CHAPTER

1

Two Case Studies in Creativity

C*reative thinking brings about new things—innovations—ranging from
solutions to simple puzzles and riddles to ideas and inventions that
have radically altered our world. Creative people are those who produce
such innovations, and the creative process consists of the psychological pro-
cesses involved in bringing about innovations. Figures 1.1A and 1.1B give
examples of some of the more impressive products of creative thinking. In
Figure 1.1C are some simple exercises that might result in creative thinking
on your part. If you had never seen those puzzles and riddles before, and if
you solved one or more of them, then you were thinking creatively when
you did so—you produced something new. In this book, we will consider
the full range of creativity, ranging from solving simple puzzles to producing
the seminal innovations shown in Figures 1.1A and 1.1B. We will examine
a wide range of recent research on creativity, as well as theories that have
been developed to explain the processes involved when people produce
innovations.

There are many reasons why creativity is a critically important topic for
psychologists to understand. First of all, our world has been shaped by the
products of creative thinkers. All of our modern conveniences—the tele-
phone and other modes of communication, the automobile, the airplane,
computers, and so forth—have been brought about through the creative
work of inventors and scientists. Our healthy existences and our ever-longer
lives are the result of scientific and medical advances, which are the result
of creative thinking on the part of scientists in many domains. Much of the
richness of our lives—art, music, drama, literature, poetry—is the result of
artistic creativity. Society values greatly the products of creative thinking;
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CRreATIVITY: UNDERSTANDING INNOVATION

Figure 1.1 Examples of creative thinking (1937): A, DNA: The

double helix; B, Picasso’s Guernica; C, Examples of problems
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Balance
You have four indistinguishable coins—two heavy and two light. How can
you tell which are which in two weighings on a balance scale?

Solution: Weigh any two coins. (A) If they do not balance, one is heavy and
one is light. Repeat with the other two. (B) If they balance, they are both
light or both heavy. Replace one coin with one of the two that remain, that
will tell you whether the original pair is light or heavy.

Cards

Three cards are lying face down. To the left of a queen is a jack; to the left
of a spade is a diamond; to the right of a heart is a king; to the right of a
king is a spade. Assign the proper suit to each card.

Solution: Lay out information in an array: Jack of hearts, king of diamonds,
queen of spades.

Prisoner

A prisoner in a tower finds a rope reaching halfway to the ground. He di-
vides it in half, ties the two pieces together, and escapes. How? Initial solu-
tion: The problem is impossible.

Solution: He unravels the rope lengthwise and ties the two pieces together.

Basketball game
Our basketball team won last night, 74-55, and yet not one man on the
team scored so much as a single point. How is that possible?

Solution: It was our women’s basketball team.

Figure 1.1 (continued)

we bestow honors, such as Nobel Prizes, on those who have produced such
things, and the stories of their lives and accomplishments fill our history
books and encyclopedias. By understanding how creative products are
brought about, we may be able to increase the likelihood that innovations
will occur, thereby making life better for us all.

In addition, creative thinking is also big business. Our largest and most
prestigious corporations, as well as the largest government agencies, are
constantly searching for ways to be more innovative, and they pay handsome
fees to consultants who will help them achieve new levels of innovation
from their employees. Institutions of higher education also take interest in
teaching creative thinking. Many university business schools offer courses
that are designed to provide business leaders—both those of the future and
present-day ones who return for a refresher—with skills that will enable
them to solve on-the-job problems. At the grassroots level, one constantly
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reads accounts of debates concerning the best way to structure our educa-
tional system so that children come out as young adults who are able to think
creatively. It is therefore important that we have some idea of how creativity
comes about, so that we can make decisions concerning how individuals
might be helped in dealing with situations that demand creativity.

Beliefs about Creativity

There are two difficulties in discussing research on creativity. Some
people, even people with very deep knowledge of psychological phenomena,
come to the subject of creativity with the belief that the topic is so mystical
and/or subjective that it could never be captured by psychological meth-
ods (Sternberg & Lubart, 1996). In this view, we cannot even define what
terms like creativity and creative mean, so as a consequence we cannot even
discuss them coherently, much less study them using scientific methods.
I have sometimes been asked by other cognitive psychologists—that is,
people whose professional lives are involved in bringing difficult-to-study
psychological phenomena under scientific scrutiny—how one could ever
study creative thinking. They cannot see how one can bring creativity under
scientific investigation. One purpose of this book is to demonstrate how
something as seemingly difficult to pin down as creativity can be defined
and brought under scientific study.

Other people, from inside and outside psychology, come to the discus-
sion of creativity with the belief that, even if we can define creativity and
begin to study it, there is no purpose in doing so, because creativity comes
about as the result of almost supernatural powers. In this view, the people
who bring about things like those in Figures 1.1A and 1.1B are basically
different from ordinary people: They are endowed with gifts that the rest
of us do not have. Learning about what they do and how they do it, even
if it were possible to do so, might be of some interest in its own right, but
it would not tell us much that would be useful. The differences between
the creative greats and ordinary people are in this view assumed to be of
two sorts. On the one hand, the greats do not think as you and I do, and
the differences between “real” creativity and the activities that you and |
carry out are so great as to be unbridgeable. The relatively simple problems
presented in Figure 1.1C may require some creativity for solution, but
those problems are so different from the situations in which great artists,
inventors, and scientists work that entirely different cognitive processes
must be involved. So the processes involved when you and I solve such
problems would not tell us much about “real” creativity. Second, there are
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assumed to be critical differences in personality structure between creative
and ordinary individuals, and those differences are assumed to play a role
in making some people creative.

Most psychologists who have developed theories on creative thinking and
creative persons take a different perspective on these issues. Although many
psychologists believe that creative thinking depends on specific thought
processes, they also believe that those processes can be carried out to some
degree by all of us. Those who produce great creative advances might be better
creative thinkers, but the same thought processes are available to or present
in all of us. Similarly, if there is a specific set of personality characteristics
that are related to creative achievement, those characteristics are assumed
to be present to some degree in many if not all of us; they are simply present
to a higher degree in those who produce great creative achievement. Ac-
cording to this perspective, then, creative capacity may to some degree be
present in all of us (e.g., Amabile, 1996; Csikszentmihalyi, 1996; Eysenck,
1993; Guilford, 1950; Sternberg & Lubart, 1995).

There is also a minority view in psychology (e.g., Perkins, 1981; Newell,
Shaw, & Simon, 1962; Weisberg, 1980, 1986, 2003), to which I subscribe,
that proposes that the thought processes underlying the production of in-
novations are the same thought processes that underlie our ordinary activi-
ties. From this perspective, the term creative thinking is misleading at least
and perhaps a misnomer, because one thinks creatively by using ordinary
thinking; one just uses that ordinary thinking to bring about innovations
(see also Klahr & Simon, 1999). This does not mean that there is no such
thing as creativity, however. There is no doubt that scientists, artists, and
inventors, for example, bring forth innovations. It is just that those innova-
tions are based on the ordinary thought processes that we all carry out.

One task of this book is to review a representative sample of the vari-
ous theories of creativity proposed by psychologists and to examine their
structure, the predictions that are derived from them, and the evidence
for and against them. A further task of this book will be to show that
there is a relatively close relationship between creative thinking and
other forms of cognition, such as problem solving, reasoning, and the use
of memory. That is, the view motivating the presentation in this book is
that creative thinking is not different from ordinary thinking—the think-
ing that we use in carrying out our day-to-day activities. I will show also
that the differences in personality and other psychological characteristics
between creative individuals and ordinary people may not be very large,
and, furthermore, those differences may not be crucial in making creative
people creative.
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Two Case Studies in Creativity

In this first chapter, I will discuss two examples of creative thinking at its
highest: Watson and Crick’s discovery of the double-helix structure of DNA,
the genetic material (Figure 1.1A), and Pablo Picasso’s creation of Guernica,
his great antiwar painting (Figure 1.1B). Those two case studies will provide
us with “data” of a sort we will have occasion to refer to many times as we con-
sider theorizing concerning creative thinking. At various points in this book,
we will discuss the Beatles, Edison, Darwin, the Wright brothers, and Mozart,
among other creative thinkers, and the case studies presented in this chapter
will provide an introduction to this method. The data from case studies such
as those presented here, in conjunction with other results, such as those from
laboratory studies of creativity, will allow us to bring an educated perspective
to the sometimes conflicting claims made by theories of creativity.

The two case studies to be discussed—one from science and one from the
arts—are relevant to the question of what differences may exist between the
creative processes in those two domains. At first glance, it seems that we are
talking about two different things when we talk about creative thinking in the
arts versus the sciences. We use different terms to describe the process in the
two domains: We talk about artists creating their works (Picasso created Guer-
nica) , but we talk about discoveries in science (Watson and Crick discovered
the double-helix structure of DNA). There seem to be basic differences in our
beliefs concerning the relation between the person and the product in the arts
versus the sciences. It is obvious that, if there had never been Picasso, then
there would be no Guernica. Similarly, no Beethoven, no Beethoven’s Fifth
Symphony. Artistic creativity seems to be an inherently subjective process,
as the artist produces something that would not have existed save for the ef-
fort of that person. DNA, on the other hand, exists independently of Watson
and Crick. If there had been no Watson and Crick, DNA would still have
been there, waiting to be discovered, and at some point it would have been
discovered. Scientific discovery, in this interpretation, is an objective process:
Objects, events, and facts available to all of us are what scientists discover.
As we work through the two case studies, I will try to make note of aspects of
each that point to similarities, rather than cut-and-dried differences, between
creative thinking in science and the arts. Artistic creativity is not as subjec-
tive, nor is scientific creativity as objective, as one might think.

Creativity in Science: Discovery of the Double Helix
In 1953, Watson and Crick published the double-helix model of the

structure of DNA, which has had revolutionary effects on our understanding
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and control over genetic processes. As one example of the impact of Watson
and Crick’s work, there has in recent years been much controversy over the
possibility that scientists have succeeded or will soon succeed in cloning hu-
man beings. This possibility is but one of the remarkable developments that
can be traced directly back to the discovery of the double helix. Geneticists,
biologists, and other scientists, including Watson and Crick’s teachers, had
for more than 50 years been pursuing the question of the composition and
structure of the genetic material (Olby, 1994). Watson and Crick succeeded
in formulating a model of the structure of DNA after approximately one
and a half years of work, and several misdirected attempts. Other research
groups were at that time also working on the structure of DNA, and Watson
and Crick were not the first to publish a possible structure, but theirs was
ultimately judged to be correct (Judson, 1979; Olby, 1994).

DNA was a discovery of wide sweep, which involved a large number of
contributors. Examining this discovery will provide information concern-
ing how scientists become focused on the questions that they study. What,
if anything, does the creative individual know that leads him or her to the
important questions, the answers of which will change our world? Studying
the discovery of DNA also will allow us to address the critically important
question of how different scientists, while studying the same phenomenon,
wind up taking different approaches, so that one is successful while the other
is not. That is, we will begin to gather information on what, if anything,
separates the individual who produces the important scientific discovery
from the one who does not.

Historical Background

DNA was discovered in the middle of the nineteenth century, and by the
early twentieth century it had been shown to be present in all cells (Stent,
1980, p. xiii). DNA is made up of a number of different components: a
phosphate group, constructed around phosphorus; a sugar; and four different
nitrogen-rich bases, adenine, cytosine, guanine, and thymine, abbreviated
as A, C, G, and T. (See Figure 1.2.) One phosphate, one sugar, and one
base form what is called a nucleotide, the basic unit out of which DNA is
constructed. There are four different nucleotides, differing only in their
bases. Thousands of nucleotides, strung together, form the complete DNA
molecule. So the basic structure of DNA could be described as a polynucleo-
tide, built out of a set of building blocks that repeat again and again.

[t was not until the late 1940s that researchers began to agree that DNA
was the genetic material. Although DNA is found almost exclusively in
the chromosomes, which are the sites of the genetic material, there is more
protein than DNA in chromosomes, which led to the belief that protein
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Figure 1.2 DNA information: A, Nucleotides; B, Chemical structures
of the four DNA bases as they were often drawn about 1950.

might be the critical material. In addition, it was also thought originally
that DNA was a relatively simple molecule, too simple to carry out the
tasks required of genetic material (Olby, 1994). It was initially believed that
the DNA molecule was simply a tetranucleotide, that is, that the complete
molecule consisted of one of each of the four nucleotides, and nothing
else. It was soon shown that the molecular weight of DNA was much larger
than only four nucleotides, but researchers then assumed that the large
molecule simply consisted of the four nucleotides repeating monotonously
in the same sequence. In both those analyses, DNA was relatively simple in
structure. The function of the genes is to direct synthesis of proteins, which
are complex molecules. It seemed to follow from this that the genes would
have to be complex as well. Therefore, DNA with its simple tetranucleotide
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B PURINES PYRIMIDINES

guanine thymine

Figure 1.2 (continued)

structure could not serve that purpose. It was assumed by some that DNA
was present in the nucleus only to serve as a “stretcher,” so that the protein
genes could be straightened out to carry out their functions.

In the 1940s, several different sorts of evidence pointed to DNA as the
genetic material. In 1928, Griffith had shown that injection of purified
material from virulent pneumococcus bacteria (that is, bacteria that caused
illness—in this case, pneumonia) into heat-killed bacteria that were benign
(i.e., that no longer produced pneumonia) could transform those benign
bacteria into virulent ones (Olby, 1994). Most important, this transforma-
tion could also be passed down to subsequent generations, which indicated
that the genetic material of those benign bacteria had been altered. The
critical question then centered on the chemical composition of the extracted
material, or “transforming substance,” and in 1944, Avery and colleagues
identified it as DNA. Furthermore, since the transformation could be passed
down genetically, identifying DNA as the transforming substance indicated
that DNA might be the genetic material as well.

Also during this decade, a study by Hershey and Chase examined the
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mechanisms whereby viruses attacked and killed bacteria, in order to gather
information about the composition of the genetic material (Olby, 1994).
When a virus attacks any organism, including a bacterium, it takes over
the reproductive mechanism of the host organism’s cells and uses them to
reproduce itself. A virus is essentially genetic material encased in a shell.
Hershey and Chase used radioactive phosphorus (which is incorporated into
DNA) and radioactive sulfur (which becomes part of protein) in order to
produce strains of viruses with different radioactive “signatures.” They then
traced the fate of those radioactive chemicals after the marked viruses had
infected bacteria. In a methodological innovation that became legendary,
the researchers used a kitchen blender to separate the infected host bacteria
from the shells of the viruses that were attached to them. The results indi-
cated that when viruses attack bacteria, the viral DNA is introduced into
the host bacteria, while the shell of the virus, which is made up of protein,
stays outside the host. The protein shell seemed to serve as a kind of hy-
podermic that injected the viral DNA into the host. This result provided
strong support for the idea that DNA was the material carrying the genetic
information from the virus to the bacteria.

Finally, in a series of chemical studies of DNA, Chargaff showed that the
tetranucleotide hypothesis of the structure of DNA was incorrect (Olby,
1994). He analyzed the relative proportions of the various bases in DNA
from different organisms. The results, shown in Table 1.1, contradicted
the tetranucleotide hypothesis in two ways. First, within each species, the
proportions of the various bases were not equal, and second, the ratios of the
various bases differed in different species. So there was much more variability
in DNA than researchers had believed, perhaps enough variability for the
DNA molecule to function as the carrier of the genetic code. Another in-
teresting finding reported by Chargaff was that, even though the proportions
of the bases differed from species to species, in each species there seemed to
be equal proportions of A and T, as well as equal proportions of G and C.

Table 1.1 Chargaff’s data on the chemical composition of
DNA from different species (Chargaff’s ratios)

Base composition (%)
Species A T G C
Human (liver) 30.3 30.3 19.5 19.9
Bacterium (tuberculosis) 15.1 14.6 34.9 354
Sea urchin 32.8 32.1 17.7 184
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This pair of findings, which became known as “Chargaff’s ratios,” turned
out to be significant in the construction of the double helix.

As aresult of this constellation of findings, by the 1950s many research-
ers, although not all, had come to believe that DNA rather than protein
was probably the genetic material. Watson (1968, p. 31) notes this when
he comments on meeting Crick, “Finding someone . . . who knew that
DNA was more important than proteins was real luck.” Once Watson had
met Crick, the central question for the two of them concerned the way the
DNA molecule was structured.

As we can see, it is not always obvious to scientists what the important
questions are in a discipline. Some first-class researchers were pursuing
the study of the structure of the proteins in the cell nucleus as the basis
for understanding the structure of the genetic material. Those individuals
obviously had no chance of discovering the structure of DNA. So when
Watson says that he was lucky to have found a kindred spirit in Crick, we
can understand the significance of that statement, and we can ask where
that commonality of interest came from. One sometimes sees it stated (e.g.,
Getzels & Csikszentmihalyi, 1976; see also chapters in Runco, 1994) that
individuals who make creative discoveries have an ability or intuition—a
skill sometimes called problem finding—that allows them to find a critically
important problem to work on, where other less-creative individuals see
nothing of importance. The latter individuals therefore spend time and
effort studying problems that may lead nowhere, or at least will lead to less
important results. So the question of how Watson and Crick focused on
DNA, to which we now turn, is one with broad implications.

Watson Gets to Cambridge

Watson and Crick’s collaboration began in autumn 1951, when Watson
joined the staff of the Cavendish Laboratory at Cambridge University,
where Crick was working on his PhD (see Table 1.2). Watson already had
a PhD in genetics; Crick had been trained as a physicist before World War
I1, but he was then working toward a PhD in biology, studying the structure
of hemoglobin using X-ray diffraction techniques. Even though Watson
and Crick had never met, they had intellectual links. Watson had received
his PhD in genetics at Indiana University, working under the direction
of Salvador Luria, who, along with Max Delbriick and Alfred Hershey (of
the Hershey-Chase kitchen-blender experiment discussed earlier), was
one of the founders of the “phage group” (see Figure 1.3). This was a group
of scientists who were interested in studying bacteriophages, viruses that
devour bacteria, in order to understand the genetic mechanisms in all
organisms. Phage comes from the Greek for eat; the kitchen-blender study
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Table 1.2 DNA Timeline

Research team and activity

Date Watson and Crick Wilkins/Franklin/Pauling

1951

Spring Watson attends conference; Wilkins presents X-ray photo

sees Wilkins’s X-ray photo. at conference.

July Wilkins visits Cambridge,
tells Crick DNA was probably
helix.

Fall Watson joins Cavendish.

Mid- Franklin: X-ray pictures of

September DNA; fibers made wetter
stretched and yielded a new
pattern (B form); Wilkins and
Stokes: photos showed “helical
features.”

October 31 | Cochran and Crick: helical

X-ray pattern theory.

November | Wilkins visits Cambridge;

9-11 Wilkins: DNA helical.

November Franklin’s notes prior to col-
loquium: structure helical in
both states; presents evidence.

November 21 | Watson attends Franklin’s col-

loquium, takes no notes, misses
much of what she says.

November 22 | Watson reports to Crick what

he remembers from Franklin’s
colloquium. Mistakenly recalls
amount of water (in B form).
Crick: only a few structures are
compatible with Crick/
Cochran theory of helices.
November | Begin building chain-inside
26-28 models. 3 chains fit density

data; “hole” for water; held to-
gether by Mg+ ions.
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Table 1.2 (continued)

Research team and activity

Date Watson and Crick Wilkins/Franklin/Pauling
November 28 | King’s group comes to see

model; points out problems.

Franklin: backbones outside;

too little water.
1952

Early in year

Wilkins letter to Crick: phos-
phates outside.

April 10-19 Franklin: new A-form pic-
tures—it is not a helix.
May 1 Franklin tells Watson that
DNA is not helical.
May 1-6 Franklin: new B-form X-rays
(49 & 53); clearly helix.
Spring Watson learning crystallog- Wilkins, convinced by Frank-

raphy. TMV photo: helix.

lin that A form not helical,
decides B is not either; stops
work in frustration.

Late spring

Crick tells Franklin A-form
photo might be misleading.

May 24-27 | Chargaff visits, explains re-
sults.

July 18 Franklin announces “death” of
DNA helix.

Summer Franklin, with Gosling, begins
Patterson synthesis of A form
(analytical approach).

November 26 Pauling, using density mea-
surements, calculates number
of chains to be 3; result sur-
prises him.

End Novw. Franklin writes up work, de-

scribes unit cell of molecule.

13
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Table 1.2 (continued)

Research team and activity

Date Watson and Crick Wilkins/Franklin/Pauling
December 15 Committee (including Perutz)
visits King’s.
December 25 Pauling invites colleagues to
see 3-strand model of DNA.
1953
January 2 Pauling submits note on DNA
to Nature.
January 19 Franklin models figure-8 struc-
ture.
January 28 Pauling’s manuscript arrives;
model seems incorrect.
January 30 Watson goes to King’s with
Pauling’s manuscript, sees
Franklin’s B-form photo (51),
decides that 2-strand models are
not ruled out by density data.
February 2 Franklin: “Objections to
figure-8 structure” in notebook
February4 | Watson builds models; 2 fruit-
less days on chains inside.
February 5 Watson tries 2-chain-outside
model; easy without bases.
February 10 | Crick sees Franklin’s report, Franklin working on helix for

deduces anti-parallel chains
(based on his thesis), led to 2
chains. Watson & Crick build
backbones with 36° rotation;
Watson provides deductive
evidence for 2 chains.

B form.

Feb. 16(2)-19

Watson reads on bases; DNA
held together by H bonds;
builds “like-with-like” model.
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Table 1.2 (continued)

Research team and activity
Date Watson and Crick Wilkins/Franklin/Pauling
February 20 | Like-like torn to shreds by

Donohue; wrong tautomers.

February 23 Franklin: helix of B form to
probable helix of A

February 28 | Watson discovers base pairings
by manipulating models on

desktop.
Phage group
Delbriick < Hershey & Luria
U U
Schroedinger = = = U
U U U
Wilkins < Crick = 2 = Watson

Figure 1.3 Intellectual links between Watson, Crick, and Williams

of Hershey and Chase was a study of the mechanisms of reproduction of
bacteriophages. Delbriick was a physicist who had moved into biology in
search of new research areas (Olby, 1994). He had also convinced other
physicists of the importance of biological questions, and a number of other
physicists followed him into biology after World War I1.

In 1944, Erwin Schroedinger, a physicist and one of the founders of quan-
tum mechanics, published a book called What Is Life? in which he discussed
how the then-unknown genetic material might be structured and how it
might transmit information and direct the reproduction and other activities
of cells. He proposed that the genetic material might be constructed out
of small units that repeated over and over in various combinations, with
the various combinations serving as letters in a kind of alphabet used to
communicate information from the gene to the mechanisms in the cell.
Schroedinger was familiar with and influenced by Delbriick’s ideas (Stent
& Calendar, 1978, p. 26), and his book can be looked upon as a populariza-
tion of those ideas. Schroedinger’s book was read by many physicists who
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then became interested in biological questions in general and genetics in
particular, and it was also read by biologists. One such physicist was Crick,
and another was Maurice Wilkins, a friend of Crick’s who was studying the
structure of DNA at King’s College, in London, and who, as we will see,
played a significant role in the discovery of DNA. Luria and Watson also
read Schroedinger’s book. These links are shown in Figure 1.3.

Thus, we can understand in a straightforward manner Watson and Crick’s
common interest in the structure of DNA: It came directly out of their com-
mon intellectual heritage. In this case, and in other cases to be discussed
later, the problem that turned out to be important and fruitful was almost
thrust upon Watson and Crick—and also upon other researchers who played
important roles in the story as it unfolded—by the intellectual milieu in
which they were raised.

At Luria’s suggestion, Watson went to Europe in the fall of 1950 to study
the chemistry of the nucleic acids, because Luria felt that acquiring that
knowledge would help Watson gain an understanding of how genes func-
tion. Watson did not find the work interesting, however, and he was looking
for a more stimulating environment in which to work, especially a place
that might provide an opportunity to work directly on the question of the
structure of the genetic material. In the spring of 1951, Watson attended a
conference in Naples, at which Wilkins presented a paper. During his talk,
Wilkins projected a slide of an X-ray photograph of DNA (see Figure 1.4),
which completely captivated Watson (Watson, 1968). The fact that one
could photograph DNA using X-rays meant that one could make a crystal
out of it, which in turn meant that DNA must have a regular structure,
which might be analyzable without an impossible amount of work. Watson
then decided that he would work someplace where it would be possible to
carry out X-ray analysis of DNA. There were only a few places where one
could carry out such work; one was the Cavendish Laboratory at Cambridge
University, which had been world-famous for its X-ray work since early in

the twentieth century. Watson was able to arrange an appointment there,
and he joined the staff in the fall of 1951.

Watson and Crick’s Collaboration

Soon after Watson’s arrival at the Cavendish, he and Crick made two
early decisions about DNA that were very important in setting them on the
path to success. First, they decided to try to build a model of the structure, as
shown in Figure 1.1A. Deciding to build a model led to the question of the
shape of the molecule. Was DNA a long chain of nucleotides, one attached
to the next? Was it a closed ring, with one nucleotide attached to the next
until one came back around to the point where one began? Was it shaped
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Figure 1.4 DNA X-ray photo

in some other way? One of those choices had to be made; so, in order to
initiate their model-building work, Watson and Crick agreed to begin with
the working assumption that DNA might be in the shape of a helix. This
helical assumption was, of course, correct in general terms, and it, along
with the model-building orientation, put Watson and Crick solidly on the
path to success. Other researchers who were also working at that time on
determining the structure of DNA, including Wilkins, had not decided to
build models and/or had not made the assumption that DNA was helical,
and they were therefore slower in finding the structure (Judson, 1979).
We are thus faced with another question of critical importance in the
understanding of the creative process of Watson and Crick: Where did they
get those two critical ideas—that they should build models and that DNA
might be helical? Did they have some magical intuition, some creative
sixth sense, that led them along the correct path, where others did not
know to tread? It seems not. Both of those critical assumptions were based
relatively directly on the work of Linus Pauling, a world-famous chemist
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who had recently solved the problem of determining the structure of the
protein alpha-keratin (Olby, 1994; Watson, 1968), which forms fingernails
and hair, among other things. Pauling had proposed that alpha-keratin was
helical in shape, and he had built a model of the structure to show how all
the atoms fit together. He had also published an unheard-of seven papers
in a single issue of a professional journal, in which he and his associate
presented the alpha-helix and evidence to support it. Pauling’s success had
stirred the scientific community, and especially the Cavendish lab, where
similar techniques were being used to investigate proteins. It was felt by
some, including some at the Cavendish, that Pauling’s success was at the
expense of and an embarrassment to the Cambridge group.

However, the fact that Pauling could be seen as a rival of the Cavendish
group did not stand in the way of Watson and Crick’s seeing the potential
usefulness of his research methods and ideas in the analysis of DNA. Like
DNA, alpha-keratin is a large organic molecule—a macromolecule. In ad-
dition, alpha-keratin is similar to DNA in one critical way: Proteins are
constructed out of large numbers of repeating units, or peptides, which are
linked together to comprise the large protein macromolecule. Proteins
thus are polypeptides, a structure similar to the polynucleotide structure of
DNA. The reason Watson and Crick chose Pauling’s work as the basis for
their own is easy even for us non-molecular-biologists to understand: The
domains are closely linked. We have here a clear example of what can be
called continuity in creative thinking: Watson and Crick built their work on
the past. That is, the new work was continuous with the past. Continuity is
also a component of our ordinary thought processes, of course, because in
our ordinary thinking activities we are always using what we know as the
basis for decision making and behaving.

Wilkins also contributed to Watson and Crick’s adoption of the assump-
tion that DNA was helical. Around 1950, Wilkins was carrying out what
was probably the most advanced work on DNA in the world (Olby, 1994).
He had been studying the properties of DNA in response to light, when
he accidentally produced long fibers of DNA. When his assistant exposed
those fibers to X-rays, the results were the best diffraction patterns that had
been seen, one of which was the photograph that had excited Watson at
the Naples conference. From the X-rays, one could deduce the diameter of
the molecule and the distance between consecutive bases. However, one
could not determine any more specific information about the shape of the
molecule or how it was constructed.

A researcher skilled in interpreting such X-rays could also determine
that there was an underlying pattern in the structure of the molecule, which
repeated as one went along it. Knowing about the double helix, we can un-
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derstand that the repetition of the pattern comes about because the helix
cycles and comes around to the same place as one travels along the molecule.
As an analogy, when you enter a spiral staircase and start to ascend, you will
reach a point as you go around at which you will be standing directly above
the first step of the staircase, where you began. That is the point at which the
structure begins to repeat. Of course, at that time, no one knew why there
was a repeated pattern; all that could be seen from the X-ray photograph
was that a repetition of some sort occurred. In the summer of 1951, before
Watson arrived at the Cavendish, Wilkins had given a talk at Cambridge
during which he discussed the possibility that DNA was helical (Judson, 1979;
Olby, 1994). At the time, judging by measurements of its density, as well as
other data (some of which turned out to be incorrect), he felt that it might
be a single strand. In the fall of 1951, after Watson joined the Cavendish
staff, he, Crick, and Wilkins met and discussed DNA; they agreed that the
molecule was probably helical. By the time of this meeting, Wilkins was
leaning toward a theory, based on new data, that there were three strands.

It is important to note here that seeing a helical pattern in the X-ray in
Figure 1.4 is not the same as seeing a smile on the face of your friend. That
is, the diffraction pattern produced by exposing the DNA crystal to X-rays
does not look anything like a helix. There is no visible evidence that can
be directly seen as being from a helix. One must understand X-ray crystal-
lography in order to see a helical pattern in an X-ray photograph. One must
first make certain assumptions about how the X-ray beam will be broken
up by a crystallized molecule of a given shape and structure. Then one can
make predictions about what the diffraction pattern will look like, although,
as just noted, the pattern will look nothing like a helix. This is a crucially
important interpretive skill, and Watson and Crick were in a unique posi-
tion to develop that skill. Soon after Watson’s arrival at Cambridge, Crick,
in collaboration with William Cochran, another member of the Cavendish
staff, had carried out theoretical work concerning the mathematics of the
interpretation of helical X-ray diffraction patterns, which proved to be criti-
cally important in enabling Watson and Crick and others to interpret and
make sense of X-ray data (Judson, 1979; Olby, 1994; Watson, 1968).

This point is relevant in a broader way for our understanding of scientific
creativity: More than simple observation is involved in scientific research.
Scientists often draw conclusions from very indirect evidence, so their
knowledge and comprehension are critical to their success. This is a step
away from the notion of science as the simple discovery and study of objec-
tive facts. One could say that the helical shape of the DNA molecule was not
an objective fact, in the sense that it was not sitting there to be observed.
One might go even further and say that it was a “created fact.”
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On the Origins of New Ideas

So, if one asks where new ideas come from, in this case the answer is that
the new ideas used by Watson and Crick—the idea of building a model of
DNA and the idea that the structure might be a helix—came about first
of all through the adoption and extension of already-existing ideas that
had been developed by someone else (Pauling) in dealing with a similar
problem in a closely related area. This view was also supported by Wilkins,
aresearcher respected by both Crick and Watson. We can also see continu-
ity in Wilkins’s thinking about DNA: He used experimental techniques on
DNA—the response of the fibers to light—that had been used by earlier
researchers in the study of other large organic molecules.

[t is also interesting to note that when Watson and Crick adopted the
working assumption that DNA was helical, they changed the structure of
their problem. That is, now they did not have to sift without focus through
data and ideas in order to find something that might give them direction.
Rather, they were now examining all available information from the perspec-
tive of the assumption that DNA was helical, which means that concepts
and ideas were directing their work. The situation is similar to working on
a jigsaw puzzle with a picture of the completed puzzle as opposed to work-
ing without one. The latter is the position that other researchers were in at
about that time; that is, they had many pieces of data, and the task was to
determine, in a necessarily piecemeal manner, how they fit together. Once
Watson and Crick had adopted the helix assumption, they could look at
each piece of data and ask, “What, if anything, does this tell us about the
structure of the helix?” The relative difficulties of the two sorts of problems
seem obvious. In addition, adopting the helical assumption led Watson and
Crick to raise questions about the available data. That is, they questioned
whether some pieces of data were accurate, because those data conflicted
with the helical idea. Other researchers, who lacked the helical assumption,
were forced to treat all pieces of data as equal—as we shall see—and that
sometimes led them astray.

Adopting Pauling’s method and his conclusion did not settle all the is-
sues facing Watson and Crick, however. Before they could start to build a
model, they had to make several further decisions. Experimental evidence,
based primarily on X-ray pictures of DNA taken by Wilkins, was consistent
with the idea that DNA might be a helix, but that evidence did not specify
how big it was. The X-ray evidence could be used to calculate the diameter
of the molecule, but more details than that were impossible to ascertain.
Therefore, Watson and Crick did not know exactly how many strands or
backbones the helix contained. As we now know, DNA contains two strands
(it is a double helix), but when Watson and Crick started working, evidence
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indicated only that the molecule was thicker than a single strand. There
might have been two, three, or four strands, for example, as shown in Figure
1.5A. The number of backbones in the model that they planned to build
was the first decision to be made.

The second concerned where to put the bases, the four different com-
pounds (A, C, T, and G) that we now know form the rungs of the spiral
staircase of DNA, and which carry the actual genetic information (see
Figure 1.5B). The specific sequence of bases determines which proteins are
constructed by the cell, which is how the specific genetic information gets
translated into the physical structure of the organism. When Watson and
Crick started their work, the location of the bases was not known; they
could have been inside the helix—that is, between the backbones—or
protruding from the outside, with the backbones in the center, as shown
in Figure 1.5B.

Another question that could not be answered at the time concerned the
specific angle or pitch of the spiral of the helix. Once can visualize a helix
by imagining a spring, as shown in Figure 1.5C. The spring can be either
tight, so that the spiral is almost flat in cross-section, or stretched open, in
which case the angle of the spiral formed by the backbones is steep. This
angle is called the pitch of the helix, and it was unknown at the time Watson
and Crick began their work. Finally, the specific way the backbones were
structured was not known; it was assumed that they were structured as in
Figure 1.2A, with one nucleotide linked to the next, but the details were
not known. So, before Watson and Crick could carry out specific model
building, they needed several additional pieces of information.

Franklin’s Colloquium

On November 21, 1951, Watson attended a colloquium, or professional
talk, given at King’s College by Rosalind Franklin, who was also carrying
out research on the structure of DNA (Judson, 1979; Olby, 1994; Watson,
1968). Franklin was a knowledgeable crystallographer, but her experience
had previously been limited to studying the structure of coal. The study of
DNA was her first exposure to biological molecules. Franklin and her assis-
tant had recently produced X-ray photographs of DNA after it was exposed
to humidity. This was a task that Wilkins had been trying to carry out ear-
lier, but it was Franklin, with her deeper experience with X-ray diffraction
techniques, who was successful at it. Those photographs of what was called
the wet or B form of DNA were especially informative to the knowledgeable
researcher, producing an exposure pattern that was strongly supportive of a
helical structure (see the X-shaped pattern in Figure 1.6, a further example of
the indirect nature of scientific “facts”). We shall shortly see more evidence
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Figure 1.5 DNA: A, Multiple-strand helices; B, Possible
positions of bases; C, Pitch of helix
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Figure 1.6 Franklin’s B-form X-ray

of Franklin’s success. At this colloquium, Franklin discussed her most recent
work on DNA. Franklin had not been at King’s for very long, and relations
between her and Wilkins were not good. When Franklin came to King’s, she
thought her assignment was to carry out research on the structure of DNA.
However, Wilkins believed that that was his task, and therefore he felt that
she was an interloper who was trying to push herself into his research area.
This resulted in some hard feelings between the two and some resentment
toward her from Watson and Crick.

In her talk, Franklin presented recent results of her research on DNA.
There is a fascinating subtext concerning this presentation. In her notes for
the talk, which have been preserved, Franklin discussed how her X-ray data
and other results constrained the structure of DNA, which she described as
a large helix. She also noted how much water DNA absorbed on exposure
to humidity. In relating the content of Franklin’s talk to Crick, Watson told
him nothing about Franklin’s ideas concerning the helical structure of DNA
(Judson, 1979; Olby, 1994; Watson, 1968). This is somewhat surprising,
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since nothing had been said earlier about Franklin’s believing that DNA
was a helix, so one would think that Watson would have been struck by her
describing the molecule as a helix. Olby, in discussing Watson’s omission,
speculates that he might not have perceived such comments by Franklin as
adding anything new to what he and Crick were already thinking about and
what they had also discussed with Wilkins. In addition, Watson usually did
not take notes when he attended talks, relying instead on his memory, as
he did at Franklin’s talk, and this might have affected what he could report.
Also, Watson was new to the type of analysis being carried out by Franklin
and Wilkins at King’s (and also at the Cavendish), and he later said that
much of what Franklin reported went over his head.

I have another interpretation, based on no additional information, of
Watson’s failure to report to Crick what Franklin wrote in her notes about
the helical structure of DNA: Perhaps she decided not to make those ideas
public at the talk. (It should be noted that Olby briefly considers this pos-
sibility and rejects it; see Olby, 1994, p. 351.) There are several reasons why
[ believe that this speculation is not completely without base. Wilkins did
not recall Franklin discussing helices (Olby, 1994, p. 351), although he was
not certain about it. It seems to me very unlikely that Watson would have
either ignored or forgotten a discussion by Franklin of the structure of a
DNA helix. Since she had never made such claims in public before, they
would surely have captured Watson’s attention, especially since he specifi-
cally went to King’s to hear her talk. Since at that time Franklin was not
on good terms with Wilkins and other members of the staff at King’s, she
might have felt that her ideas would not meet with a sympathetic hearing
or that they might help others advance their work, both of which she might
have wanted to avoid. In any case, what Watson seems to have taken away
from the King’s talks was some information about the density of DNA, as
well as some information concerning how it behaved when exposed to
moisture. Since at that time he was not very sophisticated in interpreting
X-ray-diffraction photographs, he did not get much useful information out
of Franklin’s B photo.

Consideration of Franklin’s colloquium adds another fascinating plot line
to the story of the discovery of double helix. In the fall of 1951, Franklin
seemed to have moved far down the path to the double helix, perhaps even
farther than Watson and Crick. And yet, she did not formulate the structure;
Watson and Crick did. Why was she not successful? We will discuss this
question once we work our way through Watson and Crick’s story, because
it provides important information concerning the factors that separate the
“greats” from the “near greats.”
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The Triple Helix

When Watson reported his recollections of Franklin’s talk to Crick, the
latter concluded that only a small number of helical structures would fit
both the data and Crick and Cochran’s theory concerning how the X-ray
pattern should look: structures of two, three, or four strands. Here is another
example of the indirect nature of some scientific facts. Drawing on what
they knew from experimental work, including Franklin’s, and from discus-
sions with other investigators, most importantly Wilkins, in November
1951 Watson and Crick first built a three-strand model of DNA—a triple
helix—with the bases on the outside (see Figure 1.5). That is, in the two
critical decisions they had to make—number of backbones and location of
the bases—they made incorrect choices. However, each of those choices
was reasonable at the time (Judson, 1979; Olby, 1994; Watson, 1968). One
piece of evidence to support the idea of three strands, for example, was the
calculated density of DNA. From the X-ray photos, the overall dimensions
of the molecule could be determined. The weight could also be determined,
so one could divide the weight by the volume calculated from the dimen-
sions to determine the density of DNA. If one knows the density of the
molecule and if one makes some assumptions about the structure, one can
draw conclusions concerning the number of strands it must contain. The
evidence concerning density turned out to be incorrect, which meant that
the conclusion concerning number of strands was also incorrect, but Watson
and Crick could not know that when they built the triple helix.

Thus, Watson and Crick used calculation and deductive logical reason-
ing to develop their new triple-helix structure. This is another example of
creative thinking using components we all use in our ordinary thinking. In
the case of the triple helix, at least, we do not need to call on any exotic
thought processes to understand what Watson and Crick produced.

Placing the bases on the outside of the helix was done for different sorts
of reasons, but again ones that followed from what Watson and Crick knew
at the time. One reason Watson and Crick put the bases on the outside
of the helix, rather than between the backbones, was that they could not
figure out how to fit the bases inside the rigid backbones (Watson, 1968).
The bases are of different sizes (see Figure 1.2B), so in order to fit base pairs
inside the helix, the backbones would have to bend back and forth, and
this would not make for a rigid structure, which they knew that DNA was.
Putting the bases outside eliminated this problem. There was another hurdle
to putting the bases inside. Molecules sometimes appear in nature in more
than one form, called tautomeric forms. Crick believed that at least some of
the bases might appear in more than one form, which meant that the num-
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ber of possible base combinations was even larger than they had originally
believed, which made even more remote the possibility of constructing a
uniformly shaped molecule with the bases inside. Again, putting the bases
outside eliminated this difficulty. Here too we have several examples of
creative thinking based on logic.

Placing the backbones at the center of the triple helix raised a problem,
however, because the phosphates would be negatively charged and would
repel each other, meaning that the molecule would blow apart. In order to
hold together the three strands of the helix, Watson assumed that magnesium
ions served to link them. The positively charged magnesium ions would
serve to hold together the chains of the helix. This idea was based on an
analogy to other molecules, where magnesium played such a role (Judson,
1979; Olby, 1994). There were two potential problems with this assumption.
There was no evidence of magnesium in DNA, and there was no evidence
of ions in DNA with the +2 charge of magnesium ions.

The triple helix, then, was a creative response to the information avail-
able to Watson and Crick at that time, and it demonstrates several aspects
of the creative process. It is also interesting to note that at about this time
Bruce Fraser, a physics student at King’s, built a triple-helix backbones-
inside model of DNA, similar to that of Watson and Crick (Judson, 1979;
Olby, 1994). Franklin’s response to Watson and Crick’s model was that any
modeling was premature, because not enough data were available.

Triple Helix to Double Helix

The same week that the triple-helix model was constructed by Watson
and Crick, the King’s group was invited to see it. The meeting was a disaster
for Watson and Crick, because they were informed of many problems with
their new model (Judson, 1979; Olby, 1994; Watson, 1968). First of all,
the magnesium ions postulated by Watson to hold the backbones together
would probably, according to the King’s group, be surrounded by water due
to the ions’ charge, and therefore the magnesium could not hold the strands
together. Second, it turned out that Watson had drastically misrecalled the
report by Franklin of the amount of water in the molecule after exposure to
moisture, and the correct amounts changed their calculations and made parts
of the structure unlikely. Finally, at this meeting Franklin presented argu-
ments for the backbones’ being on the outside of the structure. Her evidence
came from information from her X-ray photos, among other sources. As a
result of this meeting and the embarrassment it brought to the Cavendish
lab, Watson and Crick were told by Dr. Lawrence Bragg, the lab’s director,
not to work on DNA and to leave that area to the King’s group.

So, as we will see frequently in studying creative work, Watson and Crick’s
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first attempt was a failure. It took more than a year, from late fall 1951 to
early 1953, before they formulated the correct model of DNA. During that
time, Watson and Crick kept thinking about DNA, although more privately,
and Watson learned how to carry out crystallography and to read X-ray
photos, which would be critical to their success. Most important, he took
X-ray photos of tobacco mosaic virus (TMV), a virus that attacks tobacco
plants, and produced evidence that TMV was helical in structure. In this way
Watson acquired expertise in reading helical patterns in X-rays. Watson and
Crick also acquired several important pieces of information, some of which
directed them away from the triple helix, and others of which pointed to
the double helix. One example of information that led away from the triple
helix came about because Watson was not convinced by the King’s group
that using magnesium ions to hold the structure together was a problem.
He tested a sample of DNA for the presence of magnesium and found none,
which ended that possibility. Watson and Crick also found that three-strand
models could not be made to fit together without violating some basic laws
of chemistry. Unless they had missed something, this led to another dead
end, which also indicated that a three-strand model was probably wrong
(Judson, 1979; Olby, 1994; Watson, 1968).

At the end of January 1953, Watson and Crick saw a copy of a paper
published by Pauling and his associate Robert Corey that contained a pro-
posed structure for DNA. Watson and Crick read the paper with trepida-
tion, because they assumed that Pauling, with his record of past successes in
similar areas, had solved the problem (Judson, 1979; Olby, 1994; Watson,
1968). To their surprise, they saw that Pauling’s model was a triple helix,
at least superficially like their own earlier model. Watson and Crick also
saw relatively quickly that its chemical structure was incorrect, and Watson
got confirmation of this conclusion from organic chemists at Cambridge.
The fact that Pauling was incorrect gave Watson and Crick a little time to
work, but not much, because they assumed that as soon as Pauling learned
of the problems with his model, which would not take very long, he would
correct it.

On Friday, January 30, 1953, more than a year after being forbidden to
work on DNA, Watson visited King’s with a copy of Pauling’s paper. He
met with Franklin and then with Wilkins. The meeting with Franklin was
unpleasant, according to Watson (Judson, 1979; Olby, 1994; Watson, 1968),
because she asserted that there was no evidence that allowed anyone to
conclude that DNA was helical. As we know, she had at least been speculat-
ing about such a possibility over a year before, but, as we shall see shortly,
things had changed. In addition, she had shown copies of her X-ray photos
to Pauling’s associate Corey (Olby, 1994, p. 396), so she might have known
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what they were thinking about. By this time, relations between Franklin
and Wilkins were very poor, and she also felt negatively toward Watson
and Crick, which may partially explain her disparaging response. Wilkins
showed Watson some new X-ray photos, including a new photo of the B
form, taken by Franklin in May 1952 (Franklin’s photo 51).

Photo 51 was not only new to Watson but also extremely precise and
informative, and he examined it with excitement. There was no doubt in
his mind that it was from a helix-shaped molecule. Also, with his newly
acquired expertise at reading and interpreting (and, therefore, remember-
ing) X-ray photos, he was able to get much additional information out of
the photo, and he made a sketch of it from memory later that evening.
Wilkins also told Watson that Franklin had found that exposing the DNA
fibers to moisture (going from A to B) resulted in a 20 percent increase in
their length. One of the main sources of evidence for the existence of three
strands was the amount of water the DN A molecules could absorb, but there
were questions about the accuracy of those results, which meant that the
case for three strands was not that strong. The new information, along with
information from the new B photo, enabled Watson to draw the conclusion
that the molecule contained two strands, not three.

There has arisen an interesting question concerning the propriety of this
conversation between Watson and Wilkins, which provided information
that obviously helped greatly in the development of the double helix. The
question is whether Franklin’s photo and results were private information,
which Wilkins should not have shared. The poor relations that Franklin
had at that time with Wilkins and with Watson and Crick raise the ques-
tion of how much Wilkins should have told Watson (see Sayre 1975, and
Elkin, 2003, for further discussion).

The next day, Saturday, January 31, 1953, Watson convinced Bragg, the
director of the Cavendish, that Pauling was getting close to determining the
structure of DNA and that no one at King’s was doing much in the way of
modeling the structure (Judson, 1979; Olby, 1994; Watson, 1968). Watson
also presented what he and Crick then knew about the structure, and Bragg
gave them permission to return to building models of DNA. When Watson
and Crick met and went over the new information obtained by Watson the
day before, Watson was ready to concentrate solely on two-strand models,
but Crick felt that they should not completely abandon three-strand ones.
Watson, still concerned about what to do with the bases, then spent two
days unsuccessfully trying to construct two-strand models with the back-
bones inside. Again, he could not get the backbones to fit together without
violating laws of chemistry. He then finally gave up on the backbone-inside
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structures, which raised two problems: How could the bases be made to fit
inside, and how were the two strands connected?

In the second week of February, Watson and Crick obtained another
critical piece of information. As noted earlier in the analogy of the spi-
ral staircase, a helix has a repetitive pattern as one moves along it. This
repeating component is called the unit cell of the structure. Max Perutz, a
senior researcher at the Cavendish, gave Watson and Crick a report that
the researchers at King’s had prepared for an outside committee, of which
Perutz was a member, that was charged with evaluating the progress of the
research being carried out there. In this report, which was a public docu-
ment, Franklin discussed the shape of the unit cell of the molecule, which
enabled Crick to deduce that the backbone chains were antiparallel—that
is, they ran in opposite directions—and also enabled him to determine the
pitch of the helix. Crick was able to make those critical deductions at least
in part because, in his work on hemoglobin (under Perutz’s direction), he
had been working with a unit cell of the same structure as that reported by
Franklin for DNA (Judson, 1979). Thus, he was immediately able to see
the consequences of that structure. Those were almost the last pieces of
information that Watson and Crick needed.

Constructing the Double Helix

By mid-February 1953, Watson and Crick had built part of a model that
had one spiraling backbone but no bases inside. Since the backbones were
antiparallel, one chain was all that was necessary, since the structure of the
other chain could be determined from it. The development of this model
was based on the contributions of many people (Judson, 1979; Olby, 1994;
Watson, 1968).

Watson was the strongest advocate for the two-strand structure.
The outside backbones were based on Franklin’s work.

Crick contributed the antiparallel structure of the backbones and the
pitch of the helix.

Wilkins had contributed to the general orientation of the work.

Watson and Crick then began to consider specific possible arrangements
of the bases inside the backbones, and Watson first tried pairs of the same
bases—that is, A with A, C with C, and so forth—as the rungs of the
staircase, a scheme that was called like-with-like or like-like. He found some
evidence in the literature, including some work done at the Cavendish,
that like-with-like pairing might occur between bases. In addition, sev-
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eral of Watson’s professors in graduate school had discussed like-with-like
pairings in other contexts. So, even though the different sizes still raised
problems, Watson thought the possibility was worth looking into. How-
ever, the like-with-like structure was torn to shreds by Jerry Donohue, a
postdoctoral fellow at the Cavendish who had received his PhD in Pauling’s
laboratory and had published with Pauling. Donohue shared the office with
Watson and Crick (and also, in a further twist, with Pauling’s son Peter,
who was also a researcher at the Cavendish). Donohue informed Watson
that the forms of some of the bases that he was using in his model, which
he had gotten from a reference book, were the wrong tautomeric forms
and would never be found in nature. That meant, if Donohue was correct,
that Watson’s tentative structure was impossible. Since Donohue came
with the highest-quality credentials, there was no question of the accuracy
of his observation. In addition, Crick noted that Watson’s like-with-like
plan went against the shape of the crystal found by Franklin and also did
not fit Chargaff’s findings concerning base ratios (see Table 1.1). So that
like-with-like model was rejected.

Watson then set out to try to find different pairings that would fit. Crick
has recalled their agreeing at this point to try to pair the bases following
Chargaff’s ratios (that is, pairing A with T and C with G), but Watson has
indicated that he does not remember there being that specific a plan (Olby,
1994, pp. 411-412). On a Saturday morning in February 1953, Watson
used cardboard models of the bases, in the tautomeric forms suggested by
Donohue, to try to determine how they might fit together in the center of
the helix. He moved them about on his desktop like pieces in a jigsaw puzzle.
Here is his account of what happened (Watson, 1968, pp. 123-125).

When I got to oursstill-empty office . . ., I quickly cleared away the papers from
my desk top [sic] so that I would have a large, flat surface on which to form
pairs of bases. . . . Though [ initially went back to my like-like prejudices,
saw all too well that they led nowhere. . . . [I] began shifting the bases in and
out of various other pairing possibilities. Suddenly I became aware that a[n
A-T] pair held together by two hydrogen bonds was identical in shape to a
[G—C] pair held together by at least two hydrogen bonds. All the hydrogen
bonds seemed to form naturally; no fudging was required to make the two
types of base pairs identical in shape. . .. Upon his arrival Francis did not
get more than halfway through the door before I let loose that the answer to
everything was in our hands.

Those pairings (A-T and C-G) turned out to be the same overall size, so the

problem of the different-sized rungs for the spiral staircase was eliminated.
Thus, the final piece of the model came about by moving cardboard pieces

around on a desktop in what one might call trial and error. It is important
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to note, however, that this final step by trial and error was possible only
because the whole structure was almost complete. I have sometimes seen
Watson and Crick’s discovery of the double helix labeled as the result of
trial and error (e.g., Simonton, 1999), but that overlooks two facts that are
important to keep in mind. First, only the very last step—fitting the bases
together—occurred through what could be called trial and error. Second,
that trial-and-error step was possible because the backbones had already been
constructed and the locations of the bases had already been decided upon,
and neither of those steps came about through trial and error. In addition,
calling this last step trial and error may lead one to think of Watson as simply
blindly putting the bases together in every possible combination, but that
is not what happened. The various possible configurations that the pairs of
bases could form with each other were limited by the chemical structures
of the bases: Only certain spatial configurations were likely, based on the
necessity that the bases be held together by hydrogen bonds.

The ssituation faced by Watson before this last discovery was analogous to
having a jigsaw puzzle completed except for one or two pieces. One might try
to fit those last pieces in by trial and error, but that is only possible because
almost all the work has already been done. In addition, even if one used trial
and error, one would not put the pieces in blindly, with one’s eyes closed;
one would place them in the orientations in which they would most likely
fit. So Watson was not blindly pushing models of bases around without
thought; there was a plan behind even those last steps.

Conclusions: Watson and Crick’s Discovery of the Double Helix

Watson and Crick’s model of DNA was one of the great discoveries of
twentieth-century science and has had great effects on our lives in many
ways. However, from the perspective of cognitive processes, nothing ex-
traordinary was involved in bringing it about. This case study demonstrates
that one must keep separate the importance of a product, which may be
extraordinary, and the thought processes that brought it about, which may
be very ordinary. As we have just seen, Watson and Crick took what was
known and used that as the basis for building a possible model of DNA.
When their first model proved incorrect, they went back to work, and over
more than a year acquired new information and expertise that allowed them
to ultimately produce the correct structure.

The Double Helix: Why Not Franklin, Wilkins, or Pauling?
Examination of the story of Watson and Crick’s discovery of the double
helix leaves us with a set of related questions: Why didn’t Franklin or Paul-
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ing discover the double helix? And why were Watson and Crick the ones
who did? The question of what separates the successful from the unsuccess-
ful thinkers has broad implications for understanding the creative process.
Franklin’s situation is particularly interesting, since, as we have seen, at the
time of her colloquium—that is, in November 1951, more than a year before
Watson and Crick finalized their model—Franklin believed that DNA was
a helix, and she had discussed relatively specific aspects of the molecule.
She was ahead of Watson and Crick at that time, so why did she not carry
her thinking through to the double helix? Similarly, we know that Watson
and Crick based their work on that of Pauling, which might lead one to the
expectation that Pauling had a leg up in theorizing about DNA. Since his
general orientation and some of the specifics of his method had served Wat-
son and Crick well, one might expect that Pauling, as the originator of that
orientation and those methods, would have had an advantage over them.
Here too the answer to the question has potentially broad implications.

Why Not Franklin or Wilkins?

In her notes for her November 1951 colloquium, Franklin had laid out
evidence for a spiral structure for DNA. She cited many sorts of evidence,
ranging from a probable lack of stability in a straight untwisted chain to the
pattern of spots on her X-ray photos. So she seems to have been far along
the road to the double helix. Why did she not take those last few steps,
which Watson and Crick did, using some of her data?

In April 1952, Franklin took some photos of the A (dry) form of DNA,
and one of those photos, of very good quality, led her to the belief that the
A form of DNA was not a helix. That photo had an asymmetrical spot in it
that Franklin believed could not have occurred if the structure were a helix.
Based on an analogy with earlier work on alpha-keratin by William Astbury,
a well-known researcher of the previous generation, she concluded that
the change between the A and B forms of DNA resulted in basic changes
in the structure of the molecule, so the A form might be very different
from the B form (Judson, 1979). On July 18, 1952, she wrote as a joke a
black-bordered note announcing the death of the DNA helix and stating
that Wilkins would speak at the funeral. She spent much of the next year
trying to work out the structure of the A form based on that photo, using
very complicated and tedious methods of traditional crystallography, and
it was not until early in 1953 that she became convinced that that photo
had been misleading her. Franklin had also convinced Wilkins that the A
form of DNA was not a helix, and he then carried that conclusion one step
further and decided that the B form might not be helical either. He then
stopped work on DNA for several months in frustration.
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One reason for Franklin’s concentration on the methods of crystallog-
raphy rather than Pauling’s model building was that she was concerned
that there might be more than one model structure that could fit the data
available from studies of DNA. That is, if one built a model that was con-
sistent with those data, how could one be sure that there were not other
models, perhaps of an entirely different structure, that would also fit the data?
This sense of caution, combined with her inconsistent findings, led her to
methods that she felt confident in using. In a professional meeting in late
spring of 1952, Franklin told Crick about the evidence that she considered
compelling against a helix structure for the A form. Crick told her that a
helical molecule might still produce the irregularities in structure that she
had found. Thus, he was not sure that her data supported the antihelical
conclusion that she was drawing, and therefore he was not convinced that
he should change his orientation.

In his maintaining his helical orientation in the face of Franklin’s po-
tentially conflicting data, Crick was behaving in a manner similar to the
way Pauling had worked in analyzing the alpha-helix (Judson, 1979). In
that case too there had been a datum that indicated that the structure was
not helical, but Pauling had ignored that information, assuming that it was
not critically important to the analysis of the structure. It turned out that
he was correct, and that datum was not inconsistent with a helix, which
made Crick (as well as Watson, who also discussed that issue with Frank-
lin) a bit skeptical when faced with data that stood out from an otherwise
consistent pattern. Franklin, in contrast, was at that point convinced by
her results, perhaps because they were her results. In addition, in early 1953,
when Franklin had progressed far enough in her crystallographic analysis
that she felt comfortable beginning to model, the results initially led her
to an incorrect structure, a figure-eight configuration. So Franklin was un-
successful at least in part because she had data that led her away from the
correct structure, data she took very seriously. Wilkins was also influenced
by Franklin’s results. It is also notable that just about the time that Watson
and Crick completed their model, Franklin had almost completed a paper
in which she described a double-helix structure of DNA (Elkin, 2003), so
at the end she was very close to the correct structure, and probably would
have produced it had not Watson and Crick published their model when
they did.

Why Not Pauling?

Pauling’s lack of success was obviously not owing to reluctance to theorize
in a bold manner or disbelief that DNA was helical. Rather, his failure was
probably due to a lack of access to the most accurate information concern-
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ing the molecule (Judson, 1979; Olby, 1994). For example, he was basing
much of his model building on X-rays of DNA taken by Astbury in the
1940s, which were problematic in two ways. First, they did not provide
precise information about the structure: They were blurry, so that specific
parameters were difficult to determine. Second, and not unrelated, it turned
out that Astbury’s X-rays combined the A and B forms of DNA, although at
that time it was not known that two forms existed. Thus, part of the reason
that Astbury’s X-rays were hard to read was that they combined the two
forms. The density measurements that Pauling was using, which led him
to conclude that three strands were involved, also were based on Astbury’s
work, and we have seen that those measurements were incorrect. If Pauling
had had access to Franklin’s B-form photo 51, he might have made more
progress.

Why Watson and Crick?

The development of the double helix is outlined in Figure 1.7, which
points out how the various components of the final model came about.
In the figure, a number of the critical components of the double helix are
listed in the right-hand column, and the development of that component
is shown from left to right. Examination of the components indicates that
Watson and Crick were successful for several reasons. First, they built their
theorizing on the work—both the theory and the empirical findings—of
others, and that work was relevant to DNA. In addition, Watson and Crick
both brought unique expertise to the enterprise, so that each was able to
make a contribution to the final product that perhaps no one else in the
world could have made at that time. Examples are Crick’s use of the unit-
cell information to deduce the antiparallel chains, based on his particular
expertise in that domain, and Watson’s use of the change in length in the
A & B transformation to deduce that two chains were involved, again
based on his particular expertise.

Thus, one can conclude that Watson and Crick were the first to specify
the structure of DNA because they were uniquely capable of putting together
the necessary pieces of information. They were also in an environment that
provided several critical corrections to possible mistakes (e.g., Donohue and
the tautomeric forms of the bases).

Artistic Creativity: Development of Picasso’s Guernica

The cognitive processes underlying the discovery of the structure of DNA
seem to be comprehensible in a straightforward way. However, one might
wonder if one can carry out an analysis of creative thinking in the arts in
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a comparable manner. Scientific investigation seems to have at its base a
logical or analytic method of working, which might make it relatively easy
to study in a systematic manner. Actually, careful analysis indicates that the
discovery of the double helix of DNA did not proceed in a strictly logical
manner. When Watson and Crick began, they assumed that the general
model-building method of Pauling might be useful, and they also assumed
that Pauling’s discovery of the helical structure of one organic molecule
might be relevant to DNA. When one makes the assumption that a piece
of information or method of working that has been useful in one situation
will be relevant to another situation, that is not a strictly logical process.
That s, it does not follow logically that, since alpha-keratin is a helix, DNA
is also a helix. This might appear to be a reasonable hypothesis, at least to
some people, but it is not logically necessary that it be true. Thus, creative
thinking in science is perhaps less strictly structured and logical than we
might have thought.

Even if we agree that creative thinking in science is not strictly logical,
however, the thought processes underlying artistic creativity still might be
too quick, too fragile, perhaps too emotionally laden, too intuitive or illogi-
cal, to ever be captured by analysis of the sort just performed. However,  have
carried out a case study of Picasso’s creation of his great painting Guernica
(Weisberg, 2004; see Figure 1.1B), which indicates that it may be possible
to analyze and capture the thought process underlying artistic creativity.
Guernica, a landmark of twentieth-century art, was painted in response to
the bombing during the Spanish Civil War of the Basque town of Guernica,
in northern Spain (Chipp, 1988, Chap. 3). The bombing was carried out on
April 26,1937, by the German air force, allied with Generalissimo Francisco
Franco, who became the Spanish dictator after his forces won the Civil War.
There seems to have been little strategic value to the town, and when news
of the bombing reached the world over the next few days, the destruction
of the town and killing of innocent people horrified the world.

Early in 1937, Picasso had been asked by the Spanish government (i.e.,
those in opposition to Franco), who were losing the Civil War, to provide
a painting for the government’s pavilion at an international exhibition (a
world’s fair) to be held in Paris in June 1937. By the end of April, Picasso had
already begun a painting, but one that had nothing whatever to do with the
political situation in Spain: It depicted an artist and a model in the artist’s
studio, a subject that Picasso used again and again throughout his career (see
Figure 1.8). When reports of the bombing reached Paris, Picasso changed
his plans and produced a painting that has been universally hailed as one
of the great antiwar documents of our time. Picasso’s painting, begun on
May 1 in response to news reports of the bombing, was completed in about
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Figure 1.8 Picasso, The Studio (18 April 1937)

six weeks, in a burst of creative activity. Guernica quickly became an inter-
national symbol of resistance to fascism. In his will, Picasso stipulated that
the painting was to be loaned to the Museum of Modern Art in New York
City and to be sent to Spain when democracy was restored. That occurred
in 1981, after Franco’s death, and the painting then returned to Spain like
a hero and was put on display in Madrid.

When one examines Guernica as an antiwar statement, there is something
missing: There is no war in the painting (Chipp, 1988). There are no sol-
diers, no planes dropping bombs, no rifles or cannons, no tanks. There are
several animals, four women, a baby, and a broken statue. In the left-hand
portion of the painting, a bull stands over a mother whose head is thrown
back in an open-mouthed scream; she holds a dead baby, whose head lolls
backward. Below them, a broken statue of an ancient warrior (the only
human male presence and the only kind of soldier in the painting) holds a
broken sword and a flower. Next to the bull, a bird flies up toward a light.
In the center of the painting, a horse, stabbed by a lance (again, a hint of
warfare), raises its head in a scream of agony. In the upper center, a woman
leans out of the window of a burning building, holding a light to illuminate
the scene. Beneath the light-bearing woman, another woman with bared
breasts hurriedly enters the scene from the right. At the far right, a woman
on fire falls from a burning building. Picasso uses those characters to make
us feel that something terrible has happened, but he does not present the
event directly. Another striking aspect of the painting is that it has no color;
it is monochromatic—painted in black, white, and shades of gray. This
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physical darkness in the painting serves to present a psychological mood
of darkness, highlighted by a few bright objects, into which we are drawn.
The painting is also massive in size, measuring almost 12 feet by 26 feet,
which adds to the strong effect that it has on viewers.

When one tries to analyze how new ideas in art come about, one must
go “underneath” the paintings that hang in museums or are pictured in art
books, because a finished painting tells us little about its birth. However,
creative works do not come out of nothing: Especially for large-scale cre-
ative works—for example, scientific theories, symphonies, novels, or large
paintings—there are several potential sources of information that can help
us understand how the work developed. First, creative thinkers, including
painters, often carry out preliminary work, thinking about what they might
do before they commit to doing anything; artists often carry out this pre-
liminary thinking by producing sketches of various sorts. Those sketches, if
available, can tell us where the artist began and how the painting reached
final form. Obviously, not everything an artist thinks about is put down
in sketches, but, at the very least, sketches can give us an estimate of the
relationship between the artist’s early ideas and the final product. Picasso
produced many preliminary sketches for all his major works, including Guer-
nica. Even more valuable from our perspective, he dated and numbered the
preliminary works for Guernica—a total of 45 works—because he thought
that others might be interested in how he progressed. In 1937, Picasso was
perhaps the most famous artist in the world, and he was correct concern-
ing others’ interest in his methods. Today, some 70 years later, people still
examine the sketches for Guernica (as we are doing here).

The Preliminary Sketches

When news of the bombing reached Paris, Picasso dropped work on the
studio painting and began work on Guernica, producing his first prelimi-
nary sketches on May 1; the last sketch is dated June 4. He began work on
the painting itself on approximately May 11, and the completed work was
put on display early in June. There are two different types of preliminary
sketches for Guernica. Seven composition studies present overviews of the
whole painting; the remaining sketches, character studies, examine characters
individually or in small groups. Samples of preliminary sketches are shown
in Figure 1.9. The preliminary sketches provide us the opportunity to get
inside Picasso’s creative process.

Picasso worked on the sketches for Guernica over a period of a little more
than a month; for ease of exposition, that overall period can be summarized
into three periods of work: the first two days (May 1-2); an additional six
days, commencing about a week later (May 8-13); and a final two weeks of
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Figure 1.9 (continued) C, Composition study; D, Picasso’s falling man

work, which began about a week later (May 20—June 4). As can be seen in
Table 1.3A, the first two days resulted in composition studies and studies of
the horse, the central character physically and arguably the central charac-
ter psychologically in the painting. In the second period, the composition
studies are fewer, and other characters appear. In the last period, there are
no composition studies, and peripheral characters (e.g., the falling person)
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Figure 1.9. (continued) E, Picasso’s mother with dead child

Table 1.3 Summary of Picasso’s preliminary sketches for Guernica

A. All preliminary works tabulated by three periods of work

Mother
and Falling
Period Composition |Horse |Bull | child | Woman | Hand | person | Man | Total
1 (May 1-2) 6 5 0 0 0 0 0 0 11
2 (May 8-13) 2 4 2 5 1 1 0 0 15
3 (May 20— 0 2 2 2 8 1 3 1 19
June 4)

B. Composition sketches versus all others

Period Composition All others Total

1 (May 1-2) 6 5 11

2 (May 8-13) 2 13 15

3 (May 20-June 4) 0 19 19

Total 8 37 45
C. Composition sketches + horse + bull versus all others

Composition +
Period horse + bull All others Total
1 (May 1-2)
11 0 11
2 (May 8-13) 8 7 15
3 (May 20-June 4) 4 15 19
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are seen for the first time. This pattern can be made clearer by combining
categories of sketches, as shown in Tables 1.3B and 1.3C. These results in-
dicate that Picasso spent the bulk of his early time working on the overall
structure of the painting and on the main character, and then moved on to
other aspects of the painting. Thus, analysis of the temporal pattern in the
whole set of sketches indicates that Picasso was systematic in working out
the structure of Guernica, and he had it more or less completed before he
went on to the specifics of the painting.

Deciding on an Idea: Analysis of the Composition Studies

We have seen that Picasso was systematic in working out the overall
structure of the painting; we can now investigate the specifics of how Picasso
decided on that structure. By examining the contents of the various composi-
tion sketches, we can see if he experimented with several radically different
possible structures for the painting, say, or if he had one basic structure in
mind when he began to work. As can be seen in Table 1.4, the structure of
the painting is apparent in the composition studies produced on the very first
day of work. In seven of the eight composition studies, including the very
first one, the light-bearing woman is in the center, overlooking the horse. In
addition, each of the central characters (horse, bull, light-bearing woman)
is present in almost all of the composition sketches, with other characters
appearing less frequently. This pattern supports the view that Picasso had
at least the skeleton or kernel of Guernica in mind when he began to work:
Guernica is the result of Picasso’s working out this kernel idea.

We see here further evidence that Picasso’s thought process was relatively
constrained from the beginning. Indeed, if the sketches can be taken at face
value as the record of Picasso’s thought processes concerning the painting,
then from the very beginning he considered only one idea.

Antecedents to the Structure of Guernica?

Analysis of Guernica as arising from a kernel idea that was available to
Picasso from the beginning of his work immediately raises another question:
Whence did the kernel idea arise? Chipp (1988), in his extensive discus-
sion of Guernica, was struck by the quick gestation of the painting. When
Picasso painted Guernica, he was in his mid-50s and had been an artist
for most of that time. Therefore, he had available a history of his own on
which (literally and figuratively) to draw; that history seems to have played
a significant role in the creation of Guernica, which is closely related to
many of Picasso’s works from the 1930s. One striking example of a work
that presages Guernica is Minotauromachy, an etching made by Picasso in
1935 (see Figure 1.10). In this composition, a dead woman in a matador’s
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Figure 1.10 Minotauromachy (Etching; 1935)

costume, holding a sword in one hand, is draped over the back of a rearing
horse. A minotaur (the half-man half-bull of mythology) raises a hand in
front of his eyes to shield them from the light of a candle held by a young
woman who is observing the scene. Two other women observe the scene
from a window above, where two birds also stand. On the far left, a man is
climbing a ladder.

Table 1.5 summarizes a number of correspondences between Guernica
and Minotauromachy, which indicate that Minotauromachy contains the
same kernel idea and may have served as a source for Guernica. In order
to demonstrate that those correspondences in Table 1.5 reflect more than
chance, however, one needs a “control” painting to compare with Guer-
nica. As indicated earlier, just before the bombing of Guernica, Picasso
was working on a painting of an artist’s studio. He never progressed beyond
sketches for that work; one of those sketches was shown in Figure 1.8. If
one compares that work with Guernica, as shown in Table 1.6, one finds
very little overlap in subject matter, especially as regards major characters
and structure. This comparison among Guernica, Minotauromachy, and the
Artist’s Studio is presented graphically in Figure 1.11.

Furthermore, the strong correspondence between Minotauromachy and
Guernicashown in Table 1.6 and in Figure 1.11 is actually an underestimation
of the true correspondence. Minotauromachy, an etching, was printed from
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Table 1.5 Corresponding elements in Guernica and Minotauromachy

Minotauromachy

Guernica

Bull (Minotaur)

Bull

Horse—head raised

Horse—head raised (stabbed—dying)

Dead person

Dead person (broken statue)

Sword (broken—in statue’s hand)

Sword (in Minotaur’s hand)

Flowers (in girl’s hand)

Flower (in statue’s hand)

Two women above observing
Woman on ground holding light

Woman above observing + holding

light

Birds (standing in window above)

Bird (flying up toward light)

Vertical person (man fleeing)

Vertical person (burning woman fall-

ing)

Sailboat

Electric light
Mother and child

Woman running in

a drawing made by Picasso on a printing plate, so the scene Picasso drew
on the plate was actually reversed from left to right in comparison with the
print shown in Figure 1.10. The “vertical person” was drawn on the right,
and the bull was on the far left. The light-bearing female also faces in the
same direction as the corresponding character in Guernica. Thus, not only
does Minotauromachy contain many characters similar to those in Guer-
nica, but the absolute spatial organization of the two works is also similar.
This analysis of Picasso’s creative thought process has provided evidence
of planning in Picasso’s thought, as well as structure of several sorts, and
continuity with the past.

The Link between Minotauromachy and Guernica

Assume for the sake of discussion that when Picasso began to paint
Guernica he had Minotauromachy in mind and used it as a model for the
new work. That raises the question of why the bombing of Guernica caused
Picasso to think of Minotauromachy. There are several links that can be
traced between the bombing, Minotauromachy, and Guernica, which can
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Table 1.6 Comparison of elements in Artist’s Studio and Guernica

Artist’s Studio Guernica
Bull

Horse—head raised (stabbed—dying)

Broken statue

Sword

Flower (in statue’s hand)

Woman above observing + holding

light

Bird flying up toward light

Burning woman falling

Electric light (above and spotlight Electric light above
below)

Mother and child

Woman running in

Reclining model

Artist

Male spectator

Easel

Window Window

help us understand why Picasso’s thinking may have taken the direction
that it did. First, the bombing took place in Spain, Picasso’s native land,
and Minotauromachy is a representation of a bullfight, which obviously
has deep connections to Spain and to Picasso’s experiences there, because
he painted bullfight scenes from his very earliest years (Chipp, 1988).
Guernica also contains the skeleton of a bullfight: a bull and horse, a per-
son with a sword (the statue), and spectators overlooking the scene. In
addition, the emotionality of the bombing may have provided a further
link to the bullfight, which is an event of great emotional significance for
a Spaniard. It may also be of potential importance that when Picasso was
growing up in Spain, the bull was not the only victim in a typical bullfight:
The horse that carried the picador (the lance-carrier, whose task is to drive
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Minotauromachy Guernica

Mother and child
Woman running in

Sailboat

Bull
Horse—head raised
Dead person

Sword

Flower(s)

Woman observing
Woman holding light
Bird(s)

Vertical person

Electric light
Window

Artist's Studio

Figure 1.11 Summary of correspondences among Picasso’s
Guernica, Minotauromachy, and Artist’s Studio

the lance into the shoulders of the charging bull) was not protected by
padding and was often an innocent victim of the bull’s charge. Based on
this reasoning, the horse in the center of Guernica, whose head is raised
in a scream of agony, can be seen as a representation of an innocent vic-
tim, and one can understand how that symbolization might have arisen
in Picasso’s mind.

Thus, Guernica and Minotauromachy are linked by a web of interrela-
tionships, and it is not hard to understand why the bombing might have
stimulated Picasso to think of Minotauromachy, which then played a role
in directing his further thinking. It is also notable that the links among the
various pieces that came together to produce Guernica are not particularly
exotic. They are simply a complex set of experiences unique to Picasso.
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Structure in Development of Individual Characters

We can also use the sketches of individual characters to examine the
question of structure in Picasso’s thought process. First, did he tend to con-
centrate on only one character at any given time? Second, if we look at all
the sketches that contained one particular character—say, the horse—do
we find that aspects of that character are randomly varied from one sketch
to the next, or is Picasso systematic in his explorations of that character?
As with the development of the overall structure of the painting, Picasso
was systematic in his development of the individual characters.

Attention to One Character at a Time

In order to determine whether Picasso tended to concentrate on a given
character at a given point in time, we can analyze the sequential pattern
over all the sketches (see Table 1.3A). As can be seen, the sketches for the
horse were concentrated in the first two periods, the mother and child were
most frequent in the second period, and the isolated woman and the falling
person were most frequent in the third. Thus, Picasso also was systematic
in his working on the individual characters over time.

Development of Individual Characters

If we consider the development of individual characters over the series
of sketches, we can also find evidence for structure in Picasso’s thought. For
several of the individual characters, one can focus on elements that Picasso
varied separately. As one example, in the sketches of the horse, Picasso
varied the position of the head: up versus down. Another example can be
seen in the sketches of the woman: whether her eyes are dry or tearing. A
third is whether the woman is alone or with another individual (usually
the baby). We can examine each of those components in order to uncover
structure in Picasso’s thinking as he worked on each character.

If we include composition studies, the horse was sketched a total of 19
times. The position of the head of the horse in those sketches is summarized
in Table 1.7A, and a clear differentiation is seen: In the earlier sketches,
the head is predominantly down, which changes in the later sketches. A
similar pattern is seen in the sketches containing women. Tables 1.7B-D
summarize all 20 sketches, both composition sketches and character stud-
ies, in which there was at least one woman participating in the action (the
light-bearing woman was ignored, as were any dead women). Once again
there is a pattern in the presence of the various elements of the women over
the two periods of work in which women appeared in sketches. In the early
sketches, the woman usually is holding a dead person, whereas in the later
sketches she is usually alone (Table 1.7B). Similarly, in the early sketches,
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Table 1.7 Summaries of presentation of the horse and of women in the sketches

A. Position of head of horse summarized over periods 1 and 2

Period Head up Head down
1 (May 1-2) 8 1
2 (May 8-20) 2 7

B. Types of women in periods 2 versus 3

Period Mother and child Solitary woman
2 (May 8-13) 8 1
3 (May 20-June 3) 2 10

C. Expressions of women in periods 2 versus 3

Period Open-mouthed Weeping
2 (May 8-13) 9 0
3 (May 20-June 3) 2 10

D. Relationship between social environment and emotional expressions of
women

Type of woman Open-mouthed Weeping
Mother and child 8 2
Solitary woman 3 8

she is screaming but tearless; in the later sketches, tears are almost always
present (Table 1.7C). Finally, Table 1.7D summarizes for all the sketches the
relationship between the facial expression of the woman and whether she
is presented alone or with a dead person. When she is alone, she is almost
always weeping; when she is holding the dead person, she sheds no tears.
Thus, analysis of the character sketches supports the conclusions drawn from
analysis of the composition studies: Picasso was systematic in his working
out of the elements of Guernica.

Antecedents to Characters in Guernica

A further question that can be examined here is whether there were an-
tecedents to specific characters in Guernica, comparable to the antecedents
of the overall structure discussed earlier, and one can indeed find what seem
to be specific connections to characters in Guernica from works of other
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stimulated Picasso’s painting of Guernica also resulted in his recollection and
use of Goya’s work as the basis for his own, especially given the commonality
of theme. Picasso changed the man into a woman in the painting, but the
falling woman in Guernica bears residue of the Goya etching from which she
began: Her profile is similar to that of Goya’s man, and her outstretched hands
with exaggeratedly splayed fingers echo those of the Goya figure.

A second example of a correspondence between one of Picasso’s char-
acters and another work from Goya’s Disasters of War is shown in Figure
1.12B. Picasso’s sketch 14 (Figure 19.E) contains a mother and child, and
the woman is distinctive in her sharply profiled head thrown back; in her
pose, with her outstretched left leg producing a distinctive overall triangular
shape; and in the arrangement of her skirt, which is folded between her legs.
The woman in Goya’s etching is similar in facial profile and expression, and
in her posture, with an outstretched left leg producing an overall triangular
shape, and her skirt is folded between her legs.

Structure in Picasso’s Creative Process: Conclusions

This analysis has provided evidence for what one could call layers of
antecedents to Guernica. The overall structure, based on the kernel idea
seen in Minotauromachy, is one level of structure. Within that structure or
framework, specific characters are based on other antecedents, meaning that
one can trace antecedents nested within antecedents in Guernica. If the
present analysis is accepted as valid, it means that it has been possible to trace
the origins of some microscopic aspects of Guernica: for example, the facial
expressions and postures of some characters, as well as the appearances of
the characters’ hands. Thus, the present analysis supports the proposal that
creative works may be closely linked to previous works, although how often
this occurs and how close the links are remain to be answered through the
analysis of other works, both in painting and in other domains (for further
discussion, see Weisberg, 1993).

Structure in Creative Thinking:
Conclusions from the Case Studies

The most striking point to be drawn from these two case studies is that
it seems possible to analyze in a straightforward way the creative thought
process—even the creative thought process at the highest levels. In ad-
dition, the creative process seems to be highly structured and not very
different from the thought processes involved in more mundane activities.
There seems to be a large gap between the importance of the products and
the ordinariness of the thought processes that brought them about. In both
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cases, it was not necessary to introduce any thought processes that seem to
go beyond ordinary thinking. For example, in developing the double helix,
Watson and Crick used information that came from domains closely related
to the one in which they were working. No wide-ranging creative leaps oc-
curred in which ideas from totally unrelated areas were brought together
in some sort of magical synthesis. Similarly, Picasso did not leap far afield
in creating Guernica: He built on his own work from that period of time
and incorporated related work by others. The products may in both cases
have been extraordinary, but the processes by which they were brought
about were not.

Concluding that ordinary thought processes underlie creative thinking
does not mean that just anyone could have produced either the double
helix or Guernica (see also Klahr & Simon, 1999). First, in order to have
produced the double helix, one first had to acquire the expertise of Watson
and Crick, who, it must be remembered, were two people with two comple-
mentary sets of expertise. One had to have their intellectual capacity and
to have put in years of hard study. Second, one had to be directed toward
constructing models a la Pauling, which may involve ways of thinking and
visualization skills that at the very least had to be developed. Concerning
Guernica, Picasso had been an artist for some 40 years when he painted it,
so one would have to have acquired his unique lifetime’s worth of exper-
tise; in addition to his skill as a painter, he had a voluminous knowledge
about art. Furthermore, in Picasso’s work one sees references to classical
mythology (the Minotaur) and other bodies of knowledge, meaning that
one would have to go beyond painting itself before one could produce
works with the broad range of connections that people find in the works of
Picasso. Thus, the premise that creative work may not go beyond ordinary
thinking processes does not mean that creative work is effortless and that
anyone could do it.

These case studies have served to present the orientation that I will
take toward the analysis of creativity: [ will begin with analysis of the fine
structure of the creative thought processes and work outward from there.
The case studies just presented also provide the beginnings of a database for
us to use in evaluating theoretical claims made about the creative process
and about creative people.

Antecedents for New Ideas and the Question of “Real” Creativity

We have seen in these two case studies several examples of a phenomenon
that will be seen numerous times in the cases of creative thinking that are
discussed in this book: Creative ideas, even those that are radically new,
are firmly planted on ideas that came before. There are always antecedents
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to any creative idea. The reason that it sometimes looks like an idea comes
out of nothing is because we observers are ignorant of the knowledge base
of the individual producing the new idea. If we knew what he or she knew,
then we could see where the new idea came from. In response to this phe-
nomenon (which, it must be emphasized, we will see again and again, in
every case in every domain we examine), some people dismiss the specific
examples as not being creative, and assume that we must look for “real”
creativity elsewhere. That is, they conclude that Watson and Crick were
not creative, or that Guernica was not a creative work. Other people con-
clude that the demonstration of antecedents for ideas means that there is
no such thing as creativity: Everyone just rips off ideas from everyone else,
and nothing is new.

Both those conclusions, however, are incorrect. First of all, both Guer-
nica and the double helix are creative products: They were novel. Simply
because a new work is related to—or based on, or developed out of—an
earlier work does not mean that the new work is not novel. The difficulty
comes if one assumes that a creative work must be completely novel, which
may be an impossible criterion. So, if one lowers one’s (perhaps unreason-
able) expectations a bit, and looks for something less than complete novelty,
then one sees that we are dealing with creative products here. The second
aspect of this problem is the unspoken assumption that there will be cases
where complete novelty is to be found and that these are what we should
be looking at. However, going beyond the two case studies just reviewed, I
believe that all creative products are less than completely novel. Although
[ cannot prove it, it is my belief that one will never find a creative product
for which there are no antecedents. I will try to get as close as [ can at this
time to proving that there are no creative products without antecedents,
by examining a wide range of products from a wide range of domains, and
showing the antecedents for each of them. This may help make people
more willing to entertain the idea that there may be no creative products
without antecedents.

Are Creative Ideas Just Recycled Old Ideas?

The two case studies discussed in this chapter provide support for what
could be called the foundation view of the relationship between expertise and
creativity: Experience provides the foundation on which the creative process
produces innovations. It is sometimes concluded that the foundation view
trivializes creative thinking, because accepting the foundation view means
that we must also assume that there really is no such thing as creative think-
ing because no creative products are novel. In response to this objection, I
must emphasize that the foundation view does not trivialize creative thinking
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by declaring that all new products are simply recycled old ideas. Creative
thinkers go beyond the past to produce genuinely novel ideas and objects. For
example, as we have seen, the double helix model of DNA, although based
on Pauling’s alpha-helix, differed from that structure in several critical ways.
Likewise, although Guernica was related to and perhaps built on aspects of
Picasso’s work and that of others, it was in many ways a novel work.

Additional evidence that the creative process requires more than simple
recycling of old ideas can be gleaned from another stream of the DNA story
(Judson, 1979; Olby, 1994; Watson, 1968), which was briefly mentioned
earlier. As we saw, in an ironic twist, at the time Watson and Crick were
developing their model, which was based on Pauling’s ideas, Pauling himself
formulated an incorrect model, a triple helix, similar to the one initially
developed by Watson and Crick. Pauling was not able to correct his model
before Watson and Crick published their work on the double helix. If cre-
ativity simply involved recycling old ideas, then it is hard to understand
how Pauling could have failed, since he was the one who developed the
helical notion in the first place (although in another context). Pauling’s
failure leads to the conclusion that much more must have been involved in
the creation of the double-helix model of DNA than simply taking old ideas
and using them again. Further evidence for the active thinking involved
in creativity can also be seen in the fact that Watson and Crick also first
produced a triple helix, which (as we know) they soon realized was incor-
rect, for several reasons. One problem with the triple helix was that it was
difficult to put the atoms in the model in such a way that they fit together as
they were supposed to. After further work, they then rejected it in favor of
the double helix. Thus, there was much thinking involved in both creating
and rejecting the triple helix; it was not simply an old idea recycled.

Revisiting the Question of Artistic Creativity
versus Scientific Discovery

We can now turn again to the question of differences in the creative pro-
cess in science versus art. At the beginning of the chapter, it was suggested
that one might look upon artistic creativity as an inherently subjective
process, since the artist brings objects into existence as he or she carries out
the creative process. Once again: no Picasso, no Guernica. On the other
hand, scientific creativity is an objective process that deals with objects that
exist “out there,” independent of the scientist. The scientist does not bring
objects into being through the creative process; he or she discovers objects
that exist independent of the scientist and of the creative process. Again:

With no Watson and Crick, there would still be DNA.
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This subjective/objective distinction is not as clear as it seems, however.
Crick, for example, has stated that he believes that if he and Watson had
not made their discovery others would have done it, probably within a few
months of when they did (Olby, 1994). Crick has also asserted his belief
that if he and Watson had not published their discovery, which presented
the entire structure as a whole, the structure would have been revealed in
bits and pieces. In Crick’s view, such a presentation of the structure would
have had a less dramatic effect on other scientists, and the appearance of
the structure would then have been less influential and important than it
was. This is an interesting point, because, if correct, it indicates that the
same “facts” can be presented in different ways, which can change the
influence of a discovery. This leads one away from the simple notion that
discovery deals simply with objective facts waiting for us to find them and
present them to others. Carrying this line of reasoning further, if we look
more carefully at the way we use the terms discover and create, and at some
of the conclusions arising from the case studies just examined, we may
conclude that the creative processes in the arts and sciences may be more
similar than different.

Multiple Forms of Discovery

Perhaps the simplest and most direct use of the term discovery occurs
when we talk about a person discovering a dollar on the street. It is not
unreasonable to say that anyone—even a child—could have made that
discovery, and that the dollar was “waiting” to be discovered. However, we
also talk about Columbus’s discovering America, and that discovery seems
different from discovering a dollar, since not just anyone could have made
that discovery. America might have been waiting to be discovered, but it
was not visible to Columbus or anyone else in Europe when Columbus made
his presentation to King Ferdinand and Queen Isabella of Spain. While any
person high up in the rigging of one of Columbus’s ships—perhaps even a
child—would have sighted approaching land, in order to get those ships and
that person into that location, Columbus had to bring special elements to
the enterprise. Most important for the present discussion, the discovery of
America depended on Columbus’s having a theory about the shape of the
earth. If he had not had that theory, there would have been no reason for his
voyage, and America would not have been discovered then. So, although
America was waiting to be discovered, in order for that act to occur it had
to be embedded in a complex set of beliefs that served to initiate a complex
sequence of actions that culminated in the discovery.

Discoveries, then, can be of several kinds; and Columbus’s discovery,
although designated by the same word as the child’s discovery of a dollar

55



CRreATIVITY: UNDERSTANDING INNOVATION

on the street, turns out to have different antecedents and to be part of a
complex set of circumstances. Now we can raise the question of whether
the discovery of DNA more was like the child’s discovery of the dollar or
Columbus’s discovery of America, and it seems obvious that it was more
like the latter. DNA is not visible to humans, which means that when we
talk about seeing DNA itself or seeing that it is helical—from an X-ray,
for example—we are not talking about ordinary seeing. Rather, in order
to discover the characteristics of DNA, an act comparable to discovering
America, one must have a theory as to how the available evidence is to
be interpreted. That is why the Cochran-Crick theory of interpretation of
X-rays was important in the discovery process: It allowed investigators to
“see” things they would not have seen (Olby, 1994). Similarly, we saw that
Watson and Crick’s adoption of Pauling’s helical idea made it possible for
them to interpret much information and to ignore other information that
became irrelevant. Watson’s learning to interpret X-ray photographs also
made it possible for him to see things in Franklin’s B-form X-ray that he
would not have seen several months earlier. Crick’s knowledge concerning
X-ray crystallography enabled him to interpret the unit cell from Franklin’s
analysis of the B form of DNA, and so on.

So the process of discovering the double helix required that the investiga-
tors bring much to the situation in the way of knowledge and beliefs. The
situation seems more subjective than we might have thought, as we have
moved away from the notion of discovery involving an objective investigator
using objective facts to draw an inevitable conclusion. Let us now look in
the same way at the creation side of the creation-discovery distinction; we
will see that the dichotomy is not very clear from that side either.

Multiple Forms of Creativity

We use the term create in several ways, and although they are similar, they
should be distinguished. On the one hand, we talk about God creating the
heavens and the earth, which is the paradigmatic case of creation. Divine
creation is extraordinary in one critical way: God created the heavens and
the earth out of nothing—ex nihilo. That would seem to be the epitome of
subjectivity in creation. However, human creativity is different from God’s
creation of the heavens and the earth. Human creation does not occur in a
vacuum; human works are not created ex nihilo (and perhaps cannot be).
We have seen that Picasso was influenced by and built his work on that of
others, which means that his creative work was less subjective than one
might have thought. That is, his work was embedded in the history of art,
with influences stretching back thousands of years (e.g., the myth of the
Minotaur). Thus, we do not see the solitary creator producing something out
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of himself independent of what others have done, as the notion of artistic
creation might lead one to believe. Just as there is a subjective aspect to
scientific creativity, there is an objective aspect to creativity in the arts.

Artistic Creativity and Scientific Creativity: A Continuum

[t follows from this discussion that artistic creativity and scientific dis-
covery are not two separate categories of activities. Rather, they overlap in
various ways. One can represent this relationship as in Figure 1.13, which
puts artistic and scientific creativity on a continuum, with some degree of
overlap, in the components just discussed. At one end of this continuum
is God’s creation, and on the other is the child’s discovery of the dollar.
Artistic and scientific creativity are seen as occupying more central posi-
tions in this continuum, with overlap arising from the role of antecedents
and the creator’s knowledge in both. From this perspective, it is not absurd
to say that Watson and Crick created the double helix, although it seems
less acceptable to say that Picasso discovered Guernica. (It should be noted,
however, that art critics [see, e.g., discussion in Rubin, 1989] have used the
term discovery to discuss some of Picasso’s accomplishments.) This discussion
provides support for the belief that one can understand creative thinking
in general with one set of theoretical constructs.

Beyond Case Studies: Outline of the Book

We now have a basic background for the study of creativity; examina-
tion of two case studies of creativity at its highest has indicated that those
examples are amenable to analysis, and that the processes through which
innovations come about are comprehensible. This background becomes use-
ful immediately, as we now turn to a broader consideration of psychological
studies of creativity. In Chapter 2, I will introduce the study of creativity,
examining questions of definition of the relevant concepts and examining
the entire range of methods used by psychologists to examine its multiple
facets. I have already introduced one theoretical perspective for studying
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creativity—the “ordinary-thinking view”—which proposes that creative
thinking uses the same processes as our ordinary thinking, and that no new
thought processes need be postulated in order to understand how creative
advances are brought about. That theoretical view is only one of several dif-
ferent perspectives that psychologists have proposed in order to understand
creativity. Chapter 2 will present an introduction to the range of theories
of creativity, and subsequent chapters will present specifics of the various
theoretical perspectives.

Chapter 3 begins the detailed presentation of the “ordinary thinking” or
cognitive perspective, focusing on the relation between problem solving and
creative thinking. Chapter 4 examines another component of the ordinary-
thinking view, the idea that experience serves as the crucial component
on which problem solving and, by extension, creative thinking operate. In
Chapter 5, the now fleshed-out ordinary-thinking view will serve as the basis
for the analysis of several additional case studies of creative thinking at the
highest levels. Those case studies will be drawn from a wider range of domains
than those discussed in this chapter, and several of them will represent radical
breakthroughs. As such, those case studies will provide a strong test of the
notion that ordinary thinking underlies all instances of creativity.

We will then turn to an examination of various aspects of the dominant
view in psychology of creativity: the idea that creativity is the result of ex-
traordinary thought processes carried out by extraordinary people. Chapter
6 examines the notion of insight in problem solving, which is the idea that
creative ideas sometimes come about through “leaps,” which go beyond
what one knows. This view, which has a long history in psychology, chal-
lenges the premises that creativity depends on experience and on ordinary
problem solving, and so it deserves detailed discussion. Chapters 7 and 8
examine two other examples of the premise that creativity depends on ex-
traordinary thought processes, which is contrary to the view underlying the
presentation in this book. Chapter 7 examines the question of genius and
madness—that is, the hypothesis that creativity is related to, and may actu-
ally be fostered by, psychopathology. Chapter 8 considers the possible role
of the unconscious in creativity. In Chapters 9-11, we move considerably
beyond the consideration of the creative process to examine the possible
broader psychological aspects of creativity. Chapters 9 and 10 present the
psychometric perspective on creativity, which emphasizes testing for creative
potential and the possible role of personality factors in creativity. Chapter
11 reviews several important recent confluence theories of creativity that
have attempted to bring together many different components—cognitive,
personality, and environmental—in understanding creativity. Chapter 12,
the final chapter, presents an overview of the ground we have covered.
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