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1 Introduction

1.1 Context

This report outlines the background, execution and results achieved in the peda-
gogical development project ”Fermi Problems in Astronomy & Astrophysics”, run
during 2017-2018 at the Department of Physics and Astronomy, Uppsala University
and funded by the Faculty of Science and Technology’s pedagogical development
fund ”Teknisk-naturvetenskapliga fakultetens universitetspedagogiska förnyelse-
fond” (TUFF).

The project originated in the recognition that students were not receiving sufficient
introduction to order-of-magnitude approaches to solving problems, and the advise
of the Department dean of undergraduate education that this should form an integral
part of all physics courses. Many universities worldwide provide physics students
with training in making simplified calculations through the use of so-called Fermi
problems (named after the physicist and Nobel laureate Enrico Fermi, who was
known for his extraordinary ability to make good approximate calculations with
little or no actual data). Examples related to physics and astronomy include: How
much would the ocean surface of the Earth rise if the ice caps melted? How high
can an elephant jump? What fraction of the mass of a human comes from atoms
that at some point were located inside a star? What body exerts more gravitational
attraction on a newborn baby – the planet Jupiter or the obstetrician?

The ability to perform quick back-of-the envelope estimates is an invaluable skill
in many branches of science and engineering. Such “guesstimates” serve as sanity
checks for more sophisticated calculations, provide guidance as to which parts of a
problem are the most important, and are also useful for approaching problems where
the optimal choice of calculation method depends on the expected size of the answer.
The strategy adopted when tackling such problems typically involves reducing the
problem to manageable chunks, making educated guesses concerning the relevant
quantities and attaching upper and lower limits to these quantities to get a handle
on the error bars of the final answer. While calculations of this type are typically
not very accurate, this sort of analysis provides guidance as to what to look for to
get a better answer.

Calculations of this type are particularly useful in astronomy and astrophysics, where
controlled experiments are often impossible, uncertainties considerable and many
quantities not known to better than order-of-magnitude precision anyway. Many
prestigious employers also use order-of-magnitude reasoning tests in their hiring
process.
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1.2 Pedagogic Idea

As a first step to integrating order-of-magnitude problem solving skills in the edu-
cation of students in the Department of Physics and Astronomy, we have developed
Fermi problems for 10 courses in our own field – astronomy and astrophysics. The
courses are (5 or 10 hp each, with on average about 10 students per course): Astro-
physics I, Astrophysics II, Theroretical Astrophysics, Observational Astrophysics I,
Observational Astrophysics II, Physics of Galaxies, Cosmology, Physics of Planetary
Systems, Celestial Mechanics, and Physics of Stars. While the problems are specific
to the course topics, they may also prove useful for other contexts, or as inspiration.
Moreover, we have developed a Fermi problem lesson format and implemented it in
three of the courses. In these sessions, students work in small groups to come up
with solutions to Fermi problems.

We expect that the introduction of Fermi problem sessions in our BSc/MSc-level as-
tronomy/astrophysics courses will have several effects beyond just training students
in the art of making back-of-the-envelope calculations and building the confidence
to tackle problems that at first sight seem impossible. According to Robinson (2008,
“Don’t Just Stand There – Teach Fermi Problems!” Physics Education, 43, 83): “to
solve a Fermi problem, one has to synthesize a physical model, examine the physi-
cal principles which are in operation, determine other constraints such as boundary
conditions, decide how simple the model can be while still maintaining some realism,
and only then apply some rough estimation to the problem.” Since students will work
in teams to solve the problems, these sessions also promote student activation, inter-
action and cooperation. Research on the impact of teaching through Fermi problems
has shown that this significantly improves general problem-solving skills and seems
to build a coherent framework that allows student to better appreciate and absorb
the rest of the course content (Reif, F & St. John, M: ”Teaching physicists’ thinking
skills in the laboratory”, American Journal of Physics, Vol. 47, 1979, p. 950). The
merits of using Fermi problems to motivate students and to foster critical-thinking
skills have also been highlighted by Carlsson (1997, “Fermi problems on gasoline
consumption”, The Physics Teacher, 35, 308) and Efthimiou & Llewellyn (2007,
Cinema, Fermi problems and general education. Physics Education, 42, 253).

We developed and tested a game-show lesson format for learning about and using
order-of-magnitude reasoning based on Fermi problems in a fun and challenging way.
We envision that students will on average crack four Fermi problems per course,
either implemented as a student-activating part of lectures, or in exercise sessions
specifically devoted to these problems. The problems are designed so that they can
be solved in no more than 10-20 minutes each, thereby not requiring large changes
to existing course curricula.
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As a deliverable to aid pedagogic development, we have written a compendium of
40 Fermi problems, complete with teacher’s guides to the problems, relevant for the
content of the 10 BSc/MSc-level astronomy/astrophysics courses.

1.3 Relation to the Work of Others

Dedicated courses devoted to Fermi problems in physics are already taught at e.g.
Caltech1, Berkeley2 and in astrophysics at e.g. Ohio State University3 and the
University of Hawaii4. Fermi problems are also used in physics education at the
K-12 level, and there are consequently large collections of Fermi problems available
online. These do not, however, come with teacher’s guides and are not specifically
tailored to our course syllabi. We have made use of this resource in developing the
compendium: combining, adapting, adjusting problem formulations to address key
syllabus topics for each course.

1http://www.its.caltech.edu/~oom/
2http://w.astro.berkeley.edu/~echiang/oom/oom.html
3http://www.astronomy.ohio-state.edu/~dhw/Oom/questions.html
4http://www.ifa.hawaii.edu/users/jpw/classes/order of magnitude/
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2 Implementation

During 2017-2018, we have worked together with course teachers on the 10 tar-
geted courses (Astrophysics I, Astrophysics II, Theroretical Astrophysics, Observa-
tional Astrophysics I, Observational Astrophysics II, Physics of Galaxies, Cosmology,
Physics of Planetary Systems, Celestial Mechanics and Physics of Stars) to develop
suitable Fermi problems, and implement and test out a lesson format. We were
ourselves the primary teachers for four out of the 10 courses for which the Fermi
problems were developed: Physics of Galaxies and Cosmology (Zackrisson), Astro-
physics I (Olofsson) and Celestial Mechanics (Sahlén).

A compendium with 40 Fermi problems has been designed to relate to the content
of the 10 astronomy/astrophysics courses mentioned above. Each problem comes
with a detailed teacher’s guide / example solution.

A problem session / lesson format for Fermi problems based on a game-show struc-
ture has been developed. The format starts with a brief introduction and generic
warm-up exercise. Students work in groups and are given 10-20 minutes to arrive at
their best estimate to the answer. The group giving the closest estimate for a prob-
lem receive a reward. Model reasoning examples are demonstrated while reviewing
how the different groups arrived at their estimates. The stress is on problem solving
strategies, not the ‘right answer’. The format is described in the implementation
guide within the problem compendium.

The Fermi problem session was run and evaluated on three different courses:

• Astrophysics II (spring 2018, 9 students)

• Cosmology (autumn 2017, 21 students)

• Physics of Galaxies (spring 2017, 7 students)

We evaluated the Fermi problem sessions by asking all students to give an overall
mark 1-5 for the session (with 5 being best), and offer any comments they have
about the experience. In addition, Fermi reasoning was demonstrated in the course
Celestial Mechanics (spring 2017, 9 students) to assess students’ responses.

3 Results and Analysis

Test runs of the problem session format generally worked well according to the initial
format devised. Student evaluations were generally positive towards the sessions,
giving marks of 4 or 5 on the scale 1-5. The overall average was 4.3/5. Students’
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free-text responses (listed below) were very positive, but also bring up certain points
of dissatisfaction.

Generally, at least some group of students was able to arrive at a good estimate, but
as can be expected the spread of estimates is usually also wide. As an example, Fig. 1
shows the results for a warm-up excercise, and Fig. 2 the results for actual subject-
based Fermi problems from one of these Fermi sessions. The wide ranges of estimates
formed a natural point of departure for discussing the different problem solving
strategies adopted by the groups, and how different strategies might be more or less
suitable depending on the nature of the problem. It also became clear that since our
problems were subject-based and tied to the syllabus, reasoning and performance
in Fermi sessions can give useful feedback on students’ conceptual understanding of
the course material.

Longer-term evaluation of impacts on learning outcomes will require broader imple-
mentation in more courses alongside a uniform skills test to track student develop-
ment.

The reception from teachers has generally been positive, but in some cases slightly
hesitant in that it adds another element to course work/delivery. The format devel-
oped in the project addresses that, but there may still be a threshold in taking this
up.

Some important practical points were also highlighted by the experiences. One
important issue is to have a thought-out and clear policy for what tools and sources
of information the student can consult. Are graphing calculators allowed? Is it
ok to look up the value of a physical constant on the Internet? The mass of a
planet? Should only a prepared ”cheat sheet” with pertinent information be allowed?
Another point is that with the game-show format, it may be important to shuffle
the teams half-way to avoid one team possibly dominating everything.

Positive comments

”To know how to solve Fermi problems is a very useful tool. One
that we will be able to utilize for quick estimations of the outcome of an
experiment when designing it. It is useful even outside of the academic
world, when applying for jobs in big companies. I wish this kind of
exercises were done more often in other courses.”

”Stimulating competition style exercise, good for creative thinking”

”Very fun, creative, useful, quick paced”

”A good way to demo how to approximate”
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Figure 1: Results for the warm-up excercise in a Fermi problem session. The true
answer is 395, with group estimates ranging between 200-666. The closest estimate
500 is circled.

”Makes everyone participate”

”Gives a nice sense for how professional astronomers might go about
problem solving”

”Fun and entertaining, makes you think about what you know”

”Relevant problems”

”It really builds your intuition about abstract problems. Not sure
what to improve”

Negative comments

”Add problems not astro-related”
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Figure 2: Results for the ‘real’ Fermi problems in a problem session. The true
answers are written next to the red problem formulations. The closest estimates are
circled. Notice the very wide range of estimates, a useful learning opportunity for
reviewing and assessing different problem solving strategies.

”The questions were too ’random’ because we had no clue how to
solve it (107 difference between two answers)”

”Sometimes more background info was needed”

”Difficult to draw a conclusion at the end (still confusion after every-
one presented)”

”Some questions needed more pre-knowledge than others”

”Would have liked my graphing calculator”

”Not sure how applicable it is”

”Sometimes it is hard to know what is being asked for”
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4 Discussion and Conclusions

From the student evaluation, it is clear that the sessions are seen as fun, stimulating
and useful. However, the negative comments highlight that order-of-magnitude esti-
mation is also an approach that is unfamiliar to many students. While ambiguity is
part of the nature of Fermi problems, students seem to wish for more clearly specified
problems and answers. Some also feel that it is not clear to them how applicable the
approach is in other contexts. This suggests that students would benefit from being
exposed to Fermi problems in a more dedicated fashion throughout their education.
An integrated and coordinated approach within the context of the educational pro-
grammes could address this; with a varied approach depending on individual course
teachers, this aspect of the education might suffer from the ‘tragedy of the commons’
phenomenon (where that which is no-one’s unique responsibility, neither is anyone’s
responsibility). Several students expressed a wish to better understand how ‘Fermi
skills’ are used in real life, and see more clearly that it ‘actually works’ and is a
reliable tool. In response, one could consider broadening the approach, for example
linking to the fact Fermi problems are routinely used in major companies’ hiring
processes.

Teacher attitudes and experiences were generally positive, but there may be a thresh-
old in adding this element to course delivery. In some cases, there was skepticism
as to how useful Fermi problems are for their particular course goals. It is likely
that additional support, encouragement and syllabus integration would provide for
more comprehensive adoption of Fermi-style problem solving in teaching. Dedicated
Fermi problem session kits with aids, prizes, etc. that can be borrowed by teachers
could be one useful element.

Arguably, this project has established an important first step in developing the
educational programme with respect to general problem solving skills and strategies,
and their subject-specific application.

5 Dissemination – Continuation

The project and format has been presented to the Astronomy Division at weekly
division meetings. We have also worked jointly with course teachers to develop the
problems and try out the lesson format in-class on some of the courses. We expect
Fermi problem sessions to become/remain part of course delivery in many of the
courses addressed in this project.

The lesson format and compendium was demonstrated at the Faculty of Science and
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Technology pedagogical conference TUK2018 (Teknisk-naturvetenskapliga fakultetens
Universitetspedagogiska Konferens), March 2018.

The compendium is made available publicly on a permanent web link, http://tiny.cc/fermi,
where possible future revisions can also be placed.

We will advertise the compendium to the national astronomical community (e.g at
the Swedish Astronomers’ days).

Tackling elements of student dissatisfaction in learning, long-term impact on learning
outcomes, and teacher uptake will require a more concerted effort, through consistent
integration throughout the educational programmes and/or dedicated courses.
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