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Abstract

Advances in augmented reality (AR) have been studied to supplement hands-
on, physical labs. While prior research has focused on advancing content mas-
tery and science interest, little work has investigated using AR to enhance
scientific reasoning in laboratory classrooms. This study introduces an AR-
enhanced physics lab to teach scientific reasoning and the understanding of
measurement uncertainty. AR overlays of protractors, real-time energy flow
graphs, and an automated period counter were created to reduce extraneous
cognitive load and illuminate scientific insights throughout a pendulum ex-
periment. Compared to the traditional lab, participants who experienced AR
enhancement demonstrated greater insights into data differences, increased
trust in their findings based on uncertainty analysis, and a deeper under-
standing of energy concepts. Results from the between-participant study
(n=52) suggest the AR-enhanced lab enhances participants’ scientific reason-
ing skills (Bayes factor of 17.44) and demonstrates AR’s potential to improve
scientific reasoning while maintaining interest and content mastery.

Keywords: Augmented Reality, Physics, Mobile Learning, Scientific
Reasoning

1. Introduction

Extended reality, or a blending of digital and real worlds, has been shown
to improve the educational outcomes for K12 laboratory science, with studies
primarily focusing on outcomes related to content knowledge, engagement,
and motivation (e.g., Brinson (2015)). While these aspects of learning are
important, scientific reasoning, or the ability to think critically, form theories,
and evaluate conclusions based on data, is another key outcome of laboratory
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activities that may be influenced by extended reality and has not been as well
studied.

Within the physics domain, Holmes and Bonn created a physics lab called
Pendulum for Pros to teach scientific reasoning and help participants under-
stand the complexity and ambiguity of empirical work (Holmes, 2014; Holmes
and Bonn, 2015). Through this pedagogy, students learn how precision can
affect scientific results. Using a timer and protractor, students test if pen-
dulums swinging at 10 or 20 degrees have the same angle. By increasing the
precision in their measurements, students can see the limits of the small an-
gle approximation. This paper extends Holmes’s work by using augmented
reality (AR), a subset of extended reality that places digital information over
the user’s view of the physical world, integrating real and virtual elements to
reduce extraneous cognitive load and allow participants to focus on measure-
ment precision and data evaluation. Previous work has demonstrated AR’s
ability to embed text and images to decrease extraneous load (Huwer and
Seibert, 2018), as well as visualize abstract concepts (Liu et al., 2021). We
test our AR variant of Pendulum for Pros with participants using a typical
lab set up (control) and an AR-enhanced lab setup and evaluate how well
participants understand scientific reasoning and the complexity/ambiguity
of empirical work.

The primary objective this study is to evaluate whether an AR-enhanced
laboratory can increase scientific reasoning. Our research questions are as
follows:

1. Is there a difference in participants’ increase in scientific reasoning skills
when conducting a lab with AR compared to a lab with traditional
materials?

2. How does using AR materials affect participants’ learning in terms of
scientific reasoning?

The remainder of this paper is organized as follows: Section 2 provides
background on the pedagogy used in our study, Section 3 explains our meth-
ods, Section 4 presents and discusses the results, and Section 5 describes our
conclusions and areas for future work.

2. Background

This section details how scientific reasoning is defined for our study, high-
lighting the complexity and ambiguity of empirical work. We first situate our
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work among the prior work using AR to teach scientific reasoning. Then we
discuss theories of distributed cognition and meta-representation, and how
we apply them to help learners improve their scientific reasoning.

2.1. Scientific Reasoning

Scientific reasoning is the acquisition and application of skills such as iden-
tifying questions, designing and conducting experiments, developing expla-
nations, analyzing alternatives, and constructing and defending arguments
(Singer et al., 2005). Learners with scientific reasoning skills can find patterns
in data, formulate cause and effect generalizations, build and test models, and
connect science to everyday life. They can recognize what assumptions are
going into their models, and ponder alternate explanations for their data.
Lastly, they can create a conclusion and argue a scientific point of view.

To best support scientific reasoning, we draw upon work from Holmes
for teaching scientific reasoning in a physics classroom. This work, dubbed
Pendulum for Pros, uses a series of contrasting cases to help students best
analyze and draw conclusions about their data (Holmes, 2014). Analysis of
student lab notebooks during the lab showed both thoughtfulness of collected
data, as well as considerations for precision and measurement error. To test
the value of AR materials, we use the same pedagogy outlined in Pendulum
for Pros, but with AR additions to investigate its value to aid in student
learning of scientific reasoning.

Previously, AR has shown promise for increasing scientific reasoning.
Bakri et al. created an AR worksheet to assist learners in scientific reasoning
for an elasticity lab (Bakri et al., 2020). The worksheet asked learners to
analyze graphs and imbedded AR overlay videos of a previously conducted
lab, and make conclusions and models based on the data presented. How-
ever, this work was only evaluated with scienence teachers, but not tested
and evaluated on science learners. Additionally, Bakri et al. required a pre-
scriptive lab that followed to pre-made worksheets. In contrast, we use AR
as a tool, which can be used for a variety of comparison-based pendulum
labs.

Understanding science’s ambiguity and complexity—that all measure-
ments have inherent uncertainty—is crucial for learners to become scientists
(Singer et al., 2005). Part of conducting an experiment includes troubleshoot-
ing equipment and accounting for environmental variables. For example, the
pendulum typically studied in lectures makes many assumptions that do not
hold exactly in real experiments. Scientific measures, such as pendulum angle
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and period are never exact but rather subject to uncertainties due to limita-
tions of instruments, systematic errors, and random fluctuations. Acknowl-
edging and quantifying uncertainties aids learners in critically evaluating the
information necessary to make informed decisions in their daily life. These
skills can come naturally to students when completing a traditional experi-
ment, which uses real instruments and real measurements. While uncertainty
can be randomly simulated in a purely virtual experiment, it is difficult to
virtually reproduce uncertainty that arises from experimental procedure or
unknown environmental factors. In our study, we highlight these aspects
by using a real pendulum with noticeable dampening and graphically show
energy leaving the system.

2.2. Distributed Cognition

Distributed cognition focuses on that learning is not only individualized
but distributed across peoples and artifacts (Hutchins, 1995). Therefore,
both the social and technological structure of the learning environment can
influence the learning outcome. In our study, students work in pairs, allowing
them to share in knowledge building about the physics concepts during learn-
ing. Additionally, we test how changing the technological artifacts, such as
the ability to see emerging states of the experiment (See Figure 3), affect the
learning gains. Within science education, the physical artifacts do provide
constraints to the experimental procedures, but not a prescriptive task (Xu
and Clarke, 2012). In our experiment, we evaluate how providing these cogni-
tive artifacts effects students scientific reasoning of energy and experimental
uncertainty.

Decreasing Extraneous Cognitive Load : Distributed cognition can aid in
learning by reducing the number of tasks a learner must complete in his/her
head. This in turn, reduces extraneous load (Sweller et al., 1998). Frank and
Kapia used AR as distributed cognition for learning about control algorithms
(Frank and Kapila, 2017). When participants implemented their algorithms
on a robot, an AR image overlayed the desired position on the physical
robot, so participants could see the positional error resulting from different
algorithms. In this way, participants did not need to physically measure the
positional differences, but could visually see how far the robot deviated from
the desired position. In our study, AR distributes cognition by displaying
the initial angle of the pendulum, as well as count periods as the pendulum
moves.
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Meta-Representation: Similarly to physics intuition, learners have an in-
tuitive ability to reason about and connect abstract representations to their
physical or metaphysical meaning (diSessa and Sherin, 2000). While tradi-
tional representations are presented post data-collection or physically sepa-
rated from the experiment, AR allows learners to see representations in situ
with the experimental procedure (Thees et al., 2020; Yu et al., 2022) which
improves learning outcomes. In our experiment, we use graphical representa-
tions to highlight energy transformations and analyze how this representation
helps students understand energy throughout the experiment. This symbolic
representation becomes a shared representation for discussing experimental
data, distributing knowledge between the representation and the learning
pairs.

3. Methods

This section details the design of the AR environment, as well as the
study procedures, measurements, participant demographics, and data analy-
sis. While those in the treatment condition have all components listed below,
we use only the same physical pendulum and a variant of the lab notebook
(Figure 3) for participants in the control condition.

3.1. AR Environment

We developed an AR mobile application that uses a real pendulum (Fig-
ure 1) to visualize the energy transformations real time and reduce extrane-
ous cognitive load as participants collect and evaluate data. The application
consists of two screens. The first screen, or Data Collection screen, allows
participants to view the pendulum through a camera, and AR overlays pro-
vide additional insights (Figure 2). The second screen, or Lab Notebook
screen, computes the statistical analysis comprehensive viewing of lab data
(Figure 3).

3.1.1. Data Collection Screen

The Data Collection screen shown in Figure 2 distributes the cognition
necessary to complete the experiment. The following AR overlays can be
seen alongside the physical pendulum: AR Protractor, Energy Graph, Period
Counter, and Condition Visualizer.

AR Protractor : The AR protractor allows participants to view the angle
of the pendulum without using external tools, as well as see the uncertainty
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Figure 1: Physical Pendulum used in the study

of the protractor measurement. The protractor is semi-transparent, and
anchored to the pendulum pivot. The measurement is displayed digitally
along with the instrument’s uncertainty, allowing for ease of reading and
recalling the current angle. Energy Graph: The energy graph shows the
transfer of potential, kinetic, and lost energy as the pendulum moves in
real time. This allows participants see the loss of energy over time due to
outside factors such as friction, as well as the transfer of kinetic, potential,
and lost energy as the pendulum moves back and forth. Period Counter :
The period counter is located just below the timer start and stop controls
for the AR condition. This counter counts the period of the pendulum as it
oscillates. The counter keeps track of both the number of periods, as well as
the average period (time for each swing) in seconds. Because the precision
in period measurement increases as the number of swings per trial increases,
the counter alleviates participants’ need to count a large number of periods.
When participants stop the timer, the number of periods and average periods
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Figure 2: Data Collection Screen for the AR Environment

(along with the total energy dissipation) are displayed, and if confirmed by
the participants, saved to the lab notebook.

3.1.2. Lab Notebook

The Lab Notebook used in both conditions of the study stores all of the
data participants collected and displays summary statistics. Participants
can see the number of trials collected, number of swings or periods/trial,
and for the AR condition, the average energy loss. In the background, the
system performs a t-test on the pendulum periods under the participant’s
selected condition. For example, if a participant varied the initial angle
when measuring the period, the t-test measured if the change in initial angle
brought about a significant difference in the measured period (Figure 3).
Note how the AR condition also shows the average energy loss, and places
the uncertainty beside the period.

3.2. Experimental Procedure

Participants engage in the experiment in pairs in either the AR or control
condition. After signing consent forms, pairs in both conditions watch a pre-
experiment video reviewing the definition of a pendulum, a period, energy,
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Figure 3: Lab Notebook for Control Group (left). The AR and Control group have similar
lab notebooks, and only differ in the top portions of the trial data (display of energy loss).
The difference in the AR group is shown on the right and Control Group

and uncertainty and can ask questions for clarity on the video. They then
take a pre-test on scientific reasoning. Participants in the control group
then conduct the experiments with a digital timer app, the Lab Notebook
interface, and the physical pendulum. Participants in the AR group use the
AR Collection Screen, Lab Notebook interface, and the physical pendulum.
Participants conduct two experiments. In the first experiment, they are
familiarizing themselves with the pendulum and the digital interfaces, as well
as determining how friction and energy loss effects experimental results. Pairs
first hypothesize whether the measured period will change between recording
one swing vs. ten swings when averaged over five trials. They then conduct
the experiment and discuss why they think the recorded periods are different.
The second experiment asks learners to determine if the period is larger,
smaller, or the same for ten degrees versus twenty degrees. They can alter the
experimental procedure as they see fit, as long as they test 10 degrees and 20
degrees, and perform five trials per condition. After the second experiment,
the participants discuss with the researcher the effects of the angle on the
period. They also brainstorm ways to increase precision in their experiment,
and are instructed to try again, until a difference between the periods is
noticed or they can reduce the uncertainty to 0.001 seconds. Throughout
both experiments (i.e., testing if the number of swings affects the period and
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if the initial angle affects the period), the researcher observes and answers
logistical questions. After the experiment, participants complete a post-
test and provide demographic information. Two weeks later, participants
complete a retention test.

3.3. Measures

The pre-, post-, and retention tests include content, scientific reasoning,
and physics interest sections; however, this paper will focus on the scientific
reasoning sections of the test. The scientific reasoning tests concepts that do
not have a memorized answer, such as how and why to increase precision,
as well as how participants would interpret a result given particular data.
These questions are adapted from the Physics Laboratory Inquiry in Critical
Thinking (Walsh et al., 2019). Before conducting the experiment, we con-
sulted with one of the authors of Walsh et al. to ensure that our adapted
questions were still appropriate to measure critical thinking in science labs.
Additionally, we piloted the questions with several people with varying lev-
els of physics experience via “think aloud” methods (Ericsson, 2017) and
changed the wording to ensure clarity.

3.4. Participants

52 university affiliates (26 randomly assigned per condition) who had not
taken physics at a college level were recruited via class announcements, fliers,
and emails to take part in this study; this was a convenience sample. Stu-
dents could sign up with a partner or be paired with another student to
perform the study in pairs. Participants came from a variety of backgrounds
(42% Asian, 17% White, 13% Mixed, 11% Black, 10% Hispanic, and 6%
other), and were an average of 21 years old. While many participants (65%)
had completed a physics experiment in high school, the majority (80%) of
participants had never completed a pendulum experiment before. All par-
ticipants were compensated for their time for the initial study and follow-up
retention survey.

3.5. Analysis

We focus on analysis of the scientific reasoning section of the assessment,
which was given before, after, and two weeks following the study, and com-
pleted individually. The analysis of these questions is explained below. All
questions in the assessment were adapted from the Physics Lab Inventory of
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Critical Thinking (PLIC) (Walsh et al., 2019), which was created for teach-
ing and testing scientific reasoning. We selected questions for the pre-, post-,
and retention test from PLIC that covered the following topics:

• How to maximize precision in an experiment and why

• The difference between standard deviation and mean values when an-
alyzing data

• How to determine uncertainty of analog measurements

• Importance of multiple trials in experimental procedure

One grader scored all the free response answers. To ensure reliability, a
second grader scored 20% of the answers, and a Cohen’s kappa is calculated
for those responses. If a question does not receive a score of at least 0.7 (a
score of 0.61-0.8 is considered substantial agreement according to McHugh
(2012)), all responses were graded by the second grader. If the first and
second graders’ scores differed by two point, the participant received the
average of the two scores for that question. If the scores differed by more
than 2 points, a third grader scored that question, and the two scores that
were the closest of the three scores were averaged together. While five of the
questions needed to be scored by a second grader, less than 2% required a
third grader. While it is expected for the traditional lab to generate some
learning of scientific reasoning, we hypothesize there will be significantly
more learning with the AR group. To evaluate if the change in scientific
reasoning was significantly affected by AR, we used Bayesian models. This
allows us to see the likelihood that the AR materials affected the final scores
on the treatment groups’ post test. A model was constructed to determine
the effect of the interaction between the treatment condition and the test-
retest effect for each participant. If there is an interaction, this indicates
that the treatment affected the gain in participants learning on the scientific
reasoning portions of the post-test. We then used the Bayes Factor, which
can quantify the amount of support for the alternate hypothesis, to compare
the following hypotheses:

H0: There is not an interaction between the AR group and pre-post test
H1: There is an interaction between the AR group and pre-post test
We also analyzed the responses the participants gave in pairs throughout

the study, along with their free response questions to categorize differences

10



between the AR and the traditional lab, such as data trust and energy ob-
servations.

4. Results and Discussion

Between the pre- and post- tests, there was an greater increase in scientific
reasoning for those using AR tools, and students were more likely to use
energy and uncertainty when analyzing data. In the retention test, taken two
weeks after the experiment, showed a digression back to pre-test levels. For
that reason, the analysis focuses on the pre- and post-test, and the retention
test is discussed in the limitations and future work.

4.1. AR enhanced labs increase scientific reasoning significantly more than
traditional lab materials

Our first research question tests the ability for AR to increase partici-
pants’ scientific reasoning skills. Particularly, we aimed to see if participants
better understand measurement error and precision, and how that related to
the acceptance of experimental results.

The six pre-post scientific reasoning questions were analyzed. Figure
4 compares the scores for the control and AR groups, pre- and post-test.
While the mean pre-test score for the AR group was lower than the tradi-
tional group, the AR group achieved a post-test mean score higher than the
traditional group.

We calculated a Bayes’ Factor of 18.11, giving a strong preference for
the AR condition. Therefore, the AR condition likely had an effect on the
learning of science reasoning by the participants. We performed a standard
effect size analysis (Cohen’s d), analyzing the difference between the pre- and
post-test scores. The standardized effect size is 0.63 ± 0.57, indicating that
73.47% of the control group is below the AR group’s mean. While this effect
size has large variability, it is strictly positive. It is therefore highly likely
that participants’ science reasoning increased more in the AR group than the
control group.

By distributing the cognition necessary to conduct the experiment, such
as having a period counter and AR protractor, participants may have been
able to focus on evaluating their data, leading to more learning. Additionally,
by adding an energy graph to the interface, participants are given more
information, and may have been able to develop more informed reasoning
about their data. For example, some trials had a small energy loss, while
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Figure 4: Results of Scientific Reasoning Pre- and Post-Tests

others had a much larger loss. The energy graph allowed the participants to
observe in real time the effects of outside factors on data collection, and how
they could vary for each experiment. This may have contributed to their
understanding of how uncertainty comes into play in each trial individually,
and indicated to participants the importance of precision and the effects of
uncertainty in evaluating experiments.

4.2. AR Visualizations helped illuminate the uncertainty and energy transfer
during the lab.

While students in both conditions in general understood the main idea of
the lab (for large angles the period depends on the initial angle), students in
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the AR group were more likely to highlight the differences in the data, trust
their data, indicate energy as a learned concept/surprising observation.

Figure 5: Quantitative difference for AR vs Traditional Lab Pairs. Shown are the percent-
ages of the AR vs Traditional lab pairs for each category. The numbers on the left indicate
how many pairs were associated with their repective chategories, while the percentages
separates those pairs by condition.

4.2.1. Illuminating Experimental Data Differences

Throughout the experiment, participants were asked questions about
their hypothesis and experimental methods. After conducting their first lab
(effects of number of swings on the recorded period), we asked what they no-
ticed in the data. A few differences between the conditions are of particular
interest.

Those in the AR group discussed energy/dampening differences for the
one swing vs ten swings laboratory six times more than the traditional lab
group (Figure 5). This makes sense because the AR group had access to the
energy loss via AR, while the control group did not. However, while both
groups had access to the uncertainty, the AR group was more 33% more likely
to notice these differences. While this could be due to the uncertainty variable
being placed beside the average period instead of being labeled uncertainty
as in the control condition, it could also be an effect of cognitive load. The
control group needed to count the period, which may have reduced cognitive
resources for evaluating the data.
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4.2.2. Data Trust

After the second experiment that tested how the angle relates to the
period, participants were asked whether they believed the angle affects the
period, and why. A few participants in the control group (31%) did not get
that the periods for the two angles were significantly different (Figure 5, fifth
row). This may be due to the difference in counting for the control versus
AR condition. For those in the control group, hand-counting the periods can
sometimes become rhythmic, so that the counting of periods was not based on
when they saw the period rise, but according to the rhythm. Therefore, they
were more likely to miscount the period, missing the small time difference in
period due the initial angle. This was not an issue in the AR condition, as
the periods were counted for them. All participants in the AR group were
able to get a statistical difference between the periods when conducting the
lab.

Participants in the control group indicate some level of mistrust in the
data four times more than the AR group (Figure 5). This may be due to
the large level of autonomy participants had in the experimental procedures.
For the majority of the participants (82%), this was their first time doing
a pendulum experiment, and the control condition required they track and
control several variables. For this reason, it could have been much harder for
those in the control group to have confidence in their experimental proce-
dures. Therefore, when the result comes up differently than expected, they
are less likely to trust it.

Additionally, those in the AR group referenced the uncertainty as their
basis for a scientific conclusion 2.5 times more than the control group (Figure
5). Therefore, when deciding whether the initial angle affects the period, they
based their conclusion on the precision of their measurements and the low
uncertainties of their data. This may be been due to their ability to focus
on the data analysis and precision more than the control group due to the
reduced cognitive load from the AR interface.

4.2.3. Energy Observations

Lastly, participants were asked what they learned, or if they observed
anything different from expected at the end of the post test. Those in the AR
group were twice as likely to mention energy and its effects on an experiment.
This is most likely due to the influence of the energy graph and calculations
presented to the participants in the AR group, allowing them to focus and
retain information from the data analysis better than those in the control
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group. However, participants in the control group were 55% more likely
(14 control participants vs 9 AR group participants) to report how the lab
helped them to understand the nature of experiments in a physics context.
This may be due to the lack of technology included in the control condition,
which required participants to be more precise, and therefore felt more similar
to the precision and dedication necessary in a lab context.

5. Conclusions and Future Work

The AR-enhanced lab explored the use of augmented reality to teach sci-
entific reasoning in a physics laboratory experiment. The results indicate
that the AR lab improved participants’ scientific reasoning skills, particu-
larly in understanding the importance of precision in experiments and the
role of uncertainty in evaluating experimental results. The AR interface may
have allowed participants to focus more on data analysis and interpretation,
leading to a better understanding of measurement error and the acceptance
of experimental results. Qualitatively the data also supported this, as par-
ticipants in the AR-enhanced lab were more likely to recognize differences in
the data, trust the data, and cite uncertainty as a basis for their conclusions.

Overall, the use of AR materials in the lab setting has shown promising
results in enhancing participants’ scientific reasoning skills. The use of AR
technology can provide participants with real-time data visualization, reduc-
ing cognitive load and allowing them to focus on data analysis and precision.
This, in turn, can lead to a deeper understanding of scientific concepts and
better scientific reasoning skills.

However, it is essential to consider the limitations of this study, such as
the controlled lab environment and the short-term retention of knowledge,
when interpreting the results. The study was conducted in a lab environment
with university participants. Additionally, the effect size has considerable
variation (0.63 ± 0.57). While the 95% confidence interval for the effect size
never crosses 0, (indicating a statistically significant effect), the confidence
interval could be as high as 1.2 or as low as 0.06. It is also possible the
observed effects may not replicate in a less controlled environment (i.e., a
science lab classroom). Additionally, it is important to note that many of
the learning effects were not retained when participants took a retention
test two weeks later. Lastly, while a reduction in extraneous cognitive load
is hypothesized as the reason for increased learning, it was not explicitly
evaluated. Future work could test why learning increases for the AR lab.
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Future research could explore the impact of AR with different popula-
tions, such as participants with varying levels of prior physics knowledge and
experiences, could provide valuable insights into the broader applicability
and effectiveness of AR materials in science education. Further research in
this area could contribute to the development of innovative and engaging
educational tools that enhance participants’ learning experiences and foster
a deeper understanding of scientific concepts. Lastly, showing participants
an equivalence test as well as a t-test would better show the nuance between
statistically significant different, no statistical significant difference, and sta-
tistically similar. For the participants that were unable to see a statistical
significance in the data, they can look at the equivalence test and see if there
is a statistical similarity.
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Appendix A. Appendix A: Pre- and Post- Test Questions

1. How would you maximize precision in your experiment?

2. Why would maximizing precision be important?

3. You experimented to test a pendulum’s period at different angles. Note
there is a high uncertainty (Standard Deviation), but the same average
period. What would you do next and why?

• Conclude periods are the same

• Conclude periods are different

• No conclusion, redo/refine the experiment

4. Some physics friends want to determine the distance a ball travels when
projected out of a cannon. They shoot the ball from the cannon and
obtain the following measurement. Which statement do you agree with
most and why?

• Distance is exactly 436m

• Distance is approximately 436m

• Distance is between 435 and 437
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• Distance is between 435.5 and 436.5

• Another reason

5. While discussing the result, three ideas arise. Which do you agree with
and why?

• We should shoot the ball one more time again and measure the
distance.

• We don’t need to shoot the ball again. We already have the dis-
tance.

• We should shoot the ball several more times and measure the
distance each time.

6. They decide to shoot the ball 5 more times and compare it with another
group. Which statement do you agree with most and why?

Group A: Average = 435m Group B: average = 435m

444m 441m
432m 460m
440m 424m

• Group A is better because their readings are 20m apart. Group
Bs measurements are 50m apart

• Group A and B are just as good because the average is the same

• Group B is better than A.
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