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Recent findings have suggested that adults’ and children’s approximate number system (ANS) acuity
may be malleable through training, but research on ANS acuity has largely been conducted with
adults and children who are from middle- to high-income homes. We conducted 2 experiments to test
the malleability of ANS acuity in preschool-aged children from low-income homes and to test how
non-numerical stimulus features affected performance. In Experiment 1, mixed-effects models
indicated that children significantly improved their ratio achieved across training. Children’s change
in probability of responding correctly across sessions was qualified by an interaction with surface
area features of the arrays such that children improved their probability of answering correctly across
sessions on trials in which numerosity conflicted with the total surface area of object sets signifi-
cantly more than on trials in which total surface area positively correlated with numerosity. In
Experiment 2, we found that children who completed ANS acuity training performed better on an
ANS acuity task compared with children in a control group, but they only did so on ANS acuity
trials in which numerosity conflicted with the total surface area of object sets. These findings suggest
that training affects ANS acuity in children from low-income homes by fostering an ability to focus
on numerosity in the face of conflicting non-numerical stimulus features.

Understanding the foundation of children’s mathematical knowledge is crucial for developing high-
quality instruction and early interventions, particularly for young children from low-income homes,
who are at risk for poor mathematics achievement. One potentially foundational system that has been
the focus of recent research is the approximate number system (ANS). This system is thought to
underlie young children’s ability to estimate and compare large quantities without counting. Recent
evidence has suggested that the acuity of the ANS may be related to mathematics achievement (e.g.,
Halberda, Mazzocco, & Feigenson, 2008; Libertus, Feigenson, & Halberda, 2011), is malleable
(e.g., DeWind & Brannon, 2012), and can be improved by childhood interventions (e.g., Hyde,
Khanum, & Spelke, 2014). However, previous research on the development and training of ANS
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acuity has focused almost exclusively on participants from middle- to high-income homes, which
leaves open questions about the generalizability to young children living in low-income homes, who
may stand to benefit most from such training. In two experiments, we tested if an adaptive ANS
acuity training program influences the ANS acuity of young children from low-income homes and
whether or not ANS acuity is affected by non-numerical stimulus features.

Variations in ANS Acuity

The ANS provides individuals with the ability to estimate and compare numerical quantities
without counting (Feigenson, Dehaene, & Spelke, 2004). The acuity of this system depends at
least in part on Weber’s law of “just noticeable difference,” or the idea that at a certain ratio
threshold, one can reliably perceive a difference between the numerosities of two nonsymbolic
quantities (e.g., two sets of dots, shapes). Detecting smaller differences in ratios improves across
development, with particularly rapid improvements in early childhood. When presented with two
arrays simultaneously, preschoolers have been shown to be capable of discriminating arrays at a
3:2 or 4:3 ratio (Halberda & Feigenson, 2008), and adults have been shown to be capable of
discriminating arrays at an 8:7 ratio (or even more precisely for some individuals; Halberda &
Feigenson, 2008; also see Barth, Kanwisher, & Spelke, 2003). ANS acuity not only improves
dramatically across development, but also varies widely between individuals within the same
age group (e.g., Halberda & Feigenson, 2008). For example, Halberda, Ly, Wilmer, Naiman, and
Germine (2012) reported both developmental variability and individual variability within same-
age groups in ANS acuity in a large-scale Internet sample of participants ranging in age from 11
years to 85 years old. According to their findings, there is such wide individual variation within
age groups that “one adult in eight has a number sense that is less precise than a typical 11-y-old
child’s” (Halberda et al., 2012, p. 4).

There are competing explanations for these intraindividual and interindividual differences in
ANS acuity. Some researchers argue that ANS acuity is separate from perceptual properties of
stimuli such that variations in the preciseness of an individual’s ANS and the ratio between
numerosities of object sets alone can account for the differences (Dehaene, 2011; Stoianov &
Zorzi, 2012). However, there is increasing evidence to support the idea that continuous stimulus
features (e.g., surface area, convex hull) influence and may even be inseparable from number
representations (Clayton & Gilmore, 2015; Gebuis & Reynvoet, 2011; Lourenco & Longo,
2010; Walsh, 2003). More specifically, the competing-processes account (Clayton & Gilmore,
2015) suggests that intraindividual and interindividual differences in ANS acuity are in part the
result of the ability to take advantage of helpful stimulus features that are correlated with
numerosity and inhibit irrelevant but salient features, such that performance on ANS acuity
tasks is the result of numerical processing, visual processing, and inhibitory control processing.
These differing accounts have implications for how we interpret research findings on the
associations between ANS acuity and mathematics achievement.

ANS Acuity and Mathematics Achievement
Some researchers have argued that children initially learn symbolic mathematical concepts

by mapping them onto their preexisting ANS (e.g., Dehaene, 2011; Feigenson et al., 2004;
Xu & Spelke, 2000; Xu, Spelke, & Goddard, 2005). Findings from several studies support
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this argument as they have shown a unique association between ANS acuity and symbolic
mathematics ability in school-aged children (e.g., De Smedt, Verschaffel, & Ghesquicre,
2009; Halberda et al., 2008; Inglis, Attridge, Batchelor, & Gilmore, 2011; Keller &
Libertus, 2015). This association may also hold for younger children who have little
exposure to formal schooling, which opens up the possibility that children’s ANS acuity
is foundational for learning symbolic mathematics (e.g., Libertus et al., 2011; Mazzocco,
Halberda, & Feigenson, 2011; Starr, Libertus, & Brannon, 2013). However, the studies
conducted in this area have generally been correlational and have produced mixed findings,
including reports that ANS and mathematics achievement are uncorrelated or that correla-
tions depend on shared variance with inhibitory control, thereby suggesting support for the
competing-processes account of ANS acuity (e.g., Bonny & Lourenco, 2013; Fuhs &
McNeil, 2013; Gilmore et al.,, 2013; Holloway & Ansari, 2009; Nosworthy, Bugden,
Archibald, Evans, & Ansari, 2013; Sasanguie, Defever, Maertens, & Reynvoet, 2014).
Given the problems with using correlational analyses of longitudinal data sets to make
conclusions about the potential benefits of training specific early mathematics skills
(Bailey, Watts, Littlefield, & Geary, 2014), it is unclear if ANS acuity training is a viable
option for early training for children who are at risk for mathematics difficulties. In fact, no
study to date has even shown that ANS acuity training can improve the ANS acuity of
young children from low-income homes, let alone their mathematics achievement.

Several lines of research do suggest a role for experiential variables in the precision of
children’s nonsymbolic ANS acuity. For example, Nys et al. (2013) found evidence that mathe-
matics education sharpened nonsymbolic ANS acuity. Park and Brannon (2013, 2014) found that
nonsymbolic approximate arithmetic training improved ANS acuity in adults. Hyde and collea-
gues (2014) found that a short ANS acuity intervention improved children’s performance on exact
numerosity tasks. Unfortunately, much of the knowledge about ANS acuity to date has come
from studies of children from middle- to high-income homes. The few studies that have been
conducted with young children from low-income homes have shown much better performance on
assessments of approximate addition for children from middle- to high-income homes compared
with children from low-income homes (McNeil, Fuhs, Keultjes, & Gibson, 2011) and weaker
associations between ANS acuity and mathematics achievement than those found in previous
studies (Fuhs & McNeil, 2013). Research has consistently shown that preschoolers from low-
income homes are more likely to struggle with early mathematics concepts and to have less
exposure to high-quality mathematics materials in their environment (e.g., Ramani & Siegler,
2008). At the same time, there is promising evidence to suggest that instructional programs can
boost the general mathematics skills of children from working-class and low-income homes (e.g.,
Clements & Sarama, 2007; Dyson, Jordan, & Glutting, 2013; Klein, Starkey, Clements, Sarama,
& lIyer, 2008; Ramani & Siegler, 2008; Whyte & Bull, 2008; Wilson, Dehaene, Dubois, & Fayol,
2009). Thus, it is important to address the generalizability of ANS acuity training programs to
children from low-income homes because they stand to benefit most from such programs.

How Do Improvements in ANS Acuity Occur?

Beyond addressing if ANS acuity training programs can improve the ANS acuity of children
from low-income homes, it is also important to understand specific mechanisms that may
explain potential improvements. In particular, do improvements in ANS acuity depend on the
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ability to inhibit attention to salient non-numerical stimulus features, such as the specific types of
individual objects used in the training, or the extent to which irrelevant stimulus features (e.g.,
total surface area) conflict with the numerosity of the sets being compared? Answers to such
questions are essential for both theory and practice because they inform our understanding of the
specific processes through which improvements in ANS acuity can occur.

In terms of the specific types of individual objects used in the training, some objects (e.g.,
animals or toys) may be more attention-grabbing and/or distracting than others (e.g., solid-colored
black dots). Researchers have debated the use of perceptually rich, concrete stimuli versus
idealized stimuli to teach mathematics and science concepts (Goldstone & Sakamoto, 2003;
Kaminski, Sloutsky, & Heckler, 2008; McNeil, Uttal, Jarvin, & Sternberg, 2009). Some have
argued that concrete stimuli are better because they capture children’s attention and help them stay
focused on the task at hand (Burns, 1996). Others have argued that this attention-grabbing aspect
of concrete objects is precisely why it is more beneficial to use idealized stimuli when teaching
math concepts to children, as idealized objects are stripped of their perceptual details, are less
likely to distract children from the mathematics at hand (compared with using concrete stimuli),
and are more likely to help children construct knowledge that is transferrable to other, related tasks
(Kaminski et al., 2008; Sloutsky, Kaminski, & Heckler, 2005). There may be a trade-off, however,
between benefits of concrete and idealized representations depending on other factors, such as the
complexity of the mathematics task (Koedinger, Alibali, & Nathan, 2008) and the amount of
irrelevant prior knowledge children have associated with the objects (Petersen & McNeil, 2013). It
is currently unclear if the specific objects used in the to-be-compared arrays influence children’s
performance on ANS acuity tasks, particularly during training. In Halberda and Feigenson’s (2008)
original ANS paradigm, children were asked to compare sets of familiar concrete objects.
However, other researchers have presented ANS tasks using more idealized stimuli, such as
tones or solid-colored dots (e.g., Barth, La Mont, Lipton, & Spelke, 2005).

Another way in which non-numerical stimulus features may play a role in children’s ANS
acuity is the extent to which irrelevant stimulus features conflict with the numerosity of the sets.
Typical ANS acuity tasks often include several different trial types to control for features like
surface area. Recent evidence has suggested that surface area features of ANS acuity stimuli may
influence young children’s performance, such that they are more likely to get ANS task trials
correct when surface area is positively correlated with numerosity (Fuhs & McNeil, 2013;
Gilmore et al., 2013; Soltész, Szlics, & Szlics, 2010). Thus, children’s ANS acuity may be
inflated by trials in which surface area is correlated with numerosity. If children are less sensitive
to discrete stimuli because of their young age or because of not being sufficiently exposed to
numerical information in early development, we might expect them to need to rely on inhibitory
control processes for ANS acuity trials in which numerosity of object sets conflicts with other
stimulus features (e.g., total surface area of object sets). Thus, ANS acuity training may help
children learn to focus on numerosity in the face of conflicting features of stimuli, a skill that
would certainly improve performance on ANS acuity tasks, particularly on trials in which
irrelevant stimulus features are particularly salient. Evidence exists to suggest that improvements
in ANS acuity may depend on other non-numerical cognitive processes needed to disentangle
numerosity from other stimulus features. For example, DeWind and Brannon (2012) showed that
improvements in adults” ANS acuity were driven by a decrease in the bias to respond based on
surface area cues.
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We conducted two experiments to examine if ANS acuity training influences ANS acuity
in preschoolers from low-income homes. In both experiments, we designed the stimuli to test
the extent to which non-numerical features influence children’s responses to training. In the
first experiment, we exposed preschoolers to a computerized adaptive training paradigm to
test if children progressed to more difficult ratios across training sessions (evidence of
training effects on ANS processing) and if children’s accuracy depended on the non-numer-
ical features of the individual objects or sets. We hypothesized that children would progress
to more difficult ratios across training and that changes in accuracy across training would
depend on varying stimulus features of the individual objects and sets. We did not have a
directional hypothesis for the effect of the individual objects used in the training because of
the conflicting predictions in the literature. However, we did have a directional hypothesis
related to the trials in which surface area conflicts with the numerosity of the sets.
Specifically, we predicted that children would improve more on trials in which numerosity
conflicted with surface area features of object sets compared with trials in which numerosity
was positively correlated with the total surface area of object sets. In the second experiment,
we extended the results of the first experiment by conducting a randomized experiment that
included a control group and a pretest and posttest measure of ANS acuity that was separate
from the training trials themselves. Here we hypothesized that children who completed the
adaptive ANS acuity training would exhibit better ANS acuity at posttest compared with
children in the control group, particularly for the trials in which surface area of the object sets
conflicted with numerosity.

EXPERIMENT 1

Method

Participants. Approval for this project was obtained from a university Human Subjects
Review Board as well as from the Head Start program from which the participants were drawn.
Head Start promotes school readiness of children under 5 from low-income families through
education, health, social and other services” (Office of Head Start, n.d., par. 1). Preschoolers
whose families meet the U.S. federal poverty guidelines are eligible for participation in Head
Start. Thirty children (50% girls) completed the adaptive computerized ANS acuity training.
There were eight boys and eight girls in the black-dots stimulus condition and seven boys and
seven girls in the colorful objects stimulus condition. Children were aged, on average, 4 years 9
months at the beginning of training (SD = 5 months). Although the precise race and ethnicity
makeup of the sample was not available, the demographics of the programs were 33% White,
33% African American or Black, and 33% Hispanic.

Experimental ANS Training Task. We designed an adaptive computer program to train
children in ANS acuity. Children were presented with two arrays of objects on the screen, each
enclosed in a rectangular box, and were asked to choose which side had a greater number of
objects. The computer program was developed in Java using video game programming techni-
ques (e.g., Davison, 2005). The program ran in full-screen, exclusive mode at a resolution of
1,280 pixels x 800 pixels. Two black, framing rectangles against a white background were
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drawn on the screen at all times and served as a fixation point when stimuli were not present.
Each rectangle measured 508 pixels % 604 pixels. Individual stimuli, either dots or objects, were
created in five different image sizes to accommodate the different control types for surface area
(described below). Each image was created on a white background that was not discernible
against the white background of the rest of the display. To display the images within the
rectangles in a random pattern, each rectangle was internally represented within the program
as either a grid of 16 elements (four rows by four columns) or a grid of 30 elements (six rows
and five columns). In the 16-element grid, each cell was defined as 120 pixels wide by 125
pixels high, and this grid was utilized if any of the images to be displayed were of the largest
size. Otherwise, if none of the largest images were to be presented, the 30-element grid was used
and was composed of 100-pixel x 100-pixel cells. To display an individual image on the screen,
a cell location was randomly selected and then, the image was randomly located entirely within
the borders of one of these cells of the grid. This grid technique ensured there would be no
overlapping of individual images, but the random placement within a cell reduced the overall
uniformity of the entire display.

Children were randomly assigned to either the dots or objects condition, with half of the
sample receiving training with all objects as black dots and the other half receiving training with
colorful pictures of animals (e.g., pigs, cows) and child-friendly inanimate objects (e.g., shoes,
balls; see Figure 1 for example computer screenshots).

Children wore noise-cancelling headphones during training to receive verbal prompts and
feedback. A local first-grade teacher with theatrical experience recorded the verbal prompts
and feedback for the computer program, so the program would be as child friendly as
possible. On each trial, children were verbally prompted by the teacher to turn their attention
to the computer screen (e.g., “OK. Ready for the next one?”). Following the prompt, the
stimulus appeared on the screen for 1,500 ms along with another verbal prompt, “Which one
has more dots (or pigs, shoes, etc. for the colorful objects condition)?” A stimulus duration
of 1,500 ms was chosen as this duration allowed children time to view the stimulus but did
not allow enough time for counting. Children were given an unlimited amount of time to
respond after the stimulus disappeared from the screen. Children indicated their responses by
pressing a computer key that corresponded to the side of the box with more dots or colorful
objects (keys had red stickers on them to indicate the appropriate keys on the keyboard).
Following children’s responses, feedback was provided. If the child was correct, he or she
heard a ding that signaled a correct response along with verbal feedback consisting of one of
three randomly varying phrases, “That’s right!” “That’s correct; great job!” and “You got it;
way to go!” If the child was incorrect, he or she heard a buzzer sound along with verbal
feedback consisting of one of three randomly varying phrases: “That’s not right, but you can
try again”; “Whoops! You missed that one; try again”; and “Good try, but that’s not it;
please try again.”

This computer training was adaptive such that it proceeded to the next most difficult ratio
after children got three consecutive correct answers. All children began training at a 4:1 ratio,
and the training was adaptive across sessions, such that if children ended Session 1 at a 4:3
ratio, they began Session 2 at a 4:3 ratio. If a child answered incorrectly, then the program
went back to the closest easier ratio. For example, if a child answered a 4:3 ratio trial
incorrectly, then his or her next trial was a 3:2 ratio trial. There were 10 total levels of ratio
possibilities built into the program, 4:1, 2:1, 3:2, 4:3, 5:4, 6:5, 7:6, 8:7, 9:8, and 10:9. For each
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FIGURE 1 Example screenshots of trials in the dots condition and the colorful objects condition comparing items at a
1:2 ratio with surface area inversely related to numerosity.

ratio, the specific numbers of dots (or objects) in the two boxes were randomly selected from
among 15 possibilities, 5 for each control type. The number of dots in each box ranged from 1
to 30 dots.

We used three different control types to test whether or not, or to what extent, children’s
responses to training were influenced by numerically irrelevant stimulus features. Specifically,
three types of trials were randomly presented to children: a) mean area equal trials in which the
mean surface area (mean dot size) was equated such that the larger object set also had more total
surface area; b) total area equal trials in which the total surface area was equated across object
sets; and ¢) inverse trials such that the numerically smaller object set had more surface area at an
inverse ratio (e.g., if numerosity varied between the displays at a 4:1 ratio, surface area varied at
a 1:4 ratio). These control types have been used previously in ANS acuity tasks for young
children (e.g., Fuhs & McNeil, 2013; Gilmore et al., 2013; Halberda & Feigenson, 2008;
Libertus et al., 2011). After every 10 trials, children heard a verbal prompt that it was time for
a sticker break. Children were then allowed to pick a sticker to put on their sticker page. At the
end of the eighth and final training session, children were able to take their sticker pages filled
with stickers back to their classrooms.
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Training Procedure. All children participated in eight 10-min ANS training sessions (two
sessions per week) while an experimenter observed the child to ensure the testing protocol was
followed and provided encouragement and assistance to the child as needed. A total training
time of 80 min was chosen as improvement was seen in mathematics skills in previous studies
after 80 min of instruction (Ramani & Siegler, 2008; Whyte & Bull, 2008). All children
completed training in a quiet area of their school.

Results

Descriptive Statistics. Table 1 displays the number of trials each child completed, the
number of correct trials, and the mean ratio of the trials within each session. Across sessions,
children achieved an average ratio ranging from 4:1 to 2:1.

Analytic Plan. We used mixed-effects (multilevel) models to test our research questions of
interest. Mixed-effects analyses were conducted in the R language and environment for statis-
tical computing (R Development Core Team, 2012) using the Ime4 (Bates, Maechler, & Bolker,
2011) package. We used mixed-effects modeling due to the flexibility of the model and its ability

TABLE 1
Experiment 1 descriptive statistics within sessions

Session N Minimum Maximum M SD

1 Total Trials 30 17.00 43.00 31.33 5.77
Total Correct Trials 30 10.00 32.00 22.57 7.48

Average Ratio Achieved 30 1.89 4.00 2.96 0.75

2 Total Trials 30 15.00 44.00 34.10 6.24
Total Correct Trials 30 6.00 35.00 23.47 7.61

Average Ratio Achieved 30 1.30 4.00 2.66 0.90

3 Total Trials 30 10.00 43.00 33.80 7.49
Total Correct Trials 30 7.00 33.00 23.60 7.14

Average Ratio Achieved 30 1.20 3.95 2.64 0.94

4 Total Trials 30 17.00 44.00 33.43 5.64
Total Correct Trials 30 10.00 33.00 23.87 6.22

Average Ratio Achieved 30 1.33 4.00 2.67 0.83

5 Total Trials 30 17.00 42.00 32.93 4.68
Total Correct Trials 30 7.00 32.00 22.73 5.50

Average Ratio Achieved 30 1.26 4.00 2.69 0.85

6 Total Trials 30 16.00 36.00 30.73 4.58
Total Correct Trials 30 11.00 30.00 21.20 5.81

Average Ratio Achieved 30 1.21 4.00 2.74 0.90

7 Total Trials 30 13.00 39.00 30.63 6.20
Total Correct Trials 30 5.00 31.00 21.90 6.39

Average Ratio Achieved 30 1.39 4.00 2.58 0.83

8 Total Trials 30 13.00 40.00 30.80 5.65
Total Correct Trials 30 6.00 32.00 20.80 7.13

Average Ratio Achieved 30 1.23 4.00 2.80 0.88

Note. For average ratio achieved, smaller numbers indicate better performance.
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to address our specific research questions and to appropriately address the nested structure of the
repeated-measures data. We first examined if children advanced to more difficult ratios across
training. We used a linear mixed-effects model for the continuous outcome of ratio (as a
decimal) on each trial (smaller ratio indicates better performance) and used a model comparison
approach to select between competing models of change across trials and sessions. To address
whether or not and the degree to which between-person object-type condition and within-person
surface area control type were associated with performance across training, we used a general-
ized linear mixed-effects model for the dichotomous outcome of correct/incorrect on each trial
during each session. Because the surface area control type varied randomly within person and
training was adaptive across control types, children could not advance to a more difficult ratio on
one control type and not others. Therefore, correctness (rather than ratio) was the appropriate
outcome for this final model.

Linear Mixed-Effects Models. To address our first research question of whether or not
children advanced to more difficult ratios, we used ratio on each trial as our outcome variable
(recall that a smaller ratio means better performance; see Table 2 for model comparison results).
We first ran an intercept-only model predicting ratio, with intercept included as both a fixed and
random effect (Model 1). This model allows for children’s average ratio at the intercept to be
significantly different than 0 (which it had to be because all children started training at a 4:1
ratio) and also allows for variability in the intercept across children. We then added a fixed effect
of trial and session (Model 2), which tested for linear effects in ratio slopes across sessions and
across trials within sessions. We next added an interaction between trial and session to the
model, which, if statistically significant, would suggest that the linear trial slope varied across
sessions (Model 3). In other words, it allowed for the possibility that children’s improvement
across trials within sessions was different across sessions. For example, children may have
improved their ratio across trials more in earlier sessions compared with later sessions. We added

TABLE 2
Results and model comparisons of ratio predicted from trial, session, and interactions
Model 1 Model 2 Model 3 Model 4 Model 5

AIC 20,741 20,715 20,675 20,665 20,178
BIC 20,761 20,749 20,717 20,721 20,268
Log Likelihood -10,367 -10,352 -10,332 -10,325 —-10,076
Deviance 20,735 20,705 20,663 20,649 20,152
Model Comparisons (A x?)
Compared to Model 2 (2) = 29.932%*
Compared to Model 3 (3) = 71.588** (1) = 41.656**
Compared to Model 4 (5) = 85.466** (3) = 55.534%** (2) = 13.878%**
Compared to Model 5 (10) = 582.39** (8) = 552.45%* (7) = 510.8** (5) = 496.92%*

Note. Models were compared via likelihood ratio tests. ** p < .01. Model 1 = intercept-only model, with intercept
included as both a fixed and random effect. Model 2 = Model 1 with additional fixed effects added for linear trial and
session slopes. Model 3 = Model 2 with an additional interaction term added for the interaction between linear trial and
session slopes. Model 4 = Model 3 with additional fixed effects added for quadratic trial and session slopes. Model 5 =
Model 4 with additional random effects added for the linear trial and session slopes. AIC = Akaike Information Criterion;
BIC = Bayesian Information Criterion.
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quadratic fixed effects for trial and session to the next model (Model 4) to test for quadratic
change across trials within sessions and for quadratic change in ratio across sessions. The
rationale for testing if these effects improved model fit was to allow for the possibility that
children would show steep linear change at the beginning of training that would not be fully
maintained across training, consistent with the findings of DeWind and Brannon (2012). Also,
due to the nature of the adaptive training, children had to complete at least three trials correctly
at a particular ratio before moving to a more difficult ratio, which involved inherent nonlinearity
in the training design. Finally, we added random effects for the linear trial and session slopes
(Model 5) to model interindividual variability in change. Further addition of random effects
resulted in issues with convergence, likely due to overparametization of the model. After
comparing a series of models (see Table 2) via likelihood ratio tests, the best-fitting model
was Model 5.

The parameter estimates for our best-fitting model of change are shown in Table 3. There was
a significant intercept fixed effect, indicating that children’s overall performance on the first trial
of the first session was significantly different from 0 (which it had to be because of the training
design). The fixed linear and quadratic effects for both trial and session were statistically
significant, and the interaction between linear terms for trial and session was also statistically
significant (see Appendix for figures of raw data).

The model-implied interaction between session and trial is plotted is Figure 2. From Figure 2,
we see that children improved in ratio across trials within sessions, but they improved more in
earlier sessions.

To address if numerically irrelevant stimulus features moderated the effects of training,
we used whether or not children were correct on each trial as the primary outcome, and
because this was a dichotomous variable (correct or incorrect), we used a logit link function
to model this outcome for each trial in a generalized linear mixed-effect model. The
estimates obtained from these models, therefore, can be interpreted as: Holding everything
else in the model constant, a one-unit change in the predictor of interest has a model-implied
change in the logit of the value of the corresponding coefficient. The logit can then be
transformed into a probability for ease of interpretation using the following formula:

TABLE 3
Final model-derived parameters for Model 5 with ratio as outcome

Factors Estimate 95% CI

Fixed Effects

Intercept 3.08%** [2.76, 3.40]
Session —0.11%%* [-0.16, —0.06]
Trial —0.03*** [-0.04, —0.02]
Session x Trial 0.004*** [0.002, 0.005]
Session’ 0.01*** [-0.003, 0.01]
Trial® 0.001*** [0.0001, 0.001]
SD of Random Effects

Intercept 0.86

Session 0.11

Trial 0.01

*¥%p < .001. Parameter estimates are unstandardized.
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FIGURE 2 The model-implied linear trends for session and trial and the interaction between session and trial on ratio in
Experiment 1 (Model 5, Table 3).

TABLE 4
Results and model comparisons of log odds (Logit) of correct responses predicted from trial, session, ratio,
number of trials, stimuli, surface area controls, and interactions

Model 1 Model 2 Model 3 Model 4 Model 5
AIC 9,025 9,028 8,991 8,994 8,976
BIC 9,039 9,056 9,032 9,057 9,060
Log Likelihood —4,510 —4,510 —4,489 —4,488 —4,476
Deviance 9,021 9,020 8,979 8,976 8,953
Model Comparisons (A x?)
Compared to Model 2 (2)=0.734
Compared to Model 3 (2) = 41.95%*
Compared to Model 4 (5) = 43.87** 3)=1.92
Compared to Model 5 (8) = 67.63%* (6) = 25.68** (3) = 23.76**

Note. Models were compared via likelihood ratio tests. ** p <.01. Model 1 = intercept-only model, with intercept
included as both a fixed and random effect. Model 2 = Model 1 with additional fixed effects added for linear trial and
session slopes. Model 3 = Model 2 with additional fixed effects added for ratio and total number of trials. Model
4 = Model 3 with additional fixed effects added for object type (between-subjects variable) and the interaction between
object type and both linear trial and session slopes. Model 5 = Model 4 without object type as a fixed effect and with
additional fixed effects for surface area control types as well as interactions between surface area control types and both
linear trial and session slopes. AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion.

Probability = exp(logit)/(1+exp(logit)). We again used a model-building approach to test this
question (see Table 4). We first compared an intercept-only model (with intercept as fixed
and random; Model 1) to a model with fixed effects for trial and session (Model 2).
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Although the addition of linear slopes for trial and session did not statistically improve
model fit, we proceeded with Model 2 because we were primarily interested in the interac-
tion between the session and trial slopes and numerically irrelevant stimulus features. We
first added our control variables of ratio and total number of trials (because children
completed different numbers of trials across training) to Model 2 (Model 3). This model
was a significantly better fit compared with Model 2. We next added stimuli (object type) to
Model 3 as a main effect and also added an interaction between stimuli and both session and
trial linear slopes. This model (Model 4) was not a significant improvement in fit compared
with Model 3, and neither the main effect of stimuli nor the interactions between stimuli and
session and trial were statistically significant (all p > .05). This finding means that we do not
have statistical evidence that the stimuli object type that children compared affected either
their initial performance or their change in performance across sessions and trials. Therefore,
we did not retain object type as a factor in our final model. In Model 5, we added surface
area control types to Model 3 as main effects and as interaction terms with session and trial
linear slopes. Surface area control types were dummy-coded with mean area equal trials as
the comparison group. The preferred model according to likelihood ratio tests was Model 5
(see Table 4), which included fixed and random effects for intercept, fixed effects for linear
trial and session, surface area control type, and interactions between surface area control
type and our two linear slope parameters.

Parameter estimates for the best-fitting model are presented in Table 5. We found a main
effect for the linear session parameter, but not trial. We found main effects for surface area
control type, such that at the intercept (representing initial performance), children were less
likely to answer correctly on trials in which surface area was held constant (fotal area equal
trials) compared with mean area equal trials. Children were also statistically significantly
less likely to answer correctly on inverse trials compared with mean area equal trials. The
interactions between surface area control type and session were statistically significant (see

TABLE 5
Final model-derived parameters for Model 5 with correct/incorrect as outcome

Factors Estimate 95% CI

Fixed Effects

Intercept -1.39 [-3.30, 0.52]
Session —0.06** [-0.10, —0.02]
Trial —0.002 [-0.01, 0.01]
Ratio 0.17%* [0.12, 0.23]
Number of Trials 0.01* [0.001, 0.02]
Total Area Equal Control —0.35* [-0.67, —0.04]
Inverse Control —0.65** [-0.95, —0.34]
Total Area Equal Control X Session 0.06* [0.01, 0.12]
Inverse Control x Session 0.10%** [0.05, 0.16]
Total Area Equal Control x Trial —0.001 [-0.01, 0.01]
Inverse Control x Trial 0.01 [-0.01, 0.02]
SD of Random Effect 0.58

*p<.05. % p < .0l
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FIGURE 3 The model-implied interaction between surface area control type and session on the probability of answering
correctly on each trial in Experiment 1 (Model 5, Table 5).

Table 5 for full model results). As predicted, children significantly improved their perfor-
mance on inverse trials across training sessions compared with changes in mean area equal
trials. Children also significantly improved their performance on total area equal trials
across training sessions more than they improved on mean area equal trials. Figure 3
displays model-implied interaction data (note that a random effect of 0 represents an
individual at the modal value in the plotting of these results).

Discussion

We tested the effects of an adaptive computerized ANS acuity-training paradigm with young
children from low-income homes and extended previous research to see if training could be
beneficial for children from low-income homes and to determine if the effects of ANS acuity
training depend on non-numerical stimulus features. Several important findings emerged.
First, we found that children improved their ratio achieved across training designed to
explicitly target the nonsymbolic ANS. Children progressed to more difficult ratios within
and across sessions; however, children improved more in early training sessions than in later
sessions. Secondly, we assessed whether or not children’s probability of responding correctly
across trials and sessions depended on object type (between-participant variable) or surface
area control type (within-participant variable). The specific types of objects children viewed
when completing training did not significantly impact their probability of responding
correctly, as neither the fixed effect of stimuli nor the interaction between stimuli and slopes
(session and trial) were significant. However, we found that the probability of answering



750  FUHS ET AL.

correctly across training, controlling for ratio and number of trials, was influenced by the
surface area control types. Specifically, children increased their probability of responding
correctly across sessions on inverse trials and on total area equal trials significantly more
than on mean area equal trials.

We found that children progressed to more difficult ratios across ANS acuity training. Although
children significantly decreased their ratio achieved (i.e., improved their performance) across
training, their average performance stayed between a 4:1 ratio and a 2:1 ratio, which was generally
higher than the 3:2 and 4:3 ratio thresholds reported for preschoolers in Halberda and Feigenson
(2008). This discrepancy in performance could be due to the differences in socioeconomic-status
backgrounds between the two samples. Children in the Halberda and Feigenson study were from
middle- to high-income homes, whereas children in our experiments were from low-income
homes. Previous research has shown that children from middle- to high-income homes show
significantly better performance than children from low-income homes on tasks designed to rely
on the ANS (McNeil et al., 2011). Moreover, when compared with samples of young children who
performed above norms on standardized mathematics achievement tests (e.g., Libertus et al., 2011;
Libertus, Feigenson, & Halberda, 2013; Mazzocco et al., 2011), children from low-income homes,
who scored about 1 standard deviation below norms, showed weaker associations between their
ANS acuity and mathematics performance that were reduced to nonsignificance once controlling
for inhibitory control (Fuhs & McNeil, 2013). Thus, even modest improvements in ratio could be
meaningful for children who are at risk for mathematics difficulties.

We were specifically interested in testing if and how specific non-numerical stimulus features
affected children’s performance across training. We did not find a significant effect of the specific
types of objects used in the arrays. Although solid-colored black dots may be less attention-
grabbing and less distracting than colorful, child-friendly objects such as cows, pigs, shoes, or
balls, children did not benefit more from training that included solid-colored black dots than from
training that included colorful objects. It may be that the benefits and disadvantages of the two
stimuli types canceled each other out. Specifically, children who trained with perceptually rich,
concrete objects may have been more interested and engaged in the task, but at the same time, they
may have had more difficulties focusing on the numerosity of the arrays in the face of the
competing non-numerical features of the actual objects to be compared.

When we compared children’s probability of answering correctly across different surface
area control types, we found that children improved significantly more on trials in which
numerosity was inversely related to surface area relative to trials in which surface area was
positively correlated or congruent with numerosity, similar to training results recently reported
in adults (DeWind & Brannon, 2012). Children also improved significantly more on trials in
which total surface area was held constant across object sets compared with trials in which
surface was positively correlated with numerosity. Although we did not explicitly compare
inverse slopes to fotal area equal slopes because mean area equal trials were the comparison
group, Figure 3 suggests that the steepest positive slope was seen for inverse trials compared
with both fotal area equal trials and mean area equal trials. Mean area equal slopes appeared
to decrease relative to total area equal and inverse slopes, which could suggest that children’s
initially high performance on the mean area equal trials could have been due to a heavy
reliance on surface area cues that were congruent with numerosity. In other words, children’s
initial bias toward surface area may have yielded artificially high performance in the mean
area equal trials at the beginning of the training. After some training, however, children may
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have learned to shift their focus away from surface area and toward numerosity, thus leading to
decreased performance on these trials and increased performance on the other two trial types
that require a focus on numerosity for a correct response. An overall interpretation of the
interaction between training and surface area control type could be that training improves
children’s access to their existing ANS by teaching them to inhibit conflicting or irrelevant
stimulus features including total surface area of the object sets and mean surface area of the
object sets.

There were at least two limitations of the present experiment that needed to be addressed
in a second experiment. First, we could not rule out the possibility that children adopted a
strategy that would allow them to succeed on the tofal area equal and inverse trials without
actually improving their ANS acuity. Specifically, in both the fotal area equal trials and the
inverse trials, the object set with more objects also had a smaller mean object size, whereas
the mean area equal trials equated the average object size. Thus, it is possible that children
learned to pick the side with the smaller average dot size—a strategy that would have been
beneficial on total area equal and inverse trials but would have led to decreased performance
on mean area equal trials.

Secondly, we could not definitively say that the ANS training is what improved children’s
attention to numerosity because we did not include a group of children who did not receive any
training to rule out the possibility that maturation or other experiences in the preschool class-
room contributed to the improvements on the fotal area equal and inverse trials over time.
Education research has shown that preschool children are engaged in mathematics-related
activities on average for only 6% of their day (Frank Porter Graham [FPG] Child
Development Institute, 2005), suggesting it is unlikely that this very small fraction of time
spent in mathematics-related activities could account for the ratio improvements in this study.
However, it was still important to rule out alternative explanations for training effects. Thus, in
the second experiment, we randomly assigned children to either an experimental ANS training
group or a control group to rule out maturation and other preschool experiences as confounds.
Importantly, we also added a pretest and posttest measure of children’s ANS acuity that was
separate from the training trials to examine if ANS acuity training led to significantly better
performance on an ANS acuity task, particularly on the inverse trials, when compared with
children in the control condition. We included additional ANS dot-size trials in this assessment
in which the side with more dots had a larger average dot size equal to the ratio between the two
arrays to test if children had adopted the strategy of picking the set with the smaller average dot
size.

EXPERIMENT 2

Method

Participants. Approval for this project was obtained from a university Human Subjects
Review Board as well as from the Head Start program from which the participants were drawn.
Fifty-four children from Head Start programs were assigned to either an adaptive ANS acuity-
training intervention or a shared book-reading (control) condition. Seven children were excluded
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due to experimenter error (n = 3), refusal to complete the activities (n = 2), or being absent for
more than three sessions (n = 2). Thus, the final sample included 47 children (M,z = 4;9,
SD = 6.69 months; 20 girls, 27 boys; 15% White, 66% African American or Black, 15%
Hispanic, and 4% Other).

Design. The design was a randomized experiment in which children were randomly
assigned to an ANS training intervention or to a control intervention in which they participated
in shared book reading (Justice & Ezell, 2002).

ANS Acuity Measure. Children were shown two separate dot arrays presented on a white
sheet of paper and were asked to pick, without counting, which side had “more dots.” The measure
consisted of five different ratios (2:1, 3:2, 4:3, 5:4, and 6:5), with 7 trials at each ratio, for a total of
35 trials. The ratio and trial type were randomly selected without replacement for each of the 35
trials when the acuity measure was constructed. There were four types of trials within the ANS
acuity test, three of which matched the mean area equal, total area equal, and inverse trials from
Experiment 1. For each ratio, children saw 2 of each of these trials. In addition to these trials, a
fourth trial type was included to investigate whether training was leading children to simply pick
the side with the smaller average dot size. In these dot-size trials, the side with more dots had a
larger average dot size equal to the ratio between the two arrays (e.g., the side with twice as many
dots had an average dot size that was twice that of the array with fewer dots). Each of the five
ratios included one dot-size trial. Overall performance on the ANS acuity task was measured as
performance on the mean area, total area, and inverse trials only (i.e., number correct out of 30
trials). Performance on the 5 dot-size trials was analyzed separately.

Experimental ANS Training Task. The experimental ANS training task in Experiment 2
was made to closely mirror that in Experiment 1. However, because the Head Start director
suggested that it would be more beneficial for children to work one-on-one with a tutor rather
than at a computer, we modified our adaptive computer program from Experiment 1, so it
could be administered via paper in one-on-one training sessions with a tutor. To facilitate the
one-on-one paper version of the task, a few modifications were made. Children were
presented with two arrays of dots on a sheet of paper, each enclosed in a rectangular box,
and were asked to choose which side had “more dots.” The images used in the training were
generated from the computer program used during Experiment 1. To maintain the adaptive
nature of the training, the trials were set up in blocks of nine trials at a given ratio, and
performance on a given block determined the difficulty of the next block. There were three
trials of each of the different original trial types within each block of nine (mean area equal
trials, total area equal trials, and inverse trials).

On each trial, children were verbally prompted by the tutor to get ready (e.g., “OK. Ready for
the next one?”). Following the prompt, the tutor held up the paper a short distance away from the
child and said, “Which side has more dots?”” Children were given an unlimited amount of time to
respond, but they were discouraged from counting. Children indicated their responses by pointing
to the side with more dots. Following children’s responses, feedback was provided. The feedback
was made to mirror what children heard during Experiment 1 (e.g., “You got it; way to go!” for
correct responses, or “Whoops! You missed that one; try again” for incorrect responses).

All children began training at the 4:1 ratio block, and the training was adaptive across
sessions, such that children started the next session on the ratio block that was 2 ratios easier
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than the ratio block where they had left off in the previous session. If children got seven or
more trials (out of nine) correct, then training proceeded to the next most difficult ratio. If a
child answered five or fewer trials correctly, then they were moved back to the closest easier
ratio block. For example, if a child answered five of nine trials in the 4:3 ratio block
incorrectly, then he or she moved to the 3:2 ratio block. If a child answered exactly six out
of the nine trials correctly, they repeated a new set of nine trials at the same ratio. There were 7
different ratio possibilities children could complete: 4:1, 2:1, 3:2, 4:3, 5:4, 6:5, and 7:6.
Experiment 1 had 10 possible ratios, but the 3 most difficult ratios were rarely, if ever,
achieved. For each ratio, the specific numbers of dots in the two boxes were randomly selected
from among 12 possibilities.

To encourage engagement with the task, children were introduced to the task as a game. For
each correct response, they received a “token” (a colorful foam square), but for each incorrect
response, the experimenter earned a token. At the end of each set (i.e., after nine trials at a given
ratio), the person with more tokens would receive an extra sticker. This was done because
children found it hard to stay engaged with the initial paper version of the task where the
experimenter only provided feedback. Once the task was introduced as a game, however,
children were motivated to succeed and often remarked about how fun the task was.

Procedure. Children typically worked with the tutors 2 days a week (e.g., Monday and
Wednesday or Tuesday and Thursday) during the course of a 3-week time period. Any absences
were made up; however, as mentioned, we excluded two children who were absent more than
three times during the intervention period. In the first session, children completed the ANS
acuity test, followed by a ~7-min ANS acuity-training session or shared book-reading session
(depending on condition). Next, children completed two additional ~12-min ANS training or
shared book-reading sessions. Finally, children completed their last ~7-min ANS acuity or
shared book-reading session followed by the ANS acuity test. The overall amount of training
was less than the amount used in Experiment 1 because children in Experiment 1 made most of
their improvements early in the training. All children completed training or book reading one-
on-one with a tutor in a quiet area of their school.

Results

Random assignment worked as intended and resulted in well-matched groups. Children in the
two intervention conditions had similar numbers of girls and boys (ANS acuity, 14 boys and 10
girls; control, 13 boys and 10 girls) and a similar distribution of race/ethnicity (ANS acuity, 17%
White, 62% African American or Black, 17% Hispanic, and 4% Other; control, 13% White, 70%
African American or Black, 13% Hispanic, and 4% Other). The two groups also had similar
scores on the ANS acuity pretest (ANS acuity, M = 20.00, SD = 5.40; control, M = 20.12,
SD = 5.14), and this finding held for all trial types, including the mean area equal trials (ANS
acuity, M = 7.59, SD = 1.89; control, M = 7.46, SD = 1.75), the total area equal trials (ANS
acuity, M = 6.48, SD = 2.26; control, M = 6.88, SD = 1.86), and the inverse trials (ANS acuity,
M =593, SD = 2.50; control, M = 5.77, SD = 2.54). The number of trials each child completed,
the number of correct trials, and the mean ratio of the trials within each session are displayed in
Table 6. As with Experiment 1, children’s average ratios achieved were not as small as ratio
thresholds reported from studies with children from middle- and high-income families. However,
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TABLE 6
Experiment 2 descriptive statistics within sessions for experimental group
Session N Minimum Maximum M SD
1 Total Trials 24 7 36 25.42 8.43
Total Correct Trials 24 2 35 21.75 9.05
Average Ratio Achieved 24 2.21 4.00 2.80 0.66
2 Total Trials 24 18 63 40.88 10.27
Total Correct Trials 24 13 56 32.71 10.49
Average Ratio Achieved 24 1.29 4.00 2.00 0.70
3 Total Trials 24 18 63 39.38 10.88
Total Correct Trials 24 10 49 29.46 9.46
Average Ratio Achieved 24 1.17 4.00 1.71 0.68
4 Total Trials 24 7 63 22.42 11.68
Total Correct Trials 24 3 48 16.42 9.48
Average Ratio Achieved 24 1.18 4.00 1.88 1.04

Note. For average ratio achieved, smaller numbers indicate better performance.

children achieved a better average ratio (about 2:1) in Experiment 2 than they did in Experiment
1 (ratio ranging from 4:1 to 2:1).

Analyses of Covariance. We performed an analysis of covariance (ANCOVA) to examine
if the children who had received the ANS acuity training exhibited better ANS acuity—particularly
on the inverse trials—than did the children who had received the shared book-reading control
intervention. We then performed an additional ANCOVA on the dot-size trials to test if the ANS
acuity training led children to adopt a strategy of picking the side with smaller dots.

First, to examine if the ANS intervention affected performance on the different ANS trial
types differently, we performed a mixed-factor ANCOVA with intervention condition (ANS
acuity or control) as the between-subjects factor, ANS trial type (mean area equal, total area
equal, inverse) as the within-subjects factor, performance on the ANS acuity task at pretest as the
covariate, and number correct (out of 10) at posttest as the outcome. The effect of pretest ANS
acuity was significant, F(1, 44) = 26.28, p < .001, partial eta squared = .37, with higher pretest
scores associated with higher posttest scores. The main effects of condition and trial type were
not significant, F(1, 44) = 1.88, p = .18, partial eta = .04, and F(2, 88) = 1.68, p = .19, partial
eta = .04, nor was the interaction of pretest ANS acuity and trial type, F(2, 88) = 0.42, p = .66,
partial eta = .01. There was, however, evidence of the predicted interaction between condition
and trial type, F(2, 88) = 3.00, p = .05, partial eta = .06. As predicted, simple-effects tests
showed a simple main effect of intervention condition on inverse trials, F(1, 111.66) = 5.96,
p = .02, but not on mean area equal trials, F(1, 111.66) = 0.21, p = .65, or total area equal trials,
F(1, 111.66) = 1.04, p = .31. Figure 4 displays the adjusted means on the ANS acuity task at
posttest as a function of condition. As can be seen in the figure, children who received the ANS
acuity intervention answered more inverse trials correctly (M = 6.61, SD = 1.96) than did
children who received the control intervention (M = 5.45, SD = 1.97, d = 0.59).

Importantly, we found no evidence that this superior performance on the inverse trials was
due to the development of a strategy to select the side with smaller dots. Recall that we included
five supplementary trials in this experiment in which the average dot size of the side with more
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FIGURE 4 Average number correct on the ANS acuity posttest as a function of condition and surface area control type
in Experiment 2. Note. Values control for approximate number system (ANS) acuity pretest scores.

dots also was much greater than the side with fewer dots. An ANCOVA with intervention
condition (ANS acuity or control) as the independent variable, pretest ANS acuity as the
covariate, and number correct on the five supplementary trials as the outcome showed no
evidence of a main effect of condition, F(1, 46) = 0.057, p = .81, partial eta squared = .001.
Contrary to what would be expected if children had adopted the strategy of choosing the side
with the smaller average dot size, children performed quite well on the supplementary trials, and
those who received the ANS acuity intervention correctly solved about the same number of
problems (M = 4.40, SD = 1.03) as children in the control intervention (M = 4.33, SD = 1.00).

Discussion

We addressed the major limitation of Experiment 1 by conducting a randomized experiment to see
if the ANS acuity training led to better performance on inverse ANS trials at posttest when
compared to a shared book-reading control intervention. Controlling for performance on the ANS
task at pretest, we found an interaction between condition and ANS task trial type, and simple
main-effect tests showed that children who had received the ANS acuity training performed
significantly better on inverse trials compared with children who had received the shared book-
reading intervention. Importantly, we found that the benefits of the ANS acuity training on inverse
trials could not be explained by children adopting the strategy to pick the set with smaller dots.

GENERAL DISCUSSION

Much of the research on ANS acuity development and training has focused on children from
middle- to high-income homes rather than on children who are at increased risk for mathematical
difficulties due to living in a low-income household. We know from previous research that
children growing up in low-income homes have less access to mathematics materials in their
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homes and less access to high-quality early childhood experiences from which to learn early
mathematics concepts (e.g., Bradley & Corwyn, 2002; Ramani & Siegler, 2008; Votruba-Drzal,
2003). Therefore, it is important to understand how ANS acuity training affects children in this
disadvantaged group because children living in poverty may benefit most from ANS training if it
can benefit children’s ANS acuity.

Both experiments yielded evidence that children benefitted from ANS acuity training, but
these benefits were generally limited to inverse trials rather than across-the-board improvements
on different trial types. In the first experiment, we found that children improved significantly
more on inverse and fotal area equal trials compared with mean area equal trials across
sessions. In the second experiment, we found that children who had received the ANS acuity
training made more gains from pretest to posttest than did children who had received the control
intervention only on the inverse trials. Although children in the first experiment improved
significantly more on total area equal trials compared with mean area equal trials, an examina-
tion of Figure 2 suggests that the positive slope for inverse trials was steeper than that of the
total area equal trials. Thus, taken together, the two experiments suggest that improvements in
ANS acuity training for children from low-income homes may be driven by improvements in
their ability to inhibit attention to conflicting surface area cues.

Children may initially show preference for using surface area cues over numerosity cues,
particularly if these cues conflict with numerosity cues, but over time, they may become increas-
ingly sensitive to numerosity (e.g., Clearfield & Mix, 1999, 2001; Gebuis & Reynvoet, 2011;
Rousselle, Palmers, & Noél, 2004; Soltész et al., 2010). If sensitivity to numerosity cues in the
environment is aided by exposure to numerical activities, children from low-income homes may
benefit from activities that aid in the process of attending to numerosity cues. The results of the
current experiments suggest that training can speed up this process such that increased exposure to
ANS tasks with feedback allows children to become increasingly sensitive to numerosity over
surface area cues. This interpretation would explain why children initially showed much better
performance on mean area equal trials in Experiment 1 but then showed a decrease in performance
on those trials relative to the other trial types across sessions. It would also explain why, across both
experiments, children initially showed the poorest performance on trials in which there was a
conflict between numerosity and total and mean surface area of the object sets. This interpretation
would additionally explain why condition differences in Experiment 2 were evident on inverse trials
specifically but not for other trial types. For children from low-income homes who may not have as
many experiences with mathematics in their homes prior to schooling, training could potentially
improve children’s ability to attend to numerosity cues in their environment.

It is important to note that the effects of training on the inverse trials of the ANS acuity
posttest in Experiment 2 were small, and questions remain as to whether or not these results are
practically meaningful for children’s early learning. The results of the current study are related to
other training studies in which researchers have attempted to directly train children to attend to a
specific dimension while ignoring irrelevant stimuli in a domain-neutral context. Interestingly,
training studies have previously shown that exposure to tasks in which children are required to
show inhibitory control, or focusing on relevant dimensions in the face of irrelevant or distract-
ing information, yield significant improvement in children’s inhibitory control, even on non-
trained tasks (e.g., Dowsett & Livesey, 2000; Rueda, Rothbart, McCandliss, Saccomanno, &
Posner, 2005; Tominey & McClelland, 2011). For example, Tominey and McClelland (2011)
found that children who participated in games in which they had to inhibit a prepotent response
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(e.g., not play an instrument when the experimenter waved her conducting baton but playing
when she did not wave her conducting baton) improved their inhibitory control abilities on a
nontrained task at the conclusion of training.

It could be argued then that the ANS acuity-training paradigm, focused on attention to
numerically relevant information and ignoring irrelevant surface area cues, actually works by
increasing children’s inhibitory control, specifically in the domain of mathematics. It has been
well established that children’s inhibitory control skills are related to their symbolic mathematics
skills (e.g., Blair & Razza, 2007; Bull, Espy, & Wiebe, 2008; Bull & Scerif, 2001; Clark,
Pritchard, & Woodward, 2010; Espy et al., 2004; Fuhs, Nesbitt, Farran, & Dong, 2014; St Clair-
Thompson & Gathercole, 2006; van der Sluis, de Jong, & van der Leij, 2007). Researchers have
also shown that children’s inhibitory control is associated with children’s ANS acuity (Clayton
& Gilmore, 2015; Fuhs & McNeil, 2013; Gilmore et al., 2013). Inhibitory control improvements
may then drive improvements on both ANS acuity tasks and symbolic mathematics tasks.

These findings have implications for competing explanations of individual differences in
ANS acuity. Specifically, the results support the competing-processes account of ANS acuity
(Clayton & Gilmore, 2015; Gebuis & Reynvoet, 2011). According to this account, children’s
performance on ANS acuity tasks is a result of numerical and visual representations as well as
inhibitory control processes required to lessen distraction to competing non-numerical stimulus
features. We found in Experiment 1 that children’s performance on mean area equal trials
appeared to decrease while performance on inverse trials and fotal area equal trials increased. In
Experiment 2, ANS acuity training translated to significant gains on inverse trials but not mean
area equal trials. These results suggest that this increased ability to inhibit attention to surface
area cues in favor of attending to numerosity drove the intervention effects. To further explore
the competing-processes account, future work is needed to explicitly assess whether or not
inhibitory control may explain improvement in young children’s ANS acuity and also if
inhibitory control interventions could improve children’s ANS acuity performance and produce
larger domain-general effects on early learning.

Limitations and Future Directions

A few limitations should be noted. First, nearly all of the across-session ratio improvements in
Experiment 1 occurred in the first few sessions. These results are similar to those of other
attempts to train ANS acuity in which most of the improvements in ratio were seen in the first
few sessions (e.g., DeWind & Brannon, 2012), and they raise important questions about what
children were actually learning during training. One possibility is that children’s early improve-
ments in ratio were simply the result of gaining familiarity with the vocabulary and behavioral
responses necessary to perform the task (e.g., understanding what “sides” mean, knowing when
to focus attention on the computer screen versus the keyboard, figuring out which button to press
to indicate the desired side, etc.) and were not indicative of true changes in children’s underlying
ANS ratio thresholds or even in children’s ability to access their ANS. However, if all of the
observed improvements were due to children gaining familiarity with the task, then we might
have expected to see more similar gains across the three surface area control trial types, rather
than seeing most gains on the inverse trials.

Another possibility is that the design of the adaptive computerized training program in
Experiment 1 was not ideal for continued improvement in ratio across sessions. We designed
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the computer training to be adaptive not only within sessions, but also across sessions. In other
words, if a child ended a session at a 2:1 ratio, then that child would begin the subsequent session
at a 2:1 ratio. This aspect of the training regimen may have been less than ideal, as recent research
has suggested that beginning a session at a more difficult ratio may affect children’s confidence
and subsequent performance during training (Odic, Hock, & Halberda, 2014). We modified the
between-session difficulty in the second experiment such that children began each new training
session at two ratio levels below their performance at the end of the previous session. Thus,
children did not begin each session at a too-difficult ratio in Experiment 2. Although we did not
explicitly compare the ratios achieved across studies, an examination of Tables 1 and 6 suggests
that children in Experiment 2 potentially benefitted from this modification, as they reached lower
ratios in training. However, other explanations for the difference across experiments exist, includ-
ing that differences were based on the use of a computer versus paper versions of the task or the
difference in number of sessions across studies, to name a few. The use of an adaptive program has
been shown to be an ideal training regimen for mathematics (e.g., Rasénen, Salminen, Wilson,
Aunio, & Dehaene, 2009), and thus, future research should investigate the effect of ANS acuity
training that is adaptive within each session but not across sessions to determine if this procedure
results in increased ratio improvements beyond what was found in the current experiments.

Still another explanation for the seeming lack of ratio improvements after the first few sessions
could be that the overall ratio improvements were washed out by children’s improvements in
attention to numerosity. Recall that the surface area control types varied within ratio, and children’s
bias to respond based on surface area was reduced across the sessions, yielding improvements on
inverse and fotal area equal trials but decrements on mean area equal trials. If children improve
on incongruent trials within each ratio but get worse on congruent trials, then they would be
expected to continue to hover around the same overall ratio achieved according to the adaptive
criteria of the training program. Future studies using alternative designs to try to disentangle ratio
and surface area bias effects will help provide information about the nature of the ratio effects.

Another important direction for future research is to assess how children’s developing
understanding of the term “more” may be affected by ANS acuity training. It is possible that
the benefits of ANS acuity training in the current experiments were due, at least in part, to
children learning to interpret “more” in the ANS acuity task to mean that the set of dots has more
in terms of numerosity, regardless of other features of the set (Negen & Sarnecka, 2015). All
trials indicated that children were to focus on numerosity by including only discrete quantities in
which children were asked to decide which array had more of a particular count noun, signaling
numerosity (as opposed to mass nouns, e.g., water). The recent work of Odic and colleagues
(Odic, Pietroski, Hunter, Lidz, & Halberda, 2013) suggests that children may have an immediate
acquisition of the word “more” such that they can understand the word “more” to refer to both
count and mass nouns at around 3 years of age, younger than the average age of the current
sample. However, their work did not include a sample of children from low-income homes, and
it will be important in future work to further explore linguistic cues as they relate to children’s
ANS acuity.

Finally, based on these data alone, we do not know whether or not ANS training paradigms
will lead to significant improvement in children’s general mathematics achievement, which is an
important question to address in future research among children who are at risk for mathematics
difficulties. Previous studies that have attempted to ANS acuity training using nonsymbolic
numerical comparison alone have produced mixed findings with respect to whether such training
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improves symbolic mathematics. For example, Park and Brannon (2014) found that training with
nonsymbolic numerical comparison alone did not lead to improvements in nontrained symbolic
mathematics abilities in adults, whereas nonsymbolic approximate addition training did. In
contrast, Hyde and colleagues (2014) found that brief nonsymbolic numerical comparison
training and nonsymbolic approximate addition training both led to improvements on a non-
trained symbolic mathematics task for children. Thus, it is possible that training with nonsym-
bolic numerical comparison alone is beneficial for mathematics achievement only up to a certain
age or knowledge level. However, neither of the previous studies was conducted with young
children from low-income homes, so it is difficult to generalize their results to young children
who may be at risk for mathematics difficulties. Given conflicting findings in the literature
across studies of children and adults of varying ages and socioeconomic-status backgrounds and
with varying experience in mathematics, a developmental perspective will be necessary to
delineate the potential benefits of different types of ANS acuity training. It will be important
in future studies to conduct long-term follow-ups of these training programs as it remains
possible that attention to numerosity amid distractions is a critical component of early develop-
ment of ANS acuity but may play less of a role as children age and gain more experience with
mathematics in their environment.

Conclusion

Our results suggest that one possible process through which children from low-income homes
improve their performance on ANS acuity tasks is through an increased ability to disentangle
numerosity from other stimulus features, specifically surface area features. Consistent with
previous work with children from middle- and high-income homes, we found that ANS acuity
training led to improved ratio thresholds. However, in the current experiments, the influence of
training on ANS acuity was generally limited to inverse trials. More work is needed to determine
if improvements in disentangling numerosity from other competing non-numerical features
improves children’s symbolic mathematics achievement. Overall, these findings provide evi-
dence of the malleability of ANS acuity on certain trials in children who are at risk for poor
mathematics outcomes and suggest that one mechanism for improvement is an increasing ability
to focus on numerosity in the face of conflicting stimulus features.
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APPENDIX

Experiment 1 Raw Data Plot of Average Ratio for Each Trial
on Sessions 1-4
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FIGURE 1 Experiment 1 raw data plot of average ratio for each trial on Sessions 1 through 4.

Experiment 1 Raw Data Plot of Average Ratio for Each Trial
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FIGURE 2 Experiment 1 raw data plot of average ratio for each trial on Sessions 5 through 8.
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Experiment 1 Raw Data Proportion Correct
by Surface Area Control Type.
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FIGURE 3 Experiment 1 raw data proportion correct by surface area control type.
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