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The present study examines 5- to 8-year-old children’s relation reasoning in solving matrix completion
tasks. This study incorporates a componential analysis, an eye-tracking method, and a microgenetic
approach, which together allow an investigation of the cognitive processing strategies involved in the
development and learning of children’s relational thinking. Developmental differences in problem-
solving performance were largely due to deficiencies in engaging the processing strategies that are
hypothesized to facilitate problem-solving performance. Feedback designed to highlight the relations
between objects within the matrix improved 5- and 6-year-olds’ problem-solving performance, as well
as their use of appropriate processing strategies. Furthermore, children who engaged the processing
strategies early on in the task were more likely to solve subsequent problems in later phases. These
findings suggest that encoding relations, integrating rules, completing the model, and generalizing

University of British Columbia

strategies across tasks are critical processing components that underlie relational thinking.
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strategies

The present study examines the cognitive processing strategies
involved in the development and learning of children’s matrix
problem solving by incorporating a componential analysis, an eye
tracking method, and a microgenetic approach. The matrix com-
pletion task consists of a grid of objects, with the items placed in
the rows varying along one relation (e.g., size) and the items
placed in the columns varying along another relation (e.g., shade).
The item that should occupy the right corner of the matrix is
missing, and the solver’s task is to select from a set of alternatives
the object that best fits in the empty square in terms of both
relations (see Figure 1).

The matrix completion task is essentially a relational reasoning
task, and successes and failures on this task parallel the results of
other relational reasoning tasks. Relational reasoning refers to the
capacity to manipulate in our minds abstract mental representa-
tions of relations among objects, attributes, and events (Gentner,
1983; Hummel & Holyoak, 1997). Relational reasoning is central
to human thinking and is evident in early childhood as a building
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block in many areas of higher-order cognition, such as metaphor
(Gentner, 1988), analogical problem solving (Chen & Siegler,
2000), spatial reasoning (Namy, Smith, & Gershkoff-Stowe, 1997;
Newcombe & Huttenlocher, 2006; Plumert, Ewert, & Spear, 1995;
Uttal, 2000), pictorial mapping (Gordon & Moser, 2007; Hono-
michl & Chen, 2006; Markman & Gentner, 1993; Richland, Mor-
rison, & Holyoak, 2006), symbolic understanding (DeLoache,
1987; Loewenstein & Gentner, 2001; Marzolf & DelLoache, 1994),
and scientific reasoning (Chen & Klahr, 1999).

A commonly studied paradigm that requires relational reasoning
is the matrix completion task, which has been a central task in both
psychometric (Jensen, 1987; Snow, Kyllonen, & Marshalek, 1984)
and information-processing theories (Halford, 1993; Carpenter,
Just, & Shell, 1990; Sternberg, 1977). Adults’ performance on the
Raven’s Progressive Matrices Test (Raven, Raven, & Court,
1998), a form of the matrix completion task, was highly correlated
with other types of relational reasoning tasks, such as numerical
and geometric analogies (Jensen, 1987; Snow, Kyllonen, & Mar-
shalek, 1984). Similarly, children who performed well in complet-
ing this task tended to do well in solving other tasks involving
relational reasoning, such as conservation (Carlson & Wiedl, 1977;
Dimitrovsky & Almy, 1975) and seriation (Hamel & van der Veer,
1972).

The examination of children’s problem solving on matrix com-
pletion tasks can be traced back to Inhelder and Piaget (1964), who
found that 8-year-olds outperformed 5-year-olds in successfully
solving the problems, while 6- and 7-year-olds’ performance was
somewhere in between. However, within this latter group, 6-year-
olds actually performed somewhat better than 7-year-olds. Subse-
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Figure 1. Examples (A and B) of the matrix completion tasks used in the
present study.

quent studies have replicated the basic findings of these develop-
mental differences (e.g., Overton & Brodzinsky, 1972; Parker &
Day, 1971). This nonlinear path of change may reflect the different
strategies that children use at different ages to solve the problem.
While early matrix completion studies tended to focus on over-
all age differences in performance, more recently Siegler and
Svetina (2002) explored the learning processes involved in com-
pleting the task. They tested children using a combination of a
traditional cross-sectional design (comparing performance in 6- to
8-year-olds) and a microgenetic approach (examining 6-year-olds’
learning as they solved matrix completion tasks over several
sessions). Their results indicated both improvements in children’s
performance patterns over the learning sessions as 6-year-olds
acquired matrix completion proficiency as well as developmental
changes that occurred as the children aged from 6 to 7 years.
Despite the significant contributions of previous findings to our
emerging understanding of children’s relational reasoning and
their performance on matrix completion tasks, we still know little
about the specific cognitive components involved as children solve
matrix problems and little about the processes by which they learn
relational reasoning strategies with experience over short periods
of time. In the present studies, we examined the underlying learn-

ing processes involved in the matrix completion task for children
between the ages of five and eight.

To examine the underlying cognitive processes involved in the
task, we conducted a componential analysis of matrix completion
performance (Sternberg, 1977). Four key information-processing
components are involved in learning to solve matrix problems as a
type of relational reasoning task: a) the solver must encode each
relevant rule or relation; b) these rules and relations must be
integrated so a representation or mental model of the rules can be
constructed; ¢) once the relations are represented, the solver needs
to complete the model by searching for the correct item from
among the alternatives; and d) the strategies learned in the previ-
ous two steps must be generalized to novel isomorphic problems
(e.g., Alibali, 1999; Chen & Klahr, 1999; Rittle-Johnson, 2006;
Siegler & Chen, 1998, 2008).

Each process presents challenges for learning to solve relational
reasoning problems. The encoding relations component is a crit-
ical initial step toward solving a variety of relational reasoning
tasks, and the relationship between successful encoding and sub-
sequent problem solving has been demonstrated in classic
information-processing studies (Siegler, 1976; Sternberg, 1977).
For example, to solve the balance scale problem (e.g., Inhelder &
Piaget, 1958), children need to represent the number of weights
placed on each side of the scale as well as the distance of the
weights from the fulcrum of the scale, and they need to use both
dimensions of information to make accurate predictions about how
the balance will move.

The second component involves integrating rules. The encoding
of separate relations/dimensions needs to be integrated, as evident
in the tasks mentioned above as well as in Piagetian conservation
and transitive inference tasks (Inhelder & Piaget, 1958, 1964). To
solve spatial and symbolic understanding tasks, children first need
to represent the spatial relations among the items so as to be able
to use this spatial/relational information to guide their later search
in the referent space or to integrate items within the same relative
position (Loewenstein & Gentner, 2001). Similarly, to solve the
matrix completion problem, children must integrate the relations in
order to determine which item best completes the matrix.

The third component involves completing the model based on
the multiple relations represented. The completing the model pro-
cess operates in different ways depending on the type of relational
reasoning problem being solved. For analogical problem solving,
for example, the completing the model process involves mapping
or aligning the relations between entities, spaces, and structures
(e.g., Gentner & Markman, 1997). Searching and aligning problem
spaces is a critical process identified by Newell and Simon (1972).
According to Gentner’s (1983, 1989; Gentner & Markman, 1997)
structure-mapping theory, mapping is the process of establishing
an alignment of reasonably defined representational structures,
such as the solar system and the Rutherford atom (e.g., Gentner,
1983). This process is evident in relational reasoning tasks, such as
metaphor, analogical problem solving, transitive inference, spatial
reasoning, and symbolic understanding, where a structural align-
ment between two first-order relations or represented situations is
established (DeLoache, 2000; Gentner, 1989; Gentner & Medina,
1998; Loewenstein & Gentner, 2001; Newcombe et al., 1998;
Newcombe & Huttenlocher, 2000). The matrix completion task
(e.g., Siegler & Svetina, 2002; Sternberg, 1977), as well as the
classic analogy (A:B::C:?) (e.g., Goswami & Brown, 1990), is a
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relational reasoning task with its own specific challenges, which
result both from the grid format, with its numerous exemplars
along two dimensions, and from the number of alternative choices
for completing the matrix. To solve such a problem, participants
need to hold the relational representations (e.g., the A:B relation or
the matrix rules) in working memory while searching for a match
from a response set to complete the C:D relation or the matrix
structure. During this completing the model process, solvers need
to go back and forth between the Matrix Problem Space and the
Response Space as they attempt to eliminate incorrect items and
identify and confirm a correct choice.

The fourth component, generalizing, is the application of the
learned strategies to novel problems. Successful generalization
may require applying learned strategies to tasks with different
perceptual features, in different forms, and in different contexts
(Chen, 2007; Chen & Klahr, 1999; Marzolf & DelLoache, 1994;
Rittle-Johnson, 2006; Siegler & Chen, 1998; Siegler & Svetina,
2002). The breadth of generalization can be relatively narrow,
especially during the earlier stages of learning and in young
children (Chen & Klahr, 2008; Klahr & Chen, 2011).

The first three components, encoding, integrating, and complet-
ing, are essential for solving the matrix completion problem as a
relational reasoning task, while the fourth process, generalizing, is
critical for transferring the processing strategies across isomorphic
tasks. Assessing these components and examining the role of each
process in problem solving performance should greatly increase
our understanding of developmental and individual differences in
children’s relational thinking and learning. Few studies have di-
rectly assessed or measured encoding and mapping in children
while they are actively engaged in solving problems. This study
accomplishes this assessment and examination by using corneal-
reflection eye tracking to pinpoint the components involved in the
solution of the matrix completion task. Though this technology has
been used for analysis of relational reasoning in adults (e.g.,
Bethell-Fox, Lohman, & Snow, 1984), it has rarely been used to
examine cognitive processing strategies in children’s higher-order
cognitive tasks.

Beyond the first aim of exploring the processing strategies
involved in children’s relational reasoning, the second aim of the
current research is to examine how young children learn from their
problem-solving experience and from feedback to solve relational
reasoning problems. Toward this end, the current research is
designed with a microgenetic approach, in combination with the
eye-tracking approach, to address how young children change their
processing strategies after receiving feedback. With traditional
behavioral observations of children’s verbal responses, it is chal-
lenging to examine the underlying processing strategies that chil-
dren engaged in solving relational reasoning tasks. The use of an
eye-tracking approach enables us to assess these online processing
strategies and uncover the exact timelines of these cognitive pro-
cesses. The microgenetic approach involves extensive observation
and intensive analyses of processing strategy change as it occurs,
with the result that detailed information about the learning process
is obtained (Kuhn, 1995; Siegler, 2006; Siegler & Crowley, 1991).
Microgenetic studies have shed light on children’s strategy change
in various domains such as memory strategies, mathematical rea-
soning, and scientific thinking (Alibali, 1999; Siegler, 2006; Sieg-
ler & Jenkins, 1989; Siegler & Svetina, 2002).

In sum, the current research is designed to examine the cognitive
components involved in the development and learning of chil-
dren’s relational reasoning. The current study includes several
novel features: (a) a new design to assess online problem-solving
processing strategies and performance; (b) an eye-tracking ap-
proach to assess children’s matrix problem solving as they encode
relations, integrate rules, complete the model, and generalize strat-
egies across trials/tasks; and (c) a microgenetic approach to exam-
ine short-term change in children’s strategies and performance. In
Experiment 1, we examine developmental differences between a
younger group (5- and 6-year-olds) and an older group (7- and
8-year-olds) in matrix problem-solving performance and in the
underlying processes involved in solving the tasks. In Experiment
2, we provide at the end of the trial feedback highlighting the
relations of the matrix problems, and we examine whether and how
the feedback improves young children’s performance and their use
of processing strategies on subsequent trials.

Experiment 1

Method

Participants. Sixty-nine children with a mean age of 83
months (SD = 13.8) participated. Age differences were analyzed
by group; 5- and 6-year-olds were categorized as the younger
group (ranging from 58 to 84 months, M = 71 months SD = 7.44)
and 7- and 8-year-olds constituted the older group (ranging from
85 to 106 months, M = 95 months, SD = 5.64). Thirty children
(43%) were female. All parents reported normal vision and none of
the children wore glasses. An additional six children participated
but were dropped from the final sample due to their inability to
engage or experimenter’s error.

Materials. Children solved 24 matrix completion problems
(see Figure 1). Each matrix consisted of a 3-by-3 grid of objects,
with the bottom right space left blank. Each matrix was con-
structed based on two rules, one depicted in the columns, the other
in the rows. The rules used to construct matrix problems were size,
shape, shade, and orientation. In the problem in Figure 1, the Size
rule is depicted in the columns and the Shade rule in the rows. To
the right of the Matrix Space, a set of six answer options was
presented in a separate box—the Response Space. These alterna-
tive items were presented so that there was one correct choice (i.e.,
correct in both rules) and five incorrect items. These incorrect
items included three categories of errors: (a) two options that were
correct in one relevant rule of the problem (e.g., shade or size) but
incorrect in the other relevant rule (e.g., size or shade); (b) one
option that was correct in one relevant rule (e.g., shade or size) but
incorrect in a rule that was irrelevant to that particular matrix (e.g.,
orientation); and (c) two items that were incorrect and irrelevant to
the matrix completion rules. Half of the matrix puzzles were
constructed using concrete objects (e.g., animals, vehicles, tools);
the remaining 12 were constructed using abstract shapes. These 24
tasks were presented in two counterbalanced order.

Procedure. Before completing the 24 test problems, children
were given a warm-up task consisting of four problems to intro-
duce them to the basic task paradigm. These problems did not
require the child to induce any rule or relation as all the objects in
the matrix were identical. After the children successfully com-
pleted the warm-up, they were seated in front of a 17-inch monitor
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at a distance of approximately 60 cm. Eye movements were
recorded by a Tobii 1750 eye tracker, and their eye movements
were calibrated using a five-point procedure.

Following the warm-up problems and calibration, children were
then sequentially presented the 24 matrix completion problems. On
each trial, the child was asked to take a look at the Matrix Space
and come up with an answer to complete the matrix. The experi-
menter guided the child to attend to the Matrix Space and said to
the child: “There are several pictures here (pointing to the objects
in both the horizontal and vertical directions), and one is missing
here (pointing to the empty box). Which one of these pictures
(pointing to the Response Space) should go here (pointing back to
the empty box)? Now take a look, and tell me later.” The exper-
imenter then instructed the child to point to his or her choice on the
screen using a 10-inch wooden dowel in order to minimize head
and body movements. An experimenter seated next to the child
keyed the selected answer.

Results

Data reduction and analysis. Fixation analysis and total
viewing time served as the basis for examining eye-tracking pat-
terns. Fixations were defined as lasting a minimum of 100 ms. On
some trials, little or no eye-tracking data were recorded due to
excessive movement. Therefore, on trials in which total gaze
duration on both the Matrix Space and the Response Space was
under 1,000 ms, all eye-tracking data for that trial was eliminated.
However, problem performance was retained. This resulted in the
loss of eye-tracking data on 85 trials out of 1,656 (5.1%).

Measures. Areas of interest (AOIs) were created by outlining
the entire Matrix Space and the entire Response Space, as well an
AOI for each of the eight objects within the Matrix Space and for each
of the six options within the Response Space. Encoding relations was
defined as a series of three fixations that occurred in sequence in the
horizontal or vertical direction on objects with the matrix space. For
example, if a child looked across an entire matrix row backward or
forward or up and down an entire column, this was scored as an
encoding event. This variable was calculated as a measure of induc-
tion of one of the rules in the problem. A separate measure was
integration of rules, which involved encoding both dimensions of
relations. Integration was measured by two such encoding events
within the same trial, with at least one in the vertical direction and one
in the horizontal. A third measure involved completing the model by
searching for a match to the constructed mental model. Following
previous studies of eye tracking during visuospatial problems solving
(e.g., Bethell-Fox et al., 1984; Gordon & Moser, 2007), we also
calculated Toggling, which reflected a shift in gaze from the Matrix

Table 1

Space to the Response Space, or vice versa, as a measure of the
process related to the completing the model component.

An additional measure included the number of fixations on each
item within the Response Space. These options were categorized
into four categories: (a) Correct: correct in both rules (the middle
right in the Response Space of Example A in Figure 1); (b)
Incorrect—-One Relevant Rule: incorrect in one relevant rule as
compared to the correct item (two such items, top and middle,
left); (c) Incorrect—One Irrelevant Rule: incorrect in an irrelevant
rule (bottom left); and 4) Incorrect—Relevant and Irrelevant Rules:
incorrect in all relevant and irrelevant rules (two such items, top
and bottom, right).

Data analyses were performed to address the following central
issues: (a) age differences in solving the matrix problems, encod-
ing the relations, integrating the rules, and toggling between the
Matrix and Response Spaces while attempting to solve the tasks;
and (b) the relations between problem-solving performance and
online processing strategies at each age level.

Table 1 provides descriptive statistics and correlations of
variables averaged across all 24 trials. Age was correlated with
performance on the matrix completion trials and was also
positively related to the processing strategies of encoding,
integrating, and completing the model (toggling). That is, older
children solved more problems correctly, and they were more
likely to encode and integrate the relations and to toggle more
between the Matrix and Response Spaces. Furthermore,
problem-solving performance was also correlated with the use
of each processing strategy.

Age differences. Figure 2 illustrates younger (5- and 6-year-
olds) and older children’s (7- and 8-year-olds’) matrix completion
problem-solving trial by trial. To examine possible age differences
and possible improvement with experience, children’s problem-
solving performance on the 24 trials was divided into four phases
(with 6 trials within each phase). A 2 (age: young vs. old) X 4
(phase) ANOVA was performed on the number of trials in which
children correctly solved the matrix problems in each phase. The
ANOVA reveals the main effect of age, F(1, 67) = 22.27, p <
0001, MSE = 10.71, n* = .250, but not phase, nor interaction,
indicating that older children outperformed the younger group in
solving the problems, and that neither the older nor the younger
children improved their performance over phases.

Additional analyses were conducted to examine what types of
errors participants made and how they gazed when searching for
the correct answer within the Response Space. The mean number
of verbal responses for Correct, Incorrect-One Relevant Rule
(averaged over the two items), Incorrect—One Irrelevant Rule, and

A Correlation Matrix Between Problem Solving Performance and Processing Strategies in Experiment 1

Variables 1 2 3 4 5 6 Mean SD

1. Age (months) — 82.98 13.81
2. Total viewing duration (ms) —.01 — 144,741.55 44,834.19
3. Number of trials on which encoding occurred 43" ST — 6.30 5.15
4. Number of trials on which integrating occurred .19 65" 68" — 46 .88
5. Mean toggles 32" .63 30" 40" — 4.54 1.49
6. Overall number of correct responses .60™" 43 .60™" 37 417 — 14.42 7.50
*p< .05 *p< .0l
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Figure 2.
the four phases in Experiment 1.

Incorrect—Relevant and Irrelevant Rules (averaged over the two
items) were 10.65, 5.01, 4.90, and 3.44, respectively, for younger
children, and 18.03, 3.24, 1.76, and 0.97, respectively, for older
children. A 2 (age) X 3 (type of error) ANOVA was performed on
the number of trials in which children selected each incorrect
option. The correct answer was not included in this analysis
because it was analyzed above as a key problem-solving index, and
because all types of options added up to 100%. The ANOVA
revealed the main effect of age, F(1, 67) = 21.48, p < .001,
MSE = 14.58, n2 = .243, error types, F(2, 134) = 36.85, p <
.001, MSE = 1.75, nz = .355, and interaction between age and
error type, F(2, 134) = 4.62, p < .05, MSE = 1.75, n2 = .065.
These results suggest that children were more likely to select
Incorrect-Relevant and Irrelevant Rules items than other types of
incorrect items, and as compared to older children, younger chil-
dren were more likely to do so.

The eye-tracking data within the Response Space revealed a
pattern that is consistent with children’s verbal reports of their
choices. Average numbers of fixations on the four types of options
within the Response Space were 3.02, 2.47, 2.31, and 1.07, re-
spectively, for younger children, and 3.84, 2.99, 2.04, and 0.72,
respectively, for older children. A 2 (age) X 4 (option types)
ANOVA was performed on number of fixations per item. The
ANOVA revealed a marginal effect of age, F(1, 67) = 3.53,p =
065, MSE = 0.64, n* = .050, the main effect of option types, F(3,
201) = 152,58, p < .001, MSE = 0.52, n* = .695, and an
interaction between age and option type, F(3, 201) = 11.29, p <
001, MSE = 0.52, n* = .144.

These eye-tracking error patterns within the Response Space
help verify in some way our speculation that the gaze shifts
between the Matrix and Response Spaces reflect the completing
the model process. Successful participants tended to gaze more
often at the correct item, and they rarely went back to the distrac-
tors as compared to items that more closely resembled the correct
item. This suggests that the completing the model process is a
cognitive strategy that helped them eliminate those options that did
not match their constructed mental model, and confirmed the
correct item by checking back to the Matrix Space and its visual
rules. Presumably solvers did keep the representations of the
relations in mind and looked back and forth in order to check

1 |2|3 |4|5|6‘7|8 ‘9 |IO‘Il|]2‘l3|14|15|16|17|18|19|20|21|22,23|24|

Phase 3 Phase 4

Five- and 6-year-olds’ and 7- and 8-year-olds’ matrix completion problem-solving performance over

whether a particular item matched both of the rules when they
searched for an appropriate item to complete the matrix.

Relations between problem-solving performance and pro-
cessing strategies. We then further examined the relations be-
tween children’s problem-solving performance and processing
strategies. Using the problem-solving performance median (over a
total of 24 trials) for each age group, two groups were formed at
each age level: low and high performance groups. The means (and
SDs) for younger-low performance, younger-high performance,
older-low performance, and older-high performance groups were
4.24 (1.79), 17.06 (5.08), 14.06 (5.34), and 21.89 (0.96), respec-
tively.

Figure 3 (Panel A) illustrates use of encoding by the four
groups. To examine the prevalence of encoding in the four groups,
a 2 (age: younger vs. older) X 2 (performance: low vs. high)
ANOVA was performed on the number of trials during which
encoding occurred. The ANOVA revealed main effects of age,
F(1, 65) = 11.89, p < .001, MSE = 19.74, n*> = .155, and
performance, F(1, 65) = 13.45, p < .0001, MSE = 17.62, 3> =
.171, indicating that older children and those who solved the
matrix problems more effectively were more likely to use encod-
ing than younger children and those who did not do well in solving
the problems, respectively. No significant interaction was re-
vealed. Panel B depicts the integrating strategy used by the chil-
dren in these four groups.

A separate 2 (age: younger vs. older) X 2 (performance: low vs.
high) ANOVA was performed on integrating relations across the
two dimensions. The ANOVA revealed the main effect of
problem-solving performance, F(1, 65) = 7.74, p < .01, MSE =
0.72, 1> = .106, but not age, nor the interaction. Figure 3 (Panel
B) depicts the integrating strategy used by the children in these
four groups.

To examine the use of the completing the model component, a
2 (age: younger vs. older) X 2 (performance: low vs. high)
ANOVA was performed on the mean number of toggles that
occurred on the trials. The ANOVA revealed the main effect of
performance, F(1, 65) = 8.07, p < .01, MSE = 1.83, 'r]2 =110,
and an interaction between performance and age, F(1, 65) = 7.53,
p < .01, MSE = 1.83, n2 = .104. Post hoc analyses indicate that
the performance effect on toggling was evident only at the younger
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Figure 3. Children’s strategy use in encoding (Panel A), integrating
(Panel B), and toggling (Panel C) in Experiment 1.

level, F(1, 66) = 15.11, p < .001, MSE = 1.87, > = .186. Figure
3 (Panel C) illustrates use of the toggling strategy by the children
in these four groups.

Overall, this experiment demonstrated that 7- and 8-year-old
children outperformed 5- and 6-year-olds in solving the matrix
completion tasks and that the developmental differences in
problem-solving performance were largely due to differences in
engaging the processing strategies hypothesized to facilitate
problem-solving performance. Encoding and integrating the di-
mensions of the relations and completing the model were evident

CHEN, HONOMICHL, KENNEDY, AND TAN

as critical processing strategies, and their use greatly facilitated
solving the matrix completion problems. Still, an issue remains
unexamined: Would 5- and 6-years olds, whose poor performance
has been consistently demonstrated in solving matrix tasks, be
capable of learning to solve matrix completion problems if given
adequate feedback? Experiment 2 was designed to explore the role
of feedback in solving the tasks. Furthermore, we asked whether
providing feedback would also improve young children’s use of
the relevant processing strategies.

Experiment 2

Method

Participants. Thirty-three 5- and 6-year-old children (ranging
from 59 to 80 months, M = 70 months, SD = 5.90) participated in
the experiment. Fourteen children (42%) were female. All parents
reported normal vision and none of the children wore glasses. An
additional four children participated but were dropped from the
final sample due to their inability to engage or experimenter’s
error.

Materials and procedure. Materials were identical to those
used in Experiment 1. All procedural details were the same as well,
with the exception of the feedback provided following each trial.
After the child completed each trial, the experimenter guided the
child to attend to the relations by pointing out the rule underlying
the relation in the vertical and horizontal directions: “See, this is
getting darker, and this is getting smaller, so this one (pointing at
the correct item) is the right choice.”

Results

Data reduction and analysis. Data reduction and analyses
were identical to Experiment 1. In this experiment, 20 trials of
eye-tracking data from trials with less than 1,000 ms of total
viewing time were eliminated. This reflected a 2.5% loss overall
(out of 792 total trials). Measures for problem-solving perfor-
mance and processing strategies were the same as those in Exper-
iment 1.

Data analyses were performed to answer the following ques-
tions: (a) Would providing feedback during problem solving fa-
cilitate 5- and 6-year-olds’ solving the matrix completion tasks as
compared to children at the same age who received no feedback in
Experiment 1? (b) Would feedback also enhance online processing
strategies during problem solving? (c) Would children’s process-
ing strategies on the first phase be associated with their problem-
solving performance on the later phases?

Effects of feedback on problem-solving performance. To
examine the possible effects of feedback on problem-solving per-
formance, we labeled the data of 5- and 6-years olds in Experiment
1 as the No Feedback condition, and we compared their perfor-
mance to children of the same age in Experiment 2, who received
explicit verbal feedback. Figure 4 illustrates children’s problem
solving trial by trial in each condition. A 2 (Feedback: yes vs.
no) X 4 (Phase) ANOVA was performed on the number of trials
in which children correctly solved the matrix problems on each
phase. The ANOVA revealed no main effects, but the interaction
was significant, F(3, 195) = 7.67, p < .0001, MSE = 1.14, n* =
.106. A one-way ANOVA on each condition revealed that children
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Figure 4. Five- and 6-year-olds’ matrix completion problem-solving performance over the four phases in the
No Feedback condition (in Experiment 1) and Feedback condition (Experiment 2).

in the Feedback condition improved their performance in solving
the problems over the four phases, F(3, 96) = 7.73, p < .001,
MSE = 121, n* = .195, whereas those in the No Feedback
condition did not. These results demonstrate the positive effects of
feedback on problem-solving performance, and indicate that with
feedback, 5- and 6-year-olds were able to learn to solve the matrix
completion tasks.

Error analyses were also conducted to examine the effect of
feedback on error types. As indicated in Experiment 1 for younger
children in the No Feedback condition, the mean number of verbal
responses for Correct, Incorrect-One Relevant Rule, Incorrect—
One Irrelevant Rule, and Incorrect—Relevant and Irrelevant Rules
were 10.65, 5.01, 4.90, and 3.44, respectively, as compared to the
Feedback condition (Experiment 2), 13.51, 4.88, 3.61, and 2.00,
respectively. A 2 (condition) X 3 (type of error) ANOVA revealed
the main effect of error type, F(2, 130) = 40.02, p < .001, MSE =
2.17, nz = .381, a marginal effect of condition, F(1, 65) = 2.83,
p = .098, MSE = 16.26, nz = .042, and an interaction between
condition and error type, F(2, 130) = 3.93, p < .05, MSE = 2.17,
n? = .057.

Similarly, average numbers of fixations on these four types of
options within the Response Space were 3.02, 2.47, 2.31, and 1.07,
respectively, in the No Feedback condition, as compared to 3.59,
2.98, 2.35, and 0.99, respectively, in the Feedback condition. A 2
(condition) X 4 (option type) ANOVA revealed the main effect of
condition, F(1, 65) = 6.11, p < .05, MSE = 0.74, n*> = .086, and
option type, F(3, 201) = 114.04, p < .001, MSE = 0.55, v* =
.637, and an interaction between condition and option type, F(3,
201) = 3.35, p < .05, MSE = 0.55, > = .049. The different
patterns between conditions resembled those between younger and
older children in Experiment 1, suggesting that feedback helped
participants focus on items that were more similar to, and ignore
items that were different from, the correct object.

Effects of feedback on processing strategies. We further
examined whether providing feedback improved young children’s
use of the processing strategies. Children in each condition were
divided into two groups based on their problem-solving perfor-
mance over the last three phases (a total of 18 trials), given that
children’s initial performances were similar (on the first phase) in
these two conditions, and children in the Feedback condition did

not improve their performance before the second phase. The means
(and SDs) for the Feedback condition, low performance and high
performance groups, and the No Feedback condition, low perfor-
mance and high performance group, are 6.59(3.32), 15.63(1.54),
2.88(1.73), and 12.53(4.23), respectively.

To examine the differences in encoding, a 2 (condition: feed-
back vs. no feedback) X 2 (performance: low vs. high) ANOVA
was performed on encoding. The ANOVA revealed main effects of
condition, F(1, 63) = 5.361, p < .05, MSE = 8.36, n*> = .078, and
performance, F(1, 63) = 17.90, p < .001, MSE = 8.36, n2 = 221,
indicating that children in the Feedback condition and those who
solved the matrix problems more effectively were more likely to
use the encoding strategy than those in the No Feedback condition
and those who did not do well in solving the problems, respec-
tively. No significant interaction was revealed. Figure 5 (Panel A)
illustrates the encoding strategy used by the children in these four
groups (combined over the last three phases).

To investigate the use of integration, a separate 2 (condition:
Feedback vs. No Feedback) X 2 (performance: low vs. high)
ANOVA was performed on integrating relations across the two
dimensions. The ANOVA revealed the main effects of condition,
F(1, 63) = 6.99, p < .05, MSE = 0.53, > = .100, and problem-
solving performance, F(1, 63) = 6.99, p < .05, MSE = 0.53, T]2 =
.100, but not the interaction. Figure 5 (Panel B) depicts the
integrating strategy used by the children in these four groups.

Finally, the use of the completing the model strategy was
examined with a 2 (condition: Feedback vs. No Feedback) X 2
(performance: low vs. high) ANOVA performed on mean number
of toggles. The ANOVA reveals the main effects of condition, F(1,
63) = 18.65, p < .0001, MSE = 2.72, 1]2 = .228, and perfor-
mance, F(1,63) = 17.90, p < .0001, MSE = 2.72, > = .221. The
interaction between condition and performance was not signifi-
cant. Children in the Feedback condition and those that performed
better demonstrated more toggling than those in the No Feedback
condition and those that performed less well. Figure 5 (Panel C)
illustrates the toggling strategy used by the children in these four
groups.

Initial use of processing strategies and subsequent problem-
solving performance. To examine whether children’s process-
ing strategy use on the earlier phase (Phase 1) is associated with
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Figure 5. Children’s strategy use in encoding (Panel A), integrating
(Panel B), and toggling (Panel C).

their problem-solving performance on the later phases (2-4), we
first categorized children’s problem-solving performance over
Phases 2 to 4 into three performance groups in each condition:
Children in the Low Performance group were those who per-
formed at the random level (with 4 or fewer correct out the 18
trials, or 20% correct), and children in the High Performance group
were those who had 14 or more correct out the 18 trials (80%
correct). The rest of the children were in the Intermediate Perfor-
mance group. Table 2 shows the distribution of numbers of 5- and
6-year-old children in each condition in the High, Intermediate,
and Low Performance groups. This pattern is consistent with the

interpretation of the feedback effects on children’s problem-
solving performance, x*(2) = 4.78, p = .092.

To determine the relations between the processing strategies on
the first phase (before the children in the Feedback condition
started to improve their problem-solving performance) and their
later problem-solving performance, we examined whether and how
children in these three groups (combined over the two conditions)
used the processing strategies on Phase 1. Figure 6 shows that
children in the High, Intermediate, and Low Performance groups
differed in their initial use of the encoding (Panel A, F(2, 64) =
9.19, p < .001, MSE = 1.56, nz = .223), integrating (Panel B, not
significant due to few trials in which integrating occurred) and
toggling processes (Panel C, F(2, 64) = 2.96, p = .059, MSE =
3.53, n* = .085) on Phase 1.

A stepwise regression analysis was conducted on the combined
data from Experiments 1 and 2 to determine the degree of inde-
pendent contribution of each of the three hypothesized processes to
matrix problem-solving performance. The predictors were number
of trials on which encoding occurred, number of trials on which
integration occurred, and mean toggles, as well as age (months).
The dependent variable was the number of trials on which the
matrix problem was successfully solved. Encoding, age, and tog-
gling predicted matrix problem solving: these three variables ac-
counted for 48% of the variance in performance. Encoding ac-
counted for 32% of the variance in matrix problem solving, age
accounted for an additional 11%, and toggling accounted for an
additional 5%. It is not surprising that integration was not a
significant predictor given the high correlation between encoding
and integrating: integration is possible only when encoding is
achieved.

Overall, data analyses in Experiment 2 (Feedback condition
with 5- and 6-year-olds) and in Experiment 1 (No Feedback
condition with 5- and 6-year-olds) showed the role of feedback
received at the end of each trial in improving young children’s
problem-solving performance as well as their processing strategies
over phases. These results further confirmed that encoding and
integrating the relations and completing the model are critical
strategies that underlie problem solving involved in relational
reasoning. Providing feedback facilitated young children’s use of
processing strategies through which problem-solving performance
was improved. Furthermore, the use of processing strategies also
affected children’s subsequent learning in solving the matrix com-
pletion tasks.

Table 2

Distribution of Numbers of 5- and 6-Year-Old Children in Each
Condition in the High, Intermediate, and Low

Performance Groups

Performance group

Low Medium High Total
Condition
No Feedback (N) 13 12 9 34
Feedback (N) 5 14 14 33
Total (N) 18 26 23 67
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Figure 6. Children initial use of encoding (Panel A), integrating (Panel
B), and Toggling (Panel C) on Phase 1 in the High, Medium, and Low
performance groups on Phases 2—4.

General Discussion

This study was designed to examine the underlying processes
and mechanisms of children’s relational problem solving using an
eye-tracking method, a microgenetic approach, and a componen-
tial analysis. The experiments yielded the following key findings:
(a) Children between the ages of 5 and 6 (the younger group) and
7 and 8 (the older group) experienced a dramatic change in their
ability to solve the matrix completion tasks as well as in their use
of the processing strategies that underlie the problem solving. (b)
With feedback, young children (5- and 6-year-olds) were able to
learn to solve relational reasoning tasks over a short time frame. (c)
Developmental differences and the effects of feedback on
problem-solving performance were associated with the improved
use of processing strategies, including encoding relations, integrat-
ing dimensions, and completing the model: the children who

solved the problems effectively were those who used these strat-
egies. Furthermore, children’s initial use of processing strategies
affected their subsequent learning; those children with more ad-
vanced processing strategies were more likely to solve the matrix
problems. These findings and their theoretical and practical impli-
cations are discussed below.

Development and Learning in Relational Reasoning

Previous studies on various tasks and procedures reveal that
children gradually acquire the ability to represent and map rela-
tions (e.g., Gentner & Rattermann, 1991; Kotovsky & Gentner,
1996; Richland, Morrison, & Holyoak, 2006). In the present study,
5-year-olds solved the matrix problems basically at the chance
level. While only a small proportion of 6-year-olds showed pro-
ficiency in solving the problems, a majority of 7- and 8-year-olds
solved the matrix completion tasks effectively. Error analyses also
revealed that children paid more attention to those items that were
more similar to the correct item in terms of the two relevant rules.
This pattern of gazing within the Response Space was especially
evident in older children’s matrix problem solving. This develop-
mental difference is consistent with findings reported in earlier
studies (e.g., Overton & Brodzinsky, 1972; Parker & Day, 1971;
Siegler & Svetina, 2002).

The present study also showed the effects of the feedback
provided at the end of each trial on solving the matrix completion
tasks, demonstrating that children’s thinking becomes more rela-
tional with age and experience. Feedback that highlighted the
relational information provided the scaffolding needed to guide
young children toward understanding the componential processes
required to solve the relational reasoning tasks. The role of feed-
back in 5- and 6-year-olds’ problem-solving performance indicates
that their difficulty in solving the matrix completion tasks was not
due to any incapacity to represent the problem structure. Rather,
young children failed to utilize the processing strategies crucial to
completing the matrix. The primary purpose of the present study
was to examine the cognitive processes and mechanisms that
account for children’s learning to solve matrix completion prob-
lems. The use of an eye-tracking approach allowed us to assess in
a novel way children’s online cognitive processing strategies dur-
ing their problem solving. By analyzing their eye-gaze and
-movement paths, we were able to gain insights into which pro-
cessing components children engaged as they encountered the
problems, how children’s performance was influenced by these
processing components, and how children’s strategy changes in-
fluenced their problem-solving performance.

Processing Components Involved in Solving Relational
Reasoning Tasks

The first two processing components necessary to solving rela-
tional reasoning problems involve encoding and integrating the
target rules of the matrix. These components are important for
several reasons. Accurate choice from the alternatives required the
identification and use of the relational information. In order to
solve the relational tasks successfully, children needed to encode
effectively by knowing which information was critical to attend to
and use. The problem solver needed to construct the model by
integrating relations along multiple dimensions (i.e., construct the
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rules or relations between the objects in the rows and columns).
We assumed relational encoding when eye-tracking measurements
showed that a child had scanned the objects either horizontally or
vertically, and we assumed relational integration when a child
scanned the objects both horizontally and vertically within a single
trial.

The impact of encoding and integrating on problem solving was
evident in the present study. First, as a group, older children who
solved the matrix problems were more likely to encode and inte-
grate the relations. Second, analyses of individual differences in
children’s problem-solving performance indicated that those chil-
dren who correctly solved the problems were more likely to use
encoding and integrating strategies. Third, feedback that high-
lighted the matrix relations facilitated children’s use of these
processing strategies and thus improved their problem-solving
performance, as compared to young children in the No Feedback
condition. Fourth, those children who engaged in encoding and
integrating strategies on the first phase were more likely to solve
the subsequent problems of the second to fourth phases success-
fully. These results provide converging evidence that encoding
relations and integrating rules are critical processing strategies for
successfully solving relational reasoning tasks.

A final processing strategy necessary for solving relational
reasoning tasks involves completing the model constructed by
searching for a relationally matched item. In the matrix completion
task, after integrating the rules, the child needed to search the
Response Space for a match to the mental model he or she had
constructed. While the model was being held in working memory,
a solver needed to look back and forth between the Matrix Space
and the Response Space in order to eliminate unmatched items and
confirm the matching item. We examined how individual differ-
ences in the completing the model process impacted children’s
success in solving the matrix completion tasks. The results dem-
onstrated the role of inspecting the Matrix and Response Spaces
back and forth (i.e., children’s gaze moved from the matrix area to
the response area and vice versa). This eye-gaze strategy proved to
be important for successful problem solving: (a) the completing
the model process (as reflected in toggling) was an additional
factor that contributed to matrix problem solving, as shown in the
stepwise regression analysis; (b) children who successfully solved
the matrix completion problems were more likely to use this
eye-gaze strategy; (c) providing feedback that highlighted the
matrix relations had significant effects upon children’s use of the
strategy as well as their problem-solving performance; and (d)
younger children’s problem-solving performance was especially
associated with the completing the model process. The use of the
completing the model process appeared to be more important for
younger children’s problem-solving performance, presumably due
to young children’s more limited working memory capacity. It was
likely challenging for young children to hold the relational repre-
sentation in working memory while searching the Response Space,
making it more important to check back and forth between the
Matrix and Response Spaces. While the first two processes, en-
coding and integrating, involve representing the relational rules
that are necessary for solving the problems, the completing the
model process involves a cognitive strategy of applying the con-
structed relational rules to search for a correct item to complete the
model.

In sum, encoding relations, integrating rules, and completing the
model were evident in the present study as processing components
essential for solving the matrix tasks. Encoding relevant relations
and integrating rules were initial steps toward accurate represen-
tations that could guide children’s relational problem solving
across various relational reasoning tasks. Children’s ability to
complete the model by searching for correct options proved to be
another critical processing strategy that facilitated effective rela-
tional reasoning. These domain-independent processing strategies
are likely to be critical for children in order to solve various
relational reasoning problems, such as conservation tasks
(Gelman, 1969), classic analogy problems (Goswami & Brown,
1990), transitive inference problems (Bryant & Trabasso, 1971),
and spatial symbolic understanding tasks (Chen, 2007; DeLoache,
2000; Loewenstein & Gentner, 2001; Newcombe et al., 1998;
Newcombe & Huttenlocher, 2000).

Learning and Generalizing Processing Strategies
for Reasoning

A critical component of learning involves generalizing acquired
processing strategies across tasks. The present experiments dem-
onstrated that children as young as 5 and 6 years are capable of
learning to solve the matrix completion tasks by generalizing the
acquired strategies across trials/tasks. In the present study, the
demonstrated role of feedback in improving young children’s
relational problem solving is consistent with previous findings,
which indicated both that providing explicit verbal rules helped
6-year-olds succeed on matrix completion tasks, and that receiving
the correct answer and being asked to explain why this answer was
right also enabled 6-year-olds to solve the subsequent problems
effectively (Siegler & Svetina, 2002).

When learning a new approach to solving the matrix reasoning
tasks, 5- and 6-year-olds demonstrated the ability to generalize
strategies across superficially different trials/tasks, which differed
in specific objects and types of relations (e.g., shade, size, item,
and orientation). Successful transfer of an acquired strategy from
one task to another reflects the construction of a general approach,
rather than a strategy embedded in the original items and their
superficial features (Chen, 2007). Such a general approach enables
children to map from one task to another. In the present Experi-
ment 2’s Feedback condition, 5- and 6-year-olds did not appear to
increase their performance during the first phase; in other words,
it took several trials for the feedback to take effect, suggesting that
young children’s initial representation of the task was relatively
specific and their strategies tied to specific tasks with specific
objects and relations. Only after experiencing multiple trials/tasks
with feedback were young children able to achieve a more abstract
scheme, presumably because they had the opportunity to compare
multiple structurally similar instances or problems (e.g., Gentner &
Namy, 1999). This comparison process can lead to the subsequent
highlighting of common underlying relational structures shared
across problems (Kurtz et al., 2001; Loewenstein, Thompson, &
Gentner, 1999). Thus, the gradual change of strategies reflects the
process of establishing a more abstract representation that enables
its generalization across specific instances.

It is worth noting that while the present study was not specifi-
cally designed to examine optimal feedback, it nevertheless dem-
onstrated that guiding the child to attend to the relations by
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highlighting the rule underlying the relation in the vertical and
horizontal directions effectively facilitated the encoding and inte-
grating processes involved in solving relational reasoning tasks.
The source of strategy change is an important theoretical and
practical issue involved in learning and development (e.g., Chen &
Klahr, 1999; Chen & Siegler, 2000; Rittle-Johnson, 2006; Siegler,
2005, 2006; Siegler & Chen, 1998, 2008). It would be fruitful to
explore further which feedback or training approaches are optimal
for promoting children’s relational reasoning, and what precise
mechanisms are involved in facilitating children’s processing strat-
egies in solving relational reasoning tasks.

Conclusions

The current research examines how children at different ages
solve matrix completion tasks, and explores how young children
come to understand and use processing strategies in solving rela-
tional reasoning tasks. This study demonstrates the utility of the
eye-tracking approach in exploring the underlying processes and
mechanisms of children’s problem solving and reasoning. This
study also helps fill in some gaps in our understanding of the
processes involved in solving relational reasoning problems. It
demonstrates that developmental differences in children’s
problem-solving performance on such problems are largely due to
deficiencies in engaging the processing strategies critical for sound
reasoning. It also shows that instructional interventions in which
young children were directed toward relational information of the
matrix completion problems improved their processing strategies
and problem-solving performance. It is evident that encoding and
integrating rules, completing the model, and generalizing strate-
gies across analogous tasks are critical processing strategies at the
core of relational thinking and learning. The same component
processes needed to solve the matrix completion problems seem
likely to be critical for solving a wide variety of problems involv-
ing relational reasoning. Examining these processing strategies
would appear to be essential for a comprehensive understanding of
children’s development and learning of relational thinking, a cen-
tral ability in human higher-order cognition.
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