
Faster Than You Think
ESSAYS ON THINKING BETTER AND BUILDING FASTER

Daniel Lemire



Contents

Preface 1

How to Think, Learn, and Produce 3
We see something that works, and then we understand it 7
Good students find questions, not answers 11
Research should not stop with the research paper 13
How long should you work on a problem? 17
To improve your intellectual productivity 21
Are you really running out of time? 25
Why speed matters 27
Negative incentives in academic research 29
The ivory tower’s drift 33
Thinking clearly 35
Graduate degrees are overrated 39
How I debate 41
Is research sick? 43
How to learn efficiently 45
Why measuring productivity is hard 49
Other useless school trivia: the quadratic formula 51
My kindergarten story 55
Don’t study Latin if you want to become a better programmer 57

ii



Contents

Why I never give straight answers 59
Elegance as a luxury 63
Does academic research cause economic growth? 67
Science is the belief in the ignorance of experts 73
Enough with the bogus medical studies! 81

The Future Is Malleable 87
The case for techno-optimism 91
Technology sets the bar higher 95
The courage to face what we do not understand 99
Beyond papers 103
Will emerging artificial intelligence boost research productivity? 105
Embodied cognition and agentic AI 109
Antifragile programming and why AI won’t steal your job 115
AI: igniting the spark to end stagnation 117
Let us bury the linear model of innovation 123
Models and science 127
As smart as a PhD 129
Sovereign 131
Foolish enough to leave important tasks to a mere human brain? 135

The Craft of Software 141
Does software performance still matter? 145
Hotspot performance engineering fails 153
Metcalfe’s law against Brooks’ law 157
Don’t be so eager to rewrite your code 159
Fast software is a discipline, not a purpose 161
Don’t argue: build 163
Programmer time and the pitfalls of false positives 165
Afterword 169

iii



Contents

About the Author 171

iv



Preface

These forty-three essays and two interludes span nearly two decades
of thinking about research, productivity, technology, and the craft
of software. They were written at different moments, for different
audiences, and on different subjects. What unites them is a single
temperament: respect evidence, distrust slogans, and keep building.
The book has two main parts and a short closing section. Part I

examines how to think, learn, and produce serious work over a long
career. Part II argues that the future is more malleable than pessimism
allows—from scientific institutions to artificial intelligence and what
comes next. The closing section turns that stance toward software:
performance engineering, rewriting versus refining, and the habits
that separate durable systems from fragile ones.
I have edited lightly. Dates appear at the end of each chapter so you

can see when a piece was written. Occasional references to products,
companies, or tools may feel dated; I have left them when they clarify
the argument. The goal is not a time capsule, but a coherent book
that reads well on its own.
If you finish with two convictions, I will be satisfied: that clear think-

ing compounds over a career, and that we routinely underestimate
how much room remains to improve the world.
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How to Think, Learn, and Produce
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These twenty-three essays—and a short interlude—examine in-
tellectual productivity: how to choose problems, how to learn hard
material, and how to stay effective over a long career. No special-
ized background is required—only curiosity about how good work is
actually done.

Research and thinking. The opening chapters includeWe see some-
thing that works, and then we understand it (2025) and Good students
find questions, not answers (2020)—on how progress often begins with
a working example rather than a theory, and on the art of finding
the right problem. Later essays extend that thread through research
practice, academic incentives, clear thinking, and work that matters
beyond the paper.

Productivity and learning. Are you really running out of time?
(2008) argues that creative people run out of energy before they run
out of hours, andWhy speed matters (2025) presses the case for moving
as close as possible to the speed of your own thought. How to learn
efficiently (2014) distills active struggle, interleaved practice, and real
projects over passive consumption. Companion essays round out the
section on intellectual method, graduate training, debate, and honest
measurement.
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We see something that works,
and then we understand it

“We see something that works, and then we understand it.” (Thomas
Dullien)
It is a deeper insight than it seems.
Young people spend years in school learning the reverse: under-

standing happens before progress. That is the linear theory of innova-
tion.
So Isaac Newton comes up with his three laws of mechanics, and

we get a clockmaking boom. Of course, that’s not what happened:
we get the pendulum clock in 1656, then Hooke (1660) and Newton
(1665–1666) get to think about forces, speed, motion, and latent
energy.
The linear model of innovation makes as much sense as the waterfall

model in software engineering. In the waterfall model, you are taught
that you first need to design every detail of your software application
(e.g., using a language like UML) before you implement it. To this day,
half of the information technology staff members at my school are
made up of “analysts” whose main job is supposedly to create such
designs based on requirements and supervise execution.
Both the linear theory and the waterfall model are forms of thinkism,

a term I learned from Kevin Kelly. Thinkism sets aside practice and
experience. It is the belief that given a problem, you should just think
long and hard about it, and if you spend enough time thinking, you
will solve it.
Thinkism works well in school. The teacher gives you all the con-

cepts, then gives you a problem that, by a wonderful coincidence, can
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We see something that works, and then we understand it

be solved just by thinking with the tools the same teacher just gave
you.
As a teacher, I can tell you that students get really angry if you put

a question on an exam that requires a concept not explicitly covered
in class. Of course, if you work as an engineer and you’re stuck on a
problem and you tell your boss it cannot be solved with the ideas you
learned in college. . . you’re going to look like a fool.
If you’re still in school, here’s a fact: you will learn as much or more

every year of your professional life than you learned during an entire
university degree—assuming you have a real engineering job.
Thinkism also works well in other limited domains beyond school. It

works well in bureaucratic settings where all the rules are known and
you’re expected to apply them without question. There are many jobs
where you first learn and then apply. And if you ever encounter new
conditions where your training doesn’t directly apply, you’re supposed
to report back to your superiors, who will then tell you what to do.
But if you work in research and development, you always begin with

incomplete understanding. And most of the time, even if you could
read everything ever written about your problem, you still wouldn’t
understand enough to solve it. The way you make discoveries is often
to either try something that seems sensible, or to observe something
that happens to work—maybe your colleague has a practical technique
that just works—and then you start thinking about it, formalizing it,
putting it into words. . . and it becomes a discovery.
And the reason it often works this way is that “nobody knows

anything.” The world is so complex that even the smartest individual
knows only a fraction of what there is to know, and much of what they
think they know is slightly wrong—and they don’t know which part is
wrong.
So why should you care about how progress happens? You should

care because. . . 1. It gives you a recipe for breakthroughs: spend
more time observing and trying new things. . . and less time thinking
abstractly. 2. Stop expecting an AI to cure all diseases or solve all
problems just because it can read all the scholarship and “think” for a
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very long time. No matter how much an AI “knows,” it is always too
little.
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Good students find questions,
not answers

It is often believed that learning is a simplematter of collecting answers
and replies. I suspect that “learn mechanistically how to answer the
questions” is a great way for weak students to pass courses, and for
smart students to ace courses. However, I believe that if you really
want to learn the material, you have to learn to ask good questions
and stop focusing on answers.
If you ask experienced professors, they will probably admit that

some students who do very well on tests (A+ all the way) make unin-
spiring graduate students, while less stellar undergraduate students
can end up being superb graduate students.
Part of the difference is that in graduate school, you have to ask

questions first. A researcher’s job is to come up with new questions,
not necessarily new answers. That is because once you have a good
question, the answer can often be derived mechanistically.
It is somewhat counterintuitive if you have been trained in conven-

tional schools. For example, you see mathematics as a set of “obvious
questions” followed by “non-obvious answers”. And you think that,
surely, the hard part was coming up with the answers.
This leads you to think that the way forward is to work really hard

on really complicated answers to simple questions. But where will the
questions come from?
What is a good question?

1. A question should be at the frontier of the domain of knowledge
as you understand it. To really master the material, you have to
go beyond the surface and understand its limits.
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Good students find questions, not answers

2. It should trigger interest on the part of the recipient. Your question
should be interesting, not just to you, but to the person receiving
the question. You may wonder why it should matter: it does be-
cause it puts a psychological bar, ruling out tempting but shallow
questions.

A good question is usually prepared, not improvised. Most people
need a few minutes to come up with a good question. But there are
some quick recipes that often deliver good questions. . .

• Questions about definitions. . . It is common that a speaker will
use terms without defining them clearly. If you are unsure about
how you would define a term, it might make for a great question.

• “How do you know” questions are often great. If the expert tells
you that programming in a given manner reduces memory usage,
you may ask “How would I know?”

The real reason for asking good questions is that the process itself
will force you to learn. That is, if you are interested in learning, in
really learning, you will not focus on coming up with answers; rather,
you will focus on coming up with questions.
You can see it play out if you pay attention. Go to an event where

“expert learners” are trying to up their game. For example, a good
workshop with people at the top of their game. If the event is well
managed, you will observe that people are asking each other good
questions.
Experienced professors do it effortlessly. The best engineers are

great at it.
As an experiment, next time you encounter an expert in a field

that you do not yet master, focus on trying to come up with good,
non-obvious questions. I bet that you will learn a lot.

Originally published · September 7, 2020
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Research should not stop with
the research paper

The practice of academic research is based on the production of formal
documents that undergo formal review by peers. We routinely evaluate
academics for jobs and promotions based on their publication output.
When asked about their contribution to science, many academics are
happy to point at their papers. In some cases, they will also point at
the grants that they have secured.
Back when I worked at NRC, a friend of mine, Martin Brooks, gave

a controversial talk entitled “user-based research” (Brooks, ca. 2005).
It has been nearly 20 years, and I still remember this talk. His ideas
were so upsetting that people left while he was talking. I stayed and
listened. It took me years to own the ideas he expressed that day.
Martin complained that researchers mostly “threw research over

the wall” expecting that other people (maybe industry) would pick
up the research from the other side of the wall. While it certainly can
happen that others will read your paper and apply it, you should not
count on it. Nobody has to read and understand your work.
When I was a bit younger, a senior professor pointed out that some

idea we were discussing had been described and tested by his team in
some prestigious venue decades ago but that nobody ever did anything
with it. Without thinking, I replied: it was your job to do something
with it, don’t blame others. The room fell silent and there was a long
pause.
I am not saying that if you find a way to cure cancer in mice, it is

your job to get the therapy cleared for use with human beings and
to open a hospital where the therapy is delivered. A single individual
can only do so much.
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Research should not stop with the research paper

What I am saying, however, is that publishing a research paper
is not the goal of research. It is not the final output. It is only one
element in a chain. And it is not even a requirement. You need to
communicate your idea, but the peer-reviewed journal article is just
one such means.
Your actual goal is “transfer”. That is, someone, somewhere, must

put your ideas into practice beyond the publication of your paper. It
does not mean “industrial applications” though it can be that. If your
idea is worthwhile and you let it end with a research paper, you have
failed.
And it does not merely mean collecting “citations” or other bib-

liometrics. People routinely cite papers without reading them. Few
citations are influential (Priem & Costello, 2015).
But the academic incentives almost conspire to prevent impactful

research. There is one specific criterion that academics like to apply
that is destructive: novelty. For some piece of academic work to be
judged worthwhile, it must be novel. I will say it again and again:
originality is overrated.
Of course, people entering a new field tend to “rediscover known

facts”. You have to push them back and tell them to go study some
more. But there is a difference between naïveté and lack of originality.
You have to be aware of the history of your field, that is what scholar-
ship is all about. But you also have to stick with ideas for the long run,
until the fruits appear.
Instead of rewarding novelty, we should reward scholarship: we

should ask people to show that they have studied and documented
the past. We should never penalize someone who works on pushing a
known idea by refining it, communicating it, and validating it.
This idea that some venerable professor had 20 years ago that never

went anywhere? Well, it might be entirely worthwhile to revisit it and
make it go somewhere, even if it is not novel at all.
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How long should you work on a
problem?

Lev Reyzin (2021) says that working too long on a problem might be
unproductive:

I, personally, have diminishing (or negative?) returns to my cre-
ative work as I explicitly work on a problem past some amount of
time. I often have insights coming to me out of nowhere while I’m
relaxing or enjoying hobbies on nights or weekends.

Whenever one considers innovative endeavors and their produc-
tivity, one must consider that innovation is fundamentally wasteful.
The problem with innovation is not about how to get as much of it for
as little of a cost as possible. It is to get innovation at all. By optimiz-
ing your production function, you risk losing all of it. I sooner blame
someone for his publication list being too long than being too short, said
Dijkstra (1982).
My view is that we tend to underestimate “intellectual latency”.

There is a delay between the time you approach a new idea and the
time you have fully considered it.
Thus our brains are not unlike computers. Your processor might be

able to run at 4 GHz and be able to retire 4 instructions per cycle. . .
but very rarely are you able to reach such a throughput while working
on a single task. The productive intellectuals that I know tend to work
on a few ideas at once. Maybe they are writing a book while building
a piece of software and writing an essay.
So you should not focus on one unique task in the hope of finishing

it faster. You may complete it slightly faster if you omit everything else
but the sum total of your productivity might be much lower.
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How long should you work on a problem?

There is also a social component to human cognition. If you hold
on to a problem for very long, working tirelessly on it, you may well
deprive yourself of the input of others. You should go work and then
quickly invite others to improve on your work. No matter how smart
you think you are, you cannot come close to the superior ingenuity of
the open world.
Energy and sanity are essential ingredients of sustained intellectual

productivity. Hammering at a single problem for a long time is both
maddening and energy limiting. Our brains are wired to like learning
about new ideas. Your brain wants to be free to explore.
And finally, the most important reason to limit the amount of work

you invest in a single task is that it is a poor strategy even if you can
do it with all the energy and intelligence in the world. Sadly, most
of what you do is utterly useless. You are like an investor in a stock
market where almost all stocks are losers. Putting all your money on
one stock would ensure your ruin. You cannot know, at any given time,
what will prove useful. Maybe going outside and playing with your
son sounds like a waste of your potential right now, but it might be
the one step that puts your life on a trajectory of greatness. You want
to live your life diversely, touching many people, trying many things.
Learn to cook. Make cocktails. Dance. Go to the theater. Play video
games. Write assembly code. Craft a novel.
Many years ago I started to blog. I also started publishing my soft-

ware as open source in a manner that could be useful to others. I
started posting my research papers as PDFs that anyone could down-
load. None of these decisions seemed wise at first. They took time away
from “important problems”. I was ridiculed at one point or another
for all of them. Yet these three decisions ended up being extremely
beneficial to me.
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To improve your intellectual
productivity

We would all like to be smarter, to produce better software, better
research papers or better art. It is not difficult to see that, by just about
any metric, productivity amongst human beings follows a power law.
For example, 80% of all research papers are written by 20% of the
researchers. (I made this one up, but the actual numbers are similar:
see Lotka’s law (Lotka, 1926).)
However, it is a difficult topic to study because the very idea of

measuring intellectual productivity is, at best, controversial.
Yet we can’t help but ask: what does determine your intellectual

productivity? Here are some tentative answers:

• Luck. A lot of intellectual work is based on trial and error. A couple
of early breakthroughs, due to pure chance, can motivate you and
inspire you to work for years. Repeated failures can discourage
you and push you to abandon leading edge work. Luck alone can
explain the power law in the distribution of intellectual productiv-
ity.

• Persistence. Some people are pig headed. I sure am. They will
keep working even when things are not working. This is closely
related to the willingness to take chances. Most great intellectuals
dive in and take risks.

• People. Some people drain you without helping you produce.
Other people energize you and force you to improve your game.
Even though I am an introvert and sometimes an insular person, I
have not found a better way to boost my productivity than finding
exactly the right people at the right time. Sometimes I will have
worked for months on a problem just to have several breakthroughs
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To improve your intellectual productivity

because I started working with someone smart. The quality of my
work can also be strongly affected by the people I work with: people
with higher standards than mine tend to push me up, people with
lower standards tend to make me more lenient. But it is not just a
matter of meeting smart people. I do not think I would get a lot
out of meetings with Einstein. I am not interested in Physics right
now and I doubt Einstein would share my interests. You need to
meet people who have truly compatible goals and interests. Some
people have an innate ability to connect with others, to find the
right collaborators. Others spend a lot of time meeting people and
are therefore more likely to find good matches. Though I have been
extremely lucky in this respect for the last few years, collaboration
is not and will never be my strong point.

• Method. Some people pay attention to what works and to what
does not work. They experiment. They read about how great people
worked. They learn meta-strategies like divide-and-conquer. They
constantly tune their approach to intellectual productivity. Some
people figure out that working seriously for a few hours every day
is better than doing pseudo-work all day. I find that a common
source of low productivity is excessive pondering: you cannot be
productive if you fail to deliver in time. Other people just stumble
on the right approach early on. For example, ever since I was a
teenager, I have collected ideas in a notebook. This means that I
am never out of crazy (and usually bad) ideas.

• Focus. Intellectual work is boring in a way that manual labor is
not. Intellectual work can become frankly alienating. Some people
seem to never get bored. They can do narrow mathematics for
days and days without ever getting bored. They are satisfied by the
work itself. I have weak boredom resilience myself: I constantly
question the relevance of my work. While it sounds good, it can
actually be quite bad as you can be far more productive if you
just keep your head down and push forward. I also see a lot of
people who willingly engage in low productivity activities. Then
they wonder why they aren’t being productive! A lot of work is
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actually busy work: you feel as if you were working, but you aren’t
producing lasting value.

• Fire. You have to care to have some intellectual productivity. You
must feel bad when nothing was achieved. And I mean really
bad. Some people are only driven by fear of losing their financial
support. Others cannot stand not producing anything intellectually.
They do not wait for permission nor do they plan to retire. These
people, those who feel an urge to produce, will naturally be much
more productive.
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Are you really running out of
time?

A common feeling among creative workers is the lack of time. Yet,
most people will run out of energy before they run out of time. A
single task that takes you 5 minutes (asking a Business Development
Officer for Intellectual Property rights) can drain you out for a week.
Another task, like lecturing for 3 hours, can energize you for the rest
of the week. Highly productive people do not have more time, but
they may have more energy, more method and better feedback on
their progress.
I believe that three problems lead us to conclude we lack time:

• You are spending too much time on boring tasks. To be pro-
ductive, you need to work on projects you love. For this reason,
creative people should pick their projects.

• You fail to manage your projects. Without help, you can only
keep track of about 7 projects or tasks at any one time. If you want
to do more, a method is needed. Myself, I use Getting Things Done
(Allen, 2001). But some method is needed to scale up to a large
number of projects. Without method, you will drift to unessential
tasks and then blame the lack of time to explain why important
tasks went unattended.

• You do not measure your progress. You need to get feedback
about the quality and quantity of your work. Myself, I put my
work under version control and get daily emails of what files
changed. It is a crude but effective measure of my work. Also,
tracking your project carefully, at the task level, helps. Finally,
having coworkers who react to your work is a blessing. Without
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Are you really running out of time?

a measure of your progress, you may realize too late that your
projects did not progress and then blame the lack of time.
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Why speed matters

The one constant that I have observed in my professional life is that
people underestimate the need to move fast.
Of course, doing good work takes time. I once spent six months

writing a URL parser. But the fact that it took so long is not a feature,
it is not a positive, it is a negative.
If everything is slow-moving around you, it is likely not going to be

good. To fully make use of your brain, you need to move as close as
possible to the speed of your thought.
If I give you two PhD students, one who completed their thesis

in two years and one who took eight years. . . the two-year thesis is
usually the healthier signal—not always, but often enough that speed
is information.
Moving fast does not mean that you complete your projects quickly.

Projects have many parts, and getting everything right may take a
long time.
Nevertheless, you should move as fast as you can.
For multiple reasons:

1. A common mistake is to spend a lot of time—too much time—on
a component of your project that does not matter. I once spent a
lot of time building a podcast-like version of a course. . . only to
find out later that students had no interest in the podcast format.

2. You learn by making mistakes. The faster you make mistakes, the
faster you learn.

3. Your work degrades, becomes less relevant with time. And if you
work slowly, you will be more likely to stick with your slightly
obsolete work. You know that professor who spent seven years
preparing lecture notes twenty years ago? He is not going to throw
them away and start again, as that would be a new seven-year
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Why speed matters

project. So he will keep teaching using aging lecture notes until
he retires and someone finally updates the course.

What if you are doing open-heart surgery? Don’t you want someone
who spends days preparing and who works slowly? No. You almost
surely want the surgeon who does many, many open-heart surgeries.
They are very likely to be the best one.
Now stop being so slow. Move!

Originally published · December 5, 2025
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Negative incentives in academic
research

In the first half of the 20th century, there were relatively few scientists,
and these scientists were generally not lavishly funded. Yet it has
been convincingly argued that these scientists were massively more
productive. We face a major replication crisis where important results
in fields such as psychology and medicine cannot be reproduced in-
dependently. Academic researchers routinely fail to even fill out the
results from clinical trials. We have entered a ‘dark age’ where we are
mostly stagnant. It is not that there is no progress per se, but progress
is slow, uncommon and expensive.
Why might that be? I believe that it has to do with important

‘negative incentives’ that we have introduced. In effect, we have made
scientists less productive. We probably did so through several means,
but two effects are probably important: the widespread introduction
of research competitions and the addition of extrinsic motivations.

1. Prior to 1960, there was hardly any formal research funding com-
petitions. Today, by some estimates, it takes about 40 working days
to prepare a single new grant application with about 30 working
days for a resubmission, and the success rate is often low, which
means that for a single successful research grant, hundreds of
days might have been spent, purely on the acquisition of funding.
This effect is known in economics as rent dissipation. Suppose that
I offer to give you $100 to support your research if you enter a
competition. How much time are you willing to spend? Maybe you
are willing to spend the equivalent of $50, if the success rate is
50%. The net result is that two researchers may each waste $50 in
time so that one of them acquires $100 of support. There may be
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Negative incentives in academic research

no net gain! Furthermore, if grant applications are valued enough
(e.g., needed to get promotion), scientists may be willing to spend
even more time than is rational to do so, and the introduction of
a new grant competition may in fact reduce the overall research
output. You should not underestimate the effect that constant ad-
ministrative and grant writing might have on a researcher: many
graduate students will tell you of their disappointment when en-
countering high status scientists who cannot seem to do actual
research anymore. It can cause a vicious form of accelerated aging.
If Albert Einstein had been stuck writing grant applications and
reporting on the results from his team, history might have taken a
different turn.

2. We have massively increased the number and importance of ‘extrin-
sic motivations’ in science. Broadly speaking, we can distinguish
between two types of motivations. . . intrinsic and extrinsic motiva-
tions. Winning prizes or securing prestigious positions are extrinsic
motivations. Solving an annoying problem or pursuing a personal
quest are intrinsic motivations. We repeatedly find that intrinsic
motivations are positively correlated with long-term productivity
whereas extrinsic motivations are negatively correlated with long-
term productivity. In fact, extrinsic motivations even cancel out
intrinsic motivations. Extrinsically motivated individuals will focus
on superficial gains, as opposed to genuine advances. Of course,
the addition of extrinsic motivations may also create a selection
effect: the field tends to recruit people who seek prestige for its
own sake, as opposed to having a genuine interest in scientific
pursuits. Thus creating prestigious prizes, prestigious positions,
and prestigious conferences, may end up being detrimental to
scientific productivity.

Many people object that the easiest explanation for our stagnation
has to do with the fact that most of the easy findings have been covered.
However, at all times in history, there were people making this point.
In 1894, Michelson said:
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While it is never safe to affirm that the future of Physical Science
has no marvels in store even more astonishing than those of the
past, it seems probable that most of the grand underlying principles
have been firmly established and that further advances are to be
sought chiefly in the rigorous application of these principles to all
the phenomena which come under our notice.

Silverstein in “The End is Near!”: The Phenomenon of the Declara-
tion of Closure in a Discipline, documents carefully how, historically,
many people predicted (wrongly) that their discipline was at an end.

References

Bloom, N., Jones, C. I., Van Reenen, J., & Webb, M. (2018, November 1).
Are ideas getting harder to find? The Atlantic.
https://www.theatlantic.com/science/archive/2018/11/diminishing-
returns-science/575665/

Herbert, R., et al. (2013). The time needed to prepare grant applications:
An international survey. BMJ Open, 3(5), e002800.
https://doi.org/10.1136/bmjopen-2013-002800

Horodnic, I. A., & Zaiţh, A. (2015). Motivation and research productivity
in a university system undergoing transition. Research Evaluation, 24(3),
282–292. https://doi.org/10.1093/reseval/rvv010

Wrzesniewski, A., Schwartz, B., Cong, X., Kane, M., Omar, A., & Kolditz, T.
(2014). Multiple types of motives don’t multiply the motivation of West
Point cadets. Proceedings of the National Academy of Sciences, 111(30),
10990–10995. https://doi.org/10.1073/pnas.1405298111

Silverstein, A. (1997). “The End is Near!”: The phenomenon of the
declaration of closure in a discipline. Current Anthropology, 38(3),
370–372. https://doi.org/10.1086/204623

31

https://www.theatlantic.com/science/archive/2018/11/diminishing-returns-science/575665/
https://www.theatlantic.com/science/archive/2018/11/diminishing-returns-science/575665/
https://doi.org/10.1136/bmjopen-2013-002800
https://doi.org/10.1093/reseval/rvv010
https://doi.org/10.1073/pnas.1405298111
https://doi.org/10.1086/204623


Negative incentives in academic research

Originally published · July 21, 2022

32



The ivory tower’s drift

Almost all of academic science has moved away from actual (empirical)
science. It is higher status to work on theories and models. I believe
that it is closely related to well-documented scientific stagnation as
theory is often ultimately sterile.
This tendency is quite natural in academia if there is no outside

pressure. . . And is the main reason why academia should be ruthlessly
judged by practitioners and users. As soon as academia can isolate
itself in a bubble, it is bound to degrade.
It is worth trying to understand some of the factors driving this

degradation. . . Theoretical work can sometimes be seen as more com-
plex. This complexity can be mistakenly equated with higher intelli-
gence or prestige. Empirical work, while also complex, often deals with
tangible, observable data, which might seem more straightforward to
the uninitiated.
Empirical work is more likely to lead to nuanced or inconclusive

results while theory is often seemingly more direct and definitive.
Theoretical research often requires fewer resources than large-scale
empirical studies which might need extensive funding for equipment,
data collection, and personnel. Thus you get to do more research with
less using models and theory.
Theoretical work is often seen as requiring a high level of creativity

to devise new frameworks or models. While empirical work also re-
quires creativity in design, execution, and interpretation, the creativity
in data collection or experimental design might be less recognized or
appreciated.
The educational system often glorifies theoretical knowledge over

practical skills until one reaches higher education or specialized train-
ing. E.g., we eagerly make calculus compulsory even if it has modest
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relevance in most practical fields. This educational bias can carry over
into professional work.
We still have laboratories. We still collect data, but it is too often in

service of theory rather than a primary activity.
Society must demand actual results. Wemust reject work that is said

‘to improve our understanding’ or ‘to lay a foundation for further work’.
We must demand cheaper rockets, cures for cancer, software that is
efficient. As long as academic researchers are left to their own devices,
they will continue to fill the minds of the young with unnecessary
models. They must be held accountable.

Originally published · January 15, 2025
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Thinking clearly

If you have ever met me in person, you know that when you share
an idea with me, I simplify it to its core and reflect it back to you,
focusing on its essential parts. I dissect each statement for precision.
“What do you mean by this word?”
I have two decades of experience working with academics who

overcomplicate everything. Humans are easily confused. A project
proposal with ten moving parts and five objectives is overwhelming.
Most people cannot think it through critically, which can lead to
disaster.
By instinct, I simplify problems as my first step, reducing them to

their “minimum viable product,” as they say in Silicon Valley.
Some people avoid simplicity to sound smarter. They won’t admit

it, maybe not even to themselves, but that’s what they are thinking:
“Oh no! I’m not doing this simple thing; my work is much more sophis-
ticated.”
That’s a terrible idea. Even simple projects become challenging if

you are ambitious. There is no need to complexify them. For example,
seven years ago, we aimed to create a JSON parser faster than anything
on the market—a simple idea. A senior colleague in computer science
saw me at a campus coffee shop while I was working. He asked what I
was busy doing. . . When I told him, “We’re writing a fast JSON parser,”
he laughed. He would later admit that he thought I was joking: how
could I work on something so mundane. I wasn’t kidding. The result
was simdjson, a JSON parser four times faster than anything else at
the time. By keeping our project conceptually simple, we made success
easier.
Complexity is a burden, not a badge of pride.
Clear thinking demands precision.
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People use emotionally charged words like “safe.” “My car is safe.”
“My software is safe.” What does that mean? Define it precisely.
A graduate student of mine recently proposed reducing the cognitive

load of agentic AI on developers. “Cognitive load” sounds great—
thousands of papers discuss it—but what does it mean? How do you
measure it?
Take “AI” as another example. Nobody knows what AI is. Is a Google

search AI? Is image search AI? Is an expert system AI? Or do you mean
large language models? Clarify what you mean.
Too often, we accidentally hide behind overly abstract language.

Not only does this harm how we think, but it also harms how we
are perceived. People who avoid jargon are viewed as more honest,
trustworthy and benevolent (Fick et al., 2025).
Your motivation should be clear from the start. Here is an example.

I am often asked: “Should I go to graduate school?” What’s the moti-
vation? Often, it’s to get a great job. Years ago, I had this conversation
with a research assistant:

• Should I get a Master’s degree? Everyone with good grades does
it.

• What is your objective?
• I want a good, well-paying job.

Given his exceptional technical skills, I told him he could already
land that job soon. He did, and now he’s in a leadership role at one of
Montreal’s top companies. He is outearning me by a wide margin, no
doubt.
People often lose sight of their motivation and follow trends. Re-

connect with your motivation and adjust your means accordingly.
To sum up, my advice for clear thinking:

• Simplify projects to their essentials early and often.
• Use precise language. Avoid jargon.
• Focus on your motivation first, then choose the appropriate means.
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Thinking clearly

INTERLUDE

Cognitive biases

One-sided bet: People commonly assume implicitly that their actions
may only have good outcomes. For example, increasing the minimum
wage in a country may only benefit the poor. Taking a lottery ticket
only has the upside of possibly winning a lot of money. Believing in
God can only have benefits. And so forth. In truth, most actions are
two-sided. They have good and bad effects.

Politician’s syllogism: We must do something, this is something
so we must do it. “We must fight climate change, we can tax oil, so
we must tax oil.” If there is a problem, it is important to assess the
actions we could take and not believe that because they are actions in
response to a real problem, they are intrinsically good.

Confirmation bias: “I believe that there are extraterrestrials, I have
collected 1000 reports confirming their presence” (but I am blind to
all of the negative evidence). People tend to make up their mind first
and then to seek to rationalize their opinion whereas they should do
the opposite.

Historical pessimism bias: “Human life was so much better 2 cen-
turies ago!” Yet by almost any measure, human beings have better
lives today.

Originally published · December 16, 2020
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Graduate degrees are overrated

Though I have many brilliant graduate students, I love working with
undergraduate students. And I am not at all sure that you should
favor people with graduate degrees, given a choice. Many graduate
students tend to favor abstraction over practical skills. They often
have an idealized view of the world. Moreover, these students are
often consumed by research projects, theses, or dissertations, and the
publication of scientific articles, which limits their time for concrete
actions. On the other hand, undergraduate students, in my experience,
show more enthusiasm for concrete and useful projects, even if they
are not prestigious at first glance.
This selection effect is also evident in career choices: those aspiring

for direct action are eager to engage in it and are not keen on spending
years writing abstract documents. Conversely, those who seek to avoid
direct engagement with reality tend to prolong their studies. This
effect is noticeable during competitions to recruit professors. It is often
surprisingly difficult to find candidates with significant real-world
experience.
Advanced degrees, even from prestigious institutions, do not nec-

essarily produce disciplined or objective thinkers. The educational
process often rewards imitative thinking over original, exploratory
thought, leading to graduates who may excel in absorbing specific
knowledge but fail in practical, broader application of concepts. The
system guides students towards known outcomes rather than en-
couraging intellectual risk-taking. Advanced degrees do not require
exceptional intelligence but rather the ability to memorize and apply
taught material, which might not equip one for the nuanced, critical
thinking needed in real-world scenarios.
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Irrespective of how smart and educated you are, it is difficult to
beat a “can do” attitude. The world is built by people who are eager
to get things done as opposed to people who merely want to talk or
write. Or, at least, that should be what happens in a healthy society.

Originally published · November 12, 2024

40



How I debate

Many of us feel that the current intellectual climate is difficult to
bear. When I first noticed the phenomenon, people told me that it
was because of Donald Trump. He just made it impossible to debate
calmly. But now that Trump is gone, the climate is just as bad and, if
nothing else, much worse.
Debates are essential in a free society. The alternative to debate

is force. Either you convince your neighbor to do as you think they
should do, or else you send men with guns to his place.
It is tempting, when you have the upper hand, to use force and

aggressive tactics against your opponents. However, this leaves little
choice to your opponents: they have to return the favor. And if you
both live long enough, chances are that they will.
Civility is a public good. We have to all commit to it.
I do not pretend to be the perfect debater. I make mistakes all the

time. However, I try to follow these rules.

1. Do not hope to change people’s core stance. This rarely, if ever,
happens. That is not why we debate. If someone is in favor of
Brexit and you are not, you can argue until you are blue in the face
and they won’t change their stance. One of the core reasons to
debate is to find common ground. People will naturally shy away
from arguments that are weak. You can see a debate as a friendly
battleground. Once the battle is over, you have probably not taken
the other person’s moat, but if you did your job, you have enticed
them to drop bad arguments. And they have done the same: they
have exposed weaknesses in your models. It implies that the debate
should bear on useful elements, like arguments and facts. It also
implies that debate can and should be productive. . . even if it never
changes anyone’s stance.
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2. Your goal in a debate is neither to demonstrate that the other
person is bad or that you are good. Let people’s character out of the
debate. This includes your own character. For example, never argue
that you are a good person. Reject character assassination, either
of yourself or of others. The most popular character assassination
tactic is “by association”: “your employer once gave money to
Trump so you are a racist”. “You read this news source so you
are part of their cult.” You must reject such arguments, whether
they are applied to you or to others. Another popular tactic is
to question people’s motives. Maybe someone works for a big oil
company, so that explains why they are in favor of Brexit. Maybe
someone is a member of the communist party, and that’s why they
want to give the government more power. It is true that people’s
motives impact their opinions, but it has no room in civil debate.
You can privately think that a given actor is “sold out”, but you
should not say it.

3. Shy away from authority-based arguments. Saying that such and
such is true because such and such individual says so, is coun-
terproductive because the other side can do the same and the
debate will be sterile. You can and should provide references and
sources, but for the facts and arguments that they carry, not for
their authority.

I believe that a case can be made that without a good intellectual
climate, liberalism is bound to fade away. If you want to live in a free
society, you have to help enforce good debates. If you are witnessing
bad debates, speak up. Remind people of the rules. In fact, if I deviate
from these rules, remind me: I will thank you.

Originally published · September 9, 2021
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Is research sick?

One of the most important database researchers of all time, Michael
Stonebraker, has given a talk recently on the state of database research.
I believe that many of his points are of general interest:

• We have lost our consumers. . . Researchers write for other re-
searchers. They are being insular and ultimately irrelevant.

• We ignore the important problems. . . Researchers prefer to focus
on the easy problems they know how to solve right away.

• Irrelevant theory comes to dominate. . . Making things work in
the real world is harder than publishing yet-another-theory paper.

• We do not have research taste. . . Researchers jump on whatever
is fashionable with little regard to whether it makes sense (XML,
Semantic Web, MapReduce, Object databases and so forth).

The core message that Stonebraker is trying to pass is that the
seminal work he did years ago would no longer be possible today.
The fact that we are publishing many papers is not, by itself, a

problem. The irrelevant theory can be ignored. The fact that many
people follow trends mindlessly whereas only a few make their own
ways, is just human nature.
So what is the real problem?
My take is that there is an underlying supply-and-demand issue.

We are training many more PhDs than there are desirable tenure-
track jobs. This puts early-career researchers in an over-competitive
game. If you can signal your value by getting papers accepted at
competitive venues, then that is what you are going to do. If you need
to temporarily exaggerate your accomplishments, or find shortcuts,
maybe you will do so to secure the much needed job.
You cannot magically make a field less competitive without tackling

the supply and demand. Either you reduce the number of PhDs, or
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you increase the number of desirable research jobs. I’d vote for the
latter. Stonebraker says nothing about this. In fact, though I like him
well enough, he is an elitist who cares for little but the top-20 schools
in the US. The problem is that even just these top-20 schools produce
many more PhDs than they consume. Is it any wonder if all these PhD
students desperately play games?
The reason Stonebraker was able to get a tenure-track job in a

good school when he completed his PhD without any publication is. . .
Economics 101. . . there was no shortage of tenure-track jobs back
then.
Is it any wonder if the new professors recruited in an over-

competitive system are status-obsessed folks?

Originally published · May 14, 2018
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How to learn efficiently

I am convinced that much of the gap between the best college students
and the worst is explained by study habits. Frankly, most students
study poorly. To make matters worse, most teachers are incapable of
teaching good study habits.

Learning is proportional to effort
Sitting in a classroom listening to a professor feels like learning. . .

Reading a book on a new topic feels like learning. . . but because they
are overwhelmingly passive activities, they are inefficient. It is even
worse than inefficient, it is counterproductive because it gives you
the false impression that you know the material. You can sit through
lecture after lecture on quantum mechanics. At some point, you will
become familiar with the topics and the terminology. Alas, you are
fooling yourself which is worse than not learning anything.
Instead, you should always seek to challenge yourself. If some

learning activity feels easy, it means that it is too easy. You should be
constantly reminded of how little you know. Great lectures make it feel
like the material is easy: it probably is not. Test yourself constantly:
you will find that you know less than you think.
Some students blame the instructors when they feel confused. They

are insistent that a course should be structured in such a way that it is
always easy so that they rarely make mistakes. The opposite is true: a
good course is one where you always feel that you will barely make it.
It might not be a pleasant course, but it is one where you are learning.
It is by struggling that we learn.
On this note, Learning Style theory is junk: while it is true that

some students have an easier time doing things a certain way, having
it easier is not the goal.
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There are many ways to challenge yourself and learn more effi-
ciently:

• Seek the most difficult problems, the most difficult questions and
try to address them. It is useless to read page after page of textbook
material, but it becomes meaningful if you are doing it to solve
a hard problem. This is not news to Physics students who have
always learned by solving problems. Always work on the toughest
problems you can address.

• Reflect on what you have supposedly learned. As an undergradu-
ate student, I found that writing a summary of everything I had
learned in a class was one of the best ways to study for an exam. I
would just sit down with a blank piece of paper and try to summa-
rize everything as precisely as possible. Ultimately, writing your
own textbook would be a very effective way to learn the material.
Teaching is a great way to learn because it challenges you.

• Avoid learning from a single source. Studying from a single text-
book is counterproductive. Instead, seek multiple sources. Yes, it
is confusing to pick up a different textbook where the terminology
might be different, but this confusion is good for you.

If sitting docilely in a classroom is inefficient and even counterpro-
ductive, then why is it so common a practice? Why indeed!

Interleaved study trumps mass study
When studying, many people do not want to mix topics “so as not

to get confused”. So if they need to learn to apply one particular idea,
they study to the exclusion of everything else. That is called mass (or
block) practice.
Course material and textbooks do not help: they are often neatly

organized into distinct chapters, distinct sections. . . each one covering
one specific topic.
What researchers have found is that interleaved practice is far

superior. In interleaved practice, you intentionally mix up topics. Want
to become a better mathematician? Do not spend one month studying
combinatorics, one month studying calculus and so on. Instead, work
on various mathematical topics, mixing them randomly.
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Interleaved practice feels much harder (e.g., “you feel confused”),
and it feels discouraging because progress appears to be slow. However,
this confusion you feel. . . that is your brain learning.
Interleaved practice is exactly what a real project forces you to do.

This means that real-world experience where you get to solve hard
problems is probably a much more efficient learning strategy than
college. Given a choice between doing challenging real work, and
taking classes, you should always take the challenging work instead.
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Why measuring productivity is
hard

Studying productivity is challenging. About 15-20 years ago, I was
obsessed over my own productivity.
I created a spying agent to monitor my activities and time spent.

It would look at which window is opened, and so forth. I would also
monitor which web sites were loaded, and so forth.
I discovered that I spent over 40% of my day on email, which was

shocking. However, this didn’t improve my productivity.
Why is it so hard? The issue is that you’re likely not measuring

what you think. Productivity is value per unit of time, but defining
“value” is problematic.
Long-term, value follows a Pareto distribution (Newman, 2005),

where most value is created in unpredictable, short bursts.
For instance, a sudden idea in the shower might lead to an hour of

work equivalent in value to the rest of the month’s efforts.
Does it mean that you should slack off, wait for the brilliant insight?

No. That’s the problem with the Pareto distribution in general.
Maybe you are running a company and figure that 20% of your

employees do 80% of the work. So you fire the 80% that are less
productive. And what happens? Maybe you find out that Joe, who
seemed unproductive, was holding your business together and you
need to rehire him quickly.
The fundamental issue is that you have limited knowledge. You do

not know where the value lies when you are in the middle of it. So
by slacking off, you are likely to just greatly diminish the probability
that you will have a sudden burst of high productivity.
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Long term, you can probably identify the less productive activities.
Maybe you have been going to these meetings for two years now, and
nothing got done.
But this little side project of yours, that looks like a waste of time,

could be (truly) the most important work you could be doing.
So you should be humble and patient. Don’t waste time micro-

managing yourself or others. You know less than you think.
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Other useless school trivia: the
quadratic formula

I have two young boys and I have decided to pay attention to what
they are learning in school. Beside basic writing and reading skills,
mathematics feels like the next most important academic topic. I
realize that relatively little has changed in 30 years regarding how
mathematics is taught.
As a young kid, I liked mathematics but it became less enjoyable

in high school. After a time, I learned to love algebra as it made it
possible to solve difficult word problems more easily. To this day, I
still do algebra to way I was initially taught, and I often get the right
answers.
Later in my schooling, I came across the quadratic formula. That

was quite a disappointment. I will not even reproduce it here because
it is an ugly hack. Algebra all made sense up to this point, and then
we had to memorize a complicated formula. I was not impressed
and there were many students to complain about it too. I attended a
Catholic school at the time, and I remember that the teacher told us
to take it on faith.
Relying on faith to do mathematics did not square well with me.

Maybe you can guess that I never did memorize the quadratic formula.
Indeed, it is almost trivial and much more satisfying to derive it from
first principes. Our teacher was kind enough to rush through the
derivation on the blackboard once: it was too fast for any of us to
understand, but sufficient for me to figure it out on my own later. How
could he derive it at first and then ask us to take it on faith? I guess he
thought that having us learn to figure it out on our own would take
too long.
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I would argue that there is little sense in having people who cannot
derive the quadratic formula, memorize it. If they cannot derive it,
it is very unlikely that they will grow up to become adults who use
algebra in a non-trivial manner. And if they are never going to do
algebra, why would they need the quadratic formula?
I think that most people at ease with algebra can derive the

quadratic formula quickly. The first thing to note is that there is no
reason to find the roots of 𝑎𝑥2 + 𝑏𝑥 + 𝑐. You should divide throughout
by 𝑎.
So, really, all you need to do is to figure out the roots of 𝑥2 + 𝑏𝑥 + 𝑐.

It is good enough. It is already a more elegant problem.
Then you just need one more trick. . . it is called “completing the

square” and it says that 𝑥2 + 𝑏𝑥 = (𝑥 + 𝑏/2)2 − 𝑏2/4. Of course, there
is no need to memorize the completion of the square formula. . .
From this, solving for the quadratic formula is easy. . . you start

from. . .

𝑥2 + 𝑏𝑥 = −𝑐

and you complete the square. . .

(𝑥 + 𝑏/2)2 = −𝑐 + 𝑏2/4

And that is all!
Admittedly, it can take me longer to solve for the roots of a quadratic

polynomial using this derivation than someone who has memorized
the formula. I would guess that it takes me an extra 5 seconds. But
how often do you have to solve for the roots of such a polynomial
without the assistance of a computer?
I will also reiterate my argument against memorizing multiplication

tables. . . Reasoning out that 6 times 8 is 48 is more important than
the fact itself. Similarly, figuring out the binomial formula from first
principles might help you approach a wider range of problems with
confidence. . .
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To be fair to contemporary education, the American Common Core
seems to recommend doing exactly as I did as a kid regarding the
quadratic formula.
Of course, the quadratic formula was only the first of many disap-

pointments to come. Next we learned trigonometry, and then we had
to suffer through analytic geometry. . .
The pattern would repeat itself endlessly: “You have to learn that

that the square of the secant minus the square of the tangent is 1
[replace by your favorite piece of trivia].” Then I would find a way to
“route” around the problem. For example, in trigonometry, I eventually
figured out that most things could be derived from Euler’s formula.
That formula itself was intuitive enough if you could remember that
the cosine and sine give you the coordinates of a point on the unit
circle given an angle. In fact, almost all of trigonometry can be derived
from this simple observation.
We still insist on presenting mathematics as a collection of defini-

tions, facts and routines to be memorized. Thankfully, the emphasis
is somewhat lesser than in my days. . . but if you scratch beyond the
surface, too little has changed.
Evidently, the purpose of such mathematics in schools is primarily

to rank students. It is not very different from the Imperial examination
of the Song dynasty. We are teaching to the test because only the test
results matter. . . the test only serves to separate the “good students”
from the bad. . . under a pretence of “merit”.
And then, wait for it, we find out that many of our graduates lack

skills that would make them employable! It does not matter because
employers only look for degrees and diplomas. . . except when they
do not or cannot.
My boys love to play Minecraft. They build all sorts of crazy devices.

By my estimation, this is probably a better preparation for the “real
world” they will face in 10 years than the math that they are learning
in school. Sadly, I am quite serious.

53



Other useless school trivia: the quadratic formula

References

Lockhart, P. (2009). A mathematician’s lament: How school cheats us out of
our most fascinating and imaginative art form. Bellevue Literary Press.
https://www.amazon.com/Mathematicians-Lament-School-Fascinating-
Imaginative/dp/1934137170/

Originally published · March 16, 2015

54

https://www.amazon.com/Mathematicians-Lament-School-Fascinating-Imaginative/dp/1934137170/
https://www.amazon.com/Mathematicians-Lament-School-Fascinating-Imaginative/dp/1934137170/


My kindergarten story

Though I was a straight-A student for most of my high school and
college years, I failed kindergarten. I have told this story many times,
but never at length in print.
I ended up with a PhD from a top Canadian university and some of

my research as an academic has been impactful. I had good grades
at the end of high school. . . I probably was the top student in a large
private school.
But, as a kid, I wasn’t a good fit for schooling.
I could not tie my shoelaces. You might think that I was particularly

lacking in hand-eye coordination, but I don’t think that’s the case. To
this day, there is a good chance that my shoelaces will be undone. I
don’t know exactly why I am not good with shoelaces. Yet it was one
of the tests you had to pass in kindergarten.
The other test you had to pass was to learn your phone number. To

this day, I don’t know my phone number. I have to look it up, copy
and paste it. It is embarrassing because everyone seems to know their
phone number. So I failed this test.
You had to learn to count up to 10. I decided that since I was 5, it

was fine to only know how to count up to 5. So I failed this test as
well.
I probably failed all sorts of other tests as well.
So I was put in a class for students with learning disabilities. It

wasn’t a punishment, I actually enjoyed it.
My troubles were not over. Like Mandelbrot, I never learned the

multiplication tables. Instead I learned tricks to do multiplications
in my head. Teachers tried really hard to prevent such an approach
and you had to hide your schemes. I also never learned the quadratic
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formula, instead I figured out how to complete the square quickly
enough.
What I did learn, apparently, is independent thinking. Because I

had a difficult relationship with teachers and what they wanted, I
think I learned to figure out what I wanted to learn on my own.
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Don’t study Latin if you want to
become a better programmer

I used to think that knowledge was strongly transferable. I believed
that learning physics could make you a better mechanic. I believed that
learning mathematics could make you a better physicist or computer
scientist.
After learning a lot of physics and mathematics, I realized that I

still found it difficult to write good software, learn about mechanics,
design circuits, or understand economics.
This has fundamentally affected my worldview. For example, I no

longer take for granted that studying theory can be useful in practice.
For me, this is a radical change from my twenties when I believed
that computer science wasn’t worth studying since it was just “applied
mathematics”.
Since I no longer believe that knowledge is strongly transferable, I

have become critical of schooling in general. I used to think that you
got smarter with each new college class you took. So I took a lot of
them. I took about 30% more classes than necessary to graduate in
college. In high school, I took extra mathematics classes outside of
the regular schedule (by choice, I don’t even think my parents knew).
Thus I know a lot about useless topics.
Some of these classes have turned out to be useful. But less because

of the knowledge that they have given me, and more because they
have built up my confidence.
For example, all my training in abstract algebra helps me a bit when

I want to study random hashing. How much did it help? Well, at some
point, I realized that I needed to brush up on Galois fields. I picked up

57



Don’t study Latin if you want to become a better programmer

an undergraduate text, read one chapter, and I was good to go. That
is, I knew that I could learn quickly about Galois fields if needed.
However, taking dozen of classes is an expensive way to build

up your confidence. A better way would be for you to learn a few
difficult things on your own. For example, I hardly know anything
about electronics and I never took any class in it, but I know that I
could become good at it because I have mastered similar skills.
In any case, because I believe that knowledge is only weakly trans-

ferable, I favor learning practical skills that are immediately useful.
If you want to become a great software engineer, learn to program
better. . . don’t study Latin.
Given a chance, many parents would cram their kids’ schedule with

as many academic classes as possible. The hidden assumption is that
kids get “smarter” as they take more classes. But this is almost surely
wrong. Of course, there are clear benefits to taking swimming lessons
(you learn to swim!) or karate lessons (you learn to fight!), but taking
an extra mathematics class might not help as much as you think.

Originally published · April 4, 2014
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Why I never give straight
answers

There are some questions that you should never answer. This is true
when you are facing justice, your angry wife, or students.
Carl Zimmer, a famous science writer, complains about how students

keep asking him homework questions. There is no doubt some degree
of intellectual laziness mixed with a lack of respect. But I believe that
the lazy questions are actually a sign that schools are failing students.
Back when I attended college, you had better have an appointment

if you expected to see a professor outside of class. And chances are
that the professor would miss your appointment. If you ever got a
professor cornered, you had better be prepared. If you came unpre-
pared, with lazy questions, he would dismiss you without a second
look. Sending an email to a professor was unthinkable: it would surely
go unanswered unless he was your thesis supervisor. (These professors
should not be commended for their behavior, of course.)
And yet, experts were far more precious than they are today. There

was just no possibility of getting the answers through the Internet.
With some luck, you could get a decent textbook at the library, and
you had to figure things out by yourself.
Today, students have 10 or 100 times the ressources I had as a

college student. Yet hardly any of them have learned to use these
ressources. Instead, they email experts and hope for the best.
When I started teaching shortly after graduating, I thought that

whenever I got a question by a student, I should answer it as clearly
and directly as possible. And so I did. Until I started teaching advanced
students, until I started supervising graduate students. . . and I realized
that a whole lot of them were under-prepared for independent work.
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They simply could not figure things out on their own. They could not
make any judgement call. They couldn’t find the right answer by first
trying 100 wrong answers.
If I solved a problem in front of them, they could take notes and

reproduce my solution. But they often wouldn’t even try coming up
with an original solution of their own. They certainly would never
look critically at the solution I provided.
I realized that we were “over-schooling” the students. Given today’s

technology, we need to give fewer answers to the students, not more.
Though this may sound ironic, I think that students should spend less
time in a classroom today than they did in the industrial era.
It is maybe no wonder that employers are not eager to hire college

graduates. Beside the bad economy, there might be the very real
concern that graduates are ill-prepared to deal with the real world as
it is today.
Whenever my kids ask me a question, I almost always ask them

back “what do you think?” And then I listen carefully. Often I will ask
more questions. Similarly, to teach them something, I often simply ask
a question. For example, last weekend, I asked my two boys whether
automated teller machines were robots. They agreed that they were
robots. Then one of them added “but they lack wheels to move around”.
And then I asked “but they are still robots?” And they both said “yes,
sure”. We then launched into a short debate about what a robot is.
I try to follow the same process with my students, including my

graduate students. I don’t always have the patience. It takes less time
and it is more gratifying to simply give the shortest possible answer.
But I still try to answer first by a question so that the student is forced
to think a little bit about the question. I estimate that 80% of the time,
the student ends up answering his own question. I am sure that most
students find that I have a bad attitude (“why won’t he just give me
a straight answer?”), but I am also sure that they also feel proud to
have figured it out on their own. And that is what I am ultimately
trying to show: you can figure most things out on your own, given a
little bit of help.
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Elegance as a luxury

As a young student, I was undisciplined. Though I did well in mathe-
matics, I often couldn’t be bothered to write down clean computations.
I would do the work mostly in my head, and I would quickly jot down
the answer. Such a strategy serves you well early on during your
education. However, later on, it becomes a handicap.
In part, I blame my schooling. We reward kids that are fast. Who is

the best math. student in the class? Whoever can solve the problem
fastest. That is entirely wrong. Instead, the best mathematician is
whoever can solve the most difficult problems. While speed matters,
the ability of scale up with difficulty is much more important. Schools
often teach the wrong lesson.
When working on a difficult problem, the problem space often

exceeds the capacity of your short-term memory. Though some have
better short-term memory than others, the really difficult problems
are likely to exceed the memory capacity of any mortal. At that point,
method trumps raw speed.
It is useful to think of your brain as a CPU. Modern CPUs are very

powerful by historical standards, but they still have very limited mem-
ories. What sets apart the best software is how it is able to optimize
memory usage so that the CPU does not have to remain idle.
I was never quite able to unlearn my bad habits as a mathematician

when working on paper. Part of it is the medium. Though I make
extensive use of pen and paper in my daily life, it is mostly for quick
collection of simple facts. I never learned to use pen and paper to go
deep in my ideas. Instead, at an early age, I learned programming.
And it is through a computer that I learned to organize my thoughts.
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Elegance as a luxury

I am not quite alone in my messiness. Van Emden recently wrote
that the famous physicist, Boltzmann, was unapologetically messy as
a mathematician. He felt that elegance was a luxury.
But once you see your brain as a CPU, then a more practical question

arises. How do you organize the problems to maximize the efficiency
of your brain. . .
I think I am smarter than when I was 22. I can solve more difficult

problems more reliably. I am a better software programmer. I am a
better mathematician.

• I go slowly. Instead of rushing at the end, I try to make sure I
really understand the problem. I try to see its natural components.
I divide up the problems in small, manageable parts (that fit in my
short-term memory).
This is where my students most often go wrong. They are trying to
go too fast. To try to teach them to go more slowly, I often simply
ask them questions about the problem.

• As much as possible, I work locally. That is, I work on parts of the
problem that only require a few facts. I only move to another part
of the problem once I am done with the current part.
When I was younger, I would eagerly jump from one part of the
problem to another, hoping for a breakthrough. Unconsciously, I
was hoping for a flash of insight. I took me years to understand
that insights are more likely to come if you focus on a narrow issue.

• I spend a lot of time contemplating alternatives. When I was
younger, I would latch on the first credible approach I could think
of. Why solve the problem in two different ways when only one way
will do? I have since learned that comparing different approaches,
and understanding why one is better than the other, is often how
you derive the most important insights.

• I spend almost as much time checking my answers than deriving
them. I have since learned that even “obvious” facts should be
triple checked. I cannot recall how many times I got “stuck” on a
problem because of a faulty assumption, or faulty derivation.
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Does academic research cause
economic growth?

In most developed countries, government massively funds through
academic grants, government laboratories, tax credits and research
contracts: government R&D alone can often reach 1% of the GDP. In
Canada, the government loves tax credits. In the US, the government
spends about 60% of all its R&D funding on the military.
Is this government funding a good thing?
What economists tell us is that R&D funding is probably the most

important factor determining economic growth. If you want economic
growth, then you should be favorable to more research funding. And
therefore, it follows that government funding for research ought to
be a good idea.
The problem is that it is private R&D that contributes to economic

growth, not government R&D:

The overall rate of return to R&D is very large, perhaps 25 percent
as a private return and a total of 65 percent for social returns.
However, these returns apply only to privately financed R&D in
industry. Returns to many forms of publicly financed R&D are near
zero. (Sveikauskas, Bureau of Labor Statistics, Washington, 2007)

The ubiquitous and fairly pessimistic finding which emerges from
the literature is that privately funded R&D contributes significantly
to output growth, whereas publicly financed R&D has little or no
direct effect. (Capron and van Pottelsberghe, 1998)
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(. . . ) regressions including separate variables for business-
performed R&D and that performed by other institutions (mainly
public research institutes) suggest that it is the former that drives
the positive association between total R&D intensity and output
growth. (. . . ) (The Sources of Economic Growth in OECD Countries,
2003).

So the argument that economists have to make to justify govern-
ment spending on R&D is that when the government pays for research,
it entices companies to invest more. Thankfully, the correlation be-
tween public spending on R&D and private spending is good, except
maybe for government-specific programs (such as the military R&D
that the US is so fond of). As a policy, it seems that it makes sense to
entice individuals and companies to do more research. Nevertheless,
some economists remain cautious:

(. . . ) the government should be careful in stimulating higher
research expenditures. Recent rates of return on R&D are estimated
to have reached an all-time low spanning the last 45 years, (. . . )
Firms are also not convinced any more that their R&D investments
will yield high returns (. . . ) (Lang, 1999)

Enticing private companies to do more R&D is fine, but are there
strongmechanisms turning academic research intomore private-sector
R&D? There is a correlation, but is there a causal relationship? Most
academic research is far removed from economic activities and few
professors turn their research into viable products.
Do countries that publish more also see more growth? Yes they do

(but wait before concluding):

The correlation between GDP and publications is (. . . ) high (. . . )
for all countries in the sample analyzed here (77.7-99.6%) (Lee et
al., 2011)

This correlation can mean one of two things (or a mix of both):

1. Richer countries can afford more academic research.
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2. More academic research makes country richer.

Which is it?
We have some historical evidence in this respect.
In the 17th and 18th centuries, France had the best funded in-

tellectuals in the world. Meanwhile, the British government did not
subsidize science and scholarship much. Yet it is in Great Britain that
we saw the rise of the Industrial Revolution and of modern science.
Similarly, the US saw a massive economic growth from its early days

all the way to WWII. . . without any public funding for R&D. While
other countries like France kept on subsidizing scholarship, it did not
put them ahead economically. The US became the dominant world
power in 1950 without having invested much at all, as a government,
in science and engineering. The US only started investing seriously
in research at the end of the 1950s, because it feared the USSR.
The USSR was investing in engineering through the state apparatus
and the US felt that it had to match it. Remarkably, these massive
investments were not followed by an increase in growth. And we know
what happened to the USSR.
Of course, today, the US is subsidizing academic research gener-

ously: according to some sources, the US is twice as generous as
Europe with respect to per capita government R&D. But is the US
a wealthy country because of these subsidies, or can it afford these
subsidies because its wealth?
Did China get richer because it grew its Universities, or did it grew

its Universities because it was richer?
Economists can answer these questions using Granger causality

tests. Granger is the economist who showed that we could use the
analysis of time series data to establish causality between variables.
And the evidence indicates that, for wealthy countries, government

funding for academic research does not cause economic growth:

For European Community member states, the US and Japan
correlation between the GDP and number of publications of a given
year proved to be non-significant. (. . . ) Studying data referring to
consecutive time periods revealed that there is no direct relationship
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between the GDP and information production of countries. (Vinkler,
2008)

For [rich nations], there is no significant causal relationship be-
tween research production and the economy. (Lee et al., 2011)

Conclusion: There are good reasons to pursue academic research.
However, academic research is more of a gift economy than an eco-
nomic growth policy, at least for rich countries. Richer countries can
afford to do more academic research, but academic research is not
what makes you rich (I should know!).

Disclosure: I have worked in industry R&D, in government R&D
and as an academic researcher. I have held a federal research grant for
over 10 years. My job would not exist without government funding.
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Science is the belief in the
ignorance of experts

Let me put Feynman’s quote in context:

Science alone of all the subjects contains within itself the lesson of
the danger of belief in the infallibility of the greatest teachers in the
preceding generation (. . . ) When someone says, “Science teaches
such and such,” he is using the word incorrectly. Science doesn’t
teach anything; experience teaches it. If they say to you, “Science has
shown such and such,” you might ask, “How does science show it?
How did the scientists find out? How? What? Where?” It should not
be “science has shown” but “this experiment, this effect, has shown.”
And you have as much right as anyone else, upon hearing about
the experiments–but be patient and listen to all the evidence–to
judge whether a sensible conclusion has been arrived at. (. . . ) The
experts who are leading you may be wrong. (. . . ) I think we live in an
unscientific age in which almost all the buffeting of communications
and television-words, books, and so on-are unscientific. As a result,
there is a considerable amount of intellectual tyranny in the name
of science.

Many people, including people with a PhD and a career in research,
miss Feynman’s point. Let me decompose it.

1. How do we know anything? The most common, age-old, approach
is to acquire knowledge from a figure of authority or an expert. Your
teacher, your mother, your boss. But these experts are routinely
wrong, often in unexpected ways:

• For about thirty years, textbooks said that human beings have
24 pairs of chromosomes (48 in total), even though there were
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always 23 pairs. As late as 1955 that was still the consensus.
In 1956, Tjio and Levan showed that the correct number is
46. The wrong count had stood roughly from Painter’s 1920s
estimate until a clear count finally overturned it—not because
challenge was impossible, but because authority had settled
the question early.

• Before the 1960s, plate tectonics was often ridiculed. Fewer
than 20% of geologists accepted the idea of continental drift in
the early 1960s, and Pellegrini (2019) tells us that hardly any
critic of the idea changed their mind (adopted continental drift).
We collectively changed our mind because younger geologists
adopted the continental drift theory.

• In 1998, the Nobel Memorial Prize in Economic Sciences recip-
ient Paul Krugman predicted that the Internet would have a
small effect (“The growth of the Internet will slow drastically
(. . . ) By 2005, it will become clear that the Internet’s impact
on the economy has been no greater than the fax machine’s.”)

• Heinrich Hertz claimed that radio waves were of no use what-
soever.

• Orville Wright, who literally invented the airplane, said in
1908 that “No airship will ever fly from New York to Paris. That
seems to me to be impossible. What limits the flight is the motor.
No known motor can run at the requisite speed for four days
without stopping, and you can’t be sure of finding the proper
winds for soaring.” On July 6, 1919, a British airship crossed
the Atlantic. Lindbergh crossed the Atlantic in an airplane less
than 20 years after Orville’s statement.

• Scientists held on for years to the idea that space was filled
with a substance called the ether even as there was no evidence
for it. This belief was held up long after Einstein had proposed
the far superior relativity theory. Albert Einstein’s relativity
was repeatedly mocked and dismissed. Leading members of
academia emphatically opposed his special relativity theory.
In 1931, a book was published titled Hundert Autoren gegen
Einstein (Hundred Authors against Einstein, Israel et al. 1931)
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featuringmany arguments seeking to invalidate Einstein’s work,
despite the existence of multiple experimental validations in
favor of Einstein’s theory. Without any experimental evidence,
the ether would continue to be a popular concept well into the
1930s.

• There was a wide consensus around eugenics in the West at the
beginning of the 20th century. Cohen (2016) reminds us: “Har-
vard administrators, faculty members, and alumni were at the
forefront of American eugenics—founding eugenics organizations,
writing academic and popular eugenics articles, and lobbying
government to enact eugenics laws. And for many years, scarcely
any significant Harvard voices, if any at all, were raised against
it.” Many American States would enact forced sterilization
laws on the basis of the scientific consensus around eugenics.
Eugenics would motivate some of Hitler’s own ideas, leading
to the final solution: the extermination of all Jews. Yet, long
after the second World War, eugenics would remain popular in
the West. The province of Alberta in Canada practiced forced
sterilization on the basis of eugenics up until the 1970s. To this
day, statistics textbooks celebrate the names of Pearson and
Fisher, the leaders of eugenics in the time.

2. Since the beginning of time, we have also given this process of
knowledge-from-expertise physical forms. In modern day civiliza-
tion, we have the peer-reviewed article, the professor at their
university, the government scientist in a laboratory coat. In many
ways, these people play the same social role as the tribe elder or
the priest. The peer-reviewed article is like a sacred text.

3. This pre-existing knowledge and its transmission is often called
“science”. In such a context, anything can be a science: political
science, social science, religious science, and so forth. But whether
the knowledge is true or false, it may have little to do with science.
It may even be that these institutions that pretend to be about
science are unscientific. The fundamental defining characteristic
of science, the one that Feynman explicitly identifies, is that we do
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not decide whether something is true or false based on authority
but rather based on experience. If someone tells you that there
are 24 pairs of chromosomes, you have a duty to ask “how do they
know?”, “how would I find out?”.

4. For science. . . It does not matter whether you are young, old. You
can be rich or poor. You can be schooled or not. But you must
listen, learn and be patient. In effect, you need to be a constructive
skeptic. And you must question your own ideas with even more
effort than you question other ideas. Paul Graham puts it well:

To be a successful scientist it’s not enough just to be right. You
have to be right when everyone else is wrong. Conventional-
minded people can’t do that.

Interestingly, once you have appreciated science’s true nature as
defined by Feynman, you see that it is generally applicable and not
limited to Physics. In fact, Feynman clearly believed that the idea of
science was applicable to education, for example.
Unfortunately, Feynman was correct. We live in an unscientific

civilization. Science survives in niches.
Here are a few unscientific behaviors that are frustratingly common:

1. Teach science as a large set of facts and techniques. I claim that
hardly any science at all gets taught in high school. You tell kids
that matter is made of atoms which are made of small nucleus
surrounded by electrons, at different energy levels. That was taught
to one of my sons in high school. Then I asked “how do the scientists
know this?” Blank stare. Science is not learning about the charge
of the electron by reading a book. If that is all it were, it would
be no different than pre-scientific knowledge. No. Science begins
when you ask yourself how we can verify what is in the book. How
should you teach science? You should essentially teach people to
read or listen with constructive skepticism. If you are going to
teach science, you must give it in a historical context: you must
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stress how our current knowledge is the accumulation of course
corrections. You must stress how it is a work in progress.

2. Receive science as a set of facts. We are sometimes given advice
and told that it comes from “the science”, as if it settled anything.
That is often no different than being told that the knowledge comes
from “the high priest himself”. It is certainly a power play, but it is
not science. When someone tells you that science is saying XYZ,
you should always ask “How do people know that XYZ is true?”
And as an answer, you cannot just be repeating their arguments:
you must think for yourself. If you never come up with unexpected
questions, you are not a scientist.

3. “I defer to the experts” (said with pride). The defining saying of
science should be that nobody knows anything. Deferring to the
expert is the defining characteristic of pre-scientific epistemology:
doubting the expert is the way of science. Observe that there is a
difference between listening to the experts (something Feynman
advocated) and deferring to the experts. If your doctor tells you to
take some pills, do listen! If you don’t understand, do be patient.
Don’t throw out the expert advice. But don’t be ruled by it either!

Science may sound irrational when you spell it out as a doctrine of
doubt. If you follow the path of science, you are going to be playing
with ideas that are either objectively wrong, or socially wrong, at
a much higher rate than if you just followed the experts. But, for
scientists, genuine scientists, the goal is not to be right as often as
possible. There is no contradiction between “being a good scientist”
and “being wrong”. The goal is often to find what Peter Thiel might
call “secret truths”. Everybody knew, at the beginning of the 20th
century that it would take decades or centuries before one could fly
in an airplane. You could make such a statement with full confidence,
even after the Wright brothers had made their first demonstration.
And many people of authority were doing just that. To uncover secret
truths, you have to train yourself to ask more questions, to carry more
doubts.
Rovelli wrote “Not to fear rethinking the world is the power of

science”. Given that science is fundamentally subversive, how could
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it emerge and survive? I believe that scientific thinking is part of a
broader ideology that gives its bearers an evolutionary edge. Simply
put, societies that make room for science have an edge. They build
and deploy better technology. They adapt more quickly to change.
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Enough with the bogus medical
studies!

Every week, we hear about how eating such and such food gives cancer,
or how working out can save you from a heart attack. If you have been
reading these studies with attention and changing your life to follow
their recommendations. . . you have been wasting your time and you
have possibly harmed yourself.
Feynman famously described a common phenomenon which he

called cargo-cult science. True science is a fantastic tool that has taken
us, in a couple of centuries, from superstitious fools to a highly ad-
vanced civilization. Almost all major advances in the last two centuries
can be linked with science. So people want to appear to be doing good
science. . . but they are much less concerned about actually doing good
science, when they even know what it is.
What is science? As Feynman wrote, it is the belief in the ignorance

of experts. It is the idea that our intuition, our good sense. . . are not
enough to tackle the world. We need objective measures. We often
need mathematics. We often need hard logic. We need repeatable
experiments capable of falsifying theories.
We need these things because we are easily fooled. Science acts as

some sort of “software update” for the brain. You train your brain to
rely on objective, verifiable facts, and hard logic. . . instead of impres-
sions.
One of the core ideas behind science is that authority-based argu-

ments should be rejected. So if Professor X from Harvard University or
MIT says something. . . it is not scientific to believe her because she is
from Harvard, or because she is a professor. It is similarly unscientific
to believe something because it has appeared in a prestigious journal.
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It is not even scientific to believe something because of a “consen-
sus”. (Hint: there was a widespread consensus that the airplane was
“impossible” before the Wright brothers came along.)
Let me take this further. Believing something because impressive

people say it must be so is the illustration of pre-scientific thought.
And this means that every time you hear that a study by impressive
people proved something new, you should doubt. . . you should doubt
automatically, without even thinking.
How do we determine what is true? That’s one of the core lessons of

the scientific revolution: it is much harder than you might expect. We
are feeble creatures that very easily fall prey to bogus arguments. We
must relentlessly seek incontrovertible evidence. There is no shortcut.
The real question is not how to make your mind about what is

true. . . that is easy, your brain will eagerly accept many things as true
given a chance. The hard part is to keep on doubting. We are just not
wired for constant doubt, we are “believers”.
Many people do not really understand what science is. . . and this

includes fully trained “scientists” who receive government research
grants and train other scientists. What they do understand, however,
is how to speak and act like a scientist. It looks like science, but it
does not give the same result. That’s what Feynman calls cargo-cult
science.
When it comes to medicine, we invest a lot of money in medical

research. Several times more than any other type of research. Secondly,
lots of real people can end up suffering needlessly if the research is
wrong.
Is medical research wrong? Yes. But that’s not the most tragic part.

The real problem is that much of it is pure cargo-cult science. And
well funded at that. Cargo-cult science does not merely lead to the
wrong ideas. . . it actively sets us back.
What are the problems?
Most work is based on observational studies
Just watching and taking notes is not science. It is valid scholarship,

as long as you report it as such. But it gets reported as “science” instead
which is misleading.
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There is nothing wrong with historians who tell us that Vikings
once traveled to North America. It is interesting. It is scholarship. But
it is not science. It is an observation.
Don’t get me wrong. Scholarship is precious. We know, for example,

that women live longer than men. Cataloging such facts can help
us. . . but it is not science. Our ancestors knew exactly where the stars
were. They knew a lot about the seasons. Their high priests observed,
cataloged. . . but they did not know about science.
When you hear that exercise has been shown to reduce your risk

of cancer. . . that’s (usually) a flat out lie. What actually happens is
that scientists take a group of people. Then they ask them whether
they exercise. Then they ask whether they have cancer. And then they
run the statistics. “Oh! See, the people who say they exercise also less
often say that they have cancer.” So far so good, but you have merely
observed, you have not done any science. You have done nothing that
is above what scholars routinely did in the pre-scientific era.
All you can show with observational studies is an observation. Noth-

ing else. It can be a lot, but it is not science.
It could be that when Joe complains about his knee, it rains. That

does not show that complaining about one’s knee brings the rain. Nor
does it show that the rain brings pain to one’s knee. It is an observation,
not science.

Small effects are greatly exaggerated
Even when scientists actually do science. . . they do not use the

proper tools to avoid being fooled or fooling others. In fact, they often
appear to seek to fool us.
Suppose that you are treating patients for cancer. The average

survival rate is 9 months. All patients die within 3 years. You give
them some pill and the survival rate increases to 10 months, but all
patients still die within 3 years. It is progress, but a small progress.
If the pill costs $100,000 and makes you twist in pain for 3 weeks,
maybe it is no progress at all.
However, it is not how most studies will present it. They will choose

a short window. Say a year. Maybe 60% of all patients die within a
year. However, with the extra month offered by the pill, only 40% of
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all patients die within the year. Then the study will conclude that the
survival rate has been increased by 50%. I kid you not.

They report selective effects
Without even looking at the numbers, I can tell you that people

with high-risk occupations have a lower cancer mortality. Why? Be-
cause they die younger. So, there you go. . . I got a cancer prevention
technique: choose a high-risk occupation. Of course, this reasoning is
silly. But that’s often how medical studies are presented.
So how to keep cancer free? You will hear things like “eating well,

exercise, keeping your weight low, eating broccoli, avoiding red meat,
getting tested repeatedly”. But if you actually look at the numbers,
mostly, there are two factors that have an effect worth noticing on
your risk of having cancer: your age and whether you smoke. Your
risk of having cancer grows up exponentially with age. If eating ba-
con increases your cancer risk, it is by a tiny amount. What about
early diagnostic? Again, a nice idea, but for many popular screening
programs the benefits are smaller—or more ambiguous—than the
headlines suggest, once you account for false positives, overdiagnosis,
and who is being screened.
What about heart attacks? Age and gender are basically the things

you need to watch, assuming you are not smoking. Again, your risk
grows up exponentially with age. Also, men are three times more likely
to have a heart attack than women. Why? We don’t know. Smoking
is often considered like a really bad habit. It is true that it doubles
your risk of cardiovascular diseases. However, aging from 40 to 90
multiplies your risk of cardiovascular diseases by 100.
So, how do you stay healthy? By staying young. Sadly, we don’t

know how to prevent aging. Yet.
Demonizing hamburgers is a dangerous distraction.
Note: I am not a medical professional. Consult your doctor if you

have questions. While you are at it, ask her if she knows about cargo-
cult science.
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The Future Is Malleable
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These thirteen essays—and a short interlude—make the case for
techno-optimism—not as wishful thinking, but as a conclusion drawn
from decades of watching hard problems yield to patient effort. They
extend that argument into the present: scientific institutions, artificial
intelligence, models of innovation, and what the next wave of tools
might—and might not—change about how we work and discover.
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The case for techno-optimism

When I wrote this in 2015, voice search on a phone felt like a small
miracle. A decade later, large language models draft code, summarize
papers, and answer questions my sons used to ask Google. The examples
below have aged, but the pattern has not: progress arrives unevenly, often
invisibly, and pessimists mistake the lag in clinics and classrooms for
stagnation in the underlying science.
I define techno-optimism as the belief that technology makes us

healthier, richer and smarter at an accelerated rate.
Anyone working in information technology cannot help but be a bit

of a techno-optimist. My wife’s latest Samsung phone is a technological
marvel that can replace dozens of expensive devices from ten years
ago (phone, camera, PDA, . . . ). Google’s voice recognition software
has finally become good enough. Here is what I did just now:
– Ok Google
– Where is Denmark?
And it showed me a map of Denmark. Keep in mind that I have a

thick French accent.
My 9-year-old son comes by (his English is even more approximate)

and he says “Ok Google. Who is Mario?”. And sure enough, it worked.
A common objection to techno-optimism is that it only works in

information technology. For example, there seems to be a widespread
belief that medicine or education is standing still.
It is true that if you go in your doctor’s office, it might feel like

traveling back in time to the 1970s. But let us keep in mind that, in
the future, most things will still look the same. Except for my wicked
flat TV, my living room would not surprise someone from the 1950s.
A wall is a wall: we just made it much cheaper and faster to build
walls. A desk is a desk: they have just become much cheaper. Paper is
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still very useful: we have just learned how to cost-efficiently replenish
our forests.
Moreover, it will always be true that the future won’t be uniformly

distributed. Even today, one out of eight people never use the Internet.
This cannot be helped. Progress never arrives everywhere at once.
But really, medical progress is fast and furious:

• A paraplegic woman, Jan Scheuermann, can feed herself using a
robotic arm controlled by her brain. This has been commonly done
in monkeys for many years.

• There is now a medical specialty called resurrection. In forward-
thinking hospitals, “dead” patients have their blood artificially
oxygenated. In this manner, patients can remain dead for hours
before being brought back.

• We can restore partial sight to the blind using retinal implants.
Researchers expect to start human trials in the next few years
using a stem cell therapy to repair retinal damage.

• AIDS is a devastating but “manageable disease”. Infected people
must take expensive and harsh drugs. But it looks like we might
finally defeat AIDS using gene therapy. We found out that some
people were naturally immune to the AIDS virus. We identified
the gene responsible, and we simply edit the corresponding gene
in the cells of infected people. This actually works in real people.
Moreover, at least one patient has been cured of AIDS (back in
2008) thanks to stem cell transplants.

In education, progress is equally amazing. Let us not forget that the
web itself is probably the greatest learning tool ever invented. It is or-
ders of magnitude superior to previous alternatives. For example, many
of my colleagues have substantially improved their English through
online services. They are both more effective and much cheaper than
human tutors. To help my kids with their spelling, I have created a set
of small web pages. The scripts in the web pages speak out the words
(in French!) and my sons have to write the words correctly. This alone
would have sounded like science fiction ten years ago: a little script in
a web page can speak out words in any language! Yes, what actually
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happens in the classroom might be stuck in time. . . but progress is
everywhere. You just have to know how to look.
And that is what it comes down to. Progress happens at first mostly

in pockets. It then propagates at an uneven pace. But eventually, it
touches nearly everyone. . . in ways that we often do not notice until
later if at all.
That is why techno-optimism is not a common stance despite the

overwhelming evidence. . . good technology is nearly invisible. So
people greatly underestimate what can be done given a few decades.
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Technology sets the bar higher

I am old enough that, as a kid, I did not have access to a calculator.
My mother, a teacher, had an electronic calculator that you had to
plug in the wall. She would use it to crunch in the grades at the end
of each term. It felt fantastically modern.
In any case, one night, when my mother was away, I decided to

slide into my mother’s bedroom, plug the calculator and use it to do
my math homework. I was in third grade. This was, let us be clear,
cheating.
What happened? I got a terrible grade. Turns out that using a

calculator does not guarantee the correct results.
I lived through a similar experience when I got to college. After

learning algebra by hand for years, I soon realized that computers
could do algebra too! I had discovered computer algebra systems.
Wow! So mathematics would be easy from now on. But as I would
soon learn, these systems allowed evil professors to ask even harder
problems. . .
In 2009, for the proof of a result, I had a computer algebra system

(in this case Maxima) run a long script to check many possible cases.
This intensive search would have taken days or weeks to do by hand.
Yet I was able to do this work with the help of my computer precisely
because I have some degree of mathematical sophistication. . . A naive
user would not have known what to ask of the computer. The better at
mathematics you are, the more you can get out of computer algebra
systems. . .
The Guardian recently reported that some expect that within 25

years, we will get instant language translation. Contrast this with the
fact that Richard Stallman, one of the world’s leading hacker and free
software advocate, is fluent enough in French to give talks. In fact, I
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find that Stallman sounds more dignified and polite in French, but
maybe it is just me.
Is learning a foreign language a waste of time given that computers

can translate?
Let me consider programming languages as an analogy. Most pro-

gramming languages today are Turing complete. And all Turing com-
plete programming languages are mathematically equivalent. So you
only ever need to learn one programming language. . . they are all
equivalent! But this is abstract nonsense as any programmer will tell
you. And it is just as much nonsense to claim that computer translation
makes learning a foreign language obsolete.
As an aside, reputed AI experts in the 70s and 80s were discouraging

people from learning to program. They expected that very high level
languages would make programmers obsolete by 2000 or 2010. I do
not think they could have been more wrong. Who benefited most from
software technology? People who learned to program.
Or consider spelling. Should I give up teaching my boys to spell

flawlessly given that we all have spelling autocorrection? I would say
that spelling and grammar checkers have, if anything, raised the bar.
Kids today need to master more thoroughly the grammar, and they
need to spend more time studying the nuances of spelling.
The problem is the same whether we use calculators, computer

algebra systems and language translation. . . You need to be smart to
use technology effectively. As we acquire more and more technology,
we need to get smarter.
It is true that as technology evolves, we should learn things differ-

ently. For example, there is little need to train students in very technical
algebra. Much of the standard curriculum today is antiquated. Last
night, I was doing a word problem with one of my boys and he got
discouraged because he had to compute 70% of 280. I told him that I
would never expect him to do this by hand. . . what mattered to me is
that he was smart enough to realize that the answer was 0.7 times
280. Similarly, when learning a foreign language, you should proba-
bly focus more on how the languages differ, than on vocabulary and
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spelling. But one thing is certain: with increased technology comes
higher intellectual requirements.
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The courage to face what we do
not understand

Sadly, it is easy to forget that what we know is all but a tiny fraction
of all there is to know. Human beings naturally focus on what they
understand. The more you learn, the stronger this phenomenon tends
to be.
Irrespective of any biological mechanism, I believe that it is a form

of “aging” in the sense that it makes you increasingly inflexible. The
more you know, the less open you are to new experiences. In effect,
the dumber you get.
Let us call this “cognitive rigidity”.
This almost seems unavoidable, doesn’t it?
I believe that there are at least three factors driving cognitive rigid-

ity:

• Economics often favors specialization. Suppose that you have been
programming in Java for the last 5 years. You have an enormous
advantage over anyone who starts out in Java. So you have every
incentive to ignore new programming languages.

• Skills and experience are often poorly transferable. For example, I
speak fluently in French and English. If I try to learn Chinese, it
will take me years of hard work just to catch up with a 6-year-old
child born in China.

• The more and longer you focus, the more likely you are to hit di-
minishing returns. There is very little difference between spending
5 years programming Java and spending 20 years doing the same.

What is interesting is that cognitive rigidity is an entirely general
process.

99



The courage to face what we do not understand

For example, there is no reason to believe that an artificial intelli-
gence would not suffer from cognitive rigidity. Suppose that you train
a machine for some task over many years. The machine has gotten
very good at it, and any small change is likely to make it worse at its
job. At some point, the machine will stop learning. It has fallen into a
local extremum. Yet it is possible for a whole other piece of software
to come in and surpass the old machine because it starts from new
assumptions. The old machine could have explored new assumptions,
but that would have likely provided no gain.
Organizations, communities, and even whole countries might also

be subject to cognitive rigidity. For example, IBM famously missed the
PC revolution. . . then Microsoft nearly missed the Internet revolution,
and squarely missed the mobile revolution.
Where we should be really concerned is that I believe humanity as a

whole can fall victim to cognitive rigidity. I have recently “reinvented”
myself as an advocate for techno-optimism. I did so when I realized
that even among people who should know better, there was a massive
failure of imagination. Even young computer scientists fall for it. I
find that people universally imagine the future as the present, with
a few more gadgets. Though I do not share the pessimism, it is not
what troubles me. What troubles me is that people assume we have
reached worthwhile extrema. We haven’t!

• We do not know what intelligence is. We can emulate some of the
human intelligence in computers. We can “measure” intelligence
using IQ tests. . . but we do not know what it is. Not really. We
can’t even reproduce the visual recognition abilities of a rodent,
despite the fact that we have more than enough CPU cycles to do
it. In a very fundamental way, we do not know anything about
intelligence.

• We are nowhere close to figuring out the laws of the universe.
At a high level, we have two systems, quantum mechanics and
relativity, that we glue together somehow. It is an ugly hack.

• We really do not know much about biology. We have had the
(nearly) complete human genome for many years now. So we can
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touch the binary code of life. We can change it. We can tune it. But
we have no idea how it works. Not really. We don’t know why we
age. We don’t know why we get cancers while other animals don’t.
To make matters worse, there is a hidden form of cognitive rigidity
when people consider biology. There is a strong assumption that
whatever natural evolution produced, it must be ideal. . . and so tin-
kering with it is dangerous. For example, I was telling my neighbor
about the existence of genes that make people stronger, or more re-
silient to cancer. His first reaction was that these genes must come
at a sinister cost, otherwise we would all have them. This is, of
course, a fallacy. You could equally say that whatever product has
not yet been marketed must not be profitable, otherwise someone
else would have already marketed it.

• Our best practices in politics and economics are based on debatable
heuristics that work “ok”, but they are probably nowhere close to
being optimal. Alastair Reynolds in his novel Revelation Space de-
picts a highly advanced human society where people have adopted
radically different forms of politics and economics. His novel hy-
pothesizes that this led to a surge of prosperity never seen before.
Yet almost any debate that puts into question current politics is a
non-starter. People simply assume that whatever they have must
be the best that can be had.

So we have these giant gaps. What really worries me is how most
people do not even see these huge gaps in our knowledge. And these
are just the beginning of a long list. If you drill down on any given
issue, you find that we know nothing, and we often know less than
nothing.
I do not think that cognitive rigidity is unavoidable. I don’t think that

there is a law that says that you have to fall prey to it. For example,
while Intel has had every occasion to fall prey the way IBM and
Microsoft did, it has time and time again been able to adopt new
techniques. We still look at Intel today to determine whether Moore’s
law is holding, 40 years after the law was written.
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The key to progress is to have the courage to face what we do not
understand. But it takes courage to face the unknown.
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Beyond papers

For the last few decades, we have defined science by the publication
of peer-reviewed research. That is, a scientist is someone who can
write a paper and have it reviewed by two or four other scientists who
conclude that the work is credible.
Notice how this is a circular definition: it defines a scientist as,

effectively, a member of a social club of people who agree on writing
conventions.
Contrary to what many people believe, this system of peer review

is recent. When Watson and Crick submitted their ‘double helix’ paper
to Nature in 1953, it did not go to reviewers.
Peer review became the dominant model in the 1970s. It emerged

around the same time the West adopted aspects of the Soviet model
of science. It also coincided with a decade-long stagnation in science.
I believe it was a mistake.
Sure, science is still making amazing progress. I celebrate the in-

credible scientific productivity of enterprises like Google DeepMind
and OpenAI—enterprises that do not rely on conventional peer review.
This model of ‘peer-review science’ now faces an existential threat.

In fact, I do not believe that the current dominant model of science,
established in the early 1970s, can survive. Indeed, Large Language
Models can produce papers today that can pass the peer review test.
In a sense, it is an even easier test to pass than the Turing test, because
the conventions of peer review science are so artificial.
Why would anyone be paid to write papers that are indistinguish-

able from what ChatGPT can produce in mere seconds?
So where do we go from here? There is only one option. We have

to stop considering the research paper as the end product of research.
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It never was, in any case. That was always a convenient bureaucratic
convention, inspired by the need to ‘manage science.’
If ChatGPT can produce research papers that are indistinguishable

from what most scientists can write, then maybe scientists can focus
on actually advancing science—something that ChatGPT has thus far
proven unable to do.
As I have argued elsewhere (Lemire, 2024), AI’s ability to gen-

erate vast amounts of text raises concerns about a potential flood
of irrelevant theoretical papers, further straining the evaluation sys-
tem. Stonebraker’s (2018) call for rewarding problem-solving over
publication needs revisiting. Perhaps the emphasis should be on the
impact and significance of research, not just its passage through peer
review—a skill replicable by AI.
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Will emerging artificial
intelligence boost research
productivity?

Bryan Caplan, an economist, raised an interesting question on Twitter:
why aren’t people celebrating the fact that tools like GPT might soon
allow us to produce many more research papers at the same cost,
without sacrificing quality?
The American government is funding research to the tune of 138

billion dollars a year. It includes 45 billion dollars solely for the Na-
tional Institutes of Health. There are governmental laboratories, spe-
cial projects, the National Science Foundation, and so forth. And, of
course, you have military research. For comparison, a large corpora-
tion like Google, with hundreds of thousands of employees, makes
about 20 billion dollars in profit each year. We pour a significant effort
into scientific research.
The number of research articles published per year follows an

exponential curve. We publish millions of research articles. We never
published so many research papers, and we will publish many more
next year. Thousands of researchers publish at least a research paper
a week.
At a glance, the objective of much of this research is to produce

research articles. It seems certain that if we could produce more of
them for the same cost, the national research productivity would go
up.
The problem, as pointed out by Caplan, is that nobody cares about

these research articles. In fact, if you asked engineers to pay the
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authors to access their research articles, they almost certainly would
not be willing to pay.
To be clear, Caplan does not mean ‘all of it’. Some of the work is

widely read and influential. He estimates that the worthwhile pub-
lications make up 2%. Nevertheless, most published articles are not
contributing anything at all. So our ability to write more of them will
not help us in any way.
As people like Stonebraker have remarked, we have lost our way:

people publish to get jobs and promotions, and no longer to advance
science. The focus on peer-reviewed publications has more to do
with a status competition between researchers and academics, than
a genuine desire to advance science. The metrics have been gamed.
Researchers, generally, no longer have customers: nobody uses the
result of the work, except maybe other researchers. Peer-reviewed
papers are getting increasingly boring.
It does not mean that actual scientific progress does not happen.

Nor does it mean that we should stop writing papers and books. The
research done at OpenAI is changing the world, and they are writing
research papers. However, if you go on OpenAI’s web site, under
Research, you find a list of links to arXiv, a freely accessible repository
of papers that are often not formally peer reviewed. In other words,
the researchers at OpenAI seem more concerned with advancing the
science than with playing a “publication game”.
Effectively, we have a severe misalignment problem. What gets you

a job, a promotion or a research grant, no longer has much to do with
whether you are advancing science.
Sometimes, when I sit on a recruiting committee for new professors,

I ask the candidate to tell us about their most important scientific
contribution. I then ask them why it is an important contribution.
Almost invariably, some people will say “it was published in this impor-
tant conference”. A large fraction of academia is thoroughly confused
about what constitutes progress.
What will tools like GPT do to the business of science? It is hard

to tell. However, it is possible that the net outcome could be greatly
positive. If “publishing a paper” is no longer a significant achievement
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thanks to artificial intelligence, it is possible that it could stop being a
status-seeking game. This would leave the field to people who seek to
contribute real advances.
I think that it is conceivable that this new breakthrough in artificial

intelligence could bring us to a new golden age of scientific research.
Of course, people will still seek to game prestige signals, but a fast
changing technological landscape could reset the metrics and re-align
the incentives.
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Embodied cognition and agentic
AI

Where is your intelligence located? In your brain?
It is a simplistic answer. A better model is that your intelligence is

embodied.
Consider a cook working at an expensive restaurant. He has all

his favorite knives and cooking instructions, placed exactly where he
wants them. His kitchen is part of his intelligence, of his skills. The
same cook working in your kitchen can probably cook better than you
do, but he can’t reproduce the same meals he would prepare in his
favorite kitchen.
We often assess computer programmers using whiteboard tests. It

is an endless source of complaints. Programmers rightly point out that
it forces them out of their element. They are just not as good when
you take away their laptop. It is not an excuse, it is a real issue: you
are cutting them off from part of what makes them so intelligent.
To sum it up, the model of intelligence as a brain in a jar, discon-

nected from anything else, is ridiculous.
If you accept the idea of embodied intelligence, then many actions

that we view as a consequence of our intelligence are actually part of
our intelligence. First and foremost, language. Our ability to talk or
write to each other means that I am not limited by my own person.
Have you ever heard of human beings isolated in small tribes making
technological breakthroughs? Nah. Progress requires lots of people
communicating together. Up until a few decades ago, progress required
cities. Today I am less certain that it does, as I can more and more
communicate with anyone in the world from anywhere. But language
is still critical, we have not invented anything better. Similarly, having
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hands and the ability to build sophisticated tools (like laptops) allows
us to extend our intelligence.
At the end of 2022, we got a breakthrough technology: ChatGPT.

It built on several pre-existing ideas such as (large) language models,
neural networks, and so forth. That’s the ‘GPT’ part. But an important,
if underappreciated, part of the breakthrough was the ‘Chat’ compo-
nent. Someone had the idea of connecting a large language model
with a chat interface. Maybe this came naturally and obviously to
people building this system, but it should not be assumed to be trivial
or unimportant.
Language is a key component of our intelligence, and, thus, it makes

sense that it would be pivotal for machine intelligence.
We embodied the AI software in a chat box.
The next step was what we call today ‘agentic AI’. We keep the chat

box, but we add the ability for the AI software to interact with tools,
and to make plans to use them. In effect, we give the AI more agency:
it can do stuff and learn from the results as they happen. It is starting
to resemble a human being with hands and tools.
I was talking with a colleague this week. My colleague is all in on

the AI revolution. He uses his AI to help him write better and faster,
and to get his data analysis done faster, without so much help from
technical experts.
But my colleague was not aware of the agentic AI approach. I tried

to explain on the phone. What does it mean to give the AI access to
tools? Is this only about saving the effort of copying and pasting the
AI’s response?
To illustrate the idea, I started an AI in a shell within something

called RStudio. It is an environment people use to program in R, to do
data analysis. I don’t use R or RStudio, but thanks to the AI, I was able
to build an entire climate research project in a few minutes, complete
with the retrieval of the data from the web.
How did the AI do it? It tried a few things, initially struggling

to download the data. At some point, it finds out that it needs new
R packages, so it installs them, and once they are installed, it can
proceed to generate figures, verifying that it works.

110



Agentic AI greatly extends machine intelligence by improving the
embodiment of AI.
I believe that it is not yet understood as it should be.
In Montreal, the most established professor in the field of AI is

Yoshua Bengio. He started his own non-trivial enterprise a few years
ago (Element AI). His latest venture is Law Zero, which aims to create
a Scientist AI. The first goal of this project is to build AI without the
agentic component. It should be a disembodied AI that has no goal of
its own, no agency.
I fear that Bengio suffers from what Kevin Kelly called Thinkism.

Let me quote from Kelly’s 2008 essay.

No intelligence, no matter how super duper, can figure out how
human body works simply by reading all the known scientific litera-
ture in the world and then contemplating it. No super AI can simply
think about all the current and past nuclear fission experiments
and then come up with working nuclear fusion in a day. Between
not knowing how things work and knowing how they work is a lot
more than thinkism. There are tons of experiments in the real world
which yields tons and tons of data that will be required to form the
correct working hypothesis. Thinking about the potential data will
not yield the correct data. Thinking is only part of science; maybe
even a small part. (. . . ) Thinkism is not enough. Without conducting
experiments, building prototypes, having failures, and engaging in
reality, an intelligence can have thoughts but not results. It cannot
think its way to solving the world’s problems. (. . . ) The Singularity
is an illusion that will be constantly retreating — always “near” but
never arriving. We’ll wonder why it never came after we got AI. Then
one day in the future, we’ll realize it already happened. The super
AI came, and all the things we thought it would bring instantly —
personal nanotechnology, brain upgrades, immortality — did not
come. Instead other benefits accrued, which we did not anticipate,
and took long to appreciate. Since we did not see them coming, we
look back and say, yes, that was the Singularity.
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I believe that university professors are especially prone to thinkism.
They view intelligence as being centered on what is happening in their
brain. When you live in an ivory tower, it is easy to dismiss the real
world as the core source of intelligence. Further, they are often people
who did quite well in school where thinkism is naturally prevalent.
I have been a professor most of my life. However, I tire quickly of

talking with other professors. What I most enjoy is working with people
who have new tools that they apply in the real world. Unsurprisingly,
I spent most of my time working with software that people deploy in
the real world.
What Kelly is saying is that a high degree of intelligence is not

enough to do much of anything. The real world is not the final stage
of your thinking process. It is maybe the most important part of it.
And thus, when you connect your AI with the real world, giving

it the ability to run experiments (as virtually all software developers
do today), you get impressive results that go much beyond what AI
software can do on its own.
Agency is not a feature. Agency is primary.
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INTERLUDE

How helpful is AI?

Do large languagemodels (AI) make you 3x faster or only 3% faster?
The answer depends on the quality of the work you are producing.

If you need something like a stock photo but not much beyond that,
AI can make you 10x faster.

If you need a picture taken at the right time of the right person, AI
doesn’t help you much.

If you need a piece of software that an intern could have written,
AI can do it 10x faster than the intern.

If you need a piece of software that only 10 engineers in the country
can understand, AI doesn’t help you much.

The effect is predictable: finding work if your skill level is low
becomes more difficult. However, if you are a highly skilled individual,
you can eliminate much of the boilerplate work and focus on what
matters. Thus, elite people are going to become even more productive.
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Antifragile programming and
why AI won’t steal your job

Whenever I say I dislike debugging and organize my programming
habits around avoiding it, there is always pushback: “You must not
use a good debugger.”
To summarize my view: I want my software to be antifragile (Taleb,

2012). The longer I work on a codebase, the easier it should become
to fix bugs.
Each addition to a piece of code can be viewed as a stress. If nothing

is done, the code gets slightly worse, harder to maintain, more prone
to bugs. Thankfully, you can avoid such an outcome.
That’s not natural. For most developers lacking deep expertise, as

the codebase grows, bugs become harder to fix: you chase symptoms
through layers of code, hunt heisenbugs that vanish in the debugger,
or fix one bug only to create another. The more code you have, the
worse it gets. Such code is fragile. Adding a new feature risks breaking
old, seemingly unrelated parts.
In my view, the inability to produce antifragile code explains the

extreme power-law distribution in programming: most of the code we
rely on daily was written by a tiny fraction of all programmers who
have mastered antifragility.
How do you reverse this? How do you ensure that the longer you

work on the code, the shallower the bugs become? There are well-
known techniques, and adding lots of tests and checks definitely helps.
You can write antifragile code without tests or debug-time checks. . .
but you’ll need something functionally equivalent.
Far-reaching prescriptions (“you must use language X, tool Y,

method Z”) are usually cargo-cult nonsense. Copying Linus Torvalds’
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tools or swearing style won’t guarantee success. But antifragility is
not a prescription, it is a desired outcome.
Defensive programming itself is uncontroversial—yet it wasn’t com-

mon in the 1980s and still isn’t the default for many today. Of course,
a full defensive approach isn’t always applicable or worth the cost.
For example, if I’m vibe-coding a quick web app with more

JavaScript than I care to read, I’ll just run it in the browser’s de-
bugger. It works fine. I’m not using that code to control a pacemaker,
and I’m not expecting to be woken up at midnight on Christmas to fix
it.
If your program is 500 lines and you’ll run it 20 times a year,

antifragility isn’t worth pursuing.
Large language models can generate defensive code, but if you’ve

never written defensively yourself and you learn to program primarily
with AI assistance, your software will probably remain fragile.
You can add code quickly, but the more you add, the bigger your

problems become.
That’s the crux of the matter. Writing code was never the hard

part—I could write code at 12, and countless 12-year-olds today can
write simple games and apps. In the same way, a 12-year-old can build
a doghouse with a hammer, nails, and wood. Getting 80% of the way
has always been easy.
Scaling complexity without everything collapsing—that’s the hard

part.
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AI: igniting the spark to end
stagnation

Much of the West has been economically stagnant. Countries like
Canada have failed to improve their productivity and standard of
living as of late. In Canada, there has been no progress in Canadian
living standards as measured by per-person GDP over the past five
years. It is hard to overstate how anomalous this is. Late-Soviet growth
had already slowed into a grinding stagnation that people treated as a
political emergency; a rich Western country flatlining living standards
for years should feel like the same kind of emergency.
Late in 2022, some of us got access to a technical breakthrough:

AI. In three years, it has become part of our lives. Nearly all students
use AI to do research or write essays.
Dallas Fed economists projected the most credible effect that AI

might have on our economies: AI should help reverse the post-2008
slowdown and deliver higher living standards in line with historical
technological progress.
It will imply a profound, rapid but gradual transformation of our

economy. There will still be teachers, accountants, and even translators
in the future. . . but their work will change as it has changed in the
past. Accountants do far less arithmetic today; that part of their work
has been replaced by software. Even more of their work is about to be
replaced by software, thus improving their productivity further. We
will still have teachers, but all our kids, including the poorest ones,
will have dedicated always-on tutors: this will not just be available in
Canada or the USA, but everywhere. It is up to us to decide who is
allowed to build this technology.
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AI empowers the individual. An entrepreneur with a small team can
get faster access to quality advice, copywriting, and so forth. Artists
with an imagination can create more with fewer constraints.
I don’t have to prove these facts: they are fast becoming obvious to

the whole world.
New jobs are created. Students of mine work as AI specialists. One

of them helps build software providing AI assistance to pharmacists.
One of my sons is an AI engineer. These are great jobs.
The conventional explanation for Canada’s stagnation is essentially

that we have already harvested all the innovation we are ever going
to get. The low-hanging fruit has been picked. Further progress has
become inherently difficult because we are already so advanced; there
is simply not much room left to improve. In this view, there is no
need to rethink our institutions. Yet a sufficiently large breakthrough
compels us to reconsider where we stand and what is still possible. It
forces us to use our imagination again. It helps renew the culture.
We often hear claims that artificial intelligence will consume vast

amounts of energy and water in the coming years. It is true that data
centers, which host AI workloads along with many other computing
tasks, rely on water for cooling.
But let’s look at the actual water numbers. In 2023, U.S. data centers

directly consumed roughly 17.4 billion gallons of water—a figure that
could potentially double or quadruple by 2028 as demand grows. By
comparison, American golf courses use more than 500 billion gallons
every year for irrigation, often in arid regions where this usage is
widely criticized as wasteful. Even if data-center water demand were
to grow exponentially, it would take decades to reach the scale of
golf-course irrigation.
On the energy side, data centers are indeed taking a larger share

of electricity demand. According to the International Energy Agency’s
latest analysis, they consumed approximately 415 TWh in 2024—
about 1.5% of global electricity consumption. This is projected to
more than double to around 945 TWh by 2030 (just under 3% of
global electricity). However, even this rapid growth accounts for less
than 10% (roughly 8%) of the total expected increase in worldwide
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electricity demand through 2030. Data centers are therefore not the
main driver of the much larger rise in overall energy use.
If we let engineers in Australia, Canada, or Argentina be free to

innovate, we will surely see fantastic developments.
You might also have heard about the possibility that ChatGPT might

decide to kill us all. Nobody can predict the future, but you are surely
more likely to be killed by cancer than by a rogue AI. And AI might
help you with your cancer.
We always have a choice. Nations can try to regulate AI out of

existence. We can set up new government bodies to prevent the ap-
plication of AI. This will surely dampen the productivity gains and
marginalize some nations economically.
The European Union showed it could be done. By some reports,

Europeans make more money by fining American software companies
than by building their own innovation enterprises. Countries like
Canada have economies dominated by finance, mining and oil (with
a side of Shopify).
If you are already well off, stopping innovation sounds good—but

not if you are trying to get a start.
AI is likely to help young people who need it so much. They, more

than any other group, will find it easier to occupy the new jobs, start
the new businesses.
If you are a politician and you want to lose the vote of young people:

make it difficult to use AI. It will crater your credibility.
It is time to renew our prosperity. It is time to create new exciting

jobs.
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Let us bury the linear model of
innovation

There is an extremely naive model of science and innovation called the
linear model: The model postulated that innovation starts with basic
research, is followed by applied research and development, and ends
with production and diffusion. According to Godin (2006), the model
has been falsely attributed to Bush and its dominance is derived rather
from its remarkable simplicity. It aligns with a technocratic worldview
where bureaucrats get to steer science and innovation.
Yet it has been long documented that innovations arise from practi-

cal experience and are driven by user demand. My favorite example is
the industrial revolution which was driven by textiles, which, in turn,
served to provide comfortable underwear for women. We invented
modern-day keyboards after musicians perfected the keyboard for
musical instruments.
Kline and Rosenberg are eloquent on this topic:
“Even more important, from the viewpoint of understanding inno-

vation, is the recognition that when the science is inadequate, or even
totally lacking, we still can, do, and often have created important
innovations, and innumerable smaller, but cumulatively important
evolutionary changes. Recently, a member of the National Academy
of Engineering, highly versed in dynamics and control, attempted to
analyze the stability of an ordinary bicycle with a rider—and failed.
No acceptable analysis is known. But this lack of theory did not pre-
vent the invention of the bicycle a century ago, nor did it prevent a
multitude of beta-phase improvements in bicycle design that have
cumulatively created a reliable, relatively inexpensive, and useful ma-
chine. Nor does the absence of understanding of the theory of stability
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prevent a 5-year-old child from mounting a bicycle and with a few
tries learning to stabilize the human-machine system. Had the idea
been true that science is the initiating step in innovation, we would
never have invented the bicycle.”
You do not need a long catalog after that. Steam engines came

out of flooded mines, not lecture halls. Watt improved them under
commercial pressure on real machines; a complete theory of heat
was optional. The Wright brothers were bicycle mechanics. They flew
before anyone could write down a satisfactory theory of a bicycle
with a rider—let alone an airplane. Theory followed practice, when it
followed at all.
The pattern is reliable enough to be boring: a concrete problem, an

imperfect try, users and iteration, and only later the clean story that
begins with “basic research.” After the fact, institutions rewrite the
timeline so that the blackboard appears first. It rarely did.
It is high time we bury the linear model of innovation. Researchers

are not in the driving seat of technological innovation, nor are govern-
ment bureaucrats.

Technology is culture

So where does it actually come from?
We are experiencing one of the most significant technological break-

throughs of the last few decades. Call it what you will: AI, generative
AI, large language models. . .
Technology is culture. Technological progress does not follow a

path from the blackboard of a middle-aged MIT professor to your desk,
via a corporation.
So what is the cultural background? Of course, there is hacker cul-

ture and the way hackers won a culture war in the 1980s by becoming
cool enough to have a seat at the table.
But closer to us. . . I believe there are two main roots. The first

is gaming. Gamers wanted photorealistic, high-performance games.
They built powerful machines capable of solving linear algebra prob-
lems at very high speeds.
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Powerful computing alone, however, does you no good if you want
to build an AI. That’s where web culture came in. Everything was net-
worked, published, republished. Web nerds helped build the greatest
library the world had ever seen.
These two cultures came together to generate the current revolu-

tion.
If you like my model, I submit that it has a few interesting conse-

quences. The most immediate one is that if you want to understand
how and where technological progress happens, you have to look at
cultural drivers—not at what professors at MIT are publishing.
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Models and science

The ancient Greeks crafted extraordinary models that continue to
resonate. For instance, Ptolemy’s geocentric model, with Earth at the
core and planets tracing intricate epicycles, elegantly accounted for
celestial motion, much like the ancient ambition behind the Tower of
Babel sought to bridge humanity and the heavens through a grand,
unifying structure. Ptolemy’s framework dominated astronomy for
over a millennium until Copernicus upended it with a heliocentric
vision.
Modern science diverges from these ancient endeavors—whether

the Greeks’ celestial models or the Babel builders’ monumental
aspirations—through its insistence on testing ideas against observable
reality. The theory of plate tectonics, once dismissed by the scientific
establishment, won acceptance not through persuasive arguments but
through compelling evidence: seafloor spreading, earthquake distribu-
tions, and paleomagnetic records. The Royal Society’s motto, Nullius
in verba (“Take nobody’s word for it”), encapsulates this ethos—no
authority, however revered, escapes scrutiny. This defines science:
a steadfast commitment to an external, tangible reality that exists
beyond human invention.
Richard Feynman captured this principle succinctly: “It doesn’t

matter how beautiful your theory is, it doesn’t matter how smart
you are. If it doesn’t agree with experiment, it’s wrong.” Models, no
matter how elegant, are mere human constructs, subordinate to the
unyielding truth of reality. Science demands humility—the rejection
of hubris, whether in the form of a towering edifice or a cherished
theory, and an embrace of relentless questioning, empirical rigor, and
the courage to discard flawed ideas when evidence dictates.
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As smart as a PhD

There is sometimes confusion about what a PhD is.
The main signal that you should derive from the fact that some-

one has a PhD is that they are well suited to the university campus
environment.
Maybe people who complete a PhD are especially thorough and

finish their work to perfection? In computer science, academic projects
have a reputation for being of relative quality. Stonebraker, a famous
computer scientist, attributes part of his success to his dedication to
finishing up the work:

The smartest things we ever did, was to then put in the effort to
make it really work. (Stonebraker, 2014)

Did you know that a lot of people have a PhD?
Over 3% of the population in a country like Switzerland has a PhD.

Hence, in a city of 1 million people, you may have 30,000 people with
a PhD. In Germany, that would be 15,000 people.
Do PhDs lead to great jobs and higher incomes? Not really. If you do

get your PhD and secure a good job and keep it for a long time (so no
early retirement), then you can do a bit better than the average person
who stopped with a professional degree. But even that is misleading
because we don’t know how the person smart enough to outcompete
100 other PhDs for a prestigious job would have done had they not
gone for the PhD.
You know, Joe, who has a PhD and has become a full professor at

Prestigious University. . . well. . . it is likely that Joe has been working
weekends and nights for years. Joe is excessively well connected.
Joe was always smarter than anyone else in his classes. Joe can sit
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down and write a great 20-page scientific essay without ChatGPT and
without much effort. Joe can navigate politics better than most.
Sometimes young people think. . . well, it is terrible to be job hunt-

ing at 22 without experience. Right, but try job hunting at 30 with a
PhD and no actual job experience. It is worse! Much worse!
Given these facts, do you really want to be ‘as smart as a PhD’?

“In the short run, pursuing a PhD entails substantial opportu-
nity costs. Early-career earnings for PhD graduates are significantly
lower than those of individuals with master’s or professional degrees.
(. . . ) Over the lifecycle, earnings do eventually recover but only un-
der specific conditions. The most favorable long-run outcomes are
concentrated among those who secure academic employment and
remain in full-time work late into life. (. . . ) However, the structure of
this system increasingly resembles a tournament: the payoff remains
high for those who reach the top, but the odds of doing so have
declined. Our analysis documents that the economic outcomes of
recent PhD graduates have worsened over time. The bottom of the
earnings distribution has grown more populated, and early-career
returns have declined even as aggregate statistics appear stable due
to rising returns among older cohorts.” (Benjamin et al., 2025)
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Sovereign

The keyword in politics these days is ‘sovereign’.
What few will admit is that it is effectively the adoption of the

American strategy: Make America Great Again. In other words, rein-
dustrialization of key sectors of the economy. The UK used to be a
computing champion. Our chip designs (ARM) originated from the
UK. Canada had BlackBerry, everyone was using Canadian phones.
Like Canada, many countries have progressively slid into finan-

cialization. Huge banks and bank-related businesses, surrounded by
emptied factories.
Part of it was the doing of economists who promoted globalization.

We are going to make our best CPUs in Taiwan, because they have a
comparative advantage (whatever that means).
Another part is the rise of the managerial class, or our version of the

technocracy: the summum of the status game is to make PowerPoint
presentations in a nice office. Everyone has 2 or 3 university degrees.
And if you don’t have many degrees, what is wrong with you?
I think that this is breaking apart for a few reasons.
One of them is Trump. And I don’t mean bombastic statements,

bad hair color or overly long ties. . . But rather the realization that
globalization might leave your people economically better off for a
time because they have cheap stuff. . . But it also leaves your people
with few skills. You can fund a robotics factory near Montreal, and
you’ll find 2000 people with robotics PhDs, but nobody actually knows
how to build robots. The analogy is thus: salary is not everything (to
the great chagrin of economists). I have left a much better paying
job. My previous job meant that I had to sit in an office and do little
concrete. I would have had a great and early retirement. . . but I would
never have developed my skills nor would I have built anything. And

131



Sovereign

that’s what we did at the country level. Great total compensation, but
a dead-end skill-wise.
Another factor, I believe, is the COVID era (2020-2023) and its final

outcome: empty offices, closed coffee shops. What happened at work
was illegible. Lots of people in offices. Certainly, something important
was happening. Entire businesses and government organizations have
now migrated partially or entirely to a pajama party of some kind.
Netflix in the middle of the workday is no longer a dream, but a reality.
Another element is educational misalignment. A country like

Canada has the most schooled population in history. You cannot throw
a rock without hitting someone with a PhD. Meanwhile, we are not
making robots or microchips. You can’t even pay with your phone in
the Montreal subway. It is a project for another decade, maybe. We
are using a push strategy: push more people with degrees into the
economy and you are going to get a fancier economy. Won’t work.
Finally, the AI breakthrough of 2022 is the final nail in the proverbial

coffin. My country (Canada) claimed for decades that we were the AI
powerhouse. All these PDFs online can’t lie, can they? Canada basically
invented modern AI, didn’t it? We did. On paper. On paper we did a
great many things. In practice? Few know how to build anything.
In a country like Canada, the population has not yet caught up.

They blame the orange man for whatever trouble they see. And the
politicians promise to do what they must: shower money to build tech
sovereignty. It won’t work. They will try again. It won’t work again.
The cycle makes things worse because it sustains a managerial class
that is great at politics but terrible at building.
Meanwhile, you can’t escape preference falsification. People will

use ChatGPT, Claude, Grok, Gemini. And if Elon produces robots,
they’ll want them.
Trump will leave office in two years. . . Canada and the UK will still

be flat-lined economically. The USA will still surge ahead.
Countries like Canada and the UK will have to realize that it is

industry and know-how first. Build stuff and the wealth will follow.
Stop the virtue signaling. Stop the credentialism. Build.
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Foolish enough to leave
important tasks to a mere
human brain?

When I wrote this in 2015, I guessed that within twenty years we would
have machines surpassing the human brain in every way that matters. We
are halfway to that horizon. Large language models already beat most
of us at drafting text, translating languages, and answering trivia; they
still stumble on judgment, taste, and finishing hard research problems.
Flight took decades from the Wright brothers to routine ocean crossings;
machine cognition may follow a similar curve—sudden demonstrations,
then a long, uneven diffusion. The biological-supremacy myth is weaker
than it was, but not yet gone.
To the ancient Greeks, the male reproductive organ was mysterious.

They had this organ that can expand suddenly, then provide the
seed of life itself. Today, much of biology remains uncatalogued and
mysterious, but the male reproductive organ is now fairly boring. We
know that it can be cut (by angry wives) and sewed back in place,
apparently with no loss of function. As for providing the seed of life,
artificial insemination is routine both in animals (e.g., cows) and
human beings. In fact, by techniques such a cloning, we can create
animals, and probably even human beings, with no male ever involved.
If we go back barely more than a century, flight was mysterious.

Birds looked slightly magical. Then a couple of bicycle repairmen, who
dropped out of high school, built the first airplane. Today, I would
not think twice about embarking in a plane, with hundred of other
people, and fly over the ocean in a few hours. . . something no bird
could ever do.
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This is a recurring phenomenon: we view something as magical, and
then it becomes a boring mechanism that students learn in textbooks.
I call it the biological-supremacy myth: we tend to overestimate the
complexity of anything biology can do. . . until we find a way to do it
ourselves.
Though there is still much we do not know about even the simplest

functions of our body, the grand mystery remains our brain. And just
like before, people fall prey to the biological-supremacy myth. Our
brains are viewed as mythical organs that are orders of magnitude
more complex than anything human beings could create in this century
or the next.
We spend a great deal of time studying the brain, benchmarking

the brain, in almost obsessive ways. Our kids spend two decades being
tested, retested, trained, retrained. . . often for the sole purpose of
determining the value of the brain. Can’t learn calculus very well?
Your brain must not be very smart. Can’t learn the names of the state
capitals? Your brain must be slightly rotten.
In the last few years, troubles have arisen for those who benchmark

the brain. I can go to Google and ask, in spoken English, for the names
of the state capitals, and it will give them to me, faster than any human
being could. If I ask Google “what is the derivative of sin x”, not only
does it know the answer, it can also point to complete derivation of
the result. To make matters worse, the same tricks work anytime,
anywhere, not just when I am at the library or at my desk. It works
everywhere I have a smartphone, which is everywhere I might need
calculus, for all practical purposes.
What is fascinating is that as we take down the brain from its

pedestal, step by step, people remain eager to dismiss everything
human-made as massively inferior:

• “Sure, my phone can translate this Danish writing on the wall for
me, but it got the second sentence completely wrong. Where’s your
fantastic AI now?”

• “Sure, I can go to any computer and ask Google, in spoken English,
where Moldova is, and it will tell me better than a human being
could. . . But when I ask it when my favorite rock band was playing
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again, it cannot figure out what my favorite rock band was. Ah! It
is a joke!”

A general objection regarding the brain is that there is so much
we do not know. As far as I can tell, we do not know how the brain
transforms sounds into words, and words into ideas. We know which
regions of the brains are activated, but we do not fully understand
how even individual neurons work.
People assume that to surpass nature, we need to fully understand

it and to further fully reproduce it. The Wright brothers would have
been quite incapable of modeling bird flight, let alone reproduce it.
And a Boeing looks like no bird I know. . . and that’s a good thing. . . I
would hate to travel on top of a giant mechanical bird.
Any programmer will tell you that it can be orders of magnitude

easier to reprogram something from scratch, rather than start from
spaghetti code that was somehow made to work. We sometimes have
a hard time matching nature, not because nature was so incredibly
brilliant. . . but rather because, as an engineer, nature is a terrible
hack: no documentation whatsoever, and an “if it works, it is good
enough” attitude.
This same objection, “there is so much we do not know”, is used

everywhere by pessimists. Academics are especially prone to fall back
on this objection, because they like to understand. . . But, of course,
all the time, we develop algorithms and medical therapies that work,
without understanding everything about the problem. That’s the beau-
tiful thing about the world we live in: we can act upon it in an efficient
manner without understanding all of it.
Our puny brains may never understand themselves, but that does

make our brain wonderful and mysterious. . . it is more likely the case
that our brains are a hack that works well enough, but that is far from
the best way to achieve intelligence.
Another mistake people make is to assume that evolution is an

optimization process that optimizes for what we care about as human
beings. For centuries, people thought that if we were meant to fly, we
would have wings. Evolution did not give us wings, not as a sign that
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we couldn’t fly. . . but simply because there was no evolutionary path
leading to monkeys with wings.
Similarly, there is no reason to believe that evolution optimized hu-

man intelligence. It seems that other human species had larger brains.
Our ancestors had larger brains. Several monkeys have photographic
memory, much better strength/mass ratios and better reflexes. The
human body is nothing special. We are not the strongest, fastest and
smartest species to ever roam the Earth. It is likely that we came to
dominate the animal kingdom because, as a species, we have a good
mix of skills, and as long as we stay in a group, we can take down
any other animal because we are expert at social coordination among
mammals.
Yes, it is true that evolution benefited from a lot of time. . . But

that’s like asking a programmer to tweak a piece of code randomly
until it works. If you give it enough time, the result will work. It might
even look good from the outside. But, inside, you have a big pile of
spaghetti code. It is patiently tuned code, but still far from optimality
from our point of view.
The Wright brothers were initially mocked. This reassured the

skeptics that believed that mechanical flight was a heresy. But, soon
after, airplanes flew in the first world war.
In 20 years, we will have machines that surpass the human brain in

every way that matters to us. It will look nothing like a human brain. . .
probably more like a Google data warehouse at first. . . And then we
will be stuck with the realization that, from our reproductive organs
all the way to our brains, we are nothing special.
Many people refuse to believe that we will ever have machines

that are better than us in every way. And they are right to be scared
because once you invent a machine that is smarter than you are, you
have no choice: you have to put it in charge.
Human beings know that they are somehow irrelevant in the grand

scheme of things. I write these words using a brain that consumes
maybe 20 to 30 Watts, with the bulk of my neurons actually invested
in controlling my body, not thinking abstractly. In a few decades, it
will be trivial to outsmart me. And then I will be back to being an old,
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boring monkey. . . no longer a representative of the smartest species
on Earth.
Of course, just because we do not need the male organ to procreate

does not mean that people stop having sex. The birds did not stop
flying when we invented the airplane. Television did not mean the
end of radio. The Internet does not mean the end of the paper. Hope-
fully, my species will make use of its brains for many decades, many
centuries. . . but soon enough, it will seem foolish to leave important
decisions and tasks to a mere human brain.

Originally published · October 5, 2015
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The Craft of Software
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These seven short essays close the book. They are not a third equal
act beside the two main parts, but a brief application of the same tem-
perament to software itself: whether performance still matters when
hardware is fast; why optimizing “hotspots” is not enough; why large
user communities do not automatically produce great engineering
teams; and what habits separate durable systems from fragile ones.
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Does software performance still
matter?

Someone once asked me about the real-world relevance of software
performance:

I’m quite interested in your work on improving algorithm perfor-
mance using techniques related to computer architecture. However,
I think that this may only be of interest to academia. Do you think
that there are job opportunities related to this profile, which is very
specialized?

To paraphrase the question, computers and software are fast
enough. We may need people to implement new ideas, but perfor-
mance is not important. And more critically, if you want to be gainfully
employed, you do not need to worry about software performance.
To assess this question, we should first have a common understand-

ing of what software performance is. Software performance is not
about how quickly you can crunch numbers. It is how you manage
memory, disks, networks, cores. . . it is also about architecture. It is
not about rewriting your code in machine code: you can write fast ap-
plications in JavaScript and slow ones in C++. Software performance
is related to algorithmic design, but distinct in one important way:
you need to take into account your architecture. Many algorithms that
look good on paper do really poorly in practice. And algorithms that
appear naive and limited can sometimes be the best possible choice
for performance. In some sense, being able to manage software perfor-
mance requires you to have a good understanding of how computer
hardware, operating systems, and runtime libraries work.
So, should we care about software performance in 2017?
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Here is my short answer. There are two basic ways in which we
can assess you as a programmer. Is your software correct? Is your
software efficient? There are certainly other ways a programmer can
bring value: some exploit their knowledge of some business domains,
others will design marvelous user interfaces. However, when it comes
down to hardcore programming, being correct and being efficient are
the two main attributes.
Consider the great programmers. They are all good at producing

software that is both correct and efficient. In fact, it is basically the
definition of a great programmer. Programming is only challenging
when you must be both correct and efficient. If you are allowed to
sacrifice one or the other, you can trivialize most tasks.
In job ads, you probably won’t see many requests for programmers

who write efficient code, nor are you going to see many requests for
programmers who write correct code. But then, you do not see many
ads for doctors who cure people, nor do you see many ads for lawyers
who avoid expensive lawsuits. Producing efficient code that takes into
account the system’s architecture is generally part of your job as a
programmer.
Some of my thoughts in detail:

• Software performance only matters for a very small fraction
of all source code. But what matters is the absolute value of
this code, not its relative size. Software performance is likely
to be irrelevant if you have few users and little data. The more
important the software is, the more important its performance can
become.

Given that over 90% of all software we write is rarely if ever used
for real work, it is a safe bet to say that software performance is often
irrelevant, but that’s only because, in these cases, the software brings
little value.
Let us make the statement precise:Most performance or memory

optimizations are useless.
That’s not a myth, it is actually true.
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The bulk of the software that gets written is not performance sensi-
tive or worth the effort. Pareto’s law (Newman, 2005) would tell you
that 20% of the code accounts for 80% of the running time, but I think
it is much worse than this. I think that 1% of the code accounts for
99% of the running time. . . The truth is maybe even more extreme.
So a tiny fraction of all code will ever matter for performance, and

only a small fraction of it brings business value.
But what matters, if you are an employee, is how much value your

optimized code brings to the business, not what fraction of the code
you touch.

• We can quantify the value of software performance and it
is quite high. If I go on Apple’s website and I shop for a new
MacBook Pro. The basic one is worth $1,800. If I want a processor
with a 10% faster clock speed, it is going to cost me $2,100, or
15% more. An extra 10% in the clock speed does not make the
machine nearly 10% faster. Let us say that it is maybe 5% faster.
So to get a computer that runs 5% faster (if that) some people
are willing to pay 15% more. I could do the same analysis with
smartphones.

If constant factors related to performance did not matter, then a
computer running at twice the speed would be worth the same. In
practice, a computer running at twice the speed is worth multiple
times the money.
With cloud computing, companies are now often billed for the re-

sources (memory, compute time) that they use. Conveniently, this
allows them to measure (in dollars) the benefits of a given optimiza-
tion. We can find the stories of small companies that save hundreds of
thousands of dollars with some elementary optimization.
We could also look at web browsers. For a long time, Microsoft

had the lead with Internet Explorer. In many key markets, Google
Chrome now dominates. There are many reasons for people to prefer
Google Chrome, but speed is a key component. To test out my theory,
I searched Google for guides to help me choose between Chrome and
Internet Explorer, and the first recommendation I found was this:
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Chrome is best for speed arguably, a web browser’s most crucial
feature is its ability to quickly load up web pages. We put both
Chrome and Internet Explorer 11 through a series of benchmark
tests using Sunspider, Octave and HTML 5 test. In every event,
Google’s Chrome was the clear winner.

So yes, performance is worth a lot to some users.

• Adding more hardware does not magically make performance
issues disappear. It requires engineering to use more hard-
ware. People object that we can always throw more machines,
more cores at the problem if it is slow. However, even when Am-
dahl’s law (Amdahl, 1967) does not limit you, you still have to
contend with the fact that it can be hard to scale up your software
to run well on many machines. Throwing more hardware at a
problem is just a particular way to boost software performance. It
is not necessarily an inexpensive approach.

It should be said that nobody ever gets an asymptotically large
number of processors in the real world. Moreover, when you do get
many processors, coordination issues can make it difficult (even in
principle) to use a very large number of processors on the same
problem.
What about our practice? What the past decades have taught us

is that parallelizing problems is hard work. You end up with more
complex code and non-trivial overhead. Testing and debugging get a
lot more difficult. With many problems, you are lucky if you manage
to double the performance with three cores. And if you want to double
the performance again, you might need sixteen cores.
This means that doubling the performance of your single-threaded

code can be highly valuable. In other words, tuning hot code can
be worth a lot. . . And adding more hardware does not make the
performance problems go awaymagically, using this hardware requires
extra work.

148



• We use higher-level programming languages, but an incredible
amount of engineering is invested in recovering the traded-
away performance. Today’s most popular programming language
is JavaScript, a relatively slow programming language. Isn’t that a
sign that performance is irrelevant? The performance of JavaScript
wasmultiplied over the years through vast engineering investments.
Moreover, we are moving forward with high-performance web
programming techniques like Web Assembly. If performance did
not matter, these initiatives would fall flat.

It is true that, over time, people migrate to high-level languages. It
is a good thing. These languages often trade performance for conve-
nience, safety or simplicity.
But the performance of JavaScript in the browser has been improved

by two orders of magnitude in the last fifteen years. By some estimates,
JavaScript is only about ten times slower than C++.
I would argue that a strong component in the popularity of

JavaScript is precisely its good performance. If JavaScript was still
1000 times slower than C++ at most tasks, it would not have the wide
adoption we find today.
Last year, a colleague faced a performance issue where simulations

would run forever. When I asked what the software was written in. . .
she admitted with shame that it was written in Python. Maybe to her
surprise, I was not at all dismissive. I’d be depressed if, in 20 years,
most of us were still programming in C, C++, and Java.
One of the things you can buy with better performance is more

productivity.

• Computers are asked to do more with less, and there is a never-
ending demand for better performance. Software performance
has been regularly dismissed as irrelevant. That’s understandable
under Moore’s law (Moore, 1965): processors get faster, we get
faster disks. . . who cares if the software is slow? It will soon get
faster. Let us focus on writing nice code with nice algorithms, and
we can ignore the rest.
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It is true that if you manage to run Windows 3.1 on a recently
purchased PC, it will be ridiculously fast. In fact, I bet you could run
Windows 3.1 in your browser and make it fast.
It is true that some of the hardware progress reduces the pressure

to produce very fast code. . . To beat the best chess players in the
1990s, one probably needed the equivalent of hand-tuned assembly
code whereas I am sure I can write a good chess player in sloppy
JavaScript and get good enough performance to beat most human
players, if not the masters.
But computers are asked to domore with less. It was very impressive

in 1990 to write a Chess program that could beat the best Chess
players. . . but it would simply not be a great business to get into today.
You’d need to write a program that plays Go, and it is a lot harder.
Sure, smartphone hardware gets faster all the time. . . but there is

pressure to run the same software on smaller and cheaper machines
(such as watches). The mouse and the keyboard will look quaint in
a few decades, having been replaced by more expensive interfaces
(speech, augmented reality. . . ).
And yes, soon, we will need devices the size of a smartwatch to

be capable of autonomous advanced artificial intelligence. Think your
sloppy unoptimized code will cut it?

• We do want our processors to be idle most of the time. The fact
that they are is not an indication that we could be sloppier.
Aren’t most of our processors idle most of the time?

True, but it is like saying that it is silly to own a fast car because it
is going to spend most of its time parked.
We have enormous overcapacity in computing, by design. Doing

otherwise would be like going to a supermarket where all of the lines
for the cashiers are always packed full, all day long.
We have all experienced what it is to use a laptop that has its CPU

running at 100%. The laptop becomes sluggish, unresponsive. All your
requests are queued. It is unpleasant.
Servers that are running at full capacity have to drop requests or

make you wait. We hate it.
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A mobile phone stressed to its full capacity becomes hot and burns
through its battery in no time.
So we want our processors to be cold and to remain cold. Reducing

their usage is good, even when they were already running cold most of
the time. Fast code gets back to the users faster and burns less energy.
I imagine that the future will be made of dark silicon. We will have

lots of computing power, lots of circuits, but most of them will be
unpowered. I would not be surprised if we were to soon start rating
software based on how much power it uses.

References

Amdahl, G. M. (1967). Validity of the single processor approach to
achieving large scale computing capabilities. In AFIPS Conference
Proceedings (Vol. 30, pp. 483–485).

Moore, G. E. (1965). Cramming more components onto integrated
circuits. Electronics, 38(8), 114–117.

Newman, M. E. J. (2005). Power laws, Pareto distributions and Zipf ’s law.
Contemporary Physics, 46(5), 323–351.
https://doi.org/10.1080/00107510500052444

Originally published · March 20, 2017

151

https://doi.org/10.1080/00107510500052444




Hotspot performance
engineering fails

Developers often believe that software performance follows a Pareto
distribution (Newman, 2005): 80% of the running time is spent in
20% of the code.
Using this model, you can write most of your code without any

care for performance and focus on the narrow pieces of code that are
performance sensitive. Engineers like Casey Muratori have rightly crit-
icized this model. You can read Muratori’s excellent piece, Performance
Excuses Debunked.
It is definitely true that not all of your code requires attention.

For example, it is possible that 99% of the time, your code processes
correct data. The code that handles errors could be quite slow and it
would not impact most of your users.
But the hotspot predicts something more precise: you should be

able to just keep all of your code, identify the specific bottlenecks,
optimize these bottlenecks, and then get great performance all around.
Muratori relies on empirical evidence to falsify the model: many
companies embarked on large rewrites of their codebase to optimize
it. Why bother with such expenses if they could simply identify the
bottlenecks and fix those?
We have tools today called profilers that can tell you roughly where

your software spends its time. And if you apply such a tool to your
software, you may indeed find massive bottlenecks. It may sometimes
work wonders. For example, there was a video game (GTA Online)
that was loading a JSON file. Simply optimizing this one bottleneck
solved a massive performance issue. It did not make the game more
performant, but it made it start much faster. So bottlenecks do exist.

153



Hotspot performance engineering fails

We should hunt them down and optimize them. But that’s not what
the hotspot model predicts: it predicts that it is all you need to do to
get performance. Hit a few bottlenecks and you are done.
Sadly, it does not work. To illustrate, let us look at how the very

popular SQLite project got to be 50% faster:

The latest SQLite 3.8.7 alpha version is 50% faster than the
3.7.17 release from 16 months ago. That is to say, it does 50%
more work using the same number of CPU cycles. This is 50% faster
at the low-level grunt work of moving bits on and off disk and
search b-trees. We have achieved this by incorporating hundreds
of micro-optimizations. Each micro-optimization might improve
the performance by as little as 0.05%. If we get one that improves
performance by 0.25%, that is considered a huge win. Each of these
optimizations is unmeasurable on a real-world system but if you do
enough of them, they add up.

Why did they have to add up hundreds of micro-optimizations
instead of simply finding the one function that uses 80% of the running
time?
Let us run down through a few reasons:

• As you optimize, the hotspots multiply. Going back to the ex-
ample of GTA Online, it is easy to find that the program spends
10 seconds loading a 10 MB JSON file. However, the next steps
are going to be more difficult. You will find that finding the bottle-
necks becomes difficult: we are subject to a Heisenberg principle:
measuring big effects is easy, measuring small ones becomes impos-
sible because the action of measuring interacts with the software
execution. But even if you can find the bottlenecks, they become
more numerous with each iteration. Eventually, much of your code
needs to be considered.

• Overall architecture trumps everything. If you first build a bus,
you cannot then turn it into a sports car with a few changes. A few
years ago, a company came to me and offered me a ton of money
if I could make their database engine faster. They had money, but
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their software was much too slow. At first I was excited by the
project, but I started reading their code and doing benchmarks,
and then I realized that the entire architecture was wrong. They
insisted that they knew where the hotspots were and that they just
needed the expertise to optimize these few components. They told
me that their code was spending 80% of its time in maybe 100
lines. And that is what profilers said. It is true, formally speaking,
that if you could have made these 100 lines of code twice as fast,
the code would have run twice as fast. . . but these lines of code
were pulling data from memory and software cannot beat Physics.
The key point is that if your software does not have a good overall
architecture, if it is not well organized for performance, you may
have no choice but to rewrite it at least in part, to re-architect it.
This means that even though there might be a very clear hotspot
involving few lines of code, fixing it might require changing almost
all your code.

The effort needed to optimize code grows exponentially. In other words,
to multiply the performance by N, you need 2ˆN optimizations. The
more you optimize, the more code you must consider. It is relatively
easy to double the performance of an unoptimized piece of code, but
much harder to multiply it by 10. In effect, we have a long tail effect:
though there are clearly easy wins, much of the work lies in the ‘tail’. In
effect, you end up winning by continually adding small optimizations.
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Metcalfe’s law against Brooks’
law

Guido van Rossum (2025), Python’s creator, recently said: “We have
a huge community, but relatively few people, relatively speaking, are
contributing meaningfully.”
This highlights a paradox.
Software thrives on the network effect, or Metcalfe’s Law (Metcalfe,

2013), where a system’s value scales with the square of its users. Linux
excels because its vast user base fuels adoption, documentation, and
compatibility everywhere.
But larger teams don’t build better software—often the reverse.

Brooks’ Law (Brooks, 1995) shows that adding people increases com-
munication overhead, slowing progress. The Pareto Principle (New-
man, 2005) also applies: a small minority drives most meaningful
contributions. Great software often stems from a single visionary or a
small, cohesive team, not a crowd.
The network effect applies primarily to users, not necessarily to

creators.
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Don’t be so eager to rewrite
your code

I used to always want to rewrite my code. Maybe even use another
programming language. “If only I could rewrite my code, it would be
so much better now.”
If you maintain software projects, you see it all the time. Someone

new comes along and they want to start rewriting everything. They
always have subjective arguments: it is going to be more maintainable
or safer or just more elegant.
If your code is battle tested. . . then the correct instinct is to be con-

servative and keep your current code. Sometimes you need to rewrite
your code: you made a mistake or must change your architecture. But
most times, the old code is fine and investing time in updating your
current code is better than starting anew.
The great intellectual Robin Hanson argues that software ages. One

of his arguments is that software engineers say that it does. That’s
what engineers feel but whether it is true is another matter.
“Before Borland’s new spreadsheet for Windows shipped, Philippe

Kahn, the colorful founder of Borland, was quoted a lot in the press
bragging about how Quattro Pro would be much better than Microsoft
Excel, because it was written from scratch. All new source code! As
if source code rusted. The idea that new code is better than old is
patently absurd. Old code has been used. It has been tested. Lots of
bugs have been found, and they’ve been fixed. There’s nothing wrong
with it. It doesn’t acquire bugs just by sitting around on your hard
drive. Au contraire, baby! Is software supposed to be like an old Dodge
Dart, that rusts just sitting in the garage? Is software like a teddy bear
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that’s kind of gross if it’s not made out of all new material?” (Joel
Spolsky)
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Fast software is a discipline, not
a purpose

When people train, they usually don’t try to actually run faster or lift
heavier weights. As a relatively healthy computer science professor,
how fast I run or how much I can lift is of no practical relevance.
However, whether I can walk the stairs without falling apart is a
metric.
I am not an actor or a model. Who cares how much I weigh? I care:

it is a metric.
I could probably work in a dirty office without ill effect, but I just

choose not to.
So when I see inefficient code, I cringe. I am being told that it does

not matter. Who cares? We have plenty of CPU cycles. I think you
should care, it is a matter of discipline.
Yes, only about 1% of all code being written really matters. Most

people write code that may as well be thrown out.
But then, I dress cleanly every single day even if I stay at home.

And you should too.
I do not care which programming language you use. It could be C,

it could be JavaScript. If your code is ten times slower than it should
be, I think it shows that you do not care, not really. And it bothers me.
It should bother you because it tells us something about your work. It
is telling us that you do not care, not really.
Alexander Jay sent me a nice email. He reviewed some tricks he

uses to write fast code. It inspired these recommendations in me:

• Avoid unnecessary memory allocations.
• Avoid multiple passes over the data when one would do.
• Avoid unnecessary runtime inferences and branches.
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• Avoid unnecessary performance-adverse abstraction.
• Prefer simple value types when they suffice.
• Learn how the data is actually represented in bits, and learn to
dance with these bits when you need to.

Alexander asked me, “At what point would you consider the focus
on optimization a wasted effort?” My answer: “At what point do you
consider being fit and clean a wasted effort?”
There is a reason we don’t tend to hire people who show up to work

in dirty t-shirts. It is not that we particularly care about dirty t-shirts,
it is that we want people who care about their work.
If you want to show care for your software, you first have to make it

clean, correct and fast. If you start caring about bugs and inefficiencies,
you will write good software. It is that simple.
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Don’t argue: build

Prescientific and preindustrial thought tied truth to authority and
tradition. “We’ve always done it this way.” “The king decrees it.” “We
know this is how it’s done.”
The scientific and industrial revolutions shattered this mindset.

Suddenly, outsiders could challenge entrenched norms. Two brothers
in a rundown workshop could build empires to rival the wealthiest
lords. Ordinary people could question the highest authorities.
What made this possible? A belief in objective truth. Reality exists

independently of our perceptions. For Christians, this meant God
created a discoverable world, and humanity’s role was to uncover its
workings and harness them.
How could an individual stand against tradition or authority?

Through facts. A new method is cheaper—or it isn’t. It’s faster—or it
isn’t. It yields better results—or it doesn’t.
This is the essence of progress: you can improve, and you can prove

it.
The British Empire dominated the seas, waged wars, and abolished

slavery not because of superior manpower or land, but through better
governance, business practices, and science.
Not every question is empirical, but the critical ones often are. To

make your case, build it and demonstrate its value. That is the heart
of the scientific revolution.
In software, the same habit applies. Whether a design will scale,

whether a database can serve a million queries per second, whether a
rewrite is worth the risk—these are not questions that yield to seniority
or eloquence in a meeting. Prototype the approach, benchmark it
against what you have, ship and measure in production. When the
numbers disagree with the architecture review, the numbers win. That
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is not hostility to debate; it is the discipline that keeps building from
becoming performance art.

Originally published · June 16, 2025

164



Programmer time and the
pitfalls of false positives

Programmer time is precious. This realization should shape our ap-
proach to software development, focusing our efforts on tasks that
genuinely contribute to the improvement of our code and the software
ecosystem.
What does matter?

1. Hunting for bugs. I like to add tests, and then even more tests.
The time spent building tests should be proportionate to the time
spent building the software. Fuzzing is also fantastically useful. I
love using sanitizers.

2. Fixing bugs. Bugs disrupt user experience, compromise function-
ality, and can even introduce security vulnerabilities. Addressing
bugs is critical to build trust in the software.

3. Documentation matters. Underdocumented code is mysterious
and may trigger unnecessary surprises. Lack of documentation
may also harm relationships with users.

4. Adding new features. Innovation and growth in software come
from introducing new features. Features should be user visible:
‘internal’ features are often wasteful.

5. Improving Performance. Performance enhancement is all about
making the software run faster, use fewer resources, or handle
larger workloads more efficiently. This can significantly impact user
satisfaction, particularly in applications where speed is paramount.
Improving performance is not just about identifying bottlenecks. . .
it is an ongoing journey. You need a good design and multiple
rounds of optimizations. You can often continue to improve the
performance for years and years.
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However, there are areas where I believe our time is not well spent:

• Patching code to silence false positives from disabled-by-default
static analyzers. The level 4 warnings under Visual Studio when
compiling C++ code are a good example, but so are the obscure
GCC and clang warnings. Static analyzers are tools that can scan
code for potential issues without executing the program. However,
when these tools are overly strict or misconfigured, they might re-
port numerous false positives; issues that aren’t actually problems.
Spending time patching code merely to quiet these false alarms
is, in my view, wasteful. It diverts attention from more impact-
ful work. This is not to say that static analysis is not beneficial;
when used correctly, it can save considerable time and resources.
But the effort required to address non-issues can quickly become
counterproductive.

• Aimless refactoring is also often wasteful. Renaming classes, mov-
ing code around just so that it looks ‘nice’. I am not against the
occasional cleaning round. . . but it should not be time consuming.
Refactoring for its own sake may become an excuse for not fixing
bugs or for not improving the performance. It is easy work, but
often not impactful.

Let us take a concrete example. Consider the following function:

uint8_t f(uint64_t x) {

uint8_t y = x % 256;

return y;

}

When compiled with LLVM/clang with the -Wconversion flag, you
get the following warning:
warning: implicit conversion loses integer precision: ‘uint64_t’ (aka

‘unsigned long’) to ‘uint8_t’ (aka ‘unsigned char’) [-Wimplicit-int-
conversion]
The warning is bogus, a waste of time. There is no loss of precision

(whatever precision means).
Another favorite of mine is this function:
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uint64_t g(uint64_t x) {

return -x;

}

Negating an unsigned integer has many applications: e.g., if you
want to select only the least significant bit, and zero all others, you
can use the expression (-x) AND x. Under Visual Studio, if you crank
up the warnings, you get
warning C4146: unary minus operator applied to unsigned type,

result still unsigned
Another waste of time.
While we strive for perfection in our code, we must also be strategic

about where we invest our most precious resource: programmer time.
Let us prioritize what truly matters in the grand scheme of software
development.

Originally published · January 30, 2025
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Afterword

Forty-three essays and two interludes cannot exhaust a career’s worth
of questions. They can, I hope, make a pattern visible: protect your
attention, learn by doing, measure honestly when it matters, and stay
open to what you do not yet understand.
The two main parts of this book—and the short software close—

are one stance seen from different angles. Productivity is not a hack;
optimism is not naïveté; performance is not nostalgia. Each comes
from paying attention to what actually works—and acting on it.
The future remains uncertain. Uncertainty cuts both ways. If disci-

plined thinking and patient engineering beat conventional limits more
often than we expect, then the future is more worth building toward
than cynicism suggests.
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