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Abstract

Introductory physics courses are required for many programs in the life sciences, yet traditional curricula fail to help
students meaningfully connect physical concepts with biological systems. In this lesson, we describe an activity taught

in a large introductory physics class designed for life science majors (n = 143; 80% premedical students). The lesson

was integrated in a novel curriculum focusing on a quantitative approach to biological topics. Students often hold the
misconception that biological processes always happen in a uniform manner. This activity uses the biological example of
a human immunodeficiency virus (HIV) infecting T lymphocytes (T cells) to motivate understanding of the macroscopic
distribution of HIV in T cells, a non-uniform, Poisson distribution. In the spirit of scientific teaching and scientific inquiry,
the lesson begins with students making a prediction and then testing it with a deceptively simple hands-on simulation that
uses chocolate candy as a proxy for HIV and plastic Easter eggs to play the role of T cells. The lesson requires groups of
students to collect, analyze, and interpret data from this simulation. Students then enter into an open-ended discussion

on the validity of modeling different events as a Poisson distribution. Our observations and student feedback indicate that
this lesson stood out as one of the most engaging and memorable activities during the semester. Students were able to
recognize and apply the definition of a Poisson distribution to given examples as well as in future assignments and exams.

Learning Goal(s) Learning Objective(s)
e Students will understand what it means for biological processes to e Students will define a Poisson distribution.
be Poissonian. e Students will generate a data set on the probability of a T cell being
e Students will appreciate the relationship between the average infected with a virus(es).
occurrence of an event and the probability of the event occurring. e Students will predict the likelihood of one observing the mean
e Students will carry out the process of scientific inquiry. value of viruses occurring.

e Students will evaluate the outcomes of a random process.

e Students will hypothesize whether a process is Poissonian and
design a test for that hypothesis.

e Students will collect data and create a histogram from their data.
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INTRODUCTION

In fall 2013, Yale University’s introductory physics course
for life scientists (PHYS170) was completely redesigned to
incorporate evidence-based approaches of ‘scientific teaching’
(1). PHYS170, unique in its own right, was conceived by
Professor Simon Mochrie (2) to better align with the interests
of our students (3-5) and to incorporate the excitement of
modern research by meaningfully linking physical concepts
and biological processes in what is typically the last physics
course for a life scientist (6,7). In this lesson, we present a 25
minute, in-class activity used to improve students’ conceptual
grasp of a Poisson distribution in a biological context. The
Poisson distribution is typically introduced in a sophomore
level physics class, out of tradition, as “the law of rare
events” and is accompanied by the anecdote of Ladislaus
Bortkiewicz using the Poisson distribution to investigate the
number of soldier deaths due to horse kicks in the Prussian
army (8). Although memorable, this example does not help
students develop an innate conceptual understanding of
the probability distribution. In fact, associating the Poisson
distribution only with rare events is misleading for it can be
used to model frequent events as well. Classroom activities of
Poissonian statistics exist for physics classes and laboratories;
however, these typically involve x-ray tubes, Geiger counters,
or use household materials for abstract applications (9-11).
In the spirit of using an authentically biological example, we
developed this in-class activity demonstrating that the Poisson
distribution need not model rare events and is applicable to
biological processes. This activity complements an example
of the Poisson distribution found in the textbook—the
occurrences of breast cancer in women.

The majority of PHYS170 students were sophomores or
juniors, with seniors comprising the remainder of the class.
Sixty-four percent of the 2013 class self-identified as biology
majors and eighty percent of the class was on a pre-medical
track. Due to the life science curricula at Yale University,
students in PHYS170 are guaranteed to have taken at least one
full year of introductory biology. Furthermore, approximately
eighty-four percent have previously taken a physics course
in high school. Although this activity was completed in an
introductory physics course, its focus on reasoning and the
scientific method renders the activity appropriate for other
courses, including a course in quantitative biology or for non-
science majors. Although not essential, prior exposure to the
biological concept of viral infection would be an advantage
for students. If students are unfamiliar with viral infection,
the instructor may wish to give a 5 minute lecture about HIV,
T-cells, and how HIV infects T-cells.

SCIENTIFIC TEACHING THEMES

Active learning

This activity draws on the fundamentals of scientific teaching
by engaging students, incorporating formative and summative
assessment, and fostering inclusiveness. Students are required
to work in teams, use physical models, generate and analyze
data, and make predictions in this activity.

Assessment

The pre-activity is a self-assessment for students to review
basic probability calculations and the definition of a Poisson
distribution. Students rely on this foundation during the activity
to make a prediction and collect data. Interaction between
students and the instructor provide the basis for frequent
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formative assessment during the activity. In several instances,
students discuss and expand their knowledge by leveraging
peer teaching to arrive at the correct answer as a group.
Through the data analysis portion, students demonstrate their
ability to explain and compare their results in the context of a
Poisson distribution (Figure 1). For a summative assessment,
we created a worksheet (Supplemental File S1) where students
record their group work and answers to the discussion

questions.

140 T 0.4

) M Class dat;l

120
%] =
3 80 &
o 50 02 %
o —
E:3 g

40 0.1

20

0 0.0

0 1
Viruses in cells

2 or more

Figure 1. Class results from the simulation (red) which are compared
to a Poisson distribution (black) each of which have an average
infection of one virus per cell. From the above, students should
be convinced that having exactly one infection in a cell is not the
most likely event.  Furthermore, students should also see that a
Poisson distribution matches the simulated outcome quite well. Any
discrepancies are due to numerical fluctuations.

Inclusive teaching

By design, this activity is meant to include and encourage
students to learn in an intellectually safe environment. At
the beginning of the lesson, students make a prediction
about the likelihood of an uninfected T cell occurring in a
population that contains equal numbers of HIV particles and
T cells. Making a prediction increases students’ curiosity and
intellectual investment in the activity (12,13). The core of
the activity is creating a simulation by passing a mock petri
dish around as they ‘infect’ plastic eggs. By default, friendly
attention was drawn to the person holding the petri dish. The
opening, inserting, closing, and mixing parts offer students a
kinesthetic feel so that later they may associate this process
with this distribution. Because every student participates,
this inclusion helps shy students voice their opinions when
it is their turn to contribute. We note that this activity used
Easter eggs for convenience and economy. Instructors will
need to be sensitive about the association of Easter eggs with
a Christian holiday, and that a religious reference may exclude
some students. Alternatives to Easter eggs include plastic food
bags, sewing kits, ring boxes, or change purses. We found no
evidence that our students connected the use of Easter eggs to
promotion of a Christian holiday. In our class, students reacted
positively to the brightly colored eggs and the opportunity to
eat leftover candy.

LESSON PLAN

Classroom Context: This activity was taught in an active
learning classroom outfitted with fourteen tables that each
seated roughly ten students. To implement this activity in
a traditional lecture hall, the instructor could use rows of
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students as a proxy for tables, with students at the end of a
row passing the plastic bag back in the direction from which
it came.

The core of this activity is the hands-on simulation of a viral
infection. Students pass around a bag of plastic (Easter) eggs
that are drawn at random, ‘infected’ with a piece of chocolate,
and returned to the bag so that a given plastic egg has a
chance of being drawn again and ‘re-infected’ with additional
pieces of chocolate. We intend that the activity is ‘minds-on,
hands-on’ so that students build a kinesthetic connection to
link the mathematical distribution and HIV infection of T cells.
For each table, we provided twenty Easter eggs (representing T
cells) and twenty Hershey chocolate kisses (representing HIV
particles) in a plastic shopping bag (representing a petri dish).
To simulate larger multiplicities of infection, one could use
different colored chocolate pieces to represent one, three, five,
or ten viruses (Table 1 and Table 2, on page 4).

Pre-class Teacher Preparation: The Easter eggs were
purchased on Amazon for convenience, price, and quantity.
With some foresight the plastic eggs could be purchased
during the appropriate season without much trouble. Before
class, plastic shopping bags were filled with twenty Easter eggs
and an equal number of Hershey kisses. These bags were not
distributed to the class until we began the activity so as not to
distract students. For hygiene purposes we preferred to use
individually wrapped candy pieces rather than M&Ms or other
unwrapped candy.

Pre-class Student Preparation: Students are asked to read the
first page of the Poisson distribution worksheet (Supplemental
File S1) and are required to submit feedback (Supplemental
File S2) on their reading through the channel of the instructor’s
choice. To accomplish this, we used LearningCatalytics, a
web-based response system similar to clickers. In the future,
we will be using our university based class website due to its
simplicity and innate linkage with the online grade book. The
pre-class activity introduces students to the idea of a Poisson
distribution and engages students by soliciting their thoughts
and feedback about the introductory materials. We suggest
including an open-ended question asking students to report
what they found confusing in the homework and what they
would like to have clarified. Our activity largely addressed
student pre-class questions and we incorporated any points
of confusion as fodder for inspiring any lagging conversation.

In-class Part 1: Students Make a Prediction (2 min)

“Working in groups, please predict the likelihood of having
a null event, exactly one event, or two or more events in the
Poisson distribution. Once you have completed this please
work on the design question for this activity.”

Students refer to the handout for the formula for a Poisson
distribution and use that formula to calculate the probability
of obtaining zero, one, or more than one virus infection per
cell, assuming a Poisson distribution with an average infection
of one virus per cell. Students have two minutes to complete
this part (Table 1). An interesting observation students may
discover is that having an uninfected cell or a cell with only
one infection are equally likely events in the case of an average
infection of one virus per cell. Once their calculations are
complete, students predict how many uninfected T cells would
be present if there were an equal number of HIV and T cells.
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In-class Part 2: HIV Infection Simulation (10 min)

“We will now carry out a simulation of an equal number of
viruses, which will be represented as chocolate pieces, and
t-cells, which will be represented as Easter eggs. Each table
should have a bag with an equal number of Easter eggs and
candy but before you begin verify that this is indeed the case.
If everything is in order, then carefully read the directions and
begin the activity. Remember to discuss with your group while
you complete this activity. Once you have completed this part
of the activity please let an instructor know. Have fun!”

Much to our surprise and delight this part of the activity
went quite smoothly. Students were focused, no computers
or cell phones out, and collaborative sharing of ideas in a
group setting occurred. As students followed the worksheet,
they discussed the reasoning behind the steps of activity to
encourage a connection between the simulation physical
concepts (Supplemental File ST1).

In-class Part 3: Interpreting the Simulation Results (5
min)

“Now that all your candy is in the Easter eggs, your group
needs to determine how many times an egg has zero candy,
one, or more than one. Have one or two people record the
results as the group determines this. Please submit your
answers to the Google survey that has been shared with you.”

Student are given five minutes to decide how to quantify the
results of their simulation (Table 1). Students are reminded to
be diligent and write down their observations as they complete
this analysis, for the worksheets will be collected at the end
of class. Since students cannot see inside the eggs, they must
eventually decide that they have to open the eggs and record
the number of chocolates in each one. We recommend
circulating among the tables to discuss plans for recording
data before giving students the “green light” to begin opening
eggs. The best method is to have students create a histogram
for these events (Figure 1). Specifically, students should record
the number of eggs that contain no candy, one piece, and two
or more pieces. Students enter their table’s information into
a shared Google survey, but students could make their own
spreadsheets or use another graphing program. Students then
convert the histogram to a measured probability distribution
by dividing the number of times a given outcome occurred by
the total number of kisses.

In-class Part 4: Would you, could you model another
scenario as a Poisson distribution? (5 min)

The activity concludes with a variety of different scenarios
that extend the activity beyond the scope of viral infection.
Students must discuss, decide, and defend whether or not it
is appropriate to model the events in the worksheet scenario
as a Poisson distribution. Two scenarios that spurred a lot of
discussion were whether the arrival of emails in your inbox or
the number goals scored in a soccer match could be modeled
as a Poisson distribution.

Post-class: Each student turns in the completed worksheet

from the activity. We had students turn in their worksheet with
their homework and graded for completeness.
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Table 1: Infectious Chocolate Joy-Materials cost estimates

Easter Eggs

$14.09 144

$2.01

Chocolate

$4.29 72

$1.19

Holland, E.T., Manley, G., Chiba, T., Ramos, R., Mochrie, S. and Frederick, J. 2015. Infectious Chocolate Joy with a Side of Poissonian
Statistics: An activity connecting life science students with subtle physics concepts. CourceSource. 00:xxx. doi:00.0000/journal.cs.000000

Table 2. Infectious Chocolate Joy-Teaching Timeline

Design prediction and

: The simplicity of this task may surprise students at first. 2 min
calculation
. M h i leting thi i ing the signifi f th .
Infect Easter eggs with chocolate ost groups ad no issue completing this or discussing the significance of the 10 min
experimental procedure.
Collect and Analyze Data Some groups are slow to elect leaders to accomplish this-- help those groups. | 5 min
. . Providing an intentional disagreement helps students realize that there is not .
Discussion 8 min

necessarily one correct answer to these questions.

Holland, E.T., Manley, G., Chiba, T., Ramos, R., Mochrie, S. and Frederick, J. 2015. Infectious Chocolate Joy with a Side of Poissonian
Statistics: An activity connecting life science students with subtle physics concepts. CourceSource. 00:xxx. doi:00.0000/journal.cs.000000
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TEACHING DISCUSSION

Before fall 2013, PHYS170 was taught as a traditional
lecture course. Since fall 2013, PHYS170 has been taught in
the technology enabled active learning (TEAL) classroom as a
nontraditional lecture course, with students’ expectations of
what a physics course will entail no longer valid. As a result,
students expressed resistance to active learning throughout the
semester and into PHYS171, the second course in the year-long
physics sequence. We suspect that students’ lack of experience
with peer instruction and with other interactive learning
methods were factors in student resistance to active learning.
It was with great relief that we noticed that, in contrast to their
behavior during other activities, students were focused, self-
organized, and eagerly discussing the HIV infection activity.
Since this activity was taught halfway through the semester, it
was rewarding to observe students finally buying into active
learning, as evidenced by students’ enthusiasm, positive
attitudes, as well as their lively discussion, which normally did
not occur. In fact, this activity was among the most enjoyed by
both the students and the instructors. We suspect that having
clearly stated learning goals aligned with the activity helped
students realize how the activity was helping them learn the
material. During the activity, students typically excelled on
lower level Bloom’s taxonomy questions requiring memory
recall or applying definitions, as evidenced by students
completing the memory recall sections correctly and in a timely
manner. For higher-level Bloom’s taxonomy skills, students as
a whole performed reasonably well, based on the instructors’
discussions with students and discussions overheard amongst
students. In general, students enjoyed that this straightforward
in-class activity led to a surprising, counterintuitive result.
Furthermore, students relished the opportunity to discuss their
predictions on different scenarios. Answers students submitted
to discussion questions for this activity help support this claim
that students were gaining science process skills. For instance,
students not only described whether or not a scenario could
be a Poisson distribution but also addressed short comings
of that approximation and commented on whether or not
they felt it would be a significant impact. In the future, we
intend to ask more experimental design questions to evaluate
whether students who completed this activity achieved gains
in scientific process skills during the semester.

The discussion portion at the end of the lesson opened
with Professor Mochrie describing the debate he had with a
teaching fellow before class about whether or not one could
model the arrival of emails in one’s inbox as Poissonian. He
claimed that, since his emails are largely independent of one
another, a Poisson model would be suitable. Since the teaching
fellow uses her email for ongoing conversation threads with
friends, her inbox would not fit a Poisson distribution because
her emails are not independent. In retrospect, showing that
two authority figures can disagree with good reasons and both
be correct was entertaining and edifying. The friendly debate
put students at ease and led to the liveliest discussion of the
semester. We intend to keep the spirit of this impromptu
debate by developing a skit where authoritative figures take
opposing sides that can both be justified as correct.

The strong points of this activity are that it is relatively
inexpensive and it is statistically valid, as long as students mix
the bag to ensure randomization (and do not snack on the
chocolate until the end of the activity). Chocolate candy is
the biggest expense, which could be avoided by using less
expensive candy, pebbles, or even cardboard “viruses.” A
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common obstacle to implementing active learning exercises is
concern that the activity will not function and that class time
will be wasted solving technical issues. This activity overcomes
that challenge by requiring no technical equipment with the
potential of not working. In addition, even if students are not
diligent in their random selection process, it still “works.” For
example, if students only grab the few eggs on top without
mixing, then just a few eggs will have all the candy. The
results will not align with a Poisson distribution, but they
will demonstrate the point that an average of one infection
per cell does not mean every cell has an infection. Thus, the
pedagogical value of this activity is preserved even if students
don’t follow directions carefully.

This activity could be readily implemented without
modification in smaller classes or by teaching assistants in
the discussion sections of large classes. Larger, stadium-style
classrooms will require more planning and hands-on help.
Even in our TEAL classroom, support from teaching assistants
familiar with the activity contributed to its success. For a large
lecture class with traditional stadium style seating, the activity
could be implemented using rows as groups and having
students pass the bag back and forth along a row. If possible,
blocking off every third row so instructors may walk through
and check in with students could help configure a large lecture
hall to work more effectively for the activity.

Because we did not secure release forms for photographs
during the fall 2013 class, we staged a photo for this activity
in April 2014. Two of the students in the photograph had
completed the lecture-based version of PHYS170 and were
quite curious when a bowl full of Easter eggs was placed on the
table. Much to our delight, the other students who had taken
the interactive version of PHYS170 began explaining all the
subtleties of this activity. After they were finished explaining
why even with an average value of one, the majority of cells
would not contain exactly one virus, all the students quietly
reflected. One student admitted, “I don’t remember what we
needed to memorize.” We assured the student that she knew
all she needed to and that her explanation was more than
sufficient to prove mastery of the subject.

In future implementations we envision including a
summative assessment to evaluate students’ ability to design
experiments. For instance, we could ask: if one wanted
to run an experiment in the lab and ensure that more than
95% of cells were infected with HIV, what would the average
number of infections per cell be? (The answer is three or more
infections.)

SUPPLEMENTAL MATERIALS

e Supplemental File S1: Poisson Distribution Worksheet

e Supplemental File S2: Poisson Distribution Worksheet
Solutions
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