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Abstract

Spatial skills are consistently linked to mathematical reasoning, and are sensitive to
intervention. One important spatial skill is spatial scaling. We evaluated whether (1) a playful
scaling game might promote learning by providing feedback during play, and (2) spatial scaling
is related to number-line estimation based on the mutual reliance on relative magnitude
reasoning. Forty-eight children, ages 5.5-8.3, completed a playful scaling game and a number
line estimation task. Results show that children improve from the first to second half of the task,
especially for more difficult trials and for the lowest-performing children. In addition, scaling
and number-line estimation relate when controlling for age and vocabulary. Similar improvement
on the task and relations to number-line estimation were observed in a conceptual replication
(N=52). These results provide support for further study of improving spatial scaling in children,

with the possibility to test whether scaling could support related mathematical skills as well.

Keywords:Spatial Scaling, Spatial Development, Number Knowledge, Space-Math Relation
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SPATIAL SCALING DEVELOPMENT 3

Spatial thinking is central to many everyday activities, such as using a map, navigating to
a destination, or fitting groceries into a car’s trunk, as well as to achievement in the STEM fields
(e.g., science, technology, engineering, and mathematics; Sorby, 2009; Wai, Lubinski, &
Benbow, 2009). Importantly, spatial thinking is not fixed. Practice over time yields significant
improvements, with sustained gains that generalize to untrained tasks (Uttal et al., 2013; Wright,
Thompson, Ganis, Newcombe, & Kosslyn, 2008). Because spatial thinking and math knowledge
appear deeply intertwined (e.g., Cheng & Mix, 2014), early spatial interventions have the
potential to boost spatial and mathematical cognition (Verdine, Golinkoff, Hirsh-Pasek, &
Newcombe, 2014). However, the web of interelations observed across different types of spatial
and mathematical skills suggests the need for clearer understanding of how and why specific
spatial and mathematical processes are related, both from a theoretical point of view and to
determine the most effective means of promoting development.

Relative magnitude understanding is one possible link between spatial and mathematical
domains (Newcombe, Levine, & Mix, 2015; Jirout & Newcombe, in press). There is evidence
from the earliest points in cognitive development that children associate space and number, and
that experience influences this association (McCrink & de Hevia, 2018). Spatial scaling, the
focus of the current study, involves reasoning about different-sized, but proportionally
equivalent, visuospatial representations. For example, when navigating with a map, one must
reason about the distance (magnitude) from the current to goal locations on the map relative to

the actual distance using the map scale. Children use spatial scaling during play, for example,
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SPATIAL SCALING DEVELOPMENT 4

when using an image of a puzzle to estimate where individual puzzle pieces belong. Individual
pieces can be matched to the smaller image, but then scaling must be used to estimate where they
belong in the larger puzzle space. Although this can be done using spatial estimation, more
symbolic proportional information likely becomes useful (e.g., moving from thinking “the same
distance from each corner” to “halfway between the corners”). Several mathematical skills also
include relative magnitude understanding, such as number-line estimation and magnitude
comparisons, and processes such as proportional reasoning and fraction understanding rely on
relative magnitude information (see Newcombe, Frick, & Mohring, in press; Jirout &
Newcombe, in press, for more thorough discussion). Consistent with this overlap in relative
magnitude reasoning, spatial scale of stimuli impacts performance on proportional reasoning
tasks (Boyer & Levine, 2012), suggesting that improving spatial scaling in children might have
beneficial effects on spatial and mathematical development. However, no studies have
investigated improving spatial scaling. The current study sought to investigate the relation
between spatial scaling and a relative magnitude math task (number line estimation), and to
investigate whether spatial scaling might improve with practice and feedback.
Children’s Use of Scaled Representations

Scaled representations are ubiquitous in our world — besides using maps to navigate, we
use pictorial instructions for assembling things, diagrams and charts for understanding data or
processes, scaled images to show things otherwise too small or too large to be visible, etc.

Children also use scaled representations, such as instructions in a Lego kit, playing Pokemon
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SPATIAL SCALING DEVELOPMENT 5

Go!, or using an image to assemble a puzzle. Although children understand the nature of simple
representations from the age of three (DeLoache, 2002, 2004), the ability to use them in spatially
accurate ways develops considerably over the subsequent years. For example, when using maps
scaled along a single dimension, 3-year-olds can successfully locate a target (Huttenlocher,
Newcombe & Vasilyeva, 1999). However, scaling along two dimensions is more difficult, with
performance affected by the magnitude of the scale factor (i.e., the difference between the size of
the map and the size of the space it represents) and developing considerably from preschool into
kindergarten (Vasilyeva & Huttenlocher, 2004). Experience using scaled representations likely
supports this development, perhaps by promoting attention to relational structures (Davies &
Uttal, 2007; Gentner, 1988).

Frick and Newcombe (2012) created a measure of spatial scaling to assess development
of scaled map use. Children used a map showing where an “egg” was hidden in a field, and were
asked to show the same location on a referent field, which was a larger rectangle otherwise
identical to the map (except without the egg). Accuracy in placing the marker at the correct
location was higher for 1:2 than 1:4 scaled maps, and significantly increased from three to six
years, at which point children’s performance did not differ from that of adults (Frick &
Newcombe, 2012). Using a similar task, Mohring and colleagues presented both children and
adults with trials ranging in scale, including 1:1, 1:1.14, 1:1.3, 1:1.6, 1:2, 1:2.6, and 1:4 scaling
factors. They tested the theory that if scaling involved mental transformations, the increasing size

difference between map and referent space would require greater transformations, increasing
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SPATIAL SCALING DEVELOPMENT

response time and decreasing accuracy, which is what results showed (Mohring, Newcombe, &
Frick, 2014). It is unknown if this table-top map uses similar processes as more typical map use.
Maps and scaled diagrams are often not visually identical to the space they represent, giving
more symbolic relational information without much visual similarity, and the scale factors are
typicall much larger than 1:4 (Liben & Downs, 1989). Thus, more research is needed to
understand the impact of map-space similarity and the development of chlidren’s scaling with a
wider range of scale factors.

Though prior research shows children’s capability in using scaled representations, less is
known about how children learn to to do this. For example, it could be that practice using maps
to represent space could help develop this skill in children, but should these maps be simiplistic,
like the measures described above, or more naturalistic, which requires more abstract reasoning
to use them? Prior research suggests that, while visual similarity simplifies the task and
intuitively seems easier, maps that appear less similar to the space they represent facilitate the
understanding of the map as a representation rather than a separate object (Gentner, Ratterman,
Markman, Kotovsky, 1995).

Naturalistic experience with representations may provide spatial learning, such as using
scaled images like a picture to guide jigsaw puzzle completion or building a Lego set from
instructions, because children receive feedback when pieces don’t fit. Jirout and Newcombe
(2014) found that spatial scaling related to children’s overall performance on mazes with scaled

maps and their frequency of map use (i.e., children with higher scaling ability used maps more),
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SPATIAL SCALING DEVELOPMENT 7

and children’s frequency of map use positively related to children’s maze performance. More
generally, toys such as blocks and puzzles relate to spatial thinking (Jirout & Newcombe, 2015;
Verdine et al., 2014; Fisher, Hirsh-Pasek, Newcombe, & Golinkoff, 2013; Casey et al., 2008;
Levine, Ratliff, Huttenlocher, & Cannon, 2012) and playful activities show potential for
improving spatial skills (e.g., Weisberg, Kittredge, Hirsh-Pasek, Golinkoff, & Klahr, 2015). This
latter point is in need of empirical testing to assess whether spatial play does, in fact, lead to
improved spatial skills, beginning with developing effective spatial play activities. Our aim was
to apply this research to a playful spatial activity, a spatial scaling search game, that might
improve spatial scaling. More specifically, we examine whether children improve across a hide-
and-seek game that provides implicit feedback during spatial play, i.e., success or failure in
finding a hidden object using a small-scacled map.
Number Line Estimation

Number line estimation (NLE) is commonly used in research on children’s developing
representations of number (Siegler & Opfer, 2003), with research suggesting that children’s
representations become more linear with age, shifting away from logarithmic representations
(e.g., Siegler, Thompson, & Opfer, 2009). The physical number line used in the NLE task is a
spatial representation of a numberical scale, used to assess chidren’s mental representation of
numbers by their placement of numerical locations. A linear representation is the true

representation of whole numbers, and requires estimating the location of a number (magnitude)
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SPATIAL SCALING DEVELOPMENT 8

based on its relative position to the overall scale (i.e., 10 is the middle of a 1-20 scale, but 1/10™
of the distance of the line for a 1-100 scale).

Recent research suggests that children’s NLE performance might be supported by their
use of spatial positions of numbers, such as dividing the line into categories of equal size by
using mental “benchmarks” (i.e., using the midpoint; Slusser, Santiago, & Barth, 2013; Peeters,
Verschaffel, & Luwel, 2017), similar to children’s use of spatial categories to aid spatial memory
(e.g., halving space; Huttenlocher et al., 1999; Huttenlocher, Newcombe, & Sandberg, 1994).
For example, 4- to 6-year-old children use one or both endpoints as landmarks, and 7- to 10-
year-old children also use the mid-point (Slusser et al., 2013), and even adults benefit when
benchmarks are provided on NLE tasks (Peeters, Verschaffel, & Luwel, 2017). While evidence
for the use of proportional reasoning is inconcsistent, several studies have shown that children
consider the midpoint of the number line when completing estimations (Schneider et al., 2008;
Ashcroft & Moore, 2012), and children’s proportional reasoning ability relates to NLE
performance, (Mohring, Frick, and Newcombe, 2018). However, there is debate around
children’s development of linear representations, such as whether children shift from logarithmic
to linear representations on increasing scales vs. develop more advanced use of proportional
reasoning strategies (see Opfer, Thompson, & Kim, 2016; Opfer, Siegler, & Young, 2011; and
Slusser, Santiago, & Barth, 2011 as examples). In this initial examination of a specific space-
math relation with scaling, we explore the relation of scaling performance on a spatial scaling

game to children’s linearity and error in NLE. Establishing this relation could support future

This article is protected by copyright. All rights reserved.

85U0|7 SUOWIWOD 3A 81D 8|qed!dde aus Aq peueAob 88 S3[1e YO ‘85N JO'S3INI J0 AfeIq1T8UIIUO /8|1 UO (SUONIPUOD-pUe-SWLRY/W00" A3 | 1M Afe1q 1 BUI UO//SANY) SUORIPUOD Pue SWiB | 83 83S *[Z02Z/2T/0E] Uo AriqiT8ulluo A8|IM ‘Z8TZT8qW/TTTT OT/I0p/woo A8 | Arelq1jpul|uo//sdny wiouy papeoumoq ‘¢ ‘8TOZ ‘X8ZZTSLT



SPATIAL SCALING DEVELOPMENT 9

research exploring how to support children’s use of spatial categorical thinking to promote the
use of spatial categories on mathematical tasks like NLE, and perhaps contribute to
understanding of children’s developing knowledge of number. There is some evidence of NLE
relating to spatial estimation. Thompson and colleagues asked children to estimate where
different pages fell within a book 100 un-numbered pages, and their error related to NLE error,
suggesting a relation between NLE and spatial magnitude reasoning (Thompson, Morris, &
Sidney, 2017). Further, NLE relates to scaling performance specifically, even when controlling
for proportional reasoning ability (Mohring, Frick, and Newcombe, 2018), and spatial
information can influence children’s attention to symbolic numbers (Opfer, Thompson, &
Furlong, 2010). Building on these results, the current study tests for a similar relation between
number line estimation and spatial scaling performance on our novel playful scaling game.

Spatial Scaling and Mathematical Reasoning

The development of a spatial scaling search game that relates to NLE performance would

allow future studies to further explore the direction of the space-math link. Spatial skills are
important for math learning, and research consistently shows a relation between spatial and
mathematical reasoning (Mix & Cheng, 2012). Reasoning about relative spatial locations - a
process critical for using scaled representations - is especially important for reasoning about
number and magnitude (Jirout & Newcombe, in press). For example, relations are important
when considering the difference between two vs. three and two vs. ten, or what makes a number

“big” or “small”. Thus magnitude understanding, comparison, and relational reasoning plausibly
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SPATIAL SCALING DEVELOPMENT 10

lay the foundation for later math learning — for example, understanding the meaning of fractions
and proportions, which are essentially relations between numbers. Because spatial scaling
specifically is shown to be important for relative magnitude-related mathematics like
proportional reasoning, fraction learning, and understanding algebra (Newcombe et al., 2015;
Mohring, Newcombe, Levine, & Frick, 2016a; Mohring, Newcombe, Levine, & Frick, 2016b),
improvements in spatial scaling could provide related support for learning these mathematical
skills as well. The first step in exploring this is to test for a relation between spatial scaling and a
magnitude reasoning task, in the current study a numbr line estimation task.
Aims and Hypotheses

The current study explored two research questions. First, we examined whether scaling
accuracy improves with experience on a scaling game by comparing the first half to the second
half of the task, with the expectation that performance would improve across trials of the task.
Second, we tested whether spatial scaling during the game relates to performance on the number
line estimation task.

Methods

Participants

Participants included forty-eight children, ages 5.5-8.3 (M=6.90 years, SD=0.82; 53%
male), from three classrooms at a suburban independent private school serving predominantly
middle/upper-middle class families. All children in kindergarten through 2" grade at the school

were recruited; those whose parents provided consent and children gave assent included 19
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SPATIAL SCALING DEVELOPMENT 11

children from the kindergarten class and 29 children from two combined 1st/2nd grade classes.
The school reports 31% students of color and 45% students receiving financial aid. One
kindergarten female stopped early and was excluded from analyses. A university IRB and the
participating school approved the study, and parental consent and child assent was collected. All
children received a small toy for participation.

Materials and Procedure

Children were tested individually in a sectioned-off area of the classroom. One
experimenter administered the floor-based scaling game followed by a second experimenter
administering the NLE task and the picture vocabulary task, in that order.

Spatial scaling search game. Our goal was to develop a spatial scaling game that was
playful and provided experience and feedback on using scaled repesentations. We based the
game on measures from prior studies of spatial scaling, using a task in which children would use
a map to get information about a referent space. In those studies, children saw a map and referent
space that were identical except for size and a marked location on the map, with the task
presented on a tabletop. Children would then use the map to mark the same spot on the referent
space, which was later measured for the distance between the child’s mark and the correct
location. Rather than marking a space, our game asked children to use the map to identify a
hidden star in a large floor-sized search space. The resulting scaling game was a “hide-and-seek”
activity. Children used scaled maps to locate a target within a grid of flaps, with feedback

received through search, i.e., finding a star or not.
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SPATIAL SCALING DEVELOPMENT 12

Twenty-four square pieces of laminated colored paper (white, light blue, and dark blue),
were mounted onto posterboard to make a 6x4 unit (727x48”) grid — i.e., the search space (see
Figure 1). Flaps could be lifted using yellow ribbon attached to the bottom of each flap. Maps
contained a black rectangle outline on white paper representing the search space and a star within
each rectangle indicated under which flap a 5” star was hidden. Of the 15 total maps, three
practice maps were scaled at 1:8 (9 x 6 in.), six were scaled at 1:12 (6 x 4 in.), and six were
scaled at 1:48 (1.5 x 1 in.). To allow us to look at improvement from the first half to second half
of the task, we included equal proportions of trials for each scale factor in each half (i.e., three
trials of each scale factor in each half), with the order of the items within the first and second sets

of trials presented in a random order.

[Figure 1 Near Here]

Children first completed three practice trials with locations found to be easiest in pilot
testing (one corner target locations and two target locations along the border). Next, children
completed 12 test trials, six at each scale factor (1:12 and 1:48), with mirror-matched target
locations for the scale factors.

On each trial, children were asked to turn around and close their eyes while the
experimenter hid the star under a flap. The child was then handed a map and instructed to “use

the map to find where the star is hidden” by lifting the flap that matched the location shown on
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SPATIAL SCALING DEVELOPMENT 13

the map. The experimenter ensured correct orientation of the map and reminded the child to use
it (e.g., “Use your map to find the star,” or “Don’t forget to use your map”) for every search
attempt. When children found the star or they were shown it after six failed attempts, they
handed it back to the experimenter and the procedure was repeated. After testing, children were
asked about their map use, however, it was determined that experimenter error resulted in
inconsistent questioning, so responses are not analyzed. The task took approximately 12 minutes
to complete.

Although the task was modelled off of prior scaling measures, several design decisions
were made to address the goal of creating a potentially educational activity. These include
feedback provided through play to support learning, a naturalistic playful context, and more
similarity with “real” map use, including larger search space with more abstract maps at more
extreme scales. Specific differences from past scaling measures included: 1) increased scale
factors (1:12 and 1:48 from 1:4), by increasing the referent space to a 4’x6’ rectangle; 2)
retrieving hidden targets rather than indicating a target’s location, which provided immediate
feedback, supporting motivation and learning; 3) a visually discrete referent space, rather than
being a singular, continuous entity (see Figure 1), and 4) plain black/white outlined maps. A
similar table-top version of the scaling game related to an existing measure of spatial scaling in
pilot tests (r41) = .306, p = .046, controlling for age).

Number line estimation task (NL). Thirteen estimation trials were presented as

consecutive pages in a binder. A solid, black 25 cm horizontal number line with anchors labeled
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SPATIAL SCALING DEVELOPMENT 14

as 0 and 100 was centered on each page, with the target number printed above the center of the
line (Siegler & Opfer, 2003). The anchors were half-inch verticle lines on the two ends of the
horizontal lines, with no other marks or hashes on the horizontal line. Two target numbers were
randomly selected from each of the first three decades and one target number randomly selected
from each the remaining decades. Children were told that all of the numbers from 0 to 100 go
somewhere on the line, with each number having its own place on the line, and every spot on the
line having a different number that goes there. They were then reminded of the anchors for each
trial (e.g., “If zero goes here, and 100 goes here, where does 20 go?””). Children used a small
rubber peg to indicate their response, and the experimenter recorded their responses before
flipping the page to begin the next trial (adapted from the scaling task in Frick & Newcombe,
2012). Only one response was recorded on each line, and children could not look back at prior
responses. If the child placed the peg more than an inch from the number line, the experimenter
asked the child to place the peg on the number line.

Picture vocabulary task. Children’s vocabulary was assessed as a control for general
intelligence using the Woodcock-Johnson III-R Picture Vocabulary Test (Woodcock, McGrew,
& Mather, 2001). Standardized procedures were followed, in which children were asked to
verbally identify pictures (e.g., “What is this called? What kind of insect is this?”’) and completed
trials until they gave incorrect responses — i.e., incorrect label or no response — for all items on a
page. Standardized scores were calculated using total correct answers. The number-line and

vocabulary tasks together took approximately 8 minutes to complete.
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Data Coding and Design

A mixed-methods design controled for vocabulary, with age (i.e., in months) and sex as
between-subject variables, and map scale (1:12 and 1:48) and test time (first- or second-half) as
within-subject variables. For interactions with age, we included continuous age in all statistical
analyses, but present the graphs of results using age groupings to support interpretation of age
patterns, including six year-olds (n=19; M,,. = 73.2 months, age range = 67-77 months), seven
year-olds (n=15; M,s. = 83.2 months, age range = 77-89 months) and eight year-olds (n=14, M,
=95.4, age range=90-100 months).

The scaling game was scored by proportion of perfect searches, trials on which the child
chose the correct location on the first attempt'. To calculate performance on the NL task, each
child’s responses were fit to a linear model and percent of absolute error was calculated (PAE;
average percent of error between responses and correct location; Siegler & Opfer, 2003).

Vocabulary scores were calculated using standardized scoring tables (Woodcock et al., 2001).

Results
We present a descriptive summary of children’s performance on the scaling search game
and then provide tests of scaling game improvement, followed by tests of the relation between

scaling and number line estimation. All analyses control for standardized vocabulary.

! After the initial search, children often began lifting adjacent flaps without looking back at the
map, and would sometimes accidentally see the star under different flaps with adjacent searches,
so first search accuracy seemed the best indicator of performance.
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Performance on the Scaling Search Game

Children located the target on the first attempt for 62% of trials. A repeated-measures
ANCOVA was run with scale factor as the within-subjects factor, sex as a between-subject
factor, and controlling for age and vocabulary as covariates. The ANCOVA showed main effects
of both age and sex (Fige(1,43=26.41, p<.001, - p>=.38; Fiex(143=9.31, p=.004, - p*=.18; pscalc=-22,
DPvocab—-84). Males (M=.69, SE=.04) significantly outperformed females (M=.53, SE=.04), and
age significantly correlated with performance (747=.590, p<.001). Although the 1:12 scaled trials
showed better performance than the 1:48 scaled trials, this difference was not significant (M;.;, =
.63, SE1.12=.03; M43 = .59, SE.48 = .03; F(1.43=1.58; p = 215, - p>= .04). Vocabulary was not a
significant covariate (F(; 43)= 0.04, p = .846, - p>= .001).

In addition to the age and sex main effects, the age X scale factor interaction was
significant (F(; 43y=4.59, p=.038, - p>=.10). To investigate this interaction, we re-ran the
ANCOVAs separately for the two scale factors. While age was still significant for both scale
factors, difference in performance across age was greater when maps were scaled 1:48 than 1:12,
with an effect size of age more than double for the 1:48 scaled items (1 to 12: F(; 43=9.60,
p=-003, - p>=.183; 1 to 48: F(143=31.69, p<.001, - p?>=.424). Figure 2 shows pairwise
comparisons from the scale factor univariate ANCOV As broken up by age group to show the

direction of the trends.

[Figure 2 Here]
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Improvement Across Search Game

Average performance on the first- to second-six trials was compared to assess
improvement using a repeated-measures ANCOVA. We again observed main effects of age
(F1,43=26.59, p<.001, - p>=.38) and sex (F(143=9.57, p=.003, - p>=.18), with main effect of time
not significant (F(; 43y=0.84, p=364, - p*=.02; Miime1=-57, SE = .03, Miime2 =.65, SE=.04).
However, significant interactions with time (first vs. second half) were observed for both age and
sex (age: F(143=5.40, p=.025, - p>=.11, sex: F(143=6.39, p=.015, - p>=.13) (see Figures 3 & 4).

To explore these interactions, we re-ran the ANCOVAS by time. For the first six trials,
the effects of both age and sex remained significant (age: F(143=37.82, p<.001, - p>=.468; sex:
F1,43=19.66, p<.001, - p>=.314). For the second six trials, only the effect of age remained
significant, and the effect size was much smaller than for the first six trials (age: F(143=6.49,
p=.014, - p>=.131; sex: F(143=0.834, p=366, - p>=.019). To explore whether males and females
showed significant change from the first to second set of trials, we ran our ANCOVA separately
by sex. For males, there was only a significant time X vocabulary interaction (1 23=4.32,
p=.049, - p?>=.16; F(123=2.60, p=.120, - p*=.10; Miime1= .70, SE = .04; Miime2=.69, SE =.04). For
females, the effect of time was significant (F(1,155=4.83, p=.048, - p*>=.20; Miime1= .43, SE = .04;
Miimer=-61, SE=.07), indicating significant improvement. Additionally, the time X age interaction
was significant for females (F(1,13=8.47, p=.009, - p>=.32). Figure 3 shows mean performance for

age by time, and Figure 4 shows mean performance for sex by time.
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[Figure 3 Near Here]

[Figure 4 Near Here]

Number Line Estimation and Scaling Search Game

Children’s percent absolute error (PAE) on the number-line task was 16.54% (SE=1.18),
and linearity of estimations (using R?) was .72 (SE=.03). ANCOV As testing for effects of sex
and age showed a main effect of age for estimation error (F; 42=21.09, p<.001, - p>=.33) and
linearity of estimations (F(; 43y=19.63, p<.001, - p>=.31).

Partial correlations (controlling for age and standardized vocabulary) between children’s
number line estimations and performance on the scaling game were conducted. There was a
significant relation between scaling performance and PAE (743=-.311, p=.037), but not between
scaling performance and linearity (r43y=.179, p=238).

Conceptual Replication

To attempt to replicate the results observed, we analyzed data from a similar spatial

scaling game included in a larger, ongoing study®. The procedure for the scaling search game

was similar, though participation was in a lab setting in two geographic locations, and the search

2 All data are available on databrary.org, by request.
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SPATIAL SCALING DEVELOPMENT 19

game was kept out of view until after children completed several other measures, of which we
include number line estimation.
Participants

Participants for the conceptual replication included fifty-two children, ages 5.5-8.5
(M=6.98 years, SD=1.02; 62% female). Participants were sampled from two psychology lab
participant databases, one from a suburb outside of a large Northeastern city (N=37), the other
from a mid-size city in the Midsouth (N=15).
Materials and Procedure

The total search space was decreased to 36” x 48”, but the size of the discrete search
spaces was decreased to 6” squares, resulting in the number of squares increasing to 48 (8
squares horizontally by 6 squares vertically). Map sizes were scaled 1:6 (8” x 6”) and 1:24 (2” x
1.5””). Number line estimation was again included, but was administered before the scaling game.
Vocabulary was only assessed for the Midsouth sample, and so is not included in analyses.
Performance on the Scaling Search Game

Children located the target on the first attempt for 52.7% (SE=3.0) of trials. Compared to
performance with the original scaling game, this was significantly lower (¢97) = 1.955, p = .046,
d = .39). A repeated-measures ANCOVA was again run with scale factor as the within-subjects
factor, sex as a between-subject factor, and controlling for age a covariate. Only the effect of age

was significant (Fage(1,49= 9.525, p = .003, - p*=.16; Fiex(1,49=0.657, p = .42, - p>=.01; pscaie=-54,
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- p?>=.01). Age significantly correlated with performance (r5,=.412, p=.002). There were no
significant interactions.
Improvement Across Search Game

We again compared average performance on the first- to second-six trials using a
repeated-measures ANCOVA. A significant effect of age was observed (£ 49)= 9.525, p=.003,
- p?>=.163). The main effect of time was not significant (p=.617, - p*=.004, Mime1=.46, SE = .03,
Miime2 =.61, SE=.04), but was again qualified by a significant time X gender interaction (F(; 49)=
5.625, p=.022, - p*>=.103). We re-ran the ANCOVAS by time. For the first six trials, the effects of
sex was now significant (£ 49=5.469, p = .011, - p*>=.125; Mremale = .382, SE = .04, Ml =.539,
SE=.05). The effect of sex was not significant for the second six trials (F(j 49)= 0.664, p=.419,
- p*=.013; Mremale = .637, SE = .05, Mpaie =572, SE=.06).
Number Line Estimation and Scaling Search Game

Children’s percent absolute error (PAE) on the number-line task was 13.5% (SE=1.0%),
and linearity of estimations (using R?) was .70 (SE=.04). A multivariate ANCOVA testing for
effects of sex and age on NLE showed a main effect of age for estimation error (F(; 49y= 62.499, p
<.001, - p>=.561) and linearity of estimations (£1,49)=47.376, p <.001, - p>=.492).

Partial correlations (controlling for age) between children’s number line estimations and
performance on the scaling game were conducted. There was a significant relation between
scaling performance and both PAE (r49)=-.469, p=.001), and between scaling performance and

linearity (r49y=.394, p=.004).
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Discussion

To explore the potential of the scaling game as a spatial-relational intervention, we
assessed children’s improvement on the spatial scaling game with experience. Although children
were already quite successful on the task, performance seemed to improve with experience.
There is indication that girls, and possibly younger children, showed greatest improvement,
though they also had the most opportunity for improvement. Although some indication of sex
effects were observed, sex difference were only seen in the first half of the game and were no
longer significant by the second half of the game. These results are limited by a short duration —
it isn’t clear whether children improved from learning or if the practice simply helped them
adjust to the task. The task was relatively simple to modify to adjust the level of difficulty,
which we did successfully in our replication, so it is possible to create versions appropriate for
different age and ability levels. Despite the limitations, the improvement observed shows
promise for a play-based spatial scaling game that could have potential for developing children’s
spatial scaling ability and should be studied futher, including with a broader range of populations
represented and with a larger sample size.

Consistent with study hypotheses, results showed that children's performance on a scaling
game related to NLE ability, perhaps because both tasks may rely on similar processes relating to
relative magnitude (Jirout & Newcombe, in press), expanding prior research showing relations
between spatial scaling and both proportional reasoning skills and NLE, and between number-

line estimation and mental transformation (Méhring et al., 2016a; Gunderson et al., 2012;

This article is protected by copyright. All rights reserved.

85U0|7 SUOWIWOD 3A 81D 8|qed!dde aus Aq peueAob 88 S3[1e YO ‘85N JO'S3INI J0 AfeIq1T8UIIUO /8|1 UO (SUONIPUOD-pUe-SWLRY/W00" A3 | 1M Afe1q 1 BUI UO//SANY) SUORIPUOD Pue SWiB | 83 83S *[Z02Z/2T/0E] Uo AriqiT8ulluo A8|IM ‘Z8TZT8qW/TTTT OT/I0p/woo A8 | Arelq1jpul|uo//sdny wiouy papeoumoq ‘¢ ‘8TOZ ‘X8ZZTSLT



SPATIAL SCALING DEVELOPMENT 22

Mohring, Frick, and Newcombe, 2018). Recent research shows that spatial scaling relates to
NLE even when controlling for proportional reasoning skill (Mohring, Frick, and Newcombe,
2018), suggesting other related processes involved, for example a more general spatial-relational
reasoning. However, this association was mixed across tasks; with the easier scaling game,
performance was only related to NLE error, but both PAE and linearity related to the more
difficult scaling game in the replication test. Error may have shown more consistent relations due
to the little variability at the bottom and, especially, top ends of our age distribution — the
children on the lower end of our age distribution have very logarithmic representations, while
children on the higher end are strongly linear, consistent with prior findings (Siegler & Booth,
2004).

What does this spatial-relational thinking look like? Learning to use spatial categories can
include using directional terms like top and bottom, right and left, or big and small. These terms
are relational, in that “big” or “top” are relative. Spatial scaling tasks involve encoding of
relative distance, in which a target’s location is coded in proportion to one representation and
then applied to another (Huttenlocher, Newcombe, & Vasilyeva, 1999). This type of relational
thinking is also used for mathematical thinking and learning. For example, children often use
manipulatives or visual spatial diagrams of proportions and fractions, which help to develop
abstract understanding of relative magnitude by directing attention to the physical features (e.g,
size) (Mix, 2010). It is possible that this type of relative magnitude thinking relates to the spatial-

relational thinking engaged with the spatial task in this study, or similar cognitive proceses that
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can explain the link between spatial and mathematical tasks. The spatial scaling game could
provide playful practice using methods such as focusing on proportional landmarks like the
midpoint. Experience with the scaling game may also provide practice using similar reasoning as
using mathematical manipulatives found be beneficial, such as practice using maps as spatial-
relational models, embodiment (i.e., moving through space) as a way of understanding spatial
relations, and directing attention to the physical space and representation. Having a way to
improve spatial-relational thinking would allow the directionality of this relation to be explored
in future studies.

Prior work shows that non-symbolic interventions can facilitate the development of
numeric symbolic knowledge and reasoning (e.g., spatial training on a mental rotation task
yielded significant improvements on calculation problems: Cheng & Mix, 2014; and frequent
experience with visuospatial toys improved spatial and mathematical knowledge: Grissmer et al.,
2013). Applied to the current study, the link between scaling performance and number line
estimation suggests that the scaling game has the potential to support a specific mathematical
skill — relative magnitude reasoning, or estimating the relation between non-integer
representations (Mohring et al., 2016a; also see Barth & Paladino, 2011), or that relative
magnitude understanding could support more advanced spatial-relational reasoning, or that the
relation is bidirectional. The next step in this work is to test the direction of this relation by
assessing the effectiveness of learning from the scaling game on relative magnitude

mathematical skills.
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Conclusions

This work contributes to the body of literature testing specific relations between spatial
and mathematical tasks. Specifically, this study documents associations between scaling and
number-line estimation and provides support for the hypothesis that they both draw on
underlying processes related to relative magnitude reasoning (Mohring et al., 2016a; Jirout &
Newcombe, in press). Practice on the playful spatial scaling game can improve performance, at
least for some children, through the use of feedback and an engaging context. Future work is
needed to assess whether improved performance indicates learning and test for causal direction

of the spatial and mathematicla relation.
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Figure Captions

Figure 1. Spatial scaling search game.

Figure 2. Search game performance by scale factor across age groups.

Figure 3. Search game performance by age group at Time 1 and Time 2.

Figure 4. Search game performance by sex at Time 1 and Time 2.
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