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mates were determined, and the success of these functions in

accounting for the estimates of all presented numbers was
compared.

For performance on the number-line task to be optimal, the
best-fitting linear function must account for 100% of variance in

the estimates and have a slope of 1.00. American adults’ per-
formance closely approximates this ideal (Siegler & Opfer,
2003). In contrast, American children exhibit a consistent age-

related progression from logarithmic estimation patterns to
linear ones. On number lines from 0 to 100, the large majority of

kindergartners generate estimates best fit by a logarithmic
function, the large majority of second graders generate estimates

best fit by a linear function, and first graders are about as likely
to generate one pattern as to generate the other (Geary, Hoard,
Byrd-Craven, Nugent, & Numtee, 2007; Siegler & Booth, 2004).

This means that kindergartners’ and many first graders’ esti-
mates of numerical magnitude rise too quickly at the low end of

the scale and are too compressed at the high end, unlike second
graders’ estimates (see Fig. 1). The developmental pattern re-
peats itself between second and fourth grade in the range from 0

to 1,000 (Booth & Siegler, 2006).
Linear representations of numerical magnitudes appear to be

crucial to children’s mathematics performance and learning.
The linearity of individual children’s number-line estimates

correlates strongly with their performance on numerous other
mathematical tasks (Booth & Siegler, 2006; Laski & Siegler,
2007). Linearity of estimates also correlates substantially with

overall scores on math achievement tests from kindergarten
through fourth grade (Booth & Siegler, 2006; Siegler & Booth,

2004). Perhaps most striking is the finding that providing
randomly selected children with visual representations of the
magnitudes of addends and sums along a number line improves

their learning of answers to arithmetic problems (Booth &

Siegler, 2008).
The current study is the first to examine Chinese kinder-

gartners’ proficiency on the number-line-estimation task. We
hypothesized that Chinese preschoolers’ practice at arithmetic

and counting would improve their understanding of numerical
magnitudes, even on unpracticed tasks such as number-line
estimation. Consider how the most common early addition

strategy, counting fingers, could contribute to knowledge of
numerical magnitudes. With this strategy, the larger the sum, the

more fingers children put up, the more fingers they see, the more
numbers they count, and the more time they take to reach the

sum. For example, solving 4 1 4 by counting fingers requires
putting up and seeing twice as many fingers, saying twice as
many numbers, and taking roughly twice as much time as

counting fingers to solve 2 1 2. These kinesthetic, visual, ver-
bal, and temporal cues provide broad-based support for a sense

of numerical magnitudes. Thus, the greater arithmetic and
counting experience of Chinese children, relative to U.S. chil-
dren, was expected to produce superior number-line estimation,

despite the fact that neither Chinese nor U.S. children have
experience with this task. The same logic implies that within

each society, individual differences in arithmetic skill and
number-line estimation should correlate positively: Children

who are more experienced and skilled at arithmetic should be
better at the unpracticed number-line task as well.

Thus, this experiment tested three main predictions: (a) that

Chinese kindergartners’ number-line estimates would be more
accurate, be more linear, and have slopes closer to 1.00 than

those of American peers; (b) that Chinese kindergartners’
arithmetic skill would exceed that of their American peers; and
(c) that in both the Chinese and the American samples, individual
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Fig. 1. Median estimates of U.S. kindergartners and second graders as a function of actual magnitude (data from Siegler &
Booth, 2004, Experiment 1). As the equations show, kindergartners’ estimates increase logarithmically with numerical
magnitude, whereas second graders’ estimates increase linearly.
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children’s number-line proficiency would correlate positively

with their arithmetic skill.

METHOD

Participants
The 29 Chinese children (mean age 5 68 months, range 5 63–
73 months; 11 girls, 18 boys) were recruited from a preschool

affiliated with Tianjin Normal University. The 24 American
children (mean age 5 67 months, range 5 63–75 months; 12

girls, 12 boys; 88% Caucasian, 12% Asian) were recruited from
a preschool affiliated with Carnegie Mellon University. Con-
versations with principals and teachers at the two sites indicated

that the socioeconomic status of the Chinese children was no
higher, and was perhaps lower, than that of the American chil-

dren, and that the prestige of the preschool in China, relative to
other Chinese preschools, was lower than the prestige of the

preschool in America, relative to other American preschools.
The principals’ and teachers’ descriptions were consistent with
the knowledge of the second author, who had lived in both cities

and was familiar with both preschools.

Procedure
The problems and instructions on the number-line task were like

those in previous studies (e.g., Siegler & Booth, 2004). Among
the 26 numbers whose positions children estimated, 4 were from

each of the first three decades, and 2 were from each subsequent
decade. The reason for oversampling the first three decades was
to better discriminate between linear and logarithmic estimation

patterns. The numbers—3, 4, 6, 8, 12, 14, 17, 18, 21, 24, 25, 29,
33, 39, 42, 48, 52, 57, 61, 64, 72, 79, 81, 84, 90, and 96—were

ordered randomly.

The addition task was one used previously by Geary et al.

(1996) to compare the arithmetic knowledge of Chinese and U.S.
kindergartners. It consisted of 70 addition problems with sums

between 2 and 10. Children were given 1 min to answer as many
items as possible. The two tasks were presented in random order.

RESULTS

Number-Line Task
To examine the accuracy of the children’s estimates on the
number-line task, we computed their percentage absolute error
(PAE) using the following formula: PAE 5 jestimate ! esti-

mated quantityj/scale of estimates. Thus, if a child was pre-
sented the number 85 and estimated its location as being at the

point that corresponded to 75, the child’s PAE on that trial would
be 10% (j75 ! 85j/100).

The American children’s mean PAE was 22% (SD 5 8.3). The

Chinese children were considerably more accurate, with a mean
PAE of 15% (SD 5 7.7), t(51) 5 3.05, p< .01, d5 0.82, prep 5
.977. The Chinese kindergartners’ mean PAE was between the
PAEs of American first graders and second graders in previous

studies (e.g., Siegler & Booth, 2004).
We next examined the linearity of the children’s estimates. As

in previous studies, American kindergartners’ median number-

line estimates of the 26 numbers’ magnitudes were better fit by a
logarithmic function (R2 5 .90) than by a linear function (R2 5
.72; see Fig. 2). Unlike the estimates of any previous American
kindergarten sample, the Chinese kindergartners’ median esti-
mates were better fit by a linear function (R2 5 .95) than by a

logarithmic function (R2 5 .86; see Fig. 2).
Analyses of individual children’s estimates told a similar

story. For the Chinese sample, the best-fitting linear function
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Fig. 2. Results from the present study: median estimates of U.S. and Chinese kindergartners as a function of actual
magnitude. Also shown are the functions with the best fit to the data (logarithmic for U.S. kindergartners, linear for Chinese
kindergartners).
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mates were determined, and the success of these functions in

accounting for the estimates of all presented numbers was
compared.

For performance on the number-line task to be optimal, the
best-fitting linear function must account for 100% of variance in

the estimates and have a slope of 1.00. American adults’ per-
formance closely approximates this ideal (Siegler & Opfer,
2003). In contrast, American children exhibit a consistent age-

related progression from logarithmic estimation patterns to
linear ones. On number lines from 0 to 100, the large majority of

kindergartners generate estimates best fit by a logarithmic
function, the large majority of second graders generate estimates

best fit by a linear function, and first graders are about as likely
to generate one pattern as to generate the other (Geary, Hoard,
Byrd-Craven, Nugent, & Numtee, 2007; Siegler & Booth, 2004).

This means that kindergartners’ and many first graders’ esti-
mates of numerical magnitude rise too quickly at the low end of

the scale and are too compressed at the high end, unlike second
graders’ estimates (see Fig. 1). The developmental pattern re-
peats itself between second and fourth grade in the range from 0

to 1,000 (Booth & Siegler, 2006).
Linear representations of numerical magnitudes appear to be

crucial to children’s mathematics performance and learning.
The linearity of individual children’s number-line estimates

correlates strongly with their performance on numerous other
mathematical tasks (Booth & Siegler, 2006; Laski & Siegler,
2007). Linearity of estimates also correlates substantially with

overall scores on math achievement tests from kindergarten
through fourth grade (Booth & Siegler, 2006; Siegler & Booth,

2004). Perhaps most striking is the finding that providing
randomly selected children with visual representations of the
magnitudes of addends and sums along a number line improves

their learning of answers to arithmetic problems (Booth &

Siegler, 2008).
The current study is the first to examine Chinese kinder-

gartners’ proficiency on the number-line-estimation task. We
hypothesized that Chinese preschoolers’ practice at arithmetic

and counting would improve their understanding of numerical
magnitudes, even on unpracticed tasks such as number-line
estimation. Consider how the most common early addition

strategy, counting fingers, could contribute to knowledge of
numerical magnitudes. With this strategy, the larger the sum, the

more fingers children put up, the more fingers they see, the more
numbers they count, and the more time they take to reach the

sum. For example, solving 4 1 4 by counting fingers requires
putting up and seeing twice as many fingers, saying twice as
many numbers, and taking roughly twice as much time as

counting fingers to solve 2 1 2. These kinesthetic, visual, ver-
bal, and temporal cues provide broad-based support for a sense

of numerical magnitudes. Thus, the greater arithmetic and
counting experience of Chinese children, relative to U.S. chil-
dren, was expected to produce superior number-line estimation,

despite the fact that neither Chinese nor U.S. children have
experience with this task. The same logic implies that within

each society, individual differences in arithmetic skill and
number-line estimation should correlate positively: Children

who are more experienced and skilled at arithmetic should be
better at the unpracticed number-line task as well.

Thus, this experiment tested three main predictions: (a) that

Chinese kindergartners’ number-line estimates would be more
accurate, be more linear, and have slopes closer to 1.00 than

those of American peers; (b) that Chinese kindergartners’
arithmetic skill would exceed that of their American peers; and
(c) that in both the Chinese and the American samples, individual
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Fig. 1. Median estimates of U.S. kindergartners and second graders as a function of actual magnitude (data from Siegler &
Booth, 2004, Experiment 1). As the equations show, kindergartners’ estimates increase logarithmically with numerical
magnitude, whereas second graders’ estimates increase linearly.
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children’s number-line proficiency would correlate positively

with their arithmetic skill.

METHOD

Participants
The 29 Chinese children (mean age 5 68 months, range 5 63–
73 months; 11 girls, 18 boys) were recruited from a preschool

affiliated with Tianjin Normal University. The 24 American
children (mean age 5 67 months, range 5 63–75 months; 12

girls, 12 boys; 88% Caucasian, 12% Asian) were recruited from
a preschool affiliated with Carnegie Mellon University. Con-
versations with principals and teachers at the two sites indicated

that the socioeconomic status of the Chinese children was no
higher, and was perhaps lower, than that of the American chil-

dren, and that the prestige of the preschool in China, relative to
other Chinese preschools, was lower than the prestige of the

preschool in America, relative to other American preschools.
The principals’ and teachers’ descriptions were consistent with
the knowledge of the second author, who had lived in both cities

and was familiar with both preschools.

Procedure
The problems and instructions on the number-line task were like

those in previous studies (e.g., Siegler & Booth, 2004). Among
the 26 numbers whose positions children estimated, 4 were from

each of the first three decades, and 2 were from each subsequent
decade. The reason for oversampling the first three decades was
to better discriminate between linear and logarithmic estimation

patterns. The numbers—3, 4, 6, 8, 12, 14, 17, 18, 21, 24, 25, 29,
33, 39, 42, 48, 52, 57, 61, 64, 72, 79, 81, 84, 90, and 96—were

ordered randomly.

The addition task was one used previously by Geary et al.

(1996) to compare the arithmetic knowledge of Chinese and U.S.
kindergartners. It consisted of 70 addition problems with sums

between 2 and 10. Children were given 1 min to answer as many
items as possible. The two tasks were presented in random order.

RESULTS

Number-Line Task
To examine the accuracy of the children’s estimates on the
number-line task, we computed their percentage absolute error
(PAE) using the following formula: PAE 5 jestimate ! esti-

mated quantityj/scale of estimates. Thus, if a child was pre-
sented the number 85 and estimated its location as being at the

point that corresponded to 75, the child’s PAE on that trial would
be 10% (j75 ! 85j/100).

The American children’s mean PAE was 22% (SD 5 8.3). The

Chinese children were considerably more accurate, with a mean
PAE of 15% (SD 5 7.7), t(51) 5 3.05, p< .01, d5 0.82, prep 5
.977. The Chinese kindergartners’ mean PAE was between the
PAEs of American first graders and second graders in previous

studies (e.g., Siegler & Booth, 2004).
We next examined the linearity of the children’s estimates. As

in previous studies, American kindergartners’ median number-

line estimates of the 26 numbers’ magnitudes were better fit by a
logarithmic function (R2 5 .90) than by a linear function (R2 5
.72; see Fig. 2). Unlike the estimates of any previous American
kindergarten sample, the Chinese kindergartners’ median esti-
mates were better fit by a linear function (R2 5 .95) than by a

logarithmic function (R2 5 .86; see Fig. 2).
Analyses of individual children’s estimates told a similar

story. For the Chinese sample, the best-fitting linear function
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Fig. 2. Results from the present study: median estimates of U.S. and Chinese kindergartners as a function of actual
magnitude. Also shown are the functions with the best fit to the data (logarithmic for U.S. kindergartners, linear for Chinese
kindergartners).
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Preschoolers’ Intrinsic Spatial Reasoning

• 45 children (22 girls)
• 4 years 6 months
• 5 measures

üHow do children do on the 5 measures 
(relations)?

üIs familiarity a factor?
üAny demographic factors?

20

Familiarity?

21

Embedded Figures

Intrinsic-static

Intrinsic-dynamic

Mental Transformation 

Shape knowledge

No context

Shape search

Familiar context

Rotated puzzle

24% 46%

39%

39%

53%

.30*

.47**

.48**

.36** .41**

Demographic Factors?
• Only gender difference

– Girls > Boys on the Puzzle task

• Only maternal education difference
– Graduate School > High School on the Embedded Figures 

Test

• Age of preschool entry
– Earlier > Later on all measures
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Preschoolers’ Intrinsic Spatial Reasoning

üHow do children do on the 5 measures 
(relations)?
§ Mostly expected but some unexpected

üIs familiarity a factor?
§ Context matters

üAny demographic factors?
§ Early entry to preschool matters

23

“The relation between spatial ability and 
mathematics is so well established…”

(Mix & Cheng, 2012, p. 206)
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- �!� �� -> SAT-M     (Casey, Nuttall, Pezaris, & Benbow, 1995)
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(Casey, Nuttall, & Pezaris, 2001)
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��-> �� (Gunerson, Ramirez, Beilock
& Levine, 2012)
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