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Only teachers who possess problem-solving skills can develop them in their students. These skills therefore need to be accentuated during teachers’ pre-service training. In this study, attention was given to pre-service chemistry teachers’ (students) problem-solving skills measured with the use of two sets of problem tasks–chemistry and general science tasks. Based on a pre-test consisting of both types of tasks, one successful, one partially successful and one unsuccessful solver was selected from a group of first-year bachelor chemistry teacher students. To compare, the tasks were also given to three experts (post-docs in the field of chemistry education). All the participants solved two tasks on a computer with their eye movements recorded. After the procedure, retrospective think-aloud and interviews were conducted to provide data about the problem-solving process. The results showed several trends. (1) Students–novices considered the chemistry task more difficult than the science task, which correlated with their task results. (2) Experts considered the science task more complex, therefore more difficult, however scored better than the students. (3) Even the successful student only solved the chemistry task using memorized facts without the support provided. (4) Experts’ direct focus on relevant parts was confirmed, whereas unsuccessful (novice) students distributed their focus toward other task parts too. (5) When students faced a problem during task solving, they used limiting strategies. This behavior was not identified in the expert group. The results thus showed a need to support students’ problem-solving strategies in several areas, especially careful reading, and identifying the main problem and supporting information. Moreover, the results showed a need to present chemistry tasks to students with more variability and explain their reasoning rather than testing field-specific, separated, memorized information.
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Introduction

Problem-solving ability has been seen as crucial (Bellanca, 2010; OECD, 2016; De Wever et al., 2021) and is predicted to be one of the most important skills for the future (OECD, 2018). It is also strongly linked with the Program of International Student Assessment (PISA) research results which are widely discussed topic in the field of education as PISA is considered the most important international research in the field of measuring educational outcomes (Potužníková et al., 2014). However, it is often the target of criticism for possible errors or imperfections that may be caused by the measurement load or incorrect interpretation and uncritical approach to their results (Straková, 2016; Zhao, 2020). The general public, as well as the politicians of given countries, react to the test results. They are used to respond to current changes in educational policy (Gorur, 2016; Vega Gil et al., 2016). However, the indicator they are guided by is often only the ranking of the state’s pupils (Kreiner and Christensen, 2014; Štech, 2018). Test scores alone may not be sufficient in the future, given that tests fail to capture subtle but important differences between students. New methods are required for teachers to determine whether students have truly understood a given topic (Tai et al., 2006).

Program of international student assessment (PISA) results consistently indicate that Czech students’ ability in the area of problem-solving has been declining (OECD, 2016, 2019). The reasons behind these results remain hidden. The possible cause may be lack of its development in schools. Teachers play a crucial role in these skills’ development see e.g., Tóthová and Rusek (2021b). Apart from including problem-tasks in their lessons (Lee et al., 2000), the teachers’ own ability to solve problems is seen as necessary (Krulik and Rudnick, 1982). Only quantitative research and mere tests are not sufficient enough to get more information (e.g., Barba and Rubba, 1992). Correct answers in these tests may not refer to conceptual understanding of the problem (Phelps, 1996; Tai et al., 2006; Rusek et al., 2019). Some research aimed at this area used qualitative research (e.g., Cheung, 2009; Barham, 2020). More studies are needed to understand the state of these abilities in pre-service teachers and design university courses.

To elucidate the process of problem-solving, think-aloud (Rusek et al., 2019) and eye-tracking (Tsai et al., 2012) proved to be sufficient methods. With a combination of these methods, students’ procedures in solving tasks can be described in more detail see e.g., Tóthová et al. (2021). A more in-depth analysis and investigation into the reasons for a student’s choice of a given answer can be an indicator to further develop the monitored competences.

The present study therefore included all the above-mentioned aspects: used a combination of qualitative methods to evaluate pre-service teachers’ problem-solving skills and processes. The results can bring the information needed to develop university courses as well as improving pre-service teacher training practice.



Theoretical background

This study was based on eye-tracking as with its expansion in education research see e.g., Lai et al. (2013), its use in analyzing science problem-solving has been increasing. Despite the possibilities such as eye-tracking goggles [used e.g., in research in laboratory (van der Graaf et al., 2020)], the use of eye-tracking methods in science education research still remains mainly in laboratory conditions with the use of screen-based or stationary eye-trackers (Tóthová and Rusek, 2021c).

When analyzing problem-solving with the use of eye-tracking, attention was paid to the use of scientific representations (Lindner et al., 2017; Klein et al., 2018; Wu and Liu, 2021). To analyze those, the specific metrics, such as number of fixations (NOF) or total fixation duration (TFD), proved to be useful. The results showed that the use of representations helped students understand the text and solve given problems (Lindner et al., 2017). In the same research area, Rodemer et al. (2020) explained the influence of previous knowledge and skills when using representations. More experienced students were able to make more transitions between the provided representations, therefore using the support they were given by the task itself. The use of these representations may be influenced by the strategies students apply (Klein et al., 2018) and also vice versa, the use of text and visualizations can influence the strategies used (Schnotz et al., 2014).

It is, therefore, not surprising that the strategies used during problem-solving are often the subject of research. The differences between novices and experts in the used strategies were shown in the study by Topczewski et al. (2017). With the use of order of fixations, they identified that novices approach the same problem using different gaze patterns, i.e., different strategies. The used strategies may be influenced by the type of instructions given to the students.

As the used strategies seem to be the dealbreaker in the problem-solving process, further understanding their influence is needed. Tsai et al. (2012) analyzed the difference between successful and unsuccessful solvers in multiple-choice science problem-solving. Their results showed that the differences lied in the successful solvers’ focus on relevant factors, whereas the unsuccessful showed a higher frequency of observing irrelevant factors. In a similarly targeted study, (Tóthová et al., 2021) identified the reasons for unsuccessful problem-solving in chemistry on an example of their periodic table use. Apart from focusing on irrelevant factors, the use of limiting strategies and problems with reading was identified as the main problems. This rationale stood as the basis for the presented study, whose aim was to investigate the validity of some of the aforementioned findings in another context with the use of eye-tracking-based methods.



Aims and materials and methods


Aims

The aim of this study was to map pre-service chemistry teachers’ procedures when solving problem tasks and to compare it with experts’ procedures. The study followed these research questions:


I.What, if any, is the difference between the pre-service teachers’ performance on chemistry and general science problem tasks?

II.What, if any, is the difference between pre-service teachers’ and expert procedure when solving problem tasks?





Research procedure and participants’ selection

The study was based on mixed methods. It used a pre-experimental design (Figure 1). At the beginning of the academic year 2021/2022, first-year bachelor university students who chose chemistry teaching as one of their majors at Charles University, Faculty of Education were given two sets of tasks focusing on chemistry and general science (see above). Based on their results, one successful, one partially successful, and one unsuccessful student were chosen for the follow-up eye-tracking study.
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FIGURE 1
The study design.


All the study participants were explained the purpose of the study and were ensured their results as well as any other data (eye-tracking and audio recordings) will remain available only to the researchers and will not be shared with a third party. For the purpose of the data presentation, the students and experts were anonymized. All the data were saved on one computer protected by a password.

It consisted of them solving another set of problem tasks of comparable difficulty (see below) with their eye-behavior being recorded by an eye-tracking camera. After calibration, participants were asked to sit still and watch the screen. The time for solving the task was not limited. Another task occurred to the solvers after a random key click. After they finished the last task, the cued retrospective think-aloud method (Van Gog et al., 2005) was used to understand the participants’ mental processes. Based on the students’ explanations of their problem-solving processes, interviews were conducted.

As the think-aloud method is based on the solvers’ explanation of their solving process and a researcher should intervene only when a respondent stops talking (Van Someren et al., 1994), the semi-structured interviews conducted after RTA provide even more information. The follow-up interview topics aimed at: task difficulty (perceived difficulty, most difficult part, more difficult task); solving confidence; type of task (similarity and differences between given tasks, similarity and differences between given task and tasks they were used to). Students attended the experiment voluntarily. During the eye-tracking measurements, they sat approximately 70 cm from the computer screen. Respondents’ think-alouds and interviews were recorded. The entire eye-tracking phase took approximately 45 min.

To compare the task-solving process, three experts on chemistry education (all owning a Ph.D. in the field) were chosen from the researchers’ department’s academic staff and participated in the eye-tracking, RTA, and interviews.



Research tool

Two sets of complex tasks1 were prepared: one for the pre-test and one for the post-test. The pre-test tasks consisted of three complex chemistry problem tasks and three complex general scientific literacy problem tasks. The test used in the eye-tracking research phase consisted only of one complex task from each group “a chemistry task” and “a PISA task,” both originally designed for 15-year-old students. The tasks focused on working with available information and visualized data. Both chemistry tasks were taken from the Czech national chemistry curriculum standards (Holec and Rusek, 2016) from which tasks focused on general chemistry were chosen. Both the PISA-like scientific literacy tasks were represented by selected items released from PISA (Program of International Student Assessment) task pilots (Mandíková and Houfková, 2012). These tasks focused on students’ ability to plan and evaluate scientific research as well as their ability to gather information from diagrams, tables, etc.

To ensure the pre- and eye-tracking test tasks were on the same level of difficulty, “optimum level” chemistry tasks and the same scientific literacy level tasks were chosen. Also, the authors’ research group members evaluated the tasks to prevent one set from being more difficult than the other.

In the chemistry task, the solvers were given three sub-tasks (referred to as Task 1–3). The first dealt with the trends in the periodic table (halogens) and their solution required working with the periodic table and using information from a text. The second subtask targeted the reaction rate of alkali metals with water. A description of lithium and sodium’s reaction with water was given and the solvers were asked to select correct descriptions of potassium’s reaction with water. In the last subtask, a general description of the trends in the periodic table regarding atomic diameter was given and the solvers were required to order the given elements based on it.

The PISA task was set into a classroom problem–students want to design a nearby river’s pollution measurements from physical, chemical and biological points of view. There were four subtasks (also referred to as Task 1–4) to this complex task. The first asked about important and unimportant equipment, in the second, the students were supposed to describe a process of water-flow measurement. The third was about an appropriate sampling site selection on a map based on concrete criteria and the last about pollution data evaluation based on data in a table.



Apparatus

Tobii Fusion Pro with a 250 Hz sampling rate and GazePoint eye-camera GP3 (60 Hz) were used in this study. Prior to all recordings, nine-point calibrations were performed. Both instruments allowed respondents’ free head movements.



Data analysis

To evaluate the PISA-like tasks, the scoring used in the original research was taken over (Mandíková and Houfková, 2012; OECD, 2016), i.e., 2 points for a completely correct result, 1 point for partially correct and 0 points for an incorrect result. The chemistry tasks were evaluated in the same way. To ensure objectivity, two researchers evaluated the tests independently and compared. The scores were reported as a percentage for later comparison.

To analyze participants’ task-solving procedure, time fixation duration (TFD) see e.g., Lai et al. (2013) in pre-selected areas of interest (AOIs) was measured. The data are reported as proportion of total fixation duration and fixation duration in particular AOI, i.e., proportion of time fixation duration see e.g., Jian (2018). The AOIs included the task itself, answer choices area, visual parts and contexts or information. The data were analyzed with the use of IMB SPSS completed with the retrospective-think aloud recordings, as well as interviews. Both were recorded, transcribed verbatim and coded using the set of codes for students’ strategies taken from previous studies (Rusek et al., 2019; Tóthová et al., 2021). They were then divided according to Ogilvie (2009)–expansive and limiting. The software QDA Miner Lite was used for transcription analysis.

The reported confidence values allowed to relate students’ and experts’ confidence with their answers (score). These data were analyzed with respect to Caleon and Subramaniam (2010). Standard metrics as CAQ (mean confidence accuracy quotient) and CB (confidence bias) were analyzed.

The Shapiro–Wilk normality test (p > 0.05) showed the data were normally distributed with an exception of two observed areas of interest (p = 0.06 resp. 0.08). For this reason, differences between the students and experts’ TFD and t-test were used to analyze the majority of TFDs, Mann–Whitney test for the non-normally distributed data. Cohen’s d resp. r were used as effect-size tests and were interpreted according to Richardson (2011).




Results


Overall results

The overall students and experts’ results (Figure 2) reveal several findings surprising in the light of the chosen tasks’ nature. The data in Figure 1 need to be read with discretion as the total number of points was low and a loss of one point reflects dramatically on the test score.
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FIGURE 2
Participants’ performance in program of international student assessment (PISA) and chemistry (CHE) problem tasks.


To answer the first research question, the students’ and experts’ results did not statistically significantly differ (p = 0.149) as expected in such a small sample. However, the effect size (d = 1.104) showed a large effect which points to the experts’ significantly better performance. More information to answer the second research question is shown with the use of more tools: tasks, eye-tracking, retrospective think-aloud, and interviews.

The interviews showed the students overestimated their solution results. This was also reflected in their less accurate confidence scores (see Table 1 showing confidence related metrics).


TABLE 1    Confidence related metrics.

[image: Table 1]

The experts’ mean confidence accuracy quotient (CAQ) was positive compared to the students’. The differences were statistically significant with a large effect (p = 0.025; r = 0.598). The experts showed a higher ability to discern between what they know and do not know. On the contrary, the students’ CAQ values suggest they tend to overestimate themselves and report higher confidence despite their task solution being incorrect. The confidence bias (CB) score confirmed students’ tendency to overestimate themselves, whereas in four tasks, experts showed almost perfect to perfect calibration see Liampa et al. (2019). There was no statistically significant difference between students’ and experts’ CB (p = 0.123); however, the effect size (r = 0.413) showed a medium effect.



The eye-tracking results

The eye-tracking data served not only as a cue for the respondents’ retrospective think aloud but also as a marker of the attention both the students and experts dedicated to particular parts of the tasks. As far as the chemistry task was concerned, the students solved it on average in 5 min as compared to the experts’ 3 min 48 s. However, the unsuccessful student spent as much time on the chemistry task as the experts’ average, which was not enough. On the contrary, the successful one spent as much time on the task as one of the experts (over 5 min), which paid off. As for the PISA task, the students spent over 8 min solving in comparison with the experts’ 6 min 46 s. Again, the successful student took the longest to solve this task and the unsuccessful student used as much time as one of the experts.

This result suggests that the experts are efficient and need less time, the successful student worked their way to the solution and the unsuccessful student turned to a quick solution which did not lead to the desirable result. Naturally, this finding needs to be explained in more detail with the use of qualitative methods.


The program of international student assessment task

As far as this set of subtasks (Task 1–4) was concerned, no statistically significant differences were found on a 5% level of significance. This was expected due to the low sample size. However, when effect size was considered, five items showed a considerable power of effect-size. The experts spent more time on the task’s context (see attention map on Figure 3). The effect size had a huge power (d = 1,96), which shows they put an effort into understanding what was requested from them.
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FIGURE 3
Experts’ focus in the program of international student assessment (PISA) task.


The color gradient (from red through yellow and green to white) relates to the participants’ attention and shows what part of the screen/task/area a solver focused on.

In the subtasks (Task 1–3), the students spent more time on Task 1–selecting useful equipment, and Task 4–choosing data from a table. The power of the effect was huge in both cases (dTask1 = 1.314, dTask4 = 1.645) suggesting the experts’ greater efficiency as not only did they need less time but their answers were also correct.

On the contrary, on Tasks 2 and 3, experts used more time fixating the tasks with a huge (dTask2 = 1.651) and medium (dTask3 = 0.62) effect size, which shows they paid more attention to the tasks. In the case of Task 2, it was their careful reading in order not to miss anything from the task. In Task 3, they spent the same time on the given map of a river as the students, but more time on the text.

This action was then reflected not only in their correct results but also in the amount of time spent on Task 3’s multiple-choice answer part (again the power of the effect was huge d = 1.293) which shows they just picked the correct response, in contrast to the students who spent more time on this part searching for the correct one (see Figure 4).
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FIGURE 4
Students’ focus in the program of international student assessment (PISA) task.




The chemistry task

As far as the chemistry task was concerned, surprisingly, neither the students nor the experts worked with the provided periodic table as much as was expected (see Figures 5, 6).
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FIGURE 5
Experts’ focus in the chemistry task.
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FIGURE 6
Students’ focus in the chemistry task.


One obvious difference appeared when their time fixation duration was observed on the table’s legend (explaining the element groups). The students spent significantly more time on the legend. The difference was also statistically significant (p = 0.046), with a large effect size (r = 0.813) which shows the experts’ expected familiarity. Another proof of their expertise was shown in Task 3’s context. They needed significantly less time, although with just a medium effect size (d = 0.696), which showed their familiarity with the trends. On this very task, however, the large effect size (d = 0.849) showed experts spent significantly more time fixating the task. This proved to be necessary for the correct results, however, more reasoning was shown in the retrospective-think-aloud and interview (see below). A similar difference with a medium effect-size (r = 0.445) was found in Task 1, on which, again, experts spent more time than the students. Considering the task was not about simple recollection from memory, the eye-tracking data helped to reveal the reason for the experts’ success. Nonetheless, it was the think-aloud and interviews which fully explained the reasons.




Retrospective think-aloud results: Applied strategies

The data above showed a difference between the students and experts’ time fixation durations on different tasks. When the eye-behavior was replayed to each of the task solvers, their verbal description of the process helped identify the reasons behind their performance, i.e., use of strategies and facing problems. Although not all experts reached the maximum score in both (PISA and chemistry) tasks, their solving strategies differed from the students’ considerably. The number of coded strategies was similar in both analyzed groups (69, resp. 70). For the sake of more accurate interpretation, absolute numbers and relative representations are reported in Table 2.


TABLE 2    Applied strategies.

[image: Table 2]

Both students and experts applied mostly expensive strategies such as e.g., working with available information (tables, map, and information in assignment). An example is given for chemistry Task 2 in which the solvers were supposed to infer on the course of reaction between alkali metals with water: “Then I looked at the table, where I actually assessed that the order of the elements is lithium, sodium, potassium, according to which the reactivity due to the assignment should increase.” Surprisingly, the eye-tracking data did not show a difference in the time fixation duration, despite the experts being familiar with these reactions and not being expected to use inductive thought processes with the use of the periodic table.

Another example of an expansive strategy in use is reflection. In PISA Task 2, in which the solvers were supposed to choose appropriate parts of a river for water sampling, one of them mentioned “…then I actually found out…, I thought that it would be appropriate to measure all three points < on the river >, and as soon as the answer wasn’t there, I found out that the question is probably different than I initially understood….”

One type of strategy was found only in experts’ progress–mentioning alternative solutions. The example is from PISA Task 3: “When they go to map it < the area in the task >, they have to write it down somewhere. But here I mentally came across the fact that when I want to record something, I usually take my phone. Or I turn on the navigation and don’t need a map at all.” This strategy explains the same time spent on the map and also the longer time fixation duration on this task’s text.

The difference between students and experts in using reading strategies was only slightly shown by eye-tracking–shorter time spent on certain texts–was skipping unnecessary information. This behavior was not identified during the think-aloud with the students: “I skipped the picture because I was looking at what to do first, if I had needed it, I would have come back to it later.”

The possible key to the expertise in problem-solving is to avoid limiting strategies. In some cases, they may lead to the correct answer, but they are not applicable in any other cases and therefore represent unwanted behavior (Ogilvie, 2009). Students applied these strategies in almost 22% of the problem-solving process. Students, for example, used a guessing strategy when they faced a problem with a lack of knowledge. An example from chemistry Task 2: “…the second task, I had no idea, so I read the options and guessed…” This was possible to observe in the students’ eye-movements (see Figure 7) compared with an expert (see Figure 8), who read the task and answer choices. The students focused mainly on the answer choices, which reflected their guessing strategy.
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FIGURE 7
Student’s attention to the answers’ choices.
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FIGURE 8
Expert’s attention to the task itself and answer choices.


This answer offers an explanation for the experts and students’ similar time fixation duration on this task. Whereas the experts’ was shorter due to their familiarity with the reaction, the students skipped this task once they did not know the correct response without trying to figure it out. This behavior, which also appeared in other tasks, was later explained in the interviews–students are not used to solving complex problem tasks in chemistry. Therefore, whenever there is not an immediately obvious solution, they turn to a limiting strategy and/or give up.

On the contrary, the experts did not use limiting strategies even when they faced problems (see Tables 2, 3). Here is a possible connection between their reported confidence. Students aware of guessing admitted it in the confidence scales; however, the experts did not have to. In order to promote students’ problem-solving skills, it seems necessary to concentrate on the processes following the problem’s identification.


TABLE 3    Faced problems.
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Faced problems

As well as in the case of strategies, the problems students and experts faced differed. The results are shown in Table 3.

Students had problems with reasoning, e.g., in the case of PISA Task 2 concerning measuring the speed of the river: “…I mentioned that it could be the bottle. At what speed the water will flow to the bottle…” The problem with the lack of knowledge was surprising as the task aimed at basic knowledge in the respondents’ study field and working with given information seemed natural. Nevertheless, the problem with applying knowledge also occurred in one of the experts’ think-aloud comments. In chemistry Task 1, they were supposed to induce the color of an element based on a trend in the periodic table. The expert mentioned: “…I used the table with the trends, but I did not know the color.” This points to a finding also observed with the students–in spite of the correct mental process, this expert did not respond just because they did not recall the correct answer.

Another common problem was misunderstanding the assignment. This was related to the type of task (complex tasks with context). Students’ answers were often contradictory to the assignment. The following example regarding chemistry Task 3 on atomic diameter: “…I usually read it twice, because the elements are smaller when they have a smaller number of electrons, protons, neutrons, so I found the elements and sorted them according to the proton number,” in contrast to the information in the task itself (abbreviated): “The trend is the increase of the atomic radius with increasing proton number in groups. Conversely, between elements in periods, the atomic radius decreases with increasing proton number…”



Participations’ evaluation of the tasks

The interviews served to help the researchers understand the observed thought processes manifested by eye-behavior and later verbalized during the think-aloud phase. They also provided information about the participants’ evaluation of the tasks. The main answers from the interviews are shown in Table 4.


TABLE 4    Perceived task difficulty and differences.
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The interviews revealed a different attitude to the tasks. The students perceived the chemistry tasks as more difficult, due to the knowledge needed and the presence of the periodic table: “Chemistry was more difficult–it is more theoretical and also, there was a table that confuses me….” On the contrary, the experts assumed the PISA task would be more difficult for students because it included more data analysis, more logical reasoning and less information was given: “Basically, I think PISA will be harder for them–it’s completely up to the student. It doesn’t have any supportive info, whereas there’s always a hint in the chemistry one. PISA also depends more on reading–like table data….”

Both students and experts mentioned orientation in the tables and text as the difficult part in solving the tasks. The above-mentioned attitude toward chemistry task solving was therewith discovered. Students, in accordance with their predecessors (Tóthová et al., 2021), reported the periodic table as something that confuses them: “…if the table wasn’t available here, I’d be more confident. The presence of the table is a distracting element.” As already pointed out in the cited research, the original idea of an inductive tool, which the periodic table undoubtedly, seems hidden even to pre-service teachers.

However, the students and experts differed in the perceived tasks’ demands. The students saw the difference between the chemistry and PISA task mainly in the perceived needed knowledge in the chemistry task. They did not notice the purpose of the chemistry task (they were supposed to work with available information and periodic table). Only basic knowledge required in lower elementary school chemistry was needed. Another discovered difference between the students’ and experts’ opinion of the tasks resided in the theoretical basis of the chemistry task: “The chemical one is more theoretical and the other practical.” However, this student opinion was in accordance with one expert: “For the PISA task, they need to have experience with being outside in the scientific context. They will probably have one from school for the chemistry task.”

The results seem to reflect student-perceived nature of tasks and thus confirm the presumption formulated by Vojíø and Rusek (2022)–presenting students with a limited variation of tasks affects their abilities.

The interviews revealed the students were not used to solving these types of tasks. They agreed that tasks at school (of the “textbook genre”) did not require logical reasoning and thinking or working with information, but rather memorized knowledge: “The difficult thing here is that one has to think about what and how to answer, what makes sense and what doesn’t. For example, in the tests we were given (at school), we would have to say what we memorized. So I would specifically answer the questions and I was sure of the answer there too.” Experts in the field of chemistry education who regularly visit lower and upper secondary schools answered similarly and added: “Such tasks appear rather rarely.” One expert referred to one research’s finding (Son and Kim, 2015) that “when a more difficult task appears, they tend to divide it. At the same time, according to my experience, they do not work with tables and diagrams much. They are not even used to reading text.”




Discussion


Overall results

This study brought several results which inform not only the Czech education system but also the international science education community. First, the finding that pre-service teachers struggle with tasks developed for 15-year-olds suggests that upper-secondary school teachers consider success quite differently to the OECD (producing PISA tasks) and even national curriculum standards. In fact, this study confirmed previous studies’ results showing deficiencies in students’ achievement of curricular objectives (cf. e.g., Medková, 2013; Rusek and Tóthová, 2021).

The students with lower expertise (compared to experts) achieved worse results, which confirmed previous research results. For example, in a study from physics education (Milbourne and Wiebe, 2018), the importance of content knowledge was shown as one of the key factors affecting students’ results. This was highlighted by the areas they paid attention to. Also, Harsh et al. (2019) found a significant difference in students’ and experts’ ability to read graphical data representations associated with the latter group’s direct search patterns resulting in better results.

The worse student achievement in comparison with the experts was associated with their poorer ability to estimate the correctness of their own solution. This phenomenon is consistent with other research (e.g., Talsma et al., 2019; Osterhage, 2021).



The differences between chemistry and program of international student assessment tasks (RQ1)

Student statements during the RTA, as well as interviews, helped understand this contradiction in more detail. The tasks presented to the students tested their literacy, science thinking and required a certain level of competency.

Despite the fact that respondents were chosen from pre-service chemistry teachers, students were less successful in the chemistry tasks than in general scientific tasks. This was proven even in a previous study in freshmen and students in the last year of their studies (Tóthová and Rusek, 2021a). The fact students saw chemistry tasks as more difficult than the PISA tasks and also the students’ statements about the expected nature of chemistry tasks suggests students are used to a certain type of chemistry task. These are usually based on knowledge and do not require any higher order thinking such as analysis or synthesis of information from several sources. Even successful solvers confirmed they preferred to use memorized facts than the periodic table, which “confuses them.” This was proven by the solvers’ attention (reflected in TFD) paid to the periodic table, which was unexpectedly low. Thereby, a trend was confirmed pointing to a certain task culture for lower-secondary science textbooks (Bakken and Andersson-Bakken, 2021; Vojíø and Rusek, 2022). Also, the statements regarding the difference between the chemistry and PISA tasks which referred to the “need” of knowledge and memorized information when solving chemistry content tasks confirm the misunderstanding of chemistry’s nature, resp. the periodic table (cf. Ben-Zvi and Genut, 1998). The interesting thing is that in the scientific (PISA) task, students did not mention needed knowledge; however, there were some scientific concepts, e.g., speed calculations.

On the other hand, experts considered the science task more complex, requiring more steps to solve them. Therefore, the PISA task was, according to them, more difficult.



The differences between students and experts (RQ2)

Differences were identified in the groups’ eye-tracking records. TFD spent on defined AOIs alone cannot explain the solving process. Combining it with other methods was therefore necessary. Differences between students and experts were evident in the strategies used. Experts used only expansive strategies, whereas students tended to also use limiting strategies, e.g., guessing. The use of this strategy was found in previous research and was related more likely to the group of low achievers in the case of test-taking strategies (Stenlund et al., 2017). The use of limiting strategies also seemed to lead to incorrect solutions in this study. The reasons for using these strategies were the identified problems: lack of knowledge, non-logical reasoning or misunderstanding the assignment. This is consistent with previous research (Tóthová et al., 2021). However, when experts faced a problem, they did not use the limiting strategy and continued using expansive strategies. At the same time, this finding further stresses the importance of a more cautious approach to complex tasks such as those used in the PISA framework. Its robust task piloting as well as large samples on one hand limit external factors, nevertheless in light of this study’s (and other) results, a number of false-positive results is very likely and merely dividing students according to literacy levels hardly provides sufficient information to suggest concrete changes in classroom instruction (cf. Tóthová and Rusek, 2021b).

Also, the problems faced by students and experts differed. The problem with misunderstanding the task leading to the incorrect solution occurred in students. Eye-tracking enabled these problems to be connected to the attention paid to concrete areas in the tasks. The difference between attention paid to concrete AOIs in students and experts occurred in the context part. Whereas in the PISA task, which dealt with general scientific knowledge, experts spent more time reading the task context, in the field of their study (chemistry) their spent significantly less time on the task context. This may reflect experts’ ability to choose relevant information for their solution (c.f. Tsai et al., 2012), whereas students still have to learn this. Also, the attention paid to the task parts differed between students and experts. Students focused more on the answer choices and less on the text needed. This finding is in accordance with previous research which showed significant inadequacies in students’ reading comprehension with regards to their task-solving results (Imam et al., 2014; Akbasli et al., 2016; Tóthová et al., 2021; Tóthová and Rusek, 2021a). It further stresses the aforementioned need to understand students’ performance on PISA (and PISA like) tasks better as they have immense impact on education systems, despite the reasons not seeming to be very clear. The most problematic part seen by students was working with tables and maps. This is surprising when visualizations play a crucial role in science as well as in science education (Gilbert, 2005). This phenomenon was not connected only to the general scientific task, but also to the field-specific periodic table. Students spent significantly more time on its legend which described the groups’ names, despite it not being relevant for solving the task.

Another reason for the different solving process may be the fact that a student’s brain cannot solve problems in this manner without memorizing it (Hartman and Nelson, 2015). Research (Tóthová and Rusek, 2021b) showed that supporting problem-solving strategies in several problematic areas, especially careful reading, identifying the main problem and supporting information led to better results and problem-solving skills’ development.

Students in this study mentioned memorized information to be a determinant of successful chemistry task solution. This is in contrast with the fact they could find the information in the tasks. This was later confirmed in the interviews, where reading and working with information was named as the most difficult. The results therefore showed a need to present chemistry tasks in more variable ways to pre-service teacher students and explain their reasoning beside testing field-specific, separated, memorized information.

The results of this study are affected by two major factors which limit the extent to which the findings can be generalized. First, it is the small sample. On the one hand, it provides information only about a small group of participants, on the other, it enables the use of a vast palette of interconnected methods which enable a thorough description of the studied phenomenon. Based on these data, it is later possible to focus on a smaller, more concrete aspect on a larger research sample. Second, it is the sample selection. Though the students were pre-selected based on their pre-test result, the performance especially of partially-successful and unsuccessful students was quite similar which did not result in as many findings as expected. Again, with a larger sample, more differences could be found. Also, as the experts sample was convenient, further research could include also experts from science disciplines.




Conclusion

The comparison of students and experts’ general science and chemistry oriented complex problem tasks showed several trends in the participants’ problem-solving processes. Combining tasks, eye-tracking, cued retrospective think-aloud and interviews, though time consuming, brought several important findings which deepen contemporary understanding of the problem-solving process. Despite the results not being generalized due to a small sample, they have the potential to inform the (science) education community in its endeavor to more effective instruction.

The pre-service teacher students considered chemistry tasks more difficult than science tasks, which was reflected in their results. On the other hand, the experts considered science tasks more complex and more difficult. The reasons behind the differences in the groups’ performance revealed possible areas the students need to improve but also raised more questions to be answered in future research.

The experts spent more time reading the task context in the PISA task requiring general scientific knowledge. However, their time-fixation duration was shorter in most parts of the chemistry-related task that proved their expertise. On the contrary, students’ longer time spent on the unnecessary information was one of the indicators for their lower success. Their task-solving processes revealed their lower ability to use information provided in the text, which was identified through the lack of attention paid to the periodic table and confirmed in their spoken description of the problem-solving process (think-aloud and interviews). In the interviews, even successful students tended to mention the importance of memorized information, mainly in chemistry tasks (the field of their study), and, that provided information confused them “you simply have to know that.”

The differences between the students and experts were also shown in the strategies they used. Both groups used mainly expansive strategies. However, students used limiting strategies 22% of the time, unlike experts who did not apply limiting strategies at all. The expertness consisted in the participants’ variability of applied expansive strategies even in cases where the originally chosen strategy did not work. This is another issue teacher training needs to focus on.

Limiting strategies were connected to the problems the solvers faced. Logical reasoning, knowledge, and understanding an assignment were proved to be crucial. When reading a task, differences between reading behavior in students and experts appeared to be a possible reason for incorrect solutions. Therefore field-specific reading needs to be focused on pre-service teacher training.

The results also showed a need to support pre-service teachers’ ability to identify the main problem and supporting information. Moreover, the results showed a need to present chemistry tasks in more variable ways to PCTs and explain their reasoning other than testing field-specific, separated, memorized information. As the pool of identified novice vs. expert differences is already quite full, future research should focus on specific means for effective procedure transfer to students. As it includes many hidden processes, the combination of methods used in this study (eye-tracking, think-aloud, and interviews) are methods which will surely find their use.
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Footnotes

1     Complex tasks are tasks consisting of several subtasks with a different focus connected by a unifying topic.
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1. Pri kci lithia s vodou pozorujeme, Ze jeji prabéh je pozvolny, sledujeme

v 1. Pfi reakci unika teplo.
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