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Abstract

Large-scale ontologies are becoming an essential component of many applications including standard search (such as Yahoo and Lycos), e-commerce (such as Amazon and eBay), configuration (such as Dell and PC-Order), and government intelligence (such as DARPA’s High Performance Knowledge Base (HPKB) program.  The ontologies are becoming so large that it is not uncommon for distributed teams of people with broad ranges of training to be in charge of the ontology development, design, and maintenance.  Standard ontologies (such as UN/SPSC) are emerging as well which need to be integrated into large application ontologies, sometimes by people who do not have much training in knowledge representation.  This process has generated needs for tools that support broad ranges of users in (1) merging of ontological terms from varied sources (2) diagnosis of coverage and correctness of ontologies  (3) maintaining ontologies over time.  In this paper, we present a new merging and diagnostic ontology environment tool called Chimaera, which was developed to address these issues in the context of HPKB.  We also report on some initial tests of its effectiveness in merging tasks.                                 

Corresponding Author:                                                                                          Deborah L. McGuinness                                                                                                Gates Building 2A #241                                                                                              Stanford University                                                                                                     Stanford, CA 94305                                                                                  dlm@ksl.stanford.edu                                                                                                            (650) 723 9770 

Topics:                                                                                                                Implemented KR&R Systems (Reports, Evaluations);                                                                               Knowledge-Based Systems

Introduction

Ontologies are finding broader demand and acceptance in a wide array of applications.  It is now commonplace to see major web sites include taxonomies of topics including thousands of terms organized into five-level or deeper organizations as a browsing and navigation aid.  In addition to broader use of ontologies, we also observe larger and more diverse staff creating and maintaining the ontologies.  Companies are now hiring “chief ontologists” along with “cybrarian” staffs for designing, developing, and maintaining these ontologies.   Many times the team leader may have knowledge representation or library science training, however the staff may not have much or any formal training in knowledge representation. The broader demand for ontologies along with greater diversity of the ontology designers is creating demand for ontology tools.

The average ontology on the web is also changing.  Early ontologies, many of which were used for simple browsing and navigation aids such as those in Yahoo and Lycos, were taxonomies of concept names.  The more sophisticated ontologies were large and multi-parented.  More recently, mainstream web ontologies have been gaining more structure.  Arguably driven by e-commerce demands, many class terms also have properties associated with them.  Early commerce applications, such as Virtual Vineyards, included a handful of relations, and now many of the consumer electronics shopping sites are including tens or hundreds of role names, sometimes associated with value restrictions as well.  We now see more complicated ontologies even in applications that are only using ontologies to support smart search applications.  Additionally, ontologies are being used more to support reasoning tasks in areas such as configuration and intelligence talks.  A decade ago, there were a modest number of ontology-supported configurators such as PROSE/QUESTAR[McGuinness and Wright,1998; Wright et. al.,  1993], however now web-based configurators are quite common.  There are even spin offs of configurator companies handling special areas of configuration such as PC-Order for PC configuration.  Configuration ontologies not only have class, role, and value restriction information, but they typically have cardinality information and disjointness and reason with contradictions.  Thus, we claim that ontologies are becoming more common, the designers come from more diverse backgrounds, and ontologies are becoming larger and more complicated in their representational and reasoning needs.

Simultaneously, there appears to be a stronger emphasis on generating very large and standardized ontologies.  Areas such as medicine began this task many years ago with SNOMED[Spackman, et. al., 1997] and UMLS[McCray and Nelson, 1995].  Recently broader and shallower efforts have emerged like the joint United Nations/Dunn and Bradstreet effort to create an open coding system for classifying goods and services. The goal of standard ontologies is to provide a highly reusable, extensible, and long-lived structure.  Large ontologies in concert with the challenges of multiple ontologies, diverse staffing, and complicated representations strengthens the need for tools.

In this paper, we address two main areas.  The first is merging different ontologies that may have been written by different authors for different purposes, with different assumptions, and using different vocabularies.  The second is in testing and diagnosing individual or multiple ontologies.  In the rest of this paper, we will give two project descriptions that served as motivation for our work on merging and diagnostic tools.  We will then describe an ontology environment tool that is aimed at supporting merging and testing ontologies.  We will describe the tool’s use in our work on DARPA’s high performance knowledge base (HPKB) program[Cohen, et. al., 1998]. Finally, we will describe an evaluation of the merging capabilities of the tool and discuss future plans.

1 Two Motivating Problems

In the last year, one or more of the authors took were involved in each of two major ontology generation and maintenance efforts.  We gained insight from the tasks that was used to help shape our resulting ontology tool efforts.  Subsequently, we have used [McGuinness, 1999] as well as licensed the tools on other academic and commercial ontology projects. We will describe the tasks briefly and present an abstraction of the problem characteristics and needs with relation to ontology tools.

1.1 Merging the High Performance Knowledge Base Ontologies

The first problem was in the High Performance Knowledge Base program.  This program aimed to generate large knowledge bases quickly that would support intelligence experts in making strategic decisions.  The KBs had a reasonably broad subject area including terrorist groups, general world knowledge (such as that contained in the CIA World Fact Book[Frank, et. al., 1998]), national interests, events (and their results) in the middle east, etc.  The types of questions that an analyst might ask of a KB might be simple, including straight “look up” questions like finding the leader of an organization or the population of a country.  Other questions might be quite complex including asking about the possible reaction of a terrorist group to a particular action taken by a country.  Knowledge bases in this program tended to have a high degree of structure, including many roles associated with classes, value restrictions on most roles, fillers on many roles, minimum cardinality restrictions on roles, disjoint class information, etc.  The knowledge bases were typically designed by people trained in knowledge representation and usually populated by those literate but not expert in artificial intelligence.  

In the first year of the program, many individual knowledge bases were created in order to answer particular “challenge problem questions”.  These questions were aimed to be typical of those that a government analyst would ask.  Two competitive research and integration teams were evaluated on the quality of the answer that their knowledge bases returned.  Many of the year one challenge problems were answered in particular contexts, i.e., with only a subset of the knowledge bases loaded.  In the second program year, some teams, including ours, needed to be prepared to answer questions in any portion of the domain.  We needed to load all of the knowledge bases simultaneously and potentially reason across all of them. Thus, we needed to load a significant number of KBs (approximately 70) that were not originally intended to be loaded together and were written by many different authors.  Our initial loading and diagnosis step was largely manual with a number of ad hoc scripts.  This was a result of two issues: time pressure in concert with the expectation that this was a one-time task.   Some of the findings from the merging and diagnosis task follow:

(1) Large ontology merging projects may require extensive systematic support for pervasive tests and changes.  Our final ontology contained approximately 100,000 statements (and the forward chained version of the ontology after rules had been processed contained almost a million statements). Even though the individual ontologies all shared an “upper ontology”, there was still extensive renaming that needed to be done to allow all the ontologies to be loaded simultaneously and to be hooked together properly.   There were also pervasive checks such as checks for comment and source field existence as well as argument order on functions.  We discovered that different authors were using arguments in differing orders and thus type constraints were being violated across ontologies.

(2) Large ontologies require a tool that focuses the attention of the editor in particular portions that are interconnected (and in need of repair).  There were many places where taxonomic relationships were missing when multiple ontologies were loaded together.  For example, a class denoting nuclear weapons was related to the weapon class but not to the weapon of mass destruction class, nor to the disjoint partition of classes under weapon.  A tool that showed (just) the relevant portions of the taxonomies and facilitated taxonomy and partition modifications later turned out to be extremely valuable for editing purposes.

(3) Ontologies may require small, yet pervasive changes in order to allow them to be reused for slightly different purposes.  In our HPKB task, we found a number of roles that needed to be added to classes in order to make the classes useful for other purposes.  Also, we found a large number of roles that were inverses of other roles but were not related by an explicit role inverse statement.  Without the inverse information, the inverse roles were not being populated and thus were not useful for question answering even though the information appeared to be in the knowledge base.  We needed to support users in finding the connections that needed to be made to make ontologies more useful.

1.2 Creating Class Taxonomies from Existing Web Ontologies

In a noticeably different effort, we crawled a number of web taxonomies, including Yahoo! Shopping, Lycos, Topica, Amazon, and UN/SPSC to mine their taxonomy information and to build CLASSIC[Borgida et. al., 1989; Brachman, et. al., 1999] and OKBC (Open Knowledge Base Connectivity) [Chaudhri, et. al, 1998] ontologies.  Our goals for this work were to (1) “generate” a number of naturally occurring taxonomies for testing that had some commercial purpose.  (2) build a larger cohesive ontology from the “best” portions of other ontologies. (“Best” was initially determined by a marketing organization as portions of ontologies that had more usage and visibility.)

Our ontology mining, merging, and diagnosis effort had little emphasis on reasoning, but instead was centered on choosing consistent class names and generating a reasonable and extensible structure that could be used for all of the ontologies.  The expected use of the output ontology was for web site organization, browsing support, and search (in a manner similar to that used in FindUR [McGuinness, 1998]).  All of the same findings were repeated in this effort, however with different instantiations. 

We also found that extensive renaming was required.  We also found the unique names assumption was systematically violated within individual web ontologies and thus class names needed their own contexts in order to be useful.  Thus, systematic treatment was required to put individual ontology branches into their own name-space and to separate terms like steamers (under clothing appliances) from steamers (under kitchen appliances).   We also found much more need for ontological re-organization.  Thus, we still required focusing an editor’s attention on pieces of the ontology.  Additionally, we found need for more diagnostic checks with respect to ontological organization.  For example, there were multiple occurrences of cycles within class graphs, thus checks for cycles were introduced into our diagnostics.  There was also no partition information in these ontologies, but there were multiple places where it appeared beneficial to add it.

These two experiences along with a few decades of staff experience with building knowledge representation and reasoning systems and applications led us to design and implement an ontology merging and diagnosis tool that we will describe next.

2 An Ontology Environment Supporting Merging and Testing
Chimaera is a new knowledge base editing, merging, and diagnosis ontology tool developed by the Stanford University Knowledge Systems Laboratory.  Its initial design goal was to provide substantial assistance with the task of merging KBs produced by multiple authors in multiple settings.  It later took on another goal of supporting testing and diagnosing ontologies as well.  Finally, inherent in the goals of supporting merging and diagnosis come requirements for ontology browsing and editing.  We will define the tasks of merging and diagnosis as used in our work, and then we will introduce the tool.

We consider the task of merging two ontologies to be one of combining two or more ontologies that may use different vocabularies and may cover overlapping content.  The major two tasks are to (1) coalesce two semantically identical terms in different ontologies so that they are referred to by the same name in the resulting ontology. (2) identify terms that should be related by subsumption or instance relationships and provide support for introducing those links.  There are many auxiliary tasks inherent in these tasks, such as identifying the points for editing, performing the edits, identifying when two terms could be identical if they had small modifications such as a further specialization on a value restriction, etc.  We will remain at the high level of changes for our discussion however.

The general task of merging can be arbitrarily difficult, requiring extensive (human) author negotiation.  However, we believe that merging tools can significantly reduce both labor costs and error rates.  We will support these beliefs with the results from some initial evaluation tests.

We address the task of diagnosing single or multiple ontologies by producing a test suite that evaluates (partial) correctness and completeness of the ontologies.  The major tasks involve finding and reporting provable inconsistencies, possible inconsistencies, and areas of incomplete coverage.  As with merging, diagnosis can be arbitrarily complex, requiring extensive human analysis to identify all problems and present them in an order appropriate to the problem importance.   Tools built to provide the first level of analysis however, can greatly reduce human labor cost as well as improving the consistency of the analysis.  In our diagnostic test suite, we do not attempt to find all problems; we just choose a subset that is computationally viable and motivated by usefulness of the reports.

2.1 Chimaera
Chimæra is a Web-based browser-based editing, merging, and diagnosis tool whose design and implementation is based on our experience developing other UIs for knowledge applications such as the Ontolingua ontology development environment [Farquhar, et al, 1997], the Stanford CML editor [Iwasaki, et al, 1997], the Stanford JAVA Ontology Tool (JOT), the Intraspect knowledge server [Intraspect 1999], a few web interfaces for CLASSIC [McGuinness, et. al., 1995; Welty, 1996], and a collaborative environment for building ontologies for FindUR[McGuinness, 1998].  Chimaera has a web-based UI that is optimized for Netscape and MSIE browsers.  It is written in HTML, augmented with Javascript where necessary to support niceties like spring-loaded menus and drag and drop editing.  Our goal was to make it a standards-based generic editing, merging, and diagnosis tool.  When Ontolingua’s editor was first developed, there was no standard API for knowledge-based systems.  Since then the OKBC API has been developed by Stanford’s Knowledge Systems Laboratory (KSL) and SRI International’s AI Lab. OKBC, which allows us to develop tools that can merge KBs in any OKBC-compliant representation system either on the same machine or over the network.  Chimæra was designed from the ground up to be a pure OKBC application.  Our typical editing environment Ontolingua, but this is not a requirement.
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Figure 1: A view of Chimæra's user interface
The UI for the current version of Chimæra is shown in Figure 1.  The interface consists of a set of commands on spring-loaded menus (the command activates as soon as the menu selection is made).  Like most GUIs, the user selects operands by clicking on them, and selection is shown by the selected operands being displayed in boldface.  Applicable commands are then available on the menus, and inapplicable commands are also displayed showing the reason why they are inapplicable.  The UI contains amongst its seventy odd commands a fairly full-featured taxonomy and slot editor as well as commands more obviously associated with the KB merging task, e.g., the “Merge Classes” command.  It also contains 17 diagnostic choices along with options for their modification.  The current UI is not a general-purpose editing environment for ontologies.  It only addresses classes and slots; non-slot individuals and facets are not displayed.  Similarly, there is no support for the editing of axioms.  We plan to extend the functionality of the tool in later versions to include all object types.  In contrast to two other merging efforts [Noy and Musen, 1999; and Chalupsky, et. al., 1997], our environment also supports creating and editing disjoint partition information and includes an extensive diagnostic emphasis.

The restricted nature of the UI allows us to present a view of the KB to the user that is not cluttered by any extraneous commands, widgets or KB content.  This is very important to the design of the UI, since focus of attention is vital in the KB merging task.  The user may never be able to make merging decisions if the classes to be considered are many screens apart.  There are, therefore (currently) no fewer than 29 different commands in the View menu that affect the way the KB is displayed to the user.  We have worked to identify thoughtful default choices for those commands.

Chimaera currently addresses only a portion of the overall ontology merging and diagnosis tasks.  Even though it may be viewed as an early design in terms of a complete merging and diagnostic tool, we have found significant value in it to date.  We now describe some experiments designed to evaluate its usefulness in merging. 

The experiments we have run only make use of those features in Chimaera designed to support the merging of class-subclass taxonomies.  Chimaera includes support for merging slots and in the future, will support merging of facets, relations, functions, individuals, and arbitrary axioms.  Similarly, the diagnosis functions only include domain independent tests that showed value in our experiments to date.  These tests allow  limited user input for modifications to the tests.  In our future environment, we expect to include a diagnostic testing language that allows users to dynamically add new tests to the test suite, and thus support more domain-dependent diagnostics as well.
2.2 Merging and Evaluation

Chimaera generates name resolution lists that help the user in the merging task by suggesting terms from multiple ontologies that are merging candidates.  Figure 2 shows a suggestion for merging Mammalia from ontology “Test2” with Mammal from ontology “Test1”.  The suggested merging candidates may be names of classes or roles.  Candidates are put on the list by a “vigor” metric which progressively looks for more potential merging pairs.  It considers term names, presentation names (called “pretty names” in Ontolingua), term definitions, and possible acronym and expanded forms, etc.  

Chimaera also generates a taxonomy resolution list where it suggests taxonomy areas ripe for reorganization. It uses a number of strategies for finding edit points for taxonomies.  One looks for areas of the taxonomy that contain elements from more than one ontology (since those are likely to need some reorganization).  It also looks for names of the form “y” and “x-y” (since many terms following that pattern such as “vehicle” and “combat-vehicle” are related by the subclass relationship).   

We ran four experiments aimed at evaluating Chimaera’s merging effectiveness.  They are in the areas of helping to (1) coalesce ontology names (2) perform taxonomic edits (3) identify ontology edit points (4) test overall effectiveness in a substantial merging task. Because of space constraints here, we describe our high level findings and only describe one of the experiments.  We include tables with numerical values on our findings from all of the experiments in the appendix.  A long version of the merging experiment write-up is available from http://www.ksl.stanford.edu/yearindex.html.
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Figure 2: Chimæra in name resolution mode suggesting a merge of Mammal and Mammalia

3 Experiment Findings

We conducted a set of experiments scoped to be within our resource budget that were designed to produce a measure of the performance of Chimæra.  We also compared those results to the performance of other tools that a KB developer might reasonably use to do such a merge, absent the KB merging tool itself.  At each stage in the experiment, our goal was to control for as many factors as possible and to assure that the experimental settings correspond closely to the settings in which the tool would actually be used.

Our first step was to perform a set of three calibration experiments in which we determined the number of steps and time required to do specific types of operations that would be performed while doing a merging task using Chimæra, a representative KB editing tool (Ontolingua), and a representative text editing tool (Emacs).  These studies were designed to provide quantitative “rate” comparisons in that they indicated which steps in the merging task Chimæra speeds up and by how much, and to provide qualitative indications of the steps for which Chimæra provides substantial improvements in reliability.  Using the results of these calibration experiments, we then performed a larger merge task using only Chimæra.  The calibration experiments were then used to estimate the comparative utility of Chimæra over this larger task.

The primary results of these experiments are the following:

· Merging two or more substantial ontologies was essentially not doable in a time effective manner using a text-editing tool, primarily because of the difficulty of examining the taxonomy of any non-trivial ontologies using only a text editor.

· Chimaera is approximately 3.46 times faster than an ontology editing tool (Ontolingua) for merging substantial taxonomies.  Moreover, for the portion of the taxonomy merging task for which Chimaera’s name resolution heuristics apply, Chimaera is approximately 14 times faster than an ontology editing tool (Ontolingua).
· Almost all of the operations performed during a taxonomy merge would be more error-prone if they were performed using an ontology editing tool (Ontolingua), and the critical “merge class” operations would be extremely error-prone if performed using a KB editing tool.

The ontology merging task is only an interesting problem when one tries to merge large ontology fragments.  Chimaera has proved to provide considerable utility in non-trivial merging tasks.  The other tool options tried were so poor at this task that it became impractical to perform a head-to-head experiment against other tools because the other tools simply were not able to merge reasonably large ontologies in a reasonable amount of time.  We feel safe in concluding, therefore, that Chimæra, even though it addresses only a portion of the overall merging task, makes a significant qualitative difference in one’s ability to build large ontologies using fragments derived from a number of sources.

3.1 Experiment 3: Finding Edit Points

Our third experiment may be the most instructive thus we describe it here.  While optimally, we would have run the test on many pairs of similar users over many pairs of ontologies that made sense to merge, we did not have many users nor many comparable KBs so we attempted to control as many variables as we could with limited resources.  We asked two KR-literate users to find edit points in two ontologies.  Edit points include finding two terms that should be merged, subsumption relationships that should be added or deleted, and partition information that should be added or deleted.  (We asked our subjects NOT to introduce new terms in an effort to control the valid edit points they could generate).  The ontology editing comparison tool was Ontolingua. The Ontolingua user was heavily experienced in using Ontolingua as a browser and somewhat experienced at using it as an editor.  The Chimaera user had never used Chimaera as an editor and had only used it superficially as a browser and was given an hour of training on the tool.  Both subjects were allowed to test their tool on a different ontology as training.   The ontologies were one fragment of the IKB from Cycorp on Agents and the Agents ontology that was used by the entire SAIC team of HPKB.  The results, in Figure 2, show that the Chimaera user was vastly more productive initially and was noticeably more productive throughout the experiment.  The initial segment is when the Chimaera user is directly working off of the name resolution menu.  This accurately suggested
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Figure 3: Chimæra proved to be superior to the Ontolingua editor at finding candidate edit points

many merges with similar names and also suggested some acronym expansions.  In this initial phase, the Chimaera user was 14 times as productive as the Ontolingua user, and throughout the experiment, she was at least 3-4 times as productive.

4 Diagnostics Tests

Chimaera also has a set of diagnostics that can be run selectively or in their entirety.  Routinely when we obtain knowledge bases now, we run the diagnostics and invariably find issues with our incoming KBs.  The current list of diagnostics was derived as a retrospective analysis of the most useful domain independent tests that we needed to run on the HPKB and on the crawled web ontologies.  They group into four areas:  

(1) simple checks for incompleteness (missing argument names, missing documentation strings, missing sources, missing type constraints, missing term definitions); 

(2) syntactic analysis (incidence of words (or sub-strings), possible acronym expansion); 

(3) taxonomic analysis (redundant super classes, redundant types, trivial instances or subclasses of THING,  definition extensions from included ontologies), and 

(4) semantic evaluation (slot value/type mismatch, class definition cycle, domain/range mismatch).

This is obviously not everything that could be checked.  The current diagnostic suite does not connect to the full theorem prover so there is only limited consistency checking.  The current testing environment also does not give users the power to add their own, potentially domain-specific, checks.  Even with the limited power of the diagnostics set though, we successfully used it to provide initial correctness and completeness checks of all incoming HPKB knowledge bases for our final team evaluation.  Possibly more importantly, its output was usable by people with little training in knowledge representation.  Also, the tool takes multiple input formats, thus we were able to allow people to use it who had no familiarity with OKBC or Ontolingua.  We had some SNARK and KIF-literate users load in their ontologies in the input format they were familiar with, run diagnostics, and debug their knowledge bases with little intervention from us.   We also used this toolset to check for problems in our semi-automatically generated ontologies from web crawls.  The tests found a surprising number of things that would have been tedious or difficult for us to find ourselves, such as class cycles and inconsistency in naming in Amazon’s ontology.

5 Conclusion

We have presented an ontology editing, merging, and diagnostic environment developed to meet the emerging needs of representation and reasoning tasks on the web and ontology creation and maintenance tasks.  We have briefly overviewed the merging and diagnostics components and presented some evaluation results on the merging side and some anecdotal reports on the diagnostics side.  While our tool is in its early stages, we believe that it makes significant improvements in productivity and quality of ontology development and maintenance.  We believe this from our own personal use of the tool, from evaluations of the tool, and from demand from commercial and academic needs after the tool was built.  We are continuing to develop the tool focusing in particular on extending its reasoning capabilities, its extensibility, and usability by non-experts.
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Experiment 1

		Tool		Number of gestures		Ratio		Time		Ratio

		Chimaera		14		1		92		1

		Ontolingua with file download		97		6.93		328		3.57

		Ontolingua without file download		225		16.07		513		5.58

		Emacs with shell scripts		82		5.86		124		1.35

		Emacs only		301		21.50		337		3.66

		Complexity of Chimaera

		Task		Number of gestures		Gesture complexity		Time		Time complexity

		Create a KB		3		1		9		1

		Load up source files		4		1		32		O(n)

		Select name resolution mode		1		1		13		O(n**2)

		Merge classes		2		O(mm)		8		O(mm)

		Rename classes		4		O(mr)		30		O(mr)

		Complexity of Ontolingua editor allowing file download

		Task		Number of gestures		Gesture complexity		Time complexity

		Creating a KB		38		1		1

		Importing KBs		28		1		O(n)

		Translating KB		8		1		O(n)

		Complexity of Ontolingua editor not allowing file download

		Task		Number of gestures		Gesture complexity		Time complexity

		Creating a KB		38		1		1

		Importing KBs		21		1		O(n)

		Splitting KBs		128		O(n)		O(n)

		Merging frames		20		O(mm)		O(mm)

		Complexity of Emacs with shell scripts

		Task		Number of gestures		Gesture complexity		Approx time		Time complexity

		Find and record names to resolve		3		1		11		O(n**2)

		Open source files		4		1		7		1

		Perform edits		75		O(mr+mn)		106		O(mr+mn)

		Complexity of Emacs without shell scripts

		Task		Number of gestures		Gesture complexity		Approx time		Time complexity

		Find and record names to resolve		222		O(n**2)		224		O(n**2)

		Open source files		4		1		7		1

		Perform edits		75		O(mr+mn)		106		O(mr+mn)





Experiment 2 Formulae

				Formulas for Number of Gestures Required To Do Representative Edit Operations

										Notes

		Create root class

				Chimæra		1

				Ontolingua		5

				Emacs		1				(Note 1)

		Create subclass of K superclasses

				Chimæra		2 + K

				Ontolingua		4 + KE

				Emacs		1				(Note 2)

		Delete class (assuming K references to the class from outside its frame definition)

				Chimæra		1

				Ontolingua		2 + 4K				(Note 3)

				Emacs		5 + K

		Merge K classes

				Chimæra		K+2

				Ontolingua		SIGMA(i=2…i=K) [C(i)(2+E) + S(i)(2+2E) + F(i)(3+E) + T(i)(2+8E) + B(i)(3+E) + I(i)(3+E)]

				Emacs		SIGMA(i=2…i=K) [3{C(i) + S(i) + F(i) + T(i)} + 4 + B(i) + I(i)]

		Transmute class into metaclass

				Chimæra		1

				Ontolingua		2 + E				(Note 5)

				Emacs		2 + 6I(i) {6 + (B**(K-1)) [10 + B(B+12)]}

		Rename class (assuming K references to the class from outside its frame definition)

				Chimæra		2

				Ontolingua		3

				Emacs		4 + K

		Add K superclasses

				Chimæra		K

				Ontolingua		K(2 + E)

				Emacs		K				(Note 6)

		Add K subclasses

				Chimæra		K

				Ontolingua		K(2 + E)

				Emacs		1 + 5(K - 1)				(Note 7)

		Move K subclasses

				Chimæra		K

				Ontolingua		K(7 + E) - 1

				Emacs		6K

		Move K superclasses

				Chimæra		K

				Ontolingua		2 + K(2 + E)

				Emacs		1 + K

		Remove K superclasses

				Chimæra		K

				Ontolingua		2K

				Emacs		K

		Remove K subclasses

				Chimæra		K

				Ontolingua		2K

				Emacs		5K - 1

				Formulas for Number of Gestures Required To Do Representative Edit Operations

										Notes

		Add K classes to decomposition

				Chimæra		K

				Ontolingua		2 + KE

				Emacs		K

		Create disjoint (exhaustive) decomposition of K elements (Create partition of K elements)

				Chimæra		K

				Ontolingua		2 + KE

				Emacs		K

		Remove K elements from decomposition

				Chimæra		K

				Ontolingua		2 + KE

				Emacs		K

		Remove decomposition

				Chimæra		1

				Ontolingua		2

				Emacs		1

		Subclasses are disjoint (exhaustive) (Subclasses form a partition)

				Chimæra		1

				Ontolingua		2 + KE

				Emacs		6 + 3K/2

		Upgrade to partition

				Chimæra		1

				Ontolingua		4 + KE

				Emacs		2

				Variables in Formulas

		E - # Gestures to specify class name						T(i) - # Random sentences

		C(i) - # Superclasses						B(i) - # Subclasses

		S(i) - # Slot/value pairs						I(i) - # Instances

		F(i) - # Facet/value pairs

				Notes

				gesture, even though there is a lot more to it than a normal gesture in Emacs.

				scoring model, we count that as 1 gesture, even though there is a lot more to it than a normal gesture in Emacs.

				kernel modifications were put in to support Chimæra.





Experiment 2 typical

										Typical Case

				Gestures, Times, and Error Proneness for Representative Edit Operations

				Parameter Values for a Typical Case

		E - # Gestures to specify class name												2

		C(i) - # Superclasses												2

		S(i) - # Slot/value pairs												3

		F(i) - # Facet/value pairs												2

		T(i) - # Sentences in KB containing references to the class												1

		B(i) - # Subclasses												3

		I(i) - # Instances												5

		R(i) - # References to class per sentence												8

		# Direct instances per class												5

		# Direct subclasses per class												3

		# Depth of taxonomy below selected class												3

		Time per gesture - Chimæra												5

		Time per gesture - Ontolingua												5

		Time per gesture - Emacs												1

		Minimum time for operation												10

						Gestures		Time		Time Ratio		Error Prone?				K

		Create root class

				Chimæra		2		10

				Ontolingua		5		25		2.5

				Emacs		1		10		1		Yes

		Create subclass of K superclasses														2

				Chimæra		4		20

				Ontolingua		7		35		1.75		Yes

				Emacs		1		10		0.5		Yes

																5

				Chimæra		1		10

				Ontolingua		22		110		11		Yes

				Emacs		10		10		1		Somewhat

		Merge K classes														2

				Chimæra		2		10

				Ontolingua		81		405		40.5		Very

				Emacs		36		36		3.6		Very

		Transmute class into metaclass

				Chimæra		1		10

				Ontolingua		4		20		2		Yes

				Emacs		15032		15032		1503.2		Exceptionally

																5

				Chimæra		2		10

				Ontolingua		3		15		1.5

				Emacs		9		10		1		Somewhat

		Add K superclasses														2

				Chimæra		2		10

				Ontolingua		8		40		4		Yes

				Emacs		2		10		1		Yes

						Gestures		Time		Time Ratio		Error Prone?				K

		Add K subclasses														2

				Chimæra		2		10

				Ontolingua		8		40		4		Yes

				Emacs		6		10		1		Yes

		Move K subclasses														2

				Chimæra		2		10

				Ontolingua		17		85		8.5		Yes

				Emacs		12		12		1.2		Somewhat

		Move K superclasses														2

				Chimæra		2		10

				Ontolingua		10		50		5		Yes

				Emacs		3		10		1		Somewhat

		Remove K superclasses														1

				Chimæra		1		10

				Ontolingua		2		10		1

				Emacs		1		10		1

		Remove K subclasses														1

				Chimæra		1		10

				Ontolingua		2		10		1

				Emacs		4		10		1

		Add K classes to decomposition														1

				Chimæra		1		10

				Ontolingua		4		20		2		Yes

				Emacs		1		10		1		Yes

		Create disjoint (exhaustive) decomposition of K elements (Create partition of K elements)														1

				Chimæra		1		10

				Ontolingua		4		20		2		Yes

				Emacs		1		10		1		Yes

		Remove K elements from decomposition														1

				Chimæra		1		10

				Ontolingua		3		15		1.5		Yes

				Emacs		1		10		1

		Remove decomposition

				Chimæra		1		10

				Ontolingua		2		10		1

				Emacs		1		10		1

		Subclasses are disjoint (exhaustive) (Subclasses form a partition)														3

				Chimæra		1		10

				Ontolingua		8		40		4		Yes

				Emacs		10.5		10.5		1.05		Yes

																3

				Chimæra		1		10

				Ontolingua		10		50		5		Yes

				Emacs		2		10		1





Experiment 3 Calibration

		Time (s)				Cumulative operations

		0		KB-SELECTION-MENU		0

		133		MERGE-CLASSES		1

		147		MERGE-CLASSES		2

		163		MERGE-CLASSES		3

		185		MERGE-CLASSES		4

		205		MERGE-CLASSES		5

		217		MERGE-CLASSES		6

		229		MERGE-CLASSES		7

		250		MERGE-CLASSES		8

		297		ADD-SUBCLASSES		9

		307		ADD-SUBCLASSES		10

		323		ADD-SUBCLASSES		11

		334		ADD-SUBCLASSES		12

		363		ADD-SUBCLASSES		13

		375		ADD-SUBCLASSES		14

		386		ADD-SUBCLASSES		15

		403		ADD-SUBCLASSES		16

		414		ADD-SUBCLASSES		17

		432		ADD-SUPERCLASSES		18

		445		ADD-SUPERCLASSES		19

		453		ADD-SUBCLASSES		20

		474		MOVE-SUBCLASS-TO		21

		492		ADD-SUBCLASSES		22

		502		ADD-SUBCLASSES		23

		510		ADD-SUBCLASSES		24

		522		ADD-SUBCLASSES		25

		534		ADD-SUBCLASSES		26

		552		ADD-SUPERCLASSES		27

		567		ADD-SUBCLASSES		28

		584		ADD-SUPERCLASSES		29

		593		ADD-SUBCLASSES		30

		601		MERGE-CLASSES		31

		622		MERGE-CLASSES		32

		705		ADD-SUBCLASSES		33

		718		ADD-SUBCLASSES		34

		751		ADD-SUPERCLASSES		35

		766		MOVE-SUBCLASS-TO		36

		781		REMOVE-SUPERCLASSES		37

		796		MERGE-CLASSES		38

		859		REMOVE-SUPERCLASSES		39

		915		MERGE-CLASSES		40

		1033		REMOVE-SUPERCLASSES		41

		1043		MERGE-CLASSES		42

		1167		REMOVE-SUPERCLASSES		43

		1181		REMOVE-SUPERCLASSES		44

		1272		MERGE-CLASSES		45

		1374		ADD-SUBCLASSES		46

		1414		REMOVE-SUPERCLASSES		47

		1438		MOVE-SUBCLASS-TO		48

		1461		MOVE-SUBCLASS-TO		49

		1489		ADD-SUBCLASSES		50

		1527		ADD-SUBCLASSES		51

		1556		ADD-SUBCLASSES		52

		1608		ADD-SUBCLASSES		53

		1628		MOVE-SUBCLASS-TO		54

		1667		ADD-SUBCLASSES		55

		1723		MOVE-SUBCLASS-TO		56

		1763		MOVE-SUBCLASS-TO		57

		1790		MOVE-SUBCLASS-TO		58

		1804		MOVE-SUBCLASS-TO		59

		1933		ADD-SUBCLASSES		60

		1956		ADD-SUBCLASSES		61

		1970		ADD-SUBCLASSES		62

		2096		MOVE-SUBCLASS-TO		63

		2198		MOVE-SUBCLASS-TO		64

		2305		ADD-SUBCLASSES		65

		2333		MERGE-CLASSES		66

		2355		MERGE-CLASSES		67

		2375		MOVE-SUBCLASS-TO		68

		2414		ADD-SUPERCLASSES		69

		2503		ADD-SUBCLASSES		70

		2576		REMOVE-AS-SUBCLASSES		71

		2590		MERGE-CLASSES		72

		2627		ADD-SUBCLASSES		73

		2675		REMOVE-AS-SUBCLASSES		74

		2694		MERGE-CLASSES		75

		2730		MERGE-CLASSES		76

		2804		MOVE-SUBCLASS-TO		77

		2847		ADD-SUBCLASSES		78

		2858		REMOVE-AS-SUBCLASSES		79

		2946		ADD-SUPERCLASSES		80

		2989		ADD-SUPERCLASSES		81

		3003		ADD-SUBCLASSES		82

		3024		ADD-SUBCLASSES		83

		3098		MOVE-SUBCLASS-TO		84

		3119		MOVE-SUBCLASS-TO		85

		3195		MOVE-SUBCLASS-TO		86

		3232		MOVE-SUBCLASS-TO		87

		3277		MOVE-SUBCLASS-TO		88

		3299		MOVE-SUBCLASS-TO		89

		3323		MOVE-SUBCLASS-TO		90
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Experiment3a

		Chimaera														Ontolingua

		Time		Operation		Args		Cumulative operations								Operation		Minutes		Seconds		Seconds adjust		Net seconds		Extra args		Cumulative ops		Actual mins		secs

								Chimæra																				Ontolingua

		0				0		0								1		0		0		0		0		0		1		0		0

		17		MERGE-CLASSES		1		1								2		0		24		0		24		1		3		0		24

		41		MERGE-CLASSES		1		2								3		0		45		0		45		0		4		1		45

		66		MERGE-CLASSES		1		3								4		3		13		0		193		0		5		3		13

		80		MERGE-CLASSES		1		4								5		3		46		0		226		1		7		4		46

		92		MERGE-CLASSES		1		5								6		5		27		0		327		0		8		5		27

		103		MERGE-CLASSES		1		6								7		5		35		0		335		0		9		6		35

		145		MERGE-CLASSES		1		7								8		5		45		0		345		0		10		6		45

		181		MERGE-CLASSES		1		8								9		8		30		0		510		3		14		9		30

		249		ADD-SUBCLASSES		1		9								10		9		17		30		527		0		15		9		47

		312		ADD-SUBCLASSES		1		10								11		10		2		0		572		0		16		10		32

		334		ADD-SUBCLASSES		1		11								12		12		38		0		728		0		17		12		8

		366		ADD-SUBCLASSES		1		12								13		14		35		0		845		0		18		14		5

		410		ADD-SUBCLASSES		1		13								14		15		11		0		881		0		19		15		41

		434		ADD-SUBCLASSES		1		14								15		16		2		0		932		0		20		16		32

		447		ADD-SUBCLASSES		1		15								16		16		9		0		939		0		21		16		39

		467		ADD-SUPERCLASSES		1		16								17		19		17		0		1127		0		22		19		47

		488		ADD-SUBCLASSES		1		17								18		20		17		0		1187		0		23		20		47

		501		ADD-SUBCLASSES		1		18								19		22		14		0		1304		0		24		22		44

		526		ADD-SUBCLASSES		1		19								20		22		44		0		1334		0		25		22		14

		538		ADD-SUBCLASSES		1		20								21		23		37		0		1387		0		26		23		7

		586		ADD-SUBCLASSES		1		21								22		25		48		0		1518		0		27		25		18

		602		ADD-SUBCLASSES		1		22								23		28		35		0		1685		0		28		28		5

		643		ADD-SUBCLASSES		1		23								24		31		38		0		1868		0		29		31		8

		659		ADD-SUBCLASSES		1		24								25		32		25		0		1915		0		30		32		55

		676		ADD-SUPERCLASSES		1		25								26		32		58		0		1948		0		31		32		28

		704		ADD-SUPERCLASSES		1		26								27		37		38		0		2228		1		33		37		8

		722		ADD-SUBCLASSES		1		27								28		37		50		0		2240		0		34		37		20

		739		MERGE-CLASSES		1		28								29		38		39		0		2289		0		35		38		9

		768		ADD-SUBCLASSES		1		29								30		40		20		0		2390		0		36		40		50

		787		ADD-SUBCLASSES		1		30								31		40		59		0		2429		0		37		40		29

		872		CREATE-EXHAUSTIVE-DECOMPOSITION		2		32								32		41		38		0		2468		1		39		41		8

		958		MERGE-CLASSES		1		33								33		42		21		0		2511		0		40		42		51

		988		CREATE-DISJOINT-DECOMPOSITION		2		35								34		43		13		0		2563		0		41		43		43

		1174		ADD-SUPERCLASSES		1		36								35		43		26		0		2576		0		42		43		56

		1201		ADD-SUPERCLASSES		1		37								36		43		38		0		2588		0		43		43		8

		1230		REMOVE-SUPERCLASSES		1		38								37		45		9		0		2679		1		45		45		39

		1437		MERGE-CLASSES		1		39								38		46		29		0		2759		0		46		46		59

		1516		ADD-SUPERCLASSES		1		40								39		47		51		0		2841		0		47		47		21

		1537		REMOVE-SUPERCLASSES		1		41								40		51		30		0		3060		0		48		51		0

		1562		ADD-SUPERCLASSES		1		42								41		52		18		0		3108		0		49		52		48

		1579		REMOVE-SUPERCLASSES		1		43								42		52		49		0		3139		2		52		52		19

		1663		MOVE-SUBSUPERCLASS-TO		1		44								43		53		13		0		3163		3		56		53		43

		1694		CREATE-DISJOINT-DECOMPOSITION		2		46								44		55		0		0		3270		0		57		55		30

		1731		MERGE-CLASSES		1		47

		1818		MOVE-SUBSUPERCLASS-TO		1		48

		1890		ADD-SUPERCLASSES		1		49

		1900		REMOVE-SUPERCLASSES		1		50

		2133		ADD-SUBCLASSES		1		51

		2169		ADD-SUPERCLASSES		1		52

		2260		ADD-SUPERCLASSES		10		62

		2300		ADD-SUPERCLASSES		1		63

		2416		MERGE-CLASSES		1		64

		2775		MOVE-SUBSUPERCLASS-TO		1		65

		2807		MOVE-SUBCLASS-TO		2		67

		2915		MOVE-SUBCLASS-TO		1		68

		3076		ADD-SUBCLASSES		1		69

		3182		CREATE-DISJOINT-DECOMPOSITION		1		70
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Chimaera Experiment 3

		Operation		Time		Command		Extra		Redundant?		Real operation		Real extra		Cumulative operations		Ontolingua		Ontolingua		Chimæra (linear)						Chimæra second linear region

																Chimæra				Ontolingua Editor		Cumulative operations		Time(s)				Cumulative operations		Time(s)

		1		28		MERGE-CLASSES		0				1		0		1		120		1		1		28		217		18		0

		2		38		MERGE-CLASSES		0				2		0		2		249		2		2		38		258		19		41

		3		49		MERGE-CLASSES		0				3		0		3		525		3		3		49		270		20		53

		4		58		MERGE-CLASSES		0				4		0		4		710		4		4		58		281		21		64

		5		68		MERGE-CLASSES		0				5		0		5		764		5		5		68		289		22		72

		6		74		MERGE-CLASSES		0				6		0		6		818		6		6		74		354		23		137

		7		80		MERGE-CLASSES		0				7		0		7		1040		8		7		80		403		24		186

		8		85		MERGE-CLASSES		0				8		0		8		1097		9		8		85		477		24		260

		9		90		MERGE-CLASSES		0				9		0		9		1343		10		9		90		506		25		289

		10		96		MERGE-CLASSES		0				10		0		10		1788		11		10		96		520		27		303

		11		101		MERGE-CLASSES		0				11		0		11		2100		12		11		101		577		28		360

		12		107		MERGE-CLASSES		0				12		0		12		2269		13		12		107		595		30		378

		13		112		MERGE-CLASSES		0				13		0		13		2366		14		13		112		671		31		454

		14		121		MERGE-CLASSES		0				14		0		14		2494		15		14		121		708		32		491

		15		147		MERGE-CLASSES		0				15		0		15		2689		16		15		147		840		34		623

		16		170		MERGE-CLASSES		0				16		0		16		2849		17		16		170		981		36		764

		17		185		MERGE-CLASSES		0				17		0		17		2899		18		17		185		1061		38		844

		18		217		ADD-SUBCLASSES		0				18		0		18		2916		19						1083		38		866

		19		258		MERGE-CLASSES		0				19		0		19		2938		20						1093		41		876

		20		270		ADD-SUBCLASSES		0				20		0		20		3387		21						1185		44		968

		21		281		ADD-SUBCLASSES		0				21		0		21		3533		22						1316		45		1099

		22		289		ADD-SUBCLASSES		0				22		0		22		3603		23						1354		47		1137

		23		354		MERGE-CLASSES		0				23		0		23										1628		48		1411

		24		403		ADD-SUBCLASSES		0				24		0		24										1658		50		1441

		25		477		REVERSE-ARGUMENTS		1		1		24		0		24										1762		51		1545

		26		506		ADD-SUPERCLASSES		0				25		0		25										1789		52		1572

		27		520		CREATE-DISJOINT-DECOMPOSITION		1				26		1		27										1800		53		1583

		28		577		ADD-SUBCLASSES		0				27		0		28										1820		55		1603

		29		595		CREATE-DISJOINT-DECOMPOSITION		1				28		1		30										1926		59		1709

		30		671		MERGE-CLASSES		0				29		0		31										1940		60		1723

		31		708		MERGE-CLASSES		0				30		0		32										2200		62		1983

		32		840		MERGE-CLASSES		1				31		1		34										2339		65		2122

		33		981		CREATE-DISJOINT-DECOMPOSITION		1				32		1		36										2387		66		2170

		34		1061		CREATE-DISJOINT-DECOMPOSITION		1				33		1		38										2412		68		2195

		35		1083		REVERSE-ARGUMENTS		2		1		33		0		38										2482		70		2265

		36		1093		CREATE-DISJOINT-DECOMPOSITION		2				34		2		41										3016		70		2799

		37		1185		CREATE-DISJOINT-DECOMPOSITION		2				35		2		44										3019		70		2802

		38		1316		ADD-SUPERCLASSES		0				36		0		45										3142		73		2925

		39		1354		CREATE-DISJOINT-DECOMPOSITION		1				37		1		47										3217		74		3000

		40		1628		ADD-SUPERCLASSES		0				38		0		48										3252		75		3035

		41		1658		CREATE-DISJOINT-DECOMPOSITION		1				39		1		50										3372		77		3155

		42		1762		MERGE-CLASSES		0				40		0		51										3629		82		3412

		43		1789		MERGE-CLASSES		0				41		0		52										3674		84		3457

		44		1800		MERGE-CLASSES		0				42		0		53

		45		1820		CREATE-EXHAUSTIVE-DECOMPOSITION		1				43		1		55

		46		1926		CREATE-DISJOINT-DECOMPOSITION		3				44		3		59

		47		1940		MERGE-CLASSES		0				45		0		60

		48		2200		ADD-SUBCLASSES		1				46		1		62

		49		2339		ADD-SUBCLASSES		2				47		2		65

		50		2387		ADD-SUBCLASSES		0				48		0		66

		51		2412		CREATE-DISJOINT-DECOMPOSITION		1				49		1		68

		52		2482		CREATE-DISJOINT-DECOMPOSITION		1				50		1		70

		53		3016		REVERSE-ARGUMENTS		4		1		50		0		70

		54		3019		ADD-SUBCLASSES		4		1		50		0		70

		55		3142		CREATE-DISJOINT-DECOMPOSITION		2				51		2		73

		56		3217		ADD-SUBCLASSES		0				52		0		74

		57		3252		ADD-SUBCLASSES		0				53		0		75

		58		3372		ADD-SUBCLASSES		1				54		1		77

		59		3629		CREATE-DISJOINT-DECOMPOSITION		4				55		4		82

		60		3674		CREATE-DISJOINT-DECOMPOSITION		1				56		1		84		156.652173913		seconds per linear find in Ontolingua				14.3950646298		ratio between onto and Chim

								39										10.8823529412		seconds per linear find

																		3.652173913
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Time (s)

Cumulative operations

Experiment 3: Chimaera operating in beyond its known linear region



		Operation		Time Minutes		Time Seconds		Total time		Extra		Total operations		Operation type

		1		2		0		120		0		1		Add Subclass

		2		4		9		249		0		2		Add Subclass

		3		8		45		525		0		3		Add Subclass

		4		11		50		710		0		4		Merge

		5		12		44		764		0		5		Add Subclass

		6		13		38		818		0		6		Add Subclass

		7		17		20		1040		1		8		Add Subclass

		8		18		17		1097		0		9		Add Subclass

		9		22		23		1343		0		10		Add Subclass

		10		29		48		1788		0		11		Add Subclass

		11		35		0		2100		0		12		Merge

		12		37		49		2269		0		13		Add Subclass

		13		39		26		2366		0		14		Add Subclass

		14		41		34		2494		0		15		Merge

		15		44		49		2689		0		16		Merge

		16		47		29		2849		0		17		Merge

		17		48		19		2899		0		18		Merge

		18		48		36		2916		0		19		Merge

		19		48		58		2938		0		20		Merge

		20		56		27		3387		0		21		Add Subclass

		21		58		53		3533		0		22		Add Subclass

		22		60		3		3603		0		23		Add Subclass
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				Chimaera		Time excluding		Operation		Category number		Extra		Extra		Time for		Total		Cumulative		Result of		Cumulative		K		Cost of edit		Cost of edit		Cost in				Decom-		Add		Move		Add		Remove redundant		Remove		Remove		Move		Ops

				Command #		side-effects						operations		correction		side-effect		time		operations		coalescence		merges				in Onto (1-5)		in Onto (6-9)		Onto				positions		subclass		subclass		superclass		superclasses		subclasses		superclass		superclass		checksum

		Terms in KB 1		1		60		MERGE-CLASSES		1		0				10		70		1		1		1		2		100		0		142		142		0		0		0		0		0		0		0		0		386.3333333333

		222		2		88		MERGE-CLASSES		1		0				5		103		2		1		2		2		100		0		142		283		0		0		0		0		0		0		0		0		529

		Terms in KB2		3		93		MERGE-CLASSES		1		0				4		112		3		1		3		2		100		0		142		425		0		0		0		0		0		0		0		0		671.6666666667

		485		4		99		MERGE-CLASSES		1		0				13		131		4		1		4		2		100		0		142		567		0		0		0		0		0		0		0		0		814.3333333333

		Number of pairs to search		5		104		MERGE-CLASSES		1		0				4		140		5		1		5		2		100		0		142		708		0		0		0		0		0		0		0		0		957

		990.3243440153		6		109		MERGE-CLASSES		1		0				4		149		6		1		6		2		100		0		142		850		0		0		0		0		0		0		0		0		1099.6666666667

		Branching factor		7		115		MERGE-CLASSES		1		0				4		159		7		1		7		2		100		0		142		992		0		0		0		0		0		0		0		0		1242.3333333333

		4		8		121		MERGE-CLASSES		1		0				6		171		8		1		8		2		100		0		142		1133		0		0		0		0		0		0		0		0		1385

		Number of hits		9		132		MERGE-CLASSES		1		0				14		196		9		1		9		2		100		0		142		1275		0		0		0		0		0		0		0		0		1527.6666666667

		128		10		138		MERGE-CLASSES		1		0				10		212		10		1		10		2		100		0		142		1417		0		0		0		0		0		0		0		0		1670.3333333333

		Search time per hit		11		144		MERGE-CLASSES		1		0				12		230		11		1		11		2		100		0		142		1558		0		0		0		0		0		0		0		0		1813

		157		12		150		MERGE-CLASSES		1		0				17		253		12		1		12		2		100		0		142		1700		0		0		0		0		0		0		0		0		1955.6666666667

		Pairs searched per hit		13		156		MERGE-CLASSES		1		0				4		263		13		1		13		2		100		0		142		1842		0		0		0		0		0		0		0		0		2098.3333333333

		7.7369089376		14		161		MERGE-CLASSES		1		0				4		272		14		1		14		2		100		0		142		1983		0		0		0		0		0		0		0		0		2241

		Search time per pair		15		165		MERGE-CLASSES		1		0				5		281		15		1		15		2		100		0		142		2125		0		0		0		0		0		0		0		0		2383.6666666667

		20.2923417176		16		170		MERGE-CLASSES		1		0				14		300		16		1		16		2		100		0		142		2267		0		0		0		0		0		0		0		0		2526.3333333333

				17		176		MERGE-CLASSES		1		0				9		315		17		1		17		2		100		0		142		2408		0		0		0		0		0		0		0		0		2669

				18		181		MERGE-CLASSES		1		0				4		324		18		1		18		2		100		0		142		2550		0		0		0		0		0		0		0		0		2811.6666666667

				19		187		MERGE-CLASSES		1		0				5		335		19		1		19		2		100		0		142		2692		0		0		0		0		0		0		0		0		2954.3333333333

				20		193		MERGE-CLASSES		1		0				6		347		20		1		20		2		100		0		142		2833		0		0		0		0		0		0		0		0		3097

				21		199		MERGE-CLASSES		1		0				3		356		21		1		21		2		100		0		142		2975		0		0		0		0		0		0		0		0		3239.6666666667

				22		205		MERGE-CLASSES		1		0				3		365		22		1		22		2		100		0		142		3117		0		0		0		0		0		0		0		0		3382.3333333333

				23		211		MERGE-CLASSES		1		0				3		374		23		1		23		2		100		0		142		3258		0		0		0		0		0		0		0		0		3525

				24		217		MERGE-CLASSES		1		0				4		384		24		1		24		2		100		0		142		3400		0		0		0		0		0		0		0		0		3667.6666666667

				25		355		CREATE-DISJOINT-DECOMPOSITION		2		3				1		523		28				24		4		80		0		237		3637		4		0		0		0		0		0		0		0		3985.3043478261

				26		409		ADD-SUBCLASSES		3		0				1		578		29				24		2		40		0		197		3833		4		1		0		0		0		0		0		0		4100.9565217391

				27		518		ADD-SUBCLASSES		3		0				1		688		30				24		2		40		0		197		4030		4		2		0		0		0		0		0		0		4298.6086956522

				28		534		ADD-SUBCLASSES		3		0				1		705		31				24		2		40		0		197		4227		4		3		0		0		0		0		0		0		4496.2608695652

				29		635		ADD-SUBCLASSES		3		0				0		806		32				24		2		40		0		197		4423		4		4		0		0		0		0		0		0		4693.9130434783

				30		654		CREATE-DISJOINT-DECOMPOSITION		2		1				1		826		34				24		2		40		0		197		4620		6		4		0		0		0		0		0		0		4892.5652173913

				31		676		ADD-SUBCLASSES		3		0				1		849		35				24		2		40		0		197		4817		6		5		0		0		0		0		0		0		5090.2173913043

				32		745		MOVE-SUBCLASS-TO		4		0				2		920		36				24		2		85		0		242		5058		6		5		1		0		0		0		0		0		5422.8695652174

				33		1052		MERGE-CLASSES		1		0				3		1230		37				25		2		405		0		562		5620		6		5		1		0		0		0		0		0		6625.5217391304

				34		1077		MERGE-CLASSES		1		0				3		1258		38				26		2		405		0		562		6182		6		5		1		0		0		0		0		0		7188.1739130435

				35		1091		MERGE-CLASSES		1		0				4		1276		39				27		2		405		0		562		6743		6		5		1		0		0		0		0		0		7750.8260869565

				36		1104		MERGE-CLASSES		1		0				4		1293		40				28		2		405		0		562		7305		6		5		1		0		0		0		0		0		8313.4782608696

				37		1124		MERGE-CLASSES		1		0				3		1316		41				29		2		405		0		562		7866		6		5		1		0		0		0		0		0		8876.1304347826

				38		1139		MERGE-CLASSES		1		0				4		1335		42				30		2		405		0		562		8428		6		5		1		0		0		0		0		0		9438.7826086957

				39		1174		MERGE-CLASSES		1		0				3		1373		43				31		2		405		0		562		8990		6		5		1		0		0		0		0		0		10001.4347826087

				40		1210		MERGE-CLASSES		1		0				4		1413		44				32		2		405		0		562		9551		6		5		1		0		0		0		0		0		10564.0869565217

				41		1226		MERGE-CLASSES		1		0				4		1433		45				33		2		405		0		562		10113		6		5		1		0		0		0		0		0		11126.7391304348

				42		1290		MERGE-CLASSES		1		0				3		1500		46				34		2		405		0		562		10675		6		5		1		0		0		0		0		0		11689.3913043478

				43		1307		MERGE-CLASSES		1		0				5		1522		47				35		2		405		0		562		11236		6		5		1		0		0		0		0		0		12252.0434782609

				44		1319		MERGE-CLASSES		1		0				9		1543		48				36		2		405		0		562		11798		6		5		1		0		0		0		0		0		12814.6956521739

				45		1376		ADD-SUPERCLASSES		5		0				1		1601		49				36		2		40		0		197		11995		6		5		1		1		0		0		0		0		12282.347826087

				46		1401		ADD-SUPERCLASSES		5		0				0		1626		50				36		2		40		0		197		12191		6		5		1		2		0		0		0		0		12480

				47		1436		MERGE-CLASSES		1		0				4		1665		51				37		2		405		0		562		12753		6		5		1		2		0		0		0		0		13772.652173913

				48		1478		ADD-SUPERCLASSES		5		0				1		1708		52				37		2		40		0		197		12950		6		5		1		3		0		0		0		0		13240.3043478261

				49		1524		MERGE-CLASSES		1		0				9		1763		53				38		2		405		0		562		13511		6		5		1		3		0		0		0		0		14532.9565217391

				50		1582		REMOVE-REDUNDANT-SUPERCLASSES		6		1		1		1		1822		54				38		1		0		10		167		13678		6		5		1		3		1		0		0		0		13909.6086956522

				51		1736		MERGE-CLASSES		1		0				10		1986		55				39		2		405		0		562		14240		6		5		1		3		1		0		0		0		15263.2608695652

				52		1790		ADD-SUPERCLASSES		5		0				1		2041		56				39		2		40		0		197		14436		6		5		1		4		1		0		0		0		14730.9130434783

				53		1846		ADD-SUBCLASSES		3		0				0		2097		57				39		2		40		0		197		14633		6		6		1		4		1		0		0		0		14928.5652173913

				54		1891		REMOVE-AS-SUBCLASSES		7		0				1		2143		58				39		1		0		10		167		14800		6		6		1		4		1		1		0		0		15035.2173913044

				55		1962		MERGE-CLASSES		1		0				4		2218		59				40		2		405		0		562		15361		6		6		1		4		1		1		0		0		16388.8695652174

				56		1980		MERGE-CLASSES		1		0				5		2241		60				41		2		405		0		562		15923		6		6		1		4		1		1		0		0		16951.5217391304

				57		2123		MERGE-CLASSES		1		0				6		2390		61				42		2		405		0		562		16485		6		6		1		4		1		1		0		0		17514.1739130435

				58		2161		MERGE-CLASSES		1		0				4		2432		62				43		2		405		0		562		17046		6		6		1		4		1		1		0		0		18076.8260869565

				59		2237		ADD-SUPERCLASSES		5		0				1		2509		63				43		2		40		0		197		17243		6		6		1		5		1		1		0		0		17544.4782608696

				60		2309		MERGE-CLASSES		1		0				5		2586		64				44		2		405		0		562		17804		6		6		1		5		1		1		0		0		18837.1304347826

				61		2352		ADD-SUPERCLASSES		5		0				1		2630		65				44		2		40		0		197		18001		6		6		1		6		1		1		0		0		18304.7826086957

				62		2500		MERGE-CLASSES		1		0				5		2783		66				45		2		405		0		562		18563		6		6		1		6		1		1		0		0		19597.4347826087

				63		2620		MOVE-SUBCLASS-TO		4		0				1		2904		67				45		2		85		0		242		18804		6		6		2		6		1		1		0		0		19200.0869565218

				64		2714		ADD-SUBCLASSES		3		0				0		2998		68				45		2		40		0		197		19001		6		7		2		6		1		1		0		0		19307.7391304348

				65		3060		CREATE-DISJOINT-DECOMPOSITION		2		3				1		3345		72				45		4		80		0		237		19238		10		7		2		6		1		1		0		0		19630.3913043478

				66		3175		CREATE-DISJOINT-DECOMPOSITION		2		3				0		3460		76				45		4		80		0		237		19474		14		7		2		6		1		1		0		0		19871.0434782609

				67		3235		CREATE-DISJOINT-DECOMPOSITION		2		6				0		3520		83				45		7		140		0		297		19771		21		7		2		6		1		1		0		0		20297.6956521739

				68		3302		CREATE-DISJOINT-DECOMPOSITION		2		1				1		3588		85				45		2		40		0		197		19968		23		7		2		6		1		1		0		0		20291.347826087

				69		3453		CREATE-DISJOINT-DECOMPOSITION		2		12				1		3740		98				45		13		260		0		417		20384		36		7		2		6		1		1		0		0		21172

				70		3517		CREATE-DISJOINT-DECOMPOSITION		2		2				1		3805		101				45		3		60		0		217		20601		39		7		2		6		1		1		0		0		20981.6521739131

				71		3677		CREATE-DISJOINT-DECOMPOSITION		2		2				1		3966		104				45		3		60		0		217		20818		42		7		2		6		1		1		0		0		21201.3043478261

				72		4069		CREATE-DISJOINT-DECOMPOSITION		2		6				0		4358		111				45		7		140		0		297		21114		49		7		2		6		1		1		0		0		21668.9565217391

				73		4097		MERGE-CLASSES		1		0				4		4390		112				46		2		405		0		562		21676		49		7		2		6		1		1		0		0		22756.6086956522

				74		4198		CREATE-DISJOINT-DECOMPOSITION		2		10				0		4491		123				46		11		220		0		377		22053		60		7		2		6		1		1		0		0		22783.2608695652

				75		4256		CREATE-DISJOINT-DECOMPOSITION		2		9				1		4550		133				46		10		200		0		357		22409		70		7		2		6		1		1		0		0		23108.9130434783

				76		4404		ADD-SUBCLASSES		3		6				3		4701		140				46		8		160		0		317		22726		70		14		2		6		1		1		0		0		23350.5652173913

				77		4482		REMOVE-REDUNDANT-SUPERCLASSES		6		1		1		1		4780		141				46		1		0		10		167		22893		70		14		2		6		2		1		0		0		23211.2173913044

				78		4520		CREATE-DISJOINT-DECOMPOSITION		2		1				1		4819		143				46		2		40		0		197		23089		72		14		2		6		2		1		0		0		23470.8695652174

				79		4612		CREATE-DISJOINT-DECOMPOSITION		2		3				0		4911		147				46		4		80		0		237		23326		76		14		2		6		2		1		0		0		23793.5217391305

				80		4645		CREATE-DISJOINT-DECOMPOSITION		2		1				1		4945		149				46		2		40		0		197		23523		78		14		2		6		2		1		0		0		23910.1739130435

				81		4701		CREATE-DISJOINT-DECOMPOSITION		2		1				1		5002		151				46		2		40		0		197		23719		80		14		2		6		2		1		0		0		24108.8260869565

				82		4723		CREATE-DISJOINT-DECOMPOSITION		2		1				1		5025		153				46		2		40		0		197		23916		82		14		2		6		2		1		0		0		24307.4782608696

				83		4943		ADD-SUBCLASSES		3		0				1		5246		154				46		2		40		0		197		24112		82		15		2		6		2		1		0		0		24505.1304347826

				84		4975		MERGE-CLASSES		1		0				5		5283		155				47		2		405		0		562		24674		82		15		2		6		2		1		0		0		25797.7826086957

				85		5075		CREATE-DISJOINT-DECOMPOSITION		2		3				0		5383		159				47		4		80		0		237		24911		86		15		2		6		2		1		0		0		25390.4347826087

				86		5264		MOVE-SUBCLASS-TO		4		0				1		5573		160				47		2		85		0		242		25152		86		15		3		6		2		1		0		0		25641.0869565218

				87		5291		CREATE-DISJOINT-DECOMPOSITION		2		1				1		5601		162				47		2		40		0		197		25349		88		15		3		6		2		1		0		0		25749.7391304348

				88		5403		CREATE-DISJOINT-DECOMPOSITION		2		3				1		5714		166				47		4		80		0		237		25586		92		15		3		6		2		1		0		0		26072.3913043478

				89		5654		ADD-SUBCLASSES		3		0				1		5966		167				47		2		40		0		197		25782		92		16		3		6		2		1		0		0		26188.0434782609

				90		5735		ADD-SUBCLASSES		3		0				1		6048		168				47		2		40		0		197		25979		92		17		3		6		2		1		0		0		26385.6956521739

				91		5842		MERGE-CLASSES		1		0				9		6164		169				48		2		405		0		562		26541		92		17		3		6		2		1		0		0		27678.347826087

				92		5942		CREATE-DISJOINT-DECOMPOSITION		2		7				0		6264		177				48		8		160		0		317		26857		100		17		3		6		2		1		0		0		27519

				93		6176		REMOVE-REDUNDANT-SUPERCLASSES		6		1		1		0		6498		178				48		1		0		10		167		27024		100		17		3		6		3		1		0		0		27379.6521739131

				94		6196		CREATE-DISJOINT-DECOMPOSITION		2		1				1		6519		180				48		2		40		0		197		27221		102		17		3		6		3		1		0		0		27639.3043478261

				95		6271		CREATE-DISJOINT-DECOMPOSITION		2		4				1		6595		185				48		5		100		0		257		27477		107		17		3		6		3		1		0		0		28023.9565217392

				96		6308		CREATE-DISJOINT-DECOMPOSITION		2		1				1		6633		187				48		2		40		0		197		27674		109		17		3		6		3		1		0		0		28099.6086956522

				97		6390		CREATE-DISJOINT-DECOMPOSITION		2		5				1		6716		193				48		6		120		0		277		27951		115		17		3		6		3		1		0		0		28546.2608695652

				98		6428		CREATE-DISJOINT-DECOMPOSITION		2		5				0		6754		199				48		6		120		0		277		28227		121		17		3		6		3		1		0		0		28828.9130434783

				99		6458		REMOVE-SUPERCLASSES		8		0				1		6785		200				48		1		0		10		167		28394		121		17		3		6		3		1		1		0		28771.5652173913

				100		6535		CREATE-DISJOINT-DECOMPOSITION		2		14				1		6863		215				48		15		300		0		457		28851		136		17		3		6		3		1		1		0		29837.2173913044

				101		6591		CREATE-DISJOINT-DECOMPOSITION		2		2				1		6920		218				48		3		60		0		217		29067		139		17		3		6		3		1		1		0		29564.8695652174

				102		6625		CREATE-DISJOINT-DECOMPOSITION		2		2				1		6955		221				48		3		60		0		217		29284		142		17		3		6		3		1		1		0		29784.5217391305

				103		6910		REMOVE-REDUNDANT-SUPERCLASSES		6		1		1		0		7240		222				48		1		0		10		167		29451		142		17		3		6		4		1		1		0		29850.1739130435

				104		7436		ADD-SUBCLASSES		3		0				1		7767		223				48		2		40		0		197		29647		142		18		3		6		4		1		1		0		30108.8260869566

				105		7546		CREATE-DISJOINT-DECOMPOSITION		2		3				1		7878		227				48		4		80		0		237		29884		146		18		3		6		4		1		1		0		30431.4782608696

				106		7570		CREATE-DISJOINT-DECOMPOSITION		2		3				1		7903		231				48		4		80		0		237		30120		150		18		3		6		4		1		1		0		30672.1304347826

				107		7723		MOVE-SUBCLASS-TO		4		0				1		8057		232				48		2		85		0		242		30362		150		18		4		6		4		1		1		0		30922.7826086957

				108		7751		ADD-SUBCLASSES		3		0				1		8086		233				48		2		40		0		197		30559		150		19		4		6		4		1		1		0		31030.4347826087

				109		8008		ADD-SUBCLASSES		3		15				7		8350		249				48		17		340		0		497		31055		150		35		4		6		4		1		1		0		32158.0869565218

				110		8179		MERGE-CLASSES		1		0				7		8528		250				49		2		405		0		562		31617		150		35		4		6		4		1		1		0		32835.7391304348

				111		8355		REMOVE-REDUNDANT-SUPERCLASSES		6		1		1		1		8705		251				49		1		0		10		167		31784		150		35		4		6		5		1		1		0		32212.3913043479

				112		8466		REMOVE-REDUNDANT-SUPERCLASSES		6		1		1		1		8817		252				49		1		0		10		167		31950		150		35		4		6		6		1		1		0		32380.0434782609

				113		8674		CREATE-DISJOINT-DECOMPOSITION		2		2				1		9026		255				49		3		60		0		217		32167		153		35		4		6		6		1		1		0		32701.6956521739

				114		8863		CREATE-DISJOINT-DECOMPOSITION		2		1				1		9216		257				49		2		40		0		197		32364		155		35		4		6		6		1		1		0		32859.347826087

				115		9009		CREATE-DISJOINT-DECOMPOSITION		2		8				1		9363		266				49		9		180		0		337		32700		164		35		4		6		6		1		1		0		33492

				116		9058		MOVE-SUBCLASS-TO		4		0				2		9414		267				49		2		85		0		242		32942		164		35		5		6		6		1		1		0		33537.6521739131

				117		9273		CREATE-DISJOINT-DECOMPOSITION		2		1				1		9630		269				49		2		40		0		197		33139		166		35		5		6		6		1		1		0		33646.3043478261

				118		9310		MOVE-SUPERCLASS-TO		9		0				1		9668		270				49		2		0		50		207		33345		166		35		5		6		6		1		1		1		33873.9565217392

				119		9339		MOVE-SUBCLASS-TO		4		0				1		9698		271				49		2		85		0		242		33587		166		35		6		6		6		1		1		1		34186.6086956522

				120		9396		REMOVE-REDUNDANT-SUPERCLASSES		6		1		1		1		9756		272				49		1		0		10		167		33754		166		35		6		6		7		1		1		1		34203.2608695652

				121		9417		CREATE-DISJOINT-DECOMPOSITION		2		1				1		9778		274				49		2		40		0		197		33950		168		35		6		6		7		1		1		1		34462.9130434783

				122		9539		CREATE-DISJOINT-DECOMPOSITION		2		1				1		9901		276				49		2		40		0		197		34147		170		35		6		6		7		1		1		1		34661.5652173913

				123		9575		CREATE-DISJOINT-DECOMPOSITION		2		1				1		9938		278				49		2		40		0		197		34344		172		35		6		6		7		1		1		1		34860.2173913044

				124		9616		REMOVE-REDUNDANT-SUPERCLASSES		6		1		1		1		9980		279				49		1		0		10		167		34510		172		35		6		6		8		1		1		1		34966.8695652174

				125		9674		CREATE-DISJOINT-DECOMPOSITION		2		7				1		10039		287				49		8		160		0		317		34827		180		35		6		6		8		1		1		1		35598.5217391304

				126		9931		MERGE-CLASSES		1		0				16		10312		288				50		2		405		0		562		35389		180		35		6		6		8		1		1		1		36645.1739130435

				127		10256		ADD-SUBCLASSES		3		0				1		10638		289				50		2		40		0		197		35585		180		36		6		6		8		1		1		1		36112.8260869565

				128		10325		CREATE-DISJOINT-DECOMPOSITION		2		1				1		10708		291				50		2		40		0		197		35782		182		36		6		6		8		1		1		1		36311.4782608696

																						24						18340		150		35782

		Estimated cost in Ontolingua =		35782		Speed ratio:		3.4655521634		Time saved (hours):		7.0713405797												12930						18490

				From other sheet		K

		Seconds per operation =		36.7972508591

		Operations per minute =		1.6305565932

		Total time for side-effects =		383

		Ontolingua costs:

		Cost of coalesce find		41.6666666667

		Cost of coalesce merge		100

		Cost of non-coalesce merge		405		2

		Cost of decomposition		20		1

		Cost of add subclasses		40		2

		Cost of move subclass		85		2

		Cost of add superclasses		40		2

		Cost of remove subclass		10		1

		Cost of remove superclass		10		1

		Cost of move superclass		50		2

		Cost of non-coalesce find		156.652173913

		Coalescence in Onto		Ops		Time

		Splitting		200		1000

		Merging		480		2400

		Frames in KB2		221

		Time per gesture in Onto		5

		Average cost of coalesce merge		100

		Average cost of coalesce find		41.6666666667
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Cumulative Operations

Chimæra: Experiment 4
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Time (s)

Cumulative operations

Experiment 4: Chimæra after the known linear region
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		Terms in KB 1						Terms in		Total		Search		Total time		Branching

		222						each input KB		time (hours)		time (hours)		with axioms		factor

		Terms in KB2						200		1.68		2.74		3.57		5

		485						400		3.36		6.20		7.13

		Number of pairs to search						600		5.04		9.94		10.70		% of hits

		853.0189597136						800		6.72		13.84		14.26		0.18

		Branching factor						1000		8.40		17.88		17.83

		5						1200		10.08		22.03		21.40		Search time

		Number of hits						1400		11.76		26.26		24.96		per pair

		128						1600		13.44		30.56		28.53		15

		Search time per hit						1800		15.12		34.93		32.09

		157						2000		16.80		39.36		35.66		Time per

		Pairs searched per hit						2200		18.48		43.83		39.22		operation

		6.6642106228						2400		20.16		48.36		42.79		84

		Search time per pair						2600		21.84		52.93		46.36

		23.5586791726						2800		23.52		57.54		49.92		Time per

		Total search time						3000		25.20		62.18		53.49		consistency

		20096						3111		26.13		64.78		55.47		check

		5.5822222222														600

		Term merges

		20

		% of terms merged

		0.0282885431






