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An information processing model of o complex task s olving severat important Piagetisn
concapts is intreduced and then extended 1o o mure dilicult eluss of problems often used Lo test
adult cognitive nbilitics. In comparing this exte, ded model both to human performance and to
the process model by Simon & Kotovsky, the eriterion ol developmentnd tractability is introduced.
A detailed study of o ehild’s per fmnmnw Aduring a cruzial transition {rom ene siage of problem
complexity to another indicates that o mixture of both models scems to provide tho best
explanation of probiom-gelving brhavivur.

The ability to detect environmental regularitics is a cognitive skill essential for
garvivel. Man has a propensity to scek and capacity to find serial patterns in such
diverse areas as musie, economics, and the weather Even when no true pattern
exists, humans attempt to construct one that will enable them to predict the sequence
of future events (Feldman ef al,, 1963}, An understanding of these abilitics has been
facilitated through the development of computer simulation models. These models
have postulated a suflicient set of basic processes, which, when appropriately organ-
ized, enable humans to detect serial pattern. The most widely known example of
guch an information processing theorv is by Simon & Kotovsky (1863).

The study of the components of seriu} pattern detection has also been the object
of much of the Piagetian research into the development of cognitive skills. The ability
of a child to solve series completion problems of the kind shown in Fig. 1 requires the
mastery of several skills that are believed to be distinguishing characteristies of
children who have attained the Piagetianlevel of concrete operations. Such problemstap
the child’s facility with sct and relational concepts, two-dimensional transformations,
multiplication of sets and relations and serial antivipation (Inhelder & Piaget, 1064).

An information processing approach to the study ol cognitive development may
Prove mutually beneficial to both areas of psychology This paper attempts an integra-
tion of the two fields through an information processing analysis of two types of
teries completion problems Two different information processing maodels are pre-
sented, and it ix shown that one model can be considered to be the developmental
Precursor of the other The evidence presented in support of this position is taken
from a year-long longitudinal study of 5 to 6-year-old ehildren solving, among other
things, over 300 series completion poblems
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COLOUR-ORIENTATION SERIES COMPLETION PRODLEMS

The problem in Fig. 1 is presented to o 5-year-old child and he is asked 'y,
comes next?’ The solution can be obtained by considering the dimensions of coloy,
and orientation separately. The colour problem is a repeated RYR; the culy.
solution is Red. The orientation problem is a repeated UL; the solution is Left 17,
composite solution is Red Left.

As in any series completion problem, there is no absolutely right answer, 1.
children aged 5-7 can solve a variety of problems of this kind {see Table 1), producir,,
solutions and descriptions of their solution process that agree with the ‘separation ¢
atfributes’ strutegy described above. Some problems are puarticularly difficul

Letter code: 1st letter colour: Red, Yellow, Green, Blue
2nd letter orientation: Right, Up, Left, Down

Fig. 1. A two-sttribute series completion problem.

Table 1. Test series of colour-orientalion problems

(Colour: Blue, Green, Red, Yellow, Orientation: Down, Left, Right, Up)

No. Prablem Rolution
1 BL YD BL YD BL YD
2 BU YU BR YR BY YU BR
3 BR BR YD BR BR YD BR
1 BU YD YU BR YU YD By
B BU BU YL YL BU BU YL YL BU
6 BL. Y BL GU YD GU BL YD BL QU
H BD YP BD GR RD GR BPR YD BD GR
8 BD YD BD YR BR YR BD YD BD TR
9 BUY BY BR YD YD YR BU BU BR Y

10 BU BT BU BE BR BD BU BR BU BbD

11 BR YR YD BL YL YD BR YR YD BL

12 BU YU BR YD BD YR BU YU BR YD

13 B YR GR BD YR GR BD

14 BR YRR GD BR YR GD BR

15 BR YD G, BR YD QL. BR

16 BR YU GR BU YRR Gu

17 BR GU YR RU QR YU
14 BER YU RR BU v !

4 Y GL BB YL QD B

24 RU G YU RD QU AN

21 GU BR YU GR By

an RU OB YU 1D [1%)

o RE YL GH RI YR

Re) HEY BU GD RU 30
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gequiting the production of a colow-oricntativn combination that does not appear in
she series, ¢ g BRYU GR RUE YR The colow pattonn is RY G the colour solution
is G. The otientation patle n s BT b orbontation solution is U Therefore the
composite solution is GU, an objeet that does nut oecon e the problem,

: Deaposed solulion sloaleyy
S What capacities must the child possoss inonder 1o be siceessiud on these tests?
I |
fhe evidence suggests that some subjects solve these problems by constrieting
4 J l 5 D) g
templates of increasing size until they find arecuning pattern Consider the single
attribute problem shown in fine 1ol Fig 2. (Assume the problem consists of coloured

“siles in the sequence: Red Green Red Red Green Red Red ——))
H K G RGLHIIE- problom
2 n RSN
3 I match
H LG mitialize
k51 ™G match
i R G 1 initinhze
7 R mateh
¥ IHERH match
4 U produce

Fig. 2. Template building proce dure fin a single attribute

i Prohlem 1.2 BU YL RU RL YU BI. BRU YL RU -
i Colow Chirntaiion
RYRREYRRYR~- ULULULULU
i 1
R U
nY UL
RY T4
RYR UL
YR UL
Y R UL
(R} HP)
(1)

Fig 3 Template building proeedure on two-altribute objeets. Scparation ol attiibutes.

¥,

v The strategy initially assumes the pattern is R (line 2). This pattern is constructed
and matehed for identity against the next contiguous part of the problem (line 3).
The match fails. sinee T2 is not the ssme as G.and the pattern is reinitialized to RG
(line 4). This is matched unsuccessfullv against KR line 5) and a second reinitializa-
tion constructs a pattern of RGR (Jine ) When matehed sgainst the adjacent part
of the problem (lue 7) it is successful, hence the pattern moves on to make another
match (line 8). In the process of making this mateh. however, the problem list is
exhausted. and the corresponding symbol in the pattern is praduced (line 9),

The basic provesses required in this strategy are the ability to recognize “sames’
when they oceur and the ability to keep track of poxition within two lists: the pattern
and the problem

The vxtension of this strategy to two-attribute problems is quite straightforward:
it requites only the ability to treat the stiribates independently, and to remember
the correct value of the firss attribute while working on the =ccond Fig 3 shows an

17 RN
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example of a two-attribute problem being solved independently on cach attribhyy,
In Fig t the same problem is solved without separating attributes, i oo by treati,
each coleur-orientation combination as a distinet objeet. This latter approach ]m:
duces rather large pattern templates and it will not work on certain elusses of
problems

Problem 1.2. RU YL BU RL YU RL RYU YL RU -

RU
RU
RU YL
RU YL
RU YL RU
RU YL RU
BU YL RU RL
RU YL RU RL
Ny oYL nroRLoYr
RU L RU RL YU
RU YL RU RL YU RL
RU VI BRU BL YU RL
(L)
Fig. 4. Template building procedure on two nttribute abjects
No seporation of attributes. (Wholistic )

Fvidence supporting template slrafegy

This section presents some examples of the kind of data upun which the model i
based Some of it is consistent with the hypothesis that the template maodel is o
reasonable description of the subject’s problem-solving processes.

A {ew seaments are presented of the verbal protocol of a S-year-old ehild solving
series completion problems similar to those deseribed above. The problems v
presented to the subject and he is asked to state and justify his prediction The
experimenter responds in a manner designed to extract from the subject informadtion
about the problem solving procedure. :

Qome evidenee for the use of a template is present in the pratoeol for the following
problem: BU BR BU BD BR BD BU BR BU The protoccl is:

‘Blune down [poinls to fourth object in series] Why? These 3 [1,2,3] are the same a
these {7,8,91 so, uh, if a blue one facing downwards went there it wouldd he Jabr eause they
these four 11,2,3,4] would be the same as these four [7.8,9 and chotce}’

Notice that the subject points to the part of the problem that corresponds to the
part of the template from which the snswer will e produced His final explanation
further supports the notion of a repeated template

There is no evidence in the above protocol of an independent treatment of colonr
and orientation The next problem supports the hypothesis that the subject has the
ability to consider attributes separately. However, it does not support the template
strategy. It is ineluded here to provide an example of a quite different strategy tiat
is sulliciently powerful to solve many of the problems. Problem: RIVGU YR RU GR
Protocol:

Yellow wup. Why? Well there's two of the ones upwards and thiee of the ones Jaciig
across aud if that other one went there slanting up there they would oll have o protner
Canse the red's gol a partner, the green’s got a partuer but the yellow hasn’t So i's o
yellow one facing up, there's beo of these fucing wpnards!
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ﬁém the subject has produced a correct solution by attending first to oricntation
aad then to calour. Tiowever, he has treated the problem as an unordered volleetion
shobjects, rather than as » series of objects 1 in lact this is his conceptuatization of
tbﬂ problem, then it is not at all elear that he could indelinitely extrapoiate this
gories.

“The ‘fairness’ explanation is used Ly this subject for many of the problems
{bccasionai]y objects get “partners’ because they are lonesome’ ) After a series of
sroblems such as the one above, in which a tairess strategy produees a unique and
prrect solution, the subject is presented with a problem of the following type:
RUGD YU RD. Fairness alone is insufficient here, because both the green and yellow
ghjects are lonesame. The subject scems to have used a combination of a colour
jomplate and a fairness approach to these problems:

w24 green up. Why? WWell i goes in order. The red one’s got a partuir, the green one
paen't—did I suy a green facing up one? Yes. The red one’s gol @ pariner, the green one
bagn't; the green one’s gelting one. Then there'Hl be o yellow one facing down, then 01 be
e, two, three [indicates obijects 2,4.6 all down] and one, two, thice Jindicales objects
L34 all upl’

One can analyse the full set of protoenls from which these samples have been
fulen in an ottempt to distil n set of ‘pure’ strategies From the vuried verbal
e2ports and performances of the subjects it has hecome clear that the subjects are
zhly idiosyncratic in their use of strategies An intensive analvsis of individual
bjects has yielded a small sct of strategies that seem to be emploved by subjects
imvarions mixes. Two such strategies have already been described. (See Tigs. 3-4.)
0 other commion ones are: (1) a backward scanning strategy in which a template
the last few objects in the series is matched against the problem; {2) a ‘fairness’
egy which seeks an equal number of colours for each orientation or an equal
imber of orientations for each colour (See the last protocol above )
ach of these strategies von be described in completely unambiguous form, ie.
computer programming language, and then applied to the same series of prob-
8 presented to our subjects. (See Table 1)
The results for four strategies and a single subject are shown in Table 2 They
#dicate, for those cases in which an unambiguous solution exists, what that solution
and whether or not it is correct. This provides a base-line against which to interpret
Pattern of choices by the subject. If only the subject’s choices are used. then the
mbination of strategies that was consistent with the choice pattern could be
#aght However, by also using the protocol in the mannet indicated earlier in this
Aeetion, one can determine which stratecies. if they were heing used. would he
fnsistent, with the protocols The results of such an analysis of the protocols are
#ho listed in Table 2 For the first 15 problems this subivet produces solutions and
FEotocols that are consistent with both the “wholistic’ template strategy (82) and
,_?ﬁ‘f&imess’ strategy (3 4). For the finad problems he is torved to switeh to the sepurnte
Heatment of dimensions embodied in the *eolowr-urientation template” strategy (81)
Aeonjunction with S4
}Thn, then is one kind of analysis that can be performed. Extensions to other sub-
Bats, the same subject over time, and other proldems can alt be treated at the same

) B
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level of precision. One can also descend a level to study the relationship betweoy,
postulated basic processes underlying the proposed strategies and the more can-, .
tional cognitive abilitics. In the remainder of this paper we limit owsehves ()
extension of w different type: o change in the problem diffieudty

Table 2 Solutions produccd by cach stredegy
subject solution and inferred wse of shrategy by subjects
{3 1: tanplare colout-orioatation; 8 2: template wholistic; 8 32 backward templstes 84

Sofutien puduced

. - Inforrag
Problem - #1 52 53 S54 Subjeet Atrateuy
i D YD YD YD 54
2 BR BR BR BR B2 EY
3 B Bt BR L 52
4 BU BU — LR* BU Shosy o
& BY BU By BU 82
t G U GU Gy S2,Nd
7 GR GR GR Gh SI3 8
] YR YRR YR AR K SR
4 D YT YD YD 52,84
10 BD BD Bh B SEoNd
11 BL BL BL BL B
i Ry - YD YD Y 52,54
13 LD BD B 3] Sdo8
14 LR BR BR BR B354
15 BR BR BR BR 32,84
16 G BR* e GU G, GU 51,351
17 YU RR* — YU YU 5
is BU BR* —_ RU RL* 84
19 BL YD — BL: LR 5t
20 YD RU= — YD Y B
2] BU Gus — e By 21,84
22 Ul RU* - — U 51,81
24 YR RR* — o Yix* 81,84
24 BD RD* s — BD B1.84

* Incorrcet.

L.ETTER SERIES COMPLETION

Letter series completion (LSC) problems are widely used lor testing human cape
city to recognize and extrapolate serial patterns. A successful extrapolation of the
problems in Table 3 implies that the subject has discovered the pattern underlyin:
the series through a process of induetion This section describes a template buildin:
procedure guite similar to the first one proposed for a colour-orientution probiem

By building a model that works with a pattern of relations instead of simply witd
objects, it is possible to use the same template building procedure that works so w
in the non-ordered problems. Consider the letter series comptetion problem shown it
Tig. 8 Assume, as before, that one can build up a pattern from the left, increasing
its size with each failure encountered Statt with w symbol pattern of the first item i
the series, U (line 1), and mateh it against its neighbour to see if any of the followin:
relations on the alphabet hold: prior, same. next. double next (represented by p
n, 1) No refation is found between U and I {indicated by o); therefore retmn to the
INFT phase, obtaining the symbol pattern UR (line 2) In the FIND phase (line &

L e ey o - ar
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lation is found between U and T, but not between R and U, and again return to
fﬂ'}.‘, this time producing UR'T ax the svimbol pattern When URT is compared
th its neighbouring symboels UST, a successlu relutional paltern consisting of sns
“obtained (line 6). Perhaps this relation will he found to hold throughout the re-
inder of the problem. First update the symbol pattern by applying the relational
attern to the symbol pattern, producing UST (line 7), then move the symbol pattern
Jong and test to see if the relation between UST and UTT is sns (line 8). It is; there-
sre cycle throngh APPLY and TEST once more Upon encountering the end of the
poblem apply the corresponding relation to the svmbol and produce U (line 11).

URTUSTUTTVU -

1 U nit 1
Eal
a . frsd o
3 U R init 3
LA
1 VR find ]
5 UrRT it a
= NS
G U RE find G
T Us T Ly 7
s on s
8 Us T test
] vTT apply 9
5 n s
10 . UT 7% test e

11 U produce 11
: serios deseription: sns(URT)

Fig. 5. Construetion of relotionn! template

The entire series can he deseribed in terms of the initial values and the relational
ttern. For the problem in Fig. 5 it is sns(URT). In this notation, the compound
rator sns is applied sequentially to the initial compound argument URT, out-
tting URT and updating to UST. This cycle repeats indefinitely.

This model has been implemented in an information processing language, POP-2
urstall & Popplestone, 1968), and the resultant programme has been run on the
roblems listed in Table 3. Set I is taken from Simon & Kotovsky (1963), and Set 11
rom an unpublished paper written in the psychology department at the University
of Michigan by DuCharm ¢f al. (1965). As indicated in Table 3 the model correctly
plved all problems in Set I and all but six in Set 1T 1f endowed with a test for ‘triple
text’, then the model can solve ali but one problem in Set IT

CIOMPARISON WITH THE SDoON & KOTOVSKY MODEL

¢ Simon & Kotovsky's theory of human acquisition of concepts for sequential
Patterns asserts that humans: (1) ‘attain a serial pattern concept by generating and
fixating o pattern deseription of that coneept’; (2) “have stored in memory a pro-
famme capable of interpreting and executing descriptions ol serial patterns’;
{3) ‘have stored in memory a programme. . capable of detecting relations and
i recording a pattern deseription for a simple sequence”.

| At a general level the template madel rests wpon thiz same set of assertions.
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However, after thess ambiguous propositions have been translated into Wiy
defined sequence of operations some important differences become apparent. Simg,, &
Kotovsky note that any objection to the assertion that humans use patterns sy,

Table 3. Problems posed for letter series completion programme

(3 = same, n = next, p = prior, t = double next.)
Programme vutjy

Corieet P S
Problem solution Ansuwin Dheseripe
St.‘gJI
1 CDCDOCD ¢ C s
b4 AAABBBCCCDD D 1 nin
3 ATBATAATBAT A A Frgaat
4 ABMCDMEFMGHM ¥ 1=
5 DEFGEFGHFPGEHIE U G nnny
[ QNAPXDBDQ XA P P sast
i ADUACUAEUABUAFUA A A Anssps
5 MABMBCMOCDM D D sni
14 URTUSTUTTU L u D%
16 ABYABXADBWARB \S Ay LEI
11 RECDSETDETURF r In nnnn
12 NPAOQAPRAQRA R R ms
13 WXAXYBYZCZADAB i ] nnn
14 JEORKLRSLMST A} M non
i3 PONONMNMILMLEK L L Ppn
Set IT
1 AAABBBCCCDD D D nn-
2 WXNANTYBYZCZ ADAB B E unn
3 MABMBCMCDM D E§] ST
1 NPAOOAPRAOSA R R nns
] FGHHIJEKLMN N F e
6 JEQRELRSLMST M M nnnn
7 JEILLMINNOIP P P ttst
] DEFOEYOCHGHI G G nonn
0 EFGGHHIJ JIJKKLMM N E e
110 AGBCHCIDEJ BEXYR G G ttttl
11 RRSTTURVWWXRHR Y R 3%
12 NOMROPSEMTQRUMY 5 5 Hstt
13 QRRSTTUYV v v tht
14 EAFGBHICJIKDIL M M tnt
15 MRNORPQRTR s 5 tst
16 FGIJGAGEHGLIG M M nsn
1) QR SITUVVWX by Q —
18 ADBECEDFELEFF H G tntn
H PMQRERMSTTMUYV v v tstt
30 CDSHI ESJTEFSLM G G tnst
3t KLLMNOPPQR S K e
232 ABGCHCDODHEIEFIG G G ttnin
a3 IJIUXKLMMUNOPP o i e ¥
a4 CATBDECTDFOETEFH I [ tistt

* These ean be solved if the relation *tripie next” is inehuded in the set of relations.
T Naotico that these pattern deseriptions are only partially complete

to their particular description of such patterns *would be more convineing if it conld
be shown that the patterns could be deseribed in o manner quite different from the
one we have proposed’.

The Bimon & Kotovsky deseriptions refer to two ‘slots” in immediate memory.
M1 and M2, which are pointers to positions on ordered cireular lists. Usnally these
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%t are either the forward or backward alphabet, but occasionally the list is con-
dincted ad fioe from the problem elements. The basic process of moving the pointer
""‘i‘ihe next position on the list is represented by the notation N(). Thus for Problem 2
'ﬁigat I (Table 3), the pattern AAABBBCCCDD is deseribed in the notation:

iy = Alph: A AL, ML M1, N(M1). Thev describe the interpretation as follows:

.‘We set o variable, M1, cqual to the first letter, A, of the alphabet Each period is
gwecuted by producing M1 three times, and then replacing M1 by the neat (N) letter
gﬁhe alphabet”’

Only one additional operator is required to enable them to deseribe all the prob-
&ﬁ;ﬁs in Table 3. The notation E{M 1, M2) means that M1 is set to the ewrrent value
M2 Their deseription of Problem 15 is: M1 = M2 = Balph; P. M1, N(M1),
wi, NOLL), ML NQE2), BRLE M2). For the template model the deseription is

‘g (POX)

|
$
]
|
|
|

Differences wn pattern description

The underlyving logic of Simon & Kotovsky assumes that the subject is keeping
tpack of his position(s) in the alphabet, whercas the template model assumes that he
keep track of his position only in the relational paftern, picking up his “position
ythe alphabet’ from the symbols he has just produced The template model takes
cognizance of the relationship of the letters within a symbol pattern. Note that
s deseriptions {for Problems 5, 11 and 14 (Table 3) differ only in the initial values,
inon & Rotovsky differentiate between an updating of the position in the alphabet
2d the outputting of a letter. There is no such distinetion in the template pattern
criptions, where every update is accompanied by an output.

Some differences in patlern induction

t is not surprising that there are as many differences between the two approaches
cunslrucling pattern descriptions as there are between the descriptions themselves.
Bimon & Notovsky make many passes over the entire problem in order to build
their pattern description piece by piece For example, cycle length is determined
iy finding the oceurrence of a ‘same’ or “next’ at some regular interval for the enfire
blem. Then a regular relation is sought for the enfire remaining problem, ete. The
wmplate building procedure, as outlined earlier, works from the left, and moves to
dio right only far enough to find some disconfirming evidence for its current Liypo-
thesis about the correct pattern. The basic difference in these two approaches is the
ility of the template procedure to construct the correct pattern before it has seen
#hs entire problemn. ‘To put it more precisely, in a problem whose correct description
M template notation) is @ cyele of length #, the template model will have constructed
the final version of that description after looking at the first 2n letters of the
sroblem .
Simon & Kotovsky diseuss at some length the short-term memory lond imposed
by their pattern descriptions for the problems However, they devote less attention
D the memory load imposed by the process whereby those patterns are induced
from the problem elements, o process requiring move cffort to construct the simpler
Patterns than to exceute the most complex In the template building approach,
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there is an equal distribution of effort between construction and exccution of patter,
deseriptions. For example, the length of the template during induction never exeeed,
the length of the finul pattern deseription.

Performance comparisons

Information processing models can be compared at two levels At a "macero” lov|
i.e. mean error rates, average number of trials to success, or average latencies. ong
can determine whether or not the average performances of the models are significant]y
different from one another or from human population means. At a ‘micro’ fevel, on'u
can compare the sequence of model actions prior to solution. In this section soms
macro level comparisons are made among the template model, the Simon & Notoveky
model and some aggregate measures on humans. '

Table 4 dmount of ¢ffort on Set I problems for hwmans,
Simon & Kotovsky models and template model

Avorage time® Time fo Effut
Problem for suceessful 8§ & K mordei* tempiate
numbet hamans {sec ) {see.) model symbols
1 Ho L 11
2 38 m 22
3 RS 18 45
i H 23 2
5 278 35 33
¢ g7 4 1u 40
7 378 19 5
8 249 23 s
9 188 17 18
10 2} IS 19
11 R I 35 29
12 13 24 22
13 617 20 22
14 12 36 29
15 130 30 23

* From Simon & Kotevsky {1903, p. 543}

One rough measure of the similarity between a process model and human per-
formance is the relative amount of effort expended by the model and by humans
solving the same range of problems. Simon & Kotovsky compare the processing time
of their model with the average solution time of those subjects who solved each
problem. They find a ‘modest’ positive correlation between human and maodt]
effort. Processing time is used by Simon & Kotovsky as a measure of effort, although
as they note, it is only a rough guide since there is no reason to presumne a corres:
pondence between relative times for elementary information processes in humans and
computers The measure of effort {or the template model is simply a count of sym-
hols produced during a trace like the one shown in Fig 5 This corresponds to th
construction and modification of the relational and symbol templates as they Wt
moved across the problems. Processing time is not used as a direet measure of effort.
even though it is very highly correlated with the svmbol connt (r = 0-9), becans®
the symbol count is more public and machine independent, in that it ean be obtained
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from & hand simulation of the proceduie without any need actually to run the pro-
gAML Table £ lists the effort indices for humans, for the Simon & Kotovsky model
and for the template model. Por both madels the (8pearman) rank eorrclation ol
ke model effort versus human solution time is low, positive and slightly significant
{gimon & Botovsky-huaman: r = (47 ; template-human: 1 = -42). Thus, at the
prvel of aggregale performance, there is no difference in the predietive ability of these
wo models Phey both provide a moderately good prediction of adult human effurt.

DEvELODPM l'l..\"l‘h-\l, TRACTABILITY

The template model and the Simon & Kotovsky model of human petformance on
{80 problems represent two modeis of guite different detuiled structure that are,
at an agpregate level. empirieally indistinguishable Grege & Simon (1967) emphasize
universality, precision, simplicity, flexibility. as choice criteria for accepting and
entertaining theories in lieu of a clear-cut difference in emipirical predictions.

It can be argued that on these eriteria the template model is somewhat stronger
than the Simon-Kotovsky model; however, in this seetion another criterion for
svaluating moedels of cognitive behaviowr will be introduced. The evaluation shouid
rest partially upon devclopmenlal raclability, ie. the ease with which the model
ez2n be interpreted as both predecessor and successor of other models in a develop-
mental sequence. The orientation adopted by Piaget towards classical epistemological
fssues is equally valid in evaluating information processing models, i e an orientation
that attempts to understand each stage of cognitive ability in terms of its develop-
mental precursor. By this criterion that model is best which is most amenable to
| @ansformation into a model of a later developmental stage. Ultimately one hopes to
- model the transformation process itself in information processing form This is
precisely the sort of approach encouraged by Simon (1962) in bis speculative com-
ments on an information processing interpretation of Piaget’s concept of ‘stage’
{in fact, the examples used in that paper were the enrly formulations of what
hécame the Simon-ICotovsky model )

Transition behween slages

+ Consider the two kinds of series completion problems discussed thus far. Call the
 letter series completion Stage II (see Fig. 5) and the object completion series Stage 1
{sce Fig 2). In what sense can one speak of development in an organism as it goes
from the model of Stage I ability to the model of Stage 11 ability ? The answer lies
not in the logie of template building, for the models are almost identical in that
tespect, but rather in the range of relations necessary for success in constiueting the
template The Stage I model has the capacity to test for only a single relation between
- Objects: ‘same’ Objects are either the same with respeet to an attribute or they are
. B0t the same. The Stage 11 model requires an expanded notion of how ohjects can
- be not the sume. ie a greater range of reladions is requived  The understanding
; that ‘K’ comes after B’ in the aiphabet is a relational concept that differs from the
. fimpler ability to sequentially move through a list of svinbols by applying the *next’
| Operator. [t is closely tied to other relational eoneepts such as “more’ or "oy’
1 Afull understanding of these relationshipsis elear]y absent in 3- to S-year-old children,
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for whom both “more’ or ‘less’ seem to mean ‘more’ (Donaldson & Balfour, TN
Such an understanding is unnecessary in the Stage T prohlem

Another difference can be found in the complexity of the tewnplate bhuilding proce.
The Stage IT model requires u second level template ot relations that is absent f,,,
the Stage T model. Having construeted the Stage I model. one can make it hehu,,
like the Stage T model by permitting it to work only with “sames’, i e. one can siuy,
late Stage I by disabling some of the mechanisms in Stage It The existence of Srag, |
within Stage I1 is a concrete manifestation of the Piagetian concept that earhy
developmental structures should coexist within the framework of later, map
complex structures

A study of developmental {1uctability

Before one can construct a model of the Stage I to Stage Il transition one necd.
to know something of the behaviour of humans during this transition. This section
analyses the problem-solving behaviour of o 5-year-old child during what may 1«
his first encounter with Stage IT type problems Prior to the presentation of thes
problems this child has been exposed to over 300 colour-orientation problems of the
type in Fig. 1.

The problems, Set III (Table 1), are number series completion probiems of i
same structure as the letter series completion problems in Set I (Table 3) If, in th
pattern descriptions of the Set I problems, we substitute a list of the first 26 integer-
for the English alphabet, then the pattern descriptions for Set 1 and Set 111 aze the
same. (Integers rather than letters are used because children of this age are mon
familiar with the integers as an ordered list than with the alphabet. The potential
attribution of complex arithmetic relations to number problems, a complication not
likely in letter problems, does not in fact oceur for this subject. Except for one
comment about odd and even numbers, there is no mention of any numerical
property.)

Table 5. Problem St 111 number sevies completion problems

Numnber Problemn
1 3 4 3 4 3 4
a2 I 11 22 23 3 3 3 4 4
3 I v 1 ¢ 7 21 7 1 1 172
4 o211 03 +E 5 Gl
5 4 5 6 7T F B8 T 8 b 7 8 19
6 15 1 815 2 915 1|
7 1 413 1 313 1 513 1 213
5 I 212 0% 312 03 412
] 6 3 58 6 & 5 0 5 F 6
10 1 23 1 214 1 213 1 2
it 1415 3 +15 16 4 5167 5 6
i2 70 1 8 1uo1 ¢Ir Yy Ieizol
13 antiod
b4 6 T I 7T s la e o8 49187
ih 9 8 7 8 7T 6 7 84 5 6 5 4

The problems wete presented o the subject in the order shown in Table 8. Ne
training series was used As ench problem was presented the subject was asked to
predict ‘what comes next’ and then to explain how he did it. The protocols helow
have all heen generated after the subjeet has anneounced his first solution to cach
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blcm after about 20 sec. of silent processing. In terms of the series completion
mgde]s the protocols tend to be mixed reports of both the final pattern descriptions
éd traces of the induction process, although in many cases there appears to be a
gtal reeapitulation of the induction process itself,

What follows is an attempt to interpret a few of the protocols, in terms of the
gggelapmmt from Stage I to Stage I, of both the model ploposed in this paper and
that of Simon & Kotovsky. (The entire protocol, with its analysis, is available from
,‘,Iw authors upon request )

P;'oblemi T21134115611

47, Can you tell me why you are so sure about that? Well because if goes 1, 2, 11
m S, 1105, 6, 1 thon aPd be 7,8, 11; §, 10, 11 and so on. How do youa know
'wha.t the next two are?™—Well if goes 1,2, 3, 4, —~missing oul the 1I's &, 6 and then i'd
be 7, Sethen 11 again 9, 10 and over again.’

“Here is a comment that is consistent with the Simon-Kotovsky approach. The
-ﬁbject savs ‘it goes 1, 2, 3, f—missing oul the 11's— 5, 6 and then it will be 7, 8 and
i} again. ..’ (our em phmi:) Here the eycle length marker, ‘11°, seems to be quite
dmtmct fiom the series I, .. The series is compelling in its own right in that it is
entical to the external refcrence alphabet. The two factors probably contribute to
subject’s first suceess in a problem involving both ‘sames’ and ‘nexts’ intermixed.

_Dblem 6. 0151815208151

!Why an 8 next? Well, 9, 15, 1—[1,2,3] 8, 152, 9, 13 then I then 8 then 2, 9, 15
en 1, 8. 15 and so on. So it goes 1, 8, 15—how did you manage to find where that
gan ? That it begins here [1] because it starts with a 8, how did you work it out in
ur head that it began 1, 8, 15 and so on? Well 9, 15 and then if goes 9, 15 That’s 9,

 the first two and 9, 15 the last but three and the last but two. One [3] One,
f]ﬂrat term} and then it should be §. I see 8-— the 4th term and 8 next on. Adnd 15
{ﬂh term)] next and then 2 and then the 9 and then 15 so on’

This is a trace of the subject’s application of the template strategy. The template,
nstructed from the first six members of the series, resides in the problem jtself
d is so referred to

blem 8. 121212231234 12

‘Why 5 next, how does lt fitint Well it goes 12..1..2—12..2. .3—12..3. 4, and
then it'll be 12..5 .6—12 7. .8—12..9. 10 and so0 on. How dzd you spot that there
was 12 and '[hml two numhers? What do you mean? When you looked at it cavefully
5’0‘.1 would pick out 12 and two numbers, 12 and two numbers, .. .how did you work
ot which number came there after that 122 Well it goes 12. 1 2 then 12, 2.3,
12 Aerrl2 03 4, 12,5,6..12,7,8..12. 0..10 and so on. 'l‘heso two numbers that
are the second part of the group do they go in order all the way alongf Yes Read
;hem out, what order do thev make? 1, 2,2, 3,8, 4, thenit’dbe 5. 0,6,7;8, 8,9, 10;
11,12, 12, 13, and so on’

Heio the busic cyele, marked by 12%, is clearly acquired by the subject. Then with
the experimenter’s assistanee, o Simon-Kotovskv-like elimination of the 12°s ig
1_188(1 to deteet the relation among the variable elements In alll the subject goes
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through three wpetltlom u,nd extrapolations of the aoqtmnw EgllOLlH“‘ 21.: l'-’x
they are: . 1-2, 2-3. 3-4, 5-6, 7~8, 9-10.. ;¥1 1-2, 2.3 4. 34 5- -1, 5

s TIT1-2, 223, 34, 5-6, 6’ 7, 88, 9-10, H 12, 712-73 . 1t is cleay hom ﬂ.r L,
extx(xpo)a,tlon that the subject is aware that the variables should repeat as 1y v ;,
repeats, but he consistently fails to do it at the discontinuity between problen .
extrapolation, and occasionally ers during the extrapolation itself. The dcsux]n
of th}s failure in our terms is that the correet patiern of nns is oceasionally misa |
as fls. In Simon-Kotovsky terms the subject is unable to do a ‘produce’ witl,., .
also doing a ‘next’

Froblem 14. 671415781516 8 0 16 17

‘9! How did you think that 9 goes in there? Well it stwts 6, 7, 14,15, 7,8 13,16, 3 1
16, I7. Then ? If can'i be QWI Heink s 10 then 17, I, luu mean Y, 1o, 17, 187 3.
And what would eome after that? After the 187 11, 12, 18, 19 I think anjay. He .
did you work it out from these, how do thev gol 6, 7, 14, 15, 7, S, 15—t goes. |1
do these ones after. You'll do the second digit in each group after. 6, 7; 7, 8, 8, 9, i 4
then i'd be 9, 10. And then? Ak it's gone ond of miy head 17. 12, No, 10 H 18 that viyl
I think so. How about these others? 14, 15 l’wn 15, 10 then 16, 17 then 18 no 17 -
then 19, 20 then 20, 21 then 21, 22 and so on.’

This is the best example of a Simon-Kotovsky two-position strategy. Haltingl,
but correctly, the subject is able to overcome the difficulty he had with repeatsd
symbols in problem 8. Perhaps during these 15 or 20 minutes the subject lu-
acquired the facility to move through a list in ofher than a simple series of ‘nexts
Furthermore he has by now acquired the ability to treat two positions on the integ.r
alphabet independently, although not simultancously.

Problem 15. 98787676565

‘A and 3 come next. How does timt fit in nltogether? Well because it goes 9, 8, 7, 5. 7
6, 7. Take your time. 9—lhere’s only onc 9 1igid 2—and then il goes three 7s and ihin
three &’s [counts]. Is it three 5's? OA/ I forgot, Ok dear it was going to be 5, 3. Why iz
that? It's one 9, three 7's fwo 8's and one maf. s three, Three 8's! I don’t know whether
it's odd or cven—odd I think, is it? These: 7, 97 That's odd ves. Oh good. Is thure
an easier way to put them together? IV ell u‘ goes 3, 7, 9 then. You're pointing out
—two [5’s] two [7's] and a 9 going back the way Oh but il's going to be three [
three {7's] and one @ then a 9 and a 3. How would a 4 next fit in? It wouldn’t fil 1+
‘cause i'd be one {9) threc [7°s] hwo [5°8) and one makes 3 How does that read frou:
the beginning? 9, 8.7, 8,7, 6,7, 6,6,6,5, Litdbe 5,3, 5, 2,5, 1,5, 0.

The subjeet is unabie to detect the cycle length, probably beeause there are w
fixed elements in the triplet, and all relations, within and between triplets, us
‘priors’. Having failed that he turns first to an eafensive property of the element-
in the problem treated as an unordered set of odd and even integers and attempi-
his *fairness’ strategy of old. Alter noticing that the last part of the problom b
consistent with a oycle length of two, he then extrapolates a pattern hased upor
ps (6, 5) Flis attempt to construct solutions consistent with only the last part of
the problem is similur to hehaviour of subjects in binary ehoice experiments

This mixture of strategies indicates that the issue i= not *which model is cortect
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ather ‘what are the conditions that lead to the adoption of one or the other
soach’. This issue is related to the developmental one in that the template build-
"";fapproa.ch, although logically sulticient to solve more udvanced problems, seems
to less often invoked as the problem complexity increases. This is true even
h none of several variants of the Simon-Kotovsky model are sufficiently strong
- gagolve all of the problems in Set ITI, and even though the template strategy
' pses less of a load on short-term memory than the Bimon-Kotovsky ‘feature
gaaning’ strategy. As the subject becomes familiar with these problems he appears
stterpt an embrace of the entire problem at once, and in so doing he abandons
myopia implicit in the successful template strategy .
Progress in this complex area has only begun, but information processing analysis
wmy provide the tools equal to the difficulty of the undertaking
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