Knowledge Acquisition from Multiple Experts

Based on Semantics of Concepts

Seppo Puuronen 1 , Vagan Terziyan 2

1 University of Jyvaskyla , P.O.Box 35, FIN-40351 Jyvaskyla, Finland sepi @ jytko.jyu.fi

2 Kharkov State Technical University of Radioelectronics, 14 Lenin Avenue,

310166 Kharkov, Ukraine vagan @ kture.cit-ua.net; vagan @ jytko.jyu.fi

Abstract. This paper presents one approach to acquire knowledge from mu l - tiple experts. The experts are grouped into multilevel hierarchical structure, according to the type of knowledge acquired. The first level consists of e x - perts who have knowledge about the basic objects and their relationships. The second level of experts includes those who have knowledge about the rel a - tionships of the experts at the first level and each higher level accordingly.

We show how to derive the most supported opinion among the experts at each level. This is used to order the experts into categories of their competence d e - fined as the support they get from their colleagues.

1 Introduction

When an expert system is being build, knowledge is usually acquired from multiple knowledge sources. This knowledge usually includes inconsistencies, incomplet e - ness, and incorrectness. These difficulties are often solved by selecting some part of knowledge as the only one to be saved into the knowledge base or by adding up some extra knowledge to be included to the collected ones into the knowledge base.

Distributed AI can be exploited in knowledge acquisition for modelling the e x - perts (their cooperation and conflicts), the knowledge acquisition process and sp e - cially the cooperation during knowledge acquisition from a group of experts.

Knowledge acquisition from several experts is an extremely difficult task. Turban and Tan [24] review the difficulties as well as the benefits involved in such an a c - quisition. Various research is being done on knowledge acquisition from multiple experts [9]: constructive modelling and elicitation [14], models of cognitive agents

[10] for guiding knowledge acquisition [7], management and comparison of multiple viewpoints [20, 3], detection and solving of conflicts among several expertise mo d - els [16], comparison of knowledge graphs [6], generation of consensual rules among experts [18], architecture of cognitive agent [7], extension of CommonKADS [25, 5] for multi-expertise [8] and for multi-agent systems [3], cooperative knowledge ev o - lution [22]. The types of cooperation depends on the organization of the agents:

horizontal and vertical organizational structures can be distinguished. In non hiera r - chical societies, cooperation is based on sharing of tasks and results, while in a hie r - archical society, it relies on commands, bids and competition [19].

One real application in the construction of knowledge-based systems is discussed by Gappa and Puppe [11]. The task description and knowledge sources were pr e - pared and made available via the World Wide Web. The common knowledge mat e - rial consisted of: transcripts of various reports and interviews of domain experts, partly formalised relational knowledge, pictures photos of the domain objects, and a database containing descriptions of the domain objects´ samples. An essential knowledge engineering problem in such applications was discussed how to deal with the conflicting knowledge from the different experts. The authors tried to resolve the differences based on the consistency and frequency of the different expert opinions into one authoritative knowledge base. Another approach would be to build a special knowledge base for each expert and try to find the integration of the respective s o - lutions to an overall solution. This might be done both by a majority vote or by a weighted majority vote.

One goal of our research is to develop formalisms to represent and reason with knowledge obtained from several knowledge sources. In this paper we present one formalism that is based on matrix representation of semantic networks and mult i - level knowledge structure where the upper levels include knowledge about the rel a - tio n ships of the experts and domain objects, too.

We will use the formalism to handle three types of problems:

1) How to derive the most supported knowledge about basic domain objects and relations among the experts? This gives a user possibility to use ^ consensus ~ know l - edge during reasoning process.

2) How to order the experts according to their supported competence concerning each domain relation and object? This order helps a user to select the most

^ competent ~ expert of each domain relation and object. We will name this as d e - riving horizontal order of experts according to their competence.

3) How to use experts´ opinions about relations between experts and domain o b - jects and between each other to group experts into different levels? This helps a user both to evaluate the subjectivity of each expert and to select an expert whose know l - edge he wants to be used during reasoning process. We will name this as deriving multilevel vertical structure of experts .

The area of eliciting expertise from one or more experts in order to construct a single knowledge base is still under great research interest. Could the overlapping knowledge obtained from multiple sources be described in such a way that it is context or even process independent? Taylor et al give a negative answer [ 23 ] . Ce r - tainly there have been inference engines that were subsequently applied to related domains, but in general the sets of rules have been different. According to Mak et al

[ 15 ] the other researchers have found that if more than one expert are available, then one must either select the opinion of the best expert or pool the experts´ judgements.

It is assumed that when experts´ judgements are pooled, collectively they offer su f - ficient cues leading to the building of a comprehensive theory. Medsker et al [ 17 ] distinguish three practical strategies for knowledge acquisition: use the opinion of only one expert, collect the opinions of multiple experts, but use them one at a time, and integrate the opinions of multiple experts. It was assumed that the acquired knowledge has more validity if it is obtained from the consensus across experts.

Mak et al [ 15 ] discuss about five knowledge classification techniques and make experimental evaluation of them. The elicited knowledge was aggregated using classical statistical methods, the ID3 pattern classification method, the k-NN tec h - nique, and neural networks. In aggregating knowledge, authors seek to identify the significance of each of the extracted factors and the functional inter-relationship among the relevant factors. They found that the neural net method outperformed the other methods in robustness and predictive accuracy. Arens et al [ 1 ] have described an approach which exploits semantic model of a problem domain to integrate the information from various information sources. They have in their SIMS project created a complete semantic model for data retrieval and integration from multiple dispersed knowledge sources. Roos [ 21 ] has described a logic for reasoning with inconsistent knowledge coming from different and not fully reliable knowledge sources. Inconsistency may be resolved by considering the reliability of the know l - edge sources used. Since the relative probability is conditional on inconsistencies, information from one reliable source cannot be overruled by information from many unreliable knowledge sources. Goto et al [ 12 ] discuss three level structure of info r - mation distribution. The levels are brains, gatekeepers and end users. A brain has his specific field of knowledge. A gatekeeper does not have any specific area of know l - edge - only general information. Each brain recognizes the other brains which create structure of knowledge by interacting with each other. The necessity to multiply brains appears only if the area of knowledge is too wide to be covered by a single brain. Gatekeepers may be interpreted as an intelligent interface between brains and end users. A gatekeeper knows to which brain (group of brains) address user´s que s - tion. Gatekeeper in multi-brain human society was assumed to have a key role.

Current books in formal semantics widely use approaches based on fundamental conceptual research in philosophy and cognitive psychology. For example Larsen and Segal [ 13 ] study a particular human cognitive competence governing the mea n - ings of words and phrases. Authors argue that speakers have unconscious knowledge of the semantic rules of their language. Knowledge of meanings is both the sema n - tics of domain attributes (properties and relations) and learning technology how to derive semantics of inconsistent and incomplete meanings. A knowledge base is built upon the definition of a structured set of concepts, derived, for a large part, by the knowledge engineer from text analyses (transcriptions of discussions with an expert or technical documentation). The focus of knowledge acquisition is the co n - ceptual organisation of knowledge fields from the study of terms representing co n - cepts in texts as it was mentioned in methodological issue of Aussenac [2].

The rest of the paper is organised as follows. Section 2 introduces the basic co n - cepts with an example that is used across the whole paper. In Section 3 we present the way to derive the most supported knowledge about objects and their relations from multiple opinions of experts. In Section 4 we introduce our method to derive horizontal order of experts according to their supported competence concerning each piece of knowledge. In section 5 we present the derivation of vertical hierarchy of expert competence. Section 6 concludes with a few future research topics.

2 Basic concepts

In this chapter, we introduce the basic concepts and notation used with an exa m ple.

Knowledge is an information about properties of objects and their relations and it is presented by a set of semantic predicates .

Object has unique identifier (for an object we use notation A with index) and zero, one or more properties .

Relation has four attributes. These are: the two objects between which the rel a - tion holds, the concept which indicates semantic contents of the named relation (we will use notation L with index) and source from which the information about this relation was acquired (we will use notation Ex with index). For example, the fact:

^ Mary told that Bill contacted t o his friend Tom by phone ~ , is presented using two objects <Bill> and <Tom> , two relations defined by the concepts <to be friend> and <to contact by phone>, and the source <Mary>.

Property describes an object separately from other objects. It may be interpreted as a special relation where the two objects between which the relation holds are the same object . Concept in such relation is the name of property . For example, the fact: ^ Bill is forty years old black man ~ , is described using one object <Bill> with three properties: <to be male>, <to be black>, <to be 40 years old>.

We will index objects using s, t = 1,..., n ( n objects), concepts - using i, j = 1,..., r

( r concepts), and sources using k, l = 1,..., m ( m sources) with notation of sources.

Semantic predicate describes a piece of knowledge (relation or property) by e x - pression: P A L A Ex true s i t k ( , , , ) = , if there is knowledge, acquired from the knowledge source Ex k , that a relation with concept L i holds between objects A s and

A t , and P A L A Ex false s i t k ( , , , ) =

, if there is knowledge acquired from source

Ex k that a relation with concept L i does not hold between objects A s and A t .

For example knowledge about the statement : ^ Pete says that Bill hates poor

Mary ~ can be formally represented as follows: Ex 1 : <Pete> is the source of know l - edge; A 1 : <Bill> and A 2 : <Mary> are the objects; L 1 : <to hate>, L 2 : <to be poor> are the concepts; P A L A Ex Bill hates M ary ( , , , )

1 1 2 1 - < > is the relation;

P A L A Ex Mar y is pu re

( , , , )

1 2 2 1 - < > is the property; and the knowledge is:

P A L A A P A L A A true

( , , , ) ( , , , )

2 1 3 1 3 2 3 1 Ù = .

We present the semantics of certain concept L i acquired from the knowledge source Ex k as a matrix ( ) L i k n n ´ ( n is number of objects), where:

( )

, ( , , , ) ;

, ( , , , ) ;

, .

, L

if P A L A Ex true if P A L A Ex false otherwise

i k s t

s i t k s i t k =

=

- =

ì í ï î ï

1

1

0

Let us consider, as an example, some of the characters and their relationships in the film ^ Santa-Barbara ~ . The characters and concepts to be considered are pr e - sented in Figure 1.

Objects and their ids. Concepts and their ids.

< Mejson> - A 1 <to respect> - L 1

< Iden> - A 2 <to help> - L 2

<Julia> - A 3 <to love> - L 3

<Victoria> - A 4 <to envy> - L 4

Fig. 1. Objects and concepts in ^ Santa-Barbara ~ example

Let us suppose that three spectators express their opinions about relationships in this domain in the following way:

Spectator 1: ^ Mejson loves, respects and envies Victoria. Iden respects, helps and envies Mejson. Iden envies Victoria. Julia loves Mejson, and she helps Victoria and

Iden. Victoria loves and envies Mejson and she respects Julia.~

Spectator 2: ^ Mejson envies Iden, he respects Iden and Victoria and loves Julia.

Iden helps Mejson and Julia and envies Victoria. Julia helps Iden. Victoria loves

Mejson and respects Julia.~

Spectator 3: ^ Mejson loves Julia. Iden respects Mejson and Victoria. Julia helps

Iden, and she helps, loves and envies Victoria. Victoria respects Mejson and Iden and envies Iden.~

The knowledge expressed by each spectator (let us use word ^ expert ~ ) can be presented by the semantic networks in Figure 2 a-c.

Fig. 2. Opinions of experts in the example presented by semantic networks

MEJSON

VICTORIA

IDEN

JULIA

EXPERT 2 b)

A A

A A

1 2

3 4

1 L

1 L

1 L

L 4

L 2

L 3 L 3

L 4

L 2

L 2

L 4

MEJSON

VICTORIA

IDEN

JULIA

EXPERT 1 a)

A A

A A

1 2

3 4

1 L

1 L

1 L

L 2

L 2

L 2

L 3 L 3 L 3 L 4 L 4

L 4

L 4

MEJSON

VICTORIA

IDEN

JULIA

EXPERT 3 c)

A A

A A

1 2

3 4

1 L

1 L

3 L

L 2

L 3 L 1

L 4

1 L

L 2

L 4

3 Deriving the most supported knowledge

In many cases as, in previous example, each expert interprets domain area by his own way. Without any co-ordination between experts, it is difficult to acquire useful information from their opinions. It is usual that information about one domain a t - tribute is more in the area of expertise of one expert and another attribute is more in the expertise area of another expert. If one does not have such additional knowledge about expertise, then he has to select opinion of some of the experts. Another way is to use those pieces of knowledge that receive most support among all the experts.

In this chapter, we present the way to derive the most supported knowledge and then we show how to discover knowledge sources that have given the pieces of knowledge included to the most supported knowledge.

In our example the semantics L L k k 1 4 - of concepts L

1 - L 4 according to the know l - edge sources k = 1,2,3 is presented in Figure 3.

Fig. 3. Semantics of concepts in the exa m ple

L 3 1 A 1 A 2 A 3 A 4

A 1 0 0 0 0

A 2 1 0 0 1

A 3 0 0 0 0

A 4 1 1 0 0

L 2 1 A 1 A 2 A 3 A 4

A 1 0 1 0 1

A 2 0 0 0 0

A 3 0 0 0 0

A 4 0 0 1 0

L 1 1 A 1 A 2 A 3 A 4

A 1 0 0 0 1

A 2 1 0 0 0

A 3 0 0 0 0

A 4 0 0 1 0

L 3 2 A 1 A 2 A 3 A 4

A 1 0 0 0 0

A 2 0 0 1 0

A 3 0 1 0 1

A 4 0 0 0 0

L 2 2 A 1 A 2 A 3 A 4

A 1 0 0 0 0

A 2 1 0 1 0

A 3 0 1 0 0

A 4 0 0 0 0

L 1 2 A 1 A 2 A 3 A 4

A 1 0 0 0 0

A 2 1 0 0 0

A 3 0 1 0 1

A 4 0 0 0 0

L 3 3 A 1 A 2 A 3 A 4

A 1 0 0 1 0

A 2 0 0 0 0

A 3 0 0 0 1

A 4 0 0 0 0

L 2 4 A 1 A 2 A 3 A 4

A 1 0 1 0 0

A 2 0 0 0 1

A 3 0 0 0 0

A 4 0 1 0 0

L 1 3 A 1 A 2 A 3 A 4

A 1 0 0 0 1

A 2 0 0 0 0

A 3 1 0 0 0

A 4 1 0 0 0

L 2 3 A 1 A 2 A 3 A 4

A 1 0 0 1 0

A 2 0 0 0 0

A 3 0 0 0 0

A 4 1 0 0 0

L 1 4 A 1 A 2 A 3 A 4

A 1 0 0 0 1

A 2 1 0 0 1

A 3 0 0 0 0

A 4 1 0 0 0

L 3 4 A 1 A 2 A 3 A 4

A 1 0 0 0 0

A 2 0 0 0 0

A 3 0 0 0 1

A 4 0 1 0 0

Deriving the most supported semantics of concepts. We build a matrix (CL) r ´ m by a following way:

( ) ( ( ) ( ) )

, , ,

, ,

CL L L i k i k s t i j s t j j k

m s t

n =´

¹

å å .

The formula gives to each element of the CL matrix an integer value that summ a - rises the support that knowledge source gets among the experts using the concept to d e - scribe the relation. When the formula is a p - plied to the example, we obtain the matrix in

Figure 4. It shows that expert 1 gets most support among experts to the use of concept

^ to respect ~ . It also shows that experts get equal support using the concept ^ to help ~ .

The most supported knowledge about concepts is derived selecting only know l - edge of most supported knowledge sources. We will use the concept competent and it is presented by matrix ( )supL i m n n ´ :

( ) ( ( ) ) sup

, ,

( ) max ( ) , ,

L sign L i m s t i s t k k k CL CL i k l i l

=

" =

å .

When the formula is applied to the example, we obtain the matrixes of Figure 5.

Fig. 5. The most supported opinion about each concept in the example

CL Ex

1 Ex

2 Ex

3

L

1 3 2 1

L

2 4 4 4

L

3 1 2 1

L

4 0 1 1

Fig. 4. Support to use concepts

L 1

msup A 1 A 2 A 3 A 4

A 1 0 0 0 1

A 2 1 0 0 0

A 3 0 0 0 0

A 4 0 0 1 0

L 2

msup A 1 A 2 A 3 A 4

A 1 0 0 0 0

A 2 1 0 1 0

A 3 0 1 0 1

A 4 0 0 0 0

L 4

msup A

1 A 2 A 3 A 4

A 1 0 1 0 0

A 2 0 0 0 1

A 3 0 0 0 1

A 4 0 1 0 0

L 3

msup A

1 A 2 A 3 A 4

A 1 0 0 1 0

A 2 0 0 0 0

A 3 0 0 0 0

A 4 1 0 0 0

These matrixes of Figure 5 together present the most supported knowledge about concepts that describe domain relations. The semantic network presentation of it is in Figure 6.

MEJSON

VICTORIA

IDEN

JULIA

Common opinion

A A

A A

1 2

3 4

3 L

2 L

4 L

L 2

L 3

L 4

L 4

L 2

L 1

1 L

4 L

1 L 2 L

Fig. 6. The semantic network presentation of the most supported knowledge

4 Deriving horizontal order of experts

In this chapter we present how to order the experts according to their competence concerning each relation and object. This ordering is based on the most supported knowledge among the experts about concepts used to describe of domain relations.

The amount of competence of an expert is measured by the support he receives to his opinions among experts. This is surely no absolute evaluation of competence and the result depends on the group of experts selected. In deriving expert´s competence we firsts derive a numerical value for expert´s competence concerning each possible relation and then use these values to order the experts according to their comp e - tence. After that, we order the experts according to their competence about objects using their competence about rel a tions connected to each object.

The numerical value for expert´s competence concerning each possible relation is derived as ( ) CR n n m ´´ array using the formula:

( ) ( ) , , sup ,

,

( ) ( ) , sup ,

CR L s t k i m s t i

L L

r i k s t i m s t

=

=

å , where s, t = 1, ..., n ; k = 1, ..., m .

Experts are grouped into categories of competence, relation by relation, accor d - ing to the corresponding values of the CR-array. This can be described by the alg o - rithm A :

Step 1 : For each pair of objects A s and A t , (s, t = 1,...n) do step 2.

Step 2 : Group the experts Ex k , (k = 1,...,m) into categories CEx s,t,l , (l = 1,..., n) so that the experts who have the same highest value of CR s,t,k

, (k = 1,...,m) belong to the first category CEx s,t,1

, the experts who have the same second highest value of CR s,t,k , (k = 1,...,m) belong to the second category CEx s,t,2 , and so on until all experts have a s signed into some category.

Step 3 : Return the grouping of experts into categories as the result of this a l gorithm.

In our example above we receive CR-array presented in Figure 7.

Fig. 7. CR-array for the example

The categories, obtained with algorithm A , are shown in Figure 8.

First category Second category Third category

CEx A 1 A 2 A 3 A 4 A 1 A 2 A 3 A 4 A 1 A 2 A 3 A 4

A 1

Ex 1 Ex 2 Ex 3

Ex 2

Ex 2 Ex 3

Ex 1 Ex 2

Æ Ex 1 Ex 3

Ex 1 Ex 3 Æ Æ Æ Æ

A 2 Ex 1

Ex 1 Ex 2 Ex 3

Ex 2

Ex 1 Ex 2

Ex 2 Ex 3

Æ Ex 1 Ex 3

Ex 3 Æ Æ Æ Æ

A 3

Ex 1 Ex 2 Ex 3

Ex 1 Ex 2 Ex 3

Ex 1 Ex 2 Ex 3

Ex 3 Æ Æ Æ Ex

1 Æ Æ Æ Ex

2

A 4

Ex 1 Ex 2

Ex 2 Ex 3

Ex 1 Ex 2

Ex 1 Ex 2 Ex 3

Ex 3 Ex 1 Ex 3 Æ Æ Æ Æ Æ

Fig. 8. The experts categories in the example

We group experts into categories according to their competence about objects using their categories according to their competence about relations connected to each object. For each object and expert, we calculate the sum of the numbers of

Ex 1 Ex 2 Ex 3

CR A 1 A 2 A 3 A 4 A 1 A 2 A 3 A 4 A 1 A 2 A 3 A 4

A 1 0 0 0 1 0 1 1 1 0 0 1 0

A 2 2 0 0 1 1 0 1 1 1 0 0 0

A 3 0 1 0 1 0 1 0 0 0 1 0 2

A 4 1 0 1 0 1 1 1 0 0 1 0 0 categories, they are included to, concerning the connected relations. The more co m - petent experts have smaller sum. This can be described by the algorithm B :

Step 1 : For each object A s , (s, = 1,...n) do step 2.

Step 2 : For each expert Ex k , (k = 1,...,m) do step 3.

Step 3 : Calculate sum of the numbers l of the categories CEx s,t,l , (t = 1,...,n) where the expert Ex k belongs to and add up into the sum the numbers l of the cat e - gories CEx t,s,l , (t = 1,...,n) where the expert Ex k belongs to.

Step 4 : Group the experts Ex k , (k = 1,...,m) into categories COEx s, l , (l = 1,..., n) so that the experts who have the same smallest value of sum calculated in the step 3 belong to the first category COEx s,1 , the experts, who have the same second smallest value of the sum, belong to the second category COEx s,2 , and so on until all experts have a s signed into some category.

Step 5 : Return the grouping of experts into categories as the result of this a l gorithm.

In the example above, we receive sum values and categories, that are presented in

Figure 9.

Fig. 9. Sum values and e x pert categories concerning objects of the example

Results of knowledge attributes´ distribution among experts accordingly to their competence are presented as a graph in Fi g ure 10.

Graph of expert competence

2

2

3 1

2

MEJSON

A 1

VICTORIA A 4

IDEN

A 2

JULIA A 3

Ex

Ex

Ex

Ex

Ex

Ex Ex

Ex

Ex

Ex

Ex

Ex

Ex

Ex

Ex 2 Ex

1 Ex

1

2

Ex 2

1

3

Ex 2 1

2 Ex

1 Ex

2

3

2 Ex 2

Ex 3 2

3

2 Ex

Ex 1

Ex 2

Ex 1

Ex 3

Fig. 10. Graph of horizontal competence of experts in the example

COEx First cat e - gory

Second category

Third category

A 1 Ex 2 Ex 1 Ex 3

A 2 Ex 2 Ex 1 Ex 3

A 3 Ex 2 , Ex 3 Ex 1 Æ

A 4 Ex 1, Ex 2 Ex 3 Æ

Sum Ex 1 Ex 2 Ex 3

A 1 10 9 12

A 2 11 9 12

A 3 11 10 10

A 4 10 10 12

5 Multilevel vertical structure of experts

In this chapter we describe how to derive vertical hierarchy of experts. In our a p - proach we suppose that experts give statements about the other experts (and even themselves) using the same relations of the basic level. We use the content of these statements to locate experts (and their statements) in different levels. The experts who give statements are both the experts who have given basic level knowledge of the domain area and experts who give only statements about the relations of the other experts. Figure 11 presents an example of cross-expertise professor-student.

Student has his own opinion (a) about his own level of learning some course of lectures given by professor. Professor contacting with student forms his opinion (b) about student´s level. Student has an opinion (c) about quality of lectures. Professor gives his own appreciation (d) of himself as lecturer. It seems reasonable to take into consideration all (a-d) opinions to derive resulting opinion concerning student. E x - perts in such situation represent multilevel structure of expertise. It is possible that some of experts are present at the different levels in the same structure. We can be at one level of competence when we evaluating a student and we are certainly at another level when we discussing the policy of a president.

student professor

a b c

d student

student professor

student professor a b

c d

Fig. 11. Vertical hierarchy of competence

We introduce a new relation Exp that can exist between any two experts and it has the meaning that the first expert in the relation has expressed a statement about the second expert´s relation with domain objects or himself. When the notion of object is allowed to represent also an expert then this can be described by formula:

" $ Ú Ú k l i t P Ex L A Ex P A L Ex Ex l i t k t i l k , , ( ( , , , ) ( , , , )

Ú Þ P Ex L Ex Ex P Ex Exp Ex Ex l i l i k l k ( , , , ) ) ( , , , ) .

We construct a multilevel structure of experts in the following way. The zero level of the structure, marked D 0 , includes only basic domain objects and their rel a - tions. The first level of the structure includes Exp -relations that are statements of experts about the other experts and/or their relations at the zero level D 0 . The next level of the structure includes Exp -relations that are statements about experts that gave statement at the previous level and so on. There is a need to prevent infinite formation of levels in the case when statements form a circular structure. The fo r - mation of the upper levels of the structure can be described by:

" < < " $ Î Ù Þ Î - q q A A A D P A Exp A A A D k l l q k l k i q ( ) ( ( ) ( , , , ) ) ( )

0 3 1 , and

" ³ " $ Î Ù Ù Ø$ £ £ - Ù - q q A A A D P A Exp A A p p q k l l q k l k ( ) ( ( ) ( , , , ) ( ( )

3 0 2 1

Ù - Þ Î

Connect A q A p A D l k k q ( , , , ) ) ) ( ) 1 , where Connect is a predicate that defines connection between the objects of diffe r - ent levels of the structure through circular chain of Exp -relations as:

" " Î " £ - " Î $ Î

- - p A A D q q p A A D A A A A l l p k k q d d d d p q

( ) ( ) ( ) , , . . . , ( ( ( 2

1 2 1 1

Î Ù Î Ù Ù Î Ù Î Ù - - + +

- - - - D A D A D A D p d p d q d q p q p q

1 2 2 1

2 2 1

) ( ) . . . ( ) ( ) )

Ù Ù Ù

( ( , , , ) ( , , , ) . . .

P A Exp A A P A Exp A A l d l d d d

1 1 2 1

. . . ( , , , ) ) ) ( , , , ) Ù Þ

- - - - P A Exp A A Connect A p A q d k d l k p q p q 1 1

.

To continue our previous example we assume that the three experts have e x - pressed their statements about competence of each other in the following way:

P Ex L Ex Ex P Ex L Ex Ex P Ex L Ex Ex

( , , , ) ( , , , ) ( , , , )

1 1 1 1 1 2 2 1 1 3 2 1 Ù Ù Ù

Ù Ù Ù Ù

P Ex L Ex Ex P Ex L Ex Ex P Ex L Ex Ex

( , , , ) ( , , , ) ( , , , )

2 1 1 1 2 3 2 1 3 3 3 2

Ù Ù Ù Ù

P Ex L Ex Ex P Ex L Ex Ex P Ex L Ex Ex

( , , , ) ( , , , ) ( , , , )

3 1 3 2 1 1 1 3 1 3 3 3

Ù Ù Ù =

P Ex L Ex Ex P Ex L Ex Ex P Ex L Ex Ex

( , , , ) ( , , , ) ( , , , )

3 1 1 3 3 1 3 3 3 3 3 3 1 .

Using definition of Exp -relation it is possible to write:

P Ex Exp Ex Ex P Ex Exp Ex Ex P Ex Exp Ex Ex

( , , , ) ( , , , ) ( , , , )

1 1 1 1 2 1 2 3 2 Ù Ù Ù

Ù Ù =

P Ex Exp Ex Ex P Ex Exp Ex Ex

( , , , ) ( , , , )

3 3 3 3 1 3 1 .

These relations form the graph of cross-expertise in the way that is shown in Fi g - ure 12. Arrows mean Exp - relations.

Ex Ex

Ex

1 3

2

Fig. 12. Graph of cross-expertise

Using the above description, it is possible to unfold this graph into the multilevel vertical structure of experts presented in Figure 13.

Ex

Ex Ex

Ex Ex Ex

Ex Ex Ex 1 2

2

2

1

1

3

3

1 Level 4

Level 3

Level 2

Level 1

Ex 3

Ex 3

Level 0

Mejson Iden Victoria Julia

Fig. 13. Multilevel vertical structure of experts in the example

The method of deriving horizontal order of experts can be used to derive the most supported knowledge at each level. In the example the levels 1, 2 and 3 are as in Fi g ure 14.

Fig. 14. Horisontal ordering for domain levels 1, 2, and 3 in the example

6 Conclusion

In this paper, we have presented matrix-based way to process knowledge acquired from multiple knowledge sources. The basic representation of knowledge behind is semantic network presentation with objects and their relations. Concepts are used to define semantics of relationship and they are interpreted in a very broad way. Co n - cept includes the name of relation, all necessary attributes of the relation and certain values of the attributes. We discussed about three problems.

First, how to derive the most supported (common) knowledge from knowledge sources. Knowledge obtained from different sources can include different and even

Ex 3

L

L

L

L

L

L 1

1

1

3

3

2

L 3

Ex 1 Ex 2 L 2

L 1

L 3

Second level of the domain

Ex 1

L L 1 3

Ex 3

L 1 L 3

Third domain level

Ex Ex

Ex

1 2

3

L

L

L

L

L

L 1

1

1

3

3

2

First level of the domain conflicting pieces of knowledge. We introduced a method of calculating the amount of support to relations between any two pairs of objects and its use to select the most supported relations. It is necessary to note that most supported knowledge is not always the best one and sometimes cannot be used as correct knowledge. We accept most supported knowledge in applications which use democratic voting-based pri n - ciple of acquiring knowledge from multiple experts.

Second, we discussed the problem of ordering the experts into categories of co m - petence. We introduced a method which uses amount of support to locate each e x - pert into one competence category with respect to each possible relation and object.

Third, we discussed the problem of deriving vertical structure in the case when there exist statements given by experts concerning also experts´ relations with d o - main objects and each other. We show how experts can be grouped into a multiple structure and can be classified into competence categories at each level.

There are some restrictions in the methods used to describe experts´ opinions. In this paper, we have not discussed the problem of semantics from the individual interpretation point of view. Further research is also needed to generalize the results to the cases where ignorance is allowed to have different levels, and support is a l - lowed to be partly (for example from very weak to very weighty).

Acknowledgments. This work has been partly supported by the grant from the

Academy of Finland.

References

1. Arens, Y., Chee, C., Hsu, C., Knoblock, C.: Retrieving and Integrating Data from Mult i - ple Information Sources. International Journal of Intelligent and Cooperative Information

Sy s tems, Vol. 2, No. 2 (1993) 127-158.

2. Aussenac-Gilles, N., Bourigault, D., Condamines, A., Gros, C.: How Can Knowledge

Acquisition Benefit from Terminology? In: A. Nuopponen (ed.), Terminology Forum, L i - brary: Terminology Science and Work, Available in WWW:

http:// www.irit.fr/ACTIVITES/ EQ_SMI/ PUBLI/banff95.html.

3. Cointe, C.: Guide to Manage Conflicts in Concurrent Engineering: A Multi-Agent Arch i - tecture. In: K.Reger (ed.), Building Tomorrow’s Virtual Enterprise: Proceedings of the 4th

European Conference on Concurrent Engineering - CEE’97, SCS, Germany (1997).

4. Cointe, C., Matta, N., Ribiere, M.: Design Propositions Evaluation: Using Viewpoint to manage conflicts in CREOPS2. In: S. Ganesan, B. Prasad (eds.), Advanced in Concurrent

Engineering, Proceedings of ISPE 4th International Conference on Concurrent Enginee r - ing R e search and Applications (CE’97), Rochester, Michigan, USA (1997) 336-343.

5. Corby, O., Dieng, R.: Cokace: a Centaur-Based Environment for CommonKADS Co n - ceptual Modelling Language. In: W. Wahlster (ed.), Proceedings of the 12th European

Confe r ence on AI - ECAI’96, Budapest, Hungary (1996) 418-422.

6. Dieng, R.: Comparison of Conceptual Graphs for Modelling Knowledge of Multiple

Experts. ISMIS (1996) 78-87.

7. Dieng, R., Corby, O., Labidi, S.: Agent-Based Knowledge Acquisition. In: L. Steels, G.

Schreiber, W. de Velde (eds.), A Future for Knowledge Acquisition: Proceedings of the

8th European Knowledge Acquisition Workshop - EKAW’94, Hoegaarden, Belgium

(1994) 63-82.

8. Dieng, R., Hug, S.: Comparison of "Personal Ontologies" Represented through Conce p - tual Graphs. In: H. Prade (ed.), Proceedings of the 13th European Conference on Artificial

I n telligence - ECAI’98, Brighton, UK (1998) 341-345.

9. Dieng, R.: Knowledge Acquisition for Explainable, Multi-expert, Design Systems. Avai l - able in WWW: http:// www.inria.fr/acacia/present- Acacia.html.

10. Franklin, S.: Autonomous Agents as Embodied AI. Cybernetics and Systems, Vol. 28, No.

6 (1997) 499-520.

11. Gappa, U., Puppe, F.: A Study in Knowledge Acquisition - Experiences from the Sisyphus

III Experiment for Rock Classification, to appear in Proceedings of KAW-98: 12th Banff

Knowledge Acquisition for Knowledge-Based Systems Workshop (1998), Available in

WWW: http://ki-server.informatik.uniwuerzburg.de/forschung/publikationen/lehrstuhl/Sisy-III-98/sisy-III-98.html

12. Goto, S., Nojima, H.: Equilibrium Analysis of the Distribution of Information in Human

Soc i ety. Artificial Intelligence, Vol. 75, No. 1 (1995) 115-130.

13. Larson, R., Segal, G.: Knowledge of Meaning. An Introduction to Semantic Theory. A

Bradford Book (1995).

14. Leroux, B., Laublet P.: An approach to knowledge acquisition combining alternate steps of constructive modelling and elicitation. In: P. Brezillon et V. Stefanuk ( Eds), East-West

Art i ficial Intelligence Conference, Moscow (1993) 138-143.

15. Mak, B., Bui, T., Blanning, R.: Aggregating and Updating Experts´ Knowledge: An E x - perimental Evaluation of Five Classification Techniques. Expert Systems with Applic a - tions, Vol. 10, No. 2 (1996) 233-241.

16. Matta, N., Cointe, C.: Concurrent Engineering and Conflicts Management Guides. In: A.

Riitahuhta (ed.), World Class Design by World Class Methods, Proceedings of the 11th

Int. Co n ference on Engineering Design (ICED97), Tampere, Finland (1997) 761-766.

17. Medsker, L., Tan, M., Turban, E.: Knowledge Acquisition from Multiple Experts: Pro b - lems and Issues. Expert Systems with Applications, Vol. 9, No. 1 (1995) 35-40.

18. A Protocol for Building Consensual and Consistent Repositories: INRIA research report

RR-3260, available in WWW: http://www.inria.fr/RRRT/RR-3260.html.

19. Readings in Distributed Artificial Intelligence, A. H. Bond and L. Gasser (eds.), Morgan

Ka u mann, 1988.

20. Ribiere, M., Dieng, R.: Introduction of Viewpoints in Conceptual Graph Formalism. In:

D. Lukose, H. Delugach, M. Keeler, L. Searle, J. Sowa (eds.), Conceptual Structures: Fu l - filling Peirce’s Dream, Fifth International Conference on Conceptual Structures

(ICCS’97), LNAI, 1257 (1997) 168-182.

21. Roos, N.: A Logic for Reasoning with Inconsistent Knowledge. Artificial Intelligence,

Vol. 57, No. 1 (1992) 69-103.

22. Schmalhofer, F., Tschaitschian, B.: Cooperative Knowledge Evolution for Complex D o - mains. In: Tecuci, G. and Kodratoff, Y., (eds.), Machine Learning and Knowledge Acqu i - s i tion: Integrated Approaches. London: Academic Press (1995) 145-166.

23. Taylor, W., Weimann, D., Martin, P.: Knowledge Acquisition and Synthesis in a Multiple

Source Multiple Domain Process Context. Expert Systems with Applications, Vol. 8, No.

2 (1995) 295-302.

24. Turban, E., Tan, M.: International Journal of Applied Expert Systems. Vol. 1, No. 2

(1993) 101-119.

25. Wielinga, B., Van de Velde, W., Schreiber, A., Akkermans, J.: Towards a Unification of

Knowledge Modelling Approaches. In: J. David, J. Krivine, and R. Simmons (eds.), Se c - ond Generation Expert Systems,. Springer-Verlag, Berlin Heidelberg, Germany (1993)

299-335.