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ABSTRACT

This article describes the use of modern information technology to identify the balance of research disciplines required to comprehensively address any research problem, including when multi-disciplinary or inter-disciplinary approaches should be used.

INTRODUCTION

Many of the most challenging problems in bio-science require advances in a multitude of technical and non-technical disciplines in order for progress to be made.  Bio-diversity, bio-complexity, bio-technology, species and eco-system conservation, and bio-terrorism require expertise from myriad technical, legal, political, financial, and cultural disciplines.  

For example, environmental bio-complexity is founded on the idea that research on the individual components of environmental systems provides only limited information about the behavior of the systems themselves. Careful attention to the interplay among components is critical to obtaining the level of predictive information on which management and regulatory decisions must be made.

To understand the complex inter-dependencies among living organisms and the environments that affect, sustain, and are modified by them, efforts that transcend multiple disciplines are required that: span temporal and spatial scales, consider multiple levels of biological organization, cross conceptual boundaries, use contemporary technologies, and link research to environmental decision-making.  Advancing understanding of the nature and role of biological complexity demands increased attention and new collaborations of scientists from a broad spectrum of fields -- biology, physics, chemistry, geology, hydrology, statistics, engineering, computation, and social sciences.  In addition, advances in large-scale applications of remote sensors to monitor environmental bio-systems require access to the latest science and engineering literature in remote sensing, non-destructive evaluation, signal and image processing, pattern recognition, multi-source data fusion, fluid dynamics, acoustics, robotics, materials, electronics, and many other disciplines.

Thus, in complex bio-science problems, addressing only one or a few of the component disciplines will result in fragmented or perhaps misleading results due to neglect of discipline inter-dependencies.  However, even if the many disciplinary facets of a complex bio-science problem are addressed, the method of integration of the multiple facets can impact the solution of the problem.  Research that includes multiple disciplines but maintains their distinctiveness is multi-disciplinary (Collins 2002).  Such research may not include joint planning, management, and review of the multiple disciplines.  Research that integrates the multiple disciplines to effectively form a new unified discipline is inter-disciplinary.  Even if all of the multiple component disciplines are addressed separately in a multi-disciplinary approach, the final research product will not have the same quality as a unified research product resulting from an inter-disciplinary study, especially if the different disciplines impact each other strongly.

Another strong motivation for examining multiple disciplines is  increased evidence that there are common underlying themes across many research fields.  For example, the same equations are used to model phenomena in some very diverse disciplines, such as the modeling of chaotic behavior.  Appropriate inter-discipline research and information transfer can allow findings and insights from one discipline to be extrapolated and exploited by another, perhaps very disparate, discipline. 

Paradoxically, in parallel with the increasing need for inter-disciplinary projects, researchers have become much more specialized by necessity.   The massive global expansion of technical literatures and other science and technology products reduces the time available for researchers to remain current in their own specialty disciplines, much less to become familiar with progress in other disciplines.  In addition to lack of time, they also have many other dis-incentives to participate in inter-disciplinary projects (see Box 1). If there are no external incentives offered for inter-disciplinary research, most researchers will take the path of least resistance, and restrict their research projects within their own, or very closely related, disciplines.

In recent years, research sponsoring agencies have decided there is merit to inter-disciplinary research, and have provided incentives for the proposal and establishment of such programs.  In many cases, the result has been programs that are inter-disciplinary on paper only.  They are not managed or reviewed as a cohesive inter-disciplinary unit, but are managed and reviewed (in practice) as fragmented separate programs.  In other cases, programs (and facilities) have been advertised as inter-disciplinary when in reality each 'discipline' is a minor variant of a single discipline (e.g., Physics/ Materials, where the materials group members are basically physicists who happen to be focusing on the physics of materials).  The number of true inter-disciplinary projects and programs that incorporate distinctly different disciplines, but are selected, managed, reviewed, and transitioned as cohesive units, is a small percentage of all research conducted.

Further, it is difficult to objectively gauge the effectiveness of these inter-disciplinary efforts.  The metrics used for these assessments, such as numbers of paper authors from different disciplines or mixes of discipline funding under program managers, are very incomplete.  These quantitative metrics are amenable to manipulation, can be deceptive, and intrinsically do not describe the quality of the discipline mixing process.  Most egregiously, they do not separate artificial inter-disciplinary projects, such as the Physics/ Materials example above, from coherent projects consisting of relatively disparate disciplines.

However, it is not necessary to conduct all research programs as inter-disciplinary.  There are some tangible and intangible costs involved in conducting inter-disciplinary programs, due to the overhead required to integrate diverse technical cultures and traditions (see Box 1).  A program should be conducted as inter-disciplinary only if a strong diverse mix of disciplines is required to fully address its research objectives. There is no intrinsic virtue to conducting projects or programs as inter-disciplinary, unless it can be demonstrated that they fundamentally require an inter-disciplinary approach for maximum advancement.

PROCESS CONCEPT

The fundamental thesis of this paper is that the mix of disciplines used in the conduct of a science and technology program should correspond to the multiple discipline requirements of the program.  I propose a systematic three-step process (based on the use of modern information technology) for determining the relationship of the  disciplines required to conduct a science and technology program to the disciplines selected.  The first step in the process is identification of the multiple disciplines that could have some impact on the research problem.  The second step is determination of the cost-effectiveness (importance versus costs) of employing all the disciplines that could potentially impact the problem.  The third step is provision of incentives/ mandates to the performers for incorporating those required disciplines that will contribute to the problem’s solution cost-effectively.

PROCESS MECHANICS

Background

The proposed three-step process is based on text mining, an information technology discipline.  Text mining is the extraction of useful information from large volumes of text (Hearst 1999, Kostoff and DeMarco 2001a, Kostoff 2002a).  Typically, text mining uses computational linguistics (e.g., phrase occurrence and co-occurrence frequencies) and bibliometrics (e.g., author, journal, and institution occurrence and co-occurrence frequencies) coupled with expert human judgement, to extract useful information from unstructured (free text) and semi-structured text (e.g., author, journal, and address fields).  Extraction of the technical phrases and their occurrence frequencies from text identifies the pervasive science and technology areas within the text.  Extraction of the phrase co-occurrences within some domain (e.g., Abstract, paragraph) provides the relationships among the science and technology areas, and provides the foundation for identifying new relations among allied and disparate science and technology areas.

For the past decade, one of the components of text mining known as literature-based discovery (Swanson 1986, Swanson and Smalheiser 1997, Gordon and Lindsay 1996, Weeber et al 2001, Kostoff 1999, Kostoff 2002b) has been used to identify, retrieve, and integrate appropriate disparate literatures for the purpose of generating innovation (see Box 2 for a more detailed description of literature-based discovery). In literature-based discovery, identification and merging of concepts from very different technical disciplines is not an option; it is a requirement. 

The literature-based discovery studies that have been performed confirm the parochialism of researchers in the specific disciplines studied.  Consider Swanson’s initial paper on literature-based discovery (Swanson 1986), in which he hypothesized that Fish Oil/ Eicosapentaenoic Acid could alleviate some symptoms of Raynaud’s Disease (later confirmed by laboratory and clinical tests).  The Raynaud’s Disease researchers were not aware (based on what could be deduced from the literature analysis) of the Fish Oil literature, and the Fish Oil researchers were not aware of the Raynaud’s literature. 

Further, a recent bio-terrorism-related literature-based discovery study (Swanson et al 2001) identified viruses that are not recognized today as bio-warfare agents, but have the characteristics to be modified into bio-warfare agents.  Such viral agents pose a special threat, since their use would contain the element of surprise.  For such agents, there would be no vaccines for prevention, no detection, and perhaps no therapies, and the potential destructive consequences would be far greater than those of the anthrax bacterium.  These viruses had gone un-recognized as candidate bio-warfare agents by the technical specialty communities.  The two main bio-warfare agent characteristics, virus pathogenicity and virus transmissibility, had been studied by two disjoint research communities that were not familiar with each other’s literatures (based on what could be deduced from the literature analysis).  

First and Second Steps

The first step in the process is to perform a literature-based discovery analysis of the research problem prior to initiation of a research project. The output would consist of identifying: 1) technical disciplines that could potentially contribute to advances in the research problem; 2) experts within these disciplines; and possibly (not necessarily) 3) potential problem solutions.  

In the tandem second step, the proposers or principal investigators could then estimate the importance of each of the identified disciplines to the attainment of the research objectives, and use that as the basis for a strategy of constructing the research approach. 

This second step would use the output from the literature-based discovery for convening workshops or groups of experts (Kostoff 2002b).  In contrast to standard workshops (see characteristics below), these workshops would be guided, where facilitators would actively enhance the transfer of cross-discipline information.  The combination of literature-based discovery followed by guided workshops would eliminate the deficiencies of standard workshops:

1) Small community representation

2) Parochialism; not all relevant disciplines represented

3) Human dynamics; can overwhelm technical discussions

4) High degree of subjectivity

as well as the deficiencies of literature-based discovery:

1) Only a small fraction of R&D conducted gets published 

2) Currency; there is a lag time in publication

3) Minimal human interaction for concept stimulation

4) A specific solution to the problem may not be identifiable from the literature alone

This combination would retain the strengths of each component to produce a systematic enhancement of the environment for stimulating innovation.    In the workshop, the range of required disciplines would be clarified further, and disciplines added or subtracted to the proposed research approach as dictated by the additional costs and benefits to science and technology.  In addition, if the literature-based discovery has generated discovery in the form of specific hypotheses to be tested, these could be discussed and sharpened further.

An initial experiment was performed of this hybrid approach (Kostoff 1999), on the topic of Autonomous Flying Systems.   A broad-based literature survey was performed, focused more on retrieval than discovery, and experts were identified from many disciplines that had some common thread with Autonomous Flying Systems.  Experts selected for the workshop were asked to identify emerging opportunities from their disciplines well before the actual workshop, and then cross-discipline relationships of these opportunities were amplified through facilitated pre-meeting internet communications.  The workshop meeting time was then used efficiently to focus on the most promising cross-discipline relationships and transfers.  

The results appeared very positive.  However, it became clear that more development of the literature-based discovery process was required to insure that the most comprehensive identification of potentially relevant disciplines was made.  This is important for identifying, at the workshop, solutions to the problem of interest that might not have been identified from the literature alone. 

Third Step

The first two steps are mechanistic technology steps.  They will work technically, although improvements in each are desirable and possible.  The third step is the most difficult, since it involves incentives and the accompanying human issues of motivation, tradition, culture, and inertia.  If progress is to be made in pursuing intrinsically inter-disciplinary research appropriately, mandates requiring at least the first step of the hybrid process (literature-based discovery) are probably required initially.  After the technical community becomes convinced of the benefits of incorporating text mining at the initiation of research projects, and becomes familiar with the process mechanics involved, then incentives can probably replace mandates for performing pre-project text mining.

There is precedent for these types of pre-project literature survey mandates.  A number of Federal agencies require literature surveys before initiation of research projects.  Since text mining (sans workshop) could be viewed as a sophisticated form of literature survey, introduction of a pre-project text mining requirement would in some sense be an extension of existing literature survey requirements. 

SUMMARY AND CONCLUSIONS

A three-step process has been proposed for insuring selection of a comprehensive mix of research disciplines to address a research problem.  The process is based on the text mining variant of literature-based discovery to identify and select the comprehensive discipline mix before research is started.  When appropriate, workshops can be convened using the information developed in the literature-based discovery component.

In this scenario, the literature-based discovery approach would serve as one block in the foundation of all research performed, in helping to objectively determine the mix of disciplines required to attain the research objectives.  It may also provide discovery based on the literature studies alone.  Even if actual discovery does not result from the literature phase alone, the fundamental value of literature-based discovery in determining discipline mixes for subsequent workshops and research program conduct remains un-diminished.

To insure that most of the potentially important disciplines are identified by the literature-based discovery process, more process development is required, and more variants of literature-based discovery are required.  The quality and credibility of the literature-based discovery output depends on: 

1)  Study objectives; metrics used

2) Source databases used (e.g., Medline, Science Citation Index, Pascal)

3) Information retrieval techniques used
4) Record fields analyzed (e.g., Keywords, Titles, Abstracts, Full Text)
5) Analysis techniques, especially co-occurrence and clustering techniques (Kostoff et al 2001b)
6) Most importantly, the people performing the analysis
Each variant of literature-based discovery will use one or more alternatives of these study components, and only very few literature-based discovery studies have been published so far.  This expanded development of literature-based discovery has not yet been started, and the discipline is one that has completely fallen through the cracks relative to government and industry funding. 

This deficiency is particularly egregious relative to the present global threat from bio-terrorism.  To the author’s knowledge, Swanson et al (2001) was the only published text mining study to have addressed bio-warfare agent prediction.  One small study, using one approach, represents the total reported global text mining effort to prevent surprise by potential biowarfare agents that could be identified with publically available knowledge!  In what other area of science and technology is only one approach, no matter how good, used to solve a problem?  Multiple literature-based discovery approaches, and multiple studies, are required to insure that as many candidate bio-warfare agents as possible are identified.

A national effort is needed to develop parallel literature-based discovery approaches, to insure that optimal methods are used to identify and integrate findings from disparate disciplines.  Further, experiments are required to identify how the literature-based discovery results should be integrated with workshops to exploit these multi-disciplinary findings and maximize the potential for innovation.  Finally, the requirement for incorporating literature-based discovery at the initiation of research projects, to insure that all relevant research reported and all potentially relevant disciplines are identified, should be mandated for all Federally-supported research.  Such a process would identify research that required multiple disciplines for rapid advancement, as well as research that could produce acceptable results from mono-discipline analysis. 
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BOX 1 – MULTI-DISCIPLINARY AND INTER-DISCIPLINARY RESEARCH BARRIERS

Some of the specific barriers to multi-disciplinary and inter-disciplinary research include Culture, Time, Evaluation, Publication, Employment, Funding, Promotion, and Recognition.  

Culture

Different technical disciplines represent different cultures and traditions.  Each culture has its own vocabulary, its own perspective on what constitutes evidence, its own standards of proof, its own definitions of truth, and its own traditions on how research is defined and performed.  Merging of cultures and traditions for inter-disciplinary research requires communication, coordination, and consensus among cultures, and compromise from all parties.  Additional time is required to structure inter-disciplinary proposals, and to plan the conduct of research projects (Bauer 1990, Naiman 1999).

Time

Inter-disciplinary research requires that each participant learn some aspects of the other participants’ disciplines, including the cultures and traditions noted above.  Time is required to learn these other technologies, cultures, traditions, and to effect the coordination and consensus processes.  This time expenditure detracts from time spent on the mastery of a single discipline (Naiman 1999).

Evaluation

Peer review is the main and preferred type of research evaluation (Kostoff 1997).  Traditionally, peer review has consisted mainly of judgements from mono-discipline reviewers, often in the same research area as the reviewee (Bruhn 1995, Metzger and Zare 1999, Butler 1998).  Reviewers tend to give higher marks to in-depth advances made in a single discipline rather than less intense advances made across a wider range of disciplines. 

Publication

Most ranked journals tend to have a strong mono-disciplinary mission, and many will even discourage submittal of broader-based  inter-disciplinary manuscripts (Bruhn 1995, Butler 1998, Naiman 1999).  The manuscript review process tends to have similar structure and reviewer parochialism problems for inter-disciplinary research as noted above under Evaluation.  The document Abstract, the main vehicle for communicating research content across disciplines in the large databases such as Medline and Science Citation Index, is in many cases incomprehensible to all but the research area experts (Kostoff and Hartley 2001c).

Employment

Graduates with specialist degrees are often more marketable than generalists (Bruhn 1995).  The problem lessens somewhat as employment in higher budget categories (transition to systems development) is pursued, due to natural merging of disciplines as focused technologies advance into broader systems.

Funding

Many of the large research-sponsoring organizations are structured along the lines of mono-discipline university departments.  Their review panels tend to have similar structures, and have the same problems for multi/ inter-disciplinary research as noted above under Evaluation (Bruhn 1995, Butler 1998, Metzger and Zare 1999).  In general, mono-discipline research proposals fare better than inter-disciplinary research proposals, except where programs have been specifically designed to fund inter-disciplinary research proposals.

Promotion

The reward system in universities is designed to recognize the research and scholarly contributions of individuals, not teams (Bruhn 1995, Metzger and Zare 1999).  Tenure in universities is dependent on the number and quality of publications, and is helped by funds that researchers can attract.  As shown above, publications and funding are easier to obtain in mono-disciplinary research, and therefore  inter-disciplinary research is penalized further.

Recognition

National academies and other prestigious professional organizations and awards are almost wholly discipline-structured (Metzger and Zare 1999).  Since recognition has some dependence on publications and citations, and in many cases on research empires established (funding obtained), mono-disciplinary advantages noted above for publications and funding flow into recognition as well.

BOX 2 – LITERATURE-BASED DISCOVERY

Literature-based discovery surfaces innovative concepts from directly or indirectly-linked literatures.  In published or ongoing studies, the following generic steps are used.

1) A problem or topic is defined, and the literature related to that topic is retrieved.  For example, in Swanson’s most recently published literature-based discovery study, bio-warfare agent prediction was the topic of interest, and a bio-warfare agent literature was retrieved. 

2)  Then, literatures directly and indirectly related to the initial literature are identified.  For example, Swanson’s bio-warfare agent study shows that directly related literatures such as virus pathogenicity and virus transmissibility can be identified.

3) Finally, innovative concepts that exist in these directly and indirectly related literatures, but not in the initial literature, can be identified as true discovery.  For example, in Swanson’s bio-warfare study, fourteen viruses were hypothesized as potential bio-warfare agents.  These viruses have not been tested to confirm Swanson’s hypothesis.  However, Swanson’s approach also identified 17 viruses out of the 21 in Geissler’s reference on biological weapons (Geissler 1986), to high statistical significance, offering some confidence in the validity of his predictions on potential bio-warfare agents.
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