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Abstract

The aim of this paper is to identify differences in the justification of the selection of 3D dynamic submicroscopic representation (SMR) of the solid and liquid state of water, as well as freezing. The differences in the total fixation duration on specific areas of interest from determined on specidic SMRs between successful and unsuccessful students in three age groups were also studied. A total of 79 students participated in this research. The data was collected through a structured interview conducted between students’ solving three authentic tasks displayed on the computer screen. The taskes comprise text (as problem and questions), macro images (photos of the phenomena) and SMRs of the phenomena. An eye-tracker method was used to measure the students’ gaze fixations during the solving of the specific authentic task in a particular area of interest. The results show that successful students' justifications for a correct SMR include macroscopic and submicroscopic representations of the chosen concepts. Along the vertical of education, the selection success increases and the correctness of the justification is dominant on the submicroscopic level. It could be conceded that within the same age group there are mostly no differences between successful and unsuccessful students in the total fixation duration in the area of interest with correct SMR. Further studies are needed to investigate the processing of information from successful and unsuccessful students in solving various authentic tasks with SMRs.
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Povzetek

V članku predstavljena raziskava se ukvarja z identifikacijo razlik v utemeljitvah izbire dinamične 3D submikroskopske predstavitve (SMR) trdnega in tekočega agregatnega stanja vode ter zmrzovanja. Preučevane so bile tudi razlike v času trajanja fiksacij na izbranih interesnih področjih uspešnih in neupešnih 79 učečih se treh starostnih skupin. Podatki so bili zbrani s strukturiranim intervjujem, ki je vključeval računalniške zaslonske slike treh avtentičnih nalog. Naloga je vsebovala besedilo (problem ali vprašanje), fotografijo pojava na makroskopski ravni in SMR pojava. Metoda očesnega sledilca je bila uporabljena za merjenje fiksacij med reševanjem avtentičnih nalog na določenem interesnem področju. Rezultati kažejo, da so uspešni posamezniki pri utemeljitvah vključevali predvsem makroskopske in submikroskopske predstavitve izbranega pojma. Po vertikali izobraževanja narašča uspešnost izbire in pravilnost utemeljitve prevladujoče na submikroskopski ravni. Med uspešnimi in neuspešnimi učečimi se iste starostne skupine, se po večini ne pojavijo razlike v času trajanja fiksacij na izbranem interesnem področju (pravilni SMR). Potrebne so nadaljnje raziskave, s katerimi bo preučeno procesiranje informacij uspešnih in neuspešnih učečih se, pri reševanju različnih avtentičnih nalog s SMR. 

Ključne besede:

Agregatna stanja vode, zmrzovanje, avtentične naloge, dinamične 3D SMR, očesni sledilec.

INTRODUCTION

Most of the chemical concepts are comprehended as abstract for teaching and learning because they can be represented on three different levels of representation, namely macroscopic, submicroscopic and symbolic. Teaching and learning of chemical concepts can be facilitated by context-based chemistry approaches that usually start from contexts (topics, questions) that are close to the students' everyday life (authentic context). These approaches increase students' interest, activate their pre-knowledge on certain topics and offer situations in which newly developed knowledge can be applied and linked to basic concepts.1 Several authors have taken this into account when designing activities and tasks for students.2-5 

However, facilitating the understanding of the specific level of representation of chemical concepts is related to the use of different visualization tools.6 Therefore, teachers should pay more attention to showing structures of different substances at the submicroscopic level so that students can construct an adequate understanding of the specific chemical concept.7 For visualization at the submicroscopic level, teachers could use static and dynamic 2D or 3D submicro-representations.8,9 However, some reasearchers10 reported that students using 3D dynamic representations constructed a better understanding of chemical concepts than students using static 3D representations, while other researchers11 reported that 3D representations help students improve incomplete understanding of concepts and influence the construction of more complete concepts. 

For an adequate understanding of the chemical concept, it is important that students integrate all three levels of chemical concept simultaneously: the macroscopic, the submicroscopic and the symbolic level.12 Many studies have shown that students at all levels of education have problems in interpretating and applying of SMRs.9,13,14 These difficulties indicate a lack of connection between all three levels of the representation of the chemical concept. The researchers15-17 found that primary school, secondary school and university students have problems in explaining the process (represented at the macroscopic level) at the submicroscopic level. Nevertheless, knowledge about the particulate nature of matter in the vertical of education is improving.18 Based on research,19,20 primary school students have problems in understanding of SMRs for states of matter and transitions between them. 16-year-old students were most successful in solving tasks related to the gaseous state of water at the submicroscopic level, of all three agregate states of water.21,22 

It is reported that most of students are able to explain particle motion in the liquid and solid state of matter23,24. Students aged 10 to 12 years have problems in applying particle theory to justify everyday events. Even if the students had previous theoretical knowledge about the particulate nature of matter, problems with explaining everyday events or using it to explain observed phenomena were common.25 Other researchers26 stated that the students were unable to transfer the obtained knowledge about the particulate nature of matter to situations in everyday life. Students have problems explaining events (based on particle theory) that are related to physical changes, even if they have formed adequate particle conceptions. This affects the occurence of role learning. Teachers should use the particulate nature of matter to explain events in everyday life, which prevents role learning and facilitates the conceptual understanding of particle theory.24 Difficulties in the conceptual understanding of state changes have been reported in recent decades.27 However, the representation of chemical concepts using dynamic SMRs has an impact on improving of students' understanding of the particulate nature of matter,28 e.g. motion29-32 and particle arrangement.33-35

The process of individual's task solving can be identified with eye tracking because cognitive information processing is related to eye movements, which are used as an observable measure of visual attention.36-38 Eye tracking studies have shown that unsuccessful task solvers have had difficulty distinguishing between relevant and irrelevant factors and focusing on relevant factors to solve the task. Success in selecting information is crucial for successful task solving39 and it is similar to the observation of 3D-SMRs.40 Which information is processed by the cognitive system is indicated by fixations.41 Fixations are the periods of eye stability. The eyes can only be in a stable condition for a limited time (100-500 ms).36,41,42 The most commonly used measure of eye movement is fixation duration, including a variable total fixation duration (TFD).42,43 Fixation duration measures »the duration of each individual fixation within an area of interest (AOI)«.37,44 Longer fixation durations indicate greater complexity of visual material and less efficiency in finding the information on the computer screen.45 The duration of the fixation on the individual components of a display can be used to identify the AOIs. Fixation duration also indicates the time in which the information is processed.37 A longer fixation time indicates a deeper and more complex processing of the information.46

2. Research problem and research questions 

The results of the research47 showed an improvement in the knowledge of the states of matter at submicroscopic level among the vertical of education. Based on research findings, primary school students have problems in understanding SMRs for states of matter and transitions between them.19,20 Unsuccessful problem solvers have had difficulty in distinguishing between relevant and irrelevant factors and in focusing on the relevant factors to solve the scientific task. Success in selecting information is crucial for successful task solving.39 From the research results presented in the introduction, it is evident that difficulties in explaining of particular nature of different states of water are found among students of different age groups.   

The main objective of the research was to determine whether successful students at the ages of 12, 16 and 23 explain their decisions in solving specific authentic tasks related to the solid and liquid state of water and the freezing of water, and whether they fix their gaze shorter time on the correct 3D-SMR (they process information that is less complex for them) than non successful students while solving the tasks. Two research questions were set in the research:
RQ 1: Are there significant differences between successful and unsuccessful students of different age groups (12, 16 and 23 years) in the selection of 3D dynamic SMRs (for the solid, liquid state of water and the freezing of water) and justifying about their decision? 
RQ 2: Are there significant differences between successful and unsuccessful students of different age groups (12, 16 and 23 years) in TFD on AOI with 3D dynamic SMRs in authentic tasks including solid, liquid state of water and freezing of water?

3. Methods

A quantitative non-experimental research approach with descriptive methods was used. 

3.1. Participants 

The non-random sample of participants was formed from a mixed urban population, including seventy-nine Slovenian students from three different age groups. The students came from the Ljubljana region and participated voluntarily in the research. The participants were divided into three groups based on different levels of education (primary, upper secondary, and university education levels). The first group included thirty students who attended the seventh grade of primary school (Mdn = 12.0 years, IQR = .43 years). The participants (N = 29) of the second group attended the first year of secondary school (Mdn = 16.0 years, IQR = 1.0 years). The third group consisted of 20 students (future teachers) of the double-majors study programme of biology/physics and chemistry from the Faculty of Education of the University of Ljubljana (Mdn = 23.0 years, IQR = 2.0 years). 

The approval for primary and upper secondary students was obtained from school authorities, teachers, and parents/caregivers, according to the verdict of the Ethics Committee for Pedagogy Research of the Faculty of Education, of the University of Ljubljana. All participants had normal or corrected-to-normal vision, and all were competent readers. To ensure anonymity, each student was assigned a code.   

3.2. Instruments

The problem set consisted of three authentic tasks. These specific tasks are three of eleven science authentic tasks that were studied in the research entitled »Explaining Effective and Efficient Problem Solving of the Triplet Relationship in Science Concepts Representations«. The tasks were developed according to the Slovenian students’ achievements on TIMMS (Trends in International Mathematics and Science Study), PISA (The Programme for International Student Assessment), and the Slovenian national external assessment for chemistry and physics but modified for the purposes of this research. The 3D dynamic SMRs were designed by science educators; also authors of this paper, and according to their developed ideas, the computer professional completed them. The 3D dynamic SMRs were developed only for the purposes of this research. The time, in which the participants looked at them, was not limited. When the participants needed more time to solve the tasks, the animations started all over again. However, the participants did not have the ability to control the animations. The text of tasks was in Slovenian. For the purposes of this paper, the texts of tasks have been translated into English (see Figures 1, 2, 3). 

Task 1 (Figure 1) includes macroscopic and submicroscopic levels of representation for the solid state of water, task 2 for the liquid state of water and task 3 for the freezing of water. Each task was presented by displaying a screen image (slide) in the PowerPoint presentation. Task 1 and task 2 each have two slides. 

Task 1 included a photo of the iceberg, three 3D dynamic SMRs and two questions, related to the selection and justification of the selected submicrorepresentation. Task 2 (Figure 2) consists of a photo of liquid water, three 3D dynamic SMRs and two questions related to the selection and justification of the selected SMR. The 3D dynamic SMRs in tasks 1 and 2 represented correct arrangement and movement of particles in all three states of water (solid, liquid and gaseous state) in different order. 

Task 3 (Figure 3) included a photo of partially frozen Lake Bled, two questions (to select and explain selected 3D submicrorepresentation) and three animations that could represent a process of water freezing. All animations represented an correct movement and arrangement of particles (water molecules) in gaseous state of water (on the top of SMR). One 3D dynamic SMR distinguished from the correct one only in non-motion of particles in the solid state of water. The other unsuitable SMR did not represent the arrangement of the particles in the correct order (One 3D dynamic SMR distinguished from the correct one only in non-motion of particles in the solid state of water. The other unsuitable SMR did not represent the arrangement of the particles in the correct order (solid state in the lower part, liquid state in the middle part of the SMR and gaseous state in the upper part instead of the liquid state in the lower part, solid state in the middle part of the SMR and gaseous state in the upper part). 
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	Figure 1. Screen images of the first authentic task, part 1 (left) and part 2 (right). (Image of iceberg from hdwpics.com).
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	Figure 2. Screen images of the second authentic task, part 1 (left) and part 2 (right). (Image of flowing water from www.goingmobo.com).
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	Figure 3. Screen image of the third authentic task. (Image of lake Bled from Wiki).



3.3 Research design 

To determine the time required by successful and unsuccessful students for certain AOI (3D dynamic SMRs for the solid, liquid state of water and freezing of water), TFDs were measured with eye tracking. Fixations refer to maintaining a gaze on a specific AOI, while saccades refer to rapid eye movements from one AOI to another.48 The identification of saccades/fixations is based on the motion of gaze during each collected sample. If both the velocity and acceleration threshold (in our case: 30 degrees per second and 8000 degrees per second squared) or are exceeded, a saccade begins; otherwise the sample is labelled as a fixation. The screen-based EyeLink 1000 (35 mm lens, horizontal orientation) eye tracker apparatus and associated software (Experiment Builder for preparation of the experiment and a connection to EyeLink; Data Viewer for data acquisition and basic analysis) for recordings and analyses of students’ eye movements when solving authentic tasks were used. Data were collected from the right eye (monocular data collection following corneal reflection and student responses) at 500 Hz.49 

The data were collected using the eye tracking method in the laboratory of the Department of Psychology, University of Ljubljana, Faculty of Arts. The data collection was performed between November 2017 and January 2018 through a structured interview. Before the individual testing with the eye tracker, a student was informed about the eye tracking method, the purpose of the research and his role in it. During testing with the eye tracker, a student was sitting in the front of the computer screen with his beard and forehead held on a special head-supporting stand. This enabled the optimal measurement, recording and stability of the head and recordings. The distance between participants' eyes and computer screen was approximately 60 centimetres. After calibrating and validating the eye tracker using a nine-point algorithm, the student solved the tasks and gave the answers to testator, who wrote them down. The tasks were represented in the form of slides in Power Point presentation. When a student solved the task presented on slide, a testator switched to another slide (task).50

A basic analysis of the collected eye movement data was performed in the Data Viewer. Further data analysis was conducted in the Statistical Package for Social Sciences (SPSS), version 22. The participants of all three age groups (12, 16 and 23 years old students) were divided into groups of successful and unsuccessful (based on their successful selection of the correct 3D dynamic SMR for liquid, solid state and freezing of water and the reasons for their selection). We determined relative and absolute frequencies for each group of students using a frequency analysis. The mean values of the TFDs were described by a median (Mdn) and an interquartile ranges (IQR) for the specific 3D SMR, because the frequency distribution of the total fixation duration showed a greater asymmetry or kurtosis. The Mann-Whitney U and Kruskal-Wallis non-parametric tests were used to explain the relationship between the (un)successfully solved authentic task, including animation at the submicroscopic level, and TFD on AOIs with SMRs.

4. Results and Discussion 

The results are presented according to the research questions.

4.1. Students’ achievements in selecting the correct SMR and the level of justification of selection  

Research question 1 focused on the differences between successful and unsuccessful students in three age groups in the selection of 3D dynamic SMRs for the solid and liquid state of water or the freezing of water and the justification about their decisions.

[bookmark: _heading=h.gjdgxs]The results showed that all students in groups 2 and 3 chose the correct SMR for the solid and liquid state of water, while one student (3.33%) in group 1 chose the incorrect SMR for the solid state of water and two of them (6.67%) chose the incorrect SMR for the liquid state of water. 23.33% of the students in group 1, 58.62% in group 2 and 75.00% in group 3 chose the correct 3D dynamic SMR for freezing of water.

Table 1 presents the relative frequencies (for successful and unsuccessful students) of students' achievements in tasks related to the solid and liquid state of water or the freezing of water. A group of successful students included students who selected the correct 3D dynamic SMR for a particular state of water or freezing of water and wrote down correct justifications for their decisions, while a group of unsuccessful students included students who were unsuccessful in selecting and/or justifying the selection of a correct 3D dynamic SMR. 

From the results presented in Table 1 it is evident that the justification for the selection of a correct SMR for the solid state of water is improving among vertical of education from 10.00% in group 1 to 20.00% in group 3. In task on the liquid state of water, the ability to justify correctly the choice raised among the vertical of education from 17.24% to 55.00%. As expected, the students of group 3 were most successful in justifying the selection of the correct 3D dynamic SMR for the solid state of water. Relative frequencies related to the task in water freezing increased among vertical of education from 13.33% in group 1 to 40.00% in group 3. Researchers18 noted that knowledge about the particulate nature of matter is improving among vertical of education. Other researchers19,20,48 also argued about improved knowledge among the educational vertical, as the presented study shows.

Table 1. Relative frequencies of successful and unsuccessful students at solving tasks on solid (task 1), liquid state of water (task 2) and freezing of water (task 3).

	
	Task 1: Solid state of water
	Task 2: Liquid state of water
	Task 3: Freezing of water 

	Group of students
	1
	2
	3
	1
	2
	3
	1
	2
	3

	Successful (f%)
	10.00
	13.79
	20.00
	17.24
	50.00
	55.00
	13.33
	31.03
	40.00

	Unsuccessful (f%)
	90.00
	86.21
	80.00
	82.76
	50.00
	45.00
	86.67
	68.97
	60.00


Group 1: Students aged 12. 
Group 2: Students aged 16.
Group 3: Students aged 23.

A level at which the justification of selected SMR (submicroscopic, macroscopic, combination of both levels) was argued is shown in Table 2 by absolute frequencies of justifications at the specific level of representation of chemical concepts in tasks 1 (solid state of water), 2 (liquid state of water) and 3 (freezing of water). 

The majority (70.00%) of successful and unsuccessful students in group 1 justified their selection for the SMR of solid state of water (task 1) at macroscopic and combination of macroscopic and submicroscopic level, while most (70.00%) successful and unsuccessful students in group 3 justified their selection at submicroscopic level. 

It is evident that the majority of successful and unsuccessful students in all three groups listed the justifications for selecting the SMR for the liquid state of water (task 2) at the macroscopic and submicroscopic levels, except for the unsuccessful students in group 3, who gave the same number of justifications at the submicroscopic or macroscopic and submicroscopic levels. 

Successful and unsuccessful students in group 1 explained the majority of the justifications in task 3 (freezing of water) at the macroscopic level. Most of successful and unsuccessful students of group 2 discussed a selection of a correct SMR at macroscopic and submicroscopic level. Successful students in group 3 argued about the selection of a SMR for freezing of water at macroscopic and submicroscopic level or macroscopic level, while more unsuccessful students in group 3 argued at the macroscopic and submicroscopic level. 

Researches15-17 have shown that primary school, secondary school and university students have problems explaining the process (represented at the macroscopic level) at the submicroscopic level as shown in the present research. Based on the research fingings,19,20 primary school students have problems in understanding SMRs for states of matter and transitions between them. Most students can explain the motion of particles in the liquid and solid state of matter.23,24 It was found that the proportion of tested students who used macroscopic levels to represent the state of water decreased with advanced age.48 All of the above findings are consitent with the results of the present research. 









Table 2. Relative frequencies of successful and unsuccessful students' argumentations at a specific level of representation, m - macroscopic level; m & s - macroscopic and submicroscopic level; s - submicroscopic level.

	
	
	Group 1
	Group 2
	Group 3

	
	
	m (f)
	m & s (f)
	s (f)
	m (f)
	m & s (f)
	s (f)
	m (f)
	m & s (f)
	s (f)

	Successful students
	Task 1: Solid state of water
	-
	6.67
	3.33
	-
	6.89
	6.89
	-
	15.00
	40.00

	
	Task 2: Liquid state of water
	-
	20.00
	-
	-
	10.34
	6.89
	-
	40.00
	10.00

	
	Task 3: Freezing of water
	13.33
	-
	-
	13.79
	17.24
	-
	20.00
	20.00
	-

	Unsuccessful students
	Task 1: Solid state of water
	13.33
	50.00
	26.67
	3.45
	48.28
	34.48
	-
	15.00
	30.00

	
	Task 2: Liquid state of water
	6.67
	40.00
	33.33
	-
	55.17
	27.59
	-
	25.00
	25.00

	
	Task 3: Freezing of water
	66.67
	16.67
	3.33
	27.59
	41.38
	-
	25.00
	35.00
	-


Group 1: Students aged 12. 
Group 2: Students aged 16.
Group 3: Students aged 23.

4.2 TFDs of successful and unsuccessful students at AOIs with SMRs of authentic tasks including the solid, liquid state of water and the freezing of water.

A second research question relates to the identification of differences between successful and unsuccessful students of different age groups in the TFD on AOIs including 3D dynamic SMRs in tasks dealing with the solid, the liquid state of water and the freezing of water. 

Table 3 presents Mdns and IQRs for absolute and relative TFD at different AOIs - 3D dynamic SMRs for successful and unsuccessful students of three age groups for task 1, which relates to the solid state of water. TFDs of successful and unsuccessful students of group 1 were longer on the correct (first) SMR for the solid state of water. The second SMR (liquid state of water) represented a somewhat more important AOI for successful students than for unsuccessful. Unsuccessful students in group 1 had higher mean values of relative TFDs. Successful students in group 2 spent more time on the second AOI (SMR), while unsuccessful students were on the first AOI. Successful students spent slightly less time on SMR 1 than on SMR 2; while unsuccessful students spent much less time on SMR 2 than on SMR 1. Unsuccessful students had a higher mean relative TFD for SMR 1, while successful students had a higher mean relative TFD for SMR 2. TFDs presented in Table 3 show that successful and unsuccessful students in group 3 spent most time on the first SMR. SMR 2 represented a less important area of interest for both groups of students (in relation to TFDs), but mainly for the successful students. Successful and unsuccessful students had a higher relative value of the TFD for SMR 1. However, differences in TFDs of successful and unsucesfull students for students from certain age group on correct and other two SMRs were not statistically significant (Table 4), except for students of group 3 on AOI with the SMR 3.

Differences in TFDs of successful and unsuccessful (of all 79 students) on AOI with the correct SMR in task 1 (SMR 1) were not statistically significant (U = 435,500, p = .185). However, statistically significant differences in TFDs between all successful and unsuccessful students appear on AOI with SMR 2 (U = 373,000, p = .040).

Differences in TFDs of successful students regarding the age group on the AOI with the correct SMR in task 1 were not statistically significant (Kruskal-Wallis χ2(2)=5.720, p = .075), whereas they are statistically significant on incorrect SMRs, concretely on the AOI with SMR 2 (Kruskal-Wallis χ2(2)=7.126, p = .028), and AOI with the SMR 3 (Kruskal-Wallis χ2(2)=10.724, p =.005).

Differences in TFDs of unsuccessful students regarding the age group on the AOI with the correct SMR in task 1 were not statistically significant (Kruskal-Wallis χ2(2)=4.451, p ≤ .000), whereas they are statistically significant on incorrect SMRs, concretely on the AOI with SMR 2 (Kruskal-Wallis χ2(2)=20.090, p ≤ .001), and AOI with the SMR 3 (Kruskal-Wallis χ2(2)=17.884, p ≤ .001).

Table 3. Median (Mdn) and interquartile range (IQR) of TFDs on areas of interest for successful and unsuccessful students of 3 age groups at task 1 (solid state of water). The correct SMR is SMR 1.

	
	
	
	AOI

	
	
	
	SMR 1
	SMR 2
	SMR 3

	
	
	Variable
	Mdn1
	IQR1
	Mdn2
	IQR2
	Mdn3
	IQR3

	Group 1
	Successful
(n = 3)
	TFD (s)
	16.40
	-
	15.79
	-
	7.55
	-

	
	
	TFD
	.21
	-
	.21
	-
	.05
	-

	
	Unsuccessful
(n = 27)
	TFD (s)
	16.18
	11.62
	13.15
	14.03
	2.67
	2.72

	
	
	TFD
	.28
	0.13
	.22
	.17
	.05
	.05

	Group 2
	Successful
(n = 4)
	TFD (s)
	6.60
	5.52
	7.15
	16.44
	1.36
	1.55

	
	
	TFD
	.21
	.01
	.22
	.25
	.04
	.03

	
	Unsuccessful
(n = 25)
	TFD (s)
	12.49
	9.83
	5.46
	4.23
	.93
	.89

	
	
	TFD
	.37
	.17
	.18
	.12
	.03
	.04

	Group 3
	Successful
(n = 11)
	TFD (s)
	10.82
	8.92
	2.53
	3.83
	.38
	.93

	
	
	TFD
	.39
	.14
	.10
	.07
	.01
	.01

	
	Unsuccessful
(n = 9)
	TFD (s)
	12.86
	7.57
	5.64
	4.06
	1.22
	.90

	
	
	TFD
	.37
	.17
	.19
	.13
	.05
	.03


Group 1: Students aged 12. 
Group 2: Students aged 16.
Group 3: Students aged 23.

Table 4. Results of Mann-Whitney U test for students of specific age groups, devided to successful and unsuccessful acording to specific AOI with SMR in the solid state of water. The correct SMR is SMR 1.

	
	
	AOI

	
	
	SMR 1
	SMR 2
	SMR 3

	
	
	U
	p
	U
	p
	U
	p

	Group 1
	Successful
(n = 3)
	49.000
	.600
	45.000
	.795
	55.000
	.350

	
	Unsuccessful
(n = 27)
	
	
	
	
	
	

	Group 2
	Successful
(n = 4)
	20.000
	.060
	60.000
	.562
	68.000
	.281

	
	Unsuccessful
(n = 25)
	
	
	
	
	
	

	Group 3
	Successful
(n = 11)
	50.000
	1.000
	30.000
	.152
	22.000
	.038

	
	Unsuccessful
(n = 9)
	
	
	
	
	
	



Table 5 presents medians and IQR for absolute and relative TFDs on different AOIs - 3D dynamic SMRs for successful and unsuccessful students of three age groups for task 2, which refers to the liquid state of water. The mean values show that successful and unsuccessful students of group 1 spent most of their time on the third SMR, which represents the liquid state of water. Successful and unsuccessful students had very similar mean values for TFD for SMR 2; successful students in group 1 spent more relative time on the SMRs 2 and 3 than unsuccessful students. The medians of TFDs values for successful and unsuccessful students in group 2 indicate that they spent most time on the SMR 3. The median values of TFDs for SMR 2 were very similar for both groups - successful and unsuccessful students. The medians of TFDs for group 3 show that successful and unsuccessful students concentrated most of the time on the SMR 3. The two other SMRs (especially the SMR 1) did not represent a very important AOI for either group of students in group 3. The relative values of the TFDs for SMR 3 were higher for successful students in all three groups. However, differences in TFDs of successful and unsucesfull students for students from the certain age group on correct and other two SMRs were not statistically significant (Table 6).

Differences in TFDs of successful and unsuccessful (of all 79 students) on AOI with the correct SMR in task 2 (SMR 3) were not statistically significant (U = 594,000, p = .868) as well as on the AOI with SMR 1 (U = 568,000, p = .649) and on AOI with SMR 2 (U = 582,000, p = .764).

Differences in TFDs of successful students regarding the age group on the AOI with the correct SMR in task 1 (SMR 3) were not statistically significant (Kruskal-Wallis χ2(2)=2.202, p = .333), similar it is on the AOI with the SMR 1 (Kruskal-Wallis χ2(2)=1.856, p = .395). However, statistically significant differences in TFDs of successful students regarding the age group are determined on the AOI with SMR 2 (Kruskal-Wallis χ2(2)=7.425, p = .024).

Differences in TFDs of unsuccessful students regarding the age group on the AOI with the correct SMR in task 2 were not statistically significant (Kruskal-Wallis χ2(2)=3.325, p = .190), whereas they are statistically significant on incorrect SMRs, concretely on the AOI with SMR 1 (Kruskal-Wallis χ2(2)=10.326, p = .006), and AOI with the SMR 2 (Kruskal-Wallis χ2(2)=14.518, p = .001).

Table 5. Median (Mdn) and interquartile range (IQR) of interest for successful and unsuccessful students of 3 age groups in task 2 (liquid state of water. The correct SMR is SMR 3.

	
	
	
	AOI

	
	
	
	SMR 1
	SMR 2
	SMR 3

	
	
	Variable
	Mdn1
	IQR1
	Mdn2
	IQR2
	Mdn3
	IQR3

	Group 1
	Successful
(n = 6)
	TFD (s)
	2.30
	3.30
	6.17
	5.28
	16.85
	13.32

	
	
	TFD
	.07
	.10
	.17
	.08
	.41
	.12

	
	Unsuccessful
(n =24)
	TFD (s)
	4.21
	6.56
	6.20
	4.98
	17.05
	16.24

	
	
	TFD
	.09
	.12
	.14
	.08
	.34
	.22

	Group 2
	Successful
(n = 5)
	TFD (s)
	1.56
	1.18
	3.61
	3.08
	9.51
	10.92

	
	
	TFD
	.05
	.06
	.12
	.12
	.40
	.24

	
	Unsuccessful
(n = 24)
	TFD (s)
	1.73
	2.18
	3.22
	3.88
	9.81
	10.66

	
	
	TFD
	.06
	.08
	.10
	.12
	.37
	.24

	Group 3
	Successful
(n = 10)
	TFD (s)
	2.28
	2.20
	3.59
	2.72
	11.47
	8.90

	
	
	TFD
	.09
	.04
	.15
	.10
	.54
	.12

	
	Unsuccessful
(n = 10)
	TFD (s)
	1.78
	2.62
	2.26
	3.18
	13.97
	11.10

	
	
	TFD
	.07
	.08
	.08
	.12
	.47
	.30


Group 1: Students aged 12. 
Group 2: Students aged 16.
Group 3: Students aged 23.



Table 6. Results of Mann-Whitney U test for students of specific age groups, devided to successful and unsuccessful acording to specific AOI with SMR in the liquid state of water. The correct SMR is SMR 3.

	
	
	AOI

	
	
	SMR 1
	SMR 2
	SMR 3

	
	
	U
	p
	U
	p
	U
	p

	Group 1
	Successful
(n = 3)
	59.000
	.527
	73.000
	1.000
	73.000
	1.000

	
	Unsuccessful
(n = 27)
	
	
	
	
	
	

	Group 2
	Successful
(n = 4)
	55.000
	.801
	61.000
	1.000
	68.000
	.674

	
	Unsuccessful
(n = 25)
	
	
	
	
	
	

	Group 3
	Successful
(n = 11)
	61.000
	.436
	54.000
	.796
	40.000
	.481

	
	Unsuccessful
(n = 9)
	
	
	
	
	
	



Table 7 presents medians and interquartile range for absolute and relative TFDs on AOIs - 3D dynamic SMRs for successful and unsuccessful students of three age groups for task 3, which relates to the freezing of water. It is evident that successful group 1 students focused most of the time on the correct (first) 3D SMR for freezing of water while unsuccessful students tackled on the third SMR representing non-motion of particles in the solid state of water. Successful group 1 students spent less time on the third SMR, while unsuccessful spent less time on the first SMR. Relative mean values of the TFDs for SMR 1 were higher for successful students in group 1, while they were higner for unsuccessful students for SMR 3. Successful and unsuccessful students of groups 2 spent most of their time on the SMR 1. The SMR 3 had almost the same value of the median (TFD) for successful and unsuccessful students in group 2; for SMR 3, the relative mean values of the TFDs were higher for the unsuccessful students in group 2; for SMR 1, the successful students had higher relative TFDs, while unsuccessful students in group 2 had similar medians on SMRs 1 and 3. For successful and unsuccessful students of group 3, SMR 3 represented the AOI with the highest mean value of the TFD. In SMR 1, the relative TFDs were higher for successful students, while in SMR 3 the relative TFDs were higher for unsuccessful students. However, differences in TFDs of successful and unsucesfull students for students from the certain age group on the correct (SMR 1) and other two incorrect SMRs were not statistically significant (Table 8). Exception appears in a group 2 on AOI with the correct SMR.

Differences in TFDs of successful and unsuccessful (of all 79 students) on AOI with the correct SMR in task 3 (SMR 1) were statistically significant (U = 918,000, p = .001), they were not statistically significant on AOI with the SMR 2 (U = 524,000, p = .346) and AOI with the SMR 3 (U = 446,000, p = .070).

Differences in TFDs of successful students regarding the age group on the AOI with the correct SMR in task 3 (SMR 1) and incorrect SMRs were not statistically significant (Kruskal-Wallis χ2(2)=0.532, p = .766; Kruskal-Wallis χ2(2)=1.583, p = .453; Kruskal-Wallis χ2(2)=0.396, p = .820)

Differences in TFDs of unsuccessful students regarding the age group on the AOI with the correct SMR in task 3 were statistically significant (Kruskal-Wallis χ2(2)=9.225, p = .010), whereas they were not statistically significant on incorrect SMRs, concretely on the AOI with SMR 2 (Kruskal-Wallis χ2(2)=0.070, p = .965), and AOI with the SMR 3 (Kruskal-Wallis χ2(2)=5.143, p = .076).

Table 7. Median (Mdn) and interquartile range (IQR) of interest for successful and unsuccessful students of 3 age groups in task 3 (freezing of water). The correct SMR is SMR 1.

	
	
	
	AOI

	
	
	
	SMR 1
	SMR 2
	SMR 3

	
	
	Variable
	Mdn1
	IQR1
	Mdn2
	IQR2
	Mdn3
	IQR3

	Group 1
	Successful
(n = 4)
	TFD (s)
	22.51
	29.30
	9.46
	9.64
	9.93
	13.9

	
	
	TFD
	.35
	.18
	.15
	.12
	.15
	.08

	
	Unsuccessful
(n = 26)
	TFD (s)
	8.53
	10.96
	8.75
	9.02
	14.44
	13.94

	
	
	TFD
	.16
	.14
	.12
	.12
	.26
	.10

	Group 2
	Successful
(n = 9)
	TFD (s)
	25.76
	15.90
	7.79
	5.04
	9.41
	8.98

	
	
	TFD
	.34
	.10
	.10
	.08
	.15
	.10

	
	Unsuccessful
(n = 20)
	TFD (s)
	12.29
	8.82
	7.11
	5.80
	9.10
	10.26

	
	
	TFD
	.26
	.14
	.13
	.08
	.17
	.16

	Group 3
	Successful
(n = 8)
	TFD (s)
	20.82
	23.36
	5.69
	6.62
	9.22
	14.42

	
	
	TFD
	.37
	.18
	.08
	.06
	.14
	.24

	
	Unsuccessful
(n =12)
	TFD (s)
	19.46
	25.44
	7.05
	9.94
	18.08
	16.06

	
	
	TFD
	.31
	.30
	.09
	.08
	.23
	.18


Group 1: Students aged 12. 
Group 2: Students aged 16.
Group 3: Students aged 23.



Table 8. Results of Mann-Whitney U test for students of specific age groups, devided to successful and unsuccessful acording to specific AOI with SMR in the freezing of water. The correct SMR is SMR 1.

	
	
	AOI

	
	
	SMR 1
	SMR 2
	SMR 3

	
	
	U
	p
	U
	p
	U
	p

	Group 1
	Successful
(n = 3)
	83.000
	.061
	55.000
	.883
	38.000
	.425

	
	Unsuccessful
(n = 27)
	
	
	
	
	
	

	Group 2
	Successful
(n = 4)
	141.000
	.015
	78.000
	.594
	83.000
	.764

	
	Unsuccessful
(n = 25)
	
	
	
	
	
	

	Group 3
	Successful
(n = 11)
	53.000
	.734
	36.000
	.384
	32.000
	.238

	
	Unsuccessful
(n = 9)
	
	
	
	
	
	



It is known that unsuccessful tasks solvers have had difficulty in distinguishing between relevant and irrelevant factors and in focusing on relevant factors to solve the science task, which in almost all cases (all three groups to the the correct AOIs) of three tasks is related to results of this research. Success in selecting information is crucial for successful task-solving which is similar to the observation of 3D dynamic SMRs.39,40

Conclusions

The aim of this paper was to explore and explain the students’ achievements in solving context-based tasks on solid and liquid states of water and a process of freezing of water, which include macroscopic and submicroscopic levels of chemical concepts. The research focused on identifying differences between successful and unsuccessful students in justifying the selection of 3D dynamic SMRs and differences in the TFDs in solving the task among students in different groups. 

The first research question refered to the students’ selection of the correct SMR in three tasks related to states of matter and the educational level impact in the justifications for decision of selecting 3D dynamic SMRs for the solid, liquid state of water or freezing of water between successful and unsuccessful students. It is evident that along the vertical of education, the number of correct selections and correct justifications of the tasks increase and the justifications in the combination of submicroscopic and macroscopic levels are mostly dominant for successful and unsuccessful students of all ages for the solid and liquid state of water. The students in group 1 stated the majority of the justifications at the macroscopic level. In contrast, most successful students in groups 2 and 3 argued about the choice of a SMR for freezing of water at the macroscopic and submicroscopic level.
 
The second set of findings is related to the identification of differences in TFDs between successful and unsuccessful students of the same and different age groups in solving tasks, including the solid, liquid state of water and the freezing of water. From the results of the TFDs in all tasks for the AOI with the correct SMR it can be concluded that there are no statistically significant differences between successful and unsuccessful students in the TFDs. Differences in the TFDs for the AOI with the correct SMR (considering all 79 students) of successful and unsuccessful students were not statistically significant for tasks related to the solid and liquid state of water, but they were statistically significant for the task freezing water. The differences in the TFDs of the successful students regarding the age group on the AOI with the correct SMR in all tasks were not statistically significant, while in the group of unsuccessful students statistically significant differences occurred for the task freezing water. These results might be related to the fact that unsuccessful students often chosen the incorrect 3D dynamic SMR for task related to freezing of water.

The major limitation of this research is a small sample in each group. Other limitations of the research are: only three analyzed authentic tasks, differences in the size of the groups of successful and unsuccessful students and used criteria for dividing the students into successful and unsuccessful.

Based on the research results, we can make some recommendations for chemistry or science teaching: The teacher should not only present 3D dynamic SMRs of states of matter, but also processes like freezing and explain to students how to observe and interpret these processes sistematically. Since the research showed that almost all students formulated the justifications at the macroscopic and submicroscopic level and only few students at the submicroscopic level, teachers should encourage students to explain SMRs at the submicroscopic level. Teachers should focus on the time it takes successful and unsuccessful students to observe similar SMRs and to find a correct teaching method to explain the main features of 3D dynamic SMRs. This will help them to develop a better understanding of any other 3D dynamic SMR presented.

For further research, it will be necessary to use a larger sample size, more tasks that also examine the other changing states of matter, information about the level of logical thinking of the students and their visual abilities, information about the way how SMRs were presented to them during the classes, etc. 
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Which representation from 1 to 3 illustrates this state matter?

State at least two reasons to justify your selection.
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What does the photo show?
Which substance constitutes what you see in the photo?
What does the substance in the photo consist of?

In which state of matter is the substance in the photo?
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Lake Bled freezes in winter.

Which of the representations at the particulate level shows the freezing of the
lake? Justify your selection of the representation.
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