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‘Serentific discovery involves search in i space of hypotheses and a space of
experiments, We describe an investigation of developmental differences in the
search constraint heuristics used in scientific reasoning. Sixty-four subjects (tech-
nically trained cotlcge students, community college students with fittle technical

_ training, 6th graders, and 3rd graders) were wught how to use a programmable

! robot. Then they were presented with a new operation, provided with a hypoth-

* esis about how it might work, and asked to conduct experiments 10 discover how
the new operation really did work. The suggested hypothesis was always incor-
reet, as subjects could discover if they wrote informative experiments, and it was
either plaosible or implausible. The ruie for how the unknown operation actually
worked was either very sumilar or very dissimilar to the given hypothesis, Chil-
dren focused primarily on plausible hypotheses, conducted a limited set of exper-

. iments, designed cxperiments that were difficult 1o interpret, and were unable (o
induce implausible (but correct} Rypotheses from data. Adults were much better
1han chitdren in discovering implausible rules. The performance deficils we found
were not simply the resuit of children's inadequate encoding or mnemonic skills.
Instead, the aduits appear to usc demain-gencral skifls that go beyond the logic
of confirmation and disconfirmation and deal with the coordination of search m
two spaces: a space of hypotheses and a space of expeniments,  ©.199) Academic
Press, Inc.
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i1z KLAHR, FAY, AND DUNBAR
INTRODUCTION

Scicatific discovery requires {he integration of a complex set of cogni-
tive skills, including the search for hypotheses via induction or analogy,
the design and execution of experiments, the interpretation of experimen-
tal outcomes, and the revision of hypotheses (Klahr & Dunbar, 1938).
‘There are two long-standing disputes about the developmental course of
these skills: (a) the “‘chiid-as-scientist” debate asks whether or not it
makes sense to describe the young child as a scientist; (b) the "*domain-
specific or domain-general’’ debate revolves around the appropriate at-
tribution for whatever differences in children and adults may exist. The
first issue Is coniroversial because, although there is considerable evi-
dence that young children possess some rudiments of scientific reasoning
(Brewer & Samarapungavan, 1991; Karmiloff-Smith, 1988), there appears
to be a long and erratic course of development, mstruction, and expen-
ence before the component skills of the scientific method are mastered,
integrated, and applied reliably to a wide range of situations (Fay, Klahr,
& Dunbar, 1990; Kuhn, Amsel, & O'Loughlin, 1988; Mitroff, 1974; Kern,
Mirels, & Hinshaw, 1983; Siegler & Liebert, 1973).

The second issue derives from a lack of consensus about the extent to
which developmental differences in performance on scientific reasoning
tasks results from domamn-specific or domain-general acquisitions. This
issuc is analogous to questions in (he memory development literature
apout the relative roies of content knowledge and broader mnemonic
skills i accounting for age-related improvements in memory performance
(Chi & Ceci, 1987). On the one hand, acquisition of domain-specific
knowledge influences not only the substantive structural knowiedge in the
domain (by definition) but also the processes used to generate and eval-
uate new hypotheses in that domain (Carey, 1985; Keii, 1981; Wiser,
1989). On the other hand, in highly constrained discovery contexts, young
children correctly reason about hypotheses and select appropriate exper-
iments to evaluate them, even when the context is far removed from any
domain-specific knowledge, (Sodian, Zaitchik, & Carey, 1991).

The two principal ways (aside from direct instruction) in which children
acquire such domain-specific knowledge are observation and experimen-
tation. Analysis of children’s performance as observational scientists is
exemplified by Vosniadou and Brewer's (in press} investigations of chil-
dren’s mental models of the earth. Such stadies invoive assessments of
children’s attempts to integrate their personal observations (e.g.. the
carth looks flat) with thcoretical assertions conveyed to them by aduits
and teachers (e.g., the earth is a sphere). Similarly, children’s understand-
ing of iliness concepts (see Hergenrather & Rabinowitz, 1991) is based
primarily on their observations in the domain, rather than on their exper-
iments. Issucs of experimental design do not arise in this context. Exper-
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imental science adds {o the demands of observational science the burden
of formulating informative experiments. Studies investigating young chil-
dren’s ability to design factorial experiments (Case, 1974; Siegler & Lie-
bert, 1973) focus on experimental aspects of science, as do studies of
children’s performance 1n experimental microworids (e.g., Schauble,
1990).

We have approached the study of developmental differences in scien-
tific reasoning by attempting to disentangle these different aspects of
scientific discovery, while using a context that provides a plausible lab-
oratory microcosm of real-world scientific discovery. We view scientific
discovery as a type of problem sofving (Klahr & Dunbar, 1988; Simon,
1977) in which domain-general heuristics for constraining search in a
problem space play a central role. In this paper, we describe a study that
illustrates some important developmental differences in subjects’ use of
several domain-general search hearistics. We compare the ability of chil-
dren and adults to reason in a context designed to simulate some of the
key problems faced by an experimental scientist. In our task, subjects’
domain-specific knowledge biases them to view some hypotheses as plau-
sible and others as implausible. However, they must rely on domain-
general heuristics to puide them in designing experiments. In summary,
our focus is on developmental differences in domain-general heuristics for
experimental design, in a contexi where domain-specific knowledge in-
fluences the plausibility of different hypotheses.

Camponents af Scientific Reasoning

We view scientific discovery as a problem-solving process involving
search in two distinct, but related, problem spaces. Our work is based on
Klahr and Dunbar’s (1988} SDDS framework (Scientific Discovery as
Dual Search), which elucidates a set of interdependent processes for co-
ordinating search in a space of experiments and a space of hypotheses.
The three main processes are

I. Searching the hypathesis space, SDDS characterizes the process of
generating new hypotheses as a type of problem-solving search, in which
the initial state consists of some knowledge about a domain, and the goal
state 15 a hypothesis that can account for some or all of that knowledge in
a more concise or universal form. Several mechanisms have been pro-
posed to account for the way in which initial hypotheses are generated.
These include memory search, analogical mapping, remindings, and dis-
covery of effective representations (Dunbar & Schunn, 1990; Gentner,
1983; Gick & Holyoak, 1983; Kaplan & Simon, 1990; Klahr & Dunbar,
1988; Ross, 1984; Shrager, 1987). Each of these mechanisms emphasizes
a different aspect of the way in which search in the hypothesis space is
initiated and constrained.
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Once generated, hypotheses are evajuated for their initial plausibility.
Expertise plays a role here, as subjects’ familiarity with a domain tends to
give them strong biases about what is plausibie in the domain. Plausibil-
ity, in turn, affects the order in which hypotheses are evaluated: highly
likely hypotheses tend to be tested before unlikely hypotheses {Klayman
& Ha, 1987; Wason, 1968). Furthermore, subjects may adopt different
experimental strategies for evaluating plausible and implausible hypoth-
eses.

2. Searching the experimeint space. Hypotheses are evaluated through
experimentation. But it is not immediately obvious what constitutes a
“*good”” or “‘informative” experiment. In constructing experiments, sub-
jects are faced with a problem-solving task parallefing their search for
hypotheses. However, in this case search is in a space of experiments
rather than in a space of hypotheses. Ideally, experiments should discrim-
inate among rival hypotheses. Subjects must be able to pian ahead by
making predictions about which experimental results could support or
reject various hypotheses. This involves search in a space of experiments
that is only partially defined at the outset. Constraints on the search must
be added during the probiem-solving process.

One of the most important constraints is to produce experiments that
will yicld interpretable outcomes. This, in lurn, requires domain-general
knowlcdge about one’s own information-processing limitations, as well as
domain-specific knowledge about the pragmatic constraints of the partic-
ular discovery context. Furthermore, utilization of this knowledge to de-
sign experiments capable of producing interpretable outcomes requires a
mapping from hypotheses to experiments and an ability to predict what
results might occur.

3. Evaluating evidence. This involves a comparison of the predictions
derived from a hypothesis with the results obtained from the experiment.
Compared to the binary feedback provided to subjects in the typical psy-
chology experiment, real-worid evidence evaluation is not so straightfor-
ward. Relevant features must first be extracted, potential noise must be
suppressed or corrected, and the resulting internal representation must be
compared with earlier predictions. Theoretical biases influence not only
the strength with which hypotheses are held in the first place—and hence
the amount of disconfirming evidence necessary to refute them—but also
the features in the evidence that will be attended to and encoded
(Wisniewski & Medin, 1991}.

Each of the components listed above is a potential source of develop-
mental change, and most investigators have studied them in isolation. For
example, classic concept jearning studies (Bruner, Oliver, & Greenfield,
1966) focus on hypothesis formation and evaluation, but do not require
subjects Lo design experiments. In contrast, studies of children’s ability to
design factorial experiments (Siegler & Liebert, 1975) do not require them
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to formulate and evaluate hypotheses. Finally, studies of children’s abil-
ity to decide which of several hypotheses is supported by evidence focus
on evidence evaluation, while suppressing both hypothesis formation and
experimentai design (i.e., Shacklee & Paszek, 1985). We have ap-
proached the study of scientific reasoning by using tasks that require
coordinated search in both the experiment space and the hypothesis
space, as well as the evaluation of evidence produced by subject-
generated cxperiments. Rather than eliminating search in either space, we
fave focused on the coordination of both, because we believe that it is an
essential aspect of scientific reasoning.

ASSESSING DIFFERENCES IN DOMAIN-GENERAL EXPERIMENTAL
DESIGN HEURISTICS

In this paper, we focus on developmental differences in the heuristics
used to constrain search in the experiment space. We were interested in
the extent to which such heuristics would vary according to age, amount
of formal scientific training, and the piausibility of the hypotheses under
investigation. Although most studies demonstrale that subjects tend to
attempt to confirm, rather than disconfirm, their hypotheses (cf. Klayman
& Ha, 1987), such studics typically usc hypotheses about which subjects
have no strong prior beliefs about plausibility or impiausibility. in con-
trast, we used a context in which plausibility played an important roie.

Results from carlier investigations (Dunbar & Klahr, 1989) supgested
that, in the domain in which we planned to test them, subjects af ali ages
and technical fevels would be likely to share domain-specific knowledge
that would bias them in the same direction with respect o the refative
plausibility of different hypotheses. This allowed us to determine how
search in the experiment space was influenced by the hypothesis plausi-
bility. We expected the effects of age and scientific training to reveal
differences in the domain-general heuristics used to constrain search in
the experiment space. Such domain-general heuristics might include rules
for effecting normative approaches to hypothesis testing as well as prag-
rmatic rules for dealing with processing limitations in encoding, interpret-
ing, and remembering experimental outcomes.

Subjects

Four subject groups participated: 12 Carnegie Mellon {CM) undergraduates, 20 commu-
nity college (CC) students, 17 “sixth"' graders {a mixed ciass of fifth to seventh graders,
mean age 1] years) ard 15 third graders {mean age, 9 years). The adult groups werc selected
o contrast subjects with respect to technical and scientific iraining. Sixth graders were
selecied because they represent the age at which many of the components of “‘formal
reasoning” are purported o be available, and the third graders were chosen because pilot
work had indicated they were the youngest group who coutld perform reliably in our task. In
addition, the two younger groups maich the ages of children studied in many other inves-
tigations of children’s scientific reasoning skills (e.g., Kubn ct al,, 1988).

CMs were mainly sCience OF enginecnng majors who received partial course credit for
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participation. They reported having taken about two programming courses, and they rated
{hemselves between average and above average on technical and scientific skills. All CCs
were nonscience majors {General Studies, Para-legal, Communications, Pre-nursing, ote.}.
They were recruited by posied advertisements and werc paid for their participation. CCs
had fittle trasning in mathematics or physical sciences beyond high school, and less than half
of them had taken a college course in Biology or Chemistry. While 70% of them had used
computer-based word precessors and 45% had uscd spreadsheets, onfy 3 of the 2¢ had ever
taken a programiumisg Course.

Children were volunteers from an urban private school and came primarily from academic
and professional families. They were sclected to be young “equivalents'” of the CMs with
respect to both tie likelihood of ultimately attending college and age-appropriate computer
experience. Al sixth graders had at least 6 months of Logo experience, and most had more
than a year of cxperience. All but onc of the third graders had at least | month of Logo, with
the majority having 6 months to a year of experience. Note thal CCs had less programming
expericnce than the third graders,

The BT Microworld

We used a computer microworld—called BT'—in which subjects enter a sequence of
commands to a “*spaceship’ which then responds by carrying out various maneuvers. The
discovery context was established by first instructing subjects about all of BT's basic fea-
turcs and then asking them io cxtend that keowledge by discovering how a new--and
sninstructed—function works in the microworid. Subjects proposed hypotheses and evai-
uated them by experimenting, L., by writing programs to test their hypotheses.

The BT interface 1s shown in Fig. 1. The spaceship moves around in the feft-hand panel
according to imstructions that are cntered in its memory when subjects “press' (point and
click) a sequence of keys on the keypad displayed on the right. The basic execution cycle
involves first clearing the memory and returning BT to “base” with the CLRJHOME key
and then entering a series of up 1o 16 instructions, each consisting of a function key {the
command) and a i- or 2-digit number (the argument). The five command keys are: 1, move
forward; |, move backward; +, turn left; —, turn right; and FIRE. When the GO key is
pressed BT exccutes the program. For example, one might press the following series of
keys:

CLR 15+7 1315 FIREZ {8 GO.

When the GO key was pressed, BT would move forward 3 units, rofate counterclockwise
47° {corresponding to 7 min on an ordinary clack face), move forward 3 units, rotate clock-
wise 90°, firc (its “'laser cannon'"} twice, and backup 8 units. The time to enter and execute
a program depends on the number of instruclions and the value of their parameters. The
program listed above would take approxumately 20 s to cater and about 40 s to execute.

Pracedure

The study had three phases. In the first, subjects were introduced to BT and instructed on
\he usc of each basic command, During this phase, the display did not inciude the RPT key
shown in Fig. |. Subjects were trained to critenion on how to write a series of commands (o
accomplish a specified maneuver. In the second phase, subjects were shown the RPT key.

I BT is the simulated version of the *BigTrak™ toy robot initially used by Shrager & Klahr
(1986). One version of BT, written in LISP and run on a Xerox Dandelion workstation, was
used by the CMs and the children, and the other, written in ¢T for the Apple Macll, was
used by the CCs. On the Dandelion the display shown in Fig. 1 was approximately 11 x 14
in.; on the Macll, it was 7 % % in.
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Fic. 1. The BT interface. Subjects enter commands by pressing the keypad on the right,
and the BT “'spaceship’ mancuvers in the pancl on the left.

They were told that it required a numenc parameter (N) and that there could be only one
RPT N in a program. They were told that thewr task was to find out how RFT worked by
writing at Ieast three programs and observing the results. At this point, the Expernimenter
suggested a specific hypothesis about how RPT might work.

One way that RPT might work is: {onc of the four hypotheses described in the
next section). Write down three good programs that will allow you to see if the
repeat key really does work this way, Think carefully about your program and then
write the program down on the sheet of paper. . . . Once you have writien your
program down, I will type 1t in for you and then I will run it. You can observe what
happens, and then you can write down your aext program. So you wrile down a
program, then I wilt type it in, and then you will watch what the program does. 1
want you to write three programs in this way.

Mext, the third—and focal—phase began. Subjects wrole programs (cxpernmenis) o
evaluate the given hypothesis. After cach program had been written, but before it was run,
subjccts were asked to predict the behavior of BT, Subjects had access to a record of the
programs they had written (but not to a record of BTs behavior.

Subjects were instructed to give verbal protocels. This gave us a record of (a} what they
thought about the kinds of programs they were writing while testing thewr hypotheses, (b)
what they observed and inferred from the device's behavior, and (¢ what their hypotheses
were about how RPT actually worked. When subjects had written, run, and evaluated three
experiments, they were given the option of either terminating or writing additional experni-
ments if they were still uncertain about how RPT worked. The calire scssion lasted approx-
imalely 45 min.

Task Analysis

The BT hypothesis space. In previous studies with adults and grade school children (Klahy
& Dunbar, 1988}, we found that there were two very *popular”” hypotheses about the effect
of RPT N in a program:
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A: Repeat the entire program N times,
B: Repeat the last step N times.

Subjects devoted 2 large proporiion of their effort to exploring these two hypotheses. In
contrast, there were lwo hypotheses that subjects were uniikely lo propose at the outsel:

C: Repeat the Nth step once,
D: Repeat Lthe last N steps once.

The prelerence for A and B and the disinclination o propose C and D was found at all ages.
These four hypotheses about RPT N (as well as many others) can be represented in a
space of “‘framcs’” (Minsky, 1975}, The basic frame consists of four slots, corresponding Lo
four key atiributes: (1) the rofe of N§ does it count a number of repetitions (as in A and B}
or daes it sefect some segment of the program 1o be repeated (asin C and D)? Wecall Aand
B Counter hypotheses and C and D Selector hypotheses. (2) The unit of repetition; s it a
stcp (as in B and C), Lhe entire program {as in A), or a group of steps (as in D} (3) Number
of repetitions; 1, N, some other function of N, or none? (4) Boundaries of repeated scgment;
beginning of program, end of prograim, Nth step from begianing, or end? OF the four slots,
N-role is the most important, because a change in N-role from Counter o Selector mandates
a change 1n several other altributes. For example, if Nerole is Counter, the number of
repetitions is N, whereas, if N-role is Selector, then number of repetitions 15 1.

The BT cxperiment space. Subjects could test their hypotheses by conducling experi-
menls, L.e., by writing programs that included RPT and observing BT's behavior. The BT
experiment space can be characterized in many ways: the total number of commands in 2
program, the focation of RPT i a program, value of N, the specific commands it a programnt,
the numercal arpuments of specific cominands, and so on. {For example, counting onty
commands, but nol their numerical arguments, as distinct, there are over 30 billion distinct
programs (577 that subjects could choose from for each experiment. Even if we consider
only programs with 4 or fewes steps, there are nearly 800 different experiments to choose
from [5° + 5 + §* + 5).) In this paper, we characterize the experiment space in terms of
just two parameters. The first is a=wthe length of the program preceding the RPT. The
sccond is the value of N—ihe argument thal RPT takes. Because'both parameters must have
values less than 16, there are 225 “celis™ in the #~N space. Within that space, we identify
three distinct regions. Region | includes alf programs with N = 1. Region 2 inciudes all
programs in which § <N <A Region 3 includes all programs in which N = A. The regions
are depicied in Fig. 2, together with ilustrative programs, from the (4,13 celi in Region 1, the
{3.7) ccll in Region Z, and the (1,4} ccif in Regton 3.

Programs from different regions of the cxperiment space vary widely in how cffective they
are in supporting or refuting dilfereat hypotheses. (A complete analysis of the mnteraction
belween experiment Space regions and hypotheses is given in Klahr, Dunbar, & Fay (1990},
Here we summanze the major differences between the regions.}

i. Region } programs have poor discriminating power, For example, the Region { pro-
gram shown in Fig. ! would execute the final LT § command (wice under both Rule B
{(Repeat the last slep N times) and Rule D (Repeat the last N steps once).

2. Region 2 programs provide maximal information about all of the common hypotheses,
beeause Lhey can distinguish botween Counters and Sclectors, and they can distinguish
which Sclector or Counter is operative. Region 2 produces different behavior under ali four
rules For any program mn the region, and varying N ina series of experiments in this region
always produces different oulcomes.

3. Regon 3 expeniments may yield confusing outcomes. For rules C (Repeat the Nth step
once) and D {Repeat the last N steps once}, Programs in this region are executed under the
subtle feature that values of N greater than A are truncated to N = A. Therefore, varymg N
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Fic. 2. Regions of the experiment space, showing illustrative programs (Shown here is
only the 6 x 5 subspace of the full 15 x 15 spacel.

from gne experiment to the ncxt may give the impression that N has no effect. For example,
Rule D would generate the same behavior for T4 Fire 2 RPT 3 and 1 4 Fire 2 RPT 4. Some

of the programs in this region arc discriminating, but others either don™t discriminale at all,
or they depend on the truncalion assumptlion 10 be fully understood.

Design

One consequence of domain-specific knowledge is that some hypolheses about the do-
main are more plausible than others. In this study we explored the effect of domain-specific
knowledge by manipulating the role of plausible and implausible hypotheses. Our goal was
1o investigate the extent to which prior knowledge—as manifesied in hypothesis plausibil-
ity—aflected the types of experiments designed and the interpretation of results.

We provided cach subject with an initia} hypothesis about how RPT might work. The
suggesled hypothesis was always wrong. However, depending on the condition, subjects
regarded it as cither plausible or implausible {recall that both childrea and adults in earlier
studies regarded Counter hypotheses as fighly plausible and Selector hypotheses as implat-
sible). Ins some conditions the suggested hypothesis was onily “somewhat™ wrong, i that it
was from (he same frame as the way that RPT actually worked. In others, it was “very”
wrong, in that it came from a different frame than the actual rule.

The BT simulator was programmed so that cach subject worked with a RFT command
obeying onc of the two **Counter™ tules or iwo “Seleclor” rules described above. We used
a between-subjects design, depicted i Table 1. The Given fiypothesis is the one that was
suggested by the experimenter, and the Actual Rule is the way that BT was programmed 1o
work for a particular condition. The key feature is that RPT never worked in the way that
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TABLE |
Design of Given-Actual Conditions

Actual rule

Counter Selector

Given hypothesis B: Repeat lnst step N times A: Repeal entire program N times
Counter

A: Repeal enfire prcgmm N times D: Repeat the last N steps once

D: Repeat the last N steps once C: Repeat step N once
Sclector 1
A: Repeat enlire program N times  D: Repeat the last N steps once

was suggested. In cach Given-Actual condition, there were three CMs,? § CCs, four sixth
gtaders, and four third graders {except for the Counter-Counter condition, which had three
third graders and five sixth graders).

Changitg from a hypothesis within a frame to snother hypothesis from the same frame
(e.z., from one Counter to another Counter) corresponds to theory refinement. However, as
noted earlicr, a change in N-role requires a simultancous change in more than one attribute,
hecause the values of some attributes are linked to the values of others. Changing from a
hypothesis from anc frame 1o 2n hypothests from a different frame (¢.g., from a Counter {o
4 Seleclor} corTesponds o theary replacement,

REPRESENTATIVE SUBJECT PROTOCOL

The raw protocels provided the basis for all performance measures. They are comprised
of subjects’ written programs as well as transcriptions of subjects’ verbalizations during the
expenimental phase. Before preseating the quantitative analysis of subjects’ behavior, we
examine the verbal protocol of a single subject in order to llustrate a variety of interesting
qualitative aspects of subjects’ behavior. (The full protocol is listed in the Appendix.) Qur
goal is to convey a general sense of subject’s approach o the task and to illustrate how we
encoded and interpreted the protocols. In subsequent sections, we provide a detailed anal-
ysis based on the full sct of protocols.

DF was a male CM subject in the Counter - Seiector condition, and he was given Ruie A:
Repeat ennre prograt N inmes. The actual rule was Rule C: Repeat Nth step once.® DP
discovered the correct ruie after five expenments. Two characteristics of DP's protocol
make it interesting (but not atypical). First, even before the first cxperiment, DP proposed
an alternative to the Given hypothesis (2: '] want 1o test to see if RPT repeats the stalements
befare it'"). Second, throughout the experimental phase, DP made many explicit comments
about the attributes of the experimeni space. He clearly attended to the properties of a
*pood™ experiment.

DP's goal in his first experiment 1s unambiguous (2-9): o determine whether RPT acts on
instructions befare or after the RET command. To resolve this question DP conducted an
experiment with casily dislinguished commands tefore and after the RPT key. (This ability

2 ‘These subjects were a subset of a larger group studied in a reiated experiment ;cportcd
in Klahr, Dunbar, & Fay, 1990. That study used an extended sct of problems that included
two different Given-Actual pairs in cach cell (e.g., for Counter-Counter, A— B and B> A}

4 DP was in one of the conditions from the extended sel. See previous footnote. However,
his protocol is iypical of other adult protocols.
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to write programs that confain useful “markers' is an importani feature of our subjects’
behavior, and we will relum to it {ater). This experiment aliowed DP to discrimmate be-
tween these two rival hypotheses. However, with respect to discriminating between the
Given hypothesis (A}, the Current hypothesis (B} and the Actual hypothesis (C}, the pro-
gram yielded ambiguous resuits. DP extracted from the first experiment the information he
sought (17-18: ‘'it appears that the repest doesn’t have any effect on any statements that
come afler it.”")

For the second cxperiment DP returned to the question of whether the Given hypothesis
(A),:or the Current hypothesis {B)} was correct, and he increased A from | to 2. He also
included one step followiag the RPT "just to check" that RPT had no effect on instructions
that follow it {22-23). Thus, DP was in fact testing three hypotheses; A, B, and “after.”
Once again, he used commands that could be easily discriminated. He wrote another pro-
gram from Region 3 of the experiment space (A = 2, N = 21.-DP observed that there were
two executions of the 12 instruction, and he conciuded (29-30) that “'it only repeats the
statement immediately in front of it.™ While this conclusion is consistent with the data that
PP had collected so far, the hypothesis (B} was not in fact how the RPT key worked.

For the third experiment, DP continued 10 puf commands after RPT just to be sure they
were no! affected. However, given that his current hypothesis had been confirmed in the
previous experiment he next wrote a program that further increased the length of the pro-
gram. This was his first experiment in Region 2. The goai of this experiment was o 'sec
what statements arc repeated’ {33). He realized that the oulcome of this experiment was
inconsistent with his Current hypothesis (B), while the outcome of the previous experiment
was consisient with B (47: ", . . il scemed to act differently in number two and number
three™). The unexpected result led DP to abandon Hypothesis B and to continuc beyond the
mandatory three experiments.

For the fourth experiment, DP used a dilfereni value of N (53-54: . | . repeat three
tnstead of a repeat two, and sce if that has anything lo do with it."") Here too, DP demon-
strated another important charactenstic of many of our subjecis’ approach to expenimen-
tation. He used a very conservative mcremental strategy, similar to the VOTAT (vary one
thing at a timc} sirategics described by Tschirgt (1980) and the Conservalive Focusing
straiegy described by Bruner, Goodnow, and Austin {1956}, This approach stilf led him to
put commands after the RPT, even though he was confident that RPT has no effect on them,
and even though they placed greater demands on his observational and recall processes. (At
the AN level, DP executed VOTAT consistently throughout his senes of five experiments.
The a-N paws were: 1-2, 2-2, 3-2, 3-3, 3-i. For the last three experimenis, even the specific
commands and their paramelers remamed the same, and only N varied.) This moved him
from region 2 into region 3, and while analyzing the results of this expenment {59-69) in
conjunction with earlier resuits, DP changed from the Counter frame 1o the Selector frame.
First he noticed that **the number three” statement (i.e., the | 1) was repeated twice in this
case but that “‘the turning statement” was repeated (i.¢., executed) only once (39-61). The
unplied comparison was with the previous experment in which the turning statement (i.e.,
“‘the right 15 command™ [43]) was the command that got repeated.

‘The next senterce is of particular micrest: **, . . because when I change the number not
only did it change . . . it didn't change the uk . . . the number that it repeated but it changed
the uh . . . the actual instruction” {64-67), We belicve that DP was altempting to articulate
a change from the Counter frame to the Selector frame, as the following paraphrase of his
comments indicates: ““When I changed the value of N, it didn't change the number of
repetitions, but i1 did change which commands got repeated.”

DF went on to clearly siate two instantinted versions of the correct rule by referring to
previous results with N = 2 and N = 3, and he designed his fifth expeniment to test his
prediction with N = . The outcome of this final expenment, from Region 1, 1n conpunction
with carlier resulls was sufficient to convince him that he had discovered how RPT worked.
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RESULTS

Having presented an illustrative example of the performance of one
subject, we now turn to 2 detailed analysis of the full set of protocols.
Group differences are investigated with respect 0 four questions. First,
how successful were subjects in discovering how RPT actuaily worked int
the different experimental conditions? Second, how did subjects’ inter-
pretation of the task affect their goals and implicit constraints? Third,
how did they search the experiment space? Fourth, how did their search
of the experiment space affect the hypothesis that they finally stated?

In cases where the data for the two adult groups were not significantly
different and the two children groups were not significantly different, the
data were collapsed into adult (CM and CC) vs children (grades 6 and 3.
For other analyses, the data for the two adult groups and the sixth graders
ajl revealed the same pattern but the third graders showed an opposite
pattern. In these situations, the groups were collapsed into Older (CM,
CC. and 6) vs Youngest (grade 3). The * tests were used for all analyses
involving response category contingency tables, except for cases of very
small Ns, in which Fisher Exact tesis were used instead.

Success Rates

Domain-specific knowledge—as manifested in subjects’ expectations
about what “‘repeat’” might mean in this context—played an important
role in subjects’ ability to discover the Actual ruie. (See Fig. 3.) Regard-
less of what the Given hypothesis was, subjects found it easier to discover
Counters (81%) than Selectors (35%), (LN = 64) = 12,6, p = .0004.%
There was aiso a main effect for group: the correct rule was discovered by
839 of the CMs, 65% of the CCs, 5395 of the sixth graders, and 33% of the
third graders, YQ3.N = 64) = 7.48, p = .058. This group effect is attrib-
utable to the Actual = Selector conditions, in which 56% of the adults but
only 13% of the children were successful, 31N = 32) = 499, p = .03.
For Counters, adults and children were roughly equal in their success
rates (88% versus 75%), X°(I,N = 32) = 82, p = .65.

The main effect for plausibility can also be attributed primarily to the
children’s performance in the Actual = Selector condition. Whereas 75%
of the children discovered the rule when it was a Counter, only 13%
discovered the rule when it was a Selector, YH(ILN =32) = 127, p =
.001. Adults were also belter at discovering Counters than Selectors (88%
vs 569%), although the effect was not as strong as for children xHI.N =
32) = 3.86, p = .11} due to the surprisingly poor performance by the CC
subjects in the Counter-Counter condition.

4 All * results with | dfare reported with Yates correction for continuity.
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B Counter -» Counler
Counter -> Selector
[J selector -» Counter
Selectar -» Sefector
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F1G. 3. Proporiion of subjects in each group discovering correct rule for each Given—
Actual condition.

In order to determine whether success rates differed between specific
groups, we calculated the Fisher exact probability of success or failure
among all six pairings of the four subject groups. The analysis yielded
three low p values: CM versus sixth (p = .08), CM versus third (p = .01),
and CC versus third (p = .05). Thus, overall success rate was affected
only when grade level differences were extreme (both adult groups versus

third graders) or when they were combined with training differences (CMs
versus sixth graders).

Hypothesis Interpretation: Initiating Search in the Hypothesis Space

The purpose of presenting subjects with a Given hypothesis was to
determine the extent to which search in the hypothesis space was influ-
enced by the plausibility of the hypothesis being considered. This is one
of the points at which domain-specific knowiedge (which delermines plau-
sibility) might affect domain-general knowiedge aboutl experimentai sirat-
egies, such as attempts to disconfirm, discriminating between rival hy-
potheses, and 50 on.

Prior to running the first experiment, subjects were asked to predict
what would happen. Their predictions indicated the extent to which they
understood and/or accepted the Given hypotheses. Each subject’s re-
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sponse to the Given hypothesis was assigned to one of three categories:
I, accept the Given hypothesis; II, accept the Given, but also propose an
alternative {see the protocol for Subject DP, presented earlier); and III,
reject the Given, and propose an alternative. The number of subjects in
each category is shown as a function of grade level and type of Given
hypothesis in Table 2.

There was a main effect of Given hypothesis (Counter versus Selector)
on type of response, x%(2,N = 60) = 5.47, p = .065. This effect was
aftributable entirely to the third graders, who almost always accepted
Counters and rejected Sclectors (Fisher, p = .029), There was also a main
effect for group, ¥X(6,N = 60) = 23.16, p = .0007. This effect remained
when analyzed separately for both Given = Counter, x46.N = 32) =
i2.5, p = .05, and Given = Selector, x*(6.N = 28) = 16.98, p = .009.

in both conditions, the two adult groups always accepted the Given
hypothesis, either on its own {Category I) or in conjunction with a pro-
posed alternative (Category II} (the difference between CMs and CCs in
therr response patterns was not significant LN = 29) = 2,18, p =
0.281). In contrast, no third grader and only two sixth graders ever pro-
posed an alternative to compare to the Given (Category 1I). Children were
approximately evenly divided between accepting the Given (Category I)
or rejecting it (Catepory III). {The difference between third and sixth
graders in their pattern of responses was not significant [x¥*2.N = 29} =
2.06, p = .36]). Overall, adults were more likely to consider muitipie
alternatives than children: 10 of 29 aduits in category II, versus 2 of 31
children, x*(1.N = 60} = 5.71, p = .017. _

Of the 25 subjects who proposed alternatives to the Given hypothesis,
3 proposed alternatives that could not be coded as either Counters or
Selectors. For the remaining 22, there was a strong effect of the type of
Given hypothesis on the type of alternative proposed. Table 3 shows the

TABLE 2 )
Subjects’ Responses When Given either Counter or Scleclor Hypothesis
Group
M cce Sixth  Third®  Total
Response category Givem: C 8§ ¢ 8 ¢ 8§ € §8 € S8
i. Accept Given 3 03 % 4 5 4 6 § 13 12
1I. Accept Given
and propose allernalive 3 3t 3 | i 0 0 5 1
11f. Rejeet Given
and propose allernative ¢ ¢ 0 @ 3 3 © 6 4 9

= One third grader and three CCs did not respond to the “'what will it do?'" question.
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TABLE 3
Type of Alternative Generated (for Categories I and II)
Group

CM CC Sixth® Third”

Type of alternative Given: C s c S C b C 5
Same frame as given 3 i ] 1] 3 i i 0
Different frame from Given 0 2 [t} 3 9 3 0 4

? One sixth grader and two third graders generated afternatives that werc unclassifiable.

number of subjects proposing alternatives from the same or different
frame as the Given, as a function of group and type of Given. In each
group, Given = Counter subjects who proposed alternatives always pro-
posed another Counter, whereas, across all four groups, only 2 of the
Given = Seleclor alternatives were from the Selector frame, XN =22
= 11.8, p = .001.

In summary, when responding to the Given hypothesis, adults were
able to consider more than a single hypothesis, whereas children were
not. When subjects did propose alternatives, they tended to propose plau-
sibie rather than implausible alternatives (i.e., Counters rather than Se-
lectors). As we shall see in the next section, this propensity to consider
multiple vs singie hypotheses can affect the type of experimental goals set
by the subjects, which in turn can be used (0 impose constraints on search
in the experiment space.

Search in the Experiment Space

How did subjects solve the problem of designing a **good experiment”’
to discover how the RPT key worked? We address this question by an-
alyzing the kinds of experiments that subjects designed. We start with an
analysis of how domain-general knowledge about their own cognitive
limitations was used by subjects to impose pragmatic constraints on the
complexity of their experiments. Next, we do a static analysis of the
distribution of experiments in the experiment space, and then we look at
the dynamics of experiment space search by examining transitions from
one experiment to the next. Finally, we examine the interaction between
the experiment space and the hypothesis space by analyzing the ability of
subjects to extract useful information from the outcomes of experiments
and to use that information to evaluate their hypotheses.

Constraints derived from domain-general knowledge. Subjects’ use of
domain-general knowledge to constrain search in the Experiment Space
can be investigated by analyzing (a) what they say about experiments and
(b) the features of the experiments that they actually write. Each of these
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‘At a finer level of detail, good instrumentation was assessed by the
extent to which subjects observed three pragmatic constraints: (a} using
small numeric arguments (values < 5} on move commands, so that the
actions of BT are not distorted by having it hit the boundaries of the
screen; (b) using standard units of rotation, such as 15 or 30 “minutes”’
(90 and 1807), for turn commands; and (¢} using distinct commands in a
program where possible.” Programs constrained in these ways produce
behavior that is easier to observe, encode, and remember.

Subjects were scored as observing a constraint if they violated it on no
more than one of their experiments. For both turns and moves, there was
a main effect of group. On turn commands, 92% of the CMs, 95% of the
CCs, 71% of the sixth graders, and 539 of the third graders observed the
constraint, X°G.N = 64) = 10.6, p = .01). On move commands, 92% of
the CMs. 85% of the CCs, 65% of the sixth graders, and 47% of the third
graders observed the constraint, x*3.N = 64) = 9.18, p = .03. In con-
trast, there was no significant difference in the proportion of subjects in
each group who observed the distinct command constraint, although for
all groups the proportion was much lower than for the other two con-
straints: 42% of the CMs, 45% of the CCs, 24% of the sixth graders, and
539 of the third graders observed this constraint, (3N = 64) = 3.23,
p = .36. The main effect for the first three analyses is not simply a
training effect, because cven when the CM subjects are eliminated, it
remains.

1t is possible that group differences on explicil statements about the
experiment space are a consequence of older subjects’ general superiority
at verbaiization. However, none of the other three measures depend on
verbalization ability. Thus, both what subjects said and what they did
support the conclusion that older subjects——even those with weak tech-
nical backgrounds—were better able than children to constrain their
search in the experiment space and to design interpretable experiments.

Constraints derived from domain-specific knowledge. As noted earlier,
subjects establish different goals in response to hypotheses that their
domain-specific knowledge leads them to interpret as plausible or implau-
sible. These different goals, in turn, should lead to different types of
search constraints in the experiment space. More specifically, if the goal
is to identify which of the program steps are repeated for Selector hy-
potheses, or to discriminate between Selectors and Counters, then sub-
jects should write programs having more than N steps (i.e.. with A > N).
In programs where X is several steps greater than N, it is easy to distin-
guish among repeats of all steps, first step, fast step, and N steps. On the

3 But note that for any program with A > 5, sonte command must be repeated, as there arc
only five distinct commands.
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other hand, if the goal is to demonstrate the effect of a Counter, then
subjects should use iarger values of N and (for pragmatic reasons) rela-
tively short programs (i.c., programs with A < N). Both of these effects
should be strongest for the first experiment, before subjects have any
direct evidence for the actual rule.

Both of the adult groups’ responses and sixth graders’ responses were
consistent with the normative account given above: Combining the three
groups, only 10 of the 25 Older subjects given Counters wrote A > N
programs, while 20 of the 24 given Selectors did so, x*(1.N = 49) = 7.95,
p = .005. Third graders showed the opposite pattern: Six of the seven
given Counters but only 2 of the 8 given Selectors had first programs with
A > N, (Fisher cxact, p = .041, two-tailed). Figure 4 shows the propor-
tion of subjects in each condition whose first programs had A > N.

These results show that while subjects at all grade levels used both
domain-general and domain-specific knowledge to constrain their search,
the groups differed in how they used the two kinds of knowledge. Aduits
and sixth graders, when given a plausible Counter, produced short pro-
grams with large values of N, suggesting a focus on the number of repe-
titions, rather than on what was to be repeated. On the other hand, when
given an implausible Selector, Older subjects were likely to start with
longer programs with smaller N's (i.e., programs with A > N), suggesting
a focus on what was (o be repeated rather than the number of repetitions,
which would allow them to discriminate between Counters and Selectors.

1.0

0.8 1

0.6 O~ CM

— G~ §th
0.4 — ke drd
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We interpret the third graders’ reversal of this pattern as evidence for
their apparent inability to even consider a Selector hypothesis. When
given one, they wrote relatively short programs with reiatively large val-
ues of NV, a strategy that is consistent with a goal of trying to convincingly
demonstrate a Counter. When given a Counter, third graders used less
extreme values of N, perhaps because they had less motivation to *‘prove
a point.”

Different experimental strategies can also be inferred by classifying
experiments in terms of experiment space regions (see Fig. 1). As noted
earlier, Region 2 is the most informative region, and adults appear to have
understood its potential informativeness better than the children. Eleven
of 12 CMs, 15 of 20 CCs, 10 of 17 sixth graders, and 8 of 15 third graders
wrote at least one Region 2 experiment, xX(I:N = 64) = 3.56, p = .059.
Another way to extract useful information from the E-space is to write
experiments from more than a single region. Adults were more likely to
sampie different regions than were children. Ninety-one percent of the
adults (100% of CMs and 85% of the CCs) wrote experiments from at least
two different regions of the experiment space. In contrast, only 29% of
the sixth graders and 60% of the third graders sampled from more than
one region, xX(I,N = 64) = 22.19, p = .0001. Staying in one region of the
experiment space ts only detrimental if the region fails to discriminate
between hypotheses (e.g., Region [ for hiypotheses B versus D) or if it
fails to adequately demonstrate the correct hypothesis {c.g., Region 3 for
hypothesis D). All of the third graders in Actual = Selector conditions
who stayed in one region were in ecither Region 1 or 3. For the sixth
graders in Actual = Selector conditions, 75% who stayed in one region
were in Region 3. Thus, for the children, the failure to run experiments
from different regions of the experiment space severely limited their abil-
ity to extract useful information from the outcomes of their experiments.

The common pattern here is that there is little or no difference between
the CM and CC subjects, who, when combined, tend to differ from the
two children’s groups. For some measures, the sixth graders cluster with
the adult subjects. Takenas a whole, this pattern suggests a developmen-
tal effect, rather than a training effect, for subjects’ sensitivity to the
potential informativeness of different types of experiments as a function
of the Given hypothesis. Moreover, by some of our measures, this effect
appears belween third and sixth grades.

Dynamics of search in the experiment space. The analysis of the ex-
periment space in terms of A-N combinations or experiment space regions
gives a picture of the properties of experiments aggrepated over the entire
search process, but it does not describe the dynamics of search in the
experiment space. In this section we look at the search dynamics at two
levels: (a) changes in N and A from one experiment to the next, indepen-
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dent of program-content change, and (b) program-content change across
experiments, independent of changes in A and N.

One type of domain-general knowledge that subjects might bring to this
task is the “‘vary one thing at a time' (VOTAT) strategy mentioned
carlier. When applied to the A and N dimensions of the experiment space,
VOTAT produces conservilive moves: changes from onc experiment (o
the next that do not vary both A and N at the same time (including moves
that vary neither). Overall, subjects were conservative on 56% of their
moves. The proportion of conservative transitions (following the second
experiment) at the A-N level was calculated for each subject and analyzed
using a 2 (Actual hypothesis) % 4 (Group) ANOVA. The analysis yielded
no effect for group, or Actual fypothesis, F < 1, p > 5.

However, if we fook at the next [evel of detail—at the specific program
content—then we can define a conservative move as one that keeps pro-
gram content constant (except for additions or deletions) so that the ef-
fects of changes in Aand N would be easy to-detect. Under this definition,
the CM adults are more likely to make conservative moves than the CC
adults and the children. The mean proportion of conservative moves at
the program-content tevel was .48 for CMs, but only .13, .12, and 09 for
CCs, sixth, and third graders, respectively (F13,60] = 5.52, p = 003
Using Scheffe F tests for pairwise comparisons, CMs were significantly
different from all other groups (@ < .05), but the CCs, sixth. and third
graders were not significantly different from cach other (p > .5).

Encoding experimenial oufcomes. The biases induced by domain-
specific knowledge creates expectations about BT's behavior. These ex-
pectations might affect subjects’ ability to accurately encode outcomes at
variance with those expectations. Subjects’ descriptions of experimental
outcomes were scored as misencodings if they contained unambiguous
errors in reporting BT's behavior during program execution (i.e., if they
contained explicit descriptions of events that did not actually occur, or if
they described a sequence of events, but omitted an important one.)

There was a main effect of Actual condition on misencoding: 63% of the
subjects in the Actual = Selector but onfy 35% of the subjects in the
Actual = Counters conditions misencoded at jeast one experiment,
V(LN = 68 = 4,p = 045. Within-group analyses showed that third
graders misencoded more programs when the Actual Rule was a Selector
than when it was a Counter, Y(IN = 50) = 432, p = .04. The other
three groups were as likely to misencode programs when the Actual ruie
was a Selector as when it was a Counter. Even though the third graders’
misencodings were more prevalent when the rule was implausible, they
were not systematically distorted in the direction of their current hypoth-
eses, For all the groups, when misencodings did occur, distortions of the
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actuai results were as likely o occur in the direction of confirming the
current hypotheses as disconf{irming it.

There was also a main effect of group on misencoding: Twenty-five
percent of the CMs, 40% of the CCs, 53% of the sixth graders, and 73%
of the third graders misencoded at least one experimental outcome,
¥3,N = 63 = 1.3, p = .062. To determinc whether the tendency (o
miscncode cxperimenlal oulcomes differed between specilic groups, we
calculated Fisher Exact tests among all six pairings of the four subject
groups. The analysis yielded three low p values: CM versus sixth (p =
.08), CM versus third (p = .02), and CC versus third (p = .05}

These results are almost identical to the pattern of between-group dif-
ferences in overall success rates reported earlier, and they suggest the
possibility that third-graders’ inability to discover Selectors is a conse-
quence of their well-known mnemonic and encoding deficiencies. How-
ever, the interaction of BT rules and regions produced encoding and
mnemonic demands that were more difficult in Counter conditions, where
the third-graders did very well, than in the Selector conditions, where
they all failed to discover the correct rule. In general, subjects in Actual
— Counter conditions, who are always working with Rule A, tend to have
much more complex behaviors (0 observe, encode, and remember than
do subjects in Actual = Seleclor conditions. For example, the Region 2
program shown in Fig. 2 would execute nine instructions under Rule A,
but oniy five under Rule D.b

Encoding demands for subjects working under Counter versus Selector
rules were estimated by calcufating the mean number of executed instruc-
tions for each subject's correctly and incorrectly encoded program out-
comes.” A 2 (Actual Rule: Selector vs. Counter) X 2 (Encoding: Correct
vs Incorrect) ANOV A revealed that subjects in the Counter condition had
to observe and encode significantly more instruction executions than sub-
jects in the Selector condition (M = 25 execulions versus M = 6.5 exe-
cutions), F(I,I7) = 16.68, p = 0008, but there was no difference in
program length for correctly versus incorrectly encoded programs,
F(1,17) = 1.04, p = .32, and no interaction effect, F(1,17) = .26, p = .61,
Furthermore, whereas children in the Actual = Counter conditions could

6 More generally, the number of instructions exccuted for a gven A-N combination de-
pends on the Actual sute. For Rule A (Repeat entire program N times}, the number of
instructions cxeculed is 2 * A D Region fand (N + N *ain Regions 2 and 3. For Rule 1))
{Repeat last ¥ steps once), the number of exceuted instructions ish+ i,A+ N,andZ*A,
in Regions 1, 2, and 3, respectively.

7 Sume subjects contribute mean values {or both the correctly and incorrectly cncoded
programs, whereas subjects who either miscncoded or correctly encoded all programs only
contribute one mean to the analysis.
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correctly encode programs with a mean length of 22 executions, children
in the Actual = Selector conditions misencoded programs that had only
7 executed instructions.

Thus, children’s failures in the Selector condition cannot be attributed
to general encoding and observation deficits. A more piausible explana-
tion is that their Counter bias led them to focus on the verification that
N repetitions (of something) had occurred. This attention to number of
repetitions rather than what was being repeated caused them to misen-
code the outcome. However, it did not lead them to distort their encod-
ings to fit a Counter rule. In only 4 of the 32 Actual = Selector programs
where children stated their hypotheses was N given a Counter role, and
in 3 of thesc cases the valye of N was I, and the encoding was correct.

Inducing Hypotheses from Experimental Outcomes

We began this analysis with a presentation of overall success rates,
followed by a detailed analysis of the statics and dynamics of search in the
cxperiment space. Throughout, we have pursued the theme that domain-
specific knowiedge about “repeat’” determined the initial plausibility of
hypotheses and that, in turn, hypothesis plausibility influenced the kind of
domain-general knowledge that subjects brought to bear in imposing con-
straints on their scarch of the experiment space. One remaining question
is whether or not, when their E-space scarch did lead them into Region 2,
subjects were able to make use of its maximally informative results, In
other words, how successful were subjects at coordinating the searches in

vides direct and discriminating evidence for all hypotheses, it is most
usefut for discovering Selector rules, Therefore, we expected that Selec-
tor subjects who had observed the outcome from one or more Region 2
experiments would be more likely to discover the correct rule than those
who never entered Region 2.

In order to determine the effect of experiment space region on overall
success rate, we calculated the probability of discovering the correct rule
as a function of the Regions actually visited. When success rates are
aggregated over all grades and conditions, there appears to be no benefit
from having been in Region 2. Sixty-four percent of the 44 subjects who
had one or more Region 2 experiments were successful, while 45% of the
20 who never entered Region 2 were successful, x(1,.N = 64) = 1.27, p
= .26. However, as predicted, a closer analysis reveals a clear effect of
Region 2’s utility for discovering Selectors. Tabie 4 shows the number of
subjects in each Actual condition and grade level who were successful or
unsuccessful according to whether or not they ever went into Region 2.
As just noted, most subjects in the Actual = Counter conditions are
successful, regardiess of whether or not they entered Region 2. However,
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TABLE 4
Number of Successfil and Unsuecessful Subjects Who Did and Did Not Have at Least
One Experiment in Region 2 for Different Actual Conditions

Actual conditions

Counter Selector
3 U S U
M
In R2 6 1] 3 2
Not in R2 g 0 i 0
cC
InR2 § [ I 5 4
Not in R2 3 H 1] i
Sixth
InR2 4 1 2 3
Not in R2 3 { 0 3
Third
In R2 3 i g 4
Not in R2 2 1 0 4

Nate, S, Successfui; i, Unsucccssfui; R2, Region 2.

for all but one subject in the Actua] = Selector conditions, having at feast

one experiment in Region 2 is a necessary but not sufficient condition for
success.

DISCUSSION

We have approached the investigation of developmental differences in
scientific reasoning in terms of duaj search in a space of experiments and
hypotheses. In the Studies described here, we manipulated subjects’ inj-
tial location in the hypothesis space in order to examine their search in the
experiment space. Qur discussion will focys primarily on developmental
differences in experiment space search, However, it is important to recall
that in ail conditionsminciuding Counter-Counter and Selector-Selector
conditions—the Given hypotheses was always wrong. Subjects abvays
had to searci Jor the correct hypotiesis. Therefore, we mclude a brief
discussion of hypothesis space search, and then we conclude with a dis-
cussion of the broader implications of our findings.

Experiment Generation Heuristics

_Con::parcd to the unbounded size of the experiment space faced by a
Scientist in a laboratory, the BT domain may appear to be an unrealisti-
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cally simple context in which to investigate experimentation skills. In
fact, the potential size of the BT experiment space is surprisingly large.
When command-icvel differences between experiments are taken into
account, then the number of distinct experiments is in the billions (See the
carlicr description of the BT Experiment Spacel. Adult subjects quickly
realized that although the specific commands in a program might be used
as useful markers of BT's behavior, the essential attributes of the exper-
iment space were the values of A and N. Nevertheless, even the full AN
space has 225 cells and subjects had to decide which of them to explore.

Both CM and CC adults were effective at drastically pruning the ex-
periment space. Over half of their experiments occurred within the A =4,
N < 3 area of the experiment space, which represents only 5% of the full
space. In contrast, less than one-third of the children's experiments were
so constrained. Furthermore, the pattern of tesults described in the pre-
vious section revealed a developmental trend in the overall systematicity
and effectiveness with which subjects searched the experiment space.
Our interpretation of this pattern is that it is a consequence of develop-
mental differences in the application of a set of domain-general heuristics
for searching the experiment space. The four principle heuristics are

{. Use the plausibility of a hypothesis to chaose experimental strategy.
As noted earlier, one of the most robust findings in the literature on
scientific reasoning in adults is that subjects attempt to confirm, rather
than disconfirm, their current hypothesis (Gorman, in press; Klayman &
Ha, 1987). Similarly, developmental studies show that even when explic-
itly instructed fo gencrate evidence that could potentiaily falsify a rule,
children at the 6th-grade level or below perform very poorly (Kuhn, 1989;
Ward & Overton, 1990). However, in this study, we found a more flexible
kind of response. That is, both children and adults varied their approach
to confirmation and disconfirmation according to the plausibility of the
currently held hypothesis.

More specifically, subjects chose AN combinations that could either
demonstrate or discriminate hypotheses according to their plausibility.
When hypotheses were plausible, subjects at all levels tended to set an
experimental goal of demonstrating key features of the given hypothesis,
rather than conducting experiments that could discriminate between rival
hypotheses. (However, when given Counters, the third graders did not
emphasize the value of N to the extent that the other three groups did.)

For implausible hypotheses. aduits and young children used different
strategies. Adulits’ response to implausibility was to propose hypotheses
from frames other than the Given frame and to conduct experiments that
could discriminate between them. Our youngest children’s response was
to propose a hypothesis from a different, but plausible frame, and then to
ignore the initial, and impiausible, hypothesis while attempting to dem-
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onstrate the correctness of the plausible one. Third graders were partic-
ularly susceptible to this strategy, but by 6th grade, subjects appeared to
understand the type of experiments that will be informative.

2. Focus on one dimension of an experiment or hypothesis. Experi-
ments and hypotheses are both complex entities having many aspects on
which one could focus. In this study, experiments could vary at the AN
ievel, at the command level, or even at the ievel of arguments for com-
mands. Similarly, for hypotheses, there are auxiliary hypotheses, ancil-
lary hypotheses, and additional assumptions that are never directly tested
(cf. Lakatos & Musgrave, 1970). An incremental, conservative approach
has been found to be effective in both concept attainment (Bruner et al’s
“conservative focusing’) and hypothesis testing (T schirgi’s, 1980, VO-
TAT strategy). This suggests that in moving from one experiment or
hypothesis to the next or in moving between experiments and hypotheses,
one should decide upon the most important features of each and focus on
just those features.

Use of this focusing heuristic was manifested in different ways with
respect to hypotheses and experiments. For hypotheses, it led all groups
except the third graders to focus initially on the number of times some-
thing was repeated when given Counters, and what was repeated when
given Selectors. This produced the AN pattern depicted in Fig. 4. For
experiments, it led to a characteristic pattern of between-experiment
moves thal minimized changes at the command fevel. Here, the CM
adults stood apart from the other threc groups. They were much more
likely than any of the three other groups o make conservalive moves—
that is, to minimize differences in program content between one program
and the next. Although there are few sequential dependencies in the tn-
formativeness of experiment space regions, CM adults may have used this
heuristic to reduce the cognitive load imposed when comparing the out-
comes of two programs.

Interestingly, only the third graders failed to use this heuristic when
searching the hypothesis space, whereas only the CM adults used it ef-
fectively when searching the experiment space. it is possible that, be-
cause the hypothesis search aspect of the discovery task is so familiar, all
but the third graders were able to use the focusing heuristic. In contrast,
when confronted with the relatively novel experimental design aspect of
the task. even adults, if untrained in science, remained unaware of the
utility of a conservative change strategy.

3. Maintain observability. As BT moves along the screen from one
focation to another, it leaves no permanent record of its behavior. Sub-
jects must remember what BT actually did. Thus, one heuristic is to write
short programs in order to make it easy to remember what happened and
to compare the results to those predicted by the Current hypotheses. Al
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the level of individual commands, this heuristic produces small arguments
forthe 1 and | commands, so that BT does not go off the screen. There
were clear differences in the use of this heuristic. Adults almost always
used it, whereas the youngest children often wrote programs that were
very difficult to encode. This heuristic depends upon knowledge of one’s
own information processing limitations as well as a knowledge of the
device. Our finding that the third graders did not attempt to maintain
observability, whereas the sixth graders and aduits did, may be a mani-
festation, in the rcalm of experimental design, of the more general find-
ings about the development of self-awareness of cognitive limitations
{Brown, Bransford, Ferrara, & Campione, 1983; Wellman, 1983).

4. Design experiments giving characteristic results. Physicians look
for “‘markers” for discases, and physicists design experiments in which
suspected particles will icave ‘“*signatures.” In the BT domain, this heu-
ristic is instantialed as “‘usc many distinct commands.” This heuristic
maximizes the interpretability of experimental outcomes. It is extremely
difficult to isolate the causc of a pariicular piece of BT behavior when
many of the commands in a program are the same. All four groups were
roughly cquivalent in their use of this heuristic; on average. about half of
all programs did not contain any repeated commands.

Overall, adults and children differed widely in their use of these heu-
ristics. Adults not only appeared to use each of them but also appeared to
be able to deal with their inherent contradictions. No subject ever used
the 1,1 cell, even though it would yield the easiest to observe behavior,
because it is so uninformative with respect to discriminating among rival
hypotheses. Additionally, in a related study (Klahr, Dunbar, & Fay,
1990), adults’ experiments were significantly overrepresented in the A =
3, N = 2 cell of the experiment space. This cell represents the shortest
possible Region 2 experiment, and its overrepresentation suggests a com-
promise between informativeness and simplicity. Adults’ tendency to
cluster their experiments in the 4 X 3 experiment space in the present
study represents a similar compromise among competing heuristics.

In contrast, children either failed to use these heuristics at all or they let
one of them dominate. For exampie, one approximation to the *‘charac-
teristic result’” heuristic would be to write long experiments that could
generate unique behavior, although that would violate the **maintain ob-
servability” heuristic. Even on their first experiments, adults tended to
write relatively short programs. Oniy one-third of them wrote first pro-
grams with A > 3, whercas 80% of the children wrote programs with
A>3,

Search in the Hypothesis Space
In this study, as in all our previous studies, subjects at each grade level

DEVELOPMENT OF EXPERIMENTATION HEURISTICS 137

found Counter hypotheses more plausibie than Selector hypotheses. In-
deed, the refative plausibility of Selectors was so low for third graders,
that when Selectors were given they were disregarded and replaced by
Counters. Klahr & Dunbar (1988, pp. 10, 11) suggest several potential
sources of domain-specific knowledge about what ‘‘repeat’” might mean
that could account for this bias, including linguistic knowledge, program-
ming knowledge, and the particulars of the BT command syn{ax.

Although we found no age-refated difference in the bias toward
Counters, there was a developmental difference in the implications of this
bias, which was manifested in subjects’ ability to consider multiple hy-
potheses. One-third of the adults but aimost none of the children began by
considering more than one hypothesis. Adults’ tendency to test muitiple
hypotheses was unexpected, because results from previous studies using
this domain (Klahr & Dunbar, 1988) as well as others {(c.g.. Mynatt,
Doherly, & Tweney, 1977) indicate that subjects gencrally avoid testing
multiple hypotheses. One possible explanation for this difference is thatin
the earlier studies, subjects had to generate their own initial hypotheses.,
whereas in the studies described here, subjects were given hypotheses to
test. This procedural difference may have induced 1n subjects a mild
skepticism for a hypothesis not of their own making, even when it was
from a plausible frame. For adults, this resuited in the testing of multiple
hypotheses, while for most children, it led to replacement of an implau-
sible Given with a different hypothesis.

These results suggest that one deveiopmental difference in hypothesis
space search is in how the strength of belief in a hypothesis determines
whether multiple or single hypotheses will be considered. The cognilive
demands imposed by the need to search the hypothesis space for a plau-
sible hypothesis to oppose an implausible one, and then to search the
experiment space for a discriminating test, may have exceeded the ca-
pacity of our youngest subjects. This led them to avoid considering mui-
tiple hypotheses. If the initial hypothesis was plausible, then they ac-
cepted it. If it was implausible, their only recourse was to abandon it and
replace it with one more plausible. In contrast, when adults were given a
hypothesis, whether plausibie or implausible, they had sufficient re-
sources to contrast it with another one,

A Framework for Investigating the Development of Scientific
Reasoning Skills

We opened this paper by alluding to two long-standing disputes about
developmental differences in scientific reasoning skills. In this concluding
section, we will briefly summarize the two dichotomics and then show
how our results, when interpreted within the SDDS framework, enable us
to address both issues in a productive and informative way.
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The child as scientist. The positive view of the child-as-scientist is
exemplified by the assertion that “*Clearly, children go about their task as
true scientists do, building theories about the physical, social and linguis-
tic worlds, rather than reasoning as inductive logicians” (Karmilofi-
Smith, 1988, p. 193). This position is stated even more forcefully by
Brewer & Samarapungavan (1991), who conclude their review of chil-
dren’s knowledge about astronomy by stating that “'the child can be
thought of as a novice scientist, who adopts a rational approach to dealing
with the physical world, but lacks the knowledge of the physical worid
and cxperimental methodology accumulated by the institution of sci-
ence.” In stark contrast is the claim that “‘the process in terms of which
mental models, or theories, are coordinated with new evidence is signif-
icantly different in the child, the lay aduit, and the scientist. In some very
basic respects, children (and many aduits) do not behave like scientists™
(Kuhn, 1989, p. 687).

Unfortunately, one can find empirical support for each of these incom-
patible claims. On the one hand, results of formal studies, as well as
abundant everyday experience, provide evidence that trained scientists,
and even untrained lay adults, commonly outperform children on a vart-
ety scientific reasoning tasks. Indeed, the vast literature on differences
between formal operations and concrete operations supports the position
that there are substantial changes in scientific reasoning skills between
the ages of 6 and 12. On the other hand, many studies show that adults
demonstrate systematic and serious flaws in their reasoning (Kuhn et al.,
1988: Schauble & Glaser, 1990), while very young children are capable of
surprisingly compeltent reasoning about hypotheses testing and experi-
mentation. For example, Sodian et al. (1991) report that Ist-grade chil-
dren, when given a pair of mutually exclusive and exhaustive alternative
hypotheses and a choice between two unambiguous experiments, can
distinguish between conclusive and inconclusive tests of the hypotheses.
Furthermore, in this constrained conatext, first graders can distinguish
between testing a hypothesis and generating an effect.

Domain-general and domain-specific scientific reasoning skills. In this
debate it is assumed that there are developmental differences in scientific
reasoning skills and the question becomes “‘what causes them?’” By one
account, they are simply a side effect of the acquisition of domain-specific
knowledge (Chi & Ceci, 1987). Support for this view comes from dem-
onstrations that when children do have sufficient domain-specific knowi-
edge, they often outperform aduits (e.g.. Chi, 1978). The domain-general
view. in contrast, attributes the differences to both the development of
basic information-processing components {such as encoding rates, scan-
ning skills, retrieval speed (Kail, 1991}, metamemorial skills (Wellman &
Somerville, 1984}, and problem-solving skills (Klahr & Robinson, 198 1) as
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well as diffcrences in the jogical skiils required to carry out the full set of
processes invoived in scientific [easoning. ’

Toward a resolution of both debates. We believe that the resuits of this
study, when interpreted within the SDDS framework summarized earlier.
contribute toward a resotution of both of these debates. Our approach has
been to formulate an explicit characterization of the scientific discovery
process, and to examine the deveiopmental trajectory of its components.
We described a framework (SDDS) in which scientific reasoning was
conceptualized as a problem-solving process involving segrch in two
spaces, and we focused on heuristics for searching the expcmqent space.
We argued that the search constraint heuristics were domain-general,
because they were applied in a context far removed from the situations in
which they were acquired. However, the plausibiiity of specific hypoth-
cses, which influenced search in both the hypothesis space and the ex-
periment space, is based on domain-specific knowledge. In the study
reported here, it results from subjects’ strong biases about what “repeat”
might mean.

Our study yielded a picture of both similarities and differences in the
way that children and adults formulate hypotheses and design experi-
ments to evaluate them. At the top level of the cycle of scientific reason-
ing—that is, the level of hypothesis formation, experimentation and out-
come interpretation—older elementary school children approached the
discovery task in an appropriate way. Most sixth graders and some third
graders understood that their task was to produce evidence 10 be used in
support of an argument about a hypothesis. Contrary 10 Kuhn et al.
(1988), they were able to distinguish between theory (hypotheses) and
evidence. However, when placed in a context requiring the coordination
of search in two spaces, children’s performances werc markedly inferior
to adults (both with and without technical and scientific training).

An examination of the fine structure of the subjects’ sequences of ex-
periments and hypotheses revealed that their overall performance differ-
ences could be attributed to characteristic differences in how they
searched both the hypothesis space and the experiment space. The most
important difference in hypothesis space search was in the way that aduits
and children responded to plausible and implausible hypotheses. When
aduits were given an implausible hypothesis, they established a goal of
designing an cxperiment that could discriminate between the given i'm-
plausible hypothesis and a plausible hypothesis of their own creation
(usually one of the standard Counters).

When children were given hypotheses to evaluate, they were not in-
sensitive to whether they were plausible or implausible, but they re-
sponded by generating a different goal than the adults’. In the implausible
case, rather than simuitaneously considering two alternative hypotheses,
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children focused only on a plausible one of their own making (a Counter},
and attempted to generate what they believed would be extremely con-
vincing cvidence for it. This was not an unreasonable goal, but it pro-
duced uninformative experiments. More specifically, in order to generate
a convincing case for a Counter hypothesis, third graders chose large
values of N, so that the effect of the number of repetitions wouid be
unambiguous. Becausc their goal was demonstration, inconsistencices
were interpreted not as disconfirmations, but rather as either errors or
temporary failures to demonstrate the desired effect. When subsequent
cfforts to demonstrate the Counter hypothesis were successful, they were
accepted as sufficient. Because the third graders did not seek giobal con-
sistency, they extracted only local information from experimental out-
comes. Analogous resuits with respect to lack of global consistency have
been reported by Markman (1979). She demonstrated that children be-
tween 8 and 11 years old have difficulty noticing internal contradictions in
relatively bricf text passages. Markman suggested that children focus on
the reasonableness of individual statements, rather than their collective
consistency. Similarly, our youngest children selectively focused on spe-
cific experimental outcomes, rather than seeking a hypothesis that could
account for all of them.

The BT context elicited behavior in our third graders that is character-
istic of younger children in simpler contexts. Resistance to disconfirming
evidence has been observed in studies of discrimination learning (Tumblin
& Gholson, 1981), but it has been limited to much younger children. For
example, Ghoison, Levine, & Phillips (1972) found that kindergarten chil-
dren maintained disconfirmed hypotheses on about half of the negative
feedback trials, while by 2nd grade the rate dropped to 10%. The com-
plexity of the discovery context, in conjunction with strong plausibility
biases, may have caused our third graders to function like kindergarten
children in the simpler discrimination learning task.

With respect to search heuristics in the experiment space, children
were less able than adults to constrain their search, they tended not to
consider pragmatic constraints, and they were unsystemalic in the way
that they designed experiments. These findings indicate that one of the
problems for the younger children is to apply effective search constraints
on their experiments. This viewpoint is consistent with research on the
effects of constraints on probiem solving in younger children. When pre-
sented with “‘standard” puzzies (involving search in a single problem
space), young children perform much better when the order of subgoals is
constrained by the structure of the materials than when they have to
decide for themselves what to do first (Klahr, 1985; Klahr & Robinson,
1981). Here too, we find the third graders in our dual-search situation
behaving analogously to younger children in single-search contexts. That
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is. in our study, when given a task in which they had to impose multiple
constraints on hypotheses and experimental design, children did not con-
duct appropriate experiments. However, in studies where both hypothe-
ses and experimental choices are highly constrained, young children can
sciect appropriate experiments (Sodian et al., 1991,

Overall, the SDDS framework has helped us to begin lo answer some
enduring questions about the development of scientilic discovery skills,
The results of our analysis, when combined with the related work from
other laboratories, clarify the conditions under which children’s domain-
general reasoning skills are adequate to successfully coordinate search for
hypotheses and experiments: (a) hypotheses must be easily accessible
(such as the highly plausible Counters in our study) or few in number (as
in the two-alternative situations used by Sodian et al.), {(b) the experimen-
tal alternatives must also be few in number (also as in Sadian et al.), and
(c) the domain must provide feedback relevant lo discriminating among
plausible hypotheses (as in Region 2 experiments in BT s;udies). Itis
important to reiterate the point that the performance deficils we fougd
were not simply the result of children’s inadequate encoding or maemonic
skills. As shown earlier, when experimental oulcomes were consistent
with children’s expectations, they were correctly encoded, even though
they were three times as long as those incorrectly encoded, but discrepant
from children’s expectations. Instead, the adult superiority appears to
come from a set of domain-general skills that go beyond the logic of
confirmation and disconfirmation and deal with the coordination of scarch

in {wo spaces.

APPENDIX: A COMPLETE PROTOCOL FROM A CM (ADULT)
SUBJECT (DP}

Note. CLR and GO commands have been deieted. BT's behavior is
shown at the right in boldface type.

Given: A—Repeat entire program N times Actual: C—Repeat Nth step
once

What I want todoisum . ..

I want to test to see if repeat repeats the statements before 1t,
50 I'll write just a little program that does something,

say turns left ten, and then put the repeat statement in

and we'll just repeat it twice 'causc it’s not really important

. for the first progranm.

. And then just to check I'll put in a statement after the repeat
. to see if it has any effect on that,

. 5o it's just left ten, repeat it twice and then right ten.

_ EXP: OK, SO WHAT ARE THE COMMANDS?

SweNawmAwN -

o
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1.

k]

L.

13.

14,
15.
I6.
17.

18.
9.
20.
21.
22.
23.
pLE
25.
26.

27.
28,
29,
30.
31.
2.
33.
34,
35.
36.
37.
38.
. Um, that’s the old program. I don’t think that you cleared. OK, for-

40.
41.
42,

43,
45.
46.
47.

48.
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Left ten, repeat two, and right ten.
Experiment 1: <10 RPT 2 10
«20-+10

Ok, it did what you would expect it would do,
it did repeat the left ten twice so it turned left twenty
and then back to the right ten,
so it appears that the repeat doesn’t have any effect on any state-
ments
that come after it,
so I guess now we’ll try putting more than one statement
in front of the repeat and see what happens
we'll do left ten and forward two, repeat twice,
and just to check it again at the end we'll just have it fire once
and see if it repeats it or not
It's left ten, forward two, repeat twice, fire one.
Experiment 2: <10 12 RPT 2 FIRE 1
«—10 14 FIRE 1

Ok, it only turned ieft once,

but it went forward four,

so it looks like it only repeats the statement immediately in front
ofit. Oh...um. ..

1 guess for the last test we'll just try a more complicated program
with the repeat in the middle of it

and see what siatements are repeated. Ahh, forward one and . . .
So this is just a long program with a repeat in the middle of it

to see what stalements are repeated.

EXP: OK, SO WHAT ARE THE COMMANDS?

Forward one, right fifteen, back one, repeat two, left ten,
forward one.

ward one, right fifteen,
back one, repeal two, left ten, forward one.
Experiment 3: 11—15 [ 1RPT2 «10 11
1115 [ 115 «10 11

Ok, that time it repeated the uh . . . the right fifteen command

. EXP: SO DO YOU KNOW HOW IT WORKS,

OR WOULD YOU LIKE TO WRITE MORE PROGRAMS?
I'm not really sure how it works,

because it seemed to act differently in number two, and number
three.

It would be best to write more.

49,
50.
5L
52.
53.
54.
55,
56.
57.
58.

39.
60.
61.

62.
63.
. because when I change the number not only did it change . . .
65,
66.
67.

68.
69.
0.
71,
72,
73.

74.
75.

76.
T1.
78.
79.
80.
8l.
82.
8.
84.
85.
86.

87.
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EXP: OK.
Should I just go ahead?
EXP: YES JUST WRITE NUMBER FOUR.
Um . . . Let’s just try the same program as before,
except we'll put a three in, repeat three instead of a repeat two,
and see if that has anything to do with it.
Forward one, right fifteen, back one, repeat three, left ten,
forward one, and go.
Experiment 4; 11 —15 {1 RPT 3 <10 11
1115 [ 2«10 11

That time it repeated the statement here but it repeated it twice,
the number four . . . the number three . . .

it repeated the turning statement once . ., Um . ..

EXP: WOULD YOU LIKE TO TRY ANOTHER PROGRAM?
Um . . . 1 guess, I don't really have any idea of what it's doing

it didn't change the uh . . .
the number that it repeated
but it changed the uh . . . the actual instruction . . . Um, I'm going to
wy. ..
1 guess my conjecture is, right now, that it says repeat two
so it repeats the second instruction,
and here it repeats three and it repeats the third instruction.
So we’ll try the same thing with repeat one,
and see if it repeats the first instruction . . .
Forward one, right fifteen, back one, repeat one, left ten, forward
one, go.
Experiment 5: 11 —15 [ IRPT 1 <10 11
T1—15 |1 11«10 11

Ok, ok, I think I know what it does now.

EXP: OK ...

When it hits the repeat statement . . .

when it says repeat one it means at this point repeat statement
number one

and in this case because it went forward and it turned and it went back
and then it came forward again, which is the first statement.

and it did something similar, I mean it went forward one, turned right
went back, and it hit repeat three and this is the third statement

s0 it went back again

EXP: OK. SO HOW, IN GENERAL, HOW DOES THE REPEAT
KEY WORK?

If you type, it looks, when it hits the repeat statement,
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88. if you look through the program and it’s like repeat six
89. it takes the sixth statement and does that,

90. then when it hits the repeat statement it'li repeat the sixth statement
once.
91. EXP: OK, GREAT.
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