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C r e a t u r e s o f  H a b i t 

A Computationa l  Syste m t o Enhanc e an d Illuminat e 

th e Developmen t  o f  Scientifi c  Thinkin g * 

Roy Pea 
New Yor k Universit y 

Michae l  Eisenberg ^ 

Frankly n Turba k 

M a s s a c h u s e t t s Institut e o f  T e c h n o l o g y 

A b s t r a c t 

Creature s o f  Habi t  i s a  computei-base d microworl d 
designe d t o engag e middle-to-hig h schoo l  student s i n 
th e proces s o f  scientifi c  inquiry .  T h e syste m depict s 
a univers e o f  interactin g programmabl e "creatures " 
whose individua l  behavio r  i s guide d b y simpl e rule s 
tha t  m a y mode l  naiv e psychology ,  physica l  laws,  chem -
ica l  afRnities ,  an d othe r  domains .  Student s ca n creat e 
or  revis e creatur e rule s an d explor e th e resultin g (an d 
ofte n surprising )  emergen t  behavior s withi n "artificia l 
ecosystems" ;  o r  the y m a y emplo y predesigne d ecosys -
tem s i n undertakin g mor e structure d problem-solvin g 
activities .  O u r  objectiv e i s fo r  student s t o us e thes e 
ecosyste m simulation s a s a n enjoyabl e introductio n t o 
a variet y o f  scientifi c  domains ,  especiall y th e are a o f 
dynamica l  systems ,  a  field  o f  scienc e wher e experi -
ment s wit h suc h simulation s ofte n lead s theory .  T h e 
syste m encourage s a  wid e rang e o f  reasonin g an d learn -
in g centra l  t o scientifi c  methodolog y — patter n obser -
vation ,  hypothesi s formation ,  experimentation ,  dat a 
collectio n an d analysis ,  an d deduction .  W e describ e 
th e rational e behin d th e system ,  discus s som e sampl e 
activities ,  an d outlin e th e system' s potentia l  bot h a s 
a learnin g environmen t  em d a s a  researc h laborator y 
fo r  empiricia l  studie s o f  scientifi c  thought .  Finally , 
we briefl y describ e th e presen t  stat e o f  ou r  prototyp e 
Creature s o f  Habi t  system . 
K E Y W O R D S:  microworlds ;  dynamica l  systems ;  sci -
entifi c  reasonin g 

Introduction 

"Doin g science "  involve s learnin g t o us e comple x 
technique s an d skill s — makin g observations ,  notic -
in g interestin g patterns ,  formin g hypothese s an d the -

*Thi s resesu-c h an d developmen t  projec t  wa s supporte d 
by a  gran t  from  th e Spence r  Foundatio n awarde d t o 
Roy Pea ,  unde r  a  projec t  entitle d "InteUigen t  Tool s fo r 
Education. " 

^Bel l  Lab s Ph.D .  Schola r 

ories ,  makin g conjectures ,  an d designin g an d runnin g 
experiments .  I f  introducin g student s t o scientifi c  con -
ten t  wer e sufficient ,  educatio n woul d b e har d enough ; 
studie s sho w childre n brin g ill-forme d model s o f  scien -
tifi c  domain s suc h a s mechanics ,  electricity ,  chemistry , 
an d biolog y t o schoo l  (Driver ,  1985 ;  Osborne ,  1985) . 
Student s nee d t o lear n no t  onl y a  bod y o f  structure d 
beliefs ,  bu t  ho w t o participat e i n th e processe s o f  sci -
ence ,  whic h ar e intimatel y relate d t o content .  Stu -
dent s mus t  understan d tha t  scientifi c  idea s ar e moti -
vate d an d supporte d b y theory ,  experiment ,  an d ar -
gumentatio n — no t  authority .  Beyon d th e conten t 
an d proces s o f  science ,  student s shoul d als o enjo y do -
in g science .  The y ofte n vie w scienc e a s a  mysterious , 
unapproachabl e cultur e i n whic h the y observ e rathe r 
tha n participate .  A  trul y effectiv e scienc e educatio n 
shoul d dispe l  thi s imag e b y givin g student s opportu -
nitie s fo r  designin g an d refinin g inquiries . 

We describ e a  computationa l  syste m unde r  develop -
ment  — "Creature s o f  Habit "  (henceforth ,  Creatures ) 
— designe d t o addres s thes e scienc e educatio n issue s 
by providin g rich ,  exploratory ,  an d enjoyabl e scien -
tifi c  experience s fo r  th e middle-to-hig h schoo l  years . 
Creature s i s a  microworl d o f  programmabl e interactin g 
"creatures "  whos e behavior s ar e base d o n rules .  I n 
explorin g thi s microworld ,  student s ca n b e introduce d 
t o importan t  conten t  i n variou s scientifi c  domains ,  no -
tabl y i n th e are a o f  dynamica l  systems ;  moreover ,  th e 
progra m allow s fo r  a  wid e rang e o f  activitie s centra l 
t o doin g scienc e — suc h a s conjecture ,  theor y forma -
tion ,  experimentation ,  deduction ,  an d communicatio n 
of  results .  Perhap s mos t  important .  Creature s i s in -
tende d t o lea d student s towar d origina l  an d creativ e 
wor k — t o hav e the m participat e i n scienc e a s fledgling 
researcher s drive n b y curiosity ,  rathe r  tha n onlooker s 
motivate d b y assignment . 

Beside s it s utilit y  fo r  scienc e education ,  w e se e role s 
fo r  Creature s i n empirica l  studie s o f  scientifi c  thought . 
Becaus e i t  afford s activitie s engagin g reasonin g skill s 
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suc h a s analysis ,  synthesis ,  an d evaluatio n (se e below) , 
i t  ma y b e use d t o examin e ho w thes e differen t  skill s 
develop .  Th e syste m ca n thu s provid e a  unifor m envi -
ronmen t  i n whic h t o desig n specifi c  instructiona l  an d 
experimenta l  tasks . 

I n th e remainde r  o f  thi s paper ,  w e first  motivat e 
th e desig n o f  Creature s b y discussin g th e subjec t  o f 
dynamica l  systems ;  w e the n describ e th e system* ,  out -
lin e som e learnin g activitie s tha t  migh t  b e undertake n 
wit h it ,  sketc h ho w i t  reflect s ke y learnin g goal s fo r 
scienc e education ,  an d propos e a  desig n fo r  a n experi -
ment  i n whic h Creature s ma y b e use d t o illuminat e th e 
developmen t  o f  scientifi c  thought . 

Dynamical Systems: 
Analy t i c Science ,  Synthet i c Science , 

a n d " N e w W a v e "  Sc ienc e 

Sinc e Creature s i s designe d t o provid e introductio n 
t o concept s an d method s involve d i n th e stud y o f  com -
ple x dynamica l  system s (Thompso n &  Stewart ,  1986) , 
we briefl y describ e th e growin g importanc e o f  suc h sci -
ence .  Certaiid y ther e ha s bee n a n explosio n o f  interes t 
i n thi s subjec t  withi n th e scientifi c  communit y (Gleick , 
1987) ;  an d thi s phenomeno n ha s ramification s bot h fo r 
scientifi c  methodolog y an d fo r  scienc e education . 

Historically ,  scientifi c  though t  ha s bee n character -
ize d a s eithe r  "analytic "  o r  "synthetic "  (Oldroyd , 
1986) .  I n thi s classi c formulation ,  th e analyti c metho d 
i s observin g phenomen a an d seekin g law s t o accoun t 
fo r  them ;  th e syntheti c metho d involve s confirmin g th e 
validit y o f  law s vi a predictio n an d experimentation . 
Th e adven t  o f  scientifi c  computin g ha s adde d a  ne w 
textur e t o thi s division .  I n studyin g a  system ,  a  sci -
entis t  ma y accoun t  fo r  it s  behavio r  b y constructin g a n 
abstrac t  mode l  tha t  ca n b e realize d a s a  program ;  tha t 
model  m a y the n b e simulate d b y runnin g th e progra m 
as a  tes t  o f  it s  applicability .  Thus ,  ther e i s a n ana -
lyti c sid e t o compute r  modelin g (observin g real-worl d 
phenomen a an d designin g mode l  system s tha t  migh t 
illuminat e them) ;  an d a  syntheti c sid e (changin g pa ^ 
rameter s i n th e mode l  syste m t o matc h observation s 
or  se e ne w phenomena) .  Hu t  an d Sussma n (1987 )  de -
scrib e thi s approac h a s "analysi s b y synthesis" ;  whil e 
Farme r  an d Packar d (1986 )  cal l  i t  "ne w wav e science " 
— a  methodolog y "characterize d b y attempt s a t  syn -
thesi s rathe r  tha n reduction ,  cuttin g acros s conven -
tiona l  disciplinar y boundaries... .  N e w 'effects '  ar e dis -
covere d throug h a  combinatio n o f  insigh t  an d serendip -
ity ,  an d mor e ofte n tha n no t  experimen t  lead s the -
ory....Simulation s ar e frequentl y use d t o develo p quali -
tativ e insight ,  ofte n b y studyin g highl y simplifie d mod -
el s whic h ar e nonetheles s complicate d enoug h t o pos -
ses s universa l  propertie s foun d i n mor e complicate d 
systems. " 

Developin g compute r  simulation s a s experimenta l 
system s ha s le d t o a  blossomin g scientifi c  literatur e 
beyon d cognitiv e science .  Simulation s ar e employe d 
t o discove r  robus t  propertie s o f  intergalacti c collisions . 

heat  flow  i n solids ,  kinetic s o f  chemica l  reactio n mech -
anisms ,  evolutionar y adaptation ,  an d m a n y othe r  dy -
namica l  systems .  Thes e simulation s enabl e th e stud y 
of  increasingl y comple x phenomena ;  bu t  the y als o ta x 
skil l  i n developin g forma l  models ,  an d presen t  student s 
wit h ne w phenomen a t o understan d an d method s t o 
use .  Technique s o f  developing ,  studying ,  an d docu -
mentin g compute r  model s hav e becom e a n integra l 
elemen t  o f  scientifi c  method .  I n thi s contex t  w e se e 
Creature s a s havin g particula r  potentia l  value ,  sinc e 
i t  provide s a n engagin g "introductio n t o complexity " 
an d a n environmen t  i n whic h t o learn-by-doin g thes e 
skill s o f  "analysi s b y synthesis. "  A s w e wil l  sho w be -
low ,  student s ca n construc t  system s o f  creature s tha t 
exemplif y concept s suc h a s stability ,  oscillations ,  an d 
bifurcations .  Becaus e thes e system s m a y b e o f  thei r 
own devising ,  th e concept s becom e personalize d i n a 
way tha t  canne d demonstration s coul d not . 

Creatures of Habit: The Basic Elements 

Creature s i s a n environmen t  i n whic h student s ca n 
explor e "artificia l  ecosystems "  compose d o f  interact -
in g programme d entitie s caUe d "creatures. "  Inspire d 
by Braitenberg' s (1984 )  Vehicles ,  thes e creature s be -
hav e an d interac t  o n th e compute r  scree n accordin g 
t o set s o f  simpl e rules .  Th e rule s migh t  b e chose n t o 
reflec t  physica l  laws ,  naiv e psychology ,  chemica l  affini -
ties ,  an d s o on .  A  simpl e exampl e o f  a  grou p o f  crea -
ture s an d ho w the y migh t  interac t  illustrate s th e sys -
tem' s components . 

Conside r  th e scenari o illustrate d b y th e sequenc e o f 
"snapshots "  i n Figure s 1  t o 5. ^  Her e w e se e thre e 
differen t  creatur e type s (distinguishe d b y geometri c 
shape )  wit h th e followin g behaviora l  rules : 

1. Squares are attracted to squares, but indifferent 
t o triangle s an d circles ; 

2. Circles are repelled by triangles and circles, but 
attracte d t o squares ; 

3. Triangles are attracted to circles, but indifferent 
t o square s an d triangles . 

Figure 1 shows an initid "ecosystem" with five crea-
tures ,  an d Figure s 2 - 5 demonstrat e ho w thi s ecosys -
te m evolve s ove r  tim e accordin g t o thes e rule s (not e 
tha t  creature s leav e a  visibl e path) .  Eve n i n thi s sim -
pl e cas e w e se e man y type s o f  behavior :  mutua l  at -
tractio n (betwee n squares) ,  mutua l  repulsio n (betwee n 
circles) ,  an d predator-pre y relationship s (th e trian -
gl e "chases "  th e circl e tha t  i s  "runnin g away "  fro m 
it) .  Not e ho w th e interaction s ca n b e parse d int o 
"episodes "  i n a  naiv e mode l  o f  anima l  behavior : 

• The squares like each other and begin to move 
together .  Th e circles ,  intereste d i n th e square s 
but  obliviou s t o eac h othe r  (an d th e triangle) , 
ta g along .  Th e triangle ,  spyin g a  tast y circle , 
start s sneakin g u p o n it ; 

'  Creature s exist s i n prototyp e for m o n a  Hewlett -
Packar d Serie s 30 0 Mode l  320 . 

^  Thes e figures  wer e generate d b y ou r  prototyp e Crea -
ture s system . 
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Figur e 1 :  Initia l  Configuratio n 

Figur e 2 

Figur e 3 

Figur e 4 
(Not e tha t  th e tw o square s overlap. ) 

•  Afte r  noticin g on e another ,  th e frightene d circle s 
flee  i n opposit e directions ; 

•  T h e triangl e chase s th e topmos t  circl e whil e th e 
othe r  circle ,  regainin g it s composure ,  head s bac k 
towar d th e squares . 

•  T h e creature s reac h a  final  "equilibrium "  config -
uratio n whe n th e triangl e "catches "  th e topmos t 
circl e an d th e othe r  circl e join s th e tw o squares . 

This simple scenario indicates how even a small 
number  o f  creature s governe d b y straightforwar d rule s 
ca n lea d t o interesting ,  varie d behavior .  Unde r  slightl y 
differen t  situations ,  i t  i s  possibl e t o observ e mor e com -
ple x behavio r  an d "emergen t  phenomena"^ .  Eve n 
thi s scenari o suggest s interestin g question s t o explore , 
e.g. ,  ho w d o initia l  position s o f  th e creature s influenc e 
th e episodi c natur e o f  th e interactio n o r  th e creatur e 
"fates" ? H o w woul d addin g on e creatur e t o th e star t 
stat e affec t  th e interaction ? Give n thes e species ,  i s  i t 
possibl e t o desig n a  configuratio n tha t  exhibit s stabl e 
oscillations ? 

We no w presen t  a  fulle r  expositio n o f  th e basi c ele -
ment s o f  th e Creature s o f  Habi t  system : 

Crea tu r e M o r p h o l o g y 
Creature s ar e smal l  mobil e fantas y creature s tha t 

"live "  o n th e screen .  Creature s com e i n man y 
"species, "  identifie d b y a  se t  o f  discret e character -
istics .  Above ,  creature s wer e distinguishe d onl y b y 
shape ,  bu t  mor e animal-lik e creature s ar e conceivabl e 
( a specie s migh t  b e identifie d a s purple ,  wit h hobblin g 
eyes ,  point y ears ,  squiggl y tail) .  Specie s m a y als o b e 
endowe d wit h les s visibl e propertie s suc h a s mas s o r 
birt h rate . 

Specie s Ru le s 
Creature s interac t  wit h eac h othe r  an d thei r  envi -

ronmen t  b y obeyin g a  smal l  se t  o f  species-specifi c  rule s 
linkin g perceptio n t o action .  Typically ,  specie s rule s 
indicat e whic h propertie s ar e "attractive "  o r  "repel -
lent "  t o a  species .  O n c e a  specie s rule-se t  i s defined , 
ever y m e m b er  o f  tha t  specie s use s thos e rule s t o gover n 
it s behavior . 

E c o s y s t e m Ru le s 
T h e complet e dynamic s o f  a  populatio n o f  creature s 

i s determine d b y a  higher-leve l  se t  o f  ecosyste m rule s 
whic h specif y h o w th e creature s emplo y th e notion s o f 
"attraction "  an d "repulsion "  whe n moving .  Ecosys -
te m rule s ar e perhap s bes t  illustrate d b y example ;  th e 
particula r  example s tha t  w e provid e shoul d b e rea d 
merel y a s indicatin g a  spac e o f  possibilities .  Vari -
ation s o n thes e rule-set s ar e o f  cours e possible ,  an d 
othe r  rule-set s ar e computationall y viable . 
Idea l  Ga s Rule-Set .  I n thi s simpl e model ,  al l  creature s 
ar e regarde d a s indifferen t  t o on e anothe r  (i.e .  prop -
ertie s tha t  ar e attractive/repulsiv e t o a  give n crea -
ture' s specie s d o no t  affec t  it s  motion) .  T h e ecosyste m 
rule-se t  doe s include ,  however ,  a  defaul t  collisio n rul e 

^Fo r  instance ,  a n entir e cluste r  o f  creeUure s migh t  mov e 
as on e uni t  du e t o th e interna l  pattern s o f  attractio n an d 
repulsio n betwee n th e cluster' s individu2Lls . 

Figur e 5 :  Fina l  (Equilibrium )  Configuratio n 
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specifyin g tha t  collision s betwee n creature s ar e elasti c 
and momentum-conserving* .  Not e tha t  thi s rule-se t 
implicitl y  assume s tha t  mas s wil l  b e include d amon g 
th e specie s properties .  Creature s her e ar e regarde d 
as inanimat e billiard-ball-lik e objects ,  eac h wit h a 
(species-specific )  mass . 
Inverse-Squar e Forc e Rule-Set .  Thi s rule-se t  elabo -
rate s th e las t  one .  Creature s ar e particle s upo n whic h 
inverse-square d force s act .  T o determin e th e indi -
vidua l  forc e o f  creatur e C 2 o n creatur e Cl ,  w e su m 
th e attraction s (-I- )  an d repulsion s (- )  tha t  C l  ha s fo r 
C2' 8 properties .  Th e resultin g numbe r  divide d b y th e 
squar e o f  th e distanc e betwee n C l  an d C 2 i s th e mag -
nitud e o f  thi s individua l  force ;  th e directio n betwee n 
Cl  an d C 2 determine s th e directio n o f  th e individua l 
force .  Th e tota l  forc e o n creatur e C l  i s th e vecto r  s u m 
of  th e individua l  force s fro m al l  othe r  creatures .  Divid -
in g thi s tota l  forc e b y creatur e C2' s mas s determine s 
th e acceleration ,  o r  velocit y change ,  o f  Cl .  (Agai n w e 
assume creature s hav e mas s a s a  species-specifi c  prop -
ert y — an d w e migh t  ad d som e othe r  properties ,  suc h 
as "charge, "  a s well. ) 
Distance-Dependen t  "Anima l  Attraction "  Rule-Set . 
Thi s rule-se t  embodie s a  simpl e "naiv e psychological " 
model  fo r  creatur e interactions ;  i t  wa s th e ecosyste m 
rule-se t  implicitl y  use d i n th e scenari o depicte d i n th e 
figures.  T o determin e ho w muc h creatur e C l  woul d 
"like/not-like "  creatur e C 2 i f  i t  wer e on e uni t  away , 
loo k a t  Ci' s specie s rule s an d subtrac t  th e numbe r  o f 
repellen t  propertie s exhibite d b y C 2 fro m th e numbe r 
of  attractin g properties .  T o determin e ho w muc h C l 
actuall y like s C2 ,  divid e th e previou s resul t  b y th e dis -
tance ;  thi s invers e distanc e dependenc e model s a  situ -
atio n i n whic h creature s pa y mor e attentio n t o close r 
objects .  Thus ,  i f  creatur e C l  finds  thre e propertie s 
of  creatur e C 2 attractive ,  an d on e repellent ,  the n th e 
unit-distjoic e strengt h o f  Ci' s attractio n fo r  C 2 i s 2 ; 
i f  C i  b  1 0 unit s o f  distanc e fro m C 2 a t  tha t  moment , 
the n Ci' s curren t  attractio n towar d C 2 ha s a  strengt h 
of  0.2 .  T o determin e ho w creatur e C l  shoul d move , 
th e syste m finds  th e creatur e abou t  whic h C i  feel s 
most  strongl y (like/not-like) ;  creatur e C l  shoul d the n 
move a t  a  constan t  (species-specific )  spee d toward s 
tha t  creatur e (i f  liked )  o r  awa y (i f  not) . 
Encounter-Dependen t  Birt h an d Deat h Rates .  I n thi s 
rule-se t  base d o n populatio n biology ,  w e assum e tha t 
creature s hav e species-specifi c  propertie s o f  "birt h an d 
deat h rates. "  Creatur e movemen t  migh t  b e governe d 
by th e rule-se t  above ,  an d i n additio n ne w specie s 
members m a y b e b o m o r  die .  T h e birt h rule s migh t 
depen d upo n encounte r  rate s betwee n member s o f  th e 
same species .  Th e birt h rul e fo r  specie s A  migh t  b e th e 
following :  o n an y tim e step ,  a n A-creatur e ha s a  2 % 
chanc e o f  givin g birt h t o anothe r  A-creature ,  excep t 
when th e previou s tim e ste p resulte d i n contac t  wit h 
an A-creature ,  i n whic h cas e ther e i s a  5 0 % chanc e 
of  givin g birth .  Th e deat h rat e o f  a  specie s migh t  b e 

*I t  i s  als o possibl e t o collid e wit h th e boundarie s o f  th e 
screen ;  thes e collision s shoul d b e treate d a s elasti c collision s 
wit h a  stationar y wall . 

define d similarl y (e.g. ,  o n an y particula r  tim e step ,  a n 
A-creatur e ha s a  3 % chanc e o f  dying ,  excep t  whe n th e 
previou s ste p resulte d i n contac t  wit h a  "predator " 
specie s B ,  wit h a  6 0 % chanc e o f  dying) . 

Interfac e t o th e S y s t e m ;  Addit iona l  Tool s 
We hav e describe d th e basi c element s o f  Creature s 

but  thu s fa r  ignore d th e interface .  I n thi s section , 
we describ e severa l  aspect s o f  th e interfac e desig n fo r 
Creatures .  M a n y issue s mus t  b e resolve d t o mak e Crea -
ture s bot h accessibl e t o first-time  user s an d extensibl e 
fo r  us e b y exper t  scientists .  W e ai m t o first  provid e 
some beginnin g ecosyste m rule-set s fo r  eas y acces s t o 
Creatures ;  give n a  choic e o f  ecosystems ,  th e use r  ma y 
edi t  th e propertie s an d rule s fo r  individua l  specie s wit h 
iconi c menus .  Th e basi c interfac e shoul d als o provid e a 
fai r  amoun t  o f  contro l  ove r  simulations :  initia l  config -
uration s m a y b e specifie d b y directl y movin g creature s 
t o thei r  desire d startin g positions ,  an d individua l  run s 
m ay b e paused ,  single-stepped ,  replayed ,  an d stored . 

Th e descriptio n abov e doe s no t  addres s th e need s o f 
mor e experience d user s w h o wis h t o creat e o r  edi t  th e 
ecosyste m rule-sets .  T h e rang e o f  ecosyste m rule-set s 
m ay b e constraine d s o tha t  the y migh t  b e customize d 
vi a a  men u interface ;  bu t  mor e likely ,  a  mor e elaborat e 
interfac e t o ecosyste m rule-set s (vergin g o n a  special -
purpos e programmin g language )  wil l  b e required . 

We ar e workin g o n othe r  special-purpos e tool s fo r 
th e Creature s syste m fo r  measuring ,  modifying ,  an d 
experimentin g wit h configuration s an d rules .  Fo r  ex -
ample ,  w e ai m t o provid e multipl e scree n window s s o 
th e studen t  ca n mak e tw o run s a t  once ,  comparin g re -
sult s fro m tw o system s b y varyin g onl y on e paramete r 
— sa y th e initia l  positio n o f  a  creature .  Experimenta -
tio n wil l  als o b e supporte d b y "annotatio n windows " 
wher e student s ente r  informatio n obtaine d fro m th e 
result s o f  previou s runs ;  e.g .  t o examin e a  sequenc e o f 
run s an d mak e deduction s abou t  th e species-rule s o f 
individua l  creatures ,  structure d table s hel p a  studen t 
codif y th e informatio n obtaine d an d highligh t  th e in -
formatio n neede d fo r  a  solution .  T h e syste m wil l  in -
clud e graphica l  measurin g device s tha t  enabl e th e stu -
den t  t o tak e precis e measurement s o f  distance ,  angle , 
and time ;  i n ou r  experienc e wit h th e Creature s proto -
type ,  thes e variable s hav e prove n crucia l  i n describin g 
importan t  feature s o f  simulations . 
Sample Activities 
Explorator y Activitie s 

T h e mos t  fundamenta l  activit y w e imagin e i s explo -
ration .  Here ,  student s ar e provide d wit h set s o f  crea -
ture s i n a n ecosystem ,  an d observ e ho w th e creature s 
behav e an d interact .  Sinc e bot h th e specie s rule-set s 
an d th e ecosyste m rvde-set s ar e accessible ,  student s 
ca n investigat e th e relationshi p betwee n th e behavio r 
the y observ e an d th e rule-set s governin g tha t  behavior . 
A nd becaus e th e syste m facilitate s chang e a t  a  wid e 
variet y o f  level s (fro m th e numbe r  an d positionin g o f 
th e creature s t o th e specie s an d ecosyste m rule-sets) , 
student s ca n readil y explor e th e effect s o f  "perturbing " 
a give n scenari o i n divers e ways .  Eve n inexperience d 
student s coul d examin e ho w th e qualitativ e behavio r 
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of  a  configuratio n depende d o n th e initia l  positio n o f 
on e o f  th e creatures ;  mor e advance d student s coul d 
explor e th e effect s o f  "tweaking "  specie s rule-sets ;  ye t 
mor e advance d student s coul d wor k a t  th e ecosyste m 
rule-se t  level . 

Eve n withi n thi s purel y explorator y frame ,  a  num -
ber  o f  importan t  scientifi c  idea s ar e introduced .  T o 
highlight ,  i t  quickl y become s apparen t  i n workin g wit h 
Creature s tha t  comple x system s m a y aris e eve n fro m 
ver y simpl e rules .  Ofte n thes e system s exhibi t  emer -
gen t  propertie s — stability ,  oscillations ,  irreversibil -
it y — tha t  resis t  explanatio n i n term s o f  low-leve l 
rules .  Moreover ,  b y playin g aroun d wit h thes e sys -
tems ,  student s ca n develo p importan t  skill s  tha t  ar e 
usuall y slighte d b y classroo m science :  makin g conjec -
tures ,  searchin g fo r  pattern s i n data ,  an d generatin g 
qualitativ e o r  statistica l  descriptions .  W e emphasiz e 
tha t  althoug h exploratio n i s a  low-threshol d activity , 
i t  i s  no t  merel y a n introductor y one ;  rather ,  i t  i s th e 
essentia l  poin t  o f  th e desig n o f  Creatures .  Indeed ,  aJ -
thoug h Creature s i s targete d fo r  student s i n middle-to -
hig h school ,  issue s raise d b y "mer e exploration "  coul d 
evolv e int o highl y challengin g problem s a t  o r  beyon d 
th e colleg e level . 

Problem-Solving Activities 
Althoug h Creature s lend s itsel f  t o exploration ,  i t 

support s mor e structure d "problem-solving "  activitie s 
as well .  W e hav e use d th e prototyp e t o pla y a  "Mys -
ter y Creatures "  gam e wher e user s ar e provide d wit h a 
set  o f  creature s whos e specie s rule s ar e unknow n an d 
must  b e determine d from  thei r  behaviors .  Th e goa l  o f 
th e g a m e i s t o desig n experimenta l  run s an d thereb y 
deduc e th e rule-set s o f  th e creatures .  Sometimes ,  on e 
well-chose n experimen t  ca n illuminat e th e behavio r  o f 
a numbe r  o f  myster y creature s al l  a t  once ;  i n othe r 
situations ,  th e use r  mus t  desig n a  sequenc e o f  exper -
iments .  A  relate d game ,  Invisibl e Creatures ,  involve s 
severa l  visibl e creature s (whos e rule-set s ar e accessi -
ble )  tha t  interac t  wit h a n "invisible "  creature .  I n thi s 
case ,  th e goa l  i s t o determin e th e identit y an d loca -
tio n o f  th e invisibl e creatur e base d o n th e observe d 
action s o f  th e visibl e ones .  Thes e kind s o f  activitie s 
stres s skill s  o f  experimentatio n an d logica l  deduction . 

Design Activities 
M a ny activitie s supporte d b y Creature s hav e a n im -

portan t  desig n focus .  Her e th e emphasi s i s  no t  o n 
why a  give n syste m evolve s a s i t  does ;  rather ,  th e 
goa l  i s  t o construc t  a  syste m exemplifyin g som e de -
sire d behavior .  Fo r  example ,  give n a  se t  o f  creatures , 
on e migh t  ask :  "I s ther e a n initia l  configuratio n fo r 
thes e creature s suc h tha t  al l  th e creature s wil l  collid e 
at  once? "  Desig n ca n tak e plac e a t  m a n y levels ,  fro m 
constructin g configuration s o f  creature s t o "creatin g 
ne w worlds "  wit h ne w ecosyste m rules . 

A Hypothetical Scenario 

T h e followin g scenari o show s ho w a  studen t  migh t 
us e Creatures .  W e us e th e sam e specie s an d ecosyste m 
rule s a s i n th e scenari o show n i n th e figures  earlier : 
t> T h e studen t  begin s wit h a  scree n o n whic h a  doze n 

creature s — som e squares ,  triangles ,  an d circle s — 
move i n variou s directions ,  creatin g intricat e patterns . 
T h e studen t  trie s simila r  run s usin g th e sam e number s 
of  creatures ,  bu t  wit h differen t  initia l  configurations , 
jus t  t o ge t  a  feelin g fo r  th e kind s o f  phenomen a tha t 
migh t  occur . 
> T h e studen t  decide s t o figure  ou t  wha t  th e specie s 

rule s fo r  eac h o f  th e thre e creatur e type s migh t  be . 
She run s a  sequenc e o f  experiment s i n whic h tw o crea ^ 
ture s o f  th e sam e type  ar e place d a t  a  sligh t  distanc e 
fro m eac h othe r  i n th e scree n center .  Sh e observe s 
tha t  whe n triangle s ar e used ,  the y sta y wher e the y 
began ;  square s mov e towar d eac h other ;  an d circle s 
move awa y from  eac h other .  Sh e conclude s tha t  tri -
angl e creature s ar e indifferen t  t o othe r  triangles ,  whil e 
square s ar e attracte d t o othe r  square s an d circle s ar e 
mutuall y repelled . 
> W h e n sh e place s a  squar e an d tw o circle s i n a  partic -

ula r  initia l  configuration ,  th e tw o circle s mov e towar d 
th e squar e until ,  a t  a  late r  time ,  the y drif t  apart ;  then , 
shortl y after ,  the y mov e towar d th e squar e again .  Th e 
studen t  hypothesize s tha t  circle s find  th e squar e at -
tractive ,  bu t  whe n the y ar e to o clos e t o eac h other , 
thei r  mutua l  repubio n become s stronge r  tha n thei r 
attractio n fo r  th e square .  Sh e replay s th e earlie r  run , 
thi s tim e occasionall y pausin g th e simulatio n an d mea -
surin g distance s an d heading s o f  th e creature s t o tes t 
her  conjecture . 
> Replayin g th e previou s run ,  th e studen t  notice s th e 

squar e remaine d stationar y throughout .  Sh e conclude s 
tha t  squue s ar e indifferen t  t o circles .  I n fact ,  sh e re -
call s tha t  i n he r  earlie r  simulations ,  wheneve r  ther e 
was onl y on e squar e o n th e screen ,  tha t  squar e di d no t 
move a t  al l  regardles s o f  ho w man y circle s an d trian -
gle s wer e about ;  s o sh e conclude s tha t  square s mus t 
be indifferen t  t o triangles ,  too . 
t> Durin g he r  experiment s wit h circles ,  th e studen t 

remember s noticin g tha t  th e tw o creature s ende d u p 
standin g stil l  i n opposit e halve s o f  th e screen. *  Sh e 
decide s t o investigate :  Doe s an y initia l  configuratio n o f 
any numbe r  o f  circle s alway s en d u p i n a  "stationary " 
state ;  an d i f  so ,  d o th e final  state s revea l  som e pattern ? 

Qearly ,  th e scenari o abov e coul d b e extende d i n 
differen t  ways .  Fo r  example ,  th e specie s rule s coul d 
involv e feature s beside s shape ;  o r  th e creature s coul d 
move a t  varyin g speeds ;  o r  th e studen t  migh t  choos e 
t o examin e whethe r  an y "stationar y configuration "  re -
main s stationar y i f  on e othe r  creatur e i s adde d t o th e 
screen ;  o r  th e studen t  coul d desig n a  ne w creatur e tha t 
moves awa y from  squares ,  an d se e wha t  happen s whe n 
i t  i s  place d i n a  crow d o f  (mutuall y attracting )  squares . 
Fro m thi s ver y simpl e beginning ,  m a n y project s — 
some touchin g o n ver y sophisticate d question s — m a y 
arise . 

Creatures as Part of A Science Curriculum 

A perennia l  tensio n i n scienc e educatio n exist s 
betwee n teachin g conten t  knowledg e an d scientifi c 

*I t  shoul d perhap s b e mentione d that ,  fo r  thi s particula r 
scenario ,  w e assum e tha t  th e scree n o n whic h th e creature s 
move "wrap s around "  i n bot h th e x -  an d y-directions . 
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method .  T h e flaw  i n overemphasizin g conten t  i s tha t 
i t  tend s t o lea d t o rot e learning ,  wit h littl e sens e o f 
ho w scientist s wor k t o develo p theories .  Thi s approac h 
typicall y fail s t o recogniz e students '  pre-existin g con -
ception s o f  scientifi c  domain s (diSessa ,  1987) ;  student s 
ar e tacitl y  encourage d t o memoriz e law s an d result s 
withou t  eve r  engagin g thei r  ow n reasonin g power s t o 
see ho w the y wer e arrive d at ,  o r  coul d b e tested .  I n 
contras t  i s  "discover y learning" ,  whic h emphasize s ex -
perimentatio n an d th e scientifi c  process .  Th e diffi -
cult y wit h thi s approac h i s twofold .  First ,  th e notio n 
of  "discovery "  i s ofte n realize d i n practic e b y canne d 
experiments ;  th e "discovery, "  whos e result s ar e know n 
beforehand ,  i s superficial .  I n thi s kin d o f  setting ,  stu -
dent s spen d muc h o f  thei r  tim e tryin g t o find  th e "righ t 
answer, "  rathe r  tha n wha t  th e experimen t  means .  Sec -
ond ,  whe n discover y learnin g i s realize d mos t  sincerely , 
by simpl y lettin g th e studen t  explor e o n hi s o r  he r  own , 
th e teache r  i s  ofte n lef t  wit h question s abou t  wha t 
th e student' s exploration s were ,  an d wha t  wa s learne d 
(Hawkins ,  1987) . 

We fee l  tha t  Creature s ca n serv e a s a  med iu m fo r 
guided ,  explorator y discovery-typ e learnin g (cf .  Whit e 
and Horwitz ,  1987) .  T h e world s student s ca n explor e 
wit h Creature s ar e brand-new ;  ther e ar e fe w "righ t  an -
swers, "  an d rea l  discoverie s ca n b e made .  Bu t  whil e 
makin g thes e discoveries ,  student s ca n obtai n a  struc -
ture d introductio n t o th e rol e o f  conjecture ,  measure -
ment ,  an d experimentatio n i n th e scientifi c  process . 
Activitie s suc h a s th e "Myster y Creatures "  gam e plac e 
an emphasi s o n logica l  reasoning ;  thes e puzzle-lik e ac -
tivitie s ca n provid e th e benefit s o f  occasiona l  setting s 
i n whic h a  righ t  answe r  doe s i n fac t  exist . 
An Experimental Design for Studying the 

D e v e l o p m e n t  o f  Scientifi c  T h o u g h t 
We hav e stresse d th e rol e o f  Creature s i n scienc e ed -

ucation .  Her e w e illustrat e ho w i t  m a y als o b e use d 
fo r  studyin g th e developmen t  o f  scientifi c  thought , 
proposin g a n experimenta l  desig n w e ai m t o under -
tak e usin g th e nex t  iteratio n o f  th e system .  Conside r 
th e followin g thre e tasks ,  correspondin g t o thre e com -
m on mode s o f  scientifi c  thought ,  tha t  a  studen t  migh t 
be aske d t o perfor m usin g a  particula r  ecosyste m an d 
startin g creatur e configuration : 

1. The student watches the system run (i.e. crea-
ture s mov e o n th e screen) ,  an d i s aske d t o infe r 
th e specie s rule s o f  eac h creature .  Thi s analyti c 
tas k involve s workin g backwar d fro m observe d 
behavio r  t o underlyin g rules . 

2.  Th e studen t  i s show n th e specie s rule s fo r  th e 
creatures ,  the n aske d t o predic t  th e resul t  o f 
runnin g th e syste m usin g th e startu p configu -
ration .  Thi s i s a  syntheti c tas k o f  predictin g be -
havio r  fro m a  know n se t  o f  deterministi c rules . 

3.  Th e studen t  i s provide d th e se t  o f  specie s rule s 
fo r  th e creatures ,  an d show n th e result s o f  run -
nin g th e syste m usin g th e startu p configuration ; 
hi s tas k woul d simpl y b e t o explai n event s ob -
serve d i n th e scenari o i n term s o f  th e specie s 

rules .  Thi s i s a n evaluative ,  o r  perhap s explana -
tory ,  task . 

N o w th e ver y sam e ecosyste m an d startin g config -
uratio n coul d b e use d fo r  eac h o f  thes e thre e tasks , 
as give n t o thre e differen t  group s o f  students ;  bu t  th e 
kind s o f  description s generate d fo r  eac h o f  th e thre e 
task s — an d indeed ,  th e feature s o f  a  particula r  sce -
nari o attende d t o — migh t  var y widely .  B y obtain -
in g think-alou d protocol s fro m thes e differen t  subjec t 
groups ,  w e coul d begi n t o develo p a  coheren t  pictur e 
of  h o w th e severa l  mode s o f  scientifi c  thinkin g differ ; 
specifically ,  w e coul d begi n t o distinguis h thes e mode s 
accordin g t o th e sort s o f  phenomen a t o whic h the y 
typicall y apply . 

As a  possibility ,  w e migh t  as k whethe r  th e phenom -
ena use d t o deduc e rule s i n th e "analytic "  task s ar e th e 
same phenomen a fo r  whic h explanation s ar e offere d i n 
th e "evaluative "  task .  I n othe r  words ,  ar e th e phenom -
ena tha t  peopl e find  salien t  fo r  th e deductio n proces s 
th e sam e a s thos e tha t  peopl e find  representativ e i n th e 
explanator y process ? Fo r  example ,  i n lookin g fo r  un -
derlyin g rules ,  subject s migh t  ten d t o focu s o n event s 
i n whic h creature s revers e directio n (e.g. ,  a  situatio n 
i n whic h creatur e A ,  i n movin g towar d a n "attractive " 
creatur e B ,  finds  itsel f  to o nea r  a  "repellent "  creatur e 
C an d turn s around) .  I n contrast ,  subject s give n th e 
tas k o f  explainin g a  give n scenari o migh t  insis t  o n a 
chronologicall y faithfu l  narrative ;  i.e. ,  they  migh t  pa y 
as muc h attentio n t o expliunin g creatur e A' s initia l  di -
rectio n a s the y d o t o explainin g it s chang e o f  direction . 

Or  w e migh t  tr y t o characteriz e th e kind s o f 
"episodi c groupings "  tha t  differen t  tas k group s assig n 
t o th e give n scenarios :  e.g. ,  ar e ther e certai n task s i n 
whic h scenario s ar e typicall y viewe d a s "punctuated " 
by change s i n direction ? Ar e ther e certai n task s i n 
whic h th e final  state s (e.g. ,  th e achievemen t  o f  equi -
librium )  ar e attribute d mor e importance ? Unde r  wha t 
circumstance s d o peopl e reaso n a t  th e "syste m level, " 
talkin g abou t  behavior s o f  large r  group s o f  creatures , 
rathe r  tha n a t  th e "atomi c level "  o f  individua l  crea -
tures '  histories ? 

Yet  anothe r  issu e involve s th e possibilit y  o f  a n orde r 
effec t  betwee n differen t  activit y modes .  Fo r  example , 
i n a  differen t  stud y w e coul d as k subject s w h o hav e 
jus t  predicte d a  scenari o i n th e "synthetic "  tas k t o 
watc h th e actua l  scenari o an d perfor m th e "explana -
tory "  task ;  thei r  protocol s coul d b e compare d wit h 
thos e generate d b y subject s give n th e explanator y tas k 
alone .  W e coul d the n begi n t o characteriz e ho w a  sub -
ject' s previou s prediction s affec t  th e kind s o f  explana -
tion s generate d fo r  a  particula r  scenario . 

Finally ,  i t  i s  wort h mentionin g th e issu e o f  noticin g 
"creatur e indifference "  i n th e contex t  o f  thi s experi -
menta l  design .  I n ou r  attempt s a t  watchin g scenar -
io s an d deducin g th e rule s underlyin g them ,  w e foun d 
tha t  a  grea t  dea l  o f  informatio n i s conveye d b y not -
in g whic h creature s ar e indifferen t  t o whic h others . 
Indifferenc e betwee n creature s seem s t o b e a  subtle r 
notio n tha t  attractio n o r  repulsion ;  whe n watchin g a 
scenario ,  ther e i s a  tendenc y t o attribut e a  creature' s 
movement s solel y t o attractio n o r  repulsio n withou t 
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recognizin g tha t  th e abtenc e o f  motio n towar d o r  awa y 
fro m som e othe r  creatur e i s als o informative .  Thi s ten -
denc y i s reminiscen t  o f  th e disinclinatio n t o us e neg -
ativ e informatio n i n scientifi c  reasonin g (Mynat t  et . 
ai ,  1977 ;  Wason ,  1977) .  Thu s anothe r  questio n ad -
dressabl e withi n thi s experimenta l  desig n i s  whethe r 
any o f  th e thre e task s i s mor e likel y t o lea d subject s 
t o confron t  th e issu e o f  creatur e indifference . 

Conclusion: 
Presen t  Status ,  Fu tu r e Direction s 

We no w hav e tw o prototyp e Creature s o f  Habi t  sys -
tems :  on e writte n i n Schem e ( a Lis p dialect) ,  on e i n 
C.  Bot h ru n o n a  Hewlett-Packar d Serie s 30 0 Mode l 
320 computer .  Th e Schem e versio n contain s facilitie s 
fo r  developin g an d editin g ecosyste m an d specie s rule -
sets ,  an d include s feature s fo r  maintainin g historie s o f 
individua l  runs .  Bu t  i t  i s  slo w an d a t  th e moment  un -
suitabl e fo r  runnin g system s wit h mor e tha n 4- 5 crea -
tures .  Th e C  progra m i s les s elaborat e o r  interactive , 
but  it s  runnin g spee d i s tw o order s o f  magnitud e faste r 
tha n th e Schem e program ;  usin g th e C  prototype ,  sim -
ulation s employin g 1 6 creature s hav e bee n ru n a t  a 
satisfactor y speed .  W e continu e wor k wit h bot h sys -
tems ,  usin g Schem e a s a  mediu m fo r  developin g ne w 
tool s an d tryin g ou t  ecosystem s i n th e small ,  an d th e 
C progra m t o ru n simulation s quickl y an d experimen t 
wit h propertie s o f  large r  creature-worlds . 

M u ch o f  ou r  curren t  desig n effor t  i s  developin g a 
suitabl e interfac e t o th e system ,  an d delineatin g a 
"starte r  set "  o f  sampl e ecosystem s appropriat e fo r 
middle-to-hig h schoo l  students .  A  secon d them e note d 
abov e i s usin g th e syste m a s a  laborator y too l  fo r  con -
ductin g experiment s i n th e developmen t  o f  scientifi c 
thought .  I t  shoul d als o b e possibl e t o follo w u p wit h 
wor k i n studen t  modelin g an d intelligen t  "coaching " 
effort s t o promot e th e variou s inquir y skill s  i n scienc e 
we hav e outlined .  Ultimately ,  w e hop e tha t  Crea -
ture s o f  Habi t  wil l  provid e a n environmen t  i n whic h 
student s ca n acquir e th e concepts ,  th e methodologi -
cal  techniques ,  an d — to o frequently  neglecte d — th e 
intellectua l  curiosit y o f  th e workin g scientist . 
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