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Factors promoting engaged exploration with computer simulations
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This paper extends prior research on student use of computer simulations (sims) to engage with and explore
science topics, in this case wave interference. We describe engaged exploration; a process that involves
students actively interacting with educational materials, sense making, and exploring primarily via their own
questioning. We analyze interviews with college students using PhET sims in order to demonstrate engaged
exploration, and to identify factors that can promote this type of inquiry. With minimal explicit guidance,
students explore the topic of wave interference in ways that bear similarity to how scientists explore phenom-
ena. PhET sims are flexible tools which allow students to choose their own learning path, but also provide
constraints such that students’ choices are generally productive. This type of inquiry is supported by sim
features such as concrete connections to the real world, representations that are not available in the real world,
analogies to help students make meaning of and connect across multiple representations and phenomena, and
a high level of interactivity with real-time, dynamic feedback from the sim. These features of PhET sims
enable students to pose questions and answer them in ways that may not be supported by more traditional

educational materials.
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I. INTRODUCTION

Over the last decade, new technologies have made rich
and dynamic visual representations possible on common per-
sonal computers. Previously, the power of typical computers
available in schools severely limited the range of computer-
based educational experiences available to students. Educa-
tional simulations of this prior era were often based on
simple line drawings, and the degree of interactivity was
usually limited to setting one or two parameters and then
watching a resulting animation. Modern computational
power allows much more complex models, higher fidelity
visual representations, and gives users of educational simu-
lations the control and flexibility to make changes and see
the effects in real time. With these advances, simulations can
provide students with opportunities for rich and dynamic
educational experiences as well as instantaneous feedback on
the results of a virtual “experiment.” In particular, the activi-
ties that students engage in with modern computer simula-
tions can be quite different from those in traditional educa-
tional environments. Sims provide students with access to
questions and methods of inquiry which are well aligned
with the ways scientists use experiments for exploration and
discovery. Prior work has shown that children can engage in
productive inquiry and exploration along these lines with
computer simulations [1-3]. In this paper, we target college
students and characterize in detail the type of engagement
that is possible when these students explore physical phe-
nomena with computer simulations.

This paper builds on prior research with PhET computer
simulations (“sims”). PhET sims are a substantial (~85) and
growing suite of computer simulations for engaging students
with science content. The sims are freely distributed from the
PhET website [4], with roughly 10 million uses in the past
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year. The majority of PhET sims are for teaching physics, but
there are a growing number in chemistry, biology, and other
sciences. Considerable research has investigated the use of
PhET sims in a variety of educational settings [5-8]. Inter-
activity in computer simulations is known to have educa-
tional benefits [9,10], but there is a broad range in the degree
of interactivity across existing simulations. PhET sims offer
a high degree of interactivity in terms of user control, dy-
namic feedback, and use of multiple representations. Sims
also provide balanced challenges, implicit puzzles that are
challenging but attainable, depending on the level of the stu-
dent, and thereby promote student inquiry [11,12]. This pa-
per builds on prior research to examine in more detail the
way students engage with sims.

In particular the focus is along two themes—engaged ex-
ploration [13] and analogy [14—17]. Engaged exploration is
a process that involves students actively interacting with
educational materials, sense making, and exploring largely
via their own questioning. PhET sims are designed to support
and promote engaged exploration, and in this paper we dem-
onstrate the effectiveness of sims in achieving this goal.
Analogy, broadly stated, is a cognitive tool that uses familiar
ideas to make sense of and generate new ideas about an
unfamiliar topic [18-20]. We investigate students’ use of
analogy in the context of using a PhET sim. Our findings
suggest that the use of analogy is a key component of student
sense making in use of the sims, evident in the ways students
draw on familiar ideas to help them generate ideas about the
new and unfamiliar topics they encounter in the sim. With
educational tools that are sufficiently engaging and provide
appropriate scaffolding, students may generate analogies to
make sense of physical phenomena.

In this study, we are primarily interested in understanding
the process of student engagement and use of analogy. We
analyze individual interviews of students using a sim, spe-
cifically (1) characterizing student engagement that is pos-
sible with PhET sims, (2) demonstrating student use of anal-
ogy with sims, and (3) focusing on interaction with sims as a
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FIG. 1. (Color) Sound tab of Wave Interference. Each tab uses
the same basic layout. The source (here a loud speaker) can alter-
natively be a faucet (water wave) or flashlight (light wave). The
gray wave shown here can represent a water wave, sound wave, or
light wave. The source, wave color, and graph labels change de-
pending on the phenomenon represented. The graph at the bottom
shows the wave along the dashed line in the pool. A barrier with
one or two slits can be placed in the wave pool. A detector is used
to measure the wave activity at different points in the pool.

process of building connections through exploration.

The next section describes the sim that was used in this
study: Wave Interference. We then outline the theoretical
framework for analyzing data from interviews with students
using sims, followed by the methodology and results of the
interviews which demonstrate student engaged exploration
and use of analogy with the sim.

II. WAVE INTERFERENCE SIM

The Wave Interference sim is designed to allow students
to explore interference in the context of water waves, sound
waves, and light waves. It is currently the eighth most popu-
lar sim on the PhET website. Many of the sim’s design fea-
tures are based on general guidelines used for all PhET sims
[5], including a high level of interactivity, an intuitive user
interface, and use of representations that draw on students’
existing ideas. In addition to these general guidelines, the
design of Wave Interference makes explicit use of analogies,
as described below

The sim is divided into three panels, or “tabs,” one for
each wave phenomenon (water, sound, and light). Each tab
uses the same basic layout (Fig. 1). This layout uses concen-
tric circles (ripples view) to represent the wave in an area
called the wave pool. The circles are blue for water, gray for
sound, and vary in color for light, depending on the wave-
length of light selected. The frequency and amplitude of the
wave can be adjusted with sliders to the left of the pool, and
various other adjustments can be made in the “control panel”
on the right. The water wave can be rotated to a side view,
which shows a cross section of a water wave oscillating up
and down. [Fig. 2(a)] The side view serves as a second rep-
resentation of water meant to help students make the real-
world connection that the circular shapes in the ripples view
depict water waves moving up and down. In the sound tab,
users may select grayscale view, as shown in Fig. 1, or par-
ticles view [Fig. 2(b)], which depicts air particles moving
back and forth. In the light tab, users can activate a screen on
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FIG. 2. (Color) (a) Side view of water wave. (b) Particles view
of sound wave

the right side of the pool. This screen shows the light pattern
that falls on it—if light is interfering, the screen will show a
fringe pattern (Fig. 3).

The Wave Interference sim promotes analogy use with
visual representations of water, sound, and light waves. Use
of analogy involves mapping common ideas (such as fre-
quency and amplitude) from across wave phenomena. In or-
der for these analogs to be used productively for making
sense of wave phenomena, users have to make comparisons
between phenomena and draw conclusions based on these
comparisons. The strategy employed in the sim is to use
generic visual representations across different tabs as cues to
promote analogy use. Figure 1 shows the generic represen-
tation for sound. Slight variations of this representation are
used in the water and light tabs. In addition, alternate repre-
sentations (such as the side view of water) are employed to
cue real-world connections, promote the use of analogy, and
serve to help students make meaning of the generic represen-
tations.

III. THEORETICAL FRAMEWORK

In this study, we focus on engaged exploration by stu-
dents using sims, observed in the context of individual stu-
dent interviews. First a student is presented with one or two
open conceptual questions [13] before opening the sim [21].
These questions are constructed to be carefully balanced,
sufficiently difficult, and open-ended so that students should
be able to give a reasonable answer to the question after they
have explored the sim. The goal of asking the open concep-
tual question is first to determine a student’s initial under-

FIG. 3. (Color) Light wave with 2 slit barrier. Interference pat-
tern is shown on the screen to the right.
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standing of topics covered in the sim. The second purpose of
the open conceptual question is to direct students’ initial in-
teraction with the sim. Students often deviate from the origi-
nal question, but if students continue to engage and explore
while using the sim, it is considered a positive result. In this
study, the metric for success is not the outcome of this pro-
cess, i.e., whether students can answer certain questions or
solve particular problems after the fact; rather, effectiveness
of the sim is measured through observation of engaged ex-
ploration as it happens [22].

Note that by exploration, we do not mean what is often
described as pure discovery, which may not provide suffi-
cient scaffolding to support productive student activities
[23,24]. The PhET sims include significant implicit scaffold-
ing, which supports student engagement and inquiry. This
scaffolding is implicit in that it consists of what the user can
and cannot do as well as what the user is and is not shown. A
significant part of implicit scaffolding can be described in
terms of affordances and constraints, described below
[25-27].

Affordances are what a user of a tool perceives as possible
and productive action with that tool. Affordances can be
properties of naturally occurring objects, for instance one
could use a rock to pound nails into wood because the rock
fits the hand and is quite rigid. However, humans recognize
that a rock is fairly awkward for tasks like pounding nails.
We therefore design hammers with unique features, i.e., af-
fordances, such that they are particularly good tools for
pounding nails. Similarly, we can build affordances into
sims. For instance, users might be given control over the
wavelength and amplitude of a light wave with sliders that
look like realistic controls. In this way, users readily perceive
that these controls are ways of adjusting parameters in the
sim, are readily able to make these adjustments, and can
observe the results. Another example is slowing of phenom-
ena to within the limits of human perception, e.g., slowing
the speed of a light wave so that the wave nature of light is
perceivable by the user. In both cases, these features are de-
signed so that students perceive the sims as engaging and are
inclined to interact with the sim in productive ways.

Constraints restrict the actions that a user can take and,
like affordances, can be purposefully built into tools. Con-
straints are extremely important for implicitly guiding the
use of a tool since they restrict the user from taking inappro-
priate actions. Continuing the analogy of the hammer, one
would never think to use a hammer to turn a screw. With
sims, we often want to constrain actions that may be unpro-
ductive for engaged exploration. Examples of this would be
restricting the range of the wavelength adjustment for light to
the visible part of the spectrum. Allowing users to view ul-
traviolet or infrared wavelengths might be a distraction that
hinders productive exploration, depending on the goals of a
particular sim-based activity. Similarly, in Wave Interference
users can move certain objects in one or two dimensions, but
not three, and can activate one or two wave sources that are
in-phase, but not more and not out-of-phase. These con-
straints keep sim users within a parameter space of the sim
that is productive for exploration, and out of the range of
parameters that are unnecessary and potentially confusing.
Note that sims are not designed to address all possible learn-
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ing goals (e.g., water wave dispersion or out of phase inco-
herent light sources).

A cognitive affordance that is built into PhET sims is the
use of analogy [28]. Analogy is generally described as the
use of ideas from a familiar topic to make inferences about
an unfamiliar topic [14,20]. Formal models treat an analogy
as a mapping of ideas from one topic to another, akin to a
mathematical mapping. For instance, ideas such as “oscillat-
ing,” “adding,” and “canceling” can map from water waves
(a familiar topic) to light waves (which is less familiar) in
order to explain interference of light. Notably, water and
light waves are fairly broad topics with many complexities
and nuances. Nonetheless, students with partial understand-
ings of these topics can still use analogies to generate infer-
ences and new ideas. Furthermore, students who are deeply
engaged with a sim can build connections in real time and
test these connections. Such is the case with students using
Wave Interference, as we will demonstrate.

In the process of generating new ideas, student knowledge
may be characterized as consisting of pieces [29,30]. These
pieces of knowledge can be used to construct new under-
standings of unfamiliar phenomena if they are activated and
applied appropriately. We can characterize a significant
amount of this process as student use of analogy, which is
supported in the sims through the use of multiple visual rep-
resentations. In the Wave Interference sim, visual representa-
tions play two key roles in promoting analogy use by stu-
dents: (1) cueing knowledge elements for sense making
within a single topic, such as transverse wave motion of
water waves, and (2) connecting knowledge elements across
topics, such as constructive and destructive interference of
water and light waves. The way visual representations are
used in the sim is described in detail below.

In summary, affordances and constraints provide implicit
guidance to students, driving productive activity. We suggest
this may lessen the need for significant external guidance.
This framework distinguishes engaged exploration with sims
from other types of activities, such as heavily guided (i.e.,
cookbook) activities or pure discovery. Notably, sims are not
meant to replace other pedagogical tools entirely. In the ex-
amples above, our intention is to highlight a primary strength
of sims: educationally beneficial affordances and constraints
can be built into sims that may not be easily accessible in the
real world.

IV. METHODS

This study uses qualitative data gathered from interviews
in which students explore the Wave Interference sim for
about 1 h. We use exemplars from this data set to demon-
strate cases of engaged exploration and use of analogy, as
described above. In particular, we look for instances of af-
fordances and constraints guiding productive exploration by
students.

In these 1 h interviews, students are not expected to arrive
at a complete and robust understanding of wave interference,
rather, the goal is that they will begin to develop a frame-
work about wave interference by noticing what is important
and what is not important for understanding the phenom-
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enon. Wave interference is a fairly advanced and difficult
topic, and the students we interviewed in this study had no
formal instruction on the topic previously. Before using the
Wave Interference sim, these students were questioned about
interference phenomena but none of the students articulated
the standard scientific explanation. However, these students
constructed significant understanding of the topic through
interaction with the sim and, while engaged with the sim,
were able to articulate many of the ideas necessary for ex-
plaining interference phenomena.

Our research focuses on the following questions. Sims are
designed with the intent of supporting students in making
conceptual connections, and we are particularly interested in
investigating whether students achieve these goals. (1) Can
we identify cases of affordances and constraints driving pro-
ductive, engaged exploration by students? (2) Do students
notice and use connections between different wave phenom-
ena to make sense of wave interference—that is, do students
use the analogies built into the Wave Interference simulation?
(3) Does student use of analogy appear to be supported by
the particular representations used in the sim? (4) How do
students make sense of these representations and does explo-
ration help them make progress toward the standard scien-
tific model of wave interference?

We seek to answer these questions with qualitative data
from interviews with students using the Wave Interference
simulation. Interviews were conducted with undergraduate
students, recruited from a first-semester, algebra-based intro-
ductory physics course at a large university. This course is
fairly traditional, with three lectures and a single laboratory
section per week. All of the students had previously seen a
few PhET sims as part of this course, but not the Wave In-
terference sim. Interference phenomena are not covered until
the second semester of this course, so students had not yet
been exposed to this material. The students were mostly sci-
ence majors, but not in physics. Students were paid for their
time (approximately 1 h). These interviews were videotaped
for later analysis. Video recording captured the student, in-
terviewer, and the computer screen showing the sim.

The study began with six separate preliminary student in-
terviews. Interviews began with the interviewer gathering
background information such as major, year in school, and
physics background of the student. In these preliminary in-
terviews, students were asked an open conceptual question
similar to the following: “If you have two light sources shin-
ing toward a screen, you can create what is called an inter-
ference pattern. How can you explain the pattern that you see
on the screen?” Students were asked to give their best an-
swers to this question before opening the sim. After answer-
ing, these students were presented with the Wave Interfer-
ence sim and asked to use the sim to answer the question as
best they could. The interviewer allowed the students to pro-
ceed at their own pace, occasionally interjecting prompts or
questions to probe students’ thinking. These interjections
were usually minimal and clarifying in nature, such as, “what
do you mean by that?,” “can you explain that more?,” or,
“did you notice the tabs at the top?” On occasion, the inter-
viewer might ask more specific conceptual questions. These
prompts were unscripted and only provided after students
had explored significantly on their own. Students were never
explicitly told what to do with the sim.

PHYS. REV. ST PHYS. EDUC. RES. 6, 020117 (2010)

1 2

Light

Source :4

FIG. 4. (Color) Image of four “contrasting cases” used with
open conceptual question for final two interviews.

With this protocol, students engaged with the sim to a
significant degree, but there was some initial difficulty in that
students were not familiar with interference patterns. With
the final two students that were interviewed, the open con-
ceptual question was modified to show students the interfer-
ence pattern and present four contrasting cases [31] of light
interference patterns (Fig. 4). Before starting the sim, stu-
dents were presented with the picture in Fig. 4 on a sheet of
paper and told that it showed light sources on the left, a
screen on the right with an interference pattern, and barriers
with one or two slits which let light through (cases 3 and 4).
Students were asked to try and come up with a general model
or explanation for how the patterns were created in the four
cases. Students presented their initial ideas, and then started
the sim and were told to use the sim as best they could to
answer the challenge. While findings from all 8 interviews
were similar in terms of student engagement and exploration,
only the final two interviews adhered strictly to a protocol
based on the open conceptual question based on Fig. 4. We
therefore focus on results from these two final interviews
below.

V. RESULTS

In this section we analyze transcript segments from inter-
views with students S1 and S2. S1 is a senior, majoring in
math and philosophy, and had previously taken physics in
high school. S2 is a sophomore majoring in biology and was
retaking the algebra-based physics course after receiving a D
in the course. S2 had no prior formal physics instruction.
Neither student had previously received any formal instruc-
tion on wave interference. When presented with the open
conceptual question about the four interference cases in Fig.
4 before opening the sim, both students’ explanations clearly
indicated that they did not have a good understanding of
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light interference. Common ideas were that the barriers
“blocked” the light, or that the light “crossed” and gave the
patterns; but, both S1 and S2 stated explicitly that they could
not explain why cases 2 and 4 had three bright spots. Fol-
lowing this, students opened the Wave Interference sim. We
present interview data from the point at which students be-
gan interacting with the sim below.

Student 1 Interview

After attempting to explain the four cases, S1 opened the
sim and began to explore, starting with the water tab. After
spending several minutes becoming familiar with the basic
operation of the sim, such as moving sliders to make
changes, S1 engaged in the first of many exploratory activi-
ties. S1 adjusted the frequency and amplitude of the water
wave and activated the tape measure.

Without prompting by the interviewer, S1 said, “Out of
curiosity, does changing the amplitude affect that [distance
between circles; wavelength].” The interviewer did not re-
spond. S1 then adjusted the amplitude of the water wave to
be very small, then very large, and then paused the sim.
Pausing freezes the wave representation shown in the wave
pool. S1 used the tape measure to determine the distance
between the circles, concluding, “No, it didn’t appear to af-
fect the length of it.”

This short segment is just one example of the sort of
exploration that students engage in when using the sim. This
exploration follows a common pattern. First, some element
of the sim draws the user’s attention, leading the user to
manipulate the element and see the result in real time. Upon
seeing this result, the user generates further questions, and
then explores the sim further in order to answer these ques-
tions. Note that this sort of productive exploration hinges on
several affordances built into the sim: the adjustment of am-
plitude, the real-time change in representation in reaction to
the adjustment, the availability of a tool (the tape measure)
that allows for the measurement of length, and the ability to
pause the sim. Built-in constraints also support engaged ex-
ploration: with a real faucet, increasing the water flow in
order to generate a larger amplitude would necessarily in-
crease the frequency of drips. However, this is an artifact of
faucets, not a general property of waves. In the sim, the
faucet is designed such that increasing the water flow affects
the drip size (and thus the amplitude of the waves), but is
kept from affecting the frequency. This constraint on the ef-
fect of amplitude supports students in generating the idea
that amplitude and frequency are independent quantities of a
wave.

S1 spent several minutes further exploring the sim, ma-
nipulating controls, changing to the side view of water, and
using the detector to probe different areas of the wave pool.
About fourteen minutes into the interview, still working in
the water wave tab, S1 activated the option for two faucets
and saw that a different pattern was created in the wave pool.
This pattern (Fig. 5) shows light and dark circles moving
away from the sources, as well as fuzzy lines that represent
nodal lines where the wave amplitude is zero. S1 used the
detector to see that the water height was not changing along
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FIG. 5. (Color) Two source interference of water waves. Fuzzy
lines represent nodal lines where wave amplitude is zero. Detectors
are placed in an area of large wave activity and on a nodal line,
resulting in a large amplitude curve and a flat line on the detector
graphs, respectively.

the nodal lines, but oscillated in other areas. Noticing these
features, S1 said,

S1: T wonder what defines these lines [pointing along
the nodal lines]...no wave activity...right in between
them is where the waves are the biggest, and here they
mellow out. So what I was wondering is how you de-
termine that.

S1 then spent several minutes moving the detector around
the wave pool, then changed back to a single faucet and
activated a barrier with a single slit. This creates a diffraction
pattern (similar to interference, but for a single slit) emanat-
ing from the slit, which S1 continued to examine with the
detector. The following discussion then ensued between S1
and the interviewer (I):

S1: That’s intriguing. You have the same thing
again...right here in the middle, just like when we had
two drips, they interfered with each other and
made...and calmed the water.

I: So what do you mean when you say interfere?

S1: I'm not sure. The waves are going in the same spot
and the end result is a shallower wave...with a lower
amplitude. Here, the amplitude here on these two lines
is, um, a height without numbers, and over here it’s
less. And so if you put a screen out here, out here,
you’d have, um, two white spots, and then a darker
spot in between them.

Here, S1 makes a comparison between the pattern created
by two drips and the pattern created by the slit. Initially, the
language that S1 uses is very specific to water—S1 talks
about “where the waves are the biggest, and here they mel-
low out.” While S1 uses the word “amplitude,” which is not
specific to water, here S1 explicitly relates amplitude to
“shallower.” S1 is exploring the sim and trying to make
sense of the representations of water waves. In using the
detector, S1 is coordinating two representations of the water
wave—the wave pool ripples and the sine wave in the
detector—and is using the detector representation to make
sense of the wave pool representation.

S1 generates two spontaneous analogies in the segments
above. First, with the single slit, S1 says “you have the same
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thing again,” relating the interference pattern to the two-
source case. Note that S1 sets up these two situations and
then notices the similarity between them. S1 also makes a
spontaneous analogical connection between water and light.
In the last line, S1 says “if you put a screen out here,” (Note
that there is no screen shown in the water tab.) S1 is using
the representation shown in the water tab to make sense of
the initial question about light, in which only the final inter-
ference pattern on the screen is shown.

Next, S1 activated two slits and continued in a similar
process of probing with the detector, manipulating the sim,
and observing the effects. During this time, S1 noted how the
two slits created an interference pattern similar to two
sources or a single slit.

S1 continued to explore the water tab, and at about thirty-
five minutes, the interviewer said, “Did you notice the tabs
up at the top?” S1 said, “No, I was just playing with water,”
and immediately switched to the sound tab. S1 spent a few
minutes exploring sound, and then at about forty minutes
into the interview, S1 began exploring the light tab.

S1 first activated two light sources, then paused the sim to
examine the pattern shown.

S1: Again, we have the lines where the waves don’t
happen, and that’s why we’ve got darkness in the
middle. Because just like with the water, the waves are
interfering with each other somehow. And so we’ll
have another, um, white spot, or black spot out here
and one out here as well.

Here, S1 is describing what is seen in the wave pool and
spontaneously makes a reference to water, based on the light
wave interference pattern shown. S1 is making another ana-
logical comparison between water and light, this time com-
paring two tabs of the sim (whereas earlier S1 compared
water waves in the sim to the light interference pattern on a
sheet of paper). Water serves as a familiar resource for S1 to
generate ideas about light. Though S1 had made a compari-
son between water and light earlier, the representation using
bright and dark areas in the wave pool appears to be critical
for S1 noticing the specific similarities between water and
light waves (e.g., referring to the “white spot, or black
spot”). S1 continued examining the interference pattern, and
the interviewer prompts S1.

I: So what do you think is going on out there?

S1: What do you mean?

I: Um, why do you think you get these different pat-
terns? I: How would you explain these different cases
now?

S1: Um, I think that the, like I’ve been saying it the
whole time, the waves are interfering with each other.
And maybe it’s that one wave is here [raises right hand
up, palm down] and the other one is here [puts left
hand lower, palm down] and they crash into each other
[bringing hands together], they... [hitting hands to-
gether several times]. I don’t know, they...[shrugs]”
I: What would give you that idea?

S1: Um, I’'m not really sure. I guess that when they,
when the waves interact, um, the like parts of the
wave...it doesn’t matter why you’ve got separate
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waves. Whether you’ve got two lights and the waves
are interacting, or two drips, or two speakers or what-
ever and the waves are interacting. Or if you’ve got a
barrier and...um...and now we’ve got waves coming
off, separate waves coming off of each of these slits,
and we added each of these slits...so the different
waves interact with each other [bringing hands to-
gether] and you see that they interact, and they’ve been
doing that the whole time, but um...I just would want
to know, like, exactly what that interaction is [bringing
hands together again]. What happens there.”

S1 first explains that “the waves are interfering with each
other” and makes a gesture (another representation) of some-
thing being up and something being down coming together.
S1 is not able to articulate these ideas very well in words, but
S1’s gestures are suggestive of waves cancelling akin to de-
structive interference. Note that S1 ends the last statement by
suggesting further questions to be answered. While this indi-
cates that S1°s ideas about interference are tenuous, this sort
of questioning by students is exemplary of engaged explora-
tion since it indicates that students are choosing and explor-
ing their own inquiry path. Furthermore, S1 generates many
useful ideas about wave interference and may be in the pro-
cess of developing a coherent conceptual framework of the
phenomena. This process of developing a framework is im-
portant for students to make sense of content they encounter
in the future [32,33]. Along these lines, we will soon see that
S1 is able to demonstrate a fairly robust understanding of
wave interference.

S1 is also beginning to generalize the idea of waves. S1
says, “it doesn’t matter why you’ve got separate waves,” and
the rest of SI’s talk makes it clear what is meant is that it
does not matter what specific wave phenomenon is being
described. S1 is generalizing, saying that water, sound, and
light waves all behave the same way.

I: So what would be your best explanation for what’s
going on at the dark spots and what’s going on at the
light spots on the screen?”

S1: The, um, amplitude of the wave determines the
brightness of the, um, the spot on the screen. And so
here, where the interfering waves, like before the bar-
rier has kind of broken up the wave a little bit, so you
just get what’s coming to a slit, and so they interfere
with each other and so the amplitude is smaller. You
get, um, a darker spot. But, like you’ve got light here
and here and here [pointing at the screen], um, just like
when we were talking with the water [switches to the
water tab]. Where we had the two slits and they inter-
fered with each other and the line between them. But
then they had the space in the middle.

S1 continues to draw on water to explain what is happen-
ing with light. However, now S1 actually switches to the
water tab, using this element of the sim as a resource for
explaining his reasoning. This is a significant shift in how S1
is using the sim. The activity is no longer a matter of inter-
action between student and sim—S|1 is now using the sim as
a tool for communicating with the interviewer. In a sense, the
sim provides not only scaffolding for the student’s explora-
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tion, but also for the social interactions between student and
interviewer. Continuing the discussion,

I: So what do you think is going on in that space in the
middle?

S1: Here? [points to bright spot centered between the
slits on the screen] Um, the wave...if we go with the
hypothesis where when they collide with each other
they kind of equal out [brings hands up and down then
together] then that space in the middle would be where
they’re both cresting [brings both hands up together] or
where they’re both [brings hands down together]. Like,
the wavelength is the same, so where they’re both coa-
lescing [makes wave motion with both hands together].
And this space between those, where you’ve got the
dark spot, is where they, um, conflict with each other
and they cancel each other out [slaps hands together].
Would be my guess. [laughs]

Here, S1’s talk suggests “colliding” or “coalescing” as the
mechanism of interference, but his gesture suggests adding
or canceling along the lines of constructive and destructive
interference. At the end of this segment S1 does use the word
“cancel,” but then comments that this is a guess. What we
see is S1 using an array of reasoning strategies, drawing on
the sim as a reasoning resource. This final explanation, while
shaky for S1, is a result of a series of dynamic interactions
with the sim, analogical comparisons, and meaning derived
from the representations in the sim. Importantly, many of the
analogical comparisons hinged on S1 seeing similar repre-
sentations in different situations. This is exactly the sort of
student engagement that the Wave Interference sim was de-
signed to promote.

Student 2 Interview

S2 started exploring with the sim by immediately select-
ing the light tab. (Later S2 returned to the water and sound
tabs, as we will discuss below.) During the first few minutes,
S2 explored by activating the screen, changing the wave-
length of light and observing the response of the sim. S2 then
activated a barrier with a single slit, observed the resulting
representation, then changed to two slits. At this point S2
said,

S2: It breaks it, so you get the three ripples hit. Makes
the three spots of light. When it hits the middle piece,
instead of coming at it like one piece, it splits it [the
wave] in half and then they come back together.

S2 then removed the barrier and activated two light
sources, which produces a similar interference pattern. Upon
observing this, S2 tried again to describe how the pattern
formed.

S2: When they combine they hit each other, they form
and make that ripple effect. They come out in circles,
and when they collide, and when they collide they
combine into one wavelength instead of separate
ones...when they collide you’re going to lose energy,
but I don’t know why the wavelength would change
shapes.
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Several things are happening in this segment. First, S2 is
trying to explain the patterns both on the screen and also in
the wave pool. S2 is able to do so because the sim includes a
representation of the light wave in the space between the
source and screen. This wave pattern is a visual representa-
tion that is simply not possible in the real world, and is a
critical affordance of the sim. Second, S2 is able to set up
different cases (two slits vs two sources) and observe the
similar effects on the interference pattern. Specifically, S2 is
able to create two-source interference with light, which is
extremely difficult to achieve with real equipment. The sim
allows this situation to be set up quite easily. Nonetheless, S2
does not appear to know why these patterns result. S2’s best
guesses include ideas like “hitting” and “colliding,” but there
is no hint of ideas like “adding” or “canceling,” which are
key ideas for explaining the interference patterns.

S2 spent a significant amount of time exploring the light
tab, mostly changing parameters and observing the resulting
patterns. About 25 min into the interview, still on the light
tab, S2 activated the detector and began moving it around the
wave pool. The detector in the light tab shows a graph of
“Electric field” and S2 was able to use the detector to make
sense of the “ripples” in the wave pool.

S2: So, on this [detector], it has the electric field. And
where the two wavelengths combine and hit, the period
of the graph [in the detector], from top to bottom is
higher than when they recombine. Where it’s almost a
straight line [putting detector in a nodal line].

In the wave pool, there are very bright and dark areas,
representing large oscillations of the light wave, and there
are fuzzy lines in between, representing areas where the os-
cillations are very small or zero. Previously, S2 did not know
what the fuzzy areas were representing, but through use of
the detector, S2 was able to explore and coordinate the
ripples representation with the graph in the detector. Once
this was done, S2 put new meaning to the representation in
the wave pool—specifically, the meaning of the fuzzy areas
“where it’s almost a straight line.” Again, the detector is
purely a construct of the sim that does not have a simple
real-world counterpart. The detector allows S2 to make
meaning of the representation in the pool, but it is also con-
strained in that it only measures the vertical oscillations of
the electric field in the plane of the wave pool. Even if such
an instrument existed in a real laboratory setting, it would be
difficult for a student to measure the field oscillations so
precisely and would present significant barriers to realizing
the key ideas about light waves necessary for understanding
interference. In the sim, visual representations make the elec-
tric field visible and time is slowed so that oscillations in the
field can be seen and measured. With these representational
affordances built into the sim, the detector becomes a highly
productive tool, allowing users to readily measure the field
strength at various locations.

An additional representational affordance is the way the
wave pattern cues students as to where to investigate and
measure in order to see important features of the pattern. The
patterns are just complex enough so that students perceive
that there is useful information to be explored, but simplified
enough that the information is readily measurable. The sim-
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plified nature of the representation also constrains users by
reducing “noise,” that is, extraneous visual information that
is not relevant to the sim learning goals. The fact that the
detector gives users a way of making sense of the light wave,
but limits users to just the information that is necessary, is a
perfect example of a good balance between affordances and
constraints built into the sim. Put another way, the challenge
in this activity is to figure out why waves interfere, and the
sim provides just the right amount of scaffolding such that
this challenge is balanced between too easy (and therefore
not interesting) and too difficult (and therefore frustrating).
The result of these design choices is that students focus on
the essential features for building understanding of wave in-
terference: light and dark areas and areas that make “fuzzy
lines” through the pattern.

Like S1, S2 made analogical connections between differ-
ent wave phenomena, which supported S2’s exploration.
About 30 min into the interview, S2 switched from the light
tab to the sound tab. S2 created an interference pattern with
two speakers, then switched to the particles view and began
to comment on what was shown.

S2: [I’'m] still trying to figure out why it breaks. Cause
they’re doing the same thing that the light did, and
they’re breaking, when the wavelength breaks [splits at
the barrier], it causes it to change shapes.

I: What’s the same about them?

S2: The way they, um, when they combine they don’t
stay the same straight pattern that it would. And so it’s
hitting differently on the wall. It’s hitting on the three
spots instead of just one.

We note that S2 initiated the idea that sound and light
were similar in the patterns shown in the wave pool. S2 still
cannot quite explain these patterns, but the analogical con-
nections are beginning to take shape. S2 next switched to the
water tab and created an interference pattern with two fau-
cets, then activated the detector and began examining the
water waves with the detector probe.

S2: So here I have the water dripping in, and I have it
set so it’ll drip really fast, the frequency is higher. And,
like on the light waves, they break up and they hit the
wall differently. And here the water level is the small-
est [moving the probe to a nodal line], where the light
wave had the smallest electric field. And the same
thing, the water level is highest when it first comes out
of the spout [moving the probe near to one of the fau-
cets].

I: So what do you think is causing that pattern here?
S2: When it first comes out, it has a higher velocity so
the wave is going to have a higher impact on it, when
it hits the water. Which causes the water to have a
higher water level. And as it goes closer to the wall, it
loses energy and so the waves aren’t as high. So the
water level decreases. So I guess if you applied that to
the light [switches to light tab], it would kind of be the
same thing I guess. When the light first comes out of
the light bulb, it would be at its highest intensity and
moving the fastest, and so when it gets closer to the
wall it’s slowing down. And then it won’t, as it slows
down it loses energy?
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S2 continued to explore the water, sound, and light tabs
with the detector. S2 made several more references to the
three phenomena being similar, activated many pieces of
knowledge about interference and made connections be-
tween phenomena. About 45 min in, the interviewer decided
to probe more specifically what ideas S2 had generated by
using the sim.

I: In the water one, what do you think the light places
and the dark places are?

S2: It’s the water level.

I: Which is which?

S2: [first taking some time to explore with the detector]
The dark places are going to be the deeper. I think the
light ones are going to be like the top of the wave, and
the dark ones are the in between them.

Notice that in the last line, S2 did not answer right away.
S2 took time to use the detector, moving the probe around
the wave pool to find an answer, then responded. S2 had
been doing a similar exploration with the detector with wa-
ter, sound, and light throughout the interview, and so at this
point was well prepared and knew what action was needed to
do in order to answer the interviewer’s question.

About 50 min in, S2 was exploring the water tab when the
interviewer began to ask a series of probing questions.

I: What do you think would happen if two waves were
coming along and one of them was going up and one
was going down...

S2: And they hit?

I: ...and they hit.

S2: It would go back to zero. They would neutralize
each other, I guess.

I: And so, does that help you think about this at all?
S2: [switches to light tab] So, when they collide, the
amplitudes are opposite so one is at the top, one is at
the bottom [raises one hand up, one hand down]. And
when they collide they zero out [brings hands together ]
and that’s why you get the, you don’t have the light.

A few moments later, the interviewer asked S2 to explain
again how the pattern was formed, and what S2 did is telling.
S2 was in the light tab, but switched to water to begin an
explanation, grounding the ideas in water waves.

I: So can you explain it to me again, the way it makes
sense to you.

S2: So, with the water [switches to water tab], the two
waves they come at each other and one’s high and
one’s down low. When they collide they cancel out and
they go back down to the normal water level. And so
for the light, when they do that [switches to light], it
would be the same thing with the wavelengths. The
one wavelength would be up high, the one would be on
the bottom, and they collide. And so when they collide
they cancel out. When they cancel out you don’t get
the light any more. You can’t see the wavelength if it’s
ZEero.

At this point, S2 is able to give a very good explanation
for the interference pattern. Note particularly how S2 uses
water to explain the ideas, even to the interviewer who pre-
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sumably understands the phenomena. This is similar to S1’s
use of water in an explaining capacity. S2 also fluidly
switches between water and sound tabs in the sim, using the
sim as a resource for explanation. The sim provides a com-
mon representation of phenomena shared between S2 and the
interviewer, and S2 uses these quite readily to communicate
the ideas.

It is notable that both S1 and S2 demonstrated an expert-
like ability to move between representations both when gen-
erating and explaining their ideas. We might not expect stu-
dents to use representations this way [34], [35], especially
with a topic that is unfamiliar and complex like wave inter-
ference. In our observations, students do act in such expert-
like ways, and we credit this to the design of the sim as well
as the context of the activity; rather than being guided
through a set of questions, these students were asked to make
sense of wave interference phenomena in order to explain a
set of results (as depicted in the open conceptual question).
We therefore see evidence that students can be quite capable
of coordinating and making meaning from multiple represen-
tations when provided with tools and contexts which support
sense making and engaged exploration.

VI. DISCUSSION

Educators may have a number of goals in mind when
using computer simulations in educational activities. In this
study, we focus on the goal of student engagement, particu-
larly exploring and investigating similar to a scientist. The
PhET sims are designed to promote and facilitate this sort of
engagement, and we have observed students using sims in
this way in hundreds of interviews. We demonstrate this pro-
cess in detail. S1 and S2 both engaged with the Wave Inter-
ference sim, beginning with the open conceptual question,
but then continued to ask their own questions and investigate
interference phenomena along their own paths. Although
they took very different paths initially, S1 starting with water
while S2 started with light, both students used the sim in
similar ways overall and made significant progress in devel-
oping a conceptual framework for interference phenomena.
Notably, for S2, interaction with the interviewer was helpful
for maintaining engaged exploration, whereas S1 appeared to
need less direct interaction with the interviewer. However,
this interaction with S2 consisted of prompts to elaborate or
think more deeply. Following these prompts, the interviewer
gave S2 control over what to do next. In other words, S2 was
still in control of how sense making and exploration would
proceed. In numerous interviews with students using sims,
we have observed similar variation in the degree of inter-
viewer interaction that students need, but students are almost
always given ultimate control over how their interaction and
sense making proceeds.

We need to emphasize that these students’ interaction with
the sim was not guided by a preset series of questions, as
might be commonly used in a science laboratory activity
[36]. These students largely led their own investigation, a
critical element of what it means to “act like a scientist” and
of what we term “engaged exploration.” Adams, Paulson,
and Wieman [13] suggest that students who are given a sim
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and a set of guided questions tend to only answer those ques-
tions and do not explore elements of the sim that are not
specifically covered by the questions. On the other hand,
they found that students who were given two open concep-
tual questions before using that same sim investigated all of
the same elements of the sim, but also additional elements
that the guided students did not. Hence, guiding students too
much may “short circuit” exploration and limit how students
engage with a sim.

Practicing scientists rarely follow a set of directions when
investigating phenomena. However, there are important dif-
ferences between how practicing scientists investigate re-
search questions and how students engage with educational
materials. Students have less experience in this sort of inves-
tigation compared to practicing scientists, and thus need
more scaffolding in order to engage, ask productive ques-
tions, and explore unfamiliar phenomena, such as wave in-
terference. We suggest that providing this scaffolding in the
form of affordances and constraints, implicitly built into the
tools rather than explicitly provided as a series of instruc-
tions, supports more authentic and productive scientific in-
quiry by students.

This study demonstrates what engaged exploration looks
like, and how specific features of sims can support this type
of student engagement. Affordances give students a substan-
tial amount of control and flexibility to direct their explora-
tion, and can show representations of phenomena that are not
available in the real world. Sims also provide affordances in
the form of analogies that serve as grounding for students to
make sense of new ideas. Experts often generate analogies
spontaneously to make sense of unfamiliar phenomena [37],
but students may not [38]. One reason for this is that students
do not understand the unfamiliar phenomena, such as light,
well enough to know which analogies would be useful. We
overcome this hurdle by providing useful analogies directly
to students in the sim. Students investigate the useful parts of
each analogy by engaging with the sim, for instance, by ex-
ploring the water tab. We employ similar representations
across different phenomena which cue students to make con-
nections and build understanding through analogical reason-
ing.

Especially important to making affordances useful is that
students readily perceive that they can take certain actions
and make sense of the phenomena with the sim. This often
means using realistic objects, such as faucets or speakers, as
grounding or hooks for engaged exploration and sense mak-
ing. For instance, in one of the six preliminary interviews, a
student had been trying to make sense of light and having
significant difficulty. When she later explored the water tab,
she said it made much more sense “because, you know, it’s
water.” Our interpretation of this statement is that water is
not only more conceptually concrete for this student, but she
also believes she can make sense of water waves, whereas
she was less sure of herself when trying to make sense of
light. In this way, concrete and familiar contexts may pro-
mote a sense of self efficacy [39] for students, whereas
overly abstract contexts may have the opposite effect if not
accompanied by corresponding concrete contexts [40]. We
have observed this effect in many interviews with students
using sims.
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Constraints play a significant role in scaffolding student
exploration by reducing cognitive demands and keeping stu-
dents from creating situations which are unnecessarily com-
plicated or distracting from the main educational goals of the
sim. The frequencies of water, sound, and light waves are
limited to those that are pedagogically useful for exploring
interference phenomena in the context of the sim. Users can
activate two sources or slits, but not more, which would
create complicated interference patterns that would be diffi-
cult for students to interpret. The detector is constrained to
measure the waves in a single plane (e.g., as opposed to
above or below the water surface), and constraints of this
type are extremely valuable as students are building a con-
ceptual framework for understanding and communicating
about phenomena.

We have shown that the Wave Interference sim provided
the scaffolding necessary for these interviewed students to
generate a useful conceptual framework. Once students have
begun to develop this framework, instructors can build on
students’ ideas to further explore details and complexities of
phenomena. Like any pedagogical tool, sims are meant to be
a useful supplement to, not a replacement for, high-quality
teaching.

In general, sim design involves achieving a careful bal-
ance between what users can do with a sim and what they
cannot. Affordances and constraints complement each other
and provide a useful framework for identifying the critical
features that make a sim productive for student engagement.
Importantly, this sort of implicit scaffolding, combined with
user control, flexibility of use, and opportunities for produc-
tive play, sets up balanced challenges which motivate stu-
dents to explore the sim and make sense of the phenomena.
Affordances and constraints provide a useful framework for
sim design in general. However, each individual sim is
unique and requires an iterative process of design and testing
with students.

VII. CONCLUSION

In a series of interviews, we investigated student engaged
exploration using computer simulations. We have observed
this type of engagement in numerous interviews with stu-
dents using PhET sims, and here we examine this process in
more detail. Fostering engaged exploration depends on
building implicit scaffolding into education materials. In the
sims, this scaffolding consists of affordances, productive
constraints, analogies, and representations of phenomena that
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allow students to construct understanding of science topics.

In the Wave Interference sim, students can explore the sim
freely, choosing what order to use the representations. Since
no two students use a sim in exactly the same way, this
flexibility can actually be advantageous, and in practice we
find that students tend to explore the sim in ways that are
intuitive for them. This freedom to proceed along their own
path is critical to students exploring like a scientist. How-
ever, this exploration is implicitly guided by building sims so
that students are likely to interact with certain sim elements
first, and more likely to see some visual representations be-
fore others. In this way, students tend to make connections
between representations and arrive at interpretations that are
useful for understanding scientific ideas. Furthermore, repre-
sentations are presented in such a way that student interpre-
tations of these representations, and hence their intuitions
about phenomena, are productive for generating ideas about
the science.

By interacting with the sim, students coordinate across
multiple representations of water, sound, and light waves,
and use analogies to develop a general framework for under-
standing wave interference. The effectiveness of this ap-
proach is demonstrated with the Wave Interference sim.
Though students in this study take different paths, sometimes
starting with water, sometimes with light, and taking differ-
ent actions in between, S1 and S2 follow certain patterns of
exploration which are similar and come to essentially similar
conceptual understandings of the phenomena. These students
proceeded to explore the sim, ask and answer their own
questions beyond the initial open conceptual question, and
investigate wave interference much the way a scientist would
investigate some phenomenon. Balanced challenges that are
created by implicit scaffolding in the form of affordances,
productive constraints, analogies, and use of multiple repre-
sentations are critical to supporting this type of student en-
gagement. It is a testament to the design of the sims and the
power of this technology, when well designed, that this type
of self-directed student inquiry can be realized.
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