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Table 1 Problem Domains Used in Part I
Domain
Springs
Primary materials

Eight springs that vary on three
variables

Slopes

Sinking

A frame for hanging two springs

Two ramps, each with adjustable
angle and “starting gate”
location

Two water-filled cylinders,
with two drop heights
indicated

Two sets of weights, a heavy pair and
a light pair

Two sets of two balls, golf and
rubber (squash)

Eight objects that vary on three
variables

Two two-sided surface inserts (for
ramps) with different coefficients of friction

Scooper and magnet for
retrieving sunken objects

To be determined

What factors determine how far a
spring will stretch?

What factors determine how far a
ball will roll down a ramp?

What factors determine
how fast an object will sink
in water?

Variables: 2
independent
values for each of
4 variablesa

• length
• coil diameter
• wire diameter
• weight size

• angle
• starting gate
• surface
• ball

• shape
• material
• size
• height

Dependent measure

Length of extension (or distance
from base of rack) when weight
is added

Distance ball rolls at end of ramp

Speed of sinking in water (or
which reaches bottom first)

From set of 8 springs:
• Select 2 springs
• Hang springs on rack hooks
• Select weights to go with each
spring

For each of 2 ramps:
• Select one of two angles
• One of two surfaces
• One of two starting positions
• Select one of two balls to run

From set of 8 objects:
• Select 2 objects
• For each object, select one of
two heights from which to
drop object

Hang weights on springs
Observe amount of stretching (or
distance from base)

Release gates (not necessarily
simultaneously), allowing balls
to roll
Observe distance balls roll after
leaving ramp

Simultaneously drop each
object into water-filled
cylinder
Observe relative sink rates (or
arrival times at bottom of
cylinder)

All variables investigated are
integral to selected spring

Variables are independent,
object is constructed from
choice of values for each
variable

All variables investigated are
integral to selected object

Subject activity
Experimental design

Experiment execution

Notable aspects of
domain and
procedure

long, short
wide, narrow
thick, thin
heavy, light

Choice is from among pre-existing
springs having a “cluster” of
variable values
Experiment is easy to set up and
execute (no timing issues)
Measurement is easy (stable
outcome)

high, low
short, long
smooth, rough
golf, rubber

Comparison objects are
constructed; variable values
are not clustered
Outcome is evanescent (if based
on speed), or stable (if based on
final distance)

cube, sphere
steel, Teflon
large, small
high, low

Choice is from among
pre-existing objects having a
“cluster” of variable values
Easy to set up (simply choose
two objects and heights)
Simultaneity necessary at start
of drop
Outcome must be observed
instantly, otherwise it is lost

a Children

were asked to investigate the first three variables listed in each task. The remaining variable was identified by the experimenter
at the outset, but the participants were never asked to investigate its effect.

tray such that no pair of adjacent springs made an unconfounded comparison. A pair of “heavy” and a pair
of “light” weights also was used. Heavy and light
weights differed in shape as well as weight, so that
they could be distinguished easily. To set up a comparison, children selected two springs to compare

and hung them on hooks on a frame and then selected a weight to hang on each spring. To execute a
comparison, participants hung the weights on the
springs and observed as the springs stretched. The
outcome measured was how far the springs stretched
down toward the base of the frame.
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come measured was how far the balls traveled up the
stepped side of the ramp. Figure 1 depicts a comparison from the slop task. It is a completely confounded
comparison because all four of the variables differ.
Sinking task. In the sinking task, children had to
determine which variables affect how fast objects sink
in water. Materials for the sinking task consisted of

sessions of about 40 min each were used on two different days. Day 2 was separated from Day 1 by approximately 1 week (exactly 7 days for 87% of the cases; M �
7.7, SD � 2.4). Participants were interviewed individually in a quiet space in their school, and all children’s
activities, including their designs and explanations,
were videotaped for later coding and analysis. A

Figure 1 The Slopes Domain. On each of the two slopes, children can vary the angle of the slope, the surface of the ramp, the
length of the ramp, and the type of ball. The confounded experiment depicted here contrasts (A) the golf ball on the steep,
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smooth,
short
ramp with (B) the rubber ball on a shallow, rough, long ramp. See Table 1 for additional information.

Table 2

Procedure Table
Condition
Training–Probe

No Training–Probe

No Training–No Probe

X
X
X
X
X

X
X
X
X
X

X
X
X
X
—

Phase 1b—Training
Training on variables A and B

X

—

—

Phase 2—Assessment
Produce two comparisons each for C and B
Explanations (probes)
Final conceptual understanding

X
X
X

X
X
X

X
—
X

Day 2 Phase 3—Transfer-1
Cover story, Task 2
Identify variables E, F, G, and H
Initial conceptual understanding
Produce two comparisons each for E and F
Explanations (probes)
Final conceptual understanding

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
—
X

Phase 4—Transfer-2
Cover story, Task 3
Identify variables I, J, K, and L
Initial conceptual understanding
Produce two comparisons each for I and J
Explanations (probes)
Final conceptual understanding

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
—
X

Similarity questions

X

X

X

X

X

Day 1 Phase 1a—Exploration
Cover story, Task 1
Identify variables A, B, C, and Da
Initial conceptual understanding
Produce two comparisons each for A and B
Explanations (probes)

Final Training for School A
a Capital

letters refer to variables used. All four variables were identified for the children, and their prior beliefs about all four were elicited. Subjects were then asked to make comparisons, typically for only two of the variables in each phase.

2
short description of activities in each phase of the interview for a child in the Training–Probes condition
is given below. Table 2 gives an overview of the activ-

whether they thought that a ball would roll farther
after it left a smooth ramp or a rough ramp.) For each
of two target variables identified by the experimenter
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Figure 2

An example of a page from the Posttest Problem Booklet.

(1) Explanations that included mentions of CVS
(e.g., “You just need to make the surface different,
but put the gates in the same places, set the ramps
the same height, and use the same kind of balls”);
(2) Explanations that included controlling some but
not all of the other relevant variables (e.g., “Cause
they’re both metal but one was round and one was
square”); (3) Explanations that mentioned a comparison within the focal variable (e.g., “Cause I had
to make the surfaces different”); and (4) Explanations that were irrelevant to CVS. A second observer
independently coded 220 responses randomly sam-

Figure 3

Chen and Klahr

pled from the full set of 960. Interrater reliability
was 96%.
Note that when children explained their designs
and interpreted their test outcomes they did not simply repeat the terminology learned during training.
CVS mention during the Assessment phase (immediately following Training, and in the same task domain) required a different contrastive dimension
than was used during training, and correct CVS
mention during Transfer 1 and Transfer 2 had to go
far beyond simple repetition of terminology, and
had to make the correct mapping between the under-

Percentage of trials with correct use of CVS by phase and condition.
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Figure 5

Initial and final conceptual understanding for each instructional group.

tial domain knowledge either across conditions or
within the Training condition.

ment in the robust use of CVS (from about 15% to
over 50%), and this level of performance remained
throughout the transfer phases. In contrast, children
in the No Training–Probe condition continued to perIndividual Differences in Strategy Change
form at their initial low levels.
In order to examine the detailed time-course of the
But even this fine-grained analysis conceals the
acquisition and use of CVS, we analyzed, on a trialfact that the pattern of strategy change was highly
by-trial basis, the proportion of participants who genvariable in both conditions. At the bottom of Figure 7,
erated robust use of CVS on each trial (Figure 6). Chilwe have depicted specific examples of seven characdren in the No Training–No Probe condition were not
teristic patterns of Robust CVS Use over the four
included in this analysis because they did not receive
phases of Part I. The patterns have been classified into
probe questions and thus could not be expected to
two major groups: “Gain-by-end” and “Lose-by-end.”
mention CVS.
The 5majority
children
started outunderstanding
Each majorfor
group
contains distinctive
Figure
Initialofand
final conceptual
each instructional
group. subpatterns.
with poor Robust Use scores. Immediately after trainEach of the four patterns in the Gain-by-end group
ing, however, children showed substantial improvedisplays improved performance between Exploration

domain knowledge either across conditions or
thin the Training condition.

ment in the robust use of CVS (from about 15%
over 50%), and this level of performance remain
throughout the transfer phases. In contrast, childr
in the No Training–Probe condition continued to p
dividual Differences in Strategy Change
form at their initial low levels.
In order to examine the detailed time-course of the
But even this fine-grained analysis conceals t
quisition and use of CVS, we analyzed, on a trialfact that the pattern of strategy change was high
-trial basis, the proportion of participants who genvariable in both conditions. At the bottom of Figure
ated robust use of CVS on each trial (Figure 6). Chilwe have depicted specific examples of seven chara
en in the No Training–No Probe condition were not
teristic patterns of Robust CVS Use over the fo
luded in this analysis because they did not receive
phases of Part I. The patterns have been classified in
obe questions and thus could not be expected to
two major groups: “Gain-by-end” and “Lose-by-end
ntion CVS. The majority of children started out
Each major group contains distinctive subpattern
th poor Robust Use scores. Immediately after trainEach of the four patterns in the Gain-by-end gro
g, however,
showed
improveimproved
performance
between
Explorati
Figure 6children
Percentage
of childrensubstantial
in Training – Probe
and No Trainingdisplays
– Probe groups
who both mentioned
and correctly
used CVS
(Robust Use of CVS) on each trial.
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trained children reverted to less-advanced strategies
(defined as at least one trial in which robust CVS was
not used after having been used), whereas only 55%
(12/21) of the trained children did so. These results
suggest that both training and experience consolidated the use of CVS, thereby reducing the frequency
with which children returned to less-advanced strategies. Children in the Training–Probe condition increased their consistency in using CVS more readily
and to a greater extent than did those in the No
Training–Probe condition.
Posttest Performance

.096. The interaction
between
and
Chen and
Klahr condition
1113
was also marginally significant, F(1, 51) � 2.7
.10. Post hoc tests revealed that fourth grader
Experimental conditions outperformed those
Control condition, but no significant differen
tween conditions were found for third graders
Another measure of remote transfer involv
percentage of “good reasoners” in the Experi
and Control conditions. Children who made
more correct judgments out of a total of 15 pr
were considered good reasoners. Forty percen
third and 79% of the fourth graders in the Expe
tal group were categorized as good reasoner
pared to 22% of the third and 15% of the fourt
ers in the Control group. Separate �2 tests ind
that the difference between groups in percen
good reasoners was significant only for the
graders, �2(1, N � 55) � 10.78, p � .001, but not
third graders.

The central issue in the posttest was whether children are able to transfer the learned strategy to remote problems with a long (7 month) delay. Posttest
data were collected only in School A, and therefore
only third and fourth graders were included. Recall
that in School A all children who participated in the
hands-on interviews were trained in CVS, either early
DISCUSSION
in the procedure or at the end of the hands-on study.
All children who participated in the hands-on interChildren’s performance in the exploration pha
view are now considered the Experimental group,
consistent with previous findings concerning e
whereas their classmates who did not participate make
tary schoolchildren’s ability to use CVS. The
up the Control group.
CVS score in the exploration phase was high
The main dependent measure was number of corchance, primarily because a small proportion
rect responses to the 15 posttest problems. A correct
dren (about 15%) already knew the strategy (
response was given a score of 1, and an incorrect one,
ceived perfect scores in the exploration phase
a score of 0. The mean proportion of correct responses
initial performance seemed to be somewhat
in both conditions is presented in Figure 8. A 2
than older children’s performance in previous
Figure 7 Number of children
displaying
each type
of pattern
of Robust
of CVS
theBullock
four phases
Part I. For
eachKuhn
pat- et al.
(group)
� 2 (grade)
ANOVA
yielded
a mainUse
effect
for across
(e.g.,
& of
Ziegler,
1999;
tern type, the results fromcondition,
a specific participant
displayed.
These
depict theSchauble,
number of1996),
robustwhich
use trials
(out ofthat
four)the majo
F(1, 51) �are
6.61,
p � .05,
and examples
a marginally
showed
during each phase: Ex, Exploration;
Assessment;
Transfer-1;
T2,�
Transfer-2.
bars
above
each pattern
shows
the confo
significantAs,
main
effect forT1,
grade,
F(1, 51)
2.88, p �The pair
fifthofand
sixth
graders
produced
mainly
number of children in the Training – Probe and No Training – Probe group whose robust use scores fit that pattern.
experimental designs. The relatively high init
formance might have been due to the nature
present tasks, where the specific variables were
identified,fitand
were directed to desig
and Transfer-2, but along different paths. The first
Training–Probe condition
onechildren
of the “Gain-by-end”
of
specific
variables
instead
of designing exper
pattern (Gradual gain) does not show improved perpatterns. In particular, 30% of the Training–Probe
in
a
self-directed
context.
formance until the transfer phases. The next (Fast
children, but none of the No Training–Probe children,
The present results also showed that with
gain) shows improved performance right after trainfit the fast gain pattern.
priate instruction, elementary schoolchildren
ing, and the high performance continues. The next
Further evidence against the possibility that the
pable of understanding, learning, and trans
pattern (Up down up) shows an increase, followed
better performance
of trained children is simply bethe basic strategy when designing and eva
by a decrease, and then a final increase. The final
cause the trainingsimple
provided
withinthe
tests.them
Children
theappropriTraining–Probe
Gain-by-end pattern (High constant) starts with high
ate vocabulary comes
from
an
analysis
of
the from
extent
tion increased their use of CVS
34% of th
scores and remains there. There are three Lose-by-end
to which childrenin
inthe
each
conditionphase
demonstrated
roExploration
(before training)
to
patterns. The first (Steady decline), shows declining
bust use (and therefore
did explicitly
mention
CVS)and to 6
the Assessment
phase (after
training),
of theconditions,
trials in Transfer
1 andhalf
2 phases,
performance over phases, following a high start. The
for at least one trial.64%
In both
more than
tively. These
also showCVS
that at
explicit t
second (Up and down) increases and then decreases.
of the children correctly
used results
and mentioned
within
domains,
combined
with
probe
The third pattern (Low constant) starts low and releast once, with 70% of children in the Training–Probequestio
the most
effective
CVS. In
mains low.
condition and 63%
of those
in way
the to
Noteach
Training
– contra
viding
probes
alone
did
not
significantly
Figure
8 Percentage
correct
by grade
and
Each child’s pattern
of robust
use of
over
theposttest
four answers
Probe
condition
doing so. Thus, the performance dif- increa
condition.
use. Elementary schoolchildren demonstrated

phases was classified according to one of these types
of patterns. As shown in Figure 7, even though there
is high variability among subjects in which pattern
best fit their scores, the distributions differ between
the two conditions, �2(7, N � 60) � 19.57, p � .01.
Over half of the children (53%) in the Training–Probe
condition and only 13% of the children in the No

ference cannot be attributed to a lack of access to the
appropriate terminology. The analyses also revealed
that the conditions differed in the percentage of trials
in which CVS was not used after it was used the first
time: 68% in the No Training–Probe condition and
24% in the Training–Probe condition. Moreover,
dur5
ing the final three phases, 90% (17/19) of the un-

