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Finding a research problem that is both meaningful and solvable is a
difficult task. Once you have identified such a problem and made a commitment
to solve it, you will want to employ strategies to maximize success. This article
provides some clues to putting together such a strategy.
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1.

Expose and challenge hidden assumptions.

We all labor under hidden, unspoken assumptions. Often we approach a
problem with these assumptions in our minds without knowing it. These
assumptions may thus constitute mental obstacles and barriers to our progress, not
real obstacles. In fact, many of the greatest developments in science,
engineering, and mathematics came from discarding mental obstacles that were
harbored unrecognized by prior generations of researchers. The concept of
infinity stymied the ancient Greeks (see Zeno). Complex numbers confounded
mathematicians for centuries, yet their basic properties can be summarized in half
a page. Prior to the experimental breakthrough in 1986, theoretical models of
superconductivity actually impeded researchers from making new discoveries.
Hidden obstacles are insidious. Remember, your greatest obstacles may be
mental, not real.
2.

Don't always believe experts.

While experts are knowledgeable about some area, they rarely admit what
they don't know. Like all people, experts have biases, work from hidden
assumptions, and have mental constraints. Always question authority and think
for yourself as much as possible.
3.

Filter the noise.

New effects send weak signals buried in noise. Your challenge is to
amplify the signal and filter the noise to discover new phenomena.
4.

Treat inconsistencies as opportunities.

Something doesn't add up! Something doesn't make sense! You thought
through the problem in different ways, and you found an inconsistency. This
inconsistency is a real chance to learn something by carefully analyzing your
steps and thought process to discover the source of your error, if there is one, or
possibly make a new discovery. Be sensitive to inconsistencies and view each
mistake you make as a chance to learn something new.
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5.

Investigate anomalies.

More generally, when an unexpected or abnormal result arises, don't kick
it under the workbench. Shine a strong light on it to see what's going on.
Construct an example or experiment to emphasize the anomaly and bring it into
clear view. Discoveries often live in the anomalies. Don't throw out the mold
with the potato.
6.

Find the crux of the solution.

Something unknown may lie at the heart of the solution to your problem.
It may be an identity, inequality, or some “fact” that can be identified and
isolated. Or, it may be some kind of trick or twist that prior researchers
overlooked. Whatever the crux of the solution is, your goal is to expose it.
7.

Find a simpler unsolved problem.

Polya once said that for every unsolved problem there is a simpler
unsolved problem. Although the essential difficulty of the original problem most
likely remains, your ability to recognize and deal with it may be enhanced by the
“simpler” problem.
8.

Strip away unessential detail.

To simplify a problem, reduce it to its barest bones. Strip away all
unessential detail and expose its crucial features. This process will help show you
what makes it tick.
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9.

Divide the problem into testable conjectures.

Focus your thinking and activities by setting limited goals in the form of
questions and conjectures. A series of precise, testable conjectures can provide a
traceable path to the ultimate goal. Each conjecture can provide a self-contained,
focused step in the research process that you can handle in isolation. Ask
questions like: “Wouldn't it be nice if...?” or “Is it true or false that...?” Work
incrementally (but see #15 below).
10.

Play detective.

Ask lots of specific questions like a detective trying to solve a crime. For
example: Which is bigger? Is it always? When do solutions exist? When don't
they? Is something a solution to a problem? Ask lots of little questions that can
suggest clues. View every clue as a potential piece to a hidden puzzle.
11.

Examine extreme cases.

You can learn a lot about a problem by pushing it to extremes. Make
numbers big, small, zero, equal to each other, etc., to see what you can learn.
These special cases may expose what the solution looks like around the edges.
12.

Alternate between the general and the specific.

Specific cases give you insight and clues into the problem, but they may
not give you the whole picture, which is your ultimate goal. The global picture
you seek has generality, but it may be very difficult to uncover. Solution: Go
back and forth between the two extremes, using clues from special cases to
deduce the general case, and use the high level view of the general case to fit the
pieces together into a general theory.
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13.

Examples, examples, examples.

It is impossible to overemphasize the importance of examples. Many of
the deepest results were obtained by studying specific examples. Examples can
motivate and illuminate theories, and they are, in effect, the ultimate justification
for your results. Keep a collection of examples in your back pocket as reminders
of important results and for guidance in developing new results.
14.

Seek generality, but not as an end in itself.

General theories can be elegant and broad, but generality without useful
special cases is often pointless. An excellent strategy is to motivate and
illuminate a general or abstract theory with lots of specific, concrete examples,
then develop the theory, and, finally, show how the theory yields new results for
the specific examples. This is the “sandwich” model of research and exposition:
specific, general, specific, or concrete, abstract, concrete. The third step makes
the whole enterprise worthwhile.
15.

Take wild guesses.

Don't be afraid to guess!! (A mathematician's guess is called a
conjecture.) If you are a good guesser and are lucky or smart enough to guess the
answer, then you have won half the battle. Of course, you will then need to
convince everyone that you have the right answer, or at least a useful answer.
There are medicines used by doctors, sometimes found by “luck,” which no one
knows how or why they work! Nevertheless, it is important to seek an
intellectual framework for your results in order to refine and extend them.
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16.

Work backwards.

If you have any knowledge of the solution obtained by guessing or in
special cases, then you might be able to make progress by working backwards
from your partial solution. The proverbial problem of “how to add zero by adding
and subtracting the same quantity” may be impossible to figure out going
forward, but may be trivial going backwards. Remember that you are seeking a
path from the problem to the solution. Any trick that helps to do this is valuable.
17.

List all possibilities, and check them all.

If you reach a point where the next step can proceed by one of several
possibilities, then don't become immobilized. Simply list all of the possibilities
and systematically check them all. Not much insight is needed for this step, just
patience.
18.

Transform to a new world.

Some problems that look insoluble in one world are transparent when
transformed to a new world. Look for reformulations, dual versions, analogies,
abstractions, etc. Sometimes rising up to a higher dimensional space can be
extremely effective.
19.

Solve the problem in different ways.

Bellman once wrote that one should try to solve problems in as many
ways as possible since different techniques generalize in different ways. Also,
different techniques have different strengths and weaknesses. Therefore, solving
a problem with different tools and techniques may yield different kinds of results
along with additional insights.
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20.

Be aware of your uncertainty.

Be sure of the answers you obtain by verifying them using different
methods if possible, and be sure of what you know and what you don't know. In
general, it is important to be aware of your uncertainty, that is, how certain or
uncertain you are about things that you are not completely sure about. If you
believe that something is true but it is, in fact, false (some published results may
be wrong or you may have made an experimental, computational, or conceptual
error in your own work), then your thinking can be severely distorted. This point
cannot be overemphasized. Finally, make sure that you and your collaborators
agree about what is known and what is unknown in order to clarify the
assumptions of your research and avoid wasteful confusion.
21.

Use your tools wisely.

Everyone has certain tools and techniques. Some are good at geometry,
others at algebra. Some have a cherished trick or identity. Feynman's favorite
trick was differentiating with respect to parameters under the integral to obtain
new integral formulas. What often counts is not how many tools you have, but
how wisely and effectively you use them. In particular, it is important to bring
the right tool to bear on the right problem. Using too-powerful tools can make
things harder than they need to be.
22.

Develop necessary tools.

Since the result you seek is novel and not yet known by other researchers,
you cannot expect it to follow immediately from known results or to be buildable
with off-the-shelf parts. Joseph Henry had to coat his own wire to experiment
with electromagnets. The Wright brothers had to build their own wind tunnel to
study aerodynamics. Therefore, expect that you must develop tools and
techniques that no one else currently has. This necessity is a universal principle
of research. Once you have those tools and techniques, then you are in a position
to do things that no one else has done. Once you have these tools, run with them.
Remember that good tools can be extremely powerful: one good knife can cut
many strong ropes. But think of the iron ore and high temperatures that went into
making that tool!
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23.

New discoveries are marginal at first.

The first light bulb burned for only a few seconds. What good was that?
If you're lost in a cave and only see a small sliver of light, what good is that? Be
sensitive to clues like a good detective, and savor partial successes. Realize that
new ideas and results are often weak at first, and they need to be nurtured and
defended in order to compete with established techniques and vested interests.
That takes courage and perseverance.
24.

Some hard problems have "easy" solutions.

Sometimes a problem that looks hard may actually have an “easy”
solution. The classic example is the Gordian knot cut by Alexander the Great.
Another example is drunk driving. Amazingly, at one time drunk drivers were
excused from responsibility because they were, after all, drunk. In current times,
the tables are turned and individual responsibility is assumed. The point of these
examples is that seemingly hard problems had easy solutions that “simply”
required a radical change in outlook. Once the outlook changed, the solution was
easy.
25.

Be technically excellent and work hard.

Practice technical excellence like a musician practices an instrument. As a
researcher once said, “I always hoped to stumble onto a big breakthrough until I
realized the odds of that happening were like waking up in the morning and
finding I had been transformed into an accomplished concert pianist.” In other
words, hard work is essential. When an opportunity comes by, your preparation
will allow you to recognize it and profit from it. Make your own luck.

26.

Don't fear mistakes.

Mistakes provide opportunities to learn. Understand the source of your
error and fix your thinking. You'll be much better off in the long run. Learn from
your mistakes (as long as they're not fatal) and move on.
27.

Admit your mistakes.

Never hesitate to admit to yourself and your collaborators when you are
wrong or have made a mistake. Not doing so generates confusion, slows
progress, and displays insecurity. Doing so puts closure on issues, displays
maturity, and allows your thinking to advance.
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28.

Savor successful failures.

The difference between research and many other human activities is that
each research failure is actually a success. Each idea that proves wrong or
ineffective provides insights and clues for new ideas and approaches. Each
failure teaches us something valuable that suggests the next step. “Negative
knowledge,” that is, knowing what does NOT work and what is NOT true, is
often extremely valuable. Unfortunately, books and papers tell you what works,
but only rarely will tell you what doesn’t work. Counterexamples are helpful for
that purpose.
29.

Be flexible.

Research is contingent by nature. The next step usually depends on the
one before. Each advance can open up new paths. Unexpected discoveries (is
there any other kind?) suggest new ideas and directions. Be flexible and don't fret
about the long term. Be aware that you might solve a problem that is different
from the one you started out to solve. Penicillin and Silly Putty were both
discovered by accident. Be flexible and sensitive enough to seize opportunities
since the greatest opportunities are often unanticipated. Therefore, don’t spend
too much time on research planning except to collect your thoughts, stimulate
your thinking, or form a vision.
30.

It’s the process that counts.

While specific results are important, they are only stepping stones to
future research. Therefore, even if you do not attain your stated objective, you
should keep in mind the fact that the tools, techniques, and insights you obtain are
of immense value by themselves. In other words, the process of research is often
of as much value as the specific results you obtain. To fully appreciate this point,
think about the difference between a manufactured object (such as a pencil) and
the machinery needed to produce the object.
31.

Have a vision and defend it.

Have a vision about what you want to see come out of your work. Think
about where your work is headed. Explain and defend it to your colleagues to
help you understand it better yourself. Review and update your vision
periodically.
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32.

Don't get discouraged and (almost) never give up.

The research process is extremely nonlinear if not discontinuous. A year’s
or decade’s worth of work can pay off in one day. Tools that take years to
develop can yield their results for a long time afterwards. Be patient and
persistent. Don't let other researchers discourage you. If they are your
competitors, they may criticize your work to justify theirs. Don’t believe people
when they say something is impossible. Even so, the impossibility of perpetual
motion does not obviate the benefits of energy-efficient machines. However,
there are times when it is wise to give up. Recognizing those times can be
extremely difficult.
33.

A lot of people can be wrong.

It can be daunting and require tremendous courage when your beliefs are
in the minority. However, as a researcher it is your responsibility to develop new
ideas and not merely ride the latest bandwagon or trend. The most difficult hurdle
is trusting in the possibility that a few people can be right, while many people can
be wrong. That takes courage. Remember that there were times when the world
was thought to be flat, Fourier series were controversial, slavery was legal, and
nuclear testing was common. Unfortunately, ignorance dies hard and knowledge
threatens power.
34.

Recognize when you’re mentally tired and rest.

Your brain can get tired when your body is not, and such times can be
hard to recognize.
35.

Learn from the past.

Ideas evolve over time due to the efforts of many researchers like yourself.
It can be extremely enlightening to understand how prior researchers overcame
obstacles that they faced. Read their biographies.
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36.

What type of researcher will you be?

There are many types of researchers. Some are artists, craftsmen,
trailblazers, organizers, and polishers. The type that you are or will become is a
reflection of your personality and personal philosophy. However, you may wish
to consciously change your type as you mature and recognize your strengths and
weaknesses.
37.

View research as an art.

Think of research as an art and think of yourself, the researcher, as an
artist. No matter how technical your field of endeavor is, you have the
opportunity to exert your personal style on the work that you do. You choose
your own problems, you see the world through your unique vision, and you
develop your ideas through your individual thought process. Strive to produce
research that has your intellectual fingerprint on it.
38.

Believe and enjoy.

Believe and be confident in what you're doing, and enjoy doing it. Have
faith that your ideas are valid and will work out eventually.
39.

Be a leader.

A true researcher must by definition be a leader, carving out new paths,
choosing directions, and taking risks. Being a leader is far more difficult than
being a follower, no matter how good of a follower you may be.
40.

Reinvent yourself.

When you're stuck in a rut or if times change, then consciously change
what you're doing or how you're doing it. Such changes can be refreshing and
stimulating.
41.

Respect intellectual property, and be generous and magnanimous.

Cite the work of prior researchers correctly, thoroughly, and
conspicuously. Always give credit generously to others for their intellectual
contributions as you would expect from them. This is the golden rule of research.
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