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Abstract

We describe a distributed, object-oriented database system which is based on class algebra.  This database allows the sharing of the class hierarchy of object-oriented programming.  Both hypermedia documents and applications may be put under the appropriate categories for quick retrieval.  The classifications from many users may be unioned together, and differences in terminologies may be resolved by looking at the actual objects which satisfy difference queries.  The queries involve the Boolean operations of class union, intersection, and difference, as well as binary relations and Boolean selection conditions.  All queries and their complements are quickly computable.  The “intelligence” of this database system comes from the close relationship between class algebra queries, the IS-A hierarchy, and the objects which satisfy the queries.  For instance, a query “B-C” for classes B and C may return an empty set of objects.   The query normalization process in our database system will check whether or not the logical query difference simplifies to “false”, indicating that B is a subclass of C, and that B’s membership condition implies C’s membership condition.
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1. Introduction: Sharing classifications and classes

Usually databases are used to hide and protect data.  However, here we describe an object-oriented database system, named “Cadabia” (i.e. Class Algebra DAtaBase Inference Agent), whose major use is to share data.  Users can retrieve data (including mulitimedia data and their editors) from many Cadabia agents by making use of the classification hierarchy of object-oriented programming.  Providers of multimedia can also put references to their material in the appropriate categories for others to retrieve.  

If a binary relation points to an object of another user, perhaps on another machine, the server automatically logs onto that user’s account to either use the object itself or its copy.  The login process is fairly standard, based on Java’s security classes.  The database is being made secure enough to permit buying, selling, and evaluation of both multimedia and associated tools and components since each user and server is associated with unique secret/public key pair, which is used for authentication, and since transactions use Java’s secure TCP/IP sockets.  Particular classes for e-commerce may require the use of other Java security mechanisms when writing the methods of that class.

The key advantage of object-oriented databases over object-relational databases is their use of the “IS-A hierarchy”.  This IS-A hierarchy organizes classes into a network of superclasses and subclasses.  The subclasses “inherit” attribute types, binary relation domain/range declarations, and method definitions from superclasses.  In Cadabia, subclasses can add new attributes, binary relations, and method declarations.  That is, going down the IS-A hierarchy, the data-types become more and more restricted.  Cadabia’s versioning mechanism also allows changes to superclass declarations, where old versions are deleted automatically after all object instances of the old class and its subclasses have been moved into the new classes.

Object-oriented databases have not come close to their original expectations, and they now occupy only about 2% of the annual US$11 billion database market [1].  Although most relational databases have added objects and multimedia, they do not include the concepts of the IS-A hierarchy and inheritance, which are central to object-oriented databases.  The main problem is the lack of an underlying theory on which a distributed IS-A classification hierarchy can be built.  In this paper we describe the Cadabia database which is built using “class algebra” [2-6].  Class algebra serves as a good theoretical foundation on which a distributed class hierarchy can be built.

The superclass/subclass IS-A hierarchy of object-oriented databases has several uses.  Programmers are mainly concerned with data type checking.  Casual users, however, would like to be able to use the IS-A hierarchy to classify their materials for easy retrieval by themselves and by others.  Moreover, they would like to use multiple inheritance, so that the material may be classified along many different dimensions (i.e. attribute/relation value groups).  For example, textual documents may be classified by content-language, content-type, media-type (e.g. .ps, .doc, .html), keywords, date of last update, evaluations, etc.  

Moreover, certain subclasses should have certain editors or other methods which can be called.  For example, the “Evaluation” classes should have methods which provide a secure environment for making evaluations, checking that the evaluators are uninfluenced by the author’s company or friends and relatives.  “Evaluation” classes may also need methods for allowing beta-testers a 30-day trial period before evaluating whether or not to buy the software.  The Cadabia database system provides an environment in which such Java applets, servlets, and applications may be created and stored in the database under the appropriate class, inheriting that class’s editor and evaluation methods. 

The programming API for this database makes it easy to develop multimedia applications.  For instance, if the images have already been put into their appropriate classes, it should be easy to send a query which will retrieve images of all orange-colored birds from Africa.  The query will return a set of url’s (i.e. pointers to images on the network), and Java’s random number generator can be used to select images for display.  

As another example of Java’s multimedia capabilities, Java’s speech API can be used to respond to a user’s spoken commands by showing an appropriate image or video clip.  In this manner, interacting with the application is much more similar to interacting with a human.  Based on Java’s speech API, we have developed a voice engine and a set of voice-activated menus (e.g. dates, dollars, integers, floats, characters), buttons, and grids which can be dynamically added to/deleted from the current recognition grammar.  

These components are used in our client interface “Abia” (see Figures 1 and 2).  Usually the client and server run on the same machine, with the server also making connections to other machines when relations point to objects created by other users.  Each user is assumed to have a unique name on the web, and his editable classes and objects are also assumed to be on one machine, with read-only versions copied to other machines.   Besides the Abia interface, there is a Java API.  The class algebra queries are translated into Java remote method invocations by a macro preprocessor.  This relieves the programmer from having to append local variables into complicated quoted strings.

2. Creating “Intelligent” Multimedia

The “key” to creating a distributed intelligent system is to have a common model and common terminology.  

The Cadabia database system provides support for creating such models of reality.  A class algebra query is a kind of “description logic” [4], and it is used to define a class membership function.  All objects in the database which satisfy the description are in the result of the corresponding query.  Cadabia allows one user to import another user’s query and class definitions to classify his own objects.  He can also compare logical differences between definitions, finding out if one definition implies the other.  He may also find the logical intersection of two definitions, as well as examples and counterexamples of the intersection.  Cadabia’s “intelligence” comes from being able to normalize the class expressions to a unique “simplest” form.

In this paper we consider the creation of a model of intelligent educational dialogs.  If such a model can be shared among many users, they may create educational materials and have them automatically included into appropriate dialogs with students.

Consider the case of an application that shows an appropriate video clip for each user query.  Interacting with such a system is similar to interacting with a human, especially if the system includes voice input for the queries.  Such a system might even be able to pass the Turing test, where an average user is unable to tell if he is interacting with a real human or with a computer program.  Of course, the key part to the “intelligence” of the system is the correct selection of an appropriate video clip, as well as a very large number of video clips responding to typical questions in the given topic area.

A model of intelligent educational conversations might include the following classes (numbered) and relations (lettered):

1. Student:

a. background (topics which he has studied)

b. multimedia players available

c. budget for various topics

d. goal topics (topics that he would like to learn about)

e. studied topics

f. learned topics

g. quiz results

2,  Topic

a. subtopics

b. related topics

c. part-of topics

d. prerequisite topics

e. URLs for related course material

3.  URL material

a. Author(s)

b. Evaluations

c. Multimedia player type

d. Prerequisite topics and levels

e. Goal topics and levels

f. Cost

4. Evaluation

a. “Ant” evaluation trails

1. Clarity of material

2. Presentation style

3. Suitability for this user’s query

b. Time spent reading this URL by various types of students

c. Performance of students (grouped by background) on tests after reading the material

d. Date of last update for this material (ranges “new”, “fairly new”, “old”)

e. Completeness of references to other materials

f. Evaluations of author’s other works

The above classes and their relations should be refined in greater detail.  For example, the “ant” evaluations should indicate which kinds of students give which kinds of evaluations.  Also, should they use a scale of 1 to 10 for the various categories, or is 1-5 sufficient?


The above is an example of the class definitions and relation definitions that could be used in a distributed environment for creating a “personalized” curriculum and lesson plans for a particular student.  As long as the authors agree on the basic terminologies, their materials can automatically be included into the lessons for appropriate students.  The formulae which are used to choose materials may give different weights to different factors, depending on the student’s preferences.  The evaluation function can be created via a dialog, and the resulting Java method can be compiled and added into the appropriate subclass.  Other more detailed subclasses may be able to make use of more detailed evaluations, but the methods at this level will simply ignore the extra information when choosing appropriate material.

3. Class Algebra Queries

Class algebra expressions are used to define both classes and queries.  Classes are used for static type declarations.  For example, if an Object is declared to be of type “Student”, he is not allowed to graduate and become an “Employee”.  Instead, the Object should be declared to be a “Person”, and he may then be assigned a value which is an instance of the “Student” subquery of “Person”.  His object identifier will not change when he is later assigned to an “Employee” instance.

Besides being used for static type checking, class expressions can also be used to define queries.  Here, the set of members may keep changing as the attributes and relations change.  For example, a URL may become “suitable” as more people give it positive evaluations.  Queries must usually be evaluated every time that they are used, unless there is some means of time-stamping the values on which the query depends.

The syntax for class queries is given by the following BNF grammar:

<Reln> ::=  <Reln> “@+” <Reln>
// class union

| <Reln> “@*” <Reln>
// class intersection

| “@~” <Reln>

// true complement

| “@-” <Reln>

// pseudo complement

| [“user” <id_list> ] “#” <className>

| <Reln> “.” <relationName> //result of binary reln

| <Reln> { <Selection> } //selection operator

<Selection> ::= <Selection> “&&” <Selection> 

| <Selection> “||” <Selection>
// or

| “@~” <Selection>
//true complement

| “@-” <Selection>
// pseudo complement

| <Predicate>

// true/false/unknown

// Some number or % of <Reln> satisfy <Selection>:

<Predicate> ::= cnt(<Reln>, <Selection>) <rel_op> <integer or percent>

<rel_op> ::=  “>” | “=” | “<” | “!=” | “<=” | “>=”

<integer_or_percent> ::= <digit> <digit>*  

| <digit> <digit>* “%”


For example, to find all URLs where most of their evaluations are > 4 and the URL’s goal topics include some of the goals of the student, we might use the following query:

query1:= #URL {cnt(evaluation,{average>4})>50%  & cnt(goalTopics * current_student.goals)>0 }


After the student has looked at the URL, we may use the following class algebra assignment statement to update the current student:

current_student.goals -= query1.goalTopics;

current_student.studied += querry1.goalTopics;

if(current_student.quizzes{date=max(current_student. quizzes.date)}>70) then current_student.learned += query1.goalTopics;

The above queries and assignments are included as string arguments to remote invocations of the “query” method.  The “query” method returns a class whose extent is a set of object identifiers.  These object identifiers can be used as an argument to a “grid” method which returns these objects’ attributes, one object per line.  There is also an “invoke” method for calling methods with side-effects, such as the above assignment statements.

4. Fuzzy quantifiers

In the previous example, the “most” predicate was translated into >50%.  Similarly, we define the following macros:

all(X,S) = “cnt(X,S) >= 100%”

most(X,S) = “cnt(X,S) >=50%”

a_few(X,S) = “cnt(X,S) >= 2”

exists(X,S) = some(X,S) = “cnt(X,S) >= 1” 

It can be seen that the above definition of “a few” is not very accurate.  It is possible to replace it by a fuzzy definition, where the probability peeks at around 10%.  The whole class algebra can be fuzzified in this way, with “truth” and “false” values between 0.0 and 1.0, inclusive.  The adverbs “always”, “usually”, “sometimes”, and “never” are similar, except that the X’s must be actions or events and S’s must be situations (i.e. adverbs and adverbial phrases).

5. The “Intelligent” Inference Mechanism

The mechanism for arranging class definitions and queries into an IS-A hierarchy is the most important feature of Cadabia.  It is based on the ability to simplify class algebra expressions into a Sorted Disjunctive Normal Form (SDNF).  This normal form may be thought of as being similar to the unique Karnough map represents an arbitrary set of equivalent Boolean expressions.  These Karnough maps also create a hierarchy, where one Karnough map is below the other in the hierarchy if it is completely “covered” by the other Karnough map.

There are several ways to implement this simplification process.  One way is to use automatic theorem proving’s “resolution” and “subsumption” mechanisms.  In this implementation, implicit queries are written as Prolog-like programs.  For instance, the query “q1@= b{attr1<5}.c{attr2>10 && attr3='this'}” could be written as the Prolog rule “q1(X,Z):- b(X,Y), attr1(Y,A1), A1<5, c(Y,Z), attr2(Z,A2), A2>10, attr3(Z, 'this')”.  A fuzzy value can be added as an extra argument to each predicate.  These rules can be forward-chained to find all consequents.  Fuzzy forward-chaining can be used to compute maximum fuzzy values for each head predicate.  A predicate and its pseudo-complement are independent, and no proofs by contradiction or proofs by case analysis are allowed.  This kind of logical inference system is sometimes referred to as “intuitionistic logic” [7,8].  In the case of class algebra expressions with a finite number of dotted relations and a finite number of selection predicates, dynamic programming can be used to get a worst-case O(n3) algorithm to find all fuzzy values, where n is the maximum number of objects in the value of any relation (see reference [2]).  In the case where selection expressions involve variables or function symbols, there will usually be an infinite number of consequents.  In this case, the above resolution-based methodology can be used to find all fuzzy values which are greater than a given epsilon.  That is, the membership of an object in the class or its complement is still “epsilon-decidable” (see reference [5]).

In Cadabia, the methods are written in Java, and the predicates are restricted to the comparison predicates “>”, “<”, “=”, “>=”, “<=”, and “!=”, “has”, and “in”.  In the sorted disjunctive normal form, these constraints can be simplified.  Each attribute value can be restricted to be in a given set of ranges.  Also, aggregate functions “cnt”, “avg”, “std”, “min”, and “max” can be restricted to be in given ranges.  Therefore, getting the SDNF involves simply grouping the constraints for a given attribute or relation together, and taking the appropriate unions, intersections, and differences of their ranges.  The SDNF is a disjunction of conjuncts of predicates and their negations.  A class expression B is a superclass of C if and only if B’s ranges “fuzzy subsume” C’s ranges.  That is, the predicates in each of the conjuncts of B must be fuzzy subsumed by a corresponding predicate in some conjunct of C (where larger ranges “fuzzy subsume” smaller ranges, and the fuzzy values of B’s conjuncts must be at least as large as the fuzzy values for C’s conjuncts).  Here, we’re using the term “predicate” to refer to either the predicate or its pseudo-complement predicate, formed by adding “not_” to the front of the predicate name.  The “true complement” operator “~”, on the other hand, satisfies the laws of Boolean algebra, including the laws “~ ~ x = x”, “x + ~x=Object” and “x * ~x = Empty” for any class expression x.

6. Summary and Conclusions

The examples in this paper indicate how class algebra queries are able to model “intelligent” educational dialogs.  It now remains to start refining the model in more detail, making the new models and their evaluation functions available to other users, so that the union of these models may include most of the attributes and relations needed to carry on intelligent instruction.

It should also be clear that this technique of model construction may be used in other fields besides distance education.  As users in any field start to agree on terminologies, they can use class algebra definitions to build up complex models which can be used to instruct others.  For example, automobile repairmen might create a model of various kinds of cars, and the various techniques used to repair them.  It would then be much easier to add video clips into appropriate nodes of the model.
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Figure 1

Abia Cadabia Queries
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Figure 2

Abia Cadabia Relation Editor

