Practical Techniques forOrganizing and Measuring Knowledgeb y Timothy Christian Lethbridge, BSc(CS), MSc(CS)ThesisPresented to the School of Graduate Studies and Researchin partial fulfilment of the requirementsfor the degreeDoctor of Philosophy (Computer Science)University of Ottawa*Ottawa, Ontario, K1N 6N5Canada* The PhD program in Computer Science is a joint program with Carleton University, administered by theOttawa-Carleton Institute for Computer ScienceCopyright ' Timothy C. LethbridgeNovember 1994 iiDedicatedto the memory ofGrandpa Fred Fitzgerald Lydon iiiAbstractThis research is concerned with the problem of making knowledge acquisition and repre-sentation practical for a wide variety of people. The key question investigated is the follow-ing: What features are needed in what this research defines as a knowledge managementsystem, so that people who are not computer specialists can use it for tasks that involvemanipulating complex ideas?In this research the needs of such users were evaluated, and several prototype systemswere created, culminating in the creation of a system called CODE4. A key conclusion is asfollows: Users need a tool that involves the synthesis of several techniques for organizingthe knowledge.The research has led to ideas for two types of features: abstract knowledge representationfeatures and user interface features. Some of the proposed abstract knowledgerepresentation features that are novel or improved include: 1) a uniform treatment of unitsof knowledge which are called concepts; 2) the separation of the names of concepts fromtheir unique identities so that concepts can have multiple names and a given name can beused for several concepts; 3) the classification of conceptual relations using property andstatement hierarchies, and 4) facilities for smoothly integrating informal knowledge withknowledge that is more precisely represented. The above ideas are implemented in CODE4-KR, the abstract knowledge representation used in the CODE4 knowledge managementsystem.Some of the user interface features that are found in CODE4, and are proposed for generaluse, are: 1) unlimited chained browsers; 2) knowledge maps, representing patterns ofknowledge to be explored or processed; 3) fully interchangeable mediating representationsoperating on knowledge maps; 4) a uniform set of knowledge editing operations in themediating representations, and 5) masks for highlighting and controlling the visibility ofconcepts.CODE4 has had a significant amount of serious use by users in such diverse fields as ter-minology, organizational modelling and software engineering. This has served as the basisfor validating the above ideas about knowledge organization. To this end, several tech-niques have been used including: 1) a detailed questionnaire about CODE4 administered tomany users, and 2) a static analysis of the knowledge bases using several newly-developedmetrics. The metrics include seven largely independent measures of knowledge base com-plexity, as well as compound measures that allow the user to ascertain the completeness,well-formedness and information-richness of a knowledge base.

ivAcknowledgementsThe mental energy of numerous people has influenced the development of this thesis. DougSkuce, my supervisor, first aroused my interest in artificial intelligence and shaped much ofmy early thinking. Many of the ideas herein build upon Doug�s previous research. Dougtakes great care to provide his students with excellent facilities and as much of his personaltime as they need.Yves Beauvill� provided many early insights and was an invaluable resource as the mainprogrammer of CODE2. Ken Iisaka and Danny Epstein were sources of great inspiration asboth friends and colleagues. CODE4 would have been a far inferior product were it not forDanny, Ken and the other members of the programming team: Dave Corbett, Judy Ka-vanagh and Eric Arseneau.Peter Clark and Denys Duchier provided in-depth comments about the thesis, and havebeen a continual source of stimulating conversations. Discussions with Rob Holte showedhis vision and great depth of understanding. Numerous people at conferences andworkshops helped me broaden my thinking. Bruce Porter, Brian Gaines and Mildred Shawinspired me greatly.The users of the CODE systems provided much valuable feedback: Ingrid Meyer�s frequentrequests taught me what is really important. Other members of her Cogniterm teamincluding Lynne Bowker, Karen Eck and Bruce McHaffie provided valuable comments andusage data, and above all have been wonderful friends. Many people at Bell-NorthernResearch helped in the development of ideas, particularly Milan Javor and Roy McLean.The enthusiasm shown by Roy and by Jeff Bradshaw at Boeing boosted my confidencetremendously. Also, I cannot give enough thanks to others who spent many hours creatingknowledge bases and answering questionnaires about CODE4: These include Walid Saba,Nagi Ghali, Boyan Broderick, Chris Drummond and Chuck Wang.Financial support for my research was provided by NSERC through a postgraduate schol-arship, by BNR and by Doug Skuce. Doug�s budget was funded by NSERC, BNR, Cog-nos, URIF, SSHRC and by sales of the CODE systems.The support of my family and friends have allowed me to reach this stage. My father andmy grandfather (who died just as I was completing the thesis) interested me in science andcomputers at a young age and have always been sources of inspiration and encouragement.My dear departed stepmother taught me the value of self-discipline and hard work. Nu-merous compatriots on skiing, hiking and canoeing expeditions helped me relax and keep aperspective on other things in life. Alice Lang, Melanie Lukach and other friends at theGraduate Students Association showed me that there is a light at the end of the tunnel.

vFinally, my wife Teresa came into my life at the right moment and has been a source ofcontinual encouragement. She participated in this work in numerous ways: By being pre-sent to console me, by putting up with a crazy work schedule, by acting as a soundingboard for ideas, by helping me structure my reasoning so that somebody from another fieldcan understand it, and by proofreading.

viContentsList of figuresx i Chapter 1: Introduction11.1Overview of the research.................................................................11.2Definitions of important terms...........................................................21.2.1Knowledge acquisition and knowledge management.......................21.2.2Concepts..........................................................................31.2.3Knowledge bases and ontologies..............................................41.2.4Knowledge organizing techniques............................................51.2.5Formality and informality......................................................51.2.6Mediating representations......................................................71.3The Task: Practical knowledge management...........................................81.3.1Uses of a knowledge management systems..................................81.3.2Non-computer-specialists as users............................................91.4The Problems: Factors that make knowledge management difficult...............101.4.1Intrinsic problems.............................................................111.4.2Accidental problems...........................................................121.5A preview of techniques................................................................131.5.1Knowledge representation techniques......................................131.5.2User interface techniques.....................................................131.5.3Knowledge measuring techniques...........................................141.6Research history and methodology....................................................141.6.1Research chronology..........................................................141.6.2Summary of the research methodology.....................................16Chapter 2: Other Technologies for Knowledge Management1 7 2.1Technology from the field of artificial intelligence..................................172.1.1Descriptions of the tools......................................................172.1.2Features of the AI-based tools found most useful in this research......222.1.3Limitations of the tools for practical knowledge management...........232.2Personal productivity software........................................................252.2.1Description of the tools.......................................................252.2.2Features of the tools that were found most useful in this research......252.2.3Limitations of the tools for practical knowledge management...........272.3Hypertext systems.......................................................................272.3.1Features of the tools that were found most useful in this research......282.3.2Limitations of the tools for practical knowledge management...........282.4An object-oriented software engineering tool........................................282.4.1Features of OMTool found most useful in this research..................28 vii2.4.2Limitations of OMTool for practical knowledge management...........302.5Summary.................................................................................31Chapter 3: Knowledge Representation for Practical KnowledgeManagement3 3 3.1Introduction..............................................................................333.2An overview of concepts...............................................................333.2.1Classes of concept.............................................................343.2.2Knowledge management problems addressed by the wayCODE4-KR organizes concepts.............................................393.3Practicality vs. semantics and expressiveness vs. inference.......................403.4Types vs. instances.....................................................................413.4.1Practical effects................................................................413.4.2Intended semantics of types and instances.................................443.4.3Observations on the use of types and instances............................473.4.4Knowledge management problems addressed by types andinstances........................................................................503.5Properties.................................................................................503.5.1Practical effects................................................................503.5.2Intended semantics............................................................533.5.3Observations on use...........................................................553.5.4Knowledge management problems addressed by properties.............553.6Statements and facets...................................................................563.6.1Practical effects................................................................563.6.2Intended semantics............................................................603.6.3Observations on use...........................................................623.6.4Knowledge management problems addressed by statements andfacets............................................................................633.7Terms.....................................................................................633.7.1Practical effects................................................................633.7.2Intended semantics............................................................653.7.3Observations on use...........................................................653.7.4Knowledge management problems addressed by terms..................653.8Metaconcepts.............................................................................663.8.1Practical effects................................................................663.8.2Intended semantics............................................................703.8.3Observations on use...........................................................713.8.4Knowledge management problems addressed by metaconcepts.........713.9Primitive concepts.......................................................................713.9.1Practical effects................................................................71Computed primitive properties.........................................................733.9.2Intended semantics............................................................743.9.3Observations on use...........................................................74 viii3.9.4Knowledge management problems addressed by primitiveconcepts........................................................................743.10Further details of inference mechanisms..............................................753.10.1Delegation......................................................................753.10.2Inheritance......................................................................763.11Knowledge organizing techniques at the representation level......................763.12Comparison of CODE4-KR with other knowledge managementtechnologies..............................................................................793.13CODE4-KR as an abstract schema....................................................813.13.1Alternate schemata.............................................................813.13.2The CODE4 API and its manifestation as the CKB syntax...............83Chapter 4: User Interface Techniques for Practical KnowledgeManagement8 6 4.1Knowledge maps........................................................................874.1.1Details of how relations are specified.......................................874.1.2Classes of knowledge map...................................................894.1.3Commands available on the knowledge map interface....................904.1.4Knowledge management problems addressed by knowledgemaps............................................................................914.2Mediating representations and browsing.............................................914.2.1Common features of CODE4�s mediating representations...............924.2.2The outline mediating representation........................................964.2.3The graphical mediating representation.....................................974.2.4The matrix mediating representation........................................984.2.5Knowledge management problems addressed by mediatingrepresentations................................................................1004.3Masks....................................................................................1024.3.1Using masks..................................................................1024.3.2Knowledge management problems addressed by masks................1044.4Other interface features................................................................1044.4.1The control panel.............................................................1044.4.2The feedback panel...........................................................105Chapter 5: Knowledge Base Measurement1 0 7 5.1Introduction.............................................................................1075.2Some important definitions and background........................................1085.2.1Measurements vs. measures vs. metrics...................................1085.2.2Open-ended vs. closed-ended metrics.....................................1085.2.3Important metrics in software engineering................................1095.2.4Measuring knowledge bases vs. measuring knowledge.................1115.2.5The kind of knowledge bases to be measured............................1115.3General tasks for which knowledge base measurement may be useful..........112 ix5.3.1Tasks A to D: Assessing the present state of a single knowledgebase............................................................................1125.3.2Task E. Predicting knowledge base development time and effort......1155.3.3Tasks F to I: Comparison...................................................1165.4Proposals for metrics..................................................................1175.4.1Metrics for raw size..........................................................1175.4.2Independent and closed-ended metrics for complexity...................1185.4.3Compound metrics for complexity.........................................1255.5Desirable qualities of the metrics.....................................................1295.5.1How subjectively useful are the metrics?..................................1295.5.2How intuitive or understandable are the metrics?.........................1305.5.3How good is the mapping between the metric�s function and thesubjective phenomenon?.....................................................1305.5.4Summary of desirable qualities of the metrics............................1315.6Summary................................................................................132Chapter 6: Evaluation1 3 4 6.1The basic evaluation procedure.......................................................1346.1.1Details of the evaluation procedure.........................................1346.1.2The CODE4 user questionnaire.............................................1366.1.3Statistical tests................................................................1376.1.4The indirect nature of the evaluation.......................................1386.1.5Why not run a �controlled� experiment?...................................1396.2Evaluation of the metrics..............................................................1406.2.1How independent is each complexity metric from the others?..........1416.3Evaluation of CODE4..................................................................1416.3.1Evaluation by observing the general use of CODE4.....................1426.3.2Features users found useful.................................................1426.3.3Tasks performed during knowledge management........................1476.3.4General benefits of CODE4.................................................1506.3.5Analysing the knowledge bases created by participants.................1526.4Summary................................................................................153Chapter 7: Contributions and Future Work1 5 5 7.1General summary of the research.....................................................1557.2Contributions of this research.........................................................1557.2.1Contributions to knowledge representation...............................1567.2.2Contributions to user interfaces for knowledge management...........1577.2.3Other general contributions..................................................1587.2.4Problems addressed by the research.......................................1587.3Future Research........................................................................1617.3.1Future work on user interfaces for knowledge managementsystems........................................................................162 x7.3.2Future work in knowledge representation.................................1627.3.3Future work on CODE4 in general.........................................1647.3.4Future work involving metrics..............................................1647.4Conclusions.............................................................................165Bibliography1 6 8 Appendices:A. Data About the Users1 7 4 A.1General questions about experiences with CODE4.................................174A.2Questions about CODE4 knowledge representation features......................175A.3Questions about CODE4 user interface features....................................177B. Summary of Data Gathered about Knowledge Bases1 8 0 B.1General data about the knowledge bases studied...................................180B.2Measurements of the knowledge bases..............................................182C. CODE4 Design Principles1 8 3 C.1Assumptions about the user and environment......................................183C.2General principles......................................................................183C.3User interface principles...............................................................184C.4Knowledge representation principles................................................184C.5Inferencing principles..................................................................185D. CKB Format for a Sample Knowledge Base1 8 6 Glossary1 8 9 Index1 9 9 xiList of figuresChapter 22.1How various technologies address knowledge management problems...........32Chapter 33.1Major classes of concept and what they represent...................................343.2A simple inheritance hierarchy.........................................................363.3Important properties of concepts......................................................373.4An inheritance hierarchy of the most important classes of concept................383.5More of the classes of concept in CODE4-KR.......................................393.6The effect of declaring concepts to be instances or disjoint........................433.7The extensions of concepts.............................................................453.8Representational discontinuity — the case against instances of instances..........493.9Basic ideas about CODE4-KR properties............................................513.10The principle of the property hierarchy...............................................523.11Facet properties..........................................................................583.12Metaconcept properties.................................................................693.13An example showing dimensions.....................................................703.14Summary of knowledge organizing techniques......................................793.15Comparison of organizing principles in various representations..................813.16Seven manifestations of CODE4-KR.................................................823.17The top-level architecture of CODE4..................................................82Chapter 44.1An example screen showing the CODE4 user interface.............................864.2A graph showing a knowledge map with several relations.........................884.3A simple compound browser..........................................................934.4Format options for the graphical mediating representation.........................974.5Format options for the matrix mediating representation............................994.6A property comparison matrix........................................................1004.7A property history matrix..............................................................1014.8An example mask window............................................................103Chapter 55.1Values of MRPROP when there are 100 main subjects..............................1195.2Calculation of MDIV....................................................................1215.3The relationship between MCONCEN and MDIV .....................................1225.4Complexities of various inheritance hierarchies....................................1245.5Interpreting metrics — meanings of various values.................................1315.6Measuring tasks and how well they can be performed.............................1325.7Ratings of the metrics based on three criteria.......................................133 xiiChapter 66.1Statistics about knowledge bases created by the participants......................1406.2Coefficients of linear correlation among the seven complexity metrics..........1416.3Aspects of a knowledge bases that convey its content.............................1446.4Significant differences among groups of knowledge-conveying aspects........1446.5Amounts of knowledge entered using different mediating representations......1476.6Users� perceptions of the difficulty of tasks........................................1496.7Significant differences among groups of knowledge management tasks........1506.8Perceived ease of use of representational technologies............................1516.9Histogram of perceived ease of use..................................................1526.10Counts of classes of concepts created by participants..............................152Chapter 77.1How contributions of this thesis solve knowledge management problems......159

1Chapter 1Introduction1 . 1 Overview of the researchThis research examines how to make knowledge acquisition and representation technologyavailable and useful to a wide variety of people. The ultimate goal is to make such peoplemore productive with the technology; the proximate goal is to identify key principles thatshould be applied in the design of knowledge representation and acquisition systems. Theprimary problems to be overcome are several intrinsic decision-making difficulties peopleencounter while trying to organize knowledge, as well as various ease-of-use problemsencountered with today�s technology.The ideas described in this thesis have been largely implemented in a software systemcalled CODE4 (Conceptually Oriented Design Environment, version 4). The main researchprocedure has been to study the use of successive versions of CODE, and then to modifyor redesign the system to better solve the users� problems.The biggest insights gained while doing the research has been the following: 1) Thatdeveloping effective techniques for organizing sets of concepts improves the practicality ofknowledge acquisition, and 2) That to create a useful system it is necessary tosynergistically combine these techniques. Thus the thrust of the research has been toexhaustively categorise concepts and their distinguishing criteria, and then to develop andintegrate ways of manipulating, presenting and measuring sets of concepts in these variouscategories.This focus on organizing sets of concepts has led to the development, in a parallel, in-terdependent manner, of both knowledge representation (KR) and user interface (UI) tech-niques that are at the same time expressive, powerful and easy to use. This research ispresented in chapters 3 and 4. Acomplementary line of investigation, presented in chapter5, is the development of ways of measuring sets of concepts (knowledge base metrics).CODE4 has been used seriously by a wide variety of people in commercial and educationalsettings. Observations of this use have led to the belief that knowledge managementsoftware embodying ideas such as those in CODE4 will one day become commonplace —once people recognize its value. The development path foreseen is similar to that which led

2to the widespread use of spreadsheet programs, although the latter are expected to alwayshave far more users1.The next section introduces key terms used in the thesis. The subsequent three sectionsbriefly motivate aspects of the work by describing applications of knowledge managementand problems users encounter. Section 1.5 gives a preview of some of the ideas developedduring this work; and section 1.6 describes the research methodology.1 . 2 Definitions of important termsThis section briefly defines important terms that are used repeatedly in the thesis. By un-derstanding the way these terms are used, the reader will gain a clearer understanding of thenature of the research.A much more exhaustive list defining over 100 terms can be found in the glossary. Detaileddescriptions of most of the ideas in the glossary can also be found in the main body of thethesis; the index can be used to locate specific discussions. Also available is a CODE4knowledge base that describes the terms found in the glossary.1 . 2 . 1 Knowledge acquisition and knowledge managementFor the purpose of this thesis, knowledge acquisition (KA) is considered the process ofgathering knowledge and entering it into a computer so that the computer, and humansusing it, can put that knowledge to use. Traditionally, the term knowledge acquisition hasreferred to gathering expertise, primarily in the form of rules, from experts in order tocreate an expert system (Gaines 1987; Neale 1989). Today, the term has evolved to meanmore than that. This thesis, for example, is concerned very little with rules and even lesswith expert systems (although the acquired knowledge may be used to drive such systems).The kind of knowledge acquired in this research is typically general knowledge aboutthings in the world, or detailed knowledge about the design of some device, program, or-ganization etc.An understanding of the term �knowledge acquisition� requires a basic understanding ofwhat �knowledge� is. Unfortunately there are many debates about the definition of the lat-ter, and it is desired to avoid prolonged arguments. In general, knowledge is considered tobe any form of information that one might be able to manipulate in one�s brain, but thisthesis is primarily concerned with those aspects involving the categorization, definition andcharacterization of things and their relationships. This thesis is deliberately unconcerned

1It is possible that ideas from knowledge management might someday be merged with those ofspreadsheets.

3with repetitive data, procedural knowledge (as might be embedded in a computer program)or knowledge of spatial structures (as might be embedded in a CAD/CAM database)2.The word �acquisition� implies an inputting process, whereas the kinds of processes per-formed in this research go far beyond that: Here, concerns include manipulation, storage,presentation and many other processes performed on the knowledge. Therefore to clarifythe nature of this research, the broader term �knowledge management� (Riedesel 1990) ischosen — and the CODE4 software system developed in this research is called a knowledgemanagement system (KMS).The term �knowledge management� as used in this thesis can thus be defined as: The pro-cess of acquiring, representing, storing and manipulating the categorizations, characteriza-tions and definitions of both things and their relationships.Other possible terms that could have been chosen for CODE4 instead of �knowledge man-agement system� include: �knowledge representation system� (except this tends to connotethe static storage of knowledge) and �knowledge based system� (except that this has cometo refer primarily to expert systems — performance software that uses knowledge once it isacquired).1 . 2 . 2 ConceptsIn this thesis, all units of knowledge are uniformly called concepts. One place where con-cepts exist is in the brain of an intelligent being; there they are the units that thoughtprocesses manipulate. Sometimes when one discovers something, one creates a new mentalconcept to represent it; sometimes a concept comes into being as a conclusion of a thought.Other times one is explicitly taught a concept. Under any of these circumstances an intelli-gent entity such as a human tries to relate the new concept to others — to characterize it,differentiate it and link it into networks. The principle that all units of thought should becalled concepts is supported by an ISO definition (ISO 1990) which reads, �any unit ofthought generally expressed by a term, a letter symbol or by any other symbol�.Concepts in a knowledge management system such as CODE4 are highly analogous toconcepts in a mind3, with the exception that a computer system has external agents (users)to perform much of the commonsense reasoning required to do such things as integrating anew concept. Hence a useful metaphor used in this research is to model a knowledge man-

2Procedural and spatial knowledge and data are important; so important in fact that effective abstractionsand tools have been developed to represent and manipulate them. There is a lack, however, of practicaltools for the kinds of knowledge on which this thesis focuses.3This does intend to imply that CODE4 is organized like a brain (or vice-versa!). The analogy is merelythat both contain identifiable units of knowledge.

4agement system as if it were indeed an intelligent entity — this is helpful in the process ofdeciding what the system�s concepts really are and how they should be organized.In general a concept represents one or more things, real or imaginary, concrete or abstract.There can be more than one concept of the same thing; indeed each intelligent entity orrunning knowledge management system has its own unique concept of any given thing.There can also be consensus concepts of a thing: In such cases one imagines a group or asociety as the collective intelligent consciousness that has the concept.One of the goals of knowledge acquisition or knowledge management is to manipulate thestate of a knowledge management system so that its concepts match those of a user, or ofthe consensus of a set of users. This process is very similar to the process that an intelligententity undergoes when it learns something4.It was stated above that all units of knowledge are concepts according to the terminology ofthis thesis. The following clarifies further: Any component of the representation of knowl-edge that can be related to other components is called a concept. Thus the following areamong the representational entities that are called (or at least represented using) concepts:types, classes, instances, terms, rules, statements, propositions, properties, predicates, re-lations etc. The glossary contains over twenty terms used for specific kinds of conceptsfound to be useful in this thesis, plus several additional terms for roles played by concepts.Chapter 3 clarifies exactly how knowledge is represented using concepts.1 . 2 . 3 Knowledge bases and ontologiesA knowledge base is a collection of interrelated concepts. Intelligent entities in general maybe considered to have a knowledge base that evolves over time. A computer system has theadditional abilities to load, save and share knowledge bases. Such a system may have morethan one independent knowledge base active at once.The word �ontology� is often confused with �knowledge base�. In this work, an ontologyis considered a specialized kind of knowledge base that consists of descriptions or defini-tions of types of things. This corresponds roughly with Gruber�s definition which is: �aspecification of a conceptualization: the objects and relations that exist for an agent�(Gruber 1993). An ontology is generally considered not to include descriptions of specificthings, i.e. instances.It might also be argued whether a knowledge base of types should be said to be an ontol-ogy or to represent an ontology. The latter implies that ontologies are abstract or philosoph-

4Of course, machine learning is one of the techniques that can be used to assist knowledge management.This thesis focuses on situations where humans do most of the inferencing, rather than machines. Thegoal is to facilitate human reasoning processes.

5ical in nature and that knowledge bases are concrete. In this thesis, the former usage isadopted: Both knowledge bases and ontologies can be imagined to be either abstract (i.e.existing in the brain or society) or concrete.Most of the knowledge bases created during this research are ontologies as describedabove. However, this thesis discusses knowledge bases in general; this is partly becauseinstance knowledge is sometimes manipulated by CODE4 users, and partly because there isdisagreement about the definition of �ontology�: Some only consider a knowledge base tobe an ontology if it is very abstract or �high level� in nature, containing truths applicable ina wide variety of everyday experience.1 . 2 . 4 Knowledge organizing techniquesIn this thesis knowledge organizing techniques are distinct and somewhat independentaspects of the process of representing sets of concepts. Two examples, with which mostcomputer scientists are familiar, are: 1) categorizing concepts when building inheritancehierarchies and 2) associating attributes (properties, slots etc) with concepts. Each of theseinvolves the making of a distinct set of decisions and the performing of a distinct set ofactions. Knowledge organizations are individual instances of structures within a knowledgebase that are formed when a user is working within a particular organizing technique.One of the objectives of this research is to analyse knowledge organizing techniques (someof which are new ideas) in order to learn ways of making knowledge management morepractical. Details of organizing techniques at the abstract knowledge representation level arecovered in chapter 3; details of organizing techniques for the user interface are found inchapter 4.1 . 2 . 5 Formality and informalityThe contrast between formality and informality, and the need to provide facilities to ma-nipulate both, are themes found in several parts of this thesis. However usage of theseterms is controversial.The word �formal� has a wide variety of meanings in general English. The Concise OxfordDictionary (Seventh Edition) gives the following relevant ones:1a:of the outward form�or external qualities [of a thing];1b:of the essence of a thing, � not material;1c:concerned with form, not the matter, of reasoning;3.observant of forms or rules, precise, regular.Logicians and theoretical computer scientists use �formal� in sense 1c when they talk aboutformal proofs or languages. A language would be considered formal if it has a well-defined

6syntax with a semantics that gives that syntax mathematical meaning in terms of conclu-sions that may be drawn and manipulations that may be performed.Philosophers, on the other hand, tend to use sense 1b; but in general conversational usesenses 1a and 3 are more often meant (e.g. a formal-looking dress; a formal ceremony).In this thesis the meaning is a synthesis involving all the above senses, but primarily sense3. �Formal� is used to describe the situation where concepts are linked together within well-defined patterns (knowledge organizations). Such patterns have a syntax and rules ofmanipulation, and contrast with arbitrary text strings or pictures which cannot form linksthat the system can manipulate.The word �informal� is used for the latter.This usage can be justified in several ways: Firstly, structures that are formal (as describedin the last paragraph) are certainly observant of rules (sense 3) and arbitrary strings aregoverned by no such rules. Secondly, just like in a formal logic or language, the manipula-tions possible with formal knowledge organizations do not depend on what the conceptsrepresent (sense 1c). Finally, the only way to interpret a string or picture (which is infor-mal) is to look beyond its outward form (opposite of sense 1a) and to understand what itmaterially represents (opposite of sense 1b).Objections to the use of �formal� in this thesis might arise because a mathematical or logicalsemantics is not imposed by knowledge organizations. It is not guaranteed that a CODE4knowledge base can be converted to, say, first order logic. This is because the user is freeto ignore any suggested semantics (see section 3.2 for more details).Due to the possible controversy around the word �formal�, one might seek alternate words.A search of thesauri leads to several possible candidates including �stylized�, �orderly� and�structured�. The last is the best; however, as with all alternatives it doesn�t capture the in-tended meaning as precisely as �formal�. For example, �structured� doesn�t carry the con-notation that the thing (knowledge structure) referred to can be manipulated according torules that are independent of the thing�s referent.In addition to the arguments provided above, other thinkers support the continued use ofthe words �formal� and �informal� as in this thesis. For example, an interdisciplinaryworkshop was held on the topic in 1991 (Lethbridge 1991), and Shipman�s research looksat how excessive formality can be considered harmful because it imposes too manyconstraints on the representation of ideas (Shipman 1993). Shipman also discusses howdevelopment of a knowledge base should proceed smoothly from informal to formal(Shipman 1992).This thesis shares Shipman�s ideas: Chapter 3 shows how informal elements are integratedinto CODE4�s knowledge representation. Chapter 4 shows how the user interface allowsthe uniform manipulation of both informal and formal elements; and chapter 5 shows thatthere is a quantifiable, measurable continuum between informality and formality in a

7knowledge base. However, allowing such a continuum does pose some problems: For ex-ample it poses challenges when translating knowledge to other representations that are un-controversially formal, such as KIF (Lethbridge and Skuce 1992a).To conclude: As used in this thesis, the word �formal� and its antonym �informal� shouldnot be interpreted in the very strict senses used by some logicians, but in senses closer toordinary English: A more formal pattern of knowledge is more �connected� and obeys andis manipulable by identifiable rules; whereas a more informal structure has fewer con-straints and can only be interpreted or manipulated by an external intelligence.1 . 2 . 6 Mediating representationsAmediating representation (Johnson 1989) presents part of a knowledge base to an enduser. It can do this in many ways including using formatted text, tables, fill-in-the-blankforms, or graphs with nodes and links. Amediating representation schema is thedescription of the syntax and semantics of a particular class of mediating representations. Ingeneral, a mediating representation is designed to highlight certain aspects of theknowledge, or to allow the user to perform a certain task with the knowledge.This thesis carefully distinguishes mediating representation schemas from both abstract andphysical knowledge representation schemas. Physical schemas describe how knowledge isstored in computers; while abstract schemas describe common sets of representationalconstructs that can be manifested in both physical and mediating representations.These distinctions are made to preserve flexibility when designing physical and mediatingrepresentations. The objective is to prevent the syntax or format described in one schemafrom constraining the others. For example, if knowledge is physically stored as Lispexpressions, there is no reason why Lisp expressions must be presented to the end-userthrough a mediating representation (although this is often a problem today). The primaryconcerns when designing a mediating or physical representation schema should be: 1)ensuring that the principles of the abstract schema are adhered to by using semantics-preserving changes of representation; and 2) Ensuring that the new schema serves itsintended task effectively.Bradshaw and Boose have studied mediating representations in depth (Bradshaw andBoose 1992). Of particular interest in this thesis are modelling mediating representations(Bradshaw, Ford et al. 1993; Ford, Bradshaw et al. 1993). These allow the user to activelyconstruct elements of a knowledge base, as opposed to being guided in the process.1 . 3 The Task: Practical knowledge managementThis section describes the kinds of users for whom CODE4 is designed, and the tasks thatCODE4 is intended to help them perform better. Discussions of existing tools for perform-ing these tasks and how CODE4 can help, are deferred to later sections.

81 . 3 . 1 Uses of a knowledge management systemsThis subsection explores the nature of the tasks in which a knowledge management systemof the type described in this thesis might be used. In general, such a system might be usedwhere there are:¥Ideas that are novel, not easily understood, difficult to categorize, difficult to relate toeach other, difficult to distinguish or difficult to define precisely.¥Complex interrelationships among ideas or large interconnected networks of ideas.¥Multiple ways of looking at ideas and multiple opinions about ideas.¥Problems expressing ideas completely, clearly and unambiguously in a linear, tabular ordiagrammatic format.The common themes in the above four points are that they describe situations where 1) nat-ural language and special purpose or abstract representations prove inadequate, and 2) thereare many details to control. In today�s world natural language is used if other representa-tions are inadequate; but this is merely because it is possible to represent virtually anythingin natural language, not because natural language is the best representational format.The following are some of the specific tasks that might be more productively performedwith the assistance of a knowledge management system. Actual examples of usage ofCODE4 are described in chapter 6. Applying knowledge management technology to allthese tasks is an idea that is only just starting to be recognized. Unfortunately, mostknowledge representation technology so far developed has not been practical enough forwidespread use.1.Developing educational, reference or documentary material: Astudentmight use a resulting knowledge base to learn either in a programmed manner(navigating the knowledge in a suggested order) or in an exploratory manner. Apro-fessional in a field might refer to a knowledge base to look up detailed informationabout some subject. An engineer or technician might consult the knowledge base tolearn the subtleties of some device or process with which he or she is having problems.Specialists who perform knowledge management with this task in mind might be teach-ers, technical authors or system documenters. They also might be terminologists orlexicographers attempting to create a reference source for authors or translators.2.Reverse engineering a document, system or other artifact: In this task theknowledge engineer tries to understand something that is complex, confusing, ambigu-ously expressed and/or contains errors and inconsistencies. He or she analyses the arti-fact component-by-component and gradually builds a knowledge base that explains the�big picture�. During the process, he or she might simultaneously come to understandhow the artifact was constructed, uncover fundamental weaknesses in the original arti-fact and develop ideas for a replacement.

9This task might be performed by maintenance engineers or anybody who has a docu-ment where knowledge is �hidden�. Ahistorian or philosopher might be attempting toshed light on the contents of ancient texts; a forensic accountant or an organizationalmodeller might be trying to learn the control flow, information flow and money flow inan organization.3.Specifying or designing some artifact: Here, the resultant knowledge is used asthe basis for building or implementing the artifact, and later as a reference source aboutthe artifact.This task might be performed by software or hardware engineers, or by end-users whoare attempting to provide preliminary requirements.4.Developing the knowledge base for an expert system or other software:In this task, the resultant knowledge is used by a reasoning system to plan, diagnose,predict etc.5.Synthesizing, generalizing or stimulating new ideas: Here the task is to helpthe user clarify his or her thoughts, perhaps as an aid to personal decision making or tohelp in the writing of a document.6.Creating reusable ontologies: This is a higher-order task — the user develops gen-eral purpose knowledge bases that can be used by others as foundation material for anyof the above tasks.1 . 3 . 2 Non-computer-specialists as usersA major objective of this research is to make knowledge management technology accessibleto a wide range of people. In particular, it is important that people not need a computer sci-ence education. At the very basic level, a user should be able to perform productive work ifhe or she has an average amount of �organizational ability�. However, if a user does havespecialized training in logic, mathematics, linguistics or related fields, he or she should beable to take advantage of additional optional layers of knowledge management features,including those that involve more formality. These optional features should be invisible to(i.e. they should not hinder) the less specialized user.Currently most people who need to organize ideas do it in unconstrained natural languageoperated on using a word processor, perhaps with the assistance of a database, spreadsheetor diagram drawing program. These examples of personal productivity software allowspecialists in a variety of disciplines to perform tasks they could not previously have done;however they have important limitations: Natural language documents tend to containambiguity and inconsistency which can be hard to detect; spreadsheets and databases arebest for naturally tabular information, and knowledge expressed in diagrams tends to behard to interrelate with other knowledge.

10The dawn of hypertext (Conklin 1987) has dealt with some of these problems, howeverthere is a need for well-thought-out principles to guide the knowledge representer. Thelatter is the strength of knowledge representation languages and systems developed in theartificial intelligence community.Observations have shown that it is possible to develop software that embodies well-under-stood knowledge representation principles, and at the same time has the level of usability ofspreadsheets and word processors. This research seeks to understand better how to meldthe technologies — providing practical knowledge representation for people withoutcomputer backgrounds. A long range objective is to encourage people to better perform thetasks mentioned in the last section by using knowledge management software.1 . 4 The Problems: Factors that make knowledge managementdifficultThis section outlines some problems users encounter when managing knowledge. The ma-terial in this section has been developed by observing and interviewing users and analysingthe tasks they perform.Some problems appear to be intrinsic to knowledge management, whether it is being per-formed using a word processor, a formal-language based tool or pencil-and-paper. If a toolproposes to provide practical knowledge management capabilities, it must help the user dealwith these problems. The problems that are apparently intrinsic are listed in subsection1.4.1.At the same time as solving intrinsic problems, a tool should not introduce its own prob-lems. Subsection 1.4.2 lists problems that are more �accidental� in nature, arising fromflaws or limitations in the tool being used. The categorization of problems into accidentaland intrinsic deliberately parallels Brooks� famous �No silver bullet� paper (Brooks 1987)where he uses the same division to categorize problems in software engineering.Arising out of each problem is a corresponding high level requirement. In the followingsubsections, each problem implicitly specifies the requirement to provide a solution. Theproblems and requirements form the basis of the analysis of existing knowledge manage-ment technology (chapter 2) and the features of CODE4 (chapters 3 and 4). Asummary ofhow the problems are addressed is found in section 7.2.4.The list of problems and requirements is not intended to be exhaustive, but is intended tofocus on the primary concerns of the kinds of users discussed in the last section.1 . 4 . 1 Intrinsic problemsThe following problems, expressed as activities which are difficult in some circumstances,appear inherent to knowledge management. They are encountered when performing most

11of the tasks discussed in the last section. Tools can help in the solution of the problems(making the activities easier to do), but if they are not well designed, tools can also makethe problems worse.Problem I-1: Categorizinga)Deciding on the criteria for categorization, classification or grouping.b)Ordering categories, criteria and elements. (Deciding which categories are moreimportant and which should be listed first.)c)Deciding on membership in categories. (Applying classification criteria.)d)Categorizing characteristics of things.e)Deciding on the level in a classification hierarchy at which to make a distinction.(Deciding where to place a fact.)f)Understanding the nature of an existing classification.Problem I-2: Naming things (choosing terms, labels or symbols)a)Finding or inventing meaningful names for things.b)Choosing from among synonyms or near synonyms.c)Distinguishing among concepts that have similar terms. (Understanding their differ-ences.)d)Understanding and adhering to explicit or implicit naming conventions.Problem I-3: Making distinctionsa)Differentiating two conceptsb)Expressing second order ideas (knowledge aboutknowledge).c)Expressing knowledge about words or terms for things (linguistic knowledge).d)Expressing knowledge involving mathematics, logic or higher-order relations.Problem I-4: Understanding the effects of actions or declarationsa)Understanding what conclusions can be made due the presence of a particular fact.b)Understanding the consequences of performing a certain action.c)Understanding the effects of declaring a particular new fact.Problem I-5: Extracting knowledgea)Finding specific facts.b)Examining large amounts of knowledge at once.c)Understanding or visualizing the overall structure of the knowledge.d)Choosing the perspective from which to view knowledge.Problem I-6: Handling conceptual errors such as inconsistency, ambiguity,incorrectness and incompletenessa)Recognizing the possibility of such errors.b)Detecting the presence of such errors.c)Finding such errors when they exist.d)Living with such errors if the resolution is unknown.e)Correcting such errors.

121 . 4 . 2 Accidental problemsThe following problems arise primarily by the nature of certain tools; following Brooks�terminology the term �accidental� is used. The problems are not intrinsic to knowledgemanagement, however their origin may be due to a number of causes:¥They may not be considered important to the designer or the particular class of user.¥They may result from tradeoffs made during design.¥They may result from the fact that many knowledge management tools are researchprototypes.Regardless of the origin , however, all the problems tend to reduce the general practicalityof a tool.Problem A-1: The tool may be only usable for a special purpose.a)The domain or task may be limited (e.g. to configuration tasks).b)The type of knowledge representable may be limited (e.g. to rules).Special-purpose tools are often justifiable on simplicity grounds; also the designer maynot care about any other application. However there is a general requirement for tech-nology that is highly adaptable so that when an idea arises, a knowledge base can beimmediately built.Problem A-2: A high degree of expertise may be needed to use the tool.a)A computer science, logic or mathematics background may be needed.b)There may be no way to express certain facts that lie outside the specific syntax.c)A large amount of training may be needed.d)No simple but useful subset may be available.e)Support staff may be needed.A high need for expertise is typically due to poor design. In general the problem can besolved by paying attention to user interface design principles, and making a distinctionbetween basic and advanced capabilities. Another cause of the problem is the insistenceon rigid syntax so that the representation or inference mechanisms have certain usefulproperties such as logical completeness.Problem A-3: The tool may only be able to handle small knowledge bases.a) The tool may have performance problems or reach a physical capacity limit.b)There may be no way to avoid working on the whole knowledge base at once.This is often the case of research tools. There is some justification for building a toolthat is specialized for small knowledge bases: plenty of successful tools exist to ma-nipulate spreadsheets, small databases and other relatively small collections of knowl-edge. The general requirement, however, is that knowledge management technology bereasonably �scalable� so users do not hit artificial size barriers.Problem A-4: The tool may only be usable by an individual; not a groupa)There may be no way of partitioning knowledge bases.b)There may be no mechanism for concurrent access.

131 . 5 A preview of techniquesThis section briefly outlines the rationale for the main techniques presented in this research,providing a preview of the material found in chapters 3, 4 and 5 respectively. Theevaluation of all features can be found in chapter 6.1 . 5 . 1 Knowledge representation techniquesSome knowledge management systems have a variety of types of knowledge unit (e.g.rules, constraints, facts etc). As a result there must be different mechanisms to annotate theunits, different ways to categorize them, different ways to inspect them etc. As a first stepin creating a simple, practical representation a way must be found to treat all classes of unitsas uniformly as possible, while still maintaining important distinctions. Chapter 3 presentsCODE4-KR, one of whose main tenets is that all units of knowledge (including such thingsas terms and statements) should be treated uniformly as concepts.Central to knowledge management is the idea of categorizing; i.e. arranging concepts in ageneralization or inheritance hierarchy. Equally important is the idea of characterizingconcepts, i.e. specifying properties that define or describe the concepts. However littleattention has been paid to the categorization of those properties themselves. Chapter 3discusses the idea of a global property hierarchy in a knowledge base, as well as a numberof closely related organizing techniques.Many knowledge management technologies (e.g. artificial intelligence based systems)require the use of a very formal syntax when representing knowledge. There is usually thepossibility of adding comments to the formal constructs, but the comments are typicallysecond-class entities. Other technologies (e.g. hypertext) are the opposite: They have noformal syntax and thus are limited in the kind of inferencing they can do. There is a needfor a hybrid technology that allows informal elements to be treated, where possible, justlike formal elements. CODE4-KR is an attempt to move in this direction.1 . 5 . 2 User interface techniquesTypical user interfaces of artificial intelligence-based tools are designed as necessary add-ons so that the underlying representation can be manipulated. Hypertext on the other handis generally designed with usability and information conveyance as its priority. Again, ahybrid is needed: a system designed to convey information that comes from a well-organized representation. In chapter 4, the idea of �high-bandwidth� browsing is presented,wherein users can rapidly browse through large amounts of knowledge using effective userinterface tools called mediating representations, knowledge maps and masks.

141 . 5 . 3 Knowledge measuring techniquesThe importance of measuring a product is recognized throughout science and engineering.The more physical the product, however, the easier it is to quantify. Software engineeringdeals with products that are particularly intangible, and therefore research into measuringtechniques has been slow and even slower to be accepted by practitioners. Research intomeasuring the products of knowledge engineering has been even slower, or nonexistent.Chapter 5 presents some metrics that can be used to assess knowledge bases. The primaryreason for developing these is so that knowledge base developers can monitor and improvetheir work. Being able to measure various aspects of complexity can help users in suchtasks as measuring their productivity, estimating the information content in a knowledgebase, and finding out whether and where there are �holes� (areas of apparent incomplete-ness) in a knowledge base.1 . 6 Research history and methodologyThis section outlines the history and methodology of the research. Only the proceduresused are discussed here; insights and conclusions derived from the research are discussedin later chapters.1 . 6 . 1 Research chronologyThe research can be divided into three main phases:¥ Development and experimentation with early versions of CODE.¥ Development of CODE4.¥ Evaluation of CODE4.The next three subsections outline the procedures used in each phase.Phase 1: CODE2 development (1989-1990)CODE2 is a knowledge acquisition and representation tool, developed by the AI Laboratoryat the University of Ottawa under the direction of Doug Skuce. CODE2 was written in theSmalltalk object-oriented programming language which allowed it to be given significantgraphical capabilities. Some of the ideas in CODE2, including its manipulation of frag-ments of constrained natural language date back to Skuce�s early research (Skuce 1977).The first version of CODE2 was created prior to the commencement of this research. Earlydescriptions can be found in (Skuce, Wang et al. 1989) and (Skuce 1991). Amore com-prehensive description is in (Skuce 1993a).During the current research, CODE2 was used for a year in a real industrial project (Skuce1992a). It was used to build a large knowledge base about a real-time software engineering

15tool now called ObjecTime“ (Selic and McGee 1991) being developed at Bell-NorthernResearch (BNR). In addition to helping the BNR team design their product and clarify itsconceptual foundations, the BNR project stimulated the addition of many new features toCODE2.CODE2 was found to be particularly useful to a documentation group at BNR. This appli-cation is discussed in (Lethbridge and Skuce 1992b).CODE2 was used for several other projects, in particular early phases of the Cognitermproject (Meyer, Skuce et al. 1992) where it was used in support of the work of termi-nologists. Several graduate students involved with Cogniterm used CODE2 in their re-search: Bowker (Bowker 1992) investigated how the �dimensions� feature (section 3.8) canhelp the classification process. Miller (Miller 1992) compared how translations preparedusing a CODE2 knowledge base as a translator�s assistant compared with translations pre-pared using conventional term banks. Within the limited scale of his experiments, CODE2use did indeed help.Another project, in which CODE2 was concluded to be useful, involved representing theideas of well-known philosophers (Longeart, Boss et al. 1993).CODE3 was developed as a replacement for CODE2, after numerous software modifica-tions rendered the latter unmaintainable. CODE3 was written in Prolog in order to take ad-vantage of that language�s declarative syntax and backward-chaining deduction. Prolog�slack of user interface flexibility caused CODE3 implementation to be abandoned after onlysix months. Nevertheless, this short period saw the refinement of many new ideas thatwere carried forward into CODE4.The lessons learned from experiences with CODE2 and CODE3 are discussed in section2.1.Phase 2: CODE4 development (1991-1992)Until the commencement of CODE4 development, the research consisted of developing hy-potheses about what features would be most useful in pursuing the goal of practical knowl-edge management. When CODE4 development started, these hypotheses were crystallizedin the design of its knowledge representation (Chapter 3) and user interface (Chapter 4).CODE4 development began in January, 1991; and Smalltalk was once again chosen as theimplementation language. Several experienced software engineers worked on the systemunder the direction of the author; and it was given a layered architecture with a high degreeof flexibility and reusability. Chapters 3 and 4 expand on the design of CODE4 in detail(although the principles in these chapters are intended to be more generally applicable).

16Although the major principles embedded in CODE4�s design have not changed, develop-ment continues to this day. Recently added features have met the specific needs of varioususers (e.g. the addition of various printout formats, inference mechanisms etc.)Phase 3: CODE4 evaluation (1993-1994)The final stage of this research is the evaluation of CODE4 (discussed in chapter 6) whichwas performed in order to provide scientific validity to the research. In most relatedresearch, the evaluation, if done at all, focuses on assessing certain mathematical propertiesof a knowledge representation. The practical-knowledge-management goals of this workdictated a different approach however, one for which there are few precedents: The toplevel evaluation process involved determining how effectively substantial numbers ofserious users worked with CODE4. Evaluation tools included a user questionnaire and themetrics5 discussed in chapter 5.1 . 6 . 2 Summary of the research methodologyThe methodology for this research can be summarized as the following four-step process:¥Study systems to understand prevalent problems (discussed in the next chapter).¥Form hypotheses about features to aid practical knowledge management (the knowledgeorganization features discussed in chapters 3 and 4, and the metrics discussed in chapter5).¥Develop software (CODE4) to test these hypotheses.¥Evaluate the results (chapter 6)Chapter 7 discusses the main contributions of this thesis and proposes directions for futureresearch.

5The metrics are intended to represent a distinct contribution of this research. They are both evaluated intheir own right and assist in the evaluation of other features.

17Chapter 2Other Technologies for KnowledgeManagementThis chapter discusses several technologies that can be used to manage knowledge of thetype discussed in the last chapter.Three questions are asked about each technology: 1) What is it and how can it be used forknowledge management? 2) What features are related to those in this research? 3) Whatproblems does it have that reduce its practicality?Section 2.1 discusses systems from the field of artificial intelligence. These include a) thevarious versions of the Conceptually Oriented Description/Design Environment (CODE)that preceded CODE4; b) knowledge representation systems such as Cyc, KM and LOOM,and c) so-called knowledge acquisition tools. The chapter continues with a discussion ofpersonal productivity software such as spreadsheets and outline processors. Section 2.3discusses managing knowledge using hypertext and section 2.4 discusses the use of object-oriented CASE tools.2 . 1 Technology from the field of artificial intelligenceThis section discusses how various tools from the field of artificial intelligence (AI) can beapplied to knowledge management.2 . 1 . 1 Descriptions of the toolsThis subsection provides overviews of CODE2, CODE3, Cyc, KM, several KL-ONEderivatives and several so-called knowledge acquisition tools. Discussion of advantagesand disadvantages of the tools is deferred to sections 2.1.2 and 2.1.3.CODE2 and CODE3These systems were developed in the early stages of this research and have since beensuperseded. For a chronology of their development and a discussion of applications, seesection 1.6.1. A major objective of the CODE project from the very beginning was to makeknowledge management practical.

18CODE2 was a frame based knowledge management system with a simple knowledge repre-sentation and a multi-featured graphical user interface. Its most important distinguishingfeatures were as follows:1.The information (properties6) describing concepts was organized in a fixed three-levelhierarchy. The first level distinguished among: 1) properties of the �view� (i.e. the userinterface displaying the concept); 2) �system� properties (e.g. those describinginheritance relationships), and 3) �main� properties. The second level allowed the userto group properties using various standard or user-defined categories. The third levelcontained the properties themselves.2.A number of �flags� could be used to control the intended meaning of properties and theeffect of inheritance. E.g. a property could be declared �private�, meaning that it did notinherit.3.All data (values) associated with properties were character strings. The user was en-couraged to use a special restricted-English language called ClearTalk for values, butcould in fact enter whatever he or she desired. The process of drawing networks ofinterrelated concepts (other than the basic inheritance hierarchy) involved patternmatching to find which character strings contained references to other concepts. Therewas also a mechanism that allowed users to find and replace occurrences of particularcharacter strings.4.The user interface involved four mediating representations: 1) Graphs of variousrelationships which could be freely manipulated by the user; 2) Lists of concepts,indented to show superconcept-subconcept relationships; 3) �CD-Views� containing allthe information about a concept, and 4) Tables showing various properties (shown onone axis) of various concepts (shown on the other axis).5.There was a �mask� facility that allowed the user to restrict the display of conceptsbased on a fixed set of criteria (such as concept name, properties possessed etc).The main ideas in points 4 and 5 have been carried forward to this research. The ideas inthe other points have been largely superseded by improvements.CODE3�s main contribution was to arrange all knowledge as sets of facets. Several facetscomposed what was called a property occurrence7 (or �pocc�), and several such poccstogether formed a concept. All of the facets of a knowledge base were stored physically asProlog clauses which were then operated on by a Prolog-based knowledge engine.

6The word property in CODE2 was used differently than in CODE4. In the prior system the idea ofproperty and statement was conflated. The word concept also had a more restricted meaning — similar toCODE4�s main subjects.7Property occurrences correspond to the statements in CODE4.

19CycThe name Cyc (Lenat and Guha 1990) refers to: a) the large knowledge representationsystem being developed in a multi-year project at MCC; b) the knowledge base being builtusing the system, and c) the overall project. Cyc, the project, is the largest knowledgerepresentation effort to date and has a variety of corporate investors who hope that Cyc willbecome a resource for such activities as natural language understanding and themanagement of large-scale corporate knowledge bases.The Cyc system has a variety of important features:¥CycL is Cyc�s frame-based knowledge representation language. In common with manyother such languages, CycL uses two separate syntaxes: one to represent the structure ofa knowledge base in terms of units (Cyc�s term for concept) and slots, and the other torepresent rules and constraints.¥CycL is heavily dependent on the top-level ontology that comes with Cyc: This top-levelontology describes such abstract things as represented thing, stuff, collection,individual object and internal machine thing.¥CycL contains a wide variety of features designed to deal with difficult problems that ap-pear when representing knowledge about everyday things. For example CycL has mech-anisms to handle what it calls subabstractions, which are context-dependent aspects of athing (particularly different �snap-shots� of a thing at points in time).¥Cyc contains a large number of inference mechanisms. To answer queries, Cyc uses achain of increasingly complex mechanisms that are called successively until one suc-ceeds. Also present are a truth maintenance system, and mechanisms for analogical rea-soning (to suggest new rules or facts) and conflict resolution.Cyc has a variety of user interface capabilities. The primary focus of these is editing thedetails of concepts (i.e. the values of slots and associated rules). Multiple users can operateon a Cyc knowledge base using these mechanisms from remote displays. Conflicts that re-sult are detected asynchronously and result in the initiation of dialogues between users,mediated by the system.¥The standard Unit Editor (UE) has a large window tiled with several subwindows eachdisplaying a unit�s slots. The user modifies the slots by entering declarative statements inCycL�s restricted syntax. Despite the greater sophistication of the other interfacemodalities described below, the emacs-based UE appears still to be the major way thatknowledge is entered into Cyc (Porter 1994).¥The Museum Unit Editor allows the user to traverse the network of units. The relation-ship of one unit to another is shown using nested boxes: The inner box represents the re-lated unit.

20¥Another interface mechanism called HITS, developed by MCC�s human interface lab(Terveen 1990; Terveen and Wroblewski 1992), provides a collaborative interfacebetween the user and Cyc. HITS actively assists the user in making knowledge editingdecisions and is based on an edit-by-analogy paradigm — using prior editing tasks asmodels.The Cyc project has the ambitious goal to capture a sufficiently large percentage of�common-sense� knowledge such that the system will begin to be able to �read� externalsources of knowledge and thus augment its knowledge base automatically.KMKM is a knowledge representation system developed by Bruce Porter and his team at theUniversity of Texas in Austin. The KM project is usually called the �Botany� projectbecause KM has been primarily used to develop a single large knowledge base, focussingon plant physiology. An early overview of the project can be found in (Porter, Lester et al.1988). Acker�s PhD thesis (Acker 1992) discusses KM�s knowledge representation whileEilerts� MSc thesis (Eilerts 1994) describes its user interface.KM has its foundations in Cyc. The project in fact started by using Cyc but abandoned itfor a number of reasons including Cyc�s great complexity.Like Cyc, KM has a frame-based knowledge representation composed of units which in-herit slots. Of particular importance are the unit-slot-value triples; these represent the �facts�in the knowledge base and are the attachment points for such things as �annotations� and�embedded units�. The latter represent things that are existentially dependent on the particu-lar unit and slot. Like in CycL, details of the values in triples are specified in a Lisp-baseddeclarative notation.KM�s user interface has two main mediating representations: 1) a unit editor much likeCyc�s although somewhat simpler, and 2) a limited graph drawing capability8. Unlike Cyc,knowledge is largely intended to be entered by a single individual over a long period oftime.An important inference feature of KM is its �view retriever�. This mechanism generates co-herent subnetworks of concepts using pattern matching: The system searches for apredefined pattern of relationships between concepts.

8The developers of Cyc abandoned graph drawing after networks became too complex, however theyapparently did not invest much time in finding ways of limiting the graphs so as to reduce theircomplexity.

21Classic and LOOM: KL-One derivativesOne of the most important classes of knowledge representation tools are the descendants ofBrachman�s KL-ONE system (Brachman and Schmolze 1985). These tools, collectivelycalled description logic languages, range from the AT&T�s elegant but restrictive Classic(Brachman, McGuiness et al. 1991) to ISI�s more expressive but complex LOOM (ISX1991; MacGregor 1991b). MacGregor (MacGregor 1991a) describes the evolution of thiswhole family of languages.Description logic languages share a number of features:¥The primary units of knowledge representation are called concepts9, of which there aretwo fundamental classes: primitive10 and defined11. Primitive concepts are those whichare asserted to exist in order to represent some set of individual things, any conditions at-tached to them may be necessary but are not sufficient. Defined concepts, on the otherhand, have explicit definitions expressed in terms of necessary and sufficient conditionsthat refer ultimately to the primitive concepts.¥They have a terminological language, describing concepts (the T-Box) and an assertionlanguage (A-Box) describing constraints or facts in the world.¥In addition to inheritance, which is a capability of all frame-based systems, descriptionlogic languages include classification as a major inference mechanism. By examiningdefinitions (i.e. the properties possessed by a concept), the classification mechanism isable to place concepts at the correct point in the inheritance hierarchy.Classic remains true to the spirit of the original KL-ONE. It differs primarily in the detailsof expressions it uses to represent knowledge — the expressions have been carefullyrestricted to enable its nine major inference mechanisms to operate efficiently.Whereas Classic remains a knowledge representation system (with a modelling language),LOOM has evolved into a programming system by adding a �behaviour language� withsuch features as actions, methods and production rules. LOOM can be used to directlybuild expert systems. While the addition of these facilities has made LOOM less restrictivethan Classic in terms of what can be represented, it still remains a largely formal system.

9This meaning of �concept� has a narrower meaning than in this thesis, where concepts also include the�individuals� of description logic languages. Concepts in the latter correspond to types in this thesis.10 The primitive concepts of this thesis refer to something quite different: concepts on which knowledgeengine computations depend and must therefore have �handles� to. The primitive concepts of KL-ONEderivatives correspond roughly to concepts in this thesis that are not dependent concepts.11 The defined concepts of KL-ONE derivatives correspond roughly to dependent concepts in this thesis,although the latter term has a somewhat wider meaning. See the glossary for more details.

22Knowledge acquisition toolsVarious knowledge acquisition tools have attributes that make them candidates for the kindof knowledge management envisaged in this research. The following are some examples:Tools in the KSSn family (Shaw and Gaines 1991) can be used to draw graphs composedof nodes and links. Mappings can be defined so that these graphs can manipulateknowledge in an underlying knowledge representation such as LOOM.KARL (Fensel 1993) has a sophisticated graphical environment for editing knowledge. It isone of many tools used in the KADS project (Weilinga, Schreiber et al. 1992) and itsunderlying representation is a formal logic-based language.KEATS (Motta, Eisenstadt et al. 1988; Motta, Rajan et al. 1991) is a classic knowledgeacquisition system intended for building expert system applications. KEATS was aninfluence on Shelley (Anjewierden and Weilemaker 1992), designed specifically for theKADS methodology. Both systems support acquiring conceptual structures and executableknowledge from transcripts; both feature extensive graphic support, and neither areintended to be delivery platforms. Both use a straight-forward frame representation.Other relevant artificial intelligence technologyThe technologies discussed above are systems, whereas conceptual graphs (Sowa 1984) isan abstract knowledge representation formalism not tied to any particular implementation.However its relatively simple but powerful notations for expressing knowledge are worthyof note in the search for knowledge management technology. Research into conceptualgraphs has recognized the need for graphical representations that people can easily use.KIF (Genesereth 1992) was developed in an attempt to create a lingua franca forknowledge exchange. Gruber has extended KIF to create a language and system calledOntolingua (Gruber 1993) that is more suited for the representation of ontologies. Whileboth involve textual languages, they are worth noting because there is a movement to usethem as a common denominator for knowledge exchange; any knowledge management toolmight eventually need to be able to translate to and from them12.2 . 1 . 2 Features of the AI-based tools found most useful in this researchThe frame-based representationThe most important AI principle used in this research is the frame-based knowledgerepresentation paradigm. Particular frame-based features used in this research include:

12 Preliminary steps have been taken to do this as a side-branch of this research: Technology to supportthis is discussed in section 3.13.

23¥The reasonably wide definition of the concept or unit in Cyc and KM (e.g. the fact thatslots and instances are concepts). However, in this research the definition has been madeeven wider.¥The hierarchies of slots in Cyc and KM. Again, these ideas have been expanded in thisresearch.¥The triples and embedded units in KM.Certain graphical representationsConceptual graphs and user-interface oriented tools like KSSn and KARL have graphicalcapabilities of use in this research. These languages or tools recognize the need to abstractaway from highly mathematics-based representations of knowledge, although suchrepresentations may be present �underneath�.2 . 1 . 3 Limitations of the tools for practical knowledge managementComplexity of the languages and ontologiesMany AI tools have limited applicability to the kind of knowledge management described inchapter 1 primarily because they are only intended to be used by computer specialists.With a few exceptions (CODE2 and some knowledge acquisition tools such as KSSn), theAI-based tools described above are designed first and foremost with inferential orrepresentational objectives in mind. Examples of such objectives include the ability toperform classification or other inferences, the ability to represent particular complexitiesthat arise in some domain or the ability for the representation to conform to certain formalrules of mathematical logic. User interfaces for these systems are generally developed as anecessity and with expert users in mind.KL-ONE derivatives, for example, emphasize automatic classification by analysing howdefinitions and descriptions subsume each other. This has two effects contrary to the goalof practical knowledge management: 1) It means that the tools are severely limited in theirexpressivity in order for subsumption to be computable, and 2) It constrains them to usinga somewhat sophisticated language with many functions and operators to learn. Whileclassification may be useful for certain automated applications, it is probably of no benefitto the user performing knowledge management because such a user must know theproperties with which to specify the definitions and descriptions.Users of Cyc, as another example, must master its ontology and representational language.Both are large, complex, somewhat confusing and require the user to accept manyquestionable representational decisions (Skuce 1993b).

24User interface weaknessesWhere graphical interfaces of AI-based tools are well-developed, they tend to have one ormore weaknesses of the following kinds that restrict their general purpose use:¥Loose coupling to the underlying representation (e.g.knowledge acquisition tools that canbe used to input only certain types of knowledge but not to convey all of it)¥Much usage of prompts (i.e. modal dialogs)¥Agraphical notation that is so heavily tied to the representation that user cannot sketchknowledge, but must understand the representation in detail.¥Restricted abilities to navigate or browse large knowledge bases and extract subsets ofknowledge. This latter weakness is the most serious.Difficulties dealing with namesAI-based tools usually ignore the issue of naming. Naming a concept is left up to the userwho must choose a unique name that is distinct from other names in the knowledge baseand must generally stick with it once chosen (because references are made to the conceptusing that name). Names are usually tightly connected to the implementation of the system;they are unique and sufficient identifiers for concepts. This has several consequences:¥Choosing concept names becomes a critical activity for the user. In order to prevent con-fusion, the user: 1) must be consistent with existing naming conventions; 2) must avoidnames already used, and 3) must anticipate the addition of other concepts with similarnames.¥The user often cannot choose names that mirror those in natural language. Where anatural language name has several meanings, the user of most AI-based tools is forced toinvent a new name. Where several natural language names are synonyms for the samething, the user must choose among them.The designers of Cyc acknowledge the problem and state that natural language names forall units can be specified in the values of a particular slot. They state that eventually, allmanipulation of the knowledge via a natural language front-end would use such slots andthe �internal� names could be dropped. However, at the current time knowledge editingprocedures continue to use the internal names.CODE2�s facilities to change all occurrences of a particular string reduced the problem ofpoor name choices becoming entrenched; however, CODE2 had no way to deal with syn-onyms and homonyms, which occur frequently.

252 . 2 Personal productivity softwareIn sharp contrast with most AI-based tools, software such as spreadsheets and outline pro-cessors is expressly designed to be used by non-computer-experts. In this thesis, tools ofthis kind are called personal productivity software. Such software can be used forconceptual knowledge management, even though it was originally designed for applicationsof a somewhat different nature (i.e. managing numeric data or document structure). Forexample, one of the early industrial users of CODE2 was the Aluminum Company ofAmerica (ALCOA). They had previously used spreadsheets to represent conceptualinformation in the field of metallurgy, but switched to CODE2 when they saw its benefits.2 . 2 . 1 Description of the toolsSince readers are undoubtedly familiar with tools in this class, only their key features willbe noted.SpreadsheetsSpreadsheets are graphical environments with two-dimensional arrays of cells that containeither data or formulas. When a cell is updated anywhere in the spreadsheet, all cells thatdepend (directly or indirectly) on that cell are updated.Outline processorsOutline processors permit users to rapidly arrange the hierarchy of topics in a document.They include facilities to promote and demote topics, to move topics from place to placeand to hide and expand sets of topics based on level of depth in the hierarchy. One of themost widely known outline processors is that which comes with Microsoft Word“; others,such as More“, are sold as stand-alone programs.2 . 2 . 2 Features of the tools that were found most useful in this researchThe following are useful knowledge-management features found in personal productivitysoftware but typically absent from AI-based tools. The features have been largely adoptedin this research.Large amounts of information displayed in a convenient mannerPersonal productivity tools have techniques to maximize the amount of information that canbe displayed or made accessible to the user. Displaying much information at once leveragesthe user�s ability to process information13, since the human visual system is very good at

13 As opposed to relying on the computer to do the processing as is the case in most AI-based tools.

26scanning for interesting facts or noticing patterns. To prevent confusion however, verysimple structures are used: tables for spreadsheets and indented lists for outline processors.These structures can convey much knowledge, but are simple enough to prevent users fromgetting lost when navigating large volumes of data.The non-modal graphical user interfaceTo allow users to rapidly manipulate data and headings, most personal productivity soft-ware has been developed using graphical user interface techniques. Users can directlyselect and edit what they see on the screen. Where possible, such software avoids entering�modes� where the user�s actions are limited.Easy extensibilityThe structure of information in both spreadsheets and outline processors can be readilyextended by the user. Simple commands are available to add rows or columns, and the usermerely types new text to add to existing rows or to extend the document beyond its currentbounds.The ability to work on multiple files at a timeMost personal productivity applications permit users to load several �documents� at once.This capability facilitates cutting and pasting between documents. It also can help the userwith several concurrent tasks by reducing the time lost in repeatedly quitting and reloading.Automatic updating of multiple windowsInformation can be displayed in many windows. Updates to the information that are madein one window are automatically reflected in all others. The form of the representation canalso vary widely from window to window: Updating a spreadsheet might result in theautomatic update of a graph. Updating an outline might automatically update the full text ofthe document displayed in another window.The ability to analyse �what-if scenarios�In spreadsheets, the user can make a selection or type a value into one cell and observe howchanges ripple through the interface.Absolute and relative referencesIn spreadsheets, cell formulas can refer to particular cells or to the cells that happen to be ata certain relative offset from the cell containing the relative formula. This facility greatlyfacilitates specifying complex patterns of interconnection among cells.

27Easy facilities for extracting informationMost spreadsheets include the ability to specify a set of criteria in order to extract a subsetof the data. They also have facilities so that all cells fulfilling certain criteria can be�selected�. Outline processors have facilities to control which subhierarchies are displayedand to what depth. All personal productivity software additionally has simple text searchmechanisms.2 . 2 . 3 Limitations of the tools for practical knowledge managementFor the purposes of this research, the advantageous features listed in the last subsection areconsidered to be generally necessary for practical knowledge management, but they are notsufficient. The following are very severe limitations:Limitations on the ability to represent conceptsWhile all the facts about a concept can be listed in a row or column of a spreadsheet, or in asubhierarchy in an outline, there is no way to treat concepts represented thus as discreteunits that can be independently manipulated. In other words, personal productivitysoftware lacks the key advantage of the frame representation of many AI-based tools.Lack of inference capabilitiesArbitrary formulae can be used to perform computations in spreadsheets, but everyrequired inference must be explicitly programmed by the user. In particular, inheritance islacking. Outline processors typically have no inference capabilities.2 . 3 Hypertext systemsHypertext (or hypermedia) is another technology with potential application to knowledgemanagement. It encompasses a wide variety of tools and techniques, but its defining featureis a network of nodes, where each node contains a useful chunk of information formattedfor use by end-users. Another important feature is facilities to navigate around the nodes(Nielsen 1990). Hypertext systems have been found useful for knowledge management(Barman 1992). Also, hypertext-like facilities can be found in a wide variety of generalsoftware. Amajor example of the increasing importance of hypertext is the World WideWeb (Berners-Lee et al. 1994) — a standard that can be used to turn virtually any on-linesource of information into part of an Internet-wide hypertext �document�. Astructure forformally describing hypertext systems can be found in (Halasz and Schwartz 1994).

282 . 3 . 1 Features of the tools that were found most useful in this researchThe ability to navigate through complex networksHypertext systems are designed so users can explore by clicking on a wide variety of�anchors� that take them to nodes where they can find more information. An importantbelief is that in knowledge management users should always be able to find out more or saymore about whatever is displayed.Simple end-user oriented displays of informal informationAkey to the design of good hypertext is that each node should be a discrete unit ofinformation that is specifically designed and formatted for end-user. Apractical knowledgemanagement tool needs a similar capability.2 . 3 . 2 Limitations of the tools for practical knowledge managementThe biggest limitations of hypertext per se, are the same as the limitations of personalproductivity software: The lack of a frame-based conceptual structure and the lack ofinference facilities, particularly inheritance. However, hypertext should be considered morea set of ideas that can be applied to software in general rather than a specific set of tools.2 . 4 An object-oriented software engineering toolObject-oriented analysis has strong similarities to the acquisition or modelling part ofknowledge management. Both involve identifying and modelling things in a domain andthe relationships among those things. One of the most popular object-oriented analysismethodologies is Rumbaugh�s OMT (Rumbaugh, Blaha et al. 1991). OMT emphasizescarefully distinguishing a) the analysis of the domain and problem, from b) the design ofthe system. OMTool (GE 1993) is a CASE tool that supports the OMT methodology andcould be applied to the knowledge management task discussed in this thesis.2 . 4 . 1 Features of OMTool found most useful in this researchGraphical layout and editing of knowledgeIn common with certain AI-based tools discussed above, OMTool allows a user to design anetwork of concepts by placing boxes in a window and linking them together. As is thenorm in object-oriented software engineering, concepts are called classes14. The most

14 At implementation time there is a justification for saying that concepts are qualitatively different fromclasses; classes can then be considered as actual software components containing code and otherinformation. At analysis time, however, what the software engineer specifies as a class is really aconceptual entity that might be implemented as a class.

29fundamental relationship in which OMTool users may place classes is the generalizationrelationship — in other words to specify inheritance.OMTool�s interface is reasonably non-modal. The user can freely rearrange the elements ofthe class diagram, constrained only by the need to prevent classes from overlapping eachother. Users can type over any text in order to change it and are not forced to name classes.Associations, attributes and operationsOMTool carefully distinguishes between associations and attributes. The former representrelations between classes while the latter represent so-called intrinsic properties of a class,properties whose associated data are not instances of another class. In this research, theterms formal and informal are used when describing this distinction. In addition toassociations and attributes, OMTool allows users to specify operations that representactions which can be performed on instances. Associations, attributes and operations are allintended to inherit from superclasses to subclasses with no exceptions.Annotations.Annotations in OMTool are descriptive information about a class, association etc. They donot inherit.Classes and instancesOMTool makes a distinction between classes15 and instances by diagraming eachdifferently. However, the process of attaching attributes, associations and annotations isthe same for both. The attributes of instances must be �grounded� in the sense that theymust contain actual character strings or numbers, not data types. The instantiations ofassociations are called links and must also be grounded by being made to point to otherinstances.DisjointnessOMTool by default considers all the subclasses of a given superclass to be disjoint, i.e. thatthey share no common instance. In order to permit multiple inheritance, however, the leastcommon superclass of two classes that share a subclass must be declared �disjoint�.DiscriminatorsAccording to Rumbaugh, a discriminator �is an attribute whose value differentiates betweensubclasses�. In other words it is possessed by several subclasses, but has a distinct valuein each.

15 Classes correspond to types in this research.

302 . 4 . 2 Limitations of OMTool for practical knowledge managementLimitations of the representationOMTool�s underlying representation has many features envisaged in a practical knowledgemanagement system, i.e. it has powerful structuring facilities, but a simple easy-to-usesyntax. However there are some significant gaps:¥Like most tools discussed in section 2.1, OMTool requires the names of classes to bekept distinct. Also, there is no way to specify information about names.¥There is a lack of flexibility and extensibility. Users must manipulate a fixed set ofdiagrammatic entities that each have their own syntax and semantics; i.e. users must livewithin the bounds of the system�s ontological commitment. For example, because theentities are not treated uniformly: 1) attributes can not have �second order� attributesattached to them, and 2) it is not possible to categorize associations.¥Although inheritance is part of the conceptualization in the OMT methodology, its resultsare not actually displayed by OMTool. The user is expected to know that in the eventualimplementation, an attribute or association possessed by a superclass will be present insubclasses. To ascertain the set of features possessed by a class, the user must manuallysearch up the generalization hierarchy.Limitations of the user interfaceDespite having many useful representation facilities, OMTool�s user interface severelyconstrains its use for general-purpose knowledge management. The root cause of thisappears to be the OMT methodology which does not require the ability to deal with highlycomplex patterns of knowledge or to perform any inference to discover latent information.OMT stresses several things: 1) Users should only include those things (classes,associations, attributes etc.) which bear upon the problem at hand; 2) users should notinitially record redundant information (i.e. information that can be derived from otherinformation), and 3) all fundamental relationships (e.g. part-of) should be explicitlydiagramed (i.e. not derived through an inference mechanism). In other words, one shouldrecord information if and only if it is strictly necessary.The above limitation severely restricts OMT�s ability to be used for knowledge managementtasks where it is important to record a wide variety of facts about concepts (whatever comesto mind), and to build very deep inheritance hierarchies. OMTool could not be used forsuch tasks: It becomes difficult to use when inheritance hierarchies exceed a depth of about4 and when there are more than about 10 attributes or 5 associations per class. It isespecially difficult to use when a large number of rather disparate classes have complicatedsets of associations with each other.

31Other major problems with OMTool�s user interface are¥Browsing facilities are weak.¥There is no way to automatically draw diagrams or extract portions of diagrams.¥Only one set of class diagrams can be loaded at once.2 . 5 SummaryThe four technologies described above all have much to offer, but each also has limitations.Clearly, what is needed is an integrated approach where key features are borrowed fromeach technology in order to minimize the number of remaining problems.Figure 2.1 presents an evaluation of the technologies based on how they deal with theknowledge management problems discussed in section 1.4. For each problem, thetechnologies are ranked on a scale of 1 to 5 where 1 means the problem is prevalent, 5means the problem is largely solved and 3 is neutral (the problem is neither prevalent orsolved). The following are a few observations about figure 2.1:¥Some problems have different partial solutions in different technologies. For exampleboth AI-based tools and object-oriented CASE tools can be used to easily make differentkinds of useful distinctions (as discussed earlier). Similarly, personal productivitysoftware and hypertext have different but useful methods of enabling users to extractknowledge.¥Different tools within the technologies vary widely. The evaluations given are intended tobe averages.¥For some problems none of the technologies pose solutions. For example naming ispoorly addressed in general. This research attempts to find a new solution to thisproblem.¥ AI-based tools in general have fewer prevalent problems, but personal productivitysoftware generally poses more useful solutions.¥Hypertext is only rated where it contributes solutions because it is seen as a technologyfor enhancing software user interfaces in general.

32AI-based toolsPersonalproductivitysoftwareHypertextObjectorientedCASEI-1: Categorizing433I-2: Naming223I-3: Making distinctions313I-4: Understanding effects341I-5: Extracting knowledge3442I-6: Handling errors421A-1: Application restriction3441A-2: Expertise restriction2543A-3: Size restriction321A-4: Individual-use restriction311Figure 2.1: How various technologies address knowledge management problems. Thescale used is: 1=the problem is significant with most such tools; 3=some tools providesome facilities to solve the problem; 5=the technology contributes significantly toproblem solution. The problems are discussed in section 1.4.1. Hypertext has blank fieldsbecause it is largely an enabling technology that adds capabilities to tools. Note thatproblems I-2, I-3, A-3 and A-4 are not really solved by any of the four technologies.

33Chapter 3Knowledge Representation for PracticalKnowledge ManagementThis chapter describes CODE4-KR, a frame-based knowledge representation designed toimprove the practicality of knowledge management. The first section summarizes the mainfeatures of CODE4-KR. Subsequent sections discuss these features in more depth. It isimportant to note that most of the details discussed in this chapter do not have to beunderstood by the average user.3 . 1 IntroductionAs with several other knowledge representations, the basic unit of knowledge in CODE4-KR is called the concept. Section 3.2 describes the various classes of concept contained ina CODE4 knowledge base; later sections in the chapter describe in detail the kinds of op-erations that can be performed with concepts, as well as their intended semantics.Section 3.3 describes how, in the design of CODE4-KR, paramount importance is placedon practicality and expressiveness, sacrificing rigid semantics and built-in inference capa-bilities. In the subsequent sections, particular features of CODE4-KR are described firstfrom a practical point of view and then from the point of view of intended semantics.Section 3.11 shows how the facilities provided by CODE4-KR give rise to a set of richlyinterrelated organizing techniques for knowledge. Then, section 3.12, compares CODE4-KR with several other knowledge representations. Finally, section 3.13, discusses howmost of the ideas in this chapter form an abstract schema, and how this schema is madeconcrete in various ways.3 . 2 An overview of conceptsIt is critically important to distinguish a concept from the thing the concept represents(Regoczei and Hirst 1989). A concept is a piece of knowledge inside a CODE4 knowledgebase16, whereas most things are not inside CODE4. While this may seem an obvious dis-

16 Or inside a brain or collective consciousness or perhaps some other KR system.

34tinction to many, it has been frequently found that this distinction is not clearly made: thetwo ideas are conflated. Although for simple knowledge representation tasks this conflationcauses few problems; unless one is conscious of the distinction, it may be difficult to un-derstand the significance of some of CODE4-KR�s features. When this thesis uses phraseslike: �the concept of car� or �the car concept�, it is always referring to things inside mindsor knowledge bases, and bold face is used for their labels. On the other hand, wheneverbold face is not used (e.g. when talking about cars or a car), the reader can be sure that thethesis is not referring to a concept but rather the represented thing. Figure 3.1 shows therelationship between concepts and the things they represent; it includes some special classesof concept that are discussed in the next few paragraphs.cartype conceptmy carinstance conceptconcept of carmetaconceptterm ’car’term having parts the fact thata car has parts

’automobile’

’car’ statementstatement of parts about carpropertypartspersontype conceptterm ’automobile’term

Figure 3.1: Major classes of concept and what they represent. At the top are concepts; inthe grey areaare things which are not concepts. Arrows link things in general to otherthings that represent them; bold arrows link things to their concepts. Of the things in thegrey area(none of which are concepts), those with dotted outlines are abstract in natureand others are concrete.3 . 2 . 1 Classes of conceptThere are several different classes17 of concept in CODE4-KR. This subsection introducestypes, instances, properties, statements, facets, terms, metaconcepts, primitive concepts,

17 To prevent confusion, the word �class� is used here as a near-synonym for �type�. This is done becausethe discussion is at the meta-level, i.e. it is conceptualizing concepts. Confusing sentences like �typesare a type of concept� are replaced by sentences like �types are a class of concept� — the word class is thusused only at the meta-level.

35user concepts and main subjects. Subsequent sections as well as the glossary provide moreinformation.A concept represents a thing: either the collective idea of a set of similar things (representedby a type concept, for example the concept of car in general) or a particular thing(represented by an instance concept, for example the concept of my car). See section 3.4for more about these two classes of concept. The thing represented may be abstract or con-crete, real or imagined; it may be an action, a state or in fact anything one can thinkabout18. Of course, it follows that concepts are things too since one can think about them(but not all things are concepts as figure 3.1 shows).Each knowledge base has a most general type concept (the top of the inheritance hierarchy),of which all other concepts are subconcepts. By convention this concept is labelled �thing�although the label can be changed by the user. Figure 3.2 shows a simple inheritance hier-archy, containing the concept of thing and several other type and instance concepts. Inorder to keep knowledge management simple for the end user, the only ontologicalcommitment that users are required to understand is that there is a single top concept in eachknowledge base. Users can give this any name they wish.The above ideas are similar to those in most other frame-based knowledge representations(the terms �unit� or �frame� are sometimes used for �concept�). CODE4-KR departs fromthe norm, however, in the generality and uniformity with which it treats concepts: Mostknowledge representations define slots as distinct entities that are inherited by concepts. InCODE4-KR, properties perform this role, but properties are just another kind of concept(as in Cyc and KM). In this thesis, the labels of properties are shown in both bold face(because properties are concepts) and in italics. Example properties are size, parts andparents. Properties are discussed in section 3.5.In a similar manner, most knowledge representations have some notion of the associationbetween a property and a particular slot in a frame. For example in KM the concept-slot-value triple fulfils this role. In CODE4-KR such things are called statements, because thenotion has been deliberately made close to the linguistic notion of a statement. ACODE4-KR statement must have a subject (some concept) and a predicate (some property); itusually has more. Most statements have a value that designates what the subject is related toby way of the predicate (corresponding to the direct object in linguistic terms). Statementsare discussed in detail in section 3.6, but for now the important idea is that statements, too,are concepts. Statements may recursively have statements about themselves, called facets.

18 To many people, the word �thing� connotes an object, however English speakers use the word somethingto refer to anything: e.g. actions: �We must do something� or properties �Something bothered me aboutthat man�.

36By virtue of being full-fledged concepts, it follows that all properties and statements: a)participate in the inheritance hierarchy, b) inherit properties, c) can be the subjects ofstatements and d) can be referred-to in the values of statements. They behave as conceptsdo in general and are special only in the sense that they have additional semantics associatedwith them. Figure 3.3 lists some of the key features that all concepts have in common.CODE4-KR currently implements two other special classes of concepts: terms (section 3.7)and metaconcepts (section 3.8). Terms represent linguistic entities (words or symbols) thatpeople use to refer to concepts. CODE4-KR is unique in treating terms as full-fledged con-cepts and allowing a concept to have zero, one, or more than one term. Metaconcepts repre-sent concepts themselves; statements with a metaconcept as subject encode metaknowledge.For example the concept car might inherit properties maximum speed and weight,whereas the metaconcept concept of car might inherit the properties English descrip-tion, subconcepts, terms, date entered into this knowledge base etc. CODE4-KR is unusual in providing explicit metaconcepts to which are attached those properties thatin other knowledge based systems have to be tagged as �non-inheriting�.When a knowledge base is created, some concepts are automatically created. For examplethe top concept commonly named �thing� is always present and cannot be deleted. This isan example of a primitive concept. There are a number of other primitive concepts in aCODE4 knowledge base and these are discussed in section 3.9.

Figure 3.2: A simple inheritance hierarchy. Each box represents a concept. The arrowsrepresent the �is-a� relation between concepts. Bold boxes (around Jack�s car, Jack andJill) represent instance concepts while non-bold boxes represent type concepts. An �i�designates instance links; an �s� designates subtype links. As discussed in section 3.7, thelabels in the boxes come from term concepts associated by the user with each concept.For example Jack�s car (not intended to be an intensional reference) has a term �Jack�scar�; it may also have other (undisplayed) terms such as �Car with serial number 12875�.This figure, in which dotted lines indicate that details have been suppressed, was drawn byCODE4.

37TypeconceptInstanceconceptPropertyStatementTermMeta-conceptSpecialized kind ofConceptConceptInstanceconceptInstanceconceptInstanceconceptInstanceconceptRepresentsCollective;setParticularthingRelationFact aboutsomethingWord;symbolConceptExamplepersonJackpartsJack hasa motherterm’jack’conceptof JillParticipates in theinheritance hierarchy¥¥¥¥¥¥Inherits properties¥¥¥¥¥¥Can be the subject ofstatements¥¥¥¥¥¥Can be referred to in thevalues of statements¥¥¥¥¥¥Can have associatedterms¥¥¥¥¥¥Almost always has anassociated term¥¥Can have an associatedmetaconcept¥¥¥¥¥¥Can be the predicate ofstatements¥Inherited by concepts¥Has a subject¥Has a predicate¥Can have a value¥Has at least one conceptthat it means¥Has a concept that itrepresents¥Figure 3.3: Important properties of concepts. Note that these are properties of the varioustypes of concepts themselves, not properties of the things represented by the concepts.Many more details can be found later in this chapter. This kind of information can beextracted from CODE4 (see section 4.2.4), although it has been reformatted forpresentation here.If the primitive concepts, statements, metaconcepts and terms were to be ignored, whatwould be left would be those types and instances that have been explicitly added by the

38knowledge base developers. These are called user concepts19. Those user concepts that arethe subjects of statements are called main subjects (the set of main subjects does not includethose user concepts about which nothing has been said).

Figure 3.4: An inheritance hierarchy of the most important classes of concept. Note thatthe diagram is categorizing the kinds of things that one might find in a knowledge base(i.e. concepts themselves) and not things in the world in general. All the instanceconcepts shown (with bold borders and �i� links to their superconcepts) are in factmetaconcepts because they are �concepts representing particular concepts�. They are meta-concepts for the concepts shown in figure 3.2. This subtlety may require deep thinkingfor many people to appreciate, however it does not need to be understood to makeeffective use of CODE4. This figure was drawn by CODE4.All discussion of concepts in this thesis refers to concepts in general; however CODE4users are often referring only to user types. In fact, in CODE2 the use of the term �concept�was restricted to refer to what are now called user types and user instances. However, theterminology was changed when the importance of treating all knowledge units uniformlywas recognized.Figure 3.4 summarizes this section by showing an inheritance hierarchy of classes ofconcept. Figure 3.5 gives a fuller categorization of the classes of concept; details are foundin the glossary and will be explained later in the chapter.

19 Although statements, terms and metaconcepts are created during knowledge base development, these areimplicitly addedrather than explicitly. For example, a term is addedwhen a concept is named. Ametaconcept is implicitly added when any other concept is added etc. These subtleties will become clearerlater in the chapter.

393 . 2 . 2 Knowledge management problems addressed by the way CODE4-KR organizes conceptsThe last subsection introduced a wide variety of things that are called concepts in CODE4-KR. The following are some of the partial solutions to knowledge management problemsprovided by this way of organizing knowledge (the problems are those listed in section1.4). Note that particular classes of concepts handle additional problems, but discussion ofthese is left until later in the chapter.¥Problem I-3: Making distinctions. While most users will not need to work at the meta-level, the various classes of concepts allow sophisticated users to make key distinctionswhen necessary. Of particular importance are the distinctions between, terms,metaconcepts, statements and other concepts.¥Problem I-6: Handling errors: Distinguishing metaconcepts and terms from otherconcepts helps prevent serious representational errors that can occur in other knowledgerepresentations.

Figure 3.5: More of the classes of concept in CODE4-KR. This figure was drawn byCODE4 from the same knowledge base as figure 3.4.¥Problem A-2: Expertise restriction: Calling all units of knowledge concepts sets thefoundation for a greatly simplified user interface. As users gain expertise they come toknow that anything (i.e. any concept) they find in the representation has certain attributessuch as a superconcept, a metaconcept, and statements about which it is the subject. Theyalso know that they can always perform certain operations, such as examining theproperties of any concept.The last point appears to be the most important benefit.

403 . 3 Practicality vs. semantics and expressiveness vs. inferenceIn the design of CODE4-KR, several tradeoffs have been made. The focus has been onproviding practical ways of organizing knowledge and ensuring a high degree of expres-sivity. To some extent, these emphases mean sacrifices in the ability to provide automaticinference capabilities.In the discussions of aspects of CODE4-KR that follow, �practical effects� aredistinguished from �intended semantics�: Each is discussed in a separate subsection of eachsection.Practical effects sectionsSince CODE4 is designed to be a practical tool for managing knowledge, the primaryconcern is maximizing expressiveness. In order to solve the problems discussed in section1.4, users must be able to represent what they want — they must be able to organizeknowledge in useful ways and to do this rapidly and intuitively.When describing CODE4-KR then, what are of paramount importance are the practicaleffects of an action with regard to: a) the structure of the knowledge base, and b) whatconstraints are imposed on subsequent actions.Intended semantics sectionsOf secondary importance are the intended semantics of operations or structures. Theseguide the user in interpreting knowledge, but the user may disregard them if he or she sochooses. The user is free to maintain his or her own model of what the various structures inCODE4 mean.To help specify intended semantics, users may make their own annotations (such as specialfacets attached to statements20, or statements attached to metaconcepts21). Users may alsoadd their own syntactic layers22 to CODE4.If the user strictly follows the intended semantics (which suggest a mapping from CODE4-KR to predicate calculus and set theory) then the benefits include: 1) the ability to haveknowledge accurately translated to other representations, and 2) a confidence in theconsistency and soundness of knowledge.

20 Discussed in section 3.6.21 Discussed in section 3.8.22 Using informal values, as discussed in section 3.6.

41On the other hand almost all the users who participated in this research23 cared little aboutlogic or set theory; they just wanted to be able to arrange ideas with the help of usefulabstraction mechanisms. The fact that operations in CODE4-KR are designed to havepredictable effects on the structure of the knowledge base is sufficient to give usersconfidence in their own interpretations of what they see.Practical effects and intended semantics of inference mechanismsAs with structures and operations, inference mechanisms in CODE4 (such as inheritanceand delegation) that are built into CODE4 are described primarily in terms of their practicaleffect. The amount of inferencing available in CODE4 is limited due to the fact that manyinference mechanisms would have to rely on users adhering to an intended semantics if theresults were to have any meaning (i.e. �garbage in, garbage out�). Users can add their owninference layers on top of CODE4-KR if they wish; this involves programming.SummaryTo summarize the above: The consequences of actions performed in CODE4-KR are ex-plicitly defined in terms of how structures change. An intended interpretation of thosestructures is provided, but the user is not forced to stick to this interpretation.Each of the following sections discusses an aspect of CODE4-KR. Each discussion is di-vided into: a) �practical effects�, which describes the structures that exist and what happenswhen certain actions are taken; b) �intended semantics�, which indicates what the structuresare normally intended to represent; c) �observations on use�, which discusses certainpragmatic issues that have arisen out of experiences with CODE4, and d) �problemsaddressed�, which discusses how the problems listed in section 1.4 are addressed by thefeatures presented.3 . 4 Types vs. instances3 . 4 . 1 Practical effectsOne of the most fundamental partitionings of concepts is into type concepts and instanceconcepts. Aconcept is a type concept or an instance concept, but never both at the sametime24. Type concepts are often just called types, and instance concepts are sometimes just

23 It might be argued that the only users willing to use CODE4 were those that could do their workwithout mathematical rigour. However, many users would not have been able to use CODE4 if itrequired mathematical rigour, but they very much appreciated the organizing mechanisms provided byCODE4. CODE4 thus fills a significant niche that is largely empty.24 In this, CODE4 differs from many other knowledge representation systems, e.g. Cyc.

42called instances. When the word �instance� is used alone, it is always referring to instanceconcepts, although CODE4 users sometimes confuse this latter abbreviation with the thingsthe instance concepts represent.Flexibility about whether concepts are instances or typesCODE4 is unusual among knowledge based systems in that the user�s choice aboutwhether a concept is a type or an instance has little effect on the system�s behaviour. Fur-thermore, the user is provided with simple commands to switch concepts between beingtypes and instances, and vice-versa.From a purely practical point of view, the main effect of declaring a concept to be an in-stance is that it cannot have subconcepts — i.e. nothing can then inherit from it. All typescan have subconcepts, whereas instances are only found at the bottom of the inheritance hi-erarchy.By default, a new user-created concept is created as a type concept unless all its siblings areinstance concepts (in which case it is assumed that the user is most likely to be wanting toadd another instance concept). Auser can turn any non-primitive instance into a type(primitive instances are discussed in section 3.9). On the other hand, a user can only turn atype into an instance if it has no subconcepts.DisjointnessAuseful operation available in CODE4, but typically used only by experts, is to declaretwo or more concepts disjoint from each other. The practical effect of this is to declare thatno two of them can have a common subconcept (i.e. no concept can be a direct or indirectsubconcept of any two or more). CODE4 prevents any attempt at making a commonsubconcept of two disjoint concepts. The disjointness property is symmetric: if one conceptis disjoint from another, then that other is disjoint from the first. Also, if the concept of Ais disjoint from the concept of B, then the concept of A�s subconcepts are automaticallydisjoint from the concept of B�s subconcepts. Note that the disjointness property isattached to a concept�s metaconcept — i.e. it relates concepts, not the things represented bythose concepts.All instance concepts are considered to be inherently disjoint from each other. Any twoconcepts in a superconcept-subconcept relation to each other or that share a common sub-concept (directly or indirectly) are inherently nondisjoint. By default, any two type con-cepts are potentially nondisjoint unless declared disjoint (directly or indirectly25).

25 Concept A would be indirectly declared disjoint from concept B if, for example one of concept A�ssuperconcepts were declared disjoint from concept B.

43The inverse of the operation to make two concepts disjoint is the operation to make the con-cepts potentially non-disjoint. This can only be applied to type concepts that are not in a su-perconcept-subconcept relation and that have no common subconcept.thingliving thing malefemalepersonguardJillJane iimanwoman sssssss

Figure 3.6: The effect of declaring concepts to be instances or disjoint: The jagged linesseparate groups of concepts that are disjoint from each other. See figure 3.7 for a semanticinterpretation of disjointness, and to see how this diagram partitions things into 18 pos-sible types.Figure 3.6 illustrates some of the effects of declaring concepts to be instances, or to bedisjoint. The concepts for male and female have been declared disjoint from each other,and the concepts for Jill and Jane have been declared to be instances. This being the case,the following are true statements:¥woman and female are nondisjoint, because they are in a superconcept-subconcept re-lationship.¥person and female are nondisjoint, because they have a common subconcept.¥man and woman are disjoint because they have disjoint superconcepts. They cannothave a subconcept in common.¥Jill and Jane are disjoint because they are both instances. Neither can have a subcon-cept.¥person and guard are potentially nondisjoint, because they are types with no supercon-cept-subconcept relation to each other, and they have not been declared disjoint.

44An important point is that the subconcepts (types and/or instances) of a given concept areexplicitly ordered. However, it is up to the user to interpret the ordering (e.g. the usercould intend it to mean that subconcepts listed first are more important than subsequentones).3 . 4 . 2 Intended semantics of types and instancesThe extension of conceptsThe intended semantics of an instance concept is that it corresponds to a particular thing,whereas a type concept corresponds to a set of things called its extension (although seesection 3.6 for more clarification about representing sets). The above idea is standard inframe-based knowledge representations except that in some systems, such as KL-ONEderivatives, the word �concept� refers to types only26. An instance concept is considered torepresent one of the elements of the extensions of its superconcepts.As is common in many KR systems, the extension of the primitive top concept is intendedto be the universal set, i.e. the set of everything. As one moves down the type hierarchy tosuccessive subconcepts, the extensions of types are intended to represent successive sub-sets. There is no common element of extension among disjoint types.If a type T has n subtypes, it is assumed that there are some elements of the extension of Tthat are in fact not elements of any of the n subtypes27. For example, in figure 3.6 it is as-sumed that there may be living things that are not persons (perhaps dogs), and persons thatare neither men nor women (perhaps children). When concepts are declared disjoint it is notintended that this indicate a complete partitioning, so there may be living things that are nei-ther male nor female (and similarly persons that are neither male nor female).Figure 3.7 illustrates schematically the extensions of the concepts shown in figure 3.6. Asusual, the thing concept has the universal set as its extension. The world is broken up into18 bottom-level implicit types (this number grows exponentially with the size of the knowl-edge base).A: Female living things that are not persons (e.g. female animals)B: The same as A, but they happen to be guards too (e.g. female guard dogs)C: Female persons that are not women, and are guards (i.e. girl guards)D: The same as C, but not guards (i.e. just ordinary girls)E and F: Women guards, and ordinary women

26 This is at odds with the normal English meaning of �concept�: e.g. every intelligent Canadian has intheir brain a concept of Canada, which is not a type or set.27 A useful extension would be to add an ability to declare that extensions of a set of subconceptscompletely cover the superconcepts, i.e. that a categorization is exhaustive.

45G, H, I, J, K and L: Same as F, E, D, C, B and A, but male.M, N, O and P: Same as I, J, K and L but neither male not female (neuter?)Q: Non-living thingsR: Non-living things that happen to be guards (e.g. electronic devices with such a function) thingliving thingguardpersonfemalemalewomanmanJillJaneABCDEFGHIJKLMN

QRfemalepersonliving thingguardmanwomanmalethingOPQR

ABCDEFGHIJKLMNOP a)b)

Figure 3.7: The extensions of concepts. In part a), each of the concepts shown in figure3.6 is listed on the left. The horizontal bars represent the extensions of the concepts.Where the bars overlap vertically, there is an intersection of the extensions. Pairs of con-cepts where there is no mutual overlap are disjoint. Part b) is a Venn diagram showingthe same information.Quantificational patternsWhen the subject of a statement contains a type concept, and the value is also a type con-cept, the intended semantics (in the absence of modifying facets) is28:" s˚$ v : <subject> s, <value> v˚¥ <predicate>(s,v)

28 Using a typed logic similar to Z (Spivey 1989), where <type> x means that x is of type <type>.

46If the subject is an instance and the value is a type, then the intended semantics is$ v : <value> v˚¥˚<predicate>(<subject>,v)An example of the type-type case is: �for all car there exists a person in relation ownedby; i.e. every car is owned by some person�. An example of the instance-type case is:�car 28 is owned by some person�.When the value of a statement contains an instance concept, it is often said to be grounded;i.e. it is known which particular thing is related to the subject. If the subject is a type theintended semantics is:" s : <subject> s˚¥˚<predicate>(s,<value>)If both subject and predicate are instances, the intended semantics is:<predicate>(<subject>,<value>)The above four quantificational patterns are described in the context of KM by Acker(Acker 1992). They are respectively encoded as AE, IE, AI and II; where the two lettersindicate whether the subject or predicate are universally (A for all), existentially (E), or not(I for instance) quantified29. A further comparison of CODE4-KR and KM can be found insection 3.12.It might be argued that all of an instance�s statements ought to be grounded (i.e. all the val-ues should be instances). Indeed, this might be a goal for a completely finished knowledgebase. When few or none of an instance�s statements are grounded the interpretation can ei-ther be: 1) that the particular instances which should be in values are not known, or 2) thatthey change from time to time. Types, on the other hand can have some groundedstatements, but should not generally have all grounded statements, otherwise the typewould have an extension of one (the one thing related to the set of things characterized bythe values of its statements) and be of little use.The above intended semantics can be altered by: a) informal values, b) absent values, c)values that have more than one concept, and d) particular facets (such as modality).Discussion of such effects is deferred to section 3.6.

29 The quantificational patterns listed are sufficient for almost all knowledge representation. The onlyexception is when the value should be universally quantified. Currently this must be expressed using anannotation in a facet.

473 . 4 . 3 Observations on the use of types and instancesOntologies of types vs. databases of instancesUsers of CODE4 and its predecessors have made little use of user instance concepts30. In-stead they have built extensive type hierarchies, occasionally illustrating or giving examplesusing instance concepts. In the knowledge acquisition community, the word �ontology� hascome to refer to a knowledge base that is primarily a type hierarchy. Acommon procedure,especially when using a knowledge based system to design something or to model a par-ticular real-world situation, is to first build an ontology, describing the relations and enti-ties, and then to use a separate tool to gather or assert �data� (i.e. instances of the types)(Eriksson et al, 1994). CODE4 users have mostly been building ontologies, although thereis considerable disagreement about the usage of this term (Skuce and Monarch 1990; Skuce1993d).A knowledge base that is largely full of instances in fact could be called a database. There islittle to distinguish such an entity from an object-oriented database. Akey feature of aknowledge base that distinguishes it from a database is the focus on the relations between,and the manipulation of types. In database parlance, when one manipulates the typehierarchy, one is manipulating the schema for instances.Types and instances as siblings in the inheritance hierarchyA recommendation to users is that the subconcepts of a particular concept be either all typesor all instances. At one point this was a hard constraint, but it was relaxed to improve prac-ticality. The rationale for the recommendation is best illustrated by example:Assume a knowledge base has the type adult, and this has subtypes man and woman.Now assume type adult also has the instance Leslie. There are several possibleinterpretations:a)Leslie is neither man nor woman (in which case the user should add a new subtype ofadult and make Leslie an instance of this).b)Leslie is both man and woman (a nonsensical, but logically possible interpretation).c)Leslie is a man (and the user just has not said this).d)Leslie is a woman.e)The user does not know what Leslie is.f)The user does not care what Leslie is.

30 The discussion here refers to user concepts. Properties, statements etc. are also instances, but this is notstandard among KRs in general.

48In CODE4, the above ambiguity disappears if Leslie is made a subconcept of either manor woman (or both). Judging from the participants in this research, knowledge basebuilders usually know enough and can correctly classify an instance at an appropriate leafand thus prevent the above ambiguity from arising. Classification is discussed in furtherdetail (e.g. explaining why it is not built in to CODE4) in sections 2.1.3.Instances of instancesMany KR systems, e.g. Cyc, allow for there to be instances of instances. The rationale isas follows:Assume a knowledge base has the concept book, as in figure 3.8a. An instance of thismight be Gulliver�s Travels. And an instance of that might be My copy o f Gulliver�s Travels. Therefore, according to faulty reasoning, instances can haveinstances.Many users participating in this research have failed to see the problem with this logic. Theproblem is as follows: When one talks about books, is one talking about a) works ofliterature in the abstract, or b) sheets of paper bound together? The concept Gulliver�sTravels ought to be an instance of the type work of literature (as in figure 3.8b),whereas the concept My copy of Gulliver�s Travels ought to be an instance of copyof book. Of course, the type copy of book would have a property, e.g. copy of,indicating the work of literature of which it is a copy.The above user error is an example of what in this research is called representational dis-continuity31. In general, representational discontinuity refers to situations where a thing isconflated with a representation or concept for that thing. In the above example, a book copyis being conflated with the work in general. Some of the rules32 imposed in CODE4 aredesigned to combat representational discontinuity by raising user awareness. Of course,users might still commit representational discontinuity, (e.g. by leaving Gulliver�sTravels as a type), but once they are told that they cannot have instances of instances,most users will recognize that Gulliver�s Travels and My copy of Gulliver�sTravels ought both to be instances of different things.

31 Another error very commonly made by users is confusing the subconcept relation with the partsrelation. Since the normal knowledge-base building methodology involves specifying the inheritancehierarchy before adding any relations, users often specify things to be subconcepts that should be parts.At present CODE4 provides no solution to this problem, but see section 7.3.1 for possible future work.32 i.e. insisting that instances cannot have instances, or that there be only one inheritance rule.

49thingbook

My copy of Gulliver’s TravelsGulliver’s Travelsi i*work of literatureGulliver’s Travelscopy of bookthingMy copy of Gulliver’s Travels ib)a)ssscopy copy

Figure 3.8: Representational discontinuity — the case against instances of instances. Parta) is a representation pattern frequently seen in other KRs (the asterisk indicates an error).CODE4-KR prevents users from making instances of instances in order to encourage cor-rect representation as in part b).SummaryThe idea of types and instances appears very simple for most users to grasp33, and they donot complain about the basic constraints (e.g. that an instance concept cannot have subcon-cepts). If, however, a user chooses to take advantage of automatic disjointness mainte-nance, then a much heavier set of constraints is imposed. But since it is the user�s choice toimpose those constraints, this appears not to violate the practicality of CODE4-KR.One more thing should be said about the instances vs. types: Metaconcepts, properties,statements and terms are all instance concepts. This is because the things represented bythese special concepts are individual in nature, not sets in nature. For example a term con-cept represents an individual word, compound word or symbol and a metaconcept repre-sents an individual concept. Questions have been raised with regard to the instancehood ofproperties; discussion of this is deferred to section 3.5.

33 The concepts are understandable, but this does not prevent important errors from being made.

503 . 4 . 4 Knowledge management problems addressed by types and instancesThe following problems are partially addressed by CODE4�s scheme for types andinstances:¥Problem I-1: Categorizing. The ability to order subconcepts helps users arrangetheir thoughts while categorizing.¥Problem I-3: Making distinctions. The capability of declaring concepts disjointhelps here.¥Problem I-6: Handling errors: The rules that help catch representationaldiscontinuity help with this problem.¥Problem A-2: Expertise-restriction. This is facilitated by the ease with which typesand instances can be interchanged, and the simple intended semantics.3 . 5 Properties3 . 5 . 1 Practical effectsProperties are instance concepts. They are all grouped as subconcepts of a special primitivetype concept by default called �property� (although the user can change that name).Normally the user does not care about the position of properties in the inheritancehierarchy, instead he or she is only interested in how they are used to build descriptions ofconcepts. The following discusses the latter issue.Introduction, possession and most general subjectsEvery concept has a set of properties associated with it. A property is introduced at a certainconcept, P; and it is inherited by all the subconcepts of P. The concept at which it is intro-duced is called the property�s most general subject. The actual descriptive information as-sociated with the occurrence of a property at a concept is found in a statement (see section3.6). If P is a property whose most general subject is M, then P is only inherited by thesubconcepts (direct or indirect) of M, The only statements that can use P as their predicateare M and its subconcepts.In CODE4-KR when a concept, C, is said to have a property P, it means that C is eitherthe most general subject for P or inherits P. From a practical point of view, when a userspecifies that C has P, the user is merely saying the following: That it makes sense to useP to speak about C, and to use C as the subject of a sentence whose predicate is P.Figure 3.9 illustrates the above points. In part a), the property job is introduced at the con-cept person. Person is then the most general subject of job, and job is inherited by allsubconcepts of person, such as woman. Person and all its subconcepts have the prop-

51erty job; however other concepts, such as dog, do not. In the knowledge base as shown,one can not talk about a dog�s job.If this is decided to be an error, job has to be moved to a higher most general subject.Since the common intersection of dog and person is inappropriate (not all living thingshave jobs), a new concept called employable thing34 is introduced. This is shown infigure 3.9 part b).thingliving thing personmanwoman jobjobjobdog thingliving thing jobjobjobemployable thingdog jobjoba)b)

Figure 3.9: Basic ideas about CODE4-KR properties: In part a), job is introduced at itsmost general subject person, and inherits to man and woman. It makes sense to talk(make statements) about jobs of persons in general, men and women. In part b), job hasbeen moved to employable thing, so that it can inherit to a wider subtree of the inher-itance hierarchy. A thin line with a label represents the possession of a property by a con-cept.Subproperties and the property hierarchyThe set of all properties in a knowledge base is organized into a single global propertyhierarchy based on the subproperty relation; i.e. each property can have one or more

34 An employable thing would be defined to be a thing that can have a job. The user would have to usemodality, discussed in section 3.6.2 to specify this.

52subproperties. In every knowledge base, this property hierarchy has one single topproperty which is typically labelled �properties� (for lack of a better name). All otherproperties are subproperties (directly or indirectly) of the top property. The propertyhierarchy is a partial order and a property can have more than one superproperty. The majoremphasis on the property hierarchy is a distinguishing feature of CODE4-KR35.job passociated living thingsdate of birthrelativesp ppfriendsbossfriendly relatives ppppowner ppropertiesGlobal property hierarchya)b){Property subhierarchy for employable thing job

ppropertiesProperty subhierarchy for living thing associated living thingsdate of birthrelativesp pppropertiesProperty subhierarchy for person associated living thingsdate of birthrelativesp pppppropertiesjob pProperty subhierarchy for dog job ppowner pproperties

Figure 3.10: The principle of the property hierarchy. Part a) shows an example globalproperty hierarchy (listing all the properties in the knowledge base). Part b) shows howfour different concepts (from figure 3.9) have particular property subhierarchies. The plabels indicate links to superproperties. The particular properties inherited by a subjectdepends only on the most general subjects of the properties. The form of eachsubhierarchy depends only on the form of global hierarchy.

35 Cyc and KM are among the systems that organize slots into hierarchies, however CODE4 adds additionalfeatures such as: 1) the derivation of the statement hierarchy; 2) introduction involving strict sub-hierarchies; 3) the single most-general-subject, and 4) the importance of the property hierarchy in theuser interface (chapter 4).

53The set of properties possessed by a concept, C, consists of a subhierarchy, HC, of theglobal property hierarchy, rooted at the top property, but omitting some lower levelbranches. Concept D, a subconcept of C, has the the union of the property subhierarchiesof its superconcepts (in this case just C), with additional branches introduced at D. Theproperties introduced at D must be subproperties of properties found in HC.Figure 3.10 illustrates the basic idea of the property hierarchy. Part a) shows a global prop-erty hierarchy for the concepts found in figure 3.9b). No concept has all of these proper-ties. In figure 3.10b, the concepts employable thing and living thing, both have smallsubhierarchies of the global property hierarchy. Their common subconcepts, person anddog have the union of the small subhierarchies, plus some newly introduced properties.Person is the most general subject for properties boss, friends and friendly relatives(which has two superproperties). Dog is the most general subject for the property owner.Note that the knowledge base illustrated in figure 3.10 currently excludes the possibilitythat dogs could have friends. Should there be a desire to change this situation, one solutionwould be to introduce a concept sociable living thing as the most general subject offriends36.The property hierarchy is intended to be a categorization of properties. When statements arediscussed, it will be seen that the property hierarchy also has some other interestingcharacteristics.3 . 5 . 2 Intended semanticsProperties can be viewed as logical predicates. This will be discussed further in section 3.6during the discussion of statements. Another, equivalent, view of a property is as a relationwhose domain is the extension of its most general subject. Subproperties can be consideredsubrelations.IntensionsThe potential set of properties possessed by a concept is called its intension37. The potentialset of properties whose most general subject is a concept is called its local intension. Eachconcept has a local intension that is disjoint from that of all other concepts. The intension ofa concept is the union of its local intension and the intensions of all its superconcepts.

36 If this approach is taken often, the tendancy is to create knowledge bases with too many concepts whosesole purpose is to be a most general subject. This can be combatted in the above example by addingfriends as a property of living thing, but giving it the modality of �typically not�. This modalitywould be overridden in the case of those living things that really are sociable.37 �Intension� is often used thus in AI; see (Lacey 1976, p98) for a philosophical discussion of the term.

54The expression �potential set of properties� was used above to emphasise the fact thatadding a property does not intrinsically alter the nature of the underlying thing beingrepresented which theoretically might have an unlimited set of properties38. When aproperty is added to a concept, it is merely being stated that now one of the elements of theintension is known.The property hierarchy: a hierarchy of instancesIn systems like Cyc and KM, the property (i.e. slot) hierarchy uses the same hierarchic re-lation as the inheritance hierarchy. In such systems, subproperties are subconcepts of theirsuperproperties, and there is no distinction between the subconcept and subpropertyrelations39.Upon careful examination, the above has been rejected. Instead, in CODE4-KR propertieshave a single element of extension (i.e. they are instance concepts) and the subpropertyrelation is distinct from the subconcept relation. This has been done for the followingreasons:¥Many properties of a property do not inherit to subproperties (e.g. most generalsubject, statements with this property as predicate etc. do not inherit).¥Although the names of subproperties often seem to be in the �isa� relation to the names oftheir superproperties, this is because their respective values are in such a relationship. Arelation must not be confused with the things it relates.An intimately related issue considered when designing CODE4 was the following: Whethera statement (discussed in the next section) should be an instance of a property. In such asituation, a property, P, would be a type whose instances are the statements of which P isthe predicate. In this scenario, a property would be considered to represent a set of subject-value tuples (i.e. statements) in the same manner that a type has a set of things in itsextension.This was rejected for three reasons:¥It was decided that properties should be instances, as discussed above.

38 Properties are mental (or computational) and descriptive entities. In CODE4 they are not considered to beintrinsic to the real-world entity being described. For example, each user is likely to characterise carsusing a different set of properties; furthermore, it is trivially easy to �invent� new properties to describesome latent aspect of a thing, or some obscure relation that one has just noticed. While somedefinitional properties might be a necessary part of a concept (in a mind or knowledge base), this doesnot limit a user�s ability to endlessly invent other properties for a thing.39 Of course, the hierarchies contain different concepts, but they appear to be in the same relation to eachother.

55¥The relation between statement and property clearly is not �is-a�; a statement has aproperty as predicate, but in no sense is a property.¥Statements can be formed using any property in the property hierarchy as predicate (fromthe top property down to the lowest level subproperty). If statements were instances ofproperties, then they would naturally only be attached to bottom-level properties.3 . 5 . 3 Observations on useOne of the biggest problems noted in practice with properties is that users tend to introducetwo or more properties of the same name at unrelated concepts, with the mental model thatthey are actually dealing with the same property (or without such a mental model, but whenthe different properties do in fact have the same meaning and should logically be a singleproperty).40Using figure 3.9a as an example, a user might add a job property to the concept personand another job property to the concept dog. In reality the user ought to have introduced asingle property job higher in the hierarchy at some concept, say employable thing, thatsubsumes both person and dog. This in fact is done in figure 3.9b.A possible solution would be to allow a property to have more than one most general sub-ject. This would mean its domain would be the extensions of several concepts, and thoseconcepts would have overlapping intensions. However, this would really be a shortcut fordeclaring that there is a common superconcept that the user desires not to name. For now, ithas been decided that the least complex solution is to keep the status quo in the knowledgerepresentation and to rely on the user interface to highlight potential problems for the user.In CODE2, where properties were identified by their name, if a user introduced two prop-erties which happened to have the same name at different most general subjects, then thesystem interpreted them as the same property. This is the way most knowledge representa-tion systems function, however it has been found to lead to a problem that is the inverse ofthe problem described above: Auser accidentally gives two distinct meanings to the sameproperty.The idea of a �property manager� to help users better deal with the above problems ispresented in chapter 7.3 . 5 . 4 Knowledge management problems addressed by propertiesThe following lists some of the way CODE4�s treatment of properties assist in the solutionof the problems listed in section 1.4:

40 This problem arises out of the fact that in CODE4 the name of a concept does not identify it uniquely.

56¥Problem I-1: Categorizing. Property hierarchies provide a �second dimension� withwhich to categorize knowledge.¥Problem I-5: Extracting. When studying a network of related things, the user cannarrow (or widen) the scope of information shown by specifying that the network shouldbe generated using successive subproperties (or superproperties).3 . 6 Statements and facets3 . 6 . 1 Practical effectsJust like properties, statements are instance concepts; they are instances of the primitivetype statement. As with properties the user rarely thinks of them in this way: It is theirrole of associating a particular concept (their subject) and a particular property (theirpredicate) that is of interest.The circumstances under which statements existWhen something is to be said involving a property of a particular concept it is said using astatement. Astatement is in fact uniquely defined by its subject and predicate pair — therecan only be one statement per pair. Also, every pair, composed of a concept and one of itspossessed properties, is the basis of a statement. The subject and predicate of a statementare said to be its defining concepts.Astatement is a dependent concept. As such, it conceptually comes into existence whenboth of its defining concepts come into existence, and conceptually ceases to exist wheneither one of its defining concepts ceases to exist. Other types of dependent concept arediscussed in sections 3.8. Figure 3.5 relates statements to other classes of concept.Astatement is also a system-manipulated concept. Asystem-manipulated concept is onethat is physically created and destroyed as a byproduct of the user�s manipulation of otherconcepts, but is not manipulated directly by the user.Astatement that conceptually exists, because a particular subject possesses a particularpredicate, need not physically be created in a knowledge base. If it does not physicallyexist, it is considered virtual. Avirtual statement is made real when knowledge is addedinvolving it; i.e. under the following circumstances:¥It is made the most general subject of a property. (A property is attached to it.)¥Its value is specified.¥The value of one of its facets (of which it is the subject; discussed below) is specified.¥It is specified as one of the value-items of a value (also discussed below).

57Astatement is physically discarded and made virtual again when all of these conditionscease to be true.When the user interface requests to display a statement (all such requests are made bygiving just the subject and predicate), a placeholder called a temporary empty statement iscreated if the statement is virtual. This occurs for example when the user wants to specifythe value of a virtual statement. The user chooses a subject and predicate and asks to see the(empty) value of the corresponding statement. As soon as the user specifies a value, a realstatement is created as a replacement for the temporary empty one.The statement hierarchyAs discussed in section 3.5, a concept C inherits a portion of the global property hierarchy,HC. The statements whose subject is C and whose predicates are in HC form C�s state-ment hierarchy. Statement A is a substatement of statement B if they both have the samesubject, and if the predicate of A is a subproperty of the predicate of B. In other words,there is a one-to-one mapping between that HC and the statement hierarchy of C.Figure 3.11 shows a statement hierarchy. This happens to be the statement hierarchy for asubject which is also a statement. Thus the statements shown are facets. These arediscussed next.FacetsStatements whose subjects are statements are called facets. It is in these that a large portionof the important information in a CODE4 knowledge base is stored. As with otherconcepts, statements possess a set of properties that are called facet properties. The mostgeneral subject for these is usually the primitive type, statement.Users are free to add new facet properties in order to cause statements to have new facets.Such new facet properties must be inherited by the statements in question from thestatement�s superconcepts. Possible superconcepts (most general subjects of facetproperties) can be:¥The primitive type, statement, itself. All statements in the knowledge base would thenpossess the facet.¥A particular statement (no other statement would then have the facet).¥A special subconcept of the primitive type, statement. The special subconcept would bemade the superconcept of a specific set of statements which the user wants to have thefacet property in question.Figure 3.11 shows several primitive facet properties found in every CODE4 knowledgebase. The following are the main types of facet:¥The value facet (discussed below). This is the most important.

58¥Facets that can be used to modify the semantics of the statement (e.g. modality,discussed later).¥Facets that are computed automatically and that cannot be changed; for example subject,predicate and most general subject of predicate. Another example is sources o f value; this specifies the subject(s) from which the value of this statement is inherited.¥Facets that are documentary in nature (e.g. statement comment).

59Since facets are statements like any other, their values can be used in the same way as thevalues of non-facet statements. Furthermore, one can attach subfacets41 to facets (even,interestingly enough, to the value facet) forming an unlimited depth facet hierarchy. Thelower level facets are usually empty of any new knowledge and only exist implicitly. Thefundamental principal here is that �one can say something about anything in CODE4�. Thislevel of uniformity and flexibility of facets and values is believed to be unique amongknowledge representation systems. Some of the benefits of CODE4-KR�s treatment ofstatements and facets will become clearer in the section on intended semantics, below.Formal values, informal values and value itemsValues can be formal or informal (see chapter 1 and the glossary for a discussion of theseterms). An informal value contains a character string; i.e. uninterpreted text. A formal valuecontains an ordered list of value items. The value items refer to other concepts in theknowledge base. Section 3.6.2 explains this further.When a statement has multiple value items, several value-dependent substatements are alsoconsidered to be present. For example, if the subject were person and the predicate wereparents, then the value might contain the two concepts man and woman. Such a state-ment might be read �a person has parents which are a man and a woman�. This statementcan be broken down into substatements as follows: Two subproperties of parents are cre-ated, and the statements of these each have exactly one of the value items man andwoman. Value-dependent substatements are ordinary statements, except that their presenceis determined purely by the presence of multiple value items. CODE4 implements value-dependent substatements, but currently there is no way to attach facets to them42.The basic inheritance ruleThe inheritance rule for statements in CODE4-KR is as follows: If statement X, with predi-cate PX and subject S X , has value V, then the subconcepts of SX have statements withpredicate PX and value V, unless the user explicitly replaces value Vwith something elseor unless multiple inheritance occurs.In the case of multiple inheritance where inherited values differ, they are combined asfollows:¥Any value that is a superconcept of another is dropped (i.e. the most specific value isused in the subconcept).¥Of the remaining concept values, the union of the value items is used (i.e. the subconceptis assumed to be related to possibly multiple things).

41 i.e. facets whose subjects are facets.42 They form the arcs in outline and graphical mediating representations discussed in chapter 4.

60¥Character string values are combined with the expression �one of (value 1, value 2, �)�.The above uniform rule does not necessarily suit every application and can sometimes giveresults that users don�t want. However, if the user does not like the result, a replacementvalue of the user�s choice can be substituted. The benefit of a uniform rule is that the user isnot forced to make decisions at the time values are entered in superconcepts.There are several additional details concerning inheritance; these are deferred to section3.10 where the delegation mechanism is also introduced.3 . 6 . 2 Intended semanticsIn the relation interpretation of properties (section 3.5.2), the value of a statement specifiespart of the range of the relation formed by its predicate, where the subject specifies a corre-sponding part of the domain. For the statement involving a predicate�s most generalsubject, the value corresponds to the whole range.¥If the value is a single concept, then the range is the extension of that concept.¥If the value is several concepts, then the range is a set of tuples: All possible tuples,where one element is taken from the range of each value item.Multiple value items, including the effect of inheritance and the property hierarchy, arediscussed further later.If the value of a statement is unspecified or if it is a character string, the only semantic in-terpretation one can place on the statement is the same as if the value were thing, the topconcept.An important way of visualizing (or possibly implementing) a knowledge base, is as astructured set of statements. In this scheme, each concept is described by a subset of thestatements: those for which it is the subject.The modality facetOne of the primitive facet properties is modality. Aside from values, modality facets arethe most common facet specified by users. Intended values for this are �necessary�,�typical� and �optional� (although a zero-to-one range might also be used).If the subject of a modality facet is a non-facet statement (i.e. the top of a facet hierarchy; astatement whose subject is not a statement), then it is specifying the likelihood that amember of the subject�s extension actually participates in the relation. The intendedsemantics (where subject and value items are types) would be as follows:" s˚$ v : <subject> s, <value> v˚¥ prob(<predicate>(s,v)) = <modality>

61e.g. if the modality were �typical�, and the statement were �birds fly�, then a �typical�modality would be interpreted as �birds typically fly�. If the modality is missing, the defaultis assumed to be �typical� — explicit user action is required to make the strong �necessary�assertion.Modality can also be added lower in the facet hierarchy. If a modality facet is attached to avalue facet, then the intended semantics would be as follows (where the top of the facethierarchy and the value items are types):" s˚prob($ v : <subject> s, <value> v˚¥ <predicate>(s,v)) = <modality>i.e. �for all <subject>, there <modality>ly exists <value> in relation <predicate>�. In otherwords the modality facet is declaring how common it is that the value is indeed as stated.If the modality is �necessary�, the value is always as stated; e.g. if it is stated to benecessary that the parents of a person are a man and a woman, then one can infer there isno other alternative value. A declaration that the modality is �typical� says that the statedvalue is the norm, but there may be exceptions.Value and modality are the only facet properties to have an intended semantics. Users mayadd others, for example to emulate KM�s likelihood, necessity, cue-validity and uniquenessfacets.Subordinate value facetsA statement can have only one value (although several value items). There are situationshowever, when it is desired to say several things involving a particular subject andpredicate.For example, one might want to say that while the caregivers of a child are typically theirparents, another option is that the caregivers are foster parents. This can be expressed byadding a subordinate value facet (as a sibling of the regular value facet, i.e. with the samesubject and predicate) into which foster parents would be placed, and to which would beattached an �optional� modality.Value and modality consistency maintenanceAn inference mechanism proposed as an extension to CODE4 is automatic value andmodality consistency maintenance. Such a mechanism (discussed further in chapter 7)would ensure the following:¥Value consistency: As one moves down the inheritance hierarchy, the values of aparticular property that have the modality �necessary� should represent successivesubtypes, i.e. never become more general.

62¥Modality consistency: The values of a particular property that have the modality�necessary�, should remain �necessary� as one moves down the inheritance hierarchy. i.e.a necessary value should not be overridable.Mechanisms like this are common in KR systems, but most such systems assume a�necessary� modality for all statements. It would be important in CODE4 not to force usersto maintain such consistency.Multiple value items as setsThe intended interpretation of multiple value items is that the range of the relation is a set,containing one member from the extension of each value item. For example, if the value ofthe statement about a person�s parents were �(man, woman)� this is saying that a personhas a set of two parents, one of which is a man and the other of which is a woman.A useful extension to CODE4-KR would be to allow for a fuller range of set-constructioncapabilities in values, and to consider these sets to be concepts themselves. Set-construc-tion capabilities similar to those provided in the Z language (Spivey 1989) would beappropriate. Currently, users are only able to give complex set specifications using infor-mal character strings.It is intended that for a given statement, S , its substatements should have value items thatare subsets of the value items of S . For example, consider the properties of person: Astatement at a high level in the statement hierarchy might have as its predicate relativesand as its value, set of persons. Substatements might have predicates ancestors,siblings and descendants. Each of these would have values that specified subsets of therelatives. In a similar manner, a subset of ancestors would be parents, which furtherdivides into father and mother.3 . 6 . 3 Observations on useThe only facet used by about 80 percent of the users who participated in this research wasthe value facet. Much of the time the users only used informal character strings43. Thevalues of statements involving properties high in the property hierarchy are rarely specified.For the above reasons there is little demand for automatic value consistency maintenance.As a layer on top of the value specification mechanism, certain aspects of a language calledClearTalk (Skuce 1988; Skuce 1992b) were implemented in CODE4. ClearTalk wasdesigned to allow for the easy expression of a wide variety of ideas in values, and to dothis unambiguously. ClearTalk is based on linguistic principles and has a grammar that

43 Statistics about feature usage are given in chapter 6.

63reads sufficiently like English to be usable by most people. Certain elements of ClearTalkhave proved useful for users to express ideas that have meaning to them.In the latest versions of CODE4, actual processing of ClearTalk has been reduced to theresolution of references to one or more value-items as described above. Users are stillencouraged to use ClearTalk when they specify values using informal character strings.3 . 6 . 4 Knowledge management problems addressed by statements andfacetsCODE4-KR�s statements contribute to the solution of several problems listed in section1.4:¥Problem I-2: Categorizing. Statement hierarchies, derived from property hierarchieshelp in this process.¥Problem I-3: Making distinctions. The fact that one can attach facets (a wholehierarchy in fact) to any statement helps in the process of making distinctions. Informalvalues allow specialized syntaxes to be used if the user cannot represent certainknowledge with CODE4�s built-in facilities.¥Problem I-4: Understanding effects. The values of computed facets such assources of value help with this. The uniform combination rule helps ensure that usersknow what values to expect when multiple inheritance occurs.¥Problem A-2: Expertise restriction. Informal values reduce the need for the user tolearn a particular syntax when representing knowledge3 . 7 Terms3 . 7 . 1 Practical effectsCODE4-KR treats the words or symbols used to name concepts as full-fledged conceptsthemselves. Such concepts are called terms.Naming conceptsAn instance of the primitive type term is created automatically whenever a user enters aname44 for a main subject or property, where no term with that name previously existed.When a concept is first created, it is given a system-created label (e.g. �instance 12 of car�or �specialized vehicle�45). This label:

44 A term is a kind of concept; a name is a string used to identify a concept (associated with a term); a labelis what is displayed on the screen to identify a concept.

64¥Helps distinguish the concept from other concepts.¥Avoids forcing the user to immediately think of a name.¥Means the interface can remain non-modal (see chapter 4) because there is no need toprompt the user for something with which to identify the concept.Such a system-labelled concept does not have any term assigned to it. Furthermore, itslabel will change dynamically if the context from which the label is derived changes (e.g. ifthe superconcept changes). Shortly after most main subjects and properties are created,users almost always assign a term to the concept by replacing the generated label with aname of their own choosing.Properties of termsTerms have properties such as part-of-speech, plural or French equivalent. Valuesfor some of these can be automatically obtained from an on-line dictionary to whichCODE4 may be connected.The only necessary property of a term is its character string; and there is a one-to-onemapping between terms and character strings. There are few restrictions on the internalsyntax of a term�s string except that if it starts with an octothorpe, then it is assumed to bean encoded binary bitmap — the term then represents a graphical icon. Encoded bitmaps arenever returned when an alphabetic name for a concept is requested. They are used in thegraphical mediating representation (see chapter 4).The assignment of terms to conceptsThere may be several terms (synonyms) for a concept, and a single term may refer to sev-eral concepts (i.e. a term can have several senses or meanings). For example: term�person� and term �human� may be synonyms for the same concept. Likewise, term�bus� may be a homonym for all of: 1) an activity done by a restaurant employee, 2) acomputer part and 3) a vehicle.In the case of homonyms, users have to distinguish concepts based on their properties(including their relationships to other concepts, graphical layouts, informal values etc).Inside CODE4 however, two identical concepts (e.g. siblings with no terms and noproperties) are always considered distinct.Interestingly, CODE4-KR�s uniform architecture allows terms to be assigned to anyconcept, including terms themselves (although there is little value in doing so!)

45 For user instances and types respectively. Properties, statements and terms have their own rules in thisregard. When there are multiple parents, the generated labels combine their names.

65To find the complete list of terms of a concept, one needs to look in the metaconcept prop-erty terms. Also one can find out what concepts a term represents by looking at the termproperty meanings. The triad of concepts, terms and metaconcepts thus implements ameaning triangle (Regoczei and Hirst 1989).3 . 7 . 2 Intended semanticsThere is very little additional semantics attached to terms beyond that of ordinary instanceconcepts. Their single point of extension refers to the relationship between their characterstring and their meaning.The terms property is attached to metaconcepts because it is not the underlying thing thathas a name — names are associated with the concept of the thing. Different knowledge basesmay use different terms for a given thing.3 . 7 . 3 Observations on useAmongst knowledge management systems, only the Active Glossary system (Klinker,Marques et al. 1993) appears to treat terms as seriously as CODE4-KR does. Experience(with earlier CODE systems) has taught that the flexibility of CODE4-KR�s terms isessential for practical knowledge management. The constraint imposed by a one-to-onemapping between words and concepts was too great.3 . 7 . 4 Knowledge management problems addressed by termsTerms address the following problems:¥Problem I-2: Naming. Terms relieve users from being forced to create artificial namesjust to satisfy internal system needs. This benefit derives from several sources: 1) If auser can immediately think of no term, there is no requirement to make one up; and 2) If aterm has already been used to name another concept, there is no reason why it cannot beused again. Terms also prevent users from having to choose between terms — they cangive a concept as many as they want.¥Problem I-3: Making distinctions: Term properties can be used to express suchimportant linguistic details as language, part of speech, special usages etc. Without termsthis knowledge would typically be omitted or attached (inappropriately) to the underlyingconcept.¥Problem I-5: Extracting. Because concepts can be given terms that exactly matchthose in natural language, it is easier to find such concepts.¥Problem I-6: Handling errors. When a user has made a mistake entering a term, itcan be readily changed without effecting any formally-expressed knowledge. In someother systems, poorly chosen terms become entrenched.

66¥Problem A-2: Expertise restriction. The ease of naming and extracting provided byterms helps make the system more usable.3 . 8 Metaconcepts3 . 8 . 1 Practical effectsWhen representing knowledge, it is frequently necessary to describe properties not of thething a concept represents, but of the concept itself. For example, a non-metaconcept suchas car would have properties that describe actual cars. e.g. specifying that they havewheels, a chassis, an engine and a body. However, the metaconcept concept of carwould have properties such as inventor or comment that do not apply to particularinstances of car but rather apply to the overall idea (i.e. concept) of cars.To explain further; metaconcepts allow for distinctions of the following kind to be made:While it is appropriate to say a particular car has wheels, it is inappropriate to say that theconcept of car (something in a knowledge base) has wheels. Conversely, while it isappropriate to say that the concept of car was invented in a given year, it is inappropriate tosay that an actual car has a particular year of invention — One would not say, �My car wasinvented in 1896,� one would rather say, �The car [the idea of the car] was invented in1896.�The circumstances under which metaconcepts existEach concept has exactly one metaconcept associated with it, and vice-versa. Aconceptrepresents a thing in the world and its metaconcept represents that concept. Aconcept iscalled the defining concept of its metaconcept.As with a statement, a metaconcept is a dependent concept. It conceptually comes intoexistence when its defining concept is created and ceases to exist when its defining conceptceases to exist.Also as with a statement, a metaconcept that conceptually exists need not be physicallycreated in a knowledge base; i.e. it may be virtual unless the user desires to add knowledgeinvolving it (making it the most general subject of a property; specifying the value of astatement of which it is the subject, or using it in the value of statement46). Likewise, ametaconcept can be physically discarded and made virtual again when all such knowledge

46 The astute reader might notice the following: Since all concepts except the top concept havesuperconcepts, and since superconcept is a metaconcept property, then one might expect mostmetaconcepts to be physically created to store superconcept information. Although the system acts as ifthis is true, in fact properties such as superconcept are primitively managed by optimizedmechanisms (see section 3.9) so physical metaconcepts are only created when values of non-primitiveproperties are to be stored.

67is deleted. For mere display purposes, a temporary empty47 metaconcept can be created;this can be discarded whenever the display is no longer needed. This manipulation of theexistence of metaconcepts is done by the system, never directly by the user, hencemetaconcepts are a kind of system-manipulated concept.Metaconcepts as a way to support non-inheriting propertiesMetaconcepts are instances of the primitive type metaconcept. This is the most generalsubject for a number of properties shared by all metaconcepts, such as:¥enterer, the person who entered the knowledge about the concept;¥entry date, the date the concept was entered;¥properties relating the concept to others (superconcepts, subconcepts, kinds,dimensions, disjoint concepts);¥information about how the concept can be referred-to or visualized (terms, graphlayout position);¥information about which properties have the defining concept as their most generalsubject (source properties);¥descriptive information (comment).These are all primitive metaconcept properties, many of which are described further invarious parts of this thesis (including below). Of course, the user is free to add othermetaconcept properties.The important thing to note about all such properties is that they inherit to each individualmetaconcept, but not to subconcepts of a metaconcept�s defining concept. Also, a value ofa statement (having one of these properties as predicate and a particular metaconcept assubject) would not be inherited by any other concept. This naturally derives from the factthat metaconcepts are instance concepts; like other instance concepts they can have nosubconcepts, and hence nothing can inherit from them.So by having metaconcepts, CODE4-KR provides an elegant and intuitive mechanism fornon-inheriting properties. Whereas most knowledge representations require that non-inheriting slots be tagged as such, CODE4-KR has a uniform rule that all properties inherit,and uses metaconcepts, separate from their defining concepts, to provide non-inheritingproperties.Sometimes it is desired to have values involving metaconcept properties appear to inherit.For example, assume user �Joe� creates a whole hierarchy of concepts. Then assume he

47 A temporary empty concept is merely a placeholder for a virtual concept.

68wants to record his name as the enterer of each concept. Since the property enterer is ametaconcept property, and hence does not inherit, he might individually fill in values forthe metaconcept of every concept he entered. In other cases, it is desired to have groups ofunrelated metaconcept statements have similar values. These requirements can be handledin two ways:¥Using delegation (section 3.10). This allows the value of a statement to be computedfrom another value.¥Using specialized subconcepts of the metaconcept primitive type. These can be madethe superconcepts of a certain subset of metaconcepts.The implicit metaconcept hierarchyMetaconcepts are full-fledged concepts and can be treated just like terms, statements, prop-erties and main subjects. In fact, although rarely used, CODE4�s uniformity permits ametaconcept to have its own higher-order metaconcept (e.g. to hold properties describingwho updated the first-level metaconcept). If a user asked to look at a metaconcept of ametaconcept of a metaconcept (to any depth), the system would create the appropriate tem-porary empty metaconcept for display. The user can continue to create successively higherorder metaconcepts, although only the first level is usually of any use.It thus can be said that, as with statements, a knowledge base implicitly contains an infinitenumber of metaconcepts, most of which serve no conceptual purpose.Important metaconcept propertiesIt has been mentioned before that all primitive properties that show the interrelation betweenconcepts (as opposed to between things in general) are attached to metaconcepts. Threeinteresting such properties are dimensions, and its cousin inherited dimensions aswell as kinds.A dimension is a partitioning of a concept into subconcepts based on one point of view orcriterion, for example, the sex of persons. The concept person might have four subcon-cepts: female person, male person, adult and child. The first two subconceptsconstitute the dimension �by sex�, while the second two constitute the dimension �by age�.The dimension property of the metaconcept for female person, would contain �by sex�.CODE4 labels subconcept arcs using dimensions. The regular subconcept relation can beconsidered a �nameless� dimension.The following are normally also true when a concept�s subconcepts are divided into severaldimensions:¥The concepts inside each dimension are usually declared disjoint from each other.¥Concepts with multiple parents are usually created. Each of these concepts inherits from aa different one of the dimensions (e.g. adult female person).

69¥Properties are usually created that have the same name as each of the dimensions.Since dimension is a metaconcept property, it does not inherit. This is valid because usu-ally at lower levels in the inheritance hierarchy the dimension of some remote superconceptis no longer relevant. For example, the fact that adult was a subconcept �by age� ofperson is of little relevance to the concept Class 3 school bus driver (all of whomhappen to be adults). There are cases, however, when one might be interested in inheriteddimensions, and it is for this reason that the additional metaconcept property inheriteddimensions was created. The concept girl, for example, might inherit from both childand female person. Its inherited dimensions would be �by sex� and �by age�. Note thatinherited dimensions does not use the ordinary inheritance mechanism because it is ametaconcept property.

70¥thing is divided into two dimensions, �by aliveness� and �by truth�.¥The value of concept of thing�s kinds property would be listed as: �by aliveness:(concept of nonliving thing, concept of living thing); by truth: (concept of nonfictionalthing, concept of fictional thing)�.¥concept of living thing would have �by aliveness� as the value of its dimensionsproperty. This is indicated in figure 3.12, and by the label on the arc in figure 3.13.¥concept of unicorn would have �by truth, by aliveness� as the value of its inheriteddimensions property.

Figure 3.13: An example showing dimensions. Thing is divided into two dimensions,each containing two concepts. Each dimension specifies a criterion by which thing isdivided into subconcepts. This figure was drawn by CODE4.3 . 8 . 2 Intended semanticsFrom the perspective of semantics, metaconcepts are instance concepts just like any other.Their single point of extension is another CODE4-KR concept, whereas the extensions ofnon-metaconcepts are things outside the currently running CODE4 system.In the current implementation of CODE4-KR, the dimensions, inherited dimensionsand kinds metaconcept properties do not have an intended semantics. The values ofstatements involving these are merely character strings.3 . 8 . 3 Observations on useMost users understand the idea of metaconcepts, although for most users usage of them islimited to:¥Looking at listings of metaconcept properties that are automatically maintained.

71¥Editing the comment (i.e. English description).Dimensions have been found to be an important mechanism for organizing knowledge. Asimilar idea with this name exists in Classic. Library scientists, however, call a taxonomybreakdown where there are several independent criteria facetted classification (Vickery1960; Hunter 1988; Dahlberg 1993) (there is no relation to CODE4�s facets). The principleis called discriminators in OMT (Rumbaugh, Blaha et al. 1991).3 . 8 . 4 Knowledge management problems addressed by metaconceptsMetaconcepts address the following problems:¥Problem I-3: Making distinctions. Metaconcepts allow concepts to be dis-tinguished from the thing they represent.¥Problem I-4: Understanding effects. Due to the presence of metaconcepts,inheritance is simplified. This helps the user understand what will occur when a particularvalue is specified.3 . 9 Primitive concepts3 . 9 . 1 Practical effectsWhen a knowledge base is first created, a set of primitive concepts are installed, and termsfor them are also installed.There are two classes of primitive concepts, primitive types and primitive properties.Primitive types are primarily just placeholders in the inheritance hierarchy, whereas primi-tive properties have several reasons for existence including: 1) giving rise to statements thatdisplay computable values and 2) optimization of storage.In no case is the name of a primitive concept fixed, although they all have default names.Also, with only a few exceptions they may be moved around in the inheritance hierarchy orproperty hierarchy. Obvious exceptions are that the top concept, thing, which must remainat the top of the inheritance hierarchy; and the top property, properties, which mustremain at the top of the property hierarchy48. Also the most general subject of primitiveproperties must not be changed such that the properties no longer inherit to their original setof concepts.

48 These two �tops� do not impose an ontological committment on CODE4 users. The concepts are merelycollecting places; users are not forced to do anything with them.

72Primitive typesPrimitive types behave just like ordinary types except in the following ways:¥They are created when any knowledge base is first created.¥The user cannot delete them.The most important primitive type is the top concept, usually labelled �thing�. A top conceptmust exist for all other concepts to be subconcepts of. The four other primitive types are,respectively, the common superconcept of all:¥ metaconcepts,¥ statements,¥ terms, and¥ properties.It is rare for users to directly access the hierarchies below these primitive types (users useprimitive operations instead), however the four primitives must exist so that CODE4 knowswhere to put the special concepts when it creates them. These concepts are namedaccording to the class of concept of which they are a superconcept. For example, thesuperconcept of all statements is statement49.Primitive propertiesPrimitive properties are distinguished along the following three dimensions:1)by which special class of concept they are inherited (metaconcepts, statements, terms orproperties);2)by their purpose (to optimize storage or for the display of computed values), and3)by the degree to which users can edit the resulting statement values (no editing allowed;editing constrained by rules, or unlimited editing allowed).Metaconcepts inherit the most primitive properties (discussed in section 3.8). Statementscome next (i.e. inheriting the primitive facet properties discussed in section 3.6) followedby terms and properties. Details of the primitive properties of each class of concept can befound in previous sections.Computed primitive propertiesMost primitive properties are intended to give rise to statements that display computed val-ues; these are called computed properties. Examples are: subconcepts, subject,

49 In older knowledge bases, the terms �statement within self� or �statement in this KB� are used, but usersfound this confusing so it was changed.

73superproperties, and meanings. In an alternate design, some computed propertiescould be ordinary properties50 whose values would use the standard property-lookupmechanism. However not all could be ordinary without a paradox being created.For example, the most important computed metaconcept property is superconcepts. Butthis property inherits from the common superconcept of all metaconcepts, and thus to lookit up CODE4 would need to know about superconcepts in advance; the actual values ofcomputed properties are therefore obtained by implementation-dependent internalmechanisms.The values of most computed properties contain lists of concepts as their value items; thereare a few exceptions however, which can contain strings:¥The value property itself.¥The string property of terms.¥The dimensions property of metaconcepts.Optimized primitive propertiesA few properties whose values contain documentary information are only primitive becausethey are used very frequently, hence it is desired to increase performance and reducememory requirements.An example of this is the metaconcept property comment (also often renamed �English de-scription�). This is optimized to reduce the necessity of turning virtual metaconcepts intoreal ones: In general, CODE4 does not have to explicitly create metaconcepts — informationabout conceptual relations is maintained using primitive mechanisms associated with theunderlying concept (if this optimization were not done, then the whole infinity of implicitmetaconcepts would need to be created!). As soon as a user edits a metaconcept, however,by adding a property or filling in the value for some non-primitive property, themetaconcept must be explicitly created. Since comment is the most heavily used non-computed metaconcept property, it is primitively implemented to save space and computa-tions.Another example of an optimized property is knowledge reference: This is a facetproperty and the optimization prevents the creation of real facets from virtual ones. Inaddition to providing performance optimizations, the presence of non-computed primitiveproperties helps remind the user about useful statements that she or she should make.

50 i.e. non-primitive properties.

74Editable and non-editable primitive propertiesThe values of most primitive properties are editable: i.e. the user can change them. In thecase of a value that expresses a conceptual relation such as subconcepts, editing has theeffect of changing the relation (in this case changing the inheritance hierarchy). Eacheditable primitive property has special editing rules for its values to prevent a violation ofstructural constraints (e.g. no loops in are allowed in the inheritance hierarchy).In general, changes to computed primitive property values can be effected in multiple ways.For example, the following are the ways that a user can edit the dimension property of theconcept of child:¥By directly editing the value of dimension in concept of child.¥By editing the label of the superconcept link to person.¥By editing the value of the kinds property of concept of person.Regardless of the method used, all three manifestations of the relationship are changed syn-chronously.A few primitive properties have values that cannot be edited; for example, the predicate andsubject of a statement. This is because a statement is defined by its predicate and subject, asdiscussed in section 3.6.3 . 9 . 2 Intended semanticsThere is no intent to force the user to accept ontological commitment by the default posi-tioning of primitive concepts. However, the default conceptual structure is intended toshow the important distinction between concepts and non-concepts.3 . 9 . 3 Observations on useUsers rarely directly edit the values of primitive properties that express conceptual relations;they normally use primitive operations to do the manipulation, only observing the results incomputed values.3 . 9 . 4 Knowledge management problems addressed by primitive conceptsMost artificial intelligence-based knowledge management technologies have the idea ofprimitive concepts, although they are not typically called by that name. As in other systems,CODE4 primitive concepts are a supporting mechanism for properties, statements, termsand metaconcepts. The reader should thus refer to the previous four main sections (3.5 to3.8) for details about the problems they address.

753 . 1 0 Further details of inference mechanismsThis section provides additional details about the inference mechanisms provided inCODE4. As explained earlier, since users of CODE4 are largely concerned with itsstructuring techniques, and since they are free to violate many constraints that wouldenforce CODE4�s intended semantics, only several simple inference mechanisms areprovided.Additional inference capabilities can be added on top of those in the knowledge engine:¥CODE4�s user interface provides a �mask� capability (section 4.3) that constrains what isdisplayed based on potentially complex criteria.¥CODE4�s knowledge map capability (section 4.2) extracts useful patterns of knowledgefrom a knowledge base.¥Various CODE4 researchers have added facilities such as: a) the ability to embedSmalltalk expressions in values so the values can be computed using arbitrary formulas,and b) a simple expert system that extracts the knowledge it needs from CODE4 (seesection 3.13).3 . 1 0 . 1 DelegationDelegation is a mechanism whereby a statement�s value is determined by referring to thevalues of other statements; hence it can be used to specify certain kinds of constraints.Delegation can be considered a generalized form of inheritance, but whereas inheritancealways occurs unless overridden, the knowledge enterer must explicitly request delegation.The following is an example of delegation in action: If a person owns something, then heor she is almost always the owner of that thing�s parts. It would be nice, therefore, to beable to specify the value of the owner property and have the owner properties of the partsof that entity take on the same owner automatically. As with some other KR systems, e.g.Cyc, it can be said that the �owner� property transfers through the parts property. Toachieve this result in CODE4, one would, at the most general subject of part-of (e.g.entity) specify that the value of owner should be the same as the owner of whatever theentity is part-of. A special syntax is provided for this which is documented in the CODE4reference manual (Lethbridge and Eck 1994).Delegation can be considered similar to the formula mechanism provided in spreadsheets.Indeed, a reference can be absolute or relative, and most references are relative. In theabove example, the delegation directive is inherited by all subconcepts of entity, but theowner of all entity�s subconcepts is not the same as the owner of entity. Instead theowner is the determined relative to the current subject — in other words in the concept car-engine, the owner would be determined by looking up the owner of whatever a car-engineis part of (presumably car).

763 . 1 0 . 2 InheritanceIn the context of CODE4 there are two senses of the verb �to inherit�:¥Property inheritance: This is described in section 3.5. Aconcept always possessesthose properties possessed by its superconcepts.¥Value inheritance: This is derived from the first sense and is described in section 3.6.Value inheritance is a special case of facet inheritance.In section 3.6, it was explained how the value facet inherits; in fact the value facet is theonly facet that always inherits, and it does so using a primitive mechanism. The values ofother facets never inherit unless explicitly directed to do so using a delegation directive (seeabove); this directive is specified at a facet property�s most general subject (usuallystatement). Each facet inherits independently, i.e. if the value is overridden in asubconcept, other inheriting facets would still inherit unchanged.3 . 1 1 Knowledge organizing techniques at the representationlevelThis chapter so far has presented details of CODE4-KR, including details of its organizingtechniques. This section summarizes and categorizes the organizing techniques. Theevaluation of how much the techniques contribute to practicality is left to chapter 6.An organizing technique is a way of thinking about a knowledge base; a way of mentallymodelling how concepts interrelate to each other. The techniques can be considered�dimensions� of a knowledge base, since they are to some degree orthogonal to each other(one need not be concerned about other dimensions when working within one). As a useris arranging concepts, he or she typically thinks in terms of several organizing techniques;but at any point in time, decisions are being made within just one. For example, the usermight spend some time organizing the inheritance hierarchy (one organizing technique) andthen may spend more time thinking about synonyms and parts of speech (linguisticknowledge — another organizing technique).The following list presents the organizing techniques in a sequence in which it would bereasonable to learn them. However, to learn a subsequent primary organizing technique (Ato G), it is not necessary to know the special features of a given technique. Each techniqueis characterized in terms of the main knowledge representation decisions users must make.The decision about which features should be considered primary organizing techniques,and which should be considered special features is not definitive. Other categorizations arepossible.Asummary of the organizing techniques is found in figure 3.14, and a comparison ofvarious knowledge representation systems is presented in figure 3.15.

77AMain subjects in the inheritance hierarchy: At the very basic level the usermerely lists and names concepts.¥ What main subjects should be present?¥ What should the order of the main subjects be?¥ What should a concept be named?A 1 Categorizing: At this stage a true inheritance hierarchy is being built.¥ What should be the children and parent of a main subject?¥ How should main subjects be grouped?A 2 Multiple categorizing¥ What set of parents should a main subject have?A 3 Types and instances¥ Should a main subject be a type or an instance?A 4 Dimensions¥ How should subconcept links be labelled?¥ Based on what criteria should a concept be divided into subconcepts?A 5 Disjointness¥ Which concepts should be disjoint from others?BProperties: The second fundamental organizing technique involves the user �sayingthings� about concepts.¥ What properties should a concept �possess�?¥ What should be the order of properties?¥ What should a property be named?¥ What should the value of a property be at a subject?B 1 Inheritance: Here the user learns the simple inheritance rule of CODE4.¥ What properties should a concept and all its subconcepts have?B 2 Property categorizing¥ What should be the children and parent of a property?¥ How should properties be grouped?B 3 Property multiple categorizing¥ What set of parents should a property have?¥ How are values combined under multiple inheritance?B 4 Global and local property hierarchy¥ How should the global property hierarchy be organized?¥ What subhierarchy should each concept possess?CThe uniformity of concepts: Properties and main subjects are subsumed by theidea of concepts. This organizing technique is very fundamental to subsequent ones.¥ What properties can properties and other special concepts have?DStatements as concepts:¥ What properties (facets) should a statement have?¥ What should the modality of a statement be?D 1 Statement hierarchies¥ How should statement hierarchies be derived from the property hierarchy?

78D 2 Facet hierarchies¥ How should a hierarchy of facets (facets of values and other facets) be arranged?D 3 Subordinate values in other facets¥ What other values should a statement have?EFormal and informal values¥ Should a value be formal or informal?¥ To what concepts should a formal value point?E1Arbitrary relation networks¥ How should arbitrary networks of concepts be arranged?E2Delegation networks¥ From what other values should a statement obtain its value and using whatmethod of calculation?E3Value specialization and modality¥ How necessary is a statement or value?¥ How should values of statements be specialized down the inheritance hierarchy?E4Value subsetting down the statement hierarchy¥ How should values of substatements be related to values of superstatements?E5Value-dependent subproperties¥ What special statement should be described by virtue of a value item?FMetaconcepts:¥ What properties are of the concept rather than the underlying thing?¥ What properties should not inherit?¥ How should the hierarchy of metaconcepts be arranged?GTerms and linguistic capabilities¥ What names should a concept have?¥ What graphic symbols should a concept have?¥ What properties should a term have?¥ What meanings should a term have?

79Organizing techniquePrerequisitetechniquesSectiondiscussedExpertiseNoveltyinCODE4A. Main subjects & inheritance hierarchy3.2Beg --A1. CategorizingA3.2Beg-A2. Multiple categorizingA13.4Int-A3. Types and instancesA13.4IntLowA4. DimensionsA13.8IntHighA5. DisjointnessA23.4ExpMedB. Properties & property hierarchyA3.5Beg --B1. InheritanceA1, B3.5Beg-B2. Property categorizingB3.5BegHighB3. Property multiple categorizingB23.5IntHighB4. Global and local property hierarchiesB23.5IntHighC. The uniformity of conceptsA3.2IntHighD. Statements as conceptsB, C3.6IntHighD1. Statement hierarchiesD,B43.6IntHighD2. Facet hierarchyD3.6ExpHighD3. Subordinate values in other facetsD2Exp +HighE. Formal and informal valuesB3.6IntMedF. MetaconceptsC3.8IntHighG. Terms and linguistic capabilitiesC3.7ExpHighFigure 3.14: Summary of knowledge organizing techniques. The prerequisites columnindicates the techniques that must be learned in advance, and which must be present in asystem before a given technique can be added. The expertise column indicates thetechniques that a given level of user typically understands (beginner, intermediate, expert).The novelty column indicates how rareit is to find the feature in other knowledge man-agement systems such as those discussed in chapter 2.3 . 1 2 Comparison of CODE4-KR with other knowledgemanagement technologiesFigure 3.15 provides a comparison between CODE4-KR and some of the knowledgemanagement technologies discussed in chapter 251. All of these technologies have certainbasic features like multiple inheritance hierarchies and the ability to attach properties toconcepts. The following are some of the main ways these tools differ from CODE4:

51 Technologies such as hypertext and personal productivity software, whose strength is in their userinterface, are not listed. None of the techniques apply to them.

80¥Some of the tools treat types and instances significantly differently from CODE4. In KL-One derivatives, instances (individuals) are not represented using the same language astypes. These tools also focus on automatic classification (discussed in section 2.1.3). InKM and Cyc, a concept can be both a type and an instance at the same time.¥Several of the tools support dimensions as in CODE4, but this feature does not appear inCyc and KM.¥Tools like Cyc and KM allow the user to organize slots in a hierarchy, but such a hierar-chy is treated very much like the inheritance hierarchy. Also, the property hierarchy is notreally used to help organize the knowledge in frames. In CODE4, properties are instanceconcepts, and the property hierarchy is fundamentally important in the organizing ofknowledge.¥CODE4 gives the word �concept� a wider definition than other tools. This introducesmore uniformity and flexibility into the way knowledge is organized.¥No tool, aside from CODE4, treats statements as concepts; i.e. as units of knowledge thatcan have properties etc.¥None of the technologies allows for the flexible integration of formal and informalvalues. Although tools such as Cyc allow certain slots to be filled with character strings,these are considered �special� slots.¥None of the technologies supports what CODE4 calls metaconcepts. Cyc and KM allowhigher order knowledge to be represented, but both mix properties that in CODE4 wouldbe divided between a concept and its metaconcept.¥None of the technologies support terms or the management of linguistic knowledge in asflexible a manner as CODE4. The flexibility of Cyc and KM allows separate concepts tobe created that could represent terms; but inflexible internal identifiers would still have tobe used when actually representing facts.

81Organizing techniqueCODE2KM &CycKL-ONEderivativesOMToolA. Main subjects & inheritance hierarchy¥¥¥¥A1. Categorizing¥¥¥¥A2. Multiple categorizing¥¥¥¥A3. Types and instances¥~~¥A4. Dimensions~¥¥A5. Disjointness¥¥¥B. Properties & property hierarchy¥¥¥¥B1. Inheritance¥¥¥B2. Property categorizing~~B3. Property multiple categorizing~B4. Global and local property hierarchiesC. The uniformity of concepts~D. Statements as concepts~D1. Statement hierarchiesD2. Facet hierarchy~D3. Subordinate values in other facets~E. Formal and informal values~~~F. Distinct metaconcepts~G. Terms and linguistic capabilities~Figure 3.15: Comparison of organizing techniques in various representations. A bullet in-dicates that the technique is a feature of the tool and works in a manner similar toCODE4. A tilde indicates a capability significantly different from CODE4. A blankindicates the technique is not applicable to the tool.3 . 1 3 CODE4-KR as an abstract schemaThe descriptions of the knowledge representation covered so far in this chapter have beenvery abstract in nature: Little commitment has been made to appearance, implementation,syntax, or medium or mode of transmission. This section discusses how one can considerCODE4 to have several different knowledge representation schemata, all of which aremanifestations of the abstract schema described so far.3 . 1 3 . 1 Alternate schemataFigure 3.16 shows various schemata whereby the CODE4-KR abstract schema can actuallybe manifested. Figure 3.17 shows how they are embodied in the CODE4 architecture.

82The schemata can be divided along several dimensions:¥The top and bottom of the figure distinguish static from dynamic schemata. Dynamicschemata describe syntaxes for commands that allow a knowledge base (a representationusing one of the static schemata) to be modified or updated.¥The left and the right of the figure distinguish physical from mediating representations.Physical representations either use the CKB syntax discussed in the next section or anobject oriented representation in memory. Mediating representations display knowledgeon the screen and are discussed in chapter 4.

CKBCKBFile

CKBKnowledgeServer

SmalltalkObjectsin memory

APIBrowserScreenDisplays

KnowledgeMapProtocol

UserCommands

StaticRepresentationsDialogRepresentationsFigure 3.16: Seven manifestations of CODE4-KR. Each ellipse represents a distinctsyntax into which the abstract schema of CODE4-KR is mapped. All manifestations havea common semantics. Arrows show syntax translation paths.KnowledgeEngineCKBInterpreterKnowledge MapInterfaceOtherApplicationsBrowserUser InterfaceCKBFile I/0KnowledgeServer

CKBAPIFigure 3.17: The top-level architecture of CODE4. At the top are various applicationswhich interface to the knowledge engine.

833 . 1 3 . 2 The CODE4 API and its manifestation as the CKB syntaxAll operations on physical representations of CODE4-KR are performed using a limited setof well-defined commands. The commands are partitioned into two major sets:¥Those that update the knowledge base are called modifiers.¥Those that query the knowledge base are termed navigators (because applications usingnavigators use the results of one query to construct the next query, and thus navigatearound the knowledge base).An important subset of modifiers are the constructors: commands that add concepts andlinks between concepts, but do not delete or merely change knowledge. The basic construc-tors form a minimal set necessary and sufficient to construct any CODE4 knowledge base.The physical representation and the APIIn-memory knowledge (i.e. as operated on by CODE4�s �knowledge engine�) is stored as anetwork of Smalltalk objects52. The modifiers and navigators are implemented as a set ofSmalltalk messages sent to these objects. These messages collectively form CODE4�s ap-plication program interface (API), and are the only means by which in-memory knowledgecan be queried or updated.When an application dialogues with the API, it passes knowledge backwards andforwards. The API is therefore a language; in fact it is a distinct manifestation of CODE4-KR.The knowledge map layerCODE4�s knowledge map layer provides another language. This provides high-levelabstractions for the user interface and is described in section 4.1.CKB FormatAnother major application using the API is the CKB (CODE4 Knowledge Base) languageinterpreter. Expressions in CKB are ASCII representations of modifiers and navigators,and form yet another manifestation of CODE4-KR. Appendix D gives an example of CKBsyntax.

52 In fact some other physical representation could be substituted leaving all the other manifestationsunchanged — it would only be necessary to ensure the new representation used the same API.

84Uses of CKB formatCKB is used for two major purposes:¥For persistent storage: When knowledge is saved to disk, CODE4 generates theminimal set of basic constructor commands needed to regenerate that knowledge. Whenthe knowledge is loaded from disk, the CKB interpreter translates the commands directlyinto API messages, and the knowledge base is thus reconstructed. From the perspectiveof the CODE4 knowledge engine, it makes no difference whether a memory-residentknowledge base was built using the knowledge map layer, the CKB interpreter or someother application.¥For inter-process communications: Arunning CODE4 system can be used as aknowledge server. CKB commands are sent using two-way communication betweenCODE4 and other software, possibly running at distinct geographical locations. Thismechanism has been used for two purposes: 1) knowledge-based application programs(e.g. expert systems), and 2) knowledge translators.Peter Clark of the University of Texas (not yet published) has built a Prolog-based expertsystem called �Electronic Trader� (ET) that attempts to make money by chosing sequencesof currency, option and bond transactions. One version of this system connects to aremote CODE4 knowledge base to obtain the knowledge it needs to make inferences. To date, two translators have been built: One converts a subset of Ontolingua into CKBand pipes it into CODE4. The other does the same with KM.Design of the CKB syntaxThe CKB language is designed to be compact, but human readable. Human-readability (i.e.using a format composed of printable ASCII characters rather than binary) is believed to beimportant because it simplifies the job of writing and debugging two kinds of programs(corresponding to the above major uses of CKB format):¥Those that read or write CKB files.¥Remote clients that connect via telnet.It is not an objective to provide sufficient human readability to allow for publication. Nor isit an objective to allow users to study the knowledge�s content by reading this particulartextual form53. This is because knowledge is typically composed of intertwined networksof concepts, and a tool like CODE4�s user interface is needed to effectively study it.

53 CODE4 does provide a number of formats whereby aspects of the knowledge can be printed forpublication or study.

85CKB�s readability is limited by two important objectives: 1) compactness, and 2) extremeease of machine-parsing. Agoal is to minimize bandwidth and maximize the speed of fileoperations. As a rough rule of thumb, each concept uses about 30 bytes of disk space andeach main subject (including the terms, statements, properties and metaconcepts it intro-duces) uses about 350 bytes of space.Order dependenceAmajor difference between CKB and other textual knowledge representations like KIF,Ontolingua and KM is order dependence.As was discussed earlier, CODE4-KR does not rely on external names to identify aconcept. Aconsequence of this symbol independence is that when loading a knowledgebase, a concept must be created before it can be referred to in subsequent commands. Thisimposes a partial ordering on a CKB file which is lacking in a KM or Ontolingua file.Although initially this may appear to be a disadvantage of CKB, in practice it is not. CKBfiles are never written by humans and there is no need for them to be; the CODE4mechanism that writes CKB files can easily compute the partial ordering using a near-linearalgorithm.Order dependence does impose a constraint on two-way communication with the server: Aclient must obtain a reference to a concept (e.g. by name matching) before it can perform anupdate or query using it. This constraint appears to help maintain integrity: In a typicaltextual knowledge language, it is possible to assert facts that contain references to nonexis-tent concepts.

86Chapter 4User Interface Techniques for PracticalKnowledge ManagementThis chapter continues the discussion of CODE4 by describing the main techniques bywhich the presentation of knowledge is organized.Knowledge maps, described in section 4.1, provide an abstract mechanism for arrangingknowledge that is intermediate between the concept level (described in chapter 3) and themediating representation level (section 4.2). Several different mediating representations canbe used to display the information in a knowledge map; and these can be organized intobrowser hierarchies. Masks (section 4.3) are used to highlight knowledge and controlwhich details are displayed.Figure 4.1 is an example CODE4 session showing various windows.

874 . 1 Knowledge mapsA knowledge map is a software abstraction that allows for the manipulation of a network ofrelated concepts. The knowledge map defines this network in terms of:a)One or more starting concepts.b)One or more relations that recursively relate the starting concepts to other concepts.These are discussed in more detail in section 4.1.1.c)A limit on the traversal depth.The nodes in the network are the starting concepts plus those concepts that can be reachedby following the relations to the specified depth. The set of arcs in the network are the setof statements that link nodes.The word �map� is used instead of �directed graph�, which may be preferred by some math-ematicians, for two reasons:¥The word �graph� could cause confusion with the graphs drawn by the user interface. Allmediating representations, not just graphs, use knowledge maps.¥The cartographical analogy is useful: The user can define the map he or she wants to lookat, and can then navigate around that map. The user can use masks (associated withknowledge maps) to highlight part of the map. The user can change the kind ofinformation displayed by changing the knowledge map�s relations54.4 . 1 . 1 Details of how relations are specifiedEach of a knowledge base�s relations is specified by a concept, and each relation defines aset of arcs that will appear. Arelation can be specified using any of the following threetypes of concepts:1.A property. In this case the subject of an arc is the node at the origin of the arc. Thepredicate of the arc is the given property, or one of its subproperties. An arc appearswith a given node as its origin if: a) there is a formal statement whose subject is thatnode and whose predicate is the specified property or one of its subproperties; and b)the knowledge map�s traversal depth limit has not been reached.2.A property possessed by metaconcepts55. An arc is defined in the same way asthe above, except that its subject is now the metaconcept of the node at its origin. This

54 This is analogous to changing whether a cartographical map shows major roads, all roads, railroads,topographical contours, or any combination of these.55 If a property is not inherited by a concept, but is inherited by its metaconcept, then the arcs are definedin this way.

88is useful for displaying relations between concepts, rather than relations between thethings the concepts represent.3.A statement. This directly specifies a particular arc, which appears if its subjectappears as a node (and if knowledge map traversal depth has not been reached).Specifying relations using individual statements is useful for the creation of veryspecific networks. Unless specific statements are used to define relations, the networkwill have as arcs all the statements whose predicate is a given property.Any number of any combination of the above can be used to define a knowledge map�srelations. For example, a complex knowledge map might show all of the following:¥An inheritance hierarchy (specified using the subconcepts metaconcept property).¥Links among concepts that represent things in a part-whole relationship (specified usingthe parts property)¥A few additional arcs of interest, e.g. showing particular people who own certain things(specified with a few statements whose predicate is owner).Figure 4.2 shows a graph that illustrates the above knowledge map.

Figure 4.2: A graph showing a knowledge map with several relations. The startingconcept is thing. The relations are subconcepts and part, plus several o w n s statements.When several relations are used in the definition of a knowledge map, the first propertylisted is known as the primary relation. The importance of this will become apparent later.It is important to note that ordinary users do not need to know any of the details in thissection to work with knowledge bases. Such users have a few simple commands availablethat create the most useful types of knowledge map. More details on types of knowledgemap and commands are found in the following two sections and in section 4.2.1.

894 . 1 . 2 Classes of knowledge mapThe following are the main classes of knowledge map. All are defined in the mannerdescribed above, but each has a specific use and a simple command whereby the user cancreate it. There are separate commands, for example, to open an inheritance hierarchy or aproperty hierarchy. Also, the implementations of each class are optimized.Inheritance hierarchiesKnowledge maps showing inheritance hierarchies have the subconcepts primitiveproperty as their relation:¥The most commonly used knowledge maps are those which display the entire inheritancehierarchy. They have a single starting concept, the top concept: thing. Because the entireinheritance hierarchy can become very big, masks (section 4.3) are used to help constrainwhat is visible.¥Aknowledge map that displays a subtree of the inheritance hierarchy would have adifferent starting concept, but the same subconcept relation. Several distinct subtrees areshown if there are several starting concepts.Property hierarchiesThese generally have the top property as their starting concept and use the subpropertiesprimitive property as their relation. It is also possible to display subtrees of a knowledgebase�s property hierarchy, but this is rarely done.Statement hierarchiesAs their starting concept, these generally have a statement whose predicate is the topproperty. They use the substatements primitive property as their relation.Arbitrary relations graphsThese are the most general knowledge maps, and also the most sophisticated since usersmust explicitly choose the starting concepts and relations. The following show how toconstruct particularly useful types of knowledge map:¥To display a finite state machine, create a knowledge map with several starting conceptsthat are instances of state and use the outgoing transition relation.¥To display a finite state machine that also includes superstates and substates (Harel 1987);do the same as the above, but also include the substate property as a relation.¥To show all the possible ways a set of starting concepts are related to each other, create aknowledge map that uses the top property as its relation, and has a traversal depth of one.

90¥ To show all the possible human relations among a particular set of people, do thefollowing: Make person possess a property related persons, which has subpropertiesfor various types of human relations (father, mother, friends, spouse etc). Thencreate a knowledge map whose starting concepts are a set of instance of person andwhose relation is related persons.4 . 1 . 3 Commands available on the knowledge map interfaceAs figure 3.17 shows, all communication between the knowledge engine and the mediatingrepresentations that actually display knowledge is mediated by the knowledge mapinterface. The interface of the knowledge engine has a set of low-level functions to accessand manipulate specific concepts. The interface of the knowledge map layer, on the otherhand, is more abstract.The same knowledge map command can be used for any relation. Thus the user does nothave to remember separate commands to add subconcepts, subproperties, parts etc. Thereis just one command that performs the appropriate action depending on the relation. Forexample if an inheritance hierarchy is displayed (i.e. the primary relation is subconcepts),then adding a child of a selected node creates a subconcept. On the other hand, if astatement hierarchy is displayed, then a new substatement (and its correspondingsubproperty) is created. This benefit is called polymorphism in the object-oriented world.Another way by which knowledge maps provide abstraction is that they allow operationson sets of nodes and/or arcs, or even on entire subhierarchies. To do this, knowledge mapsautomatically maintain a set of selected concepts, and one master selected concept. Theseselections can contain either nodes or arcs. More details about selections can be found insection 4.2.1.The following are the main classes of commands available on the knowledge map interface.Details are not specified since they can be found in the CODE4 user manual (Lethbridgeand Eck 1994).¥Adding children or siblings of one or more nodes.¥Deleting one or more nodes or arcs.¥Renaming a node.¥Changing the parent of one or more nodes (reparenting).¥Adding a new parent of one or more nodes.¥Changing the order of sibling nodes.¥Creating a new knowledge map whose starting concepts or relations are one or morenodes or arcs.4 . 1 . 4 Knowledge management problems addressed by knowledge mapsThe following are ways in which knowledge maps are designed to help with knowledgemanagement problems (as listed in section 1.4):

91¥Problem I-5: Extracting knowledge. Knowledge maps provide useful ways todefine the kind of knowledge that should be extracted. They can also be hooked togetherso that concepts selected in one knowledge map can change the definition (startingconcepts and/or relations) of another knowledge map. This provides the basis for a veryflexible browsing mechanism, described in the next section. Knowledge maps are alsodesigned to work with masks, described in section 4.5.¥Problem A-1: Special purpose restriction. Knowledge maps are a very generalpurpose mechanism.¥Problem A-2: Expertise restriction. Despite the power of knowledge maps whenused by experts, the beginner need see none of that. For the beginner, knowledge mapsmean learning fewer commands (due to their polymorphic nature). Knowledge maps alsoform the foundation on which user-friendly mediating representations can be built.Because knowledge maps provide the same interface to each mediating representation, thelatter resemble each other more closely and hence are easier to learn.4 . 2 Mediating representations and browsingIn CODE4, a browser is a mediating representation that operates on the set of conceptsdefined by a knowledge map. CODE4 has three types of browsers:¥The outline mediating representation displays knowledge in a manner similar to an outlineprocessor, using indentations to show relationships.¥The graphical mediating representation displays knowledge as a two-dimensionalnetwork of nodes and links.¥The matrix mediating representation displays knowledge like a spreadsheet, with cellsorganized into rows and columns.There is also a fourth class of mediating representation called the �user language�representation. A member of this class is not called a browser because its purpose is purelyto allow the value of a single statement to be edited. It uses a degenerate knowledge mapwith the single statement as its starting concept, and a null relation. It is called a mediatingrepresentation in its own right, distinct from the others, for the following reasons:¥To maintain a one-to-one mapping between knowledge maps and mediating repre-sentations.¥Because it has a distinct set of commands, e.g. to perform special formatting.¥Because it is a distinct unit in the browser hierarchies discussed in the next section.

924 . 2 . 1 Common features of CODE4�s mediating representationsThe following are descriptions of general features shared by two or more of CODE4�smediating representations. Some features are inapplicable to the user language mediatingrepresentation and others are inapplicable to the matrix representation, but they all apply tothe outline and graphical representations.Uniform ways of making selectionsSince browsers display sets of concepts, CODE4 provides various ways of manipulatingthese sets. Of most importance are ways to select such sets so that commands may beperformed on them. Any combination of nodes and arcs may be selected in the followingways:¥By clicking with the mouse on a concept (or sweeping the mouse over a set of concepts),possibly with combinations of special keys (shift, control) also pressed, the user can: a)select or deselect concepts, b) add to or subtract from an existing selection, c) add orsubtract whole hierarchies.¥Any command that creates a new concept always selects it so subsequent commands canoperate on it. This facilitates performing sequences of commands rapidly.¥The user may use the highlighting mask, described in section 4.3, to select concepts thatfulfill arbitrary criteria.Details of the procedures to select concepts can be found in the CODE4 user manual.Any selected concept appears in reverse video. Figure 4.3 shows three selected concepts(in two different subwindows): person, dog and owns. Among every selected set ofconcepts, the most recent one selected is always considered the master selection. Themaster selection is always surrounded by a �barbershop� pattern, and is used wheneversome operation (such as renaming) can only logically operate on a single concept. In figure4.3, person and owns are master selections.When a set of concepts is selected, that selection is passed to the underlying knowledgemap. This may result in the changing of any driven knowledge maps as described in thenext subsection.Organization of mediating representations into hierarchiesIt was mentioned in section 4.1 that knowledge maps can be linked together so that theselection in one knowledge map controls the definition of another knowledge map. Aknowledge map whose selection affects another is called a driving knowledge map (and thecorresponding mediating representation is called a driving mediating representation ordriving browser). Whole hierarchies of knowledge maps, and thus mediatingrepresentations, can be constructed �on the fly� using this mechanism. These are called

93browser hierarchies, and are considerably more powerful than the kinds of browsers madepopular by the Smalltalk environment (Goldberg 1984).Figure 4.3 shows three mediating representations arranged in a hierarchy.¥At the left is an inheritance hierarchy. The concepts selected in this determine what isshown in the other two subwindows.¥At the upper right is a statement hierarchy. The subject of all statements shown is themaster selection in the inheritance hierarchy56, but a statement is only shown if itspredicate is possessed by all of the concepts selected in the inheritance hierarchy. Thestatement selected in the statement hierarchy is passed to the bottom-right subwindow.¥The bottom right subwindow contains a user language mediating representation thatdisplays the value of the statement selected in the statement hierarchy.

94Any selection made in a driving subwindow can thus completely change the knowledgedisplayed in all driven subwindows. This permits rapid navigation of a knowledge base.The depth and breadth of browser hierarchies is unlimited, although hierarchies created byusers rarely exceed four levels deep and twelve mediating representations in total.Organization of mediating representations into compound browsersAwindow containing one or more browsers is called a browser window. When such awindow contains more than one mediating representation, it is called a compound browser.The mediating representations within compound browsers are always in driver-drivenrelationships. To make it easy to build and use browser hierarchies, CODE4 provides a setof predefined templates for browser windows, most of which describe compoundbrowsers. Figure 4.3 illustrates the most popular of these.Within a browser window, the subwindow at the top right contains the primary browser(its knowledge map is hence called the primary knowledge map).The other browsers in thewindow (if any) are driven, directly or indirectly, by the primary browser.To open a new browser window, the user chooses from a menu of possibilities. There aretwo places from where the user can obtain such a menu:¥From the control panel (see section 4.4). Unless the user explicitly requestsotherwise, the primary knowledge map of a browser window opened from the controlpanel uses default starting concepts (generally the top concept or the top property). Theuser may optionally, however, pick any starting concept from a menu.¥From any other browser. In this case, the starting concepts of the primaryknowledge map are the selected concepts in the originating browser. The primarybrowser, however, may or may not be driven by the originating browser. The newlyopened browser window is described as dynamic if its primary browser is driven (i.e.changes when selections in the driving browser change); otherwise it is termed static. Acommand is available to make any dynamic window static — i.e. so its primary browser isno longer driven. Adynamic browser window is automatically closed when its drivingwindow is closed.In addition to creating a separate window, it is also possible to add new drivensubwindows inside an existing browser window. Furthermore, one can delete or rearrangesubwindows.Displaying the current state of the knowledge baseUnless otherwise specified, mediating representations keep themselves current with respectto the state of the knowledge base. In other words, whenever a knowledge base is updated,all mediating representations must regenerate their contents by querying their knowledgemaps. Of course, various optimizations can reduce the amount of computation involved.

95Commands are available to switch off this automatic updating to prevent repeatedredrawing of complex displays. This can be useful, for example, when the user wants torapidly enter knowledge in one window while ignoring others. When a mediatingrepresentation is out of date with respect to the knowledge base, its background colourchanges to grey.Uniform handling of commandsMediating representations handle some user commands themselves (e.g. changing theirappearance) but pass most to their knowledge map (see section 4.1.3).Like some personal productivity software, CODE4 has a flexible way of allowing users totailor how they issue commands. They can be issued in any of the following ways:¥By using particular combinations of keystrokes (definable by the user).¥By selecting from menus.¥By clicking the mouse on icons that appear at the tops of each mediating representation.The bindings from particular keys, menu items etc. to particular commands can be readilytailored.Additionally, two commands can be issued by directly typing text. These are: a) thecommand to rename the master selection (to change the value in the user languagemediating representation), and b) the �fast goto� command discussed in section 4.3. Asidefrom these textual commands, all commands in mediating representations have threesources of arguments:1.The set of selected concepts in the knowledge map from which the command is issued.2.The single master selected concept in the knowledge map.3.A concept that has been buffered. There is a specific command to place in a buffer thecurrently master selected concept of any knowledge map. This remembers a particularconcept that is then globally available to subsequent commands performed on theknowledge base. Buffering acts like the �copy� function available in most graphical userinterface environments, and indeed is an extension of this function (so that the user can�paste� concepts, or textual representations of concepts, into various parts of theinterface). The word �buffer� is used, however, because �copy� gives the user thewrong impression about what the buffer command does.4.Anumeric argument that the user can optionally type before issuing the command. Ifthe user does not type a number, then the number 1 is assumed.There are six basic types of commands; these use the different argument sources asfollows:

96a)Commands that require one argument which can be a set of concepts,but which cannot be repeated (e.g. deleting any number of nodes). These useargument source 1.b)Commands that require a set argument and which can be repeatedlyperformed on the same argument (e.g. repeatedly adding child nodes). Theseaccept argument sources 1 and 4.c)Commands that require one argument which cannot be a set (e.g. renaminga concept) use argument source 2.d)Commands that require two distinct arguments (e.g. moving concepts to anew parent) use argument sources 1 and 3.e)Commands that just take a numeric argument (e.g. setting traversal depth). useargument source 4.f)Commands that take no arguments (e.g. closing a window).This scheme for supplying arguments to commands is relatively straightforward since eachkind of operation naturally falls into one of the six categories. The only difficulty ariseswith commands of type d) where users must know which argument has to be buffered andwhich has to be selected. The labels in menus are designed to make this clear.The above command structure helps with a major objective: Making the interface largelynon-modal. Since the interface does not need to prompt users for arguments, they are freeat almost all times to choose their next actions — this puts them in control of the interaction.4 . 2 . 2 The outline mediating representationThe outline mediating representation displays one node per line. Indentation indicates therelationship between nodes. Child nodes are found at an indentation level one greater thantheir first parent, in whatever relationship is being displayed.The most common use for outline mediating representations is a pair of them displaying, a)the inheritance hierarchy (complete or partial), and b) the statement hierarchy of a particularsubject selected from that inheritance hierarchy. Abrowser with such a pair is shown infigure 4.3. However, it is also reasonable to use an outline mediating representation todisplay any knowledge map that describes a hierarchy or near-hierarchy57 (e.g. ameronomy or part-of hierarchy). The outline mediating representation is less useful whencycles can occur (e.g. in a finite state machine). Figures 3.11 and 3.12 also show thismediating representation.The outline mediating representations has the general features discussed above, plus thefollowing special features:

57 A near-hierarchy is a hierarchy with the possibility of a node being an immediate child of itself.

97¥When a concept appears multiple times (due to multiple inheritance, cycles in a graphetc.), the second and subsequent occurrence is followed by an ellipsis, �. To avoidinfinite displays, no deeper levels of the hierarchy are redisplayed following such arepeated concept.¥Both nodes and arcs of the knowledge maps are displayed (and can be selected, editedetc). The arcs are the �bullets� that appear on each line before the node name. Bullets havedistinctive shapes depending on their predicate.¥In addition to a concept�s name, the values of properties can also be displayed on eachline. In figure 4.3, values of the property �owns� are shown next to every subject thatpossesses this property. Also, statements are shown as the predicate name followed bythe value, followed (optionally) by other selected facets.¥The display can be alphabetically sorted.4 . 2 . 3 The graphical mediating representationThe graphical mediating representation displays nodes in boxes joined by lines whichrepresent the arcs. All of the features of mediating representations in general (section 4.2.1)are applicable, plus the following special features:

98¥Groups of selected nodes can be freely moved around a conceptually infinite �canvas�.Users can scroll the display by moving the cursor off the side of the window or by usingscrollbars.¥Several graph layout algorithms can be invoked to rearrange the whole graph or just aportion of it. Figure 4.4 shows a non-modal dialog used to control which algorithm willbe used as well as various other aspects of a graph�s appearance.¥The current layout of the graph (or of a particular subset of the nodes) can be saved forlater recall. Layout information is stored as the values of a particular primitivemetaconcept property. This facility helps users by recording their particular visualizationof how concepts are arranged.An example of a graphical mediating representation is in figure 4.2. Other examples arefigures 3.2, 3.4, 3.5 and 3.13.4 . 2 . 4 The matrix mediating representationAmatrix mediating representation displays the contents of a special knowledge map thatcontains several rows and columns of concepts. On one axis is a set of concepts (thesubjects58) and on the other axis is a set of properties (the predicates). The intersections ofrows and columns are �cells� containing statements formed from subject/predicate pairs.The starting concepts used to generate the display generally come from driving knowledgemaps. A number of options are used to compute which subjects and predicates will actuallyappear.The subjects can be:¥The starting concepts themselves.¥The siblings of the starting concepts.¥The coordinates of the starting concepts (those in the same dimension).¥All concepts above the starting concepts in the inheritance hierarchy.The predicates can be:¥The starting concepts themselves (or the predicates of the starting concepts if the latter arestatements).¥All the predicates possessed by all the subjects (i.e. the union of the subjects� predicates).¥Only the predicates possessed by all the subjects (i.e. the intersection of the subjects�predicates).

58 These concepts may not yet have anything said about them, so they may not strictly-speaking be calledsubjects. However, a major purpose of the matrix mediating representation is to allow users to turnthem into true subjects by specifying values of statements.

99¥Only the predicates shared by two or more of the subjects (i.e. the union of pairwiseintersections; or the union of predicates less those possessed by only a single subject).Additionally, the predicates can be restricted to:¥Just those where one of the values is different from the others.¥Just those where at least one of the values is non-nil.¥Just those where at least one of the values is locally specified.Figure 4.5 shows a non-modal dialog that can be opened to set most of these options.

1001)To help a user understand the differences among a set of concepts. The user studies thecells that differ. Figure 4.6 illustrates such a situation, where a user is comparingpersons and dogs plus particular instances of each. To do this, users request thepredicates that differentiate among the subjects.2)To help a user make distinctions between concepts. The user displays all the predicatesof the subjects and fills in appropriate cells.3)To help a user understand how a predicate is refined in successive subconcepts. Figure4.7 shows such a �property history� matrix that illustrates how the legs and armsproperties of person are derived. This is particularly useful when trying to understandhow values are combined due to multiple inheritance.Problem I-1: Categorizing. The mediating representations display categorizations invarious different ways so users can understand them better (e.g. by visualizing them in agraph, studying distinctions in a matrix etc.).

101¥Problem I-2: Naming. This is facilitated by the ease of naming concepts, by theability to rapidly open driven subwindows to manipulate or explore the terms of selectedconcepts.¥Problem I-3: Making distinctions. The matrix mediating representation helps withthis by displaying the values of all properties of several concepts.¥Problem I-4: Understanding effects. This is aided by the fact that knowledge canbe displayed in various ways in several windows, and by rapid browsing of largeamounts of knowledge. The matrix mediating representation helps particularly in thisregard.Problem I-5: Extracting. The chaining of browsers helps with this as does the matrixmediating representation.¥Problem I-6: Handling errors. The matrix mediating representation helps usersnotice inconsistencies and incompletenesses.¥Problem A-1: Special purpose restriction. The mechanism is not limited to anydomain.¥Problem A-2: Expertise restriction. Simple graphs and outline representations areeasy to use. The non-modality of commands also help reduce the amount of expertise

102required to use them. Although there are numerous facilities available, the beginner canadd basic knowledge as soon as she or he learns how to: a) open a basic browser, b) adda child, and c) type a name or statement value.4 . 3 MasksA mask is a logical expression evaluated for each concept in a knowledge map as the con-cept is being prepared for display. It is composed of a set of conditions (or criteria) relatedby logical operators, and is either �true� or �false� for each concept. Each knowledge maphas two masks59:¥A visibility mask that determines whether the concept will be displayed (true) or hid-den (false). The default visibility mask allows every concept to be displayed.¥Ahighlighting mask60 that determines whether a concept will be highlighted(underlined). The default highlighting mask highlights no concept.Whenever a knowledge map needs to be redisplayed (when the knowledge base is edited,when the knowledge map�s definition changes or when a mask changes) the masks arereapplied. This is because the set of concepts that fulfil the masks� criteria may havechanged.The set of conditions in the mask is often very simple, e.g. showing or highlighting theconcepts whose colour property has value �blue�. An expert, however, may create acomplex mask combining several conditions into an arbitrary logical expression. Eachcondition is composed of a mask predicate and possibly other arguments. A mask predicateis simply a function that takes a concept as an argument61 and returns true or false.4 . 3 . 1 Using masksMasks are used for several related purposes:¥To focus the display or reduce �clutter�: For example to show only one or two sub-hierar-chies or to show only those concepts that are �complete� i.e. finished. (�Completeness�could be determined, for example, by examining some metaconcept property).¥To perform database-like retrieval: E.g. �show me only concepts having the property�connected-to� where one of the statement values is �power supply�, and which have beenentered since last Friday�. The display would be instantly restricted to just these concepts

59 Knowledge maps for user language mediating representations lack masks.60 Called the �selection criteria� in the system for historical reasons.61 In object oriented terms, a method whose receiver can be any concept.

103(in the graphical mediating representation a partial graph may be shown with dotted linesindicating the union of several arcs).¥To find concepts rapidly: The highlighting mask may also be used to select all conceptsthat fulfil its criteria. Optionally, the visibility mask can be overridden by the highlightingmask so the user can find concepts that are excluded from view. One might apply such amask to select some concepts in order to apply some command to them.There are two primary methods of performing the above functions:¥Users can use special commands that perform specific actions, e.g. to exclude theselected concepts from display. These actions indirectly update one of the masks.¥They can open a mask window, such as the one shown in figure 4.8 in order to edit themask directly. Once editing is completed they can issue a command to reapply the mask.symbol63 followed by a regular expression, the

62 Not yet available in the matrix mediating representation.63 Whenever a �>� symbol is the first character typed, the �fast go to� command is invoked instead of therename comand. To actually give a concept a term beginning with �>� the user would have to type thename directly into the name field at the top of the outline and graphical mediating representions.

104highlighting mask will be used to select any concept whose label matches that expression.The mediating representation also scrolls to the first selected concept. If the user types �>>�followed by a regular expression, the same thing happens, except that the visibility mask istemporarily overridden.4 . 3 . 2 Knowledge management problems addressed by masksThe following are some of the problems (from section 1.4) that the mask facilities helpsolve:¥Problem I-2: Naming. This is helped by the ability to find or highlight concepts byany one of multiple names.¥Problem I-5: Extracting knowledge. This is the primary use of the mask.¥Problem I-6: Handling errors. The mask can help users find errors in theirknowledge; for example a user could ask to find all concepts that have mutually exclusivevalues of particular properties.¥Problem A-4: Individual-use restriction. The mask can be used to help a userfocus on just those aspects assigned to him or her. It can also highlight parts of theknowledge for group discussion.¥Problem A-3: Size restriction. The ability of the mask to restrict what is on displayhelps deal with large knowledge bases.4 . 4 Other interface featuresThis section summarizes two other important features of CODE4�s user interface. Thisthesis does not focus on these features, but they are mentioned for completeness.4 . 4 . 1 The control panelAs with many software systems, CODE4 has a control panel window. This is the master or�top level� window of the user interface. It is used to initiate all loading and browsing ofknowledge bases and to set detailed parameters that control how CODE4�s various featureswill work. Part of a control panel window is visible at the top right of figure 4.1.One of the most important parameters set in the control panel window is the �user expertisesetting�. At any time when using CODE4, the user can choose one of �beginner�,�intermediate� or �expert�. In beginner mode, the whole user interface has fewer menuchoices and a simpler appearance than in intermediate or expert mode. The expertiseoptions are always visible at the top left of the control panel window.

Normally, users can rename concepts by typing anywhere in the mediating representation.

105Also permanently visible, below the expertise settings, are a set of selections that controlwhich specific control panel appears in the right of the control panel window. Thefollowing are some examples of specific control panels:¥The �knowledge bases� control panel allows the user to perform such operations onknowledge bases as loading, saving, merging, opening browsers etc. Figure 4.1 shows a�knowledge bases� control panel.¥Various format control panels allow the user to tailor the look and feel of the differentmediating representations, either globally or on a window-by-window basis.¥The help control panel gives access to an online help system64.The primary benefit of the control panel is to help solve problem A-2 (expertise restriction).4 . 4 . 2 The feedback panelIn section 4.2 it was mentioned that CODE4�s user interface has been made largely non-modal by the use of commands that do not require prompts. However, requestingarguments is not the only reason why software systems display prompts (also known asmodal dialogs). Other reasons of the display of such dialogs are:a)To indicate to the user that something major is to be deleted (or some other drasticaction is to take place) and to ask whether the user really wants to go ahead.b)To warn the user that a requested command has side-effects of which he or she may notbe aware, and to ask whether the user still wants to go ahead. An example occurs whendeleting a property: The user may not realize that the property will be deleted from thesystem as a whole and not just from one main subject.c)To indicate to the user that a command cannot be executed because some condition isnot met, and to ask the user for an acknowledgement . An example occurs whenattempting to delete a primitive property: The system responds that this cannot be done.d)To indicate to the user that there are alternative ways of performing a command and toask the user to chose one. An example occurs when changing the most general subjectof a property: In this case the system needs to know whether to also move the value ofthe statement at the old most general subject.In CODE4 non-modality is maintained in the above circumstances by the use of thefeedback panel. Instead of presenting a modal dialog, the problem the system wants topoint out is placed in the feedback panel which is brought to the front of the display. In thecases where further action is needed (cases a, b and d), the choices are listed in a pane ofthe feedback panel. The user may complete the command by selecting a choice, but in no

64 Currently only partially implemented. This can also be invoked for any command by holding down theshift key when requesting that command.

106case is obliged to do so. He or she is free to do some other action, optionally returning laterto complete the command.This is important because users frequently need to gather further information before theycan decide which of several choices to take. The feedback panel thus helps with thefollowing problems: problems I-4 (understanding effects) and problem I-6 (handlingerrors). As will be discussed in chapter seven, the feedback panel is only partly developedin the current implementation of CODE4.

107Chapter 5Knowledge Base MeasurementIn chapter 1 it was stated that the goal of this research is to provide techniques to makeknowledge management practical — so people can productively construct useful knowledgebases. In addition to facilitating construction, however, it is also necessary to be able toanalyse what has been created to determine how much work has been done, how good it isand how it compares with other work. Chapters 3 and 4 contained ideas about the represen-tation and presentation of knowledge; this chapter discusses the measurement of thatknowledge.It must be emphasised that this chapter is not an evaluation of the thesis research — all eval-uation (including evaluation of the metrics themselves) is found in chapter 6.5 . 1 IntroductionThere are several purposes in attempting to measure knowledge bases:¥To allow knowledge engineers to monitor their work and to provide baselines for its con-tinual improvement.¥To facilitate research into how knowledge bases, users and domains differ in terms ofcharacteristics such as quality, experience and structural characteristics.¥To facilitate research into user interface and knowledge representation features, by pro-viding grounds both for their comparison and for the comparison of knowledge basesbuilt using them.¥To provide means whereby research using different systems can be put on a commonfooting.Measuring knowledge bases appears to be a novel idea in knowledge representation; noprecedents for the ideas described here have been found in the artificial intelligence litera-ture.The approach taken in this chapter is as follows: Section 5.2 defines exactly what mea-surement means and what is being measured. The section also surveys measurement in therelated field of software engineering. Section 5.3 discusses the kinds of general measuring

108tasks people may want to perform; and Section 5.4 then presents some ideas for metricsthat can be used in the measuring tasks.The ideas in this chapter are largely intended to stimulate further research. Only with theanalysis of very large amounts of data can metrics, like those proposed here, gain compara-ble stature to those in software engineering.5 . 2 Some important definitions and background5 . 2 . 1 Measurements vs. measures vs. metricsIt is necessary to understand subtle differences between the words �measurement�,�measure� and �metric�. The word �measurement� has two main senses that are of concernto this work: 1) The general process of measuring, and 2) a specific value (generally nu-meric) found as the result of a particular activity of measurement (in sense 1). These twosenses are almost always distinguishable by context.In normal English, an important sense of the word �measure�, as a noun, is as follows: Ascale or unit for taking measurements. Often implicit in a measure is a procedure for mak-ing those measurements. Two simple examples: 1) The meter is a measure of length. 2)Words-per-minute is a measure of productivity for a typist, and implies timing a typist overa fixed interval and counting the number of words produced. A measurement (in sense 2) isthe result of applying a particular measure.In computer science and in other technical fields the word �metric� has come into use, as aslightly specialized type of measure. A metric is a measure that normally has some specificpurpose, often providing a concrete or objective way of gauging some abstract or subjec-tive phenomenon. In general, a metric is chosen or proposed for standard use because ithas useful qualities such as understandability. In the field of typing for example, words-per-minute is the normal metric for the abstract phenomenon of productivity; whereas mil-liseconds-per-word and keys-pressed-per-hour (while conveying much the same informa-tion) are measures that would not generally be used as metrics. In this thesis the word�metric� is used as opposed to �measure�, in accordance with common practice in computerscience.This chapter discusses aspects of knowledge bases that might be measured and proposesspecific metrics that can be used in that process. The major goal in developing the metrics ismaximizing their usefulness.5 . 2 . 2 Open-ended vs. closed-ended metricsA closed-ended metric is one where measurements can only fall within a particular range —and where it is logically impossible for them to fall outside that range. The ratio of some

109part to its corresponding whole is of this type: Its range can only be from zero to one. Anexample is the fraction of all concepts in a knowledge base that are type concepts.An open-ended metric is one where at least one of the ends of its range are not absolutelyfixed. Although the probability of a measurement outside a particular subrange might bevery small, it is still finite. An example of an open-ended metric is the number of type con-cepts in a knowledge base.5 . 2 . 3 Important metrics in software engineeringIn the field of software engineering the need for metrics has been widely recognized. It istherefore worth trying to learn some lessons from them before setting out to develop met-rics for the allied field of knowledge management. Software engineering metrics are usedas measures of productivity and as tools in project planning. The following are some of themore widely used:Lines of codeLines of code (LOC or KLOC for thousands) is a very basic and intuitively obvious metric;it is widely used but has many flaws. A major use, now frowned upon by many people, isto judge programmer productivity. The main problem is that LOC varies widely with theapplication, programming language, coding style and type of module being programmed.Also, programmers can �pad� their apparent productivity by writing unnecessarily verboseprograms or adding whitespace. A further problem is an inconsistent definition: Does LOCinclude comments? Does it include blank lines?Another use to which lines of code has been put is helping project the completion time of asoftware engineering effort. The typical scenario is as follows: Based on the requirements,a management team makes a subjective estimate of the number of lines of code (using pre-vious experience as a guide). Various heuristics are then used to project how long it willtake to develop that number of lines: For example, depending on the environment and theindividual, a programmer might be able to program between 5 and 100 lines per day. Thesemethods for projecting project completion have fallen into disrepute due to persistent diffi-culties in making accurate estimates. As was discussed in the previous paragraph, lines ofcode is just not well enough correlated with volume of work.Function pointsFunction points (Low and Jeffrey 1990) is becoming widely recognized as a better metricthan lines of CODE. It measures functionality, and is determined by counting specific itemsin a software requirements specification (unadjusted function points), and then factoring inother subjectively-estimated aspects of a project such as the importance of reuse.The International Function Points User Group (IFPUG 1994) is now the custodian of thefunction points methodology. This organization works to refine the counting methods and

110adjustment formulas and to adapt them to different technologies. Amajor goal is that thesubjective perception of the amount of functionality in any project should correlate wellwith that project�s function point count.Function points works far better than lines of code for judging productivity since it is inde-pendent of programming language and cannot be padded during implementation (althoughit can certainly be padded during analysis in order to increase the value of a contract).The function points metric is also much better than lines of code as a basis for estimatingproject completion time. Project planners follow a defined methodology when calculatingfunction points, whereas lines of code estimates are often little more than guesses. Functionpoints can be calculated early in development, because they are based on an actual docu-ment that is produced in the early stages. On the other hand, lines of code cannot be trulycalculated until coding is complete: they can only be projected.The biggest flaws with function points are: 1) They require significant training to calculate,and cannot be automatically calculated from an informal specification. 2) The formula forcomputing function points considers many aspects of complexity but weights them allequally, even though there may be huge differences in the importance of these factors.Despite these flaws, function points is a very useful metric.Constructive Cost Modelling (COCOMO)COCOMO (Boehm 1981) is a methodology for projecting elapsed time to completion (incalendar months) as well as total person-time. It provides a number of formulas that takeinto account various aspects of the complexity of a project. Amajor flaw, however, is thatCOCOMO requires as input an estimate of the number of lines of code. COCOMO is alsobecoming obsolete because of lack of ongoing research. It is also questionable whetherCOCOMO formulas can be called metrics at all — unlike lines of code and function pointsthey are only used to project, never to measure an existing entity (source code or elementsin a requirements document).Function points, lines of code and COCOMO can be used together as follows: Afunctionpoint estimate is first made. This is then converted into an estimate of lines of CODE afterdecisions about implementation technology are made (using heuristics that state how manylines in a particular language it takes on average to produce a function point). The lines ofcode estimate is then converted into time estimates using COCOMO.Lessons learnedAs a result of studying the above metrics, the following are some of the lessons that shouldbe considered when designing a metric in another field such as knowledge management:¥One should ensure that the metric correlates well with the subjective phenomena aboutwhich it is designed to yield information (unlike lines of code).

111¥One should try to make the metric automatically calculable from a document (unlikefunction points and COCOMO).Luckily there are a great number of possible aspects of a knowledge base that can becounted, and thus there is wide scope for experimenting with potentially-useful metrics.5 . 2 . 4 Measuring knowledge bases vs. measuring knowledgeAquestion that could be asked about this research is: Should one talk about measuringknowledge or measuring knowledge bases?In other domains it is conventional to give equivalent meanings to analogous pairs ofphrases (where the objects are in a part-whole or substance-container relationship). Forexample measuring the quality of the stocks in a portfolio is considered to mean roughly thesame as measuring the quality of the portfolio. Similarly, measuring the maintainability of asoftware system implies measuring the maintainability of the source code.Knowledge is contained in a knowledge base. So in this thesis the measurement of knowl-edge is considered to be equivalent to the measurement of knowledge bases.5 . 2 . 5 The kind of knowledge bases to be measuredThis study is concerned with the types of knowledge bases discussed earlier in this thesis;i.e. concept-oriented (frame-based or semantic-net based) representations such as CODE4-KR, KM, CycL and KL-ONE. These are now sometimes called object-oriented knowledgerepresentations, although they should not be confused with object-oriented programminglanguages. However, the design of the metrics in this chapter does not preclude their usewith other forms of knowledge base such as those containing rules or problem-solvingmethods65.The reason for the latter assertion is that concept-oriented representations can be made tosubsume the others; or the latter can be seen as more specialized abstractions for the pur-poses of certain tasks. For example, when representing rule-oriented knowledge inCODE4-KR one might encode the rules as instance concepts and have additional conceptsfor: 1) the things affected by these rules; 2) properties of the rules; 3) statements aboutthem, etc. One can likewise imagine encoding problem solving methods in a concept-oriented way. In order to extend a concept-oriented knowledge base so that it can handlemore specialized representations the primary tasks would be to provide new primitivemechanisms and concepts as well as new mediating representations.

65 A major area of research in the knowledge acquisition community involves encoding problem solvingmethods in knowledge bases.

1125 . 3 General tasks for which knowledge base measurement maybe usefulThe following subsections list tasks that involve measuring attributes of knowledge bases.Many of the tasks have analogs in conventional software engineering, but others do not.The purpose of this section is to further motivate the development of metrics; suggestionsfor actual metrics and examples of their use can be found in section 5.4.The measuring tasks can be divided into three rough categories: 1) assessing the presentstate of a single knowledge base (for completeness, complexity, information content andbalance); 2) predicting knowledge base development time and effort, and 3) comparingknowledge bases (with different creators, domains, knowledge acquisition techniques andknowledge representations). These tasks are certainly not independent — most tasks dependexplicitly on others; however, categorizing the measuring tasks provides a useful basis todecide what metrics should be developed.Aclear mapping between tasks and metrics should not be expected: Some metrics mighthelp with several tasks, and some tasks may require several metrics.5 . 3 . 1 Tasks A to D: Assessing the present state of a single knowledgebasePresent-state assessment tasks are those where the measurer wants to determine how a par-ticular knowledge base fits on one of several possible scales. These tasks can be subtasksof task A, but can also be performed for other reasons.Task A — Assessing completenessImportant questions in knowledge engineering are: What does it mean for a concept-oriented knowledge base to be complete? And furthermore, how can one tell when aknowledge base is complete? Arelated question is: Given a particular knowledge base,how close is it to a state of completeness? Unless these questions are answered, it cannotbe possible to predict the effort required to get to that state.In a well-managed standard software engineering project (where requirements are not con-stantly changing), completeness can be assessed by determining if the software fulfils itsspecification (e.g. passing appropriate testcases). The degree of completeness for a partiallyfinished project can be estimated based on such factors as the proportion of function pointsrepresented by testcases that have been passed. However, there are a number of fundamen-tal differences between standard software engineering and knowledge engineering thatmake it necessary to find different ways of determining completeness:

113¥In knowledge base development, there rarely is a specification. Knowledge engineeringtypically progresses fluidly, perhaps using a prototyping approach or perhaps only withthe rough objective of �documenting a domain� or �designing a widget�.¥Whereas standard software can be broken down into well-defined modules with a well-defined interface that can be tested; most knowledge bases have a much finer grain —being composed of concepts or rules that can be referred to by many others in widelydifferent parts of the knowledge base.¥Knowledge can be expressed in a rough form that is partially suited to the task at hand,and then gradually refined and formalized so that it becomes more suited to the intendedtask. Standard software tends either to work or not to work so there is less scope forincremental development at the detailed level.For a knowledge base developed with a particular performance task in mind (e.g. a set ofrules for a diagnosis system) a way of measuring completeness is to apply the performancesystem to a set of test tasks that have optimum expected outcomes (e.g. correctly diagnos-ing faults), and to measure how well the system performs. Unfortunately where no specificperformance task is envisaged (commonly the case for the kinds of concept-orientedknowledge bases created by users in this research) the above approach is not feasible.An alternative approach might be as follows: The first step is to recognize there may be nocertain state of completeness. Secondly, it should be possible to measure the amount andkind of detail supplied about each main subjects in the knowledge base. Finally it should bepossible to ascertain how close this is to the statistical average for knowledge bases thathave been subjectively judged complete. This method has promise if users sketch out theinheritance hierarchy (i.e. the main subjects) as the first step in developing a knowledgebase (or a part thereof).Task B — Assessing complexityA number of metrics allow software engineers to determine the complexity of modules orsubsystems. There are several reasons for doing this: High complexity may be predictive ofgreater cost in future stages of development; and it may expose situations where designscan be improved. A measure of complexity may also help in accurately measuring produc-tivity, because a small but complex project may take as much work as a large but simpleproject.In software engineering, some measures of complexity include cyclomatic complexity(McCabe 1976), coupling, fan-out and hierarchy depth (descriptions of these can be foundin any good software engineering textbook, e.g. (Sommerville 1992)). Adaptations of thelatter three may well apply to knowledge bases, but the special nature of knowledge basesmay suggest additional useful metrics.

114Task C — Assessing information contentIt is unusual to pose the following query to conventional software: How much informationis in this system? Rather, one asks: How well does it perform one of its limited number oftasks? With many knowledge bases however, a major goal is that they be queriable in novelways — deducing new facts using various inference methods. The objective is to be able touncover latent knowledge. The word �multifunctional� has been used for such knowledgebases (Acker 1992).Estimating information content can help determine both the potential usefulness of a knowl-edge base and the productivity of its development effort. Such metrics should take into ac-count the fact that some knowledge is a lot less useful than other knowledge.Task D — Assessing balanceThe balance of a knowledge base is defined as either: 1) the degree to which a group ofmeasurements using related metrics are close to their respective �normal� values, or 2) thedegree to which measurements of different parts of a knowledge base using a single metricare close to each other.Knowledge bases are typically composed of a mixture of very different classes of knowl-edge; e.g. concepts in a type hierarchy, detailed slots, metaknowledge, commentaryknowledge, procedural knowledge, rules, constraints etc. Each project may require a dif-ferent proportions of these classes; a balance metric of the first type would indicate hownormal a knowledge base is. For example, a knowledge base would be considered unbal-anced if it contains a large amount of commentary knowledge but very few differentproperties. This might indicate that the person building the knowledge base has not beentrained to use an appropriate methodology that involves identifying properties.The second type of balance metrics are those that show whether different parts of a knowl-edge base are equally complete or complex, i.e. whether completeness and complexity arefocussed in certain areas or not. A knowledge base would be unbalanced if one major partof the inheritance hierarchy contained much detail while another part did not.There is likely to be a strong relationship between metrics for completeness and metrics forbalance; and some balance metrics may be used in the calculation of a composite metric ofcompleteness. For example if a knowledge base has a low ratio of rules to types, it may beconcluded that there is scope to add more rules; likewise if one subhierarchy is far moredeveloped than another, the overall KB may be incomplete. However, there are reasons formeasuring balance variables separately (perhaps after a subjective judgement ofcompletion): They can allow one to characterize the nature of knowledge and to classifyknowledge bases. For example it may be that for some applications, different proportionsof the various classes of concept are normal.

115There are not many analogs to the idea of balance in general software engineering, but oneexample is the measure of the ratio of comment lines to statement lines.5 . 3 . 2 Task E. Predicting knowledge base development time and effortThis is one of the main tasks for which software engineering metrics are developed: Peopleare interested in ascertaining the amount of work involved in a development project so theycan create budgets and schedules, or so they can decide whether or not to go ahead with aproject as proposed.The following general framework illustrates the scenario for such metrics; here the term�product� stands for either �software system� or �knowledge base�:a)Measurements have been taken of a number of products, P1�Pn-1.b)There is an interest in making predictions about product under development, Pn.c)One of the metrics, Mt, represents time to create a product.d)Another metric, Ms, can be calculated early in product development and is found to becorrelated (linearly or otherwise) with Mt.e)By analysing P1�Pn-1, a function, fp, is developed that reasonably accurately predictsMt, i.e. fp(Ms) -> Mt.In the software engineering world, function points is used for Ms and COCOMO has for-mulas that fulfil the role of fp, predicting the number of person-months to complete theproject, given Ms.No similar metrics or functions for the production of concept-oriented knowledge baseshave been found in the literature. Some people consider the production of such knowledgebases to be a case of software engineering (especially when a KB is being developed foruse in an inference oriented system such as an expert system); however, it is intuitively ap-parent that lines of code, function points or COCOMO formulas have little meaning andhence no predictive value for knowledge bases. Furthermore other measures of standardsoftware engineering projects (e.g. the number of modules, classes etc) are irrelevant in aconcept-oriented framework.For knowledge management, there is a need to come up with new candidates for Ms andnew functions for fp. Furthermore, there is a need to understand the set of assumptions un-der which Ms and fp are valid. For example the original function points metric is only ef-fective for data processing software; and COCOMO has become outdated as a predictivetechnique due to improvements in software engineering methods.As with standard software engineering, prediction cannot be an exact science: Domains,problems and knowledge engineers differ; and furthermore completeness can only be sta-tistically estimated (as discussed in section 5.3.1). Nevertheless it still seems a worthwhile

116effort to give knowledge engineers metrics to help judge how much work they might rea-sonably need to do.5 . 3 . 3 Tasks F to I: ComparisonThe last section described some uses of assessing a single knowledge base in isolation,perhaps comparing it with a goal or norm. Another task for metrics is to find relative differ-ences between knowledge bases so as to indirectly compare their creators, domains, tech-niques and representations.Task F — Comparing usersMost of the metrics derived from tasks listed above can lead to useful differential measuresof the skills or productivity of users. By examining knowledge bases they have built, onecan also determine which users are familiar with which features.Task G — Comparing domainsBy measuring various attributes about knowledge bases in particular domains, it may bepossible to ascertain certain constant factors that characterize a domain, distinguishing itfrom others.This kind of knowledge can feed back into the prediction process (task A). For example inthe COCOMO method, different predictive formulas are applied to embedded software andto data processing software. Similarly it may be possible to distinguish classes of knowl-edge base that would lead to the creation of different prediction formulas (or different coef-ficients in the same formulas) for, say, medical rule based systems, electronics diagnosissystems and educational systems.Task H — Comparing development techniquesBy comparing measures of knowledge bases developed using different knowledge acquisi-tion techniques it might be possible to decide which techniques are better for certain tasks.A subsequent objective might be to incrementally improve the techniques using metrics toevaluate success.Task I — Comparing representation schemataIn a similar manner to comparing development techniques, it is useful to compare represen-tation schemata. Even though such a process might require converting knowledge bases tosome common denominator before measuring, it might still be possible to gain usefulknowledge about the effectiveness of the abstractions in each schema.

1175 . 4 Proposals for metricsThis section proposes actual metrics that can be used in the general measurement tasksdiscussed in the last section. Evaluation of the metrics, including actual measurements ofknowledge bases, is deferred to chapter 6. There are three classes of metrics: 1) generalopen-ended measures of size, 2) measures of various independent aspects of complexity,and 3) compound metrics.5 . 4 . 1 Metrics for raw sizeOne of the most basic questions that can be asked is: How big is a knowledge base; what isits size? Knowing this can help predict development time and judge information content.But what do �big� and �size� mean? In conventional software engineering, lines of code is auseful concrete metric that is easy to calculate given some source code. Knowledge engi-neering needs a similar metric. Several options were considered, the following two beingthe most promising:The total count of all CODE4 concepts, MALLCThis very physical size measure is appealing as an analog to lines of code which, despite itsproblems, is understandable and easy to calculate. Concepts in a knowledge base, how-ever, can be far more diverse in nature than lines of code: They may include main subjects,properties, statements, metaconcepts etc. Some concepts may even be created without typi-cal users realizing it. E.g. a term concept in CODE4 is automatically added when a usertypes a new name for another concept.MALLC might be most useful as a measure of how much memory and loading-time aknowledge base might require, or how much time certain search operations might take.The number of main subjects, MMSUBJMMSUBJ is the count of just the main subjects, i.e. the important concepts that users specifydirectly. It excludes concepts about which nothing is said (e.g. example instances) and alsoexcludes CODE4�s �special� concepts: properties, statements, metaconcepts and terms.The benefit of such a metric is that since it ignores the detail that has been �filled in� aroundeach main subject, it helps in the process of separating the sheer size of a knowledge basefrom other aspects of its complexity. MMSUBJ should also be intuitive to users becausemost of them directly look at lists or graphs of main subjects, but only indirectly work withother concepts. Furthermore, since users typically develop knowledge bases by initiallydrawing a hierarchy of main subjects and then filling in details, MMSUBJ has the potential toprovide a baseline for the estimation of completeness and the prediction of developmenttime. All these advantages make it potentially more useful than MALLC.

118Both MALLC and MMSUBJ have the problem that since concepts differ in importance, whatthey count are not �equal� to each other. For example, in many CODE4 knowledge basespeople create a core of concepts which are central to their domain and about which they addmuch detail. Typically though, users also add a significant number (10-30%) of conceptsthat are outside or peripheral to the domain. In a typical case, a user creating a zoologyknowledge base might also sketch out a rough hierarchy of plants. Both MALLC andMMSUBJ would consider these peripheral concepts to be as important as the main zoologicalconcepts.5 . 4 . 2 Independent and closed-ended metrics for complexityA number of factors contribute to the complexity of a knowledge base. Seven complexitymetrics have been developed that are logically independent of the raw size. They have alsobeen designed to be as independent of each other as possible. Of course, just because onemetric is designed to be independent of another does not prevent correlations fromappearing in practice: It may happen that the normal process of knowledge acquisitionresults in increasing complexity along the different scales in parallel. Correlation isdiscussed in section 6.2.1.Each of these complexity measures falls in the range of 0 to 1 so that they can be easilyvisualized as percentages, and so they can be easily combined to form compound metrics.Relative Properties, MRPROPThis is a measure of the number of user properties, relative to the number of main subjects.It is calculated as the square of the ratio of user (non-primitive) properties to the sum ofuser properties and main subjects:MRPROP = (MUPROP / (MUPROP + MMSUBJ))2Where MUPROP is the number of user properties in the knowledge base.If a user adds no properties, then MRPROP is zero; MRPROP approaches one as large num-bers of properties are added to a knowledge base. In the average knowledge base, thenumber of user properties tends to be slightly more than the number of main subjects(0.55, i.e. people seem to add just over one new property for every main subject), henceMRPROP averages 0.3 (which is 0.55 squared).The metric is squared to reduce a problem that arises due to the deliberate decision not tomake it open-ended: For each additional property, the increase in the metric is less. Thus ina 100 main-subject knowledge base, increasing the number of user properties from zero to100 causes a 0.25 increase, whereas raising it another 100 only causes a 0.19 increase. Ifthe metric were not squared, this problem would be much worse (the first 100 propertieswould cause a 0.5 increase and the next 100 only a 0.17 increase). In practice these dimin-ishing returns only become severe at numbers of properties well above what have been en-

119countered. Intuitively there appears to be diminishing returns in the subjective sense ofcomplexity as well.Figure 5.1 shows how MRPROP varies as additional properties are added to a 100 mainsubject knowledge base.

00 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 05 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 Figure 5.1: Values of MRPROP when there are 100 main subjects. The x axis shows theeffect of an increasing number of user properties. The bold plot is that of MRPROP whilethe dashed plot shows what the metric would look like if it were not squared. The squar-ing flattens the curve and thus makes the metric more useful.Detail, MDETThis metric is the fraction of statements about main subjects, that have a locally specifiedvalue. Such statements contrast with those that have an inherited value, or no value at all ascan be the case if a property is added and no statements are created using it. If no statementvalues are filled in at all in a knowledge base, MDET is zero. If every possible statementabout every main subject is given a specialized value, then MDET equals one. Howevershould MDET have a value too near one it would indicate that inheritance is not being prop-erly taken advantage of, and thus there is no knowledge reuse with its complexity-reducingeffect.To summarise, the formula for MDET is as follows:MDET = MMSSLV / MMSSwhere MMSS is the number of main subject statements (statements whose subject isa main subject)and MMSSLV is the number of main subject statements which have local values

120Whereas MRPROP measures the potential number of specialized statements , MDET indicatesthe amount of use of that potential. The next measure, MSFORM, goes one step further andmeasures to what degree that use results in the interconnection of concepts.Statement Formality, MSFORMThis measures the fraction of values (of statements about main subjects) that contain actuallinks to other concepts in the knowledge base. If MSFORM is zero, then the user has merelyplaced arbitrary expressions in all values. The higher MSFORM is, the more a knowledgemanagement system would be able to infer additional network structures (i.e. knowledgemaps describing such things as the part-of relation) inherent in the knowledge. The idea offormality vs. informality, and why these terms are used, is discussed in section 1.2.5.The formula for MSFORM is as follows:MSFORM = MMSFS / MMSSLVwhere MMSSLV is the number of main subject statements with local values (seeMDET)and MMSFS is the number of main subject formal statements, i.e. those with localvalues containing value items that are other conceptsThe denominator of MSFORM is composed of only those statements that form the numeratorof MDET — those statements with locally specified values. It thus should be independent ofMDET : i.e. regardless of whether MDET is near zero or near one, MSFORM can still rangefrom zero to one. The one exception is when there are no statement values, in which caseMDET is zero and MSFORM is undefined.Diversity, MDIVWhile high measurements of relative properties, detail and formality may indicate that sub-stantial work has been done to describe each main subject, that detail may be largely in theform of very subtle differences. There may be a large amount of mere data, expressed asstatements of the same set of properties about each main subject. For example in a knowl-edge base describing types of cars, hundreds of classifications of cars may be described butonly using a fixed set of properties (engine size, fuel consumption etc.) — such a knowl-edge base would be subjectively judged to be rather simple despite having a lot of �facts�;MDIV attempts to quantify this subjective feeling.The diversity metric, MDIV, measures the degree to which the introduction of properties isevenly spread among main subjects. If all properties are introduced in one place (e.g. at thetop concept) then MDIV is close to zero because the knowledge base is judged to be simpler.Likewise, MDIV is close to zero if properties are introduced mostly on leaf concepts (sothere is no inheritance). Maximum MDIV complexity of one is achieved when some proper-

121ties are introduced at the top of the inheritance hierarchy, some in the middle and some at allof the leaves.The method of calculating MDIV is described in the following paragraphs; figure 5.2 is usedto illustrate the calculations.B

CDATBCDATBCDATBCD

ATc)d)MDIV = 0.36 MCONCEN = 0.63 MDIV = 0.36 MCONCEN = 0.63 a)b)MDIV = 0 MCONCEN = 1 MDIV = 0 MCONCEN = 1 B

CDATBCDATe)f)MDIV = 0.64MCONCEN = 0.45 MDIV = 1 MCONCEN = 0

Figure 5.2: Calculation of MDIV. Each part shows an inheritance hierarchy with fivemain subjects and five properties (shown as five distinct shapes). Parts a and b showpathological situations where properties are all introduced at a single concept (the top anda leaf respectively) and MDIV is thus zero. Part f shows a well balanced case, where eachconcept introduces exactly the same number of new properties (one in this case) andMDIV is one. Parts c, d and e show intermediate cases.

122To calculate MDIV, the first step is to calculate the standard deviation of the number ofproperties introduced at each main subject. This is zero if the introduction of properties isevenly distributed, and some higher number otherwise. The next step is to normalize thisstandard deviation into the range zero to one. The following formula accomplishes this:MCONCEN = ((s PI) / MUPROP)˚*

MMSUBJ where MUPROP is the number of user properties in the knowledge baseand PI is the number of properties introduced at a main subjectand s is the standard deviation operatorA simple way to convert MCONCEN into a diversity metric would be to calculate 1-MCONCEN.However, thus results in measurements being too crowded towards zero. MDIV is actuallycalculated using the following more subjectively appealing formula:MDIV = (1 - MCONCEN2)2Figure 5.3 plots the relationship between MCONCEN and MDIV.

00 . 2 0 . 4 0 . 6 0 . 8 10 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 MDIVMCONCENFigure 5.3: The relationship between MCONCEN and MDIV . MCONCEN, shown in the xaxis is a normalized version of the standard deviation of the number of properties intro-duced at each main subject. This is transformed using a sigmoid function, as plotted inthe above graph, in order to obtain a metric that has a good subjective �feel�.Second Order Knowledge, MSOKThe metrics described so far totally ignore the presence of second order knowledge, i.e.knowledge not about the things in the world represented by concepts, but about the repre-sentations of those things. MSOK measures the use of two types of second orderknowledge:

123¥ The use of metaconcepts, i.e. the concepts that describe concepts themselves¥ The use of terms, i.e. symbols that represent things.Every main subject in principle has a metaconcept, but most are ignored by users. Of inter-est are those which users have explicitly made the subjects of statements (i.e. those whichusers have said something about). Similarly, every main subject generally has a term that isused to name it. However, of interest are those cases where extra terms are specified: Thisindicates that users have paid attention to linguistic issues.MSOK is zero if the user has neither worked with metaconcepts nor specified synonyms forany concept. The metric gives a measurement of one if every main subject has both multipleterms and metaconcept statements. MSOK is thus calculated as follows:MSOK = (MFMETA + MFTERM ) / 2where MFMETA is the fraction of main subjects whose metaconcept has a user-spec-ified statementand MFTERM is the fraction of main subjects that have more than one termIsa complexity, MISAThis metric combines two factors in order to measure the complexity of the inheritance hi-erarchy. The first factor is the fraction of types that are leaves of the inheritance hierarchy,ignoring instance concepts which are always leaves (i.e. the fraction of types that have nosubtypes). This measure is called MFLEAF:MFLEAF = MLEAF / MTYPESwhere MLEAF is the number of leaf typesand MTYPES is the total number of typesFor any non-trivial knowledge base, MFLEAF is a function of the branching factor, MBF66,however the latter is not used as a metric because it is open ended (i.e. not in a zero-to-onerange). The formula relating branching factor to MFLEAF is as follows:˚ L i m ˚ ˚˚MFLEAF = (MBF - 1) / MBFMTYPES->¥where MTYPES is the total number of typesFigure 5.4 shows several simple inheritance hierarchies along with their measures ofMFLEAF. MFLEAF approaches 0.5 when the inheritance hierarchy is a binary tree (figure 5.4,

66 The branching factor is 2 for a perfect binary tree, 3 for a perfect ternary tree etc.

124parts c and f). It approaches zero in the ridiculous case of a unary �tree� with just a singlesuperconcept-subconcept chain (part b) and it approaches one if every concept is an imme-diate subconcept of the top concept (part a).

Types = 15; Leaves = 5MFLEAF = 0.33MALLSUP = 3.92 MISA = 0.25; MMI = 0.4

Types = 15; Leaves = 7MFLEAF = 0.47MALLSUP = 2.86 MISA = 0.31; MMI = 0 Types = 6; Leaves = 1MFLEAF = 0.17MALLSUP = 3 MISA = 0.11; MMI = 0

Types = 6; Leaves = 5MFLEAF = 0.83MALLSUP = 1 MISA = 0; MMI = 0

Types = 6; Leaves = 3MFLEAF = 0.5MALLSUP = 1.33 MISA = 0.12; MMI = 0

Types = 6; Leaves = 3MFLEAF = 0.5MALLSUP = 1.83 MISA = 0.23; MMI = 0.5

Types = 15; Leaves = 12 MFLEAF = 0.8MALLSUP = 1.71 MISA = 0.33; MMI = 0

Types = 15; Leaves = 10 MFLEAF = 0.67MALLSUP = 2.29 MISA = 0.38; MMI = 0.53

Types = 15; Leaves = 10 MFLEAF = 0.67MALLSUP = 2.57 MISA = 0.41; MMI = 0 a)b)c)d)e)f)g)h)i)

Figure 5.4: Complexities of various inheritance hierarchies. Parts a through i show in-creasing complexity using the MISA metric. Parts a and b show simplistic cases (MISAwould be small regardless of the size of the knowledge base). Parts c and d show the samestructure, with variation only in multiple inheritance. Pairs (e,f) and (g,h) also show sim-ilar structures with variation in multiple inheritance, however MISA can be seen to besomewhat independent of the adding of extra parents (such an action may either increase ordecrease MISA ).On its own, MFLEAF has the undesirable property that for a very shallow hierarchy (e.g.just two or three levels) with a high branching factor it gives a measurement that is unrea-sonably high, from a subjective standpoint (part a of figure 5.4 illustrates this)To correct this problem with MFLEAF , an additional factor is used in the calculation ofMISA: the average number of direct and indirect superconcepts per non-root67 main subject,

67 i.e. excluding the top concept, which cannot have parents.

125MALLSUP. This second factor is related to hierarchy depth but depends to some extent on theamount of multiple inheritance.MISA is thus calculated using the following formula:MISA = MFLEAF - (MFLEAF / MALLSUP)MISA approaches zero in either of the following cases: 1) when there is just a single layer ofconcepts below the top concept (no matter how many concepts); or 2) when the branchingfactor is one. MISA approaches the value of MFLEAF (e.g. 0.5 for a binary tree) as the hier-archy becomes deeper (as the average number of direct or indirect parents per main subjectincreases).Multiple Inheritance, MMIThis measures the extent to which main subjects have more than one parent, thus introduc-ing complex issues associated with multiple inheritance such as the combination of valueswhen two inherited values conflict. If just single inheritance is present, this metric is zero.MMI measures the ratio of extra parents to main subjects, thus if all main subjects had twoparents (impossible in fact because the concepts directly below the top concept cannot havemore than one parent) then the metric would be one; it could also be one if a substantialnumber of concepts have more than two parents. Although the metric, as described, couldtheoretically give a value above one, it is assumed that this could not be the case in any rea-sonable knowledge base. Thus a ceiling of one is imposed that the metric cannot exceed,even if there are an excessive number of parents.5 . 4 . 3 Compound metrics for complexityIn this subsection, the simple metrics for complexity described in section 5.4.2 arecombined into compound metrics in an attempt to give useful overall pictures of aknowledge base. In the previous subsection, the metrics were designed with reasonableconfidence that they are generally applicable. Here however, the necessity of combiningmetrics requires finding numerical coefficients that optimize the usefulness of the result.Determining such coefficients requires extensive examination of data. In this research theonly data available was that of the user study described in the next chapter. While theamount of data is quite large for testing metrics, it is not nearly large enough to act as a�training set� for metric optimization. As a result, the main contributions of this subsectionare proposals for procedures for designing metrics, rather than proposals for actualformulas (the formulas presented are examples of the application of the procedure).The generic procedure for designing a compound metric is as follows:1)Choose the metrics that are to be combined by looking for those with certain desiredcharacteristics.

1262)Normalize the metrics so that they are not arbitrarily biased.3)Weight the metrics based on decisions about which are most important, and how muchtheir values should contribute to the resulting metric4)Design a formula that combines the metrics.Although both step 2 and step 3 involve finding coefficients that modify the original valuesof the metrics, they are logically separate steps. After step 2, accidental bias is removed.Such bias may be caused by the fact that the metrics might have quite different expectedvalues or ranges. In step 3, deliberate weighting is added. For this initial research, step 3 isignored since it would require a very large amount of data to justify an unequal weighting.The most important step in this research is step 4.Apparent completeness, MACPLTThis metric combines those metrics that, intuitively, should steadily increase as a projectprogresses. The idea is to create a metric that ranges between 0 and 1 so that users can ob-tain an impression of how much work needs to be done on a knowledge base to make it�complete� (i.e with a reasonably high percentage of detail, formality etc). See section 5.3.1for a discussion of what it means for a knowledge base to be complete.The metrics chosen to compose MACPLT are:¥ MRPROP, indicating the extent to which properties have been added¥ MDET, indicating the proportion of potential statements with actual values, and¥ MSFORM indicating the extent to which the knowledge base has been formalized.The possibility of adding MSOK was considered, but it was decided not to do this becausethe amount of second order knowledge might be heavily dependent on the domain, whereasthe extent to which statements are filled in and formalized appears much more likely tomeasure the state of completeness, independent of domain.To remove accidental bias from the metrics, actual knowledge bases were studied to seehow the component metrics range in practice. None ever approached one, and the maxi-mums for well-worked out knowledge bases were all about 0.7. It seems reasonable thatnone of these metrics would ever reach one for the following reasons:¥MRPROP can only asymptotically approach one as ever larger numbers of properties areadded. Ameasurement as high as 0.7 already indicates that there are over five times asmany properties as main subjects. Experience has shown that it is unlikely for aknowledge base to have a much higher proportion of properties than this.¥If MDET were to approach 1, it would mean that hardly any statements are inherited; allwould be locally specified (i.e. they all override inherited values). This seems unlikely tohappen in most knowledge bases.

127¥If MSFORM were to approach 1, the user has been able to formalize all statements. Thisseems unlikely in a normal knowledge base.It was thus decided that all metrics should be normalized so that when a measure usingthem has a value of about 0.7, it is considered to indicate that the particular aspect of theknowledge base is reasonably complete. It is purely coincidental that the 0.7 is used for allthree. The coefficient used to normalize the metrics is the reciprocal of 0.7, i.e. 1.4. As aresult of this, MACPLT can give measurements greater than one — that would merely indicatethat more detail has been provided than in a normal complete knowledge base.The following points explain how it was decided to combine the metrics:¥MRPROP must dominate the calculation for the following reason: If there are few proper-ties, then high measurements of detail and formality mean little (because there can onlyexist a few statements with potential for having detail and formality). Thus MRPROPshould be a multiplicative value for the whole metric formula — if MRPROP is zero thenMACPLT should be zero.¥For similar reasons, MDET must dominate MSFORM. If there are few statements, then ahigh measurement of formality means little because there are only a few statements to beformal.The basic formula for combining the three metrics is therefore:MACPLT˚=˚C * MRPROP * ( W˚ +˚ C * MDET * ( X˚ +˚ Y * C * MSFORM))Where C is the constant 1.4 used to unbias the metrics; i.e. to convert their 0 to 0.7range to a range of 0 to 1. If this factor were missing , the resulting metriccould only yield measurements that would approach 70%.And where W, X and Yare coefficients used to weight the metrics. As discussedearlier it was decided to weight the metrics equally. These three coefficientsshould all be 0.33 then. That would mean that if all three input metrics ap-proached one, the result would be 0.33 * 3 = 1.Simplifying the above, where Z is used in place of W, X and Y, gives:MACPLT˚= MRPROP * (C * Z˚ +˚ MDET * (C2 * Z˚ +˚ C3 * Z * MSFORM))After application of the constants, the derived formula for MACPLT is thus as follows:MACPLT˚= MRPROP * (0.47˚ +˚ MDET * (0.65˚+˚ 0.91 * MSFORM))An interesting derivative use of MACPLT would be to apply it to different subhierarchies of aknowledge base in order to determine which areas need work, or alternatively, which areascontain more useful knowledge.

128Pure complexity, MPCPLXThe objective of this metric is to combine all the independent complexity measures into asize-independent metric for the �difficulty� or �sophistication� of a knowledge base. It wasdecided to use a mechanism similar to that used to calculate function points (see section5.2.3). MMACPLT is used as the analog for �unadjusted function points�. The four metricsnot included in the calculation of MMACPLT are then used as �complexity adjustmentfactors�. After the application of each to either increase or decrease the unadjusted metric,the resulting metric MPCPLX is an analog of �adjusted function points�.To calculate adjusted function points, the first step is to measure fourteen complexity ad-justment factors using simple scales and then to sum the measurements (without weight-ing). The sum can be called the �compound adjustment factor�. In the second step, aformula involving the compound adjustment factor results in the multiplication of theunadjusted function points by a factor ranging from 0.65 to 1.35. In the followingparagraphs, a similar two-step approach is applied to knowledge base metrics.Step 1: Scaling and summing. The four metrics not included in MMACPLT havetheoretical ranges of zero-to-one. However, upon examining data from user studies, it wasdetermined that measurements of three of the four metrics rarely approach the top of thatrange (MSOK is the exception).Thus it was decided to apply multiplicative scaling factors to MSOK, MISA and MMI in orderto unbias them (so that each metric contributes fairly to the result). The scaling factors (2.5,1.6 and 1.2 respectively) were determined by examining the means and ranges of the testdata. These scaling factors are the least objective aspect of the calculation of MPCPLX —extensive data analysis would be needed to fine tune them; however since this research isintended to propose a method for developing metrics rather than a definitive formula, thesefigures are considered adequate. The resulting compound adjustment factor has a range ofzero to four (see formula below).Step 2: Creating the adjusted metric: It was decided to adjust MMACPLT so that theresulting metric is MMACPLT multiplied by between 0.25 and 1.85. This is a wider rangethan that used for function points, but it was decided the four adjustment factors shouldhave a larger influence than those used for function points. Again, more extensive dataanalysis would be needed to arrive at a more objective range.The derived formula for MPCPLX is thus as follows:MPCPLX˚=˚ MMACPLT˚* (0.25˚ +˚ 0.4˚*(MDIV˚ +˚ 2.5 * MSOK˚ +˚ 1.6 * MISA˚ +˚ 1.2 * MMI))where the second line is the compound adjustment factor

129Overall complexity, MOCPLXThe overall complexity measure is simply MMSUBJ multiplied by MPCPLX. In other wordsthe count of the number of main subjects is adjusted using the measure of �pure� complex-ity of the knowledge base. MOCPLX might be considered to measure �fully specified mainsubjects�. It is intended to serve as a measure of productivity or information content.5 . 5 Desirable qualities of the metricsThis section discusses various useful qualities of the metrics presented in the previoussection68. The following criteria are used to judge the quality of the metrics: 1) Does eachmetric have use that is independent of th others? 2) Is each metric understandable? And, 3)does each metric have a reasonable mapping onto the subjective phenomenon (includingbehaviour at extremes)?5 . 5 . 1 How subjectively useful are the metrics?Each metric must perform some useful task. There should be some reason why a usermight want to use the metric independently of the others. The following paragraphs indicatethat each metric apparently has a valid use by showing what the user can learn by using it.¥All concepts: MALLC: This gives an idea of the amount of memory and disk spaceused by the knowledge base. It also gives an idea of the number of discrete facts in theknowledge base.¥Main subjects: MMSUBJ: This indicates to the user the number of things being talkedabout in the knowledge base, and hence is a natural measure of size that is independent ofcomplexity. If the user follows a methodology of sketching out the inheritance hierarchybefore filling in details, this metric can help him or her estimate the eventual size of theknowledge base and hence the amount of work that might be required to create it.¥Relative Properties: MRPROP: This indicates to the user whether a knowledge basehas a reasonable number of properties, relative to the number of main subjects. Alowmeasurement might indicate that more properties should be added.¥Detail: MDET: This indicates whether a knowledge base (or portion thereof) has a rea-sonable number of statements. Alow measurement might suggest that additionalstatements should be added.

68 This section should not be confused with an evaluation of how the metrics fared in actual use. Somediscussion of the latter type is found in section 6.2.

130¥Statement Formality: MSFORM: This indicates whether a knowledge base has a rea-sonable number of formal links. A low measurement indicates that the user would be un-likely to be able to generate sophisticated graphs of relations.¥Diversity: MDIV: This indicates the degree to which knowledge is focussed at the topor bottom of the inheritance hierarchy. Alow value might indicate that inheritance is notbeing properly used and that many concepts are merely placeholders.¥Second Order Knowledge: MSOK: This indicates the extent to which knowledge isincluded about concepts themselves as opposed to the things represented by concepts. Alow measurement indicates that there is probably significant knowledge missing.¥Isa Complexity: MISA: This metric indicates the degree to which the inheritance hier-archy has a non-trivial pattern of branching. A low measurement indicates that many con-cepts do not have siblings and thus relatively few distinctions are being made.¥Multiple inheritance: MMI: This indicates the extent of the complexity added due tomultiple inheritance. A low measurement indicates that little multiple inheritance is beingused.¥Apparent completeness: MACPLT: By combining those metrics that should logicallyincrease as a knowledge base approaches completion, this metric gives the user an idea ofhow close to completion the knowledge base might be.¥Pure complexity: MPCPLX: By combining all the complexity metrics this gives theuser an overall value of the �difficulty� of the knowledge base, independent of size.¥Overall complexity: MOCPLX: In combining pure complexity with size, this metric isintended to give the user an idea of the information content in a knowledge base.5 . 5 . 2 How intuitive or understandable are the metrics?To be preferred are simpler metrics, i.e. ones where users can easily understand the rea-sons for the calculations.The methods of calculating MALLC and MMSUBJ are the simplest, being mere counts. MDET,MSFORM and MMI have a slightly lower level of understandability since they are simpleratios of reasonably understandable counts. MRPROP is lower again in understandabilitysince it is squared in order to give it better responsiveness to the underlying phenomenon.The other metrics all have relatively complex formulas.5 . 5 . 3 How good is the mapping between the metric�s function and thesubjective phenomenon?The function described by the metric (the objective phenomenon) must correspond wellthroughout its range with the subjective phenomenon in the mind of the metric�s interpreter.

131If the correspondence is poor, it might be because some objective factor is omitted orincorrectly weighted.MetricMeaningapproaching 0Meaning near 0.5Meaningapproaching 1˚ MRPROPNo properties2.5 properties per conceptVery many properties perconcept˚ MDETNo values specifiedValues specified on half ofstatementsValue specified whereverpossible˚ MSFORMNo formal valuesHalf of values are formalAll values are formal˚ MDIVProperties introduced onone conceptProperties introduced onhalf of all conceptsProperties introducedevenly on all concepts˚ MSOKNo second order knowledgeMetaconcept detail and ex-tra terms on about half ofconceptsBoth metaconcept detailand extra terms on everyconcept˚ MISAEach concept has about oneparent - very simpleBinary treeVery bushy tree - verycomplex˚ MM I No multiple inheritanceHalf of concepts have anextra parentVery high degree of multi-ple inheritanceFigure 5.5: Interpreting metrics — meanings of various values. Rows show metrics de-fined that are closed-ended. Columns indicate the interpretation of measurements at theextremes of that range and in the middle.One test of correspondence for metrics with a zero-one range is as follows: The metricshould yield a value of 0.5 when the subjective phenomenon is at about the half-way point,i.e. the subjectively �normal� point. Another test is to ensure that the endpoints correspondwith what one would intuitively expect. Figure 5.5 gives interpretations for the endpointsand centre points of the closed-ended metrics and shows that they behave well in these re-spects. The only possible exception is MRPROP whose middle point indicates that there are2.5 properties per concept — however this occurs in order to ensure that equal deltas of themetric correspond more closely with equal changes in the subjective phenomenon.5 . 5 . 4 Summary of desirable qualities of the metricsFigure 5.6 summarizes how well the metrics appear suited to the various tasks described insection 5.3.Figure 5.7 lists each metric and then rates it using the three criteria discussed in the abovesubsections. The following are some general observations:

132¥The most useful metrics appear to be MOCPLX, MDET and MSFORM. The overall complex-ity metric correlates reasonably well with time-to-complete, whereas MDET and MSFORMgive clear indications of where work needs to be done in a knowledge base.¥The metrics that have the best combination of understandability and usefulness areMMSUBJ and MDET. These should require the least explanation to users. MALLC requiresan understanding of CODE4�s uniform representation of all knowledge units as concepts,whereas MISA and MACPLX have less-than-simple formulas.¥Most metrics correspond well with subjective phenomena.¥All the metrics with a zero-to-one range have good meanings for the ends of the rangesSuitableTaskMetricsObservationsA to D. Assessing the present state of a knowledge base˚CompletenessMACPLTThe compound metric of apparent completeness.˚ComplexityMPCPLX, MDET,MSFORMPure complexity, and two of its most important compo-nents: detail and statement formality˚Information contentMOCPLXThe overall complexity of the knowledge base˚BalanceMDIVThe diversity of distribution of properties; other balancemetrics could be created.E. PredictingMMSUBJThe number of main subjects can typically be determinedearlier than other metricsF to I. ComparingallFigure 5.6: Measuring tasks and how well they can be performed. At the left are themeasuring tasks listed in section 5.3. The middle column lists some of the metrics thatmay be useful in the performance of the task.5 . 6 SummaryThe primary purpose the research in this thesis is to make knowledge management practi-cal. It is very hard to manage something, however, unless one can quantify it.This chapter has discussed several metrics that can be applied to frame-based knowledgerepresentations. The metrics can be divided into three classes: 1) raw measures of size; 2)measures of various attributes of complexity, and 3) compound measures intended to helpusers assess their productivity.With the help of metrics, users can better do such things as the following:

1331.Estimate completeness of a knowledge base, or a component thereof. Using a metriclike MACPLT, a user can decide how much work might need to be done and where.2.Judge the overall volume of knowledge in a knowledge base, using MOCPLX.3. Obtain a rough idea of how difficult a knowledge base might be to navigate or modify;MPCPLX can help with this.4.Compare subjectively �complete� knowledge bases to see how domains differ, in orderto help in the estimation of future knowledge base development tasks.The main scientific contribution of this chapter has been to point out several kinds of thingsthat one might wish to measure in a knowledge base. It is hoped that the chapter work willstimulate further research.Criterion:1.Useful2.Understandable3.Mapping (well-behaved at centerand extremes)Raw size metrics˚ All concepts: MALLC255˚ Main subjects: MMSUBJ455Independent complexity metrics˚ Relative Properties: MRPROP335˚ Detail: MDET545˚ Statement Formality: MSFORM535˚ Diversity: MDIV424˚ Second order Knowledge: MSOK435˚ Isa Complexity: MISA323˚ Multiple inheritance: MMI345Compound complexity metrics˚ Apparent completeness MACPLT422˚ Pure complexity: MPCPLX434˚ Overall complexity: MOCPLX543Figure 5.7: Ratings of the metrics based on three criteria. On the y axis (listed at left) iseach of the metrics. On the x axis (listed at top) are the evaluation criteria discussed insections 5.5.1 to 5.5.3. The numerical scores are on a scale of 0 to 5, with 5 being thebest. Numbers are subjective judgements on the part of the author.

134Chapter 6EvaluationThis chapter presents an evaluation of the work discussed in the previous three chapters.The first section discusses the basic procedures used. Subsequent sections discuss theevaluation of the metrics (from chapter 5) and of the ideas built into CODE4 (from chapters3 and 4).6 . 1 The basic evaluation procedureThe basic procedure used to evaluate this research was as follows: To have as many peopleas possible build knowledge bases using CODE4, and then to study their work experiencesand the knowledge bases they produced. Details of this procedure are discussed in section6.1.1. Subsequent sections discuss the questionnaire that was used to gather information,statistical procedures used, and alternative procedures that were considered and rejected.Discussion of actual results is deferred to sections 6.2 and 6.3.6 . 1 . 1 Details of the evaluation procedureThe basic steps were: 1) Solicit people to build knowledge bases; 2) Train them; 3) En-hance the system to accommodate their needs, and 4) Study the results of their knowledgebase building efforts. Details of these steps follow:Step 1: As many people as possible were solicited to build knowledge basesusing CODE4.A total of at least 30 individuals are known to have used CODE4 to build knowledge bases.These fall into three main groups: 1) industrial customers, 2) researchers and 3) graduatestudents taking courses. In addition, about ten other groups are known to have obtainedcopies of a demonstration version that cannot save knowledge bases.The primary industrial customers for CODE4 have been groups headed by Jeff Bradshaw,formerly of Boeing Aircraft Corporation in Seattle, and now of Eurisco in Toulouse,France. Bradshaw�s work has primarily involved building CODE4 into other applications.In (Bradshaw, Boose et al. 1992) an application involving design rationale capture ispresented. Another application involving organizational modelling is discussed in(Bradshaw, Holm et al. 1992). Bradshaw is in the process of starting a further project

135involving an application of CODE4 to a medical domain. This will be taking place at theFred Hutchinson Cancer Research Center in Seattle (Bradshaw, Chapman et al. 1992)The Cogniterm project, which started with the use of CODE2 (see chapter 2), has contin-ued its very successful work with CODE4 as its knowledge management tool. Some of thepublished literature includes Eck�s MSc thesis (Eck 1993) and papers by Skuce and Meyer(Skuce 1993c; Meyer, Eck et al. 1994). Bowker (Bowker and Lethbridge 1994) is usingCODE4 as a major tool for her PhD research.Several other student research projects and theses have used CODE4 as their major tool;these include (Iisaka 1992), (Ghali 1993) and (Wang 1994). CODE4 has been used as ateaching tool in several courses in artificial intelligence, and there are plans to use it as aresource for programming languages and operating systems courses at the University ofOttawa.Others who have used or studied CODE4 in significant ways and have expressed enthusi-asm for it include David Aha (of the Naval Research Laboratory), Peter Clark (of theUniversity of Texas at Austin) and Denys Duchier (of the University of Ottawa). The lattertwo have worked on applications that connect to the CODE4 knowledge server (see section3.13). Another important user is Chris Drummond who has created several knowledgebases and exercised almost all the features available.Step 2: The users were trained to use the system, or trained themselves.A100-page user manual (Lethbridge and Eck 1994) was created to train users.Additionally, users received training: 1) from graduate lectures, 2) by following a step-by-step tutorial created by members of the Cogniterm team, and 3) by personal consultationwith members of the development team.Step 3: CODE4 was regularly enhanced in response to requests from theusers.It was not possible to have CODE4 remain static during the research. Significant new fea-tures were added over a three-year period in order to meet the requirements of users. Thekinds of features added after CODE4 started to be used seriously include:¥Knowledge representation features such as dimensions.¥New mask predicates to permit specialized queries.¥New primitive properties to permit the display and storage of specialized informationsuch as multiple graph layouts¥New display options for existing mediating representations.¥An entirely new mediating representation: the property comparison matrix.CODE4 was designed with a modular architecture to allow this kind of modification to bemade relatively easily. Also, an automatic problem reporting feature is included in the

136system: When a user has a problem (or suggestion, request etc.) he or she can invoke theproblem reporter. The problem reporter emails text of the problem, along with the currentstate of the system and various debugging information, to the CODE4 developers.Step 4: Information was gathered from as many users as possibleA significant percentage of CODE4 users were willing to have their work studied in detail.These users are called the participants69 in the following discussions.The total number of participants was twelve; all used CODE4 at the University of Ottawa.Eleven were graduate students and one was a professor. Of the graduate students, fivewere terminologists participating in the Cogniterm project. Student usage was dividedbetween those using CODE4 for course work, and those using it in thesis research.The participants created 25 knowledge bases. These covered a very wide range of topics,categorized as follows:¥ Computer languages and operating systems (eleven knowledge bases).¥ Other technical topics (e.g. optical storage, electrical devices, geology, matrices — nineknowledge bases).¥ General purpose knowledge (e.g. people, vehicles, fruit, top level ontology — fiveknowledge bases).The total amount of work involved in creating these knowledge bases was reported to beabout 2000 hours, i.e. an entire person-year.The work of the participants was studied in two ways:1)By analysing the participants� responses to a detailed questionnaire and follow-up inter-view questions. Further details about the questionnaire are found in the next sub-section.2)By measuring the knowledge bases, in particular using the metrics discussed in theprevious chapter.6 . 1 . 2 The CODE4 user questionnaireTwenty copies of a questionnaire were distributed and twelve were returned. Some of thequestionnaire is repeated in Appendix A, along with summaries of the answers. Other partsof the questionnaire are presented directly later in this chapter. This thesis omits considera-tion of responses to questions of the following types:

69 There were other users in addition to the participants. These did not actively particpate (filling outquestionnaires, being interviewed etc.) because they were busy, their work was confidential etc.

137¥Questions that were merely administrative (e.g. requesting names, permission-to-useetc).¥Questions that received too few responses to draw statistically significant conclusions(see next subsection).¥Questions which, as was discovered in follow-up interviews, users had misunderstoodor had interpreted in different ways.The questionnaire contains six parts containing a total of 55 main questions, many of whichhave sub-questions: There are a total of 259 sub-questions about CODE4 in general and130 sub-questions about each knowledge base. Most participants took several hours tocomplete the questionnaire and some were quite enthusiastic about it despite the amount ofwork involved.The first two sections of the questionnaire ask general questions in order to ascertain howmuch users know about CODE4, how they learned it and how much they have used it. Thesubsequent two sections focus on the user�s reactions to specific features of the software.The fifth section deals with users� experiences developing individual knowledge bases.Questions in this section were designed to complement the measurement of the knowledgebases. The final section of the questionnaire covers problems and desires users encounteredin the use of CODE4.6 . 1 . 3 Statistical testsIn order to verify that numbers reported are not likely to be chance occurrences, statisticaltests were applied to data gathered from the questionnaires and from the measurement ofknowledge bases. There were three types of tests:Test type 1: Confirming that the mean reported for a question or measure issignificantThe objective here is to confirm that each mean reported from the sample (of users orknowledge bases) is sufficiently close to the population mean (the actual mean that wouldbe obtained if data could be gathered from all users or knowledge bases of the typestudied). For this objective, sufficiently close means that, 19 times out of 20, thepopulation mean must be within an interval defined as the sample mean plus-or-minus 10%of the range of the sample.Standard t-tests were used to make the above confirmations. Such tests require that the un-derlying distributions of data be normally distributed or, failing this, that the sample size begreater than about 30 (thanks to the central limit theorem). In this research both conditionsare close to being fulfilled much of the time: The number of knowledge bases studied was25; also most of the measurements and questions were of the type where values were farmore likely to occur in the center of a range than in either tail, but where values do occur in

138both tails. The following are examples of the kinds of populations from which sampleswere taken and which would appear close to normally distributed:¥Complexity measurements that range from zero to one but for which a value in the middleof the range is to be expected.¥Size measurements, where very small and very large knowledge bases are far lesscommon than medium-sized ones.¥Users opinions placed on a scale, where intermediate values are to be expected.If there are cases where the prerequisites for a t-test might not have been fully met, many ofthe conclusions presented are still likely to be valid because many of the tests indicatedstatistical significance even in a 99% confidence interval.If confirmation of significance could not be reached for a given question or measure, thedata is not reported in this thesis. This generally occurred when not enough participants re-sponded to a particular question and/or when they disagreed markedly in their responses.Test type 2: Confirming that the coefficient of linear correlation betweentwo measures (or a measure and a question) is meaningful.The objective here is similar as that in test type 1: To confirm that the correlation coefficientis sufficiently close to the population correlation coefficient. The criterion is that it shouldbe within plus or minus 0.1, of the sample value, 19 times out of 20. As above, t-tests areused to confirm this.Note that this test is not attempting to show that measures are independent or dependent.Test type 3: Verifying that there is a statistically significant differencebetween two means.Such tests were made to compare several related measures or questions (e.g. whendetermining which of two features users preferred). The objective is to determine that theactual difference between means is non-zero, with 95% confidence. Again t-tests were usedto do this.6 . 1 . 4 The indirect nature of the evaluationThe evaluation of this research must be understood to be constrained by a number offactors including the following:¥The benefits of most aspects of the research can only be assessed indirectly; i.e.subjective interpretation of users and/or the author is involved.¥Aparticular tool, CODE4, is used in the evaluation. It therefore may not be possible toextrapolate all conclusions to the general case. For example: CODE4 may constrain users

139to choose only certain domains or to represent only certain details (and thus the users mayencounter more or fewer of the problems listed in section 1.4).¥Only a relatively small selection of users participated in this study, and they were largelystudents. It is possible that different results may be obtained from other sets of users.One should thus consider all statistical results as only being applicable to populationssimilar to the users in the study.6 . 1 . 5 Why not run a �controlled� experiment?The methodology described above for the evaluation of this thesis has been that of a naturalexperiment (i.e. trying to reach conclusions about an activity by observing as many casesof that activity as possible, but without interfering). An alternative approach would havebeen to design a controlled experiment.In the field of knowledge engineering, a controlled experiment might involve a procedurelike the following: First, create two versions of a knowledge management system that differaccording to the presence or absence of some feature. Then have separate sets of users cre-ate knowledge bases with each system. Finally, measure the resulting knowledge bases tosee if the presence or absence of the feature causes any difference in the resulting work.Such an experiment involves varying one parameter (in this case a feature) while ensuringthat differences in other factors, including ongoing changes to the system, do not influenceany conclusions. This was judged impractical for the following reasons:¥It is not reasonable to assign a small number of people to create knowledge bases andexpect that the resulting work will be comparable. Knowledge enterers have dramaticallydifferent levels of skill (analysis ability and understanding of knowledge representation)as well as background (general knowledge that they can apply to the problem).¥It might be possible to control for skill and background differences by using a large num-ber of knowledge enterers. However it was found to be too difficult to find enough peo-ple with sufficient motivation to work for tens of hours on a single assigned problem.People were only willing to be participants if they could work on a topic that interestedthem.¥It might be possible to overcome biases imposed by a particular domain by having partici-pants create several knowledge bases from a small pool of domains. Again however,finding willing people is extremely difficult (it was even difficult to get enough partici-pants, who had already created knowledge bases, to fill in a questionnaire).¥During the conduct of this study, users would frequently ask for new features. If allparticipants were assigned a topic, it might have been possible to deny their requestedmodifications for the sake of gathering �good data�. However since most users wereworking on their own research projects, it was necessary to make regular incremental

140modifications to the system. Otherwise many users would not have felt comfortabletrusting CODE4 to be a reliable tool for their research.In conclusion, without a very significant amount of money with which to pay participantsfor long periods of time, it was only feasible to perform an exploratory study of the typedescribed in the previous subsections.6 . 2 Evaluation of the metricsThis section presents an evaluation of the knowledge base metrics that were introduced inchapter 5, focussing on their independence from each other.Figure 6.1 summarizes measurements taken of the knowledge bases prepared by theparticipants in this research. Details for individual knowledge bases can be found in ap-pendix B.MetricTheoreticalRangeMeanMinimumMaximumSt. Dev.Raw size metrics˚ All concepts: MALLC(40-¥)8422242825612˚ Main subjects: MMSUBJ(0-¥)912127861Independent complexity metrics˚ Relative Properties: MRPROP(0-1)0.330.050.700.17˚ Detail: MDET(0-1)0.180.030.690.14˚ Statement Formality: MSFORM(0-1)0.160.000.670.19˚ Diversity: MDIV(0-1)0.710.000.990.27˚ Second Order Knowledge: MSOK(0-1)0.060.000.410.11˚ Isa Complexity: MISA(0-1)0.400.190.590.11˚ Multiple inheritance: MMI(0-1)0.190.000.870.23Compound complexity metrics˚ Apparent completeness: MACPLT(0-2)0.200.030.390.11˚ Pure complexity: MPCPLX(0-5.6)0.190.020.380.10˚ Overall complexity: MOCPLX(0-¥)1625614Figure 6.1: Statistics about knowledge bases created by the participants. Each row corre-sponds to one of the metrics discussed in chapter 5.The following are some general observations about figure 6.1:

141¥The knowledge bases differ substantially in size. When measured using MALLC andMMSUBJ the ratio of largest to smallest is about 13:1. When measured using MOCPLX,however, a more realistic ratio appears, i.e. 28:1.¥The knowledge bases vary widely according to all of the independent complexity metrics,in particular according to MDIV and MMI. Of these, MDIV is probably the most interestingsince it seems to be more of an indicator of the individual style of the knowledge base de-veloper than the other metrics.6 . 2 . 1 How independent is each complexity metric from the others?Metrics should be as independent as possible because it would be redundant to make mea-surements using two metrics that are dependent on each other. The simple complexity met-rics were designed to be independent of each other — all involve separate aspects of aknowledge base. However, the only way to really test for independence is to calculate cor-relation coefficients.As figure 6.2 indicates, for the most part success has been achieved. The biggest exceptionis the reasonably strong negative correlation between the isa complexity and the amount ofmultiple inheritance. This can be accounted for theoretically because if there are more parentconcepts to be multiply inherited (including by leaves), then the proportion of leaf typesshould decrease. Despite this moderate correlation, having a separate measure of multipleinheritance still appears to be useful.MultipleInher.IsaComplex.SecondOrderDiversityStatementFormalityDetailMMIMISAMSOKMDIVMSFORMMDETRelative Properties: MRPROP0.15-0.230.11-0.13-0.170.17Detail: MDET0.12-0.28-0.21-0.06-0.16Statement Formality: MSFORM-0.190.04-0.020.34Diversity: MDIV-0.180.07-0.08Second Order Knowledge: MSOK-0.210.14Isa complexity: MISA-0.58Figure 6.2: Coefficients of linear correlation among the seven complexity metrics. Thedata used in calculating these coefficients was obtained from the knowledge bases preparedby the participants.6 . 3 Evaluation of CODE4This section presents an evaluation of the ideas built into CODE4 as part of this research.The ideas themselves are found in chapters 3 and 4.

142The evaluation is divided into four subsections: Section 6.3.1 discusses conclusions thatcan be drawn from the enthusiastic reception of CODE4 by users. Sections 6.3.2 to 6.3.4discuss responses to the questionnaires. Section 6.3.5 evaluates the system by looking atmeasurements.6 . 3 . 1 Evaluation by observing the general use of CODE4One of the most important attributes of this research has been its use by significant numbersof users. The inference that can be drawn from this is that CODE4 has achieved its generalgoal of providing practical knowledge management.The following are two specific questions that must be answered affirmatively in order to besure that the software has a broad practicality.Do people choose to use the software in their work over a significant pe-riod of time and in significant projects?If this is true, then there must be an advantage to the software. The software must be, insome sense, more practical than other software available.For CODE4, the answer to this question is yes. In particular, the Cogniterm project andJeff Bradshaw�s projects demonstrate that users perceive CODE4 to have desirablefeatures.Is the software used in a variety of domains?Positive answers to this indicate that the software is general purpose. It is far easier to cre-ate special purpose software; however a practical knowledge management tool must begeneral purpose.For CODE4, the answer is again yes. Knowledge bases have been developed in such di-verse domains as software engineering, geology, organizational modelling, optical storagedevices and top-level ontology development.6 . 3 . 2 Features users found usefulUsers were asked various questions in order to assess the usefulness of the variousfeatures built into CODE4.What aspects of knowledge bases convey more of their content?For each knowledge base, users were asked to estimate how much various aspects of theknowledge representation contributed to conveying its actual content (i.e. to expressing theimportant facts or information in the knowledge base).

143The results are shown in figures 6.3 and 6.4. Figure 6.3 lists the 14 knowledgerepresentation aspects about which users were asked. Note that the aspects are notnecessarily disjoint; e.g. users were asked about values (of statements) in general as well asparticular types of value.The aspects are listed in decreasing order by mean, however there is no statisticallysignificant difference70 between aspects whose means are close together. An analysis ofwhere statistically significant differences do exist showed that the aspects can be dividedinto eight groups (i.e. equivalence classes) labelled Athrough H. Figure 6.4 can then beused to determine which groups convey significantly more knowledge than others. Forexample none of the aspects within group Awere considered more important than others,whereas all of group Awas considered more important than all of the others (groups Bthrough F). Similarly the aspect in group B is only more important than aspects in groupsD and F, but not more important than any of the aspects in group C.Some general observations about figures 6.3 and 6.4:¥As group A shows, names are considered to be of paramount importance. Users appearto attach great significance to the fact that humans will be using the knowledge base andthus concepts must have effective names. In a purely formal system, operated on by acomputer, names might be less significant.¥Group Asupports the intuitive notion that the inheritance hierarchy, with labelledconcepts and attached properties, is the fundamental framework for building knowledgebases. Other aspects of knowledge can only be added once a rough inheritance hierarchyis specified.¥The way the property hierarchy is structured has as much importance as the values ofstatements. This validates CODE4�s emphasis of this feature.¥Informal values are considered significantly more important than formal ones (and moreimportant than the graphs of relations that the latter permit to be drawn). This suggeststhat developing effective ways of dealing with informal values can be a worthwhileexercise. Substantial and useful knowledge bases can be built that contain largelyinformal knowledge.¥As would be intuitively expected, values of statements about main subjects wereconsidered more important than values of statements about metaconcepts; althoughmetaconcept values were important to some.¥Graph layouts and dimension labels, features supported strongly in CODE4, wereconsidered moderately important. Among knowledge bases, however, these featuresvaried a lot in importance.

70 According to pairwise t-tests.

144GroupA s p e c t MeanMaxMinStd. DevResponsesAThe names given to main subjects9.31071.021The names given to properties9.11061.621The structure of the inheritance hierarchy9.11051.521BThe structure of the property hierarchy8.01002.521CValues of statements about main subjects7.51003.221Informal values as carefully thought-out natural lan-guage expressions or sentences7.21032.821Informal values that are commentary and descriptive7.21013.221DThe layout of graphs5.91003.621The dimension labels5.61004.021EValues of statements about metaconcepts4.71003.921The structure of other relation graphs4.51003.521Formal values4.11003.721The order of subproperties in a property hierarchy3.6903.521FThe order of subconcepts in an inheritance hierarchy2.8903.421Figure 6.3: Aspects of a knowledge bases that convey its content. For each knowledgebase, each aspect was ranked by the participants on a scale where 0 means unimportantand 10 means essential. The horizontal lines distinguish groups of aspects that areindependently comparable with other groups, as shown in figure 6.4FEDCBA�B�C�D�Figure 6.4: Significant differences among groups of knowledge-conveying aspects. The xand y axes indicate groups of content-conveying aspects from figure 6.6. Wherever acheck mark appears, users believed that row aspects were significantly more importantthan column aspects. Significance was determined using t-tests.How useful were the particular knowledge representation features?Users were asked how useful they perceived various knowledge representation features tohave been in their work. This set of questions differs from the last set in the followingways:¥The previous set of questions ask about specific knowledge bases, whereas thesequestions ask for overall impressions of users. The sample sizes are thus smaller.¥These questions ask about features in more detail than the previous ones. The result isthat fewer users were able to answer any given question.

145¥These questions ask about usefulness in general, whereas the previous ones focussed onhow information content was conveyed. These questions use a scale where -5 indicatesthat the feature was harmful to their work (i.e. negatively useful), 0 indicates that thefeature is of no use, and +5 indicates that the feature is very useful. The previousquestions on the other hand, had just required responses on a scale of zero to 10.Complete statistics for this set of questions is found in appendix A2. The following aresome comments:¥Inheritance and multiple inheritance were judged more important than any other feature,and were classed as �essential�. This corroborates the conclusion (from the questionsabout information content) that the inheritance hierarchy is of paramount importance.¥Significantly less important, statistically speaking, was the property hierarchy, however ittoo was judged very close to essential.¥The next most important feature was multiple parents in the property hierarchy, howeverno conclusion can be drawn about whether it is in fact more important than the twelvefeatures that follow it in the ranking. Despite this, the emphasis CODE4 places on theproperty hierarchy appears to correspond with users� needs.¥A large number of features were ranked close together and no conclusions can be drawnabout the exact order. In this group are formal and informal values (formal values areranked marginally higher than informal ones, contrary to findings discussed earlier, butnot significantly higher).¥Ranked close together at a moderate level of importance were several features associatedwith naming (synonyms, unrestricted syntax for names, and treating terms as concepts).However the feature of CODE4 that results in automatic default naming was ranked farlower (close to �unimportant�). The latter might be because users almost always name aconcept as soon as they create it, so they consider the default name of little use.However, generating a default name permits the interface to be non-modal (this wasranked highly in a question discussed in the next subsection).¥Although no features were given an overall assessment of �harmful� (i.e. negativelyuseful), three features were given such an assessment by individual users. These wereautomatic combination under multiple inheritance, treating facets as properties andautomatic default naming.How useful were particular user interface features?In a similar manner to the questions about knowledge representation features, users wereasked a series of questions about user interface features. They used the same scale as theabove (where -5 means harmful and 5 means essential).Most of the features about which questions were asked are either novel in CODE4 or areemphasised far more in CODE4 than in other knowledge management technology.

146Complete statistics are in part 3 of appendix A; the following are some specificobservations:¥Four features were ranked as close to essential and were significantly more importantthan most of the others. Foremost of these was the outline mediating representation.Close behind this was: a) dynamic updating of windows, b) direct typing to change aname and c) the graphical mediating representation.¥Ranking significantly behind the above four, but still �very important� were the ability tosave multiple graph layouts, the control panel and the ability to make multiple selections.These features are not �new ideas�, but their inclusion appears to greatly enhance thesystem.¥Avery large number of features were ranked indistinguishably close to each other as�important�. Examples are the non-modality of the interface, the matrix mediatingrepresentation, relation knowledge maps and features concerned with the mask.¥No features were ranked as �unimportant� or �harmful� but a few features were ranked asonly slightly useful. These included the ability to attach a graphical icon to a concept andthe ability to have multiple knowledge bases loaded at once. The latter feature was rankedas harmful by one user.Which mediating representation did users use most when enteringknowledge?For each knowledge base, users were asked to estimate how much of the knowledge wasentered using the four major mediating representations. In agreement with the abovegeneral questions, users reported using the outline representation far more than any other.The matrix representation was used relatively little, although it was developed after someusers had started their work. Also, it is not (yet) possible to start creating a knowledge baseusing a matrix window; it can only be used as a query mechanism or to fill in missingvalues.Figure 6.5 gives the data about mediating representation usage. The statistics for the �userlanguage� mediating representation and the outline representation are likely to be too lowand high respectively. This is because many users are not aware that the user languagerepresentation is considered distinct from the outline representation (the former, which isused only for entering a single property value, is usually associated with an outline but canbe associated with a graph).

147Mediating RepresentationMeanM a x M i n Std. DevOutline64.41003022.8Graphical14.850018.7User language16.350016.7Matrix4.62006.1Figure 6.5: Amounts of knowledge entered using different mediating representations.What other information can be learned about formality and informality inCODE4?One of the major tenets in the design of CODE4 was that users should be able to representknowledge both formally and informally. The following questions were designed to ascer-tain whether participants took advantage of this:Participants were asked to judge the degree of formality of their knowledge bases on a scalewhere 0 means completely informal and 10 means completely formal. The mean responsewas 4.8 with a standard deviation of 2.7. Responses ranged from 0 to 9 for the 24 knowl-edge bases from which responses were received. Interestingly, individual participants gavevery different responses for different knowledge bases they created. It thus appears thatinformality and formality are both necessary, although as was discussed above, users feelthe informal aspects might convey more knowledge.Participants were also asked to indicate how rapidly they would represent an idea when itoccurred to them. The principle here is that informal capabilities should allow users torapidly record their thoughts, if they so wish. The scale used was as follows: 0 means thatthey would represent the idea immediately and later on worry about whether it was correct;and 10 means that they would never represent the idea until they were absolutely sure theycould do it correctly. The mean response was 4.2, with a range of 0 to 8 and a standard de-viation of 2.4. Being in the middle of the range, this suggests that users need both facilitiesto rapidly enter ideas, and also facilities to rapidly help them decide whether they shouldenter an idea.6 . 3 . 3 Tasks performed during knowledge managementUsers were asked several questions pertaining to the tasks or activities they perform whiledoing knowledge management. The objective of asking these questions was to ascertainwhether the features provided in CODE4 are likely to be solving the most prevalentproblems or not.

148How difficult do users find various knowledge management tasks?For each knowledge base, users were asked how difficult various tasks were to perform.Difficulty was ranked on a scale where zero indicates extremely easy and ten indicatesextremely difficult.The data is shown in figures 6.6 and 6.7. Figure 6.6 orders tasks by mean. Figure 6.7shows which groups of tasks were significantly more difficult than others. The followingare general observations:¥None of the tasks was judged to be extremely difficult; most of the tasks were closer to�easy� than to �difficult�. This suggests that CODE4 is helping users.¥The only possible exception was �Determining whether a part of the knowledge base iscorrect, coherent and consistent�. This task was judged significantly more difficult thanalmost all others. This suggests the need for more facilities to provide feedback.¥Judged to be less difficult than the above, but still moderately difficult, were two�understanding� tasks: understanding the domain, and understanding CODE4�s errormessages. The latter again suggests that better feedback facilities are needed.¥Several tasks related to specifying properties are rated moderate (neither easy nor verydifficult). These tasks include naming a property, dealing with several properties thathave the same name, determining the most general subject for a property, determiningwhether a property is already present or not, and moving a property to a new mostgeneral subject. This suggests that a �property assistant� tool would prove useful.¥Tasks that are largely mechanical in nature were judged reasonably easy by theparticipants. Such tasks included reparenting and setting up windows.¥Two tasks were judged significantly easier than the others: These were finding a mainsubject that already exists and understanding the effects of inheritance. This helps showthat CODE4�s querying and display capabilities are effective.

149GroupKnowledge management taskMeanMaxMinStd. DevResponsesADetermining whether a part of the knowledge base iscorrect, coherent and consistent5.81022.423BUnderstanding the subject matter being entered intothe knowledge base5.21003.223Understanding what is the problem when the systemdoes not permit a command5.11003.223CNaming a property4.3802.923Determining the interrelationships among a particu-lar set of concepts4.2912.519DDetermining whether a part of the knowledge base iscomplete enough4.2812.920Dealing with the situation where there are severalproperties with the same name which should reallyhave been the same property4.2902.920EFiguring out where to put a concept in the inheritancehierarchy4.1812.223Figuring out the most general subject for a property4921.823FSpecifying a special relationship (e.g. part-of) be-tween concepts3.8902.922GDetermining whether a property is important enoughto add3.6812.023Determining whether a property exists already or not3.3812.122Changing a character string (possibly in manyplaces)3.31003.323HDetermining whether a concept is important enoughto add3.2811.823HFilling in a value, in general3.11002.123IMoving a property to a new most general subject3.1903.522HFiguring out where to put a property in the propertyhierarchy3.1711.923IReparenting a property3.1903.520IReparenting a concept3.0903.221HDetermining on what statement to put a value3.0702.021HSetting up windows to show the knowledge in whichyou are interested2.81002.823INaming a main subject2.7702.623IFinding a property that already exists in the knowl-edge base2.6712.121JFinding a main subject that already exists in theknowledge base1.9701.721Understanding how inherited values get their content1.8902.323Figure 6.6: Users� perceptions of the difficulty of tasks. For each knowledge base, eachtask was ranked by the participants on a scale where 0 means extremely easy and 10means extremely difficult. The horizontal lines distinguish groups of tasks that areindependently comparable with other groups, as shown in figure 6.7. Groups H and Icould not be separated by a unique line.

150JIHGFEDCA�B�C�D�E�F�G�H�I�Figure 6.7: Significant differences among groups of knowledge management tasks. The xand y axes indicate groups of knowledge management tasks from figure 6.6. Wherever acheck mark appears, users believed that row tasks were significantly more difficult thancolumn tasks. Significance was determined using t-tests.How difficult were naming tasks?Users were asked what percentage of main subjects or properties did not have standardizedterms; i.e. they had trouble putting a term on a concept, deciding if two terms had the samemeaning or even what a term meant. The mean response was 29% (range 10% to 90%;standard deviation 22%). This indicates naming is not a straightforward task, and justifiesCODE4�s attempts to provide better facilities to handle names.As figure 6.6 shows, users found naming properties to be significantly more difficult thannaming main subjects.Users were also asked what percentage of main subjects and properties had a name that theparticipant invented, as opposed to one that might be found in an ordinary dictionary ortechnical glossary. The mean was 17% (range 0% to 70%; standard deviation 18%).6 . 3 . 4 General benefits of CODE4How much insight into the domain did participants obtain?In almost all instances, the participants report that they obtained substantial insight aboutthe subject matter when using CODE4. On a scale where 0 indicated that constructing theknowledge base resulted in no new insights and 10 indicated that many new insights wereobtained, the mean response was 7.1 (range 2 to 10; std. dev. = 2.6).Was creating the knowledge base a worthwhile exercise?Users were asked, for each knowledge base, whether creating it was a worthwhileexercise. Answers were put on a scale where -5 meant �strongly disagree�, 0 meant �noopinion� and 5 meant �strongly agree�.

151The mean response was 4.2 (range 0 to 5; std. dev. 1.5), indicating a reasonably highfeeling that using CODE4 was worthwhile. Users however gave significantly differentanswers for different knowledge bases: As would be expected, those knowledge basesused for serious research were judged more worthwhile.How do users find CODE4�s capabilities compare with those of other rep-resentations and tools?For each knowledge base they developed, each participant was asked to compare CODE4with other representational technologies with which he or she was familiar.The question posed was: �How easily could you have represented the same knowledgeusing the following types of software or representation methods?�. The answers wereplaced on a scale where -5 meant that the knowledge could have been represented muchmore easily using the alternate technology than using CODE4; zero meant that CODE4equalled the technology in representational ease, and 5 meant that using the alternatetechnology instead of CODE4 would have resulted in much more difficulty (i.e. thatCODE4 was much better for the task than the alternative technology would have been be).In all cases, the mean rating indicates CODE4 is easier for the task than alternatetechnologies. Figure 6.8 summarizes the results and figure 6.9 shows a plot of the results.In particular it is notable that CODE4 was perceived as easier to use than both informalrepresentation techniques (e.g. natural language) and formal representation techniques (e.g.predicate calculus and conceptual graphs). Hypertext is CODE4�s only significantcompetition: One user ranked hypertext as far easier than CODE4, but on average, usersstill found hypertext a bit harder to use for knowledge management.TechnologyMeanM a x M i n Std.DevResponses( K B s ) Spreadsheet4 . 2 521 . 2 1 7 Drawing program3 . 9 521 . 2 1 7 Relational database3 . 0 511 . 6 1 5 Natural language (word processor)3 . 0 501 . 7 2 0 Outline processor2 . 9 401 . 5 7Hypertext1 . 0 5- 5 2 . 4 1 1 Predicate calculus4 . 6 511 . 1 1 4 Prolog4 . 4 511 . 2 1 1 Other AI tools (any the user hadused; e.g. expert system shells)3 . 9 5- 1 2 . 0 8Conceptual graphs3 . 3 5- 1 2 . 0 1 2 Figure 6.8: Perceived ease of use of representational technologies. larger numbers indicatethat the technology is perceived as being more difficult to use for the kind of repre-sentational tasks studied. CODE4 (the baseline for comparison) is zero. A negative num-ber would indicate that the technology is perceived as easier than CODE4. There are nonegative means; only a few individual negative values.

152 012345Spread- sheetDrawing programRel- ational databaseNatural languageOutline pro- cessorHyper-textPredicate calculusPrologOther AI toolsCon-ceptual graphsFigure 6.9: Histogram of perceived ease of use (see data in figure 6.8). The technologieson the right are those from the field of artificial intelligence.6 . 3 . 5 Analysing the knowledge bases created by participantsThe knowledge bases created by the participants can be analysed by measuring variousattributes. Figure 6.10 shows counts of the various classes of concepts in CODE4knowledge bases. Figure 6.1 shows measures using the various metrics proposed inchapter five.Class of conceptTotalMeanMinimumMaximumSt. Dev.Types (includes 4 primitives each)2311963128860User instances182805516Properties (inc. 32 primitives each)37441555239760Statements7399308341614355Terms636226593739168Metaconcepts209908020All concepts: MALLC202078422242825612Main subjects: MMSUBJ2177912127861˚˚ Statements per main subject2.450.678.241.61˚˚ Terms per main subject1.031.001.200.05Figure 6.10: Counts of classes of concepts created by participantsThe following are some general observations arising from the measurements:¥The total number of concepts and main subjects confirms that substantial work has beendone using CODE4. The size of the larger knowledge bases confirms that some of thework was serious in nature.

153¥The measured formality of the knowledge bases differed substantially from the estimatesof users. Whereas users considered their knowledge bases to be 48% formal, MSFORMindicates that the knowledge bases were only 16% formal on average. The coefficient oflinear correlation between measured and estimated formality was 0.52. This indicates thatusers can recognize formality but they cannot quantify it well.¥The data confirm that users did make use of such features as independent metaconceptsand terms.6 . 4 SummaryThe features CODE4 provides have been used by a significant number of users and haveenabled the production of a significant number of useful knowledge bases. Most users arehappy with the system and use it productively. Most of the features appear to be importantbecause the removal of any individual one would significantly impact either individual pro-ductivity or the ability of the system to be adapted to specific needs. The evaluation pro-vided in this chapter can guide the development of future knowledge management technol-ogy.Readers should note, however, that the evaluation is constrained in several ways that limitthe generality of any conclusions. In particular, although a variety of users was involved,they were mostly students. Also the only tool tested was CODE4, and it cannot beguaranteed that favourable results with this tool will necessarily extend to other tools.The following summarizes the results of evaluating important features. More discussion ofthe contribution of features can be found in section 7.2. It is important to note that manyfeatures of CODE4 are interdependent. For example, users did not directly judge the uni-formity of concepts to be important; they nevertheless found facilities to deal with terms,metaconcepts and properties to be useful. Treating concepts uniformly allows the latter tobe designed more easily; such treatment also facilitates browsing and other useful capabili-ties. Similar dependences exist that justify the inclusion of such features as multiple selec-tions and knowledge maps.¥Features for dealing with the inheritance hierarchy: Users judged the inheri-tance hierarchy to be one of the most generally important features and to convey much ofthe knowledge in their knowledge bases. While this is not unexpected, it suggests thatknowledge management systems must provide effective facilities, like CODE4�s outlinemediating representation, for rapid manipulation of this hierarchy.¥The property hierarchy and features for dealing with it: Users found theseboth generally important and useful in conveying knowledge.¥Features for dealing with terms and naming: Users found names of propertiesand main subjects to be very important in conveying meaning. They also found naming to

154be intrinsically difficult since they had to frequently invent names or choose among sev-eral alternatives.¥Features for handling informality: Users judged that informality was important inconveying much of the knowledge. The actual percentage of informality in the knowledgebases indicates that these features are important.¥The non-modality of the interface and dynamic updating: These features wererated important by users.¥Mediating representations: Users rated all three major mediating representations asuseful, particularly outlines. They considered the ability to save graph formats to beimportant.¥The mask: Users found the mask to be useful. They also indicated that finding con-cepts, a task frequently performed using the mask, was one of the easiest tasks to per-form.The following needs were identified during the evaluation. These points are discussedfurther in the future work section of the next chapter (section 7.3).¥Tools to help specify properties: Users found naming properties to be particularlydifficult. They also found manipulating them to be difficult and in need of support.¥Tools to assist with analysis: Since users reported that one of their most difficultproblems was evaluating correctness and coherence of the knowledge base, there is anobvious need for analysis tools. The metrics, which were unavailable to users when theycreated their knowledge bases, might help in this process.¥Improved facilities for feedback: Users found that understanding CODE4�s errormessages was one of the most difficult tasks.The following are some points from the evaluation that show that, overall, CODE4 is avaluable tool:¥Users regarded developing their knowledge bases as a worthwhile exercise.¥Users used CODE4 repeatedly and produced significant knowledge bases with it.¥Users judged CODE4 to be easier to use than other tools for knowledge management.

155Chapter 7Contributions and Future Work7 . 1 General summary of the researchThe goal of this research has been to develop practical techniques for knowledge manage-ment; i.e. the process of acquiring, representing storing and manipulating complex patternsof concepts and their interrelationships. To be practical, a knowledge management systemought to be usable in a variety of non-computer tasks (see section 1.3) by people with littlecomputer background; however it should also have sophisticated features for the expert.As the first stage of the research a set of problems were identified (section 1.4). These werefound to exist in a variety of existing technologies that can be used for knowledge man-agement. Some of the problems appear intrinsic to knowledge management while othersappear due to inadequate tools.Many of the ideas developed to assist knowledge management can be described as capabili-ties or techniques the user can employ to better organize knowledge. Some of theseorganizing techniques fall into the domain of abstract knowledge representation (chapter 3),while others fall into the domain of user interface (chapter 4).To serve as a testbed for the knowledge organization techniques (and indeed, to helpdevelop those ideas themselves) a large knowledge management system called CODE4 wasdeveloped. The discussions in chapters 3 and 4 focus on how CODE4 and its abstractknowledge representation CODE4-KR implement the organizing techniques. In addition, aset of metrics was developed to help analyse knowledge bases.To assess the research, a study was made of the use of CODE4 by about twenty users overthree years. The study concludes that the features built into CODE4 combine to makeknowledge management more productive.7 . 2 Contributions of this researchThis section lists those ideas developed in this research which are believed to contribute to ageneral understanding of how to create a practical knowledge management system. Someideas are novel while others represent improvements of existing ideas or else newapplications of old ideas.

156The most significant contribution is the synthesis of alarge number of these ideas in onesystem.Most of the contributions can be thought of as techniques for better organizing knowledge,both in the knowledge representation as well as in how the knowledge is presented to theuser through the user interface. The degree to which the contributions solve problems isindicated in figure 7.1.7 . 2 . 1 Contributions to knowledge representationThe following are some ways in which CODE4-KR contributes to knowledgerepresentation. In addition to these features, CODE4-KR has several others, such as itstreatment of informal values, that are less novel but that combine with these in useful ways.a) The uniformity with which concepts are treated: In other systems fewer thingsare generally called concepts, whereas in this research an effort has been made to call anyunit of representation a concept. The result of the uniform treatment is that a common setof operations can be applied to all such units. This research contributes a usefultaxonomy of classes of concept. While other approaches, such as Cyc, have a moreuniform treatment of knowledge representation units than is traditional in artificialintelligence, CODE4 apparently takes concept uniformity further than any other tool.b) The separation of terms from the concepts they stand for: Making termsconcepts in their own right permits effective representation of linguistic knowledge. Italso allows for the easy handling of synonyms, multiple natural languages, homonymsetc. This is believed to be novel in a knowledge management tool.c) The separation of metaconcepts from the concepts they represent: Thisclarifies an important distinction and reduces representational errors. Although the idea ofmetaconcepts is not new, certain details are: For example: 1) the assumption of theexistence of a metaconcept for every concept, and 2) the attachment of all non-inheritingproperties to metaconcepts.d) The treatment of statements as concepts: This apparently novel idea improvesthe uniformity of the knowledge representation. It means for example that the arcs orindentations shown in a mediating representation, which correspond to statements, can bequeried to find their properties.e) The property and statement hierarchies: These are techniques for organizingknowledge that users have found useful. Other systems have hierarchies of slots, but theidea of a global hierarchy and subhierarchies for each subject is believed to be novel.f) Accessing knowledge using constructors and navigators: This approach to atext based language for knowledge exchange, while running counter to the trend towards�declarativeness�, helps achieve compactness as well as integration with user interfacecommands that operate on knowledge.

157g) Informal and formal knowledge representation: CODE4 nearly seamlesslyallows both formal and informal aspects of knowledge to be managed.7 . 2 . 2 Contributions to user interfaces for knowledge managementEach of the following contributions is relatively small in its own right. However when thecontributions are combined, the �emergent� abilities of the resulting system are very usefulto the user. For example a matrix browser can be controlled both by masks and bybrowsers higher in a chain; which in turn are affected by various selection capabilities, bytheir own masks and perhaps by the updating of the knowledge base in yet anotherbrowser.h) Rapid, easy browsing of knowledge bases using hierarchies of browsers:Users have found it useful to be able to look at large collection of concepts organizedaccording to some criteria, and then to be able to switch criteria and study the effect of theswitch. This �high-bandwidth browsing� is a feature that other tools for knowledgemanagement appear not to support.i) Interchangeable mediating representations: Providing similar commands andinteraction mechanisms in each mediating representation reduces complexity for the user.In most tools with multiple mediating representations, each presents a different interfaceto the user.j) The matrix mediating representation: Matrices to view knowledge are found else-where, such as in spreadsheets. New ideas, however, can be found in the details such asthe operators available to select which sets of properties or main subjects are shown.k) Knowledge maps to control user interface displays: By creating an abstractionthat defines the kind of knowledge to be displayed in a mediating representation, asignificant degree of flexibility is added to the system.l) The use of masks to control visibility and highlighting: A contribution of thisresearch is the use of masks as a flexible mechanism to allow database-like queries,focussing of the display and highlighting of concepts of interest.m) The ability to store and recall multiple graph layouts: Users have found thatthe way they arrange their knowledge is, to them, a kind of latent knowledge. Being ableto automatically store this knowledge, in the same format as other knowledge, appears tobe a new idea.n) The ability to display arbitrary relation graphs: While drawing semantic nets isan old idea, this research contributes by showing the benefit of being able to dynamicallyalter both the set of concepts displayed and the set of relations.o) The variety of ways of selecting concepts: Sets of concepts to be operated oncan be chosen in numerous ways including using masks, using various combinations ofkeys or using simple regular expressions. Having these mechanisms available greatly

158facilitates the knowledge management task. All these mechanisms are generally notavailable in other systems.p) The variety of editing techniques: Links can be made between concepts by directmanipulation in the various mediating representations, by cutting and pasting or by typingconcept names. This flexibility helps in the editing task.7 . 2 . 3 Other general contributionsq) Allowing multiple knowledge bases to be loaded at once: Most knowledgebased systems allow a single knowledge base to be loaded, or allow partitioning of aknowledge base into subhierarchies. Allowing several independent knowledge bases tobe simultaneously loaded (even several copies of the same knowledge base) allows theuser to rapidly switch among various ongoing tasks and to compare and copy portions ofknowledge bases.r) Measuring knowledge bases: Being able to analyse the quality or complexity of aknowledge base is a new idea introduced in this research.7 . 2 . 4 Problems addressed by the researchSection 1.4 listed a series of problems users have while managing knowledge. Thefollowing subsections summarize how CODE4 addresses some of these problems. CODE4contributes most by the solutions it presents to problems I-1 (categorizing), I-2 (naming),I-5 (extracting) and A-2 (the expert user restriction).Problem I-1: CategorizingCODE4�s three main mediating representations help with this problem. The outlinerepresentation allows users to rapidly rearrange concepts in simple indented lists, while thegraphical representation allows for a two-dimensional view. The matrix representationhelps users to understand existing categorizations and to decide on appropriate distinctions.The property and statement hierarchies help users with the organization of categorizationcriteria. The dimensions and disjointness facilities help fine tune categorization decisions.The fact that commands and operations are similar among mediating representations helpsreduce the cognitive overhead associated with performing categorization. Mask facilitiesassist similarly by helping users identify concepts by content and by helping them narrowthe scope of their work.Problem I-2: Naming thingsThree of CODE4�s abilities allow users to use natural names for concepts, reducing theneed for them to invent artificial ones: a) The handling of synonyms; b) allowing severalconcepts to have the same name, and c) the ability to accept any character string as a name.

159Problem:I-1I-2I-3I-4I-5I-6A-1A-2A-3A-4OverallCateg-oriz-ationNam-ingDist-ingu-ishingUnder-stand-ingExt-ractingHand-lingerrorsSpecial-purposeExpert-onlyLargesizeSingleusercontrib-utionKNOWLEDGE REPRESENTATION (section 7.2.1)a) Uniform treatment ofconcepts*****8b) Separate terms*******9c) Separate metaconcepts******8d) Statements as concepts**7e) Property and statementhierarchies*****9f) Constructors & navig-ators/ Knowledge server***5g) Formal and informalknowledge*******6USER INTERFACE (Section 7.2.2)h) Hierarchies of dynamicbrowsers*********7i) Interchangeable mediatingrepresentations***********8j) Matrix mediatingrepresentations************8k) Knowledge maps*******9l) Masks************8m) Graph layouts asknowledge*****8n) Arbitrary relation graphs******7o) Multiple ways ofselecting concepts******5p) Variety of editingtechniques*****5OTHER CONTRIBUTIONS (section 7.2.3)q) Multiple loaded KBs***8r) Metrics***8Overall contributionof the thesis8876758631Figure 7.1: How contributions of this thesis solve knowledge management problems.Rows represent the contributions discussed in section 7.2. Columns represent problemspresented in section 1.4. Two asterisks indicate a significant contribution to theproblem�s solution. One asterisk indicates a weaker contribution. The rightmost columnplaces the contributions on a scale of 0 to 10, where 10 is most significant. Factorsdetermining significance are both novelty and impact. The bottom row uses a 0 to 10scale to indicate the the relative contribution of CODE4 to the problem�s solution, where0 is no contribution and 10 is very strong. All entries are the authors� opinion.

160The fact that CODE4 does not use the names of concepts as internal identifiers allows usersto freely change a name if they find a better one, and not to worry about getting the nameright in the first place. Several other features allow CODE4 users not to depend on accuratenaming in the initial stages of knowledge base developing: a) The fact that concepts areautomatically given names that are reasonably sensible by looking at the names of theirsuperconcepts; b) the fact that concepts are almost always entered in an outline or graphicalstructure so that the user can identify them by their visual placement, and c) the fact thatconcepts can be readily identified by content, using the highlighting mask.Yet another way in which CODE4 helps in naming is its treatment of terms as full-fledgedconcepts. This allows users to focus on linguistic issues at a very detailed level.Problem I-3: Making distinctionsCODE4 allows properties to be attached to any concept, and includes terms, metaconceptsand statements among the things it treats as concepts. This means that the user can easilyrecord fine details in knowledge, and is not forced to commingle properties of what shouldbe different concepts (e.g. to mix regular inheriting properties with noninheritingmetaconcept properties). The fact that graph layouts and informal values are stored in thesame manner as other knowledge also helps in this regard.The matrix mediating representation also helps in making distinctions by highlighting caseswhere inadequate distinctions have been made.Problem I-4: Understanding effectsAttaching non-inheriting properties to metaconcepts, and having a strict rule for inheritance,simplify the user�s understanding the effects of inheritance. The ability to display largeamounts of knowledge in various windows and in various formats helps users visualize theeffects of their actions. Due to automatic updating of windows, the effects of changes arealways visible.Problem I-5: Extracting knowledgeThe mask, chained browsers and the matrix mediating representation are the main facilitiesby which CODE4 helps users extract knowledge. CODE4 emphasizes the presentation ofknowledge so that the user can easily extract facts from what is displayed; rather thanrequiring the user to specify a query in some artificial language.Problem I-6: Handling errorsMask facilities help users detect incompleteness and some inconsistencies. The matrixmediating representation, and the ability to display multiple windows containing relatedknowledge, help the user visually scan for inconsistencies. Various metrics discussed in

161chapter 5 can help users identify excessive complexity or incompleteness in knowledgebases.Features such as informal values and value combination allow the user to temporarily livewith inconsistencies until appropriate resolutions can be found. Thus the user can follow anincremental approach to knowledge base development.Problem A-1: Special purpose restrictionCODE4 is not restricted to any particular domain; in a wide variety of domains there is theneed to represent concepts and their properties and to carefully specify arbitrary relations.Problem A-2: The expert user restrictionA number of features are very usable by novices. Foremost of these are the simple-to-usemediating representations wherein the user can sketch hierarchies and arbitrary graphs withno need to understand details of the knowledge representation. Asecond key feature is theability to enter informal text in any facet value, resulting in the ability of the user to set theirown standards and not be tied down to a sophisticated syntax.Problem A-3: The small knowledge base restrictionCODE4 has been used to create medium-sized serious knowledge bases. The fact thatCODE4�s user interface allows the user to focus on a particular aspect of a knowledge basehelps in this regard.Problem A-4: The single-user restrictionAlthough CODE4 remains largely a single-user environment when it comes to editing, theknowledge server capability and the world-wide-web interface allow large numbers ofusers to simultaneously query a knowledge base.CODE4�s ability to manage multiple knowledge bases at once, and its ability to split andmerge knowledge bases have helped in team-oriented development.7 . 3 Future ResearchThis section summarizes ideas for potential future work. This list does not include minorimprovements or cosmetic changes that are in the �to do� list for CODE4. Also omitted arevarious planned internal design changes (e.g. to improve maintainability of the system).

1627 . 3 . 1 Future work on user interfaces for knowledge managementsystems.¥Improve feedback panel facilities: The current feedback panel (section 4.4.2)provides rudimentary information when a user executes a command. The following aresome necessary enhancements:a)A multi-level undo capability. This would require defining an inverse operation forevery knowledge base editing operation.b)Active suggestions when certain changes are made. For example when a user addsa property where there already exists a property with that name, a non-modalwarning should be displayed. This could be expanded into a general �propertymanager� capability.c)More useful suggestions when a user performs an �illegal� action. Ideally the usershould be given a non-modal list of possible alternative actions that might be taken— now this only occurs for a few commands. Generally, the problem is describedto the user in terse wording that can be hard to understand; and the user must inferthe corrective action to take before completing the command.¥Improve facilities for users to manipulate the look of concepts and thelayout of mediating representations: Currently users can specify the layout of agraph and can set a number of �format� parameters in any mediating representation. Thegraph layout is the only aspect of the �look� that is actually stored as knowledge (i.e asthe values of a certain metaconcept property). Also, the format parameters apply to anentire window. What users need are: 1) to be able to manipulate the fonts, colours, boxshapes etc. of individual concepts; and 2) to be able to treat this information asknowledge.¥Make the outline and graphical mediating representations have more of thefeatures of outline processors: Abilities such as dragging and dropping of subhier-archies to reparent them would be very useful; some gesture would have to be found todistinguish this from mere visual reordering.¥Improve graph layout algorithms: The interactions among multiple graph struc-tures, masking and dynamic updating cause a high level of complexity in the automaticlayout algorithms. These algorithms need analysing and improving.¥Enhance the matrix mediating representation so users can actively addconcepts and properties: Currently only cells can be edited.¥ Allow users to load and save various configurations of windows andmasks: Users need to be able to save and restore various screen layouts, and other ses-sion parameters. They also need to be able to maintain a library of masks.7 . 3 . 2 Future work in knowledge representation¥Make a distinction between words and terms: Currently there is a one-to-onemapping between character strings used to name concepts and term concepts. Every newstring entered as a name results in the creation of a new term (although terms can stand

163for multiple other concepts). However it becomes difficult to attach such properties aspart of speech to such concepts because a given character string may be used as sev-eral different parts of speech. The solution is to add an extra class of concept called�word�. There would be a one-to-one mapping between character-strings and words, aone-to-many mapping between words and terms (i.e. senses of the word), and a many-to-one mapping between terms and other concepts.¥Implement additional classes of dependent concepts as well as inverseproperties, sets and value-dependent subproperties: These features need to beimplemented as described in this thesis.¥Improve the delegation mechanism: This mechanism could be made to work simi-larly to the formula mechanism in spreadsheets. As in spreadsheets, references could berelative (to the current subject and/or property) or absolute (to a particular concept).¥Improve capabilities to deal with the ClearTalk language: Provide fuller pars-ing capabilities for a restricted version of English that would be intermediate betweenformal concept references and informal text.¥ Provide explicit support for rules and constraints: Currently this knowledge isentered informally. While most users have not found this a serious hindrance, it doespreclude automatic checking mechanisms and executable user rules.¥Implement checking for type consistency over inheritance: Currently if a nec-essary property has one value for a particular subject, it is not constrained to have a nar-rower value for a subconcept of that subject. While users should continue to be able toinformally override such constraints, a checking capability should be added so the usercan find inconsistencies on demand.¥˚Provide a capability to store knowledge about the knowledge base as awhole: Currently this can only be done by adding a user concept to represent theknowledge base. Aprimitive mechanism is needed so that knowledge bases can beindexed.¥Implement capabilities to track updaters of the knowledge base: Currentlythere are primitive properties for this purpose, but they are never used.¥Generate dimensions automatically. This can be done by finding statements thatare �definitional�; i.e. necessary and sufficient ones; those that state the reason why theconcept exists at all. Afacet could be used to declare a statement definitional. Forexample, if the the statement about age were declared definitional for the concept child,then the dimension �by age� could be generated automatically. Adistinction betweendefinitional and assertional statements is fundamental in some KR systems like KM, butit has been found that the types of users interested in CODE4-KR rarely care aboutprecise definitions, they are more interested in describing as much about a concept as theycan.

164¥Divide subconcepts into value-dependent subproperties. Rather than having aproperty called kinds whose statements are purely textual, a useful extension would beto consider the various kinds as subproperties of the subconcepts property. Ageneralization of the value-dependent substatements mechanism would be needed. 7.3.3Future work on CODE4 in general¥Controlled experiments to prove the efficacy of features: CODE4 has toomany features to individually test, however given a large enough pool of participants itwould be useful to perform an experiment of the following kind on certain key features:Give a control group the system and have them build a significant number of knowledgebases. Have the test group create knowledge bases using a version of the system thatlacks a certain feature. Then compare the time spent, quality of the knowledge basesproduced etc. Unfortunately this kind of experiment would require a significant amountof money to properly execute. This is because, to obtain comparable results, participantswould have to spend tens of hours and build knowledge bases on the same topics asother participants. Because finding volunteers to do this has proved difficult, participantswould probably have to be paid.¥Enhance knowledge-server capabilities: The objective would be to permit�groupware� use of CODE4, wherein several users, using separate CODE4 systems, candynamically interact with the same knowledge base under the control of a master CODE4server.¥Enhance the saving and loading mechanism: This currently operates on a wholeknowledge base at a time. The objective would be to make it incrementally save and loadat a much finer grain, even down to the statement level. This would lift the cap onknowledge base size, which currently is the amount of available virtual memory. It wouldalso ease multi-user development of knowledge bases.7 . 3 . 4 Future work involving metricsThe metrics presented in this research are preliminary ideas. The following suggests linesof future research:¥Further develop the complexity metrics. Anumber of additional complexity met-rics could be devised, and some of the existing ones could be enhanced:a)The complexity of the property hierarchy should be measured in a similar mannerto MISA.b)The complexity of graphs computable by following formal links should be mea-sured (e.g. part-of hierarchies, dependency graphs etc.)c)The use of dimensions and disjointness should be factored into the computation ofMISA.

165d)Additional balance metrics could be developed — for example to measure howcomplexity differs in different parts of the inheritance hierarchy or property hierar-chy.¥Test users� perceptions of the metrics: The metrics should be evaluated and ad-justed so as to better correspond with subjective phenomena. Participants who areCODE4 experts should be presented with a series of knowledge bases, and should beasked to give estimates for various types of complexity, as well as overall complexity andpure complexity. Next, various formulas and weightings should be adjusted to minimizethe difference between the metrics and participants� estimates. After this, a further exper-iment should be run to verify that the adjusted formulae yield useful measurements (theparticipants could be divided into a �training set� and �test set�).¥Adjust MOCPLX so that it has more meaning: In a similar manner to the above, theformula for overall complexity could be adjusted so that it becomes a better predictor oftime to create a knowledge base. The idea would be to make MOCPLX more analogous tofunction points.7 . 4 ConclusionsKnowledge management systems can be made usable by people who are not trained incomputer science. This has been demonstrated by the development of CODE4 which hasattracted a supportive and on-going set of users. The following paragraphs discuss majorconclusions of this research; these are phrased as recommendations to the developers offuture systems — proposals for features which should all be synergistically combined. Itmust be borne in mind that these conclusions are limited to the context of concept-orientedknowledge management using a tool like CODE4. Such a tool would not be appropriate tomanage, for example, repetitive data (as in a database), bitmapped images or expert-systemrule bases — i.e. large numbers of instance concepts. However, it might be possible to use aknowledge management system to manage the types of these instance concepts.Future system developers should focus on enhancing the user�s ability to overcomeintrinsic difficulties such as categorizing and naming concepts. They should also recognizethat there is a large need for technology that can permit average people to manage concept-oriented knowledge. Cues should be taken from personal productivity software such asword processors and spreadsheets: The majority of the success of such tools comes from avery few fundamental ideas that help users, rather than from sophisticated formal represen-tations. Most of users� knowledge management work revolves around the manipulation ofhierarchies of named concepts and the attachment of properties to those concepts.A focus on knowledge organizing techniques has highlighted many areas where knowledgemanagement technology can be made more practical. Such techniques help with variousaspects of the handling of sets of concepts. In particular developers of knowledge

166management systems can better organize knowledge both at the abstract representation leveland at the user interface level.At the abstract representation level, major suggestions for future knowledge managementsystems are: 1) to treat terms, metaconcepts and statements as distinct classes of concepts;and 2) to organize properties and statements into hierarchies. Both of these suggestions canhelp users to more easily perform categorization and to make needed distinctions. Inparticular, it is important to ensure that the names of concepts can be readily changed, that aparticular name can be used for several concepts and that concepts can have more than onename.Another major suggestion is to allow for the integration of formal and informal knowledge.Formal knowledge is knowledge that is interconnected by networks of links, and informalknowledge is typically represented as uninterpreted character strings. Whereas muchexisting knowledge management technology focuses on managing the formal knowledge,users need equally effective ways to organize informal knowledge. Experience has shownthat most knowledge actually handled by users is informal and that users consider theirinformal knowledge to convey a large fraction of the content of the knowledge base.At the user interface level, the most important idea proposed is to create a �high-bandwidth�browsing environment using browser hierarchies, interchangeable mediating representa-tions, knowledge maps and masks. The objective of such an environment is to leverage thehuman brain to make inferences about knowledge, rather than relying on the machine tomake those inferences. Browser hierarchies can allow the user to rapidly navigateknowledge. Graphical and outline mediating representations can allow the user to visualizeand easily manipulate knowledge. Matrix mediating representations permit the user tocompare concepts and to find inconsistencies. Knowledge maps and masks work togetherso that the user can extract knowledge that fulfils certain criteria.Two other things are proposed as important user interface features of a knowledge man-agement system: 1) As is standard in personal productivity software, the user interfaceshould be as non-modal as possible; i.e. the number of prompts that have a limited numberof possible responses should be minimized so the user can rapidly switch tasks and remain�in control� of the interaction. 2) The ways the user embellishes graphical displays ofknowledge using particular layouts, colours, box shapes and fonts etc. all should berecognized as valid knowledge and should be stored in knowledge bases as is any otherknowledge. The principle here is that a knowledge base should be able to represent itsuser�s thoughts, and many users apparently use spatial and similar cues as part of theirrepresentation of conceptual structures.Afurther proposal is that future knowledge management systems support a number ofways of measuring knowledge. Possibilities include simple metrics for various types ofcomplexity and compound metrics that might help the user better understand the true size ofa knowledge base.

167Each of the above suggestion can prove useful in its own right, however the mostimportant conclusion of this research is the following: That it is only by the synthesis of thesuggestions into awell-designed system that users can be provided with atruly practicaltool for knowledge management. When the suggestions are integrated, the resulting wholehas many useful emergent properties.

168BibliographyAcker, L. (1992) Access Methods for Large, Multifunctional Knowledge Bases, TR AI92-183, PhD Thesis, University of Texas at Austin.Anjewierden, A. and J. Weilemaker (1992). �Shelley - Computer-Aided KnowledgeEngineering.� Knowledge Acquisition 4: 109-125.Barman, D. (1992). "Capturing Design Rationale with Semi-structured Hypertext".AAAI92 Workshop on Design Rationale Capture and Use, San Jose, 15-22.Berners-Lee, T., R. Cailliau, A. Luotonen, H. Neilsen and A. Secret (1994). �The World-Wide Web�. CACM 37(8) Aug 1994: 76-82.Boehm, B. W. (1981). Software Engineering Economics. Englewood Cliffs NJ: Prentice-Hall.Bowker, L. (1992) Guidelines for Handling Multidimensionality in aTerminologicalKnowledge Base, Master’s thesis, University of Ottawa.Bowker, L. and T. C. Lethbridge (1994). �Terminology and Faceted Classification:Applications Using CODE4�. Third International ISKO Conference, Copenhagen,200-207.Brachman, R., D. McGuiness, P. Patel-Schneider, L. Resnick and A. Borgida (1991)."Living with CLASSIC: When and How to Use a KL-ONE Like Language" inPrinciples of Semantic Networks. J. Sowa ed. San Mateo: Morgan Kaufmann: 401-456.Brachman, R. and J. Schmolze (1985). �An Overview of the KL ONE KnowledgeRepresentation Language.� Cognitive Science 9(2): 171-216.Bradshaw, J., J. Boose, D. Shema, D. Skuce and T. Lethbridge (1992). "Steps TowardSharable Ontologies for Design Rationale". AAAI-92 Design Rationale Capture andUse Workshop, San Jose, CA.Bradshaw, J., C. Chapman and K. Sullivan (1992). "An Application of DDucks to Bone-Marrow Transplant Patient Support". 1992 AAAI Spring Symposium on ArtificialIntelligence in Medicine, Stanford University, March.Bradshaw, J., P. Holm, O. Kipersztok and T. Nguyen (1992). "eQuality: AKnowledgeAcquisition Tool for Process Management". FLAIRS 92, Fort Lauderdale, Florida.Bradshaw, J. M. and J. H. Boose (1992) Mediating Representations for KnowledgeAcquisition, Internal Report, Boeing Computer Services, Seattle, Washington.Bradshaw, J. M., K. M. Ford, J. R. Adams-Webber and J. H. Boose (1993). "Beyondthe Repertory Grid: New Approaches to Constructivist Knowledge Acquisition ToolDevelopment" in.Knowledge Acquisition as Modeling. K. M. Ford and J. M.Bradshaw ed. New York: John Wiley. 287-333.

169Brooks, F. P. (1987). �No Silver Bullet — Essence and Accidents of SoftwareEngineering.� IEEE Computer, 20(4), April, 10-19.Conklin, J. (1987). �Hypertext: An Introduction and Survey.� IEEE Computer (September1987): 17-41.Dahlberg, I. (1993). "Faceted Classification and Terminology". TKE’93, Terminology andKnowledge Engineering, Frankfurt, Indeks Verlag: 225-234.Eck, K. (1993) Bringing Aristotle Into the Twentieth Century: Definition-Oriented ConceptAnalysis in a Terminological Knowledge Base, Master’s thesis, University of Ottawa.Eilerts, E. (1994) KnEd: An Interface for aFrame-Based Knowledge RepresentationSystem, Masters Thesis, University of Texas at Austin.Eriksson, H., Puerta, A., Musen, M. (1994). "Generation of Knowledge AcquisitionTools from Domain Ontologies". 8th Banff Knowledge Acquisition for Knowledge-based Systems Workshop, Banff, 7.1-7.20.Fensel, D. (1993) The Knowledge Acquisition and Representation Language KARL, PhDthesis, University of Karlsruhe.Ford, K. M., J. M. Bradshaw, J. R. Adams-Webber and N. M. Agnew (1993)."Knowledge Acquisition as a Constructive Modeling Activity." in.KnowledgeAcquisition as Modeling. K. M. Ford and J. M. Bradshaw ed. New York: JohnWiley. 9-32.Gaines, B. (1987). �An Overview of Knowledge Acquisition and Transfer.� InternationalJournal of Man-Machine Studies. 26: 453-472.GE (1993) OMTool User Guide, version 2.0, , General Electric Advanced ConceptsCenter.Genesereth, M., Fikes, R. (1992) Knowledge Interchange Format Version 3.0 ReferenceManual, , Computer Science Department, Stanford University.Ghali, N. (1993) Managing Software Development Knowledge: A Conceptually OrientedSoftware Engineering Environment, MSc Thesis, University of Ottawa, Dept ofComputer Science.Goldberg, A. (1984). Smalltalk-80: The Interactive Programming Environment. Reading,Mass: Addison-Wesley.Gruber, T. (1993). �A Translation Approach to Portable Ontology Specifications.�Knowledge Acquisition 5: 199-220.Halasz, F. and M. Schwartz. �The Dexter Hypertext Reference Model�. CACM 37(2) Feb1994: 30-39.Harel, D. (1987). �Statecharts: AVisual Formalism for Complex Systems.� Science ofComputer Programming 8: 231-274.Hunter, E. J. (1988). Classification Made Simple. Aldershot: Gower.

170IFPUG (1994) Function Point Counting Practices Manual, , International Function PointsUser Group, Release 4.0.Iisaka, K. (1992) Knowledge Base of Fundamental Concepts of the Smalltalk-80Language and Programming Environment, Undergraduate Senior Report, Universityof Ottawa.ISO (1990). ISO 1087: Terminology Vocabulary. ISO: Geneva.ISX (1991) LOOM Users Guide, ISX Corporation.Johnson, N. E. (1989). "Mediating Representations in Knowledge Elicitation"in.Knowledge Elicitation: Principles, Techniques and Applications. D. Diaper ed. NewYork: John Wiley.Klinker, G., D. Marques and J. McDermott (1993). �The Active Glossary: takingintegration seriously.� Knowledge Acquisition 5: 173-197.Lacey, A (1976). A Dictionary of Philosophy, Routledge & Kegan Paul: London.Lenat, D. and R. Guha (1990). Building Large Knowledge Based Systems. Reading, MA:Addison Wesley.Lethbridge, T. C. (1991). "A model for informality in knowledge representation andacquisition.". Workshop on Informal Computing,, Santa Cruz, Incremental Systems:175-177.Lethbridge, T. C. (1993) CKB Command Documentation, Unpublished Report,University of Ottawa AI Lab.Lethbridge, T. C. and K. Eck (1994) CODE4 Reference Manual, Internal Report, AI Lab,University of Ottawa.Lethbridge, T. C. and D. Skuce (1992a). "Informality in Knowledge Exchange". AAAI-92Workshop on Knowledge Representation Aspects of Knowledge Acquistion, SanJose, CA: 93-99.Lethbridge, T. C. and D. Skuce (1992b). "Beyond Hypertext: Knowledge Management forthe Technical Documenter". SIGDOC 92, Ottawa, ACM, 313-322.Longeart, M., G. Boss and D. Skuce (1993). �Frame-based Representation ofPhilosophical Systems Using a Knowledge Engineering Tool.� Computers and theHumanities 27: 27-41.Low, G. C. and D. R. Jeffrey (1990). �Function Points in the Estimation and Evaluationof the Software Process.� IEEE Transactions on Software Engineering 16: 64-71.MacGregor, R. (1991a). "The Evolving Technology of Classification-based KnowledgeRepresentation Systems" in Principles of Semantic Nets. J. Sowa ed. San Mateo, CA:Morgan Kaufmann. 385-400.MacGregor, R. (1991b). "Using a description classifier to enhance deductive inference".7th IEEE Conf. on AI Applications, 41-45.

171McCabe, T. J. (1976). �A complexity measure.� IEEE Trans. Software Engineering 2(4):308-320.Meyer, I., K. Eck and D. Skuce (1994). "Systematic Concept Analysis Within aKnowledge-Based Approach to Terminology", in Handbook of TerminologyManagement, S. E. Wright and G. Budin eds. Amsterdam/Philadelphia: JohnBenjamin.Meyer, I., D. Skuce, L. Bowker and K. Eck (1992). "Towards a New Generation ofTerminological Resources: An Experiment in Building a Terminological KnowledgeBase". 13th International Conference on Computational Linguistics (COLING).,Nantes, 956-960.Miller, D. (1992) Toward Knowledge-Base Systems for Translators, Master’s thesis,University of Ottawa.Motta, E., M. Eisenstadt, K. Pitman and M. West (1988). �Support for KnowledgeAcquisition in the Knowledge Engineer�s Assistant (KEATS).� Expert Systems 5(1):21-50.Motta, E., T. Rajan, J. Domingue and M. Eisenstadt (1991). �Methodological foundationof KEATS, the knowledge Engineer’s Assistant.� Knowledge Acquisition 3: 21-47.Neale, I. M. (1989). �First generation expert systems: a review of knowledge acquisitionmethodologies.� The Knowledge Engineering Review : 105-145.Nielsen, J. (1990). �The Art of Navigation Through Hypertext.� CACM 33(3): 298-309.Porter, B. (1994) Personal Commmunication.Porter, B., J. Lester, K. Murray, K. Pittman, A. Souther, L. Acker and T. Jones (1988)AI Research in the Context of aMultifunctional Knowledge Base: The BotanyKnowledge Base Project, , The University of Texas at Austin.Regoczei, S. and S. Hirst (1989) The Meaning Triangle as atool for the acquisition ofabstract conceptual knowledge, Technical Report, University of Toronto, ComputerScience Dept., TR CSRI-211.Riedesel, J. D. (1990). "Knowledge Management: An Abstraction of Knowledge Base andDatabase Management Systems". The 5th Annual AI Systems in GovernmentConference, Washington, D.C., 80-87.Rumbaugh, J., M. Blaha, W. Premerlani, F. Eddy and W. Lorensen (1991). Object-oriented Modeling and Design. Englewood Cliffs, NJ: Prentice Hall.Selic, B. and J. McGee (1991). "Object-Oriented Design Concepts for Real-TimeDistributed Systems.". Real-Time and Embedded Systems Workshop, ACMConference on Object-Oriented Programming, Systems, and Languages (OOPLSA91), Phoenix.Shaw, M. and B. Gaines (1991). "Using Knowledge Acquisition Tools to SupportCreative Processes". proc 6th Banff Knowledge Acquisition for Knowledge-BasedSystems Workshop, Banff, 27.1 - 27.19

172Shipman, F. M. (1992) Supporting Knowledge-base Evolution using Multiple Degrees ofFormality, Technical Report, Dept. of CS, Univ. Colorado at Boulder, CU-CS-592-92Shipman, F. M. (1993) Formality Considered Harmful: Experiences, Emerging Themes,and Directions, Technical Report, Dept. of CS, Univ. Colorado at Boulder, CU-CS-648-93.Skuce, D. (1977) Toward communicating qualitative knowledge between scientists and machines, PhD thesis, McGill.Skuce, D. (1988). "An English-like Syntax and a Smalltalk Tool for Conceptual Graphs.".Workshop on Conceptual Graphs, Minneapolis, p3.1.5.1-3.1.5.10.Skuce, D. (1991). �A Language and System for Making Definitions of TechnicalConcepts.� Journal of Systems and Software 14(1): 39-59.Skuce, D. (1992a). �Managing Software Design Knowledge: ATool and an Experiment.�Resubmitted with reviewers changes to: IEEE Transactions on Knowledge and DataEngineering .Skuce, D. (1992b) Notes on ClearTalk, Internal Report, AI Laboratory, University ofOttawa.Skuce, D. (1993a). �A Multifunctional Knowledge Management System.� KnowledgeAcquisition 5: 305-346.Skuce, D. (1993b). �A Review of ’’Building Large Knowledge Based Systems’’ by D.Lenat and R. Guha.� Artificial Intelligence 61: 81-94.Skuce, D. (1993c). "A System for Managing Knowledge and Terminology for TechnicalDocumentation". Third International Congress on Terminology and KnowledgeEngineering, Cologne, 428-441.Skuce, D. (1993d). "Your thing is not the same as my thing: reaching agreeement onshared ontologies". proc. Formal Ontology in Conceptual Analysis and KnowledgeRepresentation, Padova.Skuce, D. and I. Monarch (1990). "Ontological Issues in Knowledge Base Design: SomeProblems and Suggestions.". 5th Knowledge Acquisition for Knowledge BasedSystems Workshop, Banff.Skuce, D., S. Wang and Y. Beauvill� (1989). "A Generic Knowledge AcquisitionEnvironment for Conceptual and Ontological Analysis.". 4th Knowledge Acquisitionfor Knowledge Based Systems Workshop, Banff, 31.1-31.20.Sommerville, I. (1992). Software Engineering, 4th Ed. Wokingham: Addison-Wesley.Sowa, J. (1984). Conceptual Structures: Information Processing in Mind and Machine.Reading, MA: Addison Wesley.Spivey, J. M. (1989). �An Introduction to Z and Formal Specifications.� SoftwareEngineering Journal : 40-50.

173Terveen, L. (1990) A Collaborative Interface for Editing Large Knowledge Bases,Technical Report, MCC, ACT-HI-187-90.Terveen, L. and D. Wroblewski (1992). �A Tool for Achieving Concensus in KnowledgeRepresentation.� AAAI-92 : 74-79.Vickery, B. C. (1960). Faceted Classification. London: Aslib.Wang, C. (1994) Towards Conceptually-Oriented Software Requirements Analysis andDesign, MSc Thesis, University of Ottawa.Weilinga, B. J., A. T. Schreiber and J. A. Breuker (1992). �KADS: A modelling approachto knowledge engineering.� Knowledge Acquisition 4(1).

174Appendix AData About the UsersThis appendix contains summaries of data concerning users who participated in the CODE4user study. The methodology for the study is discussed in section 6.1.The data comes primarily from questionnaires, however many of the questions are not in-cluded in this appendix. The following are reasons for omissions:¥The answers to some questions yielded no statistically significant results because:a)Some questions were answered by an insufficient number of respondents.b)For some questions involving rating several attributes, the attributes were ratedtoo similarly to draw conclusions about any differences.¥It was discovered that some questions were misunderstood.A . 1 General questions about experiences with CODE4.AverageMaxMinStd.DevNumber ofresponsesA2Approximately how many hours in total do you thinkyou have spent using CODE4?2 7 1 10004029611A4Estimate what percentage of the system functionalityyou use regularly when using CODE4 (think in termsof the percentage of menu items that you use)?3 8 65201711B1What percentage of your current understanding ofCODE4 was obtained from:hExploring the system on your own2 5 6502210aStudying the reference manual1 8 5001710cStudying scientific papers1 5 3301310fBeing taught individually in front of the system1 4 6001710iAsking questions to CODE4 developers8200610gWatching others use the system74001210jAsking questions to CODE4 users5110510bStudying a beginner’s tutorial4110510B5How many days of training do you think it would takean average university graduate with basic computer lit-eracy, but no artificial intelligence knowledge, to be-come an intermediate user of CODE4?7202511

175A . 2 Questions about CODE4 knowledge representation featuresAverageMaxMinStd.DevNumber ofresponses *D1In this question, please rank your perceptions of variousknowledge representation features. How useful have thefeatures been to you in the tasks you have been per-forming? (-5 = very harmful �0 = of no use � 5 = es-sential)AInheritance, in general4 . 9 540.310BMultiple inheritance4 . 9 540.310CThe property hierarchy, in general4 . 8 540.49DMultiple parents in the property hierarchy4 . 1 501.78EThe ability to have formal references to other con-cepts in any facet value (either by parsing or cut-and-paste)3 . 9 511.410FFacets, in general3 . 9 521.29GThe ability to have informal text in any facet value3 . 6 5-12.010HThe modality facet3 . 6 501.79IMetaconcepts3 . 5 521.26JThe ability to add new facets3 . 4 511.49KThe ability to have more than one term for a con-cept (synonyms)3 . 2 502.010LThe ability to use almost any character string in aterm (the name of a property or main concept)3 . 2 501.510MTreating terms, properties and statements as full-fledged concepts (with their own properties etc.)3 . 1 501.87NAutomatic combination of conflicting values inmultiple inheritance2 . 8 5-12.29ODelegation2 . 7 501.86PThe set of built-in facets2 . 6 411.07QInstance concepts1 . 9 502.48RTerms as separate concepts from the concept(s)they designate1 . 9 502.07SThe maintenance of information about which con-cepts are disjoint1 . 5 502.06TTreating facets as properties1 . 4 5-22.28UThe fact that you need not explicitly name a con-cept (automatic default naming)0 . 2 5-32.29* The numbers of responses to the questions differ because some people did not actuallyunderstand the terms used in some questions. For example, only six people knew what theterm �metaconcept� meant. This does not mean, however, that questions containing such

176non-understood terms should be counted as �of no use�. In fact, almost all users implicitlyused metaconcepts when they specified non-inheriting properties — they were just neverexposed to the term.The following indicates which knowledge representation features are significantly moreuseful than others (calculated using t-tests). The letters on the rows and columnscorrespond to the letters next to the features listed on the previous page. The lack of a checkmark in a cell indicates that no conclusion can be drawn as to whether the row feature ismore important than the column feature.UTSRQPONMLKJIHGFEDCInheritance, in generalA�Multiple inheritanceB�Property hierarchyC�Multiple prop. parentsD�Formal referencesE�Facets, in generalF�Informal text in valueG�The modality facetH�MetaconceptsI�Ability to add new facetsJ�SynonymsK�Any character stringL�Full-fledged conceptsM�Automatic combinationN�DelegationOThe set of built-in facetsP�

177A . 3 Questions about CODE4 user interface featuresAverageMaxMinStd.DevNumber ofresponsesC1In this question, please rank your perceptions of varioususer interface features. How useful have the featuresbeen to you in the tasks you have been performing? (-5= very harmful �0 = of no use � 5 = essential)AThe outline mediating representation, in general4 . 8 540.410BDynamic updating of subwindows4 . 7 540.511CDirect typing to change a concept name in the out-line and graphical mediating representations4 . 6 530.811DThe graphical mediating representation, in general4 . 6 540.511EThe ability to save various graph layouts4 . 5 530.88FThe control panel, in general4 . 5 530.98GThe ability to make multiple selections on thegraphical and outline mediating representations4 . 5 530.711HRelation subwindows (e.g. showing part-of orother arbitrary relations of combinations of rela-tions)4 . 3 521.19IThe matrix mediating representation, in general4 . 3 531.010JDifferent mediating representations (outline,graphical, matrix) with commands that work in asimilar manner in each4 . 3 521.110KThe variety of ways of making or extending a se-lection (dragging, marquee, shift key, control key)4 . 2 521.111LThe mask, in general4 . 2 521.111MThe full selection-criteria capability (The ability tohighlight concepts matching a pattern using mask-like predicates)4 . 2 521.111NThe fast goto capability (Typing the name of aconcept following a �>� sign to highlight it)4 . 2 521.111ONon-modality of most of the interface (the fact thatyou are rarely prompted for anything when execut-ing a command)4 . 2 521.111PSplitting and merging of knowledge bases4 . 2 521.111QThe display of statistics about knowledge bases4 . 2 521.111RThe ability to easily request or add predicates forthe mask4 . 2 521.111SThe selection of predicates available in the mask4 . 2 521.111

178AverageMaxMinStd.DevNumber ofresponsesTThe ability to open a subwindow from any selectedconcept or set of concepts4 . 2 521.111UThe ability to design your own browser(containing various subwindows of different sizes)4 . 2 521.111VTailorable hotkeys4 . 2 521.111WThe ability to label isa links (dimensions)4 . 2 521.111XMultiple ways of adding links: Typing or pastinginto a facet value, using add sibling/add childcommands, etc4 . 2 521.111YThe ability to focus a hierarchy around one or sev-eral concepts (selecting the button marked �honly�)4 . 1 521.48ZThe format options available in the matrixmediating representation4 . 1 521.39A�The ability to reorder subconcepts and subproper-ties in the outline mediating representation. ( therotate-up and rotate down commands)4 . 0 521.210B�The format options available in the graphicalmediating representation3 . 9 501.79C�In general, the �high-bandwidth browsing� natureof the user interface where a large amount ofknowledge is displayed and is editable at once (asopposed to results from individual queries)3 . 9 501.79D�The options available in the control panel (e.g. theformat options)3 . 4 501.910E�Unlimited chains of driving and driven subwin-dows3 . 4 501.611F�The ability to arrange an outline both alphabeti-cally and hierarchically2 . 6 502.010G�The ability to have multiple knowledge basesloaded at once2 . 6 5-53.59H�The ability to show placeholders for hidden con-cepts (+/-)2 . 1 502.08I�The ability to attach a graphical icon to a node inthe graphical mediating representation1 . 2 401.85

179The following indicates which of the above features are significantly more useful thanothers (calculated using t-tests). The lack of a check mark indicates that no conclusion canbe drawn as to whether the row feature is more significant than the column feature.I�H�G�F�E�D�C�B�A�ZYXWVUThe outline med. rep., in generalA�Dynamic updating of subwindowsB�Direct typing to change a nameC�Graphical med. rep., in generalD�Saving graph layoutsE�Control panel, in generalF�Multiple selectionsG�Relation subwindowsH�Matrix med. rep., in generalI�Different mediating representationsJ�The variety of ways of selectingK�Mask, in generalL�Selection-criteria capabilityM�Fast goto capabilityN�Non-modality of the interfaceO�Splitting/merging KB�sP�KB statistics displayQ�Ability to add mask predicatesR�Predicates available in the maskS�Open subwindow / any conceptT�The ability to design browserU�Tailorable hotkeysV�DimensionsW�Multiple ways of adding linksX�Ability to focus a hierarchyY�Matrix format optionsZ�Ability to reorder subconcepts etc.A�Graphical format optionsB�High-bandwidth browsingC�Options in the control panelD�Unlimited chains subwindowsE�Below is the the continuation of the top four rows of the table; the other cells were blankTSRQPONMLKJIHGFEDThe outline med. rep., in generalA�Dynamic updating of subwindowsB�Direct typing to change a nameC�Graphical med. rep., in generalD�

180Appendix BSummary of Data Gathered aboutKnowledge BasesThis appendix contains statistics about each of the knowledge bases whose constructionwas studied as part of this research. More information can be found in chapter 6.B . 1 General data about the knowledge bases studiedSummary data for this appendix can be found in figure 6.10KBDescription*Est dev.hours**Est NLPages***TypesUserinsts.Userprops.Stmts.TermsMeta-conc.Computer technologyC1Computer termsB81015450711121450C2Operating systemsB783340981171340C3UnixA860271560711002851C4Computer languagesB81010311143441080C5Smalltalk in generalA911251732182721C6Smalltalk collectionsA120610138762160C7Smalltalk sets and dictio-nariesA22007661536542054115C8MVCB81003595551354922690C9MLA120896611151910C10PascalA270513202073633390C11C LanguageA7100123311414842640Mean for group601486151282312512Other technical topicsT1Optical storageA34002880228161458080T2LasersA3502579013585321851T3Electrical devices 1A4255550831171750T4Electrical devices 2 ****A715T5Electrical devices 3A51515903241791560T6Automatic teller machineA23002014883243215192T7TelephoneA4171234250873925T8Geology - Bedrock fieldA5701001590796912970T9MatricesA650401240691722474Mean for group11634139216155736620

181KBDescription*Est dev.hours**Est NLPages***TypesUserinsts.Userprops.Stmts.TermsMeta-conc.General purpose knowledgeG1Top level ontologyA1500610669818230G2VehiclesA42534002035940G3Person 1A415353041341290G4Person 2B810531027174930G5FruitB620680100621690Mean for group114451051811336*The codes in this column indicate which user created the knowledge base.Additional information about the users can be found in appendix A.**This is the number of hours that the user estimated taking to create the knowledgebase.***This is the number of pages of natural language text that the user estimated it wouldrequire to describe the same knowledge as is in the knowledge base.****The user filled out a questionnaire, but did not make this knowledge base available.

182B . 2 Measurements of the knowledge basesFor each of the knowledge bases listed in appendix B1, this section lists the twelve metricsdiscussed in chapter 5. Summary data can be found in figure 6.1. T4 is missing becausethe user filled out a questionnaire but did not make the knowledge base available.KBMallcMmsubjMrpropMdetMsformMdivMsokMisaMmiMacpltMpcplxMocplxComputer technologyC1409350.450.300.080.820.000.300.230.310.279.5C2419240.650.210.000.000.000.320.670.390.307.3C36471460.110.030.040.740.010.540.000.050.057.0C4273320.330.080.000.810.000.190.560.170.175.3C57611510.110.090.440.790.050.390.010.060.057.9C6526510.530.290.000.090.000.320.120.350.199.9C71457710.700.130.010.990.110.330.000.390.3826.6C81045870.370.230.670.960.010.210.290.280.2522.1C9497850.170.130.000.870.040.440.060.100.097.8C1010751200.400.120.070.930.020.480.080.220.2226.4C1110781340.260.460.200.880.010.420.180.220.2229.0Avg744850.370.190.140.720.020.360.200.230.2014.4Other technical topicsT128252780.200.130.220.830.140.590.010.120.1336.5T21371690.440.150.000.230.370.490.010.250.2517.6T3465450.420.130.090.910.010.380.420.240.2511.4T5486800.050.200.000.590.000.410.010.030.021.9T613571430.480.140.200.990.020.520.070.280.2942.1T718221620.460.160.450.970.120.540.140.290.3556.1T812601490.120.100.170.470.050.540.020.070.068.2T96501140.140.080.320.790.020.390.190.080.078.3Avg12801300.290.140.180.720.090.480.110.170.1822.8General purpose knowledgeG1473490.330.080.150.800.410.290.220.170.2210.8G2224300.160.110.030.600.000.300.870.090.102.9G3292430.240.040.480.610.030.390.000.120.094.0G4361210.320.690.000.720.000.280.290.290.255.2G5434580.400.130.100.710.000.450.000.230.1910.8Avg357400.290.210.150.690.090.340.280.180.176.8

183Appendix CCODE4 Design PrinciplesThis appendix summarizes some of the main design principles that have guided the devel-opment of CODE4. Most of these are derived from the primary goal: to make knowledgeacquisition practical for a wide variety of people.C.1Assumptions about the user and environment¥The user need not be a computer specialist.¥Few users are interested in representing knowledge with mathematical precision.¥A typical desktop-scale environment should suffice.¥The end user should not require support staff to install or use the system.C.2General principles¥Flexibility is essential.¥The user should be able to learn a few simple principles and combine them easily to domore complex things.¥Special cases should be minimized.¥Where a feature is available in one context, it should be available in all other analogouscontexts.¥Features should be designed recursively (e.g. concepts of concepts; subwindows ofsubwindows).¥The system should be optimized for the most popular and powerful facilities.¥The system should be open to the addition of new features by developers and by users.¥The system should be easily divisible so higher level subsystems can be removed without impacting the core of the system.¥The system should not be biased towards applications in any particular domain.

184C.3User interface principles¥A well-designed user interface is essential.¥The inexperienced user should be able to easily enter knowledge.¥The user should be able to manage knowledge rapidly¥The user should be able to jump between tasks at any time.¥Look and feel should be consistent throughout the system.¥The user should be provided with informative feedback about the results of all opera-tions.¥The interface should be tailorable wherever possible.¥It should be possible to select, edit and open subwindows about any knowledge dis-played in the user interface.¥It should be possible to operate on multiple elements of any kind of set at once.¥There should be support for terminology choice and disambiguation.C.4Knowledge representation principles¥All units of knowledge should be treated in a uniform manner.¥The user should be able to represent all necessary distinctions.¥Artificial structures such as flags or tags should be avoided where possible.¥ There should be a suggested restricted syntax for user entered knowledge.¥ The user should be able to violate the suggested syntax in order to enter informal knowl-edge.¥There should be an intended semantics for all elements of the knowledge representation.¥˚The system should behave consistently even if the user ignores the intended semantics ofthe knowledge representation.¥ The representation�s ontological commitment should be minimal.

185C.5Inferencing principles¥The system should not make inferences automatically if there is a penalty in performanceor expressiveness.¥Inference mechanisms should involve very simple rules of operation.¥Any automatic inferencing should be largely understandable to non-computer people.¥The experienced user should be able to define new kinds of inferencing.

186Appendix DCKB Format for a Sample Knowledge BaseThe following, in CKB-format, is the knowledge base used to create the figures in chapter4 and some of the figures in chapter 3. Details of CKB syntax, including a full BNFgrammar and descriptions of primitives, can be found in (Lethbridge 1993). However, thefollowing is a general guide:¥The first line (split into two in the following for compactness) identifies the knowledgebase.¥Each subsequent line contains a constructor (see section 3.13). The type of constructor isidentified by the first character of the line.¥Constructors take arguments that are either-Concept references (base 36 numbers with modifiers such as �m� or �s� to indicatedependent concepts).-Informal strings.¥The following are the main kinds of constructor:-z: Identifies a primitive type, and specifies its relationships to other concepts.-y: Identifies a non-primitive type, and specifies its relationships to other concepts.-t: Creates a term concept.-a: Adds an additional superconcept link-q: Identifies a primitive property and specifies its relationships to other concepts.-p: Identifies a non-primitive property and specifies its relationships to otherconcepts.- v: Specifies the value of a statement- u: Specifies the mapping between a term and a concept.CKB FORMAT CODE 4.1C(37),4,thesis2z1>#thingConcept.y29>1.y2B>29.z5>2B#selfMetaconceptConcept.y2D>29.z2>2D#selfTermConcept.tJ>2’graph layoutposition’.t16>2’modality’.t17>2’dimensions’.t18>2’superproperties’.t19>2’all changes’.t1A>2’metaconcept’.t1B>2’most generalsubject’.t1C>2’plural’.t1D>2’statement’.t1E>2’knowledge base’.t1F>2’properties’.t1G>2’status’.t1H>2’last changer’.t1I>2’value’.t1J>2’thing’.t1K>2’related concepts’.t1L>2’ordinary property’.t1M>2’disjoint concepts’.

187t1N>2’predicate’.t1O>2’subject’.t1P>2’terms’.t1Q>2’all changers’.t1R>2’comment’.t1S>2’source properties’.t1T>2’meanings’.t1U>2’part of speech’.t1V>2’statement comment’.t1W>2’superconcepts’.t1X>2’sources of value’.t1Y>2’instances’.t1Z>2’last changereason’.t20>2’most generalsubject of predicate’.t21>2’knowledgereference’.t22>2’subconcepts’.t23>2’last change’.t24>2’string’.t25>2’kinds’.t26>2’last change time’.t27>2’term’.t28>2’subproperties’.t2A>2’concept’.t2C>2’metaconcept’.t2E>2’term’.t2G>2’property’.t2I>2’statement’.t2K>2’facets’.t2N>2’living thing’.t2P>2’person’.t2R>2’dog’.t2T>2’John’.t2V>2’Fido’.t2X>2’owns’.t30>2’nonliving thing’.t32>2’car’.t36>2’body’.t37>2’chassis’.t38>2’engine’.t3B>2’parts’.t3F>2’Rusty’.t3I>2’limbs’.t3K>2’legs’.t3O>2’arms’.t3R>2’stance’.t3W>2’torso’.t3X>2’head’.t41>2’tail’.t47>2’furryness’.t48>2’hairyness’.t4E>2’fictional thing’.t4G>2’nonfictionalthing’.t4I>2’unicorn’.y2F>29.z3>2F#selfOrdinaryPropertyConcept.y2H>29.z4>2H#selfStatementConcept.y2M>1.y2O>2M.i2S>2O.y2Q>2M.i2U>2Q.y4H>2M.y2Z>1.y31>2Z.y3E>31.y33>2Z.y34>2Z.y35>2Z.y39>1.y4F>1.a2O:4F.a2Q:4F.a4H:39.q6>3::1#valueProperties.qI>3:6:5#valueLayout.qK>3:6:5#valueDimensions.q14>3:6:2#valuePartOfSpeech.q15>3:6:2#valuePlural.p2J>3:6:2H.qQ>3:2J:4#value.qR>3:2J:4#valueModality.qS>3:2J:4#valueStatus.qT>3:2J:4#valueStatementComment.qU>3:2J:4#valueKnowledgeReference.qV>3:2J:4#valuePredicate.qW>3:2J:4#valueSubject.qX>3:2J:4#valueMostGeneralSubjectOfPredicate.qY>3:2J:4#valueSourcesOfValue.q12>3:6:2#valueString.q13>3:6:2#valueMeanings.q7>3:6:5#valueRelatedConcepts.q8>3:7:5#valueSubconcepts.q9>3:8:5#valueInstances.qA>3:8:5#valueKinds.qB>3:7:5#valueSuperconcepts.qC>3:7:5#valueDisjointConcepts.qD>3:7:5#valueSourceProperties.qE>3:7:5#valueTerms.qP>3:6:5#valueComment.qG>3:6:5#valueAllChangers.qH>3:6:5#valueLastChanger.qL>3:6:5#valueAllChanges.qM>3:L:5#valueLastChange.qN>3:M:5#valueLastChangeReason.qO>3:M:5#valueLastChangeTime.qF>3:6:5#valueKnowledgeBase.qZ>3:6:3#valueMostGeneralSubject.q10>3:6:3#valueSuperproperties.q11>3:6:3#valueSubproperties.p2W>3:6:2M.p3A>3:6:1.p3H>3:3A:2M.p3J>3:3H:2M.p3N>3:3H:2O.p3U>3:3A:2M.p3V>3:3A:2M.p40>3:3A:2Q.p3Q>3:6:2M.p44>3:6:2M.u1:1J.v1:6{’a set of thing ’}.vm1:I{’ih(77@-6:figure42)(-58@108:dimensions)’}.u29:2A.u2B:2C.u5:1A.u2D:2E.u2:27.u2F:2G.u3:1L.u2H:2I.u4:1D.u2M:2N.v2M:2W{1}.v2M:3V{’a head’}.v2M:3U{’a torso’}.vm2M:I{’ih(21@33:figure42)(56@103:dimensions)’}.vm2M:K{’by aliveness’}.u2O:2P.v2O:44{’low’}.v2O:3J{’2’}.v2O:3Q{’upright’}.vs3N/2O:S{’typical’}.vs3N/2O:U{’commonknowledge’}.v2O:3N{’2’}.vm2O:I{’ih(5@66:figure42)(162@56:dimensions)’}.u2S:2T.v2S:3N{’1’}.v2S:2W{2U,3E}.vm2S:I{’ih(10@99:figure42)’}.u2Q:2R.v2Q:2W{’nothing’}.v2Q:44{’high’}.v2Q:3J{’4’}.v2Q:3Q{’horizontal’}.v2Q:40{’a tail’}.vm2Q:I{’ih(62@66:figure42)(166@124:dimensions)’}.u2U:2V.v2U:44{’very high’}.v2U:2W{’a bone’}.

188vm2U:I{’ih(74@100:figure42)’}.u4H:4I.vm4H:I{’ih(166@186:dimensions)’}.u2Z:30.vm2Z:I{’ih(114@34:figure42)(54@46:dimensions)’}.vm2Z:K{’by aliveness’}.u31:32.v31:3A{35,34,33}.vm31:I{’ih(123@100:figure42)’}.u3E:3F.vm3E:I{’ih(97@133:figure42)’}.u33:38.vm33:I{’ih(189@142:figure42)’}.u34:37.vm34:I{’ih(211@106:figure42)’}.u35:36.vm35:I{’ih(219@68:figure42)’}.u39:4E.vm39:I{’ih(56@222:dimensions)’}.vm39:K{’by truth’}.u4F:4G.vm4F:I{’ih(41@152:dimensions)’}.vm4F:K{’by truth’}.u6:1F.uI:J.uK:17.u14:1U.u15:1C.u2J:2K.uQ:1I.uR:16.uS:1G.uT:1V.uU:21.uV:1N.uW:1O.uX:20.uY:1X.u12:24.u13:1T.u7:1K.u8:22.u9:1Y.uA:25.uB:1W.uC:1M.uD:1S.uE:1P.uP:1R.uG:1Q.uH:1H.uL:19.uM:23.uN:1Z.uO:26.uF:1E.uZ:1B.u10:18.u11:28.u2W:2X.u3A:3B.u3H:3I.u3J:3K.u3N:3O.u3U:3W.u3V:3X.u40:41.u3Q:3R.u44:47.u44:48.

189GlossaryThe following is a list of all the important terms used in this thesis. For more details aboutthese terms the reader is referred to the following places: 1) The index (so as to find the rel-evant section in the main body of the thesis); 2) The �thesis.ckb� CODE4 knowledge basedeveloped to describe the main ideas in the thesis, and 3) Figure 3.5 which shows theinheritance hierarchy of the main categories of concept.Where wording in this glossary differs from that in the main body of the thesis, bothwordings are intended to convey the same meaning. Where a definition is preceded by twoterms, separated by a comma, the terms are synonyms. Small capitals within definitions areused to indicate terms defined elsewhere in the glossary.It is important to note that most users of CODE4 need only know a small fraction of theseterms. Terms that should be understood by beginners are double-underlined . Terms that should be understood by intermediate users are single-underlined

. Terms that are not un-derlined at all are only for sophisticated experts.Unless a term is specified to be a verb (v) or adjective (a), it is a noun.Terms are also categorized according to the degree to which their use in this thesis is novel,specific or unusual.¥Three asterisks (***) indicate that the term has been invented during this research and hasa non-obvious meaning (any other usage in the literature is largely coincidental).¥Two asterisks (**) mean the term has a meaning that differs substantially from conven-tional usage in artificial intelligence or other fields of computer science. Two asterisks isalso used for invented terms whose meaning could probably be closely guessed by an ar-tificial intelligence expert.¥One asterisk (*) means that the term has been used in a slightly specialized way, or thatthere is significant disagreement in the literature about the meaning of the term.¥No asterisks indicates that the term is not being used in a special way, but is included inthe glossary for completeness or to help the reader whose background may not be in arti-ficial intelligence.Abstract representation schema, abstract schema: (*) An idealized KNOWLEDGEREPRESENTATION SCHEMA describing representation principles, but containing simplify-ing assumptions or constructs that may not be finitely realizable. An abstract schema

190neither describes how knowledge is presented nor how it is stored. (Specializations arePHYSICAL REPRESENTATION SCHEMA and MEDIATING REPRESENTATION SCHEMA).Application program interface, API: Aprotocol composed of the interfaces tocallable procedures, whereby an application program can obtain services (in the form offunctions performed or data stored or retrieved) from a low-level layer of software suchas a knowledge engine. Browser : (*) A MEDIATING REPRESENTATION that presents a set of CONCEPTS described by a KNOWLEDGE MAP and allows sets of concepts to be selected and to have operationsperformed on them.Browser hierarchy: (**) A set of BROWSERS arranged in a hierarchy, such that the se-lection of a CONCEPT or set of concepts in an ancestor browser changes the KNOWLEDGEMAP of a descendant browser, and results in the display of a new network of concepts inthe descendant browser. CKB : (***, proper noun) The language used by CODE4 for representing a CODE4-KRKNOWLEDGE BASE (or some of the CONCEPTS in a knowledge base) when operating as aKNOWLEDGE SERVER or working with ASCII files. CKB represents knowledge in theform of MODIFIERS and NAVIGATORS.CKB-format: (***, a) Describes a file containing an entire CODE4 KNOWLEDGE BASErepresented in CKB syntax as a minimal sequence of CONSTRUCTORS sufficient to re-construct the knowledge base. CODE4 : (***, proper noun): The KNOWLEDGE MANAGEMENT system developed at the

University of Ottawa by the author and other collaborators.CODE4-KR: (***, proper noun) The ABSTRACT KNOWLEDGE REPRESENTATIONSCHEMA implemented in CODE4.Combination: (**) Aprocess that automatically resolves conflicts which arise from theMULTIPLE INHERITANCE of different VALUES by a given STATEMENT, by creating avalue consistent with the inherited values. Combination results in a value that is morespecific than any of the multiply inherited values. Combination can result in a formal orinformal value; if any of the inherited values is informal, then the combined value is in-formal. Concept : (*) Arepresentation of a THING or set of things. Adiscrete unit of knowledge representation to which it is possible to explicitly refer. Something that acts as the locusor possessor of a set of facts about a thing or set of things. (IMMEDIATE SUBCONCEPTS:TYPE, INSTANCE CONCEPT, PRIMITIVE CONCEPT, NON-PRIMITIVE CONCEPT. Amorerestrictive meaning is often intended in other literature. The words �unit� or �frame� areused for �concept� in other literature).Constructor: (***) AMODIFIER that is one of a minimal subset of all modifiers that issufficient to build any KNOWLEDGE BASE.

191Defining concept: (***) ACONCEPT on whose existence a DEPENDENT CONCEPT de-pends. A concept used in the definition of a dependent concept. Adependent concept ex-ists by definition, even if not physically created, if its defining concept(s) exist. (Roleterm applicable to any concept when discussing a dependent concept).Delegation: (*) The process whereby the VALUE of a STATEMENT is automatically com-puted by using a DELEGATION FORMULA. Amore generalized mechanism than inheri-tance, but one which requires individual specification of each case rather than being au-tomatically present.Delegation formula: (**) An optional component of a VALUE that specifies that thevalue is to be computed as a function of the values of other STATEMENTS. Adelegationformula INHERITS and can refer to values that have further delegation formulae.Dependent concept: (**) A CONCEPT which is considered to exist by virtue of its rela-tion to certain other concepts (its DEFINING CONCEPTS) and which implicitly comes intoexistence upon the creation of its defining concepts and is destroyed upon the destructionof its defining concepts (specialization of SYSTEM-MANIPULATED CONCEPT; DISJOINTwith TERM).Dependent instance: (***) A DEPENDENT CONCEPT, one or more of which comes intoexistence when any CONCEPT is created (specialization of DEPENDENT CONCEPT andINSTANCE CONCEPT).Dependent type: (***) A DEPENDENT concept whose DEFINING CONCEPT is a particularSTATEMENT. Adependent type has the value of its defining statement as its supercon-cept. (specialization of DEPENDENT CONCEPT and TYPE CONCEPT).

Dimension

: (***) An identifier that indicates the criterion used to distinguish two or moreSUBCONCEPTS from their common SUPERCONCEPT. A dimension is commonly the nameof a PROPERTY the VALUES of whose STATEMENTS distinguish among the subconcepts.(See also KNOWLEDGE ORGANIZING TECHNIQUE for a distinct use of this term).Discontinuity: See REPRESENTATIONAL DISCONTINUITY.Disjoint: (a, *) Applies to set of CONCEPTS for which a declaration has been made that notwo or more of them may have a common SUBCONCEPT.Extension: The potential set of all the THINGS represented by a CONCEPT.

Facet

: (*) A STATEMENT whose SUBJECT is a STATEMENT.Facet hierarchy: (***) A hierarchy of STATEMENTS where the root of the hierarchy is aSTATEMENT whose SUBJECT is not a statement, and where successive descendants(FACETS) each have their immediate ancestor as subject. A facet hierarchy specifies layersof recursive detail about the root statement. (Specialization of KNOWLEDGE ORGA-NIZATION).Facet property: (**) A PROPERTY possessed by one or more STATEMENTS.

192Focus: (v, **) To apply a VISIBILITY MASK that restricts the display of CONCEPTS in aBROWSER to those that are the descendants (according to the relation specified in thebrowser�s KNOWLEDGE MAP) of a particular set of concepts.

Formal

: (a, *) applies to aspects of a KNOWLEDGE BASE where CONCEPTS have explicitrelationships to other concepts. Especially applies to VALUES that are composed ofVALUE ITEMS, forming explicit relationships between concepts. (Contrasts with IN-FORMAL).Hierarchy: see PROPERTY HIERARCHY, STATEMENT HIERARCHY, INHERITANCEHIERARCHY and FACET HIERARCHY.Highlighting mask: (***) A MASK which results in the highlighting or selection of anyCONCEPT for which it evaluates true, and the normal display or deselecting of any con-cept for which it evaluates false.Immediate: (a) When applied to SUPERCONCEPT, SUBCONCEPT, SUPERPROPERTY,SUBPROPERTY etc. indicates the next higher or lower in the hierarchy.

Informal

: (a, *) applies to aspects of a KNOWLEDGE BASE involving text strings or pic-tures which cannot be interpreted by a KNOWLEDGE MANAGEMENT system. Especiallyapplies to VALUES composed of text strings. (Contrasts with FORMAL). Inherit , sense 1 applicable to properties: (v) The possessing of a PROPERTY by a

CONCEPT, because the concept is a SUBCONCEPT of the MOST GENERAL SUBJECT of theproperty.

Inherit

, sense 2 applicable to values: (v) The possessing of a VALUE by a STATEMENT,because the statement�s PREDICATE is inherited (sense 1) by the statement�s SUBJECT,and because the statement does not have a LOCALLY SPECIFIED VALUE. Also applies toFACETS other than the VALUE FACET if those facets are declared to inherit usingDELEGATION.

Inheritance

: The process or mechanism whereby PROPERTIES (and hence VALUES) arecaused to be INHERITED. Aspecialized and automatic mechanism more general in scopethan DELEGATION and which cannot be overridden or altered. Inheritance hierarchy : Apartial order, arranged by the user, of all the CONCEPTS within a KNOWLEDGE BASE, rooted at a single PRIMITIVE TYPE that represents allTHINGS. A concept is an ancestor of another if and only if its EXTENSION is a superset ofthe extension of the other; or equivalently if its INTENSION is a subset of the intension ofthe other. (Specialization of KNOWLEDGE ORGANIZATION).Inherited value: (*) AVALUE that is INHERITED (sense 2). (DISJOINT with LOCALLYSPECIFIED VALUE).

Instance concept

: (*) A CONCEPT representing an individual THING, i.e. having a singlething as its EXTENSION. A concept which can not have SUBCONCEPTS. (Specialization ofCONCEPT; DISJOINT with TYPE).

193Intension: The potential set of all the PROPERTIES possessed by a particular CONCEPT.The union of the LOCAL INTENSION of the concept, and the intension of all the concept�sSUPERCONCEPTS. The intension is an uncountable set whose existence is posited solelyfor the purpose of making various formal definitions.Introduce, sense 1 applicable to values: (v, **) To specify a VALUE of a particular FACETof a STATEMENT that differs from the value that would have been INHERITED, and so thatthe value can be inherited by the SUBCONCEPTS of the statement�s SUBJECT. (The valueis introduced at the statement).Introduce, sense 2 applicable to properties: (v, **) To specify a PROPERTY such that aparticular CONCEPT is its MOST GENERAL SUBJECT. (The property is introduced attheconcept).Knowledge acquisition: The process of gathering knowledge and entering it into acomputer so the computer, and humans using it, can put that knowledge to use. Knowledge base : A collection of interrelated CONCEPTS.

Knowledge management: (**) The processes of creating and maintaining KNOWLEDGEBASES, and making them available for use. The manipulation of those aspects ofknowledge involving the categorization, definition and characterization of THINGS andtheir relationships.Knowledge map: (**) Asoftware abstraction that specifies a network of interrelatedCONCEPTS within a KNOWLEDGE BASE, and provides operations for their manipulation.The network is defined in terms of a set of starting concepts and a relation that is repeat-edly applied beginning with the starting concepts.Knowledge organization: A structure within a knowledge base formed by performingthe actions of a particular KNOWLEDGE ORGANIZING TECHNIQUE.Knowledge organizing technique: (**) Adistinct aspect of the process of represent-ing knowledge involving the making of certain types of decisions and the performing ofcertain types of actions, both of which are distinct from those required by other knowl-edge organizing techniques.Knowledge representation schema, representation schema: (*) A description of asyntax and semantics for the representation of knowledge.Knowledge server: A running program containing one or more KNOWLEDGE BASES, towhich a remote program can connect via a telecommunications line, and exchange knowl-edge.

Label

: (*) Text or other symbols displayed to identify a CONCEPT in a MEDIATINGREPRESENTATION. May be generated or be derived from one of the concept�s TERMS.Local intension: (**) The potential set of all the PROPERTIES whose MOST GENERALSUBJECT is a particular CONCEPT. The local intension is an uncountable set whose exis-

194tence is posited solely for the purpose of making various formal definitions. (See alsoINTENSION).Locally specified statement, local statement: (***) ASTATEMENT having one ormore FACETS with LOCALLY SPECIFIED VALUES. (Role term applicable to any statementwhen discussing its subject).Locally specified value, local value: (**) AVALUE that is explicitly specified(DISJOINT with INHERITED VALUE).Main subject: (***) A USER CONCEPT that is the SUBJECT of at least one STATEMENT.Map: see KNOWLEDGE MAP.

Mask

: (**) A logical expression evaluated for each CONCEPT in a KNOWLEDGE MAP as theconcept is being prepared for display in a MEDIATING REPRESENTATION. Amask iscomposed of a set of MASK PREDICATES related by logical operators, and the result of itsevaluation is either true or false.Mask predicate: (***) Asoftware function that takes a CONCEPT as its argument andperforms a calculation whose result is true or false.Mediating representation: Arepresentation of CONCEPTS in a particular KNOWLEDGEBASE that conveys their meaning to a user through a user interface. Aparticular case of aMEDIATING REPRESENTATION SCHEMA.Mediating representation schema: (**) AKNOWLEDGE REPRESENTATION SCHEMAthat describes the syntax and semantics of a MEDIATING REPRESENTATION. A descriptionof how a portion of an ABSTRACT REPRESENTATION SCHEMA can be mapped onto userinterface constructs.

Metaconcept

: (**) A CONCEPT representing another concept, which is the metaconcept�sDEFINING CONCEPT. Aconcept possessing facts about another concept. (Specializationof DEPENDENT INSTANCE; DISJOINT with STATEMENT).Modality facet, modality: (*) A FACET whose VALUE specifies the degree to which thefacet�s STATEMENT is considered true (e.g. necessarily, typically or optionally). ThePREDICATE of every modality facet is a particular PRIMITIVE PROPERTY.Modifier: (***) Acommand applied to a KNOWLEDGE BASE that adds or deletes aCONCEPT or VALUE.

Most general subject

: (***) A CONCEPT that is the highest concept in the INHERITANCEHIERARCHY to possess a particular PROPERTY. All the subconcepts INHERIT the prop-erty. (Role term applicable to any concept when discussing its role with respect to a prop-erty).Multiple inheritance: INHERITANCE of a PROPERTY where the inheriting CONCEPT hasmore than one SUPERCONCEPT possessing the property. Also applies to the resulting in-heritance of VALUES, which results in COMBINATION of values.

195Navigator: (***) Acommand applied to a KNOWLEDGE BASE in order to traverse a net-work of CONCEPTS.Non-disjoint: (a, *) Applies to a set of CONCEPTS that share a common SUBCONCEPTand thus have EXTENSIONS with a non-empty intersection.Non-primitive concept: (**) A CONCEPT that can be deleted from a KNOWLEDGE BASEwithout preventing any computational processes in a KNOWLEDGE MANAGEMENT systemfrom being able to be run. (Specialization of CONCEPT; DISJOINT with PRIMITIVECONCEPT).Ontology: (*) A KNOWLEDGE BASE lacking USER INSTANCES. An ontology describes allthose TYPES and PROPERTIES significant to particular agent for its thought or computa-tional processes.Physical representation: Arepresentation of CONCEPTS in a particular KNOWLEDGEBASE as stored in data structures in the memory of a computer or on mass-storage media.An instantiation of a PHYSICAL REPRESENTATION SCHEMA.Physical representation schema: (*) A KNOWLEDGE REPRESENTATION SCHEMA thatdescribes the syntax and semantics of a PHYSICAL REPRESENTATION. Adescription ofhow an ABSTRACT REPRESENTATION SCHEMA can be mapped into computer data struc-tures.Potentially non-disjoint: (a, **) Applies to a set of CONCEPTS for which no declara-tion has been made that any pair is DISJOINT, but for which no pair has a commonSUBCONCEPT.

Predicate

: (*) APROPERTY used by a STATEMENT in the description of the statement�sSUBJECT. (Role term applicable to any property when discussing its role in a statement).Primitive concept: (**) A CONCEPT on whose existence in a KNOWLEDGE BASE certaincomputational processes in a KNOWLEDGE MANAGEMENT system depend. (Specializationof CONCEPT; DISJOINT with NON-PRIMITIVE CONCEPT; IMMEDIATE SUBCONCEPTS:PRIMITIVE TYPE and PRIMITIVE PROPERTY; in some literature �primitive concept� has atotally different meaning — a concept that is not a defined concept).Primitive property: (***) APROPERTY that is also a PRIMITIVE CONCEPT; DISJOINTwith PRIMITIVE TYPE and USER PROPERTY.Primitive type: (***) ATYPE that is also a PRIMITIVE CONCEPT; DISJOINT withPRIMITIVE PROPERTY and USER TYPE. Property : (*) ACONCEPT representing a relation between concepts (Specialization of

INSTANCE CONCEPT; DISJOINT with SYSTEM-MANIPULATED CONCEPT and USERINSTANCE).

Property hierarchy

: (**) Apartial order, arranged by the user, of all the PROPERTIESwithin a KNOWLEDGE BASE, rooted at a single PRIMITIVE PROPERTY. Aproperty should

196be made an ancestor of another if and only if, for any given SUBJECT, STATEMENTS us-ing the two properties as PREDICATE have VALUES where the EXTENSION of the first is asuperset of the EXTENSION of the second. (Specialization of KNOWLEDGE ORGANI-ZATION).Representation schema: see KNOWLEDGE REPRESENTATION SCHEMA.Representational discontinuity: (***) An error of knowledge representation wherebya thing is conflated with a representation or type of that thing.Schema: See KNOWLEDGE REPRESENTATION SCHEMA.

Statement

: (***) A CONCEPT representing an assertion of fact about a concept, known asthe statement�s SUBJECT. The representation of the possession by the subject of a particu-lar PROPERTY called the statement�s PREDICATE. The subject and predicate are a state-ment�s DEFINING CONCEPTS. (Specialization of DEPENDENT INSTANCE; DISJOINT withMETACONCEPT).Statement hierarchy: (***) A partial order of all the STATEMENTS whose SUBJECT is aparticular CONCEPT. A statement is an ancestor of another if and only if the predicate ofthe former is a superproperty of the predicate of the latter. (Specialization of KNOWLEDGEORGANIZATION). Subconcept : ACONCEPT that is a descendant of another concept in the INHERITANCE

HIERARCHY. (Role term applicable to any concept when discussing its ancestors in theinheritance hierarchy).Subfacet: (***) AFACET whose SUBJECT is another facet. (Role term applicable to anyfacet when discussing its role in a FACET HIERARCHY).Subject, sense 1: (*) A CONCEPT that a STATEMENT describes or is about. The SUBJECTand predicate together are the DEFINING CONCEPTS of a statement. (Role term applicableto any concept when discussing its role in a statement).

Subject

, sense 2: (*) ACONCEPT that is the subject (in sense 1) of one or more locallyspecified STATEMENTS. Aconcept that has something said about it. (Specialization ofCONCEPT).

Subproperty

: (***) APROPERTY that is a descendant of another property in thePROPERTY HIERARCHY. (Role term applicable to any property when discussing itsancestors in the property hierarchy).Substatement: (***) ASTATEMENT with the same SUBJECT as another statement, andwhose PREDICATE is a SUBPROPERTY of the predicate of the other statement. (Role termapplicable to any statement when discussing its ancestors in a STATEMENT HIERARCHY). Superconcept : ACONCEPT that is an ancestor of another concept in the INHERITANCE

HIERARCHY. (Role term applicable to any concept when discussing its descendants in theinheritance hierarchy).

197Superfacet: (***) A FACET which is the SUBJECT of another facet. (Role term applicableto any facet when discussing its role in a FACET HIERARCHY).

Superproperty

: (***) APROPERTY that is an ancestor of another property in thePROPERTY HIERARCHY. (Role term applicable to any property when discussing its de-scendants in the property hierarchy).Superstatement: (***) A STATEMENT with the same SUBJECT as another statement, andwhose PREDICATE is a SUPERPROPERTY of the predicate of the other statement. (Roleterm applicable to any statement when discussing its descendants in a STATEMENTHIERARCHY).

System-manipulated concept

: (**) ACONCEPT created and manipulated by aKNOWLEDGE MANAGEMENT system as a side-effect of the manipulation by a user of cer-tain other concepts. (Specialization of NON-PRIMITIVE CONCEPT; DISJOINT with USERCONCEPT and PROPERTY).

Term

: (**) ACONCEPT representing a textual or graphical symbol. (Specialization ofSYSTEM-MANIPULATED CONCEPT and INSTANCE CONCEPT; DISJOINT with DEPENDENTCONCEPT). Thing : Anything real or imagined, concrete or abstract. Actions, states, conditions, entities, facts and relations and concepts are all things. Anything that can be thought of orabout is a thing.

Type, type

: (*) ACONCEPT representing a set of similar THINGS, and whichmay have SUBCONCEPTS. The EXTENSION of a type is a set of things, which may be un-countable. (Specialization of CONCEPT; DISJOINT with INSTANCE CONCEPT; IMMEDIATESUBCONCEPTS: USER TYPE and PRIMITIVE TYPE. The word �concept� in some literaturehas this meaning of �type�).

User

: (**) ACONCEPT whose existence in a KNOWLEDGE BASE is not depen-dent on the existence of any other concept in that knowledge base, and which is explicitlycreated in the knowledge base by a user. (Specialization of NON-PRIMITIVE CONCEPT;DISJOINT with SYSTEM-MANIPULATED CONCEPT).User instance: (***) An INSTANCE CONCEPT that is also a USER CONCEPT. An instanceconcept explicitly added by a user as a subconcept of one or more USER TYPES.User type: (***) A TYPE that is also a USER CONCEPT. A type explicitly added by a userin an INHERITANCE HIERARCHY.

Value

: (*) A component of a STATEMENT, composed of either a text string or one or moreCONCEPTS. Avalue indicates what the statement�s SUBJECT is related to by way of itsPREDICATE. (Role term applicable to any text string or set of concepts when discussingits role in a statement).Value facet: (***) A FACET whose VALUE is the value of its SUBJECT (a STATEMENT).The sole purpose of a value facet is to allow the attachment of other facets to a value (as

198statements whose SUBJECT is the value facet). The PREDICATE of every value facet is aparticular PRIMITIVE PROPERTY.Value item: (***) One of the CONCEPTS composing a VALUE.Value-dependent subproperty: (***) APROPERTY whose existence depends on aparticular VALUE ITEM and on the STATEMENT to which that value item is attached. Thevalue-dependent subproperty�s SUPERPROPERTY is the PREDICATE of the value item�sstatement; the MOST GENERAL SUBJECT is the SUBJECT of the statement where the valueitem is INTRODUCED; the VALUE is the particular value item. (Specialization ofPROPERTY and DEPENDENT CONCEPT).Value-dependent substatement: (***) ASTATEMENT whose SUBJECT is a VALUE-DEPENDENT SUBPROPERTY. (Specialization of STATEMENT).Visibility mask: (***) A MASK which results in the display of any CONCEPT for whichit evaluates true, and the suppression from display of any concept for which it evaluatesfalse.

199Indexabstract representation schema 7,81glossary 189abstractionknowledge map 90ontology 4schema 7acquisitionknowledge 1, 2, 14, 22defintion 2glossary 193algorithmlayout 98, 162alphabetical 97ambiguity 9problem handling 12annotation 29application program interface 83glossary 190arc 87argumentsmask predicate 102sources of 95artificial intelligence 17association 29balanceassessing 114definition 114metric 120baseknowledge 4glossary 193BNRexperiences in 15Botany Knowledge Base 20browserglossary 190opening 94browser hierarchy 92glossary 190browser window 94browsing 91canvas 98categorizing 13problem with 11CD-view 18cell 25, 98characterizing 13chronologyof the research 14CKB 83, 186glossary 190class 4in object orientation 28of concept 33, 152of knowledge map 89of mediating representation91of user 8Classic 21, 71classification 11, 15, 21, 23facetted 71ClearTalk 18, 62, 163closed-ended metric 108COCOMO 110CODE2 17concepts in 38development of 14in Cogniterm 135properties in 55CODE3 17development of 15CODE4 1comparison to hypertext 151development of 15enhancement of 135evaluation of 16, 141general benefits 150glossary 190use of 134user interface of 86CODE4-KR 33, 156glossary 190coefficient of correlation 138Cogniterm 15, 135combination 59glossary 190commandconstructorglossary 190in knowledge map 90in mediating representation95issuing 95modifierglossary 194navigatorglossary 195selecting arguments for 92commandstype 95communicationinter-process 84completenessassessing 112metric 126complexityassessing 113compound metrics for 125isa 123overall 129pure 128compound browser 94conceptCODE2 38comparison of classes 35consensus 4defining 56, 66glossary 191definition 3, 33dependentglossary 191disjoint 42facet 57glossary 190in description logic language21instance 34glossary 192measurements of 152metaconcept 36, 66glossary 194non-primitiveglossary 195primitive 36, 71glossary 195property 35, 50glossary 195specifying relation 87starting 87statement 35, 56glossary 196system-manipulatedglossary 197term 36, 63glossary 197top 35type 34glossary 197type and instance 41user 37glossary 197conceptual graphs 22, 151configuration 162constructor 83glossary 190contributions 155control panel 104opening browsers 94controlled experiment 139, 164correlationcoefficient of 138customersindustrial 134Cyc 19, 35, 48database 9, 47, 102, 151

200schema 47defining concept 56, 66glossary 191delegation 75glossary 191delegation formula 75glossary 191dependent conceptglossary 191dependent instanceglossary 191dependent typeglossary 191designing an artifact 9detailmetric 119development techniquecomparing 116differencesunderstanding 100dimension 68, 98glossary 191directed graph 87discontinuityrepresentational 48glossary 196discriminator 29disjointdeclaring concepts 42glossary 191disjointness 42distinctionmaking 100problem making 11diversitymetric 120documentationCODE2 used for 15developing 8domain 150comparing 116for knowledge management 8drawing program 151driving knowledge map 92educational materialdeveloping 8evaluation 134of CODE4 141of metrics 140experiment 139expert system 2developing 9expertiserequirement for 12user setting 104extension 44glossary 191extracting knowledgeproblem with 11facet 57glossary 191independent inheritance 76introduction 35valueglossary 197facet hierarchy 59glossary 191facet property 57glossary 191feedback panel 105, 162finite state machine 89flag 18focusglossary 192of display 102formaldefinition 5glossary 192formality 5evaluation of 147metric 120formatCKB 83glossary 190formuladelegation 75glossary 191frame 22, 35function points 109, 128go tomask facility 103goal of the research 1graphdirected 87saving layout 98graphical mediatingrepresentation 97group knowledge basedevelopment 13hierarchybrowser 92glossary 190facet 59glossary 191inheritance 13, 35, 88, 89glossary 192knowledge map for 89property 51, 89glossary 195statement 57, 89glossary 196type 44high-bandwidth 13, 166highlighting 92, 102highlighting maskglossary 192hypermedia 27hypertext 10, 13, 27comparison to CODE4 151immediateglossary 192inconsistencyproblem handling 12incorrectnessproblem handling 12informalglossary 192informality 5evaluation of 147information contentassessing 114inheritglossary 192inheritance 76glossary 192multiple 125glossary 194rule 59inheritance hierarchy 13, 35, 88glossary 192knowledge map for 89inherited valueglossary 192instance 4, 41definition 34dependentglossary 191in object orientation 29userglossary 197instance concept 35glossary 192intelligent entityknowledge base in 4modelling as if 3intension 53glossary 193local 53glossary 193international function points usergroup 109introduce 50glossary 193itemvalue 59glossary 198KADS 22KARL 22KEATS 22KIF 22kinds 70KL-ONE 21KM 20, 35knowledgeconveying 142definition 2second order 122server 83

201knowledge acquisition 1, 14, 22definition 2glossary 193knowledge basedefinition 4displaying current state 94glossary 193partitioning 13small 12uses 8knowledge managementcomparison of technology 17glossary 193tasks 8knowledge management systemdefinition 3users 9knowledge map 87classes 89degenerate 91driving 92glossary 193primary 94knowledge organization 193knowledge organizing techniquedefinition 5glossary 193knowledge representationcontributions to 156knowledge representation schemaglossary 193knowledge server 83glossary 193knowledge sharing effort 22KSSn 22layered architecture 15layoutsaving 98lines of code 109local intension 53glossary 193locally specified statementglossary 194locally specified value 120glossary 194logical expression 194LOOM 21MACPLT 126main subjectdefinition 37glossary 194measuring 117MALLC 117managementknowledge 2glossary 193manualuser 135mapknowledge 87mask 102glossary 194highlighting 102glossary 192in CODE2 18predicate 102glossary 194visibility 102glossary 198mathematicsproblem expressing 11matrix 98MDET 119use in compound metric 126MDIV 120measuredefinition 108measurementdefinition 108measuringintroduction 14mediating representation 7, 91command 95evaluation of 146glossary 194graphical 97in CODE2 18matrix 98opening 94outline 96selecting in 92user language 91mediating representation schemaglossary 194metaconcept 66glossary 194introduction 36metaknowledge 36methodologyof the research 14metricsclosed-ended 118completeness 126complexity 118compound 125definition 108evaluation of 140independence of 141independent 118introduction 14procedure for designing 125pure complexity 128size 117understandability of 130usefulness of 129mindconcepts in 3MISA 123MMI 125MMSUBJ 117MOCPLX 129modality 60glossary 194modifier 83glossary 194most general subject 50glossary 194MPCPLX 128MRPROP 118use in compound metric 126MSFORM 120use in compound metric 127MSOK 122multiple inheritance 97, 125glossary 194namingproblem with 11, 24, 150navigator 83glossary 195network 87node 87non-disjoint 43glossary 195potentiallyglossary 195non-modality 96, 105, 146non-primitive conceptglossary 195object-oriented 14, 28, 47, 90,111ObjecTime“ 15OMT 28OMTool 28Ontolingua 22ontologydefinition 4developing 9glossary 195open-ended metric 108organizingknowledge technique 5organizing technique 76knowledgeglossary 193outline mediating representation96outline processor 25, 151persistent storage 83personal productivity software 25philosophyCODE2 in 15physical representation 7glossary 195physical representation schemaglossary 195polymorphism 90potentially non-disjoint 43glossary 195

202predicate 4, 35, 56glossary 195in matrix 98mask 102glossary 194primary browser 94primary relation 88primitive concept 71glossary 195in description logic language21introduction 37primitive facet property 58primitive property 72glossary 195primitive type 72glossary 195problemaccidental 12in knowledge management 10intrinsic 11productivity 109software 25Prolog 15, 18, 151property 4, 50facet 57glossary 191glossary 195in CODE2 18introduction 35metric 118non-inheriting 36primitive 72glossary 195relative 118specifying relation 87property hierarchy 13, 51glossary 195knowledge map for 89property history matrix 100property occurrence 18proposition 4questionnaire 136evaluation using 142relation 4, 87reference materialdeveloping 8relation interpretation 60relative properties 118reparenting 90representationmediating 7glossary 194physicalglossary 195representation schemaabstract 7glossary 189glossary 193mediating 7glossary 194physical 7glossary 195representational discontinuity 48glossary 196reverse engineering 9rule 4schemaabstract representation 7, 81glossary 189database 47knowledge representationglossary 193mediating representation 7glossary 194physical representation 7glossary 195second order knowledge 66, 122selecting 92semantics 5setmultiple value items as 62of concepts 5of nodes 90Shelley 22slot 35Smalltalk 14, 15, 83, 92software engineeringmetrics in 109object-oriented 28sorting 97special purpose toolproblem with 12spreadsheet 1, 9, 25, 75, 151statement 4, 56facetglossary 191glossary 196in user language mediatingrepresentation 91introduction 35locally specifiedglossary 194metric 119specifying relation 88statement hierarchy 57, 89glossary 196statistical tests 137subabstraction 19subconcept 35glossary 196types vs instances 42subfacet 59glossary 196subject 35, 56glossary 196in matrix 98main 37glossary 194measuring 117most generalglossary 194subproperty 51glossary 196value-dependentglossary 198substatement 57glossary 196value-dependent 59glossary 198superconcept 39glossary 196superfacetglossary 197superproperty 51glossary 197superstatementglossary 197synonym 11, 64syntax 5requirement for 12system-manipulated concept 56,66glossary 197t-test 137taskcomparison 116knowledge management 8measuring 112predicting 115techniqueknowledge organizing 5glossary 193templatebrowser 94term 4, 11, 63glossary 197introduction 36testsstatistical 137thingcontrast to concept 33glossary 197top concept 35training 135traversal depth 87triple 35type 4, 41definition 34dependentglossary 191glossary 197primitiveglossary 195userglossary 197type hierarchy 44unit 35usercomparing 116

203user conceptdefinition 37glossary 197user instanceglossary 197user interface 19, 86contributions to 157user typeglossary 197valueglossary 197inheritedglossary 192introduction 35locally specified 120glossary 194value consistency maintenance61value dependent substatement 59value facet 58glossary 197value item 59glossary 198value-dependent subpropertyglossary 198value-dependent substatementglossary 198visibility mask 102glossary 198windowbrowser 94word processor 9Z language 62