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ABSTRACT 

 

INFORMATION TECHNOLOGY, SCIENCE, AND PUBLIC POLICY 

David W. Cheney, Ph.D. 

George Mason University, 2007 

Dissertation Director: Dr. Don E. Kash 

 

 This dissertation addresses how information technology (IT) affects science, and 

the resulting implications for investments in IT and in research.  The dissertation reviews 

relevant science policy literature and literature on the effects of information technology, 

and then examines in detail the applications of IT in the geosciences and biosciences.  The 

dissertation develops models of the effects of advances in IT on the productivity, quality, 

and impact of science.  It then tests this model though three case studies of malaria research, 

earthquake research, and Chesapeake Bay research.    

 

 The research found there to be a significant impact of IT on science in all of the 

fields studied.  IT affects science not just through improving efficiency but primarily 

through enabling new types of research.  Some of the most significant effects include a 

huge increase in the productivity of data collection and the availability of data, an increased 

ability to deal with complexity, the development of fundamentally new approaches to 

research, and the expansion of collaboration in both geographic and disciplinary 

 



 

dimensions.  IT helps to enable researchers to address some of the complex problems that 

are most important to society, and provides tools for communicating with users and 

stakeholders of science, increasing the impact of science.  Although IT was found to 

influence all of the fields studied, there are also substantial differences among the fields, 

due both to the nature of the science and the organizational and cultural history of the 

fields.  

 

 Measurement difficulties do not allow one to determine whether there is under- or 

over-investment in IT for science, but, based on the magnitude of past impact, continued 

investment in IT for science appears prudent.  Because some IT used in science is highly 

generic while other IT is specific to certain types of science or specific fields, it is 

suggested that there be multiple sources of funding for these different categories.  

 

 

 



 

 

 

Preface 

 

 This research topic had its genesis in 1995 when I was working for the Department 

of Energy.  The Under Secretary had tasked me with helping to get the computing research 

programs of two parts of the Department, the Office of Defense Programs and the Office of 

Energy Research, (now the Office of Science) to work together better.  After several 

workshops and meetings, the computer researchers from the national laboratories who 

were funded by the two programs had come up with a plan for an initiative, named DOE 

2000, that would be a joint effort of the two programs (Department of Energy 1997).  The 

initiative would develop new modeling and simulation tools that would make computer 

simulations capabilities developed for simulating the behavior of nuclear weapons 

available to be applied to other applications.  The initiative would also develop new tools 

for scientific collaboration that would let scientists in different locations collaborate 

electronically in a much richer way.  These tools would include techniques for remotely 

operating major scientific instruments, videoconferencing with shared whiteboards or 

computer simulations, and shared electronic laboratory notebooks.   

 

 There was substantial interest in this initiative, including interest from White 

House staffers who saw this as supporting the President’s overall information technology 

(IT) initiatives.  The difficulties came with attempts to fund the initiative.  The computer 
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scientists designed the initiative to be a $70 million per year program.  No additions to the 

Department’s budget were available, however, and any money for the new initiative would 

need to come out of the budgets for Office of Energy Research and the Office of Defense 

Programs, taking funds away from other research activities.  The Office of Energy 

Research and the Office of Defense Programs did not want to fund the initiative by taking 

money out of their other programs.  The Under Secretary asked me for my 

recommendation on the funding level.     

 

 Although I supported the initiative, I had no analytic basis for making a 

recommendation.  How should one decide whether it is better to spend money on IT for 

science or on research scientists and research equipment?  Does science advance faster 

when a large amount of science funding goes to IT?   How does IT affect the productivity 

and quality of science?  How much IT for science is enough?  How should such decisions 

get made?  These are the questions that have motivated this dissertation.  

 

 Throughout the U.S. R&D enterprise, substantial investments are being made in IT 

with the purpose of advancing science.  These investments represent a decision that the 

funds are better spent in IT than in other parts of the science enterprise, such as in 

equipment or people.  There is little analytical basis, however, for judging how much to 

spend on IT for science, and whether, and to what extent, investments in IT are likely to 

contribute more to science than other investments in research facilities, equipment, or 

people. This dissertation is an inquiry into this question, and attempts to examine, structure, 

xi 



 

and strengthen the evidence that can be used as input into such decisions.   

 

 In rational decision-making theory, there is a straightforward approach to making 

decisions about funding IT versus other science investments.  One simply would compare 

the expected benefits of the investments in IT with the expected benefits of the other 

alternatives (e.g., accelerators or microscopes or post docs), with both being appropriately 

discounted to reflect the different time periods over which the benefits would accrue.  In 

practice, of course, there is no reliable data for such an analysis.  Although the benefits of 

investments in science as a whole are well established (Mansfield 1972), predicting the 

results or benefits of any particular investment in science, whether research or science 

infrastructure, is guesswork.  There is no empirical basis for making such trade-offs.     

 

 In the absence of data or useful decision making models, decisions are usually 

made by some form of expert judgment, either by individuals or committees.  Their views, 

especially in absence of data, typically rely heavily on their own individual or collective 

experiences or biases.  In many cases, the debates over funding for IT for science feature 

advocates of IT arguing that IT can do wonderful things for science, such as helping to 

understand the earth's climate or design new drugs.  On the other side are those who say 

that the funds should go to existing projects or to budget deficit reduction.  There generally 

is little discussion of the tradeoffs in cost or time that occur and there is generally little 

discussion of any broader effects, positive or negative, of the effects of IT on science.   
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 Decision-making about investments in IT for science is especially difficult because 

IT investments provide benefits across many fields.  Scientists can often set priorities 

within their own fields, but find it more difficult to set priorities across fields, which often 

involves comparing investments with different risks and different kinds of potential 

benefits.   For example an investment in a supercomputer that may benefit multiple fields 

of science provides a much different distribution of benefits than a high energy physics 

accelerator or a specialized microscope.   

 

 Although ideally one would like to be able to quantify the value of IT for science, 

developing measures of value in science is very difficult, and the goals of this dissertation 

are more limited.   A central goal of this dissertation is to develop a qualitative 

understanding of the relationship between information technology and science.  The 

dissertation presents and tests conceptual models that describe the interactions between 

information technology and science.   

 

 This dissertation begins with a description of why understanding the IT-science 

relationship is important and how it relates to other topics, including studies of the impact 

of IT on the economy and education, and measurement and productivity in science.  It 

proceeds to discuss a set of hypotheses that guide this study and the research methodology. 

The dissertation includes a general literature review of topics related to the relationship 

between IT and science, and then includes a detailed literature review of the role 

information technology in the biosciences and geosciences.  It next presents models of how 
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information technology affects sciences, and then presents three case studies of subfields 

of science, which serve to illustrate and test the main model.  Finally, it discusses what the 

research says about the initial hypotheses, and then discusses the implications for public 

policy and future research. 
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1. Introduction 

 

1.1.  Importance of this Topic 

It is important to understand how IT affects science for several reasons.  First, IT 

expenditures for science are a significant budget item.  The annual Federal budget for IT 

R&D is over $2 billion (NSTC 2005), and a large percentage of this is for IT to support 

applications in science.  In addition, Federal agencies, laboratories, and universities spend 

substantially more on IT as components of individual research grants and as overhead on 

research projects, although precise figures are not available.  Because IT expenditures 

constitute a significant part of the Federal R&D budget, it is important to understand the 

effects of these investments.     

 

Second, it is important to understand factors that may affect the speed and quality 

of science.  The importance of science to society is widely accepted -- it is an important 

contributor to economic growth (Mansfield 1972, Rosenberg 1982) as well as to advances 

in health, safety and other social benefits.  It is important to understand factors that affect 

the productivity of science (how much knowledge is produced per unit of input), the 

direction of science (what areas of science are pursued or not pursued), and the validity of 

science. 
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Researchers have noted that science is increasingly mediated through technology -- 

technology influences the goals of science and the kinds of research performed, and 

scientific knowledge is increasingly obtained only as observed through technology 

(Queraltó 1998). Does information technology have a special or unique influence on the 

science?  For example, is knowledge based on computer modeling qualitatively different 

than knowledge based on experimentation?  Does IT-based science, by lowering cost of 

repetitious tasks, tend to produce more incremental advances without enabling conceptual 

breakthroughs?  Does the use of IT to enable massive data collections encourage 

researchers to mine data to look for hypotheses rather than to design data collection to test 

hypotheses?  In another words, does IT encourage more “hypothesis-generating” research 

rather than “hypothesis-driven” research?  Does the availability of computer modeling lead 

to more research on complex systems rather than reductionistic research that focuses on 

small pieces of large systems?  If these effects are occurring, what are the implications?  

While answers to these questions may not lead directly to specific policy choices, policy 

makers need a better understanding of these issues when deciding how much of limited 

research dollars should be for IT.  

 

Third, this topic relates to broader issues of science-technology interaction.  It is 

important to gain more insight into factors that may affect the speed and direction of 

technical change.  U.S. science and technology policy has largely been concerned with 

promoting the development of science and technology, through government funding of 

research and development and through creating a positive environment for technological 
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innovation.  Science and technology policy has also been concerned -- to a lesser extent in 

recent years -- with regulating the adverse effects of science and technology in areas such 

as environmental pollution and bioethics.  In the 1980s and 1990s, the priority for U.S. 

science and technology policy was clearly to promote the development of science and 

technology.  The prevailing view was that there were diminishing returns to investment in 

R&D -- the easy knowledge about the universe had been obtained and more knowledge 

was seen as increasingly expensive, requiring ever more expensive instruments, as 

illustrated by the increasing cost of accelerators in physics. Technological innovation and 

productivity gains were also widely seen as decelerating, and a widespread assumption was 

that it was easier for lagging nations to catch up than for leading nations to get ahead.  

 

Today, some people argue the opposite -- that science and technology form a 

positive feedback loop, with advances in science leading to advances in technology, and 

advances in technology leading to advances in science (see for example, Kurzweil 1999, 

2001).  While this positive feedback may not be specific to IT, the IT-science relationship 

is the area where this feedback loop is most frequently postulated.  If advances in science 

and technology have changed from a regime of diminishing returns to a regime of 

accelerating returns, it has important policy consequences. While positive feedback 

between science and technology may be generally desirable, positive feedback processes 

run out of control if unregulated (Agazzi 1998). If there is a strong positive feedback, it 

would suggest that science and technology policy would need to shift from a stance of 

promoting science and technology to one with much greater attention to regulating science 

3 



 

and technology.  A better understanding of the relation between IT and science is essential 

to making this determination.  

 

Finally, this topic relates to broader issues concerning the role of IT in society. 

There have been important policy discussions in recent years on how information 

technology affects the economy, education, and civil society.  A better understanding of 

the interaction between IT and science may shed light on the role of IT in other areas of 

society.  

 

1.2.  IT Productivity Paradoxes 

It may appear obvious that IT improves the productivity of science.  Why else 

would people use IT in science?  While the fact that many people choose to invest in IT 

should suggest that people are finding value in IT, one must also consider the alternative 

hypothesis that people are investing irrationally in IT, as the result of IT hype or as Kling 

and Iaconno (1990, 1996) describe it, a “computerization movement.”  In two other areas -- 

the economy and education -- where the applications of IT have been studied extensively 

and where the effects of IT are easier to measure, the benefits of IT have been much less 

and slower to accrue than originally predicted.   

 

The long-running debate on the role of IT in productivity changes in the overall 

economy was most aptly characterized by Robert Solow’s (1987, p.36) quip that, “We see 

computers everywhere except in the productivity figures.” There was little evidence of an 
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IT-induced productivity increase in the economy until the year 2000.  The inability to 

detect productivity increases from investments in information technology was termed the 

“productivity paradox”.  There are several explanations for this paradox: measurement 

problems (especially measuring productivity changes in the service sector); hidden costs of 

IT, such as the need for training, security, and continual upgrades that absorb productivity 

increases; and the need for organizational and institutional changes to take advantage of 

major changes in technology (see Brynjolfsson 1993; Brynjolfsson and Hitt 1995, 1996, 

1998, and 2000; David 1989).  

 

 Since 2000, there has been more evidence that IT investments are leading to 

productivity improvements, but it is still not clear if these extend beyond the IT sector of 

the economy (DOC 2001, 2002; Litan and Rivlin 2001). 

 

Similarly, there has been a long running debate over the role of IT in education.  

While many people have advocated a greatly expanded use of IT in education, the evidence 

for the effectiveness of IT in education has been mixed, and IT-based education has not 

been proven to be more cost-effective than other forms of instruction (Cuban 1994, Kulik 

and Kulik 1991, Rosenberg 1997). 

 

There has not been a comparable debate over the role of IT in science, but it seems 

reasonable to ask if IT has in fact improved the productivity of science.   Productivity in 

science is, of course, difficult to measure, but so far there do not even appear to have been 
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attempts to examine if, or under what conditions, IT improves the productivity of science. 

 

1.3.  Motivating Questions and Hypotheses 

The following are some of the central, policy-relevant questions that this 

dissertation addresses.  

 

1.3.1. How does IT affect the productivity of science? 

Perhaps the central question for public policy is "Does investment in IT make 

science more productive?"  The answer to this question affects the fundamental 

justification for investing in IT for science, and also affects the question of whether there is 

a positive feedback loop between science and technology. This question, however, for 

reasons discussed later, is very difficult to answer.   

 

One can define the productivity of science to be the ratio of the outputs of science to 

the inputs or investments in science.   If investment in IT for science leads to more 

scientific output per unit of input (including the investment in IT) then IT increases the 

productivity of science.  One hypothesis is that advances in IT are driving productivity in 

science.  Great advances in computing power, data collection, data management, and data 

communications are hypothesized to accelerate science by leading to:  

• Faster dissemination of research results 

• Easier access to knowledge and data 

• Reduced cost of data collection and analysis 
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• Easier collaboration 

• Easier analysis of complex systems through modeling and simulation. 

 

A counter hypothesis is that these improvements in IT either do not contribute to 

the generation of new ideas, concepts, and theory that central to advances in science, and/or 

that the increases in productivity due to advances in computing are largely negated by 

corresponding costs in purchasing, upgrading and maintaining IT equipment, as well as 

cost associated with learning to use IT, managing IT security, and distractions, such as 

unwanted email, games and web browsing.     

 

It is also possible that IT would contribute to increases in the productivity in 

science, but that these contributions would be entirely negated by other factors decreasing 

the productivity of science, such as the inherent increasing difficulty of answering the 

remaining scientific questions.  

 

These hypotheses can be more formally stated as: 

H1. IT improves the productivity of science. 

H2. IT reduces the slowdown of science. 

H3. IT has no measurable effect on the productivity of science. 

H4. IT has led to a slowdown in science. 
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1.3.2. How does IT affect quality of science? 

 A second general question is "Does information technology contribute to 

qualitative changes in science?"  IT lowers the relative cost of certain kinds of activities 

relative to other activities.  As a result of this, scientists would be expected to increase the 

amount of the IT-enabled activity relative to other activities, resulting in a shift in the 

direction of science.  IT, for example, would appear to lower the relative cost of research 

that makes use of automated data collection, large databases, and models and simulations 

of complex systems.  It would also appear to lower the costs of communication and 

information sharing among scientists. 

 

 There are several possible types of qualitative effects that one can hypothesize: 

• The prevalence of large databases and data mining tools may lead to a shift in scientific 

processes, encouraging people to mine data to suggest hypotheses, rather than starting 

with hypotheses and designing experiments to collect the data. While “exploration” 

science where one collects data without clear hypotheses isn't new -- the biological 

collections in the Lewis and Clark expedition fit this description – IT could shift the 

balance between hypothesis-driven science and other modes of science.  

• ΙΤ may shift the kind of questions that are asked and the kinds of problems studied.  IT 

constitutes a set of tools for dealing with a multitude of data and a complexity of 

relationships.  These may enable and encourage scientists to work on complex rather 

than simple problems.  IT could encourage a shift in science away from a reductionistic 

focus on constituent elements toward a greater focus on the behavior of systems.  In 
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other words, IT may literally and figuratively enable research focused on forests rather 

than trees.    

• IT could, by making it easier to analyze data, encourage work that is more quantitative 

-- "number crunching" -- at the expense of conceptual work.  Or, alternatively, the use 

of computer models to structure complex sets of hypotheses could enhance conceptual 

work at the expense of empirical work.   

• Modeling and simulation can enable one to produce impressive results that may not be 

well grounded in data.  This could lead to scientific “knowledge” that is less robust. 

• If IT is used to automate and speed up routine procedures without aiding conceptual 

advances, it could speed up incremental science without leading to major 

breakthroughs.  In Kuhnian terms, does IT contribute more to normal science than to 

breakthroughs or paradigm shifting science? 

• Does IT improve the quality of ideas in science?  To the extent that electronic 

communications facilitate collaboration and access to knowledge, scientists will obtain 

more and better ideas, leading to more significant advances in science. 

 

 These hypotheses can be more formally stated as: 

H5 IT leads to more hypothesis-seeking rather than hypothesis-driven work. 

H6 IT leads to a shift from reductionistic science focused on narrow problems to more 

systems research focused on complex problems 

H7 IT (primarily data collection and management) leads to more data driven and less 

conceptual science 
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H8 IT (primarily modeling and simulation) leads to science that is more conceptual and 

less data driven.  

H9 IT contributes more to the speed of incremental advances than to conceptual 

advances. 

H10 IT (primarily communications) contributes to creativity by expanding the range of 

ideas that scientists have access to.  

 

1.3.3. How does IT affect the impact of science? 

Another criterion for evaluating science is the extent to which it contributes to 

various social goals.  This "broader impact" is enshrined as one of the evaluation criteria 

for NSF grant proposals.  Types of impact may be on education or on social equity, or 

economic benefits.  Does IT affect the way the science community interacts with the users 

of scientific information?  Does it foster greater linkages with user groups, changing the 

relevance of science and its social and economic impact?  If IT increases the impact of 

science, it may justify IT expenditures even if it does not increase the productivity of 

science. 

 

There are several ways in which IT might be hypothesized to affect the impact of 

science.  One is by fostering linkages between scientists and the users of science, such as 

industry, educators, and public officials.  These linkages may be direct, such as email 

communication between scientists and the public, or websites providing information.  

They may also be more subtle.  For example, the use of modeling and visualization may 
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make scientific information easier to understand, such as the models projecting the path of 

a hurricane that are displayed in weather forecasts.  Or it could be that the modeling 

enables scientists to take on previously intractable problems that are relevant to society, 

such as the effects of global warming, or the complexity of traffic jams.  Modeling may 

enable handling complexity that enables scientists to focus on real problems, which 

increases the relevance to users.  Models may also be a tool to aid education and training.  

 

These hypotheses can be more formally stated as: 

H11 IT increases the social impact of science through aiding the communication of 

scientific information to users. 

H12 IT increases the impact of science by providing tools to address the complex 

problems that are critical to society.  

 

1.3.4. How does IT affect the sociology and practice of science? 

Science is understood to be a communal activity, in which community plays 

important roles in selecting research proposals to be funded, sharing ideas and information, 

and deciding what results are published, accepted, and built upon.  A key question is how 

IT affects the sociology and practice of science.  IT is hypothesized to influence 

communication and collaboration patterns in science, by making it easier to share data and 

ideas over distance.  Does IT in fact lead to significantly changed practices of working 

across geographic and disciplinary boundaries? 
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One hypothesis is that IT enables collaboration across disciplines by increasing the 

codification of knowledge and making it more transferable; by enabling sharing of data and 

models; through visualization; and through other means.  Community models and 

databases may facilitate broader collaboration and increased information sharing and 

dissemination.  One might expect that IT would affect the balance between single 

investigator research, center-based, and widely distributed research, and would influence 

the patterns of collaboration among scientists. IT might also be hypothesized to influence 

the structure of scientific communities, including changes in the structure of journals or 

peer review.  These questions, however, are beyond the scope of this dissertation.  These 

hypotheses can be more formally stated as: 

H13    IT aids increased scientific collaboration. 

H14    IT contributes to interdisciplinary research. 

 

1.3.5. What are the spillover effects of IT for science?   

A central question in determining the value of IT investments for science is the 

extent to which the benefits from IT investments in one area spill over to other areas of 

science or to areas outside of science.  If the IT investments in one field of science provide 

benefits outside of that field of science, then the original field will undercount the total 

benefits to society when making its own cost-benefit decisions about the investments.  It 

the spillovers are large, it suggests that funding for IT for science should be more 

centralized.  Examples of spillovers include the World Wide Web migrating from the 

physics community to the world at large, or modeling going from engineering to 
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earthquakes.   

 

A related issue is to what extent is the information technology that is most critical 

to science is fairly generic IT, like the Internet, World Wide Web, geographical 

information systems, or basic office software that has many uses in and out of science?  Or 

is the most critical IT for science, that which is specific to science, but has applications in 

multiple subfields of science, such as general modeling software or general gene 

sequencing software?  Or is the most critical IT highly specialized for a particular science 

application?  The answers to these questions are important because they affect the extent to 

which IT for science is better supported through large centralized or cross disciplinary 

programs, through science-specific programs (e.g., bioinformatics), or through 

components of specific research programs (e.g., IT for earthquake fault mechanics).     

 

These hypotheses can be more formally stated as: 

H15 There are substantial spillovers from IT investments in one field of science to 

another field of science. 

H16 Most critical IT for science is specific to the field and there are limited spillovers 

across fields. 

H17 Most critical IT for science is generic IT, such as from home and commercial 

applications, not IT specifically developed for science. 
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1.3.6. How does the effect of IT differ among fields? 

Are the effects of IT generally similar across the fields of science, or are there 

important differences across fields?  Is it possible to have one model of the relationship 

between IT and science, or does one need to have different models or at least substantially 

different model parameters, for each field?  What are the variations across fields that affect 

the influence of IT?  The answer to this question affects the extent to which IT investment 

strategies need to be tailored to the particular field of science. Kling and McKim (2000), 

for example, argue that there are substantial differences among fields in the extent to which 

they use electronic journals.  Several dimensions of science may affect the role of IT, such 

as whether the field is: 

• Primarily experimental (amenable to controlled experiments), observational (such as 

most geology or astronomy) or theoretical. 

• Regional v. global 

• Primarily small scale or large scale science. 

 

In addition, there may be differences in use of IT primarily rooted in the field’s 

history and culture, or in the policies of the dominant funding agency for the field.  One 

might expect that areas of research that involve extensive databases, large scale 

collaborations, the synthesis of research from multiple disciplines, or the analysis of 

complex systems may benefit from IT more than areas of research that are less complex 

and confined within a single discipline.  These hypotheses can be more formally stated as: 

H18 IT affects different fields in different ways 
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H19 Communications aspects of IT are more important in highly international fields 

H20 Modeling is more important (and is applied earlier) in observational rather than 

experimental fields 

 

H21 Modeling and databases are especially important to fields that study complex 

systems 

H22 Political context and agency/discipline culture influences use of IT 

 

This section has described a rich set of policy-relevant research questions to 

explore, and a large number of competing hypotheses to examine.  This dissertation 

represents an initial exploration of these questions.  Subsequent sections present and test a 

model that explicitly shows these relationships.   
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2. Definitions, Scope, Challenges, and Methodology 

 

2.1. IT Defined  

Information technology, as defined in this dissertation, includes: 

• digital data collection devices (such as sensors or digital laboratory equipment);  

• data storage and management technologies (optical and magnetic recording and 

associated hardware and software);  

• information processing hardware and software (encompassing computation, modeling 

and simulation1 software); and  

• digital communications (Internet, email, World Wide Web).  

Much IT used in science combines aspects of each of these categories.  Electronic journals, 

for example, involve data storage and management, and communication.   

 

A key distinction is that this dissertation is focused on digital information 

technologies.  There are pre-digital analogs to all of these technologies, including analog 

sensors, paper data files, physical or conceptual models, and analog or paper 

communications.  This dissertation is not focused on the effects of improved telephone 

                                                 

 
1 A model is physical, mathematical, or otherwise logical representation of a system, entity, phenomenon, or 
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communications or analog sensors, although these certainly are information technologies 

by a broader definition.   

 

These technologies have a wide range of applications in science.  Digital data 

collection encompasses applications as disparate as automated gene sequencers, digital 

seismographs, digital cameras on satellites, and digital sensors in high energy physics 

experiments.   Data storage and management ranges from files in a single PC to large 

centralized data storage systems to distributed databases where the data resides on many 

computers connected over a network, and also encompasses the software that is critical to 

data management.  Information processing hardware and software encompasses the 

computer and software used to analyze data, make computations, construct and run models 

and simulations, and visualize the output of the simulations.  Digital communications 

include the Internet and World Wide Web.  The Internet is used to connect data collection 

devices, data storage, and computational resources to provide a wide variety of services, 

such as electronic journals, videoconferencing, community databases, and community 

models. 

 

2.2. Science Defined 

Science as used in the dissertation refers, conventionally, to the observation, 

________________________ 

process. A simulation is a method for implementing a model over time.  Definitions come from the U.S. 
Department of Defense (1994) and are those used by the National Research Council (1997).  
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identification, description, experimental investigation, and theoretical explanation of 

phenomena.2   Although social sciences are included in this definition, all of the fields and 

subfields that were investigated in this dissertation are in the natural sciences, and so the 

scope of the dissertation can be considered as limited to the natural sciences.  “Science” as 

used in this dissertation pertains to both pure science -- which can be defined as the search 

for empirical knowledge about the world based on explaining observable events in nature 

as a result of natural causes -- as well as applied science, which is the application of 

research to human needs (Wikipedia contributors 20063).  Science includes both 

experiment, the search for first-hand information, and theory, the development of models 

to explain what is observed.  

 

While much of the subject of the dissertation is the effect of IT on research, I use 

"science" rather than "research" because much of the use of IT in science is communication 

of ideas, the management of data, the building of models, all of which are clearly part of 

science, and may be part of a research program, but may not be part of a narrow definition 

of research.   

 

Another view of science is that science is what scientists do.  It is useful to make the 

                                                 

 

2 The American Heritage Dictionary of the English Language, Fourth Edition.  
2000.  Houghton Mifflin Company. 
3 While this is an unconventional citation, over the course of the this dissertation Wikipedia, which is based 
on the voluntary submissions and edits of many thousands of authors, has evolved and become recognized as 
comprehensive source with quality equal or better to standard encyclopedias. This is the preferred citation 
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distinction between science as knowledge and science as practice (Pickering 1992).  This 

dissertation is primarily concerned with the effect of IT on the production of scientific 

knowledge.  From a public policy perspective, taxpayers provide funds for science because 

they believe scientific knowledge is useful for economic growth and addressing other 

social goods, such as national security, health, and the environment.  In general, 

policymakers are only concerned with scientific practices to the extent that they affect the 

output of science in terms of knowledge.  This dissertation is interested secondarily, 

however, in the effects on the practice of science.  There is a close connection between 

scientific knowledge and scientific practice -- science is a communal process and what is 

recognized to be scientific knowledge is affected by the practices and sociology of 

scientists.  If IT is affecting the practice of science -- by affecting scientific methods or the 

sociology of science, it may very well affect quantity and quality of scientific knowledge 

produced.   

 

2.3. Challenges 

There are many challenges in addressing this topic.  One is the absence of a strong 

pre-existing analytical framework.  Existing frameworks are discussed in chapter 3; 

developing a stronger analytic framework becomes the essential part of this dissertation.  

Several other challenges include measurement difficulties, difficulties in separating the 

influence of IT from non-IT factors, and challenges in analyzing changes in the midst of a 

________________________ 

form for Wikipedia.  
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major transformation. 

 

2.3.1 Measurement Challenges 

Measuring the output of science is fraught with difficulties, and measuring 

productivity, which is a ratio of output to inputs, is subject to even greater difficulties.  

Ideally one wants to measure the marginal contribution of IT to productivity in science, 

which requires measuring the output of science and IT as well as other inputs (labor, 

facilities, and other research equipment).   The question one would like to answer is: “does 

increasing the IT component of scientific investment increase the output component 

sufficiently that overall productivity increases?”  One way of looking at this question is 

over time.  Have the enormous advances in IT led productivity in science to increase, so 

that the productivity of science today is greater than the productivity of science twenty 

years ago?   The other way to look at this is across science.  Is science that is more IT 

intensive more productive than science that is less IT intensive?  In theory, this could be 

compared across fields of science (IT versus non-IT intensive fields) or across projects 

within a field (IT intensive research groups versus non-IT intensive research groups).  

 

Although these questions are clear in theory, there are substantial difficulties in 

practice.  The first challenge is defining and measuring output in science.  This has both 

conceptual and practical problems.  A first conceptual problem is deciding on an 

appropriate output measure.  There are several ways to conceptualize the output of science.  

One view of scientific output is the amount of new knowledge created.  This is 

20 



 

conventionally measured by number of publications, typically the number of publications 

in peer-reviewed journals.  There are several difficulties with using publications as a 

measure of output.  Numbers of publications depends on many factors other than scientific 

output.  If R&D funding for a field goes up and more scientists enter a field, there will be 

more authors, editors, and subscribers, creating the capacity and pressure for more 

accepted articles and even new journals, independent of any increase in real scientific 

output.  If the number of publications goes up without a real increase in scientific output, 

one might expect that the citations to articles would decline, but total citations are also be 

affected by the number of working scientists, independent of output or quality.  Publication 

can not be assumed to be solely a measure of scientific output that is independent of input 

and this is problematic for measuring productivity. 

 

There are also well-known technical difficulties with using publications as measure 

of scientific output (Bozeman and Melkers 1993).  The counts of publications depend on 

the number of journals that are in the dataset one is analyzing.  Including more journals 

expands the number of counts, but also raises questions about quality, because not all 

journals are widely read.  Including fewer journals maintains quality standards, but may 

miss some valid new science, especially in emerging fields.  While journals can be ranked 

based on the extent to which their articles are cited, the cutoff is somewhat arbitrary, and 

affects the total publication counts.   

 

Another problem is that IT may be affecting publication rates independently of 
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scientific output.   Electronic journals, preprint servers and informal Internet 

communications are thought to be influencing publication patterns.  In an NSF-sponsored 

study of why U.S. publication rates have declined, one of the hypotheses being explored 

was that IT-induced changes in publishing behavior, such as increased use of Web-based 

working papers and preprints to disseminate research, was leading to a decrease in 

publishing (NSF 2007a).4   It is problematic to use publications as a measure of IT’s impact 

on scientific output if IT is affecting the propensity to publish in the type of journals that 

are counted.   

 

Another way to conceptualize the output of science is as significant advances in 

understanding of the world rather than as all knowledge.  Some advances are clearly more 

fundamental than others, and arguably the rate of major advances is more important than 

the number of publications.  Major advances, however, are difficult to define precisely or 

measure.   Major advances are often recognized through major awards.  These are not too 

useful for measuring changes in the rate of progress, however, because most award-making 

bodies give a constant number of awards each year.  The Nobel Prize committees, for 

example, do not make more awards when there are more great discoveries.  Moreover, such 

prizes are usually awarded to achievements that occurred a significant but varying time in 

the past.  Many achievements are only recognized in retrospect -- the transformations or 

                                                 

4 Part of the NSF study was performed under contracted to SRI International, and was supervised by the 
author. 
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paradigm shifts are often not recognized until many years have passed.   For these reasons, 

numbers of prizes can not be used to measure aggregate changes in the production of major 

scientific ideas.  Another approach to measuring major advances might be to examine 

highly cited publications.  This approach is subject to the same limitations to bibliometrics 

described above -- the number of citations also depends directly on R&D inputs (number of 

scientists, R&D funding) as well as R&D outputs.  Moreover, publications can be highly 

cited for other reasons (such as review articles or bad articles that people cite to reject) and 

major advances may not be highly cited immediately.   

 

Measuring the input side is not much better.  Although aggregate U.S. Federal 

R&D expenditures are readily available, there are little disaggregated data.  In particular, 

there is little data available on either R&D by subfield or data on IT investment.   

 

2.3.2 Comparison Groups 

Closely related to issues of measurement are issues concerning comparison groups.  

One would like to compare the productivity, quality, impact, and sociology of IT-enabled 

science with non-IT enabled science.  One strategy would be to make this comparison over 

time, between a primitive IT state and the current more advanced state.  The difficulty here 

is that there are many intervening factors.  For example while IT may be influencing 

collaboration patterns, many other factors also have affected collaboration over the same 

time period.  These include policy initiatives, such as NSF program solicitations and 

European Union Framework programs, that have required or encouraged collaboration.  
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Moreover, in some areas of science, such as high energy physics, the scale of experiments 

required to pursue the frontiers of science has increased, requiring larger collaborations. 

Similarly, the productivity of science with respect to facilities, instrumentation, and 

researchers may be changing at the same time.   

 

On could also try to compare IT-enabled science with non-IT enabled science in the 

same field.  A difficulty here is that it is difficult to separate out IT-enabled science from 

non-IT-enabled science.  IT has become ubiquitous in science, making comparison of 

IT-enabled versus non-IT-enabled a matter of degree.  It is also difficult to look at a 

publication and determine the role of IT in the work.  It is clear from the titles of some 

papers that IT played an important role (such as papers that are clearly based on computer 

models), but for many papers it is not so clear whether automated instrumentation, shared 

databases, or the Internet played a central role.    

 

2.3.3 Challenges due to complexity 

A second set of challenges relates to the complexity of the possible effects of the 

relationship between IT and science.  IT has many possible effects on science, and changes 

in science have many possible causes.  The interactions are non-linear and there are many 

intervening variables.  The various components of IT -- computation and modeling, data 

collection and management, and communications -- have independent effects on science as 

well as effects in combination.   For example, the combination of large databases, 

connected through the Internet, with modeling and simulation has different effects than any 
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of the technologies considered alone.  Moreover, there are undoubtedly feedback effects, 

as advances in science contribute to advances in information technology as well as the 

other way around.   

 

2.3.4 Challenges due to the timing of the study 

There are also challenges related to studying a topic that is in transition.  

Insufficient time has elapsed to understand the interactions of IT and science fully, and 

changes have continued during the course of this study.  Indeed, several significant 

advances, such as “grid computing” and the concept of “cyberinfrastructure” have been 

developed during the period of work on this dissertation.  Many of the effects of IT on 

science have likely not yet been fully realized, and may not yet be apparent to people in the 

field.  The challenge may be likened to assessing the impact of electrification in 1900, or 

the impact of the automobile in 1920.  Although some of the effects may be apparent, some 

of the most significant effects may be just emerging. 

 

Since I began thinking about this general topic in 1998, and since my dissertation 

proposal defense in 2002, many things have happened.  Semiconductor capacity has 

increase by a factor of 10 since 2002.   The performance of top end scientific 

supercomputers has improved from around 1 teraflop (trillion floating point operations per 
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second) in 1997, to around 40 teraflops at the end of 2002, to 280 teraflops in mid-2006.5    

New applications have sprung up that have the potential to continue to change science.  For 

example, wikipedia.org, an open source encyclopedia has grown so quickly that it has the 

potential of representing a new way of standardizing and organizing human knowledge 

(Poe 2006).  In five years, as of April 2006, Wikipedia has grown to include more than a 

million articles in English and 4 million articles in all language.  More generally, “wikis” 

have blossomed as a new form through which communities, including technical 

communities, share knowledge.  

 

The continued rapid evolution of IT and its applications creates a problem for 

defining what the dissertation is about.  Most properly, it should be considered an analysis 

of the effects of IT on science for approximately 1980 to 2004, with an attempt to 

contribute to public policy that will be made after 2007.   

 

2.3.5 Response to these challenges 

These challenges affect both the goals and the methodology of this dissertation.  

The lack of a pre-existing framework means that a major goal of the dissertation is to 

develop this framework.  The measurement challenges mean that it unrealistic to expect a 

quantitative measurement of the effect of IT on the productivity of science. The goal of the 

                                                 

 

5 Data from “TOP500 Supercomputer Sites” a site presented by the University of Mannheim, University of 
Tennesse, and the National Energy Research Supercomputing Center at Lawrence Berkeley National 
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dissertation is not to quantify the value of IT for science, or provide a precise method for 

making decisions about IT and science, but rather to establish the framework for 

understanding the role of IT and science, and to provide evidence that supports the 

framework.  The measurement difficulties, while remaining fundamental, are addressed in 

part by using a variety of methods to understand the key questions.   

 

2.4. Overall Methodology 

This dissertation analyzes the IT and science relationship at three layers.  The first 

layer is a general analysis of the IT and science relationship.  This is based on a review of 

the literature on IT and science and related fields.  This literature focuses on the policy and 

social science analyses of the role of IT in science as well as other science policy literature 

that is relevant to evaluating the role of IT on science, and analyses of the effects of IT that 

are not specific to science.  The analysis at this level establishes the context for this 

dissertation based on what other have found or hypothesized about the effects of IT on 

science.  It also identified the effects of IT on other aspects of society, which also guided 

hypotheses about the effect of IT on science.  

 

The second layer of analysis is at the level of fields of science.  For this, I conducted 

an analysis of the role of IT in the geosciences and biosciences.  This analysis also 

consisted of a literature review, but of a much more detailed nature.  The literature here 

________________________ 

Laboratory.  http://www.top500.org/about accessed September 23, 2006.  
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focused on the specific applications of IT in these two fields.  The analysis at this level 

looks at what uses and effects of IT are similar and dissimilar across two large fields of 

science, as well as the role IT played in creating new subfields of science.  The analysis at 

this level also looks for evidence for or against the hypotheses described in chapter 1. 

 

The third level is case studies of particular subfields of science.  The purpose of 

these was (1) to examine in detail how information technology influenced the evolution of 

each subfield, seeking evidence for or against a set of hypotheses developed from the 

literature reviews; and (2) to compare the influence of IT across three diverse subfields.  

Case studies were chosen to provide variation in these variables hypothesized to affect the 

role of IT in science. These variables are: 

 

• Use of experimentation.  Some sciences, such chemistry and biology, are largely 

experimental.  In other fields, such as much of astronomy, the earth sciences and the 

social sciences, the scale of the phenomena being studied makes experimentation 

impractical.  Many fields use some mix of experiments, observations, and theoretical 

work.  My hypothesis was that non-experimental fields would make a greater use of 

modeling and simulation than experimental fields. 

 

• Scale of research.  I hypothesized that IT is used more in big science, characterized by 

larger groups and expensive instrumentation, than small science, conducted by single 

investigators with relatively inexpensive equipment.  Big science is likely to involve 
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greater data collection, data management, modeling, simulation, and visualization, and 

is likely to use IT to a greater extent for communication among team members.  

 

• Geographic scale.  Much research is international in scope, whereas some pertains to a 

particular region.  Whether research is international or regional can depend on how the 

field is defined. For example, "high altitude ecology" might be an international field, 

while "Rocky Mountain ecology" is a regional field.  A hypothesis is that electronic 

communications would have a larger impact on international fields than on regional 

fields.    

 

The three subfields I chose were malaria research, earthquake research, and 

Chesapeake Bay research.  Malaria research is generally experimental, small science, and 

international.  Earthquake research is generally observational, medium to large science, 

and both international and regional.  Chesapeake Bay science is generally observational 

(with some experimentation), medium scale, and regional.  Analysis of these subfields 

allowed me to examine questions about the extent to which differences in scientific 

disciplines affect the role of IT, and makes it possible to generalize the findings to some 

degree.   For these case studies, I reviewed literature, conducted interviews with scientists, 

and conducted bibliometric analyses of the literature in the subfield.  

 

I used the results from my case study to compare the role of IT across the three 

subfields.  I compared the cases to extract both the common features and the differences in 
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the use of IT among different fields of science, and tested the hypotheses about how the 

characteristics of the subfields affect the use and impact of IT.  Finally, I analyzed the 

implications of these findings for public policy.  

 

From the insights obtained from the literature reviews, I developed a preliminary 

conceptual model of paths through which IT affects the productivity, quality, and impact of 

science.  I then refined and tested this model through the case studies.  A detailed 

discussion of the methodology for each literature review and the case studies is discussed 

at the beginning of each chapter of the dissertation.   
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3. IT, Science, and Policy Literature Review 

 

 There are several categories of literature that relate, directly or indirectly, to the 

intersection of information technology and science.  First there is literature on several 

topics in science policy that is relevant to understanding the policy implications of 

information technology for science.   These topics include the role of instrumentation and 

tools in science; measurement in science; productivity and creativity in science; and 

priority setting in science.  These are large topics in themselves and will not be covered 

comprehensively.  Another category is literature related to the social and economic impacts 

of IT.  Much of this literature is related to the effects of IT on business and the economy at 

large; some is related to affects on education.   These two categories provide context for 

understanding the effects of IT on science.   

 

 The third category is work that more specifically addresses the interaction of IT and 

science.  This includes both academic literature on the subject that is theory and research 

based, but generally covers only a specific aspect of IT and science. Most of this literature 

is not explicitly connected to policy issues.  A related category is “gray literature” policy 

studies and workshop reports that relate to the use of IT in science.  These studies and 

workshop reports cover the broad topics of IT and science, synthesize expert views, and are 
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policy relevant, but are generally not theory or research based.    

 

 This chapter will start with an overview of the first two categories (science policy 

studies and studies on the effects of IT) and then proceed to the literature on IT and science.  

 

3.1. Science Policy Topics 

 Key topics relevant to this dissertation are productivity in science, quality in 

science, the role of collaboration in science, and the role of tools and instrumentation in 

science.  Issues relating to measurement were previously discussed in chapter 2.  

 

3.1.1. Productivity in Science 

 A central question is how IT affects the productivity of science.   As background to 

this question, it is useful to explore prior literature on productivity in science.  One set of 

publications address the issues of productivity of science in the context of limits of science; 

most of this is focused on what is viewed as an inevitable decline in scientific productivity 

(Carrier et. al. 2000, Rescher 1978, Rescher 2000, Stöckler, 2000).  Rescher (1978) argues 

that there is an inevitable deceleration in scientific productivity, as the easiest problems are 

solved first and the remaining problems are increasingly difficult, requiring more effort 

and along with that an increasing division of labor.  He notes that the number of scientists 

and investment has grown exponentially, and that while the overall number of findings has 

grown, the amount of truly new science -- Nobel Prize caliber science -- has remained 

constant.  He suggested that scientific productivity follows a law of logarithmic returns: the 
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cumulative volume of first rate scientific findings is proportional to the log of cumulatively 

aggregated investment and that the number of important results is the square root of the 

total number of results.  Similarly, Price (1986) concluded that scientific results grow at the 

cube root of the expense. 

 

 The National Science Foundation recently conducted a series of studies of U.S. and 

international publication trends (National Science Foundation 2007a and 2007b).  These 

studies were initiated due to concern about a declining U.S. share of global publications.  

While the studies are not definitive about the causes of the decline in U.S. shares – there are 

many hypotheses – the data they present is generally consistent with declining productivity 

of science (figure 3.1).  Importantly for this dissertation, there is no evident increase in 

scientific productivity coinciding with the expansion of IT and the Internet.   
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Figure 3.1  U.S. S&E article output, academic R&D expenditures, and academic R&D 
workforce: 1988–2003.   
NOTES:  Index 1992 = 100.  S&E = science and engineering; R&D = research and development.  
Articles on fractional-count basis, i.e., for articles with collaborating institutions, each institution receives 
fractional credit on basis of proportion of its participating institutions. U.S. academic workforce is number of 
S&E doctorate-holders employed at all U.S. academic institutions whose primary or secondary activity is 
R&D. Academic R&D expenditures adjusted by gross domestic product deflator. Data for academic 
workforce available for odd years; 1992 base year data calculated by averaging 1991 and 1993 data.  Source:  
National Science Foundation 2007 (b) Figure 2.     
 
 Discussions about productivity in science are related to discussions about the limits 

of science, and to discussions about the nature of advancement in science.  Kuhn (1962) 

noted the tendency of science to go through periods of incremental advances within an 

excepted theoretical framework (normal science), followed by periods of revolutionary 

advances in which new theories replace old theories.  Similarly, Rescher (1978) notes that 

there have been periods when people thought that science was reaching a stage of 

completeness, followed by periods of revolution in science that opened up great new 
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expanses.  For example, the widespread conviction in physics from 1875 to 1905 that the 

era of major discoveries was over was shattered by the advances in physics in the early 

1900s, and by the mid-20th century, there was again a view of limitless discovery, as 

articulated in Science: the Endless Frontier (Bush 1945).   

 

 This characteristic of science makes the productivity of science hard to define or 

assess.  A single paper that leads to a new theoretical framework for a field might appear to 

be more significant to the field than hundreds of normal science papers, but at the same 

time the incremental advances may be necessary for the field to reach the point where new 

theoretical advances are necessary.   

 

 It is worth making a distinction between science as discovering new laws of nature 

or the nature of fundamental particles, versus science as gaining an understanding of the 

configuration of matter and the working of systems.  If one thinks of science as the 

discovery of the laws of nature, it is likely limited, and in this sense, the productivity of 

science is bound to decline as fewer laws remain to be discovered.  If, however, one thinks 

of science as leading to a detailed understanding of complex systems, such as biological 

and human systems, it is much less limited, and productivity may not inevitably decrease. 

Rescher (1978) argues that science will shift over time from studies of the fundamental 

aspects of nature to studies of increasing complexity.   

 

 For these reasons, the productivity of science is an elusive concept.   The number of 
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publications, the mostly widely used measure of scientific output, may not be highly 

relevant to the overall advancement of science.  It is much more difficult, however, to 

measure major theoretical advances.  Productivity is mingled with questions of creativity 

and innovation in science.    

 

3.1.2. Creativity and Innovation in Science 

 There is some literature on factors that lead to creativity and innovation in science.  

In 2004-2006, the National Science Board (2007) held a series of workshops focusing on 

enhancing NSF support of “transformative research.”6  Presenters at these workshops 

included Rogers Hollingsworth and Lee Fleming.   

 

 Hollingsworth (2004) describes the institutional factors that lead to major 

breakthroughs in science.  He found that institutions responsible for a disproportionate 

number of major breakthroughs in biomedicine are have been ones with strong leadership, 

a moderate degree of scientific diversity, and a lack of internal bureaucracy.  He found that 

successful collaborations are almost inevitably among people who spend a substantial 

amount of time together.  This work, emphasizing the importance of the institutional 

environment and co-located researchers, suggests that information technology might play a 

relatively minor role in major advances.  

                                                 

6 The author provided support to these workshops through an SRI International contract with the National 
Science Board.  
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 Fleming and Sorenson (2004), whose work focuses on technological innovation but 

may be applicable to scientific advances as well, conceptualize invention as a 

combinatorial search process, with incremental invention resulting from “local search,” 

while more radical invention results from “distant search.” The label ‘local’ refers to the 

research activities that relate quite closely to prior research activities.  While incremental 

innovation involving local search may be based primarily on experience, scientific 

knowledge is very useful to more radical innovation in that it provides a map of more 

distant areas to search and helps to find more useful combinations.  This model, if it applies 

to scientific creativity, would suggest a larger role for IT, which is likely to facilitate 

broader searches for useful combinations.   

 

3.1.3. Priority setting in science 

 Because a central goal of this dissertation is to produce knowledge that is useful in 

making decisions about investments in information technology, it is useful to review 

literature on priority setting in science.   

 

Weinberg (1989) usefully discussed ex ante evaluation criteria for science.  He 

noted that there are internal and external criteria.  Internal criteria address how well the 

proposed research is designed and the competence of the performer.  External criteria have 

to do with utility, and measure the degree to which the research, if successful, is useful 

outside the field itself. These include technological merit (benefit to technology), social 
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merit (benefit to social goals), and scientific merit (benefit to neighboring scientific fields).   

The purpose of science is to find truth, but not all truths are equally valuable. Science that 

provides more value to other fields is more fundamental than science that provides less 

value to other fields.  Internal and external criteria need to be judged by somewhat different 

groups.  Scientists within a field can judge internal criteria, but some mix of scientists 

within the field and others outside of the field is needed to judge external criteria.  Priorities 

for small science are traditionally set more by internal criteria, whereas priorities for large 

science involve more external criteria.  Among big science, the Superconducting 

Supercollider (SSC) was good on internal criteria whereas the human genome project was 

good on external criteria.  

 

 In practice priority setting is difficult.   The National Academy of Sciences (1995) 

set out to develop criteria for Federal support of research and development.  They ended up 

with general recommendations for a Federal science and technology budget and came up 

with a list of questions to be considered by Federal agencies in allocating funding, 

including: 

• Does the program contribute to the agency’s mission? 

• Are there major new opportunities for R&D with the agency’s purview? 

• Do the budget increases or decreases recognize the highest priority and highest 

quality programs? 

• Does the agency’s external scientific advisory body agree with the priorities? 

• Are procedures for evaluating quality and mechanisms to use the evaluations 
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satisfactory? 

• Does a peer or competitive merit review process identify the best projects and 

performers, whether intramural or extramural?  

• Do programs recognize the importance of innovative and creative yet high-risk 

projects, interdisciplinary projects, and support for young scientists or engineers? 

• Have trade-offs been made, cutting inferior or outmoded programs, to enable new 

initiatives? 

• Is the agency maintaining the infrastructure for research and development 

important to fulfilling its mission?  Do decision makers recognize the importance 

of projects that both conduct research and train scientists and engineers? 

• Does the allocation process fund the best performer equitably? Does it allow for the 

aspirations of institutions to improve their ability to compete and contribute 

nationally? 

• Do reallocation decisions among classes of performers maintain a critical mass of 

expertise in federal agencies for effective priority setting, procurement, and public 

oversight? 

  

 The report poses a similar list of question for the Office of Science and Technology 

Policy as well as Congressional Appropriations and Authorizing committees to consider.  

Aside from concluding that the Academy did not succeed in establishing clear criteria for 

investing in science and technology, one can conclude that prioritization in science is not a 

simple matter, and that there are many values relevant to such decisions, and that some of 
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these values are in conflict.   

 

 More recently, the National Research Council (2004) took on a more limited task of 

addressing the rationale and criteria used to select projects and set priorities among NSF 

major facilities projects.  The committee recommended the use of different but overlapping 

criteria as one moves from comparing projects within a field to comparing projects in a 

directorate or in the entire NSF.  Within a field, they recommended that projects should be 

selected by scientific and technical criteria, such as scientific merit, breakthrough potential, 

the scientific credentials of the proposers, and project management capability.   Across a 

set of related fields, the committee recommended that NSF use criteria such as: balance 

across fields, opportunities to serve researchers in several disciplines, impact on related 

fields, commitments from other agencies or countries, and potential for education and 

workforce development.  Across all fields, the committee recommended using criteria such 

as which projects maintain U.S. leadership in key scientific and engineering fields, have 

the most potential to transform how research is conducted, or expand fundamental science 

and engineering frontiers. 

 

 It is clear from these studies that priority setting in science is not a simple matter.  

There is no single criterion or even a limited set of criteria that seems appropriate for 

setting priorities among science.  Investment in R&D serves multiple purposes – 

advancement in science (both incremental and transformative), support of science 

infrastructure and human resources, geographical distribution of resources, U.S. leadership 
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in key fields, and so on.  Better knowledge about the effects of IT on science will provide 

better information with respect to some of these criteria.  Clearly IT’s effects on the 

“productivity” of science is too narrow a measure of the priority that should be given to IT 

investments in science.  

 

3.1.4. Instrumentation and Tools in Science 

 The role of IT in science fits within the larger context of role of instrumentation and 

tools in science.  Rescher (1978) noted that advances in science depend on advances in 

technology and that the key relevant technologies are those “of data-generation and of 

information acquisition and processing -- in short the technology of scientific inquiry 

itself.” He divided these technologies of inquiry into three categories:  

• Condition-Producing Equipment for the realization of phenomena (e.g accelerators). 

• Instruments of observation for the detection of phenomena (e.g. microscopes, Geiger 

counters). 

• Mechanisms for processing and interpreting data (e.g. computers). 

 

 It is clear from this that even in 1978 information technologies, broadly defined, 

had a central role in science because they are at the heart of collecting and analyzing data.  

Today their role has expanded to include communications, information storage, and virtual 

experimentation.  Other researchers have noted that science is increasingly mediated 

through technology -- technology influences the goals of science and the kinds of research 

performed, and scientific knowledge is increasingly obtained only as observed through 
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technology (Queraltó 1998).   Derek DeSolla Price (1984) argued that advances in 

instrumentation and experimental techniques, which Price called "instrumentalities," have 

driven major advances in science as well as technology.  Examples include telescopes for 

astronomy, microscopes for biology, and accelerators for physics.  

 

 Information technologies can be seen as "super instrumentalities" because of the 

breadth and pervasiveness of their role in science.   While it can be argued that IT is not the 

most important technology in most fields -- microscopes may still be more important to 

biologists and accelerators may be more important to physicists -- information technology 

is unique due to: 

• Its use in virtually every field; 

• The diversity of uses of IT (e.g. computation, modeling visualization, information 

management and communication); 

• The exponential improvements in cost and performance over a long time period. 

 

3.1.5. Research Collaboration 

 Bozeman and Lee (2003) found that there is a positive correlation between research 

collaboration and scientific productivity.  They conducted regression analyses using a 

number of variables -- number of collaborators, job satisfaction, rank and age, gender, 

discrimination, nationality -- to determine the relationship between these variables and the 

numbers of scientific publications, measured using both fractional and normal counts.  

While the study infers that collaboration increases productivity, it is also likely that more 
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productive people have more opportunities to collaborate. 

 

 Adams et. al. (2005) explored trends in the size of scientific teams and institutional 

collaborations.  Their data are derived from 2.4 million scientific papers written in the 110 

top U.S. research universities over the period 1981-1999.  They found that team size, as 

measured by the number of authors on a scientific paper, increased by 50 percent over the 

19-year period.  Looking at measures of domestic and foreign institutional collaborations, 

they found that a trend towards more geographically dispersed scientific teams accelerated, 

beginning with papers published at the start of the 1990s. They concluded that the 

acceleration suggests a sharp decline in the cost of collaboration, and hypothesize that the 

decline was due to the deployment of the National Science Foundation’s NSFNET and its 

connection to networks in Europe and Japan after 1987.  They also found that private 

universities and departments whose scientists have earned prestigious awards participate in 

larger teams, as do departments that have larger amounts of federal funding. Placement of 

former graduate students is a key determinant of institutional collaborations, especially 

collaborations with firms and with foreign scientific institutions.  Finally, they found that 

scientific output and influence increase with team size and that influence rises along with 

institutional collaborations. Since increasing team size implies an increase in the division 

of labor, these results suggest that scientific productivity increases with the scientific 

division of labor. 
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3.2.  Effects of Information Technology Literature 

 Literature on the effects of IT on other aspects of society has relevance to 

understanding the role of IT in science.  The literature suggests ways in which IT might 

affect science, and also serves as a basis for comparing how the effects of IT on science 

differ from the effects of IT in other realms.  

 

3.2.1. Economic Effects of Information Technology7 

 There has been extensive attention paid to the role of information technology in 

economic growth.  For a long time, while it was assumed that IT contributed to 

productivity in organizations, there was little evidence to show that IT improved 

productivity in the aggregate.  Solow (1987) noted that "we see computers everywhere but 

in the productivity statistics," an observation that became referred to as the "productivity 

paradox." Many econometric analyses failed to find any sector- or economy-wide 

productivity benefits for IT (for reviews of this literature, see Brynjolfsson and Yang 1996 

and CSTB 1994a). 

 

 Several explanations have been put forward for the productivity paradox. One 

explanation involves measurement difficulties.  Much of the expected effect of IT would 

occur in the service industries, where, as in science, productivity is difficult to measure.  IT 

                                                 

7 This section borrows from Cheney’s prior work in writing the chapters on information technology in the 
National Science Board’s Science and Engineering Indicators 2002.   
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may lead to improvements in services that do not readily show up as productivity 

improvements.  Another possibility is that productivity has not increased in the aggregate 

because it takes time and investment in training for organizations to learn to use IT 

effectively.  IT use is expensive not only in terms of initial costs but also in terms of the 

cost to maintain and upgrade systems, train people, and make the organizational changes 

required for a company to benefit from IT.  Such costs may greatly exceed the original 

investment in IT equipment.  Although some companies have successfully made these 

investments and have greatly benefited, many have not.  A complete redesign of 

production systems may be needed to capture the benefits of IT, in the same manner as 

production systems had to be redesigned to take advantage of electrification in the late 19th 

and early 20th century (David 1989).  Another possible explanation is that until the 1990s, 

investment in IT was small enough that one would not expect to see a large productivity 

increase in the overall economy. 

 

 More recent studies, since about 2000, have concluded that IT has had a positive 

effect on productivity (U.S. DOC 2000a; Council of Economic Advisers 2001).  

Economists who were skeptical about the impact of computers on U.S. productivity began 

to credit IT for increases in the growth rates of output and productivity since 1995.  Several 

studies found that the acceleration in productivity growth during the mid-1990s was 

attributable largely to increased computer use among IT users and also to technical 

advances and innovations by IT producers (U.S. DOC 2000a). 
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 Sector-level studies also suggested that IT investments contribute to productivity 

growth. U.S. DOC (2000a) found that IT-intensive goods-producing industries have 

achieved higher productivity gains than their non-IT-intensive counterparts.   Firm-level 

analyses also have shown that IT contributes substantially to productivity growth.  

Brynjolfsson and Hitt (2000, 1998, 1996, and 1995) have explored the relationship 

between computers and productivity growth at the firm level and have found positive 

correlations between IT and productivity.  They also have found that investments in 

organizational change greatly increase IT's contribution to productivity.  Brynjolfsson and 

Hitt (1998) conclude that although computerization does not automatically increase 

productivity, it is an essential component of a broader system of organizational change that 

does. 

 

 The studies of the impact of IT on the economy suggest several hypotheses for how 

IT might affect science.   Productivity benefits from IT in science could be lost due to the 

costs of IT, such as the costs of specialized IT staff, training, and periodic investments in 

software upgrades.   IT investments may not have been large enough to lead to a large 

aggregate benefit to productivity.  It could be that to obtain major benefits from IT, there 

must be organizational changes that have not yet occurred or that diffuse slowly over time.   

It could also be that the benefits of IT in science are real, but they are either difficult to 

measure or show up as a slow downs in productivity losses rather than as productivity 

gains.  It could also be that the major benefits come not from productivity increases within 

scientific fields but from the creation of new scientific fields – analogous to the creation of 
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new industries.  

 

3.2.2. Effects of Information Technology on Education 

 Early studies of the effects of information technology on education, as with the 

effects of IT on the economy, showed little evidence of net positive impact.  Studies in the 

1970s through the 1990s were mixed, with some showing no impact while others showed 

moderate impact.  Kulick (2003a) reviewed studies that evaluated the use of IT in 

elementary and secondary school education and found that schools have become more 

successful in using IT over time as IT and educational software have improved.  Kulik 

(2003b) also found that instructional technology has proven to be increasingly helpful for 

improving learning in college courses.  In the 1960s, IT had a negative effect on learning, but 

computer-based instruction has become an important ingredient in many successful college 

courses. 

 

 Although there is now evidence that IT can improve learning, there is still debate 

about whether or not it is cost-effective, or whether better outcomes could be obtained by 

investing resources in smaller class sizes, for example, rather than IT  (Cuban 1994 

Oppenheimer 1997).  The costs associated with IT in education are significant.  McKinsey 

and Company (1995) estimated that about 1.3 percent of the national school budget is spent 

on instructional technology, and estimated that this could increase to 3.9 percent of the 

national school budget with greater IT intensity.   
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3.2.3. Social Informatics 

 The term "social informatics," promoted by the late Rob Kling, describes studies on 

the interactions between IT and its social and organizational context.  The focus of this 

body of research is on the interaction of IT with the cultural and institutional context of its 

use (Kling 2000, Kling et. al. 2000, Kling and Lamb 1999).  The social informatics 

framework emphasizes the role of humans, organizations, and institutions in shaping how 

IT is used.  In this perspective users of IT actively shape the technology, using it in ways 

the designers did not anticipate and often actively resist the intended use of IT.  The 

benefits of IT are consequently frequently less than expected.  Some findings from this 

research is that advocates of IT tend to over-promise the benefits of IT and underestimate 

its costs, such as the costs of training and continual upgrades, and underestimate the 

resistance of organizations to make the structural changes needed to benefit from IT.  

Iacono and Kling (1996) attribute much of the investment in computers to a loosely 

organized “computerization movement” of advocacy groups that subscribe to a utopian 

vision of the potential of IT, and argue that “large expenditures on the latest equipment and 

systems are often out of proportion for the attained value.”  

 

3.3. IT and Science Literature 

3.3.1. Overview of the Literature 

 Academic literature on IT and science includes articles in several areas, including 

the effectiveness of IT enabled collaboration, the role of IT in changing scholarly 

communication, the role of email in scientific productivity, the role of computer models in 
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knowledge, and other subjects.  There is a fairly substantial literature on role of IT in 

scientific communication and collaboration, but the literature is sparse in other areas.  

 

 In addition to the academic literature on IT and science, a wide range of policy 

studies and workshop reports address aspects of the role of IT in science.  Some of this 

literature is concerned with all of science, while some is focused on specific applications of 

IT or the use of IT in specific fields of science. Most of the studies are oriented toward 

setting directions for future funding, and generally do not analyze past successes or failures, 

except for anecdotes of success.   Key reports have come from: 

 

• The National Research Council (1989, 1995, 2001), especially the Computer 

Science and Telecommunications Board, which produced studies that covering a 

wide range of issues.  

• The National Science and Technology Council (and its predecessor, the Federal 

Coordinating Council for Science, Engineering and Technology), which published 

a series of documents on the central Federal government IT initiatives, especially 

the High Performance Computing and Communications Initiative (HPCCI), later 

renamed the Networking and Information Technology Research and Development 

program (FCCSET 1993, NSTC 2001 and 2005). 

• The President’s Information Technology Advisory Committee (PITAC 1999 and 

2001) prepared reports highlighting the value of information technology research 

and recommending support for key programs. 
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• The National Science Board (1998, 2000, and 2002) included chapters on the 

significance of information technology in its biennial report Science and 

Engineering Indicators that summarized the available literature on the impact of IT 

on science and engineering.8  The NSB (2005) also published a report on scientific 

data collections.    

• The National Science Foundation's Blue Ribbon Panel on Cyberinfrastructure 

(2003) conducted a major study on IT needs for research and education. It describes 

the emerging IT for science environment as a "comprehensive virtual federation 

built on cyber-infrastructure" that includes people, data, information, 

computational tools and service, and specialized instruments and facilities that are 

linked through IT.  

• The European Union's European Technology Assessment Network (ETAN 1999) 

comprehensively covered the issues and summarized much of the literature on IT 

and science.  

 

 In addition to these studies, there are many workshop reports that that are more 

limited in scope, often aimed at defining the IT infrastructure needs for a particular field, or 

focused on a particular aspect of IT.   These include:  

• An NSF workshop on cyberinfrastructure for the social and behavioral sciences 

                                                 

8 Cheney was principal author of the 2000 and 2002 IT chapters in Science and Engineering Indicators, and 
provided support for the NSB’s study on data collections. 

50 



 

(Berman and Brady 2005), which found that cyberinfrastructure can contribute to 

advances in the social and behavioral sciences through more realistic models, better 

data collection, improved algorithms/tools, data storage and archiving, and 

improved communication and collaboration. 

• A National Academies committee on cyberinfrastructure for biology (Wooley 

(2005).  This study notes that biology, like computer science, has undergone a 

sustained revolution, and that biology needs a complete spectrum of 

cyberinfrastructure, including people and training, instrumentation, collaborations, 

advanced computing and networking, databases and knowledge management, and 

analytical methods (modeling and simulation).  Informatics is becoming the 

language of the biological sciences.     

• A workshop on information infrastructure for the physical sciences sponsored by 

the Department of Energy (Trivelpiece 2000), which stressed the need for 

worldwide access to physical sciences information. 

• A National Research Council (1999) Chemical Sciences Roundtable workshop on 

the impact of computing and communications on chemical science and technology, 

which provide a wide range of papers and views on the role of IT in chemistry.  

 

 The focus of these studies has evolved over time as the technologies and 

applications of IT in science have evolved. The first studies, in the 1980s, and early 1990s, 

focused on the role of computing, databases, and early computer networking.  In the 

mid-1990s, as the Internet became widespread and the World Wide Web blossomed, 
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studies took a more expansive view, viewing the Internet as causing a revolution in science 

(and all of society).  More recently, in the early 2000s, after the bursting of the Internet 

bubble, studies have been less exuberant.  The emerging paradigm is one of 

"cyberinfrastructure," viewing IT as a set of enabling tools and less as the cause of a 

revolution. 

 

 Throughout this period, the reports are generally bullish in their perspective on the 

role of IT in science.  They provide examples of past and prospective benefits of IT, 

highlight what IT can do, and build an argument for extensive funding of IT for science.  In 

general, they do not critically analyze of the role of IT in science, or establish a theoretical 

framework for the effects of IT in science.  They do not present the result of designed 

evaluations, of which there have been few.   The studies are, in general, based on the views 

of IT specialists or scientists who are heavy users of IT.  In short, the studies raise and 

discuss many issues and capture the judgment of many knowledgeable people, but they do 

not provide a rigorous analysis of the cost, benefits, or other effects of IT on science.   

 

 Both the policy studies and the social science literature on IT and science cover the 

same topics, and the policy studies draw to some extent on the social science literature. The 

key findings of these two sets of literature will be discussed together.  The section starts 

with some general observations and findings, and then proceeds to discussions of specific 

topics. 
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3.3.2. General Observations 

 The policy studies are in broad agreement in asserting that IT has led to advances in 

research, has opened up new avenues for scientific exploration, and has enabled scientific 

discovery in areas such as mapping the human brain and modeling climate change 

(National Research Council 1989, PITAC 1999). Advanced computing is seen as enabling 

society to solve major science and engineering problems, including “grand challenge” 

problems, such as predicting global climate change or understanding the structure of 

biological molecules (FCCSET 1993, NSTC 2001 and 2005).  Studies assert that "digital 

computers and networks are revolutionizing the way we conduct research," and "have 

opened up new ways of learning and communicating for anyone in the business of creating 

knowledge"  (National Research Council 2001).  This general perspective is also prevalent 

in some of the workshops that pertain to specific fields of science, such as the social 

sciences (Berman and Brady 2005) and biological sciences (Wooley 2005).  

 

 The academic IT and science research has a much more nuanced perspective, in 

which the effects of IT are a function of the cultural and institutional context and the 

specific design and implementation of the technology (Kling 2000, Kling et. al. 2000, 

Kling and Lamb 1999).  Finholt (1999)  notes that there is often a large gap between the 

raw performance of IT and the real performance hype regarding IT and the potential 

performance of computers, and their actual performance.  In figure (3.2), the y-axis 

indicates performance and the x-axis indicates time.    
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The “Reality Gap” in Information Technology Performance

 

 Figure 3.2 The “Reality Gap” in Information Technology Performance 
 

The figure illustrates the difference in the rate of improvement between the raw 

performance, such as processing power or communication bandwidth capacity, and "real 

performance," reflecting what one can do with information technology.  At the far left is 

the “hype", which gets ahead of raw performance.  The difference between the curves 

reflects the "reality gap." One would expect that over a longer time period, the gap between 

the “hype” and the “real performance” curves should get smaller.9 

                                                 

9 Christopher Hill made this point when reviewing this dissertation. 
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3.3.3. Data & Analysis 

 Several studies note that IT has enabled rapid increases in data collection, and 

improved technology for storing, sharing, and accessing data collections (National 

Research Council 1989, 2001; National Science Board 2005; ETAN 1999).    Data 

collection is expanded by new families of computer-controlled instruments, such as gene 

sequencers, and remote sensing technologies that produce huge quantities of data.  IT also 

enables cheaper surveys for social scientists, and more complete recording of human 

behavior through digital video recordings (Berman and Brady 2005).  Personal digital 

assistants and laptops greatly aid field data collection for social scientists, geologists, and 

ecologists.   

 

 Data collections may include text, numbers, images, video or movies, audio, or 

software. They range from collections for an individual research projects to collections 

shared by hundreds or thousands of investigators.  Such data collections are increasing 

rapidly in number and size.  Because data collections can be made widely available to 

scientists anywhere, they can be a catalyst for progress and democratization of science and 

education (National Science Board 2005).  Internet connected datasets, such as the Human 

Genome Project and the Protein Data Bank, enable a loosely structured form of 

cooperation or collaboration (ETAN 1999).   In addition to increasing the quantity of data, 

IT provides new tools for data analysis including a wide variety of statistics, models, 

algorithms, equations, visualizations and simulations.   
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 The literature raises several issues regarding data collections.  Because data storage 

media are not permanent and because the technologies and standards for data storage are 

continually evolving, there is a concern and a need for managing long-term access to such 

collections.  Because there is a cost to maintaining such data collections in perpetuity, there 

is a need for funding agencies to rationalize their investment and policies for such data 

collections (National Science Board 2005).  There is also a need for better tools for 

describing and comparing data, and integrating datasets, as well as for special attention to 

the data privacy and confidentiality needs associated with social science research. (Berman 

and Brady 2005).  

 

3.3.4. Modeling, Simulation, and Visualization 

 Many of the documents regarding the Federal computing initiatives (FCCSET 

1993, NSTC 2001 and 2005) mention the importance of advances in modeling and 

simulation for solving previously intractable problems such as weather and climate 

prediction.  There is extensive literature on specific applications of models in various 

fields; some of this regarding geology and biology is covered in chapter 4.  Some of the key 

points that emerge from the geoscience literature about the appropriate uses and benefits of 

models (Rankey and Watney 1994, Smith et. al. 2002, Staudigel et. al. 1998,  Scotese 2001, 

Oreskes 2000, Oreskes et. al. 1994) are that: 

 

• Models can provide new, sometimes non-intuitive, perspectives on the data, and 
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can assist in integrating available information. They can lead to major new 

interpretations of systems, and can challenge and refine understanding of systems. 

• Models encourage accuracy and precision in data collection and interpretation by 

establishing formal quantified assertions in logical terms.  Discussions around 

models can focus the testing of models, highlight gaps in knowledge, and trigger 

more focused work and data collection.  Models often identify where more data and 

knowledge is needed.   They can also be used for sensitivity analysis, to show 

where weaknesses in data or theory are most serious.   

• Models are tools for building consensus.  They serve as a focus for communication 

between dispersed parts of the technical community.    

• By making knowledge explicit, models can make the field more transparent to the 

non-specialist. Models can stimulate interdisciplinary cooperation and promote 

scientific and technical exchanges (Scotese 2001).  Visualization technologies can 

also aid in communication by displaying information in form that is understandable 

across disciplines.  

 

 There are some risks and pitfalls to using models.  Although the ability to represent 

complex systems is a key strength of models, it also poses a challenge.  The more complex 

a model, the more parameters can be adjusted to calibrate the model so that its predictions 

match observations.  More than one complex model can be calibrated to match data, 

however, and models that do not accurately match reality can nevertheless be calibrated to 

data (Oreskes, 2000).  If models are not based on accurate theoretical foundations, they are 
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unlikely to be accurate outside of the range for which they have been calibrated.   Wooley 

(2005) notes that in the biosciences, databases activities, modeling/simulations, and theory 

must always be connected to experimental efforts.   

 

 The general mathematical tool for the study of the time development or a system 

has been the differential equation.  Most equations are not integrable, so that frequently 

analytic solutions are not available.  As a result, computer and numerical methods are used, 

but these entail round-off error, which cause the computing errors to increase over time 

(Rohrlich 1990).   

 

 Humphreys (1990) defines “computer simulations” as any computer-implemented 

method for exploring the properties of mathematical models where analytic methods are 

unavailable, and notes that these now have become an essential part of scientific practice.  

Rohrlich (1990) argues that computer simulation provides a qualitatively new and different 

methodology for the physical sciences, and that this methodology lies somewhat 

intermediate between traditional theoretical physical science and its empirical methods of 

experimentation and observation.  Simulations permit theoretical model experiments, and 

also show the results in graphic, visualizable form. They are akin to thought experiments. 

 

 A particular type of computer simulation that provides a unique tool is that which 
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use cellular automata rather than differential equations.10  Rohrlich (1990) notes that the 

combination of ordinary computer simulations with cellular automata allows theoretical 

model experiments of a scope and richness far exceeding anything available previously, 

and suggests that this is a new scientific methodology.   

 

 Closely related to modeling and simulation is visualization, which presents 

complex data in a visual form, frequently in three dimensions and often over time.  In most 

cases, visualization presents the results of models or simulations in a form that lets the user 

see patterns in the data.  Much of the human brain is dedicated to visual processing of 

information and people can usually detect patterns more readily when they are displayed in 

visual form.  Araya (2003) notes that visualization is used in multiple ways.  It is used to 

display images of things that are unobservable, such as a molecule or a galaxy.  It allows 

the display of complex data that is not normally visual, such as social networks or 

economic growth.  It also enables humans to interact with computers in new ways.  He 

suggests that it enhances cognition and enables new ways of thinking.   

 

3.3.5. IT and Scientific Communication  

 Numerous studies have highlighted the role IT plays in expanding communication, 

focusing on the importance of computer-mediated communications and electronic 

                                                 

 

10 In cellular automata, space and time are treated as discrete variables, every cell can take on only one of a 
finite set of values, and those values are determined for all cells at the same instance of time by a fixed rule 
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publishing and dissemination. (Kling and McKim 1999, 2000; President’s Information 

Technology Advisory Committee 2001; Friedlander and Besset 2001; Mogge and Budka 

2000; Glanz 2001;  National Research Council 1989, 2001; National Science Foundation 

1995; ETAN 1999; Roberts et. al. 2001).  These studies describe several aspects of IT that 

aid scientific communication. These include E-mail, mailing lists, Websites, intranets and 

extranets. They also include electronic publishing, such as preprint servers to make 

scientific papers freely available world-wide, electronic journals, and online versions of 

print journals, which may provide hypertext links to multimedia files, models, databases, 

or references.    

 

 An increasing amount of scholarly information is stored in electronic forms and is 

available through digital media.  Scholarly information can be placed online in several 

different forms, including journals that are electronic only; journals that are electronic 

versions of print journals; electronic preprint or reprint servers (on which authors in 

specific fields post their articles); non-peer reviewed newsletters, magazines, and working 

papers; and personal web pages.  The term “digital library” encompasses many types of 

digital collections and related tools such as searching and indexing technologies.   

 

 The literature on electronic communication generally finds that electronic scholarly 

________________________ 

that involves only the neighborhood of the cell in question.  Only logical, rather than mathematical, steps are 
involved in determining the value of the cells. (Rohrlich 1990 p. 515) 
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communication has many potential benefits.  Search tools make it easier to find 

information; journals are more widely accessible; electronic documents potentially offer 

richer information than print documents.  Additional references, comments from other 

readers, or email to the author can be linked to the document.   Electronic communication is 

generally thought to speed the dissemination of scientific information, and this is generally 

thought to increase scientific productivity. 

 

 At the same time, there are several unresolved issues.  Electronic journals pose 

economic challenges to existing journals and to libraries.  Journals need to find new pricing 

models; libraries need to meet demands for both electronic and print journals; maintaining 

long-term archives is a problem.  There are also possible negative affects of electronic 

communications. Some suggest that electronic communication can encourage scientists to 

rush to become part of the latest trend, leading them to abandon other paths of research too 

quickly (ETAN 1999).  Another concern is about the quality of information on the web and 

the importance of being able to select credible information (National Science Foundation 

1995, National Research Council 2001).  IT also makes plagiarism easier, and protecting 

integrity in science becomes more important.   

 

 There are also several barriers to the use of IT in scientific communication.  One 

barrier relates to trust and communication security, regarding who one allows to connect to 

one's network (ETAN 1999).  Another set of barriers is legal issues related to the use of IT, 

such as limitations on sharing copyrighted information or databases.  There are also 
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barriers related to publication practices, as some journals will not publish articles that have 

previously been distributed on the Web.  Roberts et. al. (2001) argue that there should be a 

freely available public archive of scientific material, and announced the formation of 

PubMed Central to provide access to life sciences literature in digital form.  Many 

publishers, however, have resisted providing such access, believing that it would 

undermine the business model of their publication.  There are also issues about 

preservation of and continued access to electronic literature and data, similar to the issues 

regarding other databases as described previously (ETAN 1999, National Science 

Foundation 1995, ETAN 1999).  Kling and McKim (2000) note that different fields have 

different traditions and cultures, which lead to different receptivity to the use of electronic 

journals.   

 

3.3.6. Collaboration 

 There is a fairly large literature on IT and scientific collaboration (National Science 

Foundation 1995, ETAN 1999, National Research Council 2001, NRC Computer Science 

and Telecommunications Board 1993,  Wulf 1993,  PITAC 1999, Atkins 2003, Finholt 

2001, Teasley and Wolinsky 2001, Walsh and Maloney 2001, Kling et. all. 2000, National 

Research Council 1999, Finholt 1999, Bair 1999.)11  The size of this literature reflects that 

collaboration has received more attention that other aspects of IT and science.  One can 

speculate on the reasons for this.  It could be that the effects on collaboration are especially 
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significant and worthy of study.  Or it may be that the effects of IT on collaboration are 

simply more visible and accessible to the social scientists who are analyzing the effects of 

IT on science.  Social scientists are more likely to have direct experience with tools for 

collaboration, such as email and file sharing, than to have experience with modeling or data 

mining.   

 

 Many studies view IT as enabling greater scientific collaboration, particularly 

collaborations involving many people and several sites.   As the National Science 

Foundation (1995) noted, "the development of scientific communication and collaboration 

on a worldwide scale can be thought of as an enormous extension of the field, laboratory, 

instrumental, archival, and computational spaces in which scientists work."  IT is seen as 

leading to virtual communities of researchers (National Research Council 2001) and 

extended research teams (ETAN 1999). ETAN (1999) cites limited academic studies that 

relate the use of computer-mediated communication (CMC) to increased remote 

collaboration, and suggests that this is related to the approximate doubling of international 

collaboration in the main sciences between the 1980’s and 90’s.  Collaborations have been 

growing larger in a number of fields.  These large scale collaborations are facilitated by IT, 

especially by e-mail and the World Wide Web. 

 

 Much of IT's role in collaboration is due to simple email and file sharing over the 

________________________ 

11 There is also an extensive bibliography at http://www.scienceofcollaboratories.org/Resources/biblist.php. 
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Internet.  There are also more extensive suites of technology, going by terms such as 

"collaboratories" and "cyberinfrastructure."  "Collaboratories” refers to virtual laboratories 

in which scientists and engineers can work together without regard to physical location, 

accessing instrumentation and information, and sharing data, computational resources, and 

modeling tools (NRC Computer Science and Telecommunications Board 1993, Wulf 1993, 

ETAN 1999, PITAC 1999).   "Cyberinfrastructure,"  a more recent term,  refers to a whole 

set of resources and tools available to scientists and engineers that serve to relax barriers of 

time and distance (which can be geographic, organizational or disciplinary) to bring 

expertise, information, tools, instruments and facilities together for the discovery, 

dissemination and application of knowledge (Atkins 2003).    

 

 Although some studies tend to assume that recent increases in collaboration are 

driven by IT, it is more appropriate to view collaboration in science as facilitated, not 

driven by IT (Kling et. al. 2000).   Duque et. al. (2005) note that collaboration is increasing 

for a variety of reasons other than IT, including increasing specialization across disciplines 

and fields; the complexity of research problems; the rising costs of technological apparatus, 

and lower travel costs.  Moreover, science funding agencies have come to see collaboration 

as having a positive value, and have encouraged it for its own sake.   

 

 Bair (1999) observed that there are four broad modes of collaboration: 

• Peer-to-peer, where researchers with a common background and vocabulary work 

closely together; 
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• Mentor-student, where knowledge and experience are unequal, e.g., one scientist is 

helping another scientist or a student to understand a new topic; 

• Interdisciplinary, where researchers may share high-level concepts but not a 

common background, and therefore must translate results into terms each can 

understand; and  

• Producer-consumer, where the producer provides information to address a need of 

the consumer, usually without much common knowledge. 

He noted that the character of the work varies among these modes, and that collaboration 

tools needs to support fluid transitions among the modes.  

 

 The literature on IT and collaboration (Computer Science and Telecommunications 

Board 1993, Finholt 2001, Olson and Olson 2000, Bair 1999, Teasley and Wolinsky 2001, 

Walsh and Maloney 2001) finds that: 

 

• IT has generally enhanced communication among scientists, thereby aiding 

collaboration.  Email has been found to aid overcoming problems of coordination 

in collaboration (Walsh and Mahoney 2003).   E-mail, file transfers, shared 

databases, intranets, and extranets have all helped geographically separated 

scientists and engineers work together.   

• IT is viewed as expanding professional networks.   ETAN (1999) refers to a survey 

that over 80 percent of scientists felt that e-mail increased their contact with 

scholars at other institutions. Computer network use is associated with more 

65 



 

geographically dispersed collaborations as well as more productive collaborations.  

• The role of IT in facilitating collaboration depends on the social context.  Kling et. 

al. (2000) discuss collaboratories and electronic journals as "socio-technical 

interaction networks," emphasizing that technical systems take place within social 

networks, and their acceptance or rejection depends on how they interact with the 

social relationships.  Bender (2004) notes that collaboratories can fail for either 

technical reasons, such as software incompatibilities, or social reasons, such as too 

much competition in the work group. For a successful collaboratory, it is necessary 

to have a research community that is ready and motivated to work together, and has 

resources to address the technical and managerial challenges of collaboration.   

• Concerns about trust, motivation, and data access, ownership and attribution can 

affect performance.  Walsh and Mahone (2003), however, did not find that email 

use was associated with increased problems of culture or security.   

• There are major challenges involved in complex group work in virtual settings.  

Virtual collaborations do not replace the richness of face-to-face interaction.  Prior 

face-to-face interaction facilitates engaging in computer-mediated collaboration.  

Once established, IT can then support remote collaboration (ETAN 1999, Bender 

2004).   

• Collaboratories have been used in many projects but have not been adopted by 

scientific users as fast as other Internet technologies (such as email or the World 

Wide Web).   

• Collaboratories may benefit graduate students and “non-elite” scientists the most, 
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because they are the members of the scientific community least able to afford the 

costs of travel. While it is beneficial to expose more students to the leading edge of 

science, this can also create new demands on the leading scientists (Bain 1999).     

• Distance collaborations work best when the work groups have much in common, 

when the work is loosely coupled, and when the groups have laid both the social 

and technical groundwork for the collaboration. 

 

 Bair (1999) observed that unlike many technological advances, collaboratories 

affect both the techniques and the processes of science.  Collaboratories change where 

components of research and analysis are done and how experts are brought into a project.  

They affect what facilities, information, and expertise across disciplines can be brought to 

bear on a problem, what questions can be addressed and what problems can be solved.  

 

3.3.7. Institutional Change 

 Several studies noted the role of IT, primarily the communications and networking 

aspects of IT, in leading to organizational and institutional change in science.   Some 

predict radical change in science institutions.  ETAN (1999) noted that "With the advent of 

the Information Revolution, a new phase has arrived in the formation and the structuring of 

the research communities, in academia and industry."  Studies note the effects of IT on 

research institutes, universities, libraries, laboratories, publishers, professional 

associations, and research funding agencies, as well as effects on disciplines (National 

Research Council 2001).  They observe that although historically research has been 
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conducted at specific physical locations, such as universities, institutes, or laboratories, 

that provide access to books, facilities, instruments, and colleagues, IT was projected to 

enable researchers to work "virtually" regardless of their physical location (National 

Research Council 2001).  Brown and Duguid (2000) note the potential for widespread 

change in the role of universities, enabling the separation of the educational, credentialing, 

and research roles of university and their ties to common geographic locations.  Libraries 

were expected to fundamentally change their institutional roles, from being a repository of 

paper books and journals to becoming a portal for remote access to the world's information 

(ETAN 1999). 

 

 Information and communication technologies (ICTs) also lead to new ways of 

organizing science, allowing on-line communities to organize in an ad hoc way around 

projects or topics of interests rather than through the more established communities of 

universities and colleges, research institutes and laboratories, and professional societies 

(ETAN 1999).  These new structures present a challenge to science policies based on 

geographic political institutions, because the organization of research is less aligned with 

political jurisdictions than before.  ETAN (1999) noted that this is a particular problem for 

European science policy, which channels most research funding through the institutions of 

the member states.   

 

 The National Research Council (2004) observed that information technologies are 

also changing the fundamental nature of many large-facility science projects.  New 
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information technologies are making it possible, for example, for many large facilities to 

consist of smaller instruments and research projects in widely distributed geographic 

locations.  An example is the George E. Brown, Jr. Network for Earthquake Engineering 

Simulation, which consists of 15 experimental equipment sites linked by a 

high-performance Internet system.  Similarly, the proposed National Ecological 

Observatory Network would consist of geographically distributed observatories linked to 

laboratories, data archives, and computer modeling facilities. 

 

3.3.8. IT and Innovation within Organizations 

 There is some literature on IT and the creation of new ideas.  Most of this comes not 

from science, but from technology.  Dewett and Jones (2001) reviewed the research 

literature on IT in organizations and noted that the literature contains relatively little 

information on the specific role of IT in promoting innovation but includes the following 

tentative observations, which relate to technological innovation but may also apply to the 

generation of new ideas in science: 

• IT can enhance the knowledge base available to each employee, enable faster 

scanning and monitoring of the external environment, and improve knowledge of 

best practices and relevant leading-edge technologies.  

• IT can mitigate the tendency toward specialization (which can reduce people’s 

ability to understand the context of the organization) and can also help promote 

innovation by allowing specialists to be better connected to the market.  

• IT may increase absorptive capacity -- the ability of an organization to recognize 
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the value of external information, assimilate it, and apply it commercially. 

• Electronic communication may hinder innovation by decreasing informal 

communication and may also lead to information overload.  

• IT encourages organizations to codify their knowledge bases, promoting the 

diffusion of knowledge.  On the other hand, corporate investment in IT may focus 

only on transferring explicit knowledge and may lead to companies 

de-emphasizing the transfer of tacit knowledge that is an essential part of 

innovation. 

 

3.3.9. Disciplinarity  

 IT is seen as both working against and enhancing the specialization of scientists 

(National Research Council 2001).  On the one hand, IT is seen as enabling 

interdisciplinary work and allowing researchers to find information outside of their fields, 

perhaps breaking down disciplinary boundaries.  The National Science Foundation (1995) 

noted that "...the net provides a loose culture in which it is possible to meet and talk with 

scientists far from one's own disciplines, people one would never see at the usual meetings 

one attends." Websites, email lists and discussion groups on many topics enable scientists 

to find new colleagues with similar interests outside of their disciplines.  Modeling and 

simulation can also facilitate contributions to multidisciplinary projects from a number of 

diverse specialists. 

 

 On the other hand, the Internet is seen as helping people find and sustain each other 
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as communities, increasing the academic tendency toward specialization (National 

Research Council 2001).  Van Alstyne and Brynjolfsson (1996) argue that the Internet 

could balkanize science by allowing geographically dispersed collaboration with people in 

one's own field at the expense of interdisciplinary collaborations at the same place.  The 

same capabilities that allow one to find new collaborators outside of one's discipline, also 

let one collaborate more with people inside one's discipline, perhaps to the exclusion of 

colleagues at one's own institution who may be in a different discipline. 

 

 Another view is that the Internet may not have that large an effect on how scientific 

communities form.  Given a nearly unlimited opportunity to identify and contact scientists 

outside of their own fields, developing collaborations involves a considerable investment 

of time and energy, and people are more likely to invest this energy with people they have 

met in person than online.   There are substantial barriers to interdisciplinary work in 

universities, and barriers to communication in cultures of different fields and different 

research protocols that are not likely to be easily overcome by IT (National Science 

Foundation 1995). 

 

3.3.10. Globalization and Democratization 

 Studies differ in their assessment of the effect of IT on hierarchies in science, both 

with regard to differences between elite and non-elite scientists, and between rich countries 

and poor countries.  Some studies suggest that IT, by enabling geographically distributed 

collaboration and access to resources, make it possible for those outside of core research 
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centers to contribute more science, and is leading to the globalization and democratization 

of science, and is helping to create global scientific communities (ETAN 1999, National 

Science Foundation 1995).  Studies suggest that IT reduces disparities in science, because 

scientists anywhere can access extensive online resources or can communicate better with 

scientists everywhere (ETAN 1999).   

 

 On the other hand, other studies point to the cost and uneven access to IT, and 

suggest that differences in Internet access could actually increase the disparities between 

scientists in rich and poor countries (National Research Council 1989, ETAN 1999, 

National Science Foundation 1995).   ETAN (1999) notes that the Internet could increase 

the brain drain from developing to developed countries, by making developing countries 

scientists better connected to opportunities elsewhere.  

 

 Some studies suggest that IT-based communication can lead to less difference in 

status between participants, because interaction over the Internet provides fewer clues to 

status, rank, and gender than face-to-face or even mail or phone communication.  Group 

decisions are consequently less influenced by the status of those proposing particular 

solutions (ETAN 1999).  On the other hand, leading scientists may be subject to increasing 

requests to collaborate, and necessarily find other ways limit these requests.  Just because 

Internet communications may make it easier for non-elite scientist to communicate with 

elite scientists, it does not mean that the elite scientist will choose interact with the 

non-elite scientists to any great degree.    
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3.3.11. Productivity 

 A small amount of empirical research has found a consistent relationship between 

the use of computer mediated communication and scientific productivity.  Kaminer and 

Braunstein (1997) compared faculty Internet use based on computer logs with faculty 

publication counts and found a positive correlation between Internet use and productivity.  

A 10% increase in Internet logins results in an increase of .21 publications per year.  

Kaminer and Braunstein (1997) also reviewed other studies that found that scientist who 

used Selective Dissemination of Information (SDI) services frequently appeared to be 

more productive than their colleagues who used the service intermittently.   

 

 Other studies have found that access to databases and computer support facilitate 

faculty research productivity.  Cohen (1995), studying faculty in Jesuit colleges and 

universities, investigated whether faculty who more frequently used Computer Mediated 

Communication (CMC) achieved more publications and other measures of prestige 

(awards, service on professional societies, editorial boards, or as principal investigators on 

external awards).  He found a positive relationship between the frequency of use of CMC 

and publications prestige factors.  In addition to statistically significant relationships 

between CMC use and productivity measures, faculty reported on a survey that CMC 

contributed to their productivity.  

 

 Several of the studies of the role of IT in the productivity of science were reviewed 
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in ETAN (1999), which noted that most surveys up to that time showed that scientific 

productivity is enhanced by IT use.  Studies indicated that scientists felt that Internet use 

made them more productive by increasing the efficiency of communication within 

collaborations and though improved access to online information (ETAN 1999).  Similarly, 

the National Research Council (2001) noted that IT improves productivity by making the 

routine aspects of research tasks easier, from observation to publication.  

 

 Duque et. al. (2005) conducted a comparative analysis of scientists in Ghana, 

Kenya, and the State of Kerala in southwestern India.  They found that (1) collaboration is 

not associated with any general increment in productivity, and (2) while access to email 

does attenuate research problems, other differences among the countries overwhelmed the 

effects of either collaboration or the Internet on productivity.  In their sample, scientists 

from Kerala are the most productive, have the best access to email and report the fewest 

problems in their research, but are also the least collaborative. Kenyan scientists, on the 

other hand, have difficulty with email access, report the most research problems, and are 

the least productive, but manage to collaborate a great deal.  In noting that in their sample 

that collaboration is unrelated to productivity, and they urge taking a critical approach to 

the benefits of IT.  

 

 Finholt (1999) notes that massive investment in computing technology has often 

failed to produce significant increases in output and that one reason is the cost of learning 

new programs.  Many new technologies are designed with inadequate input from users, and 
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he suggests that productivity could be improved with more user-centered designs.  

 

3.3.12. Scientific Process and Creativity 

 Several studies touch briefly on the role of IT in influencing the scientific process. 

As noted above, studies of computer simulation and visualization (Rohrlich 1990; Araya 

2003) suggest that these create a new methodological approach to science and enable new 

ways of thinking, respectively.    

 

 The National Research Council (2001) notes that easier access to information and 

more powerful ways to manipulate it may speed up the creative process, but also may bias 

or redirect the process in unpredictable ways.  It notes that IT may increase pressure to 

draw research topics directly from observations, rather than predominantly from the 

"curiosity of researchers" and notes that  "data mining" has proved to have powerful 

benefits in pharmaceutical drug discovery, digital libraries, and gene data presentation.    

 

 ETAN (1999) asks but does not answers a more far reaching set of question that 

have received only glancing attention in the science policy studies:  

• What is the effect of electronic media and communication on 'true' knowledge? 

• What is the effect of IT on the nature of knowledge itself? 

• Do we force knowledge into a certain direction by requiring it to be communicable 

through electronic media? 

• Do we prohibit certain innovations and discoveries in science?   
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3.3.13. Link to Users and the Public 

 ETAN (1999) mentions the role of IT in changing the relationship between science 

and the users of science, and notes that IT can support remote collaboration both between 

scientists and between science and industry.  It also notes that IT is leading to an increased 

participation of the public in scientific activity, for example through virtual laboratories 

where members of the public can participate in experiments and gain hands-on experience 

in scientific activity.  The goal of many such activities is to increase public understanding 

of science rather than advancing scientific knowledge.  In other cases, IT enables the public 

to participate in knowledge creation. Widespread access to IT lets amateurs, with 

appropriate introductory training, make local observations in a standardized way and 

combine the observations.  Examples from natural history include studies of bird migration, 

number counts for endangered species, and other environmental monitoring.   Examples in 

astronomy and astrophysics include surveys of meteor showers, and hunts for nova and 

supernova.  Similarly, individual desktop computers connected to the Internet can provide 

distributed computing power for large-scale computations, such is done through the SETI 

(search for extraterrestrial intelligence) project at the University of California, Berkeley 

(ETAN 1999). 

 

3.4. Support for Hypotheses from the IT and Science Policy Literature 

 The IT and science policy literature reviewed above provides support for some of 

the hypotheses outlined in chapter 1.   Most of the support, however, is weak because many 
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of the studies are either limited in scope to a particular field and time, or are based on 

expert judgment and anecdotes rather than a rigorous methodology.   

 

 With respect to the hypothesis about the impact of IT on the productivity of science, 

the literature suggests that science may be declining in productivity, but that IT may help 

slow down the decline in productivity.   Most of the literature suggests that IT is making the 

process of science more efficient.  There are some studies that caution that the benefits of 

IT are more mixed and take longer than promised, but most studies suggest that the net 

effects on scientific productivity are positive. 

   

 With respect to hypotheses about the qualitative effects of IT on science, little 

literature addresses these directly.  There is discussion in the literature that IT aids both 

data collection and conceptual work, and that IT aids systems level studies and dealing 

with complexity.  The literature does recognize that IT is making some major changes in 

the direction of some fields, such as biology, and that IT enables new modes of inquiry, 

such as simulation experiments.   

 

 With respect to the hypotheses about IT and creativity, there is some support for the 

notion that IT improves creativity, by facilitating broader searches for knowledge and 

through facilitating collaboration.  There is also some support in the literature for the 

hypothesis that IT aids the communication of scientific information to users.    

There is fairly strong evidence in the literature that IT aids collaboration; this is one of the 
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most studied aspects of IT and science, and the literature suggests that IT contributes to 

interdisciplinary research. 

 

 The literature does not directly address the spillovers from IT investments in one 

field of science to another field of science.  It is clear, however, that at least some of the 

technologies have applications across multiple fields.   There is some literature that points 

to differences between the fields in their use of IT.  This issue will be the discussed more in 

the next section.  
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4. Review of IT in the Geosciences and Biosciences  

 

 The second major analytical component of this dissertation is an analysis at the 

level of fields of science.  For this, I conducted an analysis of the role of IT in two fields, 

the geosciences and biosciences.  This analysis consisted of a literature review focused on 

the specific applications of IT in these two fields.  The analysis at this level looks at what 

uses and effects of IT are similar and dissimilar across two large fields of science, as well 

as the role IT played in creating new subfields of science.  This analysis provides 

background information and context for the more detailed case studies of specific subfields 

discussed in chapter 6.  

 

 I chose the geosciences and biosciences because they are fields in which I have 

some technical knowledge, and because they differ in several ways that might be expected 

to influence their use of IT.   The biosciences have been largely an experimental science, 

whereas the geosciences have been largely observational, because of the impracticality of 

doing experiments on geologic spatial or temporal scales.  The geosciences were early 

users of IT for such purposes as statistical analyses and analyses of seismic data. The 

biosciences, by contrast, were until recently rather modest users of computing.  In the past 

two decades, however, the use of IT in biology has expanded to the extent that the 

biosciences are now among the heaviest users of IT.  The review addressed:  
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• What are the major ways in which IT has been used in the fields?  

• What are some of the major effects and implications, such as the development of 

new subfields or changes in research methods?   

• What are some of the major issues in the uses of IT?  

• How is the use of IT similar and different in two diverse fields of science? 

 

4.1. Methodology 

 The scope of this review was defined to be literature limited to: 

• English language literature. 

• Literature published between 1992 and 2002.  A few earlier publications were 

reviewed for historical perspective.  In cases where many publications covered the 

same topic, the review focuses only on the most recent publications.   

• Articles focusing on IT used in the conduct of science, rather than related subjects 

such as science education. 

  The selection criteria for the bioscience and geosciences reviews were slightly 

different, reflecting differences in the size and nature of the fields.12   For the geosciences, 

bibliographic searches were conducted on GeoRef (Cambridge Scientific Abstracts), the 

main geoscience bibliographic database.  Search terms included "computer simulation*", 

                                                 

12 For example, in 1999, U.S. R&D expenditures at academic institutions for life sciences was $15.9 billion, 
compared to $1.7 billion environmental science (including earth, atmospheric, and ocean sciences). National 
Science Board.  "Appendix table 5-7, Total, Federal, and non-Federal R&D expenditures at academic 
institutions, by field and source of funds: 1999".  Science & Engineering Indicators – 2002.  Arlington, VA.  
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"computer model*," "visualization," "Internet", "data management" (where "*" indicates a 

wild card symbol, capturing any combination of letters).  These yielded a large number of 

hits.  For example "data management" on GeoRef yields over 1000 hits and "Internet" 

yielded over 900.  The citations and abstracts were reviewed to select out a representative 

number of review articles.  Most materials were accessed using the U.S. Geological Survey 

library in Reston, VA.  

 

 The geoscience review was limited to focus on the hard earth sciences, such as 

geology and geophysics, rather than oceanographic, atmospheric, and space science.   The 

review included: 

• articles in peer reviewed journals; 

• articles in professional journals (such as Geobyte for petroleum geologists) that are 

not peer reviewed but describe techniques used by practicing scientists; 

• professional papers and government publications (such as U.S. Geological Survey 

Open File reports); and  

• abstracts in proceedings of professional society meetings.13   

No attempt was made to review doctoral dissertations.  Several books that were identified 

in the course of the study were reviewed, but no attempt was made to comprehensively 

cover books.  

                                                 

13 Many discussions of the use of IT in the geosciences were presented as talks in professional society 
meetings that were recorded only as abstracts in the meetings proceedings. 
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 For the biosciences review, searches were made primarily using Ovid Biological 

Abstracts, which covers articles from over 7,000 journals, as well as original research 

reports and reviews, letters, and technical data reports.14  Searches on subjects such as 

computers or computational biology resulted in a huge number of hits.  For example the 

“Computational Biology” subject heading resulted in 106,352 hits.  "Computer%" 

(where % is a wild card) resulted in a similarly large number of hits. Other search terms 

used included "modeling" and "bioinformatics".   Due to the large number of hits, searches 

were then limited to (1) review articles; and (2) articles in English.  This reduced the 

number of hits to the low thousands.   The majority of these articles were narrower in focus 

than desired, but articles that provided overviews of significant applications of IT in 

biology were selected.  Where there was duplication in the coverage, more recent articles 

were selected.  

 

 The bioscience review was limited to the effects of IT on biological research, rather 

than the application of IT in such biology-related applied fields as public health or 

agriculture.15   For example, the review covers IT in medical research but not the 

application of IT to the practice of medicine.  Also, the review does not cover the effects of 

biology on computing, such as biochips or bio-inspired computing.  In addition, it focuses 

                                                 

14 Biological Abstracts was used rather than more biomedical oriented databases (such as PubMed) because 
the reviews focus is on bioscience rather than biomedicine.  
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on IT in computing and communications, not on the use of microprocessors in lab 

equipment. 

  

4.2. IT in Geoscience 

4.2.1. Evolution of IT in Geoscience 

 Computers have been used extensively in the geosciences since the 1950s 

(Krumbein 1962, Wagner 1992, Davis and Herzfeld 1993).  By the early 1960s, computers 

had many applications in geology, including automatic data acquisition, data storage and 

retrieval, summarizing large masses of data, and limited analysis by more complicated 

computational methods (Krumbein 1962).  Early computers were also used for presenting 

data, including the plotting of scatter diagrams, regression lines, contour maps, and other 

visual output.   The use of computers to produce smooth approximations of 

three-dimensional surfaces was especially valuable in the petroleum industry, in order to 

represent subsurface features based on well data (Davis and Sampson 1992, Wagner 

1992.). 

 

 From the early days, it was recognized that geology was frequently an 

observational science, i.e., observing what occurs in nature and trying to make sense of it, 

and only sometimes an experimental science (Krumbein 1962).  As an observational 

________________________ 

15 This criteria was applied more restrictively in the biosciences than geosciences.  The geoscience review 
discusses some uses of IT in application of geoscience in the petroleum industry, for example.  
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science, geology was often qualitative, and was characterized by many complex variables 

and inadequate data.  As a consequence, statistical methods were often the appropriate 

quantitative techniques. Computers were used for data management and analysis, 

including classification of fossils, rocks, and landforms; analysis of relationships between 

dependent and independent variables; analysis of area variations (map analysis); and 

associations among variables (analyses of statistical correlations) (Krumbein 1962).  Many 

kinds of computer statistical analysis, such as factor analysis and regression, were 

especially useful.  

 

 The International Association for Mathematical Geology (IAMG) was founded in 

1968.  It expanded beyond its original focus of applying statistical models to geological 

data, and now focuses to a large degree on information technology applications in geology.   

In 1975, the IAMG launched the journal Computers & Geoscience, which has become the 

main journal at the intersection of IT and geoscience.   

 

 Statistical methods are still core computer techniques in geology, and statistical 

computer applications, such as regressions and factor analysis, are used in a wide range of 

applications, from understanding climate change to conducting risk analysis of petroleum 

exploration.  Over time, these applications have migrated from mainframes to PCs (Davis 

and Herzfeld 1993).  More recently, as IT has improved, many other applications have 

come into widespread use.  Among these are modeling and simulation, visualization, and 

large shared databases.  With the advent of the Internet, large data sets are shared among 
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scientists (and the public), and research results and publications are made available 

electronically.   

 

 The petroleum industry has been an early and intensive user of information 

technology.  The industry used computing for the processing and management of seismic 

survey data and other exploration data (Dawson and Lim, 1993).  Prior to 1980, 

information technology was used mostly in areas that required intensive numeric 

calculations, such as seismic processing and mapping, and was done by technical 

specialists.  In the 1980s, the emergence of minicomputers, online editors, and graphics 

devices led to interactive applications.  It then became possible to manipulate geologic 

interpretations on screen (Dawson and Lim 1993). By the mid-1980s, commercial database 

management systems came into widespread use in exploration companies. By the late 

1980s, most exploration companies had invested heavily in information technology, 

making use of central computing (and sometimes supercomputing) as well as desktop 

systems.  Many systems were not compatible, and the industry has moved toward common 

software environments based on standards.  

 

4.2.2. Applications 

 Today, IT is used in a wide variety of applications in the geosciences.  Table 4.1 

provides an overview of these applications.     

85 



 

Table 4.1 IT Applications in Geoscience 
Technology Role Geo-Applications 
IT-aided 
instrumentation and 
data networks 

Connects instruments Seismometers, space-based 
sensors 

Modeling/Simulation Tool for understanding 
complex systems;  
Allows virtual experiments 
where real experiments are 
impossible or impractical 

Climate, earth interior, 
tectonics, sedimentation 
evolution 

Visualization Makes complex data 
intelligible 

Subsurface formation, 
reservoirs, climate models 

Tomography Imaging of interior of 
objects 

Earth interior, fossils 

Shared Databases Makes data widely available Maps, remote sensing data, 
oil and gas data, paleontology 
databases 

Mapping/GIS Integration of geospatial 
data 

Rock formations Resources, 
hazards, land use  

Collaborative tools Enhances communication 
between researchers 

Distributed research projects 

World Wide Web Makes data, models, 
preprints, educational 
materials easily available  

Public dissemination of 
information, education 

E-journals Speeds and facilitates access 
to literature 

All fields 

 

 

The following sections describe these applications in more detail and provide some 

examples of their uses.   
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4.2.3. IT-Aided Instrumentation 

 Information technology is contributing to better collection of data in many areas.16  

One example is seismology. As will be discussed later, digital seismographs replaced 

analog seismographs beginning in the mid-1970s (Romanowicz and Giardini 2001).  As a 

result, more complete information, including full seismic wave forms, are routinely 

exchanged through a variety of media, including satellites, digital phone links, and 

especially the Internet.  The more extensive and complete information has enabled 

tomographic investigations of the Earth’s interior structure.  In addition, earthquake 

surveillance relies on real-time data acquisition from national and local networks.  Rapid 

access to high-quality seismic waveforms has also allowed detailed investigations of large 

disastrous earthquakes to be conducted much more quickly after the event.    

 

 Another area where IT-enabled instrumentation has had a large effect on the earth 

sciences is space-based remote sensing.   Space-borne remote sensing data platforms, such 

as the Space Shuttle and satellites, provide data for a wide range of geologic applications 

(Morgan et. al. 1997).  There has been a great increase in the capabilities of these systems 

in the last few years (Kafatos et. al. 1999). Global earth observing missions and operational 

satellites produce large volumes of public domain data.  The Internet and the World Wide 

Web allow these data to be accessed by a variety of scientists, applications experts, and the 

                                                 

16 The focus of this analysis is not on every application of microprocessors in scientific instruments, but 
instead on larger computation and networking.   
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general public.  

 

4.2.4. Modeling, Simulation, and Visualization 

 Long before the advent of computers, geologists used physical models to explain or 

illustrate geoscientific phenomenon such as stream flow (Brice 2000).  Conceptual models, 

such as plate tectonics, were formulated without the use of computers.  The use of 

computers, however, has greatly expanded the use of geologic modeling, and computer 

modeling is now used to explore a large number of geological processes.  Modeling is 

especially useful in areas where experiments are difficult or impossible to conduct.  This 

applies to many geological phenomena that take place on spatial or temporal scales for 

which experimentation is impractical or impossible.  

 

 The geosciences have often been among the intensive users of supercomputers.  

Several geoscience topics, including mantle convection, oil recovery, and ocean turbulent 

flow were among the early “Grand Challenges" for supercomputers in the U.S. High 

Performance Computing and Communications Initiative (Grossman 1992).  In 2002, the 

world’s fastest computer, the Japanese 40 teraflop (40 trillion floating point operations per 

second) “Earth Simulator,” was devoted to earth science simulation s (Normile, 2002).     

 

 In the geoscience literature, the term "model" can refer either to static models that 

mainly provide a visual representation of data or to dynamic models that illustrate or 

predict the action of complex processes.   The static models typically provide a three 
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dimensional view of rock formations and allow a vast amount of geologic or seismic data 

to be shown. Computers are used to process the large amounts of data and generate the 

images rock of formations that represent the spatial relationships. Once a model is 

constructed, it is available to generate a variety of maps and cross sections.  These have 

been used extensively in the petroleum industry for mapping seismic and well data (Jones 

and Leonard 1990).  The models and graphics allow researchers to get a better feel for the 

geometry of underground formations, and allow testing of alternative interpretations of the 

data set (Flynn 1990).  Models have increased in complexity as computer power has 

increased.   Many 3-D modeling techniques were originally developed for mechanical 

engineering and other man made objects.  These techniques had to be adapted to 

geoscience, where there is limited sampling and the objects being modeled are irregular 

and complex (Fried and Leonard 1990).  

 

 Dynamic models show geologic processes over time.  In many cases, quantitative 

computer models are the only way to simulate of the interaction of many process and 

factors over time (Vining 1998).   Table 4.2 shows examples of many of the applications of 

dynamic models in the geosciences.   Dynamic models include both inverse models, for 

determining processes from observed data, as well as forward modeling, for studying the 

interaction of processes to produce a response (Rankey and Watney 1994).  They also 

include both deterministic simulations, in which a process leads directly to a known 

response, and stochastic simulations, which contain an element of chance and may or may 

not produce the same result each time (Rankey and Watney 1994).   
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Table 4.2 Examples of Geoscience Models 
Application of Model Reference 
Global climate  Smith et. al 2002;  Normile 

2002 
Ice streams and glaciers of the Antarctic ice sheet Takeda, Cox, and Payne 2002
Interior of the earth (core, mantle, etc.)  Normile 2002 
Mineral properties  Refern 1995 
Formation of crystal structure in igneous rocks Amenta 2001 
Simulations of the distribution of fossils Holland and Patzkowsky 

1999 
Oil migration through rock  Souto Filho 1998 
Development of ancient rock formations Mancini, Chen, and Benson 

1998 
Creation of mineral deposits and tectonics in the Pacific Scotese et. al 2001 
Petroleum reservoir formation and evolution Kacewicz 1997 
Relationship between fault movement and sedimentation Smith-Rouch et.al 1997 
Geochemical reservoirs and fluxes in the earth  Staudigel et. al 1998 
Evolution of river systems and watershed interactions Vining 1998 
 

 

  Closely related to modeling is visualization.  As described previously in 

Chapter 4, visualization in this context is the use of information technology to present 

complex data in a visual form, frequently in three dimensions and often over time.  In most 

cases, visualization presents the results of models or simulations in a form that lets the user 

see patterns in the data. Much of the human brain is dedicated to visual processing of 

information, and people can usually detect patterns more readily when they are displayed 

in visual form (Zeitlin 1992).  Visualization technology, like modeling, has been used in a 

wide number of applications.  These include: 

• the visualization of subsurface geology from wireline logs (Collins 1998); 

• visualization of mineral structures (Lennie 2000); 
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• subsurface fluid migration (Birken and Versteeg  2000); 

• evolution of petroleum traps and reservoirs (Kacewicz 1997); 

• reservoir depletion (Costello1998); 

• global warming (Gordin and Edelson 1997); and 

• oil exploration and production (Zeitlin 1992). 

 There is a discussion in the geoscience literature about the appropriate uses and 

benefits of models (Rankey and Watney 1994, Smith et. al. 2002, Staudigel et. al. 1998, 

Scotese 2001, Oreskes 2000, Oreskes et. al. 1994).   Several key points emerge from that 

discussion:  

• Models can provide new, sometimes non-intuitive, perspectives on the data, and 

assist in integrating available information. They can lead to major new 

interpretations of systems, and can challenge and refine understanding of geologic 

systems. 

• Models encourage accuracy and precision in data collection and interpretation by 

establishing formal quantified assertions in logical terms.  Discussions about 

models can focus the testing of models, highlight gaps in knowledge, and trigger 

more focused work and data collection.  Models often identify the need for new 

data.  In climate models, for example, errors evolve as a result of incomplete 

physical understandings and limited knowledge of past (or future) climate forcing.  

Modeling highlights the areas where more data and knowledge is needed.  

• Models can be used for sensitivity analysis, to show where weaknesses in data or 

theory are most serious.   

91 



 

• Models are tools for building consensus.  They serve as a focus for communication 

between dispersed parts of the technical community.  For example, the 

geochemical reference model serves as a focal point for discussions in the 

international community (Staudigel et. al. 1998).   

• By making knowledge explicit, models can make the field more transparent to the 

non-specialist. Models can stimulate interdisciplinary cooperation and promote 

scientific and technical exchanges (Scotese 2001).   Visualization technologies can 

also aid in communication by displaying information in form that is understandable 

across disciplines.  

 

 Oreskes (2000) cautions against the indiscriminate use of models for predictions in 

areas that have important public consequences, such as in predicting climate change.  

Geoscience models generally cannot be verified in the sense of being shown to predict 

reality accurately.  No model output ever matches the world exactly, in part because the 

input data is never complete.  The real world (especially in geosciences) is heterogeneous 

at different scales.  Input data for models generally provides a single average number for a 

cell that is in fact heterogeneous.  

 

 In addition, although the ability to represent complex systems is a key strength of 

models, it also poses a challenge. The more complex a model, the more parameters can be 

adjusted to calibrate the model so that its predictions match observations.  As noted in 

section 3.3.4, more than one complex model can be calibrated to match data, and models 
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that do not accurately match reality can nevertheless be calibrated to data (Oreskes, 2000).  

If models are not based on accurate theoretical foundations, they are unlikely to be accurate 

outside of the range for which they have been calibrated.  All of these aspects of models 

mean that they should be used with great caution in making predictions that are the basis 

for public policy.  

 

4.2.5. Imaging/Tomography 

 Imaging techniques that rely heavily on information technology have been used in 

a number of different applications in the geosciences.  Seismic reflections have long been 

used to assess underground formations, and, more recently, tomography has been used to 

assess the inner structure of the whole earth.   A variety of technologies can potentially be 

used for rapid, relatively inexpensive noninvasive characterization of the Earth's 

subsurface (National Research Council 2000). Non-invasive techniques include seismic 

and electromagnetic surveys and remote sensing from aircraft and satellite. The capacity to 

characterize the subsurface environment is important to supporting buildings and other 

structures, finding water, and managing waste.  IT is critical to these noninvasive 

techniques, for data acquisition and data processing as well as for modeling and 

visualization.  Borgman (1998) suggests that information technology has contributed to the 

increasing transparency of the earth.  For most of human history, the Earth has been solid 

and impenetrable.  More recently, the solid Earth and the oceans, have become more 

accessible and intelligible, making the Earth seem more transparent.  
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4.2.6. Geoinformatics  

 Much geologic work -- such as remote sensing, seismology, and oil exploration -- 

produces huge amounts of data. The term “geoinformatics” has come into usage to 

describe the management and storage of geological information.  IT provides the capability 

to store massive volumes of such data and deliver it through a variety of networks.   A wide 

variety of databases and information management systems have become vital to the 

geosciences.  These include such diverse systems as databases of fossils and rock types, 

databases of satellite remote sensing data, petroleum exploration databases, and databases 

that contain the information traditionally represented in geological maps.   

 

 Much geological information is spatial. In some cases, such as information about 

size and location of a geologic structure, the key information is inherently spatial.  In other 

cases, such as in databases of fossil types, much of the information may be aspatial, but 

there is spatial information is associated with each of the records, (e.g. describing where a 

particular fossil was found).  Much geological information has traditionally been both 

stored and represented in paper maps.  A major influence of information technology has 

been the movement of geological information from paper maps to databases that can 

present the data in maps as well as in other forms.   

 

 There is movement towards integration of the these databases towards a "digital 

earth," through which a user can find a very wide variety of geological, paleontological, 

mineralogical, seismological, hydrological, meteorological, and other information about a 
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location or region through a single database.  Such integrated databases have become 

important both for scientific research and for applications of geoscience information in 

economic geology, land use planning, natural hazard mitigation, and other areas.  The next 

sections describe topical databases, geographical information systems and mapping, and 

some issues related to geoinformatics.   

 

Topical Geoscience Databases 

 There are a wide variety of geoscience databases, including databases of fossil and 

rock types. Kaiser (2000) notes that although fossil databases have been slower to develop 

than, for example, genomic databases, there are now numerous fossil databases.    

Examples of paleontological databases include: 

• The U.S. Geological Survey National Paleontological Database (Wardlaw et. al. 

2001). 

• The Plant Fossil Record database (Lhotak and Boulter 1995, Boulter 1999), which 

is being built to include taxonomic, morphological, geological, geographical, and 

bibliographic information of all authoritative plant fossil citations throughout the 

world.  The database facilitates comparison of different hierarchical taxonomic 

models and testing of theories of evolution and biogeographical migration.    

• The global pollen database (GPD), which contains Quaternary17 pollen data from 

                                                 

17 The Quaternary is a subdivision of geological time (the Quaternary Period) which covers about the last 
two million years up to the present day.  
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around the world.  The North American pollen database, European pollen database, 

and Latin American pollen database have contributed to the GPD.  The GPD 

contains both archival data, which is the original data, and research data, which 

involves manipulation of the archival data (Grimm and Keltner, 1998).   

• The Catalogue of Palaeontological Types in Austrian Collections 

(http://www.oeaw.ac.at/oetyp/palint.htm) database provides quick access to basic 

information about the scientifically most important paleontological specimens kept 

in Austrian institutions.   

 

Examples of rock databases include:   

• The Igneous Data Base and a Sedimentary Data Base managed under the Auspices 

of the International Union of Geological Sciences.  The igneous database contains 

about 20,000 entries of geochemical and mineralogical compositional data of 

volcanic and plutonic rocks. The Sedimentary Data Base contains about 5,000 

entries of chemical, mineralogical and granulometric compositional data of various 

sedimentary rocks, together with sedimentological and geotechnical descriptions 

(Brandle et. al. 1997; http://www.ige.csic.es/sdbp/sdbp.htm) 

• The Stanford Rock Physics laboratory has collected data on the acoustic properties 

of rocks over many years (Nolen-Hoeksema and Hart 1991).  The data has been put 

into a relational database that allows flexible searching. 

• RidgePetDB and GEOROC are comprehensive, searchable on-line petrologic and 

chemical databases for ocean floor and oceanic island rocks. They include a broad 
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spectrum of supplementary information  (metadata) that describes the quality of the 

analytical data, sample characteristics, and sampling process that can be used to 

evaluate, filter, and sort the chemical data (Lehnert et. al 2000). 

• The Ocean Drilling Program operates the JANUS database. The database includes 

paleontological, lithostratigraphic, chemical, physical, sedimentological, and 

geophysical data for ocean sediments and hard rocks 

(http://www-odp.tamu.edu/database/). 

 

 There are a variety of websites that provide more extensive lists of Internet 

accessible data resources, including GeoGuide18 and EarthRef.19 

 

 Geologic information has been especially important in the oil industry (Arthur 

1996).  Petroleum exploration produces vast volumes of seismic, well, and other data in a 

variety of media and formats (Kingston and Simson 1997) and there are a wide variety of 

databases related to the oil industry.   States and oil and gas producing companies have 

used electronic databases for decades. Early ones were non-relational and difficult to use. 

More recently, PC-based, fully-relational, normalized, and comprehensive have been 

developed.  Some examples of petroleum-related databases include:  

• The Kansas Geological Survey's Digital Petroleum Atlas (DPA) project 

                                                 

18 http://www.geo-guide.de/info/index.html 
19 http://earthref.org/erlinks/main.htm 
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(Adkins-Heljeson and Carr 2001). The DPA consists of reservoir information from 

the individual well bore to regional studies. It presents information such as 

structure maps, cross-sections, and petrophysical and core analyses in web pages 

and relational databases.  Users can navigate through the pages from the regional 

level to the borehole.    

• The American Geological Institute (1997) has established the National Geoscience 

Data Repository System (http://www.agiweb.org/NGDRS) to preserve geoscience 

data made available due to the downsizing of U.S. petroleum and mining 

companies.  

 

 Other important parts of the geologic data landscape are the World Data Centers 

(Stoss 1998).  World Data Centers were established in the United States and elsewhere 

around the world as an outcome of the International Geophysical Year in1957-1958.  They 

have been the formal mechanism for the international exchange of information in 

disciplines related to the earth, its environment, and the sun.  There are currently 46 

individual data centers within five major World Data Center complexes.  Thirteen 

discipline-based World Data Centers and a Coordination Office are located in the United 

States.  The National Oceanic and Atmospheric Administration operates several of these, 

including the National Geophysical Data Center.20 These distribute data and information 

about solid earth geophysics, glaciology, marine geology, solar and terrestrial physics, and 

98 



 

paleoclimatology.  Over the last 25 years data distribution has evolved from printed data 

catalogs and mailing of tapes, to online catalogs and FTP distribution, to Internet- and 

Web-based access and search tools (Habermann and Anderson 2001).   

 

Geographic Information Systems and Mapping 

 Geographic information systems (GIS) and digital mapping have become 

important tools for managing and displaying spatial geoscience data (Heron 1994).  GIS 

refers to information systems designed for storing, manipulating, analyzing, and displaying 

data in a geographic context, typically spatially referenced to coordinates on the earth. 

Maps are also important media for communicating information about geologic and 

resources to user groups.  Geologic maps are used in risk assessment, hazard identification, 

and other practical social planning functions that link geology to other geographically 

distributed data.   

 

 Geologic mapping has evolved from the early hand-inked paper maps through the 

era of photogrammetry and remote sensing, to the digital age (Kramer 1997).  Traditional 

geological maps convey the mapmaker’s understanding of the geology of an area and also 

serve as the repository for much of the recorded geology of the area (Giles and Bain 1995). 

Traditional geologic maps, however, are difficult and expensive to update.  Many areas 

were mapped a long time ago, and advances in geologic knowledge have occurred since 

________________________ 

20 http://www.ngdc.noaa.gov/ngdc.html 
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many areas were mapped.  In addition, additional information, such as information on 

mineral or water resources, or on the geology and geochemistry at each site, becomes 

available.  As a result, maps need to be revised from time to time to reflect new data or 

interpretations of the data.    

 

 GIS can be used overcome many of the disadvantages of paper maps.   GIS can be 

updated frequently and can be used to store, integrate, interrogate, and analyze different 

types of data from different sources.   It is now widely recognized that the principal product 

of geologic mapping should be a database, from which both analyses and traditional maps 

can be derived (Black and Walker 2001, Giles and Bain 1995).  Centrally managed 

geoscientific databases (Bandy and Wallace 2001) can be easily maintained; be queried to 

find information; provide improved access, including use by multiple users at the same 

time; provide information in a single source; and integrate spatial and aspatial data.  The 

migration from paper geologic maps to geoscience databases not only aids the science, but 

also makes the information more accessible and useful to a wide range of users. 

  

 Work is ongoing in many places around the world to develop digital, 

database-centered, geological maps.  In the United States, an important effort is the 

development of the National Geologic Map Data Base (http://ngmdb.usgs.gov) (Soller 

1997, Soller et. al. 2001), which is a collaborative effort between the USGS and the 

Association of American State Geologists (AASG) to serve as an archive of 

spatially-referenced geologic, geophysical, geochemical, geochronological, and 
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paleontological information. The database is being developed in several phases that 

include development of:  

• a searchable catalog of all paper or digital geoscience maps in the United States;  

• standards and guidelines for the management of digital map information in the 

database; and 

• standardized regional and national-scale geologic map coverages. 

 

 Complementary work is proceeding in many states and countries. Most European 

geological surveys are producing digital maps, but efforts are limited by a lack of standards 

(Jackson and Asch, 2002; Anderson et. al. 1999; Chirico 1999; Stanford and Freed 1997; 

Pristas and Herman 1997; Richard  2000; .Mitchell, Fritz and Waldkirch 1999). Efforts are 

underway to achieve global coverage, such as through the Global Mapping Project (Une 

2001), the Global Spatial Data Infrastructure, Digital Earth Project and the UN Geographic 

Information Working Group.  

 

 Field geologists can now create digital maps and cross sections in the field while 

making observations, as field geologists now have access to a variety of tools for digital 

geologic mapping, including lightweight rugged field computers, global positioning 

systems (GPS), laser range-finders, and digital photography linked by data acquisition 

software (Kramer 1997).  Many field geologists, however, do not yet record their 

observations in digital form, due to cost and lack of familiarity with the wide variety of 

hardware and software tools (Black and Walker 2001).   
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 A goal is for geoscience information systems is to move toward the concept of the 

“digital earth” in which geoscience data is available universally in digital form and in a 

form that can easily be searched and integrated (Zhao et. al. 1999).   A regional 

implementation of this concept is Cornell University's Geoscience Information System 

Project, which has been applied to the Middle East (Seber et. al. 2000, 2001).   The system 

aids the assimilation, and management of large and diverse data sets, such as geologic 

maps, faults, topography, and seismic events, volcanic activity, oil and gas fields, satellite 

imagery, and makes it available on the Web.21 Another implementation is the Global Earth 

Information System (Iwao 1998), which combines point features (wells, mines, epicenters) 

linear features (geologic boundaries, faults) area features (soil, rock types), and volumetric 

features (soil deposits, liquid volumes).   

    

Issues and Challenges in Geoinformatics 

  There are a number of challenges to building successful comprehensive geoscience 

databases.   One formidable problem is integration of heterogeneous geospatial data sets, 

made difficult by differences in formats and standards, access mechanisms, and 

organizational structures (Habermann and Anderson 2001).  Data integration is even more 

challenging when it extends beyond geology and geophysics to engineering and economics 

(Davis 2000).    It is necessary to develop appropriate "metadata" -- information about 
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information -- such as keywords, subject categories and other data attributes that aid in the 

searching of information.  A key challenge is to describe and document data with sufficient 

information so that users searching across distributed computer networks can discover the 

data, and both specialists and scientists in other fields can successfully use the data 

(Habermann and Anderson 2001).   A related issue is the development of standards for 

digital map production (Jackson and Asch 2002).  A key issue is defining and agreeing on 

fundamental geological classification systems and procedures. Whereas a paper geological 

map series will tolerate inconsistency between separate map sheets, the greater degree of 

integration in GIS and related digital systems requires a more stringent approach.  

 

 Another challenge is incorporating data from varied sources into digital 

information systems.  Geoscience data sources include manuscript collections with 

unpublished or draft papers; unpublished technical information such as geochemical 

analyses or stratigraphic sections; and supporting documentation such as annotated aerial 

photographs, wire-line logs, and geophysical data (Brown and Love 1997).  A further 

challenge is providing online information about three-dimensional artifacts, such as hand 

specimens, thin sections, and fossils, which are important in the geosciences.  These 

collections are often poorly maintained, managed and cataloged (Browne and Love 1997). 

These specimens are often separated from the manuscript collections to which they are 

logically connected, with the result that researchers may be aware of one portion of a 

________________________ 

21 http://atlas.geo.cornell.edu 
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collection and unaware of others. 

 

4.2.7. Internet, Electronic Communication and Collaborative Tools 

 As with other fields of science as described in chapter 4, the Internet and World 

Wide Web have been used extensively to share and disseminate geoscience information.   

In the early days of the Web (around 1995) many articles appeared in the literature that 

pointed to new Internet resources for geoscience.  For example, Last (1995) described 

Internet listservers of interest to paleolimnologists; Dunn and Feldman (1995) discussed 

bulletin board and web sites related to the history of geosciences; Ingram (1996) pointed to 

geoscience uses of the Web; Zwolinski (1996) pointed to Polish geoscience resources on 

the Web; Thoen (1995) described Internet resources related to GIS and mapping; and 

Ramshaw (1995) described general geoscience listservers and newsgroups.   

 

 Geoscience organizations now use the Internet as the main means of getting 

information to their stakeholders.  The U.S. Geological Survey (Wendt and Lanfear 1999) 

and the Kansas Geological Survey (Buchanan and Carr 1997, Carr et. al. 1996) each 

describe how they use the Internet to provide access to geologic, hydrologic, and 

geographic data, data compilations, and research and technical studies.  Products published 

online are made available more quickly (as they are completed), at a lower cost, and to a 

wider user-audience.   

 

 The geosciences are also affected by the trends in academic publishing that affect 
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other fields of science.  Hallmark (1998) notes that current trends in geoscience journal 

publishing include higher prices for journal subscriptions, cancellation of print titles by 

libraries, increasing availability of electronic journals and indexes, and new 

communication patterns facilitated by the Internet.  Derksen and Haner (1997) note that the 

great access to earth science information in libraries comes at a cost in computers, network 

connections, hardware and software security systems, printers and printer supplies, staffing, 

contracts for access to indexing products and electronic journals, and training expenses, 

and that these are substantial costs for libraries.   

 

 Geoscience researchers have used collaborative tools to facilitate collaboration 

over the Internet.  Burns (1997) describes Internet-based collaboration using a secure 

website in a study of natural rock fracture.  The research is done by geoscientists at various 

research organizations in the United States and abroad and is supported by a consortium of 

energy companies. With the study's private website and associated network resources, all 

research study participants have access at their desktops to current project data, archived 

files and publications, and online forums.  Burns notes that the use of Internet technologies 

has resulted in greater collaboration, closer relationships among project participants, faster 

progress, and reduced costs.   Other examples of geoscience use of Internet-based 

collaboration include the use of a collaborative environment for Mars surface science 

studies (Gulick et. al. 2001) and the use and control of an X-ray diffractometer over the 

Internet (Argast and Corey 1998).  Pittman and Brown (2001) note that special 

collaborative tools are needed in geoscience.  In paleontology, one needs the ability to post 

105 



 

artistic and photo images of specimens, and have threaded discussions on discrete features 

of the image that are clickable.  One needs to be able to have discussions tied to specific 

branches, nodes, and taxa.   

 

 Models also serve as the basis for collaboration.  For example, the Geochemical 

Earth Reference Model22 provides the structure for online discussions about reservoirs, 

fluxes, databases, and other scientific or technical aspects of the information in the model 

(Staudigel et. al 1998). 

 

4.2.8. Other Implications of IT for Geoscience 

 While there is little literature that addresses the affects of IT on productivity in 

geoscience, Dengo (1998) notes that IT has increased productivity in petroleum 

exploration.  IT allows exploration companies to manage data and integrate knowledge in 

ways that save time and cost.  Exploration tasks that traditionally were done sequentially 

(seismic data acquisition through processing and interpretation) are beginning to be done 

in parallel. The time to do these tasks was expected to further decrease as companies 

improve their use of technologies for real-time data analysis and are able to globally 

integrate disciplines using virtual teams. 

  

 Another implication of IT for geoscience is the contribution of IT to the concept of 
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earth system science.  Earth system science views the Earth as a physical system of 

complex interactions among the geosphere, atmosphere, hydrosphere, and biosphere.  It 

involves understanding the interactions of chemical, physical, and biological processes 

over spatial scales ranging from micrometers to the size of planetary orbits, and over time 

scales from milliseconds to billions of years (Johnson, Ruzek and Kalb 1999, Bretherton 

1985).  This new conceptual framework for earth sciences very much depends upon remote 

sensing data from space, data management systems to manage and make available these 

data, and computer models that can synthesize the complex relationships among the 

various elements of the system over various temporal and spatial scales.     

  

 

4.3. IT in Biosciences 

4.3.1. Evolution of IT in Biosciences 

 Although information technology has been used in the biosciences for a long time, 

the biosciences were initially relatively modest users of IT.  A 1966-1967 survey that 

covered use of computing in the life sciences, found that a lower percentage of life 

scientists than physical scientists used computers (National Academy of Sciences, 1970).  

In recent years, however, the use of IT in the biosciences has expanded greatly.  Lander et. 

al. (1991) observed that biology had been going through major changes driven by 

computing for the previous ten years.  Since the discovery in the 1950s of how genetic 

________________________ 

22 see http://www-ep.es.llnl.gov/germ/germ-home.html 

107 



 

information is coded in DNA, the biosciences have increasingly become much more 

dependent on IT.  Much bioscience research now involves: deciphering the information 

stored in genetic sequences; understanding how these sequences codes for genes and 

proteins; and understanding the function and structure of these proteins.   Biology has 

become driven by the information contained in the genetic code, and information 

technology is critical in generating and managing this information.  

 

 The growth in importance of information technology is exemplified by the growth 

of several new interdisciplinary subfields of biology.  One is “bioinformatics,” defined as 

the application of computers, databases, and computational methods to the management 

and analysis of biologic information.  The human genome project and genome sequencing 

projects in other organisms, together with new technologies that analyze gene expression 

patterns, have created vast amounts of data. Bioinformatics has become essential for 

almost every aspect of data management in modern biology (Kaminski 2000).  Another 

subfield is “computational biology,” which uses mathematical and computational 

approaches, such as mathematical modeling and computational simulation techniques, to 

address theoretical and experimental questions in biology.   

 

 Other new subfields are the ones with the suffix “omics” – which include genomics 

(the study of the full DNA sequence of organisms, including sequencing, mapping and 

determining the function of genes); transcriptomics (RNA and gene expression); 

proteomics (protein expression); metabolomics (metabolites and metabolic networks); 
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pharmacogenomics (how genetics affects individuals responses to drugs); and physiomics 

(physiological dynamics and functions of whole organisms).  Each of these involves the 

combination of quantitative, experimental, and computational approaches to improve 

understanding of complex biological systems and processes.  

 

Today IT plays a number of roles in bioscience:  

• IT-aided instruments for data collection, such as gene sequencers and microscopes; 

• databases, such as gene and protein data banks;  

• data analysis, such as statistical analysis, algorithms for gene sequencing, and data 

mining;   

• imaging and visualization, such as Magnetic Resonance Imaging (MRI) and 

tomography;  

• modeling and simulation, such as modeling of protein folding, cells, tissues, 

organisms, or populations; and  

• communication, such as scholarly communication, and computer-aided 

collaboration. 

In addition to these roles, Wooley and Lin (2005) note that IT and computation also 

provides metaphors for biology, through the application of the intellectual constructs of 

computer science to come to grips with the complexity of biological phenomena.   

 

 Much of the biosciences can be arranged in a hierarchy, going from the molecular 

level to the ecosystem level, and the uses of IT vary somewhat in each level of the 
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hierarchy.  Table 4.3 shows the main IT applications for each level of the hierarchy.   

 

Table 4.3 IT Applications in Bioscience 
 
Level IT Applications 
Genome sequences Automated sequencing; genome databases; software 

for aligning, assembling, and comparing gene 
sequences 

Genes, proteins, RNA,  Microarrays, gene expression databases, modeling 
protein folding and structures 

Biochemical pathways and 
processes 

Modeling metabolic pathways, databases of pathways 

Cellular and developmental 
Processes 

Models of cell growth and development 

Tissue and organismal 
physiology 

Imaging, models of organs 

Ecological processes and 
populations 

Population models, taxonomic databases 

 

 The following sections are organized by subfield of biosciences, starting at the 

molecular level and proceeding up to cells and tissues, organisms, and populations.23 

 

4.3.2. IT and Molecular Biology 

 While the original gene sequencing techniques as developed by Sanger (Sanger et. 

al. 1977) did not involve information technology, modern gene sequencing and the 

subsequent efforts to interpret and apply the results of gene sequencing have depended 

                                                 

23 This worked better than organizing the material by IT application because, in practice, many of the IT 
applications are not easily separated.  Both genomics and proteomics, for example, use extensive shared 
databases and data analysis tools that are available through the Internet in an integrated way.  Moreover, 
similar sounding IT applications are quite different in different subfields.  For example, the modeling of 
protein folding uses very different methods than modeling cells or ecosystems. 
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heavily on information technology.   

 

 Information technology is used in genomics in several areas.   Modern 

high-throughput gene sequencers are highly automated in their operation -- through the use 

of robotics -- and in their data collection.  They produce vast amounts of raw sequence data, 

which is stored in digital form.  Assembling the sequences of gene fragments into genomes 

also relies on computation to properly assemble the sequences.  One of the main 

sequencing strategies, the “whole genome shot gun method," relies especially heavily on 

computation (Venter et. al 1998). In this technique, random samples of the genome are 

sequenced and then reassembled using computer algorithms. When applied to the 

sequencing of large genomes such as the human genome, the strategy involves producing 

and then reassembling millions of sequence fragments.  In addition to the draft human 

genome sequence published in February 2001, genome sequencing of many other species 

has been completed, and hundreds more are in progress.   

 

 The sequence data that result from sequencing projects are stored in large, shared, 

Internet-connected databases. Data is both provided and retrieved via the Internet.  DNA 

sequence data that are produced by laboratories around the world are managed by three 

groups: the European Molecular Biology Laboratory (EMBL), GenBank, and the DNA 

Databank of Japan (DDBJ). The databanks exchange data on a daily basis (Kusnirikova 
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and Celarova 2000, Yao 2002). The GenBank24 contained sequences of more than 50 

billion  ATGC25 base pairs in 2005. 

 

 Sequencing the genome is just one step in the process of getting biologically useful 

information out of the genome.  The greater challenge is to use gene sequences to increase 

understanding of biological systems.  Other steps are: 

1. identifying genes; 

2. annotating gene sequences; 

3. comparing the genomes of species;  

4. determining the structure and function the proteins encoded; 

5. understanding the regulation of gene expression (e.g., which genes are active in 

various cells and tissues at various times); and 

6. determining genetic differences among individuals. 

 

 All of these steps make extensive use of information technology.  They use data 

stored in various gene and protein databases, and use a variety of algorithms and computer 

tools to match gene and amino acid sequences.  Determining the structure of proteins uses 

a variety of modeling and imaging technologies, as well as databases and search tools.  

 

                                                 

24 www.ncbi.nih.gov/Genbank.   For current GenBank statistics, see: 
http://www.ncbi.nih.gov/Genbank/genbankstats.html  
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Gene Identification and Annotation 

 Much genomic work has centered on finding genes26 in the genomic sequences. 

This can be done by comparing a sequence with sequences that have been identified as 

genes in other species, or by predicting genes from first principles.  There are a wide 

variety of computational tools that are used for making these analyses (Tsoka and 

Ouzounis 2000, Kramer 2001, Wishart and Fortin 2001). One of the better known search 

tools is BLAST (basic local alignment search tool), which is used for searching databases 

for nucleotide patterns.  It allows the comparison of an unknown DNA or amino acid 

sequence with sequences from human or other organisms (Bayat 2002).  Several other 

software packages are also used for sequence assembly and analysis, and can be used to 

manipulate and annotate individual sequences and sequence elements.  Genomic databases 

and a large number of tools for analyzing the databases are available on the Internet.  The 

National Center for Biotechnology Information (www.ncbi.nlm.nih.gov) maintains many 

of these tools (including BLAST) and databases, and provides links to others.   

 

 There is also a variety of computational tools for predicting genes based on their 

nucleotide sequences (Claverie 1997, 1998). The best programs in 1997 located more than 

80 percent of the internal coding exons (genetic sequences that are used in mRNA)27. With 

________________________ 

 

25 Adenine (A), thymine (T), guanine (G), and cytosine (C) are the chemical bases that make up the DNA 
molecules. 
26 Genes are the specific sequences of nucleotides in a particular position on a chromosome that encode a 
specific product (usually a protein or RNA molecule). 
27 DNA sequences that get translated in messenger RNA are called exons (“expressed sequences”).  The 
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this level of accuracy, computational methods were useful but did not eliminate the need 

for experimental validation.  

 

 In addition to sequencing the human genome, another important aspect is 

annotating the genome – associating with each segment of the genome additional 

information about the segment’s function or origin (Rust et. al 2002). An important step is 

the association of the sequence with what is known about its functional role, such as its role 

in metabolism.  Software for genome annotation, such as Ensembl (www.ensembl.org), 

has become more important in gene discovery (Yao 2002).   

 

Comparative Genomics 

 Comparative genomics – comparing the genomic sequences of different organisms 

-- emerged as a research field after the first genomes were sequenced in 1995 (Yao 2002). 

The genomes of a rapidly growing number of organisms, including the bacterial pathogen 

Haemophilus influenzae, archaea, yeast, the worm c. elegans, the fruit fly Drosophila 

melanogaster, and mouse have been sequenced. Research on many other organisms is in 

progress.  Comparative genomics helps to identify genes and also sheds light on evolution.  

Comparing genomes is computationally intensive – for example, comparing the genomes 

of two mammals requires comparing billions of nucleotide sequences in a two-dimensional 

________________________ 

 

DNA sequences that are not used in mRNA are call introns (“intervening sequences.”) Thus to go from a 
DNA sequence to a mRNA sequence that codes  for a protein, the intron sections of the sequence must be 

114 



 

manner (Yao 2002). 

 

 One result of comparative genomics is the Clusters of Orthologous Groups (COG) 

database (www.ncbi.nlm.nih.gov/COG), which identifies the gene sequences that encode 

for proteins that occur in the genomes of different phylogenetic lineages (Tatusov et. al. 

1997).  Orthologs are genes in different species that evolved from a common ancestral gene 

by speciation.  Normally orthologs retain the same function.  Orthologs are genes that have 

been retained during the course of evolution, usually because they perform important 

functions, and the analysis of orthologs is an important tool in understanding both the 

function of genes and the course of evolution.  As of the end of 2002, 3307 clusters of 

orthogonal groups had been identified, based on analyses of 43 complete genomes, 

representing 30 major phylogenetic lineages.28   

 

 Functional motifs (sequence patterns that are linked to a biological function) can be 

extracted by comparing sequence information on the same or similar functions of various 

species. The extracted functional motif database is available and can aid in the prediction 

of functions (http://www.expasy.ch/prosite).   

 

 Computer aided tools have also been developed to test evolutionary hypotheses – 

________________________ 

removed and the exon segments must be stitched together.  The fact that exons are interspersed among 
introns makes the tasks of identifying genes much more difficult.  
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such as which evolutionary tree fits best with observed differences in gene sequences 

among species (Huelsenbeck et. al. (1997).  

 

Protein Structure 

 Understanding protein structure and function is a central problem in getting 

biologically valuable information out of genomics (Attwood and Miller (2001).  As with 

gene sequencing, the fundamental understanding of protein folding predates the recent 

expansion of information technology in biology (Honig, 1999).  The recent progress in 

protein structure prediction, however, has been due primarily to the explosive growth of 

sequence and structural databases, as well as advances in modeling.  

 

 Functional genomic and proteomic technologies are producing biological data 

relating to hundreds, or even thousands of proteins per experiment (Weir et. al. 2001).  The 

various genome sequencing projects provide complete amino acid sequences of proteins 

that serve many different biological functions, including catalysts, inhibitors, messengers, 

transporters and structural elements of organisms (Pieper et. al. 2002).    

 

 Major protein databases are SWISS-PROT and Protein Information Resource 

(PIR) (Kusnirikova and Cellarova 2000). The SWISS-PROT database consists of checked 

and annotated translations of sequences in the EMBL database. The PIR database was 

________________________ 

28 Data from http://www.ncbi.nlm.nih.gov/COG, accessed January 1, 2003. 
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created by the National Center for Biotechnology Information (NCBI) as translations of 

the gene sequences in GenBank. 

 

 To understand the role of proteins, it is useful to know the three dimensional 

structure of the proteins.  Only a small portion of known protein sequences have had their 

structure determined through X-ray crystallography or nuclear magnetic resonance 

spectroscopy.  In 2001, there were about 16,000 proteins in the Protein Data Bank that have 

known structure, whereas there are over 600,000 entries in the major protein sequence 

databases (Pieper et. al. 2002). By 2006, the number of proteins with determined structures 

had grown to over 38,000. 29 For the rest of these proteins, it is useful to predict their 

structure through means that rely on IT.   

 

 Two classes of computation-based methods to predict protein structure are 

commonly used.  One type of method predicts the protein structure through modeling 

based on the protein's amino acid sequence alone. While this prediction method can work 

well for small proteins, the error rates are too great for larger proteins (Pieper et. al. 2002). 

The CASP worldwide competition of protein structure prediction, which has been held in 

every other year since 1994, has contributed to an improvement in the above-mentioned 

methods.30 

                                                 

29 On Sep 19, 2006  there are 38882 structures in the Protein Data Bank (www.pdb.org). 
30 (Critical Assessment of Techniques for Protein Structure Prediction, http://predictioncenter.llnl.gov) 
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 A second method is to rely on detectable similarities between the sequence of the 

protein under investigation and sequences in other proteins with known structures.  In this 

method, one finds a known structure (based on a protein that has had its structure 

determined, such as through X-ray crystallography) that is related to the sequence whose 

structure is to be modeled.  One aligns the sequence to be modeled with the sequence 

whose structure is known, and then builds a model of the new structure based in part on the 

known structure and in part on the calculations in the model. The accuracy of the models 

formed in this way correlates with sequence similarities of the two proteins (Pieper et. al. 

2002). Automated modeling tools are available on the Internet.  MODBASE is a database 

of annotated comparative protein structure models.  

 

 There is a major structural genomics initiative to determine the 3D structure of all 

proteins (see http://www.structuralgenomics.org/).31 This project is based on the idea that 

if the representative structures of basic protein folds and basic family members can be 

determined, then eventually almost all of the protein structures derived from genomic 

genes can be determined (Stevens et al., 2001).  The project involves:  

• organizing known protein sequences into families;  

• selecting family representatives as targets; 

• solving the 3D structure of the targets by X-ray crystallography or NMR 

118 



 

spectroscopy; and  

• building models for other proteins by homology to solved 3D structures.  

 

 IT has also made contributions to X-ray crystallography and NMR determination of 

protein structure.  Augen (2002) notes that fifteen years ago, X-ray crystallography of 

proteins was a long and complex tedious process that took months. Diffraction data were 

collected on film, measurements were made by hand, analysis software was crude, and 

models were built by hand. Today X-ray diffraction data are fed directly into computer 

systems that quickly calculate candidate structures. These structures are displayed on 

advanced desktop systems, and researchers can easily examine the data easily by rotating 

and modifying the structure. Other computationally intensive structure-prediction 

techniques, such as nuclear magnetic resonance (NMR), have also advanced rapidly, and 

researchers can now combine multiple sources of information to help predict structures 

more accurately than was previously possible.  

 

 Attwood and Miller (2001) caution that there are still many challenges in 

determining the structure and function of proteins. It is not safe to propagate functional 

annotation from one sequence to another merely on the basis of some degree of shared 

similarity.  They note that methods to predict structure are still unreliable, and, due to the 

degree of automation that has necessarily taken place with imperfect tools and protocols, 

________________________ 

31 See also Head-Gordon and Wooley (2000). 
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there is an unknown quantity of misinformation in the databases upon which further 

analyses are based.  

 

Gene Expression 

 Another major area of work is analyzing gene expression – determining which 

genes are active in which tissues and at what time. Several technologies, such as DNA 

microarrays,32 protein chips,33 2D-PAGE,34 and Yeast two-hybrid35 are being used to 

develop gene expression and protein interaction data. They are used to determine which 

proteins are active at what times, and this helps determine the function of proteins.    

 

 DNA microarrays, for example can rapidly provide a detailed view of the 

simultaneous expression of entire genomes and can provide insight into gene function and 

disease pathology (Greenberg 2001).  As with gene sequencing technologies, these 

technologies are producing huge quantities of data that are processed using a variety of 

computational tools and are stored in large databases that are made available on the 

Internet.  Databases such as the gene expression database and protein interaction database, 

                                                 

32 In DNA microarrays, a large number (thousands or 10,000s) of known oligonucleotides or cDNA are 
arrayed on a chip or glass slide. Flourescently labled target DNA or RNA from a sample mixture bind to the 
matching sites on the array.  The presence or absence in the sample of thousands of specific nucleotide 
sequences can be determine by the patterns of fluorescent emission.    
33 Protein chips are similar to DNA microarrays, but array proteins, rather than nucleotides, on the chip.  They 
are a less mature technology than DNA microarrays.  
34 2D PAGE stands for “two-dimensional polyacrylamide gel electrophoresis.” 
35 The yeast two-hybrid system is a method for detecting protein-protein interactions in vivo. 
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as well as many others, are now available via the Internet. 36  Developing new ways to 

extract useful information from these data sets is a new challenge for bioinformatics. 

 

 Another approach to study gene expression is to clone and sequence the full-length 

cDNAs37 from cells of interest (Yao 2002). This cDNA information is another tool for 

determining which genes are expressed, and is very useful for the analysis and annotation 

of genomes.  

  

 Weinstein (2001) notes that with 35,000 genes and hundreds of thousands of 

protein states to identify, correlate, and understand, we have entered the "omic" (genomic, 

proteomic, etc.) era in biology. “Omic” research is a different approach from the more 

traditional study of one gene, gene product, or process at a time (Weinstein 1998). Often, 

one generates a database of molecular information with only limited ability to predict what 

about it will prove most useful. Large-scale omic studies of cellular molecules in aggregate 

rarely answer interesting questions, however, without the assistance of information from 

traditional hypothesis-driven research. The two types of science are synergistic. 

 

Applications 

 Genomics and bioinformatics are leading to many applications in biomedical 

                                                 

36 The gene expression database is at http://genome-www4.stanford.edu and the protein interaction database 
is at http://dip.doe-mbi.ucla.edu. 
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research (Yao 2002).  Several thousand human genes related to diseases may be identified 

in the near future and there are hundreds of pathogenic microbial genomes, each of which 

has hundreds or thousands of genes that will eventually be identified. These will greatly 

increase the number of possible targets for possible drugs (Yao 2002).   Duckworth and 

Sanseau (2002) note that there are now many examples in which pharmaceutical 

companies have identified genes of interest initially by in silico38 analysis.  

 

 “Structure-based drug design” (Sun and Cohen 1993, Yao 2002, Klebe 2000, Zeng 

2000) is another alternative to the traditional process of drug discovery through screening.  

In structure-based drug design, the focus is on understanding protein structure and the 

relation between proteins and other molecules that bind to the protein (ligands).39 If the 

three-dimensional structure of a given protein is known, this information can be used to 

choose or improve existing ligands or design new ligands that may have a therapeutic 

effect.  Computational methods supplemented by molecular graphics are used in this step.  

The features of the protein’s receptor area can be used in queries for computer-based 

screening of large compound libraries to identify promising ligands, which then can be 

tested experimentally. Subsequently, further work is done to optimize the ligands for 

higher affinity and better selectivity.  

________________________ 

37 cDNA (complementary DNA) is single-stranded DNA that is complementary to messenger RNA.  It shows 
the genes that are active in a cell.  
38 In silico refers to doing experiments or analyses in the computer, rather than in living organisms (in vivo) or 
in the laboratory (in vitro). 
39A ligand is an atom, ion or functional group that is bonded to one or more central ion(s) forming a complex.  
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 Another application of genomic information in medicine is personalized medical 

treatments based on the genetic variations of an individual. The study of individual genetic 

differences by such means as Single Nucleotide Polymorphism (SNP) analysis, is expected 

to lead to treatments customized to the genetics of an individual.  SNP analysis looks for 

single nucleotide variations in an individual’s genome.  SNPs are genetic flags that are 

often linked to susceptibility to diseases or unusual responses to drugs.  SNPs have led to 

discoveries about the genetics of diseases such as sickle-cell anemia and Down's syndrome, 

and they have led to testing for predisposition to diseases such as breast cancer and cystic 

fibrosis.  Several computer programs are used to identify SNPs.  In addition, studies linking 

SNPs to disease/non-disease group data are highly dependent on statistical or mathematical 

methods.  

 

 A wide variety of databases and other Internet resources relate to mutations 

(Scriver and Nowacki 1999, Claustres et. al. 2002).  Some are organized by disease while 

others are organized by chromosome or by ethnic group.  There is now a professional 

society (The Human Genome Variation Society), and a journal (Human Mutation) devoted 

to this.  Many mutation databases are listed at 

http://www.genomic.unimelb.edu.au/mdi/dblist/dblist.html. 

 

 There are a wide variety of other genomic databases related to diseases.  Some 

examples are: 
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• Schaefer et. al. (2001) describe the National Cancer Institute's Cancer Genome 

Anatomy Project (CGAP), which is developing publicly accessible information, 

technology, and material resources for cancer-related genomics.  

• Huret et. al (2000) describe the "Atlas of Genetics and Cytogenetics in Oncology 

and Haematology",40 which is a database devoted to chromosome abnormalities in 

cancer, cancer-prone diseases, and genes involved in cancer.  

• Oh et. al. (2001) describe a gene expression database to identify molecular changes 

in lung cancer. A large number of proteins that are expressed in different types of 

lung cancer have been identified.  

• Barnes (2002) describes database and data mining used to identify genes associated 

with psychiatric diseases.  

 

 Genomics is also being used in non-medical application, including zoology, 

microbiology and plant biology. The complete catalogue of plant genes and proteins, 

revealed by genome sequencing, has great potential to provide insights into cell biology 

(Bevan 2002).  The same analytical methods used to analyze genome sequence data, 

including analysis of the transcriptome, proteome and metabolites can be applied to plant 

biology.  An example of this is the MaizeDB,41 which is a public Internet gateway to 

                                                 

40 http://www.infobiogen.fr/services/chromcancer 
41 http://www.agron.missouri.edu 
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current knowledge about the maize genome and its expression (Polacco et. al.  2002).  

Another broadly based collaboration is the transatlantic yeast gene deletion project, a 

collaboration involving researchers in the USA, Canada, and Europe (Kelly et. al, 2001.)   

 

4.3.3. IT and Biological Systems 

 Beyond genomics, IT is having a substantial impact on biology at scales above the 

molecular level.  Some of this work is under the rubric of "systems biology." The living 

body is composed of numerous subsystems, by which the flows of energy, material and 

information are controlled. Elements of this include genetic regulatory systems, metabolic 

systems, cell cycles, various physiological and pathological systems, organ systems, and 

other systems from the molecular level, cellular level, tissue level, and organ level to the 

organism level (Yao 2002).  Unlike traditional biology, which typically examines single 

genes or proteins in isolation, systems biology simultaneously studies the complex 

interaction of gene, protein, and cell elements that form informational networks and 

systems.   

 

 Systems biology aims to model and simulate various systems and visualize the 

results to help better understand living processes.  Instead of the data driven approach of 

genomics, research in biological systems can be characterized as “model-driven’’ (Yao 

2002).  The complexity of biological systems and the explosion of the quantity of 

biological information that is rapidly becoming available from experimental and clinical 

studies require the use of mathematical and computational modeling (Mehr 2001).  These 
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systems are too intricate to study without advanced computational tools for managing and 

integrating the data into mechanistic models (Department of Energy 2001).  

 

 Modeling requires taking knowledge in the form of qualitative biological theories 

and expressing it as explicitly and quantitatively as possible.  It requires that implicit 

knowledge be made explicit so that disparate human knowledge can accumulate in an 

integrated way (Yao 2002).  Model building also helps point out areas where knowledge is 

lacking, such as unknown pathways and parameters.  Simulation can identify missing 

components and suggest experiments to gather missing information.  

 

 The ultimate goal of this approach is to develop a ‘‘Life Simulator’’ (Yao 2002).  

The path toward this is to develop, step by step, subsystem simulators of subcellular 

mechanisms, whole cell simulators, cell development simulators, organ simulators, 

physiological simulators, pathological simulators, and body simulators.  There are many 

systems biology projects underway including models at the cellular level, tissue level, and 

organism level.  

 

Cellular and Subcellular Levels 

 A wide variety of activities are seeking to use information technology to model 

activity at the cellular and subcellular levels.  Work is intended to produce both 

fundamental advances in science as well as practical applications in medicine and 

agriculture. This work is expected to eventually enable the drawing of the entire metabolic 
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map of a cell. 

 

 Determining the biological functions of genes, and understanding how they interact 

to yield a living cell, is a major challenge of the post genome-sequencing era (Van Helden 

et. al.  2000). Understanding is needed of the functional pathways in a given cell or tissue, 

including processes such as metabolism, gene regulation,42 transport, and signal 

transduction.43    

  

 Understanding the regulation of gene expression is key to understanding the 

functioning of organisms at a molecular level (de Jong 2002).  Technologies such as DNA 

microarrays along with computer-aided algorithms are being used to analyze the behavior 

of thousands of genes at a time (see previous discussion of gene expression),  and are 

creating a foundation of data for building integrated models of cellular processes (Schilling 

et. al 1999 and Kao 1999).  Gene expression is regulated through networks of interactions 

between DNA, RNA, proteins, and small molecules.  Because most genetic regulatory 

networks involve many components connected through interlocking positive and negative 

feedback loops, it is difficult to obtain an intuitive understanding of their dynamics. Formal 

methods and computer tools for the modeling and simulation of genetic regulatory 

networks are needed to understand their operation.  Although past attempts to model 

                                                 

 

42 Genes regulation refers to controlling how, when, and at what level genes are expressed.  
43 Signal transduction refers to how cells communicate with their extracellular environment.  This happens 
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cellular processes have been disappointing, increases in biological understanding 

combined with advances in computational methods and in computer power make it 

possible to foresee construction of useful and predictive simulations of cellular processes 

(Endy and Brent 2001, Covert et. al. 2001).  Computer simulations can also provide an 

accurate qualitative description of the signal transduction processes in plants, and can 

represent the dynamics of the signalling network (Genuod et. al 2001). 

 

 Many major projects are underway to develop databases or models related to 

cellular metabolism: 

• The Alliance for Cellular Signaling (AFCS) project (www.afcs.org) is examining 

the mechanism of the signal transduction system inside cells (Yao 2002). 

• The Consortium for Functional Glycomics (http://glycomics.scripps.edu/) is 

defining the how carbohydrate binding proteins function in cellular communication. 

The project is developing and maintaining glycomics databases with Internet-based 

interfaces for disseminating data to the participating investigators and the public.  

• The "E-cell simulation system" (www.e-cell.org) is aimed at whole cell simulation 

of model organisms, such as Escherichia coli and Bacillus subtilis (Yao 2002). 

E-cell is a software environment for building models of the cell that incorporate 

gene regulation, metabolism and signaling, including functions of proteins, 

________________________ 

through the interaction of cellular receptors with signals originating from other cells or from the extracellular 
matrix. 
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protein-protein interactions, protein-DNA interactions, regulation of gene 

expression and other features of cellular metabolism (Butler 1999).  

• The Cell Migration Consortium (www.cellmigration.org) is focused on research on 

cell migration (movement of cells within organisms). Computer models are helping 

researchers design experiments, test hypotheses, and integrate data (Chicurel 

2002). 

• The Japanese Ministry of Agriculture and Forestry is funding a ‘‘Rice Genome 

Simulator" to simulate the workings of the rice plant (Yao 2002). 

• There are a wide variety of photosynthesis-related web sites (Orr and Govindjee 

2001).  

 

 An active area of systems biology is modeling the complex interactions between 

various metabolic systems and the effects of different pharmaceutical compounds on those 

systems (Augen 2002). This approach has begun to yield insights into the effects that occur 

when a complex metabolic system is perturbed at the molecular level. This is expected to 

aid drug discovery.  In silico models are also used for predicting absorption, distribution, 

metabolism and elimination (ADME) properties for candidate molecules in drug 

development (Butina et. al. 2002, Ekins and Wrighton 2001).  A variety of types of 

simulations are also useful tools in understanding metabolism, predicting drug-drug 

interactions, and other pharmacokinetic parameters.  
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Tissues/Organs 

 There are a variety of projects simulating biological systems at the tissue/organ 

level.  One prominent project is the Virtual Heart Project at Oxford University, UK, which 

has constructed a huge model of the heart mechanism with the collaboration of more than 

80 international researchers (Yao 2002, New Scientist 1999). The model contains more 

than 1 million cells or elements, each of which has internal complex biochemical reactions, 

and the model is governed by more than 30 million equations in total.  

  

 Similar approaches are underway on many organs, such as lungs, pancreas and 

kidney, as well as the immune systems (Yao 2002, Mehr 2001).  Some of this work is 

coordinated as part of the international Physiome Project (www.physiome.org). Other 

researchers have been developing models of vision (Naisberg 2001), spinal cord 

stimulation (Holsheimer 1998), and the hippocampal region of the brain (Allen et. al. 

2001).  

 

 Computer models and simulations have been applied to a wide range of 

tissue/organ level problems, including: 

• simulations of the uptake, accumulation and retention of drugs in tumors (Jang et. 

al. 2001); 

• simulations of neurons’ firing patterns (Perez and Carlen 2000); 

• simulations of neural activity (Schmajuk et. al. 2001); 

• models to describe antibody-antigen binding and the structural models of receptors 
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in immunology (Merrill 1998); 

• models of water transport systems in land plants (Roth et. al. 1998); 

• models of the spatial structure and development of plants (Prusinkiewicz 1998); 

• cerebral circulation computer models (Charbel et. al. (1998); and 

• models to simulate traumatic brain injury (Bandak 1995).  

 

Organisms 

 Modeling all levels of biological complexity is beyond the capabilities of current 

computers, but each increment in computing makes it possible to move up the biological 

complexity ladder. Most models at the level of organisms and tissues do not go all the way 

back to the genetic/molecular basis.  There is, however, for the first time the potential to 

use large-scale computation to simulate the behavior of living organisms as whole complex 

dynamic systems.    

 

 There are a variety of projects aimed at modeling whole organisms.  One is the 

virtual patient system "PhysioLab (www.entelos.com) which includes a virtual obesity 

model, diabetes model and asthma model (Yao 2002).  There are also large number of 

databases containing information on a wide variety of model organisms used in scientific 

study.  Some of the species for which large databases have been established include many 

yeast, bacteria and archea, arabidopsis (plant), fruit flies, zebra fish, blowfish, c. elegans 
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worm, and mice.  Lists of many of these databases are available at Oak Ridge National 

Laboratory's Virtual Library of Genetics. 44 

 

Populations 

 Computer-based statistical methods, databases, and modeling have been used for a 

long time in population biology and ecology.   A variety of statistical methods have been 

used to help address problems associated with nonrandom sampling, unknown population 

distributions, heterogeneous variances, small sample sizes, and missing data (Pitt and 

Kreutzweiser 1998).  Taxonomic databases have been developed on many different species.  

For example, Poulin et. al. (2001) discuss computerized databases on diatoms, and suggest 

that such databases aid transmission of data to colleagues around the world and constitute a 

major advance in the field.   

 

 Bioinformatics and the Internet are playing a large role in biodiversity science 

(Bisby 2000).  Biodiversity science by its nature involves scientists from around the world 

and databases on taxonomy and animal and plant records.  The Internet and bioinformatics 

are especially useful in bringing these together.  A major issue is achieving interoperability 

among the distributed databases (Edwards et. al. 2000).  

 

 Geographical information systems (GIS) are also important in population and 

                                                 

44 http://www.ornl.gov/hgmis/vl_organisms.html 
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environmental biology, due to the spatial nature of much of the data.  GIS, especially when 

combined with statistics, provides a powerful set of tools for spatial analysis in the 

agricultural, earth and environmental sciences (Burrough 2001). GIS systems originally 

concentrated on automated map making and facilitating the comparison of data on maps.  

Recently, standard statistical packages have been linked to GIS for exploratory data 

analysis, statistical analysis, and hypothesis testing. 

 

 Population models are used for a variety of purposes and scales.  IT has allowed the 

integration of data, model creation and testing of diverse and complex population 

interactions among biospheric and hydroclimatic systems, both spatially and temporally.  

For example, Rogers and Johnson (1998) investigate approaches to modeling the 

regeneration of oak dominated forests.  Loehle and Leblanc (1996) describe forest 

simulation models to predict changes in forest composition, forest dieback, or loss of forest 

cover in response to increased temperatures associated with increasing atmospheric carbon 

dioxide concentrations.   Cabeza and Moilanen (2001) analyze models used to help identify 

sets of nature reserves that maximize the representation of regional diversity.  

 

 Rogers and Johnson (1998) note that process in forests are highly complex, with a 

very large number of interactions among highly variable biotic and abiotic factors. They 

view models as a tentative description of a system or theory that accounts for all of its 

known or important properties.  Models range along a continuum of complexity from very 

simple to extremely detailed, and they can be theoretically or empirically based.  The more 
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complex computer models may 'simulate' real phenomena.  

 

 One approach to modeling ecosystems complexity is “individual-based models,” 

which fall under the new field of complex adaptive systems (Railsback 2001).  Such 

models study how complex behaviors emerge in systems of relatively simple interacting 

individuals.  Some key issues in such models are: 

 

• choosing what behaviors and population dynamics should emerge from the model's 

key processes vs. being imposed on the model; 

• determining how individual traits should be modeled so that realistic population 

responses emerge; and 

• choosing the adaptive processes of individuals to be modeled and the measures of 

fitness that are appropriate to use as the basis for modeling decision making. 

 

 Sigmund (1998) notes that a wide variety of computer simulations show that 

cooperation can evolve in populations of selfish agents, both with direct and indirect 

reciprocation.  An example is computer simulations of host-parasite co-evolution (Little 

2002). In silico experiments have shown that host-parasite interactions could be 

responsible for high levels of genetic diversity in host populations, and even be the 

principle determinant of rates of genetic recombination.  

 

 Several people urge caution in using computer models in making practical 
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decisions.  Johnson (1995) notes that fishery management models should be used for 

quantitative predictions only after all model inputs have been estimated from empirical 

data and the model has been tested for agreement with an independent data set.  Models can 

be more useful as tools for organizing data and concepts, learning about the system to be 

managed, and exploring management options. Models can provide valuable input to the 

decision-making process and can help determine priorities for data collection.  

 

 Moir and Mowrer (1995) note that forest management decisions are often based on 

long-term projections from computer models. Although these models are theoretically 

based and statistically calibrated, they usually fail to account for uncertainty in the 

underlying assumptions, in the statistical calibration, and in the values used to initiate 

projections. Moreover, given current knowledge of ecosystem behavior, even the best 

models may not capture important features of the ecosystem.  

 

4.3.4. Cross Cutting Topics 

 A number of topics cut across the various levels of biosciences that served as the 

organizing basis for the previous sections.  These include literature about IT applications 

that affect several levels of bioscience, as well as some conceptual approaches that do not 

fit neatly in one area.  These include instrumentation and imaging, electronic 

communication and collaboration, and the field of artificial life.   
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Imaging and Instruments  

 IT-aided advances in imaging and instrumentation have had a major influence in 

the biosciences.  Techniques have been developed for digital processing of microscope 

imaging, allowing computer-based image enhancement by filtering techniques, deblurring, 

and contrast enhancement (Sabri et. al. 1997). Computer-based methodologies have been 

developed to combine the advantages of scanning electron microscopy and conventional 

histology with tissue recognition (Kaufman et. al. 1998). With these technologies, tissues 

can be highlighted in a particular color and viewed either in isolation or in combination 

with other appropriately labeled tissues and organs. Tissues can be shown in any 

orientation as a transparent overlay on computer-generated histological sections or as 3-D 

images.   In addition, several systems for telemicroscopy  (remote operation and/or viewing 

of microscopes over the Internet) have been developed, allowing remote consultation or 

collaboration (Petersen et. al. 2000). 

 

 Work has been ongoing to develop three-dimensional visualization of many tissues 

and organisms.  Whiten et. al. (1998) have devised techniques for the production of 

interactive 3D models reconstructed from serial histological sections of human embryos, 

focusing on developmental changes occurring in embryogenesis. Sarwal and Dhawan 

(2001) discuss three-dimensional (3-D) reconstruction of coronary arterial trees that allows 

clinicians to visualize vascular geometry.  Three-dimensional images are being combined 

into large information systems in anatomy that can be used by clinicians, researchers, 

educators, or students.  Examples include 3-D atlases of the brain, knee and thorax 
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(Brinkley et. al.1998).  These on-line atlases get extensive use by researchers and students 

around the world.   Another large project is a digital atlas of mouse development, which 

covers mouse developmental anatomy from fertilization to birth (Kaufman et. al. 1998). 

 

Collaboration and Communication 

 As in other areas fields of science, information technology is used in the 

biosciences to enable new forms of collaboration among geographically separate 

researchers.  There have been a number of collaboratory projects in the biosciences, 

including the BioCoRE Collaboratory for Structural Biology (University of Illinois), the 

Microstructure Image-based Collaboratory  (San Diego Supercomputing Center), and the 

Great Lakes Regional Center for AIDS Research Arzberger and Finholt (2002).   Over the 

past decade collaboratories have evolved from an initial focus on remote operation of 

instruments to a broader focus on data integration, data access, and tools to support 

collaboration with data.   

 

 Arzberger and Finholt (2002) note that biomedical research increasingly requires 

the integration of “cross scale data” -- data at the molecular, cellular, and organism levels.  

This requires collaboration across labs that specialize in these different kinds of data and 

expertise from specialists with diverse training. Collaboration is driven by the need both to 

share data and to share knowledge about data. These needs, along with the dramatic growth 

in the capacity to produce and transport data, are leading to science being reorganized 

around the free availability and flow of data at unprecedented volumes and detail.  They 
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suggest that key capabilities for successful future collaboratories will be: 

• communications and resource control – including teleoperation and 

teleobservation; 

• information sharing – which includes the creation and curation of data repositories, 

security and authentication controls, and tools for collaborative visualization and 

analysis of data; 

• coordination – which includes planning experiments and computer runs, and 

scheduling scarce resources; and  

• technology development – such as ensuring that new collaboration technologies are 

compatible with emerging standards. 

 

 Other issues related to electronic communication and collaboration discussed in the 

bioscience literature include the challenges of managing the increasing volume, 

complexity and specialization of knowledge expressed in this literature (Mack and 

Hehenberger 2002) and role of electronic scholarly communication (Schoonbaert 2000).  

 

Artificial Life 

 Another aspect of the intersection of IT and the biosciences is the field of artificial 

life.  This includes work in a branch of computer animation to create active self-powered 

objects living artificial lives in the theoretical biology zone (Hokkanen 1999).  These 

works include animated simulations of legged locomotion, flexible-bodied animals 

swimming and crawling, artificial fish in virtual ecosystems, automated learning of 
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swimming and the evolution of virtual creatures with respect to morphology, locomotion 

and behaviour.  Artificial life also includes work on self-replication over the past 50 years 

(Moshe 1998).  Due to their self-replicating nature, computer viruses may be viewed as a 

form of artificial life (Spafford 1994).  Robot-based research may also be a new 

methodology for biology (Webb 2000).  Robots can be used as models of specific animal 

systems to test hypotheses regarding the control of behavior. This approach has led to 

novel hypotheses for animal behavior. 

 

Workforce Issues 

 Butler (1999) noted that the principal limit in the development of advanced 

computing in biology is the lack of biologists who know how to do it.  The National 

Institutes of Health Working Group on Biomedical Computing (1999) observed that many 

researchers who 5 years ago (before 1999) spent little time at the computer report that they 

now spend 90 percent of their research time in front of their monitors. They noted that the 

transformation in biology requires new skills. They also noted that one needs computer 

expertise without sacrificing biological expertise, and this requires more team-based work.  

Wooley and Lin (2005) note that cultural and institutional issues that inhibit biologists and 

computer scientists from collaborating.  

 

 Wooley and Lin (2005) advocate stronger quantitative training for biologists, and 

also note the similarities between biology and engineering -- both engineers and biologists 

address physical systems that must operate under a set of constraints.  Skills taught in 
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engineering, such as modeling, analysis and design, are important skills for biologists as 

well.   

 

4.4 Observations and Implications for Hypotheses  

 A series of observations emerge from the review of the use of IT in the geosciences 

and biosciences.  These include both some general observations about the role of IT in the 

two fields, as well as observations that relate specifically to the hypotheses laid out in 

chapter 1.   

 

 A first general observation is the diversity and pervasiveness of IT applications in 

the two fields.  These applications include automated data collection, statistical analysis of 

data, Internet-accessible shared databases, modeling and simulation, imaging and 

visualization of data and analysis, Internet-based communication among scientists, and 

electronic dissemination of research results. Table 4.4 provides examples of some of the 

applications of IT in both geoscience and bioscience.  

 

 

 

Table 4.4 Examples of IT Applications in Geoscience and Bioscience 
Information 
Technology 

Role Geoscience 
Applications 

Bioscience 
Applications 

IT-aided 
instrumentation/dat
a collection 

Increases efficiency 
of data collection 

Digital seismometers, 
Remote sensing 

Gene sequencers, 
DNA microarrays 

Data analysis Interpretation of data Analysis of seismic data; 
statistical analysis of 
fossils, rocks.   

Gene sequencing 
algorithms, protein 
folding calculations 

Shared databases Makes data widely Seismic, remote sensing, Gene sequence, 
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available digital map, and 
paleontological 
databases, others 

protein, and many 
other databases 

Modeling/simulation Aids understanding 
complex systems;  
Allows virtual 
experiments  

Earth simulator, digital 
earth 

Virtual cell, virtual 
heart, ecosystem 
models 

Imaging/ 
visualization 

Makes complex data 
intelligible 

3D reservoir models, 
earth simulators, earth 
tomography 

Protein folding, 
medical imaging 

Internet/WWW Enhances 
communication & 
collaboration  

Uses in all fields Uses in all fields 

 

 

 A related observation is that IT is used in all stages of the scientific process.  IT aids 

in hypothesis formation, research design, data collection, data analysis, and 

communications of scientific results.  Table 4.5 shows the relation of IT to stages of the 

scientific process.   

 
Table 4.5. Relation of IT applications to stages of scientific process 
Stage of Scientific Process IT Application 
Hypothesis formation Data mining, modeling 
Research design Modeling and simulation 
Data collection IT-aided instrumentation, databases 
Data analysis Statistical packages, modeling, 

simulation, imaging  
Information dissemination Websites, electronic journals, 

databases, maps 
All stages Email, other communication and 

collaborative technologies 
 

 

 IT pervasive role appears is such that it appears to play an important role in most 

subfields of geoscience and biology, even areas that might not be thought of as 

141 



 

computationally intensive.  Shared Internet accessible databases are important in 

paleontology; models and databases are important in population biology and ecology; and 

genomics are influencing many fields in biology.  At the same time, IT has an especially 

important role in specific areas.    In biology, IT is especially important in bioinformatics 

and the "omics" -- (genomics, proteomics, transcriptomics, etc.).  In the geosciences, IT is 

especially important in analyzing subsurface formations, mapping, and modeling complex 

systems.   

 

 Another observation is that IT-enabled science and traditional science are 

frequently complementary and synergistic in the two fields.  The fundamental techniques 

used in gene sequencing and gene expression detection were not based on IT, but IT 

enabled enormous leaps in the efficiency of data collection.  Both large-scale data 

collection, such as gene sequencing, and hypothesis-driven small-scale studies are needed 

to make conceptual advances.  Although modeling and simulation in some cases reduce the 

need for experimentation, often they identify the need for new data that must be obtained 

through experimentation.  

 

 There is evidence in the literature review that IT appears to influence scientific 

processes in several ways.  With respect to the hypothesis that IT leads to more 

hypothesis-seeking rather than hypothesis-driven work, there is evidence for this in the 

biosciences.  The large scale genomics and “omic” studies are focused on gathering 

information and placing it in a database, rather than using hypotheses to drive data 
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collection.  This approach, sometimes termed "discovery" or "hypothesis generating" 

science, has become significant in the biosciences.  It was less evident in the geosciences, 

although there have been major geoscience data collection programs (earthquake 

monitoring, deep sea drilling, remote sensing) for which the data collection is not entirely 

hypothesis driven.   IT, however, also facilitates modeling studies, which, in contrast to 

“discovery science” requires the formalization of explicit hypotheses about processes, and 

thus facilitates hypothesis driven research.  Because IT contributes to both hypothesis 

generating and hypothesis driven research, it is difficult to say how IT affects the balance 

between the two. 

 

 With respect to the hypothesis that IT leads to a shift from reductionistic research 

focused on constituent elements to systems research focused on complex problems, there is 

evidence for this in both fields. Modeling is used to explore systems interactions in many 

areas of both geoscience and bioscience, such as geochemical models or ecological models.  

The new subfields of systems biology and earth systems science rely on modeling of 

complex systems and large databases  

 

 With respect to the hypothesis that IT may contribute more to the speed of 

incremental advances than to conceptual advances, while there are suggestions that IT has 

sped routine science, it is clear that IT has also contributed to major conceptual changes in 

each of the two fields.   IT has contributed to novel approaches, such as complexity theory 

and theories about artificial life, that have influenced conceptual thinking in the 
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geosciences and biosciences.  IT is also associated with the development of new 

subdisciplines in each field, as represented by the development of professional societies 

and specialized journals, such as Computers & Geoscience, Bioinformatics and several 

other journals.  IT’s role in biosciences is transformational, based on the understanding that 

biology is at its core an informational science based on the information embedded in the 

genetic code.  IT is essential to store, manage, and decipher the instructions encoded in the 

genomes, the expression of genes, and the structure and function of the proteins.  At levels 

of organization above the molecular level, computer models are critical tools used to 

handle the complexity of the relationships in biology.   In geoscience, IT has played a part 

in the emergence of "earth system science" as an integrative view of the geological, 

oceanographic, atmospheric and environmental sciences.  This concept was largely driven 

by the availability of space-based remote sensing, but also relies on large shared databases 

and modeling of large-scale earth processes.  Modeling has led a shift from geology being 

an observational and descriptive science to one that is more predictive.  

 

 With respect to the hypothesis that there are substantial spillovers from IT 

investments in one field of science to another field of science, it is noted that the 

geosciences and biosciences rely on both general and field-specific IT.  There are many 

examples of both general IT tools (such as the Internet, standard database and statistical 

packages, and electronic journals) as well as specialized field-specific IT, such as software 

for comparing gene sequences or modeling protein folding, or geospatial databases for 

geologic mapping.   
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 With respect to the hypotheses that IT affects different fields in different ways, the 

literature suggests that there are strong similarities but also substantial differences in the 

way IT is used in the two fields.  Each field uses the same categories of basic information 

technologies, including IT-aided instrumentation, databases, modeling and simulation, 

electronic communication, data mining.  In both fields, IT has aided more efficient data 

collection, is a critical tool for handling complexity, has aided greater dissemination of 

information, and appears to have facilitated widespread collaboration around large projects, 

often centered on contributions to shared databases or models of complex systems.  On the 

other hand the role of IT in biology is unique because information contained in the genetic 

code underlies much of biology.  IT in geology is unusual because much of geoscience data 

is geospatial in nature and requires the use of geographic information systems.  Modeling 

plays a different role in the two fields because in bioscience it is often possible to test 

models with experiments whereas the temporal and spatial scales involved in geology 

often make such testing impossible or impractical.  

  

 With respect to the hypotheses that IT increases the social impact of science, 

through aiding the communication of scientific information to users or by providing tools 

to address the complex problems that are critical to society, there is evidence for these 

hypotheses in the geoscience and bioscience literature.  One example is the use of models 

to assess the adequacy of nuclear waste sites or the spread of infectious diseases.  These 

models provide a basis for making critical decisions, although critics caution against 
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over-relying models that cannot be fully validated.  Another example is the shift to digital 

geological maps and databases, which can provide information in a much more accessible 

form to the public officials and the public.  
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5. Models of IT and Science 

 

 This chapter takes the findings, assertions, and hypotheses of the literature reviews 

in chapters 3 and 4 and puts them into a series of conceptual models that formalize the 

description of the interactions between IT and science.  The models are at two levels.  The 

first model describes the impact of IT on science at a high level, showing the role in of IT in 

creating new subfields as well as advancing science in existing fields. The second model 

describes the impact of IT within a subfield of science.   

 

 These models have been prepared using systems dynamics modeling software, 

Vensim®, which allows easy drawing of relationships between variables and concepts.  

The software also allows one to do quantitative simulation experiments, but those have not 

been done as part of this dissertation.   

 

5.1  Model of Impact of IT on Fields of Science.   

 A first model is of the effect of IT on science at the level of the field, as derived 

from the literature in chapter 4.  As shown in figure 5.1, IT leads to new applications that 

lead to improvements in existing fields of science, but also to new methodologies that have 

a sufficiently profound effect that they create new interdisciplinary fields of science.  The 

names of these fields often reflect their origins.  Examples include bioinformatics, 
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computational biology, systems biology, geoinformatics, geographic information systems, 

or earth systems science.  In some cases, such as bioinformatics or computational biology, 

the new field is methodological in nature.  What is new is the tool; what is created is not a 

new field of natural science but a new methodology for exploring an old domain of natural 

science.  In other cases, such as systems biology, earth system science or genomics, IT 

enables looking at a natural science in a new way, often at a higher level of complexity than 

before.  In this sense, it is opening up a new dimension of an existing science.  In either case, 

the end result is a major transformation on an existing field of science, such as the 

application of genomics to biology, or systems level approaches to earth science.   

 

Advances in
IT

Exisitingfield ofscience

NewIT-sciencefield

Advances in
fieldacceleration of

incremental advances

new
methodologies

 
Figure 5.1 Role of IT in Creating New Scientific Fields 
 

 

 This model has a couple of interesting implications for measuring the role of IT in 

science.  First, it suggests that there is an important effect – the creation of new IT-science 
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subfields – that are not apparent when looking at the effect of science on a particular 

subfield.   The role of IT in the emergence of computational biology or bioinformatics as 

new subfields is not obvious when looking at the effects of IT on subfields of biology such 

cellular biology or ecology.  The role of IT in creating new subfields is arguably a very 

significant impact of IT on science.  Because the new journals that represent the subfield 

may be slow to be captured in publication databases, they may be underrepresented when 

measuring scientific output through counts of publications.   

 

 One other hand, one might argue that the creation of new IT-science subfields 

overstates overall scientific output.  The domain of knowledge in the new IT-science 

subfields is primarily technique -- bioinformatics provide new tools for biology but does 

not directly generate new knowledge about the natural world.  One might argue that an 

expansion in publications in bioinformatics, for example, is valuable only to society to the 

extent that it leads to advances in the more traditional fields of biology or biomedicine.   In 

this sense bioinformatics or might be viewed as analogous to library science.  An increase 

in publications in library science does not add directly to knowledge of the natural world, 

but advances in library science presumably enable efficiencies in the use of information 

that lead to more rapid advances in other fields.  

 

5.2  Model of IT and Science Within Fields 

 The second model, and the main model for this dissertation, is shown in figure 5.2.  

It focuses on the effects of IT in a specific field of science and attempts to capture many of 
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the key findings and assertions in the literature, as well as key insights gained from the case 

studies described in chapter 6.  The model was developed in an iterative fashion throughout 

the course of the dissertation.  An initial model was developed based on the literature 

review.  The initial model was tested and refined during the course of the case studies.  

Boxes are used to indicate technologies and applications, changes in science are without 

boxes, and outcomes are indicated in circles.  
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Figure 5.2  Model of IT Impact Within a Field 
 

 

 Beginning from the left hand side of the model, advances in general purpose data 

storage, microprocessors, networking and associated software lead to a series of advances 

in IT that is useful for science.  These include new databases (data collections); new 

technologies for collecting data (new instruments and sensors); new technologies for 
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modeling, simulation and data analysis (driven by advances in processing and software); 

and advances in Internet communications for science, driven by advances in networking.  

The figure shows the main pathways, but does not show all the connections.  Improved 

software, for example, also leads to improved digital data collections.  These, in turn, lead 

to new capabilities and resources for science.  The combination of data collection 

technologies with data storage and Internet connectivity leads to large new scientific data 

collections that are often made available to the scientific community over the Internet.  

Similarly, Internet communication and databases lead to electronic journals, preprint 

servers, and other electronic publication technologies.   

 

 These capabilities and resources affect the conduct of science.  New instruments, 

data collections, and modeling and simulation lead to new research methods and analytical 

approaches.  For example improved data collection and shared databases lead to the 

creation of large databases (such as genomic or remote sensing databases) and lead to the 

use of data mining to develop new hypotheses.  Modeling, simulation, and visualization 

enable simulation experiments, and allow new approaches to the study of complex 

systems.   

 

 Electronic journals and Internet communications help reduce the cycle time in 

science, reducing the time for information to disseminate throughout the community and 

reducing the time lag between publications and the studies that build on that publication.  

Email speeds up communication between scientists.  Preprint servers, and to a limited 
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extent electronic journals, speed up the dissemination of results.  For electronic journals, 

the rate limiting step is the review and revision cycle, which the Internet does only little to 

accelerate.  

 

 Electronic communication also aids collaboration, including collaboration across 

disciplines and continents. Digital data collections also aid collaboration.  Databases to 

which many groups contribute, such as protein databases, enable a loose form of 

collaboration.  Electronic journals and electronic communication, combined with the 

World Wide Web and search engines, also make it easier to search more widely for 

knowledge and techniques that may help solve a scientific problem.    Internet 

communication may not greatly enhance communication within a narrow scientific field -- 

an expert in a field can keep up with their own field by reading few key print journals and 

attending the main conferences.  The Internet and electronic publications, however, 

provide unprecedented capabilities to scan information outside of their field.  It allows a 

low-cost way of monitoring developments and exploring concepts in other fields, which 

may facilitate the introduction of new ideas into their own work.  Electronic 

communication is important not only to disseminate research results, but also to 

communicate research funding opportunities, research methods, and protocols and 

protocols more broadly. This allows broader participation in science, and enables broader 

collaboration, including international collaboration.  

 

 A key role of IT in several of these pathways is to mediate a transition between tacit 
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and explicit knowledge.  While a single researcher's notes and data collections may be 

undecipherable to others, when the researcher places the data in a larger shared collection, 

he or she is required to provide the clear definitions and descriptions of the data that make 

it intelligible to others.  Similarly, models and simulations require that variables be defined 

and relationships be made explicit, and even quantified.  Visualization technologies enable 

the transition in the other direction, taking the explicit knowledge in the form of quantified 

data and transforming it into images that are intuitively understandable.  This exchange 

between tacit and explicit knowledge is a key aspect of the role IT plays in making data and 

analyses usable to other scientists and to other stakeholders.  It enables communication and 

collaboration across disciplines and between scientists and the broader community that 

uses science.  

 

 Information technology leads to a greatly increased ability to study and understand 

large scale or complex problems.  Modeling and simulation in a variety of forms allow the 

exploration of relationships between many variables or agents.  Large shared data sets 

allow many different groups to contribute to data to a large scale project.  Electronic 

communications enable separate groups to collaborate on aspects of a large problem.   

 

 Modeling and simulation and shared databases also facilitate broader collaboration 

in science, both across disciplines and across geographic space.  The ability, enabled by 

modeling and simulation, to address large scale complex problems motivates larger 

collaborations, while electronic communications, shared databases, and community 
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models provide the mechanisms and infrastructure.  Shared databases allow many 

researchers and research groups to contribute to a large scale scientific problem. This 

collaboration may be very loose and distributed, as is the case with the human genome 

project or many other genomic or proteomic projects.  Community models also provide a 

forum for different groups to work on different aspects of the same overall problem, with 

different groups working on refining different elements of the model.  Models become the 

table around which discussions are held.  The combination of modeling and shared 

databases expands the community working on problems, allowing the integration of 

different disciplines.  Expanded collaboration, of course, also is aided by Internet 

communication as well as globally accessible digital information.   

 

 By facilitating the investigation of complex systems, IT enables scientists to focus 

on real problems, which are frequently complex.  The ecology of complex ecosystems, the 

dynamics of weather and climate, the processes inside a cell, the links between stresses in 

the earth and building damage from earthquakes, are all examples of real complex 

problems.  By enabling work on complex problems, IT enables science to be more relevant 

to stakeholders and to have more impact on society.  The combination of modeling, 

visualization, and electronic communication expand links between the scientific 

community and the user community.  A good example is the near real-time availability of 

hurricane tracking models on the web.  The models integrate much data and scientific 

research and address complex phenomena of social importance.  Visual display of the 

model results let the broader public understand the significance of the results.   
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 These changes in science have a several effects on the productivity, social impact, 

and quality of science.  Here “productivity” refers to output, conventionally measured by 

scientific publications, per unit of input.  “Social impact” means the contribution of science 

toward socially goals, ranging from solving health or environmental problems to leading to 

new industrial technologies.  “Quality of science” refers the significance of advances in 

science.  An increase in quality means more significant science – transformative rather 

than incremental research – often measured by highly cited publications or recognition 

through prizes.  

 

 First, and most obviously, the IT-enabled instrumentation and data collections 

enable a huge increase in the data available to researchers.  Examples include the huge 

increase the rates of sequencing of genes or proteins, the vast amount of remote sensing 

data produced by satellites, and the increased amount of seismic data produced by digital 

seismographs.  These result in orders of magnitude increases in the amount of data 

produced, and the fact that much data is available over Internet means that the availability 

of data to a given researcher has increased by many orders of magnitude.  This results in 

qualitative changes in research methods and in the type of science performed, as well as in 

increases in productivity in science.  Scientific output does not increase linearly with  

increases in data – a doubling of data does not lead to a doubling of publishable results -- 

but a thousand fold increased in data certainly has some affect on increased output of 

results.   
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 As mentioned previously, Internet communications and electronic publications can 

be expected to reduce the cycle time of science, which can be expected to tend to accelerate 

output and contribute to productivity.   

 

The effects of increased cross disciplinary collaboration on productivity may be 

mixed. On the one hand, as noted in chapter 3, some literature suggests that increased 

collaboration is correlated with higher productivity, possibly due to efficiencies derived 

through division of labor.  On the other hand, collaboration may take extra effort due to the 

costs of communication and coordination.  It is likely easier for ten researchers to each 

write one single-author paper each than to produce ten ten-authored papers, if there are 

sufficient publishable findings.  But if collaboration leads to more publishable ideas, 

through the capacity to work on research of a scale or complexity that one cannot undertake 

alone, or by getting better ideas through interaction, then it can increase scientific 

productivity.   

 

 Increased collaboration contributes to increased study and understanding of 

complex systems, which leads, through the ability to work on problems of importance to 

society, to improved connections to users and stakeholders, and to greater social impact.   

Improved connections to users and stakeholders may decrease the productivity of science.  

Working with stakeholders, whether a seismologist explaining earthquake risk to local 

planners or a biotechnologist working with a drug company, tends to take time away from 
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science.  But such interactions increase the relevance of science, and the social impact of 

science.   

 

  Increased collaboration also leads to better ideas, and thus to higher quality 

advances in science.    IT contributes to better ideas in several other ways.  As mentioned 

earlier, the Internet, various forms of digital libraries, and searching tools, make it much 

easier to conduct broader searches for knowledge and ideas that might contribute to one’s 

work.  Such broader searches for knowledge are linked to greater innovation (Fleming and 

Sorenson 2004).  Also as discussed earlier, advances in instrumentation, data collections, 

modeling, and simulation all lead to new research methods that can lead to significant new 

ideas.  Better ideas lead to improvements in the quality of science, which in turn increases 

the social impact of science.   

 

5.3 Discussion of Models 

 This model provides a framework for discussing the role of information technology 

in each of the three case studies for in this dissertation.  A few comments on the model are 

in order.  First, although it is fairly complex, it is still incomplete.  There are certainly 

additional pathways that are not shown for simplicity.  It is only a model of the role of IT in 

science, not a model of all of the factors that affect the quality, productivity, and relevance 

of science.  As described in chapter 3, IT affects science against a backdrop of declining 

productivity.   
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 The model focuses more on the benefits of IT than on the costs.  Most of the 

hypothesized effects in the model are positive. It does not explicitly show the costs of IT in 

terms of equipment expenses, training costs, costs from viruses and spam, or opportunity 

costs.  The reason for this is that intent of the model is to show the effects on science, not to 

do a cost-benefit analysis.  It is assumed, to some extent, that when people make 

investments in science, they are doing so because they perceive a benefit in doing so.  

There should be a strong presumption that the net benefits are positive.   

 

 An interesting feature of the model is that the effects are more uniformly positive 

with respect to impact and quality than for productivity.  IT has mixed effects on 

productivity, increasing productivity through efficiencies in data generation and faster 

communication, but perhaps also reducing productivity by facilitating increased 

interaction with stakeholders and users.  Such interactions increase impact but may reduce 

the productivity of research. 

 

 It should be noted that when the model represents IT as leading to an increase in a 

kind of activity, such as collaboration, what is happening is that new technology creates 

new capabilities and lowers the costs of some types of activities.  As costs are lowered or 

capabilities increased in some areas, one expects activities to shift in that direction.   This 

shift is also affected by the costs of competing activities.  If the costs of experimentation 

are going up while the costs of obtaining and analyzing other data is declining, one would 

expect research to shift away from experimentation to data mining. Advances in IT appear 
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to reduce the cost of storing, sharing, and analyzing data, the costs of modeling, and the 

costs of collaborating. As a result of all of these cost shifts, science shifts in the directions 

of lower costs.   
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6. Case Studies 

 

6.1. Methodology 

 The central method used in this dissertation is case studies of three subfields of 

science.  The general case study methodology is that of Yin (1994).  As Yin notes, cases 

studies are the preferred methodology when a how or why question is being asked about a 

contemporary event, and are the methodology of choice for exploring complex causal 

relationships. 

 

 Subfields were chosen of a size so that leading people in the field could be 

reasonably familiar with the key developments in the field, the methods used, and the other 

key people in the field.   I elected to concentrate my case studies in the geosciences and 

biosciences, because these were fields I covered in my detailed literature reviews.  

 

 As described earlier, case studies were chosen to vary in various dimensions that 

might affect the role of IT in the field.  Diverse fields provide a broader test of the model 

described in the previous chapter, and also allows one to test hypotheses about how 

characteristics of different subfields of science might affect the role of IT in the field.  Case 

studies were chosen to provide variation among the following variables: 

• Use of experimentation.  Some sciences, such as much chemistry and biology, are 
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largely experimental.  In other fields, such as much astronomy and earth science 

and social science, the scale of the phenomena being studied makes 

experimentation impractical.  Many fields use some mix of experiments, 

observations, and theoretical work.  My hypothesis was that non-experimental 

fields might make a greater use of modeling and simulation than experimental 

fields.    

• Scale of research.  I hypothesized that IT is used more in big science, characterized 

by larger groups and expensive instrumentation, than small science, conducted by 

single investigators with relatively inexpensive equipment.  Big science is likely to 

involve greater data collection and management, use modeling, simulation, and 

visualization technologies, and use IT to a greater extent for communication among 

team members.  

• Geographic scale.  Some research is typically viewed as international in scope, 

whereas other research is more typically geographically confined, pertaining to a 

particular region.  Some of this depends on the definition of the field. For example, 

"high altitude ecology" might be an international field, while "Rocky Mountain 

ecology" is a regional field.  A hypothesis is that electronic communications would 

have a larger impact on international fields than on regional fields.    

 

 The three subfields I chose were malaria research, earthquake research, and 

Chesapeake Bay research.  Malaria research is generally experimental, small science, and 

international.  Earthquake research is generally observational, medium to large science, 
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and both international and regional. Chesapeake Bay science is generally observational 

(with some experimentation), medium scale, and regional.  Analysis of these subfields 

allows me to examine questions about the extent to which differences in scientific 

disciplines affect the role of IT, and make it possible to generalize the findings to some 

degree.   

 

 Of course no possible set of three case studies is sufficient to explore all of the 

dimensions of variability among the sciences.  These three cases are similar with respect to 

several dimensions.    In part because of the policy-focused nature of this dissertation, I 

chose cases that have some connection to policy issues.  None of these areas are "pure" 

basic research; they are all “Pasteur Quadrant” subfields, where the search for knowledge 

is strongly motivated by applications. (Stokes 1997).  As subfields organized around 

problems, they are each substantially interdisciplinary.  While this orientation may be seen 

as a bias, it is a somewhat deliberate one, as many people have observed that most of the 

important science occurs at the interstices of disciplines (Metzger and Zare 1999).   

 

 Another, related dimension along which these cases do not vary is the distinction 

between “extensive science” that deals with the configuration of matter (chemistry, 

biology, geology, etc.) and “intensive science” of physics that has to do with exploring the 

characteristics of the most fundamental building blocks (Weinberg, 1989).  Or as Ernest 
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Rutherford famously put it, in a statement that perhaps says more about the world view of 

physicists than about science, "All science is either physics or stamp collecting."45 These 

cases are all extensive science, or "stamp collecting" by this definition. The point here is 

that the cases do not cover the full scope of science, and so one must use caution in 

generalizing the results.   

 

 Each case study included a background literature review and interviews with 

individuals who have a detailed view of the subfield, how the subfield has changed over 

approximately the last ten years.  These interviews addressed:  

 

• What are the major applications of IT in the subfields (modeling, data collection & 

analysis, communication)? 

• How has the subfield has evolved over last 20 years - what have been the major 

breakthroughs/changes?  What are the most significant intellectual/conceptual 

advances in the subfield? 

• What role, if any, has IT played in these changes? Has IT aided in making these 

conceptual advances?  Or has the ability of IT to handle large amounts of data and 

complexity let researchers avoid the need to reconceptualize? 

• What have been the most significant changes in research methods? What role, if 

                                                 

45 Ernest Rutherford, in J. B. Birks "Rutherford at Manchester" New York: W. A. Benjamin, 1963.  Quotation 
from http://www.quotationspage.com/quote/26219.html 
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any, has IT played in this change? 

• How has the organization of research in the field changed?  To what extent are 

these changes related to IT? 

 

 Interviews were conducted in accordance with the universities human subject 

regulations.46   

  

 I also conducted a limited bibliometric analysis.  For each subfield, I chose a 

keyword central to the subfield (“malaria”, “earthquake”, “Chesapeake”) and selected 

articles from the Thompson ISI Community of Science Science Citation Index.  I selected 

articles for which the key word appeared in the title of the article for selected years or time 

periods covering 1980-2002.  For the malaria and earthquake studies, I used the years 1980, 

1985, 1990, 1995, 2000, and 2002.  For the Chesapeake Bay study, because there were 

fewer articles, I used the intervals 1980-1984, 1985-1989, 1990-1994, 1995-1999, and 

2000-2002.   This process resulted in a database of 100 to 700 articles for each time period 

for each case.  I cleaned each database to remove articles that were outside of the case study 

fields.  For example, for earthquakes, I excluded articles on earthquake engineering rather 

than geology, and for the Chesapeake Bay case study I removed articles about Chesapeake 

                                                 

 

46 I believe, however, based on the information in GMU’s human subjects training course as well as 
discussions with NSF officials and my knowledge of applications of human subject regulations at other 
research institutions, that these regulations were misapplied and unnecessary in this research, resulting in 
inefficiencies and unnecessary costs.   People were interviewed about their fields of science, but they were 
not the subjects of the studies and by the definitions of the human subject regulations, should not have been 
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Bay retrievers.  I then selected the approximately 100 most highly cited articles for each 

time period for each case.  The intent was not to create a comprehensive database of 

articles in each field, but rather to produce a sample of articles that are clearly within the 

field and are significant enough to have been cited.  I wanted the sample to be small enough 

that manual data cleaning and analysis was feasible but large enough to produce 

statistically significant results.  

 

 For each data set of the 100 most highly cited articles, I examined the number of 

authors, institutions, and countries represented among the authors. I also examine the 

article titles for the prevalence of clearly IT related themes (e.g., modeling, databases, 

genomics). The purpose of the bibliometric analysis was to examine changes in 

collaboration patterns and authorship, and to provide a cross-check on information derived 

from the interviews, looking for congruence between highly cited papers and major 

changes in the fields cited by the interviewees.  

 

6.2. Malaria Research 

6.2.1. Introduction  

 Malaria research was chosen because of its characteristics along several 

dimensions that may affect the importance of information technology in the field.  First, 

malaria research traditionally is “small science.”   The research is typically performed by 

________________________ 

considered human subjects, or even if they were, should have fallen under the minimal risk exemption.   
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small research groups in laboratories and clinics, and historically has not required large 

scale facilities or instrumentation.   Second, malaria research is primarily an experimental 

science, with laboratory research and clinical trials following experimental protocols.  

However, there are elements of the field that are observational rather than experimental.  

The diseases must be monitored and tracked, and there are some areas of research, such as 

studying the spread of the disease or some treatment protocols, where experimental designs 

would be difficult or unethical.  Third, malaria research has always had a strong 

international aspect, because malaria is a problem in many parts of the world and much 

research has to be conducted in countries where malaria is endemic.  Fourth, malaria 

research has also been somewhat multi-disciplinary, involving research the mosquito, the 

malaria parasite, and human immune responses. And finally, malaria research represents a 

field that historically has not been an IT-intensive field.  Because malaria is not prevalent 

in wealthy countries, the research has been poorly funded relative to the magnitude of the 

problem (Malaria R&D Alliance 2005, p. 34).  As a result, the field has rarely been the 

leader in developing new research techniques, and it is a follower rather than a leader in the 

use of IT in research.  

 

 The case study consisted of: 

• A review of general literature on malaria. 

• Attendance at an international malaria research conference. 
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• Interviews with malaria scientists.47  These included U.S. and non-U.S. research 

scientists as well as managers at the National Institutes of Health with 

responsibility for malaria-related programs.  

• A bibliometric analysis of malaria research, using the Science Citation Index of the 

Institute for Scientific Information (ISI).  The methods are described in the section 

on the bibliometric analysis.   

The malaria specialists interviewed included: 

• Dr. Michael Gottlieb, then Chief of the Parasitology and International Programs 

Branch at the National Institute of Allergy and Infectious Diseases of the National 

Institutes of Health; currently Associate Director for Science, Foundation for the 

National Institutes of Health 

• Dr. Sócrates Herrera, Director of the Institute of Immunology at the Centro 

Internacional de Vacunas, Cali, Colombia 

• Dr. Terrie Taylor, a University Distinguished Professor in the Department of 

Internal Medicine, Michigan State University's College of Osteopathic Medicine, 

who works extensively with the Blantyre Malaria Project in Blantyre, Malawi 

• Julia Royall, Chief, International Programs and Project Director, Multilateral 

Initiative on Malaria Communications Network at the U.S. National Library of 

Medicine 

• Dr. Barbara Sina, Program Officer for Global Infections Disease Research Training, 

                                                 

47  I have chose not to attribute comments directly to the interviews to encourage frank comments.   
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Fogarty International Center, National Institutes of Health 

 

6.2.2. Background on Malaria  

 Malaria has long been one of the deadliest diseases.   Based on World Health 

Organization estimates, 300 to 500 million cases of malaria and 1.1 million deaths 

attributed to malaria occur annually, with most deaths occurring in children under age 5.   

The majority of deaths occur in sub-Saharan Africa (UNDP 2002).    

 

 The malaria parasite is a protozoan, genus Plasmodium, which is transmitted to 

human and other animals via a mosquito. There are many different species of Plasmodium, 

some of which infect birds and other mammals.  Four species are predominant in humans 

• Plasmodium falciparum is the most dangerous species and is the most frequently 

fatal. 

• Plasmodium vivax is a relatively benign form that is rarely fatal, in which fever 

spikes are characteristically 48 hours apart. 

• Plasmodium malariae is a form in which fever spikes are 72 hours apart.  

• Plasmodium ovale is a relatively rare form. 

 

 There are also several species of monkey malaria that can be transmitted to human, 

including Plasmodium knowlesi and Plasmodium Cynomolgi.  These produce symptoms in 

humans similar to vivax. 
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 The malaria parasite has a complex life cycle with various stages in the mosquito 

and in humans.  The bite of an infected mosquito bite injects thousands of the parasites, in 

a threadlike “sporozoite” form, into the human’s blood.  These sporozoites are carried in 

blood to the liver, where they transform into a spore.  These spores grow and replicate for 

two weeks in the liver within a cyst.  Then the cysts burst, releasing the spores to the 

bloodstream, where they enter red blood cells.  The parasites engulf the hemoglobin in the 

blood cells, and form many spores known as merozoites.  The red blood cells burst, and the 

merozoites invade other red blood cells, where they reproduce and burst again, releasing 

more merozoites.  In this stage, the reproduction of the merozoites is synchronized, leading 

to a pattern of fever spikes that is characteristic of each type of malaria. 

 

 After several asexual generations, some merozoites become male and female 

gametocytes.  These sexual merozoites each invade a red blood cell, but instead of 

replicating, they enlarge and fill the host red blood cell.  They remain in this form until the 

person is bitten by an Anopheline (i.e., genus Anopheles) mosquito.  Inside the mosquito’s 

stomach, the asexual forms of the parasites die, but the sexual forms -- the male and female 

gametocytes -- survive.  The male gametocytes’ nuclei divide and reorganize, becoming 

“sperm,” with flagellates.  They swim to and fertilize the female gametocytes. The 

fertilized eggs turn into a wormlike form (vermicule), which goes through the mosquito’s 

stomach and attaches to the outside.  It then becomes a rounded cyst (the oocyst).  Over the 

next 14 to 21 days, it reorganizes to form several thousand infective threadlike forms, the 

sporozoites.  The oocyst bursts, releasing the sporozoites into the mosquito’s body cavity.  
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The mosquito’s salivary gland extends into this cavity, and the sporozoites enter the 

salivary glands.  The mosquito is then ready to inject the sporozoites into the next human 

upon which it feeds.   The complexity of this lifecycle has complicated the study of 

malaria.   

  

6.2.3. Malaria Research History 

 Long before the cause of malaria was understood, Jesuit missionaries in South 

America learned of the antimalarial properties of quinine, from the bark of the Cinchona 

tree, and had introduced it to Europe by the 1630s.   By the 18th century quinine was 

widely traded.  Not all quinine was effective, however, because only the bark of certain 

species of Cinchona had the right properties. In the 1830s, Charles Ledger discovered that 

one species, Cinchona ledgeriana had the highest concentrations of quinine (Desowitz 

1991). 

 

 In the early 1800s, there were several theories about the spread of malaria. These 

included bad air (mal aria), bad water, and soil contaminants (Desowitz 1991). Some 

people suggested mosquitoes were the mode of transmission.  This was not confirmed until 

the 1880s, when the malarial mosquito parasite was first observed by the French army 

doctor Charles-Louis-Alphonse Laveran in 1880, working in Algeria.  Ronald Ross, a 

British Army physician, working mostly in India, published in 1898 how the malaria 

parasite was transmitted by the mosquito.  Shortly thereafter, Giovanni Batista Grassi of 

Italy proved that malarias of humans are transmitted only by species of Anopheles 
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mosquitoes. 

 

 Parasitology is an interdisciplinary field because of the need to work with multiple 

types of organisms.  There are three basic approaches to controlling malaria.  One focuses 

on the development of drugs that are effective against the malaria parasite.  Another 

focuses on controlling mosquitoes.  And the third focuses on vaccine development - 

improving the human immune response to the parasite.   

 

Drug Development  

 In the early 20th century, quinine was the main drug used for the treatment of 

malaria.   By the 1920s, quinine could be manufactured chemically, making it readily 

available and less expensive.  Quinine was effective if taken at frequent intervals as a 

preventative, but it had toxic side effects, prompting the search for less toxic but still 

effective drugs.   

 

 The German pharmaceutical company I.G. Farben synthesized Sontochin in 1934.  

It had fewer side effects than quinine (Desowitz 1991).  They also developed Resochin, 

which cured malaria in birds but was considered too toxic for human use.  During World 

War II, Sontochin was modified by American chemists to make chloroquine, which was 

even more effective and received widespread use. It turned out, however, to be the same 

chemical as Resochin that had previously been discovered.  Chloroquine became the main 

antimalarial drug.  

171 



 

 

 In the 1960s, however, some strains of Plasmodium falciparum, the most fatal form 

of the parasite, developed chloroquine-resistance. Quinine, and its synthetic analog, 

mefloquine, were used for chloroquine resistant malaria.  A Chinese drug, Qinghaosu, 

from sweet wormwood, is also effective, but until recently had not been widely available in 

the west.  Several other drugs have been developed, such as Halofantrin, but have not 

received as widespread use because of side effects, cost, or other factors. 

 

Mosquito Control 

 A second approach to controlling malaria has been mosquito control.  One 

approach has been to drain swamps.  Another was the application of DDT.  DDT spraying 

campaigns were initially effective. But widespread agricultural use of DDT led to 

mosquito resistance to DDT, and environmental concerns restricted its use.48  As a result, 

the global program to eradicate malaria program was stopped by 1972.  Bed nets dipped in 

insecticide are now a low cost and relatively effective means of reducing malaria through 

mosquito control.   

Vaccine Development  

 The third approach to malarial control focuses on vaccines to boost the human 

                                                 

48 DDT continues to be used in developing countries.  The use of DDT remains controversial, but it was 
primarily the agricultural use of DDT, rather than its use in malaria control, that was responsible for DDT’s 
environmental impact.  

172 



 

immune response to the parasite. Between 1900 and World War II there was much interest 

and optimism about malarial vaccines.  Vaccines against parasites, however, turned out to 

be much more difficult than vaccines against viruses and bacteria. The complicated life 

cycle of the malarial parasite, and the multiple species and strains of malaria each 

complicate vaccine development. Early vaccine work with prison populations during 

World War II was ineffective.   

 

 In 1965, the U.S. Agency for International Development (AID) launched a malaria 

vaccine program. Vaccine work focused on the sporozoite antigen49 to prevent infection 

from the mosquito bite, and an asexual blood stage antigen to prevent any breakthroughs.  

There was some success in producing vaccines for rhesus monkeys, but the techniques 

were not acceptable for humans.   By the 1970s, some possible vaccines were developed by 

U.S. and British groups, but they proved to be disappointing. The AID malaria program fell 

apart in the late 1980s due to mismanagement and misuse of Federal funds, and several 

people involved went to jail (Desowitz 1991).   Vaccine work has accelerated again in 

recent years, and there are currently a number of vaccines in clinical trials.  

 

Organization and Sociology 

 The sociology of the malaria research field is shaped by its history, which began 

                                                 

49 An antigen is a substance that triggers and immune response. 
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during colonial periods.  Leading research centers were established in malarial countries by 

the colonial powers and were led by expatriates.  Some research institutes continue to 

operate in this model.  The British, French, and Germans have laboratories in former 

colonies and the U.S. Army and Navy also have major malaria programs, including field 

research stations in Indonesia, Thailand, Kenya, and Peru (NMRI 2005).  The U.S. Centers 

for Disease Control is also viewed as operating in something of a military mode. 

 

 Another, more recent, model of research is what one interviewee termed the 

non-governmental organization (NGO) model, in which research is conducted on 

developing country problems, as defined by the NGO, primarily by scientists in the 

developed countries.  The research results often did not get back to the developing world, 

and if they did, they were often difficult to implement.   

 

 Finally there is the collaborative model -- where developed and developing country 

scientists work on problems that are mutually discussed.  NIH today views itself as 

operating in the collaborative mode, with collaborative research projects involving 

partnerships between scientists in the developed and developing world.  

 

 The London School of Tropical Medicine is often considered the leading malarial 

research institute in world; in the United States, Harvard, Johns Hopkins and Tulane are 

leading centers. 
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Key Malaria Research Events 

 In the past few decades, there have been several major advances in malaria research.  

One occurred in 1977, when researchers at Rockefeller University succeeded in growing 

falciparum in culture.   This enabled research on the malaria parasite to continue without a 

continual supply of blood from infected patients.  Prior to this, work on malaria in 

developed countries was limited.  Most malarial research was conducted in tropical 

medical research institutes in malarial countries, and this restricted the number of scientists 

who were willing to work on malaria.  The ability to culture the malaria parasite made it 

possible to greatly expand the contribution of scientists in developed countries to malaria 

research.  

 

 In the 1980s, biotechnology techniques provided the ability to clone genes of the 

malaria parasite.  In the 1990s, these capabilities expanded to enable scientists to do 

transfection -- incorporate genes into the malaria genome.  In the late 1990s and early 

2000s, the genomes of the three key organisms - the falciparum malaria parasite, the 

anopheles mosquito, and human - were sequenced.  The sequencing of these genomes was 

expected to contribute to identifying potential targets for drug development.  The 

sequencing of these genes, however, is just the beginning of the process and much 

additional work is needed to understand the role of genes and related proteins in order to 

identify drugs targets.   

 

 The ability to rapidly sequence genes also makes possible ways of determining the 
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drug resistance of malaria.  It is possible to identify the genetic changes in drug resistant 

malaria, and then to develop tests to identify parasites with those changes.   

 

 Another advance is the ability to rapidly identify the types of mosquitoes.  Only 

certain species of mosquito are potential carriers of human malaria, and different carrier 

species have different behavior.  It is important to identify correctly which species of 

mosquito are present to be able to target mosquito and malaria control efforts.  

 

 Another major advance, although decidedly low technology, was the development 

of the insecticide impregnated bed nets, which provide a relatively low cost and effective 

way of reducing malaria transmission.   

 

 In spite of these developments, the mortality rate from malaria has not changed 

substantially in 50 years.  A central problem is the poverty and lack of resources in the 

malaria endemic areas.  It is difficult for communities to implement even low-cost malaria 

control measures in a consistent enough way to break the cycle of the disease.  

 

 Recently there have been several new initiatives to combat malaria. The Malaria 

Medicines for Venture (MMV) is intended to facilitate discovery, development, and 

commercialization of anti-malarial drugs at affordable prices for areas most affected by 

malaria. The Malaria Vaccine Initiative (MVI) is intended to accelerate development of 

promising malaria vaccines.  The Multilateral Initiative on Malaria (MIM) is a global 
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alliance of organizations and individuals concerned with malaria research and control in 

Africa.  Many of these initiatives are receiving support from both public and private 

sources, including government research agencies, such as the National Institutes of Health 

and Department of Defense, private foundations, such a the Bill and Melinda Gates 

Foundation and the Wellcome Trust, and others.  The Gates Foundation in particular is 

investing heavily in malaria research and treatment.   A report on malaria R&D (Malaria 

R&D Alliance 2005) was recently published that outlined the main funders and performers 

of malaria R&D.  It identified $323 million in malaria R&D in 2004, and increase of $166 

million over 1993. 

 

6.2.4. IT and malaria research 

 Information technology has played a major and growing role in malaria research.   

This role has included: 

• electronic communication (email, word processing, electronic dissemination of 

research results and data);  

• automated data collection, analysis, and storage (automated laboratory equipment, 

such as microscopes, gene sequencers, and microarrays, and data collections); and  

• modeling (protein folding, and disease spread and control) and visualization.  

 

This section describes the evolution and uses of these technologies in malaria research.   

Electronic Communications  

 Electronic communications have had a major impact on malaria research, 
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especially in facilitating collaboration between scientists in malaria endemic countries and 

developed countries.  Malaria research benefits greatly from collaboration between 

scientists in the developed countries, where research capability is concentrated, and 

scientists and clinicians in malarial countries, who have the most direct knowledge of the 

disease and the effectiveness of treatment, and where malaria specialists can combine 

clinical work with research and teaching.    

 

 There has historically been a big division between the research and control aspects 

of malaria research.   Medical people worked on malaria in the field and scientists worked 

on malaria in the laboratory.  There was little interaction between them.  There was also a 

large gap between the researchers from the developed countries and the researchers from 

the developing countries, with former looking towards the latter for data but not ideas.   

Scientists in the developed countries would publish their results in journals that did not get 

back to the developing countries.  Laboratory and field people came together at meetings 

such as those of the American Society of Tropical Medicine and Hygiene, but they had 

separate sessions and the people did not talk much.  Prior to electronic communications, 

such collaborations were weak.   

 

 In the 1980s, fax machines provided an initial major advance in connecting 

scientists in the malarial countries and the developed world.  Fax machines made it 

possible to transfer documents, papers, data, and publications in minutes instead of the 

weeks or month it took to communicate by mail.   This let laboratory researchers share data 
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and images with field people much more quickly, greatly facilitating communication 

between laboratory and field researchers.   

 

 For most research institutes in the developed and developing world, fax machines 

came into common use in the mid to late 1980s. It took longer to get fax machines in the 

poorer countries.  For example, malaria researchers in Malawi did not have a fax machine 

in 1987.  The use of fax machines depended on the availability of basic phone service to 

developing countries.  This was not available at many remote field sites, but was generally 

available in research institutes in major cites.  International phone calls were expensive, 

making the transfer of long documents expensive for researchers in developing countries.  

In general phone connections were better between developing countries and the U.S. and 

Europe than between developing countries; it was possible to send faxes from developing 

countries to the U.S. or Europe, but much more difficult to send faxes among developing 

countries.  As a result, the fax machine continued the hub and spoke, hierarchical 

communication pattern among researchers.  Early fax machines used thermal paper, which 

had to be recopied, which was not always easy in developing countries.   

 

 Starting in the 1990s, the Internet came into use, first with email and later with the 

World Wide Web.  The Internet came in different levels and at different times in different 

places.  As early as 1990, there was some sporadic dial-up service in Africa, such as at 

Rhodes University in South Africa.   Around 1990, SATELLIFE, a group created by the 

co-founder of the International Physicians for Prevention of Nuclear War,  supported a 
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satellite that was set up to provide for exchanges of health information between the 

developed and developing countries (Healthnet 2005).  The satellite was in a polar orbit 

and would drop-off and collect email twice a day.  Getting the ground antennas to work in 

developing countries was often challenging.   The satellite was used for email and to send 

health-related articles.  The first article sent was a paper on the role of vitamin A in 

reducing measles mortality.    

 

 Internet access gradually spread in the 1990s.  A Colombian malaria research 

laboratory had Internet access in 1993.   By around 1996, Internet cafes were coming into 

use in Africa.  By 2003, there were Internet cafes in most major cities.  

 

 Another important development was cell phones.  In Columbia, these came into use 

around 1997 and had a major effect, especially by improving communication between field 

sites.   In Malawi they have had mobile phones since around 1998.   Cell phones are 

especially important in the developing world because of limited land lines.  

 

 Malaria researchers in developed countries have benefited greatly from the Web, 

through easier access to information.  Research results are often published to the Web 

which reduces cycle time.  Web publishing of results also drives competition between 

centers, which is healthy. 

 

 For malarial researchers in developing countries, the Internet led to much greater 
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changes.  One interviewee characterized the Internet as giving people funding, a voice, and 

knowledge.   There is more communication across all levels, from funding agencies to 

laboratories, to the field.  The Internet gave researchers in developing countries access to 

documents and access to libraries. They could get new software over the net.  The 

computer-aided microscopes used in Colombia could be fixed over the Internet. 

Researchers said the Internet expanded the critical mass of their research group instantly, 

giving it access to tools that previously only large institutes could have. 

 

 Developing country access to scientific journals has improved. There is now a 

system put together by the World Health Organization, the Health InterNetwork Access to 

Research Initiative (HINARI).  This provides free or very low cost online access to the 

major journals in biomedical and related social sciences to local, non-profit institutions in 

developing countries.  HINARI was started in 2002, and in 2007 included over 3500 

journals from over 70 publishers.  In Malawi, the malaria community finds the HINARI 

system to be very useful.   The journals, however, are the ones that publishers have 

contributed, not necessarily the ones African scientists need.  The National Library of 

Medicine also provides a variety of free resources for scientists in developing countries.50 

Royall et. al. (2005) in their study of the Multilateral Initiative on Malaria Communications 

Network (MIMCom) found that MIMCom has provided researchers in developing country 

sites with the ability to download journal articles to compete with their colleagues in other 
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parts of the world in proposal and paper writing, and enables access to information for 

training. 

 

In Malawi, the Internet has increased the speed with which people expect answers 

and replies to queries.  People have much more information.  Lack of bandwidth (in 2004) 

was still a major problem.   Because the Internet slows down in the middle of the day when 

people are on the Internet, many people work in off-hours to be able to use the Internet.  

 

 The Internet has changed the patterns of communication among researchers.  

Before the Internet, communications between researchers were much more centralized, in 

a hub and spoke pattern, with developed countries at the hubs.  Now they more of a 

network pattern, with everyone interacting with everyone.  There are now networks among 

malarial countries.   For example, the Multilateral Initiative on Malaria /Tropical Disease 

Research Antimalarial Drug Resistance Network included (in 2005) collaborative research 

projects in Ghana, Mali, Nigeria, Uganda and Tanzania with partnerships in the United 

States and Switzerland to study the resistance of the P. falciparum malaria parasite to 

antimalaria drugs (National Library of Medicine 2005).  The network focused on trying to 

get greater standardization of testing for drug resistance, research, and treatment across the 

countries. Another network is the East African Network for Monitoring Anti-malarial 

Treatment (EANMAT), a regional body operating under the ministries of health for Kenya, 

________________________ 

50 See , for example, http://www.nlm.nih.gov/psd/ref/international.html and www.nlm.nih.gov/mimcom. 
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Uganda, Tanzania mainland, Zanzibar Island, Rwanda and Burundi.  This focuses on drug 

resistance surveillance, and is primarily clinical rather than research oriented (EANMAT 

2005).  Another example is a clinical trials network in Malawi, for which data are cleaned 

and maintained at a center in Kenya.  This provides economies of scale, a good turnaround 

time, and is inexpensive.  

 

 The Internet is also useful to link researchers in malarial countries with 

international funding organizations.  A major effect of the Internet is that it enables 

researchers to look worldwide for funding.   Much information about applying for NIH 

grants is available online.  E-mail lists are an important way of distributing information 

about opportunities for research and training.  The laboratories that are connected by the 

Internet are in a much better position to get funding.   

 

 The Internet helps researchers identify collaborators and put together joint 

proposals.  However, genuine collaboration takes more than Internet communication, and 

the grant review process seems to be able to distinguish between real collaborations and 

instant virtual collaborations; the latter do not do as well in the grants competition.  Until 

recently, NIH grant applications still were still required to be submitted on paper, which 

made it more difficult to apply from developing countries.  NIH has, as of 2007, moved to 

a completely electronic application process, which in some ways has made it easier for 

overseas scientists to apply for grants.  The online system, however, has also proved 

challenging for some scientists and institutions in developing countries.  
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 The Internet has made it possible for researchers to go to Africa or return home to 

Africa and not be so isolated.  It used to be that people “dropped off the face of the earth” 

when they went to Africa, but now they can stay involved with the international research 

community.  Internet access is a now prerequisite for an African research organization to 

attract talented young scientists.  They are so used to the Internet that they do not want to 

work without it. 

 

 Similarly, many international scientists avoid going to Cali (Colombia) because of 

concerns about crime.  Videoconferencing lets these scientists provide guest lectures or 

participate in conferences.  Research facilities in Colombia can also do telemedicine and 

share medical images, such as ultrasound or photographs.   

 

Not all of the effects of the Internet have been positive.  The Internet has increased 

demands on researchers, such as people making requests for samples and expecting an 

instant response.  This has increased the workload on scientists.  The Internet has increased 

the ability of researchers in developing countries to submit articles to scientific journals for 

publication, but this has created a problem for journals.  There are now large numbers of 

articles submitted, many of which are poorly written, which puts a huge burden on journal 

editors and reviewers.  There are similar issues with NIH grants.  NIH is now teaching 

developing country scientists how to write papers and grants, to improve the quality and 

reduce the burden on reviewers. 

184 



 

 

 In addition, the Internet does not solve all communication problems.  In spite of the 

Internet, getting people in different developing countries to talk with each other can still be 

difficult.  One still needs to face-to-face contact to make connections.  Similarly, distance 

education has not met expectations -- people still need face to face communication first.  

 

There continue to be problems with Internet bandwidth in Africa.  Researchers find 

that when a few college students, who are used to downloading videos, come home from 

abroad, it disrupts the whole system.  And there are many problems with research in 

developing countries that the Internet does not solve -- poor physical infrastructure, 

bureaucracies, corruption and other problems are still barriers to efficient research.  

Communication to the field is still bad, although mobile phones are helping in this regard. 

 

 Although IT is thought to be having a big effect on ability of researchers in 

developing countries to participate in science, interviewees cautioned that it might not yet 

show up in the literature because of the time lag between finding out about new funding 

opportunities, getting grants, doing the research, publishing papers, and getting citations to 

publication. They note, however, that at the NIH-funded International Collaborations in 

Infectious Disease Research (ICIDR) meetings, researchers from developing countries, 

rather than their NIH collaborators, are making more of the presentations.  

 

Data Collection, Analysis, and Databases 
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 Information technology has had a major impact on the way malaria research data is 

collected, analyzed, and managed.  As in other office and laboratory research, IT was used 

in the 1980s and 1990s for word processing and data analysis (such as SPSS, SAS and 

reference software).  Databases and search tools such as Medline and later PubMed were 

used to find articles.   CDs were used for storing data.  Compared to other areas of science, 

however, biology was a relatively light user of information technology, and malaria 

research, as a poorly funded area of biomedical research, lagged behind some areas of 

biology. 

 

 In the mid 1990s, lab equipment was connected to PCs to record data directly.  In 

the mid-1990s, scanners were widely used to digitize visual information.  Biology is 

dependent on visual data such as analytic gels and micrographs.  For this reason digital 

cameras were adopted quickly.  Other laboratory equipment, such as X-ray crystallography, 

became automated, improving productivity. 

 

More recently, personal digital assistants (PDAs) are being used in data collection, 

especially in field research, where the size, relatively low cost, and battery life are an 

advantage.  It is not yet clear if these will have a major impact.  

 

 The biggest impact of IT on data collection in malaria, however, has been in 

genomics.  Genomics is enabled by information technology and is impossible without IT.  

It has revolutionized the field and changed the community.  Information technology 
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enables the highly automated gene sequencers that have made possible many-fold 

improvements in the rate of gene sequencing.  Sequencing technologies have improved so 

quickly that the mosquito genome was done in a few months, compared to the original 15 

years that it took to sequence the human genome.  Information technology is essential to 

capture data from these sequencers, and for reassembling the gene fragments into 

sequences.   The “shotgun” sequencing technique, which involves breaking chromosomes 

into many small pieces, sequencing them, and using algorithms to reassemble them, is 

especially IT dependent.    

 

 The genomes of Falciparum malaria parasite, the Anopheles mosquito, and humans 

have all been sequenced since 2001.  Gene sequencing is just the beginning of the 

IT-enabled changes that are sweeping through biology.  Beyond the sequencing of genes, 

the next step is to determine the function of genes and the role and structures of the proteins 

that they encode.  Other technologies, such as DNA microarrays, which can be used to 

determine which genes are active in a cell, also generate massive amounts of data.  

Software programs, such as the Basic Local Alignment Search Tool (BLAST) are used to 

help analyze the genomic data, and other programs are used to analyze proteins.   Other 

databases concern the structure and function of proteins.  IT is used in work to identify 

relevant genes and the proteins that they code for.  This has the potential of identifying 

many new targets for drugs and vaccines.  

 

 The ability to manage large amounts of data is central to genomics, gene expression 

187 



 

analysis, and proteomics.   There is now a commitment from NIH for sustained support for 

databases.  A key element is the “credentialing” of data that comes from different research 

groups -- assuring that the data meet standards of quality and are adequately described with 

metadata to warrant inclusion in a shared database.  The archiving and maintenance of 

these databases is a huge challenge with significant expense.   It was noted that the malaria 

parasite is just one organism, and that each disease and each organism has its own genomic, 

microarray, and protein database needs. Genomics work for diseases like malaria is 

relatively poorly funded compared to the human genome work.  The human genome work 

only focused on a few organisms (humans and model organisms) and was better funded 

than genomics for diseases that have to deal with many more organisms.  

 

 The genomics revolution has affected the sociology of the science.  It has focused 

the community around a goal -- sequencing and interpreting the genomes -- that the whole 

community could contribute to.  The shared databases are a link between the small scale 

research projects that NIH traditionally funds and the goal of addressing major diseases in 

an interdisciplinary way, which is a focus of the current NIH Roadmap Initiatives.  

Genomics has brought new research groups -- such as the genome sequencing centers and 

micro array research groups -- into malaria research.  These collaborations are usually 

driven by the malaria community.  A main resource for the malaria community is 

plasmoDB at the University of Pennsylvania, which provides a community database for the 

malaria community and provides tools for working with the data.  
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 As of 2004, with the exception of a few institutions (such as the South African 

Bioinformatics Institute), poorer developing countries could not participate fully in 

genomics work, which requires a higher level of expertise and infrastructure than available 

in developing countries.  One interviewee estimated that the poorer developing countries 

are ten years behind the developed countries in their ability to participate in genomics. 

 

 In the malarial countries with relatively greater research capacity, such as 

Colombia, genomics is having an impact on the research.  Patient samples are analyzed in 

Colombia, and sequences are compared to those in the global databanks.  It is not 

necessarily cheaper to do genomic analysis in Colombia compared to the U.S.  Labor is 

cheaper, but specialized reagents and supplies are more expensive. 

 

 As of 2004, genomics and proteomics for malaria were viewed to be in their 

infancy.   The community was swamped with data and needed better tools for coping with 

the data.  Researchers expected the tools to be developed, but noted that malaria was likely 

to be ten years behind better funded areas of science in developing these tools.  Researchers 

could search for individual genes on the malaria parasite or mosquito genomes, but could 

not analyze the genomes as a whole.  One needs to be able to identify the genes among the 

genomes, prove they are functioning genes, and determine what they do.  Many genes can 

be readily identified because they are the same as those identified on the genomes of other 

organisms.  These genes, however, are generally “housekeeping” genes that perform basic 

functions common to many organisms, and are not the genes of interest to people studying 
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malaria.  In the view of one interviewee, the next 10 years will be extremely interesting.  It 

is hoped that the genomic and other data will lead to new knowledge of the workings of the 

key organisms involved in malaria, and through this lead to new medicines.   

 

Modeling, Simulation, and Data Visualization 

 Malaria research relies less on modeling than many other fields of science.  

Modeling is used in several specific areas.  One area is molecular modeling, such as 

predicting the structure of a protein from its amino acid sequence.  This is used extensively 

in helping chemists develop new drugs.  Modeling can not yet accurately predict the 

structure of complex proteins from their sequence, but modeling narrows down the options 

to be explored.  Early protein modeling began around 1985, and has been improving every 

year. 

 

 Modeling can potentially aid in understanding the function of genes of the malaria 

parasite.  The parasite has a complex life cycle, but has a relatively simple genome.  

Models provide a framework for integrating data and gaining insights into how networks of 

genes interact. The genomic work has identified 6000 genes that could be potential targets.  

By comparison, the field (as of 2004) was only working on about 10 vaccine targets.  There 

are many more potential targets and models can help select the targets. 

 

 A related emerging area of biology is “systems biology”, which studies the 

complex interaction of gene, protein, and cell elements that form informational networks 
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and systems.   Systems biology relies heavily on the use of mathematical and 

computational modeling to model and simulate such biological systems and visualize the 

results to help better understand living processes.  While this is an important emerging area 

that has potential applications to identifying targets for malaria drugs and vaccines, 

interviewees thought these techniques were unlikely to be applied first in malaria research.  

 

 Another application of modeling is studying and mapping of malaria prevalence.  

Researchers have used geographical information systems to combine and map information 

about the environmental conditions related to malaria (temperature, altitude, rainfall, 

humidity, plant types) and mosquito and disease prevalence.  An example of this Mapping 

Malaria Risk in Africa project (http://www.mara.org.za/).  This is viewed as a significant 

advance – it  allows some degree of prediction of outbreaks based on weather and rainfall 

conditions, and allows more cost-effective allocation of resources.  It is also useful in 

identifying patterns of resistance to drugs and insecticides.   

 

6.2.5. Bibliometric Analysis 

 In order to examine some of the findings from the interviews with malaria scientists, 

I conducted a bibliometric analysis of malaria literature.  For each of the years 1980, 1985, 

1990, 1995, 2000, and 2002, I selected from the ISI database articles with “malaria” in the 

title.  Table 6.1 provides the number of English language articles with “malaria” in the title 

for each year.   
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Table 6.1 Number of Malaria Articles 
Year Number of articles 
1980 117 
1985 184 
1990 245 
1995 296 
2000 437 
2002 522 
 

 The intent here was to develop a sample of articles that are in the malaria field that 

could be analyzed for changes in authorship patterns.  The intent was not to map the growth 

of the field.  To do so, one would want a broader use of terms that would more 

comprehensively cover the field.51  Nevertheless, this provides a crude indicator of the 

activity in the field. There are 4.4 times as many articles with malaria in the title in 2002 

compared to 1980, which suggests significant growth in the field. 

 

 For each year, I selected approximately the top 100 most cited articles (in case of a 

tie for the 100th position, I included all of the tying articles).  This yielded a database of 628 

articles, including the top 100 most cited articles of each of those years. For each of these 

articles, I recorded the number of authors, the number of institutions the authors 

represented, and the number of malarial and non-malarial countries represented in the 

authorship.  Malarial countries are generally developing countries with a relatively poor 

research base; non-malarial countries correspond to the developed countries.  I also 

recorded whether or not the affiliation of the first author of the paper was from a malarial 
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country or a non-malarial country.   The results of this analysis are shown in Table 6.2.  

 

Table 6.2. Malaria Authorship Patterns 
Year of 
Publication 

Mean number 
of authors 

Mean number of 
non-malarial 
countries 
represented 
paper’s authorship

Mean number 
of malarial 
countries in 
authorship per 
paper 

Portion of papers 
with first author 
from a malarial 
country.   
 

1980 2.8 .85 .31 .26 
1985 4.2 .86 .43 .35 
1990 5.2 1.1 .51 .24 
1995 5.9 1.2 .64 .33 
2000 6.6 1.5 .71 .20 
2002 8.1 1.6 .55 .15 
Source: Author’s analysis of ISI data 

 

 This data shows that collaboration is increasing, as measured by the expanding 

number of authors on papers, from a mean number of authors of 2.8 in 1980 to 8.1 in 2002.  

It also clearly indicates that international collaboration is increasing, as the number of 

countries represented among the institutional authorship increased.  The mean number of 

countries (combining malarial and non-malarial countries) represented in the authorship 

increased from 1.2 in 1980 to 2.2 in 2000 and 2002.   The increase was steadier and more 

dramatic among non-malarial (developed) countries than among malarial countries.   

 

 There was not an increase in the percentage of papers whose first author was from a 

malarial country.  This is contrary to the impression of people I interviewed, who believed 

________________________ 

51 Other possible search terms might include “falciparum,” “vivax” plasmodium, malarial, etc.” 
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that there were more authors and more first authors from malarial countries.   There are a 

number of possible explanations for this.  One is that the authorship from non-malarial 

countries is increasing, but that they are not in the most highly cited articles.  Another is 

that, while authorship from malarial countries is increasing, it is not increasing as fast as 

the overall capacity for malaria research in developed countries.  Several of the advances in 

malaria research, including the ability to culture the parasite, which enabled research in 

non-malarial countries, and the advent of genomics, may do more to expand the malaria 

research community in developed countries than in developing countries.  A third 

explanation is that changes in institutional authorship may not reflect the changes in the 

nationality of the scientists.  The ISI database includes information on the address of the 

authors, not their nationality.  Many of the papers attributed to malarial countries may be 

written by scientists from non-malarial countries who are working at their own country’s 

research institute in a malarial country (such as the U.S. Army research institute in 

Thailand).  Similarly, papers attributed to non-malarial countries may be written by a 

malarial country scientist at an institution in a non-malarial country.  Change in authorship 

from malarial countries may reflect changes in these institutes as well as domestic 

capacity.  

 

 Although it is not possible to judge the role of IT in most papers by their title alone, 

some highly cited papers are clearly IT-dependent.  For example, the two most highly cited 

papers in the 2002 dataset were on the genomes of the Anopheles mosquito and of a 

Plasmodium malaria parasite used in rat models of malaria.  Each paper had a large number 
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of co-authors -- one with 44 and the other with over 100.  

 

6.2.6. Discussion  

 IT clearly has had a major impact on malaria research.  Electronic communications 

have increased collaboration, and played a major role to increase research capacity in 

malarial countries.  The genomics and bioinformatics revolution is also dramatically 

changing the field, bringing in new participants and potentially opening up many new 

approaches to drug and vaccine development.  This section summarizes the effect of IT on 

malaria research productivity and quality, research methods and sociology, and related 

policy issues.  Figure 6.1 highlights the major effects of malaria research in terms of the 

model presented in chapter 5.  For clarity, the far left-hand side of the model of figure 5.2 

(advances in IT) has been omitted.  The bolded arrows show the paths that are especially 

prevalent in the malaria research case study.   
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Figure 6.1 Model of IT Effects on Malaria Science 
 

 

 Malaria research sociology has changed significantly.  As indicated in figure 6.1, 

Internet communications has clearly led to increased international collaboration.   

Developing countries are better integrated into the field.  These changes are not driven by 

IT -- there have been other pressures toward more collaborative and interdisciplinary work 

-- but IT has certainly facilitated the increase in collaborative work.  Internet-based 

communications, in particular, have greatly increased the resources, both financial and 

informational, available to researchers in malarial countries.  IT allows small groups of 

researchers to access a critical mass of resources necessary for research.   Geographically 

dispersed researchers share IT resources, such as genomics or clinical trials databases, 
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which serve has the focal point for loose collaborations of scientists.   

 

 Some interviewees suggested that there is now better integration, aided by IT, 

among people working on different aspects of malaria.  Others noted that there are still big 

gaps between the different communities, and that the interaction between people working 

on the parasite versus the mosquito versus the human immune system versus public health 

has not significantly changed. 

 

 Another major pathway is that advances in instrumentation, such as gene 

sequencers, have led to a huge increase in data collection, which has led to new research 

methods (genomics, proteomics, etc.), which has led to new research approaches, and new 

ideas. The largest change in methods is due to IT’s role in genomics.  Gene sequencing, 

microarrays, and protein modeling are major new IT-enabled research methods that have 

been applied to malaria.  Along with these new research methods, people who are experts 

in these techniques entered the malaria field from other fields where these techniques were 

pioneered.  The entry of these people has expanded the field of malaria researchers beyond 

the more traditional tropical medicine specialists. The technology makes it easier for 

specialists to continue to participate in multiple fields, such as malaria research and 

genomics or bioinformatics.  Although the genomic and proteomic approaches are still 

relatively new and have not yet led to new drugs or a reduction in malaria mortality, there 

are high expectations that the new techniques will lead to major advances (quality of 

science) and eventually better control of malaria (social impact of science).   
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 The use of geographic information systems in mapping and modeling malaria 

outbreaks is another illustration of new instrumentation and digital data collections leading 

to new research methods and interdisciplinary collaborations and better ideas.   In this case, 

the GIS system integrates data from several fields (climate, mosquitoes, malaria outbreaks, 

drug resistance) and provides a means to connect researchers with users in the public health 

fields.  

 

 Although IT has led to major effects on the pathways on the left and middle of 

figure 6.1, it is more difficult to judge from the case study the effects on the pathways on 

the right hand side of the figure.    While the output of malaria articles has increased 

dramatically over the last 20 years, it is unclear if productivity has increased, because 

investment in malaria R&D, which is the denominator of the productivity equation, has 

also increased.  It is also difficult to associate the increase in publications directly with 

information technology.   

 

 With respect to the “quality of science,” it is clear that IT has contributed to some of 

the major advances in malaria.  As mentioned earlier, many of the most highly cited 

malaria papers in recent years have been IT-dependent genomics-papers.  It is widely 

believed that genomics, proteomics, and bioinformatics are leading to major advances in 

the understanding of malaria, and it is widely expected that these will lead to many more 

targets for drug and vaccine development. It is clear that this work is just beginning, and 
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that it is likely to be several years before the impact of genomics on public health is felt.  It 

is important to keep in mind, however, that some of the most significant advances in the 

field, such as application of basic biotechnology techniques to the malaria parasite and 

mosquito screening techniques, have not been IT-dependent.      

 

 With respect to the “social impact of science,” malaria mortality has not changed.  

The application of geographical information systems to map and predict malaria outbreaks 

and the distribution of drug resistant malaria may have the most immediate impacts on 

public health.  As mentioned above, there are high expectations that advances in 

IT-enabled malaria research will lead to new drugs and other treatments in the next ten 

years.  But to date, the technology with most significant social impact is low-technology -- 

the insecticide impregnated bed nets.   

 

 The case study identified several important effects of IT that are not shown in the 

model.  One is the role, discussed by many interviewees, that Internet communications and 

electronic journals have played in increasing global malaria research capacity.  The model 

also does not represent the effect of IT on institutions, although these do not appear to be 

too significant.  IT does not appear to have led to major shift in leading malaria research 

centers.  The old leading centers are still leading, and have been adopting new tools and 

developing new skills, such as for bioinformatics.   Nor has IT led to an emergence of 

malarial countries as the centers of malaria research.  While IT helps to greatly expand the 

capabilities of developing countries, developing countries are still limited by money and 
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the skills needed to use the latest tools.  As a result, they lag in new techniques such as 

genomics and bioinformatics.  

 

Policy Implications 

 The malaria research case provides strong evidence that IT has significant effects 

on research fields, affecting the level and types of collaboration as well as the research 

methods and major advances in the field.  The malaria case also provides evidence of 

spillover benefits from investment in IT in other fields.  Malaria research has generally 

been poorly funded and as a result it has lagged in the use of leading edge IT.  The Internet, 

genomics, protein modeling, geographical information systems, and other IT were all 

developed for other fields of science.  As a late user, Malaria researchers were able to get 

great benefit from these technologies with relatively minor investment.   Similarly, the 

malaria community is able to benefit from people trained in advanced techniques in other 

fields, such as genomics or bioinformatics, who then migrated to work on malaria.  

 

Epilogue 

 In the time since the bulk of the research for this case study was conducted in 2004 

and the fall of 2007, interviewees have noted that IT has continued to have an expanding 

role in malaria research.  Increases in the number of clinical trials and multicenter studies 

have led to expansion in the use of IT.   Some of this IT use is driven by regulation from 

government agencies, which may require real time reporting of adverse events.  Studies of 

genetic diversity are receiving increased attention and require access to organisms in 
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different epidemiological settings, and often use IT resources to handle data from different 

sites.52  Malaria endemic areas, especially in Africa, have continued to benefit greatly from 

enhanced communications and internet access.  At the same time, however, interviewees 

cautioned that the advances have continued in the industrialized world, and the gap 

between developed and developing worlds is not shrinking.  There remain major 

challenges in developing true partnerships with developing countries, and interviewees 

cautioned against continued “safari science” that uses IT to transport data from the malaria 

endemic countries to research centers in the North. 

  

6.3. Earthquake Research 

6.3.1. Introduction 

 This case study focuses on how information technology has affected earthquake 

research.  Earthquakes are among the most catastrophic of natural disasters -- single 

earthquakes have resulted in as many as 500,000 deaths.  Research into the causes of 

earthquakes and ways to reduce earthquake damage have been an important topic in 

earthquake-prone countries for decades.  Earthquake research was chosen as an example of 

an area of science that is: 

• Primarily observational rather than experimental. While there are some laboratory 

experiments that can be done, most earthquake research cannot be done in 

controlled experiments. 

                                                 

52  An interesting example of a large multicenter network is MalariaGen. See http://www.malariagen.net 

201 



 

• International, with a regional component.  Earthquake scientists study earthquakes 

wherever they occur, but also may specialize on regional fault systems.  The 

earthquake research community has always been quite international. 

• A mixture of big and small science.  Earthquake research includes small science, 

but also uses large scale seismographic networks, databases, and large scale 

computation.  

• Early and significant user of IT.  Seismic databases were among the early 

multi-user scientific databases, and earthquake modeling has been included among 

the “Grand Challenge” scientific applications of information technology.   

 

6.3.2. Earthquake Case Methodology 

The case study consisted of: 

• A review of general literature on earthquakes.  

• Attendance at an earthquake prediction symposium. 

• Interviews with earthquake scientists.  These included a U.S. government 

earthquake program manager, a leader of a major research consortium, a leader of a 

major academic research center, and two academic earthquake researchers.  

• A bibliometric analysis of earthquake research, using the Science Citation Index of 

the Institute for Scientific Information (ISI).  The methods are described in the 

section on the bibliometric analysis.   

   

 The earthquake specialists interviewed in this case study were: 
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• Dr. David Simpson, the President of the Incorporated Research Institutions for 

Seismology 
 

• Dr. Thomas Jordan, Director of the Southern California Earthquake Center and 
University Professor and W. M. Keck Professor of Geophysics,  University of 
Southern California 

 
• Dr. John Filson. Scientist emeritus of the U.S. Geological Survey, who for many 

years headed the U.S.G.S. earthquake program. 
 

• Dr. Terry Tullis, Professor of Geological Sciences, at Brown University. 
 

• Dr. John Rundle, Interdisciplinary Professor of Physics, Civil & Environmental 
Engineering, and Geology, and Director, Center for Computational Science & 
Engineering, University of California, Davis.  

 
 

                                                

 The case study also made use of the author’s background knowledge from working 

on earthquake issues at the Congressional Research Service from 1983 to 1989.   

 

6.3.3. Background  

About Earthquakes53 

 Earthquakes are the sudden motion or trembling in the earth caused by the sudden 

release of accumulated strain or energy.  Most earthquakes occur along well-defined belts 

in the earth, where large sections of the upper earth, called tectonic plates, move past or 

against each other, typically at the rate of a few centimeters a year.  Earthquakes occur 

 

53 Much of this section is taken from the author’s previous work, including “History of the NSF Earthquake 
Hazard Mitigation Program” October 7, 1999. Draft Report.  SRI International Science and Technology 
Policy Program.  Prepared for National Science Foundation.  Available online at: 
http://www.sri.com/policy/csted/sandt/NEHRP.doc.  Also Cheney, David W. The National Earthquake 
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when the plates stick, building up energy for years, and then suddenly move, releasing the 

energy.  In some major earthquakes, plates that have been stuck for hundreds of years move 

several meters at once and release an amount of energy equivalent to hundreds of atomic 

bombs.   Other earthquakes occur outside of these well defined belts.  These include the 

earthquakes that occur in the central and eastern United States, as well as some earthquakes 

in China.  These earthquakes also release strains that have built up, but the sources of the 

strains are less well understood. 

 

 The magnitude of an earthquake is a measure of the energy released by the 

earthquake.   A change of one unit in magnitude represents a difference of a factor of ten in 

ground motion and a factor of about 30 in energy released.  An earthquake of magnitude 7 

releases about 30 times more energy than an earthquake of magnitude 6, and about 900 

times more energy than an earthquake of magnitude 5.  Small earthquakes are much more 

common than large earthquakes -- there are likely to be tens of thousands of earthquakes in 

the magnitude 3-4 range in the world in any year, but only 10 to 20 as large as magnitude 7.    

 

 The damage caused by an earthquake depends on a number of factors, including its 

magnitude, its proximity to people and structures, the local ground and soil characteristics, 

and the resistance of the structures in the area to earthquakes.  Because all of these factors 

vary greatly, there is a wide variation in the amount of damage caused by earthquakes.  

________________________ 

Hazards Reduction Program. Congressional Research Service Report 89-473 SPR. August 9, 1989. 50 p.   
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Some earthquakes of great magnitude (magnitude greater than 8) have caused relatively 

little damage, while other much smaller earthquakes have caused extensive damage and 

deaths.  The effects of an earthquake at a given site are measured quantitatively through 

“strong motion instruments” that record the ground accelerations, and qualitatively 

through the observations of trained people, using the Modified Mercalli Scale, which rates 

the effects of earthquakes on a scale of I (not felt) to XII (total damage).   Earthquakes of 

larger magnitude in general produce greater intensities of ground shaking over larger areas.  

 

 Earthquake research helps to reduce losses by developing information on 

earthquake hazards (including their likely location, timing, and intensity), which is 

necessary to know where to site structures, how strong to build them, and where to spend 

scarce hazard reduction funds.   Accurate earthquake predictions could allow many highly 

cost-efficient actions to be taken to prevent deaths and property damage, such as shutting 

down certain hazardous facilities and operations and moving people and valuables out of 

vulnerable buildings. 
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A Brief History of Earthquake Research54 

Earthquake Research Before 1850 

 Although there have been scholarly discussions of earthquakes as far back as 

Aristotle, most historians trace the scientific study of earthquakes to the great November 1, 

1755 Lisbon, Portugal earthquake and tsunami that killed an estimated 70,000 people. This 

event stimulated the modern scientific study of earthquakes, based on observation and 

theory.  It prompted numerous studies into the effects, locations, and timing of earthquakes.  

People began cataloging the times and locations of earthquakes and studying their physical 

effects.   

 

 Subsequent earthquakes in Europe and throughout European colonies were 

increasingly well-studied. The connection between earthquakes and faulting was made 

following an 1819 earthquake in India.  Systematic changes in coastal elevation were 

observed following an earthquake in Chile in 1822.  In 1830, Charles Lyell published the 

first volume of Principles of Geology, which argued that geologic history could be 

explained on the basis of presently observable geological processes, such as rain, wind, sea, 

volcanoes and earthquakes, rather than the biblical versions of genesis.   

                                                 

54 This section is condensed from a variety of sources, including: U.S. Geological Survey.  Earthquake 
Monitoring, Then and Now.  http://earthquake.usgs.gov/bytopic/eqmonitoring/history/timeline.php; A Brief 
History of Seismology to 1910. 
http://www.crustal.ucsb.edu/ics/outreach/understanding/history/history1.html.  Accessed April 5, 2005. 
Dewey, James, and Perry Byerly, “The Early History of Seismometry (to 1900).”  Bulletin of the 
Seismological Society of America. Vol. 59, No. 1, pp. 183-227. February, 1969.  Available online 
http://neic.usgs.gov/neis/seismology/.  Oeser, Erhard.  “History of Earthquake Theories.”  Available online: 
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 In 1848, Robert Mallet, a Dublin-born engineer, published the "Dynamics of 

Earthquakes."  He was the first to advance the idea that earthquakes were the movement of 

waves through rocks.  His work changed earthquake research from being primarily 

descriptions of events to a science based on a physical theory of waves.  He conducted 

experiments in measuring the speed of waves by setting off explosions and recording the 

travel times to instruments at varying distances.  Mallet also identified and developed an 

explanation for the distribution of 'seismic bands' in his 'Seismographic map of the world' 

published in 1858. 

 

Earthquake Research 1850-1900 

 After Mallet, advances proceeded rapidly.  Major advances were made in 

instrumentation for detecting and measuring earthquakes.   Luigi Palmieri in Italy in 1856 

developed an instrument that was intended to give the direction, intensity, and duration of 

an earthquake, and was capable of responding to both horizontal and vertical motions.  

Cecchi, also in Italy, in 1875 developed what is often regarded as the first true seismograph, 

which unlike previous instruments, was expected to record the relative motion of a 

pendulum and the Earth as a function of time. 

 

 A group of British visiting professors at the Imperial College of Engineering in 

________________________ 

http://www.univie.ac.at/Wissenschaftstheorie/heat/heat.htm 
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Japan from 1879 to 1895 further developed the seismograph and advanced the study of 

seismology.  John Milne led the group while James Ewing and Thomas Gray designed 

many of the early instruments.  They obtained the first known records of ground motion as 

a function of time.  They used their instruments to study the propagation of seismic waves, 

and to study the behavior of the ground and buildings in earthquakes.  They led the 

founding of the Seismological Society of Japan in 1880, following an earthquake in 

Yokohama.  

 

 In 1889, a seismograph first recorded far distant earthquakes.  It was discovered 

that sensitive instruments could detect large earthquakes halfway around the world. This 

led to a dramatic increase of seismological activity in Europe.  Advances in instruments 

proceeded rapidly at the end of the 19th century, with new seismographs developed in Italy, 

England, Japan, and elsewhere.  John Milne, who returned to England in 1895, pressed for 

the establishment of a world-wide network of seismographic stations, with standard 

instruments.  Seismographic stations were established in many countries.  

  

 Milne plotted the travel-time curves for distant earthquakes with known epicenters. 

He studied both the first waves to arrive (then called “preliminary tremors”) and the waves 

of maximum amplitude, which were soon determined to be transverse waves.  Milne began 

to be able to locate distant earthquakes based on the arrival times of different waves at 

different stations.  
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 In the 1850 to 1900 period, advances were made in understanding the mechanisms 

of earthquakes as well.  At an 1857 Fort Tejon, California earthquake, strike-slip faulting 

was observed.55  At an 1872 earthquake in Owens Valley, California, earthquake fault 

scarps as well as strike-slip faulting were observed.  Grove Karl Gilbert studied this 

earthquake and concluded that faults were a primary feature of earthquakes, not a 

secondary one. Until his time, most people thought that earthquakes were the result of 

underground explosions or cave collapses, and that faults were only secondary features.  

 

 Earthquake science continued in Japan in the late 1800s and early 1900s.  Fusakichi 

Omori, for example, studied the rate of decay of aftershock activity following large 

earthquakes. His equations are still in use today.  

 

Earthquake Research 1900-1950 

 The great San Francisco earthquake of 1906 was a major event in U.S. earthquake 

studies.  Extensive faulting was visible in this earthquake, leading to a better understanding 

of the role of faulting in earthquakes.  Harry Fielding Reid deduced that earthquakes were 

the result of the gradual buildup of stresses within the earth over many years, which were 

released suddenly and violently in earthquakes.  

 

                                                 

55  Strike-slip faulting is when two blocks move past each other horizontally; all the movement of the block is 
in the horizontal plane. 
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 In the early 1900s, many groups in England, the United States, and Russia 

continued to make continual improvements and refinements to seismographs.  In 1925, the 

Jesuit Seismological Association was organized, which led to a worldwide network of 

seismologists.  The Russian Academy of Sciences also developed a major seismographic 

network.  In 1932, the U. S. Coast and Geodetic Survey initiated a program of 

strong-motion recording in California.  In 1935, Richter published his Magnitude scale. 

 

 Another development, along a different and slower track, was the understanding of 

the large scale movements in the earth that cause most earthquakes.  In 1912 Alfred 

Wegner proposed a theory of continental drift to explain the observation that most of the 

continents seem to fit together like a puzzle.  This foreshadowed the development of the 

theory of plate tectonics in 1950s, 60s, and 70s.  Wegener, however, could not provide an 

adequate explanation of the forces responsible for continental drift, and this led to the 

dismissal of his theories.  

 

In 1929, Arthur Holmes elaborated on one of Wegener's many hypotheses; the idea 

that the earth’s mantle undergoes thermal convection.  He suggested that thermal 

convection was like a conveyor belt and that the upwelling pressure could break apart a 

continent and move the continents by convection currents.  This idea received very little 

attention at the time.  
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1950-Present 

 In the 1960's, discoveries of features like mid-oceanic ridges, geomagnetic 

anomalies parallel to the mid-oceanic ridges,56 and the association of island arcs and 

oceanic trenches occurring together and near the continental margins, suggested 

convection might indeed be at work (Takeushi et. al 1967). These discoveries and others 

led Harry Hess and Robert Deitz to publish similar hypotheses based on mantle convection 

currents, known as "sea floor spreading."  This led quickly to the theory of “plate 

tectonics,” which provided a radically new view of the world that provided explanations 

for both the location and causes of earthquakes. 

 

 Also in the 1960s the World Wide Standardized Seismographic Network 

(WWSSN) was established, which was the first global network of standardized stations 

with well controlled calibration and a coordinated mechanism for data distribution 

(Simpson et. al, 1996).  It was funded by the U.S. Defense Advanced Research Projects 

Agency as a research tool in seismology, in order to improve the ability to detect and 

identify nuclear weapons tests.   Data from the WWSSN contributed to the theory of plate 

tectonics in the late 1960s and early 1970s.  The data provided more precise locations of 

earthquakes, which helped to locate the plate boundaries.  In addition, the more precise 

determination of the depth of earthquakes supported the theory that plate slabs descend into 

                                                 

 

56 It was discovered that the earth’s magnetic pole flips periodically, and that the magnetic field is recorded in 
the lava as it solidifies.  It was discovered that there are symmetrical magnetic anomalies moving away from 
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the earth’s mantle in subduction zones at ocean trenches. 

 

 In 1977, the U.S. Congress passed the National Earthquake Hazard Reduction 

Program (NEHRP), which organized and codified U.S. earthquake research around the 

goal of reducing earthquake losses.57  It provide for a coordinated interagency program that 

included fundamental geological research and earthquake engineering research in the 

National Science Foundation, research and hazard mapping in the U.S. Geological Survey, 

building standards related research in the National Bureau of Standards (now National 

Institute of Standards and Technology) and earthquake preparedness activities in the 

Federal Emergency Management Agency (now part of the Department of Homeland 

Security). 

 

 Throughout its history earthquake research has exhibited several characteristics.  

From its early days, it was highly international, with developments taking place in many 

countries and many continents.  Instrumentation has always been important, and has driven 

improvements in understanding.  Research has always been affected by major earthquakes, 

which stimulate interest and resources, and provide fresh data.  In the United States, the 

1964 Alaska earthquake and the 1971 San Fernando earthquake were especially 

instrumental in expanding support for earthquake research. During the cold war, 

________________________ 

 

the mid-oceanic ridges, suggesting that sea floor is spreading away from the mid-oceanic ridges. 
57 The author was involved with NEHRP from 1983 to 1989, when, as a staff member of the Congressional 
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earthquake research also benefited from defense research related to nuclear testing. The 

Partial Test Ban Treaty of 1963, which prohibits nuclear explosions in the atmosphere, in 

outer space, and under water, drove nuclear testing underground, and subsequently drove 

investments in seismic networks to monitor underground testing.   

 

Major Recent Advances in Earthquake Research 

 In the last 20 or so years, the focus period of this dissertation, there have been a 

number of major advances in earthquake research, as identified by the interviewees.   Some 

of these advances have very much depended on IT. Others were primarily conceptual, 

depending on good scientists doing good thinking.  These scientists undoubtedly use IT, 

but IT was not essential to the advances.  The following are the most significant advances, 

as identified by the interviewees.  They are not in any priority order.    

 

 Understanding fault processes.  One interviewee commented that 20 years ago 

we did not understand the basic process of friction and sliding in faults, but that now we do.  

Models of how friction works in faults and how earthquakes nucleate were developed by 

James Dieterich of the U.S. Geological Survey and James Rice at Harvard, among others, 

beginning in the 1970s.   There is now a much better understanding of unstable sliding, and 

of the interaction of friction in a fault zone and elastic behavior in surrounding rocks.  As a 

result, there is a much better understanding of questions like “why do some faults creep 

________________________ 

Research Service, he assisted Congress in its oversight and reauthorization of the program. 
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without earthquakes while others have big earthquakes?”   The role of IT in the central 

conceptual advance has been relatively minor.  The original insight came from clever 

people with simple experiments and clear thinking, and the original key models were 

conceptual models rather than computer models.   The new understanding of faulting is 

now incorporated in computer models, and these models now provide the framework for 

discussions about fault processes.  

 

 Understanding regional earthquake histories.  This has included finding, 

measuring, and dating previous fault movements and related earth movements, such as 

subsidence.  For example, geologists have found evidence of subduction and tsunamis 

corresponding to a great Cascadia (U.S. Pacific Northwest) earthquake in 1760, and related 

this to historical tsunami records in Japan and legends of indigenous peoples.   In some 

cases, geologists have been able to develop a 10,000 year history of earthquakes in a region, 

which leads to a better understanding of the frequency, location, and magnitude of future 

earthquakes. This advance has been based primarily on geological field work and in some 

cases, archeological and anthropological research.   This paleoseismology work is mostly 

not dependent on IT, but IT is helping in some ways.  For example, researchers have 

developed a database of ancient earthquakes and faulting.  IT is also increasingly used in 

field work.  For example, when researchers dig trenches across faults to look for records of 

past fault movements, they can take digital photos of trench walls with multi-spectral 

cameras that may help to detect features that are not visible to the eye. 
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 Earthquake system models.   All of the interviewees mentioned the importance of 

advances in modeling of earthquakes and especially in regional scale models of faults and 

processes.  The regional scale models provide an ability to analyze how stress loadings 

from one fault segment transfer onto other faults segments during earth movements. They 

are used, for example, to assess how an earthquake on one fault changes the stress and the 

likelihood of earthquakes on other faults in a region.  A related advance has been in models 

of wave propagation to understand how earthquake waves move from a fault to cause 

ground shaking at remote sites.  The models provide an ability to predict the ground 

shaking at specific sites from a specific earthquake.  The models can be connected to other 

models that will provide estimates of damage from specific earthquakes.   Earthquake 

system models have to be numerical, non-linear, and geometrically complex, and have 

been highly dependent on advances in information technology.  They are discussed in more 

detail in subsequent sections.  

 

 Improvements in data quality.  The advent of digital seismographs, coupled with 

a comprehensive data management and distribution system, has enormously increased the 

quantity, quality, and timeliness of seismological data available to researchers.  There have 

also been huge increases in the types and quality of geodetic (earth measurement) data that 

enable tracking movements in the earth.  These advances are clearly IT-related, and are 

discussed in more detail in the subsequent section.  
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6.3.4. Role of Information Technology 

 The following section describe the key applications of information technology in 

earthquake research, including data collection and management, modeling, and 

communication and collaboration.   

 

Digital Data Collection 

 Seismic data.  There has been a big impact from the conversion from analog to 

digital seismographs and networks.  Fifty years ago, one received earthquake information 

by teletype, and one plotted the location and determined the magnitude by hand.   Prior to 

the introduction of digital seismographs, the state of the art in the 1960s and continuing 

into the 1980s, was the World Wide Standardized Seismographic Network (WWSSN). 

These recorded the images on photographic film.  Beginning in the 1970s, digital 

seismographs were introduced.  One of the drivers towards digital seismographs was the 

increasing cost of silver in photographic film.  

 

 The real benefit of digital seismographs, however, was not cost but improved 

performance. Digital seismographs provide great advantages over analog seismographs.  

The advances were not just a result of digitization but also a change in the mechanical 

design of seismometers.  The dynamic range of the conventional instruments was limited 

because if the pendulum went too far it literally "hit the stops."  In addition, the mechanics 

of the old instruments were tuned to certain frequencies.  Thus the older instruments were 

limited in amplitude and frequency response.  The new instruments were "force balanced".  
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This means that a feedback loop was introduced into the design that limited the movement 

of the mass of the instrument no matter how large the seismic waves.  The signal comes 

from monitoring the strength of the current in the feedback loop.  More current in the 

feedback loop means greater incoming signal.  These were then hooked up to a digital 

recorder.   

 

These digital seismometers provided several benefits. First, they could record over a much 

wider range of frequencies and amplitudes than could analog seismographs.  Thus a single 

seismograph could record large and small earthquakes (or near and far earthquakes) and 

would provide a much more detailed record.  This saves money, and enables greater 

coverage. 

 

 Second, a digital seismograph system (including the associated data 

communications and storage) could record earthquakes digitally, transmit the data almost 

instantaneously, and share the data without any degradation in quality.  The earthquake 

data could be stored centrally, and distributed quickly to anyone that wanted it.  Previously, 

analog seismographs were difficult to share.  Seismographs were precious and the originals 

were not shared.  Films were sent to a U.S. Geological Survey repository in Colorado.  

There, copies were made, and the originals were sent back to the center that produced the 

original.  Copies lost fidelity.  Because seismographs were difficult to share, people would 

share data mostly with their friends.  There were “empires” of seismographs and seismic 

data.  One empire was the British admiralty, led by John Milne, which established a 
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worldwide network of seismographs in 1890-1910.  Another was operated by the Jesuit 

Colleges, established in the 1930s.  In the 1960s, the U.S. led the WWSSN, which was 

funded by DARPA, installed by the U.S. Coast and Geodetic Survey, and later transferred 

to USGS.  Some universities operated their own networks.  There was a philosophy of “my 

data.”  University data was not preserved.  It was usually weeks or months after an 

earthquake before many experts would have access to the records.  The ease of sharing 

digital information changed this culture and broke down the empires of seismological data. 

 

 Third, digital seismographs facilitated much more sophisticated analysis of the 

seismic waves.  To do analysis with analog seismographs, people would print out a copy, 

and digitize (after computers were available) the wave form by hand.  It typically took 

months after an earthquake before people were able to do much analysis on it.  

 

 As information became available in digital form over the last 20 years, analysis of 

earthquakes came to be done by computers.  The pattern recognition capabilities that 

flowed from computer analysis of digital seismographs provided a big advance.  The 

location and magnitude of earthquakes can be determined very quickly; information about 

the length of fault rupture and movement on the fault can be determined from the seismic 

data.   

 

 The advent of digital seismographs came with a major organizational change.  The 

Incorporated Research Institutes for Seismology (IRIS) was formed in the early 1980s to 

218 



 

provide fixed seismological stations, portable seismographs for regional studies, and data 

management.  The portable seismographs were designed to be deployed on a temporary 

basis to study specific regions.  IRIS loans these out to research groups.  Research groups 

using the IRIS seismographs are required to share their data after two years.   IRIS is a 

non-profit corporation formed as a consortium of research institutes, primarily universities 

and government laboratories.  It is funded through a cooperative agreement with the 

National Science Foundation.  It had 26 founding members and has grown to 101 members 

plus U.S. and international affiliates.  IRIS led to sharing of data, and this has broken down 

the earlier “empires” of seismological data, which no longer exist.   

 

 Another advance in data collection is the expansion of urban area strong motion 

seismographs.  These record the ground motions of near earthquakes, and now provide 

information in near real-time.  They can rapidly provide an indication of the geographic 

distribution of ground movements from an earthquake, which lets disaster management 

officials decide where to commit resources and which buildings and bridges to inspect first 

after an earthquake. 

 

 Geodetic data.  Another area in which information technology is having a major 

effect on earthquake research is through geodetic data.  There are two relatively new 

methods to measure movements in the ground, which can then be related to stresses in the 

ground.  
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 One method uses the Global Positioning System (GPS) to measure movements 

between ground stations.  The Global Positioning System is a group of satellites that 

continuously broadcast messages that contain an accurate time signal, a rough estimate of 

the satellite's position in space, and a set of coded information that a GPS receiver can 

decipher. The receiver uses its internal clock and the coded information from each GPS 

satellite to determine the time it took the signals to reach the receiver.  The receiver can 

then calculate the distance to each satellite, and thus determine the precise position on 

earth.  

 

 GPS allows scientists to know how stations near active faults move relative to each 

other. The GPS system can often determine the distances between stations, over distances 

up to several 100 miles, to better than 5 millimeters. Months or years later, they repeat the 

readings. By determining how the stations have moved, they calculate how much strain is 

accumulating and which faults are slipping (U.S. Geological Survey 2000). 

 

 As with IRIS for seismological data, a consortium has been set up to support the 

community working with GPS data.  UNAVCO (University Navstar Consortium) is a 

non-profit membership-governed organization that supports university and other research 

investigators using the Global Positioning System (GPS) technology for Earth sciences 

research (UNAVCO 2005). UNAVCO provides GPS equipment and field engineering 

support for projects, and operates a continuous GPS networks globally.  It also develops or 

tests new technology for research applications, and archives GPS data and data products 
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for future applications.  An example of a project run by UNAVCO that uses GPS data is the 

Plate Boundary Observatory (PBO), which studies the movement of GPS stations in the 

western United States to investigate the stress and strain across the plate boundaries. 

UNAVCO is funded by the National Science Foundation (NSF) and National Aeronautics 

and Space Administration (NASA). 

 

 Another geodetic technology is Interferometric Synthetic Aperture Radar, known 

as InSAR (U.S. Geological Survey 2001, 2005).  InSAR is a remote sensing technique that 

uses radar satellite images.  Radar satellites shoot constantly beams of radar waves towards 

the earth and record them after they bounce back off the Earth's surface.  The satellites 

record how much of the wave bounces back to the satellite (the intensity) and also record 

the phase of the wave.  The phase information can be used to detect movements in the earth.  

When the radar satellite revisits the exact same portion of the Earth, the phase image 

should be identical. If it is not, then something has changed, and by combining the images, 

one can measure how much and where the ground has moved.  In 1993, Didier Massonnet 

and others (1993) produced an image of ground displacements caused by the magnitude 

7.3 Landers earthquake, which struck about 150 kilometers east of Los Angeles in 1992.  

The pattern of displacements apparent in the image closely resembled the displacement 

pattern predicted by theoretical models of the earthquake. The pattern had never before 

been fully observed in the field, because conventional ways of measuring ground 

deformation could only capture a few measurement between a few specific points (such as 

specific GPS sites), not the whole pattern of movement across a large area.  Soon the 
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technique began to be widely applied.  InSAR is operated by the European Space Agency, 

which operates the radar satellites.   

 

 GPS and InSAR each have advantages and disadvantages.  The limitation of InSAR 

is that it doesn’t provide continuous data; one needs radar images taken by the same 

satellite at different discrete times.  InSAR has had some impact but has not yet reached its 

potential, because relatively little data is available (as of 2004).  NASA does not have an 

InSAR satellite, and so U.S. scientists need to rely on data from the European Space 

Agency.  The disadvantage of GPS is that there are not yet enough stations to provide the 

level of detail that is desired.  The impact of both techniques is expected to expand as more 

stations and data become available.   

 

 GPS and InSAR have largely replaced doing laser measurement on the ground, and 

have revolutionized the field.  GPS and InSAR have led to much better data about the how 

the earth is moving at the surface, which lets geologists infer where stresses are building up.  

It also helps geologist work out the details of where the faults are, including identifying 

where there must be buried faults.  There is still much work to be done, however, to go 

from the surface measurements to understanding what is happening at depth.  IT also lets 

scientists observe changes after earthquakes and monitor fault areas where there is 

continuous creep rather than earthquakes.  Geodetic data from GPS and InSAR, as well as 

seismic data, all go into earthquake models that are used to determine the fault movements 

that produce earthquakes and to understand the regional distribution of stresses that will 
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determine future earthquakes.  

 

 Laboratory and individual investigator data.  A portion of earthquake research 

involves laboratory studies of the behavior of rock under stress and pressure, and IT has 

contributed to this research. An example is the rock mechanics laboratory of Professor 

Terry Tullis at Brown University.  Around 1979, the lab started using a new machine for 

squeezing rocks at high pressure that was controlled by computer, and for which the data 

was collected by computer.  The previous machine recorded the data on a paper chart.  The 

computer-controlled machine allowed many more experiments and greatly increased the 

productivity of the laboratory.  The research team could run longer, more complex 

experiments, because the machine could follow preprogrammed instructions while 

unattended overnight.  They could also conduct very fast experiments, taking only a 

fraction of a second, for which human control was impossible.  They could collect large 

amounts of data, and play it back and analyze it.   

 

 The lab stores the data in digital form, and a few former graduate students, now in 

other institutions, have access to the data.  The data is not, however, put up on the web for 

anyone to use.  The lab shares preprints and processed results but not the raw data with 

collaborators in the same field.  The data is not yet described by metadata, and it is in their 

own file format, rather than a standardized form; further work would be necessary for other 

scientists to use the data.   
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 Outside of the large institutional data collections, such as those managed by IRIS, a 

culture of data sharing is not well established in the earthquake field.  Some projects for 

some agencies, such as for NASA, require participants to share their computer code and 

data.  This can be very helpful -- graduate students can take the data and codes off the 

website and do original analyses of the data.     

 

 Interviewees reported that it would be beneficial to the field to manage and share 

data better.  Everyone in the field has problems managing old data and old media.  Old data 

is very useful in geology, because many areas are relatively poorly funded and scientists 

cannot afford to repeat many experiments.  Much data on old tapes is damaged.  There is a 

need for better ways of saving data, better standards for such things as how to define 

geologic features in XML schema, and standard metadata.  One needs to set up the data 

standards framework in advance, and much thought needs to go into this.  

 

Modeling and Simulation 

 Computer modeling and simulation is important to earthquake research for a 

variety of reasons.  One is that the scale of earthquake processes makes it difficult to study 

earthquakes through laboratory experiments alone.  Earthquake processes need to be 

studied over many spatial and temporal scales.  Some processes, such as friction and 

fracturing in rocks, can be studied in the laboratory, but the behavior of fault segments and 

regional networks of faults cannot.  Similarly, some earthquake processes operate at the 

time scale of fractions of seconds, while others operate over years or even thousands to 
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millions of years (Rundle, et al. 2003).   Modeling and simulations are used to help to 

explore the behavior of processes operating on time and spatial scales that can not be 

studied in the laboratory, as well as to understand the interaction of processes operating 

over different scales.   

 

 Modeling and simulations are also important because of the lack of data on many 

key parameters, such as the stress fields in the earth or the details of the rocks at depth 

along the faults (Rundle, et al. 2003).  Numerical simulations also allow one to explore the 

connections between observable data and underlying unobservable parameters.  

 

 Early computer models of earthquakes date back to the 1960s.  Most models in the 

1970s into the 1990s were deterministic solid mechanics models.  More recently, statistical 

physics (cellular automata) modeling, which started with von Neuman and Steve Wolfram, 

have also been used. 

 

 Many of the advances in modeling did not originate in the geological sciences but 

were developed in engineering or physical sciences and imported into geoscience.  

Geoscience has generally not been as advanced in computation as physics or chemistry; 

computer modeling has not been emphasized or taught in geology departments to the same 

degree as in these other fields.  Some modelers came from physics, as physics funding has 

shrunk relative to the size of projects necessary to work at the frontiers.  Physicists who did 

not want to work on physics megaprojects moved to other fields, such as earthquakes, 
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where their modeling techniques could be applied.  

 

 A wide variety of models, with different purposes and approaches, are used in 

earthquake research: 

• Models apply to different scales, ranging from the micro scale (friction and fracture 

behavior at the scale of mineral grains and rocks), to the intermediate scale (at the 

dimensions of fault segments), and to the macro level (networks of faults and plate 

tectonics).  Prominent among the latter type are regional tectonic models, such as at 

the scale of Southern California, which model the stresses and earth movements in 

a system of faults to attempt to forecast earthquakes.  

• Models use and integrate different kinds of available earthquake-related data, 

including seismic, geodetic, paleoseismic, and data from laboratory rock 

mechanics experiments.  Some models focus on one kind of data; others integrate 

all available data.  

• Models can be “forward” models, projecting the effects of an event (such as the 

ground shaking or building damage caused by an earthquake), or inverse models, 

which seek to determine the nature of an event from its observed effects (such as 

the amount of slippage on a fault based on seismic and geodetic data).   

• Models can be deterministic, performing the same way for a given set of initial 

conditions, or stochastic, involving some randomness so that the behavior differs 

on different runs with identical initial conditions. 

• Models differ in their level of detail and how they handle complexity.  Earthquake 
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processes are complex and input parameters are heterogeneous over a variety of 

scales.  Some models include more detail on fault mechanisms and fault geometry, 

which is computationally demanding, whereas other methods make simplifying 

assumptions to reduce the complexity.  The more detailed models require the most 

advanced supercomputers.  One of the uses of the Japanese “Earth Simulator”, 

which in 2002-2003 was the world’s fastest supercomputer, is to model 

earthquakes.  Earthquake models are still computationally limited by machinery 

and algorithms. 

 

 The variety of models reflects in part the lack of knowledge or consensus about 

earthquake processes.   As Mulargia et. al. (2003) point out, fundamental understanding of 

earthquakes is weak and there is dispute about many aspects of earthquake processes, such 

as whether or  not they occur in regular cycles, and whether or not there are any precursors.  

There is also dispute about whether the level of strain is the key determinant of earthquakes 

or whether other factors, such as fluid migration, are equally important. Because cycles of 

earthquakes are very long relative to human history, knowledge of the behavior of faults is 

based on very limited data.    The field lacks a valid theoretical framework, and there are 

many ways of viewing the earthquake problem.  There is deterministic physics behind 

earthquakes, but there is also chaotic behavior.  Modelers differ in whether they approach 

earthquakes as stochastic or deterministic processes.  Interviewees, while having a 

preference for one approach or another, generally agreed that the different approaches are 

all useful.  
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 Models can be linked so that the output of one model feeds into other models.  For 

example, models that are used to predict the type of earthquake expected on a particular 

fault can be linked to models that estimate the ground shaking of the expected earthquake, 

which can be linked to models that predict the level of property damage from the specified 

ground shaking.  One interviewee termed this “rupture to rivets” modeling.”  

 

 One locus of earthquake modeling activities is the Southern California Earthquake 

Center (SCEC). SCEC is developing a systems approach to earthquake models, and is 

sponsoring efforts to improve modeling throughout the earthquake research community. 

SCEC is developing models that include a great amount of detail and physics, and integrate 

across different temporal and spatial scales.  Some of SCECs model are computationally 

intensive, including some of the largest calculations in the San Diego Supercomputing 

Center -- one involved 43 Terabytes of data.   SCEC has received support not only from 

earthquake research funding programs, but also from the NSF Information Technology 

Research (ITR) program to explore innovative applications of IT.   

 

 One SCEC initiative supported by an ITR grant is the “community modeling 

environment” project.58   The project is working to improve tools to access existing data 

                                                 

58 SCEC Community Modeling Environment (CME) Home Page 
http://epicenter.usc.edu/cmeportal/index.html 
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collections and simulation programs, develop simulations that can take advantage of 

shared “grid” computing resources, and develop ways to improve the ease of sharing data, 

computer programs, and results (Southern California Earthquake Center 2005).    Another 

SCEC activity, in conjunction with the USGS, is the Working Group for the Development 

of Regional Earthquake Likelihood Models (RELM).59  The RELM group develops, tests, 

and evaluates earthquake forecast models with a goal of making models available on-line 

so that researchers can explore the hazard implications of the models and explore how 

changing a parameter affects a model's output. This would allow researchers to explore the 

impacts of new data or proposed research, aiding the setting of future research priorities.  

 

 Another notable approach is the Virtual California model led by John Rundle of the 

University of California at Davis (Rundle et al., 2000; Rundle et al., 2001).  This model is a 

stochastic, cellular automata model that includes less detailed physics and uses simplified 

faults, and is computationally less demanding.  Rundle’s group tries to recognize patterns 

in seismicity, and tries to make real time earthquake predictions.  This modeling approach 

has been supported more by the physics and engineering agencies -- DOE and NASA -- 

and less by USGS and NSF geoscience groups.  The activity started out with only 2 or 3 

people, but has evolved into a community model with approximately 30 people involved. 

 

 Both SCEC and the Rundle group have been leaders in several collaborative efforts 

                                                 

59 http://www.relm.org 
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to improve earthquake modeling.  One such effort is the General Earthquake Models 

project in which computer scientists and earthquake scientists have collaborated worked 

together to advance the state of earthquake modeling.   A related international effort was 

the APEC60 Cooperation for Earthquake Simulation (ACES) project, which convened 

Pacific Rim scientists to discuss efforts to model earthquakes. 

 

 Interviewees agreed that advances in modeling have had a major impact in the field.  

Models have helped to structure the understanding of the field, to clarify what is important 

to know, and to identify what missing data and understanding is most critical.  Community 

models, used by multiple research groups, provide structure to the field.  They require 

greater standardization of the forms of data, and of the metadata that describes the data, 

leading to greater sharing of information and knowledge.  Models are also essential for 

attempting to predict earthquakes and the effects of earthquakes.  Computer models can 

integrate across multiple processes and time scales in order to project the consequences of 

changes in one part of the system on another part of the system (running from changes in 

the stress fields to effects of shaking on buildings).  

 

 Modeling has played a key role in transforming earthquake science into a system 

level science.  For example, SCEC is developing a model of earthquakes and faulting for 

Southern California, which incorporates how movement on one fault affects the stress an 

                                                 

60 APEC is the Asia Pacific Economic Cooperation, a multilateral meeting of heads of nations.  
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earthquake probabilities on other faults.  

 

 Modeling has also contributed to larger scale and more interdisciplinary 

collaboration.  The SCEC community modeling environment has involved some basic 

computer science research with the San Diego Supercomputing Center, the Information 

Sciences Institute at the University of Southern California, and the Carnegie Mellon 

University computing center.  Model development involves people from many different 

geoscience subfields, including geology, geodesy and seismology; structural geology, fault 

systems, earthquake physics, ground motion, and hazard analysis.  The model becomes the 

table around which scientific discussions are held.  As one interviewee described it, 

“Modeling is a synthetic and integrative activity.  It helps to identify the key problems in 

the field and identify where data is needed.”  It aligns basic and applied research.   

 

 Modeling also provides a way to link the research community with the users of 

earthquake information.   A problem encountered with the 1995 Kobe Japan earthquake 

was that public officials at first did not realize how big the earthquake was, and they 

committed resources based on who requested it first.  The most heavily damage areas were 

often slower to get their requests in, because of damage to communications systems, and so 

the available emergency response teams were sent to the areas that received less damage.   

Modeling of earthquake effects provides the potential for quickly determining where the 

strongest ground shaking and damage from an earthquake is likely to be. 
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Geographical Information Systems 

 Geographical information systems (GIS) are in generally very important in earth 

sciences because there is a spatial element to the data, much of which is presented via maps.   

GIS systems are important in earthquake studies in mapping of faults and other hazards.  

Information about the slope of land, for example, can be used to identify areas where 

earthquakes are likely to trigger landslides.  GIS is also used extensively in assessing the 

damage after earthquakes.   Because of the large commercial markets for GIS systems, 

earthquake research is able to use mostly off the shelf technology.  

Collaboration 

 Interviewees agreed that collaboration has increased in earthquake research, and 

that information technology has played a major role in this.  This is confirmed by 

bibliometric data.  Table 6.3 show the trend in the mean number of the authors per paper, 

mean number of institutions represented in authorship of papers, and the mean number of 

countries represented in the author addresses in the most highly cited earthquake research 

papers in 1980, 1985, 1990, 1995, 2000, and 2002.61  The increase in number of authors is 

highly significant at the .1 % level. 

 

                                                 

61 A sample of highly cited earthquake papers was created by choosing journal articles that include 
“earthquake” in the title, excluding articles that were about engineering rather than geological aspects of 
earthquakes, and selecting the approximately 100 most highly cited for each year.   
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Table 6.3. Trends in authorship of highly cited earthquake papers. 
Mean number per paper. 

 1980 1985 1990 1995 2000 2002 
Authors/paper 2.4 2.3 2.5 3.1 3.8 4.9 
Institutions/paper 1.6 1.4 1.4 1.9 2.3 2.7 
Countries/paper 1.2 1.1 1.2 1.2 1.3 1.5 
  

 Several factors are related to the increase in collaborations. Clearly the Internet has 

made it easier to exchange information and data with scientists around the world.  

Interviewees commented that there is much more communication and science moves at a 

faster pace.  Communities are much more open than they used to be.   

 

 The digitalization of seismographs, as discussed previously, has greatly aided 

collaboration, because it is much easier to exchange digital data (compared to films or 

paper records), and the central data management of organizations such as IRIS has led to 

more sharing of data.  Due to IRIS, seismologists at non-elite universities, or universities 

around the world, have access to the same data as those at the best universities.  This has 

facilitated more collaboration.  It is not uncommon now to find Japanese researchers 

applying their models to U.S. earthquake data and vice versa.  One can now have 3 or 4 

scientists from different countries collaborating on Sandwich Island earthquakes, without 

any of them visiting there.   
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 The greater dynamic range of digital seismographs has also contributed to 

collaboration between geologists and engineers.  It used to be that different instruments 

were used for recording the strong ground movements from nearby earthquakes, which are 

of interest to engineers, and for recording the weak ground movements from distant 

earthquakes, which are of interest to seismologists.  Now both weak and strong ground 

movements can be recorded in a single instrument, used by both engineers and 

seismologists, and this has tended to expand collaboration between engineers and 

seismologists.  The expanded use of modeling, and in particular models that link 

earthquakes to expected ground motions, has also aided collaborations between 

seismologists and engineers because the models provide input to the design criteria for 

structures.62  

 

 It should be noted, however, that not all collaboration between seismologists and 

engineers is related to IT.  There have always been people coming into geoscience from 

fields such as engineering and physics, and much interaction between geologists and 

engineers comes from personal relationships.    Collaboration between computer scientists 

and geoscientists and engineers is also aided by centers, such SCEC (originally an 

NSF-funded Science and Technology Center), which have consciously driven 

collaboration and broken down walls between communities.  

                                                 

 

62 Although a detailed discussion of the role of IT in earthquake engineering is beyond the 
geoscience-focused scope of this dissertation, it is clear that IT has had a major impact on earthquake 
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 International collaboration has been affected by geopolitical events, especially the 

end of the Cold War.  The former Soviet Union was important in seismology, in part 

because it covers a significant part of the globe, including many seismically active areas.  

Exchanging data with the Soviets used to be very difficult; exchanging data with scientist 

in the former Soviet Union countries has become much easier.  

 

 Interviewees noted that greater collaboration leads to a greater cross fertilization of 

knowledge and insights.   It brings together people with different training and views.  There 

are a limited number of people in the field, so many of the people with the most relevant 

experience will be in different institutions or countries.  Interviewees felt that these 

collaborations were very productive, and resulted in more creative ideas.  

 

6.3.5. Implications of Information Technology in Earthquake Research 

 

 There are several effects of information technology on earthquake research.  Figure 

6.3 illustrates the most significant pathways, in the context of the model discussed in 

chapter 5.  

 

________________________ 

engineering as well, especially through the NSF-funded Network for Earthquake Engineering Simulation 
(NEES). 
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Figure 6.3 Model of IT Effects on Earthquake Science 
 

 

More and Better Data 

 New instruments, including digital seismographs, GPS and InSAR based system, 

and computer controlled laboratory equipment have led to digital data collections that 

contain more and better data.  The data are much more readily used and shared, because of 

the relative ease of storing and transmitting digital data.  This has enabled broader 

collaborations.  There are still many challenges to storing and managing digital data, 

including describing the data adequately so others can use it, putting it in standardized 

formats, and continually migrating data to new media, but there is little question that the 
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data is of higher quality and is more usable by a wider community.  Digital data lends itself 

to better analysis - seismic data can be analyzed much more rapidly and efficiently to 

determine the location of earthquakes, the direction and length of fault movement, and 

other factors.   

 

Models of Real Complex Problems 

 Modeling, simulation, and visualization have had a major impact on earthquake 

research.  They have enabled the exploration of complex systems at realistic temporal and 

spatial scales.  Because research on these scales can not be done in laboratory or field 

experiments, modeling is the main way to explore earthquake phenomena at realistic scales 

and levels of complexity.  Modeling has provided tools for prediction and planning, which 

has increased utility of earthquake research to disaster officials and planners, increasing the 

social impact of research.   

 

 Models, combined with Internet-based communications and the widespread 

availability of digital data, have facilitated expanded collaboration in earthquake research.  

Models provide a way to integrate seismic data, earthquake data, geodetic data, 

experimental studies, data on local ground characteristics, and engineering data, and 

provide a basis for discussion among researchers and practitioners in all of these fields.  

Models become the common medium for representation of knowledge from all of these 

fields, and facilitate communication across these fields.  Models require that tacit 

knowledge be made explicit, facilitating its communication.  Visualization technologies 
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help to display the results of models in forms that are more readily communicated not just 

to other scientific fields, but also to public officials and emergency managers.   

 

Faster, Better Response to Disaster 

 Information technologies allow disaster officials to have much faster information 

about the consequence of earthquakes, aiding disaster response.  They are now able to 

integrate estimates of ground shaking with loss estimation models in real time, allowing 

disaster officials to estimate direct losses, shelter needs, and indirect losses very quickly.  

A variety of IT products are now automatically produced for all earthquakes.63   

 

While IT has had a major effect on earthquake research, some of the major recent 

advances in earthquake research have not been dependent on information technology, but 

have depended more on conceptual thinking and old-fashioned geologic field work.  

 

6.4. Chesapeake Bay Research 

6.4.1. Introduction 

 This case study focuses on how information technology has affected Chesapeake 

Bay Research.  Chesapeake Bay research was chosen as an example of an area of science 

that: 

                                                 

 

63 See http://earthquake.usgs.gov/eqcenter/recenteqsww/Quakes/quakes_all.php for examples of the kinds of 
information routinely produced.  These include maps of the earthquake magnitude, ground shaking, and 
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• Includes observational and experimental science. Chesapeake Bay research 

includes laboratory research on water quality and aquatic life, as well as 

observational studies at larger scales. 

• Is regional in scope. While there is an international community that does research 

on estuaries and related land use, Chesapeake Bay research is primarily regional in 

focus. 

• Includes a mixture of big and small science.  Chesapeake Bay research involves 

large scale remote sensing data collection and large models, but also contains much 

individual investigator work.  

• Is a moderate user of IT.  Chesapeake Bay computer models have been in operation 

for over 20 years, but Chesapeake Bay research has not been the subject of major IT 

investments. 

• Is a problem-oriented scientific program -- the science directly supports public 

environmental management decisions. 

 

 The focus of this case study is on the science related to the health of the Chesapeake 

Bay.   These studies encompass studies of the inputs (water and nutrients) coming from the 

Chesapeake Bay watershed, as well as studies of the water properties and ecosystem 

interactions in the bay.   

 

________________________ 

predicted seismic hazard.    
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6.4.2. Chesapeake Bay Case Methodology 

 The case study consisted of: 

• A review of general literature on the Chesapeake Bay. 

• Attendance at a Chesapeake Bay symposium. 

• Interviews with Chesapeake Bay scientists.  These included scientists from the 

Chesapeake Research Consortium, U.S. Geological Survey, and U.S. 

Environmental Protection Agency. 

• A bibliometric analysis of Chesapeake Bay research, using the Science Citation 

Index of the Institute for Scientific Information (ISI).  The methods are described in 

the section on the bibliometric analysis.   

 
 
Chesapeake Bay specialists interviewed for this case included:  

• Dr. Kevin Sellner, Director of the Chesapeake Research Consortium 

• Dr. Tom Gross, Manager of the Chesapeake Community Modeling Program, 

Chesapeake Research Consortium 

• Gary W. Shenk, Senior Modeling Specialist, with the Chesapeake Bay Program 

Modeling Program, Environmental Protection Agency 

• Scott Phillips, Hydrologist and Chesapeake Bay Coordinator, U.S. Geological 

Survey 

• Peter R. Claggett, Research Geographer and Land Data Manager, U.S. Geological 

Survey 
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6.4.3. Background64  

 The Chesapeake Bay is the nation’s largest estuary.  It was formed about 18,000 

years ago as a result of the runoff and rising sea levels related to the end of the most recent 

glacial period.  The Bay is 314 km long and 5.5 to 56 km wide, and drains a 165,760 km2 

watershed that includes parts of New York, Pennsylvania, West Virginia, Delaware, 

Maryland and Virginia and the entire District of Columbia.  

 

 The Chesapeake has considerable economic importance due its fisheries (rockfish, 

menhaden), shellfish (oysters and blue crab), and recreational value.  It is also a major 

habitat for migratory birds. By the 1980s it had become apparent that the environmental 

quality of the bay was deteriorating.  The fish, oyster, and blue crab catches declined 

sharply, due to over-harvesting, disease and the loss or degradation of habitat.  Hypoxia 

(low dissolved oxygen) and anoxia (absence of dissolved oxygen) were also identified as 

problems, due primarily to eutrophication. There were also chemical contaminants, 

especially in industrialized urban areas, that accumulated in the tissues of birds, fish and 

shellfish.  It became apparent that the Bay was in poor and declining health, and that a 

regional management structure was needed to control pollutants, land use, and fishing.   

 

 The Chesapeake Bay agreement of 1983 recognized the need for a regional 
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management structure to support a regional cooperative approach for the environmental 

management of the bay.   At that time, a scientific and technical advisory committee was 

established.  Since then, the regional management structure, including the Federal 

government and the six Bay watershed states and the District of Columbia, have worked to 

reduce the amount of nutrients flowing into the Bay and its rivers.  The approach, it is 

widely agreed, has been only partially successful.  There has been more progress in 

reducing pollutants from point sources, such as industrial and sewage pipes, than from 

non-point sources, such as urban and agricultural runoff.  Bay quality has improved, but it 

is still far from good. In 2003, the six Bay watershed states, the District of Columbia and 

the U.S. Environmental Protection Agency signed a new agreement to cut steeply the 

amount of nutrients flowing into the Bay and its rivers. The new agreement includes 

mandatory requirements that kick in if voluntary goals are not met.  

 

 The Chesapeake Bay is a complex ecosystem. Key elements are:  

• The tidal salt water (the bay receives about half of its water from the Atlantic). 

• The flow of freshwater, along with sediments, pollutants, and nutrients from the 

watershed.  

• The forests and wetlands around the Bay and throughout the watershed that filter 

sediments and pollutants.  

• The phytoplankton and microzooplankton, that provide food for copepods and 

________________________ 

64 Much of the basic background information on the Chesapeake Bay comes from Reshetiloff (2004). 
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small fish.  

• The underwater beds of grasses that provide food and shelter for small fish and 

crabs.  

 

 The flow of tidal salt water and freshwater affects the salinity and circulation in the 

Bay.  Salinity is highest at the mouth of the bay, and decreases as one moves north. Salinity 

varies seasonally and from year to year, depending on the volume of freshwater flowing 

into the Bay.  The circulation in the Bay is critical because it transports plankton, fish eggs, 

shellfish larvae, sediments, dissolved oxygen, minerals and nutrients throughout the Bay. 

Circulation is driven primarily by the movements of freshwater from the north and 

saltwater from the south.  

 

 Sediment transport is an important factor.  The Chesapeake and its tributaries 

transport huge quantities of sediments.  Although sediments are a natural part of the Bay 

ecosystem, excessive sediments from increased runoff are undesirable because they can fill 

in ports and waterways.  Sediments also can carry high concentrations of toxic materials.  

 

 Dissolved oxygen is essential for most animals inhabiting the Bay. The amount of 

available oxygen is affected by salinity and temperature.  Cold water can hold more 

dissolved oxygen than warmer water, and freshwater holds more than saline water. Plants 

release oxygen when photosynthesizing.   Since photosynthesis requires light, production 

of oxygen by aquatic plants is limited to shallow water areas, usually less than six feet deep. 
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Surface water is nearly saturated with oxygen most of the year, while deep bottom waters 

range from saturated to anoxic (no oxygen present).  In winter, dissolved oxygen is 

plentiful throughout the water column.  During the spring and summer, increased levels of 

animal and microbial respiration and greater stratification may reduce vertical mixing, 

resulting in low levels of dissolved oxygen in deep water, reducing the ability of the bay to 

support life.  

 

 The flow of nutrients, especially nitrogen and phosphorus, into the bay greatly 

affects the health of the bay.  Nitrogen and phosphorus occur naturally in water, soil and air 

and are essential for the growth of plants in the Bay.  Excess nutrients from agricultural 

fertilizers or sewage, however, cause the rapid growth of phytoplankton, creating algal 

blooms. These blooms reduce the amount of sunlight available to underwater bay grasses, 

reducing their photosynthesis and growth.  The underwater grasses and other submerged 

aquatic vegetation (SAV) provide food and shelter for waterfowl, fish, shellfish and 

invertebrates, and produce oxygen.   

 

 Approximately 350 species of fish can be found in the Chesapeake Bay, including 

both permanent residents and migratory fish. The residents tend to be smaller in size and do 

not travel the long distances that migratory species do.  The organisms that live on and in 

the bottom sediments of the Bay form complex communities. Known as benthos, these 

bottom-dwellers include animals, plants and bacteria. Benthic organisms often are 

differentiated by their habitat. Epifauna, like oysters, barnacles and sponges, live upon a 

244 



 

surface. Worms and clams, considered infauna, form their own community structure 

beneath the bottom sediments (Reshetiloff  2004). 

 

 The Chesapeake Bay falls within a larger category of coastal regional marine 

science.  A common feature of this category of science is barriers to research and 

monitoring that result from the difference between the ecosystem boundaries and the 

boundaries of local, state, and national political division (National Research Council 2000).  

Regional features of ecosystems, such as coastal ocean currents, estuarine habitats, and 

drainage basins, affect management decisions at a local level. Local problems frequently 

cannot be resolved without a regional approach to address issues that cross jurisdictional 

boundaries.  Another example of this category of science is Louisiana coastal science, 

which is affected by the nutrient management strategy for the entire Mississippi River 

watershed.  

 

 Several Federal agencies are involved in Chesapeake Bay research.  The National 

Oceanic and Atmospheric Administration (NOAA) is responsible for monitoring higher 

trophic levels, including fisheries and other species.  The Environmental Protection 

Agency (EPA) is responsible for monitoring the tidal bay, both physical parameters and 

water quality.  EPA does this primarily through grants to the states.  The U.S. Geological 

Survey (USGS) is responsible for monitoring non-tidal water flow, land use change, and 

understanding the fluxes of sediments and nutrients.  Much of the research on the bay is 

carried out in conjunction with the states and the involvement of universities in the region.  
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Major Recent Advances in Chesapeake Bay Research 

 Interviewees discussed several recent advances in Chesapeake Bay research.  One 

area of major advances has been in the assessment of land use change.  Researchers used to 

have to compare aerial photographs that were limited in coverage and infrequently 

repeated.  Now researchers have access to satellite imagery and can compare changes in 

land use at 5 year intervals.  Although there are some problems of comparing images from 

different satellites, and there have been problems with some of Landsat 7’s sensors, it is 

still a major improvement over plane-based photography.   

 

 Another area of major advance has been in water monitoring.  It used to be that one 

needed to put a float in a stream whenever one wanted to measure stream height or 

calculate stream flow.  Now sensors can monitor stream height continuously and remotely 

in real time.   Water quality measurements, however, had not advanced as much until 

recently.  There was some automated remote sampling, so one could remotely collect water 

samples at specific times, but one still needed to take the samples to the lab for analysis.  

Labs used to provide results on paper; now they are provided digitally.  It was not 

cost-effective to have machines that could do the lab analysis on site.    In the past two to 

three years, however, great advances have been made by the Maryland Department of 

Natural Resources "Eyes on the Bay" program.  Automated water quality samplers are now 

a routine part of the Chesapeake monitoring systems.  There has also been a big 

improvement in the analysis of the data.  One can do trend analyses more rapidly and at 
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more sites.   

 

 Another major advance is in understanding the different environmental 

compartments (surface water, soils, ground water) and the residence time for chemicals in 

each, such as the time it takes nitrogen to move through the soil and ground water.  An 

especially significant advance is in understanding the lag times.  Previously, researchers 

did not understand why changes did not occur more quickly.  IT has played a big role in 

helping to understanding, both through instruments used in isotope work to measure the 

time lags, as well as putting the information in models, and developing coupled models that 

link the various environmental compartments. 

 

 Another major advance has been the improvement in models of the Chesapeake 

Bay and watershed.  Models incorporate more features and complexity, are more spatially 

detailed, and run faster, allowing many more management scenarios to be run.   

 

6.4.4. Role of Information Technology 

Digital Data Collection and Management 

 A wide range of types of data are used in Chesapeake Bay research, including data 

on physical, chemical, and biological parameters of the bay, and data on the watershed, 

such as stream flow and land use.   The health of the bay varies seasonally and with rainfall. 

Long term trends have to be discerned statistically over time, which requires consistent, 

high quality data.   
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 Data collection technology has improved greatly since 1980, the period studied by 

this dissertation.  In the beginning of the period, oceanographers studying the bay did not 

collect large amounts of data.  Instruments were deployed by boats, and data recording was 

limited.  Around 1984, there started to be automated data collection (e.g., from 

ship-deployed buoys that were left in place for six months or so), but they were limited in 

storage capacity.  The early automated instruments could record 200 kilobytes of data. 

Many instruments would record analog signals, which would then be digitized in the 

laboratory.  In these days, Apple2 and then Apple Macintosh computers were used. By 

1988, data storage on instruments was increased to 2 megabytes.   By 1990 there were 200 

megabyte disc drives, and one could record much more data.   As mentioned above, 

real-time stream monitoring instruments have also increased the amount of data available.   

 

 Advances in remote sensing technology have also greatly expanded the data used in 

Chesapeake Bay research.  Satellite-based remote sensing is used for, among other things, 

measuring bay temperature, chlorophyll, and clarity.  Remote sensing data, as described 

above, is also used for monitoring changes in land use that affect the bay.    Landsat data is 

very helpful, although the last Landsat was launched in 2000 and only worked properly for 

2 years and only provides partial data.   It is not scheduled to be replaced until 2012.  

Landsat data covers the globe periodically.  Data are collected and stored, and can be 

purchased later when one needs it.  Higher resolution satellite imagery is targeted, and so 

one has to pay for it at the time of collection.   
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 Although advances in remote sensing are important, work is needed to interpret 

satellite imaging.  With respect to land use monitoring, automated methods can only 

classify about 60 percent of the land.  The rest requires people to analyze the images to 

classify the land use properly, which is time consuming. It took a group at the University of 

Maryland 2 years to make a map of land use using 30 meter resolution data.   

 

 Another area aided by IT is citizen monitoring.  Global positioning systems (GPS) 

devices are inexpensive and can be given to high school students to make ground 

observations, such as to monitor streams or air quality. 

 

 An important technology for storing and managing data is that of geographical 

information systems (GIS).  GIS is used to integrate data spatially, allowing, for example, 

different kinds of physical, biological, and chemical data to be assigned to given 

geographical location and placed on a map.  

 

 Although there have been advances in data collection technology, interviewees 

noted several issues concerning data used in Chesapeake Bay studies.  One issue is 

inadequate funding for monitoring.  Interviewees noted that the monitoring budget is being 

cut.  The availability of models and other forms of IT may be drawing funds away from 

monitoring data, because model results are more visible and flashier.  But if the monitoring 

is not adequate, the models will not be accurate – a case of “garbage in, garbage out.”  With 
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less funding for monitoring, there is less data and it is more difficult to know what changes 

are significant.  

 

 A second major issue discussed by many interviewees is the difficulty in sharing or 

getting access to data.  There are a wide variety of types of data, including data collected 

through national programs (such as satellite-based remote sensing data or oceanographic 

data), data collected by each state on a state-wide basis, data produced under Chesapeake 

Bay monitoring contracts, and data produced by researchers. This data is stored in a variety 

of databases and in a variety of formats. Often different disciplines use a different language 

for describing the same data.  The major Federal agencies, including the National Oceanic 

and Atmospheric Administration (NOAA) and the U.S. Geological Survey (USGS) each 

have challenges just integrating data across their own programs.  States are generally more 

concerned with consistency in data collection across their state, rather than consistency 

with other Chesapeake Bay data.   

 

 There is no big player in this area that can enforce a set of standards or metadata 

(information about the data) requirements on the community, which contains many 

disciplines and institutions, each of which has its own procedures.  NOAA is supposedly a 

leader in data management but interviewees noted that they are not always as good as they 

claim; sometimes they announce policies that do not have support from the community or 

even NOAA staff, and there is little implementation or enforcement.  One interviewee 

noted that "databases" are often "databanks," with the data essentially placed in a vault, 
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unavailable to users.   

 

  The Chesapeake Bay Program, through the Chesapeake Information Management 

Systems (CIMS), is trying to unite the different databases. CIMS does a good job in 

acquiring the data provided under monitoring contracts, but does not get much data from 

researchers.  For project level data stored on individual PCs, researchers have found that it 

takes a large amount of work to describe the data in a way that makes it accessible to others, 

and the costs may not justify the benefits.  There are trade-offs between spending funds on 

making data available versus collecting new data or interpreting it.  

 

 The Chesapeake Research Consortium hosted a workshop among data groups to try 

to resolve the standards/metadata issues.  Everyone agreed that it was a good idea, but no 

one had the funds and money to follow through.  It took 2 years to get the states to agree on 

standard data collection protocols for non-tidal stream/river flow data.   Interviewees also  

stated that better tools are needed to integrate data, such as the Semantic web.65  

Modeling and Simulation 

 Models play a critical role in Chesapeake Bay research and management.  They are 

used to integrate much data and understanding, and are used to demonstrate the 

                                                 

 

65 The Semantic Web is an evolving extension of the World Wide Web in which web content can be 
expressed not only in natural language, but also in a form that can be understood, interpreted and used by 
software agents, thus permitting them to find, share and integrate information more easily. (Definition from 
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consequences of various management options.   There are two main models -- the estuarine 

or bay model that covers the Bay itself, and the watershed model that covers the inputs to 

the Bay from rivers and streams.  This section describes these models, their limitations, 

their uses, and likely evolution.   

 

Overview of Bay Models 

 In the 1980s, the Army Core of Engineers started developing a computer model of 

the Bay.  Before this, there was a physical scale model of the Bay, which could model 

hydrologic effects, but could not be used to model many features of the Bay, such as the 

effect of nutrients on water quality.  At that time, models ran on mainframe computers, and 

it made sense to have the model in an institution that would be the keeper of the model, and 

run it and update it as necessary.   The current model dates back to this original 1980s 

model.  The model is written in Fortran, a computer language that is not widely used today.  

There are on the order of 10,000 lines of Fortran code in the file.  It is mostly a single 

continuous program, with few modules or subroutines.   It is not written in a way that is 

easy to upgrade or that allows many people to work on.  It is currently run on the EPA Cray 

T3E in Research Triangle Park.  

 

 The estuary model has evolved over time.  They are now doing the fourth 

generation of bay models.  Each upgrade includes more complexity (smaller cells) and 

________________________ 

Wikipedia article “Semantic Web” accessed March 16, 2007. 
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adds additional features.  The models have always focused on the key nutrients, but now 

can incorporate features such as the role of oysters in water cleansing, allowing policy 

makers to ask questions such as “is it cheaper to stock the bay with oysters or reduce 

nutrient input?” It also includes phyto- and zooplankton and submerged vegetation, and it 

can project the population of key fish, such as menhadin. 

 

 The estuary model is criticized as impenetrable and hard to work on.  It is difficult 

to evaluate or to add additional modules.  A problem is that models like the bay model are 

tuned around data, but there are so many variables that it is possible to tune a model to 

produce results that look reasonable, even if the underlying model is flawed.  When 

conditions change outside of the regime for which it is calibrated, the model might produce 

results that are far from reality.  This is less a problem with the hydrological aspects of the 

model than with the geological and biological aspects, which are much more complex.   

 

 The watershed model is more open but is also very large and written in Fortran.  

The inputs are variables that affect stream flow (rainfall, snowfall, temperature, 

biotranspiration, wind, solar radiation, dew point, cloud cover) and nutrient input variables 

(best management practices, fertilizer, manure, atmospheric deposition, point sources, and 

septic loads).   There are 5000 inputs and 930 streams.  The model links were calibrated to 

observed stream parameters (flow, nutrients) over a number of years.  The model is then 

used to predict how changes in stream flow, land use, and management practices will affect 

the water quality in the watershed.  
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 The watershed model has become much better and more complex over time.  

Upgrades in computers allow more runs to be made with different scenarios.  In 1995, they 

were working with the phase 2 model and they could run 4-8 scenarios in a year.  

Parameters were changed manually, which was very labor intensive.  By 1997, using 

model Phase 4.1, they could run 60 scenarios.  Modelers could make automated changes to 

the data file, but there was still a lot of manual work to transfer data between Excel files 

and Fortran.  By 2000, using model Phase 4.3, they could upgrade data much more easily, 

and could run 300 scenarios.  These different versions of the Phase 4 model reflect IT 

upgrades, not changes in the structure of the model.  The watershed model takes about a 

day to run each time.   

 

 There is now a Web-based interface, called VORTEX, that allows non-modelers to 

place a request through the website for various scenarios, such as the effects of alternative 

management practices.  VORTEX also includes online tools for analyzing model output.  

The system provides results that can either be based on prior runs of the model, or be based 

on a new run of the model.   This allows people to explore, for example, how changes in 

land use would affect steam quality and ultimately bay water quality.   Upgrades to the 

model have made it possible to run just a piece of the model, such as one watershed, 

without running the complete model, to evaluate the effects of management practices 

within a single jurisdiction.  
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 In addition to the estuary and watershed models, there are a variety of other models 

that model specific aspects of the bay.  There are independent oyster demographic models 

that are not linked to the main model.  Land use models are also under development.  

However, most jurisdictions do not have good economic forecasts or an ability to project 

land use into the future.   

 

 The Bay models have benefited to a limited extent from other regional water 

quality models.  The watershed model has benefited more – it is derived from a model 

originally developed at Stanford.  The estuary model, however, is homegrown.  There are 

not really any other good models of other bays or estuaries that could be imported because 

the Chesapeake Bay model is more advanced than most.  Conversely, the Chesapeake Bay 

model can’t be transported to other Bays -- there is too much in it that is “hardwired” for 

the Chesapeake (such as lines of code that may say “decrease a certain parameter by 20 

percent for the Susquehanna in April and May”).  The estuary model benefits from general 

advances in IT, such as increases in the speed of computing, but benefits relatively little 

from advances in IT for other areas of science.  

 

Implications of the Models 

 When the first efforts to clean up the Bay were initiated, the sources of pollution  

were primarily point sources, such as sewage plants and factories, and were quite obvious.  

Models were not needed to pinpoint these obvious sources of pollution.  As the Bay 

became somewhat cleaner and most point sources of pollutions were controlled, the 
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models became much more important in showing the relationship between diffuse sources 

of pollution and Bay quality  

 

 Models have been instrumental in getting different jurisdictions to understand how 

land use and environmental controls in their jurisdictions affect Bay quality, and in getting 

the jurisdictions to commit to restoration goals, and nutrient and sediment loads.  In 1983, 

when the various jurisdictions agreed to make the bay cleaner, the Bay models were used to 

allocate how much nutrient and sediments each jurisdiction needed to reduce.  Now they 

are stuck with the models as the means for making this distribution.   

 

 The Bay model did not make the original link between low dissolved oxygen, algal 

levels and nutrient loads -- there was scientific consensus on this -- but the model was used 

to illustrate the links.   The model, and visualizations based on the model, however, gave 

authority to estimates of cause and effect that weren’t necessarily warranted given the 

quality of the model and the level of scientific understanding.  And once the models are 

used to allocate pollution reductions among the jurisdiction, it becomes very hard to 

change the model as the science improves.   For example, the models calculate the effect of 

riparian buffers66 around streams.  It turned out that the early estimates of the effects of the 

buffers were based on research plots; actual farm plots were found to have a lesser effect.  

                                                 

66 Riparian buffers are forests adjacent to streams that intercept nutrients from agricultural fields before they 
reach the streams. 
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There was tremendous resistance to changing the model to accurately reflect the new 

knowledge, because it would require jurisdictions to make further reductions in pollution 

elsewhere.  Conversely, if advances in the science or the models show that some pollutants 

are being reduced more than necessary to meet the current goals, environmental groups 

will fight any backtracking.  In this environment, no one in the political or management 

system really wants improvements to the model.  

 

Future Model Development67 

 The Chesapeake Science and Technology Advisory Committee (STAC) reviewed 

the Bay model and criticized it, citing its impenetrability and the inability to test it.  They 

made a recommendation for alternative models.  This led to the Chesapeake Community 

Modeling Program, which is developing a completely new model in an open-source 

environment.  The code would be available for review, comment, and modification.  

 

 From the viewpoint of Bay scientists, it would be good to have competing models.  

The existing models cannot explain observations and cannot predict reliably.  There are 

still many research questions and a need for new tools.   The goal of scientists involved 

with Chesapeake Bay modeling is to have a set of coupled community models.  The goal is 

to have a set of models, each open to review and modification of by the community, that 

                                                 

67 While this section is based primarily on interviews, the Chesapeake Science and Technology Advisory 
Committee (2006) subsequently published a workshop report covering these and additional points.  
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would cover different aspects of the Chesapeake Bay system (watershed, bay, fish 

populations, etc.).  These would be linkable so that it would be easy to use the output of one 

model as input to other models.  One wants to be able to pull information from a variety of 

databases, put them into different community models that link together on the desktop, and 

run results.  Some progress has been made toward this goal of integrating data and models, 

but the goal is still a long way off.  Data from various sources need to be manipulated 

before it can be put into models, and there is no way to quickly link models.  One of the 

goals of the community modeling project is to develop middleware (software that connects 

software components or applications) to link models.   

 

 Little money, however, has been forthcoming for the new modeling effort.  The 

Chesapeake Bay Program is a management oriented program and Bay managers want one 

source of information.  The jurisdictions have accepted the current model and use it as the 

basis for environmental management decisions.  A competing model would invariably 

produce different results, and would lead to arguments about which model to use, and what 

mitigation actions are appropriate.   The USGS previously developed another approach to 

modeling the bay that was more stochastic and could better incorporate uncertainty.   Even 

though the model was for a different purpose than the main Bay model (looking at finer 

geographical scale distribution of water quality), the Bay Program fought the new model 

for several years because it didn’t want a competing model.  The Bay Program is a partner 

between scientists and resource managers but the management side does not always want 

more science.   
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 The Chesapeake Bay modeling efforts have received little funding from 

information technology research programs outside of the program, such as those at NSF, 

although they could be a good candidate for some “grand challenge” applications.  There 

has been some effort to get NSF grants for data sharing tools.   

 

Collaboration 

 Information technology has played a role in enabling expanded collaboration in 

Chesapeake Bay research, but has not played as significant a role as in some other fields.   

There was substantial interaction among Chesapeake Bay researchers before IT assumed a 

prominent role.  The Chesapeake Research Consortium (CRC) and the Chesapeake Bay 

Scientific and Technical Advisory Committee predate heavy IT use and have a 

well-defined structure and frequent face-to-face meetings.  There is a major emphasis on 

networking people and fostering multi-organizational, multidiscipline research.   

 

 The CRC has found the Internet and other IT to be very helpful by enabling them to 

provide more information prior to meetings and better communication after the meetings.  

The Internet helps participants to be better prepared for meetings and to participate more 

effectively.  It also facilitates more focused discussions in the executive board.  Meetings 

are more focused and there is greater participation by the scientists.  For academic 

scientists, participation does not lead to direct career benefits (e.g., it doesn’t help tenure or 

publications) and so they need to be selective about which of the large number of meetings 
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they attend.  IT-based communications help scientists judge which meetings are relevant, 

and lets them choose which ones to attend.  IT has also improved the productivity through 

reducing the time it takes to prepare presentation slides for the meetings.   Meetings are 

more integrative, rather than just presenting information, because people are able to read 

the materials in advance.   

 

 IT also has helped to expand collaboration outside of the immediate region.  They 

especially draw on national experts for review of programs.  The Internet makes such 

participation by external experts much easier.  IT has also enabled a modest increase in 

collaboration with foreign researchers, which can now be almost as easy as collaboration 

with people across the hall. They were able to put together a collaboration between 

European and U.S. scientists on harmful algae.   Interviewees also mentioned the 

importance of electronic journal access.  

 

 Table 6.4 shows trends in authorship based on an analysis of highly cited 

Chesapeake Bay papers.  It shows that the number of authors per paper and number of 

institutions per paper have increased over the last 20 years.  The number of non-U.S. 

authors has also increased, although, as anticipated, Chesapeake Bay research is less 

international than the other fields examined.  All of these trends are significant at greater 

than the 0.5 percent level.   
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Table 6.4. Trends in authorship of highly cited Chesapeake Bay papers. 
Mean number of authors per paper.  

1980-84 1985-89 1990-94 1995-99 2000-02 

Authors/paper 2.4 2.5 2.9 3.2 3.5 

Institutions/paper 1.4 1.5 1.6 1.8 2.0 

Countries/paper 1.009 1.019 1.037 1.085 1.056 

 

 

6.4.5. Implications of Information Technology in Chesapeake Bay Research 

 The interviewees were unanimous in believing that IT has had a major impact on 

research in the field, although also were in agreement that it had not lived up to its potential.  

Figure 6.5 shows the main pathways through which IT has affected Chesapeake Bay 

research.   IT has had some role in all of the pathways in the figure, but has a particularly 

important role in the pathways with the thicker arcs.  These are described below. 
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 Figure 6.5. Model of IT Effects on Chesapeake Bay Research 
 

 New instrumentation and digital data collections have led to some new research 

methods and new fields of research.  GIS helps identify geographic areas that need special 

attention, and leads to more efficient allocation of resources.  IT has also enabled the field 

of landscape ecology, which requires high speed computers, satellite data, and a variety of 

databases.  The field is highly dependent on IT, especially remote sensing and GIS.  The 

field contributes greatly to understanding land use that affects the Bay.    

 

 Internet communications have aided collaboration and interdisciplinary research by 

aiding more efficient and effective sharing of information, leading to more focused 

meetings, and greater participation by the scientists.  There is more interdisciplinary work 

and greater participation by scientists outside of the region, especially in reviewing studies.  

262 



 

Visualizations also help to translate data to target audiences, aiding cross disciplinary 

communication.    The Internet has also speeded the communication and awareness of 

research results.  Interviewees believed that IT had increased the productivity of science 

and had reduced the cycle time between research results and the next generation of 

research building on those results.  Much communications proceeds by email; people don’t 

wait for the publications.  The use of models that can integrate multiple sources of data also 

has facilitated expanded collaboration in Chesapeake Bay research.   

 

 The area of IT use that has had the biggest impact on the Bay research is modeling.  

Models provide a way to integrate data, and provide a basis for discussion among 

researchers and practitioners in the various fields that related to the Chesapeake.  Models 

become the common medium for representation of knowledge from all of these fields, and 

facilitate communication across these fields.  Models are instrumental to getting buy-in of 

jurisdictions to restoration goals, and nutrient and sediment loads.   

 

 The combination of models and visualization of model results makes data and the 

science more user-friendly and easier to interpret.  While IT can be a tool to increase the 

relevance of science, interviewees noted that it still requires scientist who want to be 

relevant.   Many scientists want to spend their time talking with other scientists rather than 

the public.  They may not spend the effort to make their work relevant.   

 

 Although interviewees were agreed that IT has made many positive contributions 

263 



 

to Chesapeake Bay Research, they were also unanimous in believing that the full potential 

of applying IT to Chesapeake Bay Research has not been realized.   One big issue, as 

described earlier, is the different types of codification of data, lack of metadata, etc., that 

prevents integration of different kinds of data (stream flow, water quality, rainfall, etc.) in 

models.  Another major issue is the lack of desire of the Bay management community for 

new models.   Although there are known problems with existing models, there has been 

little political support for the development of alternative models because having multiple 

models would cause disputes in the community about which model to use and would make 

reaching agreement on mitigation actions more difficult.   A third issue is funding. The 

Chesapeake Bay Watershed Blue Ribbon Finance Panel (2004) reviewed financial needs 

for the Bay and concluded that greatly increased funding is necessary to clean up the bay.  

Interviewees all indicated that data collection and models for the Bay have not been 

well-funded. 
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7. Analysis and Conclusions 
 

 This chapter analyzes and summarizes the dissertation’s findings and offers a set of 

plausible conclusions supported by the findings.  The initial section presents a cross-case 

analysis that identifies the similarities and differences among the cases.  The second 

section assesses the extent to which the literature reviews and case studies support the 

hypotheses formulated in Chapter 1. The third section discusses the policy implications 

and the fourth offers suggestions for further research.  The last section is brief summary 

that repeats the limitation of this study.  

 

7.1. Cross Case Analysis 

 IT had many similar effects in each case, although the details of the effects and the 

relative importance of the effects differed markedly among the cases.  The following are 

the similarities and differences among the cases.  

 

7.1.1. Commonalities among the Case Studies 

 The case studies largely confirm the model presented in figure 5.3.  Most of the 

paths present in the model were evident in each of the cases.  In each case, advances in data 

storage, networking, microprocessors, and software could be traced, through a variety of 

intermediate effects, to changes that affect the quality of science, the impact of science, and 
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the productivity of science.  Internet communication has facilitated increased collaboration 

in each field.  Digital data collection has greatly expanded the amount of data available in 

each field.  Data management and data sharing are also important in each field.  Somewhat 

unexpectedly, GIS has enabled new areas of work in each field, from predicting the 

location of malaria outbreaks to mapping land use in the Chesapeake watershed.  In each 

field, IT enabled better connections to the users and stakeholders of research, whether 

improving communication between clinical and laboratory researchers in malaria, or 

developing models that help predict building losses from earthquakes, or illustrating how 

management practices affect Chesapeake Bay water quality.   

 

 The cases were similar in that there were major effects of IT in each field, although 

these affects were somewhat different, ranging from the impact of genomics on malaria to 

the role of modeling, new remote sensing technologies, and GIS in earthquake and 

Chesapeake Bay research.  In each field, IT contributed to some of the most important 

recent conceptual advances in the field, but in each field some of the central advances were 

not IT-related, such as the ability to culture the malaria parasite or the conceptual models of 

earthquake faulting.    

 

7.1.2. Differences among the Case Studies 

 There were many differences among the three case studies that reflect the 

differences in the types of science in the fields as well as the history and sociology of each 

of the fields.   Most of these differences were reflected in the relative strengths of the 
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different pathways in the model.  In malaria research, the Internet communications have 

had an especially large effect, due to the international nature of the research in the field.  

The increase in international collaboration was especially notable, with the number of 

authors and number of countries represented in the authorship increasing more rapidly than 

in the other fields.  In malaria research, the impact of new automated data collection, in the 

form of automated gene sequencing, has been especially important.  This has led to 

fundamentally new approaches to research and to the entrance of researchers from other 

fields.  By contrast, modeling and simulation have, at least so far, played a lesser role in 

malaria research compared to the other two fields.   

 

 In earthquake research, IT has enabled digital seismic and geodetic data collection, 

which has greatly improved the quantity and quality of data used to determine the location 

and movement of faults. IT has also enabled great improvement in earthquake models at a 

variety of scales, and these models help link research and researchers from different 

subfields, and help to make earthquake research more relevant to various stakeholders.  

Internet communication is also important in this field, but has not had as big an effect on 

the sociology of the fields as in malaria research.   

 

 In Chesapeake Bay research, advances in instrumentation and data collection have 

been important, although perhaps have not had as significant impact as in the other two 

fields.  Internet communication has also helped improve collaboration, but the increases 

have not been as dramatic as in the other fields, largely because the research community, 
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concentrated in one region, has had extensive face to face communication.  Modeling in the 

Chesapeake Bay is extremely important, and has served as the way to integrate data from 

diverse fields, analyze the data to draw policy-relevant implications, and communicate 

these implications to policy makers.  The model results directly affect management 

practices, and the reliance of Bay management on the models has, paradoxically, restricted 

further development of the models.   This illustrates how the use of IT depends in part on 

the social context. 

 

 The general observation from the three case studies is that IT has similar and 

pervasive effects across diverse fields of science, but that there are also substantial 

differences among the fields.  An implication is that IT is likely to have a substantial 

impact on every field of science, but that the specific effects of IT on direction and 

sociology of a field are difficult to predict.  Field-specific knowledge is also needed to 

maximize the benefits of IT. 

 

7.2. Analysis of Hypotheses 

 The literature reviews described in chapter 4 and the case studies in chapter 5 

provide evidence for and against the various hypotheses described in chapter 1.   

7.2.1 Productivity 

 The first set of hypotheses concerned how IT affects the productivity of science.   
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Hypotheses pertaining to productivity:  
 
H1. IT improves the productivity of science 
H2. IT reduces the slowdown of science 
H3. IT has no measurable effect on the productivity of science 
H4. IT has contributed to a slowdown in science. 
 

Interviewees in the case studies agreed that IT helped to improve the productivity of 

science through faster analysis, faster communications, faster access to information, 

increased productivity of experimental devices, and other means.  No interviewee 

suggested that IT is slowing down science.  The cases studies did not, however, provide 

conclusive evidence of the effect of IT on the productivity of science, due to the 

measurement difficulties described in chapter 2.  These include difficulties in measuring 

the amount of funding in each of the fields as well as in measuring scientific outputs.  There 

is clear evidence of increases in the productivity of data collection, such as the huge 

increases in rates of gene sequencing and the production of remote sensing data, but there 

is less evidence of a change in the productivity of scientific results.  As discussed in chapter 

3, productivity in science may be declining, as the easiest discoveries are made first and the 

remaining discoveries take increasing effort.  U.S. publications have flattened out at the 

same time as IT has expanded.   

 

 Of these, the dissertation provides the most support for H2.  It is difficult to argue 

that IT is improving the productivity of science when the number of publications per 

research dollar appears to be declining.  But based on the interviews in the case studies, IT 

seems to be, at a minimum, reducing the slowdown in science.  
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 Another conclusion from the case studies, however, is that the main impact of IT is 

not on the productivity of science.  IT is contributing to major changes in each field, such 

as application of genomics to malaria or the development of regional earthquake models, 

that are leading to major shifts in the field and the utility of the knowledge produced.  

These qualitative changes appear to be much more important than changes in productivity 

measured by the number of publications.  

  

7.2.2. Quality 

 A second set of hypothesis presented in chapter 1 pertained to IT-induced 

qualitative changes in science.   

Hypotheses pertaining to qualitative changes in science: 
 
H5 IT leads to more hypothesis-seeking rather than hypothesis-driven work. 
H6 IT leads to shift from reductionistic science focused on narrow problems to more 
systems research focused on complex problems. 
H7 IT (primarily data collection and management) leads to more data-driven and less 
conceptual science. 
H8 IT (primarily modeling and simulation) leads to science that is more conceptual and 
less data driven.  
H9 IT contributes more to the speed of incremental advances than to conceptual 
advances. 
H10 IT (primarily communications) contributes to creativity by expanding the range of 
ideas that scientists have access to.  
 

 With respect to H5, although IT leads to much larger datasets, such as genomic 

databases or remote sensing databases, which can be mined to suggest new hypotheses, 

data mining to find new hypotheses did not appear to be a major new mode of inquiry in 

any of the cases studied.  With respect to H6, IT does appear to have facilitated a shift 
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towards research on complex systems in all of the fields examined.  Examples include 

computer models of malaria outbreaks, the impact of earthquakes on buildings, or the 

impact of land use changes in Chesapeake Bay water quality.  In all of the cases studies, IT 

enabled research from different disciplines to be brought together and applied to complex 

problems. 

 

 With respect to H7 and H8, IT both greatly increases the amount of data that is 

available, while simultaneously providing tools such as modeling, simulation, and 

visualization that aid in developing theory.  The cases did not suggest either a shift toward 

more data-driven or theory-driven science, although the emergence of new subfields such 

as bioinformatics and geoinformatics does suggest an increased importance of data and 

data management in several fields of science.  

 

 With respect to H9, there was evidence from the case studies that IT does speed up 

the overall processes in science, through speeding up communication.  This would seem to 

lead primarily to faster incremental results.  However, there is also evidence from the cases 

that IT leads to some major advances in science, such as enabling the field of landscape 

ecology or enabling the genomics revolution.  IT seems to affect both incremental and 

conceptual advances, and so there is little indication of it shifting the balance between the 

two.   

 

 With respect to H10, there is some indication in the case studies that IT contributes 
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to more creative ideas.  In the case studies, interviewees indicated that IT facilitates 

collaboration in part because their collaborators bring different skills and ideas.  IT was 

also seen as facilitating interdisciplinary collaboration, which is linked to more innovative 

ideas.   

 

7.2.3. Impact 

 A third set of hypotheses presented in chapter 1 pertained to IT-induced changes in 

the impact of science.   

Hypotheses pertaining to the impact of science: 
 
H11 IT increases the social impact of science through aiding the communication of 
scientific information to users. 
H12 IT increases the impact of science by providing tools to address the complex 
problems that are critical to society.  
 

 The case studies provide evidence for both of these hypotheses.   Modeling and 

simulation provides a means to address complex problems, such as regional earthquakes or 

the health of the Chesapeake Bay, and visualization technologies and the Internet provide 

mechanisms to communicate information to users.  Both of these factors improve the 

connection between scientists and users and stakeholders, and tend to increase the impact 

of the science.  There are factors other than IT, however, that are also pushing science 

toward increased relevance.  There have been a variety of influences, from the Government 

Performance and Results Act (GPRA), changes in NSF’s grant review criteria to 

emphasize the impact of science, and even financial incentives for commercializing 

university technology, that have all pushed in the direction of making science more 
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connected to applications.  IT may or may not be a driving force towards an increase in 

impact.  IT does, however, facilitate the connections that increase impact. 

 

7.2.4. Sociology of Science 

 A fourth set of hypotheses presented in chapter 1 pertained to IT-induced changes 

in the sociology of science.   

Hypotheses pertaining to scientific collaboration and interdisciplinary research: 
 
H13    IT aids increased scientific collaboration 
H14    IT contributes to interdisciplinary research 
 

 There is evidence from the case studies that IT is contributing to both scientific 

collaboration and to interdisciplinary research.  Collaboration as measured by coauthorship 

of publications is increasing in all three cases (as it is across all of science).  While it is 

difficult to assign causality to IT, interviewees in all three cases indicated that IT-enabled 

and contributed to collaboration and interdisciplinary work.  Internet-based 

communication makes collaboration easier.  Access to electronic journals and Internet 

searches allow researchers to more readily find relevant information outside of their own 

discipline.  Modeling provides a way to integrate knowledge from different disciplines.  

Modeling forces the conversion of tacit knowledge into explicit knowledge, putting it into 

a form that can be more readily shared.  Visualization helps move explicit knowledge into 

a form that can be more readily understood, aiding the communication of complex 

information across disciplines.  All of these effects facilitate both collaboration and 

interdisciplinary research. 
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7.2.5. Spillover Effects of IT 

A fifth set of hypotheses presented in chapter 1 pertained to the spillover effects of IT.   

Hypotheses pertaining to spillovers of IT: 
 
H15 There are substantial spillovers from IT investments in one field of science to 
another field of science. 
H16 Most critical IT for science is specific to the field and there are limited spillovers 
across fields. 
H17 Most critical IT for science is generic IT, such as from home and commercial 
applications, not IT specifically developed for science. 
 

 There was evidence from the case studies of substantial spillovers of IT from one 

area of research into other areas. All of the fields mentioned the importance of such generic 

IT technologies as email, the World Wide Web, and electronic journals. Many of the key 

applications in each case benefit from IT developed outside of the immediate field.  

Automated gene sequencing, bioinformatics, and GIS technologies were all developed 

outside of malaria research but provided substantial benefits to malaria research.  The key 

techniques used in earthquake modeling originated in engineering and physics rather than 

in the geosciences.  In malaria research and earthquake research in particular, many of the 

people involved in IT applications came originally from other fields.  Chesapeake Bay 

research also benefited from the GIS technologies developed outside of the field. All fields 

benefited from the substantial increases in microprocessor, memory, and networking 

capacity resulting from advances in the electronics and computing industries.  In general, it 

appears that there are significant spillovers of IT from one area of science to others.  At the 

same time, however, some of the information technology applications, such as the 
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Chesapeake Bay estuary model and some earthquake modeling are quite field-specific.    

 

7.2.6. Field Differences 

A sixth set of hypotheses presented in chapter 1 pertained to differences in the role and 

impact of IT in different fields of science.   

Hypotheses pertaining to field differences are: 
 
H18 IT affects different fields in different ways 
H19 Communications aspects of IT are more important in inherently international fields 
H20 Modeling is more important (and is applied earlier) in observational rather than 
experimental fields 
H21 Modeling and databases are especially important fields that study complex systems 
H22 Political context and agency/discipline culture influences use of IT 
 

 As described above in the cross case analysis (section 7.1.2), there are both 

similarities and differences in the use of IT by different fields.   The communications 

aspects of IT are more important in highly international fields, such as malaria, than in the 

more regional fields, such as Chesapeake Bay research.  Modeling is more important, and 

has been used earlier and more extensively, in fields that are primarily observational, such 

as earthquake and Chesapeake Bay research, rather than primarily experimental fields such 

as malaria research.   

 

 With regard to the hypothesis about the interrelationship between modeling, 

databases, and complexity, each of the case studies dealt with complex systems in some 

way.  Certainly regional systems of earthquake faults and the Chesapeake Bay are complex 

systems, but the malaria parasite and its interaction with mosquitoes and the human 
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immune system also constitute a complex system.  Both earthquakes and malaria have not 

always been studied as complex systems.  As both areas have come to be studied as 

systems, modeling has become more important.  

 

 With regard to the hypothesis about the political and culture influences on the use 

of IT, there is ample evidence of this in the case studies.  The clearest example is in the 

Chesapeake Bay, where the reliance on the Bay models for management decisions led to a 

reluctance to develop alternative models, even though there were known deficiencies in the 

current model.  There are also examples of IT, and organizational approaches to managing 

IT, influencing the culture of a field.  The clearest example is how digitization of seismic 

data and the Incorporated Research Institutions for Seismology changed the culture in 

seismology from one of data hoarding to one of data sharing.   

 

7.3. Policy Implications 

 There are several policy implications of this work.  One central question is whether 

the U.S. is under- or over-investing in IT for science.  Another question is whether the U.S. 

has the right level of centralization versus decentralized funding for IT for science.  A third 

question is whether the U.S. is putting priority on the right areas of IT for science.  While 

most of these questions cannot be answered conclusively, this dissertation sheds some light 

on each of these questions.  

 

 With respect to judging whether the country is under-investing or over-investing in 
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IT for science, it is not possible to draw any firm conclusions based on the evidence in this 

study.  There are several reasons why it is not possible to draw firm conclusions.  First, as 

discussed in chapter 2 there are significant problems in measuring both the inputs and, 

especially, the outputs of science.  Assessing the longer-term productivity and payoff of 

science is difficult; determining how IT affects these outputs is even more problematic.  

Second, IT is continuously changing and so conclusions reached about the payoffs of IT for 

science over the last decade cannot be applied with confidence to the next decade.  Policy 

makers will continue to need to make judgments based on less than hard data.    

 

 There are, however, many observations from this dissertation that can inform 

policy judgments.  First is the observation that IT has had a substantial effect on all of the 

fields studied.  IT now permeates the biological and geological sciences.  Given this 

substantial past effect on the fields, continued investing in IT seems the prudent approach 

to policy if the goal is to increase or limit the decline in productivity of research.  Second, 

as discussed above, there is evidence that IT tends to increase the relevance and social 

impact of the science, due in part to IT enabling science to address the complexity of real 

problems, and in part due to the ability of IT to aid communication of science to 

stakeholders.  This suggests that continued investments may be justified based on IT’s role 

in increasing the impact of science, even if the impact on productivity and quality of 

science is not clear.  A third relevant observation is that, as discussed above, there are 

substantial spillovers between IT investments in one field and IT benefits in another field.  

This relates both to question of the appropriate level and degree of centralization of 
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funding for IT for science.    

 

 From a theoretical perspective, one expects that if the benefits of investments in 

one field spill over to another field, each field by itself will under-invest because that field 

will compare the full cost of its investments against only part of the benefits.  Because there 

are substantial spillovers of benefits of IT from one field of science to another, if IT 

investment decisions were left to each field of science, each field would be expected to 

under-fund IT for science.  There are, however, substantial programs that fund 

IT-applications across several fields, such as the Information Technology Research 

program at NSF.  Given the existence of such programs, it is more difficult to say whether 

the there is underinvestment or overinvestment in IT for science.   These additional IT 

programs may -- or may not -- be adequate to overcome the market failure resulting from 

the spillovers.    

 

 It is also important to consider the possibility of over-investment in IT for science.  

As noted in sections 1.2 and 3.2.3, there is some concern that the overselling or 

over-hyping of IT could lead to an over-investment in IT for science.  There is evidence 

that the short-term benefits of IT for science are sometimes oversold.  Examples include 

assertions that virtual collaboration will make the location of research irrelevant, or that 

preprint servers and electronic journals will replace traditional journals.  Such over-selling 

is balanced, however, by other areas where the actually long-term effects exceed what was 

predicted.  Few people 20 years ago would have predicted the speed of gene sequencing, 
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the power of computer simulations, or the utility of geographic information systems in 

science.  It does not seem, on balance, that the over-selling of information technology has 

led to over-investing that has yielded poor returns.  

  

 A related question is whether the U.S. has the right level of centralization versus 

decentralization in decision-making for IT for science.   Again, the presence of spillovers 

affects the answer to this question.  If there are no spillovers, then it would be appropriate 

for each field to make its own decisions.  If, on the other hand, advances in IT in one area 

benefit all other areas, then it makes sense to fund the work more centrally.    

 

 The IT used in the subfields studied ranged from very generic to very field-specific.  

All of the fields benefited from generic advances in computing, memory, and networking, 

as well as electronic journals.  Some IT had applicability to several fields of science but not 

all.  Examples included the models used in earthquakes that were derived from models in 

engineering or physics, as well as gene sequencing software that is applicable across many 

subfields of biology but not to other fields of science.  Then there were some applications 

of IT that are very field-specific, such as the Chesapeake Bay model.  Because the IT that is 

important for science covers the whole spectrum from generic IT to field-specific IT, 

funding for IT for science should logically be in a variety of programs, some of which 

support generic advances in IT, some of which support IT that benefit multiple fields of 

science, and some of which consider IT in the context of the funding priorities of each 

field.  
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 How well does the way IT for science is currently funded match this ideal?  IT for 

earthquake research benefited from a variety of funding sources other than the NSF and 

USGS earthquake programs.  This included early support from DARPA, support from the 

NSF Information Technology Research program, which provided support for earthquake 

models and databases as pilot IT programs, and support from NASA and DOE for 

computer modeling.    

 

 Malaria research, by contrast, appeared to benefit less directly from similar 

programs.  Malaria research is funded primarily by NIH, which has some cross cutting 

programs that fund IT applications for the biosciences, such as the National Library of 

Medicine’s support for biomedical literature databases, the National Center for 

Biotechnology Information’s support of genomics software and databases, and the 

National Center for Research Resources support of instrumentation.  Malaria research 

appears to have received little funding for IT applications from these sources, but malaria 

research benefited indirectly from IT applications developed for other fields of bioscience.  

As a result, IT applications in malaria research received major benefits from IT developed 

for other fields of bioscience, but IT applications in malaria lagged behind these other 

fields.   

 

 With respect to Chesapeake Bay Research, support for IT tools relevant to 

Chesapeake Bay research has come either through Chesapeake Bay research funds or from 
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far outside of the field (such as support for satellite-based remote sensing data centers).  

The main funding agencies, including NOAA, USGS, and EPA, have not had significant 

programs to fund generic IT applications related to Chesapeake Bay research.   While 

Chesapeake Bay researchers can apply to NSF for IT funding for their area of science, 

Chesapeake Bay researchers do not look primarily to NSF for support, and they had not 

succeeded in winning such NSF awards.   

  

 While IT has had a major impact on each of the fields, in the case of malaria and 

Chesapeake Bay research, many of the interviewees believed that the IT investments in the 

fields were insufficient.   While malaria research benefited enormously from IT, IT use was 

seen as lagging several years behind other fields of biomedicine due to the lack of funding.    

In Chesapeake Bay research, there was a shortage of funds for data collection and 

management, and for the development of new models.  In earthquake research, by contrast, 

which has benefited from investments from NSF, NASA, and other agencies in data 

collection and modeling, there was not the sense of such acute shortages.   Of the three 

fields, earthquake researcher seemed to be the most satisfied with their use of IT.   

 

 The evidence from the case studies is thus consistent with the theoretical discussion 

above that suggests that IT funding for science should be thought of in three categories.  

The first is generic IT research, which can be done in a few government wide programs 

into fundamental IT applications, such as supercomputing or networking.  The second is IT 

for science in areas that benefit more than one field, such as the development of generic 
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modeling techniques or databases that have applications in multiple fields of science.  In 

these areas, there should be some IT funding that comes from outside of the fields, but it 

may also be appropriate for the fields to share the cost of support, depending on how 

concentrated the benefits are.  The third is field-specific or project specific IT, which 

should be funded as part of the normal funding processes for that field.  The evidence in 

this dissertation suggests that there is a need for all three kinds of funding in science.  

 

 Another question is whether the U.S. has the right priorities in funding specific 

areas of IT for science.  This dissertation has not done a systematic analysis of IT funding 

priorities and so can not make hard conclusions, but can offer some observation that 

suggest further study.  The focus of the Federal government’s major IT research program, 

the cross-agency Networking and Information Technology Research and Development 

(NITRD) program,68 has been on high performance computing and networking.  While 

high performance computing and networking were important in each of the three cases, 

data collection and management and geographic information systems, were also very 

important in each of the cases.  The importance of data management, including tools for 

integrating datasets and data sharing, suggest that data management may deserve higher 

priority among government investments in IT for science.     

 

7.4. Further Research 
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 This dissertation has been a preliminary inquiry into the broad topic of the 

relationship between information technology and science, with implications for public 

policy.  The dissertation has focused on establishing a framework for analyzing this topic, 

identifying the key issues, and presenting initial but somewhat tentative findings.  There is 

much additional work that can be done to build on the work in this study.  Three 

approaches to additional work are additional case studies, surveys, and modeling.  

 

7.4.1. Additional Case Studies 

 One useful line of further inquiry would be to conduct additional case studies in 

other fields or subfields of science that have different characteristics than the ones in this 

study.  In addition to the geosciences and biosciences covered in this study, it would be 

useful to study:  

• high energy or nuclear physics,  both of which are dominated by large teams using 

large-scale experimental facilities 

• various fields of engineering, which focus on technology rather than natural 

science 

• various social sciences, which differ in culture and research methodologies from 

the natural sciences that were studied. 

Such case studies would undoubtedly reveal additional field differences in the use of IT, 

and would also add to the robustness and generalizability of the work presented here.   

________________________ 

68 Previously known as the High Performance Computing and Communications Initiative (HPCCI). 
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It would also be useful to repeat the same case studies conducted here at a later date, 

perhaps 5 years from now, to understand how the effects of IT on science have changed 

over time.  

 

7.4.2 Surveys 

 A second useful line of work would be to conduct a survey of scientists as well as 

stakeholders of science to collect information on their use of IT and indicators of impacts 

on science.  Survey questions could be structured to collect information related to the 

pathways of the model in section 5.3.  For example, survey questions would collect data on 

the extent and types of IT used in a researcher's work, the extent to which the work 

involved complex systems, collaborations, interdisciplinary work, the interactions with 

stakeholders, and the impact of research.   This would allow one to collect quantitative data 

on the associations between the variables in the model, providing quantitative evidence for 

the strength of the relationships postulated in the model.  The survey would collect similar 

information to that collected in the case studies, but for a larger population of scientists.  

 

 The survey instrument would need to be designed carefully to operationalize the 

terms used in the model and to collect information about the precise phenomena of interest.  

One would want the survey population to be large enough to be able test for differences 

between multiple fields and subfields of science.  Issues with the survey would be possible 

high non-compliance rates, due to the time demands on scientists and the lack of direct 

benefit to the scientists.  Possible strategies to address this include providing compensation 
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to the respondents (such as a $20 or $50 gift certificate for completion of the survey) or 

conducting the survey with cooperation of a funding agency -- such as limiting respondents 

to recipients of NSF grants in certain fields, and including a letter from NSF in support of 

the survey.69  The first approach would increase the cost of the survey while the second 

would limit the population to certain kinds of scientists (NSF grant recipients). 

  

7.4.3 Modeling 

 The models presented in chapter 5 are conceptual models drawn using system 

dynamics modeling software (Vensim), but have not been made into working system 

dynamics models.  It would be interesting to develop working models of the IT-science 

interactions, and then to explore the behavior of such models to see if reasonable 

assumptions about model parameter lead to reasonable results.  Such efforts would likely 

focus attention on the areas where greater data or knowledge is needed.   

  

7.5  Conclusion 

 This dissertation set out to develop a framework for understanding how IT affects 

science, and to consider the public policy issues regarding the development and use of IT in 

science.  The dissertation reviewed the relevant literatures, developed a framework, tested 

the framework in three case studies, explored the public policy implications of the findings, 

                                                 

69 Office of Management and Budget approval for the survey would likely be required if conducted with 
Federal funds.  
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and identified some opportunities for further research.   The research proved to be 

challenging due to the difficulties in measuring the key concepts, including the outputs of 

research (quantity and quality of science produced), the inputs (amount of R&D funding in 

a field and the quantity and quality of IT used), and the degree of IT intensity of research.  

Because of these measurement difficulties, the findings cannot be viewed as conclusive.  

  

 The research found there to be a significant impact of IT on science in all of the 

fields studied.  IT effects science not just through improving efficiency but primarily 

through enabling new types of research.  Some of the most significant effects include a 

huge increase in the productivity of data collection and the availability of data, an increased 

ability to deal with complexity, the development of fundamentally new approaches to 

research, and the expansion of collaboration in both geographic and disciplinary 

dimensions.  IT helps to enable researchers to address some of the complex problems that 

are most important to society, and provides tools for communicating with stakeholders.  

Although IT was found to influence all of the fields studied, there are also substantial 

differences among the fields, due both to the nature of the science and the organizational 

and cultural history of the fields.  

 

The research led to several observations about public policy with respect to IT and 

science.  One observation is that measurement difficulties do not allow one to determine 

whether there is under- or over-investment in IT for science, but, based on the magnitude of 

past impact, continued investment in IT for science appears prudent.  Because some IT 
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used in science is highly generic while other IT is specific to certain types of science or 

specific fields, it is suggested that there be multiple sources of funding for these different 

categories.   
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