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Abstract. In previous w ork a no v el kno wledge represen tation, called Kno wledge Cartograph y , w as

in tro duced. The metho d allo ws for description, in the form of a map of concepts, of in terrelationships

among concepts distinguished in a terminology and for gradual (with gro wth of our kno wledge)

assignmen t of individual ob jects to those concepts. E�ectiv eness of the pro cess of building map of

concepts is a k ey factor in�uencing usabilit y of the metho d. This pap er presen ts a new map-creating

algorithm T r e eF usion whic h exploits binary decision diagrams originally dev elop ed for supp orting

VLSI design. The pap er presen ts also some curren t applications of Kno wledge Cartograph y .

1 In tro duction

In previous pap ers [1, ? ] w e presen ted a new metho d of represen tation of kno wledge form ulated in terms

of Description Logics called Carto gr aphic Appr o ach , or Know le dge Carto gr aphy . By kno wledge represen-

tation w e mean here a mapping from domain of DL terms in to another domain, and vice v ersa. F or a

giv en represen tation to b e sensible, t w o requiremen ts m ust b e met: the mapping m ust b e p erformed in

acceptable time and the other (target) represen tation (a result of the mapping) should allo w for easier

realization of some imp ortan t tasks, suc h as standard and non-standard inference tasks.

This pap er addresses b oth issues in the con text of Cartographic Approac h. The map of c onc epts is

the main notion in the approac h. A map of concepts describ es ho w (p ossibly complex) DL concepts are

mapp ed in to another domain: the domain of binary signatures. Sp eci�cally , this pap er fo cuses on an

e�cien t algorithm of creating a map of concepts. The algorithm, called T r e eF usion , is considerably faster

than another algorithm used previously , and enables a system to load and pro cess h uge on tologies. W e

also presen t to ols built so far that exploit the Cartographic Approac h. The to ols are able to mak e use of

ease of signature analyses and transformations.

The rest of the pap er is organised as follo ws: In Section 2 w e mak e a brief in tro duction to Kno wledge

Cartograph y . Section 3 giv es details of T r e eF usion algorithm that creates a map of concepts. Section 4

o v erviews recen t applications of the Cartographic Approac h. A summary concludes the pap er.

2 Kno wledge Cartograph y and maps of concepts

Kno wledge Cartograph y has b een in tro duced to sp eed up the pro cess of inference, esp ecially ab out large

n um b ers of individuals. Go o d results obtained with querying the description of the w orld came at cost

of time-consuming analysis of description of terminology , whic h has to b e p erformed at initial stage to

obtain the map of c onc epts .

Maps of concepts are in fact a concise description of in terrelationships among concepts de�ned in

a terminology . A t the curren t stage terminologies expressed in ALC can b e handled b y Cartographic

Approac h [1]. In this section, the follo wing example terminology is used:

W oman � P erson u : Male
Man � P erson u : W oman
P arent � P erson u 9hasChild:>
Mother � P arent u : Male
9hasChild:P erson � 9 hasChild:> u P erson

(1)

The graphical represen tation of a map of concepts resem bles a V enn diagram that sho ws domains

of concepts in a terminology as areas on the map. An imp ortan t thing is that unsatis�able areas (i.e.

areas to whic h an y individual cannot b elong) are remo v ed from the map. The pro cedure of remo ving

unsatis�able areas from a map is illustrated in Fig. 1.
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Fig. 1. The �rst axiom from the terminology (1) results in some areas b eing remo v ed from the initial map of

three concepts: W oman , Male , and Person

Fig. 2. The graphical and the binary represen tation of a map of concepts for the terminology (1)

The areas remo v ed after analysis of the �rst axiom in (1) represen t the follo wing concepts: W omanu
: P ersonu Male (as W oman v P erson), W omanu : P ersonu : Male (for the same reason), W omanu
P ersonu Male (as W oman v : Male ) and : W omanu P ersonu: Male (as P ersonu: Male v W oman).

By a r e gion w e mean an area in a map of concepts that do es not con tain an y other area. A binary

represen tation of the map is created b y assigning to regions consecutiv e natural n um b ers. In this w a y ,

eac h area in a map of concepts is represen ted b y a string of binary digits (bits) called a signatur e .

The length of all signatures equals to the n um b er of regions in a map. A �1� at the k -th p osition in

a signature denotes that the region n um b ered k is included in the area represen ted b y this signature.

Eac h concept can b e assigned suc h a signature, b ecause an y concept is represen ted b y an area in the

map. In this w a y w e obtain a set of signatures as a binary represen tation of a map of concepts, as sho wn

in Fig. 2. (Note that concepts of the form 9R:C are included in a map only if they are giv en explicit

in a terminology

1

.) The signature represen tation is con v enien t as man y inferences can b e p erformed b y

executing binary op erations, e.g. equiv alence of concepts can b e determined just b y c hec king equalit y of

signatures ([1],[2]).

In Cartographic Approac h the map of concept is created once (it is assumed that the terminology

is constan t in time) and then used to p erform inference o v er TBo x and ABo x. As can b e read in [1]

and [2], the pro cess of creation map of concepts is time consuming but further use of the map allo ws to

obtain shorter resp onse time to queries concerning on tologies with large ABo xes than o�ered b y other

reasoners.

In the follo wing w e presen t a T r e eF usion algorithm that allo ws to substan tially shorten the time to

create the map of concepts.

3 The algorithm to create a map of concepts

Curren tly , for the creation of map of concepts, the T r e eF usion algorithm is used. An e�ect of the algorithm

is an assignmen t of signatures to atomic concepts and concepts of the form of 9R:C app earing in an y

axiom in terminology (called join tly c arto gr aphic c onc epts ).

The T r e eF usion algorithm is based on Or der e d Binary De cision Diagr ams ( OBDD ) [3], [4]. These

diagrams ha v e b een dev elop ed primarily for VLSI circuits design. They allo w to design circuits that

realize functions with thousands of v ariables. An OBDD diagram has a form of a binary tree. Eac h

non-terminal v ertex v is assigned a natural n um b er denoted index(v) . F rom eac h non-terminal v ertex

come out t w o edges denoted resp ectiv ely 0 and 1. V ertices to whic h these edges come are denoted low(v)
and high(v) , resp ectiv ely . Lea v es are assigned a logical v alue of 0 or 1.

1

Concepts in the form of 8R:C are transformed to the equiv alen t form of :9 R:: C and therefore also represen ted

in the map.
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Fig. 3. An example of OBDD diagram b efore (a) and after (b) reduction

Fig. 4. Elemen tary trees (a) and steps to create a diagram for the logical form ula z1 ^ z2 $ z3 (b)

Eac h binary diagram can b e treated as a tree represen ting some logical form ula. Num b ers assigned

to non-terminal v ertices can b e treated as indices of v ariables used in the form ula. W e de�ne a c ofactor

of v ariables for a tree d as a function assigning to indices (and v ariables) used in the tree d v alues from

f 0; 1g. In this w a y w e can de�ne a v alue of logical form ula for an y cofactor b y tra v ersing the tree from

the ro ot and mo ving from the curren t v ertex v to low(v) if the v ariable zi with index i = index(v) has

b een assigned v alue of 0, or to high(v) , if 1. The pro cedure terminates in the leaf�its v alue is the logical

v alue for the whole form ula (if for sp eci�ed cofactor the v alue of the form ula is 1, suc h assessmen t is

called satis�able ).

The diagram's ordering guaran tees that for eac h v ertex v the conditions index(v) < index (low(v))
and index(v) < index (high(v)) are ful�lled, if only the sp eci�ed edges lead to non-terminal v ertices. An

example of an ordered binary diagram is sho wn in Fig. 3a.

In the T r e eF usion algorithm w e applied structures and pro cessing metho ds prop osed in [3]. The

fundamen tal feature of the diagrams is the fact that they are k ept in a r e duc e d form . It means that there

are no rep eating subtrees and the diagrams are turned in to form of general digraphs (see Fig. 3b). The

reduction of a tree is p erformed b y the reduce pro cedure [3].

T w o ordered and reduced decision trees d1 and d2 describing form ulas f 1 and f 2 resp ectiv ely can

b e joined together with resp ect to some logical op eration op with the use of apply pro cedure. If the

same v ariables in b oth form ulas ha v e b een assigned the same indices, the resulting tree d represen ts the

form ula f 1opf2 [3]. The apply pro cedure tak es as parameters the ro ots of b oth trees (resp ectiv ely v1 and

v2 ) and the op eration op. Time complexit y of apply pro cedure for graphs G1 and G2 is pro v en to b e

O(jG1 jjG2j) .

By using the apply pro cedure, w e are able (using simple trees depicted in Fig. 4a) to build a complex

logical expression. Figure 4b describ es ho w to build suc h a tree.

W e exploited OBDD trees in T r e eF usion as follo ws. F or eac h axiom a in a terminology T expressed

in ALC a logical form ula f (a) is built according to the follo wing rules: f (C � D ) 7! f (C) $ f (D ) ,

f (C v D) 7! f (C) ! f (D ) , f (: C) 7! : f (C) , f (C u D) 7! f (C) ^ f (D ) , f (C t D) 7! f (C) _ f (D ) ,

f (8R:C) 7! f (:9 R:: C) , f (> ) 7! 1, f (? ) 7! 0, f (9R:C) 7! z9R:C , f (A) 7! zA ( A is an atomic concept).

Then the form ula is turned in to a binary decision diagram, under the condition that cartographic concepts

are assigned v ariables with sp eci�c indices (there m ust exists a bijection g for this assignmen t, see Fig. 5).

Using this diagram one can determine signatures of concepts satisfying an axiom b eing pro cessed. Eac h

cofactor represen ted b y a descending path leading to a leaf with v alue 1 ( p ositive p ath ) also represen ts

one column in a signature, i.e. a single region. During pro cessing of a terminology a tree D is b eing built.

The tree represen ts a form ula whic h is a conjunction of form ulas f (a) for eac h axiom a in the terminology .

The pro cessing of eac h subsequen t axiom triggers the follo wing op eration: D := apply(D; f (a); ^ ) .

Direct use of OBDD trees allo w ed for pro cessing large terminologies. Ho w ev er, the algorithm turned

out vulnerable to ordering of axioms in a terminology pro cessed. This problem has b een solv ed b y the

metho d describ ed b elo w, whic h turned out also to substan tially impro v e the scalabilit y of the algorithm.

The idea exploited in T r e eF usion is based on the observ ation that com bining t w o diagrams with ^
(AND) op eration can b e done in O(1) time if ranges of indices of v ariables in the t w o trees (ranges from

the lo w est index to the greatest index used in a tree) are disjoin t (w e call this op eration join ; see Fig. 6a).
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Fig. 5. An example of a pro cess of building a tree for an axiom

Fig. 6. Illustration of idea of optimizing T r e eF usion : (a) joining trees with disjoin t ranges of indices, (b) graph

of axioms and its bisection

Since v ariables corresp ond to concepts, the idea w as to �nd groups of axioms referring to disjoin t sets of

concepts.

This idea w as put in to w ork b y building a gr aph of axioms . Graph of axioms is a bipartite graph

in whic h t w o classes of no des are used: �blac k� ones represen ting axioms, and �white� ones represen ting

cartographic concepts. A blac k no de is connected with a white no de i� the concept represen ted b y the

white no de is used in the axiom represen ted b y the blac k no de. T o determine groups of axioms referring

to disjoin t sets of concepts, a gr aph bise ction algorithm has b een exploited. Gr aph bise ction is a problem

of �nding a smallest set of edges whose remo v al separates the graph in to t w o comp onen ts whose sizes

(n um b er of no des) are similar.

This idea is presen ted in Fig. 6b. There is sho wn a graph of axioms for an exemplary terminology .

Use of bisection separated the graph in to t w o comp onen ts. The v ariables for concepts ha v e b een indexed

in suc h a w a y that ranges of indices for the t w o comp onen ts are disjoin t. T rees for b oth parts of the

terminology will b e built indep enden tly and then joined. The join t tree D will b e then com bined with

^ (AND) op eration with a tree for the gluing axiom , i.e. axiom represen ted b y the no de inciden t to the

separating edge.

This indexing sc heme allo ws for substan tial reduction of execution time. The t w o trees are built

indep enden tly and then join t b y a O(1) op eration. The gain obtained in this w a y has b een illustrated in

Fig. 7: execution time without optimization is prop ortional to the area grey ed in Fig. 7a. In this �gure

w e assume that the size of the tree represen ting an axiom f (a) is b ound b y a constan t. F ollo wing this

assumption the time of pro cessing a single axiom (i.e. p erforming D := apply(D; f (a); ^ ) ) is dep enden t

on the size of the tree obtained till no w (size of D ). Use of bisection corresp onds to reducing the time

from the area grey ed in Fig. 7a to the area grey ed in Fig. 7b, as t w o (smaller) trees are b eing created,

join op eration p erformed (in O(1) time) and �nally the gluing axiom is added to the result tree (the

�nal strip e in Fig. 7b). Iterativ e use of bisection pro vides further reduction, allo wing for reac hing time

of execution prop ortional to k lg2 k for pure taxonomies (i.e. pure-tree hierarc hies of concepts) where k
is the n um b er of concepts in the terminology .

This theoretical estimation is con�rmed b y results of practical tests. Time of pro cessing pure-hierarc h y

terminologies is sho w ed in T able 1. The tests w ere p erformed on P en tium 4 system with 1GB of RAM

Fig. 7. Illustration of execution time: (a) without bisection, (b) with single bisection
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and 3GHz clo c k. On tologies of more than 5000 concepts ha v e b een generated automatically . As it can

b e seen, the tests con�rm the quasi-linear time of creation. The progress comparing to the original

algorithm (called A CMC ) is dramatic, as A CMC execution time w as prop ortional to k3
, whic h resulted

in pro cessing 500 concept terminology in ab out 2 da ys and 1000 concept terminology in o v er 10 da ys.

T able 1. Time of creation of map of concepts for taxonomies for v arious n um b er of concepts

Num b er of concepts Creation time [s]

3357 72

82706 392

184086 973

545450 3639

4 Applications of map of concepts

Kno wledge Managemen t Group at Gda«sk Univ ersit y of T ec hnology (called KMG@GUT) [5] dev elops

v arious ideas in the �eld of kno wledge managemen t based on the Cartographic Approac h. In this section

w e presen t most in teresting and adv anced results.

4.1 T erminology visualization

Map of concepts can b e used to presen t to a h uman user relationships among concepts. Originally

dev elop ed form of map of concepts w as actually a graphical form. In the course of w ork led b y KMG@GUT

the algorithm called Ener gyDots for terminology visualization has b een dev elop ed. The algorithm uses

binary represen tation of map of concepts. It transforms the binary represen tation to a bidimensional

picture easily readable b y h umans. This algorithm is based on a metho d of graph dra wing describ ed in

[6]. No des of graphs are represen ted as �dots� (small circles) b eing rei�cation of regions (atomic areas

corresp onding to columns in concept signatures).

The original metho d describ ed in [6] uses the notion of �force �eld� in�uencing graph no des. There

are t w o kinds of forces in�uencing no des and these are: repulsiv e forces (ev ery t w o no des repulse eac h

other) and attractiv e forces (ev ery t w o no des connected with an edge attract eac h other). By sim ulation

of force in�uence, the state corresp onding to minimal energy p oten tial is b eing gradually established.

Minimal energy p oten tial is c hosen in a w a y ful�lling esthetical criteria.

The Ener gyDots algorithm adapts notions of force �eld and repulsiv e and attracting forces. Repulsiv e

forces b et w een �dots� are computed analogically as in [6]. The di�erence is in the w a y of calculating

attractiv e forces. During this calculation the list of concept signatures is read. F or eac h concept a signature

s(C) is retriev ed. �Dots� corresp onding to regions with �1� in signature s(C) attract eac h other to a

common p ole whose co ordinates are calculated as an a v erage of co ordinates of relev an t �dots�.

The output of the algorithm is an arrangemen t of �dots� on the plane. F or readabilit y , �dots� corre-

sp onding to regions b elonging to cartographic concepts can b e distinguished b y v arious colours.

Initial v ersion of the algorithm giv es go o d results. Exemplary result of Ener gyDots algorithm for a

simple on tology is depicted in Fig. 8. Time of executing the algorithm for a taxonom y is prop ortional to

n logn , where n is the n um b er of regions.

4.2 Maps of concepts and inference tasks

Maps of concepts w ere originally implemen ted in KaSeA system ( Know le dge Signatur e A nalyser ) used

as a kno wledge managemen t subsystem in PIPS ( Personalise d Information Platform for life and he alth

Servic es ) pro ject [7] carried out within the 6th F ramew ork Programme of Europ ean Union, area Infor-

mation So ciet y T ec hnologies, priorit y E-health. In the PIPS system, a map of concepts supp orts tasks

of inference from terminology . Inference can b e carried out in a simple w a y , using signatures and rela-

tionships b et w een signatures and concepts (e.g. query ab out equiv alence of concepts C and D can b e

resolv ed to c hec king if signatures are equal: s(C) = s(D) , other inferences b eing p erformed analogously).
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Fig. 8. T erminology visualization b y using Ener gyDots for Pets terminology

V ery imp ortan t feature of Cartographic Approac h in PIPS is p ossibilit y of storing kno wledge ab out

n umerous individuals and conclusions ab out them in an e�ectiv e w a y . The area on the map of concepts

assigned to an individual describ es the kno wledge ab out mem b ership of the individual to the appropriate

concepts. Map of concepts also allo w answ ering queries in v oking non-standard inferences in a simple w a y

(in time prop ortional to signatures size and the n um b er of di�eren t signatures). Because the whole

kno wledge base (individuals, concepts, roles and signatures) are stored in an Oracle database, e�ciency

can b e additionally impro v ed b y database optimization tec hniques. Recen t exp erimen ts are describ ed

in [8].

4.3 On tology merging and data in tegration

Also, metho ds of describing external data sources with kno wledge la y er, allo wing to ask queries to data

sources in a w a y analogical as for inference system, ha v e b een dev elop ed [9]. Mappings b et w een data and

on tology are created b y assigning to signatures corresp onding queries understandable b y a data source.

The presen ted problem concerns fetc hing data from data sources on demand in terms of on tology that

describ es these sources.

Ho w ev er, in tegration of kno wledge demands dev elopmen t of more adv anced tec hniques of in tegration

of v arious on tologies and queries pro cessing in a distributed en vironmen t [10, 11]. F or this issue, Car-

tographic Approac h is used to calculate similarit y of regions for di�eren t on tologies. These similarities

allo w to de�ne regions for global on tology that is able to �understand� all terms in lo cal on tologies [12].

Eac h region in the global on tology is additionally assigned a n umerical v alue from the range [0; 1] called

a �satis�abilit y factor�. This v alue re�ects the kno wledge of the kno wledge base on satis�abilit y of the

region. The less v alue of satis�abilit y factor, the less is the c hance that there exists an individual that

b elongs to this region. Satis�abilit y factors are used in the pro cess of resp onding to queries addressed to

the global on tology .

4.4 T rust issues

Within the framew ork of PIPS pro ject, it is of utmost imp ortance that facts (b oth: terminological

and assertional) come from trusted sources. Ho w ev er, a lev el of trust ma y b e di�eren t for di�eren t

kno wledge sources. So, considerable amoun t of w ork concen trates on trust issues for terminologies and

w orld descriptions. In this con text, the classical DL mo del of kno wledge m ust b e enric hed with p ossibilit y

of expressing trust issues with resp ect to b oth assertions and axioms [13].

Nev ertheless, building a mo del is not su�cien t. There is also a need to dev elop a w a y of represen ting

trust in kno wledge [14, 15]. This w a y of represen tation is also dev elop ed on the basis of Cartographic

Approac h. In the trust-a w are framew ork, individual and concept signatures are not binary signatures an y

more. A signature consisting of �0�s and �1�s is only a sp eci�c case of a general signature consisting of real

n um b ers from the range [0; 1]. In Cartographic Approac h, �0� at a sp eci�ed p osition at an individual's

signature is in terpreted as certain t y of the kno wledge base that a particular individual do es not b elong

to the region corresp onding to this p osition; and �1� at a sp eci�ed p osition of the signature is in terpreted

as a p ossibilit y (but not certain t y) of the fact that the individual b elongs to the sp eci�ed region. In the

case of suc h generalized, signature, the less v alue at a sp eci�ed p osition, the less lev el of certain t y (trust)

of the fact that the individual b elongs to the region corresp onding to this p osition. F or signatures of

concepts, �0� means that a concept do es not encompass the sp eci�ed region, while �1� means that the

concept do es encompass the region. Analogically , as in the case of individual's signatures, the less v alue

at a sp eci�ed p osition of a signature, the less lev el of trust to the fact that the sp eci�ed region b elongs

to the concept.
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5 Summary

In the pap er w e presen ted T r e eF usion , a new algorithm to create a map of concepts for DL terminology .

F or common taxonom y-lik e on tologies it allo ws for quasi-linear pro cessing time in function of the n um b er

of axioms in a terminology . Implemen ting T r e eF usion allo w ed for smo oth application of KaSeA system

within the framew ork of the PIPS pro ject. T ests p erformed so far sho w that the algorithm allo ws for

pro cessing terminologies with a large n um b er of concepts and axioms, whic h is of crucial imp ortance

for mo dern W eb-based real-life applications. It is of utmost imp ortance that the time e�ciency of the

algorithm seems to allo w for dynamic c hanges in a terminology , whic h are not allo w ed in the curren t

implemen tation of KaSeA due to its inheren t capabilit y of storing as m uc h of conclusions as p ossible at

the stage of on tology loading (for details see [1],[2]).

The algorithm exploits OBDD diagrams, originally dev elop ed for VLSI circuits design. Ho w ev er, new

op erations and transformations of OBDDs had to b e in v en ted to adapt it to on tologies pro cessing. New

metho d of indices ordering ga v e also promising results.

T r e eF usion has extended an area of p ossible applications of Kno wledge Cartograph y , e.g. to w ards

DL-based on tologies in tegration and kno wledge sources trust-a w areness. The to ols men tioned in this

pap er are b eing presen tly dev elop ed and used in the FP6 PIPS pro ject. Moreo v er, they are used for

education at Gda«sk Univ ersit y of T ec hnology , whic h fosters the Seman tic W eb initiativ e among y oung

computer engineers.
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