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external visualizations with extreme case reasoning

A. Vidak
Faculty of Chemical Engineering and Technology University of Zagreb, Croatia,
Savska cesta 16, 1000 Zagreb,
tel: ++385 1 4597 106,
e-mail: avidak@fkit.hr

V. Danant
Faculty of Chemical Engineering and Technology University of Zagreb, Croatia
Savska cesta 16, 1000 Zagreb,
tel: ++385 1 4597 107,
e-mail: vdanan@fkit.hr
V. MeSic
Faculty of Science, University of Sarajevo, Bosnia and Herzegovina
Zmaja od Bosne 33-35, 71000 Sarajevo,
tel:++387 33 27 98 68,
e-mail: vanes.mesic@gmail.com

Received 8 April 2020; accepted 22 May 2020

In this study, we investigated whether combining external visualizations with extreme case reasoning may the development of a conceptua
understanding of wave optics. For purposes of answering our research question, we conducted a pretest-posttest quasi-experiment, whic
included 179 students from a first-year introductory physics course at the University of Zagreb, Croatia. Students who were guided through
extreme case reasoning in their wave optics seminars significantly outperformed their peers who received conventional teaching treatment
Findings from our study suggest that combining external visualizations with extreme case reasoning facilitates the development of visually
rich internal representations, which are a good basis for performing mental simulations about wave optics phenomena. Besides, it has bee
also found that many students use the “closer to the source implicates greater effect” p-prim when reasoning about certain relationships, sucl
as the relationship between fringes’ dimension and slits-screen separation.
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1. Introduction ited [9]. That is why thinking about wave phenomena induces
high cognitive load [10]. Furthermore, reasoning about wave
Wave optics has many applications in the field of lasers, mioptics is additionally obstructed by the fact that students lack
crocomputers and electronic detectors. We can say that its ajtuitive mental models about wave optics [11].
plications extend to all areas of modern science, engineering,
and technology [1]. In everyday life, wave optics is useful  For developing a deep understanding of wave optics, stu-
to understand some phenomena, such as interference of ligtiénts have to go far beyond intuition. Actually, examples
on peacock feathers and colored appearance of a soap bubem the history of physics show that deeper truth is often
ble [2]. Generally, wave optics significantly contributes to hidden under the surface of everyday experience. In many
learning one of the most important physics concepts, whicltases throughout history, scientists discovered this truth by
is the wave concept. Consequently, learning wave optics igsing analogies and extreme reasoning [12,13]. Stephens and
very important for conceptual understanding of other area€lement stress that extreme case reasoning is at work when,
of physics,e.g., solid-state physics and quantum mechan-"in order to facilitate reasoning about a situation A (the tar-
ics [3,4]. However, many students struggle with developingget), a situation E (extreme case) is suggested, in which some
a basic understanding of wave optics [5—7]. Earlier studiesspect of situation A has been maximized or minimized”
have shown that students often do not understand wheth§t4]. For example, it seems that Galileo Galilei used extreme
they should use geometric or wave optics to solve standardase reasoning for mentally simulating what would happen to
textbook problems related to light phenomena [4,8]. Underthe motion of a sphere moving between two smooth inclined
standing of wave optics requires simultaneous thinking abouplanes facing each other. He concluded that as the angle of
spatial and temporal aspects of wave motion. However, rethe second plane tends to zero, the distance covered by the
search showed that human working memory is highly lim-sphere tends to infinity [15].
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Any teaching approach, the extreme case reasoning apology in Zagreb. Students were enrolled in a typical two-
proach included, should take into account basic principlesemester introductory physics course for scientists and engi-
of cognitive psychology. According to cognitive load the- neers. This course consists of two hours of lectures and two
ory, it is useful to distinguish between intrinsic, extraneoushours of seminars per week. In general, teaching approaches
and germane cognitive load [16]. When preparing lessondn this course can be referred to as traditionel, the lectures
the goal should be to maximize the germane load, minimizemphasize the transfer of information and providing proof for
extraneous load, and adjust intrinsic load [17]. To increas¢he most important equations, while the emphasis in seminars
the level of germane load, it is advisable to use visual repis on solving quantitative physics problems.
resentations. According to Nersessian, the use of visual rep- We divided the total sample of students into 4 subgroups.
resentations and mental simulations are compatible activitie€swo subgroups received a traditional treatment while the re-
with the goal of developing mental models. Mental simula-maining two received the experimental treatment. The num-
tions that are based on extreme case reasoning can help usber of students in each subgroup was not greater than 47. The
optimize the cognitive load [18]. However, poorly designedgender distribution in all subgroups was approximately equal,
lessons can create cognitive overload [19, 20]. If we want tand every subgroup had a higher proportion of female stu-
include extreme case reasoning in our lessons, it is desirablients (71%: 29%).
to optimize the cognitive load using external visualizations,  Before their university education, students from our sam-
step-by-step guidance, and highlighting the most importanple already had the opportunity to learn about basic concepts
information. In our study, we combined external visualiza-of wave optics in their high-school education.
tions and extreme case reasoning with the purpose to make
more comprehensive the abstract mechanisms that are atth&  Treatment
core of the superposition of waves. In our opinion, one of the
most useful visualizations in wave optics instruction is theOur research was conducted within the regular introductory
phasor diagrams. Concretely, the most important aspects physics seminars. Before receiving the treatment in seminars,
waves and wave superposition can be effectively representate students from all four subgroups had the same traditional
by using phasor diagrams [21, 22]. Phasors are rotating vedectures on wave optics. At the seminars, two subgroups re-
tors that represent light waves. Thereby, phasor magnitudeseived traditional treatment that is characterized by discus-
correspond to amplitudes of waves. Furthermore, in phasion and solving of quantitative physics problems. On the
sor diagrams, the phase differences between waves are reptgher hand, in the two remaining subgroups, the traditional
sented as angles between the corresponding phasors. Findiagproach was enriched by the use of extreme case reasoning
a resultant wave at a certain point of space boils down to thand visualizations which were designed to help the students
addition of phasors,e., vectors. Consequently, phasors helpto comprehend the abstract mechanisms that are at the core of
us to explain the occurrence of interference patterns. wave optics phenomena. The same concepts were covered in
all subgroups. Also, the seminars in all subgroups were led
. . by the same teaching assistant, and the teaching treatment
2. Research question and research design lasted for 90 minutes.

In this study, we conducted a pretest-posttest quasi- Traditional treatment was based on summarizing and ap-
experiment to determine whether combining external visualplying the most important principles that had been covered in
izations and extreme case reasoning can help university stlectures. The teaching assistant solved the quantitative prob-
dents to become more successful in understanding wave ofems on the blackboard, whereby the solving process was
tics phenomena. In our opinion, the significance of this re-accompanied by classroom discussion. In the experimen-
search is related to the fact that there was no earlier researthl subgroups, students solved two numerical problems less
on the pedagogic potentials of using extreme case reasoitem 1 and Item 6) than in the control subgroups because
ing in wave optics instruction. For example, in this paper,considerable time was devoted to visualizations and extreme
it is shown how extreme case reasoning may be applied fatase reasoning. Problems were selected to include the fol-
purposes of explaining some relatively complex relationshipsowing important phenomena: interference on the double-slit
such as the relationship between the number of slits and widthAnd optical grid (Table 1). In the experimental subgroups, be-
of fringes. Finally, the significance of this study also stemsfore solving quantitative problems, the teaching assistant pre-
from the fact that it offers some new conceptual questions andented light interference and diffraction through external vi-
describes misconceptions and p-prims that were not reporteslializations.

in earlier research. Explanation of the phase concept was influenced by di-
dactic approaches in German grammar school books such as
3. Methods and materials Metzler Physik and Dorn-Bader Physik [23, 24]. In electro-

magnetic waves, the electric field vector oscillates over time
and space. The different oscillatory states of the electric field
This study included 179 first-year students (mostly 19-yearrepresent different phases. These phases can be effectively
olds) from the Faculty of Chemical Engineering and Tech-visualized by a rotating vector called phasor (Fig. 1a). As

3.1. Participants and curriculum
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FIGURE 1. Absolute constructive and absolute destructive interfer- FISURE 2. The amplitude of the resultant electric field vector in-
ence are only extreme cases. The superposition of waves resultgreases with the number of sources.
in a continuous distribution of light along with the screen; as the ) .
diffraction angle increases, the phase angle also increases, and tAW0 Waves is between 0 and 180 degrees, the amplitude of
resultant electric field decreases. the resultant wave is between zero and maximum value. The
students were guided to mentally simulate how the continu-
earlier stated, the phasor length corresponds to the ampleus change from one extreme case (zero phase difference) to
tude of the electric field vector. Furthermore, the angle thathe other extreme case (phase difference equa).toesults
the phasor closes with the x-axis at some instant t is calleth a continuous change of light intensity across the screen.
a phase angle and determines the state of oscillation of thEhis could potentially help the student to change the mis-
electric field vector at instarit The teaching assistant vi- conception according to which the distribution of light inten-
sually presented to students an example showing the moticgity on the screen is discretee., only places of maximal
of the rotating vector over time. He pointed out how theconstructive and maximal destructive interference are distin-
y-component of the rotating vector changes over time acguished [25].
cording to the sinusoidal law. In the other part of the seminar, The next topic was an optical grid where students could
the teaching assistant described the Young's experiment. Stgee the interference pattern on the screen, as well as the ex-
dents observed visualization of the interference fringes on thplanation of the obtained pattern in the phasors approach.
screen, where constructive and destructive interference hdscreasing the number of slits increases the number of
been explained by the difference in optical path lengths ofvaves/phasors that superimpose on the screen. This results
the waves originating from the slits. This was illustrated within obtaining brighter maxima; that is, the intensity of max-
phasors. Two coherent light waves were presented by pha@ma increases (Fig. 2). The minima are generated when
sors, and students observed in visualizations how the sum ¢fie sum of phasors is equal to zero, that is, when the pha-
these two phasors affected the irradiance at various points afors form a closed polygon. Our visualization shows that
the screen (Fig. 1b). The two blue-colored phasors from Figin the case when we increase the number of phasbes, (
1b correspond to waves that originate from two sourtes (  slits), the angle between the successive phasors, for which the
from the two slits), while the resultant phasor is representedirst minimum is obtained, becomes smaller. After students
by the red-colored vector. If the phase difference betweenvere guided to see that a smaller phase angle corresponds
vectors is zero, then their superposition results in maximato a smaller diffraction angle. Consequently, they concluded
amplitude of the resultant waviee. a maximum is observed. that increasing the number of slits influences the phase angle
On the other hand, if the phase difference is 180 degrees, théfor which the first minimum is obtained) to become smaller
the amplitude of the resultant wave is zero, and a minimunwhich means that interference fringes become narrower (see
is observed. Of course, when the phase difference for thEig. 3). In the extreme case, when the number of slits is very

TABLE |. Brief description of items that were solved at the seminar. The asterisk stands for items that were solved only in control subgroups.

*ltem 1

Iltem 2

Item 3

Item 4

Item 5

*ltem 6

Calculating the
wavelength of

Calculating the
wavelength of light

Calculating the separation Calculating the Calculating the number Calculating the diffraction

between two light sources

constant of

of lines per mm

angle for certain maxima

light used in and diffraction angle used for creation of optical grid. for optical grid. m =(1,2,3) for
Young'’s experiment. in Young's experiment. intereference pattern. optical grid.
Open-ended Open-ended Open-ended Open-ended Open-ended Open-ended
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FIGURE 3. Angles between consecutive phasors that form the first minimum become smaller, making the lines narrower when we increase
the number of sources.

large, as it is the case in optical grids, the fringes becomaession. In this process, the assistant encouraged the students
very sharp and narrow, which means that interference fringe® use the previously introduced visual models for purposes
become narrower (see Fig. 3). In the extreme case, when tia# reasoning about phenomena described in the given quanti-
number of slits is very large, as it is the case in optical gridstative problems.
the fringes become very sharp and narrow.
In the last part of our experimental seminars, student® 3. Assessment instrument
watched an additional educational video in which wavefronts
were used for explaining what happens when waves enfo reduce the risk of compromising internal validity due
counter a single-slit or a double-slit. For the single-slit, itto potential interaction between pre-test and teaching treat-
has been only shown why waves, unlike large particles, caments, we decided to use different instruments for pretest and
reach the region of geometric shadow, while for the doubleposttest [26].
slit experiment, students could observe how the superposition However, in both, the pretest and posttest, we measured a
of secondary waves gives rise to dark and bright interferenceonceptual understanding of wave optics phenomena with a
fringes. They were also shown how changing the slit separdocus on interference and diffraction of light. In most items,
tion affects the superposition of the two waves visualized bystudents needed to use knowledge from the wave optics do-
two overlapping wavefront representations. main to interpret, explain and predict certain phenomena. Ac-
After visually representing wave phenomena and intro-cording to Michael and Modell, providing accurate predic-
ducing students with analogies and extreme cases (whictions of scientific phenomena and processes is a very good
lasted 20 minutes), the assistant began the problem-solvirigdicator for understanding a certain scientific content [27].

TaBLE Il. Brief description of pretest items.

ltem 1 Item 2 Item 3 Iltem 4 ltem 5 Iltem 6
What is the What is the How number Phase difference Nature of How change
difference difference of slits between two interference of of light color
between phases between phases influences the coherent waves two coherent influences
of the wave at of the wave at diffraction based on given waves at a appearance
two different two different pattern? path-length certain position, of the pattern in
points in space? points in space? difference based on given a double-slit
(wavefront (sinusoidal path-length experiment?
representation) representation) difference

Multiple-choice

Multiple-choice

Multiple-choice Multiple-choice Multiple-choice Multiple-choice

Rev. Mex. is. E17(2) 215-225
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TaBLE Ill. Brief description of pretest items.

Iltem 1 Item 2 Item 3 ltem 4 Item 5 Item 6 ltem 7 Iltem 8
What is How covering What happens  How adding How How How number  How distance
the phase of upper to the diffraction  a third slit rotation of screen-slits of slits between the
difference half of the pattern if influences slits by’90 distance influences slits affects the
between the slits with we replace interference  influences the influences the diffraction  interference
two points?  opaque material  a single slit pattern? interference  the diffraction pattern? patternin a
(sinusoidal influences the  with a circular pattern? pattern? double-slit
representation) interference aperture? experiment?
pattern?

Multiple-choice Multiple-choice Multiple-choice Multiple-choice Multiple-choice Multiple-choice Multiple-choice Multiple-choice

Consequently, our test items were designed to require a tranguantitative problems. On the other hand, students from the
fer of knowledgej.e., they included situations that were not two experimental subgroups revisited the wave optics con-
explicitly covered in instruction. Besides, we wanted ourcepts through extreme case reasoning and visualizations, be-
items also to be effective when it comes to uncovering typicafore proceeding with solving quantitative problems. Students
student misconceptions. from all subgroups wrote the pretest one week before the

The pretest and posttest versions of the Basic Understandkeatment, and they wrote a posttest immediately after the
ing of Wave Optics Survey (BUWOS) consist of six and treatment. For conducting the pretest and posttest, we allo-
eight items, respectively. Each correctly solved item fromcated 20 minutes of time.
the pretest and posttest was awarded one point. In Table I
andél:;t!i Icl)lr,]we provide a brief description of our tgst |t§ms..+ Results and discussion

posttest data, we calculated the point-biseria

coefficients for our items. Taking into account that the point-| this chapter, we will first present the scores of the control
biserial coefficient for Item 4 was negative, this item has beeng experimental subgroups on the pretest and the posttest.
excluded from the BUWOS scale but retained for purposeshen we will merge the individual subgroups into one con-
of individual item analyses. After Item 4 has been excludedo| group and one experimental group for purposes of test-
Cronbach’s alpha coefficient for our instrument was calCuing for the significance of between-treatment differences. To
lated. It amounted to 0.48, which is relatively low but higher, hat end, the analysis of covariance (ANCOVA) will be used.
then value that is considered to be acceptable in the researgdjq)ly, we will attempt to identify and discuss the most dif-

by McKagan, Perkins, and Wieman [28]. This could be be<fict items and most common students’ errors at the pretest
cause questions from BUWOS were primarily designed toyng posttest.

activate misconceptions, which are often mutually inconsis-

tent, leading to a relatively low degree of internal consistency; 1. Pretest and posttest scores across subgroups

of the instrument [30]. Because of the relatively low reliabil-

ity of our instrument, we decided to strengthen our evidencd=rom Table 1V, it is evident that at the pretest, the CG2 con-
about between-treatment differences by also providing itemtrol subgroup was the most successful, and the CG1 control
level analyzes. The average difficulty index for our posttessubgroup was least successful. On average, the control sub-
items amounted to 0.49, which is near the optimal value [29]groups were slightly more successful than experimental sub-
On the posttest, Items 7 and 8 proved to be very demandingroups. When it comes to the posttest, the results clearly
with difficulty indices of 0.27, and 0.29, respectively. When it

fl”?emrﬁzst?(;:}f?c%rlﬁésr:‘;slt\?v::’/eez?gri glzfglltt)é::dGe\i(vi\',c\;]agigiéJ?It?/nQABLE IV. Average pretest and posttest scores for students from
S ) experimental subgroups (EG) and control subgroups (CG). Theo-
indices of 0.02 and 0.09, respectively. In the posttest contexfetically, the pretest scale ranges from 0 to 6, while the posttest
all the item difficulty indices were in the desired range from scale ranges from 0 to 7. Standard deviations are shown in brack-

0.21t00.8. ets.

3.4. Research design EG12 EG2 cGl cG2
Pretest 1.72 1.46 1.23 2.02

For investigating the effectiveness of our experimental teach- (1.00) (1.08) (0.88) (1.13)

ing method, we used the pretest-posttest quasi-experimental Postiest 379 4.44 276 264

design. The students from the two control subgroups received

traditional treatment characterized by discussing and solving (1.89) (1.24) (1.25) (1.32)

Rev. Mex. . E17(2) 215-225
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Group

Contral Experimental TABLE V. Average pretest and posttest scores for the experimental
and control group. Theoretically, the pretest scale ranges from 0 to
400 400 6, and the posttest scale ranges from 0 to 7. Standard deviations are
given in brackets.
97 e Pretest Posttest
g ® Control group 1.60 2.70
% 2004 r2oo %
& 3 (1.08) (1.28)
oo Lo Experimental group 1.58 4.13
(1.04) (1.61)

oo

control group was 76.3%, while for the experimental group,
there were 80% such students.

Figure 5 shows the distribution of posttest scores for the
experimental and control group. We can notice that the dis-
FIGURE 4. Distribution of pretest scores for the experimental and tribution for students from the experimental group is shifted
control group. The pretest scale ranges from O to 6. towards higher scores. Furthermore, the percentage of stu-

. dents who scored 2 points or less at the posttest is 50.6%
show that students from experimental subgroups EG1 angh; ihe control group compared to 15.6% in the experimental
EG2 scored higher than students from control subgroups CG&roup.

and CGZ_'d in th i b i Table V summarizes between-group differences at the
Considering the consistency of etween-treatment 'ﬁer'ﬁretest and posttest.
ences across all our subgroups, we decided to merge the in-

- . . From Table V, we can conclude that, at the pretest, the
dividual subgroups into one control and one experlmentaj:ontrol group and experimental group scored 26.6% and

group. 26.3%, respectively. At the posttest, the control group scored
38.5%, while the experimental group scored 59%.
First of all, it is important to note that pretest scores were

Figure 4 shows the distribution of pretest scores in the controf€ry low in both groups although the pretest questions were
and experimenta| group. The most common result in botl‘ﬂllgned with the high-SChOOl curriculum in Croatia. This in-
groups is two points out of six points for the experimenta|dicates low effectiveness of the achieved hlgh school curricu-
group and one point out of six points for the control group_lum in Croatia, at least when it comes to the development of
Although the distribution shape is relatively similar in both conceptual understanding about wave optics. This could be
groups, it is possible to see that the control group has a lowegxplained by the fact that teaching in Croatian schools pre-
share of students with zero points and a greater share of tfominantly follows traditional approaches characterized by a
students with three or four points. Furthermore, the percentPassive student role [31]. Another explanation for relatively

age of students who scored two points or lower in the low achievement at the pretest as well as at the pretest is re-
lated to the fact that wave optics content is intrinsically com-

T T T T T T T T
40 30 20 10 o 10 20 30 40

Percent Percent

4.2. Between-group differences in score distributions

Group plex and demanding even for top-performing students [4, 5].
Control Experimental Pretest results also indicate that, before participating in
our treatment, students from our sample had a very low level
0 [ of conceptual understanding of wave optics, which means
s00- 5 00 that the post-treatment level of knowledge largely relates to

the effects of the seminar.

5.004

4.004

4.3. Investigating the significance of the observed
between-group differences

Posttest
Isaps04

3.009

2.00+]

We investigated the between-group differences on the
L1 o0 posttest by running an analysis of covariance (ANCOVA) that
allowed us to control for between-group differences on the
pretest [32]. Before conducting ANCOVA, we first checked

1.009

007

30 2 19 o 0 a0 ® whether the assumption of independence between covariate

Percent Percent (result at the pretest) and treatment variable (group) was met.

FIGURE 5. Distribution of posttest scores for the experimental and Thereby, we could show that the between-group differences
control group. The posttest scale ranges from 0 to 7. at the pretest were not significant (t (177) = 0.112, p = 0.91).
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Furthermore, the interaction between covariate and treatmemt favor of the experimental group were observed on items
variable was also not statistically significant (F (1, 175) =3, 5, and 8. In these items, between-group differences in
0.002, p = 0.96). A visual examination of the Q-Q graphs forpercentages of correct answers amounted to 30%, 22%, and
the control and experimental group led us to the conclusior23%, respectively. In Item 3 students were expected to pre-
that our data approximately satisfy the normality assumpdict how replacing a single slit with a small circular aperture
tion [33]. Finally, an inspection of Leven's statistics (F (1, would affect the diffraction pattern. The circular aperture
177) = 0.47, p = 0.49) showed that the assumption of homoeould be “simulated” by rotating the slit through all angles
geneity of variance was met, too. from 0 to 2r, which would result in rotating the single slit
The results of ANCOVA indicate that between-group dif- pattern through all the different angles from 0 to. 2f we
ferences in posttest are statistically significant (F (1, 176) =mentally merged all the individual single slit patterns, the re-
41.01,p < 0.001, partialn, = 0.19), after controlling for  sult would be a two-dimensional symmetric pattern consist-
between-group differences at pretest. From the given resultiyg of concentric rings. In the experimental subgroups, the
we can conclude that students from the experimental grouptudents trained to perform mental simulations and extreme
significantly outperformed their peers from the control group.case reasoning, which could have helped them in arriving at
The main difference between the two teaching ap-the correct answer. In Item 5, students were expected to pre-
proaches was that the students from the experimental grougkct how rotating the double-slit by 9Qvould influence the
not only solved and discussed quantitative problems in theiinterference pattern. Having developed a visual model about
seminars but also developed visual mental models about tHeow secondary waves originate at the slit and superimpose on
superposition of light waves, which is at the heart of generthe screen to generate the interference pattern, students from
ating interference and diffraction patterns [5]. According tothe experimental subgroups could transfer that kind of think-
Greca and Moreira, to develop a deep conceptual understanihg to the described situation and arrive at the correct answer
ing of physical phenomena and processes, it is importangi.e., now the maxima and minima would be places along the
to develop appropriate internal visualizations [34]. Studentwertical direction). Finally, in Item 8, students were shown
from experimental subgroups had the opportunity to observéewo interference images formed by passing monochromatic
and discuss external visualizations of wave optics phenomlight through the original and modified experimental setup of
ena, thereby using a language that goes beyond the languageung’s double-slit experiment, and students were required
of mathematics. On the other hand, the discussions in corie recognize what had happened to the original setting in two
trol subgroups were mostly anchored in formal, mathematicaéxperimental setups. The students were expected to recog-
contexts which once again proved to be relatively ineffectivenize that, for the second setup, the fringes were wider. In the
when it comes to developing deep conceptual understandingkperimental subgroups, students trained to mentally simu-
of physics [35]. late how changing slit separation affects the overlapping of
Our results are consistent with the idea that visualizawavefronts that correspond to the two waves that originate
tions and reasoning about extreme cases help students to cfeam the double slit.
ate vivid intuitive mental models about physical phenomena Large differences in favor of the experimental group were

[14,36,37-41]. also detected in many other posttest items. One such item
was Item 7 that required the students to use knowledge of the
4.4. Between-group differences on individual items relationship between the number of slits and width of fringes.

Taking into account the relatively low reliability of our as- 4.5 students’ misconceptions and conceptual change
sessment instrument it is very useful to enrich our discussion

of between-group differences by analyzing student achieveFhe most frequently chosen distractors on the pretest and
ment at the level of individual items. Table VIII shows a posttest are shown in Table VIl and Table VIlI, respectively.
summary of between-group differences in individual posttesiit pretest, the structure of students’ answers was very simi-
items. lar across all subgroups, which is the reason why we decided
From Table VI, we can see that students from the experito merge all pretest data and discuss pre-treatment miscon-
mental group outperformed their colleagues from the controteptions at the level of the whole student sample (Table VII).
group on items 1, 2, 3, 5, 6, 7, 8. The highest differenced?ost-treatment misconceptions have been reported separately

TABLE VI. Proportion of correct answers on individual posttest items. Standard deviations are given in brackets.

ltem 1 Iltem 2 Item 3 Item 4 ltem 5 Iltem 6 Item 7 ltem 8

Control group 0.36 0.39 0.57 0.39 0.61 0.41 0.16 0.18
(0.48) (0.48) (0.49) (0.49) (0.48) (0.49) (0.37) (0.38)

Experimental group 0.55 0.62 0.87 0.28 0.83 0.46 0.36 0.41
(0.49) (0.47) (0.32) (0.45) (0.37) (0.50) (0.48) (0.49)
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waves arrive at position 1 in counter-phase (phase difference
TABLE VII. Most frequently chosen distractors at the pretest. 7). In traditional wave optics instruction, students are used to
automatically relate halves of wavelengths with minima, and
that is probably the reason why they associated the separa-
Pretest B A C B c B tion between sources with the occurrence of counter-phase in
(overall) (60%) (33%) (23%9) (58%) (36%) (22%) position 1.

teml Item2 Item3 Item4 Item5 Item6

for the experimental and control group. However, from TableB. Posttest
VIII, it is evident that even after the treatment, students from

both groups share similar misconceptions on most items. ltem 1 from the posttest is very similar to ltem 2 from the

. : . . retest; in both items, students were expected to determine
Our discussion of most frequent misconceptions at prete

and posttest will be framed through three themes (1'phasmgn%hcisrirggft?cr?/\r/];\?ebtit:tl?sr:ep(::ans:{znpt\e?jng Baosfirfsggi% f?_rhz
concept; 2. two-source interference; 3. single slit diffraction, P y :

. . most common misconception in both groups was A (Con-
and optical grid). trol group - 58%, Experimental group - 42%, ), which again
reflects the idea that the phase difference between adjacent

1. Phase concept “crests” of the wave amounts ta

Pretest items 1, 2, and 4, as well as posttest item 1, WeTS 1o source interference

designed for assessing students’ understanding of the phase

concept. In Item 1 of the pretest, students were expected @, |tem 6 of the pretest and items 2, 4, 5, and 8 of the
find the phase difference between two points in space basgghsttest, students were expected to predict or explain how
on the wavefront representation of a plane wave. The samgtain changes of the double-slit setup affect the appearance

task, only within the context of a sinusoidal representationof the interference pattern. Item 5 from the pretest covers the
was described in pretest Item 2 and posttest Item 1. Finallyyhenomenon of two source interference. too.

in pretest Item 4, students were expected to use their knowl-
edge of the relationship between phase difference and pal pretest
length difference to find the phase difference of two waves at

a certain point of space. Item 5 refers to two point sources of monochromatic waves
that are coherent with each other and separated/By In
A. Pretest this item, students were required to answer how the given two

waves interfere at a point that is a whole number of wave-
In Item 1, 60% of students chose distractor B which reflectdengths away from the midpoint between the two sources.
the idea that the phase difference between two adjacent wav@he observed point lies on the same line as the sources. The
fronts amounts tor. Interestingly the same misconception most frequently chosen distractor was C (36%). Distractor
was detected in students’ answers to Item 2, only within theC says that neither constructive nor destructive interference
context of a sinusoidal representation of the light wave. Her@ccurs at the observed point. This could be related to the fact
33% of students chose distractor A which reflects the idedhat now both, halves of wavelengths and the whole number
that the phase difference between two adjacent “crests” abf wavelengths are mentioned, and students cannot decide
the wave amounts ta instead of2z. Generally, it seems which association to activate. Earlier research shows that
that, for students it makes more sense that the path lengstudents often mistakenly believe that the mere path length
difference of one\ is related to a phase difference of one defines wave interference at a particular point rather than the
« rather than twar. Finally, pretest Item 4 referred to two path length difference of the superimposing waves [4].
point sources of monochromatic waves that were mutually In Item 6, students were expected to predict how chang-
coherent and separated hy2. Students were expected to ing the color of laser light from red to purple would affect the
reason about the phase difference of these two waves at pappearance of the double-slit pattern. The most frequently
sition 1, which is at equal distance from both sources. Thehosen distractor for this item was B (22%) (the distance
most frequently chosen distractor B (58%) says that the twdetween adjacent lines will increase). This finding is in line

TaBLE VIII. Most frequently chosen distractors at the posttest.

ltem 1 Item 2 Iltem 3 Iltem 4 Item 5 Item 6 Iltem 7 Iltem 8
Posttest A C A C C B A C
(control) (58%) (26%) (38%) (29%) (18%) (28%) (31%) (40%)
Posttest A C A A C D D A
(experimental) (42%) (18%) (12%) (40%) (11%) (25%) (32%) (31%)
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with the results of previous research, and a possible expldstics of the diffraction pattern obtained by diffraction on a
nation is that students try to establish an analogy with thesingle slit or optical grid.
dispersion of light through a prism in which the violet light
deviates most [25].

A. Pretest
B. Posttest
In Item 2, students were expected to predict how covering%n pretest Item 3, students were shown two optical grid pat-
the upper halves of the slits with opaque material would af{€rns, whereby the pattern for the modified setup was char-
fect the double-slit interference pattern. The most commonlypcterized by narrower fringes. Narrower fringes can be ob-
chosen wrong answer in the control and experimental grouffined by using a grid with larger number of slits. However,
was C (26% and 18%). Students believed that the interferMany students claimed exactly the opposite by choosing dis-
ence fringes would elongate in the vertical direction whichtractor C (23%), which states that for the modified set up a
reflects the idea that changes of the height of the slit lead tg"d with fewer slits was used.
similar effects as changes of the width of the slit, although
for the horizontal dimension of the slit diffraction effects are
prominent which cannot be said for the vertical dimension B- Posttest
This finding is in line with the results of the study by Big
Vidak, Hasove, and Bel@, who showed that students exhibit
many difficulties in understanding the role of the vertical di-
mension of the slit [7].

In Item 3, students were expected to predict how replacing a
single slit with a circular aperture would affect the appear-
ance of the diffraction pattern. The most frequently cho-

In Item 4, students were expected to reason about n3en distractor in control and experimental group was A with

0, 0 T i i -
consequences of adding a third slit to the double-slit mask 8% and 12%, respectively. This distractor reflects the erro

whereby the separation between the slits is held constant. I',r]1eous belief that the shape of the aperture does not affect the

the experimental aroun. the most frequent misconcention w diffraction pattern. A possible explanation for such a result is
b group, q P %hat students from our sample (particularly the control group)

that adding a third slit would not affect the position of max- . . :
) L . are mostly focused on analytic representations of wave optics
ima and minima, whereas, in the control group, many stu-

: . " : phenomena, and they did not cover equations for diffraction
dents believed that at the original position of maxima now’ . . .
- . on circular aperture in their lectures. Students from the exper-
minima would appear and vice versa.

. imental subgroups were better prepared for visual reasonin
In Item 5, students were expected to predict how rotat- group prep 9

ing the double-slit by 90 would affect the appearance of about this situation. . .
the interference pattern. The most common misconception N Item 6, students were required to predict how chang-
in both groups was C (18% and 11%), which for the rotated!Nd the.gratlng—screen separation affects the appearance of the
slits-setup shows a pattern consisting of only two fringes. Idiffraction pattern. In the control group, students most often
seems that many students believe that after rotation of the slifg10Se distractor B (28%), and in the experimental group, stu-
diffraction, effects are not prominent anymore. This could bed€nts most often chose distractor D (40%). Distractor B re-
related to the fact that university students often lack a basiflects the belief that increasing the grating-screen separation
understanding of the Huygens-Fresnel principle [7]. results in decreased separation of frmges, while distractor D
In Item 8, students were shown interference patterns fopgflects the erroneous idea that putting the screen farther away
the original and modified double-slit setup. From the givenill make the fringes narrower. None of the treatments was
figures, it could be directly observed that the fringes weresUccessful in developing an understanding of the relationship
wider for the modified setup. The most frequently Choserpgtwegn grating-screen separation and characteristics of the
distractors were C (40%) in the control group and A (319)diffraction pattern.
in the experimental group. Distractor A reflects the miscon- In Item 7, two optical grid patterns were showed and in
ception that increasing the width of the slits results in widerthe pattern, for the modified setup the fringes were wider than
fringes, which could be related to students’ misapplication ofin the pattern for the original setup. The most frequently
the ray model of light [4]. On the other hand, distractor Cchosen distractor in the control group was A (31%), and in
is related to the erroneous belief that decreasing the distantke experimental group, it was D (32%). Similarly, as in the
between screen and slits results in bigger fringes. This seenmgetest, students from the control group erroneously believed
to be related to some kind of application of p-prims, such aghat increasing the number of slits results in wider fringes.
“the closer to the sourcé€., slits), the effecti(e., fringes) is  On the other hand, students from the experimental group be-

bigger” [29]. lieved that wider fringes are obtained by reducing the slits-
screen separation, which is similar to their reasoning pattern
3. Single slit diffraction and optical grid for Item 6, as well as to the reasoning of control group stu-

dents observed in solving Item 8. In all cases, it seems that
In Item 3 of the pretest, as well as in items 3, 6, and 7 of thestudents’ thinking is guided by the p-prim “the closer to the
posttest, students were asked to reason about some characsaurce (e, slits), the effecti(e., fringes) is bigger” [29].
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F. Limitations of the study

The main limitation of this study is related to the relatively

low reliability of the applied assessment instrument. A con-

sequence of the low reliability is that we should be careful

in summing raw scores and interpreting results on the test
level. Therefore, besides providing results on the level of the
whole test, we also provided evidence for between-group dif-
ferences on the level of individual items. It has been shown
that students from the experimental group outperformed their
peers from the control group on a large majority of posttest

items.

5. Conclusion

The context of wave optics instruction is very important for

learning about one of the most important models of classical

physics, which is the wave model. In this study, we investi-
gated whether enriching traditional instruction with external
visualizations and extreme case reasoning may facilitate the e

development of understanding about wave optics phenomena

in university students.
We came to the following conclusions:

e External visualizations facilitate the development of

A. VIDAK, V. DANANI C AND V. MESIC

e Extreme case reasoning is relatively effective when it
comes to explaining the relationship between the num-
ber of slits and the width of the diffraction fringes. Tra-
ditional approaches that are focused on analytic repre-
sentations fail to provide a “picture” about the mech-
anisms that relate the number of slits and width of
fringes.

e In wave optics, students’ reasoning is often character-
ized by the use of p-prims. For example, many students
use the “closer to the sources(, slits) results in a big-
ger effect {.e., fringes)” p-prim.

e Students fail to correctly compare processes that hap-
pen along the x- and the y-axis of a slit. Consequently,
they often fail to correctly predict what would happen
if we would rotate the slits bg0°. This is probably re-
lated to a lack of basic understanding of the Huygens-
Fresnel principle [7].

Some misconceptions that had been identified in ear-
lier studies were confirmed once again through this
study €.g, “increasing width of slits results in wider
fringes”) [4].

In our opinion, many of the observed student difficulties

visually rich internal representations of wave opticsstem from the fact that in traditional wave optics, instruction
phenomena, which are a productive basis for perstudents fail to develop a good understanding of the Huygens-
forming mental simulations about interference andFresnel principle. For that reason, our future studies will be
diffraction phenomena. Analytic representations aredirected at designing conceptual approaches directed at de-
less functional in the context of qualitative conceptualveloping the skill of using the Huygens-Fresnel principle for

problems.

solving conceptual problems about light phenomena.
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