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Workload Assessment for Mental Arithmetic Tasks using the

Task-Evoked Pupillary Response

Gerhard Marquart, Joost de Winter

Pupillometry is a promising method for assessing mental workload and could be helpful in

the optimization of systems that involve human-computer interaction. The present study

focuses on replicating the pupil diameter study by Ahern (1978) for mental multiplications

of varying difficulty, using an automatic remote eye tracker. Our results showed that the

findings of Ahern were replicated and that the mean pupil diameter and mean pupil

diameter change (MPDC) discriminated just as well between the three difficulty levels as

did a self-report questionnaire of mental workload (NASA-TLX). A higher mean blink rate

was observed during the multiplication period for the highest level of difficulty in

comparison with the other two levels. Moderate to strong correlations were found between

the MPDC and the proportion of incorrect responses, indicating that the MPDC was higher

for participants with a lower performance. For practical applications, validity could be

improved by combining pupillometry with other physiological techniques.
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10
11
12 Pupillometry is a promising method for assessing mental workload and could be helpful in the optimization of 

13 systems that involve human-computer interaction. The present study focuses on replicating the pupil diameter study 

14 by Ahern (1978) for mental multiplications of varying difficulty, using an automatic remote eye tracker. Our results 

15 showed that the findings of Ahern were replicated and that the mean pupil diameter and mean pupil diameter change 

16 (MPDC) discriminated just as well between the three difficulty levels as did a self-report questionnaire of mental 

17 workload (NASA-TLX). A higher mean blink rate was observed during the multiplication period for the highest 

18 level of difficulty in comparison with the other two levels. Moderate to strong correlations were found between the 

19 MPDC and the proportion of incorrect responses, indicating that the MPDC was higher for participants with a lower 

20 performance. For practical applications, validity could be improved by combining pupillometry with other 

21 physiological techniques.

22
23
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25
26 Introduction

27 Mental workload is an important psychological construct that is challenging to assess on a continuous basis. A 

28 commonly used definition of mental workload is the one proposed by Hart and Staveland (1988). These authors 

29 defined workload as the �cost incurred by human operators to achieve a specific level of performance�. A valid and 

30 reliable assessment method of workload could be helpful in the optimization of systems that involve human-

31 computer interaction, such as vehicles, computers, and simulators. One promising method for measuring workload is 

32 pupillometry, which is the measurement of the pupil diameter (e.g., Granholm & Steinhauer, 2004; Marshall, 2007; 

33 Schwalm et al., 2008; Klingner et al., 2008; Palinko et al., 2010; Goldinger & Papesh, 2012; Laeng et al., 2012).

34
35 Two antagonistic muscles regulate the pupil size, the sphincter and the dilator muscle. Activation of these muscles 

36 results in the constriction and dilation of the pupil, respectively. During a mentally demanding task, the pupils have 

37 been found to dilate up to 0.5 mm, which is small compared to the maximum dilation of about 6 mm caused by 

38 changes in lighting conditions. The involuntary reaction is also called the task-evoked pupillary response (TEPR; 

39 Beatty, 1982). In the past, TEPRs were obtained at 1 to 2 Hz by motion picture photography (Hess & Polt, 1964). 

40 This required researchers to measure the pupil diameter manually frame by frame (Janisse, 1977). Nowadays, 

41 remote non-obtrusive eye trackers are increasingly being used to automatically measure TEPRs, as these devices are 

42 getting more and more accurate. 

43
44 Over the years, researchers have encountered a few challenges in pupillometry. Reflexes of the pupil to changes in 

45 luminance, for example, may undermine the validity of TEPRs. One way to achieve this is by strictly controlling 

46 luminance, but this limits the usability of pupillometry. Marshall (2000) reported to have found a valid way to filter 

47 out the pupil light reflex using wavelet transform techniques. She patented this method and dubbed it the �index of 

48 cognitive activity�. The influence of gaze direction on the measured pupil size is another issue. Whereas Pomplun 

49 and Sunkara (2003) reported a systematic dependence of pupil size on gaze direction, Klingner et al. (2008) argued 

50 that the ellipse-fitting method for the estimation of the pupil size is not affected by perspective distortion.

51
52 In the last few decades many researchers have investigated the pupillary response for different types of tasks. 

53 Typically, the dilation was found to be higher for more challenging tasks (Beatty & Kahneman, 1966; Ahern, 1978). 

54 Not only task demands have been found to influence the pupil diameter, but also factors like anxiety, stress, and 

55 fatigue. Tryon (1975) and Janisse (1977) extensively reviewed known sources regarding variation in pupil size. 

56 Back then, Janisse (1977) commented on the underexplored area of individual differences in intelligence. Ahern 
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57 (1978) continued on this topic and discovered that persons scoring higher on intelligence tests showed smaller 

58 pupillary dilations on tasks of fixed difficulty. In a more recent study, Van Der Meer et al. (2010) found greater 

59 pupil dilations for individuals with high fluid intelligence than with low fluid intelligence during the execution of 

60 geometric analogy tasks. Thus, the results are not consistent and demand further investigation.

61
62 The present study focuses on replicating the film-based pupil diameter study by Ahern (1978) for mental 

63 multiplications of varying difficulty (43 participants, 1376 trials), and is intended as a follow-up study of Klingner 

64 (2010). Klingner replicated Ahern�s results with an automatic remote eye tracker and found a clear difficulty effect, 

65 with the more difficult multiplications showing a greater dilation. With more participants (30 vs. 12) and trials (1350 

66 vs. 431) than Klingner, the present study aims to analyze the TEPRs for three levels of difficulty in high temporal 

67 detail, to provide new insights into individual differences, and to compare the effect sizes between the pupil 

68 diameter and a classic subjective measurement method of workload, the NASA-TLX. Additionally, the mean pupil 

69 diameter change rate (MPDCR) will be examined, which is a new measure introduced by Palinko et al. (2010). He 

70 expected it to be useful in assessing moment-to-moment changes in mental workload. Lastly, this study discusses 

71 the feasibility of using the pupil diameter in practical applications. One example of such an application is adaptive 

72 automation, which is �an approach to automation design where tasks are dynamically allocated between the human 

73 operator and computer systems� (Byrne & Parasuraman, 1996). As mentioned above, reliability and validity are 

74 crucial in this.

75
76 The digits in the task in this study were presented visually, in contrast to the experiment conducted by Ahern, where 

77 the digits were presented aurally. This was done to gain more temporal consistency in the presentation duration of 

78 the numbers. Like Klingner (2010), the pupil diameter was recorded with an automatic remote eye tracker.

79
80 Method

81
82 Ethics Statement

83 The research was approved by the Human Research Ethics Committee (HREC) of the Delft University of 

84 Technology (TU Delft). ('Workload Assessment for Mental Arithmetic Tasks using the Task-Evoked Pupillary 

85 Response', date: January 29, 2015). All participants provided written informed consent.

86
87 Participants

88 Thirty participants (2 women and 28 men), aged between 19 and 38 years (mean = 23, SD = 4.1 years) were 

89 recruited to volunteer in this experiment (25 MSc/BSc, 3 PhD, and 2 graduate students). Individuals wearing glasses 

90 or lenses were excluded from participation. All participants read and signed an informed consent form, explaining 

91 the purpose and procedures of the experiment and received �5 in compensation for their time.

92
93 Equipment

94 The SmartEye DR120 remote eye tracker, with a sampling rate of 120 Hz, was used to record the participant�s pupil 

95 diameter, eyelid opening, and gaze direction while sitting behind a desktop computer (see Fig. 1, left). The pupil 

96 diameter was estimated by averaging the five longest lines found in the pupil (Wilhelm, 2010). This method is 

97 comparable to the ellipse-fitting method, since they are both unaffected by perspective distortion. In order to obtain 

98 accurate measurements, a headrest was used to avoid head displacements. The eye tracker was equipped with a 24-

99 inch screen, which was positioned approximately 65 cm in front of the sitting participant and was used to display 

100 task-relevant information. The outcome of a task had to be entered using the numeric keypad of a keyboard. The 

101 experiment took place in a room where there was office lighting and where daylight could not enter. A screen 

102 background with variable brightness was used, which was designed to minimize the pupillary light reflex in case a 

103 participant looked away from the center of the screen (see Fig. 1, right; Marquart, 2015). 

104
105 Procedure

106 The participants were requested to perform 50 trials of mental arithmetic tasks (multiplications of two numbers), 

107 five of which were used as a short training. The remaining 45 trials were sorted by the outcome of their 

108 multiplication and evenly divided into 3 sessions of varying difficulty (easy, medium, and hard; see Appendix A). 

109 Level 1 contained the 15 easiest multiplications (outcomes ranging between 72 and 117), Level 2 contained 15 

110 multiplications of intermediate difficulty (outcomes between 119 and 192), and Level 3 contained the 15 hardest 

111 multiplications (outcomes between 196 and 324). 

112
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113 The sequence of the three sessions was counterbalanced across the participants. Each trial was initiated by the 

114 participant with a button press and started with a 4 second accommodation period, followed by a 1 second visual 

115 presentation of two numbers (multiplicand and multiplier) between 6 and 18, with a 1.5 second pause in between. 

116 The participants were asked to multiply the two numbers and type their answer on the numeric keypad 10 seconds 

117 after the multiplier disappeared (see Table 1). Thus, the total duration of one trial was 17.5 seconds (4 + 1 + 1.5 + 1 

118 + 10). When the numbers were not presented, a double �X� was shown to avoid pupillary reflexes caused by 

119 changes in brightness or contrast. 

120
121 After each session, participants were asked to fill out a NASA-TLX questionnaire to assess their subjective 

122 workload on six facets: mental demand, physical demand, temporal demand, performance, effort, and frustration 

123 (Hart & Staveland, 1988). All questions were answered on a scale from 0 % (very low) to 100 % (very high). For the 

124 performance question, 0 % meant perfect and 100 % was failure. The participants� overall subjective workload was 

125 obtained by averaging the scores across the six items. The total duration of the experiment was approximately 30 

126 minutes. 

127
128 Instructions to Participants

129 Before the experiment started, the participants were requested to position themselves in front of the monitor with 

130 their chin leaning on the headrest. They were instructed to stay still and keep their gaze fixed and focus (not stare) at 

131 the center of the screen throughout a trial. In addition, participants were asked to blink as little as possible, obviously 

132 without causing irritation, and to start each trial with �a clear mind� (i.e., not thinking about the previous trial). If the 

133 participants could not complete the multiplication in time, they were instructed to enter zero as their answer.

134
135 Data Processing

136 The data were processed in two steps. In the first step, the missing values in the pupil diameter data (lost during 

137 recording) were removed and the signals were repaired with linear interpolation (see Fig 2, left, for an illustration). 

138 On average, 1.2% of the data were lost, so this processing step did not significantly influence the results. Step two 

139 included the removal of the blinks and the poor-quality data. During a blink, the eyelid opening rapidly diminishes 

140 to zero and then increases in a few tenths of a second until it is fully open again. It is impossible to track the pupil 

141 diameter while blinking. These instances in time were removed from the data (for a detailed description of how the 

142 blinks were identified and removed, see Appendix B). The pupil diameter quality signal (provided by SmartEye 

143 software) was used to filter out the poor quality data. This signal ranges from 0 to 1, with values close to 1 

144 indicating a good quality (SmartEye AB, 2013). All data points with a pupil diameter quality below 0.75 were 

145 removed. Trials containing less than 70% of the original data were excluded from the analysis. Of the initial 1350 

146 trials from 30 participants, 1110 trials spread of 29 participants passed these criteria. The results of one participant 

147 (45 trials) were discarded completely. The gaps in the remaining trials were again filled using linear interpolation 

148 (see Fig 2, right), a process that does not substantially alter the data according to Beatty and Lucero-Wagoner 

149 (2000). 

150
151 The last 0.4 seconds of the accommodation period (3.6�4 s) were defined as the pupillary baseline, as was done by 

152 Klingner (2010). The mean pupil diameter of the baseline period of each trial was subtracted from each trial to 

153 accommodate for any possible shifts or drifts. The mean pupil diameter change (MPDC) for each participant was 

154 then obtained by averaging all trials per level of difficulty. Similarly, the mean pupil diameter (MPD) for each 

155 participant was obtained but then without subtracting the mean pupil diameter of the baseline period. The MPDCR 

156 was calculated for each participant as the average velocity (mm/sample) or change in MPD between two points in 

157 time. In order to compare the three difficulty levels, the MPD and MPDC were analyzed at eight fixed points in time 

158 from the multiplier and calculation periods. Both measures were reported such that a complete picture of the 

159 pupillary behavior could be given (Beatty & Lucero-Wagoner, 2000). The MPDCR was assessed across the seven 

160 interim periods. 

161
162 In addition to these analyses, the mean blink rate (MBR) for two different periods in time was calculated and 

163 Pearson�s r correlation coefficients were obtained between the MPDC and the NASA-TLX and responses. Cohen�s 

164 dz effect size (see Eq. 1) was calculated to determine at which points in time the differences in MPDC between the 

165 three levels of difficulty were largest.

166
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169 Statistical Analyses

170 The pupil diameter measures (MPD, MPDC, and MPDCR), the blink rates (MBR), and the results of the NASA-

171 TLX questionnaire were analyzed with a one-way repeated measures ANOVA. Tukey�s honest significant 

172 difference test was used with a significance level of 0.05 to determine whether pairs of conditions were significantly 

173 different from each other. To determine whether the Pearson correlation coefficients were significantly different 

174 from zero, a Bonferroni correction was applied. Thus, because 24 correlation coefficients were calculated (8 points 

175 in time * 3 levels of difficulty), the significance level was reduced to 0.002 (0.05/24).

176
177 Results

178
179 Mean Pupil Diameter (MPD)

180 The mean pupillary response during the mental multiplication task of 29 participants is shown in Figure 3a. It can be 

181 seen that the MPD was higher for the higher of levels of difficulty at all points in time. The pattern of the MPD was 

182 similar for all levels during the first ten seconds. Hereafter, the response seems different for each level and was split 

183 for further analysis in seven periods with eight points (see Fig. 3b). The points are indicated by a �P� and the 

184 numbers of the periods are shown in parentheses.

185 The means and standard deviations of the MPD for the eight points in time and three levels of difficulty are shown 

186 in Table 2, together with the effect sizes and the p-values of the one-way repeated measures ANOVA and the 

187 pairwise comparisons. The results confirm that the MPD was significantly higher for the more difficult levels at all 

188 points in time and between most of the conditions.

189
190 Mean Pupil Diameter Change (MPDC)

191 Figures 4a shows the MPDC of 29 participants as a function of the level of difficulty. As mentioned above, this 

192 measure takes into account the shift of the baseline by subtracting the mean of the baseline period of each trial. The 

193 difference between the three pupillary responses during the calculation period can now be seen more clearly. Again, 

194 the multiplier and calculation were split into seven periods by eight points (see Fig. 4b). 

195
196 The results of the analysis of the MPDC at the eight points in time and three levels of difficulty are shown in Table 

197 2. It shows that a significant difference occurred at points 4 to 8 and that the effect size was largest at point 7. 

198
199 A scatterplot of the MPDC at points 1, 5 and 8 of Level 1 versus Level 3 gives insight into the differences between 

200 individuals (see Fig. 5). The MPDC of Level 3 lies above the unity line for 16, 28, and 29 of the 29 participants for 

201 the three points respectively, and has a range of about 1 mm.

202
203 Mean Pupil Diameter Change Rate (MPDCR) 

204 Figure 6 shows the MPDCR of the 29 participants as a function of the difficulty level, for the seven periods. A 

205 positive value indicates overall pupil dilation during that period and a negative value means overall contraction of 

206 the pupil diameter. In the first two periods, the diameter increased with approximately equal velocity for the three 

207 levels. During the other periods, the velocities decreased and became negative. Significant differences were found 

208 between the three conditions (see also Table 2).

209
210 Self-reported workload (NASA-TLX)

211 The results of the NASA-TLX questionnaire are shown in Figure 7. For almost all items, the TLX score was 

212 significantly higher for the more difficult multiplications (see also Table 2). Only the subjective physical workload 

213 did not differ significantly across the levels of difficulty.

214
215 Responses

216 The percentage correct responses for Levels 1, 2, and 3 were respectively 94.2%, 93.8%, and 69.2%. Figure 8 shows 

217 the MPD for Level 3 of all trials, and separated for correct and incorrect responses. Too few incorrect answers were 

218 given for the other two levels and the results for these levels are therefore not reported. The MPD of the incorrect 

219 responses shows the same pattern as the one of the correct responses for the first twelve seconds. From this moment 
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220 onward, the MPD belonging to the trials with incorrect responses was higher. A significant difference was observed 

221 at point 2 and 8 between the two lines when the same eight-point analysis was used (see Appendix C).

222
223 Effect Size

224 The effect size estimate Cohen�s dz was calculated for the MPDC between pairs of difficulty levels for every point 

225 in time. Figure 9 shows the results. Large effect sizes arose after approximately 11 seconds since the start of the 

226 trial, especially between Levels 1 and 3.

227
228 Correlations

229 The results of the correlation analyses between the MPDC, NASA-TLX, and proportion of incorrect responses are 

230 shown in Table 3. For the MPDC, the table shows overall positive correlations, for the eight points in time and for 

231 the three different levels of difficulty. Between the MPDC and the percentage of incorrect responses, two 

232 statistically significant positive correlation coefficients were observed at points 1 and 2. Furthermore, Table 3 shows 

233 that people who experienced higher subjective workload (i.e., a higher NASA-TLX score) generally gave more 

234 incorrect responses.  

235
236 Blinks

237 Figure 10 shows the MBR of all participants and sorted per level of difficulty during a period with low (2�6.5 s) and 

238 high (6.5�13 s) mental demands. The MBR of Level 3 during the second period was significantly higher than those 

239 of Level 1 and 2. More details can be found in Table 2.

240
241 Discussion

242
243 Pupil Diameter Results

244 The results showed that the overall MPD was higher for the higher levels of difficulty. Points 7 and 8 showed the 

245 largest differences. These findings demonstrate that the mean or baseline of the pupil diameter can shift during 

246 mental activity. If the pupil was given more time to recover from the previous trial, by increasing the length of the 

247 accommodation period, the difference of the MPD between the three levels of difficulty in the first period would 

248 probably have been smaller.

249
250 A remarkable finding is the behavior of the MPD during the first three seconds of the accommodation period (0�3 

251 s). Where a clear decline from the start or a low horizontal line might be expected, the MPD starts to decline only 

252 after three seconds. This unexpected effect may have been caused by the fact that participants looked away from the 

253 center of the screen when their outcome to the multiplication had to be entered. Although the responses were not 

254 given during the accommodation period, the fluctuation could be an aftereffect because the trials came in relatively 

255 quick succession. During the presentation of the multiplicand and the pause (4�6.5 s) the MPD decreased further, at 

256 a slower pace however, which seems to indicate memory load (cf. Kahneman & Beatty, 1966). This small increase 

257 of the pupil diameter after the presentation of the first number was also observed by Ahern (1978) and Klingner 

258 (2010).

259
260 What is notable in the MPDC figure (Fig. 4) is that the pupillary behavior among the three difficulty levels was 

261 highly similar during the first few seconds after the presentation of the multiplier (6.5�9 s). This might be due to the 

262 strategy that the participants used. One can imagine that the first step in each multiplication, regardless of its 

263 difficulty, is similar. For example, the first step for many people of the Level 1 multiplication 7x14 would probably 

264 be 7x10. This is comparable to the first step of the Level 3 multiplication 14x18, which would then be 14x10. These 

265 observations are in line with the TEPRs obtained by Ahern (1978). She also observed a similar response among the 

266 three levels of difficulty at the beginning of the calculation. The MPDC during the other periods was found to differ 

267 significantly between the three levels, particularly when Levels 1 and 2 were compared to Level 3. This finding is in 

268 accordance with the results in the scatterplot (Fig. 5), where 28 and 29 of the 29 participants had a higher MPDC for 

269 Level 3 than for Level 1, for points 5 and 8, respectively.

270
271 The results of the MPDCR illustrate that the effect sizes are smaller when compared to the results of the MPDC 

272 measure. It does provide, however, a clear understanding of when the muscles of the pupil relax and hence when the 

273 mental workload decreases.

274
275 Self-reported Workload
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276 According to the results of the NASA-TLX questionnaire, the classification of the arithmetic tasks was done 

277 properly, since a statistically significant difference was found in the subjective mental workload across all three 

278 levels. The big contrast between the subjective mental and physical workload underlines that the task was 

279 predominantly mentally demanding. Not to be overlooked are the roles of the subjective temporal demand and 

280 frustration. Looking at the increase of the MPD of the incorrect responses after 12 seconds for Level 3 (Fig. 8), it is 

281 plausible that, although only one significant difference was found, this increase was caused by the time pressure of 

282 the task or the frustration of not having solved the multiplication yet, instead of increased task demands.

283
284 Correlation Analyses

285 At the first two points in particular, moderate to strong correlations were found between the MPDC and the 

286 proportion of incorrect responses. A similar but weaker effect was obtained between the MPDC and the NASA-

287 TLX. It may not be surprising that the strongest correlations were found at points 1 and 2, considering the fact that at 

288 these points in time probably all participants were still calculating. Once the task has been completed, the pupil 

289 diameter decreases again (cf. Kahneman, 1966 for similar findings in a memory paradigm). Since this decline does 

290 not occur at the same time for each trial, this causes higher variability and lower correlation coefficients. Apart from 

291 that, the results seem to indicate that the MPDC was higher for participants who gave more incorrect responses and 

292 experienced a higher workload. This could help in determining the feasibility of using the pupil diameter in adaptive 

293 automation. Combining the pupil diameter with other assessment methods could help increase validity and 

294 robustness. Correlations of similar size between the pupil diameter and the proportion of incorrect responses and 

295 NASA-TLX were respectively found by Payne et al. (1986) and Recarte et al. (2008).

296
297 Another interesting question related to Figure 8 showing the trials with the correct versus incorrect responses is: 

298 were the participants really trying to complete the task or did they give up on the task because it was too difficult? If 

299 the latter were the case, one would expect an early decline of the MPD. But the opposite is true, instead. A small 

300 increase of the MPD was measured, suggesting that the participants were trying hard to complete the task.

301
302 Blink Rate

303 The relation between mental workload and blink rate has been unclear (Kramer, 1990; Recarte et al., 2008; Marquart 

304 et al., in press). The results in the present study show that the MBR is significantly higher for Level 3 than for Level 

305 1 and 2 during mentally demanding periods. However, the differences between Level 1 and 2 and the two periods in 

306 time are small. The MBR therefore appears to be less sensitive than the MPDC and more suited for the detection of 

307 a task�s overall mental workload, because of its low temporal resolution.

308
309 Conclusions and Recommendations

310 It is concluded that the results of Ahern (1978) and Klingner (2010) have been accurately replicated with the 

311 SmartEye DR120 remote eye tracker. The partial eta squared effect sizes (p
2) for point 7 and 8 of the MPD, MPDC, 

312 and NASA-TLX are approximately the same (~0.6), which demonstrates that pupil diameter measurements can be 

313 just as valid as the NASA-TLX. An attempt was made to provide more insight into the individual differences of 

314 TEPRs by means of a correlation analysis. Results showed a few moderate to strong correlations at the beginning of 

315 the calculation period between the MPDC and the NASA-TLX, on the one hand, and the ratio of incorrect 

316 responses, on the other. 

317
318 Thus, it seems possible to assess workload by tracking the pupil diameter. However, the validity of pupil diameter 

319 measurements may need improvement before it could be implemented in practice. One possible way to do this is by 

320 combining pupillometry with other physiological measures, such as blink and heart rate (Kahneman et al., 1969; 

321 Molen et al., 1989; Just et al., 2003; Satterthwaite et al., 2007; Haapalainen et al., 2010). Additionally, future 

322 research could focus on improving signal analysis techniques that filter out effects other than mental workload, such 

323 as the light reflex. 

324
325 The supplementary materials provide the measurement data, software, and scripts that would allow others to 

326 reproduce these results: 

327 https://www.dropbox.com/s/fbaz0cvcoxnu98q/Supplementary_Material_Gerhard_Marquart.zip?dl=0

328
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392 Table 1

393 Timeline of an individual trial

Period Start time (s) End time (s) Symbol

Accommodation 0.0 4.0 X X

Baseline 3.6 4.0 X X

Multiplicand 4.0 5.0 0 8

Pause 5.0 6.5 X X

Multiplier 6.5 7.5 1 6

Calculation 7.5 17.5 X X

Response 17.5 when pressing enter key N/A
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396 Table 2 

397 Mean Pupil Diameter Change (MPDC), Mean Pupil Diameter Change Rate (MPDCR), NASA-TLX, and Mean Blink 

398 Rate (MBR). The means (M) and standard deviations (SD) of 29 participants are shown per level of difficulty of the 

399 multiplications. P1-P8 refers to the eight points in time, while (1)-(7) refers to the seven periods. 

Level 1 Level 2 Level 3 p-value Effect size Pairwise comparison of levels

M

(SD)

M

(SD)

M

(SD)
p

2

(G
2)

1 vs. 2 1 vs. 3 2 vs. 3

MPD (mm) (N = 29)

P1
3.770

(0.456)

3.804

(0.467)

3.881

(0.490)
0.004

0.18

(0.01)
0.555 0.003 0.051

P2
3.814

(0.480)

3.865

(0.486)

3.954

(0.516)
1.94*10-4 0.26

(0.01)
0.242 1.33*10-4 0.019

P3
3.919

(0.471)

3.979

(0.481)

4.061

(0.531)
0.001

0.22

(0.01)
0.224 6.53*10-4 0.069

P4
3.902

(0.456)

4.003

(0.478)

4.116

(0.522)
2.02*10-5 0.32

(0.03)
0.048 1.10*10-5 0.024

P5
3.836

(0.429)

3.949

(0.488)

4.140

(0.521)
7.14*10-9 0.49

(0.06)
0.025 5.26*10-9 8.79*10-5

P6
3.767

(0.451)

3.894

(0.490)

4.127

(0.518)
1.98*10-9 0.51

(0.09)
0.026 2.25*10-9 2.77*10-5

P7
3.720

(0.428)

3.815

(0.474)

4.130

(0.500)
3.50*10-12 0.61

(0.12)
0.104 9.63*10-10 1.81*10-8

P8
3.693

(0.437)

3.781

(0.460)

4.114

(0.493)
1.03*10-12 0.63

(0.14)
0.148 9.59*10-10 4.45*10-9

MPDC (mm) (N = 29)

P1
-0.001

(0.087)

0.004

(0.115)

0.024

(0.085)
0.474

0.03

(0.01)
0.977 0.486 0.613

P2
0.043

(0.094)

0.065

(0.118)

0.097

(0.120)
0.064

0.09

(0.04)
0.583 0.052 0.351

P3
0.148

(0.148)

0.179

(0.148)

0.203

(0.152)
0.178

0.06

(0.02)
0.548 0.153 0.685

P4
0.131

(0.179)

0.203

(0.149)

0.259

(0.171)
0.001

0.21

(0.10)
0.085 8.69*10-4 0.220

P5
0.064

(0.204)

0.148

(0.164)

0.282

(0.205)
7.26*10-8 0.44

(0.19)
0.036 4.31*10-8 4.20*10-4

P6
-0.005

(0.196)

0.094

(0.193)

0.270

(0.228)
1.54*10-9 0.52

(0.24)
0.022 1.93*10-9 2.67*10-5

P7
-0.051

(0.186)

0.015

(0.207)

0.273

(0.226)
6.52*10-14 0.66

(0.33)
0.116 9.56*10-10 1.31*10-9

P8
-0.078

(0.179)

-0.018

(0.208)

0.259

(0.248)
1.72*10-12 0.62

(0.32)
0.251 9.62*10-10 3.61*10-9

MPDCR (mm/sample) (N = 29) ( x 1*10-3)

(1)
0.361

(0.698)

0.513

(0.657)

0.611

(0.942)
0.143

0.07

(0.02)
0.450 0.124 0.719

(2)
0.586

(0.676)

0.632

(0.578)

0.592

(0.662)
0.902

0.00

(0.00)
0.909 0.998 0.930

(3)
-0.094

(0.641)

0.134

(0.587)

0.309

(0.415)
0.006

0.17

(0.08)
0.150 0.004 0.324

(4)
-0.371

(0.438)

-0.305

(0.477)

0.130

(0.443)
3.67*10-5 0.31

(0.20)
0.820 8.06*10-5 6.03*10-4

(5)
-0.383

(0.475)

-0.302

(0.491)

-0.070

(0.567)
0.044

0.11

(0.06)
0.797 0.042 0.168

(6)
-0.257

(0.438)

-0.438

(0.477)

0.017

(0.443)
4.96*10-4 0.24

(0.15)
0.235 0.040 3.30*10-4
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(7)
-0.152

(0.475)

-0.184

(0.491)

-0.080

(0.567)
0.694

0.01

(0.01)
0.964 0.832 0.681

NASA-TLX (%) (N = 30)

Total
20.744

(12.783)

30.883

(13.060)

48.658

(14.441)
1.65*10-16 0.71

(0.43)
1.80*10-4 9.56*10-10 1.90*10-9

Mental
33.833

(21.037)

46.833

(16.942)

70.180

(16.746)
1.67*10-12 0.61

(0.41)
0.004 9.57*10-10 4.00*10-7

Physical
16.000

(17.291)

19.000

(18.773)

19.833

(20.235)
0.152

0.06

(0.01)
0.314 0.155 0.913

Temporal
18.667

(15.025)

29.167

(18.293)

53.167

(23.359)
3.67 *10-12 0.60

(0.37)
0.021 9.60*10-10 1.38*10-7

Performance
10.033

(11.643)

20.667

(16.904)

40.433

(22.509)
8.09*10-11 0.55

(0.35)
0.014 1.01*10-9 3.74*10-6

Effort
28.000

(18.782)

43.133

(17.362)

63.500

(21.502)
9.89*10-12 0.58

(0.37)
9.37*10-4 9.61*10-10 9.87*10-6

Frustration
17.933

(17.187)

26.500

(23.713)

44.833

(28.542)
2.51*10-9 0.49

(0.19)
0.057 2.99*10-9 1.50*10-5

MBR (N = 30)

(2�6.5 s)
0.256

(0.301)

0.215

(0.199)

0.321

(0.492)
0.084

0.03

(0.02)
0.869 0.714 0.406

(6.5�13 s)
0.238

(0.217)

0.265

(0.232)

0.369

(0.336)
0.008

0.16

(0.04)
0.799 0.008 0.041

400 Note. Statistically significant differences are indicated in boldface.
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403 Table 3

404 Pearson�s r correlations between the mean pupil diameter change (MPDC), percentage of incorrect responses, and 

405 the overall NASA-TLX scores, for the three levels of difficulty. 

Level 1 Level 2 Level 3 Mean

r (p-value) r (p-value) r (p-value) r (p-value)

MPDC vs. Overall NASA-TLX (N = 29)

P1 -0.009 (0.961) 0.195 (0.310) 0.201 (0.296) 0.355 (0.059)

P2 -0.131 (0.498) 0.288 (0.130) 0.079 (0.685) 0.247 (0.195)

P3 -0.035 (0.857) 0.045 (0.818) 0.009 (0.964) 0.040 (0.836)

P4 0.303 (0.109) 0.066 (0.733) 0.030 (0.878) 0.272 (0.153)

P5 0.243 (0.204) 0.115 (0.554) 0.010 (0.956) 0.168 (0.384)

P6 0.211 (0.272) 0.196 (0.307) -0.016 (0.934) 0.139 (0.472)

P7 0.175 (0.363) 0.203 (0.290) 0.163 (0.397) 0.226 (0.238)

P8 0.056 (0.766) 0.258 (0.176) 0.163 (0.399) 0.215 (0.262)

MPDC vs. % Incorrect responses (N = 29)

P1 0.353 (0.060) 0.438 (0.017) 0.349 (0.063) 0.643 (1.70*10-4)

P2 0.228 (0.233) 0.505 (0.005) 0.264 (0.166) 0.561 (0.002)

P3 0.069 (0.722) 0.256 (0.180) 0.130 (0.500) 0.196 (0.309)

P4 0.306 (0.106) 0.254 (0.183) 0.122 (0.528) 0.312 (0.099)

P5 0.232 (0.224) 0.159 (0.409) 0.027 (0.887) 0.199 (0.302)

P6 0.064 (0.740) 0.205 (0.285) 0.016 (0.932) 0.123 (0.525)

P7 0.048 (0.803) 0.321 (0.090) 0.087 (0.653) 0.226 (0.238)

P8 0.063 (0.744) 0.249 (0.193) 0.137 (0.477) 0.218 (0.255)

Overall NASA-TLX vs. % Incorrect responses (N = 30)

0.566 (0.001) 0.352 (0.056) 0.532 (0.002) 0.580 (7.91*10-4)

406 Note. Statistically significant correlations are indicated in boldface.
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408
409 Figure 1. Experimental equipment. Left: eye tracker, monitor, table, headrest, chair, keyboard. Right: task display.

410
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411
412 Figure 2. Example of the data processing steps. Left: Pupil diameter (PD) before and after linear interpolation for 

413 missing values. Right: PD before and after blink and poor quality data removal and linear interpolation.

414
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415
416 Figure 3a. Mean pupil diameter (MPD) during the mental multiplication task of 29 participants, for the three levels 

417 of difficulty. The grey bars represent the periods where the multiplicand and multiplier were shown on the screen. 

418 The numbers were masked by an �XX� during the rest of the trial.

419
420 Figure 3b. Mean pupil diameter (MPD) during the presentation of the multiplier and the calculation period of 29 

421 participants, for the three levels of difficulty. The seven periods are indicated in parenthesis.

422
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423
424 Figure 4a. Mean pupil diameter change (MPDC) during the mental multiplication task of 29 participants, for the 

425 three levels of difficulty. The grey bars represent the periods where the multiplicand and multiplier were shown on 

426 the screen. The numbers were masked by an �XX� during the rest of the trial.

427
428 Figure 4b. Mean pupil diameter change (MPDC) during the presentation of the multiplier and the calculation period 

429 of 29 participants, for the three levels of difficulty.

430
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431
432 Figure 5. Scatterplot of the mean pupil diameter change (MPDC; blue dots) of 29 participants at point 5 of Levels 1 

433 and 3. Also depicted is the unity line (solid black).
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435
436 Figure 6. Mean pupil diameter change rate (MPDCR) of 29 participants as a function of difficulty level, for seven 

437 periods in time during the presentation of the multiplier and the calculation period. The asterisks indicate significant 

438 differences between the levels of difficulty.

439
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440
441 Figure 7. Results of the NASA-TLX questionnaire.
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443
444 Figure 8. Mean pupil diameter (MPD) during the mental multiplication task of 29 participants for Level 3. The grey 

445 bars represent the periods where the multiplicand and multiplier were shown on the screen. The numbers were 

446 masked by an �XX� during the rest of the trial.
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448
449 Figure 9. Cohen�s dz for the mean pupil diameter change (MPDC) between the three levels difficulty. The grey bars 

450 represent the periods where the multiplicand and multiplier were shown on the screen. The numbers were masked by 

451 an �XX� during the rest of the trial.

452
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453
454 Figure 10. Mean blink rate (MBR) of 30 participants during a period with low and high mental demands, for three 

455 levels of difficulty.
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457 Appendix A. Classification of arithmetic tasks.

458
459 Three levels of arithmetic task difficulty were used for the full-scale experiment. Each task consisted of calculating 

460 the multiplication between two digits ranging from 5 to 18. The tasks were sorted from easy to hard by the outcome 

461 of their multiplication. It was assumed that multiplications with a lower outcome were easier than those with a 

462 higher outcome. So in this case the easiest task was 5x12 and the hardest was 18x18. The digits 10, 11 were 

463 excluded in this method, since they were considered to be too easy. This left 63 possible multiplications, with the 

464 assumption that AxB and BxA were equally difficult.

465
466 The multiplications were then distributed over three different levels of difficulty (easy, medium and hard), all 

467 containing 21 possible multiplications. In order to make a clear distinction between the three levels of difficulty, the 

468 first six multiplications were removed from each level. Table A.1 shows the removed and selected multiplications of 

469 the three levels. Note that the smallest digit of a pair is put down first, but during the experiment they were presented 

470 to the participant in randomized order. 

471
472 Table A.1

473 All possible multiplications between 6 and 18 (10, 11 and 15 are excluded), sorted by difficulty and classified into 

474 three different levels (Level 1 being the easiest and Level 3 being the hardest).

Level 1 Level 2 Level 3

5 12 7 16 13 15

5 13 8 14 14 14

5 14 9 13 12 17

6 12 7 17 13 16

5 15 8 15 14 15R
em

o
v
ed

6 13 7 18 12 18

5 16 9 14 13 17

6 14 8 16 14 16

7 12 9 15 15 15

5 17 8 17 13 18

5 18 8 18 14 17

6 15 9 16 15 16

7 13 12 12 14 18

6 16 9 17 15 17

8 12 12 13 16 16

7 14 9 18 15 18

6 17 12 14 16 17

8 13 13 13 16 18

7 15 12 15 17 17

6 18 13 14 17 18

S
el

ec
te

d

9 12 12 16 18 18

475
476
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477 Appendix B. Blink identification and removal 

478
479 During a blink, the eyelid opening rapidly diminishes to zero and then increases in a few tenths of a second until it is 

480 fully open again (see Fig. B.1, solid blue line). It is impossible to track the pupil�s diameter while blinking. These 

481 instances in time should therefore be removed from the data. The recordings of the eyelid opening were used to 

482 identify the blinks in the pupil diameter data. A threshold of 75% of the mean eyelid opening was used to make a 

483 clear distinction between blinks and no blinks as depicted in the figure by the dashed red line.

484
485 Figure B.1. Sample of the recordings of the eyelid opening showing a typical blink (blue) and the threshold (red) 

486 used to identify it.

487
488 As can be seen in the figure, it takes some time to cross the threshold and the blink has not been completed after the 

489 eyelid opening signal crossed the threshold line for the second time. That is why 12 additional data points (~0.1 s) 

490 were removed from the data before the blink and 36 additional data points (~0.3 s) after the blink. 

491

492
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493 Appendix C. Eight-point analysis of correct and incorrect responses

494
495 The results of the eight-point analysis for the correct and incorrect responses of difficulty Level 3 are shown in 

496 Table C.1 and Figure C.1.

497
498 Table C.1

499 Mean Pupil Diameter (MPD). The means (M) and standard deviations (SD) of 25 participants are shown for Level 3 

500 of the multiplications, and separated for correct and incorrect responses. P1-P8 refers to the eight points in time. 

Level 3 Level 3 Level 3 p-value Effect size Pairwise comparison of conditions

All Correct Incorrect

M

(SD)

M

(SD)

M

(SD)
p

2

(G
2)

1 vs. 2 1 vs. 3 2 vs. 3

MPD (mm) (N = 25)

P1
3.915

(0.490)

3.919

(0.508)

3.862

(0.494)
0.140

0.08

(0.00)
0.991 0.222 0.178

P2
3.985

(0.516)

4.002

(0.524)

3.933

(0.550)
0.027

0.14

(0.00)
0.803 0.112 0.027

P3
4.080

(0.531)

4.079

(0.534)

4.060

(0.566)
0.642

0.02

(0.00)
1.000 0.685 0.703

P4
4.138

(0.522)

4.132

(0.526)

4.116

(0.589)
0.638

0.02

(0.00)
0.975 0.636 0.767

P5
4.157

(0.521)

4.135

(0.534)

4.157

(0.577)
0.662

0.02

(0.00)
0.711 1.000 0.709

P6
4.135

(0.518)

4.109

(0.529)

4.190

(0.599)
0.063

0.11

(0.00)
0.732 0.250 0.056

P7
4.144

(0.500)

4.126

(0.517)

4.197

(0.556)
0.224

0.06

(0.00)
0.906 0.421 0.220

P8
4.125

(0.493)

4.084

(0.516)

4.203

(0.575)
0.049

0.12

(0.01)
0.672 0.240 0.042

501 Note. Statistically significant differences are indicated in boldface.

502

503
504 Figure C.1. Mean pupil diameter (MPD) of 25 participants for Level 3, and separated for correct and incorrect 

505 responses.
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