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EDIToRIAL

This issue of META contains contributions from scientists from a wide range of 
domain  areas. The contributions show that usage of eInfrastructure is both broad-
ening and deepening. Increasingly more user communities need access to infra-
structure for computing and for managing scientific data, while communities that 
already adopted eInfrastructure as a core instrument in their work make increas-
ingly advanced use of it.

eInfrastructure must be made attractive for scientific communities to develop 
long-term collaborative research in a national and global setting. The need for 
sustainability is obvious. This not only requires long-term and predictable fund-
ing. A sustainable eInfrastructure must also be able to make long-term commit-
ments to maintaining and continuously improving a skills and competence base. 
Attention must be given to support and training, community development, mech-
anisms to couple eInfrastructure to research and development, and to strength, 
flex ibility and capability to respond to new areas of science. Sustainability also 
requires the development of policies and mechanisms to encourage the integra-
tion of eInfra structure in national and international research infrastructure. eIn-
frastructure must never be a goal in itself, but must be integrated in all research 
infra structures that can make use of it.

Despite its growing popularity, there is still a need to increase awareness for 
eInfra structure for modern research and science. eInfrastructure provides a 
broad infrastructure for the creation and support of data, information and know-
ledge. Besides large computational capacity, eInfrastructure must support the 
entire life cycle of data, support massive amounts of created and collected data, 
support the reuse and reusability of data, in particular for purposes other than 
what the data originally was created for, support preservation of data and include 
means to discover and use data through search and navigation across institution-
al, disciplinary and national boundaries.

This issue of META includes contributions from climate sciences, computation-
al physics, life sciences and computational finance. The contributi ons show the 
diversi ty in which eInfrastructure is used and needed in the various scientific  
disci plines. The focus is on computational chemistry, the branch of chemistry that 
uses computer science to assist in solving chemical problems. Computational  
chemistry uses the results of theoretical chemistry, incorporated into efficient 
computer programs, to calculate structures and properties of single mole cules, a 
group of molecules, or solids. In all cases, computer time requirements as well 
as the demand for memory and/or disk space increase rapid ly with the size of the 
system or the accuracy that is required. 

Jacko Koster 
Managing Director 
UNINETT Sigma AS
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To include interactions, which in the 

brain are strong, plastic and 
specific for every pair og neurons, we 

needed a much bigger network.

Luckily, we could count on the aid of 

NoTUR.

Since the start of the first super-
computing program in 

Norway, computational chemists have 

been using large fractions  of 

the available computational  
resources 

In the figurative nutshell: 

Short-sellers and active traders 

are not black sheep – no matter 

what self-declared white knights 

want to make believe.
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most sensory cues are not available. 
These neurons , called place cells, have 
the capacity to learn to associ ate their 
electrical activity to some coordinate {x,y} 
in space. As a result they become active 
only when the rat passes  by that particu-
lar coordinate, different for every  cell and 
for every environment. Place cells have 
been reported also in the human Hip-
pocampus, although that interpretation is 
still controversial. Spatial navigation re-
mains nowadays one of the best corre-
lates of neural activity in the memory cir-
cuits of rodents and humans, making it an 
ideal paradigm to study how information 
is processed in these brain areas.

Is space computed in the hippocampus?
The Kavli Institute for Systems Neuro-
science and Center for the Biology  of 
Memory, in Trondheim, has positioned  
itself during the last decade  in the front 
line of a worldwide community of neu-
roscientists seeking  for the source of 
spatial  inform ation in the mammali-
an  brain. In a suc ces sion of high impact  
publications, the Pro fes sors Edvard and 
May- Britt Moser  show ed that, although 
the Hippocampus uses spatial informa-
tion to construct memories, it probably 
does not compute space on its own, but 
rather in collabo ration with a neighbor-
ing structure, the Medial  Entor hinal Cor-
tex. It is there that they found neurons 

with perhaps an even more striking be-
havior: the grid cells [1,2]. one such neu-
ron is active  not in one but in many pre-
ferred positions – or grid fields – in a 
given environment. Strikingly, the spa-
tial distri bution of these grid fields forms 
a triangular grid that covers all the ex-
plored space. Due to this geometrical pe-
riodicity, the maps of grid cells can adapt 
to environments of all shapes and sizes, 
much like a Cartesian coordinate system.

Some parameters need to be specified 
to describe the map of a grid cell. In first 
place, the orientation of the three major  
axes, which are separated by an angle 
of approximately 60 degrees. In second 
place, the phase, or the displacement 
needed to reach the closest field starting 
from the center of the room. It turns out 
that all grid maps recorded simultane-
ously in a rat share the same orientation, 
but their phases are randomly distrib-
uted so that their maps cover homogen-
eously the whole space.

What changes and what remains when 
we move to a new place?
If we compare maps of two differ-
ent cities  we will find that they differ 
in many aspects but also share some 
common  elements. The spatial organi-
zation of streets, hospitals and parks, 
for example , are different. on the other 

the memory circuits
Through evolution, mammals have devel-
oped a brain structure, the Hippo campus, 
that is used to transform everyday 
experiences  into new memories. Pati ents 
with a severe lesion in this area are un-
able to generate new memories, such as 
depicted   in fiction  movies like Memento  
or 50 First Dates. They live in a constant 
present and everything beyond 5 minutes 
in the past is completely lost for them. 
Apart from this radical  situ ation, the 
memory circuits are related to a num-
ber of more widespread mental diseases, 
such as Alzheimer’s Disease , Epilepsy  or 
Post-Traumatic Stress Disorders. 

Space and memory
Ever since the early studies of Ramon 
Y Cajal in the XIX century , understand-
ing the Hippocampus has been one of 
the main interests of neuroscientists. 
How ever, the tools to study the electric 
proper ties of neurons, what we nowa-
days know as electrophysiology, were 
developed only in the second half of the 
XXth century. It was thus in the 70’s that 
researchers first noticed  how important 
was the concept of space for the memory  
circuits. When rats are introduced into 
some new environment, neurons in their 
Hippocampus develop maps that can be 
later  recalled and used for navigating the 
environment, even in the darkness when 
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hand, the coordi nate system and the Eu-
clidean proper ties of space, such as the 
notion of distance between two given 
points, are the same. Thanks to this, we 
can estimate the time that it would take 
us to walk from one place to another even 
if we have never  visited the city before. 
Does the architect ure of the brain ac-
count for this dissoci ation between  in-
dividual details that change and general 
properties of space that remain  invari-

ant? It seems so.

If a rat is exposed to two differ-
ent environments, A and B, it 

will learn maps for both and 
later will be able to retrieve 
the one that is relevant for 
every situation. In the Hip-
pocampus, the two sets of 
maps will be completely 
different, as if from A to 
B all place fields were 
shuffled randomly. In 
this way, a place cell 
that in room A fires in 
a corner may fire in the 
center in room B or not 
fire at all. In addition to 

this, each neuron seems 
to remap independently, 

without caring about what 
the others do.

In the Entorhinal Cortex the 
situation is very different. 
If we compare grid maps 

in A and B we note that they 
may rotate and change their 

phase with respect to the cent-
er of the room, but the rotations 

and phase shifts are the same 
for all neurons. In other words, 

while Hippocampus seems to rep-
resent details of individual envi-
ronments, the Entorhinal Cortex 
seems to represent abstract prop-

erties of space.

our model of grid cell formation
The work that we did was inspired on a 
previous model [3]. This model proposed 
a biologically plausible way in which grid 
maps could be learned in a neural net-
work of modest size. In the simulations, 
there was a weak interaction among 
neurons. When one neuron was active, 
it inhibited the activity  of all others, a 

competition mecha nism that is present in 
practically every region of the brain. This 
was the main reason why in the simula-
tions neurons took turns to fire in differ-
ent places. Another element of the model 
was associative learning. If a neuron won 
the competition in some place at a given 
time, there would be a strengthening of 
the synaptic connecti ons that helped it in 
doing so, and consequently an increase 
in its probabili ty to win that competition 
again in future visits of the same location. 
The triangular symme try of maps was an 
emergent property of the network, since 
it is the geo metry that allows optimal 
packing of circular  fields in 2 dimensions.

There were, however, several aspects of 
grid cells that this small network could 
not account for. The most important of 
them was that grid maps in our simulati-
ons did not have a common orientation . 
This was due to the fact that inhibition is 
a very unspecific and weak form of inter-
action between  neurons. However, to 
include  excitatory interactions, which in 
the brain are strong, plastic and specific  
for every pair of neurons, we needed a 
much bigger network. Luckily, we could 
count on the aid of NoTUR.

Grid alignment and global remapping
In the new version of the model, we 
includ ed excitatory connections between 
grid cells, such as anatomical studies in-
dicate. This form of interaction, much 
more specific than global inhibition, had 
the effect of aligning all grid maps into a 
common orientation, while keeping the 
phases random ly distributed. In addition, 
this happened also when we trained our 
virtual rat in two different environments. 
The grid maps of room B could be seen 
as a rotated and shifted version of those 
in room A. The crucial point was that all 
maps were rotated and shifted by the 
same amount, just as observed in experi-
ments. This time our model was repre-
senting space in an abstract way.

Interestingly, to achieve this we needed 
to add one more element to the system: 
directional information, such as the one 
provided by a compass. This would have 
been a bit arbitrary if it was not for the 
fact that this kind of information is also 
found in some parts of the Entorhinal 
Cortex. Until now this was thought to be 
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Rate maps (in spikes per second) 
corresponding to the maps in 
the top Figure. Warmer colors 
indicate higher firing rate.

Example of the activity of a place 
cell (left) and a grid cell (right) 
while a rat explores a square 
environment (black trace). Each 
color dot corresponds to the 
position where the neuron fired a 
spike of activity.

a perhaps random superposition of func-
tions in the network, but our work sug-
gests that there is a need for this conjunc-
tion. Taking a close look at anatomical 
studies one finds that directional infor-
mation and excitatory connections are 
either present together or absent, which 
makes our hypothesis more appealing.

Looking into the future
our modeling work has showed that grid 
maps in the Entorhinal Cortex could 
be aligned through excitatory connec-
tions as long as they come in hand with 
directional  information [4]. It is by vir-
tue of these connect ions that they would 
form a coherent triangular coordinate 
system that can be used in multiple en-
vironments, in the same way in which the 

square Cartesian grid is used in different 
city maps. 

An interesting question for future stud-
ies is what would happen in the system 
if either the excitatory connections or the 
compass providing directional informati-
on would fail. If individual neurons lost 
their ability to communicate proper ly 
with each other, their maps could be less 
structured and coherent. This effect  re-
lates to various possible experiment-
al situations, but also to the sudden 
disorient ation that is character istic of 
patients suffering from mental diseases 
that affect  their Hippocampus and sur-
rounding areas . Answer ing these ques-
tions should not only improve our under-
standing of infor mation processing in the 

brain, but also, in the long run, help us 
to design new methods  for the diagno-
sis and treatment of a variety of diseases 
related  to memory.
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Black sheep and whiTe knights

on September 15, 2008, Lehman Brothers, a large US investment bank, 
filed for bankruptcy protection. The event came to mark the onset of the 
financial crisis which recently spread to European sovereign debt. Since 
then, regulators around the world have implemented various emergen-
cy measures in an attempt to calm financial markets. Politicians be-
came self-declared white knights, and short sellers were found to be 
the blackest sheep in the family of financial practitioners. Short sale 
bans and financial transaction taxes `to make speculators pay for their 
deeds’ have been peddled as solutions to contain the crisis.
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only five years before the turmoil in fi-
nancial markets started, the Nobel Prize 
Laureate Robert Lucas declared «...mac-
roeconomics in this original sense has 
succeeded: Its central problem of de-
pression-prevention has been solved, for 
all practical purposes...». With the gift of 
hindsight, nothing could have been further 
from the truth. Indeed, economics experi-
ences its own crisis as it contemplates al-
ternatives to the standard rationality para-
digm in modelling economic phenomena. 

Evolutionary finance
Evolutionary finance applies Darwin’s prin-
ciple of natural selection to study trad-
ing behaviour and asset prices in financial 
markets. In this perspective, a financial 
market can be seen as a selection mech-
anism which transfers wealth to traders 
who are well adapted to the environment 
from traders who are less well adapted.  
The trading strategies of wealthy traders 
determine the prices of financial assets, 
first, because those strategies are backed 
by more wealth, and second, because the 
strategies of wealthy traders are more like-
ly to be imitated by other traders. Wealth in 
financial markets is therefore the counter-
part to fitness in biological systems. 

Natural selection in financial markets is 
known to produce rational behaviour in the 
aggregate. The rationality assumptions that 
form the basis of the standard theory of fi-
nancial markets can be seen as a proxy for 
this outcome. In many problems of interest, 
this proxy is excellent, in others it is not. 
one aim of evolutionary fin ance is to provide 
answers to questions on which the standard 
theory is silent, for instance how markets 
become efficient. Another  aim is to study is-
sues that cannot be analysed with the tools 
currently available within the standard ap-
proach. The recent  financial crisis has 
raised a number  of such questions.  

Financial regulation
Since the outbreak of the crisis, finan-
cial regulators of many countries have 

considered various measures to limit the 
nega tive effects of the crisis. The two most 
popu lar ones have been short-sale bans 
and Tobin taxes.

Short-selling means selling a stock that 
one does not own, and the popular opin-
ion holds that short-sellers amplify market  
crashes by increasing the downward pres-
sure on stock prices. Accordingly, a few 
days after the Lehman collapse, more than 
20 countries introduced a temporary ban on 
the short-selling of financial stocks «to pro-
tect the integrity and quality of the securi-
ties market and strengthen investor confi-
dence», as the US Securities and Exchange 
Commission (SEC) put it. In Europe, the 
temporary ban was reintroduced by germa-
ny in May 2010, and by France, Belgium, It-
aly and Spain in August 2011, in attempts to 
stem the accelerating sovereign debt crisis. 

A Tobin tax is a tax on financial transac-
tions which is intended to curb speculation 
by making it more expensive to trade in fi-
nancial markets. This tax has been used 
from time to time in the past, and has re-
ceived fresh attention from regulators dur-
ing the present crisis. Both the Nordic 

and the European Councils have called for 
the introduction of such a tax, and in Au-
gust 2011, the german Chancellor Angela 
Merkel and the French President Nicolas 
Sarkozy said they would make such a tax a 
priority for Europe. 

one trouble with both these regulatory 
measures is that their effects are neither 
well documented nor well understood. This 
is mainly due to a lack of adequate theo-
retical models and a shortage of historical 
data. After the US short-sale ban was lift-
ed in october 2008, SEC Chairman Chris-
topher Cox told Reuters that «While the ac-
tual effects of this temporary action will not 
be fully understood for many more months, 
if not years, knowing what we know now, I 
believe on balance the commission would 
not do it again. [...] The costs appear to out-
weigh the benefits». 

Computational approaches to the fore
Computational evolutionary finance em-
ploys techniques from computer science 
to carry out controlled experiments, for in-
stance on the impact of market design or 
regulation. This is useful for regulatory 
bodies who would like to know more about 

Black sheep and whiTe knights

Figure 1 Simulation results of an order book market for equity in a firm with random earnings and unobservable 
business cycle regime.
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the effects of new regulatory measures 
before implementing them in the market 
place. The typical model in this field con-
sists of a detailed description of the market 
microstructure, and a large number of indi-
vidual economic agents who make portfo-
lio and trading decisions within that micro-
structure. The agents’ trading strategies 
are represented as computer programs, 
and the model is solved by subjecting these 
programs to natural selection until the ag-
gregate price process converges to a sta-
tionary process. Data from the model can 
then be analysed and compared with data 
from other experimental treatments with 
different market microstructure. 

A model along these lines is illustrated in 
Figure 1. It contains two main parts: A fi-
nancial sector and a real economy. The fi-
nancial sector consists of 10,000 traders, 
who can invest in stocks and bonds issued 
by the firms in the real economy. They do 
this by submitting orders to a central stock 
exchange which maintains an order book 
and executes matching orders. The real 
economy is represented as one aggregate 
firm, whose main feature is an earnings 
process which is subject to short-run fluc-
tuations and medium-run business cycles. 
It is modelled as an ornstein-Uhlenbeck 
process with a Markov-switching attractor 
that can take on two values: A high value, 
representing a boom, and a low one repre-
senting a recession. The earnings process 
is illustrated in Panel (1) of Figure 1, where 
the yellow bars represent recessions and 
the white areas booms. Debtholders re-
ceive fixed interest payments, represented 
by the red, horizontal line, and stockhold-
ers receive the difference between earn-
ings (green curve) and interest payments. 

The traders can observe the earnings 
process , but not the state of the Markov  
process governing the business cycle. 
However, they do have access to a Bayesian 
estimate of the probability that the econo-
my is in a recession. This probability is il-
lustrated in Panel (2) of Figure 1. 

In order to make money, the traders must 
use their information about current earn-
ings, the Bayesian state probability, the or-
der book and their own portfolio to identify 
profitable investment or trading opportu-
nities. over time, the trading strategies of 

poor traders are replaced by copies or ge-
netic recombinations of the trading strate-
gies of more wealthy traders. After 3 mil-
lion trading days, the gains from changing 
trading strategies are more or less ex-
hausted.  Then the simulation is terminat-
ed,  the population is saved, and the mod-
el is restarted to generate data. Panel (3) 
of Figure 1 depicts the market price of one 
share (dark blue curve) along with the ex-
pected present value of the future cash flow 
per share (light blue curve). Traders in the 
model turn out to be risk averse: the stock 
trades at a discount relative to the expected 
present value of the cash flow it generates. 
This discount, shown in Panel (4) of Figure 
1, is called the equity premium. It is higher 
in recessions that in booms, meaning that 
only investors with a large appetite for risk 
buy stocks ‘when the cannons roar’.

Experimental results
Controlled experiments use simulations 
from a benchmark case with no short-sale 
ban and no Tobin tax, a case with a short-
sale ban in place, and a case with only a 
Tobin tax. Each specification of the mod-
el is run for 100 different sample paths of 
the earnings process, corresponding to 100 
scenarios of the real economy. Data are col-
lected for each of the three experiments 
over 10,000 trading days for each of the 100 
paths for the earnings process. Unlike in 
empirical research, we can re-run history 
with the benefit of creating a unique data-
set of matched observations. This allows 
for comparisons of different regulatory re-
gimes for an identical path of the real econ-
omy – the ultimate comparative analysis. 

Figure 2 contains an overview of the results.

The radar plot provides information on 
the impact of financial regulation on order 
book markets along eight dimensions, all 
of which are central to the debate on the 
costs and benefits of regulation. Efficien-
cy of the market is measured by liquidity 
(bid/ask spread) and price discovery; the 
strength and characteristics of price fluc-
tuations are quantified using volatility, neg-
ative skewness and kurtosis; and the dy-
namics of long swings over the business 
cycle is captured by price bubbles and the 
depth of market crashes. 

Short-sale bans were imposed with the 
goal of reducing price fluctuations, espe-
cially the depth of market crashes. our re-
sults confirm that a short-sale ban indeed 
does have that effect. But the model also 
highlights the drawbacks. A short-sale ban 
increases the frequency of bubbles and 
leads to a generally overvalued stock mar-
ket. The efficiency of the price discovery 
process is reduced, and so is liquidity. 

Proponents of a Tobin tax have argued that it 
will reduce speculation and improve finan-
cial stability. These views are not supported 
by the model: A Tobin tax has no effect on 
the depth of market crashes, but large neg-
ative effects on price discovery and liquidity. 
The consequences are less trade and less 
informative prices; neither effect is positive.

Although the news seems to be one that will 
be met with delight by professional inves-
tors (and annoyance by politicians), there is 
more in store using our computational evo-
lutionary finance approach. The model al-
lows studying other modes of taxation such 
as a levy on market orders but not on limit 
orders or the introduction of a progressive 
tax scheme with an annual deduction. 

Computational issues
Access to high-performance computing 
resources is a prerequisite for carrying 
out this type of experiments. The model  
sketched above has two main features 
which consume computing time. The first 
one is the order book, which, to capture the 
usual price-time priority of orders, must 
be represented as a tree with a branch for 
each stock price, followed by a sub-tree 
consisting of the orders submitted at that 

Stock
price

Bid/Ask
spread

Volatility

Negative
skewness

Kurtosis

Crash
depth

Price bubbles

Price
inefficiency

Base case Short sale ban Tobin tax

Figure 2 Indicators for the costs and benefits of differ-
ent financial regulations of order book markets.
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price. Since the price has priority over or-
der submission time, the priority of orders 
at one price is independent of their priority 
at other prices. one can therefore speed 
up the order book maintenance by imple-
menting it as an array of sub-trees, one for 
each price. 

The second computationally costly fea-
ture is associated with the genetic pro-
gramming algorithm (gP) which is used 
to evolve trading strategies and solve the 
model. There are many variants of gP al-
gorithms, we use a steady-state algorithm 
with tournament selection, which works 
along the following lines:

1. Initialization. Randomly generate a pop-
ulation of 10,000 trading programs.

2. Trading. Traders are randomly and 
repeatedly called upon to submit 
orders  which are handled by the stock 
exchange.

3. Tournament. Randomly select 4 pro-
grams and rank them by (discounted) 
wealth.

4. Reproduction. Replace the two poorest 
programs by copies of the two wealth-
iest ones.

5. Crossover. With some given probabili-
ty, swap random subsets of program 
instructions between the two copied 
programs.

6. Mutation. With some given probability, 
replace a randomly selected instruction 
in some copied program by a randomly 
generated instruction.

7. go to 2.

The algorithm has a few additional fea-
tures that are worth mentioning: (a) In 
step 3, traders are selected by first choos-
ing the size of a local neighbourhood of 
traders, and then randomly selecting trad-
ers for the tournament from that neigh-
bourhood. This form of local competition 
is known to improve the ability of the algo-
rithm to generate innovative and potential-
ly superior behaviour; (b) In step 2, a ma-
chine code representation of the programs 
is used for fast computation of trading de-
cisions; and (c) in steps 5 and 6, a fixed-
length byte code representation is used to 

simplify the genetic recombinations. A fast 
built-in compiler translates byte code to 
machine code which is then typically used 
thousands of times before it needs to be 
recompiled. our software also contains a 
byte code disassembler which generates C 
code that can be used for visual inspection 
of the evolved programs. 

Parallel processing
Another feature of the gP model discussed 
so far is a tight interconnection between 
the individual agents of the population. It 
arises because the traders do business 
with each other on one common market-
place. This type of model therefore does 
not lend itself easily to parallelization due 
to the large amount of information that 
would have to be exchanged between the 
traders and the marketplace1.

on the other hand, engineering applications 
of gP are well-suited for parallelization. 
That includes financial engineering appli-
cations such as risk management and com-
puterized trading systems. Developing such 
systems typically involves solving some ill-
structured optimization problem, which is a 
natural habitat for gP. To solve these types 
of problems, one can use a large number of 
autonomous sub-populations deployed on 
separate worker nodes, and let them ex-
change good candidate solutions with their 
neighbours from time to time. A master 
node can be added to collect information 

about the progress of the worker nodes and 
perform other administrative tasks. Such 
a structure eliminates waiting time on the 
worker nodes and yields a high capacity uti-
lization rate for the whole system. 

Lessons learned
our research applies the new field of com-
putational evolutionary finance to study the 
effect of short sale bans and transaction 
taxes on financial market stability. The ap-
proach provides an unparalleled detailed 
model of order book markets and offers 
new insights into their dynamics. Neither 
financial transaction taxes, nor the  emer-
gency actions taken in 2008, and more re-
cently in 2011, by imposing short sale bans, 
are capable of delivering what politicians 
desperately seek; calm and quiet markets. 
In the figurative nutshell: Short-sellers 
and active traders are not black sheep – no 
matter what self- declared white knights 
want to make believe.

outlook
The approach combines natural selection 
with models of market interaction. But its 
potential for applications goes well be-
yond the specific model of financial mar-
kets presented here. our current research 
looks at disparate issues such as the pric-
ing and hedging of exotic options, and the 
impact of market fragmentation on the 
evolution of the market ecology and trad-
ers’ investment skills.

W2 W3W1

W5W4

W7 W8W6

Master

node

Byte code

Machine code

C

Genetic 
recombination

Fast
execution

Analysis, 
application

Figure 4 Structure of parallel gP-algorithm.  

Figure 3 Program representation in gP-algorithm.

1 In real markets, this information flow is routinely handled by exchanges and other market venues. For example, the Chicago Mercantile Exchange processes some 
13 million contracts per day. By comparison, the exchange in our model handles an order flow of that magnitude in less than 20 seconds of wall clock time. obvi-
ously, that is possible only because all communication takes place on the same chip. 
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Protons and neutrons typically enjoy a 
peaceful coexistence, bound together in 
the nuclei of all matter. In the nuclear shell 
model, which has been very successful in 
explaining how nuclei are structured, there 
is an assumption that this peace comes 
with a certain level of detachment: each 
proton or neutron is an independent spirit, 
moving on its own within the collective force 
(or mean) field they generate as a whole. 
Deviations from an independent motion may 
reveal important features of how nucleons 
communicate under both normal and more 
extreme conditions. In a very recent article 
“Quenching of Spectroscopic Factors for 
Proton Removal in oxygen Isotopes” that 
appeared in Physical Review Letters, Dr. 
gaute Hagen and his colleagues attempt 
at understanding the role of correlations 
in very neutron rich nuclei, particularly in 
terms of the underlying nuclear forces, so 
that they can probe the limits of stability of 
matter.

Correlations play a crucial role in 
physics, and science in general. A proper 
understanding of correlations conveys 
important information about the underlying 
laws of motion. In quantum mechanical 
systems, the concept of independent 
particle motion has played, and continues 
to play, a fundamental role in studies of 
complex many-particle systems. Within 
such a picture, the various constituents in 
a complicated many-particle system are 
assumed (as in the nuclear shell model) to 
move in an average mean field set up by the 
other interacting particles. When scientists 
observe any kind of deviation from that 
model, they expect those observations 
to reveal important features of both the 

structure and the dynamics of a many-
particle system. Unfortunately, traditionally 
there have been rather few such 
“observables” from which they can extract 
clear information. The consequences of 
correlations in many-particle systems are 
very difficult to measure experimentally 
and to interpret theoretically.

Working with Øyvind Jensen and Morten 
Hjorth-Jensen from the University of oslo 
and B. Alex Brown and Alexandra gade 
of Michigan State University, gaute (an 
adjunct assistant professor of physics 
and member of the oak Ridge National 
Laboratory Physics Division), studied the 
chain of oxygen isotopes in a sophisticated 
numerical simulation, made possible 
by state-of-the-art high performance 
computing facilities at both the National 
Center for Computational Sciences at 
oRNL and the Notur project in Norway. 
This work also enjoyed support from the 
UNEDF SciDAC project.

As nuclear physicists, the group is keenly 
interested in understanding the role of 
correlations, particularly in terms of 
the underlying nuclear forces, so that 
they can probe the limits of stability of 
matter. This takes their studies into the 
territory of nuclei at high densities and 
temperatures, as well as into the realm 
of nuclei rich in neutrons or protons, the 
so-called “driplines,” where adding just 
one more nucleon robs a nucleus of the 
stability it needs to stay intact. For years, 
nuclear theorists and experimentalists 
have worked together to understand the 
strongly correlated behavior of protons 
in the neutron-rich nuclei at the limit 

of the nuclear chart. For these nuclei, 
experiments suggest that the deeply-
bound protons behave less independently 
as more neutrons are added to the system.

In a typical quantum mechanical fashion, 
the research team’s simulation of oxygen 
isotopes allows selected neutrons to 
leave the nucleus as free particles and 
at the same time stay inside to occupy 
bound orbitals. The results demonstrate 
a surprising, intimate relationship 
between the enhanced correlations of the 
outnumbered protons and the freedom of 
the abundant neutrons to partly escape 
from the nucleus: if the neutrons are 
forbidden to enter the free continuum, 
the protons will fight harder for their 
own independence. In Figure 1 the proton 
knockout of the various oxygen isotopes 
are shown together with the influence 
of the continuum on the neutrons in the 
nitrogen nuclei.

While further studies will be necessary, 
this work provides researchers with new 
insight into the dynamics of many-particle 
systems.

More information

• “Quenching of Spectroscopic Factors for 
Proton Removal in oxygen Isotopes,” Ø. 
Jensen, g. Hagen, M. Hjorth-Jensen, 
B. Alex Brown, and A. gade, Phys. Rev. 
Lett. 107, 032501 (2011) – Published July 
11, 2011

• National Center for Computational 
Sciences www.nccs.gov

• The Notur Project www.notur.no
• UNEDF  www.unedf.org

Mechanism behind correlations of protons in neutron-rich nuclei revealed.

Fighting for 
Subatomic Independence
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The article is re-printed with 
permission from the Department 
of Physics and Astronomy at the 
University of Tennessee

CoNtaCt: 
Morten Hjorth-Jensen ,  
Department of Physics,  
University of oslo

Fighting for 
Subatomic Independence

24O

NO16 15

O22 21N

23N

Figure 1: Proton knockout from oxygen-16, oxygen-22 and oxygen-24.
The thickness of the arrow showing the removed proton reflects the spectroscopic factor for this process, or in
other words, how “free” the protons can be considered in neutron rich oxygen isotopes. 
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Computational science plays an 
increasingly important role in 
finding solutions to challenging 
problems in chemistry, and 
research in chemistry has been 
significantly changed since 
August Comte in 1830 stated 
that ”every attempt to employ 
mathematical methods in the 
study of chemical questions 
must be considered profoundly 
irrational. If mathematical analysis 
should ever hold a prominent 
place in chemistry […] it would 
occasion a rapid and widespread 
degradation of that science”.  
Instead, computations are today 
an integral part of virtually all 
branches of chemistry.

Since the start of the first supercom-
puting program in Norway, computa-
tional chemists have been using large 
fractions of the available computational 
resources . In the early periods, the com-
putational methodo logy and available 
super computing resources only allowed 
very small molecules to be studied, lim-
iting the use of comput ational methods 
to theoretical chemists. Today, realis-
tic computational models can easily be 
built using both in-house and commer-
cial software packages, accessible to all 
chemists.

Because of the developments in chem-
istry software and in HPC resources, 
comput ational chemistry still accounts 
for about 30% of the use of supercomput-
er resources in the NoTUR program. This 
has to a large extent been fueled by the 
increasing use of computational meth-
ods by experimental chemists, who ob-
tain from these computations insight that 
cannot easily, if at all, be extracted from 
experimental obser vations alone.

The Norwegian supercomputing pro-
grams, including the NoTUR programs, 
have allowed Norwegian theoretical 
and computational chemistry groups to 
reach a high international level. Indeed, 
the 2008 evaluation of basic chemis-
try research in Norway  concluded that: 
“the Norwegian activity in Theoretical and 
Computational Chemistry is good, and in 
some cases considerably better than that”. 
This would not have been possible with-
out good access to state-of-the-art HPC 
resources.

The diversity and vitality of computational  
chemistry in Norway is well illustrated  in 
this issue of META. The contribution by 
Prof. Helgaker and his coworkers high-
lights the development of new novel  
computational methods, allowing for 

the study of molecules in neutron  stars 
where the magnetic fields are so strong 
that they cannot be realized in a labora-
tory. Understanding the chemistry of 
these stars is thus not possible without 
computation.

Prof. Jensen shows how the clever design 
and exploration of molecular reactivity 
through computation allows us to go be-
yond chemical intuition, leading both to 
a better understanding of how we think 
about chemical reactivity and how cata-
lysts work, but in a few cases also lead-
ing to the prediction of more efficient 
catalysts.

Prof. Kjelstrup and her co-workers 
demon strate how computational studies 
of dynamical  processes allow us to gain 
new insight into highly complex systems, 
such as how the calcium pump works and 
insight into the formation of gas hydrates, 
the latter of high relevance in the pro-
cessing of natural gas.

The contribution of Prof. Brandsdal 
demon strates how computational chem-
istry may add value to the development of 
new drugs by reducing the cost, time and 
efforts in experimental synthesis. This 
is achieved through the use of computa-
tions for obtain ing detailed mechanistic 
insight into the processes that govern the 
effici ency of potential drug candidates.

Even though these are all impressive 
examples of the powers of computational 
chemistry, this is not the end. Comput-
ational chemists will continue to develop 
more and more realistic models, requir-
ing increasing amounts of computer 
time. Through a continued focus on HPC 
infrastructure and support, Norway can 
continue to hold an internationally leading 
position in the field of computational 
chemistry.

traNSForMING ChEMIStry 
throuGh CoMPutatIoN



The United Nations  
have declared 2011 as the

International year of Chemistry  
(IyC2011)

The Norwegian Chemical Society is responsible for the organiza-
tion of the International  Year of Chemi stry 2011 in Norway, and 
this work is led by Prof. Einar Uggerud from the University of oslo. 

The goal of the IYC2011 is to celebrate the achievements of 
chemistry and its contributions to the well-being of humankind. 
Under the unifying theme “Chemistry - our life, our future”, 
IYC2011 will in particular highlight the importance of chemistry 
for reaching the Millenium- goals of the UN, such as sustainable 
energy for all, clean water and the eradication of deadly diseases 
such as HIv/AIDS and malaria. 

The IYC2011 will also celebrate the 100th anniversary of the No-
bel Prize in Chemistry to Marie Sklodowska- Curie and the role of 
women in research. 

In Norway, the main target for many of the activities has been 
children and youth, for instance by providing training programs 
for elementary- and secondary-level school teachers. 

Increasing the appreciation for chemistry in the general public 
has also been a goal, and the Science Days 2011 (Forskningsda-
gene 2011) contributed to this through it’s selection of chemis-
try as the main topic for the events organized during these days. 

For more information about IYC2011, visit  
www.kjemi.no/iyc2011 or www.chemistry2011.org
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At the same time, it was also recognized 
that the underlying many-particle prob-
lem was computationally intractable as 
even a moderately sized molecule con-
sists of hundreds of interacting particles. 
Indeed, in 1927, P. A. M. Dirac, one of the 
founding fathers of quantum mechanics, 
famously  stated that [1] “The underlying 
physical laws necessary for the mathe-
matical treatment of a large part of phys-
ics and the whole of chemistry are thus 
completely known and the difficulty is 
only that the exact appli cation of these 
laws leads to equations that are much too 
complicated to be soluble.” 

However, at the time Dirac could not 
foresee the spectacular emergence and 
develop ment of electronic computer in 
the second half of the twentieth century, 
which revolutionized much of chemistry 
by making molecules amenable to accu-
rate quantum-mechanical simulations. 
As a result of Moore’s law, first-principles 
simulations of chemical systems and pro-
cesses have now become commonplace 
and are today being performed by non-
specialists more often than by spe-cial-
ists, in support of experimental activities 
and measurements. Indeed, a perusal 
of the most general journal of chemis-
try, Journal of American Chemical Soci-
ety, reveals the ubiquity of computation in 
modern chemistry: about 40% of its arti-
cles are today supported by computation, 

mostly quantum mechanical. At the 
Department   of Chemistry, University of 
oslo, about one third of the scientific staff 
have authored publications supported by 
quantum-chemical simulations. This is 
an astonishing transformation of a sci-
ence that only a few years ago was con-
sidered to be archetypically experimental 
and empirical in nature. Nowadays, com-
putation is an integral part of chemistry 
and is widely perceived as the “third way”: 
simulations not only play an important 
role in the interpretation and prediction 
of experimental observations, they are 
in fact more and more often viewed as an 
alternative to experimental work, which 
may be dangerous, expensive, difficult or 
even impossible to carry out.

For example, in molecular clouds of 
the interstellar medium, a wide variety  
of molecules have been observed by 
spectro scopic techniques. Many of these 
molecules are too reactive to be studied in 
laboratories on earth, making their identi-
fication and characterization impossible  
by experimental techniques alone. In such 
cases, advanced quantum-mechanical  
simulations may be performed on a set 
of candidate molecules and their identi-
ty confirmed by comparing observed and 
simulated spectra. once identified in this 
manner, further calculations may be car-
ried out to establish the chemistry and 
properties of the detected molecules.

While the molecules inside interstellar 
molecular clouds exist under conditions 
of extreme low pressure and tempera-
ture, entirely different conditions are ex-
perienced by atoms and molecules in the 
atmospheres of fast-rotating compact 
stellar objects such as white dwarves and 
neutron stars, whose magnetic fields may 
be as strong as 105 and 108 T, respectively  
– that is, orders of magnitude strong-
er than the fields generated by the earth 
(typically 30–50 μT) or in laboratories (up 
to about 100 T). In such extreme magnet-
ic fields, chemistry changes and becomes 
unfamiliar [2]. This `alien’ chemistry can 
only be explored by performing simu-
lations, using the advanced methods of 
quantum chemistry developed since the 
1920s. Such simulations provide informa-
tion that may help in the interpretation of 
spectra from these stellar objects. Par-
ticularly relevant is the study of mole-
cules consisting of hydrogen and helium, 
by far the most abundant elements in the 
universe.

We have recently undertaken an exten-
sive quantum-chemical study of atoms 
and molecules in strong magnetic fields, 
for which a special computer program 
LoNDoN has been developed in our group 
[3]. Previous such simulations have either 
been carried out for two-electron sys-
tems or at lower levels of theory, reveal-
ing a less detailed picture of molecules in 

In quantum chemistry, we apply the methods of quantum mechanics to the study of chemistry. This field of 
chemistry can trace its origins to the early decades of the twentieth century, when it was discovered that 
molecules consist of positively charged, heavy nuclei and negatively charged, light electrons in relative motion, 
governed by the laws of quantum mechanics. 
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strong magnetic fields. In particular, our 
calculations are unique in that they are 
not restricted to special orientations of 
the field relative to the molecules, being 
rigorously gauge-origin invariant. In the 
following, we describe some results of 
our investigations.

our first simulations concern the chang-
es that occur in the electronic energy as a 
magnetic field is applied to closed-shell 
molecules – that is, to molecules that 
have only paired electrons and therefore 
possess no permanent magnetic moment 
[4]. According to Lenz’s law, the applied 
external field induces a net rotation of the 
electrons about the direction of the field, 
thereby increasing their kinetic energy  
and generating a local magnetic field that 
opposes the applied field. As a result of 
this increased electronic energy, the mol-
ecule escapes from the field to lower its 
energy. Most closed-shell mole cules be-
have in this classically expected diamag-
netic manner but a few behave non-clas-
sically, entering into the field rather than 
escaping from it. In these para  magnetic 
closed-shell molecules, the induced 
rotation  reduces the kinetic energy  of the 
electrons and enhances the applied field 
rather than opposing it.

However, as we found numerically with 
our LoNDoN code, all such paramagnetic 

molecules become diamagnetic at a criti-
cal field strength Bc characteristic of each 
molecule [4] – see Figure 1, where we have 
plotted the energy of the cyclic C20 com-
pound in a field perpendicular to the mo-
lecular plane. We here and elsewhere use 
atomic units, in which the magnetic field is 
measured in units of B0 = 2.35 × 105 T and 
the energy in units of Eh = 2625.5 kJ/mol. As 
illustrated in this figure, the energy of C20 
has a local maximum at B = 0 and a double 
global minimum at B = ±Bc = ± 0.013B0. As 
the magnetic field is slowly turned on, the 
electrons begin to rotate against the field, 
reducing their energy paramagnetically 
until rotation comes to rest at the critical 
field strength Bc. As the field is increased 
further, rotation occurs in the opposite di-
rection, increasing the energy  diamagnet-
ically rather than reducing it. Previously, 
molecular paramagnetism had only been 
studied perturba tively, by expanding the 
energy in low orders in B around zero field 
strength, not revealing the full picture. 
guided by our numerical simulations, we 
were able to construct an analytical mod-
el for the diamagnetic transition, predict-
ing that it should be observ able in labora-
tories for large para magnetic closed-shell 
molecules such as C72H72 [4].

The transition from paramagnetism to 
dia magnetism discussed above has not 
yet been detected experimentally but 
should nevertheless be observable in 
laboratories. We now turn to molecules 
of astro physical interest, in fields far 
stronger than those obtainable in labora-
tories. We begin with H2, the most abund-
ant mole cule in the universe, consisting 
of two protons and two electrons. 

Like all molecules, H2 exists in (infinitely 
many) discrete electronic states of differ-
ent energy, between which it may perform 
transitions accompanied by the emission 
or absorption of radiation. The state of 
lowest energy is called the ground state; 
all other states are said to be excited. To 
understand the inter action of molecules 
with radiation in stellar atmos pheres, 
it is important to know these states as 
precisely as possible. Here, our interest 
concerns the evolution of the electronic 
states with increasing magnetic fields [5].

The most important electronic states are 
those of lowest energy. In H2, we consid-
er two states: the lowest singlet and the 
lowest triplet state. These states differ in 
the arrangement of the spins of the elec-
trons. Spin is a property of the electron 
that may be thought of as rotation about 
its own axis. Each electron may rotate in 
one of two ways: spin up (alpha spin) or 
spin down (beta spin). Moreover, since the 
electron is negatively charged, its spin 
generates a magnetic moment. In the sin-
glet state of H2, the two spins are oppo-
sitely directed and the electrons have no 
net magnetic moment; in the triplet state, 
the spins are parallel and the electrons 
have a net magnetic moment. 

In Figure 2, we have plotted the energy of 
the lowest singlet state (red curves) and 
the lowest triplet state (blue curves) of 
H2 as a function of the internuclear sep-
aration R (in units of a0 = 52.9 pm) and in 
the two magnetic fields 0B0 and 2.25B0. A 
minimum in such a potential energy curve 
at a given distance R shows that the mole-
cule is stable at this bond distance; the 
absence of a minimum shows that the 
molecule is unstable, dissociating into 
separate atoms to reduce its energy.

In the absence of a magnetic field, the 
singlet state (red curve) is the molecul-
ar ground state, with a minimum at R = 
1.4a0, whereas the triplet is dissociative 
and higher in energy. In the strong field  
B = 2.25B0, the situation is reversed and the 
triplet state has now become the ground 

Fig. 1. The energy of the cyc lic C20 molecule in a mag-
netic field perpendicular to the molecular plane. 

Fig.2. Potential energy curves of H2 in the lowest singlet 
state (red) and the lowest triplet state (blue). Full lines 
represent the energy with the molecule oriented paral-
lel to the field; dashed lines represent the energy with 
the molecule oriented perpendicular to the field. 
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Fig. 3. Potential energy curves of He2 in the lowest sin-
glet state (left), the lowest triplet state (middle) and the 
lowest quintet state (right). For each state, the energy 
has been plotted at magnetic field strengths B = 0, 0.5, 
1.0. 1.5, 2.0, 2.5B0, in parallel (full) and perpendicular 
(dashed) orientations relative to the field.
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state. In both states, the electrons rotate 
diamagnetically, raising their energy but 
in the triplet state this increase is more 
than compensated for by the alignment 
of its net spin magnetic moment with the 
field, lowering the energy of the electrons. 
No such lowering occurs for the singlet 
state, which has no net magnetic moment.

In a magnetic field, the energy of a mole-
cule depends also on its orientation rela-
tive to the field. In the singlet state, the 
energy is lowest when the molecule is 
parallel with the field (full red line) and 
highest when it is perpendicular to the 
field (dashed red line). The shaded area 
between the full and dashed line repre-
sents orientations intermediate between 
parallel and perpendicular. We also note 
that the singlet H2 molecule is shorter in 
the field than outside the field (in particu-
lar, in the perpendicular orientation) and 
that the energy minimum is deeper in the 
field, generating a more stable molecule. 
These changes can be rationalized by not-
ing that the atoms from which the mole-
cule is formed become smaller in a mag-
netic field (following the induced rotation) 
and slightly elongated in the direction of 
the field. 

By contrast and somewhat counter-intui-
tively, the triplet H2 molecule has its low-
est energy in the perpendicular orienta-
tion (dashed blue line) rather than in its 
parallel orientation (full blue line). Inter-
estingly, this triplet state now has a shal-
low minimum of about 38 kJ/mol at a bond 
distance of 1.75a0, unlike the dissocia-
tive triplet state in the absence of a field. 
Previously, only the parallel orientation 
of H2 had been investigated and the mol-
ecule was assumed to be dissociative at 
this field strength. only with the develop-
ment of the LoNDoN program has it been 
possible to explore all orientations relia-
bly and to identify H2 as a bound molecule 
also at these field strengths. 

The second most abundant element in the 
universe is helium. It is an elementary 
fact of chemistry that helium and all other 
noble gas atoms such as neon and argon 
do not form bonds and are therefore only 
very loosely attached to each other, by 

weak dispersion forces. Indeed, it is their 
inability to form chemical bonds that has 
given these atoms their name: noble gas 
atoms. However, our calculations have 
shown that the situation is very different 
in strong magnetic fields.

In Figure 3, we have plotted the potential 
energy curves of the helium dimer in var-
ious magnetic fields, in the three possi-
ble spin states of this molecule: the low-
est singlet state (to the left) with no net 
spin magnetic moment, the lowest triplet 
state (in the middle) with a net spin mag-
netic moment equal to that of H2, and the 
lowest quintet state (to the right) with a net 
spin magnetic moment twice that of the 
triplet state. As for H2 in Figure 2, full and 
dashed curves correspond to parallel and 
perpendicular orientations in the field, 
respectively.

In the absence of a magnetic field, the sin-
glet state He2 is lowest in energy but only 
weakly bound. As the field increases, the 
singlet He2 increases in energy, becoming 
smaller and more strongly bound (in the 
perpendicular orientation). However, this 
singlet state is no longer the ground state 
in strong magnetic fields. In fact, in the 
magnetic fields 0.5B0 and 1.0B0, the very 
strongly bound triplet state is the ground 
state (in the parallel orientation), whereas 
the (less strongly bound) quintet state be-
comes the ground state in fields strong-
er than 1.0B0 (in the perpendicular ori-
entation). The helium atom is thus not so 
`noble’ in magnetic fields, forming strong 
bonds with other atoms.

our calculations are the first studies of 
the helium molecule in strong magnetic 
fields, revealing a complicated evolution 
of the electronic states with increasing 
magnetic field strength. We will contin-
ue to explore the chemistry of these and 
other  species in magnetic fields. Such cal-
culations reveal a fascinating chemistry, 
different from that experienced on earth, 
where noble gas atoms form chemical 
bonds and molecules align themselves in 
unexpected ways relative to the field. In 
fields even stronger than those explored 
by us, chemistry becomes stranger still, 
molecules forming long chains of atoms 

parallel to the field, with all electrons in 
beta spin and all orbitals singly occupied.
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Chemical reactions and how to follow the 
electrons 
Molecules are held together by bonds be-
tween the atoms and chemical reactions 
are, in general, characterized by the rup-
ture of one or more of these bonds in the 
reacting molecules, followed by the for-
mation of one or more new bonds to give 
the reaction products. The chemical bonds 
are made up of (pairs of) electrons. In oth-
er words, chemical reactions bring about 
changes in the electronic structure of the 
molecules involved and molecular-level 
simulations of such processes need to take 
account of the electrons, at least those di-
rectly taking part in the reaction. This is 
the reason why methods for such simu-
lations are based on quantum mechanics 
and not classical (Newtonian) mechanics 
in which the atoms are the smallest units. 
The various methods of quantum chemis-
try are designed to arrive at approximate 
solutions to the Schrödinger equation and 
computational quantum chemistry may of-
fer microscopic insight into properties de-
termined by the electrons, be it the elec-
tronic transitions between energy levels 
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in atoms and molecules, the band struc-
ture in semi-conducting solid materials, 
or the reactivity of the active center in an 
enzyme. 

Moving in the energy landscape
Computational investigation of chemi-
cal reactivity faces particular challenges. 
Whereas most studies of molecular prop-
erties involve calculations on equilibrium 
geometries (i.e., the most stable geom-
etries) only, studies of chemical reactivi-
ty and reaction mechanisms require con-
sideration also of molecular structures far 
from their stable arrangements, including 
short-lived intermediates, that is, shallow 
minima, and transition states (first-order 
saddle points) along the reaction pathway 
on the multidimensional energy landscape 

ModELING oF ChEMICaL 
rEaCtIoNS aNd CataLySIS
Quantum mechanical calculati ons can give detailed insight into the whereabouts of the particles taking  part in a 
chemical reaction, insight which is not readily accessible from experiments. How ever, due to the computational chal-
lenge involved quantum chemists have always had to strike compromises with respect to the size of the chemical 
systems studied and the accuracy of the methods applied . The good news is that, with the computational methods 
and hardware of our time, it is possible to make realistic simulations of a broad range of reactions and to help answer 
key questions of contempo rary chemi stry and biolo gy. An example is catalytic reactions for which computational  
methods to an increasing extent are used also in the development of new and improved catalysts. 

Fig. 1. A potential energy surface (PES, here rendered semi transparent) is multidimensional and can be likened to 
a mountainous landscape where the basins correspond to local minima and the lowest “mountain passes” linking 
the basins represent transition states. Whereas the energy difference between the reactant and product minima 
tells how much energy must be added (or released) to complete the reaction, the energy difference between the 
reactant minimum and the transition state gives the minimum energy required to start the chemical reaction, i.e., 
the so-called activation energy.

(the potential energy surface (PES)), dra-
matically increasing the complexity of the 
problem; see Figure 1.

The study of reacting molecules involves, 
in addition to solving (approximately) the 
Schrödinger equation repeatedly to give 
the potential energy, optimization to reach 
minima and transition states on the PES, 
or in some cases even the tracing of the 
complete reaction path from the minimum 
of the reactants, via the transition state, 
to reach the minimum of the product geo-
metries (Figure 1). Even if all of this may 
seem (and often is) challenging, the pos-
sibility to study any given point along a 
reaction also represents one of the most 
important strengths of quantum chemis-
try, the application of which offers results 



 

which nicely complements the informa-
tion typically obtained from experiments. 
In other words, computational quantum 
chemistry is particularly suited for studies 
of what much of chemistry really is about: 
chemical reactions. 

Most of the CPU time invested in studies of 
reactions goes into geometry optimization 
of minima and transition states and their 
connecting pathways, whereas subse-
quent (often more accurate) calculations 
of the properties of these stationary points 
usually account for much less of the over-
all computer time. The same is true for 
the human time invested. In most cases, it 
still takes a lot of work, trial and error, and 
quite a bit of “chemical intuition” to map 
out the most probable pathway of a chemi-
cal reaction. There are usually a fair num-
ber of possibilities (the energy landscape 
is everything but simple) and each of these 
possibilities must be tested explicitly by 
model building the corresponding molec-
ular structures. Next, the calculated en-
ergies will tell whether a given reaction 
route can be discarded as improbable or 
not. This is an important point since com-
putations alone never can prove a reaction 
pathway. We can, however, by careful and 
systematic work, discard certain routes as 
improbable (due to the high energies of 
the transition states involved) and point at 
others as more probable and viable. Com-
bining such computational results with 
experimental information it is sometimes 
possible to go a long way towards actually 
proving a reaction mechanism. 

Early studies of reactions
Early computational studies of chemi-
cal reactivity concentrated on reactions 
of relatively small organic (i.e., carbon-
based) molecules and were usually based 
on semi-empirical and highly approximate 
solutions to the Schrödinger equation. 
The conclusions that could be drawn from 
such calculations were typically qualita-
tive rather than quantitative, but were still 
often surprisingly useful. The Woodward-
Hoffmann rules (first published in 1965) 
for the expected structural outcome of a 
sub-class of ring-opening and ring-clos-
ing reactions, for which the Nobel Prize in 
chemistry was awarded in 1981, represent 

an example in this respect. These and oth-
er rules derived from quantum chemi-
cal calculations and considerations are 
not only helpful in explaining why chemi-
cal reactions proceed as they do; they are 
also highly predictive and useful for ex-
perimental chemists targeting new com-
pounds and reactions. 

Contemporary studies of reactions and 
catalysis
In the decades since the seminal work of 
Woodward and Hoffmann, we have seen 
dramatic improvements in both the quan-
tum chemical methods and the computer 
hardware. These dual developments have 
spurred a move to less approximate, more 
sophisticated and more accurate methods. 
Perhaps equally important has been a si-
multaneous and tremendous spread in the 
kind of chemical systems, in terms of both 
the number of atoms and kind of elements 
involved, that are subjected to computa-
tional investigation. Whereas much of the 
argument in Woodward and Hoffmann’s 
work was based on simple and qualitative 
calculations on organic molecules con-
taining 10–20 atoms, carefully prepared 
computational studies may now yield re-
sults (e.g., activation energies) that can be 

compared with the experimental counter-
parts even for enzymatic reactions. A typi-
cal study of this kind may involve a quan-
tum mechanical (QM) treatment of the 
active site of the enzyme counting up to 
a few hundred atoms (see Figure 2 for an 
example of a QM model of an active site), 
sometimes with parts of the surrounding 
protein, described by classical molecular 
mechanics (MM), being coupled to the QM 
region as is the case in the so-called QM/
MM methods. 

Enzymes mediate chemical reactions in 
the organism, and computational stud-
ies may offer fundamental insight into the 
workings of these biological molecules 
as well as contributing to development of 
pharmaceutical compounds. Their “cous-
ins”, the non-biological catalysts (a cat-
alyst is a compound which increases the 
rate of a chemical reaction without being 
consumed in the process) are widely ap-
plied to make industrial processes work 
efficiently, with an appreciable rate, low 
energy consumption, and little waste and 
side-products. It is hard to overestimate 
the importance of catalysts for the modern 
society and it is not surprising that cata-
lytic reactions, biological as well as indus-
trial, have been the subject of numerous 
computational studies over the last cou-
ple of decades and the importance of mo-
lecular-level simulations is still increas-
ing rapidly in catalysis. Also in Norway are 
such studies performed in several groups, 
and they consume a fair share of our na-
tional computational resources.

Most of the time results from such com-
putational studies are less predictive than 
Woodward and Hoffmann’s rules, and their 
effect on the chemical community is more 
indirect and manifests itself by influencing 
the way chemists think about their reac-
tions. Calculated reaction mechanisms of 
existing catalysts represent a typical ex-
ample of such results. The computational 
studies thus play a crucial role in explain-
ing working chemistry. However, there are 
still relatively few examples where theory 
has contributed directly, say, to develop-
ment of new and better catalysts. 

In Bergen we are actively exploring the 

Fig. 2. optimized transition state for a proton-coupled 
one-electron transfer from the cofactor to dioxygen 
(o2) in a model of an iron-dependent aromatic amino 
acid hydroxylase enzyme. The single-electron transfer 
to dioxygen is coupled to deprotonation of the cofactor 
by the water molecule and weakens the bond in the di-
oxygen molecule bound to iron (Fe). The transition state 
shown is rate determining in the rupture of the o–o 
bond to form the iron–oxo intermediate. The latter sub-
sequently performs the hydroxylation of the aromatic 
amino acid. Hydrogen bonds implicated in the reaction 
are indicated by dashed lines.
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more realistic chemical model systems, 
but also to the sheer number of calcu lati-
ons we perform and analyze, semi-auto-
matically, in the screening-type predic-
tion procedures (see Figure 3). Ultimately, 
it should also be possible to fully automate 
and integrate all the computational parts 
of the development (see Figure 3), and, in 
a project funded by the evITA program of 
the Norwegian Research Council, we are 
working with the group of Prof. Bjørn K. 
Alsberg, Department of Chemistry, NTNU, 

to achieve this. once fully operative, such 
a scheme for in silico development should 
represent a very power ful tool for design of 
catalysts and other  functional compounds. 
However, as the scheme is based on 
calculat ing the fitness (the scoring func-
tion) of large numbers (into the milli ons) of 
indi vidual molecules, it also has the poten-
tial of swallowing large amounts of com-
puter time, and, in general, compro mises 
between the available computer resource s 
and the quality  of the fitness will have to 
be drawn. A far cry from the “back-of-the-
envelope” calcu lations of Woodward and 
Hoffmann, but certainly  a worthy goal if 
the resulting machinery  turns out to be 
as useful in prediction as their rules have 
been. 
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potenti al of using molecular-level calcu-
lations directly in catalyst development. In 
these studies we start from computation-
ally obtained mechanistic information (key 
intermediates or transition states) and 
correlate calculated molecular properties 
of a large number of catalysts with their 
corresponding calculated or experimental 
activities or selectivities. In other words, 
we work to obtain a clear understand-
ing of the underlying factors governing 
the activity  or selectivity of the catalysts. 
Such corre lations are most efficient-
ly un covered by constructing multivariate 
quantitative structure–activity relation-
ships (QSAR) models. once established, a 
QSAR model also considerably speeds up 
the subsequent computational testing of 
candidate new catalysts and we have used 
such models in prediction of transition-
metal based catalysts which subsequently 
have been synthesized either in our group 
or in other research groups. 

outlook
Thus, in our case the need for high- 
performance computing resources is not 
only connected to the use of more accurate 
computational methods and larger  and 

Fig. 3. The work flow of 
theory-assisted catalyst 
development. Double ar-
rows indicate information 
flow. Human interven-
tion and skills are still 
required to build sensible 
molecular structures of 
catalysts and handle the 
calculations and predic-
tions. Photos (taken by 
the author): Researcher 
giovanni occhipinti (UiB) 
at the computer (upper 
left) and in the lab (lower 
right). 
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Gas hydrates 
gas hydrates are the crystalline ice-like 
structures, which consist of water and 
some guest gas molecules (Fig. 1). The 
water molecules form cages, in which 
the guest gas molecules are “trapped”. 
The presence of the gas molecules stabi-
lizes the cages, which are otherwise un-
stable and will collapse to the liquid wa-
ter or to an ice structure. gas hydrates are 
found in the sea bottom and are a potential 
source of energy, since the trapped guest 

molecules are the typical components of 
the natural gas: methane, ethane, etc [1].  
gas hydrates are also found in outer space 
(in comets), and are important wherever 
water exists.  Knowledge of hydrates as 
absorbents is important for several rea-
sons. We concentrate here on their rele-
vance for gas technology. 

Many different gases can form hydrates, 
and carbon dioxide is also one of them. 
Thus, hydrates can serve as a potential 

storage of carbon dioxide. 
The question of trapping 
hydrates for hydrocarbons 
is of big interest, because 
the amount of gas is large. 
But this trapping cannot oc-
cur without destroying the 
network.  An idea is then 
to exchange methane with 
carbon dioxide, and use the 
hydrate to store the green-
house gas. 

To explore this idea, means 
to acquire extensive ther-
modynamic data of types of 
gas hydrates. This can be 
done favorably by computer 
simulations. Such simula-
tions can give knowledge of 
typical thermodynamic con-
ditions, when this proce-
dure would be possible and 
the most efficient way to ac-
tually do it. 
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data from molecular dynamics simulations 
Until very recently the only source for ther-
modynamic data for gas hydrate structures 
were obtained in the laboratory. Such ex-
periments are however very costly and re-
quire a lot of time, in particular because it 
is difficult to predict how and when hydrate 
forms. By doing molecular dynamics simu-
lations data can be performed in a relatively 
cheap way. Following the equations of mo-
tion for the molecules (Molecular Dynamics) 
or sampling the phase space according to 
a statistical distribution (Monte Carlo) one 
resembles the real thermodynamic prop-
erties. our aim has been to develop these 
techniques for hydrates, by calculating  

• the cage occupancy (the loading) 
• the Helmholtz energy

The loading is the number of guest gas 
molecules per unit cell. The maximum 
value is 8, while the hydrate could contain 
less than 8. The adsorption isotherm pre-
sents the loading curve versus the external 
pressure. The stability is determined by the 
Helmholtz energy in the case of hydrates. 
The lower this energy is, the more stable is 
the compound. The task becomes therefore 
to calculate the Helmholtz energies for dif-
ferent hydrate loadings and compare them.

Cage occupancy
Figure 2 shows the cage occupancy as a 
function of pressure in the case of meth-
ane, ethane of carbon dioxide. 

Figure 2 shows how ethane, carbon dioxide 
and methane molecule are filling up a hy-
drate cage structure. The hydrate has two 
types of cages: 6 large ones and 2 small 
ones per unit cell. The total number of cag-
es is the same as the maximum number 
of the guest molecules per unit cell. only 
one of these molecules can be trapped 
per cage. As the pressure increases, the 

PrEdICtING hydratE StaBILItIES
Computers can be used to predict stability of gas hydrates, of importance for example for the processing of 
natural  gas.  Computer calculations give molecular insight for new process ideas.

Fig. 1. A gas hydrate formed from methane and water molecules. The 
oxygen is red while the hydrogen in the in the water molecule is white. The 
methane molecules are blue. The network of hydrogen bonds is shown, 
while methane is present inside the cages constructed by the network. 
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Monte-Carlo simulations, this is done with 
the help of imaginary gas, which is being in 
equilibrium with the hydrate. The chemical 
potentials of the phases in equilibrium are 
the same, and one can therefore control the 
proper ties via the imaginary gas pressure 
and temperature. After the adsorption iso-
therm is determined, the Helmholtz energy 
is found by integration of this curve. 

This method predicts that the Helmholtz en-
ergy of a carbon dioxide hydrate is always 
less than the one of the methane hydrate at 
the same loading. This is illustrated in Fig. 
3. The figure shows that the ethane hydrate 
is more stable than both the others. But the 
carbon dioxide hydrate is more stable than 
the methane hydrate, which gives the hope 
for the original idea. Indeed, if the methane 
hydrate already exists at specified condition 
at the sea bottom, it means that the carbon 
dioxide hydrate will a fortiori exist at these 
conditions.

a process for methane - carbon dioxide 
exchange
Figure 3 does not tell us anything about 
how to convert the methane hydrate into the 
carbon dioxide hydrate, or which thermo-

dynamic path (process) to fol-
low [3]. To answer this ques-
tion we need to study mixtures. 
In studying mixtures, in addi-
tion to the question of stability, 
the question of selectivity be-
comes important. Namely, it is 
important to know, how many 
molecules of each of the com-
ponents we have at the speci-
fied conditions. 

The cage-filling properties 
of Fig. 2 are then central. At 
low pressure, the amount of 
methane and carbon dioxide 
present in the hydrate is ap-
proximately the same: the 
large carbon dioxide mole-
cules go to the large cages, 
while small methane mole-
cules fill both small and large 
cages. In contrast, at large 
pressures, when all the large 
cages are filled in, it is most-
ly methane, which likes to get 

into the hydrate. It is hard to force the car-
bon dioxide molecules to get into hydrate at 
these conditions.

This suggests a thermodynamic path to con-
vert a methane hydrate into a carbon dioxide 
hydrate. As at large pressures carbon diox-
ide does not like to go to small cages, so one 
needs to decrease the pressure to the level , 
where some of the large cages are avail able. 
Then one has to gradually exchange  the 
mole cules, and at the end, when no methane 
is present in the mixture anymore, increase  
the pressure such that carbon dioxide fills 
the rest of the cages. In the absence of the 
other easy ways to decrease the Helmholtz 
energy (there is no methane any more), all 
the carbon  dioxide  molecules will fill the 
small cages as well. More data are needed 
to substantiate this idea, however. In particu-
lar, the reference that is now used (an empty 
network) must be replaced by proper ties of 
real water and gas. 
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Fig. 2. The density of ethane (top) carbon dioxide (center) and methane (bottom) 
for various loadings of 8 unit cells. N = 64 represents full loading, while the 
other values of N are fractions of full loading (48/64 and 11/64, respectively). on 
all the pictures, the blue color indicates the carbon atom, while the hydrogen 
atoms are not shown. oxygen, present in carbon dioxide, is shown in red.

Fig. 3. The Helmholtz energy difference for a gas hy-
drate filled with carbon dioxide (red points), with 
methane (blue points) and ethane (green points). The 
difference is calculated with respect to an empty (hypo-
thetical) hydrate structure.  

amount of trapped molecules in the whole 
hydrate increases  as well.

Consider first methane and carbon dioxide. 
The methane molecule is small and sym-
metric, while the carbon dioxide molecule is 
quite large and has a dipole form. The size 
of the molecules and the cages are such 
that both methane and carbon dioxide mol-
ecules can easily fit into the large cage, but 
the large carbon dioxide molecule does not 
prefer to go into the small cages. This means 
that, while at small pressures the methane 
molecules distribute evenly among all the 
cages, the carbon dioxide molecules prefer 
to go only to the large cages (compare the 
two lower parts of Fig. 3). The small cages 
start to be filled in by the carbon dioxide only 
after all the large cages are already filled. 

helmholtz energy variations
There are several ways to compute the 
Helmholtz energy of a hydrate, and in our 
case the simplest one is by using the adsorp-
tion isotherm [2]. It is known, that the Helm-
holtz energy depends on the number of the 
molecules and the chemical potential. The 
amount of molecules present in the hydrate 
is found for a specified chemical potential. In 
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When you move a muscle, trillions of my-
osin motors are moving actin filaments in 
the muscle fibre. The myosin motors must 
be able to attach to the actin and this is only 
possible as long as Ca2+-ions are present 
and bound to troponin proteins on the actin 
filaments. The Ca2+-ions are stored in the 
lumen of sarcoplasmic reticulum (SR) and 
released during movement of the muscle. 
In order for the muscle to relax when the 
movement is completed, Ca2+-ions must be 
moved back into the sarcoplasmic reticu-
lum. This is accomplished by the Calcium 

-pump (see Figure 1), which is P-Type AT-
Pase (it uses ATP as fuel for moving the 
ions) and it is essential for you being able 
to move. 

Modelling of the protein 
Since its discovery in the 1960’s, the pump 
has been extensively studied experimen-
tally. Today, the vast kinetic and mutagen-
ic data available has positioned the pump 
as a prototype for the P-Type ATPases. 
Conventionally, the Calcium-pump is de-
scribed by kinetic models but experimental 
studies have shown that the pump releas-
es heat during operation [2] and that the 
fraction of the energy from the ATP-  hy-
drolysis released as heat can be regulated 
by the pump. This is ignored in the kinetic 
models of the pump. However, this short-
coming can be lifted by applying mesocopic 
non-equilibrium thermodynamics (MNET) 
which places the description of the pump 
on a sound thermodynamic foundation [1]. 

The MNET theory is phenomenological 
in nature, and transport coefficients are 
needed for the description. 

Recently, several 3D-structures of the 
pump have been obtained, and this opens 
the possibility of using atomistic computer  
simulations (e.g. molecular dynamics 
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simulations) in order to obtain the trans-
port coefficients. We have performed 
simu lations of the protein in a water solu-
tion and we have obtained thermal proper-
ties (e.g. thermal conductivity) [3]. 

Atomistic simulations can also be used 
to study the structural coupling between 

MoLECuLar dyNaMICS SIMuLatIoNS oF thE MoLECuLar CaLCIuM PuMP
We have studied the operation of the molecular calcium pump using molecular dynamics simulations. We have 
obtained thermal properties of the pump, and we find that long simulations are necessary in order to reach a 
stable configuration.

Fig. 1. Structure of the Ca2+-pump in the E1 conformation with bound calcium ions (entry 1SU4 in the Protein Data 
Bank). The calcium ions are coloured dark orange,the actuator (A) domain is coloured pink, the nucleotide binding 
(N) domain is coloured green and  the phosphorylation (P) domain is coloured orange. The aspartic acid residue (Asp 
351) which is phosphorylated during the operation of the pump is coloured dark blue. The transmembrane part of 
the protein consist of 10 alpha-helices and are coloured light blue.
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the protein and the membrane. There is 
experimental evidence that the activity of 
the Calcium-pump strongly depends on 
the nature of the phospholipid membrane. 
The pump reaches maximum activity 
(measured in terms of ATP hydrolysis) 
when the protein  is immersed in bilayers 
consisting of lipid  chains containing 
between  16 and 20 carbon  atoms. The 
activity decreases above and below this 
number of carbon atoms. In order to 
advance in the explanation of the factors 
influ encing the pump activity as well as 
the associated non-equilibrium effects, 
further work is needed to characterize 
the structure of the protein- membrane 
system. 

We have analysed the protein immersed in 
a PoPC-model membrane and quantified 

the structure. A snapshot of the simulated 
system is shown in Figure 2. 

The PoPC lipid chain length is such that 
the CaATPase can operate in the range of 
maximum activity. We find that the PoPC 
bilayer is thinner near the protein sur-
face and that the PoPC molecules close 
to the protein are tilted. This suggests that 
membrane deformation and high activity 
are not mutually exclusive. We also find 
that very long simulations are necessary in 
order for the pump to relax in the bilayer. 
More than 25 ns is required before a sta-
ble configuration is reached. This is illu-
strated by the variation in potential energy 
of the system as a function of time in fig. 
3. We see that the potential energy reach-
es a stable level after 25 ns. Still we are 
far away from the characteristic time for 
pump operation, which is 0.1 ms.  

Supercomputer time is essential
A simulation of such a large molecular  sys-
tem on the time scale of 100 ns is not pos-
sible without supercomputers. In our case 
they were performed in parallel, using  the 
gRoMACS software package and 96 Xeon 

2.66 gHz quad-core processors with infin-
iband connectivity on the Stallo computer 
cluster at the University of Tromsø. 

Conclusion and perspectives
We have studied the Calcium-pump 
and obtained thermal properties in 
water solution, and the structure of the 
membrane. We will now study the protein 
under non-equilibrium conditions (i.e. 
a steady temperature gradient) and the 
protein immersed in bilayers consisting 
of lipid molecules with chain lengths 
corresponding to different activities of the 
pump.
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Fig. 3. The potential energy of the protein-membrane-water system. The potential energy reaches a stable value 
after about 25 ns, showing that long simulations are necessary

Fig. 2. Simulation snapshot of calcium pump embed-
ded in a PoPC membrane. The actuator domain is col-
oured pink, the nucleotide binding domain is coloured 
green and the phosphorylation domain is coloured 
orange. The transmembrane part of the protein is col-
oured light blue. The oxygen, nitrogen, phosphorous 
and carbon  atoms of the PoPC molecules are coloured 
red, blue, light brown and grey respectively. The sodium 
ions are coloured dark brown and the chlorine ions are 
coloured  light blue. The system is immersed in water 
(not shown).
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aNtIMICroBIaL PEPtIdES EMErGE 
aS a NEW CLaSS oF druGS
Antimicrobial peptides represent a versatile class of promising molecules to combat the growing problem of 
anti biotic resistance. Recent decades have seen a boom in the cases of antibiotic resistance among different 
bacteria, which unfortunately has not been followed by a similar rise in new classes of drugs to combat them. 
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antimicrobial peptides 
After the first discovery of cationic (posi-
tively charged) antimicrobial peptides 
(CAPs) in the early 1980s through the 
identifi cation of cecropin from silk moths 
and magainin from the claw footed frog, 
workers in the field have been aware of 
the unique properties as potential antimi-
crobial agents [1]. Antimicrobial peptides 
are diverse molecules typically ranging 
from 12 to 100 amino acid residues. Anti-
microbial peptides are evolutionary an-
cient weapons, and their widespread dis-
tribution throughout the animal and plant 
kingdom suggests that they have served 
a fundamental role in the successful evo-
lution of complex multicellular organ-
isms. Antimicrobial peptides are part of 
the immune system as the first line of de-
fense versus a variety of organisms. The 
diversi ty of antimicrobial peptides discov-
ered makes it difficult to categorize them, 
except  broadly based on their secondary 
structure. The fundamental structural 
principle found in all classes is the ability 
of the molecule to segregate hydrophobic 
(nonpolar) and positive charges (polar) re-
gions in discrete sectors of the molecule 
(“amphipathic” design). Some peptides 
only adopt this organization when they 
enter  a membrane, where upon they as-
sume an amphipathic secondary structure. 

The first attempts to bring CAPs into clini-
cal use started more than 20 years ago, 
but despite significant efforts, to date, no 
CAP has yet reached the clinic [2]. This re-
flects the difficulty in making peptide drug, 
as they are liable to degradation by proteo-
lytic enzymes in our body. In addition, the 
production cost for making large peptides 
becomes commercially unacceptable. 
Lactoferrin is a globular protein found at 
high concentrations in “first milk”. It is one 
of the components of the immune system 
of the body, and has antibacterial activity. 
It is part of the innate defense. Lactofer-
rin provide human infants with antibacte-
rial activity. In the early 1990s, the antimi-
crobial activity of lactoferrin was identified 
as the N-terminal part, corresponding to 
an antimicrobial peptide (lactoferricin) re-
sulting from cleavage by pepsin. Based on 
this, a systematic study was initiated to 

identify the active components responsi-
ble for the antibacterial activity, and sev-
eral years of study has led to the identifi-
cation of the minimum antibacterial motif 
in cationic (positively charged) antibacte-
rial peptides (CAPs) [3-4]. These peptides 
can be surprisingly small, and pronounced 
antibacterial activity has been shown in a 
series of di- and tripeptides [5]. generally, 
two units of bulk, each similar to a phenyl 
group in size and polarity, along with two 
cationic charges are sufficient to obtain an 
active peptide (Fig. 1). our research group 
has in collaboration with Lytix Biopharma 
[11] tried to bring these molecules clos-
er to clinical use by incorporation of non-
genetically coded amino acids. one of the 
compounds has entered clinical phase II 
trials for topical treatment of infections of 
multiresistant bacteria.

The key questions we have tried to an-
swer through the use of various molecular 
modeling techniques are the proteolytic 
stability of short CAPs and their mecha-
nism of action. 

Proteolytic stability of antimicrobial 
peptides
one of the key challenges antimicrobial 
peptides face when administered orally is 
the digestive enzymes in the gastrointesti-
nal tract. These enzymes normally break 
down peptides and proteins into their 
smaller building blocks (amino acids) to 
facilitate absorption by the body. obvious-
ly, oral activity requires stability towards 
degradation by these enzymes. In order 
to examine the proteolytic stability, and 
thereafter potentially redesign CAPs, we 
have examined how CAPs interact with the 
key enzymes found in the gastrointestinal 

Fig. 1. Molecular structure of a short synthetic cati-
onic antimicrobial peptide. Carbon atoms are colored in 
white, nitrogen in blue an oxygen in red. Hydrogens are 
omitted for clarity.
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tract using computational docking and 
scoring algorithms. Docking refers to a 
technique in the field of molecular mod-
eling that tries to predict the best orien-
tation of one molecule relative to another 
in the bound state to form a stable com-
plex. This knowledge is then used to pre-
dict the strength of binding using scor-
ing functions. Most docking programs are 
inherently parallel in the sense that one 
can submit a subset of molecules to dif-
ferent processors for docking and scor-
ing to one target molecule. Many different 
conformations can be generated for each 
molecule if we allow fully flexible docking, 
and the calculations can require evalua-
tion of millions of complexes. All our cal-
culations are done using the Schrödinger 
program package at the supercomputer 
facility in Tromsø (Stallo). We have car-
ried out such experiments to examine 
the proteolytic stability towards degrada-
tion by chymotrypsin and trypsin [6], which 
are two enzymes with specificity towards 
peptides and proteins that are hydropho-
bic and cationic respectively. The docking 
experiments tell  us not only which pep-
tide is likely to be decomposed into its 
building blocks (amino acids), but also the 
most likely cleavage site and the products 

formed (Figure 2). The in silico data must 
of course be validated with experimen-
tal data, typically obtained form kinetic 
assays where the peptide is preincubat-
ed with the enzyme before a substrate is 
added. Based on the docking experiments 
we can suggest how modifications of the 
CAPs can make the resistant to enzym-
atic degradation, and thereby reduce the 
cost, time and effort in the experimental 
synthesis.

Mechanism of action
Nature has designed antimicrobial pep-
tides to target the fundamental differ-
ence in the cellular membranes of mi-
crobes and multicellular animals. The 
outermost leaflet of the bilayer in bacte-
rial membranes is heavily populated by li-
pids with negatively charged phospholip-
id headgroups. In contrast, lipids with no 
charge are found in the outer leaflet of 
plant and animals. The conventionally ac-
cepted Shai-Matsuzaki-Huang model [7-9] 
explains that antimicrobial peptides exert 
their action by binding to the cell mem-
brane, causing cell death by direct mem-
brane disruption or by translocation into 
the cytosol where potential targets are 
affected. This model was derived based 

on the properties of longer CAPs (12-100 
amino acids), but, interestingly, CAPs with 
three to four residues, follow many of the 
established observations in terms of hy-
drophobicity, charge and amphipathicity. 
To examine this in more detail, molecu-
lar dynamics (MD) simulations were car-
ried out. 

An atomistic model of the system is first 
built, where each atom is treated as a 
sphere and bonds between atoms are mod-
eled as springs. The potential energy of 
the system is described using a force field, 
which typically contain terms and parame-
ters describing the energy associ ated with 
bonds, angle, rotation around bonds and 
nonbonded interactions (van der Waals 
and electrostatics). Random veloci ties are 
then assigned to each atom in the system, 
according to a Boltzmann distribution. In 
order to obtain information on how the 
atomic positions change as a function of 
time we need to solve Newton’s equations 
of motion. From the force that acts on each 
particle we can calculate the acceleration 
working on it using Newton’s second law 
(F=ma), and change in the veloci ties can 
be calculated from the acceleration. Now 
the new positions of the system can be cal-
culated from the velocities. The force cal-
culation is then recalculated with the new 
coordinates of the system. This is in es-
sence what we call molecular dynamics 
simulations, and inte gration of the equa-
tions of motion is typically done in millions 
of steps. The final result is what we call 
a trajectory of the system, which speci-
fies how the positions and velocities of the 
system change as a function of time. MD 
simulations are not particularly memory  
demanding, but are highly parallel in the 
sense that the energy  and forces that act 
on different particles can be calculated  
simultaneously  on different processors. 
Many MD programs now scale well to 
more than thousand processors, but for 
most applications 64-512 processor cores 
are used. 

Amphipathicity is a property required for 
the antimicrobial peptides to interact with 
and penetrate into cellular membranes. 
MD simulations of a series of CAPs con-
sisting of three amino acids revealed that Ph
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Fig. 2. Illustration of the 
docked conformation of a cat-
ionic antimicrobial peptide in 
the binding site of the diges-
tive trypsin. Carbon atoms are 
colored in orange (peptide) 
and green (protein), nitrogen 
in blue and oxygen in red. The 
protein is represented in Car-
toon with molecular surface 
and selected amino acids in 
stick models. Key interactions 
are shown as dashed lines. 
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Fig. 3. MD simulations reveal how the peptides inter-
act with membrane models. The peptide has lost the 
interactions with the lipid bilayer (A), but starts to inter-
act and enter the after more simulation time (B). This 
leads a destabilization of the membrane followed by 
cell death. 
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the antimicrobial activity of the peptide 
correlates with the tendency to form am-
phipathic conformations in solution. The 
peptides are generally found to switch be-
tween conformations that are amphi pathic 
and non-amphipathic. Several independ-
ent MD simulations of Ltx 109, which is in 
clinical phase II trials, reveal that Ltx 109 is 
predominantly amphipathic in solution  and 
extremely active as an antimicro bial agent 
[10]. It appears that the Ltx 109 is pre-
organized for membrane interaction and 
insertion, in the sense that all structural 
requirements are in place. The structural 

emerging from theoretical MD simulations 
finds support from NMR experiments of 
peptides titrated into liposome (spherical 
lipid bi layer) dispersions [10]. 
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data obtained from the MD simu lations 
is in very good agreement with experi-
mental solution data from NMR (Nuclear  
Magnetic  Resonance) spectroscopy.

Knowledge of the interaction between 
small molecules and lipid bilayers are 
obvi ously important, but still rather limit-
ed. Experiments on lipid bilayers are 
compli cated due to the “soft” nature of 
the system. Perhaps the most important 
use for us has been the ability to gain 
atom istic insight into how these small 
peptides interact with models of the 
bacterial  cell membrane. We have car-
ried out MD simu lations where one pep-
tide is placed outside  a lipid bilayer con-
sisting of phospho lipids typically found in 
bacterial cell membranes. The supercom-
puting facility in Tromsø, Stallo , has been 
used for this, along with the Schrödinger 
program package. our MD simu lations 
revealed that the cationic  charges  in the 
peptides rapidly begin to inter act with the 
negatively charged phosphate groups. 
As a consequence, the mole cules be-
come amphi pathic, and their hydro phobic 
groups move from the solvent  to the more 
favorable membrane environment. In con-
trast, inactive peptide stays in the solvent 
and is not observed to enter  the mem-
brane during the simulations, which prob-
ably reflects  its poorer anti bacterial prop-
erties. An example what we can observe 
in our simulations is illustrated  in Figure 
3. Figure 3 A shows that despite  that the 
peptide initially interacts with the mem-
brane, it moves into solvent (water) where 
it cannot “see” the membrane. However, 
after some more simulation time, the pep-
tide begins to inter act with the lipid sur-
face through polar interactions, but now 
the nonpolar groups also enter the mem-
brane. Again, the mechanism of action 
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The forecasted tidal wave of scientific data [1] has 
reached the Norwegian Life Sciences community as 
DNA sequencing technology and other high throughput 
experimental technologies produce drastically more 
data, at a lower cost per data amount and with a higher 
service availability than ever before. NorStore is the 
national high-capacity storage resource for scien tific  data 
in Norway. Through the StoreBioinfo project , NorStore 
and the FUGE Bio informatics platform has joined forces 
to develop solutions for the Life Sciences community to 
manage and utilise their data. 

NorStore Life Sciences  
storage infrastructure
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StoreBioinfo –

Introduction
The new DNA sequencing technologies  
are refered to as a game changer in 
many respects  [2], and are causing large 
changes  in the scientific protocols of 
many fields in Norwegian science. Sci-
entists that traditionally are not used to 
amount of data in the terabyte scale, are 
now in need of tools and infrastructure 
to manage  and process their data sets 
of biological sequence s, and to interpret 
them in the context of available infor-
mation in the public knowledge space in 
Life Sciences . Publicly funded research 
projects in Norway are obliged to make 
all necessary data that supports scien-
tific findings available for minimum 10 
years. Consequently, an infrastructure 
that supports  proper documentation of 
datasets as well as features for govern-
ing the life-span of data is important to 
ensure a proper return of investment of 
Norwegian  research funding.

As the user bases of Notur and Nor-
Store are steadily growing, and new user 
communities  appear on the scientific 
computing arena, new models are needed 
to effici ently interact with user communi-
ties instead of maintaining a direct com-
munication with all individual research  
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skills traditionally required for the usage   
of the national computing and storage 
resour ces. Furthermore, many actors 
across different roles are often contri-
buting to the same project involving high-
throughput  data: actors from the range 
of lab-bench technicians, instrument 
specia lists, bio informa ticians, statistici-
ans, biological/biomedicine research 
group staff such as technicians, PhD, 
PostDocs and professors. They all need 
access to the project data. The Bioinfor-
matics platform has provided tailored 
data processing and analysis pipelines 
towards the Life Science community as 
part of our service activity the past 10 
years. As specific  data types are utilized 
by a large user mass, an infrastructure 
for performing standard analysis pipe-
lines inte grated with national storage 
resourc es supporting project oriented 
data manage ment, is a natural aim for 
the Bioinformatics platform. 

System design and architecture 
We have adhered to the design paradigm 
of Service oriented Architecture (SoA) 
that is often utilized in larger software 
systems either coordinating existing so-
lutions for different sub tasks or being 
designed from scratch to divide work 

Figure 1. overall system architecture and deployment

groups. The idea is to have national disci-
pline specific  bodies representing users 
of a larger scientific field, that can both 
advice and assist Notur and NorStore 
in governing the national resources, as 
well as develop new services as need-
ed. Through the StoreBioinfo project, the 
Norwegian FUgE Bioinformatics plat-
form with additional partners at Uio and 
UMB, have been appointed such a role in 
the area of Life Sciences. The main aims 
of the project are i) together with Nor-
Store develop data storage policies and 
govern a large block allocation of storage 
dedicated to Life Sciences ii) establish 
e-services providing Life Science users 
inte grated access to storage and compu-
tational resources from NorStore/Notur.

The remainder of this article will focus 
on the design and architecture of the e-
infrastructure currently being deployed 
and made available for the Life Sciences  
community through the StoreBioinfo 
project. 

Life Sciences user community
The Life Science community consist of a 
very diverse group of scientists with dif-
ferent backgrounds and competence. 
The majority of them have no linux/unix 
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accesses the different operations in the 
service layer to authenticate a user, que-
ry for projects the user participates in, 
and managing the datasets according to 
the user’s interaction events with the web 
pages of the portal.

The operation of transferring files to and 
from NorStore storage is of course cen-
tral to the system and paid particular at-
tention to due to the size requirements of 
Life Science data sets and the network 
based access interface. The main meth-
od of transfer is for the user to inititate a 
transfer process from a server accessi-
ble over the internet to the NorStore re-
sources using the data storage service as 
illustrated in Figure 2. The data storage 
service then handles the transfer of the 
content and update of all meta-data with-
out the front-end having to be connected 
during the whole transfer. For the por-
tal this means users can stage several 
uploads and keep on their daily work on 
their workstations without being affect-
ed by the transfer, and even log out for 
the day and return the next day without 
interrupting the file transfer. StoreBio-
info currently implements both internal 
and e-mail based status notifications of 
file transfer operations. 

In addition to the challenges of data 
transfer, the system has to cater for the 

wide size range of individual files in a 
Life Science dataset, that can vary in the 
range of a few kilobytes to hundreds of 
gigabytes. Combined with a relative large 
minimum block size of file systems that 
need to span large-capacity installations 
like NorStore, it is clear that individual 
files can not be stored directly on to the 
NorStore disks. Instead the data storage 
service  repackage all files of a datasets 
into archives that are then transferred to 
the iRods backend, while all meta-data 
about the files are stored in the data stor-
age persistance database. The package 
are based on sub types of data that are 
natural  to download as a set, described 
further below. The iRods backend also 
provides direct programmatic access 
to extract any individual file from an ar-
chive, and this is used together with the 
meta-data to provide access to individ-
ual files stored in the backend, although 
they are stored more optimally in terms 
of consumed space/footprint on disk.

StoreBioinfo web portal
The StoreBioinfo web portal is the main 
interface to interact with the NorStore 
system for Life Science users, and the 
first mean of access made publicly avail-
able as an alternative to the tradition-
al command-line tools requiring linux/
unix skills. Key features are project cen-
tric sharing of data, quota management, 

Figure 2. Dataset file transfer operation

between independent modules of soft-
ware. A system based on SoA will im-
plement a set of interoperable services, 
that can be used by different parts of the 
system to coordinate a series of events 
to complete a task. A convenient way to 
integrate external clients to a system, 
is to provide programmatic access to a 
set of these services. XML is commonly 
used for interfacing with SoA services, 
but is not a requirement from the design 
paradigm.

The eSysbio project that started in 
Bergen  in 2008 is developing a SoA based 
online software system for interdiscipli-
nary collaborative life science research, 
and was the starting point in StoreBioinfo 
for developing the SoA based infrastuc-
ture for accessing the NorStore resourc-
es from autumn 2010. The independent 
services are implemented as W3C SoAP 
Web Services, and these services togeth-
er then constitute  the interface both to-
wards a generic storage portal and to-
wards specialised analysis programs as 
illustrated in Figure 1. 

The authentication and security service 
is a central service that has the respon-
sibility of authenticating users based on 
credentials, and issuing a security token 
in the SAML format [3], that is needed for 
accessing all other services in the infra-
structure. All services governs authori-
zation of their own resources based on 
the security token given to them in any 
operation a client code is calling. The 
dedicated authentication service allows 
for easy integration with federated user 
databases such as Feide [4]. Currently 
the system maintains a local StoreBioin-
fo user database, while there is work in 
progress to explore user authentication 
through the Feide system.
 
As illustrated in Figure 1, the system 
consists of three conceptual layers, the 
persistance, service and front end lay-
ers. In the persistance layer at the very 
backend, the data files uploaded by us-
ers are stored in an iRods instance on the 
NorStore high-capacity disk systems, 
and meta data about files, users, quo-
tas, projects etc are maintained indepen-
dently by the different services in rela-
tional databases. The StoreBioinfo portal 
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5 The user stages an upload with data 
types and server settings and starts 
the upload

6 Upload status is visible in the portal
7 Notification is sent by e-mail or inter-

nal message (at the choice of the user) 
when upload operation has completed

Figure 3 displays the portal view of the 
user at step 5, where a server and the lo-
cations of folders or archive files of data 
to be uploaded are specified. A Java Web 
Start file upload client is also supported, 
as a mean of access for users to upload 
files only available at their own worksta-
tion and not accessible on any server. 

Since the web portal simply orchestrates 
the back-end services to provide all avail-
able functionality, the architecture lends 
itself for tight integration to any software 
system that is given access to the service 
interface level. 

https://storebioinfo.norstore.no
http://www.bioinfo.no
http://www.esysbio.org
http://hyperbrowser.uio.no

annotation of projects and datasets, as 
well as the inter face to stage different file 
transfer operations as desribed above. 
To annotate the datasets, high level data 
types indicating the nature of the data 
are defined in the system, as well as sub-
types reflecting different levels of pro-
cessing from raw to ready analysed data.   

A typical usage scenario for a researcher  
not registered with the StoreBioinfo re-
sources before is as follows:

1 The researcher applies for a quota for 
her project via email to contact@bio-
info.no

2 She gets invited to join the system by e-
mail, with a confirmation ID attached

3 visiting https://storebioinfo.norstore.
no she creates her account herself 
using  the confirmation ID

4 The project and quota are made by an 
admin user when the application has 
been evaluated

Figure 3. StoreBioinfo web portal view
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the needed interface between the storage 
resources and computational resources 
available in NorStore and Notur, as this 
is an urgently needed feature both from 
application  developers and users in the 
Life Sciences community.
 
A special thanks goes to the program-
mers of the StoreBioinfo, eSysbio and 
Hyper Browser teams for their hard work 
towards realising this einfrastructure.
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Integration of StoreBioinfo services in 
the external Genomic hyperBrowser 
application
The genomic HyperBrowser application 
[5] is developed by the Uio node of the 
Bioinformatics platform, and the main 
type of data it is operating on are genomic 
tracks. These are essentially annotations 
of biological features linked to a position 
in a genomic sequence. As an example, 
the current definition of the official 
human genome with the placement, 
extent, different components etc of all 
known human genes are encoded as one 
genome track. HyperBrowser enables 
scientists to query for relationships 
between several genome tracks and 
test for statistical significance of such 
relation ships, for instance between 
experimentally obtained markers in one 
or several tracks and the genes in the 
human genome reference track.

HyperBrowser is the first application with 
active development work to interface the 
StoreBioinfo storage services. The exact 
same Web Services as the web portal 
are interfacing are utilized to achieve the 
integration, performing the same steps 
to login the user and handle the security 
token to access the other services. Figure 
4 displays at the top a user navigating her 
datasets in StoreBioinfo through Hyper-
Browser, and at the bottom a screenshot 
of how such a loaded track can be used 
as an input to a standard HyperBrowser 
analysis. 

Conclusion and future plans
The first version of  the StoreBioinfo web 
portal is now available for use, and we 
are currently enhancing several aspects 
of the portal to make the user experience 
even better and more productive. Another 
main milestone for the project will be 
the release of the full Web Service layer 
to the public, expected to happen medio  
2012. In terms of scientific utilisation 
of data, storage only covers half the 
picture. An just as important aspect for 
the user is how to get the data processed 
and ana lysed. Some of these computing 
tasks will require large scale facilities 
provided by Notur, and other  tasks will 
only require access to rela tively standard 
scale processing power. StoreBioinfo will 
contribute actively to the development of 

Figure 4. StoreBioinfo data acces sed and utilized in HyperBrowser
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Emerging Needs
for eInfrastructure
in Climate Science

The need for climate datasets has become ubiquitous 
nowadays. Most countries need to better 

prepare and cope with changes in climate 
- which requires the best state-of-the-

art projections available. The cost of 
not planning or adapting can be 

devastating. More and more 
nations are producing 
and gathering climate 
information for impact 

studies – and there 
has been an emphasis 

on higher and higher 
spatial resolutions. 

The demands for 
faster and greener 

computers have 
also become 

inherent 
to this 

process.
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The fast-paced computer world under 
Moore’s law is difficult to keep up with. As 
soon as a new computer system is pur-
chased, it becomes almost obsolete in a 
few months time. The same can be said 
of storage systems, which in many cas-
es can become bottlenecks down the line 
(i.e.: slow and unstable storage systems). 
While the development of fast comput-
ers progresses so does the development 
of climate models. Today, climate mod-
els are expanded to take full advantage 
of multi-core processing. Model develop-
ment goes almost hand-in-hand with ad-
vances in computer science. In fact, even 
one of the first applications of computers 
was for weather forecasting1.

Norway is a privileged country when 
it comes to computer resources. The 
Research Council of Norway funding 
through the NoTUR project provides 
computational  hours for Research cen-
tres and universi ties throughout the 
country.

the Makings of a Climate Model
Climate models are created based on 
mathematical equations, such as, the mo-
mentum equations for a spherical Earth; 
the thermodynamic energy equation; the 
continuity equation for total mass and the 
ideal gas law. These are called primitive 
equations and the operational and re-
search models are based on some ver-
sion of these equations (see Warner, 2011 
- Chapter 2, for further details). These 
equations form the so-called “dynamical 
core”, which is the component that treats 
the resolvable scales in the system. They 
are then solved numerically at “...points 
defined by a quasi-regular, three-dimen-
sional spatial grid” (Warner, 2011) and in-
tegrated in time.

It may sound simple to create a model, but 
in fact, developing a full model system re-
quires the effort of a team of researchers 
and many years of work: “It is estimated 
that a fully coupled ocean-atmosphere 
general circulation model (oAgCM) takes 
about 25-30 person-years to code, and 
the code requires continuous updating 
as new ideas are implemented and as ad-
vances in computer science are accom-
modated” (Mcguffie and Henderson-Sell-
ers, 2005).

the GrEEN group
The global and Regional climatE 
projEctioNs  group at the Uni Bjerknes 
Centre is committed to develop and apply 
climate models to regions throughout the 
world as well as to provide capaci ty build-
ing. The capacity building involves training 
provided to developing countries, where 
gREEN has projects with, for example: 
Bangladesh, India, Nepal, and vietnam . 
one such training activity is the TERI-BC-
CR Research School2 in october, which will 
give a handson experience and training on 
using a global Climate Model (gCM) as 
well as classes on Atmospheric Sciences  
and numerical methods.

The gREEN group also works on the Nor-
Clim and EarthClim projects, led by Profes-
sor Helge Drange. This project focuses on 
the development of the Norwegian Earth 
System Model (NorESM). In Bergen , NorESM 
is the successor model to the Bergen  Cli-
mate Model (BCM), which was used to create 
data to the fourth Assessment Report of the 
Intergovernmental Panel on Climate Change 
(IPCC) in 2007. Together with collaborating 
partners in Norway, Dr. Mats Bentsen and 
PhD student Ingo Bethke have recently made 
NorESM model data available to the Coupled 
Model Inter comparison Project 5 (CMIP5). 
These NorESM climate change experiments, 
together with contributions from modeling 
centers around the world, will be assessed 
in the upcoming IPCC Report  due 2013.

The Norwegian Earth System model or 
NorESM is comprised of a combination of 
several models made up of different com-
ponents of the climate - forming a coupled 
system. NorESM is based on the Commu-
nity Climate System Model 4 (CCSM4) from 
the National Center for Atmospheric Re-
search (NCAR), Boulder, USA. The NorESM 
model components are shown in Table 1.

NorESM data needs to be stored for dec-
ades. The total raw data for the planned 
NorESM contribution to CMIP5 takes up 120 
TB in addition to 60 TB for post-processed 

1  The ENIAC, in 1950, created the first weather forecast.
2 See http://teriin.org/TERI-BCCR-CRS for further information

Table 1 - The model components of the Norwegian Earth System Model.

Component Model

Atmosphere Community Atmosphere Model (CAM 4.1.08)

Land Community Land Model (CLM 3.7.10)

Sea-ice CICE (CICE 4.0.20100323)

ocean Miami Isopynic Coordinate ocean Model (MICoM) exten-
sively modified at the Nansen Center

Atmospheric chemistry Chemistry-aerosol-cloud package in CAM by University of 
oslo and met.no

ocean Carbon Cycle Hamburg Model of ocean Carbon Cycle (HAMoCC) adopted 
for use with an isopycnic ocean model

Coupler CPL 7

Ice sheet Currently none, but NCAR and LANL are working on this
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data: a total of 180 TB to be archived. Sev-
eral tens of TB also need to be kept from 
other experiments within the EarthClim 
project (i.e.: pre-industrial spin up). Nor-
Store does not have storage capacity avail-
able for this, as of today3. Converting these 
data from netCDF-3 to netCDF-4 format 
(for better compression) can reduce the 
storage of raw data by 50% (60 TB). How-
ever, post-processed data must be left in 
netCDF-3 format to obey the CMIP5 con-
ventions. With the existing storage allo-
cation, the NorESM team has been able 
to complete many of the planned experi-
ments but has no storage for the experi-
ments with interactive carbon cycle and 
the paleo-climate experiments.

The regional part of the gREEN group works 
with the Weather Research and Forecast-
ing model (WRF), developed at the Nation-
al Center for Atmospheric  Research  (NCAR) 
in the United States. Several projects in-
volve the downscaling4 of atmos pheric data 
for: Norway, Europe, Southeast Asia and the 
tropical belt5. The tropical belt downscaling 
is made to allow waves in the tropics to trav-
el more naturally. The domain used is cyclic 
and it extends from 45S to 45N. A simula-
tion using the tropical-channel setup at 36 
km resolution is shown in an animation (see 
link in figure caption). This animation was 
produced using the Weather Research and 
Forecasting (WRF) model as part of a sensi-
tivity study related to different micro physics 
and cumulus parameterization schemes.

3 NorClim is the single largest project on NorStore, nearly three times larger than any other project. 
4 Downscaling is the modeling approach used to create high-resolution datasets using a Limited Area Model (LAM). LAMs use data from coarse-resolution (global 

models) at Lateral Boundary Conditions, that is, data that are fed to the LAMs at the boundaries. Coarse-resolution global models have a spatial resolution of 
around 200 km. LAMs can then be used to create datasets at tens of kilometers or less.

5 See www.bccr.no/norwrf for information on the NorWRF workshop on Regional  Climate Modeling that was held in Bergen September 5-8, 2011.

The regional high-resolution simulations 
also need long-term storage for about 10+ 
years. For the tropical channel domain, 
each model timestep raw file has a size 
of ~800 MB. This gives around 1 PB of raw 
data considering ~900 simulation years:

• 4 timesteps per day * 365 days * 800 MB 
= 1.14 TB per model year

• ~900 simulation years = 1 PB (raw data)

For the European domain, less than 1 PB is 
needed. Due to the large sizes of raw files 
in high-resolution models, data “stripping” 
is thus necessary: one needs to remove 
model levels, variables and other elements 
in order to reduce the data size - which 
can lead to loss of valuable data. This also 
points to the fact that there is a need for 
faster computer servers to be able to post-
process and analyze these datasets.

the Need for Computer Power
Climate research requires state-of-the-art 
computer power. This is necessary so as 
the climate runs can be made at a reason-
able amount of time. The fast develop ment 
in climate research in the past decades has 
been made possible also because of the 
development of fast computers, as well de-
scribed by Mcguffie and Henderson-Sell-
ers (2005): “Without the recent growth in 
computational power and the reduction in 
computing costs, most of the developments 
in climate modelling that have taken place 
over the last four decades could not have 
happened”.

There are, however, challenges. For exam-
ple, there is a need for higher resolution 
datasets for climate adaptation and adap-
tation research. Hexagon has many users  
and the queue time can take up to a week 
for a simulation to start. In addition, there 
are challenges for some of the simulations 
to be completed and safely stored. 

Notur Support
Thanks to the support by NoTUR and 
NorStore and the collaboration with the 
System  Engineers at Parallab, the gREEN 
group is able to provide state-of-the-art 
datasets and climate projections to the dif-
ferent projects at Uni Bjerknes Centre.

In order to improve and speed up our work, 
our group has recently purchased a com-
puter server, that will provide greater 
capa city for the group to post-process and 
analyze the climate datasets from Hexa-
gon. These are local additions to alleviate 
some of the more specialized processing of 
the data, i.e. the downscaled computations 
that are still executed on Hexagon and data 
that still need to be archived (long-term) 
on NorStore.

References
Mcguffie, K. and Henderson-Sellers, A. (2005)  
A Climate Modelling Primer. 3rd ed., Wiley.

Warner, T.T. (2011) Numerical Weather and 
Climate Prediction. Cambridge University Press, 
New York. 

Illustration from the tropical-channel simulation. The animation was made under the project "Climate change impacts 
assessments, including climate change, process and earth system modeling” funded by the Ministry of Foreign Affairs 
(Norwegian Embassy in India). This animation can be viewed at http://www.teriin.org/themes/climate-change/tropical-
channel.php
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Some words from three climate researchers and their experience with the present supercomputer hexagon
Ingo, Mats and Helge are among the researchers who this summer delivered the model data for the next IPCC Assesment Report 5 
(AR5), the first of several data batches that will be delivered to the AR5. The model output is produced on the supercomputer Hexagon, 
using the national resources via Notur, and then moved to the NorStore storage facilities.

Ingo Bethke
PhD Student at the 
University of Bergen and 
Bjerknes Centre for Climate 
Research

When setting up the current model sys-
tem NorESM we used a considerable 
amount of time to tune the model in or-
der to represent a realistic climate with-
out too much climatic drift. This tun-
ing process delayed our data delivery 
by several months. Yet, the computa-
tional resources were adequate for our 
model setup and more resources would 
not necessarily have led to a much ear-
lier delivery. It should be noted, however, 
that the choice of using an intermediate 
resolution setup was made because the 
computational resources were not suf-
ficient to use the (more desirable) high 
resolution setup of the NorESM.

our old model system, the Bergen Cli-
mate Model, is still used for paleo and 
coupled carbon cycle research. The rea-
son is that the computational costs of 
the NorESM are too high for their appli-
cations and the coupled carbon cycle is 
not implemented yet. Currently it is only 
possible to run the BCM on one comput-
er system in Norway, and this computer 
is soon to be phased out.

A continuation of the research will de-
pend critically on support from Notur to 
port the model to a new computational 
platform. An application for such sup-
port has been submitted to Notur.

We have received good support from 
NoTUR . In particular, when porting a 
model system to a new computation-
al platform, the advanced-user-support 
is indispens able (i.e. dedicated support 
from trained IT-engineers that work with 
our technical problems full-time over a 
longer period). All in all, I’m very satis-
fied with the arrangement with Notur 
and NorStore.

Mats Bentsen
Research scientist,  
Bjerknes Centre for Climate  
Research, Uni Research

I have been using Hexagon extensively for 
development of NorESM and production of 
climate model data. Like Ingo mentioned, 
making our models run correctly and ef-
ficiently on new computers are challeng-
ing. Although Hexagon was new in 2008, it 
will be replaced in 2012, and considering 
the time to make the model systems work 
properly the actual production period on a 
computer can be quite short. We also have 
to adjust the models to new technology. Af-
ter several generations of computers us-
ing rather comparable technology, we are 
now facing a shift with a transition towards 
computations being done on gPUs instead 
of CPUs. This likely means extensive modi-
fication of our models, something we will 
start working on this autumn.

We are planning our CPU-usage one year 
ahead but there is always the possibility for 
delays due to unforeseen problems. For-
tunately there is some flexibility in the al-
location system so in most cases we have 
been able to meet our project milestones.

I really like this arrangement with distrib-
uted computing resources organized by 
Notur, and believe it is a very efficient way 
to use the computers. If every research 
unit should have their own computer, the 
idle time would often be extensive and one 
probably could not afford a computer large 
enough for desired peak usage. Also, the 
Notur machines are taken care of by com-
petent people with supercomputer experi-
ence, and we have good support. 

our models also produce an enormous 
amount of data, and we have to find good 
ways to transfer, store, and analyse 
them. Compared to producing the data, 
analysing the data requires very different 
tools and work flow.

Helge Drange
Professor, climate 
modelling, University of 
Bergen and Bjerknes Centre 
for Climate Research

generally speaking, the need for com-
puting capacity in climate research is 
large. This is particularly the case for 
societal needs related to address possi-
ble changes in local climate and extreme 
weather. In Bergen, the supercomputer 
Hexagon only partly fills this need. When
Hexagon first came it was quite power-
ful, but now it is far too small.

Like Mats mentioned, we need large and 
stable space for data storage in addi-
tion to computational power. Today we 
have difficulty storing the model output. 
Storage is a general problem in Norway. 
When connection between science and 
politics can be close, as is the case for 
climate science, it is of paramount im-
portance to be able to go back and re-
analyse the data, and to make the data 
available for any interested parties.

I would also like to add that we get, in 
general, good knowledge support from 
Notur. We need people who understand 
the different machine architectures. 
What is lacking in Norway is a more 
holistic view on the full chain of HPC 
resources  and 
infrastructure.
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Cloud computing is a new model for the delivery of inform-
ation and communication technology (ICT) as a service rather 
than a product, whereby shared resources and information are 
provided as a utility, similar to the water distribution or elec-
tricity grid. Cloud computing can bring significant benefits to 
the services and efficiency provided to a researcher's daily 
working environment.

a u t h o r
Maarten Koopmans, 

maarten@vrijheid.net

Commoditizing 
Norwegian eInfrastructure: 
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Clouds typically involve the provisioning  of 
dynamically scalable services and include  
computation, storage, data access and 
software [1]. The services are almost always 
virtualized, e.g., they do not require  end-
user knowledge of the physical location and 
configuration of the resource that delivers 
the services. Cloud computing services are 
delivered based on Internet protocols, e.g., 
via web applications/web services, while 
the user/customer software and data are 
stored on servers at a remote location. 
Most cloud computing infrastructures 
consist of services delivered through 
(shared) data centers and through a single 
point of access. 

one can distinguish between several 
deploy ment models of clouds. We only de-
scribe two here. In a public cloud, resourc-
es are dynamically provisioned to the gen-
eral public on a self-service basis by an 
off-site third-party provider (commercial 
actor) who bills on a pay-as-you-use basis . 
The business case for public clouds in-
cludes lower up-front capital costs and less 
hands-on management. At the other  side 
of the spectrum, there are private clouds. A 
private cloud is infra structure that is usual-
ly operated for a single orga ization, wheth-
er managed internally  or by a third-party 
and hosted internally  or externally.For pri-
vate clouds, it is possible that the under-
lying systems often still have to be bought, 
built and managed by the organization it-
self and this makes the business case less 
obvious.

In all considerations concerning the 
utilization of clouds, one has to keep in 
mind that data is the new gold. The ability 
to move, access, change, annotate and 
archive data will be a determining factor 
in one's research output and how it will 
be used by others, now and in the future.

The result of adopting cloud services is 
that one's working environment  becomes  
ever more networked and dynamic. Re-
search communities and service provid-
ers are increasingly intertwined. Especi-
ally now that we see more classes of cloud 
services  emerging. With companies the 
size of google, Amazon, Microsoft (and 

the next gorilla we don’t know yet), that 
are providing a wide range of cloud servic-
es, there is a case to be made to outsource 
part of the infrastructure to these big play-
ers: these companies offer services as a 
commodity what national infrastructures 
like Notur and NorStore have to establish 
and operate themselves. In addition, there 
is “green computing”. More and more re-
search requires extensive computation and 
the management of data sets. Computers 
consume energy and dissipate heat. Ener-
gy efficient, cost efficient and scalable so-
lutions for hosting compute and storage re-
sources are increasingly important. (green 
computing was addressed in more detail in 
the previous issue of META.)

In the national eInfrastructure, some pi-
lot activities have been deployed to look at 
the potential of cloud computing for scien-
tific purposes. This is detailed in the sec-
tions below.

Cloud computing

The use of cloud services in a national in-
frastructure for computing like Notur can 
be illustrated by a number of cases. The 
first use case is related to the correct us-
age of the HPC infrastructure. A signifi-
cant fraction of the jobs running on the 
HPC infra structure are single-threaded 
or fit in a single compute node. These are 
candidates to be executed on a non-HPC 
infrastructure. As the number of such jobs 
will vary over time, a flexible solution is 
needed that is available on demand.

The second use case consists of serving 
scientific communities that are not (easily) 
served by the current infrastructure, but 
that need access to qualitatively reliable, 
on-demand computing. The present infra-
structure is largely Linux-based which can 

be difficult to adopt by communities that 
have no expertise in this. Cloud computing 
can provide convenient and cost-efficient 
access to new scientific end-user groups.

The third use case would be “temporary 
capacity” and sometimes is a subset of the 
second use case. Examples are:

•  Studying software architectures in an ed-
ucational setting, where the “computing 
lab” is on during the course period only.

• Qualitatively software profiling or testing 
deployment scenarios for scientific soft-
ware packages.

• As infected machines can be destroyed 
and cleanly launched on demand, be 
it in an educational or research set-
ting, securi ty research on com puter 
architect ures can be done on virtual 
machin es that are paid for by the hour 
and then destroyed.

A public cloud adds capacity in a wide vari-
ety of communities in these use cases. This 
allows to establish services for new com-
munities without massive upfront invest-
ments in time or money. As new uses of the 
cloud and their respective usage communi-
ties grow, they might or might not be moved 
to a private cloud environment depending 
on the community’s size and needs.

Today, the market leader for public cloud 
computing is Amazon. Since the beginning 
of 2009, the prices per compute hour (one 
pays for usage only) have been slowly de-
clining. Recently other price components 

have changed as well, mostly related to 
data traffic: no incoming traffic charges 
and lowered prices per tier for outgoing 
bandwidth charges. The steady decline 
in prices will make cloud computing in-
creasingly attractive. Private clouds need 
close collaboration between network ad-

ministrators and system administrators; it 
is not likely they will reach the same ma-
turity level at operational cost before mid 
2012, if at all.

The utilization of cloud computing may not 
always pay off, e.g., in the case of special 
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applications with a small user communi-
ty. In addition, cloud computing requires 
that end-user applications are portable. 
This can be a challenge for applications 
that depend on technologies that are not 
supported by the cloud environment. For 
such cases, software and data manage-
ment will have to be revised.

Cloud storage
We address here the challenge to share 
data between groups of users, both in 
space (e.g., different universities) or in 
time (e.g., accessed now and in the future). 
Direct usage of cloud storage as part of a 
computation as described is not addressed 
here. In 2010-2011, we have developed a 
prototype tool that enables system admin-
istrators as well as end-users to integrate 
cloud backed storage into their daily oper-
ations and applications. This activity start-
ed under the 1-year NEoN project from the 
Nordic Data grid Facility in 2010. The find-
ings of that project were carried further in 
2011 by Notur and NorStore, in collabora-
tion with the Swedish National Infrastruc-
ture for Computing (SNIC).

Cloud storage such as Amazon’s S3, Rack-
space’s CloudFiles or openStack’s object 
storage all look similar: you have a name 
space, often called a bucket, in which you 
can store an unlimited number of “ob-
jects” of various sizes. Depending on the 
cloud used, the maximum object size is 
presently between 5 gB and 5 TB. The ob-
ject space itself is flat and does not have 
a hierarchy like a traditional file system.

Points that are relevant in the design of a 
cloud backed storage system include the 
following:

• Encryption. Data that is stored in the 
cloud should be encrypted.

• Metadata. Many research communities 
have metadata schemes that can be at-
tached to their data sets and that will 
preserve the meaning of the data, espe-
cially in the long term.

•  Support for multiple storage back ends. 
You might want to migrate your data 
to a different provider for a myriad of 

reasons, e.g., cost. A solution should be 
easily extendable to add multiple stor-
age back ends.

• Easy access. Most cloud storage pro-
vides specialized interfaces which re-
quire considerable programming time 
or specialized knowledge in order 
to use them. A solution should work 
across a lot of different devices with-
out having to install or maintain dedi-
cated clients (of course, one always 
might do so for special needs). In other 
words: a storage service should be ac-
cessible without special tools a priori. 
Easy access is also important because 
users will often chose convenience over 
privacy. An example is the success of 
DropBox, which is based in the US. Un-
fortunately, there’s been a number of 
security leaks outside any university or 
company’s control that has plagued this 
and similar services in 2011.

Support for multiple storage back ends 
is relatively easily achieved: the familiar 
“plug-in” model can be easily designed 
(and has been) in the eventual cloud 

backed storage solution. Making it easy to 
use and secure is a harder task. And then 
we also have to add metadata to make 
research  results verifiable and available in 
the long term.

As it turned out, easy access went hand in 
hand with metadata. We chose WebDAv as 
primary protocol to interface with cloud 
backed storage. Though an old proto-
col in Internet lifetime (since 1988), it is 
widespread and goes via HTTP. HTTP is so 
widespread that a whole slew of network 
connectivity problems disappear for the 
end user (e.g., firewall issues). But there 
are more reasons to use WebDAv:

1. WebDAv is available from iPods and 
smart phones to Linux servers to Win-
dows 7 and oS X.

2. WebDAv allows you to attach arbitrary 
XML properties to files and folders. And 
the XML standard is used by many com-
munities to define their metadata. This 
makes it possible to create a storage 
front end where data and metadata are 
kept together.

Figure 1. Schematic overview of cloud backed storage. 
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If we consider storing the file system 
structure and all its metadata (such as file 
size, date created, date modified), the us-
er-specified metadata per community and 
addition al metadata (such as encryption 
keys per file), then the solution becomes 
obvious: separate the storage of the meta-
data from the actual data. once that sep-
aration is made, one can add different 
“front ends” for access (like WebDAv) and 
back ends for storage.

Figure 1 gives a schematic overview of 
how the current solution works. There is 
also an interface for management of data 
and convenience. It is easy to add multiple 
ways to access and store your data, should 
the needarise (e.g., web services).

The metadata contains all the information 
- from filename to encryption key of a file 
- and can be maintained and stored locally 
by the user. The actual data that is stored 
in the public cloud, possibly in a differ-
ent country, is nothing more than a set of 
encrypt ed set of objects. As encryption is 
handled transparently by the website and 
WebDAv layer, users need not do some-
thing special as long as the metadata is 
located  on a trusted site.

The fact that the metadata holds all the 
inform ation allows any layer on top of it 
(e.g., the WebDAv disk interface) to be 
linear ly scalable. It also allows the stor-
age back-end to be just a “dumb” plug-in 
that stores encrypted objects. The meta-
data store itself might become the single 
point of failure then. However, it has repli-
cation built in (even across data centers if 
needed).

The described cloud backed storage design 
and implementation are available as an 
open source project [2]. This allows insti-
tutions to deploy instances locally and tune 
them to specific needs, while at the same 
time providing a basic cloud service.

References
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The 7th White Paper of the e-Infrastructure Reflection group 
was released in July 2011. The White Paper addresses some 
of the most interesting questions related to new and on-go-
ing e-Infrastructure challenges, such as:

- How do we deal with the increasing energy demands of 
computing?

- What software is needed to fully harness the power of 
future  HPC systems?

- What are the appropriate governance models for 
e-Infrastructures?

- How can we facilitate access, discovery and sharing of 
large and diverse sources of scientific data?

- How can we further advance research networks, and adopt 
and implement new e-Infrastructure services 

Download the White Paper here: www.e-irg.eu

e-iRG white 
Paper 2011


Preparatory Access allows researchers to apply for code 
scalability testing and also support for code development and 
optimisation from PRACE software experts. Preparatory ac-
cess allows researchers to optimise their codes before re-
sponding to PRACE calls for project access. 

there are three types of Preparatory access: 
a. Code scalability testing to obtain scalability data which can 

be used as supporting information when responding to fu-
ture PRACE project calls. This route provides an opportu-
nity to ensure the scalability of the codes within the set of 
parameters to be used for PRACE project calls, and doc-
ument this scalability. Assessment of applications is un-
dertaken using a light-weight application procedure. The 
maximum allocation time is two months which includes 
submission of the final report. 

B. Code development and optimisation by the applicant using 
their own personnel resources (i.e. without PRACE support). 
Applicants need to describe the planning for development in 
detail together with the expert resources that are available 
to execute the project. The maximum allocation time is six 
months which includes submission of the final report. 

C. Code development with support from experts from PRACE. 
The maximum allocation time is six months which in-
cludes submission of the final report. 

The maximum allocation that can be requested depends on the 
type of access that is applied for (and choice of target system), 
but varies from 50 000 to 250 000 core hours. Preparatory ac-
cess calls are rolling calls, researchers can apply for resources 
all year. There are no closing dates. Assessment of the appli-
cations received will be carried out at least every two months. 

PRace Preparatory access 

The eInfrastructure Scientific opportunities Panel, ap-
pointed by the Research Council of Norway, is responsible 
for monitoring the development of scientific use of eInfra-
structure. Last year, the panel produced a report describ-
ing the Scientific Case for the eInfrastructure that can 
best serve Norwegian research groups and operational 
forecasting from 2015.

That document is a prelude to the second report, the eIn-
frastructure Use Roadmap, that has now been drafted by 
the panel . This roadmap document covers current and 
new scientific areas  for eInfrastructure use, taking into 
account the opportunities offered by existing and emerg-
ing large-scale international collaborations. The road-
map should also makes some inter national comparisons 
and matches users and application areas against ser-
vices. The document is intended for all stakeholders in 
Norwegian  eInfrastructure including users and support 
staff, while the recommendations we make are intended 
for decision makers at universities, the Research Council, 
and the Ministry of Education and Research.

A draft version for the eInfrastructure Use Roadmap can 
be downloaded here: www.metacenter.no/esop/roadmap

eInfrastructure 
use roadmap
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EUDAT is a three-year EC-funded project 
that will deliver a federated data infrastructure with the ca-
pacity and capability for meeting future researchers needs 
in a sustainable way. Its design will reflect a comprehensive 
picture of the data service requirements of the research com-
munities in Europe and beyond. This will become increasing-
ly important over the next decade as we face the challenges 
of massive expansion in the volume of data being generated 
and preserved (the so-called ‘data tsunami’) and in the com-
plexity of that data and the systems required to provide ac-
cess to it.

The EUDAT consortium includes representatives from each 
stage of the value chain that has evolved to deliver scien-
tific knowledge to researchers, citizens, industry and soci-
ety as a whole. It includes funding agencies that invest in 
research infrastructures and programmes of research, in-
frastructure operators and research communities who rely 

on the availability of data-management services, national 
data centres and providers of connectivity and, of course, the 
users who rely on the availability of data and services. With 
the inclusion of disciplines from across the spectrum of sci-
entific endeavour sharing a common infrastructure, EUDAT 
also provides the opportunity for data-sharing between disci-
plines and cross-fertilisation of ideas.

The EUDAT consortium includes 25 partners and third-par-
ties. The EC-contribution is 9.3 MEuro. UNINETT Sigma and 
the University of oslo participate for Norway. The Finnish 
partner CSC is the project coordinator. The kick-off meeting 
for EUDAT will be held in Helsinki, october 18-19.

towards a European  
Collaborative data Infrastructure

More information will be available soon on  
www.eudat.eu

NTNU and Silicon graphics International Corp (SgI) 
signed a contract for a new supercomputer June 24, 
2011. The system will be installed at NTNU by the end 
of 2011.

The new system will include the new generation Xeon Intel 
processors, and will have theoretical peak performance of 300 
Teraflops. This is almost thirteen times the capacity of today’s njord.

The system will be named "vilje" after the Norwegian god vili. 
According to Nordic mythology, vilje gave humans wit (intelligence) 
and the ability to move.

More information about vilje in the next issue of META.

New supercomputer at NTNU

The picture shows a similar supercomputer installed at NASA in USA.
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the Notur II project provides the national einfrastructure for computational science in Norway

The infrastructure serves individuals  and 
groups involved in education and research 
at Norwegian universities , colleges  and 
research institutes, operational  forecast-
ing and research at the Meteoro logical 
Institute, and other groups who contri bute 
to the funding of the project. Consortium  
partners are UNINETT  Sigma AS, the 

Norwegian  University  of Science and 
Technology  (NTNU), the University of 
Bergen  (UiB), the University of oslo (Uio) 
and the University of Tromsø (UiT). The 
project is funded in part by the Research 
Council of Norway and in part by the 
consortium  partners.
The Notur project is complemented by two 

other projects that are financed in part by 
the Research Council of Norway . NorStore 
is a national infrastructure for scientific  
data. The Norgrid project deploys  and 
operates  non-trivial services for work 
load management and aggregation of 
the resources provided by the Notur and 
Norstore  resources.

SC11 - International Conference for  
high Performance Computing, Networking, 
Storage and analysis

November 12-18, Seattle, WA, USA
sc11.supercomputing.org

7th IEEE International Conference on e-Science

December 5-8, Stockholm, Sweden
www.escience2011.org

EGI Community Forum 2012

March 26-30, 2012, Munich, Germany
cf2012.egi.eu

IEEE CloudCom 2011, 
3rd IEEE International Conference on  
Cloud Computing, tehnology and Science

November 29 – December 1, Athens, Greece
http://2011.cloudcom.org

The EU-funded project HPC-Europa2 calls for proposals 
from researchers working in Europe to visit one of the seven 
HPC centres in its Transnational Access programme. The 
programme offers visiting researchers access to some of 
the most powerful HPC facilities in Europe, consultancy 
from experienced staff, and opportunities to collaborate 
with scientists working in related fields at a relevant local 
research institute. The programme covers travel costs, 
subsistence expenses and accommodation. visits can last 
between 3 weeks and 3 months. The next closing date for 
proposals is November 15, 2011

More information at www.hpc-europa.org

upcoming Events hPC-Europa2
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