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Visual attention while reading a multiple choice task by academics and students: A comparative eye-tracking approach
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This study exploited eye-tracking technology to analyse the visual attention, while engaging with a multiple-choice mathematical task, of 103 participants with different levels of expertise and experience, including academics, university students and secondary school students. The majority of participants, irrespective of experience or prior knowledge, skipped or did not process all the information provided by the task. Important differences were discerned between how the academics and the two student groups attended to the different areas of the task's presentation, highlighting the different problem-solving approaches of the experienced and the inexperienced. Moreover, a 'hit ratio' parameter allowed the identification of those participants who did not look at these important areas of the task. The research highlights methodological advantages and disadvantages of using eye-tracking and different ways of data analysis.

Introduction

The use of eye-tracking for research in mathematics education is an emergent field, albeit still relatively rare. For example, during the ICME-13 congress, only 4 of 1952 papers and 533 posters, contained the phrase eye-tracking or its variants in their title. Most mathematical education-related eye-tracking research has been undertaken in laboratories, with classroom-based studies using headmounted eye-tracking device are rare (e.g. Garcia & Hannula, 2015;[START_REF] Hannula | Silent gazing during geometry problem solving, insights from eye tracking[END_REF]. Examining visual attention not only shows where and how gaze is directed, but also constitutes a basis for further analysis of problem solving, reasoning, attention and mental images. [START_REF] Just | Eye fixations and cognitive processes[END_REF][START_REF] Zelinsky | Why some search tasks take longer than others: Using eye movements to redefine reaction times[END_REF][START_REF] Ball | Inspection times and the selection task: What do eye-movements reveal about relevance effects[END_REF][START_REF] Yoon | Mental imagery in problem solving: An eye tracking study[END_REF]. The measurement of the eyes' fixations can provide reliable and sensitive insights into otherwise unavailable cognitive processes (e.g. [START_REF] Sosnowski | Metody psychofizjologiczne w badaniach psychologicznych[END_REF].

From the perspective of mathematical problem solving, researchers have used eye-tracking to distinguish between the behaviors of experts and novices with respect to the solving of linear equations [START_REF] Susac | Eye movements reveal students' strategies in simple equation solving[END_REF], geometry problems [START_REF] Epelboim | A model of eye movements and visual working memory during problem solving in geometry[END_REF] and their interpretation of mathematical representations [START_REF] Andrà | How students read mathematical representations: An eye tracking study[END_REF], interpreting graphs [START_REF] Wcisło | Różnice w rozwiązywaniu problemów fizycznych przez nowicjuszy i ekspertów[END_REF], perception of Cartesian coordinates [START_REF] Krichevets | Perceptual action of novices and experts in operating visual representations of a mathematical concept[END_REF] as well as perception of a number line [START_REF] Shvarts | The perception of the number line by adults and preschoolers: Eye-movements during the teaching process[END_REF].

Students need to learn how to read mathematical problems. Thus, in-depth knowledge of strategies for reading mathematical problems has important didactical consequences, although more needs to be known about how participants of different levels of education approach unfamiliar problems. In this paper I report an eye-tracking study of approaches to the reading and solving of a multiple choice graphical problem concerning motion. The relatively large sample of the current study, more than 100 participants, is novel as the majority of previous eye-tracking studies in mathematics education have been case studies with small samples of fewer than 20 people. 

Methods

The primary aim of the study was to use eye-tracking to investigate whether different groups of participants' visual attention while reading and analyzing a mathematical problem varied with experience and problem-solving expertise. The first group, academics (A), comprised one professor of physics and three academics in mathematics, physics and computer science respectively. The second group, university students (U), comprised 75 university students at different stages of their courses in computer science, physics, mathematics and biology. The third group comprised 24 highachieving school students (ages 17-18 years) (S) who attended a so-called university class with an extended curriculum in mathematics and physics. Thus, study participants included people with widely differing experiences of mathematics. All participants were guaranteed anonymity and could withdraw from the study at any time.

Task and apparatus

Respondents were invited to solve a multiple-choice mathematical task (proposed by Prof. W. Blasiak) concerning the interpretation of a motion graph. The Polish mathematics curriculum introduces the interpretation of graphs of functions to students in grade seven (lower secondary school). Later, students aged 14-15 years old learn the concept of a function and use its representations. During both mathematics and physics classes they also learn the relationships between average speed, displacement and time as well as constant acceleration. Thus, the mathematical subject matter knowledge of every participant should have been sufficient to solve the problem. However, the task, shown in Figure 1, is complex, caused mainly by the simultaneous presentation of two time-velocity graphs. In addition, participants were asked to identify incorrect statement(s), what is not a standard request. Academics were invited to identify any incorrect statements, of which there were two, A and E. For the other participants the task was simplified to one incorrect statement A.

Statement A is incorrect due to its assumption that the graphs represent trajectories. Statements B, C, D are correct. Answer B (and E) concerns the distance driven by the vehicles. Statement B can be verified in an elementary way, based only on the analysis of speed values: vehicle (I) moves in the time span 0-10 min. with higher speed than vehicle (II), so its displacement is greater. Statement C concerns only the interpretation of values of the functions for the argument t = 10 min. Statement D essentially requires a basic understanding of acceleration, although knowledge of the monotonicity of linear functions would be sufficient. Statement E is the most sophisticated, being true only at t = 10 min. One can notice it comparing the area of respective figures: rectangle and triangle bounded by the graphs of the functions and x-axis (graphical interpretation of the distance at the motion graph). Concerning version for academics (see Fig. 1) for all positive t ≠ 10 statement E is incorrect, thus the general statement is also incorrect. The difficulty connected with statement E was specifically included to make a more challenging task for the academics. Other participants were asked to verify the statement for t = 10 minutes, therefore statement E for them was correct.

To record participants' eye movements, the Eyetracker Hi-Speed 1250 with iView X™ was used. The sampling rate was set to 500 Hz, monocular. The movements of the left eyeball were examined for every participant and the data obtained processed by the BeGaze software. The 13-point calibrations were accepted with an angular accuracy of less than 0.5º. All respondents sat at a distance of 50 cm from a 22-inch monitor. The duration of the experiment was not limited. Participants' eye movement data, question responses and mouse clicking were recorded by Experiment Center 3.1. Additionally, respondents were asked to orally confirm their selected answers. 

Results

The analyses were undertaken in several stages.

Firstly, the figures of Figure 2 show the problem solving results for each group. It is interesting to note that while both the university and school students were not particularly successful, identifying many correct statements as wrong and not identifying the incorrect statement, the academics, with their amended statement E, failed to identify it as incorrect. The data presented in Figure 3 (and Figure 5) should be viewed with caution because of the calculation of average data. That said, some interesting differences can be discerned between the academics and the two student group. Firstly, academics responded to 'Wording' differently from the two students groups. They spent 24.5% of their total time on task dwelling on the words of the problem, in comparison to 14.5% (S) and 16.4% (U). Academics achieved a greater number of fixations (44,3) on 'Wording' than the student groups (33.2 (S), 37.5 (U)), indicating that the academics' attended more to the words of the problem than students' in either group. Academics addressed 'Wording' more attentively than did the students because their average number of revisits, 1.8, was around half of that of the two students' groups (3.3 (S) and 3.8 (U) respectively). Secondly, the reverse seemed to be true for 'Graph'; the average number of fixations for academics was lower (38) than for in either group (58.5 (S) and 51.1 (U). Thirdly, Academics' attention to 'Statements' was lower than that of the students (61.5 (A), 81 (S) and 79.5 (U)). Fourthly, academics' dwell time was uniformly distributed between 'Wording' and 'Graph' (24.5% and 23.8% respectively) which was not the case for students. Fifthly, students revisited 'Statements' twice as many times as the academics. Sixthly, students made more than ten times as many revisits as the academics to 'White Space' and spent three times as much time on it, indicating that their visual attention was more located outside the defined parts of the slide. Finally, the hit ratio for showed that eight students (1 S and 7 U) failed to look at the AOI "incorrect", prompting one to ask, what question were they answering?

In sum, academics not only spent a higher proportion of their time on the wording of the task than the participants of either student group but also made fewer revisits. It can also be seen that the academics made fewer fixations on and made fewer revisits to the graphs, the statements and the white space than did the participants of either of the other two groups, indicating that the time they spent on the words benefitted their problem solving.

The third stage of the analysis was to examine more specific AOIs, which are shown in Figure 4. Ten additional areas were associated with task those characteristics that should be analyzed for the problem to be solved. These concerned the phrase "dependence of speed in time" (Dependence), the two axes (v-axis, t-axis), the graphs' labels (I, II), the intersection of the graphs (Intersection) and the Statement A -E, separately. The chosen average eye-tracking data are presented in Figure 5. The figures of Figure 5 show both similarities and differences. It is interesting to note, for example, that the times spent by all three groups on the five statements were similar. However, the academics focused proportionally more time on the v-axis and less on the t-axis than either student group, which is interesting as their number of revisits to the v-axis was comparable to the students but much greater with respect to the t-axis. It is also interesting to note that academics, despite their failure to identify the incorrectness of the statement, made fewer revisits to statement E than either student group. In such an instance, it is possible that the academics had drawn an over-confident conclusion. Finally, the hit ratio shows that while all the academics attended to all ten AOIs, students' attention was complete only one occasion, when all school students fixed on statement A.

Discussion and summary

In general, the data indicate that academics were better focused on the task formulation than either group of students. Not only did they spend a higher proportion of their time on the wording of the task but made fewer revisits. They read each word carefully and did not revisit the same places as often as students. Academics also made fewer fixations on and made fewer revisits to the graphs, the statements and the white space than the participants of either of the other two groups, indicating that the time they spent on understanding and interpreting the problem benefitted their problem solving. Unsurprisingly, being academics, they understood what they read and knew where to look to analyse a problem. They were more competent than students in their graphical interpretation, being able to understand the key elements of the graph. In related vein, their visual attention was distributed uniformly across both the problem statement and the graph, and they were not distracted by irrelevant parts of the slide. Thus, while the conclusions are not surprising, the data highlight well differences in the ways in which experts and novices address mathematical problems. As indicated above, the data presented here are the averages for each group on each AOI. Individually, there was an interesting variation within each group of participants. For example, Figure 6 shows the complete sequence of eye-tracking activity with respect to the broad AOIs for all four academics and the two extremes, the longest and the shortest, from each student group. It can be seen clearly that there was a tendency towards an academic homogeneity, particularly the first three who spent considerable amounts of time on the task wording. However, the variation within each student group was considerable. Indeed, the academics typically spent around a minute on the task, while university students' time on task ranged from around seven seconds to two minutes and 40 seconds. In sum, while the study above has been helpful in showing some differences between expert and novice problem solvers, individual variation has highlighted the need for further research into how eyetracking can support our understanding of effective problem solving strategies.

This paper has offered one analysis, based on average behaviours, focused on how eye-tracking data can support our understanding of the problem solving process. However, this averaging process with the atypically large numbers of participants may have masked individual differences, which themselves may prove insightful. Thus, focusing on individuals may be a fruitful direction as it may identify different factor implicated in either problem solving success or failure. For example, Figure 7 shows the variety of the participants' visual attention, presenting so called scan paths for an academic (left), a U student (middle) and an S student (right) respectively. Finally, it was interesting that none of academics questioned the correctness of Statement E. Here we faced the limitation of pure eye-tracking methodologymixed methods with interviews or written questionnaires may have exposed the reasons. Thus, several months after the research, academics were asked to think again and solve the task, without eye-tracking. While solving the task again they confirmed answer A, read again all the other statements and eliminated them, treating again as correct. When asked why statement E is correct, they answered that the displacement can be counted as the area under the graph. They indicated t=10 min. After further questions they were surprised that "t=10 min" was not written explicitly in the statement. The previous statements for t=10 min together with the graph and dashed line indicating the point (10, 10) caused their certainty that the statement E was also formulated for t=10 min. That was their tacit assumption, which could be provoked by the three factors. One of academics mentioned about the routine of solving multiple choice tasks, usually with the only one correct answer, therefore his inquiring mind was asleep after finding the correct answer A.
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 1 Figure 1: The task translated from Polish
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 2 Figure 2: Results of the task for each groupSecondly, with respect to the eye-tracking analyses, participants' eye movements were studied initially by five broad areas of interest (AOIs), as shown in the left hand side of Figure3. These were the words comprising the task formulation (Wording), the key word within that text (Incorrect), the graphical diagram (Graph), the statements A -E (Statements) and, finally, the remainder of the slide (White Space). The right hand side of Figure3(right) shows the average data for each AOI for each

Figure 3 :

 3 Figure 3: Definitions of broad AOIs (left) and their eye-tracking data in defined groups (right)
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 5 Figure 5: Eye-tracking average data in groups for chosen detailed AOIs presented in Figure 4.
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 6 Figure 6: Sequence charts for all academics and two students per group
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 7 Figure 7: Scan paths of a chosen participant form each groups: A (a), U (b) and S (c).
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