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Analysis of eye movements to
study drawing in the context of
vector fields

Larissa Hahn* and Pascal Klein

Physics Education Research, Faculty of Physics, University of Göttingen, Göttingen, Germany

Research has shown that visual representations can substantially enhance the

learning and understanding of STEM concepts; despite this, students tend

to struggle in using them fluently and consistently. Consequently, educators

advocate for explicit instructions that support the coordination of multiple

representations, especially when concepts become more abstract and complex.

For recent years, the drawing (or sketching) technique has received increasing

attention. Theoretical considerations and prior research suggest that drawing has

the potential to support knowledge construction and to provide cognitive relief.

In this article, we present two studies that investigate the impact of drawing

activities in a multi-representational, instruction-based learning scenario from

physics, more precisely, in the context of vector fields. Further, mobile and remote

eye tracking was used to record students’ gaze behavior in addition to monitoring

indicators of performance and cognitive load. Here, eye movements provide

information about cognitive processes during the completion of the instruction,

on the one hand, and during subsequent problem solving, on the other hand.

Comparisons of a treatment group instructed with drawing activities and a control

group instructed without drawing activities revealed significant di�erences in

students’ perceived cognitive load (p = 0.02, d = 0.47 and p = 0.0045, d = 0.37),

as well as their response accuracy (p = 0.02, d = 0.51) and their response

confidence (p = 0.02, d = 0.55 and p = 0.004, d = 0.64) during assessment

after instruction (N = 84). Moreover, students instructed with drawing activities

were found to distribute more visual attention to important parts of the instruction

(vector field diagram and instructional text,N = 32) compared to the control group

and, further, showed e�ective, expert-like behaviors during subsequent problem

solving (N = 53). Finally, as a contribution to current trends in eye-tracking

research, the application of mobile and remote eye-tracking in drawing-based

learning and assessment scenarios is compared and critically discussed.

KEYWORDS

drawing, multiple representations, physics, vector fields, eye movements, instruction-

based learning, conceptual understanding, eye tracking

1. Introduction

Multiple external representations (MERs) and their interpretations play a central role in

STEM and, particularly, in STEM learning. As different representations focus on different

characteristics of a concept or a learning subject, and thus complement and constrain each

other, multiple, visual representations enable a deep understanding of fundamental scientific

concepts (Ainsworth, 1999; Seufert, 2003; Rau, 2017). Moreover, a flexible and conscious

use of different representations, which requires enhanced representational competencies,

was found to have positive effects on knowledge acquisition, development of conceptual

understanding, and problem-solving skills (e.g., Nieminen et al., 2012; Chiu and Linn, 2014;

Rau, 2017).
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However, learning from and with multiple representations in

STEM education often places special demands on the visuo-spatial

working memory, hence increasing cognitive load (Baddeley, 1986;

Cook, 2006; Logie, 2014). Therefore, current research advocates

assistance through drawing activities, for example, by sketching

(or drawing) visual cues or by transforming textual information

into a drawing (e.g., Figure 1, Left; Kohnle et al., 2020; Ainsworth

and Scheiter, 2021). As visualizations are integral to scientific

thinking, Ainsworth et al. (2011) emphasized the potential of

drawing as an effective learning strategy. Following the authors,

the externalizing approach of drawing aligns with the visual-spatial

demands of science learning, thus helping students to visually

make sense of concepts and providing cognitive relief (Bilda and

Gero, 2005; Wu and Rau, 2018). Previous studies have confirmed

these theoretical considerations by demonstrating positive learning

outcomes of sketching activities in multi-representational learning

environments (Leopold and Leutner, 2012; Wu and Rau, 2018;

Hellenbrand et al., 2019; Kohnle et al., 2020; Ainsworth and

Scheiter, 2021). As such, sketching increased attention and

engagement with the representation, allowed to pay more attention

to details and important parts of a representation, and thus

supported a (visual) understanding of concepts.

Studies investigating cognitive load often postulate limited

capacity of working memory resources. This is typically broken

down into three types of cognitive load—that are, intrinsic,

extraneous, and germane cognitive load (Cognitive Load Theory;

Sweller, 2010). Intrinsic cognitive load refers to the inherent

complexity of the information to be understood (further specified

below for the context of vector fields), extraneous cognitive load to

the design of the instructional material, and germane cognitive load

to the mental capacities a learner devotes to the learning subject.

In that context, sketching activities are considered to allow a more

effective use of visuo-spatial working memory resources (Bilda

and Gero, 2005; Sweller, 2010). Moreover, studies have shown

that using multiple external representations in STEM education,

particularly with a focus on drawing, can enhance knowledge

acquisition, conceptual understanding, and problem-solving skills

while reducing cognitive load (Leopold and Leutner, 2012; Wu and

Rau, 2018; Hellenbrand et al., 2019).

In recent years, eye-tracking as a nonintrusive process-based

assessment technique has become increasingly popular in research

on (multimedia) learning (Hyönä, 2010; Lai et al., 2013; Alemdag

and Cagiltay, 2018) and STEM education (e.g., reviews in physics

and mathematics see Strohmaier et al., 2020; Hahn and Klein,

2022a). Following the eye-mind hypothesis by Just and Carpenter

(1976), refined by Wu and Liu (2022), many studies postulate a

relationship between visual attention and cognitive processing (e.g.,

Tsai et al., 2012). In this context, eye-tracking measures, such as

total and mean fixation duration, fixation and transition count, and

time to first fixation, are typically used to study students’ attention

and visual behavior during learning and assessment activities.

This includes analyzing their engagement with instructional

designs, their strategies during problem solving, and performance

on concept tests or tasks (Lai et al., 2013; Hahn and Klein,

2022a), thus allowing to study expertise differences (Gegenfurtner

et al., 2011). Thereby, research focused on cognitive processes

in learning or assessment scenarios; studies analyzing gaze data

during instruction and subsequent assessment, in contrast, were

hardly conducted (Hahn and Klein, 2022a). In physics education

research, gaze data is typically collected on a screen using remote

eye-tracking methods; only one study used mobile eye-tracking

glasses thus far (Hahn and Klein, 2022a). As, particularly paper-

based, drawing activities significantly influence learning behaviors,

mobile eye tracking promises to be particularly suited to track its

constructive mechanisms and to gain insight into frequency and

timing of externalization (Hellenbrand et al., 2019).

In university physics, vector field representations play a

central role, being represented either algebraically as a formula

or graphically as a vector field diagram (see Figure 1). When

representing a quantity as a vector field, the field’s divergence, a

measure for its sources and sinks, is of particular relevance for

physics applications (Griffiths, 2013). For electrodynamics, one

of the largest subfields of physics, an extensive preparation in

vector calculus was found to be highly correlated with students’

performance at university (Burkholder et al., 2021). However,

further research also revealed that students often lack a conceptual

understanding of vector field representations and, particularly,

divergence, which is highly relevant to physics comprehension

(e.g., Pepper et al., 2012; Singh and Maries, 2013; Bollen et al.,

2015). Recent studies found, for example, that students interpreted

the divergence of a vector field literally instead of referring to

its physics-mathematical concepts and that they struggled with

evaluating the divergence from a vector field diagram (Ambrose,

2004; Pepper et al., 2012; Singh and Maries, 2013; Bollen et al.,

2015, 2016, 2018; Baily et al., 2016; Klein et al., 2018, 2019,

2021). Particularly surprising, graduate students struggle with

conceptual aspects of divergence, even though they know how

to calculate it mathematically (Singh and Maries, 2013). Several

studies deepened this line of research and identified various

learning difficulties closely related to the Cartesian representation

of divergence. In particular, the concept of covariation between

field components and coordinates was found to cause difficulties

for students (see Figure 1, Left); they confused components with

coordinates or committed errors when decomposing vectors into

their components (e.g., Gire and Price, 2012; Barniol and Zavala,

2014; Bollen et al., 2017). Additionally, Pepper et al. (2012) reported

about student problems in dealing with partial vector derivatives

as they, for example, confused the change of a vector with its

magnitude. Analysis of students’ gaze when viewing vector field

diagrams confirmed the difficulties mentioned above (Klein et al.,

2018, 2019, 2021). Moreover, it was shown that conceptual gaps

regarding vector calculus were transferred to errors in application

(e.g., in electrostatics and -magnetism; Ambrose, 2004; Jung and

Lee, 2012; Bollen et al., 2015, 2016; Li and Singh, 2017).

Analysis of introductory and advanced physics texts and

textbooks by Smith (2014) revealed that divergence is typically

introduced using a mathematical expression, but is either

not or insufficiently explained or discussed qualitatively or

illustratively. In light of the aforementioned empirical findings,

several researchers advocated new instructions using visual

representations that address a conceptual understanding of

vector field concepts and, particularly, divergence. Following

this line of research, Klein et al. (2018) developed text-based

instructions for visually interpreting divergence using vector field

diagrams. Here, the authors referred to two different mathematical

approaches, namely flux through boundary (integral approach)
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FIGURE 1

Vector field diagram of the field EF(x, y) = −x êx + êy with drawing of visual cues and vector field components (Left) and visual evaluation in horizontal

and vertical directions (Right) to interpret covariation in Cartesian coordinates. x and y components of the field are sketched in dark and light blue,

respectively (Left). To evaluate their change along a row (x direction) and a column (y direction), the corresponding row or column is circled. Analysis

of covariation yields that the x component of the field changes in x direction (along the row), while the y component is constant in y direction (along

the column). Visual evaluation of covariation along Cartesian directions (x and y direction) is associated with horizontal and vertical saccades

(Scanpath; fixations are visualized by circles; circle size relates to fixation duration; Right).

and covariation of components and coordinates (differential

approach). A clinical eye-tracking study revealed a quantitative

increase in conceptual understanding after students completed the

instructions (Klein et al., 2018). However, in post-intervention

interviews, some subjects indicated difficulty with diagram-

specific mental operations, such as decomposing vectors and

evaluating field components along coordinate directions. They

further suggested visual aids, for example, sketches of component

decomposition, as being helpful to improve their performance.

Hence, in a follow-up experimental study, Klein et al. (2019)

compared two instructions of the differential strategy, with and

without visual cues, and found that adding visual cues for

component decomposition actually led to better learning outcomes.

Moreover, a positive correlation with students’ response confidence

was found, as students from the treatment group instructed with

visual cues trusted their answers more (Lindsey and Nagel, 2015;

Klein et al., 2017, 2019). However, students’ transfer performance

and their perceived task difficulty during problem-solving did not

improve significantly compared to the previous study indicating

that visual cues did not fully overcome students’ difficulties

regarding vector decomposition and partial derivatives. In a

third study, using a very similar instruction, Klein et al. (2021)

found that particularly students with high or medium spatial

abilities—as measured by the Spatial Span Task (SST) by Shah and

Miyake (1996)— benefited from the instructional support, whereas

students with low spatial abilities perceived high cognitive load and

hardly profited from the instruction.

In addition to performance measures, all three studies used

eye tracking to analyze students’ handling of the instruction

and representation-specific visual behaviors during subsequent

problem-solving (Klein et al., 2018, 2019, 2021). In the studies

by Klein et al. (2019, 2021), it was shown that visual cues

increased fixation count and total fixation duration on relevant

parts of the instruction. Furthermore, cognitive integration

processes indicated by transitions were significantly more

pronounced for students instructed with cues. During problem

solving, saccadic eye movement patterns of students instructed

with visual cues were similar to experts. Here, the authors

referred to results by Klein et al. (2018), who found that

best-performing students’ eye movements are dominated by

horizontal and vertical saccades indicating correct interpretation

of partial derivatives along Cartesian coordinate directions

(Figure 1, Right). Besides characteristic saccadic directions,

Klein et al. (2018) found that best-performing students also

performed shorter saccades which was associated with a

systematic evaluation of component changes in the vector

field diagram. However, despite high visuo-spatial demands

of the task stimulus, no correlation of such gaze patterns with

students’ spatial abilities could be confirmed (Klein et al.,

2021).

By taking the above-mentioned theoretical considerations into

account, the aforementioned multi-representational instructions

on divergence (Klein et al., 2018, 2019, 2021) were evolved and

extended by dedicated pre-exercises on vector decomposition

and partial derivatives. In particular, several task on drawing

of vector components or highlighting rows and columns to

support evaluation along coordinate directions are incorporated

(Hahn and Klein, 2021). The tasks aim at providing cognitive

relief, fostering further engagement with the representations

and the instructed strategy, and supporting the development

of a conceptual understanding of divergence which can be

transferred to further concepts. Besides analyzing the general

impact of the instruction, this contribution aims at evaluating

the value of the drawing activities in a multi-representational
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instruction on divergence by presenting two studies both

comparing a treatment group instructed with drawing activities

and a control group instructed without drawing activities.

The following guiding question is investigated: “Does the

instruction on divergence including drawing activities have a

higher learning impact than the instruction without drawing

activities?” Besides typical performance indicators, such as

response accuracy and response confidence, eye movements are

exploited to reveal between-subjects effects during completion of

the instruction and subsequent problem solving. Consequently,

considering theoretical frameworks on the use of drawing

activities, the following research questions and hypotheses

are posed:

(RQ1) What impact do drawing activities have on students’

conceptual understanding and their accuracy of judging the

divergence of vector field diagrams?

(RQ2) What are the differences between students instructed

with and without drawing activities concerning their

performance (response accuracy and confidence) as measured

by several assessment tasks (including the evaluation of the

divergence of vector field diagrams, the interpretation of

partial derivatives of vector field diagrams, and conceptual

questions on divergence)?

(RQ3) What are the differences between students instructed

with and without drawing activities concerning their cognitive

load (as measured by a cognitive load questionnaire) during

learning and task processing?

(H1) Students instructed with drawing activities perceive less

cognitive load (as measured by a cognitive load questionnaire)

during learning and task processing.

(RQ4) What are the differences between students instructed

with and without drawing activities concerning their visual

attention

(a) during processing of the instruction?

(b) when evaluating the divergence of vector field diagrams?

2. Materials and methods

The aforementioned research questions are investigated in

two separate studies. Study 1 uses performance measures

to quantify the impact of the instruction and, particularly,

the drawing activities in order to address research questions

RQ1, RQ2 and RQ3 including hypothesis H1. In study 2

cognitive processing is focused using mobile and remote eye

tracking during completion of the instruction and subsequent

problem solving, thus addressing research questions RQ4(a) and

RQ4(b).

2.1. Study 1

2.1.1. Participants
The sample of study 1 was drawn from physics students

at a German university (Table 1) in the context of a large-

scale voluntary physics pre-course before the first study semester.

Prior to the study, students received a short introduction to

vector fields in the lecture. In the corresponding recitations,

students completed the study material in self study (for study

design see Section 2.1.2 and Figure 2, and for materials see

TABLE 1 Sample data of study 1 (Left) and study 2 (Right; treatment group TG, control group CG, number No.).

Study 1 Study 2

Total TG CG Total TG CG

Number of subjects 84 43 41 54 27 27

No. of female subjects 19 5 14 17 9 8

Age range (in years) 18 – 23 18 – 21 18 – 23 18 – 26 18 – 26 18 – 22

Mean age (in years) 19.2± 0.9 19.2± 0.7 19.2± 1.0 20.2± 1.9 20.2± 1.9 20.2± 1.8

No. of semesters studied 1 1 1 2.7± 1.3 2.6± 1.1 2.9± 1.5

Average grade for university entrance qualificationa 1.6± 0.5 1.6± 0.5 1.6± 0.6 1.7± 0.7 1.7± 0.6 1.7± 0.8

No. of subjects with advanced maths course at school 72 (86%) 33 (77%) 39 (95%) 35 (65%) 15 (56%) 20 (75%)

No. of subjects with physics course at school 69 (82%) 38 (88%) 31 (76%) 41 (76%) 20 (74%) 21 (78%)

School performance in mathematicsb 8.0± 1.5 7.8± 1.6 8.1± 1.4 8.3± 1.3 8.4± 1.4 8.2± 1.3

School performance in physicsb 8.3± 1.3 8.3± 1.4 8.4± 1.2 8.0± 1.6 8.0± 1.6 8.1± 1.7

Spatial abilitiesc – – – 0.54± 0.18 0.55± 0.16 0.51± 0.22

Pretest score vector fieldsd 0.93± 0.17 0.94± 0.17 0.93± 0.17 0.97± 0.13 0.94± 0.17 0.99± 0.06

Pretest score divergenced 0.76± 0.23 0.74± 0.25 0.79± 0.21 0.73± 0.24 0.69± 0.25 0.77± 0.23

No. of correct answers for vector field VF0 33 (39%) 16 (37%) 17 (41%) 22 (41%) 12 (44%) 10 (37%)

aThe scale ranges from 1.0 (best performance) to 4.0. The grades are indicated by the students.
bThe scale ranges from 0 to 10 (best performance). The scores are based on students’ self-assessment.
cThe scale ranges from 0 to 1 (best performance), measured by the spatial span task (conventional score).
dThe scale ranges from 0 to 1 (best performance).
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Section 2.3, Table 2, Figures 3, 4 and Supplementary material).

In total, 84 first-year students (19 female, average age 19.2

years) participated in the study (for further characterization

of the sample see Table 1, Left). It is notable that the pretest

scores on vector fields are rather high, indicating sufficient

prior knowledge about visual representations of vector fields and

decomposition of single vectors into components of all students

to understand the subsequent instruction. But as only 39% of

them were able to evaluate the divergence of a vector field

diagram the instruction could still have a meaningful impact

(Table 1).

2.1.2. Study design, procedure, and data analysis
methods

Study 1 uses a mixed design including within- and between-

subjects treatments (Figure 2). The study procedure is summarized

in Table 2 including an overview of all instruments and data (see

Section 2.3 and the Supplementary material). First, students took

a prior knowledge test, where they were asked to judge whether

field components in a vector field diagram equal zero or not, and

a pretest that included conceptual questions about divergence. The

students then completed a three-page instruction including a pre-

exercise on vector decomposition and partial derivatives (Figure 3)

and an instruction on divergence (Figure 4) either with drawing

FIGURE 2

Study design for study 1 (beige) and 2 (extension in blue; treatment

group TG, control group CG). All parts of study 1 are colored in

beige. In study 2, for the initial problem VF0, the instruction, and the

problem-solving task after instruction additional eye-tracking data

was collected (colored in blue).

activities (treatment group TG) or without drawing activities

(control group CG; instructional material adapted from Klein et al.,

2018, 2019, 2021). The group assignment was randomized by

recitation group, where students selected a fixed recitation group

by their own without knowing about the assignment to a treatment

condition and about other group members. After finishing the

instruction, the students took the posttest. It included several

problem-solving tasks with vector field plots (Figure 5), several

transfer tasks on partial derivatives, and the conceptual pretest

questions on divergence. Last, students’ perceived cognitive load

and sociodemographic data have been collected. No significant

differences between the two groups (treatment and control

group) regarding various sociodemographic data and performance

indicators were found (Table 1, Left).

For data analysis, within-subjects effects are investigated

through pre and post comparisons of students’ achievement

in the concept test on divergence and in judging a fields’

divergence (initial problem VF0 and VF5 from the problem-solving

phase). Here, standard methods of quantitative statistics (e.g.,

t-tests) were used by referring to the interpretation of Cohen

(1988). Additionally, treatment and control group were statistically

compared with respect to students’ perceived cognitive load as well

as their response accuracy and confidence during problem solving,

in the transfer task, and in the posttest.

2.2. Study 2

2.2.1. Participants
The sample of study 2 was drawn from physics students at the

same German university than study 1 in the context of a large-scale

second-semester physics lecture on electromagnetism. Prior to the

study, students received a short introduction to vector fields in the

context of electric and magnetic fields in the lecture. In total, 54

students (17 female, average age 20.2 years), mostly in their second

year of study, participated in the study (for further characterization

of the sample see Table 1, Right). Again, students’ pretest scores

indicated sufficient prior knowledge to understand the subsequent

instruction.

2.2.2. Study design and procedure
Study 2 uses the same mixed design as study 1 including

drawing activities as between-subjects treatment (Section

2.1.2, Figure 2, Table 2, and Figures 3, 4). Subjects participated

voluntarily in the study and were compensated with 20e. Group

assignment was randomized before the start of the study and

students were guided individually to the eye-tracking laboratory.

After prior knowledge assessment, a standardized test on spatial

abilities was administered (Spatial Span Task; Shah and Miyake,

1996), which measures the ability to simultaneously process

and hold spatial information in memory. In addition to the

performance measures from study 1, eye tracking was used to

capture gaze behavior during instruction and problem solving

(Section 2.4). Again, no significant differences between treatment

and control group regarding various sociodemographic data and

performance indicators were found (Table 1, Right).
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TABLE 2 Study procedure (including approximate time) and overview of instruments and data collected for study 1.

Phase Description Time (min) Instruments and data collected
(source and ptly. reliability of the instruments)

1 Pretest: Prior knowledge 10 Prior knowledge test on vector field components (6 items; Klein et al., 2018, 2019, 2021):

• response accuracy (α = 0.76)

• response confidence (α = 0.98)

Concept test on divergence (6 items; Baily et al., 2016; Bollen et al., 2018; Klein et al., 2018,

2019, 2021; Hahn and Klein, 2022b):

• response accuracy (α = 0.54)

• response confidence (α = 0.88)

2 Spatial abilities 5 Spatial Span Task (Shah and Miyake, 1996)

3 Initial problem VF0 4 • response accuracy

• gaze data (mobile)

4 Instruction (see Figures 3, 4) 15 • response accuracy (pre-exercise; α = 0.48)

• gaze data (mobile)

5 Problem solving (see Figure 5) 7 Eight vector field plots (8 items; Klein et al., 2018, 2019, 2021):

• response accuracy (α = 0.77)

• response confidence (α = 0.98)

• gaze data (mobile and remote)

6 Assessment 5 Mental demands of task and instruction (Leppink et al., 2013; Klein et al., 2018, 2019, 2021):

• Intrinsic Cognitive Load (3 items, α = 0.88)

• Extrinsic Cognitive Load (3 items, α = 0.66)

• Germane Cognitive Load (3 items, α = 0.87)

7 Transfer (see Figure 5) 8 Three vector field plots (12 items; Klein et al., 2018, 2019, 2021):

• response accuracy (α = 0.86)

• response confidence (α = 0.99)

8 Posttest 5 Concept test on divergence (6 items; Baily et al., 2016; Bollen et al., 2018; Klein et al., 2018,

2019, 2021; Hahn and Klein, 2022b):

• response accuracy (α = 0.61)

• response confidence (α = 0.86)

9 Sociodemographics 5 Questionnaire

For relevant data and variables, reliability of the instruments is also indicated (Cronbach’s alpha α). Additional (eye-tracking) data collection in study 2 is indicated in italics. For detailed

description of instruments and materials used in phases 1–8 see Sections 2.1.2 and 2.3 and Supplementary material.

FIGURE 3

Two-sided pre-exercise on vector components and partial derivatives with drawing activities (treatment group) translated from originally German

(the original instruction can be found in the Supplementary material). The second pre-exercise page shows an exemplary completion of the task

(Right). In the exercise without drawing activities, the decomposition tasks (left side of the page, respectively) are to be completed without drawing

vectors (control group). Definition of AOIs for the first pre-exercise page is marked in blue (Left). The AOIs for both pages are defined identically

covering the whole instruction (AOI Instruction), the decomposition tasks (AOI Task), and a definition/information about vector fields or partial

derivatives (AOI Information), respectively.
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FIGURE 4

Instruction on visually interpreting divergence of vector fields with drawing activities (treatment group) translated from originally German (the original

instruction can be found in the Supplementary material). The explanatory text aims at drawing vector components into the adjacent vector field

diagram in order to infer the fields’ divergence. In the instruction without drawing activities, the explanatory text asks for a mental decomposition of

the vectors (control group). The defined AOIs for eye-tracking analysis are marked in blue. The AOIs follow the structure by Klein et al. (2019)

covering the definition of divergence (AOI Definition), the instructional text (AOI Strategy), the vector field plot (AOI Diagram), and the concluding

note (AOI Hint).

FIGURE 5

Examples of vector field diagrams used in the problem-solving tasks and the transfer tasks (Left; further development of Klein et al., 2018, 2019,

2021) and AOI definition (Right).
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2.3. Materials and measures

Pre-exercises and divergence instruction. The instruction on

visually interpreting the divergence of vector fields included

preliminary exercises addressing component decomposition and

assessment of component change along an isolated row or column,

in other words, partial derivatives (Figure 3). The following

instruction on a visual interpretation of divergence consisted of

a short introduction, an explanatory text with an adjacent vector

field diagram, and a concluding note (Figure 4). The pre-exercise

and the divergence instruction differed between treatment and

control group in that students in the treatment group were asked

to draw the vector components, while students in the control group

constructed them mentally. Based on the sketched or mentally

represented components, the changes of the components in the

direction of the Cartesian coordinates (the partial derivatives),

had to be evaluated (pre-exercises) and conclusions about the

fields’ divergence had to be drawn (divergence instruction).

Construction and design of the instruction were based on

materials used in prior studies (Klein et al., 2018, 2019,

2021).

Problem solving and transfer: Vector field plots. The vector field

diagrams used in the study met certain requirements (Singh and

Maries, 2013; Klein et al., 2018); first, the vector fields were created

not to reflect any physical reality in order to exclude recognition

effects. Second, the length scales were to be interpreted arbitrarily

(any non-zero constant equals 1 or -1 by definition), and third,

the dependencies of the vector field components were at most

linear. Last, all vector fields were embedded in two-dimensional

Cartesian coordinate systems, represented with approximately 25

arrows. Examples are given in Figure 5. For the problem-solving

tasks, students were asked to indicate if a given vector field

plot has zero or non-zero divergence. In the transfer task, it

was asked for weather the partial derivatives are < 0, > 0,

or = 0. In study 2, the first four vector field plots VF1−4 as

well as the second four vector field plots VF5−8 were designed

in parallel.

Divergence concept test. For assessment of conceptual

knowledge regarding the divergence of vector fields, a concept

test including six items was deployed. The items were designed

in multiple-choice or true-false format. Most of them were taken

from established concept tests on electrodynamics (CURrENT) or

have been used and validated in a similar form in previous studies

(Baily et al., 2016; Bollen et al., 2018; Klein et al., 2018, 2019, 2021).

An example item is “The divergence can be different for every

spot in the field” (Baily et al., 2016; translated for the study into

German).

Questionnaire on cognitive load. The questionnaire addressing

the mental demands of instruction and task processing consisted of

nine items from an established instrument for measuring cognitive

load (Leppink et al., 2013). All three types of cognitive load are

addressed by three items each. A fourth item, which was originally

dedicated to measure germane cognitive load, was omitted due to

insufficient fit.

For both studies, the same materials were used.

2.4. Eye-tracking procedure, areas of
interest, and data analysis methods
(study 2)

Eye-tracking data collection was two-fold: Mobile eye tracking

was used during instruction reading and solving the first four

vector field problem-solving tasks VF1−4 and remote eye-tracking

was used while working on the last four vector field diagrams

VF5−8. While remote eye-tracking was used to collect data for

all 54 students, in the mobile eye-tracking phase due to technical

capacities only the gaze of 33 students was tracked.

Mobile gaze data was recorded using wearable eye-tracking

glasses from Tobii (Tobii Pro Glasses 3) with a sampling rate

of 50Hz and an accuracy of 0.6◦ visual angle. Tobii Glasses

software and a one-point system-controlled calibration including a

calibration card was used for data collection. Further, all materials

were provided on large-scale paper sheets and on a tripod to enable

a perpendicular viewing angle. One participant had to be discarded

from analysis due to data loss caused by technical issues.

The last four problem-solving tasks were presented on a 24-

inch computer screen (1920 × 1080 pixel resolution, 60Hz frame

rate) and eye movements were recorded using a stationary head-

free eye-tracking system from Tobii (Tobii Pro Fusion). The eye

tracker operates with an accuracy of less than 0.3◦ visual angle

and a sampling frequency of 120Hz. A 9-point calibration was

used and agreement between the measured gaze positions and

the actual points on the screen was checked by the experimenter.

Calibration was repeated if the accuracy result was not satisfactory.

A calibration plot showed error bars for each of the nine positions,

indicating the differences between the gaze point calculated by

the eye tracker and the actual dot position. When the eye tracker

could not detect enough calibration data, the participant was re-

positioned in front of the eye tracker and checked for any factors

that could have been interfering with pupil detection. After careful

checking of calibration results, one participant had to be discarded

due to insufficient fit. Average distance between participant and

screen was 64 cm.

For all gaze data, the distinction between fixations and saccades

was made using a velocity threshold of 30◦/s (Tobii I-VT Fixation

Filter; Olsen, 2012). Data visualization and analysis was performed

using Tobii Pro Lab 1.204 software. First, mobile eye-tracking

data was mapped to the corresponding instruction and problem-

solving pages by also marking whenever students were focusing

outside the worksheet, on their hand, or the answer sheet. Then,

areas of interest (AOIs) were defined for quantitative analysis of

all three instruction pages (Figures 3, 4). For gaze-data analysis

during problem solving, one area of interest covering the vector

field diagramwas defined for all eight tasks (Figure 5, Right). Due to

the identical design of the problem-solving pages, same-sized AOIs

could be placed at the same position for all eight tasks.

To investigate differences in cognitive processing of the

instruction, fixation count, mean fixation duration, and time to

first fixation are compared between both groups (with and without

drawing activities) by analyzing visual attention distribution on the

defined AOIs of the pre-exercises and the divergence instruction.
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As total fixation duration and fixation count were found to be

dependent, thus showing analogous effects, only fixation count is

reported (Susac et al., 2019). Furthermore, to analyze gaze behavior

on the vector field diagram during problem solving, process-

based metrics—that are, proportion and length of horizontal and

vertical saccades within a tolerance margin of ±5◦—are analyzed.

For mobile eye tracking, saccades (and transitions) were mostly

not tracked correctly as the eye-tracking glasses seem to lose

track during gaze movement. This was indicated by comments

such as “EyesNotFoundMovement” and “UnknownEyeMovement”

in the raw gaze data. Thus, for mobile gaze-data analysis, only

fixation-based metrics—that are, fixation count, mean fixation

duration, and time to first fixation—are used (see Discussion

FIGURE 6

Comparison of students’ performance before and after instruction

using paired t-tests and McNemar-test (two-sided). Response

accuracy for concept test and initial problem (Left) as well as

response confidence for the concept test (Right) are compared

between pre and post (**/*** statistical significance (p < 0.01 /

p < 0.001), e�ect size d, the dashed line indicates the guessing

probability, error bars represent 1 SEM).

Section 4.3). All comparisons are conducted by use of standard

methods of quantitative statistics (e.g., t-tests) and by referring to

the interpretations of Cohen (1988).

3. Results

3.1. Study 1

Students’ performance improved after instruction, as shown by

the increase in their accuracy in the concept test (from 0.76±0.23 to

0.85± 0.21) and in solving the initial problem (from 0.39± 0.49 to

FIGURE 8

Comparison of students’ perceived cognitive load in control and

treatment group using unpaired t-tests (one-sided). Intrinsic

cognitive load (ICL), extraneous cognitive load (ECL), and germane

cognitive load (GCL) are compared between treatment group (TG)

and control group (CG; * statistical significance (p < 0.05), n.s.

“(statistically) not significant” indicating p-values > 0.05, e�ect size

d, error bars represent 1 SEM).

FIGURE 7

Comparison of students’ performance in control and treatment group using unpaired (Welch) t-tests (two-sided). Response accuracy (Left) and

response confidence (Right) for the problem-solving tasks, the transfer tasks, and the concept test are compared between treatment group (TG) and

control group (CG; */** statistical significance (p < 0.05/p < 0.01), n.s. “(statistically) not significant” indicating p-values > 0.05, e�ect size d, the

dashed lines indicate the guessing probability, error bars represent 1 SEM).
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TABLE 3 Comparison of fixation count (FC), mean fixation duration (MFD in s), and time to first fixation (TFF in s) for the defined areas of interests (AOIs)

on pre-exercises and divergence instruction between treatment group (TG) and control group (CG; mean, standard deviation, p-values of two-sided

(Welch) t-tests for independent samples, n.s. “(statistically) not significant” indicating p-values > 0.05, e�ect size d; gaze data was recorded using mobile

eye tracking).

AOI Metric TG CG p d TG CG p d

Pre-exercise Partial derivatives I Partial derivatives II

Instruction FC 342.4± 143.2 202.3± 112.1 0.005 1.08 196.3± 81.7 125.4± 67.7 0.013 0.94

MFD 0.59± 0.32 0.69± 0.60 n.s. ... 0.51± 0.28 0.51± 0.26 n.s. ...

TFF 0.3± 0.6 0.1± 0.4 n.s. ... 0.5± 1.0 0.2± 0.6 n.s. ...

Task FC 241.7± 104.6 81.0± 49.3 < 0.001∗ 1.93 154.5± 54.4 49.5± 28.3 < 0.001∗ 2.37

MFD 0.57± 0.29 0.40± 0.19 n.s. ... 0.49± 0.25 0.43± 0.19 n.s. ...

TFF 11.3± 10.9 16.7± 16.5 n.s. ... 1.3± 1.8 1.9± 6.7 n.s. ...

Information FC 25.6± 13.9 30.1± 30.9 n.s. ... 34.4± 23.9 30.6± 27.0 n.s. ...

MFD 0.79± 0.57 0.49± 0.26 n.s.∗ ... 0.54± 0.42 0.66± 0.58 n.s. ...

TFF 4.9± 12.6 1.5± 2.3 n.s. ... 60.6± 40.9 34.9± 19.2 n.s.∗ ...

Divergence instruction

Definition FC 30.1± 18.9 30.7± 20.6 n.s. ...

MFD 0.66± 0.56 0.61± 0.47 n.s. ...

TFF 2.3± 5.4 2.3± 5.2 n.s. ...

Strategy FC 181.6± 91.1 121.1± 82.5 0.059 0.69

MFD 0.52± 0.41 0.45± 0.32 n.s. ...

TFF 18.9± 18.5 16.4± 8.7 n.s.∗ ...

Diagram FC 134.7± 74.2 79.6± 65.0 0.034 0.79

MFD 0.79± 0.47 0.85± 0.94 n.s. ...

TFF 10.7± 10.4 13.7± 12.8 n.s. ...

Hint FC 13.2± 10.4 16.0± 22.8 n.s. ...

MFD 0.50± 0.35 0.69± 0.55 n.s. ...

TFF 155.5± 98.0 115.4± 48.1 n.s.∗ ...

∗ Welch t-test due to a lack of homogeneity of variance.

0.81± 0.40) reflecting small sized effects [t(83) = −3.0, p = 0.004,

d = 0.32 and X
2(1) = 24.6, p < 0.001, OR = 1.098; Figure 6].

After instruction, students’ problem-solving and transfer scores

were 0.85 ± 0.23 and 0.74 ± 0.26, respectively. Further, response

confidence in the concept test increased significantly with large

effect size [t(83) = −8.4, p < 0.001, d = 0.92].

While working with the instruction, students in the treatment

and the control group answered the included questions equally

[0.89 ± 0.18 and 0.90 ± 0.16 respectively, p = 0.80]. After

instruction, the problem-solving score and the concept test score

did not differ significantly between treatment and control group

(p = 0.14 and p = 0.85) with both groups reaching performances

above 80% (Figure 7; for example, for problem solving 0.88 ± 0.22

for the treatment group and 0.81 ± 0.23 for the control group).

Students in the treatment group scored higher in the transfer tasks

than those in the control group (0.81 ± 0.20 and 0.67 ± 0.31,

respectively) and this difference was statistically significant with

medium effect size [Welch t(66.9) = 2.3, p = 0.02, d = 0.51].

Additionally, students’ confidence level in the treatment and the

control group differed significantly in both the problem-solving

and the transfer tasks, with medium effect sizes [Welch t(72.5) =

2.5, p = 0.02, d = 0.55 and t(82) = 2.9, p = 0.004, d = 0.64]. For

the concept test, no such effect was found (p = 0.08). Additionally,

there were no significant interaction effects between time and group

for response accuracy or response confidence in the concept test

(p = 0.41 and p = 0.91).

Furthermore, students in the treatment group reported

significantly lower intrinsic cognitive load and higher germane

cognitive load compared to those in the control group (Figure 8).

The differences in intrinsic and germane cognitive load had

small effect sizes [t(82) = −2.2, p = 0.02, d = 0.47

and t(82) = 1.7, p = 0.0045, d = 0.37]. No significant

difference was found in extraneous cognitive load between the two

groups (p = 0.66).
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3.2. Study 2

3.2.1. Mobile eye-tracking analysis of
pre-exercise and divergence instruction

Students fixation count on the vector field diagram of the initial

problem VF0 was 26.4 ± 19.5 with a mean fixation duration of

(0.59± 0.39) s, which did not significantly differ between treatment

and control group (p = 0.91 and p = 0.91). In average, students

visited the first pre-exercise page (177.37 ± 73.15) s, the second

pre-exercise page (122.5 ± 48.5) s, and the divergence instruction

page (232.6 ± 93.5) s. Average visit durations differed significantly

between the groups (p < 0.001, p < 0.001, and p = 0.004,

respectively). More precisely, the treatment group visited all three

pages significantly longer: the pre-exercise pages (383.1 ± 73.6) s

[vs. (205.6 ± 33.4) s for the control group] and the divergence

instruction page (275.4± 83.5) s [vs. (184.1± 81.5) s for the control

group]. Results of detailed gaze analysis for the defined AOIs on

the pre-exercise pages and the divergence instruction page are

summarized in Table 3.

AOI-based analysis of visual behavior during completion of the

pre-exercises on vector components and partial derivatives showed

that students in the treatment group focused more frequently on

the entire pre-exercise (AOI Instruction) and particularly on the

drawing prompt (AOI Task). For both pre-exercise pages large

differences were observed. These results suggest that students in

the treatment group paid more attention to the task when they

were asked to draw. Regarding the mean fixation duration and the

time to first fixation on the defined AOIs, no group differences were

found.

For the instruction on divergence, analysis revealed a significant

between-subjects effect for the vector field diagram. It was more

frequently fixated by students in the treatment group with medium

effect size [t(30.0) = 2.2, p = 0.034 d = 0.79]. Further, the

instructional strategy was more often fixated by the treatment

group with medium effect size [t(30.0) = 2.0, p = 0.059, d = 0.69].

Neither the definition nor the hint were shown to be treated visually

different by both groups. Regarding the mean fixation duration and

the time to first fixation, no group differences were found. However,

Table 3 indicates that students read the instruction from the top to

the bottom, whereas the diagram was fixated slightly faster than

the strategy by the treatment group [(18.9 ± 18.5) s strategy vs.

(10.7±10.4) s diagram] and the control group [(16.4±8.7) s strategy

vs. (13.7± 12.8) s diagram].

3.2.2. Mobile eye-tracking analysis VF1−4 and
remote eye-tracking analysis of VF5−8

In the first part of the assessment (mobile eye tracking, VF1−4),

the subjects’ average total visit duration on the four task pages

was (43.0 ± 13.6) s with no differences between the groups (p =

0.20). Additionally, the average fixation count of all subjects was

32.9 ± 18.9 with a mean fixation duration of (0.54 ± 0.34) s.

Comparison of fixation-based metrics on the vector field diagram

revealed no significant differences between treatment and control

group (Table 4). A tendency for the control group to look at the

TABLE 4 Comparison of fixation count (FC), mean fixation duration (MFD

in s), and time to first fixation (TFF) on the vector field diagram for vector

field plots VF1−8 and saccadic count (SC), proportion of horizontal and

vertical saccades (SCPH and SCPV), and saccadic length of horizontal and

vertical saccades (SL in pixels) on the vector field diagram for vector field

plots VF5−8 between treatment group (TG) and control group (CG; mean,

standard deviation, p-values of two-sided (Welch) t-tests for independent

samples, n.s. “(statistically) not significant” indicating p-values > 0.05,

e�ect size d).

Variable TG CG p d

VF1−4 (mobile eye tracking)

FC∗ 28.1± 11.6 38.3± 24.0 n.s. ...

MFD 0.56± 0.32 0.51± 0.38 n.s. ...

TFF 1.7± 1.9 1.4± 1.7 n.s. ...

VF5−8 (remote eye tracking)

FC∗ 38.9± 12.7 52.5± 19.9 0.002 0.82

MFD 0.27± 0.06 0.24± 0.06 n.s. ...

TFF 0.1± 0.3 0.09± 0.3 n.s. ...

SC 36.4± 12.3 49.7± 19.2 0.004 0.83

SCPH 0.19± 0.07 0.21± 0.05 n.s. ...

SCPV 0.14± 0.05 0.13± 0.05 n.s. ...

SL∗/∗∗ 175.7± 140.9 192.8± 155.8 0.002 0.11

∗ Welch t-test due to a lack of homogeneity of variance.
∗∗ Reference: average distance between two adjacent vectors in the vector field diagram is

160 pixels.

diagram more frequently was observed, but it was not statistically

significant.

In the second part of the assessment (computer-based remote

eye tracking, VF5−8), subjects spent in average (18.7 ± 7.1) s on

the four task pages, without significant group differences (p =

0.08). Eye-tracking analysis for selected metrics on the vector field

diagram are summarized in Table 4. By comparing treatment and

control group, students in the treatment group fixated significantly

less and performed significantly less saccades with large effect sizes

[Welch t(51) = −3.0, p = 0.002, d = 0.82 and t(51) = −3.0,

p = 0.004, d = 0.83]. In addition, mean fixation duration did not

differ significantly between the groups, with the fixation duration

varying between different fixations (Figure 9, Right). Further, there

was a tendency for students in the control group to perform a

higher percentage of horizontal saccades and for students in the

treatment group to perform a higher percentage of vertical saccades

than the respective other group; but no significant differences were

found. The saccade plots (Figure 9, Left) indicate symmetrical gaze

behavior along the coordinate directions for both groups. Oblique

gaze directions were hardly found, regardless of group assignments.

Last, students in the treatment group made significantly shorter

horizontal and vertical saccades on the diagram with small effect

size [Welch t(2867.4) = −3.1, p = 0.002, d = 0.11].

Average saccade length of the horizontal and vertical saccades on

the diagram corresponds approximately to the distance between

adjacent vectors (see Figure 9, Right). Regarding the time to first

fixation, no group differences were found.
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FIGURE 9

Polar distribution of saccade directions on the vector field diagrams VF5−8 for treatment group TG and control group CG (Left) and scanpath of a

student from the treatment group (fixations are visualized by numbered circles; circle size relates to fixation duration) visually comparing adjacent

vectors (Right). Gaze data was recorded using remote eye tracking.

4. Discussion

In general, the instruction used in this study is based

on prior work by Klein et al. (2018, 2019, 2021), which has

been expanded upon theory and empirical findings by drawing

activities and pre-exercises on vector decomposition and partial

derivatives. Specifically, the prior work comprises eye-tracking

studies that analyzed gaze behavior during instruction processing

and subsequent problem-solving, which is also part of this

study. Moreover, the study sample used in the prior studies

and in this study are comparable, as all participants were first-

year students at a German university with comparable prior

knowledge. Due to the material development and a comparable

study design and sample, in the following, the results of this

study will be discussed in reference to the aforementioned

prior work.

4.1. Study 1

4.1.1. Impact of pre-exercise and divergence
instruction on students’ achievement (RQ1)

Before instruction, students showed high prior knowledge

regarding decomposition of vectors and a high conceptual

understanding of divergence (Table 1). But only 39% of them

were able to evaluate the divergence of a vector field diagram—

a finding that was also reported by previous studies (Singh and

Maries, 2013; Baily et al., 2016; Klein et al., 2018, 2019, 2021).

After instruction with or without drawing activities, students’

accuracy in judging a vector field’s divergence and even their

response accuracy and confidence in the concept test increased

significantly. Then, 81% of the students evaluated the divergence

of the initial vector field correctly. Moreover, they achieved a

mean score of 85% for all eight vector fields in the problem-

solving phase as well as for the concept test. These results underline

the educational impact of the instruction, on the one hand, and

going beyond, further emphasize the value of instructional support

using multiple representations for complex physics concept, on the

other hand.

Compared to previous, very similar studies, where students

achieved scores of 69% after completing an integral and a

differential instruction (Klein et al., 2018) and 77% after being

instructed with or without visual cues (Klein et al., 2019), the

instruction used here was able to contribute to an even higher

improvement in judgment of a vector field’s divergence. These

findings particularly indicate the added value of the pre-exercises

on vector decomposition and partial derivatives which support

specific engagement with and learning of the two main concepts

that are crucial for divergence. Following theories from cognitive

psychology, by staggering the instruction as a step-by-step guide to

the main explanation on divergence, the instruction is adapted to

the limited working memory capacity (Baddeley, 1986; Rosenshine,

1995). In light of such an instruction as a step-by-step strategy,

one could argue that students just learned how to follow the

steps, but did not get a superordinate understanding of the

underlying concepts—that are, vector decomposition and partial

derivatives. However, the high transfer score (74%) referring to

superordinate knowledge of partial derivatives beyond divergence,

speaks against this effect and indicates an actual growth in

conceptual understanding of students from both groups. This

conclusion can be supported by comparing the findings with results

from Klein et al. (2019), who referred to a matched transfer score of

54% when judging divergence and curl.

Frontiers in Education 12 frontiersin.org

https://doi.org/10.3389/feduc.2023.1162281
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Hahn and Klein 10.3389/feduc.2023.1162281

4.1.2. Impact of drawing activities on
performance measures and cognitive load (RQ2,
RQ3, H1)

The instructional support in the treatment group included

drawing activities, such as highlighting rows and columns or

sketching vector components, which was not provided in the

control group. Comparing the results in the transfer tasks

(loosely linked with the instruction) students from the treatment

group performed particularly better and responded with higher

confidence. The transfer tasks covered the concepts of covariation

and partial derivatives, and went beyond mere step-by-step

instructions on divergence. Our conclusion is that the drawing

activities significantly enhanced students’ understanding of vector

fields and related concepts, such as covariation. Moreover,

significant between-subject effects concerning students’ perceived

intrinsic and germane cognitive load indicated that the drawing

activities supported and facilitated students’ learning. As germane

cognitive load refers to working memory resources that the learner

devotes dealing with the matter to be learned, high values of

germane cognitive load are associated with targeted devotion of

workingmemory resources and optimized instructional procedures

(Sweller, 2010). The aforementioned findings are in line with

theories from cognitive psychology that promoted drawing as

a powerful learning strategy in multi-representational learning

environments by enhancing an effective use of working memory

capacities (Bilda and Gero, 2005; Ainsworth et al., 2011; Kohnle

et al., 2020; Ainsworth and Scheiter, 2021).

Comparisons between two groups during problem solving and

in the concept test on divergence (close to instruction) showed that

drawing activities did not yield to better performance, but students

had more confidence in their answers. The latter is an equally

positive outcome of effective teaching (Lindsey and Nagel, 2015;

Klein et al., 2017, 2019). With students from the treatment group

achieving a mean score of 88% during problem solving, drawing

generated even higher learning outcomes then instructional

support including visual cues (82% accuracy; Klein et al., 2019).

Similar high performance scores during problem solving were

also found for the control group (81%), indicating ceiling effects.

These results imply that for tasks close to instruction, the impact

of pre-exercises prevailed effects caused by the drawing activities.

Here, further research regarding the actual impact of the pre-

exercises by systematic manipulation of the instruction is required.

Additionally, the positive correlation between performance and

confidence that was found in previous studies also regarding

instruction-based learning of divergence (Lindsey and Nagel, 2015;

Klein et al., 2017, 2019) could be confirmed in this study.

4.2. Study 2

4.2.1. Visual processing of pre-exercises and
divergence instruction (RQ4a)

During the instruction, students completed two pages of pre-

exercises focused on vector decomposition and partial derivatives

and one main instruction page on a visual interpretation of

divergence. Since mean fixation duration did not differ between

treatment and control group, it can be assumed that students

invested the same cognitive effort for learning (Rayner, 1998;

Ozcelik et al., 2009). Analysis of the average visit duration regarding

the instructional material revealed significant group differences,

i.e., students from the treatment group visited all three pages longer

than students from the control group.More precisely, the treatment

group spent almost twice as much time on the pre-exercise pages

compared to the control group, while both groups scored high

in the questions contained. Gaze differences were particularly

found to result from more frequent fixations on the decomposition

task stems. In this process, students systematically manipulated

x or y components of vectors, either through drawing or mental

imagination, to describe their changes along a row or column.

Based on the eye-mind hypothesis, the drawing tasks facilitated a

deeper processing of vector decomposition and the evaluation of

their changes along coordinate directions, as represented by partial

derivatives (Wu and Liu, 2022). Moreover, as both groups spent

most of the time fixating the decomposition tasks, it can be assumed

that pre-exercises provided a helpful foundation for the subsequent

instruction on divergence.

In reference to the visual treatment of the divergence

instruction, the findings from Klein et al. (2019) can be drawn

upon, as the authors conducted eye-tracking analysis on a similar

instruction that included and excluded visual cues. Average visit

duration in the study by Klein et al. (2019, 106.8 ± 35.9 s) was

similar to the control group’s average visit duration in the study

reported here, whereas the treatment group’s average visit duration

was found to be significantly higher. Moreover, definition of AOIs

revealed that visual behavior on the diagram reflected the largest

difference between students instructed with and without drawing

activities—a result, that was also found by Klein et al. (2019, 2021).

In general, while here fixation-based metrics for the AOIs Diagram

and Strategy were higher compared to the results reported by Klein

et al. (2019), visual attention on the AOIs Definition and Hint

was less pronounced. In the study reported here, students fixated

most on the AOIs Strategy and Diagram, whereas results for the

control group in this study were mostly similar to the treatment

group in the study by Klein et al. (2019). Thus, visual attention in

this study was not evenly distributed over the whole divergence

instruction page, but focused on the vector field diagram and

the adjacent instructional text. This asymmetric distribution was

particularly pronounced for the treatment group. By comparing the

eye-tracking results of the previous study by Klein et al. (2019) with

those of the study presented here, it thus appeared that drawing

activities in the divergence instruction lead to even higher visual

attention and, following the eye-mind hypothesis, deeper cognitive

processing of the instruction’s kernel than adding visual cues to the

diagram (Wu and Liu, 2022). This is particularly remarkable since

Klein et al. (2019) did not introduce a pre-exercise on component

decomposition and partial derivatives which already prefigured

central aspects of the divergence instruction. These findings are in

line with previous results and theories from cognitive psychology

reporting that drawing supported a deeper engagement with details

and important parts within a learning environment (Hellenbrand

et al., 2019; Kohnle et al., 2020; Ainsworth and Scheiter, 2021). This

further underlines the educational impact of drawing activities. As

such, eye-tracking data analysis during instruction-based learning
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allowed to explain the group differences regarding response

confidence and cognitive load during problem solving (Section

4.1.2). However, it has to be noted that in the study by Klein et al.

(2019) definition and hint were more elaborated than in the present

study. Additionally, when comparing study results, the impact of

the administration format needs to be taken into account, as in

the studies by Klein et al. (2019, 2021) students completed the

instruction on a computer screen and in the study reported here the

instruction was given on physical paper sheets. Further, Klein et al.

(2019, 2021) used remote eye-tracking, while in this study mobile

gaze-data analysis was exploited (discussion see Section 4.3).

4.2.2. Gaze behavior during problem-solving
(RQ4b)

In the problem-solving phase, visual behavior was analyzed

using mobile as well as remote eye tracking. Comparing students

visual behavior on VF1−4 with the initial problem VF0 indicated

that both instructions (with and without drawing activities)

influenced students’ visual handling of vector field diagrams. While

no significant group differences for the first four tasks were found

(discussion see Section 4.3), students from the treatment group

performed significantly less fixations and saccades on the vector

field diagram then students from the control group—a tendency

that, however, was also indicated in the mobile gaze data. Since

there were no differences in the mean fixation duration, this result

also means that students from the treatment group needed less time

for responding. In previous research, fewer fixations, and thus fast

finding of a solution was shown to be associated with expertise

(Reingold et al., 2001; Chi, 2006; Susac et al., 2014; Klein et al.,

2018). In line with the theory of long-term working memory, which

says that experts encode and retrieve information more rapidly

than novices (Ericsson and Kintsch, 1995), fewer fixation counts

are indicators of such rapid procedures (Gegenfurtner et al., 2011).

Moreover, students in the treatment group were shown to

perform significantly shorter horizontal and vertical saccades

on the vector field diagram. Since their mean length was

close to the mean distance between two adjacent vectors, they

exhibited behaviors that indicate a systematic comparison of

adjacent vectors along coordinate directions (Figure 9, Right).

These findings are in line with results in a previous study by

Klein et al. (2018), where best-performing students were found

to perform significantly shorter saccades compared to worst-

performing students.Moreover, a study by Chen et al. (2014), which

investigated students’ gaze behavior during working on text- and

picture based physics concept tasks, revealed that the mean saccade

distance negatively predicts the success of retrieval performance in

picture presentations, suggesting a greater probability that students

will answer correctly if they make shorter saccade movements.

Hence, the positive effect of drawing activities for learning of

divergence which was found regarding different performance and

cognitive load indicators (Section 4.1.2) and which is in line with

theories from cognitive psychology, could be further supported by

gaze-data analysis during problem solving.

Furthermore, the proportion of horizontal and vertical

saccades on the vector field diagram, showed no significant

differences between treatment and control group, however, both

groups performed over 30% of horizontal and vertical saccades.

For reference, given an equal distribution of gaze directions,

approximately 11% of all gaze directions would be horizontal

and vertical saccades (referring to a tolerance margin of ±5◦).

As a high proportion of horizontal and vertical saccades was

shown to indicate a systematic handling of vector field plots by

reflecting comparisons of vector components along the coordinate

directions (Klein et al., 2018, 2019), these findings suggest expert-

like procedures for students from both groups. Saccadic angle

polar distribution (Figure 9, Left) supported this result as a

symmetric distribution, where horizontal and vertical directions

are pronounced whereas oblique directions are avoided, was

associated with expertise in previous studies (Klein et al., 2018,

2019, 2021). While horizontal eye movements were found to be

commonly dominant, for example, when looking at pictures, due

to oculomotor eye factors and cultural reading habits, vertical eye

movements are atypical and, therefore, can be associated with

conscious problem-solving processes (Foulsham et al., 2008; Klein

et al., 2021).

4.3. Methodological consideration: mobile
and remote eye tracking in learning and
assessment scenarios

Previous eye-tracking studies commonly used remote gaze

data collection to analyze learning and assessment behavior by

presenting work sheets, instructions, or tasks on a screen (Hahn and

Klein, 2022a). However, in interactive settings, such as drawing-

based learning, this method can no longer be applied. Then, mobile

eye-tracking glasses provide the possibility to analyze cognitive

processes by enabling a nearly natural setting and by not hindering

the constructive process (Hellenbrand et al., 2019; Jarodzka et al.,

2021). In contrast to typical methods used in such scenarios, for

example, questionnaires and interviews, mobile gaze data analysis

allows to gather data during actual behavior, thus increasing

objectiveness of the measurement (Mayr et al., 2009). However, to

the best of our knowledge, only few studies exploited mobile eye

tracking in learning scenarios thus far (Hahn and Klein, 2022a). By

investigating mobile eye gaze during learning with a drawing-based

instruction, study 2 contributes to this line of research.

Further, by examining the same problem-solving task with

both mobile and remote eye-tracking, first indications for

a comparison of both eye-tracking methods in STEM, and

particularly physics, education research assessment scenarios

can be provided. Reconsidering the eye-tracking results from a

methodological perspective, it was noticeable that students spent

more than twice as much time per task in the mobile eye-tracking

phase compared to the remote eye-tracking phase. In addition to

learning- and routine-related effects, it seems reasonable to assume

that this difference was also due to the method of eye-tracking

data collection. Recording with glasses is unfamiliar, particularly for

non-eyeglass wearers, and makes them more aware of the tracking

(Mayr et al., 2009). This can lead to uncertainty andmight influence

students’ behavior during assessment. Additionally, working on

paper allows for active manipulation of the materials beyond the

intended drawings, for example, by marking or taking notes, which

are not available when the stimulus is given on a screen (Mayr et al.,

2009). Furthermore, in the study presented here, it was noticeable
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that the glasses provide higher values for mean fixation duration

and time to first fixation, while fixation count is significantly

lower compared to the remote eye-tracking data when completing

the same task. Consequently, mobile eye tracking showed no

significant group differences regarding fixation-basedmetrics while

remote eye-tracking did. Again besides learning and routine-

related effects, this might be due to the glasses lower sampling

rate and accuracy (Mayr et al., 2009). Particularly, the intermediate

step of (manually or automatically) mapping video-recorded eye-

tracking data to two-dimensional snapshots of the materials affects

data accuracy. In case of manual mapping, fixations shown in

the video are manually assigned to the corresponding location on

the snapshot; saccades, in contrast, are automatically transferred

without mapping (Tobii Pro Lab 1.204 software). Given the large

number of fixations per video, this requires high time expenditure

and leads to great error potential (e.g., skipping of fixations,

inaccurate positioning). As a consequence, small effects that require

a high level of measurement precision, for example, when analyzing

mean fixation duration, or investigation of small AOIs with only a

few fixations, can not be resolved precisely by the mobile gaze data.

Additionally, manually mapped gaze data and fixed AOIs

only allow to illustrate processes of minimal interaction with

the environment. However, to track processes in constructive

settings, automatic adapting AOIs are required which are rarely

available thus far (Wolf et al., 2018). Moreover, a look at the raw

data of the eye-tracking glasses showed incomplete recordings of

gaze paths as saccades, in particular, were mostly not completely

tracked although the eye tracker indicated to have recorded a

high percentage of gaze samples. However, as the calibration

was system-controlled, no individual adjustment could be done.

Additionally, accuracy is reduced as calibration refers to a fixation

distance of 0.5–1m which, however, continuously changes during

data collection—a problem that was also reported to occur in

other settings (Mayr et al., 2009). Particularly, analysis of saccadic

angles and lengths is strongly affected by the described sources

of error. To summarize the experiences in this study, mobile

eye tracking provided additional insight into students’ cognitive

processes during drawing-based learning, however, the data needs

to be evaluated and interpreted with caution. Particularly in

scenarios that require detailed analysis of specific (particularly

small) AOIs or saccade-based procedures, for example, navigating

along coordinate directions of vector fields, mobile eye-tracking

data is hardly resilient which should be kept in mind in light of the

high time requirements for gaze-data mapping.

4.4. Conclusion and future work

In this work, the impact of drawing activities in multi-

representational, instruction-based learning in the context of

vector fields was investigated in two studies through analysis of

different performance measures and eye-tracking data. Besides

showing an immense overall impact of the instruction on

students’ conceptual understanding and their accuracy of judging

a vector field’s divergence, drawing activities were shown to led

to significantly higher learning outcomes in the transfer task.

Furthermore, intrinsic cognitive load of the learning subject

was lower for students instructed with drawing activities, which

increased their germane cognitive load enabling to devote more

working memory resources in dealing with the subject matter

to be learned. Moreover, eye-tracking analysis revealed that

students instructed with drawing activities fixated important parts

of the pre-exercises and the divergence instruction, that are,

decomposition tasks, vector field diagram, and instructional text,

more frequently. During subsequent assessment, both groups

showed representation-specific, expert-like behaviors, such as

comparing vectors in horizontal and vertical direction along

the Cartesian coordinates, indicating a correct interpretation of

partial derivatives. Furthermore, students instructed with drawing

activities were found to be more effective compared to students

instructed without drawing activities by fixating the vector field

diagram less frequently in order to determine its divergence,

and to systematically compare adjacent vectors along coordinate

directions.

Concerning the value of this article for STEM education, it

extends previous research on learning in the context of vector fields

by showing how dedicated pre-exercises on vector decomposition

and partial derivatives, on the one hand, and drawing activities,

on the other hand, can further enhance previous instructions on

divergence (Klein et al., 2018, 2019, 2021). An explicit focus on

covariation for both groups, but particularly for those students

who actively sketched them, not only supported students’ visual

knowledge of divergence, but was shown to actually deepened

students’ understanding of vector fields. For educational practice,

the added value of a pre-exercise aimed at concrete practicing of

vector decomposition and partial derivatives could be supported.

However, since a systematic manipulation of the pre-exercise was

not dedicated focus of this study, further research regarding its

actual value and a meaningful design is required. To further

continue this line of research, particularly regarding conceptual

knowledge that could be transferred to associated concepts of

vector fields, such as curl, huge potential emerge for combining

drawing activities with other methods, for example, simulations

(e.g., Kohnle et al., 2020; Ainsworth and Scheiter, 2021).

Although the instruction used here requires certain prior

knowledge, and thus gears to university science students, some

implications can also be transferred to other subjects and

domains. For instructors, drawing activities aiming at step-by-step

introducing a learning strategy or a problem-solving procedure can

be recommended. Particularly, if most of the steps were usually

done mentally or not explicitly introduced, drawing appears to be

a promising learning method also beyond university learning, for

example, in school.

From a methodological perspective, this article particularly

benefited from existing prior work on previous divergence

instructions and the same problem-solving task type (Klein et al.,

2018, 2019, 2021), which enabled comparisons and conclusions

regarding manipulations of the learning material and different

methods of gaze-data collection. In this context, this article revealed

valuable insights into mobile gaze-data collection and analysis

in drawing-based learning and assessment scenarios, which were

found to valuable complement performance and cognitive load

data. However, although mobile eye tracking allowed to capture

natural visual behaviors, particularly when the learner interacts

with the learning environment, data obtained from eye-tracking
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glasses proved to be rather unsuitable for detailed analysis on

a process level. In problem solving, a non-interactive setting,

remote gaze data was shown to provide more reliable resolution

of processes and strategies. By discussing limitations of mobile

gaze-data analysis in educational settings and comparing mobile

and remote eye tracking, this article may provide guidance and

support for other researchers, who plan to study such cognitive

processes with eye tracking. Specifically, a huge potential of mobile

eye tracking emerges, for example, for collaborative learning

and in experimental settings (e.g., Chien et al., 2015; Schneider

et al., 2018), thus further development, for example, concerning

supported mapping and automatic adaption of AOIs, is two-fold,

required and promising.
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