
A Compu ta t i ona l  Descriptio n o f  th e Stage s o f  D e v e l o p m e n t  o f  Objec t  Identit y b y Infants * 

by 

George F. Luger**, Jennifer G. Wishart***, and T. G. R. Bower*** 

Abstract 

This paper is in two parts: I, a brief description of the identity theory of the development of the object concept 
and a  computationa l  mode l  tha t  describe s th e thre e stage s o f  tha t  theor y and ,  II ,  th e runnin g o f  tha t  mode l  o n tw o 
experiment s importan t  i n th e analysi s o f  developmen t  o f  th e objec t  concept .  Th e mode l  i s designe d t o hel p deter -
min e whic h parameter s i n th e developmen t  proces s migh t  bes t  explai n change s withi n th e objec t  comprehensio n 
skill s  o f  infants .  Th e discussio n present s a  se t  o f  perceptua l  invariant s tha t  ca n b e used :  a) ,  t o describ e change s 
betwee n developmenta l  stage s and ,  b )  offe r  th e potentia l  fo r  a  cost/gai n metri c fo r  tha t  development . 

The model is written in PROLOG, a very high level computer language. Detailed descriptions of PROLOG 
(6)(15 )  an d furthe r  use s o f  P R O L OG t o mode l  proble m solvin g skill s  (7 )  ma y b e foun d elsewhere . 

I. Identity Theory and the Computational Model 

The identity theory proposed by Bower and Wishart (l)(16) to explain the developmental stages of the object 
concep t  suggest s tha t  th e conceptua l  proble m whic h underlie s thes e stage s fo r  youn g infant s i s on e o f  objec t  identit y 
rathe r  tha n objec t  permanence .  A  basi c ide a o f  objec t  realit y (includin g som e ide a o f  permanence )  i s assume d t o b e 
presen t  i n infant s fro m birt h (1) ;  th e infan t  i s see n a s havin g difficult y i n maintainin g th e identit y "o f  a n objec t 
throughou t  a n even t  sequence .  Thi s difficult y i s  presen t  wheneve r  th e even t  entail s temporar y disappearanc e o f  th e 
objec t  (4) ,  an d i s particularl y acut e i f  th e sequenc e involve s clos e interactio n wit h an y othe r  objec t  (16) . 

In this theory, development is seen as a progressive refinement of the infant's rules for attributing identity to 
an objec t  ove r  time .  Th e infan t  move s fro m th e simpl e recognitio n tha t  a n objec t  i s  th e sam e objec t  a t  differen t 
time s an d i n differen t  places ,  throug h t o mor e elaborat e notion s whic h defin e identit y i n a  muc h stricte r  sense ,  wit h 
th e objec t  no t  onl y bein g recognize d a s perceptuall y th e sam e bu t  a s identica l  i n th e sens e o f  bein g on e an d th e 
same objec t  whe n involve d i n an y even t  sequence ,  i.e. ,  th e sam e an d onl y suc h objec t  involved . 

Each change in development level means that the infant can maintain the identity of an object over increas-
ingl y comple x even t  sequences .  Eac h ne w identit y rul e reduce s th e populatio n o f  "objects "  wit h whic h th e infan t 
must  dea l  an d therefor e represent s a  considerabl e cognitiv e achievement . 

These rules and the psychological evidence for their validity are outlined below (for a fuller account, see (16)). 

Rule 1, which corresponds to Piaget's stages I and II, (10) (11) is stated: 

An object is a bounded volume of space in a particular place or in a particular path of movement. 

It follows from this rule that two objects cannot be in the same place and that two objects cannot be on the 
same pat h o f  movement .  A  violatio n o f  rul e 1 ,  suc h a s replacemen t  o f  a  stationar y objec t  b y a  totall y differen t 
object ,  wil l  b e treate d b y thi s leve l  o f  infan t  a s a  transformatio n o f  th e origina l  objec t  rathe r  tha n a s a  replacemen t 
by anothe r  objec t  (1) . 

Application of this rule in search tasks would lead to the following search behaviors: 

— to find a stationary object, look for it in the place where it usually is. 
— t o locat e a  movin g object ,  loo k fo r  i t  alon g it s pat h o f  movement . 

When an object that was stationary begins to move and the subject looks back to the space the object previ-
ousl y occupie d wha t  ha s becom e know n a s a  plac e erro r  occur s (2) .  Whe n a  movin g objec t  ha s i n fac t  stoppe d an d 
th e subjec t  continue s t o follo w it s path ,  a  movemen t  erro r  occur s (3) . 

Rule 2 describes the second stage of development and corresponds to Piaget's stages III-V (10)(11): 

An object is a bounded volume of space of a certain size, shape, and color which can move from place to place 
alon g trajectories . 

Plac e an d movemen t  error s n o longe r  tak e plac e becaus e the y ar e mediate d b y th e perceptua l  feature s o f  th e 
object ,  whic h wer e ignore d i n th e applicatio n o f  rul e 1 .  I t  i s  stil l  tru e tha t  tw o object s canno t  b e i n th e sam e plac e 
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or on the same path of movement at the same time, i.e. that the bounded volume of space that defines the object 

canno t  b e violated .  Tota l  o r  partia l  occlusio n o f  th e objec t  stil l  cause s problem s fo r  infant s operatin g wit h rul e 2 . 

Search behavior for this level of infant will include finding an object by searching for it it its usual place, or if 
i t  ha s moved ,  alon g it s usua l  pat h o f  movement .  Sinc e perceive d informatio n i s incorporate d i n thi s rul e fo r  identi -
fyin g a n object ,  an y sequenc e o f  action s violatin g th e perceptua l  integrit y o f  th e object ,  a s whe n th e objec t  i s 
covere d b y a  cu p o r  som e othe r  occluder ,  wil l  b e treate d b y th e infan t  a s th e replacemen t  o f  th e objec t  b y th e ne w 
object .  Behavio r  i n thi s situatio n wil l  be : 

— to find an object that has mysteriously disappeared, remove the object replacing it, and with experience, 
— t o find  th e disappearin g object ,  remov e th e objec t  whic h i s i n th e plac e wher e th e desire d objec t  wa s las t  seen . 

Thi s wil l  allo w th e infan t  t o succee d i n Piaget' s stag e III-I V o r  FV- V tasks ,  bu t  doe s no t  represen t  an y tru e 
understandin g o f  spatia l  interaction s betwee n objects . 

Rul e 3  correspond s t o Piaget' s Stag e V I  (10)(11) : 

Two o r  mor e object s canno t  b e i n th e sam e plac e o r  o n th e sam e pat h o f  movemen t  simultaneousl y unles s the y 
bear  a  spatia l  relationshi p t o eac h othe r  whic h involve s th e sharin g o f  common boundaries . 

The third identity rule is essentially the same as rule 2 but is modified to fit with the infant's experiences of 
th e consequence s o f  interaction s betwee n objects .  Thus ,  fo r  a n infan t  workin g wit h onl y rul e 1 ,  a n objec t  whic h 
moves the n stop s o r  whic h enter s int o a  spatia l  relationshi p wit h anothe r  objec t  i n suc h a  wa y a s t o los e o r  mas k it s 
identifyin g boundarie s wil l  hav e disappeare d mysteriously .  Wit h rul e 2 ,  onl y th e latte r  kin d o f  even t  wil l  caus e 
identit y confusio n an d erroneou s searc h behavior .  No t  unti l  acquisitio n o f  rul e 3  ca n th e infan t  understan d tha t  a 
spatia l  relationshi p betwee n tw o object s doe s no t  violat e th e identit y o f  either .  Prio r  t o th e acquisitio n o f  rul e 3 , 
th e infan t  doe s no t  understan d tha t  a  spatia l  relationshi p betwee n tw o object s doe s no t  violat e th e identit y o f 
either . 

I n sunmiar y then .  Bowe r  an d Wishar t  hypothesiz e tha t  th e infan t  develop s a  progressivel y mor e comprehensiv e 
set  o f  rule s fo r  recognizin g an d maintainin g th e identit y o f  a n objec t  ove r  time .  Th e stage d acquisitio n o f  thes e 
rule s bot h direct s th e infant' s attempt s t o relocat e object s an d explain s th e erroneou s behavio r  see n o n th e tradi -
tiona l  objec t  permanenc e tests .  A s on e rul e i s replace d b y th e next ,  th e infan t  come s close r  t o th e appreciatio n o f 
th e invarian t  propertie s o f  individua l  objects .  A t  maturit y thes e rule s wil l  b e sufficientl y develope d t o allo w a n 
objec t  t o interac t  i n commo n spac e wit h an y othe r  objec t  withou t  ris k t o it s uniqu e identity . 

A first attempt at computer simulation of this period of cognitive development has already been made and is 
reporte d i n (8) .  Tha t  pape r  deal s onl y wit h th e first  tw o o f  th e thre e hypothesise d stage s o f  development ,  compar -
in g th e outpu t  o f  th e compute r  mode l  wit h dat a collecte d i n five  Bowe r  e t  a l  studie s o f  infants '  response s t o simpl e 
objec t  movements .  Th e presen t  pape r  describe s th e modelin g o f  al l  thre e stage s o f  developmen t  i n tw o experiments . 

A descriptio n o f  th e P R O L OG (6)(15 )  rule s modelin g eac h stag e o f  developmen t  i s no w given .  Rathe r  tha n 
P R O L OG cod e w e Ib t  th e competencies ,  expectations ,  etc .  tha t  mak e u p th e rule s fo r  eac h stag e o f  development . 

Stag e 1 . 

a. Focus on a location. This location has been constructed from the locations of the immediately preceding object 
structure s foun d (se e (e )  below) . 

b.  Fin d a n objec t  withi n a  fixed  distanc e o f  wher e focused .  I f  a n objec t  canno t  b e foun d repor t  failur e an d loo k 
bac k t o th e precedin g objec t  foun d (th e previou s snapshot) . 

c.  Chec k th e objec t  fo r  interest ,  seein g i f  i t  ha s volum e o r  mass .  Thi s i s don e b y considerin g tw o slightl y differen t 
view s o f  th e object . 

d.  Chec k i f  al l  boundarie s ar e intact .  Thi s i s don e b y checkin g th e integrit y o f  th e boundar y withi n th e snapshot . 
e.  Base d o n th e objec t  a t  snapsho t  (n )  an d snapsho t  ( n -  1 )  construc t  a n appropriat e expecte d locatio n fo r 

snapsho t  ( n +  1) . 

Stag e 2 . 

The competencies and expectations of stage 2 are almost identical to those of stage 1, as one might expect, 
excep t  tha t  a  chec k occur s betwee n (b )  an d (c )  abov e comparin g furthe r  perceptua l  relationship s (size ,  color ,  shape ) 
betwee n th e objec t  a t  snapsho t  ( n -  1 )  an d th e objec t  foun d a t  snapsho t  (n) . 

Stag e 3 . 

The competencie s o f  stag e 3  includ e al l  thos e a t  stag e 2  an d i n additio n th e perceptua l  chec k o f  stag e 2  i s mad e 
bot h betwee n (b )  an d (c) ,  a s i n stag e 2 ,  an d afte r  th e boundarie s ar e scrutinized ,  afte r  (d )  above . 

Experiments are run by our program in two independent steps: the creation of the set of snapshots of object 
structure s tha t  represen t  th e physica l  experimenta l  situatio n an d the n th e analysi s o f  thes e objec t  structure s b y th e 

rule s o f  a  particula r  developmenta l  stage . 
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Our two steps, creation and analysis, provide for (in fact have an a priori commitment to) an independence of 
th e objec t  structur e an d it s perception .  Thi s mean s tha t  ther e i s n o interactio n betwee n th e percep t  o f  a n objec t 
and th e subjec t  tha t  i n an y wa y change s th e natur e o f  th e percept .  Th e change s com e i n th e subject' s interpreta -
tio n o f  tha t  percept .  Thi s commitmen t  t o th e primac y o f  perceptio n allow s descriptio n o f  it s  origin s an d presenc e 
accordin g t o a  numbe r  o f  differin g theorie s (6){13) . 

II. The Experiments and Discussion 

Two experiments are described in this paper. All three stages of the model are tested on each of these experi-
ments .  Th e snapshot s fo r  th e experiment s ar e describe d i n Figure s 1  an d 2 . 

In experiment 1 (Figure 1) a yellow sphere of radius 4 is located at (60,4,10) at time 1. (60,4,10) marks the (x -
left/right, y -  up/down, z -  depth )  coordinate s o f  a  3-dimensiona l  cartesia n space .  Th e spher e remain s stationar y fo r 
thre e tim e period s (o r  snapshots )  an d the n move s t o th e righ t  (wit h respec t  t o th e infan t  w h o view s th e scen e fro m 
th e poin t  (60,0,0)) .  Afte r  movin g fo r  thre e tim e period s th e spher e arrive s a t  (72,4,10 )  wher e i t  agai n rest s fo r  thre e 
tim e period s befor e movin g lef t  an d bac k t o th e startin g poin t  (60,4,10) .  Thi s sam e sequenc e o f  res t  an d motio n i s 
repeate d thre e mor e times .  Then ,  instea d o f  movin g of f  t o th e righ t  a s usual ,  th e spher e move s t o th e lef t  fo r  thre e 
tim e periods ,  commin g t o res t  a t  locatio n (48,8,10) .  Her e th e experimen t  ends . 

Experiment 2 (Figure 2) has two objects, a green cube and an occluder which the infant views from position 
(36 ,  0 ,  0) .  Th e occluder ,  i n thi s cas e a  blac k platfor m o f  lengt h 8 ,  heigh t  6  an d dept h 6 ,  remain s centere d a t  loca -
tio n (36 ,  4 ,  6 )  fo r  al l  tim e periods .  ( A platfor m i s no t  conventionall y though t  t o b e a n occluder .  Howeve r  infant s 
produc e th e sam e sequenc e o f  behavior s wit h platform s a s the y d o wit h mor e traditiona l  occluder s suc h a s screen s o r 
tunnel s (10)(16)) .  Th e gree n cub e o f  lengt h 4 ,  heigh t  4 ,  an d dept h 4  remain s a t  locatio n (4 ,  8 ,  10 )  fo r  th e first five 
tim e periods .  F ro m time s 6  t o 2 0 i t  move s right ,  wit h respec t  t o th e infant ,  unti l  i t  rest s a t  locatio n (68 ,  8 ,  10) . 
Whil e passin g t o th e righ t  th e botto m boundar y o f  th e cub e i s obscure d b y th e platfor m fro m tim e 1 1 t o 15 .  Afte r 
restin g a t  (68 ,  8 ,  10) ,  th e objec t  retrace s th e pat h bac k t o th e origina l  startin g plac e (4 ,  8 ,  10) ,  repeatin g th e partia l 
occlusio n i n th e middl e o f  th e path . 

Each experimen t  o f  thi s stud y wa s chose n fo r  a  reason .  Experimen t  1  wa s a n experimen t  Prazdn y (12) ,  i n hi s 
computationa l  descriptio n o f  certai n Bowe r  an d Wishar t  experiment s wa s unabl e t o model .  Experimen t  2  o f  thi s 
stud y i s a n experimen t  alread y ru n wit h h u m a n subject s wit h know n outcomes .  I n fact ,  result s ver y simila r  t o 
thos e describe d belo w hav e bee n reporte d b y Bowe r  an d Wishar t  (4)(16) .  Th e secon d experimen t  i s als o importan t 
i n curren t  wor k a t  Edinburg h designin g a  cost/gai n mode l  o f  developmen t  (se e below) . 

The results: 

Experimen t  1 :  Th e P R O L O G mode l  fo r  stag e 1  produce d movemen t  an d plac e error s eac h tim e th e objec t 
eithe r  stoppe d o r  starte d i n motion ,  1 5 time s altogether .  Ther e wa s n o proble m followin g th e ne w motio n i n a 
differen t  directio n a s lon g a s th e object' s location s wer e clos e enoug h t o eac h othe r  acros s consecutiv e tim e intervals . 
("Clos e enough "  i s a n empiricall y testabl e measur e wit h infants) .  Stag e 2  infant s perceive d onl y on e objec t  sinc e 
thei r  perceptua l  check s wer e abl e t o determin e tw o object s t o b e on e an d th e sam e i f  colo r  an d siz e measure s 
remaine d invarian t  acros s time .  Becaus e ther e wer e n o borde r  violation s stag e 3  analysi s gav e th e sam e result s a s 
stag e 2 . 

Experimen t  2 :  Stag e 1  foun d a  ne w objec t  whe n eithe r  motio n o r  res t  o r  boundednes s wa s violate d ( 9 i n all) . 
Stag e 2 ,  usin g perceptua l  checks ,  foun d ne w object s onl y whe n boundednes s wa s violate d ( 5 objects) .  Stag e 3  foun d 
onl y on e objec t  sinc e perceptua l  check s wer e abl e t o overrid e violation s o f  boundedness . 

A motivatin g forc e i n th e desig n o f  ou r  mode l  ha s bee n t o demonstrat e tha t  th e infant' s detectio n o f  th e pres -
enc e o r  absenc e o f  differen t  perceptua l  invariant s acros s th e objec t  structure s tha t  mak e u p th e experiment s offe r 
tw o powerfu l  explanator y mechanisms :  First ,  w e hypothesiz e tha t  th e psychologica l  effec t  o f  th e presenc e o f  suc h 
forma l  (i.e .  interna l  o r  mental )  invariant s i s t o produc e th e behavior s tha t  allo w u s t o discer n th e thre e distinc t 
stage s o f  development .  Th e infants '  trackin g behavio r  i s directe d no t  b y direc t  perceptua l  inpu t  (14 )  bu t  b y thre e 
set s o f  conceptua l  rule s discernin g th e invariant s foun d acros s .h e objec t  structure s o f  th e experiments . 

Second ,  w e hypothesiz e tha t  th e hig h cos t  o f  copin g wit h multipl e object s (no n integrate d perceptua l 
phenomena )  a t  on e stag e o f  developmen t  give s wa y t o a  mor e economica l  accountin g wit h th e discover y o f  ne w per -
ceptua l  invariant s a t  th e nex t  stage .  Th e discover y o f  ne w invariant s provide s a  mor e parsimoniou s explanatio n fo r 
th e sam e phenomena .  Thi s cost/gai n explanatio n fo r  betwee n stag e developmen t  i s th e mai n focu s o f  ou r  continu -
in g research ,  wit h th e mode l  an d wit h rea l  babies .  A t  presen t  w e kno w tha t  infant s expose d t o task s lik e experi -
ment  2  describe d abov e sho w accelerate d developmen t  throug h th e stages .  Th e acceleratio n i s manifested_no t  onl y 
i n simple ,  visua l  trackin g task s suc h a s thi s experimen t  bu t  als o i n transfe r  task s involvin g manua l  searc h (16) . 

The fac t  o f  acceleratio n i n th e transfe r  task s give s u s confidenc e tha t  th e change s induce d b y trackin g experi -
enc e ar e conceptua l  change s rathe r  tha n change s i n sensori-moto r  skill .  Ou r  hypothesi s i s tha t  th e motiv e forc e o f 
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chang e i s th e conceptua l  gai n associate d wit h th e reductio n i n th e numbe r  o f  phenomen a th e cognitiv e syste m mus t 

deal  wit h a t  eac h successiv e stage .  Th e 'cost '  o f  thi s 'gain '  i s th e increase d loa d th e perceptua l  syste m mus t  bear . 

Wit h bot h experiment s ther e i s a  clea r  gain :  Ebcperimen t  1  present s a n objec t  i n motio n an d a t  res t  an d the n 
changin g direction .  Th e younges t  infant s perceiv e a  ne w objec t  eac h tim e th e res t  o r  motio n change .  Thes e multi -
pl e object s ar e unifie d b y th e perceptio n o f  colo r  an d shap e invarianc e a t  stag e 2 .  Similarly ,  i n experimen t  2  multi -

pl e phenomen a ar e perceive d a s th e objec t  starts ,  stops ,  an d share s boundarie s wit h th e platform .  Agai n th e invari -
ant  aspect s o f  th e object ,  eve n a s i t  share s a  commo n space ,  allo w th e mor e advance d infan t  t o perceiv e a  singl e 
objec t  a t  rest ,  moving ,  an d sharin g boundaries . 

{«•.* ,  10 ) 

s(«3 )  Q * 

s(«) Q 

(aoAW)  (7a,4.io ) 

s « Q 

S(«)( ^ 

tx » tcoir t  oa€iwr n rwoMt M rmic m m o n 

- 0 — Q  3(39 ) 

(.̂K * (»̂ « > (M^« , («̂ 10 ) 

s « 0 

SO)  Sdo )  Sin )  S(u )  S(M )  S(20 ) 

• % 

S M StM )  S(35 )  St» )  S(30 )  S(2B > . 

s(«»)n 

Figur e 1  (1 )  an d Figur e 2  (r) .  S(t )  represent s th e tt h snapsho t  o r  tim e perio d fo r  th e experimen t  an d (x,y,z )  describe s 

th e locatio n o f  th e objec t  i n 3-dimensiona l  space . 
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