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Science is shaped by ignorance

When the journal Science celebrated its 125th anniversary in 2005, it did not 
do so by pointing in pride to the enormous advances in science, or to the many 
applications of science that have occurred during this time. Instead, it chose to 
focus on what we don’t know by asking 125 ‘hard’ questions, one for each year of 
its existence, about the unanswered questions that remain in science.

Science is, as we all agree, a cumulative enterprise. In Newton’s words, 
“we are standing on the shoulders of the giants of the past”. But, we must be 
aware of the danger of becoming the mere custodians of our heritage and the tame 
cultivators of well-known territories. We must always move beyond, crossing the 
borderline between knowledge and ignorance by asking difficult — and sometimes 
awkward — questions that science cannot yet answer. In the words of David 
Gross, the 2004 Nobel physics laureate, “science is shaped by ignorance”.

Not every question of ignorant men makes good science. Science consists 
of doing what is ‘do-able’. The art of science is asking the ‘right’ question. Therefore, 
let ‘ignorance’ and ‘good taste’ be the chosen context for our remarks on the 
formative years of scholars.

The list of questions in Science (volume 309, pages 75–102) is a useful 
guide to ‘ignorance’. The list is divided in two parts, the top 25 and 100 supple-
mentary questions. Concentrating on the top 25 gives an impression of where the 
main domains of ignorance lie. These top 25 questions can, somewhat arbitrarily, 
be divided into four parts:
1. physics and cosmology — four questions;
2. computing, chemistry and the earth science — three questions;
3. environmental sciences — three questions; and
4. biology and health — 15 questions.

The first sub-list is fairly homogeneous, and asks, what is the universe 
made of? Can the law of physics be unified? Are we alone in the universe? Do 
deeper principles underlie quantum uncertainty? The next group is notable for 
its brevity and asks one question from each of the mentioned fields. What are the 
limits of computing? How far can we push chemical self-assembly? How does 
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the earth’s interior work? The third group is equally brief and asks, how hot will 
the greenhouse world be? What can replace cheap oil? Will Malthus continue to 
be wrong? This adds up to 10 of the 25 questions. The remaining 15 questions 
target biology and the health sciences, covering a wide range of subject areas, from 
molecular biology, through system biology, to health issues. Examples of the 
questions are: what is the biological basis of consciousness? Why do humans have 
so few genes? How can a skin cell become a nerve cell? How and where did life on 
earth arise? What determines species diversity? How will big pictures emerge from 
a sea of biological data? Is an effective HIV vaccine feasible?

One could argue at length about whether each of these questions belongs 
in the top 25 or not. What is noteworthy is the distribution over sub-lists. This is 
the choice made by Science and it presents a clear picture of where our ignorance 
lies. At the same time there is also an implicit priority in the list. I grew up in an 
era when the physicist’s equivalent of General Motors (GM) chairman Charles 
Wilson’s dictum about GM and the USA was the valid paradigm — what is good 
for physics is good for science — and priorities were set accordingly. If we believe 
in the distribution from the Science list, with 18 from environment, biology and 
health, we should instead adapt a famous saying of the former President of the 
USA, John. F. Kennedy, — ask not what is good for physics, but ask what can 
physics do for biology?

Becoming aware of the unknown is part of the education of the young 
scientist. Being prepared for the unknown is another matter. Facts and tools are the 
basic ingredients of learning; while talent and insight — which was inferred by the 
use of the phrase ‘good taste’, above — are needed to ask the important, but ‘do-
able’ questions. When considering facts and tools, they can be described to a large 
extent as ‘text-book material’, and can be learned by almost everyone; however, 
almost always the results of such activities are at most useful, but rarely produce 
groundbreaking science. No one can yet offer a convincing analysis of what 
insight really is. As a first approximation, it is something you develop by ‘doing’ 
science, a kind of implicit skill you acquire by working on ‘hard’ problems, which 
allows you to ascend mere facts, and to see and explore patterns and structures 
emerging from “the sea of observational and experimental data” — quoted from 
the list of questions from Science. Today ‘hard questions’ almost always require 
that one crosses traditional disciplinary boundaries, and ‘good taste’ accordingly 
demands insight from many fields. Since ‘good taste’ and insight are the result of 
‘doing’ science, it presupposes that the young scientists in their formative years 
gain knowledge of science in the right kind of environment, a point that will be 
returned to in the last section of this paper.

Beyond reductionism

In 1980, Stephen Hawking gave his Inaugural Lecture as Lucasian Professor of 
Mathematics in the University of Cambridge. The title was “Is the end in sight for 
theoretical physics?” Let me quote the opening statement, “In this lecture, I want 
to discuss the possibility that the goal of theoretical physics might be achieved 
in the not too distant future, say, by the end of the century. By this I mean that 
we might have a complete, consistent and unified theory of physical interactions, 
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which would describe all possible observations”. He notes previous attempts at a 
final synthesis and their failures, but this time he is cautiously optimistic. There is 
a strong undercurrent of reductionism in his words. He seems to assert that if we 
have the final equations of physics then everything else will follow, for example, he 
notes Dirac’s reduction of chemistry to physics but is careful to explain that this 
is only “in principle”. Real systems are too complex for detailed calculations and 
one has “to resort to approximations and intuitive guesses of doubtful validity”. 
He notes with some regret that “although in principle we know the equations that 
govern the whole of biology, we have not been able to reduce the study of human 
behaviour to a branch of applied mathematics”.

Reductionism has been a strong guiding principle in scientific research. 
We understand the complex by first analysing the parts; thus complex behaviour 
is a synthesis of the behaviour of individual component parts. For a powerful 
example of this strategy, see the recent review article on computational quantum 
chemistry: From atoms to crystals: a mathematical journey [1]. This example has 
been chosen for two reasons, it has relevance to the quote from Hawking above 
and it is a good example of what serious work on reductionism means.

Despite the heroic efforts of computational chemistry, doubts about the 
reductionist strategy are heard more and more. A noteworthy example of this trend 
is a survey of complex systems in Science in 1999 (volume 284, pages 1–212). The 
journal has consciously chosen ‘card-carrying’ scientists to explore these themes, 
with examples from current work in chemistry, biological signalling systems, 
the study of the nervous system, evolutionary trade-offs in animal aggregation, 
natural landform patterns, climate research, and the economy. Much has happened 
since 1999, but in my opinion the Science survey still offers a balanced overview of 
complex behaviour in non-linear systems. Another fine specimen of applied non-
linear science is a review article from Nature on Catastrophic shifts in ecosystems 
[2]. As the authors note in the introduction to their review, “All ecosystems are 
exposed to gradual changes in climate, nutrient loading, habitat fragmentation, or 
biotic exploitation. Nature is usually assumed to respond to gradual change in a 
smooth way. However, studies on lakes, coral reefs, oceans, forests and arid land 
have shown that smooth changes can be interrupted by sudden drastic switches 
to a contrasting state”. These abrupt changes can, in many cases, be explained 
by assuming that the systems are driven by a non-linear dynamics. Shifts in such 
systems cannot be predicted in advance, thus a different strategy is needed for their 
management. Essential for this is the notion of ‘resilience’, which in non-technical 
terms is a measure of a non-linear system’s ability to withstand and even absorb 
changes and disturbances whilst still remaining in the same state or domain of 
attraction. The article reviews a number of ecosystems from this point of view and 
discusses ways of how to maintain — even to enhance — system resilience.

Briefly returning to physics, in 1999, the English translation of the short 
book by E. Klein and M. Lachièze-Ray, The Quest for Unity, was published. In 
his review in Nature [3], George Ellis notes that currently “there is tremendous 
excitement among particle physicists, who are trying feverishly to develop a 
unified theory of all interactions and particles, and believe they are getting closer 
and closer to that goal. But the reality is that physics is becoming more and more 
fragmented”. In a recent essay in Nature entitled Physics, complexity and causality 
[4], he extends his analysis. He notes that in a typical hierarchy of complexity, 
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each level is linked to levels below, starting from basic physics, moving through 
chemistry and biology, to health and the behavioural sciences. The crucial word 
is ‘linked’. Strict reductionism asserts that causation always works upwards, thus 
‘link’ has a causal meaning in the sense that each level is explained in terms of 
levels below, suggesting that physics is all there is. However, the world is more 
complicated than the physicists like to believe. They agree that, in a complex 
system, equations are written separately on each level, but such equations should 
— at least in principle — be reducible to more basic levels, just as thermody-
namics is reducible to statistical physics. This may be fine when equations are 
linear, but in the non-linear cases we see new phenomena emerge, which are not 
reducible to component parts — ecological systems and the cognitive sciences 
offer many examples. The fundamental point here is that in complex systems, 
we may have both upwards and downwards causality. Computational-quantum-
chemistry may still have some success in explaining the properties of crystals from 
the behaviour of individual atoms, but few believe that this is true in biology, 
cognition and behaviour; see the discussion of the cognitive neuroscience in G. 
Marcus’ book, The Birth of the Mind [5]. It should not be necessary to labour the 
point that, a sensitivity to the issues discussed in this section ought to form part of 
the background knowledge of every young scholar; however, it requires that the 
same scholar be familiar with the necessary analytical tools — the mathematical 
sciences, including statistics and computing.

The third way — modelling and simulations

Let me start with a story from Nature [6]. The setting was a meeting on galaxy 
formation at Leiden, The Netherlands, in May 2000, and a speaker was just 
exhibiting an image of a cluster of galaxies when a member of the audience shouted 
out, “Is that an observation or a simulation?” The question was appropriate. 
As noted in Nature, cosmologists have already created entire universes within 
computers, and they are now busy investigating phenomena such as asteroid 
collisions and supernovae, not in Nature but in their virtual universes. A new 
type of science seems to have been born. In addition to theory combined with 
observations and experiments, we now see computation and simulation as 
sources for insights and predictions about nature, society, and man. The article, 
Simulations of the formation, evolution and clustering of galaxies and quasars from 
Nature [7], provides a more recent update on cosmology.

To understand this trend, it is necessary to take a step back to mathematics, 
or rather to the combined art and science of mathematical modelling. Mathematical 
modelling involves three main stages: first, an analysis of a given scientific or 
technological problem; secondly, the equations, i.e. the setting up and analysis of 
a mathematical model for the system under study and; finally, the development of 
efficient algorithms, which can be used for predictions in scientific contexts, and to 
constructions in the industrial ones. Only in simple cases can we solve the equations 
explicitly and compute with certainty the future development of the system. In most 
cases, we have to resort to simulations. With the rapid development of computer 
technology, including sophisticated tools for graphical representation, the range and 
usefulness of modelling is vast — some examples where modelling can be utilized 
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are in natural language technology, financial markets, ecological systems and climate 
change, the spread of infectious diseases, complex chemical reactions, the creation 
of the universe, construction of large structures and the optimal extraction of oil 
— and the list of applications can be indefinitely extended. Let me stress one point, 
mathematical modelling is more than computers and codes; that is, codes and 
software are the final steps in the implementation of algorithms, and algorithms 
presuppose a mathematical analysis.

There are many reasons why the third way — modelling and simulations 
— is a useful extension of traditional scientific methodology. A good model gives 
access to a wider range of initial data and parameter values than those that can be 
obtained by direct observations and experiments, and it allows the exploration of 
time developments of the system, which are not realizable in the real world [7]. 
The main advantage appears in the study of non-linear dynamical systems, which 
include almost all systems in biology and the environmental sciences. The linear 
equations and deterministic laws that characterized classical physics, entailing 
exact predictions, suggest that the future is computable. With non-linear equations 
there is no longer a guarantee for long-term prediction, however, we can perform 
simulations to explore possible future developments. So instead of predicting with 
certainty, we can prepare for the possible, which can even include adverse effects. 
This is what we are doing in environmental modelling, and this was precisely the 
insight behind the concept of ‘resilience’ in ecosystems.

A word of caution is necessary. At a very early stage in modelling 
and computations, one met with the so-called GIGO (garbage in, garbage out) 
principle. Successful simulations depend on believable equations, which means 
that we require an adequate and sufficiently complete description of the system. 
Cosmologists seem to believe in their equations and hence assume that computations 
in a virtual universe give results that are valid for the one that we inhabit. Others 
seem equally convinced; a quote from a recent review article [8], stated “In a field 
that has mainly emerged from empirical observations and experiments, it is now 
not unusual to see that well-executed theory and simulation can be accepted as 
more useful than experiments”. Greater doubts may be entertained when we come 
to the social and behavioural sciences. Mass phenomena in the financial market can 
be successfully modelled by stochastic differential equations; however, we remain 
to be as convinced about the rest of economics, despite recent Nobel Prizes to 
game theorists. What is beyond doubt is that a thorough understanding of the 
possibilities, and also of the limits of the third way, is necessary for every young 
scholar today.

And the next century is...

The environment, biology and health were the themes of 18 of the 25 top 
questions asked by Science. We can argue whether the next century will primarily 
be known as the century of the environment, as discussed in the AAAS (American 
Association for the Advancement of Science) Presidential Address of Jane 
Lubchenco [9], or be known as the century of the biomedical sciences. I want 
to answer yes to both, although, the following remarks will focus only on the 
biological sciences.
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An editorial article in Nature [10] asks a somewhat unexpected question: 
“can biological phenomena be understood by humans?” The question stems from 
the Nobel physics laureate Robert Laughlin, who had been invited to a conference 
earlier in 2000 to discuss quantitative challenges in the post-genome-sequence 
era, and seen from a physicist’s point of view the question was not unreasonable. 
Let me tell a story to argue the point. Throughout the history of astronomy we 
can clearly distinguish three stages that are identifiable with the names of Tycho 
Brahe, Johannes Kepler and Isaac Newton. Tycho Brahe was the eminent observer 
of his age; he built state-of-art instruments and, over a long period of time, 
recorded precise data about the heavenly bodies. However, he excelled only in 
data collection and his attempts towards theoretical explanations did not go very 
far. Kepler inherited Brahe’s work. He saw fixed patterns in the ‘sea of data’, and 
succeeded in the task of describing the laws of planetary motion. But something 
was still missing, which was the dynamic understanding of the observed patterns. 
This was the final step provided by Newton he wrote down the ‘correct’ dynamic 
equations which explained the elliptical form of the Kepler orbits, which in turn 
had emerged out of a study of the data collected by Brahe.

The analogy with the current situation in biology should be immediate 
and was, indeed, the theme of one of the questions posed by Science: ‘How will 
big pictures emerge from a sea of biological data?’ Let me also note that the same 
story with the same moral has also been used by R.M. May [11], to which there 
have been a number of responses. The developing field of bioinformatics, where 
much of the work is based on simple pattern analysis and classification, and the 
information this generates has its important uses, is a good example. Even if we 
do not understand the ‘laws’ that create the patterns, we can use this information 
to propose a number of plausible stories about causes and effects, and we can 
even recommend new medical treatments and design novel drugs. This is no 
small accomplishment, as the following quote from The Economist Technology 
Quarterly (14 Dec 2002) [12] shows: “In life-sciences establishments around the 
world, the laboratory rat is giving way to the computer mouse — as computing 
joins forces with biology to create a bioinformatics market that is expected to be 
worth nearly $40 billion within 3 years.”

Beyond pattern analysis, we are witnessing a major effort to create the 
equivalent of the Newtonian third stage. The catch phrase is ‘systems biology’, as 
used by two recent reviews by Kitano [13] and Pennisi [14]. The aim of these efforts 
is well explained in the introductory section of the former [13]: “To understand 
biology at the system level, we must examine the structure and dynamics of 
cellular and organism function, rather than the characteristics of isolated parts 
of cell or organism. Properties of systems, such as robustness, emerge as central 
issues, and understanding these properties may have an impact on the future 
of medicine. However, many breakthroughs in experimental devices, advanced 
software, and analytical methods are required before the achievements of system 
biology can live up to their much-touted potential.” Note that resilience discussed 
above is a robustness property. For a specific example of current system biology, 
I recommend the article by Noble [15].

Systems biology is, in all meanings of the words, a complex science and 
requires the participation of researchers from many disciplines. The challenge is 
to create research communities with shared knowledge, mutual understanding of 
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both the potential and limitations of a vast array of tools and methods, and with a 
common culture and insights that transcend the original disciplinary boundaries. 
This is not easy and there are many pitfalls. As a mathematician, I am particularly 
sensitive to problems of applying mathematics to other fields. Let me mention one 
example, the book Mathematics in Population Biology [16], which was reviewed 
by Cushing [17]. The first half of the 20th century has been characterized as “the 
Golden Age of mathematical ecology and population dynamics”, which gave 
us the basic predator–prey equations of Volterra and the so-called competition 
equations of Lotka–Volterra. However, despite this initial successful meeting of 
minds across disciplinary boundaries, traditional cultures came to dominate. When 
viewed as mathematics, the topic became a minor activity within that discipline 
and when seen as biology it became increasingly less relevant. The later results of 
‘the meeting of minds’ gave rise to mathematics that meant little to the ecologists.

We have made our point, if system biology is the biology of the next 
century then the research cultures of traditional disciplines will have to change; 
this in turn will have a profound impact on how, in the future, we organize basic 
research training and plan the early careers of young scholars.

The formative years of scholars

The American graduate school was one of the great successes of the post-World 
War II years. It demanded a broad knowledge of facts and a mastery of many 
skills. It was well financed and was able to draw upon the talents of the whole 
world. I have personal experiences from Berkeley and Stanford, as a graduate 
student, as a young post doc and later as a visiting scientist. And I did what many 
scientists with the same experiences also tried to do, namely, to work toward a 
similar structure of research training in my home country. It is fair to say that 
there has been some success but time does not stand still and, as I have tried to 
argue above, new and internal developments in science requires that we rethink 
the formative years of scholars. There are also external developments that may 
force changes to research training. The marketplace has moved closer and, of 
equal importance, society requires that the traditional freedom of research is 
matched with an equally strong commitment to value issues and responsibility 
in the conduct of science; see the AAAS address by Jane Lubchenco [9] and the 
‘Declaration on Science and the Use of Scientific Knowledge’ from the World 
Conference on Science in Budapest, 1999.

Following up on the discussion in the last section, I shall restrict myself 
to some remarks on the biological sciences and on internal developments within 
those sciences. Education on all levels has been extensively discussed within the 
profession in three recent contributions to Nature [18] and Science [19,20]. The 
message is unambiguous and well expressed in an editorial in Nature Medicine [21]: 
“A dominant theme emerging from our respondents was the growing influence 
of physics, mathematics and engineering on biology, and in particular how these 
disciplines will help biologists interpret their huge and growing data sets”. But 
as the editorial also notes, it is not sufficient for the biomedical researcher to 
call upon the service of external hands, like the technicians of yesterday. “For 
the convergence of physics and biology to really take hold, grow and bear fruit 
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for the biomedical and ultimately medical community, biologists must become 
more familiar and comfortable with quantitative skills and grow more mature in 
their approach to mathematics and physics”. For some experiences and specific 
advice on mathematics and biology, see the section on ‘Mathematics education 
for 21st-century biologists’ in [22]. We should also listen to the advice of F.C. 
Kafatos, former leader of the European Molecular Biology Laboratory (EMBL), 
and newly elected Head of the European Research Council, as expressed in an 
editorial in Science [23]: “The second challenge to European biology is structural 
inflexibility. This includes organizational structure and disciplinary conservatism 
in academia; excessive reliance on pyramidal power structures, when scientists 
need independence in their creative 20s and 30s; neglect of advanced postdoctoral 
training through overemphasis on lifetime employment; and top-down reflexes 
rather than trust in investigator initiative coupled with critical peer review. Despite 
the evident advantages of centres of excellence with critical mass, some countries 
succumb to the temptation to ‘spread the rain evenly’”. This was written in 1998 
and much may have changed, but I expect no dissenting voice when I just take note 
of the fact that even more remains to be done.

My task has been to report on some recent experiences from the natural 
sciences, not to present a new programme for research training and postdoctoral 
careers. But certain points stand out as challenges for the future reform work:

1. Research training. We see the necessity for a broader knowledge base, 
spanning many different disciplines. In an additive model of research 
training this will lengthen the period of study to almost infinity. We need an 
integrative model — but how should this be done?

2. Tools of many trades. We have noted the vastly increasing repertoire of skills 
needed for the successful future research career. But, tools need to be sharp; 
the ‘least common factor’ model will never promote excellence — a ‘dollop of 
maths’ is no cure.

3. Critical mass. Critical mass is necessary for building a shared culture across 
traditional disciplinary boundaries, which does not mean the denial of 
individual genius. The challenge is to create the right breeding ground 
for insight and creativity, and in this way also achieve the goals set out in 
the two previous points. Here we can draw upon many experiences from 
many different disciplines; we need to pursue a policy of ‘best examples’ 
across traditional disciplinary boundaries in order to create good research 
environments.
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