Immunoid: A Robot with a Decentralized Behavior Arbitration MechanismsBased on the Immune SystemAkio Ishiguro, Yuji Watanabe, Toshiyuki Kondo,Yasuhiro Shirai and Yoshiki UchikawaDept. of Information Electronics, Graduate School of Eng., Nagoya UniversityFuro-cho, Chikusa-ku, Nagoya 464-01, JapanPhone: +81-52-789-3167, Fax: +81-52-789-3166E-mail: {ishiguro/yuji/kon/shirai/uchikawa}@bioele.nuee.nagoya-u.ac.jpAbstractI n r ece nt ye ars m uch att enti on has bee n foc use d on behav ior - base d ar tif ici alint ell igenc e( AI ) , whic h has alr eady dem ons tr ated it s r obust nes s and fl exi bili ty agains tdynam ic ally changi ng wor ld. H owever , in this appr oach, the fol lowings have not ye t bee nr es olve d: how do we cons tr uct an appr opri ate ar bitr ati on m echani sm , and how do wepr epar e appr opri ate com pet ence m odules . I n thi s paper , to over com e the se pr oblem s , wepr opose a new dec entr ali ze d cons ens us - mak ing s ys tem ins pir ed by the biol ogical im m unes ys tem . And we apply our pr opose d m ethod to behav ior ar bitr ati on for an autonom ous m obile r obot, nam ely gar bage col lec ting pr oblem that tak es int o acc ount of the conc ept of s elf - s uffi cie ncy. T o ver ify the fe asi bil ity of our m ethod, we car r y out s ome s im ulati ons. I n addit ion,we inv es tigat e two ty pes of adaptat ion m echani sm s , and tr y to ev olve the pr opose d ar tif ici alimmune network using reinforcement signals.Key W ord: im m une net wor k, dec entr ali ze d cons ens us - mak ing net wor k, autonom ous m obile robot, action arbitration, adaptation mechanism

1 IntroductionI n r ec ent yea r s muc h at tent ion has bee n f ocus ed on behav ior - base d AI , w hich has al r eadydem onst r ate d it s r obus tnes s and f le xibil ity aga ins t dynam ica lly cha nging w or ld. I n thi sappr oa ch, int ell igenc e is expe cte d to r es ult f r om both mut ual int er ac tions am ong com pet ence m odules ( i.e . s impl e beha vior /a cti on) and int er ac tion bet we en the r obot and envi r onment .H owe ver , the r e ar e s til l open ques ti ons: 1) how do w e cons tr uct a me chani sm tha t r ea liz es appr opr i ate ar bi tr at ion am ong mul tipl e com pete nce modul es , and 2) how do w e pr epa r eappropriate competence modules.Br ooks has s howe d a s oluti on to the f or me r pr oble m w ith the us e of s ubsum pti onar chit ect ure [ 1] [ 2] . A lthough thi s me thod dem onst r ate s highl y r obus tnes s , it s hould be note dtha t thi s ar c hite ctur e ar bi tr at es the pr epa r ed com pete nce modul es on a f ixe d pr ior i ty bas is . I tw ould be quit e nat ur al to var y the pr ior i tie s of the pr epa r ed com pete nce modul es ac cor ding tothe s itua tion. M aes pr opos ed an anot her f le xible me chani sm ca lle d behav ior net wor k s ys tem [ 3] [ 4] . I n thi s me thod, age nts ( i.e . com pete nce modul es ) f or m the net wor k us ing ca use - eff ec tr el ati onshi p, and an age nt s uita ble f or the cur r e nt s itua tion and the given goal s em er ges as the r es ult of ac tiva tion pr opaga tion am ong age nts . Thi s me thod, how ever , is diff ic ult to appl y to aproblem where it is hard to find the cause-effect relationship among agents.O n the othe r hand, the im mune s yst em has var i ous int er es ti ng f ea tur es s uch as im munologi cal me mor y, im munologi cal tol er anc e, pat ter n r ec ogniti on, and s o on vie we df r om the engi neer i ng s tandpoi nt. Rec ent s tudie s on im munology have cl ar if i ed tha t the im mune s yst em does not jus t det ect and el imi nate the non- s elf ma ter ia ls ca lle d anti gen s uchas vir us , ca ncer ce lls and s o on, r at her pla ys im por tant r ole s to ma inta in it s ow n s yst emaga ins t dynam ica lly cha nging envi r onment s thr ough the int er ac tion am ongly mphoc yte s/ antibodi es . The r ef or e, the im mune s yst em w ould be expe cted to pr ovide a new me thodology s uita ble f or dynam ic pr oble ms dea ling w ith unknow n/hos til e envi r onment srather than static problems.Bas ed on the above f ac ts , w e have bee n tr yi ng to engi neer me thods ins pir e d by the biol ogica l im mune s yst em and the r e appl icat ion to r oboti cs [ 5] - [ 7] . We expe ct tha t the r ew ould be an int er es ti ng A I te chnique s uita ble f or dynam ica lly cha nging envi r onment s byim ita ting the im mune s yst em in li ving or gani sm s. I n thi s pape r , w e pr opos e a new dec entr a liz ed cons ens us - maki ng s yst em ins pir ed by the biol ogica l im mune s yst em. We the nappl y our pr opos ed me thod to beha vior ar bi tr at ion f or an aut onomous mobi le r obot, nam elygar bage col lec ting pr oblem tha t ta kes int o ac count of the conc ept of s elf - suf fic ienc y. I n or der to ver i f y the val idit y of our me thod, w e per f or m s ome s imul ati ons. I n addi tion, w e tr y toevol ve the pr opos ed ar t if ic ial im mune net wor k us ing r ei nf or cem ent s ignal s. F inal ly, w e s howan another evolutionary mechanism from the selectionist standpoint.2 Overview of the biological immune systemThe bas ic com ponents of the biol ogica l im mune s yst em ar e m acr ophages , anti bodies andly mphoc yte s tha t ar e ma inly cl as si f ied int o tw o type s, nam ely B- l ym phocyt es and T - ly mphoc yte s. B- lym phocyte s ar e the ce lls pr oduce d f r om bone m arr ow. Roughly 107 dis ti ncttype s of B- lym phocyte s ar e cont aine d in a huma n body, ea ch of w hich has dis ti nct mol ecul ar s tr uct ur e and pr oduce s �Y � s haped ant ibodie s f r om it s s ur f ace s. The ant ibody r ec ognize ss peci f ic anti gens , w hich ar e the f or ei gn s ubst ance s tha t invade li ving cr e atur e , s uch as vir us ,cancer cells and so on. This reaction is often likened to a lock and key relationship (see Fig.1).To cope w ith cont inuous ly cha nging envi r onment , li ving s yst ems pos se ss enor m ous r epe r toir e of ant ibodie s in adva nce. O n the othe r hand, T- l ymphocyt es ar e the ce lls pr oduce d f r omthy mus , and the y gene r all y per f or m to kil l inf e cte d ce lls and r egul ate the pr oduct ion of ant ibodie s f r om B- lym phocyte s as outs ide ci r cuit s of B- lym phocyte net wor k ( idi otypic network) discussed later.F or the s ake of conve nienc e in the f oll owi ng expl anat ion, w e int r oduce s ever a l te r ms f r omim munology. The por ti on on the ant igen r ec ognize d by the ant ibody is ca lle d an epi tope( ant igen det er mi nant) , and the one on the cor r e spondi ng ant ibody tha t r ec ognizes the ant igendet er mi nant is ca lle d apar atope. Rec ent s tudie s in im munology have cl ar if i ed tha t ea ch type of antibody also has its specific antigen determinant called an idiotope (see Fig.1).Bas ed on thi s f ac t, Jer ne pr opos ed a r em ar kabl e hypothe si s w hich he has ca lle d the �idi otypi c net wor k hypot hes is �, s omet ime s ca lle d �im m une net wor k hypot hes is � [ 8] - [ 12] . Thi snet wor k hypothe si s is the conc ept tha t ant ibodie s/ lymphoc ytes ar e not jus t is ola ted, nam elythe y ar e com munic ati ng to ea ch othe r am ong diff er e nt s peci es of ant ibodie s/ lymphoc ytes .Thi s ide a of Jer ne� s is s chem ati cal ly s hown in F ig.2. A s il lus tr at ed in the f igur e , the s tim ulat ion and s uppr es si on cha ins am ong ant ibodie s f or m a la r ge- s cal ed net wor k and w or ksas a s elf and not- s el f r ec ognize r . The r ef or e, the im mune s yst em is expe cte d to pr ovide a new parallel distributed processing.

antibody epitope antigen paratope idiotope

stimulation suppression

epitope antigen idiotope

paratope antibody 1

B-cell 2

B-cell 3 antibody 1

antibody 2 antibody 3

B-cell 1 Id2

P2

Id1

P1

Id3

P3

i e i t a m t

t i e a ee e m e

Action Selection

dynamically changing environment mobile robot

Behavior Control System

competence module (simple behavior) obstacle

destination

antigens antibody

Immune Network

stimulation suppression e i t t i e i m e a l c e e a a t e m

e a a e e c e a e e i c e e

Garbage

Robot

Energy Level

� Home Base

Garbage can Battery charger

Near Middle Far

a e e e a e a l

a t t e e i e i t e e t a t e l t i e t l l t e a e

i

Paratope Idiotope desirable condition action disallowed antibodies and their degrees of disallowance

G: garbage

H: home base

O: obstacle

F: front B: back

R: right L: left

N: none C: catch

D.F: distance = far

D.M: distance = middle

D.N: distance = near

E.L: energy level low

E.H: energy level high

F: move forward

R: turn right

L: turn left

T: turn back

E: explore

C: catch garbage

S: search for home a e e a a e e i e

home base right

turn right 4 garbage front catch 3 energy level low

search for home base 1 energy level high move forward 2

antibody 1 antibody 2 antibody 3 antibody 4 stimulation suppression

immunoid

garbage antigen 1 home base right antigen 2 garbage front antigen 3 energy level high or low

energy level home base �

a e m m t a i t e e

�

t t c e e i t e c a

i e a i t e a l i i

t it a e

G.R R 11

G.L L 12

G.L R 15

G.F L 16

O.R L 7

O.L R 8

G.R L 14

H.F F 1

H.R R 2

H.L L 3

H.B T 4

O.F R 5

O.F L 6 G.F C 10

G.C S 13

G.F R 17

O.N E

9 10~17, 21

E.L S 21

E.H F 22

10~13

14~17

1~4, 14~17

5~9, 10~1 3

D.F E 18

D.M E 19

D.N E 20

10~13

10~17

9,14~17

9,10~17

9,10~13

e

e m i e / c a ea e e a t a m c e e e

Start

A

B home base

Near

Mid

Far

garbage

Start

A B home base

Near

Mid

Far

garbage

c a e a t t j t t l a z m i e e a e m l e l m t i a l e e m t a i a e i e i m

ee e e e e e c j t t c c a

Ab^2 is selected stimulation suppression

Ab^1

Ab^2

Ag^1

Ag^2

(a) Receive reward signal

Ab^1

Ab^2

m^{12} 2 (b) Receive penalty signal

1

Ab^1

Ab^2 m^{21}

Idiotopes are initially tabula rasa.

a i e i m

e e e e c i e

bone marrow

new antibody

Immune Networks

antibody (agent) natural death removal

incorporation

proliferation quasi-species

i l a e i i

i a

e e m c l m c

e e

e i e

i e e e m

c m