Gn ;N 3X 0L O@ J8 Ev olution of Co de and Comm unication in Dynamical Net w orks ( F0 E* %M %C %H %o !< %/ $K $* $1 $k %3 !< %I $H %3 %_ %e %K %1 !< %7 %g %s $N ?J 2= ) 1996 G/ 3 7n El 5~ Bg 3X Bg 3X 1! Am 9g J8 2= 8& 5f 2J 66 K\ 7I (T ak ashi Hashimoto)

Con ten ts Ac kno wledgmen ts v Publications vii 1 In tro duction 1 2 Ev olution of Grammar Systems 7 2.1 In tro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 8 2.1.1 Language as an Ev olutionary System in Ensem ble Structures 8 2.1.2 Ev olution of Linguistic Complexit y : : : : : : : : : : : : : : : 10 2.1.3 Organization of this Chapter : : : : : : : : : : : : : : : : : : 14 2.2 Basic of F ormal Languages : : : : : : : : : : : : : : : : : : : : : : : 15 2.2.1 W ord and Language : : : : : : : : : : : : : : : : : : : : : : : 15 2.2.2 Generativ e Grammar : : : : : : : : : : : : : : : : : : : : : : : 15 2.2.3 Deriv ation and Acceptance : : : : : : : : : : : : : : : : : : : 15 2.2.4 The Chomsky Hierarc h y of Grammars : : : : : : : : : : : : : 16 2.3 Mo deling : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 2.3.1 Agen t with Generativ e grammar : : : : : : : : : : : : : : : : 17 2.3.2 Comm unication : : : : : : : : : : : : : : : : : : : : : : : : : : 17 2.3.3 Language Game : : : : : : : : : : : : : : : : : : : : : : : : : 18 2.3.4 Ev olutionary Dynamics : : : : : : : : : : : : : : : : : : : : : 19 2.4 Algorithmic Ev olution : : : : : : : : : : : : : : : : : : : : : : : : : : 21 2.4.1 Ev olution during the Early Stage : : : : : : : : : : : : : : : : 21 2.4.2 Mo dule-T yp e Ev olution : : : : : : : : : : : : : : : : : : : : : 23 2.4.3 Emergence of Lo op Structure : : : : : : : : : : : : : : : : : : 23 i ii CONTENTS 2.5 Ensem ble with a Common Set of W ords : : : : : : : : : : : : : : : : 25 2.6 Punctuated Equilibrium : : : : : : : : : : : : : : : : : : : : : : : : : 29 2.7 Results of Other Sim ulations : : : : : : : : : : : : : : : : : : : : : : 31 2.7.1 Minimal Almigh t y : : : : : : : : : : : : : : : : : : : : : : : : 31 2.7.2 Score of Being Recognized : : : : : : : : : : : : : : : : : : : : 31 2.8 Discussions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 34 3 Co ev olution of T ap es and Mac hines 39 3.1 In tro duction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 40 3.1.1 Ev olution of Genetic Co de : : : : : : : : : : : : : : : : : : : : 40 3.1.2 Problems in Self-repro duction : : : : : : : : : : : : : : : : : : 41 3.1.3 Di�culties for Ev olution of Stable Auto catalytic Net w orks : : 42 3.1.4 Organization of This Chapter : : : : : : : : : : : : : : : : : : 43 3.2 Mo deling : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45 3.2.1 In teraction of Mac hines and T ap es : : : : : : : : : : : : : : : 45 3.2.2 T ranslation of T ap es : : : : : : : : : : : : : : : : : : : : : : : 46 3.2.3 P opulation Dynamics : : : : : : : : : : : : : : : : : : : : : : 46 3.2.4 E�ect of External Noise : : : : : : : : : : : : : : : : : : : : : 47 3.2.5 Source to Start Searc hing on T ap es : : : : : : : : : : : : : : : 48 3.3 Destabilization of a Minimal Self-replicating Lo op : : : : : : : : : : 49 3.4 Emergence of Core Net w ork : : : : : : : : : : : : : : : : : : : : : : : 52 3.5 T axonom y of Core Net w orks : : : : : : : : : : : : : : : : : : : : : : : 56 3.6 Em b edded Auto catalytic Lo ops : : : : : : : : : : : : : : : : : : : : : 58 3.7 Div ersit y and Dynamics of Co de : : : : : : : : : : : : : : : : : : : : 69 3.8 Discussions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 72 4 Conclusions and Dev elopmen ts 75 4.1 Summary and Conclusion | Ev olution of Grammar Systems : : : : : : : : : : : : : : : : : : : 76 4.2 Summary and Conclusion | Co ev olution of T ap es and Mac hines : : : : : : : : : : : : : : : : : 77 4.3 F urther Dev elopmen ts : : : : : : : : : : : : : : : : : : : : : : : : : : 79 4.4 Remarks on Arti�cial Life Studies : : : : : : : : : : : : : : : : : : : 80

CONTENTS iii 5 App endix 85 5.1 Algorithm for Recognition Pro cess of a Grammar System : : : : : : 86 Bibliograph y 89 iv CONTENTS

Ac kno wledgmen ts I record the w armest thanks to Asso ciate Professor T ak ashi Ik egami, the sup ervisor at m y do ctoral course. All studies in this thesis w as done in collab oration with him. Man y of the ideas in these w orks w ere shap ed in discussions with him. T alks with him ab out not only these studies but also other v ariable sub jects ga v e me a great insigh t to complex systems. I also w ould lik e to thank all the mem b ers and alumni of Ik egami’s sc ho ol, Ek en S. Y oshik a w a, Kouji Harada, Shin’ic hirou Dora Nishim ura, Kouji Kishi, Daisuk e Komatsu, Masanao Mat- sushima, Dr. Ha jime Anada and Dr. Noriyuki Matsuo. I am deeply grateful to Y ukito Iba. He usually giv es me man y enligh tening commen ts and v aluable criticism. I thank all participan ts of KISSeminar, hold on ev ery Th ursda y at m y college, Professor Kunihik o Kanek o, Asso ciate Professor T ak ashi Ik egami, Asso ciate Professor Shin’ic hi Sasa and their studen ts. I giv e m y thanks Asso ciate Professor Y oshiki Nishim ura. Prof. Ik egami and I often had discussions on language and cognition with him. They are v ery useful for the study rep orted in the second c hapter. I also thank him for his critical reading of our pap ers. I w ould lik e to record m y thanks to the judging committee of this thesis, Professor Sh un-ic hi Amari, Asso ciate Professor T ak ashi Ik egami, Professor Kunihik o Kanek o, Asso ciate Professor Jun Makino and Asso ciate Professor Kazunori Y amaguc hi. Their commen ts and criticisms ha v e made this thesis b etter. The w orkshop \Complex Systems" has b een sitting at Ky oto on ev ery y ear. I b egan studying on complex systems b y stim ulated b y discussions dev elop ed at the w orkshops ab out approac hes to complex systems and their ac hiev emen ts. I giv e m y thank organizing committee and discus- san ts of the w orkshops for suc h in teresting meetings. I organized a w orkshop en titled \T o w ard Construction and Description of Dynamical Systems" in Decem b er, 1994 with T omo yuki Y a- mamoto and Akihiro Y amaguc hi. Preliminary discussions with them ga v e me c hances to kno w not only man y sup erior researc hers but also hardships to planning a w orkshop. The attendan t and w e could ha v e fruitful discussions ab out dynamical view of nature. I express m y gratitude v vi A CKNO WLEDGMENTS for the co-organizer, sp eak ers, and all the attendan ts of the w orkshop. I indebted to Ayum u Y asutomi for in teresting con v ersations ab out economical and so cial systems. I am also thankful Professor Keisuk e Ito. He ga v e me a place to study these in teresting topics at �rst. I also thank Asso ciate Professor Y ukio P egio Gunji and mem b ers of Prof. Ito’s sc ho ol. I thank Profes- sor T onega w a and Professor Kaburagi. They taugh t me statistical ph ysics through m y master course study . Discussions ab out cultural an throp ology , so cial science, philosoph y at \Balinese Culture sem- inar" w ere stim ulated me. I thank the mem b ers of the seminar, Professor Keiji Ueshima, T oru Momo, Mitsue Nak am ura, Kumik o Y agihara and the others. I o�er heart y thanks m y paren ts for giving me b oth men tal and economic assistance. I am thankful to Kumik o Y agihara from the b ottom of m y heart for her encouragemen t and fruitful con v ersations.

Chapter 1 In tro duction 1

2 CHAPTER 1. INTR ODUCTION W e study emer genc e and dynamics of c o des b y constructing abstract mo dels in computers. A term c o de is de�ned as a set of rules whic h restrict the usages and in terpretations of sym b ols in comm unication and expressions. A co de of a system is organized either b y a sup ervisor or b y the system itself sp on taneously . W e are in terested in the case of self-organization, a co de emerging from in teractions among agen ts. Tw o c haracteristic self-organized co des, linguistic co de and genetic co de, will b e discussed thoroughly in the thesis. Co des are often studied from the view p oin ts of b oth syn tactic and seman tic. The former studies connections among sym b ols and the latter do es relations b et w een eac h sym b ol and its referen t. Ho w ev er, a co de in a system m ust b e organized for the system to w ork in practical situations. Th us, w e m ust study organization or ev olution of co des from pragmatic viewp oin t, that is in terpretations of and resp onses to information in practical situations. If w e consider pragmatic case, the syn tactic and seman tic asp ect of a co de cannot b e separately treated. Namely , w e face with a problem of syn tax and seman tics mixture. If man y agen ts comm unicate, other problems ma y o ccur. One’s in terpretations of information ma y run coun ter to that of others. Co de has to b e uctuating temp orally b y the actions of the agen ts. W e see parado xical nature of co de, syntax and semantics mixtur e and op enness of c o de . No w ada ys w e often comm unicate through computer net w orks. Here w e kno w that a sender and a receiv er of messages share a common co de to exc hange the messages. The co de used in computer net w orks is prescrib ed in a static w a y . It is a mere agreemen t at the syn tactic lev el. W e enco de a message on sym b ols and deco de sym b ols to get a message b y follo wing the prescrib ed co de. This syn tactic lev el of co de w as �rst studied b y Shannon and W ea v er [91]. They discussed its e�ciency and capacit y under noisy en vironmen t. A lot of grammatical and lexical kno wledge is input to computer systems in order to pro cess natural language. The kno wledge is tak en as a co de in natural language | the grammatical kno wledge constitutes a co de at the syn tactic lev el and the lexical kno wledge constitutes a co de at the seman tic lev el. Ho w ev er, pro cessing natural language b y computers turn out to b e a v ery di�cult issue. Usages and meanings of w ords in practical situations are not decided completely b y giv en grammatical and lexical kno wledge. Con text dep endency with synon ym y and p olysem y mak es pro cessing natural language b e di�cult. Mixture of syn tax and seman tics can b e often seen. F or example, Chomsky said that an activ e sen tence can b e transformed in to a passiv e sen tence without c hanging the meaning. But transformation b et w een the activ e and passiv e sen tences c hanges the meaning in practical situations. In terpretations and impressions

3 b ecome di�eren t for listeners. Moreo v er, w e notice that creation of new w ords and phrases is more imp ortan t c haracteristics of natural language. Suc h inno v ativ e nature of language cannot b e brough t ab out b y mere grammatical and lexical kno wledge. As Wittgenstein said [106], rules in natural language can not b e determined in adv ance. In practical comm unication, w e just sp eak. A co de do es not exist from the b eginning. Indeed, there is an arbitrariness to some degrees in usages of w ords or in terpretations of information. The arbitrariness in a system undergo es restrictions b y v alidities p eculiar to the system. W e can sa y an ything, y et scarcely do w e sp eak extraordinary w a ys in practical con v ersations. Hence w e ha v e smo oth con v ersations. Th us w e feel the existence of a tacit linguistic co de. W e can refer to a co de only after con v ersations. It ma y c hange, ho w ev er, after new con v ersations. F or example, p eculiar expressions or trend w ords are often created in a certain comm unit y , without m utual con�rmation. Linguistic co des can only b e describ ed after ev en ts, and they dynamically c hange. What w e m ust ask is ho w to understand and mo del the emergence and dynamics of the linguistic co de. Similarities b et w een sen tences in natural language and genetic sequences in genomes are often discussed (e.g. [81, 26, 95]). In the genetic systems, eac h co don is related with amino acid. Ev en if w e kno w the relationships completely , w e cannot understand ho w proteins act in real situations. Relations b et w een genot yp e and phenot yp e constitute a genetic co de in a pragmatic lev el (see Fig. 1.1). W e cannot prescrib e the co de at this lev el as the linguistic co de. Phenot yp e v aries from individual to individual ev en with the same gene (incomplete p enetrance). The phenot yp e can also v ary through in teractions with other genes and en vironmen tal factors (v ariable expressivit y). Genetic co des ha v e to b e studied through the pragmatic lev els. Figure 1.1: Relations b et w een eac h co don and amino acid is corresp ondence b et w een eac h sym- b ol and its referen t. It m ust b e considered through relations b et w een genot yp e and phenot yp e.

4 CHAPTER 1. INTR ODUCTION There is a general agreemen t that the genetic systems utilize the univ ersal co de o v er all creatures. Recen tly , di�eren t corresp ondences b et w een co dons and amino acids are found ex- p erimen tally (e.g. [5, 62]). The fact conceiv es us that the genetic co de can ha v e dynamics as w ell as genetic co de at the pragmatic lev el [89]. If systems with di�eren t co de come to in teract with, mixtur e of co des will b e rev ealed. It causes in terferences and con icts b et w een co des. And it ma y bring ab out dynamics of co de. F or the linguistic examples, there are man y di�eren t lo cal and so cial dialects to co exist. In early stages of language acquisition pro cess, c hildren ma y ha v e di�eren t co des from adults’. Children learn to mo dify their co de, ho w ev er, to incorp orate in to adults’ in the course of de- v elopmen t. Mixture of co des can b e an inno v ativ e source for a new co de. Examples of new co des can b e seen in pidgin and creole languages. Pidgins are new languages whic h are in v en ted for comm unication with eac h other, when more than t w o languages con tact. Creoles are dev el- op ed languages from pidgins b y lexical and grammatical extensions to smo othly comm unicate with eac h other and to naturally express one’s though t. Dev elopmen ts of c hild’s language and pidgin/creole languages will b e discussed in x 2.1.2. There migh t b e mixture of co des in genetic systems. Supp ose that a gene is in terpreted as \pro duce a protein X". But, according to a di�eren t co de, it is in terpreted as \pro duce a protein Y". If the protein Y inhibits the protein X, these t w o co des generate con tradiction. When a pro cary otic cell and mito c hondria fuse to form a eucary otic cell, suc h mixture of co des can happ en. One side of co de will b e driv en a w a y , or a new co de will b e in v en ted. Ev en within a single co de, con tradiction can b e induced. Supp ose that a protein X translates a gene to \protein Y whic h inhibits X". Suc h co de induces a logical con tradiction. By the logical con tradiction the co de can b e impro v ed. W e refer to suc h nature of co de as op enness . It is related with a prop osition \ A = : A " or a sen tence \This sen tence is not v alid." Suc h inconsistency in co de can result in oscillating dynamics as Sp encer Bro wn has �rst p oin ted out [11]. The mixture and op enness of co des are inevitable c haracteristics of what is de�ned as a co de. W e will prop ose a language game in comm unication net w ork to study emergence and dynam- ics of linguistic co de. A net w ork consists of simple sym b ol pro cessing agen ts with individual grammars. Agen ts sp eak and accept w ords in terms of their o wn grammars. W e are in terested in organizing co des in net w ork through comm unication among agen ts. In other w ords, whether a sp eci�ed usage of w ords can b e selected in the net w ork is our main concern. As w e ha v e

5 discussed, it is imp ossible to determine rules of the game or individual grammars in adv ance. Ho w ev er, w e can study the global dynamics of co de in the comm unication net w ork of individual grammars. W e assume in our language game that the more v arious w ords an agen t can recognize or sp eak, the more the agen t can score. Because recognizing w ords is related with the capabilit y of information pro cessing. Ho w v ariet y of w ords and computational abilit y of individual grammars c hange will also b e discussed in detail. W e will see an emergence of groups with particular usages of w ords. It can b e tak en as an emergence of comm unit y co de. W e will also see ev olution of computational abilit y . Tw o remark able ev olutionary pro cesses will b e observ ed. One is a mo dule t yp e ev olution, the other one is a lo op forming ev olution. Mixture of co des, whic h originates in con icts b et w een t w o groups, disturbs smo oth ev olution to higher computational abilit y . Ev olution of computational abilit y sho ws punctuated equilibria: emergence of higher computational abilit y agen ts follo ws b y the comm unit y co de. As for the study of genetic co de, w e will prop ose a net w ork mo del of mac hines and tap es. One primitiv e role of genetic co de is replication. As v on Neumann p oin ted out [102], self- repro duction requires separation of mac hine and its description tap e due to self-referen tial problem. A system m ust observ e itself to self-repro duce. If a system is unstable against its observ ation, self-repro duction is imp ossible. By in tro ducing a stable description tap e, v on Neumann constructed a self-repro ducing system in t w o dimensional cell automata. T o study genetic co de through a pragmatic lev el, w e will discuss ho w the mac hines and tap es b eha v e in the net w ork for self-repro duction, and ho w the tap es are in terpreted b y the mac hines. W e in tro duce circular binary strings as description tap es, and mac hines as deco ders and pro ducts of the tap es. Mac hines can only b e repro duced b y b eing read its description tap e. W e will see ev olution from a minimal self-replicating net w ork to a large complex net w ork. T o stably sustain the large net w ork, a c or e network should app ear. In the core net w ork, eac h one of mac hines is pro duced b y other mac hines. Not only eac h p opulation of mac hine and tap e but also net w ork top ology oscillate in the course of time. W e will see the oscillation will b e induced b y op enness of co de.

6 CHAPTER 1. INTR ODUCTION