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Executive Summary: The Building Blocks of a Scientific Revolution

A shift in science is occurring at the intersection of computer science and the sciences that will have a profound impact on science: a leap from the application of computing to help scientists ‘do’ science to the integration of computer science concepts, tools and theorems into the very fabric of science.

For the first time, tools developed for computer science are being used in other fields, most notably biology and chemistry. Indeed, computer science is poised to become as fundamental to biology as mathematics is to physics. Therefore, an opportunity exists to accelerate scientific progress, with profound implications for human life.

‘Towards 2020 Science’ is the product of a diverse group of scientists that describes how computing is increasingly instrumental in advancing scientific knowledge. Since issues such as climate change, biodiversity, energy consumption and virulent disease affect us all; the importance of accelerating scientific research and discovery cannot be ignored. ‘Towards 2020 Science’ describes how science is changing and some of the steps that must be taken by scientists, governments and private companies to support this transformation.

Introduction

About This Reader’s Guide

This document encapsulates the key points of the report ‘Towards 2020 Science’. The aim is to highlight the report’s main observations, and point you to the areas of greatest interest.


Origins of the Report

The 2020 Science Group consists of 34 leading scientists in fields spanning biochemistry, biology, computer science, genetics, mathematics, medicine, particle physics and astronomy. Microsoft Research Cambridge, UK, invited this group of pre-eminent scientists to take part in a three-day workshop in July 2005 to consider the direction science will take over the next 15 years. In particular, the group focused on the potential for computing and computer science to revolutionise science, and how advances at the intersection of computer science and the natural sciences will speed breakthroughs related to some of the greatest challenges for the 21st century.

Microsoft’s interest in this project stems from the fact that science is increasingly underpinned by computer science, and the company has a contribution to make in the evolution of computing for science. 


What’s at Stake — the Most Pressing Global Issues

Promoting the convergence of science and computer science is important because of the dire consequences for human life if society doesn’t aggressively strive to understand, predict and prevent the most daunting problems we face today.

The Earth’s biosphere at risk. According to the Millennium Ecosystem Assessment (2005), 15 of the Earth’s 24 life-support systems (biodiversity, ecosystems, atmosphere, etc.) are showing significant changes in their composition, structure or functioning. For example, human activity is currently producing 300 per cent more carbon dioxide per year than the Earth’s natural carbon sinks can absorb, and this is expected to increase significantly over the next 2–3 decades. The result of this and other human activity is a potentially considerable change in climate. 
Declining biodiversity. We are losing a vital resource for life, the Earth’s biodiversity, at a rate probably 100 times greater than from natural loss, and many of the Earth’s resources are being grossly over-exploited. For example, 90 per cent of Brazil’s 100 million km2 of coastal forest, once one of the most diverse ecosystems on Earth, has been destroyed in the past 90 years. 

Building Blocks of a Computing Revolution
‘Towards 2020 Science’ emphasises the role of computer science and computing in transforming science. Likewise, advances in science could create the building blocks of a fundamental revolution in computing. For example, challenges for future computing systems have elegant analogies and solutions in biology, such as the development of complex systems, resilience and fault tolerance, and adaptation and learning. 
The Expanding Role of Computer Science in Science

An important distinction in this report is the relationship between computing (or computational science) and computer science. In recent years, the massive increase in processing power, exponential growth in stored data and the emergence of internet-enabled web services have required a new generation of computational tools for scientific enquiry. 

Meanwhile, computer science has evolved in relative isolation from the scientific community. By pushing the limits of computing hardware to solve information management issues for businesses or to enable richer game environments, for example, computer science has developed a body of knowledge with theoretical and practical applications for other branches of science. 

Here are just a few examples of the impact computer science is beginning to make on the broader scientific universe.

Understanding cells. Computers have similar characteristics to the cell, the fundamental machine in nature. Like software, cells affect, prescribe, cause, program and blueprint other behaviour. All computers have an essentially similar core design and basic functions, but address a wide range of tasks. Similarly, all cells have a similar core design, yet can survive in radically different environments or fulfil widely differing functions. Hence, the abstractions, tools and methods used to specify and study computer systems should illuminate our accumulated knowledge about biomolecular systems.
Complex systems. Computer science also has much to offer the sciences in its understanding of complex systems. In biology and medicine (e.g. intracellular networks, epidemiology), the environment (e.g. ecosystems, earth systems interactions) and social systems (e.g. transport, cities) communication networks and interaction are represented as complex systems. Perhaps the most important scientific challenge is to understand and predict how complex systems produce coherent behaviour. Complexity has come to be seen as a scientific frontier, and an increasing ability to interact systematically with highly complex systems will have a profound affect on future science, engineering and industry as well as in the management of our planet’s resources.

Changing the way science is done. One of the first glimpses of the potential of computer science concepts and tools, augmented with computing, has already been seen in the Human Genome Project. The coding of scientific knowledge allows scientists to share, compare, criticise and correct scientific knowledge using computers. In addition, coded scientific knowledge can be analysed computationally, before any experimentation, and checked for consistency both among coded theories and between theories and accumulated data, a process akin to computer program debugging.

Advances in Computing

The rapid development of IT in recent years has altered the practice of science by changing the way information is accessed, stored and analysed, and creating new possibilities for research. Scientific publishing, too, has been transformed. But the global scientific community has not fully adjusted, nor is it well equipped, to take advantage of the new information landscape.

A New World of Information Technology

The application and importance of computing is set to grow dramatically across almost all the sciences towards 2020. Computing is changing how science is done, making possible scientific advances by enabling new kinds of experiments. 

The proliferation of data. New technologies are generating new kinds of data — of exponentially increasing complexity and volume. Data management is, therefore, a major issue. Not only is it necessary to create organisational systems for storing and transmitting data, but also to incorporate metadata, which embeds the data’s provenance, for example, into the data. More important still is to overcome the heterogeneity of platforms, data and applications. The goal should be to allow scientists to access and analyse data easily, from any number of disparate repositories, and to have sufficient computational power for any algorithm to process it.

Parallel processing and multi-core CPUs. Commodity computers will not get much faster than they are today, but they will have parallel computing power and unprecedented storage capacity. Commodity machines can be networked to perform tasks traditionally restricted to supercomputers but at a fraction of the cost. However, non-uniform multi-processor (or multi-core) systems defy present programming models. Researchers challenged by huge datasets are now challenged by dramatically more complex computing platforms. 

A Need for New Computing Tools for Science

As analyses become increasingly elaborate and distributed, scientists need advanced techniques to manipulate, visualise and interpret data. A new generation of advanced software-based tools will be critical in science towards 2020. 

Scientists today rely on the creation of software as a side effect of general research, leading to large numbers of weakly maintained and non-integrating libraries and applications, but tomorrow’s science will require collaborative communities that share architecture, service definitions, services, component frameworks and components to enable the systematic development and maintenance of software.

In addition, we expect that a paradigm will soon emerge with software acting as a window into diverse data sources and data-analysis services. Many sciences share these data management, analysis and visualisation challenges, thus a generic solution is not only possible, but desirable.

Implications for Scientific Communication

With an increased reliance on highly distributed and highly derived data, there is a largely unsolved problem of preserving the scientific record. There are frequent complaints that by placing data on the web (rather than conventional publications or a centralised database), essential information is lost. How do we record how a dataset was derived? How do we preserve the history of a dataset that changes all the time? How do we find the origin of data that has been repeatedly copied between data sources? Such issues have to be resolved to offer a convincing infrastructure for scientific data management.

New Concepts and Technologies Emerging From Computer Science
The invention of conceptual (e.g. calculus) or technological (e.g. the telescope) tools have been the building blocks of the scientific revolutions that changed the course of history. Such conceptual and technological tools are now emerging at the intersection of computer science, mathematics, biology, chemistry and engineering. Indeed, we look set to be in extremely exciting and potentially profoundly important times towards 2020, as the development of these tools advances.

Codification of biology. The next 15 years will see progress in the codification of scientific knowledge. Codification means, quite literally, turning knowledge into a coded representation that is mechanically executable and analysable. Biology is one area where codification is seen as crucial to scientific progress. At the conceptually simplest level, we have the codification of the genome: DNA structures are represented as long strings in a four-letter alphabet. Codified information can be searched, compared and analysed using a variety of computational techniques. 

Further efforts involve the codification of metabolic and signalling pathways; so that the networks of biochemical interactions can be searched, compared and analysed. How to do that is still being resolved, although efforts are under way and many pathway databases are being created.


Machine learning. The limits of the single processor are already being reached and, in order to sustain exponential growth of processing power, manufacturers are moving towards massively multi-core devices, posing challenges for software developers. Fortunately, many machine-learning algorithms, as well as a significant proportion of numerical simulation methods, can be implemented efficiently on highly parallel architectures. We anticipate the development of new programming languages and user tools that embrace concepts such as uncertainty, and which thereby make the process of implementing and applying machine-learning techniques more efficient, as well as making them accessible to a broader audience.


Artificial scientists. Computing and computer science are set to play an increasingly central role in the formulation and testing of scientific hypotheses. This traditionally human activity has already become unsustainable in the biological sciences without the aid of computers. This is not due to the scale of the data involved, but because scientists are not able to conceptualise the breadth and depth of the relationships and potential relationships contained within the data. In the new approach, artificial intelligence techniques are employed to carry out the entire cycle of scientific experimentation, including the originating hypotheses to explain observations, devising experiments to test these hypotheses and implementation of experiments, using robots to falsify hypotheses.

Molecular machines. Living cells are the most sophisticated nano-systems known. For over two decades, efforts have been under way to modify cells for mass production of chemicals that are either too complex for classical synthesis, or that can be more efficiently produced by micro-organisms. The long-term possibilities of synthetic biology are enormous, from new experimental tools and techniques to the design and synthesis of entirely new forms of drugs (Endy, 2005). In the coming decade, we can expect the distinction between biological and technical systems to blur. The computer will be central in this merger of ‘the artificial’ and ‘the living’. Principles from computer science are already proving essential for addressing the immense complexity of such an endeavour.


Science’s Grand Challenges

Without continuing to expand scientific knowledge, there is little hope that we can address threats to human life and reverse the damage that current and past generations have wreaked on the Earth. With adequate attention and funding from governments, academia and the scientific community, computer science is poised to enable breakthroughs in some of the most challenging areas of scientific research.
Modelling Earth’s Life-Support Systems
There is an urgent need to understand the Earth’s life-support systems so that we can predict the effects of human activity on them, and the consequent ability of life to be sustained on the planet. This requires the development of powerful predictive models of the complex and interacting factors that influence our environment, and use these models to test strategies for counteracting the damage. 

Climate is one of the main determinants of species distribution and evolution and, therefore, the creation of an adequate computational model should be of the highest priority. An important next step is to incorporate the influence and effect of human activities on climate. This is already under way and will be possible to model effectively by 2010.

Understanding Biology
As biologists increase their understanding of cell components, it is becoming clear that simply obtaining a full part list will not tell us how a cell works. Rather, even for substructures that have been well characterised, there are significant difficulties in understanding how components interact to produce the observed behaviours. Through the eyes of a computer scientist, however, the mechanisms of cellular biology are quite remarkable. Not only is life based on coded information (DNA), but at least three of the biochemical toolkits used by cells are computationally complete: they each support general computation and are involved in some form of information processing. The implication is that many cellular processes can be considered as algorithms operating within a computational model. Many of these, both algorithms and models, are still to be discovered.

Creating Virtual Immune Systems

Understanding human immune systems by computational means could be an effective weapon in the fight against pathogens, cancers, inflammatory diseases and autoimmunity disorders as well as in the area of transplants. Rapidly changing infectious agents, such as HIV and influenza, and even ‘bio-warfare’ threats have added to the need for extremely fast, computational approaches in the design of vaccines. Virtual human immune systems could have numerous applications, such as designing a vaccine tailored to individuals with different tissue types.

Managing Global Epidemics

Computational science has a key role to play in overcoming infectious disease threats, both in preparedness planning and in real-time response, by improving predictive modelling of disease spread and the impact of control measures.

New Drug Discovery

Advances in computing and computer science will play a pivotal role in understanding disease and selecting new drug candidates because of their crucial role in enabling systems biology, chemistry and biomedical engineering, and because they serve as a ‘glue’ between the disciplines in drug discovery. Improved data mining and visualisation methods will also be required for better understanding of readouts based on profiles crossing many proteins, metabolites and so forth, instead of single scalar values. Furthermore, bioinformatics, chemoinformatics and computational chemistry will mature and provide reliable methods to undertake most of the steps in drug discovery, integrated in an entirely in silico drug discovery pipeline.
Understanding the Universe
Questions about the origin and ultimate fate of the universe have always fascinated humankind. This generation has the audacity to believe that it may be possible to answer these questions, but to succeed computational tools will need to be brought to bear on an unprecedented scale.
The Origin of Life

As a result of the improbability of reproducing the evolutionary process resulting in a primary cell in a lab within our scientific lifetime, computer analysis, modelling and simulation are essential to suggest such intermediate evolutionary milestones.
Energy

Meeting demands for energy in a sustainable manner presents significant challenges. It is imperative to find and advance new sources of low-carbon or renewable energy, including biomass, marine, photovoltaic, fuel cells, new-fission and fusion and to develop carbon management technologies. This will require enabling scientific advances in new materials, computing, data capture and synthesis, communications, modelling, visualisation and control. Highly novel approaches need to be applied all the way down the energy supply chain to help establish viable future energy sources.

Towards 2020 Science — A Call to Action

We are in important, exciting, indeed potentially extreme, times in terms of the future of our planet, our society and our economies, and extreme times call for bold measures. Governments, scientists and policy makers cannot afford to simply wait and see what happens. The 2020 Science Group therefore makes these ten recommendations:

1. 
Establish science and science-based innovation at the top of the political agenda

2. 
Urgently re-think how we educate tomorrow’s scientists

3.
Engage the public in science

4. 
Re-think science funding and science policy structures

5. 
Create new kinds of research institutes

6. 
Re-energise computer science to tackle ‘grand challenges’

7. 
Develop new conceptual and technological tools

8. 
Develop innovative public private partnerships to accelerate science-based innovation

9. 
Find better mechanisms to create value from intellectual property

10. 
Use our findings

With enough awareness and action in these critical areas, scientists, society and global leaders can dramatically affect the course of science not only through 2020, but for generations to come.
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