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I-B.  ABSTRACT

This document describes the rationale for, and implementation of, the expanded use of metrics in the evaluation of science and technology (S&T).  After describing how the evolution of S&T has influenced the present burgeoning interest in quantitative S&T metrics, this monograph defines different types of S&T metrics, followed by the main principles of high quality metrics-based S&T evaluations.  Then, after a broad overview of quantitative approaches to research assessment, the document focuses on the main approaches of bibliometrics and econometrics, including a novel section on bibliometric collaboration indicators.  It then describes the bibliometrics-related family of approaches known as co-occurrence phenomena, describes a network modeling approach to quantifying research impacts, and ends the main text body with a description of a metrics-based expert systems approach for supporting research assessment.  There are a substantial number of Appendices which make the present document essentially a self-contained monograph.  The very extensive Bibliography contains over 5600 key references in S&T metrics.  It includes both those specific references identified in the body of this document's text, and suggestions for further reading in this broad technical area.

II.  INTRODUCTION/ BACKGROUND

II-A.  Introduction

This document describes the rationale for, and implementation of, the expanded use of metrics in the evaluation of science and technology (S&T).  The present section of this document (section II) describes the evolution of S&T, especially research, from a rich man's pastime to a major government enterprise.  This historical background is necessary to provide the context for the present burgeoning interest in quantitative research metrics.  Specifically, the background section describes:

* the linkages between research and technology advances; 

* the reasons for the decline of industrial research and the concomitant growth of government research;

* the parallel increase of both research accountability and the use of quantitative measures in the research accountability process;

* the problems of relating these quantitative research metrics to research value; and 

* the lack of a systematic approach to tracking and collecting this raw research benefit data, and the subsequent under-reporting of the impact of research.

The next section (section III) defines research metrics, and then categorizes the types of research metrics with the following generic taxonomy:

* Direct S&T Metrics - Input/ Output/ Productivity

* S&T Metametrics - Near-Term - Impact

* S&T Metametrics - Long-Term - Impact/ Outcome

Section III also lists the principles of high quality metrics-based R&D evaluations.  These principles address:

* the commitment of the evaluating organization's senior management to high‑quality metrics-based S&T evaluations

* the assessment manager's motivation to perform a technically credible assessment

* the role and competency of technical experts in a metrics-based S&T evaluation

* criteria for metric selection

* THE NECESSITY FOR EVERY S&T METRIC, AND ASSOCIATED DATA, PRESENTED IN A STUDY OR BRIEFING TO HAVE A DECISION FOCUS, TO CONTRIBUTE TO THE ANSWER OF A QUESTION WHICH IN TURN WOULD BE THE BASIS OF A RECOMMENDATION FOR FUTURE ACTION

* reliability or repeatibility 

* normalization and standardization across different science and technology areas 

* cost consciousness

* maintenance of high ethical standards throughout the process

Section IV, Science and Technology Metrics is, with the exception of the massive Bibliography, the longest and most detailed section of this monograph.  After a broad overview of quantitative approaches to research assessment, this section focuses on the main approaches of bibliometrics and econometrics, then describes the bibliometrics-related family of approaches known as co-occurrence phenomena, then describes a network modeling approach to quantifying research impacts, and ends with a metrics-based expert systems approach for supporting research assessment.

Section V contains a substantial number of Appendices which make the present document essentially a self-contained monograph.  Finally, section VI contains a very extensive Bibliography of key references in S&T metrics.  It includes both those specific references identified in the body of this document's text, and suggestions for further reading in this broad technical area.

II-B.  Background

Basic research provides the underpinnings for many of the technological advances of recent history, although there are examples where technology-driven needs (technology traction) motivate basic research as well.  The evidence from many diverse retrospective studies, such as TRACES, Hindsight and DARPA accomplishments [IITRI, 1968; DOD, 1969; IDA, 1991; Kostoff, 1997q], strongly confirms the chains of strong linkages from basic research to technological innovations.  Intuition then concludes that the economic benefits of these technological successes are attributable to their basic research origins.  Unfortunately, the intuitive linkages between the cost of basic research and its eventual payoffs have been difficult to translate into convincing analytical arguments using present economic approaches.

From the private sector's perspective, basic research is very difficult to justify without substantial tax and other economic incentives.  With non-negligible discount rates and long time spans between the research costs and eventual payoffs (for most, not all, research), benefit-cost ratios of most basic research computed using microeconomic analysis tend to be very small.  In addition, the assumption that the organization that conducts the basic research is the one that will receive the eventual (albeit small in a discounted sense) payoff may not be valid, in many cases.  For these economic reasons, industrial sponsorship of basic research throughout the world has had a long decline.  

Historically, basic research has evolved from a rich man's pastime [SCIENCE, 1998] to industrial support to mainly government sponsorship.  In the twentieth century, specifically during the period between the two World Wars, research funds were very limited worldwide.  In many technical disciplines, European research surpassed that of the the United States.  World War II changed this relationship, since the resources of Europe and Asia had to be devoted to conducting the War and rebuilding in its aftermath.  The U.S. became the dominant industrial and government sponsor of basic research.

After WWII, U.S. companies had no serious competition in the world for two decades.  Europe and the Pacific Rim had been destroyed by the war, and large U.S. companies gained both expansion and substantial profits due to lack of competition.  They established corporate research centers as affordable luxuries for the following diverse reasons: 

* for public relations purposes; 

* because of liberal tax policies; 

* as a method to attract and screen potentially bright new employees; 

* as a vehicle to obtain rapidly expanding Federal research dollars; 

* as a way of maintaining a window on the technological advances of their domestic and foreign competitors; 

* and to develop new ideas which might eventually pay off for themselves.    

As Europe and Asia recovered and became strong corporate competitors, the profitability and size of U.S. companies became more endangered.  Many companies could no longer afford the luxury of basic research with its long and uncertain payoff horizon, and they closed their non-profitable research centers.  Those that remained open focused their research to contribute more to short term profitability.  Companies which have become absorbed in the recent trend toward deregulation and competition have shifted their basic research to the more focused side of the spectrum, since the relatively stable and secure regulated income which allowed such fundamental research no longer exists.  The point here is that pure economics of increased domestic and world-wide competition drove U. S. domestic industry out of basic research, and the same competition drove much of foreign industry out of basic research as well.

After WWII, basic research support from the U.S. Federal government increased sharply.  There are many reasons for this, the foremost being the recognition that basic research fuels the engines of innovation, and it is the government's role to insure the continuity of this fuel supply.  In addition, the U.S. economy was expanding, and money was available for basic research without the need for detailed expository justification of its benefits.  As the European and Asian economies rebounded after the War, their government-sponsored research increased as well. 

Increasing global competition has had further impacts on the intrinsic structure of basic research.  As the U. S. federal debt increased dramatically over much of the 1980s and 1990s, competition for federal funds became more severe.  Basic research, with its long-term payoff horizon, now has to compete strongly with medicare, welfare, and other service provision and development programs. In Europe and Asia, basic research has undergone a similar transformation, with more of a strategic focus to the research.  

In the U. S., the combination of a strong economy and weak inflation in the mid‑1990s has kept interest rates low, and has shielded federal funds recipients from the full consequences of the large debt and other economic dislocations.  In the research arena, NSF and NIH research budgets have increased, DOE and DOD budgets have not increased in real terms.  Projections for overall Federal research funding, as reported in the media, are optimistic as of early 1998.  Whether this stable overall support for research can be maintained indefinitely is, in the author's opinion, questionable.  For a federal debt of five trillion dollars, even a one percent rise in interest rates would have a $50 billion dollar yearly impact on the federal budget, and would place all federal funds recipients in much greater jeapordy.  A doubling of interest rates or worse, as occurred in the late 1970s/ early 1980s could have disasterous consequences for all federal recipients, especially those with long‑horizon benefits such as research.

In this environment of scarce government funds, accountability of all government programs has increased substantially.  For research to compete strongly for federal funds, the benefits

from research need to receive full accounting and be articulated

clearly.  The impending implementation of the Government

Performance and Results Act of 1993 (GPRA) [GPRA, 1993; Kostoff, 1997h], with its strong reliance on the use of metrics in S&T accountability, has begun to place even more emphasis on this research accounting requirement (See Appendix 1 or a recent article in Science [Kostoff, 1997h] for a summary description of the GPRA, and potential problems arising from strong reliance on S&T metrics).   

There are two major characteristics of this increased accountability, whether from GPRA or other oversight sources: more detailed programmatic information is requested by the program assessors, and more quantified information is requested.  What has motivated this dramatic increase in data requests?  The upsurge in computer availability over the past decade has enabled large quantities of detailed information to be stored, tracked, and interpreted, and has driven the request for the large volumes of detailed program information.  The request for increased quantitative information also derives from the increased computer capabilities for handling and analyzing large amounts of this type of data.  In addition, there is substantial motivation from the assessors to have simple quantitative indicators which could drive the resource allocation process, and substantiate and justify the resource allocation decisions that are generated, rather than use the more complex and expensive and subjective qualitative peer review evaluation processes.

There are, however, substantial problems with the application of metrics to allocation decisions on proposed or continuing research.  When a research unit is being evaluated, typically to ascertain whether its budget should be modified and/ or new research should be supported, there are three fundamental questions which are asked implicitly or directly: 1) What has been the breadth of long-term impacts of research performed in the past; 2) What have been the accomplishments and impacts of research performed recently, and what are the estimated future societal impacts of this research; 3) What is the projected knowledge to be gained from proposed research, what types of benefits could be obtained if successful, and what is the confidence level that these different types of near and long-term payoffs will be realized?  

The simple research output metrics, such as published papers and patents, can be easily quantified in the short term.  However, they are intermediate measures only.  The long-term benefit measures amenable to quantification, such as some societal outcomes or economic payoffs, cannot be generated in the short term.  Because the research oversight organizations want valid performance metrics applicable to existing research (see question 2 in the previous paragraph), the question arises whether credible short term proxies for long-term research impacts and outcomes can be defined.  Considerable research and correlation studies are necessary to produce credible answers to this question.

One final issue with appropriate use of S&T metrics concerns the systematic collection and tabulation of data required for their generation. The present informal and unstructured system for tracking and disseminating research products and downstream impacts has many deficiencies, resulting in a gross under‑reporting of the broad range of research products, benefits and outcomes.  Historically, there has been no central mechanism for documenting impacts, and no collective will among the federal agencies to expend the resources necessary.  Thus, there exists a dual deficiency with respect to quantitative determination of research benefits.  Not only are there deficiencies and limitations of how the metrics results are interpreted to translate to impacts and benefits, but there are major deficiencies in the tracking and collection of the raw data itself.  Appendix 2 addresses this problem in more detail, and provides some potential solutions.    

III.  DEFINITIONS/ PRINCIPLES OF HIGH QUALITY METRICS


TABLE OF CONTENTS FOR SECTION III

III-A.  DEFINITIONS

III-A-1.  Overview

III-A-2.  Taxonomy of S&T Metrics

III-A-2-i.  Overview

III-A-2-i-a.  Output vs Outcome Metrics

III-A-2-i-b.  Normalized vs Un-normalized Metrics

III-A-2-ii.  S&T Metrics Categories

III-A-2-ii-a.  Direct S&T Metrics - Input/ Output/ Productivity

III-A-2-ii-b.  S&T Metametrics - Near-Term - Impact

III-A-2-ii-c.  S&T Metametrics - Long-Term - Impact/ Outcome

III-B.  PRINCIPLES OF HIGH QUALITY METRICS-BASED S&T EVALUATIONS

III-B-1.  Overview

III-B-2.  Principles 

III-B-2-a.  Senior Management Commitment

III-B-2-b.  Assessment Manager Motivation

III-B-2-c.  Competency of Technical Evaluators

III-B-2-d.  Criteria for Metric Selection

III-B-2-e.  Relevance of Metric to Future Action

III-B-2-f.  Reliability of Evaluation

III-B-2-g.  Normalization Across Technical Disciplines

III-B-2-h.  Cost of Metrics-based Evaluations

III-B-2-i.  Maintenance of High Ethical Standards

III-A-1.  Overview

The dictionary definition of a metric is a 'standard of measurement'.  In physical science, a metric is used to quantify physical and tangible items (mass, size, etc.).  For science and technology evaluation, metrics have a different meaning and application.  Metrics selected for S&T evaluation derive from the intrinsic unique features of S&T products and outputs, and can include economic, financial, and other research environmental and management metrics.  

For basic research in particular, the goal is increased knowledge and understanding.  These goals are ethereal multi-dimensional multi-faceted quantities, not amenable to direct measurements using today's technology.  What can be measured directly are the various expressions and manifestations and embodiments of this knowledge, such as numbers of papers/ patents/ speeches.  Because of the intrinsic complexity of knowledge, none of these relatively simplistic measures can serve as a valid stand-alone proxy metric for knowledge.  Trying to portray knowledge through its metrics is analogous to portraying a scene through a portrait.  Each brush stroke adds to the accuracy with which the scene is portrayed, but many brush strokes are necessary for even a moderately accurate reflection of the scene.  With S&T metrics, combinations of metrics along with expert interpretation of their meaning are required to understand more fully both the output and short and long-term impacts of the knowledge generated from the S&T.  But what are the different types of metrics that can be used for S&T? 

III-A-2.  Taxonomy of S&T Metrics

III-A-2-i.  Overview

III-A-2-i-a.  Output vs Outcome Metrics

There are a variety of S&T metrics commonly used.  The simplest metrics (input/ output) relate to the time frame at or near when the research is performed, and the more complex metrics (impact/ outcome) relate to time frames further downstream.  Consider the analogy of the research process to the nuclear fission process to help understand the intrinsic differentiation between these types of metrics.

In nuclear fission, neutrons interact with fissile material.  The nucleus is fissioned (split) into energetic fission fragments and several neutrons, and other forms of radiation are generated as well.  Under critical mass conditions, these fission-produced neutrons have further interactions with fissile and fertile material, generating more neutrons, more fission fragments, more radiation, and breeding more fissile material.  The fissile material generated can then be either consumed in situ or separated out for future use, and the energy/ power from the fission reactions can be transferred to power converters to provide electricity and/ or heat.  Additionally, either fission products, or neutron-irradiated stable target materials, can be used as beneficial radioactive isotopes (for food irradiation, nuclear medicine diagnostics, etc.).

Assume the fission process is analogous to the research process.  The primary products of the fission process, fission fragments and neutrons and radiation, are the analogs of the primary products of the research process, papers and patents and students.  These primary products in both cases are simple quantities, the results of a relatively few interactions which are easily trackable.  The primary metrics of the fission process are the distribution functions which effectively 'count' the primary fission products, and the primary metrics of the research process are the distribution functions which count the primary research products of papers and patents.

In the fission example, the primary products, while important in describing the efficiency and other details of the focused fission process, serve as an intermediary.  The main interest is in the downstream impacts and influence resulting from the fission process.  Unlike the primary products, these downstream 'products' result from many more and complex interactions which are far less easy to track than the primary products.  Parameters other than technical (e.g., geopolitical, economic, financial) influence the final deployment of downstream products.  For the civilian use of nuclear power, metrics are generated to describe these downstream 'outcomes', such as electricity supplied, fossil fuel saved, bacteria destroyed by food irradiation, lives saved by early detection with radioisotopes, etc.  These downstream metrics represent intrinsically more complex and abstract phenomena than the primary metrics, and are in many cases much more difficult to quantify than the primary metrics.  

In the research analog, the primary products, while important in describing the efficiency of short-term outputs, also serve as an intermediary.  Again, the main interest is in the longer term impacts and influence resulting from the research process.  In parallel, the longer term impacts and outcomes of research are influenced by diverse environmental parameters (geopolitical, economic, financial).  Metrics can be generated analogously to describe these downstream outcomes, such as improved performance military systems, safer civilian aircraft, lower cost automobiles, more effective drugs, etc., with these downstream metrics also being intrinsically more complex and difficult to quantify than the primary metrics.

III-A-2-i-b.  Normalized vs Un-normalized Metrics

One major difference between S&T metrics and physical science metrics revolves around their use in practice.  Consider the fission analogy again, this time focusing on the power output of a fission reactor.  What types of metrics can be employed to quantify this process?

The simplest metric would quantify the absolute un-normalized value of the power output.  This metric would offer some small amount of information, but would be of limited use in practice.  It offers no information about the input resources required to achieve the measured power level, and therefore gives no indication of the efficiency of the conversion process.

The next level of complexity metric would provide an efficiency measure, the power output divided by the power input.  By itself, this metric still offers limited information, since there is no comparison with the efficiencies of competitive systems or processes.  When this metric's quantitative value is compared with efficiencies of other systems, then information useful for decision-making becomes possible.  

However, in physical systems, while comparative use of metrics allows critical choices to be made on the basis of performance, it still has limitations.  As Appendix 6 shows in more detail for the specific metric example of citation analysis, comparing power output among different engines gives no indication of actual performance relative to ultimate performance.  It provides no understanding as to how much potential improvement is possible with a given engine's performance, and therefore is of no help in advancing the technology of engines.  The solution used by the engineering community is to compare a given engine's efficiency with its theoretical ultimate efficiency.  Since the Carnot efficiency indicates the highest efficiency an engine can achieve when operating between two temperatures, a valuable use of efficiency metrics becomes the comparison of an engine's efficiency with that of its Carnot efficiency.  This allows performance standards and development targets to be set for engines, and converts the metric from an interesting relative indicator to a serious tool for management control. 

Consider now how S&T metrics are used in practice, relative to the analogous physical sciences use presented.  For illustrative purposes, consider the metric of paper citations, although the conclusions will apply to most other S&T metrics.  Most citation studies present one of two metric uses: 1) Absolute numbers of citations to papers from an individual/ group/ organization, and/ or 2) Comparison of these absolute numbers of citations with citations from competing individuals/ groups/ organizations.  Only in the rarest of circumstances are the numbers of citations normalized to some input parameter, such as the funding received by the project represented by the paper being cited, or the funding received by a group whose paper citations are being examined.  And nowhere has the author seen an analogous comparison of citations received to potential citations possible, the Carnot efficiency analog for citations.  Appendix 6 addresses this issue in more detail, and presents one possible approach to obtaining this effective Carnot efficiency for citations.   

The present limitations in understanding ultimate performance values for S&T metrics translate into limitations in their use as management and performance targets.  While S&T metrics appropriately normalized for technical discipline and other environmental parameters can be used (cautiously) for comparative purposes, they require much more theoretical development before their full potential as useful measures of S&T impact and performance can be realized.  In addition, more understanding of ultimate performance values for S&T metrics would support a more powerful use of these metrics; namely, their use as management performance targets and controls.  This is especially true for those metrics which could be classified more as management performance metrics than output or impact metrics, such as the collaboration metrics addressed later.

The taxonomy below divides the research metrics into two generic classes, primary metrics and metametrics, and then subdivides the metametrics into short-term and long-term.  The short-term metametrics are typically straightforward operations on the primary metrics, and in some sense still serve as intermediate quantities.  The long-term metametrics in many cases bypass the primary products/ metrics, and deal mainly with gross resource inputs and net long-term outputs.  This is analogous again to the fission example, where the long-term metametric of civilian power supplied from a reactor neglects the fission product/ neutron distribution details, and deals directly with resource inputs and power outputs.  

III-A-2-ii.  S&T Metrics Categories

III-A-2-ii-a.  Direct S&T Metrics - Input/ Output/ Productivity

The major components of research measured directly include input/ activity (e.g., number of people working on research, amount of resources devoted to research) and output/ productivity (e.g., papers, papers per resource unit, patents, speeches).  These quantities are mostly measured in or near the time frame during which the research is performed.  Most of even these relatively simple measures need two aspects for credibility and utility; a magnitude component and a quality component.  For example, it is important to know not only that a research group published ten papers in a year from a $1 million per annum program, but also to know the caliber of journals in which those papers were published.

Obtaining the magnitude component of most of these metrics is relatively straightforward.  It is a simple counting process, and with many of the comprehensive databases and algorithmic capabilities available today, it becomes a rapid efficient process.  Obtaining the quality component is more complex and time intensive, since it is a highly subjective process which requires substantial judgement on the part of the assessors.

The above discussion has focused on individual primary metrics.  However, as stated in the overview to the present section, because of the multi-faceted nature of research, combinations of metrics are required to provide a more complete picture of the research product.  These different metrics can be presented to decision-makers separately, which can be confusing and time-consuming if large numbers of primary metrics are presented, or they can be aggregated.  In this way, figures of merit can be generated which combine the different primary metrics into a single primary megametric [Geisler, 1996].  Provision of this megametric to management, along with the combination and prioritization rules, allows the research product to be estimated simply and rapidly, and potential problem areas to be pinpointed rapidly.

III-A-2-ii-b.  S&T Metametrics - Near-Term - Impact

The metrics in this category are derived from operations performed on the direct or primary metrics described above.  These near-term metametrics tend to reflect S&T impact based on the primary metrics, and tend to be generated/ measured at points in time moderately after the research has been performed.  Not only are these measures still relatively simple, but the types of impacts they measure are simple and relatively near-term.  The impacts tend to be on other research or early technology development.  Again, most of these measures need the two aspects for credibility mentioned above; a magnitude component and a quality component.  For example, it is important to know not only that a research group received 100 citations to their papers in a given year, but also to know both numbers of citations relative to other similar papers and the caliber of papers/ authors citing the primary papers.  Obtaining the magnitude component is still a relatively time efficient process, but obtaining the quality component can be very time intensive. 

A similar argument to the one in the preceding section can be made for the need to combine individual metametrics into one, or a few, megametrics.  In fact, there are benefits to combining individual primary and metametrics into one, or a few, megametrics.  For example, assume that a project's output and near-term impact are characterized by twenty primary metrics and near-term metametrics, and assume that these metrics are not monolithic in their message.  While examination of each of the metrics may be of interest to the analyst, a weighted impact figure of merit which reflected the organization's priorities would be very useful to managers and decision-makers [Geisler, 1996].  If such a figure of merit indicated a potential problem with the research's net impact, then, with modern display technology, the individual metric components of the figure of merit could be rapidly displayed and the causes of the problem could be investigated at a lower level of detail. 

III-A-2-ii-c.  S&T Metametrics - Long-Term - Impact/ Outcome

The metrics in this category tend to integrate out and incorporate the primary productivity measures and the intermediate impact measures.  These outcome metrics also tend to include highly uncertain data, and tend to require complex and far-ranging data difficult to obtain.  For example, a cost-benefit metric for a research program performed in the past would require an understanding of the breadth of influence which the research program had, and might require very subjective methods for generating benefit data (e.g., value of lives saved, value of more comfortable living).  This analysis might not use any of the short term primary or metametrics (papers, citations, students graduated), but would focus directly on market-based metrics (expenditures, sales, revenues).  Or, it could include valuation of some shorter-term metrics, such as quantifying economic benefit attached to training 10,000 Ph.Ds.  A projected cost-benefit metric for research being proposed or performed would require in addition estimates of highly uncertain future cost and benefit data, and environmental economic and financial data such as discount rates.  As in the previous section, a readily deconvolveable figure of merit which integrated long-term metametrics, or combinations of the different types of metrics, would be a very valuable tool for management's use.

III-B.  PRINCIPLES OF HIGH QUALITY METRICS-BASED S&T EVALUATIONS

III-B-1.  Overview

As shown by the Bibliography to this paper, there are hundreds of documents which describe S&T metrics, and substantially less that describe their credible applications to the evaluation of S&T.  One major problem in reading these documents is the inability to ascertain the quality of the application, or assessment.  There is no Consumer Reports, or Good Housekeeping Seal of Approval, which provides independent tests of the quality of a metrics-based S&T evaluation.  Unlike the physical and engineering sciences, there are no primary physical reference standards against which one can benchmark the assessment product.

Most of the S&T metrics literature focus has effectively been on metrics as an end in themselves.  Relatively few studies have been done on the issues and principles underlying S&T metrics, and even fewer studies have addressed how metrics can be used to support S&T evaluations in real-world applications.  This conclusion was confirmed most graphically by a recent metrics literature survey conducted by the author.  Most of the documents retrieved described the generation of a multitude of metrics of large data aggregates, with no indication of the relevance of these metrics to any questions or decisions supporting S&T evaluations.

The foundation of this problem is the strong dichotomy between the researchers who publish metrics studies in the literature, and the managers who use metrics to support budgetary allocation and other management decisions.  Most of the people who employ metrics for management purposes do not document them in the literature.  Most of the principle and concept and (potential) application papers in the metrics literature are written by people who have never used or applied metrics for management decision-making purposes.  In addition, many of the researchers who perform metrics studies focus on single approaches or single approach applications, in order to promote the concepts which they have developed.  The managers who use metrics, conversely, have very eclectic requirements.  They need suites of metrics, or suites of metrics combined with other evaluation approaches, in order to perform comprehensive multi-faceted S&T evaluations.  Thus, there is a serious schism between the incentives and products of the metrics researchers (suppliers) and the incentives and requirements of the metrics users (customers).  

Consequently, there are two major gaps in the literature on S&T metrics.  First, there are few relevant papers published.  Second, most of the concept and principle and (potential) application papers that do exist bear little relation to the reality of what is required to quantitatively support science and technology assessments and evaluations for decision-making.  Because of the deficiency of metrics studies relevant to S&T applications, it is difficult to extract the conditions for high quality metrics-based evaluations solely from the open literature.  Drastic alterations in this overall situation are required if metrics are going to support the GPRA requirements in any credible manner.

Despite these severe deficiencies identified, more specific requirements, or underlying principles, necessary for a high quality metrics-based S&T evaluation can be formulated.  The author's experience, based on examining the S&T metrics literature, evaluating many types of S&T programs and projects and proposals with the use of metrics in concert with other techniques, and developing different types of metrics [e.g., Kostoff, 1997m], leads to the following conclusions about the factors critical to high‑quality metric-based S&T evaluations.  

III-B-2.  Principles 

III-B-2-a.  Senior Management Commitment

The most important factor in a high-quality metrics-based S&T evaluation is the serious commitment of the evaluating organization's senior management to high‑quality metrics-based S&T evaluations, and the associated emplacement of rewards and incentives to encourage such evaluations. 

III-B-2-b.  Assessment Manager Motivation

The second most important factor is the assessment manager's motivation to perform a technically credible assessment.  The manager: 

i) sets the boundary conditions and constraints on the assessment's scope; 

2) selects the final metrics used from a myriad of potential choices; 

3) selects the methodologies for how these metrics will be combined/ integrated/ interpreted, and 

4) selects the experts who will perform the interpretation.  

In particular, if the evaluation manager does not follow, either consciously or subconsciously, the highest standards in selecting these experts, the evaluation's final conclusions could be substantially determined even before the evaluation process begins.  

III-B-2-c.  Competency of Technical Evaluators

The third most important factor is the role and competency of technical experts in a metrics-based S&T evaluation.  Metrics should not be used as a stand-alone diagnostic instrument.  Analogous to a medical exam, even quantitative metric results from suites of instruments require expert interpretation to be placed into proper context and gain credibility.  The metrics results should contribute to, and be subordinate to, an effective peer review of the technical area being examined [Kostoff, 1997h].  Thus, this third critical factor consists of the evaluation experts' competence and objectivity.  Each expert should be technically competent in his subject area, and the competence of the total evaluation team should cover the multiple research and technology areas critically related to the science or technology area of present interest.  In addition, the team's focus should not be limited to disciplines related only to the present technology area (which tends to reinforce the status quo and provide conclusions along very narrow lines), but should be broadened to disciplines and technologies which have the potential to impact the overall evaluation's highest‑level objectives (which would be more likely to provide equitable consideration to revolutionary new paradigms).

III-B-2-d.  Criteria for Metric Selection

The fourth most important factor is criteria for metric selection.  These criteria and the resultant metrics will depend on the interests of the audience for the evaluation, the nature of the benefits and impacts, the availability and quality of the underlying data, the accuracy and quality of results desired, the complementary metrics available and suites of metrics desired for the complete analysis, the status of algorithms and analysis techniques, and the capabilities of the evaluation team.

III-B-2-e.  Relevance of Metric to Future Action

A factor of equal importance to criteria is one that has been violated in every metrics briefing the author has attended spanning many government agencies, industrial organizations, and academic institutions.  

EVERY S&T METRIC, AND ASSOCIATED DATA, PRESENTED IN A STUDY OR BRIEFING SHOULD HAVE A DECISION FOCUS; IT SHOULD CONTRIBUTE TO THE ANSWER OF A QUESTION WHICH IN TURN WOULD BE THE BASIS OF A RECOMMENDATION FOR FUTURE ACTION.  

Metrics and associated data which do not perform this function become an end in themselves, offer no insight to the central focus of the study or briefing, and provide no contribution to decision-making.  They dilute the theme of the study, and, over time, tend to devalue the worth of metrics in credible research evaluations.  Because of the political popularity and subsequent proliferation of S&T metrics, the widespread availability of data, and the ease with which this data can be electronically gathered/ aggregated/ displayed, most S&T metrics briefings and studies are immersed in data geared to impress rather than inform.

III-B-2-f.  Reliability of Evaluation

Another factor of equal importance is reliability or repeatibility.  To what degree would a metrics-based evaluation be replicated if a completely different team were involved in selection, analysis, and interpretation of the metrics data?  If each evaluation team were to generate different metrics, and particularly far different interpretations of metrics, for the same topic, then what meaning or credibility or value can be assigned to any metrics-based evaluation?  To minimize repeatibility problems, a diverse segment of the competent technical community should be involved in the construction and execution of the the evaluation.

III-B-2-g.  Normalization Across Technical Disciplines

For evaluations which will be used as a basis for comparison of science and technology programs or projects, the fifth most important factor is normalization and standardization across different science and technology areas.  For science and technology areas which have some similarity, use of common experts (on the evaluation teams) with broad backgrounds which overlap the disciplines can provide some degree of standardization.  For very disparate science and technology areas, some allowances need to be made for the relative strategic value of each discipline to the organization, and arbitrary corrections applied for benefit estimation differences and biases.  Even in this case of disparate disciplines, some normalization is possible by having some common team members with broad backgrounds contributing to the evaluations for diverse programs and projects.  However, normalization of the metrics for each science or technology area's unique characteristics is a fundamental requirement.  Because credible normalization requires substantial time and judgement, it tends to be an operational area where quality is sacrificed for expediency.

III-B-2-h.  Cost of Metrics-based Evaluations

A sixth critical factor for quality metrics-based evaluations is cost.  The true total costs of developing a high quality evaluation using credible suites of metrics, sophisticated normalization techniques, and diverse experts for analyses and interpretation can be considerable, but tend to be understated.  For high quality evaluations, where sufficient expertise is represented on the evaluation team, the major contributor to total costs is the time of all the individuals involved in normalizing and interpreting the data.  With high quality personnel involved in the evaluation process, time costs are high, and the total evaluation costs can be non‑negligible.  Especially when a metrics-based evaluation is performed in tandem to a qualitative peer-review process [Kostoff, 1997h], the real costs of these experts could be substantial.  Costs should not be neglected in designing a high quality metrics-based S&T evaluation process. 

III-B-2-i.  Maintenance of High Ethical Standards

The final critical factor, and perhaps the foundational factor, in high quality metrics-based evaluations is the maintenance of high ethical standards throughout the process.  There is a plethora of potential ethical issues, including technical fraud, technical misconduct, betraying confidential information, and unduly profiting from access to privileged information, because there is an inherent bias/ conflict of interest in the process when real experts are desired to design, analyze, and interpret a metrics-based evaluation.  The evaluation managers need to be vigilant for undue signs of distortion aimed at personal gain.

IV.  SCIENCE AND TECHNOLOGY METRICS
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IV-H.  S&T METRICS - SUMMARY AND CONCLUSIONS

IV-A.  Overview

This section addresses some critical issues in the applicability of quantitative performance measures to the assessment of S&T, with emphasis on basic research.  The strengths and weaknesses of metrics applied as S&T performance measures are examined.  The remainder of this section provides an overview of the quantitative approaches used in S&T assessment.

Quantitative approaches to research assessment focus on the numerics associated with the performance and outcomes of research.  The main approaches used are bibliometrics and econometrics such as cost-benefit and production function analysis.  This section focuses on these three main approaches, then describes the bibliometrics-related family of approaches known as co-occurrence phenomena, then describes a network modeling approach to quantifying research impacts, and ends with an expert systems approach for supporting research assessment.

Studies reported in the literature tend not to adhere strictly to the metrics taxonomy presented above.  In particular, bibliometrics analyses tend to report mixtures of primary and short-term metametrics without addressing the significances of the differences.  In order to allow an easy mapping from the present document into results reported in the literature, the literature approaches and groupings will be retained, but any problems associated with combining the different types of metrics improperly will be discussed where necessary.

IV-B.  BIBLIOMETRICS

IV-B-1.  Overview

This section overviews the scope and breadth of bibliometrics studies performed.  It starts with examples of bibliometric indicators (IV-B-1), presents fundamental axioms that underly the utilization and validity of bibliometric analysis (IV-B-2), describes the four generic uses of bibliometric analyses (IV-B-3), summarizes the four major steps in any bibliometrics analysis (IV-B-4), illuminates a broad range of conceptual and operational problems with bibliometrics analyses (IV-B-5), overviews briefly the types of bibliometric applications that have been performed (IV-B-6), and ends with moderate descriptions of specific bibliometric studies performed using a wide variety of indicators. 

Bibliometrics, especially evaluative bibliometrics, uses counts of publications, patents, citations and other potentially informative items to develop science and technology performance indicators.  It includes both the direct or primary metrics and the near-term metametrics defined in the section III taxonomy.  The choice of important bibliometric indicators to use for research performance measurement may not be straightforward.  A 1993 study surveyed about 4,000 researchers to identify appropriate bibliometric indicators for their particular disciplines [Australia, 1993].  The respondents were grouped in major discipline categories across a broad spectrum of research areas.  While the major discipline categories agreed on the importance of publications in refereed journals as a performance indicator, there was not agreement about the relative values of the remaining 19 indicators provided to the respondents.  For the respondents in total, the important performance indicators were:

1. Publications (publication of research results in refereed journals);

2. Peer Reviewed Books (research results published as commercial books reviewed by peers);

3. Keynote Addresses (invitations to deliver keynote addresses, or present refereed papers and other refereed presentations at major conferences related to one's profession);

4. Conference Proceedings (publication of research results in refereed conference proceedings);

5. Citation Impact (publication of research results in journals weighted by citation impact);

6. Chapters in Books (research results published as chapters in commercial books reviewed by peers);

7. Competitive Grants (ability to attract competitive, peer reviewed grants from the ARC, NH&MRC, rural R&D corporations and similar government agencies). 

These bibliometric indicators can be used as part of an analytical process to measure scientific and technological accomplishment.  Because of the volume of documented scientific and technological accomplishments being produced (5,000 scientific papers published in refereed scientific journals every working day worldwide; 1,000 new patent documents issued every working day worldwide), use of computerized analyses incorporating quantitative indicators is necessary to understand the implications of this technical output [Narin, 1994].

IV-B-2.  Bibliometric Axioms

Narin states three axioms that underly the utilization and validity of bibliometric analysis.  The first axiom is activity measurement: that counts of patents and papers provide valid indicators of R&D activity in the subject areas of those patents or papers, and at the institution from which they originate.  This axiom has degrees of validity which can vary significantly across authors, technical disciplines, and organizations.  Cultural historical reasons, classification issues, corporate proprietary issues, and myriad  other causes can and do contribute to open source literature having substantial gaps in documented information of existing and past activity in specific technical fields.  The more that the open source literature of a specific technical discipline can serve as a representative sample of the total literature in this discipline, the more valid is this axiom.

The second axiom is impact measurement: that the number of times those patents or papers are cited in subsequent patents or papers provides valid indicators of the impact or importance of the cited patents and papers.  However, there could be weightings applied to the raw count data, depending on the perceived importance of the journals containing the citing papers.  Also, the impacts would be on allied research fields or technologies, not necessarily long-term impacts on the originating organization's mission.  Finally, as discussed later in this section, and in more detail in Appendix 3, there are many reasons for including (or excluding) specific documents in a paper's references.  Therefore, the number of citations received by a given document may not be a unique indicator of the document's impact or importance.  Substantial expert interpretation is required before conclusions can be drawn as to the importance or impact of a particular document on the technical field.

The third axiom is linkage measurement: that the citations from papers to papers, from patents to patents and from patents to papers provide indicators of intellectual linkages between the organizations which are producing the patents and papers, and knowledge linkage between their subject areas [Narin, 1994].  Again, there are many reasons documents are cited other than valid intellectual linkage, and expert analyses are required before specific conclusions can be drawn.

IV-B-3.  Generic Bibliometric Uses

Bibliometrics (and other S&T metrics) have been used for a variety of purposes, including: S&T marketing; S&T assessment and diagnostics; S&T management; and resource allocation.  Specific uses of bibliometrics can be categorized into four levels of aggregation [Narin, 1994]: 

1. policy (evaluation of national or regional technical performance);

2. strategy (evaluation of the scientific performance of universities or the technological performance of companies); 

3. tactics (tracing and tracking R&D activity in specific scientific and technological areas or problems); 

4. conventional (identifying specific activities and specific people engaged in research and development).

Policy questions deal with the analysis of very large numbers of papers and patents, often hundreds of thousands at a time, to characterize the scientific and technological output of nations and regions.  Strategic analyses tend to deal with thousands to tens of thousands of papers or patents at a time, numbers that characterize the publication or patent output of universities and companies.  Tactical analyses tend to deal with hundreds to thousands of papers or patents, and deal typically with activity within a specific subject area.  Finally, conventional information retrieval tends to deal with identifying individual papers, patents, and clusters of interest to an individual scientist or engineer or research manager working on a specific research project [Narin, 1994].   

IV-B-4.  Generic Bibliometric Analysis Approaches

The first, and major, step in the performance of a high quality bibliometric analysis in any of the above four levels of aggregation is acceptance by the potential user of the above three axioms to validate the credibility of the bibliometric approach.  Once this hurdle has been passed, the second step is to select the suite of bibliometric indicators most appropriate to achieving the objectives of the study, and in parallel, select the highest quality and reliability raw indicator products (data and databases).  The third step is to apply analyses of the highest statistical precision and accuracy to these indicators [Braun, 1989, 1990, 1993].  The fourth step, which determines the credibility and utility of the results, is the interpretation and visual display of the results.  The results of the most stringent analyses will be relatively worthless if they are not placed in the larger evaluation context and if they are not displayed in a concise and lucid form.  See Appendix 4 for a more detailed discussion of indicator display issues

IV-B-5.  Problems with Bibliometrics

IV-B-5-i.  Personal Example

Generating the bibliometric raw data and performing computer manipulations on this data are relatively straightforward processes.  Normalizing and interpreting and assigning meaning to this data lies at the source of the difficulties with bibliometrics.  A personal anecdote partially illustrates this point.  

A few years ago, the author was asked to be part of a team which reviewed a component of a large Federal agency laboratory.  Identification of the agency and laboratory is not important for this discussion.  The team judged the work of the component to be excellent, but the number of papers produced relative to the component's funding was extremely small.  Since the agency was trying to improve publication output of its laboratories, the team recommended that the component try to increase its publications.  

A couple of years later, the team revisited the laboratory component.  This time, the publication record was much improved.  However, had the quality of research improved?  No, the quality was excellent in the first review and remained excellent in the second review.  Had the quantity of research increased?  No; in fact, one could probably make the argument that there was less research produced, since research time had to be sacrificed in writing the extra papers.  Were the users more satisfied?  No, since in either case the direct users were getting the quantity and quality research product they wanted, and were converting it to technology.

There appeared to be three main benefits of emphasis on publication.  First, there was increased dissemination of the laboratory's results to the larger research community, which theoretically could have been of value to the community not familiar with the laboratory's work.  The agency improved its bibliometric statistics, which it could then display as an example of increasing research productivity.  In addition, there was probably some enhancement of the laboratory's and researchers' prestige (and subsequent marketing) due to the increased recognition in the published literature.

The main point to be derived from the above anecdote is that the fundamental bibliometric unit, the published paper in a peer reviewed journal, is not research; it is a documentation of research.  While its contents are important in disseminating the research results and evaluating the quality and quantity of research produced, the documentation counts need to be associated with many more caveats and to be supported by much interpretation before they can become useful in a research evaluation.

In addition, there is a more serious problem with the published peer-reviewed research paper as presently structured for the tracking of intellectual heritage or impact.  The typical paper focuses, in priority order, on research approach, research product, and intellectual heritage (references).  This focus derives from performer priorities, not sponsor tracking priorities.  The completeness of the references, the adequacy of the references, and the relative importance of each reference, are governed by the performer's subjectivity and the limited space available for the paper.  Thus, the present structure and design of the research paper is not the optimal structure required for research impact tracking, and contributes to an under-reporting of the impact of research.  This limitation is more than an academic issue; it could have consequences on the reporting of research products and impacts required under the Government Performance and Results Act of 1993.  For a more detailed discussion of this under-reporting phenomenon, see Appendix 2.

IV-B-5-ii.  Limited Federal and Industrial Use of Bibliometrics

A comprehensive review of bibliometrics [White, 1989] shows the sparsity of bibliometric studies for research impact evaluation reported by the Federal government.  The reason for this is due in part to the following problems with publication and citation counts [King, 1987; Oberski, 1988; OTA, 1986]:  

1) Publication counts: 

a. indicates quantity of output, not quality; 

b. non-journal methods of communication ignored; 

c. publication practices vary across fields, journals, employing institutions; 

d. choice of a suitable, inclusive database is problematical; 

e. undesirable publishing practices (artificially inflated numbers of co-authors, artificially shorter papers) increasing.  

2) Citations: 

a. intellectual link between citing source and reference article may not always exist; 

b. incorrect work may be highly cited; 

c. methodological papers among most highly cited; 

d. self-citation may artificially inflate citation rates; 

e. citations lost in automated searches due to spelling differences and inconsistencies; 

f. Science Citation Index (SCI) changes over time; 

g. SCI biased in favor of English language journals; 

h. same problems as publication counts.   

In response to Cawkell's [1977] claims that 'citation anomalies have little effect-they are like random noise in the presence of strong repetitive signals,' MacRoberts [1989] stated the Federal concerns about bibliometrics eloquently: "When only a fraction of influences are cited, when what is cited is a biased sample of what is used, when influences from the informal level of scientific communication are excluded, when citations are not all the same type, and so on, the 'signal' may be repetitive, but it is also weak, distorted, fragmented, incoherent, filtered, and noisy".

Another reason for limited Federal use can be inferred from Narin [1976], where studies on the publication and citation distribution functions for individuals are reviewed.  The conclusion drawn, from studies such as those of Lotka, Shockley, De Solla Price, and Cole and Cole, is that very few of the active researchers are producing the heavily cited papers.  How motivated are funding agencies to report these hyperbolic productivity distributions for different programs in the open literature, especially since many questions exist as to the accuracy and completeness of the bibliometric indicators?  This conclusion raises the further question of the role actually played by the less productive researchers (as measured by publication and citation counts): is the productivity of the elite somehow dependent on the output of the less influential, or is the role of the less productive members that of maintaining the stability of the research infrastructure and educating future generations of researchers?      

IV-B-5-iii.  Normalization Problems and Approaches

Another problem with bibliometrics is cross-discipline comparisons of outputs.  For example, how should the paper or citation output of a program in Solid-State Physics be compared to that of Shallow Water Acoustics.  What types of normalizations are required to allow comparisons among these different types of programs and fields.  Is there a threshold for disaggregation below which the normalization factors apply to all the subfields.  For example, can the normalization factor for Acoustics be applied to a program in High Frequency Shallow Water Acoustics, or can the normalization factor for Shallow Water Acoustics be applied to the program in High Frequency Shallow Water Acoustics?  

While many researchers and organizations have been concerned about this issue, a group centered at the Library of the Hungarian Academy of Sciences has been addressing the problem of output comparisons, including cross-discipline comparisons, in detail for many years.  The normalization solutions they propose are excerpted from a recent publication [Schubert, 1993], and are presented in Appendix 5.  In addition, the author has recently generated a new approach (citation efficiency) for comparing citation rates across different disciplines [Kostoff, 1997m], and excerpts are contained in Appendix 6.

IV-B-5-iv.  Problems with Incomplete References

In a comprehensive survey of problems with citation analysis, MacRoberts and MacRoberts [1996] list many deficiencies with citation analysis.  In particular, they read papers in technical fields with which they were familiar, and compared the influence evident (to them) in the text with what was contained in the bibliography.  They found that approximately 30% of the influence was cited.  Their paper is one of the few cases where this type of validation study has been performed.  However, even this innovative study illuminates the difficulties of establishing reference standards for bibliometrics analyses; the benchmark as to what references should have been cited was an arbitrary judgement made by the authors.  This issue of relative reference completeness is discussed in somewhat more detail in Appendix 3. 


IV-B-5-v.  Collective Distortions: The Pied Piper Effect

One of the main concerns with using citations as a stand-alone measure of quality and impact has been the potential bimodal interpretation of the numerical results.  A paper could receive high citations because of its high quality, or because the citers disagree with it.  However, there is a third interpretation which further precludes citations being utilized in stand-alone mode, which the author has termed the "Pied Piper" effect.

Assume there is a present-day mainstream (characterized by high citations) approach in a specific field of research; for example, the chemical/ radiation/ surgical approach to treating cancer (See Appendix 7 for a more detailed example of the "Pied Piper Effect").  Assume that in, say, fifty years a cure for cancer is discovered, and the curative approach has nothing to do with today's mainstream highly-cited research.  In fact, assume it turns out that today's highly-cited mainstream approach was completely orthogonal or even antithetical to the correct approach, and that one of the alternative lowly-cited approaches existing today provided the foundation for the eventual cure.  Then what meaning can be ascribed to those research papers in cancer today that define the mainstream approach; i.e., they are highly cited for supposedly positive reasons?

In this case, a paper's high citations are a measure of the extent to which the paper's author(s) has persuaded the research community that the research direction contained in his paper is the correct one.  The citations are not a measure of the intrinsic correctness of the research direction.  In fact, the citations may reflect the desire of a closed research community (the author and the citers) to persuade a larger community (which could include politicians and other resource allocators) that the research direction is the correct one.  The citations become the operational mechanism by which the established infrastructure is able to protect its intellectual and capital investments and exclude other competitive approaches which could threaten the integrity of that infrastructure.  Citations become the vehicle by which scientific monopoly is established and perpetuated.  

This is the "Pied Piper Effect".  The large number of citations in the above medical example becomes a measure of the extent of the problem, the extent of the diversion from the correct path, not the extent of progress toward the solution.  The "Pied Piper Effect" is a key reason why, especially in the case of revolutionary research, citations and other quantitative measures must be part of and subordinate to a broadly constituted peer review in any credible evaluation and assessment of research impact and quality [Kostoff, 1997a].

Since citation analysis has had substantial usage in the literature as a key approach for estimating research impact and quality, it will receive a disproportionate share of attention in the present document.  Appendix 3 is an excerpt from a recent paper by the author describing different uses and purposes for citation analysis.  The appendix includes uses of citations for: bookmarks, intellectual heritage, tracking of research impact, and self-serving purposes.  It also shows the limitations of citations as a stand-alone measure of impact or quality.

IV-B-6.  Examples of Bibliometric Studies

IV-B-6-i.  Overview of Different Bibliometric Study Types Performed

Bibliometric studies have been performed over a wide range of levels, from analysis of a performer or even selected documents produced by a performer to analysis of national output or total discipline output.  There is a belief in the bibliometrics community that the analyses become more valid as the domain of interest increases in size.  The supposedly wide range of fluctuations of results across small units integrates out when these units are aggregated (a 'Law of Large Numbers' effect), and theoretically the larger domain unit analyses are the most credible.

However, the author has performed many bibliometric analyses of small units.  If these types of studies are restricted to pinpointing problem areas for further investigation, and if time and effort are invested in obtaining quality data for the analysis, very useful results can be obtained.  For those readers interested in a source focused on this broad range of bibliometric analyses, the journal Scientometrics is a very good starting point.

IV-B-6-i-a.  Macroscale Bibliometric Studies

Macroscale bibliometric studies characterize science activity at the national [e.g., Hicks, 1986; Braun, 1989], international, and discipline level.  The biennial Science and Engineering Indicators report [NSF, 1996] tabulates data on characteristics of personnel in science, funds spent, publications and citations by country and field, and many other bibliometric indicators.  Another study at the national level was aimed at evaluating the comparative international standing of British science [Martin, 1990].  Using publication counts and citation counts, the authors evaluated scientific output of different countries by technical discipline as a function of time.  All the above studies use comparative metrics only; they compare productivity metrics of one group to another.  They do not relate metric values to some desirable or theoretical limiting value.  If all groups, for example, are underperforming, this fact will not be captured by the types of metrics employed. 

There is little evidence that the results from such studies have much influence on policy or decision-making; i.e., the allocation of resources.  As Martin et al point out in their conclusions, there is potential benefit for a country to understand its position vis-a-vis that of its competitors in different science areas, in order to be able to exploit opportunities which may arise in those areas.  However, which indicators are appropriate and how they should impact allocation decisions are open questions.

IV-B-6-i-b.  Microscale Bibliometrics Studies

There have been numerous microscale bibliometric studies reported in the literature [e.g., Frame, 1983; McAllister, 1983; Mullins, 1987, 1988; Moed, 1988; Irvine, 1989; Van Raan, 1989; Luukkonen, 1990a, 1990b, 1992].  With the notable exception of the NIH [OTA, 1986], few Federal agencies report use of microscale bibliometric studies to evaluate programs and influence research planning in the published literature.  The NIH bibliometric-based evaluations included the effectiveness of various research support mechanisms and training programs, the publication performance of the different institutes, the responsiveness of the research programs to their congressional mandate, and the comparative productivity of NIH-sponsored research and similar international programs.  

Publication Citation Analysis

Two papers in the late 1980s [Narin, 1987b, 1989] described determination of whether significant relationships existed among major cancer research events, funding mechanisms, and performer locations; compared the quality of research supported by large grants and small grants from the National Institute of Dental Research; evaluated patterns of publication of the NIH intramural programs as a measure of the research performance of NIH; and evaluated quality of research as a function of size of the extramural funding institution.  Most of the NIH studies focused on aggregated comparison studies (large grants vs small, large schools vs small schools, domestic vs foreign, etc).  

Patent Citation Analysis

Patent citation analysis has the potential to provide insight to the conversion of science to technology [Carpenter, 1981, 1982, 1983; Narin, 1984; Wallmark, 1986; Collins, 1988; Narin, 1988a, 1988b, 1988c; Van Vianen, 1990; Narin, 1991, 1992].  Much of the Federal government support of the development of patent citation analysis was by the NSF [e.g., Carpenter, 1980; Narin, 1987a], although there is little published evidence now of widespread Federal use of this capability.  Some recent studies have focused on utilization of patent citation analysis for corporate intelligence and planning purposes (Narin, 1990, 1992a, 1992b).  Some of the data presented verify further Lotka's Productivity Law, where relatively few people in a laboratory are producing large numbers of patents.  In the example presented in Narin [1992b], the patents of the most productive inventor are highly cited, further demonstrating his key importance.  Narin concludes that highly productive research labs are built around a small number of highly productive, key individuals.  

An ongoing study of citations to scientific papers from the front pages of U.S. patents has potentially important implications for science and technology policy.  Some results showed that, for different countries that file patents with the U.S. patent system, each country's patents in the U.S. cite their own scientific papers three times as often as would be expected, after normalizing out the size of each country's science [Narin, 1994].  To end this discussion of patent citation analysis on a cautionary note, courtesy of Pavitt [1991], it is not yet clear to what extent the 'other publications', cited in patents, reproduce basic or applied research, from universities or corporate laboratories.  In addition, a high proportion [Pavitt's estimation] of technology is not patented, because it is kept secret, because it is tacit and non-codifiable art, or because - as in the case of software technology - it is very difficult to protect through patents.  Finally, while patent citations can be used to track the science conversion process or the technical influence trajectory, the value of the magnitude of the metric is still limited through lack of comparison with theoretically achieveable targets. 

Research Product Dissemination

Despite these limitations, bibliometrics may have utility in providing insight into research product dissemination.  For example, in a series of presentations to large Federally-funded laboratories [Kostoff, 1992b], the following suite of bibliometric studies was proposed: 

1. Examine distribution of disciplines in co-authored papers, to see whether the multidisciplinary strengths of the lab are being utilized fully; 

2. Examine distribution of organizations in co-authored papers, to determine the extent of lab collaboration with universities/ industry/ other labs and countries; 

3. Examine nature (basic/ applied/ discipline/ quality) of citing journals, other citing media (patents), citing author disciplines, citing author organizations, to ascertain whether lab's products are reaching the intended customer(s); 

4. Determine whether the lab has its share of high impact (heavily cited) papers and patents, viewed by some analysts as a requirement for technical leadership; 

5. Determine which countries are citing the lab's papers and patents, to see whether there is foreign exploitation of technology and in which disciplines; 

6. Identify papers and patents cited by the lab's papers and patents, to ascertain degree of lab's exploitation of foreign and other domestic technology.  

While it was also recommended that the lab compare its output (papers/ citations normalized over disciplines) with that of other similar institutions, this quantitative comparison should be approached with great caution.  A comparative bibliometric analysis of 53 laboratories [Miller, 1992] clustered the labs into six types (Regulation and Control, Project Management, Science Frontier, Service, Devices, Survey), and stated that "comparisons of scientific impacts should be made only with laboratories that are comparable in their primary task and research outputs".  The report concluded further that: 

1. Bibliometric indicators and scientific publications are not the only outputs that should be measured, but the other types of outputs differ for different labs; 

2. Bibliometric indicators are not equally valid across different types of laboratories; 

3. Bibliometric indicators are less useful for the evaluation of research laboratories involved in closed publication markets.  

In addition, studies were performed [Kostoff, 1992c] to track the dissemination of information from accelerated research programs.  Key papers (P1) resulting from these programs were identified, then the citing papers for these key papers (P2) were identified, then the next generation of citing papers (P3) which cited P2 were identified, and so on.  The breadth of disciplines impacted by the key papers (P1) can be identified from the succeeding generations of citing papers.  The type of analysis performed provided more of a qualitative than quantitative estimation of breadth of impact.   

Preliminary results show that some very fundamental papers impact across a wide spectrum of disciplines, while some high quality but more narrowly focused research papers impact one main discipline very strongly through succeeding generations of citations.  Because of the large amounts of data required for a complete analysis, especially where highly cited papers and their descendents are concerned, present efforts focus on methods to reduce data requirements and retain a credible analysis.

IV-B-6-ii.  Specific Bibliometric Studies with Different Indicators

In this section, a number of bibliometric studies which examine different indicators or combinations of indicators, are described in moderate levels of detail.

IV-B-6-ii-a.  Publications

Computer‑Mediated Communication and Publication Productivity Among Faculty

This study [Cohen, 1996] investigated whether faculty who use computer mediated communication (CMC) achieve greater scholarly productivity as measured by publications and a higher incidence in the following prestige factors: receipt of awards; service on a regional or national committee of a professional organization; service on an editorial board of a refereed journal; service as a principal investigator on an externally funded project; or performance of other research on an externally funded project. It also investigated whether faculty who use CMC at less research‑  oriented institutions realize disproportional benefit from their use of CMC. Data were collected in Fall 1994. A positive relationship was found between the frequency of use of CMC and publications, including coauthored publications. CMC users also had a higher incidence of prestige factors. In addition to statistically significant relationships between CMC use and productivity measures, faculty judged CMC to be of some utility to their productivity. Nevertheless, there did not appear to be a ''democratizing effect'' which would yield disproportionate benefit to those from less research‑oriented institutions. 

Research Volume Published 

This study [Towe, 1995] measures an important component of the research output of Australian economics and econometrics teaching departments, namely, the number of pages published, during the period 1988‑93, in journals listed by the Journal of Economic Literature.  Based on page counts it is found that department rankings are similar over a broad range of journal groupings.  It is also found that the median numbers of pages published by each of the groups of senior lecturers, associate professors and professors are quite small, indicating that within these groups research output is highly concentrated among a few active publishers.

Describing and Explaining Research Productivity

This study [Ramsden, 1994] describes results from a study of academic productivity in Australian higher education.  It estimates the output (in terms of quantity of publications) of individual staff and academic departments across different subject areas and types of institution.  Concerning research productivity, Australian academics resemble their colleagues in other countries:  the average is low, while the range of variation is high.  Most papers are produced by few academic staff.  Several potential correlates of productivity, including level of research activity, subject area, institutional type, gender, age, early interest in research, and satisfaction with the promotions system, are examined.  A model linking departmental context to personal research performance through departmental and personal research activity is developed and tested.  The results support the view that structural factors (such as how academic departments are managed and led) combine with personal variables (such as intrinsic interest in the subject matter of one's discipline) to determine levels of productivity.  There is also evidence that research and teaching do not form a single dimension of academic performance. 

Effects of Resource Concentration and Group Size on Research Performance

One study [Johnston, 1994] reports the results of a study commissioned by the Australian National Board of Employment, Education and Training, which examines in detail the effect of resource concentration on research performance, and the basis for critical mass, economies of scale, critical time and risk strategy hypotheses.  The widespread introduction of policies of resource concentration around the world are found to have been based on little examined assumptions, and in operation to be at times counter‑productive.  In general relationships between group size and productivity are found to be linear, though there does appear to be evidence for an optimal size of 5‑8.  Detailed results and policy implications of these findings are presented.

In a previous series of studies aimed at investigating the dependence of per‑capita research output (R) of an interacting group of research workers on the size of the group, it was shown that the per‑capita research output of various research groups and institutes in U. S. A., U. K., Pakistan and Bangladesh shows an initial approximately linear rise, followed by one or more mixima, the first one being at group size of 6 to 8 persons. In the present study [Qurashi, 1993], the author presents a fine analysis of the reported data for (a) physics departments of U. K. universities (in 1985‑86) and (b) mathematics departments of two universities in Greece (from 1975 to 1984), using close sampling‑intervals of DELTAN = 2 and 3 for group‑sizes. The results of this reanalysis show that the data for U. K. physics departments exhibits a series of peaks of per‑capita research output (R) at N = 11, 19, 25, 36, 46, etc., which compare well with the corresponding maxima already found in the 1977 per‑ capita output of National Cancer Institute, U. S. A., at N = 7, 15, 26, 34 and 44. Comparison of these two yields the following mean positions for the five peaks viz N = 9 +/‑ 2, 17 +/‑ 2, 26 +/‑ 0, 35 +/‑ 1 and 45 +/‑ 1. These appear to be close to multiples of 8.5, indicating the possibility that a sub‑group of 8 to 9 persons could be forming a basic unit of interaction in these particular research groups.  The data from the mathematics departments of two Greek universities, which falls in the range of N = 20 to N = 44, also shows two maxima, of per‑capita output at N = 27 and 34.5 (and possibly one at about 18), which fit in well with the pattern described above.  It appears likely that the above concept could open up new avenues in management practices. Accordingly, further studies are in hand on the relevant characteristics of the output of various institutes and, if possible, a fuller study of size and nature of the sub‑ groups noted above.  

Normalization Bias 

The bibliometric indicators currently used to assess scientific production have a serious flaw: a notable bias is produced when different subfields are compared. In this study [Schwartz, 1996], the authors demonstrate the existence of this bias using the impact factor (IF) indicator. The impact factor is related to the quality of a published article, but only when each specific subfield is taken separately: only 15.6% of the subfields we studied were found to have homogeneous means. The bias involved can be very misleading when bibliometric estimators are used as a basis for assigning research funds. To improve this situation, the authors propose a new estimator, the RPU, based on a normalization of the impact factor that minimizes bias and permits comparison among subfields. The RPU of a journal is calculated with the formula: RPU=10(1‑exp (‑IF/x)), where IF is the impact factor of the journal and x the mean IF for the subfield in which the journal belongs. The RPU retains the advantages of the impact factor: simplicity of calculation, immediacy and objectivity, and increases homogeneous subfields from 15.6% to 93.7%.

A Quantitative Bibliometric Study of the Formation of a Field. 

A quantitative technique is illustrated which uses publication statistics from a bibliography of citations in the area of weak interactions to provide a view of trends and patterns in the development of the field during the period from 1950 to 1960 [White, 1986]. An overview is given of what the physicists working in weak interactions during this period were doing as indicated by an analysis of the subjects of their papers. The dominant problems and concerns are discussed. Focus is then turned to the events surrounding the emergence of the tau/theta particle puzzle, the discovery of parity nonconservation, and the resolution offered by the V‑A theory. Displaying the data from the citation index in unusual ways highlights dominant issues of the period, especially the close relationship between theory and experiment in the latter half of the decade. 

IV-B-6-ii-b.  Publication Citations

Citation Issues

The first study [Wang, 1996] identifies several aspects of citing behavior (reasons for citing, criteria used in decision making, and mete‑level documentation concerns) by directly questioning researchers about decisions to cite or not to cite specific documents. An important finding is the existence of meta‑level concerns which may indicate documentation styles which influence a decision to cite a document in addition to situational factors related to its actual use during research. It reports the preliminary results of the citing decisions in an empirical, longitudinal study of document use by academic economists and graduate students during several phases of their research projects.

The goal of another study [Liu, 1993] was to obtain insights into the citation process focusing on scientists' citing motivation. Different from most citation studies, the research findings were derived from directly questioning Chinese physicists. This exploratory study revealed that the number of citations (termed as citation output) a scientist cited in a publication was not directly associated with the essentiality of these citations (termed as citation essentiality). Instead, citation output was related to an external factor, while citation essentiality was related to a number of internal motivations. As a result, a citation relationship model was established. The study shows that an author's citing behavior is unique, personal and complex. Further investigations are needed to articulate the nature and norms of this more‑private‑than‑public process. 

Another study on citation comprehensiveness [Lichbach, 1992] surveys nearly two hundred scholarly works that use mathematical methods, which include stochastic models, difference and differential equation models, expected utility models, and various types of game theoretic models, to study domestic political conflict (DPC), which includes terrorism, guerrilla wars and insurrections. A citation count reveals that the DPC articles surveyed here cite less than three quarters of an article from within their own DPC modelling tradition and cite less than two articles from any DPC modelling tradition. The only exceptions to the rule that ''nobody cites nobody else'' am the stochastic and expected utility modelers. The author concludes conclude that the ''field'' of formal models of DPC hardly exists: few authors read other authors, few articles cite other articles, few models build on other models. Several suggestions aimed at promoting greater accumulation in formal models of DPC are offered.

Relationships Between Cited and Citing Articles

It is assumed that a paper which cites an earlier document shares a subject relationship with that particular document. In order to determine if this assumption is valid, a study was conducted by analysing 1000 articles from the Science Citation Index(R) and Social Sciences Citation Index(R) [Ali, 1993]. These articles were selected in ten different disciplines by using a purposive sampling technique. Various Spearman's Correlation Coefficient tests were computed to find out if a subject relationship existed between the Articles which have the same keywords in their titles (Parent Articles and Related Records). Through the analysis, the hypothesis has been verified showing that there is a relationship between the articles which are citing the same references. This was determined by co‑occurrences of the same keywords among the shared references. However, there are some unique differences in the science and the social science disciplines that exist in these two databases. Record 327 of 541.

A somewhat different perspective was obtained in another study using a different approach [Harter, 1993].  This study examined directly the assumption that the act of referencing another author's work in a scholarly or research paper is usually assumed to signal a direct semantic relationship between the citing and cited work.  The purpose of the research was to investigate the semantic relationship between citing and cited documents for a sample of document pairs in three journals in library and information science: Library Journal, College and Research Libraries, and Journal of the American Society for Information Science. A macroanalysis, based on a comparison of the Library of Congress class numbers assigned citing and cited documents, and a microanalysis, based on a comparison of descriptors assigned citing and cited documents by three indexing and abstracting journals, ERIC, LISA, and Library Literature, were conducted.  Both analyses suggested that the subject similarity among pairs of cited and citing documents is typically very small, supporting a subjective, psychological view of relevance and a trial‑and‑error, heuristic understanding of the information search and research processes. The results of the study have implications for collection development, for an understanding of psychological relevance, and for the results of doing information retrieval using cited references. Several intriguing methodological questions are raised for future research, including the role of indexing depth, specificity, and quality on the measurement of document similarity.

Citation Problems

Five core library science journals were examined to study the accuracy of citations in library literature [Pandit, 1993]. A total of 1,094 references from 131 articles were verified directly by comparing the published citation with the original publication. In 193 references, 223 errors were detected. A review of citations at manuscript stage was also carried out for one of the journals. The results of the study show that library and information professionals, in spite of their awareness of difficulties posed by inaccurate citations, are prone to making such mistakes themselves. The study emphasizes a need for greater awareness among LIS professionals of keeping their citations error free, and suggests other aspects of the subject for further study. 

Another study examined ethnic bias in citation practices [Greenwald, 1994].  Recent experimental findings of subtle forms of prejudice prompted a search for a similar phenomenon outside the laboratory.  In Study 1, with a sample of more than 12 000 citations by North American social scientists, names of both citing and cited authors were classified as Jewish, nonJewish, or other.  Author's name category was associated with 41 per cent greater odds of citing an author from the same name category.  Study 2 included over 17 000 citations from a much narrower research domain (prejudice research), and found a similar (40 per cent) surplus in odds of citing an author of the author's own ethnic name category.  Further analyses failed to support two hypotheses ‑ differential assortment of researchers by ethnicity to research topics, and selective citation of acquaintances' works ‑ that were plausible alternatives to the hypothesis that the observed citation discrimination revealed implicit (unconsciously operating) prejudicial attitudes.  The authors conjectured that, given the sociopolitically liberal reputation of social scientists (and of prejudice researchers especially), it seems unlikely that the observed bias in citations reflected conscious prejudicial attitudes.

A study on highly cited papers describes examples of influential and/or highly cited papers that were initially rejected by one or more scientific journals [Campanario, 1995].  The work reported in eight of the papers eventually earned Nobel prizes for their authors; six papers later became the most cited of the journals in which they were published.  Also described are influential and highly cited scientific books whose authors encountered problems in publishing them.  These case studies suggest that, although rejection may subsequently result in an improved manuscript, on other occasions referees may simply have failed to appreciate a paper's importance.  Many of these rejected papers also reported unexpected findings or discoveries that challenged conventional models or interpretations.

Research Citation Impact

In the opinion of the authors of a study on citations in mathematics [Korevaar, 1996], many mathematicians are not convinced that citation counts do in fact provide useful information in the field of mathematics.  According to these mathematicians, citation and publication habits differ completely from scholarly fields such as chemistry or physics. Therefore, it is impossible to derive valid information regarding research performance from citation counts. The aim of the present study was to obtain more insight into the significance of citation‑based indicators in the field of mathematics.  In particular, to what extent do citation‑scores mirror the opinions of experts concerning the quality of a paper or a journal? A survey was conducted to answer this question. Top journals, as qualified by experts, receive significantly higher citation rates than good journals. These good journals, in sum, have significantly higher scores than journals with the qualification less good. Top publications, recorded in the ISI database, receive on the average 15 times more citations than the mean score within the field of mathematics as a whole. In conclusion, the experts' views on top publications or top journals correspond very well to bibliometric indicators based on citation counts. 

Another study [Plomp, 1994] examined the highly cited papers of professors as an indicator of a research group's scientific performance.  In the first part of the study, the citations in 1986 and 1987 of 3938 papers published in 1985 by 324 research groups in the faculties of science and of medicine of eight universities in the Netherlands were analyzed. Because of the large statistical spread of (1) the number of short‑term citations of papers cited equally frequently over a long period, and (2) the number of citations over a long period of papers by the same author, short‑term citation scores appear to be an unreliable indicator of a research group's contribution to science. In the second part of the study an alternative approach is presented, based on a subdivision of the 3938 papers in papers authored by professors with 0‑2, 3‑8, or greater‑than‑or‑equal‑to 9 highly cited papers (HCPs, greater‑than‑or‑equal‑to 25 citations) to their name. Very large citation score differences were found for the three categories. For example: for papers first‑authored by a professor, the average number of citations per person in 1986 and 1987 for 1985 papers was for 161 professors with greater‑than‑or‑equal‑to 9 HCPs a factor 14 larger than for 575 professors with only 0‑2 HCPs; for papers co‑authored by professors, this factor was 6.6. These findings justify the conclusion that the number of HCPs scored by the professors (and other senior scientists) during their entire career is a much more reliable predictor of the performance of a research group than the number of short‑term citations of the articles published by the group within a short period. A research group's contribution to science is primarily determined by the individual scientific talents of its members. 

A third study in this section [Eom, 1993] identified the most influential contributors in the DSS area in the U.S., examined their contributions, and reviewed the institutional publishing records at the leading U.S. universities which are actively publishing DSS research. To measure the influence/contributions of leading universities and contributors, the authors used the bibliographic citations of the publications on the specific DSS applications. The critical assumption of this study was that ''bibliographic citations are an acceptable surrogate for the actual influence of various information sources.'' (M.J. Culnan, Management Science 32, 2, feb 1986, 156‑172)  This study identified thirty‑two leading U.S. universities with eighty‑one of their affiliated members and twenty three most influential researchers. Among the leading U.S. universities identified, two universities are truly outstanding: The University of Texas‑Austin and MIT. Regardless of any types of yardsticks which may be applied to measure their contributions, these two universities may be recognized as centers of excellent DSS research in the U.S.A. in terms of the number of research publications, the number of total citation frequencies, and the number of active researchers in the DSS related areas.

A fourth study [Anglin, 1991] focused on the patterns of communication in the field of instructional technology and examined the reference lists provided with each article or review in three journals for a period of five years to determine: (1) who the most cited authors in the field are; (2) whether invisible colleges exist in the field; and (3) if invisible colleges do exist, who the participants are in each invisible college. The journals studied were the Journal of Instructional Development (JID, Spring 1985‑Fall 1990); Educational Communication and Technology Journal (ECTJ, Spring 1985‑Summer 1990); and Performance Improvement Quarterly (PIQ, Spring 1988‑Fall 1990). 

The name of each author, co‑author, or editor of works cited was entered in a database together with the name of the journal, date of citation, and volume and issue numbers of the journal. The number of citations per author was recorded, and individuals were included in the study if they had been cited a minimum of five times. From the 12,220 citations entered in the database for all three journals, 386 individuals were selected. The highest numbers of citations reported were 83 (R. M.Gagne), 76 (R. D. Tennyson), and 43 (R. Kaufman). The results of a hierarchical cluster analysis among frequently cited individuals identified 53 homogeneous groups. For many of the groups dominant individuals could also be identified. The results of the study support the conclusion that there are 'many' invisible colleges in the field, and that the groups of frequently cited individuals do significantly influence the development of the field and the practice of industrial design.  

The final study in this section [Adams, 1996] examined the available United States data on academic research and development (R&D) expenditures and the number of papers published and the number of citations to these papers as possible measures of ''output'' of this enterprise.  The authors examined these numbers for science and engineering as a whole, for five selected major fields, and at the individual university field level. The published data in Science and Engineering Indicators imply sharply diminishing returns to academic R&D using published papers as an ''output'' measure. These data are quite problematic.  Using a newer set of data on papers and citations, based on an ''expanding'' set of journals and the newly released Bureau of Economic Analysis R&D deflators, changes the picture drastically, eliminating the appearance of diminishing returns but raising the question of why the input prices of academic R&D are rising so much faster than either the gross domestic product deflator or the implicit R&D deflator in industry. A production function analysis of such data at the individual field level follows. It indicates significant diminishing returns to ''own'' R&D, with the R&D coefficients hovering around 0.5 for estimates with paper numbers as the dependent variable and around 0.6 if total citations are used as the dependent variable.  When  scientists and engineers are substituted in place of R&D as the right‑hand side variables, the coefficient on papers rises from 0.5 to 0.8, and the coefficient on citations rises from 0.6 to 0.9, indicating systematic measurement problems with R&D as the sole input into the production of scientific output. But allowing for individual university field effects drives these numbers down significantly below unity. Because in the aggregate both paper numbers and citations are growing as fast or faster than R&D, this finding can be interpreted as leaving a major, yet unmeasured, role for the contribution of spillovers from other fields, other universities, and other countries.

IV-B-6-ii-c.  Patents and Patent Citations

Patent citations, especially to research papers cited by the patents, provide some indication of science to technology conversion.  Probably the most consistent organization producing studies of different aspects of patent citations over the past decade has been CHI, Inc.  The first few studies described summarize key aspects of CHI's work over this period.

CHI Efforts

In the first study [Kitti, 1983], quantitative indicators for foreign technological presence in the United States were reported on the basis of data derived from the front pages of U.S. patents issued from 1971‑1980. It was noted that the percent of foreign‑owned and ‑invented patents in the U.S. patent system increased from 26 percent in 1971 to 38 percent in 1980. The areas with the greatest increases were those where there had been recent influxes of foreign products‑‑for example, motorcycles, radios and televisions, and primary metals. It was found that the percent of citations given by foreign‑owned and ‑invented patents in the U.S. to foreign origin patents in the U.S. system was two and one‑half times as large as those given by U.S.‑owned and ‑invented patents to foreign origin patents. In addition, approximately one‑fourth of all U.S. patents from 1971‑1980 were owned by multi‑national corporations. It was suggested that research be undertaken to address the relationship between these indicators and various economic and trade statistics.

A subsequent analysis [Narin, 1986] of Japanese‑invented patents appearing in the U.S. patent system over the 10‑year period 1975‑84, showed that the share of U.S. patents with Japanese inventors increased from 8.8% of all U.S. patents in 1975 to 16.5% in 1984, while the share of patents with U.S. inventors decreased from 64.9% to 57.1%. Japanese inventors obtained 8% more U.S. patents while U.S. inventors obtained 8% fewer, and the rest of the world's inventors remained approximately constant: in the U.S. patent system, the increase in Japanese share was entirely at the expense of the United States. The Japanese patents were shown to be quite concentrated in relatively high‑technology classes related, especially, to those areas of consumer products where there is a major Japanese presence, including electronics, photography, and automotive technology. There was also a growing Japanese presence in the pharmaceutical area. When looked at from the point‑of‑view of citation analysis‑‑that is, considering highly cited patents to be patents of particular technical impact and quality‑‑the Japanese performance was just as impressive. Among the most highly cited few percent of U.S. patents, the Japanese have 30 to 50% more patents than expected, and the Japanese inventors are patenting in the most highly cited 1% of patents‑‑the areas in which the Japanese have substantial numbers of these very highly cited patents are automotive technology, semiconductor electronics, photocopying and photography, and pharmaceuticals and pharmaceutical chemistry. The implication of all of the above is that the Japanese position in patented technology is strong, growing and based on high quality, high impact technology which has been invented by Japanese inventors. 

The third study's research [Narin, 1985] formulated a series of quantitative indicators of corporate technological strength, using data from U.S. patents and U.S. patent citations. These indicators were generated for 18 U.S. pharmaceutical companies. The research then examined the extent of correlation between peer judgement of research performance, literature‑based indicators of research publication, corporate financial performance, and the various patent and patent citation indicators. The findings implied that not only are counts of patents an excellent indicator of overall corporate technological strength, but also that the occurrence of highly‑cited, high‑impact patents may be a particularly good indicator of corporate growth. 

The final two studies reported describe the Tech-Line database and some results from studies with the database.  TECH‑LINE CD provides technology indicators to complement existing financial data [CHI, 1996]. With TECH‑LINE data, financial analysts, corporate analysts and economists can determine an organization's technological strength and trends, and technologically rank and compare companies within an industry for long‑term investment strategies. TECH‑LINE's company profiles allow an analyst to compare a company's technological strength to its financial performance. TECH‑LINE measures technological strength, activity, and position for over 1,000 public and private companies, universities and government agencies worldwide which received the most U.S. patents in the last five years. TECH‑LINE's company indicators are based on 500,000 U.S. patents and nearly 4,000,000 patent citations. TECH‑LINE is important because technology is the major force driving industrial companies, and any comprehensive assessment of a technological company must include an analysis of its technological strength. Companies with high technological strengths are likely to prosper, while companies with obsolete technologies are likely to decline. TECH‑LINE indicators are designed to complement financial indicators, so that technological excellence can be used as an explicit measure of value of an individual company, or region, or industry, or nation. Each organization's strength in TECH‑LINE is profiled both overall and within 57 SIC product groupings.

A basic description of patent citation cycles is provided for 1,100 major companies and organizations covered by the TECH‑LINE database [Narin, 1993]. The average U.S. patent has five to six ''references cited‑U.S. patent documents.'' The properties of these patent citations are shown to vary widely from one technology to another. For example, patents in Office Computing and Accounting, a relatively hot area, are cited almost three times as frequently as patents in Organic Chemicals, a less active area of patenting. Similarly, technology cycle times vary widely‑from five to six years in fast moving electronics areas to twelve to fifteen years in some of the slow moving areas of mechanical technology. Citations to earlier patents peak at patents three to five years old, rather similar to the peak citation time for scientific literature. Since these citation peaks and cycle times are relatively short, and represent the difference between current art and prior art, this indicates, in one sense, that the technological lifetime of an invention may be much shorter than its legal and commercial life times. 

Geographic Boundary Flows

The extent to which new technological knowledge flows across institutional and national boundaries is a question of great importance for public policy and the modeling of economic growth. In this study [Jaffe, 1993a], the authors develop a model of the process generating subsequent citations to patents as a lens for viewing knowledge diffusion. They find that the probability of patent citation over time after a patent is granted fits well to a double‑exponential function that can be interpreted as the mixture of diffusion and obsolescense functions. The results indicate that diffusion is geographically localized. Controlling for other factors, within‑country citations are more numerous and come more quickly than those that cross country boundaries.

A related study [Jaffe, 1993b] compares the geographic location of patent citations with that of the cited patents, as evidence of the extent to which knowledge spillovers are geographically localized. We find that citations to domestic patents are more likely to be domestic, and more likely to come from the same state and SMSA as the cited patents, compared with a ''control frequency'' reflecting the pre‑existing concentration of related research activity. These effects are particularly significant at the local (SMSA) level. Localization fades over time, but only very slowly. There is no evidence that more ''basic'' inventions diffuse more rapidly than others.

Technological Niches

This study [Almeida, 1997] examined the innovative ability of small firms in the semiconductor industry regarding their exploration of technological diversity and their integration within local knowledge networks. Through the analysis of patent data, the authors compared the innovative activity of start‑up firms and larger firms. They found that small firms explore new technological areas by innovating in less 'crowded' areas. The analysis of patent citation data revealed that small firms are tied into regional knowledge networks to a greater extent than large firms. These findings point to the role of entrepreneurial firms in the exploration of new technological spaces and in the diffusion of their accumulated knowledge through local small firm networks. 

Another study [Podolny, 1995] considered what factors determine whether an innovation becomes a foundation for future technological developments rather than a ''dead end.'' The authors introduced the concept of the technological niche, which includes a focal innovation, the innovations on which the focal innovation builds, the innovations that build upon the focal innovation, and the technological ties among the innovations within the niche. Using patents and patent citations to measure characteristics of innovation niches within tile semiconductor industry, the authors showed that the size of the niche and the status of the actors within the niche have a positive effect on the likelihood that subsequent innovations will build upon the focal innovation. Competitive intensity within the niche has a negative effect on this likelihood. 

In a subsequent study [Podolny, 1996], the conception of an organization-specific niche is defined by two properties: crowding and status. The authors hypothesize that crowding suppresses an organization's life chances and that status enhances life chances, especially for those organizations in uncrowded niches. They operationalize this conception of the niche using patents and patent citations, and they find support for these hypotheses in an examination of technological competition in the worldwide semiconductor industry. In the conclusion, they compare these findings to the earlier research and highlight some of the particular advantages of this conception of the niche. 

Defense Technology Transfers

Although technology is considered to be a strategic asset for an organization, interplay in technology among organizations is necessary. Technology may be considered a bank which organizations both contribute to and draw from. Such interactions among organizations in technology follow different patterns. This study [Chakrabarti, 1993] presented some preliminary results from a study that aimed at addressing this issue. By using patent‑citation data, this study showed how the benefits to participating firms change with industry type, organization class, country of origin, etc.

A follow-up study [Chakrabarti, 1994] investigated the pattern of transfer of technology between defence firms and other organizations. Using eight large defence contractors, Boeing, General Dynamics, Grumman, Lockheed, Martin Marietta, McDonnell Douglas, Raytheon and United Technologies, as sample, the authors analysed their patents. They were particularly interested in the pattern of citations. By using patents as the 'tracer' in the technology interaction, the authors were able to characterize the pattern, nature and effectiveness of the technology interactions between the defence and non‑defence sectors. In the exchange of technological information between a firm and other organizations, the authors defined technology input to a firm X as the citations of patents made by firm X. Similarly, technology output of firm X was defined as the number of citations received by its patents from other patents of other organizations. Once the authors knew the identity of the organizations, they could observe the technology exchange between the defence and the non‑defence sectors, between the US defence firms and foreign firms. The intensity and efficiency of transfer of technology were computed from these data. 

IV-B-6-ii-d.  Combinations of Publications/ Patents/ Citations

The purpose of the first study presented [Reisher, 1984] was to determine the degree to which the NIDR Dental Research Institutes and Centers achieved selected program objectives relating to resource utilization and recruitment, multidisciplinary research and collaborations with other institutions. A bibliometric comparison of papers from the Centers with papers published under investigator‑initiated R01 grants was undertaken to test eight hypotheses on the following topics: frequency of publication; impact of publication; type and number of support; multiple authorship; multidisciplinarity; width of utilization, and scientist background. Some conclusions of this preliminary study were that the Centers' scientists are of similar productivity and quality as the R01 investigators as measured by the number of papers per scientist per year, and by the number of citations per paper. 

The second study [Nederhof, 1993] involved a comparison of bibliometrics results with peer review.  The research performance of research units in economics was evaluated by simultaneous efforts of peers and bibliometricians, with extensive interactive comparison of results afterwards. The authors studied trends in productivity and impact of six economics research groups in the period 1980‑1988. These groups participate in a large (above one million pounds) research programme of a national Research Council. Research performance of the groups was compared to the world average by means of the Journal Citation Score method. In order to investigate the influence of one key scientist (the ''star effect''), the authors applied a sensitivity analysis to the performance of the research groups by elimination of the papers (and subsequent citations) of one key member. Furthermore, to provide insight into the fields to which a group directs its work, and the fields in which a group has its most important contributions, comparisons were made of publishing and citing journal packets. Similarly, citations to the work of the research groups were analysed for country of origin. The authors compared the results of the bibliometric part of this study with those of a simultaneous peer review study. The bibliometric study yielded clear and meaningful results, notwithstanding the increasingly applied nature of the research groups. Results from peer review and bibliometric studies appear to be complementary and mutually supportive.   The participants of the bibliometrics peer review ''confrontation'' meeting regarded the exercise as most valuable, with lessons for the Research Council both for the future of research programmes and the form of evaluation used for large awards. 

The final study reported in this section involved examination of publication and citation rates [McGinnis, 1982].  The careers of 557 biochemists were studied in order to answer the following questions: Who gets postdoctoral training and why? How does such training affect subsequent employment opportunities? Does postdoctoral training increase later research productivity? Results showed that predoctoral research productivity had no effect on who gets postdoctoral training or where one gets it. Getting postdoctoral training does not seem to affect one's chances of getting a prestigious job, but where the training occurred has a major impact on the prestige of subsequent jobs. In contrast, having had postdoctoral training seems to result in substantial increases in later citation rates, but where the training occurred makes little difference in citation rates. The modest effect of postdoctoral training on publication rates disappears when employment sector is held constant. 

IV-B-6-ii-e.  Collaboration Indicators  

Collaboration among researchers has been increasing steadily for decades.  This collaboration has covered different: 

1) disciplines; 

2) development categories; 

3) institutions; 

4) geographical regions; 

5) countries, etc.  

There is a belief that collaboration improves the quality of the final research product by bringing different perspectives to bear on solving the problem.  In particular, approaches used to solve problems in one field may be extrapolated or modified to solve conceptually similar problems in other fields.  A recent article in The Washington Post on innovation examined research performed on teams of collaborators.  The summary findings were that innovation was enhanced when the teams consisted of researchers from disparate disciplines, and that innovation was not enhanced over that of individual investigators when the teams consisted of individuals from similar backgrounds/ disciplines.  

A recent interdisciplinary workshop conducted by the author at the Office of Naval Research validates the disparate discipline conclusion; the workshop process and results are summarized in Appendix 12.  The Lessons Learned section of Appendix 12 (section V) discusses two complementary approaches for generating a disparate discipline taxonomy for the workshop, and for identifying the appropriate representatives from those disciplines to participate in the workshop.  The combined process exploits the synergy between information technology analysis of the literature and group dynamics of the topical experts, and represents a breakthrough in stimulating innovation. 

There have been a number of studies examining the impact of collaboration on quality, innovation, technology transfer, and other quantities.  While collaboration can be viewed as a metric, it is more of an intermediate or proxy or management metric as opposed to a definitive quality metric such as citations or awards or cost/ benefit.  Similar to the output/ impact metrics discussed previously, the collaboration metric suffers from lack of theoretical understanding as to what ultimate values should be, and therefore its use is limited as a management target or control.  For example, in the illustrative case of vertical integration at the end of this section, what should be the management targets for the appropriate mix of basic research/ applied research/ early technology development/ advanced technology development in a given vertical structure, or in a group of vertical structures?  Without this target or control, what meaning can one assign to a specific vertical integration metric?   Nevertheless, because of the growing importance of collaborations, it will be treated here as a separate S&T metric.  In particular, the last study reported in this section [Kostoff, 1997j] describes how collaboration can help accelerate the conversion of science to technology.  Associated commentary following the study summary describes potential metrics for quantifying the effects of vertically integrated program management on quality and transitionability of the science and technology product.

University-Industry Collaboration

The first two projects reported deal with university/ industry collaboration.  The first study [Tornquist, 1996] investigates the assumption that scientific research taking place in universities ''trickles down'' to industry. Publication characteristics are used to examine the collaboration and utilization behavior of scientists employed in the computer equipment and aircraft industries. The data indicate that these industries are using research generated by university scientists and that collaboration between sectors is occurring. Four sets of factors (article, firm, industry, and university characteristics) are used to explain research utilization and publication practices. Logistical regression results confirm that university/ firm proximity is associated with increased collaboration and that collaborative relationships promote firm utilization of university research. These results indicate that university policymakers should consider ways to encourage collaborative relationships between sectors to promote information transfer. Further, the result linking proximity and collaboration suggests support for academic scientific activities should be encouraged at the local level. 

Previous studies on collaborative research emphasize industry/ university collaboration conducted in a subset of academic disciplines associated with applied engineering. These studies focus on motivations, mechanisms, financial costs and financial benefits of collaborative research while paying little attention to the impact of collaborative research on academic productivity. The purpose of the second study reported on university/ industry collaboration [Landry, 1996] is to attempt to compensate for some of these shortcomings. First, the authors present a survey which includes responses from academic researchers of all the scientific disciplines. Second, the study takes into account and compares the collaborative relationships between university researchers, between university researchers and industry, and between university researchers and other institutions, especially government agencies, local governments and organized interest groups. And third, the authors assess the impact of these collaborative activities on the academic productivity of the university researchers.   

The results of this study show that collaboration, whether it be undertaken with universities, industries or institutions, may indeed increase researchers' productivity.  The authors find this to be true whether or not such relationships begin early in a researcher's career. They also find this to be true whether or not the collaborators have an intellectual symmetry. The effect of collaboration on productivity varies according to both the scientists' geographical closeness to their partners and on their field of research. It was found that collaboration between researchers and industry had significantly more impact on productivity than collaborations between researchers and their peers or researchers and other institutions. Scientists in humanities were found to produce less materials in collaboration than scientists in other fields. And, scientists involved in collaboration aimed mostly at producing patented and unpatented products, scientific instruments, software and artistic production were also found to produce less.   In sum, given that collaboration contributes to the increase of scientific productivity, the authors conclude that government decision makers and university administrators should encourage researchers to forge collaborative relationships. 

Biomedical Collaboration

The third project reported in this section [Zucker, 1996] concerns collaboration of 'star' scientists with other researchers.  The authors found that the most productive (''star'') bioscientists had intellectual human capital of extraordinary scientific and pecuniary value for some 10‑15 years after Cohen and Boyer's 1973 founding discovery for biotechnology [Cohen, S., Chang, A., Boyer, H. & Helling, R. (1973) Proc. Natl. Acad. Sci. USA 70, 3240‑3244]. This extraordinary value was due to the union of still scarce knowledge of the new research techniques and genius and vision to apply them in novel, valuable ways.  As in other sciences, star bioscientists were very protective of their techniques, ideas, and discoveries in the early years of the revolution, tending to collaborate more within their own institution, which slowed diffusion to other scientists.  Close, bench‑level working ties between stars and firm scientists were needed to accomplish commercialization of the breakthroughs.  Where and when star scientists were actively producing publications is a key predictor of where and when commercial firms began to use biotechnology.  The extent of collaboration by a firm's scientists with stars is a powerful predictor of its success: for an average firm, 5 articles coauthored by an academic star and the firm's scientists result in about 5 more products in development, 3.5 more products on the market, and 860 more employees.  Articles by stars collaborating with or employed by firms have significantly higher rates of citation than other articles by the same or other stars.  The U.S. scientific and economic infrastructure has been particularly effective in fostering and commercializing the bioscientific revolution, These results provide insight to the process by which scientific breakthroughs become economic growth and consider implications for policy. 

Another study [Bordons, 1996] also examined collaboration in biomedical research.  Bibliometric indicators were used to analyse international, domestic and local collaboration in publications of Spanish authors in three Biomedical subfields: Neurosciences, Gastroenterology and Cardiovascular System as covered by the SCI database. Team size, visibility and basic‑applied level of research were analysed according to collaboration scope. International collaboration was linked to higher visibility documents. Cluster analysis of the most productive authors and centres provides a description of collaboration habits and actors in the three subfields. A positive correlation was found between productivity and international and domestic collaboration at the author level. 

International Collaboration

This project [Luukkonen, 1993] provided further evidence of the value of international collaboration.   A growing science policy interest in international scientific collaboration has brought about a multitude of studies which attempt to measure the extent of international scientific collaboration between countries and to explore intercountry collaborative networks. This study attempts in particular to clarify the methodology that is being used or can be used for this purpose and discusses the adequacy of the methods. The study concludes that, in an analysis of collaborative links, it is essential to use both absolute and relative measures. The latter normalize differences in country size. Each yields a different type of information. Absolute measures yield an answer to questions such as which countries are central in the international network of science, whether collaborative links reveal a centre ‑ periphery relationship, and which countries are the most important collaborative partners of another country. Relative measures provide answers to questions of the intensity of collaborative links. 

The next study [Melin, 1998] examines international collaboration patterns of selected European countries.  The collaborative pattern of all Nordic universities, as well as a few universities in the UK and the Netherlands, is analyzed using institutionally cc‑authored articles retrieved from Science Citation Index.(TM) The study shows that there are no major differences between universities of various size when it comes to the proportion of articles with internal, national, or international co‑authorships. There are some country variations, but within each country, the differences among the universities are small, if any. When cc‑authorships were fractionalized according to the number of times a given university occurs among the addresses of an article, there were still no significant differences between universities of varying size. Since external collaboration, whether it is national or international, accounts for more than half of all articles produced by the universities, one is inclined to conclude that the universities function as a kind of cosmopolitan hotel housing nodes of scientific networks that are becoming increasingly international. 

Economic Impacts of Collaborative Research

The next two studies reported examine the economic impacts of collaborative research.  American companies have embraced collaborative research ventures as an organizational form conducive for carrying out critical, advanced research programs.  This is evidenced, in part, by the rapid growth in consortium research since the passage of the US National Cooperative Research Act of 1984. However, there is a conspicuous absence of detailed case studies that document the returns to member companies involved in collaborative research ventures. This void is due to the perception, both on the part of consortium managers and member companies, that such an evaluation would lack rigour and be too cumbersome to undertake. This study [Link, 1997] presents a general methodology for evaluating the returns to collaborative research membership, and illustrates it by summarizing an analysis of the private returns to the corporate members of a cooperative research venture called SEMATECH.

The second economics-related collaboration study examines defense procurement [Hartley, 1993].  International collaboration in the development and production of defence equipment is said to reduce procurement costs and improve export prospects. However, critics argue that joint ventures cost more than national programmes, are more prone to cost escalation and take longer to complete. These claims are evaluated by comparing collaborative and national military aircraft using a variety of performance indicators. The evidence suggests that for military aircraft collaboration leads to cost savings and greater scales of output, with only limited support for the view that joint projects take longer to develop. There is little evidence that collaborative projects perform better in export markets than their national rivals.

A Dissenting View on Collaboration

The next study in this section presents a somewhat different view on the value of collaborative research [Avkiran, 1997].  The study reports an empirical comparison of quality of collaborative research with the quality of individual research. Quality of a paper is measured by the citation rate over the four years following the year of publication. Papers published in fourteen Finance journals between 1987‑1991 are sampled. The study author finds there is no significant difference between the quality of collaborative and individual research. He recommends that decision‑makers should hesitate in interpreting collaborative research as a definitive sign of ability to produce better research. 

IV-B-6-ii-e-1.  Collaboration Indicators for Vertical Integration  

The one study in this section [Kostoff, 1997j] focuses on the value of collaboration for accelerating the conversion of science to technology.  The study shows that, as the technology marketplace has become global, the efficient and timely transfer of technology has assumed paramount importance.  Delays in commercializing technologies can translate into surrendering substantial market shares to national or international competitors.  The study also asserts that there is very little in the literature addressing the problem of how science, especially fundamental science, gets converted eventually to technology, and how the efficiency (minimization of time and other resource utilization) of this process can be improved.  The study then provides examples of how different types of collaboration can help address some of these problems.

The study starts by defining the two major variants of retrospective studies which have examined the science-technology evolution process.  One type starts with a successful technology or system and works backwards to identify the critical R&D events which led to the end product.  The other type starts with initial research grants and traces evolution forward to identify impacts.  The tracing backwards approach is favored for two reasons: 1) the data are easier to obtain, since forward tracking is essentially non-existent for evolving research; and 2) the sponsors have little interest in examining research that may have gone nowhere.  

Many examples of retrospective studies are presented and discussed.  In particular, in the 1960s, a study named Project Hindsight was sponsored by the Department of Defense [DOD, 1969].  Hindsight examined twenty successful military systems, and identified the critical R&D events which led to the successful systems.  Hindsight examined characteristics of these critical R&D events to see whether any general principles could be extracted.  While there were problems with some of the constraints placed on the Hindsight study, nevertheless, some valuable conclusions emerged.  In particular, a major conclusion related to the science-technology conversion process was that the results of research were most likely to be used when the researcher was intimately aware of the needs of the applications engineer.

From the author's viewpoint, Project Hindsight, with all of its limitations [Kostoff, 1994d, 1997q], produced very relevant findings for the science-technology conversion problem.  A conceptual principle for accelerating the science-technology conversion can be abstracted from the Hindsight results, and it is important to separate the conceptual principle from the implementations of the principle.  In this manner, one does not become bound by the limitations of any particular implementation.  This principle, termed by the author as Heightened Dual Awareness (HDA) [Kostoff, 1997j], states that in order for the science-technology conversion to be accelerated, at least two necessary conditions must be fulfilled: 1) the researcher must be intimately aware of the needs of the applications engineer; 2) the potential user of the research, or transitionee, must be aware of the progress and results of the research.  In addition, if third parties are involved in the conversion and development process, such as vendors, their awareness of both ends of the conversion cycle must be maintained as well.  To the degree that each of these requirements is not fulfilled, the science-technology conversion will be retarded and delayed.

In the study, a number of laboratory examples illustrate the most straightforward application of the HDA principle.  The researchers and developers are physically contiguous, and in many cases are the same person.  Thus, the dual awareness is readily effected by the intrinsic structure of the physical environment, and complex management structures are not necessary to enhance dual awareness.  

However, it is also shown that the HDA principle as a major driver of eventual utility is not limited to the performer and potential user; it is applicable to the research sponsor environment as well.  A number of research sponsoring organizations have switched from a discipline orientation to a structure where the research is vertically integrated with technology, analogous to the vertically integrated research-technology performer environment described above.  This includes both industrial organizations, where on the whole central research laboratories have declined and research has been shifting to the business units, and some government agencies.  

The general conclusion that the author draws in the study is that for most effective and efficient conversion of science to technology, the researcher primarily and the sponsor secondarily need to be immersed in environments where the HDA principle is most operative, and where motivations and incentives are geared toward rapid transitioning.  This type of physical environment is realized most efficiently when the researchers and developers are physically contiguous.  If this type of physical environment structure is not readily possible, as may be the case with some fundamental university research, then attempts should be made to simulate this optimal transitioning environment through innovative management structures.  This should not be interpreted as a recommendation to substitute applied research for basic research.  Far too much of this substitution has occurred in the recent past.  Rather, the recommendation is that basic research be conducted in an environment where there is greater awareness of the progress and potential of the research by potential transitionees and users, and opportunities to understand the needs of the developers are made available to the researchers.    

The author further concludes that, for mission-oriented agencies, to enhance the simulation of optimal transitioning physical structures, joint university-federal or national or corporate laboratory projects should be expanded.  In parallel, as the author's personal observations have also shown, the potential user needs to become involved in the research project as early, broadly, and intensely as possible.  This early involvement provides the user a sense of 'ownership', and produces a more seamless transition process.  In the author's experience, incorporating the potential user from the research proposal evaluation phase is not too soon for successful downstream transitions of the research products to technology.  

In the study (and above), it was asserted that the HDA principle is applicable to the research sponsor environment as well as the research performer environment.  Since the publication of the study in late 1997, the author has been examining and developing metrics which could determine how well research has been vertically integrated with technology and mission capability requirements in a science and technology sponsor environment.  Some preliminary conclusions from these very recent collaborative metrics studies will be presented.  First, as necessary background, different types of integrated programs will be discussed, in the context of Federal agency programs.

The target of global optimization for achieving aggregated agency long range goals leads to two top-level requirements which must be considered in formulating research evaluation recommendations.  Is the research of high intrinsic quality and horizontally (cross-agency) and laterally (cross-discipline) integrated among the funding agencies and balanced across the different disciplines to ensure an optimal national pool of high quality knowledge, and is the research vertically (cross-category) integrated within the agencies to ensure that long range agency objectives will have a maximal chance of being impacted?  Horizontal and lateral integration tend to be associated with QUALITY (is the job being done right?) and vertical integration with RELEVANCE (is the right job being done?), with the ultimate assessment issue being QUALITY-RELEVANCE (is the right job being done right?).


HORIZONTAL COUPLING/ INTEGRATION

Under the present national structure of public research sponsorship, responsibility for funding any research discipline is divided up among different Federal agencies.  Each agency focuses on sponsoring the research necessary to impact the agency's unique long range objectives.  Because of the unified nature of research, the different components of a research discipline funded by the different agencies are related, and there are multiple relationships among different disciplines.

From a national perspective, the aggregated research components in any research discipline should be complementary.  There should be minimal duplication, and there should be minimal gaps in the research requirements and opportunities addressed for the funding available.  Thus, there should be some measure of horizontal coupling among the agencies to ensure the research discipline components are complementary on a national scale.

The degree of horizontal coupling can be divided into three categories: horizontal awareness, horizontal coordination, and horizontal integration.  In horizontal awareness, an agency's research managers are aware of other agencies' efforts in the discipline and plan their programs accordingly, but there is no joint planning, execution, or evaluation within the discipline.  In horizontal coordination, there may be some combination of joint planning, execution, and evaluation at different intensity levels.  In horizontal integration, joint efforts are strengthened while allowing each agency to retain autonomy for managing the research necessary to optimize its overall objectives.


LATERAL COUPLING/ INTEGRATION

From the national program perspective, different research disciplines which have intrinsic relationships should be conducted and managed in a complementary manner.  Thus, there should be some measure of lateral (cross-discipline) intra- and inter-agency coupling to ensure that intrinsically related disciplines are complementary on a national scale.

The degree of lateral coupling can be divided into three categories: lateral awareness, lateral coordination, and lateral integration.  In lateral awareness, research discipline managers are aware of other intra- and inter-agency efforts in related disciplines and plan their programs accordingly, but there is no joint planning, execution, or evaluation among the related disciplines.  In lateral coordination, there may be some combination of joint planning, execution, and evaluation of related disciplines at different intensity levels.  In lateral integration, joint efforts among related intra- and inter-agency disciplines are strengthened while allowing each agency to retain autonomy for managing the research to optimize its overall objectives.


VERTICAL COUPLING/ INTEGRATION

Analogous to the horizontal and lateral coupling categories are vertical coupling categories.  While the main focus of vertical coupling is within a given agency, vertical coupling can transcend agencies.  Because of the unified nature of research, products of research from one agency can transition to other agencies' programs.  Thus, planners of vertically coupled R&D programs in one agency must be continually aware of existing and planned R&D programs of other agencies.  The key point to be made is that vertical coupling is not independent of horizontal or lateral coupling.  Vertical integration is linked with horizontal and lateral integration.  One major focus of agency research assessment from the national perspective should be the degree to which DIAGONAL INTEGRATION (horizontal, lateral, and vertical integration) is being achieved.

The vertical coupling categorization is vertical awareness, vertical coordination, and vertical integration.  In vertical awareness, the research and development managers are aware of each other's efforts in the vertical structure and plan their programs accordingly, but there is no joint planning, execution, or evaluation within the structure.  In vertical coordination, there is some combination of different degrees of joint planning, execution, and evaluation within the vertical structure. 

Vertical integration (VI) in an S&T program is a linkage among related programs in different phases of development.  Research and development programs which have a common goal are run as a unit.  There could be time differences and lags between the various programs, or they could be run with different degrees of concurrence.  A research component of a vertically integrated program may be undergoing execution.  Its development component may be in the early planning stage, with execution well into the future.  Some of the higher category components may thus exist as planning wedges while the lower category components are being executed.  The development process is not linear because of the inherent feed-forward and feed-back loops within and among categories.  As Attachment 1 in Kostoff [1997q] shows, to achieve total VI, the program has to be planned and executed in a vertically integrated manner, and has to be assessed using the same taxonomy as was used for planning and execution.  Because a vertically integrated program in one agency could draw upon programs managed by other agencies, the vertical linkages operate under the constraint that each agency must have management autonomy to ensure that its overall objectives are met in the most expeditious manner. 

Management Integration Metrics

With this background, the integration metrics can now be discussed.  While horizontal, lateral, and vertical integration are all important for contributing to the efficient conversion of science to technology, the focus in this section is on indicators for vertical integration.  In particular, for consistency with commonly used practice, the vertical integration metrics are assumed to apply to one organization only.  The diverse vertical integration metrics examined can be arbitrarily divided into three generic types.  The first type can be categorized as management integration metrics.  This grouping contains the most primitive and least complex of the metrics.  It includes measures which indicate how well different levels of development funds are mixed by managers at different levels in the organizational hierarchy.  It is a limited metric, since it focuses on intraorganizational funds mixing only, and does not account for 'virtual' related programs from other organizations which contribute to the vertical structures and improve the effective mixing ratios.  It could potentially indicate fragmentation where none exists, and therefore it should not be used as a stand-alone metric without substantial interpretation.

In addition, insufficient understanding exists of the theoretically ultimate or desireable values for this type of metric (or for any of the collaboration metrics), and the operational value of these metrics becomes severely limited for application as management targets.  These metrics become indicators in practice rather than controls.

As an example of this type of metric's application, suppose a sponsor organization manages basic research, applied research, early technology, and advanced technology programs.  The funds mixing metric would indicate the combination of basic research/ applied research/ early technology/ advanced technology funds overseen/ managed at the program officer/ section manager/ division manager/ department manager/ office manager levels in the organization.  This type of metric provides no indication of actual program integration or output product integration, but does provide an indication that the first step toward vertical integration is being seriously pursued.  Appendix 13 describes how the thermodynamic concept of entropy, which is used sometimes as a measure of chemical mixing, can be extrapolated to indicate the mixing of funds.    

Other management integration metrics can be defined, such as numbers of joint (multi-discipline, multi-development category, multi-organization, multi-sponsor) papers, patents, reports, projects, programs, conferences, meetings, and committees.  Some of these metrics could begin to address horizontal and lateral integration as well.  One has to be careful here.  Joint ventures of any type require substantial amounts of effort in the coordination process, and overemphasis on this type of metric as an organizational target can lead to large inefficiencies and costs in time expenditures devoted to joint arrangements.  At some point in the jointness process, diminishing returns become evident.  The degree of jointness employed to manage or conduct any science and technology program needs to be carefully impedence matched to the intrinsic technical requirements of the program.  Bureaucratic jointness requirements dictated independently of the particular needs of a given program are a recipe for inefficiency and failure.

Technical Integration Metrics

The second type of vertical integration metric can be defined as technical integration metrics.  This category provides some indication of how well the basic research through advanced development programs have become aligned to each other and to the mission capability requirements in a technical sense.  These metrics are typically more complex than those of the first category, since more than simple counting of elements is usually required.  Again, there is the perceptual fragmentation danger when these alignment metrics are restricted to intraorganizational programs only.  As before, there are no theoretical studies of desireable values, and the metrics serve as indicators rather than controls.

The simplest type of technical integration metric borders on being classified as a management integration metric.  This metric indicates recognition by one of the development levels of work being performed of other development levels.  For example, this could involve citations by i) early technology papers or patents or reports (in a given vertically integrated structure) of ii) papers or reports or patents emanating from basic research programs in the same vertically integrated structure.  

A more complex technical integration metric involves measuring the conceptual alignment of the technical thrusts with semantic tools, such as computational linguistics approaches.  Narratives describing the programs at different development levels in the vertical structure would be examined.  Word or phrase similarities among the narratives would be quantified using a technique such as co-word analysis.  The major limitations with this approach, objective though it may be, are that the language describing projects or programs at different levels of development changes substantially with development level.  The language describing a basic research project in a vertical structure will probably be far different from the language describing an advanced technology project in the same structure.  Thus, using one of the existing objective computational linguistic techniques will probably give artificially low indications of alignment among different levels in the structure. 

A more valid, although more subjective, metric requires the use of subject experts to quantify the degree of relatedness among programs in the different levels of development in each vertical structure.  While this approach can be relatively labor intensive, especially for vertical structures which contain large numbers of projects or programs, it probably is the most credible and provides enormous insight in generating the input data for the metrics.  One method for quantifying this type of metric starts with generating a network of the kind shown in Appendix 9 or 10 for the programs in a given vertical structure.  For a network of program-level resolution, all the programs at the different levels of development in a vertical structure would be portrayed as nodes in a network.  All nearest-neighbor nodes would be connected by links (While there is no intrinsic limitation to only connection of nearest-neighbor nodes, most of the obvious strong relationships will be among nearest-neighbors).  Experts would then quantify the values of the links according to the strength of the relationships among the nodes connected by the links.  A metric figure-of-merit for the network, such as the sum of the link value products along all the possible pathways in the network, would be computed (See Kostoff [1994i] describing use of a similarly-computed metric for a different application).  It could be used to compare the relatedness of the programs in one vertical structure with the relatedness of programs in another vertical structure.  Or, it could compare the relatedness of programs in one vertical structure against some maximum value of relatedness of programs in that structure, to provide a relatedness efficiency for the structure. Obviously, the method could be applied to vertical sub-structures, or to combinations of vertical structures, and other useful metrics could be obtained.

Product Integration Metric

The third type of vertical integration metric can be defined as product integration metric.  Whereas the previous two classes of metrics addressed essentially the program management and program goals/ approaches, this class of metrics focuses on the science and technology product delivered by the sponsoring organization.  It quantifies the intrinsic technical quality of the product transitioned to the next level of development (or to end use, depending on the charter of the organization being studied), the relevance (and the magnitude of the importance) to the organizational mission of the final product transitioned, the numbers of products transitioned, and the time elapsed in transitioning a product from one development level to the next.  

The same cautions to perceptual fragmentation resulting from concentration on intraorganization products only apply here as well.

Quality metrics, depending on the level of development being examined, could include patent citations or R&D Magazine 100 awards, or a myriad of other similar measures.  While many of these quality metrics are the same as would be used to quantify quality of transitions in non-vertically integrated structures, the goal is to identify increases in quality due to the management and technical integration process.  The transition metrics in this class require the ability to identify the different types of transitions that occur, and to place bounds on the different transition parameters such that they can be quantified accordingly.  Again, because the equivalent of Carnot efficiencies for these types of metrics have not been identified, they are limited to serve as indicators rather than controls.

Relating Cause to Effect

This discussion on vertical integration metrics began with the desire to determine how well research has been vertically integrated with technology and mission capability requirements in a science and technology sponsor environment.  Assume that the metrics proposed above have been employed to assess this degree of vertical integration, and assume further that changes have been observed relative to the non-vertically integrated mode of operation.  How can the cause for the changes in the metrics' values be related to the effect of the change in organizational structure?  This is not a simple question, especially in today's world, since many variables (e.g., geopolitical, funding, domestic political, etc.) could be changing in parallel with vertical integration changes.

For example, if transitions are improved after vertical integration has been instituted, they could be due to improved jointness at the sponsor and performer level.  However, they could also be due to the research becoming more applied compared to its previous incarnation (an omnipresent possibility when vertical integration exists), and therefore intrinsically closer to the technology level to which it would transition.  Each of these potential causes would have to be investigated in detail before definitive conclusions could be drawn.

On the other hand, suppose transitions are not improved, but are worse.  One obvious potential cause is more inefficiencies due to the vertical integration.  Another could be the changes in the geopolitical environment.  Some technical areas may have blossomed, others may have decreased in importance.  Good research in an area whose potential application significance has declined because of geopolitical considerations would be less likely to transition.  If funding has decreased in the higher developmental categories, there will be fewer developmental programs to which research could transition, and transitions will be reduced proportionately.  The key conclusion here is that there can be many reasons for transitions to increase or decrease.  Intrinsic program quality or program vertical integration are only a few of the many factors which determine transitions.  Major determinants of transition success may have little to do with the underlying quality of the work, but more to do with environmental factors beyond the control of the organization's management.  This is why even these types of vertical integration metrics are relatively limited as stand-alone measures of success, but need to be considered along with many other factors for a more thorough understanding of the science and technology evolution mechanisms.

IV-B-6-ii-f.  Other Indicators

This section contains S&T metrics which do not fit precisely into the other more focused sections.

Pragmatic construction professionals, accustomed to intense price competition and focused on the bottom line, have difficulty justifying investments in advanced technology. Researchers and industry professionals need improved tools to analyze how technology affects the performance of the firm. This study [Hampson, 1997] reports the results of research to begin answering the question, ''does technology matter?'' The researchers developed a set of five dimensions for technology strategy, collected information regarding these dimensions along with four measures of competitive performance in five bridge construction firms, and analyzed the information to identify relationships between technology strategy and competitive performance. Three technology strategy dimensions‑competitive positioning, depth of technology strategy and organizational fit‑showed particularly strong correlations with the competitive performance indicators of absolute growth in contract awards and contract award value per technical employee. These findings indicate that technology does matter. The research also provides ways to analyze options for approaching technology and ways to relate technology to competitive performance for use by managers. It also provides a valuable set of research measures for technology strategy. 

This cross‑sectional study [Kahn, 1997] investigated predictors of research productivity and science‑related career goals in a sample of 267 doctoral students (representing a response rate of 55%)from 15 randomly selected APA‑accredited counseling psychology doctoral programs. A structural equation modeling procedure revealed that career goals and research productivity could be predicted by Holland personality type, perceptions of the research training environment, interest in research, and research self‑efficacy. Student's gender and year in the doctoral program also contributed to this causal model as additional predictor variables, providing a very good fit to the data. The present findings contribute to theories of research training by presenting a comprehensive examination of the major factor previously investigated in the literature as predictors of research productivity and science‑related career goals within the context or a structural equation model. 

Although there are several methods for determining the quality of scientific research, there is no satisfactory method known that can measure the utilization of it. Earlier proposed methods measure a particular kind of utilization, but are ‑ in practice ‑ a poor indication for the utilization on the whole, a concept for which a definition is hard to make. These methods do not comply with the construct validity. The main problem in this case is the great diversity of what is meant by use of results of scientific research, resulting in a lack of consensus on the criteria for assessing the utilization. In the present study [Vancaulil, 1996], the authors propose and discuss two methods. To evaluate utilization in a broad sense, the four‑dimensional model describes the degree of utilization with three, mostly independent, aspects: the involvement of the user, the availability of a transferable research product, and the commercial benefits resulting from the research results. In the other method, the utilization of the research results is described first, and subsequently the utilization is quantified by a jury, who group the different projects in five classes, based on a Guttman scale.

Managing new product development (NPD) is, to a great extent, a process of separating the winners from the losers. At the project level, tough go/no‑go decisions must be made throughout each development effort to ensure that resources are being allocated appropriately. At the company level, benchmarking is helpful for identifying the critical success factors that set the most successful firms apart from their competitors. This company‑ or macro‑level analysis also has the potential for uncovering success factors that are not readily apparent through examination of specific projects.   

To improve understanding of the company‑level drivers of NPD success, Robert Cooper and Elko Kleinschmidt describe the results of a multi‑firn benchmarking study [Cooper, 1995]. They propose that a compnny's overall new product performance depends on the following elements: the NPD process and the specific activities within this process; the organization of the NPD program; the firm's NPD strategy; the firm's culture and climate for innovation; and senior management commitment to NPD. Given the multidimensional nature of NPD performance, the study involves 10 performance measures of a company's new product program: success rate, percent of sales, profitability relative to spending, technical success rating, sales impact, profit impact, success in meeting sales objectives, success in meeting profit objectives, profitability relative to competitors, and overall success.   

The 10 performance metrics are reduced to two underlying dimensions: program profitability and program impact. These performance factors become the X‑ and Y‑axes of a performance map, a visual summary of the relative performance of the 135 companies responding to the survey. The performance map further breaks down the respondents into four groups: solid performers, high‑impact technical winners, low‑impact performers, and dogs. Again, the objective of this analysis is to determine what separates the solid performers from the companies in the other groups.   The analysis identifies nine constructs that drive performance. In rank order of their impact on performance, the main performance drivers that separate the solid performers from the dogs are: a high‑quality new product process; a clear, well‑communicated new product strategy for the company; adequate resources for new products; senior management commitment to new products; an entrepreneurial climate for product innovation; senior management accountability; strategic focus and synergy (i.e., new products close to the firm's existing markets and leveraging existing technologies); high‑quality development teams; and cross‑functional teams. 

The final study in this section [Soderqvist, 1994] examines participation in scientific meetings.  To handle the enormous amount of sources in modern and contemporary science, the historian can use different quantitative methods, particularly varieties of citation analysis. So far, all these methods have been based on publication data. Taking as its point of departure the fact that meetings constitute a pervasive, yet neglected, aspect of science, this study introduces analysis of participation in scientific meetings. The strength of this new prosopographical method is illustrated by an analysis of international immunological meetings in the period 1951‑72. Frequency of participation in meetings seems to be correlated to professional standing in immunology. By means of cluster analysis of participation data, the subdisciplinary structure and dynamics of immunology can be reconstructed. 

IV-B-6-ii-g.  Multiple Indicators

There is a growing consensus in the research evaluation community that single metrics provide too limited a perspective on research impact, and that an eclectic approach of suites of indicators used in concert is more appropriate for the evaluation of research.  This section provides a small sampling of studies incorporating multiple indicators.

The first study reported in this section [Martin, 1996] argues that evaluations of basic research are best carried out using a range of indicators. After setting out the reasons why assessments of government‑funded basic research are increasingly needed, the study author examines the multi‑dimensional nature of basic research. This is followed by a conceptual analysis of what the different indicators of basic research actually measure. Having discussed the limitations of various indicators, the author describes the method of converging partial indicators used in several SPRU evaluations. Yet although most of those who now use science indicators would agree that a combination of indicators is desirable, analysis of a sample of Scientometrics articles suggests that in practice many continue to use just one or two indicators. The study also reports the results of a survey of academic researchers. They, too, are strongly in favour of research evaluations being based on multiple indicators combined with peer review. The study ends with a discussion as to why multiple indicators are not used more frequently. 

In the next study, an approach for evaluation of research is described [Geisler, 1996] that integrates output indicators of four stages downstream the innovation process: immediate, intermediate, pre‑ultimate and ultimate outputs. Indexes of leading output indicators are constructed. The indexes are integrated cumulatively to form an overall index of key output indicators, which is the integrated figure of merit (IFM). Data for the indicators are obtained from records and key informants, and the indicators are grouped by normalized weights. The study also discusses the limitations and the methodological, conceptual and political/organizational issues of such an approach to research evaluation. 

The third study in this section [Hauser, 1997] relates choice of metric suites to program goals.  Metrics affect research decisions, research efforts, and the researchers themselves. From a review of the literature, interviews at ten research‑intensive organizations, and formal mathematical analyses, the authors conclude that the best metrics depend upon the goals of the R,D&E activity as they vary from applied projects to competency‑building programs to basic research explorations. For applied projects, market outcome metrics (sales, customer satisfaction, margins profit) are relevant if they are adjusted via corporate subsidies to account for short‑termism, risk aversion, scope, and options thinking. The magnitude of the subsidy should vary by project according to a well‑defined formula.

For R,D&E programs that match or create core technological competence, outcome metrics must be moderated with ''effort'' metrics. Too large a weight on market outcomes leads to false rejection of promising programs. The large weight encourages the selection of lesser‑value programs that provide short‑trm, certain results concentrated in a few business units. This, in turn, leads a firm to use up its ''research stock.'' Instead, to align R,D&E with the goals of the firm, the metric system should balance market outcome metrics with metrics system should balance market outcome metrics with metrics that attempt to measure research effort more directly. Such metrics include many traditional indicators.

For long‑term research explorations, the right metrics encourage a breadth of ideas. For example, many firms seek to identify their ''best people'' by rewarding them for successful completion of research exploration. However, metrics implied by this practice lead directly to ''not‑invented‑here'' attitudes and result in research empires that are larger than necessary but lead to fewer total ideas. Alternatively, by using metrics that encourage ''research tourism,'' the firm can take advantage of the potential for research spillovers and be more profitable.

This study [Werner, 1997a] examines German and American philosophies and practices for R&D performance measure selection.  Comparative interviews with German and U.S. executives who used the R&D performance measures reported in a previous article (1) reveal differences in both right philosophy of measurement and the perception of its usefulness. Among U.S. managers, the most popular methods are patent counts, financial measures like rate‑of‑return, total quality, management, audits, and cost/time performance assessments. The emphasis is on measuring outputs per input (e.g., patents per dollar spent). Most U.S. managers were distrustful of simple metrics, preferring an integrated combination of quantitative and qualitative methods. In contrast, the German managers distrusted most R&D metrics, particularly output measures, although they commonly used input measures like annual expense per R&D employee. These differences are related to a fundamental difference in the philosophy of science between the U.S. and Germany. However, the survey results show that a measurement philosophy somewhere between the U.S. and German extremes may be appropriate for both countries, and that they are actually moving in that direction.

A related study [Werner, 1997b] reviews the state-of-the-art in measuring R&D performance.  Many R&D performance measurement techniques have been developed in response to the unique needs of various organizations. An extensive search of the literature from 1956 to 1995 identified over 90 articles, 12 books and two research reports describing various techniques. Integrated metrics that combine several types of quantitative and qualitative measures were found to be the most effective, but also the most complex and costly to develop and use. The choice of an appropriate R&D measurement metric depends on the user's needs for comprehensiveness of measurement, the type of R&D being measured the available data, and the amount of effort the user can afford to allocate to it. Guidelines are provided for selecting an appropriate measurement method within these parameters.

The following study [Brown, 1997] describes the results of an evaluation of the Energy‑Related Inventions Program (ERIP), one of the longest‑  running commercialization assistance programs in the USA. The program has been subjected to a series of evaluations since 1984. The performance metrics produced over this decade of data collection, when compared with metrics from other technology innovation efforts, suggest that the Energy‑Related Inventions Program has been highly successful. The process of generating these metrics has underscored some of the difficult issues that must be addressed to fairly appraise public investments in technology commercialization. These include: (1) the need to track the progress of program participants for extended periods; (2) complexities associated with accounting for spin‑off technologies; (3) determining the external and internal validity of program evaluations; and (4) dealing with performance data that are dominated by a small number of highly successful technologies.

In the next study in this section [Sylvain, 1993], analysis of the Canadian publications in the field of aquaculture reveals that Canada is one of the word's major contributors in this area. This confirms that Canada's expertise in science and technology often finds its stimulus in its resource‑based industries. Several bibliometric indicators were used to enlighten the peculiar features of the Canadian research system.  These include the channels of communication used by scientists, the authorship pattern, the level of collaboration, the identification of the institutions in which the research is performed and the uneven research effort distribution inside the country. The relevance of such quantitative measures for science policy‑making is emphasized. The present study shows how bibliometric analysis, by describing the actual strengths and weaknesses of Canadian research and identifying the agents of this research activity, might foster a better understanding of the Canadian research enterprise as a whole. 

The next study examines the utility and limitations of formal evaluation methods [Lepair, 1995].   After some comments on evaluation as an integral part of science, the emphasis in this study is on evaluation for policy purposes. Early attempts to validate the use of bibliometric indicators are outlined. Three lessons emerge:   1. Best results with a variety of methods   2. Reliable results if publication is the major means of communication   3. Useless in technology (applicable science)   Next, the measurement of a Citation Gap in applicable science is described. Examples are given of the use of bibliometrics in actual policy decisions about the selection of advisors, personnel and budgets. Bibliometrics for policy purposes should never be used on its own. In a final chapter a description is given of the evaluation method to select research projects for financial support, as applied by STW, the technology branch of the Netherlands' research council, NWO. 

This study [Hodges, 1996] examines the use of an algorithmic approach for the assessment of research quality.   Recent years have seen a growing interest in the use of quantitative parameters for assessing the quality of research carried out at universities. In the UK, university departments are now subject to regular investigations of their research standing. As part of these investigations, a considerable amount of quantitative (as well as qualitative) information is collected from each department. This is made available to the panels appointed to assess research quality in each subject area. One question that has been raised is whether the data can be combined in some way to provide an index which can help guide the panels' deliberations. This question is looked at in this study via a detailed examination of the returns from four universities for the most recent (1992) research assessment exercise. The results suggest that attempts to derive an algorithm are only likely to be helpful for a limited range of subjects. 

Another study [Johnes, 1996] focuses on performance assessment in higher‑education in Britain.   All public sector organisations in the UK have witnessed changes in funding arrangements during the 1980s as part of the Government's drive to make them more accountable to the tax‑payer. The development of performance indicators is seen as an essential step to ensure that such organisations provide value for money. This study examines the possibility of constructing measures of the performance of UK universities. A methodology is developed in the framework of production theory and uses multiple regression techniques to estimate the relationship between the outputs and inputs of universities. Around 80% of the inter‑university variation in four output measures can be explained by corresponding variations in several input measures. This highlights the need to take into account the inputs available to a university when comparing its output performance with that achieved by other institutions. The problems of interpreting an array of performance indicators are also clearly demonstrated. 

This study [Yang, 1997] examines the performance indicators for science and technology projects in Taiwan. To help the Taiwanese private sector to compete globally, the Ministry of Economic Affairs (MOEA) in Taiwan initiated a programme called the 'Science and Technology Project (STP)' in 1982. Through this programme, the government offers over 10 billion NT dollars per year to support technological research and development. Furthermore, the STP is executed by statutory bodies (non‑profit research institutes) funded by the MOEA.   

For the purposes of budget allocation and control, an annual performance evaluation of STP is needed, though it is a difficult task. Although the MOEA has established a system of performance evaluation and has practised it for years, there is no consensus on the fairness of this system among research institutes and other interested parties competing for funds. A more elegant evaluation system is needed. The purpose of this research is to establish a reliable system of performance indicators for the STP.   The study reviewed the whole performance indicators system of R&D projects and proposed a feasible revision. The system of performance indicators can be further divided into three subsystems: (1) indicators for research results, (2) indicators for industrial co‑operation, (3) indicators for technology diffusion.

The next study in this section addressed faculty usage of higher education journals [Koong, 1989].  A taxonomy and framework for evaluating the quality of journals in higher education are proposed in this study. The significance of acquiring and disseminating professional information to faculty and administrators in higher education is discussed, and it is noted that the journals in which a faculty member publishes are sometimes used as critical factors in promotion and tenure decisions. Following a review of the literature about hierarchies in higher education publishing, a model is presented which offers five constructs that affect journal quality: (1) perception, which gauges the opinions of selected peers about a journal's quality; (2) citations, which measure the number of times a work is cited in subsequent research in the area; (3) usage (publishing), a measure that shows the number of times fellow educators publish in that journal; (4) usage (readership), identifying how often the source is referred to by peers; and (5) factual information, which can be obtained from reference publications about journals. A mathematical model encompassing flexibility for faculty and academic departments with diverse needs is also introduced to help evaluate journals using the proposed constructs. The combination of the constructs and method are based on the fact that the strength of one can compensate for the limitations of the other. A figure illustrates the concept.

The final study in this section [Spann, 1995] surveys measures of technology transfer effectiveness.  Federally funded R&D has been viewed as a key source of advanced technologies that, if successfully transferred to the private sector, could help rebuild America's global competitiveness.  The growing perception that the nation is not getting an adequate return from its federal R&D budget is accompanied by a growing demand for more measurable technology transfer results.  Yet measures of technology transfer effectiveness are neither well defined nor universally accepted.  This exploratory study focused on defining and describing the measures or metrics used in the process of transferring government‑funded technologies to private sector firms.  The paper presents an initial conceptual framework and an exploratory, empirically based taxonomy of metrics used in technology transfer.  This taxonomy and specific measures were used to help determine which technology transfer metrics were used by various players across the federal technology transfer process.  Individuals who played roles as either sponsors, developers or adopters of federally funded technologies were surveyed on their roles and the measures of transfer effectiveness used in their work units.  The data showed statistically significant differences in frequency of use of the transfer measures by the three roles.  Secondly, a broad set of measures were used in varying degrees by all roles.  Most importantly, all three roles used most measures rather infrequently.  Recommendations to guide future research are included.  Recommendations are also made for technology transfer practitioners.

IV-B-6-ii-h.  Indicators Integrated with other Techniques

The first study in this section [Johnston, 1995] examines the broad implications of research impact quantification.  The development of methods for the quantification of research impact has taken a variety of forms: the impact of research outputs on other research, through various forms of citation analysis; the impact of research and technology, through patent‑derived data; the economic impact of research projects and programs, through a variety of cost‑benefit analyses; the impact of research on company performance, where there is no relationship with profit, but a strong positive correlation with sales growth has been established; and calculations of the rates of social return on the investment in research.   

However, each of these approaches, which have had varying degrees of success, are being challenged by substantial revision in the understanding of the ways in which research interacts, and contributes to, other human activities. First, advances in the sociology of scientific knowledge have revealed the complex negotiation processes involved in the establishment of research outcomes and their meanings. In this process, citation is little more than a peripheral formalisation. Second, the demonstration of the limitations of neo‑classical economics in explaining the role of knowledge in the generation of wealth, and the importance of learning processes, and interaction, in innovation within organisations, has finally overturned the linear model on which so many research impact assessments have been based. A wider examination of the political economy of research evaluation itself reveals the growth of a strong movement towards managerialism, with the application of a variety of mechanisms ‑ foresight, priority setting, research evaluation, research planning ‑ to improve the efficiency of this component of economic activity. However, there are grounds for questioning whether the resulting improved efficiencies have, indeed, improved overall performances. A variety of mechanisms are currently being experimented with in a number of countries which provide both the desired accountability and direction for research, but which rely less on the precision of measures and more on promoting a research environment that is conducive to interaction, invention, and connection. 

The next study [Vanraan, 1996] gives an overview of the potentials and limitations of bibliometric methods for the assessment of strengths and weaknesses in research performance, and for monitoring scientific developments. The study author distinguishes two different methods. In the first application, research performance assessment, the bibliometric method is based on advanced analysis of publication and citation data. The author shows that the resulting indicators are very useful, and in fact an indispensable element next to peer review in research evaluation procedures. Indicators based on advanced bibliometric methods offer much more than 'only numbers'. They provide insight into the position of actors at the research front in terms of influence and specializations, as well as into patterns of scientific communication and processes of knowledge dissemination. After a discussion of technical and methodological problems, the author presents practical examples of the use of research performance indicators. In the second application, monitoring scientific developments, bibliometric methods based on advanced mapping techniques are essential. The author discusses these techniques briefly and indicate their most important potentials, particularly their role in foresight exercises. Finally, he gives a first outline of how both bibliometric approaches can be combined to a broader and powerful methodology to observe scientific advancement and the role of actors.

The final study in this section [Nagpaul, 1995] argues that research performance is essentially a multidimensional concept which cannot be encapsulated into a single universal criterion. Various indicators used in quantitative studies on research performance at micro or meso‑levels can be classified into two broad categories: (i) objective or quantitative indicators (e.g. counts of publications, patents, algorithms or other artifacts of research output) and (ii) subjective or qualitative indicators which represent evaluative judgement of peers, usually measured on Likert or semantic differential scales. Because of their weak measurement properties, subjective indicators can also be designated as quasi‑quantitative measures. This study is concerned with the factorial structure and construct validity of quasi‑quantitative measures of research performance used in a large‑scale empirical study carried out in India. In this study, a reflective measurement model incorporating four latent variables (R and D effectiveness, Recognition, User‑oriented effectiveness and Administrative effectiveness) is assumed. The latent variables are operationalized through thirteen indicators measured on 5‑point semantic differential scales. Convergent validity, discriminant validity and reliability of the measurement model are tested through LISREL procedure. 

IV-C.  COST-BENEFIT/ ECONOMIC ANALYSES

IV-C-1.  Background

A comprehensive survey examined the application of economic measures to the return on research and development as an investment in individual industries and at the national level [OTA, 1986].  This document concluded that while econometric methods have been useful for tracking private R&D investment within industries, the methods failed to produce consistent and useful results when applied to Federal R&D support.  

An intermediate study published by the Commission of the European Communities [Capron, 1992] concluded that "the economic quantitative methods, particularly econometric models, should be viewed as an ex post quantitative evaluation tool of the economic impacts of science and technology policy.  They have their shortcomings and limits.  They are an instrument in the toolbox of policy evaluation which can be used for structured quantitative analyses of the economic impact of R&D policy......The economic impact of government financed R&D might be evaluated by using simultaneously existing pinpoint methods and extended macroeconometric models.  While existing pinpoint methods are numerous, the most commonly used ones are the productivity and the investment approaches.  Extended macroeconometric models might be conceived by adapting present macromodels or developing adequate models."

A later analysis focused on economic/ cost-benefit approaches used for research evaluation [Averch, 1994].  The methods involve computing impacts using market information, monetizing the impacts, then comparing the value of the impacts with the cost of research.  Principal measures described include surplus measures and productivity measures.  With known benefit and cost time streams, internal rates of return to R&D investments are then computed.  The paper notes both the standard technical difficulties with these approaches and the political and organizational difficulties in implementing them.    

IV-C-2.  Classical Microlevel Application

Cost-benefit analysis has limited accuracy when applied to basic research because of the quality of both the cost and benefit data due to the large uncertainties characteristic of the research process, as well as selection of a credible origin of time for the discounting computations.  As an illustrative example, a cost-benefit analysis performed on a fusion reactor variant (the fusion-fission hybrid, essentially a fission reactor driven by fusion neutrons which can produce both fissile fuel and power) will be described in some detail.

Rutherford's experiments in 1934 involving interaction of a deuteron beam with solid deuterium can be viewed as the genesis of fusion fuel cycle research [Kostoff, 1983a].  Almost since the formation of the AEC in the mid-1940s, the Federal government has invested significant sums of money for the potential promise of controlled fusion as an essentially limitless source of energy.  In 1979, an economic analysis based on capital costs was performed on the fusion hybrid and a comparison was made with two major contenders for the same type of product, fast breeders and accelerator breeders [Kostoff, 1979].  The results showed projected cost savings (for different parameter variations) for developed fusion hybrid systems but did not address the time distribution or magnitude of development costs.  Subsequent technical studies showed ranges of favorable operating conditions based on fusion reactor cycling times [Kostoff, 1981, 1982a, 1982b, 1983b, 1985].  

To evaluate the economic potential of the fusion-fission hybrid, an incremental cost-benefit analysis was performed [Kostoff, 1983a].  While fusion-related expenditures could be traced back to Rutherford's experiments in 1934, this study ignored fusion hybrid research expenditures before 1980 (sunk costs from the perspective of 1980).  For the parameter ranges chosen, it was shown that there was a broad region over which hybrid development could prove cost-effective.  However, had this same analysis been done in 1934 (around the beginning of identifiable basic research for fusion), using the same cost and benefit streams as in the 1983 study plus adding costs incurred between 1934 and 1980 and discounting back to 1934, then the result would have been much different from the 1983 study.
In the 1983 study, the problem was treated deterministically; uncertainties or probabilities of success of the different parameter values being achieved were not taken into account.  The real problem, which pervades and limits any attempt to perform a cost-benefit analysis on a concept in the basic research stage,  was the inherent uncertainty of controlling the fusion process.  This translated to the inability to predict the probabilities of success and time and cost schedules for overcoming fundamental plasma research problems (e.g., plasma stabilities and confinement times); no credible methods were available.  Thus, the main value of the cost-benefit approach was to show that the potential existed for positive payoff from the hybrid reactor development, that there was a credible region in parameter space in which controlled fusion development could prove cost effective; what was missing was the likelihood of achieving that payoff.

IV-C-3.  Macrolevel Analyses

Much of the major economic work relating economic growth/ productivity increases to R&D spending has been performed by three economists [Mansfield, 1980, 1991; Terleckyj, 1977, 1985; Griliches, 1979].  Probably the most widely publicized work over the past decade to examine rates of return from basic research has been that of Mansfield [e.g., Mansfield, 1980, 1991].  His results indicated that substantial social rates of return can be attributed to basic research.  While use of his methods by government officials has not been reported in the literature, the methods have received widespread attention among research policy-makers.  Because of the potential impact of these methods if adopted, both his production function and recent marginal cost-benefit approaches will be discussed.

IV-C-4.  Production Function Approach

The earlier study [Mansfield, 1980] attempted to determine whether an industry's or firm's rate of productivity change was related to the amount of basic research it performed.  Mansfield developed a production function which disaggregated basic and applied research, then regressed rate of productivity increase with many different variables.  The regressions showed a strong relationship between the amount of basic research carried out by an industry and the industry's rate of productivity increase during 1948-1966.  

However, many assumptions were necessary to solve the equations: constancy of ratios of variables over time; neglect in the actual regression equations solved of the (long) lag time between when the research is performed and when the productivity change is measured (though this point is recognized and discussed by Mansfield); and the inherent uncertainties in the data used in the equations.  The results have to be treated as highly uncertain.  In fact, Mansfield's results are somewhat inconsistent with the findings of the second part of his study, which showed, for 119 major firms surveyed, that the proportion of R&D expenditures devoted to basic research and to relatively risky projects declined between 1967 and 1977 in most industries.  Would firms reduce their own basic research expenditures if they felt that their own basic research expenditures would result in increased productivity?  

Finally, there is the problem inherent in multiple regression analyses: that of determining cause and effect from what is essentially correlation.  As Mansfield points out, "It is possible that industries and firms with high rates of productivity growth tend to spend relatively large amounts on basic research, but that their high rates of productivity growth are not due to these expenditures" [Mansfield, 1980].  Nor does Mansfield's model specify the path(s) by which R&D investment supposedly leads to productivity improvements. 

IV-C-5.  Macrolevel Marginal Cost-Benefit Application

A 1991 study weighed the costs of academic research against the benefits realized from the earlier introduction of innovative products and processes due to the academic research [Mansfield, 1991].  A survey of corporate R&D executives showed that an average of seven years elapsed between a research finding and commercialization, and that commercialization would have been delayed an average of eight years without academic research.  A cost-benefit analysis using this survey data showed a very high social rate of return resulting from academic research.  

However, the data were not validated independently by a document-based type of analysis (such as TRACES or Hindsight, retrospective studies of innovations) of a sample number of the products and processes.  The time between the research findings and commercialization is very short compared to the results of Hindsight or the TRACES studies, and is more in line with the lag time between the end of basic research and commercialization shown by Hindsight/TRACES.  Use of a shorter lag time in the discounting process increases the benefit/cost ratio and the social rate of return.  While the method is innovative, a more objective data source would provide higher confidence in the computed rates of return.

IV-C-6.  Specific Cost-Benefit Studies with Different Approaches

The initial studies in this section address conceptual issues and problems associated with the application of cost-benefit approaches to science and technology evaluation.  The later studies focus more on specific applications of cost-benefit analysis to determining S&T impact.

Macroeconomic Aspects

The first paper in this section [Kyriakou, 1995] examines the broader macroeconomic aspects of S/T program evaluation.  Understanding the macroeconomic aspects of S/T programme evaluation exercises must be anchored in exploring S/T and its impact in the context of the modern competitive economy, starting at the level of the firm and moving up to the country and EU regional level. Whereas monitoring focuses on the continuous managerial review of project operations, evaluation is concerned with what is being achieved, with maximizing the programme's impact, and with providing guidelines for new ones. The economic context and the placement of S/T in it, in crucial in both ex‑ante evaluation, setting goals and projecting evolution corridors, as well as ex‑post evaluation of proximity to targets, and/or assessment/updating of projected technological and economic paths followed. 

The study briefly draws this connection and then proceeds to explore the multi‑level interface between S/T and the economic context, whose characteristics should inform ex‑ante and ex‑post evaluation efforts. Particular emphasis is placed on the role of S/T ‑ and hence in evaluating S/T programmes ‑ visa‑vis the effects of S/T on market structure, sustainability and European Union (EU) cohesion. S/T is viewed in terms of its projected effects on the viability of monopolistic/oligopolistic arrangements, and on the incontestability of markets, namely the ability of incumbents to deter entry by new challengers. It is also argued that S/T is, and should be, the bridge linking growth and sustainability, the two towering preoccupations that are often deemed to be at odds. Finally, and most immediately critical for the EU, the vicissitudes of cohesion in the EU are explored, and the role of S/T in alleviating them is underscored. Successful and properly evaluated S/T programmes can help steer the EU away from the tensions generated by asymmetric shocks to liberalizing, integrating economies, specializing on the basis of comparative advantage. 

The second study in this section [Martin, 1997] examines the role of producer surplus in evaluating R&D investments.  Comparison of producer surplus with definitive measures based on the profit function reveals potential problems with using changes in producer surplus to measure the benefits of some common types of technical change. Some illustrative applications indicate that the conventional producer surplus measures may seriously under‑estimate the change in profit induced by new technology, depending on the characteristics of the underlying technology which define the nature of the supply function, and the nature of the technical change. The study authors provide guidelines for identifying cases where producer surplus will under‑estimate producer research benefits, and suggest alternative measures. 

The next study [BREMEN, 1992] focuses on assessing energy projects from the viewpoint of individual economic branches and total economy. It addresses the role of economic efficiency analysis, cost‑benefit analysis and multicriteria methods.  Energy is an extremely important good and means of production not only for the individual branches of economy but, due to its essential meaning to the development of a region or a national economy and its external effects connected with production and consumption, also of great interest to all economic branches. This article deals with the relation of analyses in individual economical branches and those in total economy and with the question of what the importance of cost‑benefit analyses and other methods is in the analysis in total economy. The author also mentions the planning as in the special literature the planning and evaluation phases are not analytically separated which is seen especially in the discussion about the multi‑criteria methods. 

The final macroeconomic study presented [PRICE, 1995] contains an assessment of the costs and benefits of regulatory decision making.  This study outlines the framework within which cost‑benefit analyses of regulation may be undertaken. The general framework is consistent for any cost‑benefit analysis. The particular needs or individual structure of the industry to which the regulation is targeted and the particular nature of the regulation will affect the methodologies chosen to execute specific steps within that framework. The discussion also includes insight into the approach to cost‑benefit analysis used in other jurisdictions, specifically the U.S. Nuclear Regulatory Commission, the Health and Safety Executive, Nuclear Safety Division in the United Kingdom, Transport Canada and Environment Canada. Various methodologies, and their relative strengths and weaknesses in the context of regulation in the nuclear industry, are outlined in the discussions of each phase of the cost‑benefit framework. Those individual methodologies and approaches in other jurisdictions that are best suited to the assessment of regulations administered by the Atomic Energy Control Board are incorporated into a proposed framework.

Intergenerational Equity

The first study in this group [Lind, 1995] examines intergenerational equity, discounting, and the role of cost‑benefit analysis in evaluating global climate policy.  When public policies with impacts far into the future are being debated, the question inevitably is raised whether cost‑benefit analysis which discounts future costs and benefits is not biased against future generations and whether, if such discounting is appropriate at all, a lower rate should be used to avoid such bias, The debate on global climate change is no exception. This study sketches and analyses the welfare foundations of cost‑benefit analysis and from this perspective analyses the role of cost‑benefit analysis in the climate policy debate, particularly with reference to intergenerational effects. The study concludes that the cost‑benefit criterion cannot provide a definitive basis for deciding whether society should commit to a longer‑term programme to moderate climate change; the issues of intergenerational equity are not that global climate change will significantly lower the GNP of future generations, but relate to the possibility of science fiction‑like changes in the planet that will produce catastrophic effects in the future; and the typical way in which the cost‑benefit problem is posed obscures the basic choices that we should be evaluating. 

The next study [Spash, 1994] also examines economic implications of potential climate modifications.  Economic decisions over what action, if any, to take concerning the greenhouse effect tend to revolve around the social discount rate. Implicitly the debate concerns how to attribute intertemporal weights to welfare and implies a moral stance that is rarely given explicit recognition. Refocusing on the outcomes of current actions emphasises the role of ''compensation''. A conflict is apparent between the view that the current generation need be unconcerned over the loss or injury caused to future generations because they will benefit from advances in technology, investments in both man‑made and natural capital, and direct bequests; and the requirement to avoid harming the innocent. Changes in units of welfare cannot be viewed as equivalent regardless of their direction. In general, doing harm is not cancelled out by doing good. The result is a rejection of the potential compensation principle which underlies the current economic stance, and a reconsideration of the acceptability of ''compensation'' altogether. The concept of human rights and a non‑utilitarian perspective are used to show how cost‑benefit analysis denies the existence of inalienable rights, and economics limits the moral considerability of harm. 

Another study in this group on climate effects [Hasselmann, 1996] examines optimization of CO(sub 2) emissions using coupled integral climate response and simplified cost models.  A cost‑benefit analysis for greenhouse warming based on a structurally simplified globally integrated coupled climate‑economic costs model SIAM (Structural Integrated Assesment Model) is used to compute optimal paths of global CO(sub 2) emissions which minimize the net sum of climate damage and mitigation costs. The climate model is represented by a linearized inpulse‑response model calibrated against a coupled ocean‑atmosphere general circulation climate model and a three‑dimensional global carbon‑cycle model. The cost terms are represented by strongly simplified expressions designed for the study of the sensitivity of the computed optimal emission paths with respect to critical input assumptions. These include the discount rates assumed for mitigation and damage costs, the inertia of the socio‑economic system, and the dependence of climate damages on the change in temperature and the rate of change of temperature. Different assumptions regarding these parameters are believed to be the origin of the marked divergences of existing cost‑benefit analyses based on more sophisticated economic models. The long memory of the climate system implies that very long time horizons of several hundred years are needed to optimize CO(sub 2) emissions on time scales relevant for a policy of sustainable development. Cost‑benefit analyses over shorter time scales of a century or two can lead to dangerous underestimates of the long term climatic impact of increasing greenhouse‑gas emissions.

This final study in this climate-focused group [Backlund, 1995], an economic analysis of forest carbon sequestration, examines global warming and dynamic cost‑benefit analysis under uncertainty.  This paper provides an economic analysis that integrates dynamic and stochastic features into the global warming problem. The aim is to provide a framework for analyzing alternative policy measures. We show in what sense a free‑market solution is different from the first best command optimum, and we discuss an appropriate policy instrument to implement the first best solution. We also introduce a numerical model, and simulate the optimal path for consumption, GHG emissions, etc under different assumptions. It turns out that an endogenous discount rate, minimizing the probability of a doomsday scenario, leads to a more even consumption path, than the corresponding path under a lower and constant discount rate. 

Quantification of Distributive Justice

Another study on environmental and risk‑related public policy [Ellis, 1993] examines the quantification of distributive justice.  The most fundamental philosophical objection to cost‑benefit analysis is that it fails to account for the distinction between more‑necessary and less‑necessary benefits. For example, it provides no way to avoid trading off a few cancer deaths in exchange for a more cost‑effective but also more hazardous technology which provides cheaper paper or plastic products for the many. Since unjust distribution of benefits and burdens results primarily from the failure to prefer more‑necessary goods (such as health and safety) over less‑necessary ones (such as cheaper plastic razors), the authors then show that a correct calculation of the rate at which marginal utilities diminish in value (as they become less necessary to their users) can determine 'degrees of necessity' and thus the most just possible distribution of benefits and burdens. One way to measure the rate of diminishing marginal utility is provided by the 'wealth effect' in occupational risk studies. Wealthier workers will not assume the same risk in exchange for a given salary increment (which to them is not very necessary) as poorer workers would assume for that same salary increment (which to them is more necessary). It is therefore possible to construct a mathematical model for the effect of necessity/non‑necessity on quantitative decision principles for environmental and risk‑related public policy, thus making such decisions more distributively just than traditional cost‑benefit analysis would allow. 

A related study [Ganiats, 1997] examines the issue of determining the value of future health.  Cost‑effectiveness is an integral part of health care policy, influencing both medical and administrative decisions. However, current research methodology for evaluating cost‑effectiveness produces several paradoxes, perhaps because it incorrectly represents the general population's view of future health states. Recent work introduces clinical and, demographic factors to the traditional cost‑benefit model for discounting health outcomes. It suggests a revised model that provides a more accurate basis for health policy decision‑making. This revised model will likely improve the apparent cost‑effectiveness of prevention programs, which are at a distinct disadvantage in present models. This study presents examples of current paradoxes resulting from the standard discounting methodology, findings on the variability of health outcomes discount rates in patients, and preliminary thoughts on developing a revised model for discounting future health outcomes. This revised model should present the value of health promotion programs more accurately. 

Use of Uncertain Data

The next two studies address a central problem in the prospective application of cost-benefit analysis to S&T: namely, decision-making using very uncertain data.  The first study [Dompere, 1997] presents a theory of efficient prices for cost‑benefit analysis in a fuzzy space. The approach proceeds by taking consumers' income, and producers' outputs and costs as given. The price preferences of consumers and producers are elicited and then embedded in a fuzzy space through fuzzy mappings to obtain a fuzzy compact price space where fuzzy price decisions are constructed. Solutions to the fuzzy price decision problems are abstracted through fuzzy mathematical programming to obtain fuzzy equilibrium prices. From the fuzzy price space measures of price disagreement, fuzzy consumer surplus and fuzzy producer surplus are advanced. Theorems of existence and uniqueness are stated. The total result is a theory of fuzzy prices for cost‑benefit analysis for decision problem, in general including cases where market imputations of prices may not be available to us as well as those cases where market failure may yield price distortions. The theory is not only compatible with either contigent variation method (direct information elicitation) and revealed preference method (market‑based evaluation) but provides a direction for cases where problems may exist in both. A computational example is provided to illustrate the working mechanism of the theory. 

The second of these studies [Hogarth, 1995] concerns decision‑ making under ignorance.   The metaphor of gambling has had great influence on the topic of choice under uncertainty.  However, in many real‑world situations, people must make choices when they lack information about the relevant economic features of gambles, i.e., probabilities and outcomes.  The authors refer to this as choice under ignorance as opposed to choice under risk or uncertainty.  They propose that people handle these decisions by generating rationales or arguments that allow them to resolve the choice conflict.  Moreover, these rationales often do not correspond to principles derived from the cost‑benefit framework of economic models.  These ideas are explored in two experiments in which subjects simulated the purchase of warranties for consumer durables.  The principal findings of this study are, first, that observable behaviors differ between situations where subjects do and do not have information on probabilities and outcomes.  Second, economic cost‑benefit models did not yield good descriptions of the experimental subjects' decisions.  Third, the nature of arguments used, and thus the processes invoked, differed as a function of the information available to subjects.  And fourth, subjects' arguments indicated two types of strategies for reaching decisions.  In one, they processed the particular characteristics of each choice option; in the other, they invoked a ''meta‑rule'' or principle that resolved the choice conflict and was insensitive to the particular features of different options.  Finally, the authors discuss the implications of their results.  This includes questioning the appropriateness of using the gamble as a metaphor for choice in future research. 

Economies of Scale

The first of two studies examining economy of scale effects [Henderson, 1996] focuses on the determinants of research productivity in drug discovery. The authors examine the relationship between firm size and research productivity in the pharmaceutical industry. Using detailed internal firm data, the authors find that larger research efforts are more productive, not only because they enjoy economies of scale, but also because they realize economies of scope by sustaining diverse portfolios of research projects that capture internal and external knowledge spillovers, In pharmaceuticals, economies of scope in research are important in shaping the boundaries of the firm, and it may be worth tolerating the static efficiency loss attributable to the market power of large firms in exchange for their superior innovative performance. 

The second study, also of pharmaceutical research‑and‑development [Omta, 1994], compares management control and innovative effectiveness in European and Anglo‑American companies.  Drug regulation and pricing have put strong pressure on the cost‑benefit ratio of the innovative pharmaceutical industry. Therefore, a study has been conducted in fourteen large and medium sized companies to determine some important organisational and managerial factors influencing success in pharmaceutical innovation. The study consists of structured interviews with Research Directors and questionnaires submitted to the heads of the different research departments. The following conclusions are tentatively drawn. Firstly, the data suggest that a threshold investment of approximately $150‑200 million is needed to maintain the innovative potential. Above approximately $750 million, 'economies of scale' seem to appear in pharmaceutical innovation. Secondly, an incremental strategy aimed at reducing the duration of the development process seems to be more successful than a radical strategy which lays more emphasis on discovery. Thirdly, pure play pharmaceuticals seem to be more successful than the pharmaceutical divisions of conglomerates. Management control, especially the way in which reorganisations are performed, is assessed more positively in pure play pharmaceuticals. Fourthly, the greater emphasis on human resources management in Anglo‑American companies, in comparison to continental European companies, seems to be an important explanatory factor for their greater success on the pharmaceutical market. 

A health industry-related study [Jonsson, 1994] focuses on economic evaluation of new medical technology.  Safety and efficacy are not the only parameters of interest for choice of medical technology ‑ costs play an increasingly important role. There is a growing interest in 'value for money', which can be assessed by economic evaluation comparing the costs and consequences of alternative courses of action. A number of different economic evaluation methods may be used: cost‑minimization (looking only at costs with no consideration of consequences); cost‑effectiveness (in which a unidimensional clinical outcome is assessed, for example, life‑years gained); cost‑utility (measuring multidimensional outcomes, for example quantity and quality of life); and cost‑benefit (where outcome is considered in monetary terms). A Swedish cost‑of‑illness study showed that the direct health care costs increased and the indirect cost (in terms of production loss) associated with treatment of peptic ulcer fell following the introduction of H‑2‑receptor antagonists. In a study of reflux oesophagitis, omeprazole was shown to be more cost‑effective than ranitidine. With omeprazole, the costs were lower and the effectiveness better than with the H‑2‑receptor antagonist. 

Applications

The final group of studies focuses more on the applications of cost-benefit analysis to the measurement of science and technology impacts.  The first study in this large applications group [Williams, 1984] contains a methodology for economic evaluation of process technologies in the early research and development stages.  A systematic methodology has been developed by the author for building, combining, and exercising a set of specially devised performance, design, and cost models in a form suitable for process economic assessments in the presence of major technological uncertainties. This document describes the development and utilization of the new methodology. Via simulation, a cohesive spectrum or distribution of the resulting performance and cost figure‑of‑merit values, along with their associated probabilities, is calculated. The appropriate format for development of the user's modeling system, which includes the capability to reoptimize the proposed process for each set of process inputs considered is presented, along with the required stepwise approach for selection of values and ranges of the major uncertain process variables or inputs. The basic principles of this combined methodology can be applied to many new processes or technologies ‑ particularly those in their early R and D stages. Interpretation of the probabilistic output data is also discussed. Such data can be useful to the experimentalists as well as to those decision makers who must recommend or decide whether a particular process should be further developed, or which of several competing technologies should be selected for continued support. Recent experiences with this methodology in the assessment of advanced uranium isotope separation processes and in assessment of a photochemical syngas cleanup system allow two major conclusions to be drawn; that disappointments in process‑performance related areas rather than hardware cost issues tend to have the most deleterious effects on unit cost, and that the process proponent's earliest single‑point best guess unit cost estimates are usually found to fall in the most optimistic fringes of the computed uncertainty ranges.

A follow-on related study [Williams, 1986] develops a methodology for economic evaluation of technologies in the early research and development stages.  A systematic methodology has been developed for building, combining, and exercising a set of specially devised performance, design, and cost models in a form suitable for economic assessments in the presence of major technological uncertainties. This document describes the development and utilization of the methodology that incorporates model development and multivariable uncertainty analysis for the projection of potentially competitive, full‑scale performance and costs of a first‑of‑a‑kind process or systems technology still in the early research and development stages. By Monte Carlo simulation, a spectrum or distribution of the resulting performance or life‑cycle cost figure‑of‑merit value, along with its associated probabilities, is calculated. The appropriate format for development of the user's modeling system, which includes the capability to reoptimize the proposed systems for each set of process inputs considered, along with the required stepwise approach for selection of values and ranges of the major system variables (inputs), is presented. The basic principles of this methodology can be applied to many new technologies ‑ including those relevant to the Strategic Defense Initiative (SDI). Interpretation of the probabilistic output data is also discussed. Such data can be useful to the experimentalists, as well as to those decision makers who must recommend or decide (1) whether a particular process should be further developed or (2) which of several competing technologies should be selected for continued support. Recent experiences with this methodology in the assessment of advanced energy technologies for the US Department of Energy are discussed. Potential applications to the SDI are also suggested. 

Another applications study [Chapman, 1996] examines benefits and costs of research, using two case studies in building technology.  The report is the outgrowth of a series of microstudies prepared by NIST's Building and Fire Research Laboratory (BFRL). This report has four major purposes. First, it examines five standardized methods for evaluating existing and past research projects. Second, it establishes a framework for identifying, classifying, quantifying, and analyzing the benefits and costs of a research project, of a research program, or of a new technology. Third, it presents a generic format and a set of guidelines for summarizing the economic impacts of alternative research investments. Fourth, it illustrates‑‑by way of two case studies‑‑how the framework and standardized methods would be applied in practice.

The next applications study [NASA, 1985] focuses on research‑ concept evaluation; concepts are ranked according to their potential benefit/cost ratios. The citation summarizes a one‑page announcement of technology available for utilization. The ARINC Research Concept Evaluation Methodology (ARCEM) program was developed to assist in the rank ordering of research concepts in terms of their potential benefit‑to‑cost ratios. In particular, ARCEM resulted from the development of a planning methodology that provides NASA with a framework for generating and analyzing control‑ and guidance‑system concepts and for selecting concepts that maximize the benefits to the aviation community. The ARCEM program and the methodology it supports can provide a powerful tool for the organization and planning of research activities. It can indicate which concepts should provide the greatest benefit for the investment, and it can determine the number of concepts that must be implemented to justify expenditures for development of generic technologies. The ARCEM is written in BASIC for the TRS80 Model III microcomputer with a minimum configuration requirement of 48K of memory and one disk drive. Program use also requires a light‑pen input device such as the 3‑G Company unit. 

The next series of applications reports focuses on energy-related applications.  The first report in this group [CHICAGO, 1981] examines benefit and cost analysis of research and development projects.  A major aspect of this project was the joint effort of researchers at the University of Chicago and researchers at Argonne National Laboratories. The main cooperation and complementarity was on the R&D Evaluation System and analysis applied explicitly to the case for electric vehicles. With respect to the former, the economic conceptualization, market penetration modeling and data collection were carried out mainly by researchers at the University of Chicago. Persons at the University of Chicago also contributed to the writing of the software package. This final report is contained in seven volumes. Volume 1 contains the technical explanation of the RD&D evaluation system, including the user's guide and the documentation manual. The second part of Volume 1 contains the software manual. Volume 2 contains a theoretical explanation of the R&D portfolio model, and extends the work presented by Tolley, Fishelson, and Tiwari. In Volume 3, the advanced benefit‑cost model is adapted to the market penetration potential for electric vehicles. Volume 4 addresses the issue of industrial energy storage technology. Volume 5 discusses the relationship between market penetration rates and the potential costs savings associated with an innovative technology. Volume 6 is a threefold analysis of the firm's reaction to innovative technologies. In Volume 7, the household decision to adopt alternative air conditioning systems is modeled conceptually and demonstrated empirically using discrete choice econometric tools.

The second energy-related study [Spanner, 1992] computes expected benefits of federally‑funded thermal energy storage research.  Pacific Northwest Laboratory (PNL) conducted this study for the Office of Advanced Utility Concepts of the US Department of Energy (DOE). The objective of this study was to develop a series of graphs that depict the long‑term benefits of continuing DOE's thermal energy storage (TES) research program in four sectors: building heating, building cooling, utility power production, and transportation. The study was conducted in three steps‑ The first step was to assess the maximum possible benefits technically achievable in each sector. In some sectors, the maximum benefit was determined by a ''supply side'' limitation, and in other sectors, the maximum benefit is determined by a ''demand side'' limitation. The second step was to apply economic cost and diffusion models to estimate the benefits that are likely to be achieved by TES under two scenarios: (1) with continuing DOE funding of TES research, and (2) without continued funding. The models all cover the 20‑year period from 1990 to 2010. The third step was to prepare graphs that show the maximum technical benefits achievable, the estimated benefits with TES research funding, and the estimated benefits in the absence of TES research funding. The benefits of federally‑funded TES research are largely in four areas: displacement of primary energy, displacement of oil and natural gas, reduction in peak electric loads, and emissions reductions.

The third energy-related report [Grey, 1983] summarizes an energy efficient engine program technology benefit/cost study.  Turbofan engine technologies required for the years 2000 to 2010 were studied, to assess the benefits of those technologies, and to formulate programs for developing the technologies required for that time period. Preliminary technology concepts that might be amenable to future development were ranked. Cycle studies, flowpath definition studies, and mechanical configuration studies were used to identify and establish the feasibility of the technologies that would be required in the 2000 to 2010 time frame. It is shown that a turbofan engine with advancements in aerodynamics, mechanical arrangements, and materials offer significant performance improvements over 1988 technology. The benefits of technologies are assessed using fuel burn and direct operating cost plus interest (DOC+I). The concepts could yield thrust specific fuel consumption benefits of almost 16%, fuel burn benefits of up to 24% and DOC+I benefits up to 14% in a long‑range airplane relative to energy efficient engine technology levels. Technology development programs are formulated and recommended to realize those benefits

The next two energy-related studies [Pine, 1987] quantified ratepayer economic benefits of completed research at GRI.  In the first study, the economic benefits for ratepayers are estimated for 44 technologies developed through GRI research that are in use in specific products, processes or techniques. Because the benefits of some technologies are difficult to quantify, approximate benefits were quantified only for a subset of 34 commercialized technologies in which the extent of use and associated cost savings could be estimated. The net value of these benefits was calculated at $3.5‑7.0 billion (1986 dollars), about four to eight times the cumulative cost of the entire GRI R&D program from its inception through 1986. The analysis indicates that the GRI R&D program is beneficial and cost effective for gas industry and gas customers.

This later study [Pine, 1990] updated economic benefits to gas customers from completed research and development at GRI. Conducted in cooperation with gas industry partners, GRI's R and D program brought 93 gas products, processes and techniques, and 53 information items to the marketplace during 1987‑1990. Quantitative estimates of economic benefits to the gas industry and its customers are provided for 60 of the technologies. The net present value is approximately $7.4 billion. While not accounting for R and D efforts in progress, the figure is 4.3 times the cumulative net present value of the cost of the entire GRI R and D program from its inception and represents a rate of return to ratepayers of almost 20%. When compared with the cost of completed R and D, the benefit‑to‑cost ratio is 8.1 to 1.

This report [Griffis, 1995] presents an analysis of benefits attributable to the Dredging Research Program (DRP). Each product developed by the DRP was catalogued. Each operation and maintenance dredging project was analyzed to determine whether a DRP product has been used or could be used on that project. The benefits were categorized as direct, cost avoidance, environmental enhancement, mission enhancement, and other indirect benefits. These benefits were arranged into a database. Due to uncertainty associated with each benefit estimate, each benefit estimate was assumed to follow a specific probability distribution. The sum of all benefits was then subjected to a Monte Carlo analysis and the relative frequency histogram of the final sum of all benefits was calculated. 

This study [Fan, 1997] examines research, productivity, and output growth in Chinese agriculture.  Recent attempts to quantify the sources of growth in Chinese agriculture have attributed an exceptionally large share of this growth to the contemporary institutional and market reforms within China. To analyze this important issue, the authors use a newly constructed panel data set that includes an agricultural research or stock‑of‑knowledge variable. Their results suggest that while still a significant source of growth, the direct growth promoting consequence of institutional change and market reforms have been overstated by these earlier studies. Research‑induced technical change accounts for a significant share (20%) of the growth in agricultural output since 1965. 

The next study [McKeen, 1994] is a comparative‑analysis of management information science (MIS) project selection mechanisms.  MIS projects are selected by any of four different groups within organizations: top management, steering committees, user departments, and MIS departments.  Because of their inherent differences, each of these groups is likely to favor different types of MIS projects.  That is, they exhibit different selection biasing.  An investigation of the nature and extent of this biasing is examined in this research.   Data were collected from 176 MIS projects selected from 60 organizations.  Projects were categorized as being selected by top management, steering committees, user departments, or MIS departments, and specific characteristics (e.g., size, risk, and organizational commitment) were measured for each project.   As hypothesized, the research showed that projects selected by different groups did indeed differ significantly with respect to these characteristics.   

Projects selected by top management do not tend to be more strategic, profitable, resource consuming, larger risk, or related to organizational well‑being than other project selection groups.  These projects, however, did tend to experience the longest start delay and elapsed development time.   Projects selected by steering committees tended to be larger and riskier, and required more organizational change.  Formal cost‑benefit analysis is more predominant, but surprisingly, projects selected are not more cross‑functional in scope.   User department‑selected projects, comparatively, are smaller, more quickly developed, and involve the fewest users, layers of management, and business functions.   MIS‑selected projects have more of an integration focus and follow more logical sequences in development.  Their projects experience fewer delays in deliberation and duration, and less concern is given to cost‑benefit analysis.   The individual biasing attributable to each of the four selection mechanisms is described.  The study concludes by presenting the implications of having each of these groups select MIS projects.  Using this information, organizations can establish or assess the effect of using different mechanisms for selecting MIS projects.

This study [Bach, 1995] deals with an evaluation performed by BETA group about the economic effects of EU R & D programmes (Brite, Euram and Brite‑Euram I) on the European industry. The approach used is based on an original methodology designed by BETA, which aims at evaluating those effects at a micro level (i.e. the participants to the programmes) by means of direct interviews of 176 partners involved in 50 projects. The definition of these economic effects is firstly described, as well as the different steps of the evaluation work. Then the overall results of the study are presented, showing the importance of both ''direct'' and ''indirect'' observed effects in monetary terms. Finally, some more detailed results highlight the positive impact of some aspects of the organization structure set up for the analyzed R & D projects on the amount of observed effects: i) the participation of a university lab; ii) the participation of at least one partner involved in a fundamental research work; iii) the diversity of research tasks over a scale ranging from fundamental research to industrialization work; iv) the combination of ''user‑type'' and ''producer‑type'' of activity in one given organisation (integration effect) or in one given project (consortia effect), etc.

The next three studies address cost benefit analysis in military manpower and training research and development.  The goal of the first study in this group [McMichael, 1985] was to determine what current theory and practice in cost‑benefit analysis (CBA) may have to offer toward improving the application of CBA tools in the Department of Defense, specifically their application to decision making in the human resources areas of manpower, personnel and training (MPT). A survey was made of the cost‑benefit analysis literature to develop a taxonomy of generally accepted and widely used techniques and analytic precepts. The survey identified fourteen economic precepts and principles applicable to CBA; they were associated with two major foundations of CBA, financial analysis and welfare economics. Associated with financial analysis were the following seven elements; formulating the objective; specifying alternatives; determining the accounting stance; establishing decision criteria; discounting; conducting sensitivity analyses; formulating production functions. Associated with welfare economics were the following six elements; shadow pricing; establishing commensurability of costs and benefits; evaluating risk bearing; accounting for externalities; evaluating intangibles; measuring distributional effects. An additional element, conducting retrospective evaluations, was also included. 

The goal of the second study in this group [Fast, 1992] is to measure benefits of manpower, personnel, and training (MPT) Research and Development.  The Air Force is constantly trying to develop new or improve existing tools to increase the efficiency in the way personnel life cycle resources are managed. One metric commonly used is based on utility. This research produced a utility assessment technology to aid decision makers. This technology involves the process of identifying, measuring, and combining attributes to create an explicit value structure to form a basis for evaluating MPT research projects and selecting the most beneficial and cost effective portfolio of MPT research efforts. Four different techniques were evaluated and compared, those being utility analysis, cost benefit analysis, production functions, and decision theory. The research identified cost benefit analysis and decision analysis as being most applicable to MPT research projects.

The final study in this group [Belcher, 1997] describes a methodology for analyzing the costs and benefits of video teletraining (VTT).  New technology is changing the way people are being trained. The Director of Naval Training (N7) has stated that the Navy needs to incorporate more of this new technology into its training environments. To achieve this goal, the training community must meet several challenges. N7 asked CNA for help in structuring a cost‑benefit analysis of training technology. It wanted CNA to develop a methodology for analyzing and evaluating the potential benefits that new technologies can bring to Navy training. N7 stated that the methodology should define quantitative measures for assessing the benefits, specify mathematical relationships and procedures for computing these measures, and identify the data to be collected.

This report [Rey, 1996] addresses development of Green Box sensor module technologies for rail applications.  Results of a joint Sandia National Laboratories, University of New Mexico, and New Mexico Engineering Research Institute project to investigate an architecture implementing real‑time monitoring and tracking technologies in the railroad industry are presented. The work, supported by the New Mexico State Transportation Authority, examines a family of smart sensor products that can be tailored to the specific needs of the user. The concept uses a strap‑on sensor package, designed as a value‑added component, integrated into existing industry systems and standards. Advances in sensor microelectronics and digital signal processing permit us to produce a class of smart sensors that interpret raw data and transmit inferred information. As applied to freight trains, the sensors' primary purpose is to minimize operating costs by decreasing losses due to theft, and by reducing the number, severity, and consequence of hazardous materials incidents. The system would be capable of numerous activities including: monitoring cargo integrity, controlling system braking and vehicle acceleration, recognizing component failure conditions, and logging sensor data. A cost‑benefit analysis examines the loss of revenue resulting from theft, hazardous materials incidents, and accidents. Customer survey data are combined with the cost benefit analysis and used to guide the product requirements definition for a series of specific applications. A common electrical architecture is developed to support the product line and permit rapid product realization. Results of a concept validation, which used commercial hardware and was conducted on a revenue‑generating train, are also reported.

This study [Nordham, 1993] describes an automated ship auxiliary systems design process/ benefit analysis program.  Current design procedures often do not optimize the system characteristics (e.g., weight, volume, and cost) of auxiliary systems aboard U.S. Navy combatants. As a result, an automated design process was developed to examine the effect of design changes made to a surface ship auxiliary system on these characteristics. This process will allow comparison of different auxiliary system concepts for the selection of the best system configuration in a given combatant based on weight, volume, and cost impact on the ship. In addition, the design process will uniquely allow the examination of how design changes to an auxiliary system will impact different sized combatants. The automated design process is composed of two main programs ‑‑ a Ship Parametric Modeling Program in which the ship and auxiliary system model is developed in a parametric computer program for the NAVSEA CAD‑2 system, and a Benefit Analysis Program in which the auxiliary system's characteristics are calculated for comparison to alternative components and system concepts. This report highlights the work done on the automated design process in FY 1993, specifically the work done on the Benefit Analysis Program. A description for use of the automated design process is also given. 

The final study in the applications section [Boardman, 1994] addresses the lessons to be learned from ex‑ante ex‑post cost‑benefit comparisons.  According to the authors, the purpose of cost‑benefit analysis (CBA) is to help public sector decision‑making. The ''help'' varies according to when it is performed. CBA can be performed ex ante (EA), ex post (EP), or in the interim‑in medias res (IMR) of a project. The authors propose a fourth class of CBA‑one that compares EA with EP or with IMR CBA on the same project. In fact, this type of comparison has not been conducted in the literature. The authors suggest that without such research it is impossible to evaluate the practical value of CBA as a decision‑making tool. 

This study demonstrates the value of such comparisons, and contrasts them with other classes of CBA. Specifically: (1) it compares the advantages of comparison studies with other classes of CBA; (2) it categorizes four major types of error in CBA studies‑omission errors, forecasting errors, measurement errors, and valuation errors‑and models the impact of these errors on actual and estimated net benefits over time; (3) it examines the causes of the four different types of error; and (4) it compares three different classes of CBA on the same highway project: one clearly EA, one 18 months later (an IMR study) and one 7 years later (which we treat as an EP study). There are major differences in the estimates of net benefits. Contrary to what might have been expected, the largest source of difference was not due to errors in forecasts, nor differences in evaluation of intangible benefits, but from major differences in declared and actual construction costs of the project. That is, the largest errors arose from what most analysts would have thought were the most reliable figures entered into the CBA. The authors conclude that comparison studies are potentially the most useful for learning about the accuracy and efficacy of cost‑benefit analysis to decision‑makers and evaluators. 

Bibliography

This cost benefit analysis methods bibliography [NERAC, 1996] contains citations concerning innovations, improvements, approaches, and application methods for cost‑benefit analyses. Analysis of costs and benefits for power plant productivity improvement is discussed. Use of cost‑benefit analysis in establishing protection standards, and techniques for assessing benefits and cost effectiveness are examined for various systems including power production, air pollution, and waste remediation. (Contains many citations and includes a subject term index and title list.) 

IV-D.  COST-EFFICIENCY

A late 1980s production function approach to cost-efficiency of basic research essentially used a regression analysis between outputs and inputs [Averch, 1987, 1989].  In its latest incarnation, performed on NSF Chemistry proposals when Averch was at NSF, the method involved regressing output variables (citations per dollar, graduate students per dollar) against input variables (e.g., quality of the investigator's department, quality of the investigator, etc.).  The results gave some idea of the importance of the input variables, alone or in combination, on the output variables.  One obvious potential application would be prediction of proposals likely to have high productivity based on prior (input) knowledge.  Much, however, remains to be done in identifying the appropriate output measures, the appropriate input measures, and the nature of the interactions among these measures for different disciplines. 

IV-E.  CO-OCCURRENCE PHENOMENA

IV-E-1.  Background

Modern quantitative techniques utilize computer technology extensively, usually supplemented by network analytic approaches, and attempt to integrate disparate fields of research.  One class of techniques which tends to focus more on macroscale impacts of research exploits the use of co-occurrence phenomena.  In co-occurrence analysis, phenomena that occur together frequently in some domain are assumed to be related, and the strength of that relationship is assumed to be related to the co-occurrence frequency.  Networks of these co-occurring phenomena are constructed, and then maps of evolving scientific fields are generated using the link-node values of the networks.  Using these maps of science structure and evolution, the research policy analyst can develop a deeper understanding of the interrelationships among the different research fields and the impacts of external intervention, and can recommend new directions for more desirable research portfolios. 

Little evidence of Federal use of these techniques (co-citation, co-word, co-nomination, and co-classification analysis) has been reported in the open literature.  However, as computerized databases get larger, and more powerful computer software and hardware become readily available, their utilization in assessing research impact should increase substantially.  These techniques are discussed in more detail in Kostoff [1992a- Appendix III, 1993c, 1994h]; Tijssen [1994].  The Tijssen paper contains an excellent exposition on mapping techniques for displaying the structure of related science and technology fields.

IV-E-2.  Overview Summary

Co-citation analysis has been applied to scientific fields, and co-citation clusters have been mapped to represent research-front specialties [Tijssen, 1994].  Co-word has been utilized to map the evolution of science under European (mainly French) government support, and has the potential to supplement other research impact evaluation approaches.  Co-nomination, in its different incarnations, has been used to construct social networks of researchers and has the potential, if expanded to include research and technology impacts in the network link values, for evaluating direct and indirect impacts of research.  Co-classification is based on co-occurrences of classification codes in patents, and is used to construct maps of technology clusters [Engelsman, 1991].

IV-E-3.  Co-citation Analysis

Three of the more applicable co-occurrence techniques to the science evolution problem, listed in order of level of development and frequency of utilization, are co-citation, co-word, and co-nomination.  In co-citation analysis, the frequencies with which references in published documents are cited together are obtained, and are eventually used to generate maps of clusters of cohesive research themes.  Co-citation analysis was developed about two decades ago, when the Science Citation Index became more readily available for computer analysis, and it has spawned a number of studies and reviews, a few of which are listed here [Small, 1973, 1977, 1978; Garfield, 1978; Small, 1980, 1985a, 1985b, 1986; Franklin, 1988; Oberski, 1988; Braam, 1991a, 1991b].  

It should be noted that co-citation is a rather indirect approach to obtaining connectivity among research areas, and it involves a number of abstract steps.  Querying the author(s) of a research paper about what other research areas are related to their work would be the most direct method of obtaining the desired data [Kostoff, 1991c, 1992a-Appendix I, 1994i].  Obtaining this information by analyzing the words in the paper and related papers would be the next most direct method.  Obtaining this information by examining citations and co-citations restricts the types of documents which can be analyzed (essentially published papers) and requires the additional assumption that the themes of two articles co-cited many times by authors must be strongly related.  While the co-citation proponents claim that "many potentially useful applications have been demonstrated" [Franklin, 1988], others conclude that "results of co-citation cluster analyses cannot be taken seriously as evidence relevant to the formulation of research policy" [Oberski, 1988].

IV-E-4.  Co-nomination and Co-classification Analyses

Co-nomination is a particular example of the more general social network analysis used to study communication among workers in the fields of science and technology.  Generally, in co-nomination, experts in a given field are asked to identify other experts, and then a network is generated which shows the different linkages (and the strengths of these linkages) among all the experts (and possibly their organizations and technical disciplines) identified.  A 1988 survey [Shrum, 1988] of the development of social network analysis traces studies in this area back at least three decades.  Two of these studies are particularly relevant to the specific co-nomination approach which will be described, and these two studies are outlined briefly.  

In a study of theoretical high energy physicists [Libbey, 1967], respondents were asked to name two persons outside their institution with whom they exchanged research information most frequently and no more than three who they believed to be doing the most important work in their area.  A network analysis was done to identify communication linkages.  In a later study of theoretical high energy physicists [Blau, 1978], respondents were asked to name two persons outside their institution with whom they exchanged information most frequently about their research.  Again, communication networks were generated.  

Co-nomination was developed to circumvent co-citation's dependence upon databases consisting of refereed scientific publications.  It is a more direct approach of obtaining links among researchers and, if combined with other network approaches which include both links between technical fields and the link strengths [Kostoff, 1991c, 1992a-Appendix I, 1994h, Appendix 9 in the present monograph], could potentially incorporate links among researchers and technical fields.  Since co-nomination is known less well than co-citation, its latest embodiment will be described briefly.  

Researchers are sent a questionnaire inviting them to nominate other researchers whose work is most similar or relevant to their own.  Based on the responses, networks are then constructed by assuming that links exist between co-nominated researchers and that the strength of each link is proportional to the frequency of co-nomination [Georghiou, 1988].  However, as is the case with co-citation, frequency of co-occurrence may not be a unique indicator of strength.  One could postulate two cases: 1) researchers co-nominated were doing essentially identical work, and their linkages were very strong; and 2) researchers were doing vaguely similar work, and their linkages were very weak.  In both cases, the frequency of co-occurrence would be the same, and the links on the network would have the same strength. 

Co-classification analysis operates on the co-occurrence of terms (or codes) which are used to classify publications for ease of access in bibliographic databases.  These indexer-given information items are derived from a thesaurus and may represent scientific (or technological) topics, specialties, or fields.  Compared to key-words, subject classification terms have a well-defined and consistent meaning over the entire knowledge domain, which makes them particularly attractive for studying and depicting the main cognitive structure access large scientific and technological areas.  The main practical restrictions are imposed by the fixed classification scheme.  Moreover, classification codes are assigned primarily for information retrieval purposes and do not necessarily reflect intellectual concepts.  

Key examples include Van Raan and Peters [1989], who use the co-occurrence of classification codes to construct MDS maps depicting the dynamics in the structure of chemical engineering.  Tijssen [1992b] uses an MDS mapping of co-classification structures together with network analysis methods for identifying temporal changes in the cognitive links between fields of energy research.  Engelsman and Van Raan [1992] present a co-classification map depicting the structure of relations among all technological fields, according to the International Patent Classification scheme, and compare its configuration to a map of technology derived by means of co-word analysis.  

IV-E-5.  Co-word Analysis

The origins of co-word analysis in linguistics, lexicography, and especially computational linguistics can be found in Hornby [1942], De Saussure [1949], Firth [1957], Chomsky [1965], Halliday [1966], Harris [1968], Sparck Jones [1971], McKinnon [1977], Van Rijsbergen [1979], Melcuk [1981], Bahl [1983], Choueka [1983], Salton [1983], Sparck Jones [1984]; Benson [1986], Kittredge [1986], Choueka [1988], McCardell [1988], Nirenberg [1988], Smadja [1988], Amsler [1989], Church [1989], Maarek [1989], Salton [1989]; Smadja [1989], Church [1990], Iordanskaja [1990], Mays [1990], McDonald [1990], Smadja [1991].  These origins of co-word analysis are summarized in Kostoff [1991d, 1992a, 1993c, 1994h], along with a detailed description of modern day development and applications of co-word analysis to research policy and issues.  

In summary, co-word has been utilized to map the evolution of science under European (mainly French and Dutch) government support [Callon, 1979, 1983; Rip, 1984; Bauin, 1986; Callon, 1986; Courtial, 1986; Healey, 1986; Leydesdorff, 1987a, 1987b; Bauin, 1988; Rip, 1988; Turner, 1988; Courtial, 1989; Leydesdorff, 1989; Whittaker, 1989; Courtial, 1990a, 1990b;  Callon, 1991a; Braam, 1991a, 1991b; Callon, 1991b; Peters, 1991; Van Raan, 1991; Tijssen, 1994].  Until recently, the database used was essentially limited to journal papers.  The frequency of co-occurrence of index or key words for these papers was the starting point for the maps which followed.  Use of index words led to a biasing termed the 'indexer effect' [Healey, 1986] and effectively restricted the acceptability of co-word analysis for many years.  

IV-E-5-i.  Database Tomography

Recently, a new co-word approach that deals directly with full text and requires no indexing or key words was developed [Kostoff, 1991b, 1991d, 1992a, 1993c, 1993e, 1993f, 1994h, 1993g, 1994k].  The methodology can be applied to any text database, consisting of published papers, reports, memos, etc., which can be placed on computer storage media.  This revolutionary approach has been used to identify pervasive thrust areas of science and technology, the connectivity among these areas, and sub-thrust areas closely related to and supportive of the pervasive thrust areas.  

The approach utilizes a computer-based algorithm to extract and order data from a large body of textual material which, for example, may describe a broad spectrum of science.  The algorithm extracts words and word phrases which are repeated throughout this large database, and allows the user to create a taxonomy of pervasive research thrusts from this extracted data.  The algorithm then extracts words and phrases which occur physically close to the pervasive research thrusts throughout the text, and allows the user to determine interconnectivity among the research thrusts, as well as determine research sub-thrusts strongly related to the pervasive thrusts.  While the focus of applications has been to identify technical thrusts and their interrelationships, the raw data obtained by the extraction algorithms allows the user to relate technical thrusts to institutions, journals, people, geographical locations, and other categories.  

A detailed review of the Database Tomography concept and diverse studies that have been performed since its inception is presented in Appendix 8.  Of particular interest to the present monograph, the recent studies covered by the review include Database Tomography along with bibliometrics and expert analyses.  The strategic maps of specific S&T areas provide guidance for further detailed exploration by a variety of potential users.  

IV-E-6.  Specific Co-occurrence Studies with Different Indicators 

Co-occurrence indicators have some relation to collaborative indicators in that they provide some measure of relationships among disciplines, themes, institutions, performers, etc.  The first five studies reported focus on co-citation studies, the next two studies reported focus on co-word analysis, and the final study presented focuses on combined approaches.

Co-citation Analysis

Co‑citation analysis, already applied to the natural sciences' literature, was applied to the social and behavioral sciences' literature, as represented in that of the Social Sciences Citation Index [Griffith, 1983]. The major finding was that the analysis could cluster documents so that related works appeared together and could display relationships among documents and among clusters of documents which reflect scientific content. In contrast to the natural sciences, the social and behavioral sciences utilized older documents and placed greater emphasis on scholarly monographs. This proved true even in those areas most closely related to biological sciences, such as parts of experimental psychology. Generally published work in the social and behavioral sciences seems especially influenced by exceedingly small groups of researchers, who are represented often by quite old documents and who are not readily displaced by new research.

An author co‑citation analysis (ACA) on the research into scholarly communication in sociology of science and in information science within a 20‑year period is presented [Karki, 1996]. The question at issue is: to what extent and in what ways the research on scholarly communication brings together the sociology of science and information science, i.e. if the research on scholarly communication acts as a bridge between these two disciplines. It is natural to think of the research on scholarly communication as a common field for these two disciplines, but, by analysing the co‑citations accorded to the researchers within both disciplines, one can define the intensity of the relationship or whether it really exists. The ACA suggests that the research of scholarly communication is not enough to be their common denominator: sociologists and information scientists mostly stay in their own respective territories. Finally, as the feasibility of ACA is evaluated in the light of the results, the weaknesses of the method become evident.

The third study in this section [Small, 1993] addresses macrolevel changes in the structure of co-citation clusters from 1983 to 1989.

At ISI, a consistent method for clustering the combined Science Citation Index and Social Sciences Citation Index for the last seven years (1983 to 1989) has been used, according to the author. This method involves clustering highly cited documents by single‑link clustering and then clustering the resultant clusters, a total of four times. This gives a hierarchical or nested structure of clusters four levels deep. Relationships among clusters at a given level can be depicted by multidimensional scaling, and by comparing successive year maps the analyst can then see how the relationships of major disciplines have changed from year to year. The analysts focus mainly on the two highest levels of aggregation, C4 and C5, to make observations about structural changes in science involving the major disciplines. Distinction is made between changes which appear to be cyclic or oscillatory in nature, and those which appear to be more permanent or unidirectional.  

The author of the previous study, Dr. Small, has been a leader in developing and advancing many aspects of co-citation analysis and mapping, and those interested in researching this area are well-advised to examine the full scope of his works.  A brief summary of (mainly) his efforts in co-citation mapping follows.

In 1973, Small and Marshakova independently proposed using highly cited papers and their frequency of co-citation as the building blocks for a mapping of science [Small, 1973; Marshakova, 1973].  In 1974, Small and Griffith extended this approach to large Institute of Scientific Information citation data file [Small & Griffith 1974; Griffith et al., 1974].  Maps were constructed for both the microstructure of individual specialties, and macrostructure of broad fields, showing several scientific specialties in a common configuration.  The technique of multidimensional scaling was used to display structure.

Eventually full annual files of Institute of Scientific Information (ISI) data were used, and up to four nested levels of clustering were performed, each level using the clusters obtained in the previous level as objects to cluster again [Small, Sweeney, & Greenlee, 1985].  After about four iterations it was possible to create global maps which showed relationships between disciplines in physical and biological science [Small & Garfield, 1985].  The advantages of this approach to mapping were, first, that co-citation provided a coefficient of similarity between documents,and a metric that could differentiate distances between objects.  Second, clustering provided a chunking of the citation network, so that the complexity of document citation patterns could be hidden with a hierarchy of objects [Small, 1997].

Unlike the historiograph approach, co-citation maps use two dimensions to depict subject relationships.  Change over time is analyzed by comparing maps from successive time periods.  The time variable is usually taken as the year of the citing papers.  The patterns of co-citation in that year define the collective perceptions of citing authors and give rise to clusters of highly cited and co-cited works.  Shifts in highly cited papers are then used to study the rate of intellectual change.  A sudden shift in the cited papers is then used to study the rate of intellectual change.  A sudden shift in the cited papers set of a specialty can signal a revolution in the field.  Rapidly growing fields such as AIDS can be tracked from their birth, as they spawn multiple lines of research, and eventually emerge as major fields in their own right [Small & Greenlee, 1990].

The co-citation methodology was also extended to authors, using the primary author rather than the document as the unit of analysis.  Here the analysis focuses on individuals whose collective citation patterns can be mapped with multidimensional scaling [White & Griffith, 1981].  A recent interesting example of co-citation combined with word analysis is Braam et al. [1991a,b] focusing on the relatedness of different co-citation clusters through keyword similarity analysis.

As the final co-citation study shows, although co‑citation techniques are very powerful structuring tools, the use of science policy indicators based on co‑citation has often been criticized, especially on ISI research fronts. A major issue is the small fraction of literature retrieved, i.e. the ''recall rate'' problem. This recent investigation [Zitt, 1996] indicates that at the level of micro/meso studies high recall rates can be achieved by (a) the use of appropriate clustering techniques limiting singletons and (b) the enrichment of cocited cores by medium‑cited items. This combination of appropriate clustering and extension of recall proves to be efficient, provided that careful trade‑offs are sought between the extension and relevance of recall. It leads to a reassessment of the performance of the co‑citation approach for structuring scientific fields and providing related indicators not limited to the 'leading edge'. It also opens new opportunities for comparison/combination with other relational methods such as co‑word analysis.

Co-word Analysis

This co-word analysis study [Coulter, 1996] applies various tools, techniques, and methods that the Software Engineering Institute is evaluating for analyzing information being produced at a very rapid rate in the discipline‑both in practice and in research. The focus here is on mapping the evolution of the research literature as a means to characterize software engineering and distinguish it from other disciplines. Software engineering is a term often used to describe Programming in the large activities. Yet, any precise empirical characterization of its conceptual contours and their evolution is lacking. In this study, a large number of publications from 1982‑1994 are analyzed to determine themes and trends in software engineering. The method used to analyze the publications was co‑word analysis. This methodology identifies associations among publication descriptors (indexing terms) from the Computing Classification System and produces networks of terms that reveal patterns of associations. The results suggest that certain research themes in software engineering remain constant, but with changing thrusts. Other themes mature and then diminish as major research topics, while still others seem transient or immature. Certain themes are emerging as predominate for the most recent time period covered (1991‑1994): object‑oriented methods and user interlaces are identifiable as central themes.

The next study in this section [Courtial, 1993] focuses on the use of patent titles for identifying the topics of invention and forecasting trends.  Co‑word analysis applied to patents through WPIL normalized title words appears to give a useful picture of a given field: we obtain both qualitative (themes) and quantitative information (weight of themes). It also gives information about the strategic aspects of the themes. Furthermore, in some cases, it is an indication of the future of certain themes that may help forecasting and management studies. Finally, it provides information about what could be a real technology growth process, in relation to the so‑called translation model used in co‑word analysis. 

Co-occurrence Maps

The final combined approach study [Tijssen, 1994] addresses mapping changes in science and technology; bibliometric co-occurrence analysis of the R‑and‑D literature.  This study presents basic principles and examples of spatial representations derived from the analysis of co‑occurrence frequency data pertaining to bibliographic information elements, such as key words and citations in research publications and patents.  These bibliometric maps provide a means for communicating information on relational features of the science and technology (S&T) system‑either for analytical or representational purposes. Characteristics of the main types of bibliometric maps are outlined and their potential for practical applications in S&T policy and research and development management are discussed.  An emphasis is placed on more recent developments, in particular bibliometric maps produced by the Centre for Science and Technology Studies (CWTS) for depicting temporal changes in the S&T system.  Three empirical examples of such maps are presented with a focus on their application for impact assessment in both scientific as well as technological fields: (1) the emergence of new research topics in worldwide research on manufacturing technology, (2) changes in patterns of (inter)national collaboration within Dutch research on coal and coal products, and (3) the role of instruments in materials science. 

IV-F.  NETWORK MODELING FOR DIRECT/INDIRECT IMPACTS

IV-F-1.  Background

In a mission-oriented research-sponsoring organization, the selection and continuation of research programs must be made on the basis of outstanding science and potential contribution to the organization's mission.  There have been increasing pressures to link science and technology programs and goals more closely and clearly to organizational as well as broader societal goals [Carnegie, 1992].  The process of estimating potential impact of research, especially basic research, on organizational and societal goals is complex due to the myriad of pathways by which the research product can effect its impact.  In fact, as Appendix 2 states, the process of accounting for total realized impact of research is very incomplete, again because of the nonlinear influence and impacts of research through a diverse multitude of pathways.

IV-F-2.  Summary of Methodology

As a first step in addressing this multiple pathway impact issue in a more tangible way than has been done previously, a method was developed to quantify the impacts of research.  The method is able to identify indirect impacts of research, and the pathways through which they are disseminated.  A fully connected network is constructed whose nodes represent research, technology, and mission areas.  The total impact of a given research node on any other node is the sum of the impacts (link value products) along every path in the network, and includes research-research, research-technology, and technology-research impacts.  A pilot study was performed using a taxonomy of research and development nodes, with the raw input data (the link values) obtained from a survey of experts.  An algorithm processed the data to provide total impact results.  See Appendix 9 for a more detailed description of the pilot study and results.  See Appendix 10 for the description of a computer algorithm which, as one of its capabilities, can display the structure and numerics of the multipath network architecture.   

IV-G.  EXPERT NETWORKS 

Research Impact Assessment is, at its essence, a diagnostic process with many diagnostic tools.  In other fields of endeavor, such as Medicine and Machinery Repair, expert systems are increasingly being used as diagnostic tools or as support to diagnostic processes.  There have been some innovative efforts to develop expert system approaches combined with artificial neural networks (expert networks) for use in R&D management, including Research Impact Assessment [Odeyale, 1993; Odeyale and Kostoff, 1994a, 1994b].  The foundation of these approaches is the use of S&T metrics (and other associated metrics as well) in a computerized semi-autonomous decision aid.  These efforts are summarized in Appendix 11.  Much of the appendix was contributed by Dr. Charles Odeyale, a true visionary in the application of Expert Networks to the broad area of R&D management.

IV-H.  S&T METRICS - SUMMARY AND CONCLUSIONS

To summarize this S&T metrics monograph, the imminent implementation of GPRA has resulted in exponentially increased interest by the Federal agencies in the use of quantitative methods for science and technology evaluation.  However, few Federal agencies report use of bibliometrics to evaluate programs and influence research planning in the published literature.  Cost-benefit and other economic approaches have been reported in the published literature over the years.  The foundation on which these approaches rest needs to be strengthened to improve their credibility.  As Averch [1991] states, after describing the huge social rates of return to investments in hybrid corn reported by Griliches [1958]: "In general, economists compute high social rates-of-return to most kinds of research.  The rates, in fact, are usually much higher than those computed for other kinds of public investment.  So there is a puzzle as to why research investments do not increase until their marginal return just equals returns from other public investments."

However, for the global reasons stated in the introductory section of this paper about the increased need for accountability, and especially due to the impending implementation of GPRA to institutionalize this accounting requirement, S&T metrics will see (and are already seeing) greatly expanded use in the future (see Appendix 1 for further description of S&T metrics issues related to GPRA).  Unfortunately, this expanded use of metrics derives from a reactive reflex to imposed requirements from oversight organizations, rather than an intrinsic desire to employ metrics for improving organizational performance.  In fact, the GPRA-imposed requirements present an extraordinary opportunity.  They provide an impetus to incorporate S&T metrics into an expanded corporate strategic vision for organizational management in the 21st century.  

Present and forthcoming Information Technology capabilities allow the mechanical system principle of Condition-Based Management (CBM) to be applied to the management of organizations.  CBM requires that maintenance be performed on a system when indicators signal that it is required, unlike scheduled periodic maintenance (SPM) which requires maintenance at pre-determined intervals.  CBM is not only more cost-effective, since un-needed maintenance is eliminated, but it has the capability to prevent serious damage from problems which occur unexpectedly before the scheduled maintenance.  Under the  scenario of organizational CBM, all aspects of an organization's operation would be quantified and tracked in an integrated manner.  Thus, financial transactions, resource flows, S&T inputs and outputs, strategic and tactical financial/ economic/ production/ research/ development targets and goals, etc., would be quantified and tracked.  Figures of merit which integrate many of these diverse metrics would be generated.  

Analogous to a physical system, these figures of merit would serve as indicators of the health or sickness of the organization.  Parallel to a CBM for physical systems, when these organizational figures of merit exceeded pre-specified bounds, warning signals would sound.  These messages would focus management attention on potential problem areas, and allow corrective action to be taken with sufficient lead time to avoid disaster.  This is the correct use of metrics in science and technology: a component in a sophisticated management system which allows the sponsoring organizations to take corrective action when problems are about to occur, and which rewards those responsible for science and technology outputs which positively influenced the social order.  
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APPENDIX 1


PEER REVIEW: THE APPROPRIATE GPRA METRIC FOR RESEARCH [Kostoff, 1997h]

The federal government is the largest single sponsor of fundamental science research today.  Increased scrutiny of federal programs in the drive toward deficit reduction requires increased public accountability for the stewards of the government's research funds.  The Government Performance and Results Act (GPRA) of 1993 [GPRA, 1993] was passed to improve the accountability of government funded programs by measurements of performance against planned targets.  Federal agencies are required to initiate implementation of GPRA in FY1997; pilot projects [Brown, 1996] will help identify performance measures for different types of programs.  However, it is extremely important that the tools used to enforce research accountability do not destroy basic research.    

There are three major components to GPRA: Strategic plans, annual performance plans, and metrics to show how well the annual plans are being met [GPRA, 1993].  Classical strategic planning derives from the military and commercial world, focuses on the application of knowledge toward a pre-defined goal rather than the search for knowledge, and assumes that the links between plans and targets are understood.  

Annual performance plans are derived from production and service industries, where efficiency in the use of known resources to achieve well defined targets over the performance period is the main goal.  Revolutionary basic research, which has yielded some of the largest downstream payoffs historically, has an inherently large uncertainty and failure rate, and may take many years before results are forthcoming.  This intrinsic long-time scale characteristic of basic research conflicts with the short-term emphasis of much of the corporate world, where annual reports and requirements for quarterly financial performance shorten the production period for research results.  This near-term focus on financial performance has essentially eliminated long-range high-risk fundamental research financed from corporate funds in most industries.  

Metrics that gauge adherence to annual performance plans derive, in modern times, from the time and motion study component of industrial engineering.  Again, these tools measure efficiency of the use of known resources to achieve specific goals over a set time period.  At present, such output metrics are applied informally to research for purposes of academic analysis [Kostoff, 1995], and these analytical results may provide useful insights to research activity.  Annual application of these quantitative indicators is more appropriate for measuring the short-term observable outputs that characterize activity and productivity (cars produced, papers published) than the long-term outcomes that characterize mission and societal impact (improving health, enhancing safety).    


A major concern of researchers is that the short-term services and production orientation of the GPRA planning and metrics components could re-focus the research away from long-range high-risk revolutionary science challenges to shorter-term low-risk evolutionary product-oriented goals.  Annual application of these metrics to basic research in the formal bureaucratic sense of GPRA could convert the nature of the research being conducted from a quest for knowledge and understanding to a drive for output metrics.  Uncertainties inherent in basic research bring into question the validity and credibility of any long range plans to achieve specific goals, since long-term research effectiveness and impact will depend on economic, environmental, and geopolitical factors not evident during the research phase [Kostoff, 1997q]. 

A more subtle concern is that application of the present GPRA approach to basic research may effectively yield the same results as government imposed censorship.  The requirements of federal agencies to display compliance with the GPRA metrics may reorient their selection of research proposals to maximize these arbitrary measures.  Concepts that could improve understanding and the unification of science, but would not optimally satisfy the GPRA metrics, might no longer be proposed for federal funding because of lower funding probability.  (I am reminded of Solzhenetzyn's views that the worst part of documents being censored was not that sections were rejected; the worst part was the loss of those ideas which were not even expressed and eventually no longer considered because of the knowledge that they would be censored).  Safe, short-term, low-risk evolutionary research would become the accepted practice.  Basic research needs to be decoupled from 'strategic' targets and GPRA metrics, and the scientific roadblocks and challenges alone should be the stimuli for research activity.  

A more appropriate accountability approach for basic research is: i) articulation of a rational investment strategy; ii) long and short-term retrospective studies that show the diverse benefits from past research and potential future benefits; iii) quality control of expert peer review.  An organization's research investment strategy is a rationale for the prioritization and allocation of resources to address knowledge deficiencies which impede attainment of the organization's goals.  Short-term retrospective studies show how recent research has affected fields of science, and may contain projections of future impacts of research on technologies, systems, and operations.  Long-term retrospective studies of major innovations and outcomes in systems and technology show the origins of critical research and development advances in a broad spectrum of fundamental research performed many decades earlier [IITRI, 1968; BATTELLE, 1973; IDA, 1991].  Expert peer review on a periodic basis will validate the soundness of the investment strategy and the importance of the research accomplishments and subsequent technology impacts.  

Peer review properly designed to support GPRA would provide credible indication to the research sponsors of intrinsic program quality, program relevance, management quality, and appropriateness of direction, and has the potential to improve the quality of the research program as well [Kostoff, 1997i].  Before such a review process is implemented, a number of considerations have to be addressed.  

The primary requirements of excellent peer review are the dedication of an organization's senior management to the highest quality objective review, and the motivation of the review manager to conduct a technically credible review.  In particular, the review manager selects the review process, criteria, and reviewers, guides the panel questions and discussion, summarizes reviewers' comments, and recommends follow-up actions.  The selection of panelists by the review manager can substantially influence the review outcome.


Excellent peer review that provides an accurate picture of the intrinsic quality of the research being reviewed requires highly competent reviewers, and no injection of additional distortions in the reviewers' evaluations as a result of biases, conflict, fraud, or insufficient work.  Not only should each reviewer be technically competent for his or her subject area, but the competence of the review group should cover the multiple facets of research issues (specific research area reviewed, allied research areas, technology, systems, missions).  In addition, panel expertise should not be limited to subdisciplines of the program under review (which addresses the question of whether the job is being done right), but should be broadened to the area covered by the overall program's highest level objectives (which addresses the question of whether the right job is being done).  Broadening the panel in this manner will ease introduction of new paradigms.

If GPRA reports are used to support the budgetary process, the results of different panels evaluating different technical disciplines must be normalized so that parametric comparison becomes meaningful.  Biases, interpretation differences, scoring differences, different review processes, and the myriad of other causes for panel differences over and above intrinsic technical quality differences must be identified and mitigated.  Differences in repeatability, reliability, and precision should also be identified and minimized.  

Finally, peer review costs, which include more than direct, out-of-pocket costs, should not be neglected in establishing a specific review process.  With high quality performers and reviewers, time/ opportunity costs are high, and represent the major contribution to total costs.  The total review costs can be a non-negligible fraction of total program costs, depending on the review frequency, the level of technical detail desired, and whether the programs are labor or hardware intensive.  

In summary, peer review is the appropriate central evaluation mechanism for basic research under GPRA, but careful thought and planning will be required to implement a viable and credible peer review process.


APPENDIX 2


THE UNDER-REPORTING OF RESEARCH IMPACT [Kostoff, 1998a]

As the federal debt has increased dramatically, competition for federal funds has become more severe.  However, the combination of a strong economy and weak inflation in the mid-1990s has kept interest rates low, and has shielded federal funds recipients from the full consequences of the large debt.  In the research arena, NSF and NIH research budgets have increased, DOE and DOD budgets have decreased.  However, even a one percent rise in interest rates would have a $50 billion dollar yearly impact on the federal budget, and would place all federal funds recipients in much greater jeapordy.  A doubling of interest rates or worse, as occurred in the late 1970s/ early 1980s could have disasterous consequences for all federal recipients, especially those with long-horizon benefits such as research.

For research to compete strongly for federal funds, the benefits from research need to receive full accounting and be articulated clearly.  The impending implementation of the Government Performance and Results Act of 1993 (GPRA) [Public Law 103-62] has begun to place even more emphasis on this research accounting requirement.  Unfortunately, the present informal 'system' for tracking and disseminating research products and downstream impacts has many deficiencies, resulting in a gross under-reporting of the broad range of research products, benefits and outcomes.  Historically, there has been no central mechanism for documenting impacts, and no collective will among the federal agencies and their industrial counterparts to expend the resources necessary for a full accounting of benefits.  This problem is compounded by the lack of universal agreement on: the definitions and scopes of research impacts, outcomes, and benefits; the types of studies necessary to ascertain and document these benefits; the total data which would be required to perform these studies and the interpretation of the results of such studies. 

Long-term benefits of research are presently tabulated from retrospective studies (e.g., see Kostoff [1997q, Section IV-B], for diverse  retrospective study examples and more discussion on the lack of indirect impact accounting]), econometric studies (e.g., cost-benefit), and anecdotal studies (e.g., accomplishments books).  Most of the benefits addressed by these studies are direct: evolution of research through development along disciplinary lines.  The common thread to the success of almost all the long-term benefit government and corporate studies examined by the author is reliance upon corporate memory.  How many research products have "fallen through the cracks" because of corporate amnesia, or with present-day downsizing, corporate lobotomies?  While technology to account for these benefits may not have existed in the past, in this day and age of high speed computers with large storage capabilities and intelligent algorithms, the technology now exists to track and identify these research benefits.

Additionally, research intrinsically has multiple impacts on other research and technology through myriad pathways.  However, these indirect long and short-term impacts and benefits of research are often overlooked.  The indirect impacts tend to cross diverse disciplines, which complicates their tracking; the impact sequence is not necessarily linear from basic research to final product, which further complicates the tracking; and the more sophisticated information technology and databases required to systematically track these impacts have not existed in the past.  

Matrix approaches (e.g., Dean [1972]) can account mainly for forward impacts: the impact of a research program on a variety of technologies, and subsequent impact of these technologies on a variety of systems.  While these forward impacts represent only the tip of the iceberg of total research impacts, even these limited matrix approaches are rarely used.  Network approaches (e.g., Kostoff [1994i]) can account for forward, lateral, and backward impacts: the impact of a research program on other research programs and other technologies, and subsequent impact of these technologies on other research programs and technologies and systems.  Network studies have shown the potential orders of magnitude impact enhancement due to inclusion of these types of indirect impacts [Ibid.]; the massive increase is due to the summation of an extremely large number of modest size indirect impacts.  The under-reporting of indirect impacts stems from the lack of data needed for the matrices and networks, from lack of a coordinated research tracking system integral to the research execution and transition process.

This lack of coordination among all the principals in the national research enterprise contributes to poor product and impact accounting procedures throughout the research evolution process, and results in an under-reporting of the full research benefits.  This could result (and may have already resulted) in research receiving less funding than is warranted by the full scope of its socially useful benefits and impacts.  Research product tracking and monitoring need to be made an integral part of the research planning/ selection/ outlay/ execution/ transition/ evaluation process, and not be treated as an afterthought, as is presently the case.  


SCIENCE CITATION INDEX

What type of research product tracking system should be developed?  The system should have the capability of tracking long-term research impacts as well as near-term.  It should be able to follow indirect impacts of research, as well as direct impacts.  The system should be simple to operate, not require substantial resources from the data providers or the system maintainers, and cover as broad a spectrum of development categories and sponsors and users as is possible.  For ease of introduction, the system should have some basis in an existing process, where there is a substantial body of operational experience.  

One very limited prototype of such a system is the Science Citation Index (SCI).  Through its manipulation and tracking of references in papers, it is able to follow the flow of information over time, and the evolution and impacts of research.  However, for the research product tracking purposes suggested in this paper, the present structure of the SCI has severe limitations.  It is focused on basic and applied research only, and does not span the gamut of research to technology product.  It does not contain sponsor information, does not contain funding information, and does not contain unique representations for performers and organizations.  Would the credit card companies give identical cards to all the John Smiths in the world; why should the SCI?  This latter problem is more than one of appearances.  Much sponsor credit can be under-reported because of the errors and ambiguity of performer and organization information (see e.g., Kostoff, [1997e]).

Equally important, even in the case of examining impacts on basic and applied research, there are severe problems with the SCI.  These problems stem from the structure of the basic SCI unit, the published peer-reviewed research paper.  The typical paper focuses, in priority order, on research approach, research product, and intellectual heritage (references).  This focus derives from performer priorities, not sponsor tracking priorities.  The completeness of the references, the adequacy of the references, and the relative importance of each reference, are governed by the performer's subjectivity and the limited space available for the paper.  In particular, under the present highly competitive climate for research funds, how motivated are researchers to give more credit than absolutely necessary (in print) to the origins of new concepts or paradigms?  Thus, the present structure and design of the research paper is not the optimal structure required for tracking.


PROPOSED EXPANSION OF CITATION INDEXES

The SCI can be viewed as a beta test prototype for an expanded system to address the needs of tracking broader research impacts.  The proposed system would cover the range from basic research to product development and testing.  It would consist of a science tracking component, and a development, engineering, and testing component.  It should be viewed as a first step in the improved tracking and documentation of research benefits, not as a final solution.  In particular, it is limited to tracking the evolution and technology transfer of that segment of research that has been documented in the open literature, and will therefore not include the tracking of proprietary, classified, and other types of non-published research.

1) Science Component

The science component would be an expanded version of the SCI.  It would contain additional journals, sponsor information, funding information (resource expenditures covered by the paper), and would uniquely and unambiguously identify the performers and their institutions.  Some idea of relative importance of the references would be provided.  There may be other useful information which could be supplied as well.  Modification of the SCI in the manner suggested would require the cooperation of the journals as well, since they would have the responsibility of requesting this additional information from the authors.  The journals would also be requested to have their peer reviewers assign more importance to the completeness and prioritization of the references, and would transmit this requirement to the authors as well.

2) Development, Engineering, and Testing Component

This component would consist of one or more databases which would have citations and citation tracking similar to the modified SCI proposed above.  The documents in these databases would not be limited to refereed published papers; they could include patents, non-refereed reports and published papers, book chapters, and other documents which contain references.  Each category could have its own database, or there could be combinations of categories is specific databases. 

3) Potential Studies

Construction of such an expanded system is possible now because of the advances made in computer speed, storage, and information manipulation algorithms.  Implementation of this expanded citation tracking system would allow long and short-term impacts of research to be followed.  These studies would not be a substitute for expert involvement in retrospective studies, but rather would serve as directional maps or guides which allow the experts to identify and probe the different impact pathways.  The capabilities inherent in this process would allow the indirect impacts of research to be documented over many pathways, and the full benefits of basic research to be collected and articulated more thoroughly. 


APPENDIX 3


UTILITY OF CITATION ANALYSES [Kostoff, 1998b]

Leydesdorff [1998] addresses the history of citations and citation analysis, and the transformation of a reference mechanism into a purportedly quantitative measure of research impact/ quality.  Following his lead, the present appendix examines different facets of citations and citation analysis, and discusses the validity of citation analysis as a useful measure of research impact/ quality.

I.  CITATIONS

I-a.  Citations as Bookmarks

The starting point for this appendix centers around the need for citations.  Why are citations used in a paper?  There are obviously many reasons for citations, ranging from contributions to the advancement of science and knowledge to less noble purposes for inclusion in text.  Some of these reasons will be enumerated in the following paragraphs.

Start with the bookmark function of citations.  The average reader of a technical paper typically does not have the luxury to expend large amounts of time on extracting useful information from the paper.  The shorter the paper, the greater is the likelihood that it will be read in its entirety.  Citations, like acronyms or mathematical symbols or 'laws', provide a condensed reference to a much larger body of data.  The relatively few readers who would be interested in such details can examine them at a later date.  

One could write a paper including Lotka's law without providing a reference to Lotka's law, or without even mentioning the name 'Lotka's law'.  Whenever the need to include Lotka's law arose, one would write out the definition.  This unabridged approach to writing would lead to an unnecessarily lengthy document, and would lose the average reader quite rapidly.  Using the abridged description 'Lotka's law' allows for an efficiency of presentation.  Including such a citation allows the reader to access more details, shows evidence of the author's awareness of other related works, and probably provides more credibility to the paper in the reader's eyes.

I-b.  Citations as Intellectual Heritage Linkages

Other than the shorthand function, citations provide links to the intellectual heritage foundation for the citing paper, and help provide the historical context for displaying the unique contributions of the citing paper.  While the intellectual heritage linkage role of citations is probably the dominant consideration when viewing citations as a measure of research impact, one needs to be careful on this point of important contributors to intellectual heritage.  In the best of all worlds, only a small fraction of all potential intellectual sources will be and can be acknowledged.  Especially in any technical field, there are thousands of papers and other sources which have contributed to the intellectual foundation, as there are thousands of bricks which contribute to the support structure of a building's roof.  In particular, there may be sources which are not obvious, at least consciously, to the paper's author.  Perhaps a major foundational concept for a paper came from attendance at a seminar or a lunchtime discussion, either of which have escaped the author's memory.  Intrinsically, the intellectual attribution process is very incomplete.

Given the finite space allowed in the journals, only a small sampling of the total true intellectual foundation for a paper can be cited, even if all these sources were tangible and identifiable by the author.  The selection process used by an author to include a relatively few citations in the bibliography for identifying the intellectual heritage is poorly understood.  While some sort of Lotka's law approach is assumed to be at work in selecting only the seminal contributions to the foundation, serious questions exist: what are the selection criteria; what are the cutoff criteria?  This uncertainty therefore translates into an undefined role for citations as a measure of intellectual heritage.  Some studies [MacRoberts, 1996] have attempted to measure the fraction of intellectual heritage that selected papers included in their bibliographies.  While these studies are insightful and useful, the benchmark used (the analyst's perception of what the main intellectual heritage is) is also selective and arbitrary, and limits the utility of such analyses.  A more useful approach might be a few case studies where all the references in a sample of published papers are discussed with the authors, and the reasons for inclusion of each reference (and exclusion of other potential references) in the papers are enumerated.

I-c.  Citations for Tracking Research Impacts

One critical element of the research management process is identifying and articulating the impacts and benefits of research.  This helps convince the research sponsors that there has been (or will be) payoff from their research investment, and provides the rationale for continuing the research investment.  However, tracking the impacts of research is notoriously difficult.  In the process of having impact, research undergoes a transformation to development and engineering, and is effectively camoflouged.  Also, basic research typically has a multiplicity of impacts in diverse fields.  Many of these fields are unfamiliar to the researcher and the sponsor, and therefore any impacts far afield from the researcher's discipline go unrecognized.  

For basic research, these latter indirect impacts are an important component of the research's total impact [Kostoff, 1994i].  The magnitude of these indirect impacts may be small in many (not all) cases.  However, because of the large number of indirect impact pathways, the cumulative effect of all the small indirect impacts resulting from a body of research may be quite large.  In fact, in some cases this cumulative effect of indirect impacts could dominate the direct impacts of research [Kostoff, 1994i].

One largely unutilized role of citations is to serve as a 'radioactive tracer' of research impacts.  Citations allow the analyst to track the documented flow and evolution of research over time until the linkages to far downstream products can be identified.  Citations allow the different types of impacts to be identified as well.  For example, the sponsors of mission-oriented research may want to ascertain whether: 1) certain types of technical disciplines are accessing the research products;  2) certain types of organizations, or specified countries, are utilizing the research products; 3) the research is having its initial direct impact on other basic research or applied research or development.  Citations are a documented approach to generating this important diagnostic information.  

However, using citations for this diagnostic purpose is much more difficult, complex, and time-consuming than the mainstream application of counting citations for relative impact.  The mainstream use of citation counts is algorithm based, and large volumes of data can be processed rapidly to provide copious relative impact results.  The tracking application is intrinsically slow and laborious, requiring judgement of the appropriateness and quality of the impact as well as impact quantity.  Because of the potential information available from the tracking application, this is a very fruitful area for future citation research and analysis.  

Other positive (and negative) uses of citations can be found in MacRoberts [1996] and Kostoff [1997b, 1998b].

I-d.  Citations for Self-Serving Purposes

Citations also play other roles, of a less positive (to the advancement of science, anyway) nature.  One role is self-aggrandizement, or the ego satisfaction of self-citation for purposes not justified technically.  Another role for citations is political.  Including citations to journal editors or potential reviewers or 'politically correct' papers will help a paper's chances of being accepted for publication in a specific journal.  

Because citations can impact rewards such as promotion/ tenure/ grant consideration, there is a financial self-interest role based on increasing citation volume.  This is where 'citation clubs' are formed, and each member cites the other members regularly.  Each member has increased citation volume, which eventually translates to more money for each member due to promotions or contracts or other benefits.  In addition, there is a potential exclusivity role for citations, whereby they are used mutually among closed groups of researchers to exclude (by sheer volume of citations) competitive concepts which threaten existing mainline infrastructures (see the 'Pied Piper Effect' in section II).

II.  CITATION ANALYSIS

II-a.  Conclusions from Section I

Section I described some of the many possible uses of citations, including bookmark, intellectual heritage, impact tracker, and self-serving purposes.  Since the main published uses of citation analyses tend to focus on absolute and relative measures of impact (and inferred measures of quality), the discussion in this section will concentrate on the applicability of citation analyses as an impact or quality measure.  The main message to be derived from section I is that there are many reasons for an individual to select particular references for inclusion in a paper, only one of which is the dominant contribution of citations to research impact, significant intellectual heritage.  Trying to draw conclusions about the quality or impact of a specific reference based on one particular paper's list of references is akin to solving the inverse problem in science: there may be many solutions; they are not unique; the correct solution cannot be determined without other information.  What meaning, then, can be ascribed to the field of citation analysis and the metric of citation counts if the basic unit has such associated uncertainty?  More importantly, what is the purpose of using such a metric, and why is its use so widespread?

II-b.  Expanded Utilization of Quantitative Measures

While there may be many reasons for the growth and utilization of citation analysis, its expanded use stems (from the author's perspective) from the evolution of research sponsorship.  Technical research has evolved from a rich man's pastime [Science, 1998] to industrial support to almost exclusive government support.  The approaches used by industry to assess the value of basic research were primarily based on economics.  Existing economic tools show that basic research, with its short term costs and long-term high risk payoff horizons, could not be justified as economically cost-effective by most industries.  Therefore, since research is viewed by society as a necessity, the support for basic research has by default almost exclusively shifted to government.  

As the U.S. national debt has increased drastically in the last two decades, competition for scarce funds in the Federal arena has increased substantially as well.  Basic research, with its long-term payoff horizon, now has to compete strongly with medicare, welfare, and other service provision and development programs. In Europe and Asia, basic research has undergone a similar transformation, with more of a strategic focus to the research.  

In this environment of scarce government funds, accountability of all government programs has increased substantially.  There are two major characteristics of this increased accountability: more detailed programmatic information is requested by the program assessors, and more quantified information is requested.  The upsurge in computer availability over the past decade has enabled large quantities of detailed information to be stored, tracked, and interpreted, and has driven the request for the large volumes of detailed program information.  The request for increased quantitative information also derives from the increased computer capabilities for handling and analyzing large amounts of this type of data.  In addition, there is substantial motivation from the assessors to have simple quantitative indicators which could drive the resource allocation process, and substantiate and justify the resource allocation decisions that are generated, rather than use the more complex and expensive and subjective qualitative peer review evaluation processes.

This desire for increased accountability, focused on quantitative measures of research output and impact, counterbalanced by the intrinsic long-term uncertain payoff from research, has produced a dilemma.  The simple research outputs, such as published papers and patents, can be easily quantified in the short term.  However, they are intermediate measures, not long-tern benefit measures.  The  quantifiable impacts from research such as societal outcomes or economic payoffs are long-term phenomena and cannot be generated in the short term.  Because the research oversight organizations want valid performance metrics applicable to existing research, the question arises whether credible short term proxies for long-term research impacts and outcomes can be defined.

Citation analyses generate relatively short-term quantifiable items, they have the appearance of short-term research impacts, and are therefore attractive candidates as short-term proxies for research impact and perhaps quality.  The real question becomes: what, if anything, do they measure?

II-c.  Enhanced Value of Aggregating Citations

The previous section showed that any citation, or group of citations, in a particular paper's bibliography does not provide a unique indicator of positive impact of the cited source on the citing paper.  Is there any combination of citations possible which could translate into research impact or quality?

Possibly.  Consider the following analogy to gas dynamics.  Assume there is a flowing gas with gross velocity V and constant temperature T and pressure P.  If one examines a group of molecules in the gas, each member of the group will have a different direction and magnitude to its velocity vector.  Thus, the aggregate characteristics of the gas cannot be related to the velocity and 'kinetic temperature' of any one molecule.  However, by summing over the velocity distribution functions of large groups of molecules (i.e., taking 'moments' of the velocity distribution function), gross gas properties such as V and P and T can be obtained.

In gas kinetics, one way of viewing each component molecule in its relation to the aggregate is to conceptualize the molecule's velocity vector as consisting of a component with mean velocity V (the aggregate velocity) and a component with random velocity.  In the summation process used to derive aggregated gas properties, the random component is integrated out, leaving only the mean component V.  Can an analogous model be applied to citation analysis?

Possibly.  Assume that some, if not most, citations reflect intellectual heritage.  For any single paper, the citations which reflect intellectual heritage may not be obvious, and of those citations which do reflect intellectual heritage, the dominant or highest priority ones may not be obvious.  However, from the nature of the positive and negative reasons for citing shown above, it appears that the main positive reason (intellectual heritage) for citation impact or quality purposes is tied to or reflective of intrinsic technical considerations, and the negative reasons are related to non-technical self-serving individual characteristics.  Thus, if a paper's bibliography is viewed as consisting of a directed (research impact or quality) component related to intellectual heritage and random components related to specific self-interest topics, then for large numbers of citations from many different citing papers, the most significant intellectual heritage (research impact or quality) citations will aggregate and the random author-specific self-serving citations will be scattered and not accumulate.

II-d.  Limitations of Citations as Stand-alone Measures of Impact

While corroborations of large numbers of citations with other indicators of substantial research impact and quality have shown general agreement, especially with use of large citing and cited universes, there are at least two limitations to this model of citation analysis for stand-alone use as a measure of research impact or quality.  First, the reference to intellectual heritage can be positive or negative.  A paper could be highly cited because it contributed to the growth of a field, or it could be highly cited because its flaws were obvious to many people, and they wanted to correct the record.  Second, there could be systemic biases which affect the aggregate results, one of which has been termed the "Pied Piper Effect" [Kostoff, 1997q], (See section IV-B-5-v for a brief description of the Pied Piper Effect; also see Appendix 7 for a more detailed description).

II-e.  Case Study of Comparative Citations

This paper ends with a description of a recent short citation study which eventually led to a citing comparison of some Russian/ American papers in different technical fields.  The questions raised in interpreting the data highlight a few of the difficulties in attempting to interpret citation results without supplementary information.

In a recent Data Mining study [Kostoff, 1997o] of hypersonic/ supersonic flow over aerodynamic bodies, publication and citation distribution functions for different parameters (authors/ journals/ organizations/ countries) were generated.  Large numbers of authors/ papers/ journals with relatively few citations each were observed, and a few authors/ papers/ journals with large numbers of citations were seen.  Small focused studies were then performed to determine the characteristic differences between highly cited and lowly cited papers in hypersonic flow.  

Appendix 3-A (extracted from a larger paper on the study [Kostoff, 1997o]) summarizes the results from these focused studies.  A key point is that Russian publications tended to populate the poorly cited papers sample, and NASA (U.S.A.) publications tended to populate the highly cited papers sample.  To study this Russian/ American difference further, all the papers in the Science Citation Index (SCI) written by the three most prolific Russian authors and the three most prolific American authors in hypersonic/ supersonic flow (names were obtained from the larger Data Mining study) were examined.  The results were equally striking.  Essentially, the Russian papers in this field are not being cited by the larger technical community, or even the Russian technical community.

Because of these findings, another small focused study on the field of near-earth space was performed.  This field was chosen since it had been examined for a previous Data Mining study [Kostoff, 1997e].  All English language papers published in 1993 in the SCI (with Russian-Acad-Sci authors only) which contained the word SATELLITE* were selected.  Russian-Acad-Sci authors were chosen because they were the most prolific according to the larger space Data Mining study.  

There were 29 such papers, of which 16 were both relevant to satellites in space and were written by Russian authors only.  For each of the 16 papers, an attempt was made to identify a paper published by American authors only in 1993 which had at least one reference in common with the Russian paper, and had an approximately similar theme.  Because of the Related Records field in the SCI, which identifies all records (papers) in the total SCI database which have at least one reference in common with the target paper, pairing (where pairs exist) can be done rapidly.  Seven of these pairs were found; unfortunately, there were not always American papers which met the arbitrary criteria used (published in 1993; approximately similar theme; at least one common reference) for pairing with the Russian papers.

Of the 16 relevant Russian papers, 14 had zero cites, one had four cites (two self cites), and one had six cites (two self cites).  For the seven pairs of Russian/ American papers, the Russian citation average was 1.4 cites per paper, and the American citation average was about 34 cites per paper (of which about 6.5 were self cites, or about 20%).  Also, for these seven pairs, the Russian median was zero cites per paper, and the American median was 37 cites per paper.  This is not a large sample, but the differences are so great that the suspicion exists a large sample would give about the same message.

Finally, a small focused study on a field which the author is presently examining for Data Mining, fullerenes, was performed.  All English language papers in the SCI published in 1993/ 1994 which contained the phrase CARBON NANOTUBE* were selected.  This is one of the 'hottest' areas of fullerene research.  There were 131 such papers, all were relevant to the desired topic.  Citation patterns of papers written by Russian authors only and American authors only were examined.  

There were 44 papers published by American authors only, and three papers by Russian authors only.  The American papers averaged 27.3 cites per paper, while the Russian papers averaged 6 cites per paper.  The American median was 20 cites per paper, while the Russian median was 4 cites per paper.  (As an aside, the Japanese papers appeared to very numerous and well cited, followed by the Western European papers).

The author may examine other fields and may use larger samples, but there seems to be a loud and clear message coming through.  Whether or not the Russians are prolific in a field in terms of paper production, their works are not getting cited by the larger technical community.  Possible explanations are:

1) They could be doing good (citeable) work, and not reporting it;

2) The work reported may be good, but very applied, and not amenable to citing in the literature; i.e., citation is not the appropriate measure of quality or utility or impact in this case;

3) The work reported could be good, but might not be published in the forefront literature, and the technical community therefore might not be very aware of this work.

4) The work could be poor, and the citations pinpoint this.

The author has asked perhaps a dozen experts for explanations of these findings, and the number of reasons given approaches the number of experts.  This potential diversity of explanations for citation analysis results pinpoints the major operational problem with using these indicators in stand-alone mode.

In the mid-1970s, the author led two delegations on Controlled Fusion to the Soviet Union.  He visited the Kurchatov Institute in Moscow, and Academgorod near Novosibirsk.  Both times, he was impressed by the technical quality of the Russian work in Fusion (both fast-pulsed systems and near-steady state), although there were obvious gaps.  At the time, the author had the impression that this high technical quality extended to other fields, with obvious exceptions in computers, microelectronics, etc.  The present citation results seem to reflect a different level of technical performance than what the author thought he had seen in the mid-1970s.

Did the author have a misperception then?  Had the author examined citation performance 20 years ago, would he have arrived at the same conclusions as today?  Or, has the dissolution of the Soviet Union resulted in a real degradation of their technical performance?  Or, are the author's study approach and groundrules overly limited and not applicable?   Or do all of the above explanations and questions have some validity, and point out graphically the deficiencies of trying to use simple quantitative indicators in a stand-alone mode (such as citation counts) to measure extremely complex and sophisticated issues.  

II-g.  Citation Analysis as a Warning signal

Perhaps this particular example has shown the value, if any exists, of using quantitative metrics such as citation counts for research quality or impact studies.  The quantitative results serve as the 'red flags' or warning lights that a problem may exist; they are the modern day equivalents of the 'canary in the mine' approach to volatile gas detection.  However, it was uncertain exactly what killed the canary decades ago, and it is uncertain today what specific citation counts mean.  This is precisely how the author uses citation studies today; they serve as indicators that further investigation into specific areas is warranted, and they are always accompanied by, and subordinate to, expert analysis/ peer review.


APPENDIX 3-A


CHARACTERISTICS OF HIGHLY-CITED AND POORLY-CITED PAPERS

To ascertain whether any relationship between highly cited and lowly cited papers and their associated journals and performing organizations could be observed, the characteristics of samples of highly and lowly cited papers were analyzed.  The database used to extract the samples was the expanded web version of the SCI.  In contrast to the CD-ROM version of the SCI used to obtain the bulk data for this paper, the web version has 60% more journals (~5200), and is more convenient for performing citation analyses (however, the web version in its present incarnation is less convenient than the CD-ROM version for most bulk data analysis, since not all records can be downloaded at once).  All records in the web version which contained the term HYPERSONIC (a small subset of the supersonic/ hypersonic field) and were published in 1993 were examined.

There were 155 raw 'hits', or records obtained by the query, of which 15 (10%) were not applicable to the topic of hypersonic flow over aerodynamic bodies.  Of the remainder, 64 records (46%) had zero citations by other papers; 55 records (39%) received between one and four citations; and 21 records (15%) were cited five or more times by other documents in the expanded SCI, and were viewed as highly cited papers.  

Seven of those highly cited papers (33%) were published in the AIAA JOURNAL (231-number of papers from database published in journal); three papers in the JOURNAL OF SPACECRAFT AND ROCKETS (109); three papers in the JOURNAL OF FLUID MECHANICS (48); and one paper each in a variety of journals which contained fewer papers from the total database.  The median journal in the sample contained 48 of the total database papers, as contrasted to the median journal in the total database containing one paper.  Since the number of journals which contain n published papers follows approximately a 1/n^4 distribution as was shown in Kostoff [1997o], the journals in the highly cited sample are, on average, the very top echelon of the total database journals in terms of numbers of papers published.

In the highly cited paper sample, twelve were from foreign institutions; twelve were from universities; and six were from NASA laboratories.  The five most highly cited papers were from universities.  The median organization in this sample contributed thirteen papers to the total database, as contrasted to the median organization in the total database contributing one paper.  Since the number of papers n contributed by an organization to the total database also follows a 1/n^4 distribution as was shown in Kostoff [1997o], the organizations in the highly cited sample are, on average, the very top echelon of the total database organizations in terms of numbers of papers contributed.

The 64 records with zero citations were also examined, albeit from a different perspective.  Because the range of citations in the total 140 record sample was between zero and ten, it was felt that there probably was a quality stratification within the sample group with zero citations, and thus the very poor performers could not be isolated as precisely as the good performers.  The following observations were made of the zero cited papers sample.

AIAA JOURNAL contributed 3% of the zero cited papers, as contrasted to 33% of the papers in the highly cited sample; JOURNAL OF SPACECRAFT AND ROCKETS - 13% zero cited/ 14% highly cited; JOURNAL OF FLUID MECHANICS - 0% zero cited/ 14% highly cited; HIGH TEMPERATURE - 9% zero cited/ 0% highly cited; JOURNAL OF AIRCRAFT -8% zero cited/ 0% highly cited; PMM JOURNAL OF APPLIED MATHEMATICS AND MECHANICS -6% zero cited; 0% highly cited; ZEITSCHRIFT FUR FLUGWISSENSCHAFTEN UND WELTRAUMFORSCHUNG -6% zero cited/ not listed in CD-ROM database.  The journals with a high ratio of highly cited papers to zero cited papers tend to emphasize the more fundamental research.  The journals with a low ratio of highly cited papers to zero cited papers tend to emphasize the more applied research.  The fact that the applied papers are being cited less than the more fundamental papers does not mean they are less useful or of lower quality; they may be of substantial use to developers, who publish much less than researchers, and this more practical use would not be reflected in the present type of bibliometrics study.

Industrial organizations contributed 27% of the zero cited papers, as contrasted to 10% (2 papers) of the highly cited papers (these two highly cited papers were actually one paper split into two sections and published sequentially in the same journal issue); university organizations -33% zero cited; 57% highly cited; NASA -9% zero cited/ 29% highly cited; American organizations -36% zero cited/ 43% highly cited; European organizations -25% zero cited/ 38% highly cited; Asian organizations -9% zero cited/ 14% highly cited; Middle Eastern organizations -5% zero cited; 0% highly cited; Russian organizations -23% zero cited; 5% highly cited.  This last observation is quite surprising, since two of the top four paper contributing organizations in the total CD-ROM database were Russian.   

In summary, this small sample analysis led to the following conclusions for hypersonic flow.  Fundamental research papers are more likely to be cited than applied research papers; university papers are more likely to be cited than industry papers; the journals which contain concentrations of highly cited papers are also the core journals in terms of papers published; NASA produced many papers (147 in the total CD-ROM database), and had a substantial fraction of the highly cited papers; Russia produced slightly more papers than NASA (169 in the total CD-ROM database), and had almost no highly cited papers.

The NASA/ Russia citation differential led to another short study which examined American/ Russian differentials in supersonic/ hypersonic flow citations.  Two groups of papers were generated.  The first group consisted of all papers (from the web version of the SCI) published in 1993/ 1994 by the three most prolific supersonic/ hypersonic flow Russian authors identified in Kostoff [1997o]; the second group included all papers by the three most prolific supersonic/ hypersonic flow American authors from Kostoff [1997o].  There were 12 papers in the first (Russian) group, and 36 papers in the second (American) group.  All papers related to supersonic/ hypersonic flow.  The citations received by all these papers were examined.

Of the twelve Russian papers, nine received zero cites, two received one cite each, and one received three cites.  The average cites per paper is 0.4.  All of the five total cites were self-cites (There is nothing intrinsically wrong with self cites; in those cases where the author has done the pioneering work in the field, self-cites are most appropriate.  However, when all cites are self-cites, then the true impact of the paper on the larger scientific community must be called into question).  

Of the 36 American papers, seven received zero cites.  The total number of citations received was 106, of which 56 were self cites.  The average cites per paper is three.  While all these citation numbers reported are quite small, reflecting the low level of effort in this technical field, there is obviously a systemic difference between the citations received by the Russian and American papers.  Whether these differences extend beyond supersonic/ hypersonic flow to other topical areas is an interesting question.  

There are two crucial pieces of data missing from these two short studies (and from most bibliometrics analyses) which prevent harder conclusions about quality and value to be drawn.  The amount of research effort represented by each paper is unknown to the analyst, and the eventual use of the results from each paper is unknown to the analyst.  Thus, the number of highly cited papers per dollar of research investment (or some similar research efficiency metric), probably a better measure of value than pure numbers of papers or highly cited papers, cannot be stated.  Also, the quality of the eventual hypersonic vehicles which resulted from the papers' research, probably a better measure than numbers of cited papers, was not tracked and cannot be stated.  In addition, the papers in these two short studies were not read in detail independently by hypersonic flow experts, and thus their quality could not be gauged independently from another perspective and correlated to the citation results.


APPENDIX 4

DISPLAY OF BIBLIOMETRICS RESULTS  

Indicators can be arranged in one or more dimensions.  Emphasis has always been laid on the necessity of multidimensional thinking while analyzing scientometric indicators.  Scientific research is a multifaceted human activity, and overemphasizing any of its aspects (publication productivity, citation influence, technological applicability, etc.) may lead to serious distortions in its assessment.  While each scientometric indicator represents a single component of a multidimensional manifold which itself is just one element in assessing a complex system, presentations in one or several dimensions may equally prove useful [Braun, 1993].

The most direct way of presenting scientometric indicators is in one dimensional ranked lists.  While simplistic, this approach reflects the paramount competitiveness of the scientific enterprise.  Linear rankings are most attractive for presentation to the larger non-specialist audience (see Braun [1993]).

Two dimensional displays can include relational charts or scatter plots for correlations.  In two dimensional relational charts [Schubert, 1986; Braun, 1987], pairs of indicators (observed vs. expected citation rates or attractivity vs. activity indices)are displayed in a planar orthogonal coordinate system.  Emphasis is shifted from ranking to the formation of groups or 'clusters' and other characteristic relations among various indicators.      

An obvious deficiency of the relational charts is the lack of any indication of the size of the sets of publications underlying the points of the diagram.  By adding the third dimension of publication size, this objection can be overcome.  The basic idea of 'landscaping' national scientific performances is to represent the size by the 'mass' of a mountain-like formation.  If two or more countries have similar citation characteristics, the peaks representing them may get superimposed forming chains, massifs, and other surface formations.  An example is presented in Braun [1991].

There seems to be a natural limit of graphical presentation at three dimensions.  There are techniques, however, to overcome this apparent restriction.  A rather original method of representing multivariate data was proposed by Herman Chernoff: "Each point in k-dimensional space, k<=18, is represented by a cartoon face whose features, such as length of nose and curvature of mouth correspond components of the point.  Thus every multivariate observation is visualized as a computer drawn face.  This presentation makes it easy for the human mind to grasp many of the essential regularities and irregularities present in the data."

Braun [1993] shows a face pattern with 18 facial features applicable in representing multidimensional data.  Schubert [1992] contains a four-dimensional example of applying Chernoff-faces in scientometrics: uncitedness, citation rate per cited paper, mean expected citation rate and relative citation rate are represented by the shape of face, size of eyes, length of nose and curvature and length of mouth, respectively.


APPENDIX 5

CITATION NORMALIZATION APPROACHES [Schubert, 1993]

1.  The Publishing Journal as Reference Standard
Primary journals in science are generally agreed to contain coherent sets of papers both in contents and in professional standards.  This coherence stems from the fact that most journals are nowadays specialized in quite narrow subdisciplines and the "gatekeepers" (i.e., the editors and referees) controlling the journal are members of an "invisible college" sharing their views on questions like relevance, validity or quality.

It seems, therefore, justified to expect the same level of citation rate for papers published in the same journal at the same time.  If two such papers receive a different number of citations, one may rightly suspect that this reflects differences in their inherent qualities.  By relating the number of citations received by a paper (or the average citation rate of a subset of papers published in the same journal - the Mean Observed Citation Rate, MOCR) to the average citation rate of all papers in the journal (the Mean Expected Citation Rate, MECR) the Relative Citation Rate (RCR) will be obtained.  This indicator shows the relative standing of the paper (or set of papers) in question among its close companions:  it value is higher\lower than unity as the sample is more\less cited than the average.  In general, sets of papers under investigation are published in more than one journal; in that case, the mean expected citation rate (MECR) can be defined as the average citation rate of the journals.  (The weights are, of course, the publication frequencies in the respective journals.) The mean observed citation rate (MOCR), i.e., the average citation rate per paper can again be related to the MECR to result in the relative citation rate (RCR), indicating the relative impact of the papers in question among the average papers of the publishing journals as reference standard.

There are some weaknesses inherent in using the publishing journal as reference standard.  Papers published in multidisciplinary journals are measured by common standards, which might be clearly unfair, say, for a geoscience article published in Nature together with a molecular genetics paper.  Since journals form a virtually continuous spectrum from highly specialized to multidisciplinary, and different research fields or even subcommunities in the same field may typically use different segments of this spectrum, the unbiasedness of the reference standards must be thoroughly checked whenever comparative assessments are based on the RCR indicator.

As a rule, it can be said that in coherent research fields, where papers are usually published in specialized journals (as is the general trend in contemporary science) published journals as reference standards and RCR as indicator can readily be proposed for comparative assessments.  It must, however, be added that even in such cases extension from one to two dimensions may multiply the effectiveness of the analysis.

2. The Set of Related Records as Reference Standard
"Bibliographic Coupling" uses the number of references a given pair of documents have in common to measure the similarity of their subject matter.  Comparing a set of papers that are "similar" in this sense to a given article of the same age will yield an ideal reference standard for citation assessments.  This apparently simple and straightforward method has long been practically un accomplishable because of the technical difficulties of collecting the "coupled" papers, by using any traditional version of citation indexes.

Fortunately, the situation has radically changed with the advent of the CD-ROM edition of the Science Citation Index database.  The SCI CD Edition uses bibliographic coupling under the name related records.  Two records are considered "related" when they list a number of identical papers in their respective bibliographies.  Related records of an article are other articles published during the same period that cite at least one of the same references that the "parent" article cited.  Because they have references in common, an article and its related records are supposed to be also related by subject.  In general, the more references in common, the stronger the subject similarity between two articles.  The SCI CD Edition has a built-in possibility for searching related records:  a maximum of 20 related records are available for any given record ranked by strength of relatedness.

In an exploratory study of using SCI CD Edition for comparative evaluation of citation impact, the publication output of the Hungarian pharmaceutical company CHINOIN in 1986 was investigated.  Three conclusions from the Study are:

a.  Both for CHINOIN publications and for the "related records", observed citation rates per paper fall short of expected values.  Thus it seems that the research topics of CHINOIN are not the "hottest spots" of their respective subject field, which does not, however, qualify the research in any means.

b.  Although the expected citation rate of CHINOIN publications is rather close to that of the standard reference set ("related records"), their actual citation rate falls fare below.  Earlier studies concerning longer time periods did not show such a gap between expected and observed citation rates.  The relatively low rate of subsequent year citations can most probably be attributed to insufficient informal, prepublication communication of research.

c.  The observed citation rate of the related records is conspicuously close to the expected citation rate of the "parent" CHINOIN publications.  This finding, in a sense, validates the use of relative scientometric indicators based on the comparison of actual with expected (journal average) citation rates.  At least in the case of the present sample, the much more sophisticated "customized" control group-compiled on the principle of bibliometric coupling-obtains the same citation level as reference standard as did the simple journal average.

In subject fields less coherent than pharmaceutical research, however the differences might be much more substantial, and the use of the set of related records as a more reliable reference standard is certainly worth the additional effort.

3.  The Set of Cited Journals as Reference Standard
The set of publications to be assessed may represent various levels of aggregation, such as research teams, institutions, or whole research communities of a given subfield in a given country.  Independently of the level of investigation, the publishing journal is a useful and reliable reference standard for citation assessments - bearing in mind the caveats earlier mentioned.  In one particular case, however, this approach fails completely, namely, if journals themselves are subjected to comparative assessment.  There is an ever growing interest in evaluation of journals by citation analysis and one of the crucial questions, in this case too, is the comparison of journals publishing in science subfields of inherently different citation levels.

One possible solution might be again the use of related records.  It is however, practically impossible to retrieve the related records to every single article of just one volume of a medium size journal and to collect their citations.

Standardization of citation levels by subfields and comparing the standardized scores has been attempted.  This approach was found to be loaded with the inherent arbitrariness in the categorization of the journals into subfields and the ambiguity of treating inter- or multidisciplinary journals.

A method which now seems to provide the most satisfactory resolution at the lowest cost in terms of computer and\or manual search is based on the journal in the reference lists of the articles of the journal in question.  These journals were selected by the most reliable persons, the authors of the journal as references (in both senses of the word) and therefore, can justly be regarded as standards of the expected citation rate.

All but a very few journals fall far below the standard set by their references.  This is perhaps because authors tend to base their statements on the most authoritative sources.  In every research area, a hierarchy of journals is set-up with one or just a few journals on the top and all others tend to cite "upwards".

A detailed study has been made on 2459 journals covered continuously be SCI in the period 1981-1985, and publishing at least 50 papers in these five years.  Only 140 of them proved to be cited above the average of their cited references.  This subset may rightly be considered the "chosen few" of the community of journals.

A closer look at this subset reveals that a considerable number of these journals are review journals, some of them having the work "review" even in their title.  This is not too surprising, since review papers are well known to be cited much above the average.  It is, however, interesting to realize that analysis of cited journals provides a simple means to distinguish review journals from "ordinary" ones.  The indicator is the fraction of journal self-citations in all citations.  Evidently, this fraction is much lower for review journals (collecting, by their very nature, references from a much wider pool of journals) than for primary journals.


APPENDIX 6

CITATION ANALYSIS CROSS‑FIELD NORMALIZATION: A NEW PARADIGM [Kostoff, 1997m]

          CROSS‑FIELD CITATION NORMALIZATION: THE ISSUES

Science, Nature, Physics Today, Scientometrics, and other

leading science and science evaluation journals continually publish articles comparing and ranking technical disciplines, departments, institutions, countries, and people on the basis of literature citations.  Because of differences in numbers of researchers in different fields and in citing cultures, normalizations of absolute citation numbers to some reference are required to assign meaning to any comparisons.  As shown in a recent review of cross‑field citation normalization techniques, all present methods normalize citations of a given paper to citations of similar theme papers [Schubert, 1993; Appendix 5 of the present document]].  The two main differences among these methods are how the similar theme papers are defined (e.g., papers published in same journal issue, papers sharing a threshold number of common references, etc.), and what types of mathematical/ statistical approaches are used to normalize the position of a target paper relative to that of its competitors.   This limited comparative approach allows relative comparisons among similar papers, but ignores two crucial points.  Purely relative comparison with other similar papers does not allow very credible comparisons among different disciplines based on citation analysis, and does notprovide an indication of citation efficiency.

To gain wider acceptance and credibility, citation analysis

needs to overcome these two limitations, and offer the broader

perspective of how frequently a paper was cited compared to how

frequently it could have been cited.  The following sections

describe a citation normalization method [Kostoff, 1997m] that would overcome the above two limitations, and provide the added dimension offered by the broader perspective.    

     CROSS‑FIELD CITATION NORMALIZATION: A NEW PARADIGM


The fundamental concept of the new paradigm was derived from

the thermodynamic principle of Carnot efficiency.  The

thermodynamic analog will be described through an illustrative

example, and the metamorphisis to citation efficiency will then be shown.

Assume that two classes of engines are being evaluated.  One

class of engines (hereafter called fusion engines) has been

developed to convert energy being produced in very high temperature fusion reactors, and the other class (hereafter called ocean engines) has been developed to convert energy from the temperature differentials in the deep ocean.  Assume that there are three different fusion engines being evaluated in the fusion class, and the demonstrated conversion efficiencies of these engines are 1, 2, and 3 percent, respectively.  Assume that there are three different ocean engines being evaluated in the ocean class, and the demonstrated conversion efficiencies of these engines are also 1, 2, and 3 percent, respectively.   

If it were desired to evaluate the performance quality of all six engines, with efficiency being the metric of quality, one

simplistic approach would be to rank all six engines by

demonstrated efficiency.  The fusion engines would, on average,

have equivalent quality to the ocean engines by this approach. 

However, a far better indicator of performance quality would be the ratio of each engine's demonstrated efficiency to the maximum

efficiency the engine could achieve in its operating environment. 

From thermodynamics, this maximum theoretical efficiency that each engine could achieve is the Carnot efficiency, which is a function of the high temperature and low temperature extremes in which the engine operates.  For very high maximum temperatures and near‑ambient low temperatures (characteristic of fusion), the Carnot efficiency approaches unity, and for low maximum temperatures and ambient low temperatures (characteristic of ocean), the Carnot efficiency approaches zero. If the comparison figure of merit becomes the ratio of demonstrated efficiency to Carnot efficiency, then the ocean engines in this case would outperform the fusion engines by a wide margin, since the ocean engines are operating closer to their theoretical maximum than are the fusion engines.  Even where the engine evaluation is limited to one field (e.g., fusion), viewing relative performance from the new efficiency ratio perspective provides an added dimension for understanding performance, while the relative engine rankings within fusion remain unchanged.

Now the crossover from thermodynamic efficiencies to citation efficiencies will be made, with use of analogs to the above example.  For fusion, convert each engine into a research paper of similar theme, and convert each engine efficiency into citations received by the research paper over some unit of time.  Thus, there are now three fusion research papers of similar theme being compared which have 1, 2, and 3 citations over some unit of time, respectively.  Similarly, for ocean, there are now three ocean papers of similar theme being compared which have 1, 2, and 3 citations over the same unit of time, respectively.
   

Generically, the existing orthodox approach to cross‑field

citation normalization might divide the number of fusion citations by the domain average (2.0) and provide each fusion paper a normalized value and ranking in its class.  Thus, the paper with 3 citations might have a normalized value of 1.5 (3/ 2), and an upper 33 percentile ranking.  Using similar normalization for the ocean papers and dividing citations by 2.0 (the domain average), the paper with 3 citations might have a normalized value of 1.5 (3/ 2), and an upper 33 percentile rating.  The existing orthodox approach would consider the leading paper in each class as the same quality because of identical ranking in its class (upper 33 percentile).
  

However, as in the Carnot cycle analogy, a better figure of

merit for quality would be the ratio of actual number of citations received by a paper to the theoretical maximum number of citations that could be received by the paper, a quantity which will be termed the citation efficiency.  Then, different papers in the same field, as well as papers in different fields, could be compared on the basis of citation efficiency.  The citation efficiency becomes the cross‑field normalizer, and indicates how well a paper performed from a citation perspective compared to how well it could have performed.  It is an intrinsic measure of accomplishment.

            DETERMINATION OF CITATION EFFICIENCY

There are two crucial steps involved in determining the

citation efficiency, and they are not completely independent.  To

compare a target paper to other papers, the first step is the

selection of the universe of papers to be compared and the second

step is the determination of the maximum number of citing papers to be used in the computation of efficiency.  For present purposes, assume that a universe of papers to be compared to the target paper has been selected using existing techniques.  Again, for present  purposes, assume that this universe consists of sub‑universes of papers with similar themes.  Thus, the universe of fusion and ocean papers consists of a fusion sub‑universe with similar themes and an ocean sub‑universe with similar themes.  


Next comes the determination of the maximum number of potential citing papers.  The following theme‑centered approach is proposed for computing maximum potential citations.  For the fusion papers within the similar theme sub‑universe, the maximum number of times one of the fusion papers could have been cited (in the given unit of time) is assumed to be equal to the number of different citing papers in which any of the papers in the fusion sub‑universe were cited.  Any of these citing papers could have cited 0, 1, or all of the similar theme fusion sub‑universe papers.  The same procedure for determining the maximum applies to the ocean papers, but the fusion maximum will probably be quite different from the ocean maximum.  Then the citation efficiency of each paper in the selected universe can be computed, and the papers compared by this figure of merit.  The actual number of citations of each fusion paper would be divided by the fusion paper maximum (this maximum is the same for all the fusion sub‑universe papers) to arrive at the efficiency, and the actual number of citations of each ocean paper would be divided by the ocean paper maximum (this maximum is the same for all ocean sub‑universe papers) to arrive at the efficiency.       

The following figures illustrate how such an efficiency

computation would be performed.  Figure 1 is a matrix showing how

many times each citing paper (A, B, C) cites each cited paper (G,

H, I) for the ocean case.

FIGURE 1 ‑ CITING PAPER VS CITED PAPER MATRIX: OCEAN

..............CITING PAPER

................A..B..C

............G...x..x..x

CITED.......H...x..x

PAPER.......I...x.

The x(s) in the matrix represent a citation.  Thus,

citing paper A cites papers G, H, and I, while citing paper C cites only paper G.  The maximum number of potential citations for papers G, H, or I is 3, because there are three citing papers.  The citation efficiency of G is 1 (3/ 3); the efficiency of H is .67 (2/ 3); and the efficiency of I is .33 (1/ 3).

Figure 2 is the same type of matrix for the fusion papers. The citing pattern has been changed.

FIGURE 2 ‑ CITING PAPER VS CITED PAPER MATRIX: FUSION 

..................CITING PAPER

................A'.B'.C'.D'.E'.F'

...........G'...x..x..x..

CITED......H'............x..x

PAPER......I'..................x

Now, each citing paper (A'‑‑>F') cites only one of the fusion papers (G'‑I').  The maximum number of potential citations for papers G', H', or I' is 6, because now there are six citing papers.  The citation efficiency of G' is .5 (3/ 6); the efficiency of H' is .33 (2/ 6); the efficiency of I' is .17 (1/ 6).

Under the present normalization system, paper G would have

been rated as the same quality as paper G', since each ranked first in its own thematic sub‑universe, and paper I would have been rated as the same quality as paper I', since each ranked last in its own thematic sub‑universe.  Under the new system proposed here, paper G ranks above paper G', and paper I ranks above paper I'.  This is displayed more graphically in Figure 3, where the citation efficiencies of the ocean papers are obviously higher than their fusion counterparts.

FIGURE 3 ‑ CITATION EFFICIENCY VS NUMBER OF CITATIONS

...........OCEAN VS FUSION 

..............1.*................Gx

................*

................*

................*..........Hx

CITATION........*

.............0.5*.................yG'

EFFICIENCY......*

................*....Ix.....yH'

................*.....yI'

................*

..............0.*.....*.....*.....*....

................0.....1.....2.....3

................NUMBER.OF.CITATIONS.

Aggregate citation efficiencies may also be defined.  Assume

the aggregate citation efficiency of the group of ocean papers (G, H, I from figure 1) were desired.  This quantity is the ratio of the number of citations received by papers G, H, and I (the number of asterisks in figure 1) to the maximum number of times these papers could have been cited (the nuumber of matrix elements in figure 1).  For the figure 1 example, this aggregate citation efficiency is .67 (6/ 9), and for figure 2 this aggregate citation efficiency is .33 (6/ 18).  

This example illustrates the added dimension provided by the

citation efficiency perspective; the ability to evaluate and

interpret research paper utilization patterns within and across

different disciplines.  Is the difference in aggregate efficiencies due to a different level of awareness of ocean and fusion authors of the intellectual foundations of their respective fields, and/ or is the difference due to the different levels of quality and uniqueness of the intellectual foundation papers in the different fields, and therefore different citation desireability of these papers?  What other factors are operable?

Finally, the 'quality' of different citing journals (or any

other quantified parameters associated with each journal) may be

incorporated in the citation efficiency by computing a quality‑

weighted citation efficiency, or a quality‑weighted aggregate

citation efficiency.

                             SUMMARY

A new paradigm for comparing quality of published papers

across different disciplines has been proposed.  This method uses

a figure of merit of the ratio of actual citations received to the potential maximum number of citations that could have been

received.  It is analogous to approaches used to compare

performance in physical systems, and appears intrinsically more

useful than present approaches. 


APPENDIX 7

THE PIED PIPER EFFECT: A SPECIFIC EXAMPLE [Kostoff, 1997q]

An article in Science magazine purports to identify the Top 10 U.S. Universities in Clinical Medical Research from 1990‑1994 [SCIENCE, 1995].  The published papers and citations per paper are ranked in decreasing frequency by medical research institution, and the institutions with the highest frequencies of publications and citations are identified as the top universities in clinical medicine research.  This Science article crystallizes the problem of using metrics as a gauge of research productivity and, by inference, quality.  This statement will be amplified with an illustrative example which questions the linkage between high research output and high research quality.  The example focuses on cataracts, but is extrapolateable to other chronic systemic problems as well.   

The author recently did a literature survey of research papers related to cataracts.  The author examined four years (1991‑1994) of abstracts from the Science Citation Index (SCI) and the Social Science Citation Index (SSCI).  Of the many hundreds of abstracts identified, perhaps 99% dealt with different aspects of the surgical treatment of cataracts.  Maybe 1% or less dealt with nutritional approaches, and these were mainly vitamin and mineral supplementation for prevention.  There were no papers in these peer‑reviewed journals dealing with alternative approaches to cataract treatment.

The mainstream medical community views cataracts strictly as an eye problem. The lens degenerates for unknown reasons, in their view, and when it has deteriorated sufficiently, it should be replaced surgically.  This approach arises from the paradigm of viewing the eye as a separate component of the total physical system, and the lens replacement becomes equivalent conceptually to replacing a car's windshield when it has become pitted.

An alternative paradigm is that the body experiences chronic systemic problems (deficiencies of various types), and these problems manifest themselves as symptoms in specific organs.  For some people, the weak organ is the eye, and the symptom is the cataract.  Healing, in this paradigm, consists of identifying and eliminating the deficiencies.  Surgically removing the cataract, while improving functioning (at least temporarily), does nothing to address the fundamental systemic problems which are at the foundation of the cataract's presence.  It is equivalent to removing the warning light on a car's dashboard when it signifies a problem.

These alternative approaches never surface in the peer reviewed literature, as the author's survey has shown.  The journal reviewers (and the funding proposal reviewers as well) are researchers trained along the orthodox paradigms, and they provide high marks to those papers (and proposals) aligned with the reviewers' backgrounds.  In addition, there are institutional and commercial biases which also govern the willingness of the reviewers and editors (and sponsors) to provide positive evaluations of alternative approaches.  Thus, the copious papers and citations (and grants) from this component of medical research reflect activity among a closed group whose members subscribe to essentially the same orthodox paradigm.  Far from being a measure of quality, the numbers of papers and citations (and projects) from some branches of medical research could be interpreted as a measure of the extent of the problem.

In recent references [Kostoff, 1995d, 1997a], the author differentiates between the two major characteristics of high quality science: doing the job right and doing the right job (in the best of all worlds, one would do the right job right).  The Science article is an example of doing the job right.  Once the research target has been selected (paradigm of using the surgical approach to eliminating cataracts), the orthodox medical research community performs an excellent and highly productive effort in finding the best ways to achieve the target.  It is analogous to firing a missile very accurately at the wrong target.  However, one can question seriously whether the community is doing the right job (using the right paradigm), and the present closed funding, review, and publication structure effectively precludes innovations which will address the right job.

The Science article, and the above comments, illustrate the danger of relying on metrics to infer quality from scientific activity.  Metrics have their place in a comprehensive evaluation procedure of research, but as a stand‑alone approach (as reflected in the Science article) metrics are subject to misinterpretation.  


APPENDIX 8

DATA MINING USING DATABASE TOMOGRAPHY AND BIBLIOMETRICS: A REVIEW [Kostoff, 1997n]

[CONTRIBUTORS TO THIS APPENDIX INCLUDE DR. RONALD N. KOSTOFF (ONR), MR. HENRY J. EBERHART (NAWC-RET), AND MR. DARRELL RAY TOOTHMAN (DSTI, INC.).  THE VIEWS IN THIS APPENDIX ARE SOLELY THOSE OF THE AUTHORS AND DO NOT REPRESENT THE VIEWS OF THE DEPARTMENT OF THE NAVY, ANY OF ITS COMPONENTS, OR OF DSTI, INC.]

ABSTRACT

Database Tomography (DT) is a system which includes algorithms for extracting multi‑word phrase frequencies and performing phrase proximity analyses (relating physical closeness of the multi-word technical phrases to thematic relationships) on any type of large textual database.  DT has been used to derive technical intelligence from a variety of textual database sources, most recently the published literature as exemplified by the Science Citation Index and the Engineering Compendex.  Phrase frequency analysis (the occurrence frequency of multi-word technical phrases) provides the pervasive technical themes of the topical databases of interest, and the phrase proximity analysis provides the relationships among the pervasive technical themes.  In the structured published literature databases, bibliometric analysis of the database records supplements the DT results by identifying: 

the recent most prolific topical area authors; 

the journals which contain numerous topical area papers; 

the institutions which produce numerous topical area papers; 

the keywords most frequently specified by the topical area authors; 

the authors whose works are cited most frequently in the topical area papers; and 

the particular papers and journals cited most frequently in the topical area papers.  

This review summarizes: 

1) the theory and background development of DT; 

2) past published and unpublished literature study results; 

3) present application activities; and 

4) potential expansion to new DT applications. 

1. INTRODUCTION

Science and technology are assuming an increasingly important

role in the conduct and structure of domestic and foreign business

and government.  In the highly competitive civilian and military

worlds, there has been a concommittent increase in the need for

scientific and technical intelligence to insure that one's

perceived adversaries do not gain an overwhelming advantage in the

use of science and technology.  While there is no substitute for

direct human intelligence gathering, there have become available

many techniques which can support and complement direct human

intelligence gathering.  In particular, techniques which identify,

select, gather, cull, and interpret large amounts of technological

information semi‑autonomously can expand greatly the capabilities

of human beings for performing technical intelligence.

One such technique is DT [Kostoff, 1991d, 1992a, 1993f, 1994h, 1995e], a system for analyzing large amounts of textual computerized material.  It includes algorithms for extracting multi‑word phrase frequencies from the textual databases and performing phrase proximity analyses.  Phrase frequency analysis (occurrence frequency of multi-word technical phrases) provides the pervasive technical themes of a database, and the phrase proximity (physical closeness of the multi-word technical phrases) analysis provides the relationships among pervasive technical themes, as well as among technical themes and authors/ journals/ institutions/ countries, etc.  The present paper reviews the origin, evolution, and applications of the DT process, including recent augmentation of DT capabilities by literature bibliometric analyses, to derive technical intelligence from textual databases.  

What is the importance of applying DT and bibliometrics to a topical field of interest?  The roadmap, or guide, of this field produced by DT and bibliometrics provides the demographics and a macroscopic view of the total field in the global context of allied fields.  This allows specific starting points to be chosen rationally for more detailed investigations into a specific topic of interest.  DT and bibliometrics do not obviate the need for detailed investigation of the literature or interactions with the main performers of a given topical area in order to make a substantial contribution to the understanding or the advancement of this topical area, but allow these detailed efforts to be executed more efficiently.  DT and bibliometrics are quantity-based measures (number of papers published, frequency of technical phrases, etc.), and correlations with intrinsic quality are less direct.  The direct quality components of detailed literature investigation and interaction with performers, combined with the DT and bibliometrics analysis, results in a product highly relevant to the user community.


2. BACKGROUND

2.1 Overview
DT can be perceived as a computer-based process for developing roadmaps to the textual representation of topical areas.  A more detailed and comprehensive survey of science and technology roadmaps can be found in [Kostoff, 1997p], and the unique features of the co-word-based DT process relative to other roadmap techniques are summarized in [Kostoff, 1997e].  This latter reference describes the two main roadmap categories (expert-based and computer-based), summarizes the different approaches to computer-based roadmaps (citation and co-occurrence techniques), presents the key features of classical co-word analysis, and shows the detailed evolution of DT from its co-word roots to its present form.  The metamorphosis of modern co-word analysis to DT will now be summarized. 

2.2 Modern Co-Word Analysis

Modern development of co‑word analysis for purposes of evaluating research originated in the mid‑1970s [Callon, 1979, 1983, 1986].  The method developed initially by Callon focused on analyzing the content of articles and reports.  In one of the first descriptions and applications of the method [Callon, 1979], the impact of French government intervention in the field of macromolecular chemistry was examined.  A database of over 4,000 articles covering the field of interest was generated.  Key or index words were assigned to each article in the database.  A basic assumption was that the key words describing an article had some linkages in the author's mind, and the different fields or functions represented by these words had some relation. 

Each time a pair of words occurred together in the key word list of an article, it was counted as a co‑occurrence of the pair.  The number of co‑occurrences for each pair was calculated for all the articles in the database.  A co‑occurrence matrix was constructed whose axes were the index words in the database and whose elements were the number of pair co‑occurrences of the index words.  A two‑dimensional map was constructed which would display visually the positions of the key words relative to each other based on their co‑occurrence values from the matrix.  While different maps had different axes pairs, the central features of the maps appeared to be display of the relationship structures, and the strength of the relationships, between the words.

There were at least two major problems with this approach: the text was not analyzed directly, and the analysis was performed on the key words only.  The bias and error introduced from key word analysis was unknown, but use of key words continued to affect the credibility of the technique for years [Healey,1986; Leydesdorff, 1987].

Subsequent co-word studies focused on: biotechnology [Rip, 1984]; aquaculture [Bauin, 1986]; patents [Callon, 1986]; industrial ceramics [Turner, 1988]; polymer science [Callon, 1991]; neural networks [Van Raan, l99l]; chemical engineering [Peters, 1991];  combined word frequency analysis of citing articles with co‑citation analysis [Braam,1991a; Braam,1991b]; and material science [Van Raan, 1996].  All of these reported studies used key words or index words, not full text.  

2.3 Development of DT from Modern Co-Word Analysis

Callon's classical co-word analysis does not allow the richness of the semantic relationships in full text to be exploited, and it is restricted to formally published papers.  While there has been some progress in overcoming the dependency of co-word analysis on key or index words, limitations remain.  The remainder of this section summarizes the mechanics of a recently developed co-word method, DT, that eliminates the requirement for any key or index words and deals with any form, or combination of forms, of text, be it published article, report, or memo.

The new method, DT, relies upon full-text analysis [Kostoff, 1991d, 1993f, 1994h].  In dealing with written material, it is the most direct method of extracting messages from large textual databases.  It does not rely on interpreting intermediate abstractions of text such as citations, key or index words, or titles.  The method displays the richness of the fine structure relations in the text, and provides orders of magnitude more detail and useful information than previous methods based on key words, titles, and citations  

The method is more computer intensive than previous co-word approaches, since it requires examination of every word in the text database.  However, compared with the cost of data analysis time in any of the bibliometric techniques, whether co-citation, co-word, or co-nomination, the cost of computer time in the new method is negligible.  Given that computers are continually becoming more powerful, and computing costs per MB of text are decreasing, the method will be even more desirable in the future.  It is a method whose time has come.

In 1990-1991, experiments were performed at the Office of Naval Research [Kostoff, 1991b] which showed that the frequency with which phrases appeared in full text narrative technical documents was related to the main themes of the text.  The phrases with the highest frequencies of appearance represented the main, 'pervasive' themes of the text.  In addition, the experiments showed that the physical proximity of the phrases was related to the thematic proximity.  These experiments formed the basis of DT.

The DT method in its entirety requires generically three distinct steps.  The first step is identification of the main themes of the text being analyzed.  The second step is determination of the quantitative and qualitative relationships among the main themes and their secondary themes. The final step is tracking the evolution of these themes and their relationships through time.  The first two steps will be summarized now. Time evolutions of themes have not yet been performed.

First, the frequencies of appearance in the total text of all single word phrases (e.g., Matrix), adjacent double word phrases (e.g., Metal Matrix), and adjacent triple word phrases (e.g., Metal Matrix Composites) are computed.  The highest frequency technical content phrases are selected as the pervasive themes of the full database.

Second, for each theme phrase, the frequencies of phrases within +/‑ M (nominally 50) words of the theme phrase for every occurrence in the full text are computed, and a phrase frequency dictionary is constructed.  This dictionary contains the phrases closely related to the theme phrase.  Numerical indices are employed to quantify the strength of this relationship.  Both quantitative and qualitative analyses are performed for each dictionary (hereafter called cluster) yielding, among many results, those subthemes closely related to and supportive of the main cluster theme.

Third, threshold values are assigned to the numerical indices, and these indices are used to filter out the most closely related phrases to the cluster theme.  At this point, a variety of different analyses can be performed.

Initial analyses focused on aggregate report databases, since these were the most readily available.  More recently, the emergence of databases such as the Science Citation Index compendium of published journal article records allows expansion of the technique to the published literature.  In addition, these types of bibliographic databases allow scientometric analyses to be incorporated into the DT process, providing additional insights and perspectives to the topical area of interest.   

For databases of non-journal technical articles, the final results have been identification of the pervasive technical themes of the database, the relationships among these themes, and the relationship of supporting sub‑thrust areas (both high and low frequency) to the high‑frequency themes.  For the more recent studies in which the databases are journal article abstracts and associated bibliometric information (authors, journals, addresses, etc), the final results have also included relationships among the technical themes and authors, journals, institutions, etc.

Because numbers are limited in their ability to portray the conceptual relationships among themes and sub‑themes, the qualitative analyses of the extracted data have been at least as important as the quantitative analyses.  The richness and detail of the extracted data in the full text analysis allows an understanding of the theme interrelationships not heretofore possible with previous text abstraction techniques (using index words, key words, etc.).


3.  DT APPLICATIONS

3.1  Initial Applications to Technical Reports
The initial DT applications utilized the phrase frequency algorithms to identify pervasive themes from text, then, at a later stage, incorporated the phrase proximity algorithms to identify theme relationships.  Three of these applications will be summarized; more detailed descriptions can be found in [Kostoff, 1992a].

3.1.1  Theme Identification: Promising Research Opportunities Database

The multi-word phrase frequency generator was applied to a known and modest sized (~600KB) compendium of reports of promising research opportunities for the Navy developed by National Academy of Sciences panels and Navy internal experts.  Using the single, double, and triple word phrases from the frequency analysis, and ordering them by frequency as well as alphabetically (by first and second word in the case of word pairs, and by first, second, and third word in the case of word triplets), a clear picture of the pervasive themes (themes which in many cases cut across different disciplines) of the total text emerged.  This computerized scanning of the database provided a starting point for the development of technical guidance, which was eventually sent to members of the Navy research management community.

3.1.2  Theme Identification: Independent R&D (IR&D) Database

The method was then applied to a much larger database (~15MB), the list and description of IR&D projects supported by the Department of Defense.  These are projects funded out of overhead on DoD contracts to industry.  There were nearly 8,000 projects in this database, and merely reading the project descriptions, much less synthesizing and integrating their themes, would have been a monumental task for any individual or group of people.  The purpose of the application was twofold: First, using the overall technology taxonomy provided by the government to the principal investigators for categorization of their programs, determine whether the distributions within the taxonomy categories generated from the 'bottom-up' multiword frequency approach matched those obtained from principal investigator-supplied data; Second, determine whether a 'natural' taxonomy of the IR&D database, using no predetermined structure but only an orthogonalization of the themes resulting from the multiword frequency analysis, could be obtained.

For the first part of the problem, the main themes from the multi-word phrase frequency analysis were placed in the appropriate taxonomy bins generated by the government.  The distribution within the bins was obtained by summing the frequencies of the phrases in the bins.  The conclusion drawn was that the multiword phrase frequency approach gave a taxonomy distribution similar to that using contractor-supplied data, as well as could be expected given the subjectivity of characterizing both forms of data.  

The second analysis, determination of a 'natural' taxonomy, showed that a 'bottom-up' taxonomy could be generated rapidly from the multiword frequencies.  The conclusion drawn was that, where a database exists and a new or modified taxonomy is desired, the multiword phrase frequency approach provides an excellent starting point for generating such a taxonomy.

3.1.3  Theme Identification: Former Soviet Union Database

For the decade of the 1980s, assessments were made of selected areas of foreign applied science by the Foreign Applied Sciences Assessment Center (FASAC), a multi-agency supported project.  

Panels were contracted to assess the foreign literature (mainly Soviet) in the chosen area, and then write a report.  The 35 reports on Soviet applied science were combined into one text database, and subjected to DT analysis [Kostoff, 1993f].  While the focus of the FASAC study was identifying technical thrusts and their interrelationships, the raw data obtained by the extraction algorithms allowed the user to relate technical thrusts to institutions, journals, people, geographical locations, and other categories.

Using the phrase frequency generator (the technical phrases output from the phrase and proximity generators are shown as CAPS in the remainder of this paper) on the FASAC database, the high technical content phrases were aritrarily categorized in bins of similar science thrusts, and an applied research taxonomy was generated.  It consisted of: 

Information (IMAGE PROCESSING, PATTERN RECOGNITION, SIGNAL PROCESSING, ARTIFICIAL INTELLIGENCE, ETC.); 

Physics (SHOCK WAVES, RADIO WAVES, CHARGED PARTICLE ACCELERATORS, OPTICAL PHASE CONJUGATION, ETC.); 

Environment (INTERNAL WAVES, OCEANIC PHYSICS, SEA SURFACE, IONOSPHERIC MODIFICATION, ETC.), and 

Materials (THIN FILM, COMPOSITE MATERIALS, FRACTURE MECHANICS, SOLID FUEL CHEMISTRY, ETC.).  

Compared to other databases examined, there appeared to be a relatively higher occurrence of Physics-related terms and of terms related to Combustion/ Explosion and its consequences.

3.1.4  Practical Considerations

A number of practical lessons resulted from working with the above and other large databases.  The raw data output is huge; a major problem is to reduce this mass of data to a manageable and interpretable form.  One favorable characteristic of the raw data is that if frequency of phrase occurrence is plotted on the abcissa, and number of phrases of a given frequency is plotted on the ordinate, then the plot of number of phrases vs. frequency is linear on semilog paper, especially at the lower frequencies.  The bulk of the numbers of phrases are at the lowest frequencies.  Eliminating the lowest frequency phrases (1, 2, and perhaps 3 occurrences) will result in the elimination of over 90% of the original phrases.  Eliminating the nontechnical 'noise' phrases reduces the number of single word phrases by a factor of two and the double word phrases by a factor of four.

The multiword frequency approach is a powerful tool for making large databases transparent and for identifying pervasive themes within these databases.  The quality of the results will be no better than the quality of the database.  If the verbiage of the database has been skewed, the relative ordering of the main themes will be affected.  

3.1.5  Theme Inter-relationships:  Promising Research Opportunities Database

The phrase proximity analyses were performed on a moderate sized database (~1.2MB), an upgraded version of the promising research opportunities database used in section 3.1.1.  The objective was to identify pervasive research thrusts, which in many cases transcend particular disciplines and can only be found within an integrated picture of research.  In addition, identification of the relationships among these thrusts was desired to see what multidisciplinary thrusts are emerging.

Initially, a single, double, and triple word phrase frequency analysis was performed.  The 20 highest frequency technical single word phrases, and 30 highest frequency double word phrases, were defined as themes and extracted, and phrase frequency dictionaries (clusters) were generated for each one of these themes.  Triple word phrases were not chosen because of the relatively small size of the text database and the consequent relatively small number of high frequency phrases in the dictionary.

In this early period of DT development, a large number of statistical indicators and indices were generated to filter the content of the clusters and assist in the analysis and interpretation of the content of the clusters.  Details of some of these quantitative analyses and results are contained in [Kostoff, 1992a], and will not be repeated here because of space limitations.

The contents of each cluster were structured into different categories.  In terms of cluster categorization, as a compromise between detail and conciseness, each cluster could be subdivided into from 2 to 4 categories.  For those themes that were fairly specific, such as INTEGER PROGRAMMING, subcategorization was straightforward.  For those themes that were fairly general, and perhaps ambiguous in meaning, such as a homonym like CURRENT, subcategorization was much more difficult, and an integrated set of categories was in some cases impossible.  Usually, though not always, the single word phrase themes were harder to categorize because of the broader implications of the themes.  The conclusion to be drawn is that cluster subcategorization is useful for integrating the disparate members into related topical groups when a focused theme exists, but subcategorization serves less of a purpose when the theme is diffuse.
The single word phrase theme clusters contained more of the higher co-occurrence frequency phrases than the double word phrase theme clusters.  This is a direct result of the higher absolute occurrence frequencies of the single word phrase themes, and the consequent larger size of the dictionaries.  The single word phrase members of the clusters are broader and contain less information than the double word phrases and provide a useful first step in identifying subcluster categorizations.  

For example, in the cluster from this study whose theme is ACOUSTIC, the first four phrases in the cluster ranked by one of the statistical indices were the single word phrases PROPAGATION, SCATTERING, OCEAN, and BOTTOM.  While they contain far less information than, say, 'WAVEGUIDE INVERSE SCATTERING,' 'OCEANOGRAPHIC SAMPLING NETWORK,' or 'COASTAL TRANSITION ZONE,' they do provide some broad structuring and categorization for the cluster, as well as the potential for broader overlap with other clusters.  In fact, the set of single word phrases included in the ACOUSTIC cluster (PROPAGATION, SCATTERING, OCEAN, BOTTOM, SENSORS, ARCTIC, WATER, WAVE, MODELING, ENERGY, DATA) provided a reasonable taxonomy for categorizing the double and triple word phrases contained in the ACOUSTIC cluster.  

Interestingly enough, these first four single word phrases in the ACOUSTIC cluster appeared to cover the main two subthemes within the cluster, namely, acoustic propagation within the ocean environment, and acoustic wave interactions with the boundaries (mainly ocean bottom).  

The sub-categorizations were performed for each of the fifty clusters to identify sub-theme inter-relationships.  It was also desired to categorize the total database by a few relatively independent themes.  Toward this end, megaclusters, or groupings of similar clusters were generated, to provide an orthogonalized taxonomy of the total database.  Each megacluster consisted of clusters which had a threshold number of phrases in common with at least one other cluster in the megacluster.

Three high level megaclusters were evident from the analyses.  The first could be broadly categorized as Ocean Sciences, the second as Information Sciences, and the third as Materials.  At the time of this study, ONR identified three specific areas of emphasis (core competencies) in its investment strategy, namely, Ocean Sciences, Materials, and Information Sciences.  Thus, the three broad megacluster areas identified by an analysis of experts' recommendations to ONR of promising research opportunities coincided with ONR's stated areas of emphasis.
3.1.6  Theme Inter-relationships: IR&D Database

In section 3.1.2, results of a multiword phrase frequency analysis applied to the IR&D database were described briefly.  The present section describes phrase frequency and proximity studies on the IR&D database.  For the studies reported here, a later incarnation of the IR&D database, representing about 7400 FY90 programs, was used.  Single, double, and triple word phrase frequency analyses of the database were performed.  

The results showed at least three major pervasive thrust areas: 
Information Technology (SIGNAL PROCESSING, CONTROL SYSTEM, DATA BASE, SOFTWARE DEVELOPMENT, NEURAL NETWORK, SYSTEM ARCHITECTURE, ARTIFICIAL INTELLIGENCE, IMAGE PROCESSING, TARGET RECOGNITION, DATA PROCESSING, DATA FUSION, COMPUTER SIMULATION, DATA LINK, SOFTWARE ENGINEERING, PARALLEL PROCESSING,.....), 

Materials Technology (FIBER OPTIC, COMPOSITE MATERIALS, ADVANCED MATERIALS, COMPOSITE STRUCTURES, MECHANICAL PROPERTIES, MATRIX COMPOSITES, THIN FILM, ADVANCED COMPOSITES, METAL MATRIX, .....), and 

Aerospace Technology (FLIGHT CONTROL, PROPULSION SYSTEM, HEAT TRANSFER, WIND TUNNEL, LAUNCH VEHICLE, ENGINE CONTROL, ENGINE TESTING, GAS TURBINE ENGINES,.....).  

These pervasive thrust areas are not necessarily independent.  As the proximity analyses showed, much of the Materials and and some of the Information work is directed towards Aerospace applications.

Generally, the Materials Technology themes seem to be much more closely related to the Aerospace Technology application than do the Information Technology themes.  This may reflect the more generic nature and applicability of the Information Technology at the development stage.  Another interpretation is that the Materials Technology development is defense-requirements driven, while the Information Technology development is market driven primarily and defense-requirements driven secondarily.  More analysis would be required before this interpretation could be strongly substantiated.  Compared to the promising opportunities database, which is research oriented and whose themes and sub-themes are expressed in the very wide spectrum research language, the IR&D database is technology development oriented, and its themes and sub-themes are expressed in the narrower spectrum technology development language.  

3.1.7  Theme Inter-relationships: Former Soviet Union (FSU) Database

In section 3.1.3, the pervasive themes obtained from the FASAC database by phrase frequency analysis were identified, and a resultant arbitrary taxonomy of the full FASAC database was presented.  In this section, the phrase proximity generator was applied to the FASAC database subsequent to the phrase frequncy generator, and a taxonomy of the full FASAC database was obtained by the megacluster analysis described in section 3.1.5.  The cluster overlaps were determined, and those clusters which

had three or more overlaps (three or more common members) were

combined to form strings of related clusters, or megaclusters.  Normalization, or adjustment of the overlap threshold criteria for different cluster sizes, was not performed.  

From section 3.1.3, the results of the multiword phrase frequency analysis performed on the total FASAC database allowed a high level science taxonomy of four broad categories to be generated: Information, Physics, Environment, and Materials.  A phrase proximity analysis on the 60 highest frequency pervasive themes identified by the multiword phrase frequency analysis, and a subsequent (effective) renormalization of the pervasive themes due to linkages among sub‑themes allowed nine 'umbrella' themes (megaclusters) to be generated: 

Ionospheric Heating/ Modification; 

Image/ Optical Processing; 

Air‑Sea Interface; 

Low Observable; 

Explosive Combustion; 

Particle Beams; 

Automatic/ Remote Control; 

Frequency Standards; 

Radar Cross Section.  

Based on the results and interpretation of the multiword phrase frequency and proximity analyses, it could be concluded that the FASAC database used in this study is a compendium of those aspects of FSU science of interest to the U. S. for strategic and military purposes.  The microlevel analysis of selected theme clusters, showing how the cluster members related to each theme, reinforced this conclusion and provided more detail about those aspects of each theme on which FASAC concentrated.

For example, many classes of materials were researched and

developed in the FSU.  Yet the materials subcategory in the FASAC

analysis focuses on FSU capabilities in energetic materials and

coatings to reduce radar cross sections, both important classes

from a military viewpoint.  The main environmental focus is air‑sea

interface, with little mention of the terrestrial environment. 

Coupled with the information category focus on image and optical

processing, and the secondary information category focus on remote

control, it could be concluded that the FASAC concern was FSU

capability in sensing the ocean for ship and submarine activity,

and remotely processing and interpreting this information.  The

secondary environmental focus of FASAC was on the ionosphere,

specifically on FSU capabilities for modifying the ionosphere

through high power radio wave heating and exploiting its use as a

communication medium.  One focus of the physics category is

particle beams, which could have dual applications of high energy

directed weapons and heaters for magnetically confined plasmas and

inertial fusion targets.  

A wealth of information resulted from the FASAC output, and

only a small fraction of that information was presented and

analyzed in this report.  The analysis was restricted to technical

themes and their relationships, but raw data was available for

relating technical themes to non‑technical themes such as

institutions, scientists, journals, geographical regions, etc. 

Experts in the technical themes were not utilized in the data

analysis, which limited the level of detail of the analysis.

3.2  Recent Applications to Published Literature Databases
In contrast to the initial studies reported above, the recent efforts have used databases of published paper summaries, such as the Science Citation Index and the Engineering Compendex.  The DT algorithms for phrase frequency and proximity analysis are supplemented by bibliographic and scientometric analyses to provide deeper insight into the structure and thematic relationships of the topical area of interest.  The results of four studies in the topical areas of: 

Research Impact Assessment-RIA [Kostoff, 1997c, 1997d]; 

Chemistry-JACS [Kostoff, 1997d]; 

Near-Earth Space-NES [Kostoff, 1997e], and 

Hypersonic/ Supersonic Flow-HSF [Kostoff, 1997o] 

will be summarized and integrated where possible.

3.2.1  Database Generation

The key step in these literature analyses is the generation

of the database to which the algorithms will be applied.  For most (not all) of these studies, the database consisted of selected journal and conference proceeding records (including authors, titles, journals, author addresses, author keywords, abstract narratives, and references cited for each paper) obtained by searching the Science Citation Index (SCI) and the Engineering Compendex (EC) for topical articles.  The CD-ROM version of the SCI accesses about 3200 journals (mainly in physical and life sciences basic research) and the EC accesses about 2600 journals and conference proceedings (mainly in applied research and technology).  

The databases that have been selected for these studies typically represent a fraction of the available topical literature.  They do not include the large body of classified literature, or company proprietary technology literature.  They do not include the large body of technical reports on the topical area.  They typically have covered a finite slice of time (early 1990s to present).  It is the authors' perception that the databases used have represented the bulk of the peer-reviewed high quality topical science and technology, and have served as a representative sample of all the relevant topical science and technology in recent times.  
To extract the relevant articles from the SCI and EC, the title, keyword, and abstract fields have been searched using keywords relevant to the topical area, although different procedures were used to search the title and abstract fields [Kostoff, 1997f].  The resultant abstracts were culled to those relevant to the topic.  The searches have been performed with the aid of two powerful DT tools (multi‑word phrase frequency analysis and phrase proximity analysis) using the process of Simulated Nucleation [Kostoff, 1997f].  In this process, an initial database of titles, keywords, and abstracts is created from a core of papers known to be highly relevant to the topical area.  Phrase frequency and proximity analyses were performed on this textual database.  The high frequency single, double, and triple word phrases obviously relevant to the topic, and their boolean combinations, were then used as search terms in the SCI and EC databases.  The process was repeated on the new database of titles, keywords, and abstracts obtained from the search.  A few more iterations were performed until very few new records (convergence) were obtained.  One value of utilizing Simulated Nucleation is that the search terms are obtained from the words of the authors in the SCI and EC databases, not by guessing on the part of the searcher.  

3.2.2  Results from the Bibliographic Analyses

First, the results of the bibliometric analyses will be presented, then followed by the results of the DT analyses.  The SCI and EC bibliometric fields incorporated into the database included, for each paper, the author, journal, institution, and keywords.  In addition, the SCI included references for each paper.  

The first group of metrics presented are counts of papers published by different entities.  These metrics can be viewed as output and productivity measures.  They are not direct measures of research quality, although there is some threshold quality level inferred due to their publication in the (typically) high caliber journals accessed by the SCI.

3.2.2.1  Prolific Authors

In each study, the author field was separated from the database, and a frequency count of author appearances was made.  The most prolific authors were listed in order of decreasing publications.  However, because of the database limitations described above, there may have been excellent researchers writing in the various topical fields who were omitted from the list.

In all cases, the most prolific authors had listings more than an order of magnitude greater than the average.  Studies of the technical fields of near-earth space [Kostoff, 1997e] and of Chemistry [Kostoff, 1997d] as represented by the Journal of the American Chemical Society yielded an average of 3.37 authors per paper for the space results and three authors per paper for the Chemistry results, while studies of hypersonic/ supersonic flow [Kostoff, 1997o] yielded an average of 2.63 authors per paper.  A previous study on the non-technical field of research impact assessment [Kostoff, 1997c, 1997d] yielded about 1.3 authors per paper.  In those four studies, it was concluded that: 

i) the RIA projects tended to be individual efforts by their intrinsic nature; 

ii) the space and Chemistry projects tended to involve large teams in many of the experimental projects; 

iii) the large experimental hypersonic/ supersonic research projects did not dominate to the extent expected, but individual small-scale projects played an important role in hypersonic/ supersonic research.  

It should be re-emphasized that these conclusions apply to research as published in the open literature.  The conclusions could change for technology development, and for classified or proprietary research. 

Figure 1 shows the distribution function of author listing frequency for the HSF, NES, and JACS databases.  The abcissa is the number of author listings n, and the ordinate is the number of authors who have author listing n.  In each case, the distribution function has been normalized to the number of authors who have one listing in the respective databases.  Because the normalized data from the different studies have very similar distribution functions for the same parameter (author, journal, organization), the graph is plotted on a semilog scale to stretch the lower ordinate region and differentiate the data for each study. 

The solid line on Figure 1 is the nominal (1/n^2) Lotka's Law [Lotka, 1926] distribution (the carat [^] denotes 'to the power').  All of the experimental data decline much steeper than the (1/n^2) law predicts.  The HSF and NES data essentially follow a curve which can be approximated by a (1/n^2.6) distribution.  The JACS data follows the steepest curve, approximately a (1/n^3) distribution.  However, since the JACS data represents one year of publications, while the other data represents four years of publications, a skewing of the JACS data to lower numbers because of the limited time frame for publications would be expected.


FIGURE 1 - AUTHOR FREQUENCY
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3.2.2.2  Journals Containing Most Topical Papers

A similar process was used to develop a frequency count of journal appearances.  The journals containing the most topical area papers had an order of magnitude more papers than the average.    

Bradford's Law [Bradford, 1934] for journal publications can be re-stated as: if the journals for a bibliography are grouped in order of decreasing publications, such that each group of journals contains the same number of papers, then the ratio of number of journals in each successive group will be a constant greater than unity.  The Law's applicability to HSF was examined.

For the HSF database, the first journal group selected contained one journal with 231 papers (AIAA JOURNAL); the second group had 3 journals with 237 papers; third group 9 journals with 229 papers; fourth group 25 journals with 229 papers; and fifth group 70 journals with 229 papers.  The ratio of numbers of journals per group between successive groups was approximately three, in excellent agreement with Bradford's Law.

For comparison of results, Figure 2 shows the distribution function of journal frequency for the HSF and NES databases, and a database of papers related to the non-technical field of research impact assessment.  The JACS database was derived from one journal only, The Journal of the American Chemical Society, and therefore was not applicable to this chart.  The abcissa is the number of papers n from the relevant database published in a given journal, and the ordinate is the number of journals which contain n papers.  In each case, the distribution function has been normalized to the number of journals which contain one relevant paper.  Again, because of the strong similar initial gradients for each field, the graph is plotted on a semilog scale. 

The solid line in Figure 2 is a (1/n^4) distribution, and represents an approximate average of all the experimental data.  The NES curve is best approximated by a (1/n^3.6) distribution; the other curves by approximately a (1/n^4.5) distribution.  Of the three topical areas, NES is the most generic, covering a wide range of disciplines, and HSF is the most focused, covering a rather narrow range of disciplines.  Therefore, it would be expected that HSF would be characterized by a very few core or nucleus journals in which the HSF practitioners strive to publish, while a broader group of core journals would be acceptable to the multi-discipline NES researchers.  The data emphasize this point dramatically. 


FIGURE 2 - JOURNAL FREQUENCY
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3.2.2.3  Institutions Producing Most Topical Papers

A similar process was used to develop a frequency count of

institutional address appearances.  The institutions producing the most topical papers were more than an order of magnitude more productive than the average, and these institutions were listed in order of decreasing frequency.  In the results presented in these studies, many different organizational components could have been included under the single organizational heading (e.g., Harvard Univ could include the Chemistry Department, Biology Department, Physics Department, etc.).  Lack of space precluded printing out the components under the organizational heading.   

Figure 3 shows the distribution function of institution frequency for the HSF, NES, and JACS databases.  The abcissa is the number of papers n in the database produced by a given institution, and the ordinate is the number of institutions that produced n relevant papers.  In each case, the distribution function has been normalized to the number of institutions that produced one relevant paper. 

The data center around a 1/n^4 distribution.  For this type of distribution, the median number of papers per organization is slightly over one, and the number of organizations which generate three papers is about one percent of the organizations which generate one paper only.  Also, integrating the distribution function shows that more than 96% of the papers result from organizations which produce three or less papers.  


FIGURE 3 - INSTITUTION FREQUENCY
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3.2.2.4 Countries Producing Most Topical Papers
The countries producing the most topical papers were listed in each study.  The dominance of a handful of countries was clearly evident in all the studies.  In the four studies performed so far using the present approach (RIA, JACS, NES, HSF), the United States is almost an order of magnitude more prolific than its nearest competitor in terms of absolute numbers of papers produced, and is as prolific as its nearest major competitors combined (See Table 1).  Generically, the western democracies tend to be the most prolific on the basis of absolute numbers of papers produced; normalizations to population or GNP were not performed.  In addition, Japan is in the first JACS tier and second RIA tier; Hungary is high in RIA; and India and Russia are both well into the second RIA and JACS tiers.  A recent study [Anwar, 1997] listed the papers contributed by the top 50 nations to the world science literature; i.e., numbers of publications in the SCI.  The top performers are listed at the end of Table 1, and are in line with the bibliometric results shown in the prior sections of Table 1.


TABLE 1  COUNTRIES PRODUCING MOST PAPERS IN DIFFERENT DT STUDIES


HYPERSONICS SCI

USA 961        RUSSIA 169           JAPAN 155        FRANCE 107    

UK 86          GERMANY 84           ITALY 48         CANADA 35    

TAIWAN 31      INDIA 29             ISRAEL 20        AUSTRALIA 15


NEAR EARTH SPACE SCI

USA 5266       UNITED KINGDOM 660   FRANCE 614       JAPAN 549  

CANADA 476     GERMANY 417          RUSSIA 370       ITALY 274  

AUSTRALIA 207  INDIA 203            NETHERLANDS 127  SWEDEN 119  


NEAR EARTH SPACE EC

USA 2354       JAPAN 479            UK 445           FRANCE 342   

GERMANY 275    CANADA 272           ITALY 230        RUSSIA 209   

INDIA 143      NETHERLANDS 125      AUSTRALIA 103    CHINA 77


JOURNAL OF THE AMERICAN CHEMICAL SOCIETY SCI

USA 2040       JAPAN 276            CANADA 168       GERMANY 148  

FRANCE 116     UK 109               ITALY 97         SPAIN 58  

SWITZERLAND 53 ISRAEL 48            NETHERLANDS 43   SWEDEN 40  


RESEARCH IMPACT ASSESSMENT SCI

USA 1595       UK 279               CANADA 138       NETHERLANDS 80  

GERMANY 79     FRANCE 71            AUSTRALIA 69     SPAIN 58   

HUNGARY 46     BELGIUM 45           INDIA 32         ISRAEL 30   


WORLD SCIENCE SCI (x1000) (1990-1994)

USA 995        UK 241               JAPAN 200         GERMANY 170

FRANCE 137     CANADA 119           RUSSIA 118        ITALY 82

NETHERLANDS 58 AUSTRALIA 56         INDIA 52          SPAIN 47

SWEDEN 44      SWITZERLAND 40       CHINA 30          ISRAEL 28

3.2.2.5 Most Cited Authors, Papers, Years, and Journals
The second group of metrics presented are counts of citations to papers published by different entities.  While citations are ordinarily used as impact or quality metrics, much caution needs to be exercised in their frequency count interpretation, since there are numerous reasons why authors cite or do not cite particular papers [Kostoff, 1997b, 1998b; MacRoberts, 1996].

The citations in all the SCI papers were aggregated, the authors, specific papers, years, journals, and countries cited most frequently were identified, and were presented in order of decreasing frequency.  A small percentage of any of these categories received large numbers of citations.  From the citation year results, the most recent papers tended to be the most highly cited.  This reflected rapidly evolving fields of research.   

3.2.2.5.1 Most Cited Authors
Relatively few authors were highly cited.  The most cited authors, while prolific, were usually not the most prolific authors, and vice versa. For example, the three most highly cited authors in the HSF study (Tam, Papamoschou, Roe) ranked numbers 35, 45, and off the chart, respectively, in the prolific authors list.  The three most prolific authors in the HSF study (Pilyugin, McDaniel, Boyd) all ranked number 53 (tied) in citability. Part of this difference may be due to the time lag between the highly cited authors' productivity at the time their highly cited papers were written and their productivity today, as well as the phase in their career of the prolific authors.  Another partial explanation may be the intrinsic nature of the papers; the large numbers of papers produced may reflect more applied papers, which lend themselves more to shorter-term production-line type output.  Stated differently, the time and effort required to produce a fundamental seminal highly cited paper probably do not allow overly high volumes of papers to be produced.

Figure 4 shows the distribution function of author citation frequency for the HSF, NES, and JACS databases.  The abcissa is the total number of citations n received by a given author, and the ordinate is the number of authors that received n total citations.  In each case, the distribution function has been normalized to the number of authors that received one citation. 

Again, the data center around a 1/n^4 distribution.  Integration of this distribution function shows that over 96% of the citations are from authors cited three times or less.  Appendices 3/3-A summarize a focused study which examined all the papers which cited a small sample group of HSF papers.  By far, the largest number of sample papers (the mode) in that study received no citations.  The emerging picture is that most authors in HSF have no cites or very few cites, and in the larger fields most authors probably would have few cites.  Only a miniscule fraction of the papers are seminal documents which are cited highly.


FIGURE 4 - AUTHOR CITATION FREQUENCY


[INSERT FIGURE HERE]

3.2.2.5.2 Most Cited Papers
To ascertain whether any relationship between highly and lowly cited papers and their associated journals and performing organizations could be observed, the characteristics of samples of highly and zero cited HSF papers obtained from the web version of the SCI were analyzed [Kostoff, 1997o].  The results are summarized in Appendices 3/ 3-A.  

Figure 5 shows the distribution function of paper citation frequency for the HSF, NES, and JACS databases.  The abcissa is the total number of citations n received by a given paper, and the ordinate is the number of papers that received n total citations.  In each case, the distribution function has been normalized to the number of papers that received one citation.

For all three topical fields presented, the data follow a 1/n^5 distribution, as contrasted with the 1/n^4 distribution for author citations.  Examination of the three topical studies (NES/ JACS/ HSF) which produced the three sets of data showed that each of the highly cited authors had a wide range of citations for his different papers.  For any given highly cited author, most papers received few citations.  It was the infusion of numbers of lowly cited papers from the highly cited authors which expanded the pool of lowly cited papers in Figure 5, and resulted in the conversion of the 1/n^4 distribution of Figure 4 to the 1/n^5 distribution of Figure 5.  This effect appears to transcend topical fields, and to be universal based on the limited data presented.  This relation, the Kostoff-Eberhart-Toothman Law, can be re-stated as follows: for a topical field, the ratio of the normalized number of authors with n citations per author to the normalized number of papers with n citations per paper is n, for low to moderate values of n.


FIGURE 5 - PAPER CITATION FREQUENCY


INSERT FIGURE HERE]

3.2.2.5.3 Most Cited Journals
Relatively few sources were highly cited.  There is probably somewhat more correlation between journals which are highly cited and which contain large numbers of topical papers than between highly prolific and cited authors.  The time span over which a journal develops and maintains a reputation for high quality is long compared to the gap between publication and citation, and one should expect that in the steady state the journals which publish many topical papers would also publish the higher quality papers.  To the degree that the most highly cited papers have the highest quality, the voluminous content journals should contain a larger share of the higher cited papers.  

In the HSF study, AIAA JOURNAL tended to publish many HSF papers and be highly cited, but JOURNAL OF CHEMICAL PHYSICS was highly cited and did not appear to publish many HSF papers under the present definition.  Analogous to the results of the small sample study presented above, one possible explanation is that the HSF published papers are slightly more applied than some of their references.  If JOURNAL OF CHEMICAL PHYSICS tends to contain very fundamental papers typically, it would serve mainly as a citing source for HSF papers, but not a publishing source for HSF papers.  The more fundamental journals (ASTROPHYSICS JOURNAL, JOURNAL OF COMPUTATIONAL PHYSICS, PHYSICS OF FLUIDS, CHEMICAL PHYSICS LETTERS, JOURNAL OF PHYSICAL CHEMISTRY) rank higher on citations relative to their publication rankings, while the more applied journals (JOURNAL OF PROPULSION AND POWER, HIGH TEMPERATURE, JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER) rank higher on publications relative to their citation rankings.  

Figure 6 shows the distribution function of journal citation frequency for the HSF, NES, and JACS databases.  The abcissa is the total number of citations n received by a given journal, and the ordinate is the number of journals that received n total citations.  In each case, the distribution function has been normalized to the number of journals that received one citation. 

The data follow approximately a 1/n^4.5 distribution.  As Bradford's Law suggests, there is a concentration of papers in the higher-quality core journals.  When this is coupled with the strong non-linearity of the distribution of cited papers as shown in the previous section, a further separation among journals (than the 1/n^4 average distribution of Figure 2) based on citations received would be expected.  This effect is strongly muted because the wide disparity in citations per paper within a given journal is integrated out to arrive at the citations per journal for all papers published by the journal. 


It was recommended in the studies that the reader interested in researching the topical field of interest would be well‑advised to, first, obtain the highly‑cited papers listed and, second, peruse those sources which are highly cited and/or which contain large numbers of recently published topical area papers.   


FIGURE 6 - JOURNAL CITATION FREQUENCY
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3.2.2.6 Most Frequently Used Keywords
The frequency distributions of the keywords associated with each paper were analyzed.  Typically, the EC frequency numbers were about an order of magnitude higher than the SCI frequency numbers, but the inclusion of required classification categories in the EC keyword listings probably accounted for a substantial part of this difference.

The keywords were examined as a group to ascertain whether a more comprehensive and integrated picture of the database could be inferred solely from the discrete and disparate keywords.  The conclusion from the HSF keywords was as follows.  While there appears to be a strong overlap in the primary focus of the SCI and EC as evidenced by the keywords (MATHEMATICAL MODELS, SUPERSONIC FLOW, SHOCK WAVES, BOUNDARY LAYERS, TURBULENCE), the SCI keywords tend to emphasize the more fundamental aspects of hypersonic/ supersonic flow (INSTABILITY WAVES, NAVIER-STOKES EQUATIONS, HYPERBOLIC CONSERVATION LAWS, NUMERICAL SIMULATIONS, ASYMPTOTIC ANALYSIS, INDUCED IODINE FLUORESCENCE, MACH REFLECTION), while the EC keywords tend to emphasize the more applied aspects of hypersonic/ supersonic flow (WIND TUNNELS, SUPERSONIC AIRCRAFT, HEAT TRANSFER, AERODYNAMIC LOADS, PRESSURE EFFECTS, RAMJET ENGINES, LIFT, SPACECRAFT).  The SCI keywords also emphasize computational approaches, thereby substantiating the conclusion reached in the earlier bibliometrics author section that hypersonic/ supersonic research has an important individual investigator component focusing on CFD.  The EC keywords are more inclusive of experimental methods.  

3.2.2.7 Phrase Frequency Analysis - Pervasive Themes
To obtain pervasive themes, single, double, and triple word

phrases from the text of the database were identified, and the high

frequency high technical content words were selected as the

pervasive themes.  In this particular exercise, the database was

split into two parts, titles and abstracts, and the analysis was done on each part.  Since the highest frequency phrases from the title and abstract databases tended to be very similar, only raw data outputs from the abstract database were presented.

In addition to presenting lists of these multi-word phrases (e.g., Table 2) this section of the results also attempted to construct a global picture of the total database from these high frequency phrases.  The summary from the HSF study showed that, from a global perspective, the SCI database portrays the major focus of HSF research to be SUPERSONIC/ HYPERSONIC MACH NUMBER flows over simple shapes (FLAT PLATE, LEADING EDGE) at ANGLES OF ATTACK containing BOW SHOCKS and OBLIQUE SHOCKS.  

The experimental focus is WIND TUNNEL TESTS with measurement emphasis on SURFACE HEAT TRANSFER and SURFACE PRESSURE DISTRIBUTIONS within the VISCOUS SHOCK LAYER, SHEAR LAYER, SUPERSONIC MIXING LAYER, and TURBULENT BOUNDARY LAYER;  

the analytical focus is NUMERICAL SIMULATION by COMPUTATIONAL FLUID DYNAMICS with FINITE ELEMENT and MONTE CARLO SIMULATION, using the COMPRESSIBLE NAVIER-STOKES EQUATIONS to model the VISCOUS SHOCK LAYER and near-body region, and using the EULER EQUATIONS to model the outer inviscid region.  

Conspicuous by their absence are exotic gas mixtures (helium, hydrogen, etc) which would simulate other planetary atmospheres, exotic body shapes which would simulate novel vehicle designs, and real gas effects (dissociation, ionization, radiation, etc) which would accompany very high Mach numbers characteristic of planetary entry speeds. 


TABLE 2

ABSTRACT DOUBLE WORD FREQUENCIES - HYPERSONICS SCI/ EC

447 MACH NUMBER      428 BOUNDARY LAYER       275 SHOCK WAVE

249 MACH NUMBERS     230 EXPERIMENTAL DATA    218 HEAT TRANSFER    

213 SUPERSONIC FLOW  190
NAVIER‑STOKES EQUATIONS 

155 SHOCK WAVES      142
SHEAR LAYER          141
FLOW FIELD    

132 REYNOLDS NUMBER  132
WIND TUNNEL          117
HYPERSONIC FLOW  

ABSTRACT TRIPLE WORD FREQUENCIES - HYPERSONICS SCI/ EC

98 ANGLE OF ATTACK                       89 ANGLES OF ATTACK    

60 TURBULENT BOUNDARY LAYER              56 SIMULATION MONTE CARLO  

55 COMPUTATIONAL FLUID DYNAMICS          45 VISCOUS SHOCK LAYER    

33 EQUATIONS OF MOTION                   30 SUPERSONIC MIXING LAYER  

27 COMPRESSIBLE NAVIER‑STOKES EQUATIONS  27 CONVECTIVE MACH NUMBER  

27 FINITE ELEMENT METHOD                 27 FREESTREAM MACH NUMBER  

3.2.2.8 Phrase Proximity Analysis - Relationships Among Themes
To obtain the theme and subtheme relationships, a phrase

proximity analysis was performed about each theme phrase. 

Typically, forty to sixty multi‑word phrase themes were selected

as the pervasive themes from a multi‑word phrase analysis of the type shown above.  For each theme phrase, the frequencies of phrases within +‑50 words of the theme phrase for every occurrence in the full text were computed.  A phrase frequency dictionary was constructed which showed the phrases closely related to the theme phrase.  Numerical indices were employed to quantify the strength of this relationship.  Both quantitative and qualitative analyses of each phrase frequency dictionary (hereafter called cluster) yielded those subthemes closely related to the main cluster theme.

Then, threshold values were assigned to the numerical indices. These indices were used to filter out the most closely related

phrases to the cluster theme (e.g., see the example (TABLE 3‑REMOTE SENSING‑ABSTRACT DATABASE) following this section for part of a typical filtered cluster from the NES study).

The full text database was split into two databases.  One was

the abstract narrative database (referred to as ABSTRACT in the phrase proximity analysis below), and phrase proximity analysis of this database yielded mainly topical theme relationships.  The other database (referred to as BLOCK below) consisted of records (one for each published paper) containing four fields: author(s), title, journal name, author(s) institutional address(es).  Phrase proximity analysis of this database yielded not only topical theme relationships from the proximal title words, but also relationships between technical themes and authors, journals, and institutions.              

TABLE 3

THEME WORD "REMOTE SENSING" ‑ ABSTRACT DATABASE ‑ SORT BY Ij

Cij   Ci        Ii        Ij       Eij       CLUSTER MEMBER

               (Cij/Ci)  (Cij/Cj)  (Ii*Ij)    

752  10659     0.071     0.703     0.0496    DATA 

575  12082     0.048     0.537     0.0256    SATELLITE REMOTE 

260  4042      0.064     0.243     0.0156    SURFACE   

207  1398      0.148     0.193     0.0286    REMOTE    

CODE:

Cij IS CO‑OCCURRENCE FREQUENCY, OR NUMBER OF TIMES CLUSTER MEMBER

APPEARS WITHIN +‑50 WORDS OF CLUSTER THEME IN TOTAL TEXT;

Ci IS ABSOLUTE OCCURRENCE FREQUENCY OF CLUSTER MEMBER;

Cj IS ABSOLUTE OCCURRENCE FREQUENCY OF CLUSTER THEME;

Ii, THE CLUSTER MEMBER INCLUSION INDEX, IS RATIO OF Cij TO Ci; 

Ij, THE CLUSTER THEME INCLUSION INDEX, IS RATIO OF Cij TO Cj, AND 

Eij, THE EQUIVALENCE INDEX, IS PRODUCT OF INCLUSION INDEX BASED

ON CLUSTER MEMBER Ii (Cij/Ci) AND INCLUSION INDEX BASED ON CLUSTER

THEME Ij (Cij/Cj).       

One of the important indicators used in the analysis is the Inclusion Index.  It is the ratio of a cluster member co-occurrence frequency Cij defined in Table 3 to the total occurrence frequency in the text of the cluster member or cluster theme.  For purposes of analysis, the cluster members in a given theme are segregated by their values of Inclusion Indices Ij and Ii.  Ij is the ratio of Cij to Cj (see Table 3), and is the Inclusion Index based on the theme word.  Ii is the ratio of Cij to Ci (see Table 3), and is the Inclusion Index based on the cluster member.  Ij and Ii are categorized as either high or low.  The dividing points between high and low Ij and Ii were determined experimentally, and are the middle of the "knee" of the distribution functions of numbers of cluster members vs. values of Ij and Ii.  All cluster members with Ij greater than or equal to approximately 0.1 were defined as having high Ij.  All cluster members with Ii greater than or equal to 0.5 were defined as having high Ii.

A high value of Ij means that, whenever the theme phrase

appears in the total database text, there is a high probability that the cluster member will appear within +‑50 words of the theme phrase.  A high value of Ii means that, whenever the cluster member appears in the total database text, there is a high probability that the theme phrase will appear within +‑50 words of the cluster member.

Thus, phrases categorized as high Ij high Ii are

coupled very strongly to the theme phrase.  Whenever the theme

phrase appears in the total database, there is a high probability that the cluster member will be physically close.  Whenever the cluster member appears in the total database, there is a high probability that the theme phrase will be physically close.  Whenever either phrase appears in the total database text, the

other will be physically close.

Consider phrases categorized as high Ij low Ii.  Whenever the cluster member appears in the total database text, there is a low probability that it will be physically close to the theme phrase.  Whenever the theme phrase appears in the total database text, there is a high probability that it will be physically close to the cluster member.  This type of situation occurs when the frequency of occurrence of the cluster member Ci is substantially larger than the frequency of occurrence of the theme phrase Cj, and the cluster member and the theme phrase have some related meaning.

Single word phrases have absolute frequencies of an order of magnitude higher than double word phrases.  Thus, the phrases categorized as high Ij low Ii are typically high frequency single word phrases.  They are related to the theme phrase but much broader in meaning than the theme phrase.  A small fraction of the time that these broad single word phrases appear, the more narrowly defined double word phrase theme will appear physically close.  However, whenever the narrowly defined double word phrase theme appears, the broader related single word phrase cluster member will appear.  The phrases under this heading can also be viewed as a higher level taxonomy of technical disciplines related to the theme.

Consider phrases categorized as low Ij high Ii.  Whenever the cluster member appears in the total database text, there is a high

probability that it will be physically close to the theme phrase. 

Whenever the theme phrase appears in the total database text, there is a low probability that it will be physically close to the cluster member.  This type of situation occurs when the frequency of occurrence of the cluster member Ci is substantially smaller than the frequency of occurrence of the theme phrase Cj, and the cluster member and the theme phrase have some related meaning.  Thus, the phrases categorized as low Ij high Ii tend to be low frequency double and triple word phrases, related to the theme phrase but very narrowly defined.

A large fraction of the time that these very narrow double and

triple word phrases appear, the relatively broader double word

phrase (usually) theme will appear physically close.  However, a small fraction of the time that the relatively broad double word phrase theme appears, the more narrow double and triple word phrase cluster member will appear.  This grouping has the potential for identifying "needle‑in‑a‑haystack" type thrusts which occur infrequently but strongly support the theme when they do occur.  One of many advantages of full text over key or index phrases is this illustrated ability by full text to retain low frequency but highly important phrases, since the key phrase approach ignores the low frequency phrases.

In the following section, the cluster theme REMOTE SENSING from the space study is analyzed for the BLOCK and ABSTRACT database components.  Further, for each of these database components, the cluster theme is analyzed from the two perspectives of low Ij high Ii and high Ij low Ii.  

3.2.2.9 Phrase Proximity Analysis - REMOTE SENSING
i) The first grouping analyzed is: BLOCK database; low Ii high Ij.  The phrases describe the more generic associations with REMOTE SENSING.  

The major journals and conferences whose near-earth space articles are associated with REMOTE SENSING include PROCEEDINGS OF SPIE, IGARSS, IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, REMOTE SENSING OF ENVIRONMENT, and INTERNATIONAL JOURNAL OF REMOTE SENSING [LATTER TWO ARE BOTH EC & SCI SOURCES‑FIRST THREE ARE EC SOURCES].  

The major generic types of sensors associated with REMOTE SENSING include RADAR SYSTEMS, OPTICAL DEVICES, RADIO, MICROWAVE, SYNTHETIC APERTURE RADAR, RADIOMETERS, INFRARED, ELECTROMAGNETIC, and MULTISPECTRAL.  

The major applications associated with REMOTE SENSING include COMMUNICATIONS, MONITORING, METEOROLOGY, and MAPPING.  

The major regions of interest associated with REMOTE SENSING include SPACE, ATMOSPHERIC, SURFACE, WATER ENVIRONMENT, SEA, LAND, MARINE, FOREST, and COASTAL.  

The major variables of interest associated with REMOTE SENSING include TEMPERATURE, RADIATION, and VEGETATION, and the major generic products associated with REMOTE SENSING are IMAGE and INFORMATION.  

Analysis tools associated with REMOTE SENSING include DATA PROCESSING, MATHEMATICAL MODELS, ALGORITHMS, COMPUTER SOFTWARE, IMAGE PROCESSING, and IMAGE ANALYSIS.

ii) The second grouping analyzed is: BLOCK database; high Ii low Ij.  The phrases describe the more specific associations with REMOTE SENSING.  

Authors closely associated with REMOTE SENSING include CRACKNELL‑AP, VARTSOS‑CA, KONDRATEV‑KY, GUSHIN‑GA, ZAKHAROV‑MY, LUPYAN‑EA, STAELIN‑D, BELCHANSKII‑G1, CHUNG‑LI, ERIC‑R ‑SHUCHMAN ‑R, WACKERMAN‑C, ALPERS‑W, EYMARD‑L, FRIEDL‑MA, GOWARD‑ SN, GOWER‑JFR, YAN‑XH, SIMPON‑JJ, LAMBIN‑EF.  

Journals closely associated with REMOTE SENSING in this database include PHOTOGRAMMATIC ENGINEERING, JOURNAL OF PHOTOGRAMMTRY, IGARRSS, and IEEE TRANSACTIONS (ON GEOSCIENCE AND REMOTE SENSING).  

Institutions closely associated with REMOTE SENSING include UNIV‑DUNDEE, INST. MARINE HYDROPHYS SEVASTAPOL UKRAINE, UNIV‑DELAWARE, BOSTON UNIV, UNIV OF HAMBURG, UNIV‑CALIF SANTA‑BARBARA, UNIV‑VALENCIA, UNIV‑N‑ CAROLINA, UNIV‑COLL‑SWANSEA, IWATE UNIV, BAY‑ST‑LOUIS MS, SAGA UNIV, RUSSIAN‑ACAD‑SCI, UNIV MUNICH, UNIV OF MISSOURI, UNIV OF BERNE, and UNIV OF ZURICH.  

Regions of interest closely associated with REMOTE SENSING include SENEGALESE SAHEL, ROSETTA PROMONTORY, RAIN FOREST, POLAR ICE, COASTAL ZOHSF, and GREENLAND ICE SHEET.  

Measuring instruments closely associated with REMOTE SENSING include MICROWAVE INSTRUMENTATION, MULTISPECTRAL SCANNERS RADIOMETERS, ENHANCED THEMATIC MAPPER, X‑RAY, SAR, SCANNING MULTICHANNEL MICROWAVE, SATELLITE MICROWAVE RADIOMETER, SAR INTERFEROMETRY, AIRBORNE SPECTROGRAPHIC IMAGER, and RADIOMETERS INFRARED IMAGING.  

Output quantities of interest associated with REMOTE SENSING include CANOPY REFLECTANCE MODEL, LEAF AREA INDEX, CROP YIELD, FORESTRY MAPPING, SEA SURFACE TEMPERATURES, SURFACE EMISSIVITY, VEGETATION DYNAMICS, ALPINE SNOW COVER, BIDIRECTIONAL REFLECTANCE DISTRIBUTION FUNCTION, CLIMATOLOGY DATA ACQUISITION, VEGETATED LAND SURFACES, WATER SURFACE TEMPERATURE, TERRAIN DATA BASES, LAND DEGRADATION ASSESSMENT, ACREAGE ESTIMATION, SOIL SALINITY, SNOWMELT RUNOFF, SNOW DEPTH, SEA‑SURFACE VELOCITIES, SEA‑ ICE MAPPING, LAND USE MAPPING, RED TIDE, AGRICULTURAL STATISTICS, ANTECEDENT PRECIPITATION INDEX, CROP INDEX, CROP YIELD ESTIMATION, SURFACE CURRENT, OIL SPILLS, and PHOTOMAPPING SURVEYS. 

iii) The third grouping analyzed is: ABSTRACT database; low Ii high Ij.  

Applications closely associated with REMOTE SENSING include MONITORING, MAPPING, DETECTION, and WEATHER.  

Regions of interest associated with REMOTE SENSING include SURFACE, ATMOSPHERIC, SPACE, EARTH, SEA, LAND, OCEAN, EUROPEAN, INDIAN, COASTAL, SEA SURFACE, TROPICAL, and LAKE, while related features include VEGETATION, WATER, FOREST, SOIL, ICE, OIL, SNOW, CROP, WIND, CANOPY, and AGRICULTURAL.  

Sensors closely associated with REMOTE SENSING include RADAR, SAR, SPECTRAL, MICROWAVE, OPTICAL, INFRARED, RADIOMETER, and MULTISPECTRAL, and the associated variables measured include IMAGE, TEMPERATURE, CURRENT, SOIL MOISTURE, AEROSOL, SURFACE TEMPERATURE, and RAIN.

iv) The fourth grouping analyzed is: ABSTRACT database; high Ii low Ij.  

Applications closely associated with REMOTE SENSING include DETECTION OF OIL SLICKS, OIL SLICK TRACKING, MONITORING FREEZE‑THAW CYCLES, VEGETATION MAPPING, and TRACKING USING DRIFTING BUOYS AND AIRCRAFT.  

Regions of interest closely associated with REMOTE SENSING include MARINE ATMOSPHERIC SURFACE LAYER, COASTAL ENVIRONMENTS, TROLLFJORD‑KOMAGELV FAULT ZONE, VARANGER PENINSULA, AURORAL ZOHSF, TERRESTRIAL ECOSYSTEMS, and associated features of interest include SURFACE MINING, WHEAT ACREAGE, DARK DENSE VEGETATION, SNOW HYDROLOGY, COAL MINING, CORAL REEF, SEA SURFACE MANIFESTATIONS, OBLIQUE SHEARS, UNSTRESSED CANOPY, and BLACK SPRUCE PICEA MARIANA.  

Sensors closely associated with REMOTE SENSING include SCANNING APERTURE RADAR, RADAR SAR IMAGERY, SYNTHETIC APERTURE SONAR, COMPACT AIRBORNE SPECTROGRAPHIC IMAGER, SATELLITE RADAR ALTIMETRY, ACTIVE MICROWAVE INSTRUMENT, OPTICAL AND MICROWAVE, and THERMAL INFRARED.  

Their associated measured variables include SHORE DRIFT DIRECTION, SPECTRAL REFLECTANCE DATA, EARTH RESOURCES DATA, MARINE POLLUTION, SOIL HEAT FLUX, PARTICLE SIZE DISTRIBUTION, REFLECTANCE DISTRIBUTION FUNCTION, and SUSPENDED SOLIDS CONCENTRATION.  

The output quantities derived from these measurements include ATMOSPHERIC COMPOSITION, WHEAT YIELD, ENVIRONMENTAL IMPACTS, NET CO2, FOREST PARAMETERS, LAND‑SURFACE ENERGY BALANCE, AGRICULTURAL STATISTICS, COHERENT CONVECTIVE STRUCTURES, OCEAN MICROWAVE PROPERTIES, VEGETATION COVER MAPS, CROP CLASSIFICATION, GLOBAL CARBON CYCLE, SEWAGE OUTFALL, ENVIRONMENTAL DEGRADATION, SEA ICE MAPS.  

Data analysis methods include DIGITAL IMAGE PROCESSING and AIR PHOTO INTERPRETATION.

3.2.2.10 Taxonomies
The use of full text by DT, compared to the use of index or key words by classical co-word analysis, allows many different types of taxonomies, or classifications into component categories, to be generated.  Such categorizations, anologous to the independent axes of a mathematical coordinate system, allow the underlying structure of a field to be portrayed more clearly, leading to more focused analytical and management analyses.  Two separate taxonomies will be discussed here.

The first taxonomy derives from the phrase frequencies.  The

authors examined the phrase frequency outputs, then arbitrarily

grouped the high frequency phrases into different, relatively

independent, categories for which all remaining terms would be

accounted.  In the NES study, one taxonomy was developed for the SCI phrase frequencies, and another taxonomy for the EC phrase frequencies.  Table 4 presents the results for the NES study.

The second taxonomy derives from the phrase frequency and

proximity analysis, and will be presented here.  From the phrase frequency analyses, fifty or sixty high frequency technical phrases were identified as pervasive themes.  A proximity analysis was done for each of these high frequency phrases.  A word frequency dictionary, or cluster, was generated for each theme phrase.  This cluster contained those phrases which were in close physical proximity to the pervasive theme throughout the text.  

The degree of overlap among clusters was computed.  In contrast to the taxonomy development in earlier DT studies, cluster sizes were normalized in the more recent studies.  Those normalized clusters which shared more than a threshold number of common phrases were viewed as overlapping.  This threshold level was determined by varying the number of common phrases parametrically, and observing the patterns of cluster aggregation from two-dimensional plots (similar to watching the growth of materials).  These overlapping clusters were viewed as links in a chain, with the different chains being relatively independent.  Each chain was then defined as a megacluster, or category of the larger taxonomy. The results for the HSF study are shown in Table 5.  The phrases preceded by an asterisk (*) are the megacluster themes, and the phrases preceded by a hyphen (-) are their component cluster themes.

This taxonomy reflects very accurately the thrust areas of hypersonic and supersonic flow over aerodynamic bodies.  The HYPERSONIC EXPERIMENTS measurements emphasize high pressure and temperature conditions, focusing on heat flux data and flow visualization techniques, and making increased use of shock tunnels relative to free flight experiments.  The COMPUTATIONAL FLUID DYNAMICS approaches, which are assuming a greater portion of HSF research, encompass finite volume and finite element techniques and monte carlo simulations as well.  The three post-shock regions of SHOCK LAYER, SHEAR AND MIXING LAYER, and BOUNDARY LAYER, each constitute emphasis areas with unique sub-thrust areas.  As the threshold conditions for overlapping phrases were further reduced from the values reflective of Figure 5, these three areas shortly merged into one, paralleling their intrinsic underlying connectivity.  TURBULENT FLOW with its high mixing and heat flux rates is of primary interest, while ASYMMETRICAL FLOW with its potentially higher lift coefficients assumes increasing importance for improving hypersonic vehicle performance.  NOZZLE FLOW has a dual importance: the study and control of high speed flow from actual aircraft and missile nozzle exits to maximize thrust and minimize fuel consumption, and similar studies of laboratory nozzle flows to understand the flowfield fluid dynamics and improve the nozzle as a high speed flow source.  Finally, INTERNAL ENERGY PRODUCTION is important for studying high speed combustion, as well as the reaction and dissociation chemistry of high speed gases.


TABLE 4

SPACE TAXONOMY ‑ SCI - PHRASE FREQUENCY BASED

*SPACE PLATFORM (E.G., SATELLITE, SPACECRAFT)

*SATELLITE FUNCTION (E.G., MAPPING, NAVIGATION)

*SATELLITE TYPE (E.G., GEOSAT, LANDSAT)

*MEASURING INSTRUMENT (E.G., RADIOMETER, MICROWAVE IMAGER)

*REGION EXAMINED (E.G., SEA, BOUNDARY LAYER)

*LOCATION EXAMINED (E.G., NORTH ATLANTIC, SOUTHERN HEMISPHERE)

*VARIABLE MEASURED (E.G., TEMPERATURE, SOIL MOISTURE)

*VARIABLE DERIVED (E.G., RADIATION BUDGET, GENERAL CIRCULATION)

*ANALYTICAL TOOL (E.G., DATA PROCESSING, MATHEMATICAL MODELS)

*PRODUCTS (E.G., TIME SERIES, SEA ICE MAPS)

*SPACE ENVIRONMENT (E.G., SOLAR WIND, MAGNETIC FIELD)

SPACE TAXONOMY ‑ EC ‑ PHRASE FREQUENCY BASED     

SAME AS 1A, BUT ADD:

*SATELLITE CONFIGURATION (GEOSTATIONARY SATELLITES, TETHERED

SATELLITE SYSTEM)  

*SATELLITE STATE (ATTITUDE DETERMINATION, HIGH ELEVATION ANGLE)

*SATELLITE SUBSYSTEMS (SOLAR CELLS, ATTITUDE CONTROL SYSTEM)


TABLE 5


HYPERSONICS TAXONOMY - MEGACLUSTERS

*HYPERSONIC EXPERIMENTS               *COMPUTATIONAL FLUID DYNAMICS

-SHOCK TUNNEL                         -COMPUTATIONAL FLUID DYNAMICS

-HYPERSONIC FLIGHT                    -DYNAMIC PRESSURE

-HIGH TEMPERATURE                     -DIRECT SIMULATION

-FLOW VISUALIZATION                   -MONTE CARLO

-PRESSURE MEASUREMENTS                -EULER EQUATIONS

-STATIC PRESSURE                      -FINITE VOLUME

-EXPERIMENTAL STUDY                   -BOUNDARY CONDITIONS

-HEAT FLUX                            -FINITE ELEMENT

*BOUNDARY LAYER                       *SHOCK LAYER

-BOUNDARY LAYERS                      -SHOCK LAYER

-SURFACE PRESSURE                     -VISCOUS SHOCK LAYER

-PRESSURE GRADIENT                    -PERFECT GAS

-OBLIQUE SHOCK                        -SUBSONIC AND SUPERSONIC

-REYNOLDS NUMBER                      -SUPERSONIC AIRCRAFT

-TRAILING EDGE                        -SUPERSONIC SPEEDS

-SUPERSONIC FLOWS

*SHEAR AND MIXING LAYER               *NOZZLE FLOW

-SHEAR LAYERS                         -NOZZLE EXIT

-TOTAL PRESSURE                       -SUPERSONIC NOZZLE

-SUPERSONIC JETS                      -FLOW CONDITIONS

-GROWTH RATE                          -GAS FLOW

-CONVECTIVE MACH                      -PRESSURE DISTRIBUTION

-FREESTREAM MACH                      -NUMERICAL SIMULATION

-MIXING LAYER                         -HYPERSONIC VEHICLES

-SUPERSONIC MIXING                    -SUPERSONIC COMBUSTION

                                      -WIND TUNNELS 

*TURBULENT FLOW                       *ASYMMETRICAL FLOW

-TURBULENT FLOW                       -ANGLE OF ATTACK

-TURBULENT BOUNDARY LAYER             -BLUNT BODY

-TURBULENCE MODEL                     -BOW SHOCK

-LARGE SCALE

*INTERNAL ENERGY PRODUCTION

-HEAT RELEASE

-CHEMICAL REACTION

-MASS FLOW

-NUMERICAL SOLUTIONS

4. CONCLUSIONS 

In all the studies, there was a concentration of output in the top authors, journals, institutions, and countries.  The top authors had an order of magnitude larger number of listings than the average, as did the top journals and top institutions.

The top handful of SCI countries accounted for most of the total addresses, and the dominance of these few countries seemed to be pervasive throughout the different research areas.  The dominance of the United States in every research area studied, as measured by absolute numbers of papers produced, is very evident.  

Most of the cited authors were cited once, and perhaps an order of magnitude less were cited twice.  A relatively few percent received large numbers of citations.  These observations held for cited journals and papers as well.  However, the most cited authors, while prolific, are not the most prolific authors, and vice versa.  From the citation year results, the most recent papers are the most highly cited.  This reflects a rapidly evolving field of research.  Relatively few sources were highly cited.  There is a moderately stronger correlation between journals which are highly cited and which contain large numbers of HSF papers than between highly prolific and cited authors.  

Publication and citation frequency distribution results were presented for authors, papers, journals, and organizations for three different technical fields (near-earth space, Chemistry, hypersonic/ supersonic flow) from three different studies, and one journal frequency distribution was presented from the non-technical field of research impact assessment.  Most of the distributions transcended the different topical fields, appearing to be topic-independent, and differed modestly (~1/n^4 vs. ~1/n^5) for the type of distribution function (author, journal, etc.).  

This appendix has presented a number of advantages of using DT and bibliometrics for deriving technical intelligence from the published literature.  Large amounts of data can be accessed and analyzed, well beyond what a finite group of expert panels could analyze in a reasonable time period.  Preconceived biases tend to be minimized in generating roadmaps.  Compared to standard co-word analysis, DT uses full text, not index words, and can make maximum use of the rich semantic relationships among the words.  It also has the potential of identifying low occurrence frequency but highly theme related phrases which are 'needles-in-a-haystack', a capability unavailable to any of the other co-occurrence methods.  Combined with bibliometric analyses, DT identifies not only the technical themes and their relationships, but relationships among technical themes and authors, journals, institutions, and countries.  Unlike other roadmap development processes, DT generates the roadmap in a 'bottom-up' approach.  Unlike other taxonomy development processes, DT can generate many different types of taxonomies (because it uses full text, not key words) in a 'bottom-up' process, not the typical arbitrary 'top-down' taxonomy specification process.  Compared to co-citation analysis, DT can use any type of text, not only published literature, and it is a more direct approach to identifying themes and their relationships.

The maximum potential of the DT and bibliometrics combination can be achieved when these two approaches are combined with expert analysis of selected portions of the database.  If a manager, for example, wants to identify high quality research thrusts as well as science and technology gaps in specific technical areas, then an initial DT and bibliometrics analysis will provide a contextual view of work in the larger technical area; i.e., a strategic roadmap.  With this strategic map in hand, the manager can then commission detailed analysis of selected abstracts to assess the quality of work done as well as identify work which needs to be done (promising opportunities). 


APPENDIX 9

NETWORK MODELING FOR DIRECT/INDIRECT IMPACTS [Kostoff, 1994i]

Background

In a mission-oriented research-sponsoring organization, the selection and continuation of research programs must be made on the basis of outstanding science and potential contribution to the organization's mission.  There have been increasing pressures to link science and technology programs and goals more closely and clearly to organizational as well as broader societal goals [Carnegie, 1992].  The process of estimating potential impact of research, especially basic research, on organizational and societal goals is complex due to the myriad of pathways by which the research product can effect its impact.  

Most resource-allocation methods in the literature that incorporate organizational objectives tend to be qualitative when addressing basic research, and more quantitative when addressing applied research allocation. 

-(See Logsdon [1985], OTA [1986], Hall [1990], IEEE [1974, 1983], Baker [1964], Cetron [1967], Datz [1974], Baker [1974, 1975], Winkofsky [1980] for reviews which compare selection methods and sort these methods into categories or classes; 

-see Kostoff [1983a], Hazelrigg [1982], Helin [1974], Souder [1978], Cook [1982], Nutt [1965], Souder [1975], Van de Ven [1971], Plebani [1981], Mottley [1959], Garguilo [1981], Gear [1971], Pound [1964], Dean [1965], Moore [1969], Gustafson [1971], McGuire [1973], Paolini [1977], Cooper [1978], Ramsey [1978], Krawiec [1984], Gear [1974], Keefer [1978], Madey [1985], Liberatore [1987], Dean [1962], Cramer [1964], Vanston [1977], Bell [1967], Cochran [1971], Themelis [1976], Aaker [1978], Liberatore [1981], Silverman [1981], Menke [1983], Ellis [1984], Hertz [1964], Hespos [1965], Maher [1974], Schwartz [1977] for benefit measurement methods [develop quantitative measures of the benefit of performing an R&D project, then select those projects which provide greatest benefit] as defined in Hall [1990];

-see Watters [1967], Asher [1962], Beged Dov [1965], Baker [1969], Souder [1973], Keown [1979], Winkofsky [1981], Taylor [1982], Hess [1962], Rosen [1965], Atkinson [1969] for constrained optimization approaches [optimize some objective function subject to specified resource constraints] as defined in Hall [1990]; 

-see Cooper [1981], Stahl [1983], Lockett [1970], Mandakovic [1985] for cognitive emulation models [establish an actual model of the decision making process within an organization] as defined in Hall [1990]) 

Almost all of the allocation techniques in the literature are more appropriate for the applied research, or development, projects.  Use of R&D project selection models falls into three categories [Roessner, 1985]: 

1. A decision maker was influenced on a particular decision by the findings of a specific piece of research (instrumental use); 

2. A decision maker finds that a piece of research contains ideas or information that contribute to the work of his/her organization (conceptual use); 

3. A decision maker uses research to advance his/her own self-interest (partisan use).  

Whether these allocation techniques are categorized according to OTA [1986] (scoring models, economic models, constrained optimization models, risk analysis models), or categorized according to Hall [1990] (constrained optimization methods, benefit measurement methods, cognitive emulation models, ad hoc methods, surveys) these techniques require, in practice, a project's development and payoff characteristics.  These characteristics can be estimated when a project's downstream development phase can be identified, such as for some types of applied research, and for many types of development projects.  For many areas of basic research, development and payoff characteristics are not obvious.  There do not appear to be viable quantitative resource allocation models applicable to basic research.

This section discusses a network based modeling approach which would allow estimation of the direct and indirect impacts of a research program or collection of research programs.  The research program impacts would be multi-faceted, including impacts on advancing its own field, on advancing allied fields, on advancing technology, on supporting operations and mission requirements, etc.  The model proposed here differs from any reported in the literature in that it reflects more accurately the different types of impact which basic research generates.  A major feature of the model is inclusion of feedback from the higher development categories (e.g., exploratory development, advanced development) on the advancement of research.  

Philosophy of Proposed Network Approach
Existing matrix-based research impact models [Dean, 1972; Ibrahim, 1984]) are most useful for applied R&D concepts and utilize a vertical impact structure (forward diffusion of knowledge) where the impacts of research flow forward only to the more advanced development categories (e.g., research----> development----> systems).  The proposed model uses a structure of lateral and backward diffusion of knowledge superimposed on the vertical impact structure (e.g., research----> research----> development----> research----> development----> systems).  The proposed model accounts for the upward impacts of research (forward diffusion) allowed by the present models.  It also allows one research field to impact another research field (lateral diffusion) and allows the higher development categories to impact research as well (backward diffusion).

For example, a matrix model approach could have a vertical impact structure path consisting of Physics (research) impacting Lasers (technology) impacting Beam Weapons (systems).  The proposed network model would include this path, but many others as well, including Physics (research) impacting Lasers (technology) impacting nanoelectronics (research) impacting Controls (technology) impacting Beam Weapons (systems), and including Physics (research) impacting Lasers (technology) impacting Fluid Flow Visualization (research) impacting Helicopter Blade Design (technology) impacting Helicopters (systems).

The impact of much basic research, especially on the higher development categories such as systems development, proceeds through many indirect paths.  A quantitative model of impact should have the capability of identifying the paths along which impact occurs and quantifying the impact along as many paths as is possible.  The existing forward diffusion matrix-based models are severely constrained on the number and types of paths along which impact occurs.  These models are not able to account for impact along lateral diffusion paths (e.g., research-research) or along backward diffusion paths (e.g., technology-research).  The proposed model allows impact to occur along any of these paths, and thus includes many types of indirect impacts as well as direct impact.

Example: Differences between Matrix and Network Approaches
A simple example will show the difference in breadth of impact allowed between the proposed model and a leading existing matrix-based model [Dean, 1972].  Assume it is desired to compute the impact of a research project R on a technology project T.  In the standard methodology, it is only necessary to examine ONE path from R to T.  This is the path of direct impact, and the value of the impact is the value of the matrix element RT.

In the proposed methodology, R and T are two nodes in a fully connected network.  All possible paths between R and T are examined when computing the total impact of R on T.  Thus, the overwhelming majority of paths which contribute to the total impact of R on T are the indirect impact paths.  The total impact of R on T is the sum of the link value products along EVERY path connecting R to T.

Continuing the example above, R could be the Physics research node and T could be the Laser technology node.  In the standard matrix approach, only the direct impact of Physics on Lasers is considered.  In the proposed methodology, additional paths between Physics and Lasers, such as Physics impacting Fluid Dynamics research impacting Lasers or Physics impacting Solid State Materials research impacting Lasers, would also be considered.

For a graph with a large number of nodes N, there are approximately e*m! paths (ranging in length from 1 to N-1 links) connecting R to T, where m is N-2.  In the pilot study performed to test the validity of the proposed model and overviewed in this Handbook, the graph that was used consisted of 15 research nodes and 27 technology nodes.  For the pilot study graph, e*m! is approximately 10 to the 47th power.  

IN THIS SIMPLE EXAMPLE BASED ON THE SMALL PILOT STUDY GRID, THE PROPOSED METHOD COULD THEORETICALLY EXAMINE LINK VALUE PRODUCTS ALONG 47 ORDERS OF MAGNITUDE MORE PATHS THAN DOES THE STANDARD METHOD.  

In the actual pilot study, link value products were computed along all paths five links or less in length.  This means that approximately m^4, or 2.5 million paths connecting R to T, were examined.  This same order of magnitude differential holds between the proposed method and the other matrix-based methods which were examined before the proposed method was devised.

Of equal importance to the quantitative difference between the two methods is the qualitative difference.  The proposed approach allows full weight to be given to those research projects which have large indirect impacts.  Many of the fundamental research areas, such as Mathematics, Physics, etc., have substantial impacts on other research areas (as well as technologies), and these indirect impacts are not fully captured in the matrix-based methods.  Since the fundamental research areas tend to have indirect impact on many research and technology areas, when the impact is summed over all research and technology areas, the total impact of these fundamental research areas becomes substantial.

For any organization with a substantial fraction of its budget in these fundamental research areas, a method that is able to capture the sizeable indirect impacts of basic research is important.  For an advanced technology development organization, where the impacts of the work are more focused to specific technologies and requirements, the benefits of the proposed multipath approach may be less (although they will always be greater than those of the matrix approaches, since the proposed method includes all the paths in the matrix approach and others).

The remainder of this section describes the proposed method, an overview of the preliminary pilot study that was performed to test the feasibility of the method, key lessons learned from the pilot study, and recommendations for an enhanced study.

METHODOLOGY
Creating Domains and Forming the Network
The research impact quantification methodology presented here displays the value of a given research program to advancing its own field, to supporting other research areas, to supporting technology, and to supporting mission requirements.  The first step in the methodology is defining a domain of potential impacts. For example, if the impact of research on other research, technology, and systems is desired, then the three-level domain for the model would be research, technology, and systems.  Each of these levels is subdivided further into a number of categories. 

As a specific example, in the two-level domain (research, technology) pilot study that will be overviewed, research was divided into 15 categories (math, physics, chemistry, etc.) and technology was divided into 27 categories (training, navigation, countermeasures, etc.).  These categories had the property of being relatively non-overlapping, and were similar to categories being used by the Navy for management purposes at the time of the study.  All 42 categories are represented as nodes in a network.  

Since it is assumed that research, technology, and missions are interlocked and have mutual impacts with different strengths of connectivity, each pair of categories (nodes) can be visualized as connected with a line (link).  This schematic has the form of a graph, or network in which all node pairs are connected.  The lines, or links, which connect each pair of nodes, are allowed to have two values, depending on direction between the nodes. This allows any research, technology, or missions area at the lowest category breakdown level to impact any other research, technology, or missions area with a specified strength.

Since one of the desired outputs of the proposed procedure is impact of research, and since research, technology, and missions are assumed to have mutual impacts, then the generic computational problem is to obtain the impact of one node of the network on any other node in the network. Three interrelated types of impact (DIRECT IMPACT, IMPACT, TOTAL IMPACT) of one node on any other node will now be described. 

In this multi-node network, assume 'a' is one node, 'b' is a second node, and 'x' is a third node.  The DIRECT IMPACT of node 'a' on node 'b', or more specifically, the direct importance of results from node 'a' to the achievement of objectives of node 'b', is the value (L ab) of the link directed from node 'a' to node 'b'. Thus, if 'a' represents a research node (partial differential equations, for example), and 'b' represents a technology node (short wavelength lasers, for example), then (L ab) would represent the direct importance (or DIRECT IMPACT) of research results in partial differential equations to the achievement of development objectives of short wavelength lasers.  The scale of (L ab) ranges from 0% importance, which means results from node 'a' have no impact on achievement of objectives of node 'b', to 100 % importance, which means results from node 'a' are absolutely crucial to the achievement of objectives of node 'b'. 

The IMPACT of node 'a' on node 'b', along any multi‑link path connecting node 'a' to node 'b', is defined as the product of the link values (DIRECT IMPACTS) along the path. On the two link path 'a'‑'x', 'x'‑'b', the IMPACT is the product (L ax * L xb). Thus, if results from work in node 'a' are 25% important to obtaining objectives in node 'x', and results from work in node 'x' are 25% important to obtaining objectives in node 'b', then the IMPACT of node 'a' on node 'b' along the two link path 'a'‑'x', 'x'‑'b' is 6%. Other functions to represent IMPACT along the multi‑link path could be defined, but the product of link values appears to be simplest and easiest intuitively to relate to reality. 

The TOTAL IMPACT of node 'a' on node 'b' is defined as the sum of the IMPACTS along every path connecting node 'a' to node 'b' and is the main figure of merit used in the present study. The computational problem for obtaining TOTAL IMPACT of node 'a' on node 'b', then, is to trace each path from node 'a' to node 'b', compute the link value products along each path to obtain the IMPACT of 'a' on 'b' along the path, and sum the IMPACTS over all the paths connecting node 'a' to node 'b'. To eliminate double counting, and to insure that the IMPACT of node 'a' on node 'b' decreases as more links are added to the particular path connecting node 'a' to node 'b', the values of all the links coming into node 'b' should not exceed unity. 

Normalizing Link Values
This condition is incorporated into the computational process by using a normalized value for each link value in place of the value provided by the data source; i. e., L' ij = L ij * (1 ‑ L jj)/SUM (L ij) where L ij is the data source link value, L' ij is the normalized link value, L jj represents the fraction of the objectives within node 'j' that can be achieved without input of results from any other nodes in the network, and the sum is taken over all the links coming into node 'j'. The equations without further constraints allow loops to exist in the network. For example, a three link path between node 'a' (Math) and node 'b' (Lasers) could be node 'a' to node 'x' (Physics), node 'x' to node 'a', and node 'a' to node 'b'. While this would be viewed as double counting if it were to occur at one point in time, it is perfectly valid when these steps among nodes occur at different times. Thus, the IMPACT of node 'a' on node 'b' has to be interpreted as a cumulative impact over time and is a function of the length of the path from node 'a' to node 'b'. An exact solution for the IMPACT would therefore require link values for every step in time from the present to the computational time horizon.  Further, each of these link values could not be obtained independently, but would require knowledge of the link values connecting all the nodes at the previous time step, since progress in any one node is assumed to depend on previous progress in all of research and technology. To keep the computational and data generation problem manageable, an approximate solution is obtained by treating the link values as constants rather than functions of time, and interpreting and providing the link values as time‑averaged quantities.  Without knowledge of the variation of the link values with time, a credible estimation of the error resulting from the constant link value assumption cannot be made.

PILOT STUDY OVERVIEW 

Taxonomy Used
It was the author's intent to identify the pathways through which research programs could impact technology areas and eventually naval and other application or mission areas.  In parallel, some quantification of the impact of these programs was desired.  A complete study would have required hundreds of nodes, many experts or other sources of the raw link value input data, and large amounts of data handling and entry.  As a first step, to test the feasibility of the overall method, a small‑scale pilot study was performed. Research and technology levels were included in the computational network; missions were not included. The final research taxonomy selected for the study was identical to the categorization which the Office of Naval Research used for research management purposes at the time of the study.  The final technology taxonomy selected for the study was similar to functional element breakdowns used in the past by Navy exploratory development programs for management purposes. These two taxonomies had the virtue of being fairly comprehensive in their coverage, at least as far as the Navy is concerned, and there were in‑house experts available to provide preliminary link value data for each of the subcategories in these taxonomies.  Of necessity, the taxonomy elements used were very broad.  Each research taxonomy element (e.g., Mechanics) contained a number of different research programs (e.g., Solid Mechanics, Fluid Mechanics, Energy Conversion), which themselves could have been divided into subprograms. 

Data Acquisition
The data was obtained by personal interview. Each in‑house expert was provided with a list of the 42 research and technology nodes, and was asked to estimate the importance of results produced from all the other nodes on his particular node of expertise. The expert was asked to provide a number which served as a measure of impact based on the following scoring scale: Crucial(10); Very Important(8); Important(6); Moderately Important(4); Slightly Important(2); Negligible(0). Definitional uncertainties were minimized due to the presence of the interviewer. 

Because the approach is based on subjective judgement, there are limitations to the validity of the data, especially with the small numbers of experts per node that were employed. There was no attempt made to normalize the responses, and an impact that one expert labeled Important could have been labeled Moderately Important by another expert. There was no attempt to gauge the degree of expertise of each respondent relative to his field of expertise, and the numerical ratings supplied, therefore, carry different degrees of validity. Because of the broad discipline coverage of each node, the expertise of any respondent relative to the breadth of the discipline was quite limited. Use of a small number of experts per node did not provide a good statistical representation of how each technical community would have perceived impact on its discipline. 

Because of the rapid convergence of the link fractional value multiplication process, it was found that timely and accurate results could be obtained with networks whose longest paths were three links in length. Including a fourth link made only a very few percent difference in the results. 

Lessons Learned from Pilot Study
The results from the pilot study are described in detail in Kostoff [1994i].  The lessons learned from the pilot study will now be described. The pilot study was limited by a number of factors, especially the broad coverage of each node. To expand the scope and capabilities of the study methodology to the point where study results could support credibly the prioritization of research areas and produce a more evidentiary basis for establishing program balance, the following steps would be required at a minimum. 

1) First, the research and technology nodes need to be subdivided to improve resolution.  

2) The second major improvement required over the pilot study is the addition of missions nodes to the network. 

3) The third improvement is that research, technology, and missions taxonomies need to be orthogonalized better, so that overlaps among nodes and resultant skewing of the results are minimized.  

4) Fourth, the number and range of experts per node need to be expanded to provide more node representative than the one or two experts per node provided in the pilot study.  

5) The fifth improvement is that the written material supplied to the respondents needs to be sharpened, especially in the absence of an interviewer. 

Operational Value of Present Approach
The final issue in this section addresses the operational value of the present approach. When the pilot study was proposed, the type and significance of results finally obtained were never expected. As the study proceeded, much information about the interlocking nature of research and technology was obtained in addition to that provided on the questionnaires. Thus, much of the study's value derived from the performance of the study, and additional study benefits would be expected from a refined study. 

From another perspective, a refined study could serve as a total program assessment. It could identify gaps, duplications, promising research areas, and funding priorities for the total program taken as a whole.  The typical technical assessment performed today focuses on a technology or research area, and defines required research to allow attainment of technology and mission objectives. However, in the zero‑sum game environment of finite resource constraints, money to fund the required research identified by the assessment has to be taken away from proposed or existing research in some other area.  Unless the total impact of unfunding this other research can be identified, it is not clear whether the overall research program would benefit by funding that research identified by the technology assessment. In fact, it is evident that unless all technology and research are assessed simultaneously, funding reallocations based on one or two specific technology assessments could be highly suboptimal and misleading and could affect the overall research program adversely. A refined study could serve as a total research and technology assessment, performed at the project level, and may perhaps be the only sensible way to perform a technical assessment. 


APPENDIX 10


NETWORK MODELING FOR ROADMAPS [Zurcher and Kostoff, 1997]

This section includes contributions from MR. ROBERT J. ZURCHER AND DR. RONALD N. KOSTOFF.

Introduction
One of the motivations for research assessment and evaluation studies is to gain a better understanding of the potential myriad impacts of the research, and then use this understanding to help accelerate the transition of the research to useful technology.  Accelerating the conversion of science to technology has three essential elements: 

1) Information about the science must exist and be readily available to potential users; 

2) The need for the converted science (technology) must exist; 

3) One or more entrepreneurs who recognize the need, who understand the relationship between the need and the science, and who are willing to obtain the necessary resources and accept the risks inherent in further development of the science, must be available to champion its further development.

Large databases, which describe ongoing and completed research, are commercially available (e.g., journal paper abstracts, federal project and program narratives).  With global competition for markets, the need for new technology has never been greater, and many compendia of projected technology requirements are available (National Academy of Science/Engineering Studies, Agency Requirements Documents, etc.).

However, availability of research and requirements information is not sufficient to motivate potential entrepreneurs to invest time and other resources in the high risk research conversion process.  Investors must be convinced that the considerable front-end risk of science conversion is more than justified by the potential payoff.  Placement of the science conversion step into the larger pathway from research to high-payoff applications is a key component for eliciting investor interest.  While relatively large resources have supported the development of the research databases, and substantial study efforts and market surveys have contributed to the volumes of existing requirements, relatively few efforts have focused on fusing together requirements with research systematically.  

There are fundamental reasons why little progress has been made on methodologies to identify the characteristics of these linkages.  The pathways between research and eventual applications are many, are not necessarily linear, and require significant amounts of data [Kostoff, 1994i; previous section on network modeling].  Substantial time and effort are required to portray these links as accurately as possible, and substantial thought is necessary to articulate and portray this massive amount of data in a form comprehensible to potential investors.  Recently, desktop high speed computers with large storage capabilities, intelligent algorithms for manipulating data, and other tools have become available to allow these research-capabilities pathways (roadmaps) to be constructed and portrayed efficiently and effectively, and to be used as a basis for more detailed analysis.

The main value of these decision aids, or roadmaps, in the science conversion process is to promote, at all phases of the roadmap development process, champion/ investor interest in developing the research further.  In planning the roadmap, thought has to be given to all its structural elements, including the extent of the development required, any trade-offs or opportunities lost, and potential costs and payoffs.  In building the roadmap, experts in the different levels of development and payoff become involved, and the risks, potential costs and benefits are clarified further.  When the completed roadmap is distributed to interested parties, decisions to pursue the science conversion can be made with greater understanding of the larger development context.  For a more comprehensive discussion of roadmaps, see Science and Technology Roadmaps [Kostoff, 1997p] on the Internet.

Retrospective studies of successful innovation have shown that at least one champion is required to insure continuity and persistence toward the final goal [Kostoff, 1997j].  Other studies have shown that two champions are preferable, one from the technology-push side and the other from the requirements-pull side [Rubenstein, 1997].  In reality, there are at least three major parameters which govern the role and impact of champions on the science conversion process.  The first is numbers: the more champions, the more likely is the conversion process support.  The second is intensity: the more intense the interest and persistence of the champion(s), the more likely is the research to proceed.  The third is influence: the greater the influence of the champion(s), the more likely are the chances that the research conversion will be pursued.

Having potential champions involved in the planning, developing, and distribution of the roadmap improves the likelihood of numbers, intensity, and influence of champions being increased if analysis of the roadmap shows downstream potential for substantial payoff.  If roadmap analysis does not show convincing evidence of payoff of the research toward the objectives, either due to intrinsic lack of potential payoff or to unawareness of payoff of those constructing the roadmaps, then the research may not proceed further.  If the roadmap analysis shows high potential payoff, but with extremely high front-end risk and costs, then the type of champion interest may be limited to government for the initial risk-lowering development phases. 

This section overviews the algorithmic component and analytic potential of the Graphical Modeling System (GMS), a computer-based process for generating and analyzing roadmaps which link research to technology and eventually to capabilities/requirements.  This process has been under development for the past five years [Zurcher, 1997], and its algorithmic component is based on a directed graph/ network model of research/technology/capabilities/ requirements.  It uses the latest relational database/ hypertext technology to identify the potential pathways which link research to higher development categories and specific requirements/ targets of interest.  The algorithmic component presently resides on a PC and requires 16Mb ram, 5Mb of disk storage, and a minimum of 2Mb of disk storage for an uncomplicated technology roadmap.

In the past, many methods have been developed to select or evaluate R&D projects [Fahrni, 1990; Cooley, 1986; Jackson, 1983; also see references in previous section on Network Modeling].  These methods typically use simple checklists, scoring, cost/benefit analysis, mathematical programming or decision trees to determine future value from a current investment.  Other methods describe the value of R&D projects by attempting to measure the effectiveness of transfers of technology [Spann, 1995] without explicitly taking into account customer requirements.  Some algorithms link  research programs to end uses/ capabilities/ requirements [Thomas, 1996; Barker, 1995].  This last method 1) creates a context within which technology projects exist, 2) requires a flexible technology assessment methodology since requirements change and emerging technologies will modify current plans, and 3) demands continual dialog between customers and developers.  As shown in the previous section on network modeling, in the classical matrix approach [Dean, 1972], impacts flow monotonically upward in the development chain (research --> technology --> capabilities --> requirements/end targets), and in the network/ directed graph approach [Kostoff, 1994i], impacts are allowed to flow upward, downward, or laterally in the development chain (e.g., research --> technology --> research --> research --> technology --> capabilities).  GMS is able to show the node-link relationships of both the matrix and network approaches (where a research or technology project, or a capability, is treated as a node in a network, and the impact of one project [node] on another project [node] is portrayed as a quantified link in the network). 

In addition, GMS adds a crucial new capability, termed Multiple Perspectives (MP).  In GMS, the nodes (projects/ capabilities/ requirements) are treated as multi-valued (multi-attributed) quantities, and are allowed to exist in many different research-requirement pathways simultaneously.  This MP capability provides a more accurate depiction of the multi-application nature of most research and technology.  The user of GMS is now able to highlight only the specific node-link subnetworks of interest (the desired research-requirement pathways) without being overwhelmed by the massive data which constitutes the larger network.

For example, the MP capability enables the user to select research-requirements pathways to view (e.g., >top-down= requirements perspectives, or >bottom-up= science/technology perspective rather than viewing all, potentially complicating, nodes and links, or having a static display that can not change).  Researchers can 1) observe the larger context in which their work is being performed, or 2) identify new applications= targets for their research, and make informed decisions on how to proceed to maximize payoff for multiple applications.  Also, it allows the user and other interested parties to identify the research and technology projects which presently serve as obstacles to reaching desired applications= targets in a timely manner.

Methodology

The roadmap, or graphical model, overviewed here is a selected set of requirements, links and R&D projects that describes the state of technology development and potential transfer in a coherent area.  It could be composed of a single requirement for a system linked to corresponding R&D projects, or it could encompass multiple requirements linked to numerous projects.  A graphical model visually portrays; requirements, capabilities, R&D projects in different development phases; relationships between R&D projects and requirements; and integration among related R&D projects. 

The GMS depiction of the science conversion process is assembled in a two-stage process: 1) Construction of a graphical model; 2) Analysis of the pathway elements between requirements and R&D projects.

a.  Model Construction:
Model construction consists of identifying the projects and requirements (nodes) for the roadmap, then identifying the relationships (links) between the projects and requirements.

Step 1: Identifying Types of Projects and Requirements

R&D projects and requirements are partitioned according to the phase of development of the R&D projects and to the level of specificity of the requirements.  While the actual graphical models used employ a half-dozen or more bands for subdividing project and requirement types, for purposes of demonstration simplicity the roadmaps shown in Zurcher [1997] have four levels: research, development, capability, requirements.  

Constructing the roadmap framework (i.e., identifying the specific nodes to be used in the roadmap and the placement of those nodes at the appropriate level of development) is perhaps the most challenging step in the roadmap development process.  It is somewhat paradoxical in that the appropriate expertise must be employed to develop a roadmap, but the appropriate expertise becomes fully known only after a complete roadmap has been constructed.   An iterative roadmap development process is therefore essential.  For an organization in which many of the roadmap components are being pursued in-house, such as a large focused government or corporate laboratory, much of the expertise can be assembled in-house.  Researchers, developers, marketers and others with relevant knowledge of the overall roadmap theme can be readily convened to develop the framework.  At the other extreme, organizations with little expertise in the overall roadmap theme, such as venture capital groups or cash-rich organizations that wish to expand their boundaries, will require external assistance to develop credible roadmaps.  

The utility of a roadmap increases as it expands to include potentially relevant R&D performed in all sectors of the technical community.  The experts constructing the roadmap can draw upon their personal experience and contacts in identifying other R&D performed in the community, and should utilize computerized resources such as program narrative databases to identify relevant external R&D.  The quality and credibility of the roadmap increases as more experts are employed in its construction.  While it is preferable to have at least one expert in each node technical area (e.g., if ELECTRO-CHEMISTRY RESEARCH is one node, then at least one expert in this area should be part of the roadmap development team), useful roadmaps can be constructed with fewer contributors of broader expertise. 

Experience has shown that major benefits accrue during the iterative process when the experts are convened to develop the framework.  The roadmap serves as an important component of both strategic planning and technological forecasting for the organization, and forces the developers to clarify conceptual strategic targets in order to represent them graphically.  Awareness of all the contributors to R&D required and R&D available in other sectors of the technical community is increased, sometimes dramatically.  In particular, critical path research can be identified, and support for its accelerated development can be strengthened.  The main value at this phase is to the developers themselves; additional value accrues when the completed roadmap is provided to external users.

Step 2: Identifying Links Between Projects and Requirements

Once the full complement of nodes has been identified, the next step is to graphically and quantitatively depict the relationships among the nodes.  One node is represented as linked to another node when the results emanating from the first node are assumed to have some impact on the achievement of targets of the second node.  This relationship is depicted graphically by a line, or link, connecting the two nodes, and is quantified by assigning a value to the link (e.g., Kostoff, 1994i).  It is important that node experts from both ends of the link (the results generator node and the results user node) are involved in assigning the link value.  Finally, the inherent hypertext capabilities of GMS allow more descriptive information about each node and node-connecting link to be accessed at the touch of a button.  These hypertext capabilities allow the rationale for the selection of each node, and selection of node and link values, to be obtained easily, and thereby provide deeper insight to the potential obstacles and impediments to successful research development and transition. 

It is assumed that the experts in the node thematic areas are most qualified to assign values to the links entering and exiting their particular nodes of expertise.  Experience has shown that most credible impacts are nearest-neighbor (e.g., basic research node outputs tend to impact applied research nodes; applied research node outputs tend to impact early development nodes).  The impact of research on far-neighbor nodes, such as advanced technology projects, tends to occur along pathways consisting of nearest-neighbor steps.  Thus, the developed network consists of individual node-link subnetworks, each of which has been assigned node and link values by appropriate experts.  

Conceptually, however, the developed network is greater than the sum of its nodes, just as the living human body is greater than the sum of its component molecules.  The developed network includes the intelligence or inherent logic, as quantified by the link values, which connects the nodes to each other and to the overall mission goals, just as the living human body includes the intelligence which links the molecules to each other and to the homeostatic operation of the body.  As a result of the expert intelligence applied to quantifying each node value as well as the entering and exiting link values, there are at least two new crucial pieces of information provided by the developed network: 1) The strength of the relationships among the projects/ capabilities/ requirements and the subsequent identification of high obstacle and low obstacle paths; 2) Identification of R&D projects being conducted external to the organization, their importance to successful attainment of the organizations goals, and their potential for leveraging by the organization.  Even when node experts have not been identified or cannot be obtained, valuable information about gaps in expertise availability has been generated.  The developed network with its enhanced information content now serves to promote communications among all the participants and provide a stronger basis for credible analysis and decisionmaking.

b.  Model Analysis
A variety of analyses can now be performed, limited only by the interests and imagination of the analysts.  The quantified network, which contains a comprehensive collection of nodes, can serve as the foundation for detailed economic studies, broad systems studies, and parametric tradeoff studies.  The initial utilization of the network should serve to foster internal communications and consensus, in preparation for these more detailed analyses.

Obviously, the breadth of information obtained from the different perspectives will be limited by the contents of the total database.  In an ideal world, all existing and proposed R&D programs would be entered in the overall database, and the full impact on technology and capabilities of existing and proposed research programs would be identified.  In addition, the total R&D available to address required goals and capabilities would be displayed.  Because of all the potential node-link combinations, and the attendant enormous amount of data required (Kostoff, 1994i), constructing this complete database is not feasible at present.  However, the central thesis of the present paper is that subsets of the total database embedded in the larger analytical process still have substantial value.  The existing GMS has a total R&D database constructed from the different specific mission application perspectives which have been performed, and increases in value for an organization as more perspectives are generated. 

The value of graphical models is that they show R&D projects and requirements in context rather than in isolation, they can depict new perspectives rapidly, and they can serve as a focal point for enhanced communications and more detailed total systems analyses.  Since the context of graphical models is different for each perspective while still using common elements (projects, capabilities, requirements), comprehending a broad R&D program and associated requirements is very difficult without the ability to sort out these elements and how they relate to one another.

Summary and Conclusions
Transferring technology to customers efficiently through a succession of autonomous development groups requires extraordinary coordination.  There are many opportunities for technology transfer to become stalled at any point along the way by disparate priorities among many groups.  Depicting potential science conversion in a graphical model discloses to the scientists and investors alike the possible transfer points where obstacles may occur to technology transfer or requirements specification [Geisler, 1995]. 

The benefits of graphical modeling include: 

1) showing R&D projects and requirements in context rather than in isolation,  

2) multi-attributed nodes which can portray different research‑requirement pathways rapidly,  

3) serving as a focal point for enhanced communications and more detailed total systems analyses,  

4) promoting champion/investor interest,  

5) portraying R&D programs as being strategically planned,  

6) portraying leveraging of R&D projects from other organizations,  

7) identifying obstacles to rapid and low-cost technology development.


APPENDIX 11

EXPERT NETWORKS [Kostoff, 1997q] 

Research Impact Assessment is, at its essence, a diagnostic process with many diagnostic tools.  In other fields of endeavor, such as Medicine and Machinery Repair, expert systems are increasingly being used as diagnostic tools or as support to diagnostic processes.  Recently, there have been efforts to develop expert system approaches combined with artificial neural networks (expert networks) for use in R&D management, including RIA [Odeyale, 1993; Odeyale and Kostoff, 1994a, 1994b].  These efforts will be summarized in this section.  Much of the remainder of this section was contributed by Dr. Charles Odeyale, a true visionary in the application of Expert Networks to the broad area of R&D management.

Overview
To increase the degree to which rationality is used to guide decisions, the authors' efforts have been directed towards a comprehensive R&D management tool, a high-tech Peer Review, through a modified version of a previous Office of Naval Research review process.  The product of these efforts is Research-Management Expert Network (R-MEN) which is characterized by two complementary tools: Organizational/Professional Development and Expert Network.  The latter technology is comprised of an expert system (left side brain) and an artificial neural network (right side brain).  Given a set of research, and research management policies and strategies, R-MEN learns concepts that hierarchically organize those policies and strategies and use them in classifying/triaging research proposals.  A brief and non-technical description of how this knowledge technology would foster continuous "learning", improve value and efficiency, increase productivity, and provide excellent performance measures of activities is presented.

Introduction
There is much concern about improving the health of basic research.  The increasing politicization of the support of research has awakened many organizations to the risks and realities of survival.  There is a growing sentiment that it is no longer enough that research just be excellent, or generate new information;  research must contribute results aimed toward national goals.  Research and Development (R&D) administrators and managers need a powerful management tool to enable them to predict, assess and monitor the impact(s) of research results and research management processes at the project, program, organizational, and national levels.  

As administrators and managers struggle to establish policy/strategy that balance cost issues with research outcomes, establishing systems to predict, assess and monitor the impact(s) of research results and research management processes should be an important consideration.  The authors have discovered that successful outcomes-management systems require five basic components, namely, openness-to-change, specification process, information/ knowledge technology, measurement instruments, and continuous learning and improvement.  For greater processing power, immediate access to information, and powerful applications that monitor, analyze, and manage, the authors have reported [Odeyale, 1993; Odeyale and Kostoff, 1994a, 1994b] a technology whose functionalities surpass these requirements.  This value and efficiency improvement technology, which is a comprehensive computer-based Research Impact Assessment (RIA), is characterized by two compound mutually complementary tools:  Organizational/ Professional Development (O/PD) and Expert Network (EN).

The framework of Research‑Management Expert Network

(R‑MEN) was reported by Odeyale and Kostoff in the references cited above.  It consists of a knowledge base and a data base.  Feeding into the knowledge base are four modules: a policy/ strategy impartation module and a proposal data acquisition module, both of which receive input from the O/PD process; and a research impact calculation module and a proposal review module.  The knowledge base then feeds into the data base through five modules: a project selection module, resources allocation module, project evaluation and control module, investigator evaluation module, and organization evaluation module.  

Within the framework of Research-Management Expert Network (R-MEN), O/PD pertains to the relevance, transferability, and system alignment of the training and development efforts of each and every individual in the organization.  Most importantly, these criteria of timely selection, training and development of individuals are taken in conjunction with changes in organizational environments and requirements.  Through O/PD, attitudinal, behavioral, procedural, policy, and structural barriers are uncovered and "removed" to enable effective performance at all levels.  To effectively manage this continuous "learning", improve value and efficiency, increase productivity, and provide excellent performance measures of activities, an information/knowledge technology is needed.  All these needs, and more, are met by the EN which is comprised of an expert system (left side brain), and an artificial neural network (right side brain).  This integration of information processing techniques avoid the limitations of each technique while capitalizing on their unique benefits.  Expert Systems, and Knowledge-Based Systems in general including artificial neural network, are computer programs that deal with complex problems ordinarily solved by human experts who are highly skilled, trained, and experienced in the specific area of interest.

The conceptual construct that provides the framework for the OP/D-based research management processes is described in three phases as shown in Table 1. 

Table 1        PARTICIPATIVE R&D MANAGEMENT PROCESS
PHASE..........PROCESS..........MANAGEMENT..................MANAGERIAL

................................LEVEL.......................STYLES
   I
Position...a...Pre-Vision.......Sr. Executives (with........Authoritative

Audit...........................R-MEN)/Sr. Scientists

..........b....Strategic........Sr. Executives (with........Democratic

...............Vision...........R-MEN)/Sr. Scientists

..........c....Design &.........Sr. Executives (with........Democratic/

...............Planning.........R-MEN)/Sr. Scientist........Authoritative

   II
R&D ......d....Introduction.....R&D Director.................Authoritative

Process

..........e....Implementation...Sr. Scientists/Bench.........Pace Setting/Coaching

................................Level Investigators

   III
Control...f....Evaluation &.....Sr. Executives (with..........Coaching/Affiliative/

...............Control..........R-MEN) Sr. Scientists.........Coercive
The above steps and components are identified to facilitate the development of accurate activity standards to be used in the tracking, evaluation and control to foster accountability and productive efficiency.  The general outline of the processes is in spirit with the reports of Dubnicki and Williams [1991], Englert [1991], and Kostoff [1992a].  The phases are briefly described below, see Odeyale [1993] for detail.  

PHASE I
This phase includes the development of the strategic plan, which defines and communicates longer-term research directions, and the development of the operating plan, which specifically identifies the projects that will implement the strategic plan taking into consideration the goals, quantifiable objectives and development of the individual investigator and the organization.  Series of processes with interlacing feed-back- and feed-forward-loops in operation during this phase include:

1.  Formation of a top-management pre-vision team composing of theorists, technologists and practitioners who must demonstrate interest and commitment to this process and the RIA program as a whole.  This team must be able to explain the "whys" behind directions or decisions in terms of the employees' and/or the organization's interests.  Top management must include in their considerations:  a) the uncertainties of innovation and the environments;  b) the recognition of technology push (the brilliant idea seeking a field/market) and field/market pull (a field/market need seeking a product), and what the general corporate climate or attitude is on projects based on either;  c) the determination of attribute, and formation of attribute tables with the disciplines or sciences which are determined to be absolutely necessary in the support of R&D unique to the organization.

2.  Transformation of research, and research management policies and strategies into key terms that are used later in proposal text-body content analysis.  Policies and strategies may include the research direction, preferred research technology, goals, objectives, values, etc.

3.  Machine learning of the policies and strategies by R-MEN whose method of learning is incremental concept formation.  The policies and strategies are grouped by research area as they are learned.  They become a form of long term memory that remains the same until a change in policy and strategy is recognized and implemented by the management.

4.  Collection of contract/grant applications through a Bulletin-Board-Service-like client/server system.  From anywhere in the world through a software like "PC ANYWHERE", individual investigators can call in to fill out grant application electronic forms that visually resemble their paper counterparts.  In addition, the bottom of the forms and/or the last page contain(s) control buttons for the collection of prediction/assessment related data which are needed for network computing such as benefit, contribution, feasibility, need, impact value, and proposal index value calculations.  This same method is used for the collection of proposal review, and evaluation/monitoring related data such as solicitation of quantifiable opinions and objectives from reviewers and individual investigator, respectively.  For example, investigator-objectives are projected and quantified for each evaluation period (one year) as follows:

a) No. of Poster Presentations (0.5 point each);

b) No. of Abstract Publications (1 point each);

c) No. of Paper Publications (1.5 points each);

d) No. of Graduate Seminar Lectures (2 points for a "once-a-week-one-semester" lectures);

e) No. of Developments (2 points each);

f. No. of Patent Applications (3 points each).

As an element of vision, the top management may envision or set as objectives for the whole (private or public) organization 300 publications, 450 published abstracts, 200 postal displays at major scientific and/or engineering society meetings, 10 developments, and the assignment of at least three patent rights in a one year period.  All objectives must be in-line with those of the organization.  After the completion of the forms, with appropriate warnings, access to application forms are denied once the "SEND" button is pressed.

5.  The applications are grouped by research area as they are collected.  At the end of funding agency published collection period, coded policies and strategies are used in proposal text-body content analysis of each proposal.  That is, R-MEN will search the text-body of each application for the coded key terms, counting and adding only one instance of each key term.  A major concern about the use of this technique is that investigators who know the key terms may write their proposals directly to address the key terms.  Ideally, that is what the administration should require, i.e., the alignment of the investigators' goals and objectives with those of the organization.  Besides, the investigators must meet their projected quantified objectives if they want their projects funded the next time around.  This is outcomes-management, placing greater reliance on standards and guidelines.  Furthermore, such resourceful proposal writing will be revealed during feasibility, need, and benefit calculations as described below.  Anyway, the result of this content analysis changes (triage) the state of the application to either exclusion or inclusion in further review process.

6.  For R&D_Area-Science Relationships (feasibility), Science-Requirement Relationships (need), and Requirement-Value Relationships (benefit), a portion of R-MEN's inference technique uses a modified version of the Multiattribute Utility Technology (MAUT) in electronically obtaining the views of experts (from universities, government and industries), respectively, on: a) the potential impact of break-throughs in a research area on disciplines, and specific research subject;  b) the contribution of the Science to satisfying operational requirements through suggested research opportunities (proposals); and c) the magnitude of the contribution of a set of proposals to satisfy a set of needs.  Refer to Edwards [1980, 1982] for detail on MAUT.  When a reviewer calls in to contribute his/her opinion to the opinion table, he/she will be asked to: i) review provided list of value disciplines and areas of interest in the terms of their being affected by any research break-through in one of the areas of interest (say blood substitutes);  ii) rank order the value disciplines and provided areas of interest to reflect their being affected by research break-through in blood substitutes;  and iii) weigh the value disciplines - assign 10 points to the least affected disciplines, then accordingly assign the relative impact of blood substitutes research break-through on each discipline, (the limit is 100 and as many as 100, 500, etc. experts can "review" a proposal).

7.  Before final proposal review and indexing, a mean for hypothesis testing is provided.  This nonprimitive function provides relationship Congruency or Entropy values ranging between zero and a system determined value, depending on the data provided.  It provides a choice of 99, 95, 90, 75 or 50% confidence level for the calculation of the entropy value.  A value of zero means that the newly generated information/knowledge from MAUT obtained data adds relatively no useable information/knowledge to the existing one.  A break‑through research in a project may insignificantly contribute to a limited number of disciplines, i.e., there is no cross‑fertilization.  Replacing the entry in the cell of interest with a new value and repeating the calculation will generate a new value which may or may not be acceptable.  Thus, it assists in the identification of special problems to be addressed before project selection.  On the other hand, a value other than zero indicates a level of added useable information/ knowledge to the existing one.  A break‑through research in a project may significantly contribute to a number of disciplines, i.e., there is cross‑fertilization.

8.  Impact and index values are calculated for each of the applications using data including investigator's performance record, stated objectives, and desired outcomes.  Every application whose "CRITERIA MATCH" field is occupied is included in the organization's R&D portfolio and automatically indexed based impact and index values.  If they have not already been entered, the system will ask for available resources and minimum reserve, then, it will start assigning fund to projects starting from the one with the highest index value until the minimum reserve is reached.

PHASE II
This phase represents the necessary education, and management support needed to prepare the staff to participate in such an "Action Research" effort.  This phase identifies and utilizes the critical components required to develop an environment that facilitates participative research management activities.  A significant activity occurring during this phase is daily verification of individual scheduled training and development.  If an individual has no recorded training and/or development within a preset period, the system will generate and send a report through E-mail directly to the office of the director for R&D.  The system will be able to look at a training and/or development description(s) and compare it/them with the background of the individual to determine if the training and/or development is/are suitable for that individual.  This is one of the ways how R-MEN shows concern for human feelings and human needs for support, dignity, and fulfillment in work.

PHASE III
This phase represents a means by which participative methods can be put into operation in developing productivity tracking systems.  Significant activities occurring during this phase include project evaluation and control.  This entails periodic monitoring of project milestones for applied research, and research objectives for the more basic research.  If a project has no recorded fulfillment of a milestone within a preset period, the system will generate and send a report through E-mail directly to the office of the director for R&D.  

ANTICIPATED BENEFITS
Frequently in human affairs, past intellectual baggage hinders our ability to forge novel approaches.  Therefore, we advocate the use of R-MEN concurrently with present research review process.  During this period, R-MEN is foreseen as a supplement in the form of a guide to data generation, acquisition and processing, and a validity check.  Before long, just as the R-MEN's anticipated review period is very significantly (62.5 - 66.67%) less than that required by un-aided review, other R-MEN benefits, including those presented below, will standout as well.

With appropriate implementation and maintenance, this knowledge technology, which utilizes demonstrated and proven approaches, methods, procedures and techniques in an innovative and unique way, would:

1. Provide a means for effective, policy- and strategy-oriented management through outcomes-management.

2. Improve management quality, reduce operation costs, and  increase productivity and public trust.

3. Foster impact evaluation to document Federally funded program and management effectiveness.

4. Provide short-term (three-year) program progress tracking and long-term (ten-year) result(s) impact tracking.

5. Shield administrators, managers, and other policy-makers from the complexity of the mathematics of the inference machine.

6. Permit the evaluation of a range of alternatives.

7. Permit handling large amounts of data.

8. Permit policy-makers to have a better understanding of existing technical attributes of and capabilities for potential projects.

9. Facilitate choice of strategy compatible with agency structure and processes, and with the policy or the nature of decision making for activities scheduling and control.

According to Nonaka [1991], "In an economy where the only certainty is uncertainty, the one sure source of lasting competitive advantage is knowledge.  And yet ... few managers grasp the nature of the knowledge-creating company - let alone how to manage it.  The reason: They misunderstand what knowledge is and what companies must do to exploit it."  

Is the reader up to date in strategic information/knowledge technology application?  Is his strategy-structure and/or reward and training systems barriers or opportunities to professional and organizational success?  Does the reader know how to integrate information technology with your research management processes?  These are where the authors' R-MEN technology comes in.


APPENDIX 12


INTERDISCIPLINARY WORKSHOPS FOR INNOVATION


ABSTRACT

This Appendix describes the planning, conduct, and initial results of an interdisciplinary workshop on the theme "Autonomous Flying Systems".  The purpose of the workshop was to assemble representatives from very disparate disciplines and ascertain the value of multi-discipline synergies and cross discipline transfers in generating promising research directions for "Autonomous Flying Systems".  The total workshop process consisted of three phases: 

1) A two month pre-meeting e-mail phase in which each participant provided descriptions of advanced capabilities and promising research opportunities from his/her discipline to all other participants; 

2) A two-day meeting at ONR in which the promising opportunities identified beforehand were crystallized and enhanced; 

3) A post meeting e-mail phase in which each participant provided additional or embellished opportunities.  

This Appendix summarizes a small sampling of the opportunities generated, and some lessons learned from the workshop experience. 

I.  BACKGROUND

On 28 April 1997, at the 134th Annual Meeting of the National Academy of Sciences (NAS), Dr. Bruce Alberts (NAS President) made a presentation entitled "Measuring What Counts in Science".  One point in his speech focused on a quote from Jared Diamond, a respected biologist: "Great scientific advances come especially from applying discoveries in one field to another entirely."

This interdisciplinary theme pervaded Dr. Alberts' presentation, and stimulated the establishment of workshops at ONR with the goal of enhancing interdisciplinary communications.  Specifically, the aim of these workshops was to add discipline, category, and organizational diversity to ONR planning and other similar processes.  The present paper describes a radically new workshop process developed under the above guidelines targeted at promoting innovation while also incorporating the organization, category, and discipline diversity components.  This 'revolutionary' process was designed starting with a 'clean slate', and would be applied to very significant technical challenges.  

The focus of the first radically new workshop was "Autonomous Flying Systems", an area of perceived long-term interest to not only the Navy and DOD, but NASA and other governmental and industrial organizations as well.  The remainder of the paper describes the process that was used to identify the technical theme of the workshop, select the participants, and conduct all three phases of the total workshop (pre-meeting communications, actual meeting, post-meeting wrap-up).  In addition, lessons learned from the experience, and potential impact of the workshop results, are described.

II. WORKSHOP THEME IDENTIFICATION

It was decided that the initial workshop theme should focus on problems related to the main science and technology emphasis area of the author's organization, Strike Technology.  The types of problems that could have been addressed range from fundamental science problems to advanced development/ engineering problems.  However, it was felt that the first workshop should be operated under conditions which would establish the most supportive environment for the potential of innovation.  The problem selected should be focused and understandable, and it should have a generic technical base amenable to soliciting people from many different disciplines.  The less classified the problem is initially, the more potential exists to draw individuals from a diversity of disciplines.  

A number of technical problems were considered as candidates for the workshop theme, and the topic selected was autonomous control of unmanned air vehicles, including takeoff and landing from limited areas on smaller Navy ships.  It was apparent that the underlying science and technology permeated many different disciplines, including aerodynamics, controls, structures, communications, guidance, navigation, propulsion, sensing, and systems integration.  Also, the naval applications for some aspects of this problem were sufficiently unique that probably not a great deal of work had been done in this area, at least relative to the following second problem.

Present naval air systems are either manned (most aircraft) or teleoperated/ semi‑autonomous (weapons and some aircraft).  The weapons are a mix ranging from 'dumb' bombs and shells to 'smart' missiles.  The future trend is toward 'smart' autonomous/ semi‑ autonomous aircraft and weapons.  Since one major role of ONR is to proactively address the technology that will impact the future naval forces, it seemed natural to examine science and technology roadblocks on the path to unmanned autonomous 'smart' flight systems.

Generically, the focus of the initial workshop was defined as identification of the fundamental operational principles of autonomous flying systems over a fairly wide range of flight environments.  In particular, the workshop was aimed at examining what has been learned about autonomous/ semi‑autonomous operation from the animal (mainly flying) kingdom and from other unmanned autonomous/ semi‑autonomous teleoperated (mainly flying) systems such as autonomous underwater vehicles.  Animals are now being researched as integrated systems by scientists on the forefront of biological research.  The issues of aerodynamics, flight mechanics, dynamic reconfiguration, materials, control, neurosciences, and locomotion are not being studied as separate disciplines by these scientists, but rather are being studied in parallel in the same animal system and in their relation to the function and mission of the animal system.  While this integrative biological research is in its infancy, and results are only starting to emerge, the time seemed appropriate for assembling these diverse groups and exploiting their synergy.  Not only could there be benefit to the Navy from such cross-discipline interaction, but benefit could be possible for each of the contributing disciplines as well.

A major thrust of the workshop was projected to be identification of the autonomous operational principles for each unique system and the relation of these principles to mission and function, then  extraction of the generic operational principles which underlay all the systems, biological and man‑made.  It was hoped that the cross‑fertilization of disciplines would be able to further elucidate and clarify the more important generic concepts, and then provide insight as to which could be utilized to enhance the autonomous operation of naval flying systems.

III. PARTICIPANT SELECTION

Once the overall theme of the workshop was established, a sub-theme taxonomy was developed to focus the agenda and to identify participants.  A dual approach was followed to generate the taxonomy.  Discussions were held with in-house experts on the generic theme concerning the taxonomy structure.  In parallel, the Science Citation Index (SCI) was queried for papers related to the generic theme.  Both bibliometric and computational linguistics analyses of these papers were performed to provide strategic maps of the topical area, identifying key performers/ journals/ institutions, their relations to the technical themes and subthemes, and the relations among the technical themes as well (for a description of how the bibliometric and computational analyses are combined to generate the strategic maps, see [Kostoff, 1997e, 1997o]).  A taxonomy was then constructed based on these strategic maps.  

Both of these taxonomy sources, in-house experts and the SCI, then provided initial candidates for participation in the workshop.  These candidates were contacted, and asked to identify further candidates.  This iterative procedure continued until a large selection pool was established.  Three main selection criteria for workshop participants were established: 

1) multiple recommendations, 

2) substantial significant publications, and 

3) substantial citations.  

These three criteria were tempered with appropriate judgement to insure that bright young individuals were not excluded from the pool and that the panel as a whole had the correct level of discipline/ category/ organization balance.  In addition, a guideline was established that all workshop attendees would be active participants.  This was felt to be necessary for creating the most conducive environment for innovation.  This constraint had the effect of limiting the number of attendees.  

All these constraints, guidelines, and selection criteria were used to arrive at the final panel size and structure.  The process devised resulted in a panel of slightly more than twenty people.  The mix of disciplines included biologists (bird/ bat/ frog/ fish/ insect), robotics, AI, controls, autonomous aircraft, fluid dynamics, sensors, neuroscience, cognitive science, autonomous underwater vehicles, aerodynamics, propulsion, and avionics.

IV.  OVERVIEW OF WORKSHOP PROCESS STEPS

1) Buildup Period

There were three main phases in the workshop process: 

i) buildup; 

ii) meeting; 

iii) cleanup.  

The buildup period started about two months before the meeting.  Specific guidance for the conduct of the workshop was sent to the participants by e-mail, including a statement of the Navy technical problems to be addressed.  The technical component of the buildup phase was then conducted by e-mail.  

The main purpose of this buildup phase technical component was to have each participant generate new ideas from his discipline for all other participants to consider.  The other participants could then dialogue by e-mail to embellish these ideas.  At a minimum, even if no dialogue resulted, there would be a gestation period of about two months for each participant to absorb these concepts from other disciplines.  

Specifically, the participants were requested to provide the following information: 

i) a half dozen leading edge capabilities or accomplishments in each of their disciplines which could potentially impact the Navy technical problems; 

ii) a half dozen leading edge capabilities or accomplishments projected in each of their disciplines over the next decade which could potentially impact the Navy technical problems; 

iii) a few leading edge capabilities or accomplishments in each of their disciplines whose impact on the Navy technical problems was not obvious to them but might be obvious to someone else.

Any of the participants were free to comment on potential relations between any of the capabilities/ accomplishments, or combinations of capabilities/ accomplishments, and any of the Navy technical problems, or combinations of problems.  All of these comments received were then sent to all the participants.  This helped stimulate the thinking of the participants, and provided a documented record of the process as well.  One of the functions of the participants from the author's organization was to facilitate and stimulate dialog by raising questions and issues about what had been submitted, especially when communications began to lag.

If any of the participants saw a capability/ accomplishment from another participant which could impact a problem in his discipline, but not impact a Navy technical problem, then the two participants were free to dialog without informing all the participants and overloading the communications channels.  However, these two  participants were requested to keep a record of their dialog, to be included with the final workshop report as a potential innovation if one resulted.  This would cover the real possibility of innovations occurring in disciplines other than the target one.

2) Meeting

As a result of the ideas presented during the buildup phase, it appeared that the seeds existed for a new S&T program on Autonomous Flying Systems.  Therefore, an agenda was sent to the participants with further guidance to address promising science and technology opportunities, at the workshop, which would serve as the foundation of such a program.  Specifically, the participants were asked to speak to the following issues at the workshop:

*What are the present leading-edge capabilities in your discipline

*What are the desired future capabilities in your discipline

*What are the leading research opportunities in your discipline, and what additional capabilities could they provide if successful

*What is the level of risk of these opportunities successfully achieving their targets

*How would these potentially enhanced capabilities contribute to, or translate into, improved understanding and/ or operation of autonomous flying systems

The meeting occured on 10-11 December 1997 at ONR.  Since some of the leading edge capabilities/ accomplishments appeared to have potential applicability to some of the Navy technical problems as a result of the e-mail communications, each of the capability/ accomplishment proponents took the lead in fleshing out his/ her capabilities/ accomplishments and interactions at the meeting.  The meeting tended to evolve into full panel discussions on each of these potential capabilities.  There were two rounds of activity at the workshop.  The first round consisted of presentations/ discussions by each of the discussants above.  The second round consisted of going around the room and asking all participants to identify their leading promising research opportunities.

3) Cleanup Period

The participants were requested to provide any additional narrative information which embellished and enhanced their ideas as a result of the workshop experience.  The outputs and outcomes of the workshop include both tangible and intangible.  

Three immediate tangible outcomes are projected: 

1) A proposal for a science and technology program focused on Autonomous Flying Systems will be generated (The highlights of this proposal are contained in Appendix 12-A; these highlights can be viewed as a summary of the technical issues/ innovations perceived as most closely applicable to autonomous naval flight systems.); 

2) Technical papers may be submitted to leading science journals based on innovations identified; 

3) One or more papers on the complete workshop experience will be submitted to leading science journals.

However, it would be a serious mistake to limit the value of the workshop to the magnitude of tangible products/ ideas/ concepts generated and identified at the workshop.  The ideas from different disciplines served to stimulate thinking about completely different areas and approaches.  This will undoubtedly have future impact recognized consciously or subconsciously, just as the ideas advanced at technical seminars may have some undetermined future impact.

It is hoped that communications, both personal and e-mail, will continue after the meeting.  If this occurs, participants will be requested to send these communications by e-mail to all other participants whenever possible.  These communications will be tracked for a period of time, and the progress reviewed.  If sufficient interesting information has been generated, another report would be written, perhaps another meeting would be convened, and perhaps other journal papers could be submitted.  If profitable, such a process could continue ad infinitum.


V. LESSONS LEARNED

The lessons learned from this first workshop experience are summarized as follows:

*This workshop approach has broken new ground toward stimulating innovative thought.  It is not easy, simple, or effortless, and requires substantial planning and work in order to be effective.  One does not throw people from 15 disparate disciplines selected at random together in a room for two days and hope to get new ideas synthesized, just as one does not throw 15 chemicals selected at random together in a test tube and hope to find a cure for cancer.  There needs to be a common generic thread woven through disparate disciplines to spark the innovative thought process.   

Interdisciplinary workshops, when performed correctly, are the wave of the future in defining new research (and technology) areas and approaches.  Because of the intensity and effort involved throughout the process, they are most appropriate to large scale 'Grand Challenges' in full-blown unabridged workshop form, and appropriate to smaller-scale issues in reduced form.

*There is substantial value in having a balance of discipline/ category/ and organization diversity at the same meeting.  The different perspectives presented benefit all participants.

*Problem selection is crucial.  The problem should be sufficiently generic that many diverse disciplines could link to it.  Given the choice of equally relevant problems, there is more potential for impact in selecting problem areas for which a large interdisciplinary community is not yet obvious

*It is important to select participants by the most objective processes available.  The combination of expert recommendation and strategic topical maps based on computational linguistics/ publications/ citations (or whatever metrics are most appropriate [e.g., honors/ awards/ patents/ products] for the goals of a particular workshop) produced high quality individuals.  It is extremely important that these individuals be world class experts in their particular areas.  There are relatively very few individuals producing the seminal works in any field [Kostoff, 1997e, 1997o], and it is these people who should be central to any truly innovative workshops.  An added benefit of transcending selection of known experts only is that fresh faces who are new to established communities appear, and can offer concepts typically not advanced through the emplaced infrastructures.

An alternative, or more accurately complementary, approach for generating a disparate discipline taxonomy and for identifying appropriate experts from those disparate disciplines is presented in Appendix 14.  This approach expands on the research of Swanson [Swanson, 1986] and Gordon and Lindsay [Gordon, 1996].  Their methods use computational linguistics to identify disjoint literatures, which then become the sources of discovery.  The disjoint literatures identified from the computational linguistics analyses generate a natural disparate discipline taxonomy for structuring the interdiscipline workshop.  Parallel bibliometric literature analyses can identify the most appropriate representatives from those disparate disciplines to participate in the workshops.  The database tomography algorithms would play a central role in improving the identification and analysis of the disjoint literatures and identifying the subsequent disparate discipline taxonomy and representatives, as shown in Appendix 14.

*The e-mail component of the workshop is crucial.  The gestation period between the input of promising ideas and the actual discussion at the workshop allows consideration of many different approaches and syntheses.  It also saves substantial time at the workshop by clarifying confusing issues beforehand.  

The stimulation of dialogue in the e-mail phase by large numbers of participants did not occur as hoped.  The only participant to raise questions was the author, and this occurred perhaps half a dozen times.  In these instances, the dialogue was extremely valuable

in clarifying issues and surfacing points of contention.  In future workshops, it is strongly recommended that a few individuals representing different disciplines be assigned the role of facilitator, and their task would be to stimulate dialogue and raise questions during the e-mail phase.

*All the attendees were required to be participants.  This meant that they had to submit accomplishments and opportunities by e-mail.  They also had to be prepared to lead discussions at the workshop.  This participation requirement is valuable in that each attendee feels some sense of ownership in the workshop and its outcome, and his contribution tends to be more substantive and creative than is typically the case at standard workshops.  Those who contributed more in the e-mail phase tended to contribute more in the workshop phase, both in their attendence and in their ideas.  In addition, there is a sense of equality among participants when all are required to contribute, as opposed to an audience/ performer environment when passive onlookers are allowed.  This may reduce pressure to perform before an audience, and further enhances the unfettered environment necessary for creativity.

The downside of requiring all attendees to be active participants is that the attendence is limited.  The initial concept aimed for about a dozen participants.  The workshop grew to about twice that number, still a relatively small number compared to those who were interested in attending.  The question remains as to how much a person contributes to or benefits from a workshop by being an observer only, especially a workshop with the goals of the present one.  There are many activities in the world in which the reward or benefit is proportional to the effort expended; interdisciplinary workshop participation is probably one of them.  The requirement for active participation should probably remain for future workshops.

*There needs to be some incentive to motivate participation of world-class leaders in these workshops.  People of this caliber are extremely busy.  Unless they are able to envision some type of substantive impact resulting from their participation, either on larger science and technology issues or on their individual disciplines, they could be reluctant to invest the substantial amount of time required for serious participation.  That did not turn out to be a problem for the present workshop because of the limited size of the field and the desire of the participants for the type of workshop conducted, but could become a problem for other fields.  


APPENDIX 12-A

PRELIMINARY PROPOSAL FOR INVESTMENT BALANCE REVIEW - AUTONOMOUS FLYING SYSTEMS

OVERVIEW

A broad program of underlying science for autonomous flying systems is proposed.  The initial research will focus on three areas of critical interest to autonomous flying naval systems operation.  

1) Takeoff and landing from dynamic platforms; 

2) Transition from hovering to forward flight; 

3) Sharp turning maneuvers.  

The long-term research will also include addressing higher-order cognitive processes of flying animals, including the more abstract efforts such as decisionmaking under uncertainty and real-time strategy revision due to unplanned perturbations.  The underlying research will include, but not be limited to, the component science supporting the areas of aerodynamics, propulsion, guidance, navigation, controls, sensors, structures and kinematics, decisionmaking, communications, and systems integration.  

The purpose of the research is understanding the strategies and principles which natural flight systems have evolved, then extrapolating the appropriate strategies and principles to systems of naval interest.  While the major theme and long-range goal is to understand and eventually transfer principles of flying animal operation to man-made autonomous systems, there will be nearer-term spinoffs to manned and teleoperated flight systems.  These spinoffs would include lower-level processes such as mechanistic outputs of the sensor-neural-motor sequence (e.g., how drag is reduced through dynamic wing reconfiguration following visual cues; how visual acuity is increased beyond classical physics predictions through retinal encoding and signal processing).     

BACKGROUND

Present naval flight systems (and other military and civilian flight systems) are mostly manned if aircraft, and ballistic or teleoperated if missiles.  The long term trend is toward smarter flight vehicles of all types, where more intelligence and subsequent autonomy are built into the vehicle.

In support of this long-term goal, an interdisciplinary workshop focusing on autonomous flying systems was held on 10-11 December 1997 at ONR.  Many world-class experts from widely disparate technical disciplines related to autonomous systems were present.  Major conclusions from the workshop were that nature has evolved some very sophisticated flight systems over the millenia.  These complex flight systems are probably not profitable to extrapolate directly and completely to man-made systems of military interest, since the natural systems are driven by many objectives other than those required for military missions only.  However, many of the principles and strategies that these natural systems employ could, with some modifications, be utilized in man-made systems profitably.  These natural system operational principles and strategies could complement and supplement operational principles and strategies derived from many years of flight vehicle design and operation by the military and civilian sectors.

1) For example, live birds exhibit lower drag coefficients than dead birds.  This appears related to the live bird's ability to keep the boundary layer attached to the body, and may be due to the action of the feathers.  A detailed understanding of how the drag coefficient is reduced could be extrapolated to result in higher performance flight systems.  

2) Another example; flies exhibit much greater visual acuity than the density and spacing of their eye pixels would predict.  This hyperacuity may be due to overlap and communication among the pixels, and the underlying operational principles might not be limited to vision alone.  A detailed understanding of this hyper-resolution and the role that it plays in the animal's flight strategies could not only lead to better sensors of all types, but could lead to much better acquisition of data from swarms of communicating and overlapping data acquisition flight systems.  

3) In a third example, birds and bats are able to land on small areas of very unstable platforms in very turbulent wind conditions while maintaining very stable and controlled attitudes.  Understanding of the control and aerodynamics of this process could improve landing and takeoff capabilities in parallel naval environments.  An important component of this research is understanding how the avians react to unplanned events, and how they subsequently revise their landing strategies to accomplish the mission objectives.  

4) For a fourth example, birds and insects are able to transition from hovering to forward flight relatively smoothly and without observeable stalling.  A detailed understanding of this transition process would be of direct benefit to autonomous VSTOL-type naval aircraft, and even some types of manned naval aircraft.  

5) Finally, birds and insects appear to be able to make very sharp turns and maneuvers of many types while maintaining integrity and not stalling.  Knowledge of this process could extrapolate to autonomous combat vehicles and other vehicles which require high agility levels.  Especially in the combat case, it will be important to understand the higher-level cognitive processes used by birds to react to unplanned situations, and the relationship of these strategies to the types of rapid maneuvers selected, while still focusing on attaining the mission objectives.

Based on the workshop conclusions and the directions in which the military appears headed, the time appears ripe for a focused initiative aimed at the science basis of Autonomous Flying Systems.  Presently, there is a confluence of: 

1) Downsizing of the military, and the attendent thrusts toward replacing people with machines/ technology where possible; 

2) Emergence of highly mobile targets as major threats, and the need for offensive flight systems to operate at much higher stress levels in order to destroy these targets within the narrow time window; 

3) Emergence of high spatial and temporal resolution cinematography equipment which allows detailed animal motions to be observed with high precision; 

4) Availability of high resolution minimum perturbation microprobes which can be mounted internal and external to the bodies of small animals and allow many different types of accurate point measurements to be taken simultaneously (integrative biology); 

5) Very recent availability of completed and proposed low turbulence tiltable wind tunnels designed specifically for avian experiments; 

6) Recent availability of high speed and storage computers, and sophisticated 3-D fluid mechanics algorithms, which allow highly accurate flowfields around flying animals to be computed in modest times for low Reynolds Number unsteady flight conditions; 

7) Recent advances in understanding neural wiring of small animal control systems.  

In summary, the technology of animal experimentation has advanced dramatically in recent years, especially with the advent of miniaturized electronics and instrumentation.  Use of these minimally invasive microprobes in parallel with newly developed non-invasive techniques allows detailed simultaneous measurements of sensing, neural, musculo-skeletal, and many other sub-systems in controlled environments to be performed.  These measurements provide the basis for a quantitive understanding of the higher-level decision processes which drive these mechanistic responses.  

The coupling of: 

i) These high spatial and temporal resolution experiments in controlled environments; 

ii) high resolution remote instrumentation for animal observation in natural environments; and 

iii) massive computational capabilities to quantitatively explain the experimental findings; allows new levels of animal flight understanding to be discovered, and makes the promising opportunities identified very timely.

APPROACH

Proposals would be solicited over a broad spectrum of science areas supporting flight systems technologies.  Natural flight systems operate in a completely integrated manner; the sensors, controls, and aerodynamics are fully coordinated.  The research would of necessity parallel the natural operation.  When animal experiments are performed, many simultaneous measurements would be taken to examine the integrated system performance, and the interactive nature of each subsystem.

There would be three focal areas in this project:

1) Takeoff and landing from dynamic platforms

The objectives of this focus area are to understand how birds and insects takeoff from, and land on, small areas of dynamic platforms in very turbulent and perhaps poor visibility wind conditions.  In addition, it will be important to understand how they react to unplanned events and perturbations, and still accomplish the mission objectives.  This should provide insight to landing and takeoff of autonomous vehicles from ships in high seas.  This focus area would have two main thrusts: observation of these takeoff and landing phenomena with high speed cinematography in natural environments; and controlled experiments of these phenomena in wind tunnels.  For the wind tunnel experiments, the flying animals would be instrumented with microprobes to measure internal variables such as bone stress, muscle stress, blood flow, etc., non-invasive measurements would be taken where possible for internal variables, and measurements of external phenomena such as flowfield parameters and detailed body motions and surface phenomena would be taken.  Periodically, perturbations would be inserted into the controlled environment, perhaps through virtual reality control of the visual/ auditory/ olefactory sensory inputs, and the cognitive processes used by these avians to respond to the pertubations would be studies.

2) Transition from hovering to forward flight

The objectives of this focus area are to understand how specific classes of birds and insects are able to transition smoothly from hovering to forward flight without exhibiting visually-observed stall behaviors.  The information obtained should greatly help in designing autonomous VSTOL-type systems.  As in the first focal area, a two pronged approach will be followed.  The behaviour in natural environments will be recorded, mainly by cinematography, and then the behavior in wind tunnels will be examined in a much more controlled manner.

3) Sharp turning maneuvers

The objectives of this focus area are to understand how birds and insects are able to make extremely sharp maneuvers when fighting or avoiding harmful situations without becoming unstable or exhibiting visually-observed stalling.  In particular, how do these flying animals compensate for changing maneuvers from their opponents or unplanned perturbations from the environment.  What are the higher-level cognitive processes involved, and what are the pathways through which changing cues result in changing flight patterns as a result of these higher-level decisions.  A detailed understanding of this process should offer insight into the design of UCAVs, including weapons, with perhaps spinoff to manned systems.  Again, a two pronged approach of observation in natural environments and controlled experiments in wind tunnels will be followed.

Research in all of the three focused areas is aimed at addressing the integrated biological understanding of how the nervous system of flying animals processes the changing visual and other sensory input, how the steering or other control muscles alter the pattern of wing motion, how the resulting aerodynamic forces change the animal's flight trajectory, and how these mechanistic sequences are related to the higher-level strategic decisionmaking processes.  In particular, wherever practically feasible, the research needs to characterize the causal interactions among these stages: how sensory input alters motor patterns, how motor patterns effect muscular-skeletal mechanics, how the resultant kinematic changes modulate the production of aerodynamic forces, how these mechanistic sequences are linked to higher-level strategies aimed at attaining the mission objectives, and how these lessons can be extrapolated and translated to the construction of artificial flight systems.

NAVY PAYOFF

The potential naval, military, and civilian payoffs are huge.  If autonomy can be provided to flight systems cost-effectively, then a number of immediate advantages are descernible: 

1) operation of flight systems in more hazardous environments becomes possible; 

2) operation of flight systems near material and hardware limits (e.g., higher G forces) rather than people limits becomes feasible; 

3) mundane and boring tasks (e.g., some types of long-term surveillance) could be performed autonomously, leading to less errors because of inattention; 

4) more affordable flight vehicles become possible, since systems necessary for personnel functioning are no longer required; 

5) costs associated with high levels of safety and reliability of manned systems could be eliminated; 

6) response times could be reduced for some types of operations and tasks in autonomous operation; 

7) reduced chance that sophisticated systems would fall into enemy hands intact.   


APPENDIX 13

 POTENTIAL USE OF ENTROPY IN RESEARCH EVALUATION [Kostoff, 1997q] 

In the assessment of research or research impact, many types of distribution patterns occur.  There are: 

funds allocations across technical disciplines, 

funds allocations across performers, 

funds allocations across levels of development, 

papers produced in different disciplines, 

papers co-authored in different disciplines, 

papers published in different types of journals, 

citations by papers in different disciplines, 

citations by people from different types of institutions and different countries, 

patents produced in different technologies, 

patents cited by papers and patents in different disciplines, etc.  

While these distributions are sometimes listed or catalogued during an assessment, they are rarely, if ever, subjected to a pattern analysis.  Such an analysis would offer a much richer insight to research impacts or management processes than are offered by the standard examination of magnitudes alone.  The use of entropy to characterize these distribution patterns offers a potentially substantial improvement in output interpretation of an assessment.

In statistical mechanics, the entropy is related to the number of micro-states (or states of the system at the atomic level) per macro-state (state of the system at the classical thermodynamic level).  The statistical interpretation of the second law is that entropy tends toward the most probable state.  The system proceeds from a state of order to disorder.

The information theory use of entropy is related to the statistical mechanics definition.  If a system consists of N total units, and these units are distributed among m different states with a distribution function n(i), then the entropy s of the system may be written as:

...................i=m

............s.=.-SUM..p(i)*ln((p(i))
(1).

...................i=1

where SUM represents the summation over all states i, and p(i) is the ratio of n(i) to N.

Thus, for any distribution n(i), equation (1) allows the entropy to be computed.  The entropy can be interpreted as a measure of the order, or breadth, of the distribution, and its change can be tracked with time.  It can serve as a single figure of merit for analyzing the distribution diversity of any quantity.

Examples of application of the entropy concept to two of the distribution patterns mentioned above follow.

Funds Allocations Across Disciplines or Levels of Development

Quantitative measures of the degree of vertical or lateral integration in an organization or in a group of programs would be useful to management for tracking purposes.  It would also be useful for organizational assessments in being able to display the status of vertical or lateral integration.  While quantitative measures are incomplete by themselves, and for the lateral or vertical integration measure here do not address the strength of the linkages among the different related disciplines or levels of development, they do provide a starting point for identifying potential problem areas.

Vertical or lateral integration within an organization makes it easier for multiple level of development or discipline funds to be managed jointly and at lower levels in the organization.  The degree of multiple level of development or discipline funds management by an organizational unit is one component of vertical or lateral integration.

The quantitative measure proposed here for ascertaining the funds mixing component of vertical or lateral integration is the degree to which different categories of funds are managed jointly and at the lower levels in the organization.  From this perspective, one aspect of vertical or lateral integration can be viewed as a process by which management of different level of development or discipline funds by the same unit diffuses into the lower levels of the organization.  

The measure could take different mathematical forms.  Some desirable limiting conditions include: 

1) for a given amount of funds managed by the unit of interest (say, a Technical Manager), the measure should go to zero as all funds are lumped into one level of development or discipline; 

2) the measure should go to one as the funds are equally divided among the levels of development or disciplines; 

3) the measure should range between zero and one and be smooth in this region.

Many mathematical measures could be defined which have these desirable properties.  Since the problem is in essence a funds mixing problem, and since there is a precedent for using entropy as a measure in physical or chemical mixing problems, the entropy definition above will be used as the metric for assessing the vertical or lateral integration funds mixing component. 

The following example is for vertical integration, but with some modifications could apply equally well to lateral integration.  Assume there are three levels of funds to be integrated: basic research, applied research, and development.  Assume further that the unit of analysis is all programs under each Technical Manager in the organization.  Then, for each Technical Manager, the entropy metric for his programs is given by the information theory expression for entropy:

....................i=3

............s.=.-SUM...p(i)*ln((p(i))/kappa

....................i=1

where p(1) is the fraction of the Technical Manager's funds in basic research, p(2) is the fraction in applied research, p(3) is the fraction in development, and kappa is a constant which will produce an entropy s upper limit of unity.


The following table illustrates how the entropy function varies with different amounts of funds in the different levels of development in the Technical Manager's program.  Each column represents different distributions of a $1000 total program.

BAS.RES...999.999..999..990..900..800..700..600..500..400..333

APP.RES......0005....5....5...50..100..150..200..250..300..333

DEVELOP......0005....5....5...50..100..150..200..250..300..333

ENTROPY.........0...01...06...36...58...75...87...95...99..1.0

As all funds are concentrated into one level of development, the measure goes to zero, and as the funds are divided equally among levels, the measure goes to one.

The first part of the following discussion applies to implementing the measure for tracking total organization performance, and the second part applies to implementing the measure for tracking individual program performance.  The measure would be implemented in the following manner for the total organization.  The organization's management at all levels would examine all programs and decide how the funds integration should be structured.  This is the key step in the process, and requires that the different modes by which vertical integration will be effected be defined and planned for implementation.  There may be technical areas or Technical Managers where the vertical integration would be effected through close coordination and cooperation rather than funds mixing.  For example, generic research areas with multiple higher level of development applications would be one candidate.  

Once the degree of desired funds mixing has been determined within the context of the overall vertical integration structure, the measure chosen would be computed for each program and Technical Manager.  The measure would be computed for the existing degree of funds mixing and for the desired degree of funds mixing (the funds mixing target).  Aggregates of the measure for each Technical Manager, Division, Office, etc., and for the total organization would be computed and tracked.  The actual measure levels would be tracked against the measure targets, and progress in achieving the targets monitored.  

Because entropy does not define a pattern uniquely, supplemental measures would be of benefit.  One such approach would be to track actual funds deviation from a desired funds mixing target.  The starting point of this approach is to define the different level of development funds targets for each Technical Manager.  Then, the square of the difference between the actual funds each Technical Manager has in each level of development at a point in time and the target funds for each level of development for the Manager would be computed and tracked.  As time proceeds, this 'residual' should decrease.  Aggregates of this 'residual' over Division, Office, total organization would be computed and tracked as proposed above for the entropy measure.  This measure could be normalized in the form of a coefficient for easier interpretation, or could remain in the form of funds.

The entropy measure would also be useful for tracking programs over time as they pass through different levels of development.  Well run programs would have hills and valleys in the entropy-time plot, with smooth temporal entropy gradients.  A typical program would have low entropy when it is entirely in the basic research phase.  Its entropy would rise to near unity as the program transitions from basic to applied research, and both types of funds are used to finance the program.  The entropy would decrease again as the basic research funds are phased out and the applied research funds become dominant.  The entropy would increase as applied research proceeds and development funds are phased in.  These cycles would be repeated as the development process proceeds.  In the tracking of the temporal entropy plot, if the entropy remains low during different development phases, this means that abrupt transitions to different phases are occurring.  This condition is less desirable than the gradual transitions depicted above, and is readily observable from the entropy trajectory.  Again, measures supplemental to entropy could be employed in the tracking process to enhance the interpretation of the output.  A quantitative tracking approach as described becomes especially useful when management must track tens or hundreds of programs.

Citations by Papers in Different Journals
One of the measures of research program impact is the number of citations of papers produced by the program.  The initial part of this Handbook provides references of some citation studies under the bibliometrics category of the quantitative methods section.  While the number of citing papers is very important, information about the citing papers can be extremely valuable.  What is the distribution of citing papers among different technical disciplines; among different journals; among different institutions; among different countries?  How can the impact of the program papers on the citing papers be quantified relative to the above and other characteristics of the citing papers?  The following application of the entropy concept provides a starting point for the quantification, but it will be shown that additional measures are necessary for further insight into the impact.

Assume that a paper has received 1000 citations by journal papers.  Assume also that the citing papers can be categorized by journal quality (level 1, level 2, level 3), where each journal quality category is denoted by i.  Then the entropy of the distribution is the same as that given above:

....................i=3

............s.=.-SUM...p(i)*ln((p(i))/kappa

....................i=1

where p(1) is the fraction of citing papers in journal of level 1 quality, p(2) is the fraction in level 2, p(3) is the fraction in level 3, and kappa is a constant which will produce an entropy s upper limit of unity.


The following table illustrates how the entropy function varies with different numbers of citing papers in the different journal types.

LEVEL.1....998..990..900..800..700..600..500..400..333

LEVEL.2......1....5...50..100..150..200..250..300..333

LEVEL.3......1....5...50..100..150..200..250..300..333

ENTROPY.....01...06...36...58...75...87...95...99..1.0

As all citing papers are concentrated into one journal type, the entropy measure goes to zero, and as the citing papers are divided equally among journal types, the measure goes to one.  However, the table illustrates the limitations of using the entropy measure alone.  If the paper had received 2000 citations distributed among the journal types in the same ratio, the entropy measure would have been the same.  Clearly the total impact would not be reflected in the entropy measure as used here.  This effect could be overcome by using the analogy with entropy in classical thermodynamic systems.  The entropy measure above could be defined as an entropy per unit, and then multiplied by the total number of units in the system to get total entropy.  However, the measure would now be substantially greater than unity in the full disorder limit, could be subject to more misinterpretation, and the measure would lose its utility. 


To measure impact of the original paper on the citing papers, other measures will be employed in addition to the entropy function.  These other measures are the moments Mj of the citing paper distribution function n(i).  The jth moment Mj of the distribution function n(i) is defined as:

........i=m

Mj.=.SUM..(i^j)*n(i)

........i=1

where n(i) is the number of citing papers in journal type i.

To show why using the moments of the distribution function is useful, and to aid in the interpretation of what follows, an analogue of the citing process to a nuclear interaction process is provided.  For example, if a high energy proton interacts with a natural uranium target, neutrons will be released from the uranium by spallation, evaporation, and fast fission [Kostoff, 1979].  These released neutrons will have a wide range of velocities, which can be characterized by a velocity distribution function.  The released neutrons can also interact with other targets and have additional neutron multiplication effects, depending on the energy of the incoming neutron and the composition of the target.  With the use of kinetic theory (collisionless for large mean free path neutrons), moments of the released neutron velocity distribution function can be used to obtain macro-state information about the released neutron stream.  

The citing process has some analogues to the neutron production process described above.  The original published paper is analogous to the high energy proton.  The technical community that reads the published paper is analogous to the natural uranium target.  The citing papers produced by the technical community are analogous to the neutrons produced.  The quality of the journals in which the citing papers are published is analogous to the velocities of the different neutrons.  

The zeroth moment of the citing paper distribution function is:

........i=m

M0.=.SUM..n(i)

........i=1

In analogy to kinetic theory, where the zeroth moment of the particle velocity distribution is the mass density, the zeroth moment of the citing paper distribution shown above is the number of citing papers, or the citing paper mass.

The first moment of the distribution function is:

........i=m

M1.=.SUM..i*n(i)

........i=1

In analogy to kinetic theory, where the first moment of the particle velocity distribution is the momentum (mass*velocity) of the particle stream, the first moment of the citing paper distribution is the citing paper impact.

The second moment of the distribution function is:

........i=m

M2.=.SUM..(i^2)*n(i)

........i=1

In analogy to kinetic theory, where the second moment of the particle velocity distribution is the energy (mass*velocity^2) of the particle stream, the second moment of the citing paper distribution is the citing paper energy.

The third moment of the distribution function is:

........i=m

M3.=.SUM..(i^3)*n(i)

........i=1

In analogy to kinetic theory, where the third moment of the particle velocity distribution is the flux of particle energy (mass*velocity^3), the third moment of the citing paper distribution is the citing paper energy flux.

Thus, sole use of the zeroth moment of the citing paper journal type distribution provides a very gross measure of the impact (the number of citing papers) but offers little information about the quality of the impact.  In this particular example, information about the types of user audience is at least as important as numbers of users.  Is the author of the original paper reaching the intended audience?  Use of the entropy of the citing paper journal type distribution shows the diversity of the user audience.

Use of the first moment allows the importance assigned to the different journal types to be factored in the analysis.  To compute the first moment, journal type i has to be assigned a numerical value which reflects its importance.  In analogy to kinetic theory, this numerical value is the effective "velocity" of journal type i.  With use of this effective velocity, computation of the first moment yields the momentum, or total citing paper impact.  In analogy to kinetic theory, the ratio of the first moment to the zeroth moment is the citing paper "average velocity", or average impact/citing paper.

Use of the second moment accentuates the difference in importance of the various journals.  For distributions which have similar values of total impact, use of the "energy" will identify which of those distributions rely on "velocity" more than "mass" for their impact.  For distributions which have similar values of total impact and energy, and where more differentiation is required, third or higher moments can be employed.  The following example illustrates this point.  In this example, two citing paper journal distributions, A and B, were compared for a domain of six journals of different quality.  The distributions were selected such that the entropy and zeroth, first, and second moments were equal.  The computational results follow.

.{...1.....2.....3.....4.....5.....6...}--NUMBER.OF.JOURNAL

..n(3)..n(4)..n(5)..n(6)..n(7)..n(8)..s.....M0....M1.....M2......M3

A.200...100...200...100...300...100...95..1000..5500..33100..212500

B..92...269...218...112....86...223...95..1000..5500..33100..214815

The first row represents the six journals.  The first six columns of the second row represent the citing paper distribution function for the six journals.  The number in parentheses is the value of quality (effective velocity) assigned to each of the six journals.  Thus, the entry in the first column of the second row, n(3), is interpreted as the number of citing papers in journal 1, where journal 1 has a quality value of 3.  Continuing on the second row, s is the entropy of the citing paper journal distribution, M0 is the zeroth moment of this distribution, M1 is the first moment, M2 is the second moment, and M3 is the third moment.  Rows three and four are the values of these columns for cases A and B.  

All of the figures of merit are the same for the two cases except the third moment M3.  While two cases with so many equal figures of merit would be an extremely rare occurrence, the example does show the discriminatory capability of the moment approach.  In this case, use of even higher moments would provide more separation between the numerical results, and allow more insight for the interpretation of the results.

To track the figures of merit through time, and extract useful information, analogies can be made with aerodynamics trajectory analysis.  An aerodynamic vehicle's state can be tracked through space and time to generate its trajectory (position in space and time).  The first time derivative of its trajectory is its velocity, the second derivative is the acceleration, and the third derivative is the agility (ability to move inertial forces rapidly).  Thus, the entropy and the moments in the above example could be plotted as a function of time, and their derivatives obtained.  Valuable information could be obtained from the derivatives to see how the impact of an organization's output is changing over time, and how rapidly shifts are occurring, especially in response to new management initiatives.

In summary, the distribution patterns which occur in research assessments contain much useful information.  Present techniques extract relatively little of this information in practice.  Use of concepts from thermodynamics and other fields such as entropy, momentum, and energy can improve the information extraction process, and aid in the interpretation of the results through physical analogies.



APPENDIX 14 - IDENTIFICATION OF PROMISING RESEARCH DIRECTIONS


INTRODUCTION

This Appendix describes a literature-based approach to identifying opportunity-driven promising directions in science and technology.  The method is generic to all fields of endeavor for which a literature exists, is dual use in the broadest sense, and has the potential to revolutionize how promising directions are identified.  The approach is a computer-based analysis of the desired literatures using appropriate experts for data interpretation.  

The approach uses disjoint literatures as a basis for discovery.  The literature analysis approach may be used in conjunction with the interdisciplinary workshop approach (described in Appendix 12) to exploit the synergy between the literature and the expert group dynamics for stimulating and identifying innovation.  In this symbiotic case, the disjoint literatures identified from the computational linguistics analyses generate a natural disparate discipline taxonomy for structuring the interdiscipline workshop.  Parallel bibliometric literature analyses can identify the most appropriate representatives from those disparate disciplines to participate in the workshops.  

The proposed procedure offers a potential quantum improvement over earlier related research efforts in the medical literature [Swanson, 1986; Gordon, 1996].  The technique would use the Database Tomography system described previously.


BACKGROUND

In the mid-1980s, Don Swanson showed that logical connections in the existing medical literature can be integrated to help identify promising medical research directions [Swanson, 1986].  His three literature-based investigations have hypothesized that: 

1) dietary fish oil would be helpful in treating Raynaud's Disease; 

2) magnesium is important to migraine; and 

3) there is a relationship between arginine and Somatomedin C.  

There has been medical corroboration of Swanson's discoveries [Gordon, 1986].

Gordon and Lindsay used computer-based tools to replicate and extend Swanson's work [Gordon, 1986].  A more detailed summary of their work, as well as additional improvements possible with the authors' approach, is in the Procedure section which follows.  Basically, they used word frequency analysis to examine the literature of interest, they used the high frequency words or phrases to identify related intermediate literatures, and then used a combination of high frequency phrases and weak relations between the phrases to identify the promising research directions from the related literatures.  

For example, they performed a phrase frequency analysis of the Raynaud's Disease (RD) literature, and found that BLOOD VISCOSITY was a crucial element in RD.  They then performed a phrase frequency and weak phrase proximity (ratio of phrase appearance in BLOOD VISCOSITY literature to appearance in total medical literature) analysis of the BLOOD VISCOSITY literature.  Their analyses confirmed Swanson's results, and showed that FISH OIL and EICOSAPENTAENOIC ACID (one of fish oil's main chemical constituents) offerred substantial promise as research directions.  Experiments performed subsequent to Swanson's findings have confirmed these predicitions.   

The present author believes this strong dependence on high frequency phrases and only latter stage employment of the weak proximity condition severely constrains the technique's potential.  Based on the author's database analyses of the past five years, it was found that the strong physical proximity of phrases in text is of equal importance to the occurrence frequency of those phrases when constructing structural maps of science and technology.  In fact, for identifying promising research and technology directions, strong phrase proximity may be far more important than phrase frequency.  High frequency phrases tend to reflect both the obvious and the mainstream efforts, while low frequency phrases located in close proximity to phrases of topical interest have much greater chance of uncovering 'needles-in-a-haystack'.  In addition, as was shown in a recent paper, the full power of the author's analytic approach requires the use of both phrase frequency and strong phase proximity at every iterative step in the analysis [Kostoff, 1997f].

The author's approach uses the Database Tomography tools of phrase frequency analysis in conjunction with strong phrase proximity analysis.  This allows identification not only the mainstream high-frequency relationships, but the less-explored low-frequency high-proximity relationships as well.  This provides the capability to identify the most promising science and technology directions with the least restrictions.  


PROCEDURE

The remainder of this section summarizes Gordon and Lindsay's work on literature-based discovery, and shows how the combination of Database Tomography and their approach would eliminate the major deficiencies in their present approach.  This combined approach could have tremendous payoff in many technical and non-technical fields.  

The initial summary of Gordon and Lindsay's work will focus on their example of Raynaud's Disease (RD).  The objective of their approach is to find something in the published literature that will point to new directions for treating/ curing, etc. RD.  They use the following approach.  Search the literature (MEDLINE, in their particular case) to retrieve all documents which contain Raynaud* in the appropriate fields (560 documents).  Using word frequency analysis (including different types of word frequency analysis statistics), identify high frequency terms related to RD.  


For example, they find BLOOD is such a term.  They then identify the subset of the Raynaud documents which contain blood-related terms (BLOOD FLOW, BLOOD VISCOSITY, PLATELET AGGREGATION, ETC.), and repeat the word frequency analysis on this subset (232 documents).  They find that ideas related to BLOOD FLOW should be pursued further.  In particular, they find that BLOOD VISCOSITY is related to BLOOD FLOW, is a possible cause of impaired flow, and is statistically prominent in its own right.

Here comes a crucial part of their approach.  They go back into the literature, and search for all records related to BLOOD VISCOSITY, whether or not they are related to RD.  After performing a word frequency analysis and a weak proximity analysis on this information retrieved, they prune the list of terms to 115 which they judge to be initial candidates for discovery.  The details of the pruning are not relevant for what follows here.  Of the 115 terms, they find that only 34 did not appear in the list of the original 560 Raynauds records.  These 34 terms are what they call disjoint from Raynauds, and are therefore true candidates for discovery.  They finally arrive at FISH OIL, and EICOSAPENTAENOIC ACID (one of fish oil's main chemical constituents) as the discovery items.

The purpose of their study was to replicate Swanson's approach for identifying promising directions in medical research, done without computerized information retrieval techniques, ten years earlier.  They did replicate, and they also show that follow-up medical research has corroborated Swanson's discoveries.  Thus, their method and Swanson's appear to have great promise in mining the medical literature for promising new directions.  What, then, are the deficiencies?

Their approach is based mainly on word frequency analysis, and the use of high frequency terms to guide promising directions.  Only in the last step of their analysis do they employ a weak proximity analysis condition.  Based on the authors' experience, high word frequencies tend to reflect mainstream research approaches heavily published in the literature.  Use of high frequency terms at most stages of the analysis will effectively eliminate concepts, accepted or alternative, which have received little support in the past and are lightly represented in the literature.     

What is required for a more complete computer-based analytical tool is a method that gives equal emphasis to low frequency terms as well as high frequency terms.  In practice, the low frequency term analyzer would probably be more valuable for identifying promising opportunities.  High frequency relationships tend to be more obvious, and probably many of these types of relationships are known without use of the computerized analysis.  According to Gordon and Lindsay, Swanson was able to hypothesize the promising opportunities without the use of the computerized analysis.  While high frequency relationships are useful in mapping structural relationships among science and technology disciplines, as has been shown with the Database Tomography efforts, it is the low frequency relationships which have the greater potential of finding the 'needles in a haystack'.

However, while there are relatively few high frequency relationships, and the analytical problem is relatively bounded, there are very large numbers of low frequency relationships.  The problem becomes pragmatically intractable if no further conditions are placed on the low frequency relationships.  The additional conditions on the low frequency relationships required to make the problem tractable derive from the word proximity analyses.  Examine only those low frequency terms which are also strongly related to the dominant themes of the problem.  In other words,  examine those low frequency terms which have high inclusion indices (number of appearances within some domain around the dominant term/ number of appearances in the total text) relative to the dominant terms.  Thus, whenever these low frequency terms appear in the text, they are located physically close to the dominant themes.

The Raynaud example will now be used to show how Database Tomography in conjunction with Gordon and Lindsay's method could have worked.  Using DT, two major pathways could have been examined, where Gordon and Lindsay examined only one.  For the first pathway, use Gordon and Lindsay's database and replicate, using word frequency analysis, that BLOOD VISCOSITY appears important.  Examine the BLOOD VISCOSITY literature further, as they did.  Then, do a word frequency analysis of the BLOOD VISCOSITY literature, and identify the high frequency terms.  

At this point, perform a strong word proximity analysis for BLOOD VISCOSITY on the retrieved blood viscosity literature.  Identify (using the numerical indicators from the proximity analysis) those terms which, when they appear in the blood viscosity literature, are located physically close to BLOOD VISCOSITY.  Thus, for argument's sake, FISH OIL may appear 100 times in the blood viscosity literature (and not in the RAYNAUD* literature; keep the requirement of disjointness), but in only 30 of those times does it appear physically close to BLOOD VISCOSITY.  It would have an inclusion index of 30/100=.3.  However, a potential low frequency term like VISUALIZATION may appear only 5 times in the BLOOD VISCOSITY literature (again, not in the RAYNAUD* literature), but in 4 of those times it appears physically close to BLOOD VISCOSITY.  It would have an inclusion index of 4/5=.8.

Then, investigate both FISH OIL (high frequency and low inclusion) and VISUALIZATION (high inclusion and low frequency) further, with the use of the medical experts, for promising research directions.

For the second pathway, perform a strong word proximity analysis on the initial RD literature.  Based on the results of this analysis, define a promising intermediate literature, analogous to the BLOOD VISCOSITY literature on the first pathway.  Perform word frequency and strong proximity analyses on this intermediate literature, and interpret the data with the support of medical experts to arrive at (hopefully) further promising research directions.

In the above steps outlined, a number of different technical thrust areas were identified by the computational linguistics analyses.  These thrust areas are themselves separate literatures.  If the approach outlined above is also used as a basis for structuring an interdisciplinary workshop, then the different thrust areas identified may be combined to form a taxonomy for the workshop themes.  Since many of the literatures are disjoint, the taxonomy will intrinsically include many disparate disciplines.  Bibliometric analyses may be performed on these disciplines to identify the most appropriate representatives for the subsequent interdisciplinary workshop. 
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