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Abstract

A production system {PS) is a set of rules each of the form ¢ = A,
meaning that the action A is to be taken whenever the condition C is satis-
fied. PSs can be used to construct information-processing medels of human
behaviour, and have certain advantages over other simulation techniques that
make them especially suitable for describing cognitive development. 1In this
paper the nature of children's seriation behaviocur is discussed, and an il-
lustrative PS is written to model the actual behaviour of a 5-year-old sub-

ject. A technique for the experimental validation of PSs is outlined.
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1. Production Systems and Seriation Behaviour

The relationship between computers and psychological theorising has
been changing in recent years. At first, computer simulations served
mainly to counter certain objections to the language of cognitive theories.
Te. many psychologists it seemed that explanations phrased in terms of in-
ternal representations and cognitive maps presupposed the existence of some-
one to examine the representation or read the map, and to postulate a mys-
terious homunculus in order to account for one's behaviour was clearly to
beg the issue. The advent of computers soon laid this particular ghost to
rest. Computer scientists began to speak of their charges as following rules,
making decisions, and so on; but since '"the computer was clearly a mechan-
istic device, behaving as it did because the laws of physics constrained it
to'" (Newell § Simon, 1971}, there was no temptation to level the same accu-
sation of anthropomorphism. It became accepted that if dumb mechanism can
perform these activities without the assistance of something or someone else
inside actually to do the work, then so can the human brain. This exorcism
of the homunculus-as-executor perhaps accounts for the popularity during the
1960°'s of computer programs to simulate psychological processes, from LT and
TOTE units onwards (Newell, Shaw § Simon, 1958; Miller, Galanter § Pribram,
1960).

For a demonstration of sufficiency of this kind, the internal details
of the simulatiocn program are vreiatively unimportant. It matters little
what language the program is written in, nor how it is structured. What
counts is that the program indeed perform the task it claims to be simulating.

Kessen (1962) provides an extreme statement of this view when he says that




“Given a set of circumstances and a set of responses, the problem

of the simulator is to write a machine program which will give him

the answers the human being gave. In devising a program he may be

neutral with respect to general psychological theory, however un-

likely this case is in fact, and he may, if he chooses, igncre the
probiem of transition from one stage to another or the problem of
differences among species or other sub-populations. His task is to
make guesses about the functioning of the 'black box' and then, in
imitation of Providence, to build it.*"

Recently, however, this view has been challenged; some have objected
to the idea that arbitrary computer programs are suitable as theories of
human behaviour. Fodor (1968), for instance, has argued that in order to
constitute a valid simulation, it is not enough for the program simply to
display the same behaviour as the human did. It must also be capable of,
but refrain from, displaying the whole range of potential behaviour that
the human couid have displayed, but didn't. (Fodor himself expresses the
point a little less laconically.) Then there is the matter of the supposed
origin of the program. It happens that computer programming is a specialised,
skilled intellectual activity, and for many people a hard one to learn. In-
deed, it is sufficiently difficult and poorly understood that attempts to
mechanise it remain at a rudimentary level, in spite of the effort being
applied to the task (for example, Waldinger & Lee, 1969). How, then, can it
make sense to speak of a personfs following a program inside his head: how
could the program have got there? Where did it come from? It seems implausible
that the person himself couid have devised it, since in most cases the pro-
gramming task is well beyond his {or anyone else's) ability. It appears
that in using programs to explain behaviour we are again in danger of in-

voking a homunculus, this time in the role of programmer. Or again, Frijda

(1967) has pointed out that it is not sufficient to judge a program that
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claims to be a simulation of human behaviour simply by examining its ex-
ternal performance. One must also examine its internal structure. As
£arl Hunt (1971) puts it,

"... very large programs have a way of becoming bogged down in

details. It may be that it will be hard to find out what causes

the simulation to behave in a certain way. Of course, we can claim

that if we have a running program, we must have a formal model, but

this is not enough. The model is supposed to aid our understanding,
not increase our confusion. We already have one black box, man,

and hardly need another made of IBM cards."

The last few years have seen progress in the development of a new
technique which holds promise for answering both the complaint of arbi-
trariness and the question of origin, thereby banishing also the homunculus-
as-programmer. Devised in order to help in the analysis of detailed proto-
cols of human probiem solving behaviour, the technique attempts to capture
the regularities in a subject's behaviour by writing a set of independent
rules -- known as a production system (PS) -- that expresses what the sub-
ject does under what conditions (Newell, 1968; Newell § Simon, 1971). Each
individual rule (or PR, for 'production rule'") is a condition-action state-
ment of the form C => A, and means simply that in the circumstances specified
by C the subject performs action(s) A. As a simple example of a PS, Newell
§ Simon (1971) give the following PRs to describe the behaviour of a thermo-
static control system intended to keep the temperature of a room between
70° and 72°:

(T1) Temperature < 70° and Furnace-state = off  =» Turn-on [furnace]

(T2) Temperature > 72° and Furnace-state = on = Turn-off [furnace].

The action on the right hand side of Tl applies whenever the condition on
its left hand side is satisfied, and similarly for T2. An extended discus-
sion of the properties of PSs, and more elaborate examples, can be found in

the references given above.




To date, PSs have been applied almost exclusively to the analysis
of adult verbal protocols drawn from domains such as chess, formal logic,
and cryptarithmetic. The research this paper is based on attempts to break

new groundl’2

in a number of ways:

- it uses PSs to account for the non-verbal behéviour of children;

- it is less closely tied to protocol analysis as its principle
means of empirical validation;

- and it confronts seriously the question of how PSs change over time.

In this paper we will argue the case for PSs and show how they are useful

in trying to understand children's behaviour on a seriation task. We will
discuss certain properties of PSs and their advantages over other forms of
simulation (Section 1), review briefly what is known about the nature of
seriation behaviour (Section 2), and then write a PS to model the actual
problem-solving behaviour of a young subject (Section 3). Finally, in Sec-
tion 4, an experimental approach to the validation of PSs is outlined. How-
ever, we begin by making the acquaintance of a hypothetical PS in order to

have some idea of the kind of beast we are dealing with.

Gascon (1969) has examined behavioural protocols of children performing a
weight seriation task, but his '"production system" forms only a small part
of his simulation program.

I have only recently become aware of the interesting work of Knifong (1971},
who carried out a "framework analysis" of detailed protocols of young chil-
dren working with a beam balance. Without pretending to do justice to the
merits of his technique, we can perhaps characterise it as complementary to 0o
the approach adopted here. A "framework" is essentially a specific belief
the child has about the topic being investigated (i.e. in Knifong's case,
the operation of the beam balance; in ours, the seriation task). It ac-
counts for the detalls of the child's bghaviour in the sense that the
behaviour has to be consistent with it and fall within its scope. Pro-
duction systems, on the other hand, try to model the details of the be-
haviour more directly, but perhaps stand in need of something like a
"framework' to represent explicitly the knowledge implicit in the pro-
duction rules.




The seriation task and an idealised production system

The particular problem-solving task we will be concerned with in this
paper is quite straightforward: a child is given half-a-dozen wooden rods
of different lengths and asked to arrange them in a straight line in order
of size. We consider only cases where the child moves the rods one at a
time between the initial heap -- called the Pool -- and the geographically
distinct series he is constructing -- called the Line. The hand holding
the rod will be referred to as the Hand, though it may sometimes be the
child's left hand and sometimes his right. We concentrate on the repetitive,
cyclic phase of the seriation, which usually involves selecting rods from
the Pool one by one and placing them in the Line. For present purposes we
will not even attempt to model accurately the start and termination of the
seriation process.

Consider a hypothetical child who solves the problem by always picking
up the smallest rod remaining in the Pool, and then placing it at one end
of the growing Line. Ignoring for the momént all questions of verification
or psychological plausibility, the PS below can be used to simulate his be-

haviour. The left hand side of each of the PRs is referred to as its condi-

tion, and consists of a goal (Place.all, Place, or Get.next), possibly con-

joined with a predicate (At, or "Hand ="'). The right hand side, or action,

consists of an operator (To, Set.goal, Select.smallest, or Insert.at.right).
The rules apply one at a time as determined by the immediate goal and the
states of the predicates: at any moment the PR whose condition is satisfied
is the next to be invoked. Usually the rules fire in the cyclic sequence
PG; P1, P5, P3, P2, P6, P4; P1, P5, P3, P2, P6, P4; ... . Rules Pl, P3,

and P5 can be seen to carry out the task of getting the rods, and rules P2,
P4, and P6 the task of placing them. The 'translation' given with each PR

should make the PS almost self-explanatory.




{(P1) Place.all; Hand = 0 = Set.poal [Get.next]

If the immediate goal is to place all the rods (i.e.
to solve the seriation problem), and if the Hand is
empty, then set up the goal of getting the next rod.

(P2) Place.all; Hand = 1 =3 Set.goal [Placel
If the immediate goal is to place all the rods,
and the Hand is holding a rod, then set up the
goal of placing it correctly.

(P3) Get.next; At [Pool] 2> Select.smallest
If the immediate goal is to get the next rod,
and the Hand is at the Pool, then pick up the
smallest one.

(P4) Place; At [Line] - Insert.at.right
If the irmediate goal is to place the rod, and

the Hand is at the Line, then put the rod at
the right hand end of the growing series.

(P5) Get .next ny To [Pool]

(P6) Place = To {Line]

If the immediate goal is to get the next
rod, (and the Hand is not at the Pool),
then move it to the Pool. Similarly, if
the goal is to place the rod (and the Hand
is not at the Line), move it to the Line.
P5 and P6 do not apply if P3 and P4 are
applicable, respectively -- see the dis-
cussion below.

Finally we need a rule to put the chiid in context and set him working on
this task rather than some other one. Without attempting to spell out the

details, we can write this as

(PO} Seriation.instructions =- Set.goal [Place.all]

i.e. when given appropriate instructions and materials,
set up the goal of solving the seriation problem.
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A few fairly technical remarks on this PS are needed. First, the order
of the PRs. Unlike the PSs used by Waterman (1970) and Newell & Simon (1971)
our PRs are effectively unordered. That is, the order in which the rules
are written conveys no information about their operation. Instead of using
ordering to resolve the conflict between two or more PRs whose conditions
become satisfied simultaneously, we will always pick the PR whose condition
is most restrictive. Thus P3, whose condition is "Get.next; At [Pool]", may
conflict with P5, whose condition is "Get.next", in which case P3 wiil be
evoked. Similarly, P4 takes precedence over P6.

Second, goals and the goal mechanism. This paper is not the place
to discuss in detail what is meant and implied by the use of goals; that
has been done elsewhere -- for example, in Chapter 14 of Newell § Simon (1971).
For present purposes a goal can be regarded as an internal symbol whose func-
tion is to trigger behaviour that tends to bring about some state of affairs.
Behaviour -- that is, a PR -~ is evoked always in the conteXﬁ of some goal,
called the immediate goal (IG). Whenever a goal is set up, the old IG is
"oushed down'', and the new goal is stacked above it to become the new IG.
When that new goal is satisfied it is '"popped off" the stack and the previ-
ous IG is reinstated. In the PS given above the stack of gcals never becomes
deéper than two. The goal of Get.next is satisfied by the performance of
Select.smallest, and Place is satisfied by Insert.at.right. The main goal
of Place.all, presumably, is satisfied by the successful completion of the
seriation task.

Lastly, the matter of what Newell § Simon (1971) refer to as the para-
meterisation of the production rules. It often happens that one or more PRs
can be regarded as versions of 2 more general rule specialised to the parti-

cular case of seriation (or whatever the task happens to be). Both P5 and




P6 above are essentiaily instances of a rule something like "if you want to
do anything that requires being at a certain place, then go there'. The
issue is then at what level it is appropriate to represent a PR: should it
be represented as a parameterised instance of the most general rule possible,
or as if it existed independently as a fully specified variant? For the
moment we will simply write the rules in whatever form seems most suitable.
But it may be helpful to remember that the same PR can usually occur in dif-

ferent versions at different levels of generality.

Production systems for cognitive development

Production systems have been used in the past almost exclusively to
model problem-solvers assumed to remain constant over a period of time;
almost none has dealt with the possibility that the PS might change during
the course of the task. The one exception we know of is Watemman's (1970)

PS to play draw poker that learns to improve its game by modifying its exis~-
ting PRs and adding new ones. In this section we will argue that PSs pro-
vide an excellent tool for modelling also the growth and development of
cognitive skills. The arguments for their superiority over ordinary pro-
grams will be confined to issues directly related to psychology--there exist
further arguments for their superiority on technical grounds, but they belong
in another paper. The discussion that follows draws heavily on the eight
points mentioned in Chapter 14 of Newell & Simon (1971).

An attractive feature of a PS is that its simple organisation as a
homogeneous set of rules leads to a corresponding structure in the resulting
behaviour. Each PR represents a fragment of potential activity--a meaningful

component of the total problem-solving process. In the simple thermostat




above, rule Tl has a unique interpretation quite independent of what other
rule(s) may be present; namely, "if the temperature is less than what it

should be, make sure the furnace is turned on." Similarly, mutatis mutandis,

for T2. This property makes it possible for a PS to be expanded incremen-

tally, simply by adding further PRs to the existing ones. For example,

Newell § Simon's simple thermostat has a more advanced feature to take spe-

cial action when the temperature falls too low. We simply adjoin to Tl and

T2 the new rule;

(T3) Temperature < 32° 2> Call-repair-man; Turn-on [Electric-heater]

or whatever.

Even though production systems are a form of programming language and

a PS constitutes a bona fide information-processing model of the behaviour

it simulates, there are important distinctions between a PS and a program
written in one of the more familiar languages such as Algol, Fortran, or
Snobol. (We will refer to such programs as 'flowchart-programs'.) These
distinctions indicate that the approach described in this paper differs
markedly from earlier attempts to devise information-processing accounts of
cognitive development (e.g. Gyr & Fleischer, 1967; Klahr & Wallace, 1970).
Klahr and Wallace, for instance, view the child's performance on a set of
classification tasks as being governed by the assembly of cextain subroutines
into a full program. But this form of self-programming, and the manipulation
of subroutines inside their heads, would seem to be just the kind of thing
that children are unable to do, and more recently Klahr and Wallace (1972)
have shifted to using a PS to describe their behaviour (in this case, on a
class inclusion problem). Subroutines are just not manipulable in the way

that PSs are. In particular, it is generally difficult to 'grow' a working
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subroutine by making small, localised additions. Since it is designed to
perform a logically unitary and well-defined job, one tends to think of a
subroutine as having an all-or-none existence: it is either present, in

vhich case all of it must be present, or else absent, in which case there
is no point in having various pieces of it lying around. Subroutines do

not share the incremental nature of production systems.

A further advantage of PSs over flowchart-programs is that it is more
meaningful to ask the question '"Where does it come from?" of a single PR
than of a component of a typical subroutine. A subroutine usually makes
sense only when viewed as an integrated whole, so the typical justification
given for one of its components is the "conservative" one that when the sub-
routine is put together the way it is, it does the job it is supposed to.
In contrast, individual PRs frequently possess a kind of 'local plausibility’
that serves to justify them in their own right, regardless of the task they
happen to perform when put together. This makes it easier to believe that
the child could have acquired them without benefit of any deep insight into
the particular task he uses them for. We pointed out above that rules P5
and P6 of the PS for seriation are versions of s more general rule expressing
the idea that if you need to be somewhere, the appropriate behaviour is to
move there; and it is quite easy to accept that rule as being just the kind
of thing the child is likely to have learned from the explorations of his
sensori-motor period of development (Piaget, 1954).

According to Newell § Simon (1971), "production systems are the most
homogeneous form of programming organisation known". One result of this
homogeneity is that a PS, unlike a flowchart-program, makes clear exactly

which decisions the child has control over and which others are forced on




him by the envircnment in which he operates. To see this, consider first

a fragment of a flowchart program of the form

— 3 R [ p—

that simulates a child performing action A followed by action B. Why are
the actions done in the order A then B instead of the other way round? The
flowchart provides no indication whether the sequence is decided by the
child's problem-solving processes, in the sense that B could equally well
be carried out before A as after it, or whether the order is determined by
the very nature of the task, a3 would be the case if A were the action ''pick
up the doli" and B were ''squeeze the doll". Similarly, granted that A occurs
first, why is it follewed by B rather than, say, C: is it because the fact
of having just completed A itself serves as a cue to do B, so that the se-
quencing is accomplished essentially by what Osgood (1953) calls '"response-
produced cues'"? Or because one effect of performing A is to create condi-
tions that make B appropriate, in which case B would be next even if those
conditions were set up by something other than A? The flowchart fails to say.
Production systems, on the other hand, make explicit distinctions that
provide answers to these questions; In our idealised PS for seriation, we
mentioned <that P6 is invoked immediately before P4. However the PS con-
tains no representation of a decision, say, not to perform P6 after P4.
Rather, the order is determined by the physical impossibility of placing a
rod in the Line without first moving the Hand there. Similarly, P3 is in-
voked when it is, not because it follows PS5 but because picking up the smal-

lest rod is the appropriate thing to do when one's Hand is at the Pool and




one wants the next rod. P3 would be invoked in these conditions no matter
how they came about., Indeed, initially the child's Hand may very well al-
ready be at the Pool, in which case P5 will not be invoked the first time
arcound and P3 will directly follow P1. It is worth looking a little more

closely at this dependence upon the physical situation.

The role of the environwent

One of the dimensions along which human problem solving can vary is
the extent to which it is stimulus-independent rather than stimulus-bound.
Exampies of both kinds are easy to find. When someone is given a mental
arithmetic task, say to muitiply a three-digit by a two-digit number in his
head, once he has the two numbers all further data are generated internally
by his own mental processing and his activity becomes largely stimulus-
independent. Converseiy, in a perceptual-motor task such as rolling a steel
ball through a maze, the subject is continually taking in information from
the changing physical situation, and that new information largely determines
his actions. We say that his problem-solving is highly stimulus-bound. The
point we were making above can be restated in terms of this distinction. In
a flowchart-program the normal flow-of-control is assumed to be data-independent,
.making it unsuitable for simulating behaviour that ranges widely between
stimulus-independent and ~bound. In contrast, a PS can deal quite uniformly
with any point on the dimension, since the condition on the left hand side
of a PR can refer either to an internally generated symbol {such as a goal),
yielding stimulus-independent activity; or to the external situation, yielding
stimulus-bound activity; or to a mixture of the two.

Thus a PS can represent the role of the environment in governing the

child's behaviour in a way that a flowchart program cannot. This is important
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because a pre-operational child relies te a great extent on the physical
environment as a place-keeper and external memory to reduce his cognitive
load (Bruner, Olver § Greenfield, 1966). Accordingly, it seems unprofitable
to attempt to model cognitive development with programs that are largely
stimuius-independent.

A closely related point is that it is the PS together with the proper-
ties of the environment that determine the subject's behaviour, not (except
in extreme cases) the PS alone. Consider again the example of the simple
thexrmostat. Although rules Tl and TZ describe the properties of the control
system, they are not sufficient for us to predict its behaviour. For instance,
at some moment Tl is invoked and the furnace is turned on, but the PS omits
to tell us how long it will be before the temperature reaches 72° and T2
applies. Suppose, however, we told that when the furnace is on the tempera-
ture rises by 1° per minute and when it is off it falls by 3,0 per minute.
Then we can predict the transitions of the control system, minute by minute,
starting from any initial temperature.

One can see that a PS, like any partially data-dependent process, is
essentially incomplete. Since the behaviour of the PS depends upon proper-
ties of the task situation, in order to predict the actual course of a prob-
lem-solving process we must add to the PS an equally explicit characterisation
of the external physical environment. From the point of view of the PS, this.
characterisation has to describe what effect each of the possible operators
has on the states of the predicates. For example, in the case of the idealised
production system for seriation given earlier, the characterisation of the
environment has to include the fact that picking up a rod results in there

being a rod in the Hand, i.e. that performing the operator Select.smallest
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results in the predicate '"Hand = 1" being true. Kncwing this, we can predict
that P2 will be the next rule to be invcked after P3. Similarly, there has
to be a statement of the fact that the operator insert.at.right leaves the
Hand empty; and also four sub-statements to express that if one moves to
the Pool, the Hand is then "At" the Pool, and is not "At" the Line; and so on.
Notice that this characterisation provides a partial description of the
environment in terms of exactly the same predicates and operators as appear
in the PS. One can readily see that a more complicated PS with more predi-
cates and operators would require a correspondingly more elaborate charac-
terisation to describe its environment. This point is crucial to understanding
where new PRs come from, which is an issue we will not pursue here. The
same point also explains one sense in which we can speak of there being a
"match" between a child's abilities at any time and the situation in which
he operates (see J. McV. Hunt, 1961, 1969). The fact that a different PS
requires a different complementary description of the environment demonstrates
that the characterisation is not at all a neutral summary of the external
environment. Rather, it describes the effective environment-for-the-child
in which his problem-solving takes place. This notion that different chil-
dren (or the same child at different times) operate in different worlds shouid
sound familiar. It is closely related to the observation of Newell § Simen
(1971) that someone working on cryptarithmetic, for example, who can make
inferences such as "odd + odd = even" is in a quite different problem-space
to someone who cannot.

Production systems and developmental psycholingpistics

Our use of production systems to describe the seriation abiliities of

children of various ages is reminiscent of the work of the developmental
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psycholinguists who seek to capture a child's linguistic growth in a series
ef grammars (see, for example: Bellugi § Brown, 1964; Chomsky, 1969; Klima
& Bellugi, 1966; McNeill, 1966, 1970). Just how similzy are these two lines
of research? The brief discussion below fails to do justice to the subtlety
of some of their relationships, but would seem to indicate that they are
sufficiently different for no useful purpose to be served by blurring the
distinctions between them.

The similarities are certainly there. We find the counterpart of Klahr
and Wallace's (1970) notion of 'developmental tractability® in the attempts
of the psycholinguists to model the child's linguistic development by evolving
systems of rules, each system emerging as a modification of the preceding
one. For example, McNeill (1970) sees the child forming classes of words
by successive differentiations of earlier classes, and describes the grammar
a2s evolving in response to the pressure from these newly formed categories.
Menyuk (1969) also stresses the continuity between successive stages, dis-
cussing various versions of the base-structure rules in terms of their growth
from the previous stage; and Bloom (1970) similarly makes detailed comparisons
between the ruies of consecutive stages. Furthermore, the similarities are
not restricted to matters of formalism. Both protocol analysis and develop-
mental psycholinguistics are marked by the attention they pay to the details
of an individual subject’s behaviour, and their attempt to account for it.

And Bloomfs (1970) emphasis on the importance of understanding what the child

is saying as a step in revealing his linguistic competence is made in the
spirit of a born protocol analyser.
Despite these correspondences, to regard the two lines of research a3

essentially similar is tc be misled by the trivial coincidence that both
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individual PRs and grammatical rules are written with a right arrow. A PS
and a grammar, after all, are quite different kinds of beast: one describes
a process, and the other a pattern. With a PS, one is interested in the
step by step activity of the system as the rules are invoked, each leading
to some (internal or external) behaviour. With a grammar, on the other hand,
one is interested only in the final outcome: the (possibly infinite) com-
plete set of sentences that the grammar encompasses. A child's grem-
mar does not aim to predict what he will actually say on any given occasion.
Rather, it summarises his potential, and provides a description of the whole
class of sentences he could utter given appropriate circumstances. This is
just the difference between 'linguistic competence' and 'verbal behaviour'.
The fact that the similarities of their techniques are misleading stiil
leaves open the possibility of a much deeper connection between the two dis-
ciplines: namely, that a person’s linguistic abilities may be mediated by
a mechanism that can best be described by a production system. But in our
present stage of ignorance that line of thought yields only speculation,
and leads far outside our proper concerns. It is high time to turn to the

subject of seriation.
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2. Seriation

Seriation was introduced into the psychological literature by Piaget,
two of whose books report studies dealing with the task (Piaget, 1952;
Inhelder § Piaget, 1964). For Piaget, the ability to seriate is of great
importance for the child and underlies many of the other operations of con-
crete thinking; for instance, seriation and classification together provide
the twin supports on which the child's (or the adult's) conception of number
is based. According to Furth, "Piaget's aim in observing seriation behavior
is first and foremost to discover the general behavior of relating and or-
dering that can become manifest in a great variety of different concrete
situations' (Furth, 1969, p. 15).

Piaget's original observations on Genevan children have been replicated
on children from other cultures, such as by Elkind (1964) in the U.S.A. and
Proscura (1969) in the Ukraine, and even on retarded children (McManis, 1968,
1970). It is generally agreed that the ability to seriate emerges.later than
the conservation of length, but before the ability to make inferences based
on transitivity (Elkind, 1964; Murray § Youniss, 1968; McManis, 1970; but
see also Battisti § Simmons, 1968). But beyond the replications and clari-
fications, little work has been done. Particularly noticeable is the lack
of any systematic study of the developmental relations between seriation and
a range of other abilities, along the lines of Smedsiund’s (1964) investiga-
tion of transitivity and conservation or the scalogram analyses provided by
Wohlwill (1960) for the concept of number and by Kofsky (1966) for classifi-
cation. The experimental studies consist mainly of parametric variations of

Piaget®'s original observations, as represented by Shantz's (1967) demonstration
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that adding irrelevant information makes the seriation task more difficult,
the effect diminishing with age. These empirical findings seem to have ad-
ded little to our understanding of seriation, and none of them has been able

to isolate the processes underlying successful performance of the task.

The nature of seriation

Although nothing emerges from the published studies that can reasonably
be called a theory of seriation, we will see that we can usefully sharpen
our intuitions about the task. In this section we will try to understand
what it is that the pre-operational child is doing when he is seriating. One
point crucial to appreciating the kind of prohlem that seriation poses for
the child is to bear in mind that seriation is a task in concrete reasoning
usually given to children just about to enter their stage of concrete opera-
tions. Flavell (1963, Chapter 4) characterises this stage as one in which
the child's cognitive activity takes the form of mental experiments carried
out on physically present objects. That is, he can "run off reality sequences
in his head" without actually manipulating the ohjects, but he is unable yet
to reason about them abstractly. Glick & Wapner (1968) have demonstrated
experimentally the great difference that exists for the child hetween dealing
with manipulable objects and simply reasoning about them. They faced the
child with a problem in transitive inference; in our case, we have to remem-
ber that the child is being asked actually to seriate some real blocks. His
behaviour would be quite different on a 'formal seriation' task, such as be-
ing asked: "If I were to give you a jumbled heap of sticks all of different
lengths, how would you set about arranging them in a row in order of increas-

ing size?"
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Up to a certain age (Piaget's stage 1II) even children who can seriate
correctly do so by trial and error. Although seriation of this sort anpears
early if the materials are easy enough--children of 18 months can typically
arrange a set of nesting boxes or build a tower with blocks of decreasing
size--""as soon as the size differences are made less apparent, the child
manifests an almost total lack of seriation ability"(Furth, 1969, p. 64j).
Rather than bulding the line systematically, say by working step by step
from smallest to largest, young children simply try rearranging the hlocks
in a more or less effective way until they lock right. Often they make some
attempt to work from smallest to largest, but they produce reversals and
omissions, and the blocks left over are simply placed at either end. Fail-
ures to seriate commonly show up as a collection of subseries, instead of
one integrated seriation.

This behaviour can be interpreted as showing that the child is doing
little 'reasoning' about the task, and indeed he shows little anticipation
of what the results of his actions will be {Inhelder § Piaget, 1964). Elkind
(1964) provides the most insightful account of this stage of empirical ser-
iation. As he interprets Piaget, the child at this stage does not represent
the seriated line as part of a series that in principle can be extended in-
definitely, as does the adult. Instead he views it as a particular configura-
tion to be reprocduced. Elkind compares this view of seriation to the task
of fitting together a jigsaw puzzle. Structuring the seriation task as one
of reconstructing an arbitrary, given arrangement of pieces inevitably leads
the child to adopt a strategy of trial-and-error arrangement, and contrasts
with the adult's structuring of the problem as one of exhibiting a rank or-

dering.
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Since at this stage of trial-and-error seriation the child is concen-
trating on the configuration as a whole, the actual length of the rods is

relevant only in so far as it affects the appearance of a rod relative to

the others. As we have already seen, a child who cannot seriate operation-
ally also does not yet possess the notion of the transitivity of length--
the operational knowledge that if rod D is longer than rod C (D=C), and.CvB,
then necessarily D>B without there being any need to compare the two directly.
Inheider § Piaget {1964) use the term ''global" seriation to refer to the
child's preoccupation with the overall shape of the configuration at the ex-
pense of paying attention to the elements of which it is composed. They con-
trast it to the operational "analytic' approach, and demonstrate that the
chiid can anticipate the global form of the series--by drawing it as a se-
quence of rods of monotonically decreasing length--long before he can predict
where each rod will appear in the final series.

At stage III, once he has attained reversibility, the child reaches
an equilibrium in which he is able to structure the series in an operational
way and follow both its directions at once. Each rod is understood to be at
the same time larger than one of its neighbours and smalier than the other.
Thus an understanding of the relaticns *<' and '»' lies at the heart of
operational seriation. Prior to this the observation of C<D led to the char-
acterisation of C as 'small' and D as 'big', so that the simultaneous per-
ception of the relations B<C and C<D, far from being combined into the com-

pound relation B«<C<D, actually led to a contradiction: *C is big' and 'C is

small'. However, once the relations are mastered, the whole series A«B«C<D<E ..

can be seen as composed of a repetition of the single relation ‘'<'. Or,

to express the child's understanding more precisely, since he functions at
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the concrete level rather than the formal, we should say that he represents

its extensive (;??f;fj?ii;‘é) and intensive ( )} aspects. This same
coocrdination of intension and extension is what leads the child to a suc-
cessful grasp of hierarchic classification, which follows close on the heels
of seriation (Inhelder § Piaget, 1964).

Piaget takes as a criterion of operationality the child's ability to
insert an extra rod into an already formed series (Piaget, 1952). At the
pre-operational stages the child is usually unable toc do this correctly.
Typically he places the new rod at one end of the line, or next to it, or
even on top of it; or he may be able to replace one of the original rods
with the new one, and then have a different one left over. Again, Elkind's
analogy to a jigsaw puzzle is helpful, and suggests that the child may not
so much misunderstand the task as regard it as arbitrary. Imagine completing
a jigsaw puzzle only to have someone hand you another piece with instructions
to "place this where it belongs!" It may also be that because the rods are
seen as belonging to a closed configuration, it is hard for the chiid to
compare the new rod against the individual elements in the series. At any
rate, mastering the relations <! and '>' makes the task of insertion iden-
tical to the original task of seriation. To insert a new rod D' between

D and E is to manifest simultaneously the relations D<D' and D'<E, just as

D itseif was placed so as to realise C«D and D-<E,
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Perception, language, and seriation

It is rather tempting to attribute the attainment of seriation to the
child's perceptual development; in other words, to try to explain seriation
in terms of perception. Certainly in the preceding discussion we have been
emphasising that the child at stage I does not structure the line as an or-
dered series, whereas the operational child does. But Piaget and his fol-
lowers argue that to treat the change in perception as responsible for the
emergence of seriation is to confuse cause with effect.

Before arguing that operation seriation cannot be accounted for by the
development of perception, we ought logically to show that it is legitimate
to draw a distinction between perception and cognition in the first place.
The arguments usually advanced for the distinction take the form of showing
that two related phenomena follow opposite developmental courses, it being
argued that one of them is 'perceptual' and the other one more dependent on
central 'cognition'. Thus Pollack (1969) distinguishes between Type I visual
illusions, which show no relation to intelligence and diminish during child-
hood, and Type II illusions, which are correlated with intelligence and in-
crease with age. Similarly, Inhelder (1962) discusses the case of the child's
comparison of the lengths of two parallel lines. When the lines are aligned,
thusly _____ , the task is a 'perceptual’ one, and performance on it deter-
jorates with age. But when one of the lines is displaced relative to the
other, _:::::j- , the task demands more in the way of cognitive capacity and
understanding of the notion of length, and performance improves with age.
Wohlwill {1962) has gone so far as to propose the shift from dominance-by-

perception to inference-making as a fundamental dimension of cognitive devel-

opment.
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Inhelder and Piaget {1964) argue that since the perceptual '"good form'
of a seriated line depends upon the sensory-motor scheme of arranging the
rods in order, the good form itself can contribute little to the ability
to seriate. Firstly, seriation itself changes the child's perception:

"The internalisation of ordering activities transfbrms.the child's per-
ception (and representation) of the series because he attributes to that
perception the results of his own mental activity" (Elkind, 1964). Sec-
ondly, the order of the series cannot help the child if he cannot perceive
it. As Furth puts it,

'"When a four-, a six-, and an eight-year-old look at an ordered

series made with sticks of decreasing length, the underlying

respective structures of intelligent behavior explain to a great

extent what these children psychologically perceive. ... The

ordered arrangement of the sticks, even though present objectively

... does not exist for the four-year-old who fails to perceive

an ordered arrangement different from an unordered arrangement.

The four-year-old's intelligence cannot assimilate seriated order."

(Furth, 1969, pp. 13-14)
Inhelder and Piaget bring various empirical arguments to bear on the point.
Using series of rods with monotonically increasing or decreasing differen-
ces, so that the profile of the series is parabolic, they show that not un-
til the age of 9 or 10 can children use the global shape of the series to
decide which of two distinct pairs of adjacent rods differ by the greater
amount. Relevant also is their well-known finding that at an appropriate
age a child's memory for the appearance of a seriated line can actually im-
prove with time, recall being better after six months than after just one
week (Piaget, Inhelder & Sinclair, 1968; reported in Inheider, 1969; Piaget
§ Inhelder, 1969). More directly, they show that before the age when he
can construct the series for himself, the young child cannot draw a seriated

line correctly even when a model is present in front of him (Inhelder §

Piaget, 1964, Chapter 9).
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As with perception, there is a similar temptation to troat language
development as being responsible for seriation. Kendler and Kendler (1967),
for example, point out that language provides the human animal with a ready-
made mediational system, one that is immediately available for each new
task., But they are surely mistaken in attributing success on the more advan-~
ced tasks, such as seriation, to the existence and use of language. Piaget
has shown again and again that operationality does not depend on language;
but that on the contrary, the concrete operations supply the cognitive struc-
tures needed for the child to use language correctly. The most direct study
of the relationship between language and operational thinking has been carried
out by Sinclair (1967, 1969). Studying the problems of conservation and
seriation, she found that certain higher-order linguistic devices were
used in a situation only by children who succeeded on the task. For example,
in the conservation task, successful cﬁildren tended to describe the contain-
ers in terms of comparatives like ‘'bigger', 'taller’, whereas the younger
children used only the absolutes 'big' and 'tall'. It could not have been
the case that the more advanced language was responsible for the superior
performance, since, firstly, training the children to use the appropriate
verbal expressions did not lead to operational progress. Secondly, the pre-
operational failures were not due to linguistic ignorance, because all the
children in the study could both comprehend comparatives and also use them
spontaneously in situations which they could master intellectually. Piaget's
position also receives support from the research into the thinking of deaf
children (reviewed by Furth, 1964, 1966, 1971}, which indicates that opera-

tional thinking is not contingent upon the possession of language.




25

Piaget and information processing

Since what we are doing in this paper is basically to carry out an
information processing analysis of a Piagetian task, it becomes relevant to
examine briefly the relationship between Piagetian theory and the informa-
tion processing approach. Certain broad similarities between the two dis-
ciplines have been noted before, by Hunt (1961), Simon (1962), Flavell &
Wohlwill (1969), and Cellerier (1972), among others, and we will not dupli-
cate here what they have to say. Rather we will compare the respective ap-
proaches on two issues: the role of the environment, and the nature of
symboiic representation.

In Piaget's view of development, 2 child's mental structures grow by
interiorising3 the observed effects of his own actions on the environment;
and this aspect of cognitive growth will have to play a key part in any fu-
ture information processing theory of development. Conversely, the infor-
mation processing use of a 'task analysis' to discover the demands of the
task on the organism that performs it, and the extent to which the organism's
behaviour is determined by these demands, enabies us to understand rather
more clearly certain issues raised in the developmental literature. To take
two examples:

(1) Flavell (1963) refers to the logical groupements as capturing the ob-

jective properties of the particular concrete operation each represents.
Thus the six rules of Grouping V express the properties of order as a tran-

sitive, asymmetric relation. But te the extent that this is so, it follows

3 For the difference between 'interiorise', and 'internalise', see Furth

(1968, 1969).
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that the groupements describe the environment and cannot tell us anything

about the child other than that he has adapted to that aspect of the real

world. (Compare the discussion of adaptation in Simon, 1969.)

(2) One of the categories of diagnostic error that Smedslund (1963, 1969)
warns against is that the child may perform the task by '"irrelevant procedures'',
that is, by employing a process other than the one the experimenter is inter-
ested in. To avoid this error, the experimenter has to understand his task
so thoroughly that he is familiar with all the different possible ways of
performing it and can recognise the symptoms of the “irrelevant’ ones. In
other words, he has to carry out a task analysis{ The need for such an al-
alysis, and the consequences of doing without it, are vividly illustrated

by the controversy between Braine and Smedslund over the age at which tran-
sitivity first appears (Braine, 1959, 1964; Smedslund, 1963, 1965}. It hap-
pened that the task chosen by Braine could be solved by processes other than
inferential transitivity, as Smedslund pointed out. But neither protagonist
ever considered the whole range of conceivable solution methods, and it was
left for Murray and Youniss (1968; Youniss § Murray, 1970} to make a further
change in the task presentation in order to eliminate another "irrelevant

procedure" that both Braine and Smedslund had overlooked.

It seems appropriate here to introduce & note of cautious pessimism.
if one can accept Furth's (1968, 1969) analysis at face value, there may exist
a wide and possibly unbridgeable gap between the two disciplines. One of
the difficulties Furth notes is that a grasp of Piaget's theory is made
difficult for English-spesking readers if only because the different patterns

of meaning of words in English and French encourage one to ignore distinctions
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that are crucial for an adequate understanding of Piaget's system, or in-

deed for any understanding that avoids seeming to reduce the system to a
"dispensable artifact"” (Furth, 1969, p. 92). According to Furth the Piagetian
system is at odds with the '"majority of psycholegists of different persuasions
[who] base the developmental and theoretical explanation of mature thinking
processes on the presence of symbols" (Furth, 1967). That description cer-
tainly includes most information processing psychologists, and indeed the
approach taken by Newell § Simon (1971) could quite accurately be re-labelled
as a 'symbol processing' theory. For Piaget, the internal symbolic represen-
tation is something that is constructed and comprehended by a distinct, ac-
tive knowing structure that is both logically and chronologically prior.

"Al1l symbols refer directly to scme object of knowing and only viz the knowing

to the external event''--and this is the direct opposite of the view that

"the external world is known through symbols' (Furth, 1969, p. 92). The
relation between the knower, on the one hand, and the symbol structure or
image on the other, is similar to that between the knower and the external
world (which is what makes introspection possible). The symbols derive
their representational power--their meaning--only through the knowing op- |

eration which produces them in the first place.

To an information processing psychologist such an argument must at first
giance look like a case of the fallacy-of-the-homunculus run riot: but that
may simply be a consequence of the kind of misunderstanding Furth discusses.
Certainly, even for computer simulation, there are attractions in Piaget's
unfamiliar standpoint. Whereas for Newell § Simon (1971) thinking is symbol
manipulation, for Piaget symbol manipulation is just one of several modes
of thinking, and is mediated by a non-symbolic mechanism. Such a scheme of-
fers attractions for modelling behaviour on sensory-motor or even concrete
reasoning tasks, especially since the approach adopted by Newell & Simon
makes it difficult if not impossible to deal satisfactorily with the non-

symboli¢ aspects of cognitive behaviour.
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At any rate, the present writer finds himself in disagreement with
some earlier discussions which maintain that implementing Piaget's theory
of cognitive development in the form of a computer program poses no problems
that we do not know how to solve. Frijda's list of the remaining problems
includes: '"How to simulate the processes of abstraction and equilibration;
how to make the right operations and concepts available to the program at
the right time; and how to formalise the child's enviromnment" (Frijda, re-
ported'by Gascon, 1969; quoted from Cellé;ier, 1972). At least these latter
two would appear to be currently outstanding problems in Artificial Intelli-
gence research. He may be correct in his view that they are only '"practical
problems, not 'problems of principle"”, but it is difficult to see how that
makes them any the nearer to being solved. We assert that at this time it
remains unclear how to 'translate® Piaget into the language of information
processing, and that it is far from obvious just what a '"computerised Piaget"
would look like (see Quillian, Wortman, § Baylor, 1965; Gascon, 1969).

In their chapter on Flexibility in Hindsight and Foresight, in which

they come perhaps as close as they ever do to actually discussing the pro-
cesses underlying cognitive developmental change, Inhelder & Piaget (1964)
end with the sentence '"We can now see the causal mechanisms involved". If

only we could agree with them!
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3. A Detailed Example: S315 on the Seriation Task

As an illustration of the various ideas discussed so far, this part of
the paper presents an analysis of subject S315, a five year old boy who was
video-taped while working on the seriation problem. We first describe his
problem-solving behaviour at three levels of detail, including with each
level any relevant general comments. We then proceed to analyse the behavi-
our and write a PS to model it.

The videotape was made in 1969 at the University of Pittsburgh's
Learning Research and Development Center for part of the evaluation of a
teacher-training program. The instructions given to the subject are far
from ideal, but this need not bother us since he ciearly understands the
task. The rods were of uniformly increasing length, and were arranged ini-
tially lying side by side in the order F, D, E, B, A, C--A being the longest

rod and F the shortest.

Level 1 protocol

5315 takes 21 seconds to solve the seriation problem, repeatedly

picking the shortest rod remaining in the Pool and standing it

at the right hand end of the growing Line. Twice he makes an

error in selection, picking the next-to-smallest rod instead of

the smallest, but both times he notices his error as he is placing

the rod, returns it to the Pool, and picks the correct one.

There is little to say about this level of description except to warn
the reader against drawing unjustified inferences from it. In Piagetian
terms, S315 appears to be transitional between stages II and III of empirical
seriation (Piaget, 1952). He tries to use the operational method of selec-

ting always the smallest rod, but without quite having mastered the technique.
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Level 2 protocol

Teacher: "See these? Can you put them in a line, from the
smallest to the biggest? Can you start with the smallest and

make a line ... stand them up?"' (During the second sentence

she twice strokes the table from left to right where the Line

will be.)

S315 picks up rod F--initially the leftmost--with his left hand,
and moves it to its vosition, still horizontal. He then reaches
back and stands it on end. (Teacher: "That's right!") He picks
up rod E with his left hand and places it next to rod F with his
right. Similarly with D. He then picks up B in his left hand

and with his right moves it to near rod D but not in the Line;
without having let go, he transfers it back to his left hand and
returns it to its original position. He then picks up C in his
right hand and places it. He picks up A and places it, but without
moving his hand away he picks it up again and returns it to the Pool.
He picks up B with his left hand and places it with his right,
meanvwhile using his left hand to stop A which has been rolling
towards the edge of the table. Finally he picks up and places A.

Teacher: f'Oh, that's very good ..."

Two points are worth noting about this protocol. First, S315 places
all rods after F with his right hand, after transfering them if necessary
from his left; presumably because this is less clumsy than placing them
with his left hand when building the Line towards the right.

The second is that he slaves himself to the details of the teacher's
instructions. He constructs the Line 'from the smallest to the biggest"
rather than in the opposite order. He builds it from the smallest at the
¥t to the largest at the right, the same direction as the teacher strokes
the table when she is giving the instructions. And he builds it at just
the place on the table that she indicates, even though he has difficulty
reaching so far and when he leans forward has to support himself on the

table with his free hand.
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Level 3 protocol

The level 3 description is based on a detailed transcript of the video-
tape which includes timings. Rather than presenting it here in its entirety,
we simply extract the part describing the two errors:

... He seems deliberately to select B. He grasps B with his

left hand and transfers it to the right. He places it near the

Line, seems to pay attemtion to it, then--without having let go--

he picks it up, transfers it to his left hand, and retumns it to

the Pool. His right hand picks up and places C, apparently with

great certainty. With his right hand he picks up A--again the

selection is apparently deliberate--and places it. He lets go of

the rod but does not move his hand away. He is definitely looking

at the Line. He picks up A again and returns it ...

Several of the terms occurring in this protocol--""deliberately",
"certainty", and so on--are more interpretative than objective, and their
appearance there requires some justification. We use them mainly because
we are neither willing nor able to transcribe from the videotape the many
subtle cues that contribute to an impression of certainty and so on. Partly,
we use them because they provide an appropriately detailed description of
$315's behaviour. At level 3 we are not interested in his eye- and head-
movements themselves but in what he pays attention to. We also suppose that,
if put to the test, a panel of independent observers would largely agree on
these interpretations--but that supposition remains an item of faith rather

than a known fact.

The seriation strategy

Before writing a PS to model S315's seriation behaviour we have to de-
cide what strategy we think he is using. At first glance it seems that he
is attempting always to pick up the smallest rod remaining in the Pool and
then place it, as was suggested by the level 1 protocol. However, a careful

examination of the selection errors shows that conjecture to be wrong.
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The argument hinges on two ﬁertinent features of the errors. We note
firstly that both errors occur towards the end of the seriation, when there
are only three and then two rods remaining, respectively, and therefore in-
volve only the longer rods (A, B, and C). Secondly, S315 notices his mis-
takes when he is comparing the wrongly selected rod against the part of the
Line already constructed; in particular, he doés not notice them while looking
at the Pool. Now if he were in fact always trying to pick the smalleét rod
remaining, although it is quite plausible that he would commit some errors,
it is hard to understand why he should_make a mistake when there are only
two rods left. When he makes his second error rods A and B are lying side
by side, and he appears to pick A carefully rather than impulsively. If he
were deliberately trying to pick the smallest rod this should be the easiest
choice of all, and therefore the léast'likely to go wrong. Moreover, the
place for S315 to check the rod ahd exchange it if necessary would be at the
Pool, right after making his selection: he should at that point verify that
the rod in his hand is indeed the smallest. But what he does is quite dif-
ferent. The incorrect rods are checked and rejected at the Line: he com-
pares both B and A to the rods already placed without even moving his hand
away.

These considerations suggest an alternative strategy. Rather than iﬁ-
tentionally selecting the smallest rod, we think that S315 is making use of
the uniform difference in lengths to estimate from the part of the Line al-
ready'built how tall the next rod should be. He then goes to the Pool with

that length in mind and picks a rod of that particular size. This strategy

differs from the 'select.smallest' strategy mainly in where it assumes the

information governing the next selection is located. From this alternative
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technique S315's verification procedure follows naturally, since it is at
the Line that he has the necessary infoimation to check his SelectiOn. The
errors also become understandable--for two reasons. First, the equal incre-
ments mean that the longer the rods, the less discriminable they are, so that
to confuse the largest two rods is now the most (instead of the least) likely
way to make an error. Second, the task is considerably more demanding than
a simple Select.smallest. S315 has to estimate the size of the rod by per-
ceptual extrapolation from the Line, retain this estimate while transfering
his attention and gaze to the Pool, and then try to match it against one of
the remaining rods. |

In the final section of this paper;we will discuss ways to distinguish
_1experimenta11y between these two proposed strategies. For the time being,
however, for purposes of analysis we asgume that S315 is indeed performing

this estimation procedure.

Production system for S315

In the analysis which follows we will be concerned only with the repe-
titive, cyclic phase of the seriation behaviour, which involves selecting
rods from the Pool one by one and placing them in the Line. We will make
no attempt to model accurately--or, for that matter, at all--the beginning
and end of the seriation process. The reason for this restriction is that
our one sample of S315's behaviour simply does not provide us with enough
information to distinguish among the several conceivable ways in which he
might be starting and finishing.

The protocols make clear that S315 cannot be using the same goal struc-
ture as our idealised PS. If he were alternately setting up the goal of

getting the next rod and then, once he had it, the goal of placing it (as does
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our hypothetical child), his behaviour on detecting an error would be quite
different. Once he realised that he had an incorrect rod, since his imme-
diate goal would be to place it ahyway he would probably guess its correct
position and put it there, leaving a gap to be filled by the "next" rod.
(Adults can be observed to do precisely this under analogous circumstancés.)
That he goes to all the trouble of returning the rod exactly where he found
it before looking for the correct one, indicates that his behaviour must be

driven by a need to place the rod next in the Line:

(1) Place.all; => = Set.goal [Place]
If the goal is to place all the rods, i.e. to do the

seriation task, then set up the goal of placing one
of them.

- Presumably he goes and gets a rod because he camnot place Qne’unléss he

has one:

- (82) Place; Hand = 0 " w>  Set.goal [Get[ 1]
If the goal is to place a rod and there is not one
in the Hand, then set up the goal of getting ome. =
We are assuming that he decides which rod to pick next by extrapolating

from the Line:

(s3) Get[ ] | =>  Estimate
If the goal is to get some unspecified rod, then
estimate from the rods already in the Line the
height of the next one. Use this information to
specify the goal further.
Once he has this further information, S315 may be able actually to pick

the next rod:
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(s4) Get [particular]; At[Pool] "> Select [particular]

If the goal is to get a rod of some specified size,

and if the Hand is at the Pool, them pick up the

rod of that size.
'Since we are not interested in the details of the complex operation of
~ placing the rod, checking the rod, and possibly rejecting it, we simply
_ write the rules as follows without intending to commit ourselves seriously

to their details:

(S5) Place; Hand = 1; At[Line] =>  Compare

If the goal is to place a rod and there is one T
in the Hand, then if the Hand is at the Line compare the
rod with the ones already placed. . -

.'J”” f(s5') Place; Compare -+ + => Insert

If the goal is to place a rod, and if the new rod
has just been compared against the Line and found
to extend it correctly: (i.e. the new "step size" is
the same as the previous ones), then insert the rod
in the Line. L |

S (ssm) Place; Compare + - -~ ... = Reject

Siﬁilarly, if the new'iéd has-just been found to be .
incorrect, return it whence it came.

Finally, we need two instances of the general rule we discussed earlier to

" move the Hand where it needs to be if it is not already thergi

(S6) Get [particular] = To[Pool]

(S7) Place; Hand = 1 = To[Line]

If the goal is to get a rod of specified size (and if
the Hand is not at the Pool), then move the Hand to
the Pool. Similarly, if the goal is to place & rod
already in the Hand (but the Hand is not at the Line),
move it to the Line. :
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The rules are normally invoked in the sequence S1-52-83-56-54-S7-S5-
S§5'- ... but when an exrror occurs S5" is followed immediately by S2. The
goal of Get is satisfied by Select, and the goal of Place by Insert.

The nature of the PS may become clearer if we see how the various
rules can be grouped in various ways. (1) Since the overt behaviour con-
sists of alternately Picking up a rod and then placing it, we can view rules
S3, S4, and S6 as being responsible for picking up the rod, and S2, S5, S5',
and §7 for placing it. Sl is a kind of "pacemaker" whose job is to initiate
each cycle of activity. (2) Alternatively, the PRs can be grouped by their
function. S1 and S2 are for setting the goals, S3 embodies the selection
strategy employed, S4, S5, and S5' actually manipulate the rods, and S6 and
S7 are for moving from place to place. {3) A third view is that some of the
rules are required in order to make it possible for other rules to be in-
voked. For example, S5' is the rule that actually builds the seriated line,
but before it can operate the Hand must be at the Line, holding the appro-
priate rod. So S7 ensures that the Hand is at the Line at the right time,
and S2 is responsible for seeing that it holds a rod. In a similar way,

S3 and S6 serve to ensure that the pre-conditions of S4 are satisfied.

Discussion of the production system

It is revealing to compare the present PS with the idealised one given
in section 1 of this paper and notice the enhanced psychological--or more
precisely, developmental--face validity of this real one. Each of its PRs
possesses the kind of local plausibility that we discussed as a desirable
attribute of PSs. Rule Pl can be seen as a specialised version of a gene-

ral rule the child has for dealing with sets of objects one at a time, quite
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independent of this particular task: something like "If you want to do
- something to each of a set of objects, do it to ome of them." The rule
keeps applying until there are no objects left. S2 simply states that if
one ever wants to do something that requires a rod, then a good idea is to
have a rod to do it with. S3 indicates that if one needs to know what size
rod to pick next, one way to find out is to examine the rods already in the
Line. S4 expresses a standard means for getting hold of a rod of particular
size: Namely, to select one of that size when the opportunity arises. And
S5 and S5' provide a similar means for achieving the goal of placing a Tod
correctly. (S6 and S7 should be old friends by now.)

This property of local plausibility can be turned around and used as
a criterion by which to evaluate.a proposed PR or PS, and in this guise it
provides further grounds for supposing that S315 is indeed employing the
strategy of estimation, rather than that of selecting the smailest rod. To

be doing the latter means that he would have some PR of the form

(S3') Get[ ] o Get[smallest]

If the goal is to get the next rod, then specify

it to be the goal of getting the smallest rod
and it is difficult to see where such a rule could have come from. 'Smallest"
appears to bear little intrinsic relation to 'next-ness'.

Nevertheless, S$315's PS supplies an insight into how the "operational
strategy of selecting the smallest rod could develop. The key point to notice
is that the two strategies generate virtually idéntical overt behaviour: in
both cases S315 can be described as always picking the smallest‘rod from the

Pool and then placing it. This means that a young child who is fbliowing the
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a priori plausible rules that comprise the estimation strategy does in fact
pick the smallest rod from the Pool, even though that is not what he is
"doing'". He could thus leaxrn to do a 'Select.smallest' by a process of
“reflective abstraction" from his own behaviour (Piaget, 1970). The de-
velopmental sequence suggested here is that by following one set of rules,
the child is led to generate behaviour more economically described by a
different set of rules; these rules he in turn incorporates, as an induction
from his own actions. In going through the laborious and difficult business
of estimating the size of the next rod, he is repeatedly led to pick the
smallest one, so that eventually he comes to do just that.

The difference between the two sets of rules is that whereas the first
possesses local plausibility that-alloks the individual PRs to be '"assembled"
from many different and unrelated origins, the second implicitly embodies
certain logico-physical properties of the external world. The new rules
develop not through the child's observation or deduction of these properties,
but from the regularities in his overt behaviour. Thus this protocol pro-
vides material for a speculative account of how, in terms of a PS, a child
might undergo the Piagetian process of growing new cognitive structures
through the interplay between his existing abilities and the properties of
his enviromment. The next task is to see how one sets about investigating

a child's production system experimentally.
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4. Validation of Production Systems

Once a production system (PS) has been written to account for certain
features of a segment of behaviour, the question arises as to how to confirm
the PS against independent evidence. In this section we discuss two ways of
utilising further information in order to choose between alteinative PSs. So
far as we know, this kind of validation has never yet been used. The only
evaluation procedure mentioned by Newell § Simon (1971) is limited to measur-
ing how thoroughly a PS accounts for the behaviour it purports to describe

(Chapter 6).

Validation techniques

As was pointed out in Sectjon 1, a PS by itself is incapable of actually
predicting behaviour; to do that, the properties of the environment must also
be specified. Since this means that the same PS can generate different be-
haviour in different situations, it follows that a PS written solely to mimic
a given sample of a child's behaviour can to some extent also be used to
- predict his behaviour in a different environment. This predictién can then
be used as a basis for evaluating the hypothesised PS or fbr’distinguishing
between rival ones. |

To continue with the example of subject S315 that we have just been-
examining, we claimed there that whenever he picked a fresh rod, he was not
in fact deliberately selecting the smallest one remaining but rather was
looking for a rod of a particular estimated size. The PS was written accor-
dingly. Suppose now that we were to set him to work on a similar seriation

task, but this time with one of the middle-size rods, D say, removed from the
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set. What would he do? If he were really simply picking the smallest rod
remaining, he should go ahead and select C right after E without any trouble;
for each of these in turn would indeed be the smallest rod left in the pool.
On the other hand, if he were actually estimating the size of the next rod--
as we have claimed--then after he places rod E we can expect him to be very
unhappy about not being able to find the rod he wants next. Note.that in
this latter case the PS dces not #ctually specify what S315 will do; it merely
predicts that the Estimation strategy will lead to an evident disruption of
his ongoing behaviour, whereas the Select.smallest strategy will not. ﬁy
virtue of this differential prediction, the task of seriation-with-one-missing
provides an example of how a subsidiary experiment can help decide between
alternative strategies that the chiid might be following.

The idea of probing a child's‘undeistanding by having him perform some
- task in circumstances that differ from his expectations is hardly original.
Many examples can be found in the developmental literature. -Perﬁaps the
best known is Smedslund's (1961) use of sleight-of-hand in testing how firmly
children are convinced of the conservation of weight. In the usual context
of asking whether the weight of a ball of clay is changed when it is rolled
into a sausage, he had the children compare two initially equal lumps on a
beam balance. By deftly removing a sma'l piece of clay while it was being
rolled, he managed to produce an apparent viblation of conservation, and the
child was categorised as a conserver or non-conserver according to his res-
ponse to this violation. In a similar fashion, he surreptitibusly changed
the comparison stick in the process of a length transitivity problem

(Smedslund, 1963). Charlesworth (1964, 1969) regards the child's reaction
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to an environmental “surprise"--i.e. a violation of his expectations--not
only as a powerful tool for investigating his cognitive structures, but
also as a principle means whereby development takes place.

1f a child can validly be described as having the rule

(P) C => A
then, provided that P is not 'blocked' by another PR of higher priority,
action A should be taken whenever condition C is satisfied--that is what
having the rule means. If we temporarily ignore the matter of conflicting
rules, production P should be evoked (a) no matter what the environment
in which C holds, and (b) no matter what actions the child has just taken
to make C true. It may be difficult at this point to see any difference
between (2) and (b), and indeed these two conditions are but the two sides
of the same coin, but nonetheless emphasising each in turn leads to two dis-
tinct, complementary techniques for validation. The first approach leads
to a direct confirmation of individual productions, whereas the second yields
a somewhat weaker support for the PS as a whole:

(a) By concentrating on verifying that rule P is evoked regardless of
the properties of the environmeﬁt, we are led to the idea of intervening in
the task in order to change the environment unexpectedly. The critical
test then consists of showing that P is evoked when C is made true. To take
a simple example, the PS for S315 included the rule

(s7) Place; Hand = 1 a3 To[Line].

Normally the lzft hand side becomes true when the child chooses and then
grasps a suitable rod; but if instead the experimenter simply hands him a

rod at an appropriate moment, the rule should be obeyed immediately, In
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this way we arrive at a sort of validation-in-depth technique: intervene
in the task unexpectedly, and verify that the appropriate rule is obeyed.

{b) On the other hand, by concentrating on verifying that rule P is
evoked no matter what the child did to make C true, we are led to the idea
of posing a number of different but related tasks in which quite different
actions by the child result in condition C being satisfied. Again, the cri-
tical test consists of seeing whether P is the next production to be invoked.
By way of illustration, there exist any number of block manipulation tasks
in which the subject is required to place blocks one by one to meet certain
given constraints; and in all of them it is the case that if the immediate
goal is to place the next block, the appropriate action is to go off and find
it. We can express this by the production

Place; Hand = 0 -> Set.goal [Get [constrained] ]

and an instantiation of this rule should appear in the PSs for each of the

separate tasks. So by following this line of reasoning we arrive at a sort
of validation-in-breadth technique: write separate production systems for

the child's behaviour on a number of related tasks, and verify that corre-

sponding functions are performed by the same individual rules in each.

In order to realise these twin approaches, we have devised a whole col-
lection of subsidiary tasks suitable for investigating a wide range of seria-
tion abilities. The tasks divide themselves into loosely-defined categories:
(1) Many are variants on the basic task of length seriation, using different
numbers, sizes, and arrangements of blocks. (2) There are seriations along
dimensions other than length: diameter (of wooden discs), numerosity, and

weight. (3) There are different 'modes' of seriation: with an extra rod,
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or a nissing one (as discussed earlier); with the line built behind a screen;
or with the seriation performed blindfold. (4) There are other tasks using
the blocks, such as copying a given pattern of coloured blocks, or construc-
ting a line out of blocks of alternating colours. (5) There are 'probe'
tasks, in which the subject has to hand the experimenter the larger of two
blocks, or insert a new rod or correct an error in a given series. (6) And
finally there are the 'interventions', in which the experimenter changes the
¢hild's environmment, for example by unexpectedly handing him a rod to place.

These validation techniques suggest a mode of experimentation somewhat
foreign to experimental psychology, though it is familiar enough to clini-
cians and is compatible with Piaget's interview techniques. In his first
experimental session, an individual child is asked to perform a straight-
forward seriation task and solve a number of other simple problems, his be-
haviour all the while being recorded on videotape. When the experimenter
- carries cut a preliminary analysis of the recorded behaviour, and tries to
write a production system, he will probably come up with questions which
cannot be answered on the basis of this first round of data. So, perhaps
a week after his first session, the child is called back to face a variety
of tests specially designed to yield evidence for settling the issues still
to be resolved. If the experimenter requires yet more data, the child can
return for a third oz even a fourth session.

Thus each subject receives a different sequence of problems, chosen
not randomly but in order to help clarify particular features of his PS. In

this sense the investigation follows the overall plan of an adaptive experi-

ment; but the times involved are far longer than that term normally suggests.
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Proposed research

The proposed thesis research will consist of an examination of seria-
tion behaviour in children using the methodology just outlined. The work
will be exploratory, in the sense thét we expect to follow up on only a
few of the issues we raise, and also frankly opportunistic in the sense
that any interesting clues that arise will be pursued for whatever they
are worth. We will avoid completely the kind of systematic study that re-
quires large numbers of subjects and trials together with appropriate sta-
tistical controls; so that, for instance, we will not attempt to investigate
the perceptual discriminability of the seriation blocks we will be using.

The research will be carried out at the Teacher Training laboratory of
the University of Pittsburgh's Learning Research and Development Center,
making use of children from the Center's subject pool. The laboratory is
equipped with a one-way viewing screen and two-camera video-recording
equipment. A digital electronic counter has been arranged in front of one
of the cameras in such a way that, when superimposed on the other picture,
each TV frame carries a five-digit identifying number. This proves to be
of great help in transcribing data from the videotapes and for measuring
times.

It is intended to analyse in some detail about half-a-dozen children
of different levels of ability: probably two children who cannot seriate,
two who seriate by trial-and-error, and two who seriate operationally. The
children's behaviour will be analysed in a way intended to emphasise the
similarities and differences between the production systems for the differ-
ent levels of performance; hopefully this will make it possible to extract
from the data the greatest possible understanding of how children acquire

their ability to seriate.
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