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a b s t r a c t The numerical distance effect (NDE) is one of the most robust effects in the study of numerical cognition. However, the validity and reliability of distance effects across different formats and paradigms has not been assessed. Establishing whether the distance effect is both reliable and valid has important implications for the use of this paradigm to index the processing and representation of numerical magnitude in both behavioral and neuroimaging studies. In light of this, we examine the reliability and validity of frequently employed variants (and one new variant) of the numerical comparison task: two symbolic comparison variants and two nonsymbolic comparison variants. The results of two experiments demonstrate that measures of the NDE that use nonsymbolic stimuli are far more reliable than measures of the NDE that use symbolic stimuli. With respect to correlations between measures, we ﬁnd evidence that the NDE that arises using symbolic stimuli is uncorrelated with the NDE that is elicited by using nonsymbolic stimuli. Results are discussed with respect to their implications for the use of the NDE as a metric of numerical processing and representation in research with both children and adults. Ó 2010 Elsevier B.V. All rights reserved.



1. Introduction The numerical distance effect (NDE) is obtained in tasks where participants are asked to perform relative magnitude judgements. In such experiments, participants are faster and more accurate at indicating which of the two numbers is larger when the numerical distance separating the two numbers is relatively large (e.g., 2 vs. 9), compared to when it is small (e.g., 8 vs. 6; Dehaene, Dupoux, & Mehler, 1990; Moyer & Landauer, 1967). Several models have been proposed to relate the NDE to numerical representation, for example, the ‘‘compressed number line” model (Dehaene, 1992), and the ‘‘numerosity code” model (Zorzi & Butterworth, 1999). Although the models differ in their characterization of the mental representation of quantity that is indexed by the numerical distance effect, they converge on the notion that the NDE provides an important metric for indexing the representation of numerical magnitude. This view of the NDE explains its frequent use to examine the processing and representation of numerical magnitude in both behavioral and neuroimaging studies. There are multiple task variants used to elicit the NDE. For example, participants might be asked to compare two sets of nonsymbolic stimuli, such as squares (Holloway & Ansari, 2009), two * Corresponding author. Tel.: +1 519 277 1428. E-mail address: [email protected] (E.A. Maloney). 0001-6918/$ - see front matter Ó 2010 Elsevier B.V. All rights reserved. doi:10.1016/j.actpsy.2010.01.006



Arabic digits (Ansari & Dhital, 2006; Ansari, Garcia, Lucas, Hamon, & Dhital, 2005; Dehaene, 1996), or one Arabic digit to a standard (i.e., the number 5; Dehaene, 1996; Libertus, Woldorff, & Brannon, 2007; Temple & Posner, 1998). Many researchers simply assume that because these variants produce the same pattern of data (i.e., a NDE), that each of these variants must be indexing the same stable underlying process. However, recent research has suggested that this assumption is invalid in at least one case of the NDE. Speciﬁcally, Holloway and Ansari (2009) presented a group of 6–8 year old children with two versions of the number comparison task, a symbolic and a nonsymbolic version. In the symbolic version of the task, Arabic digits were used. In the nonsymbolic version, arrays of squares were presented. Holloway and Ansari (2009) demonstrated that while symbolic stimuli (Arabic digits) and nonsymbolic stimuli (squares) both elicit an NDE, an individual’s NDE on the symbolic version does not correlate with their NDE on the nonsymbolic version. This result raises important questions about the convergent validity of the NDE elicited by different stimulus and presentation formats (i.e., the extent to which measures of the NDE are in fact measuring the same underlying construct). In the present investigation we sought to investigate the degree to which multiple measures of the NDE are indexing the same underlying processes. To accomplish this, we used multiple variants of the numerical comparison task, each known to produce an NDE, and tested whether the size of a participant’s NDE on
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one variant of the task correlated with the size of their NDE on the other variants of the task. Another issue that arises when considering the validity of measures is whether or not they are reliable. Reliability is a fundamental psychometric property that should be determined in the measurement of any theoretically important empirical construct. Certainly, when researchers are developing scales, reliability is of the utmost importance. The issue of reliability of measures used in mainstream cognitive psychology, however, is typically neglected. One potential reason for this in experimental cognitive psychology is the implicit assumption that cognitive processes are inherently reliable because they typically produce robust and replicable empirical phenomena. This assumption may also, in large part, reﬂect the widespread belief that many cognitive processes have automatic components that are expected to unfold in a stable and consistent manner (Stolz, Besner, & Carr, 2005). Recently, researchers have begun to examine the reliability of various cognitive measures with some surprising results (e.g., Borgmann, Risko, Stolz, & Besner, 2007; Stolz et al., 2005; Waechter, Stolz, & Besner, in press). This recent work has relied on a test–retest assessment of reliability correlating the size of a given effect for the ﬁrst half and second half of the experiment. If a measure is reliable, then scores at time one (e.g., the ﬁrst half) will be highly predictive of scores at time two (e.g., the second half) of that test. Using this approach, Stolz et al. (2005) found semantic priming to be generally unreliable, whereas Waechter, Stolz, & Besner (in press) found repetition priming to be comparatively reliable. In research investigating the Simon effect (Simon, 1990), Borgmann et al. (2007) identiﬁed a context where the effect proved reliable (when compatibility proportion is high) and a context where it was unreliable (when compatibility proportion is low). Taken together, these ﬁndings reveal that the implicit assumption that cognitive processes are inherently reliable is not always supported by the data. While assessing reliability is important in general, for the present purposes it is particularly important because when an effect is not reliable it is limited in how strongly it can correlate with other measures. The fact that many measures in cognitive psychology are used as corollaries in individual difference studies makes it important to know the reliability of these measures. However, if a measure is unreliable, the likelihood of detecting between group differences when using this particular paradigm is rather low even if those differences do exist (Kopriva & Shaw, 1991). As such, it makes the interpretation of a null result rather difﬁcult when one does not know how reliable the measure used is. Thus assessing whether measures of cognitive processes, such as numerical cognition, are reliable and valid is not only of methodological importance but also has a signiﬁcant bearing on the theoretical explanations and models derived from data obtained with such dependent variables. In two experiments, we assess the convergent validity of the NDE by comparing participant’s NDE on multiple variants of the number comparison tasks (three variants in Experiment 1 and four variants in Experiment 2). Further, we assess the reliability of each version by employing a test retest approach where we compare participant’s NDE in the ﬁrst half of the experiment to their NDE in the second half of the experiment.



2. Experiment 1 2.1. Methods 2.1.1. Participants Forty-eight undergraduate students from the University of Waterloo participated and were either granted experimental credit towards a course or were paid $6.
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2.1.2. Stimuli, apparatus and procedure The data were collected on a Pentium 4 PC computer running EPrime 1.1 (Schneider, Eschman, & Zuccolotto, 2001). Stimuli were displayed on a 19 in. monitor. Participants participated in three separate tasks (lower/higher than 5, symbolic comparison, and nonsymbolic comparison) that were presented in a counterbalanced order across participants. The three tasks are described in detail below. 2.1.2.1. Lower/higher than ﬁve (L/H5). Each trial began with a ﬁxation point that remained on the screen for 500 ms. A display containing a single Arabic digit at ﬁxation was presented. Numbers ranged from 1 to 4 and from 6 to 9. Participants were told to identify whether the presented number was lower than ﬁve or higher than ﬁve by pressing the ‘‘A” key to denote lower and the ‘‘L” key to denote higher. The number remained on the screen until the participants made a button press. There were two blocks each with 80 stimulus displays making for a total of 160 trials. The numerical distance between the stimuli and the number 5 ranged from 1 to 4, with 40 comparison trials total per distance. Trial composition was identical for blocks 1 and 2 and stimulus displays were presented randomly within each block. 2.1.2.2. Symbolic comparison. Each trial began with a ﬁxation point that remained on the screen for 500 ms. A display containing two Arabic digits was presented. Numbers ranged from 1 to 4 and from 6 to 9. Participants were told to identify which of the two numbers was numerically larger by pressing the ‘‘A” key to denote that the number on the left was larger and the ‘‘L” key to denote that the number on the right was larger. There were two blocks each with 80 stimulus displays making for a total of 160 trials. The numerical distance between the stimuli ranged from 1 to 4, with 40 comparison trials total per distance. As with the L/H5 task, trial composition was identical for blocks 1 and 2 and stimulus displays were presented randomly within each block. 2.1.2.3. Nonsymbolic comparison. Each trial began with a ﬁxation point that remained on the screen for 500 ms. A display containing two white square boxes was presented. In each white box there were a number of black squares. The number of black squares ranged from 1 to 4 and from 6 to 9. Participants were told to identify which of the two white square boxes contained more black squares by pressing the ‘‘A” key to denote that the box on the left contained more squares and the ‘‘L” key to denote that the box on the right contained more squares. There were two blocks each with 80 stimulus displays making for a total of 160 trials. The numerical distance between the stimuli ranged from 1 to 4, with 40 comparison trials total per distance. Stimulus displays were presented randomly within each block and contained the same numerical value pairs as the symbolic comparison tasks. Furthermore, the individual area, total area, and density of the squares were varied to ensure that participants could not reliably use non-numerical cues to make a correct decision (see Holloway & Ansari, 2009 for details on the stimuli and previous usage). 2.2. Results RTs and errors were analyzed across participants with block and numerical distance as within-subject factors. Trials on which there was an incorrect response were removed prior to RT analysis (3.3% in the L/H5, 2.8% in the symbolic, and 5.0% in the nonsymbolic variants, respectively). The remaining RTs were submitted to a data trimming procedure that uses a 2.5 standard deviation cut-off in each cell for each subject. The trimming procedure is run recursively until there are no longer any cases that lay more than 2.5 standard deviations from the mean in any cell (Van Selst &
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Table 1 Mean RTs (ms) and range by block at distances of 1 and 4 for Experiment 1. Variant



L/H5 Symbolic Nonsymbolic



Block 1



Block 2



1



Range



4



Range



1



Range



4



Range



536 543 1301



392.7–806.0 393.0–856.0 442.9–3088.1



484 480 710



362.2–845.8 379.0–676.5 417.0–1690.8



535 520 1132



411.7–729.0 371.7–738.5 417.4–2678.3



471 469 609



371.7–621.3 363.9–621.5 357.4–1121.9



Jolicœur, 1994). This resulted in the removal of an additional 2.7% of the data in the L/H5, 3.4% in the symbolic, and 2.6% in the nonsymbolic variants, respectively. In addition, given that correlational analyses are heavily inﬂuenced by extreme scores, we ﬁrst calculated distance effect scores (RT at a distance of 1 minus RT at a distance of 4) for each participant in each variant of the task. We then removed any participants with a distance effect that fell 4 or more standard deviations above or below the mean in either variant. This resulted in the removal of one participant whose distance effect in the L/H5 task fell 4.7 standard deviations above the mean. For each analysis we present the RT data followed by the error data. We report the error data for completeness, however, it is important to note that little can be made of the error data due to the fact that very few errors were made and the size of the NDE in errors is small. Critically, studies of the NDE typically focus on RT and not errors. 2.2.1. Numerical distance effect analysis Next, we determined that each variant of the task did, in fact, elicit the NDE. These data are reported below. See Tables 1 and 2 for mean distance effects in RTs and accuracy, respectively. 2.2.1.1. Lower/higher than ﬁve (L/H5). A 2 (block: 1 vs. 2)  2 (distance: 1 vs. 4)1 ANOVA conducted on the RT data yielded no main effect of block, F(1, 47) = .80, MSE = 3227.5, p > 0.5, a main effect of distance, F(1, 47) = 99.6, MSE = 826.4, p < .001, and no block  distance interaction, F(1, 47) = 1.0, MSE = 1475.9, p > .05. A parallel ANOVA conducted on the error data yielded no main effect of block, F(1, 47) = 2.6, MSE = 17.5, p > .05, a main effect of distance, F(1, 47) = 35.1, MSE = 26.2, p < .001, and no block  distance interaction, F(1, 47) = 1.7, MSE = 15.4, p > .05. 2.2.1.2. Symbolic comparison. A 2 (block: 1 vs. 2)  2 (distance: 1 vs. 4) ANOVA conducted on the RT data yielded a main effect of block, F(1, 47) = 6.1, MSE = 2298.4, p = .02, a main effect of distance, F(1, 47) = 96.8, MSE = 1599.0, p < .001, and no block  distance interaction, F(1, 47) = 2.1, MSE = 764.8 p > .05. A parallel ANOVA conducted on the error data yielded no main effect of block, F(1, 47) = .08, MSE = 13.6 p > .05, a main effect of distance, F(1, 47) = 37.0, MSE = 21.9, p < .001, and no block  distance interaction, F(1, 47) = 3.0, MSE = 12.4 p = .09. 2.2.1.3. Nonsymbolic comparison. A 2 (block: 1 vs. 2)  2 (distance: 1 vs. 4) ANOVA conducted on the RT data yielded a main effect of block, F(1, 47) = 16.2, MSE = 5698.9, p < .01, a main effect of dis1 Only distances 1 and 4 are used in the ANOVA because distance effects are calculated as RTs (or errors) at a distance of 1 minus RTs (or errors) at a distance of 4 for subsequent analyses. The pattern of data did not change when the ANOVA was calculated using all four distances, nor did the pattern change when calculated using the individual slopes that relate numerical distance to RTs and errors. The pattern of data was also not altered when we calculated NDEs as RTs (or errors) at a distance of 1 minus RTs (or errors) at a distance of 4 divided by average RT. This is true in both the reliability and validity calculations and for both Experiments 1 and 2. Furthermore, calculating the effect as 1–4 gives us the largest range and thus the highest likelihood of detecting correlations.



Table 2 Mean accuracy (% correct) and range by block at distances of 1 and 4 for Experiment 1. Variant



L/H5 Symbolic Nonsymbolic



Block 1



Block 2



1



Range



4



Range



1



Range



4



Range



94 95 91



80–100 80–100 60–100



98 100 94



90–100 95–100 60–100



93 95 92



70–100 85–100 65–100



98 98 95



90–100 90–100 45–100



tance, F(1, 47) = 46.9, MSE = 317473.7, p < .001, and no block  distance interaction F(1, 47) = 2.5, MSE = 21925.9, p > .05. A parallel ANOVA conducted on the error data yielded no main effect of block, F(1, 47) = .66, MSE = 28.5, p > .05, a main effect of distance, F(1, 47) = 7.8, MSE = 68.1, p < .001, and no block  distance interaction F(1, 47) = .12, MSE = 16.7, p > .05. 2.2.2. Convergent validity A mean NDE was calculated for each participant by subtracting the mean RT (or accuracy) for a distance of 4 from the mean RT (or accuracy) for a distance of 1. We collapsed across block when calculating mean NDE scores for the convergent validity analysis. See Tables 3 and 4 for between variant correlations in RTs and accuracy, respectively. 2.2.2.1. Symbolic comparison variants. The correlation between each participant’s mean NDE score on the L/H5 variant and their mean NDE score on the symbolic comparison variant was only found to be signiﬁcant in errors, r (46) = .49, p < .01. 2.2.2.2. Symbolic vs. nonsymbolic. A correlation was conducted between each participant’s mean NDE score on the L/H5 variant, their mean NDE score on the symbolic comparison variant, and their mean NDE score on the nonsymbolic comparison variant. None of the correlations between the symbolic and nonsymbolic variants were signiﬁcant. This was found to be true for both RT and errors. 2.2.3. Reliability A NDE was calculated for each block by subtracting the mean RT (or accuracy) for a distance of 4 from the mean RT (or accuracy) for a distance of 1. A signiﬁcant correlation between Blocks 1 and 2 scores indicates reliability (e.g., Stolz et al., 2005). See Table 5 for mean reliability effects in RTs and accuracy. 2.2.3.1. Lower/higher than ﬁve (L/H5). The correlation between a participant’s NDE in Block 1 and their NDE in Block 2 was not signiﬁcant in RTs, r (46) = .06, p > .05, and marginally signiﬁcant in errors, r (46) = .27, p = .06. 2.2.3.2. Symbolic comparison. The correlation between a participant’s NDE in Block 1 and their NDE in Block 2 was found to be signiﬁcant in RTs, r (46) = .38, p < .01, and marginally signiﬁcant in errors, r (46) = .28, p = .05. 2.2.3.3. Nonsymbolic comparison. The correlation between a participant’s NDE on Block 1 and their NDE on Block 2 was found to be
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L/H5 Symbolic Nonsymbolic



3. Experiment 2 3.1. Methods



Block 2 L/H5



Symbolic



Nonsymbolic



1.00



0.19 1.00



0.12 0.05 1.00



Table 4 Between variant correlations (% correct) for Experiment 1. Block 1



L/H5 Symbolic Nonsymbolic *



Block 2 L/H5



Symbolic



Nonsymbolic



1.00



0.49* 1.00



0.11 0.15 1.00



Denotes signiﬁcant at the p < .05 level.



Table 5 Within variant correlations for RTs (ms) and accuracy (% accurate) for Experiment 1. Variant



L/H5 Symbolic Nonsymbolic *
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Reliability RTs



% Accuracy



0.06 0.38* 0.88*



0.27+ 0.28+ 0.61*



Denotes signiﬁcant at the p < .05 level. + Denotes marginally signiﬁcant.



signiﬁcant in RTs, r (46) = .89, p < .01, and errors, r (46) = .61, p < .01.



3.1.1. Participants Forty-eight undergraduate students from the University of Waterloo participated and were granted experimental credit towards a course. 3.1.2. Stimuli, apparatus and procedure The stimuli, apparatus, and procedure used in Experiment 2 were identical to those used in Experiment 1 with one exception. In Experiment 2, we added a fourth task, nonsymbolic lower/higher than 5. In this task each trial began with a ﬁxation point that remained on the screen for 500 ms. A display containing a number of black squares was presented. The number of black squares ranged from 1 to 4 and from 6 to 9. Participants were told to identify whether the number of boxes presented was lower than ﬁve or higher than ﬁve by pressing the ‘‘A” key to denote lower and the ‘‘L” key to denote higher. The display remained on the screen until the participants made a button press. There were two blocks each with 80 stimulus displays making for a total of 160 trials. The numerical distance between the stimuli and the number 5 ranged from 1 to 4, with 40 comparison trials total per distance. Stimulus displays were presented randomly within each block. Furthermore, the individual area, total area, and density of the squares were varied to ensure that participants could not reliably use non-numerical cues to make a correct decision. For simplicity, the present variant will be referred to as nonsymbolic lower/higher than 5. The version of this variant which was also tested in Experiment 1 will henceforth be referred to as symbolic lower/higher than 5. 3.2. Results



2.3. Summary In Experiment 1 we assessed the degree to which the numerical distance effect (NDE) elicited by one variant of the numerical comparison task correlates with performance on other versions of this task (i.e., the convergent validity of the NDE). In addition, we assessed the degree to which a participants’ NDE on the ﬁrst half of a variant correlated with their NDE on the second half of that variant (i.e., the reliability of the NDE). We did not ﬁnd a signiﬁcant correlation between the two symbolic variants (those which used Arabic digits) in RTs but we did in accuracy. We also did not ﬁnd a correlation in RTs or accuracy between the symbolic and nonsymbolic comparison variants. In terms of reliability, the L/H5 variant was unreliable in RTs and only marginally reliable in errors. The symbolic comparison variant is statistically reliable, but in terms of a psychometric battery the low correlations would fall far short of useful (Murphy & Davidshofer, 2005). The nonsymbolic comparison variant, however, is very reliable in both RT and errors. Arguably, the L/H5 paradigm, where an Arabic digit is compared to a ﬁxed standard, can be considered more different from the two comparison paradigms, than the two comparison paradigms are from each other. For instance, in the L/H5 paradigm participants are comparing a stimulus to a ﬁxed standard, rather than to a comparable stimulus. Furthermore, in the L/H5 paradigm the participant has to differentiate between small and large, whereas in the other paradigms only the larger number had to be indicated. In order to best equate the symbolic and nonsymbolic task variants and assess the validity and reliability of the NDE, we therefore ran a second experiment where we administered a new nonsymbolic variant of the L/H5 task. Thus, Experiment 2 served both as a replication of Experiment 1 and as an extension by better equating the symbolic and nonsymbolic task variants.



RTs and errors were analyzed across participants, with numerical distance and task variant as within-subject factors. Trials on which there was an incorrect response were removed prior to RT data analysis (2.1% in symbolic L/H5, 3.8% in nonsymbolic L/H5, 4.0% in symbolic comparison, and 4.5% in nonsymbolic comparison). The remaining RTs were submitted to a recursive data-trimming procedure using a 2.5 standard deviation cut-off in each cell resulting in the removal of an additional 2.9% of trials in symbolic L/H5, 3.1% in nonsymbolic L/H5, 3.8% in symbolic comparison, and 5.5% in nonsymbolic comparison, respectively. In addition, given that correlational analyses are heavily inﬂuenced by extreme scores, we ﬁrst calculated distance effect scores (RT at a distance of 1 minus RT at a distance of 4) for each participant in each variant of the task. As per Experiment 1, we would have then removed any participants with a distance effect that fell 4 or more standard deviations above or below the mean in either variant. However, there were no such participants. 3.2.1. Numerical distance effect analysis Next, we determined that each variant of the task did, in fact, elicit an NDE. These data are reported below. See Tables 6 and 7 for mean distance effects in RTs and accuracy, respectively. 3.2.1.1. Symbolic lower/higher than ﬁve (L/H5). A 2 (block: 1 vs. 2)  2 (distance: 1 vs. 4) ANOVA conducted on the RT data yielded a main effect of block, F(1, 47) = 5.4, MSE = 3437.1, p < .05, a main effect of distance, F(1, 47) = 69.5, MSE = 2590.0, p < .001, and no block  distance interaction, F(1, 47) = 1.9, MSE = 2119.2, p > .05. A parallel ANOVA conducted on the error data yielded a marginal effect of block, F(1, 47) = 3.8, MSE = 39.6, p = .06, a main effect of
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distance, F(1, 50) = 46.2, MSE = 41.0, p < .01, and no block  distance interaction, F < 1.



Table 8 Between variant correlation (ms) for Experiment 2. Block 1



3.2.1.2. Nonsymbolic lower/higher than ﬁve (L/H5). A 2 (block: 1 vs. 2)  2 (distance: 1 vs. 4) ANOVA conducted on the RT data yielded a main effect of block, F(1, 47) = 25.4, MSE = 8564.2, p < .01, a main effect of distance, F(1, 47) = 75.4, MSE = 1286.2, p < .01, and a block  distance interaction, F(1, 47) = 21.4, MSE = 3445.6, p < .01 in which the NDE was found to be smaller in Block 2 than in Block 1. A parallel ANOVA conducted on the error data yielded no main effect of block, F(1, 47) = 1.8, MSE = 28.4, p > .05, a main effect of distance, F(1, 47) = 51.9, MSE = 33.7, p < .01, and no block  distance interaction, F(1, 47) = 2.1, MSE = 20.1, p > .05. 3.2.1.3. Symbolic comparison. A 2 (block: 1 vs. 2)  2 (distance: 1 vs. 4) ANOVA conducted on the RT data yielded no main effect of block, F(1, 47) = 1.1, MSE = 3247.9, p > .05, a main effect of distance, F(1, 47) = 118.9, MSE = 1323.5, p < .01, and no block  distance interaction, F(1, 47) < 1. A parallel ANOVA conducted on the error data yielded a marginal effect of block, F(1, 47) = 3.8, MSE = 39.6, p = .06, a main effect of distance, F(1, 47) = 46.9, MSE = 36.1, p < .01, and no block  distance interaction, F < 1. 3.2.1.4. Nonsymbolic comparison. A 2 (block: 1 vs. 2)  2 (distance: 1 vs. 4) ANOVA conducted on the RT data yielded a main effect of block, F(1, 47) = 22.9, MSE = 52298.5, a main effect of distance, F(1, 47) = 24.9, MSE = 425814.7, and a block  distance interaction, F(1,47) = 7.0, MSE = 39319.4, p < .05 in which the NDE was found to be smaller in Block 2 than in Block 1. A parallel ANOVA conducted on the error data yielded no main effect of block, F(1, 47) = 1.5, MSE = 16.7, p > .05, a main effect of distance, F(1, 47) = 79.5, MSE = 4.3, and no block  distance interaction, F < 1. 3.2.2. Convergent validity A mean NDE was calculated for each participant by subtracting the mean RT (or accuracy) for a distance of 4 from the mean RT (or accuracy) for a distance of 1. We collapsed across block when calculating mean NDE scores for the validity analysis. See Tables 8 and 9 for validity effects in RTs and accuracy, respectively. 3.2.2.1. Symbolic comparison variants. A correlation was conducted between each participant’s mean NDE score on the symbolic L/H5 variant and their mean NDE score on the symbolic comparison variant. The correlation was found to be only marginally signiﬁcant, r



Symbolic L/H5 Nonsymbolic L/H5 Symbolic comparison Nonsymbolic comparison *



Block 2 Symbolic L/H5



Nonsymbolic L/H5



Symbolic comparison



Nonsymbolic comparison



1.00



0.04 1.00



0.25+ 0.18



0.21 0.56*



1.00



0.05 1.00



Denotes signiﬁcant at the p < .05 level. + Denotes marginally signiﬁcant.



(46) = .25, p = .08. A parallel analysis conducted on the error data was found to be signiﬁcant, r (46) = .29, p < .05, however in the negative direction. 3.2.2.2. Nonsymbolic comparison variants. A correlation was conducted between each participant’s mean NDE score on the nonsymbolic L/H5 variant and their mean NDE score on the nonsymbolic comparison variant. The correlation was signiﬁcant in RTs, r (46) = .56, p < .01, and marginally signiﬁcant in errors, r (46) = .29, p = .05. 3.2.2.3. Symbolic vs. nonsymbolic. A correlation was conducted between each participant’s mean NDE score on the symbolic L/H5 variant, the nonsymbolic L/H5 variant, the symbolic comparison variant, and the nonsymbolic comparison variant. None of the correlations between the symbolic and nonsymbolic variants were signiﬁcant in RTs (as can be seen in Table 8, the largest correlation, that between symbolic L/H5 and nonsymbolic comparison, was r = .21). A parallel analysis conducted on the error data yielded only one signiﬁcant correlation: the correlation between the symbolic L/H5 variant and the nonsymbolic comparison variant, r (46) = .31, p < .05. 3.2.3. Reliability 3.2.3.1. Symbolic lower/higher than ﬁve (L/H5). The correlation between a participant’s NDE in Block 1 and their NDE in Block 2 was not signiﬁcant in RTs, r (46) = .10, p > .05 and marginally signiﬁcant in errors, r (46) = .27, p = .09.



Table 6 Mean RTs (ms) and range by block at distances of 1 and 4 for Experiment 2. Variant



Symbolic L/H5 Nonsymbolic L/H5 Symbolic comparison Nonsymbolic comparison



Block 1



Block 2



1



Range



4



Range



1



Range



4



Range



549 690 545 1179



518–580 628–752 511–579 924–1435



479 506 484 633



457–500 480–526 455–512 570–696



520 581 533 946



486–555 544–618 497–569 728–1164



468 481 479 551



449–488 459–503 449–509 502–600



Table 7 Mean accuracy (% accuracy) and range by block at distances 1 and 4 for Experiment 2. Variant



Symbolic L/H5 Nonsymbolic L/H5 Symbolic comparison Nonsymbolic comparison



Block 1



Block 2



1



Range



4



Range



1



Range



4



Range



92 91 92 90



89–94 88–94 89–95 87–93



98 96 96 98



96–100 95–98 93–100 96–100



90 89 93 89



86–94 87–91 90–95 86–92



96 96 96 98



94–98 94–98 93–98 96–100
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4.1. Convergent validity



Table 9 Between variant correlations (% accurate) for Experiment 2. Block 1



Symbolic L/H5 Nonsymbolic L/H5 Symbolic comparison Nonsymbolic comparison *



Block 2 Symbolic L/H5



Nonsymbolic L/H5



1.00



0.15 1.00



Symbolic comparison



Nonsymbolic comparison



0.29* 0.16



0.31* 0.28+



1.00



0.18



4.1.1.1. Symbolic comparison vs. nonsymbolic comparison. As is evident in Tables 11 and 12, neither of the symbolic variants and the nonsymbolic variants correlated with each other. This was true for both RTs and errors.



1.00



Denotes signiﬁcant at the p < .05 level. + Denotes marginally signiﬁcant.



Table 10 Within variant correlations for RTs (ms) and accuracy (% accurate). Variant



Symbolic L/H5 Nonsymbolic L/H5 Symbolic comparison Nonsymbolic comparison *



4.1.1. Symbolic comparison variants The correlation between each participant’s mean NDE score on the symbolic L/H5 variant and their mean NDE score on the symbolic comparison variant was found to be signiﬁcant in errors, r (94) = .22, p < .05, but not in RTs.



Reliability RTs



% Accurate



0.10 0.64* 0.14 0.84*



0.25+ 0.54* 0.00 0.54*



Denotes signiﬁcant at the p < .05 level. + Denotes marginally signiﬁcant.



3.2.3.2. Nonsymbolic lower/higher than ﬁve (L/H5). The correlation between a participant’s NDE in Block 1 and their NDE in Block 2 was highly signiﬁcant in RTs, r (46) = .84, p < .01, and marginal in errors, r (46) = .26, p = .08. 3.2.3.3. Symbolic comparison. The correlation between a participant’s NDE on Block 1 and their NDE on Block 2 was not signiﬁcant in RTs, r (46) = .14, p > .05 or errors, r (46) = .01, p > .05.



4.1.2. Reliability 4.1.2.1. Symbolic lower/higher than ﬁve (L/H5). The correlation between a participant’s NDE on Block 1 and their NDE on Block 2 was not found to be statistically signiﬁcant in RTs, r (94) = .07, p > .05, but was found to be signiﬁcant in errors, r (94) = .27, p < .01.



4.1.2.2. Symbolic comparison. The correlation between a participant’s NDE on Block 1 and their NDE on Block 2 was found to be statistically signiﬁcant in RTs, r (94) = .25, p < .05, but not in errors, r (94) = .10, p > .05.



4.1.2.3. Nonsymbolic comparison. The correlation between a participant’s NDE on Block 1 and their NDE on Block 2 was found to be statistically signiﬁcant, r (94) = .85, p < .01. A parallel analysis conducted on the error data yielded a signiﬁcant correlation, r (94) = .61, p < .01 (Table 13).



Table 11 Between variant correlations (ms) for combined data.



3.2.3.4. Nonsymbolic comparison. The correlation between a participant’s NDE on Block 1 and their NDE on Block 2 was highly significant in RTs, r (46) = .84, p < .01 and errors, r (46) = .54, p < .01 (Table 10). 3.3. Summary



Block 1



L/H5 Symbolic Nonsymbolic



Symbolic



Nonsymbolic



1.00



0.22* 1.00



0.08 0.05 1.00



Denotes marginally signiﬁcant. Denotes signiﬁcant at the p < .05 level.



Table 12 Between variant correlations (% accuracy) for combined data. Block 1



L/H5 Symbolic Nonsymbolic



Block 2 L/H5



Symbolic



Nonsymbolic



1.00



0.02 1.00



0.12 0.11 1.00



Table 13 Within variant correlations (% accuracy) for combined data.



4. Combined analysis of Experiments 1 and 2 Given there were a few discrepancies between the results from Experiments 1 and 2 (i.e., the reliability of the symbolic comparison task), we conducted analyses collapsing across the two data sets for the three common variant types (symbolic L/H5, symbolic comparison, and nonsymbolic comparison).



L/H5



+ *



Experiment 2 replicated the main results of Experiment 1 and extended them by assessing the reliability of a new variant (nonsymbolic L/H5) of the numerical comparison task. With respect to RTs, we found that the two symbolic tasks (those which used Arabic digits) correlate only marginally. However, we found that performance on the two nonsymbolic variants signiﬁcantly correlated with each other. In terms of reliability, the new nonsymbolic L/H5 variant was signiﬁcantly reliable on RTs. In addition, we replicated the ﬁndings of Experiment 1 concerning the reliability of the symbolic L/H5 task and the nonsymbolic comparison task. However, the symbolic comparison task, which was reliable in Experiment 1, was not reliable in Experiment 2.



Block 2



Variant



L/H5 Symbolic Nonsymbolic *



Denotes signiﬁcant at the p < .05 level.



Reliability RTs



% Accuracy



0.07 0.25* 0.85*



0.27* 0.10 0.61*
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4.2. Summary The results from the combined analysis conﬁrm that the NDEs elicited on the symbolic and nonsymbolic comparison variants, in fact, do not correlate with one another. In addition, the combined analysis further conﬁrms that, in terms of split-half reliability, the symbolic L/H5 variant is unreliable while the symbolic comparison variant and the nonsymbolic comparison variant are reliable. 5. General discussion The numerical distance effect (NDE) represents a frequently used measure in the ﬁeld of numerical cognition and plays a critical role in many theories of magnitude representation (see Ansari, 2008; Dehaene, 1997; Nieder, 2005 for reviews). While Holloway and Ansari (2009) assessed the convergent validity of different numerical comparison variants, the reliability of NDEs across different formats and paradigms has not been assessed. Establishing both the validity and the reliability of NDEs has important implications for how we interpret the results in both behavioral and neuroimaging studies. Against this background, we investigated whether or not the NDE elicited using symbolic stimuli and the NDE elicited using nonsymbolic arise as a function of the same or different underlying mechanisms. Results from two studies suggest that the mechanisms giving rise to the symbolic NDE and the nonsymbolic NDE are not the same, since the two distance effects were consistently not found to correlate with one another. The present study further reveals that, in terms of split-half reliability, the symbolic L/H5 variant has low reliability in RTs but is reliable in errors while the nonsymbolic L/H5 variant is reliable both in RTs and errors. Furthermore, both the symbolic comparison variant and the nonsymbolic comparison variant are reliable. The observation that the NDEs that arise when using symbolic stimuli and the NDEs that arise when using nonsymbolic stimuli do not correlate in RTs is consistent with Holloway and Ansari’s (2009) data from primary school children. We are thus able to extend their data to a sample of adults. Furthermore, the present investigation allowed us to assess whether or not the lack of correlation reported in Holloway and Ansari (2009) was due to a lack of reliability inherent in either variant. They assumed that the lack of a correlation between a participant’s NDE in symbolic numerical comparison and their NDE in nonsymbolic numerical comparison meant that the two NDEs arose due to different underlying mechanisms (i.e., they are not the same NDE). However, they did not rule out the possibility that even though the two measures were both indexing the same NDE, one or both were unreliable. In addition to addressing the reliability of the NDE, we extend the ﬁndings of Holloway and Ansari (2009) by asserting that the lack of correlation between the symbolic and the nonsymbolic comparison variants is likely not due to a lack of reliability of either variant used. Thus, it appears to be the case that the NDE observed with symbolic variants and the NDE observed with nonsymbolic variants of the task are arising as a result of different underlying mechanisms. 5.1. Implications for individual and group differences The results of the present investigation have important implications for researchers who use the NDE to study individual and group differences. Speciﬁcally, using an unreliable measure makes it more difﬁcult to detect between group differences in mean NDE, between group differences in NDE-related brain activation, and between group differences in NDE-related measures on diagnostic batteries. Given that using measures with low reliability can sub-



stantially diminish the likelihood of detecting existing differences between groups, researchers should be cautious in interpreting any null effects when using symbolic numerical comparison tasks. We caution against the symbolic comparison variant because, while it is statistically reliable, a split-half correlation of .25 is still considered to be very poor (Murphy & Davidshofer, 2005). While a split-half correlation of .25 is still reliable enough that it can correlate with other measures (certainly in our combined analysis the symbolic comparison variant and the symbolic L/H5 variant did correlate), the power to detect a correlation between two measures diminishes with decreasing reliability. Our results indicate that we should exercise caution when trying to infer results from the various tasks that produce an NDE. 5.2. Theoretical implications Beyond the methodological implications of the present ﬁndings, the data reported in the present paper have a number of potential theoretical implications. The ﬁndings suggest that symbolic and nonsymbolic distance effects not only differ in terms of their reliability, but are also uncorrelated with one another. This implies that these effects index different cognitive processes during numerical magnitude comparisons that vary as a function of stimulus format. It has been proposed that while symbolic and nonsymbolic numerical magnitudes rely on a common internal, place-coded (each number occupies a speciﬁc place on a ‘mental number line’) representation, the input-to-representation mapping pathways differ between symbolic and nonsymbolic formats for the representation of numerical magnitude. Speciﬁcally Verguts and Fias (2004) demonstrated, using computational modeling, that nonsymbolic numerical magnitude processing involves an intermediate step of generating a summation code, whereby nonsymbolic inputs are summed so that they can be linearly transformed into an internal, format-independent, place-coded representation. Such a step is not computationally necessary for symbolic representations. Thus, symbolic inputs (such as Arabic numerals) can be directly mapped onto an internal-place-coded representation. Thus, both symbolic and nonsymbolic stimuli will both activate the same place-coded magnitude representation on the number line but the input-to-representation pathways are different. The notion of different input-to-representation pathways for symbolic and nonsymbolic representation of numerical magnitude has been substantiated by a number of recent functional brain imaging studies (Holloway, Price, & Ansari, 2010; Santens, Roggerman, Fias, & Verguts, 2010). Furthermore, the lack of an intermediate step for summation coding also implies that the tuning curves of the place-coded symbolic representations are narrower than the nonsymbolic tuning curves. Therefore, symbolic, place-coded internal representation of numerical magnitude are hypothesized to be characterized by less overlap between adjacent place-coded representations on the internal ‘mental number line’ than nonsymbolic, place-coded representations. In essence, the Arabic digit ‘‘2” and two squares will both activate the same magnitude ‘‘two” on the internal number line. However, because we can go directly from the Arabic digit ‘‘2” to the corresponding magnitude and do not need the intermediate step of summation coding that is required when we process nonsymbolic stimuli, the tuning curve around that representation is more precise than when it is accessed using two squares. Taken together, this account predicts that both symbolic and nonsymbolic representations are place-coded, but that the tuning curves of numerical magnitudes on the place-coded representation are narrower for symbolic compared to symbolic representations. The present data are certainly consistent with this theory as, in Experiment 2, the mean size of the nonsymbolic NDE (306 ms is signiﬁcantly larger than the mean size of the symbolic NDE (59 ms). This same pattern holds true for Experiment 1, as
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well as in the combined analysis. Indeed, recent neuroimaging ﬁndings have indicated that the tuning curves for symbolic numerical magnitude in the left intraparietal sulcus are more precise than those for nonsymbolic numerical magnitude (Piazza, Izard, Pinel, Le Bihan, and Dehaene, 2004). It is thus possible that the lack of a correlation between symbolic and nonsymbolic distance effects in the present paper and in the earlier reported ﬁndings by Holloway and Ansari (2009) reﬂect differences in the way in which numerical magnitudes are accessed from symbolic and nonsymbolic numerical stimuli. An alternative explanation for the lack of a correlation between symbolic and nonsymbolic magnitudes is that these index qualitatively different representations of numerical magnitude in the brain (for a discussion of stimulus-dependent, non-abstract representations of numerical magnitude see Cohen Kadosh and Walsh, 2007). So rather than the input-to-representation pathways differing as a function of the external format within which numerical magnitudes are represented, this theory predicts that each format is represented differently in the brain. It is important to note that the extent to which the NDE indexes representations of numerical magnitude has been disputed. Specifically, Van Opstal et al. (2008) demonstrated that while a comparison distance effect can be found for both letters and numbers, a priming distance effect is only observed for numbers but not for letters. Against the background of these ﬁndings, Van Opstal et al. argue that the comparison distance effect does not index overlapping representations of numerical magnitude, since these cannot be assumed during the comparison of letters. Instead, these authors contend that the comparison distance effect (such as the one measured in both experiments above) indexes processes related to the resolution of the response alternatives during number comparison. It is thus possible that symbolic and nonsymbolic numerical magnitude comparison tasks do not index either different input-to-representation mapping pathways or qualitatively different representations, but instead reﬂect differences in the demands they place on the response–selection component of numerical magnitude comparison, which may give rise to a different distance effect. In future studies, these alternative explanations should be explored further by investigating the reliability and validity of symbolic and nonsymbolic priming distance effects as well as the exploration of these effects using functional neuroimaging.



6. Conclusion We have assessed the convergent validity of the NDE and determined that although the NDE can be elicited using both symbolic and nonsymbolic stimuli, these NDEs do not correlate. We have also assessed the reliability of four different measures of the NDE. We demonstrated that the nonsymbolic variants are highly reliable, the symbolic numerical comparison variant is reliable (however, the Block 1–Block 2 correlations were low), and the symbolic L/H5 variant is unreliable. Taken together, these ﬁndings suggest that a great deal of caution should be exercised when using symbolic comparison tasks, in particular the L/H5 variant, to glean insight from null effects. Outside of the scope of numerical cognition, these ﬁndings highlight the importance of moving beyond solely looking for replicable measures towards an assessment of replication, reliability and construct validity of effects used to garner insights into cognitive processes.
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