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Introduction

Analyzing Issues in Science
and Technology

In his 2008 inaugural address, President Barack Obama said, “We will
build the roads and bridges, the electric grids, and digital lines that feed our
commerce and bind us together. We will restore science to its rightful place
and wield technology’s wonders to raise health care’s quality and lower its
costs.” At the 2010 meeting of the American Association for the Advance-
ment of Science, Eric Lander, co-chair of the President’s Council of Advi-
sors on Science and Technology, asked, “What is the rightful place of
science?” and answered that it belongs “in the president’s cabinet and
policy-making, in the nation’s classrooms; as an engine to propel the
American economy; as a critical investment in the federal budget, even in
times of austerity; as a tool for diplomacy and international understanding
and as an organizing principle for space exploration.” (See Eric S. Lander,
“Obama Advisor Weighs ‘The Rightful Place of Science’,” Science News [June
S, 2010}; the question is also discussed in Daniel Sarewitz, “The Rightful
Place of Science,” Issues in Science and Technology [Summer 2009].) However,
John Marburger, science advisor to President George W. Bush, notes in “Sci-
ence’s Uncertain Authority in Policy,” Issues in Science and Technology (Sum-
mer 2010), that policymakers often ignore science in favor of preference,
prejudice, and expedience.

The discussion of “the rightful place of science” is important for sev-
eral reasons. One is simply that previous administrations have often made
decisions based less on evidence than on politics and ideology. The other is
that a great many of the issues that the United States and the world face
today cannot be properly understood without a solid grounding in climatol-
ogy, ecology, physics, and engineering (among other areas). This is not going
to change. In the twenty-first century, we cannot escape science and tech-
nology. Their fruits—the clothes we wear, the foods we eat, the tools we
use—surround us. They also fill us with both hope and dread for the future,
for although new discoveries promise us cures for diseases and other prob-
lems, new insights into the wonders of nature, new gadgets, new industries,
and new jobs (among other things), the past has taught us that technologi-
cal developments can have unforeseen and terrible consequences.

XV



XVi INTRODUCTION

Those consequences do not belong to science, for science is nothing
more (or less) than a systematic approach to gaining knowledge about the
world. Technology is the application of knowledge (including scientific
knowledge) to accomplish things we otherwise could not. It is not just
devices such as hammers and computers and jet aircraft, but also manage-
ment systems and institutions and even political philosophies. And it is of
course such uses of knowledge that affect our lives for good and ill.

We cannot say, “for good or ill.” Technology is neither an unalloyed
blessing nor an unmitigated curse. Every new technology offers both new
benefits and new problems, and the two sorts of consequences cannot be
separated from each other. Automobiles provide rapid, convenient personal
transportation, but precisely because of that benefit, they also create suburbs,
urban sprawl, crowded highways, and air pollution, and even contribute to
global climate change.

Optimists Vs. Pessimists

The inescapable pairing of good and bad consequences helps to account for
why so many issues of science and technology stir debate in our society.
Optimists focus on the benefits of technology and are confident that we
will be able to cope with any problems that arise. Pessimists fear the prob-
lems and are sure their costs will outweigh any possible benefits.

Sometimes the costs of new technologies are immediate and tangible.
When new devices—steamship boilers or space shuttles—fail or new drugs
prove to have unforeseen side effects, people die. Sometimes the costs are
less obvious.

The proponents of technology answer that if a machine fails, it needs
to be fixed, not banned. If a drug has side effects, it may need to be refined
or its permitted recipients may have to be better defined (the banned tran-
quilizer thalidomide is famous for causing birth defects when taken early in
pregnancy; it is apparently quite safe for men and nonpregnant women).

Certainty Vs. Uncertainty

Another root for the debates over science and technology is uncertainty.
Science is by its very nature uncertain. Its truths are provisional, open to
revision.

Unfortunately, most people are told by politicians, religious leaders, and
newspaper columnists that truth is certain. They therefore believe that if some-
one admits uncertainty, their position is weak and they need not be heeded.
This is, of course, an open invitation for demagogues to prey upon fears of
disaster or side effects or upon the wish to be told that the omens of greenhouse
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warming and ozone holes (etc.) are mere figments of the scientific imagination.
Businesses may try to emphasize uncertainty to forestall government regula-
tions; see David Michaels, Doubt Is Their Product: How Industry’s Assault on
Science Threatens Your Health (Oxford University Press, 2008).

Is Science Just Another Religion?

Science and technology have come to play a huge role in human culture,
largely because they have led to vast improvements in nutrition, health
care, comfort, communication, transportation, and humanity’s ability to
affect the world. However, science has also enhanced understanding of hu-
man behavior and of how the universe works, and in this it frequently
contradicts what people have long thought they knew. Furthermore, it ac-
tively rejects any role of God in scientific explanation.

Many people therefore reject what science tells us. They see science as
just another way of explaining how the world and humanity came to be; in
this view, science is no truer than religious accounts. Indeed, some say sci-
ence is just another religion, with less claim on followers’ allegiance than
other religions that have been divinely sanctioned and hallowed by longer
traditions. Certainly, they see little significant difference between the scien-
tist’s faith in reason, evidence, and skepticism as the best way to achieve
truth about the world and the religious believer’s faith in revelation and
scripture. This becomes very explicit in connection with the debates between
creationists and evolutionists. Even religious people who do not favor crea-
tionism may reject science because they see it as denying both the existence
of God and the importance of “human values” (meaning behaviors that are
affirmed by traditional religion). This leads to a basic antipathy between sci-
ence and religion, especially conservative religion, and especially in areas—
such as human origins—where science and scripture seem to be talking
about the same things but are contradicting each other. This point can be
illustrated by mentioning the Italian physicist Galileo Galilei (1564-1642),
who in 1616 was attacked by the Roman Catholic Church for teaching
Copernican astronomy and thus contradicting the teachings of the Church.
Another example arose when evolutionary theorist Charles Darwin first
published On the Origin of Species by Means of Natural Selection in 1859. Mano
Singham notes in “The Science and Religion Wars,” Phi Delta Kappan (Febru-
ary 2000), that “In the triangle formed by science, mainstream religion, and
fringe beliefs, it is the conflict between science and fringe beliefs that is usu-
ally the source of the most heated, acrimonious, and public debate.” Michael
Ruse takes a more measured tone when he asks “Is Evolution a Secular Reli-
gion?” Science (March 7, 2003); his answer is that “[tJoday’s professional evo-
lutionism is no more a secular religion than is industrial chemistry” but
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there is also a “popular evolutionism” that treads on religious ground and
must be carefully distinguished. In recent years, efforts to counter “evolu-
tionism” by mandating the teaching of creationism or “intelligent design”
(ID) in public schools have made frequent appearances in the news, but so
have the defeats of those efforts. One of the most recent defeats was in
Dover, Pennsylvania, where the judge declared that “ID is not science.” See
Jeffrey Mervis, “Judge Jones Defines Science—And Why Intelligent Design
Isn't,” Science (January 6, 2006), and Sid Perkins, “Evolution in Action,” Sci-
ence News (February 25, 2006).

Even if religion does not enter the debate, some people reject new devel-
opments in science and technology (and in other areas) because they seem
“unnatural.” For most people, “natural” seems to mean any device or proce-
dure to which they have become accustomed. Very few realize how “unnatural”
are such ordinary things as circumcision and horseshoes and baseball.

Yet new ideas are inevitable. The search for and the application of
knowledge is perhaps the human species’ single most defining characteris-
tic. Other creatures also use tools, communicate, love, play, and reason.
Only humans have embraced change. We are forever creating variations on
our religions, languages, politics, and tools. Innovation is as natural to us as
building dams is to a beaver.

Efforts to encourage innovation are a perennial topic in discussions of
how nations can deal with problems and stimulate their economies (see
David H. Guston, “Innovation Policy: Not Just a Jumbo Shrimp,” Nature
[August 21, 2008]). India has a National Innovation Foundation, and a simi-
lar government agency has been suggested for the United States (see Robert
Atkinson and Howard Wial, “Creating a National Innovation Foundation,”
Issues in Science and Technology [Fall 2008]; see also Robert Atkinson and
Howard Wial, Boosting Productivity, Innovation, and Growth through a National
Innovation Foundation [Washington, DC: Brookings Institution and Informa-
tion Technology and Innovation Foundation, 2008], available online at
http://www.brookings.edu/~/media/Files/rc/reports/2008/04_federal_role_atkinson_
wial/NIF%20Report.pdf or http://www.itif.org/files/NIF.pdf). The closest we have
come so far is the Defense Advanced Research Projects Agency (DARPA; htp://
www.darpa.mil/), famous for its initiation of Internet technology, and ARPA-
Energy (http:/arpa-e.energy.gov/), launched in 2007 with hopes for equally
impressive results in the field of energy.

Voodoo Science

Public confusion over science and technology is increased by several fac-
tors. One is the failure of public education. In 2002, the Committee on
Technological Literacy of the National Academy of Engineering and the
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National Research Council published a report (Technically Speaking: Why All
Americans Need to Know More About Technology) that said that although the
United States is defined by and dependent on science and technology, “its
citizens are not equipped to make well-considered decisions or to think
critically about technology. As a society, we are not even fully aware of or
conversant with the technologies we use every day.”

A second factor is the willingness of some to mislead. Alarmists stress
awful possible consequences of new technology without paying attention to
actual evidence, they demand certainty when it is impossible, and they
reject the new because it is untraditional or even “unthinkable.” And then
there are the marketers, hypesters, fraudsters, activists, and even legitimate
scientists and critics who oversell their claims. Robert L. Park, author of Voo-
doo Science: The Road from Foolishness to Fraud (Oxford University Press,
2002), lists seven warning signs “that a scientific claim lies well outside the
bounds of rational scientific discourse” and should be viewed warily:

* The discoverer pitches his claim directly to the media, without per-
mitting peer review.

* The discoverer says that a powerful establishment is trying to sup-
press his or her work.

* The scientific effect involved is always at the very limit of detection.

* Evidence for a discovery is only anecdotal.

* The discoverer says a belief is credible because it has endured for
centuries.

¢ The discoverer has worked in isolation.

¢ The discoverer must propose new laws of nature to explain an
observation.

The Soul of Science

The standard picture of science—a world of observations and hypotheses,
experiments and theories, a world of sterile white coats and laboratories and
cold, unfeeling logic—is a myth of our times. It has more to do with the way
science is presented by both scientists and the media than with the way scien-
tists actually do their work. In practice, scientists are often less orderly, less
logical, and more prone to very human conflicts of personality than most
people suspect.

The myth remains because it helps to organize science. It provides
labels and a framework for what a scientist does; it may thus be especially
valuable to student scientists who are still learning the ropes. In addition, it
embodies certain important ideals of scientific thought. It is these ideals that
make the scientific approach the most powerful and reliable guide to truth
about the world that human beings have yet devised.
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The Ideals of Science: Skepticism,
Communication, and Reproducibility

The soul of science is a very simple idea: Check it out. Scholars used to think
that all they had to do to do their duty by the truth was to say “According
to” some ancient authority such as Aristotle or the Bible. If someone with
a suitably illustrious reputation had once said something was so, it was so.
Arguing with authority or holy writ could get you charged with heresy and
imprisoned or burned at the stake.

This attitude is the opposite of everything that modern science stands
for. As Carl Sagan says in The Demon-Haunted World: Science as a Candle in the
Dark (Random House, 1995, p. 28), “One of the great commandments of
science is, "Mistrust arguments from authority’.” Scientific knowledge is
based not on authority but on reality itself. Scientists take nothing on faith.
They are skeptical. When they want to know something, they do not look it
up in the library or take others’ word for it. They go into the laboratory, the
forest, the desert—wherever they can find the phenomena they wish to
know about—and they ask those phenomena directly. They look for answers
in the book of nature. And if they think they know the answer already, it is
not of books that they ask, “Are we right?” but of nature. This is the point of
“scientific experiments”—they are how scientists ask nature whether their ideas
check out.

This “check it out” ideal is, however, an ideal. No one can possibly
check everything out for himself or herself. Even scientists, in practice, look
things up in books. They too rely on authorities. But the authorities they rely
on are other scientists who have studied nature and reported what they
learned. In principle, everything those authorities report can be checked.
Observations in the lab or in the field can be repeated. New theoretical or
computer models can be designed. What is in the books can be confirmed.

In fact, a good part of the official “scientific method” is designed to make
it possible for any scientist’s findings or conclusions to be confirmed. Scien-
tists do not say, “Vitamin D is essential for strong bones. Believe me. I know.”
They say, “I know that vitamin D is essential for proper bone formation
because I raised rats without vitamin D in their diet, and their bones turned
out soft and crooked. When I gave them vitamin D, their bones hardened and
straightened. Here is the kind of rat I used, the kind of food I fed them, the
amount of vitamin D I gave them. Go thou and do likewise, and you will see
what I saw.”

Communication is therefore an essential part of modern science. That is,
in order to function as a scientist, you must not keep secrets. You must tell
others not just what you have learned by studying nature, but how you learned
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it. You must spell out your methods in enough detail to let others repeat your
work.

Scientific knowledge is thus reproducible knowledge. Strictly speaking,
if a person says “I can see it, but you can’t,” that person is not a scientist.
Scientific knowledge exists for everyone. Anyone who takes the time to learn
the proper techniques can confirm it. They don’t have to believe in it first.

ey

As an exercise, devise a way to convince a red-green colorblind person, who
sees no difference between red and green, that such a difference really ex-
ists. That is, show that a knowledge of colors is reproducible, and therefore
scientific, knowledge, rather than something more like belief in ghosts or
telepathy.

Here’s a hint: Photographic light meters respond to light hitting a sen-
sor. Photographic filters permit light of only a single color to pass through.

X Ogl

The Standard Model of the Scientific Method

As it is usually presented, the scientific method has five major components.
They include observation, generalization (identifying a pattern), stating a hy-
pothesis (a tentative extension of the pattern or explanation for why the
pattern exists), and experimentation (testing that explanation). The results
of the tests are then communicated to other members of the scientific com-
munity, usually by publishing the findings. How each of these components
contributes to the scientific method is discussed briefly below.

Observation

The basic units of science—and the only real facts the scientist knows—are the
individual observations. Using them, we look for patterns, suggest explana-
tions, and devise tests for our ideas. Our observations can be casual, as when
we notice a black van parked in front of the fire hydrant on our block. They
may also be more deliberate, as what a police detective notices when he or she
sets out to find clues to who has been burglarizing apartments in our
neighborhood.



Xxii INTRODUCTION

Generalization

After we have made many observations, we try to discern a pattern among
them. A statement of such a pattern is a generalization. We might form a
generalization if we realized that every time there was a burglary on the
block, that black van was parked by the hydrant.

Cautious experimenters do not jump to conclusions. When they think
they see a pattern, they often make a few more observations just to be sure
the pattern holds up. This practice of strengthening or confirming findings
by replicating them is a very important part of the scientific process. In our
example, the police would wait for the van to show up again and for another
burglary to happen. Only then might they descend on the alleged villains.
Is there loot in the van? Burglary tools?

The Hypothesis

A tentative explanation suggesting why a particular pattern exists is called
a hypothesis. In our example, the hypothesis that comes to mind is obvious:
The burglars drive to work in that black van.

The mark of a good hypothesis is that it is testable. The best hypotheses
are predictive. Can you devise a predictive test for the “burglars use the black
van” hypothesis?

Unfortunately, tests can fail even when the hypothesis is perfectly
correct. How might that happen with our example?

Many philosophers of science insist on falsification as a crucial aspect
of the scientific method. That is, when a test of a hypothesis shows the
hypothesis to be false, the hypothesis must be rejected and replaced with
another.

The Experiment

The experiment is the most formal part of the scientific process. The concept,
however, is very simple: An experiment is nothing more than a test of a
hypothesis. It is what a scientist—or a detective—does to check an idea out.

If the experiment does not falsify the hypothesis, that does not mean
the hypothesis is true. It simply means that the scientist has not yet come up
with the test that falsifies it. The more times and the more different ways
that falsification fails, the more probable it is that the hypothesis is true.
Unfortunately, because it is impossible to do all the possible tests of a
hypothesis, the scientist can never prove it is true.

Consider the hypothesis that all cats are black. If you see a black cat, you
don’t really know anything at all about all cats. If you see a white cat, though,
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you certainly know that not all cats are black. You would have to look at every
cat on Earth to prove the hypothesis. It takes just one to disprove it.

This is why philosophers of science say that science is the art of disprov-
ing, not proving. If a hypothesis withstands many attempts to disprove it,
then it may be a good explanation of what is going on. If it fails just one test,
it is clearly wrong and must be replaced with a new hypothesis.

However, researchers who study what scientists actually do point out
that the truth is a little different. Almost all scientists, when they come up
with what strikes them as a good explanation of a phenomenon or pattern,
do not try to disprove their hypothesis. Instead, they design experiments to
confirm it. If an experiment fails to confirm the hypothesis, the researcher
tries another experiment, not another hypothesis.

Police detectives may do the same thing. Think of the one who found
no evidence of wrongdoing in the black van but arrested the suspects any-
way. Armed with a search warrant, he later searched their apartments. He
was saying, in effect, “I know they’re guilty. I just have to find the evidence
to prove it.”

The logical weakness in this approach is obvious, but that does not
keep researchers (or detectives) from falling in love with their ideas and
holding onto them as long as possible. Sometimes they hold on so long,
even without confirmation of their hypothesis, that they wind up looking
ridiculous. Sometimes the confirmations add up over the years and whatever
attempts are made to disprove the hypothesis fail to do so. The hypothesis
may then be elevated to the rank of a theory, principle, or law. Theories are
explanations of how things work (the theory of evolution by means of natu-
ral selection). Principles and laws tend to be statements of things that hap-
pen, such as the law of gravity (masses attract each other, or what goes up
comes down) or the gas law (if you increase the pressure on an enclosed gas,
the volume will decrease and the temperature will increase).

Communication

Each scientist is obligated to share her or his hypotheses, methods, and
findings with the rest of the scientific community. This sharing serves two
purposes. First, it supports the basic ideal of skepticism by making it pos-
sible for others to say, “Oh, yeah? Let me check that.” It tells those others
where to see what the scientist saw, what techniques to use, and what tools
to use.

Second, it gets the word out so that others can use what has been
discovered. This is essential because science is a cooperative endeavor. Peo-
ple who work thousands of miles apart build with and upon each other’s
discoveries, and some of the most exciting discoveries have involved bringing



