Usage-based Structuralization of Relationships b et w een W ords T ak ashi Hashimoto Lab. for Information Represen tation, FRP , The Institute of Ph ysical and Chemical Research (RIKEN) 2-1, Hirosaw a, W ak o, Saitama, 351-01, JAP AN T el: +81-48-467-9626, F ax: +81-48-462-9881 tak ashi@irl.rik en.go.jp h ttp://www.bip.rik en.go.jp/irl/tak ashi/ Abstract The dev elopmen t of structure of relationships b etw een w ords is studied with a constructive ap- proach by means of arti�cial agents with gram- mar systems. The agents try to recognize given sentences in terms of their own grammar. A word’s relationship to other words, which repre- sents meanings of the word, is derived by ana- lyzing the w ord’s usage in sentences, and which is calculated via the mutual dep endency b etw een words and sentences. The agents di�erentiate rec- ognized words into clusters in a space of relation- ships among words. The structures of clusters can b e classi�ed into several types. The dynamics of clusters such as merging, b oundary expansions, structural changes are observ ed. These clusters and their dynamics hav e some relev ance with lin- guistic categorization. 1 In tro duction Language can b e seen as an ev olutionary system. A t the time of its origin, a successful language must consist of simple syn tax, a small n um ber of words, and very few abstractions. Human languages hav e b een constructed through such pro cesses as word formation, grammatical- ization, or expression diversi�cation. Our own communi- cation has inherited, via evolutionary pathw a ys, some of the features of animal comm unication [1]. Accordingly , it is imp ortant to study the evolutionary asp ects of lan- guage from primitive communication systems. Even now language is c hanging. Pidgin and creole languages are increasing in their complexity , and new expressions are daily b eing added to every language. Language, in short, is an ev er-c hanging system. Ev olutionary linguistics is a new candidate for p oten- tially clarifying the origins and evolution of language [2]. It is imp ortant to note that the origins and evolution of language are typically expressed as suc h dynamically complex systems as emergence, self-organization, collec- tiv e b ehavior, clustering, diversi�cation, hierarch y for- mation, and so on. A language system must hav e b oth adaptability and stabilit y . If a language is to o rigid, its users will not b e able to formulate new expressions to describ e diverse exp eriences, and if it is to o unstable, no comm unication will b e p ossible at all. Geeraerts [3] explains this p oin t as it p ertains to categorization: \T o preven t the categorical system from b ecoming c haotic, it should hav e a built-in tendency tow ards structural stability , but this stabilit y should not b ecome rigidity , lest the system stops b eing able to adapt itself to the ever-c hanging circumstances of the outside world." Such dynamical stability and adapt- abilit y is often seen also in complex systems. Constructive approaches are highly adv an tageous for understanding dynamically complex systems [4]. These approac hes are also useful for studying evolutionary lin- guistics, b ecause they are based on the notion that language is an emergent phenomena in interacting dis- tributed agents. In contrast to conv en tional linguistics, whic h attempt to describ e v arious language phenomena, the constructiv e approac h builds mo dels with elements ha ving its o wn internal dynamics and interaction among them, and observ e emergence of global order as language- lik e b ehavior. W e insist, how ev er, that only emergence of global order is not enough. Since language is an ever- c hanging system, mo dels must show not only emergence but the dynamics of global order through the dynamics b etw een elements. Perhaps the most imp ortant consider- ation in the mo deling of evolutionary language system is the introduction of the dynamics of elements. Elements can change their internal states and their relationships to other elements. These underlying dynamics often mo del the dynamics of the global-level relationships. In keeping with this approach, we previously presented a language game pla y ed b etw een num ber of agents ha v- ing di�erent grammar systems [5, 6]. W e found that evo- lution of syn tactic structure and emergence of commu- nit y sharing common usages of language. The common usages punctually c hange through evolution of individ- 1 ual grammars. In the present pap er, we incorp orate a w ord meaning feature, the relationships among words, in to the ab ov e work, and tracing the dev elopmen t of this feature so as to understand the developmen t of meaning structures of language. One of the most con tro v ersial problem in linguistics is de�ning the meanings of words. A lot of discussion has been devoted to this problem. F or example, words can be taken as indicators of external ob jects; they can b e represen ted by bundles of necessary and su�cient condi- tions; they can b e done by vectors of several features [7]; they can b e done by set of binary features. W e insist that the meanings of words can b est b e represented b y their in terrelationships, as Cruse [8] has written, \W e can pic- ture the meaning of a w ord as a pattern of a�nities and disa�nities with all the other words in the language with whic h it is capable of contracting semantic relations in grammatical context." The meanings of words should thus b e discussed in terms of how language is used [9]. In the present con- text, this means that a w ord’s relation to other words should b e derived by analyzing the w ord’s usage in nu- merous sentences. It is often said that a word indicates (a class of ) ob jects. F or example, the w ord cup indicates an ob ject, cup. How ev er, from a usage-based viewp oint, w e rather consider the whole sentence \A word cup in- dicates an ob ject, cup" as one usage of the w ord itself. This sentence forms a part of the web of interrelation- ships of the word cup , with the words such as obje ct or indic ates . Relations b etw een words can b e characterized as ei- ther syntagmatic and paradigmatic. The syntagmatic relation is established by the asso ciation of words in a sen tence: for instance, by the relation b etw een the words r e ad and b o ok in the sen tence I r e ad a b o ok . The paradig- matic relation represents a semantic similarity b etw een t w o grammatically identical words: for instance, the re- lation b etw een the words b o ok and magazine in the sen- tences I r e ad a b o ok and I r e ad a magazine . Paradigmatic relations can b e grasp ed through syntagmatic relations. In the ab ov e examples, the sentence I r e ad a b o ok sug- gests the syn tagmatic relation b etw een the words r e ad and b o ok and the sentence I r e ad a magazine do the syn- tagmatic relation b etw een r e ad and magazine . Through the basis of their relations with the word r e ad , the words b o ok and magazine can also b e related. W e ev aluate such interrelationships by gauging a w ord’s similarity to all other w ords based on its usage in sentences. Similarity is an imp ortant concept with re- spect to categorization. Entities are categorized via their similarit y with each other. Similarity is a graded and sub jective notion. T o calculate the similarit y of words based on their usage in sentences, we adopt Karov and Edelman’s algorithm [10], which allows for the similari- ties to b e graded. Karov and Edelman stress the mutual dep endency b etw een words and sen tences, i.e., similar w ords are used in similar sentences and similar sentences are comp osed of similar words. The rest of this pap er is organized as follows. At �rst, w e de�ne an arti�cial agent with grammar systems and its mo di�cation instructions as well as the calculation algorithm of similarity among words. After showing the basic characteristics of the similarity formula, sim ulation results of agents with grammar mo di�cation are sho wn, whic h are a classi�cation of structures according to their w ord similarities, as well as a developmen tal path w a y for the structures. Finally , w e discuss relev ance of the structures of word similarities and their dynamics with linguistic categorization. 2 Mo del In this section w e describ e our mo del. W e �rst de�ne agen ts as grammar systems, then detail their sentence- recognition pro cess. Next, we de�ne a metho d of ar- ticulating a sequence of words in a sentenc e , that is a sequence of the symbols ’0’ and ’1’. Next, the similar- ities among words are de�ned. Finely , instructions for mo difying a grammar system are given. 2.1 A gent An agent is de�ned as a grammar system, G i = ( V N ; V T ; F i ; S ) ; (1) where V N is a set of non-terminal symbols, V T is a set of terminal symbols, F i is a list of rewriting rules, S is a start symbol, and a su�x i is ID of an agen t. In this pap er we use V N = f S; A; B g , V T = f 0 ; 1 g as non- terminal and terminal symbols, resp ectively . A rewriting rule is an ordered pair ( � ; � ) which is written as � ! � . Here, � is a symbol ov er V N . And � is an arbitrary �nite string of symbols ov er V N [ V T not including the same sym b ol with � . The t yp e of grammar that an agent can ha v e is a context-free or regular grammar here. 2.2 R e c o gnition of Sentenc es Agen ts that are de�ned as grammar systems try to sp eak and recognize sentences. During the recognition pro cess, an agent tries to rewrite from a given sentence into the start symbol S by use of its own grammar. The sen tence is chec k ed against each rule in the rule list, b eginning with the topmost rule, to determine whether it contains the element in the right hand side of each rule. If it do es, then the leftmost sequence that is equiv alen t to the right hand side is rewritten as the left hand side of the rule. If the agent has no applicable rule even if the rewritten sen tence is not S , the rewritten sentence is put bac k one step and the searching and rewriting pro cesses restart from the next rule of the applied rule in the agent’s rule 2 list. This pro cess is recursively applied. If an agent can put a given sentence back to the symbol S within 500 rewriting steps, we say that the agent can recognize the sen tence. 2.3 Articulation W e introduce a metho d of articulating a sequence of w ords in a sentence based on the parsing of that sen- tence. Agents hav e three types of rewriting rules: N ! sequence of T s ; (2) N ! sequence of N s ; (3) N ! sequence of N s and T s ; (4) where N and T are a non-terminal and a terminal sym- bol, resp ectively . A wor d is a series of terminal symbols in Eqs. (2) and (4). A sentence is a sequence of termi- nal symbols. Each agent articulates sequences of words within sentences by parsing it. F or example, an agent with a rewriting rule list, S ! A 0 B ; A ! 10 ; B ! 11, parses a sen tence \10011" as 10011 A 10 = ) A 011 B 11 = ) A 0 B S A 0 B = ) S and articulates it as a sequence of words \10 � 0 � 11". A mark ’ � ’ is used for a separator b etw een words. The parsing tree is depicted in Fig. 1(a). Figure 1: Two examples of a parsing tree. The wa y of articulation of a given sentence dep ends on the rule list, whic h expresses the sub jective asp ect of similarity among words. The sentence in the ab ov e example, \10011," will b e broken down into the word sequence \1 � 0 � 011" by an agent with the rewriting rule list, S ! 1 AB ; A ! 0 ; B ! 011, through the recognition process, 10011 A 0 = ) 1 A 011 B 011 = ) 1 AB S 1 AB = ) S; the parsing tree of which is shown in Fig. 1(b). 2.4 Similarity and A�nity Relationships b etw een words are de�ned by the similar- it y of their usage in sen tences. W e use Karov and Edel- man’s de�nition [10] with some revisions. A key con- cept in this de�nition is the mutual dep endency b etw een w ords and sen tences. That is, similar words app ear in similar sentences and similar sentences are comp osed of similar words. W e call a space of the relationship among w ords wor d-sp ac e . The similarities b etw een w ords and b etw een sentences are resp ectiv ely de�ned by the follo wing formulae: sim n +1 ( w i ; w j ) = 8 < : X s 3 w i w eig ht ( s; w i ) af f n ( s; w j ) if i 6 = j ; 1 : 0 if i = j ; (5) and sim n +1 ( s i ; s j ) = 8 < : X w 2 s i w eig ht ( w ; s i ) af f n ( w ; s j ) if i 6 = j ; 1 : 0 if i = j : (6) The functions af f n ( s; w ) and af f n ( w ; s ) represent the a�nit y of a word for a sentence and that of a sentence for a word, resp ectively . They are de�ned as af f n ( s; w ) = X s 0 3 w w eig ht ( s 0 ; w ) sim n ( s; s 0 ) ; (7) af f n ( w ; s ) = X w 0 2 s w eig ht ( w 0 ; s ) sim n ( w ; w 0 ) : (8) In the ab ov e four formulae, a su�x n indicates num ber of times to iterate, w 2 s means words included in a sen tence s , and s 3 w means sentences including a word w . The functions w eig ht ( s; w ) and w eig ht ( w ; s ) are nor- malizing factors that decide what contribution each word and sentence will make tow ard a�nit y and similarity . They are given by w eig ht ( s; w ) = f actor ( s; w ) X s 0 3 w f actor ( s 0 ; w ) ; (9) f actor ( s; w ) = p ( s ) #( s; w ) ; (10) w eig ht ( w ; s ) = f actor ( w ; s ) X w 0 2 s f actor ( w 0 ; s ) ; (11) and f actor ( w ; s ) = 1 p ( w ) l g ( s ) : (12) In Eqs. (10) and (12), p ( w ) and p ( s ) are the app earance frequencies of a word w and a sentence s , resp ectively; lg ( s ) is the length of a sentence s , which is de�ned by the n um ber of w ords included in the sentence; and #( s; w ) is the num ber of app earances of a sentence s including a w ord w . The more a word is used, the less informativ e it is, but the more a sentence is used, the greater its con- tribution. A word in a longer sentence is less imp ortan t 3 than one in a shorter sentence. If a word is absent in man y sentences, its e�ect on similarit y and a�nity will be greater than that of ubiquitous used words. A t the initial iteration step ( n = 0), the diagonal part of word similarity ( sim 0 ( w i ; w i )) is 1.0; the others are 0.0. W ord-sen tence a�nity (Eq. (8)) at n = 0 is cal- culated from this initial word similarity matrix. Then, these four formulae are iteratively calculated as Eqs. (6) ! (7) ! (5) ! (8). 2.5 Mo di�c ation of Gr ammar The grammar of an agent is mo di�ed in the course of time, dep ending on the usage at recognition pro cesses. Modi�cations of the rule list are de�ned by the follo wing three pro cesses: adding mo di�cation An altered rule of the mostly used rule at recognition pro cesses is added to the end of the rule list. replacing mo di�cation A randomly selected rule from the whole rule list is replaced with an altered rule. deleting mo di�cation The least used rule is deleted from the rule list. The times of use of each rule are counted only up on suc- cessful recognition of a path. Rules which are rewritten to erroneous recognition paths are not regarded as b eing used. These mo di�cations are applied in probabilities m add , m rep , and m del , resp ectively . The wa ys of altering of a rule are as follows: 1) Re- place a symbol of the left-hand of the rule with another non-terminal sym b ol. 2) Replace a symbol in the right- hand of the rule with another non-terminal or terminal sym bol. 3) Insert a symbol in the right-hand side of the rule. 4) Delete a symbol from the right-hand of the rule. One of these alterations, as well as the p oint of insertion, replacement, or deletion in a rule, is randomly determined. 3 Characteristics of W ord Similarity W e shall b egin the analysis of our system with a con- sideration of the characteristics of word similarit y . Simi- larit y , straightforw ardly understo o d from the de�nition, has the following prop erties: W ord similarity with the w ord itself is alwa ys 1.0; A word has higher similarit y with a word in a frequent sentence than with one in a rare sentence; It has higher similarity with a word in a short sentence than with one in a long sentence; It has lo w er similarity with a word which is used with a fre- quen t word in a sentence than with a word which is used with a rare word. W ords, even if they are not used in a sentence, can ha v e similarity through their relation with other words. Figure 2: An example of transition of w ord similarity in the course of iteration. The graph is the similarity of a word ’000’ with the other words p er iteration of calculation of similarity and a�nity . Iteration step vs. w ord similarity of a w ord ’000’ with the other w ords. By a sentence \ w 1 � w 2 ," the word w 1 has similarit y with the word w 2 . Another sen tence, \ w 2 � w 3 ," is the case for the similarit y b et w een the words w 2 and w 3 . Despite the fact that no sentence uses w 1 and w 3 simultaneously , these tw o words come to hav e similarit y through w 2 by iteration of the calculation algorithm. If the words hav e similar w a y of use within sentences, they are regarded as highly similar. With this feature of the algorithm we can tak e the paradigmatic relations b et w een words into consideration. If the weigh t functions, Eqs. (9) and (11), do not c hange in the course of iteration, b oth word similarity and sentence similarity are non-decreasing functions of the iteration num ber n . Therefore, similarit y conv erges to 1.0 after all. The ab o v e characteristics are clearly seen in the fol- lo wing sim ulation, in which the grammar of agen ts is not mo di�ed in the course of simulation. Randomly gen- erated sen tences, in which the maximum num ber of sym- b ols in a sentence is restricted to 8, are given to an agent un til it recognizes 100 sentences. The similarity b etw een all word-pairs is calculated after recognitions of 100 sen- tences. Since the app earance frequencies of each word and eac h sentence are �xed after all recognitions, the w eigh t functions do not c hange in the calculation. An example of word similarity change p er iteration is sho wn in Fig. 2 for a word ’000’. 1 W e can see mono- tonically increasing curves of similarity , which will con- v erge to 1.0. Similarity with the word itself, indicated b y ’000’, is alwa ys 1.0 by de�nition. Similarities with words 1 The rule list of the agent in this example is copied from a agent evolv ed in a simulation of our previous work [5, 6]. 4

’00111’ and ’00001’ rapidly increase in early iteration steps. Because these words are used in tw o-w ord sen- tences with the w ord ’000’ as \000 � 00111" (3 times) and \000 � 00001" (2 times), resp ectively , they hav e direct and strong relations. The di�erence b etw een sim (000 ; 00111) and sim (000 ; 00001) dep ends on the times to b e used. A w ord ’0000’ is used in a three-word sentence \000 � 0000 � 1" (2 times). Therefore the word ’0000’ has high similarity with ’000’. In spite of the use of ’1’ in the same sentence, the word has less similarity with ’000’ than similarity betw een the words ’000’ and ’0000’. This is b ecause the w ord ’1’ is used many more times (79 times) than the w ord ’0000’ (9 times). Resem blance of usage of w ords in di�erent sentences giv es a high similarity v alue even when the words are not used in a sentence, as can b e seen in the similarity betw een ’000’ and ’001’. The word ’001’, which is not used with ’000’ in any sentence, is used only in sentences \001 � 00111," \001 � 00001" and \001 � 0000 � 1." But the re- spective usages of the words ’000’ and ’001’ resemble each other in these and the ab ov e listed sentences. Therefore sim (000 ; 001) is a rather high v alue (Fig. 2). 4 Results of Sim ulation with Mo di�ca- tion of Grammar W e describ e the results of simulation with the rule mo d- i�cation pro cesses whic h are introduced in x 2.5. Sen- tences of at most 8 symbols are given to some agents. Similarit y is calculated when the agent recognizes a giv en sen tence. Thus the iteration step coincides with the n um- ber of recognized sentences. The mo di�cation o ccurs ev- ery 10 giv en sentences. Probabilities for rule mo di�ca- tions are m add = m rep = m del = 0 : 3. 4.1 Dynamics of Wor d Similarity Since similarit y is calculated dynamically , the weigh t functions are not �xed in the course of iteration. Fig- ure 3 is an example of transition of word similarity p er eac h recognition. The initial rule list is the same as that for the agen t depicted in the previous section. In this case, the similarit y functions are not non- decreasing. W e can see more complex dynamics than that of without mo di�cation of grammar. Similarity with new words climbs from 0.0, while similarities with al- ready app eared words are pulled down by the e�ect of the new words. Some words form clusters, as describ ed in the next subsection. Similarities with words in a clus- ter show synchronized transitions. 4.2 Classi�c ation of Structur e in Wor d-sp ac e W ords are clustered in w ord-space, the space of word similarit y , according to having or not having similarity with eac h other. V arious shap es of structures of clus- Figure 3: An example of transition of w ord similarity p er each recognition from a simulation with the grammar mo di�cations. In this simulation, similarity is calculated p er each recognition. Therefore the scale of horizontal axis coincides with the num ber of iteration. Rule list is mo di�ed p er 10 giv en sen tences. The initial rule list is the same as that in the example in the previous section. The similarity of a word ’0’ with other w ords is shown. X-axis is the num ber of recognized sentences (= iteration step), and Y-axis is the word similarity . ter app ear in the course of sim ulations. Their v ariet y dep ends on the initial grammar of the agents. W e clas- sify structures in w ord-space into six types according to their shap es. Examples of simple structures of each type are shown in Fig. 4. Structures in w ord-space in actual sim ulations are comp ositions of some of these types. The features of these graphs can b e summarized by one of the following. (a) A w ord has no relation to other w ords; we call such word a solitary word. (b) W ords in a cluster ha v e almost identical similarities with each other; w e term this cluster a at cluster. (c) W ords form a cluster. Similarity b et w een words in the cluster dep ends on words and gradually c hanges; we term this a gradual cluster. (d) W ords are in a cluster but there are tw o p eaks of similarity . Similarity from a word decays along one side but climbs along the opp osite side; we term this a tw o-peak cluster. (e) There is a cluster having a step wise structure. W ords are thought to b e divided in sub-clusters. (f ) W ords form plural, unrelated clusters. 4.3 Dynamics of Structur e in Wor d-sp ac e A general scenario of the developmen t of structure in w ord-space is the following. At �rst an agent can recog- nize only a one-word sentence. It then dev elops the abil- it y to recognize several sentences, but these all are one- w ord sentences, and therefore there are sev eral solitary 5

(a) solitary word (b) at cluster (c) gradual cluster (d) t w o-peak cluster (e) sub-clustering (f ) tw o clusters Figure 4: Examples of structures in word-space. Z-axis is word similarity de�ned b y Eq. (5). W ords are aligned in X- and Y- axes in descending order from a standard w ord appropriately selected to smo othly c hange similari- ties. W e hav e six distinct types of structures. (a) Solitary w ord. A word has no similarity with the others. (b) Flat cluster. All words hav e almost identical similarity with the all other words in the cluster. In these tw o cases, (a) and (b), the shap e of clusters do es not dep end on the order of w ords in the X- and Y- axes. (c) Gradual cluster. W ords are arranged in the X-axis in descending order of similarit y with a standard word. In this case: ’0’ (standard word), ’1’, ’11’, � � � , ’111’. In case of gradual cluster, similarities of words with the last word in X- axis, ’111’, are also descent order. (d) Two-peak cluster. W ords are arranged in the same manner as in (c). In this example: ’11’ (standard word), ’0’, � � � , ’0010’. In con- trast with the gradual cluster, similarities of words with the last word in X-axis, ’0010’, are ascending order. (e) Sub-clustering. W ords are again arranged in the same manner. In this example, ’0’ (standard word), ’0000’, � � � , ’00000’. W ords are divided into t w o groups which ha v e almost the same v alue of similarit y with words in the same group. (f ) Two clusters. There are t w o inde- pendent clusters in word-space. w ords in word-space. Then it b ecomes able to articulate sen tences into plural words, which forms relations b e- t w een words. Even tually words form gradual clusters in w ord-space. Such clusters c hange their structure through suc h pro cesses as expansion of b oundary or mergence of t w o clusters. Parallel to this dev elopmen t in word-space, the syntactic structure also develops from sequential, to branc h, and then, to lo op structures. Let us examine this scenario thoroughly by the exam- ple of tw o simulations. One is a simulation from the simplest grammar, namely from only one rewriting rule, whic h will show the developmen tal path in the early stage. The other is from a large grammar and will il- lustrate structural change in clusters. 4.3.1 Development in Early Stage A simulation which is started from an agent with only one rule as the initial grammar is taken to illustrate the dev elopmen t in word-space at the early stage. W e will b e able to see a typical path w a y of developmen t where sen tences mak e relations b etw een some solitary w ords and expand b oundaries of clusters. 2 An agent whose initial grammar has only a rule S ! 1 hears randomly generated sentences and tries to recog- nize them. Grammar of the agent changes in the course of simulation according to the mo di�cation metho d of grammar de�ned in x 2.5. Figure 5 sho ws increases in the whole num b er of rec- ognized sentences, indicated by ’whole’ in the graph and denoted N r , and in the num ber of distinct sentences, in- dicated by ’distinct’ in the graph and denoted N k . W e depict the developmen tal pathw a ys of structures in word-space by showing some snapshot �gures of word- space in Fig. 6. W ords articulated from recognized sen- tences are aligned as ’0’, ’1’, ’01’, ’101’, ’10’, ’11’, ’011’, ’00’ from 1 to 8 on the X and Y axes to clearly show structural changes in word-space. The �rst sentence the agent can recognize is \1", and it is a one-word sentence. The shap e in word-space is the simplest structure as Fig. 6(a), a solitary word structure classi�ed in x 4.2. Since all sentences, which app ear until N g is 1580, namely \0",\1", \01", \101", and \10", are recognized as one-word sentences, there are only solitary words in w ord-space (Fig. 6(b)). F rom N g of around 1580 to 1900, N r of the agent is on a rapid increase phase as in Fig. 5. This phase b egins when the agent gets an e�ective lo op structure in its grammar. A set of recognizable sentences is enlarged by 2 W e should say it is an atypical example of simulation starting from small grammar. In case that the initial grammar is quite small, it is hard to develop to b e able to recognize enough sentences to show particular structure in word-space. Since the mo di�cation wa ys introduced in x 2.5 are rather weak in order to enlarge the set of recognizable sentences. 6

Figure 5: T ransitions of the num ber of whole ( N r ) and distinct ( N k ) sentences which are recognized by an agent per each given sentence. The solid and dashed lines are the whole and distinct n um ber of sen tences recognized b y an agent, resp ectively . this lo op structure. The fact that N k also grows almost parallel to the line of N r implies that the agent recognizes man y new sentences. In this rapid increase phase, man y of the new sen- tences are no more than one-word in length. They make connections b etw een solitary w ords. F or example, a sen- tence \000111" �rst recognized at N g = 1599 is artic- ulated to \0 � 0 � 01 � 1 � 1". By this sentence solitary words ’0’, ’1’, and ’01’ are related and these three w ords form a gradual cluster (Fig. 6(c)). By the next recognized sen- tence, \0 � 0 � 101 � 1 � 1 � 1", a w ord ’101’ is incorp orated into this cluster. As this manner, all �ve of the solitary w ords are related b y N g = 1641 (Fig. 6(d)). The b oundary of the cluster is extended through recog- nition of new sentences. A new word ’11’ is incorp orated in to the cluster at N g = 1747 b y a sentence \0 � 101 � 11" (Fig. 6(e)) . At N g = 2853 a sentence \0 � 0 � 0 � 1 � 011 � 1" expands the b oundary to a new word ’011’ (Fig. 6(f )). 4.3.2 Development fr om L ar ge Gr ammar In this subsection, we exemplify a developmen tal path from an agent with man y rules in its grammar. If an agen t has the ability to recognize sentences to some ex- ten t at the initial p oin t, it is likely to develop some struc- ture in word-space. W e will show a merging pro cess of clusters, a structural change from plural p eak to nearly at cluster, and a b oundary expansion. The agent in the following example, the same as that used in x 3, has 33 rules in its initial grammar. W e would lik e to fo cus attention on a scenario of structural change in word-space. In the early p erio d, there are tw o clus- (a) N g = 145, N r = 1 (b) N g = 1342, N r = 7 (c) N g = 1599, N r = 10 (d) N g = 1641, N r = 13 (e) N g = 1747, N r = 19 (f ) N g = 1853, N r = 24 Figure 6: The developmen tal path of structures in word- space of an agent from one rule as the initial grammar is sho wn. Z-axis is word similarity . W ords are arranged in XY-plane to clearly show the clustering and its dynamics in word-space. That is, ’0’, ’1’, ’01’, ’101’, ’10’, ’11’, ’011’, ’00’ from 1 to 8. The symbols N g and N r in the equations under each graph are the num ber of given and recognized sentences, resp ectively . ters and a solitary word (Fig. 7(a)). One cluster has a ragged surface and the other has a at one. At N g = 74, the former cluster dev elops tw o p eaks. The latter ex- pands its b oundary and also b ecomes a tw o-peak cluster (Fig. 7(b)). W e can see a merging pro cess of three clusters into a at cluster through the three-p eak structure in Fig. 7(b) � (f ). A sentence \00 � 0101 � 1" makes a connection b e- t w een tw o clusters mentioned ab ov e (Fig. 7(c)). This sen tence do es not contain a new word, but the usage of words in this sentence is quite new. The solitary w ord is included in the �rst cluster, and the three clus- ters b egin to hav e stronger relations through more sen- tences (Fig. 7(d)). The connected cluster c hanges in to a three-p eak shap e (Fig. 7(e)). But this three-p eak 7

(a) N g = 30, N r = 5 (b) N g = 74, N r = 10 (c) N g = 85, N r = 11 (d) N g = 120, N r = 15 (e) N g = 161, N r = 20 (f ) N g = 308, N r = 40 (g) N g = 427, N r = 53 (h) N g = 500, N r = 70 (i) N g = 938, N r = 200 (j) N g = 1911, N r = 700 Figure 7: The developmen tal path of structures in w ord- space is shown. Z-axis is word similarity . W ords are arranged in XY-plane to clearly show clustering and its dynamics in w ord-space. The symbols N g and N r in the equations under each graph are the num ber of recognized and given sentences, resp ectively . structure do es not endure for long b efore turning into a nearly at cluster structure with an expanding b ound- ary (Fig. 7(f )). By recognizing new sentences, the cluster gets bigger and incorp orates more solitary words (Fig. 7(g) and (h)). The similarit y among old words loses its raggedness, but the new words hav e a smaller similarity at its b oundary (Fig. 7(i)). In the p erio d of N g = 1680 � 1940, the agent can recognize almost all words. This is b ecause, by this time, the agent has one of the following tw o rule sets in its grammar: S ! 0 ; A ! 1 ; A ! B ; B ! S; S ! AA; or S ! 0 ; A ! 1 ; S ! AA; A ! S: By this set of rules, all sen tences except for a sentence \1" can b e recognized. All sen tences are broken to combina- tions of the w ords ’0’ and ’1’ by this grammar, therefore no new word app ears during this p erio d. Consequently , the b oundary of the cluster no longer expands, and the similarit y among almost all words in the cluster �nally approac hes 1.0, which is the re ex of the con v ergence na- ture noted in x 3, and which makes the structure of the cluster nearly at, as in Fig. 7(j). 5 Discussion 5.1 Clustering as Cate gorization W e hav e shown clustering structures in x 4. This clus- tering can b e regarded as categorization of words by the agen t, since w ords in a cluster hav e stronger relation with eac h other and less relations with words out of the clus- ter. Let us devote a little more space to discussing each t yp es of structure classi�ed in x 4.2 from this p oint of view. A solitary word is a word without an y similarity to other words (Fig. 4(a)). Strictly sp eaking, we cannot sa y it is a cluster and also a category . Actually , we do not hav e a category with only one member in our knowl- edge system. There migh t b e, how ev er, such a simple structure of knowledge at the very b eginning of our de- v elopmen t. All words in a at cluster structure ha v e almost iden- tical similarity (Fig. 4(b)). Since its b oundary is sharp, it is clear whether an entit y is a mem b er of the cluster or not. This type of cluster is like a category in which mem b ers are rigidly determined by ne c essary and su�- cient c onditions as scienti�c notions. In contrast to the at cluster, a gradual cluster has a graded change in similarity from large to small (Fig. 4(c)). This cluster has a p eak. If we think of it as a category , a p eak corresp onds to the cen tral member of the category . W ords having small similarit y with the 8 cen tral one are p eripheral mem b ers of the category . This structure is lik e a pr ototyp e c ate gory [11, 12]. T o what exten t w ords are included in the category is matter of gradien t. The t w o-peak cluster (Fig. 4(d)) is an analogue of a category with tw o central mem b ers. It can b e regarded as a p olysemous c ate gory . All words in a single p eak structure are characterized b y how similar they are to a cen tral member in the category . Whereas in the plural peak structure, such as in the case of tw o p eaks, there are words which are similar to one central member but not to the other one, and there are words which ha v e some degree of similarity to b oth central members of a category . W e can see the sub-clustering structure into tw o groups of words in a cluster (Fig. 4(e)). One is words with high similarity and the other is words with rather lo w er similarit y . The tw o groups can b e regarded as tw o sub-categories within the category . This is the simplest case of a hierarch y of categories. The structures of categories should change through v arious exp eriences. In our mo del, we hav e seen dynam- ics of clusters in w ord-space in x 4.3.1 and x 4.3.2. These dynamics are the expansion of b oundaries, the establish- ing of connections b et w een clusters, the incorp oration of solitary words, and the structural changes from gradual or tw o-p eak to at cluster. In the case of b oundary expansions of clusters as in Fig. 6(d) � (f ) and Fig. 7(f ) � (i), the structure of the original clusters do es not undergo large change. This satis�es the requirements for adaptability and stability of categorical system noted in x 1 and shows resemblance, also in the context of dynamics, to the prototype cate- gory in its feature of exibility , as expressed by T a ylar [12] when he says: \Prototype categories ha v e a exibil- it y � � � in b eing able to accommo date new, hitherto un- familiar data. � � � New entries and new exp eriences can be readily asso ciated, p erhaps as p eripheral mem b ers, to a prototype category , without necessarily causing any fundamen tal restructuring of the category system." What, then, is the corresp ondence with a sentence whic h mak es a connection b etw een clusters as shown in Fig. 7(c)? One candidate is a metaphorical expression. A metaphor connects tw o semantic domains. F or example, in the sentence Sal ly is a blo ck of ic e , the domains of the h uman and nonh uman or of the animate and inanimate en tities are connected. But we cannot insist on this corresp ondence so strongly . Metaphor is not the only connection b etw een t w o domains, but the basic logic of an original domain is applied to a destination domain by metaphor. Usually , the original domain is concrete and easy to conceptual- ize; on the other hand, the destination is abstract and hard to conceptualize [13]. But in our case, the tw o clus- ters are merely related, and we can discuss neither the mapping of logic b etw een tw o categories nor whic h is abstract or concrete. 5.2 F utur e Pr oblems W e plan to extend our mo del to a communication net- w ork system to discuss the emergence of a so cial struc- ture among agents. In addition to this extension, we hop e to address the following problems. 5.2.1 Conver genc e Natur e of Wor d Similarity The similarit y among words and that of sentences by our de�nition has a non-decreasing nature. Therefore, b y static calculation the similarities �nally conv erges to 1.0, as shown in x 3. This nature app ears even in the dy- namical calculation in x 4, and structures in word-space tend to approach nearly at clusters. This is partly b e- cause the set of vocabulary and symbols in our mo del is m uc h smaller than that in an actual language system. T o a v oid this conv ergence, we should set some restrictions to calculate similarity . 5.2.2 L anguage Externals W e can show the dynamics of categorization and dis- cuss the corresp ondences of our results with notion of protot yp e category , e.g., p eaks in a cluster with proto- t yp es and the b oundary expansions with exibility of categories. These corresp ondences will pro vide a clue to study the dynamics of categorization. But in order to inv estigate the problem more deeply , esp ecially with resp ect to the prototype category , we should tak e into consideration not only interactions with other agent and en tities within embedded environmen ts but also interac- tions of the ability of language use with other cognitiv e and motor comp etence. Our mo del might b e highly structuralistic to talk ov er suc h cognitive linguistic notion as the prototype cate- gory . There is no external world of agent in our system and similarity and categorization are discussed based on language internal relations. Cognitive linguists say that e�ects from the language externals are imp ortant to the protot yp e categorization, as T a ylor [12] explains: \Pro- tot yp e e�ects � � � arise from an in teraction of core mean- ing with non-linguistic factors like p erception and world kno wledge, and can thus b e assigned to other comp o- nen ts of the mind." Ho w we incorp orate such language external systems into our mo del is the next imp ortant problem. 6 Conclusion W e hav e prop osed an ev aluation of meaning representa- tion by relationship among words based on the relative similarit y of language usages, and we hav e introduced 9 a de�nition of similarity among words. W e studied the dev elopmen t of structure in word similarity space in an arti�cial agent with a grammar system. Structures of cluster in word similarity space were classi�ed into six groups: solitary word, at cluster, gradual cluster, tw o- peak cluster, sub-clustering structure and plural clusters. The dynamics of the structures w ere found to consist of association of solitary words, b oundary expansions, mer- gence of clusters, and structural change from gradual or t w o-peak cluster in to at structure. The relev ance of these clustering and their dynamics with linguistic cate- gorization was suggested. Ac kno wledgmen t This work is supp orted by the Sp ecial P ostdo ctoral Re- searc hers Program at RIKEN. I am grateful to Asso ciate Prof. T ak ashi Ikegami for his helpful comments and the encouragemen t. I would like to thank Prof. Shun-ic hi Amari for his contin ual encouragement. References [1] Hauser, M. D., (1996), The evolution of c ommuni- c ation , The MIT Press, Cambridge, MA [2] Steels, L., (1997), Synthesising the origins of language and meaning using co-evolution, self- organisation and lev el formation, in Evolution of Human L anguage , Hurford, J (ed.), Edinburgh Univ. Press, Edinburgh [3] Geeraerts, D., (1985), Cognitiv e restrictions on the structure of semantic change, in Historic al Seman- tics , Fisiak, J (ed.), Mouton de Gruyter, Berlin, 127{153 [4] Kaneko, K. and Tsuda, I., (1994), Constructive complexity and arti�cial reality: an introduction, Physic a , D75 , 1{10 [5] Hashimoto, T. and Ikegami, T., (1995), Evolution of Symbolic Grammar Systems, A dvanc es in Arti�cial Life , F. Mor� an et al. (eds.), Springer, Belrin, 812{ 823 [6] Hashimoto, T. and Ikegami, T., (1996), Emergence of net-grammar in communicating agents, BioSys- tems , 38 ,1{14 [7] Putnam, H., (1975), The meaning of ’meaning’, in Mind, language and r e ality , Cambridge Universit y Press, New Y ork, NY [8] Cruse, D. A., (1986), L exic al Semantics , Cam bridge Universit y Press, Cam bridge [9] Wittgenstein, L., (1953), Philosophische Unter- suchungen , Basil Blackw ell [10] Karov, Y. and Edelman, S., (1996), Similarity- based word sense disambiguation, T ec hnical Rep ort of W eizmann Institute, CS-TR 96-06 [11] Lako�, G., (1987), Women, Fir e, and Danger ous Things , Chicago , The Universit y of Chicago Press [12] T a ylor, J. R., (1995), Linguistic Cate gorization { Pr ototyp es in Linguistic The ory , Oxford, Oxford Universit y Press [13] Lako�, G and Johnson, M., (1980), Metaphors We Live By , Chicago, The Universit y of Chicago Press 10