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Abstract In both behavioural and brain-imaging studies, numerical magnitude comparison tasks have been used to glean insights into the processing and representation of numerical magnitude. The present study examined the extent to which eye movement data can be used to investigate the neurocognitive processes underlying numerical magnitude processing. Twenty-two participants performed a numerical comparison task (deciding which of two Arabic numerals represents the larger numerical magnitude) while eye tracking data was recorded. The ratio between numbers (smaller/larger) was manipulated and ranged from 0.11 to 0.89. Consistent with previous reaction time and accuracy studies, the present results demonstrated significant main effects of ratio on the number of fixations, as well as a significant main effect of correct (numerically larger) versus incorrect (numerically smaller) number on the duration of fixations. Furthermore, data from the present investigation also revealed that participants made significantly more saccades between the two numbers for large relative to small ratio trials. Moreover, the ratio effects on eye movements were uncorrelated with the effect of numerical ratio on reaction times, suggesting that eye tracking measures of number comparison may tap into a different level of numerical magnitude processing than reaction time measures do. Keywords Ratio effect  Numerical comparison  Numerical magnitude  Eye tracking  Number processing
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Introduction Studying human eye movement patterns can lead to insights into the cognitive processes involved in performing a variety of experimental tasks. In the domain of numerical cognition, there exist several well-known effects that have been replicated for many years and have been investigated using both behavioural and functional neuroimaging methods. However, there are currently only a surprisingly small number of investigations (Fischer et al. 2003, 2004) that have employed eye tracking to glean insights into numerical cognition, and the effects of number processing variables on eye movements have yet to be systematically investigated. Moyer and Landauer (1967) were the first to investigate the time required to compare the numerical magnitude of pairs of numbers. They asked participants to choose the numerically larger of two Arabic numerals and measured the participants’ reaction time and accuracy. Their results revealed a significant negative correlation between reaction time and number of errors and the numerical difference between the two numbers. In other words, the larger the numerical difference is between two numerical magnitudes, the faster and less erroneous judgements of relative numerical magnitude are. This effect is known as the numerical distance effect (NDE). Various models have been put forward to explain the NDE. On the one hand, it has been postulated that the NDE reflects an analog representation of numerical magnitude where the representational distributions of numbers closer together overlap more and are thus harder to discriminate than those that are relatively far apart from each other (Dehaene and Changeux, 1993). On the other hand, it has been argued that the distance effect is not reflective of overlapping, analog representation, but instead results from
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competition between representation (that may not be analog) at the level of response selection (Van Opstal et al. 2008; Zorzi and Butterworth, 1999). While these models differ in their characterization of the cognitive processes indexed by the NDE, they all converge to suggest that the NDE is an important measure of numerical magnitude processing. A complementary effect to the NDE is the ratio effect. This effect reveals that accuracy decreases and reaction time increases when numerical distance is held constant but the absolute size of the numbers being compared increases. Moyer and Landauer concluded that, consistent with Weber’s law, the ratio of two stimuli numerals is more strongly associated with reaction time than the absolute difference (numerical distance) between the two numerals is. While many behavioural (Cantlon and Brannon, 2006; Dehaene et al. 1990) and neuroimaging (Pinel et al. 2001) studies have been conducted on the numerical distance and ratio effects, one area that has yet to be extensively studied is the contribution of eye movements to the understanding of the neurocognitive processing underlying relative magnitude comparison. A great advantage of eye tracking measures is that they allow for a more precise temporal measure of mental processes than reaction time or accuracy measures (Desroches et al. 2006). Reaction time indicates how long participants take to respond to stimuli, but gives no indication of what mental processes occur during that time leading up to the response. Eye tracking, on the other hand, provides a measure of where, when, and how long participants fixated on certain stimuli. From these data, more precise hypotheses of what mental processes occur when performing a particular experimental task can be derived and tested. Furthermore, the comparison of behavioural and eye tracking data can reveal the extent to which they provide convergent analysis and/or reveal distinct aspects of cognitive processes. If dissociations exist between behavioural and eye tracking measures, then it can be hypothesized that eye tracking assesses unique cognitive processes. If, on the other hand, measures of the ratio effect on eye movements and reaction times are highly correlated, then it can be contended that eye tracking merely provides a different measure for assessing the same cognitive processes. Against this background, the present study reports an examination of eye movements while participants performed relative magnitude judgements. Eye tracking data was recorded as participants performed a numerical magnitude comparison task. We hypothesized that numerical ratio would have an effect on human eye movement patterns. In order to understand the relationship between behaviour (reaction time and accuracy) and eye tracking measures of the ratio effect, the correlations between effects of eye tracking on eye tracking measures and reaction times were examined.
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Method Participants Twenty-five students (17 females and 8 males) at the University of Western Ontario participated in the study. Participants’ ages ranged from 18–29 (M = 21.68, SD = 2.70). Apparatus Eye tracking data was recorded at 120 Hz using a 1700 Tobii T120 eye tracker (Tobii, Stockholm, Sweden). E-Prime Extensions for Tobii Software was used to present stimuli and record the dependent measures of participants’ eye movements (Psychology Software Tools, Inc., Pittsburgh, PA). The stimuli consisted of pairs of single-digit Arabic numerals between 1 and 9, presented in randomized order (See Appendix). The numbers were displayed in 58 point font. The numerical ratio (smaller number divided by larger number) between the two numbers was manipulated across stimuli. The six small ratios used were 0.11, 0.13, 0.14, 0.16, 0.2, and 0.22. The six medium ratios used were 0.4, 0.43, 0.44, 0.5, 0.56, and 0.57. The six large ratios used were 0.78, 0.8, 0.83, 0.86, 0.88, and 0.89. Each number pair was presented eight times for a total of 144 trials. Two areas of interest (AOI) were defined: number left and number right. Number left and number right were each 466 square centimetres large and were adjacent to each other. Fixation count and fixation duration were measured for each area of interest, and saccades were defined as eye movements between the two areas of interest. Procedure Participants were tested individually in a quiet room, and chair height and lighting were adjusted for optimum calibration. The stimuli were presented on the eye tracker monitor, and participants were asked to choose the numerically larger of the two numbers by pressing a button on the corresponding side. Each number pair was displayed for 1,000 ms. A ‘track status’ window was displayed between trials to allow participants’ eye movements to be calibrated before the onset of every trial.



Results Reaction time and accuracy data Three participants were excluded from the analysis due to missing eye tracking data. Only correct trials were included in our analysis. Outliers were removed from the reaction time data prior to running the analysis. Mean reaction time



Exp Brain Res (2010) 206:455–460



was calculated for each participant, and reaction time values that were not within two standard deviations of the mean were removed. A repeated measures analysis of variance (ANOVA) was performed to determine the effect of ratio on reaction time. Results revealed a significant main effect of ratio, F(2) = 83.192, P \ 0.001. Participants took longer to respond on large ratio trials (M = 545.27, SD = 78.54) relative to medium ratio trials (M = 498.55, SD = 67.49) and were even faster on small ratio trials (M = 468.63, SD = 67.49). A repeated measures ANOVA was performed to determine the effect of ratio on accuracy. Results revealed a significant main effect of ratio, F(2) = 31.691, P \ 0.001. Participants were more accurate on small ratio trials (M = 0.99, SD = 0.026) than on medium ratio trials (M = 0.97, SD = 0.027), and large ratio trials (M = 0.91, SD = 0.056). Eye movement data Only correct trials were included in our analysis. The analysis of eye movements focused on three dependent variables: fixation count, fixation duration, and saccades. A fixation was recorded when a participant fixated on an area of interest (AOI) for at least 50 ms. The two areas of interest in the present study were number left and number right. For each trial, the number of fixations on the correct number (numerically larger) and the incorrect number (numerically smaller) was measured. Fixation duration was recorded in milliseconds for each fixation. We coded the duration of each fixation on the left or right number as fixation duration for either correct or incorrect number for each trial. A saccade was measured when a participant shifted their gaze from one area of interest to the other.
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across both correct an incorrect trials, giving rise to the main effect of ratio. The interaction between correct versus incorrect and ratio size failed to reach significance. Fixation duration A repeated measures ANOVA was performed to determine whether there were any differences in fixation duration on correct (numerically larger) and incorrect (numerically smaller) numbers as a function of numerical ratio. This analysis revealed a significant main effect of correct versus incorrect, F(1,21) = 15.29, P \ 0.01. The main effect of ratio approached significance, F(2,20) = 3.44, P = 0.052. Participants fixated longer on the correct number in large (M = 503.21, SD = 85.83), medium (M = 499.49, SD = 118.64), and small ratio trials (M = 519.82, SD = 134.39), than on the incorrect number in large (M = 339.78, SD = 97.03), medium (M = 350.14, SD = 122.98), and small ratio trials (M = 334.70, SD = 137.86). The interaction between correct versus incorrect and ratio size failed to reach significance. Number of saccades A repeated measures ANOVA was performed to determine the effect of ratio on the number of saccades. Results revealed a significant main effect of ratio, F(2) = 4.85, P \ 0.05. Participants made more saccades on large ratio trials (M = 0.69, SD = 0.47) than on small ratio trials (M = 0.53, SD = 0.30), t(21) = 2.98, P \ 0.01. The ttests between medium ratio trials (M = 0.60, SD = 0.38) and small and large ratio trials failed to reach significance. Relationships between behavioural and eye tracking ratio effects



Fixation count A repeated measures ANOVA was performed to determine whether there were any differences in fixation count on correct (numerically larger) and incorrect (numerically smaller) numbers between small and large ratio trials. Results revealed significant main effects of correct versus incorrect, F(1,21) = 7.99, P \ 0.05, and ratio, F(2,20) = 4.18, P = \ 0.05. Participants made more fixations on the correct number in large (M = 0.92, SD = 0.28), medium (M = 0.86, SD = 0.25), and small ratio trials (M = 0.81, SD = 0.22) than on the incorrect number in large (M = 0.77, SD = 0.21), medium (M = 0.76, SD = 0.20), and small ratio trials (M = 0.73, SD = 0.20). The data reveal that the main effect of correct versus incorrect is driven by greater number of fixations on the correct number across ratios. Furthermore, as can be seen from the above means, the number of fixations increased with ratio



Pearson’s correlations were calculated to examine the relationship between numerical ratio (treated as a continuos variable), the behavioral measures, and the eye tracking data. The mean reaction time, accuracy, number of fixations, duration of fixations, and number of saccades were calculated for each ratio, and correlations were calculated between these measures and ratio (see Table 1). There were strong correlations between ratio and the mean number of saccades (r(16) = 0.725, P \ 0.01), the mean number of fixations (r(16) = 0.710, P \ 0.01), the mean duration of fixations (r(16) = -0.669, P \ 0.01), the mean reaction time (r(16) = 0.934, P \ 0.01), and the mean accuracy (r(16) = -0.800, P \ 0.01). All of the dependent measures correlated with each other, except for mean number of fixations and mean accuracy. Individual measures of the magnitude of the ratio effects for each variable were calculated by subtracting
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Table 1 Correlations between ratio, behavioural measures, and eye tracking measures Measure



1



2



3



4



5



6



1. Ratio



–



0.725**



0.710**



-0.669*



0.934**



-0.800**



2. Mean saccades



–



–



0.997**



-0.563*



0.753**



-0.487*



3. Mean number of fixations



–



–



–



-0.548*



0.729**



-0.448



4. Mean duration of fixations



–



–



–



–



5. Mean reaction time



–



–



–



–



-0.740** –



6. Mean accuracy



–



–



–



–



–



0.585* -0.888** –



* Significant at the 0.05 level ** Significant at the 0.01 level Table 2 Correlations between behavioural and eye movement ratio effects Measure



1



2



1. Reaction time ratio effect



–



-0.043



2. Accuracy ratio effect



3



–



3. Number of fixations correct ratio effect



4



5



6



7



-0.076



0.262



-0.239



0.206



0.400



0.185



0.074



-0.065



0.440*



0.645**



-0.656**



0.559**



-0.782**



0.744**



–



-0.163



4. Number of fixation incorrect ratio effect



–



5. Duration of fixations correct ratio effect



–



6. Duration of fixations incorrect ratio effect



-0.987** –



7. Number of saccades ratio effect



0.170



0.722** -0.204 0.167 –



* Significant at the 0.05 level ** Significant at the 0.01 level



the small ratio data for a given dependent variable from the large ratio data, and correlations were run between these measures of the ratio effect (see Table 2). The effect of ratio on the number of fixations on the correct number was strongly correlated with the effect of ratio on the duration of fixations on the correct number (r(21) = 0.645, P \ 0.01), the effect of ratio on the duration of fixations on the incorrect number (r(21) = -0.656, P \ 0.01), and the effect of ratio on the number of saccades (r(21) = 0.559, P \ 0.01). The effect of ratio on the number of fixations on the incorrect number was also strongly correlated with the effect of ratio on the duration of fixations on the correct number (r(21) = -0.782, P \ 0.01), the effect of ratio on the duration of fixations on the incorrect number (r(21) = 0.744, P \ 0.01), and the effect of ratio on the number of saccades (r(21) = 0.722, p \ 0.01). The effect of ratio on the duration of fixations on the correct number was strongly negatively correlated with the effect of ratio on the duration of fixations on the incorrect number, r(21) = -0.987, P \ 0.01. The effect of ratio on accuracy was only found to be correlated with the effect of ratio on the number of saccades r(21) = 0.440, P \ 0.01. In contrast, the ratio effect on reaction times did not correlate with any of the ratio effects on measures of eye movements. Thus while there were correlations within, on the hand, the eye tracking measures and, on the other, the reaction time and
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accuracy indices of the ratio effects, almost no correlations were found between the two.



Discussion It has repeatedly been demonstrated that people are quicker and more accurate at judging the numerically larger of two numbers when the numerical distance between them is larger compared to when it is smaller. Furthermore, the time it takes to make this judgment is even more closely related to the numerical ratio of the two numbers than the absolute distance between them (Moyer and Landauer, 1967). In addition, functional neuroimaging methods have revealed that numerical ratio and distance have an effect on the activation of the intraparietal sulcus (e.g. Pinel et al. 2001). In view of both the behavioural and neuroimaging literature, we hypothesized that the ratio between numbers would have an effect on eye movements. As predicted, significant main effects of ratio and of correct versus incorrect number were found on the number of fixations. A significant main effect of ratio was also found on the duration of fixations. In addition to the measures of fixation count and duration, the present results reveal that participants made significantly more saccades in the large ratio trials than in the
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small ratio trials. Because either the representational features are more overlapping (Dehaene and Changeux, 1993) or the decision-related processes are more demanding (Van Opstal et al. 2008) when the numerical ratio is large, participants may require a second look at one or both numbers in order to determine which of the two Arabic numerals is numerically larger. These data reveal that, during the judgement of relative numerical magnitude, the ratio between two numbers has a significant effect on measures of eye movements. While this is a useful observation, one might argue that such effects are entirely predictable from the vast literature revealing effects of numerical distance and ratio on reaction times and accuracy. The present results speak against such a view of these data and instead suggest that the measures of eye movements during number comparison may reveal processes that cannot be uncovered by behavioural measures alone. Evidence for the notion that the present effects of numerical ratio on eye movements index cognitive processes that differ from those that can be gleaned from measures of reaction time and accuracy comes from the analysis of correlations between behavioural (accuracy and reaction times) and eye tracking measures of the ratio effect. These results indicate that while the eye tracking measures of the ratio effect are all correlated with each other, the only significant correlation between behavioural and eye tracking measures of the ratio effect was found between the effect of ratio on accuracy and on the number of saccades. It could be hypothesized that the reaction time measure represents a cumulative index of all the processes that contribute to differences in the time it takes to judge numerical magnitudes separated by a relatively large compared to a relatively small numerical ratio. Eye tracking measures, in contrasts, may more specifically reflect the processes (such as accumulation of evidence) contributing to the decision of which numeral represents the larger numerical magnitude. As mentioned in the introduction, there exists a significant debate over what processes and representations give rise to the numerical distance and ratio effects. The use of both behavioural and eye tracking measures may help to uncover multiple levels of the ratio effect as the processing of numerical magnitude unfolds and, therefore, promises to enrich existing models of the neurocognitive basis of the numerical ratio effect. Taken together, the results of this study suggest that the size of the ratio between numbers not only affects accuracy and reaction time on a numerical comparison task, but also modulates measures of eye movements. However, in addition to showing that numerical ratio affects eye tracking data, the present results reveal that these measures are unrelated to reaction time indices of the same effect, thereby suggesting that the eye tracking measures of
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numerical magnitude processing may provide a previously unexplored level of analysis that could add to existing models of numerical magnitude processing.



Appendix See Table 3. Table 3 Number pairs Ratio



First number



Second number



0.2



1



5



0.16



1



6



0.14



1



7



0.13



1



8



0.11



1



9



0.4



2



5



0.22



2



9



0.5



3



6



0.43



3



7



0.8



4



5



0.57 0.44



4 4



7 9



0.83



5



6



0.56



5



9



0.86



6



7



0.88



7



8



0.78



7



9



0.89



8



9
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