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Abstract

When asked to explain their solutions to a problem, both adults and children gesture as they talk
These gestures at times convey information that is not conveyed in speech and thus reveal though
that are distinct from those revealed in speech. In this study, we use the classic Tower of Hanoi puzzle
to validate the claim that gesture and speech taken together can reflect the activation of two cognitive
strategies within a single response. The Tower of Hanoi is a well-studied puzzle, known to be most
efficiently solved by activating subroutines at theoretically defined choice points. When asked to explain
how they solved the Tower of Hanoi puzzle, both adults and children produced significantly more
gesture—speech mismatches—explanations in which speech conveyed one path and gesture anothe
at these theoretically defined choice points than they produced at non-choice points. Even when thi
participants did not solve the problem efficiently, gesture could be used to indicate where the participants
were deciding between alternative paths. Gesture can, thus, serve as a useful adjunct to speech wh
attempting to discover cognitive processes in problem-solving.
© 2002 Cognitive Science Society, Inc. All rights reserved.
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1. Introduction

When people talk, they gesture. Gesture is found in all cultures that have been observec
and it occurs across a wide range of tasks and dgmgefeisen & de Lannoy, 1991; McNeill,
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1992. Gesture might be nothing more than handwaving, reflecting an outpouring of excess
energy or a bid for the listener’s attention. However, recent research has shown that the gestures
speakers spontaneously produce when they talk can reflect substantive ideas relevant to the
task at hand@oldin-Meadow, in press; Kendon, 1980; McNeill, 19920r example, consider

a child shown two tall thin glasses containing the same amount of water. The water in one glass
is poured into a short wide dish and the child is asked whether the dish has the same amount
of water as the full glass. The child says “no” and justifies his incorrect belief by saying “it's
different because this one’s tall and that one’s short” while at the same time gesturing TALL
(a flat palm held at the water level of the full glass) and then SHORT (a flat palm held at the
water level of the dish). This child is focusing on the height of the water and has indicated his
focus in gesture as well as speech.

There are times, however, when speakers use their hands to convey information that is
not found in their speech. Consider another child who gives the same response to the water
conservation question in speech—"it's different because this one’s tall and this one’s short"—
but in gesture produces SKINNY (two flat palms held at the sides of the glass) and then WIDE
(two flat palms held at the sides of the dish). This child highlights height in her speech but width
in her gesture—she has produced a gesture—speech misr@dictcly & Goldin-Meadow,

1986.

Do mismatching gestures of this sort have cognitive significance? Two types of evidence
suggest that they do, one from learning paradigms, the other from problem-solving paradigms.
(1) Gesture—speech mismatch can index cognitive stability and thus predict learning outcomes.
Children who produce many mismatches when they explain their answers to a set of conserva-
tion or math problems are in an unstable cognitive state with respect to those problems—if pro-
vided with appropriate instruction, they will improve on the taSkirch & Goldin-Meadow,

19886 Perry, Church, & Goldin-Meadow, 1988f not, they will fall back to a less advanced,

but more stable statéA(ibali & Goldin-Meadow, 1993. These children are ready to learn,
more ready than children who produce few mismatches on the same task. (2) Gesture—speect
mismatch can predict future problem-solving strategies. When asked to restate a continuous
change problem, adults will often convey information in their gestures that is not found in
their speech. When later asked how they would solve this problem, these adults not only call
upon strategies compatible with their spoken description of the problem, but also strategies
compatible with their gestured description—and they call upon gestured strategies equally
as often as spoken strategi@dilfali, Bassok, Olseth, Syc, & Goldin-Meadow, 199%es-

ture, thus, provides insight into a speaker’s thoughts. But what is gesture telling us about
those thoughts?

We have speculated that gesture in a mismatch reflects a second problem-solving strategy,
one that the speaker has not integrated with the problem-solving strategy expressed in speect
(Goldin-Meadow, Alibali, & Church, 1993a Gesture—speech mismatch, thus, reflects the
activation of two strategies on a single problem. We have gathered indirect evidence for this
hypothesis using a cognitive load paradigBo(din-Meadow, Nusbaum, Garber, & Church,
1993h. We observed 9-10-year-old children, all of whom solved a mathematical equivalence
problem incorrectly. We divided the children into those who produced many mismatches and
those who produced few when explaining their solutions to the math task. We then asked all of
the children to solve the same types of math problems a second time, but in this condition they
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did not have to explain their solutions—instead, they had to remember a list of unrelated words
while solving each problem. The number of words the children recalled served as a gauge of hov
much cognitive effort they expended while solving the math problems. We found that children
who had produced many mismatches on the earlier explanation task remembered significantl
fewer words compared to children who had produced few mismatches. These observation
suggest that the mismatchers were activating two strategies when solving the math problem:
and thus, had less cognitive effort left over to remember words than the matchers who were
activating only one strategy. In other words, children who produced two strategies (one in
speech, one in gesture) on a single problem wdgnainingthe task were just the ones who
activated more than one strategy whssivingthe task. Thus, the study not only suggests that
mismatchers activate more than one strategy when either solving or explaining a task, but i
also validates the use of gesture in explanations as an index of problem-solving strategies.

Our goal in the present work is to extend this phenomenon to a task where previous the:
ory provides clear-cut predictions about when the problem-solver ought to be activating two
strategies. If gesture can be validated as a technique for identifying when problem-solvers ar
entertaining two strategies, it can supplement verbal protocols as a tool for tapping cognitive
processes in problem-solving.

Gesture is pervasive and comes for “free” whenever adults and children are asked to give
explanations. Gestural data are consequently there for the taking. Moreover, since mucl
of what problem-solvers think about when they solve problems may not be expressed ver-
bally, verbalizations do not always accurately reflect the cognitive processes at work during
problem-solving Ericsson & Simon, 1980, 1993Gesture, it turns out, has access to speakers’
implicit thoughts—thoughts that speakers cannot articulate and may not even know they have
(Garber, Alibali, & Goldin-Meadow, 1998Thus, gesture could serve as a particularly useful
technique to assess problem-solving as it unfolds, one that offers a unique perspective on th
process.

The Tower of Hanoi is a puzzle in which a graduated tower of disks, with the largest on the
bottom and the smallest at the top, must be moved from a source peg to a goal peg accordin
to two rules Egan & Greeno, 19793The first rule stipulates that only one disk can be moved
at a time; the second stipulates that a larger disk cannot be placed on top of a smaller one. Tk
problem is most efficiently solved by making repeated comparisons of the disks’ current state
to the final goal state and to several desired intermediate goal Stsesl( & Simon, 1972.

Many studies have demonstrated that successful problem-solvers do break the Tower of Hanc
puzzle into theoretically defined subroutines. Evidence for the existence of subroutines come
from a variety of source®rrors made by adultsEgan & Greeno, 1973and children Bidell

& Fischer, 1995; Byrnes & Spitz, 197 2emporal patterning of movess adults Karat, 1982
Kotovsky, Hayes, & Simon, 1985%nd children Bidell & Fischer, 199%; verbal protocols
provided by adultsAnzai & Simon, 1979; Hayes & Simon, 19Y&nd children Klahr &
Robinson, 198}t andcomputer simulationsf human problem-solvinggrnst & Newell, 1969;
Newell & Simon, 1972

We suggest thajesturemight also provide evidence that problem-solvers use subroutines
when solving the Tower of Hanoi puzzle. At moments when subroutines are activated, the
problem-solver must choose between at least two possible paths—one which allows the puzzl
to be solved optimally (in the least number of moves), and the other which does not. Once the
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subroutine is activated, the next several steps on the path are clear, and there are no choices t
make. We have claimed that gesture—speech mismatches have the potential to instantiate twc
strategies in a single response (one expressed in speech, and one in gesture). We, therefore
speculated that problem-solvers, both adults and children, might produce mismatches at just
those branch points in the Tower of Hanoi puzzle when theoretically called-for subroutines
should be chosen—but not produce mismatches in the several steps after the subroutine ha:s
been activated.

2. Method
2.1. Participants

2.1.1. Adults

Twenty-four college studentsy{ = 20 years; range= 18-24 years), 12 males and 12
females, were chosen randomly from a larger database of volunteers. None reported being
familiar with the Tower of Hanoi puzzle or any of its isomorphtages & Simon, 197)7 All
were paid for their participation.

2.1.2. Children

Thirty children were screened for participation in the study; 5 who were not successful
during the practice trial, and 1 who was familiar with a computerized version of the puzzle,
were eliminated from the study. The final sample consisted of 11 boys and 13 girls, ages 8;5
(years;months) to 10;IM = 9;8), from three parochial schools in Chicago reflecting a variety
of socio-economically and ethnically diverse backgroun@ildren were given a pencil in
exchange for participating in the study.

Adults were asked to solve and explain a 4-disk version of the Tower of Hanoi, and children
a 3-disk version. The 4-disk version can be solved by adults but presents a chalterege (
& Lambert, 1932; Gagne & Smith, 1982as does the 3-disk version for 9-year-old children
(Byrnes & Spitz, 1979

2.2. Materials and task

2.2.1. Apparatus

The Tower of Hanoi apparatus consisted of a flat wooden base, $&im., and three 6in.
vertical wooden pegs (referredto as pegs 1, 2, and 3), drilled into the base at 3 in. intervals. Disks
were made of wood covered with Formica coatings of bright, easily identifiable colors (blue,
red, yellow, green). The smallest disk measured 2 in. in diameter, with each disk increasing in
diameter by 1/2in.

2.2.2. Rules

The top ofFig. 1 displays the start configuration of the 4-disk task. The goal was to stack
all four disks, in the same configuration, on peg 3 following two rules. The first stipulated that
only one disk could be moved at a time. The second stipulated that a larger disk could not be
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Fig. 1. A problem-space diagram of the 4-disk tower of Hanoi task. The circles indicate all possible configurations (configuration 1 is the starting point;
configuration 16 is the goal). The numbered circles indicate the steps in the optimal solution to the task; the configuration of disks at each step is shown beside
the circles. Gray circles indicate choice points in the optimal path; dotted circles indicate non-choice points. Open circles indicate moves that are not optimal.

T€8-/18 (2002) 92 92usIdS dANUBOD / MOPESIA-UIP|0D *S ‘1agies d

TZ8



822 P. Garber, S. Goldin-Meadow / Cognitive Science 26 (2002) 817-831

placed on top of a smaller disk. Both rules were reiterated several times throughout the study
and whenever a rule infraction was made during solving.

The minimum number of moves required to solve any version of the Tower of Hanoi task
optimally is 2 — 1, wheren = number of disks—7 moves for the 3-disk task, and 15 for the
4-disk task. Consider the sequence of moves necessary to solve the 3-disk puzzle optimally. At
the outset, a child solving this task must figure out how to get the largest disk (at the bottom of
the initial configuration) onto the goal peg. However, the disk cannot be moved without first
moving the two disks that sit on top of it. The smallest disk must be placed on the goal peg, the
middle disk then placed on the middle peg, and the smallest disk placed back on the middle
disk on the middle peg—all before the largest disk can be moved to the goal peg. To reach
the final goal state, again the smallest disk must first be moved elsewhere before the middle
disk can be placed on the largest disk, now on the goal peg. Thus, at each juncture, there are
intermediate subroutines that have to be activated before each of the three disks can be placec
in its rightful position on the goal peg.

Precisely the same process must be followed to solve the 4-disk problem optimally, but there
are many more subroutines that must be activatégl. 1 displays a diagram of all possible
moves on a 4-disk problem. The series of moves down the right leg of the largest triangle
represents the optimal solution to this problem. The gray circles along this leg represent the
points where the participant can choose to activate a subroutine that will lead to the optimal
solution. To solve the 4-disk problem optimally, the subroutine is activated on steps 1, 5, 9,
and 13 in the 4-disk task (cAnzai & Simon, 1979. The structure of the 3-disk problem can
be seen in the top three small trianglesFig. 1; to solve the 3-disk problem optimally, the
subroutine is activated on steps 1 and&fr, 1979.

2.3. Procedure

Each participant was given a simple version of the puzzle to practice on—a 3-disk task for
adults, a 2-disk task for children. Once patrticipants had succeeded on the practice trial (after
two or three attempts in most cases), they were given the same Tower of Hanoi problem to
solve three times. A problem-solving trial was considered complete when the participant either
reached the final goal (i.e., all disks in the proper order at peg 3), or reached an impasse and
stopped solving.

At the end of each trial, the experimenter returned the stack of disks to peg 1 and asked the
participant to explain his or her solution steps in detail without moving the diks.cognitive
load study described earlieG6ldin-Meadow et al., 1993bsuggests that the explanations
problem-solvers produce when asked to describe how they solved a problem are a good index
of how they actually go about solving problems of that type. We, therefore, assumed that the
explanations produced in this study reflected the steps that the participants took when solving
Tower of Hanoi problems—either the steps they had taken when actually solving the problem
(including their planning steps) or, more likely, the steps they took when re-solving the problem
on-line during the explanation.

Experimental sessions took place in quiet rooms at the participants’ university or elemen-
tary school and lasted approximately 25 min. All testing rooms contained a table, where the
puzzle was placed, and two chairs for the participant and the experimenter. A videocamera,
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used to record data, was positioned so that the participant faced the camera head-on and t
experimenter was off to the side, but still captured on videotape.

2.4. Coding

All videotaped data were transcribed for speech and gesture, and coded according to
system described iGarber (1997)Moves described in speech were transcribed first. Hand
gestures were then indicated on the transcripts. A gesture was defined as any movement of ol
or both hands directed toward the apparatus that indicated a disk or its path as it traveled fron
one peg to another. Other manual behaviors, such as functional actions (touching or picking ui
a disk) or self-adapters (scratching the head, touching the face or boBYneén & Freisen,

1969 were not considered gestures.

2.4.1. Types of path descriptions

We divided path descriptions into optimal (those in which participants described moving
the tower of disks from the starting peg to the goal peg in the minimum number of legal
moves) and non-optimal (those in which participants described taking more than the minimum
number of legal moves or failing to reach the goal entirélfivo adults produced optimal path
descriptions on all 3 problems, 15 produced non-optimal path descriptions on all 3 problems,
and 7 produced some of both; as a result, 9 adults contributed to the analyses of optimal path:
and 22 contributed to the analyses of non-optimal paths. Seven children produced only optima
path descriptions, 9 produced only non-optimal path descriptions, and 8 produced both; a:
a result, 15 children contributed to the analyses of optimal paths and 17 contributed to the
analyses of non-optimal patfs.

2.4.2. Identifying moves in path descriptions

Our next step was to code each move in the participant’s described path. We first identifiec
the path described in speech and then, on a separate pass through the data, identified the p
describedin gesture. We next compared the speech and gesture codes for each move, classifyi
a description as matchif gesture and speech described the same path, andhasreaatchf
gesture and speech described different paffig. 2 presents examples of a gesture—speech
match (top) and mismatch (bottom) produced by an adult describing an optimal solution to the
4-disk task.

Three types of mismatches were found in the data: (1) Gesture conveyed a different patt
from the one identified in speech. For example, one participant described moving the blue disk
to peg 3 by saying, “I moved the blue disk to the last peg [peg 3],” while pointing to the blue
disk and then to peg 2, the middle peg. (2) Gesture conveyed the path identified in speech bt
also an additional path. For example, a participant described moving the blue disk from peg ]
to peg 3 by saying, “I moved the blue disk to the last peg [peg 3],” while pointing to peg 1 and
then to peg 3 and, at the same time, pointing with the other hand to peg 1 and then peg 2 (a
additional move that was never verbalized; see Blgo2B). (3) Gesture described a specific
path whereas speech provided a general description of a path that was difficult to identify. Fol
example, a participant said, “l would do this back and forth while trying to keep the little ones
together,” while pointing at the smallest disk on peg 1 and then pointing at peg 2.
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Speech: “I moved the [green], over [here],.”

Gesture 1 Gesture 2

(A)

Speech: “[and I] ,, uhm, let’s see, [I had the three of them], here and I put the [green one, I think, on
top of here] .

Gesture 1 Gesture 2

(B)

Fig. 2. Examples of a gesture—speech match and mismatch. The adult was describing an optimal solution to the
4-disk task. Numbered brackets indicate where in the speech stream each gesture was produced. (A) Gesture—speec
match. The speech and gestures an adult produced when describing configurafiag. 3 (& non-choice point).

The adult moved her right hand shapadai C in apath from peg 2 to peg 3 while describing precisely the same

path in speech. Speech: “[and-}}, uhm, let's see, [| had the three of thentiere and | put the [green one, |

think, on top of here]” (B) Gesture—speech mismatch. The speech and gestures an adult produced when describing
configuration 9 inFig. 1 (a choice point). The adult first moved her left hand shaped in a C in a path from peg

2 to 1, a path which she didot mention in speech. She then held her left hand shaped in a vertical C at peg 2
and moved her right hand shaped in a horizontal C in a path from peg 2 to 3, a path which she did describe in
speech.

Note that what is crucial in creating a mismatch is that the path identified in one modality be
different from the path identified in the other. The two modalities may overlap in some of the
information they convey—for example, pointing at the blue disk and saying “the blue disk” in
example (1) above However, the pointing gesture in this example was part of a ‘blue disk to
peg 2’ path whereas the speech was part of a ‘blue disk to peg 3’ path—the description was
thus classified as a mismatch. More generally, we use speech to identify the unit of analysis
that is appropriate to the task (the path in the Tower of Hanoi task; the conservation rationale
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in our conservation task§hurch & Goldin-Meadow, 198@he problem-solving strategy in

our math tasksPerry et al., 1988 and then code gesture in relation to that unit. We consider

a response to be a mismatch only if the extra information conveyed in gesture identifies &
unit (path, rationale, or problem-solving strategy) that is different from the unit identified
in speech.

2.5. Reliability

Adults described atotal of 1,416 moves; children described 688. On average, adults produce
gestures in 94%3D = 6%) of their described moves, and children produced gestures in
96% (SD = 6%) of their described moves. Reliability was established by having a second
experimenter transcribe and code the spoken and gestured moves of a subset of adult and ch
participants (172 moves produced by 3 adults over 9 paths; 76 moves produced by 3 childrel
over 9 paths). Inter-rater agreement was determined by calculating the proportion of agreemen
between coders and Cohen’s kappa coefficiedthén, 1961 For adults, agreement between
coders was 1.00 for describing moves in speech (kapph00); .97 for describing moves
in gesture (.94), and .90 for describing gesture—speech matches and mismatches (.88). F
children, comparable numbers were: 1.00 (1.00); 97 (.94); 90 (.88).

3. Results
3.1. Optimal path descriptions

Previous theoretical analyses of the Tower of Hanoi problem predict that participants who

describe an optimal solution should activate subroutines at steps 1 and 5 in the 3-disk tas|
(Klahr, 197§ and steps 1, 5, 9, and 13 in the 4-disk ta&kZai & Simon, 1979seeFig. 1).
We hypothesized that participants would be particularly likely to produce gesture—speech
mismatches at these points precisely because they had to plan several moves ahead at 1
choice points and thus might be considering alternative paths simultaneously. These alterne
tive paths could be expressed in a gesture—speech mismatch, one path in speech and anotl
in gesture.

To test this hypothesis, we divided each participant’s described moves into theoreti-
cally predetermined “choice point” moves and “non-choice point” moves. We then calcu-
lated the proportion of gesture—speech mismatches produced on each type ofigoe.
presents the proportion of mismatches that adults (left bars) and children (right bars) pro-
duced when describing choice point moves (black bars) and non-choice point moves (white
bars). We conducted an ANOVA with age (adult, child) as a between-subjects factor and
type of move (choice point, non-choice point) as a within-subjects factor. Arcsine transfor-
mations were performed before statistical analysis. As predicted, there was a significant ef
fect of type of move F(1,22) = 1052, p = .004]—both adults and children produced
more mismatches when describing moves at choice points than at non-choice points. Ther
was no effect of ageHq (1, 22) = 2.04, ns] and no interaction between factofq 1, 22) =
.78, ns.
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Optimal Paths:
Choice Points Theoretically Defined
1.0

Hl Choice Point
[Od Non-Choice Point

0.8

0.6

0.4

0.2

Proportion of Mismatches

0.0

Adults Children

Fig. 3. Mismatchesin optimal paths. The proportion of gesture—speech mismatches that adults and children produced
when describing choice point moves and non-choice point moves in optimal paths. Choice points were defined
theoretically as the point at which a subroutine ought to be activated to solve the problem in the least number of
possible moves. Error bars indicate standard errors.

3.2. Non-optimal path descriptions

Non-optimal paths were those in which the goal was not reached in the minimal number of
moves, or was not reached at all. We suspected that when participants described a non-optimal
path, their path decisions may not have been made at theoretically defined choice points since
they were not, in fact, following the most efficient path. Nevertheless, we divided their de-
scribed moves into theoretically defined choice points and non-choice points, and calculated
the proportion of mismatches at each type of move. The left grapligo# displays the data
for the non-optimal paths. As expected, neither adults nor children produced more mismatches
when describing theoretically defined choice points than when describing non-choice points
[F(1,37) = .94, ns]. There was no effect of agé(l, 37) = 1.32, ns] and no interaction
between factorsq (1, 37) = .01, ns].

By definition, non-optimal paths were not the most efficient way of solving the Tower of
Hanoi puzzle. It also turned out that when participants recounted non-optimal paths, their
descriptions were often inaccurate accounts of their own behavior. In other words, the path
described in speech deviated from the path the participant had actually followed in solving the
puzzle. We suspected that in many (if not all) of their explanations, participants were resolving
the problem on-line rather than remembering their original solution. We further speculated
that the points where the participants’ descriptions diverged from their original solutions were
likely to be, for them, trouble spots in the problem; that is, points where they were having dif-
ficulty deciding on a next move. Thus, we hypothesized that the moments when a participant’s
description of a path deviated from the path that participant actually took were those moments
when the participant was considering alternative moves, a personal choice point. To test this



Non-Optimal Paths: Non-Optimal Paths:

Choice Points Theoretically Defined Choice Points Operationally Defined
1.0 1.0
. Bl Choice Point 1 Hl Choice Point
0.8 O Non-Choice Point 0.8 - [0 Non-Choice Point
(%) . » .
[ (4]
K= J K=
L )
© (]
g 0.6 E 0.6 1
= ] =
S s
s 47 5 047
5 | £
2 2
6.9 0.2 g 0.2 -
0.0 0.0 -
Adults Children Adults Children

Fig. 4. Mismatches in non-optimal paths. The proportion of gesture—speech mismatches that adults and children produced when describing choice point moves
and non-choice point moves in non-optimal paths. In the graph on the left, choice points were defined theoretically (the point at which a subroutine ought to be
activated to solve the problem in the least number of possible moves). In the graph on the right, choice points were defined operationally (the point at which the
participant’s verbally described path diverged from the path the participant actually followed when solving the problem). Error bars indicate standard errors.
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hypothesis, we reexamined the non-optimal paths, this time dividing the movespieta-

tionally definedchoice points (those points where the described path first deviated from the
path actually taken when the problem was solved) and non-choice points. We again calculated
the proportion of mismatches at each type of move. The right grapigo# presents the dafa.

The participants produced more mismatches when describing the operationally defined choice
points than when describing the non-choice poitél] 36) = 11.46, p = .002]. There was

no effect of age F(1, 36) = 2.16, ns] and no interactionF[(1, 36) = 1.34, ns]. Thus, we

have evidence from the participants’ gesture—speech mismatches that they were entertaining
two paths at their own operationally defined choice points.

4. Discussion

Much of the previous work on gesture in problem-solving tasks has focused on tasks in which
the problem-solver must generate an end state for the problem (e.g., Piagetian conservation
or mathematics problems). In contrast, the Tower of Hanoi is a task whose beginning and
end points are known to the problem-solver, and whose challenge lies in figuring out how
to go from the known initial state to the known end state. In our current study, we used this
classic problem to make three points about gesture—speech mismatch as an index of underlying
problem-solving processes.

First, it is widely believed that there are particular moments in the Tower of Hanoi puzzle
when subroutines need to be planndaZai & Simon, 1979; Klahr, 1978 We found here
that these are precisely the moments when problem-solvers produce the greatest number of
gesture—speech mismatches. Mismatches occur when there are strategies to be decided betwee
(i.e., on choice point moves), not when strategies have already been chosen and are being exe
cuted. Note that planning seems to be an important factor in eliciting mismatches on the Tower
of Hanoi puzzle. On every move in the puzzle, problem-solvers have several paths open to them.
Mismatches arise not because several moves are possible, but because the problem-solver i
entertaining alternative strategies and formulating a plan of action. Once the plan (or sub-
routine) has been activated, the problem-solver has, in effect, no choices for the next several
moves, and thus produces few gesture—speech mismatches—until the next choice point is
encountered.

Second, we also used mismatch to explore when participants who did not solve the problem
efficiently entertained alternative paths. Inthese cases, itwas not the theoretically defined choice
points that elicited mismatches, but rather the moments when a problem-solver’s description
first deviated from the path he or she actually took when solving the puzzle. We hypothesized
that these points of divergence might reflect trouble spots for individual problem-solvers—
moments when the solver was uncertain about choices among two or more alternatives. The
fact that both the adults and children tended to produce many gesture—speech mismatches a
precisely these moments supports this hypothesis. By extension, to the extent that mismatch is
a valid index of cognitive uncertainty, mismatches can themselves be used to identify choice
points during the process of solving a variety of problems in future studies.

Third, we have extended descriptions of gesture—speech mismatch in adults. Adults have
previously been shown to produce gestures spontaneously in narrddloNgi(l, 1992, in
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descriptions of how gears movedrry & Elder, 1997; Schwartz & Black, 199@nd inteachers’
descriptions of mathematics lesso@o(din-Meadow & Singer, 200Z50ldin-Meadow, Kim,

& Singer, 1999. The findings presented here go beyond identifying yet another contextin which
adults gesture. We demonstrate here that, under similar problem-solving situations, adults an
children produce gesture—speech mismatches in comparable cognitive contexts—that is,
choice points in the Tower of Hanoi problem. Previous attempts to compare problem-solving
in children and adults have often failed to establish comparable conditions across the two group
(but seeGoldin-Meadow, Nusbaum, Kelly, & Wagner, 200Thus, an important contribution

of this study lies in comparing adults’ and children’s problem-solving on the same task, and
demonstrating that gesture can offer insight into problem-solving in adult and child alike.

Notes

1. Nine-year-old children were chosen for this study because 9 is the age when children car
on their own, solve the Tower of Hanoi puzzle at least some of the Bymmés & Spitz,

1979. Although 4- and 5-year-old children are able to solve the problem, they do so
only when exceptionally intelligenK@nevsky, 1988 when given experimenter support
(Kanevsky, 1989; Klahr & Robinson, 198br when given an abbreviated tagofys,
Spitz, & Dorans, 1982; Klahr & Robinson, 1983pitz, Webster, & Borys, 1982

2. After the participants gave their step-by-step descriptions, they were asked to describe
any overall strategies they had for solving the problem. These metacognitive commen-
taries (e.qg., “I basically grouped the disks so that | could free up the last peg”) are less
likely than verbatim problem-solving to accurately access cognitive proce&sioggon
& Simon, 1980, 199Band thus were not analyzed here.

3. There were 54 non-optimal paths: 33 followed a circuitous route to the goal; 11 followed
a circuitous route but did not reach the goal; 10 followed a straight route down one of
the legs of the triangle iRig. 1 but did not reach the goal.

4. Ofthe 7 adults and 8 children who produced descriptions of both optimal and non-optimal
paths, 6 adults and 6 children began by producing non-optimal path descriptions and
then produced optimal path descriptions; 1 adult and 2 children produced non-optimal
path descriptions on trials 1 and 3, and an optimal path description on trial 2.

5. The few 6%) moves in which participants produced speech with no gesture and gesture
with no speech were also classified as matches simply because these responses did r
convey two distinct paths.

6. Note that gesture and speech never convey exactly the same information. For example
pointing at a particular disk is not the same as saying “that disk"—the point provides
information about the object’s location whereas the speech provides information about
the category to which the object belongs, yet both modalities identify the disk. Thus,
the extent to which gesture and speech diverge in the information they convey is always
one of degree (for discussion, s8eldin-Meadow, in pregsAs a result, the cognitive
significance of gesture—speech mismatch on a particular task must be evaluated in relatio
to that task. For the Tower of Hanoi, gesture must identify a different path from the path
identified in speech in order for the response to qualify as a gesture—speech mismatch
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7. Only one child’'s non-optimal path descriptions did not deviate at any point from his
solutions. This child was consequently eliminated from the analysis of operationally
defined choice points. This accounts for the N of 36 in the right grajtigo® and the
N of 37 in the left graph.
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