


SPACE, TIME AND  
NUMBER IN THE BRAIN

Searching for the foundationS of  
MatheMatical thought



This page intentionally left blank



SPACE, TIME 
AND NUMBER 
IN THE BRAIN

Searching for the 
foundationS of 

MatheMatical thought

an attention and  

PerforMance SerieS voluMe

Edited by

StaniSlaS Dehaene anD elizabeth M. brannon

AMSTERDAM • BOSTON • HEIDELBERG • LONDON 
NEW YORK• OXFORD • PARIS • SAN DIEGO 

SAN FRANCISCO • SINGAPORE • SYDNEY • TOKYO 

academic Press is an imprint of elsevier



academic Press is an imprint of elsevier
32 Jamestown Road, London NW1 7BY, UK
30 Corporate Drive, Suite 400, Burlington, MA 01803, USA
525 B Street, Suite 1800, San Diego, CA 92101-4495, USA

first edition 2011

Copyright © 2011 Elsevier Inc. All rights reserved

Except chapters 4, 6, 12, 13, 16 & 17 which are reprinted from Trends in Cognitive  
Sciences with permission from Elsevier

No part of this publication may be reproduced, stored in a retrieval system or transmitted in  
any form or by any means electronic, mechanical, photocopying, recording or otherwise without  
the prior written permission of the publisher. Permissions may be sought directly from Elsevier’s  
Science & Technology Rights Department in Oxford, UK: phone (44) (0) 1865 843830; 
fax (44) (0) 1865 853333; email: permissions@elsevier.com. Alternatively, visit the Science 
and Technology Books website at www.elsevierdirect.com/rights for further information

Notice
No responsibility is assumed by the publisher for any injury and/or damage to persons  
or property as a matter of products liability, negligence or otherwise, or from any use or  
operation of any methods, products, instructions or ideas contained in the material herein.
Because of rapid advances in the medical sciences, in particular, independent verification of  
diagnoses and drug dosages should be made

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN : 978-0-12-385948-8

For information on all Academic Press publications  
visit our website at elsevierdirect.com

Typeset by MPS Limited, a Macmillan Company, Chennai, India 
www.macmillansolutions.com

Printed and bound in Canada

10 11 12 13 14 15  10 9 8 7 6 5 4 3 2 1



343

C H A P T E R

Space, Time and Number in the Brain.
DOI: ©  Elsevier Inc. All rights reserved.201110.1016/B978-0-12-385948-8.00021-9

Improving Low-Income 
Children’s Number Sense
Robert S. Siegler*, Geetha B. Ramani†

*Carnegie Mellon University, Department of Psychology, Pittsburgh, USA, 
†Department of Human Development, University of Maryland, 

College Park, USA

21

Summary
This article describes how a theoretical analysis and empirical findings regarding number 

sense led to the development of an educational intervention that produces large and rapid 
increases in low-income children’s mathematical knowledge. Roughly an hour of playing a sim-
ple numerical board game based on the mental number line construct led to substantial gains in 
their knowledge of numerical magnitudes, counting, numeral identification, number line esti-
mation, and arithmetic. The gains remained present two months after the last game-playing ses-
sion. Both physical features of the game board and the way in which children interact with it 
proved important in the size of the gains. Reasons why such a brief intervention produces such 
substantial learning were discussed.

Throughout the developed world, the mathematical knowledge of children from low-
income families lags behind that of children from wealthier families [1]. Even before chil-
dren enter school, the differences are seen on a wide range of foundational tasks: counting 
from one, counting up or down from numbers other than one, recognizing written numer-
als, comparing numerical magnitudes, adding, and subtracting [2,3].

These early differences in numerical knowledge have lasting consequences. Kindergartners’ 
mathematical knowledge is strongly predictive of their mathematics achievement in third grade, 
fifth grade, eighth grade, and even high school [4–6]. The long-term predictive relations of early 
mathematical knowledge are unusually strong, more than twice as strong as the relations in 
reading, attention control, and emotional self-regulation [4]. Moreover, absolute differences in 
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mathematical knowledge between children from richer and poorer backgrounds, already sub-
stantial in kindergarten, steadily widen over the course of schooling [7].

These differences in the mathematical knowledge of children from richer and poorer 
backgrounds reflect differences in environmental support for learning mathematics. Middle-
income parents more frequently engage in mathematical activities with their children than 
do low-income parents [3,8], and children whose parents present them with more math-
ematical activities generally have greater mathematical knowledge [9]. A study of home, 
preschool and daycare environments indicated that most children from working-class back-
grounds received mathematical input in 0 of the 180 segments observed [10].

One result of the minimal mathematical input they receive is that children from low-
income families often enter school with poorly developed number sense. There is widespread 
agreement that acquiring number sense is an important part of mathematical development 
and an important goal of mathematics instruction (e.g., [11–13]). However, reaching this goal 
is harder than it sounds. One reason that improving number sense is difficult is that there is 
little agreement on what number sense is. This lack of an accepted definition has contributed 
to difficulties in knowing how to study number sense and how to help children acquire it.

A review of the literature [14] suggested one promising definition of number sense: “a 
process of translating between alternative quantitative representations.” The translations 
can be between spatial and numerical representations (e.g., “About how many feet wide is 
this room?”), temporal and tactile representations (e.g., “tap your finger once every 10 s”), 
luminance and pressure (e.g., “the brighter this light, the harder you should press on this 
pad”), and so on. This definition suggests three key questions for understanding number 
sense: How can we best think about number sense? How can we measure children’s ability 
to approximate numerical magnitudes? and How can we help improve children’s number 
sense, including their approximation of numerical magnitudes?

With regard to the first question, the core of number sense seems to us to be the presence 
of a linearly increasing mental number line. A wide range of theories of numerical cognition 
propose that knowledge of whole numbers is organized around a mental number line, in 
which number symbols (e.g., “7”) are connected to nonverbal representations of quantity in 
an ordered, horizontally oriented array. The nonverbal representations of quantity appear to 
be largely spatial (e.g., [15]), though other sensory modalities also seem to be included in the 
representation [16]. Both behavioral and neural data support the mental number line con-
struct. One body of evidence comes from studies of the SNARC Effect (spatial–numerical  
associations of response codes), the tendency of people in cultures with left-to-right orthog-
raphies to respond faster on the left to smaller numbers and on the right to larger numbers. 
For example people more quickly answer the question, “Which is bigger, seven or four?” 
when seven is chosen with a right side key press than with a left side key press [17]. A sec-
ond source of evidence comes from brain-damaged patients with left-side neglect who dis-
place upward (rightward on the number line) their bisections of numerical ranges (e.g., 
they estimate that the midpoint of the range 11–19 is 17), just as they do with physical lines 
[18]. A third set of evidence comes from brain imaging studies. The horizontal, intraparietal 
sulcus (HIPS), a brain area believed to be central to the mental number line, shows greater 
activation during comparison of numbers close in magnitude than during comparison of 
numbers further apart, presumably because finer magnitude discriminations require greater 
activation of relevant brain areas [19,20]. Fourth and especially important, the precision of 
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children’s approximation of numerical magnitudes and their mental number line represen-
tations has been found to be quite highly correlated with their performance in arithmetic, 
memory for numbers, and overall mathematics achievement test scores [21,22]. Thus, our 
strategy for improving number sense in children from low-income backgrounds was to 
help them generate a mental number line that precisely and accurately related symbolically 
expressed numbers to nonverbal numerical representations.

With regard to the second question, estimation tasks, especially number line estimation 
tasks, have several advantages for measuring and investigating number sense. As shown 
in Fig. 21.1, the number line estimation task involves asking children to translate between 
numerical and spatial representations, for example, asking them to estimate the location of 
74 on a number line with 0 at one end and 100 at the other. This task has several desirable 
characteristics. Number line estimation can be used with any real number—large or small, 
positive or negative, whole number or fraction. The task transparently reflects the ratio 
characteristics of the number system. Just as 80 is twice as large as 40, the estimated location 
of 80 should be twice as far from 0 as the estimated location of 40. It is non-routine; neither 
parents nor teachers typically instruct children in how to do number line estimation, so chil-
dren’s sense of the magnitudes of the numbers is reflected in their estimates.

Estimated values on the number line should increase linearly with a slope of 1 with the 
size of the number being estimated. Thus, the distance on the physical number line between 0 
and the estimated location of 20 should be the same as the distance between the estimates of 
20 and 40, 40 and 60, 60 and 80, and 80 and 100. The number line task allows several measures 
of the quality of children’s estimates, including the percent absolute error (the absolute dis-
tance between the number that was presented and the number corresponding to the child’s 
estimate on the number line), the slope of the best fitting linear function relating the number 
presented to the child’s estimate on the number line, and whether the best-fitting function 
relating the number presented to the child’s estimates is linear, logarithmic, or exponential.

Although the linear relation between the number presented and the estimate on the number 
line might seem obvious, children do not understand it for a surprisingly long time. Instead, 
children seem to progress through a rough three-step progression in which they first lack 
knowledge of even the ordinal properties of symbolically expressed numbers, then know the 
numbers’ order but do not relate them in a linearly increasing fashion, and then represent the 
relation between numbers and their magnitudes as increasing linearly, as in the equation y  x. 
With regard to the first period, many three- and four-year-olds who count flawlessly from one 
to 10 do not even know the rank order of the numbers. For example, their percent correct on 
magnitude comparison tasks is close to chance, and they show knowledge of only the smallest 

0 100

“Where would 74 go?”

FIGURE 21.1 A typical number line estimation task involves presenting lines with a number at each end (e.g., 
0 and 100) and no other numbers or marks in between, and asking participants to locate a third number on the line 
(e.g., “Where does 74 go?”). Then a new number line is presented, and participants are asked to locate a differ-
ent number on that line. The procedure continues until participants have estimated numbers from all parts of the 
numerical range. The mathematical function that best fits the relation between the presented numbers and the esti-
mates of their locations provide evidence regarding representations of numerical magnitudes.
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numbers (e.g., 1 and 2) on other tasks [23]. Somewhat older children know the rank order of the 
numbers but still fail to understand that equal differences between two pairs of numbers mean 
that the magnitudes of the two pairs of numbers must be equally discrepant. Instead, these 
children use a logarithmic representation of numerical magnitudes, in which estimates of mag-
nitudes at the low end of the scale are farther apart than estimates at the high end for any given 
difference between numbers. Thus, as shown in Fig. 21.2, most kindergartners, and about half 
of first graders, think that on a 0–100 number line, the magnitudes of 12 and 20 are much more 
discrepant than the magnitudes of 72 and 80. Not until second grade do the number line esti-
mates of most children indicate understanding that these differences are equal, and not until 
fourth grade do most children show similar knowledge on 0–1000 number lines [21,24].

The number line estimation findings are far from isolated phenomena. Similar patterns of 
developmental changes have been found with other types of estimation, including numer-
osity estimation (“Here’s a beaker with one dot and here’s a beaker with 1000 dots. Put 
about N dots in this empty glass on the screen by holding down the mouse”) and measure-
ment estimation (“Here’s a line 1 zip long and here’s a line 1000 zips long; draw a line N 
zips long.”) Most children either generate logarithmic estimation patterns on all three esti-
mation tasks or generate linear estimation patterns on all three [21]. Perhaps most striking, 
the linearity of number line estimates of children in all grades through fourth grade corre-
late substantially with the children’s mathematics achievement test scores [21,25,26].

Given that children can count from one to 10 at least a year before they show knowledge 
of the magnitudes of knowledge in this range, counting is clearly insufficient for generat-
ing accurate numerical magnitude representations. This raises the question of what other 
experiences might contribute. One common activity that might help children generate linear 
representations is playing linear, number board games—that is, board games with linearly 
arranged, consecutively numbered, equal-size spaces (e.g., Chutes and Ladders.) These board 
games provide multiple cues to numbers’ magnitudes. The greater the number in a square, 
the greater: (a) the distance that the child has moved the token; (b) the number of discrete 
moves of the token the child has made; (c) the number of number names the child has spo-
ken; (d) the number of number names the child has heard; and (e) the amount of time since 
the game began. Thus, children playing the game have the opportunity to relate the number 
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in each square to the time, distance, and number of manual and vocal actions required to 
reach that number. Stated differently, these temporal, visual–spatial, kinesthetic, and vocal 
cues provide a broadly based, multi-modal foundation for a linear representation of numeri-
cal magnitudes. This theoretical analysis, together with the data on developmental and indi-
vidual differences in estimation, suggested that providing children with numerical board 
game experience might improve their number sense and their performance on a wide range 
of numerical tasks. For example, given the linear relation between numbers and the spatial 
dimension of the board game, experience playing the game should make it possible for chil-
dren to generate linearly increasing estimates on the number line task.

DOES PLAyING NUMERICAL BOARD GAMES IMPROVE  
CHILDREN’S NUMBER SENSE?

To test whether playing number board games promotes number sense, we randomly 
assigned 36 four-year-olds to play either a number board game or a color board game (Fig. 
21.3) [27]. A little more than half of the children were African Americans attending Head 
Start or childcare centers that served impoverished populations.

At the beginning of each session, children in the number board condition were told that 
on each turn, they would spin a spinner that would point to “1” or “2”, that they should 
move their token that number of spaces, and that the first player to reach the end would 

Number Board Game

Color Board Game

(A)

(B)

FIGURE 21.3 The number and color boards [45].
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win. Children in the color board condition were told that on each turn, they would spin a 
spinner that could point to different colors, that they should move their token to the nearest 
square with the same color as the one to which the spinner pointed, and that the first player 
to reach the end would win. The experimenter also told children to say the numbers (colors) 
on the spaces through which they moved. Thus, children in the number board group who 
were on a 3 and spun a 2 would say, “4, 5” as they moved their token. Children in the color 
board group who were on green and spun a “blue” would say “purple, blue.” If a child 
erred or could not name the numbers or colors, the experimenter correctly named them and 
then had the child repeat the names while moving the token.

The preschoolers played the number game or the color game about 20 times over four 15- 
to 20-min sessions within a two-week period; each game lasted about 3 min. At the begin-
ning of Session 1 and at the end of Session 4, children were presented the 0–10 number line 
estimation task as a pretest and post-test.

Playing the number board game led to dramatic improvements in the low-income pre-
schoolers’ number line estimates. On the pretest, the best-fitting linear function accounted 
for 15% of the variance in individual children’s estimates; on the post-test, it accounted 
for 61%. In contrast, for children in the color board game condition, the best fitting linear 
function accounted for 18% of the variance on both pretest and post-test. Thus, playing the 
number board game for four 15- to 20-min sessions over a two-week period produced sub-
stantial improvements in low-income children’s number line estimation.

GENERALITy OF LEARNING ACROSS TASkS AND TIME

We [28] tested the generality of the benefits of playing the number board game, both in 
terms of the range of numerical knowledge that children acquire and in terms of the stabil-
ity of learning over time. Effects of playing the number and color board games on under-
standing of the numbers one to 10 were compared on four tasks: number line estimation, 
magnitude comparison (“Which is bigger: N or M”), numeral identification (“Read the 
number on this card”), and counting (“Count from 1 to 10”). Playing the number board 
game was expected to produce gains on the magnitude comparison task for the same reason 
as on the number line task—improved understanding of numerical magnitudes. Playing 
this game also was expected to improve counting and numeral identification, because it pro-
vides practice and feedback on those skills too. Performance on the four tasks was assessed 
not only on a pretest and immediate post-test but also on a follow-up nine weeks after the 
final game playing session. The participants were four- and five-year-olds from Head Start 
centers, slightly more than half of them African American.

As in the previous study, accuracy of number line estimation increased from pretest to 
post-test among children who played the number board game. Gains remained present 
on the nine-week follow-up. In contrast, there was no change in the accuracy of estimates 
of children who played the color board game. The same pattern was evident on all four 
numerical tasks (Fig. 21.4). In all cases, preschoolers who played the number board game 
showed improvements that persisted over time, whereas peers who played the color board 
game showed neither immediate nor delayed improvements.
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The linear numerical board game is not the only focused intervention aimed at improving 
the numerical magnitude understanding of preschoolers from low-income backgrounds that 
has yielded encouraging results. A software program known as “The Number Race” [29–31] has 
also yielded promising findings, in this case with French preschoolers from low-income back-
grounds. The focus of this program is on improving number sense access, defined as linking 
nonverbal number sense to symbolic representations of numbers. The construct of number sense 
access is similar to the present construct of translations between alternative quantitative repre-
sentations. The Number Race involved adaptive computer software designed to help children 
compare numerical magnitudes, link symbolic and non-symbolic representations of number, 
and increase understanding of and skill in arithmetic. The Number Race produced gains in 
numerical magnitude comparison performance and a cross-format matching task that measured 
understanding of numerical magnitudes, though not arithmetic skill.

GAME PLAyING IN THE EVERyDAy ENVIRONMENT

The results with numerical board games raised the question of what role in numerical 
development, if any, board games occupy in the everyday environment. To address this 
issue, we obtained self-reports about preschoolers’ experiences with board games, card 
games, and video games [28]. The self-reports were obtained from the preschoolers from 
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low-income backgrounds who participated in the experiment described in the last section, 
and from age peers from middle-income backgrounds. We hypothesized that children from 
middle-income backgrounds would have greater experience with board games and that 
a child’s amount of experience playing board games would correlate positively with that 
child’s numerical knowledge.

The data were consistent with both hypotheses. Children from middle-income back-
grounds reported twice as much experience with board games as children from low-income 
backgrounds. Interestingly, children from middle-income backgrounds reported less video 
game experience than their peers from low-income backgrounds. Within the low-income 
sample (the only group for which we had numerical proficiency data), the amount of board 
game experience correlated positively with all four measures of numerical knowledge. 
Whether preschoolers reported having played Chutes and Ladders, the commercial game 
that seems closest to the present board game, also correlated positively with their perform-
ance on three of the four numerical tasks. In contrast, the amount of experience with video 
games and with card games correlated with proficiency on only one of the four numerical 
tasks. Thus, both correlational and causal evidence point to a connection between playing 
numerical board games and acquiring numerical knowledge.

wHICH FEATURES OF BOARD GAMES INFLUENCE LEARNING?

Experiments designed to identify the critical features of the number board game have 
allowed tests of the theory that stimulated design of the game and have provided valua-
ble data for future applications. Both physical features of the games and features of game- 
playing activity have proved important.

The linearity of the game board has proven to be one vital feature. The linear board was 
predicted to produce greater learning than a circular board, because the mapping between 
the linear physical board and the desired mental number line is simpler. The greater learn-
ing could arise either from a propensity to form a nonverbal mental number line being 
innate, and providing a framework to which numerical information could be linked, or 
from a mental number line having already started to form, due to experiences seeing people 
counting objects in a 1:1 number word:object fashion from left to right.

The prediction that playing the game with a linear board would produce greater learn-
ing than playing it with a circular board proved to be correct [32]. The same study demon-
strated that playing the linear game, but not the circular one, leads to a higher percentage of 
correct answers to addition problems and to a higher percentage of errors that are close in 
magnitude to the correct answer. This finding was anticipated because brain areas activated 
in addition have been shown to be highly similar to areas activated on tasks that measure 
analog magnitude representations [33]. The greater impact of playing the game with the lin-
ear board on the number line, magnitude comparison, and addition tasks supports the view 
that playing the linear board game improves children’s number sense.

A feature of game-playing activity that has proven important is counting-on from the 
number where the token starts the turn (as opposed to counting from one). Because children 
do not automatically encode written numerals before third grade [34], requiring counting-
on was hypothesized to be crucial for the children to encode the numbers in the squares, 
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which was believed crucial for them to learn the magnitudes of those numbers. The reason 
was that if children did not encode the symbolically expressed number (e.g., identifying the 
square with “8” as the “8”-square and the square with “4” as the “4”-square), they would 
have nothing with which to correlate the spatial, temporal, kinesthetic, and verbal cues. To 
the extent that identifying the number within each square was crucial to learning, and to the 
extent that children would not encode the number if they did not have to state the number 
as part of the counting-on procedure, learning would be reduced.

We tested this hypothesis by presenting kindergarten children with a 10  10 game board 
displaying the numbers 1–100. As predicted, kindergartners who were required to count-
on by saying the numbers in the squares (e.g., “36, 37”) learned much more about numeri-
cal magnitudes than children required to count “1, 2” in the same situation [35]. Both their 
number line estimation and their magnitude comparison improved. In addition, they were 
able to more accurately estimate the locations of numbers on the game board, thus demon-
strating that the counting-on procedure led to better encoding of the numbers’ positions on 
the board, which was hypothesized to be essential for learning about numerical magnitudes 
through playing the board game.

EFFECTS OF OTHER PRESCHOOL MATHEMATICS INTERVENTIONS

Over the years, many large-scale interventions designed to improve the mathematical 
skills of low-income preschoolers have been implemented. Like the board game interven-
tions emphasized in this chapter, these multifaceted interventions show that with proper 
support, children from low-income backgrounds can improve their mathematical knowl-
edge considerably. Below we review three of the interventions that have received the most 
convincing empirical support: Number Worlds (e.g., [36]), Building Blocks (e.g., [8]), and 
Pre-K Mathematics (e.g., [3]).

Number Worlds (formerly known as Rightstart) focuses on teaching children the under-
lying concept of number before moving on to formal addition and subtraction. As such, the 
program ensures that children have a good conceptualization of addition, subtraction, and 
numerical magnitudes using real objects (e.g., four pegs) before introducing more symbolic 
representations (e.g., the numeral 4). The curriculum includes a wide range of numerical 
activities: songs about numbers, counting games, games involving money, board games 
somewhat similar to the one that we have used, and so on. Within the curriculum, children 
spend approximately 20 min per day involved in mathematical activities.

Number Worlds has proven very successful in increasing children’s numerical knowl-
edge; after 40 sessions, 87% of low-income kindergarteners passed a test of basic numeri-
cal skills that was passed by only 25% of peers who did not receive the curriculum [37,38]. 
The children remained more advanced at the end of first grade (despite only receiving the 
intervention during kindergarten) and their first grade teachers rated them as having better 
number sense than other children from similar backgrounds.

The second curriculum, Building Blocks, features small- and whole-group activities, com-
puter games and family activities designed for home use [8,39]. The curriculum focuses on 
varied aspects of mathematics including number, patterns, and geometry. Children spend at 
least 1 h focused on math each week for 26 weeks.
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In a large randomized trial, 35 lower- and middle-class preschool classrooms were cho-
sen to present the Building Blocks curriculum, another math-focused curriculum, or the 
curriculum used the previous year. Children who received the Building Blocks curriculum 
improved their math skills more than children who received the previous year’s curriculum 
or the comparison curriculum.

A third broad preschool mathematics curriculum, Pre-K Mathematics, also combines 
school-based and home-based activities [3,40]. Children participate in small-group activities 
for 20 min twice a week throughout the school year. Parents are provided with home activi-
ties that link to the small-group activities in the school and include hands-on manipulatives 
along with instructions on how to perform each activity. Children from impoverished back-
grounds who participated in the Pre-K Mathematics intervention showed equivalent math-
ematical knowledge on the post-test to middle-income children who did not participate [3].

While they are effective, these interventions are very costly, in terms of both time and 
resources. In addition to the money that preschools have to spend to purchase the curricu-
lum, there is also substantial cost in terms of teacher training. For Number Worlds, teach-
ers who implemented the curriculum received assistance from the researchers twice a week 
throughout the school year. For Building Blocks, teachers received 34 h of group training and 
16 h of in-class coaching. For Pre-K Mathematics, teachers participated in eight days of work-
shops over the course of the school year, along with on-site training at least once per month. 
There is good reason for this extensive teacher training: without substantial and prolonged 
guidance, teachers often modify the curricula in ways that make it less effective [41,42].

CONCLUSIONS

The high costs of large-scale curricula were part of what motivated us to apply theoretical 
understanding of cognitive development, in particular findings regarding the centrality of the 
mental number line to mathematical understanding, to devise a focused intervention. In addi-
tion to providing information about the effectiveness of the particular intervention, this approach 
yielded two other types of valuable information: knowledge useful for deepening theoretical 
understanding of numerical magnitude representations, and knowledge useful for improving 
large scale interventions aimed at helping preschoolers gain numerical understanding.

Consider some of the lessons regarding acquisition of numerical magnitude representa-
tions. Some of the main conclusions are that one source of acquisition of linear represen-
tations of numerical magnitudes is playing linear numerical board games, that improved 
numerical magnitude representations also lead to improved ability to learn answers to 
arithmetic problems, and that playing linear number board games produce greater learning 
of both numerical magnitudes and arithmetic than playing circular ones. The results also 
support the view that experience that allows children to correlate symbolically expressed 
numbers with redundant nonverbal cues to the magnitudes associated with those symbols 
is crucial to the process of learning mathematics.

The lessons learned from the focused interventions also can, and we believe should, be 
incorporated into large-scale curricula that are aimed at improving the mathematical under-
standing of preschoolers from low-income backgrounds. Including games like the present 
ones might improve the effectiveness of the large-scale curricula; including them might also 
make it possible for the large-scale curricula to produce gains more quickly.
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The success of focused interventions such as the one emphasized in this chapter raises 
the question of why such brief interventions can produce such great improvements in the 
mathematical knowledge of preschoolers from low-income families. One likely reason is 
that many of these children have had few explicitly mathematical experiences prior to the 
interventions. Systematic observations of home and preschool environments of young chil-
dren from low-income backgrounds indicate that neither environment typically provides 
many experiences where the children’s attention is directed to numbers [10,43]. For many 
children, the experience with numerical magnitudes that they receive even in the relatively 
brief interventions may constitute a substantial percentage of their experience connecting 
symbolically expressed numbers to their non-symbolic equivalents and relating symboli-
cally expressed numbers to each other. Because of these children’s limited numerical experi-
ence, because early differences in mathematical understanding tend to persist throughout 
schooling, and because of the large, broad, and rapid effects of early interventions that are 
grounded in cognitive and developmental theories and data, increasing the number of pre-
schoolers who receive such interventions seems a goal worth pursuing.

References
 [1] Organization for Economic Cooperation and Development (OECD) and Statistics Canada, Literacy, Economy, 

and Society: Results of the first International Adult Literacy Survey, OECD, Paris, 1995. (Ottawa: Ministry of 
Industry Canada).

 [2] N.C. Jordan, D. Kaplan, L.N. Olah, M.N. Locuniak, Number sense growth in kindergarten: A longitudinal 
investigation of children at risk for mathematics difficulties, Child Dev. 77 (2006) 153–175.

 [3] P. Starkey, A. Klein, A. Wakeley, Enhancing young children’s mathematical knowledge through a pre- 
kindergarten mathematics intervention, Early Child. Res. Q. 19 (2004) 99–120.

 [4] G.J. Duncan, et al., School readiness and later achievement, Dev. Psychol. 43 (2007) 1428–1446.
 [5] G.J. Duncan, K. Magnusen, The nature and impact of early achievement skills, attention and behavior prob-

lems: Paper Presented at the Conference, in Rethinking the Role of Neighborhoods and Families on Schools 
and School Outcomes for American Children, Brookings Project On Social Inequality And Educational 
Disadvantage, Washington, DC, 2009, November.

 [6] H.W. Stevenson, R.S. Newman, Long-term prediction of achievement and attitudes in mathematics and read-
ing, Child Dev. 57 (1986) 646–659.

 [7] E.A. Hanushek, S.G. Rivkin, School Quality and the Black–White Achievement Gap, National Bureau of 
Economic Research, Inc. (NBER Working Papers, 12651)

 [8] D.H. Clements, J. Sarama, Effects of a preschool mathematics curriculum: summative research on the Building 
Blocks project, J. Res. Math. Educ. 38 (2007) 136–163.

 [9] B. Blevins-Knabe, L. Musun-Miller, Number use at home by children and their parents and its relationship to 
early mathematical performance, Early Dev. Parenting 5 (1996) 35–45.

[10] J. Tudge, F. Doucet, Early mathematical experiences: observing young Black and White children’s everyday 
activities, Early Child. Res. Q. 19 (2004) 21–39.

[11] S. Dehaene, The Number Sense: How the Mind Creates Mathematics., Oxford University Press, NY, 1997.
[12] National Council of Teachers of Mathematics (NCTM), Curriculum Focal Points for Prekindergarten Through 

Grade 8 Mathematics, National Council of Teachers of Mathematics, Washington, DC, 2006. (Pdf available at 
http://www.nctm.org/focalpoints/down-loads.asp).

[13] National Mathematics Advisory Panel (NMAP), Foundations for Success: The Final Report of the National 
Mathematics Advisory Panel, U.S. Department of Education, Washington, DC, 2008.

[14] R.S. Siegler, J.L. Booth, Development of numerical estimation: a review, in: J.I.D. Campbell (Ed.), Handbook of 
Mathematical Cognition, CRC Press, Boca Ratan, FL, 2005, pp. 197–212.

[15] M.D. de Havia, E.S. Spelke, Number–space mapping in human infants, Psychol. Sci. 21 (2010) 653–660.
[16] S.F. Lourenco, M.R. Longo, General magnitude represenation in human infants, Psychol. Sci. 21 (6) (2010) 

873–881.



21. IMPROvING LOW-INCOME CHILDREN’S NUMBER SENSE354

[17] S. Dehaene, S. Bossini, P. Giraux, The mental representation of parity and number magnitude, J. Exp. Psychol. 
Gen. 122 (1993) 371–396.

[18] M. Zorzi, K. Priftis, C. Umiltà, Neglect disrupts the mental number line, Nature 417 (2002) 138.
[19] D. Ansari, Effects of development and enculturation on number representation in the brain, Nat. Rev. 

Neurosci. 9 (2008) 278–291.
[20] E.M. Hubbard, et al., Interactions between number and space in parietal cortex, Nat. Rev. Neurosci. 6 (2005) 435–448.
[21] J.L. Booth, R.S. Siegler, Developmental and individual differences in pure numerical estimation, Dev. Psychol. 

42 (1) (2006) 189–201.
[22] J.L. Booth, R.S. Siegler, Numerical magnitude representations influence arithmetic learning, Child Dev. 79 (4) 

(2008) 1016–1031.
[23] M. Le Corre, S. Carey, One, two, three, four, nothing more: an investigation of the conceptual sources of the 

verbal counting principles, Cognition 105 (2007) 395–438.
[24] C.A. Thompson, J.E. Opfer, Costs and benefits of representational change: effects of context on age and sex dif-

ferences in symbolic magnitude estimation, J. Exp. Child Psychol. 101 (1) (2008) 20–51.
[25] M. Schneider, et al., A validation of eye movements as a measure of elementary school children’s developing 

number sense, Cogn. Dev. 23 (3) (2008) 409–422.
[26] E.V. Laski, R.S. Siegler, Is 27 a big number? Correlational and causal connections among numerical categoriza-

tion, number line estimation, and numerical magnitude comparison, Child Dev. 78 (6) (2007) 1723–1743.
[27] R.S. Siegler, G.B. Ramani, Playing linear numerical board games promotes low-income children’s numerical 

development, Dev. Sci. 11 (5) (2008) 655–661.
[28] G.B. Ramani, R.S. Siegler, Promoting broad and stable improvements in low-income children’s numerical 

knowledge through playing number board games, Child Dev. 79 (2) (2008) 375–394.
[29] A.J. Wilson, et al., Effects of an adaptive game intervention on accessing number sense in low-socioeconomic-

status kindergarten children, Mind Brain Educ. 3 (4) (2009) 224–234.
[30] A.J. Wilson, et al., Principles underlying the design of “The Number Race”, an adaptive computer game for 

remediation of dyscalculia, Behav. Brain Funct. 2 (1) (2006) 19.
[31] A.J. Wilson, et al., An open trial assessment of “The Number Race”, an adaptive computer game for remedia-

tion of dyscalculia, Behav. Brain Funct. 2 (1) (2006) 20.
[32] R.S. Siegler, G.B. Ramani, Playing linear number board games—but not circular ones—improves low-income 

preschoolers’ numerical understanding, J. Educ. Psychol. 101 (3) (2009) 545–560.
[33] L. Cohen, et al., Language and calculation within the parietal lobe: a combined cognitive, anatomical and 

fMRI study, Neuropsychologia 38 (2000) 1426–1440.
[34] D.B. Berch, et al., Extracting parity and magnitude from Arabic numerals: developmental changes in number 

processing and mental representation, J. Exp. Child Psychol. 74 (1999) 286–308.
[35] E.V. Laski, R.S. Siegler, Making board games even better, J. Educ. Psychol. (in press).
[36] S. Griffin, Number worlds: a research-based mathematics program for young children, in: D.H. Clements, 

J. Sarama, (Eds.), Engaging Young Children in Mathematics: Standards for Early Mathematics Education, 
Erlbaum, Mahwah, NJ, 2004, pp. 325–342.

[37] S. Griffin, R. Case, R.S. Siegler, Rightstart: providing the central conceptual prerequisites for first formal learn-
ing of arithmetic to students at risk for school failure, in: K. McGilly, (Ed.), Classroom Lessons: Integrating 
Cognitive Theory and Classroom Practice, MIT Press, Cambridge, MA, 1994, pp. 25–49.

[38] S. Griffin, R. Case, Evaluating the breadth and depth of training effects when central conceptual structures are 
taught, Monogr. Soc. Res. Child Dev. 59 (1996) 90–113.

[39] D.H. Clements, J. Sarama, Experimental evaluation of the effects of a research-based preschool mathematics 
curriculum, Am. Educ. Res. J. 45 (2008) 443–494.

[40] P. Starkey, A. Klein, Fostering parental support for children’s mathematical development: an intervention with 
Head Start families, Early Educ. Dev. 11 (2000) 659–680.

[41] S. Griffin, Number Worlds: A Mathematics Intervention Program From Grade Prek-6, SRA/McGraw–Hill, 
Columbus, OH, 2007.

[42] S. Griffin, R. Case, Rethinking the primary school math curriculum: an approach based on cognitive science, 
Issues Educ. 3 (1999) 1–49.

[43] I. Plewis, A. Mooney, R. Creeser, Time on educational activities at home and education progress in infant 
school, Brit. J. Educ. Psychol. 60 (1990) 330–337.

[44] R.S. Siegler, J.L. Booth, Development of numerical estimation in young children, Child Dev. 75 (2) (2004) 428–444.
[45] R.S. Siegler, Improving the numerical understanding of children from low-income families, Child Dev. 

Perspect. 3 (2) (2009) 118–124.


	Pages from Dehaene Cover
	Siegler & Ramani, 2011  (Improving Number Sense Chapter).pdf



