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The value of information
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“Neither the naked hand nor the understanding left to itself can effect 
much.” ([1], p 47)

Introduction

A successful university provides an accessible, authoritative, contemporary and 
trustworthy source of knowledge and wisdom. Research excellence, academic 
freedom, international engagement and research‑led teaching, all enable the 
university to fulfil this role. The great universities of the world participate in a 
global exchange of ideas. In this exchange, ideas are tested and errors exposed. Ideas 
are valued for their contribution to understanding, which is normally assessed 
through proxy measures (peer review, authority and provenance) underpinned by 
the universities. Through the teaching and local engagement of each university, the 
economy of ideas enriches the economy of objects. Through the development of 
shared understanding, universities enable global leaders to develop global solutions 
to global problems.

The university deals in knowledge. Contemporary changes in information 
and communication technologies are changing the economy of ideas by changing 
the ways in which we can create, express, evaluate, access and communicate 
knowledge. How will this affect the university?

Since time immemorial, new technologies have been rejected as artificial 
aids that will atrophy our minds. Plato relates that Thamus, an Egyptian king, told 
Theuth that his invention, of letters:

“is an aid not to memory, but to reminiscence, and you give your disciples 
not truth, but only the semblance of truth; they will be hearers of many 
things and will have learned nothing; they will appear to be omniscient and 
will generally know nothing.” ([2], 275a)

In fact, letters allow us to ‘stand on the shoulders of giants’. Like paper 
and pencil, like algebra and geometry, like the printing press, Hollerith cards 
and the Brunsviga, our contemporary information technologies will expand the 
reach of reason and liberate the mind from petty book‑keeping. For univer‑
sities, the opportunity is to exploit these technologies to develop new forms of 
understanding; the challenge is to adapt, and extend to the digital world, the 
mechanisms that establish authority and provenance and give value to information 
through the creation of shared understanding.
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From observation to understanding

The word ‘data’ entered the English language in the early 17th Century, as a 
concept of the enlightenment, along with the idea that data, observed facts, should 
form our basis for reasoning about the world. The earliest use, dated 1646, cited 
by the OED (Oxford English Dictionary; [3]) has a contemporary ring: 

“From all this heap of data it would not follow that it was necessary.”

Knowledge of nature consists in understanding the causes of things: an 
understanding that explains the observed data, and from which inferences can 
be drawn. The positivist conception that knowledge arises from data is already 
apparent in the question:

“Out of what data arises the knowledge?”

Which is the OED’s second example, dated 1691. It is knowledge grounded 
in data that has driven the progress of modern society ever since. An example is 
instructive. Tycho Brahe’s observations (1600) were the basis for Kepler’s laws 
of planetary motion (1605) and Horrocks’ (1638) account of lunar motion. The 
derivation of Kepler’s laws in Newton’s Principia (1687), from more general laws 
of motion and gravity, provides an archetypical example of scientific understanding 
founded on observed data.

Economists tell us that the material value of information derives from its 
ability to inform decisions that confer material advantage. Horrocks’ understanding 
of Brahe’s observations, summarizing them in terms of a series of epicycles with a 
half‑dozen parameters, added value by condensing the observations and facilitating 
extrapolation and prediction. Kepler’s and Newton’s laws support wider generali‑
zation, and represent deeper knowledge. But even Newton, with his far‑reaching 
understanding of gravitation, could not analytically derive lunar predictions to 
match Horrocks’ ad hoc equations.

In these days, the value of research is too often measured by its ‘impact’ 
with little regard for its contribution to understanding. It is telling to observe 
that Horrocks would probably have ranked highest, of these three, on these 21st 
Century measures. His account of lunar motions supported the lunar distance 
method of navigation, which underpinned the development of global imperialism 
and trade until, in the 19th Century, chronometers became widely affordable. We 
now judge differently: Newton reigns supreme, standing on the shoulders of giants 
to open up new vistas. Future commentators will, surely, question our current 
priorities. Universities have survived and flourished, heretofore, because they 
nurture the long‑term quest for knowledge and wisdom, not just the short‑term 
benefits of immediate advantage.

Limits to analysis

The successes of the scientific combination of experiment and analysis led to an 
idealistic determinism, famously expressed by Laplace:



35The value of information

© The Authors. Volume compilation © 2010 Portland Press Limited

“Nous devons donc envisager l’état présent de l’univers, comme l’effet de 
son état antérieur, et comme la cause de celui qui va suivre. Une intelligence 
qui, pour un instant donné, connaîtrait toutes les forces dont la nature est 
animée, et la situation respective des êtres qui la composent; si d’ailleurs elle 
était assez vaste pour soumettre ces données à l’analyse, [elle] embrasserait 
dans la même formule les mouvements des plus grands corps de l’univers 
et ceux du plus léger atome: rien ne serait incertain pour elle, et l’avenir 
comme le passé serait présent à ses yeux.” ([4], p 3)

Of course, Laplace and his contemporaries understood that we could 
never, not even for an instant, know all the forces that animate the world and the 
positions of every object. But, if we could, and if we could analyse all that data, he 
thought the future would follow, deterministically. The implicit presumption was 
that, in principle, we could arrive at an arbitrarily precise description of the future, 
by applying appropriate analysis to sufficient information about the present.

But then Poincaré uncovered chaos within Newton’s laws:

“Une cause très petite, qui nous échappe, détermine un effet considérable que 
nous ne pouvons pas ne pas voir, et alors nous disons que cet effet est dû au 
hasard. Si nous connaissions exactement les lois de la nature et la situation de 
l’univers à l’instant initial, nous pourrions prédire exactement la situation de 
ce même univers à un instant ultérieur. Mais, lors même que les lois naturelles 
n’auraient plus de secret pour nous, nous ne pourrions connaître la situation 
qu’approximativement. Si cela nous permet de prévoir la situation ultérieure 
avec la même approximation, c’est tout ce qu’il nous faut, nous disons que le 
phénomène a été prévu, qu’il est régi par des lois; mais il n’en est pas toujours 
ainsi, il peut arriver que de petites différences dans les conditions initiales en 
engendrent de très grandes dans les phénomènes finaux; une petite erreur 
sur les premières produirait une erreur énorme sur les derniers. La prédiction 
devient impossible et nous avons le phénomène fortuit.” ([5], p 68)

Even in a deterministic world, Poincaré discovered, an imperceptible 
event can be the cause of effects that we cannot ignore. As we can never observe 
nature exactly, she will appear non‑deterministic, even in a Newtonian setting. So 
rather than calculating future states we must deal with probability distributions of 
possible states. One might hope to confine such chaos to the heavens: vain hope! 
Poincaré could uncover chaos in the planetary orbits because they are relatively 
simple. Here on earth, the situation is even worse. Many everyday phenomena, 
such as turbulence, biological development, social structures and human behaviour, 
are complex systems, and have largely defied reductionist analysis.

In addition to the phenomenon of chaos, complex systems are intractable 
for two reasons. First, because of the sheer scale of data required to characterize, 
or approximate, their instantaneous state. Secondly, because of the difficulty of 
encompassing, computing and comprehending the global effects of the myriad 
individual interactions that contribute to the evolution of the whole. The intrac‑
tability of reality, compounded by epistemological confusions fuelled by popular 
accounts of the results of scientists, such as Heisenberg and Gödel, has led some 
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to reject the enlightenment project of developing a scientific understanding of 
experience [6]. Their ‘naturalistic’ enquiry includes a wholesale rejection of quanti‑
tative, in favour of ‘qualitative’ methods: a rejection of objective fact in favour of 
subjective experience, and a position that views structure as a construct imposed, 
rather than discovered, by the observer.

Changes in technology

Information technologies extend the boundaries of rational analysis and generali‑
zation. We now have new tools that will help us to find the information that is 
hidden in data, the knowledge that is lost in information, and maybe even some 
wisdom that is lost in knowledge; and to marvel anew at nature, without recourse 
to divine inspiration [7]. This is changing the nature of knowledge.

Digital technologies are increasingly used to represent, store, process and 
communicate all kinds of information. It turns out that many kinds of ‘thing’ are just 
carriers for information. Everyday examples include photos, records and money. 
A digital representation of the relevant information is easier to communicate, to 
duplicate and to process [8]. This use of digital technologies to replace things by 
information is changing the world we live in; changing the ways we live, work and 
play. These same technologies can also help us sense and collect data. They allow 
us to use computation to find patterns and relationships that represent information 
about the world. They let us simulate virtual models, to make predictions about 
this world and to compare it with other possible worlds. These new methods are 
like telescopes for the mind, they let us see things we couldn’t otherwise see. But, 
whereas astronomers use telescopes to magnify distant stars, to make them visible 
to the naked eye, we use informatics to reduce terabytes of data to information we 
can grasp with our naked minds.

We have barely begun to exploit the capacity of today’s technologies 
to enable new advances in knowledge and understanding, yet we can confidently 
anticipate that the scale on which we can acquire, store, process and communicate 
data, information, knowledge, and even wisdom, will continue to grow exponen‑
tially for some years to come. Previously, hard limits of space and time constrained 
the scale on which data, analysis and human attention could be brought together 
to inform our understanding of the world. These limits have been shattered by 
new technologies for sensing, communication, analysis, simulation and collabo‑
ration. New technologies for collecting and analysing data provide new kinds of 
information. New methods of modelling and simulation provide new ways of 
understanding complex systems: new forms of knowledge, new paradigms for 
understanding. We can also link vast networks of collaborators together, to share 
experiences and solve common problems, changing the ways we think.

Data, information, knowledge and wisdom

Raw data is of little or no value; whereas, the right information can enable us to  
safely navigate and explore our chosen oceans. The DIKW (data–information–
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knowledge–wisdom) pyramid [9], attempts a hierarchical stratification of different 
levels of human understanding. The appeal of this view is demonstrated by its 
widespread, and often uncritical, adoption. However, attempts to clarify the 
distinctions between the different levels, and the relationships between them, have 
typically produced confusion rather than consensus.

Accounts of the basic concepts have a long history dating back to 
antiquity, with many competing strands of development. The increasing use of 
digital incarnations of data introduces a new perspective. Just as the mathematics 
of the enlightenment provided new ways of understanding and simulating the 
heavens, so informatics is now providing new ways of collecting, analysing and 
structuring data, and new ways of modelling and simulating complex systems. A 
computational perspective lets us stratify three different ways of understanding 
data. We re‑use the traditional DIKW labels to identify these different aspects of 
understanding.

Data
We could catalogue a host of different types of digitally represented data, and 
relate abstract data sets to facts, sensors, signals, sounds, images and artefacts in the 
world. To take one example, the development of artificial satellites in the latter half 
of the 20th Century allowed remote sensing to progress to a global scale. Earth 
observing and weather satellites now provide society with global measurements 
of a wide range of data. Ubiquitous sensing lets us sense and record the properties 
of individuals and the interactions of populations and environments at every scale, 
from microbes to galaxies.

Information
Information is a term with many meanings depending on context. Here we are 
concerned with the perspective of human meaning: information allows us to act in 
response to data. We process and analyse data to uncover order, that is structures 
and relationships. Finding order gives a basis for abstraction and generalization. 
Repeated patterns of order form the basis for induction. Patterns of data have 
predictive power that informs our actions in novel situations. The ability to 
process vast heaps of data allows us to soften the determinism of the first enlight‑
enment, to accommodate uncertainty. For example, the Bayesian framework of 
probabilistic modelling lets us hypothesize generative probabilistic processes, 
learn their parameters from data and make predictions with varying degrees of 
confidence.

Knowledge
Just as Newton explained Kepler’s Laws, so we explain structure by positing 
processes that, we hypothesize, underlie the emergence of the patterns we observe. 
We test our hypotheses by comparing simulation with history, observation and 
experiment. Successful hypotheses provide a body of knowledge, and accompanying 
computational tools, that can be used to predict the effects of hypothetical actions. 
In addition to deterministic analytic models, supported by the mathematics of  
earlier centuries, we now have access to new kinds of stochastic models, supported 
by computational simulation. For example, Monte‑Carlo simulations of discrete 
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systems with a myriad of interacting components let us investigate emergent 
behaviours. Imagine a giant game of Civilization with 281 individuals moving on 
a map of the U.S.A. Scientists studying the spread of epidemics have built just such 
a model [10]. The movements, interactions and infections of each individual are 
modelled to test the effects of different strategies for containment and control of 
disease.

Wisdom 
Wisdom is associated with the ability to listen, evaluate and to give advice; it 
includes knowledge about the limits of knowledge and the uncertainties of the 
world. It is also said that:

“Cultural memory is the mother of wisdom” ([11], p 123)

In the future we will find our cultural memories online, accessible 
through communication with records and recordings that allow us to replay and 
re‑live the past.

For Dante, Lowell tells us, wisdom is:

“The generalization from many several knowledges, each of small account 
by themselves.” ([12], p 78)

Our new technologies let us communicate with individuals around the 
globe, each with their own particular sparks of wisdom, and bring knowledges 
from different sources together on an unprecedented scale. New distributed 
mechanisms for comment and discussion provide new forms of consensus, and 
maybe new forms of wisdom. By bringing together various knowledges, we can 
learn to ration confidence and trust appropriately, so we have the wisdom to 
assess the reliability of our data, the trust we accord to different perspectives, the 
likelihood that our generalizations will meet the challenge of novel data and the 
fidelity of our simulations.

Examples

The changes in how we may collect and analyse data will affect all areas of 
enquiry [13]. In physics the Large Hadron Collider could not operate without 
the support of information technology, both to control the operation of the 
machine and to process and analyse the astronomic quantities of data it will 
produce [14]. In astronomy it has only recently become possible to search across 
all the astronomic quantities of astronomic data [15]. In chemistry, modelling 
the three‑dimensional configurations of large molecules and the properties of 
complex materials requires prodigious computations. In biology, we see both 
high‑throughput methods producing and analysing large volumes of data, and the 
modelling of the mechanisms of life by simulation of the interactions of mixtures 
of molecules within the cell. However, the most telling changes may come in the 
arts and humanities, in areas that have hitherto defied quantitative analysis. New 
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technologies provide new opportunities for collecting data, either in purpose‑built 
instrumented spaces, or by instrumenting individuals, or ‘in the wild’, by mining 
data from the electronic trails we all leave as we go about our daily business in 
the digital society. Society is a social construct, founded on communication and 
collaboration. These methods of data mining are already yielding new insights, 
by revealing for study the connective tissue of everyday interactions that bind 
individuals together to form social structures [16].

New technologies allow us to infer new forms of probabilistic general‑
ization from data. For example, it really doesn’t matter whether we think that 
family breakdowns result from deterministic process or not. Even if we regard 
these breakdowns as ineffably probabilistic, like those of radioactive decay, we can 
still hope to analyse their effects on society. New technologies for the collection 
and analysis of data will provide new ways of unpicking the effects of nature and 
nurture, of understanding the formation, cohesion and interactions of groups, and 
of predicting the probable outcomes of putative interventions. I briefly sketch a 
few selected examples of the new kinds of understanding, rooted in data, now 
afforded by information technologies.

Observing differences
Geoff Pullum recently commented on the ‘languagelog’ blog [17], that the North 
Korean announcer, reading the news on TV of their latest nuclear test, sounded 
deranged. Within a few hours, another colleague, Mark Liberman, from another 
continent, had retrieved from the internet two sample broadcasts by the newscaster 
in question, and shown that this qualitative comparison could be quantitatively 
confirmed. He used a laptop and freely available software to produce a scatter 
plot of amplitude and fundamental frequency, sampled at millisecond intervals, 
for the two broadcasts. The plot showed a clear separation in the combinations 
of pitch and volume used when reporting the two stories. Uncovering and 
objectifying such previously subjective differences, which may depend on complex 
combinations of subtle factors, will afford new ways of studying qualities such as 
effect and emotion, their effects on individual performance and their roles in group  
interactions.

Finding patterns
It is interesting for a multitude of reasons to study how the topics of articles in 
the popular and trade press vary over time, or simply to classify a collection by 
topic. However, identifying topics manually is time‑consuming and subjective. 
Building on the observation that articles on different topics use different words 
with differing frequencies, Blei, Ng and Jordan [18] introduced a stochastic model 
for the frequencies of words in a document, in which each document treats some 
mixture of topics and each topic generates words with its own particular distri‑
bution of frequencies. Matching this model to a corpus (one corpus they used 
came from the Associated Press news stream) builds a collection of topics, each 
characterized by its own word distribution, together with a representation of 
each document as a mixture of a small number of these topics. Uncovering such 
patterns can be compared to the use of epicycles to model the moon’s anomaly, 
or ellipses and areas to model the motions of the planets. Such forms of textual 
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analysis are still crude, but in the longer term similar techniques may be applied to 
objectify the subjective comparisons that currently characterize many studies of 
literature and culture, and uncover patterns that will reveal deeper regularities in 
social and cultural structures.

Discovering structure
Matching hypothesized structures to data is valuable, but many major 
breakthroughs, that is changes in the way we see the world, have depended on 
the identification of the right structures. The hierarchical tree of life predates 
the discovery of evolution and speciation. Mendeleev’s periodic table predates 
discovery of the quantum mechanical structure of the atom. In each case, identifying 
the structure helped to elucidate and corroborate the underlying mechanism.

Recent work by Kemp and Tenebaum [19] extends the methods used 
to fit particular structural models to data. They compare the extents to which 
different structural forms can account for the variations and similarities between 
individual examples presented in the data. For a collection of living species 
each characterized by a list of properties (can fly, can swim, is vegetarian, has  
feathers. . .) they discover that a hierarchical tree gives the best fit. For a collection 
of cities, characterized by properties of their populations, foods and culture, 
they find a two‑dimensional network, on the surface of a cylinder, recreating 
the geographic topology of these cities fits. For a collection of supreme‑court 
judges, characterized by their voting records, they find a one‑dimensional 
structure, demonstrating that position on a traditional one‑dimensional liberal–
conservative spectrum really is a good predictor of how the judges’ votes will split 
on any particular decision. Such methods will in the future be used to uncover 
structures across the humanities, as new ways of collecting and analysing data 
let us objectively identify, and quantify, differences and similarities previously 
considered subjective.

Making predictions
Newton’s inability to account for the lunar motions stemmed from the intracta‑
bility of the ‘n‑body problem’: given only the present positions and velocities of 
a group of celestial bodies, predict their motions for all future time and deduce 
them for all past time. This problem became identified as a central obstacle to the 
rational analysis envisioned by Laplace. It led directly to Poincaré’s discovery of 
chaos, and to an understanding of the limitations of the naked mind.

Computational simulation now provides a new kind of understanding. 
The Millennium Run simulation [20] traced the evolution of just over 10 billion 
interacting ‘particles’, from soon after the big bang, up to the present day. The 
behaviour of individual particles will be chaotic, and each individual particle 
encompasses much smaller‑scale complexity, but the emergence of large‑scale 
features of the ensemble, such as the formation of galaxies and quasars, is stable. 
In 2005 the IBM p690 parallel computer, on which this epic simulation was run, 
became obsolete. Today, the same raw power can be found in a PlayStation 3 
consumer games console. Probabilistic modelling and simulation now extend the 
reach of reductionist analysis to hitherto intractable systems, such as cell signalling 
[21], and the interaction of evolution and social structures [22]. Many of these 
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systems are fundamentally informatical: we understand them by understanding 
how their components communicate and react to information. The physical 
substrates, that store and carry the information, may be of secondary interest in 
understanding the system’s behaviour.

Where we cannot (yet) model, we can sometimes aggregate human 
judgements on a new scale, perhaps to provide a new source of wisdom:

“Hubdub makes news more exciting by letting you stake virtual dollars on 
the outcomes of real running news stories.” [23]

Hubdub is a company. It aggregates the wisdom of the crowd. Harnessing 
people’s natural competitive instincts, it provides them with virtual money and 
encourages them to bet on the answers to a variety of multiple‑choice questions 
about future events and to propose new questions. The odds on each question are 
adjusted, according to demand, so the odds for each answer represents a collective 
view of the likelihood of that outcome.

We are just starting to learn how to manage provenance and develop 
the distributed networks of trust that will allow us to evaluate the salience and 
authority of such aggregated knowledge. Once this is done, the ‘crowd on the 
cloud’ may contribute to wisdom.

Nature of learning

The advent of near‑ubiquitous access to technologies for multimedia communi‑
cation, recording, distribution and playback creates new opportunities for 
education and learning. First, these technologies can bring experience to us 
and our students. They are changing the ways we experience the world. We no 
longer need to go to the mountain of information, it comes to us. We already see 
the educational possibilities not only of large‑budget documentaries, but also of 
Vox populi recordings that make a wealth of ‘small knowledges’ available to all. 
Without travel, we can experience environments and interactions, virtually. This 
will never be a complete substitute for reality, but for most it will serve to extend 
their range of experience, in space and time.

Second, they can change the scale on which our leading thinkers and 
expositors can interact. Within the university:

“Mutual education . . . is one of the great and incessant occupations . . .  
It is a place where . . . discoveries are verified and perfected, and . . . 
error exposed, by the collision of mind with mind, and knowledge with 
knowledge.” ([24], pp. 6 and 16)

In this idyllic state, where minds mix untroubled by worldly cares, each 
interaction has been ephemeral, in the moment and no more. The interactions of any 
one individual have been limited by the ‘bandwidth’ of human–human interaction 
and happenstances of time and place. New technologies change this: they let us 
record and replay interactions. We can never meet with Newton, Darwin, Einstein 
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and others, but future generations will be able to mix with ours, reaching back to 
attend the lectures and tutorials of long‑gone legends.

Finally, research shows that much of the educational benefit of small 
group tutorials can be obtained ‘vicariously’ [25]. Watching a video recording of 
tutorial learning, as others struggle with a problem or concept, then ‘get it’, can be 
as illuminating as being there. Once an ‘aha moment’ has been recorded, successive 
generations of students can revisit the moment and learn the lesson.

The opportunity is a new enlightenment:

“I am a part of all that I have met;
Yet all experience is an arch wherethro’
Gleams that untravell’d world, whose margin fades
For ever and for ever when I move.” [26]

The cosmic determinism envisioned by Laplace can now be seen as naïve: 
uncertainty is one of the few things we can be certain about. The naturalists remind 
us, as Tennyson does above, that knowledge is never complete. They also insist, 
unnecessarily, that different views of a situation will provide different insights, and 
that the act of observation is never without its own effects. These insights are not 
new, Plato has Socrates recount that Heracleitus is supposed to say that:

“all things are in motion and nothing at rest; he compares them to the 
stream of a river, and says that you cannot go into the same water twice.” 
([27], 401d)

The over‑reaching optimism of the enlightenment is now tempered, as a 
result of a few centuries of scientific enquiry. Nevertheless, the naturalistic attack 
goes too far. The enlightenment link between knowledge and experience is robust. 
Those who would reject it stand on quicksand. Instead, we should exploit our new 
telescope to push the margins of our understanding by extending our range of 
experience and our powers of analysis. The new technologies of information will 
extend the reach and scale of our thinking, just as the technologies of the industrial 
revolution extended the reach and scale of human action. The new enlighten ment 
employs informatics to develop new kinds of understanding. It addresses uncertainty 
and non‑determinism to forge new links between data and knowledge, and build a 
new bridge linking naturalistic enquiry and scientific method.

The universities have a crucial role to play in developing shared 
understanding on a global scale. The scale is new, but the role is familiar. We 
should use new opportunities for the collection and analysis of data to challenge 
our understanding and extend the range of empirical enquiry. We will have to 
share both our data and the tools we use to understand it, so that errors are exposed 
and discoveries may be verified and perfected. We must also adapt our systems 
of intellectual authority and provenance, exploiting the new opportunities for 
communication and interaction to evaluate and aggregate information, knowledge 
and wisdom on a global scale. We live in a small world, with developing opportu‑
nities for global catastrophe (population, climate, energy, disease etc.). Only 
common understanding of the interactions between society and environment, 
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through generalization from the particulars of our individual experiences, can lead 
to the co‑operation required to address these issues. The new opportunities we 
now have for the collection, modelling and analysis of data must be applied to 
generate a common understanding of these complex systems. We can no longer 
afford to agree to differ.

Acknowledgements
I am most grateful to all those who have helped me to glimpse beyond my own 
understanding. Conversations with Gérard Berry, Geoffrey Boulton, Robert 
Constable, Vincent Danos, Robin Milner, Gordon Plotkin and Geoff Pullum have 
particularly influenced this note.

References
 1. Bacon, F. (1620/1996) Novum Organon. In Collected Works of Francis Bacon (Ellis, R.L., 

Heath, D.D. and Spedding, J., eds). Routledge/Thommes Press, London
 2. Plato (360 BC) Phaedrus. In The Internet Classics Archive ( Jowett, B., trans.), http://classics.

mit.edu/
 3. Oxford English Dictionary, http://www.oed.com/
 4. Laplace, P.‑S. (1829) Essai Philosophique sur les Probabilités (5th Ed.), Librairie Belge, 

Bruxelles
 5. Poincaré, H. (1908/1947) Science et Méthode, Flammarion, Paris
 6. Lincoln, Y.S. and Guba, E.G. (1985) Naturalistic Inquiry, Sage Publications, Thousand  

Oaks, CA
 7. Eliot, T.S. (1934) The Rock
 8. Berry, G. (2008) Pourquoi et Comment le Monde Devient Numérique (Leçons Inaugurales du 

Collège de France), Editions Fayard, Paris
 9. Ackoff, R.L. (1989) From data to wisdom. Journal of Applied Systems Analysis 16, 3–9
10. Germann, T.C., Kadau, K., Longini, Jr, I.M. and Macken, C.A. (2006) Mitigation strategies 

for pandemic influenza in the United States. Proceedings of the National Academy of Sciences 
of the United States of America 103, 5935–5940

11. Baltes, P.B. and Staudinger, U.M. (2000) Wisdom: a metaheuristic (pragmatic) to orchestrate 
mind and virtue toward excellence. American Psychologist 55, 122–136

12. Lowell, J.R. (1872/2008) Dante. In The Complete Writings of James Russell Lowell, Morrison 
Press, Hackensack, New York

13. Constable, R. (2005) Transforming the Academy: Knowledge Formation in the Age of Digital 
Information, Cornell University, http://hdl.handle.net/1813/5675

14. Moll L., Vuillemin J. and Boucard P. (1996) Real‑time high‑energy physics applications on 
DECPeRLe1 programmable active memory. Journal of VLSI Signal Processing 12, 21–33

15.  Lawrence, A. (2009) Drowning in Data: VO to the rescue, http://arxiv.org/ftp/arxiv/
papers/0905/0905.2020.pdf

16. Kossinets, G., Kleinberg, J. and Watts, D. (2008) The structure of information pathways in 
a social communication network. Proceedings of the 14th ACM SIGKDD International 
Conference on Knowledge Discovery and Data Mining, August 24–27 2008, Las Vegas, 
Nevada, pp. 435–443

17. Geoff, P. and Liberman, M. (2009), http://languagelog.ldc.upenn.edu/nll/?p=1455
18. Blei, D., Ng, A. and Jordan, M. (2003) Latent Dirichlet allocation. Journal of Machine 

Learning Research 3, 993–1022
19. Kemp, C. and Tenenbaum, J.B. (2008) The discovery of structural form. Proceedings of the 

National Academy of Sciences of the United States of America 105, 10687–10692
20. Springel, V., White, S.D.M., Jenkins, A., Frenk, C.S., Yoshida, N., Gao, L., Navarro, J., 

Thacker, R., Croton, D., Helly, J., et al. (2005) Simulating the joint evolution of quasars, 
galaxies and their large‑scale distribution. Nature 435, 629–636

21. de Reuille, P.B., Bohn‑Courseau, I., Ljung, K., Morin, H., Carraro, N., Godin, C. and Traas, 
J. (2006) Computer simulations reveal properties of the cell–cell signaling network at the shoot 
apex in Arabidopsis. Proceedings of the National Academy of Sciences of the United States of 
America 103, 1627–1632



44 M.P. Fourman

© The Authors. Volume compilation © 2010 Portland Press Limited

22. Fowler, J. et al. (2009) Model of genetic variation in human social networks. Proceedings of the 
National Academy of Sciences of the United States of America 106, 1720–1724

23. Hubdub (2009) Predict the News, http://www.hubdub.com
24. Newman, J.H. (1872) What is a University? In Rise and Progress of Universities, http://www.

newmanreader.org/works/historical/volume3/universities/
25. Lee, J. (2006) Vicarious Learning and Multimodal Dialogue. Sixth IEEE International 

Conference on Advanced Learning Technologies (ICALT’06), July 5–7 2006, Kerkrade, The 
Netherlands, pp. 1202–1203

26. Tennyson, A. (1842) Ulysses. In Morte D’Arthur, Dora, and Other Idylls, London
27. Plato (360 BC) Cratylus. In The Internet Classics Archive ( Jowett, B., trans.), http://classics.

mit.edu/


