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G e n e t i c a l l y G e n e r a t e d N e u r a l  N e t w o r k s I I : 

S e a r c h i n g fo r  a n O p t i m a l  R e p r e s e n t a t i o n 

Leonard o Mart f 
Cente r  fo r  Adaptiv e System s 

Bosto n Universit y 

111 Cummingto n Stree t 

Boston ,  M A 0221 5 

lmarti@cns.bu.ed u 

A b s t r a c t 

Geneti c Algorithm s (GAs )  mak e us e o f  a n interna l  repre -

sentatio n o f  a  give n syste m i n orde r  t o perfor m optimize ^ 

tio n functions .  Th e actua l  structura l  layou t  o f  thi s re;> -

resentation ,  calle d a  genome ,  ha s a  crucia l  impac t  o n th e 

outcom e o f  th e optimizatio n process .  Th e purpos e o f  thi s 
paper  i s t o stud y th e effect s o f  differen t  interna l  representa -

tion s i n a  G A ,  whic h generate s neura l  networks .  A  secon d 

GA wa s use d t o optimiz e th e genom e structure .  Thi s struc -

tur e produce s a n optimize d syste m withi n a  shorte r  tim e 

interval . 

I n t r o d u c t i o n 

Thoug h th e fiel d o f  natura l  genetic s i s  progressin g quit e 

rapidly ,  understandin g o f  th e geneti c proces s i s stil l  quit e 

incomplete .  Eve n so ,  knowledg e o f  th e natura l  geneti c pro -
cess ha s no t  bee n completel y incorporate d int o th e fiel d o f 

Geneti c Algorithm s (GAs) .  T o thi s end ,  th e researc h re -

porte d her e test s som e ne w approache s an d function s t o b e 

used wit h G A s .  I n a  previou s pape r  (Marti ,  1992) ,  an d i n 

severa l  othe r  source s (Garis ,  1990 ;  Miller ,  Todd ,  &  Hegde , 

1989 ;  Harp ,  Samad ,  &  Guha ,  1989 )  i t  ha s bee n show n ho w 

GAs ca n b e use d t o generat e optima l  an d nove l  neura l  net -

wor k architectures .  Also ,  i t  i s  widel y understoo d ho w in -

fluentia l  th e genom e representatio n ca n b e i n th e succes s o f 

th e geneti c searc h (Davis ,  1991 ;  Louis ,  1991 ;  Marti ,  1992) . 

Here ,  a  geneti c algorith m ha s bee n use d t o explor e alter -
nativ e genom e representation s o f  anothe r  geneti c system . 

W h en examine d carefully ,  i t  become s clea r  tha t  natura l 

genetic s mus t  posses s thi s functionalit y i n orde r  t o provid e 

th e flexibl e evolutio n tha t  w e observ e today .  Natura l  ge -

neti c evolutio n i s  capabl e o f  addin g ne w functionalit y t o 

a specie s represente d b y relativel y stabl e geneti c material . 

H ow ne w materia l  i s  adde d m a y vary ,  bu t  on e metho d con -

sist s o f  duplicatin g a  sectio n o f  existin g material .  Onc e 

thi s materia l  ha s bee n duplicated ,  variation s o f  i t  (result -

in g fro m othe r  geneti c operation s suc h a s mutatio n an d 

crossover )  wil l  resul t  i n th e exhibitio n o f  th e ne w function -

ality .  Th e representatio n o f  thi s ne w functionalit y i n th e 

chromosom e ca n b e base d o n th e representatio n o f  th e orig -

ina l  functionality .  Bu t  thi s representatio n shoul d b e abl e 

t o var y i n orde r  t o fin d a  mor e appropriat e representatio n 
an d t o surviv e a s stabl e geneti c material . 

H ow thes e alternativ e representation s ar e generate d an d 

teste d i s fa r  fro m bein g full y understood ,  bu t  bot h rep* -

resentatio n description s an d actua l  functio n description s 

must  coexis t  i n th e sam e geneti c material .  Howeve r  the y 

do no t  necessaril y  resid e o n th e sam e gene .  Thi s pape r  ha s 

assume d tha t  th e representatio n descriptio n i s mor e stabl e 
tha n th e actua l  functions .  Thi s assumptio n seem s logica l 

i f  on e believe s tha t  thi s representatio n descriptio n mus t  b e 

olde r  geneticall y tha n an y function s controlle d b y it ,  an d 

tha t  olde r  geneti c materia l  become s mor e stable .  A n exam -
pl e o f  thi s ca n b e see n i n th e appearanc e o f  "homeoboxes " 

(Gould ,  1991 )  i n natura l  geneti c evolution . 

I n orde r  t o carr y ou t  th e simulatio n withi n a  reasonabl e 

time ,  a  fe w unbiologica d simplification s hav e bee n made . 

Th e representatio n descriptio n wa s m a d e a s simpl e a s pos -

sibl e i n orde r  t o facilitat e it s  analysis .  Eve n wit h thes e sim -
plifications ,  th e syste m i s quit e comple x t o simulate .  Th e 

representatio n descriptio n i s referre d t o a s th e "Oute r  Ge -
neti c System "  an d implemente d a s a  completel y separat e 

geneti c engine .  Th e functio n controlle d b y i t  i s  referre d 

t o a s th e "Inne r  Geneti c System" .  T h e genom e layou t  o f 
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th e Inne r  Geneti c Syste m wil l  b e optimize d b y th e Oute r 

Geneti c System . 

G As ca n b e see n a s a  Boltzmann-Iik e massivel y parallel , 

stochasti c gradien t  descen t  system ,  i f  onl y mutation s at e 

considered .  A s such ,  i t  i s  uniquel y qualifie d t o avoi d loca l 

minim a o r  sub-optima l  results .  Th e separatio n o f  geneti c 

materia l  an d th e geneti c engin e allo w fo r  a  certai n degre e 

of  applicatio n independence .  I t  i s  fo r  thes e reasons ,  tha t 

G As ar e wel l  suite d t o searc h th e spac e o f  possibl e networ k 

topologies .  Thi s i s a  proble m spac e whic h i s to o larg e t o 

be searche d exhaustively . 

Geneti c Env i ronmen t 

A Genetic Algorithm makes use of a string of alleles, called 

a genome ,  wher e i t  represent s th e necessar y informatio n t o 

describ e a n individual .  Thi s informatio n ca n b e teste d fo r 

fitness,  an d th e resultin g fitness  ca n b e compare d wit h tha t 

of  othe r  individuals .  A s i n naturs d selection ,  th e individual s 

wit h bette r  fitness  hav e a  highe r  probabilit y  o f  reproducin g 

and therefor e maintainin g thei r  geneti c materia l  i n subse -

quen t  generations .  A s bette r  organism s appeu ,  an d ar e 

maintained ,  th e overal l  fitness  o f  th e populatio n als o rises . 

The geneti c engin e implemente d her e make s us e o f  jus t 

tw o geneti c operations :  mutatio n an d crossover .  Muta -
tio n consist s o f  randoml y selectin g a n allel e an d alterin g it s 

valu e wit h certai n probability .  I n al l  th e simulation s car -

rie d ou t  here ,  th e mutatio n probabilit y  wa s se t  unchange d 

at  0.0 1 pe r  allele .  Crossove r  i s carrie d ou t  b y selectin g tw o 

genomes an d choosin g a  poin t  wher e th e genome s wil l  b e 

split .  A t  thi s point ,  th e genome s wil l  b e spli t  an d recom -

bine d wit h th e remainin g sectio n o f  th e alternat e genome . 

The crossove r  probabilit y  wa s als o fixed  an d i t  wa s se t  a t 

0.8 5 pe r  chromosome . 

I n addition ,  th e genom e o f  th e bes t  individua l  o f  eac h 

generatio n wa s copied ,  unchanged ,  fo r  th e nex t  generation . 

I nne r  G e n e t i c S y s t e m 

The Inner Genetic System is the same as the one used in 

Mart i  (1992) .  Th e purpos e o f  th e Inne r  Geneti c Syste m 

i s t o generat e Neura l  Networks .  Eac h pai r  o f  allele s de -

termine s th e connectivit y amon g tw o node s i n a  4  nod e 

neura l  network .  Eac h allel e contain s a  binar y value ,  an d 

when combine d determine s th e connectivit y accordin g t o 

th e tabl e show n i n Tabl e 1 .  Th e locatio n o f  eac h pai r 

of  allele s determine s whic h connectio n i s bein g specifie d 

as a  4x 4 connectivit y matrix .  I n th e previou s paper ,  thi s 

specificatio n remaine d fixed.  Fo r  exampl e allele s 1  an d 2 

determin e th e connectivit y fro m nod e 1  t o itself ,  allele s 3 

and 4  determin e th e connectivit y fro m nod e 1  t o nod e 2 

and s o on .  Thi s representatio n require s 3 2 allele s t o deter -

min e th e connectivit y  o f  al l  4  node s o r  1 6 connection s wit h 

2 allele s pe r  connection . 

Allel e 

pai r 

00 

01 

10 

11 

Connectio n 

typ e 

Inhibitor y 

Disconnecte d 

Disconnecte d 

Excitator y 

Tabl e 1 :  Tabl e o f  allel e representatio n o f  connections . 

In order to calculate the fitness of each individual, a sys-

te m o f  equation s fo r  th e networ k specifie d wa s solved .  Th e 

targe t  configuratio n o f  th e networ k wa s a  competitiv e feed -

bac k circui t  (Grossberg ,  1982) .  Th e syste m o f  equation s 

used was : 

^ = -Axi + iB-Xi){U + '£f{x,))-{xi + D)'£f{xH) 

Where Xi is node t, t ranging from 1 to 4, A, B and D 

ar e constant s se t  a t  6.0 ,  5.0 ,  5. 0 respectively ,  /(z )  i s th e 

neuron' s feedbac k equatio n (/(x )  =  i ;  i f  ar  >  0) ,  y  i s th e 
set  o f  excitator y nodes ,  an d h  th e se t  o f  inhibitor y nodes . 

The set s o f  inhibitor y an d excitator y node s ar e determine d 
by th e genome .  Fo r  th e targe t  circuit ,  g  wa s th e nod e itsel f 

(/(a;,)) ,  an d h  consiste d o f  ever y othe r  nod e (J2*/ i  /(**)) • 
The fitness  functio n use d was : 

where Kt is the optimal output value at time t, and yt 

th e actua l  outpu t  fro m th e networ k a t  tim e t . 

I n thi s Geneti c System ,  representatio n ca n b e see n a s 

affectin g th e syste m i n a t  leas t  tw o forms .  First ,  th e for m 

th e tabl e takes ,  ha s bee n show n t o heavil y influenc e th e 

outcom e o f  th e syste m (Martf ,  1992) .  Th e possibl e value s 

tha t  thi s tabl e ca n tak e ar e quit e few ,  an d ca n b e studie d 

analyticall y an d exhaustivel y an d no t  treate d here . 

Anothe r  for m i n whic h representatio n play s a  role ,  i s i n 

th e locatio n o f  th e descriptio n o f  eac h connection .  I t  i s 

difficul t  t o examin e th e effec t  o f  alterin g th e locatio n o f 

th e descriptio n o f  eawi h connectio n b y testin g al l  possibl e 

locatio n combination s withi n th e genome .  Thi s wil l  b e 

examine d wit h th e Oute r  Geneti c System . 
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Connectio n Allel e 
Number  Conten t  Number 

-> 2 

.^16 

-»5 

I 
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00 

11 

00 

10 

11 

si/ 
10 

1, 2 

3.4 

5,6 
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9,10 

11,12 

31,3 2 

Figur e 1 :  Exampl e o f  th e effec t  o f  a n oute r  genom e o n th e locatio n o f  th e connection s o f  a n inne r  genome . 

Oute r  Geneti c Syste m 

In order to test the effects of placing the description of 
each connectio n i n differen t  locations ,  a n Oute r  Geneti c 

Syste m wa s introduced .  Thi s Oute r  Geneti c Syste m ca n 

be viewe d i n tw o differen t  ways .  First ,  i t  ca n b e see n a s 

an entirel y separat e geneti c system ,  wher e th e fitnes s o f 
each individua l  depend s upo n th e effectivenes s o f  a  certai n 

connectio n specificatio n placement .  Th e effectivenes s o f 

thi s connectio n placemen t  i s determine d b y executin g a n 

Inne r  Geneti c System ,  an d observin g ho w wel l  i t  performs . 

Anothe r  wa y o f  viewin g thi s Oute r  Geneti c Syste m i s a s 

an additiona l  se t  o f  allele s whic h determine s th e placemen t 

of  th e descriptio n o f  eac h connection .  Accordin g t o thi s 
view ,  th e locatio n descriptio n par t  o f  th e chromosom e (th e 

oute r  system )  varie s muc h slowe r  tha n an d independentl y 

of  th e res t  o f  th e geneti c material . 

I n eithe r  case ,  a  secon d an d quit e independen t  se t  o f  ge -

neti c materia l  i s  needed .  Th e informatio n containe d i n thi s 
geneti c materia l  shoul d b e abl e t o specif y th e locatio n o f 
each connectio n descriptor .  Amon g al l  th e possibl e man -

ner s o f  determinin g thes e location s a  relativel y simpl e on e 

was chosen .  Basically ,  th e genom e wa s use d a s a  pointe r 

table .  A  se t  o f  fou r  allele s determine s th e locatio n o f  eac h 

connectio n descripto r  i n a  binar y encode d form .  Fo r  exam -

ple ,  allele s 1  throug h 4  determin e th e locatio n wher e th e 

connectio n descripto r  fo r  th e connectio n fro m nod e 1  t o 
itsel f  i s  t o b e relocated .  Similarly ,  allele s 5  throug h 8  de -

termin e th e locatio n wher e th e connectio n descripto r  fro m 

node 1  t o nod e 2  i s t o b e relocated .  Thi s representatio n re -

quire s 6 4 allele s t o determin e th e locatio n o f  1 6 connectio n 

descriptor s an d 4  allele s pe r  connectio n descriptor .  Th e 

presen t  syste m wa s chose n fo r  it s  simplicity ,  an d foun d t o 

be robus t  enoug h fo r  th e tas k a t  hand . 
An exampl e o f  th e effec t  o f  a n oute r  genom e o n th e lo -

catio n o f  connection s o f  a n inne r  genom e ca n b e see n i n 

Figur e 1 . 

The fitnes s functio n fo r  th e oute r  geneti c individual s wa s 

th e fitnes s o f  th e bes t  individua l  o f  th e las t  generatio n o f 
th e Inne r  Geneti c System . 

Results 

The system was implemented on a Thinking Machines CM2 

usin g 8 K processors ,  an d a  Su n Sparcstatio n a s th e fron t 

end.  Thi s allowe d a  populatio n o f  9 0 individual s fo r  eac h o f 

th e geneti c systems .  Therefor e 810 0 simultaneou s ODE' s 

wer e solve d fo r  eac h generation . 
Figur e 2  show s th e result s o f  th e oute r  geneti c searc h 

over  2 0 generations .  Eac h oute r  generatio n consiste d o f  2 0 

inne r  generations .  Wherea s thi s i s no t  enoug h t o provid e u s 

wit h th e optima l  populatio n member ,  partia l  optimizatio n 

i s sufficien t  t o provid e th e oute r  syste m wit h th e prope r 

directio n fo r  th e search .  Thi s ca n b e see n b y th e eventua l 

maximizatio n o f  th e bes t  member  o f  th e population .  Bu t 
even mor e importantly ,  th e upwar d directio n o f  th e curv e 

fo r  th e averag e member  a s show n i n Figur e 2 .  Thi s i s als o 

seen b y comparin g a  populatio n ru n o f  th e inne r  syste m a t 

an earl y generatio n o f  th e oute r  syste m wit h a  populatio n 
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Figur e 2 :  Fitnes s o f  best ,  worst ,  an d averag e populatio n member s o f  th e Oute r  Geneti c Syste m ove r  2 0 generations . 

Fitnes s o f  10 0 i s optimal . 

ru n o f  th e inne r  syste m a t  a  late r  generation .  Example s o f 

thes e tw o run s ca n b e see n i n Figur e 3 . 

C o n c l u s i o n s 

Th e purpos e o f  thi s pape r  i s no t  t o find  "the "  optima l 

representatio n fo r  a  geneti c system .  I t  rathe r  intend s t o 

sho w tha t  suc h a n optimizatio n doe s no t  hav e t o b e don e 

heuristicall y b y th e syste m designer ,  bu t  tha t  i t  ca n b e 

aide d b y th e geneti c syste m itself .  A n d tha t  thi s lead s t o 

an optimize d representation . 

Variant s o f  th e syste m presente d m a y b e suggested .  Th e 

choic e o f  fitness  function s ca n b e changed .  Th e inne r  sys -

te m m a y us e a  linea r  functio n instea d o f  th e invers e func -

tio n used .  T h e oute r  syste m m a y us e a n averag e o r  th e bes t 

resul t  ove r  m a n y run s fo r  th e optima l  individual ,  instea d o f 

th e las t  on e obtained .  A s is ,  th e oute r  syste m ca n specif y 
tha t  mor e tha n on e connectio n descripto r  i s locate d i n th e 

same position .  B y th e sam e token ,  i t  ca n rende r  useles s 

area s o f  th e inne r  genome .  Th e choic e o f  binar y encodin g 

m ay b e modifie d wit h th e us e o f  gra y encoding . 

At  a  mor e fundamenta l  level ,  th e organizatio n o f  th e 

geneti c materia l  ca n ads o b e modified .  Perhap s a  mor e bio -

logicall y bjise d approac h woul d b e t o us e a  chaoti c syste m 

t o determin e th e shap e o f  th e networ k o r  locatio n o f  eac h 

nod e (Merril l  I I  Port ,  1990) .  Ultimatel y th e tw o system s 

ca n b e combine d int o on e genome . 

Th e presen t  pape r  represent s a  first  ste p i n geneticall y 

aide d syste m desig n an d sel f  optimization .  Biologica l  evi -

denc e fo r  suc h system s exist s fro m researc h i n natura l  ge -

netics .  A s alread y mentioned ,  th e appearanc e o f  home -

oboxe s represent s on e o f  them .  Homeoboxe s regulat e tim -

in g an d transcriptio n o f  othe r  genes .  Also ,  th e introduc -

tio n o f  colo r  visio n i n primate s i s believe d t o hav e bee n th e 

resul t  o f  duplicatio n an d late r  alteratio n i n th e represen -

tatio n o f  specificatio n o f  retina l  cell s  (CuUis ,  1988) .  A t  a 

mor e basi c level ,  th e existenc e o f  diploid y i n no t  al l  bu t 

some organism s i s ye t  anothe r  indicatio n o f  a  fundamenta l 

variatio n i n representatio n o f  simila r  geneti c material . 

M a ny mor e aspect s o f  natura l  genetic s remai n t o b e suc -

cessfull y integrate d int o artificia l  geneti c system .  A s mor e 

method s fro m naturz d genetic s ar e incorporate d int o GAs , 

thes e system s shoul d becom e mor e usefu l  an d find  a  wide r 

rang e o f  applications . 
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