe subsequently rede�ned to experiment with the state of the diagram. In the tooldeveloped by Bird that implements ARCA [Bir91], the screen image of the grouprecon�gures to reect the current state of the de�nitions and their associated values6Earlier work on de�nitive notations can be traced back to Brian Wyvill [Wyv75].79



(see example ARCA output in Figure 2.1).The main compound data structure in ARCA is the diagram that representsthe coordinate location of the N component vertices in a diagram and the partialinjection mapping from f1; : : : ; Ng to itself associated with edges of each colour inthe diagram.A variable (x) or a component of its structure (x[1], x[2], : : :, x[n]) can bedeclared to be in either concrete or abstract mode. The signi�cance of these modesis as follows:abstract mode The value of the variable or component is given by a constructor atthe same level or de�ned by an implicit de�nition. It is not de�ned component-wise.concrete mode The value of the variable or component is constructed from thede�nitions of its components.In ARCA, if a variable is declared to be in abstract mode, then no declarationis required for the mode of its components. If a variable is declared to be in concretemode then the mode of its components must also be declared.The data structure for the diagram in Figure 3.6 is in concrete mode andall component values are in concrete mode down to its leaves. The start of theexample script shows combined mode and type declarations for the identi�ers tobe de�ned by explicit values further through the script. A mode declaration of theform \mode x = 'ab'-diag 6" describes x as a diagram with N = 6 vertices andtwo colours a and b. Declaration of the mode of the component vertices and coloursis then required.Declaration of the dimension of each concrete ARCA vertex is of the form\mode y = vert 3", describing that the value of y is constructed from the valuesof its components y[1], y[2] and y[3]. These components can be implicitly or80
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mode dia = 'ab'-diag 6mode dia!1 = vert 2mode dia!2 = vert 2mode dia!3 = vert 2mode dia!4 = vert 2mode dia!5 = vert 2mode dia!6 = vert 2mode a_dia = col 6mode b_dia = col 6...
a_dia = {1,2,3}${4,5,6}b_dia = {1,4}${2,5}${3,6}dia!1 = [-200, -150]dia!2 = [200, -150]dia!3 = [0, 250]dia!4 = [-400, -300]dia!4 = [400, -300]dia!6 = [0, 500]...Figure 3.6: An explicit ARCA diagram for the symmetric group S3.
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explicitly de�ned. The declaration of an abstract ARCA vertex takes the form\mode z = abst vert". This signi�es that z is de�ned explicitly by a constructorthat creates a vertex, or de�ned implicitly to be dependent on other vertices orscalar values. With this declaration for variable z, its value cannot be establishedby the de�nition of its components.For every variable in ARCA, there are levels ar which its components are inabstract or concrete mode. These levels can be considered as establishing a modingtemplate for de�nitions. These templates allow a user to establish dependenciesbetween components that would otherwise be considered as cyclic dependencies (seeSection 4.2.3). For example \x[1] = x[3]" is not a cylic dependency with concretemode variable x constructed from components x[1] and x[3]. In contrast, anabstract mode variable x with de�nition \x = [3, 2, x[1]]" does lead to cylicdependency as the evaluation of the right-hand side depends on itself.The ARCA notation treats the mode and type declarations as if they werede�nitions. In e�ect, the moding of variables is handled by an auxilary de�nitivenotation. In theory, it is possible to rede�ne them and hence a�ect the mode anddata structure associated with identi�ers in a script through indivisible propagationof change. In practice, it is technically di�cult to implement a system that canhandle radical rede�nition of the type associated with an identi�er. For example,an implementor of the ARCA notation has to consider mechanisms for handling thee�ect of the interactive redeclaration of a variable of diagram type to be of vertextype, or redeclaring an existing abstract mode diagram to be concrete (so as to allowdependencies between its components to be speci�ed).In a high-level language, the underlying algebras over the atomic types in-clude a look-up table for each operator. This table determines the type of the valuereturned by the operator, which depends on the types of the arguments. Typechecking is performed during compilation of code to check that the data types de-82



clared to be associated with variable identi�ers are consistent with those returnedby right-hand side expressions. In ARCA, built-in operators in the notation existthat can be used in de�nitions to de�ne indivisible relationships between values ofcompound data types. This requires that every operator has a look-up table forreturn type and its return mode.Every variable in a de�nitive script such as ARCA has an associated modeand every expression in the script also has a mode. The reasons for moding expres-sions are:� to attach a structure to values returned;� to ensure this structure is consistent with the left-hand side variable in ade�nition.For example, consider a concrete mode list l with three elements, declaredas follows: mode l = list 3Consider also a general list operation reverse for list reversal. The mode of theexpression reverse(k) is abstract, as the operator returns a list with a di�erentnumber of component elements depending on its argument k. Due to the varyinglength of the returned list, it is not appropriate to de�ne the three element list l bythe de�nition l = reverse(k)or by the group of de�nitionsl[1] = (reverse(k))[1]l[2] = (reverse(k))[2]l[3] = (reverse(k))[3]83



The concrete mode of the operator reverse3 for reversing the order ofthree element lists is list 3 ! list 3. In this case, the mode de�nition \l =reverse3(k)" is appropriate as the returned value always has three components.Notice how the mode of a variable also a�ects the nature of a reference its value onthe right-hand side of another de�nition. If a variable v is in abstract mode then itis possible to refer to the third component of the value of the variable v (througha projection operator p3(v)) but not to the value of the third component of thevariable v (by v[3]).Moding is required in a de�nitive notation with compound data types. TheARCA interface to moding can be improved to better support moding outside ofthe script notation. This improvement is hard to implement, especially to supportthe the degree of exibility envisaged. The machine models developed later in thisthesis handle this well and do more towards supporting user-de�ned data typesand operators than EDEN. Existing tools are not good for implmentations thatsupport moding, with particular problems posed by the representation of EDENlists (discussed in Section 3.4.1). A solution is needed (such as will be describedlater) that not only allows user-de�nition of underlying algebra, but also deals withmoding to accompany this.3.3.2 Orthogonality between Data Structure and DependencyIn a de�nitive script, there can be dependency between components of the datastructure for a variable and dependency between variables. In this section, therelationship between dependency and data structure is considered. It is appropriateto represent data structure and dependency as if they are orthogonal concerns. Everyidenti�er and component reference in a script of de�nitions can have both a locationin a data structure and be dependent on other data values through de�nition. Avalue is made up from component parts if it is of a compound data type and, as84



discussed in Section 3.3.1, can be de�ned in di�erent modes.In general, it is possible to �nd a way of representing all dependency givenat non-atomic data type level as dependencies between component values of atomictypes. If all dependency is represented at the atomic type level, then there is noambiguity introduced as to which relationships are dependency between values andwhich relationships exist for data structure. All structure in dependency is betweenscalar values in the level of the atomic data types and all compound data types areconstructed from these atomic values to form levels in data structures for high-levelvatiables. In this way, data structure is considered in this thesis to be orthogonalto dependency by representing dependency at the scalar data structure level.For example, Figure 3.7 shows a representation of the levels of data struc-ture for a two-dimensional straight line data type. The line is represented by twocomponent end points and each of these points is represented by a pair of scalarvalues. These scalar values are atomic types in the example. The �gure is separatedinto three sections and the value of line variable l is the same in each. Figure 3.7ashows a line that is explicitly represented at all levels. Figure 3.7b and Figure 3.7cshow the line with components de�ned implicitly.Dependency between data of the same type at the same level is diagrammat-cally representable as embedded in that level. In Figure 3.7b and Figure 3.7c, itis possible to extract and describe a low-level of dependency between atomic scalardata types, another level of dependency for point compound data types and anotherfor line compound data types. Dependency can also exist between data types atdi�erent levels. For example, an inner product operator maps two point argumentsto a scalar value. The linking of di�erent levels in data structure by dependencyin this way leads to an ambiguity in the possible combined representation for thedata values and the dependencies between them as variables in a script. The samedependency is shown represented in Figure 3.7c as in Figure 3.7b, except that it is85
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represented at the scalar level rather than the point level.Data structure can be constructed by implicit de�nition. For example, atwo-dimensional point value is represented by a data structure with componentscalar values. A variable for a point can be constructed by implicit de�nition witha de�ning function makePoint that maps from two scalar values on the right-handside to point variable on the left-hand side. In this case, it is not clear whether thepoint is a variable constructed in concrete mode or is implicitly de�ned. It is stillpossible to handle dependency between components in this case without introducingcyclic dependency. For example, consider the following de�nition for constructingpoint p from components p1 and p2:p = makePoint(p1, p2)A dependency between p1 and p2 cab be expressed with a de�nition such as \p1 =2*p2". A high-level de�nitive notation with support for moding can be representedat a lower-level by operators for constructors and dependencies between componentde�nitions.3.4 Data Representation and DependencyIn this section, methods for data representation for observed values that are appro-priate to de�nitive scripts are considered, with a particular focus on geometry. Toput this discussion in context, existing methods for the representation of geometricdata in existing tools are presented. This is followed by a discussion of data wherethe parametrisation of entities is of a discrete nature but the actual representation ofthe value is apparently continuous and can be sampled at arbitrary values. Functionsthat are used on the right-hand side of de�nitions to create indivisible relationshipsbetween entities can operate over internal parametrisations of the entities and froma continuous representation of the entity (such as a function representation of its87



shape). Section 3.4.3 considers additional types of data that may be associated withgeometric entities, such as graphical attributes, that ideally need to be representedin a de�nitive notation for geometry.3.4.1 Existing Data RepresentationsThe EDEN tool has built-in support for some atomic data types and one compounddata type. The atomic data types represent integer values, oating point values,characters, strings of characters and a special type called unde�ned (representedby symbol \@"). The tool supports dynamic typing. The type associated with avariable is determined by interpreting the script of de�nitions and inferring typesto be associated with identi�ers on the left-hand side of explicit de�nitions fromthe string of characters on the right-hand side. For a implicit de�nition, there is alookup table for each operator that determines the type associated with a variablefrom the arguments to the operator. The rede�nition of a variable of integer typeto be of string type may cause implicitly de�ned variables with numeric expressionde�nitions to become unde�ned, the one and only value of the unde�ned type. Anyother value that depends on an unde�ned value can itself become unde�ned.This process is in one way very powerful as there is no need to declare vari-ables before use to be of one particular type. The system can make sensible changesto types of variables and propagate type change through a script of de�nitions. Amodeller using the EDEN notation bene�ts from this process, as they can concen-trate on interactively constructing the model and identifying the best observablesfor a particular model without worrying about the types of the variables used torepresent the observables. The rede�nition of a variable that causes another im-plicitly de�ned value to become unde�ned is not reported to the modeller and theprocess of establishing where the relationships between variables cause a value tobe unde�ned can be time consuming. 88



No facility exists for the creation of abstract data types in EDEN, DoNaLDor SCOUT. A list type exists that can be used to group integer, oating point, string,character and other list values. Elements of a list can be references and set by anindex value inside of square brackets \[]" and the whole list can be referenced andde�ned by a comma separated list of implicit and explicit de�nitions. For example,consider the de�nition of the list l1 shown below.r = 10;l1 is ["circle", 2*r, 10, 10.5];The list l1 has four elements and is used to represent the parameters of acircle shape in two-dimensional space, where the second argument is the implicitlyde�ned radius that depends on the current value of r and the third and fourthelements represent the centre point. The centre point in this example is explicitlygiven by an integer value (10) and a oating point value (10.5). To declare that thelist represents a circle shape, the �rst element of the list is set an explicit de�nitionof the string of characters \circle". The EDEN parser establishes that the �rstelement of the list is explicitly given and of string data type, that the second elementis implicitly given and currently of integer data type and so on for all the elements.What is the e�ect of the following rede�nitions of the list l1? Rede�nitionsof lists and elements of lists may not result in the e�ect that a modeller expects.1. l1[2] is 3 * r;2. l1[2] = 3 * r;3. l1[3] is l1[2];4. l1 is ["circle", 2*r, l1[2], 10.5];The �rst rede�nition (1) fails with an error reported to the modeller becauseit is not possible to implicitly de�ne only an element of a list is EDEN. The secondrede�nition (2) succeeds as it is an explicit de�nition that takes the current value ofr, multiplies this value by three and assigns this as the explicit value of the second89



element of the list. This rede�nition actually alters the de�nition of l1 without themodeller explicitly requesting this rede�nition. The third rede�nition (3) fails withan error reported for the same reason as the �rst rede�nition. It is not possible tointroduce a dependency between elements of a list in this way, or in the declarationof an entire list as shown in the fourth rede�nition (4). The EDEN interpreterregards the de�nition of a list with a dependency between its elements as a cyclicdependency.The only way to identify the type of data in a list is by placing some markersuch as the \circle" string in the list. Operators in EDEN are called functionsand are de�ned on-the-y by sections of interpreted procedural code. The operatorsto these functions have their types determined automatically. In an applicationthat represents geometry, the use of operators over geometry represented in EDENlists requires that the operator type checks its arguments to see if the arbitrary listpassed as an argument contains the expected parameters.It is di�cult to represent the assemblies of de�nitions introduced in Figure 3.2using lists in EDEN because of the problems of establishing dependency betweenelements of lists. One of the purposes of grouping de�nitions in assemblies is torepresent dependencies between components of an entity, and there needs to beanother way to represent these. The DoNaLD notation, implemented as part ofthe Tkeden interpreter, uses EDEN as its back-end dependency maintainer tool.All DoNaLD de�nitions are translated into EDEN and assemblies of de�nitionsin DoNaLD known as openshapes are represented in EDEN by variable namingconventions.Table 3.2 shows a DoNaLD script of de�nitions and some EDEN de�nitionsthat represent the DoNaLD script. The openshape construct is used to create anassembly of de�nitions. In the table the assembled de�nitions are l and i2. AllDoNaLD de�nitions that are not part of an openshape are preceded by an underscore90



DoNaLD De�nitions Translated into EDEN De�nitionsint ii = 10 i is 10;openshape testwithin test fint i2i2 = 20 test i2 is 20;line ll = [{~/i, ~/i}, {i2, i2}] test l is line(cart( i, i),g cart( test i2, test i2))Table 3.2: Translating DoNaLD openshapes into EDEN.character \ " in EDEN and for an openshape called \x", all de�nitions are precededby \ x " in EDEN. In this way, dependency between assembled de�nitions canbe represented in EDEN. However, because the current version of EDEN has nosupport for the automatic manipulation of this naming convention consistent withsome higher-level script, the DoNaLD translator must retain a record of the EDENnames.7.3.4.2 Parametrised Data SetsConventional computer systems are �nite machines that are good tools for the rep-resentation and manipulation of discrete data. When continuous parameters, oftenanalogues of real world observables, are represented on a computer system, theyneed to be digitised from the measured analogue parameter and represented dis-cretely within a margin for error. Idealised geometry in Euclidean space is of acontinuous nature and can only be represented on a computer system within certainmargins for error. This section examines data values represented by parametriseddata sets where instead of storing discretely representable value, a membership con-dition for the set is used to determine the value by sampling. The modelling ofgeometry of a continuous nature in a de�nitive script relies on good data structures7Pi-Hwa Sun is currently working on introducing control in EDEN for this style of grouping ofagents. His method is known as virtual agency. 91
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Figure 3.8: Parametrised shapes and their combination.and mechanisms for the representation of parametrised data sets.The solid two-dimensional geometric entities shown in Figure 3.8 are exam-ples of sets of data of a continuous nature. Figure 3.8a is parametrised by a heightvalue, width value and a corner point. The circle in Figure 3.8b is parametrised bya centre point and a radius. For both shapes, it is possible to implement algorithmsthat will draw graphical representations of the shapes on a computer screen andother procedural function code to establish dependencies between the parametersand the shape by de�nition.The shape in Figure 3.8 is a combination of a solid rectangle shape andsolid circle shape. One parameter-level method for representing the combination ofshapes in de�nitive notations involves:� describing parametrisations for combined shapes made from one rectangle andone circle shape and all combinations of shape primitives;� implementing speci�c algorithms to render each of the combined shapes;� establishing dependencies between the parameters for combined shapes andthe parameters of their de�ning primitives.This method allows for the construction of preconceived parametrised shapeprimitives but not for the arbitrary combination of any shape. The combined shape92



of Figure 3.8c can also be regarded as representing a point set union. A desirablefeature in de�nitive script notations for geometric modelling is the inclusion of oper-ators for the combination of arbitrary shapes, where the dependency is establishedbetween non discrete point sets rather than discrete de�ning parameters8.The CADNORT tool, developed as part of my third year undergraduateproject [Car94b], translates scripts of de�nitions for two and three dimensional solidgeometric shapes into EDEN de�nitions. For every shape description in the CAD-NORT notation, there is a block of EDEN de�nitions representing the parametersfor that shape and an associated procedural function that tests for membership ofthe point set for the geometry. A similar naming convention to that used by DoN-aLD and shown in Table 3.2 is used to represent the parameters of shapes in theEDEN model rather than a list representation.In CADNORT, the function representation of shape [PASS95] is used as themathematical basis for determining point set membership for the shapes. For anypoint in n-dimensional Euclidean space, point set membership is determined by afunction f that maps from any point to a real value. To test point membership ofa shape S at any point p, the solid geometric shape is represented by function f ,where f(p)8>>>>><>>>>>: < 0 p is outside S.= 0 p is on the surface of S.> 0 p is inside S. (3.1)Figure 3.9 shows the CADNORT graphical output for a table with a lampplaced on its top. The �gure shows both front and side views of the sampled ge-ometry at particular planar slices through the shape. The output shows only theoutline of the solid shape. The generation of graphical output in CADNORT is aslow process due to the evaluation of interpreted code that represents the function8DoNaLD is a notation for line drawing and does not attempt to represent �lled shapes. Shapescan be displayed as �lled by using attributes for the rendering of the geometry.93



Figure 3.9: Graphical output from the CADNORT tool for a table and lamp script.representations. The graphical output requires sampling of the function representa-tion for the shape at every pixel. The dimensions of the graphics shown are 200 by200 pixels and the generation of the �gure was so slow in 1994 that plotted pointscould be observed to appear one by one.CADNORT has some limitations. These include:1. Managing the scripts of de�nitions in CADNORT and EDEN. The high-levelde�nitive script for the table is approximately eight times shorter than thelength of the EDEN script used to represent it.2. Templates (called generators) representing families of geometry can be createdon-the-y. These templates cannot be rede�ned on-the-y.3. It is not possible to reference the components of shapes constructed usingset-theoretic operations.For all its limitations, CADNORT demonstrates the representation of pointsets by de�nitions, with indivisible relationships established between point sets.
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3.4.3 Geometric Data and its Associated AttributesLarge volumes of data are associated with representations of geometry on a computersystem. Computer-based tools to assist a designer to model geometry typicallyrepresent geometric entities together with their de�ning parameters. There is awide diversity of data that may also be associated with each model. This can berepresented in additional data �elds in the data representation of the geometry. Thekinds of �eld that may need to be considered include:Attributes Data that can describe non-geometric information associated with ageometric object. This can include the objects colour, texture, material, den-sity, line width.Location In addition to relative point locations within a geometric entity itself,the entity may be transformed into a di�erent location before it is rendered.Geometric shapes are often placed in virtual computer-based worlds with othergeometric shapes. The location of a shape in such as world may be di�erentfrom the location where it was originally constructed.Bounding Box Solid geometry, which has an associated point set that occupies avolume of space, may be boundable by a containing rectangle if de�ned in twodimensions, by a containing box in three dimensions, and so on. The boundingshape in any dimension is known as the bounding box and has sides that areparallel to the axis of the space. The bounding box is often required to assistalgorithms for rendering geometry. Such a bounding box is particular usefulfor rendering shape represented by function representation.Structure A geometric entity may itself be a child component of another entityor be the parent entity for other sub-entities. If this relationship is morethan just a dependency given in a script, then it may be necessary to store95



information about the parent/child relationships with the data representationof a geometric entity. For example, there may be data concerning how thecolours of entities appear to blend together when they are joined.Reference A geometric entity contains information that may be useful for con-structing the parameters of other entities. For example, a circle shape de�nedby centre and radius parameters may have an implicitly determined diameterparameter that can be used in the de�nition of other shapes that depend onthe de�nition of the circle.When creating a geometric model in a de�nitive script notation, it is desirablethat a modeller should be able to modify not just data relating to de�ning shape,but also attributes, overall location, bounding box, structure and reference. Theuser should be able to make novel de�nitions between this data also, such as thecolour of an object changing dependent on permissions to modify it. The challengeis to provide a data representation for geometry that not only handles de�ningparameters, point sets and the information in the above list, but is also able tohandle the e�ect of the extended data representations when instantiating copies orforming high-order de�nitions.Support for attribute data in existing de�nitive notations for geometry ispoor. Attribute data in DoNaLD is not held as part of the geometric entity butinstead relies on the underlying EDEN implementation of the DoNaLD interpreterto insert attribute information for use by the drawing actions of the interpreter. Itis, for example, possible to link the colour of a line to its length but this has to bedone at the EDEN interpreter level rather than within DoNaLD itself. Attributescannot be applied to a group of de�nitions simultaneously and must be applied oneby one. When making a copy of a group of de�nitions in an openshape in the formof a translation or a rotation, the attributes are not copied and it is not possible to96



assign di�erent attributes to the components of the openshape.3.5 Proposed Solution to the Technical IssuesThe previous sections of this chapter have introduced some of the technical issuesassociated with representing data and manipulating data with scripts of de�nitions.Although these are general issues for empirical modelling, they pose particular prob-lems when associated with geometry. The aim of the work presented in the chaptersthat follow is to develop a way of using de�nitive notations for geometry that over-comes these problems. An overview of the underlying approach adopted in thisresearch follows.The following list summarises some of the technical issues:� The ambiguity in the status of copying de�nitions in a script occurs whencopying an assembly of geometry rather than a single de�nition. Two copyprocedures (photographic and mirror) exist for single explicit de�nitions andthree classi�cations of copy procedures (photographic, mirror and reconstruc-tion) exist when copying implicit de�nitions.� Issues concerning the mode of de�niton and the level at which dependencyis de�ned in data structure arise when values are represented by data typesother than atomic data types. Only one abstract mode exists for variables ofatomic data types, which are either explicitly or implicitly de�ned at the samescalar level.� Functions are required for de�nitions that represent indivisible relationshipsbetween:{ de�ning parameters for geometric entities;{ the point sets represented by geometric entities.97



The above discussion motivates the introduction of a special \atomic" datatype that can be used to represent all the explicit values associated with variablesin a de�nitive script. The term serialisation will be used to refer to the process oftransforming an explicit value of any data type into an encoded atomic value. If allvalues referenced in a de�nitive script notation (including all parameters, attributesand point inclusion algorithms and assemblies of de�nitions) can be represented byserialised data types in this way, many of the issues raised in this chapter are greatlysimpli�ed. Every value is either implicitly or explicitly de�ned and all explicitvalues are on the same data structure level. Higher-order dependency is a methodfor creating a lower-level script of assembly of de�nitions. If a value of a serialiseddata type can be used to represent all the information for an assembly, referencecan be made to what previously would have been the subcomponent de�nitions ofan assembly through the use of a special operator. These special operators mapfrom a value of a serialised data type to a representation of a component its value.A low-level script is not required. For example, consider the arcline higher-orderde�nition shown in Section 3.2.2. Table 3.3 shows atomic data types and operatorsthat can be used both to create an arcline shape and make reference to its internalcomponents. The script of de�nitions in Table 3.3 illustrates the construction of anarcline and reference to its component arc shape (a1 ).Single values of serialised data types will need to be interpreted as represent-ing a wide diversity of data, including sets. The operators that create indivisiblerelationships between these values will need to be able to extract and relate manydi�erent aspects of the data represented. As every value incorporates all informa-tion required for a particular type of data, interpretation of this data can includemethods for determining set membership. These methods can be related to oneanother through special operators used in de�nitions in the same way as de�ningparameters. 98



AtomicData Types scalar Floating point values.point Points in two-dimensional space.arc A curved section of a circle.arcline A shape formed from an arc and two lines,as shown in Figure 3.2.Operators makeArcline De�ne an arcline dependent on a scalarand a point.arcFromArcline De�ne an arc to be equal to the arc of thearcline that is an argument to the opera-tor.ExampleScript r = 2c = f0; 0gal = makeArcline(r; c)a1 = arcFromArcline(al)Table 3.3: Replacing higher-order dependency with atomic data types.
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In this way, all data structure, expression trees and set representation fora model can be represented by a script of de�nitions. The atomic types of thenotations are similar to objects in object-oriented programming (OOP) [CAB+94].Every object represents a thing through its data �elds and its relationships to otherthings through its methods. The di�erence from OOP is that the values are de-�ned in interactive, open-ended scripts and communication between values occursthrough indivisible relationships established by de�nition. In OOP, the communi-cation between objects is given by the procedural ordering of the methods and isprescribed at the time that the code is compiled.In the next chapter, the potential for implementing de�nitive notations tohandle serialised data types and operations is assessed, by examining dependencyin scripts that have only one data type. This concentrates on issues that are relatedonly to e�cient dependency maintenance. This model is used as the basis of animplementation of dependency maintenance that only implements one atomic datatype and requires a programmer to make decisions on how to organise the data ofthat type in a useful way (the DAM Machine in Chapter 5). The model is alsothe basis for an object-oriented implementation for dependency maintenance thatsupports the programmer in the implementation of serialised data types and specialoperators (the JaM Machine API in Chapter 6). For both implementation method-ologies, the case-studies presented are based on geometric modelling examples.In Chapter 9, the technical issues described in this chapter are reviewed withresepect to the special atomic data type approach to dependency maintenance.
100



Chapter 4
The Dependency MaintainerModel
4.1 IntroductionDependency maintenance can be carried out at many levels of abstraction withoutcompromising semantic subtlety of de�nitive state representation. Data structurescan be re�ned by replacing variables of a higher-level type with families of de�nitionsof lower-level types. State representation is just as e�ective with lower-level types aswith higher-level types, provided that the correct dependency relationships betweenlower-level data are introduced, and that the pattern of rede�nition respects theserelationships.There are many examples of dependency maintenance at di�erent levels. Forinstance:� A model of a table can be considered as a point set at a low-level and as afamily of features at a higher-level.� The case-study of modelling a vehicle cruise control system [BBY92] includes101



a model for a speed transducer. At a low-level of abstraction, observed de-pendency for the mechanics of the speed transducer are represented. At somehigher-level, the model represents the speed transducer from an agent-orientedperspective.� A DoNaLD high-level script is translated into an EDEN low-level script. Itis possible to corrupt the dependencies expressed by DoNaLD de�nitions byinteracting with them directly in EDEN.In this chapter, issues relating to the implementation of de�nitive scriptsare studied via one particular strategy of re�nement of high-level scripts. Thisre�nement takes a script in an existing high-level notation and transforms it intofamilies of de�nitions in a low-level de�nitive script where there is only one datatype: integer. These re�ned scripts can be represented in the framework of theDependency Maintainer Model (DM Model). Mathematical sets and mappings areused to construct the model and to formulate the representation of de�nitive scripts.Translation to the DMModel establishes a bridge between observables that representexternal semantics of a model (including its current value and dependencies) andvariables that concern the internal semantics of representing a value on a computer.A variable can be viewed as equivalent to an observable with no constraintupon its rede�nition. The block rede�nition algorithm can be used to implementprotocols for rede�nition that are consistent with rede�nition of observables in ade�nitive script. Figure 4.1 shows the relationship between a high level-script ofde�nitions, an integer-only low-level script of de�nitions with equivalent semantics(S) and a representation of this script by the DM Model (MS). It is possible totransform a high-level script to the lower-level representation but it is not necessarilypossible to construct the high-level script from the low-level script. A DM ModelMS can represent the low-level script S using sets and mappings in such a way that102



+
+
+

-
-
-

m m
+ +

?
?6

Initialstate Rede�nitions NewstateDe�nitivescript
Integer onlyde�nitivescript
DM ModelRepresentationof script updatetransition

updatetransition
updatetransitiontransformation

representation: : :
: : :

: : :
: : :

S S0
MS K MS0Figure 4.1: De�nitive scripts and the DM Model.

103



the script can be reconstructed from the model. A low-level script such as S is saidto be DM Model representable.Rede�nition of a high-level script induces an update state transition for thescript. The new state of a high-level script can be transformed to the low-levelscript S0, as can the block of rede�nitions that resulted in the state transition. Asillustrated in Figure 4.1, the low-level block of rede�nitions can also be representedby the DM Model. The new state of the low-level script can be represented by a DMModel MS0 . The block rede�nition algorithm updates the DM Model consistentlywith the rede�nitions to represent the new state. The current value associated witheach observable in the low-level script is updated. Updating is the process by whichwe compute a new value consistent with rede�nition.In this chapter, the transformation process from high-level to low-level scriptis described. This is followed by an explanation of the representation of low-levelscripts as DM Models. This model is used to formalise some important qualities ofde�nitive scripts. These are used as a basis for discussion of strategies for updatetransition. The block rede�nition algorithm is presented with an example of oneupdate state transition. Graphical representations of dependency structures areintroduced and case-studies use these to illustrate issues relating computationale�ciency with dependency maintenance.4.2 The DM Model for De�nitive ScriptsIn Chapter 3, the relationship between data structure and dependency is explored.The EDEN notation implements boolean, integer, real, string and list datatypes [YY88]. All models written in EDEN must use these types of data to representtheir observation speci�c data. The list can often su�ce for this purpose althoughthere are some problems with the manipulation of data in lists.104



De�nitive script First stage Valuea is (b + c) * d a = times(add (b; c); d) a = 48b is power(e, 3) b = power (e; 3) b = 8c = 4 c = 4 c = 4d is 2 * e d = double(e) d = 4e = 2 e = 2 e = 2Table 4.1: A typical de�nitive script and stage 1 of script transformation.There are many mechanisms in EDEN to handle functions, triggered actionsand dependency maintenance, as described in Section 1.2.1. The motivation forbuilding the DM Model is to strip away the overheads associated with dynamicinterpretation of data types and functions, as well as the ordering of triggered pro-cedural actions. Instead, the DM Model concentrates on the fundamental task ofdependency maintenance. The only data type considered in the DM Model is theintegers Z. In the transformation from high-level scripts to low-level DM Model rep-resentable scripts, it is assumed that it is always possible to choose a large enoughinteger to represent the data types of the high-level script.4.2.1 Transformation of ScriptsThe DM Model is constructed by examining scripts of dependencies and extractingfrom these some common abstractions that can be used to reason about them. Everyde�nition in a de�nitive script has an identity (a name) that is associated with botha value and a de�nition. For the purpose of the construction of a DM Model, it isassumed that the only data type is the integers Z.Table 4.1 shows an ideal de�nitive script for illustrating the transformationprocess, next to a script that represents the �rst stage of this process. The processof transforming any script to a script that can be represented by the DM Modelhas four stages. The values that the identities are associated with, consistent withtheir de�nition, are shown in the value column. From a script of de�nitions, it is105



Reference Second level of abstraction Value� a = times(x; d) a = 48�+ 1 b = power (e; y) b = 8�+ 2 c = 4 c = 4�+ 3 d = double(e) d = 4�+ 4 e = 2 e = 2�+ 5 x = add(b; c) x = 12�+ 6 y = 3 y = 3Table 4.2: Stage 2 of script transformation.possible to calculate the value associated with an identi�er from its de�nition andthe de�nition of its dependencies. The DM Model represents both the value and thede�nition of an identi�er simultaneously. The four stages for transforming a scriptinto one that can be represented by the DM Model are listed below.Stage 1 In a low-level script, every function in the de�nitions in the high-levelscript is replaced by a function that is a member of the set F , whereF = ff j f : Z� ! Zg (4.1)The set F contains all functions that are mappings from sequences of integersto one integer value. This ensures that all arguments for functions and theresulting domain of these mappings are closed on the set of integers and thatthe DM Model has only one data type.The script shown in the example in Table 4.1 requires very little transformationas it already represents dependency between integer values. The choice of howto represent values in the high-level script as integers is unimportant unless itis necessary for it to be possible to reconstruct the high-level script from theinteger-only low-level script.Stage 2 The next stage of transformation is to expand all function composition. Inaddition, explicit arguments to functions are replaced by adding new identi�ers106



to the low-level script. An example of stage 2 for the scripts in Table 4.1is shown in Table 4.2. The de�nition b = power (e; 3) is replaced by b =power (e; y), where y = 3 is a new de�nition in the low-level script.Consider the functions g1 and g2 that are composed in a script to de�nethe value of observable p to depend on observable q through the de�nitionp = g1(g2(q)). This example de�nition is transformed into two de�nitionsp = g1(r) and r = g2(q) in a low-level script, where r is chosen as a newidenti�er in the script.The way in which an expression such as \a is (b + c) / d" is broken downinto composed functions and new de�nitions is not considered in detail here.(For a particular illustration of this process, see Section 5.4.1.) An alter-native method for expanding function composition without increasing thenumber of de�nitions is to use the function exprX . This function repre-sents the evaluation of a template expression X. For the example de�nition\a is (b + c) / d", the second stage of the transformation of a to a de�ni-tion in a DM Model representable script isa = expr (s1+s2)=s3(b; c; d) (4.2)The de�nition in equation 4.2 de�nes the value of a to be equal to b+cd , withthe associations to the template expression s1 = b, s2 = c, s3 = d.Stage 3 The third stage of transformation is to choose a range of integers between� and � � 1 that are to be used as unique integer reference numbers for eachde�nition. The size of the range ��� is equal to the number of de�nitions afterthe second stage of transformation of the script. Table 4.2 shows the scriptfrom Table 4.1 with a choice of such suitable reference numbers following theexpansion of all composed functions. Note that in this example, the values107



Transformed Script Reference Function Dependencies Value2 [�; � � 1] 2 F 2 [�; � � 1]� 2 Za = times(x; d) � times (�+ 5; � + 3) 48b = power (e; y) �+ 1 power (�+ 4; � + 6) 8c = value4() �+ 2 value4 () 4d = double(e) �+ 3 double (�+ 4) 4e = value2() �+ 4 value2 () 2x = add (b; c) �+ 5 add (�+ 1; � + 2) 12y = value3() �+ 6 value3 () 3Table 4.3: Script transformed ready for representation by the DM model.associated with the identi�ers are consistent with the values de�ned by thehigh-level script, where the identities are common between the original scriptand its transformation.Stage 4 The �nal stage of transformation to a DM Model representable script is tocomply with a DM Model rule that every identi�er must have a de�nition by afunction. To achieve this, the generic function valuei 2 F can be used, wherefor all integer values i and for all sequences of integers S the value functionmaps to i. This can be expressed by the proposition18i 2 Z;8S 2 Z� � valuei(S) = i (4.3)
A transformed script can be represented by the DM Model. Table 4.3 showsthe transformed example script prepared for this representation. The function col-umn shows the name of the function used in the de�nition introduced in stage 1and 2. The reference column shows the reference number in the range [�; � � 1]associated with each de�nition, in stage 3 of the transformation. If all the sequencesof arguments to the functions that are part of the de�nitions have their elements1The bullet symbol \�" is used in this chapter to represent such that in propositional statement.108



substituted by their associated reference numbers, the sequences become as shownin the dependencies column.4.2.2 Representing De�nitive Scripts - The DM ModelEvery reference number in the range [�; ��1] can be mapped to a triple comprising:� its associated value in Z;� its de�ning function in F ;� a sequence of arguments to that function in A�.This mapping is illustrated for the running example in the columns of Ta-ble 4.3. All identi�ers are replaced by their reference number in all parts of the DMModel.A transformed script S can be represented by a DM ModelMS that is givenby a 4-tuple (A;F;D; V ) = MS . Each element of the tuple is de�ned as shownbelow:A - The range of reference numbers for the script S, where A = [�; � � 1] and thenumber of de�nitions in the DM Model is equal to � � �.F - A mapping F : A ! F . Every reference number for a de�nition in the trans-formed script is mapped to its associated function by mapping F .D - A mapping D : A! A�. Every reference number for a de�nition in the trans-formed script is mapped to its associated sequence of arguments by mappingD. The elements of the sequence are reference numbers, as shown in Table 4.3.V - A mapping V : A ! Z. Every reference number for a de�nition in the trans-formed script is mapped to the current (integer) value associated with thatde�nition by mapping V . 109



For the example in Table 4.3, the DM model (A;F;D; V ) would be repre-sented by the following sets:A = [�; � + 6]F = f� 7! times ; �+ 1 7! power ; �+ 2 7! value4; � + 3 7! double ;�+ 4 7! value2; �+ 5 7! add ; �+ 6 7! value3gD = f� 7! (�+ 5; �+ 3); � + 1 7! (�+ 4; �+ 6); � + 2 7! ();�+ 3 7! (�+ 4); � + 4 7! (); �+ 5 7! (�+ 1; � + 2);�+ 6 7! ()gV = f� 7! 48; � + 1 7! 8; �+ 2 7! 4; �+ 3 7! 4; � + 4 7! 2;�+ 5 7! 12; � + 6 7! 3g
An up-to-date model MS is one in which every value is consistent with itsde�nition. To formally de�ne the concept of up to date , it is �rst necessary to de�nethe function lookup. This maps a sequence of references to a sequence containingthe values associated with to these references by DM Model, as given by mapping V .The sequence of values has the same order as the sequence of associated references,where lookupV : A� ! Z�lookupV (a0; : : : ; am) = (V (a0); : : : ; V (am))The boolean condition up to date | that is true when a script is up-to-date| can now be de�ned. The value associated with V for every reference numbera 2 A in DM Model MS is given by the evaluation of the associated function110



F (a). The arguments to this function are the sequence of looked up values for thedependencies of a, with references that are in the sequence D(a). The condition canbe expressed as up to date(MS),8a 2 A � V (a) = F (a)(lookupV (D(a)))There is a problem determining the up-to-date status of a script if the se-quence D(a) contains a, where D(a) = (a0; : : : ; am) ^ a 2 fa0; : : : ; amg. In thissituation, the process of updating V (a) itself invokes an update of V (a). For this tobe consistent with the intended semantics of a de�nitive script, either the de�nitionof V (a) must be deemed invalid or the value of V (a) unde�ned. In the context ofthe DM Model, the former convention is adopted.Note that in the context of a parametric or variational modeller [SM95], ade�nition is interpreted as a simple form of equational constraint. This means thatthe equation V (a) = F (a)((V (a0); : : : ; V (a); : : : ; V (am))) (4.4)is acceptable provided that it can be solved for V (a).A de�nitive script that contains a reference that directly or indirectly dependson itself is said to have cyclic dependency. The next section examines the problemof identifying cyclic dependency in more detail.4.2.3 Ordering in and the Status of DM ModelsGiven a DM Model representing a script, it is possible to determine whether thescript contains any cyclic dependencies. When there is no cyclic dependency, thereferences in a DM Model can be partially ordered. This ordering can also be used111



to analyse the e�ect that structures in a model have on the e�ciency of updating ascript. For a DM Model MS , it is possible to formalise the concept of dependencyusing the relation \�D" on set A. If x�D y then the value of y is said to be directlydependent on the value of x. For two references x and y in A, the relation satis�esthe condition x�D y , D(y) = (a0; : : : ; am) ^ x 2 fa0; : : : ; amg (4.5)This relation �D is not necessarily transitive. (A transitive relation � overthe integers is one for which 8x; y; z 2 Z�(x � y)^(y � z)) (x � z).) This is shownby the following counterexample. The script a = 3; b = double(a); c = double(b) hasDM Model representation with set D = fa 7! (); b 7! (a); c 7! (b)g. The relationsfor this model include a�D b and b�D c. However, there is no relation a�D c andso there is a script for which \�D" is not transitive.The relation �D can be used to de�ne the set of all dependencies of a par-ticular reference a in a model, as well as the set of all dependents for a reference.The direct dependencies of a are the elements of the sequence D(a). The directdependents of a are the references that have a as a dependency.For any reference a 2 A, the set of all references upon which the value of a di-rectly depends | its direct dependencies | is given by the function d dependencies ,where2 d dependencies : A! P(A)d dependencies(a) = fx j x�D agThe set of all references that the value a depends on directly or indirectly is givenby the function dependencies , wheredependencies : A! P(A)2P(Z) represents the power-set (set of all subsets) of the integers Z.112



dependencies(a) = d dependencies(a) [0@ [x2d dependencies(a) dependencies(x)1AA very similar construction leads to the formal de�nition of dependents,references whose associated values should be updated if the value associated witha reference a is updated. The set given by function d dependents contains all thereferences that have a as a direct dependency, whered dependents : A! P(A)d dependents(a) = fx j a�D xgElements of this set are known as direct dependents of a. Members of this set mayin turn have additional dependents to the members of d dependents and are indirectdependents of a. All the direct and indirect dependents of a are de�ned as elementsof the set given by the function dependents , wheredependents : A! P(A)dependents(a) = d dependents(a) [0@ [x2d dependents(a) dependents(x)1AA DM Model contains a cyclic dependency if there is a reference in the modelthat is directly or indirectly dependent upon itself. There are two ways to expressthe boolean condition cyclic for a particular DM Model MS, viz.cylic(MS) , 9a 2 A � a 2 dependencies(a) (4.6)cylic(MS) , 9a 2 A � a 2 dependents(a) (4.7)A DM Model is in a stable state if all values associated with its referencesare consistent with their de�nition (up-to-date) and the model contains no cyclicdependencies. The boolean condition stable represents this conjunction, wherestable(MS), up to date(MS) ^ :cyclic(MS) (4.8)113



Block of rede�nitions DM Model representationReference Function Dependenciesa is b * q � times (�+ 1; �+ 7)e = 1 �+ 4 value1 ()q = c div d �+ 7 div (�+ 2; �+ 3)Table 4.4: A script of rede�nitions and their DM Model representation.In the context of �gure 4.1, it is the stable states of the DM Model that canbe interpreted at the higher levels of abstraction. The current status of a DM Modelis consistent with the current status of the scripts it represents, both the originalscript and DM Model representable script. If the DM Model representing a scriptis unstable (not stable), then the script contains at least one cyclic dependency orthe values have yet to be successfully updated. To be consistent with high-levelinterpretation, the state transition e�ected by an update algorithm should lead toa new stable state for a DM Model.4.2.4 DM Model State TransitionsThe protected update procedure de�ned in this section performs a single state tran-sition (or update) of the DM Model, from the current state MS = (A;F;D; V ) to anew stateMS0 = (A0; F 0;D0; V 0). State transitions of the model represent the rede�-nitions of values and de�nitions in a transformed de�nitive script. It is assumed herethat any rede�nitions that update the DM Model are chosen appropriately to suitthe underlying semantics of the transformed and high-level scripts (cf Figure 4.1).One possible block of rede�nitions for the script in Table 4.1 is shown inTable 4.4. Three rede�nitions are shown in the left hand column with a DM Modelrepresentation of these rede�nitions in the right-hand three columns. The process oftransforming a block of rede�nitions from a general de�nitive script to a DM Modelrepresentable block of rede�nitions is the same as the four stage transformation of ascript of de�nitions. If the same identi�er exists in the script of de�nitions and the114



block of rede�nitions, then it must be chosen to have the same reference number instage 3.In a high-level de�nitive script, the de�nition associated with an identi�er isaltered if it exists as a rede�nition in a state transition. In a similar way, a statetransition from a DM Model MS alters the mappings associated with a referencethat appears in the block of rede�nitions. A block of rede�nitions can associate newdependencies with existing references and introduce completely new references intoa DM Model. Block rede�nition can also make an existing reference depend on anewly introduced reference. For example, after the transition with the rede�nitionof a in the running example, a dependency on the new identity q with new referencenumber �+ 7 is introduced.For any state of a DM Model, an update can only occur when there is a setof rede�nitions K. Each element of this set is a mapping from a reference in a newrange of references A0 = [�0; �0�1] to its new de�nition. The range A0 is an extensionof the range A. In general, it is possible to extend this range to accommodate any�nite number of rede�nitions in a block of rede�nitions. This extension occurs whenreferences associated with new identi�ers for a script of de�nitions exist in a block ofrede�nitions. This is illustrated in the example by the introduction of the de�nition\q". It is possible to add to the number of de�nitions represented in a DM Modelthrough update transitions. It is not possible to remove represented de�nitions inthis way.A block of rede�nitions for a script S with DM Model MS and known newrange A0 known can be represented by a mapping K, whereK � ff j f : A0 ! F �A0�g (4.9)In the mapping K, each reference number in the block of rede�nitions is mapped toa pair comprising the function part of the rede�nition followed by the references for115



the sequence of arguments (dependencies) for this function. By way of illustration,the block of rede�nitions shown in Table 4.4 is represented by the following mappingK: K = f� 7! (times ; (�+ 1; � + 7));�+ 4 7! (value1; ())�+ 7 7! (div ; (�+ 2; � + 3))gKF and KD will be used to denote the projections of the map K onto thefunction and domain components of its range respectively.KF = fa 7! f j 9S 2 A0� � (a 7! (f; S)) 2 Kg (4.10)KD = fa 7! S j 9f 2 F � (a 7! (f; S)) 2 Kg (4.11)For the purposes of describing the update, it is assumed that the referencesin K are always well chosen to be in a range A0 = [�0; �0 � 1] � [�; � � 1] = A. Theset K of rede�nitions for a DM Model is suitable provided that it contains a newde�nitions for each additional new reference:suitable(K;A;A0),8a 2 (A0 n A);9f 2 F ;9S 2 A0� � (a 7! (f; S)) 2 KTo de�ne the functions that specify the update process, the \�" symbol isused in the same way as in the Z notation [Spi92]. For two relations (mappings)with the same domain and range Q and R, the relation Q�R relates everything inthe domain of R to the same objects as R does, and everything else in the domain ofQ to the same objects as Q does. The operator dom is introduced to map relationsto the sets of objects they reference. For any relation Q, \dom Q" is a set containingall the objects in the domain of Q. 116



The update of F to F 0, the reference number to associated de�ning functionmapping of the DM Model, is described by the function upf , whereupf : fg j g : Z ! Fg � fg j g : Z ! Fg! fg j g : Z ! Fgupf (F;KF ) = F �KFAny references common to F and K are removed from F and then these are com-bined with the new association of functions with references in K. This speci�cationof the update process demonstrates one of the strengths of a DM Model. The set ofall possible functions used in the model does not have to be predetermined prior toits initial state.Similarly, the function upd speci�es the state transition from D to D0, whereupd : fg j g : Z ! Z�g � fg j g : Z ! Z�g! fg j g : Z ! Z�gupd (D;KD) = D �KDThis function updates the dependencies associated with a reference to be consistentwith the rede�nitions in set K. Each of the new rede�nitions could potentiallyintroduce cyclic dependency into the new state of the model. As an example of thisproblem, consider the rede�nition represented by K = f� 7! (double ; (�))g, wherethe update of a DM Model would result in a reference having a direct dependenceon itself.The new set of values V 0 associated to references is calculated from theupdated functions and dependencies and is not directly related to the set of rede�-nitions K. After the update transition the DM Model should be up-to-date, whereevery value is consistent with its de�nition in the new state. Following the conven-tion introduced in Section 4.2.2, if the new state of D0 introduces cyclic dependency117



into the model then the update must be deemed invalid. In the absence of cyclicdependency, the up to date condition should hold for MS0 :8a 2 A0 � V 0(a) = F 0(a)(lookupV 0(D0(a))) (4.12)To achieve this, it is necessary to update the values all references associated withrede�nitions and their dependents. For a given block of rede�nitions K, the set ofreferences whose value is updated is U � U(K), whereU(K) = dom K [0@ [x2dom K dependents(x)1A (4.13)A protected update is one where for any given block of rede�nitions K, thenew state of the model following an update is still a stable state for a DM Model,even if this means that the block of rede�nitions is ignored. To achieve this, theprotected update mapping from a DM Model and a block of rede�nitions to a newstate of the DM Model either has a suitable set of rede�nitions that take it to astable state or the rede�nitions are rejected and the state transition does not a�ectthe DM Model. This protection is formalised by the mapping protected update ,where F 0 = upf (F;KF ), D0 = upd(D;KD) andprotected update(MS ;K) = 8>>>>><>>>>>: MS if cyclic((A0; F 0;D0; V ))or :suitable(K)(A0; F 0;D0; V 0) otherwise (4.14)The values of all the references in U should be updated once K is shownto be suitable and the potential introduction of cyclic dependency by the block ofrede�nitions has been ruled out. The most e�cient ordering in which to update thevalues associated with the references in U for the condition up to date(MS0) to betrue is discussed in Section 4.3.2. For a block of rede�nitions K, the update of aDM Model MS to its new state MS0 , which is consistent with the update of the118



Script Represented Reference Function Dependencies Value2 [�0; �0 � 1] = A0 2 F 2 A0� 2 Za = times(d; q) � times (�+ 1; �+ 7) 4b = power (e; y) �+ 1 power (�+ 4; �+ 6) 1c = value4() �+ 2 value4 () 4d = double(e) �+ 3 double (�+ 4) 2e = value1() �+ 4 value1 () 1x = add(b; c) �+ 5 add (�+ 1; �+ 2) 5y = value3() �+ 6 value3 () 3q = div(c; d) �+ 7 div (�+ 2; �+ 3) 2Table 4.5: Example of an updated DM Model.de�nitive script S that it represents to a new state S0, isMS0 = protected update(MS ;K) (4.15)An example of the state of the DM Model after an update is shown in Ta-ble 4.5. This example is based on the running example through this chapter (thetransformed script in Table 4.3 and the block of rede�nitions in Table 4.4). The def-inition of a has been altered, breaking its dependency to x (reference number �+5)and adding a dependency to the new de�nition q (reference number �+7). The def-inition of e has also changed so that its value is de�ned by a di�erent value function.A new de�nition has been added so that the range A0 is now [�0; �0� 1] = [�; �+7].Six out of the nine values are updated as a result of the state transition, and MS0is a stable model.4.2.5 Incremental Construction of DM ModelsThe DM Model is constructed by the transformation and representation of scriptsthat already exist. It is possible to construct a DM Model from scratch in the sameway that a de�nitive script can be incrementally constructed from scratch. In thiscase, the initial state for any DM Model is represented byM; = (;; ;; ;; ;), a 4-tuplecontaining four empty sets ;. Movement to the next state MS is achieved in the119



same way as any state transition for the DM Model, through the introduction ofa block of rede�nitions K that is a representation of the �rst script S for the newDM Model. This initialization is possible by application of an algorithm such as theblock rede�nition algorithm presented in Section 4.3.3.There are no preconceptions about the script, the structure of the script, orits DM Model representation prior to the incremental construction of a model. Theinitial reference range, functions, sequences of dependencies and values do not haveto be predetermined before the initial script of (re)de�nitions K is known. Theprocess of initialising a DM Model is the same as the process of updating it throughstate transition. Note that this is consistent with the operation of the existingTkeden interpreter.4.2.6 Interaction MachinesWegner introduces the concept of interaction machines in [Weg97] and claims thatthese are more powerful than rule-based algorithms. These are de�ned as Turingmachines extended by the addition of input and output actions that support dynamicinteraction with an external environment. The DM Model can be viewed as aninteraction machine, with input in the form of rede�nitions and output in the formof current values and script represented after update state transitions. A script canbe changed beyond recognition by a suitable block of rede�nitions. A rule-basedalgorithm running on a Turing machine cannot be modi�ed until its execution hasterminated.Wegner argues for the radical notion that interactive systems are more pow-erful problem-solving engines than algorithms and proposes a new paradigm forcomputing based around the unifying concept of interaction. He notes that inter-faces to open systems often constrain interactive behaviour and restrict constituentinterface components to goal-directed behaviour. This is because the construction120



of these interfaces is necessarily algorithmic using current programming paradigms.Wegner's vision is closely connected with the conation of computer programmingand computer use discussed in Chapter 1 1.1. This conation of roles has beenreasonably successfully demonstrated in the use of the EDEN interpreter (cf thecase-study in Section 2.3.2). The work in this thesis is principally concerned withyet another conation of roles whereby the user and the programmer can developthe computer as an instrument. This conation is beyond the scope of EDEN.4.3 Algorithms for DM Machine UpdateThe DMModel is de�ned by mappings over sets that represent a script of de�nitions.This section examines algorithms that both e�ect a state transition for a script andensure that the values in the DM Model are up-to-date following the state transition.The new block rede�nition algorithm for performing the protected update functionand transition from V to V 0 for any DM Model is presented.The concept of a dependency structure is for a DM Model introduced and agraphical representation of these structures is described. This structure is used toexplain informally the bene�ts of the block rede�nition algorithm in comparison toprevious strategies for the maintenance of dependencies. Dependency structure isalso used to illustrate one state transition using this algorithm.4.3.1 Dependency StructureThe relation \�D" on the set A for DM ModelMS de�nes a dependency structure.Dependency structures can be used to analyse patterns of dependency in representedscripts. It is possible to draw graphical representations of dependency structuresthat can be used as cognitive artefacts for the exploration of dependencies in a script.This can inform the choice of rede�nitions or the construction of new de�nitive121



scripts to represent similar observed dependencies in the real world.The script S represented in Figure 4.2 is used as a new running exampleto demonstrate the drawing of dependency structures and the application of theblock rede�nition algorithm. In this �gure, the combinatorial graph depicts thedependency structure over references in a DM Model MS of S. The relation �Dfor MS is represented on the diagram by edges between the vertices of the graph.An edge exists between vertices with associated reference numbers x and y in thegraph if x �D y. If this is the case, vertex y is the parent of child node x. In thisrepresentation, the graph is directed and acyclic with directional arrows replacedby orientation up the page. The table in the �gure depicts the example script Stogether with the dependency relations on the set A.4.3.2 Comparing Update StrategiesIn this section, the strategy for ordering the update of the values associated withreferences in the DM Model (the set V ) is considered. The arguments presentedare based on the premise that each update is expensive in comparison with thecalculation of the update ordering. It could be the case that every data item mappedto by V has been chosen in transformation to be a large integer that representsa complex piece of geometry in a high-level de�nitive script for geometry. Thecomputation of the functions in F may be computationally expensive for theserepresentations. For example, if an integer represents arbitrary point sets, thenan operator such as a blend of two such point sets and the rendering action thatproduces an image of the blend is likely to be a processor intensive task for acomputer system. In such a context, there is a string motivation to determine theoptimal number of updates required to e�ect a particular state transition.The DM Model representing a transformed script is in a stable state MS ifall values of words in de�nitive store are consistent with their de�nition. During the122
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state transition to state MS0 the values of all references contained in the domainof mapping K, considered as rede�nitions, must be updated. All values associatedwith references in the set U(K) corresponding to K must also be updated3, as thesevalues may have changed. One possible strategy to perform these calculations isto update the value of each reference repeatedly until it is observed that conditionup to date(MS0) holds. This is ine�cient as if there are n =k A0 k vertices in adependency structure then this method requires O(n2) updates to guarantee theDM Model reaches a stable state. For this update strategy, each value has to becalculated n times to guarantee consistency in the worst case.Knuth [Knu68] presents an algorithm in for topological sorting of the ele-ments of a partially ordered set. In the context of the DM Model MS , Knuth'salgorithm determines an e�cient ordering for updating the value of every referencein A0. This reduces the number of updates required to n, as, once the sort has takenplace, each value only has to be updates once. However, it is often the case that theblock of rede�nitions K is smaller than the reference range A0. In this case, it maynot be necessary to update all n values, as k U(K) k� n.In the use of the existing Tkeden interpreter, the size of the sets of rede�nitionis typically of the order of one or two. The interpreter itself can only handle onerede�nition at a time (k K k= 1) and is optimised for this. It often performs a largenumber of unnecessary calculations. Each Tkeden single rede�nition initiates a statetransition, even though several rede�nitions (a block) presented to the interpreter atthe same time may conceivably pertain to the same change of state in the observedmodel. A better strategy is to consider one state transition as de�ned by a blockof one or more simultaneous rede�nitions. In the context of Figure 4.1, a singlerede�nition in a high-level script may be transformed into a block of rede�nitions atthe low-level. This fact gives strong motivation for the block rede�nition algorithm.3Consider the propagation of change in a spreadsheet after changing the value in one cell.124



The useful measure r � rS can be associated with the dependency structureof a script S. The purpose of rS is to describe an upper bound on the number ofupdates associated with a single rede�nition in S. The measure r is formally de�nedas rS = maxa2A f(k dependents(a) k +1)g (4.16)As a reference in a script can have at most n � 1 dependents, the value of rS isbounded by and often signi�cantly less than n. For the script in Figure 4.2, rS = 6.In Tkeden, the absence of block rede�nition means that the rede�nitions inK are processed one-by-one. This process results in k K k state transitions. Thenumber of associated recalculations of values in U for K has an upper bound ofr k K k. For a dependency structure with a large value for r, it is possible for thisupper bound to exceed the n updates required to update all the values of A0.To determine an ordering for e�cient update where only small subsets ofthe model are rede�ned requires the modi�cation of an algorithm such as Knuth'stopological sort. The algorithm for e�cient update of the DM Model is called theblock rede�nition algorithm, where the word block signi�es that the algorithm con-siders several rede�nitions simultaneously. This algorithm �nds a sensible orderingof work to be done, in the context of both the current dependency structure forthe script represented all the rede�nitions in the block of rede�nitions. The upperbound for the number of updates is at worst n and the actual number of updates isoften lower, depending on the context of the current dependency structure and theblock of rede�nitions.By way of illustration, consider the example shown in Figure 4.2. A sensibleorder for updating the values of all references would follow the topological sort a, b,c, d, e, f , g, h and i. If the two rede�nitionsd = 23125



h = min(g; c; d)are rede�ned in one state transition, it is only necessary to update (set the valueof) d, update the new value of h and then recalculate i. The values of a, b, c, e, fand g all remain the same.4.3.3 The Block Rede�nition AlgorithmThe block rede�nition algorithm, developed by adapting the Knuth algorithm fortopological sorting, has three distinct phases. For DM Model MS = (A;F;D; V ):� the �rst phase updates D and F to D0 and F 0 respectively, so that they areconsistent with the rede�nitions inK. There is no check for cyclic dependencyin this phase.� the second phase calculates the optimal order in which the values of V need tobe updated so that the condition up to date(MS0) is true. During this phase,cyclic dependencies can be detected. If cyclicity is detected, the changes madein phase one are revoked and MS0 is set to be the same as MS , as for theprotected update function.� the third phase performs the updates (step 6 of phase 3) in the order deter-mined in the second phase.In the speci�cation of the algorithm, an additional mapping kc : A0 ! Z,complementary to those that de�ne the DM Model, is used to introduce numericalcounters for each reference. These counters are referred to as the Knuth countersas they resemble the counters used in Knuth's topological sort algorithm. In theexposition of the algorithm, it is assumed that, with an appropriate choice of datastructures to represent the DM Model mappings, the calculation of the function126



d dependents is trivial. A suitable data representation for this purpose is presentedin the description of the DAM Machine implementation in Chapter 5.The following de�nitions and notations are used in presenting the block re-de�nition algorithm:� a function seq to construct an enumeration of a sequence. The sequence seq(Q)is (q1; : : : ; qkQk) and every element of the sequence is a unique member of theset Q.� the standard list processing functions head , tail , append , length and containson sequences. These functions are: head maps to the �rst element of a se-quence, tail maps to a sequence with the head element removed, append addsa new element onto the end of a sequence, contains is a boolean function totest whether a sequence contains a particular element.head((t1; : : : ; tn)) = t1 (4.17)tail((t1; : : : ; tn)) = (t2; : : : ; tn) (4.18)append ((t1; : : : ; tn); x) = (t1; : : : ; tn; x) (4.19)length((t1; : : : ; tn)) = n (4.20)contains((t1; : : : ; tn); x) , 9k 2 [1; n] � x = tk (4.21)
The three phases of the block rede�nition algorithm are described step-by-step below. The state of the model prior to execution is MS = (A;F;D; V ) andthe block of rede�nitions is K. The new range A0 is known prior to algorithmexecution. The new state of the DM Model after the algorithm execution for onestate transition is MS0 = (A0; F 0;D0; V 0).Phase 1 1. kc := fa 7! b j a 2 A0; b = 0g.127



2. B := seq(dom K).3. for j = 1 to length(B)do F := F � fBj 7! KF (Bj)g.D := D � fBj 7! KD(Bj)g.done4. Continue to step 1 of phase 2.Phase 2 1. a := head (B).2. C := seq(d dependents(a)).3. for j = 1 to length(C)do kc := kc � fCj 7! max (kc(a) + 1; kc(Cj))gif :contains(B;Cj)then B := append (B;Cj)done4. B := tail(B).5. if kc(a) � (�0 � �0)then report a cyclic dependency, set MS0 =MS and halt.6. if length(B) > 0then return to step 1 of phase 2,else continue to step 1 of phase 3.Phase 3 1. B := seq(dom K).2. for j = 1 to length(B)do (�0 is used as a marker.)if kc(Bj) 6= 0 then Bj := �0.128



done3. a := head (B).4. If a := �0 then skip to step 8 of this phase.5. C := seq(d dependents(a)).6. V := V � fa 7! F (a)(lookupV (D(a)))g.7. for j = 1 to length(C)do if (kc(Cj) = (kc(a) + 1)) ^ (:contains(B;Cj))then B := append (B;Cj)done8. B := tail(B).9. if length(B) > 0then go to step 3 of phase 3,else go to the end.End F 0 = F , D0 = D, V 0 = V and MS0 = (A0; F 0;D0; V 0).The detection of cyclic dependency in phase 2 is simplistic4. At the end ofphase 2, the values of the Knuth counters for each reference indicate the order inwhich the values should be updated, starting at 0. References that have the sameKnuth counter after phase 2 can have their values safely updated in parallel.If there is a cyclic dependency in the model, then the value of a KnuthCounter associated with a reference will eventually be incremented to a value greaterthan the total numbers of vertices in the dependency structure. This way in whichthis process operates in illustrated in Figure 4.3, where the Knuth counters in the4i.e. it uses an indirect and relatively ine�cient method to identify a simple cyclic dependencysuch as a self-reference. 129
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Figure 4.3: The numbering of a structure containing cyclic dependency.loop of nodes increment repeatedly. In this case, the Knuth counter calculationin phase 2 of the block rede�nition will terminate the algorithm because of theassignment of the value � � � to a counter.4.3.4 Example of the Block Rede�nition AlgorithmFigures 4.4, 4.5, 4.6 and Table 4.6 trace a sample execution of the block rede�ni-tion algorithm for one state transition that updates script S shown in Figure 4.2.The model corresponding to this structure, MS = (A;F;D; V ), is represented inFigure 4.4a, where the identi�ers associated with the vertices in the dependencystructure are shown in the left-hand-side of each split box representation and thecurrent value of the Knuth counter associated with the identi�er is shown on theright-hand-side. In this example, the sets that make up the DM Model 4-tuple
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representing the script are as follows5:A = [a; i]F = fa 7! value3; b 7! value10; c 7! value7; d 7! value9;e 7! add ; f 7! add ; g 7! times ; h 7! max 3; i 7! powergD = fa 7! (); b 7! (); c 7! (); d 7! (); e 7! (a; b);f 7! (b; c); g 7! (e; f); h 7! (g; f; d); i 7! (h; a)gV = fa 7! 3; b 7! 10; c 7! 7; d 7! 9; e 7! 13; f 7! 17;g 7! 221; h 7! 221; i 7! 10793861gThe block of rede�nitions to be introduced isK = fa 7! (value2; ()); d 7! (double; (c)); g 7! (add ; (e; f))g (4.22)The execution of the algorithm will perform the transition of the DM Model fromstate MS to MS0 .Figure 4.4 is used to explain phase 1 of the block rede�nition algorithm andis split into three separate sections labeled a, b and c.a - a graphical representation of the dependency structure of MS , with all Knuthcounters initialised to zero.b - At step 2 of phase 1, B = seq(dom K) is the sequence (a; d; g). Vertices in thestructure that are in the initial sequence B are highlighted with boxes thathave thicker borders.c - By the end of phase 1, D and F are updated. The rede�nition of d in K haschanged the topology of the dependency structure so that now c �D d. Thevalues in V are no longer consistent with their de�nition (:up to date(MS)).5Function de�nitions are as follows: add(x; y) = x + y, times(x; y) = xy, max 3(x; y; z) =max(max (x; y); z), power(x; y) = xy and double(x) = 2x. For clarity of the exposition, identi�ersare used in place of their associated reference numbers.131
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of the dependents of a, which in the example are i and e. Each of these havea Knuth Counter of 0 that is incremented in this �rst iteration of the phaseto kc(a) + 1 = 1. As B does not yet contain i or e, these are appended to theend of the sequence. The head element is removed from sequence B before thenext iteration.n = 1 - Similar procedure to n = 0, except that head (B) = d and C = (h). Theonly direct dependent of d is node h that has its Knuth counter set to 1. Asthe sequence B does not contain h, it is appended to the end of B.n = 2 - head (B) = g. The only dependent of g is h that already has kc(h) = 1.The new value of the Knuth counter for h is set to be max (kc(h); kc(g)+1) =max (1; 1) = 1. Node h is already in sequence B and so is not appended to theend of this sequence during this iteration.n = 3 - head (B) = i. There are no dependents for i so sequence C = (), the emptysequence. Step 3 is not executed on this iteration and as a result and thealgorithm proceeds to setting B to the sequence that is the tail of B removingthe head element i from B.n = 4 - head (B) = e. The value of the Knuth Counter for e is kc(e) = 1 andfor its dependent g is kc(g) = 0. The new counter value for g is set to bemax (kc(e) + 1; kc(g)) = max (2; 1) = 2. Element g is appended to sequence Band the head element e is removed.The next �ve iterations of phase 2 of the algorithm are shown in Figure 4.6for values n = 5 up to n = 9.n = 5 - head(B) = h. This is the second time that h has been the node that is atthe head of B in an iteration of the phase. The only node that is dependent134
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Iteration Sequence B Sequence C Updatesinitial (a; d; g) # end of step 2n = 0 (a; d; �0) (i; e) V (a) := value2()n = 1 (d; �0; e) (h) V (d) := double(V (c))n = 2 (�0; e) |n = 3 (e) (g) V (e) := add (V (a); V (b))n = 4 (g) (h) V (g) := add(V (e); V (f))n = 5 (h) (i) V (h) := max 3(V (g); V (f); V (d))n = 6 (i) () V (i) := power (V (h); V (a))Table 4.6: Phase 3 of the block rede�nition algorithm.on h is i and as kc(h) = 1 so the new counter for i is set to kc(h) + 1 = 2. Balready contains element i.n = 6 - head (B) = g. The Knuth counter for its direct dependent h is set tokc(g) + 1 = 3 and h is appended to sequence B.n = 7 - head(B) = i and as there are no dependents for i, step 3 is not executedand i is removed from B.n = 8 - head (B) = h for the third time in the phase. The counter for i is updatedto be kc(h) + 1 = 4.n = 9 - head (B) = i. As for n = 7 node i has no dependents so step 3 is notexecuted and i is removed from the head of B. The length of B is zero so thealgorithm proceeds to phase 3.At the end of phase 2, the topological sorting for the ordering of updatesin complete. All nodes with a Knuth counter of zero and a thick border should beupdated �rst, followed by any vertex with a Knuth counter of 1, then 2, and so on.This update is carried out in step 6 of phase 3.Intermediate states during phase 3 are represented in Table 4.6. Each row inthe table corresponds to an iteration. The values of sequences B and C in each roware snapshots of their values after step 3 of phase 3 in each iteration. The Updates136



column shows the order of updates of values in V that need to be performed sothatMS0 reaches a stable state, in which each value is consistent with its associatedde�nition.In place of a step-by-step description of the phase, it is su�cient to highlightits signi�cant features. Although the reference g is associated with a rede�nition inthe block K, it is not appropriate to update its value before the update of a ande are completed. Nodes such as g have non-zero Knuth counters are replaced by amarker (�0) in step 2 of the phase.The execution of phase 3 then iterates between steps 3 and 9. SequenceC contains all the direct dependents for the current focus of the iteration, vertexhead (B). For any iteration n with focus node a = head (B), each element x fromsequence C that has a Knuth counter of kc(a)+1 is appended to the end of sequenceB. This is the case only if x, which is dependent on a through being a member ofsequence C, can be directly updated after the update of a. There should be nodependents of other vertices to take into consideration prior to this update. At theend of each iteration, the head of sequence B is removed.The termination condition for the phase and the algorithm is that the se-quence B is empty. This occurs when the �nal node to be updated in the phase hasan empty sequence C.4.4 Issues of Complexity with DM ModelsGiven the abstract DM Model for dependency maintenance and the algorithm forits update, it is possible to de�ne a measure of complexity by counting the numberof updates of values6 required for a particular dependency structure. Section 4.4.1describes some simple characteristics of the measure rS with reference to illustra-6Updates count recalculations and the setting of values that have no associated dependencies.137



tive examples. Two more elaborate case-studies are presented in which well-knownsequential algorithms are represented in a dependency structure. The �rst of thesemaintains the maximum and minimum of a set of values (Section 4.4.2); the sec-ond maintains a sorted sequence of numbers (Section 4.4.3). In these studies, thenumber of updates required to bring a DM Model up-to-date are tabulated.4.4.1 A Complexity Measure for Dependency StructureTo be able to analyse the e�ciency of the execution of scripts from their DM Modelrepresentation, there needs to be a method for counting the optimal number of up-dates that need to be performed for one state transition. This is analogous to count-ing the number of a particular type of operations (multiplication, compare/exchangeetc.) are carried out in a conventional algorithm. This section focuses on how de-pendency structures inuence the maximum number of updates required to carryout a single rede�nition in a DM Model state.Given a DM ModelMS with n = ��� vertices in its associated dependencystructure, the measure rS (introduced in Section 4.3.2) is an upper bound on thenumber of updates needed to update V via a single rede�nition7.Four scripts Q, R, S and T , each with associated dependency structures withfour vertices (n = 4), are shown in Figure 4.7. This �gure illustrates the varietyof dependency structures that can exist for a small value of n. For instance, thedependency structure may not be a tree nor be connected.For each of the dependency structures in the �gure, a solid dot representsa vertex in the structure that, if rede�ned, would require the maximum possiblenumber of updates of values in one state transition. Note how the value of r for astructure depends on both the height and width of the structure.Figure 4.8 sheds further light on the characteristics of the measure rS . The7A block of rede�nitions K with size k K k= 1.138
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Number of Minimum Maximum Minimum Maximumrede�nitions updates updates comp./exch. comp./exch.1 7 7 3 32 8 12 3 53 13 15 5 64 14 18 5 75 17 19 6 76 18 20 6 77 21 21 7 78 22 22 7 7Table 4.7: Bounds for number of updates and compare/exchange operations forrede�nitions - �nding minimum and maximum value of a set.rede�nition of rS = 7 in a structure with n = 22 vertices. In general, for a set ofvalues fu0; : : : ; umg with script Sm for �nding the minimum and maximum values(m is a power of 2), the maximum number of updates for one rede�nition is rSm ,where rSm = 2 log2m+ 1 (4.23)The number of vertices nSm in the dependency structure for Sm in this general caseis nSm = 3m� 2 (4.24)A conventional algorithm for �nding minimum and maximum values requiresa minimum of m � 1 compare/exchange operations. To update the values of adependency structure when all m values are modi�ed takes 2m� 2 updates. Theseupdates can be paired into n � 1 min and max operations that are similar to theconventional compare/exchange operations. If the minimum and maximum valuesare initially up-to-date, then if only one value is altered through rede�nition of anelement of the set fu0; : : : ; um�1g, the block rede�nition algorithm would updaterSm values. This is the equivalent of log2m compare/exchange operations.Table 4.7 shows the bounds for the number of updates for �nding minimumand maximum. Each row corresponds to the size of the block of rede�nitions for141



elements in the set fu0; : : : ; u7g. This table is constructed for the dependency struc-ture depicted in Figure 4.9. The bounds for the minimum and maximum number ofcompare/exchange operations that the updates correspond to are also shown. Thetable shows that, when the block of rede�nitions is smaller than the entire set, theblock rede�nition algorithm requires fewer updates than are required by the con-ventional algorithm for �nding the minimum and maximum values for the wholeset.4.4.3 Case-study: Structure for SortingA similar analysis to �nding the minimum and maximum of a set of values can beapplied to sorting. A sorted sequence of values can be observed to be dependent onan unsorted set of values. Figure 4.10 shows a dependency structure that representsa script of de�nitions S for the Batcher bitonic merge sort [GS93] for a sequence ofeight values (u0; : : : ; u7). The sequence of sorted values is (s0; : : : ; s7), where s0 isthe minimum and s7 is the maximum value from the original sequence. If there isone rede�nition of a value in the sequence then the upper bound for the number ofupdates required is rS = 35.In general, the number of compare/exchange operations required to sort asequence of length m (a power of 2) using a Batcher bitonic sorting network ism log2m. The total number of updates required to sort a sequence in a dependencystructure is 2m log2m + m. This is the same as the number of vertices in thedependency structure.Table 4.8 shows the maximum and minimum bounds for the number of up-dates and compare/exchange operations for the sorting structure illustrated in Fig-ure 4.10, using the block rede�nition algorithm. The updates are tabulated by rowwith reference to the size of the block of rede�nitions k K k.For small values of k K k, fewer updates and compare/exchange operations142
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Figure 4.10: Dependency structure for sorting.
Number of Minimum Maximum Minimum Maximumrede�nitions updates updates comp./exch. comp./exch.1 35 35 15 152 36 46 15 223 39 49 16 234 40 52 16 245 51 53 23 246 52 54 23 247 55 55 24 248 56 56 24 24Table 4.8: Bounds for number of updates and compare/exchange operations forrede�nitions - sorting a sequence of values.
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are required to sort the sequence of values. In the internal state of the DM Model,the intermediate values between the unsorted and sorted sequence are stored. Pro-vided that the compare/exchange operations are computationally expensive relativeto the ordering activity performed by the block rede�nition algorithm, the de�ni-tive programming approach will be more e�cient than a conventional proceduralsort. Modulo the ordering activity, the block rede�nition algorithm for dependencystructure is always as least as e�cient as the complete procedural sort.The two case-studies demonstrate how dependency structure can be used asa form of algorithm. In the same way that the order of procedural execution of analgorithm can be optimised, the choice of dependency structure can a�ect the e�-ciency of state transition. The Batcher bitonic merge sort is chosen for the exampleas it is close to optimal for sorting. If bubble sort is used for the construction of asorting dependency structure, then the number of updates required to complete thesort increases. Initial investigations into the representation of algorithms by depen-dency structure suggest that algorithms that are well-adapted for parallelisation arebest suited for conversion to scripts of de�nitions. There are also clear connectionsbetween maintenance of dependency structures and dynamic algorithms.

144



Chapter 5
The DAM Machine
5.1 IntroductionThe DM Model presented in Chapter 4 is a model for dependency maintenance forrepresenting dependencies between one data type Z. This chapter considers thequestion of whether it is possible to implement the DM Model, with its potentiallyin�nite length value representation, on a computer system using multiple �nitelength integers. Motivated by the fact that computer systems use memory store thatis made up words containing binary bits, with state either on or o�, to represent alldata of all types at the lowest level of representation, it seems appropriate that an-bit word can be considered analogous to the data type Z in an implementationof the DM Model. This chapter presents the design for a dependency maintenancetool written in assembly code that maintains indivisible relationships between wordsin an area of computer RAM store. The tool is the called the De�nitive AssemblyMaintainer Machine (DAM Machine) and the area of words in store maintainedconsistent with its de�nition is called the de�nitive store.The �rst section of this chapter (Section 5.2) explains the way in which theDM Model is implemented by the DAM Machine. The relationship between the145



mathematical model and the implementation is explained by relating the layout ofstore in the DAM implementation to the mappings and sets of the DM Model. Theimplementation uses the block rede�nition algorithm1 to keep the values in storeconsistent with their de�nitions. The DAM Machine is accessed through program-ming language function calls allowing a programmer to use an area of de�nitive storein their applications. The process for creating and accessing the store is explained.The implementation design requires the programmer of a de�nition basedmodel to decide how to represent observables as words in de�nitive store memory.It is necessary to consider the location in memory of a word and how the pattern ofbits is signi�cant to a higher-level data type, in the manner required for standardlow-level assembly coding. The dependency maintenance in a script model is takenas close to the processor as possible in DAM Machine implementation, creating ane�cient dependency maintaining virtual machine, without the need of an additionalruntime interpreter or translator. Issues of data representation in the DAM Ma-chine are discussed in Section 5.3 along with the stages of conversion of an existingde�nitive script notation into a tool that uses the DAM Machine to maintain itsdependency.A translator of the DoNaLD notation [ABH86], the notation for line drawingintegrated into the Tkeden package, that uses DAM as its dependency maintainerinstead of EDEN is presented in Section 5.4. This was developed by Allderidgeas part of his third year undergraduate project work. This implementation usesthe same parser as the DoNaLD notation and generates an intermediate script ofde�nitions in a format that is suitable for execution on the DAM Machine. Thetranslation process is explained with reference to the stages of the construction ofthe DM Model. E�ciency claims for the DAM Machine concept are supported by acomparison of timings between the Tkeden tool and a DAM Machine representation1See Section 4.3.3 of Chapter 4. 146
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Figure 5.1: Script describing a model and its visual metaphor.of the same DoNaLD model.The Vehicle Cruise Control Simulator [BBY92], developed to run in Tkeden,demonstrates how at any point of interaction with the interpreter of an empiricalmodel, it is possible to either re�ne the script of de�nitions of the model or themetaphor for its visualisation. For example, it is possible to rede�ne the currentspeed and observe the change to the speedometer or to rede�ne the geometry of thespeedometer at any point through the interaction. Figure 5.1 shows how this ideacould be extended to a low-level maintainer such as DAM. The current output of avisual display of a computer system is held in the memory of the computer itself.The location of a set of pixels forming a cross pattern on the screen can representthe observed mass / extension relationship of a spring in an observed model thatis represented as a script of de�nitions. By placing the pixels of the display inan area of memory where words are maintained consistent to their de�nition, thede�nitive store, it is possible to build a direct link between the model as observedand visualised. An illustration of this process for geometry is presented in the lastsection of the chapter (Section 5.5).
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5.1.1 Scics MachineAn experimental precedent for the DAM machine is the em Scics Machine, proto-typed by Simon Yung [Yun96]. Scics combines the UNIX-based spreadsheet \sc"with a computational machine simulator. This simulator was developed at the Uni-versity of Warwick with the aim of assisting with the task of teaching of computerscience. Machine code and the machines memory resides in cells of the spreadsheet.Dependency maintenance is carried out by the spreadsheet and this takes precedenceover machine execution.Yung used the Scics Machine to implement heapsort [AHU82] in such a waythat, for example, spreadsheet dependencies serve to update the heap conditionswhen values on the heap are exchanged2.5.2 From the DM Model to DAM ImplementationA DM Model represents a script of de�nitions transformed from a high-level asa low-level script with one data type, the integers Z. The DAM Machine is animplementation based on the DM Model where there is also only one data type,a word of computer Random Access Memory (RAM) store. A state i of a DMmodelMS = (A;F;D; V ) can be related to the state of the DAM Machine memory.Di�erent computer architectures use di�erent lengths of words, each containing n-bits. On an n-bit architecture there are 2n possible values for each word. Thecomputer system on which the DAM Machine is implemented is the Acorn Risc PCthat uses an ARM RISC processor [Fur96] and is a 32-bit architecture. For thisarchitecture, each word has a total of 232 possible values.The set of references A of the DM model is replaced by a range of addressesin store for the DAM Machine. These locations in memory are known as de�nitive2Beynon recently developed a Tkeden interactive model for the heapsort algorithm and this isdescribed in [Bey98b]. 148
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Figure 5.2: Design of the memory layout for the DAM Machine.store, a continuous section of memory with a range bounded by low address � andhigh address � � 1. Unlike the DM Model, the implementation design requires thatthis set is the same size throughout the life of a script and that all new de�nitions areactually rede�nitions of existing de�nitions. The initial state of the DAM Machineis that all references are associated with the DAM equivalent of the value0 function,have no dependents and an initial value of 0. Figure 5.2 shows the design of thememory layout for the DAM Machine, with a de�nitive store starting at address �and ending at address ��1 in the block of words in the top left hand corner labelledValue. An example script shown at the bottom left hand corner of Figure 5.2. Abovethis script is a small table showing how the identi�ers in the script are mapped toaddresses in the DAM Machine. The rest of the �gure is a graphical representation149



of the memory layout for the implementation of the DAM Machine based on theexample script.In a DAM Machine with a de�nitive store of size s = � ��, additional storeis required to represent the dependency between addresses. Four other areas ofstore exist that are the same size as the de�nitive store. Each area is used to holdinformation used to maintain dependencies between the words in de�nitive store.For each word, these are used to represent:� pointers to the code for the operator used to maintain an indivisible rela-tionship between the value of the word and the value of other words in thede�nitive store (function in the �gure);� pointers to a list with elements that are locations in store on which the worddepends (dependencies in the �gure);� pointers to a list with elements that are locations in store that depend on thevalue of this word (dependents in the �gure);� a Knuth counter for use in the block rede�nition algorithm. See Section 4.3.3for details of the Knuth counter value in the block rede�nition algorithm.For a store of size s, there must be at least �ve times this number (5s) of wordsof memory to represent the dependencies in the store. An area of heap memoryis required to store the lists of pointers (the dependencies store and dependentsstore in Figure5.2) and an area of store for the assembly code used to maintaindependencies (the function store in the �gure).The block of store for the Knuth Counters in the DAM Machine model areo�set from the addresses of de�nitive store by ' (' � s), starting at low address�+ ' and ending at high address �+ '+ s� 1. The current Knuth Counter for avalue stored at address �+ j is de�nitive store is itself stored at address �+ '+ j.150



The other three blocks of memory are organised in a similar way, with the functionblock o�set by �, the dependencies block o�set by � and the dependents block o�setby �3. The block for function pointers corresponds to the mapping F in the DMModel, which maps any reference to the operator that is used to calculate the valueconnected with the reference. All mappings in the DM Model are members of theset F = ff j f : Z� ! Zg, comprising functions from a sequence of values of datatype Z to a value of type Z. The DAM Machine equivalent is a block of code thatcalculates the return value of one word from a sequence of words. These mappingscan be mathematically represented as members of the set ff j f : [0; 232 � 1]� ![0; 232 � 1]g. More details of DAM operators can be found in Section 5.2.1.The dependencies for each word in de�nitive store, references to the valuesthat the word depends on that are also the arguments to the associated de�ningoperator, are stored in a block o�set by � from �. For a value in de�nitive store ataddress �+ j, a pointer to a singly linked list for the dependencies for that value isstored at address �+�+j4. This list, stored in the operating systems heap, containsaddresses for the values in de�nitive store that are dependencies in the same waythat the mapping D associates a reference with a sequence of references that aredependencies in the DM Model. If the pointer in the operator block is equal to 0for a particular associated value in de�nitive store, the value has no dependenciesand it is assumed that its operator is equivalent to the DM Model valueX operator.In this case, X is stored in the associated dependencies block instead of a pointerto a list.The dependents block of store at an o�set of � from � has no analogous3The relationships between ', �, �, � and s are as follows: � � ' + s, � � �+ s, � � �+ s.4In Figure 5.2, the dependencies store and dependents store are represented as blocks of memory.In implementation, these are singly linked lists, the order of which determines the order of thesequence of arguments to the operator. 151



component in the DM Model. For a word in de�nitive store at address � + j, apointer to a singly linked list of the addresses for dependents of that word, thosethat have the word as a direct dependency, is stored at address �+ �+ j. This listis maintained to assist the e�ciency of the algorithms that update the store withrede�nitions by representing a doubly linked dependency structure. If the value atan address in the block is 0, the associated word in de�nitive store is a root node atthe top of a dependency structure for the de�nitions represented.5.2.1 DAM Machine Operators for De�nitionsA de�nition in a script prepared for the DM Model is of the formidenti�er = operator(arguments).In the DAM Machine, an operator is analogous to a block of assembly code that ispassed address references to words that represent the arguments sequence of a de�-nition, in the current states of processor registers. The code should calculate a valuebased on looking up the values stored at these addresses and place this calculatedvalue back into a register R0. For any de�nition, the DAM Machine ensures thatbefore control is passed to the block of code for an operator, the correct referencesare stored in the registers to represent the arguments and that the value remainingin the register is stored into the address in de�nitive store for the identi�er.For example, consider the de�nition \a = add(b, c)" shown in Figure 5.2.The operator add should be a block of assembly code instructions that lookups thevalues stored at the addresses for b and c (that are � + 1 and � + 2 respectively),load these into registers, add the values in the two registers together and move theresult into register zero. The block of code is passed a pointer of where to returncontrol after execution and should end with an appropriate branch instruction to
152



do this. The ARM code for an add operator is shown below5..add LDR R2,[R0] ; Load R2 with defn. store value at R0 (b)LDR R3,[R1] ; Load R3 with defn. store value at R1 (c)ADD R0,R2,R3 ; Set R0 equal to R2 + R3 (b + c)MOV PC, R14 ; Return control to the DAM MachineA programmer who is implementing a DAM Machine dependency drivenpart of an application must write the assembly code for these operators. The codeshould be consistent with their chosen data representation over the 32-bit wordssupported by the DAM Machine. More details on the data representation strategyare presented in Section 5.3.5.2.2 Rede�nitions and the Update MechanismA programmer who wishes to use a DAM Machine in an application is required toallocate su�cient memory to store the number of de�nitions they wish to representin de�nitive store by choosing appropriate values for �, �, ', �, � and �. Theinitial state of the DAM Machine de�nitive store is that every value is set to 0,every associated Knuth counter is set to 0, every function pointer and dependenciespointer is 0 to represent the special value0 operator and every dependent is 0. Theymust also place into memory the assembly code for the operators, as described inSection 5.2.1. To rede�ne a value in store at an address that lies between � and ��1,the programmer must load into the processor's addresses the parameters shown inthe list below and then branch to the \addtoq" subroutine of the DAM Machine.R0 The address of the value in de�nitive store to be rede�ned.R1 A pointer to the start of the block of operator code used to calculate the valueimplicitly de�ned by the de�nition for the associated identi�er in RO. If 0 is in5In the current implementation, the references to addresses that are dependencies are passed tothe operator subroutine in registers R0 up to R10 and the return pointer for the subroutine in R14.This enforces an implementation speci�c limit on the length of the argument list to a maximum of11. 153



this register then the special valueX operator is assumed, in other words thevalue at the address in R0 is explicitly de�ned to be X in register R2.R2 If R1 is loaded with a 0 then R2 is the value of X for the special valueXoperator. Otherwise, register R2 should be loaded with a pointer to the valuein de�nitive store that is the �rst argument in the de�nition argument sequencefor the rede�nition.R3 to R12 The pointers stored in these registers represent the elements with indices 2 upto 11 of the argument sequence for the rede�nition. These pointers should beaddresses in de�nitive store that are dependencies for the value stored at theaddress in R0. The �rst value of 0 in order through the registers signi�es theend of the argument sequence and the order of pointers in increasing registerindex is the same as the order of the sequence for the rede�nition.This causes the DAM Machine to place the rede�nition of the queue of re-de�nitions awaiting that next branch to the DAM Machine \update" subroutine.This queue is equivalent to the set K in the DM Model. Figure 5.3 shows tworede�nitions for the script used in the example in Figure 5.2, \d = add(a, c)" and\c = 3". Directly below these rede�nitions in the �gure are the registers that shouldbe set before the call to the \addtoq" subroutine of the DAM Machine. The e�ectif this subroutine is to store these register values in an area of memory internal tothe DAM Machine.When the \update" subroutine is called for a DAM Machine in state i equiv-alent to a DM ModelMS = (A;F;D; V ), this queue of de�nitions is considered theset K of rede�nitions. The block rede�nition algorithm is used to update the stateof the DAM Machine to state i+ 1. If any the rede�nitions on the queue introducecyclic dependency into the model, an error is reported and the previous state i ofthe DAM Machine and de�nitive store is restored. Along the bottom section of Fig-154
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5.3 Data RepresentationAs already demonstrated in this chapter, one word in computer store can representeither a data value, a pointer to an address in store or a processor instruction. Forone data value alone there may be many di�erent interpretations of the pattern ofbits, for example: a positive integer, a positive or negative integer with the high bitequivalent to a minus sign, a 32-bit oating point number representation, two posi-tive 16-bit integers, four characters in a string, thirty-two separate Boolean values.The representation of data types in one word is discussed in Section 5.3.1. It may bethat 32-bits does not provide a programmer with su�cient level of detail for valuesthat their application requires. For example, values that represent pictures, stringsof characters, 64-bit double arithmetic and so on. Multi-word data representationsare discussed in Section 5.3.2.5.3.1 One Word Data RepresentationsThe DAM Machine does not know through its internal data structures the datatypes of the values in de�nitive store. It provides no internal representation forthe types of stored data like a lookup table and performs no type checking onwhether a sequence of arguments is of appropriate type to pass to an operatorsubroutine. A programmer has to ensure that all rede�nitions are appropriate totheir application and type check arguments for their operators prior to calling the\addtoq" subroutine of the DAM Machine. This can be considered as a weaknessof the DAM Machine as it does not support these features common to a high-levellanguage. However, the intention is that using the DAM Machine is at the same low-level as a programmer developing assembly language code is used to dealing with.The DAM Machine provides an architecture for dependency maintenance that thedeveloper of a high-level language notation can exploit as the object of a compiler156
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31 23..30 0..22Figure 5.4: IEEE single format representation for a oating point number.tool. As long as a programmer implements their operators appropriately and con-sistently, it is possible maintain dependencies between their chosen data represen-tations if 32-bit words are satisfactory for their application. Figure 5.4 shows atechnique for the representation of oating point numbers in 32-bit words. Therepresentation is consistent with the IEEE standard for the representation of singlelength oating point values [IEE85]. The word of 32-bits is split into 3 bit �elds: thebit fraction f between 0 : : : 22 with 0 the least signi�cant, the biased exponent e be-tween 23 : : : 30 and the high sign bit s. For the range 0 < e < 255, the oating pointvalue represented by the bit pattern is �1:0s�2e�127�(1+ f223 ). The number repre-sented in the example in the �gure is �1:01�2�54�(1+ 55924058388608 ) ' �9:25185�10�17 .For an application where every word in a de�nitive store is represented bya single length oating point value and all the operators map between sequencesof oating point numbers and a oating point number, this data representation isperfectly adequate. If an application has more than one data representation, such as32-bit integers combined with oating point, then a programmer needs to keep theirown lookup table to determine whether the value at a particular address in storeis oating point or integer. They will need subroutines for arithmetic operationson oats and di�erent subroutines for the same operations on integers, for example\add oat" for oating point and \add int" for integers.
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Figure 5.5: Operators for double length oating point operations.5.3.2 Multi-word Data RepresentationsWhat happens when one 32-bit word is not su�cient to store accurately an item ofdata in an application? Multiple words in de�nitive store can be joined together tocreate longer ones in multiples of 32-bits at the discretion of a programmer. Theoperators represented by blocks of assembly code in the DAM Machine map to avalue through the registers of the processor6. The registers have a limited length of32-bits so it is not possible for one operator to maintain dependencies for more thanone machine word in de�nitive store. For a two word (64-bit) data representation,the programmer has the option to implement two specialised operators, one thatmaps to the highest bits (32 : : : 63) and one that maps to the lowest bits (0 : : : 31).Consider the example shown in Figure 5.5 that represents the addition of twodouble numbers and maps to another double. Three pairs of nodes in a dependencystructure are shown, each pair representing a double length oating point value. Thedouble represented by the pair (e; f) is de�ned to be the addition of the doublesrepresented by pairs (a; b) and (c; d). To do this, two operators rather than one arerequired, one for bits 32 : : : 63 of the result called \double addL" and one for bits0 : : : 31 called \double addR". A script of de�nitions for this dependency structureis shown below.6See Section 5.2.1. 158



e = double addL(a, b, c, d)f = double addR(a, b, c, d)The management of the location of words in de�nitive store is the task of theprogrammer of an application. It may be necessary to keep track of both the typesof each word and also which words combine to form the value of a de�nition. Forcompound data structures such as arrays it becomes necessary to allocate a block instore in which to represent the array data. As operator code is passed a reference toa location in memory, a lookup operator can be de�ned to map from a base addressof an array in de�nitive store p and an o�set q for the qth element of the array, tothe value stored at the combined address p+ q. The code for an operator to do thisis shown below7:.lookup LDR R3,[R1] ; Load array offset value into R3 (q)MUL R3,R3,#4 ; Calculate word address offset (4q)LDR R2,[R0] ; Load array base value into R2 (p)LDR R0,[R2,R3] ; Load R0 with value stored at p + qMOV PC,R14 ; Return control to the DAM MachineIn this code, the value stored in de�nitive store at address p is a pointer tothe beginning of an array that is also in de�nitive store. The dependency structurecan maintain dependencies between pointers as a data types as well as between datavalues. If arrays that change their size are required in an application, the program-mer should implement code that is capable of shifting blocks of de�nitions around,either through reading the de�nitive store and all its associated data and repeatedlybranching to the \addtoq" subroutine, or by moving the de�nitions around them-selves ensuring they remain consistent to the internal representations of the DAMMachine.The representation of data in DAM Machine words requires a programmerto think carefully about the pattern of bits they are to use inside the words to7Note that the addressing of words in RAM is 8-bit \byte by byte". The boundaries of wordsoccur every four bytes, hence the multiply by four line in the code.159



hold a data value of a certain type. It does not provide a user friendly interfaceor parser for a language as the Tkeden tool does. Instead, it provides a VirtualMachine similar to the Java Virtual Machine [MD97] that can be the target of acompiler's output. With appropriate management of de�nitive store, the translationprocess from a high-level language to DAM Machine representation can be used toimplement dynamically extendable, open-ended tools for modelling based on scriptsof de�nitions. Unlike the Java Virtual Machine and Tkeden, the DAM Machineuses only assembled code and replaces the procedural interpretation of bytecodes8by the maintenance of a block of store consistent with its de�nition. The move awayfrom interpreted code during the maintenance of dependency leads to more e�cientexecution of de�nitive script models.5.4 The DoNaLD to DAM TranslatorThe DoNaLD to DAM translator, including a parser for the DoNaLD notationthat uses the DAM Machine as its back end dependency maintenance mechanism,was developed by Allderidge as his �nal year undergraduate degree project [All97],with further detail available in [ABCY98]. The tool developed takes the parserfor DoNaLD notations as integrated into the Tkeden interpreter and replaces themechanism for the maintenance of dependency inside the interpreter with the DAMMachine rather than de�nitions translated into EDEN. The e�ciency saving of usingthe dedicated DAM Machine can achieve up to 20 times better performance in theanimation of DoNaLD scripts through rede�nition than Tkeden running on a similarspeed processor.The process of de�nition translation from the high-level DoNaLD notation toDAM through an intermediate notation is described in Section 5.4.1. This process8This is done by a huge case statement on the Java Virtual Machine and Tkeden.160



is similar to the stages of the construction of the DM Model from the observationsof scripts are presented in Section 4.2.1 of Chapter 4. The degree to which open-ended action is possible with the tool is discussed. Two case-studies for DoNaLDare presented in Section 5.4.2, with a comparison of their performance in animationbetween the existing Tkeden tool and the DAM Machine.5.4.1 The Translation ProcessThe DoNaLD to DAM translator is a parser for the DoNaLD notation that operatesin two phases. The �rst phase translates a DoNaLD �le into pseudo-DAM code, inwhich each line represents a de�nition for the DAM Machine. This code is thentranslated in the second phase by another simple parser into the DAM Machineinternal representation by placing appropriate values in the processor registers andthen branching to the \addtoq" subroutine of the DAM Machine, followed by the\update" subroutine. The pseudo code contains some references to special operatorsthat not only represent a dependency but also take an action within the body oftheir code to alter the graphical image associated with the DoNaLD script, such asa line or a circle.Figure 5.6 shows an original segment of DoNaLD script for one line in thetop window (\simple"), its representation is pseudo-DAM code in the bottom lefthand window (\scriptfile") and its graphical representation in the small bottomright hand window (\simple [default]"). The �gure demonstrates phase one ofthe translation process. Most lines of the pseudo code contain an operator name fora block of code for an operator in store, followed by an identi�er for the de�nitionand a sequence of identi�ers for arguments to that operator. Two special operators\seti" and \setf" are equivalent to the DM Model valueX function. They treatthe second argument as the explicit value X for the identi�er in the �rst argument.The other operators shown in the �gure are described in the following list. The161



Figure 5.6: Phase 1 of translating a DoNaLD de�nition for a line into a DAMMachine representation.
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strings that start \intervar" and end with a number n are identi�ers for integervalues automatically generated by the parser.line An operator that maps from four integer values to a line de�ned by two endpoints. The line is not given an identi�er name in the pseudo code and theiris no internal one word representation for a line. Code inside the block for theoperator line causes a line to be drawn on the screen.equals A simple operator that de�nes the value of the identi�er second along the lineto be equal to the value associated with the identi�er third along the line.iii add This operator adds two integer values together, the values at the locationsfor the third and fourth identi�ers on the line, and places the result in thememory location associated with the second identi�er on the line. The \iii"stands for an operator that maps from two integers to an integer. Equivalentoperators, such as \fif add" for adding an integer and a oating point valueand returning an integer, are available to the pseudo code and the DAMMachine implementation of DoNaLD.The process of translation follows the stages of transformation of a high-levelscript to make it DM Model representable, with the additional concerns relating tosplitting the representation of complex data types such as points into a componentrepresentations suitable for store in DAM Machine words. An outline of the stagesis given in the enumerated list below, for each de�nition in a DoNaLD script (a lineof the form \identi�er = : : :").1. If the de�nition contains an expression on its right hand side, build an ex-pression tree. If the expression contains arithmetic for data types that requiremore than one word to represent them in the DAM Machine, these should be163



split into trees for the arithmetic on each component (e.g. split arithmetic forpoints into two expression trees, one for each dimension).2. For each parent node of the tree, create an associated reference name (e.g.\intervar1"). Each parent node in the tree will become a de�nition in thepseudo-DAM code. This process removes function composition from de�ni-tions and identi�es which of the DAM operators can be used to maintaindependencies.3. If the de�nition in the DoNaLD is for an explicit value that can be representedby one word in de�nitive store, create an associated reference name for it. Ifit is represented by two words in de�nitive store, create two reference namesfor it and so on. Store the association between the high-level name and theinternal reference name in a lookup table. For implicit de�nitions, associate thereference root(s) of the related expression tree(s) with the high-level identi�er.4. Write out the pseudo-DAM code, in which every reference name has an asso-ciated line in the code and has an appropriate operator for the DAM Machine.The pseudo code contains only internal reference names and no identi�ers fromthe high-level script. Ordering in this script is not important. Explicit values,the leaves of expression trees or sub-components of explicit value de�nitionsin the high-level notation, are de�ned using the \seti" and \setf" operators.Figure 5.7 shows the result of this process for the DoNaLD script shown inFigure 5.69. The dependency structure in the DoNaLD script is represented in thetop left hand diagram and the dependency structure in the pseudo-DAM code, andhence the DAM Machine internal representation, is shown on the right hand side.The reference names in the pseudo-DAM that are associated with the identi�ers in9A node in the dependency structure in Figure 5.7 labelled i1 corresponds to the intervar1identi�er in Figure 5.6. 164
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the DoNaLD script are shown both in the lookup table in the �gure and where theyare circled by dotted lines in the dependency structure. The steps corresponding tothe translation process above for this example script are shown in the following list,with pa and pb considered in order as two separate de�nitions \pa = f100; 100g"and \pb = pa+ f100; 100g".Firstly, the process of translation for pa. The expression trees10 are generatedby the existing DoNaLD parser.1. Identi�er pa is declared as a point that is represented by two words in store inthe DAM Machine and is therefore split into two expression trees. These are\x = 100" and \y = 100".2. Internal reference names are associated with the parent node of each tree. Todo this, x is replaced by i10 and y is replaced by i11.3. Two reference names (i6 and i7) are created in the translator's lookup tableto represent the components of the point pa. The values at the roots of thetrees are de�ned to be equal to the values associated with these new referencenames, i6 equals i10 and i7 equals i11.4. The pseudo-DAM code is prepared and is of the form:seti intervar10 100seti intervar11 100equals intervar6 intervar10equals intervar7 intervar11
Secondly, the translation process for pb:10Expression trees are represented in the text in the form \root node = child node" or \root node= l child operator r child". The children are either explicit numerical values, existing referencenames in the lookup table or sub-trees surrounded by square braces \[]".166



1. Identi�er pb is declared as a point that is represented by two words in storein the DAM Machine and is therefore split into two separate expression trees.As the high-level expression depends on the value of another de�nition pa, theexpression trees reference the lookup table to �nd the reference names of thecomponent values of pa. The two trees are: \x1 = i6 + [x2 = 100]" and \y1 =i7 + [y2 = 100]".2. Internal reference names are associated with the parent node of each tree. Todo this, x1 and x2 are substituted for by i17 and i13 respectively, similarly y1and y2 by i18 and i14.3. Two reference names (i8 and i9) are created in the lookup table to representthe components of the point pb. The values at the roots of the trees are de�nedto be equal to the values associated with these new reference names, i8 equalsi17 and i9 equals i18.4. The pseudo-DAM code is prepared and is of the form:seti intervar13 100seti intervar14 100iii_add intervar17 intervar6 intervar13iii_add intervar18 intervar7 intervar14equals intervar8 intervar17equals intervar9 intervar18
The result of the production of the pseudo-DAM code is an appropriate setof de�nitions that represent the same dependencies in the DAM Machine internalstore as in the DoNaLD script. In the current implementation, it is possible to re-de�ne explicit integer and oating point values in this structure using the \addtoq"and \update" subroutines through a graphical user interface, but it is not possible167



to make other kinds of new de�nition or rede�nition11 because the phase 1 trans-lator terminates after reading one �le to allow the phase 2 translator to convertthe pseudo-DAM code into store. This is technical problem that will need to beresearched in the future.5.4.2 DAM Machine PerformanceThe DAM Machine is implemented on one platform only and this is a di�erent plat-form from that on which Tkeden is implemented. The performance tests carried outin this section are based on timing the animation of DoNaLD scripts by repeatedlyincreasing the value of a de�ning explicit parameter. The DoNaLD code for thesescripts is presented in Appendix A.1. The results presented here are not intendedas a direct comparison of performance between systems because of their physicaldi�erences, but they do demonstrate the potential for fast dependency maintenanceon a stand alone computer system running the DAM Machine. When the sameDoNaLD script is executed on hardware of similar speed, the DAM Machine canproduce a smooth animation where Tkeden models appear jerky and slow.Figure 5.8 shows the DoNaLD graphical output from the script of an en-gine12. The position of the pistons in the script is de�ned to depend on one variable\lup" that determines the current rotation of the engines crank shaft. When anappropriate point is reached in this rotation, the next �ring of a spark plug in the�ring-order sequence is represented by the temporary appearance of a circle at thetop of the cylinder concerned. By repeatedly increasing the lup parameter, thelocation of the pistons inside the engine's cylinders can be animated.Table 5.1 shows timings for the animation of the engine script and another11Such as all implicit de�nitions, explicit de�nitions of points and lines etc..12DoNaLD source for the engine is available is Section A.1 of Appendix A.1. The image is ascreen snapshot of the DAM Machine version. 168



Figure 5.8: Graphical output from the DoNaLD Engine script.

Script ARM710 CPUrunning RISC OSwindows. ARM710 CPUsingle tasking. CY76601 CPU(SPARCstation 2)running X windows.Engine 26 13 262Shapes 21 15 172Table 5.1: Comparative timings for the animation of DoNaLD scripts on an ARM710processor and a SPARC CY76601 processor.
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DoNaLD test script called shapes13. Timings were carried out for the DAM Ma-chine on an Acorn Risc PC 700 with an ARM710 processor, clocked at 40MHz andcapable of 36 MIPS14. A similar speci�cation SUN Microsystems SPARCstation 2with a CY76601 processor clocked at 40Mhz and capable of 28.5 MIPS was used torun Tkeden. Both systems were tested in multi-tasking mode displaying graphicalwindows interfaces with no other signi�cant tasks running simultaneously.To show the potential for a single tasking application that uses dependencyand is based on the DAM Machine, timings are included for the DAM Machineexecuting the DoNaLD script with no graphical windows interface running. Theapplication writes directly to the screen memory through low-level system calls.The range and increment value for the parameters repeatedly updated were thesame on the Acorn system and the SUN system. Timings shown are an average ofthree separate timing experiments.The table shows how the multi-tasking versions of the animation of the enginescript produced a factor of 10 improvement for the DAM Machine over Tkeden and afactor of 20 to the single tasking version. For the shapes script, which contains moretrigonometry and less line drawing, the speed increase is not quite so impressive witha factor of 8 speed increase for the multi-tasking SUN over the Acorn, and a factor of11.5 for the multi-tasking SUN and the single-tasking Acorn. The visual di�erencebetween the two systems is marked. The single-tasking Acorn produces a smootheranimation than the slower Tkeden model.13DoNaLD source available in Appendix A.1.14The MIPS unit is a measure for the number of Million Instructions Per Second a processor iscapable of executing.
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5.5 Linking Observation with Visual MetaphorThe concept of linking the state of the internal model with the state of the display ofthe screen through dependency maintenance was �rst introduced in the introductorysection of this chapter. Figure 5.1 shows how the current state of an experiment todemonstrate Hooke's Law can be represented by a cross positioned on a computerscreen. In this section, a case-study is used to show how a block of pixels locatedin DAM Machine de�nitive store can be maintained consistent with their individualde�nitions. They share the same de�nitive store with other de�nitions for the modelthat they represent.In this case-study, an area of 1600 machine words in de�nitive store is chosento represent a 40 by 40 grid of pixels for display on the screen. The value stored ateach machine word is 0 if the pixel is black and 1 if the pixel is white. Each pixel isimplicitly de�ned to depend on the value of the function representation15 of a twodimensional geometric shape, which is sampled at a particular x coordinate and ycoordinate. If the pixel is outside the speci�ed shape, as indicated by a negativevalue of the function representation at the point given by (x; y), it is de�ned to beblack. Otherwise, the pixel is white to represent that it is inside or on the boundaryof the shape.The function representation of two dimensional geometric shapes is achievedin the DAM Machine by special operators that map de�ning parameters for a shapeto a pointer to a subroutine block of machine code. This code evaluates the functionrepresentation at a point (x; y) dependent of these parameters. In the case-study,there are three such operators: circle for a planar circle shape parametrised bycentre and radius, reactangle for a rectangle shape parametrised by minimum andmaximum x and y coordinates, cut parametrised by two pointers to other func-15The function representation for geometric shape is introduced in Section 3.4.2.171



tion representations for shape where one shape is cut away from the other (the settheoretical di�erence operator). The value of (x; y) is passed to the subroutines inregisters R0 and R1 respectively.The function representations used in the case-study and implemented asblocks of ARM assembly code for this case-study are speci�ed below.circle De�nition of the form \circle(r; c1 ; c2 )". A circle shape centred at point(c1 ; c2 ) with radius r. The function representation for the shape f for anypoint (x; y) is given by the formulaf(x; y) = r2 � (x� c1 )2 � (y � c2 )2 (5.1)rectangle De�nition of the form \rectangle(xmin; xmax ; ymin ; ymax )". The rectanglehas sides parallel to the x and y axis of the coordinate space, with minimumcoordinate along the x-axis of xmin and maximum coordinate xmax etc.. Thefunction representation for the shape f for any point (x; y) is given by theformulaf(x; y) = ((x� xmin) \ (xmax � x)) \ ((y � ymin) \ (ymax � y)) (5.2)In this formula, the binary in�x operator \a\ b" is used to represent set inter-section and in the implementation this is achieved in function representationof shape by �nding the minimum value of the two arguments a and b.cut De�nition of the form \cut(f1 ; f2 )". The shape represented by a cut de�nitionis the material of the shape with function representation f1 with the materialof the shape with function representation f2 removed. The function represen-tation f for the shape of the cut material at any point (x; y) is given in theformula f(x; y) = f1 (x; y) \ �f2 (x; y) (5.3)172



Each pixel on the screen is de�ned by the \evaluate" operator, which mapsa pointer to a function representation f1 and a sample point (x; y) to 0 or 1. Theevaluate operator is given by the equationevaluate(f1 ; x; y) = 8><>: 0 if f1 (x; y) < 01 if f1 (x; y) � 0 (5.4)In the case-study shown, the index of a pixel in the array of pixels is usedas the point (x; y). The de�nition of the pixels is set up by code similar16 to thedouble for loop shown below:for i = 0 to 39 dofor j = 0 to 39do\pij = evaluate(f1 ; i; j)"donedoneThe case-study illustration in Figure 5.9 contains one circular shape, onerectangular shape and has one shape made by the cutting operator. If the functionrepresentation for a circle with centre (19; 19) and radius 19 is de�ned as f1 withthe evaluate operator in the code above, the pixels represent the image labelled\Circle" in Figure 5.9. The image is an expanded screen snapshot image of thepixels as displayed by the DAM Machine model. The \Rectangle" displayed in thetop right hand side of the �gure: it has the parametrisation xmin = 9, xmax = 36,ymin = 5 and ymax = 25. The rest of the �gure concerns a \Cut" shape. A sectionof de�nitive script that could be used to describe the dependency between the cutshape and the circle and the square is shown below.16The code used to set up these de�nitions for the case-study is written in the BBC Basiclanguage. The actual code does not illustrate the point of the example as well as the pseudo codepresented. 173
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circ = circle(r; c1 ; c2 )sq = rectangle(xmin ; xmax ; ymin ; ymax )ct = cut(circ; sq)This environment allows a user to experiment with models of rectangularshapes cut away from circular shapes. The de�nitions and diagram shown in Fig-ure 5.9 illustrate some further relationships that can be introduced to the DAMMachine model. The geometry represented by the model is a circle that has asquare, with sides the same length as its radius and centred at the centre of the cir-cle, cut away from inside it. The sequence of six screen images shown at the bottomof the �gure show the e�ect of rede�ning the value of r by calling the \addtoq" and\update" methods of the DAM Machine. In each case, the image changes throughthe update propagation through de�nitive store, not through a procedural samplingof the function representation of the cut. The time for this propagation through1600 DAM Machine de�nitions on the 40MHz single tasking ARM710 processorrunning the DAM Machine is 0.52 seconds for each image.This case-study demonstrates the concept of creating indivisible relationshipsbetween the screen and a model. This creates an open-ended environment in whicha modeller can simultaneously construct the model, improve the model, create avisual metaphor for interacting with the model and �ne tune the visualisation totheir requirements. Visual operations, such as zooming and panning the image, andchanges to the parameters to the model are achieved through the same rede�nitionmechanism. The state of machine words in de�nitive store remain consistent withtheir de�nitions through the DAM Machine and hence the state of the image alsoremains consistent with its de�nition. The better the quality of the visual metaphorfor the model, the closer the experience of interaction with a model is to actualinteraction with the model's referent. 175



Chapter 6
The JaM Machine API
6.1 IntroductionIn some previous research work on de�nitive notations, prior to the implementationof the Tkeden interpreter, the practical emphasis was on the design and imple-mentation of new de�nitive notations. These notations were speci�c to particularapplications. The DoNaLD notation [ABH86] for line drawing and the SCOUT no-tation [Dep92] for screen layout were both developed with this aim in mind, as wasStidwill's partial implementation of the CADNO notation [Sti89]. For each notation,a translation process translates de�nitions in the application speci�c notation intoEDEN de�nitions and data types through one-way communication along the UNIXcommand pipeline. In practice, interaction with scripts of de�nitions was ine�cientbecause of the process of converting application speci�c data types into EDEN datatypes. This ine�ciency was compounded by the slow process for the interpretedexecution of EDEN code, in which translated data types typically require a myriadof EDEN interpreted operators and procedures to manipulate them.The Tkeden interpreter does not support the command pipeline and, as a con-sequence, does not support the development of new application speci�c de�nitive176



notations1. This problem is the motivation for the Java Maintainer Machine Appli-cation Programming Interface (JaM Machine API), a general purpose programmingtoolkit. The purpose of this toolkit is to allow a programmer to develop and im-plement new de�nitive script notations with data types and structures appropriateto the application in question. Applications developed with the API use compiledcode for actions and update of de�nitions. This leads to more e�cient execution ofnotations than the translation and interpreted execution mechanism of EDEN.The most signi�cant features of the JaM Machine API, which contribute newpossibilities for the implementation of tools that support empirical modelling, are:� Independence of data structures from the operators used to de�ne dependencyrelationships between them. This is enabled by the object-oriented represen-tation of the data types and operators. The JaM Machine API is a generalpurpose toolkit for the construction and integration of application speci�cde�nitive notations.� Support for multi-agent interaction with scripts of de�nitions. Each de�nitionhas associated read/write permissions, supported by usernames and passwordsfor the secure identi�cation of agents.� Use of the Java programming language, with the following bene�ts:{ multi-platform execution of empirical modelling tools without the needfor compilation;{ access to the class libraries of the Java APIs that support multi-threading,networking, graphical user-interfaces and integration of applications intoworld-wide-web browsers;1Although the previous versions of EDEN are still in existence, they are not maintained.177



{ dynamic extension of compiled code for data types and operators of anempirical modelling notation on-the-y.The JaM Machine API update mechanism is based on the DM Model pre-sented in Chapter 4. The general purpose nature of the JaM Machine API is realisedthrough the object-oriented analysis of de�nitive scripts. This analysis is presentedin Section 6.2 of this chapter along with a description of the classes that make upthe API and guidelines for using them. Support for multi-user interaction within asingle script is built into the API, based on a novel approach to agency similar tothat used to protect �le access on a multi-user computer system. This approach ispresented in Section 6.3.Scripts in de�nitive notations created using the JaM Machine API are knownas JaM scripts, these scripts are written in JaM notations. A JaM notation is in-tended to be seen as a kind of intermediate, lower-level code for a higher-levelde�nitive notation. To implement a notation such as DoNaLD [ABH86] with JaMMachine classes would require a parser for DoNaLD that performs some transforma-tion from the DoNaLD script to a JaM script. As the JaM classes form an API, theycan be integrated with any other Java software to provide dependency maintenancecomponents within that software. Mechanisms for the incorporation of the dynamictype systems and dependency maintenance within other software are described inSection 6.4.The �nal section of the chapter (6.5) shows a simple example of a JaMnotation for arithmetic that is integrated into an Arithmetic Chat server/client ap-plication. The JaM Machine API is not developed speci�cally to support geometryand it is not intended that this programming toolkit is in any way similar to aprogramming API for geometry, such as Djinn [BCJ+95, BCJ+97]. The JaM Ma-chine API is a general purpose programming toolkit for dependency maintenance.178



A major case-study that uses the JaM Machine API is presented in Chapter 7, inwhich the API enables the creation of a de�nitive notation for the modelling ofthree-dimensional empirical worlds. These worlds have data types and operators todescribe three-dimensional solid geometry.6.2 Object-Oriented Analysis of De�nitive ScriptsIn the same way that a de�nitive script was analysed in Chapter 4 for the explanationof the DM Model, the underlying concepts of the JaM Machine API are basedon the analysis of de�nitive scripts. These observations lead to the description ofclasses of objects that encapsulate the underlying components and mechanisms ofdependency maintenance. The JaM Machine API is a set of classes in a Java packagecalled \JaM". Rather than the one data type Z over which dependency maintenanceis considered in the DM Model in Chapter 4, data types in JaM notations arerepresented as classes of objects that extend DefnType, an abstract class2 in theJaM package.Figure 6.1 shows the relationships between classes in the JaM package. Theclasses shown are the public classes [CH96] and those that are required for a thor-ough explanation of the API. If a class is connected to and on the right of anotherclass then it extends the class to the left. Classes shown in the diagram in a boxsurrounded by a dashed line are abstract classes.The breakdown of de�nitive scripts into classes of the JaM package is de-scribed below. Where appropriate, reference is made to the JaM speci�c de�nitivescript shown in Figure 6.2 to explain how the analysis of a script leads to such aclassi�cation of classes. JaM scripts have similar properties to DM Model repre-2An abstract class is one which cannot be instantiated to become an object as it contains stubsfor the body code of some of its methods. Classes that extend an abstract class must implementthese stubs. See [CH96] for more details. 179
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a1 = 23.3

a2 = 10

c1 = "some text"

fn = add(a1, a2)

One explicit definition that is one line of a script.

Three explicit definitions, each for different data types.

A script containing four definitions.

and an implicitly defined value "fn" of floating point data type.
One implicit definition with two arguments, the operator "add"Figure 6.2: An example of a four de�nition JaM script in a de�nitive notation withits component features annotated.sentable scripts (see page 104): operator composition is not allowed and argumentsto operators must be other identi�ers that already exist in the script. A program-mer can implement a translating process to convert de�nitions from a notation withcomposition to a JaM notation using a parsing tool or a method similar to the DoN-aLD to DAM Translator presented in Chapter 5 (Section 5.4). In contrast to thistranslation process, identi�ers are not replaced by reference numbers as they are inStage 3 of the DM Model transformation process (see page 107). Each de�nition ina JaM script is identi�ed by a string.Script A JaM.Script class represents a set of objects that describe de�nitivescripts, including their current state and the mechanisms to update that state.A script object for the example shown in Figure 6.2 would contain a list offour de�nitions, data types for integer, oating point and string values andone operator \add". Instances also contain a queue of rede�nitions awaiting acall to their update() method, which has the e�ect of updating the state ofthe script consistent with the de�nitions on the queue. This class is describedfurther in Section 6.2.4.Definition An instance of the JaM.Definition class represents one line of a de�ni-tive script. In the script shown in Figure 6.2, each de�nition is either of theexplicit form \identi�er = value" or the implicit form \identi�er = operator (ar-181



guments)". For every de�nition object, there is a variable for the string rep-resenting the identi�er (a1, a2, c2 or fn in the �gure), along with variablesto store the current value associated wit the de�nition (23.3, 10 etc.) in thecurrent state of the script and additional information such as who owns thede�nition. Additional information is associated with an implicit de�nition: areference to the de�ning operator (add in the �gure) and references to the def-initions that make up the sequence of arguments (a1 and a2) to the operator.De�nitions are discussed further in Section 6.2.1.DefnList A JaM.DefnList represents an indexed list of zero or more de�nitions. Aninstance of this class contains a doubly-linked list data structure for referencesto objects which are instances of the Definition class. These lists are usedto represent the script and queue in a Script class, dependency structures inthe Definition class and the arguments to an implicit de�nition.The construct \(a1, a2)" in Figure 6.2 is a textual representation of a listof de�nitions. More information on how this class is accessed is presented inSection 6.2.3 which describes operators in JaM scripts.Agent Every de�nition in a JaM script can be associated with an instance of aJaM.Agent class who is the agent owner responsible for the de�nition. Theuse of agency in the JaM Machine is presented in Section 6.3 with the Agentclass itself described in Section 6.3.2.AgentList Instances of AgentList contain doubly-linked lists of references to in-stances of the Agent class. AgentList instances are used to establish an ac-cess control mechanism with username and password databases, as describedin Section 6.3.DefnType The data types of JaM notations are created by the implementor of a182



notation by extending the abstract class JaM.DefnType. This process is de-scribed in Section 6.2.2 of this chapter. In the example script in Figure 6.2the data types are oating point numbers, integer numbers and strings ofcharacters.TypeList Instances of TypeList contain doubly-linked lists of references to in-stances of classes that extend DefnType. This class is used to represent thecurrent list of available types in an instance of the JaM.Script class. Threedata types are illustrated in the example script. These three types would havea representation in the TypeList.DefnFunc The operators of the underlying algebra over the data types of a JaM no-tation are created by the implementor of a notation by extending the abstractclass JaM.DefnFunc. This process is described in Section 6.2.3. An operatorin a JaM notation can be de�ned to map from the values of any sequence ofarguments of the data types of that notation to the value associated with anidenti�er, that can also be of any type. This exibility can be restricted toprovide a more appropriate underlying algebra for the given type structure ofan application speci�c notation. In the example script in Figure 6.2, the onlyoperator is add, the argument list is a list of identi�ers of ordinal types and theimplicitly de�ned left-hand-side value for the identi�er fn is a oating pointvalue equal to 33.3.FuncList Instances of FuncList contain doubly-linked lists of references to in-stances of classes that extend DefnType. This class is used to represent thecurrent list of operators available in an instance of a JaM.Script class. Onlyone data type is available in the example script and this would be the onlyelement of the operator list in the script instance representing the example.183



JAMException If an exception is caused by the execution of one of the methods inone of the other classes, a JAMException is thrown, requiring the code thatcalled the method that there was a problem in its execution. More informationon Java exception handling can be found in [CH96]. The exceptions thrownby methods of classes in the JaM package are tabulated in Appendix A.2.The rest of this section of the chapter concentrates on the major compo-nents of the object-oriented analysis of de�nitive scripts. Where appropriate, therelationship between the DM Model presented in Chapter 4 and the JaM packageclasses is emphasised to highlight the use of the block rede�nition algorithm (seeSection 4.3.3) to update the state of JaM scripts.6.2.1 De�nitionsTwo kinds of de�nitions are possible in a JaM notation, an implicit or an explicitde�nition. An explicit de�nition is of the form \identi�er = value". When an explicitde�nition appears as a rede�nition in a JaM script, its string description has theidenti�er token replaced by a name for the de�nition and the value replaced by astring of characters exactly describing the value of a data type supported in theJaM notation. From this string description, it is possible to infer which data typethe value represents and to establish the data type associated with the identi�er.Explicit de�nitions are like de�nitions in the DM Model that use the \valueX()"constant operator, which maps the associated value of any identi�er to the constantvalue X.An implicit de�nition in a script is of the formidenti�er = operator (arguments)".The identi�er token should be replaced by a string name for the de�nition and theoperator by a string name for an operator available in the current JaM notation. The184



arguments to the operator are a comma-separated sequence of other identi�ers whosenames exist prior to this implicit de�nition in the JaM script. Implicit de�nitionsestablish the value associated with the identi�er by evaluating the operator with thevalues in the sequence of arguments. The data type associated with the identi�er inthe script given by an implicit de�nition depends on the ordering of the data typesin the list of arguments.Implicit de�nitions in a JaM script are similar to implicit de�nitions in theDM Model. For each identi�er there is an associated operator in the same way thatfor a reference in the DM model there is an associated mapping (F ) belonging to theset ff j f : Z� ! Zg (see Sections 4.2.1 and 4.2.5). Also, for every implicitly de�nedidenti�er in a JaM script there is an associated sequence of arguments similar to themapping (D) that takes a DM Model reference to a sequence of references. Everyidenti�er in a JaM script has a current value in the same way that every DM Modelreference can be mapped to a current value (V ).The data �elds in a JaM.Definition class are shown in Table 6.1. In thistable, the Java types for the �elds are shown in the left-hand column, the identi�ergiven to the �elds in the class in the central column and a description of each �eldin the right-hand column.6.2.2 Data TypesConventional parsing methodologies for high-level languages use context-free gram-mars. A similar process is required for the parsing of values in explicit de�nitions inscripts, although the grammars used in a JaM script are simple. As every explicitde�nition in a JaM script can be observed to be of the form \identi�er = value", itis easy to put in place a mechanism to parse the characters before the equals signas a string identi�er. More complicated is the process to match the string of char-acters on the right hand side of the equals sign to a regular expression describing a185



Java Type Name DescriptionString name The identi�er for an instance of the class in a JaMscript.DefnType value The value for an internal representation of a de�-nition in its current state.DefnFunc f The operator used to implicitly de�ne the value ofan instance of this de�nition. Set to null if thede�nition is explicit.boolean fExists A boolean which is true if an instance of the classis implicitly de�ned and false if it is explicitly de-�ned.DefnList dependencies List of object references to de�nitions on which thevalue of this de�nition depends directly. This rep-resents the sequence of arguments to the implicitde�nition. Set to null if the de�nition is explicitlygiven.DefnList dependents List of object references to de�nitions that directlydepend on this de�nition.int knuthCounter The Knuth counter used in the block rede�nitionalgorithm.Agent owner The owning agent of this de�nition is a JaM script.boolean ownerRead A true value if the owner can reference this de�ni-tion in another implicit de�nition, false otherwise.boolean ownerWrite A true value if the owner can rede�ne this de�ni-tion instance, false otherwise.boolean allRead A true value if agents other than the owner canreference this de�nition instance in their implicitde�nitions, false otherwise.boolean allWrite A true value if agents other than the owner canrede�ne this de�nition instance, false otherwise.Table 6.1: Data �elds of a JaM.Definition class.186



particular type and to parse the value into some internal representation.A data type in a JaM notation is described by a simple context-free grammarthat matches a pattern of characters. Each regular expression establishes a class ofvalues that can be characterised and uniquely recognised by their string represen-tation. Java supports a number of primitive data types and compound object datatypes that may be a more suitable and space e�cient representation for a value givenby a string. For example, the most e�cient way to represent a string of charactersthat matches with a regular expression for a string in a Java application is throughthe use of a string type object. If a value matches with the regular expression foran integer, then the most e�cient way to store this value is as a variable of the intJava data type. For a particular data type classi�cation, it may be possible to �nda translation methodology from a string of characters to an internal e�cient datarepresentation and from the internal representation back to a string of characters.Data types in a JaM notation are de�ned by a programmer by implementingclasses that extend the abstract class JaM.DefnType. Extended classes should con-tain data �elds to hold an internal representation of the data of the type availableto a user of a JaM script. The class must implement a method to match or reject astring description of a value given in an explicit de�nition in a script (recognise()),to parse this string description into its internal data representation (parseIt()) andto convert the internal data representation back into a string consistent with thecurrent state of the value (printIt()). The programmer of sub-class of DefnTypeshould ensure that a string for a value produced by the conversion of the inter-nal representation of the data can subsequently be parsed back into the internalrepresentation.The methods that a programmer must implement within a class (X) thatextends DefnType are shown in Table 6.2. Each row corresponds to the name of amethod (Name). The types of arguments passed to each method are shown in the187



column labelled Passed, the methods return type in the column labelled Returnsand a description of the methods purpose in the column labelled Description.Figure 6.5, located close to the discussion of its contents on page 219, presentscode for a class that extends DefnFunc that is for the representation of an integernumber data type in a JaM notation.6.2.3 OperatorsOnly pre�x operators feature in JaM notations. No in�x or post�x operators areavailable. They are used to de�ne the indivisible relationship between data valuesin a JaM script. Operators have a string name that corresponds to the name thatthey use in a script. JaM operators are conceptually similar to operators in the DMmodel. Every operator in the DM Model is a member of the set ff j f : Z� ! Zgfor the one data type Z. Each JaM script operator can conceptually map from anysequence of values of any data type X to a value of any data type Y .A programmer de�nes new data types in a JaM notation by extending theabstract class DefnType, as described in Section 6.2.1. The string value of an explicitde�nition is converted through a method call into some internal data representationand there are methods to convert this back to a string representation again. Twomechanisms are available for a programmer to manipulate data by an operator:1. It is possible to de�ne JaM operators that convert the internal value repre-sentation of a sequence of arguments into strings again, perform an operationby manipulating these strings to form a new string. This can then be rein-terpreted as a value of a data type that itself extends DefnType, by using therecognise() and parseIt() methods. This mechanism allows for the de-scription of some novel operators, but it is slow and should be used sparingly.2. Use the internal data representations of classes (�elds) representing data types188



Method Passed Returns Description
X String X A constructor method for an instance of X . Theconstructor method should always adhere to thefollowing generic template for its code:X(String name) {super(name);ref = 1372; // substitute real ref.}makeNew | void A method that is used to return a new instanceof the data type represented by class X . Thismethod should always adhere to the followinggeneric template for its code:DefnType makeNew() {return new X(this.name);}recognise String boolean A method that returns true if the passed Stringobject is matched as being a pattern of charactersthat can be converted into the internal data rep-resentation for the data type, otherwise returnsfalse.parseIt String void A method that converts the characters repre-sented by the passed String object into the in-ternal data representation for the instance of theclass for which the method was called. Themethod recognise() is guaranteed to have re-turned a true value for the same String prior tothe invocation of this method.printIt int,int,int String A method that converts the internal data repre-sentation for the instance of the data type X forwhich it was called, into a String representationof the value. The three passed integers give hintsto the method on how best to format this valuestring.action | void A method that can contain some procedural codethat is executed every time a value of this datatype is rede�ned or updated. The simplest ac-ceptable implementation of the method is anempty block \f g".Table 6.2: Methods that must be implemented for a JaM data type class X thatextends DefnType. 189



directly.For every implicit rede�nition, the data types in the sequence of argumentsneed to be checked to see that they are appropriate for the operator. This processalso determines the type associated with the identi�er on the left-hand-side of thede�nition. Any type change by the rede�nition of an existing de�nition d have to hepropagated through the dependency structure to type check all the operators thatde�ne the dependents of d (dependents(d) in the DM Model).Operators in JaM notations are implemented by extending the abstract classDefnFunc. The programmer must implement the methods shown in Table 6.3, whichinclude an argument sequence checking mechanism (typeCheck()) and a methodfor the evaluation of the value mapped to by the operator (f()). Figure 6.6, locatedclose to the main dicussion of its contents on page 221, shows some annotatedexample code for a class that extends DefnFunc and therefore represents an operatorin a JaM notation.Both methods typeCheck() and f() are passed references to a DefnListobject that represents the arguments sequence for the operator in a JaM script.Two public mechanism are available to access the DefnList class. The �rst isa public integer variable length in the class that is the length of the argumentssequence. The second is a method arg(n) that returns the n-th element of thearguments sequence as an instance of DefnType that represents the current valuefor the that argument. As an example of this method, to �nd the reference numberfor the type of the second argument in sequence dl, a programmer can use themethod call dl.arg(2).ref.
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Method Passed Returns Description
F String F A constructor method for an instance of F .Typically a programmer will only instantiateone of these objects per JaM script. The con-structor method should adhere to the follow-ing generic code template.F(String name) {super(name);ref = 1372; // Reference optional}typeCheck DefnList DefnType This method is used to check that the passedDefnList is a sequence of data types appro-priate to the operator. If it is, the methodshould return an empty instance of an objectof the data type mapped to by the operator Ffor the given sequence of types, otherwise themethod should return null.
f DefnList DefnType

This method carries out the evaluation of themapping from the data values in the argu-ment list DefnList to the implicitly de�nedvalue for the associated identi�er. A program-mer can rely on the fact that the method f iscalled only after the method typeCheck() hasreturned a non null object reference. Thevalue returned should be a new instance ofa class that extends DefnType with its inter-nal data representation set to values consis-tent with the operator as used in the JaMscript. Also, this returned object should bean instance of the same class returned by thetypeCheck method.action Definition void A procedural action that is executed directlyafter the method f() is called to update theimplicit value of an associated identi�er. Theaction is passed a reference to the current stateof the JaM.Definition instance for that iden-ti�er.Table 6.3: Methods that must be implemented for a JaM operator class F thatextends DefnFunc.
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6.2.4 Scripts of De�nitionsA script of de�nitions containing n lines can be represented by a DefnList classof length n. A JaM script is written in a particular JaM notation with data typesthat can be represented by classes that extend DefnType and operators by classesthat extend DefnFunc. The states of a de�nitive script can be represented in a classthat contains �elds for: the script of de�nitions, a queue of pending rede�nitions, thenotation data types, and the notation operators over these data types. A mechanismfor updating the current state of the script is also required.A JaM.Script class contains the data �elds shown in Table 6.4. This in-cludes: the current JaM script of de�nitions (theScript), a queue for rede�nitions(queue), a list of available types for the script (tlist), and a list of available opera-tors over these types (flist) that make up the underlying algebra for JaM notationin which the JaM script is written. All these data �elds are private to a script andcan only be accessed through method calls.Scripts change only through rede�nition. If a programmer chooses to use aJaM script as a component of their application the �rst procedural step is that theymust create a new script. Then they should decide what data types and operatorsthe scripts that they are to use require and add these to the component type listsand operator lists of their script. The script initially has no de�nitions and node�nitions waiting in the queue for update, similar to the initial state of the DMModel3. The next step in interacting with a new script is to add de�nitions to thede�nition queue. Once an initial queue is established, this list of de�nitions shouldbe considered as the update for the initially empty main script so that the queue ofde�nitions becomes the �rst state of this main script of de�nitions. This process issubject to checks for typographic errors in the de�nitions on the queue, for cyclic3See Section 4.2.5. 192



Java Type Name DescriptionDefnList theScript The current state of the JaM script of de�nitionsrepresented by an instance of the Script class.DefnList queue A list of rede�nitions that will be used for thenext call to the update() method. This willupdate the current state of de�nitions in the list\theScript".TypeList tlist A list of data types available in the currentJaM notation for the JaM script represented by\theScript". These data types are representedby instances of classes that extend DefnType.FuncList flist A list of operators available in the currentJaM notation for the JaM script represented by\theScript". These operators are representedby instances of classes that extend DefnFunc.AgentList usersList A list of user information for user namesand passwords, enabling multi-user support forscript notations. This list contains all users whocould possibly interact with a script at somepoint.AgentList currentUsers This list contains users who are currently reg-istered as logged in and hence are able to makenew de�nitions and rede�ne existing de�nitions(subject to currently set permission values).Table 6.4: Data �elds (all are private) for a JaM.Script class.
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dependency between de�nitions on the queue and script and for type clashes causedby implicit de�nitions in the queue.Then the process for adding to the queue and then updating continues ina continuous loop, forming the interaction procedure for incremental update of theJaM script. When an update occurs, the de�nitions in the queue are checked andthen used to modify the current state of script S. With reference to DM ModelMS = (A;F;D; V ), the role of the set of references A is played by the \theScript"list of de�nitions. For each de�nition reference in this list: the \f" �eld representsthe mapping from the reference to the operator, in a similar way to the DM Modelmapping F ; the \dependents" �eld represents the list of arguments of the operator,in a similar way to the DM Model mapping D; the \value" �eld represents thecurrent value, in a similar way to the DM Model mapping V . The counterpart ofthe set K of rede�nitions is the \queue" �eld in a JaM script class. The algorith-mic procedure to update the current state of a JaM script is based on the blockrede�nition algorithm.The most important methods that can be called by a programmer to interactwith an instance of a JaM.Script class are shown in Table 6.54. The table showsthe name of a method, the types of the parameters that it is passed, the Java typeof the value that the method returns and a description of the method. Several ofthe methods are passed an integer cookie value (see page 202 for the de�nition of acookie) before other parameters. Where this is the case, this is a unique identi�erfor a user who is currently logged into the script and has requested the actionprescribed by a call to the associated method. This allows the method to throwan exception (JAMException) if the user does not have permission to carry out theaction. Multi-user support is described further in Section 6.3.Once a new instance of the JaM.Script class is created for a particular JaM4This is apart from the constructor method for a JaM.Script that is described in Table 6.7.194



Method Passed Returns DescriptionaddToQ int,String void This method is called with a String representa-tion of a JaM script rede�nition and adds this tothe queue of rede�nitions.update int void This method is called to update the main script(theScript) consistent with the rede�nitions onthe queue of pending de�nitions.
addType int,DefnType void This method is used to add a data type to thetlist of an instance of a JaM.Script for use inde�nitions of theScript to create the JaM no-tation data types for the script. Though thismethod is normally called during the initializa-tion of a script, it can be called at any time duringthe life of a script instance, dynamically extend-ing the type structure of the JaM notation.addFunc int,DefnFunc void This method is used to add an operator to theflist of an instance of a JaM.Script to cre-ate the underlying algebra for the script. Thismethod is normally called during the initializa-tion of a script, but can be called at a later pointto dynamically extend operators available in theunderlying algebra of a JaM notation.printVal int,String String Convert the current value of the identi�er withthe same name as the passed String into a stringof characters in the format \identi�er = value".printDef int,String String Convert the current state of the implicit de�ni-tion associated with the identi�er name passedas a String into a string of characters in the for-mat \identi�er = operator (arguments)". If thede�nition is explicit, the behaviour of this methodis the same as printVal().printAll int String This method converts every de�nition in a scriptinto a string containing a JaM script for all thede�nitions. If the de�nition is implicit then theimplicit format is used as for printDef method,otherwise if it is explicit then the explicit formatis used as for the printVal method.Table 6.5: Methods available for a programmer to communicate with an instance ofa JaM.Script class.
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notation, the data types and operators of that notation should be added to theinstance to form the tlist and flist data �elds. For each data type Y , a newinstance of the class that represents Y should be created and this instance used inan argument to the addType() method5. The order in which this method is calledis important as it a�ects the way in which data types are recognised in explicitde�nitions. The �rst data type added to the script is the last data type that a valuestring will be checked against for a true value from its recognise() method andvice versa. The process of calling the addType() method is similar to the need tocarefully order the regular expressions in the input �le to a scanner tool, such as\lex" [LMB92].An example of this is shown in the code in Appendix A.3 where the callto addType() for the integer data type occurs after the call of the method for theoating point data type. This is so that numerical value strings that do not containa period (full stop) character (or an \e" or an \E"), are recognised �rst as integers.If the string does contain a period it is not then recognised as an integer but as aoating point value.Operators for the underlying algebra over the data types are added by callsto the addFunc()method. For this purpose, a new instance of the class representingthe JaM notation operator should be created. The string name given to the instanceshould be the same as the name that will be used for the operator in the JaMnotation. The flist �eld of an instance of a JaM.Script class is updated using theaddFunc() method. The order in which the operators are added is not important6.5Only the root user can call the addType() and addFunc() methods. See Section 6.3 for moreinformation.6This is true as long as every operator has a di�erent string name. No automatic check is inplace to determine the uniqueness of these names.
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6.2.5 Explicit Arguments to Implicit De�nitionsOne built-in feature of the JaM Machine API to assist a user interacting with ascript is the ability to use an explicit value as an argument to an implicit de�nition.Consider the example where the addToQ() method of the JaM.Script class is calledto introduce an implicit de�nition of the form \id1 = operator (arg1, : : :, arg4)". Ifthe string of characters for arg2 and arg4 are explicit values instead of other iden-ti�ers that already exist in the script, then additional de�nitions are automaticallycreated for these values. In the example below, the implicit de�nition is replaced bythree de�nitions, two explicit and one implicit:id1 2 = arg2id1 4 = arg4id1 = operator ( arg1, id1 2, arg3, id1 4 )6.3 Multi-user Environments for JaM ScriptsA JaM script represents a set of de�nitions for values and persistent indivisiblerelationships between these values. These scripts are textual entities that can beshared between users by agreement that \this script is the current state of ourmodel". Empirical modelling principles have been proposed as a good way in whichto implement shared modelling systems to support methodologies such as concurrentengineering [BACY94b]. The JaM Machine API was the �rst tool to o�er sometechnical support to a truly multi-user process for the creation and interaction withde�nitive scripts. If several di�erent users are contributing to the de�nitions of ascript simultaneously then it is useful to record who contributed which de�nition. Byrecording this information in instances of the JaM.Definition class, it is possible toascribe ownership to each de�nition and manipulate this ownership so as to protectusers who do not own a de�nition from rede�ning it.197



Section 6.3.1 discusses the concept of permissions for controlling which def-initions can be manipulated by which users, known as de�nition permissions. Themechanism used for controlling access to de�nitions is similar to that for controllingaccess to �les on a multi-user computer operating system. The concept of agencyused in the JaM Machine API is discussed in Section 6.3.2. In the following section,this is compared to the LSD notation [Bey86b], which is used for the analysis ofagency in the modelling real-world situations and systems. The API can supportsome parts of the LSD notation in the implementation of models that use JaMnotations.6.3.1 De�nition PermissionsOne motivation for a modeller to construct a computer-based model of a real-worldsituation is as a mechanism to communicate qualities of the real-world referentthrough the model to other people. Another motivation is to assist in the processof thinking and reasoning about some real-world referent. In sharing a model, amodeller may wish to ensure that another user cannot undermine the integrity ofthe model. For example, in a model of a radio a modeller way not wish a userto be able to rede�ne the function of a control knob for tuning in stations so thatit alters the volume of the sound instead. The modeller may also wish to protectde�nitions from accidental modi�cation by themselves, as they are now committedto an explicit value or implicit indivisible relationship as observed from the referent.For large models or models that require the skill specialisation of more thanone person in their construction, a desirable environment is one which supportscollaborative construction of models by more than one modeller simultaneously. Insuch an environment, modellers need to be able to protect their parts of the modelto prevent accidental modi�cation by users who do not comprehend their de�nitionsand share other parts of the model with other modellers, either to allow them to198



reference them in their own work or to allow them to interactively modify them.For example, in the design of a new transistor radio, an electrical engineerdesigning the layout of a printed circuit board may wish to protect their layout ofcomponents from modi�cation by the designer of the external case, but allow thisdesigner to reference the current location of certain components on the board suchas the volume control. The stylistic designer of the case may have control over theoverall internal geometry of the case to which the electrical engineer must conform.Both modellers may have the ability to decide where to locate the headphone socket.All conicts of interest need to be settled by negotiation between the two modellers.When models are constructed as scripts of de�nitions, the text for thesede�nitions can be easily shared between modellers through any means of textualcommunication. It is possible to associate each de�nition with a modeller by anno-tating the text. The scenarios discussed above can be classi�ed as:� modeller and user;� modeller and commitment to components of a model;� teams of collaborating modellers.By associating with each de�nition information describing who has the abilityto modify (rede�ne) or reference (request the value of) the de�nition, the scenarioslisted above can be realised. The information associated with each de�nition is calledthe de�nition permission and, if implemented in a tool for dependency maintenance,can be used to control simultaneous access and interaction with one de�nitive scriptby several modellers and users simultaneously.The concept of permissions associated with de�nitions in the JaM MachineAPI is based on an existing and proven method for users to share work and infor-mation while keeping some information private and personal. Multi-user computer199



operating systems, such as UNIX [Joy94] and Microsoft's Windows NT [CS98], re-quire a user to identify themselves prior to the start of an interactive session bytyping a system-wide public username and secret password. During this session, all�les which the user modi�es and processes that they run are associated with theirowning user. It is the job of users to make sure that they do not make availableto others any �les that are of a private nature and make public any informationthat they would like to share. It is also up to the user to protect important �lesso that they do not accidentally delete them or modify them once they are con-sidered �nal. In this way, several users can interactively share the same devicessuch as disks, printers, processors or memory. Overriding control of the permissionsto use a resource is given to a super-user, who is called \root" on UNIX or the\Administrator" on Windows NT.On multi-user, computer-based �ling systems, data �les are protected on a�le-by-�le basis. To achieve the �le protection on UNIX, each �le has an associatedinode that contains information such as date and time of the last modi�cation of a�le, the locations of a �le on the physical disk surface and so on. It also containssome permission �elds and owner information that describe information about whichuser owns the �le, which group of users owns the �le, whether the owning user canread, write/modify or execute the �le, whether members of the owning group canread, write or execute the �le and whether any other users can read, write or executethe �le. Information similar to that recorded in an inode is associated with eachde�nition by the JaM Machine API. In the current version, there is no support forgroups and no concept such as the execution of de�nitions. For every de�nition, thereis both an associated owner and permissions. The data �elds in a JaM.Definitionclass are shown in Table 6.1.JaM Machine permissions can be expressed as a string made up of fourcharacters, of the form \rwrw". Each character is either as shown in the quotation200



marks to indicate that the permission associated with the character is set, or a dash\-" to indicate that it is not set. For example, the �rst character is an \r" if theowning user has the right to reference the de�nition in the argument list to anotherde�nition, or can inspect the current value or implicit de�nition7 in the current stateof the script for the de�nition. If the user does not have these permissions, the �rstcharacter is set to \-".The second character for a de�nition permission refers to the owner's per-mission to be able to rede�ne the associated de�nition, explicitly or implicitly. Itis a \w" if they can and a \-" if they cannot. The �nal two characters are thesame as the �rst two except that they concern the permission for all non-owningusers of a de�nition in a script to interact with the associated de�nition. The waysin which de�nition-owning agents can interact with scripts containing de�nitionsare described in the next section. The default de�nition permissions set for a newde�nition in a script is owner reference and modify and non-owner reference only(\rwr-").6.3.2 De�nition-Owning AgentsEach potential de�nition owner is considered as an agent who can interact witha JaM script, contributing rede�nitions. Every agent has a username and a pass-word, the username uniquely identifying the agent. In the JaM package, agentsare represented by instances of the class JaM.Agent. Every JaM script has a userlist (usersList) of agents who are permitted to join interaction with it and a listof current users (currentUsers) that are actively interacting with the script (seeTable 6.4).To create a multi-user environment, a special super-user agent is required7To inspect the current value of a de�nition, the printVal() method of JaM.Script is used. Toinspect the current implicit de�nition, the printDef() method is used. See Table 6.5.201



with the ability to add and delete other agents from the overall list of users. Thissuper-agent is called \root" and every script must have one. When a script isinitialized without an agent list speci�ed, the only user is the root user. If aprogrammer wishes their script to only be interacted with by one agent at a timethen this one agent should have username \root". This user still has to becomeactive by logging in before they can call any of the other methods for an instance ofa JaM.Script class.Table 6.6 shows the methods in the JaM.Script class that support multi-user interaction. To create a new JaM script, a programmer �rst has to call theconstructor method Script. Two variations to this method are available, dependingon the types of the arguments that it is passed. To start a new agent database withonly the root user or to initialize a script with only one agent, the method is calledwith an empty argument list. This generates a new instance of a script and the rootagent must then use the login() method to start using it. This process assigns theroot agent as currently active and generates a random and unique integer cookiethat is used in other method calls of the script instance attributed to root until theagent logs out.The code excerpt shown below demonstrates the single-user mechanism forthe use of an instance of the JaM.Script class. The �rst two lines of the examplecode below shows the minimum code required to create a JaM script s1. Thefollowing lines contain code to add one data type and operator, add a new de�nitionto the queue and update the current state of the initially empty script. Whenthe root agent has �nished interacting with the script, it is logged out using thelogout() method.
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Script s1 = new Script();int root = s1.login("root", "PHDBOD");...s1.addType(root, new JaMInteger("JaMInteger"));s1.addFunc(root, new JaMAdd("add"));s1.addToQ(root, "a = 34");s1.update(root);...s1.logout(root);Notice from the code above how the root agent's cookie must be passed toall method calls to associate the method call with the root agent. In the examplecode, the identi�er \a" is set to have owning agent root. At the end of the example,root is logged out using the logout() method and is no longer interacting with thescript. The next time that the root agent logs on, they will be assigned a di�erentcookie for reasons of security. It is by passing the cookie every time that a methodsuch as addToQ() is executed that allows the system to check whether a particularuser agent has permission to carry out a particular action, depending on currentlyset de�nition permissions.It is up to the programmer who writes an application that uses a JaM scriptto prescribe how agents are going to interact with a script. It is possible to cre-ate completely computer-based autonomous agents, perhaps executing in di�erentthreads, that perform some regular or randomly-occurring rede�nition. To pro-tect the integrity of the rede�nitions of an autonomous agent, any de�nitions thatthe autonomous agent shares should be associated with the de�nition permissions\rwr-". Other user agents may be connections to computer terminals with textualinterfaces directly to the script and other agents may be interacting with the scriptthrough a prescribed graphical interface with buttons, tick boxes, choice menus andso on. The programmer of an application needs to ensure that all users log in andthat every action that the agents subsequently takes results in a method call to the203



script with the agent's cookie as the �rst argument.The information about agent owners for de�nitions and current de�nitionpermissions is not recorded in the textual version of a JaM script. This informa-tion must be requested using the inspectDef() method of the JaM.Script class orcan be inferred by the exceptions thrown by calls to methods of this class (see Ap-pendix A.2). A database of usernames and passwords that can be used to instantiatenew objects of the JaM.Agent class can be saved to disk by the root agent usingthe savePasswords() method (see Table 6.7) and loaded in for use in new scriptinstances using the Script constructor that is passed a �lename (see Table 6.6).Agents can be added and deleted from a script instance by the root agent only,using the addUser() and delUser() methods.Ordinary agents other than the root agent have methods that when calledwith their cookie allow the modi�cation of passwords (password) and de�nitionpermissions (permissions), as shown in Table 6.6. An agent can change their ownpassword using the password() method of an instance of a JaM.Script class bypassing their current cookie and password followed by a new password repeatedtwice8. An agent can change the de�nition permissions of a de�nition that theyown using the permissions() method that alters the permission �elds inside aninstance of a JaM.Definition class, which are shown in Table 6.1.6.3.3 Agents in the JaM Machine API and the LSD NotationThe LSD notation [Bey86b] is a speci�cation notation for the description of agencyin models of systems that are concurrent and/or reactive. The notation is not di-rectly executable and describes agents in terms of: identi�ers in a de�nitive scriptthat are associated with their current state (state variables); state variables for other8The password argument is repeated in this method call to encourage good practice in user-interface design by programmers. 204



Method Passed Returns DescriptionScript String void Constructor method for a new instance of aJaM.Script class. The String argument shouldrepresent the pathname to a �le containing a userdatabase for the new instance of the script class.Script | Script Constructor method for a new instance of aJaM.Script class. The new instance will haveone super-user called \root" with a password\PHDBOD".login String,String int This method is passed a username and passwordand, if the user exists in the password database(usersList), returns a cookie integer that theuser can then use to perform all their interactionwith the script. The user is added to the list oflogged in users (currentUsers).logout int void Log the user with the passed integer cookie valueout from being able to interact with the instanceof a script. The user is removed from the list ofcurrently logged in users (currentUsers).addUser int,String,String void Add a user to the list of users who can interactwith the instance of a script (usersList). Onlythe root user can do this and must provide theircurrent cookie, a username for the new user andand initial password for the new user.delUser int,String void Remove a user from the list of users who can in-teract with this instance of a script (usersList).Only the root user can do this and must pro-vide their current cookie, and the username forthe user to delete.
permissions int,String,boolean,boolean,boolean,boolean void Method by which the owner of a de�nition canchange its current permission values. A user canonly change the permission of a de�nition thatthey own. The �rst argument is the user's cur-rent cookie, followed by the name of the de�ni-tion, then four boolean values corresponding toownerRead, ownerWrite, allRead and allWrite�elds respectively (see Table 6.1).password int,String,String,String void Method for a user to change their own password.The �rst argument is the users current cookie,the second their current password and the thirdand fourth should be the new password repeatedtwice.Table 6.6: Methods for the JaM.Script class for controlling multi-user interactionwith an instance of the class. 205



Method Passed Returns DescriptioninspectDef int,String String Format internal information about an in-stance of a JaM.Definition class and re-turn it as a string. Returned informationis \identi�er owner permissions -> depen-dents".savePasswords String void Save current username and passworddatabase for an instance of a JaM.Scriptto an encoded �le. This �le can be sub-sequently reloaded using the Script con-structor method.Table 6.7: Utility methods in the JaM.Script class.agents that they can observe (oracles); state variables for other agents that they canrede�ne (handles); de�nitions derived implicitly from their current state and theiroracles (derivates); guarded rede�nition actions that represent the agent's protocolsto take action based on their current state and derivates (protocol). An LSD spec-i�cation cannot be interpreted operationally without providing additional runtimeinformation, such as priorities for the order in which the guards for rede�nitions areexamined and, if true, the order that the a guarded actions (rede�nitions) are exe-cuted. Ness discusses the signi�cance of LSD analysis in connection with softwaredevelopment in detail in his thesis [Nes97]9The agency and de�nition permissions in the JaM Machine API can be usedto support agency in models speci�ed in the LSD notation. In this section, onepossible strategy for the interpretation of an LSD speci�cation in a JaM script ispresented. The list below takes each component (state, oracle, handle) of an LSDnotation for any agent A in a speci�cation. Suggestions are given in this list forways in which a programmer can handle the agent speci�cation when implementingit with the JaM Machine API. The �rst step is that the programmer should create9Recent and yet-to-be published work on the implementation of an LSD Engine was carried outby Alexander Rikhlinsky at the Moscow Engineering Physics Institute as part his MSc. thesis. Thiswork was supervised by Adzhiev. 206



an instance of a JaM.Script with usernames and passwords for agents with thesame names as used in the LSD speci�cation.state All state variables for A in the LSD speci�cation should be owned by agentA in the internal representation of the JaM script. The permissions for thesestate variables should be initially set to owner reference and modify \rw--".oracle All oracles for A that are state variables for another agent should havenon-owner reference permission initially set to true \rwr-".handle All handles for A that are state variables of another agent should havenon-owner modify permissions initially set to true \rw-w".derivate Derivates for agent A are implicit or explicit de�nitions in a script thatare either state variables for the agent, handles for state variables of anotheragent or an internal de�nition private to the agent. In the case that thede�nition is internal and private, it should have its non-owner reference/modifypermissions set to false \rw--". Once derivates are introduced and committedas an accurate description of the observed behaviour of the real agent, theirde�nition permission can be set to disallow any further modi�cation \r---".protocol The implementation of the protocol is up to the programmer of the ap-plication. One possibility is that each guard is presented to a human userwho is representing the interaction of A with the model when it evaluates totrue and the user takes responsibility for determining the order of executionof the associated rede�nition action, or whether the action should be carriedout at all! Alternatively, an autonomous agent running as a thread can be in-troduced to periodically sample the values of guards and make the associatedrede�nition actions when the guard is true.207



In this way, a programmer can use the multi-user support in JaM to assistin some aspects of implementing models based on LSD speci�cation by makingsure that the de�nition permissions are set as strictly as is possible, to meet theconditions of the list above. However, once an identi�er in a script is an oracle or ahandle for one agent other than the owner, it is open for rede�nition by any othernon-owner agent and does not provide protection of the de�nition consistent withthe LSD speci�cation.By way of illustration, consider the excerpt of an LSD speci�cation describingthe second-hand and minute-hand agents of a clock given in Figure 6.3a. Otheragents exist in the clock speci�cation, such as an oscillator that increments the statevariable seconds of the second-hand agent. An interpretation of this speci�cation asa JaM script10 is shown in Figure 6.3b, in which the de�nitions are split between theagent owners second hand and minute hand. The permissions for these de�nitionsare shown in the right-hand column of this table. Notice how the derivates arekept private to the owning agent. Figure 6.3c shows some Java code for the run()method of a Java thread that could be used to implement the protocol sectionof the second-hand agent, with a script instance called s1 and an integer cookievariable for the currently active second-hand agent identi�ed as second hand11.The minutes identi�er in Figure 6.3b has non-owner modify permission sothat the second-hand agent can update the value through its protocol. Nothingnow prevents another agent other than the second hand agent from modifying thevalues of minutes which may or may not be part of the whole LSD speci�cation.The programmer should provide a level of protection for such a de�nition in theirown code if they wish to enforce strict adherence by uses to the speci�cation.10The implicit de�nitions using the eval operator take the �rst argument as a description of atemplate expression tree and substitutes the second argument as $1, the third argument as $2 etc.,prior to evaluation.11The thread sleeps for 0.1 seconds before performing its next check of the guards.208



agent second_hand() {stateseconds sec_lengthsec_angle xsec ysechandleminutesderivatesec_angle = (pi / 2)- (pi * seconds) / 30,xsec = sec_length * sin(sec_angle),ysec = sec_length * cos(sec_angle)protocolseconds == 60 ->minutes = minutes + 1,seconds > 60 ->seconds = 1}

agent minute_hand() {stateminutes min_lengthmin_angle xmin yminoraclesec_lengthhandlehoursderivatemin_length = 0.75 * sec_length,min_angle = (pi / 2)- (pi * seconds) / 30,xmin = min_length * sin(min_angle),ymin = min_length * cos(min_angle)protocol(minutes == 60) ->hours = hours + 1,(minutes > 60) ->minutes = 1}aOwner Script Permissionssecond hand seconds = ... // Handle for oscillator agentsec_length = ... // Handle for designer agentsec_angle = eval("(pi / 2) - (pi * $1)/30", seconds)xsec = eval("$1 * sin($2)", sec_length, sec_angle)ysec = eval("$1 * cos($2)", sec_length, sec_angle) r-rwr-rwrw--rw--rw--minute hand minutes = ... // Handle for second_hand agentmin_length = eval(0.75 * $1, sec_length)min_angle = eval("(pi / 2) - (pi * $1)/30", minutes)xmin = eval("$1 * sin($2)", min_length, min_angle)ymin = eval("$1 * cos($2)", min_length, min_angle) r-rwrw--rw--rw--rw--bvoid run {String smin;while (true) {synchronized(s1) { // get a lock on object s1if (s1.printVal(second_hand, seconds).endsWith("60")){ // check first guardsmin = s1.printVal(second_hand, minutes).lastToken();s1.addToQ("minutes = " + (Integer.valueOf(smin) + 1));} // add redefinition to queue if truesmin = s1.printVal(second_hand, seconds).lastToken();if (Integer.valueOf(smin) > 60) // check second guards1.addToQ("seconds = 1"); // add redef. if trues1.update(second_hand); } // update s1 and release lockThread.sleep(100);}} cFigure 6.3: LSD speci�cation with a JaM script representation and thread imple-mentation of a protocol section. 209



6.3.4 Extension of Agency in JaM ScriptsIn this section of the chapter, a mechanism for associating ownership and permis-sions to reference/modify de�nitions has been discussed. This mechanism is limitedto associating one owning agent to each de�nition and four permission bits, but issu�cient for proof of concept. The data �elds of the JaM.Definition (Table 6.1)and JaM.Agent classes can easily be extended to include additional information suchas group ownership and permissions for de�nitions, date and time of last modi�ca-tion, size of the de�nition in memory, and any other useful de�nition managementinformation similar to that included in a �les inode on a UNIX system. The meth-ods of the JaM.Script class can also be extended to increase the exibility of themanagement of interacting users in a multi-user script environment, via methodsto control group access and the transfer of ownership of de�nitions. In the future,support should be provided for representing hierarchies of de�nitions in directoriesof a �ling system or tables of a database [Bow93].6.4 Implementation Mechanisms for JaM ScriptsMany implementation mechanisms for applications that support or integrate JaMscripts are available. These include:� the standard single-user mechanism (as illustrated on page 202);� the dynamic extension of the data types and operators of a JaM script on-the-y during execution of the script interpreter, where the data type and operatorstructure is not �xed at any point. This model is described in Section 6.4.1.� distributing interfaces to scripts across several workstations with client/serversystems. This is described in Section 6.4.2.210



� using scripts that include data types for other scripts. This mechanism isknown as the scripts within scriptsmechanism and is presented in Section 6.4.3.6.4.1 Dynamic Extension of JaM Notations On-the-yA JaM script o�ers the same level of open-ended functionality to a user as theEDEN interpreter in the manipulation of de�nitions in scripts but does not allowfor the rede�nition of operators on-the-y as is possible in EDEN. The data typesand operators in JaM scripts are implementing by a programmer by extending someclasses of the JaM Machine API. These are added to the notation during executionof one of the implementation mechanisms, which allows the notation to be di�erentfor speci�c applications. Hence the types and operators of a JaM script recognisedby the API's parser are not rigidly de�ned prior to the initialization of a JaMscript. This allows a user who is also a competent Java programmer to introducenew data types and operators over those data types during interaction with a script.This provides the open-ended functionality of the EDEN interpreter to extend andrede�ne operators, albeit in a comparatively clumsy manner12. The mechanismalso extends EDEN's functionality as new explicit data types can be introducedon-the-y.The dynamic data type and operator extension model for implementing ap-plications based on JaM scripts involves a modi�cation to step 8 of the standardmodel. The implementation can continue to call addToQ() and update() repeat-edly to create new de�nitions and rede�ne existing de�nitions. At any point in thisprocess new types and operators can be added by following the step-by-step process.1. Create a new instance of the JaM.LoadJaMClasses class. Within this list, itassumed that this instance is identi�ed as \jcl".12The classes must be compiled into Java bytecode before being loaded into the running JavaVirtual Machine and then added to the type of operator list of a JaM script instance.211



2. To load a data type class that extends DefnType or an operator type that ex-tends DefnFunc, call the method \jcl.loadClass("full classname")", whichreturns an object c of type java.lang.Class.3. Cast a new instance of this class to DefnType if it represents a data type andto a DefnFunc if it represents an operator to be added to the current scriptinstance, eg. \DefnType dt = (DefnType) c.newInstance();".4. If the loaded class c represents a new data type, call the addType() methodfor the script instance. If the loaded class c represents a new operator for thescript, call the addFunc() method for the script instance.5. The newly loaded data type or operator is now available for use in calls to theaddToQ()method in the dynamically extended JaM notation. Newly compiledclasses may require signi�cant testing and may generate runtime errors.The JaM programmer can build up libraries of classes that they wish touse in several di�erent applications. By using the dynamic extension of scripts, aprogrammer can create an environment where a user can experiment with di�erentdata types and operators. In a geometric design application such as the empiricalworld builder presented in Chapter 8, the dynamic extension model can be used tointroduce new classes of shape types during a modelling session without the needto stop, link the object code for the application and restart.6.4.2 Multi-user Client/Server Implementation MechanismsFor agents to collaborate simultaneously in the interactive construction and exper-imentation with a JaM script as described in Section 6.3, it is necessary to provideseparate interfaces for each agent. The core Java programming API provides severalmechanisms to enable a programmer to construct multi-user applications. This in-212



cludes the creation of threads to handle concurrent components of processes and totake advantage of multi-processor parallel computer systems. Support for TCP/IPnetworking is available within classes that implement servers to listen and acceptnetwork connections, and clients that open communication sockets to these servers.Network support for modelling with JaM scripts is the topic in this section.The distribution of interfaces to JaM scripts over networks with server/clientimplementation mechanisms provides the basis for a programmer to construct ap-plications such as multi-user spreadsheets (cf [Nar93]) and tools to support con-current engineering. The users of these applications can share a workstation atdi�erent times of the day, cooperate in an interactive session in the same o�ceor potentially anywhere on an interconnected TCP/IP network, including over theInternet [Kro94].A JaM client is de�ned as an interface through which an agent can performrede�nitions for a JaM script. This interface is not necessarily textual, it could bea graphical user interface or a connection to a real-world sensor such as a digitalthermometer. A JaM server is a Java application containing at least one instanceof a JaM script class. The standard implementation mechanism, where only theroot agent interacts through a single JaM client with a script is the simplest of allclient/server models. Methods of classes in an application based on the standardmodel can call the methods of the script instance and pass the root agent cookie(see page 202) to every method call. The JaM client in this case can either be anobject in the current implementation (such as a text area) or in a separate generalapplication such as a telnet client connected to a JaM server socket network port,through which the server provides interaction with its script.When there are several concurrent agents, many con�gurations that can beconsidered for the connection of JaM clients and JaM servers. Figure 6.4 showsthree possible con�gurations. In this �gure, boxes with a thick border represent213
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Figure 6.4: Client/server implementation models for multi-user JaM scripts.
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a process running on an independent Java virtual machine, either on the same ordi�erent computer systems. The thinly bordered boxes represent either JaM scriptinstances or implementation of message passing mechanisms over network socketsfor de�nitions and interactive communication between processes. The �gure hasthree sections 6.4a, 6.4b and 6.4c for three models, with a key shown beneath. Eachmodel is described in the list below.6.4a - Each JaM client has its own combined JaM server and therefore its own scriptinstance in this peer-to-peer model. The programmer must implement a syn-chronisation mechanism to ensure that any de�nition that exists in the scriptof the JaM client of one agent is also propagated to the other agents. Similarly,the current logged-in status of agents must be distributed across all scripts andthat each script is for the same JaM notation. One client can exists with agreater degree of intelligence than the others. This can act as a broker forthe synchronisation information and as a super-user agent with higher-levelprivileges to modify scripts on the other clients than available at the clientsthemselves.6.4b - A dumb client is a JaM client in an application that has no associated scriptinstance as part of its code. In this example, three interface clients are con-nected to a JaM server process that can handle the interaction of several agentssimultaneously interacting with the same JaM script instance.6.4c - Multi-threaded JaM servers can contain more than one JaM script instanceand provide a way for agents using dumb JaM clients to choose whether tostart by instantiating a new script or to join in interaction with an existingscript. The JaM server may also o�er a user agent more than one JaM notationthat they can instantiate a JaM script object for and then use interactively.The �gure shows two agents at dumb JaM clients interacting with the same215



script and another agent interacting with a separate script independently.In each of the example models, the programmer needs to make sure theyhandle the ordering of calls to the addToQ() methods and the subsequent update()method to ensure that the behaviour of the script is synchronised and predictable13.It is also important that a programmer ensures that any exceptions thrown by newde�nitions on the queue of de�nitions, such as reporting typographic errors in ade�nition, or exceptions thrown by an update such as the detection of a cyclicdependency, are sent to the appropriate agent who caused the exception.6.4.3 Scripts Within ScriptsIt is possible to have an instance of a JaM.Script class as a data �eld in a classthat extends JaM.DefnType. In other words, it is possible to create a data type ina JaM notation for the representation of JaM scripts. Every script has a textualdescription and so is an appropriate data type to use in a JaM notation. It is alsopossible to de�ne operators that maintain implicit dependencies between scripts.For example, consider a notation where a script with identi�er c is de�ned persis-tently and indivisibly as the concatenation of script a and script b. In this scriptswithin scripts model, it is possible for a programmer to consider ways in which to im-plement de�nitive notations that contain the higher-order dependencies introducedin Section 3.2.2. An implicitly de�ned script need not be in the JaM notation asthe script that contains its de�nition.In this way it becomes possible to de�ne generic templates for scripts that,with some variable parameters, can be instantiated to create new scripts whosestructure depends implicitly on the value of these parameters. This is similar to13An example of how to do this in the thread code shown in Figure 6.3c using the Javasynchronized statement [Fla96]. The method grabs a lock on the script object s1 until the updateis completed successfully and the lock is released at the end of the block.216



the graph construct available in the DoNaLD notation, of which the speedometersshown in Figure 3.5 are an example.6.5 A Simple Illustrative Example - Arithmetic ChatThe case-study presented in this section is for a simple JaM notation with two datatypes and one operator. The code for the classes that extend JaM.DefnType andJaM.DefnFunc is presented and explained. These data types are then integratedinto an instance of a JaM.Script class, the script for which can be shared betweenseveral users through a mechanism similar to an interactive Internet chat program,such as Internet Relay Chat (IRC) [Kro94]. The two data types are integers andoating-point numbers and the operator is addition. These are to be used in a proof-of-concept application in which agents collaborate and discuss scripts of de�nitionsover these two data types with the one operator.Data TypesThe arithmetic chat application has two data types, one for representing integervalues and the other for representing oating point values. To represent these as aJaM script requires two classes that each extend JaM.DefnType, one to representintegers called JaMInteger and one to represent oats called JaMFloat. The �rststep in the process of creating these data type classes is to decide on an appropriateinternal data representation in Java for these data types. For these particular datatypes this is a trivial process as both have direct representation in Java, the inttype for integers and the float type for oating point numbers.The next stage is to embed this internal data representation in as the data�eld(s) in the class that represents that data type. Figure 6.5 shows annotatedsource code for the JaMInteger class with the one data �eld \int d" that will hold217



the internal data representation for an instance of the class. (The JaMFloat sourcecode is very similar to the JaMInteger code and so is omitted). The internal datarepresentation in this class is \float d".The ordering of methods in a class is not signi�cant but the class mustcontain implementations for all abstract methods of the superclass together with aconstructor method. One possible way to proceed with implementing a data typeclass is described here. Having chosen the internal data representation, a uniqueinteger reference number for the data type should be chosen and the constructormethod for the class added as its �rst method. This should be followed by themakeNew() method that follows the standard template described in Table 6.2.Two methods are required for conversion to and from internal data represen-tations and strings, printIt() and parseIt() respectively. The printIt()methodis passed information about the current formatting of the output line on which thestring will be printed. These formatting parameters are the current number of spacesinserted as an indent after a new line character, the current position along the linethat the string returned will be appended and the length of the current line. In thismethod, a programmer should ensure that the length of the string describing theinternal data representation does not exceed the length of the line, taking accountof the current position. If it does then a new line and indent should be inserted.The parseIt() method is passed a string that has already been recognised as of thecorrect type and converts it into the internal data representation. In the examplethis is done using the Java core API static method Integer.parseInt().The programmer also needs to implement a method to decide whether apassed string can be converted into the internal data representation (recognise())and a piece of code describing an action (action) to be taken every time a value ofthis type is updated. In the recognise() method shown in Figure 6.5, the stringpassed is checked to see that it is a sequence of digits, preceded by an optional minus218



  JaMInteger (String name) {
    super(name);
    ref = 3;
  }

Construct a new
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Convert the 
internal repres-
entation to a
formatted string
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string a sequence
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class JaMInteger extends DefnType {

  int d;

  DefnType makeNew() {
    return new JaMInteger(name);
  }

  String printIt (int indent, int linePos, intlineLength) {

    String strVal = Integer.toString(d);

    if (strVal.length() > (lineLength - linePos))
      {
        StringBuffer sb = new StringBuffer(strVal);
        insertSpaces(indent, sb);
        strVal = sb.toString();
      }

    return strVal;
  }

  boolean recognise (String parz) {

    boolean checkIt = false;
    try {
      long l = Long.parseLong(parz);
      if ((l < Integer.MIN_VALUE) || (l > Integer.MAX_VALUE))
        checkIt = false;
      else
        checkIt = true;
    }
    catch (NumberFormatException e) { checkIt = false; }

    return checkIt;
  }

  void parseIt(String parz) {

    try {
      d = Integer.parseInt(parz);
    }
    catch (NumberFormatException e) { d = 0; }

  }

  void action() { }

}

Internal data
representation

Constructor

makeNew

parseIt

action

Convert internal integer
"d" to a string.

the current line.

Insert a new line and
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an appropriate format.
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If string "parz" is in range
then recognise it.
Otherwise do not recognise string "parz".

Convert the passed string "parz" into the internal
data representation for the class "d".

A default value for "d" incase of internal
execution difficulties.

Take no action when a value
of this type is updated.Figure 6.5: Annotated code for the JaMInteger class for the representation of integervalues in JaM script instances.
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sign, using the Long.parseLong() method which throws an exception if its stringargument contains any other alphanumeric characters than those that match withthe regular expression for long integers. If the exception is thrown then the methodcatches it and returns false, in other words the number string was not a sequence ofdigits and could not be converted into the internal data representation. A check iscarried out to see that the number is within the range of an integer before returningtrue to say that the passed string is recognised.In this example class, the action() has no code body and therefore noe�ect. The action is intended to be used in other applications by data types such asgraphical lines that need to be redrawn every time their value is updated. Once theclass is written, it can be compiled and then used in conjunction with other classesof the same package.OperatorsThe example application presented has only one operator in its script for de�ningimplicit number values by summing a list of other value. The source code for themethods of class JaMAdd for this operator can be easily modi�ed to provide otherstandard arithmetic operators such as subtraction, multiplication and division. Toimplement this JaM script operator, a programmer must extend the DefnFunc classand implement the code for the body of its abstract methods.The source code for one possible version of class JaMAdd over the two datatypes represented by JaMFloat and JaMInteger is shown annotated in Figure 6.6.The class contains a static lookup table for the reference numbers of the types thatmay be acceptably used as arguments to the operator in a JaM script. This isfollowed by a constructor method that calls the generic constructor method in theJaM.DefnFunc class. No data �elds are required in a class that extends DefnFunc.The typeCheck() method checks an argument sequence represented as a220



  JaMAdd (String name) {
    super(name);
    ref = 1;
  }

        ((JaMInteger) dt).d = 0;

          ((JaMInteger) dt).d += ((JaMInteger) dl.arg(v)).d;
      }

  }

    else
      {
        dt = new JaMInteger("implicitInteger");

        for ( int v = 1 ; v < dl.length ; v++ )

    return dt;
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class JaMAdd extends DefnFunc {

  static int INTEGER = 3;
  static int FLOAT = 4;

  DefnType typeCheck (DefnList dl) {

    DefnType dt = null;
    boolean argsNumeric = true;
    boolean floatFlag = false;    

    for ( int u = 1 ; u <= dl.length ; u++ )
      {
        if ((dl.arg(u).ref != INTEGER) ||
            (dl.arg(u).ref != FLOAT))
          { argsNumeric = false; break; }

        if (dl.arg(u).ref == FLOAT) floatFlag = true;
      }

    
    if (floatFlag && argsNumeric) 
      dt = new JaMFloat("implicitFloat");
    if (!floatFlag && argsNumeric)
      dt = new JaMInteger("implicitInteger");

    return dt;
  }

  DefnType f (DefnList dl) {

    DefnType dt;
    boolean floatFlag;

    for ( int u = 1 ; u < dl.length ; u++ )
      if (dl.arg(u).ref == FLOAT) 
        { floatFlag = true; break; }

    if (floatFlag == true)
      {
        dt = new JaMFloat("implicitFloat");
        ((JaMFloat) dt).d = 0;
        for ( int v = 1 ; v < dl.length ; v++ )

              ((JaMFloat) dt).d += ((JaMFloat) dl.arg(v)).d;
          }

          {
            if (dl.arg(v).ref == INTEGER)
              ((JaMFloat) dt).d += (float) ((JaMInteger) dl.arg(v)).d;
            else

      }

  void action (Definition d) {
    System.out.println("Just updated the value of " + d.name);
  }

}
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Figure 6.6: Annotated code for the JaMAdd class for summing together a sequenceof numerical arguments. 221



JaM.DefnList to see if it contains arguments appropriate to a particular operator.In the example implementation there are only two data types and these are bothacceptable arguments to the operator. Future reuse of the operator may require itsuse in JaM notations with data types such as strings that are not appropriate datatypes. To allow for reuse, the class has a check built in to check that its argumentsare all numerical. No limit is imposed on the length of the sequence of arguments.If one or more of the arguments to the operator is a oating point number thenthe operator returns a oating point number (a JaMFloat), otherwise if all thearguments are integers then the operator returns an integer (a JaMInteger).The method f() contains the code that will evaluate the value mapped toby an implicit de�nition based on this operator. This method requires access to the�elds in the objects representing the arguments to the operator. It is necessary tocast these objects to their original type, as speci�ed by their type reference numberbefore the internal values can be retrieved. In the example code in Figure 6.6, ifthe return type of the operator is a JaMFloat, as will have already been establishedby the typeCheck() method, it can be inferred that at least one of the argumentsto the operator is a oat. To access the internal data values of the arguments toan operator, it is necessary to check whether they each represent integer or oatingpoint values and cast the object appropriately, prior to summing their values. Ifthe type mapped to by the operator is integer then it can be inferred that all thearguments must be integers and so only one cast to the JaMInteger is required inthe summing procedure.The JaMAdd code in Figure 6.6 includes an action() method that is calledevery time this operator is evaluated. One use for this method is as a debugging toolfor a programmer to trace the execution of their implementation from within methodcalls to the JaM Machine API. This is illustrated in Figure 6.6, where every timethe value of an identi�er de�ned by the JaMAdd operator is updated, the identi�er222



is printed on the standard output stream. If a programmer requires access to theinternal data �elds of an instance of a JaM.Definition class in their application, asimilar mechanism can be used to pass a reference of a de�nition object processedby JaM into other non JaM Machine API areas of the implementation.Integration of Scripts into an ApplicationA proof of concept tool to allow several agent users to interact simultaneously withscripts of de�nitions for a JaM notation containing oating point and integer datatypes with one operator add has been constructed. This uses the source code shownin this section in Figures 6.5 and 6.6 to describe the data types and operator for thenotation, and is based on the client/server model shown in Figure 6.4b. The sourcecode for the server is shown in Appendix A.3 and the client is a standard telnetclient program, generally available on operating systems that support the TCP/IPnetworking protocol.When the server is run, a new instance of the JaM.Script class is createdalong with a server that listens for connections on a speci�ed port. The imple-mentation adheres to the same procedural order as the standard model described inSection 6.4 until step 6. When the server receives a connection request from a client,it creates a new thread to handle that connection. The user connecting through aclient is requested to type their name. This is used as a new username and passwordfor the agent database of the script and the user is automatically logged in. Fromthen on, every line that the user types is echoed to all other concurrent users withtheir name preceding what they typed. Certain sequences of characters also performactions.// de�nition Add the de�nition to the queue of de�nitions for the central scriptand call the update method. If there is an exception, this is reported to all223



users.value identi�er Request the current value associated with the identi�er as astring. The value appears in all clients, except when the identi�er does notexist. In this case, an exception is reported to all users.defn identi�er Request a textual version of the current implicit de�nition asso-ciated with the identi�er. The value appears in all clients, except when theidenti�er does not exist. If this is the case, an exception is reported to allusers.? identi�er Request some additional internal information about the de�nition as-sociated with the identi�er, including its current owner, de�nition permissionsand dependencies. This information appears in all clients, except when theidenti�er does not exist. In this case, an exception is reported to all users.exit Close the connection to the client. The server application continues to run.Once the server is started, user agents can connect. All they need to makea connection is a telnet client, specifying the port number to which the server isattached. Figures 6.7 and 6.8 shows an interactive chat session between two usersJane and Mark. Together they construct and inspect a four de�nition script whileholding a textual discussion. Any line of text typed by Jane or Mark is indicated intheir respective consoles by a \=>" arrow symbol. At the end of the session, Janetries to rede�ne the value for c, a de�nition that is owned by Mark, and is refusedpermission to do so as the default permission set for a new de�nition is \rwr-".The behaviour of this server is trivial but does demonstrate the potentialfor sharing JaM scripts amongst clients. Any other JaM data types and operatorclasses that exist can be instantiated and used in a similar chat application. Thetelnet client can be replaced by a more complex and specialised client that includes224



=> jane@britten > telnet britten 8861Trying 137.205.225.29...Connected to britten.Escape character is '^]'.=> Welcome to Arithmetic chat. Please enter your name > JaneHello Jane, you may now chat!Welcome to new user Jane.Welcome to new user Mark.Mark: Hi Jane! Here is a line of text that will be echoed to you and me.=> Hello Mark. How are you?Jane: Hello Mark. How are you?Mark: Well. Shall we try some sums ... how about adding 23E3 and 2431.=> // a = 23E3Jane: // a = 23E3Mark: // b = 2431Mark: // c = add(a, b)=> value cJane: value cscript > c = 25431=> defn cJane: defn cscript > c = add(a, b)=> ?bJane: ?bscript > b Mark rwr- ~> c.=> How about summing all three values together.Jane: How about summing all three values together?Mark: // d = add(a, b, c)Mark: value dscript > d = 50862Mark: Why don't you redefine the value of c ...=> // c = -12e-2Jane: // c = -12e-2Jane: JaMException: addToQ: It is not possible to modify this definition: cThe modifying agent is not the owner and write protection is set.=> Oh .. I do not have permission to do this!Mark: exit=> exitJane: exitConnection closed by foreign host.jane@britten > _Figure 6.7: Jane's console view of an Arithmetic Chat with Mark.
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=> mark@gem > telnet britten 8861Trying 137.205.225.29...Connected to britten.Escape character is '^]'.=> Welcome to Arithmetic chat. Please enter your name > MarkHello Mark, you may now chat!Welcome to new user Mark.=> Hi Jane! Here is a line of text that will be echoed to you and me.Mark: Hi Jane! Here is a line of text that will be echoed to you and me.Jane: Hello Mark. How are you?=> Well. Shall we try some sums ... how about adding 23E3 and 2431.Mark: Well. Shall we try some sums ... how about adding 23E3 and 2431.Jane: // a = 23E3=> // b = 2431Mark: // b = 2431=> // c = add(a, b)Mark: // c = add(a, b)Jane: value cscript > c = 25431Jane: defn cscript > c = add(a, b)Jane: ?bscript > b Mark rwr- ~> c.Jane: How about summing all three values together?=> // d = add(a, b, c)Mark: // d = add(a, b, c)=> value dMark: value dscript > d = 50862=> Why don't you redefine the value of c ...Mark: Why don't you redefine the value of c ...Jane: // c = -12e-2Jane: JaMException: addToQ: It is not possible to modify this definition: cThe modifying agent is not the owner and write protection is set.=> exitMark: exitConnection closed by foreign host.mark@gem > _Figure 6.8: Mark's console view of an Arithmetic Chat with Jane.
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interfaces for graphics and sound which better support interaction with JaM scripts.Because the dependency maintenance is integrated by the JaM concept into a pro-gramming API, a programmer can use it in anyway they wish, in combination withany other Java classes and programming APIs.
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Chapter 7
Introducing Empirical Worlds
7.1 IntroductionVirtual worlds constructed from three-dimensional geometric objects can be de-scribed by the Virtual Reality Modelling Language (VRML) [ANM96, SC96]. Thelanguage describes shape in a machine-independent way that can then be renderedand explored on a wide variety of computer input and output devices. The lan-guage inherits a lot of its design concepts from the Hypertext Mark-up Language(HTML) [MK97], which is a machine-independent language for the description ofdocuments containing text, links and images. HTML is viewed on a user's computerscreen through a browser or printer where the browser renders the document in asuitable way to present the document to the user on their platform. For VRML, theoutput devices range from conventional two-dimensional monitors through to im-mersive virtual reality worlds where a user wears a headset that presents the illusionof walking or ying through a virtual space.Empirical worlds are virtual reality worlds constructed from scripts of def-initions that represent geometric objects and their attributes. De�nitions can beused to express observed dependencies between these objects and their de�ning pa-228



rameters. Empirical world applications can be implemented in Java from a set ofempirical world classes. They use the JaM Machine API as their underlying de-pendency maintenance mechanism. An empirical world is constructed by attachingan interface to a JaM notation called an empirical world notation. This de�nitivenotation is accessed directly by the JaM.Script.addToQ method. The right-hand-side of explicit de�nitions in empirical world scripts have similar syntax to VRMLnodes. Empirical world classes can be integrated into applications with support forrendering three-dimensional shapes. The example application in this thesis, calledempirical world builder, uses a VRML browser as its interface for the interactiveinspection of shapes. As de�nitions in empirical world scripts are altered, the corre-sponding shape in the VRML browser is updated. Many VRML browsers can takeadvantage of computer-graphics hardware installed on the computer on which theyare executing. This hardware is optimised for the display of three-dimensional shapeand is to some extent independent of the main processor used for the interpretationand maintenance of dependency for empirical world scripts.VRML scripts are organised with component nodes that can represent prim-itive shapes, materials, a�ne transformations, sounds and many other kinds of vir-tual environment data. The empirical world classes demonstrated in this thesissupport data types for shapes and shape combinations beyond those that can bedescribed by VRML nodes. Some VRML nodes are used as the basis for the syntaxof empirical world notations. Not every VRML node has a corresponding empiri-cal world class and there are empirical world classes that represent geometry thatcannot be described in VRML.Empirical worlds integrate aspects of three di�erent types of modelling, re-spectively concerned with presentation, description and interaction:229



Presentation VRML, including its browser support for the exploration of three-dimensional shapes;Description the function representation of shape [PASS95];Interaction empirical modelling using de�nitive scripts.In this chapter, empirical worlds are introduced by describing the empiri-cal world classes and how they achieve this integration. In general, this involvesdescribing how VRML-like syntax is used in explicit de�nitions for the descriptionof the parametrisations for the mathematical description of point sets using func-tion representation. These include classes that represent empirical world notationdata types for the primitive shapes (box, sphere, cylinder, cone), a�ne transforma-tions (scaling, rotation, translation) and binary operations (set-theoretic operations,blending, metamorphosis). In addition to this, the empirical world operators for es-tablishing dependency between variables of these data types by implicit de�nitionsare described.In Chapter 8, applications of empirical worlds are discussed. This includesexamples of the extension of the classes to include new types and representationsfor shape primitives and warping transformations. The empirical world builderapplication is described and there is a case-study demonstrating the incrementalconstruction of, and interaction with, a cognitive artefact for geometry.7.1.1 Motivating ExampleAs an example of the work presented in this chapter, consider the images of a shapeand the associated empirical world script shown in Figure 7.1. The empirical worldscript is a description of the shape of a three-dimensional letter F. It is parametrisedby its height and width. The shape integrates three shape primitives:230



� a cone (cone1) that forms the short arm of the letter;� a cylinder (cylinder1) that forms the long arm of the letter;� a box (box1) that forms the spine of the shape.The three primitives are positioned and blended into a union of point setscalled blend1.The image of the letter F is rendered with a water texture applied in Fig-ures 7.1a and 7.1b. These two images correspond to the script shown beneath the�gure. The two images are di�erent views of the same geometric shape, where Fig-ure 7.1b is a zoomed in view of the shape to show the detail of the blend betweenthe cylinder and the box. Any de�nition in the script can be interactively rede�ned,this will update the representation of the geometry accordingly. Figure 7.1c showsan image of the shape following the rede�nition of height to a new value of 1.01.7.2 Empirical World ClassesEmpirical worlds can be constructed with the use of empirical world scripts that con-trol the instantiation and relationship between objects of empirical world classes.These scripts are in a JaM notation that is based on the empirical world classesdescribed in this section and Sections 7.3, 7.4, 8.2, 8.3 and Appendix A.4. Themajority of the empirical world classes are shown in the class diagram of Figure 7.2.The sections of this chapter and Chapter 8 describe an open-ended modelling envi-ronment for the creation and exploration of geometric shape on a computer system.The classes are combined in the empirical world builder, a server/client de�nitiveenvironment that supports this open-ended interactivity within a Java applet that1The texture of the image has also been rede�ned so that a pine texture has been rendered onthe surface of the shape. 231



a

b
cheight = 5.0width = 2.0coneHeight = multiply(width, 0.6)coneRadius = multiply(height, 0.05)cone1 = cone(coneHeight, coneRadius)cylinder1 = cylinder(width, coneRadius)moveCylinder = multiply(height, 0.5)moveExtrusions = multiply(width, -0.4)transCylinder = translate(moveCylinder, 0.0, 0.0, cylinder1)listExtrusions = list(cone1, transCylinder)transExtrusions = translate(0.0, moveExtrusions,0.0, listExtrusions)box1 = box(height, coneRadius, coneRadius)detail1 = detail 35 25 25blend1 = blendUnion(detail1, 0.06, 1.0, 1.0,box1, transExtrusions)water = ImageTexture { url ".../water.jpg" }appear1 = appearance( Material { } , water)attr1 = attribute(appear1, blend1)Figure 7.1: Script and rendering of a letter F using empirical worlds.232



Implicit l = 2.0w = 2.0h = 2.0b = box(l, w, h)Explicit b = Box f size 2.0 2.0 2.0 gTable 7.1: Implicit and explicit expressions for a box.communicates with an embedded VRML browser. This tool is documented in Sec-tion 8.4.In the diagram of classes shown in Figure 7.2, each box corresponds to aclass and contains the name of that class. Inheritance between objects is shownfrom left to right. A class directly connected to and on the right of another class isan extension of the class on the left. Objects shown in boxes with dashed bordersare abstract classes [CH96]. This means that they cannot be instantiated as newobjects during execution as they contain abstract methods which have no code intheir statement body. These methods must be implemented by all subclasses of theabstract class. All classes in solid boxes can be instantiated as new objects.The class called Object is the java.lang.Object that every Java class inher-its by default. Inheriting directly from Object is the abstract class JaM.DefnTypethat every JaM data type must extend and the abstract class JaM.DefnFunc thatevery JaM operator used for dependency maintenance must extend (see Section 6.2).For most classes that extend DefnType, a corresponding class or classes exist thatextend DefnFunc. These are used to implicitly de�ne variables of the correspondingtype in an empirical world script. For example, a box centred at the origin withheight, width and depth of 2.0 can either be described by a string expression of itsexplicit value, or by an implicit de�nition of a box with three oating point values of2.0. Table 7.1 shows two expressions for the same geometric shape, where the �rstis implicitly dependent on the values of l, w and h and the second has an explicitvalue. 233
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Figure 7.2: Class diagram for the empirical world classes.234



Classes that directly extend DefnType in empirical worlds represent datatypes that have no node to represent them in VRML. These are the basic typesof an empirical world script, including standard data types for booleans, integers,oating point numbers and three-dimensional points. These are described furtherin Appendix A.4. Some specialised basic types exists that are speci�c to empiricalworlds, including a rotation type (CadnoRotation) that represents an axis of rotationand an angle of rotation in one data value (see Appendix A.4).The types LinearGraph, QuadraticGraph, LogarithmicGraph, SqRootGraphand FieldGraph are classes that extend the abstract class GraphType. These typesare used to represent single valued continuous functions that map one real number toanother. These are required where a de�nition depends on the shape of a continuousfunction, such as �eld functions. They are described further in Appendix A.5. Eachfunction can be sampled at any oating point value x using the built-in operation\readGraph" and return a oating point value y that is dependent on x and thegraph. The following script will de�ne the value of y = 2x+ 4:lg = LinearGraph f xCoefficient 2 constant 4 gy = readGraph(lg, x)Classes that extend VrmlType, an abstract class that directly extends DefnType,must have a node representation in VRML that can be described by a string. For anyinstance of a class that extends VrmlType, the VRML string to describe the instanceis generated by a method of the object called virtualise()2. This method returnsa java.lang.String object that is a VRML-2 [SC96] node description consistentwith the internal data structures of the object instance. Each instance of an em-pirical world class can be described in a VRML-2 �le with the string representationgenerated by this method.2Throughout this chapter, some words in typewriter font correspond to identi�ers in the empir-ical world classes source code. The name for the virtualise() method is chosen to signify that itconverts internal object data representations into a representation in the Virtual Reality ModellingLanguage (VRML). 235



Classes that directly extend VrmlType typically represent data types for at-tributes of worlds, such as materials and textures3. For these classes, there is anexact correspondence between the value on the right-hand-side of an explicit def-inition and the string returned by the virtualise() method. For classes thatindirectly extend VrmlType, if a direct VRML-2 representation is possible then thisrepresentation is returned by the virtualise() method. If it is necessary to rendera more complex shape than one for which a representation exists in VRML-2, apolygonisation or approximation to the represented shape must be provided. Thismechanism is encapsulated in classes that extend FrepType, as described below.Any object that extends the class FrepType, which itself directly extendsVrmlType, is an object that describes some solid geometry that can be displayed andexplored in a VRML browser. The primitive shape types are de�ned in empiricalworlds as CadnoBox for a VRML Box node, CadnoCone for a VRML Cone node andso on. In this chapter, new syntax is introduced to describe values on the right-hand side of explicit de�nitions where no suitable VRML syntax is available. Eachobject that extends FrepType must implement a method f() that is the functionrepresentation4 for a point set of the geometric shape represented by an instanceof the object. This method should return a oating point value for any three oatarguments (x, y, z) representing a point in space consistent with the conditionbelow. f(x, y, z)8>>>>><>>>>>: < 0 if (x; y; z) is outside the solid object.= 0 if (x; y; z) is on the surface of the solid object.> 0 if (x; y; z) is inside the solid object.The VRML-2 notation supports the a�ne transformation of nodes. Theseare provided by the Transform node described in Section 7.3.6. If shapes other3Only a few simple classes are implemented that directly extend VrmlType at this time. Futurework on empirical worlds should extend these to include all VRML-2 nodes.4See Section 3.4.2 and [PASS95]. 236



than the primitive VRML shapes are required by the designer of a world, theymust either transform the nodes to appropriate positions and overlap them5, orcalculate a polygonisation of the complex geometric object. Such a polygonisationis a set of edge-connected, �lled, three-dimensional triangles oriented in space so thatthey approximate the surface of the solid object. Sets of triangles can be renderede�ciently by modern computer graphics hardware that is optimised for displayingthese triangulations [WND97].To enrich the range of geometric shapes available in empirical worlds, newtransformations and operators on point sets are introduced based on the functionrepresentation of the objects. This is combined with a generic polygonisation al-gorithm for all classes that extend TopologyType. This abstract class directly ex-tends FrepType and implements a virtualise() method that calculates a poly-gonisation from the function representation of its subclasses. Classes that extendTopologyType use the function representation binary operators for set-theoreticoperations and blends to construct new geometric shapes. The polygonisation algo-rithm generates a String of VRML containing all the triangles that approximate thenew geometric shape. All classes that extend TopologyType also extend FrepTypeand so they must implement the method f() and have their own function represen-tation. In the following section, controlling the rendering level for the polygonisationalgorithm using the CadnoDetail data type and the CadnoMakeDetail operator isdescribed. As well as being an important introduction to the process of controllinge�cient interaction with empirical world scripts, this data type and operator is usedto illustrate the syntax of the descriptions given for other data types and operatorsthroughout this chapter, Chapter 8 and Appendices A.4 and A.5. Polygonalisation5In most VRML browsers, this produces the e�ect that the objects appear to be the union ofpoint sets for primitive shapes. 237



is only used when necessary and if a geometric object is composed of primitivesavailable in VRML then the visualisation output consists of appropriate VRMLrather than a list of polygons. Section 7.3 describes classes that represent theprimitive geometry available within VRML, including the a�ne transformations ofVRML. In Section 7.4, binary and n-ary operations on point sets for set-theoreticoperations, blending and morphing are described.7.2.1 Rendering DetailWhen an object that is a subclass of TopologyType is rendered by a polygonisationof its shape, the detail to which that polygonisation is carried out can be controlledby an associated CadnoDetail object. The three numbers following detail in thestring value of the data type correspond to the number of space-dividing voxels thata function representation f of a geometric shape is split into for sampling, with edgesparallel to the x, y and z axis of the space. The polygonalisation algorithm in theempirical worlds softare implements cubic cell polygonalisation in a similar way tothat described in [BBCG+97] and further details of the polygonalisation algorithmcan be found in Section 8.4.3.In this thesis, a table with a single line above and below its contents is usedto represent empirical world classes that extend JaM.DefnType (see Section 6.2.2).These tables illustrate the integration of VRML-like syntax into empirical worlds.The table for the CadnoDetail class is shown below:Class Name CadnoDetailExtends DefnTypeValue Format detail integer integer integerDefault Value detail 10 10 10In this table, the rows describe the following information:238



Figure 7.3: Voxels surrounding a cylinder point set.Class Name The name of the empirical worlds class.Extends The name of the class that the class represented directly extends.Value Format A representation of the syntax for the description of a value ofthe data type for the right-hand-side of an explicit de�nition in an empiricalworld script. Italicised tokens should be replaced by appropriate values in anempirical world script.Default Value If the value of a variable is not explicitly given by an explicit def-inition, or an abbreviation is available for describing a value, then this is thedefault value associated with an instance of the data type.Figure 7.3 shows a cylinder contained in twelve voxels. For this example,the value represented by the instance of the CadnoDetail class is \detail 2 2 3".The bounding box of the geometry has been split into two in the x direction, twoin the y direction and 3 in the z direction. The polygonisation algorithm for thisobject would sample the function f for the cylinder at the intersection and cornerpoints of the voxel describing thin lines in the �gure, including those not visible dueto the solid material of the cylinder. 239



An operator called CadnoMakeDetail is available in empirical world scriptsto de�ne the value of a CadnoDetail to be dependent on other integer values. Op-erators are represented by empirical world classes that extend JaM.DefnFunc (seeSection 6.2.3 for more details). This operator allows the user to indivisibly link ade�ning parameter for some geometry to the level of detail at which an object isrendered. The �rst argument to the operator is the number of voxel divisions forthe bounding box parallel to the x-axis, the second is the number of divisions alongthe y-axis and the third is the number of divisions along the z-axis.In this thesis, a table with double-lines above and below its contents is usedto describe an operator class that extends JaM.DefnFunc. These tables represent theway in which dependencies can be expressed between VRML-like values through im-plicit de�nitions in empirical worlds. The table representing the CadnoMakeDetailclass is shown below:Operator Class CadnoMakeDetailMaps From integer � integer � integerMaps To CadnoDetailExample Defn. d1 = detail(10, 20, 23)Value d1 = detail 10 20 23In this table, the rows describe the following information:Operator Class The name of the empirical world class that represents an operatorin the empirical world notation.Maps From Description of the data types possible in the sequence of arguments.Maps To Data type associated with the identi�er on the left-hand side of an im-plicit de�nition that is based on the operator.Example An example of the operators use, split into:240



Defn. an implicit de�nition containing the operator;Value an explicit de�nition that corresponds to the example implicit de�ni-tion, as it associates the same value with the identi�er on the left-handside.The implicit de�nition \d1 = detail(10, 20, 30)" de�nes the value associ-ated with identi�er d1 to be the same as the explicit de�nition \d1 = detail10 20 30".7.3 Primitive Shapes in Empirical WorldsAll primitive shapes in empirical worlds are data types represented by subclasses ofFrepType. They have both a VRML string representation of a VRML node and alsoa function representation corresponding to the equivalent point set. The primitivesolid geometric types presented in this section are Box, Cylinder, Cone and Sphere,the same as the primitive shape types in VRML.All primitive shapes in VRML and empirical worlds are de�ned so thattheir dimensions are centred at the origin6. To move a primitive away from theorigin, it is necessary to use the a�ne transformation data type (an instance ofCadnoTransform) that represents transformed geometry. The CadnoTransform datatype allows the combination of any rotations, scaling, reections, translations andlinear shears on any list of geometric objects represented by classes that extendFrepType.As the CadnoTransform can be exactly described by a string representinga VRML node, it is treated along with the primitive shapes and the FrepList inthis section as a subclass of FrepType for which the virtualise() method returns6The origin is not necessarily the centre of gravity for a solid. Consider a Cone primitive withmore material below the origin than above the origin.241



Shape {appearance Appearance {material Material {diffuseColor 0.2 0.8 0.6}}geometry Transform {rotation 0 0 1 1.57children [Box { size 1.0 2.0 3.2 },Cylinder { radius 3.1 height 4.5 },Cone { bottomRadius 2.1 height 3.3 },Sphere { radius 9.3 }]}}Table 7.2: VRML-2 �le containing primitive shape nodes.a string of VRML that does not contain a polygonisation of a shape. The way inwhich classes in this section are rendered is determined by the VRML browser inwhich their shape is viewed. Table 7.2 shows an example VRML-2 �le containing allthe primitives documented in this section of the chapter, along with an Appearancenode that is a special attribute node described further in Appendix A.4.7.3.1 Box Point SetsA box point set has six rectangular faces, eight vertices and is parametrised by itslength (a0) along the x-axis, width (a1) along the y-axis and height (a2) along thez-axis. Each face is parallel to either the x = 0, y = 0 or z = 0 planes. A diagramof a box with parameter \size a0 a1 a2" is shown in Figure 7.4. In empiricalworlds, the centre of the material contained within the box is the origin. Everyinstance of a subclass of FrepType has a �eld to represent a bounding box. Theminimum coordinate of a Box in each dimension is (�a02 ; �a12 ; �a22 ) and the maximumcoordinate is (a02 ; a12 ; a22 ). These coordinates de�ne the bounding box for Box shapes.242
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a3

a2

a1

Figure 7.4: Diagrammatic representation of a Box point set.Class Name CadnoBoxExtends FrepTypeValue Format Box f size point gDefault Value Box f size 2 2 2 gParameters Name Typesize PointIn an explicit de�nition for a box, there can be optional parameters betweencurly braces \f" and \g". All primitive shape types in empirical worlds have aDefault Value for all de�ning parameters. The deafult value corresponds to thevalue of a parameter if it does not explicitly appear between the curly braces in anexplicit de�nition in an empirical world script. In the case of the Box, the expressionof a value \Box f g" is equivalent to the expression \Box f size 2 2 2 g"7. Thedata type of the parameters that appear within the curly braces is shown in theParameters section of the table, where the parameter Name is next to its Type in7This is the same convention as in VRML, where most nodes have a default value.243



terms of other empirical world classes. The grammar that matches this data typeidenti�es the parameter from its string.Operator Class CadnoMakeBoxMaps From oat � oat � oat orinteger � integer � integer etc.Maps To CadnoBoxExample Defn. b1 = box(3.2, 4, 5.6)Value b1 = Box f size 3.2 4 5.6 gClass CadnoMakeBox describes an operator that takes three arguments thatrepresent the length, width and height of a box and returns an instance of a CadnoBoxclass with these dimensions, centred at the origin. This is the mechanism for estab-lishing dependencies between boxes and other geometry. It is impossible to have abox with negative length sides and so the absolute value is taken for any negativeparameters for a box during an update.The function representation of a box point set is de�ned as the intersectionof six half spaces. For any point (x; y; z) a possible function representation for a boxf is given in the formulaeh(u; v) = ��u� v2��u+ v2� (7.1)i(u; v) = u+ v �pu2 + v2 (7.2)f(x; y; z) = i(i(h(x; a0); h(y; a1)); h(z; a2)) (7.3)The mapping h(u; v) is the function representation for the intersection of two halfspaces, with normal vectors oriented along the u-axis, separated by distance v andequidistant from the plane u = 0. The mapping i(u; v) is a function representationfor the intersection of two other function representation values at the same point uand v. 244



The function implemented in the method f for the CadnoBox object has C1discontinuity only at the edges of the box. Smoother geometry and aestheticallypleasing images are created for operators that combine point sets, such as blends,for function representations that are C1 continuous everywhere except shape edges.7.3.2 Sphere Point SetsSphere point sets are centred on the radius and parametrised by a radius r. Thebounding box for a sphere is given by the minimum point of (�r;�r;�r) and themaximum point (r; r; r). Figure 7.5 shows a diagrammatic representation of a spherepoint set, where the three small arrows at its centre point are oriented along thethree axes of the space. (Each arrow has the end point of its tail located at theorigin.) Class Name CadnoSphereExtends FrepTypeValue Format Sphere f radius oat gDefault Value Sphere f radius 1.0 gParameters Name Typeradius CadnoFloatClass CadnoMakeSphere extends DefnFunc and allows for the implicit de�-nition of CadnoSphere instances in empirical worlds.Operator Class CadnoMakeSphereMaps From oat or integerMaps To CadnoSphereExample Defn. s1 = sphere(3.7)Value s1 = Sphere f radius 3.7 g245



radius

Figure 7.5: Diagrammatic representation of a Sphere Point SetThe implemented function representation for a CadnoSphere object for anypoint (x; y; z) in three-dimensional space with radius r is given by the equation.f(x; y; x) = r2 � (x2 + y2 + z2) (7.4)This function has C1 continuity everywhere.7.3.3 Cylinder Point SetsCylinder point sets are parametrised by their height (h) and radius (r). In empiricalworlds and VRML, the central axis along which the height is measured, is orientedalong the y-axis. The cylinder is centred at the origin and has a bounding boxwith minimum point (�r; �h2 ;�r) and maximum point (r; h2 ; r). A diagrammaticrepresentation of a cylinder centred at the origin is shown in Figure 7.6.
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Class Name CadnoCylinderExtends FrepTypeValue Format Cylinder fheight oatradius oatgDefault Value Cylinder fheight 2.0radius 1.0gParameters Name Typeheight CadnoFloatradius CadnoFloatTwo parameters are used in an explicit de�nition of a cylinder. The order inwhich they appear is not important when the string representing a value is parsedto create and instance of a CadnoCylinder. If one of the parameters is missingthen the default value for that one parameter is assumed. For example, \Cylinderf height 4.5 g" is equivalent to \Cylinder f height 4.5 radius 1 g". If aninteger value is given for one of the parameters, it is converted from the internalrepresentation of the cylinder to a oating point value.Class CadnoCylinder represents an operator in empirical world scripts forthe implicit de�nition of cylinder shapes. There are two arguments to this operator| the �rst represents the height of the cylinder and the second represents the radius.Operator Class CadnoMakeCylinderMaps From oat � oat orinteger � integer etc.Maps To CadnoCylinderExample Defn. c1 = cylinder(3.2, 3.4)Value c1 = Cylinder f height 3.2 radius 3.4 gA function representation for a cylinder centred at the origin with central247
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Figure 7.6: Diagrammatic representation of a Cylinder point set.axis set as the y-axis can be de�ned by the intersection of an in�nite cylinder andtwo half spaces with normal vectors along the y-axis. The function representationf for a cylinder at for any point (x; y; z) isf(x; y; z) = �r2 � (x2 + z2)�+ ��(y � h2 )(y + h2 )��s(r2 � (x2 + z2))2 + ��(y � h2 )(y + h2 )�2This function representation is C1 continuous except at the edges of its top and bot-tom faces.7.3.4 Cone Point SetsCone points sets are parametrised by a radius (r) for the bottom circle of the coneand a height (h) with its central axis oriented along the z-axis. The axis of thecone is centred on the origin and has its top summit point located at (0; h2 ; 0).The minimum point of the bounding box for the point set is (�r; �h2 ;�r) and the248
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maximum point is (r; h2 ; r). A diagrammatic representation of a cone is shown inFigure 7.3.4, where the height and bottomRadius parametrisations are indicated.Class Name CadnoConeExtends FrepTypeValue Format Cone fbottomRadius oatheight oatgDefault Value Cone fbottomRadius 1.0height 2.0gParameters Name TypebottomRadius CadnoFloatheight CadnoFloatClass CadnoMakeCone extends DefnFunc and represents an operator thatallows an instance of CadnoCone to be implicitly de�ned in an empirical world script.The �rst argument to the operator is the bottomRadius of the cone and the secondargument is the height. 249



Operator Class CadnoMakeConeMaps From oat � oat orinteger � integer etc.Maps To CadnoConeExample Defn. c2 = cone(2.3, 7)Value c2 = Cone f bottomRadius 2.3 height 7 gThe function representation f of a cone with height h and bottom radius rcan be de�ned as the intersection between two half spaces and an in�nite cylinderwhose radius varies in linear proportion to the y-coordinate of the sampling point.In the formulae for the function representation of a cone below: mapping rad is usedto calculate the varying radius, mapping half returns the half spaces used for theintersection and mapping cyl is an in�nite cylinder along the z-axis with a varyingradius. For any point (x; y; z), the cone f is given by the formulaerad (y) = �ryh + r2cyl(x; z; q) = q2 � (x2 + z2)half (y) = �(y � h2 )(y + h2 )f(x; y; z) = half (y) + cyl(x; z; rad (y))�qhalf (y)2 + cyl(x; z; rad (y))2The function representation f for the cone has C1 discontinuity only at theedge of its base and at its summit point.7.3.5 Lists of FrepType Geometric ObjectsIn VRML, the Group node allows nodes of various kinds to be grouped into onenode. An example of a group node is shown in Table 7.3 where a Box, Cylinderand Cone have been grouped into one VRML node by placing them in a commaseparated list between \children [" and \ ]". Many other nodes in VRML, suchas the Transform node in the script in Table 7.2, use lists starting with the token250



Group {children [Box { size 2 3 4.2 }, Cylinder { },Cone { bottomRadius 3 }]} Table 7.3: A grouping node in VRML-2.\children" as a parameter for grouping the internal structure of the node. Groupsof nodes with interfering points sets are typically drawn one on top of the other in aVRML browser. The resulting virtual-world objects look like a set-theoretic union,although if elements of the group have di�erent appearances or textures speci�edthen this can lead to a visually unsatisfactory model.In empirical worlds, it is not possible to place any node in a list in the waythat it is in a Group node in VRML. A distinction is made between data type classesthat extend FrepType and other classes that extend DefnType without extendingFrepType. This is so that it is clear which data types correspond to graphicallyrepresentable solid geometry and which data types are related to texture, appear-ance, sound, viewpoint and so on. The FrepList is a special kind of list that cancontain only nodes (empirical world notation types) that extend FrepType8. Thisalso allows operators that map from shapes described by function representationsto map from a list9.Class Name FrepListExtends FrepTypeValue Format children [ (FrepType)� ]Parameters A list of objects that extend FrepType.8Lists in empirical worlds are not comma-separated as they are in VRML.9This limitation of empirical worlds, which is implementation speci�c, should be a future topicfor research and improvement. 251



This class illustrates an important feature of the JaM Machine API. A listof geometric shapes has an explicit value and is its own data type, for example\children [ Box f g Cylinder f g ]". Whether the elements of the list explicitlyde�ned or implicitly de�ned by the operator represented by class CadnoMakeList,the value associated with the left-hand side identi�er can be represented by a uniquestring. Further operators for lists (CadnoHead, CadnoTail and CadnoElementAt),are described in Appendix A.4.Operator Class CadnoMakeListMaps From (FrepType)�Maps To FrepListExample Defn. l1 = list(Box f size 1 2 3 g, Cylinder f g)Value l1 = children [Box f size 1.0 2.0 3.0 gCylinder f height 2.0 radius 1.0 g]The function representation of an FrepList f is the maximum value of thefunction representation for all the elements of the list g1; : : : ; gn at any point (x; y; z),as described by the equationf(x; y; z) = max(g1; : : : ; gn) (7.5)The function representation f represents the set-theoretic union of all thepoint sets represented by the function representations in the list. Note that theintended use of lists is to group shapes together and not to construct set-theoreticunions. This shape representation of this class can produce similar results to thegeometric object overlap that occurs in VRML groups, with the function f havingC1 continuity everywhere except locations where the component function represen-tations have equal values1010Detail inside a solid shape is preserved by VRML groups and lost in empirical world lists.252



7.3.6 A�ne Transformations of Point SetsAll the primitive shape points sets in VRML and empirical worlds are constructedcentred at the origin. A virtual world full of primitive shape point sets centred atthe origin would not be a particularly interesting one. In the real world, objectsare centred in many di�erent locations. An a�ne transformation of any geometricsolid object allows for its point set to be relocated anywhere in virtual space, rotatedaround any axis and scaled in a particular orientation to an appropriate size. VRMLhas a Transform node that can be used for the combined purpose of rotation,translation and scaling for any piece of geometry11. The analogue to this node inempirical world classes is an instance of CadnoTransform.This section explains the process of integrating the VRML Transform nodesyntax with the function representation of shape in a de�nitive script. This expla-nation is presented in the form of an annotated transformation of a two-dimensionalhexagonal polygon.Figure 7.7 shows the e�ect of a set of a�ne transformations on a hexagonin two dimensions. The transformations shown are carried out in the same or-der as the transformations in both VRML and instances of the empirical worldCadnoTransform class. Vector c is the central point for the transformations, vectort is the translation vector of the geometric objects, O is a matrix representing arotation prior to a scaling, S is a diagonal matrix for the actual scaling with c at itscentre and R is a rotation matrix representing the required rotation of the objectabout centre c12.In the diagram in Figure 7.7, each stage of the transformation is representedby separate pairs of axes that are labelled \a" through to \g". On each pair of axes,the hexagonal shape is drawn with a solid line to show it prior to transformation, and11See Table 7.2 for an example of a VRML Transform node.12Rotation in two dimensions is about a point, not an axis as in three dimensions. The directionof the axis of rotation in three dimensions is contained in the internal representation of R.253



with a dashed line to illustrate the e�ect of the transformation. Each transformationis described by items in the list below, where each item is labelled to correspondwith Figure 7.7:a - The point set (hexagon) is translated by vector -c so that the other trans-formations centred at the origin can take place as if they were centred at c.The rotated and scaled point set is transformed back by vector c in step f.b - Rotation of the point set by the inverse scale orientation matrix O�1 prior toscaling. In the example, O�1 corresponds to an anti-clockwise rotation aroundthe origin by �2 radians.c - Linear scaling of the point set by a factor of 1:5 along the x-axis and 2 alongthe y-axis. This scale transformation can be represented by a diagonal matrixS.d - Rotation of the point set by the scale orientation matrix O.e - Rotation of the point set by the rotation matrix R. In this example, Rcorresponds to a clockwise rotation about the origin by �3 radians.f - Translation of the point set from the origin back to the centre of the trans-formations at point c.g - Translation of the point set by the given translation vector t.h - The point set in its new transformed location after all the combined a�netransformations are completed.A bounding box for a translated shape is found by translating the bound-ing box for the transformed geometric objects and then creating a new box withfaces with normal vectors parallel to the axes. This new bounding box completely254
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Figure 7.7: Stages for an a�ne transformation of a hexagonal shape.
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contains the translated bounding box. In Figure 7.7, this process is illustrated intwo dimensions. In Figure 7.7a, the dotted box represents the original boundingbox for the hexagon. The translation of this bounding box is shown in Figures 7.7bthrough to 7.7g. In Figure 7.7h the new bounding box for the translated geometryis calculated, with sides that have normal vectors along the x and y axis. This newbounding box is represented by a box drawn with a dashed outline.Bounding boxes constructed by this process are often larger than the mini-mum box that can tightly enclose the geometry. Further work is required to identifybetter mechanisms for determining the minimum bounding box for a transformedshape in empirical worlds. The bounds are primarily an aid to rendering algorithms,providing a guide to the spatial extent of a solid shape given by a function repre-sentation.
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Class Name CadnoTransformExtends FrepTypeValue Format Transform fcenter pointrotation rotationscale pointscaleOrientation rotationtranslation pointchildren [ (FrepType)� ]gDefault Value Transform fcenter 0 0 0rotation 0 0 1 0scale 1 1 1scaleOrientation 0 0 1 0translation 0 0 0children [ ]gParameters Name Typecenter Pointrotation CadnoRotationscale PointscaleOrientation CadnoRotationtranslation Pointchildren List of objects of FrepType.The CadnoTransform class represents three-dimensional versions of a�netransformations, with c represented in the center parameter, R in the rotationparameter, O in this scaleOrientation parameter, S in the Scale parameter andt in the translation parameter. Once a string represented by a CadnoTransformhas been parsed, the internal data representation of these parameters are computedas matrices and vectors. This minimises the number of computationally expensivecalls to mathematical library functions for sine, cosine and square root during theevaluation of the functional representation of a transformed point set. Note thatthe default value for a CadnoTransform corresponds to the identity mapping foreach component transformation, e.g. a translation vector of (0; 0; 0), a rotation257



through 0 degrees and so on.The function representation for a transformed point set is found by trans-forming the original space for the original function representation of the point set.To evaluate the function representation of the transformed shape, any point in thespace of the transformed shape is mapped by an a�ne transformation to the originalspace, in which the function representation of the original shape is evaluated. Thistransformation of space is represented by the function w, which corresponds to theinverse of the shape transformation represented, wherew(p) = (OS�1O�1R�1((p� t)� c)) + c (7.6)For any point p = (x; y; z) and a function representation for the children of aCadnoTransform instance g, the function representation for the transformed pointset f is f(p) = g(w(p)).In Figure 7.7, one of the vertices of the hexagon shape is circled in eachrepresentation to illustrate this space transformation process. Point p is shown intransformed space in Figure 7.7h, and is located at a vertex of the transformedhexagon. To evaluate the function representation of the transformed hexagon at p,p is transformed by w back through Figures 7.7g to 7.7a where the function repre-sentation for the original shape is evaluated at w(p).Four operators can be used in empirical world scripts to implicitly de�neinstances of the CadnoTransform class. These are: one for translating point sets,one for rotating point sets, one for scaling/linearly shearing point sets and one fora combination of all these transformations.
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Implicit De�nitions for TranslationsOperator Class CadnoTformTranslationMaps From oat � oat � oat � FrepType orinteger � integer � integer � FrepType etc.Maps To CadnoTransformExample Defn. t1 = translate(2.3, 2.4, 2.5,children [ Box f size 2 3 1 g ] )Value t1 = Transform fcenter 0 0 0rotation 0 0 1 0scale 1 1 1scaleOrientation 0 0 1 0translation 2.3 2.4 2.5children [ Box f size 2 3 1 g ]gThe translation of a point set can be implicitly de�ned in empirical worldsusing the operator represented by the CadnoTformTranslation class. The data typeof the value associated with the left-hand side of an implicit de�nition containingthis operator is represented by the CadnoTransform class. The �rst three argumentsto the operator represent the translation vector t and the fourth argument is theoriginal point set prior to translation.
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Implicit De�nitions for RotationsOperator Class CadnoTformRotationMaps From Point � CadnoRotation � FrepType orCadnoRotation � FrepTypeMaps To CadnoTransformExample Defn. t2 = rotate(2 2 3, 0 1 0 3.1415,children [ Cone f g ] )Value t2 = Transform fcenter 2 2 3rotation 0 1 0 3.1415scale 1 1 1scaleOrientation 0 0 1 0translation 0 0 0children [Cone f bottomRadius 1 height 2g ]gExample Defn. t3 = rotate(0.5 0.25 0.25 1.5708,Sphere f radius 3.2 g)Value t3 = Transform fcenter 0 0 0rotation 0.5 0.25 0.25 1.5708...children [ Sphere f radius 3.2 g ]gThe class CadnoTformRotation, when used as an operator for an implicitde�nition in an empirical world script, creates instances of CadnoTransform classrepresenting the given geometric shapes rotated by the speci�ed amount. The �rstargument to the operator is an optional vector represented as a Point that is thecentre (c) of the transformation and, therefore, a point that the axis of rotationmust pass through. The next argument is a CadnoRotation representation (R) (seeAppendix A.4) of the axis for the rotation and the anti-clockwise angle of rotation.The last argument is the function representation for the point set for the geometrythat is being transformed. 260



In the table describing the CadnoTformRotation class above, the second ex-ample shows the rotation of a CadnoSphere. The resulting point set is actuallyidentical to the original one. With all objects in empirical worlds, many di�erentdescriptions can exist for the same point set. The di�erence between the representa-tions of the point sets can be established by comparing their string representations.Any user interacting with a script of empirical world de�nitions should take care toensure they consider the most e�cient way to represent their point sets by examiningthe issues relating to dependency structures discussed in Chapter 4.Implicit De�nitions for ScalingOperator Class CadnoTformScaleMaps From Point � FrepType oroat � oat � oat � FrepType orPoint � CadnoRotation � Point � FrepType orCadnoRotation � Point � FrepTypeMaps To CadnoTransformExample Defn. s4 = scale(1, 2, 1,children [ Box f size 2 2 2 g ] )Value s4 = Transform f...scale 1.0 2.0 1.0...children [ Box f size 2 2 2 g ]gA scaling transformation of a point set can be described by an implicit def-inition with the operator represented by class CadnoTformScale. There are fourpossible sequences of types in arguments to this operator and, in each case, thedata types associated with the identi�er on the left-hand side of the implicit de�-nition is represented by a CadnoTransform class. One of these sequences of argu-ments consists of a Point representing the scale transformation S, followed by a261



CadnoRotation representation of scale orientation matrix O, followed by a Pointrepresenting the centre vector c. The �nal argument in the sequence corresponds tothe function representation for the shape being transformed.Implicit De�nitions for A�ne TransformationOperator Class CadnoMakeTransformMaps From Point � CadnoRotation � Point �CadnoRotation � Point � FrepTypeMaps To CadnoTransformExample Defn. t5 = transform(2 2 3, 0 1 0 3.1415,1 2 1, 1 0 0 1.5708, 2 3 4,children [ Box f size 2 4 2 g ] )Value t5 = Transform fcenter 2 2 3rotation 0 1 0 3.1415scale 1 2 1scaleOrientation 1 0 0 1.5708translation 2 3 4children [ Box f size 2 4 2 g ]gEvery parameter for an instance of a CadnoTransform class can be implic-itly de�ned in an empirical world script by using the operator represented by theCadnoMakeTransform class. The ordering of the sequence of arguments to the oper-ator is: center c, rotationR, scale S, scaleOrientationO and translation t.The last argument of this sequence corresponds to the function representation forthe original point set that is being transformed.7.4 Shape Combination in Empirical WorldsIn this section, binary and n-ary operations for point sets are described. Theseform new data types and operators in empirical world scripts. They include types262



for the description of, and operators for the implicit creation of, new shapes thatare a combinations of other existing point sets. The new point sets can also beused as parameters to further combination operations. The combinations describedhere are the three standard Constructive Solid Geometry13 operators [Bow94] ofunion, intersection and di�erence (also known as cut) of point sets, along withtwo variations of these, blend-union and blend-intersection. Finally, an operationrepresenting the metamorphosis between two existing point sets is described.None of the operators described in this section are part of the existing VRMLnotation and new syntax has been adopted to describe them. The shapes describedby the combination operators must be rendered through the polygonisation algo-rithm described in Section 8.4.314. To distinguish these shapes from those that mayhave a VRML representation, all subclasses of DefnType described here also extendanother abstract class called TopologyType. The relationship between these classesis shown in the class diagram in Figure 7.2. All objects that extend TopologyTypehave the same virtualise()method to render their geometry and must implementa method f corresponding to their function representation for any three-dimensionalpoint (x; y; z).The classes that represent operators described in Section 7.4.1 through to theend of this chapter can take an additional CadnoDetail parameter as an argument inempirical world scripts (see Section 7.2.1). This parameter allows for the interactivecontrol of the quality of the polygonisation and hence the level of detail of theimage displayed in the VRML browser. For all implicit de�nitions of shape in thesesections, the sequence of arguments to the operators can be preceded by an optionalargument that is a variable represented by the CadnoDetail class.13Commonly abbreviated to CSG, also known as set-theoretic operations.14At the current time, polygonisation is the method adopted for rendering function representationshapes in empirical worlds. The same function representation can be used to create a ray-tracedimage [FvF+93]. 263



7.4.1 Union of Point SetsIn this section, the integration of the set-theoretic union of point sets into empiricalworlds is described. The only parameters that describe a union in empirical worldsare a list of children classes that extend FrepType. The bounding box of a unionis a box that bounds the union of all the bounding boxes of the de�ning shapes. Ifthe bounding boxes of the de�ning shapes tightly encloses their geometry then thebounding box of the union point set will also tightly enclose its geometry. Figure 7.8shows a diagrammatic representation of the union of a Box and a Cylinder pointset. Class Name CadnoUnionExtends TopologyTypeValue Format Union f children [ (FrepType)� ] gParameters Name Typechildren List of objects of FrepType.An explicit de�nition for a union point set in an empirical world script is ofthe formu1 = Union f children [ Box f g Cylinder f height 3 radius 0.5 g ] g.A de�nition for a union of point sets has an explicit right-hand side value thatdirectly represents a point set for an instance of a CadnoUnion class. Implicit def-inition of a union point set in an empirical world script is possible by using anoperator based on the CadnoMakeUnion class. This operator creates and maintainsdependencies based on its arguments for an instance of a CadnoUnion class. The twopossible sequences of arguments to this operator are either a sequence of variablesrepresented by the FrepType class or a variable associated with an existing instanceof the FrepList class. 264



Figure 7.8: Diagrammatic representation of the union of a Box and a Cylinder.Operator Class CadnoMakeUnionMaps From FrepList orCadnoDetail � FrepList or(FrepType)� orCadnoDetail � (FrepType)�Maps To CadnoUnionExample Defn. u1 = union(detail 14 14 14,children [Box f size 2 2 2 gCylinder f radius 0.5 height 3 g] )Value u1 = Union fchildren [Box f size 2 2 2 gCylinder f radius 0.5 height 3 g] gIn the table above describing the CadnoMakeUnion class, the example showsa union of a Box and a Cylinder equivalent to that shown in Figure 7.8. If renderedin a VRML browser, the polygonisation used to generate the image of this example265



shape would split the shape into 14� 14� 14 equal voxels that are contained withinthe bounding box of the union point set.One possible function representation for a union of point sets with functionrepresentations g1; : : : ; gn at any point p = (x; y; z) in space, is to �nd the maximumvalue of g1(p); : : : ; gn(p). This representation can have C1 discontinuity whereverany pair of the arguments are equal. Better continuity can be achieved with aninstance of the CadnoBlendUnion described in Section 7.4.4 of this chapter, with avalue for displacement set to zero. The blend union is a binary operation whereasthe standard union described in this section is an n-ary operation.7.4.2 Intersection of Point SetsIn this section, the integration of set-theoretic intersection into empirical worldscripts is described. The parameters for an intersection of point sets in empiricalworlds are a list of children containing the de�ning point sets of the intersection.This operation can result in an empty point set if there is no common solid materialrepresented by any of the de�ning points sets.The bounding box of an intersection point set is a box that tightly boundsthe intersection of all the bounding boxes of the de�ning point sets. If the boundingboxes for the children tightly enclose their geometry then the bounding box for theintersection geometry will also tightly enclose the geometry. Figure 7.9 shows theintersection of a Sphere with a Cone rendered using the empirical world builder tool(see Section 8.4). The resulting geometry from this operation can be described as atruncated cone with a rounded base and top.
266



Figure 7.9: Images of the intersection of Cone and Sphere point sets.Class Name CadnoIntersectionExtends TopologyTypeValue Format Intersection f [ children (FrepType)� ] gParameters Name Typechildren List of objects of FrepType.In an empirical world script, an intersection can be de�ned implicitly by usingan operator represented by the CadnoMakeIntersection class. The two possiblesequences of arguments to this operator are either a sequence of variables representedby the FrepType class or a variable associated with an existing instance of theFrepList class.
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Operator Class CadnoMakeIntersectionMaps From FrepList orCadnoDetail � FrepList or(FrepType)� orCadnoDetail � (FrepType)�Maps To CadnoIntersectionExample Defn. i1 = intersection(children [Cone f bottomRadius 1 height 4 gSphere f radius 1 g] )Value i1 = Intersection fchildren [Cone f bottomRadius 1 height 4 gSphere f radius 1 g] gThe empirical world script for the images shown in Figure 7.9 is the same asthe one in the table above.If the de�ning point sets have a functional representations g1; : : : ; gn thenone possible function to represent the intersection of these point sets for any pointp is to �nd the minimum value of g1(p); : : : ; gn(p). This function is C1 continuousexcept at any point where any pair of the component function representations haveequal values. For better continuity, an intersection of point sets represented by theCadnoBlendIntersection class described in Section 7.4.5 can by used, with thedisplacement parameter set to zero.7.4.3 Cutting Point Sets by Other Point SetsIn this section, the integration of set-di�erence operation into empirical worlds isdescribed. A point set representing some solid material can appear to have thematerial from another point set cut away by the set-di�erence of the two pointsets. The set-di�erence operation described here is a binary operation, where theoriginal point set is considered the body and the cutting point set as the tool. This268



operation can lead to an empty point set in the case where all the material in thebody is also contained in the tool. For a body point set B and a tool T , the set-di�erence operation B n T is the same as B \ :T , the intersection of B with everypoint not inside T .A bounding box that is guaranteed to enclose a cut point set is the sameas the bounding box for the body shape. A tightly enclosing bounding box for theshape may be smaller than this, as material can be removed from the body by thecut operation. The method shrinkWrap() implemented in the class TopologyTypesamples the function representation at the faces of the bounding box for the currentlevel of detail. A good guess to the bounding box is initially found before it is grownor shrunk in the x, y and z directions until it approximates a tight bounding boxthat wraps the geometry given by the function representation. This process cango wrong, especially for in�nite solid shapes. To prevent continuous looping andsearching for shape, the process is limited to a maximum number of iterations. Inmost cases, the maximum number of iterations is not reached. When the maximumnumber of iterations is exceeded, this process can lead to the rendered geometricshapes having holes in their surfaces.Figure 7.10 is a diagrammatic representation of a Box point set body cutby a Cylinder point set tool. The parameters body and tool in an instance of aCadnoCut class are the geometric solid shapes used in the set di�erence.
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Figure 7.10: Body point set Box with a tool point set Cylinder cut away from it.Class Name CadnoCutExtends TopologyTypeValue Format Cut fbody FrepTypetool FrepTypegParameters Name Typebody FrepTypetool FrepTypeAn instance of a CadnoCut class can be implicitly de�ned in an empiricalworld script by the use of an operator represented by the CadnoMakeCut class. Theorder of arguments to this operator are an optional CadnoDetail followed by a solidgeometric object representing the body for the cut operation and then another solidgeometric object that is the tool.
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Operator Class CadnoMakeCutMaps From FrepType � FrepType orCadnoDetail � FrepType � FrepTypeMaps To CadnoCutExample Defn. c1 = cut(Box f size 2 2 2 g,Cylinder f radius 0.5 height 4 g )Value c1 = Cut fbody Box f size 2 2 2 gtool Cylinder fradius 0.5 height 4 ggThe empirical world script example in the table above is consistent with thediagrammatic representation of a CadnoCut in Figure 7.10.The function representation f of one point set cut by another can be foundby taking the intersection of the body function representation g1 with the negativeversion of the tool function representation g2 at the same point, wheref(x; y; z) = g1(x; y; z) + (�g2(x; y; z)) �qg1(x; y; z)2 + g2(x; y; z)2 (7.7)This function representation has C1 discontinuity only at a point where the valueof g1 and g2 are both equal to zero.7.4.4 Union Blending of Point SetsUsing the function representation of shape, it is possible to describe variants ofthe set-theoretic operations that create shapes that appear as if they are blendedtogether. Blending with functional representations is described by Savchenko andPasko in [SP94]. The union of points sets with blending is described in this sectionand the blending intersection of point sets in Section 7.4.5.Point set blending involves the addition or subtraction of some materialaround the outside of the union of the two point sets. To do this with functionrepresentations of two geometric shapes g1 and g2, and their set-theoretic union u1,271



it is necessary to add some blend material in the proximity of both of the two shapes.This can be achieved by adding a little extra of the values of g1(p) and g2(p) to thefunction representation of the value of the union. To do this, the proportion thatthe blend is a�ected by each of the de�ning shapes, a1 for shape g1 and a2 for shapeg2, must be determined. It is also necessary to de�ne the displacement value d thatrepresents how much the blend should a�ect the union operation as a whole. Thenfunction representation f for a point set resulting from a blend-union operation isgiven by the formulaeu(x; y; z) = g1(x; y; z) + g2(x; y; z) +qg1(x; y; z)2 + g2(x; y; z)2 (7.8)f(x; y; z) = d1 + �g1(x;y;z)a1 �2 + �g2(x;y;z)a2 �2 + u(x; y; z) (7.9)The blending process produces much better results when the functions g1and g2 are C1 continuous almost everywhere. Figure 7.11 shows three snapshotsof the blend union of a Box point set and a Cylinder point set. The displacementvalue d is set to �0:5 in the left-hand image, 0:0 in the central image and 0:5 in theright-hand image. In each case, the values for a1 and a2 are set to 1:0. With d = 0,the point set is exactly the same as for the set-theoretic union operation.A blend union is parametrised by a oat representing d, the displacement,and two oats representing the proportion of blending a0 and a1 for each de�ningpoint set, called firstDistance and secondDistance respectively. The boundingbox for a blend union is found by starting with the bounding box for the set theo-retic union of the de�ning shapes and executing the shrinkWrap() method, whichapproximates bounds that are just outside the actual geometry.
272



-0.5 0.0 0.5Figure 7.11: Blend union of a Box and a Cylinder for displacement values of �0:5,0:0 and 0:5. Class Name CadnoBlendUnionExtends TopologyTypeValue Format BlendUnion ffirstSolid FrepTypesecondSolid FrepTypedisplacement oatfirstDistance oatsecondDistance oatgParameters Name TypefirstSolid FrepTypesecondSolid FrepTypedisplacement CadnoFloatfirstDistance CadnoFloatsecondDistance CadnoFloatImplicit de�nitions of blend unions in empirical world scripts can be madeby the use of the class CadnoMakeBlendU, which extends DefnFunc. The order ofarguments to the operator in a script are a oating point value for the displacementd, followed by the firstDistance oating point value a1, then the secondDistanceoating point value a2, then the firstSolid with function representation g1 and�nally the secondSolid with function representation g2.
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Operator Class CadnoMakeBlendUMaps From CadnoDetail � oat � oat � oat �FrepType � FrepType oroat � oat � oat �FrepType � FrepTypeMaps To CadnoBlendUnionExample Defn. bu = blendUnion(detail 10 10 10,0.5, 1.0, 1.0,Box f size 2 2 2 g,Cylinder fradius 0.5 height 4 g )Value bu = BlendUnion ffirstSolid Box f size 2 2 2 gsecondSolid Cylinder fradius 0.5 height 4 gdisplacement 0.5firstDistance 1.0secondDistance 1.0g7.4.5 Intersection Blending of Point SetsThe intersection blending of point sets creates a point set similar to a set-theoreticintersection of the same two point sets, except that some material is added or re-moved to achieve the e�ect of a blend between the intersecting shapes. The amountof material added is controlled by a displacement parameter d and the proportionof material from each geometric shape de�ning the blend by parameters a1 and a2.For any point (x; y; z) and function representations for two solid geometric shapesg1 and g2, the function f for a blend intersection isu(x; y; z) = g1(x; y; z) + g2(x; y; z) �qg1(x; y; z)2 + g2(x; y; z)2 (7.10)f(x; y; x) = d1 + �g1(x;y;z)a1 �2 + �g2(x;y;z)a2 �2 + u(x; y; z) (7.11)In em empirical world scripts, the explicit value of a blend intersection is givenby explicitly specifying two shapes firstSolid and secondSolid, along with the274



displacement parameter d. The proportion of the e�ect of each shape a1 and a2 onthe operation can be expressed in firstDistance and secondDistance parametersrespectively. The bounding box for the shape is found by taking the bounding boxfor the set-theoretic intersection of the two geometric shapes and then executing theshrinkWrap() method to �nd a more accurate set of bounds to suit the blendedshape. Class Name CadnoBlendIntersectionExtends TopologyTypeValue Format BlendIntersection ffirstSolid FrepTypesecondSolid FrepTypedisplacement oatfirstDistance oatsecondDistance oatgParameters Name TypefirstSolid FrepTypesecondSolid FrepTypedisplacement CadnoFloatfirstDistance CadnoFloatsecondDistance CadnoFloatFigure 7.12 shows the blend intersection of a sphere and a translated boxfor di�erent values of the displacement parameter d and with the values of a1 anda2 set to 1:0. With a value for d = 0, the image is the same as the set-theoreticintersection of the same two shapes. Notice how blend material can be subtractedfrom the set-theoretic intersection with a negative value for d, as well as added tothe intersection with a positive value for d.Blend intersections in an empirical world script can be implicitly de�nedby the use of the class CadnoMakeBlendI, which extends DefnFunc. The order ofarguments to the operator in a script is the same as the order for the blend union275



-0.1 0.0 0.1Figure 7.12: Blend intersection of a Cone and a Sphere for displacement values of-0.5, 0.0 and 0.5.operator.Operator Class CadnoMakeBlendIMaps From CadnoDetail � oat � oat � oat �FrepType � FrepType oroat � oat � oat �FrepType � FrepTypeMaps To CadnoBlendIntersectionExample Defn. ci = blendIntersection(0.5, 1.3, 1.8,Cone fbottomRadius 1 height 4 g,Sphere f radius 1 g )Value ci = BlendIntersection ffirstSolid Cone fbottomRadius 1 height 4 gsecondSolid Sphere f radius 1 gdisplacement 0.5firstDistance 1.3secondDistance 1.8g7.4.6 Metamorphosis of Point SetsA metamorphosis between point sets, known as a morph, is de�ned as a continuoustransition between two pieces of solid geometry parametrised by a value t. When t =276



0, the morph shape is exactly equal the same as �rst piece of geometry, and when t =1 the morph shape is the same as the second piece of geometry. When t = 0:5, thereis an equal contribution from both pieces of geometry. Such a morphing transitioncan be achieved by with the function representation for solid objects by the simpleequation shown below (Equation 7.12), where g1 is the function representation forthe �rst solid and g2 is the function representation for the second. An example offunction representation morphing between a box and a spiral by Pasko et al is foundin [PSA93]. The morph f is C1 continuous everywhere that the de�ning functionrepresentations are C1 continuous, wheref(x; y; z) = (1� t)g1(x; y; z) + tg2(x; y; z) (7.12)The morph between two solid objects can be explicitly de�ned in an empiricalworld script through the data type represented by the CadnoMorph class. The �rstsolid with function representation g1 is represented as the parameter zeroSolid,indicating that this is the solid represented by the morph for a value of t = 0.Similarly, the second solid with function representation g2 is parameter oneSolid.The oating point value of t is the proportion parameter. The bounding box for amorph is calculated by taking the bounding box for the set-theoretic union of the twode�ning point sets and then executing the shrinkWrap() method to approximatebounds just outside the morph solid shape.
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Class Name CadnoMorphExtends TopologyTypeValue Format Morph fzeroSolid FrepTypeoneSolid FrepTypeproportion oatgParameters Name TypezeroSolid FrepTypeoneSolid FrepTypeproportion CadnoFloatFigure 7.13 shows a morph between a union of a box and a cylinder (\box/cylinder"),and a sphere with a cylindrical hole (\cut-sphere"). The �gure is split into eightimages with the corresponding value for t shown below each image. When t = 0,only shape for the box/cylinder is visible and when t = 1 then only the cut-sphereshape is visible. For values between 0 and 1, the shape can be observed to transformbetween the �rst and second de�ning solids. Two additional images are shown todemonstrate the e�ects that it is possible to achieve by using values for t that areoutside the range [0; 1].A morph between two shapes can be de�ned implicitly in an empirical worldscript with the use of the CadnoMakeMorph class. The order for the arguments tothe operator in a script is an optional CadnoDetail rendering level, followed by aoating point value for the proportion t, then the �rst shape (zeroSolid) withfunction representation g1 and �nally the second shape (oneSolid) with functionrepresentation g2.
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t = -0.5
t = 0.0 t = 0.2 t = 0.4
t = 0.6 t = 0.8 t = 1.0

t = 1.5Figure 7.13: Morph between a box/cylinder shape and a cut-sphere shape, for vary-ing values of t. 279



Operator Class CadnoMakeMorphMaps From CadnoDetail � oat � FrepType � FrepType oroat � FrepType � FrepTypeMaps To CadnoMorphExample Defn. m1 = morph(0.5,Sphere f radius 1 g,Cylinder f radius 1 height 2 g )Value m1 = Morph fzeroSolid Sphere f radius 1 goneSolid Cylinder fradius 1 height 2 gproportion 0.5g
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Chapter 8
Applications for EmpiricalWorlds
8.1 IntroductionIn Chapter 7, empirical worlds and the associated Java class library are introduced.In this chapter, some applications of empirical worlds are described. They include:� the integration of a broader range of shapes than represented by primitiveshape data types. This is achieved by augmenting the empirical world classlibrary. An example of this process is given in Section 8.2, which involvesintegrating operators and data types for the representation of skeletal implicitsurfaces [WvO97, WvO95, BBCG+97] into empirical worlds.� the integration of a broader range of transformations than the standard a�netransformations presented in Section 7.3.6. In Section 8.3, warping transfor-mations for bending, twisting and tapering shapes are illustrated.� a server/client implementation of a tool based on the empirical world classeswith support for interaction using empirical world scripts. The empirical world281



builder server and world-wide-web client applications are described in Sec-tion 8.4.� the creation of an artefact for the interactive exploration of a geometric shapeusing an empirical world script. A case-study is presented in Section 8.5 thatillustrates the use of some of the data types and operators represented by theempirical world classes.All the support for agency (see Section 6.3.2) and client/server implemen-tation mechanisms (see Section 6.4.2) available in the JaM Machine API can beintegrated into applications that are based on the empirical world class library. Newinterfaces to empirical worlds can be created by constructing appropriate graphicaluser-interfaces, or with parsers for a higher level geometric notations than empiri-cal world scripts. The potential for real-time interaction with the empirical worldbuilder tool is evaluated in Section 8.4.3, where timings for the polygonisation ofshapes are presented.8.2 Skeletal Implicit Shapes in Empirical WorldsSkeletal implcits1 are a class of implicit function shape constructed by blending setsof skeletal elements. Any skeletal element S, represented by the implicit mappingrS , has the property that for a point p, rS(p) is the minimum distance from p tothe surface of S. The e�ect of this is that the values for rS around a skeleton arelike a contour map and de�ne an increasing �eld as you move away from the skeletalgeometry. The skeletons described in this section are sphere, cylinder and torus andall extend a class called SoftType. The skeletons described here are similar to thoseimplemented by Larcombe in [Lar94] and could easily be extended in the future1Also known as Blobby objects. 282



to include cone, ellipsoid, polygon and plane by implementing more subclasses ofSoftType.The approach adopted here is to integrate skeletal-based implicits into amodelling system that supports function representation. To do this the SoftTypeclass is used, which directly extends TopologyType that in turn extends FrepType(see Figure 7.2). The SoftType class implements the function representation methodf(). (see Section 7.2). In this section, it is assumed that if point p is inside theskeleton, then the value of rS(p) will be negative, this value is zero if p is on thesurface of the skeleton and positive external to the skeleton. Instead of implementingmethod f(), all classes that extend SoftType implement another method called d()which returns the value of rS(p) for a particular skeleton. In the class SoftType, themethod f() is implemented and returns the negative value mapped to by abstractmethod d(). The function representation f of a soft shape is f(p) = � rS(p).Wyvill and Guy suggest a syntax for skeletal implicit objects embedded aspart of VRML in [WG97]. This syntax has been loosely observed in the imple-mentation of the empirical world classes, except where mentioned in the text. Thedi�erences occur for the classes: SoftShape, which takes any skeleton S and appliesa �eld function to the minimum distance value rS(p), for any point p; SoftSum,which sums the �elds surrounding a list of geometric objects. Both SoftShape andSoftSum have been extended so that they are e�ective for all instances of classes thatextend FrepType in empirical worlds. More details are presented in Sections 8.2.4and 8.2.5.An important motivation for the inclusion of this section is to demonstratehow easily new JaM data types for a shape can be incorporated into an empiricalworld notation. The skeletal element types and operators represented (including thethree skeletal elements described in this chapter, the SoftShape type, the SoftSumtype and all the associated operators) were all implemented during one day. Once283



the classes themselves were written, it is a simple task to link them into a tool basedon empirical world classes. As all the skeletal implicit classes extend FrepType,all operators available for the combination and manipulation of FrepType objectsbecome immediately applicable to the soft objects, including a�ne transformations,CSG operations, morphing and so on. Conventional CSG-like geometric objects cancoexist as components of models with blobby objects.8.2.1 Soft SpheresA soft sphere can be de�ned explicitly in empirical world scripts with the datatype represented by the CadnoSoftSphere class. The sphere is parametrised by itsradius r. Like the CadnoSphere, the CadnoSoftSphere is centred on the origin andshould be translated to another position if a di�erent centre is required by the user.The bounding box for the sphere has minimum point (�r;�r;�r) and maximumpoint (r; r; r). Class Name CadnoSoftSphereExtends SoftTypeValue Format SoftSphere fradius oatgDefault Value SoftSphere fradius 1gParameters Name Typeradius CadnoFloatA soft sphere can be de�ned implicitly in an empirical world script withthe operator represented by the CadnoMakeSoftSphere class. The argument to theoperator in an implicit de�nition for a soft sphere is the radius r.284
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Figure 8.1: Planar slice through a CadnoSoftSphere, showing the surrounding �eld.Operator Class CadnoMakeSoftSphereMaps From CadnoDetail � oat oroatMaps To CadnoSoftSphereExample Defn. ss = softSphere(3.2)Value ss = SoftSphere fradius 3.2gThe distance d from any point (x; y; z) to the skeleton surface of the softsphere with radius r is given byd(x; y; z) = qx2 + y2 + z2 � r (8.1)This function is C1 continuous everywhere except at the origin point (0, 0, 0).Figure 8.1 shows the �eld around and inside a sphere of radius 4 given by dfor a planar slice through the solid sphere geometry in the xy-plane. The thick linerepresents the surface of the sphere, the dashed lines indicate the �eld inside thesphere and the dotted lines indicate the �eld outside the sphere.285



8.2.2 Soft CylindersSoft cylinders are parametrised in empirical worlds by a height h and a radius r andthe geometric shape represented has hemispherical ends, simplifying the calculationof the distance �eld. A CadnoSoftRCylinder class can be used to explicitly de�nethe value of a soft cylinder, centred on the origin with its height dimension orientedalong the y-axis of the space. The parameters of a cylinder in a script are heightand radius. The bounding box for soft cylinder is de�ned by minimum point(�r; �h2 � r;�r) and (r; h2 + r; r).Class Name CadnoSoftRCylinderExtends SoftTypeValue Format SoftRCylinder fradius oatheight oatgDefault Value SoftRCylinder fradius 1height 2gParameters Name Typeheight CadnoFloatradius CadnoFloatSoft cylinders can be de�ned implicitly in empirical world scripts with the op-erator represented by the CadnoMakeSoftRCylinder class, which extends DefnFunc.The arguments to the operator in an implicit de�nition are a value representing theradius r of the soft cylinder, followed by the height h of the cylinder.
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Operator Class CadnoMakeSoftRCylinderMaps From CadnoDetail � oat � oat oroat � oatMaps To CadnoSoftRCylinderExample Defn. sc = softRCylinder(3.1, 7.9)Value sc = SoftRCylinder fradius 3.1height 7.9gThe distance d from any point (x; y; z) to the surface of the skeleton of a softcylinder is given byd(x; y; z) = 8>>>>><>>>>>: qx2 + (y � h2 )2 + z2 � r if y � h2px2 + z2 � r if �h2 < y < h2qx2 + (y + h2 )2 + z2 � r if y � �h2 (8.2)This mapping is C1 continuous everywhere except at the planes y = �h2 and y = h2and along the y-axis between these planes.Figure 8.2 shows the �eld inside and outside a soft cylinder as given by themapping d for a two-dimensional slice through the solid geometry in the xy-plane.8.2.3 Soft ToriOne way that a torus shape can be parametrised is by an inside radius ir andan outside radius or . In an empirical world script, a soft torus is centred on theorigin and inside and outside radius are measured in the xz-plane. The insideradius ir is the parameter insideRadius in a script and outside radius or is theparameter outsideRadius. The bounding box for a torus is de�ned by minimumpoint (�or ;�or�ir2 ;�or) and maximum point (or ; or�ir2 ; or ).
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Figure 8.2: Planar slice through a CadnoSoftRCylinder, showing the surrounding�eld. Class Name CadnoSoftTorusExtends SoftTypeValue Format SoftTorus finsideRadius oatoutsideRadius oatgDefault Value SoftTorus finsideRadius 0.5outsideRadius 1.0gParameters Name TypeinsideRadius CadnoFloatoutsideRadius CadnoFloatSoft tori can be implicitly de�ned in empirical world scripts using the op-erator represented by the CadnoMakeSoftTorus class. The arguments to this op-erator in an implicit de�nition of a torus shape are the value of the inner radiusinsideRadius ir , followed by the value ofoutsideRadius or .288



Operator Class CadnoMakeSoftTorusMaps From CadnoDetail � oat � oatoat � oatMaps To CadnoSoftTorusExample Defn. st = softTorus(0.3, 0.8)Value st = SoftTorus finsideRadius 0.3outsideRadius 0.8gThe distance �eld function d for any point (x; y; z) for a soft torus with innerradius ir and outer radius or iss(x; y; z) = px2 + z2 � �ir + or � ir2 � (8.3)d(x; y; z) = qs(x; y; z)2 + y2 � or � ir2 (8.4)Every point de�nes a plane that embeds the point and the y-axis. The dis-tance from the skeletal element is the function representation for a two-dimensionalsolid circle embedded in this same plane with its centre point located on the xz-planeat a distance of ir+ or�ir2 away from the origin. This function is C1 discontinuous atthe origin point (0; 0; 0) and on the circle in the xz-plane de�ned by s(x; 0; z) = 0and y = 0.Figure 8.3 shows the distance �eld inside and outside a soft torus for a toruswith an inner radius of 3 and an outer radius of 5. The �eld shown is a planar slicethrough the solid torus in the xz-plane.8.2.4 Field Functions and Soft ShapesA �eld function can be applied to an object of SoftType to modify the linearlyincreasing �elds around soft objects, as illustrated in Figures 8.1, 8.2 and 8.3. Thecontribution of a component shape should only have a signi�cant e�ect on the whole289
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Figure 8.3: Planar slice through a CadnoSoftTorus, showing the surrounding �eld.shape when components are in close proximity to one another. When skeletal ele-ments are combined by summing the contribution of their function to the �eld, thatcontribution cannot be a linear distance fuction as two objects located a signi�cantdistance away from one another can interfere with one another. Field functions,typically a cubic function applied to the linear distance fuction for a point, allow acomponent to have its maximum e�ect on the whole shape close to its boundary.In empirical world scripts, the �eld function has been extended so that it alsooperates for �elds around any function representation of geometric shape. Modi-fying the �eld around a skeleton e�ects how geometric objects interact in blends,morphs, sums and so on. For geometric objects that extend SoftType, this is awell de�ned �eld with values dependent on distance away from the skeleton. Forsolid geometry represented by classes that do not extend SoftType, a �eld may notbe uniform and a user should be aware of this in their selection of a �eld function.After the application of the �eld function, any distance properties of the fucntionrepresentation are signi�cantly reduced or lost and the �eld function representationproduces poor results when used in blending and morphing operators, in comparison290



to the original representation.To explicitly de�ne a soft shape in an empirical world script, a user can usethe CadnoSoftShape class, which extends TopologyType. The parameters requiredfor this explicit de�nition are:� the existing geometric shape given by function representation g that is con-sidered a skeleton shape;� a �eld function parameter is required to de�ne how the �eld varies for a partic-ular value of g at any point. The parameter is called the fieldFunction andmust be one of the explicit de�nitions for a GraphType (see Appendix A.5).� a weight value w by which the value of the �eld function of the skeletonfunction at a particular point is multiplied;� the isoValue i which determines at what level the value returned by theweighted �eld function is considered to be the surface of the geometry.The bounding box for a CadnoSoftShape is calculated by starting with thebounding box for the skeleton geometry and then executing the shrinkWrap()method. The resulting shape for certain weight values w, �eld functions h or isoval-ues i may be in�nite in which case the bounding box will clip or even miss altogetherthe bounds of the shape. The user of an empirical world script should be aware thatthis is a possible problem and should choose their parameters carefully.
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Class Name CadnoSoftShapeExtends TopologyTypeValue Format SoftShape fskeleton FrepTypefieldFunction GraphTypeweight oatisoValue oatgParameters Name Typeskeleton FrepTypefieldFunction GraphTypeweight CadnoFloatisoValue CadnoFloatSoft �eld functions can be de�ned implicitly in empirical world scripts byusing the CadnoMakeSoftShape class, which extends DefnFunc. The arguments tothis operator in an implicit de�nition of a soft shape are:1. the skeleton geometric object of FrepType;2. the fieldFunction instance of a class that extends GraphType;3. the weight value w;4. the isoValue i.
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Operator Class CadnoMakeSoftShapeMaps From CadnoDetail � FrepType � GraphType �oat � oat orFrepType � GraphType � oat � oatMaps To CadnoSoftShapeExample Defn. ss = softShape(SoftSphere f g,FieldGraph f g, 1.1, 0.2)Value ss = SoftShape fskeleton SoftSphere f radius 1 gfieldFunction FieldGraph fraise 2constant 1coefficient 2gweight 1.1isoValue 0.2gField functions for use in modelling with skeletal implicits are intended towork for soft objects where the argument to the function is a positive distance awayfrom the skeleton if the point of sampling is outside the skeletal geometry. To remainconsistent with this, the argument to the �eld function in a CadnoSoftShape is anegative value of original function representation g for any point (x; y; z). If g is afunction representation for one of the geometric objects of SoftType, this achievesconsistency because for any instance of SoftType, g(x; y; z) = �d(x; y; z).The function representation f for a soft shape at any point (x; y; z) isf(x; y; z) = i� wh(�g(x; y; z)) (8.5)It is not possible to make any claim about the continuity of this function becausethe continuity of the �eld function h is not known. To convert the value calculatedfor the �eld function into a function representation for the geometric shape, thisvalue is subtracted from the isovalue i. The isovalue parameter allows a user tointeractively experiment so as to determine which level of the �eld produces the293



most suitable shape and size of geometry for their purposes.8.2.5 Summing the Fields of Skeletal Implicit ShapesOnce de�nitions of skeletal geometry exist as function representations, all the settheoretic operations, a�ne transformations, morphing and warps can be used tomodify and combine their shape with other geometric shapes, be these soft or oth-erwise. One special feature of skeletal geometry is that it is combined with appro-priate �eld functions, such as the FieldGraph available in empirical world classes(see Appendix A.5), �eld values at any point can be summed so that when two softshapes are in close proximity to each other they appear to automatically blend. Thise�ect can be achieved in empirical world scripts using the explicit data type of theCadnoSoftSum class.The parameters to a CadnoSoftSum class are a list of children of functionrepresentations for geometry, given by g1; : : : ; gn. The other parameter to an explicitde�nition of a value of this type is the �eld function sampling level i called isoValue.Class Name CadnoSoftSumExtends TopologyTypeValue Format SoftSum fisoValue oatchildren [ (FrepType)� ]gParameters Name TypeisoValue CadnoFloatchildren List of objects of FrepType.Soft sum geometric shape can be implicitly de�ned in an empirical worldscript with the use of the CadnoMakeSoftSum class, which extends DefnFunc. Thearguments to the operator in an implicit de�nition for a soft shape are the isovaluei followed a comma separated list of geometric objects with function representation.294



These geometric objects should have an appropriate �eld function applied to theiroriginal skeletal de�ning geometry, such as the FieldGraph, and the soft sum is likelyto produce the best results for geometry with skeletons that extend SoftType.Operator Class CadnoMakeSoftSumMaps From CadnoDetail � oat � (FrepType)� oroat � (FrepType)�Maps To CadnoSoftSumExample Defn. ss = softSum(0.1, ssh1, ssh2)ssh1 and ssh2 should be CadnoSoftShapesValue ss = SoftSum fisoValue 0.1children [ ssh1 ssh2 ]gThe function representation f for a soft sum at any point (x; y; z), the sumof all the �elds of its children, is given by the equationf(x; y; z) = i� j=nXj=1(�gj(x; y; z)) (8.6)Figure 8.4 illustrates soft summing of a soft torus centred at the origin and asoft sphere that is translated by the vector given below each image. As the sphere istranslated towards the torus, the �elds of the two objects merge, creating the e�ectof the geometric objects blending. The isovalue for the sum shown was 0.5, and the�eld function h for any value x is given by the equation shown in Figure 8.5 andgiven by the equation h(x) = 2(1� 2�x)2�x (8.7)8.3 Warping Transformations in Empirical Worlds.The transformations represented by a CadnoTransform class are the common a�netransformations (see Section 7.3.6). In empirical worlds, some interesting e�ects can295
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(0:6; 0; 0) (0:6; 0:9; 0)Figure 8.4: Images of a CadnoSoftSum of a CadnoSoftTorus and a translatedCadnoSoftSphere (translation vector shown by each image).296



Figure 8.5: Plot of example �eld function hbe achieved through other transformations (linear and non-linear) that simulate thee�ect of tapering, bending and twisting objects.Each of the transformations described in this section is based on the oper-ations described by Wyvill and van Overveld in [WvO97] which are based in turnbased on those described by Barr in [Bar84]. For any point p in space and functionrepresentation of a shape g, the warping transformation w of the shape at point pis a mapping from warped space to Euclidean space such thatf(p) = g(w(p)) (8.8)In this formula, f is the function representation of the warped shape. In empiricalworlds, each warp has a type that extends DefnType and an operator for theirimplicit de�nition that extends DefnFunc. Each type or operator takes one existing(original) piece of geometry and performs the transformation on this geometry.In this section, new VRML-like syntax is introduced for the description of valuesfor data types represented.8.3.1 Linear TaperA linear taper operation has a de�ning axis and a dimension that it a�ects. In thewarped space, the a�ected dimension has every coordinate point value increased by a297



factor in linear proportion to the point's projected coordinate value along the taper'sde�ning axis. The example of a linear taper in empirical world scripts is a taper ofthe x dimension along the z de�ning axis. If the axis and de�ning dimension arenot appropriate, then the geometry can be transformed to suit the taper operationand then transformed back to its original location.The data type for explicit de�nition of an instance of a tapered geometric ob-ject in an empirical world scripts is represented by the CadnoTaperXZ class. Explicitde�nitions requires two parameters:� a taperRate w that represents the rate at which the warp a�ects the coordi-nates of the x dimension proportional to the z coordinate;� an explicit value description of the original geometry prior to the warp. Thispre-warp geometry can be any geometric object given by a function represen-tation.The bounding box for the newly tapered shape is calculated by tapering thebounding box for the original geometry and �nding a bounding box for this.Class Name CadnoTaperXZExtends TopologyTypeValue Format TaperXZ ftaperRate oatoriginal FrepTypegParameters Name TypetaperRate CadnoFloatoriginal FrepTypeA linearly tapered shape with a de�ning axis along z and e�ected dimension xcan be implicitly de�ned in an empirical world script by using the CadnoMakeTaperXZ298



class, which extends DefnFunc. The arguments in an implicit de�nition of a taperare the taperRate parameter w followed by the pre-warp original geometric shapewith function representation g.Operator Class CadnoMakeTaperXZMaps From CadnoDetail � oat � FrepType oroat � FrepTypeMaps To CadnoTaperXZExample Defn. tp = taperXZ(-0.4, Box f g)Value tp = TaperXZ ftaperRate -0.4original Box f size 2 2 2 ggThe function representation f for a tapered shape as de�ned in an empiricalworld script by a de�nition of a CadnoTaperXZ is given by the function f below. It isobvious from the equation that coordinates in the y and z dimension are preservedand only the x dimension is e�ected. An example of such a taper is shown inFigure 8.14 where the original geometry is shown in Figure 8.12.f(x; y; z) = g(x(1 + zw); y; z)8.3.2 BendIn a similar way to the taper operation, a bending operation has a de�ning majoraxis and a dimension along which its e�ect is measured. An analogy to real-worldbending is that the de�ning axis is like a �xed post about which the geometry isto be bent by applying a force at each end of the geometry. This is illustrated inFigure 8.6 that shows three stages of bending a long box about the major de�ningz-axis, where the cross \�" represents the origin point of the space. As a force isapplied to both ends of the geometry, each point of the geometry bends by an angle299



x

yFigure 8.6: Planar slice in the xy-plane showing the bending of a long box aboutthe z-axis with the amount of bend measured along the x-axis.proportional to the the x component of its original point.In virtual spaces, like those de�ned in an empirical world script, a bendoperation can be achieved by specifying a bend rate k in radians per unit lengthand an o�set value for the centre of the bend along the x-axis x0 . An explicitde�nition of some bent geometry about the z-axis with amount of bend measuredalong the x-axis is represented using the CadnoBendXZ class. An explicit de�nitioncontains the explicit values for a oating point parameter called bendRate which isthe value for k, a oating point value offset which is a value for x0 and originalwhich is an explicit description of a geometric shape that is to be bent by thisoperator, with function representation g. The bounding box for the bent geometryis found by taking the bounding box for the original geometry and executing theshrinkWrap() method.Class Name CadnoBendXZExtends TopologyTypeValue Format BendXZ foffset oatbendRate oatoriginal FrepTypegParameters Name Typeoffset CadnoFloatbendRate CadnoFloatoriginal FrepType300



Figure 8.7: Image of a blended long box and cylinder that have been bent aroundthe z-axis, along the x-axis.Figure 8.7 shows a blended long box and cylinder that have then been bentby the bending operation.Bent geometric shapes, with major de�ning axis the z-axis and with theamount of bending measured along the x-axis, can also be de�ned implicitly inempirical world scripts using the CadnoMakeBendXZ class, which extends DefnFunc.The order of arguments in an implicit de�nition of a bend are the bendRate valuek, followed by the offset parameter x0 and the original solid geometry withfunction representation g.Operator Class CadnoMakeBendXZMaps From CadnoDetail � oat � oat � FrepType oroat � oat � FrepTypeMaps To CadnoBendXZExample Defn. bd = bendXZ(1, 0.78, Box f size 5 1 2 g)Value bd = BendXZ foffset 1.0bendRate 0.78original Box f size 5 1 2 ggThe function representation for the bent geometry f at any point (x; y; z) is301



f 0B@ xyz 1CA = g0B@ � sin(k(x� x0 ))(y � 1k ) + x0cos(k(x� x0 ))(y � 1k ) + 1kz 1CA (8.9)The warping has no e�ect on the z dimension and it can be seen in theequation how the amount of bend is proportional to the value of the o�set of thex coordinate of a point.8.3.3 TwistA twist operation is can be de�ned to operate around one major axis. A twistedpiece of geometry is created from its original geometry by rotating each point inthe original geometry around the de�ning axis through an angle proportional tothe component distance for the point along the de�ning axis. In empirical worldscripts, a twist of geometry along the z-axis can be explicitly de�ned using theCadnoTwistZ class. Parameters for twisted geometry are a oating point value forthe twistRate w in radians per unit length measured along the z-axis and theoriginal solid geometry with function representation g. The bounding box forsuch geometry is found by taking the bounding box for the original geometry andexecuting the shrinkWrap() method on the twisted version of the geometry to �ndthe new bounds. Class Name CadnoTwistZExtends TopologyTypeValue Format TwistZ ftwistRate oatoriginal FrepTypegParameters Name TypetwistRate CadnoFloatoriginal FrepTypeFigure 8.8 shows a blended box and cylinder twisted around the z-axis in302



Figure 8.8: Image of a blended box and cylinder twisted around the z-axis.side and top views.Twisted geometric shapes, with de�ning axis the z-axis, can be de�ned im-plicitly in empirical world scripts using the CadnoMakeTwistZ class, which extendsDefnFunc. The arguments to an implicit de�nition of a twist are the twistRate wfollowed by the original pre-warp geometry with function representation g.Operator Class CadnoMakeTwistZMaps From CadnoDetail � oat � FrepType oroat � FrepTypeMaps To CadnoTwistZExample Defn. tw = twistZ(detail 10 10 30, 0.78,Box f size 1 2 5 g)Value tw = TwistZ ftwistRate 0.78original Box f size 1 2 5 ggThe function representation f at any point (x; y; z) for a geometric shapetwisted around the z-axis isf 0B@ xyz 1CA = g0B@ x cos(zw) � y sin(zw)x sin(zw) + y cos(zw)z 1CA (8.10)303



The warping transformation preserves the z-coordinate component of pointsand rotates the x and y components by an angle proportional to the z component.8.4 Implementation of Empirical WorldsThe empirical world builder tool is an application based on the empirical worldclasses illustrated this chapter and Chapter 7. The application is a computer-basedtool for exploration of shape in an empirical manner. The empirical world buildertool is based on a server/client architecture, where a computer acting as a world-wide-web or �le server also runs the server-side application. This application is aJaM server as described in Section 6.4.2 of Chapter 6. The client application, aJaM Client, connects to the server system through network sockets and empiricalworld scripts can be created and edited through the client. The client also includesa VRML browser that allows a user to interactively explore the shape they havedescribed in their empirical world script.8.4.1 Empirical World Builder ServerThe server, called EWServer, is a command line based Java application that can berun on any Java Virtual Machine. The server is multi-threaded application thatlistens for connections on a TCP/IP network socket. When the server receives aconnection request on the port to which it is listening, a new java.lang.Threadclass is created to handle the connection. No limit is set for the number of clientsthat can connect to the server, although there are some system speci�c limits onnumbers of connections that can restrict the numbers of simultaneous clients.When a new thread is created, its initialization creates an instance of theJaM.Script class and adds all the empirical world types and functions to thisScript. There is only one agent for each of these scripts, the root super-user304



agent2. The thread then enters a continuous loop which waits at the start of eachiteration for user input from the associated client. User input can include new de�-nitions, requests for information on current de�nitions and instruction to close thenetwork socket and shutdown the thread. All messages sent from the client to theserver are streams of characters that are converted to java.lang.String objects onthe server. Messages from the server to the client are either streams of characters forprinting in the client's output window, or streams of data representing some VRMLfor display in the client's VRML browser.In response to new de�nitions or rede�nitions, the Script.addToQ()methodis called to add these de�nitions to the queue of de�nitions waiting for the nextupdate of the Script. In the strings of characters from a client, the server recognisesnew de�nitions or rede�nitions as they contain an equals sign (=). If the addToQ()or update() method for the script instance throws an exception due to recentlyreceived de�nitions, an error message is sent to the client along with the String ofcharacters that triggered the exception. This allows the user to re-edit the string incase the reason for the error was a simple typing mistake.In addition to de�nitions, direct instructions can be issued from the client tothe server. A user of the client can type the following instructions:update Causes the server to call the Script.update() method so that if there areany rede�nitions on the queue, the state of the script is updated.value id A user instructs the server to return the value of identi�er id in the currentempirical world script, by calling the printVal()method (see Table 6.5). Theserver either returns the explicit value of id, or an error if there is no identi�ercalled id in the script.defn id A user instructs the server to return the implicit de�nition of the identi�er2See Section 6.3.2 in Chapter 6 for more details.305



id in the current empirical world script by calling the printDef() method.The server either returns the implicit de�nition of id if it is implicitly de�ned,otherwise the explicit value is returned. If there is no identi�er called id in thescript, an error is reported to the client.printall A user request from the client that instructs the server to send to the clienta list of all de�nitions in the current state of the empirical world script. Theserver does this by creating a string of characters containing the output of themethod printAll() that contains every de�nition in the script.? id A user instructs the server to return to the client some additional informationabout identi�er id other than its explicit value or implicit de�nition. Theserver calls the inspectDef() method of the script instance for the identi�erid. If id exists within the script, its owner, permission �elds and dependentsde�nitions are sent back in String form to the client, otherwise an error isreported. In the current implementation, JaM permissions and owners are notin use so every de�nition is owned by the super-user root and has all de�nitionpermissions set to \rwr-".exit A user instructs the server to close the network connection to the client anddestroy the thread for handling this connection. The destruction of the threadalso destroys the empirical world script that was associated with the connectionto the client.The server also performs any necessary polygonisation of implicit shapes inclasses that extend the TopologyType class. This polygonisation is described inSection 8.4.3 of this chapter. The motivation for polygonisation to be carried outon the server is the assumption that a server computer often has more numericalcomputing power than a client and client computers resources can be dedicated to306



the exploration of shape through a VRML browser.8.4.2 Empirical World Builder ClientThe empirical world builder client application is implemented as a web page contain-ing a CosmoPlayer3 VRML browser plugin and a Java applet that communicateswith the VRML browser and the empirical world server. In the screen snapshot of aNetscape Communicator browser shown in Figure 8.9, the client web page is demon-strated when in use. The top panel in the window with some geometry displayedand some viewing controls is the CosmoPlayer browser. The bottom panel contain-ing two text components and two buttons is the Java applet interface between theVRML browser and the empirical world server.The Java applet in the bottom panel is initially disconnected from the server.The two buttons are labelled Connect and Update. Clicking on the Connect buttoncauses the client to try to connect to an empirical world builder server on the serverfrom which the whole web page was downloaded4. Output from the server and errormessages directly from the client appear in the top text component of the appletpanel, which has a grey background. The user cannot edit any text in the componentbut can copy its contents to the operating system clipboard. When connection tothe server is established, the message \Connected to server." appears in thisoutput window and the Connect button changes to a \Break" button that forcesdisconnection.One implementation special operator exists in empirical world scripts that de-�nes the interface between the values for de�nitions in a script and the client's VRML3This web browser plugin, developed by a subsidiary of Silicon Graphics Inc., is freely availableand runs under Windows 95, Windows NT, HP-UX and Irix. See http://www.cosmoplayer.com/for more information.4One of the security restrictions enforced by Java applet Security Managers is that a networkclient applet can only connect to the server from which the Java classes for that applet weredownloaded [Har97]. 307



Figure 8.9: Screen snapshot of a web browser when viewing the interactive empiricalworlds page.
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browser or a �le. This is the CadnoWorld class that directly extends DefnFunc5. Inits current form, the operator maps a list of geometric objects (FrepList) de�ned byfunction representations to the same list, with the side e�ect that a �le containingVRML-2 nodes to describe that geometry is generated. For an implicit de�nitionof the form \identi�er = world (list1)", a �le called \identi�er.wrl" is generatedon the local �ling system to the server, in the same directory from when the empir-ical world client was downloaded. A special case exists when the identi�er is \w".Instead of the VRML being sent to a �le, it is sent to the VRML browser of theempirical world client6.Operator Class CadnoWorldMaps From FrepListMaps To FrepListExample Defn. w1 = world(children [ Box f g ])Value w1 = children [ Box f g ]Generates VRML �le "w1.wrl".The user types new input into the bottom text component of the appletpanel, which has a black background. Each line of the text is considered as aseparate de�nition, rede�nition or server instruction. When the Update button ispressed, the current content of the text component is sent to the server line by lineand the server responds in the way described in Section 8.4.1. The client appendsan update instruction onto the end of each package of de�nitions and instructions,so that the script on the server will be updated consistent with any de�nitionscurrently on the scripts queue every time the Update button is clicked. The inputtext component is also cleared, awaiting further new user input.5The position of the class in the empirical world class hierarchy is shown in a circled box in theclass diagram in Figure 7.2.6The variable w in empirical world builder has the same purpose as the screen variable inSCOUT [Dep92]. 309



If there are any errors during the Script.addToQ() method on the serverthen these are reported by being appended to the end of the output text component.The de�nition which caused the error is returned to the client and placed in the inputwindow for editing and then resubmission to the server by the user.If the update propagate to the special world identi�er \w" then the VRMLdisplayed in the CosmoPlayer VRML browser is updated consistent with the de�ni-tion of \w". The user can explore the selected rede�ned shapes which are dependen-cies for w, after its VRML description has been transmitted from the server to theclient and then rendered by the client in the browser. This process normally takesno more than a few seconds. The user can then rotate, zoom, pan, seek sections, yaround and walk around the geometry displayed in the VRML browser.In the current implementation, there is no facility for �le save and load for anempirical world script. It is possible to cut and paste between the text componentsof the client's applet and other applications such as text editors. To save the currentstate of a script, a user can issue the printall command and retrieve a list of allde�nitions and their current values in the output text component. This can beselected and pasted into a text editor, edited and saved to a �le. Files of de�nitionscan be loaded into the client by selecting and copying to the clipboard the requiredde�nitions and then pasting them into the input window.8.4.3 Polygonisation of Implicit Solid GeometryThe polygonisation of implicit shape used for the empirical world builder tool issimplistic and does not produce the best visual results. It was written to be fastand simple, to demonstrate that the tool has potential as an interactive modellingtool rather than to produce high quality visual images suitable for brochures orpublications. The polygonisation method presented here is not part of the core workof this thesis, and is presented to demonstrate future potential for tools based on310



these classes. The algorithm used is similar to theMarching Cubes algorithm [LC87].The future incorporation of a better algorithm is a trivial task as all the methodcalls and data structures for the polygonisation are already in place.All objects of FrepType contain information about a bounding box for theirsolid material and a level of detail to which they should be rendered. (The level-of-detail data type is described in Section 7.2.1 of this chapter.) The space withinthe bounding box for the geometry is split into the number of voxels speci�ed bythe level of detail, each voxel having the same dimensions. The voxels form a three-dimensional grid contained within and exactly bounded by the bounding box. Anyvoxel corner vertex that does not lie on the face of the bounding box is a cornerpoint for three other voxels. For the instance of TopologyType being considered forpolygonisation, the initial phase of the algorithm is to sample the function repre-sentation of the geometry at each corner vertex of all the voxels calling the methodf() with the coordinates of the vertices. The results of these samples are stored ina three-dimensional array data structure.Each voxel is then considered in turn. Each voxel has eight vertices and eachvertex can either be inside, outside or on the surface of the geometry representedby the instance of FrepType. The two cases for \inside" or \on the surface of" arecombined into one making a total of 256 possible cases to consider for the way inwhich a geometric shape can be polygonised within a single voxel. Each of these256 cases is considered separately in the second phase of the algorithm. Two specialcases exists, where all the vertices lie within or on the surface of the shape, or allthe vertices lie outside the shape, when the algorithm takes no action and producesno polygons. In all other 254 cases, at least one polygon is created.Each edge of a voxel with end vertices p and q is split at point s if theedge crosses the surface boundary. This point s is a linear estimation of the actual311



position of the surface of the geometry, found by the solution oftf(p) + (1� t)f(q) = 0 (8.11)with respect to t to de�ne s = tp+ (1� t)q (8.12)Each point s that can be found for an edge is used as the vertex of a trianglethat contributes to the polygonisation of the whole geometry. If there are morethan three connected edges of the voxel that can be split, there will be more thanone triangle contributed to the overall polygonisation by this voxel. In the currentimplementation, an arbitrary choice is made without reference back to the geometryabout how it is best to do this, which leads to a strange edge e�ect in the geometrysuch as warped shapes, as illustrated in Figures 8.8 and 8.7. An improved algorithmwould make this decision with further sampling of the function representation7.Figure 8.10 shows a voxel with the eight vertices at which the function rep-resentation for the solid geometry is sampled. In this example, only one vertex isinside the geometry and this is depicted by a �lled circle. Three edges that arecross a surface boundary for the solid are split to de�ne the edge points of a tri-angle, shown in the �gure by a dotted line. This triangle is used as part of thepolygonisation of the solid geometric shape.8.4.4 Rendering IssuesThe empirical world server application calculates the polygonisation of geometricshapes described by function representations. In this section, statistics on the ren-dering times for some example geometric shapes are presented. These statistics:7An appropriate way to improve the method would be to sample the function representation ata point in the centre of the voxel and split the problem of polygonising the geometry inside thevoxel into polygonising inside six equal sized, square based pyramids.312



Figure 8.10: One example case for a voxel used in polygonising some solid geometry.� demonstrate the genuine improvement over the scope for rendering in EDEN(cf CADNORT in Section 3.4.2);� illustrate the potential for realistic real-time interaction;� illustrate the network costs involved in a client/server application;� demonstrate the potential use for Java as a programming platform for shapemodelling.The empirical world server produces statistics of the length of time eachphase of the algorithm took to compute8. Some examples of these timings, averagedover �ve samples, are shown in units of seconds in Table 8.1. In this table, \phase 1"columns represent average timings for the sampling of the function representationat the corner points of the three-dimensional voxel grid. The \phase 2" columns areoverall timings for the computation of polygons inside each voxel. The \transmit"columns show the time that it takes for the polygon image to be transmitted fromthe server to the client9. The polygonisation of three di�erent solid shapes are timed,each at three detail levels of 10�10�10 voxels, 20�20�20 voxels and 30�30�308Timings were recorded by executing the empirical world server on a Pentium 166Mhz processorwith 32Mb memory, using Microsoft's Windows 95 operating system and Sun Microsystems' JavaVirtual Machine.9This is dependent on the speed of the local network and included only for a guide to the waitbetween de�nitions being typed and displayed.313



Shape detail 10 10 10 detail 20 20 20 detail 30 30 30phase phase tran- phase phase tran- phase phase tran-1 2 smit 1 2 smit 1 2 smitSphere <0.05 0.07 0.26 0.08 0.66 1.29 0.28 3.09 3.01Blend of a boxand a cylinder <0.05 0.06 0.27 0.14 0.50 1.10 0.50 2.25 2.43Twist ofprevious blend <0.05 0.06 0.34 0.19 0.48 1.51 0.64 2.00 3.62Table 8.1: Average timings in seconds for polygonisation by the empirical worldserver.voxels. The �rst row is for a sphere, the second for the blend of a box and a cylinderand the third for a twist of the blended shape. Timings marked \<0.05" were belowaccurate measurement thresholds (large standard deviation) but were consistentlyless that 0.05 seconds.The table shows that phase 1 in these examples typically takes less timethan phase 2 and that all timings increase with the level of rendering detail. As thecomplexity of the shape increases by the number of operators that de�ne the shape(number of levels below the shape in its dependency structure), the time to computethe function representation increases for the same number of points, as shown in the\phase 1" columns. The sampling of a sphere takes fewer nested computations withonly one level in its dependency structure than the sampling of a twisted blendof a box and a cylinder with a least three levels in its dependency structure. Alltimings along the rows are proportional, within a margin of timing error, to thenumber of points at which the function representation are calculated. For a detailof 10 � 10 � 10 this is 113 = 1331 points, 20 � 20 � 20 this is 213 = 9261 points,m+ 1� n+ 1� r + 1 this is mnr points.The use of empirical world scripts in such a way that they can be interactivelyexplored requires that the user in control understands ways in which they can �netune their model to optimise the quality and usefulness of modelling interaction.314



The methods available in the open-ended client user environment for the user toenhance the shape modelling experience include:� balancing quality of image with speed of rendering;� selecting to view an entire geometric part or its subcomponents;� restructuring the script to reduce the number of levels in its dependency struc-ture.The client tool is considered as an instrument for shape modelling.8.5 Example of an Empirical World ScriptIn this section a case-study of the creation and interaction with some geometryin empirical worlds is presented. The geometry represents a curtain pole support.Figure 8.11 shows a sketch of the support in front and side views. This sketch can beconsidered as specifying the real-world object for the model. The �gure is labelledwith parametrisations that are considered to be important in the description of thegeometry of the shape.This case-study illustrates a shape that could easily be represented with com-puter software for CSG modelling10. Section 8.5.2 illustrates some rede�nitions ofthe geometry of the support that would not be possible in many CSG modellingpackages. The CSG tree common to many solid modelling programs is replaced ina script with a dependency structure. It is also interesting to note that paramet-ric modellers such as Parametric Technology's Pro/Engineer11, a constraint basedsystem, requires the recalculation of a whole piece of geometry when one de�ning10Matra Datavision's Prelude Solids package is an example of such a tool. Seehttp://www.matra-datavision.fr/Products/Family/Prelude/index.html.11See http://www.ptc.com/products/mech/proe/index.htm.315
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Figure 8.11: Two-dimensional representation of a curtain pole support withparametrisations.parameter is altered (see Section 2.2.2). With the empirical worlds tool, only com-ponents of the overall geometry of the support that need updating are updated, notall the components.8.5.1 Constructing the Curtain Pole Support ScriptThe parametrisations of Figure 8.11 are transferred into an empirical world scriptfor the curtain pole support as a demonstration of a suitable process for the creationof a model. Firstly, a box is constructed to represent the base of the support. Allprimitive shapes are initially created centred at the origin and then translated totheir �nal positions. (The implicit references halfBaseLength and halfBaseHeightare introduced here for use in de�nitions that appear further through the script.)
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baseHeight = 0.2baseLength = 2.0baseWidth = 2.0halfBaseLength = divide(baseLength, 2)halfBaseHeight = divide(baseHeight, -2)baseOriginal = box(baseLength, baseWidth, baseHeight)The second stage of the modelling process is to create the cylinders that will formthe head part of the curtain pole support. This head will be constructed froma solid cylinder with another cylinder used as a tool to remove material from itsinterior. The inner tool cylinder is set to be taller (longer) than the body cylinder,so that problems associated with rendering coincident faces when their are slightinaccuracies in oating point arithmetic are not introduced.cylinderHeight = 0.8holeHeight = multiply(cylinderHeight, 2)outerRadius = 0.5innerRadius = 0.3outerCylOriginal = cylinder(cylinderHeight, outerRadius)innerCylOriginal = cylinder(holeHeight, innerRadius)The support that connects the base and the head of the curtain pole support is themost complex piece of geometry. It is constructed from a thin box with two cylindersand two boxes cut away from it. The original geometry for these components isdescribed by the segment of script shown below. The original body of material forthe support has identi�er supportBodyOriginal, the cylinder that will be the toolthat cuts away material to make the curved shape towards the base of the supportis cutCylOriginal and the material cut away to make the neck of the support iscutBoxOriginal.
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supportHeight = 1.5supportCurl = 0.75supportWidth = 0.2supportLength = 0.3doubleSupportCurl = multiply(supportCurl, 2)halfSupportLength = divide(supportLength, 2)halfSupportHeight = divide(supportHeight, 2)supportBodyOriginal = box(baseLength, supportWidth,supportHeight)cutCylOriginal = cylinder(baseWidth, supportCurl)cutBoxOriginal = box(doubleSupportCurl, baseWidth,supportHeight)The third stage is to translate the cutCylOriginal and cutBoxOriginal into theircorrect locations to become tools to cut the support. Their respective translatedgeometries are identi�ed as cutCyl and cutBox.cylCenterX = add(halfSupportLength, supportCurl)cutCyl = translate(cylCenterX, 0.0, supportCurl,cutCylOriginal)boxCenterX = add(supportCurl, halfSupportLength)boxCenterZ = add(halfSupportHeight, supportCurl)cutBox = translate(boxCenterX, 0.0, boxCenterZ,cutBoxOriginal)At this point, the tool for cutting the support geometry can be created as a wholewithout creating separate cylinder and box tools for the left and right hand sides ofthe cut. The union of cutBox and cutCyl is created and then rotated around thez-axis by � radians. The union of the original tool and the rotated copy form thede�nitions of the complete tool supportTool.detail1 = detail 4 4 4detail3 = detail 30 30 30supportTool1 = blendUnion(detail1, 0.0, 1.0, 1.0,cutBox, cutCyl)supportTool2 = rotate(rotation 0 0 1 1pi, supportTool1)supportTool = blendUnion(detail1, 0.0, 1.0, 1.0,supportTool1, supportTool2)318



It is also necessary to translate each piece of component geometry of the �nal shapeto its �nal position ready for the application of point set combinations. The basewill be called base, body material of the central neck support is called supportBody,the top cylindrical shapes are called outerCyl for the body material and innerCylfor the tool to cut the hole.base = translate(0.0, 0.0, halfBaseHeight, baseOriginal)supportBody = translate(0.0, 0.0, halfSupportHeight,supportBodyOriginal)outerCyl = translate(0.0, 0.0, supportHeight,outerCylOriginal)innerCyl = translate(0.0, 0.0, supportHeight,innerCylOriginal)The �nal stage of the modelling process is to combine the point sets that are nowin their correct locations to form the �nal geometry of the curtain pole support.The central neck support is created by cutting the supportTool away from thesupportBody. Then the support and the base are blended together to make the lowerpart (lowerPart) of the �nal shape. This is then blended with the outer cylinderof the head of the shape (noHole) before the material from the inner cylinder isremoved to make the hole in the top of the object. The �nal geometry of thesupport is called final.lowerPart = blendUnion(detail1, 0.05, 1.0, 1.0,base, supportBody)noHole = blendUnion(detail1, 0.03, 1.0, 1.0,lowerPart, outerCyl)final = cut(detail3, noHole, innerCyl)In addition to the geometry of the shapes, it may be necessary to attach attributesof colour and texture to the geometry and place this geometry in a VRML worldwhere it can be interactively explored. Figure 8.12 shows the curtain pole supportscript rendered in a VRML browser with a wooden texture. Relevant de�nitions toapply this image texture to the geometry are given below.319



Figure 8.12: Image of the example curtain pole support (with no modi�cations).wood = ImageTexture { url ".../wood_floor.jpg" }appear = appearance( Material { } , wood)tmp = attribute(appear, final)finalList = list(final)w = world(finalList)
8.5.2 Rede�nitions of the Curtain Pole Support ScriptThe curtain pole script can be considered as a template script for a whole familyof geometry with similarities to the original support. The possible versions of thegeometry can be interactively explored in empirical worlds by making rede�nitionsof any identi�er of a script. Three examples of rede�nitions of the curtain polesupport illustrated in Figure 8.12 are presented in this section.320



Figure 8.13: Image of the curtain pole support with an extended neck.The conversion of the diagram of the support in Figure 8.11 into a scriptof de�nitions required the identi�cation of some de�ning parameters of the three-dimensional geometry. One of these is the supportHeight that de�nes the heightof the neck of the support that connects the cylindrical head to the box base. In areal-world location, there may be a scenario where the shape of a window requiredthe curtains need to hang further away from the wall than with the standard part.Suitable geometry can be achieved by one simple rede�nition of the empirical worldscript for the pole.supportHeight = 2.0The height of the pole is increased from 1.5 in the original script to 2.0 by thisrede�nition. The new state of the geometry is rendered in Figure 8.13.321



Another way to make a new version of the support is to use it with anoperation such as tapering or bending. The rede�nitions shown below cause thewhole geometry of the support (final) to be linearly tapered along the z-axis(finalTapered) in such a way that the cylindrical head is stretched out of shape.The rede�nitions to achieve this are shown below and an image of the rede�nedgeometry is illustrated in Figure 8.14 with a marble-like image texture applied.final = cut(detail1, noHole, innerCyl)finalTapered = taperXZ(detail3, -0.35, final)finalList = list(finalTapered)In the �rst of these three rede�nitions, the level of detail of final is reduced.The reason for this is that final is no longer the focus of the modelling process,therefore reducing the detail level will speed up the overall response time for thesystem. The finalTapered rede�nition is an implicit de�nition representing thetapered geometry. In the �nal rede�nition, the tapered geometry is selected to beviewed in the VRML browser by setting it to be the only element of finalList.Notice how both the original geometry and the tapered geometry now exist as theirown separate entities within the same script simultaneously, available for futuremodi�cation or as arguments to other implicit rede�nitions.The �nal example of rede�nition in this case-study examines the modi�cationand replacement of a component of the geometry. In the rede�nitions below, a newversion of the support part is created (called supportTwist) that is a twisted versionof the original support geometry along the z-axis. This new version of the supportgeometry replaces the original in the de�nition of the lower part of the geometrylowerPart. A close up image of the support to cylindrical head join is shown inFigure 8.15. The rede�nitions associated with the twist are shown below.
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Figure 8.14: Image of the curtain pole support tapered along the z-axis.
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final = cut(detail3, noHole, innerCyl)supportTwist = twistZ(detail1, 0.78539, supportBody)lowerPart = blendUnion(detail1, 0.05, 1.0, 1.0,base, supportTwist)finalList = list(final)Having created the de�nition of supportTwist, it is easy to subsequently returnto the original support geometry by substituting support for supportTwist in thede�nition of lowerPart.These case-studies have shown how one piece of geometry is representedis represented in an empirical world script, a user can interactively modify andexplore that geometry in an open-ended way. What has not been demonstratedis the ability to then use this geometry or its component parts to create othergeometry. The support geometry and any of its component parts can be used in anyoperation (CSG, blending, morphing, bending) to build or model other geometry.In one snapshot of state, the script of de�nitions is a speci�cation for shape thatcan be stored in a plain text �le and communicated to other people by any means oftextual transmission, such as e-mail, letter or computer chat program12. The scriptof de�nitions for the curtain pole support represents a computer-based artefact forthe exploration of the geometry for a particular shape.

12The Arithmetic Chat application, presented in Section 6.5, for the interactive discussion ofscripts can be used as a template for the implementation of a geometric chat application.324



Figure 8.15: Image of the curtain pole support with a twisted neck.
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Chapter 9
Conclusions and Further Work
9.1 IntroductionIn this �nal chapter, the research work presented in Chapters 4 through to 8 of thisthesis is reviewed with reference to:� the research aims of the work as set out in Chapter 1;� the requirements for tools identi�ed in Chapter 2;� the technical issues in Chapter 3.This is followed by some suggestions for further work (Section 9.3) and aproposal for a new application, based on spreadsheet ideas, that can support inter-active open development of geometric models as well as other models requiring morecomplex, general data types than are supported by existing spreadsheet applications.In Chapter 1, the roles of programmer, user and systems expert are discussed.Empirical modelling supports the conation of these roles. In the chapters thatfollow (particularly 3 through to 6) the emphasis is on abstract models, issues ofdata representation and programming toolkits. Support for high-level de�nitivescripts (limited in EDEN | see Section 1.2.2) can be better achieved by discarding326



EDEN in favour of a new generation of tools that can be best implemented usingthe DAM Machine or the JaM Machine API. EDEN is reasonably successful inconating the roles of user and programmer, but only the next generation of toolscan enable a programmer to construct new instruments for empirical modelling (seeFigure 1.1). These new tools will also provide improved interactivity, and datarepresentations that support a wider range of applications | including solid shapemodelling | than is possible at present.One of the aims for this work (see Section 1.2.2) has been to address issuesnot tackled by EDEN. The DAM Machine and the JaM Machine API are primarilyconcerned with the dependency maintenance aspect of EDEN, and the managementof data becomes the task for a programmer. The DAM and JaM toolkits address:� aspects of representing the privileges of interacting agents using de�nitionpermissions (JaM Machine API);� the provision of greater exibility to represent a broader range of data types(empirical worlds);� e�ciency by using compiled code for operators (DoNaLD to DAM translator)and improving dependency update algorithms (block rede�nition algorithm);� portability through the use of the Java programming language (JaM MachineAPI);� the dynamic creation/elimination of de�nitions (management of the de�nitivestore of the DAM Machine);� generalised representation of data types (JaM Machine API and patterns ofbits for DAM words).
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9.2 Review of De�nitive ProgrammingIn Section 3.5 the transformation of all representable types of data to serialiseddata types in a de�nitive notation is proposed as a solution to many of the technicalissues. The JaM Machine API allows a programmer to create special atomic datatypes for de�nitive notations by extending the class JaM.DefnType. The empiricalworlds case-study in Chapters 7 and 8 illustrates that this is an e�ective methodfor modelling solid geometry using de�nitive notations. This is a new approach tode�nitive programming that combines:� dependency relationships between observables;� data structure relationships and constructors;� dependency through expression evaluation;� dependency between sets (such as point sets)in uni�ed dependency structures.Figure 9.1 illustrates such a combined dependency structure. The scriptshown represents a geometric model of a hammer with a box for a head and acylinder for a handle1. The length, width and height of the head are the de�ningparameters from which all other parameters of the model are calculated. The �gurealso shows a description of each parameter and the dependency structure associatedwith the script.In this example, the parameters can be classi�ed as follows:Scalar Values (a1 : : : a7) Numerical values that represent de�ning parameters forother parts of the model. The dependency between a6 and a1 is given bya mathematical expression of the value of a6 (with automatically generatedparameter a6 2).1There is a diagrammatic representation of the hammer in �gure 9.2.328



a1 = 5a2 = 3a3 = 2a4 = divide(a3,2.5)a5 = multiply(a1,2)a6 = multiply(a1,-1)a7 = divide(a1,10)b1 = makePoint(a7,a6,0)c1 = box(a1,a2,a3)c2 = cylinder(a4,a5)c3 = translate(b1,c2)d1 = union(c1,c3)d2 = cut(c1,c3)

a1 is hammer head lengtha2 is hammer head widtha3 is hammer head heighta4 is hammer handle radiusa5 is hammer handle lengtha6 is handle shift y amounta7 is handle shift x amountb1 is handle translation vectorc1 is hammer head, no holec2 is hammer handle originalc3 is hammer handle translatedd1 is complete hammerd2 is hammer head with hole
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Figure 9.1: Script and dependency structure for a hammer model.
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Data Structures (b1) A value for a three-dimensional point is dependent on itsthree sub-component parts. The dependency between a6, a7 and b1 is for thecreation of an instance of a data structure by the \makePoint" operator.Primitive Shapes (c1, c2) Point sets with their parameters forming values ininternal data structures. The dependency between c2, a4 and a5 de�nes in-dicates that the scalar values are parameters in the construction of the pointsets for the cylinder primitive shape that represents the hammer's handle.Point Sets (d1, d2) Point sets constructed from boolean operations on other pointsets. The dependency between c1, c3 and d1 constructs d1 as the union ofthe primitive shape point sets.These four categories for types of dependency can also be interpreted asdi�erent forms of agency: there are agents that are responsible for dependencies thatform data structure, other agents responsible for expressions with their evaluation(possibly represented by several de�nitions to simulate an expression tree), andso on. This categorisation does not include all possible combinations of types ofdependency. For example, the translated cylinder shape c3 is actually a combinationof an existing point set with some parameters that represent a translation. Thisde�nes a new point set. In Sections 9.2.1 through to 9.2.5, the relevance to empiricalmodelling of the integration of di�erent types of dependency and data structure isdiscussed.9.2.1 Empirical Modelling with GeometryCognitive Artefacts for Geometric ModellingThe empirical world tool demonstrates the construction of geometric cognitive arte-facts (e.g. the curtain pole support of Section 8.5). By experimenting with the330



parameters de�ning the model, replacing component parts of the model or usingthe constructed model as part of other models, the script of de�nitions describingthe geometry is available for open development and exploration of shape. Shapemodelling is not supported in the Tkeden tool. For tasks other than shape mod-elling, it would also be possible to build new applications that use the empiricalworld classes as a rendering method for providing three-dimensional, solid shapemetaphors for cognitive artefacts. With appropriate operators, it is possible to rep-resent the dependency between observables for the artefact model and its graphicalrepresentation as shape with de�nitions.Animating Geometric ModelsWith the empirical world tool, it would not be possible to animate the timepieceartefacts of Section 2.3.2 with three-dimensional geometry in real time. There maybe a delay of more than one second in the time taken to render the model, both interms of polygonisation and transmission of the model to a VRML browser. Thisis because the tool is optimised for exploring implicitly de�ned shapes by yingaround them when they appear in a browser. This is an implementation-speci�cproblem and when programming libraries become available for Java to support three-dimensional modelling2, it will be possible to control computer graphics hardwaremore directly from JaM classes. In addition, it may be possible to apply techniquessimilar to those of the DoNaLD to DAMMachine translator of Section 5.4 to animatesmoother rotation of the second-hand of a clock than is possible in Tkeden.2The Java3D API is under development and currently exists in an alpha-test version. Initialtests by the Manufacturing Group at the University of Warwick have shown this to be a verypowerful toolkit for implementing fast rendering of three-dimensional shape.
331



Support for Collaborative ModellingBy using classes of Java programming APIs that support threading processes andnetwork communications, it is possible to support simultaneous and incrementaldevelopment of cognitive artefacts by several cooperating agents. The support forthis in the JaM Machine API is implemented through setting permissions for eachde�nition and providing security by a username and password system. Each humanagent can interact with a model at a workstation through a graphical interface, suchas a web browser, that can display geometry that is a visual metaphor for their viewof an artefact. It is also possible to take advantage of the threading of processesto introduce automatic agents into models, with guarded protocols to take action.It is the job of a programmer to build interfaces using the JaM Machine API andmanage the scripts of de�nitions | the advantage of this method is that a scriptthat represents an artefact and its current state can be distributed between humanagents for interactive collaborative working3.9.2.2 Empirical Modelling for GeometryShape ModellingThe general data representation technique provided by the JaM Machine API hasbeen used to provide an extendable de�nitive notation for geometric modelling. Theempirical world class library supports all the geometric shape primitives available inthe VRML notation and builds on these through the use of the function representa-tion for shape with a polygonisation algorithm for their display. The basic standardprimitives that are used in CSG modelling are combined in empirical worlds withskeletal-based implicit representation for shapes. Other shape representations, in-3It is interesting to note that a lot of tools that support collaborative working are rather static,working on publish/subscribe models where one agent works on a model, publishes it and thenanother user subscribes and works on the model. The JaM Machine API has the potential tosupport simultaneous and interactive collaborative working.332



cluding surface models, can be added to empirical worlds by introducing a classto represent their function representation together with a VRML-like syntax fordescribing their parameters. These could include, for example, the B�ezier volumefunction representations described by [MPS96]. All the operations on the point setsare closed | they produce other point sets in function representation. For example,it is possible to cut a shape constructed by CSG techniques away from a shapecreated by using the BCSO representation.Dependency and ConstraintsRelationships between geometric entities can be expressed as de�nitions in scripts.The parameters and structure of models can be e�ciently updated given a change toa value by the block rede�nition algorithm. There is no need for a constraint satisfac-tion algorithm and a script of de�nitions will never be over- or under-constrained4.The classes support the open development of models and enable a user to incremen-tally construct models from their experience. The models themselves then generatenew experience. In the hammer model script shown in Figure 9.1, the box andcylinder could be constructed initially and then subsequently be located and scaled.Alternatively, the order of construction could reect the order of the script. Theproportions in the model having been established, the hammer head shape can bereplaced by a more realistic shape.CADNO and Empirical WorldsEmpirical world scripts can potentially be used as templates in the realisation section(see page 50) in a new implementation of the CADNO notation. The alternative tothis is to implement data types for representing topological structures (complexes)as part of the empirical world tool. In practice, it is possible to de�ne points to4See the discussion of two way constraints in Section 9.2.3.333



represent abstract observables in empirical worlds. For the table model that is usedas a case-study for CADNO in Section 2.4.3, it is possible to introduce de�nitionsof the parameters table height, length, width and so on into empirical world scripts.In this way, the abstract corner points of the table | that do not physically exist| are incorporated as part of the geometry. One of the features of CADNO is thepossibility to restrict the parameters of certain ranges. To do this with empiricalworld classes, a programmer needs to implement methods that prevent de�nitionsfor values outside speci�ed ranges, either by intercepting de�nitions before a callto JaM.Script.addToQ or by starting threads to continuously police the ranges ofcertain values.9.2.3 Technical Challenges ReviewedDi�erent Kinds of CopyIn Section 3.2.1 of the thesis, the problem of copying assemblies of de�nitions is con-sidered. Since no de�nition represented by the DAM Machine or in a JaM.Scriptde�nes a value that is an assembly5 and since no function composition is allowed,a copy of an observable's value is exactly a mirror copy, photographic copy or re-construction (with reuse) copy. A programmer using the JaM or DAM Machineprogramming toolkits can choose which kind of copy they wish to make by usingvarious methods, without concerns for how to copy any subcomponents of assembliesof de�nitions. These methods are described in Table 9.1.Higher-order DependencyIn the absence of assemblies of de�nitions, the higher-order dependencies describedin Section 3.2.2 do not pose a signi�cant technical challenge.5In a DAM representation, every observable is represented by a pattern of bits. In an instanceof a class that extends JaM.DefnType, every value has a string representation that can be printedand recognised. 334



Type of copy DAM Machine JaM Machine APIPhotographic Copy the value bit by bitinto another memory location inde�nitive store. No dependency. Call JaM.Script.printValmethod for the originalde�nition, change the iden-ti�er to the name of thecopy. Use this string to callJaM.Script.addToQ.
Mirror Create a subroutine that looksup the value stored at the ad-dress passed to it and returnsthis value. Use this subroutinefor the operator associated withthe copy. The argument to theoperator should be the addressof the original value.

Use the JaM.JaMID operator(uses printVal method tomaintain dependency) to createan implicit de�nition where thethe argument is the original andthe identi�er is the copy.
Reconstruction Copy the associated operatorfrom the original to that associ-ated with the copy. Also, con-struct copies of the dependen-cies list for the original and as-sociate this with the copy. Call JaM.Script.printDefmethod for the original def-inition, change the identi�ername to the name of thecopy. Use this string to callJaM.Script.addToQ.Table 9.1: Methods for copying in DAM and JaM.Such dependencies can be handled by introducing serialised data types thatcan represent all observables values at level 0 and operators to represent dependencybetween these values at level 1. As it is possible to conceive a data type for therepresentation of a de�nitive script (a JaM class that extends JaM.DefnType andcontains a �eld for an instance of a JaM.Script class), dependencies at higher levelsrepresenting patterns of dependency between scripts can be considered at level 0and 1 also. This scripts-within-scripts model is unlikely to provide the detailedsupport that tools designed to support higher-order dependency will be able toprovide6.6Gehring is currently developing a programming API implemented in Java that supports em-pirical modelling with higher order dependency, entitled MODD.
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Although most observed dependency in the world can be described by de�nitionswhere one observable is dependent on another, for some dependencies this distinctionis unclear. For example, geometric constraints in parametric modelling packagescan constrain two lines to be parallel to one another. It is desirable for a tool thatsupports empirical modelling to be able to handle constraints. One way to dealwith such constraints between observables using the JaM Machine API is to chooseone direction for the dependency and then introduce an automatic agent (maybewith a thread) who observes all de�nitions that are being placed onto the queue ofrede�nitions. If observable a depends on the value of observable b and the value ofa is rede�ned, then the direction of the dependency is switched by the automaticagent. The value of b is rede�ned to depend on the value of a. There needs to be amechanism provided by a programmer of an application to allow a user to be ableto create and destroy these automatic agents.Moding and Data StructureThe issue of moding variables in a de�nitive script, introduced in Section 3.3.1, isgreatly simpli�ed by considering all data as representable by special atomic types.The level at which a variable is de�ned implicitly or explicitly can be establishedby looking through a de�nitive script. In the JaM Machine API, data structureis expressed via the �elds of classes that extend JaM.DefnType. These classes areinstantiated to represent values for observables in de�nitive scripts. This underlyingdata structure is separated from dependency maintenance by only accessing andsetting the values of the �elds of an instance through method calls and carefullyde�ned operators, which are classes that extends JaM.DefnFunc.
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9.2.4 The Contribution of the DM ModelThe DM Model described in Section 4.2 can be used to reason about dependencystructures without any need to consider application-speci�c information. It is pos-sible to build a DM Model of a script of de�nitions and to analyse the dependencystructure in that script. A dependency structure diagram is a visual formalism fora de�nitive script. It can be used to examine how rede�nitions cause the update ofvalues to propagate through di�erent dependency structures. Consider, for exam-ple, counting compare/exchange operations in the sorting algorithm case-study inSection 4.4.3. Through this analysis, it is possible to determine ways to improve thestimulus-response time of interaction with models by reducing the upper bound forthe number of updates.The DM Model can be used as a basis for discussing and optimising updatestrategies. The block rede�nition algorithm is one possible way to keep all valuesup-to-date given a block of rede�nitions. Other update strategies include introduc-ing threads for each vertex that regularly check to see if a value is up to date, withthe potential to take advantage of parallel processing hardware. Another methodis lazy evaluation, where every time a vertex x is referenced (its current value isrequested), a tool checks to see if any recent rede�nitions have e�ected its currentvalue. All the dependencies of the vertex are updated prior the update of s. TheDM Model can be used as a basis for comparing and contrasting di�erent updatestrategies. Consideration of this model lead to the development of the block redef-inition algorithm, which out performs existing update algorithms when more thanone de�nition is rede�ned simultaneously.The case-studies for �nding minimum and maximum values and sorting us-ing dependency maintenance illustrate how a dependency structure can be used asa form of algorithm. Empirical modelling encourages a user to program a computer337



without them realising that that is what they are doing. Incrementally construct-ing dependency structures, as in de�nitive programming, does not require a user toreason in the computation-oriented way that a programmer needs to when imple-menting an algorithm to perform a task. The process only requires the identi�cationof patterns of dependency that reect personal insight into the real world. This pro-cess supports the conation of the roles of user and programmer.9.2.5 Combining De�nitive and Object-oriented MethodsIn implementing new de�nitive notations via the JaM Machine API, object-orientedprogramming techniques are used to represent data types and operators of an under-lying algebra for a programmer to implement new de�nitive notations. In general,this approach to implementing new notations is successful where all classes used bythe notation are written speci�cally for use with JaM. Problems can occur whena programmer tries to integrate classes from other programming APIs with classesthat extend JaM.DefnType. Classes in standard APIs generally have their own pri-vate data �elds that can only be accessed by method calls. This means that thereare aspects of the current state of an instance of such a class that are hidden fromthe implementor of the JaM class.For example, the java.awt.TextArea class [CH96] can be instantiated tocreate a graphical component of a user interface that can be used for displaying textand enables a user to enter and edit text7. The current state of the text can beset and read at any time by calling methods of an instance of this class but thereis no way to detect the text changing as a user types each character. The objectstructure hides the key presses from other classes and places the character onto thescreen automatically. If there is an observed dependency between a certain pattern7The input and output components of the empirical world client are text areas, as shown inFigure 8.9. 338



of characters and another observable, such as a child types a rude word and a teachertells them o�, the use of the standard TextArea component is inappropriate8.The object-oriented approach to programming requires a programmer to formabstract classi�cations of real world entities by choosing data �elds to represent theirinternal state. It is then necessary to prescribe the methods for communication withinstances of a class. With the JaM Machine API, it is still necessary for a program-mer to classify real world entities but there is no need to commit to the methods bywhich classes communicate. Where the communication between objects serves tomaintain indivisible relationships between observables, dependency relationships canbe directly introduces using the JaM Machine API. This process requires a libraryof objects that represents the operators (classes that extend JaM.DefnFunc) to beused for this communication. The advantage of this technique is that it is possiblefor a user or programmer to experiment with the communication between objectson-the-y through rede�nitions. No compilation is required during this process.9.3 Further WorkThis thesis introduces new tools to support the development of new de�nitive no-tations and other utilities for empirical modelling. The purpose of the case-studiespresented is to demonstrate \proof-of-concept" for these tools. There is the potentialto: � develop new case-studies and applications with these tools;� improve existing case-studies such as empirical worlds, leading to more com-prehensive JaM Notations and associated applications;8Many graphical user interfaces use constraint solving methods to locate graphical componentsinside windows. De�nitive programming would seem to be a good way to represent the dependenciesbetween components, as demonstrated by SCOUT [Dep92]. To achieve this successfully using theJava API packages would require rewriting a lot of the classes of the API so that they extendJava.DefnType. 339



� improve on the underlying dependency maintenance mechanisms and datarepresentations in existing tools.In Sections 9.3.1 through to Section 9.3.4 some suggestions are made forfurther work based on the research presented in the thesis.9.3.1 The Future of the DAM MachineThe DAM Machine implementation is intended to be a proof-of-concept tool. TheDoNaLD to DAM compiler demonstrates how it can be used as the dependencymaintainer that supports a de�nitive notation. It would be interesting to see if itis possible to implement new versions of EDEN, SCOUT or ARCA on the machinewith the potential to support more e�cient animation. There may be other newde�nitive notations that are well suited to implementation supported by DAM.Further investigation is needed into using the machine for maintaining dependencybetween groups of low-level words in de�nitive store that represent high-level values.There is also the potential to investigate new software and possibly hardwareimplementations of the DAM Machine software. The latest ARM processor (the\StrongARM") has a clock speed that is more than �ve times faster than the oneused for the work in this thesis and an on-board processor cache that is large enoughto accommodate the DAM Machine assembly code9. There is also the possibility ofinvestigating a new version of the DAM Machine that is implemented over the JavaVirtual Machine [MD97] and is platform independent, although such a tool mayanimate models signi�cantly slower than direct implementations that use nativeassembly code instructions.9Some minor alterations may be required to use the StrongARM processor. It uses the sameinstruction set, but due to pipelining optimisations and on-board chip cache memory the e�ect ofbranch instructions can be di�erent.
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9.3.2 Support for Collaborative WorkingSupport for concurrent development and use of models is integrated into the JaMMachine API. This has been demonstrated so far in an elementary case-study inSection 6.5. Further case-studies are required to investigate the potential for thedistributed use of this feature by both human and automated agents. For example,it should be possible to distribute the empirical world server to support concurrentengineering.Some improvements should be considered for collaborative working by theJaM Machine API that should be considered. The current implementation of JaMonly allows one agent owner to be associated with a de�nition. This can be extendedto support both agent owner and group ownership properties for de�nitions in thesame way that �les are protected on a �ling system. It should also be possible toinclude a time and date stamp for each de�nition to support better management ofscripts of de�nitions. There is also an existing problem with the JaM class librariesin that the code in them breaks Java applet security rules [Har97]. It is not yetpossible to run a stand-alone version of a JaM-based application in a web browserclient without a server. This will require the implementation of a new cut-down andsecure version of JaM.9.3.3 New Shape Representations in Empirical WorldsTwo shape representation techniques have been demonstrated in the empirical worldclass library: CSG-style modelling and BCSO modelling. It is possible to extend therepresentation of shapes to include surface modelling with B�ezier surfaces, B-splinesurfaces, NURBS [WND97] and so on. Empirical worlds would bene�t from supportfor the representation of two-dimensional shapes, that can be extruded to formshapes in three dimensions. For example, consider a shape formed by embedding a341



solid (�lled) circle and a solid square, each in two separated and parallel planes inthree dimensions. A three-dimensional shape between the two planes can be formedfrom the morph between the two pro�les in two dimensions. Further investigation isrequired to compare variational and parametric modelling techniques with empiricalmodelling for geometry.CAD packages typically address far more than just geometric shape mod-elling. There needs to be support in the empirical world classes for data exchangefrom and into other applications, through the use of standards such as STEP [Org98].It would also be interesting to investigate the generation of CAM machine tool codeto make modelled shapes through the expression of dependencies between the geo-metric shape and the possible motions of the automatic tool. Another common useof CAD models is to generate �nite element analysis (FEM) models to simulate andanalyse the e�ect of stresses applied to di�erent pieces of geometry.The rendering algorithm currently used in the empirical world tools producesrough images at the edges of a geometric model. Future implementations shouldintegrate new algorithms for rendering implicit shapes, both through polygonisationand ray tracing. In this way, it should be possible to support the presentation ofmodels that include �ne features in geometry, such as the hair growing on implicitshape representations by Sourin et al [SPS96]. Although it is possible to increasethe detail level for rendering a shape using empirical worlds, this is currently limitedby the available memory in the empirical world client. This is due to the fact thatthe current implementation creates a string that is parsed by the VRML browserto render a shape. It is possible to communicate more directly with the VRMLbrowser through instances of Java classes speci�cally designed to support the VRMLexternal authoring interface, and future implementations should take advantage ofthese features. 342



9.3.4 Spreadsheets for Geometric ModellingThere are many similarities between de�nitive programming and the use of a spread-sheet. Rather than identi�ers in a script of de�nitions, a spreadsheet provides anidentity to a value by its location in a grid of cells (A1, C3 etc.). Every cell hasa value and, if it is dependent on the values in other cells, a formula de�ning itsvalue. The research in this thesis relating to the representation of data structuresand dependency is also relevant to spreadsheet applications. Spreadsheet applica-tions are contrived to support �nancial and mathematical models and the data typesrepresented in cells are numbers, strings of characters or dates and times. It is pos-sible to link spreadsheet values to de�ning parameters in other applications, suchas AutoCAD, using object link embedded (OLE) mechanisms that are provided insome operating systems. The proposal in this section is that it is possible to use theJaM Machine API to expand the range of data types supported by a spreadsheetapplication.Consider the empirical world script for a hammer model shown in Figure 9.1.The identi�ers have been chosen to correspond to references for cells in a geometricspreadsheet and an example of such a spreadsheet is shown in Figure 9.2. The cellsof this spreadsheet are larger than those of a standard spreadsheet and each cellcontains three sections. The top of the cell is its de�ning formula (de�nition), thecentre is a representation of the value currently stored in the cell and the bottomsection contains a list of references provided to the value in the cell. The box shapein cell C1 depends on the values in cells A1, A2 and A3. The list of referencesshown correspond to parameters that might be useful for a user to make referenceto in the de�nition of other cells. For the box, this includes a bounding box thatcontains all the corner points for the box and a centre point.The complete hammer shape is represented in cell D1. The image of the343
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point set is only a thumbnail image. Ideally there should be a way to click ona cell with the result that a new window opens with a large rendered version ofthe geometric shape is displayed, as illustrated in the box at the bottom of theFigure 9.2. It should be possible to explore this shape in the same way that it ispossible to explore a shape in a VRML browser10. This larger window can includegraphical representations of the references to the geometry that can be selected byusing a pointer.A spreadsheet for geometric design, or any other application for which it ispossible to write some JaM classes, allows a designer/modeller to integrate theirwork with other relevant data, such as �nancial data. It is possible to use a spread-sheet as a cognitive artefact for the explanation of a new design. A manager canexperiment with parameters of a design indicated by a designer. They can describea whole range of designs for assessment in one spreadsheet, rather than one designthat will almost certainly require further modi�cations. The designer/modeller ben-e�ts from a tool that allows them to try out several what-if? experiments in thesame way that a spreadsheet is often used as a way to test the �nancial feasibilityfor a project before its commencement.In this thesis, the bene�ts of empirical modelling with geometry and empiri-cal modelling for geometry have been discussed and explored. New tools to supportgeneral empirical modelling have been introduced and it shown that these toolscan support three-dimensional shape modelling. The geometric spreadsheet is anobvious next step. It has the potential to support a large range of shape represen-tations in one integrated application that can support complex data structures andinteractive collaborative working on geometric models.
10A programming library like the Java3D API will be able to support this kind of interaction.345



Appendix A
Appendices
Most of the material in the appendices to this thesis resembles programming manualdocumentation. The reader is referred to the world-wide-web addresses given belowfor the appropriate material.A.1 Example DoNaLD Fileshttp://www.dcs.warwick.ac.uk/~carters/doc/donald.htmlA.2 Exceptions in the JaM Machine APIhttp://www.dcs.warwick.ac.uk/~carters/doc/jamexcept.htmlA.3 Arithmetic Chat Server Applicationhttp://www.dcs.warwick.ac.uk/~carters/doc/arithserv.htmlA.4 Basic Types and Operators in Empirical Worldshttp://www.dcs.warwick.ac.uk/~carters/doc/basictyp.html346



A.5 Graphs in Empirical Worldshttp://www.dcs.warwick.ac.uk/~carters/doc/graphs.html
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