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t. In previous work a novel knowledge representation, 
alled Knowledge Cartography, wasintrodu
ed. The method allows for des
ription, in the form of a map of 
on
epts, of interrelationshipsamong 
on
epts distinguished in a terminology and for gradual (with growth of our knowledge)assignment of individual obje
ts to those 
on
epts. E�e
tiveness of the pro
ess of building map of
on
epts is a key fa
tor in�uen
ing usability of the method. This paper presents a new map-
reatingalgorithm TreeFusion whi
h exploits binary de
ision diagrams originally developed for supportingVLSI design. The paper presents also some 
urrent appli
ations of Knowledge Cartography.1 Introdu
tionIn previous papers [1, ?℄ we presented a new method of representation of knowledge formulated in termsof Des
ription Logi
s 
alled Cartographi
 Approa
h, or Knowledge Cartography. By knowledge represen-tation we mean here a mapping from domain of DL terms into another domain, and vi
e versa. For agiven representation to be sensible, two requirements must be met: the mapping must be performed ina

eptable time and the other (target) representation (a result of the mapping) should allow for easierrealization of some important tasks, su
h as standard and non-standard inferen
e tasks.This paper addresses both issues in the 
ontext of Cartographi
 Approa
h. The map of 
on
epts isthe main notion in the approa
h. A map of 
on
epts des
ribes how (possibly 
omplex) DL 
on
epts aremapped into another domain: the domain of binary signatures. Spe
i�
ally, this paper fo
uses on ane�
ient algorithm of 
reating a map of 
on
epts. The algorithm, 
alled TreeFusion, is 
onsiderably fasterthan another algorithm used previously, and enables a system to load and pro
ess huge ontologies. Wealso present tools built so far that exploit the Cartographi
 Approa
h. The tools are able to make use ofease of signature analyses and transformations.The rest of the paper is organised as follows: In Se
tion 2 we make a brief introdu
tion to KnowledgeCartography. Se
tion 3 gives details of TreeFusion algorithm that 
reates a map of 
on
epts. Se
tion 4overviews re
ent appli
ations of the Cartographi
 Approa
h. A summary 
on
ludes the paper.2 Knowledge Cartography and maps of 
on
eptsKnowledge Cartography has been introdu
ed to speed up the pro
ess of inferen
e, espe
ially about largenumbers of individuals. Good results obtained with querying the des
ription of the world 
ame at 
ostof time-
onsuming analysis of des
ription of terminology, whi
h has to be performed at initial stage toobtain the map of 
on
epts.Maps of 
on
epts are in fa
t a 
on
ise des
ription of interrelationships among 
on
epts de�ned ina terminology. At the 
urrent stage terminologies expressed in ALC 
an be handled by Cartographi
Approa
h [1℄. In this se
tion, the following example terminology is used:
Woman ≡ Person ⊓ ¬Male

Man ≡ Person ⊓ ¬Woman

Parent ≡ Person ⊓ ∃hasChild.⊤
Mother ≡ Parent ⊓ ¬Male

∃hasChild.Person ≡ ∃hasChild.⊤⊓ Person

(1)The graphi
al representation of a map of 
on
epts resembles a Venn diagram that shows domainsof 
on
epts in a terminology as areas on the map. An important thing is that unsatis�able areas (i.e.areas to whi
h any individual 
annot belong) are removed from the map. The pro
edure of removingunsatis�able areas from a map is illustrated in Fig. 1.33



34 Krzysztof Go
zyªa et al.
Fig. 1. The �rst axiom from the terminology (1) results in some areas being removed from the initial map ofthree 
on
epts: Woman, Male, and Person

Fig. 2. The graphi
al and the binary representation of a map of 
on
epts for the terminology (1)The areas removed after analysis of the �rst axiom in (1) represent the following 
on
epts: Woman⊓
¬Person⊓Male (as Woman ⊑ Person), Woman⊓¬Person⊓¬Male (for the same reason), Woman⊓
Person⊓Male (as Woman ⊑ ¬Male) and ¬Woman⊓Person⊓¬Male (as Person⊓¬Male ⊑ Woman).By a region we mean an area in a map of 
on
epts that does not 
ontain any other area. A binaryrepresentation of the map is 
reated by assigning to regions 
onse
utive natural numbers. In this way,ea
h area in a map of 
on
epts is represented by a string of binary digits (bits) 
alled a signature.The length of all signatures equals to the number of regions in a map. A �1� at the k-th position ina signature denotes that the region numbered k is in
luded in the area represented by this signature.Ea
h 
on
ept 
an be assigned su
h a signature, be
ause any 
on
ept is represented by an area in themap. In this way we obtain a set of signatures as a binary representation of a map of 
on
epts, as shownin Fig. 2. (Note that 
on
epts of the form ∃R.C are in
luded in a map only if they are given expli
itin a terminology1.) The signature representation is 
onvenient as many inferen
es 
an be performed byexe
uting binary operations, e.g. equivalen
e of 
on
epts 
an be determined just by 
he
king equality ofsignatures ([1℄,[2℄).In Cartographi
 Approa
h the map of 
on
ept is 
reated on
e (it is assumed that the terminologyis 
onstant in time) and then used to perform inferen
e over TBox and ABox. As 
an be read in [1℄and [2℄, the pro
ess of 
reation map of 
on
epts is time 
onsuming but further use of the map allows toobtain shorter response time to queries 
on
erning ontologies with large ABoxes than o�ered by otherreasoners.In the following we present a TreeFusion algorithm that allows to substantially shorten the time to
reate the map of 
on
epts.3 The algorithm to 
reate a map of 
on
eptsCurrently, for the 
reation of map of 
on
epts, the TreeFusion algorithm is used. An e�e
t of the algorithmis an assignment of signatures to atomi
 
on
epts and 
on
epts of the form of ∃R.C appearing in anyaxiom in terminology (
alled jointly 
artographi
 
on
epts).The TreeFusion algorithm is based on Ordered Binary De
ision Diagrams (OBDD) [3℄, [4℄. Thesediagrams have been developed primarily for VLSI 
ir
uits design. They allow to design 
ir
uits thatrealize fun
tions with thousands of variables. An OBDD diagram has a form of a binary tree. Ea
hnon-terminal vertex v is assigned a natural number denoted index(v). From ea
h non-terminal vertex
ome out two edges denoted respe
tively 0 and 1. Verti
es to whi
h these edges 
ome are denoted low(v)and high(v), respe
tively. Leaves are assigned a logi
al value of 0 or 1.1 Con
epts in the form of ∀R.C are transformed to the equivalent form of ¬∃R.¬C and therefore also representedin the map.
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Fig. 3. An example of OBDD diagram before (a) and after (b) redu
tion

Fig. 4. Elementary trees (a) and steps to 
reate a diagram for the logi
al formula z1 ∧ z2 ↔ z3 (b)Ea
h binary diagram 
an be treated as a tree representing some logi
al formula. Numbers assignedto non-terminal verti
es 
an be treated as indi
es of variables used in the formula. We de�ne a 
ofa
torof variables for a tree d as a fun
tion assigning to indi
es (and variables) used in the tree d values from
{0, 1}. In this way we 
an de�ne a value of logi
al formula for any 
ofa
tor by traversing the tree fromthe root and moving from the 
urrent vertex v to low(v) if the variable zi with index i = index(v) hasbeen assigned value of 0, or to high(v), if 1. The pro
edure terminates in the leaf�its value is the logi
alvalue for the whole formula (if for spe
i�ed 
ofa
tor the value of the formula is 1, su
h assessment is
alled satis�able).The diagram's ordering guarantees that for ea
h vertex v the 
onditions index(v) < index(low(v))and index(v) < index(high(v)) are ful�lled, if only the spe
i�ed edges lead to non-terminal verti
es. Anexample of an ordered binary diagram is shown in Fig. 3a.In the TreeFusion algorithm we applied stru
tures and pro
essing methods proposed in [3℄. Thefundamental feature of the diagrams is the fa
t that they are kept in a redu
ed form. It means that thereare no repeating subtrees and the diagrams are turned into form of general digraphs (see Fig. 3b). Theredu
tion of a tree is performed by the reduce pro
edure [3℄.Two ordered and redu
ed de
ision trees d1 and d2 des
ribing formulas f1 and f2 respe
tively 
anbe joined together with respe
t to some logi
al operation op with the use of apply pro
edure. If thesame variables in both formulas have been assigned the same indi
es, the resulting tree d represents theformula f1opf2 [3℄. The apply pro
edure takes as parameters the roots of both trees (respe
tively v1 and
v2) and the operation op. Time 
omplexity of apply pro
edure for graphs G1 and G2 is proven to be
O(|G1||G2|).By using the apply pro
edure, we are able (using simple trees depi
ted in Fig. 4a) to build a 
omplexlogi
al expression. Figure 4b des
ribes how to build su
h a tree.We exploited OBDD trees in TreeFusion as follows. For ea
h axiom a in a terminology T expressedin ALC a logi
al formula f(a) is built a

ording to the following rules: f(C ≡ D) 7→ f(C) ↔ f(D),
f(C ⊑ D) 7→ f(C) → f(D), f(¬C) 7→ ¬f(C), f(C ⊓ D) 7→ f(C) ∧ f(D), f(C ⊔ D) 7→ f(C) ∨ f(D),
f(∀R.C) 7→ f(¬∃R.¬C), f(⊤) 7→ 1, f(⊥) 7→ 0, f(∃R.C) 7→ z∃R.C , f(A) 7→ zA (A is an atomi
 
on
ept).Then the formula is turned into a binary de
ision diagram, under the 
ondition that 
artographi
 
on
eptsare assigned variables with spe
i�
 indi
es (there must exists a bije
tion g for this assignment, see Fig. 5).Using this diagram one 
an determine signatures of 
on
epts satisfying an axiom being pro
essed. Ea
h
ofa
tor represented by a des
ending path leading to a leaf with value 1 (positive path) also representsone 
olumn in a signature, i.e. a single region. During pro
essing of a terminology a tree D is being built.The tree represents a formula whi
h is a 
onjun
tion of formulas f(a) for ea
h axiom a in the terminology.The pro
essing of ea
h subsequent axiom triggers the following operation: D := apply(D, f(a),∧).Dire
t use of OBDD trees allowed for pro
essing large terminologies. However, the algorithm turnedout vulnerable to ordering of axioms in a terminology pro
essed. This problem has been solved by themethod des
ribed below, whi
h turned out also to substantially improve the s
alability of the algorithm.The idea exploited in TreeFusion is based on the observation that 
ombining two diagrams with ∧(AND) operation 
an be done in O(1) time if ranges of indi
es of variables in the two trees (ranges fromthe lowest index to the greatest index used in a tree) are disjoint (we 
all this operation join; see Fig. 6a).
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Fig. 5. An example of a pro
ess of building a tree for an axiom

Fig. 6. Illustration of idea of optimizing TreeFusion: (a) joining trees with disjoint ranges of indi
es, (b) graphof axioms and its bise
tionSin
e variables 
orrespond to 
on
epts, the idea was to �nd groups of axioms referring to disjoint sets of
on
epts.This idea was put into work by building a graph of axioms. Graph of axioms is a bipartite graphin whi
h two 
lasses of nodes are used: �bla
k� ones representing axioms, and �white� ones representing
artographi
 
on
epts. A bla
k node is 
onne
ted with a white node i� the 
on
ept represented by thewhite node is used in the axiom represented by the bla
k node. To determine groups of axioms referringto disjoint sets of 
on
epts, a graph bise
tion algorithm has been exploited. Graph bise
tion is a problemof �nding a smallest set of edges whose removal separates the graph into two 
omponents whose sizes(number of nodes) are similar.This idea is presented in Fig. 6b. There is shown a graph of axioms for an exemplary terminology.Use of bise
tion separated the graph into two 
omponents. The variables for 
on
epts have been indexedin su
h a way that ranges of indi
es for the two 
omponents are disjoint. Trees for both parts of theterminology will be built independently and then joined. The joint tree D will be then 
ombined with
∧ (AND) operation with a tree for the gluing axiom, i.e. axiom represented by the node in
ident to theseparating edge.This indexing s
heme allows for substantial redu
tion of exe
ution time. The two trees are builtindependently and then joint by a O(1) operation. The gain obtained in this way has been illustrated inFig. 7: exe
ution time without optimization is proportional to the area greyed in Fig. 7a. In this �gurewe assume that the size of the tree representing an axiom f(a) is bound by a 
onstant. Following thisassumption the time of pro
essing a single axiom (i.e. performing D := apply(D, f(a),∧)) is dependenton the size of the tree obtained till now (size of D). Use of bise
tion 
orresponds to redu
ing the timefrom the area greyed in Fig. 7a to the area greyed in Fig. 7b, as two (smaller) trees are being 
reated,join operation performed (in O(1) time) and �nally the gluing axiom is added to the result tree (the�nal stripe in Fig. 7b). Iterative use of bise
tion provides further redu
tion, allowing for rea
hing timeof exe
ution proportional to k lg2 k for pure taxonomies (i.e. pure-tree hierar
hies of 
on
epts) where kis the number of 
on
epts in the terminology.This theoreti
al estimation is 
on�rmed by results of pra
ti
al tests. Time of pro
essing pure-hierar
hyterminologies is showed in Table 1. The tests were performed on Pentium 4 system with 1GB of RAM

Fig. 7. Illustration of exe
ution time: (a) without bise
tion, (b) with single bise
tion
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lo
k. Ontologies of more than 5000 
on
epts have been generated automati
ally. As it 
anbe seen, the tests 
on�rm the quasi-linear time of 
reation. The progress 
omparing to the originalalgorithm (
alled ACMC ) is dramati
, as ACMC exe
ution time was proportional to k3, whi
h resultedin pro
essing 500 
on
ept terminology in about 2 days and 1000 
on
ept terminology in over 10 days.Table 1. Time of 
reation of map of 
on
epts for taxonomies for various number of 
on
eptsNumber of 
on
epts Creation time [s℄3357 7282706 392184086 973545450 36394 Appli
ations of map of 
on
eptsKnowledge Management Group at Gda«sk University of Te
hnology (
alled KMG�GUT) [5℄ developsvarious ideas in the �eld of knowledge management based on the Cartographi
 Approa
h. In this se
tionwe present most interesting and advan
ed results.4.1 Terminology visualizationMap of 
on
epts 
an be used to present to a human user relationships among 
on
epts. Originallydeveloped form of map of 
on
epts was a
tually a graphi
al form. In the 
ourse of work led by KMG�GUTthe algorithm 
alled EnergyDots for terminology visualization has been developed. The algorithm usesbinary representation of map of 
on
epts. It transforms the binary representation to a bidimensionalpi
ture easily readable by humans. This algorithm is based on a method of graph drawing des
ribed in[6℄. Nodes of graphs are represented as �dots� (small 
ir
les) being rei�
ation of regions (atomi
 areas
orresponding to 
olumns in 
on
ept signatures).The original method des
ribed in [6℄ uses the notion of �for
e �eld� in�uen
ing graph nodes. Thereare two kinds of for
es in�uen
ing nodes and these are: repulsive for
es (every two nodes repulse ea
hother) and attra
tive for
es (every two nodes 
onne
ted with an edge attra
t ea
h other). By simulationof for
e in�uen
e, the state 
orresponding to minimal energy potential is being gradually established.Minimal energy potential is 
hosen in a way ful�lling estheti
al 
riteria.The EnergyDots algorithm adapts notions of for
e �eld and repulsive and attra
ting for
es. Repulsivefor
es between �dots� are 
omputed analogi
ally as in [6℄. The di�eren
e is in the way of 
al
ulatingattra
tive for
es. During this 
al
ulation the list of 
on
ept signatures is read. For ea
h 
on
ept a signature
s(C) is retrieved. �Dots� 
orresponding to regions with �1� in signature s(C) attra
t ea
h other to a
ommon pole whose 
oordinates are 
al
ulated as an average of 
oordinates of relevant �dots�.The output of the algorithm is an arrangement of �dots� on the plane. For readability, �dots� 
orre-sponding to regions belonging to 
artographi
 
on
epts 
an be distinguished by various 
olours.Initial version of the algorithm gives good results. Exemplary result of EnergyDots algorithm for asimple ontology is depi
ted in Fig. 8. Time of exe
uting the algorithm for a taxonomy is proportional to
n log n, where n is the number of regions.4.2 Maps of 
on
epts and inferen
e tasksMaps of 
on
epts were originally implemented in KaSeA system (Knowledge Signature Analyser) usedas a knowledge management subsystem in PIPS (Personalised Information Platform for life and healthServi
es) proje
t [7℄ 
arried out within the 6th Framework Programme of European Union, area Infor-mation So
iety Te
hnologies, priority E-health. In the PIPS system, a map of 
on
epts supports tasksof inferen
e from terminology. Inferen
e 
an be 
arried out in a simple way, using signatures and rela-tionships between signatures and 
on
epts (e.g. query about equivalen
e of 
on
epts C and D 
an beresolved to 
he
king if signatures are equal: s(C) = s(D), other inferen
es being performed analogously).
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Fig. 8. Terminology visualization by using EnergyDots for Pets terminologyVery important feature of Cartographi
 Approa
h in PIPS is possibility of storing knowledge aboutnumerous individuals and 
on
lusions about them in an e�e
tive way. The area on the map of 
on
eptsassigned to an individual des
ribes the knowledge about membership of the individual to the appropriate
on
epts. Map of 
on
epts also allow answering queries invoking non-standard inferen
es in a simple way(in time proportional to signatures size and the number of di�erent signatures). Be
ause the wholeknowledge base (individuals, 
on
epts, roles and signatures) are stored in an Ora
le database, e�
ien
y
an be additionally improved by database optimization te
hniques. Re
ent experiments are des
ribedin [8℄.4.3 Ontology merging and data integrationAlso, methods of des
ribing external data sour
es with knowledge layer, allowing to ask queries to datasour
es in a way analogi
al as for inferen
e system, have been developed [9℄. Mappings between data andontology are 
reated by assigning to signatures 
orresponding queries understandable by a data sour
e.The presented problem 
on
erns fet
hing data from data sour
es on demand in terms of ontology thatdes
ribes these sour
es.However, integration of knowledge demands development of more advan
ed te
hniques of integrationof various ontologies and queries pro
essing in a distributed environment [10, 11℄. For this issue, Car-tographi
 Approa
h is used to 
al
ulate similarity of regions for di�erent ontologies. These similaritiesallow to de�ne regions for global ontology that is able to �understand� all terms in lo
al ontologies [12℄.Ea
h region in the global ontology is additionally assigned a numeri
al value from the range [0, 1] 
alleda �satis�ability fa
tor�. This value re�e
ts the knowledge of the knowledge base on satis�ability of theregion. The less value of satis�ability fa
tor, the less is the 
han
e that there exists an individual thatbelongs to this region. Satis�ability fa
tors are used in the pro
ess of responding to queries addressed tothe global ontology.4.4 Trust issuesWithin the framework of PIPS proje
t, it is of utmost importan
e that fa
ts (both: terminologi
aland assertional) 
ome from trusted sour
es. However, a level of trust may be di�erent for di�erentknowledge sour
es. So, 
onsiderable amount of work 
on
entrates on trust issues for terminologies andworld des
riptions. In this 
ontext, the 
lassi
al DL model of knowledge must be enri
hed with possibilityof expressing trust issues with respe
t to both assertions and axioms [13℄.Nevertheless, building a model is not su�
ient. There is also a need to develop a way of representingtrust in knowledge [14, 15℄. This way of representation is also developed on the basis of Cartographi
Approa
h. In the trust-aware framework, individual and 
on
ept signatures are not binary signatures anymore. A signature 
onsisting of �0�s and �1�s is only a spe
i�
 
ase of a general signature 
onsisting of realnumbers from the range [0, 1]. In Cartographi
 Approa
h, �0� at a spe
i�ed position at an individual'ssignature is interpreted as 
ertainty of the knowledge base that a parti
ular individual does not belongto the region 
orresponding to this position; and �1� at a spe
i�ed position of the signature is interpretedas a possibility (but not 
ertainty) of the fa
t that the individual belongs to the spe
i�ed region. In the
ase of su
h generalized, signature, the less value at a spe
i�ed position, the less level of 
ertainty (trust)of the fa
t that the individual belongs to the region 
orresponding to this position. For signatures of
on
epts, �0� means that a 
on
ept does not en
ompass the spe
i�ed region, while �1� means that the
on
ept does en
ompass the region. Analogi
ally, as in the 
ase of individual's signatures, the less valueat a spe
i�ed position of a signature, the less level of trust to the fa
t that the spe
i�ed region belongsto the 
on
ept.
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epts. . . 395 SummaryIn the paper we presented TreeFusion, a new algorithm to 
reate a map of 
on
epts for DL terminology.For 
ommon taxonomy-like ontologies it allows for quasi-linear pro
essing time in fun
tion of the numberof axioms in a terminology. Implementing TreeFusion allowed for smooth appli
ation of KaSeA systemwithin the framework of the PIPS proje
t. Tests performed so far show that the algorithm allows forpro
essing terminologies with a large number of 
on
epts and axioms, whi
h is of 
ru
ial importan
efor modern Web-based real-life appli
ations. It is of utmost importan
e that the time e�
ien
y of thealgorithm seems to allow for dynami
 
hanges in a terminology, whi
h are not allowed in the 
urrentimplementation of KaSeA due to its inherent 
apability of storing as mu
h of 
on
lusions as possible atthe stage of ontology loading (for details see [1℄,[2℄).The algorithm exploits OBDD diagrams, originally developed for VLSI 
ir
uits design. However, newoperations and transformations of OBDDs had to be invented to adapt it to ontologies pro
essing. Newmethod of indi
es ordering gave also promising results.TreeFusion has extended an area of possible appli
ations of Knowledge Cartography, e.g. towardsDL-based ontologies integration and knowledge sour
es trust-awareness. The tools mentioned in thispaper are being presently developed and used in the FP6 PIPS proje
t. Moreover, they are used foredu
ation at Gda«sk University of Te
hnology, whi
h fosters the Semanti
 Web initiative among young
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