A Rob ot with a Decen tralized Consensus-making Mec hanism Based on the Imm une System Akio ISHIGUR O, Y uji W A T ANABE, T oshiyuki K ONDO, Y asuhiro SHIRAI and Y oshiki UCHIKA W A Dept. of Information Electronics, Graduate Sc ho ol of Eng., Nago y a Univ ersit y F uro-c ho, Chikusa-ku, Nago y a, 464-01, Japan Phone: +81-52-789-3167, F ax: +81-52-789-3166 Email: f ishiguro/yuji/k on/shirai/uc hik a w a g @bio ele.n uee.nago y a-u.ac.jp Abstract In r e c ent ye ars much attention has b e en fo cuse d on b ehavior-b ase d arti�cial intel ligenc e(AI), which has alr e ady demonstr ate d its r obustness and exibility against dynamic al ly changing world. However, in this appr o ach, the fol lowings have not yet b e en r esolve d: how do we c onstruct an appr opriate arbitr ation me ch- anism, and how do we pr ep ar e appr opriate c omp etenc e mo dules. In this p ap er, to over c ome these pr oblems, we pr op ose a new de c entr alize d c onsensus-making sys- tem inspir e d by the biolo gic al immune system. And we apply our pr op ose d metho d to b ehavior arbitr ation for an autonomous mobile r ob ot, namely garb age c ol le ct- ing pr oblem that takes into ac c ount of the c onc ept of self-su�ciency. T o verify the fe asibility of our metho d, we c arry out some simulations. In addition, we inves- tigate two typ es of adaptation me chanisms, and try to evolve the pr op ose d arti�cial immune network using r einfor c ement signals. 1 In tro duction In recent y ears muc h attention has b een fo cused on b ehavior-b ase d AI , whic h has already demonstrated its robustness and exibilit y against dynamically c hang- ing w orld. In this approach, in telligence is exp ected to result from b oth mutual interactions among c om- p etenc e mo dules ( i.e. simple b eha vior/action) and in- teraction b etw een the rob ot and en vironmen t. Ho w- ev er, there are still op en questions: 1) how do we con- struct a mec hanism that realizes appropriate arbitra- tion among multiple comp etence mo dules, and 2) ho w do we prepare appropriate comp etence mo dules. Br o oks has sho w ed a solution to the former problem with the use of subsumption ar chite ctur e [17, 18]. Al- though this metho d demonstrates highly robustness, it should b e noted that this arc hitecture arbitrates the prepared comp etence mo dules on a �xed priorit y ba- sis. It w ould b e quite natural to v ary the priorities of the prepared comp etence mo dules according to the situation. Maes prop osed an another exible mec ha- nism called b ehavior network system [15, 16]. In this metho d, agen ts ( i.e. comp etence mo dules) form the net w ork using cause-e�ect relationship, and an agent suitable for the curren t situation and the given goals emerges as the result of activ ation propagation among agents. This metho d, ho w ev er, is di�cult to apply to a problem where it is hard to �nd the cause-e�ect relationship among agents. On the other hand, the imm une system has v ari- ous in teresting features suc h as immunological mem- ory , immunological tolerance, pattern recognition, and so on view ed from the engineering standp oin t. Recent studies on imm unology ha v e clari�ed that the imm une system do es not just detect and eliminate the non- self materials called antigen such as virus, cancer cells and so on, rather plays imp ortant roles to main tain its o wn system against dynamically changing en viron- ments through the interaction among lympho cytes/ antib o dies . Therefore, the imm une system w ould b e exp ected to provide a new metho dology suitable for dynamic problems dealing with unknown/hostile en- vironments rather than static problems. Based on the ab ov e facts, w e ha v e b een trying to engineer metho ds inspired by the biological imm une system and there application to rob otics [1, 2, 3]. W e exp ect that there would b e an in teresting AI tec hnique suitable for dynamically changing en vironmen ts by imitating the imm une system in living organisms. In this pap er, w e prop ose a new decen tralized consensus- making system inspired by the biological imm une sys- tem. W e then apply our prop osed metho d to b eha vior arbitration for an autonomous mobile rob ot, namely garb age c ol le cting pr oblem that tak es into accoun t of the concept of self-su�ciency . In order to verify the v alidit y of our metho d, w e p erform some sim ulations. In addition, w e try to evolv e the prop osed arti�cial immune net w ork using reinforcemen t signals. Finally , we sho w an another adaptation mec hanism from the selectionist standp oint. 2 Ov erview of the biological imm une system The basic comp onen ts of the biological imm une system are macr ophages , antib o dies and lympho cytes that are mainly classi�ed into t w o t yp es, namely B- lympho cytes and T-lympho cytes . B-lympho cytes are the cells maturing in b one marr ow . Roughly 10 7 dis- tinct t yp es of B-lympho cytes are contained in a human b o dy , eac h of which has distinct molecular structure and pro duces \Y" shap ed an tib o dies from its surfaces. The an tib o dy recognizes sp eci�c antigens , which are the foreign substances that in v ade living creature, such as virus, cancer cells and so on. This reaction is often lik ened to a lo ck and key r elationship (see Fig.1). T o cop e with con tin uously changing en vironmen t, living systems p ossess enormous rep ertoire of an tib o dies in adv ance. On the other hand, T-lympho cytes are the cells maturing in thymus , and they generally p erform to kill infected cells and regulate the pro duction of an tib o dies from B-lympho cytes as outside circuits of B-lympho cyte netw ork (idiotypic net w ork) discussed later. F or the sake of conv enience in the following expla- nation, w e introduce sev eral terms from immunology . The p ortion on the antigen recognized b y the an ti- b o dy is called an epitop e (an tigen determinan t), and the one on the corresp onding an tib o dy that recognizes the antigen determinant is called a p ar atop e . Recent studies in immunology hav e clari�ed that eac h t yp e of an tib o dy also has its sp eci�c antigen determinant called an idiotop e (see Fig.1). Based on this fact, Jerne prop osed a remark able h yp othesis whic h he has called the \idiotypic network hyp othesis" , sometimes called \immune network hy- p othesis" [8, 9, 12, 13, 14]. This netw ork h yp othesis is the concept that an tib o dies/lympho cytes are not just isolated, namely they are communicating to each other among di�erent sp ecies of an tib o dies/lympho cytes. This idea of Jerne’s is schematically sho wn in Fig.2. The idiotop e Id1 of an tib o dy 1 (Ab1) stim ulates the B-lympho cyte 2, which attac hes the antibo dy 2 (Ab2) to its surface, through the paratop e P2. View ed from the standp oin t of Ab2, the idiotop e Id1 of Ab1 w orks sim ultaneously as an an tigen. As a result, the B- lympho cytes 1 with Ab1 are suppressed b y Ab2. On the other hand, an tib o dy 3 (Ab3) stimulates Ab1 since the idiotop e Id3 of Ab3 works as an an tigen in view of Ab1. In this w a y , the stimulation and suppression c hains among an tib o dies form a large-scaled net w ork and w orks as a self and not-self recognizer. There- fore, the immune system is exp ected to provide a new parallel distributed pro cessing. Fig. 1: Structure of an antigen and an antib o dy . Fig. 2: Jerne’s idiotypic net w o rks hyp othesis. 3 Prop osed consensus-making net w ork based on the biological imm une sys- tem 3.1 Action selection problem and the im- m une system As describ ed earlier, in the b ehavior-based AI, ho w to construct a mechanism that realizes appropriate arbitration among the prepared comp etence mo dules must b e solv ed. W e approach to this problem from the immunological standp oint, more concretely with use of immune net w ork arc hitecture. Fig.3 schematically shows the action selection system for an autonomous mobile rob ot and the immune net w ork architecture. As shown in this �gure, current situations, ( e.g. dis- tance and direction to the obstacle, etc. ) detected by installed sensors w ork as m ultiple an tigens, and a prepared comp etence mo dule ( i.e. simple b eha vior) can b e regarded as an antibo dy (or B-lympho cyte), while the in teraction b etw een mo dules is represen ted by stimulation and suppression b et w een antibo dies. The basic concept of our metho d is that the immune system equipp ed with the autonomous mobile rob ot selects a comp etence mo dule (antibo dy) suitable for the detected curren t situation (antigens) in a b ottom- up manner. 3.2 Problem F or the ease of the follo wing explanation, w e �rstly describ e the problem used to con�rm the abilit y of an autonomous mobile rob ot with our prop osed imm une netw ork-based action selection mec hanism (for con v e- nience, w e dub the rob ot \immunoid" ). T o make the immunoid really autonomous, as Pfeifer et al. adv o- cated, it m ust not only accomplish the giv en task, but also b e self-su�cient [19, 5]. Inspired by their works, we adopt the follo wing garb age c ol le cting pr oblem that takes into accoun t of the concept of self-su�ciency . Fig.4 sho ws the en vironmen t. As can b e seen in the �g- ure, this en vironmen t, surrounded b y w alls, has a lot of garbage to b e collected. And there exist a garbage

(a) An autonomous mobile rob ot with an action selection mechanism. (b) Immune netw o rk architecture. Fig. 3: Basic concept of our p rop osed metho d. can and a battery c harger in a home base. The task of the immunoid is to collect the garbage, and put it in to the garbage can without running out of its en- ergy ( i.e. battery level). Note that the immunoid consumes some energy as it mov es around the en vi- ronmen t. This can b e similar to the metab olism in the biological system. In this study , w e assume that presp eci�ed quan- tit y of initial energy is giv en to the imm unoid, and the curren t energy lev el can b e detected by the sim- ulated internal sensor installed in the immunoid. F or quan titativ e ev aluation, w e also use the following as- sumptions: 1. The immunoid consumes energy E m with every step. 2. The immunoid loses additional energy E 0 m when it carries garbage. 3. If the imm unoid collides with obstacles ( i:e: w alls), it loses some energy E c . 4. If the imm unoid reaches the home base, it instan- taneously obtains full energy . 5. If the energy lev el of the immunoid is high, go_to_home_base b ehavior might not emerge to a v oid ov er-c harging. Based on the ab ov e assumptions, w e calculate cur- ren t energy level as: E ( t ) = E ( t � 1) � E m � E 0 m � E c ; (1) where E ( t ) denotes the energy level at time t . F or ease of understanding, w e explain wh y this problem is suitable for the b ehavior arbitration prob- lem in detail using the following situations. Assume that the imm unoid is in the far distance from the home base, and its energy lev el is lo w. In this situation, if the immunoid carries the garbage, it will run out of its energy due to the term E 0 m in equation (1). Therefore, the imm unoid should select the go_to_home_base b e- havior to ful�ll its energy . In other w ord, the priority of the go_to_home_base b eha vior should b e higher than that of the garbage_collecting b eha vior. On the other hand, if the imm unoid is in the near dis- tance from the home base. In this situation, unlik e the ab o v e situation, it would b e preferable to select the garbage_collecting b eha vior. F rom these exam- ples, it is understo o d that the imm unoid should select an appropriate comp etence mo dule b y exibly v ary- ing the priorities of the prepared comp etence mo dules according to the in ternal/external situations. Fig. 4: Environment. 3.3 De�nition of the an tigens and an ti- b o dies As describ ed earlier, the detected current inter- nal/external situation and the prepared simple b e- havior w ork as an antigen and an an tib o dy , resp ec- tively . In this study , eac h antigen informs the exis- tence of garbage (direction), obstacle (direction) and home base (direction and distance), and also current internal energy lev el. F or simplicity , we categorize di- rection and distance of the detected ob jects and the detected in ternal energy level as: � direction ! f r ont; r ig ht; l ef t; back � distance ! f ar ; middl e; near � energy level ! hig h; l ow . Next, w e explain how w e describ e an an tib o dy in detail. T o make the immunoid select a suitable an ti- b o dy against the curren t an tigen, we must lo ok care- fully in to the de�nition of the an tib o dies. Moreov er, we should notice that our imm unological arbitration mechanism selects an antibo dy in a b ottom-up man- ner through in teracting among antibo dies. T o realize the ab o v e requiremen ts, we de�ned the description of antibo dies as follows. As mentioned in the previous section, the identit y of eac h an tib o dy is generally de- termined b y the structure ( e:g : molecular shap e) of its paratop e and idiotop e. Fig.5 depicts our prop osed def- inition of antibo dies. As depicted in the �gure, w e as- sign a pair of precondition and action to the paratop e, and the ID-num b er of the stim ulating an tib o dy and the degree of stimuli to the idiotop e, resp ectively . The structure of the precondition is the same as the an ti- gen describ ed ab ov e. And we prepare sev en kinds of actions for the immunoid: move forwar d, turn right, turn left, turn b ack, explor e, c atch garb age, se ar ch for home . In addition, for the appropriate selection of an tib o dies, w e assign one state v ariable called concentr ation to each antibo dy . Fig. 5: De�nition of antib o dy . 3.4 In teraction b et w een an tib o dies Next, we explain the interaction among antibo d- ies ,that is, the basic principle of our immunological consensus-making netw orks in detail. F or the ease of understanding, w e assume that the imm unoid is placed in the situation shown in Fig.6 as an example. In this situation, three an tigens listed in the �gure p ossibly inv ade the imm unoids interior. Supp ose that the listed four an tib o dies are prepared in adv ance that resp ond to these antigens. F or example, antibo dy 1 means that if the imm unoid detects the home base in the righ t direction, this an tib o dy can b e activ ated and w ould cause turn_right action. How ev er, if the cur- ren t energy lev el is high, this antibo dy w ould give w a y to other antibo dies represented by its idiotop e (in this case, antibo dy 4) to preven t o v er-c harging. No w assume that the immunoid has enough energy , in this case an tib o dies 1, 2 and 4 are stimulated by the an tigens. As a result, the concentration of these an ti- b o dies increases. Ho w ev er, due to the interactions in- dicated b y arrows among the an tib o dies through their paratop es and idiotop es, the concen tration of eac h an- tib o dy v aries. Finally , antibo dy 2 will hav e the highest concentration, and then is allow ed to b e selected. This means that the imm unoid �nally catch the garbage. In the case where the imm unoid has not enough en- ergy , an tib o dy 1 tends to b e selected in the same wa y . This means that the imm unoid ignores the garbage and tries to rec harge its battery . As observ ed in this example, the interactions among the an tib o dies w ork as a priority adjustment mechanism. Fig. 6. An example of consensus-making net w o rk by in- teracting among antib o dies. 3.5 Dynamics The concentration of i -th antibo dy , whic h is de- noted b y a i , is calculated as follows: dA i ( t ) dt = 0 @ N X j =1 m j i a j ( t ) � N X k =1 m ik a k ( t ) + m i � k i ) a i ( t ) (2) a i ( t + 1) = 1 1 + exp(0 : 5 � A i ( t )) ; (3) where, in equation (2), N is the num b er of an tib o d- ies. m j i and m i denote a�nities b etw een antibo dy j and antibo dy i (i.e. the degree of stimuli), and an- tib o dy i and the detected antigen, resp ectiv ely . The �rst and second terms of the righ t hand side denote the stim ulation and the suppression from other anti- b o dies, resp ectively . The third term represents the stimulation from the antigen, and the forth term the dissipation factor (i.e. natur al de ath ) [9]. Equation (3) is a squashing function to ensure the stabilit y of the concentration. In this study , selection of an tib o dies is simply carried out on a r oulette-whe el manner basis according to the magnitude of concen trations of the antibo dies. Note that only one antibo dy is allow ed to b e selected and act its corresp onding action to the world. 3.6 Results T o v erify the feasibility of our prop osed metho d, we carried out some sim ulations. In this study , w e prepared 22 antibo dies of whic h paratop e and idiotop e are describ ed a priori (Fig.7). As a rudimentary stage of in v estigation, we determined the degree of stim uli of each antibo dy heuristically . In the �gure, note that the degrees are omitted in each idiotop e for lac k of space. Fig. 7: Prepa red immune netw o rk. A t the b eginning of the sim ulations, we equipp ed the imm unoid with the maxim um energy lev el ( i:e: 1000). T ypical results obtained in the simula- tions are as follo ws: while the energy level is enough, the imm unoid tries to collect garbage and carry to the home base. As the remaining en- ergy runs out, the immunoid tends to select an an tib o dies concerned with go_to_home_base and/or search_for_home_base b ehaviors. After successful reac hing the home base, the imm unoid starts to ex- plore again. Suc h a regular b eha vior could b e fre- quen tly observ ed in the sim ulations. In order to ev aluate the ability of our prop osed arbitration mec hanism, we furthermore carried out simple sim ulations b y v arying the initial energy lev el. Fig.8(a) and (b) are the resultan t tra jectories of the imm unoid in the case where the initial energy level is set to 1000 (maximum) and 300, resp ectively . In case 1, due to the enough energy level, the imm unoid col- lects the garbage B and successfully reac h the home base. On the other hand, in case 2, due to the criti- cal energy level the imm unoid ignores the garbage B and then collects the garbage A. F rom these �gures, it is understo o d that the immunoid selects an an tib o dies suitable for the curren t situations b y exibly c hanging the priorities of the an tib o dies. T o mak e our prop osed metho d con vincing, demon- stration in real environmen ts is highly necessary . W e applied our prop osed metho d to a real exp erimental mobile rob ot and could observ e ab ov e typical results. Fig.9 illustrates the exp erimental rob ot (Khep era T M ). (a) Case 1 (initial energy level = 1000). (b) Case 2 (initial energy level = 300). Fig. 8: Resultant trajecto ries. 4 Adaptation mec hanisms F or more usefulness, as some researc hers hav e b een p oin ted out, the in tro duction of some adapta- tion mec hanisms is highly indisp ensable. Adapta- tion mechanism is usually classi�ed in to tw o types: ad j ustment and innov ation [4, 10]. In the follo wings, we prop ose an adjustmen t mec hanism suitable for the prop osed consensus-making system, and sho w a p os- sible/promising inno v ation mec hanism. 4.1 Adjustmen t mec hanism F or an appropriate consensus-making, it is neces- sary to appropriately determine the ID-num b er of the stimulating antibo dy and its degree of stim uli m ij , i:e: priorities among antibo dies. T o realize this aim, w e prop ose an on-line adaptation mechanism using the adv an tages of the premen tioned description of anti- b o dies. Additionally , it is desired that this mec hanism can ev en work under the situation where the idiotop es

Fig. 9: Real exp erimental rob ot (Khep era T M ). of the prepared an tib o dies are initially tabula r asa ( i:e: blank). F or the ease of the following explanation, we assume that an tigen 1 and 2 inv ade the imm unoids interior (see Fig.10). In this example, an tib o dy 1 ( Ab 1 ) and 2 ( Ab 2 ) are simultaneously stimulated b y eac h an tigen. Consequen tly , the concentration of eac h antibo dy in- creases. How ev er, since the priority b etw een Ab 1 and Ab 2 is unkno wn (b ecause idiotop es are initially tabula r asa , there are no stimulation/suppression c hain), in this case, either of them can b e selected randomly . No w, assuming that the imm unoid randomly selects Ab 2 and then receiv es a p ositive reinforcemen t signals as a reward. T o mak e the immunoid tend to select Ab 2 under the same or similar an tigens(situation), we record the ID-n um ber of Ab 2 ( i:e: 2) in the idiotop e of Ab 1 and increase a degree of stim uli m 12 . In this study , w e simply mo dify the degree of stim uli as: m 12 = T Ab 1 p + T Ab 2 r T Ab 1 Ab 2 (4) m 21 = T Ab 1 r + T Ab 2 p T Ab 1 Ab 2 ; (5) where T Ab 1 p and T Ab 1 r represents the n um ber of times of receiving p enalt y and rew ard signal when Ab 1 is selected. T Ab 1 Ab 2 denotes the n um ber of times when b oth Ab 1 and Ab 2 are reacting to their sp eci�c antigens. W e should notice that this pro cedure works to raise the relativ e priority of Ab 2 ov er Ab 1 . In the case where the immunoid receiv es a negativ e reinforcemen t signal, w e record the ID-num b er of Ab 1 ( i:e: 1) in the idiotop e of Ab 2 and mo dify m 21 in the same w a y . This works to decrease the relative priority of Ab 2 ov er Ab 1 . T o con�rm the v alidit y of this adjustmen t mec ha- nism, w e carried out some sim ulations. Fig.11 denotes transition of life time and collection ratio. F rom these results, it is understo o d that b oth are impro v ed grad- ually as iterated. W e are currently implementing this mec hanism in to the real exp erimental system. Fig. 10: Prop osed adjustment mechanism. Fig. 11: T ransition of life time and collection ratio. 4.2 Inno v ation mec hanism In the ab ov e adjustmen t mechanism, we should no- tice that we m ust still describ e the paratop e of each antibo dy in a top-do wn manner. One ob vious and promising candidate to a v oid such di�culties is to combine an inno v ation mec hanism with the prop osed adjustment mec hanism. In the biological imm une sys- tem, the metadynamics function can b e instan tiated as an inno v ation mec hanism [6, 11, 7]. The metady- namics function w orks to main tain appropriate rep er- toire of antibo dies b y incorp orating new types (these are generally generated as quasi-sp e cies through the proliferation pro cess of the activ ated an tib o dies) and removing useless ones. Fig.12 sc hematically shows the concept of the metadynamics function. Incorp orating this mec hanism is currently under in v estigation. Fig. 12: Metadynamics function.

5 Conclusions and F urther w ork In this pap er, we prop osed a new decen tralized consensus-making mec hanism based on the biological imm une system and con�rmed the v alidit y of our pro- p osed system b y applying to an b eha vior arbitration for an autonomous mobile rob ot. And we sho w ed an adaptation mec hanism for an appropriate arbitration using reinforcement signals. Since this study is still in a rudimen tary stage of in- v estigation, w e designed an tib o dies a priori in a top- do wn manner. F or more usefulness, w e m ust clarify ho w to com bine the prop osed adjustmen t and inno v a- tion mechanisms. This is currently undertaking. Ac kno wledgmen ts This research was supp orted in part b y a Gran t-in- Aid for Scien ti�c Researc h on Priorit y Areas from the Ministry of Education, Science, Sp orts and Culture, Japan (No. 07243208). References [1] A. Ishiguro, S. Ic hik a w a and Y. Uchik a w a, \A Gait Acquisition of 6-Legged W alking Rob ot Us- ing Immune Netw orks", Journal of R ob otics So- ciety of Jap an , V ol.13, No.3, pp.125-128, 1995 (in Japanese), also in Pr o c. of IROS ’94 , V ol.2, pp.1034-1041, 1994 [2] A. Ishiguro, Y. W atanabe and Y. Uchik a w a, \An Imm unological Approach to Dynamic Be- ha vior Control for Autonomous Mobile Rob ots", in Pr o c. of IR OS ’95 , V ol.1, pp.495-500, 1995 [3] A. Ishiguro, T.Kondo, Y. W atanabe and Y. Uc hik a w a, \Dynamic Behavior Arbitration of Au- tonomous Mobile Rob ots Using Imm une Net- w orks", in Pr o c. of ICEC’95 , V ol.2, pp. 722-727, 1995 [4] B.Manderick, \The imp ortance of selectionist systems for cognition", Computing with Biolo g- ic al Metaphors , Ed. R.P aton, Chapman & Hall, 1994 [5] D.Lambrinos and C.Sc heier, \Extended Braiten- b erg Architecture" T e chnic al R ep ort, AI L ab , No. IFIAI95.10, Computer Science Departmen t, Uni- v ersit y of Zuric h, 1995 [6] F.J.V alera, A. Coutinho, B.Dupire and N.N.V az., \Cognitiv e Netw orks: Imm une, Neural, and Oth- erwise", The or etic al Immunolo gy , V ol.2, pp.359- 375, 1988 [7] H.Bersini and F.J.V alera, \The Immune Learn- ing Mechanisms: Reinforcement, Recruitment and their Applications", Computing with Biolo g- ic al Metaphors , Ed. R.P aton, Chapman & Hall, pp.166-192, 1994 [8] H.F ujita and K.Aihara, \A distributed surveil- lance and protection system in living organisms", T r ans. on IEE Jap an , V ol. 107-C, No.11, pp.1042- 1048, 1987 (in Japanese) [9] J.D.F armer, N.H.P ac k ard and A.S.P erelson, \The imm une system, adaptation, and mac hine learning", Physic a 22D , pp.187-204, 1986 [10] J.D.F armer, S.A.Kau�man, N.H.P ac k ard and A.S.Perelson, \Adaptiv e Dynamic Netw orks as Mo dels for the Immune System and Auto cat- alytic Sets", T e chnic al R ep ort LA-UR-86-3287 , Los Alamos National Lab oratory , Los Alamos, NM, 1986 [11] J.Stewart, \The Immune System: Emergent Self- Assertion in an Autonomous Netw ork", in Pr o- c e e dings of ECAL-93 , pp.1012-1018, 1993 [12] N.K.Jerne, \The imm une system", Scienti�c Americ an , V ol.229, No.1, pp.52-60, 1973 [13] N.K.Jerne, \The generativ e grammar of the im- mune system", EMBO Journal , V ol.4, No.4, 1985 [14] N.K.Jerne, \Idiot ypic net w orks and other precon- ceived ideas", Immunolo gic al R ev. , V ol.79, pp.5- 24, 1984 [15] P .Maes, \The dynamic action selection", Pr o c. of IJCAI-89 , pp.991-997, 1989 [16] P .Maes, \Situated agent can hav e goals", Design- ing Autonomous A gents , pp.49-70, MIT Press, 1991 [17] R.Bro oks, \A Robust La y ered Con trol System for a Mobile Rob ot", IEEE Journal of R&A , V ol.2, No.1, pp.14-23, 1986 [18] R.Bro oks, \In telligence without reason", Pr o c. of IJCAI-91 , pp.569-595, 1991 [19] R.Pfeifer, \The F ungus Eater Approac h to Emo- tion {A View from Arti�cial Intelligence", T e ch- nic al R ep ort, AI L ab , No. IFIAI95.04, Computer Science Departmen t, Univ ersit y of Zurich, 1995